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[Ipu mpoekTUpOBaHUM M Pa3padOTKE Pa3IUYHBIX PATUOCHUCTEM
CBSI3H, JIOKAIIUA ¥ HABHUTAIIMH C L0 00€CTICYeHUsT BRICOKOW HaIEK-
HOCTH MX PabOThI, a TaKXe JJIsl DJIEKTPOMArHUTHOM COBMECTUMOCTH
paguocpecTB HeoOXoauMa uH(OpMaLUs O BIUSHUU CPEIbl Pacipo-
CTpaHEHMs (KaHajla mepefayu) Ha MIpoIecChl (POPMUPOBAHUS MO
B TOUKE MpuemMa. B 1ienom psije cuTyaruii 3To BIUSHAE MOXKET OBIThH
OYCHb CYHIECTBEHHBIM M JaXX€ NPUBOAUTH K (yHIaMEHTAIbHBIM
OTPaHWYEHUSAM TOTECHIIMATBHBIX BO3MOXHOCTEH PaJHOdIEKTPOHHBIX
cpeactB. IlockonbKy mojaBisoiee OOJBIIMHCTBO PaTUOCHUCTEM
GyHKIUMOHMpYET BONMHM3KM 3eMiIH, IS JUaria3oHa yIbTPaKOPOTKHUX
BOJIH OCHOBHOE BJIMSTHHE paJOKaHala B 3HAUUTEIILHOU CTENeHu o0y-
CJIOBJICHO 3] ¢deKTaMu B3aUMOJCUCTBUA HU3IYYCHUS C MPU3EMHBIM
cioem atMocdepnl (Tporocdepoil) u ¢ 3eMHON OBEPXHOCThIO. B 3a-
BUCHUMOCTH OT KOHKPETHUKH 3a7a4yu (YyCJIOBUU PacHpOCTPaHCHMs) ya-
CTO KaKOU-TUOO KOMITOHEHT SIBJIIETCS JOMUHUPYIOIIUM.

B oOmem cnyyae BIHSHHUE YCJIOBUH PpaclpOCTpaHEHUS
Ha CTPYKTYPY MOJs B OKPECTHOCTH TOYKM IMpHEMa MPHUHATO Xapak-
TEpU30BaTh C MOMOIIBI0 TaK HA3bIBAEMOTO MHOXKHUTEISI OCIa0IeHUs

V' [1; 2] (6e3pazmepHOl BEIMUYMHON OTHOCUTEIBHO OIS B CBOOOI-
HOM IIpOCTpaHCTBE E)):

V=E/E,=V exp(—jdy ), (D)

rae E — HanpspKeHHOCTh IOJISL B peaslbHBIX YCIOBMSX, V U ¢,
— MOAYJIb U (ha3a MHOXKUTEIISI OCJIa0JICHHUSI.

PaauoBoJIHBI B CBOﬁOAHOM IIPOCTPAHCTBE

N3ydeHue ycnoBUil pacipOCTpaHEHUs PaJUOBOJIH B CBOOOJHOM
IPOCTPAHCTBE MO3BOJISIET BBIIBUTh 3aKOHOMEPHOCTH HW3MEHEHUS
HaIPSKEHHOCTH T0JIs, CBSI3aHHBIE C €r0 MPOCTPAHCTBEHHOM CTPYK-
Typoil. CBOOOJHBIM MPOCTPAHCTBOM HA3bIBAIOT OJHOPOAHYIO 0O€3-
IPAaHUYHYIO CPEAY, UMEIOIIYI0 OTHOCUTEIbHYIO IUAIECKTPUUYECKYIO
NPOHULIAEMOCTh & =1/, OTHOCUTEIIbHYIO MAarHUTHYX DpPOHHUIIAE-
MOCTb A =1 W yIeIbHYI NPOBOAMMOCTH 0 =0, T.€. B CTPOrOM
CMBICJIE TaKasl cpela COBNAJaeT ¢ BaKyyMOM (TUIIOTETHYECKOU cpe-
no#). OIHAKO B HEKOTOPBIX MPAKTUYECKUX CUTyalUsIX Takoe Mpei-
MOJI0KEHNUE OMPAaBIAHHO.



PaccmoTpum pacnpoCTpaHEeHUE BJIEKTPOMAarHUTHBIX BOJIH B CBO-
0oaHOM TpocTpaHcTBe. CTPyKTypa MOJIS 3aJ1aeTC YCIAOBUSAMM H3ITY-
yeHud. [lycTh kK HEHanmpaBJICHHOW AHTEHHE, T. €. AHTCHHE, W3JIy4aro-
el paBHOMEPHO BO BCEX HAMpaBJICHUSIX (TOUEUHBIM MCTOYHUK), TIOA-
BOAUTCA MOWIHOCTh FP. Torma, eciim cuuTaTh AHTCHHY WJCaJIbHOU,
CpEHsIS 3a MEPHUOJI INIOTHOCTh MOTOKA MOIITHOCTH (Cpe/IHEE 3a IEPUO/T
3HAYEHUE MOAYJIA BekTopa YMoBa — [loMHTMHTa) Ha pacCTOSHUM r
OT HEE MOKET OBITh MPECTABICHA CICAYIOIIUM BhIPAKECHUEM:

— P
= 2)
4r
Hampasnenue Bexktopa YmoBa — IloviHTHHTa [/ CoBmajgaer

C HaIPaBJIICHUEM PACIPOCTPAHEHHS PAJUOBOJIHBI U CBA3AHO C HAIps-
KEHHOCTSIMU 3JIEKTPUYECKOT0 M MarHuTHOro nojs. [lockonbky BOJ-
HOBOE COIIPOTUBJICHHE CBOOOIHOIO MPOCTPAHCTBA Z,, OIpPEIEIAIO-

1€ COOTHOLIECHUE MEXIY aMILIUTyAaMU BEKTOPOB MarHUTHOro f1,,
U DIEKTpUYECKOro FE, TMOjJed TIapMOHUYECKOW BOIHBI, PAaBHO

1207r Om, TO BBIpaKEHHUE NI CPEIHEN TIIOTHOCTH MOTOKAa MOITHOCTH
MOXET OBITh MPEJICTABICHO B BUJIE:

o] 1 E?
7 = Bt =5 0, ©)

[IpupaBuuBas (2) u (3), HaxonuMm QopMyay s OMpeneTCHUs
aMIUTATY/Ibl HAMIPSKEHHOCTH AJIEKTPUUECKOTO MOJIS HA PACCTOSIHUU 7
OT HM30TPOIHOIO H3JIy4yaresis, PacIoJO)KEHHOr0 B CBOOOJHOM IpoO-
CTPaHCTBE:

E =0 (4)

PacnipocTpaneHre U3IyudeHHs COMPOBOXKIACTCA CPEepUUECKOM pac-
XOJIMMOCTBIO TIOTOKA 3JIEKTPOMArHUTHOW SHEPIHM MO MEpEe YAAICHHUS
OT ucTouHMKa. Ha mpakTuke ociabiieHne HaNpsSyKEHHOCTH MOJIsl BCIE-
CTBUE YMEHBIIICHHS IJIOTHOCTH MOTOKA 3JIEKTPOMArHUTHOW SHEPruu
OTpeeNsieT TpeOOBAHUS K SHEPTETUYECKUM MapaMeTpaM paJuoCpe/ICTB.

PeajibHbIe aHTEHHBI U3JIYyUYaIOT DHEPTHUIO B MPOCTPAHCTBE HEPaB-
HOMepHO. OOBIYHO U3JIYYEHHE KOHIEHTPUPYETCS B OMpPEIACICHHOM
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HarnpaBieHud. CTeneHb KOHUEHTPAIMU MOIIHOCTH, U3JTy4aeMOW aH-
TEHHOW B 3aJJaHHOM HANpaBJICHUM, HA3bIBAIOT KO3(PUIMEHTOM
HarpaBiieHHOTO jaeiictBus D(6, ). [loaToMy amMIuinTyna HanmpsiKeH-

HOCTHU B HaIlpaBJICHUH, 33]laBa€MOM yriaMu 6 u ¢, 1Jisl pealbHON aH-
TEHHBI ONIPECIIIETCS CIEAYIOIINM BhIPAKEHUEM

J60PD(0,9)
r

Em(r,H,gp): (5)

YacTo I mpeacTaBIeHUST HAIPABJIEHHBIX CBOVCTB U3JIYyYarOIMUX
CHUCTEM HUCMOJIB3YIOT TAKYI0 XapaKTEPUCTUKY KaK JuarpaMma Harpas-
JICHHOCTH IO TIOJIIO:

F(0,9)=E(0,0)/E(6y, 9,) (6)

A€ YI'JIbI 9 OIIPCACIIAOT HAIIPABJICHUC MAKCUMAJIBHOT'O U3JIY-
0>%0

yeHusi. Kpome Toro, /yisi peasibHbIX aHTEHH HEOOXOJAUMO y4eCTh MOTe-
pH, CBSI3aHHBIC C HECOBEPIICHCTBOM MAaTEPUAIIOB, U3 KOTOPBIX OHU U3-
TOTOBJIEHBI. J[JI1 3TOro BBOAMUTCS TMOHATHE KOA(PHUIIMEHTA MMOJIE3HOTO
nerctBus 77. IloaToMy 4acTto ISl XapakTEPUCTUKH HAIPABICHHBIX

CBOMCTB aHTEHH BBOAUTCS MOHATHE Kodduimenta ycunenus G .

G(6.9)=1D(60,9) = G(6), 0, |E(0.0) =G|F@.9) .  (7)

AMHJ’II/ITYI[a HAIIpsKCHHOCTU TI0JIsI B IIPOU3BOJIBHOM HAITpaBJIC-
HHUHA OIIPCACIIACTCA CICAYIOIIUM PABCHCTBOM!

B, (r0.0)= 20 F(0,). ®)

MrHoBeHHOE 3HadyeHME HAIIPpSODKCHHOCTU  SJICKTPUYCCKOT'O  ITOJIA
HMECT BUM.

AJ60P

E(r,@,(o,t):—G()F(H,(D)Cos(kr—a)t) 9)
r

WM B KOMILIEKCHOU (popme:

E(r,0,p,t) :—M)F(ﬁ,go)exp(i(kr—a)t)) =E exp(—iat), (10)
r



rae E, — KOMIUICKCHAs aMIUTUTY/a Tousi, k =27/A — BOJHO-

BOE YUCIIO, A — JJIMHA BOJHBI U3TYUYEHUSI, I — MHUMas €IUHUIIA.
OueHb 4acTO MpU U3MEPEHUSIX onpeacsitor 3pPekTuBHOE (JCii-

CTBYIOLICE) 3HAYCHHUE HANPSDKEHHOCTH noist E . = E, / V2. B mpak-

THYECKHX €AMHHULAX I8 MOJIyBOJIHOBOro BuOparopa (G, =1,64)

E. . [uxB
E, 5 [0B(uxB/ )] = 201g| = ] _ 76,9 — 201g rlkn]+101g P[Bm),
' 1[7xB/ m]
a CPCAHCC 3HAYCHUC INNIOTHOCTHU IIOTOKA MOIIHOCTHU
11 Bm/ m

11008 (Bm/x*)|=101g — E[0B (mxB/m)]~1458.

1 Bm/M2

[Ipu pacrpocTpaHeHUN H3IYUYEHUsS] B CBOOOTHOM MPOCTPAHCTBE
pa3lIMYHbIE YYAaCTKU MPOCTPAHCTBA HEOAMHAKOBO BIIUSIIOT Ha (popMu-
pOBaHUeE I10Js B TOYKE ITpremMa. MeTo 16l BOJTHOBOU TEOPUM I10JI 103~
BOJISIIOT BBIJICJIUTHh M3 BCEro 00beMa Ty 00JIacTh, KOTOpPAsi OKa3bIBACT
HauOosiee cuibHOE BiWAHHE. OONACThIO MPOCTPAHCTBA, CYILIECTBEH-
HOW IpHU PacHpOCTPAHEHUH PAJIUOBOJIH, HA3bIBAIOT 00JAacTh, B KOTO-
POM pacpOCTPaHSIETCsl OCHOBHAS YaCTh NIEPEIaBa€MOM MOIIHOCTHU. Ee
pa3Mephl U KOHOUTYpaALUIO ONPENEIISIIOT UCX0sl U3 mpuHiuna I'oii-
reaca — OpeHens.

CornacHo npunnuiy [rolireHca, kaxmas Touka ¢poHTa pacmhpo-
CTPAHSIOLLIEHCS BOIHBI ABJIIETCS UICTOUHUKOM BTOPUYHOM CPepruyecKoil
BOHBI. [TonHOE mose onpenensercs myreM CyMMHUPOBAHUSA dJIEMEHTAp-
HBIX MOJIEH, CO3/ITaHHBIX BTOPUYHBIMU MCTOYHUKAMU HA HEKOTOPOM IIO-
BEPXHOCTH, OKPYKArOLIEH NEPBUYHBIN UCTOYHUK. [TycTh Ha HEKOTOPOM
pPacCTOSIHUM OT UCTOYHUKA A (CM. MMPOJOJILHOE CEYEHUE N'€OMETPUU 3a-
nadud Ha puc. 1) pacmnosokeHa OECKOHEUYHasl MJIOCKOCTh S, MepHeH M-
KyJISIpHas JIMHUW BU3UPOBAHUS PaAUOTpacchl AB. DTy MIOCKOCTh BbI-
OepeM B KaueCTBE MOBEPXHOCTH, HA KOTOPOH PACIIONOKEHBI BTOPUUHBIE
n3nmydarend. PazoObeM 1mockocTh S Ha 30HBI DpeHens, TPaHUIlbI KO-
TOPBIX MPEACTABIISAIOT COO0N KOHIEHTPUYECKUE OKPYKHOCTH U OTIpPEe-
JSFOTCS. U3 YCIIOBUM, YTO MYTh, NPOXOAWUMBIA BOJIHOW OT TOYKH A
JI0 TPaHUIIbI 30HbI HOMEpa 7 U JI0 TOYKU B, 00JbIle MyTH OT TOUYKH A
JI0 TpaHUIlbl 7 — | 30HBI U JI0 TOUKKM B HA MOJIOBUHY JIJIMHBI BOJIHBI. JTO
YCJIOBHE UMEET CIeayIoui BU (CM. puc. 1):



(' +1) = (g + 1) = 2/2

(1)

Puc. 1. I'eomeTrpus 3a1aun k ornpenesneHuto 30H Openens

DJIeMEHTAapHbIC  BTOPUYHBIC  HCTOYHHMKH,  PACIIOJI0KEHHBIC
HA BHYTPECHHEW M BHEIIHEN IPAHUIAX KAXKIOU 30HbI, U3JIY4atOT BOJIHBI,
NpUXOAAIINEe B TOUKy B B mpoTuBodase. PesymbTupyromias Harps-
YKEHHOCTH I10JIs1, CO3/1aBaeMasi BCeMHU 30HaMKu DpeHesns, MpeacTaBiIseT
co00M 3HAKOTIEPEMEHHBIN CXOASAITUNCS P/l CISAYIOIIErO BUA:

o0
E = Z E_, (12)
n=l1
rae E, — HanpspKEHHOCTH I0JIsA, CO3JaBaeMasi OTAEIBHOU 71 -0

30HOH. O4YeBUIHO, YTO HAMOOJIBIINK BKJIaJ B IIOJIE B TOYKE B BHOCST
OTHOCHUTEIBHO HEOOJIBIIIOE YUCIIO 30H.

OnpenenuMm nonepeuynsie pazmepsl 30H Openensa. Kak cienyer
U3 TEOMETPUU 3a1auM, paguyc 7n-Ou 30HBI p, OIpEAEIAeTCS pa-

BCHCTBOM:

nArr!
Pu= T (13)

YcinoBue paclnpoCTPaHEHUS MOXKHO OIPENENIUTh IOCPEICTBOM
UCCJIEIOBAaHUS CBOWCTB MOJS B Mpelenax Bced 00JacTu MpoCTpaH-
CTBAa, PACIpPENCIICHHOW BIOJb Tpaccel. [l mocTpoeHus mpocrpas-
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CTBEHHBIX 30H CJIeyeT MepeMeniaTh IIOCKOCTh S BIOJb JIMHUU AB
(cM. puc. 1). s mr000ro ee mojaoxKeHus: CpaBe JIMBO PABEHCTBO

4 =r+r+niA/2=R+nl/2=const, (14)

n

KOTOPOE SIBJISIETCS ypaBHEHUEM 3JITUIICa ¢ (JOKycaMH B TOUKax A
M B 1 ONUCHIBAET TPaHUIly 7 -0M 30HbI DpeHENs B INIOCKOCTH pac-
IIPOCTPAHEHHUS BOJIHBI (CM. puC. 2).

L’yu{zcmﬂmran odracme

URUM /TN
Y/ giracm

Puc. 2. O6bemubie 30HbI DpeHens

OOnacTb, CyIIECTBEHHAS AJIsl PACIIPOCTPAHEHUs] PATUOBOJIH, Orpa-
HAYMBACTCS HECKOJIBKMMU MEPBBIMU 30HAMH, KOTOPbIE BHOCAT JIOMUHU-
pyroluii BKJIa B mpoiiece GOpMUPOBAHMS MOJS B TOUKE MpuemMa. Tak,
€CJI OrPaHUYUTh €€ BOCbMbIO 30HaMH DpeHers, TO OmmrOKa B Onpeie-
JIEHUW BEJIMYMHBI HANPSLDKEHHOCTHU MO HE npeBbicuT 16 %. Ha npak-
THUKE 4acTO JJIsl NPUKUIAOYHBIX Pacu€TOB CYIIECTBEHHYIO 00JacTh Orpa-
HAYMBAIOT 3JUIMIICOUIOM MEPBOW 30HBI C MAKCUMAJIBHBIM PAJINyCOM

P =~NAr/2. (15)

[IoMHMMO CYHIECTBEHHOM 30HBI, MOKHO BBECTH MOHSATHE MHUHU-
MaJIbHOW 30HBI HA TUIOCKOCTH S, ONPENICIUB €€ KaK OTBEPCTUE MUHHU-
MaJIBHOM ILIOIIAJH, IPA KOTOPOM IOJIE€ PABHAETCS IOJIO HA IPSAMOM
Jy4de, COeNUHSOMEM TOUKH 4 u B. O4eBUIHO, 4TO paanyCc MHUHU-
MaJIBHOU 30HBI ONIPEAEISAETCS BBIPAKECHUEM:

Po =~ Argry /31 (16)

Taxkum oOpazom, MUHUMAJIbHASI 30HA MMPOCTPAHCTBA MPEICTABIIS-
eT coOOH AJUTMIICOM BpaIeHHs, KOH()OKAIbHBIA CYIIECTBEHHON 00-
JIACTH MPOCTPAHCTBA U SBJIAIONIUNCA T€OMETPUUECKUM MECTOM TOYEK,
JUTSL KOTOPBIX Pa3HOCTh X042 MEKIY MPSMBIM JIYIOM BlIOIb AB u 1e-
pudepuiiHpM paBHa /6.



MHUMMBIN MICTOYHHUK

3ajaya HaXOXKACHUS TOJISI TIPU PACTIPOCTPAHEHUU BOJHBI BIOJIb
36MHOM IMMOBEPXHOCTH B OOIIEM CiIydyae HE MMEET TOYHOTO PEIICHUS
B CBSI3U C PAJIOM OOCTOSITENLCTB, KOTOPBIE HE MO3BOJISIOT HCIIOJIB30-
BaTh CTPOTHE METOJIbI SJIEKTPOJUHAMUKHU. B 3aBUCHMOCTH OT 4acTOT-
HOTO JWaria3oHa Il KaKI0d paJroJMHUMA CYIIECTBYIOT CBOHU OIpe-
nensomue  (paxkTopel, XapakTEepU3yIOIKUe CrnenuduKy KOHKPETHOM
Tpacchl. OHAKO UCTOJb30BAHUE Pa3yMHBIX NPUOIUKEHUN TO3BOISET
BBIJICINTh HEKOTOPBIE HAan0oJIee TUIUYHBIE CUTYaIluH, JJIs1 KOTOPBIX
MOTYT OBITh MTOJTyY€HbI TTPUEMJIEMBbIE JJIsl TPAKTUKW OLEHKU 3HAYCHUHN
HaIPSYKEHHOCTH TOJIS.

B Hambonee cTtporom BuUIE HAIPSHKEHHOCTH MO (MHOXKHUTEIb
ocJia0JIeHUs) TMPHU TMPOU3BOJBHOM PACIOJIOKEHUM TOUYEK TMepeaaqu
U IpUeMa TpPEeJCTaBIgeT COOOM MPAKTUYECKU HEPA3PEIIMMYIO IMpO-
0JieMy BCJIEICTBHE CJIOKHOCTH (popMbl 3emMHOM moBepxHOCcTH. [Ipen-
MOJIOXKEHUE, YTO 3eMJIsl SIBJIACTCS HACAIBHO TUIAJIKOM, DIEKTPUUECKU
OIHOpPOIHOU c(hepoil paguyca d,, € OTHOCHTEIBHOW KOMIUIEKCHON

JIUDJIEKTPUYECKON IPOHULAEMOCTBIO & TO3BOJISET MCIIOJIb30BaTh
JUTSL HAXOXKJICHHUS TIOJISI PEICHHE 3a/1aui AUPPAKIUU SIIEKTPOMArHUT-
HOU BOJIHBI Ha cepe (Tak HazpiBaeMmoe pemieHue Mu [1; 2]). Onnako
HEMOCPEACTBEHHOE €ro NPUMEHEHHWE HAa NPAKTUKE COIPSKEHO
c OOJNBIIUMH 3aTPYJTHEHUSMH, CBSI3AHHBIMU C TIOTPEIIHOCTSIMU BbI-
YUCJICHUM, TTOCKOJIbKY pPEIICHHUE MPEACTaBISIET CO00M OECKOHEYHYIO
CyMMY, KaXIblil YJI€H U3 KOTOPOMl BbIpakaeTcs uepe3 chepruyeckue
dbynknuu beccens u 'aHkens oT KOMIJIEKCHOTO apryMeHTa. Pemienue,
IpUEMJIEMOE JJIsl YUCIECHHBIX PAcueTOB M CIPABEIJIMBOEC MJIs JIFOOBIX
paccTosiHui, ObLI0 TonyueHo B. A. @okom (cMm. Hampumep B [1-3]).
Ctpykrypa nudpaxiuonHor ¢opmyiasl Doka TakoBa, YTO TIOJE
B MIPOM3BOJIbHOW TOYKE MPEICTABISACTCS B BUJIE OECKOHEUHONW CyMMBbI
AJIEMEHTApPHBIX AU(PPAKIMOHHBIX BOJH. PacueTrsl MOKa3bIBAOT, YTO
II0 MEPE BO3paCTaHHWs HOMEpA HIEMEHTAPHOU BOJIHBI €€ aMIUIUMTYIa
yobiBaeT. OIHAKO CTEMEHb YObIBAHUS TaKOBA, YTO, YEM MEHBIIIE pac-
CTOSIHUE, TEM OOJIbIIE 3JIEMEHTAPHBIX BOJH UMEIOT COU3MEPUMBIE aM-
IUIUTYJbI U TEM OOJIbIIEE YUCIO WICHOB psijia HEOOXOIUMO CYyMMUPO-
BaThb MpU OMNpPEACICHUU MHOXUTENA ocliadieHud. B pesynbrate
Ha Pa3HbIX YJAJCHHUSIX OT MCTOYHMKA MOJYYarOTCS Pa3JIMYHbIE 3aKO-



HOMEPHOCTH M3MEHEHMsI MOoJisA. Takue CBOMCTBA MO3BOJIAIOT pasie-
JIUTh BECh MYTh PACIIPOCTPAHCHUS BOJIHBI HA HECKOJIBKO 30H U B IpeE-
JeJlaX KaKJAO0M M3 HMX MCIIOJIb30BAaTh CBOM ammapar JJjisd pacyera.
Kpome TOro, Takoe BbIAEIEHHUE OTAECIBHBIX 30H MO3BOJISIET B KAXIOU
V3 HUX YYECTh KOHKDPETHBIC YCIIOBUS PACHPOCTPAHEHUS, KOTOPHIC
HE UCIOJIb30BAIUCH B UACATU3UPOBAHHON TUDpaKIInOHHOMN dhopmyIie.

PaccmoTrpum ciydal, korga TOUKa IPUEMA HAXOAUTCS B 30HE
MPsIMOM BUJIMMOCTH. Takas CUTyanust ABJSIETCA TUIIMYHOM U1 MHO-
TUX MPAKTUYECKUX MPUIOKEHUU. B 3TOM ciydae MOXET ObITh Mpe-
JIOKEHA CIICAYIONIAas MOJENb, OCHOBAHHAsA HA MPUHIHANAX T'€OMETPHU-
YECKOW ONTUKU. B pe3yiibTare B3aMMOACUCTBUSA U3JIYUYECHUS C TPAHU-
LEU pa3zena «BO3AyX — 3E€MIISI» UMEET MECTO OTPAKEHUE PATUOBOJIH.
[Ipu TakoM MpeAnoN0KEHUH MOJIE HAJl TOBEPXHOCTHIO pa3jieia B JItO-
001 TOUKe MPEACTABIISIET COO0M CyMMY MOJIEH JIByX BOJIH — MOPSIMOM
U OTPaXEHHOW, — KOTOPbIC€ HMEIOT pa3iudHbie (Pa3oBbIE CHABUTH
Y aMIUIATYIbl B PAa3HBIX TOYKax MpocTpaHcTBa. [loaToMy mambHOCTH
JNCUCTBUS PAIMOCUCTEM B OJIHUX HAMPABICHUAX 3HAYUTEIBHO YBEIIH-
YUBACTCS, @ B JPYTUX YMEHBIIAETCS MO CPABHEHHUIO CO CBOOOIHBIM
pOCTpaHCTBOM. B 00111eM cilydae CTpyKTypa Iojsi HOCUT J0CTaTOUYHO
CHOKHBIA XapakTep, OJHAKO B PSAE CUTyallMd OHA MOJJIACTCA CTPO-
rOMy MAaTEMATUYECKOMY OIMUCAHUIO.

Haaum ompenencHue pacCTOsIHUA NPSAMON BUIAUMOCTH 7. ['eo-

METpHUS 3aJ1a41 NPEACTABICHA HAa PUC. 3.
. %
A . B

:‘f W

Puc. 3. I'eomeTpus 3amaun
IUTS1 OIIPEICIICHUSI PACCTOSIHUS TTPSIMOM BUAMMOCTHU

ITox paccrosiHMEM NPSIMOM BUIMMOCTH TOHHUMAKOT PACCTOSTHUE
MEXAYy MPUEMHOM U TMEepeNaroliel aHTCHHAMU, KOT/1a npsiMasi, COeJIn-
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HAIOIIAsl 3TU aHTEHHBI, KACACTCsl BBIMYKJIOCTH 3€MHOM MOBEPXHOCTH.
OuyeBHUIHO, YTO
ty=AB=AC+CB.

N3 cOOTBETCTBYIOLINX MPAMOYTOJIBHBIX TPEYTOJIbHUKOB HAXOAUM

cJaracMabIC
2 2
AC =(a,, + 1) —a’, ~[2a,

CB = \/(asvw + h2)2 - a32M ~ A/ 2a3]l/lh2

Torma, moacTaBMB 3HAYEHHE pajgdyca 3€MIIM B KUJIOMETpPax,
a BBICOTBI AaHTEHH /; U h, — B METpax, NOJYyYHUM BEJIMUYUHY PACCTOS-

HUA HpHMOfI BUIUMOCTH 7y B KHJIOMETpPAX

Ty =~2a,, - (I +/hy) =357l +/hy). (17)

[lycTth paccTosiHuE OT TOYKM MpUEMa J0 MepeaaTdyrka TaKoBO,
YTO MOXHO MpeHeOpeyb KpUBU3HON 3eMHOI moBepxHocTH. Ha puc. 4
MPEJCTaBICHA T€OMETPHS 3aJa4d PACIPOCTPAHECHUSI BOJIHBI MPHU OT-
paXXeHUU OT TpaHuIlbl paznena. [lomoOHas cuTyanus UMEEeT MECTO
U B ClIy4ae B3aUMOJICUCTBUSL C aTMOC(HEPHBIMU HEOJAHOPOJAHOCTIMHU.
B 3aBUCHMOCTH OT TOTO, HACKOJIBKO 30HA, CYIIECTBEHHAS I pacIpo-
CTpaHEHUSs, EPECEKAETCS ¢ ATOW T'PaHUIIEH, ONIPEAEIISIETCS MPOCTPaH-
CTBEHHOE pachpejeieHue pesyiaptupyromero noss. Ilome B Touke
npuemMa oopa3yeTcs B pe3ysbTaTe CI0KEHUS MPSIMOU BOJIHBI U BOJIHBI,
OTPaKEHHOU ITOBEPXHOCTHIO.

Puc. 4. ['eomeTpus 3aga4u OTPAXKEHUS OT TIIOCKOCTH

11



Hcnonb3ys MPpUHIIMIT 3epKATbHOTO U300paKeHUs, MOKHO CUWTATh,
YTO OTpa)keHHAas BOJIHA UCITyCKACTCS MHUMBIM UCTOYHUKOM B TOUKE A'.
[lockombky  cyiiecTBeHHass  00JacTh  MPOCTPAaHCTBA  IPH pac-
npocTpaHeHud Mexay A'B ecTb smmuncous ¢ pokycamMu B Toukax A’
U B, TO ero mepeceuyeHue ¢ OTpaxkarolled MOBEPXHOCThIO OylIeT orpe-
JIENIATh Ha HEW CYIIECTBEHHYIO JUIsl OTPaKEHHs 30HYy. JTO OyaeTr di-
nurc. [Ipeanonaras, 4To CyniecTBeHHAs! AJisi pacCpOCTpaHEHHUsT 00JIacTh
IIPOCTPAHCTBA OIPEAECISIETCA NIEPBOU 30HOU DpeHesis, MOXKHO OIpeJie-
JUTH pa3Mephl OOJBIION 2a ¥ MaJlol 2b Oceil 3TOro 3JuInIca:

JAr(Ar +4hhy)
a=r 5
Ar+(h + hy)
Ar(Ar +4hh,)
Ar+(h +hy)

2

(18)

2b = (19)
B peanbHBIX yCIIOBUSIX, KaK MPaBUIJIO, BHICOTHI PACIIOIOXKECHUS U3-
Ay4yaTenss h, W TpPUEMHHMKA /A, 3HAYUTEIbHO MEHBIIE PaCCTOSHUSA

MEX]Ty KOPPECTOHAUPYIOIIUMH IMYHKTaMH 7, TIO3TOMY CYIIIECTBEHHAs
30Ha OTpa)karollel MOBEPXHOCTH OYEHb BBITSIHYTA, T. €. 2a >>2b.
B 3aBUCUMOCTH OT COOTHOIIICHUS MEXK]Iy STUMH BBICOTAMHU OTIpPEIEIsi-
€TCS1 MECTOIIOJIOKEHUE LeHTpa Auunca. [Ipu A, > h, ueHTp smamnco-

uaa CIABUHYT OJM)KE K TOUKE MpUeMa, a Mpu A, < h, — K TOUYKE, T

PAaCIOJIOKEH MEPENATUHK.

Kpome cCymiecTBEeHHOM 30HBI, HA OTPAXAIOIIEH MMOBEPXHOCTH
MOKHO BBIJICIIATh TAKKE€ MHUHUMAJIBHYK 30HY, KOTOpAs IOJy4aeTCs
B PE3YJIbTATE CEUECHUSI OTPAXKAIOIIEW MOBEPXHOCTHIO MHUHUMAJbHOM
00J1aCTH MPOCTpaHCTBA MKy ToukaMu A u B. O4eBHAHO, YTO 3TO
TOKE DJUIUATIC U €T0 OCH ONPEAEISAIOTCS CIEAYIOIIUM BbIPAXKECHUEM:

2y = r JAr(Ar + 12h1h22 ) 20)
Ar+3(h +h,)
2, = Ar(Ar +12hh, ) 21)

3(Ar+3(h+h, )" )

B 3aBUCHUMOCTH OT XapaKTEPUCTHUK OTpakarolleld MOBEPXHOCTH
B IIpe/ieJIaX MPUBEACHHBIX 30H OMNPEIENAeTCS MPOCTPAHCTBEHHAS
CTPYKTypa MoJIsl.
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UHTepPepeHIMOHHBbIN MHOXKUTE/Ib

PaccmoTrpum citydait, koraa rpaHuia paszaena AByX CPeJl ABIACT-
cs IOoCKOW. Toraa KOMIUIEKCHAs aMIUIMTYyAa HANPSHKEHHOCTHU IO
IPsIMOM BOJIHBI, KOTOpasi paclpoCTPaHsAETCs B CBOOOJIHOM MPOCTpaH-
CTBE, OyJIeT ONPEACIISITHCS CIACAYIOIIUM BhIpaKECHUEM:

£ =3P% po Y explir). (22)

ml —
4

37ech U Jajiee A ONPOCTOTHI MPEAIOJIaracTcs, 4ro IuarpaMmma
HANpaBJIICHHOCTH AaHTEHHbl CHMMETPUYHA KakK II0 YTIJIy MeCTa, TakK
Y 110 a3UMYTY, TO3TOMY OHA 3aBUCHT JIMIIb OT yIJja « .

HanpsikeHHOCTh MOJisi OTpaKEHHOW BOJIHBI OYyJIET OMpeaesiThCs

dbopmyoi

: AJ60PG :
By = F—OF (2)R(6;) exp(i(kr, + (6;))) , (23)
2
rae R, — momayns u (asa xoddduiuenta orpaxkenus R(6,),

6, — yron najgeHus BOJHBIL.
B oOmiem ciyuae mjis mIOCKOM TpaHMIlbl pazzena Kod(ppuiueHt
oTpaxkeHus onpeaensierca popmynamu Openens [1; 2; 4]:

= , 24a
+ Z3,CosO, +Zyg cosb, (242)
Z5,CosO, +7Zz,Cosb,
3mece Ry w0 Ry — KOO(p(GHUUMCHTHI OTPAXCHUS MPH IaJCHHUH

IJIOCKOM JIMHEVHO TOJSPU30BAHHOU AJIEKTPOMATHUTHOU TapMOHHYE-
CKOM BOJIHBI Ui NEPIEHAUKYISIPHOU M NapajuIeIbHOM OpUEHTALUU
BEKTOpA DJJIEKTPUYECKOTO II0JIsI OTHOCUTENIBHO IUIOCKOCTH NAICHUA,

Z,=1207 -\ /eq u Zy=1207 /14, /€., — BOIHOBBIC COIPOTHB-
JeHUA IEPBOM U BTOPOU cpeln, &,,&, U U,, ,— OTHOCHUTEIIbHBIE U-

IEKTPUICCKUE 1 MarHUTHBIC MIPOHHUITAEMOCTH cpen,
&, =€E+10/(g6y®w) — OTHOCHTENbHAS KOMIUICKCHAS [HAJICKTpUYC-

CKas MpoOHUIaeMoOCTb Cpea, C;,0, — IPOBOAUMOCTb CPEA, &, — HAU-
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JIEKTPUUYECKAs] TPOHMUIIAEMOCTh BaKyyMa, @, — yroi, XapaKTepu3y-

IOLIUI HallpaBJICHNE MPOIIEAIIEH BO BTOPYIO CpPely BOJHBL. YTIIBI O,

u 6, cBsa3aHbl 3ak0HOM CHemumyca. I1ockoibKy o€ BOJIHBI C IPOU3-

BOJILHOM MOJISIpU3alMell MOXKET ObITh ONMPEETCHO B BUJIE CYIEPHO3U-

UM JBYX IOJIEU C JMHEWHON OPTOTrOHAIBHOM TMOJISIPU3ALIUEH
E=E+E,.

OTpaKeHHas KOMIIOHEHTa B ¢opmysie (22) MOXKET ObITh TaKKe
peACcTaBieHa Yepe3 CyMMY JBYX COOTBETCTBYIOIIMX CJIaraeMbIX.

B ciydae, korga mepBoil Cpesiod SIBISICTCS AUAJEKTPUK (HAIpHU-
Mep, BO31yX), KOA(DPUIIMEHTH OTPaXKEHUSI OT 3€MHON IMOBEPXHOCTH
OTIPEIECTISAIOTCS CIACAYIOMIMMU (HOPMYIaMHu:

- JI7Is TOPU3OHTAIBHOM MOJISIPU3AIUU

a2
Rh:RL=C0S9S \ € —Sin HS’ (25)

Cos O, + \/5 — Sin*6,

- JJIA BCpTI/IKaHLHOﬁ NOJIApHU3alluu

. e 2
szRH:g CosO, —+/ & — Sin“0, (26)

&-CosO, + \/8 — Sin0, |

B Tabn. 1 npuBeneHbl YaCTOTHBIC 3aBUCUMOCTH CPETHUX 3HAYCHUM
OTHOCUTEIIbHOM JUAJIEKTPUUYECKON MMPOHULIAEMOCTU & U YACJIBHOM MPO-
BOJMMOCTH O ISl HEKOTOPBIX THUIIOB 3€MHBIX OKPOBOB [5].

Taobmuna 1
Bun nosepxHocTtu Yacrora, MI'11
g/o[Cm/ m] 10 100 1000 10000
Mopckas Bonma
(cpen. conen.), 70/5 70/5 70/5 50/17
20 °C
ggigm oA, 80/0,003 80/0,005 80/0,18 70/14
OObIuHas 3eMIIs 15/0,001 15/0,018 15/0,033 11/1,7
OueHb cyxas 3emMJIst 3/0,0001 3/0,0001 3/0,0015 3/0,044
Bnaxxnast 3emis 30/0,01 30/0,017 30/0,15 11/3
Jlen (IpeCHa BO- | 35 sy 3/6%10° 3/2,5%10* | 3/2%10°
na), —10 °C
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Kak crmenyer w3 NpUBENEHHBIX 3HA4YEHUM, I BOJH YBY
u CBY nuana3oHOB BCE BUJIbI 36MHOW MTOBEPXHOCTH MOXHO CUUTAThH
OUNEKTpUKaMu. VCKIIIOUEHUE COCTaBIAET MOPCKas BOJIA IS Je-
LIUMETPOBBIX BOJIH.

Ha puc. 5 npeacraBiaeHbl pe3yJbTaThl pacye€TOB MOJAYJIeH KOd(-
(GUIMEHTOB OTpaKEHUs JUIsl psAlla BUJIOB 3€MHBIX IOBEPXHOCTEH.
B otiimune OT UACANBbHOTO AWAIIEKTPUKA, IUIi KOTOPOrO MpPH YIJiie
bprocrepa koapdunneHT orpaxkeHus R, oOpamaercs B 0, A peais-

HBIX CPpCA 3HAYCHHUA MOAYJIA HC JOCTUTAXOT ATOM BEJIMYHHBI.

1

0.8

0.6

0.4

Mopyinb k03¢. oTpakeHUs

0.2

PR Dt
et

v~

......

— Mopckas Boga (V)
Mopckas Boaa (H)
— - IIpecnas Boaa (V)
—-- IIpecnas Boxa (H)
— OO6biunas 3emiis (V)
O6brunas 3emus (H)

20 40 60

Yron nagenus, rpag

Puc. 5. 3aBucumocts K03hPuIeHTa OTpaKeHus OT yria maJaeHus
IS HEKOTOPBIX BHIOB 3€MHBIX IoBepxHOcTel st A =30 cMm

Pe3ynbTupyIOLIy 0 HaNpsiKEHHOCTH I0JI1 B TOYKE MPHUEMA B CO-

OTBCTCTBUH

C paccMaTpuBacMOU MOJEIIBIO 3AMUIIEM KAK

) ) . A/ 60PG
Em = Eml +Em2 :—OF(al)eXp(ikri)+
n

60PG
+ QF(% )R(O)exp(i(kr, + B(0))).

)
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Y 100HO npeICTaBUTh MOCIEAHEE BRIPAKEHHUE B CJICTYIONIEM BU/IC:

£, = Y90G F(al)exp(ikﬁ)(l +%%))iR(@s)eXp(i(kAr+ﬂ(6’s)))ja 28)

m
n ) n

rac pa3HoCTh X04a OIPCACIIACTCA KaK

Ar=ry =1y =P 4 (i +hy ) =P+ (= by ) (29)

a yroi mazeHus
|+

r

0

/4
| =——arctg (30)
2
Kak cnenyer u3 (28), KOMIUIEKCHYIO aMIUIATYy OIS MOYKHO
IPEACTaBUTh B BUJIE
E=E,V, (31)
rae E, | omnpenenseT KOMIUIEKCHYIO aMIUIUTYAy B CBOOOIHOM

IIPOCTPAHCTBE, a COMHOXHUTEIb ) — BIIMAHHE TPAHMIBI paszena

cpen. IlostoMy mHGOpManus o BenWuuHEe V' HMEeT O4eHb BAXKHOE

3HAYEHUE JIJIs1 PELICHUS LETIOT0 PsAJia MPAKTUYECKUX 3a7ad.
BripaskeHus [uist MOy I U a3l ¥ MMErOT BHA:

2
_ F(a,) F(az) ,
V = \/1 (F( ) R(6 )] Fla) ——=2R(6,)Cos(kAr + B(0,)) , (32)

a, a,

d ?0‘2) R(O, )Sin(kAr+ B(6,))
@ = —arctg % : (33)
il iazj R(0, )Cos(kAr+ B(6,))
1

Mopayne V' Ha3bpIBalOT TakXke HWHTEP(PEPEHIIMOHHBIM MHOKHTE-
neM. OH onpeAensieT NPOCTPAHCTBEHHOE PACIPEAECIECHNUE AMIUIUTY b
IOJISL.

B ciydae ucnosib3oBanus ciiaboHaNpaBIeHHBIX aHTEHH

F(ay) = F(ap) =1
u popmyiel (32, 33) ymnporaroTcs
v =1+ (R(8,)) +2R(0,)Cos(kAr + B(6,)) . (34)

16



R(0,)Sin(kAr+ B(0,))
1+ R(6, )Cos(kAr+ B(6,))

@, =—arctg (35)

Ha puc. 6 mpexacrtaBiieHbl Pe3yJbTaTbl PacyeTOB 3aBUCUMOCTH
MOAYJIs OCIa0JIeHHs] OT U3MEHEHHUS PACCTOSIHUSL.

Puc. 6. KauecTBeHHOE TOBEIEHHE MOTYJIsI MHOYKUTEIIS OCIIa0ICHUS
B 3aBUCUMOCTH OT PACCTOSTHUSA

[TockoyibKy B peasIbHBIX YCJIOBHUSIX OYEHb YACTO BBHIMOJIHSIETCS HE-
PaBEHCTBO

r>>h,, (36)
TO W3-3a MAJIOCTH yTJia MEXKY HAIIPABJICHUEM MPHUXO0JIA MPSIMOU U OT-

PaXKEHHOM BOJIH PE3YJbTUPYIOIIYIO aMIUIMTYAy HANPS)KEHHOCTH
AIEKTPUYECKOTO MOJISL B TOUKE MPUEMA MOXHO MPEACTABUTH B BUJE:

E ~E, V= VOOPGy F(al)\/l +(R(6,)) +2R(0,)Cos(kAr+ B(8,)), (37)
r

rae Ar~2hh, /r. I3 nonydeHHON (OPMYITBI CIEAYET, YTO TIPHU TIepe-
MEIIEHUU BJAOJb TPACChl WJIM MPU U3MEHEHHH BBICOT KOPPECIOHIH-
PYIOIIUX ITYHKTOB pachpejesieHne oSl HOCUT HeMOHOTOHHBIM OC-
HAWUIAPYIOIIAN XapakTep.

[IpuBeneHHbIC BBIPAKEHUS OMPEACISIIOT NPOCTPAHCTBEHHOE pac-
npeneyaeHue mnojis B caMmoM obmiem Bujae. OaHAKO HEOOXOAUMO Clie-
JaTh HEKOTOpbIE 3aMEyaHWs OTHOCHUTEIBHO HX KOPPEKTHOCTH
Ha MPaKTHKE.

[Ipexxne Bcero HEOOXOAUMO CHAENIaTh YTOUHEHHE OTHOCUTEIHHO
MPUMEHUMOCTH OTPa)KaTeIbHOW TPAKTOBKH. B ee KOHIENUU moJiara-
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€TCs, YTO IMaJarolasi Ha MOBEPXHOCTh chepuuecKkasi BOJIHA OTpaKaeT-
csl kak tuiockas. [Tockonbky KOA(PUIIMEHT OTpa)XeHUs I TUIOCKOM
BOJIHBI 3aBHCHT OT yIJIa, HEOOXOAWMO YTOOBI OH HM3MEHSJICS Majo
B IIpEJieyIaX BCEX JIy4€Hd, KOTOPBbIE COOTBETCTBYIOT TI'paHUIIAM 30H
DpeHenss 0T MHUMOTO UCTOYHHUKA. ECIIM MOJI0XKUTh, YTO MTPOI0JIbHBIN
pa3Mep CYILIECTBEHHOTO ISl OTPAKEHUS y4acTKa paBeH Ax, TO u3Me-
HeHne R B Ipeeiax 3TOro y4acTka paBHO:

AR ~ OR 06, Ax
00, Ox

(38)

B kauecTBe KpuUTEpHS IPUMEHUMOCTH OTPAXKATEIILHON TPAKTOBKHU
MO’KHO HCIIOJIb30BaTh CJIEIYIOIIEE HEPABEHCTBO:

AR|<<|R(6,)|. (39)

OtMeTuM, 4yTO HauboJIee TMHAMUYHOE N3MEeHEeHUEe Kodduiinenta
OTPaXCHUSI UMEET MECTO ISl BEPTUKAIBbHOU nossipu3anuu. B [6] mo-
JYYEHO CIEAYIOUIEE BBIPAXKCHUE KPUTEPUSA MPUMEHHUMOCTH OTpa)Ka-
TEJIbHOW TPAKTOBKMU:

2(Cos(6,))> 1/ A >> \1 ~RX(8,). (40)

Jnd upeanbHOro Merajuia, HOCKOIbKY ‘Rv‘ =1, naHHO€ HEpaBEH-

CTBO BBITOJIHSIETCS BCETJla MU HET HUKAKUX OTPAHUYCHUN B MPUMEHE-
HAU OTPAXKATEIBHOM TPAKTOBKHU. [[711 pealibHBIX 3€MHBIX ITOKPOBOB

MOYHO TOJIOKHUTh, YTO ‘1 — sz( 0, ) ~ Z‘Cos( B, )|, 1 B KaUeCTBE KpUTE-
pUs UCTIOJIB30BATh CJICYIOIIEE HEPABEHCTRBO:
(Cos(0,))* r/ A >>|Cos(B,)|. (41)

AHaJIOTUYHOE BBIPAXKEHUE IS ClIy4yas TOPU30OHTAIBHOM MOJISPHU-
3allM¥ UMEET BUJL:

(Cos(6,))” r/ A >>|Cos(B, ). (42)

Eme oaHOM OCOOEHHOCTHIO HCHOJIb30BAHUS —OTpaXaTelIbHOM
TPAKTOBKH SIBJISIETCS MPEATOJIOKEHUE O TJIAJKOCTH IPaHULBI pas3zaena
IBYX cpell. ITO TpeOyeT YTOUHEHHUs B ONpPeACICHUN KO3 DUITMEHTOB
orpaxxenuss Openens. s ciydyas HEpOBHOW I'PaHULIBI pa3eia B Ipe-
JIeJlaX MUHHUMAIIBHOM JJI1 OTPAXKEHUSI 30HBI ONPEHEISAIOT 3HAUYCHUE
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HEPOBHOCTH MOBEPXHOCTH A/ . Eciy moBepxHOCTh B Mpejenax 3TOu
30HBI POBHAsA, T. €. YJAOBJIETBOPSET TaK HA3bIBAEMOMY KpUTEpHUIO P3-
nes [1; 3; 7]
A
h < ,
(8+16)Cosb,

(43)

TO MOXXHO OXHUJATh 3HAYeHUN KOd(PPUIIMEHTa OTpa)KeHUsl, OJUZKUX
K 3HaueHUsIM, omnpeaensieMbiM (opmynamu  Dpenens. [lomoOHas
oriecHKa OymeT TeM Ooyiee CIpaBeIMBa, €ClIM KpuTepui Pames ymo-
BJIETBOPSETCA HE TOJIBKO B MWHHMAIIBHOM 30HE OTPAXKAKOLIEW IO-
BEPXHOCTH, HO U B CyliecTBeHHOU. ClieyeT OTMETUTh, UYTO MPHU OJI-
HUX U TEX XK€ pa3Mepax HEPOBHOCTEHW OTpaKeHHE TeM OJIMXKe K 3ep-
KaJIbHOMY, 4eM OOJIbIll€ JJIMHA BOJIHBI HECYIIEro KoJieOaHUs M 4YeM
Oonpllie yroa maacHUsA. B ciydae HEBBIIONHEHUS KpuTepus OyaeT
MIPOUCXOJUTh CUJIIBHOE pacCesTHUE M3Iy4YeHHUS U OTpa)keHue, Kak ro-
BOPSAT, CTAHOBUTCA TU(PHY3HBIM.

B o6Omem ciydae, eciu TOBEPXHOCTh HE SBISETCS TJIAJIKOM
(ue BoimonHsAETCSE Kputepuid Panest (43)), B BbIpakeHHUsIX IJisI TPO-
CTPAHCTBEHHOT'O pacCIpeeieHUs] M0 HYKHO HCMOJb30BaTh 3P dhek-
THUBHBIC 3HAUYCHHS KO3 dUIMEHTA OTpakeHUs. Benmnuuna ero Moays
U (a3bl CIOKHBIM 00pa3oM 3aBUCST OT yrJja MaJCHUs JJIs Pa3IMIHbIX
4acTOT M HEPOBHOCTEH moBepxHOCTH. [loaTOMy MHTEepdepeHimonHas
KapTHUHA TI0JII B TOYKE IPHEMa UCKaXaeTCs M JICTIECTKOBas CTPYKTypa
CUJIBHO U3MEHSIETCSI.

Heo0xoamMo Takke OTMETUTh, YTO OIEHKU OTPaKaloIIeH CIT0-
COOHOCTH HEPOBHOW MOBEPXHOCTH, MOJYUYEHHBIE ¢ TIOMOIIBIO KPHUTE-
pus Poanes, SBASIOTCS OPUEHTHUPOBOYHBIMHU, T.K. JTOT KpUTEpUU
HE YUYMUTHIBACT BJIMSHUSA (OPMBI MU B3aUMHOI'O PACIOJIOAKEHHUSI HEPOB-
HOCTEH, BHJa Mojspu3anuu. Kpome TOro, MOHSATHUS CYIIECTBEHHOMN
Y MUHUMaJIbHOM 30H CTAaHOBSITCS HEMPUMEHUMBIMH, €CJIH HEPOBHOCTH
o (opme 1 pazMepam 001aAar0T OOJBIION AUCIIEPCUECH, T. €. UMEIOT-
Csl OT/ICNIbHBIC MPe00IIalatoIe KpynHble HEpOBHOCTH. OT TakuX He-
POBHOCTEH MOXET HAOJI0AaThCsl 3aMETHOE OTpPa)KEHUE, €CIW OHU
HAXOJATCS M BHE MPEACIIOB CYIIECTBEHHOM 30HBI (HarpuMep, OT pac-
MIOJIOXKEHHBIX B CTOPOHE OT PaglOTPACChl OTJCIBHBIX KPYITHBIX XOJI-
MOB Y TOpPHBIX XpeOToB [1; 3; 7]).
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Opnnako B 00mIEM pe3ysibTaThl SKCIEPUMEHTAIBHBIX HCCIEeI0Ba-
HUW TI0 U3MEPEHUI0 KOI(POUIIMEHTOB OTPAXKEHUS OT PA3IMYHBIX O]I-
HOPOJHBIX IIEPOXOBATHIX IMOBEPXHOCTEN MOATBEPKIAOT ITPABUIIb-
HOCTb KputTepusi Pajies, 1o kpallHEH MEpe B KAYECTBEHHOM OTHOIIE-
Huu. [loaTOMY MJIst IEJIOTO PsAla MPAKTUYECKUX CUTYallud BBIIICIIPHU-
BeJICHHbIC ()OPMYJIbI aJICKBATHO OMUCHIBAIOT MPOCTPAHCTBEHHYIO Kap-
TUHY UHTEP(EPEHIIMOHHON CTPYKTYPHI MOJIS.

OdeHb 4acTo Il PacUETOB MCIOJB3YIOT IKCIEPUMEHTAIbHBIC
3HAUYECHUS OTPAKATEIbHOW CIIOCOOHOCTH PEAIbHBIX 3€MHBIX IMOKPO-
BOB. B Ta0i1. 2 npencraBneHsl u3 [8] ycpeaHEHHbIC 3HAUCHUST MOIYJIS
KO3 GUIMEHTOB OTpaxkeHuss R mpu yriaax ckoiabxenus 10'+ 30’
JJ11 HEKOTOPBIX BUIOB IMIOBEPXHOCTEM.

Tabanma 2
Bu Koaddurment orpakeHus mpu JjIMHax BOJH
MTOBEPXHOCTHU
15-18 cMm 7-8 cm 5cmMm 1.,5-3 cm

Bonanas 0,9-0,99 | 0,8-0,95 0,65-0,85 | 0,2-0,45
PaBHuHa, moii-
MEHHBIE JTyTa, 0,8-0,99 | 0,6 —0,95 — —
COJIOHYAKH
Posras necu- 0,6-0,8 | 0,4-0,6 0,3-0,5 | 0,1-0,3
cTas MECTHOCTD
Cpennenepece-
YyeHHasl JIECH- 0,3-0,5 0,2-0,3 — —
cTasg MECTHOCTbH

JIs1 ydeta HEpOBHOCTH MTOBEPXHOCTH B [9] mpeiokeHo npu pac-
yeTrax paguoOpEIIEMHBIX JIMHUM MPSIMOW BUIMMOCTH HCIOJIB30BATh
CJIEYIOIIEE BhIpaKeHUE NIl KOd(PPUIIMEHTa OTpaKeHUs

R=Rppp,,

COOTBETCTBYET Kod(PuimeHty otpaxkenus DpeHens

(44)

rae Ry
JUIS TIIAJKOW TIOBEPXHOCTH WM 3aJaHHOIO BHMJAA MOJIApHU3ALUU, P, —

KO3(DPUUMEHT, YUYUTHIBAIOIIMI OTPaK€HHE AJISI y4dacTKa 3€pKajbHO
[JIAIKOM MOBEPXHOCTU MPOTSHKEHHOCTh Ax B Ipejesiax 3JUIMIICOW/A
Uil TIepBOM 30HBI DPpeHens, p, — KO3(Q(UIMEHT, yYUTHIBAIOIINN

BJIMAHHUC HCPOBHOCTHU ITOBCPXHOCTH.
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S+ 1y ) (Ax) 1072

Py = : (45)
! 3hhyr
_ 1+(g?/2) 40775, Cos(0,)
Pr = ) 5 , = . (46)
1+235(g2/2)+ 2nlg? /2f 3
3I[CCB f — YaCTOTa B rurarcpuax, BbICOTbl HCTOYHUKA U TOYKHU
pueMa B3JIEKTPOMArHUTHBIX BOJIH h; — B METpax, MPOTSKEHHOCTH

Tpaccel ¥ — B KWIOMETpPax, Ax — B KUJIOMETPAX, CPEIHEKBAAPATHY-
HOE 3HAYEHUE HEPOBHOCTEW B IIpeeiiax nepBou 306l Openens 6, —

B METpax.

Jlns Gonee sICHOTO TMOHMMAaHUS MHTEP(HEPEHIIMOHHON CTPYKTY-
pbl ¥ BIUSHUSA DJICKTPOPU3UUECKUX MapaMeTpOB MOJCTUIAOIICH
MOBEPXHOCTH II€JIECO00PA3HO PACCMOTPETh HEKOTOPHhIE YaCTHBIC
cinydau. [Ipearnonoxkum, 4TO UCHOJIB3YIOTCS HEHANpaBJICHHBIC aH-
TeHHbl. Ha puc. 7 npeacraBieHsl pe3ynabTaThl pacueToB [1] momyns
MHOKUTENS OCHa0JeHUs 11 TOPU30HTAIBHOU (IITPUXOBAs JIMHUS)
U BEPTUKAIBHOW (CIUIOLIHAS JIMHUSI) MOJApU3AlUM B 3aBUCUMOCTHU
OT yIjia MecTa Y Jisl cyxoro rpyHta. [Ipu BeIYMCIIEHUSX BBICOTA
Nepelarollel aHTeHHbl CcOoCTaBisAna /y =5M, a JJIMHA BOJIHBI
A =1m. Pacuers! npoBoawiucs 1 &, =4+ 0,57, [Ipu maneix yriaax
HaOmoaeHus i (OosbIIMX 6 ) NPOCTPAHCTBEHHOE IMOJOKEHUE MaK-
CUMYMOB U MHHHUMYMOB B UHTEP(EPEHIIMOHHON CTPYKTYpE MO
JUIs. BEPTUKAIBHOW W FOPU30HTAIBHON MOJISIPU3AIMU MPAKTUYECKU
coBnanawT. [Ipu 3TOM BeIMYMHA MAKCUMYMOB MHOXHUTEJSI OCa0-
JeHusl V' Ajisi TOPU30HTAIBHOM MOJSIpU3alii yObIBAE€T C POCTOM I/
0oJiee MEIJIEHHO, YeM JJIs BEpPTUKaJbHOU mnoiisipuzanuu. OmHaKo
nocne yria bprocrepa uz-3a paznuuus a3 kodrpduimeHToB oTpa-
xeHust DpeHenss MakCUMyMbl B HHTEP(PEPEHIIMOHHOW CTPYKType
MOJs IS BEPTUKAJIBHOW MOJSIPU3AIUUA CIABUHYTHI OTHOCUTEIHHO
MaKCUMYMOB JIJISI TOPU3OHTAIIBHOW MOISPU3AIMH.
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Puc. 7. 3aBUCUMOCTH MOIYJIsl MHOKHUTEIIS OCIa0IeHUS
OT yIJIa BO3BBIIICHUS AJISI CyXOro TpyHTa

Ha puc. 8 npencraBiieHbl aHATOTUYHBIC PE3YJIBTATHI pacyeToB [1]
it Mopckoil Boabl (&, =80+360i). CTpykTypa mosisi TakXe HUMEET

CYILIECTBEHHO U3PE3aHHBIN XapakTep.

Puc. 8. 3aBUCUMOCTb MOJTYJIs MHOXKUTEJIS OCIIa0IeHUS
OT yrJjia BO3BBIIICHUS JIJII MOPCKOM BOJIbI
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BepTHKa/IbHbIN BUOPATOP

Hccnenyem BIMsIHUE aHTEHHBIX CUCTEM Ha MHTEPHEPEHIIMOHHYIO
CTPYKTYpY IOJA B TOYKE MpPHUEMa HA MPUMEPE MPOCTEHIINX AHTCHH.
JnarpaMma HampaBJIECHHOCTH 3JIEMEHTAPHOTO BEPTUKAIBLHOTO BUOpa-

TOpa UMEET BU/I;
F(a)=Cosa. 47)

B pesynbrate noacranoBku (34) B (31) U UCIHOIB30BaHUS TIPE/I-
HOJIOKEHU 0 ToM, uto F(ay) = F(@,) n MakcumMyM Ko3(ppuuueHTa
YCWJICHHS COBIIaJIaeT C TOPU3OHTAJIBHBIM HAMpaBICHUEM, a IOl i/

ofnpeeNnsieT TOUKY HaOMI0ACHUs, BhIpaKeHUE sl MPOCTPAHCTBEHHOM
CTPYKTYPBI I1OJISI MOXKHO IPEACTABUTD CIEAYIOLIUM BBIPAKEHUEM

J60PG
E, =Y"""0 Cosy[1+ R? + 2R Cos(2kh,Siny + B,),  (48)
r
PaccMoTpuM pasiuuHbIe CIIy4aW paclpOCTPAHCHUS B 3aBUCUMO-
CTH OT TapaMeTPOB T'PAHMIIBI pa3jiesia «BO3AyX — MOACTHIIAIONIAS T10-

BEPXHOCTHY». IlyCTh MOBEPXHOCTH SIBJIAETCS HJCATbHO MPOBOISIICH.
Jtsa Beex yrioB nanenus R, =1, 5, =0. IToatomy

\J60P
E = V60PGy 2CosyCos(khSiny) =2E, Cos(kh Siny).  (49)
r

m

Bxopmsiimii B 3ty opmyny muoxurens Cos(khSiny) cupe-
TEIbCTBYET O HAJIMYUM MHUHUMYMOB U MAaKCHUMYMOB. YCIIOBUS HX
HAXOXICHUS ONPEICIISIIOTCS KaK:

2n+1

kh Siny = r, E =0,n=0,1,... (51)

N3 sTOrO0 ciienyer, 4To0 UMEET MECTO MHOTOJICIIECTKOBBIA Xapak-
TEp YIVIOBOW 3aBUCHUMOCTH mNoJisA. [IepBbld MHUHUMYyM H3JIIy4YEHUS
Habmonaercst ipu Siny = /4h, . CienoBareibHo, YeM BbIllie BUOpa-
TOP pacHoOJIOKEH HaJl TPaHULIEH pa3jena, TEM yKE€ MEPBBIN JIENECTOK.
Bnosibs moBepXHOCTH pazjena MMEET MECTO MAaKCHUMyM H3JIyYCHMUS.
B BepTHKaIbHOM HaIpaBJICHUM BEPTUKAJIbHBIA BHUOpATOp HE HU3Iyda-
eT. C yMEHBIICHUEM yTila aMIUIUTYJIbl MAKCUMYMOB YMEHBIIAKOTCS
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3a CUET BJIMSHUA AWarpaMMbl HaAIMpaBJICEHHOCTH cCamMoro BUOpartopa.
HanpasneHHble CBOMCTBA TaKOTO M3IyYEHUS NPUBEICHBI Ha pUC. 9.
Ouu monydueHsl npu /i, /A =2,5. B roOpu30HTAIbHOM HAaIPaBICHUH

HMCCTCS MAKCUMYM U3ITYUCHHA.

g°  19° 2wt 30° 40°

z I O I
a7 4z 43 g4 435 06 07 48 43 10

Puc. 9. CtpykTypa nossi BepTUKaIbHOI0 BHOpaTopa
JUTSL CITy4asi IPOBOTHUKA

PaccMoTpuM ciyyail, Korja CBONCTBAa IOBEPXHOCTH OJIM3KHU
K UJICAUTLHOMY IUAJIEKTPUKY. B 3TOM ciyyae MMEET MECTO 3aBHUCH-
MOCTh KOd(pduIlMeHTa OTpakeHus OT yria nageHus. [loaTomy korma
yroJ majeHus MpeBbIaeT yroa bprocrepa, ¢aza oTpakxeHHON BOJIHBI
B, =7 ¥ BBIPAXKEHHUE ISl AMIUIATYABI TIOJII IPUHUMAET BUL!

E, = E, 1+ R? — 2R Cos(2kh,Siny) . (52)

[Toyte B BepTUKAIBHOM IJIOCKOCTH MO-TIPEKHEMY HOCHT OCIIHILIH-
pYIOIIMK XapaKTep, MaKCHUMAaJIbHbIC 3HAYCHUS HAOIOJAIOTCS B ClIC-
OYIOIIMX CIydasx:
2n+1 A

4 h

Siny = (53)
[TepBblii MAKCUMyM H3IyYCHHS UMECT MeCTo mpu Siny = A/4h,,

Y TI0ATOMY, Y€M BBIIIIE BUOPATOP PACIIOIOXKEH, TEM OJIUKE K MOBEPX-
HOCTH IPWXKAT IMEPBbIA JIENIECTOK. 3HAYEHHUE IIOJISI B MAaKCHUMYME
onpenensiercss GopMyoit

24



E =E (1+R). (54)

MuHuMyMbI HaOIIOAAIOTCS TIPU

Siny =——. (55)
2 hy
Bpoons  rpanunbel  pazmena  cpel MOJIE  OTCYTCTBYET,
T. K. JUISl CKOJIB3SIIIMX JIydel MOyJib KOd(PPHUIIUEHTA OTPAKeHUS TIPH-
HUMaeT 3HaueHne R =1.
IIpy 3HAUUTEIBLHOM BBICOTE MPUEMHOW AHTEHHBI, KOTJa ¥ > /g,

daza kordPunuenta orpaxxenus paBHa 0. [Toatomy cTpykTypa mojs
OTIpEICNISIETCSI CIEAYIOIeH 3aBUCUMOCTHRIO:

E, =E, 1+ R? + 2R Cos(2kh,Siny). (56)
MaKCI/IMYMI)I MMOABJIAIOTCA B HAIIPABJIICHUAX, OJISI KOTOPBIX
Cos(2kh Siny) =1, (57)
4 MUHUMYMBbI — B HAIIPABJICHUAX, OJISI KOTOPBIX
Cos(2kh Siny)=—1, (58)

T. €. TOJIOKEHUE JIEMIECTKOB TAKOE K€, KaK U B CIIy4ac B3anMOJICH-
CTBUSI U3JIYYEHUS C UICATBHOU ITPOBOASAIIECH IOBEPXHOCTHIO.

Ha puc. 10 npuBenena quarpaMma yrioBOro pacrpeiesieHus mo-
JIst, TOJTyYEHHAs JUTSl MICaIbHOTO TU3JIeKTpuKa u A, /A = 3.

0 10° 20°
R

L

Jat) 4(}0

Puc. 10. CtpykTypa 1noJjis BEepTUKAIBHOTO BUOpaTopa
IUTSL cllydasi AUDJIEKTPHUKa

25



l'opu3oHTa/ILHBIN BUOPATOP

PaccMOTpUM 3J€KTpUUYECKOE TI0JIE, CO3/1aBAEMOE TOPU3OHTAIILHBIM
BUOpaTopoMm. B skBaTopralibHOM TUIOCKOCTH OH HE 00JIaJaeT Hamlpas-
JICHHBIMM CBOMCTBaMM M CO3Ja€T TOPU3OHTAIBHO TOJISPU30BAHHYIO
BoJIHY. [ToATOMY BBIpakKeHHE ISl aMILTUTY/IbI TTOJIS UMEET BUJ:

J60PG
E, =Y>""70 14 R? + 2R, Cos(2kh,Siny + j3,) (59)
r

B cnydae upeanbHO NMpOBOIAIIEN MOBEPXHOCTH ISl BCEX YIJIOB
naJicHAs Ha MOBEPXHOCTh R, =1, 5, =7 ¥ aMIUIMTyna IOJIA OIpele-

JBICTCA BBIPAKCHHUCM !

\J60PG
E, =YY" "028in(khSiny)=2E, Sin(kh,Siny). (60)
r
JlenmecTtkoBass CTpPyKTypa NIPOCTPAHCTBEHHOIO PpPAaCIPEICIICHUA
IIoJIsA, KaKk U 1JIs1 BCPTHUKAJIBHOI'O BH6paTOpa, nMeeT MECTO, OJHAKO

MUHHUMYMbI 1 MAKCUMYMbI MCHATOTCA MCCTAMH, T. €.

2n+1 4
Siny = L E. =2E,., 61
4 4 h 1 (61)
Sinw=ghi,Emm=0,n=0,1,... (62)

1

Brionb MoBEpXHOCTH M3IYYEHHE OTCYTCTBYET. AMILIUTY/Ia Mak-
CUMAaJIbHBIX JICMIECTKOB HE MEHSAETCS B 3aBUCMMOCTU OT yria. Bos-
MOKHO M3Ty4eHHE BBepX. B kauecTBe mpumepa Ha puc. 11 npuseneHa
yIJIOBasi 3aBUCHMOCTh WM3MEHEHUS HAMPSHKEHHOCTH TIOJISI B Cllydae
pacClpOCTpaHEHUsI HU3JIYYEHUs] HaJ MPOBOMSIICH MOBEPXHOCTHIO
mpu hy /A =2,5.

Ecnm moBepXHOCTh SBISETCS WCaTbHBIM JUAICKTPUKOM, TO TIPH
BCceX ymiax maaeHust (aza xkoddduimenta orpaxenus: pasHa 7. Ilo-
TOMY aMIUIUTY/Ia HAMIPSHKEHHOCTH T0JIsl UMEET BHI:

E, =E, 1+ R —2R Cos(2khSiny). (63)

26



Puc. 11. CtpyKkTypa noJiss ropu30HTIBHOTO BUOpaTopa
IUISL CITy4asi IPOBOTHUKA

[TonydeHHoe BBIpaK€HHE MOJOOHO COOTHOIICHHIO (52) s Bep-

TUKAJIBHOTO BUOparopa. OJHAKO TaM MHOXUTENb FE, |, ONPEneisto-

U T0JIe B CBOOOJHOM IIPOCTPAHCTBE, COAEPKUT KOCUHYC. [Tonoxe-
HUE MUHUMYMOB U MaKCUMYMOB OIpPEACIISICTCS aHAJIOTUYHBIMU 3aBU-
CUMOCTSIMU (CM. BbIpakeHus (53, 55)). Bionb rpaHuiisl paszaena cpes
U3JIy4YeHHE OTCYTCTBYET. JluarpamMma yTJIOBOTO paclpeiesieHUs: MOJis
npuBeneHa Ha puc. 12 ms cinydas h, /1 =3. C yMcHbIICHHEM YIja

MAJCHUSI YPOBEHb JICECTKOB YMEHBIIAECTCA, KaK U B CIIydac BEPTHU-
KaJbHOIO BUOpaTopa.

B npyrux HamnpaplIeHUSX, OTIUYHBIX OT 3KBATOPUAIIBHOW IJIOC-
KOCTH, TOPHU3OHTAIBHBIH BHOpATOp H3JIydyaeT W TOPU3OHTAIBHO, H
BEPTUKAJIBHO TIOJISIPU30BAHHBIE COCTABJISAIOIIME DJIEKTPUUYECKOTO II0-
n. HanpsKeHHOCTh TMOJIST KaXI0W U3 COCTAaBJISAIOLIMX OIPEACIACTCA
OTIEJIBHO, a 3aTEM HAXOAUTCS pe3yJibTUpyromiee nojue. [Ipu 3tom oHO
OKa3bIBACTCS DJUIMNTHYECKH TMOJISPHU30BAHHBIM C Mpeo0IafaHUuEM TIo-
PU30HTAIIBHOM COCTABIISAIOLLEH.
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Puc. 12. CtpykTypa 1oJjis ropu30HTaIbHOT0 BUOpaTopa
IUTSL cllydasi AUDJICKTPUKa

HUHTepdepeHnmoHHas ¢popmysia BeeaeHCcKOro

[Ipu nanbHEWIIEeM YBEJIMYEHUU PACCTOSIHUS JI0 TOUKU HAOIOJIE-
HUS BJIOJIb TPAHUIBI Pa3Jeiia YBEINUYNBACTCS 3HAUYCHUE yIJjla MaJACHUS
0, . Takas cuTyalnus 4acToO BCTPEYAEeTCs Ha MpakTuke. B 3ToM ciydae

MOXHO CYMTaTh, YTO YTJIbI JOCTATOYHO MOJOTHE U TMPUOIUKEHHO
3HA4YCHUS MOy U Pa3bl KO3 PUIMEeHTa OTPAKEHHSI BHE 3aBUCUMO-
CTH OT MOJSPU3ALUU U3IIydeHHus: OyyT coctaBiath R =1, f = . Ilo-

ATOMY U3 BeIpakeHus (37) cienyer:
E, =2F, Sin(kAr). (64)

Benmnuuny Ar, onpenensroulyrd pa3HOCTh XOJa MEXIY NPSMOHU
Y OTPAKECHHOW BOJIHOW, MOYKHO IIPE/ICTaBUTh B BUJIE:
2hh
Ar~ =122 (65)

r

[Tockosbky
hyh,

r

k << 1

b
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TO, 3aMCHssL CHUHYC €0 aprymcHTOM, MOKHO 3allMCATb BBIPAKCHUC
AL IPOCTPAHCTBCHHOI'O pAaCHIPCACIICHUS I1OJIA:

J60PG, 47hh
E, = > 0 zl 2 (66)

Dta ¢opmyna BrnepBbie Oblia nmoaydyeHa b. A. Beenenckum. OnHa
HarJIsIHO XapaKTepU3yeT 3aBUCUMOCTh HAMPSIKEHHOCTH AJIEKTpHUYE-
CKOTO TIOJISI OT PAcCTOSIHUS, JUIMHBI BOJHBI M BBICOT PAaCIOIOKCHUS
aHTeHH. B kadecTBe kpuTepus mMpuMEeHUMOCTH (Gopmyibl BeeneH-
CKOTO MOJXXHO B35Th, HAallpUMEp, MaJOCTh apryMeHTa y CHHYyca
Siny <<1 npu w < /9. Tlo3TOMY yCIOBHE KOPPEKTHOCTH BBIPAKeE-

Hus (66) nmeert BUA:

2ahy 7 (67)
Ar 9

Jliis hopmynel BBeeHCKOTO XapakTepHO KBaapaTHYHOE YObIBa-
HUE HaIPSHKEHHOCTU TIOJISI C PACCTOSIHUEM, U3MEHEeHHe Oosiee OBbICT-
poe, 4eM B CBOOOJHOM MPOCTPAHCTBE, MOCKOJIBKY TaM OHO YOBIBAaeT
oOpaTHO TIEPBOM CTETICHU OT PACCTOSIHUS MEXKIY H3ITydaTejieM B TOY-
Ko npuema (cM. BelpakeHue (8)). CToiab ObICTpOE YMEHBIIICHHE aM-
TUTUTYJBI C PACCTOSHUEM OOBSCHSETCS TEM, YTO TOJS MPSAMOW U OT-
pPaXCHHOW BOJH IOYTH PaBHBI 10 aMIUTATYIE W IMPOTHBOIIOIOKHBI
o ¢aze. HeoOxomuMo Takke OTMETUTb, YTO TP BBITOTHEHUH YCJIO-

BUI TpUMeHUMOCTH (HopMyJibl BBeIeHCKOTO cpeiHee 3HaYeHUe MII0T-

HOCTH [OTOKA MOIMHOCTH YOBIBAET C pACCTOSHHEM Kak 7

HE KaK B CJTydae CBOOOJHOTO IPOCTPAHCTBA 1~ .

N3 dopmynsr (34) ciaemyeT, 4TO TOCIEIHWA MaKCUMyM OyIeT
khh, 7
v 2

max

HaOMIOAaThCSI  HAa  PaCCTOSHUU Vmax,  Korma

_ 4hph
A
JAUM, 9TO (bopMyna BBGI[GHCKOFO IMPUMCHHUMA HAYHHAA C PACCTOSHUA

A

WIN 7, . 13 ycnoBus 3aMeHBI CUHYCaA HA €ro apryMEHT Haxo-

=451 (68)

ax °
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Bimsinue cpepruIHOCTH 3€EMHOM MOBEPXHOCTHU

[Tpn nanpHelIeM yBETUYEHUH PACCTOSHUA OT M3JIy4arouleil aH-
TEHHBI JI0 TOYKUA HAOJIOACHUS MPEIINOJIOKEHUE O TUIOCKOW TpaHUIIe
pasziena CTaHOBUTCS HEKOPPEKTHbIM. [loaTOMy isi peasibHBIX MpH-
3€MHBIX TPAacC HEOOXOJUMO YUUTHIBATh KPUBU3HY 3€MHOM MOBEPXHO-
ctu. B peanbHOCTH opMa 3emiin npencTaBisieT cCoO0U reoui, OTHAKO
JUTSL aHAJIM3a MPOLECCOB PACHpPOCTPAHEHUs! PaJUOBOJIH BIOJb €€ IO-
BEPXHOCTU OOBIYHO MPEANOJIAaratoT, YTO OHa uMeeT (opmy Lapa pa-
aaycom a, = 6370 km.

3M
Paccmotrpum  BiusHHE CPEPUUYHOCTH 3E€MHOM TOBEPXHOCTH
Ha CTPYKTYpYy TOJISI B TOUKE ITPUEMA B MPEAEIaxX MPSIMOU BUIUMOCTH,
T. €. Ipu 7 = AB < ry. 'eomeTrpus 3anaum npejcrasicHa Ha puc.13.

g

Puc. 13. I'eomeTpus 3a1aun pacCipOCTpaHEHUS
HaJ chepuIeCcKON TOBEPXHOCTHIO

Kak BUIIHO W3 PUCYHKA, €CJIM B TOUKE OTPAKEHUS OT MIOBEPXHOCTH
IIPOBECTU KAcaTeJIbHYIO IUIOCKOCTh, TO KapTUHA PAaCIpOCTPaHEHUS
Haja 3emyeil OyAerT MojoOHa KapTUHE pACHpOCTPAaHEHHs W3ITy4YeHUs
HaJl TUIOCKOM MOBEPXHOCTHI0. OHAKO HEOOXOAUMO CAENaTh HEKOTOPhIE
3aMeuaHusi, KacarolIecsl BO3MOYKHOCTHU HCIOJIb30BAHUS OTpa)KaTellb-
HOM TPAKTOBKHU JJIsi ciydas cepudeckor 3emiau. O4eBUAHO, YTO KO-
appunentsl OpeHensi, TOUHbIE IS MIIOCKOCTH, MOKHO MCIOJIb30BaTh
JUTSl ICKPUBJIEHHOW MOBEPXHOCTH, €CJIM B MPEJIENax CYIIECTBEHHOU 00-
JacTu oTpaxkeHus (00JacTH paclpoOCTPaHEHUs ISt MHUMOTO HCTOYHU-
Ka) TOBEPXHOCTh MOYKHO CUMTATh MPUOIMKEHHO IUIOCKOW. PU3NUeCKH
3TO O3HAYAET, YTO B TOUKE MPUEMA PA3HOCTh (ha3 BOJH, BO30YKICHHBIX
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Ha TPaHUIIE CYIIECTBEHHOW 00JIacTH IS TUIOCKOU U ceprueckoi 3em-
JIY 3HAYUTEIBHO MeHbIIE 277 (CM. puc. 14).

D 20
Puc. 14. 'eomeTpust oTpakeHHUs OT IIOCKON U c(hepruyuecKoi TOBEPXHOCTU

N3 mpuBEe1€HHOTO PUCYHKA CIEIYET:

2

2 2

F=(r—x)*+|z'+ ~r—x+|z' + (2(r - x)),
2a,, 2a,,
r" = \/(r— XV +z%xr—x+ 2'2/(2(r— x)),
rne z' — BBICOTA TOYKHU NpHUeMa HaJ IUIOCKOW IMOBEPXHOCTBIO, X —

JUTMHA CYIIECTBEHHOTO yYacTKa, MMEIOIIasl MOpsJIOK BelWyuHa 2da.
OTcro/1a MOKHO MOJYYUTh HEPABEHCTBO, YOBJIETBOPSIONIEE YCIOBUIO
JUIs1 pa3HOCTH (has.
o,z X Z (2a)* z' 2
r—-rxx———= ~

4
2a,, r 2a, r 2a,, rCos"0,

<. (69)

Hecnoxuble npeoOpa3oBaHusi MO3BOJISIIOT TMOJYYUTH MPEJIEIIbl
MPUMEHUMOCTH OTPAKaTEIIbHON TPAKTOBKH

CosO, = Siny >>3 4 : (70)

7a,,,

N3 mpencTaBieHHONO HEPABEHCTBA CIIENYET, YTO OrPaHUYCHUS,
CBSI3aHHBIE CO CPEPUUYHOCTHIO 3eMIIM, HauOOJIee KPUTUYHBI J1JIsI TTOJI0-
I'UX TPACKTOPHH, JUIS KOTOPBIX YTOJI MaeHus OIN30K K 77/2.
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Ecimu ycnoBue NMPUMEHUMOCTH OTPAXaTEJIbHOW TPAKTOBKU BbI-
MOJIHEHO, TO B COOTBETCTBUHU C PUC. 13 MOXKHO MPOLIECC OTPAKECHUS
OT cpeprUueCcKON MOBEPXHOCTU (DUKTHBHO 3aMEHUTH IPOIIECCOM OT-
paXeHus OT IJIOCKOM T'paHMIIBl U MCTOJb30BaTh (POPMYIIbI, MOTYUYECH-
HBIC BBIIIE JJISI TUIOCKOCTU. DTO MOXHO CJI€JIATh ITyTEM COOTBETCTBY-
IOIIUX U3MEHEHUN aMIUIUTY/bI U (a3bl OTPAXKEHHOUW BOJIHBI IO CPaB-
HEHHIO CO CITy4YaeM IUIOCKON 3eMIIH.

@da3oBble U3MEHEHUS MPUBOMASIT K MOJUPUKAIMA PA3HOCTH XOJa
Ar MexIy IPsAMON M OTPa)KCHHON BOJHAMM, YTO MOKHO CE/IaTh IIy-
TE€M BBEJICHUS IPUBEJACHHBIX BBICOT AHTEHH

h =h, — Ah,. (71)

N3MeHeHne BBICOT MOXKHO HAauTH U3 TpeyrodbHUKOB OCA;

C4, =\ 2a,, Al n Al = (C4 )2 / (2a,,).
CB, ~+[2a,, Ah, u Ah, ~(CB,)*/(2a,,).

OTkyja ciienyeT BhIpa)KeHUe [ IPUBEACHHBIX BBICOT

2 2
b - ) (72)
2a h +h,

3Mm

C yderoM chepuyHOCTH 3eMIJIM BbIpaXXEHHUE ISl PA3HOCTH X0J1a
UMEET BU/I:

Ar=2h{h}/r. (73)

M3MeHeHne aMIUIMTYIbl OTPaKEHHOW BOJIHBI 3a cueT c(hepruyHo-
CTU OyJieT OOyCIIOBJICHO BYMS SIBICHUSIMU. Bo-IepBbIX, U3BMEHEHUEM
yria najgeHus ¢, U COOTBETCTBEHHO U3MEHEHUEM Ko3(duimenra or-

pakeHus. Yros 6, nmpu 3ToM OyJIEeT ONPENEATHCS COOTHOLLIEHHEM
!/ !
9 ~%_ M
s~ :
2 r
Bo-BTOpPBIX, BBIMTYKIOCTh 36MHON MOBEPXHOCTH MPUBOJUT K pac-
XOXKJICHUIO OTPA)KEHHOT'O IMyYKa Jy4del, YTO BBI3BIBAET YMEHBIICHUE

IJIOTHOCTA TIOTOKA MOIIHOCTA OTPAXKEHHOW BOJHBI B 3aJJaHHOM
HaIpaBJIEHUU. DTO SIBJICHUE WLIKOCTPUPYET puc. 15,

(74)
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Puc. 15. Paznuuue B oTpak€HUM OT TJIIOCKOM M BBIITYKJION TpaHUIl pa3/iesia

OPdeKT pacxoAUMOCTH U3ITYUYEHHUS NIPU OTPAKEHUH OT chepuye-
CKOM MOBEPXHOCTH MOYKHO YYECThb ITyTEM BBEIEHHUS KO3 (UIMEHTA
pacxomumoctu D. Ecin 06o3Hauuts 4yepes S, u S, IUIOLWANN Te-

JIECHBIX YTJIOB Iy4YKa BOJIH, OTPAXKEHHBIX B MPEAEax IUIOCKOW Cylle-
CTBEHHOM JJIs1 OTpak€Husi 00JIaCTH, TO UX OTHOIICHHE OYyJeT Xapak-
TepI/ISOBaTI) N3MCHCHHUC IINIOTHOCTU IIOTOKA MOIIIHOCTH. COOTBGT-
CTBEHHO M3MEHEHHUE HANPSKEHHOCTH MOJII OyJeT XapaKTepu30BaThCs
KOpHCM KBaI[paTHI)IM N3 OTOTO OTHOILIICHU4. HCpr,Z[HO HOJIY‘-II/ITB, qToO

Sy ~ ! : (75)
Sep A1+ Qr2Hm) \a,,, (b + 1))

VYMEHbIIEHUE BEJIWYMHBI HAIPSKEHHOCTU TMOJS OTPAXKEHHOM
BOJIHBI 32 CYET PACXOJAUMOCTH ONPEAEISIIOT IyTEM U3MEHEHUS MOAY IS
ko3 puuuenra orpaxenus. [[puHuMaroT, 4TO

R., =RD, (76)

D=

rae R — moaynb Kod(UIMEHTAa OTPaXEHHS IS Caydas IIOCKOM
I'PaHMIIBI pa3jiena.

B pesynbrare 3THX M3MEHEHUN MOKHO YYECTh BIUSHHE Chepud-
HOCTH 3€MHOM IMOBEPXHOCTH U TOJIYUYUTh BBIPAKCHUS JIJIT MHOKUTEIIS
ocrnabnenus. Hampumep, mIs HM30TPOINHBIX AHTCHH BBIPAKCHHEC
JUTSL MOJTYJISt MHOXKHUTENIST OCIa0JIeHUsI MPUHUMAET CICAYIOIINI BU/I;

v =L+ (RDY + 2RDCos((4hity) /() + B (77)
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3aKJ/IloueHue

[IpencraBieHHass TPaKTOBKA PACIPOCTPAHEHUS PAAUOBOIIH BIIOJb
36MHOW MTOBEPXHOCTH OIPAaHUYMBAETCS PACCTOSIHUEM MPSIMON BUIAMO-
ctu. [IpUHATO cuMTaTh, 4TO TakKas 30HAa HA3bIBACTCS OCBEIICHHOM U €€
rpaHuna omnpenensercs 3Hadenuem r = 0,87,. IlonHasa xaprtuHa mpo-

CTPAHCTBEHHOT'O paclpejieiiCHUusT ToJisl MOKET ObITh IMOJy4YeHa
Ha ocHOBE paboT B. A. ®oka (cMm. [1-3]). Ha puc. 16 B kauectBe npu-
Mepa MpEeACTaBICHBI PE3ybTaThl MOJO0OHBIX pacueToB [3] moBeaeHUs
MOYJISI MHOXKHUTENS OCIA0JICHUSI B 3aBUCUMOCTH OT yAQJICHUSI OT HC-
TOYHUKA JIEKTPOMATHUTHBIX BOJIH.

’
4 ' =Tt B
a5 ” -
Tt —
a! -47” -7”
805 ‘ ‘i : .
0,01 E A o
4905 Cyxan rnovba ,§ i
8001\ hry=trp= 100M |__|An7
80005 L4 | : |
g 10 20 30 40 S0 60 70 28 $0 xgﬂ
| K

Puc. 16. 3aBucumMoctb V (7) mpu pa3inyHbIX JIIMHAX BOJIH
TSl BBICOKOTTIOTHSITHIX aHTECHH

Boeiurcnenusi ObUTM BBIMOJHEHBI B MPEANOI0KEHUU O TJIaJAKOCTH
3€MHOI MOBEPXHOCTH JIJIi CYyXOW MOYBBI U BBICOT KOPPECIOHAUPYIO-
X myHkToB 100 M it psga wactot (yvH BoJH). B mpenenax oce-
IIEHHOM 001acT (NIPSIMOM BUJUMOCTH) CTPYKTYpa MOJIsi HOCUT OCITUJI-
JUPYIONIUN XapakTep, Kak U JJIsi MOACIM C MHHUMBIM HCTOYHHUKOM.
[Ipyyem deMm BbIlIE YacTOTa, TEM OCHWLISALIMK Oosiee OBICTpHIE.
[Ipu ynaneHun TOUKM MpUeMa 3a TOPU30HT (B 00JaCTh MOTYTEHU U Te-
HU) MOJI€ 3aTyXaeT OYeHb OBICTPO, U, YEM KOPOYE JIJIMHA BOJIHBI, TEM
3TO 3aTyxaHue 00jee HUHTEHCUBHO.
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