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Kuura oxBaThiBaeT OCHOBHOH KPYr BONPOCOB MO
pacnpocrpanenuto YKB. B melt paccmarpusaercs
psil  BOMPOCOB JIO DacmpoOCTPAHEHHIO PajfHOBOJI
H JpYrux AHana3oHOB. )

Knura npejHasHaueHa CJYXHTb Y4YeOHBIM TIOCO-
GueM Mo KypCy pacmpocTpaHelust PaaMOBOJH JJIs
CTY/JEHTOB * PaHOTEXHHYECKUX (aKy/bTETOB BY30B -
K MOXeT OHTb TNoJie3sHoll j/is crenuafiucros, pado-
TaWKUX B 06/1aCTH PACMpPOCTPaHEeHHs! PafHOBOJH.



NPEAHCJ/IOBHE

Hacrosiniass KHura npexHasHaueHa CIAYXHUTb YueOHBIM
noco6HeM MO KYPCy PacnpoCTPaHEHHS PaJHUOBOJIH TIJIaBHBIM
06pa3oM sl ICTYAEHTOB paJHOTEXHHUECKHX (PaKyJbTeTOB
BY30B, CllellHaJu3upyomuxcs B obaacty Texunkn YKB.

Llenbio KHUIM sIBJsieTCS O3HAKOMJIEHHe yuTaTesned Kak
C OCHOBHBLIMHU TEOpPETHYECKHMH 3aKOHOMEPHOCTSIMH H 3KC-
NepHMEHTaNbHbIMY AaHHBIMH O PaCHPOCTPAHEHHIO pagHo-
BOJIH, TaK M C OCHOBHbIMH MeTOLAaMH TEOPETHYECKOro Hccie-
JNOBaHHM, B CBSI3M C YeM B Hell yHejsieTcs BHHMaHHE He
TOJILKO OKOHYATeJbHBIM BHIBOJAM TEODHH M 3KCNEePHMEH-
TaJbHBIM (pakTaM, HO H MaTeMaTH4YecKOMYy aHaJ/u3y pac-
cMaTpuBaeMbix BonpocoB. Ilpexnonaraercs, 4yTo yuTartesb
3HaeT TEeOpHIO 3JEKTPOMArHMUTHOrO IO/ H MareMaTHKY
B of’beMe COOTBETCTBYIOLIMX KYPCOB, YUTAaeMbIX B PaJHOTEX-
HHYECKHX By3ax.

INpuBeneHHas B KoHLe KHHrH 6ubnuorpadus 1o pacnpo-
CTPaHEHHIO PafMOBOJIH He IpeTeHAyeT Ha NOJHOTY. ITO —
B OCHOBHOM JIHTEpaTypa, KoTopasi Obljla UCHOJNb30BaHA MpH
paboTe HaJ PYKOMHCHIO KHHUTH; B HeH YHTaTe/b MOXKET Hail-
TH OPHTMHaJbHble U JOMOJHHTEJNbHble MaTepuasbl MO PSILY
BONPOCOB, PaCCMaTPUBAEMbIX B KHHTE,

CuyHTalo CBOMM JOJIOM BBIPa3uTh IyGOKylo Gnaromap-
HocTb 1. C. Illudpuny 3a LeHHbIE COBETHI, NIOJHOCTbIO MHOMH
HCIO/MB30BAaHHbIE M DpElEeH3eHTY W HAaYYHOMY PpEHaKkTopy
H. B. OcunoBy 3a ueHHble COBeTH U GOJIbLIOH TPyH MO pe-
HLAKTHPOBAHUIO PYKONHCH.

Beipaxaio Takke Gosbuiylo 6arogapHoCTh peleH3ed-
1y ®@. I'. Baccy u B. A. Muciope, npounrasweMy 7 u 8 raa-
Bbl, 3a DS BaXXHLIX 3aMeYaHHH.

' Asrtop



BBEJEHHUE

1. CBoGOgHOe pacnpocTpaHeHHe PajMOBOJIH,

YcnoBust pacnpocTpaHeHHss PafgMOBOJIH OT IepegaTyHKa
K NPHEMHHKY B CBSI3HOH JIMHMH HJH OT DPajfHOJOKaropa
K o0HapyxuBaeMoMy 00beKTy U 00pPaTHO K PaAHOJOKATOPY
B PaJMOJIOKaLlMOHHON JIZHHH 0Ka3bIBAIOT CYILECTBEHHOE
BJMAHHE HAa paboTy Bced paauoNuHHM B LeaoM. Tak, ofHa
W3 _OCHOBHBIX ~XapaKTePHCTHK JI0GOH pajaHOJHHHK — ee
@‘?’,1_{99“’ _____ onpeaensercss He TOJbKO TexHuue-
CKAMH AaHHBLIMU NepeaTyuka u NpHeMHHKa, HO H B BeCbMa
CHJIBHOH CTeNeHH 3aBHCHT OT YCJIOBHH pacnpocTpaHeHHd
paguoBosiH. OT 3THX Xe YCJOBUH pacnpocTpaHeHusl 3aBH-
CUT ¥ PSR IPYTHX TeXHHYECKHX XapaKTepUCTHK paaHOJIH-
Huil. Tak, ¢ U3MeHEHHEM ycnosnﬁ pacmpocTpaHeHus pajHo-
BOJIH, KpOMe [aJIbHOCTH AeHCTBHS, MeHseTCsl W Takas BaxK-
Has XapaKTepUCTHKA PajHOJIOKALUHOHHOH CTAaHIHH, Kak(TOY-
Hocu)onpenenemm KOOpIYHAT LeJH.

B naHHOH KHHMre paccMaTpPHUBAEeTCs TOJBKO TAK Ha3biBa-
eMoe cB0OOJHOe pacnpocTpaHeHHe DaJHOBOJH, He CBfA3aH-
HO€ C KAKUMH-THG0 HCKYCCTBEHHBIMH YCTPOHCTBAMH, KaHaJ/H-
3MPYIOIIUMH 3JIEKTPOMAarHUTHY10 3Hepruio. B stom criyyae
pacnpeneseHde M0Js B NPOCTPAHCTBE ONpefessieTcss TONbKO
auarpaMMaMH_M3JyyeHus AHTeHH H TaKMMH eCTeCTBEHHBIMH
dakTopamu, Kak 3eMas u aTtmoctepa. Huxe KopoTko pac-
CMaTpHBaeTCs POJib 3eMJH M aTMoc(epsl B pacnpocTpaHe-
HHM paJHOBOJIH-

2. BausHue 3eMan Ha pacnpocTpaHeHne PajgHOBOJH

BiusiHHe 3eMJIH B OCHOBHOM CBOAHTCA K CJeLYIOIIEMY.
ITpu pacnpocTpaHeHHM DaAHOBOJH MeK1y XOpPDPeCcNOHAH-
PYIOIMMH NYHKTAMH WK MeXIYy pPaaHoJOKalHOHHOH CTaH-
1uel, ¥ LeJbl0 MOXKET MMeThb MeCTo OTpaxKeHue PafHOBOJH
OT MOBEPXHOCTH. 3eMaH. B atom ciyuae mose B Kako#-nu60o
TOuKe A HaJ NOBEPXHOCTHIO 3eMJH OyneT NpPeACTaBJSATH
co6oil cyMMy_moJieil BYX _BOJIH — IPAMOH H OTPaXKeHHOH
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(puc. 1), uMeoWHX pasHbIH CABUT (a3 B Pa3HBIX TOUKAX
npocTpaHcTBa. BeneacTBue 3TOro JajabHOCTh AEHCTBHS pa-
IMOJIOKAUMOHHOH CTAaHUMH B ONHMX HalpaB/leHHsiX 3HAUH-
TeJbHO YMEHbUIACTCH, A B ngy_mx yBEeJIHYHBaeICd [0 CPaB-.
HEHWIO C AaJbHOCTLIO_AEHCTBHS B CBOGONHOM NPOCTPaHCTBE.

OTpaeHue OT 3eMJIH CYUIeCTBEHHO CKa3LIBAETCs Ha pa-
6oTe pPaaMOJIOKALMOHHBIX CTaHUMH METDPOBOLQ /Hana3oHa,

06xacme npamou
bugumacmu

Yo U70CTIS MeHU

aHTEHHBl KOTOPBIX 00J1a-  pyc 2 Bauanue chepuusocTH seman
ﬂalOT, Kak HpaBHJIO IUMPO-_  Ha pacnpocTpaHEHHE PaJMOBOJH Haj
KO ﬂHanaMMOH Haﬂpag. €€ IIOBE€PXHOCTLIO.
JeHHOCTH. B oTOM ciyuae

3HaunTe/NbHas 4acTh 3JEKTPOMATHHTHOM SHEPrHH MOMAaxaer
Ha 3eMJII0 U OTpa)KaeTcs OT Hee.

OTpaxkeHUe OT 3eMJIM TaK¥XKe CKa3blBaeTcs W Ha pabore
pPaaHOJIOKAUMOHHBIX CTAaHUUA CaHTHMETPOBOro AManas3oHa
npu oGHapy:KeHuu uesell noj HeGOMBIIUMH YrJIaMH MecTa.

CreneHb BJHSHHUS OTPayKeHHS] PAAMOBOJH OT [OBEPXHO-
CTH 3eMJIM Ha pe3yJbTHPYIOLee MoJie B MecTe npruema omnpe-
AeJisieTcst TaKKe dJIEKTDUYECKUMU NapaMeTPaMy 3eMIH.

Ha xapakrep pacrnpocTpaHennsi pafHOBOJH HaJl MOBEpX-
HOCTBIO 3eMJsiM GOJIblIOe BJIMSIHME OKa3blBaeT ee cdepuu-
HOCTh (puc- 2). Bonpoc o ToM, Kak BenHKO Mojie B 00J14CTil
TEHH, CO3JaBaeMOH BBHINYKJOCTBIO 3€MJIH, B KaKOH CTeleHH
PALHOBOJIHE CMOCOGHKE MPEOJOJIETh 3Ty BHIMYKJIOCTb, HJIH,
HHaue, B Kakoif, CTemeHH OHH cHOCOOHBI AU pParupoBaTh,
3aBMCHT OT JUIMHBI BOJIHH, UeM JJMHHee BOJMHA, TeM 0OJb-
me “HANMPFOKEHHOCTh . M PaKIHOHHOTO MO, Tax '06BIuHBIE
DaJMONPHEMHHKY MPHHHMAIOT CHTHAJB BellATeJbHBIX pa-
JMOCTAHLHUH, PACIONOKEHHBIX OTHOCHTENIbHO 3THX [pHEM-
HUKOB TJ1y60KO B obGsactu Teuu. C Apyrofi cTOPOHHI, paiuo-
JIOKALMOHHBIE CTAHLMH, paGoTalolide HA 3HAYHTEIbHO GoJiee
KOPOTKHX BOJIH@X, 4YeM Te, KOTOpble MPYMEeHSI0TCSI B paiuo-
BELIAHUU, He MOTYT O6HAPYXKHUTh lieJb, €CIH OHA HaXOLHTCH
BHe 06siacTH OPSMOi BHUAMMOCTH B 00JIACTH TEHH.
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Puc. 1. Bausinve 3eMJu Ha pacupo-
CTpaHeHHe DaHOBOIH.




Ha pacnpocTpaHenye pPafiHOBOJIH 3HAYHTENbHOE BJIHS-
HHe OKasbiBaeT W pesbed 3eMHOH [OBEPXHOCTH: ueM Kopoue
BOJIHA, TEM 3TO BjHsiHUe Oosbiue. OyeHb YacTo MpUeM H3-3a
eCTeCTBEHHOrO NpensTCTBUS (ropa, cxasna, KpyToil o6phiB),
OTAEJSIOIETr0 NPHEMHHUK OT IMepefaTyuka, CHJIbHO ocnab-
JIeH WJIM OTCYTCTBYET BOBCeE.

3. Bausinne atMocdepnl Ha pacnpocTpaHeHHe PagHOBOJH

Artmocdepy 06bIYHO NPHHATO AEJIUTH HA TPH CJOS: TPO-
nocdepy, crparocdepy, nonochepy. Tponocdepa B cpeauem
npoctHpaercss A0 BblcOThl 10—12 xm, cTpaTochepa — ot

"10—12 no 60 xm, noHocepa — Boie 60 xm *.

Tponmocthepa mpemeraBnsier co60il  HEQIHOPORHYIO
B 3JIEKTPHMYECKOM OTHOLIEHHH cpeny, XOTsl Obl yKe [OTOMY,
YTO TJIOTHOCTb BO3AYyXa € BbicOTOH namaer. Kpome toro,

Pacc;uﬁammuﬂ

gosem

Puc. 3. Pedpakuus paanoBoH,

C BBICOTOH MeHSIOTCS TeMIe-
patypa H BJAa)XHOCTb BO3- Puc. 4. Bausswe snekTpudeckux
ayxa. BesenctBie 3Toro, B OT-  HEOAHOPOAHOCTeH Ha pacripocTpa-
J¥4YHe OT CBOGOAHOrO Mpo- HEHHE padHOBOH.
CTpaHCTBa, B Tponocgepe npo-

MCXOINT HUCKPHBJIEHHE TYTH_PacnpocTpaHeHHs paaHOBOJH,
HHAaue roBOpsi, HMEET MeCTO sBJIeHHe pedpaKuuyi pamuo-
BOJIH. DTO fIBJIeHHe MOXET, HalpuMep, NPUBECTH K TOMY,
YTO 1leb, HAXoAsAIasAcs B 00NacTH TE€HH, MOXKET OKa3aTbCs
BHAUMOH (pHc. 3).

Cnenyer Takxke OTMETHTb, 4YTO B Tponocgepe O.aro-
naps TypOyJeHTHOMY ABHXKEHUIO_ BQ3JyXa Bcerga CylecT-
BYIOT  3JIEKTDHYECKHE _HEONHOPONHOCTH, pacceHBalollne
pPaguoBOJIHEL. DTO MOXKET 0Ka3aThCs NPHUUHOI pacnpocTpa-
HeHHS] AOCTATOYHO KOPOTKMX DPaRMOBOJH JaJeKko 3a Ipe-
aenwl npsiMoit Buaumoctu (puc. 4). Hapsaay c satum typ6y-

* [lo paHHBIM HCCNAEAOBAaHHH NpU MOMOLIM COBETCKHX HCKYCCTBEH-
HBIX CNYTHHKOB 3eMJIH W DaKeT BepXHssl rpaHuua atmocdepbl MPOCTH-
paercs, no-suaumomy, no BeicoT 2000—3000 xm.
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JIEHTHOE [BHXKEHHe BO3JyXa S§IBJAAeTCS OTPHILATeNbHRIM
(hakTOpoM, OTpaHHYMBAIOUIMM TOYHOCTb H3MEDEHHS] KOOop-
INHAT OGDBEKTOB paJAMOTEXHHUYECKHMMH METOJAaMH.

B tponocdepe nponcxoqut eciaalbienue pagHoBOJIH H3-3a
TMOTJIOIEHHSI MX KaK rasaMy atMmocdepnl, Tak H atmochep-
HBIMH 00pa30BaHUSIMH — TyMaHaMH, o0laKaMH, NOXISMH
1 T. 1. OnHako ocnaGieHHe TMPAaKTHYECKH OIIYTHMO JHLIb
Ha OuYeHb KOPOTKHX DajMOBO/HAX. BBuIy sTOro mpu ipas-
HBIX NPOUHX YCJOBHSIX JaNbHOCTh NEHCTBHS pajHOJIOKa-
IHOHHBIX CTAHUHMH, paGoTalIUX Ha BOJHAX Kopoue 3 CA,
MeHbIle: NaJbHOCTH Jei-
CTBHS pPaNHOJIOKALHUOHHBIX
cTaHuui, paGoTamwlMX Ha
Gojiee NJUHHBIX BOJIHAX.

B crparocdepe ocoben-
HOCTH  paclnpocTpaHeHHs
PafMOBOJIH Te Ke, YTO H B
Tpornocgepe, HO OHH cJla-
6ee BBIpaXKeHHI.

Puc. 5. Bausnue uonocdeprl Ha pac- Honoctepa npencras-

WpocTpasenne panHoBOH. Asier co60i MOHM3MPOBAH-

HBIA coit Bo3nyxa. Mouu-
3alust 06yC/IOB/IeHA TIABHBIM o6pasoM [eHcTBHEM yJbTpa-
¢uonerosbix ayuelt Connua. Honocdepa cyuecrTBenHo BiIH-
sieT ‘Ha paclpocTpaHeHHe PaJuOBOJIH, NPHYEM CTeeHb 5To-
ro BJIHSIHUS HOHOC(hEpPHl CYLIECTBEHHO 3aBHCHT OT JJIHHBI

Honoccpepbl Mp¥ 5TOM 6Jy1arofapsi MHOTOKPATHBIM [OCJIEN0-
BaTeJbHBIM OTPa)KEHHUSIM OT MOHOC(Epbl H MOBEPXHOCTH
3eMJIH OHHM PacHpOCTPAHSIOTCS Ha OYeHb GOJblLIHE paccTosi-
HUS, faxe MPH BecbMa HE3HAUMTENbHBIX MOIIHOCTAX Mepe-
natunkoB (puc. 5). Bosee kopoTkHe BOJHBI, Kak MpPaBHJIO,
oT HoHocdephl He oTpaxalorcs. Monocdepa nna takux pa-
IHMOBOJIH NMpO3pavHa, KakK M JJs CBETOBHIX BOJIH.

4. [Iuana3oHsl pafgHoBOJIH

V3 u3/103KeHHOrO SICHO, UTO XapaKTep BJIHSHUS TeX HJIH
MHBIX (DAaKTOPOB HA pacnpocTpaHeHHe pAaJHOEOJH CYILECT-
BEHHBIM 06pa30oM 3aBHUCHT OT JJIMHH BOJHBL. B cooTBerct-
BUH C OCOOEHHOCTSIMH paclpoOCTpaHEHHS pPaJHMOBOJH pas-
JMYHOH [JIMHBI, 8 B HEKOTODHIX CJIyyasX B COOTBETCTBHH
C OCOGEHHOCTSIMH NPHMEHSIEMbIX METONOB TI'€HepHPOBaHHs,

8



© U3JIyUeHHs W MpHeMa PAaAMOBOJIHBL AeNAT HAa OnpejesieHHbe
JHana3oHBl.

Kak u3BecTHO, paxvoBoJHAaMH BoOoOLle B HacTosllee
BpeMsl NMPHHSATO Ha3bIBaThb YacTbh CHEKTPA 3J€KTPOMArHHT-
HBIX BOJIH, OrpaHHYEHHYIO HHTepBasoM Boay 100 xm —
0,3 mm, uto cooTBercTByeT HHTepBaay uactor 3000 ey —
1 000 000 Mey.

B CCCP mnpunsita caepyomas Knaccuquaunﬂ paauo-

BOJIH Mo AHala3oHaM.

JI1HHA BOJIHB! B
HaspaHue nHAanas3oHa PaJHOBONH ccfp?“"c‘;’;‘;’},,gﬂ‘y’;,_ Yacrota, My
Me), M
CBepX//IHHHBIE BOJHBI 100 000—10000 {3-10-3—3.10-2
JnuHHBIE BOMHBI . . . . . . . 10 000—1 000 |3.10-2—3.10-1
Cpeguue BOJHBI . , . . . . . 1 000—100 3.10-1—3
KopoTKde BOMHBl « & o + . . . . 100—10 3—-3.10
YKB . . . ... ... . 10—0,001 3.10—3-10°
a) METPOBBIE . . ., . . . . 10—1 3-10—3.102
6) nenuMeTpoBbe . . . . . 1-0,1 3-102—3-10%
B) CAaHTUMETPOBLIE , . . . . 0,1—0,01 3 103—-3.10¢
r) MHJJIHMETPOBHE . . 0,01—0,001 3-10¢—-3.10°

5. MeTop n3y4yeHus CBOOOJHOTO PACTIPOCTPAHEHHUS] PaAHOBOJH

OnHoBpeMeHHOE COBMECTHOE BJIMSIHHE BCeX pas3Hoobpas-
HBIX (aKTOpOB HA pacnpocTpaHeHue pagHOBONH YYeCTh
oyeHb TpyaHO. OgHAKO BO MHOTMX MPAKTHYECKH BaXKHBIX
clyyasX B 3TOM Jaxe H HET HeOGXOMMMOCTH, TaK Kak Ipe-
o6nanaomyuM 0Ka3biBaeTcs BJHMSIHHE KaKOro-iu60 OXHOTO
UM HeCKOMLKHX (akTopoB. [103TOMY eCTecTBEHHHIM M BIIOJ-
He OMpPaBJAHHBIM SBJIAETCS PACCMOTPEHHE pacmpoCTpaHe-
HHSI paJMOBOJIH CHAYaJa MJIs HAeaNH3HpPOBAHHBIX YCIOBHI,.
B KOTOPBIX YYHTBHIBA€TCSl BJIHSIHME OJHOrO MJM_ABYX (ak-
TOPOB.

Tak, nHanpumep, Npu U3yYeHUH BJIUSIHUS 3eMJIH Ha pac-
[pocTpaHeHHe PaJHOBOJH B aTMmocdepe MOCIAEIHION CYU-
TalT OJHOPOMHOH cpenol, o6Jsapawpoliel mapaMeTrpaMu
Bakyyma. Hao6opor, npu u3yueHHH BJIHSIHUS aTMOCGheEpHI
Ha pacnpocTpaHeHHe PaJHOBOJH MpeHeOperaloT BJIHSHHEM
3eMJIH.

Hanee, npu U3yueHHH OTPakeHUs PAAHOBOIH OT 3eMHOM
MIOBEPXHOCTH HJIH PaclpOCTpPaHEeHHs PaLHOBOJH BIOJb He-
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GOJIBIINX YYACTKOB NOBEPXHOCTH 3€MJIM €€ paccMarpuBaioT
KaK MJIOCKOCTb.

OpnHako Ha NpakTHKe BO3MOXKHBI M TakHe caydaH, KOr-
Ja TPyAHO ObIBaeT CKa3aTh 3apaHee, KAKOH HMeHHO (akToOp
OKa3biBaeT AOMMHHpYIOlLee BJIMSIHME Ha pacnpocTpaHeHHe
paauoBOJIH, 4TO 3aTPyAHsET HAeaJU3aUMIo YCJOBHHA pac-
npocTpaHeHus. B Taxkux cnyyasx ocoGeHHO BaXKHYIO DOJb
npro6peTalT 3KCNepHMeHTalbHbe HCCIeJOBaHUs, K KOTO-
pbHIM MpUGEramT C Le/blo yCTaHOBJEHHs Mpec6/anaollero
darkropa WM Kakoi-1u6o 3KcnepHMeHTaJbHOH 3aKOHOMep-
HOCTH.

6. OcHOBHble MCXOIHBIE TOJIOXEHHUS TEOpHH

B Teopun cBOGOJHOrO pacnpoCTpaHEHHS P&XHOBOJH CTa-
BHUTCA CJelylolias 3agauva.

3ajnaercs pacnpejeseHue UCTOYHUKOR (M3ayyareseil) pa-
JMOBOJIH U 3JeKTPUUeCKHe NapaMeTphl Cpelbl, OKpyxKar-
el UCTOYHHUKH.

¥pebyeTca onpedeNuTh 3JeKTPOMArHUTHOe M[OJIe, CO3/a-
BaeMOe 3THMH MCTOYHHKaMH.

UcxomHbIMH  [J155  pelleHHss JaHHOH 3a1aud sABJISIOTCS
ypaBHeHHs] 3JeKTPOMAarHUTHOrO MoJsi — ypaBHeHus Makc-
Bessa. Ha ocHoBaHHMM 3TUX ypaBHEHHH B TeOpHU CBOGOIHO-
ro pacopoCcTPaHEHUs PafAMOBONH 3JEKTPOMATHHUTHOE MOJe
XapakTepusyercsi [IBYMsi BEeKTOpaMH: HaNpsKEeHHOCTHIO
3JIeKTpUueckKoro Mmoss E M Hamps:KeHHOCTbIO MAarHUTHOTO
nonss H. MICTOUHHKH 3/1€KTPOMAarHUTHOro MOJISE XapakTepH-
3ylOTCS BEKTOPOM IIOTHOCTH 3JIEKTPUUECKHX TOKOB J
M [UIOTHOCTBIO 3JeKTpUueckux 3apsinoB p. CienoBaTesbHo,

. IPH U3yYeHUH CBOGOLHOTO pAaCHpPOCTpPaHEHUS paaHOBOJIH
3TH [Be MOCJeIHHE BEJHUHHBl BCErJa CYMTAIOTCH 3aJaHHbI-
MH U TakuM o6pa3om J paccmaTpuBaercs KaK BEKTOp MJIOT-
HOCTH CTODOHHHX TOKOB, @ p — KaK MJIOTHOCTb CTOPOH-
HHX 3apsiJIOB.

[Ipeanonaraercs, 4To 3JMEKTPHYECKHE MapaMeTPhl CPelH,
KaK 3TO MMeeT MecTO IIOYTH BO BCeX CJy4asiX CBOGOJHOrO
pacnpocTpaHeHHs pafHOBOJIH, He 3aBUCAT OT BeJIHYHH Ha-
npsixkedHocredt nonst E u H.

B cuny storo ypaBhenuss MakcBesula OKa3bIBalOTCH JIH-
HEAHBIMM M MOXKHO CuMTaTb, YTO BCe YeThipe BeJIHYMHbI
E, H, J u p mensoTca co ppemeHeM MO TIapMOHHYECKOMY
3aKOHY H, CJIeJ0BAaTeNbHO, 3aBUCHMOCTb OT BPEMCHk
ONHCHIBATb MPH MOMOIIH KOMILJIEKCHOTO MHO}KHTeJI
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- [puBeneHHble COOGpaKeHHSI MO3BOJISAIOT B TEOPHH CBO-
GOAHOrO pacmpoCTpaHeHHss paxUOBONH GasHpoBaThCs Ha
ypaBHeHUsX MakcBenna, mOpeacTaBasgeMblXx (B MNpaxTHye-
CKOil cuCTeMe eqWHHL, KOTOPOil Mhbl ‘6yldeM B AajbHeHIIEM
MpUAEPKUBATHCS *) B C/eqyIOIEeM BHIE

rot E=— jopH, M
rot H=jwe'E + J, (I
div (¢ E)=p, (1I1)
div (»H)=0, (Iv)

I[€ | — MATHUTHAs NPOHHIAEMOCTh CPeLHl,
&/ — KOMIJIEKCHAsI JM3JIEKTPHUECKast POHUI[AeMOCTh CPEeIH,
¢’ BHpaxaeTcss yepe3 OOBIYHYIO JUIJIEKTPHUECKYIO
TNPOHUIIAEMOCTb € W NPOBOJAUMOCTb 6 (HOPMYJIOH

=l | V)

Bce anekTpuueckre nmapameTpnl €, U, 0 MOI'YT 3aBUCETb
OT OPOCTpPAHCTBEHHHIX KoopAuHaT. CuenyeT TakKe HMeEThb
BBH]Y, UTO MapaMeTphl & [, G, BOOOIE TOBOPs, 3aBUCAT OT
yactothl. OAHAaKo 3Ta 3aBHCHMOCTb HPAKTUUECKH -CKa3H-
BaeTcs JIMIIb B ONpeJeJeHHBIX HHTEPBajgaX YacToT.

B cucreme ypaBrenuit (I) — (IV) B cuiy Ttoxnectsa

divrotE=0

ypaBuenre (IV) MOXKHO pacCMaTpHBAaTb Kak CleJCTBHE YpaB-
Henns (I).
[TockonbKy TakXke HMeeT MeCTO

divrot H=0,

To ypapHenne (II[) MoxHO paccmaTpuBaTh Kax —CI€ICTBHE
ypaBuenns (II) v ypaBHeHH HenpepHIBHOCTH

divJ -+ jop=0. (VI)

HMrak, B Teopun CBOGOJHOIO pacmpoCTpPaHEHHs! DaJHOBOJH
CTaBUTCA Cjepyiomas GoJiee KOHKpeTHas 3ajaua: 3afaHo pac-
npefejieHde B MNPOCTPAaHCTBE BEKTOpa [UIOTHOCTH TOKOB J
Iil3 TpeSyeTcs HalTH HANPSIKEHHOCTH 3JEKTPOMATHUTHOrO MOJIS

1 H.

* B OTHeJbHBIX caydyasx GyLyT TPUMEHSIThCS W JAPYrHe CHCTeMbI
€IHHHL, YTO GyneT OrOBOPEHO.
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TI'JIABA |

OBJIACTb NMPOCTPAHCTBA, CYIUECTBEHHAS
AJisl PACJIPOCTPAHEHHS PALHOBOJIH

§ 1. PACNPOCTPAHEHHE PALHOBOJIH B OAHOPOILHOR
HENOTIJIOAIOILENA CPENE

1. CBeneHne CUCTEMBI ypaBHeHuﬁ 3JICKTPOMArHuTHOro noJsg
K BOJIHOBOMY YpPaBHEHHIO

OpHoponHo#l HemorJoUAIOWEH cpelofl HAa3bIBAlIOT Cpeny
C IHOCTOSSHHBIMH BO BCEM IIPOCTPAHCTBE 3JEKTPHUECKUMH
napamerpamu e=const, p=const, o =const=0.

H3yueHnne cBOGOLHONO pacnpoCTpaHEHUs] PAJAUOBOJIH lie-
necoo6pa3Ho HayaTb C paccMoTpeHHsi BOMPOCOB Pacmpo-
CTpaHeHHUs pajUOBOJH B o;moponuon HeTIOoTJIom a0 el
- Ccpefle TIO ABYM TIpHYHHAM.

Bo-nepBbiX, B HEKOTODBIX CJydafsX pacnpocTpaHeHHe
pagvoBONIH B BO3[yXe MPOUCXOAUT MPU OTCYTCTBUH Cylle-
CTBEHHOrO BJIMSIHUSI 3eMJIM U HOHOCc(ephl. B Takux cayuasx
B NepBOM NMpUOJINKEHUH aTMochepy MOXKHO pacCMaTpUBATh
KaK OJHOPOAHYIO HEMOIVIOILAKINYI <cpefy, 06Jiafalomylo
3JIEKTPHYECKHUMH MapaMeTpaMu CBOGOAHOrO MpOCTPAHCTBA

! -9 P
e=g)= 35— 10 -

0
. - 2
p,jpo—_—‘l‘m-lo 7-M—.

Bo-BTOphIX, B pesysbTarte aHa/iuM3a HauboJjee NMpPOCTOro
npolecca pacnpocTpaHeHus pagHoBOJIH, KAKOBLIM ABJSETCS
cB06OJHOE PaCNpOCTpaHeHHe PAAMOBOJNH B OLHOPOAHOH He-
IIOrJIOaloIell cpe/le, OKa3biBaeTCs BO3MOXKHBIM BbISIBHTh
XapakTepHble OCOGEHHOCTH M 6oJiee CJIOXKHBLIX NPOLECCOB
pacnpocTpaHeHHs] PagUOBOJIH.
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HcxonHeiMu  Ans aHaauda sBJsieTcss OCHOBHasi mapa
ypaBHeHHH MakcBesa.

rot E = — jopH, (1.I)
rot H=joecE 4 J. (1.1N)

Ilpy sTOM 3ajaua COCTOMT B TOM, YTOOBI HaHTH pellleHHe
3TOH CHCTeMHl AJI1 BCero IMPOCTPAaHCTEA, 32 HCKJIOYEHHEM
obnacrelt, rae J=40.

CupTas MJIOTHOCTL TOKOB J 3ajaHHOH, OvaeM pelartb
cucremy ypasuenuii (1.I) u (1.II) oTHOCHTe/sBHO ABYX He-
usBectHblX GyHKuui E u H. OaHako uMeercs BO3MOXKHOCTD
Bektopsl E u H Bhlpasutb uepes oaun Bektop I, HaswiBa-
eMblif BekTopoM ['epua. Bekrop I'epua uenecoofpasHo BBo-
JHUTb NPH HAJUYHU TOJNBKO NMpPSIMOJHHEHHBIX, NapaJelbHbIX
Apyr Apyry TokoB. Kak yGenumcs B najbHefinieM, B 3TOM
cnydae Bektop I'epma Il napasieneH BeKTOpPY IJIOTHOCTH
TOKOB J. D10 06CTOSITENILCTBO NpejcTaBJsieT cobofi ompene-

JieHHoe yA00CTBO NpH aHa/lu3e CTPYKTYphl 3J€KTPOMarHuT-
HOTO MNOJIAL.

Ecmu Bekrop I'epua BBECTM B paccMOTpeHHe, HCXOAs
M3 CJIeNyIOLlero COOTHOILEHHUS

H=—joerotll, (1.1)

Torja, mojacrasuB ero B (l.I), mojyunm Bolpaxkenune mJa Ha-
NPAXKEHHOCTH 3JIEKTPHYECKOro MOJst

E = —grad ¢ | o?pell,

rae ¢ — Npou3BoJIbHAS CKaJspHast (YHKIHS.
IloncrasuB nocnenHee BhlpakeHwe U cooTHoienue (1.1)

B ypaBHenve (1.II) u HamoxMB Ha ¢yHKUMIO ¢ yCJOBHe
¢ =—divIl, noaydum

_E =graddivIl- £, (1.2)
rge

j?“——@l/t?\\, (1.3)

~— IOCTOSIHHASl ~ PACNpOCTPaHeHHs,, H CJeNyIOlllee ypaBHEHHE
Ass Bektopa Iepna

rot rot = grad divn+k2n-|-i—ie. (1.4)
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Jlns obnacteli mpocrpanctBa, rae J=0, BMecTo ypas-
Henus (1.4) umeem

rot rot [1=grad div T} &Il (1.4a)

Jlnst qvakux obsacTedl MPOCTPAHCTBA HANPSKEHHOCTb 3JIEKT-
PHUECKOrO TOJISI MOXEeT TaKXKe BbIUHCJIATBCS MO (opmy.Jie

E=rot rot Il (1.5)

Paznoxus Bektrop Il mo ero cocraBasiomum B IpAMO-
YTOJIbHOH CHCTeMe KOOpJHMHAT 17 11, II, u BOCIO/IL30BAB-

ILIKCh TOXKJIECTBOM
grad div [1 — rot rot 1=1iy*/7  + jy*/7 - ky*/1,, (1.6)
rae

0x2 —l— o —I—- 557 —oneparop Jlannaca,  (1.7)

i, j, k— enuHUUHEIE KOODAHMHATHHIE BEKTOPHI, ypaBHenHe (1.4)
MOKHO NpeJCTaBHTb B BHJE TPeX CKAasAPHBIX ypaBHEHHI:

J

VI, AR =—x, (1.82)
; .

VT, 4R =— L (1.86)
J

VAT, 4RI, =— = (1.88)

YpaBuenns (1.8) mpeacraBasiioT co6oii HEOXHOPOIHBIE BOJI-
HOBHIE ypaBHeHHA H, cjenoBarenbHo, (1,4) ectb HeomHOpOA-
HOe 8EeKmOpHOe B0AHOB0E YpasHeHue.

2. PeweHne BOJHOBOro ypasHeHus. Pacxojsiuuecs BOJIHBL
YcioBue u3sinyyeHus

Haifinem cHavana npocrefiniee peleHHe HEOJHOPOIHOTO
BOJIHOBOT'O ypaBHEHHSl, KOTOPOe, OYeBHJHO, COOTBETCTBYET
Clyya TOYeyHoro Manayvarens. IIpakTuueckyio Mojenb Ta-
KOTO ‘M3JyyaTeJs Jerye Bcero ce6e npeacTaBHTh, €CIH BMe-
.CTO BEKTOPAa MJIOTHOCTH BJEKTPHYECKHX TOKOB OMepHPOBATh
BCIIOMOTaTeJbHBIM BeKTOpoM P, HMeIOmHM pasMepHOCThb
3JIEKTPUUECKOI TOJSIPU3ALHH, T. €. Pa3MEPHOCTb JUMOJbLHOrO
MOMEHTa eIHHHIEI 06beMa. ’
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St0T BekTOp onpesnessiercss (GoOpMyJIo
p=—div P, (1.9)

oTKypna corJiacHo ypasHenHio (VI) umeem
J = joP. (1.10)

INpoussenss B ypasuewnsx (1.8) sameny J,, J,J Ha P,
Py, P, u moJaras BeKTOp P HanpaBneHHHIM BJOJb OCH X,
NPUXOJAUM K OHOMY CKaJspHOMY YypasHenmio naa [/, =

— [7=U °
P
VU RU=—2", (L.11)

TIpHYeM .
P=P (,u8)e",

rae P, (5, 9,8) —amniuTysa  QMOOIBHOTO  MOMEHTa  eJlH-
HULBL O6beMa B TOYKE C KOODJMHATAMH

£ 0,6 -

Pemenne ypasuenns (l.11) mas U, coorsercTBymollee
TOHEYHOMY W3JIydyaTesio, AOJNKHO o6aamaTh cdepHyeckon
cUMMeTpHeii, T. e. OHO MOJKHO 3aBHCETb TOJBKO OT pac-
CTOSIHUSA ¢ o M3JydyaTtessl H, Cl1eJOBaTesNbHO, BO BCeM MpoO-
CTPaHCTBE, KPOME€ OJHOH TOYKH, JOJXKHO YIOBJETBOPATLCS

ypaBHeHHe
VU4 EU= :—r<r %‘ri)-|—k2U=0. (.11a)

YpaBHenue (1.11a) maremMaTHuecky JOMycKaeT ABa YacCTHBIX
pewennsi. OJHAKO TOJNBKO ONHO M3 HHUX OTBeuaeT (u3Hnye-
CKOMY CMBIC/Iy 3aJayd. DTO TO pelieHHe, KOTopoe cOOTBET-
CTBYeT pacx00auumcsa oT UCTOUHHKA chepHuecKUM BOJIHAM.
Kax HeTpyaHO MpOBEPUTH HEMOCPEACTBEHHOH MOACTaHOBKOH
B ypaBuenue (l.1l1a), aTo peleHne MMeeT BU/J

U=c"", (1.12)
CxopocTh pacnpocTpaHeHHs! STHX BOJH pPaBHA
. © 1
e V== 1 . 13
k Vps‘ . ( )
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B Touke, rae pacnoJsioxked M3jayyaresnb, KaK BHIHO U3
(1.12y, U o6pamaercs B 6€CKOHEYHOCTD, T. €. B 3TOH TOUKE
U uMeeT 0cOGEHHOCTb.

Bropoe uyactHoe peluende COOTBETCTBOBasNO Gbl CepHue-
CKMM BOJIHAM, CXOJSILIMMCSl K MCTOYHHKY C TOH >Ke CKOpO-
cThio pacnpocrpaHenus (1.13).

UTto6n onpenenuts nocrogHuyo C, Bocnojb3yeMmcs rpa-
HHYHBIM YCJIOBHEM, KOTOPOe MOJI’KHO BBIMOJNHSTLCS MPH

kr<1. (1.14)

[Tpu Takux 3HAUEHHSAX r 3anas3iblBaHHEM PacIpPGCTPaHEHHH
N0JIsT MOKHO TNpeHe6peub U pemleHue ags U nos:KHO 1osy-
YHTbCSI TAKUM XKe, KaK H B CJyyae KBa3UCTAIMOHAPHOrO
noJisl.
B stoMm cayuae BMecto ypaBHenus (l.11) umeem
)2

VU,=——. (1.15)

Cmenosatenbio, mosnoxus B (1.12)
kr =0,
TIOJIyYUM BbIpaXKeHHe
jot -

U=Ci-=U,, (1.15a)

KOTOpOe JOJIXKHO SABHThCA pemleHHeM ypaBHeHus -(1.15).
Ilpencraeus ypasuenne (1.15) B Buge
divgradU,, =— 2 (1.16)

M TIPOMHTErPUPOBAB 00e YacTH Mo o6beMy V, orpaHHueHHO-
My chepHyeckodl MoBepXHOCTbIO S, OXBaThIBaWOIleH H3/yda-
TeJib, HalileM B NpaBoO# 4acTH

jwt .
—-—i—SPdV: — %fpm Emg) AV =— — P /™,
. 1%

rae p, — JAUNOJNbHBIA MOMeHT o6bemMa V; B JieBo# wacTu
nocsie mpuMenenusi Teopembl Octporpanckoro — aycca, yuu-.

toiBas (1.15a), umeem
Sgrad Uy, dS=— el '”'S-r(;; dS = —4=Ce/,
$ s
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1
C = Lm pm .
Takum oOpasoM, ToueuHbll H3JyyaTesab DaJHOBOJH IIpe.-
cTaeJsgeT coO0OH TOYEUHLIH AUMOJb C AHUNOJbHBIM MOMEHTOM

ot
P="p,¢
1 penleHne BoJHOBOro ypaBHerus (l.11) pns atoro msmyuva-
Tessl UMeeT BHJ

U= Lol e, (1.17)

COOTBETCTBQHHO, IIpH NPOM3BOJIbLHOM  HAlIpaBJIEHHH OHIIOJIb-
%OI’O MOMEHTa TOYE€YHOIo H3JiyuyaTeJqasa BEKTOD Fepua 6y11eT A
paBseH

. P ej (wt—kr)

n= (1.18)

dne 7

[TpakTHueckoli MOAE/IbIO TOYEUHOrO H3JyyaTess pajHOBOJIH
SBJISICTCS SMEKTPHUECKHIl [HNOJb C NMEepPeMeHHbIMH BO BPEMEHH
3apsflaMi == ¢ Ha €ro KOHIaX, HMMeIOIMH KOHeUHYI0 MOCTO-
SHHYIO [JIMHY [, y/[OBNETBOPSIOLLYIO HEPABEHCTBY

1<, (1.19)

rae A — QJIMHA W3JyyaeMbiX PaaHOBOJIH.
Takum o6pasoM, uUmeeM

p=ql, (1.20)
d .
Tl=jop=11,
jop, =11, (1.21)

rae [, —amniutynHoe 3HayeHMe TOKa [ uepe3s  mHIIOMD.
Honcrapnsaa orciona Buipaxkenwe aas p, B (1.18), momyuyaem
IJIsi 3/1eMEHTaPHOTO 3JIEKTPHYECKOTO JIHUIOJs

Il eitet—kr) g ik

=

janwe r = jance r (1.22)

[lepeiineM Temepb K peIEHHIO BOJHOBOTO YpaBHEHHS
B Gomee oGumiem cayuae. QOueBuHO, uTO H3jyyaTennb GoJlee
‘eﬁgg:ro BM/a, 3aHUMAOIWUA o6beM V, MOXKHO paccMarpuBarth,
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KaK HenpepbiBHOE pacnpejesieHHe  TOYedHBIX H3Jyvaresei
C  IJIOTHOCTBIO  JHUIOJBLHOIO MOMeHTa, paBHoH P=

=Pm(E,71,C)ei‘°' H, CJeloBaTeJbHO, BekTop [epua B 3TOM
cayyae OyneT paBeH

Pr€ 08 (wt—pr 1 (P _.
= ! YL(U__)__ ol (@t—kr) 1 =Tn\e—Sr_e ’k'dV; (1.23)

4ne . r
4 v

31eCb

r=VE—9Fty—0Fe—0r  (1.29)

— paccTosiHHe OT TeKylleHd TOYKH ¢ KoopauHatamu §, 1, {
10 TOUKH C KOOpAMHATaMH X, Y, 2, KOTOpasi, KaK BHITEKAET H3
NpHUBEJEHHbIX BBIKNANO0K, MOXeT HAXOAUTBCS TOJbKO BHE
o6vema V (puc. 1.1).

BosBpamasch K BEKTOpPY MJIOTHOCTH TOKOB J, yuHThIBasi
(1.10), Bmecto (1.23) MoKeM Hamucath

—jkr
L [T gy, (1.25)

=j47uoe . r
v

Fonyuennsle peueHuss BOJHOBBIX ypaBHeHHH yIOBJIETBO-
PAIOT OJHOMY CYIIECTBEHHO Ba)KHOMY MNpeNeJbHOMY paBeH-
crBy. Hanuwewm sto pasen-

CTBO TIPUMEHHUTENBHO K pe-

wenuto ypasueHus (1.11).

M3 1Byx. yacTHBIX pe-

v 13/ r Z,y2 1IEHHH 3ITOro YpaBHEHHS

A 661710 BbIOpaHO (PU3HUECKH

NpHeMJIeMOe pelleHHe, MC-
Xoas M3 TOro TpeGOBaHuS,
4To0Bl OHO MpPEACTaBASANO
co6oii pacxonsiiyecs oT uc-

Puc. 1.1. Touka naGmomenns A pac-
NONOKeHa BHe o6MacTH, rie nmeiorcs ~ TOYHHKA BOJIHBIL. AMMIHTyna
HCTOUHHKY, 3THX BOJIH yObiBaer 06paTHO
MPONMOPUHOHAJBHO pac-

CTOSIHHIO 7 OT HCTOYHHKA. JTH ABe OCOOEHHOCTH pelleHHs
MOXKHO MaTeMaTHYeCKH, KaK HeTPyJHO NMPOBEPHUTb Mo ¢op-
Myse (1.17), BbHIpa3uTb OAHMM NpeleNbHHM PaBEHCTBOM,
a UMeHHO:

lim [r (j—f’ +ij)] —0. (1.26)

r—0



OTo npefenbHoe PaABEHCTBO HA3BIBAGTCS  YCAOBUEM
U3NYH“eHUs.

OueBHAHO, YTO pelleHHe JI06Or0 HEOXHOPOAHOTO BOJHO-
BONO ypaBHEHHSI C JIOObIM pachnpefeNeHHEM HCTOYHHKOB
B OrpaHMYEeHHOH 00J1acTH, COOTBETCTBYIOLIEE H3JYUYEHHUIO
BOJIH, JOJIKHO YIOBJETBOPATb YycJ0OBHIO H3nydeHus (1.26).

z -
ir
iv
=~
Y
X \\ \
N
\.
\

Puc. 1.2. K onpegenenunto nois sjeMeHTapHOro
BuGpaTopa.

B 3akmiouenue 3Toro naparpada HaHzeM BLIpaXKeHHe
IJIsl HampsixKeHHOCTeH MoJsi 3/J1eKTPUYECKOro THUMOJS.

Tak kak B Teopuu CBOGOJHOrO pacnpoCTpaHeHUs pajuo-
BOJIH HHTEPECYIOTCS TMOJIEM JIMIIbL B BOJIHOBOM HJIM, HHAUe,
B JlaJbHell 30He, T. €. HA PAaCCTOSKHUAX 7 OT AHUIOJSA, JJIS KO-
TOPHIX BBIMOJIHSETCS HEPABEHCTBO

Br>1, (1.27)

TO Oy[eM BHIUHCJATbL 3TH HaNpsKEHHOCTH TOJIBKO VISl 3TOM
30HBI. Bbruncnenusi mpoussopsrcs mo gopmysaam (1.1) u (1.2),
npuyeM Hcnosb3yeTcs cdepuyeckass CHCTeMa KOODAHMHAT r, Y,
® C COOTBETCTBYIOLIMMH €IWHHUYHBIMH BEKTOpPaMH IO KOOpAH-
HaTHRIM ocaMm i, i ,i? MU TOJAPHOH OCblo, HanpaBJ/leHHOH
BAOJIb OcH BuOpaTtopa (puc. 1.2). YuuThiBasi, 4TO B COOTBETCT-
BHH ¢ copmysoit (1.22)

11,=1Tcosy, IT,=—[Tsiny, 11 ,=0,
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1 ' } .
Hu npeHeéperaﬂ cliaraeMbiMA C r B CTEeNEeHH Bblllie TEPBOH,

HOle'-[aeM
. 1 0 .
dlv “ =—'T'5; (fznr) ~ ]k”r,

. 0 ,,. —
grad divIl == (divIl)i =~ —k/1 i,
1 9 . )
rotl=~— - (r/1)i,~ — ]leTi*,

AJId COCTaBJIAIOLIHUX Hal'lpﬂ}l(eHHOCTeﬁ noJid HaxoAHuM

E=rM—11, ir):—kzﬂsinyir, (1.28)
H= joe rot 1= — wek/T sinyi; (1.29)
OTKyZa ToJyyaeM
eIl el @i—kr)
E:E'l:‘lnme S — (130)
jRI L | ei(wt—kr)
H=H =——siny ——. (1.31)

Tak kax BeKTOp CKOPOCTH PaclpocTpaHeHHs] BOJHH V COB-
MajaeT C Hanpas/JeHHeM e/IMHAYHOrO BeKTopa i, TO M3 ¢op-
mya (1.28) u (1.29) cnepyer, uto Bce Tpu Bektopa vV, E, H
B3aHMHO TepIeHAHKYIAPHbI.

§ 2. MPHHUHMN TIOATEHCA — ¢PEHEJSA

B HacrosmeM naparpade mpuBefeM o060CHOBaHHE BECh-
Ma BaXXHOTO NPHHUMMA, IKPOKO HCMOJIb3yeMOro B TEOPHH
pacnpocTpaHeHHsI pPafMOBOJH, — NPHUHIMNA [loifireHca —
®peHenss ¥ paccMOTPUM Te SIBJEHHS B pPachipocTpaHeHHH
PanMoOBOJIH, KOTOPBIE HCTOJKOBLIBAIOTCS C IIOMOLIBLIO 3TOrO
npuHuuna. Ilpu 3ToM 060CHOBaHHH HCXOHSIT M3 HEKOTOPHIX
COOTHOUIEHHUH, BHITEKAIOWIUX B CBOIO OYepedb H3 BOJHOBBIX
ypaBHeHuii (1.8). UToObl MOJYYHTH 3TH COOTHOLIEHHS, BOC-
nosib3yeMcss BTOPHIM TOXJAecTBOM ['puHa, Kotopoe ¢opMy-
aupyetcs caenywowuM ob6pasoMm. Ilycrb ¥ u @ — JsoGnie-
¢byHKuUMH KoOpAMHAT B o6nacTu V, orpaHMYeHHOH 3aMKHY-
TOH TNOBEPXHOCTBIO S, MMelollHe HeNpephIBHHIE YacTHHE
NPOH3BOJHLEIE 10 BTOPOro NMOPSAAKA BKJIOYUTENBHO.
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Tormpa umeer Mmecto caelyrouiee COOTHOLIEHHE:
0 (o] .
y (070 — v dV — S(q» - 9%) ds, (1.32)
14 S

rje N — BHEIHsis HOPMaJb K TOBEPXHOCTH S, OrpaHMYMBAlO-
weit obaacts V.

[Tpumenum K Kakofi-nn6o cocrasasiomeidi Bektopa I,
Hanpumep K 1., dopmyay (1.32), nonoxus yp=1I1,. B xa-
yecTBe e (YHKUHH @, KOTOpas fBJseTCS BCIOMOTaTesb-
HOH, Bo3bMeM (YHKIHIO

i e-—jhr

o= (1.33)

rae r — paccTosiHHe, onpefieisseMoe paBeHCTBOM (1.24).

Kak BugHo wu3 (1.33), ¢yHkuus ¢ Beipaxaer co6oi
chepuyeckyio BOJHY, HCXOASLLYI0 U3 TOYKH C KOOPJAHMHATa-
Mu §, 1, §

ITycte o6nacte V orpaHnyeHa AByMs 3aMKHYTHIMH IIO-
BepxHocTamMu S u S’ (puc. 1.3), Touka HabGmogenns A
C KOOpAMHATAMH X, Y, 2 HaXOQHUTCSl 8HYTpu 3To# o6JacTy,
a u3JyyaTesd — Kak BHYTDH, TaK U BHe ee. B sToM ciyuae
(GYHKUHUS @ He YIOBJIETBOPSIET YCJIOBHUSM TNPHUMEHHMOCTH
ToXJaecTBa ['puHa, MOCKOJBKY B Touke E=x, n=y, {=2 oHa
o6pamaercst B 6ecKOHeuHOCTb. [103TOMy [J/isi NpHMeHeHHUS
ToxaectBa 'puHa uckmaouuM u3 obnactu V Touky Habuio-
neHuss A ¢ moMombio HeGoJsbwod chepw S; paguyca a
C ueHTpoM B 3Toi TouKe. [IpumMenum tenepn (1.32) x obna-
ctu V’, orpaHnuenHoit nosepxuocramu S,S” u S; (puc.1.4).
[1pu sTOM BOCTIO/IB3yEMCS YDABHEHHSAMH, KOTOPBIM yIOBJET-
BOPSAIOT QyHKUUH @ U [T,

OyHKIES ¢ yIOBJIETBOPSIET BOJHOBOMY YyPAaBHEHHIO

v+ ko =0

KaK 1o mepeMeHHBIM X, Y, 2, TaK U MO TnepeMeHHbM E, 7, ,
a oyukuus /7, kak ciaenyer u3 (1.8), ynoBireTBopsier ypas-
HEHHI0

J
v, kT = —

jwe *
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[TosTomy

I,
Hxv’?—?v’ﬂx=17x(—k’<9)—?( RIT, — )=
I, joe

_?W

H, CJeaoBaTeJbHO,

mes.lcpdv S( ——?dn)dS—[—
+S(17x(;’7" )ds+(( % 'q:%)d&

Puc. 1.3. O6aactb V, k koTopo#t Puc. 1.4. Hckniovenne u3 o6na-
npuMensiercss  ¢yHkuua  [puna, cti V ocobenHoctd B TOUKe A.
OrpaHuYeHa ABYMA 3aMKHYTHIMH

nosepxHoctsamu S n §'.

Bbluvcimm MHTerpan mo noBepXHOCTH Cdepst S,, ycTpemiss
paguyc cdepsl K HYJIO,

e—jka e—ika

2 >

e—ika .
a - a?

de
on
,S. Sl

S

NpUMEHAsT TeopeMy O CpeAHeM 3HaueHHH, HaxoAHNM

tim (77, 22— 52) as =tim{[ 17, , )

a-0 35 a0

e—ika (Oﬂx .|4,“az} =4=/1_(A).
[of ) I

a on
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Takum o6pa30M, ToJIy4aeM

0: I7
17,(4) = 7 S JgdV — 5(17 L ) 4S—

1 0 anx '
—a (7,20 ) és. (1.34)
S’ .

AnasoruyHple paBeHCTBA MOXHO MOJIYYHTb M JJIs1 COCTaB-
asiouwux /7, u [1,. YMHOXKas mpasble W JeBble YaCTH 3THX
PaBeHCTB Ha COOTBETCTBYIOIIME eAHHHYHbIE BEKTOpHl H IIpO-

H3BOAA CJIOXKEHUE JIEBBIX H TMpaBbIX yacte paBeHCTB, IIOJYy-
yaem cjepymwoligee HHTeI‘paJleoe COOTHOILLIEHHE IJI1 BEKTOpa I

0] on
“(A)—]hwe. (ndnr - (POT) dS—
v S :
1 Oy on
_4TS (n 2 %T) ds. (1.35)

SI

Boisicaum (u3HYECKUH CMBICT MHTErpajoB, BXOISU(MX B Ipa-

ByIO yacTh BhlpaxeHus (1.35).
ITpe xnosiokum, YTO TOKH BHYTpH 006smacTH V paBHBI HyJIO.

Torpa
0 oIl
H(A):——S(ﬂa’: 95 )dSA—
S

1 Oy oIl
— ‘*TS ( N %7) ds. (1.362)

SI
C npyroii CTOpOHBI, MPHMeHss TOXAECTBO I'pHHa KO BCel]
06/1acTH, OrpaHHYeHHOH 3aMKHYTOH NOBepPXHOCThIO ', Hapsay
c cbopmynou (1 36a) nosyyaem
e~k —ikr d¢ on
Vs

n(4)=

]41!0)3

(1.3€6)

rae Vg — o6bem, orpaHdyeHHBIi 3aMKHYTOH MOBEPXHOCTBIO S.
Cpasuupas Buipaxenus (1.36a) u (1.366), Haxoaum

1 eikr 1 oy on
- S 1 V= E_j(n % _ ?%—-)d&
Vs 5
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BuipaxeHHe B J1eBOH 4acTH [OC/JeJHEr0 paBeHCTBA B TOY-
HOCTH paBHO 3HaueHuio Bekropa [Tepua B Touke A (1.25),
eC/li TOKH BHYTpH o0beMa Vg OTMYHEL OT HyJsl M BCIOAY

BHE 3TOro o6beMa paBHBI HYJIO.
Orciona noiyyaeM JBa paBeHCTBa

0] ail
"(A)—‘"—K"Jn 9 )dS (1.37a)
S .
1 o0y .
= S (“37— ?W)ds =0, (1.376)

S’

rae S — 3aMKHyTas MOBEPXHOCTb, OXBAaThIBAIOLLasi TONBKO H3-
JyyaTes, TOYKa Xe HabmoneHus A pacno.nomeﬂa
BHE ee;
S' — 3amMKHyTasi MOBEPXHOCTb, OXBATHBAIOILLAs HaTyuaTe
U Toyky Habmonenns A.

CiemoBaTe/bHO, B COOTBETCTBHH ¢ ¢opmynamu (1.25)
1 (1.37a) mose B Kako#-nubo Touke A Mo¥KeT OHITH Ompe-
JeNIeHO KaK MoJie nepeutHblx udarydaresel HeMOCPeNCTBEH-
HO JUGO MOJMCeT paccmarpusarsca Kak CymMapHoe noae
BTOPUHHBLY  UCTOUHUKOS, UAU  BTOPUAHbLY usayqarened,
HenpepoLeHo pacnpedenennoix  no
3aMKHYTOL NOBEPXHOCTU, 0XBATbL-
sarowjell nepeuunble  UCTOYHUKI
(puc. 1.5).

BBoxs B paccMoTpenne NOHsTHe
BTOPHYHOIO H3JyyaTess, cjeayerT,
OJIHAKO, UMeTb B BHIY, YTO TaKO#H
Puc 15. K topmyanposke eAUHUYHBIH H3Jy4aTesNb HE MOXKeT A
npuiunna Tiofireca—@pe-  OBITh 'QH3HUEdKH Deanu3oBaH, HGo

Henst. peasbHO MpOSBJsETCA JHIIb HHTe-

rpajpHBEl 5QheKT BTOPHYHRX H3-

aydartesnedl. B aToM cMBic/ie eqUHUYHBIH BTOPHYHBIH M3Jy4Ya-

TeJb cJlelyeT NOHUMATh JIHIb KakK HEKOTOPHIfi BooGpaxae-
MBIl H3J1yyaTesb.

[loHsiTHe BTOPHYHOrO MCTOUHHKA BIEpBbe GHLIO BBeje-
Ho Tiirencom Bo BTOpoil mosoune XVII Beka. Twiirenc
craBua mnepex co6ofi 3apauy OGBICHUTL NPAMOJHHEHHOE
pacnpocTpaHeHHe CBeTa, HCXO/Asl H3 BOJIHOBOH TEOpHH CBeTa.
ns s1olt nenu oH chHOpMyJaupoOBas] NPHHUMI, [1a3BAHHBIH
BrocsecTBuu ero uMeHeM. CymHoctb npusuuna lwoiirenca
COCTOMT-B LONYIIEHHH BO3MOXKHOCTH 3aMeHbl BOJHOBOH MO-
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BEDXHOCTH_CHCTeMOH BTODHYHBIX HCTOYHUKOB .CepHUeCKHX
BOJIH. _CorsiacHo_mpuHUMIY \I'tolireHc® xaxjaas ToY4Ka BOJ-
HOBOH TIOBEPXHOCTH MOXKET PacCMaTPUBAThCs KaK HCTOYHHK
BTOPHUHBIX ccpepuqecrmx BoJIH. COOTBETCTBEHHO MepeMelie-
HUEe BOJIHOBO# TOBEPXHOCTH _ caonmcn K _paclipocTpaHeHHIO

noce n)ememeﬂuﬁ HAXOJHTCH KaK oru6aomias BTOPHUHBIX
che epuueckdux BoJH (puc. 1.6). OaHako mast OGbsCHEHHs

L(hRaKuHOHHbIX sIBJIeHUH - ~-HPHHLIHN loiireHca HegocTa-
TOYEH.

g
8

]
ol

50
Puc. 1.6. JINPOBKE
r}p?muunKa ?ﬁﬁrﬁcaf’ Puc. 1.7. K onpenenesnio mnosnst uepes
BTOPHYHBIE HCTOYHHKH, HEMNpPepLIBHO pac-
npejejeHHble Mo 6e3rpaﬂuquou n10cKo-
B nHauane MPOWJIOTO  cTH, pacnoNOXeHHOH MeXay IepBUYHBIM
Beka ®penenb a7 06%b- u3jnyyaTesleM W TOYKON HaGJIOAEHHS.

SICHEHHs1 ~ SIBJIEHHH  [H-
(dpakuuu M uHTepdepeHUUH cBeTa 000OWMA npuHUMI [I0H-
reica. Dpenenb 060oraTHJ BTOPHYHbIE HCTOUHHKH JOMOJIHH-
TeJbHBIMH (PU3HYECKHMH XapaKTEPHCTHKAMH, CleJaB NpaBHJib-
Hble TIpeanosioXeHHsi 06 aMIVIMTy e KOoneGaHHH BTOPHUHBIX H3-
JyyaTesqed H HANpaB/IEHHOCTH ~ MX  H3JIyYeHHs. Kak OGyger
MOKa3aHO, CyMMapHbIii aQeKT dpeHeseBCKUX BTOPHYHbIX HCTOU-
HUKOB, HENpEpLIBHO pachipe/ieleHHLIX 10 3aMKHYTOH MOBepx-
HOCTH, OXBaThlBalOlleH nepBuqum MCTOYHHK, C TOUHOCTBIO 10

i
(ha3oBoro MHOXKHTENST € ° ONpenessieTCs] TNOBEPXHOCTHHIM HH-
Terpanom B ¢opmyne (1.37a). Iloatomy Bripaxkenue (1.37a)
H IOJDKHO pacCMaTpUBATbCSA Kak MaTeMaTHYeCKast popmyJIHpoOBKa
NpuHuuna [ofirenca — ®penens. Gopmydsl (1.37) aasa ckansp-
HBIX yHKumi BIEpBLIE BhIBEJI Kupxroq) B MPOILJIOM _BeKe.
aCCMOTPHM  BaKHBIl cayyall MNpUMeHeHHs (OPMYJIbI

(1.37a).
L)



[TycTb moBepXHOCTb S COCTOMT ‘M3 ABYX YacTel — ILTOCKO-
/CcTH S, W mosycepel S pamuyca r, C LUEHTPOM Ha MJIOCKO-
| ctu S, (puc. 1.7). o
~ “Torna coryacHo ¢opMyJie (l.37a) T0JTy4HM

I~

n(A)=—%"'(n"’ ?dn)ds_
S
- J ooy

S’

Buiuncium uuterpan no nosepxnoctd S . [lpu atom ans
KOHKDETHOCTH TMpeNroJIOXKHM, UYTO HMEeTCsl OAMH €IHHCTBeH-

Hblf TIePBHYHBIH H3Jy4yaTesb, pacroJoXKeHHbl B Touke O, —
3JIEMEHTapHbIH AHno/e. Mbl HMeeM .

4] d
5= cos (n,r0)%, (1.38)
ol __dn
an = g 08 (n,p°) (1.39)
TIipHYeM
dy e_jk’< 1 )
ar=—1 I+7)

dfl e—ikp 1
Q= ]k ( | —|-79—) C
rjae BBeJeHO 00o3HaueHHe

c—_I_

Tjdnwe

(1.40)

Ecan nosepxuocts mosycoepsl S, mocTaToyHo Gosblioro pa-
Auyca r_, TO BBIMOJIHAIOTCA HEepaBeHCTBA

Br> 1,
ko> 1,
a MO3TOMY MOXHO CUHTaTb
0 ., e Ik
sh~—jk= " cos(n,r), (1.41)

* HunexkcoMm «0» cBepxy OTMeuaeTcs eAWHHYHbIA BEKTO).
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on . e —ike -
3, ~— ikC - cos (n,p°). (1.42)

CunenoBatenbHO, MpH JOCTAaTOYHO GOJILIIOM 7, HMeeM

j(“gz ‘Pon)ds—

— jkc S e—ik(H—') [cos (ﬂ,l‘o) —COS (n;;“)] dp—f . (1 43)

Seo

Ilpu ycTpemaenun papuyca nosyceepsl 7 K 6eCKOHEYHOCTH

limcos(n,r’)=—1, (1.44)
roo 0

lim cos (mp®) = — 1, (1.45)
Foo—*00

MpUYeM NpoH3BeJeHHEe OCTAJIbHbIX COMHOXHTENEH B MOMbIH-
TerpasJbHOM BbIpaXKeHUH NpaBoH yacTd paBeHcTBa (1.43)
OCTaeTcst KOHEUHbIM.

OTKyjaa Crefyer, 4to

1imLY(n‘l?_cp3Ln')d3=o. (146

o0 4n . o'_ll
0

OrmeTuM, uyTO ecau Obl BHYTpH 3aMKHYTOH TOBEPXHOCTH S
HAaxXoWJIOCh HECKOJIbKO TepBHYHBIX H3JyyaTesell, TO HHTerpa
Mo noBepxHOCTH S moJychepsl OeCKOHEYHOro paiuyca Bce
paBHO paBHsICcs Obl HyJIO, TaK KaK BCce 3TH TNEPBHUHBIE H3NTY-
YaTesM HaXONATCA HA KOHEYHOM pACCTOSIHMH M MPH I, — 0O
ANl KaXJOrO M3 HHX BbIIOJHSIOTCS Tpee/bHble PaBeHCTBA
(1.44) u (1.45).

Takum oOpasom, B paccmaTpuBaeMom caydyae opmyJa
(1.37a) npunumaer Bux

nA)=— ——S "") ds. (1.47}

dn
S.
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§ 3. OBJIACTb, CYWHECTBEHHASl AJig PACHPOCTPAHEHHA
PAJHOBOJIH

1. Cneunanbubiii BbIGOP BCNIOMOraTeNbHOH PYHKUHH ¢

B npenwbinymem naparpadge OblJI0 MOKa3aHo, YTO B OLHO-
ponHoii Ge3arpaHHYHON cpefle noje MOxXeT ObITb BhIPaXKEHO
yepe3 MOBEPXHOCTHLIH HHTETpas Mo 6e3rpaHUyHOH MNJOCKO-
CTH, PacHoNOXKeHHOH MeXJAy u3JyyaTeieM H TOYKOH Habio-
nenus no popmyae (1.47).

B wacrosiineM naparpacde GyneT noxazaHo, 4YTo CyLIEeCT-
ByeT HauboJsiee BaxKHas 00JaCTb HHTErPUPOBAHHUS MO IJIO-
ckoctd Sp. Orcioga moc/iefyeT BHIBOJ O HaJu4HK CYIIECT-
BEHHO#l 06J1aCTH NPOCTPAHCTBA /11 paclpocTPpaHeHUs pa-
JHOBOJIH.

Hns o6nerdeHus naJjbHeilIero aHajau3a BOCMOJIb3yeMcs
BO3MOXHOCTBIO YIPOLIEHHS [OBEPXHOCTHOrO HHTerpaJa
(1.47). Hanuuue Takoii Bo3MOKHOCTH 00YC/IOBJEHO HEKOTO-

oif cBoGomoii BriGopa BcmoMorateapHol QyHkKuun ¢. M3
I(pMBeJeHHbIX BbILE BHIKJIAL0K CJEAYyeT, YTO AJS NOJydYeHHs
MoBepXHOCTHOro HHTerpana B (1.37a)

0¢ on
S(“ar—?aﬂds
N

BaXKHO JIUIIb, YTOGH ¢ yJOBJIETBOPsIa ABYM TPeGOBaHHUSAM:
OHa JOJIKHA yIOBJETBOPATb BOJHOBOMY ypPaBHEHHIO

2 2
vie+ k=0
M npencTaBasiTh co0ofl pelleHHe 3TONO YpaBHEHUs, COOTBET-
CTBleHlee pa.cxozmumMc;l BOJIHAM.
MoxHo nostoMy nogo6path Takue QyHKUHU ¢, KOTOpbIE

YIOBJIETBOPSIIK Obl 3TUM TpeGOBaHMAM M BMecTe ¢ TeM Ha
TIOBEPXHOCTH S YHOBJIETBOPSJIOCH OBl YCI0OBHE

=0 - ‘ (1.48)
HJIH yCJIOBHE ’

O __

< =0. (1.49)

Torma wucuesner au6o BTOpoe, NUOO MepPBOe cjlaraemMoe
MOABIHTErPaNbHOTO BhipaxeHus. @yHKUHUSA, KOTOpas y10B-
nerBopsier yciosuio (1.48) wumu ycnosuio (1.49), momumo
paHee HaJIQXKEHHBIX ycJI0BHH Ha (yHKUHMIO @, HasbiBaercs
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¢yukuueit I'puna. “OcoGeHHO JIErKO MOCTPOHTH byHKIHI
['puHa, eciu noBepxXHOCTb HHTErpHpoBaHus S siBisieTcs 6e3-
rpaHUYHON TJOCKOCTblo. MMeHHO 3TOT ciyuyail Hac M HHTe-
pecyet. 3nech dyHkuueid [pruHa MOKET sBAATHCA QYyHK{HS

. 9
e—ikr: e-ﬂ{r.

o— - (1.50a)

1160 QyHKLHUA

o— + , (1.506)

rae r, — pacCcTosHHe OT TOYKH Habmonenus A 10 Kako#-

qu6o TOYKH o6jacTH, Tae pachosoXxeHa TOUKa
Ha0J10 1€ U,

r,— paccTOsiHHe OT 3ePKaJbHOTO H300paXkeHHs TOUYKH

gab/onenuss, T. e. ToukH A’, 10 TOH Xe TOUKU

(puc. 1.8).
Jlerko Bugerb, 4to B cayuae (1.50a) Ha miockocTu Sy
1) =0, (1.48)
2) %:2%(6"’") : (1.51)
r

TaK KakK Ha 3TOH NJIOCKOCTH

B ciyuae xke (1.506) Ha niockoctd S

e-—jlzr
1) p=2—or), (1.52)
2) % o (1.49)
) on ’
TaK Kak

o (e afeTn) | (1.53)
07- ry So_ 0n ry sa
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Takum o6pasom, noxcrasus B (1.47)¢ u3 (1.50a), noayunm

e—jkr
n(4)= Qnsﬂ"/ >dS (1.54)

[Mosnb3ysice dopmynoit ( 1.54), MoXeM BHIYHCIUTHL TOJIE
B Touke A M0 BTOPUYHBHIM HCTOYHHKAM, PACMONOKEHHBIM Ha
Ge3rpaHHYHOH MJIOCKOCTH, KOTOPYIO AJISl YNPOIIEHHs pacilo-

,‘.0
: R
< N\ ? ~
t .
) 0 ‘Pa A
A

ro

?
) - S0
Puc. 1.8. K BuGopy ¢yHk- Puc. 1.9. K ananu3y unterpana B (1.57),°
uun [puna.

JIOXXHM  MepneHAuKyJaspHOo  JuHUH  Habmogenuss OA
(puc. 1.9). .
IIpuHsiB 3a MepBHYHBLIA M3Jy4aTesab 3JeMEHTAPHBIA MOH-
MOJIb ¢ MOMEHTOM, Mapallyie/IbHBIM MIOCKOCTH So, MOA 3HAK
MHTErpasa MoACTaBUM
ik

Mpe)=C -

Hanee B (1.54) noacrasnsiem

—jkr —jkr
o (e d (e o
W(T—)=T<T/ cos (n,r°).

B npakTtuke pacnpocTpaHeHus paJHOBOJIH PacCTOSTHHE
MeXJy H3JydyaTeseM H TOUKOH HAGJIIONEHHS BCErga BEJNHKO
N0 CPaBHeHWIO ¢ IJIMHOH BOJHB, TaK Kak BCerfa HHTepe-
CyloTcs mnoJsieM B AanbHell 3oHe. CiiefoBaTesNbHO, BcCerpga
HMEET MECTO HEPaBEHCTBO

k(oo o) = 2= (0 4-10) > 1. (1.55)

30



IMTostroMy anst ynpolueHHs] BHIKJAZOK MOXEM pacroJo-
*HUTh BOOODPaKaeMylo MJIOCKOCTb So Tak, YTOGb HMEJIO Me-
CTO HEepPaBeHCTBO

bry=""ry> 1. (1.56)
Torpa, yunreBass (1.41), nosnyuaem
. eIk (p+r) :
M(A)=--C S ——cos(nr’) dS. (1.57)
So
Atot uHTErpan M OyaeM aHaJIM3HpPOBATh.

2. 3oubl Ppenens

Anami3 mHrerpana (1.57) nosBoJisieT yCTAHOBUTH HajHuHe
006/acTH, CYUIECTBEHHOH B PaclpOCTPAHEHWH PaJHOBOJIH. DTOT
aHanM3 yno00HO MPOBOJMTL C MOMOIbIO MOCTPOeHHust 30H P pe-
HeJlst.

Kak cnenyer u3 (1.57), kaXpblli 3/l€eMEHT MOBEPXHOCTH
cosjaeT B TOYKe HabmoneHus A noje (MHOXHTENb j omy-
CKaem)

ds _;_ C 05X =ikt
pr

aMIUIMTy1a KOTOPOro |
cos

dS+-C =,
a ¢asa

k(e+r=¢,
rpe coryacko puc. 1.9 cos(m,r’)=cos7y.

IIpoussesem reomerpuyeckoe CymMMHpOBaHHe MOJiefi BOJH,

CO3/1aBaeMbIX pPas3/IMYHbLIMM 3JieMeHTaMH dS MoBepxHOCTH S;.

s aToft nesm pasgemim moBepxHOCTb S, Ha 30HE Ppe-
neas (puc. 1.10), onpepensiembie CnepyIOLIMMA PABEHCTBAMH:

[ +r1_(90+r0)=_72Lr

Pt ra— (o Fro) =2,
(1.58)

A
Pn+rn—(90—'—f0)=n—2—,

R
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CorziacHO 3THM paBEHCTBAM BTOpHYHbIE HCTOYHHKH, Daclio-
JIOXKEHHEIe Ha TpaHHIax ABYX COCEeAHHX 30H, M3/MyyaioT BOJIHHI,
NpRXOAsliKe B TOUKY HabusiodeHuss A B MpoTHBO(dA3e.

[IpousBenem cHadasna CcJOXKEHHe BOJIH, CO3[1aBaeMbIX
3J€eMEHTaMH MOBEPXHOCTH dS, HAXOAALMMHCH B Tpeaenax

|

Puc. 1.10. K onpenenenuio 308 Ppenens.

KaxIOH 30HB B OTJEJBHOCTH, a 3aTeM HaljfieM CyMMapHoe
nose, o6yciaoBneHHoe BceMU 30HaMu Ppenens.

Jns ynpoueHUss MPeArnoJoXKHM, 4TO, KpOMe HepaBeH-
crBa (1.56), BHIMOJNHSETCS TaKKe M HEPABEHCTBO

hoy =" gy > 1. (1.59)

B sToM cnyyae npH mepexoje OT OLHOH 30HBI K APYroi
aMIJIKTyda KoseGaHUH KaxKAOro 3jeMeHTa Mmiaollaad dS
MeHsieTCsl He3HAYUTENbHO, U ellle MeHblle MEeHSeTCsl aMIIH-
Tyla KosebaHui s7eMeHTa dS MpU nepeMelleHHAX B Mpeje-
Jlax ‘OHOH 30HHI.

B cuny storo kaxnaywo 3oHy PpeHenss MoxHO pasne-
JIUTb HAa HEKOTOPOE YHUCJO PABHHIX M0 MJIOIMAAH KOHIEHTPH-
YeCKHX KOJIell; NMPH 3TOM BOJIHB, CO3JaBaeMble KaxAbIM
KOJIbLIOM, MOYTH He GyAyT OT/IHYAThC APYT OT Jpyra To
ammautyne. B ocHoBHOM oHM 6yayT oTaMYaThbes No ¢ase;
Tak, HalpuMep, NpHU pasjesneHuH nepsoit 30Hbl PpeHens Ha
10 kKosew ¢a3sl Kone6aHHH HCTOYHHKOB JBYX COCEJHHX KO-
Jen, 6yAyT OTaIHYATbhCA APYr OT Apyra Ha 18°

FeoMerpuuyeckoe cnoxeHue kojebGaHUN BOJH BTOPHYHBIX
MCTOYHHUKOB [JIl 3TOr'0 cjaydyas nokasaHo Ha puc. l.11, rae
pe3yJbTHpyOIIas aMIUVIUTyJa BOVIHE 0603HaueHa uepe3 B

B nmeiicTBUTENBHOCTH Ke NPH Mepexofe OT OJHOro BTO-
PHYHOTO HCTOYHHKA K COCefiHeMy ¢a3a MeHseTCs MJIaBHO
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¥ BMecTO JOMaHOH JMHHH IMOJYyYuM MNJABHYIO KDPHBYIO
(puc. 1.12).

Pe3y/nbTUPYIOLIHA BEKTOP BOJHH OT BTOPHYHBIX HCTOY-
uuKoB BTOpO# 30HB Ppenenss By OGyaer HampasjeH npoTH-
BONOJIOXKHO BeKTOpy B; M mo AJvHe Kopoue BcjeicTBHe yBe-
JIMYEHHS PACCTOSIHUH P, r U YMEHbIIEHHS COSY.

Pesynbrupytomuii Bektop Bs 6yner Menbile mo aiuHe
BexkTOopa B, M HanpaBleH NpPOTHBOMNOMOXKHO MOCHEIHEMY.
B, HampaBleH MNpOTHUBOMOJIOXKHO BeKTopy Bs; u mo mauue
MeHblie ero u T. A. (puc. 1.12).

CnenoBaTe/bHO, MOCKOJNbKY
¢asbl KoJe6aHHH NBYX cOCeIHUX
BEKTODOB OTJHYAIOTCd Ha T,
BexTopbk B;  KoMHMApHH W

Puc. 1.11. TeoMerpuueckoe cymmu- Puc. 1.12. CymmupoBauue KoneGa-

poBaHue KoneGaHufi BoJH BTOPHYHBIX  HHH BOJH BTOPHYHBIX HCTOYHHKOB,

MCTOYHHKOB, PaclioJOXKEHHbIX B Ipe-  DAacrojiOKeHHBIX B Npejenax ABYX
nenax mnepBo#t 3oHn PpeHesd. coceanux 3oH PpeHens.

reoMeTpHyecKoe CyMMHPOBaHME CBOAMUTCS K aJjreGpau-
yeckoMy. 3aMeTHM, uTo, Kak BuaHo u3 puc. 1.11 u 1.12, dasa
pe3yJbTHPYIOIEfi BOJIHBL OTJHYaeTcss OT (aswl BOJH, CO3-
NaBaeMbIX BTOPHYHBIMH HCTOYHHKAMH, PpacnosoKeHHHIMH

o T
B LEHTpe MepBoil 30HH, HA . IloBepHyB pesyabTHpYIO-

1A BEKTOp B COOTBETCTBUU ¢ uMmelomumcs B (1.57) ¢aso-
. T o
BBIM MHOXHTENEM j HA < MPOTHB 4acOBOH CTPesKH, MO-

JiyYuM NpaBUIbHYIO a3y pe3ysbTHPYIOLIEH BOJHBI, COBMa-
AawIyo ¢ ¢$pa3od BOJH OT BTOPHYHBLIX HCTOYHHKOB, pacro-
JIOXKEHHBIX B LIEHTpe MepBOH 30HHL.

Hrak, pasmenenne mnuockocty So Ha 30HH PpeHens
M03BOJISIeT NPeACTaBUTh Pe3yJbTHPYIOILYIO aMIJIMTYAY BOJH
BTOPHYHBIX HCTOYHHKOB BceX 30H PpeHesns B BHIe 3HAKO-
[epeMeHHOro CXOAsSIerocs psaa
B=B,—B,+B,—B,+B,—B,+B,—B,+..., (1.60)
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KOToprH C TOYHOCTbIO [0 MHOXHTEJS | paBeH 3HaueHHuIo

N (A) B dopmyae (1.57). OueBumHo, uTo ujeHb paAaa
B cuay (1.55) 6ynyT TeM MeHblIe OTJIHYATLCA APYT OT APY-
ra, yeM Kopoye [JJIMHA BOJHB. B 3TOM ciydyae KaxKabli
YJieH psifia MaJlo OTJIHYAeTCs OT CPefHero apHpMeTHYeCKOro
M3 COCENHHX UJEHOB M M3 npeicraBjeHus psaga (1.60)
B BHAe

Bt (BBt B — B )

npuueM lim B, =0, 3ax/oyaem, 4To
n-»>00

~ Bl
B=—t.

3To paBeHCTBO TeM TOUYHee, YeM CHJbHee HEPaBEHCTBO
(1.55).

Jlerko takxe mokasarte, 4to paa (1.60) Bo Bcsikom cay-
yae He MPEBOCXOAUT BeJHYUHY Bi.

B camom nene, paccmarpuBast uneHsl psapa (1.60) xak re-
OMeTPHYECKYIO POrpeccHio co 3HameHateseM —g¢, rae 0 <g<1,
nosnydaem

_ i Bill—=(—=9)"]
B—,}fg I+gq 1+q <8

OoTCloja Cjenyet, 4TO MOCKOJIbKY BCerna (]< 1, TO
B

Kak cnenyer u3 puc. 1.12, cymmupoBanue MOXeT GHITh
TIpeICTaBJeHO CKpyuuBawooulefica crupanbio (puc. 1.13). Ot-
pe3oK Mexay HayanoM O W KOHLOM CTpesIKH IOKas3blBaeT Be-
JIMYHHY Ppe3yJIbTHPYIOILero KoJsieGaHHs TNpH TNepeMelleHHH To

cnupand. [lpu mpubimxkenud K dokycy Crupaili pesyJIbTHPYIO-

o b
mas aMIiiMTyna KojebaHuii CTpeMHTC K Tl .

Pesysprar cymmupoBanus ysexoB psina (1.60) MoxkHO TaK-
JKe NpeCTaBHTb B BUIe rpaduka, u306paxKeHHOro Ha puc. 1.14,
H3 KOTOPOTO TaKKe BHIHA CXONHMOCTb psifa K —5-.

[Tockonbky pan (1.60) aBasercss cxonswuMcs, TO moay-

yaeM BaXKHbIi BHIBOJ: pe3yJbTHPYyIOllee TI0Ne B TOYKE
HaGJ/I0feHHSI B OCHOBHOM CO31aeTCsl BOJIHAMH BTOPHYHKIX
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uaJyuatesell, pacloOXKeHHbIX B peflesaX NepBhiX HECKOJb-
Kkux 308 Ppenens. Bkaax B cyMmMapHoe moJjie, BHOCHMBbIK
BOJIHAMH BTODHYHBLIX H3JlyyaTesell ocTaJbHBIX 30H PpeHe-

0] . £ (-1)""6n
ney

AT

012345678900 n
Puc. 1.13. Cymmuposauue KoaeGauuii  Puc. 1.14. K BoiuuCaeHnio cymMMbl

BTODHUHBIX HCTOYHHKOB B BHIE CKpY- paga (1.60).
YUBalOLLEHCS crupay.

Js1 B cuay OblcTpoit cxomnmoctu psina (1.60) mpeuneGpexu-
MO MaJ.

Paccmotpum, KakoBel pasmepbl 30H ®peness.

[Tycte pamuyc mepoil 3oun ®penens R,. Torna B cu-
ay HepaBeHctB (1.55) u (1.59) momyuum

- R? ]
2 2 1
m=V%+&z%+m,
- R} ‘
T p2 ]
fle/ro‘{'Rl":ro'{‘g',—o» } (1.61)
RV (1,1 A
ptri—(o+r)= 7<W+T>=T )
—y/ Moo
R=y D (1.62)
Anxajioruuno 11 BHEIUHEro pajuyca Kojblia n-fi 30HH Ha-
X0auM
_ nApory
R, VGﬁz- (1.63)
Ilromaau y BCeX 30H OJMHAKOBBI H PaBHb
7Py
Potre
KL
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M3 dopmyiier (1.63) MOKHO 3aKJIOUHTB, YTO
R~V niR, (1.64)

rie R — HauMeHbLIAs U3 BEJNHYUH P, M ro. OCHOBHOI BKJIAJ
B mMoJie B TOYKe A BHOCAT BTOPHYHBIE HCTOYHUKH, 'PACIOJIO-
KeHHBle Ha ydacTKe MJIOCKOCTH S, pa3Mep KOTOPOro ompe-
aensieTcss mpubanKenHo popmynoit (1.63), rae n — HeGoJb-
1oe yucJo. :

S5 %
| |

Puc. !.15. K onpejenesnio npocTPaHCTBEHHBIX 30H
p
Dpenens.

Uem wmeHbllle J1/JHHA BOJNHB A TIPH (PHKCHPOBAHHOM 3Ha-
YEHHH DACCTOSIHUS P, +7o MeXI1y wu3jydarteJem ¥ TOYKOM
HabaoeHusi, Tem GoJiblie yucyo n 30H dpeHens, o6pasyio-
IHX CYLIECTBEHHbIH y4aCTOK WHTErPHPOBaHHSI.

[Ipeanonoxum, 410 MIOCKOCTL S, nepeMellaeTcs BIOJb
JuHud Habmonenus OA Mexnay Toukamu O u A. Jlerko Bu-
AeTb, YTO B 3TOM Cjyyae rpaHuupl 30H Pperens 6yayT olu-
CbIBaTb YaCTH MOBEPXHOCTEH 3JUIMICOMIOB BpallleHus, TaK Kak
NpH 3TOM

1, =py 1o+ 1 5-—const, (1.65)

a 3TO0 eCTb ypaBHeHHe 3JIJMICOHNA BpalleHHsa C Qokycamu
B Toukax O u A (puc. 1.15). O6nactb mpocCTpaHCTBA MeXAY

IBYyMsl COCeJHHMH 3JUIMICOHIAaMH Ha3bIBAlOT MPOCTPaHCTBEHHOM
3oHOH Ppenens. HauGoJbuimii pasMep CeueHHs 3JUIMNCOHIA

1 —
paBeH 3~ )/ndR,, rae R,=p,+r,.
TaKHM OOP&SOM, H3 ‘ﬂpOBelleHHOI‘O aHanau3da MOXKXHO cle-
JlaTh BECLM3 BaXHBIA BUIBOA O Hanuyuu Q0AacTH npocTpaH-
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CTBa, CYIIECTBEHHO y4acTBYIOLled B pacnpocTPaHeHHH pa-
JIHMOBOJIH. DTa 06JacTb OrpaHuyeHa 3JJAUTICOMIOM, COOTBET-
CTBYIOIUUM BHeUIHEH TrpaHHlle TPOCTPAHCTBEHHON 30HHI
QpeHens ¢ HeGoJbIIKM HOMepoM. JTa o6saacTb TeM Gosee
pe3Ko BbIpaxeHa, T. €. 3JJHUMCOH] CyLlecTBEHHOH o6aacTH
TeM GoJiblie BHITSHYT, 4deM JYydile BBINOJHSETCH HepaBeH-
ctBo (1.55).

[Tpu A—0 Bce 3JMUMCOUAB MPEBPALIAIOTCA B JIUHHUIO,
COENMHSIOUYI0O HCTOYHHK M ToukKy HalOmogmenus. Otcrona
cnenyer oObsiCHeHHE MPSIMOJMHEHHOTO0 pacnpocTpaHeHus
cBeTa. B camom jgene, B ciyyae CBETOBBIX BOJIH [JIHHA BOJI-
HBl BeCbMa MaJa T CPaBHEHHIO ¢ PacCCTOSTHHEM MeXIy
HCTOYHUKOM M TOYKOH Ha6iofeHus, U CyIIeCTBeHHBIHA
3/JIMICOUJ] HACTONbKO CHJBHO BBITAHYT, 4TO OH TIPEICTa-
BJSIETCS MPSAMOH JIHHYUeH.

3. Meron craunoHapHoit ¢asnl

Meron crauvoHapHOH ¢a3bl — 3TO MeTOx NpHGIHKEH-
HOT0 aHAJMTHYECKOTO BhIYHMC/JEeHUs HHTerpaJoB THna (1.57).
Harogsimue coobpakeHusi 0 BO3MOXKHOCTH TaKOro BhIUHC/IE-
HHSl CO/lepKaTcsl B NMPOBENEHHOM C MoMmoliblo 30H Ppenend
aHanu3e unHrerpana (1.57)

JC (emik 640
l'l(A):Tg—pr———cos(n, 19)dS.
S

3aech MOALIHTErpaNbHOE BhHIpAXkKEHHE COCTOMT H3 GHICTPO
MeHsolerocss ($a3oBOoro MHOXHTEIS H MEMJNEHHO MEHSIO-
wHxca MHoxHuTesell, Kak GbO MOKa3aHo, OCHOBHOM BKJan
B pe3yJbTHpYIOllee MOJe BHOCAT KoJNe6aHHs BTOPHUHBIX
HCTOYHMKOB, Pacro/IOXKeHHbIX B mpenenax yyacrka, COCTOf-
Ilero M3 mepBbHIX HeCKONbKHX 30H PpeHenss. [lostomy,
BBEASI MpPSIMOYroJbHYIO cHcTeMy xoopawnat X, Y, Z ¢ mio-
cKocTbhio YZ, coBnanatomieil ¢ Sy, ¥ ochio X, coBnagalouieh
¢ nuHuell Habmoaenna OA, Moxem AJs 3TOTO yuacTKa CYH-
TaTh, YTO

iy a papyr e

phr=ny/ 1+ 14
LR 1 1

;Po"'ro"'y—g‘z_(P—' ‘;")v . (1.66)
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H, C/Ie[0BaTeNbHO, GBICTPO MEHSIOUIMHACS (a30BBIH MHOXKHTEJNb
NpeCTaBHTb B BUJE

1
— jk(potro) — —(y’+27)( + —)
To/ .

e

MeJJleHHO MeHAIOIIMecs MHOXHUTENIH MOXKHO CUHTaTh
MOCTOSIHHBIMH M PaBHBIMH MX 3HAaYeHHSM B TOYKe Tepeceye-
HUs JUHUK HAOMIONEHHs C TJIOCKOCTbiO Sy, T. €. B LEHTPe
nepBoil 30HH PpeHessi, ¥ BbHIHECTH HX 32 3HAK HHTerpasga.

CJe10BaTeNbHO,
1

iR+ i (v )
nA)=-L ce#”e ) gydz. (1.67)
Polo

W HTerpupoBaHne MpOU3BOAHTCSA B Tpeaeax CYLLeCTBEH-
HOTO yyacTKa HJH XKe B OeCKOHeUYHBIX TIpejesax, TOCKOJbKY
BKJIaJ| MHTErpasa no y4acTkaM MOBEpPXHOCTH, JeXalllHM BHe
CYLECTBEHHOTO YYacTKa, HHYTOXKHO MaJl.

Tak xaxk B ueHtpe mepBoli 30HEl Ppenens ¢asa Pp=
=k (p+r) uMeeT 3KCTpeMasbHOE, CTAUHOHAPHOE 3HadYeHHe
(% naHHOM Caydyae MMHHMAaJbHOE 3HAYyeHHE), TO 3TOT METOL
BBIYHC/IEHUS] HHTerpasna HasbBaeTCs MeTOJOM CTalMoHap-
HCill ¢asHl.

Metopn cTauuoHapHOH ¢pa3el cCnpaBefJIMB H B TOM cJyuae,
eCsiH, Kpome (ha3soBOro MHOXKHTeJs, OBICTPO MEHAeTCs p WJH 7,
HanpuMmep, Korja P WIH 7 TNPHHUMAIOT Majble 3HaueHus, 6Ju3-
KHe XK HyJi0. B atom ciyyae cymectBenHas o061acTb HHTEr-
pHpOBaHHSI TOXE HAXOAMTCd B OKPECTHOCTH ydacTKa MOBepX-
HocTH, rae asa ¢ =~k (p--r) npuHUMaeT 3KCTpPeMasbHOE 3Ha-

yeHue, OAHAKO MHOXKHTEJIb P_ HJIH e yXe HeJb3s BBIHECTH 3a

3HaK HHTErpaJa.

4, Iudpakuusa or Kpas Hempo3pauHOro 3KpaHa

ITonyuennsie B npenblayliem mnaparpade pe3yabrarthl
MOXHO, B YacCTHOCTH, TIPHMEHHTb K PAacCMOTPeHHI0 BOTpoca
0 aubpakUud pazvoOBONH OT Kpas sKkpana. OueBuaHO, UTO
pacnpocTpaHeHHe PagHOBOJH TIPH HANUYUH MPENSITCTBHA MO
KpaliHeli Mepe KayecTBEHHO AHANOTHYHO AU(GPAKUHUHA panuo-
BCJIH OT Kpasi 3KkpaHa. DKpPaH MOXHO TIpeAcTaBHTbL cele
B BHJE TIOJNy6ecKOHeYHOro TOHKOIO MeTaJIMYeckoro JIMCTa,
pacnonQ)KeHHoro Ha MYTH PACNPOCTPAHEHUST PAXUOBOJIH.

BHIfICHUM, KakKoBO BJHsSHHE 3KpaHa Ha TOJe B TOUKe
HaOmoaeHud, QUeBHAHO, YTQ B/AMAHWE FKpaHa OyIeT 3Ha-

#



YuTeNMbHLIM, €CJIH OH MePeceKaer mepBhle TPOCTPAHCTBEHHbIE
3oHbl Ppenenss. Ecau 3KpaH MoJHOCTbIO MepecekaeT 3JJHI-

COMJA CYLLEeCTBEHHOH o006sacTH,
TO TMoJe GyreT CHIbHO Oocaal-
Jgexo (puc. 1.16).
Onpenenum noje B TOY-
ke A B npucyTCcTBUH NOJyGec-
KOHeyHOro 3kpana (puc.1.17).
Hns storo Moxem Boc-
NOJIb30BATHCSA dbopMy.10i
(1.54). Omnako sHaueHHe BEK-
topa I'epua Il Ha nuockocTH
Ss, KOTOpyl0 cuMTaeMm coBMe-
LIPHHOH C MJOCKOCTBIO 3Kpa-
Ha, HeusBecTHO. Kupxrod,
BCTpeYasicb ¢ NofOGHBIMH 3a-
TPYAHEHUSIMH TpPH  pelleHuH
ONTHYECKHX AHU(PPaAKUHOHHBIX
3ajay, BNepBbie yKasaJ, Kak
npeoaoJeTb 3TH 3aTPydHEHHS.
Henaotcss nBa npeanoJsoxe-
HMA: TOJIe B YacTH TJIOCKO-
CTH, NOTIOJHSAIOIIEH JIOCKOCTD
3KpaHa, COBMajfaeT C HEBO3MY-

s,
i /”/////// ~

Puc. 1.16. K kayecTBeHHOMY onpe-
JIeJIEHHIO BJIMSIHMSI 3KpaHa Ha pac-
NpOCTpaHeHHe paJHOBOJH.

LEHHBIM T10JIEM, KOTOPOe HMeJIo 6B MEeCTO MpH OTCYTCTBHH
5KpaHa; TOKH Ha TEHEBOH CTOpOHE 9KpaHa HAaCTOJbKO c/1alHhl,

z

2y

%

Puc. 1.17. K Bbiuuc/ieHuio mosisi 3a 3KPaHOM.
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YTO HMH B nepBoM npubauxeHun MoXHo mpene6peus. Mpn
5THX JOMYyLIEHHSX, HCTIONB3Ys MPSIMOYTOJbHYIO CHCTEMY KO-
OPAHHAT C KOOPAMHATHOA TJIOCKOCTbIO YZ, coBMelleHHO# C
IJIOCKOCTBIO 3KpaHa u OCblo X, coBmajamlueii ¢ JHHHeH
vabmogenus OA (puc. 1.17), MoxeM HemocpeIlCTBEHHO
npuMeHuTh ¢Gopmyay (1.67). Ilpu 3ToM B COOTBETCTBHH
¢ metogoM Kupxroda uurerpan B (1.67) nonkeH 6bITb B3ST
7O YacTH MJIOCKOCTH, AOMOJHSAIOUEH MIOCKOCTb KPaHa.
BBenem B ¢popmyny (1.67) HOBble nepeMennble HHTErpH-

poBaHHu4d
y l/mzv_ J} (1.68)

[Tepemennble 4 W v uMeOT caenyouui (HHYECKHH CMBICI.
€oryacHo dopmyae (1.63), onpenensiiomeit pagnych 3o Ppe-
HeJs, UMeeM

R /1 1)
- (b? +;>_ n. (1.69)
CorsacHo xe (1.€8)
22442/ 1 1\_R/1 1y _ w40
Vet ) = e
. CpasuuBas (1.70) ¢ (1.69), Haxomum
CAT —n,, (1.71)

TAe N, — 4uCiIo 30H PpeHess, YKIAABBAIOWIMXCA B Kpyre pa-
avyca R, coBmajawomieM C IIOCKOCTBbIO 3KpaHa H
LIEHTPOM Ha JIMHUHM HaOJIOAEHMS.

CJie 10BaTEJILHO,

(1.72)

rae nz— YHCJO 30H <I>peﬂem, YKJA3AbIBAIOUIUXCA HA OTpPe3Ke 2

npu y =120,
n,—4ucao 30H PpeHess, YKIaABBAIOLIMXCS HA OTPE3KeE Y
npy z==0.
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VyurbiBas, 4To
dz= N dy:.

nosiyyaem
i e—ikiotro —igw e =iy
may=% %?C‘Ye ’ duSe 2 o, (1.73)
0 [
Tak kak
— OO Yoo
TO

— 0O U< 0.

I"o3TomMy BTOpOil MHTErpasn paneH

=i o 5
3 e dv:‘/%. (1.74)

—00

[lepemenHast © MenseTcs B npejesax OT

o 2 04—
Uu=u,=2z, ’T<H K) 00 4=

OrmeruM, 4TO ecau Obl 3KpaHa He OBIO H 4 MeHsJIOCh Obl
B TeX e Mpeaejax, uyTo H U, T. €. OT — o0 [0 0o, TO
B pe3yJibTaTe BbIYHCJIEHHs OOOHMX HHTETpPasOB IOJNYUHJIOCH Obl

e—f’?(Po+’o)
Pot+ro '
YTO BhIpa>KaeT IoJje B CBO6ORHOM IIPOCTpPaHCTBE.
B ciyuae e HajuuMs 3KpaHA HAXOAUM

o] . T
k(o +re) —j - u?
na=yIc g Se . (175)

T(A)=C

Uo
Bsenem B paccmoTpenne mHOXHTeNb F(1,), KOTOpblH Gyaem
Ha3bIBaTh AM(PAKUHOHHBIM MHOMXHTEJeM
o] . T e
Flu)=—=(e * “qu—=_ utd
u))—— = COS— u—
“or2 Ve (S

Uo

jj‘sm u“du) (1.76)



Tak kak

TO

HWurterpasbt

Ha3bpIBalOTCs

1
09
08
o7
06
05
04
03
02
o1

< o2 o
S...duzg...du—s...du
U 0 0
00 o0 1
S cos gutdu= S sing u*du=g5, (1.77)
0 0
T Coos Tt —
F(uo)—yﬁz[(2 5c052udu)
Uy 0
—j<’5— sin;iuzdu”. (1.78)
0
ug ]
5cos£—u’du=C(uo), |
0
e i (1.79)
)

unrerpasamu Ppenens
Kpusbie unnrerpanos ®dpenens mokaszadsl Ha puc. 1.1S.
C
//\x5 .
l/ \ A L3 |5 |s s 8 J
i ,I gic t] ¢f c| ¢ ¢4
) A
1 2 J 4 5 6
u
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Puc. 1.18. Kpusnie unTerpasnos ®penens,



OueBugio, uto
C(—u))=—C(u,) n S(—u,)=— S (4,).

3uauenusi F(u4,) MOXHO TaKkXe OIPEAEJHUTb MO TaK Ha3biBaes
Moi cnpanu KopHio (puc. 1.19).

a7|51)

|
- ~

06 P = NEEN

IF]

P
%
N

03

0z 7

ot

[ <\
<
A,

1<}

5l
|
5
=
A
)

T 0T Tar 0] 14T 142 (a7 [av (05 {25 [ar 1 a8

‘\
e
< =

o

0z

03

AN Py

ig 0%

—ed

03

X, A
\ [ e | o aﬁ

1P Y o ‘ Cnupans Kopwro
. [TT 11

Puc. 1.19. Cnupans Kopnto.

Bpoab cnupanbHOB JIMHUM OTKJAajgbiBaetcss #,. B npaBom
KBaspante u, >0. B seBoM xBagpante u,<C0. Macmtab no
3TOH JIMHMM TakOH Xe, Kak ¥ no ocaM. Monxyab | F (4,) | paseH
IJIMHE OTpe3Ka, MPOBeNEHHOTO M3 MOJIOCa (TOYKAa #4,==00) IO

COOTBETCTBYyIOUIeH TOUKH 4, HA CNHpasH, jeJeHHoid Ha V2 .
®aza onpenenseTcss HaKJIOHOM 3TOro otpe3ka K ocu C (u,).
Fpapuk |F (4,)] umeer Bup, usobpaxkeHHbli Ha puc. 1.20,
[TonyyenHble pe3ysnbTaThl MOXKHO NIPUMEHHTL AJS BHISIC-
HEHHUs] KayecTBEHHOH KapTHHBl BJHSHUS TIPENSATCTBHSA,
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Puc. 1.20. Kpupas Moaylss MHOXHTCAS 3KpaHa

{

12,

S

29<0

Puc. 1.21. K onpepgenennio BAusiHHS NPeNsTCTBHSA
Ha pacrnpocTpaHeHHe paaHOBOJIH.

CTOsIlIIETO HA TIYTH pACNpOCTpaHeHud paguoBony (puc. 1.21).
3a mpensiTcTBUEM B 3aBHCHMOCTH OT paccrosiuus or O no A
ncse Tpu (UKCHPOBAHHOM Zp OyneT TO YCHJAHBAaThcsd, TO
0cyabNAThCA.

Crnenyer o6paTuTb BHUMAaHHe Ha TO, 4TO NDH HaJUYHH
NpensaTcTBUs, Kak BuiHo K3 pHc. 1.20, mone moxer oka-
3aTbcs GOJblle, YeM B CBOGOJHOM MPOCTPAHCTBe, Tax Kak
MOAY/b IH(PPAKUHOHHOTO MHOXHUTEJNs MOXKeT 0Kas3aTbCs
60/bIIMM eHHHUIbI.

B sakniouenue sToro maparpada cienaem He<OTopLIe
3aMeyaHds O rpaHullax TpuMeHUMocTH MeToaa Kupxro-
da (1]
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O6nacts, Bo3myilienHas ToKamMu 3Kpaiid, KoTOphiMil npée-
ne6peraioT’ B Meroge Kupxroga, HaxoiuTcs, OuUeBHIHO,
BGJIM3M Kpasi SKpaHa.

[ns toro yTo6bl YSCHUTH BJIUSHHE BO3MYILEHHOH obJa-
CTH ‘Ha MoJie 34 3KPaHOM, PacCMOTPHM JBe TOYKH Halarone-
Hua —moJsoxenusds A u A, (puc. 1.16).

Hns touku A cyliecTBeHHOH o61acTbio SIBJIsETCs MNep-
Bast 30Ha DpeHess, A7 TOYKH XKe A, — BTOpas 30Ha, mpei-
craBasiomas co6oii o6nactb, o6pa3oBaHHyW OGauxKaiwedn
K Kpaw KpaHa OTKDHITOH 30HO# PpeHesns.

U3 puc. 1.16 BUIHO, 4TO BO BTOPOM cJllyuyae BO3MYILEH-
Has o6JacTb MepeKphLIBaeT CYILeCTBEHHYIO 06/acThb B 60b-
wel cTeneHd, yeMm B mepBoM caydae. [ToaToMy BausiHue
BO3MYILEeHHOH o6nacTH Ha moJe B TOYKe Habawonedus A,
GoJiblile, ueM 8 Touke A,

Crano Ouvith, Meron Kupxroda naer tem MeHee npa-
BUJIbHBI De3ysbTar, yem ray6xe B TreOMeTPHYECKOM TeHH
Hax0AUTCS TOUKA HaGMIONeHHS.



I'VIABA 2
OTPA)KEHHE PAILHOBOJIH OT IJIOCKOH 3EMJIH

§ 1. NOCTAHOBKA 3AJAYHU. METO], 3EPKAJIbHbIX
H30BPAKEHHA

B pazvo/soKalMOHHOH mMpPaKTHKe OYeHb 4acTO H3Jyya-
TeJb M TOYKA HaGMI01eHUs MOJIHATH Hal 3eMJjell Ha 60Jb-
LIYI0 TIO CPaBHEHHIO ¢ AJHWHOH BOJNHb BhICOTY. IIpn ocy-
LIECTBJIEHHY PaJHOCBS3H MeEXJy ABYMs KOppecIOHIHpYIo-
LWHMH TIYHKTAMH HepelKO Kako#-1u60 OIuH H3 STHUX [TyHK-
TQ@ MOAHAT Haj 3eMJe#, a APYrof, eciM BO/IHA He CJIHIIKOM
KOpPOTKasi, PAacrnosioxKeH Ha TMOBEPXHOCTH 3eMJH. Bauny
3TOr0 BO3HHKAeT HeoGXOIUMOCTh B PelIeHHH 3a1adH O pac-
MpOCTPaHeHHH PATHOBOJIH, KOTOPYIO B 06liemM MOXHO cdop-
MyJUHpOBaTh chaelyomum ob6pasoM. B Touke O, moiHATOH
Hajg 3eMJieli, noMmelleH wmaay4yarenb. TpebGyercss onpeieauThb
noJie 3TOro WM3JjyyaTess B TOYKe HaGawogeHus A, Toxe moi-
HATOW Han seMmuieli (puc. 2.1).

3anauy cHauana ‘6ygeM peliaTh, HCXOAs W3 OpPeqnoso-
JKEeHHsI, YTO OTPaxalolllasi TOBEPXHOCTh Mpe1cTraBJseT co60i
Ge3arpaHUYHYIO MJeaJbHO MPOBOAALLYIO MAOCKOCTh, KOTOPYIO
JIMLIbL YCJOBHO, MJIsi KPAaTKOCTH, B AajbHeHiieM Oyiem Ha-
3biBaTh «3eMuieii». baaronaps 3Tomy mpernosioxeHdlo pe-
IleHMe TOCTaBJEHHOH 3aaaud yao6HO HauaTb Cc paccMoTpe-
Husa dopmyanl (1.366).

Cuyurtasi moBepXHOCTb S’, cocToslell 3 maockocTu So,
coBmajnaipoluleii uad, TOuHee, MOYTH COBMAgaollell ¢ mMoBepx-
HOCTBIO 3eMJd, U moaycepbl Se, NPOBEJEHHOH B BO3AyXe
(puc. 2.1), npencraBum (1.366) B BuIe

1 I o o
A = e SJcpdV — Tﬂj(n 7 — 95 )dS —
v

1 Oy o()ﬂ
— <nﬁ—¢%—) as,
[o2]
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rae V — obbeM, 3aHUMaeMBIH H3JyyaTesieM.

Ho BTOpO#i nOBEpXHOCTHBEIHA HHTerpas CTpaBa MPH yCTPEM-
JIeHHH pajuyca noaycdepsl K GecKoHeyHocTH corsiacHo (1.46)
HCYe3aeT, M B pe3ysbTaTe MOJyyaeM

j4nwe

1 1 on 0 8
(A)— quadv —I—ES<07?~—H%) ds.  (2.1)
v a

—Jjkr

e ]

3nech ¢==-——, Tle r—paccTosiHHe OT TOYKH HabsmoneHHs A
IO  KakoH-1u60 TOYKH Hajg 3emJedl M Ha MJoCKocTH S,
(puc. 2.1). IlepBoe cnaraeMoe ¢ OO'b€MHBLIM HHTErDajOM OMNpe-
Jensier cofoill moJsie u3nyyatens B Touke A B CROOOAHOM Npo-
CTpaHCTBe TPH OTCYTCTBHH 3eMmju. CjaraeMoe ¢ TMOBEpPXHO-
CTHHIM HHTErpajoM BbIpAXKaeT BJIMSIHHE 3eMJM Ha ToJe
B TouKke A.

B cBsi3u ¢ 3TUM ToJe, npeAcTaBaseMoe 06beMHbIM HHTE-
rpanoM, oObLIYHO HA3BLIBAIOT MOJEM INpPsIMOH BOJIHBI, a moJe,
npeAcTaB/asieMOe MOBEPXHOCTHBIM  HHTErpajom, — ToJeM
OTPaXKEHHOH BOJIHHI.

Takum obpasom, pellileHHe MOCTaBJEHHOIl BhIIEe 3amayH

Joo
—
s~ o i
A AN
/ \ (’
Puc. 2.1. K mnocranoBke 3amaun / ) L
00 onpefesieHdH NOAA MOAHATHIX / /n \
Haj 3emJell uaayuatenei. [ » \l.

MaTeMaTHYeCKH CBOIMTCS K peIIeHHI0  HHTerpasjbHOro
ypaBdenus (2.1). v

Ypasuenne (2.1) ympomaercs, eciu ero CoomBeTcTBYIO-
Lu(iM o6pasom mpeo6paszoBaTh. ITo MPpeobPa3oBaHHe MOXKET
ObITh OCYLIECTBJIEHO KAKHM-JIHGO0 OJHMM M3 ABYX CNGCOGOB.

CorsiacHo u3/l0XEHHOMY B § 3 mpenblaywedi r/1asbl mo-
BEDXHOCTHBI MHTerpas, BXOAAIMH B Bhipamxenue (2.1),
MOXHO yNPOCTHTb, BEIGpAB (PYHKLHIO ¢ ClelHanIbHEIM 06pa-
30M.
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Bepi dynkunio [puna B Buae (1.506) u ncactasass

e (2.1), nonyyaem

1
n (A) = jdnwe
|4

+or |
So
A
,"
0
jo
o ry

—jRr, 1 —jkry
jje—rjl—dv-]—m—mg.l?j—dV—l-
|4
—jk
o s, (2.1a)
A
ry
. 4
5
j!Ia/
)

27 5

4

Jo

Puc 22. K noscrennio MeToa 3epKaJbHbIX H306paxceHid.

rhe r; ¥ ro— COOTBETCTBEHHO PAcCTOSIHHS OT TOYKH Habrio-
nenus A u ee 3epKajabHoro uzo6paxenus A’ 1o Kakoii-nu6o
TOYKH, DPAaclOJIOKEHHOH Haj MJIOCKOCThio Sg MM Ha 3TOH

fJI0CKOCTH (pHc. 2.2,a).
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B3sip ke ¢ynkuuio [puna B Bume (1.50a) B cooTBer-
CTBHHU C TEM XKe puc. 2.2,a, mOJy4YuM

1 ek 1 ( e—ikr:
n(A)=l.4mS,- - av—].msSJ v —
1 0 — kr
—5 ﬂ-o7<e - )dS. (2.16)
So

Insa pewenusi ypaBHenuii (2.1a) u (2.16) yao6uo BTO-
poMy cJaraeMoMy CnpaBa B KaXIOM M3 3THX ypaBHeHHH
npunate caeayomuit cMpica. ITyere Toyka O’ — 3epKasnbHOe
n3obpaxenue Todku O. B cuny Toro, uto msauHA oOTpe=.
ka O’A B TOYHOCTH pPaBHA ry, 5TH BTOPble CaaraemMble MOXH.
TPaKTOBaTh KakK BeKTopel ['epua Boo6GpaKaeMmbix uaayyare-
Jielt, pacniosokeHHbix B Touke O’ (puc. 2.2). 3tu Boobpa-
kaeMble H3JyyaTesH, TaKum 06pa3oM, SIBASIOTCS 3epKaJb-
HbIMH H300DaKEHHSMU peaJbHBIX H3Jayuyareseil, mpuyeMm
B cayyae (2.1a) Toku 3epKajbHOro H3oOpaxeHHMss OIMHa-
KOBHI 110 ‘BeJIMYUHe U TIO HaNpPaBJEHHIO C TOKAMH PeasbHOro
usJayyaress; B cayyae xe (2.16) Toku 3epxanbHOro usobpa-
MEHHS C TOKaMH peasibHOTO H3JyyaTeas OJMHAKOBHI TO Be-
JIMYHHE U MPOTHBOTIONOMXKHH TI0 HanpabJieiHio,

Tenepp pewum mocTaBJEHHYIO 3ajayy TpexnoJaras,
KaK yXe roBOpHJIOCh, YTO 3€MJIsi SIBJISIETCS HAeaJbHblM TPO-
BOJIHHKOM. B 3TOoM c/yyae TaHreHuuasbHas COCTaBJSAOIIAS
HaTIPSIPKEHHOCTH  3JIEKTPHYECKOrQ MOJs Ha TOBEPXHOCTH
3eMJIM JOJIKHA PaBHSATbCS HYJIO, T. €., COBMECTHB KOOPIH-
HaTHYI0 MJOCKOCTb XY ¢ MJIOCKOCTbIO 3€MJH, Mbl J0J/DKHbI
norpe6oBaTh, 4To0bl coraacHo (1.2) BbIMOMHSJMUCH caenpyie-
lllHe TPaHHUHBbIE yc/0BUs AJsi Bektopa Il:

(=grad divIl4-£*/T =0,
E =grad divll4£*/7 =0.

[iyctb uanyuatens npencrtaBister coGoif BepTHKaJbHbIH AH-
noas. Torga HeTpyAHO BHIETb, YTO 3TH PaBEHCTBA BbINOJ-
HAIOTCS, €CJIH TIOJIOXHTb, UYTO [OJIe Haj [IOBEPXHOCTBIO 3eMJH
CO37aeTCs  YNOMSIHYTHIM peabHbIM BEPTHKAJIbHBIM JHIOJNEM H
BBESEHHBIM Bbllle  BOOOPa’KAaeMBIM J[HIOJEM [/l ypaBHe-
HHa (2.1a). B camom pnene, nast BektopoB Iepua IT, u I, atux
IHnojeR umeeM

Hlx_—_ﬂl”_—- 2x=l72;/=0’
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Ha [IOBEPXHOCTH K€ 3€MaH MpPH 2 = 0 umMeloT MecTo COOT-
HOWIEHHS

or71 or7 or71 or7
T'=79—l' cos(z, r,), 0—;-_ o 2 cos(z, r,);
MOSTOMY, YYHTHIBadi, UTO r,==r,, coS(z, r,)==— cos(z, r,),
nosyyaem
. or7 or7 or71 ol
divll] =—| === =2 =—-"—=0
2=0 0z 2=0 0z z2=0 02 z=0 0”

M TaHreHuHanbHasi COCTaBJAIOIA HANPAXKEHHOCTH IOJId Jei-
CTBUTEJIbHO paBHAa HYJIO, T. €.

E,=E,=0.

Takum o6pasom, f1o/e BePTHKANbHOTO THMOJS, PacmoJo-
XKEeHHOr0 Hajd wW[eanbHO TPOBOAsiIEH MJOCKOH 3eMJei,
JKAECTBEHHO € CYMMO#l moJsiefl peasibHOro JIMMOJIsi B CBO-
OIHOM INPOCTPAHCTBE H HAEHTHYHOrO C peanbHbLIM BooOpa- -
)KaeMOro OuNoJjsi, noMeuneHHoro B Touky O’, sBasiouytocs
3epKasbHbIM H306paxenuem touku O (puc. 2.2,0), 1. e.

1 —jikr, —jkr, 3 ¢
n=1 [ AVt (1. 2.22)
12

Ilyctb Teneps aumoJb pacnoioxeH B Todke O ropusoH-
TanbHO. HeTpynHO BUIeThb, YTO MpaHHYHLIE YCJOBHS BBHITIOJ-
HSIOTCS, €CJU TOJIOXKHTb, YTO IMOJe Haj TIOBEPXHOCTHIO
3eMJIM CO3/1aeTCs PeasbHbIM TFOPU3OHTAJIbHBIM IHTIONEM H
BEE€IEHHbIM paHee BOOOpa)kaeMbiM THIOJNEM AJSI YPaBHEHHUs
(2.16) ¢ TpOTUBOMOJIONKHO HaTIPaBJEHHBIM TOKGOM.

B camom pese, HanpaBuB ocb X mapa/uiesbHO OCSIM JIMIIO-
Jiefl, HmeeM

nlz:Hly:HZz:HQy_

Jlasee, Tak KaKk TOKH OOOHX [HIOJEeH HanpasieHsbl B I[PO-
THBOIOJIOXKHBIE CTOPOHBI, TO Ha MOBEPXHOCTH 3EMJIH
[T=11,+4 IT,= 0 =const.
CJie 10BaTebHO,
. ol7
divll=:-—-=0
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¥ TaHreHlUHaNbHas COCTABJAION{as HANpPAXKEHHOCTH ToJist paBHa
HyJlfo, T. €.

E,=E,=0.

Takum oOpasom, pemenneM ypaBHeHus (2.16) B cuayuae
MeabHO NPOBONALIEH 3eMJH SIBJSIETCS] BBIpaXKeHHe

e—ikn g e—ikra
M= 4"“’551 —dV— 4MVJ dv.  (2.26)

Iy

CaeroBaTeslbHO, U 3]1€Cb TOJ€E BOJIHBI, OTPaXKEHHOH OT
HJ1€eaJbHO MPOBOISILIEHl 3€MJIH, PaBHO TIOJNIO 3€PKaNbHOTO
13006paXKeHusl AWMOJS, OXHAKO cJelyeT UMeTb B BUOY, YTO
31ecb 3epKajbHOe H300pa)keHue JUNOJNS OTJIHYaeTcs OT
noJisi peanbHOro AHMIOJAS HanpaBjeHueM ToKa (puc.2.2,8).

[Tose gunoss, mpou3BoJIbHBIM 06pPa30M PacMoNOKESHHOTO
Ha] HAealjbHO MPOBOJSLIEH MIJIOCKOH 3eM.el, MOXHO TakXKe
npeIcTaBUTh B BHJIe CYMMbl NOJeid peasbHOro IHIIONA H
€ro 3epkKanabHOro usobpakeHus (puc. 2.2.e).

§ 2. 30Hbl ®PEHEJI MPU OTPAXEHHHU. YYACTOK
MOBEPXHOCTH, CYLLECTBEHHBIA NMPU OTPAXEHHH

CpaBhuBasi (2.2a) u (2.26) c ypaBuenuem (2.1) B ciyuyae
HeaJbHO MPOBOASILLEH 3eMJIH, HAXOMHM

1 of e—/kr 0 [e—ikr — s‘ e~k
E“ IV(E_ r n0_u—< r )]ds ]41: ev ), ry av,
S

o

rne J,—J — nas BepTHKasbHOro BHOpaTOpa,
J,——1J— 1y ropusoHTasbHOrO BHOpATOpA.

C npyro#t croponsl, npumeHnss ¢opmyny (1.47) k Bek-
Topy l'epua I, BooGparkaemoro aunojsi B CBOGOJHOM Mpo-
CTPaHCTBE, MOXKEM HamnucaTb PaBeHCTBO

n=g [ 5 =i (5 Jas.
S

[

T. e. TIOBepXHOCTHbI# HHTerpas B (2.1) MoXeT 6GbITb 3aMme-
HeH NOoBepXHOCTHbIM HHTerpajoM (1.47) nnas 3epkajbHOro
1306paXKeHUs MHIMOJIS.

[1pu Takoit 3amene Bce mpuBenexHble 8 § 3 rn. 1 coobpa-
XKeHust o 30Hax PpeHens M O CYUECTBEHHOM YuyacTke
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MHTEIrPHPOBAHHS HA TIOCKOCTH, OKa3blBAlOTCs 34€Chb MmoJ-
HGCThIO MPHMEHHMBIMH.

W3 ussiokenHoro cjenyer, uTo 30Hbl PpeHesas. Ha_orpa-
)Kawiefl MI0CKOCTH MOryT ObITb JIETKO MOJYYeHbl, €CJIH
OJHOBPEMEHHO C 3€PKaJbHbIM
u3o0pakeHueM  H3Jjyyaress
BBECTH B pacCMOTPEHHE MpO-
‘cTpaHCTBeHHbIe 30HbI Dpenels

Puc. 2.3. 3oubl ®penenn npu OTPAXKEHHH.

NPy OTPaKEHHH PaJHOBOJH. DTH 30HBI NPEICTABJSIOT CO-
6oit  KOH(OKaJbHble 3JIHMNCOUAB BpalleHHA ¢ (oKycaMH
B TOuke HabuiojeHus A ¥ B TOYKE 3epKasJbHOro H3obpaxe-
nus u3aydareqas O’. I1pu sToM, onHako, HEO6XOIHMO HMeTb
B BHUJYy, UTO BBeJeHHble TakKuM o6pa3oM 30Hbl Ppenens
UMeT (H3UYeCKHH cMBIC] Jullb B NOJYNPOCTPAHCTBE HAJ
NOBEPXHOCTBIO 3eMJIH.

OueBupnHoO, uTO 30HbI PpeHens Ha oTpaxawoulel MJo-
CKOCTH 00pasyloTcss B pe3ysbTaTe MepeceyeHds JIJIHICOH-
LOB C MJIOCKOCTbIO Sp. JIuHUYM nepeceyeHns — rparuillbl 30H
®peHesst Ha NIOCKOCTH Sy ABAAIOTCA auncamu (puc. 2.3,a).

M3 npocThix reomerpuueckux coobpakenuit (puc. 2.3,6)
c/lelyeT, YTO ypaBHEHHsl 3THX 3JUIHICOB MOTYT ObITb 3amnu-
CaHbl B BHIE:

A
Py +r1—90—'r0=2—,

patra—p,—r,=2

,

v >

. e o e L

pn.-l“rn-‘po—'rl).=’z

’

rof >
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rae p, — paccTosHMe OT H3JyuaTeNs 1O TOYKH reOMeTpuue:
CKOr0 OTPaKeHHSI,
r, — PaccTOsHHE OT TOYKH FEOMETPHYECKOTO OTpaxKeHHus
oo ToukH Habmopenus A (puc. 2.3,6).

Haiinem monoxenue u pasmepnl 3o Ppeness [7].
CoBMecTHM KOOpPIHMHATHYI0 MJIOCKOCTb XY ¢ IJIOCKOCTBIO
semi. Ocb Z mycTb mpoxonut yepe3 Touky O; Touka A JeXHT

A
2
l 4
0 0, S
s by
Zon—] L7

Puc 2.4. K onpeneacunio nofioxenus u pasmepos 3oH dpenens
TIPH OTpaXKeHHH.

B mnockoctH XZ (puc. 2.4), h u z—BHICOTH NOAHATHA TOYEK
O u A cOOTBETCTBEHHO, R — PacCTOSHHE MEeXIY NPOEKLHIMHU
Touek O u A Ha njockocts XY. Toraa

T
=Y R—xF Fy+z
YpaBHeHHe SJUIMIICOB — rpanul 308 PpeHens —
bt =ot b =d42=c = (23)

r,= Cn — Py

Bossean B xBapar ofe yacTH mocsieHero paseHcTBa, oJy-
UHM ypaBHEHHE

Ax* + By*+ Cx+ D=0, (2.4)
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rje
A=14C’ — 4R =4 [(h+z)2+n1<d+’%)],
B=4C;=4(d+%)2,
C=—4R(C —R*+-h*—2?)=
= —4R[2h(h+z)-|— na (d+%>],

D=AC, b — (C, — R+ h* — 2 = 4C h* — (5.,
Llentp asnunca Haxoantcsd Ha ocH X B TOuKe
X+ x
Xon_ 1 . 2 ,
rue
x, ="CF l;(clz—mo.
CneioBaTedqbHo,
A A
: h(h+z)+”7(d+"7>
X = .2A —._—_R ==
on n\
n\ (d+—4—)+(h+z)2
. z2—h 1
=x, |1+ Thr 2 1, (2.5)
I+ nk J
nk (d +- T)

rae x,— paccTosHde OT npoekuuu Toukd O Ha miockocth XV
JO TOYKH reoMeTpuueckoro orpaxenus C.

M3 nocnenHero BhlpakeHHss BHAHO, 4TO €CJH 2 > A, LEHTPLI
3JJIMTICOB  CMeILleHbl OTHOCHTEJLHO TOYKH OTPAaXKeHHs B CTO-
POHY TOYKH HaGJIOAEHHA; ecH Ke 2 < h, TO LEHTPhl 3JJIHM-
COB CMelleHbl OTHOCHTEJIbHO TOYKH OTPaxKeHHsI B CTOPOHY H3J1y-
yaress.
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Bouabiuas NOJNIyOCh 3JIJIHIICa OnpeneJsieTCsl BbhIpaXKeHHEM

Q — X2 =% _VC*—4AD __

n 5~ 24
d+g 2 x
2[,& (d+ P )2Jl/ 1’(1 = d )+4h2]

(2.6)

Manas NMOJIyOCh 3JUJIUIICA paBHa

b,—a, ;/%_—_(iﬁ@v/nx (d—{—"f}—}-(h—{— 2)t. (2.7)
2

PaccMoTpUM HECKOJIbKO CJlydaeB pacroJIOXKEeHHs H3Jjyyare-
s ¥ Toukn Habmopnenus. [Ipu aToM npuBeseM AaHHBIE TOJBKO
[l MEPBHIX 30H C HeGOJBILUM HOMEPOM /2.

a) Cayua#t A<z (puc. 2.5). VI3 popmyn (2.5)— (2.7) mox-
HO TIOJIy4HTb

n\ .
Xon™= %o (1 T s e)’
1 nkh n\o\, o .
an_sine l/ sin 6 <1 + 4h sin 0)’ bﬂ_aﬂsm 6,

rae § — yron ckonbxkenus (puc. 2.5).

OTH BHIpaXKEHHs [OKA3LIBAIOT, YTO CyLIECTBEHHHIH y4acTOK
pacrosioxeH BOJIM3H H3Jy4yaresss U BBITAHYT B CTOPOHY TOYKH
Ha6JTIO AEHHSI.

6) Cnyuait h> 2z (puc. 2.6)

nh .
Kan—%a (1 +%sm o>’

1 niz . . .
a,= sin 0 ]/ sin 0 (1+4z sin 6) i bn_ansmo‘

M3 aTux BbIpakeHWA BHIHO, YTO CYIIECTBEHHBIH y4yacToOK
pacnono:xeH BOJM3H TOYKH HAG/MOAEHHA W BBLITAHYT B CTOPOHY
H3jyyareJs.

2.8)

(2.9)
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) Cayuait i< 2z (puc. 2.7)
xon: xAn; }

1 nhkhz
e, =5 V(h+z)sm6’ b,=a,sin8. J

CJ/e0BaTCIbHO, B 3TOM CJy4ae UEHTPbl 3JJIHNCOB COR-
namnaloT APYr C APYroM M C TOYKCH OTpaxKeHHs.

(2.10)

| * .
Ir’*ﬂ r I——
Zop~ Qp : I,A

n

Puc. 2.5. CyuwecrBennniii yuactok  Puc. 2.6. Cymecmeuubm YYaCTOK
L1 OTpaXkeHus B ciydae fi & 2. AJIA OTPaXeHds B cayyae A > 2.

Bo Bcex Tpex cayuasix, Kak TOKa3hiBAIOT BLIPAXeHH:
(2.8) — (2.10), ¢ ymeHbuienueMm yria ckosnpkeHus 8 3.-
JunCchl Rce 00Jee BHITATHBAIOTCA.

Takum o6pasom, u3 H3JI0XKEHHOro CJelyeT, UTo B OTpa-

KeHud PpaquoBOJH OT TIO-

0 A BEPXHOCTH 3€MJIH CYlleCTBeH-
HO YyyacTByerT JIHLIb oOrpa-
HUYEHHBIH YyyacTOK TIOBepX-
HOCTH 3eMJIH 3aHUMAIOLHH

I |

| |

} g g | HeCKOJIbKO mepBhiX 30H Ppe-

I | HeJs ¥ HMeloluit GopMy 3i-

I | aunca. Eciau 5TOT  Y4aCTOK

| N I 0CTATOYHO TJIOCKHH, POBHHI
N W ONHOPOAHBIH, TO MOXKHO
Top—at—1,, BCIO MOBEPXHOCTh 3€MJIH pac-

cMaTpuBaTh KaK POBHYIO OJTHO-
Puc. 2.7. CymecTsennsii yuacrox ~ POAHYIO Ge3TPaHHUHYIO MJIQ-
ANl OTPaXKeHH B cayyae hx<z CKOCTh,
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§ 3. KO3®OUUMEHTBI OTPAXEHHA

1. OrpaxareabHass TPaKTOBKa

B npeasayuiemM maparpade OblJIO HCCNeL0BaHO o
AMMOMeH, pPacroJIoAKEHHbBIX Hal HlealbHo TPOBOAsILIEH
nockocTbio. Tlonyuennble paBeHcrBa (2.2a) u (2.26) MoX-
HO HCTOJIKOBATh cjeaywoumuM o6pasom. Ilepsoe ciaraemoe
B MpaBoil 4acTH Ka){JOro M3 3THX PABEHCTB MpPEeLCTaBJAET
€060 moJie MpAMOH BOJIHB, @ ‘BTOpPOe cCJlaraemoe— moJie
OTpaxKeHHOH BOJIHBI.

Ha o1paxaroueii moBepxHocTH 06a claraeMbx KaXjaoro
u3 BHpaxeduit (2.2a) u (2.26) mO MOmYMIO PaBHH. ITO
o3Havaer, uto KO3(PhHUHEHT OTpaxXKeHHs TNPH OTPAKOHHH
OT HjieaJbHO MPOBOASLIEH NOBEPXHOCTH MO MOAYJIO PaBeH
efHHULE.

PaccMoTpum Tellephb MoJie QHMOJSA, PACNOJOKEHHOr0 Ha
3eMJiell, HMewled MPOU3BOJbLHLIE 3JEKTPHYECKHE Tmapa-
MeTpHL.

BbipakeHusl AJig mOJg M B 3TOM CJydyae MOXKHO MNOJY-
unTh, pewas ypasuenus (2.1a) u (2.16). OmHako 3TOT MyTh
pelieHus: 3agayy CJAMWKOM rpoMo3rok. Ilostomy mnpakiu-
yeckd IJs1 onpejdesleHHss ToJA TIpuGeramT K npuabadKeH-
EOMY METOAY pacuera, CyLHOCTb KOTOPOTO COCTOHT B Clle-
nyiomieM. CUUTAIOT, UTO GAUAHUE 3eMAU MOXCET ObiTo 3ame-

HEHO YMHONCCHHbIM Ha K03DPuyueHT OoTDANCCHUA nojem
acobpaxcaemoa

NeM, NOMCULEHHbLIM 8 TOUKY 3ePKANbHOZC u306 aANCHUA NO-
g/_:eaueeol., ) oM 8_Kauec a
bepercsa Ko3pPuyuent oTpaycenus NAQCKUX BOAH QT HAO-

ckod 3emau. O mpenesax MpPUMEHHMOCTH TOTO MeTOJa, Ha-
3bIBAEMOr0 HHOTAA «OTpaKaTeJbHO# TPAaKTOBKOH», Ha OCHO-
BaHHU M3JI0KEHHOTO B MpeIbIAYILIEM Tlaparpage MOXKHO BhI-
cKas3aTb cJefylollive ccoobpaxenusi. Uem MeHblle -cylle-
CTBEHHBIH YYacCTOK HJI OTpPa)KeHus, TeM C OOJELIHM OCHO-
BaHHeM B mMpefenax 3TOro ydacTka MOXKHO cdepuyeckylo
TIOBEPXHOCTb 3eMyu U odepudeckudt ¢poHT majalouei
BOJMHBEI CYHTATh maockumH. ClenoBaTesbHO, NpPHMEHHMOCTb
OTpaxarte/ibHOH TPAKTOBKH Ompejessercs pasMepaMu cy-
LIeCTB@HHOr0 yuyacTKa AJsi OTPa’KeHus.

[Toapo6uee 3ToT Bompoc 6GyIeT paccMOTPEH B KOHIle cJe-
OYIOLIEH. I1aBhl.




2. Bugpl nojspuzauuu

W3 ananusa mnoJiell BePTHKAJbHOTO U FOPH30HTAJBLHOTO
IUTICJIEH, PAacloJIOXKEHHBIX Haj MOBEPXHOCThIO H/CaJbHO
NpoBOASAILEH 3eMJH, clefyeT, 4YTO UMeeTcs OTJHYHe B OTpd-
XKEHUH PajgHOBOJH TpPH Pas3JUYHLIX OpPUEHTALHUAX BeKTopa
HaNpsXKEHHOCTH T1OJIl OTHOCHTEJbHO TJIOCKOCTH 3€MJIH.
B cBsI3u ¢ 3TUM pasz;MyalOT IBA BUAA TIOJAPH3ALHHU:

1) BepTHKa/bHYIO TOJSAPH3ALHIO,

2) TOpU3OHTAJbHYIO MOJAPH3ALHUIO *.

o)

Puc. 2.8. BepruxkaapHas nosspusa- Puc. 2.9. [opusoHTabHast nossipu-

nus. 3annsd,
BepTukanbHOH HA3BIBAKOT TAKYI0 NOJASPH3ALHIO, NPH KO-

Topoll BekTOop E HanpsKeHHOCTH 3J1eKTPHUYECKOro moJsis Je-
FKHT_B_NJIOCKOCTHM TaleHus BOJHBE **, @ Bektop H Hanpi-
JKeHHOCTH MAanPHUTHOTO MOJsl TIEPNEHANKYJISPEH STON 10~
CKOCTH (puc. 2.8). [ OPH30HTAJbHOH HAa3bBAIOT MOJSDH3a-

o, '"Wp_ﬂ_ﬂmwm%
d BEKTop E mepleHAMKYJApeH 3Tof mJjockoctH (puc. 2.9).
U‘-[eB'I/IILHO, UTO MPOU3BOJIbHYIO NOJAAPHU3ALHIO MOXKHO CBECTH
K 3THM IBYM BHIAaM NnoJiapu3alui.

O6a Buga monspusauumd Gynem paccMaTpuBaTtbh B OT-
IeJIbHOCTH.

3. 3aKOHbl OTpaXKeHHs M MpPeJOMJeHHs MJIOCKHX BOJIH

IIpu BrIBome dopMyn mias Kod(hGhHLUHEHTOB OTpaxKeHHs
NJIOCKHX BOJIH MpeJnojsaraercs, 4To OTpaxKeHHAs H NPeJo-
MJIeHHasi BOJIHBI, KaK W Tapnawmouas, SIBaAAITC [MJIOCKHMH.

* Unorna BEPTHKAJIbHYIO TMOJAPH3aUHI0O Ha3bIBAIOT HOpMaJIbHOfi.
a TOPH30HTAJbHYIO — aHOManbHOM.

** TInockoCThbiO TIafieHHsl Ha3bIBAIOT IJIOCKOCTD, npoxoAsuyo uyepe3
HanpasJjieHHue najawoilnefi BOJHB H HOpMajab K [‘paHPlllHOﬁ [MOBEPXHOCTH.
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Hal'lpﬂ)l(EHHO'CTb 3JIEKTPHUYECKOro 1noada TJIOCKON BOJIHBI
npeacTaBJ/s€TCd BblpaKE€HHEM

E=E,¢e “'™*) @.11)

HAMpsXKEHHOCTb MATHHTHOTO NOJA TJIOCKOH BOJIHBI COOTBETCT-
BEHHO paBHa

j(wf—k
H=H ¢, 2.12)
rne r — pacCTosHHe BJOJIb HanpaBJeHHA pacnpocTpa-
HEHHA,

k=w |/ pe’ — nocTosHHas pacrpoCTpaHeHHs;

d=e—j % — KOMIUIEKCHAsl ~ [M3JIeKTpHYeCKas  MpOHHLae-
MOCTb; '
€ — JIM3JMEKTpHYeCKas MNPOHHIIAEMOCTb;
6 — TPOBOAHMOCTb.
[Tpu atom

H:V?E. (2.13)

Opuentauus BeKTOpOB yKasaHa Ha puc. 2.10.

[lnockue anexTpoMarHuTHbBIE BOJHBI B HENPOBOASALIEH cpene
(s=0) u B npoBonsuel cpene (s=~=0) n3obpakeHbl COOTBET-
cTBeHHO Ha puc. 2.11 u 2.12.

E
£
3
H
Puc. 2.10. Opuenrauns Puc. 2.11. Tlnockas BosHa B HempoBogsiief
BEKTOPOB IJIOCKOK BOJIHBI. cpene.

B uempoBonsweir cpexe Bektopsl E u H koaebmorcs
B (paze ¥ amniuMTyna moas C pacCTOsIHHEM He yOBIBaer.
B cpene ¢ npoBOAMMOCTBIO UMEET MECTO YMEHbILUEHHe aMIIIH-
TYABl 3/EKTPOMArHHTHOH BOJIHBI C DAacCTOSHHEM H3-3a MOTJIO-
uennd, u noapaagrea capur das mexay E u H,
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3apnaua 06 OTpaKeHWH M NpeJOMJEHHH NAOCKHX BOJH ¢op-
MyJIHpyeTcs cJaeAyiOIHM 00pazoM: 2ajjaHa aMIJMTyAa Hanps-
Kendoctd E,, (unmu H ;) nons najaiolledt BOJHBL M ee yroi

najenuss ¢ TpeGyeTCs ONpefeNMTh aMIINTYAbl noad £,
u

my

bl

Puc. 2.12. ITnockas Bo7Ha B MpoBOATwled cpene

@ H ) u E (wm H ) oTpaXKeHHOT M NpeJOMIEHHOH
BO/MH, a TaKXe Yyrol OTPaXeHUs ¢, H yroa npenomieHHs ¢

(puc. 2.13).

Jns toro uto6bl HaATH 3TH BEJHYMHBLI, HET HEOOXOXHMMOCTH
pewaTh ypaBHeHuss MakcBenna, u60, 3anaB noas B BUAE
IJIOCKHX BOJIH C 3aJaHHBIMH
NOCTOSIHHEIMH  pacrpocTpaHe-
HHfl, MBl TEM CaMLIM YK€
YIOBJIETBOPHIY ypPaBHEHHIM
Maxkcseania. OctaeTcsi TOJb-
KO Y IOBJIETBOPHTD I'PaHHYHBIM
YCJOBHAM Ha MOBEPXHOCTH

3eMJIH:
H, =H, (2.14))

— PaBEeHCTBO  TaHTeHIHAb~
HBIX COCTaBJSIIOUIAX Hanps-r

Puc. 2.13. K nocraHoske 3ajaun 06  KXeHHOCTH MACHUTHOrO MOJS; !
OTpaXKeHHH U TIPENOMJEHHH [IOCKHX '

BOJH. pH  =p.H (2.15)°

— paBeHCTBQ HOPMaJbHBIX COCTaBJAOLIMX MaFHATEQH HHI)K-
117174

E,=E

11} 7] (21 6) \!\

60



~— paBeHCTBO TaHreHUHaJbHbIX COCTaBJAIOWHUX HaNpAXKEHHOCTH
QJIEKTPHYECKOro IoJs;

e E,=¢FE, ' (2.17)
— DaBEHCTBO, KOTOPOe BbiTeKaeT M3 ypaBHeHMsi MakcBesuia.
div (/E)=p, (1)

korga p=90; npu =0 oHO TmpeBpallaeTcs B paBeHCTBO HOP-
MaJbHHIX COCTaBJASIOUINX 3JeKTPUYecKoil HHAYKUMHM Ha mo-
BEPXHOCTH 3eMJIH. . '

Cinienyer OTMETHTb, uTO BBHINOJHEHHe MepBOH Naphl pa-
BeHCcTB (2.14) u (2.15) aBTomaTuyecku BJedeT 3a coOOH
BBITIOJIHEHHE BTOPOM mapel paBeHcTB (2.16) u (2.17) u Ha-
0o6opoT; BhINONHEHHe paBeHcTB (2.14) u (2.16) aBToMaTH-
yeckd BJeyeT 3a (o060 BHIMONHeHHe paseHCTB (2.15)
1 (2.17) u HaoGopor. IlosTOMYy [MOCTATOYHBIM sABIAAETCA
HCTONb30BaHUE KAKOH-THO0 ONHOM M3 yKa3aHHBIX map rpa-
HHYHHIX yc1oBHH. [Ipy u3yuyeHHn oTpa)eHHs H TpesoMie-
HHfl TOPH3OHTAJbHO TIOJSIPH30BAHHOMA BOJHE liesnecoo6pa3Ho
TpeGoBaTh BHINOJMHeHUs1 paBeHcTB (2.14) u (2.15), a npu
H3y4eHHU OTpPaXKeHUs H TPeJOMJEHHsS BEPTHKAJbHO MOJS:
DH30BaHHOH BOJHBI lLenecoo0pa3Ho TpeGoBaTh BLINONHEHHS
paBeHcTB (2.16) u (2.17).

IOna toro 4to6el ynoGHO OBIIO yNOBJETBOPHUTb TpaHHY-
HBIM YCJIOBUSIM, CUUTAas KOOPAHMHATHYI mjockocTb XZ co-
BMeLeHHOH C IMIOCKOCTBIO MaaeHus, BbIPa3UM 110 H3BECTHRIM
dopmynam mpeo6pa3oBaHUsi aHaAUTHYeCKOH reoMeTpHH
KOOPAWHATH X;, Xgr, Xr BAOJb HaNpaBJeHUH pacnpocTpaHe-
KHS yepe3 KOOPAMHATH X, Y, 2

xX;=Xsing — 2cosg,

Xp=XC0sa,+ycosf, |z cosp,, " (2.18)
, =xcosa 4 ycosB, —zcos,

rie @, B—yrasl MeXAy HampaBleHHsIMH  pacnpoCTPaHeHHs
OTp2XKeHHOH H MPeJIOMJIEHHOR BOJMH M KOOpAHHAT-
HumMu ocamu X, Y (puc. 2.13).



Torpa BblpaxkeHHs [/ HanpsXKEHHOCTEH mMoJell BCeX Tpex
BOJIH OyAyT:

j(0t—kyx;)
Ei = Emie

H=H, e
j(wt—klxR) j [wt—ky (x cos aR+-y cos Bp4-2 cos ¢ p)]
Ep=E,e =E, e

i ot--Ry (x sin @;—2z cos ¢;)]
— E,,,,-e i i

Jj [ot—Ry (x sin ¢;—2z cos ¢;)]

j [0f—%, (x cos ap4y cos Brtzcos ¢p))

R— HmRe )
Er — Emrej (0f—kqx,) _ Emre] [0t —k, (x cOs a4y cos ,—2 cos ¢))
) — Hmrej [0f—kq(x cos a, 4y cos Bp—2 cos ¢)]
o L (2.19)
be=0V e by=0)/p,z. (2.20)

[MoncraBuB BhIpakennss Ans modell B Kakoe-JaHGO M3 rpa-
HUYHBIX ycJaoBHil (2.14) —(2.17), MOXHO HenocpeaCTBEHHO

Puc. 2,14 K onpejenennio 3aKOHOB GTPaXeHHs! W MPeNOMJICHHT
TNIOCKHX  BOJIH.

MOJNyYHTh 3aKOHBl OTpaxKeHHs M Tpesomienus. [lomcrasum,
Harnpumep, BbipaxKeHHs VI T0JIeH B rpaHudHoe ycsoBue (2.14)
AJI1 TaHTeHLUHANbHbIX COCTABJAIOLIHX HANpPAXKEHHOCTH MarHHT-
Horo noJisi. Torma ansg 2=0 (puc. 2.14) Haxomum

Hiv + HRt =,

J (wf—kyx sin ¢;) J {wt—R, (x cos ap+4-y cos Bp)]
( ) l_l_HmR:e ! R R

HITH

==

Hmit
j [@f—ky (x cos ap+4-7 cos By)]
=H e '
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D10 paBEHCTBO [OJKHO BHIMONHATBC MM BCeX X H Y.
[TosToMy HOMXKHO OBITH

cosB,=cosp =0
kysing; =k, cosa, =k, cosa,

T
Ws nepsoro pasenctBa cienyer, uro fp=f =, 1. e.

YroJl OTpaxeHWs ¢, W Yrosa mpenoMieHds $, Kak H yron
Najienus @;, Jiexkar B OAHOH M TOH K€ MJIOCKOCTH, B INIOCKOCTH

najaeHuys.

M3 mepsoro paeenctBa BTOpOH CTPOKH (2.21), MOCKOJIBKY
. 11
0=~ — Pg» CIELYET

sing,=sing,
OTKy/aa noJyyaeM 3akoH CHeJuHyca
' P =Pp =0\ (2.22)

T. €. yroJ OTpaxeHHs paseH yray naaenus. OTpaxeHue, Mpu
KOTOPOM CNpaBejJIMB 3aKOH (2.22), Ha3blBaeTCs 3epKajIbHBIM.
Ms Broporo paBeHcTBa BTOPOi CTPOKH (2.21), mockosbKy

ar=% — ¢, cjaenyer, 4TO
kysin ¢ =Fk,sin . (2.23)

PaBenctBo (2.23), Kak HETPYAHO TNOKas3aTh, Hpu o=0
npejcTaBageT co6oi BTopodl 3akoH CHesMyca — 3aKOH mpe-
JIOMJIEHHS].

B camom nene, npu o,=—=0

— ®
kl =0 l/P‘oEo VP‘],SH = n,,

b o)V © , (2.24)
2 — W P‘oeo" P’grszr— T”zv
rne
u e
_— & ——
tr o ' r €9
— OTHOCHTEJIbHBI€ MarHuTHass " JH3JIEKTpHYeCKasi TIpOHH-
1
11aeMOCTH, V—:-:C -— CKOpPOCTb CBETa B BaKyywme,
Ro€o

l/P'lrslr =Ny VP-2’,52’, =n,
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~— NokaszaTesd mnpenomieHus obeux Cpes  OTHOCHTENBHO
Bakyyma H, CJea0BaTesbHO,

== (2.25)

2 MoxHo 10Ka3aTh,

yto npu o0 (2.23)
w\“ npespaiaercs B COOTHO-
o

‘QQ°3 leHue, XapaKTepH3yio-
@t“\ Wee  pacmpocTpaHeHue

\\@/ HEOAIOPOHON  MJIOCKOH

X BOJIHBI — BOJIHbI, ¥ KOTO-

 Mnockocms poii MIOCKOCTb paBHBIX
”“5,%’ PTII a3 He coBmnamaer

IJIOCKOCTBIO PABHBIX aM-
nnuryx. [Ipy stom mo-
C/l1e[Hsig TJIOCKOCThL T1a-
Puc. 2 15. HeoanoponHas mniockast BoJiHa. paJle]bHa MOBEPXHOCTH

3€MJIH, a MJI0CKOCTb paB-

HbBIX (pa3 HeCKOJBKO Ha-
KJOHEeHa K miaockocTd 3eman (puc. 2.15). Ilpu 69,00 miio-
CKOCTb paBHBIX (a3 CTPeMHTCs COBNACTb C ILJIOCKOCTBHIO
paBHbIX amnauTya. OnxHOBpeMeHHO rayOHHA NPOHUKHOBE-
HHSI B 3€MJII0 CTPEMUTCS ‘K HYJIIO

(4. JKoadhpuuuent oTpaxenus

npTOPHU30HTANBLHON MOJAPU3ANUH
PaccMoTpuM cHauasna OTpaKeHHe TIPH TOPHU3OHTAJNBHOMN
MOJISIpU3 AL UH.

[Tpu 3TOM A/s HampsiXKEHHOCTH MAarHUTHOrO TIOJS LieJe-
coobpa3Ho BOOMOJNbL30BAThCS TIEPBOH mapodl TrpaHHUHBIX
yCJOBHH. ,

YuurniBag paBedctsa (2.22) u (2.23) u momcTaBass

k2
cos ¢ = ‘/ 1— ;;—singcp, (2.26)
2

3anuuleM NepBYI0 Mapy TPaHUYHBIX YCJOBHHA B BHIE

-
H.—H_cosp=H 1 — —Lsin?o,
(Hi = My cose 'Vk g e (2.27)
Pl(H,’"l"HR)Sin‘P:P'aﬁH,Sin‘P,



jot __gr . jol
tak Kak H _, e""'=H, =H, cos¢; H ,e"=—Hycospur. a.
BeengeM Tenepp OTHOLIEHHS:
H
R__
, =R, (2.28)
— KO3(h(HUIUHEHT OTpaXKEHHs NPH TOPH3OHTAJILHOH MOJSIPU3ALIHY;
Hr
=" (2.29)

i

— K03(UUHUEHT NpesioM/IeHUsT NPH TFOPH3OHTAJIbHOH MOJIspH3a-
uud, O6a Koaddunpenta HaspiBalOTCA Kodddunuentamu Ppe-
HeJis.

Pemas (2.27) otsocutesbHO R M 1|, TOJyYaeM

pok, cos p —py '/ kg ——k2I sin? ¢

Pk, €OS @ + 1y VI% — k2 sin%y

ok, Sin B — l/kg — k? cos? b
= ———, (2.30)
Bok, sin 0 4 p, ]/kz—— ki cos? 9

1
rae =-—-—¢—yron ckombxenus.

Bripaxenus n1ss KoadduureHTa npesomyeHus £ MPHBOJHTD

He OyJaeM, TaK Kak B NPAaKTHKe PacpoCTPaHEHHs paHOBOJIH
¢ K03(h(HULHEHTOM NPEJOMIEHHs IPUXOAUTCS HMETh JEJI0 OueHb
peaxo.

Koahduuuent orpakedus R, KaK HETPyAHO BHIETD,
siBJIsieTcs, BooOlLe TOBOPsi, BEJUUMHOH KOMIWIEKCHOH

R=IR |e™, (2.31)

rae |R | —Monyab KoadduuuenTta oTpaxeHHs;
B, — apryMeHT KoahGHuKeHTa OTparkeHHs.
KomnnekcHocTh KoagduuuenTa oTpaXKeHus O3HayaeT, 4To

TIIpY OTPaXKEHHH BOJIHBI HMEeT MeCTO H3MeHeHHe (asbl KoJseba-
nuit Ha yroa B. IledcTBuTeNbHO,
i (@t—Fkixp—Br)
H,=HR =H R |e . (2.32)
Hna Bo3gyxa MOXHO NONOXMUTb o,=0, p,=1p,, &, ¢,
IS 3eMJIH B GOJIbIIMHCTBE CIyYaeB p, = i,.
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Beusty 31oro BhipamenHe ans R ympolmaercs
sin B—Ve' — cos? g
R= —_— (2.33)
sinf+ )/ e, —cos?6

rne
—f % —e —
& =", J oo =5 j60ks=¢e_— jy
— OTHOCHTEJIbHasi KOMIJIEKCHasd JIHUAJEKTpHYeCKass IpOoHHUIae-

MOCTb
€q . \

Kak BugHo u3 dopmyasl (2.33), koadpbHIHEHT OTpaXKkeHHUs
3aBHCHT OT YrJa ckoabieHus (. OH Tak)Ke 3aBHCHT OT [JIMHBI
BOJIHB U TIaDAaMETPOB MOYBLI, TOYHEE, OT COCTHOILEHHS MEXKAY €,

% BesmuMHOH 60ic—=-1. Bennunxa in'— npejicTaBageT  coboi
OTHOLLEHHE TOKAa CMEILeHHs K TOKY MPOBOAUMOCTH.

[Ipoananusupyem Kos(dUUHEHT OTpa)KeHUs AJd TpeX BHIOB
TNOYB:

a) 604s < e, (nouBa — IMBNEKTPHK),

6) 604s =~ e, (MO4YBa — MOMYNPOBOAHHK);

B) 604s > e, (mOyBa — NMPOBOMHHK).

JEnsTTOrG 4TOOBl MMETb OpHEHTHPOBOUHBIE AAHHBIE O 3aBH-
CHMOCTH CBOHCTB XapaKTepHbIX IOYB OT AMMHBI BOJIHBI, TpH-
BeJeM CcJedyIoulylo Tabsuiy.

CroficTsa

JnanexTpuk | TMonynpoBoaHHK [poBOAHHK

Cyxas 3eMsst A4 n |4 mA<400 # | A>400 m

o=10-3%2
M

Mopcxkas Boia A3 cem | BcmlA<3 A>3
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a) 602s < e, (mouBa — NUBNEKTPHK).
B atom ciyuae KoappHUMEHT OTparkeHHs

i —_ i 2
__sin8—]/e, —cos®0

T sin® +/c,—-c0529 (2:34)

BeleCTBEeHeH, NPHYEM [/ BCeX yraioB ckonbxkenus 6 R <0
W B HyJb He oGpalllaeTCs HH NPH g,

KaKUX 3HaueHHsx f, 4yto caemyer
M3 TOro, 4TO JJs BCeX IOYB |
e, —1>0,

1 TOSTOMY 4YHCJUTENb B (opMmy.Jie
(2.34) Bcerna orpuuarteneH. Xa-
paKTepHble 3HaueHds R :

ey
R.=—1 mpu =0, 4 {
Ve, —1 . Puc. 2.16. Kpusble momyas
Ri=——=F—— mpu = —--  Koapduumenta otpaxenns [R|

Ve, +1 B cayyae 60hse, an pas-
Fpadukn Monpyns koabdumu- JHUHBIX €.
€HTa OTpaKeHHs H300paKeHbl Ha
puc. 2.16, aprymedt B paBen w mpu Bcex yraax f.
6) 6043 ¢, (mouBa — MOMyMPOBOAHHK).
Kosdduuuent orpaxenus B srom ciyuae ABJAETCA KOM-
niekcubiM. ['padukn Moayns u aprymenrta KosdduupeHta
OTpaxKeHWs NpHBEJEeHBl Ha puc. 2.17 u 2.18.

Ind o
0
!
§ $ é-
2 ' 6,0

a J’ - oo

A
é 7 J 7 4
Puc. 2.17. KpuBble Moayas ko3p-  Pyc. 2.18. KpHsbie aprymenta Kosg-
duunenta orpaxenus |R;| B c1Y-  Quumenta oTpaxeHus . ANA pasing-

9ae 60Ac e gna pasnudHbIX . HBIX ©.
5* 67

(AL)]




B) €045 > e_ (mOuBa — NPOBOJHHK).
B stoM ciyuae xoa(dHUHEHT OTpaKeHHsl MJIs BCeX YIJIOB
paBeH R = —1, T. €. BCs 3/IeKTPOMArHUTHAs SHEprHsl, Najaio-

mrad Ha 3eMJIIo, OTpaxKaeTrcs.

5. KoathpuuueHT oTparkeHus NPH BEPTHKAJIBLHON NOJASIPH3ALHH

OpuenTariis BEKTOPOB 31ech OyAeT TaKoH, KaK 3TO I[0Ka-
3ano Ha puc. 2.19. Koabdduusent orpaxenns (KosddHuHeHT
®penens) B 3TOM Cjlydae ONpeaensiercs OTHOLIeHHEM

Ep
RB'-:—ET' . (2.35)
/
£ [
] [ p

Puc. 2.19. K onpeaenennio ko3¢-
Guuuenta oTpakeHus: NpH BEpTH-
KaJbHOM MOJSIpH3alHu

BBray ananoruy B nmocTaHOBKe 3agaud OTPaXKeHHs paJHOBOJIH
OpH BEePTHKAJILHOH M TOPH3OHTANbHOH MOJSPH3ALMAX MOXKHO
Cpa3y HamucaTh BblpaKeHHe /15 KO3(pGdHuHeHTa oTpaxkenus R

ecyu B Bblpaxkennd (2.30) mas R, 3aMeHHTb

]

p, Ha e;,
p, HA €.
Takum o6pasom, mosnyyaem
kyeg sin  — e; ng — k2 cos?

R = —
® kyeysinfte; Vk% — k¥ cos? @

=|R e "™ (2.36)
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Tak kak nas Bo3ayxa o6,—0, p,=up, H &, =g, 1 B 60Jb-
ILMHCTBE CJIYYaeB (i, =={x,, TO

e sinf— ‘/e' —cos20
R =— . (2.37)
e, sin 0+ Ver —cos? B

ITpousBeneM ananu3 Bhipaxenus (2.37).”
a) 6025 < e, (mOuBa — AMSJIEKTPHK).
B stom ciyyae KO3(pQHUHEHT OTpaxKeHHs

H I — 2
,sin0—1/e, —cos B

R = (2.38)

e, sinB4} e —cos?b

BeLlleCTBEHEH.
Hetpymuo Buaetb, 4o R, B 3TOM Cilyyae MOXeT ObiTb

Kak MeHblle, Tak M Gosbile Hyas. JleACTBHTENBHO,
R,=—1<0 npu 6=0

er—‘l/:_ ‘/e—r—l
S

>0 npu 0:—;— .

R

CrnepoBatenbHo, Tpu KakoM-10 0 =10, xoadpduuuesT otpaxe-
HUs

R,=0

¥Yron, npu xotopom R =0, Ha3blBaeTCs Y2.A0M NOAHOZO
npesoMACHUS.
Haiinem yron nonHoro mnpeJiom/eHusi. R paBHO HyJIO,

KOTHa YHCJMTeNb B BhiDaxeHHH (2.38) paBeH Hymo, T. e.
H 2 J—
e,sinf, —]/ "¢, —cos*, =0,
OTKyJa

. 1
sinfy—=———. (2.39)
‘/ e, +1
Kakos ¢u3nyeckuil cMbic/l paBeHCTBa HYJAO KO3hDdHu-
LHEHTa OTPaXKEeHHs?

IMpu R;=0 oTcyTCcTByeT OTpaxeHHe W BCSl dJeKTpomar-
HUTHAA SHEPrds NpPH yrje MOJHOro NMpeJOMJEHHsT NPOXOAHT
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B 3eMJII0, He OTpaKasich OT Hee. 3]ech UMeeM sBJeHHe, aHa-
JIOTHYHOE COrJIACOBAHUIO B JJIMHHBIX JIHHHSAX.

B camom [fesne, pacnpocTpaHeHHe MJIOCKOH BOJIHBI
B OJHOPOAHOH HeorpaHWYeHHOH Ccpele TIONHOCTBIO aHalo-
FMYHO PACTIPOCTPAHEHHIO BOJIHBI B JJNHHHON JHHUH, eC/H Ha-
npaBJieHHe pacmpocTpaHeHUs MJIOCKOH BOJHBI CUHTATH aHa-
JIOTHUHBIM HanpaeJeHHI0 PacnpoCTpaHeHHs BOJHBI B JIH-
HHHM, a OTHOINEHHe HATIPSIXKEHHOCTH 3JIEKTPHUYECKOro MOJIs
K Hanps»KeHHOCTH MarHUTHOTO TOJIS MVIOCKOH BOJIHBI, PaBHOE

E_VE
H e

ynogo6UTh BOJIHOBOMY COMNPOTHBJIEHUIO JIHHHH.

[Tpu Hanuuuu »Ke JBYX cpel, pasfeleHHbIX TIOCKOH
rpaHuue, pacnpocrpaHeHde NJIOCKUX BOJH B 3THX cpelax
MOXeT ObiTb COOTBETCTBEHHO YMoJ00/I€HO pacipocTpaHe-
HHIO BOJIH B JBYX TIOCJIEJOBAaTENbHO COENMHEHHBIX JTHHUAX
C pa3/MYHLIMH BOJHOBBLIMH COTNPOTHBJIGHHSIMH.

¥lns sToro Hampam/ieHHe, MepNeHAUKYJsIPHOE TpaHHUle
pasngena u obGpasymoliee OCTPLIA yroJ c HanpaBJeHHeM pac-
npoCTpaHeHUs TNafawllell BOJHBL, CJAeLyeT paccMaTpHBaTh
KaK HamnpasJeHHe pacmnpocTpaHeHHs TPSAMOH BOJHBI B JIH-
Hud. OTHOIIeHHe TaHreHUMaJbHBIX COCTABJSIOLIUX JIEKTPII-
YEeCKOr0 ¥ MAarHUTHOro mnoJieil g KaXI0H BOJHBI B KaXJOH
cpene clenyeT paccMarTpHBaTh Kak BOJHOBLIE COTIPOTHBJIE-
HUsi 3TUX cped. Omnpenensis BOJHOBbLE CONPOTHBJEHHs Ta-
KUM 00pa3om, noJsyyaeM pas3yduHbie Pe3yJbTaThl AJ151 BEPTHU-
KaJIbHOH M TOPU30HTANbHOM TIOiSIPU3ALUM,

COOTBETCTBEHHO H3JI0XKEHHOMY B cJydyae BePTHKAJbHOM
(10JIPH3aLM1 BOJHOBOE COMPOTUBJEHHE JJIs Najalolleil BoJ-
HBEl pPaBHO :

E;sinb "
2 =—7—= *:—:sino,

i

a JJs l'IpeJIOMJ'IeHHOﬁ BOJIHBl —

—
E, cos} k?

Z ='—=V&COS :__V&"_z‘/ 1 — —cos?0 .
= H, o SO ‘. 2

Koadduuuent orpakeHuss AJHHHOA JIMHHM, KOTOpHIA 0003-
HauuM OyKBOH P, paBeH
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p_ 22 Zl J—
l2 l Zl
2

e
'/—sm(-)—l/’:: ‘/ k' cos? 0
‘/—smﬁ-]-V l/ .60829

ek, 31n6—a,;/k2-—k2c0326
ek, sinb 4 ¢, l/k2 — k? cos? 0

=—R.*

Hocxom:xy [py yrJji€ IOJIHOI'O TIpEJIOMJICHHUST HMEEeT MeCTO

PaBEHCTBO BOJIHOBBIX CONPOTHUBJEHHH Z,=Z,, T. €. HMeeT
MECTO COIJIaCOBaHHE Cpej, TO YHCJHUTeNb Ko3(dHIHeHTa oTpa-
MEHHUs! PaBeH HyJIO M OTPAXKEHUs He CylLleCTBYeT.

[paguky 3aBucumoctd |R_ | u B, OT yrJia CKOJIbXKEHHS IIpH-

BejeHbl Ha puc. 2.20 u 2.21.

W P

[rl Jrl Z,.,

1
<

>
<

0 8, VA
R o3 5 4

Puc. 2.20. KpuBsie Mopyas xosbdu- Puc. 2.21.  Kpusnie aprymenta
uuenta orpaxenus |Rj| B cayuae kospduuuenta oTpaxenus B, B

60Ao<<e LNsL PasiMUHbIX €, ' cryyae 60AaKe,.

6) 6025 =~ e, (mouBa — MOJIYNPOBOJHHK).
B aTom ciyuae xapakrep uamenenns R, m B, B 3aBucH-

MOCTH OT yrJa  TakoB e, KaK B C/lyyae [M3/EKTPHYECKON
MouBH, HO |R,| B HyJb HHrge He oOpaimaercsi, T. e. yria

NOJIHOTO MPEJIOMJIEHUS He CylECTBYET, CyllEeCTByeT yroJ, rae

* OTnuyne B 3HaKe CBA3aHO C BHIGOPOM HANpaBleHHs BeKTOpa E,
Ha puc. 2.19 npu sbiBone dopmyast Ans R,
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R, npunMmaer HauMeHbluee 3Hauenue. I'padku MOAyJ st M apry-
MeHTa R mpuBeieHs Ha puc. 2.22 u 2.23.

Ry Ps
!
g
7
o/ 00
oy = ¢ =1
0. g
7
Puc. 2.22. KpuBeie MoznyJs Kodb- Puc. 2.23. Kpusnle apryMeHra
duumenta oTpaxenns |Ry| B cay- Kopbuuuenta orpaxenus B, B
yae 60hs =, cayuae 60Ac e,

B) 60is > e (moYBa — MPOBO/HKK).
B s1oM ciyuae ans Bcex yraoB Rg=1; Bcst 3JeKTpo-
MaTHUTHAsi SHEPrWs, Tajamwas Ha 3eMJ, OTpPa)aeTcs.

6. CpaBreHue OTpaXKeHHs PaJMOBOJH
NpH Pas3jvyHbIX BHAAX MOJSPU3ALKUH

Hns cpaBHenus Ha puc. 2.24 u 2.25 u306paxKeHnl 3aBH-
CHUMOCTH MOAyJeii ¥ apryMeHToB k03¢ (HUIHEeHTOB OTpaxe-
HHA Rp u Ry An9 OfHOH M TOH Xe «TOJNYIPOBOASILEH> MOY-

M!LMJI p "
. Y i}
! T 7 :
7
Vil l
f /
0 v 0 - 70
f 4
Puc. 2.24. Cpagnenve MonyJeii Puc. 2.25. CpaBHeHue apryMeHToB
KOHLHMEHTOB OTPaXKEeHHs. K03hOHIHEHTOB OTpaXKeHus.

ebl. Kak BHHO M3 puc. 2.24, mpu yriax ckoibxkenids =20
uﬂ————g- MonyJH Kosboduuuentop orpameHust [Rp| u |Rel

paBHbl apyr Apyry. s Bcex APYruX YIJIOB CKOJbXKEHHSA
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K03(HpULHEHT OTPakeHUs NP TOPHSOHTAIBHON MOJSPH3A-
upy GOsblIe, YeM MPH BEepPTHKANbHOH. ITO 06CTOSTENBCTBO
sIBJISIETCSI OCHOBHOH MPHYHUHOH TOro, UYTO B pPajHOJOKaLHU
yale TIPUMEHSIOT TOPHU30HTAJBHYIO MOJSPU3ALHUIG.
PaccmoTpuM Temepb Bonpoc 00 OPHEHTALHMH BeKTOPOB
E u H B o6oux cayuasx mosnspusauuu npu c=0. B ciydae

Puc. 2.26. Opuentauust BekTopoB  Puc. 2.27. OpHeHTauus BeKTOPOB
nonst OTPaXKEHHOH BOJHBI NpH FOPH  MOAS OTPAXKEHHOH BOJHBI NIPH Bep-
30HTA/ILHOH MONAPHU3A UM, THKaJIbHOM NoJsipu3aunu npu 6<6,

rOpM30HTaJNbHON mossipudanuu Bektop Hp mpu Bcex yriax 0
LOJIKeH ObITh HampasJieH MpPOTHBOMOJOXKHO NPUHATOMY pa-
Hee HanpaBJeHHIo, Tak Kak Rpy<0 (Br=m) a5 BCeX yrjoB
CKOJIbXKEHHS, a M3MeHeHue (a3bl Ha s O3HayaeT MOBOPOT
BekTOopa Ha 180° (puc. 2.26). Ilpu BepTHKaJbHOH MossIpu3a-
uuu o yrsia noJsoro npesnomiaenus (0 < 0,) Rz<O0 u, cieno-
BAaTeJbHO, BEKTOP HalpaBJieH TaKke MPOTHBOIMOJOXKHO pa-
Hee npelnosiarasileMycsl HanpasJeHuio (puc. 2.27).

IIpu yrse nonHoro mpeJo-
maenus (6=190,) uer otpaxe-
Hus (puc. 2.28).

1'7/; Ht
Puc. 229. Opuenrauus BekTopoB  Puc. 2.30. Opuenrtauds BekTo-

TOJs OTPaKeHHOH BOJIHBI TIPH BEPTH- POB MOAS TIPH BEPTHKANBLHOM
KaJIbHOR TOAsIpH3auUnH npH 6>6,. TnajeHuH.
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[Mocnie yrna moasoro mnpesnomaenust (6 >0,) umeer mecro
Takasi OpHEeHTalusi BEKTOpOB, KaK Noka3aHo Ha puc. 2.29.

U3 puc. 2.29 u 2.26 BugHO, YTO NpH 0=% JOJKHA I10-

JYYHTBCS TakKasi OpHEeHTallusi BEKTOPOB, KaKas [OKa3aHa Ha
(puc. 2.30). Orciopa cieyer, YTO MPH BEPTHKAJBHOM IaJeHHH
BOJIHBl HET HHKAKOTO pa3/iuydsi MeXAy TOPH3OHTaNbHOM M Bep-
THKaJbHOH MNONSIPH3aLMsIMM, KaK 3TO M cjaelyeT H3 NpPOCThIX
¢u3nyeckux coobpaxKeHHH.

7. Cayyaih npou3BoJIbHOH MOJsIPH3ALUH

PaccMoTpuM ciayyall mpou3BOJIbHOH OpHEHTALHW BEKTO-
poB E u H mapaiomeit BoJHE OTHOCHTENBHO MJIOCKOCTH dla-
neHus. B aTom ciydyae gnisi onpejesieHusi nonsi OTPaKeHHOMH
BOJIHBl HeoOxonuMo BekTop E; napawomefl BosHH ‘pasno-
KHUTb Ha COCTaBJIAIONUIYI0O B TJIOCKOCTH MaJeHHs W COCTaB-
JIFOLULYIO0, TIepNedAMKYJsPHYIO MJIOCKOCTH NafeHus.

«MoXHO mosiaraTh, YTO MajgapIlasi BOJHA PacK/aaLIBaeT-
Csl Ha JBe BOJHBI: BEPTHKAaJbHO MOJSPU30BAHHYIO C Hamps-
*eHHOcTplo Moy E;z M TOpU3OHTaNbHO TOJSPH30BAHHYIO
¢ HanpskeHHocTbio noasi E;. OTpa)keHHas BoJiHa ecTb pe-
3yJbTaT CJO0XKEHHUS COOTBETCTBYIOLIMX OTPaXKEHHLIX BOJH
(puc. 2.31). Takum 06pasoM, MOXKHO 3aNUCATh:

E,=E_+E,, (2.40)
E,=E, +Eg. (2.41)
roe
ERB=RBEia’ (242)
E.=RE,. (2.43)

HMcnonssyem npsmoyroJbHylo cuctemy KoopauHat X, Y,
Z, y KoTopoit ocb X coBnajaet c HanpasseHneM Bektopa Ep
ocb ¥ — c Hanpasienuem Bexktopa E, , a ocb Z—c Hanpas-
JIEHHeM DaCMpOCTPaHEHUs] OTPAXEHHOH BOJIHBL.

Torpa, ecmn nonoxurs E,=E, ¢ ©f=k2) 1o momyunm

re=|R.|E,, cos(ot —kz—B —¢) |

} (2.44)
Ry =Ry | E ,, cOs (0ot —k2—B —¢)
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B stux c¢opmynax ¢ — daza KonebaHuil manawieh
BOJIHBl B TOYKE TiaJ1eHHs.

Buoipaxkenns (2.44) npu (UKCHDOBAHHOM 2 IpeICTaB-
Js10T co00fi ypaBHeHHe 3JIIMICA B TapaMeTpUdeckod ¢op-
me. B ¢ukcupoBaHHOH Touke 2 KoHell BekTropa Egp 3a onun
NepuoJ ONMKCHIBAET JIIMIC B KOOPAMHATHOH niockoctd XY,
T. € B IJOCKOCTH, TIePNEHIHKYJISPHOH pacnpocTpaHeHHio
paauoBoJiH (pHc. 2.32). IIpu oTpaxeHun OT HMIeasbHO TIPO-
BOASILIEH HJIM IHDJIEKTPHYECKOH MOYB, Tak Kaxk Pr—Ps=0
HJIM 71, SJJIMIIC MpEeBpaliaeTcsl B JIMHUIO U MBI NOJyYaeM JHU-

X
“ N

¥

a:
/ I
Puc. 231. Orpaxenne B cayyae Puc. 2.32. [Toaspusanus orpaxen-

MpOU3BOJIbHON NOJSAPU3ALINH. HO BOJIHBI B Clly4ae NPOH3BOJIbHOM
NoJIsipH3al Uy Majaouleil BOAHBI.

Y™

HefiHylo noJaspusanuio. OTMeTHM, YTO IPH yrje TOJHOro
npeJIOMJIEHHsT OTPaXKeHHAasl BOJHA, KaK Gbl HH Obl] OPHEHTH-
posan Bextop E; mapawoomeil BosHb, Bcerga sBJseTcsi ropH-
30HTaJIbHO moJisipH30BaHHON. I[To3ToMy yros noaHoro mpe-
JIOMJIEHHS] HA3bIBAETCS TAKKE YeAOM NOAHOL NOAAPUIAYUU.

[Mpu oTpaxkeHud OT MNOJYNPOBOASIIMX IOYB, MOCKOJBKY
pasHocTb (a3 B — P, MOXKeT npuHUMATh JoOble 3HAUEeHHs

B npejesax 0--m, OTpaxeHHas BOJHA 3JUIMITHYECKH IOJSAPH-
T
30BaHa W B 4acTHOM cayyae npu B, —B, = u |R|E, =

=|R, | E,,, nonspusosaHa Mo Kpyry.

B 3akiwouenHe a3toro naparpada mpuBexeM Trpaduku
MOJyJel 1 apryMeHTOB K03((pHLHEHTOB OTPaKEHUS B 3aBH-
CHUMOCTH OT yryia cKosab)KeHus (puc. 2.33—2.38). Ilapamer-
poM 3pmech sBJasercsd BeauuuHa m=60Ac. IDTH rpacduku
paccuuranbl Beppoysom.
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Huske mpuBe1eHb 3HAaUYGHHs 3JEKTPHYECKHX NlapamerpoB
pasJMYHBIX TIOYB NPH OTCYTCTBHH AHMCTEPCHH.

MO
‘f G, ;‘-‘
IMousa
oT ‘ Ao oT \ Ao
Mopckast Boja . . . . . . .| 80 — 0,66 6,
Bnaxuas 3eMasg . . . . . . 5 20 10-3 10-2
Cyxast 3eMas . . . « . . . 2 6 10-4 4.10-3
MMpecwass Boga . . . . .| 80 — 10-3 5.10-3
\

B 1nuanasoHe CaHTHUMETPOBBIX BOJH HauyMHaeT CKaabl-
BaTbCcs AMCTEpCcHs, W 3JEeKTpHUYeCKUe mapaMeTphl CKa3biBa-
IOTCS OTJTMYHBIMH OT TIDUBEIEHHBLIX B stoii Tabauue. Ilosto-
My MnpHBeIeM OpPHEHTHPOBOYHLIE 3HAYE€HHA 3JIEKTPUUYECKHUX
napaMeTpoB AJiss BOJH CAHTHUMETPOBOro AaHamnasoHa, IoJiy-
§EHHBIE 9KCNEepHUMEHTAJbHBIM HJIH TEOPETHUYECKHM MNYTEM.

MO
Mousa X, cm &r %
Mopckast Boja npu 20—25°C . . . . . 10 69 6,5
Mopckast Boga npu 28°C . . . . . . .. 3,2 | 65 16
Cyxo#t mecuaHblif TPyHT . . . . . . . . 9 2 0,03
Bnaxubil necyabid TPyHT . . . . . . . 9 24 0,6
IMpecuas Boga mpu 20°C . . . . . . .. 10 79 2,06
[MpecHas Boga mpu 20°C. . . . . . . . .. 3 64 18,4

OTMeTHUM, YTO 3aBUCHUMOCTb €& M O OT YACTOTHl HCCJAENO-
BaHa TOJBLKO MJISi MOPCKOH M mMpPecHOH BOIBI.

§ 4. OTPA)KEHUE OT MOBEPXHOCTH 3EMJIM C XAOTHYHO
PA36POCAHHBIMH HEPOBHOCTAMHU. 3KCNEPUMEHTAJIbHDBIE
JAAHHDBIE

1. 3epkanbHoe, nud¢y3Hoe, NOJypaccessHHOE OTpaXkeHHe

ITpu BhiBome (opMyn nas Ko3(p(ULIUEHTOB OTpaxeHHs
®penenss penanoch TIpeNNoJOXeHHE O TOM, UTO 3eMJs
siBJIsSIeTCSt COBEpPLIEHHO POBHOH M rJaikod mo KpaiiHed Mme-
pe B TIpefenax CyLeCTBEHHOro ydacTka AJs OTpaKeHHSs.
OnHako Ha MpakTHKe 3TO YCJOBHe HHUKOrJa MOJHOCTBIO He
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BHIMONHSETC. BBUAy 5TOro mpencrapasiercs Heo6XoIHMbIM
paccMOTpeTh BONPOC 0 TOM, KaKHe OTKJIOHEHHSi OT 3epKallb-
HOTO OTPaKEHHst MOTYT ObITb MPH HEBBHINOJIHEHHH VKa3aH-
KOTO TIPENTIONOKEHHS.
CHavana HaliieM BbICOTHI
JOMyCTUMBIX HEPOBHOCTEH /st
3epKasbHOro oTpaxewusi. [TycTb
IJIst  YNpPOLIEHUs: HEPOBHOCTh
NpeJCTaB/IseTCss B BHAE CTOJ-
6uka BHICOTOH A (puc. 2.39).
OueBHIHO, Y4TO MOXKHO GyxeT
CYHTATh OTPaXKEHHE 3ePKANIbHBIM,
ec/M B HaNpaBJEHWH 3epKaJib-
HOTO OTpaXKeHHsi reoMeTpuyec-
Kas PasHOCTh xofa Jayueit ¢Cq
H ¢'C'q' 3HauMTeJbHO MeHbllle
JJvHbL BOJIHBL 2. OTpakeHMe KaKk H B ONTHKE CUHTAIOT 3ep-

Puc. 2.39. K BbiBogy Kpurepus
Penes.

A
KaJIbHbIM, €CJIM 3Ta DPa3HOCTb X0Ja MeEHbIlue s 10 cooT-

T
BETCTBYyeT Pa3sHOCTH ¢a3 - -

M3 puc. 2.39 BugHO, 4TO reomMeTpHyeckas pasHOCTb XO/a
paBHa

BCB = L=2hsin.

CooTBeTcTBYIOIIAs PA3HOCTb (ha3 paBHa
2rnL _ 4nhsin®

="
CreoBaresibHO, JOMKHO GHITH
4nh

. k11
sinf < —

>

(2.45)

dra ¢opMy/ia mpeacTaB/seT COGOM TaK Ha3bIBaeMbIH KpH-
Tepuit Pesiest miepoxoBaTOCTH oTpaxaioleil noBepxHocTH. M3
3TOH (OpMyJsibl BHIMM, YTO BBLICOTHI HOMYCTHMBIX HEPOBHOCTEH
JUISl 3ePKaNBHOTO OTPAXKEHHsI ONpeneNsiOTCSi He TOJbKO [JH-
HOH BOJIHBI, HO M CyLIECTBEHHO 3aBHCST OT YIJIa CKOJIbXKe-
st 6. Onn Tem OoJsiblle, YeM MeHbLIE YIrOJ CKOJIbXKEHHS.
C 3710l TOUKH 3peHHMsI NPAaKTHUECKH TPeGOBaHUA K CylleCTBeH-
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HOMY y4YacTKy C yMeHblUEHHeM yrja CKojbkenust O moHumxka-
I0TCS M, CJIeJOBaTeJbHO, [OMYCTHMBIE HEPOBHOCTH MOTYT
6biTb Gosbiimu. Hanpumep, ans A==1 x npu 6=30° no-
mycTHMas BhcoTa HepoBHocTd A, =0,125 x, a npu §=1°

aTa BblcoTa A,  =3,75 M.

3aBHCHMOCTb XapaKTepa OTPaXKeHHst OT yIJla CKOJIbXKEHHs!
JIETKO TIPOJEMOHCTPHPOBaTh, HabMio[asi OTpakeHHe OT JHCTa
6ymaru. Besbiit ycT Gymard, HaG/MOfaeMblit O YTJIOM CKOJIb-
>keHust, 6ymskuM K 0°, mpenctasasiercs: GaectsuuM. Ecau xe
JUCT HabJoAaTh MOJ yrJoMm, 3aMeTHo GosbwuM 0°, To Gieck
HCYe3aeT.

Ecny HepOBHOCTH 1LEPOXOBATOH MOBEPXHOCTH HE YIOB-

; , JIETBOPSIOT pUBeJeHHOMY

BBHIlIE YCIOBHIO, TO OTpaxe-

HHe OyleT MoJypaccesHHbIM.

Hns Toro yroGhl co3gaTth ce-

6e mnpencTaB/eHHEe O [OJY-

paccessHHOM OTPa’KeHHH, pac-

CMOTPUM CHayaJja, YyTo Npef-

craBisieT co0OH paccesiHHOE,

Puc. 2.40. K ONpE/eNeHHIo HHTEH-  HJIM, HHAUe, mnq)Q)ygnge, OT-
CHBHOCTH OTPa*KeHHOH 3HEpruy. .an(ﬁHHe.

[Tpu nuddysHom otpaxe-

HHM, €CJHH MPUMEHHTb TEPMHHOJIOTHIO ONTHKH, $IPKOCTDb

oTpaxaiollell MOBEPXHOCTH BO BCeX HampaB/eHHsXx GyneT

O HHaKOBOH.

Ecim  d® — noTok OTpa)keHHOH 3SHEPrHH B Mpefesax Te-
JecHoro yria d{) B 3ajaHHOM HanpaBiieHHH, 06Gpasyiolem
yros @ ¢ TEpHEeHAMKYJSPOM N K OTpaxaiollled NOBEPXHOCTH
(puc. 2.40), To mpu aUdPY3HOM OTpaKEeHUH HUHTEHCHBHOCTD
OTpaxKeHHOH SHepruM, onpejenseMas Kak

dd
I=2g

3aBHCHT OT yTIJa @ M0 ,3aKOHY KOCHHyca* (3akoH JlamGepra)
=1 cos¢ (2.46)

mpu Jio0oM yriie najeHus, rae /, — HHTEHCHBHOCTb OTpaxe-
HHsl B MePIeHAVKYJIAPDHOM HalpaBJIeHHH.

Ilnarpamma oTpaxkeHusi Mo 3aKOHY KOCHHYCAa TIpHBegeHa
Ha puc. 2.41. Bux anarpamMmel He 3aBHCHT OT YrJa majeHusi
Jydya. OgHako Kak B ONTHKE, TAK H B PaJMOTEXHHUKE HET
84



TaX Ha3blBaeMbIX HIeasJbHO MaTOBBIX TIOBEPXHOCTEH, KOTO-
pbie Gbl MOJHOCTbIO AM(PY3HO oTpaxaiu. MmewTcs mosepx-
110CTH, KOTOPHI€ JIMLIb NPHOIHKAIOTCSH K HAEANbHO MAaTOBBIM.
[TosTomy, cTporo rosopsi, OTpackeHue OT 3eMJu B 60Jb-
weH MM MeHbIIEH CTeneHH siBJAseTCs Noayanddy3HbIM
WJIH, HHade, noJjypaccesiHHnM (puc. 2.42).
[TonypaccesiHHoe oTpaxkeHue OOYCIOBIANBAETCS HAJH-
uhdeM B TpefeJax CYyLIeCTBEHHOTO yyacTka JJsi OTPa)KeHHs
MHOXKECTBa XaOTHYECKH pAaclOJOXKEHHHX HepOBHOCTEN
C ‘pa3MepaMH, 3HAUYHUTEJLHO MEHBbIIUMHM pa3MepoB 3TOro
yuactka. OyeBHJHO, UTO YeM KOPOUYe BOJIHA, TEM BeposiTHee
BBLIIOJIHEHHE YCJOBHH, MPH KOTOPHIX OTpa){eHHe GJIM3KO

H n

SR

Puc. 2.41. Hudpdysuoe orpame- Pnc. 2.42. TloaypaccesinHoe orpaxe-
Hue. HHe.

K auddysHoMy. DT0 B TePBYIO o4yepenb OTHOCHTCSA K JHama-
30HY CaHTHMETPOBBHIX BOJIH, [JIs KOTODOTrO 3eMJsi He SBJseT-
csi poBHOH. CaHTUMETPOBbIE DAaIMOBOJHB B 0O/ bLIMHCTBE
C/lyyaeB PacCceHBalOTCs HEPOBHOCTAMH MOBEPXHOCTH 3€MJIH.
Ilpu sTom ciexyeT UMeTb B BHAY, YTO BO MHOFHX cJydasix
B 3TOM [Mana3oHe BOJIH B CHJY 3HaYHTeJbHOHl HampabJeH-
HOCTH M3JyueHHss aHTeHH TIJIaBHbI JIenecTOK AuarpamMel
HanpaB/leHHOCTH He «3aJeBaeT» TOBEPXHOCTH 3eMJIH H Mo-
3TOMY HeT HeOGXOZMMOCTH YYHTHIBATh BiHsiHHe 3eMin. Oue-
RHIHO, YTO HeT TakKxke HeOGXOAMMOCTH YYMTHIBAaTh BJIHSHHE
3eMJIH, €CJIH pacceMBaeMasl [OBEPXHOCTbIO 3eMJM 4YacTb
3JIEKTPOMArHUTHOH 3HEPTHM B HANpaBJIeHHH TOYKH HabJIio-
AeHHs Mana.

Onnako, Kak TOKas3asJ OMbIT, B 3TOM AXanasoHe BOJH
MOXeT HabiogaThCs W XOpollee 3epKajbHOe OTpaxKeHHe
CaHTHMETPOBLIX PaJHOBOJIH OT 3eMHO MOBEPXHOCTH. DTO
6yaer uMeTb MECTO, BO-TIEPBHIX, B TeX C/yyasX, KOTaa yroj
CKOJIbXKEHHS JOCTaTOYHO MaJl, TOr4a BBICOTHI HOTYCTHMBIX
HEPOBHOCTEH JUISI 3€PKaJIbHOTO OTPaXKeHHs COMVIACHO (Op-
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MyJe (2.45) yBenMuMBalOTCS ¥ OTPAXKAWOIUH yd4acTOK OKa-
3bIBAETCS MPAKTHYECKH JOCTaTOYHO «POBHBIM»; H, BO-BTO-
PHIX, B Tex cJjydasx, korna 3¢¢exTUBHBIH y4acTOK 3eMHOMH
MOBEPXHOCTH, y4acTBYIOWIHA B (OPMHUPOBAHUH OTPaXKEHHOH
BOJIHB, A0CTaTO4YHO MaJ (npu OOJbLIKX yTJaax CKOJbXKe-
HEPs1), BCJEACTBHE Yero B TIpefiesax 3TOro ydyacTka TOBepX-
HOCTb 3€MJIM OKa3blBaeTcs AOCTAaTOYHO POBHOIA.

2. Pe3yabTaThl M3MepeHnid KO3G(HUMEHTOB OTPaXKeHHs

I.I.IepOX-OBaT’O'CTb 3eMHOH TOBEPDXHOCTH [OJI2KHa MaJlo
CKa3pIBaTbCqd MPH OTPAXKEHHH METPOBBIX M JE€UHMETPOBBIX
BosiH. OHa IOJIKHA B HauboJblled CTeleHH CKa3blBaTbCs

!

x [,,-4 A -
08 . fytodrf;c” A=llen
. og x \:.
aﬁ 095 2 : ]
N =,
04, 2 >
02 \\.. .-b - '
° \ P“
0 2 0d __J
A R A A R TR
6, 2pad

Puc. 2.43. CpaBHeHHe H3MepeHHBIX KOI(XPHUHEHTOB OTpaxKEHHs
OT CYXOro rnecka C TeopeTHYeCKHMH.

npy OTPalKeHWU CAHTUMETDPOBHIX BOJIH. BBUAy 3Toro Hau-

GoJiblliee OTKJIOHEHHE XapakTepa OTPaxeHHs OT 3epKalb-

HOrO MOXKHO OXHMAaTb HMEHHO B 3TOM AHana3oHe BOJH.
[IpuBenem pesysbTaThl HEKO-

,Th A-Tm TOPHIX H3MepeHHH Koadduuuen-
04 M — oo ) TOB OTDaXeHHs B CaHTHMETPO-
15 x| BOM AHaNa3OHe U COMOCTaBUM HX
(o C X03(pbhHUUHEHTaMH OTPaxXeHHUs
u“ <1 aeten. ®penens
\ S Y d p :
0t BT Ha puc. 2.43 u 2.44 nauece-
e R Hbl 3KCTMEeDHMEHTaJbHble 3Haye-

B2pad HUSL KO3(PGUUHEHTOB OTPaXKeHHUs
OT NecyaHo# MOYBbHl ‘Ha BOJIHE
Puc. 2.44. CpaBueHue usMepes- o
Hbix KosPdHunenTos otpaxe. A=10 ca s TOPH30HTAILHOM
. HUA OT BNAXHOrO Necka ¢ Teo- (KPECTHKH) M BePTHKAJIbHOM
peTHYeCKHMH. (KpyOUYKH) TNOJISIPU3ALHUH H CO-
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OTBETCTBYIOIHE KpUBLle Koadduuuertos Ppenens. M3 pu-
CYHKOB BHIHO, YTO 3KCMepHMEHTaJ/bHble TOYKH JIerJIH BOJH-
34 TeopeTHuecKuX KpUBbIX. OQHAKO NPH OTPAKEHHH OT MHO-
rMX APYTUX MOYB CyLIH H3MepeHHble K0S HUHEHTH OTpa-
KEHUS] OTJIHYAIOTCA OT (ppeHeNeBCKHX.

Ha ocHoBaHMM MHOIMX KCHEeDHMEHTAJNbHBIX NAHHBIX 00
OTPaXKeHHWH 'CAHTUMETPOBLIX BOJH OT CyLIH MOXHO cJe1aTb
cneayiolye BHIBOABL

k4

I ',

. ' I3 SO P
04 \ S Ca Pt P e
87N Y Al B A
0,6 ‘::\ A aﬁ i ':. .. < -
05 —1— s\ 05 :
04 N 0
0J \\ o)

3 X

02 AN 02

Mopcras Boda Mopenas Boda

A=/0cm A=10¢cm
ur ot
g 0 1
12 J 4 5 &6 12T 45 b
8, 2pad. 8 2pad

Puc. 2.45. CpaBhenne u3mepenno- Puc. 2.46. CpaBHenue H3MepeHHOro

ro Koadpuurenta oTpaxkeHuss OT  KO3(h(HUHEHTa OTPaXKeHHs OT MOPCKOM
MOPCKOH BOJbl NPH BEPTHKANbHOH  BOJbI NPH TOPH30HTANBLHOM MOAAPH3a-
NONAPH3ALHE C TEOPeTHYECKHM. IHH C TeOpeTHYECKHM.

1. 3epkanbHOe OTpaKeHHe MOXKET GbITb TIOJYYEHO TOJb-
KO OT oueHb DOBHOH MoBepXHOCTH. Penkas pacTHTeNbHOCTb
He MellaeT 3epKaJbHOMY OTpa’KeHHIO.

2. KosahduiueHTsl OTPaKeHHsi YMEHbLIAIOTCS MPH HAJH-
YMH HEPOBHOCTEH M MOTYT NPHU He CJAHIIKOM MaJfblX yraax
CKOJIbXXedHsi TIPUHUMAaTb 3HauyeHUs nopsgka 0,2, ecau Bbl-
COTbl HePOBHOCTEH MOpPSJKA MJIMHBI BOJIHbI.

3. PacruresbHblil MOKPOB, BOOOWIE TOBOPSA, yMeHblIaeT
KO3 dunnenTsl oTpakenusi. Korga BHICOTa PacTHTENBHOro
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nokpoBa pasHa npumepHo 50 cm, K03 HUHEHTH OTpaxKe
" HUf MPUHUMAKT 3HaueHus mopsaka 0,2

Ecnn BricOTa pacTuTeNbHOro MoxkpoBa MeHbwe 0,52,
K03 OULHEHT OTpa)KeHHs! NPH BEPTUKAJbHOH MOJNSPU3ALMH
NMPUHUMAaeT HEeCKOJbko 60JibllIMe 3HAaYeHHs, YeM COOTBETCT-
ByloLIHe 3HauUeHHs Ko3dduuuenta orpaxenus Pperens.

Ha puc. 245 u 2.46 HaHeceHbl 3KCMepHMEHTaJlbHble 3HA-
yeHuss KOd3(p(PHUUEHTOB OTPaXKEHHss OT MODPCKOH MOBEPXHO-
crd. Pa36poc axkonepuMeHTaNbHBIX TOYeK 34ech OOGYCJOB-
JleH HaJHYyheM MODPCKHX BOJH. DKCNepPUMeHTaJbHble TOUKH
MpH FOPH3OHTAJIBHOM MONSPH3ALUUH JIOXKATCS 3aMETHO HHUXKe
KpuBOH Ko3bduunedta orpaxeHnuss Ppedens. Ilpu Bepru-
KaJIbHOH MOJIsipH3alliy 3KClepHMeHTalbHble TOUKH J0XKaTcs
oyeHb GJU3KO K TEOPETHUECKOH KDPHBOM.

Ha sToM ocHOBaHHM MOXHO caelnath BLIBOL, UYTO He-
POBHOCTH OTpaxamlledi TOBEPXHOCTH NMPH TOPHU3OHTANbHOI
noJspu3aluy 6osblie cKa3blBalOTCS HA XapakTepe OTpaxe-
HHU$l, YyeM TIPH BePTHKAJbHOH MOJsipH3alluH,



T'JIABA 3
NMOJIE U3NYYATEJIEXA, MOAHATBIX HAJ 3EMJIEM

§ 1. HHTEPOEPEHLLUOHHOE NOJIE. HHTEP®EPEHLU HOHHDIE
SOPMYIIbl

1. Kparkue cBefleHdsi 0 peasbHBIX H3JdyyaTesx
pPazHOBOJIH — aHTEHHaX

Cwmpic1 BBegeHHsi KO3(D(UIHEHTOB OTPaXKeHHsS 'COCTOMT
B TOM, UTO € X MOMOILBI0O MOXKHO B€CbMa MPOCTO OfIpefe-
JIUTD 10JIe MOAHATHIX U3JydaTesell, eclM U3BECTHO TI0JI@ 3THUX
u3Jjydarteseli B CBOGOJHOM MPOCTPAHCTBE,

BBHIYy 3TOr0O npexie BCEro MpPUBEAEM OCHOBHblE Xapak-
TEPUCTHKM TMOJISA HU3JyyaTcsed paJHOBOJH aHTEHH B CBO-
OCcaHOM NpPOCTPaHCTBe M BBefem HauGojee Ba)KHble Tlapa-
MeTphl aHTeHH.

IIpocrefiweil aHTeHHOH BJISETCS 3J€MEHTAPHBIA HIOMb.

Cornacuo (1.30) u (1.31) HanpsKeHHOCTH MOJS AHIO-
Jig B JaJibHedl 30He paBHBI

k1 j (wt—kr) 6071 ;
E=E =)= sin*{e —— = j—-sinye’ =k (3.1a)
Il el (0f—kn) mb (ot —kr)
H=H,=jo-siny ———=j5 sin e’ " (3.16)

Kak yxe 6b1710 ormMeueno patee, Bektopul E 1 H B nanb-
Hell 30He B3aUMHO MepneHIUKYJSPHBI U TePneHIUKYIsPHbI
HanpapJjieHHio PacnpocTpaHeHHs BOJHBL, T. €. ToJe HMeeT
nonepeyHbll Xapakrep, MpUYeM OTHOLIEHHEe HanpsiXKeHHOCTel
nons E Kk H paBHO BOJHOBOMY COTPOTHBJIEHHIO CBOGOIHOrO

ﬂpOCTpa.HCTBa
E "
H _.V-T~ 120 .

89



YepeanenHbi#t 3a TepHOX BEKTOD NJOTHOCTH NOTOKA
3HEPrHH M3JyueHHs] HanpaB/leH pajHalbHO U paBeH

I
S=-LRe[E H*]=15nr°(T) siny,  (3.2)

rae r° — eqHHAYHBIH BEKTOP.

M3 31oit GopMyJbl BHIHO, YTO 3JIEKTPOMArHHUTHAs >Hep-
rusi M3JyyaeTcss HampasJeHHO. [Tonepeunblt xapakrep moJs
B JAajbHell 30He W HaANpaBJEeHHOCTb H3JyueHHs — CBOHCTBA,
NPUCYILHE TIOJSIM M3JYyYeHHUs JIIOObIX aHTEHH.

AHTeHH, n3JyYaolIUX PaBHOMEPHO BO BCe CTOPOHBI, HE
cymwecrByerT. OnHako 1/ XapaKTepUCTHKU HanpaBJeHHOCTH
aHTeHH B KayecTBe macuiraGa GepyT rHIOTeTHYEeCKUi HeHa-
LGpaB/eHHbIH, WJH, KaK €ro eile HasbIBAIOT, H30TPOMHLIi
uznyvareas. [Ipy 3TOM mapaMeTpoM, XapaKTepU3YIOIUM Ha-
TnpaBJedHble CBOMCTBA aHTEHH, CJIYXHT TaK ‘Ha3biBaeMBIii
Ko3(hdUIHeHT  HampaB/JeHHOro  JeficTBUS — COKpalleHHO
KH/1 — o6o3nauaemuiii 6ykBoit D.

[Tycts S, — nioTHOCTL MOTOKa 9Heprud U E, — amniu-

Ty/Ja HanpsKeHHOCTH TOJsl, CO3/laBaeMble HalPaBJIEHHOH aHTeH-
HOH B HEKOTOPOM HampaBJeHHM Ha (DHKCHPOBAHHOM paccTos-
HUH r, a S, — IUVIOTHOCTb MOTOKa 3Hepru M £, — ammiutyna
HaMNpPAXKEHHOCTH MO/ TUMNOTETHYECKOrO H30TPOMHOrO H3Jyya-
TeJIsl HA TOM e PacCTOSHHMM r, C TOH e MOLIHOCTBIO H3Jy-
YeHus P,, 4To M y HanpasjeHHOH aHTeHHHl. Torma mno ompe-

JeJIEHHIO

S« _ Ex
D=g=1- - (33)

[ u30TponHOro HManydaresas IJIOTHOCTb IOTOK& 3HEPruH
(puc. 3.1) 6yner

P, E:

So=-rm=7E H _240n

rae H,—ammutyna HanpsKEHHOCTH  MarHMTHOTO  MOJIS,
OTKy a

YV 60P,
=—
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VuureiBas (3.3), nosyyaeM, CJeJOBAaTeJNbHO, YTO aMILIH-
TyJa HampsKEHHOCTH MOJIS HaNpaBJEHHOW aHTEHHB paBHA

V' 60P;D
= - (3.4)
Beipaxkenue (3.3) MOXHO NpeiCTaBHTb TakXKe B BHIE
E2  El E
D=t ="t 2" _p F9,0), (3.5)

2 2
EO Eum Eg

rue EHm—aMHJIHTlea HanpsiXKeHHOCTH MOoJsg  Ha-
l'IpaBJ]eHHOﬁ aHTEHHbl Ha pPacCTOSAHHH I
B HamnpaBJ/JIEHHH MaKCHMaJbHOTO Huajyye-

HHS,
E?
D, = ;’: —KH/] B HanpaBieHHH MaKCHMAJIbHOIO
0  M3IyyeHHs,
E
F(®, ¢)= ——< 1 —TaK HasbiBaeMass HOPMHpOBaHHas Xapak-
E

Hm TepHCTHKA HaMpaBJIEHHOCTH aHTEHHHI,
¥, ¢ — KoOpaMHATHbIE YI/Ibl B C(epUuecKoi CH-
cTeMe KOOpJHMHAT, MOJIspHasi OCb KOTO-
poil coBmajaer C HampaB/ieHHEM MAaKCH-
MyMa H3JyyeHusi, TaK 4TO

F(O, ¢)=1.

Ipaduk ¢yukuun F (9, ¢) mis Kakoro-nmu6o (DUKCHPOBAHHOTO
3HaueHust @,.Hanpumep ¢ =0, Ha3blBaeTCs JAMarpaMMoH Ha-
MpaBJEHHOCTH aHTeHHbl. [lpumep
JMarpaMMbl HarnpaBJIeHHOCTH aHTeH-

Hbl JaH Ha puc. 3.2.
Hapsiny ¢ koadduiuerTom Ha-
[paBJeHHOTO JEHCTBHSA aHTEHHHI
NpUMeHseTCsl TakXke W JPYroM
I napaMeTp, KOTOpHIH OJHOBpPEMEH-

Puc. 3.1. K sbuncnenno naortHo- Puc. 3.2, [luarpaMMa HampaBJleHHO-
CTH MOTOKA 3HEPrud H30TPONMHOr0  CTH AHTEHHbl B NOJIAPHBIX KOOpPAHHA-
usaydarens. | Tax.
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HO XapaKTepusyeT Harpap/ieHHble CBOACTBA aHTEHHBl 1 ee
KO3(pGHUIHEHT [MoJIe3HOro JefcTBHS. IJTO— TaKk  HasbiBae-
Mblit Koaduuuent ycunenns G. [lockonpky P, BeieacTsHe

NOTepb B aHTEHHE MeHbille, YeM MOLIHOCTL £, KoTopas MoA-
BOJHUTCS KO BXOJY aHTEHHBI, TO KO3((UIMEHT MONe3HOro Aeii-
CTBHS aHTeHHB! Oyjer
Py
=75

Orciona, moxcrasisis B dopmyay (3.4) Bmecto P, npous-
BeJeHle v/, nojydaem

E, __V60P7D .

r
Besmunza
G=7D=G F*(3, ¢) (3.6)

M HasblBaeTcsl KO3puuueHTOM ycuneHuss aHTeHHbl. CienoBa-
TeJIbHO, BMecTo (3.4) MOMKHO HamMcaTh

E = %F(ﬂ o). (3.7

2. UnrtepdepeHuHOHHbIH MHOXHTE]b

[lyctb none u3nyuatens- B CBOGOLHOM MNPOCTPAHCTBE H3-
BecTHO. TpebGyeTcsl HANTH NoJie TOrO Xe H3Jyyaress, MOAHS-
TOTO Haj MOBEPXHOCTBIO 3eMyH. Ec/au uHTepecyiorcs, Hampu:
Mep, MOJieM TOJIbKO B BEPTHKAJbHOH MJIOCKOCTH, MPOXOAsLUel
yepe3 HarpaBJieHHe MaKCHMyMa M3JyyeHHs, TO XapaKTepPHUCTHKa
HAMpaBJEHHOCTH H3JyyaTens: sBIseTcs (YHKUMeH TOJIBKO ¥,
T. €.

F (8, ¢)=F(8).

CorJlacHO H3JIOXKEHHOMY B TIpelbIAylled TiaBe moJe H3Jy-
yaress, NOAHATOrO Hajx 3eMJeil, KOTOpylo OyaeM CuMTaTh
r1aako# M MJIOCKOH, MOXHO HalTH Kak Pe3yJibTaT HaJsloXeHHs
nosst npsmoit Bosubl E u mosis E,  BOJHBL, OTpaXeHHOH OT

3emsd (puc. 3.3), T. e

E=E, +E, (3.8)
rae noJwe OTPa)KEHHOﬁ BOJIHBI pPaBHO
E,=R, .E. © (3.9)
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on R, . noapasymesaercst smbo R, qmbo R; E,— na-
NPSXKEHHOCTb [MOJs OTPaXKEHHOH OT 3eMJIM BOJHBI, KOTOpasi
B TO )K€ BPeMsl MOXKET pacCMaTpHBaThCi KaK HaMpsXKEHHOCTb
noJisi BOMHBI, HCXoAsllell H3 BOOOpaxKaeMoro HajyyaTeJs,
IBJIAIONLErocs] 3epKasIbHbIM H300paxkKeHHeM peasibHOrO  H3Jyya-
teast (puc. 3.3).

Crano GbiTh, Mmosie MpsAMOH BOJIHBI paBHO* (puc. 3.4)

E =] ‘/G_(fc—;”if(& e~k (3.10)
a noJe OTpa)KeHHOH BOJIHEI
E,=R j—" V GOPG"’ F (8,) e~ """, (3.11)
[onoxum
r,>h, (3.12)

rie h — BHICOTA NOAHATHA HU3Jy4a-
TeJs Hajl TOBEPXHOCTBIO 3eMJIH.
Torma MoxHO cyuTaThb

1 1 1
= (3.13)

B ¢dasoBoM ke MHOXKHTENE TaKHX
npeHeOpexeHuil genaTh HeJb3,
TaK Kak IpH U3MEHEHHU I Ha BEJH-
YHHY NOpsfiKa JJIMHBI BOJIHBI 3TOT  Puc. 3.3. OpueHTanust BeKTOPOB
MHOXHTE/Ib MOXET CHJIbHO H3Me-  HalpmKEHHOCTH NOAs NPAMOH,
HUTBCS najamueil M OTpaKeHHOH
. BOJIH.

OpnHaxo TpH BHINOJIHEHHH Y CJIO-
BUA (3.12) Jsyuu npsiMoit U oTpa-
JEHHOH BOJH MOXKHO TPUOJMKEHHO CYMTAThb Tapalielb-
HpiMH, Torpa

r,=r— hsinf, ‘
ro=r-hsinb } (3.14)
U pa3HOCTb XOfa JyueH paBHa
r,—r,—2hsin6, (3.15)

rae 6 — yron BosBhienus (puc. 3.4, 3.5).

* B nanbhefiieM nocTosHHb, (asoBelii MuoxuTenb /! omyckaercs.
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COOTBETCTBEHHO TP STOM MOXKeM [oJiaraTh, 4TO YTOJI
CKONbXKEHHSI paBeH yIJly BO3Bbilenus 0.

PaccmoTpuM Gostee moapoGHO, Korjga Jiydyd MOXKHO CYHTaThb
napaJuleJIbHbIMH.

o~
Puc. 3.4. Opuewrauus wanpanesuit Pug. 3.3, K pacuery passocTu
pacnpocTpaHeHus BceX TpPeX BOJH H Xoaa Jyyei.
MaKCHMYMa H3JyYeHHs] aHTEHHbI. !

CornacHo puc. 3.4 umeem
r;= r,z-l— 4h® + Hr, sin 6.
[Mockonsky h <L r,y, TO
ro=V r+4h*+ 4hr sinf=
_, l/1+4h +4hr,sme

'1

[l+4h’+4hr,sm0 _(h? 4 4hr, sin6)’+“.]=

4
8r
=r —|—2hsm6—|— cos’ﬂ—l—
M PasHOCTb XOfa Jiydeil B JAeHCTBUTEJbHOCTH paBHa

ry —r,__2hsm0+ cos’ﬂ—l— '(3.16)

CpasuuBast (3.15) ¢ (3.16), BuguM, 4TO STH BHIPAXKEHHS
OT/IMYAIOTCHA HAa BEJHYHHY
‘ 2 2 2
2B 051 B ~ 2 cos?,
ry r
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CrieoBatenbHO, JIY4H MOMKHO CYMTATh MNApasieNbHBIMH,
2
€C/M BEJHYMHA —— 3HAYHTEJbHO MEHbIUE TOJIOBHHBL JUIHHbI

BOJIHBEI, T. €. €CJIH TOodKa HabJ/IOAeHNsT HaXOJUTCS Ha pac-
CTOSIHUAX, YAOBJIETBOPAIOIIHX HEPAaBEHCTBY

r> (3.17)

[MpunsiB Bo BHuUManue (3.14), nonyuum

.V 60PG,, 1 sin F@&) — sn< —jkr
E=j —F(B)[ Qlkh s1 0+Rert8; jkh si eJe ke

MHoxHTe/b B KBaApaTHHIX CKOOKax HasblBaeTCsl HHTepdepeH-
IIMOHHBIM MHOXHTEJEM; S5TOT MHOXHTeNb OMNpeaesseT coGoi
pe3ysbTaT HHTEepdepeHUHH MPSIMOr0 M OTPAXKEHHOro Jydeil.
[Tocne HecnoXHBIX BBLIKJIAAOK HaiiaeM

o/khsing F(3;) e—ikhsing ] _
[ “|" Ra r rm ) -

—V 1R, RS 2IR, I FOIFO) X
X cos(i7¥1— sin -8, | ) e M,

rae
F@®y)
F@®,)

€t ="Fay
F@®,) | Ry, | cos(kh sin @+ B, )+ cos (kA sin 6)

| Ry | sin(kh sin B 4, ) — sin(kh sin 6)

Takum o6Gpasom,

—j(kr-l'(\bﬂ, l‘) ><

E:]

. v 60PG
-‘4,—”1/:(31)‘6

’ F2 (3 F@# 4rh
X/ 1R 2R, | i cos (S sind -+, ).
' ' (3.18)
Buipazus 8, u #, uepes yrabl Bo3BbimeHust (puc. 3.5)

9, =6, —0, 8,=0 16, (3.19)
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MOXHO XapaKTEpHCTHKY HampaBJIEHHOCTH aHTEHHHl MpH yuére
BJIMSIHUS 3eMJIH TPEJCTABHTh B BHJE

F(8 8,)=F(8,—8)D(5; 0,), (3.20)

rae F (8, — 0) — xapakrepucTika HanpapieHHOCTH 6e3 yueTa
BJIMSIHUS 3€MJIH,

®(6; 6,)=

7 F(0,, 1 0) F(,+9)
—V 1+'RBI‘I Fz g)+2|RnrlF(e )><

X €08 ’\il«sinﬂ—l—ﬁn,r) (3.21)

— MOZyJb MHTeP(EepPEeHLHOHHOrO MHOMKHTEJIS.

s dopmynsl (3.21), B wacTHOCTH, clIeAyeT, 4TO ecJH
IJIaBHOE Hampap/ieHHe H3Jy4YeHHWs aHTEHHBl COBMafaeT C Ha-
npaB/ieHHeM Ha Leb, T. e. §=0_, To &, =0, #,=29,

F(®,)=1, F(®,)=F(26) (3.22)

V/60PG., —jn
:]l/_r m o j(kr+dg, ) >\

XY/ 1R, PP @) 2R, JF@8eos (5 sin i 1-5,.).
(3.23)

Ecsu ryiaBHOe HampaB/ieHHe aHTEHHBI TOPH3OHTAJIBHO, T. €.
,=0, n eciu XapaKTepPUCTHKA HAMPABJIEHHOCTH CHMMETPHY-
Ha, T. €. .
F(—%=F(®), (3.24)
TO

F(8,)=F (8,)=F (6) (3.25)

— VP gy

Xl/ THIR, [ +2] Rn,rlcos(ﬂ sin 64 B, r) T

(3.26)
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T. €. MHTeP(pEPeHLHOHHEI MHOMXHTENb He 3aBUCUT OT XapaK-
TEPUCTHKH HAMPaBJIEHHOCTH AHTEHHHI.

Jnsi cnabo Hanpap/ieHHbIX aHTEHH B CHJIY TOTO, YTO B ILH-
pokom uuTepaze yrsios 0, u 6 cnpaBennuBo NpuGMAKeHHOE
paBeHCTBO

F6m +9)
=1
F(O,—0

HHTep(hePeHUHOHHbIA MHOXHTENb NPAaKTHYECKH He 3aBHCHT OT
XapaKTepHCTHKH HanpaBJIEeHHOCTH aHTEHHH B 5TOM HHTepBaje
yraos 8, u 6 u cormacko (3.21) ‘

B,r>‘

? (6)—= l/ TRy [P 2R, eos (%5
(3.27)

[poanamusupyem uHTepdepeHIMOHHBII MHOXUTENb VIS
c1abo HampaBJ/IeHHBIX aHTeHH. B 3TOM c/ydae XapakTepHCTHKa
HanpaBJIeHHOCTH B OCHOBHOM OTpejeJiseTcsl HHTepdepeHIIHOHHBIM
MHOKHTEJIEM, KOTOPLIA 3aBHCHT OT Ko3a(odHuueHTa OTpaxKeHHus

h
H OT OTHOLLUEHHs 3 [locnentee oTHOMIEHHE onpeneJssier Je-
NECTKOBHI i XapakTtep JAdarpaMmmbl HamnpaB/JE€HHOCTH aHTEHHBHI,

NOAHSATOH Hap TNOBEPXHOCTbIO 3E€MJIH.
Bo muorux CJy4dasXx NpakKTHKH, B Y4aCTHOCTH B pagHoJIOKanuH,

4zh
OTHOUleHHe —— 3HauuTe/bHO Gosblle exuuuiupl. [lostomy Be-

JIMYHHA
4irh .
cos (T sin § 4~ [3”)

C u3MeHeHuem yria § GbicTpo MeHsieTcs MO cpaBHeHHIO ¢ |R, |

H MOXKHO CYUTATh, YTO MAKCHUMYyMbI HHTGPQ)QPEHILHOHHOFO MHO-
XKHTessd UMEIOT MeCTO TMpH

cos (“—"X”—sin 648,, ) =1, (3.28)
a8 MHHHUMYMBI — MPH
cos (—sm 848, ) . (3.29)
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[Mpu 3THX yCJOBHSIX MaKCHMyMBI MOAYJst HHTepdepeHIHOHHOrO

MHOXHTEJISI paBHBI
- 1 + l Ra,r l !

a MHHUMYMBI
P, (0)=1—|R, |

(3.30)

(3.31)

Hccnepyem GoJiee noapoGHO MoJie TOPH3OHTANbHOTO H Bep-
THKAJIbHOTO JMMOJNEH, KOTOphIE SBJISIOTCA CJ1a60 HanpaBJeHHBIMH

anrentamu (D, =1,5).

e

paCCMOTpHM noJse ropnsoHTaJleoro AHMNOJIST B TUIOCKOCTH,
nepreHAHKYJ/IIpHOH ero ocH. B 3ToH miockocTH wusiyueHue

HeHanpasJeHHO

F@)=1.

W IpoananusupyeM onHOBpeMeHHO cayyad 60is> e
npoBoaHHK) W 6013 < e, (MOUBA — NHMBJIEKTPHK).

B O0OHX CJIydasx

R.<0, 1. e. B.=m,

, (nousa —

nOCKOJIbe

TO COOTBETCTBYIOLIHE YCJIOBHS AJISI MaKCHMyMOB H MHHHMYMOB
MHTep(ePEeHLHOHHOTO0 MHOXHUTeNs OyayT A OGOHX BHIOB
noys opxuHakoBbIMH. CorsacHo (3.28) yc/ioBHS MaKCHMyMOB

TaKOBBI;
ﬁ%smﬂ:(?n— )=,
rae
n=1,2 3, 4,...
w7 A

v

2n —1
4

. A
sinf= -

YcnoBusa MuHHMYMOB corJiacHo (3.29) umeloT B

ﬁh—sm 0 =2nmx,

rune
n=0,1,2,3,4,.
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HiTH sinf= 2. (3.33)

Hucno nonHbix JienecTKoB N paBHO yMeHbILEHHOMY Ha
eMHUIly YHMCJy MHHHMYMOB B mpefenax yrioB § or 0 go —%—;
U OMpefesiieTCsA U3 YCJOBHS

' N A

7 <!

M

2

NI (3.34)
T. €. PaBHO LieJIOH YaCTH YHCJA MOJIYBOJH, YKJAABIBAIOLIUXCS
B BhICOTE A.
s mposoauuka R~ — 1. [lostomy
. (2=h .
¢r (0)=2‘Sln (T Sin 0) ’ ,

T. €. B MMHHMyMax 3Ta (QYHKUHS DaBHAa HYJIO, a B MAKCHMY-
Max — aByM. Ha puc. 3.6 mnpuBeneHa auarpaMma HamnpabJeH-

HOCTH ISl 3HAUCHHS —— = 2.

Hns ciyyas AM3JEeKTpHYECKOH IMOYBH, [JI1 TOTO XKe 3Ha-

h
YeHHs - =2 JuarpaMMa HaMpaBJIeHHOCTH H300paxena Ha
puc. 3.7. Tlockoneky 3mech |R_ |<1, To corsacHo (3.30) u
(3.31) MakCHMyMBI MeHbllle ABYX, a MHHMUMYMEl Gosibuie HyJIsl.
.4
b2

2

/ 262 1 2 6

Puc. 3.6. Iuarpamma Hanpasien- - Puc. 3.7. [luarpaMMa Hanpasjie HHOCTH

HOCTH TODH30HTAaJBHOTO AHMNOJsS,, TOPH3OHTAJNBLHOTO MAHNOJS, MOXHATOTO

NOAHATOrO Ha BRICOTY h = 2\ Hag  Ha BbICOTY h = 2\ Haj AUAJeKTpUUe-
npoeogsuiel noyeof. CKO MOYBO#i.






