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NPEOVCJ/IOBUE

TepMuH «KONJEKTHBHBIE fBJEHHs B MJa3Me» MOSABUICA AOBOJNBHO
papHo. Ha mepsbix mopax OH ellle He BrOJHe Mpuobpes CBOe KOHK-
peTHOe COAepMKaHWe, @ BCEro JIHIb OTpaXKad TO CMYTHOe oOmulylle-
HHe, YTO B CHCTEME 3apsiKEHHBIX YaCTHIL ¢ AaJbHONEHCTBYIOIIHMHU
KYJIOHOBCKHMH CHJIaMH Hapsijly C NapHLIMH CTOJIKHOBEHHSIMH J10/12KHO
CyLIleCTBOBaTb B3aUMOJeHCTBHE MEXJY YaCTHLAMH, HMEIOIIee HEeKylo
ocoByio KoJJeKTHBHYW npupony. M aumb nccneposanue peanbHOH
NAasMbl, ¢ ee MHOT'OUMC/JAEHHBLIMH HeYCTOHUMBOCTAMH, CaMOIIPOH3-
BOJIbHO Pa3BUBAIOIIUMHUCH IIyMaMH H KoJjeOaHUSAMH, CAOKHBIMH He-
JAMHEHHBIMU TIPONECCAaMHU, NOCTENEeHHO BHIPUCOBLIBAJNO KPYI TeX $B-
JieHuil, KOTOpHEe CTaJ0 NPHHATO Has3blBaTb KOJJEKTHBHBIMHU.

B Hacrosililee BpeMsi KOJJEKTHBHLIMH fIBJACHUAMH B IJa3Me Ha-
3HIBAIOT CYry00 HeluHelHble Mpolecchl, CBi3aHHble ¢ HaJIHUHEM KO-
J1e6aHuil Uau IIYMOB KOHEUHOH aMMJMTYABl, B3auMoJeHCTBHe KOTO-
pBIX € YacTHIAMHU CYUIEeCTBEHHO BJAUAET HAa MaKPOCKOTHYeCKHE CBOH-
cTBa mjaasMbl. Yamme Bcero 3t WyMH W KoneGaHHs BO3HHKAIOT ca-
MOINIPOU3BOJNBHO BCAEACTBHE DAa3JHUYHOTO poja HeycTOHUMBOCTEH.
Ecan Bo3byxpnaercs oueHb MHOrO creneHeill cBoOOxbl M KOJeGaHus
CTAHOBAITCS HEPETyJsApHBIMH, TO TakOe COCTOsiIHMe I1a3Mbl Hashl-
Balo1 TypOyaeHTHbIM, Ho kKpoMe TypOy/eHTHBIX COCTOSIHHME CYlile-
CTBYeT IIHPOKHH KpYr HeJHHEHHBIX DeryJspHbIX NpPOLECCOB, B KO-
"TOPBIX B3auMoOJeficTBHe MeXAy YacTHIAMH W BOJHAMH — KOJJIEK-
THBHLIMU BO30GYXKIEHUSIMHM CHCTEMBl — MOXKET INPHUBOLUTb K BECbMA
€BOe0Opa3HbIM, NOAYAC H3YMUTENbHO KpacHBbIM sBjeHusiM. K Hum
OTHOCSITCS, HAaNIpHMep, 3X0 B NJa3Me, HeJAMHefiHOe 3aTyxauue JlaH-
nay, caMocxkKaTHe u caMO(OKYCHPOBKa BOJHOBBIX IaKeTOB, HejH-
HellHble caabopucneprupylonie BosHb, M3yuenne takoro popa He-
JUHEHHBIX siBJeHUA caMo no cefe OYeHb MHTEPECHO, HO emle Oogee
OHO MOJIEe3HO ¢ TOYKH 3DEHUs Pa3BUTHA OBINUX IpelctaBieHunit o ¢pu-
3UKe M/J1a3Mbl — 3TOH cBOEOOGPA3HOHA H BeCbMa CBOfHpaBHO# cyOcTaH-
nun. He Gyner npeysenuueHHeM ckasaTb, 4TO KOJVIEKTHBHblE SiBJle-
HHsl B IL1a3Me OTPAXKaloT caMy ee HPUPONY, €e rJaBHOe CBOHCTBO.

Ha kadenpe ¢usuxu nnasmei paxynbrera $pu3HUeCKOd u MoJe-
KyasipHoit xuMun MOTH yKe HECKOIbKO JleT UMTAIOTCS JEKUUH s
CTYNEHTOB NSTOr0 Kypca IO KOJJIEKTUBHHIM SBJACHHSIM B IJ1a3Me.
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PakTHYecKH 4HMTAIOTC ABa Kypca: OAMH TOCBSIUEH peryJaspHbIM
KOJIJIEKTUBHbIM SABJEHHAM (ero d4uraer aBTOp) U BTOPON — TypOYy-
JIeHTHOCTH M1asMmul (ero uutaer npo¢. JI. M. Pynakos). O6a kypca
HIOBOJIbHO TECHO CBSI3aHbI MeXAy cOG0#, B CYLIHOCTH, OHHU H3/aralor
pasHble acleKThl OAHOTO H TOTO e Kpyra siBJIeHHH.

B npepnaraemoil kHure, KOTOpasi MOMeT CJHYXHTb BBeJeHHEM B
TEODHI) KOJUIEKTUBHBIX SIBJEHHH B [/1a3Me, AaeTcs NpelcTaBJjeHUe
KaK O peryjaspHbX HeJMHeHHBIX NpolleccaX B MJa3Me, Tak U O ee
TypOyJseHTHocTU. PasyMeercsi, Mbl He CTPeMUJIMCh K [OJIHOMY COOT-
BETCTBUIC MaTepuana KHUITU M JeKLUUH, XoTss Obl NOTOMY, 4TO Hpen-
noJjilaraeMbll 4ydraTeJb KHHArY He 06s3aH 3HaThb (PH3UKY IJa3Mbl B
TOM 00beMe, KOTOPHA npeaycMoTpeH mporpaMMoli kabelps QuU3uKH
IJ1adMbl AJsi CTYAEHTOB NATOTO Kypca. Uto6bl 00JeryuThb YTEeHHE
KHUTH, B NepBO#l IJ1aBe NOAPOGHO ONUCHIBAeTCS MHAPOJHHAMHUYECKHUIT
METOJ OMHCAaHWA TJaa3Mbl, a BO BTOPOH rJjlaBe KPaTKO H3jaraercs
TeopUsi JIMHEHHbIX BOJH B TOM OObeMe, KOTOpHIH [10CTaroued /s
CBOGOJHOrO 4TeHHs JajJbHeHIHX raaB. MsnoxeHnue martepuana B
3THX MOC/AEAYIOMIMX TJaBaX INPOBOLMTCSA, N0 BOIMOXKHOCTH, B Kax
MOXKHO Gojee poctynHo#i dopme, uToOb 3HAKOMCTBO ¢ 3TOH HHTE-
pecHo#i o6aactblo (PH3HKHM NJAa3Mbl He NPEeBPATHAOCh B CKY4YHOE
usyueuune Gopmyn. ITockoabky HeluHellHble SiBJ€HHS B IJa3Me
CXONHB C HeJUHEAHBHIMH fIBJeHHAMH B APYTHX CIJOIIHHIX Cpenax,
B KHHUTe IIHPOKO HCMOJb3YIOTCS COOTBETCTBYIOILHE aHaJOorHH,
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T’HAPONHHAMHUYECKOE ONHCAHHE NJIA3MbI

§ 1. Ilnasma KaKk COCTOSIHHE BEUlECTBA

1. Yerseproe cocroanue seujecrsa. Ecau cnenoBaTh WIKOJAbHBIM
‘fipeicTaBMleHMsIM O TOM, YTO MO Mepe HAarpeBaHHs BelIeCTBA OHO
HWCNHITHIBAET NOC/JAENOBaTeNbHbIE NIpeBpallleHHss U3 TBEPLOro COCTOS-
HHSl B JXMIKOCTb, a 3aTeM B ras, TO eCTECTBEHHO BO3HHKaeT BOMPOC,
yTO Ke Oynmer MPOHCXOAHUTL C Ta30M MNpPH ero HarpesaHuH. SIcHO, uTo
WO Mepe YyCHJeHUS XaOTHUeCKOTO IBHKEHHS MOJeKys rasa OHH,
:CTaJIKUBasACh, HAYHYT PACUIENJAATLCS Ha COCTABAAIONIME HUX ATOMH,
& 3aTeM W caMM aTOMBl Ha4HYT paspyllathcsl, pa3buBasfch Ha 3/1EKT-
poHbi H MOHH. TakuM o6pasoM, npu HarpeBaHHH JIOGOr0 BelleCTBa
OHO JOJMXKHO B KOHLie KOHIOB [PEBPAaTUTbCH B MJa3My — CHJIBHO
HOHHAOBaHHHA ra3. IMeHHO B 3TOM CMBbic/le NMJasMy HMHOrIa Hasbi-
40T YETBEPTHIM COCTOSIHHEM BellecTBa.
% B orauuue oT pe3kHx (Pa30BLIX NEPEXONOB TBEPLOE TeNO — KHUJ-
KOCTb KHIKOCTb — raa, [epexoa K MOHH30BaHHOMY COCTOSIHHUIO fBJS-
@TCS HENpPEePHBHBIM, TAK YTO CTelleHb HOHM3ALMH Mi/fg, T. e. OTHOIIe-
HHe TJIOTHOCTH HMOHOB f; K IJIOTHOCTH HeHTpa/ibHHX aTOMOB Mo,
“RBAAETCA mIaBHOM (yHKuMell Temnepatyphl. [lake B maMeHn CBeuu
AMeeTcA He6oablloe KOAHIECTBO 3/1€KTPOHOB M MOHOB, HO BPSil JIH 3TO
WIaMsl MOXKHO CUHTAThb HacTosled naasmoi. SlcHo nmostomy, Yo on-
‘penenedue niasmuel TpeGyeT eme HeKOTOPOH KOMHYECTBEHHON Xxapak-
TEePUCTHKH, KOTODasi nokasaja Obl, HauMHas ¢ KakKOH TMJOTHOCTH
3apAXKEHHBIX YACTHIL HOHU30BAHHLIH ra3 MOXKHO CUHTATH MJAA3MOIi.
Uro6bl HafiTH 3Ty XapaKTepPHCTHKY, HYXKHO NpEXIe BCEro mpej-
€TaBATbL cefe, ueM e HOBOe COCTOSIHME BeIleCcTBa OTJHYAeTCs OT
"06byHOrO rasa. I'aBHasi 0COGEHHOCTb KOJJIEKTHBA 3apPAKEHHBIX Ya-
CTHI, COCTaBJSIOUIHX NJAa3My, COCTOMT B MNOSIBJIeHUH HOBOTO THIA
/B3apMONEHCTBHSA YACTHIL ITOTO KOJNJIEKTHBA — Uepes 3JeKTPHUECKHE
H MarHutTHHe NOJs, T. €. NOCPEACTBOM NaJbHONEHCTBYIOUIHX CHJL.
Hmenno 6naromapa BO3MOIKHOCTH 5TOTO THNAa B3aHMOXEHCTBHS KO-
MEKTHE 3apsAXKeHHbBIX HacTHI npuofpeTtaer HOBble KadecTBa, Dak-
THYeCKH OH 00pa3yeT HEUTO leJOoe BMECTe C TEMH 3JEeKTPHUECKHMH
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H MAari{uTHbBIMH TOJAMH, KOTODEle ¢ 3TUMM 4YaCTHLAMH B3aHMOAEH-
CTBYIOT (MX M Ha3blBAIOT TO3TOMY CaMOCOI/JacOBaHHBIMM IOJSIMH).
Takum o6pasoM, N/a3MOH MOXKHO Ha3BaTb HMOHH30BAHHBIN ras Mpu
TakKOH MJIOTHOCTH 3aPAXKEHHBIX yacrHL, KOrAa CTAHOBHTCS CYILECT-
BEeHHBIM B3aHMOJEHCTBHE 3THX YacTHIL C CAMOCOIJIaCOBAHHBIMHU 3JIEK-
TPUUECKHMH H MArHHTHBIMHU NMOJIsiMH (B TOM 4YHC/J€ — M C BHEUIHHMHU
NOJISIMH).

Yacto B KauecTBe KOJHYECTBEHHOMH XapaKTepHCTHKH TOro, 4rtO0
3TO B3aMMOJeHCTBUE CTAHOBHTCYH CYIIECTBEHHBIM, MOJbL3YIOTCH IIO-
HATHEM KBAa3HHEHTPAJbHOCTH MJia3Mbl, T. €. NPHOJUIKEHHOTO paBeH-
CTBa MJOTHOCTH 3/1eKTPOHOB N, y HOHOB #; (ecau THocAenHHe OLHO-
KpaTHO HOHH30BaHB) HWIHM papeHcTBa N = Zn; (B 6oJjee obuieM
¢aydyae HOHOB CO cpeIlHEIM 3apSANOBLIM YHCJIOM Z). B camom geae,
IpU JOCTATOYHO BHICOKOM NJAOTHOCTH fe (M COOTBETCTBEHHO M;) AaxKe
MaJjioe pOCTPAaHCTBEHHOE Pa3feseHde 3apsiflOB MJa3Mbl NIPHBE/O Obl
K NOfIBJIEHHIO OYeHb CH/IBHBIX 3jekTpuueckux noned. [Toatomy npu
BCeX MPOTEKAIOUIUX B N1d3Me SIBJeHUAX C NOJASIMH eCTeCTBEeHHO# Be-
JUYAHB (HanpuMep, MOPANKA BHEUIHWX MoJel) NJIOTHOCTH HOHOB M
3/€KTPOHOB OKasbBalOTCAd OaM3kumu Apyr K Apyry. Takum obpa-
30M, Ni1asMma, T. €. AOCTATOYHO mjoTHAsi CMeCb 3JIEKTPOHOB H HOHOB,
NOJIZKHa COXpaHATh KBaSHfleﬁ”[‘paJIbHOCTb Jaxe TpH JHOCTAaTOuyHO
GypHO TpOTeKalOIMX B HEH Nponeccax. Bmecte ¢ TeM HyXHO sicHO
NOHMMaTh, YTO KBa3HHEHTPANbHOCTb €CTh He H3HAUYa/bHasi XapaKTe-
pPHCTHKA I1J1a3Mbl, &8 BCETO JHIIL ee CBOHCTBO, BHITEKAlOIlee M3 TOTO,
4TO IVIABHYIO poJib 8 [WIA3ME€ HI'DaloT B3aHMOMEHCTBHS YaCTHIL yepes
caMocorjiacopafHtoe foJne.

2. HepasnosecHOCTb NAA3MbL, TeopeTudeckue modeau. Tot dakr,
YTQ 4YacTHUIIB Inas3Mbl BBICTYMaiOT BMeCTe ¢ CO3/laBaeMbIMH HMHU
3JIeKTPUYECKMMH H MardHUTHBIMY MOASMH, TPHBOIHT K CHJABHOMY
VC/I0KHEHHIO NPOTEKAIOIUX B Nia3Me fiBjJeHuA. UacTo peub nomXKHa
MATH CKOpee He O CBOMCTBAX BelllecTBa, a O CBOHCTBAX CJOXKHOIO
KOMIJIeKca M3 BeUleCTBA H 3j1eKTpOMarsHutHoro mnonas. Hanwnuue
BHeIIHUX NoJel, HHOTAA TaKXKe [OCTATOUYHO CJAOXKHBIX H HEKOHTPO-
JAMpyeMbIX, ellle Gosbllle 3anyThisaeT BClo KapTuHy. K sromy cie-
nyer nobGaBUTb, UTO B na00paTOPHLIX MAM TIPUPOIHBIX YCJIOBHAX
n/a3Ma 4acto siBASETCs KPaiHe HepaBHOBeCHOH; OHa Tpebyer /s
CBOEro cO3aHHsi COBEDIIEHHO HeOOBLIYHBIX YCJAOBHH (Hanpumep,
BCIBIIIKA MOJHUH, NOASIPHOE cusgHue, pas3psii B ra3oBOH TpyOKe,
Benbliuika B Qokyce JA3€PHOTO yryya v T. 0.). B Takoi Hepasnosec-
HOH NJa3Me B CHJY BBHICOKOM ee noABUXKHOCTH YU HaJIMUUA HaJbHO-
JNeHCTBYIOIMX CHJ O4eHb JIETKO pa3BuBalOTCA PAa3/NMYHOTO poja He-
YCTOAYMBOCTH H LIYMBL

B pesyabrate NpH H3YUYCHUH NPOTEKAWOUIHX B [a3Me SBJeHUR
YacTo NPUXOAMUTCH BCTPEYATbCS ¢ CHTyaUMedl MHOTONAapaMeTpHYHO-
CTH, T. €. ¢ HaJuuueM MHOTHX OJHOBpPeMEHHO NpOTeKalIlUx Npouec-
COB, U3 KOTOpbiX BbIOpath HauGoee cylllecTBEHHbIH yacTo OLIBaer
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oueHb TPYAHO. B 3TOi caTyauMu /IS [OHMMA@HHs MPOMCXOMSILHX
g muasMe SIBJCHHI H, B OCOOEHHOCTH, IS TEOPETHIeCKOro Koauye-
' ¢TBEHHOTO WJIH KAaUECTBEHHOrO MX OMMCAHHMs OYeHDb MOJE3HBIMH OKa-
" gWBAIOTCH YNpOLICHHBlE MOJIEJH, HEPeIko JAONOJHSIOUIHE HpYT
gpyra. Tak, Hanpumep, paccMaTpuBas JBHXEHHE 3apAKEHHHX wua-
- ©THIL B MArHUTHHX NO/AX CNOXKHOH QopMbl, HAUPHMep, B MarHuT-
gbIX JOBYUIKAX, MOXKHO MCIOJb30BATh MOJE/]b HE3aBMCHMbIX YaCTHIL
<YyurelBasi TOJAbKO MAapHbE CTOAKHOBEHHS YaCTHIL H He NPHUHHUMas BO
gHMMaHHe IIYMOB H3-32 HEYCTOMYHMBOCTeH, CTPOSIT TAK HA3HIBAEMYIO
KJIacCHUECKYI0 TeOpHIO MJ/a3Mbl. B mpeneGpexenun B3auMOgeHCT-
. BHEM C HEHTPAaJbHBIM ra3oM MOXHO MOJYYHTb NPUONHIKEHHYIO MO-
Aeab NOJHOCTBIO HOHH30BAHHOH IJIa3Mbl. YUHThIBasf TOJbBKO Haubo-
. Jlee CYIECTBEHHYIO XapaKTepHCTHKYy MOHM30BaHHOro rasa — cnocob-

HOCTb [POBOAATb TOK, — [01Y4alOT MarHHTOTHAPOXHHAMHYECKOE
" npuOMMKeHHe, TaKXKe MOJeMpYIOIlee MHOTHe CBOHCTBA MJ/1a3MBl.

. B nacrosiel KHure, LeHTp TAKECTH KOTOPOH JIEXXHT He Ha OINH-
CaHHM KOHKPETHBIX [POTEKAIOIUX B IJ1a3Me siBJeHHH, a Ha 3HAKOM-
CTBe C OCHOBHBIMM HeJHHEeHHBIMHM SABJCHHSIMH, OYIyT HCNO/1b30-
. 'BaTbCs TOJbKO CaMble NPOCTbie MOAeaH. A HMeHHO, AJs Bcex KoJ-

JieKTHBHBIX 30 (deKTOB, CBS3aHHHX C NOJAAMH H BOJHaMH, HO He
' ¢ yacTMLaMH, Mbl GyjieM 0/1b30BAThCSi MAarHHTOMMAPOAHHAMHUECKHM
mpurbavkerueM. las spdexkTos XKe KHHETHUECKHX, [le BAXKHO B3aH-
MOJeHCTBHE OTHENbHBIX TPYNI YaCTHLL C BOJHAMH, MBl B OCHOBHOM
fyzeM uCHONBL30BaTh NPOCTEHIYI0 MOJeNb OXHOPONHOH HeorpaHu-
yeHHoW mya3Mbl. KpoMe TOro, Kaxk npasusio, nJaasMy GyfieM cuuTaTh
HOJHOCTBIO MOHH30BaHHOM.

§ 2. MarunTHas rHAPOJIHHAMHKA

1. ¥pasnenus maenurnoil eudpodunamuxu. IBenckuil ¢usuK

X. AnbBed mnepBbiM 06paTHN BHHMaHHE Ha TO, UTO TNPOBOASAIIHE

¥KHIKOCTh WJHW ra3 NpU [BMMKEHUM B MarHATHOM I[oJe 0o0HapyxKH-

. BaIOT MCKJIOYMTENbHO HHTEpeCcHble CBOACTBA. DTH CBOHCTBA CBS3aHBI

€ TeM, YTO NpPH mepeMelleHUM NPOBOAALIMX MACC XKHUAKOCTH B HHX

- BO30yXKAalOTcsi TOKH MHIYKIHH, KOTOpble COBMECTHO C MAarHUTHBIM

«  WOJieM 0Ka3blBalOT 00paTHOe BO3AEHCTBHE Ha XHAKOCTb. [Ipn 3ToM

% He TaK CyLIeCTBEHHO, O KaKOH MMEHHO XKHIKOCTH HUIeT peyb, BaXKHO

: JHIIb, 4To6bl OHa Oblia 3nekTponpoBonHoi. COOTBETCTBEHHO M B

fj1asMe, KOTOpasi MoXKeT CBOOGOMHO MPOBOMMTL TOK, MOTYT JIETKO pa-

SHIrDHIBATLCA Te $iBJAEHHS, KOTOpble XapaKTepHbl A/ MPOBOISLIHUX

XKunkocredl. CoGcTBEHHO, B NPUMEHEHMH K KOCMHYECKOH MJjiasMe H

... DPasBuBan cBoM HMien AnbBeH.

- - Hrak, Mbl N0O3HaKOMHMCSI C TeM K/1acCOM siBJEHHI B N/asMe, KO-
TODBti ONHCHIBAETCS B NPHOAMKEHHH MAariMTHOH THAPOJHHAMMKH
(tounee, razomunamuku). B 5TOM NpuGAHIKEHHH NpearnoJaraercs,
HTO mnoBeleHHe mJa3Mbl CXOXHO C [OBeJAeHHeM HAeaJbHOTO rasa
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C YPaBHEHHEM COCTOsiHHA p == 2nT, rae p — naBaenue, T — Temne-
parypa (B 3prax), a n— IJIOTHOCTb 3JI€KTPOHOB M paBHAs eil IJIOT-
HOCTb OJHO3apAAHBIX HOHOB. IToCKOIBLKY 3JIeKTponHas Macca M,
3HAYHTEJbHO MeHbLIE€ HOHHOM MaccHl M, TO MaccoBas NJOTHOCTDb
p =mn. Ilyctb B ecTb HanmpsKeHHOCTH MArHUTHOrO MoOJA, a j—
IJIOTHOCTb 3JIEKTPHYECKOTO TOKa.

Torpa ypapuenne ABHXKeHHs MUAKOCTH C yueToM CHAb AMmepa
3anyIlercs B BHAE

min 3 4 vp—= 18], (L.1)

K neMy cnenyer 106aBuTh ypaBHEHHe HENPEPHIBHOCTH M ypaBHeHHs
Makcsesna, B KOTOPLIX MBI IpeHefpexeM TOKOM CMeIleHHs, CYHTas,
YTO BCe MPOHUCXOASIIHE B IJla3Me ABHXKeHHs Me/lJIeHHble, T. e. Mpo-
TeKalOT CO CKOPOCTAMH 3HAYHTEeJbHO MeHbIle CKOPOCTH CBETa:

%’:—+ div nv =0, (1.2)
rotB =% j, (1.3)

divB =0, (1.4)
rotB=—+ 9% (1.5)

[lnotHocTb TOKa j B mpoBoasimedl cpelle paBHa j — oE,, rae E, —
3/1eKTPHYECKOe NI0JIe B CHCTeMe KOOPJAHHAT, ABHKyUIelcs BMecCTe C

XKuaKuM anementroM. Ilpu v < ¢ 310 nmone paBuo E,=E + % [vB].

IMonaras E*=_<];'= 4;(1 rot B u noacrasass BolpaxeHue s E
yepes E, B (1.5), mbl npusemem (1.5) k Bumy

JB c? )

ot =rot [VB] -+ e AB. (1.6)

YpaBuenus (1.1)—(1.4) u (1.6) u coCTaBJAAIOT OCHOBHYIO CH-
CTeMY YpaBHEHHH MarHHTHOH THIPOAHHAMHKH. B 3THX ypaBHeHHAX
Mb! npeHe6peryin Bsizkoctblo. Uro Kacaercs temmeparypsl T, To A7
€e u3MeHeHHs (O BpeMeHeM MOMHO BOCIOJNb30BaThCs YC/AOBHEM
aguabatnynocth T ~ n¥~!) rpe y— nokasarenb aanaGatel. Ecan
XapaKTepHble pa3Mephbl BO3MYILIEHHs] B IJ1a3Me HEBENIHKH, TO B CHJIY
BBICOKOH 3/IEKTPOHHOHR TeNJIONpOBOAHOCTH 6o0Jlee ajleKBaTHHIM $B-
JsieTcsl NpUGAHXKeHHe H30TepmHYecKol maasMbl T = comst.

YpaBueHHsi MarHHTHOH THIPOJHHAMHKH JOCTAaTOYHO XOpOIID
OMHCHIBAIOT KpyNHOMaclTabHble IBHXeHHsA B IJlasMe, OJsi KOTOPBIX
HeCyILeCTBEHHO Da3J/IHYHe B J[BHXXEHHH OTAEJbHHX TPYNN COCTaB-
JAIOIMIHX ee yacTHi. B wacTHOcTH, 3TH ypaBHEHHS XOpOIIO OMHCHI-
BalOT paBHOBeCHe JJIa3Mbl B MarHHTHOM [OJle B YCJIOBHSIX, KOrAa
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écymGCTBeHHa ee aHM30TpOHHA, T. €. KOria <pyﬂxu1:1;{ pacnpeneie-
sl 4aCTHIl 10 CKOPOCTAM 6Jin3Ka K MaKCBeJJOBCKOH.

"9, BMOpOXMCEHHOCTb MACHUTHO20 NOAR. PaccMOTPHM HECKOJbKO
onpo6uee ypaprenne (1.6) n mocrapaeMcs BbIACHUTb ero ¢dusnye-
wxuit cMblca. Iloclennee c/laraeMoOe B NPaBoH 4acTH 3TOro ypaBHe-
a omuchiBaer Aupdy3HoHHOe pacn/biBaHHe HEOMIHOPOMHOCTEH Mar-
HTHOrO NOJIA B NPOBOAAILIlEH Cpele BCJAeACTBHe KOHEYHOH NMpOBOAHU-
Siocrn. Beanuuny Dm = ¢?/4n0 MOXKHO YC/OBHO Ha3BaTb Ko3ddu-
suentoM AH(Py3uu marnuthHoro noas. Ilpm mocratouno Goabumwoh
ipoofuMocTH aAudbysnell nosis MOXHO NpeHe6peub, H MH TPHXO-
MM K HAeaJbHOH THAPORMHAMHKe, B KOTOPOH OTCYTCTBYIOT BCe
« BHIBl IHCCHManud. YpaBHenue (1.6) torma mpuHHMaer BHA

%8 —rot[vB]. (1.7)
B 3TOM npeaenbHOM ciaydae ypasHenne (1.7) mpuBomHT K 3¢-
“heKTy «IPHK/JIEeHHOCTH» CHJIOBBIX JHHHH MarHUTHOrO MO/ K II1a3me,
JiM, KaK elie HHOTAA FOBOPSIT, K BMOPOXEHHOCTH MarHHTHOrO M0Jis
‘B NpoBOAAILYIO cpely. Uro6bl y6eaHTbcsl B 3TOM, PaCCMOTPHM IpO-
#BSBOJIbHLIA 3aMKHYTHH KOHTYp L, ABHKyuiufics BMecTe ¢ mia3Moii,

BBELEM B PacCMOTpeHHEe MarHUTHHIH noTOK (P == S B dS uepes no-

: S
€pPXHOCTb, orpaHnyensyio kourypom L. ITockosnbky divB =0 u cu-
JIOBBIE JINHMHM MarHUTHOI'O NOJIAl HHIA€ He KOHYaloTcsl, Beauunna @
ynpelenseTcss JNHIbL KOHTYpoM L u He 3a-
'BHCUT OT QOPMBI NOBEPXHOCTH, HATAHYTOH
Ha L. Hafizem Temepp Be/MHYHHY H3MeHe-
#usa noroka AM 3a Bpemst Af:

AD = SB’ ds — g BdS. (1.8)
S S

nech B’ = B(f 4 Af,r) — MarauTHOe 1O-
¢ B MoMent ¢ -} Af, 8’ — cmelennas no-
BepxHocTs  (puc. 1), a dS —sneMeHT NO-  pyc. 1. Hpumenne KoHTy-
" BEPXHOCTH, pacCMaTpHBaeMblii KaK BEKTOP, pa ¢ maa3Moi H BMOjO-
‘HanpaBJeHHBIH 10 HODMaJIH K TOBEPXHOCTH. HEHHOCTE MO,
Kak Buamo n3 puc. 1, mosepxmocts S’

MOXKHO CYMTaTbh COCTOMILEH H3 MOBEPXHOCTH S M y3KO#l JeHth AS
HripuHoi v Af, coepunsilomed aBa koutypa. CjenoBarenbHo, mep-
Boe cnaraemoe B (1.8) MOXHO NpencTaBUTL B BHAE CYMMBl HHTEI-
panoB no S u AS. IlepBriil U3 3THX HHTErPaNOB MOXKHO O6bEeIHHHTD
€0 BTOpHIM nHTerpajdom B (1.8), n ¢ TOYHOCTHIO A0 MaJIbIX BeJHYHH

JB
BTOPOro mopsiika MX cymMa paBHa Af S -7 dS. Uro kacaercs uure-

S
rpana mo AS, To oH MoXeT OHITL 3amucaH B BHAE HHTErpaJa Mo
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KOHTYPY L, Tak Kak 3/IeMeHT NMOBEPXHOCTH JeHTH AS paBeH dS =
= —Idl, vdt]. Takum o6pasom:

A(D=Atg%?—d8—— AtS [vB] dl.
S L
Ho nocienunii naterpas coraacHo H3BeCTHOH (pOPMYJe BEKTOD-

HOT'0 aHa/IH3a paBeH Srot[vB] dS. VYecrpemasia Af—0 u yunroiBas

do
ypaBHeHue miast B, nonyunm —7 =0, 1. e. ® = const. ITockonbky

3TO yTBep:KIeHHe CIpaBelJIKBO MJis Jio6oro Koutypa L, nBrxkyie-
rocsi BMeCTe C BEIIeCTBOM, TO 3TO H O3Hayaer, UTO CHJIOBbie JIHHHH
MarHHTHOrO MOJS KaK Gbl «IPHKJeeHH» K HIeaJbHO MpOBoOAsNiel
HKHIKOCTH. BMOpOXKeHHOCTb CHJIOBBIX JIMHHH CYHIIECTBEHHO YIIpo-
IlaeT KAaPTHHY NOBENEHHS MAUHHTHOTO MO/ NPH ABHXEHHH HAeasb-
HOH NJIa3MBbl.

§ 3. PassoBecHe naasmsl

1. ¥caosue pasrogecusn. IlnasMa siBasieTcsl BecbMa MONBHXKHOM
Cpefloii H B peasbHBIX YCJAOBHAX pelko OniBaer cnokoiHofi. [Tpexne
yeM K3y4YaTb €e JABHXKeHHe, eCTeCTBEHHO PaccMOTpeTh 6oJsiee IPOCTYIO
CHTYaNHUIO, KOTJa NJa3Ma HaxoZHTCsl B okKoe. PasymeeTcs, MBl Mor-
Jan Gbl npencraBHTb ce6e HeOrpaHHUYEHHYIO, 3aMOJIHSIONULYIO BCe NpoO-
CTPaHCTBO, OJHOPOJHYIO NJasMy, HaxXoASILYIOCS B TeNJIOBOM PaBHO-
Becun. Takas npefesnbHasi HAeaju3alHs 4acTO HCIO/Ib3yeTcsi NpPH
TeopeTHYECKOM aHa/ju3e KoseGaHuii miasmel. Ho ecan Bce ke cMmoT-
perb Ha Belln 6oJsiee peasibHO, TO MBI JOJKHBI fICHO MOHHMAThb, YTO
B /1aGopaTOpHHEIX YCJOBHSX IJ1a3Ma Bcerga HeomxHoponaHa. Hus no-
CTHXKEHHS! PaBHOBECHsT HeOXHODOAHON NJIa3MBl HAa Hee MOJDKHBL H€H-
CTBOBATh HEKOTOpLIe CHJLI, NPemsiTCTBYWOULHE ee pasJjery. Mmu mo-
ryT ObITh Jn60O CHJAL CO CTOPOHBI MAarHHTHOTO NOJS B cjaydae NOJ-
HOCTbIO HOHH30BaHHOH NJIa3MBl, JHGO TpeHHe O HeHTpaJbHHIH ras,
ec/IH mjiasMa caaGoHOHM30BaHHAS.

Mrul HayHeM pacCMOTpeHHE ¢ NMOJIHOCTLIO HOHH30BAHHON NJa3MHL.
[Ipn a»TOoM omsATH BOCMOAL3YeMCs INpeae]bHOR HIeannsaunueh, a
uMeHHo, 6yleM CyuTaTh, YTO NJia3Mma MNpeAcTaBjasier coOod uaeanb-
HB ra3 ¢ ypaBHEHHEM COCTOsHHS p = 2nT. B ajekTpuueckoMm oT-
HolleHnH 6ymeM CYUTATL e€e HJeaJbHbIM NPOBOAHHKOM ¢ OeckoHey-
HOM NpOBOAMMOCTbIO. Takas miasMa, ec/iH K TOMY e JOmyCTHTb
HYJIEBYIO ee BSISKOCTb, HaSLIBAeTCs HAeasbHOMH.

Coraacio (l1.1) ngeanbHas n/iasmMa Moxer ObLITb B paBHOBeCHU
TOJBKO B TOM CJIydae, ecin IpaqHeHT ee MaBJeHHsl YpaBHOBEIIEH CH-
Joit Amnepa:

Vo= liBl, (1.9)
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ne j — IVIOTHOCTD 2/1EKTPHYECKOrO TOKa, B — nanpsKeHHocTs Mar-
HETHOrO IOJS. i

B npeAno/IOMKeHHH Hj1ea bHOH MPOBOXMMOCTH Ha IVIOTHOCTb TOKa
ge HaKJAajJbiBaeTcsl HHKAaKHX OFPaHHYEHHH, KPOME ecTeCTBEHHOro

CJIOBHSI HelpepbiBHOCTH!:
divj=0. (1.10)

Maruutioe mose B u nioTHOCTh TOKa j CBsisaHb YypaBHEHHEM
Makcseana (1.3) u, kKpome rtoro, cormacHo (1.4) divB = 0. Kak
Jerko BHIeTb, H3 ypaBHeHna (1.9) Bbitekaer:

BVp=0, jVp=0. (1.11)

".ITH COOTHOLIEHHS! MOXHO PacCMaTPHBATb KaK YCJAOBHS NMOCTOSH-
&rBa JABJEHHS BAOJb CHJOBHX JHHHH MarHHTHOTO NOASl H JHHHH
TOKa: 0 3THM HANpaBJeHHAM CH/JIA CO CTOPOHBI MarHHTHOro NOJis
He mefiCTBYeT, H IJIa3Ma MOXeT CBOGONHO pacHIHpsThbest BAOJAb B u
j. BMecte c TeM, MOCKO/IbKY Vp HampaBjieH NEPNEHIUKY/SPHO MO~
., BepXHOCTH p == const, ycnoBust (1.5) 03HayalOT, 4TO CHJOBHE JH-
EHH M JMHHH TOKAa JONKHBI JeXaTb Ha NOBEPXHOCTAX p == const.
B yacTHOCTH, €C/IH MBI 3aXOTHM H30JHPOBATh NJIa3My OT CTEHOK
MarCHHTHBIM nOJieM — Takasi npoGjeMa, Kak H3BEeCTHO, BO3HHKJA B
€BA3H C NOHCKAMH IyTefl MJOCTHXKEHHS YIpaBJisieMOH TepMosiaepHOH
peaxiln, — TO NOBEPXHOCTH P = CONst NOMKHE GbiTh 3aMKHYTHIMH
B BJOXKEHHHIMH Ipyr B Jpyra TaK, 4To6bl Ha TpaHHlle NJasMbl
hasnenue o6pamiajoch B HY/b, a BHYTPH Hee NOCTHraJO MaKCH-
MaJLHOrO 3HaYeHHUsI.
~ YJ0XHTb Ha 3TH NOBEPXHOCTH CHJIOBbie JIHHHH M JIHHHH TOKa
F4K, yToOGHl HHTIe He BO3HHKAaJI0 OCOGHX TOYEK (COOTBETCTBYIOLIHX,
HanpuMep, <MNPOTHIKAHHIO» NOBEPXHOCTH p = const NpPOBOXHHKOM
TOKOM), MOXHO TOJIbKO B TOM CJIyiae, eClH OHH MNpEeNCTaBJISIIOT
¢060i1 cUCTEeMY BJIOXKEHHBLIX IPYT B APYra TOPOHIAJIbHHIX NOBEPXHO-
erefi. Takum o6pa3oM, MBI IPHXONHM K 3ajaue O paBHOBECHH NJa3-
MBl B TOpaX, KoTopasi 6yJeT pacCMOTpeHa HecKoJIbKO NO3JHee,
Bripaxas j uepes B ¢ nomomsio (1.3) ¥ nosibaysicb H3BeCTHBIM
€OOTHOLleHHeM BeKTOPHOTO aHa/iH3a, ypaBHeHne paBHoBecus (1.9)
MOXKHO 3aHcaTb B BUJE

2 1
Vp+ V2 =_(BV)B, (1.12)

"' TIle BTOPOE cJlaraeMoe B JIeBOH YaCTH MOXHO HHTePIPETHPOBATb Kak
TPajHeHT [JaBJieHHST MAaTHHTHOrO MOJs.

Eute Gonee marssigHasi 3anmucb ypaBHEHHS! pPaBHOBECHSI IOCTH-
_Taercs, ec/ik BBECTH B PacCMOTpeHHe eIHHUYHHIH BeKrop h = B/B
_ BAOJbL MarHuTHOrO NOJIS:

B2 B2 B2



16 FHAPOTHHAMHYECKOE OTIMCAHUE TINA3ME [rm. 1

rie V, = V—h(hV) — nonepeunmii rpaadest, n — HOpMaib K CH-
J0BOH /NHHMH, R —ee pamnyc kpuBu3ubl. 3 ypasneuns (1.13)
BHIHO, YTO MArHHTHOe [0Jie OKa3biBaeT AaBJieHue B2/8n B momepeuy-
HOM HalpaBJeHHH K CO3jaer JOMOJHHTEJNLHYIO CHJY B HanpaBJeHHH
BOCHYTOCTH CHJIOBLIX JIRHHH BC/IENCTBHE HX HATAMXKEHHA.

[TepefineM Temepb K PACCMOTPEHHIO HEKOTODLIX KOHKPETHLIX paB-
HOBECHHIX KOHQHrypauui.

2. Pasnosecue yuaundpuueckozo croaba. Mbl HauHeM C CaMoro
NPOCTOTO CJAYYdsi pPaBHOBeCHsT NJIa3Mbl NIPH HUJAHHIAPHUECKOH CHM-
meTpui. IlpakTuyeckH Takoe paBHOBeCHe JOCTHIaeTcsl B OrpaHHyeH-
HBIX 110 [JIRHE CHCTEMAax NyTeM CXKaTHH Ja3Mbl JRGO NPOLOIbHBIM
MarHuTHbIM nojeM (6-nuH4), JHOO COGCTBEHHBIM MOJEM NPOTEKalo-
Ilero no miasMe toka (2-nHH4Y). Teopernuyeckn yao6HO paccMaTrpH-
BaTh NJIa3MeHHEIN LIHYP KaK He OrpaHHYeHHBIA 1O AauHe, npeHe6pe-
rasi siBJIEHHSIMH Ha ero TOpuax.

B unanngpnyeckoil cucteMe KOOpPAKHAT r, 0, 2 ¢ OChIO 2, coBNa-
jpampouell ¢ ocbl0 CHMMeTPHH IIHYpa, ypaBHeHHe PaBHOBECHS NPHHH-
MaeT BH:

dp 4 Bi | By d 1By —y, (1.14)
dr dr 8n r dr

Tak Kak Mbl HMeeM TOJbKO OJHO ypaBHeHHe IJs Tpex (PYyHKLHE
p. B;, Be, TO npoU3BOJ OUEHL BeJIMK H cyllecTByeT 6oJblloe pa3Ho-
o6pasyie pa3/IHYHBIX DABHOBECHBIX CHCTEM.

3. 0-nuny. PacemoTpuM cHayasia cayuai, KOrfa mpodOJbHBH TOK
jz oTcyTcTByeT B coorBeTcTBeHHO Bg= 0. B aToM cilyuae yaepxa-
HHe Ma3Mbl gocturaercs 6maaronapsi a3HMyTaJibHOMY TOKY fe, ¥ mO-
3TOMY COOTBETCTBYIOLIYI0 KOH(IHTypauHIO MpPHHITO Ha3biBath O-
nunueM. [lpu stom u3 (1.14) nosayuaem

B? .
p—|——g;|‘i = const, (1.15)

T. €. daBJieHHe NJ1a3Mbl YpaBHOBEIIHBAETCS MATHHTHBIM [NaBJEHHEM.
M3z (1.15) caeayer, uto hiasMa o6najaer CBOMCTBOM [HaMarHe-
THKa: B ofJacTu, 3aHATOR NJa3MoH, None ocnabesaer. Ecuan
p= B§/8n, rae By — moje BHe NJIasMbl, TO BHYTPH IJa3Mbl MaruuT-
HOe moJse BooOlie OTCYTCTBYET, YAEpXKaHHE NPH 3TOM LOCTHraercs
3a cyeT TOKa, MpOTeKalol[ero 00 NOBEPXHOCTH NJMaaMul. B apyrom
clydyae TaK Ha3blBaeMOl IJIa3Mbl HH3KOrO naBjeHus p < B?/8x mar-
HHTHOe II0jle BHYTPH NJ/Ia3Mbl ocJabJsieTcsi Ha MaJjylo BeJH4HHY

8B = — BB/2, (1.16)

rae p == 8np/B% Ecau npu aToM NaBJjeHHe MJIasMbi BHYTPH WIHYpa
NOCTOSIHHO, a 3aTeM pe3KO crajaer 10 HYyJs Ha ero rpaHulie, TO,

dp 1.
HHTErpupys ypaBHeHHe paBHOBecusi — - = — — pB, nonepex mnypa
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1.,
p=——isB, (1.17)

Is= S Jo dr — NMOBEPXHOCTHAS NJOTHOCTh TOKa.

" YpasHenue (1.17) umeer cmbica GanaHca cHJ Ha TpaHHUue: XaB-
pye NJa3Mbl BHYTPH IIHypa ypaBHOBeINHBaercst CHJoH AMilepa,
eficTBylOllell Ha ero rpaHumy.

4. z-nun4. B npyrom uactHoM cayyae B, = 0 MH uMeeM 1el10
o6blybiM  nuHY-3)(PeKTOM, T. €. CO CTArHBAHHEM [JIa3MEHHOIrO
giHypa COOCTBEHHBIM MAarHHTHBLIM [OJleM NPOTEKaloero mo Hemy
'0Ka ¢ MJIOTHOCTBHIO

jo= = = (rBy). (1.18)
© . VYMHOXHM ypaBHeHHe paBHOBecHsi Ha r?dr U TNpOHHTerpHpyem
ero mo r ot 0 xo oo: .

% \
d 1 00
S ?f_err=_ﬁ(rQB%)0' (1.19)
0

Ilpn r—> oo rBg=2[/c, rae [—noaublif TOK, NPOYEKAOUHA IO
nnasme, Tak 4ro mpaBas yactb (1.19) paBua [%2mc: CneBa xe

floc/le HHTerPUPOBaHUsA MO 4acTaAM moiayunM \ p2rdr. Takum oGpa-

QOM, OKOHUATeJNbHO NoJiyyaeM c/eayloluee yc/oBHe NMHHUEBAHHA, T. €.
‘H'rerpanbuoe yCJIOBHE DaBHOBECHSA!

4NT = P2, (1.20)

“the N=S2nrndr—-norom{oe YHCJI0 IEKTPOHOB (HA elHHHLY

aauanl wHypa), T = '/o(T;+4 T.) — cpennsia rtemneparypa. Coor-
siomenne (1.20) o6wiuno HasbBaloT ycnoBueMm BenHerta.
. Ilpn Ha/nWyHM TNPOLOJBHOTO MATHHTHOTO DOJS COOTHOUIEHHE
"(1.20) moaxHo ObITH 10OMOJNHEHO H4/eHOM, YYUTHIBAIOIHM pPa3HOCTb
-DaBJieHnil MPONOJbHOrO NOJIst CHApYXH M BHYTPH WHypa. B uacTHO-
'CTH, ecqy IaB/eHHe NJIa3Mbl Majd, TO CTArMBaHMe LIHypa cobCT-
. BEHHBIM MarHHTHLIM MOJeM MOXeT KOMIEeHCHDPOBAaTbCfl 3a CYeT yBe-
JIMYeHHsl TPOLOJIbHOrO MAarHHTHOTo noJjs BRYTPpH wHYypa. [Ipun stoM
BO3HHKaeT CBoeoOpa3HLI napaMarHeTH3M NJIa3MHL.
5. Beccuaosvie kongueypayuu. B mpopoasimell niasme MOTyT
06pa30BbEIBaTLCS CBOeOGpasHble paBHOBECHHe KOHGUIypallWd, KOTla
KaBJCHHe TJIa3Mbl MpeHeGpeKHMO MaJ0 N0 CPABHEHHIO ¢ HaBJeHHEM
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maruutHoro noas. Kak ciaexyer us ypaBHeHus pasuoBecus (1.9),
IpH 3TOM TOK AOJKeH Teyb BJIOJb MarHHTHOro moJjs. MarHutable
KoHurypauun ¢ Vp = 0 HaszbiBaloTc GeccnaoBbiMH. B snaGopatop-
HBIX YCJIOBHSIX OHH OCYLIECTBJSIOTCHA, KOTAA BEeJHKH NOTEPH 3HEPrHH
niasMof H OHa He HarpeBaercs. DeccH/oBble KOHGHIypauHH He-
penxko Bo3HHKaiorT xa CoJHIe, KOI'Jla MarHHTHLIe INOJIS, FeHepHpo-
BaHHble BHYTpH CoJHIA, «BCIVIKBAIOT® Ha €ro NOBepXHOCTb.

EctectBenno, uro nan6osee npocro GeccH/IOBble KOH(MHrYpamuu
BBINTAAAT B C/yyae UHJAHHApHYecKoi cuMMerpuu. Tak kak mpu atoM
Mbl HMeeM OJHO ypaBHeHHe I7s ABYX GyHkuuit Bg(r), B:(r), to cy-
IecTByeT Bce ellje JOBOJbHO GOJIbIIOH NMPOM3BOJ B BuiGOpe KOH(GH-
rypauni.

Mp1 paccMOTpPHM 3[ech JIHIIL OJHH NPHMep, NpenCTaB/SIONIHA
HHTEpeC B CBSI3H C 3KCHEpHMEHTaMH MO CHJbLHOTOUHBIM pa3psifaM,
cTaGHIN3NPOBAHHBIM YMepeHHBIM NPOLOJIbHLIM NojieM. B Taknx pas-
pslax AaBJeHHe Ma3Mbl HeBeJWKO H3-3a PasjHYHOr0 poOJa aHo-
MaJbHBIX NOTepb (ychaeHHOH nHpY3HH H TENJIONPOBOMXHOCTH), TaK
YTO pacnpeje/ieHHe NoJell npakTHYeckH GeccHiaosoe. OkasniBaercs,
4YTO 3KCNepHMeHTaNbHO HabJlofaeMoe pacnpejfesneHne mojel GJAH3KO
K GeccH/J0BOMY, Y KOTOPOro NJOTHOCTb TOKa IPOTOPLHOHAJNEHA
noJio, T. e.

rotB=puB, p=_const. (1.21)

Orciona BbiTEKaer:

B,=Byly(ur), Bg= Byl (ur), (1.22)
rae Jo, Iy — dyuakuuu Beccens.

O6o3HauuM uepes a paauyc nJaasmMeHHoro muypa. Kak BumHO
3 (1.22), mo mepe noBHIleHHs pa NpOLOJAbHOE MarHHTHOE MoJe
CTArHBAETCA K OCH, T. e. KaK Obl MOSIBJSIETCSl «llapaMarLeTusm». 3a-
TeM, 10 JOCTHXKEHHH 3HAUeHHA pa = o =~ 2,4, T. e. NepBOro KOpHS
Jo(x), mone B; o6pamaercs B HysJb Ha IpaHHle ILIHypa, a 3aTeM,
OpH pa >> ag, Aaxe MEHseT CBOH 3HaK.

BMmecTo ap yno6HO BBeCTH HHTErpajbHYI0 BelTHYHHY

0 = 2nla/cD, (1.23)

rae [ — noanslfl OpONOJIbHBIA TOK, @ (O — MpOLOJbHBIA MarHHTHLIN
notok. Jlerko Bumerb, uto & — ap/2. O6bIyHO pas3psax 3ak/woueH
B KOXYX C JOCTaTOYHO BBICOKOH HNPOBOXHMOCTBIO, H MO3TOMY @ =—
= na®B,, rae B, — Haya/lbHOe 3HauyeHHEe MPOAOJBLHOIO MArHHTHOLO
noJisi NepeJ paspsuoM.

CorjiacHo paccMaTpuBaeMOi OeccHJIOBOA MOLEJNH MNPOLOJLHOS
noJie Ha nepuepHH paspsja NOMKHO MEeHSTb 3HAK NpH Hepexone O
yepes 3nauenne oof2. MIMeHHO Takas KapTHHA NOSIBJIEHHst OTpHLA-
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JIbHBIX 3HaueHHil moss B, Ha mepudepun paspsila mpH yBesuue-
u © Hab/iogaeTcs IKCNEPHMEHTANbHO (pHC. 2).

- JlocTaTOYHO XOpOIIO COBNAalOT H YHCJEHHBe 3HaYeHHs BeJH-
gl O, TpH KOTOPHIX NPOHCXOAHT H3MeHeHHEe 3HaKa MOJfA: IKCIe-
meAT aaer O =~ 1,4, a Teopus — 0 = 1,2,

Iloyemy B 2KcnepHMeHTe HaGJlOfaeTCsi Takas GecCHJIOBAsT KOH-
urypaliusi, 6biJlo HelaBHO TeopeTnueckH mosicHeHo k. Teiutopom
§13). Ero apryMeHThl CBOAATCA K

caenyioiemMy. bynem ncxoauth u3 455'51

oro, 4To0 B In(hPy3HoHHOM nuHYe |~
pasBHBAETCS JIOBONLHO HMHTEHCHB- NI her)

4asi MarHHTOTHIpOJHHaMHBuecKas
#ypOyNeHTHOCTb, KaK 3TO MOKa3bl- = By (ar)
#aorT sKkcnepuMenthl. [lpn  Takok " p,

AypOyJeHTHOCTH 3IHEepPrHsl MarHuT- o °

§Oro MOJIS1 H IJ1a3Mbl MOXKeT Ilepe-
OflHTb B KHHETHYECKYIO 3HEprulo
Xa0THYECKOro [BHXKEHHs, a 3areM
WHOCHTCS H3 LIHYpa 3a cYeT IOTepb .

IlnaszmMa B TakoM wHype OGHY- Puc. 2. Pacnpenenchne mnoneli B
10 HMMeeT [OCTAaTOYHO BLICOKYIO RuddyanonnoM nuHue.
IPOBOAMMOCTb, H 3TO HaKJaabiBaeT

~onpelle/leHHble OrpaHHYeHHst Ha JOMYCTHMbIE ABHXeHHs B IJasMe.
Jlpu umeasbHON MPOBOAHMOCTH H3MeHEHHsi MarHMTHOTO MOJs CBS-
Bann ycaoBueM Bmopoxennoctd (1.7). COOTBeTCTBeHHO /51 Bek-
FOpa-TOTeHIMala MarHWTHOrO moJisi A, ompelessieMOro COOTHOLle-
HeM B =—rot A, BhiTekaer

%\ —[vB] + ¥y, (1.24)

fle y — NPOH3BONbHAA CKa/sApHas QYHKIHS. '
Kak MoxHo nokasath, u3 coornomennit (1.7), (1.24) caenyer,

YTO HHTerpas S AB dr, B3sThii mo JM060My 06beMy, OrpaHHUEHHOMY.

CHJIOBHIMH JIMHHSIMH, HE 3aBHCHT OT BDEMEHH, T. €. SIBJISIeTCA HHTer-
pajioM JIBHXXEHHS.

[Tpu KoHeYHOH NPOBOXMMOCTH 3TO YTBEp:K/EHHe CTAHOBHTCHA He-
NPaBHJIbHBIM, TaK KaK CH/JOBble JHHHH NOJYy4YalOT BO3MOXHOCTb Ie-
pesamnikatbess. Ho ecam mpoBoanMOCTb 10CTaTOHMHO BHICOKAs, TO
TIPH TAKOM nepe3aMblKaHHH MarHHTHBE NOJS MEHSIOTCH ¢/1a6o, Tak
4TO A0JDKeH NPUGJIHKEHHO COXPaHSITbCS HHTErpaJ

Ko= SBA dr,

B34TBHIH 10 BCEMY oébemy IJIasMbl: B 2TOM HHTerpaJie IIPOHCXOIHT
JIHb nepepaclnpeje/ieciie BKJIaA0B OT OTAE/ILHLIX CHJIOBLIX pr6OK,
a cymMmma HpH6JIH3HTeJIbHO NOCTOAHHA.
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Ecin nckaTe MMHHMYyM 3Heprum MarauTHoro noas npu Ko =
== comst, TO COOTBETCTByIOUlas BapHAaNHOHHAsi 3ajaya MPUBOLUT
K 6eccunopomy noio (1.21) ¢ p = const. Takum o6pasoM, Hab.1io-
laeMoe 3KcNnepHMeHTalbHoe GeccunoBoe mnoje B aHOPY3HOHHBIX
IIMHYAX CBS3aHO ¢ pa3BHTHeM MeJKoMacllitaGHOH MarHHTOTHAPOAH-
HaMH4YECKOH TypOyJeHTHOCTH, B KOTOPOH 3HEPrHsi MarHHTHOIO HOJs
epeXofHT B KHHETHYECKYIO 3SHEPrHI0 XaOTHUECKOr0 [BHKEHHS
nynasmbl. bosee mogpo6Ho atot Bompoc Gymer paccMotpeH B § 6,
m 2ra 5.

6. Topoudarvras naa3ma 8 nose ¢ 3aMKHYTOIMU CULOBLIMU AU-
Huamu., PaccMOTpeHHble Bhile [HJIKHIPHYECKHE PaBHOBECHBIE KOH-
(durypannn sBJAIOTCH, pa3yMeercsi, HJeaju3alliell: NpaKTHYECKH
pea/ii30BaTh CHcTeMbl, 6€CKOHEUHO MPOTsS2KeHHble B OJAHOM Hamnpas-
JIleHHH, HeBo3MOXHO. OJHAaKO TakHe paBHOBECHS MOXHO OCYILIecT-
BHTb TNIpHOJIHKEHHO, eC/IH IJIa3MeHHHA IIHYp 3aMKHYT B TOp
¢ oyeHb 6oJbIIHM pagHycoM KpuBu3ubl R. [Ipu atom cpasy Xe Bos-
HHKaeT BOMNPOC O TOM, Kakoe BJIHsHHE OKa3bBaeT Ha paBHOBECHe
IIHYpa ero TOPOHAAJbHOCTb. YTOOH! BEIACHATbL 3TO, MH PaCCMOTPHM
CHayaJia NpOCTOH Npele/bHBIN cjydai, Korfa NpOoAOJbHBIH TOK OT-
CYTCTBYeT.

ITpn atomM Mbl Kak 6Bl HCKPHBJIsSieM OXHOPOAHOE MAarHHTHOe moJje
C MJasMeHHbIM HHJIMHAPOM. B pesyibTaTe HCKpHBJ/IEHHs HoJe nepe-
craeT ObITb ONHODOAHLIM: B KPYrJIOM TOpe OHO yOmIBaer o6paTHO
NPOHOPIHOHANBHO paccTosiHUI0O R or Oonbliofi ocH (OCH CHMMeT-
pun) Topa. DTO cJelyeT M3 TOrO, YTO IPH OCEEOH CHUMMETDHH HoJe
pasHo B = 2//¢cR, rne [ — nojHbfi TOK, MpOTeKalouluii yepes Kpyr
paauyca R. DTOT TOK MOCTOsIHEH, €CH TOJbKO MH He IepecekaeM
BHTKOB 0OMOTKH.

Tak xak MarsuTHoe noJie ocjabeBaeT K HapyXHOMY o6Bony
TOpa, TO IasMa, GyJAy4yH AHaMarHeTHKOM, JIOJ2KHA BHITAJKHBATbCS
B pafuHaJbHOM HanpasaeHHH. UTo6bl yGeIHThCs B 3TOM, PaccMoT-
puM IJIa3MeHHyI0 TpPyOKy, oGpasyiouiie KOTOPOH €OBnazalioT ¢ CH-
JIOBBIMH JIMHHSIMH, H JOMYCTHM, YTO JaBJICHHE IIJIa3Mbl f OJHOPOXHO
0 CeyeHHI0 TPYOKH H 3HAUUTENIbHO MeHbIe NaBJeHHS MAarHHUTHOTO
nostsi B?/8n._ Torma, Kak Mbl YCTAHOBWJIH B NYHKTe 3, MarmdTHOE
note Oyaer odyeHb cJabo H3MEHSTLCA IpH NepecedyeHUH TIpaHRILb
nnasmul, [lpun atom cornacuo (1.17) naBieHHe mia3Mbl YpaBHO-
BelllMBaeTCss CHJIOK B3aHMOAEHCTBHS MTOBEPXHOCTHOrO TOKA fs € Mar-
HutHbiM noseM B. Ho B mpoctoli TOponmanbHOH TeOMeTpHH B
OTCYTCTBHE NpPOAOJLHOrO TOKa cooTHomeHHo (1.17) ympoBaerBo-
puTbL Hesb3st. B caMom jele, B cmlly cOXpaHeHHs 3apsila OpOH3Be-
JleHHe BeJHUMHBl MOBEPXHOCTHOrO TOKa Ha JUIHHY CHJ/IOBOH JIMHHH
js2nR moaxHo ocraBathesi mocrostHHbiM. [lostoMy Ha BHyTpennem
06BoJle MAa3MeHHOH TPYOGKH MOBEPXHOCTHBHIE TOK js HOJMXKEH GLITh
HeCKOJMLKO Gosiblle, YeM Ha BHeimneM. Ho maruuTHoe mone B Takke
GoJibllle Ha BHyTpeHHeM 00BoOje, H, Clel0OBaTeNbHO, CHJa, AefcTBYIO-
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g CO CTOPOHBI MarHHTHOrO MOJIA Ha IJIa3MeHHYIO TPYGKY, JO/KHa
Tb HEKOTODYIO DaBHOAEACTBYIOLLYIO, HAMpaBJEHHYIO HAapyXy B
oHy yOLIBaHHsI MarHUTHOrO N0JIs.

TO6B CKOMIIEHCHDOBATb CHJy BBITA/JKHBAHHS, MOXHO IpOMy-
Th NONepeK IIHypa Mapalljie/lbHO OCH CHMMETPHH Topa HeGO/Ib-

# TOX Ajs~%js, KOTOPHIH JacT CH-

| 4s
HanpaBJIeHHYI0 B CTOPOHY OCH TOpa s L
pac. 3); 3Mlech @ — monepeuHbiii pas- |
ep mJa3MeHHON TpYOKu. IlpakTnueckn oF P\ p

@Koft TOK MOXKHO QQ3[1aTh C [NOMONILIO -
ppoLIO NMPOBOAsMEeH nHadparmel, KoTo- ' 4js
g, 3aMblkas TOKH, «3aMOPaXHBAeT» Pyc.3. Ynepxanue TOpo-
{I0Bbie JHHHH H He JaerT TPYOKe NBH- wpanbuoro wmypa auag-
grhes mo GosblioMy paauycy. Ecan mar- parmox.
gTHoe noje B oueHb CHAbHOe, TO NoMe-
equblit TOK Ajs Maj, U mnpu Xopollel NOPOBOAHMOCTH NJAa3Mbl
Baoab nois gradparma moxer 2(ppeKTHBHO 3aMbIKaTh MONepeyHbIH
0K Ajs co Bcero muypa [15].
7. Jlosyuika ¢ ecoppuposantvin mazruthoin nosem. CyuiectByeT
Apyrasi BO3MOXHOCTb KOMTeHCAIlHH AHAMAarHHTHOI'O BBITaJKHBA-
1 B TOPOHAANBHONH CHCTEMe C 3aMKHYTHIMH CHJIOBLIMH JIHHHSIMH.
Wddpa cBsizaHa C OTKAa30M OT oceBoi cuMMeTpuH. omycTtuM, uro
- C MOMOIIBI0 NOMOJHHTEIbHEIX KaTyIIeK CO3-
N naercs Takas KOHQHIypamHusi, YTO BHYT-
peHHsisi CHJIOBAasi JIHHHSI CTAaHOBHTCH He-
CKOMbKO JJHHHee HapyXHoH (puc. 4).
[Tycth onmaTh maBiaedue naas3mel Maad u rno-
crosinHo. Torla yc/oBHe paBHOBeCHfl rpa-
Hunbl umeer Bua (1.17), rae js— xommo-
HEHTa NOBEPXHOCTHOTO TOKa, HOPMaJibHas
K B, a creloBaTenbHO, H K CHJIOBOH JIHHHH.
M3 ycnoBust cOXpaHeHHsl 3JIEKTPHYECKOrD
3apsjia HMeeM:

-Puc. 4. TodpupoBaruuil /
Ef}. jsdl=—c¢p (g %— =const. (1.25)

TOp.

aK Kak p == const, To oTcioga cienyeT, 4YTO HHTErpaJ
dl
U— § L (1.26)

BOJIb NIOGOH 3aMKHYTOR CHMJIOBOH JINHHH Ha FpaHuille IJa3Mbl KOJ-
JKeH HMeTb OJHO M TO e 3HayeHMe.

STtoT pesyabratr Jerko oBobuiaercss Ha cjaydyall NPOH3BOJILHOrO
pacnpeneiieHHs naBJeHusl maasmbl, B caMoM nesie, n060e miaBHoe
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jacnpenesienHe AaBJeHHs IO HEKOTOPOH KOOpAMHATE VP, HYMepyio-
Uefi MOBEPXHOCTH p = const, MOXHO npHOJHXKEHHO MNPeJCTaBHThH
yBuJe Ha6opa MHOrux crymeHek. Ha kaXkaoh M3 TakHX CTyneHex
winunHa U gomxua GbiTe mocrosiHHOR. JpyruMu cioBaMmu, s
JsBHOBeCHs HeOOGXOAMMO, YTOOH AaBJaeHHe p ObIJIO NOCTOSHHO Ha
BepxHoctH U = const, 1. e. p = p(U).

Eciu paBiende maasmMel Mano, ro noj eeaduunon B B (1.26)
i02XHO NOHHMATh BAKYYMHOe MarHHTHoe noJjie. B 3ToM cayyae yeno-
BHe p = p(U) aBnsercs uneo6xomu-
MBIM U JOCTATOYHHIM YCJIOBHEM paB-
HOBeCHS.

Taxkum o6pasom, ecnu Npou3BecTH
robpupoOBKY MAarCHUTHOrO NOJs, KakK
NoKa3aHo Ha pHc. 4, uTobBl BeJH-
yuna U uMena onuMHaKOBoe 3HaueHHe
Ha HeKOTOpPOH TOPOHAAJBLHOH NMOBepx-
HOCTH, 06pa30BaHHOHA CHJIOBBIMH JIH-
HHUSIMH, TO IJ1a3Ma MOXeT OuiTb B paB-
HOBECHH.

DTOT TeopeTHUECKHA pe3yabraT
MOATBEPXKJIEH SKcnepuMeHTanbHO [22].
Ha puc. 5 npusenens ase ¢oropas-
BepPTKH IJIa3MEeHHOr0 WHypa B MNpo-

by, CTOM TOPOHJAJBHOM H TodpHpOBaH-

HOM MarHHTHoM nose. PoropassepTka

e 5. Bubpoc mraswu ma ma- POH3BOMNHTCS CJIENYIOMIHM o6pasoM.
WxHylo cTeHKY B Kpyrmom To- DB TODE MpOpesaercss mnomnepeuHast
t (a) v ee paBHoBecue B Tod- IlleJib, H300paxKeHHe KOTOpPOH ¢ IO-
5‘2?]03315‘H0M TO}EKe (6) COl;Jl:?HO MOIIBIO 3epkasa oOTGpaceiBaercss Ha
m"ua;P?PCP‘P‘T’OKSM,“%CCTAHZI;M%’{ sxpan. Ilpun Bpamienuu 3epkana npo-
btr mone B mecte ux pacmo- CKIHS IMeMH GeXHT IO 3KpaHy, Tak
JIOKEHHUS. 4TO B pe3dyJabrare Ha CHHMKE IIOJaY-

yaercs H306pakeHHe IOMNepevyHOro

CEYEHHS ITa3Mbl B QPYHKIHH BPEMEHH.

ITy1asMeHHBIH WIHYp B 3TOM 3SKCIEepPUMeHTe CO3AaBaJCcs NpH Mo-
Yy O-nuaua, 1. e IpH HMMIOYJIbCHOM HAapacTaHHH OPONOJLHOTO
Y15, Ha doropasseprke puc. 5, a BHAHO, KaK LIHYD AOBOJABHO Gbl-
™o BHITaNKHBaercst K nepudepun xamepnl. IIpH HaJOKeHHH Tod-
YPOBKH CO3AAIOTCS YC/IOBHSA JJIsi DpAaBHOBECHS NJa3Mbl ¥, KaK BHAHO
V' boropasBepTKH puc. 5,6, Nia3Ma 3HAYHTENbHO HOMbIUE YAEpKH-
S%¢rcs B NIEHTPAJbHOH YacTH KaMephl.

8. Pasnosecue naasmet 8 kpyzaom Tope. IlepefineM renepp K
fccMoTpeHHIO  0O6IIero cJayyasi, KOrAa B NJa3MEHHOM IIHype
p’%erorcsl KaK NpOA0JbHOE, TaK ¥ Aa3HMYTA/JbHOE MATHUTHHE MOJS.
pﬁaymee'rcx, B camoii OfIied NOCTaHOBKe 3ajaya O TOPOWAANBHOM
gHoBECHH I1a3MBl BecbMa CJOXKHA, M pellieHHe ee Tpebyer PoO-

B g m—

A -

b
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IKMX MATEeMATHYECKMX BhIKJAaAoK. OJHAKO CyIlecTBYeT KJacc
ad, MHTEPECHbIX B NPAKTHUECKOM OTHOWIEHHH, KOTAA TOPOHMAA/Ib-
'KpHBH3Ha Maja, T. €. MaJbli paiuyc NJa3MeHHOro LHypa @
ayuTeNbHO MeHblle pajauyca KPHBH3HEI TOpa Ry (r. e. panmuyca
qruuTHON ocu). Ilpu 3TOM TOpOHAA/IBLHHIEA WHYP G6JAH30K K Ipsi-
pMy M €r0 DaBHOBECHE MOMHO HCC/TENOBATH 10 TEOPHH BO3MYIle-
fi, NpMHEMAs 32 HyJeBOe NPHOMHKEHHEe UHIMHAPHYECKHA MIHYD H
JOH3BOJAA 3aTeM Da3jioXeHHe IO MajoMy napamerpy a/Ro. drtum
PTOJIOM YJAeTCsi PaccMOTpeTb WIMPOKHA K/NacC TOPOHAA/BHLIX CH-
em [11]. 31ece MBI paccMOTpHUM B KayecTBe IIPHMEpPA TOJBKO KpYr-
jfi TOp C CHJIbHBIM IIPOJOJBHBIM MarHHTHBIM IOJIEM, 4TO COOTBET-
ByeT, HallpuMep, 3KCIepHMEHTa bHEIM YC-
OBKaM «TOKaMaK».

- PaccMoTpHM momepevHoe CevueHHE NJIas-
Horo mHypa (puc. 6). Eciu B npsMoMm
gHype MarHHTHbIE NOBEPXHOCTH B IoNleped-
HOM CeueHHH NpefCTaB/asIH cOGOf cHCTeMy
HeHTPHYECKHX OKDPYXKHOCTeH, TO B TOpE
¥ OKPYXKHOCTH OyAYT CMEIeHH OT OCH
0pa U HeCKOoabKO JAehopMHPOBaHH. B Jn-
eAgoM 110 a/Ry npubiuKeHHH HCKaxe-
€M OKDYKHOCTH MOXHO mpeHe6peub, Tak
%70 TOPOMAANBLHOCTH CKa3LiBaeTcs JHIUb B
eIeHHH OKpyxHocteft. Bejuuuny 3toro
elennss 0603HauuM uepes A(r), rme Puc. 6. Marunrune mno-
i MaJHil pajMyC MAarHHTHO! MOBEPXHO- BEPXHOCTH B TODE.
u. Byaem cudrath, yro BelMUHHa A on-

7eneHa TakUM 06pas3oM, YTO Ha BHEIIHEM INPOBOJASIIEM KOXKYXe
anuyca b ona obpamaercs B Hyab. B onpenenenuun A(r) H cocrout
OBHas 3ajaya HaxOXjeHHUsi TOPOMAAJILHON HONPaBKH K paB-
€CHIO.

Hapsiny ¢ r BBesem eumie asuMmyr © u IpOJOJbHYIO KOOpJIHHATY
2— IUIMHY BAONbL MarHdTHOH ocH. Tenepp 3To OYAYT yXKe He IH-
JUHApUYECKHe KOODAHHATH, a KPUBOJHHEHHbIE KOOPAHHATH HA TOpE
(cM. puc. 6), KOTOpBIE TO/ILKO NPH Ro—- 0o NepexolsT B MHIHHIPH-

_ Uro6bl HafiTH A, Hy>XKHO y4YecTb, YTO B TOPOHJAJILHOH TeOMEeTPHH
By u B, yxe He MOCTOSHHB Ha OKPYXHOCTH pajMyca‘’f, a cia6o 3a-
Bucart ot 0. Oco6eHHO JIeTKO ONpeleNHTh 3aBHCHMOCTL or © maus
“KoMmonenThnl B,. B camoM gene, B cHay oceBOW cUMMerpHH B, =
"= 2[/cR, rpe I —nosHel TOK, MpOTEKaIOUIHHA yepe3 Kpyr paaumyca

— paccTOsiHUs OT OCH cHMMeTpHH. Ho Tak Kak uepe3 MarHHTHBIE
NOBEPXHOCTH TOK HE nepereKaer, To BesiMuyuHa | Ha MarHUTHOW mo-
BEDXHOCTH NOCTOSIHHA, T. €. sIBIsieTCs (YHKIHMeH MaJnoro panuyca
" MATHHTHO® NOBEePXHOCTH r. YuuThiBas, 4t0 R = Ry— rcos @ (cM.
PHC. 6), HAXONHM C TOYHOCTHIO JO YJEHOB NEPBOTO NOPsiAKa
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MaJIoCTH
B.=B}(1 +RLocose), (1.27)

0
rie Bz — 3HaueHHe NMPOAOJBLHOTO MOJS B HYJNEBOM NPHUGIHKEHHH.
AsumyranbHasi KoMIOHeHTa mOJsi Bp Takke HECKONBKO H3Me-
HseTCs, TaK 4TO MOXHO IOJIOXHTb

Be=33(1 —l—%AcosB), (1.28)

rie A(r) —noxa HeonpejeneHHas BenuudHa. Ee MoXHO CcBf3aTh
¢ A(r), ec1u BOCHOJB30BATHCA YCAOBHEM COXpaHEeHHS MAaTHHTHOIO
NOTOKA MeXZNy HAByMsl OJIM3KHMH MAaTHHTHBIMH IIOBEpXHOCTSMM.
MoxHo noKasaTb, 4TO pACCTOSIHHE MeXAy OGJH3KHMH TOBEPXHO-

CcTAMH paBHO dE =dr — cosBdA = 1———d-é—cosﬁ dr (cMm. puc. 6).
p ar p

Tak Kax 3/eMeHT NMOBePXHOCTH (JIeHTOUKH) dS, yepe3 KOTODHIN Npo-
XOJHT a3HMYTaJbHbIi OTOK MeX]y GJH3KHMH IOBEPXHOCTSIMH, pa-

pen dS= (1 — ﬁro—cos 6) 2nRydE, To M3 ycaosua BgdS = const
JIETKO HAXOLHM

a

= (A—1. (1.29)

YcraHoBHB BCce HeOOXOAMMBIE TeoMeTpHUEeCKHe COOTHOMIEHHS,
BepHEMCS] K YDaBHEHHIO paBHOBeCHs. Y O6GHO BOCIOJb30BATHCS HOP-
MaJbHON K MOBepxXHOCTH p = const (r. e. r = const) koMmouenro#
ypaBHeHHsi paBHOBecusi B ¢dopMe (1.12). Yurem, uro rpamnenr 1o

(7] dA (7]
HOPMAJIH DaBeH ¢ = (1 + —;cose)w, TaK XKakK DacCTosiHHe Me-

dA*
K]y OMH3KHMH MarHHTHBIM.H NOBEPXHOCTSIMH d§=(1-—-dT cose) dr.

CJIEIIOBaTeJIbHO, aJiA HOpMaJIbHOﬁ KOMIIOHEHTH HMeeM
dA a B? n
(1 +—d7COSG)Fr-(p ++)=1(BV)B, (1.30)

rie n-— eAHHHYHBIH BEKTOP 10 HOpMaJH K MAarHHTHOH NOBEPXHOCTH.

3aecy pjasi B HYXHO ydecTbh TOPOHjAanbHBIE IONPABKH COTJACHO
(1.27), (1.28). Herpyauo Bupmers, urto (B,V)B, HanpaB/eHO K OcH
CHMMETPHH TOpa H 1O abCOMIOTHOM BeJMYMHE paBHO Bﬁ/R, Tak
qro n(B,V)B,=cos0-BYR. Uro kacaetcs (B,V)By u (ByV)B,,
TO OHH He HMEIOT COCTABASOWHX No n, a n(BeV)Bs= — Bjr.
TakuM o6Gpa3om, ypasHenue (1.30) mMoxeT ObITb 3almHCaHO B BHjE

0 B’ B} dA BY  B?
ar 4np-l——2— +-——= ?r—’i—T COSB, (1.31\

r
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5. IPABOM YAaCTH MBI BOCNO/b30BAMHChL YyPaBHEHHEM DaBHOBECHS
d

/©eBOM TPUGIHMKEHHH H HCKJIIOUHIH —d%. Ecau moacraBuTh Cioja

7), (1.28) u cobpaTb Maibie MepBOrO MOPsAKa, TO C y4eToM

.29) MOXHO TMOJNYYHTb ypaBHeHHe AJs A:

d 2 dAY __ 8nr? dp  r
o (7)) =% ar — % Bb (1.32)
Terpapysi 3TO ypaBHEHHe H YUHTHIBasi, YTO NpH r =0 %—_—_o,
OnUM Y
dA  8n(p—p)—Bp r
_=_L__§l_9__' (1.33)
dr By Ry

r
T §2prdr H

aJOTHUHO oOmpeneneHo Bs. BropwM
rerpHpOBaHUEM OTCIOJA HeTpPyAHO HaM-
A(r). Tem cambiM 3agaua 0 TOPOH-
bHOM ~PaBHOBECHH TNOJIHOCTBIO pe-
jeTCsl, Tak Kak Bg BRIpaxaercs uepes
amerHM, yro corsiacHo (1.28) Besu-
a A 3aBHCHT TOJIbKO OT TODOHAAJIb-
KOMOoHeHTH noJs Bg, a ne or B,.
IlpuBenenuble 31eCh COOTHOLIEHHs,
yuensbie Brnepsble lllappanossim [10], 20
OWIO ONHCHIBAIOT DE3YJLTATH SKCHE- b 7 panoerererne nuor-
HTOB IO PAaBHOBECHIO MJIA3MBI B TO- uocry mjasMe B yCTAHOBKE
akax [23]. Ha puc. 7, unanpumep, «roxaMaks U0 CEYeHHIO Ka-
@ICTaBJeHbl Pe3yJabTaThl HM3MEpeHHs mepu [23].
CNpeJesieHHs] IVIOTHOCTH IJIasMbl IO

Huo. OHH HarJsiIHO NOKa3biBalOT, KaK IPOHCXOJHT CMelleHHe
a3Mbl B TOpe B pajHa/JbHOM HaNpaB/CHHH.

-1 aJ 10 2o

§ 4. AByxXXMIKOCTHA MArHHTHasi THAPOJMHAMHKA

1. ¥pasHnenus deyxmcudxoctnold eudpodunamuxu. Berony soiime
dbl CUHTaJH, YTO IJla3Ma IOKOHTCS, T. e. ee ckopocte U= 0. Ho
PU 3TOM HESIBHO JONYCKAa/O0Ch, YTO MaKPOCKOIHYECKasi CKOPOCTb
“-3T0 CcKOpOCTh MOHOB. Ecsau mo niasme mportekaer sjekTpHuec-
KB TOK IJIOTHOCTBIO j, TO 06e CKODOCTH — HOHHAf U; U 3JEKTPOH-
#as Y, — oNHOBPEMEHHO B HYJb OODATHTLCA He MOCYT IIPOCTO MO-
TOMY, 4T0 j = en(v;— ve).

OgepuM cKOpocTb 3JeKTPOHOB Ue. JlONYCTHM, 4TO NPONOJBHBIfA
TOK orcyrcTByer. Torma, Kak c/elyeT W3 ypPaBHeHHsI PaBHOBeCHS
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(1.9), npu HanuuuH rpajHeHTa JAaBJEHHs IO I1asMe NOJMNKEH mpo-
TeKaTh TOK IJIOTHOCTHIO
¢ [hVp]
jo=<lvel (1.34)

enB '

rie h = B/B. Eciu uoHHasi CKOPOCTb paBHa HYJIO, TO OTCIOJa IO-
Jy4yaeM AJsi 3JIeKTPOHHOH CKOPOCTH

Ve, =—L1vel (1.35)

enB °

ITo mopsiaxy Be/IMYHHBEI 3Ta CKOPOCTb (KOTOPYIO MBI YCJIOBHMCS Ha-
3bIBaTb ApeddoBOH) paBHa UL ~ cT/eBa ~ vripifa, rtoe vy, =
=/Tjm; — CpellHsAs TeIlJoBasd CKOPOCTb HOHOB, p; = Uri/Q; ==
= urim;c/eB — ux cpenunii n1apMOpOBCKUi paguyc, Q; = eB/m;c —
HOHHAsl HHKJOTPOHHAS YacTOTa, @ — XapaKTrepHBIl pasMep NJa3MBbl.
B cusbHOM MarsHTHOM 0OJe JIApPMOPOBCKHE pajHyc p; OuYeHb MaJ H
CKOpOCTh Uy Mala.

Ho meno paxe He B 4YHC/IEHHOM 3HAYeHHH CKOPOCTH, a B TOM,
4TO B DacCMOTPEHHOM BbIlle NPUOJHUKEHHH CKOPOCTh 3JJEKTPOHOB
HUTIe He BHICTYNaJla B IBHOM BHJE, H NO9TOMY COBEPHIEHHO HEsCHO,
YTO 3a NPUO/IHXKeHHe MBI CHejanu H Kakue 3ddeKTsl npH 3TOM
notepsiid. Yro6bl BHIACHHTH 3TH BOMPOCH, NPHXOAHMTCS OTKA3aThCs
OT B3TJ/Isila Ha CTAI[MOHADHOE COCTOSIHHEe KaK Ha paBHOBECHE H
paccMarpHBaTbh ero Kak HEKOTODOe CTalHOHAPHOEe TeYeHHe H COOT-
BETCTBEHHO BBECTH B pacCMOTPeHHe MAaKPOCKONHYeCKHe (THIPOAU-
HaMHYeCKHe) CKODPOCTH IJSl 9JIeKTPOHOB M HOHOB. EciaH nmpu aroM
No-NpeXHeMY CUHTATb, YTO 3EKTPOHBl H HOHBI NPeCTaBAAIOT COGOH
oTle/bHble B3aWMHO [IPOHHKAIOUIHE HMHUAKOCTH, TO MBI IPHAEM K Tax
Ha3bIBAEMOMY TNPHOGIHKEHHIO [BYXXHIKOCTHOR THADOJHHAMHKH.
Muxpockonuyeckoi OCHOBOM AJIS1 TAKOro NPHGIHIKEHHST CJAYKHUT yiKe
naBHO orMeueHHoe Jlaupay [28] o6crosiTenscTBO, YTO paBHOBeCHOE
MaKCBEJIJIOBCKOE paclpejejieHHe B KaXIOH U3 KOMIIOHEHT (3JeKT-
POHHOR M HOHHOH) ycTaHaBJHBaeTcs ropasgo Oblcrpee, yeM IpOHC-
XOmUT Tenyoo6Men Mexnay HuMH. C ydyeroM HeGOJbLIOA CHJBI Tpe-
HHS MEXJY 3JeKTPOHAMH H HOHAMH YDaBHEHHS JBYXXKHAKOCTHOH
THAPOAMHAMHKH HMEIOT BHI
me

“ve—v),  (1.36)

dvi en
mn—- + Vp,=enE + —[v;B] +

Te

men-2 4 Vpe = — enE — =% [v,B] — & (v, — v,). (1.37)
-31ecb m;, Me— MacChl COOTBETCTBEHHO HOHOB H 3JI€KTPOHOB, Vi,
Ve — HX CKOpOCTH, pi == nT;, pe==nT,— ux naenenusi, a T;, Te—
temnepaTypbl, E— Hanpsi:XeHHOCTh 3/1eKTPHUECKOTrO moas, B — mar-
HUTHOE HOJIe, T, — CPeIHee BPeMS MeXKJY JIeKTPOH-HOHHBIMH CTOJK-
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enusivu. Kak OGBIYHO, MBI CUMTaeM, 4TO IJIOTHOCTH JEKTPOHOB
OHOB paBHBl (YC/IOBHE KBa3UHEHTPaJbHOCTH).
B ypaBHenusx (1.36), (1.37) mon cyGcraHnHa/ibHBIMH MPOH3-

T v,
HEIMH % cries0Baso Gbl MOHUMATh B ONHOM Cllyuae —y + V,Vv,,

g
JIpyroM —(;'T"-{—vere. Ho mocxonbky Macca 3/eKTPOHOB OYeHb

jJa ¥ B OOJBIUHHCTBE CJy4YyaeB ee MOXHO CUMTATh HYJIEBOH,
y BO BTOPOM YypaBHEHHM Mbl OyleM ONmyCKaTb HHEpIMOHHBIA uJeH,

K uto —- Bceraa Oyler cybGcraHUHaNbHOR NPOH3BOJAHOH [Jisl

0B.
CrnanwBas ypasHenuss (1.36), (1.37) u npeneGperas uHepmuef
€KTPOHOB, MONYYHM ypaBHEHHE [BHXKEHHs ONHOXHIKOCTHOH THI-
BORHHAMHKH:

d | S
m,.nd—j+vp = —[iB], (1.38)

e p=Pe+ pi, j =en(vi—ve), a v— CKOPOCTb HOHOB.

* B toM e npubiamxkeHun ypaBHeHue (1.37) MoxHO 3anmcarh
‘BHE

VP, = — enE — £ [vB] + - [jB] — £ (1.39)
= €%nTe/M, — 3JIEKTPONPOBOAHOCTb. DTO YpaBHEHHe, YCTAHAB-
aiollee CBSI3b MEXAY TOKOM H 3JIEKTPHYECKHM IOJeM, MOXKHO
fccMaTpHBaTh Kak 0600meHHbH 3akoH Oma. MoxHO cKasatk, 4TO
XIKUJIKOCTHAS IPUPOJA NJa3Mbi YUHTHIBAETCS AONMOJHHTENbHBEIMH
taraeMbiMH B 3akoHe Oma (1.39).

¥YpaBuenus asuxkenus (1.38), (1.39) ponxHB ObITH TOHOTHEHB
aBHEHHEM HelpephIBHOCTH

9 4 divav=0 (1.40)

! ypaBueHusiMmd MakcBesdsa (B KOTOPBIX MBI OHsiTh NpeHeGpexem
MalblM TOKOM CMelieHHS):

4n .
rot B =-""j, (1.41)
1 0B
l'OfE=‘-?W, (1.42)
divB = 0. (1.43)

~Kpome TOTO, X HHM CJel0BaJsio Obl JOOaBUTb YpaBHEHHS TEIJIOBOTO
Gananca 1,151 3/eKTPOHOB U MOHOB, KOTOpbIE ONHCHIBA/IH OBl H3MeHe-
- Hue T; u T, co Bpemenem. OnHaKO IJIsi Ma/blX NPOMEXKYTKOB Bpe-
~ MeHHW, Koraa eume HecyllecTBeHHB 3(D¢eKTH TENJIONPOBOLHOCTH H
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TelJIOBLIeJIeHHS,, MOXKHO CuHTaTh, 4TO Ty, T, H3MEHAIOTCS DO afua-
faTHYeCKOMY 34KOHY.

HonycruM, 9TO0 nnasma nepememlaercss cO CKOPOCTbIO, 3HauM-
TesqIbHO Ooabllieli ppeitposoit vy, ~ c¢T/eBa. Torga B 0606umentom
3akone Oma (1.39) BrOpoe cnaraemoe cnpaBa GyZerT 3HAYHTENbHO

1
6osbie Vpe H ujeHa TAKOTO e HOPSiAKA BETHUHHBI —c—[jB]. 1o

3HAUHT, YTO B IJa3Me JOJXKHO IOSIBASITBCS NOBOJILHO O0Jblioe
sJjiekTpHueckoe mnoge E. CoorseTCTBEHHO, AJS TAKUX [BHXKEHHH
MOXHO NpeHe6peyb MaJbIMH BTOPBIM H TPETBHM CJaraeMbIMU B npa-
Bo# vactu (1.39), v Mbl npuxonuM x o6weruHomy sakony Oma B og-
HOXKHJKOCTHOH MarHuTHOR ruppoauHamuke. Takum oGpasoM, ans
OBICTPBIX JBHXKEHHH cnpaBelJuBa OAHOXKHIKOCTHAR THAPOJHHA-
MHKa. A Kak Xe ObITb C paBHOBecHeM? Benr B 3TOM ciayuae co-
TJIACHO OJXHOXHAKOCTHOH MOJEJH HOHBl NMOKOATCH.

Uro6el pa3obpaTthcsi B 3TOM BONpOCe, NoCTapaeMcs CHayada [0
HeKOTOPOH CTENEeHH YCTPAHHTh HepaBHONpaBHe 3JEKTPOHOB H HOHOB
B paMKax OJHOXHAKOCTHOR MAarHMTHON ruapoiuHamuku. M3 ypas-
Henusi ABMKeHus (1.38) BHAHO, UTO WMHEPHHOHHBIH uJIeH min%
CTAHOBUTCSl CYUIECTBEHHBIM N0 CPABHEHHIO C IPYTHMH TOJNBKO B TOM
CcJIyuae, eCJH CKOPOCTb HOHOB CTaHOBHTCH HOpfAAKa 3BYKOBOHA. [lpn
MaJbiX U, HalpHMep nopsjaxka Apefi(OoBOH CKODOCTH, 3THM YJeHOM
MOXKHO IpeHeOGpeub, U MBl CHOBA NPHXOAUM K 3ajauye O MarHHTO-
THAPOJAMHAMHYECKOM paBHOBecHH. Jlaslee, naxKe ¢ yueToM BMOpO-
JKeHHOCTH MArHHTHOTO NOJSI MOXHO HpeACTaBUTh cebe TakHe Tede-
HHA NJ1a3Mbl, IPH KOTOPHIX OHA CKOJB3HT BAOJb MAarHHTHHIX NOBEpX-
HOCTel, U MarHHTHOe IoJe NpH 3ToM He MeHsercd. IloxGupasi Be-
JHYHHY [POAOJLHON KOMIIOHEHTH CKOPOCTH (BIOJb MAaTHHTHOTO
[oJisi), MOXHO NOGHTbCS, UTOOBI 3TO TeueHHe ObIJIO HEeCXKHMaeMBIM.
B yacrHOCTH, CKOPOCTh V MOXHO BHIGparh paBHOH v = jfen — 3roT
BeKTOp JEACTBHTE/NbHO JIEXHT Ha MAarHUTHOM NOBEPXHOCTH H
divnv = 0. Ho B »TOM mnocJjeaneM ciayuae BeChb TOK Oyler HepeHO-
CHTBCS MOHAMH, a 3JeKTPOHbl OyAyT NMOKOHTbCA. B Gonee o6iuem
c/lydyae CyIIecTBYeT AOBOJBHO OOJBLIOH NPOH3BON /S Nepepacnpe-
JeJieHHS 3JeKTPHIECKOro TOKAa MeXXAYy HOHAMH M 3JeKTPOHaMH, Tak
4TO Ha CaMOM JieJe OJHOXHIKOCTHasi paBHOBeCHast MarHHTOTHIPO-
AHHaMHUYeCKasl KOH(Hrypanus COOTBETCTBYET ILeJOMY KJjaccy cra-
LHOHAPHBIX COCTOSTHHHA ¢ MeMJIeHHBIM CKOJIbXKEeHHeM IIJ1a3Mbl (10 Mar-
HUTHBIM TOBEDXHOCTAM.

2. 9ddpexr Xoanra. IlocnenHHe paccyXjaeHHs KaXyTcss JoCTa-
ToyHO YGeAuTe bHBIMH, OJHAKO Y YHTATENs MOXKET BO3HHKHYTb
BNOJIHE 3aKOHHBIH BONpoC. Bhillle MLl YCTAHOBHJH, YTO OJHOXKHI-
KOoCcTHAs MaTHMTHAsf THAPOJHHAMHKA H C/elyIOliee H3 Hee yCJOBHE
BMODOXKEHHOCTH MarHHTHOTO NOJA CIPaBeJJIHBBl TONbLKO AJsi CKOPO-
crell sHauHTeNbHO GoJiblue apefidoBoi. IloueMy ke Mbl HepeHOCHM
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ga TedeHusi C JIPefi(POBBIMH CKOPOCTSIMH H KOTZAa 3TO MOXHO Ie-
? Uro6b OTBETHTh Ha 3TOT BONPOC, HYXHO BepHYTbCs K 0600-
oMy 3akoHy OMa, B XOTODOM sIBHO yuTeHa ABYXKHJKOCTHas
pola INJIa3Mbi. Ilpennonarasi, 4T0 NpOBOAHMOCTb CUEHb BeJIHKA,

. Vp, = — enE — 2L [vB] + < [§B]. (1.44)
. [ocsienHee cjaraemMoe B 3TOM YDaBHEHHH MOXHO HasBaTh XOJ-
yBCKHM — HMEHHO OHO HPHBOAHT K H3BecTHOMY 3(dexty Xosna
taJJax H NOJYNpoBoAHHKax. TakuM o6pas3om, 0606IIeHHBI 3a-
.OMa no cpaBHeHHIO ¢ oObluHBIM yudThiBaeT 3pdexr Xoanaa H
MEeHT NABJCHUS 3JEKTPOHOB.

PacCMOTPUM YacTHBIA c/ayuai, Korja TeMlepaTypa 37eKTPOHOB
rosiHHA B mpocrpaHcrse, T, = const. Torna, BBOasA CHOBa 3Jek-
HHYIO CKODOCTb V., ypaBHeHue (1.44) MoXHO 3anucaTe B BHJE

E=—[vB]—V.(iInn). (1.45)

Eciu 3710 BhIpaxkeHHe JJs 3JEKTPHUYECKOIO MOJSI NOACTABHTD
paBHeHHe MaxkcBeana (1.42) u ydecrsb, 4TO BMXPb NOTEHIHAJb-
0 BEKTOPHOTO MOJIsi PaBeH HYJIIO, TO NMOJYYHM

9% —=rot [v.B]. (1.46)
'0 ypaBHEHHe OCTAerTcs BEepHBIM M B TOM CJjyvae, Koria I. siB-
ercsi GyHKIMed NJIOTHOCTH, HanpuUMep, Koraa I, H N NMOCTOSIHHBI
B2 MATHUTHBIX NTOBEPXHOCTSIX.
Vpapuenue (1.46), xax Mbl yCTaHOBH/IM BHIIIe, O3HAYaer, 4TO
*HJIOBbIE JIHHHM MAarHHTHOTO [OJIi BMODOXEHB B Cpely, IBHXKY-
YIOCSl CO CKOPOCTBIO Ve, T. €. B JAHHOM CJy4ae — B aJekrpoHbl, Or-
(30/1a BUIHO, YTO 3aMETHOTO PAaCXOXKIEHHS MeXAy ONXHOXKHIKOCTHON
M JBYXXXHJIKOCTHOH THUAPOJHHAMHKON MOXHO OXHAAThb B TeX CHY-
MasiX, KOrJla CTAHOBHUTCS OLIYTHMBIM pas/iHUHE MeXAY Ve H V.
310 yrBepKIAeHHe MOMHO CHeJaTb HECKOIbKO 06osee KOHKpeT-
tiM. JlomycTHM, 4TO MB HMeeM [0 ¢ THIIHYHBIM paBHOBeCHeM
‘B NpHOJIMKEHUH MarHHTHOH THADOAMHAMHKH, KOTJa AaBJeHHe p, a
akxe temnepatypsl Ti, T (B cHy OGONBIUOIN TENJIONPOBOXHOCTH
B0/ MAarHUTHOTO NOJIA) HNOCTOSIHHBl HAa MarHUTHBIX NOBEPXHOCTSX.
pH 3TOM 3JeKTpPHYEeCKHA TOK j TeyeT 10 MArHHTHBIM NOBEPXHO-
TSAM, H COBEpIIeHHO HECYLIeCTBEHHO, B KaKYI0 W3 KOMIOHEHT BMO-
)0JKEHO NOJIe — B JIEKTPOHHYIO HJIH B HOHHYIO: MarHUTHBIE NOBEPX-
. 'HOCTH Bce paBHO OCTanyTcsi Ha Mecrte. 3HauHT, BIOJHE CIpaBel-
¢ JINBH pAaCCyXJIeHUs NpelblayIlero MyHKra.
¢ CoBceM gapyrasi cuTyanusi BO3HMKAeT, KOTJa TOYHOTO paBHOBe-
E;'-cnﬁ Her. Jlaxe ecau onsitb HMEIOTCS MAarHHTHbHIE NOBEPXHOCTH H
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3JekFTPOHB He MOTYT C HHMX CIBHHYThCA (B CHJIY BMOPOXEHHO-
ctu pIOTOKOB B 3JIEKTPOHBI), OTCYTCTBHE NOJHOTO DaBHOBeCHS (T. e,

— 17T 5= const Ha MarHMTHOM NOBEPXHOCTH) JO/KHO IPHBECTH
Kk jpBHXEHHIO HOHOB C NONEPEYHLIMH CKODOCTSMH NOPAAKa Jpeii-
dossrX- Huxe MBl paccMOTPHM mpocTeHllIHe MpHMePHl TAKOTO JBH-
Keupd-

3. Crayuonapreui tox npu apgexre Xoanra. Tlpexae uem me-
peiirrd K DaCCMOTDEHHIO CTALHOHADHBIX COCTOSIHHE B JABYXMHIKOCT-
woii 1THAPOJHHAMHKe, NOCTapaeMcsl CHayajaa BLIACHHTb, KaK BBITJS-
qur TTCYEHHE SIeKTPOHOB NPH BMOPOXKEHHOM B HHX MarHHTHOM noJe,
ecqip HOHBI HenolABHXHBL. B KauecTBe npocrefimero mpumepa Takoi
curyzALHH DACCMOTPUM 3ajauy O MPOTEKAHWH TOKA C Y4eTOM 35(¢-
dexrid Xonma nmo XecTKOMY TOPPHPOBAHHOMY NPOBOAHHKY [29].
Bnpo?UeM, 31a 3ajlaua MOXer Obith CHOPMYIHPOBAHA H B NJIa3MeH-
wom BapHaHTe KAk 3ajJaya O HeOAHODPOIHOM IO [J/IHHE NHHYe B
ouentP PaspexeHHOR nuasme. Jleno B TOM, 4TO NPH AOCTATOYHO Ma-
fgoi TWIOTHOCTH BEJIMYHHA TOKOBOH CKODOCTH 3/IEKTPOHOB U =
_. —-flen Moxer ObITh 3HAYHTENBHO GOJbIIE CKOPDOCTH 3BYKa

cs-="\/T/mi- B camom pene, usz ycaosus Bennera (1.20) caenyer,

47O iv/cs~III'/’, rae II; == Nm;c?/e? — HoHHOe TIOTOHHOE YHCJIO.
Eequ! 1Ii <1, T0 02> €5, 1 TOTla B TeUEHHe HEKOTOPOTO BpEMeHH,
noka. WHYD ellle He ycleBaeT 3aMeTHO H3MEHHTh CBOIO (GopMy BC/Ien-
crpu€ ABHXKEHHS HOHOB CO CKODOCTSIMH IODSIAKA Cs, ABHMKEHHE
51k POHHOH XHIKOCTH MOXHO paccMaTpUBaTh NPH (PHUKCHPOBaH-
woM PAaclpenesieHHH IVIOTHOCTH HOHOB (a CJENOBAaTENbHO, H S/EKT-
poHoB)- 3aMETHM ellie, 4T0 NMOCKOJIbKY U HMEeT NOPANOK BEeNHUHHbI
ﬂpeﬁ@osoﬁ CKODOCTH €sp;/@, TO U3 YCJAOBHS U > Cs caelyeT p; > q,
r. e. /JGACTBHEM MArHMTHOrO IMOJsI Ha HOHBl MOXKHO npeHeGpedb
(oo, CTHIIKOM cna6o M He HCKDHBJISET TPAEKTODHH HOHOB).

[/][TaK, npeACTaBHM cebe, 4TO Mbl HMeeM HellOABHXKHBIA TrodpH-
pOBaq{Hmﬁ HIHYp C TOKOM, B KOTOpPOM IIOTHOCTBH n(r, 2) sABJAsiercs
nepuOAHIECKOH dysKmued 2, ¥ pacCMOTPHM BOTPOC O TOM, KaKue
pOogMOXHBl CTAlUHOHADHBIE TEYeHHS SJEKTPOHOB INPH 3alaHHOH
wiorHOCTH n(r,2).

[fpoBoaumMocts Mbl OyneM cuuraTh GeckoneuHoH u T = const,
pag YTO MO CYIIECTBY HYXHO DaccMOTPeTh, Kak BJuser 3¢dexr
X o8, T- € BMOPOXEHHOCTh MATHHTHOTO NOJISI B 3/IEKTPOHBI, Ha HX
cKopOCTE- . .

[IPEANO/IOXKHM, 4TO 3ajadya 06/1a1aeT OCeBONl CHMMerpHeid, 1. e.
pce PETHYMHBI 3aBUCSAT TOJMBKO OT IBYX NMEPEMEHHBIX 7 M 2 B M-
aunpPHYECKOl crcTeme xoopaunar. Torla M3 ypaBHeHHs coxpaHe-
wus 3apana

. 1 9 aj
divj=—=—rj,+ 2= =0 (1.47)
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kfelyeT, 4TO KOMIIOHEHTB! IJIOTHOCTH TOKa j» 4 j: MOTYT 6BITH BHI-
sa)KeHbl 4€pe3 MPOH3BOJIBHYIO cKaaspHylo dynkuuio [ (r, 2):

, 1 dl . 1 ol

h=—gw e =% (1.48)

3 BEIpaXeHHs JJs jz caenyer, 4ro
r

I= S 2arj dr, (1.49)

0

¢, e. ] npeicraB/iser co60# (PYyHKIHIO TOKa: OHA PaBHA HOJHOMY
FOKY, IPOTEKaloLeMy Yepes Kpyr pajuyca r.
. YureM Tenmepb YCJAOBHE BMODOXEHHOCTH NOJS B 3JEKTPOHHYIO
gomnonenry. B paccmarpuBaemoMm namu ciaydae B, = B, =0, rax
0 AO0CTAaTOYHO YyuecTb TOJNbKO O-KOoMNOHeHTY ypaBHenus (1.46),
TOpOE B CTAllHOHAPHOM Cjiydae HMeeT BHI

J a
5;'Ur39+¥0239=0- (150)
FeaM nOACTaBHTE cloja U = —j/en W BHPasuTh j yepes I corsaacHo
(1.48), a rTaxxe yduecTb, 4TO IpH OCeBOH cuMMerTpuH Bg = 2[/cr, 10
JIOJIYYHM
(7] I ol J 1 al
(&) 5 (mear) =0 (1.51)

Ecian HapyXHble NPOU3BOJHBIE NMPHUMEHSATh K | WM K BHYTPEH-
HHM NPOH3BOJHBIM OT [, TO COOTBETCTBYIOLIME UJIEHBI COKpaTSTCS,
T4K YTO 1OCTATOYHO AHGPepeHnupoBaTh MHIb BeTHUHHY nri. Takum
HOpasom, noaysaeMm
!l 9 J

'g_zﬁr' ’2*%5”’2= . (1.52)
. Orcioga caeayer, uro BeauuuHa [ gonxua OGeiTh (QyHKIHEH
ToabKO nr2. Hpyrumu ciaoBamu, >ddektT BMODONKEHHOCTH MAarHHT-
HOro moJisi B 3JEKTPOHHYIO KOMIIOHEHTY HaKJaauiBaeT CYylleCTBEH-
HOe orpaHH4YeHHe HA 3JeKTpoHHHR morok. Hanpumep, B ciyuyae on-
"HOPOJHOrO NPOBOJAHHKA ¢ N = const AuHHHM TOKA SIBAAIOTCA Ips-
' MBME. [ToaToMy, B 4aCTHOCTH, TOK HE MOXeT 3aTE€KaTb B BBHINYKJO-
CTH rOopHPOBAHHOrO NPOBOAHHKA — B 00/MaCTb KTEHH», — OH MOMKeT
-TeUb TOJIBKO B HEHTPAJbHON 9aCTH, KOTOPYIO 3JEeKTDOHBI «BHAAT Ha
npocaer» [30].

4. Pasnosecue naasMel 8 nepekouleHHoOM MO2HUTHOM node. Pac-
CMOTPHM Tellepb 6oJ/lee BaXKHBIA cay4al, KOrjga MarHHTHOe [10Jie Be-
- JIHKO M cpeJHHU}I JapMODOBCKHA paiWyC MaJ [0 CPpaBHEHHIO C Xa-
- PaKTepHbiM pasmepoM MazMeHHoro uinypa. IIpu srom npeiidopas
CKOPOCTL TaKikKe MaJjia, OAHAKO MOTYT CYIIECTBOBATh YCJAOBHS, KOria
- €€ Cjelyer YYMTHIBaTb. B caMom gese, JonyCTHM, Y4TO HeKoTOpas
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MarHHTOTHLPOlMHAMHUECKasA CHACTeMA OueHb 6JiW3Ka K DaBHOBECHIO,
TaK 4T0 CcHJ1a AMmepa W FpalHeHT Nas/JeHHs n04Td cGaMaHCHPO-
Baubl. Ilpn DM pasier nna3vbl 3a cueT HenoJaHOro GaJdanca CuJa
HoMXKeH ObITb O4eHb MENJEHHBIM, H €CJIH [onepedHas KOMIIOHEHTA
CKOpPOCTH pa3jera CTAHOBHTCA CPaRHHMOH C apeidoBOHA, TO OAHO-
HHUAKOCTHON NarHUTHON FHAPOAHHAMHUKOH C YNPOILEHHBIM 3aKOHOM
OMa nonb30BiThCH HEMB3A. [Tpu aTom 06s3aTeIbHO CACAYeT Y4UThI-
BaThb 3 derT Komia. '

B kauecTre nepsoro npHmepa TakOil CHTyaUHH pacCMOTPHM
VIa3MEHHHIA 1HYD OueHbL HM3KOro JAaBjenus ¢ P = 8np/BZ K |
B NePeKOIE€BloM OLHOPOAHOM MaruuTHoM mose (puc. 8,a). [Ipenno-
JIOKHM, 4TO NHYp siBjAercs OeCKOHedHO NPOTAXKEHHBIM, 8 MarHuT-
Hoe nosie paBio B = By -+ B’, rne By, HanpaBsieHo B10JL OCH IHYpA,

a

Puc. 3, Bpawenue miasub 8 NepeKOUISHHOM MATHUTHOM MOJe.

a B’ —wmanas nonepeunas komnowenta nous. Ilpu B’ < B, mnas-
Ma NOYTH DaBHOBECHa, HO BCE XKe MOJHOrO PaBHOBECHS BIOJL CH-
JOBbHIX JauBhk Her. [ToatoMy B ONHOXHAKOCTHOM NPHOJHKEHHH
naasMa J0Mxna Owiia Obl pas3fierarbCsl BAOJL CHJIOBHIX JHHHA CO
CKOpOCTbIO NopfaKa CKOPOCTH 3ByKa Cs. BHeline rakoél pa3ser BhI-
rasgen 6bl kak pacliHpeHHe LIHYpa B HanpasJ/eiHd BLOJAb B’ cO

’

B
CKOPOCTBIO U, ~ &= C. Ecny ata ckOpocTb CTaHOBUTCA NMOPSIAKA HIH
Q
MeHbule ApPefidoBoft, T. €. ecau
BI
By

by
ST' (1'53)

TO CAelyeT noJb30BATLCH ABYXKHUAKOCTHON ruaponuHamuxod. [lycrs
B’ ne canlikom Maal, Tak 41O

B _p m, p,
e 1

B’ Te
Torza spPexrusnas ckopocTb pasiera 3J1eKTPOHOB o TO
0 e

pasno 6oipme npefipoBoii ckopoctH. B 3rom caywae MoXuHo cun-
TaTb, 4TO y 3JEKTPOHOB YCNEBAeT YCTAHOBHTbCH DABHOBECHOE pac-
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npepesieHue BAOJL CHJOBHIX auuui. COOTBETCTBEHHO B INEKTPOHHOM
ypaBHeHHH IBUXKEHHS MOXKHO npeHeOpeub HHEPUHOHHBIM YJIEHOM, X
ypaBHeHHe MOXHO 3anucath B Bume (1.45). Ymnoxas (1.45) na
B, ndnydum

BE = —BY (L1nn). (1.55)

Ho B crannoHapHOM COCTOSIHHH 3JEKTpPHYecKoe mose spiasiercs Ges-
BuxpesbiM: E = —V¢. Cneposarenpno, ypassenue (1.55) moxno
NPOUHTErPHPOBATh BAOMh KaxKJOH CHJOBOH JIMHMH, M TOrAa mMoJy-
4UM

q>=—T§—lnn+cpo, (1.56)

rie o — HEKOTOpPas KOHCTAHTA WHTErpHPOBAHUS, 3aBHUCAINAS OT CH-
JOBOH nuHHH. B paccmatpuBaemMoM HaMu caydae OJHODOLHOLO MO
OCH 2 IUHYpa (g MOXET 3aBHCeTb JAHIUb OT KOOpAMHATH ¥ (CM.
puc. 8,6, rae n2o06paxes BHA IIHypa C TOPHA; OCb 2 HampasJeHa
BAOJIb LIHYPa, OCb X — BJAOJIb NONEpEdYHOli KoMnoHeHTH noss B', a
OCb Y — MOMEpPeK MarHUTHBIX MOBEPXHOCTEH Yy = const, Ha KOTOPHIX
JeXar CUJOBble JHHHH). B cragMoHapHOM COCTOAHHH € UHJIHHADH-
9eCKOH CHMMeTpHER (g CJeNYyeT MOJOXKHUThL PaBHOK HYJIIO.
Takum o6pazoM, anekrpuueckoe nose E pasno

T
E=—Vp=— —2Vn (1.57)
IMogcTaBUM 3TO BHpaXKeHUe B ypaBHeHHe IBHXKEHHA [J HOHOB
mn 'ZTV -+ VnT;, =enE -} e—cn [vB] (1.58)

H npeseGpexeM MajblM HHEPUMOHHBIM WieHoM. Torgpa, yMHOXKas
(1.58) Bekropno cnesa na h = B/B, Halinem

¢ [hWV
— <ol (1.59)
roe p=n(T.+Ti).

Takum o6pasoMm, B CTallHOHAPHOM COCTOSHHH LIHYD NOJXKEH Bpa-
Imathes co ckopoctbio (1.69), a asuMyrasibHas CKOPOCTb JIEKTPO-
HOB NpH 3TOM paRHA HYJIO, NMOCKOAbKY OHH <«NDHKJEEHbI» K CHJO-
BLIM JIMHHAM MAarHWTHOrO nOJS.

Bpamenue nia3Mbl Opekpallaer ee pasjier BAOJb CHJIOBBIX JiH-
hui. B caMom nene, mon neficTeueM NPONOJBHON KOMIOHEHTH rpa-
AMeH1a [aBJeHus HOHBI B BEpXHEM mnosoXeHwud (cMm. puc. 8,6)
HOJKHb Gblid OBl yCKOPATHLCA BNPaBO, HO, HE YCUEB 3aMETHO CIBH-
HyThcs,, OHH 3a Cyer BpallleHNs MNOMAfAlOT HA HUIKHIO CTOPOHY
Iunypa, rae oHH yCKOpsiOTcH BJeBo. Ecan ckopoctb BpalleHus 1o-
CTATOUHO BeJMKa, T. €. Cs0if/a 3> ¢sB’[By, TO cMelleHHss HOHOB HA

2 B. B. Kagomues
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BepXHel W HHXHEH CTODOHAX KOMIEHCUPYIOTCH, W pasJjera He npo-
ucxonut. MoxHo ckasath, 4to Gaaromaps addexty Xoajsa BMecto
paBHOBecHsl yCTaHABJIMBAercsi crauuonapHoe rtedenune. OgHako 3To
TEYEHHE OKa3bIBACTCH HEYCTONYHUBBIM.

5. Bpawenue naazmor ¢ 0-nunue. OnycaHHas Bbilie KapTuHa
HMEEeT MECTO TOJbLKO B TOM CJyyae, €C/H [aBJeHHe MJa3Mbl OY€Hb
Mand, T. e. B <K 1; TOuHee, MJOTHOCTb KHHETHYECKOH IHEpPrdu Bpa-
IeHus1 naa3Mbl m;0?n/2 MHOTO MeHblUe [JIOTHOCTH JHEPTHH [one-

peunoro mnoas B72/8x, 1. e. 8np/B” < a*/p?. B oGparHoM npenesnb-
HOM cJjydae B <« 8npp?/a2 3HEpPrdH IONepeuHoro noJsa He XBATHI

a) J) 2

Puc. 9. Bpamenne nnasvpt B 0-nuuue u3-3a apdexra Xomana OpH HalH4YMM He-
GOJNBLIOTO [ONepeyuHOro Mo,

/1T YCKOpEHHS NJIa3Mbl [0 CKOPOCTH NOpPALKa ApeHdoBOH, TaK 4TO
B IIePBOM NPHOINAKEHHH HOHBH MOXHO CYHTaTb HemoABHKHbIMH. [lo-
CKOJIbKY MarHHTHOE [0Jjié BMOPQOXEHO B 3JIEKTPOHHYIO KOMMOHEHTY,
CHJIOBHIE JIMHHH BMECTe C 3JIeKTPOHAMH HA4HYT BpallaTbCsl B CTO-
pony npefipa anekrponos. Ecan nns npocrornl npeneGpedb 3aBUCH-
MOCTBIO YIJIOBOH CKODOCTH BpallleHHsl 3JIeKTPOHOB OT paiHyca, TO
CUJIOBblE  JIMHWM Ha4qHYT NOBOpPAadYHBATBLCH, KaK NO0KAa3aHO Ha
puc. 9, a,6. ITocse nomyo6opora n/1a3Mbl ee BHYTPEHHee IOMepey-
HOE MArHUTHOE NOJE MOJHOCTBIO OTPHIBAETCA OT BHEIUHEro, TaK 4To
MonepevyHoe 10Jie CHapyXH OT MJa3Mbl MOXHO CYHTATb COCTOSILIMM
M3 [OJS BHEWHHX OOMOTOK, HE NPOHHKAIOIEro BHYTPb MJIA3MBl, H
IMNOJbHOTrO nosas nnaasmbl (puc. 9,8). Tak kak B nepsoM moJayne-
puone CHJIOBBIe JUHHM OBLAH CLUEeN/leHH ¢ BHewHeRl OOMOTKO®, TO
nJ1asMe neperaeTcd MOMEHT KOJIHYecTBa JBHIKEHHS W OHA NPHXOAMT
BO BpallleRHe C HEKOTODOH a3uMyTasbHOH cKOpOCTbio Ue. Ilopsnox
BEJHYHHBl Up MOXKHO HaHTH, NPHPAaBHHUBASN KHHETHUECKYIO SHepriio
BpallleHHs1 MarHuTHOM, T. . vg = B’ (4nmn)~"%.

Or1oT MexaHNM3M BpallleHHs NJ1a3Mbl 33 CYET BHEIUHHX paccesH-
Hbix nmoJeli 6ba paccmorpen Xafincom [32, 33, a 3arem Touemanom
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‘Koa6om [34] B cBA3K € 3KCNEpUMEHTAaMU Ha O-nNuHYax, Tle HHOrAaA
0faeTcs LeHTPOGeXHas HEYCTOHYHBOCTL CHHM4EMOro BHeI-
jAM MArCHUTHBIM TIOEM NJa3MEHHOro LUIHYpa, YTO SBHO YKA3hiBaeT
ero BpalleHue.

§ 5. Ouddysna naasmbl

), I1rasma 8 o0nopoOnom maeHutHom noie. Beiogy Bhime Mbi
efnosarali, 4T0 NPOBOAUMOCTb G GECKOHEYHA, H TOJbKO B 3TOM
puGanKenu Oblid MOJyueHH BCe PaBHOBECHble (WM CTalMOHap-
upe) cocroanus. Hanuuue KoHewHOW TNpPOBOAWMOCTH NPHBOLHT
x Mennennoll 1upPysuu nnasmel nonepex Maruutaoro nosas. Urobut
‘y6efHTbCA B 3TOM, PacCMOTDMM MDOCTOH 4acCTHBIA caywai, koraa
" gaasMma Huskoro pasnaeHus (P < 1) ofpasyeT UHJHHAPHYECKH CHM-
‘. MeTPHUHBIH IUHYD B OJHODONHOM MarHuTHOM nose (Mbl npene6pe-
" jKeM MaJbiM ociabGneHHeM noJs 33 CYer JHaMarHeTHaMa NJAasMbl).
- Torna U3 a3uMyTajbHON KoMnoseHTH 3akona Oma (1.39) noayunm:

: d
= (1.60)

c c . c
U= Eo— g5 joe =5 Eo—

. Mu BbIDA3UJIH 3[€Ch jo uepe3 % C NOMOIIBIO YDaBHeHHUA paBHOBe-
cua. Ecay MaruuTHOe ToJsie He MeHsiercs cO BpemeneM, 10 Eg =0,
u cornacso (1.60) pamnanbHas CKOpOCTb COOTBETCTBYeT pacIlHpe-
‘gm0 nnaambl. Tlpu T == const ckopocTe v, nponopuxoHajbHA rpa-
AMEHTY IJIOTHOCTH, TaK 9TO DAacCIUHPeHHe MJAa3Mbl HOCHT XapakTep
paddysuu ¢ kodpduuuenToM nonepeuHod AUDPY3UU

2T c? 9
m,Q%r, b 8no pe/Te, (1.61)

D, =

rie f = 8np/B2, Q.= eB/m.c— 3J€KTPOHHAA NUKJIOTPOHHAs Ya-
CTOTa, T.— CpelHee BpeMs MeXKIYy 3JeKTPOH-HOHHBIMH CTOJKHOBe-
HAAMY, © = e2nt,/Mm,— npoBOAMMOCTb, 02 =2T[m Q2 — kBanpar
cpelHero 3JeKTDOHHOrO JIaPMOPOBCKOr0 paiuyca. Bripaxenue
(1.61) nns kosdduunenta nudpdysud uMeer npocTol GHU3UYECKHR
CMRBICH: TIpU KaK/IOM CTOJKHOBEHHH 3JEKTPOH nepeMeuiaerca B cpel-
HEM Ha pacCcTOsIHHE MOpHAAKa JapMOPOBCKOTO palanyca.

"~ Ecnm B ne mano, 10 B npouecce Auddysnu nia3Mbl MArHATHOE
nosne camo usMeusiercs u Eg 7= 0. Tlpu 3ToM cienyer ckopee roso-
PHTE 0 B3auMuoh «audPysuy» MarsuTHOrO NoJs U maasmel. B gpy-
TOM fpefleIbHOM CJiydyae HENOABHAKHOH MJ1a3Mbl Mbl NIPDUXOTHM K 3a-
Rave o CKHH-CJIOE, T. €. O NIPOHMUKHOBEHUH MAarHMUTHOTO MOJIs B MpO-
BoAamyo cpeny ¢ koadpdunuentom nuddysun Dy = c?/4no.

2. Quppgysus naaamer 8 1ope. TIpu TOpPOHNANBHON TeoMeTpHH
Nponecc nuddysun nocur Gosee CAOKHBIN XapaKTep — OH NPHHH-
MaeT QopMy cBoeo6pasnoil KOHBEKIHH. DTO CBA3AHO C TEM, 4TO AaXKe

2.
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B CTAUMOHADHOM MAarHHTHOM TOJ€ KOMMOHEHTAa 3/IeKTPUYECKOro
noas Eg¢ ornu4Ha OT HyJs u3-32 nepeTeKaHHs TOKa BNOJb BUHTO-
BBIX CHJOBBIX JHHHH MarHATHOTO NOJS:
-
=
Eg= By o (1.62)
!
3nech jj— nepemenHas (3aBucsmas OT 0) uyacTp NPOXOIBHOrO
TOKa, a 0j — NpOAOJbHAN NPOBOAHMOCTb MJIa3Mbl, KOTOpas, BOOGULe
roesops, orsdgaercs ot sxoaaumel s (1.60) nonepeynolt nposoxuMo-
CTH (COTJIACHO KHHETHYeCKOH TEOpHH Npu KYJOHOBCKHX CTOJKHOBe-
HHAX B BOAOPOAHOMR W nefiTepueBoli naasMax oy & 20,). Beanuuny
Ji MOxHO HafiTy W3 ypaBHeHus divj =0, spipaxan j, uepes rpa-
THEHT [HaBJeHdus C IOMOIIbIO YPaBHEHHS paBHOBeCHs:
By 9jy %cr dp
——e—— == — (}1 = — .
& 5 — —divj, divor B2 [BVp] = BR, ar ——sin0. (1.63)
Mui yusn 3gece, uto B &~ B, (Mbl cunraeMm B < Bz); COTIacHO
(1.27) B,, xotb u caabo, wo Bce XKe 3anucur or 6. M3 (1.62), (1.63)
HaX0MUM

(1.64)

Beenem B paccMoTpeHHe BeluunHy § = rB,/RoBe, pasdyo orHomte-
HHIO g¥cja 060pOTOR CHUJIOBOR JIMHHH BAOJb TOpPA X 4HCAY 060pOTOB
no vanoMmy asuMmyty 0. IToncrasnsa Bmpaxkenue (1.64) ana Es
B dopmyay (1.60) nns v, MBI BHAHM, 4TO 3JeKTpuueckoe noje Ep

NPHBOJMT K TEUEHHIO CO CKOPOCTbIO B irq"’ pa3 6oabie, yem Auddy-

3HOHHAf CKOpOCTb B npsamoM Huiunape. OgHako cpefHee 3HayeHue
3TOM CKOpPOCTH 1O a3uMyry obpaillaercss B HYJb, T. €. B NepBOM 0pu-
G6anxkennu nose (1.64) He npuBOAHT K cooTBercTBYIOUelH nAUbdy3HH
nomepeKk MarHWTHBIX MOBepxHocTel. Mbl nodygaem kKak Obl crauuo-
HapHYI0 JIAMHHADHYIO KOHBEKLHIO: mjasMa BHITEKaeT HapyXy OT
MarHATHOH NOBEPXHOCTH Ha BHellHeM o6Boae (cos B <C 0) u Brexkaer
B 3Ty NOBEPXHOCTb HA BHyTpeHHEM 00BOIe.

B caenyomeM npubanKeHHd BC/eNCTBHE 3TOH KOHBEKUHH BCe
e posnidkaer nuddysnoHHbl norok. B camom gene, 4To6nl HaiiTH
cpexHnil NOTOK uepe3 MACHHTHYIO MOBEPXHOCTb, HYXKHO YCPEXHHUTDH
no 0 BeJHYHRY AU, C BeCOM (1 ——R—COSB), NOCKOJIBKY 3JIeMeHT

0
TOpOHIAJbHOM NOBePXHOCTH paBen dS = 2nRrd0 = 2nRy(1 —

r

— gy ¢os e)rde ITpouseons ycpenHenHe ¢ y4eTOM MaJBIX 4YJIeHOB

nopsifKa r /Ro, NOJYY¥M

o= — g (+2°* ) (1.65)
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. [Tonaras oy = 204, MONYUHM AJ5 KO3(p(pHUHEHTa nmpq)ysnn BO-
: Pop,uou AnH JefiTepueBoli WIA3MBl NPH TOPOHIAANbHOA reOMeTpHHU:

Dy =Dio(1+ 4%, (1.66)

Ne D_Lo—KostbcpmmeHT nuddysun (1.61) B npaMoM MarsdTHOM
ne. Popmyna (1.66) Geina monysena snepsbie Ipupmem u Mlmo-

Bce TpUBEleHHbE BHIIE COOTHOIIEHHS CHPABE/IHBB TOMbKO
gayuae MUIOTHOH NIa3Mbl, KOTJa AJHHA cBOGOAKOrO npobera 3iek-
nOHOB M HOHOB 3HAYUTENBHO MEHbIIE XapaKTepDHOH IJIMHBI CHIOBOH
HMHH IqRy ¥ rUApONHHAMHYeCKOe NpHOJHKene 10CTATOYHO MOJHO
GfiucHBAaeT MOBEEHUE I1Ja3MBbl.
3. Ambunoarapras 6u4)4) y3us caabouonusoeannoil naasmel. Eciu
8 MOJHOCTBHIO HOHW30BAHHON MJIa3Me BONPOC O PABHOBECHH CBORMTCH
aHaJH3y BO3MOXHOCTH YAepXaHHs ONHOH JHIIb NJa3Mbl MarHAT-
M NOJIeM, TO NPH HaJHYHHU TPeTbeH KOMMOHEHTH — HEHTPaJbHOro
a3a — OH YCHOXKHAETCH HEOGXONHMCCTBIO PaCCMOTDPEHHSA NOBEACHHA
paxKe H HEATPANBHOrO rasa. Onnako cymecTByeT WHTEDECHBIH Ipe-
nenbHBIN coyuali c1aGOHOHH30BAHHOH MJ1a3Mbl, KOTAA CTENeHb Ho-
#H#3alHH HACTOJMBLKO Maja, uyTO [aBjeHHe 0Ja3Mbl MHOFO MeHbIIe
JBBJCHUS HEATPAJBHOTO 1233 W INEKTPOH-HOHHEIE CTOJNKHOBEHHSA He
#FPAIOT HAKAKOK DOJIM N0 CPABHEHHIO CO CTOJIKHOBEHHAMH 3apsiKen-
BBIX UYACTHI{ C MOJIEKyJaMu HeliTpadbHoro rasa. B arom cayuae
TA3 NpeACTaB/sieT CO60/ HENONBHKHYIO OHODOAHYIO CPeny, B KOTO-
# auddyraupyror anektponb # HoHbl. COOTBETCTBEHHO 3ajaua
METAIHOHADHOM HJIM MEJJIEHHO H3MEHSIOMEMCA COCTOSIHHY MJ1a3Mbl
SOMUTCA TOTAA K MCCIENOBARHIO ee AHQQY3HH.
. PaceMotpuM cravasa cayuali 6e3 MarsutHoro nosas. Bynem cuwm-
mn 4TO 5/JEKTPOHbI B HOHbI UMEIOT MaKCBEJJIOBCKOE paclpejiese-
e ¢ Temnepatypamu T, @ T; coorBerctsenno. Ilas xkaxnol us
X KOMNOHEHT ypaBHEHHA NBHXKEHHS] WMEIOT BHJI

y
ij == ean —_ 7]‘ nV], (1 .67)

. Me py= nT;— nasienue, e;— 3apsf, m;-— Macca, Tj— Cpeluee
. BPEMS MeXy CTONKHOBEHHSIMH C MOJEKY/JaMH HeHTpaJbHOTO rasa,

Uj— cpepnsst cKOpocTb uactull copta j. M3 storo ypasuenus npw
== const maxoaum

qunv]=—-DjVﬂ+'ee—]ﬂqu, (1.68)

Fle q;—mnorox wactuu, D; = Tyvj/m; — xosdpuunent nuddysns,
Bj= CTJ/m,—nonBu}KHoch yactuy copra j (Mbl OyneM cudTaTth
Wi NONOXHMTENbHON KAaK AJA 3JNEKTPOHOB, TaK H NS HOHOR, TpH
9TOM 3HaKk e; yunrhiBaerca B (1.68) muoxurenem ej/e). Ilocne
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NOACTaHOBKH BoipaxeHus (1.68) B ypaBHeHHe HempepbLIBHOCTH MOJY-
yaeM ypasHenHe IH@Py3HOHHOrO THUA
an . ¢
—a-t—=D]' An_dlv_e‘nH]E. (169)
PaccMmorpum, HanpuMep, LUHJIHHADHYECKH CHMMETPHUHBIR cTOAG
niasMel. Torna E uMeer TOJNbKO paguajbHyI0O KOMIOHEHTY, KOTOPYIO
MOXHO HCKJIOUHTb, €C1d YMHOXHTE ypaBHenue (1.69) anaa anekrpo-
HOB Ha Wi, a /19 HOHOB— HA W, W 3aTeM CJOXHTb UX. B pesyab-
TaTe NOJYYUM
on

T = Da An, (1 .70)
rie seandnHa Do, paBuas
Dp,+ D,
=—, 71
Da B +u, (L.71)
Hasbiaercs Kos(pduuuedToM ambunoaspuoi Aupoysun. OGbuHO
B
B, > pi, TaK 4T0 D,,zD,—l——l—é-De. Ousuuecku Koadduunent D,

BHICTYNAET KaK pe3ysbraT BO3HHKHOBEHHS B MJla3Me pafHaJbHOro
3fekTpuyeckoro noas E, KOTOpoe ynepXKuBaeT 3JEKTPOHBI H He
JaeT uM <«y6eraThb» OT HOHOB, HO NPH ITOM <NOATaJKHBAET» HOHBL

Ecnn nnasma sakiiouena B IUJAHHAD pPafinyca q, B mpejenax Ko-
TOpOTO OHA peKOMOGHHHpYeT, TO Bce pelllenus ypasHeHus (1.70) 6y-
OyT 3aTyxaiomuMmu. PellleHHe ¢ MakcHMajbHBIM BpPEMeHeM 3aTyxa-
HHS T (pH IpaHAYHOM YCIOBHH n(a) = 0 (ycnosue IloTTkn) umeer
BHA 1 = nglo(oor/a), Tae no— MAOTHOCTD Ha ocH, Jo— byHRyuS
Beccens myneBoro uHiekca, oo =~ 2,4 — nepsblfi xopens Jo(x), npu-
uem 1/t= D a?/a®

Coortnomenune (1.71) nerxko obobumaercs Ha caydadl npHECyTCTBUS
NPONOJBbHOrO MarHuTHOTO MOJA: A 3TOro BMecto Dj, u; mocra-

D,

TOYHO TIOJCTABUTL UX «3aMarHH4YeHHbIE» 3HAYEHUA D“=W
T
it

*

n
Py, = ——%.Tax, Hanpumep, 0pu Qe > 1, Qi1 < 1 nonyyaem
14 Qf7j
Y (172)
1+ —L (Q7e)®
Re

B cuapubix nosnax D y6msaer ¢ noseM kKax {/B2

4, Jupgpysus topoudareroll caabOUOHUB0BAHHOL naasmbl. Pac-
CMOTpHUM Tenepb caGOHOHH30BAHKYIO N1a3My B TOPOMAaJpHOM GaJ-
JIOHe pajHyca @ ¥ pajmyca KPHBH3HH R M npennonokum, yro mar-
HATHOE T0Jie HanpasJeHo BROJb Gannona. [ToJnocTbio MORH30BAH-
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Has mrasma B TakOM foJie HE yoepXuBaercsd — OHA pelOpachiBaercs
B cTopony yObiBaHus marHatHoro noas. Ho mns cnaGouonusoras-
HOH nJ1agMbl MOJHOTO DaBHOBecHs He TpeOyercs: BCe paBHO OHA
AnGdyHIupyeT nonepek noaa 3a cuer croNKHOBeHuidl, Hama sanaua
COCTONT JIHIIL B TOM, 4TOOBl Y4Y€CTb BJIHSHHE TOPOHIAJLHOCTH HA
IHGbysno.

HanpasuM ocb x B cropoHy YObIBAHHS MArdHWTHOTO NOJA H pac-
CMOTpPUM HEKOTOPYIO MJ1a3MeHHylo Tpy6ky ob6bema V, o6Gpa3syiomue
KOTOpOM COBNANAOT C CHJIOBBIMH JHHUSIMH MAarHuTHOro noas. Takas
Tpy6Ka BHITaJKHBaeTcd BOOJML X C Hekotopo# cuio#i F. Urolwu
HaftH F, yurem, 4To B OTCYTCTBHE TPeHHs O HeHTpaJbHBIN ras maas-
MeHHas TpyOKa MOXeT nepemellaThCsl TONBKO TakWM 00pa3om, 4TO
3aK/JAOUEeHHBIH B Hee MaruuTHeiil Motok @ = Bs (s — nonepeyHoe
ceueHune Tpy6Gka) ocraercs nocrosHabM. Ho npu cmewmenun na dx

0=d®=s%§dx+3ds=—ig—dx+3ds, rie R —pannyc
KPUBH3RB CHyioBO# JuHHH. OT-

P s /T \ ';/
coza ds=—R—dx. A rtax «xak 16|12
nauHa TpyGkH 2nR yBeJanuuBa- \ ;
eTCs Npu 3TOM Ha 2ndx, T0 06%- T4 T
em Tpy6ku nsmensiercs Ha dV = 12 .0 .

2V :x\ a %

= dx. Tlpupasuusas padoty , Nelag
pacunpenus pdV seanaune Fdx,
HaxonuM o6oGmennyo cuay F,
COOTBETCTBYIOIYIO  KOOpAMHATE

0z 04 06081 2 4
Jlas cmemenus no x He Ttpe- 0, /T

Oyercsi u3MmeHenusi noroka @ ye- ]
pe3 cegenue TpPyOkH. [loaTomy Puc. 10. Bpems xusnu pacnanaiomefics

n7a3Mbl B TOPOHAANbHOH TpyGke (ras—
cana F npusener k ABuXKenuio rexufi, R==28 cm, a=03 cm) npu

nJ1a3Mbl TaKOMY Xe, Kak H B OT- nasaenusx: 0,025 (»), 0,04 (©), 0,055
CYTCTBHE€ MArHWTHOrO NOJH, T.€. (X), 0,12 (0)) mm pr. cT.

CO CKOpOCTbIO Ux = 2D4/R, rne

Do, — amGunonspueiii kosbduunent nuddysun. IT0 JErKo ycMoT-
PETh, €CJIH CPaBHHTb Ux C aMOMMNOJISPHBIM NOTOKOM §=nv=—D,Vn,
BO3HMKAIOUIMM RO JeficTBHeM rpajueHTa nasienusa IV, Ydurb-
Bas, KpoMe toro, Au¢dy3uio nonepex MarHWTHOrO HOJA C KO3IpGu-
nuesroM Dy, Mbl noayuuM ypaszenue nudPysuu B BHIE

on 2Dg On
3necp BTOpOe cjaraeMoe CJeBa ONHCHIBAET MEPEHOC IIA3MBI Kak
IeJIOr0 K HApYXHOH CTeHKE.
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Ecnu, Hanpumep, nccienyercs pacnaj njasMbl, 1. €. yOnBaHHe
ee WIOTHOCTH CO BpeMeHeM Bcaenctsue nuddys3nu K CTeHKaM, TO
np4 {— 0o [OCTATOUHO Y4eCTh Jixllb ONHO 3KCMOHEHIHaJ/bHO YOLI-
Balollee Kak e~'/* peutenne ypasnenus (1.73) ¢ MaxkcuMa.1bHBIM Bpe-
MeHeM XH3HH T. DTO PellleHHe HMeeT BUI

n——noexp(———-}— ,)Jg(m") (1.74)

rae Jo— ¢ynkuus Beccens HysneBoro unjekca, a og &~ 2,4 — ee nep-
Bbll KOpeHb. BeauunHa NOCTOSHHOH pacmaja gaeTcs BbipaXeHHEM
2 2
1 D.LQO Da

—_———1 .
T a? RD,

(1.75)

Kak Bumum, nocrosinpas pacnaga 1/t ceavana yGoiBaer, a 3a-
TEM HayWHAeT BO3PacTaTh MO Mepe YBeJHYeHHH MarHHTHOrO MoJs,
1. €. ¢ yMmenbiuennem D;. ®opmyna (1.75) =xopomo coraacyercs
C pesyJIbTaTaMH SKCHEPUMEHTOB M0 pacnany NAasMbl B TOPOHAAND-
HOM MaruuTHOM nose {40] (puc. 10).



Fnasa 2

JIUHENHDBIE BOJIHbI

§ 1. AnbBeHoBckHe M MArHHTO3BYKOBbie BOJIHbI

1. ¥pasnenue manvix rxoreGanuil. danvHopeficTayollde CHIbI
MeXNy 3apAXKEHHBIMH YAaCTHLAMU NPHUBOAAT K BO3HHKHOBEHHIO CBO-
€ro pona ynpyrocri niasmol, Giarofaps KOTopoy B Hell MOryT pac-
[NPOCTPAHATBCHA PasjHyHOrO popa BOJHBL. Cpenn HUX BbIIEAIOTCA
npex/ie BCEro JinHeligble BOJiHE. AMIIMTYAA TAaKKX BOJH HacTONBKO
MaJia, YTO OHH pacnpocTpaHAOTC He3aBHCHMO Apyr ot apyra. [ py-
FEMH CJOBaMH, NpPOU3BOJBHHIE KOJeOaHHHA MaJiofi aMIJIMTYAbI MO-
ryT OBbITb NPEACTaBJEHBl B BHIE CYNEPNO3HIIHK OTHENbHBIX BOJH —
COGCTBEHHDBIX KOJeGanuil 1aHHOH Cpelbl.

O6wuli NpHRUMN TEOPETHYECKOrO DACCMOTPEHHS JHHEHHBIX KO-
JaeGauuil COCTOMT B caenyiomeM. B paMKax Toro iy vHOro npabau-
XKeHHsA, KOTODOMYy COOTBETCTBYET ONpPeNeJieHHAs CUHCTeMa Ypas-
HEHWH, ONHCBHIBAIOIKWX NOBefeHHe paccMaTpuBaeMoro oO6beKTa,
HaXONUTCH HEKOTOpoe CTAIlHOHADHOE COCTOSIHWE. 3aTeM Ha 3TO CO-
CTOsIHIIE HAKJaJLIBaeTcH BO3MYIleHHe. B npemnoioKeHHH MaJjoCTH
BO3MYILIEHHA YDapHeHus ABHXKeHWUn JuHeapusyorcda. [lodyyeHnas
TakuM 00pasoM cucTemMa JHHefHBIX YPaBHEHMH ¥ ONHMCHIBAET
MaJjble Kosiebanug,

PaccmoTpenne manbix KoseGaHHB NJIa3Mbl €CTECTBEHHO Hayath
B OIHOXHIAKOCTHOM MAarHHTOrHADPOAMHAMHYECKOM NPUOIHUKEHUH.
Brinuinem 31ech ewe pa3 ypaBHEHHsS MAardUTHON TUAPOLHHAMHUKU
B 0IPeANO/JIOXKEHHH HIeadbHOil TPpOBOAHMOCTH:

1
m,-n%-}-Vp =H[rot B, B], (2.1
—gti -+ divav =0, (2.2)
9B — rot[vB]. (2.3)

K 310ii cucreme ypasrenuii crenosaso 66 106aBUTH ypaBHeHHe
llepeHoca TenJia jjg onpeneseHust TeMTEpaTyphl, a CAEN0BaTeNbHO,



42 JIUHEWHBIE BOJHEI [T, 2

u naBjaenus naasmbl p = n(T, -+ T;). Ho Ml mas npocrorel momy-
CTHM, YTO I aBJieHHE Onpefessercs IVIOTHOCTLIO MJia3Mbl, 2 HMeHHO:

£ — const. (2.4)
¥
Hanpumep, npu y =1 ypaBHenue (2.4) 3KBHBa/JIEHTHO H30TE€PMHY-
HOCTH N/1a3Mbl, a NpH y = 5/3 OHO OTBeyaer agHabaTHYeCKHM KoJje-
6aHuaM naasMmbl. B obmem cayuae (2.4) MoXKHO paccMarpHBaTh Kak
HEKOTOpOe ypaBHEeHHe COCTOSHUA THNA NOJUTPOINLL

PaccmoTtpuM Tenepb caMoOe npOCTOe PaBHOBECHOE COCTOAHHE,
npeanoJarasi, 4to nJ43Ma paBHOMEPHO 3aNOJHAET BCe NPOCTpaH-
CTBO C MJOTHOCTBIO My U JaBJeHHeM pg, a MarHHTHOe noje By oxno-
PONHO U HampaB/eHO BAOJb OCH Z NeKapTOBOH CHCTeMbl KOOpAHMHAT
(x, y, 2). CKopocTp n/aa3Mbl CuMTaeM paBHOA HyJ0, Uy = 0.

HanoxuM Ha 3TO paBHOBECHOE COCTOfIHMe MaJoe BO3MYIUEHHE
v/, p’, n’/, B’ u nuneapusyeM ypasuenus (2.1)—(2.4), 1. e. ocraBuM
JHUIIb Te cjaraeMble, KOTOpble COAep:KaT MaJjble BeJHYHHH B nepBoil
crenenu. Torna smecto (2.1Y—(2.4) noaydum

v’ , 1
myny 5 + Vp' = < [rot B’, By, (2.5)
O 4 div gy’ =0, (2.6)
9B — totlv’, Bd, (2.7)

— Yoo’
o= (2.8)

3Ty cucTeMy ypaBHEHHUH MOXKHO CYLeCTBEHHO YMPOCTUTH, €CAH
BMECTO CKOPOCTH V/ BBECTH B DacCMOTpEHHe CMellleHHe IJasMbl U3
NOJNIOXKEeHHA paBHOBecHst E, CBs3aHHOE C V' eCTECTBEHHBIM COOTHO-
HeHHeM

7

V=2 2.9)

Ecan noxcrasuth 310 BhHpaxkeHue aas v/ B ypaBHenus (2.6), (2.7),
TO MOCJie HHTErPHPOBAHHUSA 1O BpeMeHH, T. e. NOMpocTy nocie orbpa-
CHIBAHHA [POU3BOJHBIX N0 BPeMeHH, NOJYUUM

n’ =—divng, B’ =rot[EB]. (2.10)

CMBICA mepBOro M3 3THX COOTHOIIEHHH COBepLIEHHO OyeBHfeH.
Oto o3Hadaer MpOCTO, YTO MJIOTHOCTb B JAHHOH TOUKE YMeHbIlaercs
NPONOPIHMOHA/NBHO BBITEKIIEMY H3 00beMa KOJHYeCTBY JKHUIKOCTH.

PaccMmorpum Teneps BTOpoe H3 cooTHolleHu#t (2.10). 3amerum
npexne Bcero, yto B (2.10) BXomuT daktHuecKH AUIlL nomnepeyHas
KOMIOHEHTa cMelleHust §;, TaK Kak BEKTOPHOE MpousBeleHHe KOJI-
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JIIHeapHBIX BeKTOpoB & u By pasio nymio. BocnonbsoBasuucs ua-
BECTHbIM COOTHOUleHHeM BEKTOPHOMO aHaJjid3a
rot[ab] = (bV)a — (aV)b + adivb— bdiva (2.11)
H Y4HTbIBas, 4To By = const, samsiiem Bhipaxenue nia B’ B Bune

a
B’ = — B,div§, +B,%. (2.12)

TlepBoe coaraemoe 3mech UMeer TOYHO TaKOH Ke CMBICA, KaK H

BbipaXKenue Ans n’. OHO moKa3biBaeT, YTO NpPH paclIHpeHHH Bellle-
CTBA B MJOCKOCTH (¥, y) CHJOBHe JIMHWM pa3ABUraloTcs, TaK 4TO

7t

g
./

a) )} 4)

Puc. 11. CMmemende mnnasMH IpH: Q) MarHHTO3BYKOBHX, 6) ajbBEHOBCKHX H
8) HOHHO-3BYKOBHX KOJIEeGaHHAX.

BeJMYHMHA MaTHUTHOTO IOJSi BEOJb NpeXHero HampasJeHHus ocnabe-
Baer (puc. 11,a). Bropoe cnaraemoe B (2.12) TakXe uMeer npocroit
cmbich. Ecnu &, usMeHsieTcss ¢ 2, TO CHJIOBBlEe JIHHMH MAarHHUTHOTO
noJifl, BMOPOXKEHHOrO B BEIIeCTBO, HECKOJIbKO HCKPUBJAAIOTCA
(puc. 11,6). B pesyabrate y MarHHUTHOro NoJs nOABJAseTcs MNome-

0 L
peyHass KOMIIOHEHTa, NPONOPIHOHAAbHARA Bz °

Ecau Beipaxkenusi fas n’, B’ y p’ noxcraButh B JiMHeapH30BaH-
Hoe ypaBHeHHe (2.5), To MOXKHO NOJYYUTH OAHO BEKTOPHOE ypasHe-
Hue Ans cmemenus § Ho cHauana MB HECKOJIBKO YNPOCTHM BBIpa-
XKenwe B npaBoil yactu (2.5). Hanbonee nariaagHo 37O MOXKHO che-
Jartbh caenyoumuM obpasom.

Bepuemcst onsith X ypaBHeHuwo (2.1) u BCIOMHHM, YTO COIVIACHO
(1.13) BbipaxkeHue B npaBoil yacTd MOXKHO 3alKcaTb B BHIE

B? B?
4 [rotB, B] = — V. o + o (hV)h, (2.13)

rae h == B/B — equnuunslit BexrTop, HanpasJeHHbl BRoab B. Ecau
JIHHeapH30BaTb 9TO BhipaXKeHue, TO B IlepBoe caaraemoe smecro B2
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Mbi JIO/UKHB NOACTaBUTL B - 2B,B’, tax urto nNuHeHHHH unen Oy-
NeT cojepXaTb TONbKO 2-KOMIOHEHTY Bo3MyllleHdst B, &oro-
pas omnpenesnsiercs nepBbiM chaaraeMbiM B (2.12). Bropoe caa-
. B} on’
raemoe B (2.13) B suHefiHoM nNpHGJMKEHHHd RAeT T oz e
h’ — BosMymieHHe HampaBJeHUst MarHMTHOro mnoJds. Tak Kaxk

B,+ B+ B’

A (8y+ 5y + B4
6peun B’f noa xopseM, o h=h + B'L/BD, rae hg — eqUHUYHBI}
BEKTOP BIO/b OcK 2. Takum o6pasom, senuduna h’ =B’ [B| onpere-
JifleTcd TOJALKO BTOPLIM C/1araeMbiM B BbipaxkeHHH (2.12) nas Bosmy-
mendst maradtioro nods. IloacTaBnas HalimeHHbie Bbhipa)KeHHs s
BO3MyiueHus cHapl Amnepa (2.13) u BosmymeHHlt ', p° B ypaBHe-
Hue ABHXKeHus (2.0), nosyuum

h=

1 B NdHefHOM NpuOJAHKeHUHd MOXKHO NpeHe-

0°% o 1 e . s 9%
chsVd1V§+CAVJ_d1V§l+CA_EZT'v (214)
Po — Bo
Tae ¢g= ,\/y = — CKOPOCTb 3BYKa, & (4 == ———==— a/lbbe-
nO ﬂminn

HOBCKas CKOpOCThb. YpaBHeHHe (2.14) onHchiBaer MaJjbie Marsuro-
THAPOJHHAMMUECKHE KONeOaHusa ONHOPOLHOH HaeabHO NMPOBOAALIei
Cpenbi.

2. Aavserosckue goansl. OqHO BeKTOpHOe ypaBHenue (2.14) co-
OTBETCTBYET TpeM CKaJ/IipHbIM, U NOITOMY OHO ONUCHIBAET TPH THNA
posin. Cpenn Hux HauOoJlee MHTEpPECHHIMH U CYHNIECTBEHHBIMH I
NOHMMAHUSA CBOHCTB MPOBOAALLEH KUAKOCTH B MarHUTHOM NOJe fIB-
JIAIOTCH aJbBEHOBCKHE BOJIHBI, HasBaHHble Tak B uecTh X. AnbpeHa.

Uro6pl 1mOJMYyYUTH ypaBHeHHEe paclpoCTPaHEHHS aJdbBEHOBCKHUX
BOJIH, PaccMOTpHM HeKoTophil Oollee y3KHH Kjaacc cMeUleHHB §,
B KOTOPOM CMeIeHHe BIOAb MAarHUTHOTO NOJAs OTCYTCTBYeT, &, = 0,
a JBMKeHHe B MONEpEeuHOM HalpaB/leHHM ABJIAETCS HECKHUMaeMBIM,
divg, = 0. Tlpu stom, oueBunso, divg = 0, Tak 4t0 B mpaBofi ua-
cti ypaeHenus (2.14) nepBoe M Bropoe cnaraembie HCY€3al0T, U MBI
noay4yaeM ypaBHeHHe TOJbKO /1A Ey:

2 2
TEy 2 OB (2.15)
at= A752 :

Or1o ypaBHEHHMe TOUHO COBNajaeT ¢ ypaBHeHHeM MaJblx KoJjeba-
uuii cTpyHs. JIOoe ero pellenue MoXKeT OHTb NpeICTaBJeHO B
BMJe CyNeplO3UIMH BOJH, paclpOoCTpaHAIMHNXCA BJAOJAb OCH Z CO
CKOPOCTBIO ==Ca. AHanOrus Co CTPyHOM BO3SHHMKAET HE TOJBKO
B cBs3u ¢ opMaIbHBIM CXOACTBOM YpaBHeHHUH MaJgblx Kosaebauuil,
oHa uMeerT M Oosee ray6okuil dusnueckud cmuica. B camom gede,
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‘ocaenHee craraemoe B (2.14) cBfizaHo ¢ HaTAKEHUEM CHJIOBBIX JIH-
‘gHfi, KOTOPOE ONMUCHIBAETCS BTOPHIM 4/I€HOM B BLIDAKCHHH LA CHILI
‘Amnepa (2.13). OTo HaTsaKenue Co3naeT KBAZUYNPYIyio CHIY, BO3-
BpallaiolyIo N1a3My K NONOKEHHIO PaBHOBECHA.

"7 AJIbBEHOBCKHe BOVIHBI, KaK BHAHO U3 ypaBuenns (2.15), pacnpo-
‘$rpaHsIOTCs TOMBKO BAOJb CHIOBEIX nunnit. Ecau, vanpumep, B He-
xOTOpOfl MJIOCKOCTH MBI GyneM mpo-
‘A3BOJAHTE CMEIeHHe IJa3Mbl THIA
kpyuenus (puc. 12,a) wnaun Gonee
¢NO0XKHOE HeckKuMaeMOe [BHXeHHe
¢ divEL = 0 (puc. 12, 6), To coorBer-
cTBylOllee  BO3MYyMEHHe NOGeXHT
BJIOJIb CHJIOBBIX JHHUH ¢ aILBEHOBCKOH
-CKOpOCTH10 U OyLeT JIOKAJH30BaHO BHY-
TPH LHU/IMHIAPA, B KOTOPOM HauaJ/bHoe
cmettende ObIO OTIWYHO OT HYJA.

.. 3. Mazcnurossyrossie goanvi. Pac-
CMOTPHM Tenepb ABa APYruX THna Ko- ,
-ne6anuii, B KOTOpHIX & u divE) OT- Puc. 12 Cyemenne n1a3MH B anb-
JAHYHBL OT HYJAst. YA06HO MCMONb30BATh BEHOBCKHX BOJHAX.
ypaBHeHHs HUMEHHO AJS 9THX BeJH4UH.

JlIa TpomosibHOM KOMNOHeHTH cMewlenHa §, uameem u3 (2.14):

9°¢,
at?

=2 0% 2 9 give,. (2.16)

s gz s 0z

YpaBHenne nna divEy, Mbl nonyduM, B3siB AHBepreHHHIO OT Ione-
peuHoil cocraBisiolleil ypaBHenus (2.14):
02
at?

rie Ay =divVy, A=AL + 2.

dive, =c3Adiv, +ci, divE, +c2A, 22, (2.17)

Pacemorpum  cnayana  caywali nJ1asMbl  HH3KOTO 1aBJEHHS,
B~c?/c2 < 1. Torna B ypaBuenun (2.17) MoxXHO npeHeGpeuyb caa-
raeMbiMy, NPONOPIMOHANBHHIMH ¢2, H Mbl IPHUXOAHM K BOJHOBOMY
YPaBHEHHUIO

azw .
rie ¢ = divg.. D10 ypaBHeHHe onucHBaeT Tak HasbiBaeMbill Mar-
HHTHGIH 3BYK. Ynpyroctb cpelsl B MarHHTO3BYKOBHIX KoJebGaHuax
Cosfaerca NaBJjleHHeM MarHMTHOIO NOJSA, NPHYEM a/bBEHOBCKYIO CKO-
pocrb CA=1/BZ/4nm,-n MOKHO paccMaTpPHBaTh KaK CKOpOCTh 3ByKa
¢+ '\/vp/p B Cpeje, re NaBieHHe paBHo B%/8m, miortHocTh p =
=m;f, a mnokaszarteNbp aauabartei y= 2. ¥Yciosue y =2 cpa-
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3aHO C BMODOXKEHHOCTbIO INOJs B NJasMy, Ojarofaps ueMy IMpH
g, = 0 marsuTHOe moJe MOMKHO H3MEHSATHCH NPONOPHHOHANBHO
IJIOTHOCTH, & €ro AaBjeHdHe JNOJKHO OLTb NPONOPLUOHANLHO KBAX-
paTty NJAOTHOCTH IJIa3MHl.

[Ipu divg; 5= 0 ypasuenue (2.16) nossosasier maiitu MaJjoe (mo-
CKOJIbKY 4aCTOTa MATHUTHOIO 3BYKa OUEHb BeJHKa) NPOROJLHOE
cMelleHde & B MarHMTO3BYKOBHIX BoJHaX. Kpome rtoro, mpu § < 1
ypaBHeHHe (2.16) omuchiBa€T CaMOCTOsATEAbHYIO BeTBb KoJeGaHuUi,
B KoTopbix divE; MOXHO MOMOXKUTh paBHOH HyJo. s 3THX KoJje-
Oanull MMeeM

92 92
e —ale (2.16)

Takne konebGaHus Ha3HBalOTCA HOHHO-3BYKOBHIMH. OHU mpen-
CTaBJAAIOT COOB0H 3BYK, pacnpoCTPaHAIOMIMHCA BIOJIb MAarHUTHOrO
noJs, NpHyeM cMmelleHHe I1asMbl npH B->0 [pPOHCXOAMT TONBLKO
BLOJb MarHATHOrO MOJS.

Takum o6pa3oM, Tpem THNaM BOJH COOTBETCTBYIOT TPH THNA
cMelueHHHl (MOXKHO cKa3aTb — nonsipusanuil). B anoBeHoBcKdX BOJ-
HaX CMellleHHe [PUBOLUT K HCKDHUBNEHHIO CHJIOBBIX JHHUH
(puc. 11,6), B MarHuTO3BYKOBHIX — K MX CKATHUIO U PaspekeHHI0
(puc. 11,a), a B HOHHO-3BYKOBbIX NIpu B < | MarHUTHOe NoJe NOYTH
He BosMymlaerca (puc. 11,8) u naa3ma Xak O6H oJHOMepHa, T. e.
Kaxkpaaa ee TpyOKa «3akJIOUeHa B JKeCTKHe MarHHTHbie CTEHKH».

Ecnu B He Mand, To pasjieneHnst Ha MarHUTHBIA M HOHHBIN 3BYK
IPOBECTH Henb3st. B 3TOM ciydae HY:KHO pacCMaTpHBaTh ypaBHEHUs
(2.16), (2.17) cosmecrHo. Jns ux pellenuss yAOGHO BOCIOJb30BATb-
csi MAOCKMMY BonHamH. Kak #3BecTHO, B OJHOPOLHOH cpeje NpOU3-
BOJIbHOE BO3MYIUEHHe MOXHO IpeICTaBHTb B BHIE CYNepno3HLHH
NJ0CKAX BOJH. [103TOMY HOCTATOYHO PACCMOTPETh JHIIb IJIOCKYIO
Boany BHna exp(—iwt - ikr). Ilas takoli BoNHHE ypaBHenus (2.16),
(2.17) npunumatoT Gojee MpoCTON BUL aire6pauyecKHX ypaBHEHHH:

(02 — c2k2) &, — kyc? (K, &,) =0, (2.19)
— k22 E, + (0F — c2k? — c2k2 ) (k&) =O. (2.20)

Yro6sl 3Ta cucTeMa ypaBHEHUl MMesa HeTpHBHAMNbHbBIE PELUEHHd, ee
JeTepMHUHAHT ROJXKeH oGpaliaTbCst B HYAb. DTO YCJIOBHE TPHBOAHMT
K HEKOTOPOMY COOTHOLIEHHIO MeXKAY YacTOTOH ® M BOJHOBHIM BeK-
TopoM K, KOoTOpoe NMpPUHSTO HA3pBATb NHUCIEPCHOHHHM YpaBHEHHEM.
B nanHOM ciyyae, KaK HETPYAHO y6eduTbCs, NUCIEPCHOHHOE ypaBs-
HeHMEe AMeeT BUI:

o — (¢4 + 63) Ka? + 4Bk =0 (2.21)

Boapmiuii KxopeHb 3TOrO ypaBHeHUA ©2 COOTBETCTBYET TAK Ha3bl-
P +

BaeMOll yCKOpeHHOH MarHMTO3BYKOBOH BoJHe, a MeHbmull ©2 — 3a-
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mennenhoi. [lpn ¢2 < ¢% yckopennas BosiHa Npeppallaercss B Mar-

HHUTO3BYKOBYIO, a 3aMelJieHHas — B HOHHO-SByKOBy}O.
YpaBHenue (2.21) cyulecTBeHHO YIPOULAETCH B JABYX YaCTHHIX
Cy4Yasx — NpH MNPOAOJBHOM M TONEPeyHoM pacnpocTpaHenuu. Ilpu

NpONONBHOM pacmpocTpanenuu k2= ks, u ua (2.21) crenyer ol =

24,2 o 2 242 o
=cakz 101 OHCTPOH BOJNHBL U O == Cskz ANA MeNJEeHHOH BOJHH
(npr ¢ > ¢,)- [1pn nonepeurom pacnpocrpanennu k, = 0 1 coraacuo

2.21) 02 —(c + c2) £, o =0.

Puc. 13. ®asoBas (a) u rpynnoBas (6) monapH. A — ajbBeHOBCKAA Roana, M —
Meentas, b — GHCTpas MarHHTO3BYKOBaf.

B o6mem ciayuae pbipaxKeHus ajsi o> H @2 Jerko nojydarorcs
+

3 (2.21), onnako ouu TpyaHo obo3pumbl. ['opasmo Gostee Harasa-
Hoe IpelCTaBJeHHe naeT nojspHas AHarpamMmma (asoBHX cKopocTed.

4, [Toaspuas Ouazpamma u Ouazpamma Ppudpuxca. DaszoBas
nofsipHas guarpaMmma npeiacrasiser co0oi 3aBHCHMOCTL (pasoBoil
CKOPOCTH Ug =—(Z—
nem B B nosnspHOfl cucTeMe KoopaHHAT Uy, 6. Ona umeer Bux, noxa-
3aHHBIN Ha puc. 13,a.

Hns OwicTpof MarHdTO3BYKOBO BOJHH (ha3oBas JAuarpamma
HMeeT BHI OBajia, CNJNIOCHYTOrO BAOJL HanpaBJ/eHHsl MarHUTHOrO
Hons, a AN MeNJeHHOH — IBYX CONpHKAacalUuXca OBaJOB, CIIIOC-
HYTHX B IomnepeuHoM Hanpasjenuu (puc. 13,a). [lpu f—0 Goab-
Lo OBaJl MepexOLUT B OKPYXKHOCTb pajuyca ca, a Juarpamma Jjis
HOHHO-3BYKOBOH BOJIHBI NepeXoJHT B JIBe CONPHKACAlOILHECS OKPYXK-
HOCTH JMaMerpa C. B ApyroM npepespHOM clydae Cs/Ca—> 00 Mhl
nepexoluM K HeCXKHMaeMOH XUAKOCTH, U NOJspHas Anarpamma Ijd

oT yria 0 mexnay BeKTopoM K M MarHutHbM Io-
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MAaCHHTHOTO 3BYKa MEePeXoJHT B ABe CONpHKacaloliHecst OKPyXKHOCTH
LuameTpa Ca. To4HO Takas Ke nuarpaMMa COOTBETCTBYeT a/ibBe-
HIOBCKOH BOJIHE NPH JMIOOHX P.

Hapany c dasoBoil nonsproit nuarpaMMOil MOXKHO NOCTPOUTH
NOBEPXHOCTb (a3oBBIX cKopocTell AJA JMOGHIX 3HaueHuH Kk B TpeX-
MepHOM npoctpancTBe. ONHAKoO 1/ NMPOCTOTH Mbl  OrpaHHYMMCH
JMIIbL IBYMEPHBIM ClIydaew.

Kax Mbl yBUINM HHXKe, IpaKTHYeCKH OoJiee HHTepecHa moaspHas

o do
AnarpaMma rpynioBoM CKOPOCTH V¢ == -z, T. €. 3aBUCHMOCTb abco-

JIOTHOW BeNWYHHBI TPYNNOBON CKOPOCTH OT e€e HampasjeHus. [pym-
NOBYIO NOJAPY OOBIYHO HasbBaWT AudarpaMmMoit @pugpuxca (AHOrAa
auarpamMmamu Ppuiapuxca HasHBalOT ¥ (PasoByl, H TPYNNOBYIO
noJAAphl).

Kax #3BecTHO, rpynnosas CKOpOCTb oONpelensieT CKOpOCTb pac-
NpocTpaHeHds BOJHOBOrO nakera. B cayyae Hemucmeprupyromux
cpel, Koria 4actota « IPONOpLUHOHA/NbHA R, rpynnoBasi CKOPOCTb
He 3aBUCHT OT abCOMIOTHOH BeJMUHHB 2. DTO o3Hayaer, yTO BCe
BO3MYIUEHHS, pacCnpOCTPaHAKNnecs B 1aHHOM HanpaBJeHHH, HMEIOT
OJHY H Ty XKe CKOPOCTb. B uacTHOCTH, ec/H BO3MYIlenue UMeJNO BHI,
UMIyJbca BO BpeMeHM, TO OHO Bce BpeMma OyneT uMeTb BUA Hepac-
naeiBalomierocss umnynabca. Orciona BUIHO, YTO Tpynmnosas NoJsp-
Hasi JuMarpamMMa MnpeactaB/ser co0OH KapTHHY HMIyJibca, pacnpo-
CTpaHAONIeroCst OT MTHOBEHHOrO TOUEYHOrO HCTOYHHKA: KaKIOMY
y4acTKy AMarpaMMbl MOXKHO CONOCTaBUTH HEGOMbIIOH BOMHOBOH mHa-
KeT, PacnpocTpaHsoIuiCs ¢ IPynnoBrofl CKOPOCTHIO.

Hnarpammy Ppunpuxca MOKHO ONpefenHTb AHAJMTHYECKH, Bbl-

Jdo .
YHCIAA Ho ropasno Gonee narasimHbiM fiBjisiercst ee rpadude-

CKO€ NOCTPOEHHE. Ono no3BOJAAET, KPOME TOI'O, HECKOJILKO NMO-HHOMY
B3rJAAHYTb Ha KAapTUHY pacnpoCcTpaHeHUst BO3MYILIEHHAA OT TOUYEHYHOro

k
HCTOYHHKA. YUTeM, UTO © == kU (—k-), I'le Up 3aBHCHT TOJBKO OT

nanpasaenns k, Ho He or ero BeanuuHbl. Orcioma caenyer, 4TO
0o koo

vr=a—k=%v¢)+vlr, rie cocrasJfmouas Vlr=ﬁi nepnes-
AMKyJAspHa K BoaHoBoMmYy Bektopy k. Kaxk bl BHAHM, HOpMaJsbHast
K BOJHOBOH MOBEPXHOCTH COCTABJAIONIAA TPYINHOBOX CKOPOCTH COB-
najnaer ¢ $aszoBoH ckopocTblo. HarnfanHo MOXKHO npencrasuthb cebe,
YTO HEKOTOPBHIH BblAeJeHHLI Y4acTOK IJIOCKO# BOJHBI pacnpoctpa-
HeTCs B BHAE «/IeNeuleykd», OPUEHTHPOBAHHOH MepreHAUuKyAspHO
k (3TOT YYacTOK MOXKHO paccMaTpUBaTh KakK BOJHOBOH Maker).
AToT naker ABUXKETCS BLOML K CO CKOPOCTbIO Uy H, KPOME TOTO, «CO-
CKa/b3biBaeT» B INONEPEUHOM HanpaBsJedHH CO CKOPOCTLIO Vyr. (as
dasos0fi CKOPOCTH NomepedHasi no OTHOLIEHHIO K k cocrapasiomas,
pasyMeercsi, CMbIC/Ia HE HMeEeT.)



[ AJIBBEHOBCKHE W MATHUTO3BYKOBBIE BOJTHBI 49

COOTBeTCTBEHHO BCIO TPYINOBYIO NOJAAPY MOXKHO paccMaTpHBATH
npuOJIHKEHHO KaK «MO3aUYHYIO», COCTaBJAEHHYIO U3 OTAEJBHBIX MJ10-
CKMX «JIemenleyeK» — BOJIHOBHIX nakeToB. C yueroM 3Tux coobpaxe-
HUH HeTPYINHO COOOpasuTh, KdK MOXKHO [EOMETPHYECKH IMOCTpOHTH
Tpynmnosyio noaspy no dasosoit. BosbMeM 17151 3TOr0 Npou3BOJLHYIO
Touky M Ha ¢asoBofi noasipe W NMpoBeneM JIHHUIO aP, mepneHguky-
JSIpHYIO panuyc-BeKTOopy Toukun M, T. e. BekTopy Kk (pmc. 13,4a).
«Jleneleykas rpynnoBoro nakera k foJXKHa JexaTh rae-TO Ha 3TOH
aunnd. Bospmem temeps 6muskyio k M rtouky M’ ua ¢asosoit no-
Asipe H INpoBeleM JHHHIO a’f’, NepleHIuKyNApHYIO pagHyc-BeKTOpY
toukn M’. BoanoBo#i naker, oTBeuaromuii HaGopy NJIOCKHX BOJH
C BOJIHOBbIMY UHCNAMH BONU3M TO4KA M’, NO/IKeH J1eXaTb HA JHHUH

Puc. 14, UepenKoBRcKoe H3ny4yeHHe B H30TPONmHON cpefe (@) M AJMA MarsEuTHOMN
rasofHHaMHKH (6).

o’p’. Ho mpu 6auskux M u M’ BonHOBBle NaKeTH COOTBETCTBYIOMHX
IJIOCKOCTEN MOMXKHBI CAUBATLCA, 00pasys eauHBIH BOMHOBOH maker.
Takum o6pasoM, 3TOT naker NOJKeH HaXOAHTbCH HA NepeceyeHHU
Jaundit af u a’p’, cooTBeTCTByOMMX 6AH3KUM Toukam M, M’
Wraxk, nns nocrpoeHus rpynnoso# moasphl no $asoBoll gocra-
TOYHO NPOBECTH CeMeHCTBO NPAMBIX, NEPNEHAMKYJSAPHBIX paauyc-
BeKTOpaM Touek Ha (asoBofi monsipe 4 NMPOXOAAIHUX YEPE3 UX KOH-
usl, ¥ HafiTy orubaromyio cemeficTBa 3THx npsaMbX. Ilocrpoennas
TakuM o6pasom puarpamMma QPpuapuxca usobpaxeHa Ha puc. 13,6.
Inst 6vicTpoii MarHATO3BYKOBOH BOJIHEI OHa HMeeT BHA OBaJsa, N
MelJIeHHOH — ABYX «33a0CTPEHHBIX» TPEYrOJbHHKOB, a IJd afbBe-
HOBCKOH BOJIHBI OHAa BHIpOXKJAaerTcs B JBe TOYKH HA BHEIIHeM OBaJe.
I'pynuosas noJsipa NOKashiBaeT, Kak paclpOCTPAHAETC HMNY.JIbC
OT MTHOBEHHOrO TOYEYHOrO HCTOYHHKA: COOTBETCTBYIOIlEe BO3MYylie-
HHME OTJIMYHO OT HyJast B o0JacTu MeXpay OblCTpOH M MelJeHHOW Io-
JIApaMH C NMOBLIINEHHON aMNJMTYAOH BOIH3H IPAHUIL, T. €. MOJAP.
Hurepecnass ocobenHocTs auarpammbl  ®Ppuapuxca Bo3HHKaer
B cayuae B = 8np/B2 =1, xorpa a/lbLBEHOBCKAast CKOPOCTb COBMAgaer
co 3BykoBo# [47]. Cornacho (2.21) mpu stoM o2 = c4k*(1 = sin#),
rie 6 —yron mexny k u B, T. e. cos 8 =k ./k. Ha basoBoit noaspe
npH 3TOM obpasyercs yrjaoBasi TouKa npy 6 = 0 U COOTBeTCTBEHHO
BEKTOp I'PYNNOBOH CKOPOCTH He CTPEMMTCA K FOPH3OHTAJbLHOMY Ha-
npasJsenuio npu 60, a cocTaB/seT ¢ HUM KOHEUHbIH YroJ, paBHbIii



50 JUHEMHLIE BOJHE [T 2

npubauzurensvuo By &~ 26°. B stom cayuae B naasMe AOMKHO lla-
6nloaaThes ABJEHUE, aHANOTHYHOE BHYTPEHHEH KOHHYECKOi pedpak-
I{U B ONTUKe: magaomul saoab By HOpMaJbHO K IpaHHUIle «IYYOK»

% )

e

) )

Prc. 15. O6rekanne ToiKoro Tena B MarsuTHo# rasonumHamuke. Ha pucymke

A306paKeHH YeThpe cayuad ob6pasoBanus JuHuli Maxa, oTXOmslux ot Tesa,

CKOPOCTh KOTODOTO A4TCH JKHPHHM BeKTopoM. JIaIaA NocTpoesHHst anmmii Maxa
Henose3yerca Anarpamma Opuipuxca.

MarHdTOruApOauHaMiu4eCKUX BOJIH NOJXKEH pa3BepHYThCs B KOoHYC
c yraoM pactBopa 26g. Ham ne usBecTHO, Ha6/aI0AaM AU KTO-HHGYIb
3TO ABJIEHHE JKCNepHMEeHTaJbHO.
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5. Obrexanue maavix tes. Huarpamma @Ppugpuxca mnossosaser
Jerk0 pacCMOTpeTb KapTHHY OOTeKaHHs TOHKOrO HIJ006pa3Horo
Tesa, IBHXKYLIErocs B MONEpeYyHOM K NoJdl0 Hampasienuu. Jomy-
CTHM, YTO JJIHHA Tesa HACTOJbKO BeNHKa, YTO €0 MOXKHO CYMTATh
GeCKOHEYHHIM, a MAarHUTHOE M0Je HaNpaBJEHO NeprneHJHKYJAspHO
ocu Tena. Kpome Toro, mpumeM, 4TO 3J€KTPONPOBOIHOCTL Tela He-
BeJIHKa H OHO He «HaMaTbiBaeT» Ha cebs cu1oBbIX auHui. [Ipu atom
KapTHHa OOTeKaHHs fABJfAETCA YHCTO ABYMEPHOH, M Ha JajekoM
pacCTOSHHH OT TesJa BO3MYLleHHE MOXKHO CYMTaThb ManbiM. Kak u
B OOBIYHOH rasofuHaMHMKe, MOXHO CUHTATh, YTO JBHNKYHIEECA TEJO
CO3/laeT HelpepBIBHBIA PsAJ TOYEYHBIX MTHOBEHHBIX BO3MYLIEHHH, OT
KaXKJOr0 M3 KOTOPLIX PacXOAATCA HMIyaAbchl B (popMe pacuinpsio-
muxca auarpamMm Ppunpuxca. Tam, rie 3TH HMOyJabCH CKJAIH-
BaloTcd B (hase, BOSHHKHYT pacXoAdllyecs OT TeJa BOJHB THNa
BoNH Maxa, a B ocTaJabHbIX TOYKax B pesy/abTaTe HHTepdepeHUHH
OCTaHyTCst TOPa3no MeHbINHe Bo3MyleHHs (puc. 14,a,6).

Yro6ul na#itn BoaHbl Maxa, nocraToyHo Ha puarpamme Dpua-
pUxXca NMOCTPOMTb BEKTOP CKODOCTH TeJia M M3 €ro KOHIA IMpOBecTH
KacaTenbHble K auarpamme Ppuipuxca, Kak 310 H3o6paxKeHo Ha
puc. 15 145 pasyM4HBIX YacTHHIX ciydaeB. TeueHus Ha puc. 15,4a, 8
SIBJASIOTCA NBaXKAbl FH1epOONHUECKIMH, a TedeHHs Ha pHc. 15,6,e —
runepoAHIecKH-3/VINITHYECKUMH (TOMBKO ONHH THN U3JydaeMmblX
o). Kak BumHo u3 pHc. 15,8,e, B MarHUTHO# THAPOAHHAMHUKE
BO3MYILIEHHA MOTYT DaclnpOCTPaHATLCA BBEPX IO TEYEHHIO, T. e.
Bnepead OT aBuxylleroca teaa. CieayeT NOXuepKHYTh, YTO 3TH
BOJIHBI OTBeYaloT OOLIYHOMY 4YePeHKOBCKOMY H3JIYYeHHIO Tesaa, ABHU-
JKYIETOCH CO CKOPOCTbIO, 60.billefi (a30BOH CKOPOCTH H3JMy4aeMbiX
BOJNH. MMeHHO B pesyiabrare TOro, 4TO CKJAAIHBAIOTCA HMIYJb-
CH, OTBEYalioUiHe TIpynnoBoH, a He Ga3oBOH moaspe, NOABAAET-
csi HeoObiUHAs BO3MOXKHOCTb H3JIyueHHS] BOJH Brepel OT JIBHIKY-
uerocs Tena.

§ 2. ucnepcus BOJH B JABYXMKHIKOCTHOH FUAPOAHHAMUKE

1. Honnoii 3eyx. MaruurHas ruapoiHHAMHKA [OCTATOYHO XO-
polIO ONHChHiBaeT KpyNHoMacmTaOHHE HH3KOYaCTOTHHiE [BHXKEHH:
B 1mJa3Me, HO OHA BCE Xe SIBJAETCA JHIIb HEKOTOPHIM MpHOJNHKe-
HueM. EcTecTBEHHO, YTO B BOJIHOBBIX [IBMKEHHSIX IIJIa3Mbl MOTYT
npoasasaTeCsi 3P GdeKTh, KOTOpHe He OXBATHIBAKOTCA OAHOXKHIKOCT-
nofi rumponunamukoii. OnHuM H3 TakMx 3QheKroB sBasercs OHC-
nepcus, T. €. 3aBUCUMOCTb (Pa30BOA CKOPOCTH OT 4aCTOTHI

Kak MB ycTaHOBH/IH Bbillle, HIeaJbHO NPOBOAAIIAS KHAAKOCTD
ABJISETCA XOTHd M AHU3OTPOINHOH, HO HEeIHCNEeprHpYyHIled cpenoi:
daszoBaa cKopocTh paclpocTpaHeHHs MaJbiXx BO3MYyIUeHWH B Hell 3a-
BUCHT JIHIIb OT HalpaBJeHHs BOJHOBOTO BEKTOpa, HO He OT ero ab-
COJIIOTHOH BeJHYHHBL, JTO 06CTOATENbCTBO, KAK MBI BCKOpE YBHIUM,
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uMeeT CYIIECTBEHHOE 3HAUeHHE [Js 3BOJIONHMH BO3MYILEHHH C KO-
HEYyHOH AMIVIMTYIOH, M [O3TOMY HYXKHO SICHO NpelcTaBaATbL cebe,
KO0 KaKHX JJIMH BOJIH IJ1a3My MOXKHO CUHTAThb HeJHCHEPIHPYIOWEN H
KaKoH XapakTep UMeeT AMCIEPCUS [PH YMEHbUIEHHH IJIHHBI BOJIHHL

PaccMoTpuM cHavyana MOHHHE 3BYK, IpefnoJsaras, 4to B < 1, 4,
C/eJI0BATENbHO, BO3MYLIEHHEM MAarHHTHOTO TOJS TNpH KosebaHusx

MOXHO NpeHeGpeub. DTO 03HAUAET, YTO JEKTPHUECKOE I10/1€ B KOJZ2-
GaHHsIX MOXKHO CYHTATb HOTEHLUHANbHBIM: FOt E == —?%NO.

Uro6bl OnpeneanTb AUCIHEPCHIO 3BYKa, CJelyeT BOCIOAb30BAaTbCS
IBYXKHIKOCTHOH IMAPOAHHAMHKON BMecTo Gojee rpy06ofl OTHOMHUI-
KocTHOH. B paccMarpHBaeMoM 3mech Cilyuyae INOTEHIHAJBHBIX KoJe-
Gannil ypaBHEHHWS CYIIECTBEHHO YIPOLIAIOTCH, NOCKOJBKY He HYXKHO
paccMaTpUBaTh KoJeGaHHs MariHurtHoro noJasi. Mel eine 6odee ymnpoc-
THM PaccMOTpPEHHE, cHe]ap JOnylieHne, 4To MOHBl XOJOIHLIE, T. €.
T; =0 (daxTHueckn 70 O3HaYaeT, 4YTO MOHHAS TeMIepatypa MHOro
MeHblIIEe 3JeKTPoHHO0i). Dosee obinit cnyuah paspexeHHOH M1a3Mbl
¢ T;==0 Ttpebyer, BoOOIIE rOBOPS, KHHETHUECKOrO PACCMOTPEHHS,
HOCKOJbKY (pa3oBasi CKOPOCTb HOHHOFO 3BYKa HEBeIHKa H IpH
T; ~ T, uMeeT HOPANOK BEIHUHHBI TEIIOBOH CKOPOCTH HOHOB.

Hrak, npu T;=0 B npenebGpexeHun HHepuued 3JeKTPOHOB U
CTOJIKHOBEHHSIMH HX C HOHaMH HMeeM

A qu + [vB] (2.22)

on,

—+ +dive,y =0, (2.23)

Vn,T, = en, B, (2.24)
Ap = — 4ne (n, — n,). (2.25)

Ypasuenne Ilyaccona (2.25) ycranaBauBaer cBfiab MeXny Io-
TEHLHATOM ¢ M BO3MYIEHHEM IIJIOTHOCTH HOHOB H 3JEKTPOHOB.

Ins npoctorsl Mbl GyjgeM CUHTATb, YTO JEKTPOHEI HMEIOT IO-
CTOSIHHYI0 TeMneparypy T, — const, 4To BHOJHE NOMYCTHUMO [J%
paccMaTpUBaeMBIX 3JeCh BOJH, pacnpocrpaHswiuxcs ¢ $as3opoil
"CKOPOCTBbIO, 3HAUUTEJBbHO MEHbIIeH TeMJIOBOH CKODOCTH 3JEKTPo-
HOB. M3 npolonbHO# KOMIOHEHTH YpaBHEHHS paBHOBecus (2.24)
IJ1s1 3JeKTPOHOB

ane aQ
Te Bz =en, Bz " (2.26)
cjelyeT, 4TO BROJb CHJOBbHIX JHHHA MAarHMTHOTO MOJS SJEKTPOHbI
uMeloT GoJbIMaHOBCKOE pacnpenelexne. JIIs paccMaTpHBaeMbiX
3/1eCb MaJbiX KoJe6aHni B OMHOPONHON naasMe u3 (2.26) noayuaem

nl=ny Tq: (2.27)
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HafizeM Tenepp BeqHUMHY BO3MYLIEHHS TNJIOTHOCTH HOHOB 7.

Jlns STOrO BOCNOJb3yeMcs ypaBHEHHeM IBHKenus (2.22) u ypas-
HeHdeM HernpephlBHOcTH (2.23). JIns BO3MyLieHHsi THHa IUIOCKOH
poaHbl  exp(—Ilw? - kr) nonaydaeM HS MNPOJOJbHOH KOMIIOHEHTHI
ypaBHEHHS JBHXKEeHUs

e kz

g vz=7i - @ (2.28)

Urto6bl HaHTH MOMNEPEYHYI0 COCTABJAIOIYI0 CKOPOCTH HOHOB,
yn06HO BBECTH CHCTEMY KOOPAUHAT (X, ¥, 2), OCb 2 KOTOPO# Hanpas-
JleHa BIOJIb MarHHTHOrO NOJfA, a OCb Y NepneHpukyJasipHa k, Tak uro

k uMeer TOJBKO KOMNOHEHTH kx==Fk, u k.. Torma B npoexkuusx Ha
OCH X, § YpaBHeHue IBHXXEHHS I HOHOB IIPMMeET BHJ

e

— i(l)Ux - iny = —”T Ex = ‘”:; ikJ_(P: (229)
Qv, — iov, =0, (2.30)

rae Q; = eB/m;c. Otciofa JerKO HaXoAHMM KOMITIOHEHTH CKOPOCTH

i® e ® e

ty=——F— —Ex=——F—F—*k 2.31

x 93_‘02 m, x 9%—-(02 m, 1%, ( )’

Q e Q; e

vy=—m———E,=————=5—*kiq, 2.32
Yool m Q- o’ m, ¢ (2.32)

. . i® € .o N

a CcJeJI0BaTe/bHO, H leV_L=—'§§———2“? k% @. Tloacrapass nai-

i
JleHHOe BbIpa’kKeHHe B ypaBHEHUE HelpephHBHOCTH

—ion; +n divv, +nikv, =0 (2.33)

B yuuThIBas BHIpaxKenne (2.28) I/is NPONONbHON CKOPOCTH HOHOB,.
HalileM BO3MYLIEHHEe TIJIOTHOCTH HOHOB:

K’ K e eQ
n’==(”———“— ny—, 2.34
i (02 Q% —-"Q)2 0 Te ' ( )

Tie ¢2 = Te/m,.

TloncraBumM Tenepb HalieHHble BbIpaXeHdst JIJAs IJIOTHOCTH
saexrponoB (2.27) u wonoB (2.34) B ypamuenne Ilyaccona (2.25),
KOTOpOe JJIsi IJIOCKO¥ BOJHBI MOXKHO 3alHCaTh B BUAE

E2d%n, % =1 — fl, (2.35)
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rae d? = T./4ne’n,— kBanpar neGaesckoro paiauyca. Ilocie nox-
CTAHOBKM TMOJYYHM [HCIEPCHOHHOE ypaBHEHHE MJs ONpeleseHHs:
YacToTH KoJebaHuil w:
K% ¥ c?
1 4+ k%2 = S TP (2.36)

Q?-—m2

PaccmorpuM cHauana cayuadt NpoloJbHOTO paclpOCTpaHeHHd,
Korga ky =0, & = k,. [1pu arom

2 .2
kce

228
14 Ed? "

(2.37)

Tlpu k. d < 1 Mu nonyuaeM o6hiuHOE BHIpaXKeHue JJsi 4aCTOTH HOH-
HOTO 3BYKa ® == CyR;, KOTOpOe cleflyeT U3 OXHOXHIKOCTHOH THIAPO-
InHaMuKH. OJHaKO [0 Mepe yBeJHUeHHs R, uacrora MelJleHHee pac-
Ter ¢ k., u asosas cKopocTh ®/k; HauuHaeT yMeHbmaTthcs. [lpu
k;— oo oHa cTpemuTca K HYyqI0. I1pu 3ToM KoJieGaHusi HOHOB MPOHC-
XOISIT NPH NPAKTHUECKH HENOABHXKHBIX 3JIEKTPOHAX, AABJIEHHE KO-
TOPLIX MPOTHBOCTONT NEHCTBHIO 3JIEKTPHUECKOro MOJS M He Jaer
3JeKTpPOHAM CMeLaThCsi.

Anasornunasi kapTiHa MMeeT MecTo M B OTCYTCTBHE MarHWTHOrO
noast. Ecau nostoxuts B (2.34) Qi =0, To MB nOJyYnM BHIpaXKeHHE
NpeXHero BHAA /Kb C 3aMeHol k; Ha k:

Kc?
T4 %247 *

o’=el=

(2.38)

PaccMorpum rtenepp Gogee o6wmuit cayualt HOHHO-3BYKOBBIX KO-
JAeGaHuil B MarHATHOM IoJie IPH NPOM3BOJBHEIX 3HaueHUsix k. Ecau
HCIOJb30BaTh 0003HaYeHne @2 HIJs KBajapara dacrors (2.38) B or-
CYTCTBHE MAarHdTHOrO INoJsi, TO JHCMepPCHOHHOe YypapHeHne (2.36)
MOXHO IiepenucaTtb B BHIE

k‘Z
0 — (@ + 0}) 0 + Qo - =0. (2.39)

Orciona crenyer

. 1 1 k2
o= §(Qg + of) = /\/-4— (9 4 o}y — -,5—9‘;.’0)2 . (2.40)

Ilpn k-0 otciona HaxonuM IBa KopHs: o = Q} n ©?==cik:. Tlpu
yBeJHUEHHH BOJIHOBOrO uuclia k (pasoBass CKOPOCTb MeJ/IeHHOH
BOJIHBl HauMHaeT 3aBHceTb oT K. Jlasi clyyas NJOTHOR mJasMbl,
Korma Ca <<c¢ (c—ckopocTb cBera), T. e NpH Q; << wp;=

= 4/ 4ne’ng/m;, 3aBHCHMOCTb 4aCTOTH OT % HMeer BHI, npejcTas-
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spennH# Ha puc. 16. Ilpn Goabluux %2 uyacToTa MenJeHHOH BOJHBI
erpeMHTCs K Q;cos 0 = Q;k,/k, a uacrora ObicTpoii —K w;. [Huc-
fepcHs IJ1s MeJJIeHHO# KOCOH BOJHBI B MAarHdATHOM II0Je HauuHaer-
¢ 3HAUHTENbHO DaHbllle, 4eM I[P TIPOJOJBHOM PACNPOCTPaHEHHH,
a UMEHHO mpH kB ~ Q;/c.. Ecan BonHa pacnpocTpausieTcs BRoJab Mar-
HUTHOTO DO, TO NHCIEPCHOHHASA 3a-
BUCHMOCTb ® = @ (&) CBOLHTCA K ABYM
MepeceKalomuMcsl KPHBBIM: @ == £
B ©® = ©;, KaK I0Ka3aHO NYHKTHPOM
Ha puc. 16.

2. Maenurnoui 3syx (nonepeuroe 2
pacnpocrparenue). Paccmorpum  Te- P
nepp AMCIEPCHI0 MArHHTHOTO 3BYKa. 2{
JlonycTuM, 4TO BOAHA pacHpoOCTpaHs-
eTcsi TOYHO IIONepeK MAarHuTHOro Io-
15, CKaXeM, BIOJb ocu x. B atom cay- Puc. 16, Jlucnepcns  wounoro
yae, KaK Mbl YBHIHM, NUCTIepPCHS CBS- sByKka.
3aHa ¢ HHepuuel 3J1eKTPOHOB, KOTO-
past moqKHa ObiTh yureHa B 0006uwenHoM 3akoHe OMa, B KauecTBe
KOTOPOro MBI HCIIONB3YEM 3/1€KTPOHHOE ypaBHeHne ABHXKeHud. B npe-
HeGpeXKeHNH [aBJeHHEM 3JeKTPOHOB &S IJOCKOH BOJIHH BHIAA
exp (—imf 4+ ikx) oHo uMeeT BHI

(2]

. B

— jov,= — —E — 222 [v,h], (2.41)

mMe c

rie h = B(/By— enunuuubiii BekTop Baoab ocu z. Orciona c¢ yue-
TOM TOro, uto @ & Q. == eBy/m.c, nonyuaem NpHOJUKEHHO:

Ve =Bio[Eh] +_£2ij00 E. (2.42)

Ecan Gbl MB!l yuau TOABKO TiepBOe cjaaraeMoe B NPaBOM 4YacTH
(2.42), orseuaioliee 3aekTpuueckomy apeiidy, T. e. mpenebperau
HHepuuel 3/eKTPOHOB, TO coraacHo (2.41) 3to cooTBeTcTBOBANO Obl
HlleaJbHOHW 3/AeKTPOHHOH IIPOBOLMMOCTH, a CJ€ZOBaTe/NbHO, BMOpPO-
¥eHHOCTH MArH{THOTO I10J1g B SJEKTPOHHYIO KoMmmoHeuty. Ho npwu
YHCTO [IONiepeyHOM paclpocTpaHEHHH BOJHBI B KBasHHEHTpa/abHOH
NasMe 371eKTPOHBl JOJXKHBl CMelllaThCsi BMECTe C HOHAMH, M03TOMY
BMOpPOKEHHOCTb T0Js B 3JEKTPOHBl aBTOMATHUECKH COOTBETCTBYET
€ro BMOPOXKEHHOCTH B HOHBL. A 3TO, KaK Mbl YK€ YCTaHOBHJHM B mpe-
AbinymeM naparpade, NIpHBOIAT K MATHUTO3BYKOBOH BoJHE §e3 muc-
nepcuu.

Takum oGpasom, urto6bl Hauana MOSIBASITHCS RHUCIEPCHS, X-CO-
CTaBAAIONAas CKOPOCTH 3JEKTPOHOB [O/XKHA OTJIAHYATBCH OT CKOPO-
CTH 3jeKTpHueckoro papefiba. [Ipyramu cropaMi, B X-KOMIIOHEHTe
CKOPOCTH 3JIEKTPOHOB CJefyeT ydecTb MaJjblii ujeH, OTBeuamouui
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TaK Ha3blBa€MOMY HHEPLUHOHROMY Apeldy:

. cEy i@ cEy

Uox _Bo— “‘Q: ﬁ . (2.43)

Uro kacaercs Y-KOMIIOHEHTH! CKOpOCTtu, TO AJAA Hee MOXKHO CO-
XPaHHTb TIpeXKHEe 3HAUCHUE

c
Uy =——+5—E,. 2.44
ey B, ~* : ( )
C nmomowpio sToro coorHolliends E, MoxHO BbIDpAa3UTb 4epe3s

Uey = —jyleno, Tie Yy-KOMIIOHEHTA ILIOTHOCTH TOKa CBS3aHa C BO3-
MYLIeHHeM MarHuTHOTrO noas B’ coorvomenueM

. 0B’ .
ly=—m o =i B (2.45)
Wcnonbayn ypasHenne Maxkcgenna L ¢ rot E, Jerko Bhpa-
ot
3uts B’ uepes Ey:
B=%tE, (2.46)

C rnoMonibio cooTHoeHH#A (2.44)— (2.46) MoxHO Bbipa3uth Ex
yepe3s Ey ¥ NOACTaBHTb 3aTeM B BHIDaxkeHHe [/l CKOPOCTH 3JieK-
TpoHOB (2.43). B pesyabrate noayuum

2R\ cEy
O = (1 + ;)%—) = (2.47)
Ine
4 2
Wpe = ’\/% (248)

— JIGHTMIOPOBCKAst 4acToTa,
UTo6b! MOJNYYHTh NHCIEDPCHOHHOE YpaBHeHHe IJIsSi 4acCTOTH, BOC-

TI0JMb3yEMCst elle JHHEADH30BaHHbIM YpasHeHHEeM IBHXEHHS

avx —_— d BOB,
mny at  ox 4m ? (249)

NPeACTABAAIOMAM COO0H PaKTHUECKH cymMMy ypaBHeHHH IBUKEHHS
IS HOHOB H 3/J1eKTPOHOB, B KOTODOW OnymieH Ma/bill HHEPLHOHHBIN
3NeKTPOHHbIA uned. s niaockod Bonum Bupma exp(—iwf + ikx) c
yuetoM Bhpaxenus (2.46) nas B’ noayuaem orciona

2,9
ek cE
Uy =— pre -B% . (2.50)
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Tax KaK B CHIY KBa3HHEHTPAJbLHOCTH INIa3Mbl CKOPOCTH Ux H Uex
JOJIKHbI COBNAnaTh, 70 u3 (2.47), (2.50) nonyuaem

.2

2 __op2__ Jpe

w®==c%ik P (2.51)
STa 3aBHCHMOCTb @ OT R npexcTasieHa Ha puc. 17. Ilpu manmx &
yacToTa JHMHEHO B03pacTaeT ¢ yBeJWYeHHeM BOJHOBOrO 4YHC/]a&, 3a-
TeM OPH B ~ @pe/C CKOPOCTh BO3pacTaHus yMeHbLIAETCH, H MpH
k— oo yacroTa CTpeMHTCS K NpeLeNbHOMY 3HAUEHHIO C W,/ ==

==V£2,,,Q,-. T.€. CPEIHEMY TEOMETPHUYECKOMY U3 HUKJAOTPOHHBIX HaCTOT
3JIEKTPOHOB U MOHOB. JTa 4acTOTa Ha3blBaeTCst HHXKHeH THOpHAHOH.

PaccmoTpeHHasi KapTuHa OTHOCHT-
€Sl TONBKO K CAYYalo MJAa3MBl HA3KOIO
nasnends (B 1). Ilpn p > 1 nuc-
Mepcusl HauMHAaeTcH [roOpa3fo paHb-
me — 0pi @ ~ ;. Jleso B ToM, UTO B
6ecCTONTKHOBUTENBHOH  miasme IIpH
© < Q; nokasatenp aguabatel Las
HOHOB Yy =2, a NpH ® >> Q; OH cTa- Wpe/C k
HOBHTCA DAaBHBIM 3 (B ONLHOM C1y4ae  pyc, 17, [lucnepcuss MarHHTHOrO
B KosneOdHUSIX Y4YacTBYIOT JBeé CTe- 3ByKa NpH NONEPEYHOM pacmpo-
neHy cBODOAB, a B IPYyroM — TOJbKO CTpaHeHnH.
onHa). CooteercTBenno (asomas CKo-
pocTb HaumHaeT BO3pacratb B 06aacTH © ~ ;. DTo# uacrore
COOTBETCTBYET [IJHHA BOJHH NOPSAAKA HOHHOTO J1aPMOpPOBCKOro pa-
Inyca.

3. Kocasn maernurossykosas soAra. B Koco MarHuTO3BYKOBOU
BOJIHE, KaK U B KOCOH HOHHO-3BYKOBOH BOJHE, MAHUCIEPCHSI Hauu-
HaeTcsl ropasfo padbiie. 3TO CBA3aHO C TeM, YTO B KOCOINl BOJHe
KBAa3uHEATPAbHOCTh MOXKET YCTaHaBAHBaTbes Ojaronaps neperte-
KaHWO 3/7eKTPOHOB BIOJb MATHHTHOTO TOJS, H AHCIEPCHs [O/MKHA
NosIBAATBLCS, KaK TOJBKO CTAHOBHTCH 3aMeTHBIM DasJiyuue Momneped-
HbIX CKODOCTEH 3JeKTPOHOB W HOHOB. IIpn 3TOM HHEpUHMS 3/1eKTpO-
HOB ellle He urpaer poau. Kak MB ycTaHOBUJIM IIPH PacCMOTPEHHH
paBHOBecHsi TMJaas3Mbl, B 3ToM caydae npu T, = const marHuTHOoe
noJle BMOPOXKEHO B 3J1€KTPOHbBI:

0B
S = rot [v,B]. (2.52)

B npene6pexxennn naBieHHeM Naa3Mbl YDaBHEHHE IBUKEHHS HMeeT
BHJ,

BZ
8n

dv

min 2 =~ [{B]=—V 2 4 (BV)B. (2.53)
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Tak Kak ve == v — j/en, To ypapHenue (2.52) ¢ yueToM ypaBHeHHs
ABrKeHusl (2.53) MoxkKeT GLITh 3allNCAaHO B BHIE

av

B m.c
—p = rot [vB] ——rot —-. (2.54)

ot
Iocnennee caaraemoe B 3TOM YpaBHEHHH, KOTOPOE IOSIBJSIETCS
u3-3a sdpdekra Xoana, H NIPUBOAHUT K AHUCHEPCHH MarHUTO3BYKOBBIX
BOJIH.

Ecnu nnHeapu3oBaTh ypaBHeHHe NBHXKeHHs (2.53) W ypaBHeHue
(2.54) nas MarHUTHOTO 1OAS!, TO, BBOASI CMEIEHHE MJ1a3Mbl § H HC-
HOJAb3ys BBIKJAAAKH Npebigyliero naparpada, mOJy4YuM [as mjo-
CKO#l BOJIHBI CHCTEMY JBYX YPaBHEHHH:

oBz

_ mtno(l)2§ = — lk_l_ + sz (2.55)

= — BoikE1 4 Biik gL

(2.56)

W3 nepsoro ypaBHeHHs! BHAHO, 4TO &, = 0, a ypaBHEHusl Aas Ex
n Ey MOryr OblTb MOJIyueHHl, eciu BMecTo B’ momcraBuTh €ro BhIpa-
xenue uepe3 & (2.56). [lna mnnockoit BoaHul THNA exp(—iof 4
+ikix 4 ik2) ¢ ky =0, kx = k1 3TH ypaBHeHHs HMEIOT BHI

— 2ENNE — o FeBo g

(03 cAk)E 04— OE_,, 0, (2.57)
kZ
0 L, 4 (@2~ 2k2)E, =0. (2.58)

[TpupaBHuBas Hym O JeTepMHHAHT 3TOH CHCTEMBl, MOJYYHM JHCMEp-
CHOHHOE yDaBHeHHe:

(0 — c%k?) (0® — chk2) — 0?k%k2cY [QF = 0. (2.59)
PacemoTpum A1 IPOCTOTH! cayyail TOUTH MONEPeYHOro pacrpo-

CTpaHeHHus, Koraa k< K. Torma AAsi MATHHTO3BYKOBOH BOJHBI C
® 2> Cak, IONYIUM

k2
@ = ¢k (1 4 LA ) (2.60)

CooTBeTcTByWOWAA [IHCIEDCHOHHAsT KpHBAasi MpefcTaB/jeHa Ha
puc. 18. Kak MbI BuauM, Ipu Manblx k£ 4acToTa JMHEHHO pacTeT ¢ &,
a 3aTeM, HauHHast ¢ B ~ Q;/c40, rae 0 = k,/k, oHa HauuHaeT BO3-
pacTaTh ropasno 6picTpee.

Ecan 6=k2/k>>1/m,_,/rni, TO JOUcIepcHsl KOCO¥ BOJHBI HauH-
HaeTcsl 3HAYMTENbHO paHbllie, UeM AHCIEePCHSl MONePeyHol BOJHH ¢
TeM Xe 3daueHueM k£ ToabKo B 3TOM cjayvae M ONpaBAAHO MpeHe-

Opexenne uHepluell 31eKTpoHOB. MiMenHo BosHMI ¢ k. [k >> Vme/m,
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Mbl OyleM HasbiBaTh KochiMu. CilefyeT OTMETHTb, YTO NMPH 60Jb-
uux R, Korga B cko6kax (2.60) enunnuell MOoXKHO npeHe6peun, ua-
crora (2.60) cranoBurcs papnoi

Cackk, Bkk,
0y Aneln,

==

(2.61)

Ona He 3aBHCHT OT Macchl HoHOB M. Ilpu 9TOM KojseGaHus NpoHC-
XOJSIT MPAKTHYECKH NPH HENOMBHMKHBIX HOHAX, TAK 4TO KOJaeGaI0TCS
TOJIBKO 3/IEKTPOHB ¢ BMODOXXEHHBHIMHM B HHX CHJIOBBIMH JIMHHSMHU.
3tu KoseGaHUS HA3BIBAIOTCHA TIeJIHKO-
HaMH, M0 CBHCTAMH.

4. Anvsenosckas soina. Bropoi 7
KopeHb  ypapHeHus  (2.59) co-
OTBETCTBYET ajJlbBeHOBCKOH poJHe. Or-
PaHH4UMCA I/ NPOCTOTHl ONATH CJY-
yaeM IOuTH NOMEepevyHoro pacrpocTpa-

HeHHs, Koraa k> < k. Torma mas

@

2 2,2 .
STOT0 KOPHA € @ <K 2k  mnoayunM Q2i/eié k
02 Puc. 18. ducnepcusi MarHuTHOTO
2 2 1,2 ! aBykKa / H anbBeHOBCKoA BOMHH 2
@ Cak (2.62) pH KOCOM PaCHpOCTPAHEHHH.

2 .
z Q24 cik2

OTO COOTHOLIeHHe YCTaHABJHBAeT 3aKOH JHCIEDCHH AJS aJIbBEHOB-
CKHX BOJIH. Kak Mbl BHIMM, TpH yBeJHYEHHH R, 3aBUCHMOCTb ® OT Rz
HauWHaeT OTKJOHATBCA OT JHMHeliHOM, W NPH R, — 0o uyacTOTa CTpe-
MATCA K HUKJIOTPOHHOH Yacrore noxoe Qi CooTBercTBYIOLLAst 3aBH-
CHMOCTb 4acTOThl OT K TaKxke npexcraBieHa Ha puc. 18. Anbpenos-
CKHe BOJHH ¢ 60/bIIMMH R, 1 YacToTO#, GNH3KOH K HOHHOH IMKJIO-
TPOHHOH, HHOIJIa HA3BIBAIOT MIPOCTO LMKJIOTPOHHBIMH,

§ 3. Jluneiinble Boawbl B puMcNeprupylomux cpenpax

1. Qucnepcus soan na eaybokoil sode. Korfia MH paccyxiaem
O pacmpocTpaHeHHd BOJHOBOrO ABHKeHHA B cpelle Ha NMpHMepe MJI0-
CKHX BOJIH, TO HX JHCIEDCHA Kaxercs COBeplIeHHO 6e300umHok:
Bellb 3TO BCEro JHIIb 3aBHCHMOCTb (Pa30BOA CKOPOCTH OT [JIHHB
BoyHel. Ho B peanbHBHIX yc/0BHSIX MOHOXPOMAaTHYECKHE BOJHBI BO3-
Gyxnaiorca penko. Ckopee po36y:kHalOTCS BOJHOBBHIE NaKeThl H/H
Gonee MM MeHee JIOKANH30BAaHHbIE BO3MYUIEHHS, KOTODbIE MOXHO
NpelCTaBiATh KaK CyNepnosuuuio MIOCKHX BoJMH. B takux obpaso-
BaHUAX [ucnepcHsd NPHBOXUT K 1ieJ0MY PSAY BecbMa CBOEOOpasHBIX
H HHTepecHbIX 30 (eKTOB.

OTH 30deKTH MOXKHO 6HJI0 Obl paccMOTPETb HEMOCPEACTBEHHO
Aast osin B nnasme. Ho, noxadyii, 6osee HarasaHO MOXHO € HUMHU
TO3HAKOMHTBCS HAa IPHMePe BOH Ha BOIe, Tem GoJjee, 4TO Kax bl
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M3 Hac BCTpeYaeTCss ¢ HUMHM ropasio 9aue, 4eM C BOJHAMH B
niasme.

Ham yno6uo 6ymer mauaTh ¢ caMoro npocToro npuMepa rpasu-
TAlMOHHBIX BOJIH HA ray6okofl Boje. [IBHXKeHue HIeasbHOH HECKH-
MaeMoli JKMIKOCTH ONHCHIBAeTCS ypaBHeHHeM OJijepa C yueToM
CHJIH TSIXKECTH

T Vp=og (2.63)
Y YPaBHEHHEM HeNpepbIBHOCTH
divv=0, (2.64)

rlie g — ycKopeHHe cBOGOJHOTO NajleHHs, HalpaB/JeHHOE BHHS3.

B paBHOBecHH B XHIKOCTH YCTaHaBJHBaercs THAPOCTATHYECKOE
JIaBJeHHe po(z), rpagneHT Kotoporo pased pg. PaccMorpum rtenepb
MaJble KonebaHusi. BMecTo v onsiTb BBeleM CMelieHHe &, d Torfia
JHHeapH30BaHHOE ypapHeHune (2.63) mpumer BUA

95 1 g,

"a—t2'=—‘;Vp ) (2.65)
tae p’ — BosMymeHne naeienns. Tak Kak divg = 0, 1o, Geps nu-
BepTeHLHI0 OT YpaBHeHHUst ABMKeHus (2.65), mosyunm

Ap' =0. (2.66)
Ecnu BBecTH cucTeMy KOOpAHHAT ¢ OCblO 2, HampaBJieHHOH MO Bep-

THKajJHd, ¥ OCbIO X BIOJb PACHPOCTPAHEHHS BOJIHBL, TO JJS1 BOJHBI
BHla exp(—iwf -4 ikx) moayuaem

@07 pep —0, (2.67)

dz?

Jlast cayuasi oueHb GoJAbmioH rayGuHB p’ HOJKHO YObIBaTb IpH
2 — 00 W, C/IEOBATENbHO, 3ABHCHMOCTb OT 2 JOJ2KHA HMeTb BHI ehz,

Uro6nl MOJYyYUTh J[AUCHEPCHOHHOE YypaBHeHWe JUISI Ha&CTOTH,
yuTeM, YTO MpPH BO3BHIILIEHHH OBEDXHOCTH HA BEJNHUMHY E, Naple-
HHe Topx HeH yeenuuupaerca Ha p’ = pgt,. [lomcramasst 310 3Ha-
yeHde B BEIPAXKEHHE IS 2-KOMIIOHEHTHl YDaBHEHHs ABHXKEHUS
(2.65), T. e. B cooTHOIIEHHE

k
— 0%, = o p, (2.68)
NoNy4HM
w?=Fkg. (2.69)
310 ¥ ecTb AHCIEPCHOHHOE COOTHOLIEHHE A/ I'PpaBHTALMOHHBIX BOJH
Ha rayboKol Boze.
Ilnsi oueHb KOPOTKHX BOJIH Hapsifly € CHJIOH TAXKeCTH HAyHHAer

HrpaTthb poJib NMOBEPXHOCTHOE HATAXKEHUE. y‘-IPITbIBaH, 9TO BCJEACTBHE
[IOBEPXHOCTHOrO HaTHXEHHA JaBJiEeHHE MNOJM HCKPHBJAEHHOH [oBepx-



v

§3] NUHEMHBIE BOJIHH B JIMCIEPTUPYIOUIMX CPENAX 61

o 02
HOCTbIO H3MeHAETC Ha BeNHUNHY p =5 =—0 52 rge ¢ —

R 0z’
Ko3(p(HUHEHT NOBEPXHOCTHOrC HATSKEHHA, R — pajauyc KPHBH3HHI,
Mbl MOJYYHM JJI51 BO3MYLIEHHA AaBJjeHHst BOJAH3U NOoBepXHOCTH (T.e.
npu z2 =0) p’ = pgt; + ok, [loAcraBassi 3T0 BbipaKeHHe B
ypasuenue (2.68), nannem

o?=kg + % k3. (2.70)

Orciofa BUAHO, YTO NPH GOJBLINMX B I'PAaBUTALHOHHBIE BOJHEL Hepe-
XOJAT B KanwI/JApHble C AUcHepcUel o = A/ojp k™. Y Bonm mepexox
OT TPAaBHTALHOHHBIX BOJNH K KaNWJIASPHBIM NPOHCXOAHT nipu B ~ 10,
T. €. IPH IJIMHe BOJIHH NOPSiIKa CaHTHMeT)a.

2. Boanst 0T meHOBerHHO20 TOHEHHO20 uUcTOYHUKA. «Dpocasi B
BOAY KaMeIUKH, CMOTPH Ha KPYyrH, HMH obpasyeMble..» — CKa3aHO
y Koabmul TIpyTKOBa, B, npaBo, CTOAT NMOTPATHTh HEKOTOpPOE BPeMs
Ha BHHMAaTeqbHOE pacCMOTpeHHe KPYroB OT OpOIIEHHOrO0 B BOAY
KaMewmka. B caMoM Jiene, oueHb HHTepecHO HabJoLaTh, KaK OT Ka-
MeIKa, BO3MYIIAIOUero NOBEPXHOCTh BOJABI TOJBKO B OUeHb MaJleHb-
Ko o6snacTH, NOCTENEHHO HAYMHAIOT OTXOAHWTh KPYrH, HX YHCJAO
pacter, OHM KaK OBl 3apOXKAAOTCA H3 HHUYEro M 3aNOJHAT co6Goi
6obmoft GbICTPO paclIupsOMKACT KPYr. DTO U ecTh OLHH H3 Hau-
Bonee MPOCTHIX M APKHX NPHMEPOB pacHpocTpaHeHHs BOJH B IH-
CHEePrUpYOUIHX cpefax.

C MareMaTH4YeCcKOH TOUKH 3peHHst BCs 3Ta KapTHHA IOBOJBHO
npocra. HauasnbHoe nOKann3oBaHHOE BO3MYINEHHE MOXHO paccMma-
TPHBATh KAK JIBYMEDHYIO 8-QYHKIHIO, KOTOPYIO MOXKHO NPEACTaBHTh
B BHAe CyMepro3dlHd IJNOCKHX MM KpyroBeix BosH. Co BpemeHeM
B CHAY JIHCHEPCHH 3TH BOJHH HauyHHAIOT DACXOAHMTbCA APYr OT
Ipyra, u ofpasyioTcsa HaOawoLaemble HaMu Kpyrd. Kopoue rosops,
Mbl HMeeM Jlen0 ¢ ONHOH M3 npocredlldX 3afad MaTeMaTHYeCcKOH
($Hu3MKH, TOUHOE pellleHHde KOTODPO# He NpeAcTaB/sieT TPYIHOCTEH.

Ho Hac 3zecb HHTepecyeT He CTONBKO KOJHUECTBEHHAsd, CKOAbKO
KaueCTBEHHAsi CTOPOHA fBJeHUdA. XOTeaoch Obl pacrosiaraTh NpocToi
W J0CTaTO4HO oblieft KapTuHoH, uro6bl ee MOMXKHO OBLINO HCIOJIb30-
BaTb [/ POU3BOABHBIX AUCIEPrUPYIOLHX Cpen.

ByneM paccyXnath creayiowum o6pasom. [logoxaem Hekoro-
poe BpeMs, MMOKA OT TOUEUHOrO0 UCTOYHHKA HE OTOHIET MHOTO BOJH.
PasobbemM 3aTeM Kpyr, 3amojiHeHHBI# BOJHAMH, Ha COBOKYITHOCTb
TaKUX KoJjel, yToOb B KaXJOM KoJblle COAEepXajoch Nno Kpafineit
Mepe HeckoabKo rpebemkos. JIiw6oe 43 TaKHX KOJell MOMXKHO pac-
CMaTpHBaTh K&K BOJIHOBOH IMaKeT, KOTODBIA paclpocTpaHsieTcss He-
3aBHCHMO 0T ApYrux nakeros. KaxkAbl H3 MaKeToB pacrnpocrpa-

. e 1 ra
HAeTCHd C l‘pynHOBOH CKOpOCTblO U, = —b—k- =§ /\/%H K MOMeHT_V Bpe-
MeHH ! OH NpHIET B TOUKY, YAAJeHHYIO OT HCTOUHHKA Ha PaCCTOSHHE
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1 g -
r=uit =5 A/ --t. O6epHyB 5TO COOTHOWIEHHE, MOXKHO HAHTH BOJ-

HOBO€ YHCJO K IS BOJIHBI, KOTOpPas B MOMEHT { HAXONUTCH B JHaH-
HOM TOUKe r:

gt
k=7, 2.71)
Ilpn ¢HKCHPOBAHHOM r 3TO COOTHOIIEHHE MOKa3blBaeT, KaK H3Me-
HsleTCd BOJIHOBOE YHCJIO B JAHHOM TOuke cO BpeMeHeM. Mbl BUAMM,
YTO OHO KBaJpaTHYHO BospacTaeT ¢ f{. MOXHO cKa3aTb, YTO M3 LieH-
Tpa B HaHHYIO TOYKYy, CMeHsif APYr Hpyra, NPHXOHAT Bce HOBbie b
HOBbie MaKeThl C BO3PACTAIOUIMMH 3HAYEHUAMU 2. DTH NaKeThl Ha-
6eraloT ¢ rpynnoBod CKOPOCTbIO Up, PABHOM, KaK Mbl BHIEJH Bbille,
Uy = rft. Uem Goabmie f, TeM Gosee MeNJIEHHBIH TaKeT MPHXOXHUT
B JAaHHYIO TOYKY, TaK 4TO OH, €CTeCTBEHHO, NOJKeH ObiThb BoJee
XOPOTKOBOJNHOBBLIM. 3aMeTHM, uTo a3oBasi CKOPOCTh FpaBHTAlMOH-
HHX BOMH B 2 pasa GoJibllle TPYNNOBOH, Uy = 2vp == 2r/t, Taxk uTO
rpebeIuKH BOJIH MPOXONAT KaXKIyl TOUKY KPyra €O CKOpPOCTbIO,
BJIBO€ 6OJIbIlIed CKOPOCTH MaKeToB.

B ¢uxcHpPOBAHHHIN MOMeHT BpeMeHH ¢ BhipaxKeHHe (2.71) noka-
3bIBAeT, KaK H3MeHseTcsl BOJHOBOE UHCJIO KPYFrOB B 3aBHCHMOCTH
or r. Kak Mbl BUIHM, OPH MaJblX r BOJHOBOE UYHCJIO R OueHb Be-
JIUKO, a MpPH yBeJHUeHHH r OHO ObicTpo yObiBaeT, HOCTHras 3Haue-
uus k ~ l/r npu r ~ gt?/4. Tlpn GOAbIMHX 3HAUEHHSX 7 HHKAKHX
BOJIH yXe HeT, TaK KaK MPH 3TOM Rr CTAHOBHTCA MeHbIUe eJHHHIIHI.
TakuMm o6pa3oM, BeJIHUHHA ro ~ Zf2/4 HrpaeT posb MpaHHIBI KPyra,
BHYTPH KOTOPOTO HMEIOTCH BOJIHBI, T. €. OHa COOTBETCTBYeT BHIH-
MoMY G pOHTY BO3MYIIeHHA. DTOT GPOHT NABHKETCA PABHOYCKOPEHHO,
T. €. ero CKOpocTb JHHeHHo pacteT ¢ {. I'pebemkm BoJH BHYTDH
Kpyra GeryT ObicTpee (Tak KakK Uy == 2Up) H, Joberas no ¢poHTa,
HCYe3amoT. ’

KpoMe BOJIHOBOTO UHCJA, N10/1€3HO HANTH TakxKe ¢azy BOMHE @,
KOTOpas onpejensieTcsi eCTeCTBEHHHIM COOTHOLIEHHEM @ == ol — kr.
TloxcTaBasis Cloxa BbIpaxeHus nas @ =4/gk u k u3 (2.71), no-
JIYYHM

2

OrTciopa ellle pa3 MOXHO YBHIEeTb, 4TO Ha OuyeHb BOABIIHX pac-
crofinuax ($asa ocraercs MaJdoH, TaK 4TO HHKAaKHX rpeGelikoB Tam
HeT: (asa He ycrneBaer «HabeXXaTb» Ha BeNHYHHY MODPAAKA .

3. Yepenkosckoe usay4enue. BeposiTHO, MHOTHM MPHXONHIOCH
HabmaofaTh AHGO ¢ Bbicokoro Gepera, nubo ¢ caMojeTa KPacCHBYIO
CHCTeMY BOJIH 32 JIBHXYylIeficss JoAKod Hau xopabaeM. Oua npen-
craejgeHa Ha Qororpadun puc. 19,4 H Ha NMepBHIH B3TMIAN KaxeTcs
oueHb caoxkHOH. Ho Ha caMom Jene 3TO BCEro JIHIIbL YePEHKORCKOe
H3/JAyueHHE BOJH TEGJOM, IBHXKYUIMMCS CO CKOPOCTbIO, Goabinedl a-
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30BOH CKODOCTH, M BCS CJIOXKHOCTb KapPTHHbI BO3HHMKAET HCKJIOYH-
TeJbHO H3-32 JIUCIEPCHH.

Xopolluo H3BECTHO, YTO B Cpeae 6e3 MHCNepCHH YePeHKOBCKOe H3-
JydeHHE BO3HHKAGT KAaK DEe3y/bTAT CJOXKEHHS 3/J1eMEHTapHHX BOJH

Puc. 19. Bomusl oT aBuxkyuleroca kopadus: dororpadus kopabsell Ha napad-
JebHOM Kypee (a) u cxema (6).

I \ A &
- z Yot
=7 \p=tst" A
Ay 5 \\ ~ZGN - \\
A o
‘A + | Iz
X ] y ANERY /1
- ~A57 /
~ 7
e pt —— e gyt — —=
Q) : 4]

Puc. 20. Cuoxente BoaH OT ABHXKYUIErocs HCTOYHMKA B cpele 6e€3 JucrepcHH
(a) u ¢ nucmepecuel (6).

OT OTHENBbHHX HMIYJAbLCOB, KOTOPble CO3MaeT NMpoJeTalonias yacTula.
Ha pue. 20, a nokasana xopoiuo u3BecTHas KapTHHA O6pPa30BaHHs
IJI0CKOTO (POHTA NpPH CJAOKEHHH ITHX NeMEHTapHBIx BOJH. Ecan
CKOPOCTh 4acCTHUB! paBHA Up, a (a3oBas CKOPOCTb BOJH Ug, TO, KakK
BUAHO H3 puc. 20, @, BONHB H3Jy4alOTCsl NOJA TAaKHM yrJioM 0, u4ro

U .
J cos B =—, (2.73)
ot Ug
Tak xak cos 8 = k,/k, ® = gk, TO 3TO XOPOLIO H3BECTHOE YCJOo-
BHE YyepeHKOBCKOTO H3/y4eHHSi MOXKHO 3aMucaTb B BHAE ® — RUp =
== 0, OTKyZa BHIHO, UTO H3JyYeHUE HMEeT MeCTO NPH COBMNAXeHHH
CKOPOCTH yaCTHLbI C NMPOXOJbHOH KOMIOHEHTO!H ()a30BOfi CKOPOCTH:
Up: = (D/kz = Uyp.
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PaccMoTpHM Tenepb uepeHKOBCKOE H3JyueHHe BOJH Ha Tay6o-
koii Boge. ONATL MOXKHO CKa3aTh, UTO JBHXKyllieecd TeJO CO3MaeT
PAI TOYEYHHIX HMIYJAbCOB, OT KOTOPHIX pasberaiotcst BosHbl. Ho Te-
nepb 3TH BOJHBE 3aNOJHSIOT LeJible KPYrH, H KapTHHA BOJHOBOTO
noss CTaHOBUTCH Gosee cnoxuod. TeM He MeHee, pacmosarast pe-
mleHHeM 3ajJaud 06 H3JyueHHH BOJH MTHOBEHHBIM TOYEYHBIM HCTOY-
HHKOM, Mbl BIIOJIHE MOXeM B Hell pa3o6paTtbcs.

3aMeTHM NpeX[e BCero, YTo Te JHHWHM BNAAHH W rpebGeIiKos, KO-
TOpHle MBI HabJl0aeM 33 IBHKYUIHMCS TeJIOM, eCTb JIMHHH [IOCTOS H-
Hol ¢a3nl. CinenoBaTenbHO, €C1M MBI XOTHM HOCTPOHTH CeTb BOJIH
aHaJHTHYECKH, HAM HYXHO HafiTH ypaBHeHHe J/15l JHHHH [OCTOSH-
HOl $asbl Tex BOJIH, KOTOpHIE MOJYydaloTes Cylneprno3uiHed BOJH OT
OTJIebHBIX HMNYJAbcoB. ITpH 3TOR cyneprno3HuHH ONATb AMMJHTYIA
BOJIH He MaJsa TOJbKO TaM, I'ie OHH CKJaajbiBaloTcs B onuoil dase,
KaK ¥ [IpH OOBIYHOM UEPEHKOBCKOM H3JIyUEHHH.

Paccmorpum pue. 20,6, Ha KOTOpDOM TMOKa3aHO, KaK CKJIanbl-
BaloTcHd 1Be O/JM3KHe KPYroBble BOJHBI C ONHOH M TOH XKe ¢asoi.
Ecny BTopas BosHA H3JAyuYeHa CIYCTs T[POMEXYTOK BpeMeHH Al
noc/e MepBOH, TO LIEHTP ee OKPYXKHOCTH CMelleH Ha U¢Af BJeBO, a
panuHyc BTOpPO#l BOJHBI MeHbIle pajguyca mnepBoii Ha UgpAf. Criambi-
Basicb, BOJIHB YCHJIHBAIOTCA Ha KacateabHoR (orubBatomied) K BoJ-
HaM H YHHUTOXAIOTCAl M3-3a WHTepdepeHlUUH ¢ BONHAMU B APYTHX
¢dazax B ocTanbHHX TOuKax. Kak BHIHO H3 pHCYHKa, BOJHOBOH BeK-
TOp ONfATb HaMpaBJeH TaKHM o6pa3oM, UTO BBLINOJIHSETCH YC/AOBHE
YepPeHKOBCKOrO H3JyueHHA CoS 8 = k,/k = vy/vy. Mbl BHAMM, uTO
3TO yCJOBHE OmNpejensieTcss ToAbKo §azoBofi ckopoceThio. Ho modo-
KeHHe TOUYKH B NPOCTPAHCTBE, Tle HAXOMHTCd NaHHBIX BOJHOBOH
nakeT, 3ajaeTca TPYINNOBOA CKOPOCTbIO, KakK BHAHO H3 pHe. 20, 6.
ChnenoBaTenbHO, PanHYC OKPYXHOCTH r, Ha KOTOPON HAXOAHTCH BOJ-
Ha, paBeH

r=vrt=%v¢t =%vot cos 0. (2.74)

KoopauHartel paccMaTpHBaeMOll TOYKH B CHCTEMe KOOPAMHAT, B KO-
TOPO# H3nywalouiee Teno Haxoputess B Touke (0, 0), paBHm, oue-
BHIIHO, X = r sin 0, 2 = v¢f —r cos B (cM. puc. 20,6). Benomuum
Tenepb, 4To Gasa ¢ L1 BOJH, YXONAIIHX 3a BpeMsi { HA paccTosi-
HHe r OT HUCTOYHHKA, OfpelesseTcs BhpaxeHuem (2.72), T. e. ¢ =
= gt*/4r. Torna ¢ NOMOLILIO 3TOTO COOTHOWEHUS H GopMyan (2.74)
Mbl MOXEM BbIPA3HTb KOOPIHHATHI TOUKH Hab/iofeHHs uepe3 dasy ¢
B J1aHHOM TOYke M yros 0, KoTopbifi 06pa3yer BOJHOBOH BeKTOp ¢
0CBIO Z:
02
x=rsin9=—qggsin9cos29, (2.75)
vl

0y¢
4

2 =0y —rsind = (2 — cos20)cos 0. (2.76)
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Ecau Mbl Ternepb 3a@HKcHpyeM da3y ¢, TO 3TH COOTHOLIEHHA 6y-
Lyt NpeiCcTaBATb HE uTO HHOE, KaK ypaBHeHHe LISl BOJH B Mapa-
meTpuuecKoll opMe: mpH H3MeHeHHH O OT 7/2 10 HyJs MBIl MPOPH-
yeM BCIO JIHHHIO ¢ maHHOR ¢asofi. Kak Bummo ns (2.75), (2.76),
[pH TAaKOM H3MeHeHHH O KOODAHHATA X CHAuala yBeJHUHBAETCH, a
areM crazaer fo Hyad. CaMu KpHBble MOCTOAHHOR (asnl HMeET
ul, MpexcraBaenHbil Ha pHe. 19, 6. Bee onn mono6HBl Apyr apyry,
‘w ecaH H300pa3uTh CceTky rpebueill (T. e. JHHHI C UHTEPBAJOM
'"A@ == 27), TO Mbl MOJyYHM KaK pa3 Ty KapTuHY, KOTopas u3obpa-
skena ua ororpadun puc. 19, a.
KauecTBeHHO 3Ta KapTHHA BHIFVISJHT KaK HaJ/JOXKeHHe IBYX TH-
noB BoaH, OJHH M3 HHX COOTBETCTBYeT KOPOTKOBOJHOBHIM KOCHIM
BOJIHAM, PACXOASIIHMCA OT ¢jefa Tena K nepudepHH. Y 3THX BOMH
$a30Basi CKOPOCTb 3HAUHTENBHO MEHbLIE CKOPOCTH TeJa, U MO3ITOMY
yC/IOBHE YePEeHKOBCKOTO pe3oHaHca 0S8 = vg/Uo BHIMOJHARTCS AIA
HUX [pH TIOYTH MONEpPeyHOM HAamnpaBJeHHH, Korjga yrosa 6 GaH30K
K n/2. BTopofi THn rpe6eimKoB COOTBETCTBYeT KaK Obl OXHOM BOJHE,
‘Geryuiedl Bcien 3a TeJoM ¢ ($a30BOH CKOPOCTbIO Ugp = Uo. Ilnis 31O
BOJHbI k= g/v, oHa Bce BpeMsi HAXOAHTCA B Pe30HAHCE C TeJIOM
H IBHXKETCs BMeCTe C HHM.

Kaxk BusnHo H3 pHc. 20, 6 H u3 dopmyn (2.75), (2.76), Bce BOJHHI
., 8aK/II0YEHB BHYTPH HEKOTOPOro yriaa 20, KOTOPHIH MOXKHO HaHTH,

X
NpHPABHHBAA HYJIO 30 H olpenenas 3aTeM 8p H3 COOTHOUIEHHS

.tg 6o = x/2. OkasbiBaercs, uto 6 =~ 18°.

Taxkum o6pasoM, Ha.Ty6OKOH Bofe, HE3ABHCHMO OT pa3MepoB U
€KOPOCTH pPABHOMEDHO NBHKYIIErocs Tena, 3a HHM BCerfa OexHT
IHa ¥ Ta e YHHBEpPCAJbHAdg CeTKAa H3 YepeHKOBCKH H3JyYaeMblX
“BosiH. CTpyKTypa STOH CeTKH NOJNIHOCTbIO ONpefensercss 3aKOHOM
'RHCIEDCHH BOJIH Ha Iy60Ko# BoOJe.

He Menee untepechass KapTHHA MoJydYaercs N/ 4epeHKOBCKOTO
"H3JY4YeHHS KanuAJAsApHBIX BOMH. [Ing HHX 3aKOH JHCHEpCHM

‘¢2=%k3 IPHBOZAT K OGPATHOMY COOTHOLIEHHIO MeXIy TrpyImio-
¢, Boft u hasoBoft CKOPOCTSIMH, 2 HMEHHO, TPYNNOBas CKOPOCTL 60Jbiie
basosoit, v, =3/,0y = %, 4/0k/p. CooTBeTcTBEHHO BMecTO (2.74) 0-
ayyaeM r = 3/pvof cos 8. C [OMOILLIO 3TOrO0 COOTHOLIEHHT WU
“Arft = v, =3/, 4/0kJp HaxoguM Bhipaxenne Lia dasbl: ¢ = — of +
" .+ kr=provicos?0/3c. Tenepp B COOTHONIEHHAA X ==rsinh, 2=

== Upt — r c0S B MBI MOXeM MOJCTaBHTb BMeCTO r, { HX BbIpaKeHHs
. - 4epes ¢, nocne yero MOJNYYHM:

3o0¢ sin0
= T 2g !
pU; cos°0
i o 2 sin? O — cos? 0
) po: cos® 0 :

8 B. B. Kazomues
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[
Kak Mbl BuauM, npH-0 — 0 x — 0, a KoopiHHaTa 2= ——pv—2¢ oT-

punateabHa. ClenoBaTeNbHO, KaNHIAAPHAs BOJHA GEXUT Brepemu
o6Ttexaemoro Tena. CooTBeTcTByIOLIEE €l BOJHOBOE UHCHO R = pvg/o,
T. €. IPH 3TOM /R = Uy. JlpyrumMu cioBamu, Geryiias BMecTe ¢ Te-
JIOM BOJIHA OKa3piBaeTcs He C3afH, KaK B ¢Jyuae rpaBHTAlHOHHBIX
BOJIH, a BUepenyu Teja. Pasymeercs, 3TO He YAHBHMTeJNbHO, TaK Kak
Ur > Ug. Ipu tgb= l/«\/2 KOOpAHHATa 2z obpamaeTcs B HyJb, a
npu 06— n/2 BonHA ¢ @ = const BHIAALHT KaK X ~ @2’

4, Honnoui 38yx, caabas ducnepcus. Bosppamasach x BoJMHAM B
nia3Me, pacCMOTPHM B KauecTBe mpocTefiliero OpHMepa THCIEPCHIO
HOHHOTO 3ByKa. HamoMHHM ero 3aKou ZHCNEPCHH:

o K
TR W)’

2 2
rue ko= 1/d°, d — nebaeBckas panuna 3KpauuposaHus. Pazosas
CKOPOCTb HOHHO-3BYKOBLIX BOJIH

Vg = — e
= e

N1+ (€]E)
yObiBaeT ¢ yBenHueHHeM k. YObipawlleil QyHKiuHel BOJHOBOTO 4uC-
Jia ABJIfieTCH M TPYNNOBas CKOPOCTDb

L S
ok [1+ (&))"

IHostoMy 3mech, Kak H B c/iyuae FPAaBHUTAlHOHHBIX BOJH, HJIHHHO-
BOJIHOBbie BO3MYILEHHSl PacropOCTPaHAIOTC OHICTPee KOPOTKOBOJI-
HOBEIX.

PaccMoTpHM Temepb, KaK 3TOT HOBBLIH 34KOH NHCIEPCHH NpOsiB-
JsieTcsl B 3ajaye O PACNPOCTPAHEHHH BOJH OT TOYEYHOrO MIHOBEH-
HOro HcTOYHHKA. BocnonbayeMcss onsiTb NMPHOGJMMEHHBIM MeETOLOM
pasyioXeHuss BO3MYLIEHHS HA BOJHOBble MaKeThl. B Touky r 3a Bpe-
M { MOXeT MOoNacTb TOJNLKO TOT MAaKeT, y KOTOPOTO I'PYMNOBAasi CKO-
pocTb Up = rft. OTciofna ¢ noMouibio (2.79) HaXONHM 3HAUeHHe BOJ-
HOBOFO 4YHC/JIa B TaHHOH TOYKe:

b= koA (cd/r)" — 1. (2.80)

Kax Mbl BHIMM, BbipaXKeHHe HJis B OlpejesieH0 TOJNBKO B JO3BYKO-
BOH 06JacTH r << (sf, UTO BIMOJIHE ecTecTBeHHO. Ilpn ¢HKcupoBau-
HOM { BOJIHOBOE YHCJIO KakK (YHKUHS r MOHOTOHHO BO3pacTaeT MpH
yMeHBLIEHHH ¥ OT Csf KO HyJIs.

C nomourbio (2.80) neTpyaHo HaHTH basy ¢ = of — kr:

Ce=hr[(2E)" —1]" (2.81)

(2.77)

(2.78)

U= (2.79)
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32 B 3aBHCHMOCTH OT pafinyca npu (PUKCHpPOBaHHOM { mpelcTas-
gpa Ha puc. 21, a.

. EcJ¥ HCTOUHMK He BIOJIHE TOYEUHBIH, a HECKOJbKO Da3MBITHIf,
g FapMOHHKH ¢ GOJLIIMMH BOJIHOBBIMH YMCJIaMH B HeM GyxyT OT-
CTBOBATb, U B BOJIHOBOM MaKeTe€ KOPOTKOBOJHOBOH MeJeHHO
piKylleiics yacTu He Oyner. Ilaxer Gyner BuIrIsigeTb Tak, Kak
pkasaHO Ha pHc. 21, 6. HauGonee untepecen cinyuaht npoTsKeHHbIX
y3MYIIEHHA, KOTAa MNPAKTHYECKH BCe
PMOHHKH HMEIOT BOJIHOBbIE 4HCJIA, MHO- 14
0 MeHbllle Ro, — TaK HaabiBaeMbill ciy- hptst
aft coaabofi nucrepcuu. B sTom cayuae
Bechb NMaKeT OCTaeTcs JIOKa/JH30BaHHAHIM
BGAH3H TOUKH 7 =Cif, Tak 4YTO Ha
puc. 21,6 o6nactb ¢ OCUHANSALMSAMH M10-

821 OCHOBHOTO MMNy/bca OCTaeTcs 1O- a) |
CTAaTOUHO Y3KOH. |
Ilpu cnaGolt AucnepcuH IOCTATOYHO [

- #HATh JMIIb 3aKOH IHCIEPCHH NPH Ma- I
ABux k, Tak uTo Bhipaxenue (2.77) MOXK- |

" 'HO .NpUOJHKEHHO MNPEeJICTABUTb B BHIE an N\ /\
T _ p2lop2 WU\J 7
-‘bggﬂsk(l k /2k0). HerpynHo supetb,
410 NpH cnaboil JUCIEepCHH OT KOHKpeT- )
HOTO THMA BOJH YXK€ MaJo 4TO 3aBHCHT, Puc. 21. Pacnpocrpanenne

H OAd BCEX MArHUTOTHAPOAHHAMHYE- HOHHOTO 3BYKa OT MrHOBEH-
. CKHX BOJIH ¢ MaJIbiMH BOJIHOBBIMH UYHCJia- HOTO TOHUEUHOrO HCTOYHHKA ¢
.MM KapTHHAa pPACIPOCTPAHEHHS BOJHO- Y'*”"“é“;ﬁ;ﬁif;“;m“) basa,
* BOTO makera, B CMBICJE €ro pAcCIIbiBa- yaa.
MAY B PACCHINAHAS HA OTHAEJbHblE BOJHBI, ‘
- Oyner npaxkTHUeCKH OfHON u ToMH XKe. Pasnnune OyneT onpenensarbcs
TOABKO 3aKOHOM JHCHEPCHH: JAJsl MPOTHBOTOJOXKHON NHCMEPCHH BO3-
« MYMEAnusas ¢ 6ojiee KOPOTKHMH HNJMHHaMH OyAyT pacnpocTPaHAThCA
ﬁpé*rpee.
™ ¥YcnoBuMmcs HasbiBaTL AHCIepCHIO OTPHUATENbHOH, ecin (aso-
‘BA% CKOPOCTb 'y6bIBaeT ¢ R, U MOJOXKHTENbHOH, eclH (asoBas CKO-
PoeTb Bospacraer ¢ k. 1o 3T0fi TEPMHHONOTHH JHCTIPCHIO HOHHOTO
SBYKa M IpaBHTALHOHHBIX BOJIH CJIefyeT CUNTATh OTPULATENbHOMH, a
KanWUIAPHEIX H KOCHIX MAarHMTO3BYKOBEHIX BOJH — MOJIOXKHTENLHOM.
_'tlpu caaboit pucnepcuH, xorna (Ga3oBasi CKOPOCTh HAYMHAET 3a-
BuCeTh OT £ TOMbKO MpH JOCTAaTOYHO GOJbUIHX 3HaueHusax R, daso-
E_YlQ‘C{(OpOCTb MOXHO DPAa3/IOKHTb B PAJ N0 £ H OFPAHHYHTLCS Mep-
BLMA unenamu pasnoxenns. Tak Kak B H30TPOMHOM cpefe dhasosast
CKOPOCTh He 3aBHCHT OT 3HAKa K, TO B PA3/IONKEHHH NOJKHb NPACYT-

;:W’{‘.T?‘mnbxo YeTHbIE CTENeHH R M, C/IeflOBATeJbHO, MOXKHO [0JI0-

HTE =y (1 %= k*[2k3), Tie co— $as3oBas cKOPOCTb MJIHHHOBOM-

HOBHIX KOneGauni, a ky — HEeKOTOpHI napaMerp, KOTOpuf onpenenser
3.
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XapaKTepHyo HLJIHHY JHCUepCHH. 3HAK MHHYC COOTBETCTBYET OTpH-
HATENLHON, a IMIoC— TNOJ0XKHTENbHON pucnepcud. [lpnm  3Tom
rpynnoBas CKOPOCThb vr=co(l :|:3k2/2k§) BO3pacTaer WJiH yObiBaer
C yBesNHYeHHeM R B COOTBeTCTBHH CO 3HAKOM pucrepcHH. Iloatomy
NpPH TMOJIOXKHTEAbHOH JHCIEPCHH OCHH/IANHMH OOTOHAIOT OCHOBHOIM
HMOYJAbC BO3MYLIEHHS, a [pPH OTPHIATENbHON — OTCTAIOT OT He-
ro. ToJbKO B 3TOM H COCTOHT DAa3HHUA B MOBENEHHH JIHHEeHHBIX
BOJH B cJaabojfuCIeprUpyIONINX Cpefax ¢ pa3HbIMH 3HAKAMH JLHC-
MepCHH.

Has cnabomucrneprupyioliux cpefl 3HAYHTeNbHO YIIPOLLAeTCS H
3ajaya O UePEeHKOBCKOM H3JyueHAH (HAH OGTeKaHHH MaJjbiX Ten).
B camoM pene, B HequCHeprupyouled cpeje YepeHKOBCKOE H3Jyye-
HHE MPOoABASeTCS B BHAE BO3MYILIEHUS, JOKAJH30BAHHOIO Ha JIHHHH
Maxa (puc. 20, a), rne oTHenbHBIE 3MeMEHTADHbBIE BOJHBI, CKJalbi-
Basich, NPHBOJAT K pacmpoCTpaHeHHIO HEKOTOPOro IIIOCKOTO HM-
nynbca. Ecau uMeeTca cnab6as mucrepcus, TO 3TOT HMMYJbC HauH-
HaeT MeIJIEeHHO paclion3aThCs HA OTHeJbHbie TAPMOHHKH, TaK 4TO OT
OCHOBHOT'O HMINYJ/JIbCA HAYHHAIOT OTXOAHTb HEOOJMbIUHE OCHUJISIUN
(32 poHTOM BOJIHBI IPH OTPHIATENBHOH HKHCIEpPCHH H mnepen dpoH-
TOM TIPH TIOJIOXKHTEJNbHON NHCHEPCHH). DTOT OTXON OCHHUMIALHA npo-
HCXOMHMT TOYHO TAKHUM Ke 06pasoM, KaK B BOJIHE OT HMIYJibCHOTO
MJIOCKOT'0 HCTOYHHKA. JIpyruMHu ¢/OBaMH, 3amaua 06 o6TeKaHHH CBO-
IHMTCA K 3ajiaye O TOYeYHOM MIHOBEHHOM HCTOYHHKe.

§ 4. DnexTpOMAarHMTHbIE BOJIHbI B Mjasme

1. JuarekTpuseckas npoHuyaemocTs, OucnepcuoxHoe ypasHe-
Hue. Brllle npH paccCMOTPEHHH MArHHTOTHAPOXHHAMHYECKHX BOJIH B
niazMe y uac npeoGiajan ra3ofHHaAMHUYeCKHH NOAXOA: MH 3ala-
BaJIH CMelIeHHs YacCTHI| I/1a3Mbl, 3aT€M HaXOILWJH CHJH, BO3HHKAI-
IIMe MPH TAKOM CMElIeHHH, U, HAaKOHell, OHpelesssn THN KojeGa-
auit. Ho Te xe Kone6aHHA MOXHO PACCMOTPETb H C HECKONBKO MHOM
TOYKH 3PEHHST — YHCTO 3JIEKTPOJXMHAMHuecKoH. B caMoMm nene, npu
MOGBIX JABHXEHHAX B [J1a3Me BO3HHKAIOT 3JeKTPHUECKHE H MaruuI-
Hbie T0J15l, H ¢ TOYKH 3DeHHS 3JeKTPOJXHHAMHKH DaclpoCcTpaHeHHe
BOJIH B IJa3Me MOXHO pPacCMaTpPHBATb KaK paclpoCTpaHEHHE 3JeK-
TPOMATHHTHBIX NoJell B cusomHol cpene. PopManbHO MaTeMaTHye-
CKH 3TO COOTBETCTBYET LPOCTO JAPYroMy MOPSAJKY YIpPOUIEHHS YpaB-
HeHHH: BMeCTO OlNpeJie/IeH!sT NoJeil H CHJ 110 CMelleHHsIM KOMIIOHEHT
IJ1a3Mbl Mbl JTOJKHbI CHayaja Ha#fiTH 3apsifbl H TOKM B IJa3Me U3
3aKOHOB [IBHJKEHHS 4acTHI NIPH 3aJaHHHIX NOJIAX, a 3aTeM yxKe pac-
CMOTpeTb, KaK TaKHe MoJsi MOTYT pacnpocTpaHATbesl B miasMe. Ta-
KOl MOJXOX, Pa3yMeeTcs, BMNOJHE SKBHBaJEHTEH MepBOMy, HO, Oy-
Ayuu Gosee o6uIMM, OH NO3BOJSET B3TVISHYTb HA BOJHBI B Mja3Me
¢ GoJiee WIHPOKON TOYKH 3DEHHS H [aeT BO3MOXHOCTb GoJjiee MOJIHO
OMHCaTh BCE BeTBH JIHHEHHBIX Kosie6aHHH B ry1a3Me,
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s MWrak, 6yZeM paccMaTpHBATb NNa3My Kak CILIOLIHYIO cpeny, B
KOTOPO# MOTYT PACHpOCTPAHATHCH 3JEeKTPOMArHHTHBIE BOJHb. Bor-
mHiieM CHOBa ypaBHenHe MakcBeasia (Ha 3TOT pas ¢ yueTOM TOKa

emerenns)

__ 1 0B | 4x

\ rotB = < ot e j, (282)
___ 108

divB=0, (2.84)
r div E = 4np, (2.85)

JPae p— nJAOTHOCTD 3apsiia, YHAOBJIETBOpAOULIAs YypaBHEHHIO

N 2 4 divi=0, (2.86)
. KoTOpOE BhiTeKaeT H3 (2.82), (2.85).
. - Ecau peub HIET O BOJHAX MaJOH AMIVIHTYAbl, T. €. JHHEHHBIX
BOJIHAX, TO BEJHYHHHI @ H §j MOryT ObiTb BbIpaXxKeHbl JHHEHHO uepes
noas E u B ¢ noMombio ypaBHeHHA IBHXKEHHS IS 3apsKeHHbIX
/MACTHI TV1a3Mbl, TAK 4TO ypaBHeHHs MaxcBeasna GynyT JHHEHAHBIMH.
HUx MoxHO 3amucatTh B GoJiee KoMmrakTHo# ¢opme, BBOAS B pac-
-CMOTpEHHEe BEKTOp 3JeKTpHuecKo HHAyKUMH D, Kotopmii onpene-
LAgeTcs COOTHOIEeHHeM

o oD JE .
: & = or -+ 4nj. (2.87)
'.“‘COOTBeTCTBeHHO, ypaBueHHs (2.82), (2.85) npumyT BHA
1 oD
rotB=——-, (2.88)
divD =0. (2.89)

PaccMoTpuM onsaThL /s NPOCTOTH OXHOPOMHYIO Cpemy, Koria

HPOH3BOJIbHOE pellleHHe JIHHEHHBbIX YpaBHEHHH MpencTaBiseT cobolt

. CYREPNO3HIHIO MJIOCKHX BOJH BHia exp(—iwt 4 ikr). das nmnockoit
BOAHE ypapueHus MaxcBensa CTaHOBATCS anre6paHyuecKHMH:

[kB] =D, (2.90)

[KE] = — % B. (2.91)

Tpy'. '0M ypapuenns (2.84), (2.89) yIOBIETBOPSIOTCH KaK Cief-
. CTBHe Yp‘atnﬂeﬂnﬁ (2.90), (2.91):

kD=0, kB=0. (2.92)
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Ecan ¢ nomombio (2.91) Bripasuts B uepes E u moncraBurn s
(2.90), TO JIeTKO MONYYHTH

#’E — k (kE) — 2D =0. (2.93)

Kak Mu yxKe ynoMunasiu, BekTop D Moxer 6bITh BrIpaxKeH uepes E
C NMOMOIIbLIO YpaBHEHHH NBHXKEHHS I/is 3apsXKeHHmx usacTuu. B cay-
Yae MJIOCKON BOJIHBI JIMHEAPH30BAHHbIE yDaBHEHHA NBHXKEHHA TaKxke
IBNSIOTCS anreGpaHuecKMMH, H ciefoBatenbHo, D u E jmomxuw
6biTh CcBfI3aHB! MeXny coGoifl JHHefHBIM cooTHomeHHeM. Kax ns-
BeCTHO, B 00iieM ciayuae JuHefHas CBA3b MeX1y BeKTOPAMH MOKeT
6bITb 3anmucaHa B BHIE

D = 2E wuJau, B KOoMnOHeHTax, D, = Zﬁ: eqsEps (2.94)

rae &— MaTpula g,5. TeH30p & HA3bIBACTCS JHA/IEKTPHUECKON mpo-
HHUI12eMOCTbIO CpPEelbi.

IIpu noncranoBke (2.94) B (2.93) MBI HOAyuuM CHCTEMY JIHHEH-
HBEIX OJJHOPOJAHBIX yPaBHeHHil, KOTOpaa HMeeT pemeHHe TOJbKO B TOM
cayuae, eC/IH feTeépPMHHAHT CHCTeMBbI o6pamniaeTes B HYJb:

(1)2

k20qg — kakty — 5 €qp| =0. (2.95)

c2

" A=Det

DTO MHCMNEePCHOHHOE ypaBHEHHE OlpejeNseT 4YacTOTy COGCTBEHHBIX
KoJieGaHHil cpenbl, T. €. BOJH, KOTOPble MOTYT PachpoCTpaHAThCA
B HeH.

Oco6enno mpocThiM fBJASeTCd clydyafl H30TPOMHOM mnnasmel Hes
MarHutHoro noas. [lpu 3tToM nng mo60fi BoNHBI BeKTOp D noskeH
6biTb Hanpasied Buosab E, tak uto D = ¢E [Ho ko3t duunent npo-
MOPUMOHAJNBHOCTH & MOXKeT ObiTb pas3JMuYHbiM JAJIS [POAOJABHON
(E Bmoab k) u nonepeuno#t Bosubi]. JIas nponosbHO# BOJIHEL corsac-
HOo (2.92) umMmeem

g“ =0, (296)
a nna nonepeunoit u3 (2.93) noayuaem
kc?
YR e, . (2.97)

CoraacHo (2.97) nomnepeunas BoJHA B Cpefie paclpocTpaHsercs
¢ ba30Boit ckopoeThio w/k=c/N, rxe N = 4/e, — noxasareap mpe-
JIOMJIEHHS.

2. Hounsui 38yKk, npocrpauncreennas Oucnepcus. B KauecTBe
npocTefiliero npuMepa NPoXOJbHOR BOJHBI B MJI43M€ PACCMOTPHM
MOHHLIA 3ByK B OTCYTCTBHE MAarHHTHOrO noJs. JucnepcuouHoe ypas-
HEHHe Il TNPOJOJbHBIX BOJNH NaeTcsl COoOTHOWleHHeM e, == 0, H,

eJIefoBaTeNbHO, HY2KHO HaHTH €y HYCTb MJIoOCKass MOHOXpOMaTHue-
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-'BOJIHA pACMpoOCTpaHsieTcs BRONb OcH X. Bocmosbayemes mis
pejle/Ienns & BhIPaXKeHHEM (2.87):
) 4ini ,

eE, = E, + -2 j.. (2.98)

YOTHOCTb TOKA 31eCb PaBHA jx = en(Vix — Uex), T. €. ompene-
ercsl HOHHOM H 3JIEKTPOHHOH X-KOMIIOHeHTaMu CKOpOocTH. Benu-
pHYy Uix LIS XOJOAHOrO HOHHOrO rasa (7i==0) nonyuaem us

ov,
papHEHHSA JBHXEHHS m,Tt‘- = ¢E:

Uiy =~ Ey. (2.99)

HHATL pacrnpeneneHne BonbliMaHa, Tak YTO BO3MYLIEHHE 3JIeK-
HHHON TJIOTHOCTH N4 CBSI3aHO C IIOTEHUHAJOM COOTHOIIEHHEeM
k2

eQ ien

ne = n=r E,, (2.100)

é"ﬁ‘—- BOJIHOBOE YHCJIO.

D70 BO3MyLIEHHE CBA3aHO CO CKOPOCTBIO Uer COOTHOLIEHHEM He-
PePLIBHOCTH:

— ion, + iknv,, = 0. (2.101)

) Eﬁpamaﬂ ¢ momoteio (2.100), (2.101) ckopocTb Uer uepes Ey
*I0ACcTaBnAsA B (2.98), noayuum

dne’n 4dne’n 1 0,
e=ltrr =gy =ltmagp - 2102
e 13

& Wp¢ — NJ1a3MeHHas HOHHAA YacToTa, a d — neGaeBCKHA panuyc.
b (2.102) BTOpOE citaraeMoe OTBeYaeT 3JEKTPOHHOMY BKJIALy B e,
PeTbE — HOHHOMY.

;.’ﬂpnpaBHHBaﬂ € HYyJIIO, Mbl MOJYYHM YyXKe H3BeCTHOE HaM Bbipa-
€HHe /Il YyacTOTH HOHHOrO 3BYyKa:

2 L 2.103
) ® =—m-d—2'(!)pi. ( . 0 )
"‘I"fenonbsoaaﬁﬂbxﬁ 3[eCh 3JeKTPOJHHAMHUeCKHA mnoxxon o6na-
€T TeM MPEeHMyLIeCTBOM, YTO pa3 BHIYHC/JEHHBIE BBIpAXKEHHT 1A

828 COOTBETCTBYIOHIErO COPTA YACTHL B & MOTYT OHITH HCHOJbB-

3aTeM npM paccMOTPEHHH IPYrHX BeTBeH KoJie6aHHA.
%: Bhipaxkenuss (2.102) BHIHO, YTO IH3/JEKTPHUYECKAss I[POHH-
3aBUCHAT KaK OT 4acTOTHI, TaK H OT BOJHOBOro uucna. 3a-
b OT R BO3HHKaeT BO BCeX CJyuasix, KOrfa CyllecTBEHHYIO

HAaeT UrpaTh TeMJIOBOE ABHMKEHHe YaCTHI. 3aBHCHMOCTD 8
ey AHATO Ha3bBIBaTh MPOCTPAHCTBEHHON JNHcrMepcHed (MO aHamo-
. C.%acrornon AucnepcHell -— 3aBUCHMOCTBIO £ OT ©).
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3. Jlenemroposckue goarbl. IOHHEIR 3BYK NMPHHANJEKHT K qHCTY
BeTBed KoseGaHHUH, B KOTOPBIX CYU[ECTBEHHBIM 06Pa30M NpPHHHMAIQT
yuactue HoHbl. HerpymHo paccmortpers Gosiee BBICOKOYACTOTHLe
9JIEKTPOHHBIE BETBH, B KOTOPBIX ABHXKEHHEM HOHOB MOXKHO TpeHe-
6peun. C oxHol Tako#l BeTBbIO KOJeOaHHl B MACHHTOAKTHBHON mJjas-
Me — ¢ TeJIMKOHaM¥ — MBIl yXe IT03HaKOMHJIHChb. 3Jech MBl paccMo-
TpuM Haubosee NpocTOf THI 3JIEKTPOHHBIX KoseGaHUN — JIeHTrMio-
POBCKHE BOJIHBIL. :

JIeHrMIOpOBCcKHe BOJIHLI BO3HHKAIOT NIPH HApYIIeHUY KBa3uHef-
TPAJILHOCTH INIa3MBl, T. €. IPH CMelleHHH 3JEKTPOHOB OTHOCHTEJNLHO
noHoB. Bo3HuHKkalomiee npy 3TOM 3JieKTpHYyecKoe IoJie CO3laeT KBa-
3UYNPYTYIO CHJIY, KOTOpasi CTPEMHTCSA BO3BPaTHTH JEKTPOHH B I10-
JoxeHHe paBHOBecHs. TaK KaK 9JeKTPOHH 3HAUHTEJNLHO Jerye
HOHOB, TO KoJleOaHHSl 3JEKTPOHOB IOX AEHCTBHEM 3TOH KBasHympy-
rOf CHJBl NMPOUCXONAT NPU NPAKTHUYECKH HEMOJBHIKHBIX HOHAX.

Ecan npeHeGpeds TenJOBHIM JABHIKEHHEM 3JEKTPOHOB, TO BhIpa-
JKeHHe A € U JUCIIEPCHOHHOE YpaBHEHHE JIeTKO MOJYuY#Th IO aHa-
gorud ¢ (2.102). B caMmoMm pesie, sl JIEHTMIOPOBCKHX KoseGanui
BKJIaJlOM HOHOB B € MOXHO NpeHe6peub, a BKJajd 3J1eKTPOHOB Gyler
TakuM Xe, Kak Bkaax B (2.102) XosoXHBEIX HOHOB, — NOCTATOYHO
JIHUIb 8aMEHHUTh M1; HA M, Takum 06pa3oM rnosayyaem:

4ne’n o>

=1—-2 (2.104)

e=1— oy
BennuuHa wp. Ha3bIBaeTcs JIEHTMIOPOBCKOH YacTOTOM.
PasyMeercs, A5 onygcaH#s koJeOaHHH JeKTPOHOB MOXKHO BOC-
NoJIb30BaThcsl U MeHee ()OpPMaJbHBIM THAPOAHHAMUYECKHM SI3BIKOM.
Ilycrh & -— cMelleHHe 3JEKTPOHOB OT NOJIOXKEHHs paBHOBECHS, KOTO-
poe Mbl 6yaeM cudTaTh MaJjuiM. Torma ypaBHeHHe ABHMeHHS [J13
BJIEKTPOHOB 3aIHIIETCA B BHJE

02
=0, (2.105)

rae ¢ — NOTEHIHAJd 3JEeKTPHYECKOro I1oJd, OHpeIleJIHeMbe:I COOTHO-
HIeHHueM

Ap = 4nen’. (2.106)
3gech n’ — BO3MYILIEHHE IUVIOTHOCTH 3JIEKTPOHOB — PABHO
n’ = — ndivé. (2.107)

Beps div ot (2.105) u uckmouas §, ¢ ¢ nomompsio (2.106), (2.107),
MBI MOJYUHM
aan’

S = — a2, (2.108)

TIE Op = 1/ Ine’nfme
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s aTOTO YpaBHEHHS C/ENyeT, 4TO IPH a10060M HapylleHHH KBa-
efiTpaJIbHOCTH  BO3HHKAIOT ~KOJI€GaHUsS 3JIeKTPOHOB ¢ Hacro-
wpe ECIH HayanbHOe BO3MYUIEHHe MMeeT BHA IIOCKOH BOJIHbI
HOBHIM YHCJIOM kR, TO JIEHTMIODOBCKasf BOJHAa OyAeT MJIOCKO#H,
zeM ee (a30Bas CKOPOCTb Uy = @pe/k.

‘BHAHO, YTO MO Mepe yBeJHYEHHsl BOJIHOBOTO uucja ¢paszoBas cKo-
r» y6bIBaeT U npu k ~ 1/d cranoBuTCA mopsAKa TEmIOBOM cKo-
rH 3JEeKTpOHOB. Tak Kak Mbl TeIJOBBIM JBHXKeHHeM npeHeOper-
y suipaxente (2.104) cnpasennuso Tombko npu kd < 1. Ilpu
Samxeduy $asoBof CKOPOCTH BOJIH K TEIJIOBOH CJefyeT NOJb30-
o KMHeTHYECKHM ONHCaHHEM IIJIa3Mbl.

4: Ypasrenue Baacosa. lna onucanus xoneGaHufl paspexkeH-
AIIJIASMBl B YCJOBHAX, KOrla NapHHE CTOJAKHOBEHHS He WUIrpaioT
puiofi posid, Buacos [66] npemsoxua HCMOb30BaTh KHHETHYE-
.ypaBHEHHE C CaMOCOIJIaCOBAHHBIM IOJIEM H OTOPOUIEHHBIM 4Jie-
CTOJNIKHOBeHHH. Jlnd dacTun 3apsAfa e ¥ Macch m B OTCyTcTBHE
FMMTHOTO NOAIAL 3TO ypaBHEHHE HMeeT BHJ

of e af
‘37+va+75$= . (2.109)

ech [ — GyHKIHMSA pacnpesesieHHs YacTHI 10 CKOPOCTAM, HMelo-
#°CMBICJI IVIOTHOCTH YHCja 4acTi B (a30BOM NPOCTPAHCTBE, TaK

drdv paBHO uHCTy dacTHi B oObeMe dr co CKOpPOCTAMH B
eppaJie dv.

,aMOCOrIacoBaHHOe aJekTpuyeckoe noae E, Bxoasmee s (2.109),
dCcHO ByiacoBy HOJIKHO HaxXORMTHCH U3 ypaBHEHHS

div E = 4ne(n; — n,), (2.110)

ny = Sf, dv, n,= Sfe dv, a f,, [;— dyHruun pacnpepeseHus
SMIEKTPOHOB H HOHOB.

Ecnn yyects eme marauTHoe nose B, To KHHeTHYECKoe YpaBHeHHE
MOCOITacOBaHHBIM IOJEM NJA 4acTHIl COPTa & NOJMIKHO HMETb

%+0Vfa+—;‘j:{E+%[vB]}%rf=0, (2.111)

ocornacosaHuble anektpuyeckoe E wu MarauTHoe B nouas
HEL onpejensitbcsi M3 ypaBHeHH# MakcBessa, B KOTODHIX B
TBE IVIOTHOCTEH 3JEKTPHUYECKOTO 3apsfa 0 H TOKa j AOJKHH
MOACTaB/IeHBl COOTBETCTBEHHO

=Zeanadv, j=ZeaSvfadv. (2.112)

a a
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Pa3pexenHnyio nnasmy, B KOTOPOi MapHbIE CTONkpoBeHHAS He HT-
paloT posiH, Ha3eBAlOT GeccTONKHOBUTENbHON. CoovgererBenno Gec-
CTOJIKHOBHTEJIHBIMH - HAa3HIBAIOTCHA KOJJIEKTHBHbLIe
TOPHIX HECYIeCTBEHHa POJib KYJOHOBCKHX CTOJIKH
His BuaacoBa ¢ camocornacoBaHHBIM IOJIEM Ciry
TEOPETHYECKOro ONUCAHUA TAKUX NPOLECCOB.

5. 3aryxanue Jlanday. TlepefineM K paccMOTpe
CKMX BOJH MajOH aMIUIHTYAb B YCJAOBHAIX, Korpy CYIIeCTBEHHYIO
po/b HaYHHAET HrpaTh TElJIOBOE ABHMKEHHE YacThy, Kak Gbuio 10-
ka3aHo Bnepssie Jlanmay [57], B 3THX ycJ0OBHAX n
IIeHHO HOBHI creHHUUecKHH MeXaHH3M 3aTyxa
Wy MecTo JayKe B OTCYTCTBHE CTOJKHOBEHHH. 3
Jlannay wrpaer dynnaMeHTaabHYIO POJb B KOJJIeKryBHBIX npomec-
cax B GeccTONKHOBHTeNbHON miasMe. [103ToMY, urog; ye yIIpowats
Upe3MepHO CyllecTBa Jena, HaM NPHACTCH BOCNOnp30BaThes Gosee
CTPOrMM MaTeMaTHYecKHM MOAXONOM, UeM 3TO Oblig punsito B mpe-
ABIAYILMX pa3fesnax.

IIpennonoxuM, 4TO HOHBI CO3AAIOT ONHOPONHY HemoXBHIKHBL
¢ou ¢ mioTHOCTBIO n == const, H OyleM CuUATaTh, yro JEHIMIOpOB-
CKad BOJHA DACMPOCTPaHAeTCs BROJb OCH X, Tak yro 3azaua sip.
JIIeTCs ONHOMEDHOM.

Jlna xoneGaHuit 04eHb MaNON aMIMIMUTYIB Ypag
HeapH3oBaTh. [l 3TOro AOCTaTOYHO IOJOXKHTE
fo— paBHoBecnast ¢ynkuus, a [’

npomecchl, B KO-
OBeHHA. YpaBHe-
Xat OCHOBOH mJs51

HHIO JEHI'MIOpOB-

0ABJIAETC COBED-
RUSl BONH, UMeO-
bdexr saryxanus

HEHHS MOKHO Jj-

f="F+F. rne
_OZK"IOI;EEHHG’ OT paBHOBecHS, H
npeHe6peun KBaApaTHYHBIM YIECHOM FET?V B (2.109). B pasHo.

BECHOM COCTOAHMH IJIa3Ma ONHOPOAHA M Helpajima, Ttak wto
’
fodv=n. B cuay oXHOPORHOCTH JHHEHHkIe ypaBHeHUs: Moryr
ObITb HANHCAHBl 1S KaXKIOH KOMIOHEHTH pags
uuTerpan Oypbe OTHOCHTENbHO NEPEMEHHON X, n
paccMoTpeTh JHIIb 3BOJIOUHIO OTAENBLHONH Tapwm
byukuun f* ¥ @ umeor BuA [ (v, t) eirx, @(f)eihx
30BaHHble YpaBHEHHUS B BUIE
0f' . ’ . e afo
W—!—lkl)f +lk(p-—- :0,

me Ov

JToxkeHds [’ u ¢ B
O3TOMY IOCTaTOYHO
Oyuku. Cuuras, urg
» SanuueM JiuHeapy-

(2.113)

(2.114)

GcrBeHHble KOMEGa-
T'o monoxum

f (o, t)= fi(v)e—iot, p(t)= Qie~int
Torna u3 ypasHenus (2.113), kasanocb 6bl, HMeg,,

=_F e 0k
fy ©— kv me do T4 (2.115)

k’p = — 4ne S f dv.

EcrecTBeHHO monslTaThCA cHayaJga HafiTH co
HHA NJ1a3MBbl ¢ HeKoTopo#l wacrorofl w. s 9to
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" Moacrasasia ato BpaxkeHHe B (2.114), nosyuaeM mucmepCHOHHOe

YPpaBHeHHe, CBA3bEgouee COGCTBEHHYI0 4YacTOTy @ C BOJIHOBBIM
ypcaoM k:

Of
e(h o) =1 —““—"’Sﬂ~o (2.116)
) 0) = T e Voo =0 :

Mgt 311ech cHOBA Bog10/Ib30BaNHCh 0603HAYEHHEM € M AH3JNEKTPU-
YeCKOH NPOHHUAEMOTH [J1a3MBl.

Kak mbl BuRuM, spipamenne (2.116) umeer ocoGeHnOCTL NOA HH-
TErpajloM, H NO3TO0yy MM HeJb3sl NONB30BAThCHA, NIOKA HE YKa3aHO,
KakuM 06pasoM cppyer ycTpaHATh pacXoAMMocTh. Biacos [58]
IIpelJIOXKHJ TIPOBOYsTL HMHTerpHpoBanue B (2.116) B cMmelcae raas-
HOT'O 3HAYeHHs, Olji;K0 NJs 9TOr0 He GBJIO JOCTATOYHBIX OCHOBaHHH.

[IpasuabHbifl nyixon & pellleHHIo 3aJa4Yy O MaJblXx KoJjebaHuaX
NJ1a3MBl, KOTOPHH (IHOBpeMeHHO paspelins U TPYAHOCTh ¢ Pacxo-
muMocTeio B (2.11§), ykaszan Jlaumay [57). Ou ob6paTun BHHManHe
Ha TO, YTO B PealyHOH MOCTAHOBKE 3aJaid O MaJjhiX KoJeOGaHHAX
[J1a3Mbl IPAXOAHUTY HUMeTh Aeso JH00 ¢ 3afaHHBIMH HauajabHBIMU
AaHHBIMH, JHOO C 33 aHHBIMH rpaHHYHBIMH YCJOBHSMH, H MMOKa3saJ,
KakK NOJKHBL pelllapea o6e 3anavy.

Pacemotpnm, WAIpUMep, 3ajmadyy € HayaJbHBIMH JaHHHIMH,
B stom cayuae caegyer cunrarts, uto npu t << 0 Bo3MyuieHHe OTCYT-
CTBYET H JIHIIb B pMeHT { — ( BKJIOUaeTcsl BHelIHee BO3MeHcTBHE,
KOTOpOe cO3Nlaer ekoTopoe HAayasbHOe BO3MYylleHHe GyHKLUH pac-
fiperesienusn g(v). 3agaya COCTOHT B onpefiesieHNH BpeMeHHOH 3BO-
JIIOLHH BO3MYIleHyy. [l 3TOrO cJefyeT BOCMOJb30BaThCsd ypaBHe-
auamu (2.113), (2114) c sHemnum uctounnkoM g(v)6(f), mobas-
JEHHBIM B IpaByy vacth (2.113). [aa peileHuss 3TOA cHCTeMbl
YPaBHEHHH MOXH; BOCMOJB30BATLCA METOAOM TpeobpasoBaHHs
Jlannaca, nonaras

fp (0) = §°e—"‘f’ (v, t)dt (2.117)
0

B COOTBETCTBEHHO yast ¢ (f).
Ymuoxan ypasgense (2.113) c ucrounukom g(v)8(f) B npaBoi

* MacTu Ha e~P! Y myrerpupys 10 ¢, mosyyaem

___ig(v) k___ e 0k 8

f= ip— kv + ip— ko mg 0v PP (2.118)
Kax mbi sunum, sro Boipaxenne ommuaercs ot (2.115) go6asie-
HueM csaraeMoro ¢ g u 3aMemoi @ Ha ip. [logcranoska (2.118) B
(2.114) nossoasier naiitu Pp:

de g (v) dv
o= %% (&, ip) S ip—kv " (2.119)



76 JNUHERHBIE BOJIHB! rn 2

ITo nssectHOMYy @p Tenmeps HeTPyAHO HalTH @ (f):

o4ioo
1
o) =5 | adp. (2.120)

g—ioo

3Iech BMecTO p yAOOHO NepefiTH K nmepeMeHHOH ® = Ip H, TakK Kak
N0 nepeMeHHOH p HHTEerpUpPOBaHHE NMPOBOAUTCHA B NpaBo# MOJYIJIO-
CKOCTH, N0 KOMILIEKCHON NepeMeHHOH @ cJiefyeT NPOBOAUTH HHTe-
TpHpPOBaH#e B BePXHEHN MOJYMJIOCKOCTH:

+oo+ig o [
2 — d
o) =2 S s S__i(i)k;’ do.  (2.121)
—oo+ {0 oo

970 BhIpa)KeHHe NOJHOCTBHIO pemiaer 3afayy o KojeQaHHAX Mia3-
MBI, CO3JlaBaeMblX HaYaJbHBIM BoaMylleHHeM g(v). M3 Hero BuAHO,
4TO, BOOOIIE TOBOpS, He CyIecTBYeT Onpelej]eHHOH 3aBUCHMOCTH (»
or k: npu s3anaHHOM k uHTerpupoBanue B (2.121) npoussomutcs no
BceM «. OnHako, ecau g(f) He uMeer ocoGeHHOCTefl, TO acHMITO-
THKa HHTerpasa (2.121) npu Gonpmux ! OyAerT onpefenaTbcs Hy-
aamu e(k, @), T. e. @(t) ~ e "', rne e(k, wy) = 0. Takum o6pasou,
npu oueHb Goabwux ! u3 pemlenus (2.121) srimensieTcA BeTBb MJas-
MEHHBIX KOJeGaHMH ¢ cOOCTBEHHOH 4acCTOTON @a, ONmpelensieMofl co-
OTHOLIEHHEM

ek, 0g)=0. (2.122)

Tak kak uuTerpupoBanue B (2.121) npoBoguTcs N0 ropH3oHTaNBHOM
OpsMoOi B BepXHedl MOJYNJIOCKOCTH, IpH BhiYHcAeHHH & B (2.116)
4acToTy ® CJaelyeT CYHTaTh Haxojduleficd B BepxHeH INOMYIIOCKO-
CTH, T. €. IpH @, OJHU3KHX K AEHCTBUTENBHON OCH, CIeAYeT MOJOKHTL

1 1
m—kv—_)m—kv+iv—+m—-kv

— nid (0 — ko),

rae P osHauaeT riaBHOe 3HayeHHe. JTO NpaBHJI0 06X0la MOJIOCE
NPHHATO Ha3elBaTh IpaBuyoM Jlangay. C ero yuetroM auasekrpuye-
ckas npoHHnaeMoctb (2.116) oka3biBaeTcs KOMIIEKCHOH:

e=1+““—‘32S—P—-‘”—wv—ﬂ-‘?i i Ofo . (2.123)

kme ) ® — kv du kme |R| dv D=k

Hanuupe MHUMOR YacTH B € M COOTBeTCTBYeT 3aTyxaHuio JlaH-
, 0
nay. Ero BenuuuHa mponopi#oHaJsbHa npousaonﬂon?% B TOUYKE

v == w/k, TAe CKOPOCTH HacTHll coBlajaer ¢ (a30BOH CKOpOCTHIO
BOMHEL. MOXHO CKa3aTh, YTO 3aTyxaHue JlaHIay cBsizaHO ¢ MOIVIO-
IeHHeM BOJIHBl Ha Pe30HaHCHBIX YacTHiaX. Ecan anekTpoHH nMeloT
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cBEJJIOBCKOE pacnpenesenne ¢ Temnepatypo# T, To musnekTpu-
eKas NMPOHHIIAEMOCTD (2.123) moxer ObITH IpencTaBieHa B BHAE

m,o>,

=1+ 20 (1 4 i 4/ 2W (2)), (2.124)

¢ Ops — JIEHTMIODOBCKas 4acroTa, Z = ®/RVer, UVpp = »\/2T/m,—
eNHsAs TEIVIoBas CKOPOCTh, a QyHKIHS
o 2

W) =e? + 72‘5— S e~ gL, (2.125)
0

¢TlpupasuuBas (2.124) Hyn o, MOXHO HaiTH AEACTBUTENIBHYIO M
§UMYI0 4acTH KOMIJIeKCHOH wacToTel. [lpu Maneix k < 1/d, rae
neGaeBcKUil pamuyc, BblpayKeHue NJd AeHCTBHTeNbHOH wacTH
TOTH HMeeT BHJI

3T
“‘2=“‘%e+—,ﬁ;k2’ (2.126)
‘MHHMas ee 4acTb (T. e. IEKPEMEHT 3aTyXaHus y) paBHa

T 1 1
v=—m0/\/% Ted)? exp(————2k2d2). (2.127)

'MB BHAUM, NpH MaJjslx kd JeKpeMeHT 3aTyXaHHSl SKCIIOHeH-
JibHO NaJl. .
. IIpu ouenp Gonbluux ! oupelesenHsldi BRaax B uHTerpaa (2.121)
HT Takxke moaoc o — kv = 0, coorBeTcTBYIOIHHA CBOGOJHOMY
€Ty wacTull OT HaAya/JbHOrO BO3MYILIEHHS, TaK 4YTO 3aBHCH-
b MOTeHLHAJNa ¢ OT BPeMeHH MoxXeT OHTb JOBOJBHO CJOXKHOM.
8. Boanot Ban-Kamnena. Utak, neHrMiopoBekie KoneGaHus, BOa-
aeMble HeKOTOPHIM Haua/JbHHIM BO3MYIUIEHHeM, HOJXKHBl 3aTy-
co BpeMeneM. OIHAKO ITO eLie HE O3HA4aeT, YTO HEBO3MOXKHBL
BeHHbIE HesaTyxalolHe KoseGaHusi Nia3Mbel. B camom pene,
DHeMcs K Buipaxenuio (2.115), cBssnBalolleMy BO3MYLIeHHE
KIMK pacnpeleseHds fi ¢ noteHuuasoM ¢i. I1o npasuay Jlau-
K 4acTOTe @ B 3HaMeHaTese cJefyeT Jo6aBHTh MaJylo MHHMYIO
b, ®—> o} iv, Tak yto (2.115) MOKHO 3amucaTb B BHAE

f=—t B O o inpo—ho) 2 g (2.128)

T o—kv me Ov Me

b P o3Hauaer, 4TO Npu BHIYHCAEHHH Pa3JHYHbIX HHTErPaJjoB,
CpXKamux f;, 0coGeHHOCTb c/aelyeT HHTErpUpOBaTh B CMBICTIE
BROTO 3Hauenns. Bripamenne (2.128) omuceiBaeT BO3MylleHHe
KIBHY pacnpefiesieHusl MOTEHIHAJIOM 3JEKTPHUECKOr0 IOJST BOJI-
91 Kak Mu BHIUM, 3TO BO3MYVINEHHE TeM OGoJiblle, yeM OJuxe
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cKopocTb K (a30oBoft cKopocTH BOJIEM @/k. B HemocpencTBeHHOR
OKPEeCTHOCTH 3TOH TOYKH OCHOBHOH BKJal Jaer BTOpPOe cjaraeMmoe,
BO3HHKIIee ¥3-3a MHHMOH YacTH

1 __ v
®—kvt+iv (0 — ko) +v?

Im = nd (0 — kv)
npuv—0.

3aMmeTuM, YTO y4eT 3aTyXaHHs BO3MYIIEHHH BCJIEICTBHE CTOJK-
HOBEHUH, KOTOPHI B npocTefilleM BapHAHTE MOXKHO CHeJaTh, BBOAA
Manoe ciaraemoe —vf’ B JeByl0 yacrb ypasHeHus (2.113), rakxke
npuses 6 K mpaBuay Jlannay nast o6xofa modsoca 4, cieoBaTelb-
HO, — K TOYHO TaKoMy e Bolpaxenuio (2.128). Idrto Bnosne mno-
HSITHO, TaK KakK 06a 3d¢eKra — CTOIKHOBEHHA M KOHEYHoe BpeMs
HapacTaHus BO3MYUIEHHsS — NMPHUBOAAT K KaYecTBEHHO ONHHAKOBOMY
OrpaHHYEHHIO BO3MYIIeHHs B Pe30HAHCHOH TOUKe.

Ecnu nomcrasute (2.128) B ypasuenue [lyaccoHa (2.114), to
KaK pa3 H IOJY4YHTCs JHCIEpCHOHHOe ypaBHeHue Jlanmay. IlpyraMu
CJIOBAMH, B JIEHTMIOPOBCKHX KoJieOaHusix npH Gouabimex f ocraercs
JHIIL TaKoe Bo3MyuleHde QYHKNHM pacnpeneneHus (2.128), koro-
poe co3naeTcst NOTEHIIHAJIOM BOJIHBL.

JlonycTuM Teneps, YTO B HayaJbHLII MOMEHT HapAAY C INIaBHBLIM
BOo3MyuleH#eM g(v) B Naa3My BBOJMTCS HEKOTOPHIH MOAYJHUDOBaH-
HBifi My4OK CO CKOPOCThIO, B TOYHOCTH paBHOH ()a30BOH CKOPOCTH
BosiHbl. Ecin HYXHBIM 06pa3oM noJlo6paTh BeJHUHHY H (asy atoro
nyyKa, TO MOXKHO B TOYHOCTH CKOMIIEHCHPOBaTh BO3MYIIEHHE De3o-
HAHCHBIX 3JeKTPOHOB, onuchiBaeMoe BTOpHIM wieHoM B (2.128). Ho
IpH 3TOM MBI NoJyuuM Boipaxenue (2.115) 6e3 d-¢pynknum, a ciue-
KOBATeJbHO, MPUAEM K JHCIEPCHOHHOMY ypaBHenHio Buacosa ¢ uH-
TerpajoM B CMBIC/e TVIaBHOTO 3HAUEHHsf, OIHCHIBAIOIEMY JIEHIMIO-
poBcKHe BOJIHBI Ge3 3aTyxaHusi. TakuM obGpasoM, pemende Buacosa
TaKike UMeeT onpelesqeHHHA (H3MUeCKHA CMBICJI: OHO OIIHCLIBAET
BOJIHY ¢ 106aBKOH IPYIIIL pa30HaHCHBIX 4acTHIL.

Onnako 3TO pelneHHe SBJSETCA JOBOJLHO YAaCTHBIM: OHO COOT-
BETCTBYET HEKOTOPOMY BIIOJIHE OIpelesleHHOMY BBIGOPY IJIOTHOCTH
JOTOJHUTENIEHBIX yacTHl. Kak noxasan Bau-Kammnen [59], ypasnue-
Hus (2.113), (2.114) omnuceiBaior ropasigo GoJiee MHUPOKHH Kjace
co6CcTBeHHRX KosteGanui. Uto6nl HaiTH 3TH KosjeGaHHus, Caemgyer
YCTPaHHTb Ty HEKOPPeKTHOCTb, KOTOpas Oblia NONYIIeHa MpH MoJay-
yeHuy BoipaxeHus (2.115) nmas Bo3mymenus QyHKuum pacrnpepe-
agenusi. B camom nese, eciy @ — neficTBUTeNbHAS BeJIMYHHA, TO OX-
HOPOJHOe ypaBHeHHe AJf fi, (@ — RU)f; = 0, uMeeT HeTpHBHAJIBLHOE
pemende BHAa AS(w-— kv)@y, rme A — mobas KoHcTaHTa (TouHee,
GYHKIHEA OT @ ¥ k). DTO pellleHHe ONHOPOIHOTO YPABHEHHs NOJAKHO
O6uTh ao6aBieHo K (2.115). ITpuuumass nns  oupemeseHHOCTH
(6e3 HapyweHHs OOIIHOCTH), 4TO HHTerpas oT /(@ — kv) Geper-
¢ B CMbICJIE TJIABHOTO SHAaUeHHs, Mbl JOJIKHBl Halucarp JJId
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%@BOHHHX KoneGanuit Bmecto (2.115) coorHourenue

B f=—t ke Ol b 4 as(0 — ku)gy (2.129)

®—ku mg Ov

eTaBJAs 3TO BhpaXkeHue B ypaBHeHHe IlyaccoHa, HaXxomuM IHC-
OHHOE ypaBHEHHE

4me? P dfe 452

1 + mok Smﬁdv+k2—l}zrl=0. (2.130)
'aK KaK 3TO ypaBHeHHe COJEPHKHUT JiBe HeH3BECTHHE BEJHYHHBI
A, OMO HE JaeT OJHO3Ha4HOH CBS3H @ C BOJHOBBIM YHCIOM K.
%ﬁ«@xopee clellyeT paccMaTpHBaTh KaK ypaBHeHHe IJs OIpejeJie-
kA Npu 3aJaHHOM . JTO 3HAYUT, YTO NPH NAHHOM k yacToTa
SikeT G6HITH COBepIIEHHO IPOU3BOJLHOM, T. €. CIeKTp COOCTBEHHHIX
gaeHuil 117 o HenpephiBeH. IIpyruMum cioBamu, pJs Jo6oi ua-
#Bt @ MOXKHO IIOJ00PATh TaKYI0 BeJHYHHY A, T. €. JIOTHOCTh Pe30-
BICHBIX 4aCTHI, IPM KOTOPOH pelieHHe OyHeT UMeTb BHI He3ary-
jpmiell BOJIHBL ¢ JaHHON YacToToil @. 3To ¥ ecTh BosHa Bau-Kawm-
. Kaxnan us Bosn Ban-Kamnena npencrassiser co6oit Monmy-
BaHHBI MOTOK 4YacTHI, IBAXYIIMICA CO CKOPOCTbIO, paBHOMN
6BOIl CKOPOCTH BOJIHH Uy — @/R [3TOT Iy4oK onuchiBaeTcl BTO-
ciaaraeMbiM B (2.129) ], BMecTe ¢ CONpOBOXKAAIOUIAM €ro mnojs-
HHOHHBIM 00/1aKOM, BO3HHKAIOUIHM B pe3yJnTaTe BO3NEHCTBHA
Ka Ha JEKTPOHBI IasMbl. Bo3aMmyuienue f; B 3TOM 0Giake onu-

aercsd nepBbIM caaraeMsM B (2.129).
€/l JJTHHA BOJIHBI BO3MYIIEHHs] JOCTATOYHO BeJIHKa (kd < 1),
ora » GJAU3Ka K ma3MeHHOH uactore (2.124), 10 BesnuuHa A,
fhenenseman seipaxeHnueMm (2.130), oyens Masa, Tak KakK NpH
“CyMMa nepBhIX IBYX caaraemeix B (2.130) 6am3ka x HyJo.
WOM Cciydae MBI HMeeM [eJO ¢ IIa3MeHHOH BOJIHOM € MaJo

ilesieco06pa3HO CYUTATH PelleHHs, 3aMeTHO OT/HYalouiuecsd OT
MIOPOBCKUX BOJIH, KOrja BTopoe cuaaraeMoe B (2.129) Goabuie
€PaBHHMO ¢ nepBHIM. TakuM o6pa3oM, rpy60 MOXKHO CKasaTb,
O6CTBeHHEIE KOJeOaHHS 3JeKTPOHHOM MJI1a3Mbl COCTOST H3 BOJH
-KaMneHa — Moy upoBaHHEIX ~ IyYKOB—H  JIEHTMIODOBCKHX

BaH-Kamnen mokasan, uro cucrema ¢ynknui (2.129) asaserca

H0f, T. e. m060e HauaJbHOe BO3MYyIleHHe g(v) MoOXeT GBITh

10KeHo no sTuM QYHKIHAM, H, CJIENOBaTeNbHO, BO3GYyKAaeMbie
d3Me BOJMIHBI MOXKHO paccMaTpHBaTh KaK CyNeplo3HUHIO cob-

HEIX KosieGaHuit. CooTBeTCTBYMWOlUIEe pelleHHe B TOUHOCTH COB-
BT ¢ pemiennem Jlaunay.

¥pu yuere BosH BaH-Kamnena B HeckosbKO HHOM cBeTe Ipel-
1R 3aTyxanue Jlaunay. B camom jnene, paccMOTpPHUM, HampH-
BOSMymeHne ¢ XxapaKTepHOH NJHHOA BOJHBI, MHOTO MeHplilefl
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Re6GaeBcKoro pajauyca. Takoe BO3MYLIeHHe siBJsieTCS Cyneprnossmued
coGcrBeHHo BosiH Ban-Kamnenwa, ¥ He yauBuTenbHO, 4To OHO Gyner
saTyxaTb ¢O BPeMeHeM u3-3a pacrnoJ3aH#s no ¢asaM CoCTaBaSAO-
X ero coOCTBeHHbIX KojeGanufi. MoXHO CKasaTb, YTO 3TO 3arTy-
XaHHe ABJISETCA CJAEJCTBHEM HeNPepBIBHOCTH CHNeKTpa COOGCTBEHHBIX
3HaueHu .

B 1neHrMiopoBCKHX BOJIHAX KapTHHa HEeCKOJBLKO C/IOXKHee, TaK
KakK GoJjbllasg 4acTh YacTHIl COBepuiaeT 3leChb COBMeCTHOE JBHIKe-
Hue B KoseBaHusx. OJHaKO pe30HAHCHbIE YaCTHILI TNPOJOIKAIOT
pacrmosizaThCsl, # HX BeC B KOJIIEKTHBHOM JBHIKeHHH HAacTO/JbKO
BeJIUK, YTO OHU NOJHOCTBIO «PaCTacKUBAaIOT» JEHTMIOPOBCKYIO BOJHY
no ¢asam, T. e. BOJHA OnATh 3aTyxaer. Jlerko Bumerh, YTO 3TO —
CHOBa pe3ysbTaT HENpephiBHOCTH CIeKTpa COGCTBEHHBIX 3HayYeHHH
YacTOTHI.

7. Boanbl 8 x0400n0i naasme. o cux nop MBl paccMaTpHBaiu
NPOAOJIbHEIE BOJHBL B MyiasMe. AHAJIOTHYHBIM 00pa30oM MOXHO pac-
CMOTpETb H NONEepeyHble BOJHHE. B 4aCTHOCTH, B XOJIOQHOH nJa3Mme
6e3 MarHUTHOTO NOJA AH3JEKTPHUIECKas MPOHHIIAeMOCTh AJA Ione-
peYHON BOJHB! MMeEeT TOT Xe BHI, YTO M IJf NPOAOJBLHON, T. €.
e=1—0? [0’ u cornacHo (2.97) Mbl noxyyaem

k’!‘l 2
C =1 — 2 (2.131)

®?

OTClOlIa HaxXoJAUM BhIpaXeHHe O YacTOTH
2 — 2 2
o= a2, + M. (2.132)

Kak MBbl BHAHM, PACHPOCTPAHSITHCS B MJa3Me MOTYT BOJHBI JHIIbL
¢ yactoTo#, Gosmbuieli nuasmenHo#. B o6.sacta HenpospayHocTH
©@ << @pe BOJIHOBOE MHCNO R corjacHo (2.132) aBnaercsi MHUMBIM,
T. e. k = in. Beanuuna » onpenensieT TONUHHY CKHH-CJIOSI, KOTOPbIA
sKpaHupyer BHellnHe nojs. CorsacHo (2.132)

W= (a2, — a?)]c?, (2.133)

TaK 4To Nmpu @ <K ®pe MMyOHHA NPOHHKHOBEHHMS MONEPEYyHOro IOJA
B IJIa3My PaBHA €/ pe-

Ilpr HanMuMM BHeIIHEro MAaTHHTHOIO IIOJA KapTHHA pacnpo-
CTPaHEeHHs 3JeKTPOMATHHTHBIX BOJH B IJIa3Me CHJBHO YCJIOXKHSIETCH,
B OCOGEHHOCTH eciH (asoBast CKOPOCTb 3THX BOJIH MaJia H cylle-
CTBEHHYIO DOJIb HauHHaeT UrpaTth TEMNJI0BOe NBHXKeHHe yacTul. He-
CKOJIBKO Mpolile KapTHHA pacnpocTPaHEeHHs BOJH B XOJONHOA mnnias-
me. Ilpu stom

D=c¢E=E |22 %y, (2.134)
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a CKOPOCTH 3apsiXKEeHHBIX 4aCTHIl MOTyT GbIThb HaflieHbI M3 ypaBHe-
HHUH ABHKEHHUS

—_— i(ﬂva - —":—:;' E + [vaga], Qa = eaB . (2.135)

mac

C nomompio (2.134), (2.135) HeTpyAHO HaATH BhIpAXKeHHA AR
KOMITIOHEHT TeH30pa e&. B cucreMe KOOPAHMHAT ¢ OCBIO 2 BJOJbL Mar-
HHUTHOTO NOJISI TEH30P & HMeEeT BHJ

e ig 0
e=| —ig e 0|, (2.136)
0 0 1

rae
2 2

- Tt - Doy - 1-L%
- 2_ 2 ° - 2 @’
o 0"— 9 m(m 9) =
Q. — LIUKJIOTPOHHAS YacTOTa AJS1 YacTHLH COPTa cL.

Mul He Oynem 3zeck MOAPOOHO aHAJTHU3HPOBATL BCE BOJHEI, KO-
TOpHE MOTYT pacHpoCcTpaHsATbeA B Iia3Mme. PaccMoTpHM Jmuib ca-
Mbili NPOCTO# NMPHMep aJbBEHOBCKOH BOJIHBI, DaclpoCTpaHsoiiedcs
BIOJIb MarHUTHOrO noJisi. [1py 3ToM By = ky = 0, k, = k. [Insa anb-
BEHOBCKOH BOJIHB @ € Q; ¢4 <€ ¢, TaK UTO BHIPaKeHUA NJA € U &
ynpouwaiores: e~ o, /92 c*/c%, g~ 0. JlucnepcHoHHOe ypaBHe-

m? 2 mZ
HHe (2.95) mpu 3TOM IpHHHMAaeT BHI (k"’ — e) (k2 — = n) =0
M 4acTOTa aJbBEHOBCKOH BOJIHBI DaBHA

ck
m_——JS—_CAk (2137)

Kak MBI BHAMM, ajJbBeHOBCKasg BOJHA B IVIOTHOR mJasMe cooOT-
BETCTBYET CHJbHO 3aMelJIeHHOH 3JeKTPOMaTHHTHOM BoJIHe C OTpOM-
HBIM NOKa3aTteseM npenomyeHuss N = c/ca.

Herpyauno 6w10 651 paccMOoTpeTh M ApPYrHe BeTBH 3JeKTpoMar-
HUTHBIX KOJeGaHHil, B YacTHOCTH 3JeKTpoHHble. [loCKOJBKY 3TOR
TeMe NOCBfilleHa oOmHMpHAas JHTEpaTypa, Mb He Oya@M [eTaJbHO
pasbupaTth TOT BONPOC B NaHHOH KHHUTe.

§ 5. dueprud ¥ HMNYJIBLC BOJH

1. Boanosoii naxer. ®usnka NOPUHANJIEKHUT K UHCJIY TOYHBIX
HayK, ONHAaKo NMPHOJIHIKeHHble COOTHOLIEHHS H JaXe ITPOCTO Kavue-
CTBeHHBIE cOOGpajKeHHs] UrpaloT B Hell He MeHbIIYI0 pOJib, YeM TOY-
Hble KonuuecTBeHHble GopMyaHpoBkH. MHorna KauecTBeHHble €006-
paxeHnus naxe GoJiee HyXKHBI, NOCKOJIBKY OHH, pa3BuBas ¢usnye-
CKyi0 HHTYHIHIO, HO3BOJAIOT OHLICTPO MOCTHUL MOHHMAHUA TaKHX
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ABJIeHHH, KOJHUECTBEHHOE OIIHCAHHE I KOTOPHIX NOTpe6oBaNo Okl ropas-
10 GONLILNX YCHUIHH.

NmenHo ¢ TakoH cHUTyallHell Mbl EBCTpedaeMcs NPH PACCMOTPEHHHU
BOJIHOBBIX MpolleccoB. PelllenHe JHHHEHHHIX 3aJau MeToAoM Dypebe,
HalpuMep pasnoKeHueM [0 IJIOCKKHM BOJHaM JJas ORHOPOAHOI
CpeAH, Aaer NOJHOE pelleHHe 3ajlaiyH, HO ellle He NO3BONSET Npf-
MBIM O6pa30M IOJYYHThL KaueCTBEHHHYI0 KapTHHY Ipomecca. Bogee
alleKBAaTHHIM JJIS 3TOTO SIBJAsSIeTCS S133BIK BOJIHOBBIX ITIAKETOB, H C €ro
IpHMEHEHHEM Mbl yXKe [O03HAKOMHJJIHCh B NpeNBIAYIIHX pasaenax.
3nech MH cliefaeM CJAeNYIONHH HIarr H OT YHCTO KayeCTBEHHOM Kap-
THHBl PACIPOCTPAHEHHS BOJHOBOIO , IBHIKEHHS! B TEDMHHaX H3MeHe-
Husi (a3bl B [IPOCTpaHCIBE U BDEMMEHH NepelfaeM K KOJHYECTBEH-
HOMY, HO ONATb-TAKH NPHOJHXKEHEHOMY OIIHCAHHI0O BOJIHOBBIX $iB-
JIeHUH.

Bynem onsith paccyXaaTh B Te€PIMHHAX BOJHOBHIX I1aKeTOB, Mej-
JICHHO MEHSIOIUXCS B IPOCTPaHCTBEE U BO BpeMenH. OTaenbHHE yua-
CTOK TaKOro nakera npHOAHIKEHHO) MOMXKHO CHYHTAaTh IIOCKOH BOJI-
HOHl. DJeKTpHuecKoe NoJe TaKof BOJTHBI UMeeT BHA

E =e Eexp(— ioyt 1 ikr) + k. c. (2.138)

3necy k — BOHOBON BEKTOP, @ — (coGCTBEHHas yacroTa, 2E — am-
MAUTYAA KoJeBGaHHil SJeKTPHUECKOrcO Mo, €x — eJHHHYHLIH BeKTOp
HOJSIpU3allMH BOJHBL, a K. C. 03HatyaeT KOMIWIEKCHO COIPSIKEHHYIO
BenuunHy (uto6nl E 6bi1o mefictButrenpubiM). CobcTBenHast wactora
Wy ABJAsETCS pelieHHeM JIHCIepCH(OHHOro ypaBHenus (2.95), 1. e,
Ao, k) =0, a BexkTOop nNoAApH3ALIMH €x MOXKET OBITh HafiieH H3
ypaBHeHuft (2.93) 1pu ® = wy. BeeKTop ey MOXKeT BK/IIOYaThb MHO-
KHTENb e'®, cOOTBETCTBYIOIIHUII NOWCTOTHHOMY cABUTY (asbl o, Tak
YTO B OOIEM C/ayyae OH sIBIseTc:s] KOMIIEKCHHIM. Brpouem, mus
BOJIHOBOTO I1aKeTa, AOCTATOYHO TIIPOTAMKEHHOTO B IpPOCTPAHCTBE,
capur aswl go siBAseTcs HecynietcTBeHHBIM. HanGonee BaubIMH
XapaKTePUCTHKAMH TaKoro nakera ssisiiores Beduunnnr k u (E?) —
cpeaHee IO INepHOAY KoJebaHHiT 3HaueHHe KBajpara 3JeKTpHUe-
CKOTO T10JIsI, NTPONOPIHOHAIbHOE TJJIOTHOCTH 3HEPTHH BOJHLL B JAaH-
HOH TOuKe.

EcrecrBenno, 4TO ypaBHeHHs, (MIHCHIBAIOIINE [OBeIEHHE BOJIHO-
BHIX MAKETOB CO BpeMeHeM, HOMKHII GOpMynHpPOBATHCS MMEHHO AJR
ocHOBHBEIX BennuuH k u (E?). Tlepmoe H3 9THX ypaBHEHHH NOAYyYUTH
AOBOJIbHO NPOCTO, B OCOOEGHHOCTH M/IS OAHOPOAHOH cpensl. B camom
Aene, ecH Mbl HMME€eM AeJ0 ¢ NMOYITH CHHYCOHIAJbHOM BOJHOMN, Xa-
PaKTEepHCTHKH KOTOPOH MeAJeHHO MEHSIOTCS B MPOCTPAHCTBE M BO
BpeMeHH, TO BMecTO K, wx yaobHee BBecTH a3y ¢, SBASIOILYIOCH
byuknueir r, f, Tak uro BhIpaxewnue (2.138) pas makera 6yner
HMeTh BUJ

E=e Fexp(—igp) 4 k.c. (2.139)
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o d
CrOpOCTb namenenust a3l B AaHMON TOuKe, T. €. %, OYEBHAHO,

COOTBETCT-ByeT yacToTe KOIeGHHH, a rpajgueHT $ha3bl COOTBETCTBYET
BOJIHOBOM(y uycJly, TaK KakK Ol YCT-aHaBJIHBaeT BeIHYHHY U Hanpa-
BJICHHE Hiauckopeifiuiero uameleHus® ¢asel B mpocTpaHcTBe. Takum
06pasoM, ymeem

7]

o=23, = — Vg (2.140)

ot
Hubdepetyunpyst Bropoe u3 FUX COOTHONIEHHH 10 BPEMEHH H HC-
H0JB3YA TiepBoe H3 HHX, HaXOMM

He—Va. (2.141)
B onmuoponnoit cpene uwacora KoaeGauuit gprsiercs QyHKunel
TOIBKO Ri: @ — @y — w(k). [aku M o6pasom, ypaBHenue (2.141)
ABaseTc  nuddepennuaibHbll YPABHeHHeM otHocHTeabHO k(r, f),
H C TIOMO.H1pl0 €ro MOKHO HEITH, KakK 3BOJIONMOHHPYET BOJHOBOR
BEKTOp €Oy ppeMenem B 11000l TOWKe npocrpanctBa. Hanpumep, B
ONHOMEPH'OM cayuae, Korja BMIHOBOE UHCAO £ 31BHCHT TOJBKO OT
KOOpAHMHA'TH X, ypaBHeHue (2.41) mMeer npocroi BHA:

ok _ o Gk _, (2.142)

of ~ T ax
rac Ur=”%:——rpynn03aﬂ cwpocTb. Kak Mb BHAHM, BOJHOBOE
4uC/I0 TMakeTa NMPOCTO MEPEHOCITCST ¢ CPYNNOBOH (KOPOCTBHIO.
[lepeit.iem k Haxompenuio ypaBHenusi mas (E?). Tak Kak sta
BENHYHHA nponoplUioHa/ bHa TIOTHOCTH 3Hepruy BOJHBL, TO MpeA-
CTaBAALTC:H GoJyee 1eaecO00p:3HBIM HCNONL30BaTh HMEHHO Moc/ies-
HIOI0 BelMyuHy Kak uMelomyO Oouee onpepeneitbiil dusnueckui
CMBICI.
« 2. OHépeus @oanbl. JlomyTHM, 4YTO B ypaB#eHHH Makceesna
(2.82), xipome camOcOrnacORAHHOTO TOKa j, KOTOPHIE COracHoO
(2.87) Brkpaxaercs uepes D, HMeETcs elle HeKOTOPHIl cTOpOHHUA
TOK js, KOTOpLI MOXKET coBepllaTh pabory Han soNHOM. Torna, mc-
OoNL3ys (H)6blunylo mporneaypy YMHOXKenust ypasueHust (2.87) na E,
(2.83)— r1a B 1 ux caoxeHHd HETPYIHO MOMyunts YPaBHEHHe BHAA

1 oD dB ) [T ——E 9

4 (B +B5) + 4o div[EBl=—Ei.  (2.143)
3nech ygen clpaBa COOTBEICTBY €T MOLUIHOCTH BHEIUHHX HCTOYHH-

KOB, coBepuatomux pabory NfOTHB mHoJjst BoJHbI E. CoorBetcTBEHHO

IepBoe Clraraemoe B (2.143) MOXKHO HHTEPHPeTHPOBATH KAK HU3MeE-

HeHye SHEDPrun sNeKTPOMAarHHIHOTO MoJs

o0& 1 50D 1 B
=a B a T 4n B-5r»

9z (2.144)
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a BTOpPOo€ — Kak nepeHoc 3Hepruu ¢ BektopoM llokinTUHTa
[4
Il = —[EB]. (2.145)

Jlnst mpocTOTH MBI OrpaHMuYHBaeMcsl 34eChb ClydaeM INpo3payHei
cpeAnl, KOrjia NMoTJIONeHNe SHEPruH He TIPOUCXOAHT.

B orcyrcrBHe BHEIHHX HCTOWHHKOB moas (2.143) npunumaer
BUJ, 3aKOHA COXPAHEHHS SHEPrUH:

2 pdivIl=0, (2.146)

OTKyAa CJIEAyeT, UTO MHTerpaa OT IIOTHOCTH 3Hepruu & mo BceMy
HNPOCTPAHCTBY €CTh BeNIUYHHA MOCTOSIHHAfA, S & dr = const.

YpaBuenue (2.146) u coOTBETCTBYeT HCKOMOMY YPaBHEHHIO AJs
KBajpaTa aMIUIMTYAbl BOJIHbI, €ro CJIeIyeT JHIb NPHBECTH K 6ojee
NpPOCTOMY BHAY, NPHTOAHOMY AJsi ONMHMCaHHsl IepeHOca BOJHOBOrO
nakera. JlJisi BOJHOBOrO MaKeTa 3/1eKTPHUYECKOE I10/1e, H aHAJOTHYHO
MAarHHTHOE [0jie, MMeer BHJ IIOYTH MOHOXPOMAaTHYECKOH BOJIHBI
(2.138) ¢ MeanenHo Mensttomeficsi amnaurynoin E(r, t). Coorser-
CTBEHHO

JE 73 R . .

S =\ — tmkE) e, exp(— iot 4+ zkr) +x.c. (2.147)
C npyrofi croposnbl, dJekTpHueckoe noae E Moxkno 6vl10 G pasiso-
XKHUTb B HHTerpasa Pypne

E={eqoexp(—iot +iqr)dgdo +x.c,  (2.148)

B KOTOPOM «IIaKETHOCTb» BOJIHEI, T. €. €e 6JH30CTh K IJIOCKONH MOHO-
XpOMaTHYeCKOH BOJIHE, Y4HTBHIBalach Obl TOMABKO TeM, yTo (ypbe-
KOMIIOHEHTH Eqe OBLIM OBl OTAHYHBL OT HYJS B MaJblX OKPECTHOCTAX
p6nusu Touek q = k, ® = ox. DTH OKPecTHOCTH TeM YViKe, ueM
6a1Ke TMaKeT K MOHOXPOMAaTHUECKOH NJIOCKOM BOJHE,

W3 Buipaxenust (2.148) sBunso, uro nuddepennupoBatue 1o
BpeMeHH o3HauaeT B (ypbe-IpeAcCTaBJEHUH IPOCTO YMHOXeHHE Ha
—iw. B HysneBOM npuOMMKEHHH, T. €. I MOHOXPOMAaTHYECKOH
BOJIHBI, 3TOT MHOXKHTeJb ObIT Obl paBeH Npocto —iwy. OnHako aas
nmakera 3T0 He Tak, T. €. —io -+ lwg = 0, U, KaK BHAHO H3 COMO-
craBnenus ¢ (2.147), BenuunHa —i(w — wx) COOTBETCTBYET IPOH3-
BOJIHOH IO BpeMeHH OT aMIIHTYAB! BOJHBL (TIOCKOJBKY CJeBa —gt—
COOTBETCTBYET —i®).

AuanoruunslM 006pa3oM MOTyT OBITb pPaccMOTPEHBl W Gojee
caoxuble oneparopsl. Hanpumep, Bxoasimast B (2.143) npowussognast

oD N
9r B Oypbe-npencTaBieHuH OTBevaeT BuipameHmio —iwdE, rme
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&€ — KBajparHaf MaTpHua eap(k, ®). Jlaa BoaHOBOro nakera 3to

BbIpaXKEHHe, OUEBHAHO, Oyler paBHO — ioké (K, 0k) + '5%'(5"3)%-
Ecnu noacraBuTh ero B cOOTHouenue (2.144), To usnen, coaepxka-
muilt —ioyé(k, ox), IPH CIOXKeHHH ¢ KOMILIEKCHO-CONPSXKEHHHIM
BbIpaXK€HHEM HCue3aeT, eclH Chefa ABJsETCH NPO3payHod H MaTpH-
na & spmuroBa. OctaroTcsl TOMLKO WJIeHHEl ¢ NMPOU3BOAHLIMH 1O Bpe-
MEHH, H IIO0C/e CHSTHA TPOH3poJAHBLIX MOJAyYaeM BHIpa)KeHHe s
NJOTHOCTH 3HEPTHH BOJHOBOIO [jaKera

E? 2
$k=%?>5%(em)+%—>, (2.149)

rae e=-e;ée,. Mau, Tax xak B moxker OuTh BhipaxeHo uyepes E
¢ nomMouwpto coornoweHust (2.91), umeem

&\ — (Ez)_a_{em__ czﬁfz +—foilkek |2}_ (2.150)

8n Jdo

3nech NPOM3BONHAA 10 @ OT Bypakenusi B GurypHbix cKoOkax Oe-
percsl IPY 3HAYEHHH @ = Q.

WTag, Mbl CBSI3aJH CPEAHEE 3HadeHHEe KBAApaTa 3JeKTPHYECKOro
noJsi BOHHL ¢ Oosee U3HUHON peMuuHON &k — IJIOTHOCTBIO 3HEP-
rHH BOJIHOBOrO nakera. COOTBercTBEHHO W A/l HOPMHPOBKH aMIIH-
TYAB! BOJHBI MOXKHO BHIGPATh kequuuHy OoJjiee yaoOHylo, YeM KBaj-
part anektpuueckoro nous. Kak gyaer BuIHO U3 aaibHefIlero, yroo-
HO B35ITb B KayecTBE aMILIHTYjh BOJHBI BEIHUMHY Qy, CBSI3aHHYIO
¢ MJIOTHOCTBIO SHEPTHH COOTHOLjgHHEM

= 2 —
& =oal=0/N, (2.151)
TAe 4YacToTa wyx AJf ciayudasl IgjoxKHTENbHO onpeneneﬂnoﬁ 3Hepruu

BOJIHbI CUHTAETCA HOJIO}KHTeJIbkoﬁ, KBanpaT aAMIVIHTYABI aﬁ no aHa-

JOTHH € KBAHTOBOH MEXaHWKQGy yn0GHO TaKKe WHTepnpeTHPOBaTH
Kak udca0 BolH Ny ¢ TaHHBIM k.

BepueMcsi K ypaBHeHHIO (£146). [To amanoruu ¢ teM, Kak Mbl
npeoépasoBuBann NpOH3BOAHhe IO BPEMEHH, MOXKHO npeobpaso-
BaTh ¥ NPOH3BOAHBIE IO NPOCIpaHCcTBY. Tak, Hanpumep, NMPOH3BOA-

Has %E corsnactio (2.138) piguna
OB = (2L +ik,E) jo,t + ik
Bx - T ax T :keXp(—t(ok +i r)+x.c.,

a B Gypbe-npencraBienud (2.148) sra mpoussogHasi COOTBETCTBYET
NPOCTO YMHOXKEHHUIO Ha ifx. ClygoBartennsHo, onsith Beqnuuna iq — ik
COOTBETCTBYET IPOCTPAHCTBEHIpH MPOH3BOMHOM OT aMIJIHTYAH BOJ-

. A a A a A
Bel. B uacrhocTH, BeanunHa - jof = —i(0d), — 5 (08) 5, Kak
MBI BHAMM, IIPH AEHCTBHU Ha 1oJie BOJNHOBOrO MakKera Maer BKJal,
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MpONOPUHOHAAbLHBIA TPaAHEHTy aMIUTYAb Kosebanuit. CooTBer-
CTBEHHO TPH HaNHYU¥ TPOCTPAHCTBEHHOM AHUCIEPCHH ypaBHEHHe

(2.146) npunuMaer BuA
o&F
—p+ div S =0, (2.152)

Tae B NOTOK 3Hepruu Sy, Kpome Bektopa [lofinTHHra, Haer BKAaj
poCTpaHCTBEHHast 4acThb nepBoro charaemoro (2.146). IlosTopss
IIPHMEpPHO Te Ke BbIKIaAKH, 4TO M NpPH BHYHCACHHH &k, HETPYAHO
HafiTH BhIpaxeHue Aas1 Sy:

S, = (E2) —a—{ea)—— c2p? +%Ikek |2}_ (2_153)

8n Ok ®

Kak Mbl BuauM, &y ¥ Sy BHIPaxaloTcsl 4epe3 NPOH3BOAHBIE OT
ONHOM U TOH XKe QYHKIHUH

Ak, ©) = oejte, —ZF 4 & ke, J2. (2.154)

[Ipn ® == wx 3Ta byHKUUA oOpamaeTcs B HyAb, TAK Kak OHa MOJy-
*

yaercsl MPOCTO YMHOXKeHHeM ypaBHeHus (2.93) Ha BenuuHHy ek/E.

MoxHo ckasaTh, 4T0 A =0 BHOIL BCed AMCNEPCHOHHOH KpPHBOM

: o o dA
® = ox. TakuM o6pa3oM, BAOJAb 3TOH KpUBOH dA = a—dm +
(0]

dA o | d
—l—-ai(—dk-—~ 0. Ho Baosb 3Tofl K& KPUBOH OTHOHIEHHE % paBHO

TPYNIOBOR CKOPOCTH, NMO3TOMY Sy == &yvr. CaenoBarenbHo, ypas-
Henue nepeHoca 5Hepruu (2.152) mns BOIHOBOrO Nakera B Mpo-
3payHON cpeje MpHHHMaeT HPOCTOH BHA:

o0&y )
—at—+le (vré’k)zo. (2155)

D10 U ecThb MCKOMOE ypaBHeHHe AJsl KBajpaTa aMILTHTYJbl BOJ-
#pl. OHO JerkKo obobijaeTcs Ha cayual, KOrAa BOJIHA siBAsieTcs
cnabo 3aTyxawluel, T. €. KOria y CO6CTBEHHON 4acToThl NOsIBAsieTCs
HeGoaplliasds MHHUMas A06aBKa, TaK 4TO ® = ok -+ iyx (AJAA 3aTy-
xalieil BOMHE yx << 0). 3T0 3aTyXaHHe CBSI3aHO ¢ aHTH3PMHTOBOM
YacThIO TEH30pa &, ¥ ero MOXKHO HaHTH JH6O HENOCPEACTBEHHO uU3
AHUCTIEPCHOHHOTO cooTHOlIeHus, Hampumep A = 0, rae A paerca
dbopmyaoit (2.154), au6o ¢ MOMOIIbIO ypaBHeHHS [IEPEHOCA IHEPIHH,
B KOTOPOM COXpaHeHa aHTHIPMHTOBA uacTb &, B npubnuxenuu ma-
Joro 3atyxanusi (y € o), T. €. MaJoOfl MHHMOH 4acTH y &==e de,,
¢ nomoupio (2.154) mpu yuere A (wk, k) = 0 nonyyaem

LN/
ImA __ a’ , (2.156)

d - a .,
Bo R4 g 9%

Y=—
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rae ¢ = Re(egéex), &”=Im(eikéex). COOTBETCTBEHHO ypaBHEHHE
(2.155) B cayuae caaGo MOTJOMIAONIEH CPeAbl MPUAMMAeT BHI

&
—= +div (v, &) =2V, 8, (2.157)

3pecs CTOMT HMeHHO 2y, TaK KaK KBajpaT aMIUIHTYABl 3aTyxaer
B/BOe ObicTpee caMoi aMMJIHTYAH.

3. Hmnyaoc goanbi. Kpome sHepruu, BOMTHOBOH Naker ofnamaer
onpeneseHHHM HMNYabcoM. Ero MoOKHO OblIO OBl Takke HaWTH U3
OGIINX COOTHOWIEHHH 3JEKTPONHHAMHUKH CIVIOMIHBIX CPeli, HO MH HC-
noJb3yeM 3nech GoJjiee mMpOCTOH M He MeHee OGmIHA NOAXOM, OCHO-
BLIBAION[HACS HA TajHieeBOl MHBapHAHTHOCTH (U3UYECKHX Npolec-
COB TPH CKOPOCTSIX, 3HAUUTEJIbHO MEHbIUHX CKOPOCTH CBETA.

IlycTh BOMHOBON mNaker pacnpocTpaHsercs B cpele, Koropast
caMa JBHXKeTCsi ¢ mocrosiHHolt ckopocrtelo V. Ilycte sHeprus nakera
IO OTHOIIEHHIO K Cpefle, T. €. B JABHXYIIeHcs cHcTeMe KOODAHMHAT,
paBHa &x. B HeNONBUKHON CHCTEMe KOOPAMHAT 3HEprus maketa &y
Oyaer, Boofiie ropops, OTIHYHA OT &k, U CBA3b MEXKNY HHMH MOXK-
HO HaliTH ¢ NOMOIIbIO TajHJeeBOl MHBapHaHTHOCTH. [laf 3TOrO Ha-
pSiLY C BOJIHOM PAacCMOTPHM HEKOTOPYIO YaCTHIYy Macchl M1, NBHIKY-
mMYIocsl CO CKOPOCTbIO Vo=V -+ V, rne v — OTHOCUTEJNbHAsl CKO-

. , mu  mo
pocTb. JHeprusi 37Ol yacTuUbl paBHa &p=—5 =—— +mvV +
my?
-+ 5~ C TOUYHOCTBIO N0 NOCTOSIHHON BesMHuMHbl MmV?%/2 sHeprus

YacTHIbl paBHa 3‘,’, =¢&p, + pV, rne &, — 3Heprusi B CHCTEME KO-
OpIHMHAT, CBSI3aHHOH CO CPEAOH, a P == MV — HMNYJbC YaCTHLH.
HonycTuM Temepp, YTO 3Ta YacTHIA HMeeT BO3MOXKHOCTbH OOMe-
HUBaTbCS C BOJNHOM 3Hepruefl u HMNyabcoM. Toraa, 4ToGHl 3aKOHBE
COXpaHEHHs] SHePTMH M WMNy/lbca YJOBJIETBOPSJIHCH OAHOBPEMEHHO
H B JBHXKYINeHCs, 1 BHENOABHXHOW CHCTEMax KOOp/JHHAT, COOTHO-
lleHHe MeXAY 3HeprHed H UMNYJAbCOM MakKeTa B JABHXKYIUeHcs cpene
HOJKHO ObITh B TOYHOCTH TaKHM XK€, Kak H JJs YacCTHHH, T. €.

& =&, +PV. (2.158)

YuTteM Teneps, 4TO CBOGOIAHASA HacTHILA MOXKET MHTEHCHBHO B3a-
HMOJeHCTBOBAaTb ¢ BOJHOH TOMBKO NPH BHINIOJHEHHH YCJAOBHA 4ge-
peHKoBcKOro pesoHanca ok — kv == 0. Ilpn sroM n3aMenenne suep-
UM YacTHIBI [0 OTHOMIEHHIO K paccMaTpHBaeMOH cpeme CBA3aHO
C U3MeHEHHEM ee HMIyJbCa OUYEBHAHBIM COOTHOWeHHeM: 68 p =
= mv6v == v6p. TouHO TakHMM Ke COOTHOIIEHHEM [OJKHb OBITb
CBSI3aHbl NIPHPallleHUs] 3HEPTHU H HMIyJbhca BoJHOBOro maxera. Ho
TAK KaK OHH IIpOCTO NPONOPHHOHAJbHB KBaApaTry aMIIHTYAbI
H, €Tajo OblTb, NPONOPUHHOHAJILHBI APYr APYry, TO 3TO 3HAUHT,
410 &k — VP = 0 npn oy — kv = 0. Tak kak nounepeysas mo
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OTHOMIeHHIO K k KOMMOHEeHTa CKOPOCTH 4aCTHIUHL MOXKET GBITh IPOHU3-
BOJIbHOM, TO OTCIOAa CJAEAyeT, 4TO HMNYJbC BOJHB Py HanpasneH
BIOMbL kK U paBeH, NOCKOABKY vk = oy,

pk=mik Ex. (2.159)

HTaK, MBI HallAW UCKOMOeE BhipaxeHnue nist Py. Temeps Mbl BumuM,
MoyeMy HMeeT CMBICHA BBeleHHe BeauuHHb Nx—uHcna BoJaH B na-
kete. C ee NOMOIIbIO 3HEPTHS H HMIYJbC 11aKeTa BbIPaXKaloTcsl O4eHb
TipocTo:

& =o0oN, P =kN. (2.160)

CoOTBETCTBEHHO yIpOIlaeTcsl H CBA3b MeXJy 3Heprueil BOJHHI

B ABHXYEAcS N B HENOABMXKHOM cHcTeMax koopauHar. CpasuuBast

(2.160) ¢ (2.158), Mbl BHAHMM, 4TO HEpTrHsl BOJHBI MEHseTcs B TOY-

HOCTH TaK e, KaK H 4acToTa BCJENCTBHE [NONIVIEPOBCKOTO CABHIa,
T. €.

& =ow}N,, rre o}=o0o,+kV. (2.161)

Uucsno Bond Ny ¥ umnyasc Py npu nepexone H3 ONHOH CHCTEMH
KOOpJAHHAT B APYryl0, €CTECTBEHHO, COXPaHSIOTCS.

O6paTtHM eme pa3 BHUMaHHe Ha TO, YTO OTHOLIEHHE 3IHEPTHH
BOJIHLL K €€ UMIyAbcy paBHo (a3osoll ckopocth: &y = vyPy. Ta-
KUM 06pa3oM, yeM MeHblle (a3oBasg CKOPOCTb, TEM 6onee «TsHKe-
JbBIMy» sSBJSETCH BOJIHOBOA maker, T. €. TeM OOJbIIe ero HUMIyJbC
NIPH ORHON H TOH Xe 3HepruH. «buicTphie» BOMHBI SABAAIOTCA H HaH-
Bonee «IeTKHMU>».

4. Boansl ¢ oTpuyaresvrol axepeued. Ha neprulft Barsiy ka-
JKeTcsl NOBOJIbHO €CTeCTBEHHBIM CUHTATh, UTO YHEPrUs BOJHOBOLO Na-
KeTa Bcerja IOJOXKHUTENbHA: BeAb, KaK NPaBH/0, Ha BO3OyxKjaeHue
BOJIHBl NIPUXOAHTCH 3aTpauHBaTh SHepruio. J1s paBHOBECHLIX Cpen
NOJOKUTEJIbHOCTL 3HEPrUH BOJAH MOXKeT ObITh Ja’Ke CTPOro JoKasaHa
[2]. Onnako p/isi HepaBHOBECHHIX CDEA ITO He TaK, M IOITOMY B
IJa3Me, KOTOpast OueHb 4acTo ObiBaeT HepaBHOBECHOMH, BOJIHBI He-
peaxo 06JsafaloT OTPHHATENBHBIM 3HAKOM 3Heprud. Orpumarenn-
HOCTb 3HEPTHM BOJHOBOrO Nakera O3Hadaer, 4YTo IJs ero co3iaHus
Tpe6Gyercs He BBECTH 3HEPTHIO, & OTHATb HEKOTOPOE KOJIMYECTBO
SHEPTHHU OT CPEeHl.

CaMplél IPOCTOH MpUMep BOJHBI ¢ OTPHLATENbHOH 3HEpPTHEl BO3-
HUKaeT IIpH PacCMOTPEHHH BOJH B ABHXKymHXcs cpenax. Ilycrs
nJockasl BOJIHA paclpocTpaHfercd BLOJAb OCH X, TaK 4TO Rk — R,
M ee uwacTOTA ® == @x. JHEPrusi TaKOH BOJHBI paBHA & == wyN.
Ionyctum Tenepb, 4T0 BCS CPeAa NPUXOAMT B HABHMKEHHE CO CKO-
pocteio Vi = —Up IPOTHB HaNpaB/eHHd DacNpOCTPaHEHHs BOJHBI,
T. e. BaeBO. I1py 3TOM NPOM30HAET AONIJIEPOBCKHH CHBHI 4acTOTh!
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0
,mgz_—mk—-kvn H COOTBETCTBEHHO YMEHBIUIHTCH 3Heprud &° =

. ==(@r — kvo) N. Bynem yBenuuuBaTh CKOpOCTb cpefibl vp. Torma
ApH NOCTHXEHHH CKODOCTH Up, paBHOfl (a30BON CKOPOCTH BOJHBI,.
BOJIHA B HEMONBHXKHOH cHCTeMe KOOPAHHAT OCTAaHOBUTCH, M €€ ua-
cToTa, a crano OwiTh, H 3Heprus obpaTarca B HYab. Eciu Xe cko-
poCTb U CTAHET 6onblie $a30BOf, TO IHEPTUsS BOJTHBI H3MEHUT 3HAK
i cTaHer orpHuarenbHofl. [lpu TakoM CBepX3BYKOBOM JBHIKEHHH
cpenbl (eciu BOJHA — 3BYKOBasl) BOJMHA CHOCUTCS CPEAOH M pac-
' fipocTpaHsieTcsl BJIEBO, XOTS W MO OTHOIIEHHIO K Cpele OHa pacnpo-
¢TpaHsierTcsl BNPapo. DHEPTHs TAaKOH «OTCTalomled» BOJHEI OTPHLA-

% rejibHa, T. €. AJIS1 ee BO3OYKJAEHHUS HYXKHO He IlepefaBaTb JHEPTHIO-

“* ¢pene, a OTHUMATb 3HEPTHIO OT CPeasl.

. 3ameruM, B 4YaCTHOCTH, 4TO H3BeCTHOe YycloBue Jlanpay nns
. pefesbHON CKOPOCTH CBEpPXTEKYuero JNBUXKEHHS rejus,.
&n— prvo > 0, rae &r — 3Heprusi, Pr — UMNYAbC BO3OYKAEHHS B.
reJUH, KBHBAJEHTHO YCIOBHIO OTCYTCTBHsS BO3OYXKAeHHA C OTpH-
1aTeNbHON 2Heprued MO OTHOWIEHHIO K J1abOpaTOPHON CHCTEME KO-
OpAMHAT, T. €. 110 OTHOLICHHIO K CTE€HKaM KaluJsipa, N0 KOTOPOMY
TeyeT rejui.

YuurbiBasi 3HAK 3HEPTHH BOJH, MOXKHO HECKOJBbKO NO-ApPYroMy

B3MISIHYTh W Ha sIBAEHHE UYePEHKOBCKOTO H3JY4YeHHsl, WJIH OOTeKa-
#usl Ten norokoM. HerpyaHo BuAeTh, YTO YCIOBHE 4epeHKOBCKOIrO:
#3nyuenuss ox — kvo = 0, rae vo— CKOpOCTb yacTHI, HAU o6par-
$as efi ckopocTb ofreKawniero MoTokKa, o3HauaeT, 4TO yacTtoTa co-
TBETCTBYIOIIEH BOJIHBI, a CJel0BaTENbHO, H ee 3Heprus, obpa-
“WMaroTcs B HYJb B CHCTEMe KOODAHHAT, CBSi3aHHOR ¢ wacTHief.
OHO CKa3aTb, 4TO NpH OOTEKAHUH Teja OT Hero OTXOAAT TOJBKO:
OJIHLI ¢ HYJEBON 3Hepruell. JTo BIIOJHE eCTECTBEHHO, TaK KaK Iio-
oOfiileecsi TeJO pabOTH He cOoBeplaer.
‘Ecnn XKe Teno uMeer eue BHYTPEHHHE CTeneHH cBOGOABI H MO-
eT coBepliaTh KOJeGaHHsl, T. €. €ClH 3T0 OCUUIIATOP C HacTo-
Bt @y, TO MOXET NPOHCXONUTh O6MeH 3Hepruell MeXAy BOJHOH H'
tuaasiTopoM. OH [POMCXONUT NIPH YCJAOBHH pesOHaHca:

o—kvp=w0; uwm o—kvy=— (2.162)

*

. B nepsom ciyuae ycroBHe pe3oHaHca yAOBJETBOpsieTcS NPH Io-
OXHTeNbHON YacToTe ® — Kvo BOJIHBL M COOTBETCTBEHHO UOJOXKH-
BAbHON ee 3Hepruu. [IpH 3TOM TOBOPSAT O HOPMAJBHOM [NOIIJep--
bdekte npu pesonance. Bo BTopoM ciyuae pe3oHaHC OCYIIECTB-
AeTCsl ANSi BOJHBEI € OTPHUATENbHOM 3HeprueHl, ¥ COOTBETCTBEHHO:
KOH pe3oHaHC NPHHSITO Ha3blBaTh aHOMaJbHLIM. [Ipu anoManbHOM
onngep-spdekrTe OCUUANATOP, H3NYUAIOUIMH BOJHY, He Tepser, a
Gupaer 3Hepruio, NOCKOIbKY BOJHA B €ro CHCTEME KOOPAHHAT
MeeT OTpHIATeIbHYI0 SHEPruio. ¥ miasMe! B MarHMTHOM NOJIE Ta-
HMH OCHMJINISITOpaMHU SIBJSIIOTCS 3apsiXKeHHBIE YacTHIBl, COBEpPIIalo-
He HuKJOoTpoHHOe BpamieHue. Ilpu 3TOM ®) MOXKeT OBITH paBHa:
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J10604 rapMOHHKE HUKJIOTPOHHON YacCTOTHl, H COOTBETCTBEHHO YCJO-
BHE pe3oHaHca HMeeT BUJ

® — kv, = nQy, (2.163)

TAE N — LeJ0e 4YuCIO, NMOJN0KHTEIbHOE AJIS HOPMAJ/JbHOIO H OTPULa-
TeNbHOE NJA aHOMajbHOro aomnmnaep-s¢dexra, a v, — CKOPOCTb ya-
CTHIB! BROJb CHJIOBOR JHHHM (HAH B3siTasy ¢ OOpaTHBIM 3HAKOM
CKOpOCTb 00TeKalolel cpefbl).

Mm1 paccmorpenn TONBKO CaMbiF NPOCTON Ciaydal, CBSI3aHHBIHA ¢
JABHXEHHEM cpelbl, KOr4a IO OTHOIIEHHIO K cpeae BOJHa HMena
MOJIOXKHUTENbHYIO Hepruio. B HepaBHOBecHOM M1a3Me MOryT BCTpe-
THTbC H 0OJiee CJAOXKHBIE CHTyalluH, KOTAa JaKe B HENOABHIKHON
cpelle 3HeprHsl BOJHBLI, onpefeneHHas obuiuM BeipaxkeHHeM (2.150),
OKa3blBaeTcsl OTpHllaTe bHOH. PasyMeercsi, 370 MOXKeT OBITh TOJNBKO
B TOM Cay¥ae, KOrja Inja3Ma jajeka or papnoBecusi. Hanpumep,
BOJIHHL C OTPHUATETbHOH Hepruell MoOTyT CyLlecTBOBaTh B ILIa3Me,
yAep:KHBaeMOH B 3epKajJbHON JOBYIIKe (C MarHUTHBIMH NpOGKaMHu),
B TOM caydae, xoria OyHKHHA pacrnpeleneHHss 4acTHI[ OTBeyaer
HHBEPCHO!N 3aCeJeHHOCTH H3-3a TOTO, YTO YaCTHLB C MaJjofi mnome-
peuHoli KOMIIOHEeHTON CKOPOCTH B TaKOH JIOBYLIKe He YAepiKusa-
torcsl. BomHel ¢ oTpHmarenbHOll 3Hepruel Moryt ObThb TakKxke B
n/a3Me ¢ MydKaMH 3apsi)KeHHBIX YacTHIL.

5. ITapaboauueckoe ypasuerue. TlonyyeHHBIe Bbllle ypaBHEHHS
(2.141), (2.157) ans k 1 &x cCOOTBETCTBYIOT NPUOAUIKEHHIO TeoMeT-
pH4ecKOo# ONTHKH, KOTJa MJIHHA BOJHBI CUMTaeTcs Hcuesalole Ma-
JIOfi IO CPaBHEHHIO C XapaKTepHBIMH pa3MepaMM BOJHOBOTO IaKera.
Ho B mpuHiune MOXHO ydyecTb MaJibie YJIeHbl NMOPSIAKA OTHOLIEHHS
AJHHBL BOJHB K pasMepy Iaketra H TeM CaMbIM NIpHOJIHIKEHHO OmH-
catb Audpaknuio BOAH. [ HOUTH MOHOXPOMATHUECKOH BOJIHBI 3Ta
npolelypa NPHUBOAMT K TaK Ha3biBaeMOMY IapaboJIMYeCKOMY ypas-
HEHHU, TpeasoxenHoMy Brepsoie M. A. JleorTtoBHueM [61].

PaccMoTpuM onfitb NMOYTH MOHOXPOMATHUYECKYIO BOJHY H AJs
IpPOCTOTHl AONYCTHM, UTO CPeAa fIBAAETCS H30TPONHOM, TaK 4TO 4Ya-
CTOTA 3aBHCHT TOJIBKO OT aGCOJMIOTHOrO 3HaueHUs! BOJTHOBOTO YHCJA.
[IpencraBuM 3JeKTpHYECKOE NOJ1€ BOMHE B BUAE

E =e, Eexp(—iof +ikx) + k. c., (2.164)

Koropulil orauyaercs or (2.138) rteM, uro Temeppr B E MBI yuuTHI-
BaeM MeJlJIeHHOe H3MeHeHHe KaK aMIJIHTYAB, TaK u $asel (co Bpe-
MeHeM H B IIPOCTPaHCTBeE).

3aecb ky — BOJNHOBOE 4YHCIO, a @ == ® (ko)— cooTBeTcTByIOLIAS
€My co6CcTBeHHAsl 4acTOTa, €k, — BEKTOD MNOJSPH3ALHH, KOTOPHI MBI
AJs1 0pOCTOTH GyJAeM CUHMTaTh NOCTOSIHHBIM, YTO CIpaBeAJdHBO /IS
IJaBHOTO ITlaKera, KOrAa ko 3HAUHTENbHO GOAbIle oGpaTHOrO pas-
Mepa nakerta. byaeM cuMTaTh, YTO OCb X NIPAMOYTOJILHOH CHCTEMBI
KOOpAMHAT HamnpapjeHa BROIDb K.
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KomnnekcHylo aMmnantyay E, MelneHHO MeHsOmylocs B Hpo-
cTpaHCTBE H CO BpPeMeHeM, MOXHO Pas3JIOXHTb B HHTerpan ®ypbe:

E = S E,.vexp(— ivt + ixr)dn dv, (2.165)

‘plie 06siacTb MHTErpupoBaHus no x ~ 1/L, a mo v ~ 1/T, L — xa-
paKTeprII/I pa3Mep mnakera, I ~ L/v, — XapakrephHoe BpeMsi ero
“H3MEHEeHH.

" Ecanm (2.165) moacraButh B (2.164), to camo nmome E Oymer
‘nmpefcTaBIeHO B BHIE HHTErpajia Dypbe, MpHYEM €r0 KOMIOHEHT&
' Exo OKa3sbiBaercsl paBHOR Exo=eEw 1mpu k = ko + %, 0 =wo-+v.
- “Ho B dypbe-pasnoxenun E MOryr HpuCyTCTEOBAThL JHIIbL Te rap-
.MOHHKH, y KOTOPBIX 4aCTOTa ® COBIafaeT ¢ cOGCTBEHHON YacTOTOH,
“r. e. (0 — 0g) Exo=0. O1ciona caenyer, 4to (©¢ + vV— 0k +x) Exv=

‘M, C/IEAOBATENbHO, HMEET MECTO COOTHOIIeHHE

S (v— @y 4 T 0 ) E pexp(—ivt +ixr)dvdne =0. (2.166)

Tak kak ® MaJjl, TO MBI PA3J0XKHM Okt — O, B PSAL 110 %® U YyUTEM
wieHsl A0 BTOPOro mopsinka BKJogHTeabHO. [lo npemmnonoxenuio,
®k 3aBHCHT TOJIbKO OT aGCOJIIOTHOH BEJNMUMHBI B, H NOITOMY

‘°k.+uzmkn+(|ko+“l—ko)vr-i_%(lko T %= kY vl (2.167)

__de r__ 0o
UC=Tk U=

| &y + % | = A/ (R, T+ %, T+ % by + 2, + %2 |2,
‘Ecnn nonctaBuTh 3TH Bhipakenus B (2.166) u yuecrs, uTo v = iai .

aJ
== — j—=—,T0 Mbl NONYYHM ypaBHEHHe J15 KOMIVIEKCHO! aMmin-
itk

_O0E  3E v, 0°E
17+l0ra—x+ A E+ 9 2 =(. (2168)

910 ¥ ectb mapaboaunueckoe ypaBHeHHe. Ecau or6pocuts ABa
NOCHENHHX MaJibiX CJlaraeMblX, TO MBI TOJYYMM ypaBHEHHE Nepe-
JE J0E
5 T o
"C yueToM e 3THMX u/JI€HOB HOCTHraeTcsi Gojiee TOYHOe OMHCAHHE Ma-
. (l;era B KOTOpOe TNpHUOIHXKEHHO BKJAWOHaOTCH NUpPaKUHOHHHIE 3¢-
WPEKTHI.

HOCa = 0 B NPUOIHKEHHH TeOMEeTPHUECKON ONTHKH.
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§ 6. Boansl B HeOLHOPOAHBIX CpeAax

1. Keasukaaccuxka. Ecnv nnasma siBasietcd HEOJAHOPOJHOH, TO
npobseMa onucaHuA ee KosebaHHH CYIIecTBEHHO YCJIOXKHSAETCH.
‘C MaTeMaTH4eCKOH TOYKH 3peHHS 3TO YCJO0XKHEHHE COCTOHT B TOM,
YTO Terepb NPUXOAHTCS HMETb Ae0 C AuddepeHUHANbHBIME (HIH
VHTErpaJbHbIMH) YPaBHEHHSIMH ¢ MEepPEeMEeHHBIMH Ko3(duluHeHTaMH,
PellieHHe KOTOPHIX CONMPSAXKEHO ¢ GOJMBLINMH BHUHCAUTENbHBIMH TPYA-
HoctaMu. Ho Kpome 3Toro umncrto ¢opmajbHOrO YCAOXKHEHHS, KOTO-
poe 3ak/miouaercs B Gojiee yTOMHTEJIbHOM OMHCAHHH TeX e BeTBei
KoseGaHu#, KOTOPble HMEJHMCh Y ONHOPOLHOH MJasMbl, npobiema
KoJieGaHHH HeOoJHOPOAHOH MJa3Mbl CTPYKTYPHO CTAHOBUTCS TOpasno
CJIOKHEE M3-3a TOTO, YTO MOTYT MOSIBUTHCH, H NEHCTBUTEJBHO MOSR-
JISIOTCS, HOBble, MOAYAC JOBOJbHO HEOXKHAAHHbE, BeTBH KoJebaHui
HEOJHOPONHON NJ1a3Mbl, B 4aCTHOCTH HeycroffunBbie BeTBH. [TosTomy
B TEOPHIO KOJIeGaHHIl HEONHODPOMHOM MasMbl ZOMXKHA ObITb BKJIO-
yeHa BCA TEOPHA HEYCTONYHBOCTeH, NpeACTaBJAIONIAA K HACTOSAIIEMY
BpeMeHH CaMOCTOSITEJbHYIO OOIIMPHYI0 006JacTb TEOPHH MJIa3Mbl.
SIcHO, uTO ee copepKaHHe [ajeKo BLIXOAWT 32 PAMKH HAaCTOALIEro
naparpada, H 3jlecb Mbl BBIHYKIEHbHl OIDAHHYHTbCA TOJLKO KpaT-
KHMHW KOMMEHTAPHSIMH,

Cpenu pasauuyHBIX BeTBeH KoJeGaHHH HEONHODONHOH IJAa3MBI,
€CTECTBEHHO, COMEPIKATCH H Te BETBH, KOTOpble HMeITCs Yy OLHO-
poxnuoil nyasMbl. Ecsin AJIMHA BOJHBL COOTBETCTBYIOIIMX BOJH 3HAUH-
TeJIbHO MEHbllie XapaKTepHbIX Pa3MepoB mja3MeHHoro o6pas3oBaHud,
TO AJf ONHCAHHA HX PACNpPOCTPaHEHHA MoOXKeT ObITb HCMOJb30BaH
$opManusM BoJHOBHIX naxkeroB. CoorBercTBylollee NpHOJMKEHHe,
XODOILIO H3BECTHOE NOJX HAa3BAaHHEM KBAa3HWKJACCHYECKOrO, MJIH reo-
METPHUYECKH-ONTHYECKOTO, ABJAETCS NOCTATOYHO YHHBEPCANbHBIM H
NPHMEHMMO NPAKTHYECKH K JIIOOBIM BOJHAM, B OCOGEHHOCTH €CJH
peub HIET O CPeRax C ONHOMePHOH HEOMHOPOLHOCTHIO.

Ilycrb, HampuMep, nmapaMeTpH MJa3Mbl H3MeHSIOTCA B 3aBHCH-
MOCTH TOJIBKO OT KOOPAMHATH! 2, a BOJHOBOH BeKTOp Kk HMeer xoMm-
noHeHTH R u k, (rax uro ky = 0). Torma coGcrBennas yacrora
KosieGanuii, KoTOpass MoxeT ObITh HafijleHa M3 JIOKAJBHOTO AHCME-
CHOHHOTO ypaBHEHHsl B NpUOJHIKeHHUH OJNHOPONHOH cpefbl, ABJAETCA
dyukuuei © = o (kx, kR, 2). lonycruM, yto paccMaTpuBaeTcs 3a-
jpaya O paclpoCTPaHEHHH BOJHB OT TapMOHMYECKOrO HCTOUHHKA,
coBepliaoIero Koae6anua ¢ yaerotoft we. Ilocje Toro kax coor-
BETCTBYIOLLEE BOJHOBOE I0JIe YCTAHOBHTCH B NPOCTPAHCTBE, BOJHO-
BOE YHCJIO AOJMKHO ObiTb CTALIHOHADHBIM B KAXKIOH TOYKE POCTPAH-
cTBa, Tak 4to corjacHo (2.141) Vo =0, 1. €. @ (ks, &, 2) = @y =
= const. :

Ecan naxer OueHb WHPOKHHA, TO NMPH (PUKCHPOBAHHOM z KOMIO-
HeHTH Ry ¥ Rk, NOJMXKHBLI GBITH TOCTOSHHBIMH H HE JOJKHBI 3aBHCEThb
oT x. A Tak KaK BosiHOBOe none k sBasercsa Oe3BuxpesnM, k = Vo,



§ 6] BOJIHBI B HEOJTHOPOIJHHX CPENAX 93

2

TO %’E"—=»‘lﬂ’—=ﬂzﬁ=0, T. €. U3 He3aBHCHMOCTH K, OT X BBITe-
KaeT NOCTOSHCTBO k.: k., — const. Taxum o6pasom, u3 cooTHolie-
Hust @ (Rx, R;, 2) = @o BHITEKAeT, 4TO KR, ABAAeTcHd (yHKuHeR 2:
BeJHUYHHA R, BCe BpeMs <«IOACTPAHBAeTCA» TaKUM 06pa3oM, 4ToOHI
JOKaJibHasl yacTora KoJsieGaHWH paBHsJach BHeIIHeH uacroTe.

O6parumMcs Ternepb KO BTOPOMY YPaBHEHHIO NHHAMHKH BOJHOBBIX
NaxKeToB — ypaBHEHHUIO NepeHoca sHeprud (2.155). B cranuonaprom

OIlHOMEDHOM CJyyae OHO NPHHHUMAaeT BHJA 'éz—vrzg= 0. Tak xax &

NPONOPIHOHAJBHO KBaJpaTy aMILIUTYAB KoseGanuit E2, to orciona
cnenyer E? ~ const/vr,. Tawm, rie rpynnoBasi cKOpocTb CTpeMHTCH
K HyJ10, MPOHCXOAUT <«CTYLIEHHE» MaKeTa, a ero aMIVIUTYAa CTpe-
MHTCS K GeCKOHEYHOCTH. DTa TOYKa COOTBETCTBYET TOYKe MOBOPOTA
naxkera, T. €. €er0 OTpaXeHHIO OT 06JacTH HEmpo3payHOCTH.

PaccmoTpuM B KauecTBe NpocTeiilliero NnpuMepa 3ajavy o nafe-
HUM Ha MJ1a3My NOMepeuHodl BOJIHH K3 Bakyyma. B manHoMm cayuae
0} = o?=c?%?+ ol . [lycTb BoJHa NajaeT HA NJIa3My CHH3y BBepX,
a MJIOTHOCTb IJIa3Mbl BO3pacraer ¢ 2. Torla u3 LHCIEPCHOHHOTO CO-
OTHOIIEHHS HAXOLHM

k, = AJ0l — 02, — k22, (2.169)

Kak MB BHAHM, N0 Mepe yBeJHUYEHHs [Ja3MEHHONH YacTOTH
A Bl 2
mpe=1/4ne2n/me BeJIHYHHA k, YMeHbIIAETCH H B TOUKE Op =
2 — p2p2 2 _— p2 2 2
= 0 — c%2o06pamaercs B Hyab. Tak xak o} =c?(k2-+ k%)), rrme
k.0 — 3HayeHHe BOJHOBOTO YHC/Ia B BaKyyMe, TO 3Ta TOYKA COOTBET-
CTBYeT 4acToTe
2
keO

9 0 __ 2500
) w?sin?0, (2.170)

2 —
wpe—w

rae 0 — yroJ majgeHus BOJIHB Ha TjasMeHHut cioii, Touka k, = 0
(npu 3TOM W Ur; = 0) coorBeTcTByeT TOYKE OTCEUKH 3JEKTPOMar-
HUTHOH BOJIHBEI: B OoJiee TyIyGOKHE CJIOH BOJIHA HE MOKET NPOHHK-
HyTb H3-3a Hellpo3pauHocTH mja3mbl. Ecau yroa 0 6ausox X n/2,
TO 3Ta TOYKa OJM3Ka K TOUKE MJIA3MEHHOTO0 PEe30HAHCA g == ®pe,
B KOTOPO# BHEIHSIA YaCTOTa COBMAAAET C JIEHI'MIOPOBCKOM.

B pesyabrarte mosiBJsieTcs BO3SMOXKHOCTb TaK Ha3blBaeMON TPaHc-
dopManuHu BOJHBE U3 NonepeyHodl B npononasHyto. OHa 3akiaouaercs
B chaeayioieM. Ecau 3/1eKTpOMaTHUTHAs BOJIHA NOJSiPH30BaHa Ta-
KHM 06pa3oM, UTO ee 3JEKTPHUYecKOe MOoJe JIeXKHUT B MJIOCKOCTH X, 2,
TO BOJH3H TOYKH OTCEUKH, THe Rx > k, W momepeuHas BoJIHA pac-
npocTpanaercs NOYTH BAOJb OCH X, ee 3JeKTPHUeCKoe TMoJie OKashi-
BaeTcsl HaNpaBJIEHHHM BHOJbL 2. 332 TOUKOH oTpaxeHus, rae k, cra-
HOBUTCA MHHMBIM, 3JIeKTPHUYECKoe IoJie 3KCIOHeHIHaJbHO yOniBaeTt
C 2, OHHAKO Kakaf-To MaJjiasl e€ro YacTh yCleBaeT JNOXOMHUTDb A0 TOUKH
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pPE30HAHCA Wy = Wpe. B 3TOH TOUKe BHelHee IoJje pacKayumBaeT
JIEHIMIOPOBCKYIO BOJIHY, TaK YTO YacCTb 3HEPrHH OT INONEPEYHOM
BOJIHBL TNepelaeTcd B INpomoabHylo. DtoT 3d¢dekT u HasbBaercd
Tpancdopmanuel BojHE. AHajoruyHoro pona 3¢ odexTn Tpancdop-
MallHd MOTYT NPOHCXOLHTb U B JAPYIHX BeTBAX KoJeOGaHHil.

KBasuxaaccuyeckoe mpubsuxkeHHe NPHMEHHMO TaKXKe K 3ajaue
pacnpocTpaHeHHs] MaTHHTOTHAPONHHAMHYECKHX H JPYTHX THIOB KO-
aebaHuit iasMul. C yueToM COOTBETCTBYIOIHX I'PAHHYHBIX YCJIOBHHA
TaKuM 06pa3oM MOTYT ObITb MOJYYeHB! YacTOThl COOCTBEHHBIX KO-
nebanuil MJaasMbl, KOrga BCJAeNCTBHe OTpa)KeHHsi OT TPaHHLl HJH
TOYeK MOBOPOTA B HeHl MOryT oOpas3oBbIBATBCH CTOSUHE BOJIHBHL.
OnHakKo 3TOT MeTOJ MO CYLIECTBY AABAAETCA OTPaHHYEeHHBIM; TaK, OH
He TO3BOJISIET YJIOBUTh OQHY M3 HHTepecHeHIIHX ocobeHHOCTEl crex-
TPOB COGCTBEHHHIX KoJeOaHHi Maa3Mbl, B YaCTHOCTH Ha MarHHTO-
THIPOMMHAMHUECKHX BeTBSIX, — BO3MOXKHOCTb CYIECTBOBAaHHS He-
NpepPLIBHLIX CIEKTPOB.

2. Henpepoigruvie cnexrpol. KBasuknaccHuecKoe npuOnuKenue,
onupampineecs Ha KapTHHY pPACNpOCTPaHEHHS BOJHOBHIX [aKETOB,
XOpOILO TMPHMEHHMO TOJBLKO B TOM CjydYae, eCH 3TH Iakerhl Hefi-
CTBHTEJBHO PAaclpPOCTPaHAIOTCH 4epe3 maasMy. Ecam XKe rpynmnosad
CKOPOCTb OYeHb MaJjia HJH BOBce ofpamiaercd B Hyab, KakK Toria
IOJKHA BBINIAETh KapTuHa KoJjebGanuii? UroGh omucarb ee, Hau-
HEM C caMOro IpOCTOr0 cJayyast JIEHrMIODOBCKHX KoJeGaHHH B Xo-
JojiHol miaasme. Hacrora o = ®pe TAKHX KoJeOaHHUH He 3aBUCHT
OT R, TaK YTO TPymnoBasi CKOPOCTb paBHa HyJa0. [locMoTpumM, Kax
OynyT BHIVIANETb TaKHe KoJeOGaHHS B HEOXHOPOLHOH MJasMe,

Iaa onucanus KoneGanuit BOCNoJb3yeMcsi YpaBHeHHeM

S :

2F +02,E=— c?rot rotE. (2.171)
dto ypaBHEHHe HEeTPYAHO NOJYYUTb, ecad mnponuddepenuuposarhb
no Bpemenu (2.82), ucKawouuth 3ateM B ¢ nomompio (2.83), a mas
IJIOTHOCTH TOKAa BOCNOJb30BATbCA JIHHEAPHM30BAHHBIM YDPaBHEHHEM

a av, e’n
IBHXKEHUS 3JEKTPOHOB th— = —en ate = Tn—E . YpaBHenue (2.171)
e
ONMHCbiBaeT KaK MPOMOJbHBIE, TaK H MONepeyHble BOJHH B IJa3Me.
Jas npononbHbix BosH E = —V, 1 ecn npuMeHuTh onepanuio rot

K (2.171), o nonyunm [Ve, Vn] = 0. 310 3Hauur, YTO A/ NOTEH-
IHAJbHBIX KONeGaHuH NMOBEPXHOCTH NMOCTOSHHON MJIOTHOCTH, CTPOTO
roBOPA, JOJKHK ObITb 3KBUIOTEHUHAJbHHI.

PaccMorpuM cHayaja HWMeHHO Takue KoJebGauusi. Torna

Vo =%%Vn', v ypaBHenue (2.171) samuuercs B Bulle

A ap :
5F on T %oean 0 (2.172)

Orciofa BHAHO, YTO B KaxKJOH TOUKe NOTEHIHAJa xoJjebjaerca ¢ ya-
CTOTOH, paBHOM JIOKAJbHOM NJa3MeHHoH dacrore. las mo6oro 3ua-
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= 0
YeHHss ©==0) MOXHO INOCTPOHTb pa3pbiBHOe pellenue (2.172),

a
Korjpa -é%=6(n—n°), T. e. NOTEHUHAJ HABJAETCA CTyNeHyarTodh

¢yHRIMEA ¢ pa3pblBOM B TOUKe, OTBedaiolleHl BoIOpaHHOMY 3Haye-
HHI0 co6cTBeHHO vacToTh. KoseGnercs TOJNBKO TOHKHE CJIOH 3JIeK-
TPOHOB BOJIM3HM MOBEPXHOCTH 7 = const, oTBeyaroueill 3aaHHON Yya-
CTOTE ®, W MPH TAKHX KOJeGaHUAX OH ABJAAETCH FAapMOHHUUYECKH KO-
JAe6JIOMHMCA KBOMHLIM 3JeKTPHUECKHM caoeM. HMrtak, Mbl BHAuM,
YTO NAHHO# 3ajaue OTBeuaeT HENPEPLIBHHIA CMEeKTP KoJebGaHuil,
KoJie6aHHA MOTYT NMPOUCXOLHTL Ha JI0G0H NI1a3MeHHOH YacToTe Wpe,
KaKasi TOJbKO MOXeT ObTb B [IAHHOM TMJIa3MEHHOM CryCTKe, OT
®pe max M0 ®pemin, KOTOPHe ONpeNeNsIOTCss COOTBETCTBEHHO MaKCH-
MaJbHOH K MUHHMAJLHOHN MJIOTHOCTAMH 3JIEKTPOHOB.

Ecnn B TakoMm crycTKe nmpoH3BeCTH HEKOTOPOEe HAYAJbHOE BO3-
MylleHHe, NPH KOTOPOM Bce 3JEKTPOHBI CMewlaloTcss B ONHY CTO-
poHY, TO cHayaJa 3JeKTPOHB OyIHyT KoJeHaTbCsi COBMECTHO OKOJIO
noJjioxkeHuss paBHoBecus. Co BpeMeHeM, onHaxo, daswl KoneGanuit
OTHeJbHHX CJIOeB HAYHYT pacXOAMTbCA Apyr Ot apyra. pyrumu

dk o
C/IOBAMH, COIIACHO YpaBHeHHIO —-= V@ BOJHOBOM BekTOp GyAer

JuHeiiHO Bo3pacraTtb co BpeMeHeM: k = [Vwpe, npuueM teM OLICT-
pee, ueM GoJblie rpaJHeHT IJIOTHOCTH B NaHHOW Touke. Benemcrsue
Bo3pacraHus k OyIZeT MOHOTOHHO NajgaTh aMIVIUTyAa KoseGaHui
3JIEKTPUUECKOTO I0J5l, TaK KaK OyleT yMeHbumaThcst objaacrb ¢ Of-
HO# ¢a3oil KosebaHui.

Paccmorpennas xapTvHa ABjsieTcsl THIIMYHOM AJI8 CHCTEMBI C He-
NPepLIBHHIM CNIEKTPOM, KaKOBOH ABJAfeTc HEOAHOPOLHHIN CTyCTOK
NJ1a3Mbl 110 OTHOLIEHUIO K JIEHTMIOPDOBCKHM KojeGaHusiM. 3aTyxauue
e xoJseGaHufl u3-3a pasberanus das cxooHO ¢ 3aTyXxaHueM Jlan-
jay, TAe TO JKe SIBJEHHE HMeJ0 MeCTO B NPOCTPAHCTBE CKOpoOcCTed,
B KoTtopoM pasberanuch no ¢asam poann Ban-Kamnena, taxxe
HMeBIlIHe HEeNPePLIBHLIA CIEKTP.

PaccMoTpuM Temeps JIGHTMIOPOBCKHe KosnebGaHus 0ojee ofiero
Buzna. JlonycTuMm, 4TO AJIHHA BOJIHB TAKHX KoJeGaHHil MHOr0 MeHb-
e, 4eM C/wpe. Torna B ypaBHeHuu (2.171) mnpasyio wactb ¢op-
MaJbHO cJejyeT CYHTaTh OOJMBLION IO CPABHEHHIO C JIEBOi, H ero
MOXKHO peliaTh METOJOM IIOCJENOBaTE/NbHLIX NPUOANKEeHHHA. B Hy-
aeBoM npubankenun umeeM E = —Vg. las noayuenus caenyro-
Llero NpubaAHKEHHs, Kak 0Obluio, cilefyer noTpeboBaTh, 4TO6Ll Ma-
Jasi JieBasl 4acThb YAOBJAeTBOPSAJIA YCAOBHIO OPTOrOHAJLHOCTH K De-
IUEHHIO OflHOPOJHOrO0 ypaBHEHHS HyJeBoro npubiauxenus. B man-
HOM cJyyae 3TO YCJOBHE CBOMHUTCS K PABEHCTBY HYJIO LHBEPreHIHH
JIeBOH 4acTH, T. e. :

0? .
—7 B¢ + div (2, Vg) =0. (2.173)



06 JINHEMHHIE BOJIHBI fri. 2

JlonycTuM oNsiTh, YTO IVIOTHOCTb I 3aBHCHT TOJLKO OT KOOPIH-
HaTh 2, H GyleM HCKaTb pelieHHe B BuIle @(2) exp(—iwf + ikx).
Torpa pis nuHedHOro NpopuAs MIOTHOCTH n == no[l —(2/L)] ypas-
Henue (2.173) mpumer BuR

d (v2_ 2 ﬂ_kZ(\ﬁ——E—)cpzo, (2.174)

dz

L) dz
% — % dne’n,
rie vV =—7ptl, 0, = _—
® p m,

pe

D10 ypaBHeHHE TAKXKe HMEET HenpepbBHbIA CeKTP cOOCTBEHHBIX
3HAUEHHI, HO BCE OHH KOMIJIEKCHBI, MOCKOJbKY COOTBETCTBYIOT 3a-
TYXAIOIMM KOJIeGaHHAM ¢ YacTOTaMH, OJH3KHMH K JIEHTMIODOBCKOH
YacToTe B MPOH3BOJbLHOH TOUKe Z.

Jlst 1eHTMIOPOBCKHX KOJeGaHHH HelpPepblBHHIH CIEKTP AABJsAeTCS
CleACTBHEM HYJEBO# IpynnoBoil ckopocTH. B pesysbrarte 3TOrO0 BCe
KoJieGaHUA HOCAT JIOKAJbHbIA XapakTep H HHKYHAa He IepeHOCHTCS
co BpeMeHeM. OkxasbiBaercsl, YTO aHaJOTHYHOE SBJEHHE MOXKET
HMETb MECTO IJIsi APYrUX BerBeH KojeOGaHMH, B 4AaCTHOCTH s Mar-
HHTOTHAPOAHHAMHYECKHX.

B caMoM plese, pacCMOTDHM, HanpHMep, a/JbBeHOBCKYIO BOJHY.
Y Taxoi BOJIHBI, KaK MB! 3HaeM, TPyNnoBas CKOPOCTb HaNpaBJjeHa
BHOJL MaruutHoro noss. [lostoMy B cjioe nmiiasme!, B KOTOPOM aJib-
BEHOBCKAsl CKOPOCTb 3aBHCHT, CKaXeM, OT IONepeyHoH KoOpAMHA-
Thi X (HanpuMep, U3-3a 3aBHCHMOCTH MacCOBOH IJIOTHOCTH OT X),
HO CJIOH OJHOpPOHNEH BJOJb MAarHHTHOTO noJsi, OyaeT HMeTb MecTo
npaKTHYecKH Takoi ke 3Ppdexr, KaK AJa JEHTMIODOBCKHX BOJIH.
JleficTBHTeNbHO, NMOCKOJBKY TONepeyHass KOMIOHEHTa TIpPYyNNnoBOU
CKOPOCTH PaBHA HYJIO, BOJNHB B COCENHUX cJOAX HE OYLYT BJHATH
IpyT Ha ApYyra, pacnpocTPaHsisich BAOJL MaCHHTHOrO IOJS Kaxaas
€O CBoOeil JIOKaJbHOMH aJbBEHOBCKOH CKOPOCTHIO,

B pesysbrate s1060e HauaJbHOE BO3MyUleHHe OYIET pacchinaTh-
¢l Ha OTHefbHbie pasberatomuecst no ¢asam CJAOHCTblE BOJHOBhIE
nmaKeTbl, ¥ CyMMapHaf aMIVIHTyAa KoJeGaHuH Oyner Kak Gbl 3ary-
XaTthb CO BpeMeHeM.

Aror adpdext Gbl1 OOHAPYXKeEH SKCMEPUMEHTAJbHO TPH HabJIi0-
JIeHHH pacHpoCTpPaHeHHs anbBEHOBCKOH BOJIHBI Ha IJa3MEHHOM
mHype, o6pasyeMoM npy O-NHHUYEBOM CXJOMbIBaHWH MiasMu. C no-
MOIIBIO HeGOoJMbIIOTO MMNYJLCHOrO BO3MYILEHHS NMONEPEUHOro Mar-
HUTHOTO M0 MOXHO CO3/laBaTh HayaJbHOE CMelleHHe TJ1a3MEHHOTO
IIHYpa, KOTOPOE MOTOM MOJIKHO OHJIo Gb pasberarbCst B CTOPOHb! B
BHJle MMIYJIbCOB, COOTBETCTBYIOUINX aJbBEHOBCKON BoOJHe. OXMHaKo
B NeHCTBHTEJbHOCTH BO3MYIIEHHS OueHb GBICTPO 3aTyXailOT M Npak-
THYECKH He PachpoCTPaHAIOTCA BAOL WIHYPaA. DTOT PaKT 661 06b-
fICHEH HEOAHOPOLHOCTBIO TUIOTHOCTH IJIasMbl monepex muypa [66],
B pe3yJbTare KOTOPOH BOSMYUICHHUS HA PasHBIX PacCTOAHHAX OT OCH
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6exasH BJAOJMb LIHYPA ¢ PA3HBIMM CKOPOCTAMM H ObicTpo pasbera-
Juch no ¢asam. [IpoBenennnle BrocseACTBHE ClelHadbHble SKCIIEPH-
MEHTBHl [0 3BOJIOLHH BO BPeMEHH HauaJbHHX NMEPHOAHYECKHX TIOIe-
pedHbIX BOSMYUIEHHH IUIa3MEHHOro IIHYpa B MarHuTHOM noJje [67]
NI0Ka3aJH Xopollee COOTBETCTBHE ¢ TeODHel, OCHOBAHHOM Ha Hempe-
PBIBHOCTH CNEeKTPa aJbBEHOBCKHX BOJIH.

OxasblBaeTcs, YTO HENPEPLIBHOCTL CIEKTpa COOCTBEHHEIX KOJie-
6aHUH HEONHOPONHOH IJIa3Mbl HME€eT MeCTO W JJaA APYrHX BeTBell
MarHUTOTHAPOAMHAMHYECKHX BOJH. DTOT pe3yabrar Obl HelaBHO
nonyuen I'pamom [68] Ha nmpuMepe HUAMHADPHYECKOTO MIa3MEHHOTO
crosnba C TOKOM B NpPOAOJbHOM MAarHHTHOM noJje. B rtakom mmmype
MAar{uTHOE M0JIe UMeeT NPOAONbHYI0 B, U asumyrasbHyio Bg KoMmo-
HedTtbl. EcaM paccMOTpeTb BO3MyleHHe ¢ BHHTOBOH CHMMeTpHeN
Bupa exp(ik,z + imB), TO anbBeHOBCKOH BoJHEe OyaeT COOTBeT-

1 m 2
2 __ p2 52 —_— -
CTBOBATb YacToTa ©% == ciki= T, (szz + = Be) . Ot BoOa

HBl, KaK Mbl yXe oOcyXHaJHd Bbilite, 6eryT He3aBHCHMO APYyT OT
Apyra B BHAe TOHKHX UMJHHApHuUeckHX caoeB. OkasmBaercs, uTO
IBe JpyrHe BOJHBL— 3aMefjleHHAas W YCKOPeHHas MarHHTO3BYKO-
Bbl€, YaCTOTH KOTOPbIX ONpefenasioTcs ANCIEPCHOHHBIM ypaBHEHHEM
(2.21), B xotopom k> = kZ 4 m2/r?, k,— k, TaK yro k. = 0, Taxke
pacupoCTpaHsioTess BHYTPH TOHKHX IWJIHHIDHUYECKHX CJIOEB He3a-
BUCHMO OpPyrT OT HApyra, obJjanasd, TakHM 06pa3oM, HeNpepbIBHbLIM
cnekTpoMm uactor. KpoMe 3TOro, umeercs ellle OfiHA BeTBb KoJeba-
HUH C HEMPepLIBHEIM CIEKTPOM, KOTOPasi OTBeyaeT TOUKAM 3a0CTpe-
uusg C na puarpamme @puppuxca puc. 13, 6. Boanosoit naxer, 06-
pasoBaHHBIE BOTHAMHM BOJIH3M 3THX TOYEK, ABJSETCS NOUTH OHOMEp-
HhIM (IIJIOCKHM) M TOXKe HMeeT TeHIEHIHIO PACIPOCTPaHATHCA TOYHO
BIOJIb CHJIOBBHIX JIMHHH.

HUrak, BMecTe ¢ aJbBeHOBCKOH BOJIHOM CYIECTBYIOT UeTblpe BETBU
KOJMeGaHui ¢ HEenpepbiBHEIM CIEKTPOM. DTH BeTBH, PasyMeercsi, HH-
KaK He MOTyT OBbITb IOJY4YeHH ¢ MOMOLIbI KBa3UKJaCCHYECKOTO
npubAMKEeHHS, TIOCKOJbKY BC€ OHH COOTBETCTBYIOT OCOGBIM MNOBepX-
HoctsiM, TAe k,— 0, H KBasHK/JIacCHUecKOe NPUOMMIKEHHE HEnpH-
MennMo. CyllecTBOBAHHE HENPEPRIBHEIX CNEKTPOB MPHHAMJENKHUT
K BeCbMa HHTEPECHHM CBOCTBAM OJHOMXKHIKOCTHON MArHHTHOH rui-
pPOAMHAMHKH.

Mbl 3mech MOJHOCTBIO OOOMINHM MOJYAHHEM HeYCTOHYHBLIE BETBH
KoneGanuil miasmel, o6cyKIeHne KOTOPHX GyAer OTJOXKEHO M0 IJ. 5.
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HEJTUHEWHBIE BOJIHbI

§ 1. Mpoctoie Boanbl

1. ITy4ox HessaumolelicTeyrowux 4acruy. Henunelinwve xosneba-
HUSl HeTpepLIBHBIX CPel ABJAAIOTCH, KOHEYHo, ropasjo GoJee Cl10XK-
HHIMH, YeM PacCMOTpEHHble HaMu Bhille jguHefinbte, Ilpexnme Bcero
3lleCb OTCYTCTBYeT NPHUHIMUII CYIeprOo3WLIMH, H NO3TOMY, rpybo ro-
BOpPAl, HEJHHEHAHBIX NpPOIECCOB «ropasfo OoJblie», 4eM JHHEHHBIX.
CoorpercTBeHHO M (PH3HKa HeJHHEeHHBIX sIBJeHHA HaMHoro Gorawue.

Yrto6bl MOCTENEHHO H eCTeCTBEHHbIM 06pa3oM BONATH B 006J1acTh
HEeJIHHEAHBIX ABJEeHUH, 1eaecoo6pasHo HayaTh ¢ CaMbIX MPOCTHIX He-
JuHeHHbIX  3Q(}eKToB, ABJAIOLMINXCH ecTecTBEHHHIM 00600uieHneM
pacCMOTpPeHHBIX paHee JuHeHHBIX. [Ipexne Bcero npepcrasiasercs
eCTeCTBEHHBIM HCCAeN0BaTb, 4TS OyAeT NPOHCXOAHUTb C IJIOCKHMH
GeryniMMH BOJHAMHU 110 Mepe yBeJHUeHHs HX aMIauTyAbl. Kak Mbl
VBHAMM HHUXe, CHTYallHsl 3[€Cb OKasblBaercs CYUIeCTBEHHO pasjind-
HOlM A/ LHCIEPrUPYIONINX cpeld U cpen Oe3 aucnepcuu. O6paimasics
K HH3KOYaCTOTHHIM BOJIHAM B [1J1a3Me, NpPeANOUTHTEIbHEE HAUHHATD
¢ BosiH Ge3 QMCNEePCHH, a 3aTeM, BKJIOYHB B PAaCCMOTpPeHHe cjalyio
LHCIEPCHIO, HCCIel0BATh ee BJHsHHe Ha HejuHefHble BOJHH. Takofi
MOLXON ABJfieTCH HOCTATOUYHO OGIIMM, OH MTPUMEHHM KO BCEM BETBAM
KonebGaHull co caaboit mucnepcueil, B YaCTHOCTH KO BCEM MAarHHTO-
THIPOAHHAMHYECKHM BOJHAM B IJIa3Me.

Ilpexae ueM nepexoAHTb X cOOCTBEHHO BOJHaM, YAOOHO pac-
CMOTpeThb CJeLYIOIYI0 OueHb MpocTyio Mofedb. Ilyctb umeercs He-
OTpaHMYEHHBIT [0 OCH X [IYYOK HeB3aMMOZAeHcTBYOWUX yacTHi. CKo-
POCTb KaXKAOH YaCTHIIL ¥ OCTAeTCHA MOCTOSTHHOMH, TaK 4TO

dv do du
do 20 40—, (3.1)

COBOKYTHOCTb HeB3aMMOJeHCTBYIOLIHX YAaCTHIl, pasyMeercs, He
AiBJsieTCs HEJHHeHHOH CHCTEMOi, ofHaKo ypaBHeHHe (3.1) BHemwHe
BBITVISIIUT KaK HEJHHEHHOE M HMeeT, KaK MB YBHIHM, pelneHHd,
o6aamaltollne XapakKTepHBIMH CBOWUCTBAMH HEJHHEHAHHX BOJIH.

PaceMOTpPUM cHadasJa MaJible XosjeGaHus OLHOPOAHOTO mMyyka C
MOCTOSIHHOH  CKOPOCTBIO Us: U = Ug -+ V', Ilonaras v =
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= v’ exp (—iwt + ikx) u nuHeapusys (3.1), mOAYYHM AHCIEPCHOH-
HOE COOTHOLUeHHE JJIsl JHHEHHBIX BOJIH

® = ky,. (3.2)

- OTclola BHIHO, YTO B JIHHEHHOM INPHOJHXKEHHH MBl MMeeM AeJO ¢
gelUcrieprupyonieii cpenofi: vy =— w/k = const. [lonyctuM Tteneps,
yTO Ha NYy4YOK HaKJalblBaeTcsl HeKOTOPOe HauajbHOE BO3MYIIEHHE
CKOPOCTH, KOTOPOe HMeeT BHI & sin kx. DBOJIOLHIO 3TOMO BO3MYlile-
HuA yAOGHO PaccMOTPeTb B ABHIKYIUEHCA CO CKOPOCTBIO Up CHCTEMe
KOOpAHHAT, Tojarag x = x 4 vot, v = vo 4 u. B sT10fi cHCcTeme
uMeeM (OmycKasi WTPHX y X')

du du du

Vnobuee Bcero npocjefMTh 3a INYYKOM ¢ noMolubio ¢asoBoil
IJIOCKOCTH X, W, Ha KOTOPOH Ka)K;mas TOYKa MepeMellaeTcss CO Bpe-
MeHeM co cBoeHl coO6CTBeHHOH CKo-

poctbio (puc. 22). Takum oGpasowm, ‘-

BEPXHAA MOJYIJIOCKOCTb OBHKETCH ; ,//xﬂz
BIPaBO, HHXKHAA — BJEBO, NpHYEM -
CKOPOCTDb J}000H TOYKH MPONOPLHO- S ]\ -

' HaJIbHA ee yAAJIeHHIO OT ocH x. Ha- : |
gaJibHO® COCTOSiHHE ITyuxa mnpen-
cTaBjisiercsi Ha 3TOH IJIOCKOCTH | |
CHHYCOHMJOfl, a 3aTeM 3Ta KpHBasg - Jl— —————— — —Il —— -
HCKaXKaercs, JMABHrascb BMecTe C | |
thasoBoit  maockoctbro.  CooTBer- |

CTBEHHO HCKaxaercss H NPOPHIb z
BOJIHBL: dacTHUbl ¢ # >0 3a0e- Ppuc. 22. Onpoxuamsanme somnm B
raioT Broepef, a ¢ # << 0 OTCTAIOT nyuke cBOGOIHBIX 4ACTHN; % — CKO-
OT BOJHH. B pesysabrate BOJHA POCTE, A — MJIOTHOCTD,
NOCTENEHHO CTAHOBHTCA Kpyde, M

B KOHIl¢ KOHIIOB NpPOH3BOAHAA 06pamaeTCﬂ B 0eCKOHEYHOCThb

U
9x
Ha ee mnepeaHeM ¢poHre. B ciaenyromuii MOMEHT IPOUCXOTHUT
ONMPOKUAbLIBAHHE BOJIHBEL, M (PyHKUHs (x) nepecTaerT ObiTb OXHO-
3HayHOMH, y Hee MOSABJAAIOTCA TOYKH IIOBOPOTA, T. €. 06pasyiorcs
BCTpeuHble nmyyku. Co BpeMeHeM 3TH TOYKY I10BOPOTA PA3[BHTAIOTCH,
H YHCJIO BCTPEUYHHIX NYUYKOB HeOrpaHHueHHO Bo3pacraer. [lo mporue-
CTBHH J0CTATOYHO GOJBIIOr0 NpPOMeXYTKa BPEMeHH YHCJO MYYKOB
€ Pa3HBIMH CKOPOCTSIMH CTAHOBMTCS HACTOJbLKO BEJHKO, UTO MOXKHO
NpuG/HKeHHO rOBOPHTh 0 QYHKIHH pacrnpeleseHHss YACTHIL 10 CKO-
poctam f(u).

Hnrepecno nmpocieputs 3a H3MeHEHHEM [JIOTHOCTH UACTHIL
Jlerko BHpmerth, 4TO KaK TONbKO HAYHHAETCH HCKAaXKeHHe Npodmuis
BOJIMbI, HOsIB/ISieTCS BO3MYIEHHE MUIOTHOCTH: B Toukax I u 2 puc, 22

4* B, B. KamoMues
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YaCTHUIB CIYOIAIOTCA Y MJOTHOCTh Bo3pacraer. Boswukaer ta camas

OyHuHPOBKa YaCTHL, KOTOPas HCIOJb3yeTcs B KJIHUCTPOHAX IJA re-

depallil CBEPXBBLICOKOUACTOTHHIX KoJaeOaHuil. Hapacranue Bo3My-

UIGHHSl JIOTHOCTH NPOAOJIKAeTcs O TeX MOP, NMOKa NPOHU3BOLHAN

%‘x—, a BMecTe ¢ Hell M IJIOTHOCTH B Toukax I, 2 He obparsrcs

B 6eckoHeunoctb. [locse onpoxuasiBanus npoduas u(x) Ha 3aBHUCH-

MOCTH IJIOTHOCTH OT X IOSIBJAAETCS yABOEHHOE UYUCJO OcOOeHHOCTel

(puc. 23). 3areMm, no mMepe BO3pacCTaHHUS

yycaa BCTPEYHBIX NYYKOB, NPOUCXOMHT

YBeJHYEeHHEe YHCJAA «THYKOB» Ha rpaduxe

2 TUIOTHOCTH ONHOBPEMEHHO C yMeHblle-

[ HHeM HX aMIJAHTYJAbl, H TJIOTHOCTDH ONSTH

[ CTPEMHUTCH CTaTh OJHOpPOAHOH. B mpeme-

T : Jie MOXHO TNpHUOJMXKEHHO TOBOPUTb 06

{ |U| OJlHOPOJIHOM pacnpefesieHHH YacTHI[ C

' cfpyﬂxuneﬁ pacnpefieieHHs MO CKOPOCTAM

- (u).

| HUraxk, paccMoTpeHHe 3TOrO MpocCTeli-

| mero cjayyasi oO6Hapy:KuBaeT MHOTO 3d-

! ($eKTOoB, KOTOpble IBHO BHIXOMSAT 32 paM-

K{ Mpollecca NMPOCTOro PacnpocTpaHeHns

Puc. 23. MuoronoTokosoe tTe- CHHYCOHIAJIBHOH JIMHEHHO# BOJHBI 06€3

yeHne MOLYJHDOBAHHOTO NO HCKaXKEeHHS. A uMeHHO, IIPOUCXOAHUT Tre-

CKOpPOCTH  HmyuKa, i --CKO-  gepanMs BbICIIHX MaPMOHHMK, KOXOAAlIad

POCTE, 1 — MIOTHOCTE. 3aTeM JI0 <ONPOKHABIBAHMSA> BOJIHBI,

MOABJSIOTCA H 3aTeM OBICTPO Hapacralot

BO3MYyIleHHs MVIOTHOCTH. KaK MB!I yBUEHM HHIKE, 3TH NPOUECEH OTHO-
CATCHA K KPYry TUNMUYHBIX [POABJEHUN HEJHHEHHOCTH CHCTEMHL.

dTa HEJIMHEHHOCTb MPOSBJAETCH H HENOCPENCTBEHHO B ypaBHe-

Hun (3.3), xoTopoe yno6HO mepenucaTs B BHAE

du du

B nunefinoM npu6anxesuu npasyio yactbh (3.4) MOXKHO OTGPOCHTS,
YTO COOTBETCTBYET CTAallHOHADHOMY NpoQuJI0 JHHeHAHOH BOJHH B
paccmMarpuBaeMoi cHCTeMe KoopAuHAT. Ecam rtemeps, HeficTByst B
IyXe MeTOMa MOCJENOBATENbHbIX NPUOJIHKEHHH, NOACTABUTL B Npa-
BYIO 4acTh JiHHeHHoe npubanxenne ul) = asin kx, 10 noayyum

(2) 2
OSt = — ka?sin kx cos kx = — kTa sin 2kx, (3.5)

rie uepes u® obo3HaueHa AoOaBKa BTOPOTO MoPsiiKa MajocTd. Or-
CI0lla BHJHO, YTO #® COOTBETCTBYET IOfBJEHHIO BTOPOH TapMOHHKH,
npaueM u® JHHEHO HapacTaeT CO BpPEMeHeM, M CIYCTH BpeMs
t ~ l/ka aMnanTyna BTOPOHl FapMOHHKH [IOPACTAET IO AMIJIATY Il
nepBo#i. SIcHO, YTO nJA MPOMEXKYTKOB BPEMeHH TAaKOro MOpsANKa H
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GoJblie METOA MOCJAelOBaTeJbHBEIX MPHOJHUKEHHH CTAaHOBHTCH He-
MPUMEHHMDBIM.

Hs Bupaxennit (3.4) ¥ (3.5) HecXOJbKO ¢ APYrofl TOYKH 3PEHHA
BUIHO, MOYEMY [IJS OIHCAHHOTO BHlIIe INpollecca ONPOKHAbIBAHHS
BOJIHbI BaXXHO OTCYTCTBHe JHcnepcuH. Kak Bumuo u3 (3.5), Bropad
rapMOHHKA TOJILKO MOTOMY M MMeeT BO3MOXHOCTb HapacTu 1o 6oJb-
LION aMIIHTYLB!, YTO OHA Bce BpPeMfA [IOKOHMTCA B pacCMaTpUBaeMoil
cucreMe Koopaunart (T. e. IBHXKeTCA C TOH K€ CKOPOCTbIO, YTO H
JuHefinas BoJHa B JiaGopaTopHOf cucreme Koopauuar). Ecau Ovina
OBl mucrnepcus, Tak 4To P aszoBas CKOpPOCTb BTOPOil FapMOHHUKH OT-
Jinyajiach O6b OT Gas3oBoii CKOPOCTH NePBOHl TAPMOHHKH HA BeJHUMHY
Avy = vy (2k)— vg(k), To ypaBHenue (3.5) caenoBaJio 6b sanucaTh

(2) F) (2) 2 .
a;t Avg 9u” — _E gin 2kx, (3.6)

ox 2
T4aK 4TO MBI NOJyuusaH Obl OTPaHHYeHHOe MO AMILIATYAe pelieHHe,
YIOBJETBOPSIONEe HAUAJIBHOMY YCIOBHIO U)o = O:

{cos 2kx — cos 2k (x — Avyt)}. (3.7

a?
4 At)q)

u(2) ==

ITpu MaJsolf aMIJIHTYAe @ 3Ta BeJUMUMHA Bce BpeMfA uMena Oul BTO-
poit nopsiiox Majoctu. Ilpn Avg — 0 MeTon nocsenoBaTeNbHbIX NP H-
6auKeHui craHoBHTCH HenpuMeHuMbiM. Otciolla sICHO BHJHa pas-
HHLla MEXJAY HeMHCNepPrUpYIOIHMH H AHCNEPrHPYIOIHMH CpeXaMH.
B ueaucneprupymoumux cpefax Bce TapMOHHKH OCTAlOTCA B pes3o-
HaHce IPYT C APYroM, H IO3TOMY BO3MOXKHA CHJbHAs IlepeKauka
SHEPTHH OT OJHHUX FaPMOHHK K [IPYTHM BIIOTb IO ONPOKHIBIBAHHSA,
T. €. NosiBJIeHHst GECKOHEeYHbIX TapPMOHHK, OTBEUAIONIMX BO3HHKHOBe-
HHI0 ocofeHHOCTH Ha mpodHie BOJMHH. B Aucneprupyoniux cpemax
Takasl CHJbHAs NepeKauka, BooOuie roBops, DOJKHA OTCYTCTBOBATb.

PaccMoTpedHas 3flecb npocTtafg MoOjenb TNyuka HeB3auMolell-
CTBYIOIMX YACTHI AaeT BO3MOXKHOCTb OOCYMHTD €lle OIHH BaKHbIN
3 deKT, KOTOPbIH HAM BCTPETHTCS MO3[HEe IPH PACCMOTPEHHH He-
JUHeHHBX KHHEeTHUECKHX fBJeHHfi B mnaasMe. Mbl HMeeM B BHRY
o6paTHMOCTb BO BpeMeHH. Kak 6blJIO YCTaHOBJIEHO BHILlie, NPH 3BO-
JIIOIIMA MOLYJHPOBAHHOrO NyYyKa BO BPeMeHH BO3HHKAET OTpOKH/HI-
BaHMe BOJIH M BO3HHKHOBEHHE MHOIONYYKOBBIX COCTOSHHH, NpHYEM
YHUCJIO MYYKOB CO BpeMeHeM HapacraeT. Kaxercd, 4To B mpejene
obpasyercsl pacrnpelleJieHHe, B KOTOPOM YKe [OYTH HEBO3MOXKHO
BLIIEJINTL OTHAE/bHblE NYYKH H KOTOpOE Jyullie BCEro MOXKHO OIH-
catb QynKiuell pacnpeleneHus dactui no ckopoctsM f(u). Ho 310
ONnHCaHHe He fiBJAsieTc TOUYHHIM. Bosee Ttoro, crporo rosops, ©HO
HelpaBHJbLHO.

B caMom nene, ny4ox HeB3aHMOAEHACTBYIOINMX YACTHI[ HE COLEp-
AT KaKuX Obl TO HY ObLIO MEXaHH3MOB AMCCHIALMM H ABJAsETCH
TOYHO o6partumoli cucremor. IlostoMy, ecnim B KakKo#l-TO MOMeHT
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BpEMEHH OOPATHTb BCE CKOPOCTH, TO MEL JOJIXKHBI BOCIPOH3BECTH
BCIO KapTHHY 3BOJIOLHMH Nyyka B oOpaTHOM mopsiake. A HMeHHO,
Ha OJHOPOAHOM, Ka3aaoch Obl, (POHE NOUTH HENPEPHIBHOTO pacnpe-
JEesI€HHS YaCTHIL N0 CKOPOCTSIM HAUHYT 06pa3oBbIBaThbcAd HapacTalo-
Liyie CO BPEMeHeM CTYCTKH MJIOTHOCTH, YHUCIO HX OYAeT yMeHbIIAaTb-
¢, a BEJHYMHA HapacTaTh, 3aTEM BO3HHKHYT OoJbllHe CTYCTKH,
oTBeYalollyHe NPoduai0 BOMHK CKOPOCTH BOJH3H ONPOKHILIBAHHA, H,
HaKoHel, Mbl NPHAEM K OJHODOJIHOMY paclpelesE€HHIO TIJIOTHOCTH
CO CKOPOCTbIO, MOLYJIHPOBAHHON MO 3aKOHY a sin kx. Hpyrumu cio-
BaMH, Mbl JOJIKHBI BEDHYTHCH K HAuaJIbHOMY COCTOSIHHIO, HO ¢ 06-
PATHBIMH CKOPOCTSIMH, KOTOpoe 3aTeM OyAeT 3BOJIOLHOHHPOBATH
TaK XKe, KaK OblJIO ONHCAHO paHee.

MoxHO cKa3aTh, 4TO B MHOTFONOTOKOBOM COCTOSIHHM MYyuKa,
(yHKUUS pachpeleseHHs KOTOPOro KaxKeTcd NMOYTH HENPEPHIBHOH, B
JEHCTBUTENBHOCTH COXpaHeHa Bcsi MH(opManus O HayaJbHOM CO-
CTOSIHMH, OT KOTOPOTO OH 3BOJIIOHHOHHPOBAJ, H NPH oOpaUleHHH
CKOpOocTell yacTHH BCA 3Ta HHGOpPMalUsf MOXKET ObITh H3BJEUYEHA.
PeanbHo, KOHEYHO, HET BO3MOXKHOCTH cPa3y 3aMeHHTb CKOPOCTH
BceX uacTun Ha obpartHsie. OKasbiBaercs, OIHAaKO, YTO HMeeTcs
Jpyras BO3MOXKHOCTL M3BJeUb 3aKJIOUEeHHYIO B MHOTOIOTOKOBOM
nyuxe pHbopManuio. 3ta BO3IMOKHOCTL — 3 PeKT 9xa, KOTOPHIN Mhl
PacCMOTPHM B IJ. 4.

2. Ilpocroie soaubi. Tlepeiimem Temeps K DPacCMOTPEHHIO C€O6-
CTBEHHO TPOCTHIX BOJH B HeAHCIeprupyiomux cpenax. IlpocruimMu
BOJHAMH Ha3blBAlOTCA OCOOBIE HEJHHEHHLIE BOJHLI, SBJSIOLHECH
CcaMbIM NPOCTHIM o6o6lIeHNeM Gerylux JHHEAHBX BoJH. DaKTHuecKH
3TO NPOCTO Geryuine BOJHBI C YYeTOM HeJHMHEHHOCTH, KOTopas B He-
JHCIEPTUPYIOLUIHX cPeflaX NPHBOAHT K MX HCKaXKEHHIO CO BPEMEHEM.

Takx Kak MH He CTOJMBKO CTPEMHMCA K OOLIHOCTH H CTPOTOCTH
H3JI03KEHHS, CKOJIBKO K BBLISICHEHHIO KAYeCTBEHHON CTOPOHLI SIBJIEHHH,
TO B KayecTBe THIHYHOTO INpHMepa NPOCTOA BOJHBI PACCMOTPHM
YACTHRIA cJayYadl paclpOCTPaHeHHs IJHHHOBOMHOBLIX BO3MYIIEHHH
HOHHO-3BYKOBOTO THIIa B 3JIEKTPOHHO-TOpsAyell NaasMme. DJeKTpOH-
HyI0O TEeMIepaTypy N/aa3Mbl MOXKHO CUHTaTh MOCTOSHHOH B CHJY
GONBIIOH 3JEKTPOHHOR TemnonpoBonHocTH. COOTBETCTBEHHO ypas-
HEHHS [/ PacClpPOCTPAHEHHS BOJH B TaKOH NJia3Me HMeIOT BHI

dv dv T, 1 on

ar T %% mj a0 (3.8)
on 7]
ot T e =0, (3.9

rae T.-— snexTpoHHast TeMmepaTypa, m; — Macca HoHa (Temmepa-
TYpPy HMOHOB cuHMTaeM mpeHefpexuMo MaJjofl). YpaBueuus (3.8),
(3.9) o6manmaiot, pasymeercd, ropaso Hosee MIHPOKHM KaacCoOM pe-
HIeHHf, 4eM OJIHH JHIIb IIPOCTbE BOJHH. I103TOMY npexnae Bcero
BO3HHKAET BOTMPOC, KAK BLIAEANTb HCKOMOE PelleHue.



$1 MPOCTHE BOJIHH 103

Jlis 9TOrO BCIIOMHHM, YTO B JIUHEHHOM NPUOIHIKEHHUH AJA BO3-
MYIleHHs [VIOTHOCTH n’,n CKOPOCTH v’ B Geryumunx BOJIHAX MBI HMeeM
cooTHomeHHss THHa U = asink(x-—csd), n’ = bsink(x — c4t),
rre Cs = 4/T,Jm; — ckopocts 3ByKa. Kak Mbl BHIMM, IJIOTHOCTS H3-
MeHsieTcsl TI0 TOMY e 3aKOHY, 4To H cKopocTb. MoXHo cKkasaTh, uto
OlHa BeJHUHHA ABASETCH (bYHKIlH"eﬁ ot apyroii: n = n(v). Ecre-
¢TBEHHO NPHHATH, 4TO H B HEJHHEHHOH BOJIHE THIIA NPOCTOH BOJIHHI
npoduab GyLeT 3BOMIOLUHOHHPOBATL TAKHM 06pa§OM, uTO OIHA H3
yKa3aHHBIX BeJIHYHH OyIeT oCTaBaThCs ¢yukuued ot apyroh. [lo-
9TOMYy VIS BBUIEJEHHS DPelleHHs THna MPOCTOH BOJIHBI TIOJ0XKHM
n = n(v). Torna ypaerenna (3.8), (3.9) moryr OuTh 3amHucaHbl

B BHIE
do dv o 1 dn Ov
'5?"!"05; 037_117737_0’ (3.10)
0 7] d 7]
SFtuss )+ n =0 (3.11)

| o dn
YMHOXas NepBOe H3 THX ypaBHEHW!l HAa —— W BLIUHTas H3 BTO-

J
poro, HafileM Mocje COKpaIeHHs Ha —a:—:
dn \2
2 [ ==, - pn2
& (g) =r (3.12)

dn
Orciona nonyuaeM ¢; === . Iloncrasass 970 3HaueHHe B ypaB-

Henue (3.10) uau (3.11), Haxomum

v
ot

+oxe) P =o. (3.13)

- * TaknM 06pa3oM, Ml NPHXOIHM K YPABHEHHIO TOUHO TAKOTO Xe
BHJla, KaK W /18 NyJYKa HEB3aMMoAeACTBYIOUIMX YACTHI, ¢ TOH JHIUb
pasHuLed, yTO Tenepp Nepel HeNHHEHHBIM UY/I€HOM CTOHT MHOXH-
Tesab v -k ¢; BMecTo v. Ilepexonss B cHCTEMY KOODIHHAT, NBHXKY-
HyloCsi CO CKOPOCTbIO 3BYKa, Mbl NOJYYHM B TOUHOCTH YypaBHeHHe
Buna (3.3) nns nyyka HeB3amMoneHcTBYIOWHX yacTHI. MoxHo cka-
34Tk, YTO B JaHHOM cJydae Mbl HMeeM J€Ji0 € «NYYKOM» HeB3aHMO-
eHCTBYIOIHX (OHOHOB — 3BYKOBBIX BO30YXKIEHHI.

Orciona caenyer, uto masi nNpoduasi CKOPOCTH 3BYKOBBIX BOJIH
QoJbIoll aMNANTYAB TakKke AOMKHO MMeThb MeCTO SIBJEHHE «YKpy-
HuBaHus» GpoHta. B oObluHON razonuHaMuKe 3TO «YKPYUHBaHHE»
HNpojosxaerca Bce BpeMs, NOKa CKOPOCTh U(X) ocTaercss oAHO3HAU-

o dv
Mok, Ho kax TonbKo P ob6paturcsi B 6ECKOHEUYHOCTb, HAYHHAET

‘bopmuposaThest ymapuas BoiHa, Ha GPOHTE KOTOPOH NPOHCXOAHT
RECCUTIAIMSl 9HEPTUH BC/IENCTBHE BASKOCTH.
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3ameruM, uto ypaBHeHue (3.13) ocraerca clipaBENNHBBIM H A4
ypaBHEeHHH Ta30NHHAMHKH, KOrga ¢, He SABJsETCA TOCTOAHHOH, a
caMa MoOXKeT paccMaTpuBaTbcsi Kak OyHkuus n Ham v. Coorser-
cTByIOUIee 0006LIeHHe ypaBHEHHS BIIOJIHE OYEBHIHO, H Mbl He Oy-
IeM €ro 31ech NoAPoGHO paccMaTpHBaTh. SICHO, UTO NPH €s = C4(n)
BLIBOZ 00 ONPOKHILIBAHHH BOJHBEI OCTaeTcs B CHJE.

3. Maenuroeudpodunamureckue 80AHbl. AHANOTHYHBIM 06pasom
MOTYT GHITb NOJNYYEHHI PEIIEHHS THIIA [POCTHIX BOJMH H AJA LPYrux
THIIOB BO3MYILeHHH B nmpoBoxasiuieM rase. Hanpumep, npu nonepey-
HOM pacrpoCTpaHeHHH OHICTPOH MarHHTO3BYKOBOH BOJIHBI B IIasMe
HH3KOTO [1aBJE€HHS HMeeM

dv dv 1 8 B?
- Ftatar w0 (3.149)
aB 0
dn a
7-‘-'07(”1:0. (316)

DTH ypaBHEHHS aHaJOTHYHH yPaBHEHHAM ra30BOH AMHAMHKH C IIO-
KasateneM aguabarsl y = 2, NOCKOJbKY- H3 MOCAEIHHX ABYX ypaB-
HeHuil BuiTeKaer B/n == const u, caenosarensHo, B2/8n ~ n2. Coot-
BETCTBEHHO BCE€ BBHIBOAH OOBIYHOH Tra30dHMHAMHUKH 00 ONMPOKHIbIBA-
HHYM HEJNIMHEHHBIX BOJIH aBTOMaTHUYECKH NEPEHOCATCHS W Ha momnepeu-
Hble MarHUTO3BYKOBBIE BOJIHHI.

AHasnorHYHOE paccMOTpPEHHEe MOXKeT GbIThb NPOBENEHO H 1/ KO-
COro pacHpOCTpPaHEHHsi MarHHTO3BYKOBLIX BOJIH € TEM Xe CaMBIM
pEe3YJAbTATOM: H3-3a HaJHYHsi HENHHEHHOTo N0 CKOPOCTH WJeHa H
yBenuyeHHad (a3oBoll CKOPOCTH MPH CKATHH [OTOKA MATHHTHOIO
Mo/ NPOUCXOIUT «ONpPOKHIbIBaHHe» BOJAHE. Heckonbko 6onee cBoe-
obpa3Hast CHTyalusd BO3HHKAaeT JHIUb B C/yyae anbBEHOBCKOH BOJ-
HBel. B Takofi BOJIHE mepeMmelleHHe cpelnl NPOHCXOAHT IOTepeK Ha-
NpaBJeHHa paclpoCTpaHeHHs BOJHBI, TAaK UTO HENHHEHHBIH uJseH
(vV)v ofpawaercss B uy/ib (gudpdepeHunpoBaHne NPOU3BOIHTCH B
MJIOCKOCTH TocTosiHHOR Ga3nl). BeaedcTBHe 3TOro B Hec:KHMaeMoli
cpene (B2 < 8np) oKa3biBaeTCs BO3MOXKHBIM pacnpocTpaHeHHe
aJIbBEHOBCKHX BOJIH KOHEWHOH aMIHTYyabl 6e3 HcKaxkeHus, OpHaxko
8 Bonee peanbHuX cnyyasx § ~ 1 unan f < | anAbBeHOBCKas BOAHA
TaKXe «ONPOKHABIBAETCA» H3-3a NEepPeKoca CHOBHIX JHHHH. Benea-
CTBHE TlepeKoca K YNpPYroMy HATAXKEHHIO CHJOBBIX JHHHE pobas-
JAsieTCH JaBJIEHHE H3-3a HMX CKaTHfA, Tak 4yTto (pazoBas cKOpoOCTb
BO3MYIIEHHA B 3TOM MECT€ HECKOJbKO YBenHuHBaercsi. B peayab-
TaTe BO3MYLIEHHS C GONbUIOH aMIVIMTYAOH NOTOHSAIOT BO3MYIHEHHS
MaJsoil aMIVIMTYIbl, H IPOHCXOANT «onpokKHAbiBaHue», [Ipu stom 00-
pasyercst TaK Ha3bplBaeMbIH BpallaTeJabHbIH paspblB — aHaJor yaap-
HBIX BOJIH /it aJIbBEHOBCKOH BOJIHBI.
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§ 2. Heanneitubie BOJIHBI B C1a00AHCIEPTHPYIOUHX
cpepax )

1. HeaunedinocTo u ducnepcusi. PaccMOTPeHHBI! BhIlE TpoIlecC
pYUHBAHHS H ONPOKHIBIBAHHS BOJH CYLIECTBEHHO CB3aH C OTCYT-
pueM aucnepchd. MMeHHO M3-3a OTCYTCTBHSI IHCIIEDPCHH BC€ BOJ-
®H Majioll aMIVIMTYIH C Pa3/JHYHBIMH BOJNHOBHIMH YHCJAaMH R pac-
WPOCTPAHSAIOTCS C ONMHAKOBOH CKOPOCTBIO M HMEIOT BO3MOXKHOCTB
AJIMTENbHOE BPEMS B3aHMMOIEHCTBOBaTL MEXKIY COOOH, TaK 4TO
Maxe HeOonbIIAs HENHHEHHOCTL PAHO MM TIO3MHO IO/IKHA TpHBE-
°TH K HAKOIJIEHHIO HCKaXeHHs (ecJU HeT 3aTyXaHHus, KOTOpoe Mo-
‘#{€T NPHUBECTH K HCUE3HOBEHHIO BOJH JIO TOTO, KaK ycCIleeT NPOSiBHTh-
¢l HEJHHERHOCTD).
». B JHCIEPTUPYIOUIHX cpelaX KapTHHA CYLUIECTBEHHO H3MEHSEeTCH.
Jexke npu Masoi aucnepcHu ¢daszosas CKOPOCTh BOJH C pasJinu-
4gpMH k Bce XKe HEOJHHAKOBA, M NHCIEPCHS MOXKET KOHKYPHPOBaTh
s HEJMHENHOCTbIO, B OCOOEHHOCTH BOJIM3H TOYKH OIPOKHIbIBAHHA,
. HauMHAOT NpeBajJHpOBaTh BEICIIHE TFapMOHHKH. TakHe rapMo-
SHHKH TIOPOXKIAIOTCH NPH HENMHEHHOM HCKaXKEHHH BOJHBI H BCJel-
BHE JHCTEPCHH OYAYyT OOTOHATHL OCHOBHYIO BOJIHY HJIM OTCTaBaTh
'Hee B 3aBHCHMOCTH OT TOTO, PacTeT HAH YGLIBAET IPYNNOBast CKO-
ocTh ¢ k. TlosToMy emie 1o ONMPOKHABIBAHHS BOJMHA MOMKET «pac-
FOJI3THCH» Ha OTHAENbHbie BOJHOBLIE NAKETH (BOOGIIE TOBOPS, HEH-
fgefinble), 1 ynapHasg BosHa He o6pasyerca. Uto6ul npocaenuts Go-
e AeTAJbHO 3a (PH3UKOH ITOr0 SIBJEHHH, HE YCJOXKHEHHOTo no6Goy-
#KMH npoliecCaMH, Mbl PacCMOTPHM cJ1a60IHCIEPTHPYIONIYIO CPEny
IUCCHNAIlNH, B KOTOPOH 3BOJIOLNS BOJH ONpelensieTcst TOJbKO
HEHHOCTBIO U ILHcHepcHed, u 6YIeM CYHTaTh, YTO HEJHHEHHOCTDb

2. Boanbt Ha meakoll 600e. B NPHPOIHBIX YCIOBHAX CYLIECTBYET
'BEKT, JIETKO NOCTYNHBIA A/ HaOMIONEeHHsT PaclPOCTPAHEHHS BOJH
<8 CnaboIHCNIeprupyOINX cpelax, — Menkass Borga. PaccMortpuMm
Off MHIKOCTH BBICOTON fo HAl TBEPLON MOBEPXHOCTHIO M H3YUHM
BHTALHOHHBIE BOJHBEI B HEM C IJHHOH BOJHBI, MHOrO Sogblieil Ao

X, TaK YTO NABJEHHE P W CKOPOCTb U He 3aBHCAT OT INEpeMeH-
Y. IlockonbKy NJHHA BOJHBI BelHMKa 1O CPaBHEHHIO ¢ Ag, T. €.
a MejKas, TOPH3OHTAJbHYIO COCTABJSAIOUIYI0O CKOPOCTH MOXKHO
HTaTb OJIHOPONHOH 1O BBICOTe (He 3aBHCALIEH OT Z), Tak 4TO A%
== U MeeM

dv ~0v 1 dp
&Cb NaBJleHHe p MOXKHO [IOHHMAaTb B CMBIC/JE CPEJHEro ero 3ua-
HUt o Beicore. OHO, OYEBHIHO, BhIIE TaM, rje Gogblle BLICOTa
BAKOCTH, Ha BenuunHy (A — ho)pg TIO CPABHEHHIO C HABJIEHHEM B
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HEBO3MYILEHHOM cnoe. TakuMm oGpasom, ypaBueune (3.17) npuuu-
Maer BHI .

dv du oh
ar Tvgr a5 =0. (3.18)

Bricotra h B cBol ouepenp ompenensieTcss YpaBHEHHEM HENpPEpbIB-
HOCTH

%+5%—(vh)=p, (3.19)

KOTOpO€ BbIpaxKaeT TOT (aKT, 4TO CKOPOCTb H3MEHEHHSI BHICOTHI

caios CBSI3aHA C PAa3HOCTLIO NMOTOKOB AU uepe3 GeCKOHEYHO

at
O6J113KHe ceueHust ¥ # x + dx.

Ypasuennsa (3.18), (3.19) no dopme coBnangaioT ¢ ypaBHEHUAMH
ra3ofMHAMHKH ¢ Yy = 2. JTO o3Hayaer, YTO B JHHeHHOM TNPHOJIH-
XEeHHUH BOJHBI Ha MEJKOH BoJ€ He HMEIOT AWCIEPCHH, 4 B HeJHHel-
HOH BOJIHE JO/KEH HMeTb MecTo 3((eKT YKPYYHBAHHHA H ONPOKH-
ILBIBaHHS.

Jlna 3THX ypaBHeHHH TaK¥Ke HETPYAHO TNOJAYYHTH pelleHHe Tuna
npoctoit BoaHH. Jlast aToro onsAth nosaraeM A = h(v) H, noBTOpPSA
BLIKJIaJKH NpeAplaylLero naparpada, noiryuaem

dh —
*3;=:*:'\/h/g:

dv —\ 0v
7[+(Uﬂ:’\/§h)ﬁ=0-

Ecnu amnautyna xoneGaHuii HeBeIHKa, Tak uto h = Ao+ h’, rae
ho — HeBO3MYIlleHHas BhicoTa, a8 h’ <« ho, TO B ypaBHenuu (3.20)
MOXHO MOJIOXKHTb

5 —
hzhg +%U=hg+v%vy (3.21)

(3.20)

Noc/ie 4ero ¢ TOYHOCTBIO IO KBAAPATHUHHBIX UJEHOB OHO NMPHBOLUTCH
K BHLY

%’;—+(%vico)%}=0.

3nech ¢o==4/ghy — da3oBasi CKOPOCTb JHHEHHEIX BOJH. Ilepexons
B CHCTEMY KOOPJIMHAT, ABHXKYHIYIOCA CO CKOPOCTbIO —Co WIH —Cy,
H BBOIf ob03HaueHHe U == 3/,0, MBI ONATb NPHAEM K YPaBHEHHIO

d d
5r+u 5 =0, (3.22)

€ KOTOPHIM Y3Ke M03HaKOMUJINCh BBILIE.
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TakuMm o6pasom, HennHeHHble 3(O)EKTH, KOTOpPBIE MOTYT pa3bl-
TPbIBAThCH B HEAMCNEPIHPYIOUIUX CPelax, MOXKHO HabamogaTh B JiO-
6oM MeJKOM BojpoeMe.

3. ¥Ypasnenue Kopreseea — de Bpusa. ®a3oBasi CKOpPoCTh OUEHD
LJMHHBIX BOJIH Ha MEJKOH BOJLe HE 3aBHCHT OT BOJIHOBOTO YHcna R

H paBHa TPOCTO 4/gh,. Onnako npu ysennuennn k oHa HomKHa
HauaTb M3MEHATbCSH, YTOOBI MPH OUYeHb GoabLIHX R 3> 1/hy mnepeiitu

B 3aBHCHMOCTb v¢=f\/g/k Insl TpaBHTAUMOHHBIX BosnH, Tak Kak

npu GosbliKX R dasoBasi CKOpPoCThb yObIBAET M, KPOME TOTO, Uy SiB-
asercst yetHoH GyHKUMeR OT k2, To NpH MadblX 2 oHa MoXeT GbITh

NpeacTaB/aeHa B BHIE 52
Ud’ = Co 1 - ) ) (3’23)

2k)
rie BeJHUYHHA R ompenensieT XapaKTEPHYIO <«AAHHY [IHCHEpPCHU>,
HAa KOTOPO# M3MeHEHHEe Uy CTAHOBHTCH TNOpfAIKA caMOfl 3TOH cKopo-

cti. [ BOJIH Ha Menxoll Boje, KaK MOXHO TIOKa3aTh, Ry= «\/3//10.
HanoMHuM, 4TO aHaJOTHYHOE pa3/ioKeHHEe NPH Masbix R uMeer Me-
CTO W IJ% BOJH B IJ1a3M€, Y KOTOPHIX Uy YOBIBaeT ¢ R, T. €. mas
HOHHO-3BYKOBOH, aJIbBEHOBCKOH H [OINEPeYHOH MarHHTO3BYKOBOH
BosH. Uro Kacaercs Kocodl MarHHTO3BYKOBOH BOJIHEI, Y KoTopoil da-
30Basi CKOPOCTb pacTeT ¢ R, To AJisi HEE NPH MajablXx R HMeeT MecTo

pasjoxkenue Buna (3.23), Ho co 3HAKOM TJIIOC Tepen k2/2ks.
TMocrapaeMcsi Tenepb yyecTb AHUCIEPCHIO B YPaBHEHHH IJf INpo-
CTHIX BONMH. PaccMoTpuM I/ onpeleNeHHOCTH BOJHY, paclpocTpa-
HSIOMIYIOCS BIPABO, T. €. ¢ Uy > 0, u HauHeM C JHHeHAHOro npubau-
WeHHsA. B 3toM npubnuXKeHHH ANS TAaKOR BOJHH B CHCTEME KOOD-
JIHHAT, IBHXKYUIEACA CO CKOPOCTBIO Co, MBI HOMMKHBI cornacHo (3.23)

NONYYHTh 4ACTOTY @ == — Cyk3/2k}. CnenoBaTesnbHO, COOTBETCTBYIO-
ee ypaBHEHHE B NEPEMEHHBIX X, ! JOJIKHO HMETb BHI
ou co J%u
— +— —=0. (3.24)
ot 2k; 9x
Bropo#i wieH 31ech YYHTHIBAET JHCIIEPCHIO. .

Ho, ¢ npyro#i cTopossl, Kak MB YCTAHOBHAHW BHIIE, PH KOHEY-
HOM AMILTHTYZEe BO3MYLIEHHS ypaBHeHHE JO/KHO COlepXKaTb Hemlu-

o o u
HeftHbIl uNeH 4 - ~-. B NonHoM ypaBHEHHH, B KOTOPOM YuTeHHl 06a

abdexTa, NOMKHB COLEPKATbCA H HENHHEHHBIH, H AHCIEPCHOHHBIH
ynensl. TakuM o6pa3oM, TNMOJHOe YpABHEHHE, ONHCHIBAIOLIEe HEJH-
Hefiiple BOMNLI Ha MeJaKOH Boje, a Takxke B Ji060H caabonucnepru-
pyiouiefl cpele C TOJOXKHTENBHOH HHCNEPCHEH, NOMKHO HMeTb BHI

ou du co Ou
— 4y —+ =" —=0. 3.25
at ax = 2k ox® (3:25)

9r10 ypasHenue 6ni10 nonyueso Kopreserom u ne Bpusom B 1895 r.
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Lusi cpel ¢ NONOXHTENLHOH AucnepcHedl craeloBasio Obl H3Me-
HHTb 3HAK Tepel TNMOCKEAHHM ciaaraeMbiM. Ho ecau mpu 3tom elne
clenaTh 3aMeHy X —> —X, 4 — —(, TO Mbl CHOBa TOJYYHM YpaBHe-
nue Buna (3.25). Tak Kak X y Hac OTCUHTBIBAETCHA OT TOUKH Cof, TO
3TO 3HAYHT, YTO B CPelax C TIOJOXKHTENbHOH ¥ OTPHHATENbLHOH dHC-
nepcuell BOAHBL PacnpoCcTpaHAOTCs 3epKasjbHO CHMMETPHYHO 110 OT-
HOWIEHUIO K TOUKE X == Col, IBHKYIICHCA CO CKOPOCThIO JJIHHHOBOJI-
HOBHIX BO3MYyuIleHHH. B cHIy 9TOro mocTaTouyHO PACCMOTPETH JHIIBb
cayyall cpeibl ¢ OTPHUATENbHOH JHcIepcHed, HAaNpHMep MENKyIo
BONYy, a IJf cpel C TOJOXKHTEJbHOH NHCIEpPCHeH pellleHHe Oyaer
S€PKAJIBbHO-CHMMETPHUHBIM.

4, Ilepuoduueckue 80AHbBL, COAUTOHbL. PacCMOTPHUM cHayajna He-
KOTOpble 4acTHbie penieHHs ypaBHuenus Kopresera — e Bpusa tuna
6erymux BoMH 4 = u(x — ct), rae ¢ — dasoBasg ckopocTs. Touxee,
¢ — 310 Manas no6aBKa K OCHOBHOH ()a30BOH CKOPOCTH (o B J1a0o-

ou ou
paTopHol cHcTeMe KoopauHart. Jlnsi TaKuX BOJH —- 5 = Cax Tak

uto (3.25) craHOBHTCH OObIKHOBeHHHIM AHMdepeHUHanbHBLIM ypaB-
HenHeM. Ero cpasy MOXHO NPOHHTErPHPOBATH OMHH Pa3 M NOJYUYHTh

¢ du u?

— s =a-+ U —— 3.26

9K dx? + 2’ (3-26)
rle @ — KOHCTAHTa HHTETPHPOBAHHSA, KOTOPYIO MH 6€3 orpaHHueHHd
OOIIHOCTH NMONOXKHM PaBHOH HyM0 (3TO BCErlga MOXKHO CHeJaTh NpH
w MOMOIIH Mnepexofa B IBUKYIIYIOCA CHCTEMY
kKoopauHnat). Torga ypasHeHue (3.26) moxer

6bITh npeacTaBieHo B BUIE
LI —L (3.27)
2 T 4 .
% 2k§ dx ou
{ S u THE
cu? u?

Bocnonndyemcss Tenepb oOueHb yILOGHOI
Prc. 24. dllofenutas- 2 noryefi Byem paccMaTpuBath X Kak Bpe-
Has sHeprusy JJs ne- - DY P p o p
PHONMUECKAX BOJH. M#i, @ U KaK KOODJHMHATY HEKOTOPOil MaTepH-
anvHofi Toukn. Torga ypapHenne (3.27)
ONHCHIBAET IBHIKEHHE MaTePHAJbHOH TOUKH MacChl Cy/2k% B nore-
nuanbHol siMe ray6unodi W. Ilpyrumu cnosamu, (3.27) MOXKHO HH-
TEPIPETHPOBATh KAK YPABHEHHe [ABHKEHHS 115 HeJIMHEHHOTO OCIHJI-
aatopa. I[orenunanvuas sueprus W kak ¢yHKuus u u3obpaxena Ha
puc. 24. OHa o6pamaercss B Hyab npu & = 0, u = 3¢ u AocTHraer
MHHHMYyMa TpH 4 = 2¢. Tlpn koneGanusix BOJIM3H MHHMMyMa I0-
TeHuHaJbHO! SHeprun W Bo/aHa sBJASETCH MPAKTHUECKH rapMoHx-

YeCKOH:
u==2c + ugexp {ik, A/ 2¢cfeq (x — ct)}.
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Kak MB BHEHM, 1e6JeTcd OKOJO 3HAueHHs 2¢, T. €. B CH-
CTEME KOOpAHHAT, ma\1 K(lIeACA CO CKOPOCTbIO 2¢, B KOTOPOH KoJje-
6aHHsl NMPOUCXOAAT o\}Ky HyJ€BOrO 3HayeHHsl, BOJIHA pacnpocrpa-
HAETCA CO CKOPOCThbio ‘OJ° BJIEBO, KaK M JIOMKHO O6BITH NIPH OTpHIA-
TeIbHOH HHcrepcHn. (—A 9TOM, TOCKOJLKY BOJNHOBOE YHCJO k =
= ky 4/ 2¢/c,, 110533& p: $as30Boil CKOpPOCTH —¢C paBHa — Cok?[2kp»
KaK 5TO M CleflyeT U3 ' FIEPCHOHHOTO COOTHOWEHHS.

ITo Mepe ygennqekl{ﬂ(aMﬂﬂHTy.ﬂb} KoJie0aHH{l BOJIHA CTaHOBHTCS
Bce BoJee U Gojiee &‘HHMMCTPH'{HOHI KaK BHIHO H3 rpadHuka mJs
NOTEHIHAILHOM aﬂepfcn «yactuia» Oyger NoJblie HMeTb Maayio

u 1, u

] - -
—\_ p

Puc. 25. CoJHTOHH B cp\q) ¢ oTpauaTesbuoff (@) M nosoxuTeaBHOH (6) Auc-
Rax nepcuei.

CKOPOCTB 4, Te ympy ~ Tb MEHbIIe, W GLICTpee NMPOCKAKHBATL 3Ha-
uennst ¢ GonbmuM u TOc.. puc. 24). U HakoHeu, Korja aMmauTyma
YBEIHUHTCS HacTonbh(QMlTO CTAHYT BO3MOMKHBIMH 3HaueHHd 4 = 0,
MOSIBJSIIOTCS ch;uoql_'o, ybHO HHTEPECHbIE PELICHHs THNA YeJHHEH-
HOro HMnyabca (pu Texb, a). Ilpu stom «Touyka» u GeckoHeuHO
JIOJTrO HaxoAHUTCH B y° 2?>K6HHH u =0, 3aTeM OHa <«CKaThIBAETCH»
B MOTEHIIHAJBHYIO HM&OJIO, JOCTHTaeT 3HaYeHHsA Uy = 3¢, rne W BToO-
pof{ pa3 obpainaercs Wiyas, oTpaxkaercsi oT HEe H CHOBA Bo3Bpa-
maercs B TOJOXKEHHe B =-0. 310 pellleHHe Ha3bBaeTCA yeAHEeHHOH
BOJIHOM, MJIH COJIHTOH%H =(oT aHrauiickoro «solitary wave»). Moxno
POBEPHTD, YTO pemettl"f (L7151 COMMTOHA MMEET BHJ

He'u: U,
s x—ctY’
¢ Ch( A

- rme A — xapakrepHay  HPHHA COMHTOHA. B camoMm nene, ecan Mbi
TIOICTaBUM 3Ty (bYHK({ wy B ypaBHeHue (3.26) ¢ a =0, To nosyunm

0 Mo 6u, cug ul
DA% (\4%' chty ) ch?y  2chty’

i h?

" rae y = (x — ct)/A. } Y uo, uto ypasuenne (3.30) yaosnersopsiercs

: TIpH Unu

(3.29)

(3.30)

—3c, A2=2%, (3.31)
llo = CkO
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OTKyaa CJaenyeT COOTHOUICHHE

Alyy = Seo const, (3.32)
&

T. €. IPOH3BeleHHe aMIJNTYAB COJHTOHA HA KBaJpaT €ro MHPHHLI
€CTb BEJHUYHHA MOCTOAHHAS.

Takum o6pa3zoM, CYIIECTBYET OMHONapaMeTpHUECKOe cEMERCTBO
pelleHufl THOA CONHUTOHOB. B KauecTBe mapameTpa 3TOro ceMefcTBa
MoxKeT OuiThb BbGpaHa, HampuMep, ux amnauryaa. Ilpm stoM wmu-
pHHA COJMTOHA OTHO3HAYHO CBA3aHa C €ro aMIVIMTYJOH: ueM OoJbiue
aMIJIUTya COJHTOHA, TEM ViKe OH.

Cnenyer 3aMerutb, 4T0 ¢a3oBasi CKOPOCTh COJNHUTOHOB B paccMa-
TpHBAa€MOH HaMH cpele ¢ OTPHHATEeAbHOH JHCNepPCHed COTyacHo
(3.31) monoxureabHa, T. €. OHH ABHXKYTCH ObICTPEE CKOPOCTH 3BYKa.
B connTOHe mMpOHCXOOHMT KaK Obl TOUHOE YPABHOBEIIHBAHHE HEJH-
HeHHOCTH H NHCIEPCHH: H3-32 HETHHEHHOCTH HMINYJbC HMEET TEeH-
OEHIHIO ONPOKHHYTHCH, HO IDHCTIEPCHS NMPHBOAHT K TOMY, 4TO BHIC-
IHE TAaPMOHHKH OTCTAIOT OT OCHOBHOH, H B pPe3yAbpTare COJHTOH CO-
XpanaeT NOCTOAHHBIH BO BpeMeHH npodus.

Ecau aMnautyna do 4yyTth MeHbIue 3¢, TO CKOPOCTb 4 IO HYns He
NOXOLMT, U PElUIeHHe CTAHOBHTCS TEPHOAHYECKHM; OHO COOTBET-
CTBYEeT KaK Gbl CEPHH COJHTOHOB, CJAENVIOLUIHX APYT 3a ApyroMm. IT0
NepuorHUecKoe DeuleHHe TakikKe ABJAAETCH CBEPX3BYKOBHIM.

Takum ofpasoM, no Mepe BO3PACTAHUS AMIJIHTYIHl NEpHOIHYE-
CKHX pellleHHil THna Oerymux BoJIH HX (pa30Bag CKOPOCTh H3 OTpPH-
HaTeNbHOH CTAHOBHTCA TOJIOXKHTENbHON M BO3pacTaeT A0 3HauyeHHs
Uo/3 y yeNMHeHHHIX BoJIH (HallOMHHM, YTO MBI FOBOPHM o (a3oBoil
CKOPOCTH B CHCT€Me KOOPIHHAT, NBHKYILeHCS CO CKOPOCTbIO 3BY-
Ka (o).

5. Jsoatoyus HauarbHo20 803myusenus. OGCYIHM Tenepb BONPOC
0 BpeMeHHOH 3BOJIOIHMH KoJsieOaHHH, CO3NaHHBIX HAYaJbHBIM cocpe-
HOTOYEHHBIM BO3MYLIEHHEM KOHEUHOH aMIautynsl. Ias mpoctoThl
OrpaHHYNAMCH OIJHOMEPHBLIM cjayyaeM, Npeanonaras, yTo BO3Mylie-
HHe fABJsieTcd OECKOHEYHO TPOTSHXKEHHBIM H OIHOPOIHHIM BAOJb
ocH Y.

Ilycte B HauanbHbl MOMeHT f == 0 co3fgaeTcs HeKOTOpPOE BO3-
MYILIeHHe CKOPOCTH C aMINIMTYIOH U U IIHpHHOH mnopsanxa A. Ecuau
Uy < ¢, TO BO3MYIUIEHHE MOXHO CUYHTATh ¢Nab0 HeJHHEHHBIM.
B 3TOM cayuae BO3MylLIEHHe IOCTAaTOYHO OBICTPO, NMOKa emge He
yClieeT NMPOABHTBCS HEJIHHEHHOCTb, pacnafercs Ha ABa, Oeryuux B
pasHble CTOPOHBI CO CKOPOCTbIO, IPHMEPHO PAaBHOM Co, M TpencTaB-
ASIIOLMX co6oN mpocThie BoJHHL. [loatoMy mocratodno mnpocsnenHth
3a MeAJEHHOH 3BOJIOIHEH NUIIb OJHOH NMPOCTOH BOJHBI, T. €. LOCTa-
TOYHO PAacCMOTPETh HecTallHOHAPHHIE peuleHHst ypaBHeHus Kopre-
Bera — e Bpusza ¢ yuderoM mucnepcun. Otciona, B YacTHOCTH, BHA-
HO, NOYEMY NpPOCTble BOJHBI HMEIOT OOJbLIee 3HAUEHHE, yeM KaKue-
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auGo Apyrue, ObiTh Moxert, naxe Gojee o0wHe HeaqHHEHHbIE pelne-
HHsi: B NPOCTO! BOJHE HENHHEHHOCTL NMPOSBJAAETCS CHAbHEE, TaK Kak
Bce FaPMOHHKH ONTO IBHXKYTCS COBMECTHO.

HecraunoHapHule peuleHHss ypaBHeHHss Kopresera — ne Bpusa
pHayaJje ObUIH HCCNENOBaHB YHCJEHHO, H TOJIbKO MO3[AHee Obl1a Mo-
CTpOEHA MX aHanMTHuecKast Teopus. Ho KayecTBeHHasi KapTuHa Mo-
KeT OBITb H3/0XKEHa BecbMa MPOCTO € NOMOLIBIO CAEYIONIHX pac-
cy}KlleHPII'/’I.

JlomycTHM cHayaJsia, YTO HavasJbHOe€ BO3MylLIeHHe no (dopMe B
TOUHOCTH COBNALAET C COJHTOHOM, T. €. u(f == 0, x} == uo/ch®(x/A).
Torfa 3TO BO3MYIIEHHE MOIJIO OBl PacnpoCTPaHAThCH KaK COJHTOH,
ecau OBl ero ammnauTvna 6nsa cBS3aHa C UIHPHHON COOTHOILEHHEM

(3.32):
6
A%y = ;;’ . . (3.33)
- JIpyruMH cnoBaMH, 6e3spasMepHast Be1HYHHa
ughg?
g = T (334)

Ji coiHTOHA B ToyHOoCTH paBHa !. Ho Besnunna ¢ mponopuuoHass-
Ha aMILUIHTYZe, U 1105TOMY €e MOXHO PacCMaTpUBaTb KaK NapaMeTp
HeJIHHEAHOCTH BOAHBL NIPH 0 < | BO3MYIIIeHHE HMEET OueHb Maayio
aMIUIHTYy H ero MOXKHO CUHTaTh JIMHEHHBIM, IpH =1 obpasyercs
yenMHEeHHas BOJHA, a NpH o0 > | aMIAUTyda HAacTOJBKO BEJHKA,
9T0 BOOOUIE He CYUIeCTBYET pelleHu#l Tuna Oeryumed cranMoHapHOA
BOJIHbL. :

Herpynuo Bumers, nouemMy B cnaGoiucneprupyioueil cpene noka-
_3aTejieM HeJHHEHHOCTH CJYXKHT HMMEHHO NpOH3BeleHHe aMIIHTYLSI
.Ha KBaJApaT WIMPHHSI, a He Hosee, Kasanoch O, eCTeCTBEHHast BeaH-
Ha — OTHOLICHKE AMIIUTYABl BOJHB 4y K XapaKTepHOH ¢(a3oBoi
CKOPOCTH Co. DTO CBfiI3aHO ¢ TEM, UTO B HeAHCNeprHpyollell cpene
- OIHOMepHas BOJIHA BCerja sBJAAETCA HeNHHEeHHOH: He3aBHCHMO OT
AMIINTYIB OHa o0S3aTeNILHO PaHO HJAH TIO3LHO «ONPOKHHETCS»
. (pasymeercst, ecin HET IHCCHTIAlMKM M BOJHa He 3aTyxaer). MMenno
JHCIEepCHsT HE JaeT STOMY MPOH3OHTH, M IO3ITOMY AMIUIUTYLY Ho
ClefyeT cpaBHHBAThL He ¢ (a30BOH CKOPOCTHIO Co JJIHHHOBOJIHOBHIX
BO3MyIIeHHH, a ¢ NoGaBKoll ¢ k%/2k ~ co/k§A2, CBSI3aHHOH ¢ IHCTep-
€HEH, TAK UTO MOKa3aTeJNeM HEJNHHEHHOCTH CHYXKHT HX OTHOLIECHHE,
A. €. BeJIMUMHA 0 ~ UoAZ.

Ecau navannHoe Bo3MyueHHe He cOBMagaer Mo NPoduaio ¢ co-
IHTOHOM, @ UMeEeT BHI MMIYJbca IWIHPHHBI A H aMIUIUTYAH Ug, TO B
KauecTBe napaMerpa HeJHHEHHOCTH ONATb MOXKHO TNPHHATH BEJH-
Ry o. [Ipn 0 € | Mul uWMeeM Jeo C JHHEAHBIM BO3MYILI[EHHEM.
ApaKTep pacnpocTpaHEHHS BOJAH OT TAKOTO BO3MYLIEHHS Mbi
e paccMOTpend paHee: IJHHHOBOJIHOBAs YacCTh CIEKTPaJbHOIrO
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pa3JioKeHUsl BO3MYILEHHSI IBHXKETCS CO CKOPOCTbIO, OJIM3KOH K o,
a KOPOTKOBOJIHOBbIE COCTABJISIIOLIHE OTCTAIOT OT OCHOBHOTO HMIIYJIbCa,
Hmnyabe B 1eJOM H3-3a IHCIIEPCHH PACIVILIBAETCS, W €r0 aMIjiu-
TyAa majgaer. 3aMeTHM, YTO HDH 3TOM, KaK CJIelyeT W3 3aKOHa co-
XpaHeHHs SHeprum u A = const, aMmauTyRa yGuiBaeT BCero nuiib

KdK Ug~ 1/'\/3 Orciona BHAHO, YTO HA CTAAHH PACILIBIBAHHAA He-

JIHHellHOrO naKeTra napaMeTp o ~ woA? BO3pacTaeT Kak A", w Bos-
MyleHHe CTAHOBHTCA Bce Oosiee u Oosiee HejHHeHHBIM. B pesyib-
TaTe OKA3bIBAETCH, YTO M3 JHHEHAHOTO BO3IMYIICHHS HIPH ONpEJeeH-
HBIX YCNOBHAX (KOTOpHIe OGYIYT BHIICHEHBl HHKe) MoxeT chopmu-
pOBaTbCSl ORHH IIHPOKHA COJHTOH W JHCTIEDCHOHHBIN JIHHEeHHBIH
«XBOCTHKY.

Dosnbmuii uHTEpeC NpeACTaB/asieT ciaydaidl CHJIbHO HeJlHHeHHOro
BO3MyL(eHHst ¢ 3> |, KorZa wmupuHa A Beqauka. Ha nepsoii cranun
3BOJIIOLIMH TAKOTO BO3MYIUEHMsI JUCIEpCHSl HE HTPaeT pOJNH U ero
NoBeJleHHe ONpenessieTCs "HeJUHeHHOCTbI0. DTO 3HAYHT, YTO B HM-
IyJbce TOJIKHO NPOMCXOAHTb YKPYYHBaHHe mepeipHero (poura M OH
HMeeT TeHAEeHUHUIO K OnpokuAbBaHHoo. OXHAKO NpH nosBieHHd Go-
Jiee BBICOKHX TAPDMOHHMK B HIDY BCTyNaeT AMCHEPCHs, KOTOpas AOJXK-
Ha «DPa3BOJAMTb» BO3MYILIEHHsi ¢ PasJHYHHIMH AJHHaMH BOJH. Ilo-
3TOMY 1O NpOILIECTBHH AOCTATOYHO OOJBLIOTO NMPOMEKYTKa BpeMeHH
BO3MYULIEHHE MOJIKHO <«DacCHIATbCA» — PA3OUTBCA HA OT/e/bHble
TPYNNE, aHAJOTHYHEIE BOJHOBLIM I1aKeTaM B JIMHEHHOM CJyuae.
Kaxpmass ¥3 9THX Tpynn MOXeT NPHOJHIKEHHO paccMaTpHBATbCS
KaK IBHXKYILASCH C NMOCTOAHHOM ckopocTbio. Ho Bce pemenus, ot-
BeuaomHe OerymuM BOJHAM C INOCTOSIHHON CKODOCTBIO, MBI yXKe
3HaeM: 3TO NEPHOAUUECKHE BOJHHE ¢ 0 << | 4 CONHTOHH ¢ 0 = |,
U HUKAKHX Ipyrux peumlenuit Her. CienoBaresibHO, HAYanbHBIN HM-
MyJbC € 0 3> 1 0JKeH «pacchnaThesi» Ha COMMTOHBL H caabo He-
JuHelHbHA naker. Bce CONUTOHB ABHXKYTCS CO CBEPX3BYKOBON CKO-
pPOCTbIO Cp 4~ ¢, IPUTOM TeM OoJbllel, yeM OoOJbllie aMINIATYRA CO-
JUTOHA Uy, 2 BOJHOBOfi NakKer, PaCIVILIBAIOHIMACA CO BpEeMeHEM H
YMEeHbINAOMHKACH 0 aMIVIHTYIE, OTCTaeT OT TOYKH X == (ol H fiB-
Js1eTCsl JO3BYKOBBIM.

Taxum o6pasoM, B paccMaTpUBaeMOH CHCTEME€ KOOPAHMHAT, KO-
TOpas ABHXKETCA CO 3BYKOBOH CKODOCTBIO, BCE COJHTOHBI PacroJo-
’KeHb! CrpaBa OT Hayaja KOODAHMHAT, a DAaCIJBBAOWMACT W 3aTy-
Xaounui co BpeMeHeM INpPAKTHYECKH JAHCHHHBIA BONHOBOH naker
HAXOAMTCS caeBa. [lo npOWECTBMH AOCTAaTOYHO OOJBLIONO HpoMe-
XKYTKA BpEMEHH NPAKTHUECKH OCTAHYTCH TOJNBKO COMHTOHBL. OTciona
BHJHO, YTO COJIMTOHDI ABJAIOTCA OXHHM H3 HauGoJee CYylIeCTBEHHBIX
THIIOB HEJHHEHHBIX BOJIH.

Best 9Ta xauecTBeHHAA KapPTHHA B TOYHOCTH COBIIAZIART C pe3yJib-
TATaMH YUCJEHHBIX PACyeToB, BepHEe, HA Pe3y/bTaTaX 3THX pacue-
TOB OHa u ocHoBaHa. Ha puc. 26, nanpumep, npeacrasnens pacyerhl



g9 HEJIUHEVIHBIE BOJIHB B CJIABOOVCITEPTUPYIOUIUX CPEOAX 113

Bepesnna ¥ Kapnmana [77], koTOpBlE YHCJIEHHO pellasd ypaBHEHHE
Kopresera — 1ie Bpusa 11 HauadpHOrO UMNyJbca ¢ ¢ = 8. Kak MH
juMM, BOSMYIIEHHe Paclasoch Ha UeThlpe COJNMTOHA H KOPOTKO-
JIHOBBHIH MMaKeT MaJjoH ™ aMIlIH-

JIpyruM npuMepoM mpouecca i
yACCHIMAHHA BOJHH Ha COJHTO-
Akl MOXET CIYXUTb 3IBOJIONHS A_/\
FHHYCOHNANBHOTO  BO3MYIIEHHSA .
x

Goapwoh aMmIuTyAb. Pesyanra- =

3 YHCJAEGHHOro pellieHH 3TOH

. yagaud, nosydeHHoro 3a6ycckuM  Puc. 26. COTOHH OT HMIy.bCHOTO
# Kpyckanom [78], mpencrasie- BOSMYIIEHHS C 0 = 8.

#nt Ha puc. 27. Ha stom pucyHke

#3o6paxKeH TOJBLKO OJHH IEPHOR MO X, H BCA KapTHHA JOJKHA

OHTH NEPHONHYCCKH NpoJosKena B obe cropoHn. Kak Mbl BHAuM,
BOSMYLIEHHE CHAayaJa SJBONIIUOHMPYET Kak NpoCTasi BOJAHA —

PHO yBeJHUHBAET CBOIO KPYTH3HY d NPHOJIMAKAeETCs K ONPOKHABIBA-
wio. OnHako mepel CaMbiM ONPOKHALIBAHHEM B Hrpy BCTyHaer

50 A -..... t=0
« LT |G ———t=ty
20l 2_- () —t=3645

7‘\' 1 \ o s /H,
"l U[ W\ /g/\/ Y

0 95 10 75 . 20

Puc. 27. 3Boaronua nepHofHYeCKOTo BO3MyIUeHHS B cJa6o-
Axcneprapyromeit cpeae [78]; ¢ = fz — Hauas0 ONPOKHAH-
BaHHA BOJIHMIL.

flycnepcusi, 1 OT HepeaHero poHTa HAYHHAET OTAEIATHCA NEepBHIH
LONNTOH. 3aTeM K QPOHTY onsiTh Haberaer BOJIHA C/leBa, H HAaYHHAeT
PopmupoBaThes BTOPOI COMMTOH. DTOT MpoUece NPOAOIKAETCH A0
3?‘&?( 1I0p, NOKa BCs BOJIHA HE pacnafaercss HAa COBOKYIHOCTb COJH-
TOHOB. MHTepecno, 4TO B 3TOT MOMEHT BeDPXYIIKH COJHTOHOB pac-
ﬁbnaraxorcn Ha onHoll npsaMoll (kpuBasi ¢). Auajoruusbiii sddexrt
HMen MecTo u NP4 pacCHaHu{ OTAENBHOrO UMINyJabca (CM. puc. 26).
JTOT dakT HMeeT npoctoe OObsicHeHue. Je0 B TOM, YTO CONHTOHHI
06pasyioTcss npAMEpHO B OXHOM H TOM e MeCTe — Ha nepefHeM
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¢poute BoJHE. CKODOCTH Xe KaXKIOrO COJIMTOHA, KaK MBI 3Haew,
paBHa uo/3, T. €. NPONOPUHOHaJbHA ero aMnauTyxe. [lostoMmy pac-
crosinne AX == ¢t == yot/3, NpoHAeHHOEe CONHTOHOM 3a BPeMs [ or
TOYKH MX 00pasoBaHusi, NMPONOPUHOHAJBLHO Uo. [Lpyramu cloBawmuy,
aMIVIATYABl  COJHTOHOB 4o BO3PacTaloT MO JHHEHHOMY 3aKOHY,
IIPONOPHHOHAJIBHO PACCTOSIHUIO OT TOY-
Kd MX o6pasoBanus. 3aMeETHM, 4YTO CO
BpemMeHeM orufaoniast COMUTOHOB 3BO-
JIOHHOHUPYET KaK NpocTas BOJHA, UTO
npy N/JaBHOM HU3MEHEHHH AMIIHTYIH
Up C X BUAHO H3 YCJIOBHS MOCTOSIH-
CTBa aMIVIUTYyABl OTHEJBLHOTO COJH-
TOHA:

duyg Oug 1 Ouy

dt ~ df 3 Jx

=0. (3.35)

3To ypaBHeHHe AJs orubawmenl ame-
eT BHJ yPaBHeHHS IJISI NPOCTOR BOJI-
ubi. a5t orubaiome#t puc. 26 sta Bos-
Ha BHINVISLAMT Kak nuioobpasHasi BoJI-
Ha ¢ pa3pHIBOM Ha nepegueM ¢QpoHTe,
KOTOPBI OTBedYaer COJIMTOHY C Hau-
Gonbuieli aMnauTyaod. MoxKHO cka-
3aTh, 4YTO Ha orubawomeld uMmeercs
pPAa3pLIB THNA YAADHOH BOJIHE 6e3 guc-
CHITAIIHH. -

Ha puc. 27 Boana orubaiouieti 3so-
JIOIMOHHDPYET Kak INpOCTas BOJIHA
TOJILKO [0 TexX TNOp, NOKa He Hauu-
HaeTcss 06pa3oBaHde MHOTOINOTOKOBOIO COCTOSHHS: COJMTOHBI C
OonbLIel aMIMTYAOH OOTOHAIOT OoJiee MeAJIeHHBIE, TAK YTO IPOHC-
XONUT IIepeceueHde TPAEKTOPHH COMMTOHOB, Kak TOKA3aHO Ha
puc. 28.

Uncnenursie pacyerhl BBISIBWIH OUeHb MHTEPECHHIH XapakTep He-
JIMHeHHOrOo B3aUMOJeHCTBHsI COJHTOHOB APYTr ¢ Apyrom. Ecau counu-
TOHBl JOCTATOYHO CUJIbHG PA3JAHYAIOTCH 1O AMIVIMTYAAM, TakK 4TO UX
OTHOCHTENbHAS CKOPOCTh AOCTATOYHO BeJUKA, TO MPOHCXORHT Kak
Obl TMPOXOXKAEeHHEe OJHOTC COJHTOHA CKBO3b JAPYroH, KakK NMOKa3aHO
Ha pHc. 28, OHaKo NpH TepeceyeHHH COJHUTOHOB CyNepio3uiind
BO3MYILleHUsl HeT: CyMMapHas aMIJIMTyAa ABYX CJAUBIIKXCS COJH-
TOHOB OKAa3blBAeTCS HECKOJbKO MeHblle CyMMBI HX ammautyn. [lpu
3TOM B HEKOTODOM YCJIOBHOM CMLIC/Jie MOXXHO TOBOPHTH O JBYXCOJIH-
TOHHOM COCTOSIHHH: TaKOe BO3MYIUIEHHE NPH TOCHeRylomed 3BOJIO-
UHH pacrnafaeTcsi TOAbKO Ha JBa COJHTOHA, IIPHTOM B TOYHOCTH
cOBNajaloWMX ¢ HasanpubiMH. [locne Takoro pacmaga mosyuaiporcs
Kax Obl mpoulefmie APyr CKBO3b Apyra cosutousl. [1pu mano#t pas-

Puc, 28. TpaekTopuu coJaTOHOB
{78}, Tp— «Bpems BO3Bparar.
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-gHIe CKOPOCTeH CONHTOHOB, KOT/A WX AMIIMTYAb OJH3KH, CIHAHUS
He TPOHCXOTHT. [Ipu STOM COJIWTOHEL TOAXOMAT Ha 61u3k0e pac-
crosinue W Gosiee OHICTDHIA COMUTOH Yepe3 COeMHHAOIYIO HX <«Iepe-
MBIUKY», €CJTH MOXHO TaK BBIPA3UTBCS, «llePeldBaeT» YacTb BO3MY-
imenna B HaXOAAUlMiACs Nepell HUM Gosee MeJEHHBIH CONUTOH; B
pesyJbTaTe MeJUIeHHBI COJNHTOH YCKOpsieTcsl, a OHCTPhA — 3aMen-
‘anercst. [IpHMEPOM TaKOTO «yNpYroro» OTTAaJKHBAHHS MOXET CIy-
$kHTh B3aUMOJENCTBHE COMHTOHOB 2 H 6 Ha puc. 28 npu f = Tg/4.
' VIHTEpecHO, 4TO B PAcCMATPHBAEMOM CJydae MOXET HMETh Me-
cTo causaHde GoJbuiero, yeM ABa, yHcaa conuTonos. Hampumep, npu
tz= Tr/2, KaK NOKa3aHO Ha pHUC. 28, NPOMCXONHUT CAHAHHE BCeX
MeTHBIX W OTHEJbHO BCEX HEYeTHBIX COMUTOHOB. A npu f = Ty, co-
" @¥YBeTCTBYIOIIEM Kak Obl BpeMeHM BO3BpaTa, KaXJbl#l H3 COTHTOHOB,
* gipofiAf Le0€ UHC/IO [EPHO/I0B, BHOBb NMPHXOMHT K HAYaJbHOMY
CGOCTOAHHUIO, TAK YTO BCe COJIHTOHBl CHOBA CJAMBAIOTCA B OJHH HM-
fryapc. BosMylllenne NPH 3TOM CTaHOBHTCA OJHM3KHM K HaYajbHOM
¢uiyconnie. ONHAKO MNOCKONBbKY CKOPOCTH COJNHTOHOB HE COH3Me-
PEMBI, TOJHOTO COBIIA/IEHHSI C HAYaJbHbIM BO3MYILIEHHEM HET, U B
fioceylolliHe MOMEHTHl CJHAHHA BCeX COJHUTOHOB Inpoduan Bce
Honpie ¥ 60JbIIE OTXOMLHT OT HAYAJILHOM CUHYCOHIBL.
Caenyetr uMeTb B BHIY, HYTO COJHTOHB MOTYT 00pa3oBaThCsl
‘gRIWbL B TOM CHIyyae, ecJH HayaJbHOE BO3MYIIEHHE U HMeeT IOJIO-
_BTeNbHYI0 aMIUIATYAY (B CPele C OTPHIATENBLHON AucHepcHeit).
- Ecan HayaspHOe BO3MYIIEHHE BCIOLY HMEET OTPHUATENbHYIO aMIIH-
- ¥¥Ry, TO OHO He MOXKeT NODOJAHTh COJHTOHH. B 3TOM ciyuae ono
HPOMIOIIMONUPYET B HeTHHeHHEH BOJHOBOH «XBOCT», KOTOPHIH 3aTeM
CHILIBAETCA NO MaJOH aMNAMTYAbl H CTAHOBHTCSH JTHHEHHBIM,
Bce cxasanHOe Bblllie OTHOCHTCA H K CpPelaM C NOJOXHTEeNbHON
Mhcnepcuell ¢ cooTBeTCTBYOINEH Moaubuxanuel: B TaKHX cpefax
JIATOHH OTBEYAIOT He «rop6aM», a «BIAXHHAM», NPHYEM BCE OHH
BUKYTCA CO CKOPOCTBIO, MeHbleH Cg, a BOJHOBOH «XBOCT» Malsok
MIANTYBL — CO CKOpOCTblO, Gonbumed ¢, B cpemax ¢ nonoxku-
ABHOM mMcnepcuell COMHTOHBI OOPa3yIOTCA JIHUIb NPH OTPULATENb-
aMILTHTYle BO3MYLIeHHust (CM. pHc. 25, 6).
6. 06 anasutuveckom pewenuu ypasnenus Kopreseza —

Bpusa. TIpn paccMOTPEHHH 3BOJIOLAN NyYKa MBI [03HAKOMAIHCD

. du du
He/nHeHHbIM ypaBHeHHeM —- {4 5= =0 118 IPOCTHX BOJH.

BK MBI BHIHM, 110 opme 5TO AeHCTBHTEJNhHO HeJUHEHHOE ypaBue-
ie. Ho no cymecTty omHO omuceiBaer mpocto CBOGOAHOE ABHMKEHHE

o du .
FAMION yacTHIbI nyyxa Tit—"_—o’ T. €. B JlarpauxeBoit popMe oHO

MTASANAT KaK JuHelHOe ypaBHEHHe W IPUTOM MpOCTelllero BuAa.
3 HeTO cJelyer, uTO CKOPOCTb KaMKIOH YaCTHIL OCTaeTcd Io-
OAHHOM, u == const, a XoopAuHATA JUHEHHO U3MEHSETCHA CO Bpe-

FHEM: x == X + ut. (3.36)



116 HENUHEMHbBIE BOJIHBI rJ1. 3

CaepoBarenbio, M0 M060# HauaabHOR 3aBUCHMOCTH U(X, | = 0) =
= yp(x), KOTOPYIO YyROOGHO 3anucaTh B BHAe o6GpartHOll (yHKIHK
X(u, 0) = xo(u), Jerko HafiTy 3aBHCUMOCTb X (4, ) ANA NPOH3BO/b-
HOT'O MOMEHTa BPEMEHH:

x = xg(u) + ut. (3.37)

Jpyrumu croBamu, 0as ¥ KaK QyHKUHH 4, ! 3a/laya ABJIAETCS JH-
HeliHOM M MTHOBEHHO pellaeTcs, HO AJaA 00pPaTHOTO BOCCTAaHOBJEHHS
npodbuns ¥ 10 x AJds NPOH3BOJBLHOrO f ClefyeT pelwluTh aarebpau-
gyeckoe ypaBHeHnue (3.37), B o6meM ciayuae HejuHeHHOe.

YpaBHenve Kopresera — ne Bpusa, pasymeercs, ropasno Clox-
Hee ypaBHeHHMs AJS npOCTOR BOHBL. ONHAKO HeJHHEHHHH 4ieH B
HeM UMeeT TOT e BMJ, H NMO3TOMY BO3HHKAeT eCTECTBEHHOe XKeja-
HHE TOUCKATbh aHAJOTHYHYI0 BO3MOXHOCTb pelIEHHSl YpaBHEHHS B
tTakoli ¢opme, uTOOH OCHOBHAS YacCTh 3aJa4d CBOAHJIACh K pelie-
HHIO JIMHEHHOr0 YypaBHEHHs, a CBA3b MCKOMOH QyHKHuU u(x, 1)
C HaWJAEHHBLIM JUHHEHHBIM pelieHHeM Morja Obl ObITh HEJTUHEHHOH.

Takass BO3MOXHOCTL B CaMOM [leJle CYUIeCTBYeT, W OHa Orl1a
obHapyxena B pabore I'apnuepa, I'puna, Kpyckana u Muypw [79].
DTuMH aBTOpPaMH OBl HafileH OPHUTMHAJBLHBIA W Upe3BHIYANHO MJIO-
LOTBOPHBIA METOA aHAJMHTHYeCKOro pemlenus ypasHeHus Koprese-
ra — e Bpusa, koTopri Obl 3aTeM YCOBEDUIEHCTBOBAH M paclpo-
CTpaHeH Ha HeJBIl’ KjaacC HeNHHeAHBIX Au@epeHNMaNbHHIX ypaB-
HeHuit (cM. paGory 3axaposa u Panneesa [81]).

Taxk Kak B OCHOBY 3TOTO METOMa IIOJIOXKEHAa HJIeSl PAaCCMOTPEHHUs
ypaBuenns Kopresera — ne Bpusa Kak YPaBHEHHs LISl HEKOTOPOro
omnepaTopa ¥ HCIOJb3yeTCs aHaJOTHs ¢ KBAHTOBOH MeXaHHMKOH, TO
MH HalOMHHM CHAayaja HEKOTOPble COOTHOIIEHHsST KBAHTOBOM Me-
XAHHKY.

Mycrs dyukuus P(x, {) YROBIETBOPsieT HEKOTOPOMY ypaBHEHHIO,
uMeroneMy BuJ ypapsenus LIpeaunrepa:

. 0
i<t =Hy, (3.38)

rae H — 3DMHTOB onepatop, COOTBETCTBYIOUIHH TaMUJIbLTOHHAHY
paccmaTtpuBaemoit 3amayd. Kak usBecrHo, ecau L — spMuTOB oOme-
paTop, OTBEYAIOIMA HEKOTOPOH (H3WYeCKOH BeJHMYHHE, TO INPOH3-
BORHASL 3TOTO OllepaTopa MO BPeMeHH ONpelessercsl COOTHOIEHHEM

dL aL
S ="r +i[HL), (3.39)

rie KBaJpaTHbIMH CKoOKaMH o06o3naded Kommyratop [HL]=

dL
= HL — LH. Ecan —7r =0, TO Oneparop CyHTAETCH HE 3aBHCAIHM

OT BpeMEHH, T. €. HE 3aBHCAT OT BPEMEHH BCe €ro cOGCTBEHHbIE 3HA-
YeHHd A, onpefensseMble COOTHOIIEHHEM

L =, (3.40)
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Oxka3sniBaercs, 4to ypasHeHue Kopresera — ne Bpusa moxuO
paccMaTPHBAThL KAaK YpaBHEHME TMOCTOSHCTBA oOnepatopa %=O

BpH OMNpEeNIeHHOM BeiGope onepatopoB H, L. Tlpsamoit nposepkoii
MOMHO [TOKa3aTh, YTO NPH BHIGOPE ONEpaTopoB B BHIE

__ 3y 8

. L"_ kg axz u! (3.41)
_ i O if, 0 , 0

H= kg dx? 2 (u ox + 0x u) (3.42)

oBHe coXpaHeuusi onepatopa L cosnamaer ¢ ypaBHeHuem Kopre-
ta — Jie Bpusa:

aL _ oL . . — Ou Ou €0 0w __ :
ot +ilHL] ot u ox +2k3 ax3 0. (3.43)

Bro. 06GCTOSITE/IBCTBO O3BOJNSAET Da3BHTh CXeMYy aHAJHTHYECKOrO
pémenns ypasuenuss Kopremera — ne Bpusa. Ho, moxanyfi, Gosee
- WHTEpeCHBIMH W BaXXHBHIMH ABJISIOTCA KayeCTBEHHHIE CNelCTBHA YT-
. BepaKIeHus (3.43).

Bepuemca x ypaBhenuio (3.40) c¢ omeparopom (3.41), Koropoe
i sauuiieM B dopMe

_ Bc %%

o ot U=, (3.44)

‘ §anOMHHAIONEH OGLIYHOE OJHOMEpPHOe CTALMOHADHOE ypaBHEHHE
+ . Dlpeamnrepa. Ilo amanoruu ¢ 3THM YpaBHCHHeM INepBbIN ujeH B
) Iﬁ;‘%’e;;l%f,ﬂqmﬂo HHTePHNPETUPOBATH KaK KHHETHYECKYIO, —U — KaK T0-
TEHDHAALHYIO, a —A — KakK IOJIHYI0 3Hepruio. Ecau # pocratouHo
. GHCTPO yOmBaeT NpH X —> =060, TO MHOJOXKUTEJNbHbE COOCTBEHHBIE
_SHAYEHHS A OTBEYAIOT JUCKDETHOMY CIEKTPY CBSI3aHHBIX COCTOSIHMIL,
& A << 0 — HenpephIBHOMY CHEKTPY C IOJIOXHTENbHOH 3Hepruefl.
#Kax M ykaseiBaiH Bhille, COGCTBEHHbIe 3HaueHHs omepatopa L
eoxpansiorca co ppemeneM. Crano ObiTh, MPH 3BOJIOLHMH J1060T0
ppoduas u(x) B cooTBercTBHH ¢ ypaBHenuem Kopresera — e Bpusa
(8:43) co6cTBennnie sHauenus ypasuenus (3.44) Bce Bpems GyayT
ICTaBaTbCA HeW3MEHHBIMH. B YaCTHOCTH, OHHM HE M3MEHSTCS M Ioc]e
¥0ro, xak HayajnHOe BO3MYIIEHHe Pa30OLETCH HA NANEKO OTCTAIO-
gne ApPYr OT 1pyra COJNUTOHBI, KOrfla COGCTBEHHblE 3HAUEHHSI ypaB-
‘BenHa (3.44) OynyT onpefeNsiTbCs COOGCTBEHHBIMH 3HAYCHHSMHU
(844) nns orTmenbHBIX COMHTOHOB, BOJM3H KOTODHIX JOKAJH30BaHa
CooTBeTCTBYOMmAA coOcTBenHan Gyukuus P Mis gauHoro A. Ho mas
PTACABHOrO coNUTOHa ypaBueHue (3.44) pewaercst Touyso. Oxashl-
BaeTcs, uTo MaA CONMTOHA C AMIUTHTYAON Uy HMEETC TOJNbKO OAMH
BHCKDeTHHI ypoBeHb € COGCTBEHHHIM 3HAUCHHEM A == Uy/2, a
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cJeRyIOIHA YpOBeHb Nonagaer B Touky A = 0 (c COOTBETCTBYIOULEH
cobcTBeHHOR (yHKUMER ) == th x/A) u npuHalJeXHT yKe Henpe-
PHIBHOMY CIIEKTDY.

Hrak, KaxXIOMY COJMTOHY OTBEYAeT TOJbKO ONHMH JHCKDETHHIH
ypoBenb. Ho Tak Kak npd 3BoMOLHH #(X) cO BpeMeHeM cOOGCTBeH-
Hble 3HAYeHHsi A OCTAIOTCA MOCTOSHHBIMH, TO HO JIOO0OMY Haua.jb-
HOMYy npodumio u(x, 0) MOXHO Cpa3y HaWTH, HA KaKHe COJIHTOHBI
OH pacnapmaeTtcs. Jlisi 3TOTO ROCTATOYHO ONpeleNuTh BCE HUCKpeT-
HbEle YPOBHH An A1 ypaBHenus (3.44). Torma aMmiHTYIH COJHTO-
HOB, Ha KOTOpHIE€ Pa30oObeTcsl NAHHHIM HMIYJbC, MOXKHO HAHTH U3
IPOCTOr0 COOTHOIIEHHUS Un = 2An, 2 YHCJIO COJTHTOHOB MOIKHO Olle-

HuTh Kak N ~ 4/0. Teneps BHAHO, OYEMY OTPULATENBHBIH HMIYJbC
B Cpefie C OTpHIIATEeJbHOH AHCMepcHedl He MOXET NMOPORHTH HH Ofi-
HOTO COJUTOHA: MpPOCTO IPH 3TOM [JJsi ypapHenHs (3.41) uer Hu
OJIHOTO NHMCKDETHOTO MoJaoxuTteabHoro yposHsi. C Ipyrof CTOpPOHH,
Mo060ii NONTOXKUTEIBHEI UMIYAbC, JaXKe CKOJb YIrOAHO Majbid, 00s-
3aTeJbHO TIOPOJUT XOTsi Obl OJLHH COJIMTOH, NOCKOJBKY B 3TOM CHy-
yae, KaK H3BECTHO W3 KBAHTOBOH MEXaHHMKH, YypaBHeHHe (3.44)
HMeeT XO0Ts Obl OJMH JHCKDETHbIH ypPOBeHb,

Takum 06pa3oM, IJ HAXOXKJAEHHS AMIUIHTYR COJHTOHOB, KOTO-
phie 00pa3yioTCsi W3 JAAHHOIO HAYaJbHOTO HMIIYJbCA, AOCTATOYHO
HalTH TOJBKO COOCTBEHHblE 3HAUEHHS An JHHEHHOTO YpaBHEHUS
(3.44) ¢ nauanbunm npodunem u(x, 0).

OxkassiBaeTrcsi, UTO H NOJHOE pellleHHe ypaBHenusi Kopresera —
e Bpusa HaxoAHTCA B TECHON CBSI3H C pellieHHeM ypaBHeHus (3.44).
B camMoMm pene, NPeANONOXKHM, YTO MBI HHTEPECYeMCsl pelleHusIMH,
y KOTOPBIX # JOCTATO4YHO OHICTPO YyObiBaeT Npu x—> *oo. Ciona
OTHOCHTCS!, HanpuMmep, 3afaya o6 3BOMOUMH HAYATbHOTO MMIYILCA
BO3MYIIleHHs, KOTOPYIO Mbl KayeCcTBeHHO o6cyxnaand Buime. Herpyn-
HO BHJAEThb, YTO B ITOM CJydyae JeTKO ONpeAeNUTh 3aBHCHMOCTH OT
BPEMEHH ACHMITOTHKH (QYHKUHI P npH x —> co. [eficTBUTENBHO, U3
ypaBHenus (3.44), nonarasi u — 0, noayyaem

bn =0, () 7", b =0, (f)e~"5* + b, (f) e'**. (3.45)

3nech ®, =k, A/ A f3cy, k=koA/—A[3c, THE An > 0 — cOGCTBEH-
Hble 3HaAUEHHsl B QUCKPETHOM cleKTpe, a A <C 0 oTBeyaeTr HenpepniB-
HOMY cnekTpy onepartopa L.

Ecnu Mbl Tenmepb o6paTeMcsi K ypaBhenuio (3.38) B obnactu
60JbWIKX X, Te BeJuyuHoii u B onepartope (3.42) MoxuHO npeHe-
Gpeub, TO Jerko HafifleM BPeMEeHHYIO 3aBHCHMOCTb aMILIHTYA 4, b:

2¢c . 2eok?
G s
a,(t)=a,(0)e® , a,(t)=a,(0)e ° ,
" " k s (3.46)
e

bu(t)=15,(0)e 0.



' $9 HEJAUHEAHBE BOJHHE B CNABOJMCIEPTUPYIOUIMX CPEJAX 119
Ho ortuomenne bp(f)/ax(t) = Sk(f) mMOXHO paccmaTpuBaTh Kak
ko>pdUIHEHT OTPaXKeHus s Najaioumed u3 GeCKOHEUHOCTH IJIO-
cKoil BOJIHH Ha DAacCeHBAOWMA NOTEHUHAN u(X, {) B YypaBHEHHH
(3.44). U3 oblieill Teopuu pacCesiHHs H3BECTHO, UTO 3Hauus Sp Kak
‘yHKIIHH kB nast HelnpepHIBHOIO CHEKTpa M XaPaKTEDHUCTHK %n, On
JHMCKPETHOTO CNEKTPa BIOJHE NOCTAaTOYHO JJISL <IPOULYIEIBAHHA»
JAOTEHIHANA U (X) H MOJHOTO ero BOCCTAHOBJIEHHS.
- TakaMm 00pa3oM, MOXKHO HaMETHTh CJAeAYIOUYI0 NpOUeNypy aHa-
puTHyeckoro peulennst ypasuenus Kopresera — ne Bpusa. [lo ua-
gaabHoMy npodumio u(x, 0) HaxoAATCH MHCKPETHHIH CHEKTDP An H
‘gauanbHoe 3Hauenue Kodpopuumenta orpaxenns Sp(0). 3atem mo
'H3BeCTHOH 3aBHCHMOCTH 4, M Sp OT BpPeMeHH BOCCTaHaBJIHBaeTCH
:’q;ynxum u(x, ¥) oaa mobGOro MOMeHTa BDeMEHH NYTEM pelUIeHHS
© oOparnHofl 3alaud Teopuu paccesnust [82, 83]. Tem caMbiM HCXON-
;§af 3a/1a4a MONHOCTLIO pellesa,
' 3amerdM, 49To OOpaTHas 3ajadya TEOPHHU PACCESIHHS CBOAMTCH
K PEUICHHIO JIMHEHHOrG HHTErPaJIbHOTO YDAaBHEHHsS, HO MH Chb
JOLPOOHO 3TOTO PacCMaTpHBATh He OyleM. Xorenock 6bl aumb oT-
METHTB, UTO IIPH TaKOM AHAJNHTHYECKOM IOAXOME K DEelIeHHIO ypaB-
-penns Kopresera — e Bpusa Ha KaX[OM 3Tane JOCTaTOYHO PeWIaTh
“AMUIL JUHEHHble YpaBHEHHs, XOTS MOJyueHHOe B De3ynbTate pellle-
|- HHe HeJHHEeHHO 3aBHCHT OT HauaJbHOTO NPODHM/IA H aMILIATYR
. 1{346).
: Bo3MOXHOCTL TOYHOrO AHAJHTHYECKOTO pelleHHs! YpaBHEeHHsN
Kopresera — ne Bpusa nokaseiBaeT, 4TO OHO NPHHAMJIEKHT K
JKJ1aCCy MONHOCTBIO HHTETPUPYeMHbIX AuddepennnanbHbiXx ypaBHEHHH.
;B Bactosimee BpeMsi HafeHO JOCTATOYHO MHOTO NPAKTHYECKH HH-
JZEDECHBIX HeJUHEAHBIX YpaBHeHHMH, INpUHAAJEXKAMHX K STOMY
cy.
7. Obtexanue Tesr u CTAYUOHAPHLIe cOAUTOHbLL. [Ana cnabomuc-
)PrHPYIONMX CPeXl KapTHHA YePeHKOBCKOTO H3JyueHHsl BOJNH IBH-
HMCA TeJIOM, WIH KapTHHa oOTeKaHHs, OKa3bIBaeTcsl NPOILeE,
_M€M NPH Npou3BONLHOM AHcllepcHH. B caMoM fene, ecnu B 1iepBOM
puGIHKEHHH AuchepcHeil npeneOpeub, TO BOJHBI IIpH O6GTEKanuu
AQMKHB H3Jy4aThCsl TOJABKO BAOJIb JuHMA Maxa, mayilux nop yr-
10M 0, YIOBNETBOPSIIONIMM H3BECTHOMY YepPeHKOBCKOMY YCJOBHIO
€08 0 = vg/vo. Bnonp nunuu Maxa BO3MYlLIEHHE SIBISIETCS IIOYTH
ONHOMEDHBIM W COOTBETCTBEHHO NOJIKHO 3BOJIIONHOHHDOBATH KaK
OAHOMEDPHHI HavaJbHBIA HUMIYJALC B C1a0OAHCIEPTHPYIOIIEH Cpexe.
bl y)Ke 3HaeM, YTO OHO JOJIKHO «PACCHIIATHLCA» HA OXUH HJH 60-
#AICE COJHTOHOB W THCIEPCHOHHBIN «XBOCTHK». DTOT «XBOCTHK» [0-
BOJIBHO GBICTPO 3aTyXaeT H3-3a AMCNEPCHOHHOTO PacIIBIBaHHsl, TaK
~3T0 Ha MOCTaTOYHO OOJBIIOM pACCTOSHHH OT Teja BAOJb JIHHUH
'-,_Maxa’ JOJIKHBl OCTaThCH TOJBKO ORHM COJMTOHB, a KapTHHa Bpe-
MEHHO! 3BOMIOUMU BO3MYILEHHS! TellePh MOJHOCTHIO PA3BEPTHIBAETCA
BIOJIb yuuuu Maxa no mepe ymaleHHs OT 06TEKAaeMOro Teja.
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KapTusy oGpa3oBaHHsi CONMHTOHOB OOTEKaHHsI MOXHO JIerKO Ha-
Omofars mociae L0XAs Ha m0060M MenkoM pydbe. Ocob6eHHO xopouo
ISl 9TOTO NOJAXOAAT IIHPOKHE MeNKHe PYYbH Ha acdajsbTOBOM HO-
KpuiTHY. [Ipd mepBOM Ke BaryIAfle HA TaKOH pydel OpocaeTcs B
riasa CeTkKa YeIHHEHHBIX BOJH, NepeuyepPKHBAIOIHX ero MOoJ HEeKo-
TOPBIM OCTPBIM YIVIOM K HamnpapjeHHI0 NOTOKa. DTO H ecThb COMHU-
ToHE. OHH 006pasyloTcsi OOGBIYHO BCJIEACTBHE HEPOBHOCTEH MHa
BOIM3A OQHOrO W3 GeperoB pydbsi u MepeceKaloT pydeH BIJIOTb J0
apyroro Gepera. MHorna HeTpyAHO 3aMeTHTb ¥ TO BO3MYI€HHe, Ha-
NpHMep KaMellleK, KOTOPHIE TNOCAYXHJI HCTOYHHKOM JJAA JNaHHOTrO
cosuToHa. Ecnu 370 Bo3Mylende RocTaToyHo Gosbumioe (Hanpumep,
6osb1I0A KaMeHb B PYYbe), TO OT HETO OTXOMAT ABA COJMHTOHA NOX
HEeCKOJIbKO Pa3JHYHBIMH YriIaMH 0, KaK 3To H JOJXHO OHTb COryac-
HO NPEABIAYHIHM PACCYKACHUAM.

8. ¥YoapHruie goanbt 8 caaboducnepeupyrowux cpedax. Brille mMbl
npeAnosarany, 4YTo AACCHIIATHBHBIE MNPOIECCH IPH pacnpocTpaHe-
HHH BOJIH JTHOO HOJHOCTBIO OTCYTCTBYIOT, JHOO HE UrpaloT POJSH I0
CpaBHEHHIO ¢ Aucnepcueil. B peanbHBIX yc/l0OBHSIX BCerjla MMeercst
KaKasi-TO MQUCCHIALHA, HANpUMep BSI3KOCTb, €C/H Pedb HAET O BOJ-
Hax HAa BoJde WJH B mnasme. M3-3a puccunaunud Bce BOJHBI OyayT
satyxawomumMi. OOGCyRHM, KaK CKaxKeTcl 3TO 3aTyXaHHe Ha 06GCYXK-
DaBIIKXCSl BHLe BoJHAX. TouHee, Hac 6yleT HHTePecOBaTh, He IpH-
BeIeT JHM 3aTYXaHHE K BO3MOXHOCTH pPaCNpOCTPaHEHHs NPYruX
tunoB BosiH. OkaseiBaeTcdl, 4TO, B CaMOM JeJe, H3-3a 3aTyXauis
MOSIBJISIETCS. BO3MOXKHOCTBE DPacHPOCTPAHEHHS HOBOTO THIIA BOJH —
yAapHHX.

YyTeM npexje BCEro 3aTyxXaHHe BOJH H3-32 BS3KOCTH. Tak xak
B ypaBuenuu KopreBera — ne Bpusa Bce 3ddekTn Mann u yuu-
THIBAIOTC ANUTHBHO, TO BSI3KOCTH MOMKET OHIThb YuUTeHa [POCTO
nofaBieHUEM HOBOTO 4JIeHa B NPABYIO YacTh 3TOr0 YPABHEHHI:

du ou c 0% u
ot Tu dx + ok 9x® Vot (3.47)
rae v — KHHeMaTHYeCKH KO3 (pHUMEHT BSI3KOCTH.

Tlonpobyem onATh MoUCKATh DellleHHe THIA CTAallHOHapuo#l Ge-
ryimel BosaHbl u(x — ct). Tlocne mnoxcranoBKH 3TOR (yHKuHH B

3]
(347) 1 COOTBETCTBEHHO 3aMEHBl —- HA — € 5~ MBI CHOBA MOXeM

at
OHH Da3 NMPOHHTErPHPOBATH 3TO yPaBHEHHE, IIOCJE YEro NMOJYYHM!:
¢ du du oW u?
LT LAESp . 3.48
ok, dx? dx ou 2 (3.48)

Kak MBI BHIHM, 5TO YDaBHeHHe MOXHO, KakK M DaHbIne, HHTEp-
NpeTHNOBATh KAK ypaBHEHHE HEeJHMHEHHOro OCHHJIATOPA, HO C 3a-
TyXaHHeM, €CJH KOODIHHATY —X paccMaTpuBaTh KaK BpeMs T.
C noMouwbio 3TOH aHAJOTHH HETPYJAHO IIOCTPOHTH pellleHHe Ha BCel
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“oci x. OHO HAUMHAETCS C HAXOAsIeHCs B Hauajle KOOPAHMHAT «TOY-
'KH» TpH X = -+-00, 3aTeM 5Ta TOYKA COCKANb3HBAET B NOTEHLHAND-
-HY10 AMY W (u) wu coepuaer B Hefl 3aTyXawulue KoJeGaHusi, JOCTH-
a5 3HAYEHHA Uo == 2¢ mpu T = —X-> oo (puc. 29,a). B pesy.sn-
gre 0oOpasyeTcs HeCHMMeTPHUHBIA Uyr Boad (puc. 29,6). Buano,
4TO MOC/e NPOXOKIEHHA TAKOrO Iyra COCTOAHHE CPelbl MeHsieTCs:
3a HHUM BelECTBO [BHXKETCs CO CKOPOCTbIo Uy == 2¢. Taxkum obpa-
#0M, MBI NoJTyYaeM CKauoK — yNapHYylo BOJIHY, HO ¢ OCLHJLTHpYIOHIEl
CTPYKTYDPOH. .
- Ecad BA3KOCTH Maja, TO YHCJIO OCUHMISIHHA B BOJHE BEJHKO.
fto Mepe YBeJHUeHHS v 3TH OCUHJJIALHMHE 3aTyXaloT ObICTPee; HaKoHell,

7

W v U
2 4 _| oYy %] o'y S
30 u
A S .
z U ~ z

P2 8)

29, «[Toreunuanbias aMa» (@) U yAapHHe BOJHH B Cpejax C OTpHLAaTe.b .Of%
(6) u mosoxuTeABHOH (8) AucmepcHeil.

AOCTaTOYHO GOJBIIOM Vv NPOLECC CTAHOBHUTCA aNnepHOLHYECKHM,
BOMBL TioJlyyaeM OoObIUHYIO YNApHYIO BOJMHY 6e3 OCHMJ/JISIKH ¢ MOHO-
TOHHEBIM BO3DaCTaHHEM U OT HYJs [0 Uo.

"% KaptuHa, usobpaxenHas Ha puc. 29,6, OTHOCHTCA K cpefle C
OTpHUATEALHON JHcnepCHeil, KOTAa CaMblit GOJMbUIOH COMUTOH GEXHT
BIIEPENA, A OCUMJIHPYIOWMA <«XBOCT» OCTaeTcid no3aiaH (pouTa.
B 'cpenax ¢ nonmoxurenpHOl adcnepcueil, Hao6OPOT, OCUUIIHPYIO-
Haf CTPYKTYypa HaxXOAWTCA Nepeld (GpPOHTOM BOJHBI, KaK 3TO MOKa-
38H0 Ha pHc. 29, 6.
- 7" Ha puc. 30 npeacraBieHnl SKCIepHMeHTaJbHbie AaHHBIE, HILTIO-
o CIpHpylomue ob6e 3T BoamoxuocTH. Ha puc. 30,a npuBenena
*¥pykrypa 3JIEKTPOMATHUTHON YZapHON BOJIHBI B KOAKCHAJBHO-CIH-

Ygg’nﬁuoﬁ HenuueHdHoN nuHuu Nepenaun [84]. HennueltnniM 3sneMen-
TOM 5TOA JHHHM siBisieTcst deppUT, a AHUCHEPCHS JJIHHHOBOJHOBBIX
BO3MYLIEHHH BO3HMKAeT U3-3a OrPAHHYEHHOCTH JHHHH B IOHepey-
OM Hanpasienud. B pesynbrate ob6pasyercst HelHHefiHas RucHep-
Mpywouias cpena. Boambsl B Takux Cpefax ONMCHBAIOTCS YpaBHe-
_HHem Kopresera — ne Bpusa ¢ nmuccunandedi tuna (3.47). Ha
{puc. 30,0 npusefen npumep, Gosee OGAM3KHI K (UIHKE NIAIMbI.
Aech npelcrapjed npoduab GeCCTONKHOBHTEBHONH YAAPHOH BOJIHbE
& OnasMme [85]. Kak Mm BuauM, NHCCHDAULUs B TAaKOH BOJHE He Ha-
“TOJLKO BeNHKA, YTOOH He NMO3BOJHTH NPOSIBHTLCA OCHUIHPYIOMLEl
~ eTpyKType.
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Ha puc. 30, 8 npeacrasnen npouas 3JeKTPOCTATHIECKOH ymap-
HON BOJIHBI, COOTBETCTBYIOLIEH HOHHO-3BYKOBOMY BO3MYyIEHHIO.

9. Onpokudoisanue 80AH. BCIOMHHM, 4TO Mbl HAuyajJH paccMo-
TpPeHHUE HEeJUHEHHBHIX BOJH C NyuKa HEB3aHMOJEHCTBYIOIMX YACTHIL
H YBUJENH, YTO B HEM MMeeT MECTO OIpOKHALBAHHE H OOpa3omanue
MHOTOTIOTOKOBBIX COCTOSIHUA. B 4acTHOCTH, HMEHHO TAaKUM MYyYKOM
IBJAIOTCS HOHB B HeuzoTepMuueckoll mmasme (T; <€ T.), eciu B
HAYaJbHOM BO3MYLIEHHM CKOPOCTH HOHOB HACTOJbKO BEJHKH, 4TO
BJAMAHUEM 3/JIEKTPOHOB Ha HMX IBHIKeHHE MOXKHO npenetpeus. Oue-
BUAHO, AJS 9TOTO CKOPOCTb HOHOB JOJMXHa ObITb 3HAYUTEJBLHO
6oJbllle 3BYKOBOM, T. €. yucao Maxa M = v/c; > 1.

v 34— 1d‘h
| l‘::\/L/z‘ Wf ’—.‘duk».;

a) ) L/

Puc. 30. Yaapuble BOJHB B IMCHEPrHPYIOLIMX CPeAax: a) 5JEKTPOMAarHUTHAS BOJ-
Ha B KOAaKCHaJbHO-COHMpPaibHOM juHHM c ¢eppuToM [84]; 6) GeCcCTONKHOBUTENB-
Hast yaapHas BoJHa B nuasMe [85]; 8) ssekTpocraTuueckast BoJHa B miasMe [86al.

Ho, ¢ mpyro#i croposni, B paMKax cnaGofi AMCIEpCHH M NpuUMe-
nuMoctu ypasHenus KopreBera — ge Bpusa ™Mbl HuKorza He cmo-
JKeM BCTPETHUTL SIBJEHHE TH(IAa ONPOKHJABIBAHUA: KAK Mbl BHJAEH
BbIllE, BO3MYILEHUE JI060H aMILIUTYAs! B KOHIE KOHLOB «Pacchili-
JIoCh» HAa KAKOE-TO KOJHYECTBO COJUTOHOB. BosHukaeT sompoc, Kak
[IPOUCXOAUT [EPeXoi OT OJHON0 MPefeAbHOro caydasi K ApPyroMy u
IoYeMy peajbHas [AUCHEPCHst He MOXKeT [oMellaTh 06pa3oBaHHUIO
«6apallKoB» Ha BOJHAX B MEJKOH BOJAE W/ MHOTOIMOTOKOBBIX Te-
YyeHHHl B MJa3Me, T. €. He MOXKET NPeZOTBPATHTb ONPOKH/LIBAHUA.

Mbl paccMOTPHUM 3/ieCh B KayecTBe NPUMepa HOHHBIA 3BYK B He-
usorepmuueckoft mnasme (7; <€ T.) B OTCYTCTBHE MArHUTHOrO
noas. Ecau yuectb, 4TO 37eKTPOHBI B BOJIHE YCIIEBAIOT NMPUOGpPeCcTH
pacnpenenenve BosnbuMaHna, TO ypaBHeHHS IBHXKEHHS IJA OJIHO-
MEPHOH BOJIHBI HPUMYT BHJ

dv ov o
W+UW——C§_M ) (3.49)
on’ 0
_._6’; 4+ Ty (n’v) =), (350)
62
B2S=er— 1, (3.51)

31ech v — CKOPOCTb MOHOB, N’ == n;/fy — HX HJIOTHOCTb, OTHECEHHAS
K HEBO3MYILEHHOH WJOTHOCTH n, b=e@[T,, cI= Te/mi, d?==
= T,[Ane®n,, ¥ — NJOTHOCTH 3JEKTPOHOB, OTHECEHHAasl K M.
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Jina nepHOAHYECKOH YCTAHOBUBLIGHCS BOJIHBI B CHCTEME KOOPAH-
HaT, TAe BOJMHA MOKOHMTCH, B ypasHenusix (3.49), (3.50) caenyer
ONyCTHTb NPOHM3BOIHYIO MO BPEMEHH, H TOrAA nosyduMm: v? — 2¢hp =
=(,‘A(’b=-_const, n’v=v¢=const. Benauuuna vp, KaK BHAHO H3 MO-
“e/IeIHETO COOTHOLIEHHS, MMEET CMHICA (as0BOH CKOPOCTH BOJHEL;
B NMepBOM COOTHOLIEHHH Mbl BHIGpaJH const=v§,, NpHUEAB TeM ca-
MBM OMNpeJeJeHHOe 3HAYEHHE MPOM3BOJILHOH KOHCTAHTE B [MOTEH-
puane V. Ilogcrasnss HalieHHbIE BHIPAXKEHUS A/ n’, v B (3.51),
TIOIYyYHM OAHO HeJUHEHHOe ypaBHEHHE BTOPOro MOpsiaxa AJs .

d? dw
2 f¥ e (3.52)
dx (".p - 203\17) /2 db
" TRE
e v
W—=—eb— cg (v2 — 2c2p)s (3.53)

¥ . '¢HOBA HMMEET CMBICJ MMOTeHUHAJBLHOH SHEPTHHM OCUHJJAATOpPA, €CaH X
© - BHTEPIPETHPOBATH KAK BPEMSI.

""" U3 coorHomenuit (3.52), (3.53) BHAHO, 4TO P HE MOXKET NPUHH-
. maTh sHaueHmii, 66abmHMX vF/2cl: npu =10} /2¢! HOHH ocTaHaB-
J10TCA B CHCTEME KOOPAUHAT, NBHKYIIEHCS BMECTE C BOJIHON, a
éM, npH GOMbLINX P, OHH MOMKHB ObIM OBl OTPaxKatbCs OT
6H BOJHBLI M OJHOCKODOCTHOE TeyeHUe nepecTaso Obl cymie-
rBoBath. C nomomsio (3.52) MoXHO moxasath [4], 4To 3TOMY mpe-
@/ILHOMY CJyyal0 COOTBETCTBYeT uuciao Maxa M, = ve/cs = 1,6.
MH cioBamu, pu M > 1,6 0AHOCKOPOCTHBIX HOHHO-3BYKOBBIX
Wil He CYUIECTBYET.

“* Aflanoruunas KapruHa UMeeT MecTO M AJA IPYrHX THIOB BOJH
B hirasie. Hanpumep, MpH 1ONEPEYHOM PacNpoCTPAHEHHH MAarHUTO-
§BYKOBON BOMHBI B XOJOZHON NJa3Me Aaxke [PH HAJHYMM KOHEYHOH
- OPOBOXMMOCTH JO/KHO HACTylaTh ONPOKUAbIBAHHE Tpu M, =
% Dp/Ca = 3, a NpU HAEATbHOH MPOBOLHUMOCTH KPHUTHUECKOE YHCIO

axa pasHo M, = 2[72].
- 3aMeruM, uto npu Majamix P B ypasHeHud (3.52) MOXHO 6bl10

rTy B pdal IO P, H IIpH

YUeTe TOJIBKO MepBHIX JABYX WJIEHOB OHO CBENOCH Obl K yPaBHEHHIO
Koprésera — e Bpusa. Takum ofpasom, ¢ dopMasbHO MaTeMaTH-

YECKON TOYKH 3peHHS OTKJAOHEHWE OT NMPUGIMKEHHs CaaBoi aucrep-
s aw

- CHM HauMHaeTcs, KOrfa aHAJUTHYECKas 3aBHCHMOCTD Ty OT P Ha-
HTHHAET OTVIMYaTbCsl OT KBAAPATHUHOH, T. €. B yPaBHEHHAX JBHUXKE-
Ms HaYMHAET NpOABAATHLCS HEAMHEHHOCTb, KOTOpPas 3aBUCHT OT
abcomoTHo AMIIMTYAB BOJHHE WM yHcsaa Maxa M. Dra Henunelt-

HOCT: Gosee cuabHas, OHa yKe HE OCTAHABJIHBAETCH LUCIEPCHER H

M NPOH3BECTH pasjoxkeHue (QyHKUUH
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TIPUBOJIUT K ONPOKUABIBAHHIO BOJHHL. [ HOHHOrO 3ByKa Takas
ONpPOKUABIBAIOIIASICS BOJIHA [OJIKHA [PUBORUTL K oOpasoBaHHio
MHOTOMOTOKOBBIX TEUEHHH, a TpH U/cs > | Mbl NPHUXOAHM K Tpe-
XeJbHOMY CAyYal Nydka HEB3aHMOAEeHCTBYIOLUMX HOHOB.

10. Saextpuueckue domenot. YpabHenus (3.52), (3.53), kak u
ypaBHeHne Kopresera — ae Bpusa, pomyckaior pewieHHst THHA Co-
auToHoB. PopMa 3THX HOHHO-3BYKOBHIX COJIMTOHOB He SIBJSIETCS
CTOJL YHUBEPCAJbHON, KaK COJIMTOHOB NpH caaboi mucmepcuu. Ho,
C IPyrofl CTOPOHbI, OHU IIPUMeYaTeJbHBEl TE€M, 4TO, NMPEACTABAAS CO-
6081 HOBHIH BMJ COJUTOHOB, AEMOHCTPUPYIOT OGUIMH XapaKTep 3TOro
ABJIEHUS: AJs LIMPOKOro KJacca HeJuHeHHHX ypasHeHUH. B camowm
Jene, ¢ PELIEHUAMY THIA YEIUHEHHBIX BOJIH HaM INpPEACTOHUT ele He
OIMH pa3 BCTPETUTLCS B MOCAENYIOIIUX IJIaBax.

3nech HaM XoreJoch Obl NPUBECTH elle OJMH MHTEPeCHHH mpu-
Mep COJHMTOHOB. DTH COJUTOHBI (OHHM IOJYYHIHM HA3BAaHHE 3JCKTPHU-
4YeCKHUX JO0MeHOB) OOpasyloTCsi NPH OINpPEAEJCHHLIX YCAOBHUSIX TpH
IPOXOXKAEHUH TOKA Yepe3 MOJYNPOBOAHHK. XOTH COOTBETCTBYIOUIEE
ABJIEHHE OTHOCHTCHA K (U3HKe MOJYNPOBOAHUKOB, O cBoel (usuye-
CKOM NpPUpOJE OHO OueHp GJIM3KO K TOMY, YTO NPOHMCXOIMT HHOrjga
B IlJa3Me.

B 1963 r. F'ann o6HapyKHUJA ype3BbIYaliHO HHTEDeCHBIH 3dhdexT:
NpY HANOXKEHHH Ha oOpasell apceHUIA FajJUs N-THNA 3JeKTpHye-
’ CKOTO TIOJISI HANPSIXKEHHOCTbIO ~ 3 K8/cMm B
HEM HOSBISAJNHCL KOTepeHTHbie KoJebaHus
ToKa ¢ Goanmoli ammaurygol [87]. Hacrora
Konebanuii ~ 10° 2y usMeHssacs o6paTHo
NMPONOPLUMOHANLHO JjauHe o6pasna. [losa-
Hee [aHH 3KCMEPUMEHTANTLHO YCTAHOBUJ
[88], uto 3TH KoNeGaHUS CBS3aHBI C MPOXO-
Puc. 31. TMpodunn sie- KEEHUEM OT KaToXa K aHomy obaacrefl ¢
KTpHueckoro nosf 5 AdT  cYJTBHBIM 3JEKTPHYECKHM [OJEM: KaK oMY
;;i‘;’;gﬁ:g:}‘;‘ﬂxwm;igﬂoﬁ? NEPHORY KoeGaHHH TOKA B ILEMH COOTBET-
MeHOB B apcemnae raamus. CTBOBAMO 3apOXKJeHHE HAa KaTOLE M MpPOXO-
Homenst GeryT Baeso co JKIEHHe uepe3 obpasern oxHoHl Takol obJa-
ckopoctsio 1,2 107cu/cex.  ctu. O6aacTH C CH/IBHBIM 3JIeKTPUUECKHM

noJieM OblIM Ha3BaHBl 3JEKTPUUECKHMH J0-
menamu. ®opma rakoro momeHa mpepcraejeHa Ha puc. 31, rme nse
KPHBBIE COOTBETCTBYIOT HECKOJBKO Pa3/JUYHBIM HANPSIKEHHUAM Ha 00-
pasue. Kak BHAHO U3 PUCYHKA, KOMEHbl HECKOJIBbKO HECHMMeTpHU-
Hbl — UX [epeXHUH QPOHT nonoxe zafHero. IIpu ymenninenny am-
IJIUTYAbl ZOMEHOB, T. €. Pa3HOCTH NOTEHIUAJNOB Ha aoMeHe Vg, oHH
CTAHOBSTCS CUMMETPUYHBIMH.

BO3HUKHOBEHUE 3JIEKTPUYECKHX JOMEHOB B TOJYIPOBOJTHHUKAX
6610 OOBACHEHO HA OCHOBE TNpenCcTaBJeHUR 06 OTpHUUATeBLHON
ouddepenuuanbHoli nposoauMocTH. JonycTuM, 4To ofpasen UMEET
BOJbTAMIIEPHYIO XapaKTePUCTUKY C MafalomwuM yuactkoM (Eq, Ee).
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a xotopom ARubdepeHuuasbHas NPOBOAUMOCTD Ud=-;i—1]5 oTpHLA-
reapna (puc. 32). Ilpy 3amaHHOM TOKE BO BHEWIHeH UeMH, CKa-
‘meM jo, B 00pa3lie MOXET yCTAHOBHThCA ORHO U3 Tpex 3HayeHHH
qions — E1, Ez, Es. Onno u3 stux suavenuit, E,, okasmBaercs He-
- YCTOAUHBBIM. B camoM pnene, ponyctuMm, yto E = Ej, u npegmnono-
_JHM, 9TO BHYTPH o0pasua mnosiBuiach HeGoabllas Qayxryanus
MAOTHOCTH  SJIEKTPOHOB  n. ‘
B pesyabrate Qaykryaman /
JRaHHHR o6beM npuoGperaer ftf-———>
pHUATENbHBIA  NOTEHLHA. |
0 B cuay TOro, 4to og < 0, A /S PR, N ——
SJeKTpoHH OyAyT He oTTanz- | : |
KHBATHCH, a [pPUTATHBATHCH  Jpp [ f+—+——+ =
K 006JacTH OTPHUIIATENbLHOrO i | | |
noTeHnHaNAa, H q).réymyauuﬂ l } l | :
‘GyReT HApacrarhb. peayJb-
gg're‘ﬂey?:'roﬁqmsocm B 006- 0 & bty £ &y EHE
_pasue JOJKHBl CAMOMPOU3- Py, 32, BoakraMmepHas XapakTepucTHKa
BOABHO 06paBOBaTbCH 061a-  nosympoBoAHHKA ¢ OTpHUATeNBHOR AHG-
4 HPOCTPAHCTBEHHOrO 3aps- {epeHInANbHO TPOBOAUMOCTHIO.
}:%gzxonbxy OTpHLATE/b-

BJEHHS BHeIHEro MoJsi, TO 3TH 06JacTH JONKHBI HMeTb BHJ
X CJIOEB, TIEPIIEHAUKYJISPHBIX OCH X, BLOJb KOTOPOH HIET TOK.
ATHYECKU 3Ty HEYCTOAUYMBOCTb, B NPEANOJONKEHUH, YTO BCE
HH 3aBHCAT TOJBKO OT X, MOXHO ONHCATb C MOMOIIBIO ypas-

j=enu(E)E 4 eD 2%, (3.54)
e2E —  dme(n— ny), (3.55)
i+ 2 —j,=const, (3.56)

p{E)— nonsuxHocTs saekrponos, D — ux kospduunesr aud-
Y8HH, & -— AH3JeKTPUYECcKas IOCTOSIHHAS CPeAbl, My — IJIOTHOCTD
OHOPOB, jo— BuemHHI TOK. B ypaBuenud (3.56) Mb coXpanuau
OK CMEILEeHHUsI, TaK 4TO OHO 3aMeHsleT HAM YPaBHEHHE HENpepbIB-
DCTH. B junefinoM npubauXenudn AJsi  BO3MyLIEHHMHE BHIA

% (—iof + ikx) us (3.54)— (3.56) nosyuaeMm BHpaeHHe AJs 4a-
CIOTHL:

40, .
o=hu—i—=— iDR?, (3.57)

e u;..—(- BH(Eo)/Eo-—ﬂpeﬁ(bosaﬂ CKOPOCTb 3/IEKTPOHOB, Og =
i
™= ey —; 5~ — Ruddepenunansuas nposoaumocts. Kax BugHO M3
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(3.57), npu 04 << 0 nHuHeliHble BO3MYUIEHHUSA ¢ KOCTATOYHO MaJbIMy &
HapacTaloT BO BPeMeHHU.

I'lpu yBeuueHuu aMIyIUTYAbl KOoJeGaHUH B Urpy BCTYNAIOT He-
JuHedHble 3 dexTnl — Mbl NonagaeM B o6aacth E << Eq  u E > E,
(puc. 32), rme 04 >0 u xosebGaHHsa HOJMKHbL CTaGHIU30BATHCS,
YcraHosuBIIMecs KogeGaHHA MOKHO pPAaCCMATPUBATL C IOMOILIBIO
Tex e ypaBHeHuil (3.54)—(3.56), ecau cuvTarh, YTO BOIMYILEHHE
uMeer Buj Geryuwell Boansl E (¥ —vgpf). Vckmouas U3 3THX ypaBue-
HUH 7 ¥ j, OJy4YUM OJHO HEJHUHEHHOEe ypaBHEHUE BTOPOTO NOPANKA
ans E

2 (5] 4 .
DG+ (E)E+ vgl G =" w(E)— E—jo=—JF-. (3.58)

Kak u npu ucciaenoBaHMu HesauHefHoro ypaBHeHust Koprese-
ra—pe Bpusa, Mm wMoxem paccmarpuBarh (3.58) kak ypasHe-
W HHE [J19 HeJZHHeﬁHOFO OCIHJLI5-
TOpPA ¢ CHUJOH TpeHHUs, KoTopas
OLHMCHIBAETCS 4YJEHOM C TNepBoH
IPOU3BOKHON B JIEBOH 4YacTu.
Urobul pafora CcHIbI TpeHUs B

£ cpepHeM ofpamanack B HyJb,
s Vg, OUEBUHO, JOKHA HMETh M0-
2 psilok  ApelipoBOM  CKODOCTH
/ 3JIEKTPOHOB.

OKBHBAJEHTHBLI  MOTEHIHA
Puc. 33. [orenmman W (E) aas pomena: W (E) B mpaBoil uactu ypasHe-
1—jo<jps 2— jo=jvi 3= jo>]b- Hus (3.58) HeckoJMbKO H3MEHseT-
€5 B 33aBUCUMOCTH OT BEJHYHHLI
jo, Kak mokaszaHo Ha puc. 33. Ilpu HEKOTOPOM 3HAYEHHUHU jo == jp mO-
TeHIHMaJ ABAXKAHK Kacaercs Hyas. B 3ToM ciyyae MOXKHO IOCTPOHUTH
pelieHMe THMNA IIMPOKOTO COJMTOHA: BHAuaje noje E Haxomures
npu 3nadenuu E;, sarem oHo nmepexoaut K Es u mocie AAMTENbHOTO
npe6uiBanust B Touke E; GpICTPO BO3BpALlAeTCsl K MPEXHeMy 3Haye-
uuio. TIpu jo => jb MOXHO NOCTPOMTb NOMEH (COMHMTOH) CHJ/IBHOTO
noas, a npH jo << jp — conuTon caadoro nods. KpoMe toro, cyure-
CTBYIOT Pa3HOTO poja NEePHOJIUYECKHE DELUEHHs] M DPEeLeHHs THMna
yIAapHBEIX BOJH ¢ AMCCHUnaUHed, HO peaibHOMy nomeHy ['auna coot-
BETCTBYET TPOCTOH CONMTOH CHJLHOTO MOJ.

K HacroslieMy BpeMeHHM 3JEeKTPUYECKHE [OMEHH OOHapyKeHb!
BO MHOTMX MNOJynpoBoinukax. Oxasanock, 4TO CYLECTBYeT MHOTO
MeXaHH3MOB OTpPHULUATENbHON AHPPEpeHIHaJbHOH TIPOBOAUMOCTH.
Hanpumep, B apceHHie rajius, B KoTopoM ['aHH Brepshie oGHa-
PYXHJ JOMeHBI, 03 << 0 CBA3aHO C PA30rPEBOM 3JIEKTPOHOB M mepe-
XOIOM HX B JHOJHHY mnoBepxHocTH Pepmu ¢ MeHbiled 3(¢heKTHB-
HOll Maccoli. bosiee moApO6HO ¢ APYTHMH MEXaHH3MaMH MOXHO IIO-
3HAaKOMHTbCA 10 0630py [91].
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.. § 8. CaMO(OKYCHPOBKA H CAMOCXKATHE BOJHOBLIX MaKeTOB

1. Camogoxycuposka. Brilie MB J0BOJLHO NOAPOGHO MO3HAKO-
#gEAACh C HEJMHEAHBIMH BOJHAMH B JIUCIEPrUPYIOMUX CPelax, HO
H 3TOM BC€ BPEMs OrpaHHYMBAJIHCHL OJHOMEPHBIM CJIyyaeM, KOrna
gce BEJMUYHHBl 3aBHUCEIH TOJLKO OT OAHOA KOOPAMHATH X H BpeMe-
g {. Uto6bl mosyduTh GOJiee MOJHOE MpEeACTABAEHHE O JHHAMHUKE
_iéJMHelHOH yNpyro#l cpesl, CJIELYET OTKAa3aTbCs OT OrpPaHUYEHHs
ONHOMEPHOCTbIO M NepediTH K oO6leMy ciydaio TPEXMEpHBIX HJIH
<0 KpaHHell Mepe RBYMEpPHBIX BOJH Ho npexne, uem nepexomurb
K. IOCTATOYHO CJOXKHOMY ofleMy cJay4yaio, ecTeCTBEHHO HauyaTh C
-+ @omee MPOCTOrO KJacca 3aaay, KOTAa BOJNHB ¢1a60 OTIMYAIOTCS OT
% *IJIOCKHX, T. €. KOrJla Mbl HMEeM JAEJO C BOJHOH, aMIJUTYZa U ¢asa
~ KOTOPOH MEJJIEHHO MEHHIOTCS B INPOCTPAHCTBE M BO BpeMenu. [Ipu
‘9TOM MBI BCTpedaeMcsl C JABYMS upes-
" "ppga#lHO MHTePECHBLIMH HeJHHEHHBbIMH
" MBAEHHAMH — CaMOQOKYCUPOBKOH H l”” ]I( ( (D leoenns
€@MOCKATHEM  BOJHOBBLIX  [IAKETOB.

PaccMotpuM  cHavana  caModoKycH-

OBKY.

p ﬁﬁneﬂue caMooKyCcHpOBKH 6bl10 Puc. 34. Camodoxyenposka.
npeackazano [.  AckapesHom [92]
X058 M3 BechbMa IPOCThIX coobpaxenni. Jomycrum, 4to B onTu-
YECKM IIPO3padvHOfl Cpeie paclnpoCTPaHsiercs MOIHBIA Jyd Jasepa.
ieAcTBHe psina 3ddexToB (HeaMHEHHOH NOJASPU3YEMOCTH, 3JEK-
JOCTPHKIIMY, pas3orpeBa U T. A.) TakKOH Jyud HEMHOro H3MeHseT
asaTeap MpeJoOMJeHUs cpeabl. Eciu 3T0O H3MeHEHUE M0J0XKH-
TEJIbHO, T. €. Cpejla CTAHOBUTCH ONTHYECKH OoJee IJIOTHOH, TO Jyd
: geT caM cebe HeuTo BPOJAE JIMH3BI, KoTopast 6yRer ero QoKycH-
JpyruMu cioBamu, ueHTpajbHAas 4acThb BOJHOBOrO (pPOHTA
OJIbKO OTCTAaeT OT NepudepHuecKuX, U BOJHA CTAHOBUTCA CXOIf-
% (puc. 34).
tu PaccMoTpuM a10 sBaenue noxpoGuee. Ilycrs Ky — BosmHOBOE YHC-
A68:'BOJIHbI, pacrnpocTpaHsiomeics BIOIbL OCH X, Ry, — MaJjasi mone-
pemgan no6aBKa K BOJHOBOMY BEKTOPY, BO3HHKAIOIiasd H3-3a TOrO,
70 GpoHT BoMHBI Ha pHC. 34 HECKONBLKO MOBOPAYMBAETCS H3-3a
HeonHoponxoctH mokasartesst npeaomaenust N. B mepBoM npubau-
HUM noGaBka ON x nokasatenio npesaomiendss N npomopuuo-
}UIbHA MHTEHCHMBHOCTH BOJIHBL, T. €. KBajApary ee aMIVITY/bI:
== qazN.
Beﬂﬂ‘mﬂy ky, onpemensioulyi0 HaK/JAOH Jyya [0 OTHOIUEHHIO K
‘M X, MOXKHO HaliTH ¢ noMoubio ypasHenus (2.141) mas BoJHO-

BOTO BEKTOpa, T. 6. ox — _Vo. 3xech o = kogll — (ON/N)] =

ko dat

= RUp — gkvya?. Ham mocTaTouHo HCMOMB30BATH JIHIIb 4-KOMIIO-
m TY YPaBHeHus [BuKeHHS Aas k, TIPH STOM HYIKHO YYeCTb, 4TO
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d Oky

—ég(kvq,) =, 2y rie uvp — rpynnosasi ckopocts. HoTak xax Bek-
Okx =ﬁ N03TOMY
dy ox °’
y-KOMIOHeHTy ypaBHenHs (2.141) ¢ HeauneiiHo# RKoGaBKoé K ua-
CTOTe MOXKHO 3amucaTh B BUAQ

6ky dky da?

3t + Urw= kovq,q —Fy_ (359)

TOpHOE ToJie R sBasiercss GE3BUXPEBBIM, TO

BenuuuHy a? MOXHO ONpeXe/]UTh ¢ MOMOLIbI0 YPaBHEHHs mepeHoca
sHepruu (2.155) BOJHOBOro maxera, KOTOpoe ¢ Y4€TOM NPONOPLHO-
HaJbHOCTH & H @2 MOXKHO 3amucaTh B BHIE

da? da’ 5] ky
7+Urw+ _Jy_ (—k: v,a2)=0. (360)

Mpl yuau 3mech, 4TO y TPYNNOBOH CKOPOCTH HMMeETCs MaJjas co-
Yy

craBJdonias BAOJMbL OCH Y, paBHas %o

Up, TAEC Up — HEBO3MYIIEHHOE

3HayeHHe rpynnoBoid CKOPOCTH.

B crauuonapHoMm ciayuae B ypaBHenusx (3.59), (3.60) moxmuo
ONYCTUTH [POU3BOJHBIE 110 BPEMEHH, TAK YTO OHH GYAYT ONHCHIBATH
npouecc caMogOKyCUPOBKH BAOJL Jyua. I[u(b(bepeﬂunpyéz COOTHO-

Yy
weHne (3.60) mo ¥ M HckAIOUAas 3aT€M MPOU3BOAHYIO ~5; B mo-

cJelHeM cgaraeMom (OCTaJIbe]e MHOXXHUTEJIHU Mbl HpHﬁJIH)KeHHO cyu-
TAEM [OCTOSHHBLIMH) ¢ MOMOWILIO cooTHOmeHus: (3.59), Mbl MOaYYUM
ONHO ypaBHeHue AJs KBaJapara aMILJIUTYIbl:
22 272
d%a Vg d°a

i A T

OTciona BUAHO, 4TO BAOJb Jyda HHTEHCHBHOCTh BOJIHH Y/IOBJE-
TBOPAET YPABHEHHIO CTPYHH, HO C OTPHLATENbHBIM KBAJPATOM CKO-
poctd 3Byka npu ¢ > 0, xorga B 06JacTH pacnpoCTpaHeBus CBe-
TOBOro NyyKa TMOKasaTeab HIPeJOoMJeHHs Bo3pacTtaer. B pesyabrare
1 BO3HUKAET caMo(OKyCHUpPOBKa.

STH paccyXjaeHusi, COBEPUIEHHO Npo3pauHble (U3HYECKH, MOTYT
MoKa3aTbCs BCE JKe HEA0CTATOYHO OOOCHOBAHHBIMH, €CJAH YYecTs,
4YTO caMO(OKyCHUPOBKA npeicrasiseT coO0OH HEAHUHEHHBIH U NpPUTOM
JLOBOJBHO MEAJEHHHIH Npouecc, H BO3HHKAET BOMNPOC, HE IMPOSB-
JAI0TCA JIU paHblie GoJiee cHabHBle 3QGdeKTs HETHHEHHOro ONMPOKU-
IHBAHHS BOJMH (HA si3bIKE ONTUKU — yMHOXeHUe yacrorel). Ho, kax
NOKasbiBaeT paccMOTpeHHe mpeabaymero naparpada, mucnepcus
Jerko NpefoTBpallaeT ONPOKUALBAaHHE BOJH. [losToMy npu Hamak-
yuH paxe HeGoaAbmoH NUCTIEPCHH MOXKET M HE MPOUCXOAUTH CHJb-
HOTO HAcCHILeHUs BLICOKHMH rapMOHHKaMH, €CJH aMIJIUTYJZa BOJIHbE
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He odeHp BeJHKa. BrpoueM, maxke NpH A0CTATOYHO 6OJBINOH .aM-
IJMTY/Ae KauecTBeHHbIE COOOpaXKeHHsi O CaMOGOKYCHPOBKE coxpa-
HAIOT CHJY, €CJIH YCTAHABJAWBAETCS ONpPeJeseHHasd TOYTH NEPHOIH-
gecKas BOJHA [0 X W MMEET MeCTO PABHOBECHE FapMOHHK IPH CO-
PEBHOBAHHUM MEXKAY J[MCIEpPCHEH H

HeJHHe/HEIM ONpoKuibiBaHHEM. Bua- |y 1) .

cTHocTH, 3bdexrs caMO(OKyCHPOBKH 7 N\ P

MPOABAAIOTCH JaXe B TNpPERENbHOM — j/,‘ -

clydae OJ{HOTO-€IMHCTBEHHOTO COJIH- - 4

ToHa [95]. %_, -
9. Koaebanusa u camooxycuposka 2 8 5

coautTonos8. PaccMoTpuM cosutoH, Oe-
rywHii BAOJAbL X HA IWIOCKOCTH X, Y,
TaK yTO CBEPXY OH OyJAET BLIrsifeTh, PHC 35. Konte6anus coJHTOHA B
Kax nokaszaHo na puc. 35. Ecan am- ©PeA® ¢ °Tp"‘éiTe§m’”°ﬁ ancnep-
nautyna 4o 4 $asa xo (T. €. KOOpAu-
HaTa MakCHUMyMa CKOPOCTH) He 3aBH- .
cean Gpl OT Y, TO 3TO ObL1 6b1 OObLIYHBIA OJHOMEPHBIH COJNHUTOH, Ha-
npumep Geryuuuii 0 MOBEPXHOCTH MEJKOro BOAOEMA. ‘
JlomycTHM Telepb, 4TO €ro aMIJIHTyAa MEHsSeTCs B 3aBHCHMOCTH
or y (ma puc. 35,a 3aMITPUXOBAHbI O6JACTH C MOBLILIEHHON aAMIUIH-
Tyof). B cpene ¢ OTpULATENbHOR Aucmepcuedl ydacTKH ¢ GoabLiedt
aMIUTYA0f ABHXKYTCS OBICTpEE M COJMTOH HCKPUBJSETCH, KaK IO-
kaszaHo Ha puc. 35, 6. BeauuuHy 3TOro HCKPUBJIEHHS JIETKO HAHTH,
eCJIM BCIIOMHHUTD, YTO CKOPOCTb COJIMTOHA PaBHA Co 4 €==Co (uo/3),
TaK YTO

T

dx,

o =¢to+ 3 (3.61)

CiiefioBaTENbLHO, €CIH Y COJHTOHA €CTh MaJjasd MOILYNAIUSA AMIJIH-
Tyau Ot (y), TO OH 6yneT HCKpHBJATHLCS CO BpPeMeHeM, TaK 4TO €ro

HaKJIOH —%fyi GyneT MEHATbCH:
Bt ‘Zﬁ/— == 6_y -3 (362)
Ho eciefcTBHE HCKpUBJEHHsi Bo3Hukaer 3ddexrt (PoKYCHPOBKH, H
AMILIATYAA LUEHTPANbHOH uyacTu u3o6paxkennoro Ha puc. 35,6
y4acTKa COJIMTOHA HauMHAeT Bo3pacrarb. Beselcrsue 3toro uepes
HeKOTOpOoe BpeMs UEHTPalbHas 4acTh JAOTOHHT nepudepuiinse o6-
Jacti #H (opMa COMUTOHA BOCCTAHOBHMTCH, HO CO CMECTHBUIMMHCS
IO oCH y O6/AacTAMH MOBbILIEHHOH aMmuTyanl (puc. 35, 8). Orciona
BU(HO, 4TO COJUTOH B CPEJE C OTPHUATENLHOH AUCHEPCHEN HE UCIIbI-
ToiBaeT caMO(OKYCHPOBKH — OB KoJe6Jjercss Kak HaTsHyTas CTpYHA.
Ecau aMIVIMTYA COJIMTOHA MoAyJaupoBanla caabo, T. e. 6us < to,

TO 3TH KOJe6aHHA MOXKHO PAacCMOTpeTb B nuHe{HOM MPHOJIMIKEHIH.

~ dx
Bynem cuutath, 4T0 HCKPHBJEHHe co/uToHa caadoe, — K 1. Toraa
El

Y]

5 B. B. Kanomuea
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Y-KOMIIOHEHTA CKOpPOCTH ero OTACALHOro ydacrka MOXET 6bITh 3a-
NucaHa Kak

0x0
Guy = 6!/ CO)
HO H3-34 ABUXKEHUA BJOJL OCH y 6ylleT MEHATLCA SHEPTrUst CONUTOHA
& ~ulN ~ ul:
0 (1
0%x,

: 3
—u({'z—u/Z—éuO::— du ulr = cuft =+ g

(3.63)

3pech B MPABOH yacTH Mbl NMOJOXKHMAHM U~ const. Tuddepen-

uupys cootHoueHune (3.63) mo BPEMEHH M HCKJIIOYAS Xp C TIOMOIILIO
(3.62), moayuum ypaBHeHue MaJbX KosebaHHII:

0? 2¢ 0?
B 6u0 = ;uo FI 6”(). (364)

OTciofa BHAHO, UTO JJIs CPEAbl C OTPHLATEALHON AMCIEPCHEN, Korjga
aMIIATYAA COJMTOHA TOJ0XKHUTeNbHA (o = 0), MBI NoJyyaeM ypas-
HeHde rumep6oAMYECKOTO THMA, OMUCHIBaoIiee KoJeGaHHS CTPYHBL

HanporuB, npu 1noJoxuTeibHOH [IHCIEPCHH CHTyalUus H3Me-
HSEeTCS: aMIIMTYIa COJMTOHA OTPHIATE/]bHA, M ypaBHeHHe (3.64)
NPUBOAUT K HAPACTAHHIO MadbiX KojebGaHui. DTo sicHO U U3 ¢u3H-
YecKUX coofpaxeHull. Y4YacTkH ¢ MOBLILIEHHOH aMIJIHTydoH He-
CKOJIbKO OTCTAlOT, U K HHM H3-3a HCKPHBJEHHA YCTPEMJSIOTCH HO-
Bble MOPLUHU BO3MYyuleHUsi. B pe3dyabrarte BO3MylieHHe HapacraerT U
COJIMTOH pa3GUBaeTCsi Ha OTHAEJbHbIE CryCTKH Bpoab ocH y. He uck-
JIOYEHO, YTO 3TH CFYCTKH 3aTeM 3aTyXaloT IyTeM H3JYYEHHS NJHH-
HOBOJIHOBMX BO3MYIieHHH (HanpuMmep, 3BYyKa /s HOHHO-3BYKOBBLIX
COJNIUTOHOB).

3. Camocoacarue 80AHO8020 naxera (Moayﬂﬂuuounaﬂ HeycToli-
qugocTy). CaTHe HeANHEHHON BOJHLI MOMKET TPOUCXOAUTL HE
TONLKO B TONEPEYHOM, HO M B NPOJOJLHOM HANpaBJeHHH 1O OTHO-
HICHUIO K HAMpaBJEHHIO pacnpocTpaHeHUss BOJHBL Uro6nl omucarts
aror 3bdexr, paccMOTPUM IIOCKHH BOJNHOBOH MAKeT ¢ MERJEHHO
MEHSIOMUMHUCH aMnauTyaol U ¢aszoil. ByreM cuurarth, 4TO ammIu-
TyJAa BOJIHHI HEBEeJHKa, TaK YTO BOJIHA HE CUJIBHO OTJIHYAETCH OT
CHHYCOMJAMLHOMN, T. €. BBICIIHE rapMOHUKH, HAXOASUIUECS B PaBHO-
BECHH C OCHOBHOH, Manel. Toraa BoOJHY MOXHO XapakTepU30BaTb
BOJIHOBHIM YHCJIOM R M 4acToToll » OCHOBHOH rapMoHuku. [as ra-
KOH BOJIHbI OCHOBHHIM YCPEAHEGHHBIM HeJHHEHHHM 3¢ dekToM aB-
JSeTCA 3aBHCHUMOCTh ()a30BOR CKOPOCTH HWJIM 4acTOTHl OT aMILJIU-
TYAB! @, TaK YTO NMPH MAJOH AMIVIMTYZE, KOTAA MOXKHO OTPaHUYHTHCSH
JUIIbL IEPBOH HeHcue3alluel NonpasKoi,

® = 0, + aa?, (3.65)

rne @p OTBEYAET 4aCTOTE JHMHEHHOH BOJIHBI, a BTOpOE CJaraeMoe —
#esquHefiHoA nonpaske. Ecin B H a u3MeHsiioTes ¢ x, T. €. 0 = 0 (X),



$ 3 CAMO®OKYCHPOBKA M CAMOCATHE MAKETOB 131

7]
TO, KaK MBI 3HaeM, BOJIHOBOE 4YHCJIO k= — F%)- 6y11€T H3MEHATLCH
CO BpeMeHeM:
ok (e} ok da?
=T = Uy TG (3.66)

rAe Mbl YyWIM aMIOJAHTYRHYI0O A00ABKY B BHIPAXKEHHMH /A 4acTOTHE

Jo
(3.65) u o6o3nayuau yepe3 Uy FPYNINOBYIO CKOPOCTh Up = 6—:. Ha-

Jee, B BOJIHOBOM mnakeTre 3HEPrus, T.€. KBajpartHyHas IO aMijaud-
Tyle BeJMUYyMHA, NepeHOCHTCSl ¢ rpynmoBo#i ckopocteio. Torna B Ka-
YEeCTBE 3aKOHA COXPAHEHHUS SHEPTHH MOXKHO NPHHATH yXKe 3HAKOMOE
HaM ypaBHeHHe

oda?

L+ 2 (va?) =0. (3.67)

Us ypasuenuii (3.66), (3.67) ciaemyer, 4TO NpPHU ONpPENEIEHHBIX
YCJIOBUSIX MUIOCKAsi BOJIHA OKa3bIBAGTCS HEYCTOHYMBOH MO OTHOLIe-
HHIO K pa3GHeHHio Ha OTJeNbHble BOJMHOBBIE NakeTsl. B caMoM nese,
ROMYCTHM, YTO Ha MOHOXPOMATHYECKYIO BOJHY C BOJHOBBLIM YHCAOM
ko M aMmIATYAOH Q¢ HAJIOXKEHO MaJjioe BO3MYIUEHHUE!

k=ky+ k exp(— ivt + ixx), a=ay—+ a’ exp(— ivt + ixx),

rae v € o, » € ky— 4acroTa H BOIHOBOE 4HCI0 Moxyasmuu. Torma
B JuHeiiHoM npubavxenuu u3 (3.66), (3.67) moayuuM NHCIEPCHOH-
HOoe COOTHOIIEeHHE

J— 25/
v=1ux =& A/aa20] x, (3.68)
dv o
roe ur= —01; . Kax Mb! BuauMm, npu avr <0 HMEET MECTO HEYCTOH-

YUBOCTb THMA Pa3GHEeHHsT BOJHB HA MaKeTH M CAMOCKATHSA BOJ-
HOBBHIX MaKeTOB. JTOT  pes3yJ/bTar
6nls1 moJayueH Brepeble JIaHTXHIIOM £
[93].

®usnuka 310 HEYCTOHYUBOCTH IIO-
sicHsiercss Ha puc. 36. HomyctuM, 4TO
o > 0. Torna B toukax A, A’ daso-
Basi CKOpOCTb BOJHBI Bosblue, yeM B
Toyke B, u Ha yyactke P BOJHOBOE Ditc. 36. CaMoCHKATHE BOAHOBOFO
UHCIIO, MPONOPUMOHANBHOE YHCAY Y3  poer.” ~(vonyamumonnas me-
JIOB Ha efuHHUUE IJuHB], OyAeT BO3- YCTORHBOCTS).
pacrartp, a Ha yuactke @ — yGbiBaTh
co BpemeHeM. Benencrsue atoro npu vr < 0 BOJMHOBOH makeT B 06-
nactu P 6yler oTcraBaTh H yCHJAMBATL BOJHY B Touke A, a B o6Jaa-
ctH Q om Gyner 3aGeraTh BMepeR M yCHJAMBATL BOJHY B Touke A’

Ycnosuwo avy < 0 yROBAETBOPSIOT, B 4AaCTHOCTH, TPaBHTAIHOH-
Hple BOJHBL Ha rAy6oko#l BoAe: y TakHX BOJIH, KAK OKasblBaercsd,

Ar
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HelHHeilHAas nonpaska K (pa3oBoi CKOPOCTH (a CJeLOBATENbHO, H
K 4acTOTe) MOJOXKHTEIbHA, a MPOM3BOAHAS UF = — ![, +/g[k® otpuia-
TelbHa. B cBOe BpeMs BHIBOJ O HEYCTOHYHBOCTH MEPHOLHUYECKHX
rpaBHTALHOHHBEIX BOJIH HA BOAE NPOM3BEJ CEHCAUHIO B THAPOAMHA-
MHKE H Kasajcs HenpasionomoOHbiM. Ho 3atem oH Obln moayuen
3aHOBO PA3JHYHBIMH METOXAMU H INMOATBEDPIKAEH SKCIEPHMEHTAJLHO
[94]. Tenepb yKe HUKTO He COMHEBAae€TCA B HEYCTOHUHBOCTH rpaBu-
TALHOHHBIX BOJIH HAa IyGOKOH Boxe, H, cTajo OblThb, MOBEPbE O «jie-
BATOM Baje» uMeeT noj coGol onpeleneHHble (H3HYEeCKHE OCHO-
BaHMUsl,

4. Ilapaboauveckoe ypasnenue. Kak camModoKyCHpPOBKA, TaK H
CaMOCXKATHE BOJIHOBEIX MaKeTOB, H MPHTOM C yueToM AH(paKuuH,
MOTyT OBITb ONMHCAHB ¢ [OMOLIbI0 TNapabOoJHYeCcKOro ypaBHEHMUS
(2.168). C yueroM HeauHeiHOH H0OGABKHM K 4yacToTe 3TO ypaBHEHHe
HMeeT BHJ

. OF . OE v 1 0%E
‘73T+wf—x_+2kro ALE+?U;W—G|EI2E=O, (369)
rae v§=%%.

PaccMoTpum cHOBa 3amauy O HEYCTOHUHMBOCTH IVIOCKOH BOJHBI
Ey==qa¢e~""*, rae ao— HayaJbHas aMIVIHTYAa, a Vo — 4aCTOTa, KO-
Topas coraacHo (3.69) pasna v,=oa?. [Ipennonoxum, uto Boa-
Ha Eo HeckoabKO BO3MylaeTcs, TaK YTO €e aMILIHTYAa a H ¢asa ¢
cnabo H3MEHSIOTCS B TNPOCTPAHCTBE H CO BpeMeHem: E =
= (ap + a’)exp (—ivot + ip’). Manble Bequuuubl a’ W ¢’ caepyer
CUHTATh AeACTBHTENbHBIMH. Ilocne MONCTaHOBKH 3TOTO BbIpasKeHUS
B (3.69) u or6pachiBaHHH KBaAPATHUHBIX o a’, ¢’ WIEHOB MBI 1ONy-
YHM CHCTEMY ypaBHeHHi mid a’, ¢

da’ da’
T+ 05—+ agly’ =0, (3.70)
a0 T+ ago, 32~ + Lo’ + 2002’ =0, (3.71)
Ur 1, 0°
rae L — oneparop, paBHblfi L = — —Qk—oAl R

Ypasuenusa (3.70), (3.71) sBasiiorcss NHHEHHBIMH, H HX DEILEHHE

MOIKHO HCKaTb B BHIe eXP(—ivf + ixr). ITpu sTom L MokHO cunTaTh

0 ’r 2

Qk’ ¥} 5 Uz H KaK yCIOBHe Pa3pelinMo-
[

cru (3.70), (3.71) nosnyuaem ciaeayiollee BrlpaXKeHHE LJS YaCTOTHI:
v =0, %A/ (2022 + L). (8.72)
Ecau »; = 0 H %x Maad, 1o noayyaeM OTCIO[a NMPEXHHH pe3yabTar

(3.68), 1. e. HeycTOHYHBOCTb MO OTHOIUEHHIO K caMOCXKATHIO TNPH
avr < 0. Kak Buano u3 (3.72), BbIBOX O caMockaThu npu avr < O

paBHbIM uHcay L =



r Y} CAMO®OKYCHPOBKA H CAMOCIKATHE ITAKETOB " 133

enpaBefHB TOJBKO NIPH IOCTATOYHO MANBIX Xsx. EcanxZ > —4aa§/v;,
70 HEYCTOAYHBOCTH N0 OTHOLUEHHIO K CaMOCKATHIO CTAGHIM3UPYyeTCs
audpaKUHOHHEIM PaciIbBAHHEM BOJHOBOrO nakera. B apyrom mpe-
AeAbHOM CAYYae Xx = 0 us (3.72) cnenyer caModOKYCHPOBKA, €CIH
a < 0. CaMoOKyCHPOBKA TAaKXK€ HAUHHAETCH TOJNBKO C JOCTATOYHO
MaJBX %y, 4 HMEHHO u2l<4lala§k0/vr. [TocKkoJabKY MHHHMAaJbHO
BO3MOMKHOE %) HMeeT MOpSfOK O6PAaTHOrO pajHyca UHJHHIpHYe-
¢koro Jayua, 1/R, To orcioaa cilenyer, yTo B pacCMaTpHBAEMOM MpH-
GIMXEHHH, KOTJa YYTeHA TOJBKO KBaJpaTHyHAas MO aMIVIUTYAE IIO-
npaBKa K uactore (3.65), caMopoKycHpOBKa HauMHAETCS JULUb NPH
JAOCTATOYHO GOJIbIIOH MOLIHOCTH J1a3€pPHOTO MyUKa, MPONOPLUHOHAb-
molt aZR:.

Cra6uausyiomas poib AHQPAKUHH MPUBOLUT K BO3MOXKHOCTH CY-
HIeCTBOBAHHSA CTALHOHAPHBIX CHOKYCHPOBAHHBIX MYYKOB HJIH CAMO-
CKaTHX BOJIHOBBIX makeroB [96, 97]. B camom nene, paccMoTpuM,
panpuMep, caydail ovr < 0 H JONMYCTHM, Y4TO 3aBHCHMOCTb OT Y .H 2
orcyTcTByeT. PaccMoTpuM pemeHde tuna Geryulero nakera E =
#= e~y (x — o f). das ynxkuun u u3 (3.69) nosyunm

2

Su _ 2 By, (3.73)

dx v, -
Ho ¢ ypaBHEHHEM TAKOrO THMA Mbl YXKE BCTPEYAJHCb IPH PaccMo-
TPEeHHH TIeDHOAMYECKHX pelleHuii ypaBHenuss Kopresera — ne Bpu-
3a. Mbl onath MoxeM paccMaTpHBaTh (3.73) Kak ypaBHEHHe 111
HeJHHEHHOro OCUHJIATOPA C TOTeHuHaabHOH sHeprHeilt W —
2:, u4+%‘;’-u2. TIpu avr <0 u vt < 0 morenuuan W umeer

r r

BHA AMH, TAK YTO BO3MOXKHbI KaK MEPHOJHUYECKHE BOJIHbBI OrHbalolel,
TAK H JIOK4a/JHM30BAHHBIE NAKETHl THMA COJHTOHOB. AHAJOTHYHBLIM
"o6pasoM ans cayuyas caMO(OKYCHPOBKH MOXKHO HaHTH JIOKanH30-
BaHHHIE B MONEPEYHOM HANpPAaBJEeHHH pellenus, ecad o << 0. D1u pe-
WeHHs] COOTBETCTBYIOT NyyKaM, KOTOpble caMH cefe CO3MalOT BOJHO-
BOX-H pacrpocTpaHfOTCs B BHAE y3KuUX HHUTeH. Bripouewm, 3TH peme-
HHS HeycToHuuBh [112).

dddexT camMohOKyCHPOBKM M CaMOCKATHS BOJNHOBBIX NAKETOB
AONKHH INPOsiBASAITHCH H HA MATHUTOTHAPOAMHAMHYECKHX BOJIHAX,
HO SKCNIepHMeHTaNbHO OHH NOKa He HCCNeLOBaHBL.

v, 8. Jlenemioposckue corutonel. B nnasme sdgekT caMocKaTus
BOJIHOBOrO maxera MOXKeT NPOSIBAATBCS HA JIEHTMIODOBCKHX BOJIHAX

| lesao B ToM, ur0 JIOKANH30BaHHBI B MPOCTPAHCTBE JEHIMIO-
POBCKHH MakeT BOJH OKa3blBA€T pacTalKHBallee MeHCTBHE HA
T1a3My, TaK KaK BbICOKOYACTOTHBIE KONE6AHHSA BHITAJKHBAIOT 3J€K-
TPOHH H3 o6nactH, 3aHATON BOJNHOBBIM TNaKeToM. B pesyabrare
JUIOTHOCTb MIa3MHl B 06aCTH JIOKaJH3allMH BOJHOBOTO NMaKeTa He-
CKOJIBKO MOHMKaeTcsl, H Y COGCTBEHHOH JEHTMIODOBCKOH 4acTOTHI

T ——
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nosiBAsieTcs OTpHuareabHas no6aBka [kKosdouuHeHT o B dopmyae
(3.65) orpuunarenen).
Tak kak u9acrora JIEHIMIODOBCKHX KOJebGaHHH paBHA @ =

3T
= 0y + g

k% u, cnenosarenbHo, vp > 0, TO AJs JEHTMIOPOB-
CKHX BOJIH Kputepuit JlafiTxunna yxaseiBaer Ha BO3MOKHOCTb MO-
AyJSILIHOHHOH HEYCTOHYHBOCTH.

PaccmoTpum 310 siBneHHe Gonee noxpobuo. Ilycrs 87 — Bo3my-
IeHHEe IVIOTHOCTH 3JEKTPOHOB, TAK 4TO

6n+

On 4 3T 4
n 2me®po

pe = @po + 5 Bpo 2, (3.74)
rIe mpo=f\/4ne2n/me— HEBO3MYLIEHHAs JIEHTMIOPOBCKasi dacrorTa.

Urto6b1 HafiTH 87, HYXKHO 3HATb BbIpAXKEHHEe AJA TaK Ha3blBae-
Mol cuabl Muanepa, T. e. cuibl, AeHcTByIOUeH Ha 3JE€KTPOH B He-
OJHOPOJHOM BBbICOKOYACTOTHOM moJjie. DTa CHJIa Jerko TNoJyuyaercs
M3 ypaBHEHHS ABUKEHHS 3JeKTPOHA

mei = — eE = — eE(x) cos o, (3.75)

€cJM TIPEACTaBHTb KOOPAHHATY X B BHIAE CyMMbl MeIJEHHO MEHSIO-
meiicst Xo ¥ ObicTpolt X yacrehd. Toraa aas OGBLICTPO OCUHJIHPYIOLLEH
BeJM4UHH noayuaeM u3 (3.75) % = eE/m.0? a paa MennedHoil co-
cTaBJsoOIIEd Xo ypaBHEHHE Noaydaercs ycpenHennem (3.75) mo Bpe-
MEHH B NpPeNNoJIOXKEHHH MaJioCTH X:
< OE ~> o é°E2 5

meiéo—— eTx— -——54"1—8@2‘. ( .76)
Taxum o6pa3oM, Ha 3JeKTPOH HeHCTBYET cHJa € TNOTEHIHAJOM
U= eE3[4m o = &*(E?)[2m *. B mnsorepmuueckolt miasme (7; =
= T,=T) 3Ta cuJa ypaBHOBEIUMBAETCS TPALHEHTOM JLaBJEHHS

i} ou
% Ton=——-. Orciofia HaXOAHM BO3MYIIEHHE IJIOTHOCTH
252 2
e’E 3 E
== (3.77)
m,w,onT 4 8n-3T

T.'e. 6n/n NpuGAU3UTENLHO PaBHO OTHOIUEHHIO IJIOTHOCTEH BBHICOKO-
YaCTOTHOM M TenyioBoiH sHepruii. Tenepb Mbl BUAUM, 4TO HeJNHHeHHas
no6aBka K uacrore (3.74) umeer Bup  0Ef, rne a = — o [64nnT.
Jas onucanusi BOJIHBIL, OJH3KOH K INIOCKO#H, MOXKHO BOCIOJb30-
BaTbcsi mapaGoanueckuM ypasHenueM (3.69), rae vl =u /by =
= 3T /mewpo. Mbl onaTe OyaeM HCKaTh pelUeHHe 3TOTO ypaBHEHHs
B BHJe Oeryiieil ¢ rpyninoBoil cKOPOCTbIO BoJIHB! orubatoieli. CHoBa
nonaraeM E = e'¥'u(x — v f) u nonysaem ypaBHenue (3.73):
u 2v, 2a
— = ——u + —u’, (3.78)
.

ax* v, v
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rae 20/vi = — €%/24T2, OTo YDAaBHEHHE HMEET DEIIEHHS TUNA COJH-

rona. B camowm pene, 6yneM HCKaTh pELIEHHe B BHAE u = Ey/ch (%) .
‘u u 2u3

IIpn 3T1OM . IlpupaBpuBas ko3ddHuHEnTH npu

oxf b AP
OlHHAKOBLIX cTenensx # B (3.78), mMOJAyuMM COOTHONIEHHS:

’ 4 2

v 2,9 o, 48T
Vo= — g, BN =——F=——. (3.79)

et

Kak Mbl BHIHM, KaXKAblH COJHTOH TEM YXKe, ueM GOJblle ero aMIJIH-
2

tyna, A ~ 1/Eo. Dueprua cosurona, nponopiuonanbHas EpA, tem

GoJiblue, ueM 6OJbIIE €r0 aMIJIHTYAA, T. €.

& ~ Ey~—+. (3.80)

TlonpaBka K yactoTe KoseGaHuH vy TakxKe pacter 0 abcoMOTHOH
BEJHYHHE NPH YBENHUEHHH aMIIHTYIAbl COJIUTOHA.

Euwe pa3 momuepkueM, u4to npH kA >> 1 paccMOTpeHHBII HaMu
COJIMTOH SBJSIETCS (AaKTHYECKH COMHTOHOM oruGatomeii. Pasopas
CKOpPOCTh 06pasylouieil ero BOJHBL Up = ®po/Ro MOXKET H3MEHSTbCS
B IIMPOKHX Mpeleax B 3aBUCHMOCTH OT BelHUHHH Ko [lns paccMa-
TPHBAEMOTO 37IeCb COJIMTOHA C PABHOBECHLIM PAacCNpeldeeHHEM TJIOT-
HOCTH BEJHYHHA Ry OTpaHHUEHa CBepXy YCJOBHEM Up < Cs, T. €. TpE-
6oBanueM, uytoObl COJNHTOH Obln no3BykoBuHM. M3 srtoro ycnorus

BbiTekaet kyd < f\/me/mi, rie d — nebaeBckas auauHa. Kak BHAHO
u3 (3.78), BenuuuHa Ry IBHO B 3To ypaBHeHHe He BXoxauT. ITostomy
ko CHH3y HHueM He OrPaHHUEHa, H NPH YMEHbIIEHUH Ky COJHTOH OTH-
Galolel HelnpepblBHO MEPEXONHUT B NPOCTOHl JIEHTMIOPOBCKHH COJH-
ToH. B uyacTHocTH, npH By == 0 rpymnnosas ckopoctb Takke obpa-
MiaeTcs B HyJb, H COJIUTOH CTOHT Ha MECTE.

§ 4. Baanmopneiicteue BOMH

1. Tpexgoanosbie npoyeccot. PaccMoTpuM Tenepb obiuil caydah
TpeXMepHBIX HeJHHeHHbIX KosebaHuii. Pasymeercs, B caMom obiieM
ciyyae BPSA JIH MOXKHO NMPOABHHYThLCS NOCTaTOYHO AAJeKO: MOJHOH
MaTeMaTH49eCKON TEOPHH PElleHHs HeluHefHbIX AudbhepeHIHaNbHbIX
YPaBHEHHH B 4acTHbIX NPOH3BOAHLIX MOKa He cymectByer. OnHako,
€CJIM NPENNOJOKHTb, YTO AMIJIHTYRA KoJeOaHHil He OUEHb BEJIHKA,
MOXXHO BOCMOJIb30BATbCS METOJOM TEOPHH BO3MYyileHHil. B mepsoM
HPUOJHKEHHH Mbl HMEEM TIPOCTO JHHEHHYIO TEOPHIO ¢ MPHHIUIOM
CYNeprnosulluy, TaK YTO INPOH3BOJbHOE BO3MYIEHHE MOXKHO Npen-
CTaBUTb B BHAE COBOKYNMHOCTH COOCTBEHHBIX KOJeGaHHH.

B nuHefiHOM NpHOGIHXKEHHH NOBoMbHO 6€3pa3/HYHO, KAKyl0 H3
BeJHYHH OpaTh B KayeCTBE OCHOBHOH mafi OMHCAHHs KOneGaHui,
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TAK K4aK BCE BEJHYUHbl (HANpHMep, 3JEKTPHUECKOe IoJe, CKOPOCTH
YaCcTHL, HX MJOTHOCTb M T. [.) NPONOPLUHOHAJbHB oxHa Apyroi. Ho
IIOCKOJIbKY BCe KoJeGaHHs B Maa3Me NPeACTaBAAIOT COOGOR 3JeKTpo-
MarHUTHbIE BOJIHBl, TO B KaueCTBE OCHOBHOH BeaHUYMHBl ynoOHO MpH-
HAITb 3JeKTpHuecKoe moJe E.

Takum o6pasoM, B THHEHHOM MPHOIHIKEHHH

E=) Ewe "% 4 ¢ ¢, (3.81)

TA€ K. C. 03Ha4YaeT KOMIJEKCHO-COMPSiKEHHYIO0 BelHuuHy. Bermoyuum
Tenepb, KaK BHIIJISIIHT ypaBHeHHe AJS 3J1€KTPOMATHHTHOH BOJHbLI B
nnasMe B Qypbe-npeacrabieHHd. CoOTBETCTByOlIEe BLIpAXKEHHE B
JHHEHOM NPHOGIHXKEHHH GBIJIO MOAYYeHO B T, 2 [cM. COOTHOLIEHHE
(2.93)]. Ecan, xpoMe caMOCOIJIaCOBAHHOTO TOKA, B Ma3Mme HMeercs
elle CTOPOHHHHA TOK js, TO YpaBHEHHe AJsS MOJA MOMKHO 3alucaTb
B BHAE

c2k? ck (kEk)
Ex + —a

= — 4ai (3.82)

sk*
3aecs, Kak Mbl 3HaeM, D = ¢E, rae & — TEH30p AH3JIEKTPHUYECKOH
NpoHHLAaeMOCTH, ¥ OnHOpoAHOro ypaBHeHus (3.82) mmeiorca pelie-
HHS TOJIbKO AJS1 3HAYEHHH 4aCTOTH], COBNALAIOIIHX ¢ COOGCTBEHHLIMH
YacTOTaMH, @ = @x. BOJH3H 3THX COOCTBEHHBIX uyacTOoT OyAer Ma-
KcUMaJbHOH aMIJIMTYyAa M JJs HEOXHOpOAHOTOo ypaBHeHHs (3.82),
H [03TOMY NOCTATOYHO PACCMOTPETb HMEHHO COGCTBEHHHE BOJIHHI.
ITpu @ = ok moaspusauus BoJHb ek == Ex/Ex NpHHUMaeT BHOIHEe
onpeneseHHOEe 3HAyeHHe, H YMHOXasl ypaBHeHue (3.82) Ha ef. Mu
MOJYYHM CKansipHOe ypaBHEHHe ANA oOlipefeleHHs aMIUIHTYIbl KO-
JAeGaHHui: 1 :

(we— oL )Ek = — 4], - (3.83)

(0]

A 2 -
rae e=e e, k% =k>—|ek[, j,, =eij,.
B6an3n o == @k JeByl0 4aCTb 3TOTO YPABHEHHs MOXKHO npen-
craButb B BHae Ayx(® — wx)Ex. 3aech AaA NonepeyHbX BOJH
1 8 —
Ak==-m——£(m23), ox=ck.[+/e, a nas NPOROJAbHBIX BOAH ¢ By = 0
Oe
caMo & o6pallaeTcs B Hyib MPH © = Ok H BelHUHHA Ax= 0 5~.
Taxkum o6pasoM, ypaBHeHue ans Ex MOKHO 3amHcaTbh B BHAE
— (0 — o) E, = —4nj, [ A,. (3.84)

Kax Mo Bunum, Ex neficTBUTENBHO BENHKO BOJH3H @ =— @k H JaXKe
PACXORHTCA B CAMOM TOUKE ® == @k. UTOGH He yCHOKHATL CHTYALHH
9TOA PaCXOAHMOCTbIO, MOXKHO HECKOJbKO BHIOH3MEHHTb ypaBHEHHE
(3.84), neficTBys B AyXe TEODHH BOJHOBHIX [aKeroB. [Js 3TOro
BCIIOMHHM, 4TO ypaBHeHHe (3.84) HamucaHO 4n ¢ypbe-KOMIOHEH-
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o Eo BoaHnl Bupa E (f)e’™, 1. e. hakTHUeCKH 3aBHCHMOCTb nOJS

OT BPEMEHH Jaercs BblIparKEHHEM SEme‘i‘”’ do. TlpeacraBum 5710
—iw, t o, ¢

noae B Bune E(f)= Ex(f)e ¥, rme Ek(t)=SEQe‘f‘°‘ do-e & —

MEMJIEHHO MEHSIOLIasiCsl aMIUIMTyAa BOJHbBI BOJH3H COGCTBEHHOM

o —-ifw-0,\t
yacToThl @. [asi 3Tofl aMNAKTYAB yMHOXKeHHeM (3.84) Ha e (%)
H HHTETDHPOBAHHEM MO ® Mbl NMOJYYHM ypaBHEHHE

oE m g,
- =— ¢ i O, (3.85)

TA€E jsk — CTOPOHHHH TOK yXe KaK (YHKUHS BPeMEHH. 3aMEeTHM Te-
nepb, 4TO MPH NpPENCTABJCHHH JNI060H peasibHOH BENHUYHHBI, CKaXKeM,
noas E, B Bune Ha6opa cobcrBeHHbIX BoaH (3.81) BMmecTe ¢ nepsoi
CYMMOl Bcerjpa mosiBjsieTcs ellle KOMIJIEKCHO-conpsixkeHHas efi. Tax
KaK B 3TOH BTOPOH CyMMe€ CTOSIT MHOXKHTENH e ™" To ee ciaraemble

i t—ik .
umeror cmbicn E_ye "®~¥ 7T, 1. e OoHM KaK Obl COOTBETCTBYIOT
ynenaMm ¢ —k. Takum o6pasoM, umeeM

E  =E, o ,=—o,. (3.86)
COOTBETCTBEHHO KAMKAYIO NJIOCKYIO BOJHY MOXHO C OJHHAKOBbIM
npaBOM XapakTepuaoBaTb Kak napoi k, ok, Tak H mapoi —k, —ox,
HHBADHAHTHOH BEJHUYHHOH sBAsercs JHIWbL $a3oBas CKOPOCTb
vy = koy/k% Ho Mbl paHee NMPHHANH 11 SHEPTHH H HMIYyJbca Bbl-
paxenuss &y = oxNx, Px = kNy, rae Ny — uuciao Boan, crajo
6biTb, B 9THX BbIPa’KEHHSIX MOXKHO T0JIb30BaTbCsl TOJLKO ONHOM H3
ykasanubix nap. [Ipencrasasiercsa Gosee nenecoo6pasHeIM BHIGHPATD
3HAK 4aCTOTbl B COOTBETCTBHH CO 3HAKOM 3HEPTHH, T. €, TOJOKH-
TeJIbHbIH I BOJHBI MOJNIOXKHUTENbHOR 3HEprHH, U Torna k cosnamaer
¢ HanpasJeHHeM HMmyabca. I1pu 3toM coxpaHsier cBoi popMy BHI-
paxenne &y = oxNk 418 sHepruu. Ho nna umnysabca torpa toxe
clieflyer cOXpaHHTb BhlpaxeHHe Py = kNy, utobbl npoH3BeneHHe
HMIyJbca Ha (a3oBYI0 cKopocTb vy = koy/k% coBnapgamo c suep-
rueit. CnenoBaTenbHO, B BHIPAXKEHUH Aas uMmnyabca Py = kN, soa-
HOBoii BekTop k Mrpaer poab 3JeMeHTapHOH NMOPUHH WMnNyJbca. [ns
BOJIH C OTPUUATENbHOH 3Hepruef, TakuM o6pasoM, MBl HCIOJAL3YEM
napy ok, k ¢ oTpHIATeIbHLIM 3HAaueHHeM wx. MMny/be BOMHH ¢ oT-
pHuaTeabHOH 3Hepruefl, KaKk Mbl BUAMM, HampaBleH NpPOTUB ¢a3o-

BOH CKOPOCTH, MOCKOIbKY VyPyx = &y << 0.

" TTocie 3Tux mpexBapHTEJNbHbIX 3aMeYaHHN BEPHEMcS K BONpOCY
O NOBEeNEHHH cabo HeJHHEHHbIX BoaH. Ecnu amnauTtyna KoneGaHHH
IJIa3Mbl HE o4yeHb MaJa, TO B YPABHEHHUSAX ABHKEHHA IJIsl YacTHIL
HIH B KHHETHYeCKHX YypaBHeHHsX aas (YHKUHA pacrpeneneHHs
ClelyeT yuyecTb HeJHHeHHble uleHbl. TOrAa IpH BhIPAXKEHHH TOKA B
1asme j yepes noJs, KpoMe JHHEHHOro 4ieHa, NPHBOASIIETO K
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TEH30DY €, CIEAYeT YYecTb AOMOJHHTENbHbIE HeJMHEHHbIe 4IeHbL JTH
yjleHbl OYAYT BXOAHTb B ypaBHeHusi MakcBenna B BuAE N00aBKH
K TOKY, T. €. B BHI€ CTOPOHHEro Toka B ypasHeHuu (3.85). Ilpu cia-
60i1 HEJNUHEHHOCTH JOCTATOYHO YY€CTb JIHILb KBaJAPATHUHbIC YJEHBI,
COCTABJIEHHBIE H3 BCEBO3MOMKHBLIX NPOM3BeleHHH OTIENbHBIX clarae-
MblX B BblpaxeHUH AJIs js. I3 3THX 4/leHOB Hy»KHO BblGpaTh TOJBKO
TaKue, [IPOCTPAHCTBEHHAsl 3aBHUCHMOCTb KOTOPbIX HMeeT Bui e’ks,
Tak Kak B ypaBHeHHH (3.85) Bbi6paHa yKe TOAbKO K-KOMIOHeHTa
noas. Takumu uneHamu 6yayT Ey Epel®’r+iKt ppy k' 4+ k" = k.
[pu 3Tux unenax 6ynyr ewe Kosdoduunentsl, 3aBucsimue or k/, k”,
SIBHLIH BHA KOTOPbIX ONpefejsiercss TEMH HeJWHeHHbIMH YJeHaMH,
KOTOpbI€ LAIOT BKJajA B BblpayKeHHe HEJTHHEHHOTO TOKA jsk.

Ianee, ypaBHeHuss yqoOGHO 3amnHcaTb cpasdy [/ aMIUIATYA a,
Tak 4to Nx = |ax|?. CBsa3b Mexay ax u Ex ycraHaBiuBaercs, oye-
BUAHO, cooTHomeHHeM (2.150) nas 3HepPrHu BOJNHBHL.

C yueroM BLICKa3aHHbIX 3aMeuaHuit ypasueHue (3.85) mas ay
MOXKHO 3aNucaTh B BHAE

da — 1 (O +op7— 0y ) ¢ :
-—at—k ——1 Z kalkl/aklaklle l((ﬂk +(1)k mk) , (3.87)
Kk’

raie k" = k—k’. BpemeHHOH MHOXHTENb TNOSABHICSH BCJIEACTBHE
TOrO, 4TO B HeJHHeiiHble claraeMble ObLIO MOACTAaBJAEHO I0Jle B BHAE
CyNeprno3ulu COOCTBEHHBIX BOJH. Vi — HEKOTOpas (GYHKUuS OT
BOJIHOBbIX BEKTODOB; fIBHbI BHJ €€ Onpenensiercs HeJHHEHHbIMU
yjleHaMU YpaBHEHHH IBHKeHHA. BeluunHy Viyywr ecTecTBEHHO Ha-
3BaTb MaTPHYHBLIM 3JIEMEHTOM B3aHMOIEHCTBHS BOJH.

HUrak, MB! BUAHM, 4TO KBafpaTHUHLIE caaraeMble BUAA FEyr Ex X
Xexp [— i (ox +ox~) t+i (k"4+k”) r], KoTOpbie BXOAAT B HEJAHHEHHbIA
CTOPOHHHH TOK, MTPAlOT POJb BbIHYKZAWOIIEH CHABI C 4acTOTOMH
ok’ + oy u BoaHOBBIM BekTopoM k’ 4 k”. Tlockoawky H3-3a meit-
creutesibHOocTH E B cymMmy 00s3aTeIbHO HOJIXKHB BXOAHTb IO-
IapHO CONMPSAXKEHHbIE cjaraeMble, TO Hapsily C YKa3aHHOH CHJOH
AOJI)KHA TIPUCYTCTBOBATb TaKXKe BHIHYKZAOL(AasA CHJIAa C pPasHOCT-
HbIMH 4acTOTOH @y’ — @ H BOJHOBbIM BekTOopomM k' —k’’. Ha-
TJISIAHO TOSIBJIeHHE <«OHEeHHA» Ha KOMGHHAUHOHHBIX yacToTax
oy’ &= ©x» ¥ BOJHOBHX BekTopax k' k” moxHO npomemoHcrpupo-
BaTh C MOMOUIbI0 PHC. 37, I'ie N0OKAa3aHO HaJoXKeHHe ABYX IUIOCKHX
BoaH. Kaxnywo u3 mTpuxoBok pHC. 37 MOXHO paccMaTpHBAaTh KakK
BOJIHY CTYNEHYaTOro BHAA, B KOTOPOH AaMILIHTYAa CKaykKoM Me-
HSETCA OT HyJs N0 €LHHHLBL: HyJb, Il YepHasi JHHHS, H eJHHMIA
MEeXAY HUMH (CM. HHXKHIOWO 4acTb puc. 37). Ilpn Hanoxenuu (mepe-
CEUEHHH) TAKHX BOJH 06pasyercs HX NpOH3BENEHHE — YEpHbie MO-
JOCH, TAe XoTs Obl OfHA H3 aMIVIUTY] <«4YepHas», H 6eloe mnoe
MexJy HAMH. Ha pHCYHKe OTYETIIHBO BHAHO, 4TO NPH HaJOMXKEHHH
BOJIH O6pasyerTcs Myap — BOJHAa C BOJHOBbIM BekTopom k/ — k7.
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(Kpome Toro, nossasietca GoJiee yactast psa6b Ha cymme k' + k)
Eciv 3T0T ABHXKYINMACA Myap COBNAafeT ¢ OLHOH H3 COGCTBEHHBIX
BOJIH, T. €. KOMOHHALUHOHHAsl 4acTOTa ®,, = ®,, OKaXeTcd paBHOM
COOCTBEHHOH 4acTOTE ®,, OTBEYalOULell BOJHOBOMY BEKTOpY GueHui

k = k’ £ k", To HeauHeliHas BHHYXKAAIOWAs CHIA MPUBEAET K pac-
kauke BoaHbl k. IIpu sToM cornacHo (3.87) amnaurtyma ay Gymer
MELJNEHHO H3MEHAThCS CO BPEMEHEM.

Ecau paccrpoiika A= o, + @, — ®, o6paiaercs B Hy/lb H Ha-
CTyNaeT PE30HAHC, TO Aa)e TMPH MaJOH HeJWHEeHHOCTH MO Mpolle-
CTBHH JIOCTATOYHO GOJbLIOTO BPEMEHH MOXKET NMPOH3ONTH CHJbHOE
H3MEHEHHEe aMILIHTYd KoJebGaHuil.
Takue mnpoueccsl, B KOTOPHIX BO ’
B3aHMOJEHCTBHE  BCTYNAlT  TPH
BOJIHBl, Ha3bBIBAIOTCH TPEXBOJHOBbI-

MH, 4 CHeKTp (3aBHCHMOCTb YacTo-
THl g OT k), Ans KoToporo ycio- k .
BHE @, = @, -+ ®,, MOXeT OblTb "
YEOBJNETBOPEHO, Ha3biBaeTcs pac- ﬂ"
NagHbIM.

B naaame sBHAy oOuaHs pas-
JIMUHBbIX BeTBeH KoJsebGaHuil pacnaf-
HBIE YCJOBHS JIETKO peallH3yloTcs.
Hanpumep, B cxkumaemoll naasme -
(B = o) aJbBEHOBCKHE U MAarHu- JuuuuuuuL
TO3BYKOBBIE BOJIHBI, XOTl CaMH M0  Pyc, 37, «Buerus» npu HeNHHEHHOM
cefe M He SABJSIOTCA pacraiHEIMH, HAJO0XEHHH BOJH.

MOTYyT pachmajaTtbCsi Ha 1napy Hu3

-aNbBEHOBCKOH M MAarHUTO3BYKOBOH BOJH. A Te/NHKOHBl (CBHCTHI)
OKa3bIBAIOTCS pacnaJHbIMH [axKe caMH mo cebe.

. TpexBosHOBbIE mpolecchl MPHBOAAT K BO3MOMKHOCTH TpaHCGHOp-
'MAlMH OJHHMX BOJIH B APYTHE M Te€M CaMbiM MOPOKIAIOT CIOXKHBIN
. TipoLecc mepeHoca 3HePrud B pazoBOM NPOCTPAHCTBE BOJIHOBBIX UH-
cen. Takne TpuagHble TpouecCH OCYLIECTBASIOTCS, B YaCTHOCTH, B
-THIPOAHHaMHUYECKHX cucTemax [109].

2. Bsaumooeiictsue Tpex 804H. PaccMOTPUM NPEAEIbHO MPOCTOM

caydali, Korga HMeloTcs TOAbKO Tpu BoaHbl kK, k' u k" =k —k’,
CBsI3aHHbIe MeXAy co6ol pe3oHaHCHbIM yciaoBHeM. OGO3HayMM HX
JAMIVIATYAH Yepes a;: 4, =a,, a,==d,, d3==0>4,, K COOTBETCTBEHHO
'i_‘iacmeI — 4epe3 @4, @g, W3. DYIEM cYHTaTh, YTO BCE HACTOTH! MOJO-
1HHTEbHBL H IPHTOM @3 = W2 + @3 > @2 > @3
. H3 (3.87) umeem mas a4

S =V s, (3.88)

35:1’..Ae V] _ Vk, kl. k”.
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AHasorHyHBIM 06Pa30M MOXKHO MOJYYHTb YpaBHEHHS IJS da H ds.
st 3Toro B mepBom caygae Mbl B (3.87) BMecto k noxcrasum k', a
k’ samenum ua k:

6(12 _ .

ot Vzalaa, (389)
a Bo BTOpoM — BMmecTo k noxcraBum k'’ u k’ onsate 3amenuM Ha k:

0(13 . »

3 =V,a,a,, (3.90)

rae Vo=V, g -x» Va=Vi g, -x.

B paccmarpuBaeMoM 3mech ciayuae THAPOJHHAMHYECKOTO MpH-
O6/MMKeHusl, Korja TeIVIOBOE [BHXKEHHE 4YacTHIl HeCYIIeCTBEHHO,
ypaBHeHust (3.87)—(3.90) noayuwarorcss B pe3ayabTare Qypbe-mpe-
06pa30BaHHA HCXOAHLIX AH(GdepeHUHANbHBIX yDaBHEHHH NBHXKEHHUS
B YaCTHbIX NMPOW3BOAHBbIX. IIpH 3TOM KO3pHUHEHTB Vipxr HMEOT
OOHy H Ty Xe (das3y — oHH JHO0 uuCcTO MHHMBbIE, JHGO NEHCTBHU-
TenbHble. 1A 0pocTOoTH GyneM CUHTATH UX AEHCTBHTENbHHMH (MHHU-
MOCTb MOKHO BCerfa yCTPaHUTb BBEAEHHUEM HONOJHHTEIbHOrO MHO-
KHTeasl { B aMIVIMTYAH 4a;). B ypaBuenusix (3.87)—(3.90) nuna-
MHUYECKHMHU TNepeMeHHbIMH SIBJAIOTCA aMIIHTYAL agx. B 3TH amnau-
TyIAbl MOMKHO CBOGOLHO BBOAHTb [ONOJHHTENbHBIE MHOMXKHTEIH C
Lenblo YNpolUIeHHsl BHAa ypaBHeHHH. IIpoHopMHpyeM onsitb aMIiu-
TYNbl Qg TakKuM o6pa3oM, uto6bl 3Heprus k-l BOJHBL paBHsJiach
&x= ox|ax|% Tlpu stoM ee umnyasc Px 6yner pasen Py = k|ag|?,
a BennuuHy Nx = |ax|? MOXKHO HHTEPNPETHPOBATL KAK YHCJO BOJH.

B cHay 3aKOHOB COXpAHEHHSl SHEPTHH H HUMIYJbCa BOJH TNpH
B3aHMONEHCTBHH MaTpPHUHbIE 3JIEMEHTHl, BXOAAIIHE B YypaBHEHHS
(3.88) —(3.90), He MoryT GHITb COBeplUEHHO NMPOH3BOJbHBIMH. B ca-
MOM JieJe, YMHOXAafl 5TH YDAaBHEHHSi COOTBETCTBEHHO HA  ©,0; H

k,a; (k, =k, k,=k’, k,=k”) 1 ckraapiBag HX C KOMIJIEKCHO-CO-

NPS)KEHHBIMH YpPaBHEHHSAMH, B CHJIy ‘3aKOHOB COXpAaHEHHsI 3HEprun
H UMITyJbCa

o N, + @yNy 4+ @3Ny = const, (3.9
klN] +k2N2+k3N3=C0nSt, (392)
TIOJIY4HM:
@ (Vi+ Vo)t oa(Vi+V3) =0, k(V,+Vy)+ks(V,+V3)=0,
(3.93)

TIe Mbl YWIH, 4TO o1 = 02 + @3, ky = ke + k;. Popmyna (3.93)
npeacraBisieT cofoH CHCTEMy YeTHIPEX CKaJSAPHHIX OXHOPOMHbBIX
ypaBHeHHi naas aByX BeawuuH Vi Vi, Vi 4 Vi Ilepeonpenencu-
Hasi CHCTEMA HMEET TOJbKO HYJeBble DPEIIEHHS H, cleJ0BaTelbHO,
Vi = —V, = —V,. Kpome Ttoro, nockonbKy saMena 3naka y Bcex K
O3HAyaeT NMepexoi K KOMIJIEKCHO-CONPSXKEHHbLIM BeJHYHHAM, a Mbl
YCJOBHJIHChL CYHTATL Vi NEHCTBHTENABHBIMH, T0 Vi, v, xr=V_x, -k, -k -



§ 4] B3AMMOIIEVICTBHE BOJIH 141

Janee, kak BuaHo u3 (3.87), MoxkHO cunrath Viwk = Viww. Ta-
KHM 006pa3oM, Mbl NnoJyuyaeM LeNoYyKy COOTHOLIEHHH, BbIpaxKaloiHX
CBOHCTBA CHMMETPHH MaTPHYHBIX 3JEMEHTOB: .

Vv v =Viwwv=V_k v, - v =—Vi g -v=—Vir g, -x-
(3.94)

CoOTBETCTBEHHO M YPABHEHHs AJA aMIJHTYA TpeX B3auMoieh-
CTBYIOLIHX BOJIH NPHHHMAIOT OY€Hb MPOCTOH BHA:

da da a
—at—’ =Vaa,, —f=—Vaa, %’- =—Vaa, (3.95)
Tenepb HETPYNHO YCTAHOBHTb, YTO 3TH YDABHEHHS HMEIOT €Lle

OXHMH WHTETpaJ IBHKEHHS. B camom xene, eciu nepsoe M3 ypaBHe-
HUli YMHOXKHTb HA @), 4 BTOPoe — Ha @, H CIOXHTb 3aTeM HX
BMECTE C KOMILIEKCHO-COMPSXKEHHBIMU COOT-
HOUIEHHSIMH, TO CNPaBa Mbl NMOJYYHM Hylb
H, C/e0BATENbHO,
Tt

N+ Ny==const. (3.96)

. AuanoruunbiM 006pas3oM MOXKHO MOJY-
HUTH

N, + N3 =const. (3.97)

Ho. 370 COOTHOLIEHHE ABASETCS CAENCTBHEM
#391) u (3.96), ecam yuectb, UTO @1 ==
== w2 + @3 Murterpann (3.96), (3.97) na-
HIBAIOT OGBIYHO COOTHOIUEHHSIMH MaHau —

‘Hrak, Mpl nonyuysmau JBa HHTerpa’a

c'asaxenns (3.91) u (3.96), Ha/aHuHE KOTO-

" PHX HAKNAJbIBAET CYIIECTBEHHble orpanu- Puc. 38. Tpaexropnu Tpex

HUs Ha B3auMoAeHcTBHe BOJMH. UToGL B33HMOACHCTBYIOUUX BOJIH
¢ ¢urcHpoBaHHHIMH (a-

jee. SICHO NpeNCTaBUTh ce6e 3TH OTpaHH- 3aMi.

s, NONMYCTHM, YTO AMIVIHTYAbB @; —

RecTBHTEIbHEE. Torma coornomenns (3.91) u (3.95) moryr 6biTh

SRPENCTAB/IEHE COOTBETCTBEHHO B BHJE

=

we:,  ©a2+ 0,a] 4 o0 =const, a} + af = const. (3.98)
€PBOE H3 HUX npepcTaBisier coGofl ypaBHEHHE SJLIHICOHLA B KO-
BAMHATHOR cHcTeMe (ay, Gz, @3) C TOJYOCSIMH 1/4/ay, 1/4 " @nr
{©3,a BTOpOE COOTBETCTBYET LMIHHAPY C OCbIO BLOJIb a3. AMiiu-
H.di IDH B3aHMOLEHCTBHH MOTYT H3MEHATHCS TOJbKO TakuM 06-
4ToGbl TOYKA (a1, dp, @3) mepeMelanach 1o JHHHH nepece-

P STHX nosepxHocredl. Ecau yuectb, 4T0 @1 => @2 => @3, TO JiH-
W HepeceueHns umeloT BHJ, MOKa3aHHbIA Ha puc. 38.
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Kak MBI BuAMM, BOIM3H OCell G2 M Qs TPAGKTOPUH MpPeACTaBJSIOT
co0oil MaJjieHbKHe 3JJHNCH, KaXAasi H3 BOJH Qp, @3 NpH MajoM
BO3MYHIEHHH cOBepluaer HeboabllIHe Kosiebanusi BOJIN3N HAYAIBHOTO
3Hayennst (puc. 39, a). Uro Kacaercs BOJHBI C MaKCUMaAbHOH 4a-
CTOTOH @1, TO OHA MOXKET «pacnajaTtbCsi», T. €. MOJHOCTHIO Nepela-
BaTb CBOIO JHEPrHI0 BOJHAM G2, @3, AaxKe €CJHM HX HavyajabHas aM-
IINTYAa Madga, ay, as < a1 (puc. 39,6). Y3 puc. 38 u 39,6 sunno,
4TO Npomecc pacnafa HOCHT XapaKkTep NepHOAHYecKoil KOHBEPCUH

A/l.

a)

Puc. 39. 3aBncumocTs OT BpeMeHH AMIVIMTYN B3aHMOAEHCTBYIOIIMX BOJH IPH
YCTOHYHBOM (a) U HEYCTOHYHBOM (6) HawaJ bHOM COCTOSIHHH.

BOJIHLI @y B JIB€ JpYrHe G 43 4 BO3BPAIEHHS! K HCXOAHOMY CO-
CTOSIHUIO.

3. Ananrozusn ¢ ypasHerniem Jiisepa. PaccMmoTpennsil mpouecc
CXO/leH co cBOGOJHHM JBHKEHHEM TBepAOro Teja. B dacTHocTH,
npoluecc pacnajfa BOJHB @i B Oz, (3 CXOAEH CO CBOGOAHBIM IBHKeE-
HHEM HeCHMMEeTPHYHOrO BOJMKA, NPHBENEHHOTO BO BpallleHHe BOKPYT
OCH C NPOMEXYTOUHHIM MOMeHTOM uHepuuu I, 1. e s> 1 > I
(em. puc. 51 B [107]). CxoaHs H caMu ypaBHEHHS.

Hanomuum, yto aas cBofonHOro Tela MexaHHuecknil MoMeHT M,
OYAyYH NOCTOSIHHBIM, YJOBJIETBODPSIET YPaBHEHHIO

‘M

A =LT {eM]=o0. (3.99)
3nech npoMsBoAHASN NO BPEMEHH €O LITPUXOM COOTBETCTBYeT nud-
¢epenunpoBannio KomroHeHT M B cHcTeMe KOOpAMHAT, CBSI3aHHOI
C TeJIOM, a BTOpOe cjaraeMoe clnpaBa BO3HHKJIO H3-3a AnddepeH-
LUPOBAHHS OPTOB NOABHKHON CHCTEMbL. Tak Kak B cOGCTBEHHON cH-
creme Koopaunat M = {I,Q;, [,Qs, 15Qs}, TO KOMNOHEHTH! yT10BOH
CKOpoCTH coriacHo (3.99) YAOBIETBOPSIOT ypaBHEHHAM

Q I3— 1
L= 2200, (3.100)
5’372=’L,‘;iglgs, (3.101)
By ’2,;3" 0,0, (3.102)
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Dra cucreMa ypaBHeHHH cxOAHa ¢ ypaBHenuamu (3.95) nna
aMnanutyl  a;. Oua ofgalaer MHTerpajaMu JBHXKeHus 2F =,
ML+ M3[I, + Mi[I;=const m M®= M} -+ M5+ M:= const.
TTepeceueHue 3THX NOBepxXHOCTeHl B KOOPAMHATHOH cucteMe (Qi, Qg
Q3) OPWBOLHT K KapTHHe, OueHb CXOAHOH ¢ pacmaloM BOJIH: [BH-
JKEeHHe TeJa YCTOMUYMBO NPH BpallleHWH BOKPYr OcCed ¢ 3KCTpeMaJb-
HbBIMH 3HAUEHMAMH MOMEHTOB HHepuHH [i, [3 M HEYCTOHYHBO MpH
BpallleHHH OKOJIO OCH C MPOMEXYTOYHbIM 3HauYeHHeM MOMEHTa HHep-
gun Jo. CXOQHBIMH OKAa3bIBAKOTCH M aHAJHTHUYECKHE BbIPAXKEHHS Jd
84BHCMMOCTH OT BpEeMEHW KOMIIOHEHT YIJOBOH CcKOpocTH Q;(f) u
aMIVIMTYA a;(f) B3aUMOAEACTBYIOLINX BOJIH.

4, Bspuisraa neycrotiuugocTs. IIpu paccMOTPeHHH B3aHMOZEH-
CTBHS TPeX BOJH MBI NpeAnoJaraji, 4TO SHEPTHs BCEX BOJH I0J0-
KuTteapHa. VIMEHHO B 3TOM NpPeANOJOXEHHH H OBIJIH NOJYYeHbI
YCJIOBHS CHMMETDHH AJISi MATPHUYHBIX 3JEMEHTOB H YNPOLIEHB! ypaB-
HeHus Nas aMnantyA a;. OJHAKO B HePDAaBHOBECHOH MJIasMe 3HEPrus
BOJIH MOXeT ObITh OTPHLUATENbHOHN, U B3aUMOJeHdCTBHE TaKOH BOJHBI
¢ BOJHAMH TOJOXKHUTENbHOH SHEPrHH NPHUBOAUT K HeJdHHEHHOH He-
ycTofuMBOCTH «B3phiBHOTO» THna [108]. ITpuunna ee cocrout B TOM,
4TO, NepefiaBasi SHEepruio BONHAM C TOJOXKHTEJIbHOH 3HepTHel, BOJ-
Ba C OTPUUATEJNbHOH SHEPrHey He YMEHbINAET, @ YBEJHYMBAET CBOIO
aMIJIUTYAY.

.. HonyctuM nas onpeneneHHOCTH, YTO OTPHMUATENLHOH 3Heprued
o6jaagaer BOMIHA Q;, KOTOpas MNO-NpexHeMy o6Jajaer MaKCHMalb-
HOH yactoToil. Tak Kak Mbl YCAOBHJINCH COXPaHUTh AJS SHEPTHH H
‘#Mfyabca BOJH C OTPHLATEJbHOH 3Heprueil Te IKe BbIpaXKeHus
&x = oxNy, Px = kNx, Ho mpu stom Asisa @y, k 6paTh napy ¢ oT-
- PRHATEIbHOA YaCTOTON H BOJHOBBIM BEKTOPOM, HAPABJIEHHBIM IPOTUB
®dsosoit ckopoctH vy = kox/k2, TO Temepp I pe3oHaHca uMeeM

© +o,+0,=0, k+k +k”=0. (3.103)

“AQGQTBETCTBCHHO M3 3aKOHOB COXDaHEHHS 3HEpPTHH M HUMOyJbca MNo-
dy4aem NS MaTpHuHbIX saeMenToB Vi = Vo = V3, T. e. ypaBuenus
BRI aMIVIUTY ] TpeX CBAI3AHHBIX BOJH IPUMYT BHJ

U
Lidh day day

a » .
5 =Vaw, St=Vaa, —=Vaa, (3.104)

seEcmn s NPOCTOTH! CYHUTATb AMIVIHTYAb! ACHCTBHTENbHBIMH, TO
1 WBAHO, YTO BCe TPH AMILTHTYAB PACTYT OXHOBpeMeHHO. ITOCKOMbKY
. YDaBHeHHUs] CXOAHBI ¢ ypaBHEHHEeM —Et—=x2, TO M HX pelIeHHs
“OT =~ BHJ, CXOAHBII ¢ pemenneM X =(fp— 1)~ rT. e
~:1/(to—1t). Takum 06pa3oM, MBI HMeeM JAeN0 ¢ HeJHHeHHOH
FORUUBOCTDIO, HMelolel XapakTep «B3pbIBa»: aMIUIHTYIAb! BOJH

RACTAIOT O GeCKOHEeYHO GOMbIIMX 3HAUECHHH 33 KOHEUHHI MpOMe-
YEOX BpeMeHu f,.
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5. Bsaumodelictsue 8041 ¢ xaoruueckumu ¢pazamu. 3 ypasne-
HHUU AJ5 BpeMeHHOH 3aBHCHMOCTH aMILINTYH TPeX B3auMoAeHCTBYIO-
UIMX BOJH BHJHO, YTO XapaKTepHoe BpeMs HX M3MeHeHHs ¢ ~ 1/Va.
Ec/sin aMnauTyAbl BOJH MaJbl, TO 3TO BpeMs OUeHb BEJHKO, H B Te-
YeHHe BCer0 3TOr0 BPEMEHH IJfl PEe30HAHCHO B3aMMOJAEHCTBYOIINX
BOJIH JO/IKHO BHINIOJIHATBCA YCJAOBHE CHHXPOHH3Ma. JICHO, uTo yeM
MeHbllle aMILIMTY[a, TeM MeHblIe JomycTHMAas paccTpoéika A, T. e.
A= 01— 0 — o3 K Va.

Ho B peaibHHX YCJAOBHAX NJIa3MEHHOIO 3KCNEPHMEHTA TOUHLIH
CHHXPOHHM3M OCYILECTBHTb OYeHb TPYAHO, NMOCKOJbLKY B IJIa3Me MO-
I'YyT HMeTbcsl HeGOosblIHe HEOJHOPOAHOCTH, KOTOpHE OyAYyT HecKOJb-
KO M3MeHSITb cOGCTBEHHbIe YAaCcTOThl B NPOCTPAHCTBE HJH CO BpeMme-
HeM, ecJH 3TH HEeOJHOPOAMOCTH HecTalMOHApHH. B 3THX ycioBHAX
KapTHHAa B3aMMOAEHCTBHS BOJH YEJIOXKHSETCs, HO, BMECTe C TeM,
B YCJIOBHSAX HeperyJasapHOCTH B3aUMOAeHCTBHA JONYCTHM Apyro#
NpHOMMKEHHBIH NOAXON, UCNOJb3YIOIHUN TaK HasbiBaeMoe npub.u-
XKeHHe xaotHueckux ¢as. IloscHUM ero Ha mpuUMepe Tpex B3aUMO-
NEeNCTBYIOIIHX BOJH ¢ NOMOXKHTEJNbHOH 3HEpTHeH.

YMHOXKasl Kaxjoe u3 ypaBHEHHI NJf aMIJIMTYA a; Ha COOTBET-
CTRyIOLIEE a’; H CKJaAblBasi ¢ KOMIJIEKCHO-CONPS:KEHHBIMH COOTHO-
IIeHHUSIMHM, MB MOXeM HanucaTb YpaBHEHHA [AJaA KBaJpaToB aM-
MJIHTY A

S =P ="Vaiaa +x.c, (3.105)
A Vagatxc, 2 =—Vadd+rec (3.106

Kaxnylo U3 aMIUTY] @; MOXHO NMpPENCTaBUTh B BHAe |aj|ai®, rae
¢; — $asza. Kak sunso u3 cTpyxkryps ypasrenuit (3.105), (3.106),
BO Bce YJIeHHl NMpaBOil YacTH BXOAHUT ONHMH H TOT Ke (a30BBHIA MHO-
XKATEAb e*!(®~%-®) Pasyocts a3 @1 — @2 — @3 MOKET MEHATHCH
CO BpeMeHeM KaK H3-3a B3aHMOIEHCTBHA TpeX BOJH MexKAy coboi
(c TeM e XapakTepHbIM BpeMeHEM, uTO M aMIIUTYAb), TaK H
BCaeAcTBHE HeoAHopoAHocTedl cpennl. Ilocaennsas npuunmHa MoXKeT
npHBecTH JAaxe k Gojee OblcTpoMy H3MeHeHHIO (a3bl. Pasymeercs,
HEeOJlHOPOJZHOCTH NJa3Mbl NPHBOASAT K (JIAYKTyaUHsAM aMIHTYLH,
TaK KaK NPH 3TOM 3HepTHsl BOJHOBOTO N0JS HECKOJbKO fepepacrpe-
nensietcss B npoctpancrse. OQHAKO MOKHO NoJaraTh, YyTo KoJeba-
HHfl AMIUIMTYAB OYAYT 3HAYHTEAbHO MeHblue KoJjeGaHuil dasu, Tak
KaK ¢ KBaJpaToM aMIUIUTYAH CBfi3aHA COXpaHsiomasicd BeJHUH-
Ha — MJOTHOCTb 3HEPruH, — M [O03TOMY pPeUb MOXKET HIATH TOJbKO
0 HeGOJBIIOM Mepepacnpe/e/]eHHH 3HEPTHH N0 BOJHOBOMY MaKery.
Yro KacaeTcst $aspl, TO ee H3MeHEHHS HHYeM He OTpaHHuyeHbi, H B
KaXJ0#l TOYKE MPOCTPaHCTBa (a3a Jerko M3MeHsieTcsl Ha 7 TPOCTHIM
nepeMelieHHeM Y4acTKa 'BOJHOBOrO MAKeTa Ha MOJORMHY [IJIHHBI
BOJIHBL.
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TakuM o6pa3oM, NpeAcTaBAseTCs pPa3yMHBIM NpHOJAHKeHHE, B
. KOTOPOM aMIJHUTYJAbl CUMTAIOTCS NOCTOSIHHBIMH, a (asbl — GBICTPO-
nepeMeHHBIMH cay4aifHbIMH (QYHKUMAMH BpeMmeHHu. Jlpyrumu cJio-
Bam#, B ypasHeHuax (3.105), (3.106) MOXKHO MOJOKHUTH
ajzvmeim] ¥ NMPOH3BECTH ycpelHeHue no ¢dasam ¢; Ho npu ra-

KOM ycpelHeHHH B NPaBOA YacTH Mbl NOJMYYHM HyJb. JTO 3HAYHT,
4YTO B MPaBOH YacTH HAM HYXKHO yuyecTb MaJibie n06aBKH K aMIH-
TyAaM HyJeBOro NpHOIHKEHHS, T. €. MOJOKHTD

a; =/ N, &1 + 8d,. (3.107)

3nech 8d; — Manas nmo6aBKa, Kotopas MoXer ObIThb IOJIyuyeHa H3
J
ypaBHEHHIT A/ aMIAHTYA B NepBOM HPHUOIHKEHHH

t

%6&1 =V ’\/NINQ ei (Wl+‘v2)’ T, €, 6&1 =V /\/NlNi’ S el (i +0) dt’
ty

(3.108)

rae fo— Oojblioe OTpULATEIbHOE 3HAYEHHE BPEMEHH, KOrja Ha-
gaJbHOe 3HaueHue 8&; MOXKHO cuutaTh Hyaem. B (3.108) mul BHI-

neciu 4/ N\ N, u3-ToX MHTerpana, CYATas, 4To 3a BPEMsl 3aMETHOTO
HaMeHeHns ¢a3 N; MOXKHO cuHTaTh nocrosiHHBIMH. IloacraBass te-
neps B npasylo uacTs ypasuenuit (3.105), (3.106) mas N; monepe-
MEHHO BMECTO KaXKIOTo H3 COMHOXHTeJNeHl ero Maayl NONpaBKy

- 84; n ycpenusa no ¢asaM, MB NOJY4YHM ypaBHeHus Ajst Nj B mep-
BOM Heucue3salouieM MpHGIHKEHHUH:

AN N, oN N
':éjlf:W(N?Na_ NN, — NNy, atz == ata = — ml (3.109)
: 3‘11er

t
W=2Vi, t= <e‘9 o { g0y dt’>,

— 0o

— cyMMa mM00bX IBYX cayuaiHbix Gas, HanpuMmep 6 = @i -+ o
‘Beanunna t onpenenser XxapakTepHoe BpeMs KOppeaauuu ¢as.

" ‘W3 ypasuenuit 1ass N B npuUOIMKEHHH Xa0THYeCKHX da3 onaThb
enenyor coorHourenuss Mauan — Poy Ny 4 N = const, Ny + N; =
% CONst, ¥ COOTBETCTBEHHO ONATb BHIMOJHAIOTCA 3aKOHbI cOXpaHe-

A 3HepPrUM W HMNyJabca. IDTH ypPaBHEHHS HMEIOT CTalUOHAapHOe
eumenne N; — const/wj, cooTBercTByIOIIEE paBHOpPacHpeaeseHHI0
BePran no crteneHsaM cBoGonbl, T. €. 3aKoHy Pajtes — Jlxkunca:

$,=m,-N,=T0=C0nst.

\eAcTBuTeNIbHO, ecu B npasylo uactb ypaBHenus (3.109) noncra-
UThb Bupamenne Nj==To/w;, BoiHOCA 06uMi MHOXHTeAb Ni{NaoNs/To,
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MBI NOJIYYHM B CKOOKax (®3— @z — w3)==0 B CHJAY pPe30HAHCHOTO
yCJOBUS IJS 4acToT.

VpaBHeHuss Aaa N; uMeOT MNpPOCTyI0 KBAHTOBOMEXaHHUECKYIO
aHaJoruio, ecan N; MHTEpNPETHPOBATh KAaK UYHCJIO KBAHTOB (T. €.
BBeCcTH NOCTOAHHYIO Ilaanka &y = hoxNy U NOJOXKHUTL ee 3aTeM
paBHoil 1 BbiGOopoM cooTBercrByIOllelt cucTeMH enuHHun). Torna
I mpouecca KOMOMHAUMOHHOro paccesiHnsl KBaHTa fhw; B ABa
kBaHTa fhwy; 4 hos 1 o6parHOro nporecca CAHSHHS ABYX KBAHTOB
B OJMH MOXKHO HanucaTth ypaBHeHHE

G =W NNy (N + D)= Ny (Vo + (N, + D). (3.110)
3necy W — BeposiTHOCTb Iepexosa, a eIHHHIbI B KOHEYHOM COCTOS-
HMH A00AaBJEHB! IJ5 yuera CIHOHTAHHOTO Iepexofa Go3e-yacTHll M3
onHOro cocrosiiusi B npyroe. Ecanm uucna sanonuenns N; 3Haum-
TeJbHO G0JIblile eIHHHIIE, TO B 5TOM ypaBHEHHH JOCTarOYHO CoXpa-
HMTb TOJbKO KBaJpaTH4HblE 4jeHbl, U oHO coBnanet ¢ (3.109).

6. BaaumodelicTéue 8blCOKOLACTOTHOIX B0AH C HU3KOYQCTOTHOU.
Jlo cux nop Mbl paccMaTpHBaJay B3aHMOAEHCTBHE TOJIbKO TPEX BOJH.
B npuHuune yMcao BOJH, Y4aCTBYIOHIMX BO B3aHMOJEHCTBHH, MO-
XKeT OblTb 3HAYHTENbHO OoJjblie. B npHOAHKEHHH TPEeXBOJHOBOIO
B3aUMONEHCTBHS MBI HMeeM JeJI0 ¢ CyNepro3uIen 3alemiaomuxcs
TPOEK, HJH TPHOJIETOB, BOJH. [lpu sToM B3auMoAeHCTBHE MOXKET
O6biTb MO0 npH (HKCHPOBaHHLIX (a3ax, ecau yCJA0BHS Pe3OHaHca
cobmofaoTes ¢ XopomeH TOYHOCTBIO, JaHOO co cayyaiHbIMH da-
3aMH, ecJHM BOJHBl He BIOJHE PEryJspHb HJIHM cpela uMmeer caabble
Hepery/spHble HeoJJHOPOLHOCTH.

B kauectBe npocroro npumepa O0JbIIOTO YuCJIa B3aUMOjeH-
CTBYIOIIUX BOJH ¢ (QHKCHPOBaHHOH (da30l paccMOTpPHM B3auMonei-
CTBHE BBICOKOYACTOTHBIX BOJH C AJHHHOBOJHOBOH MeNJEHHOH BOJ-
noii [110]. Hanpumep, 310 Moxer ObITh B3aMMOJAeHcTBHE BHICOKO-
4aCTOTHOH 3JEKTPOMATHHTHOR BOJHB C MOHHHIM 3ByKoM. Takoil
ciayuall coOTBETCTByeT pHc. 37, KOrlla Myap OT BBICOKOYAaCTOTHBIX
BOJIH NMOMajfaeT B pPe30HaHc ¢ cOOCTBEHHOH HH3KOYACTOTHOH BOJHOM.

OGo3HayvM aMILIATYAy HH3KOYAacTOTHOH BOJHH uepe3 b, a ee
BOJIHOBOH BEKTOP M 4YacCTOTY COOTBETCTBEHHO uyepe3 x M v. Ilyctb
BOJHOBOE YHCJIO OCHOBHOH BOJHH PaBHO Rg, npuueM ko > x. Torna
C OCHOBHOH BOJIHON MOXXET B3aHMMOJAeHCTBOBATb BoJHA Ry = Ry -+ %,
¢ Heil, B CBOIO oyepeib, MOXKET B3aUMOJEHCTBOBATL BOJHA Ry ==
== ko -+ 2% n 1. 0. Takum o6pasoM, KpoMe IBYX OCHOBHHIX BOJIH Ko,
%, BO B3aHMOJEHCTBHH MOXKET yyacTBOBATb LeJbIH HaGop BOJH C
BOJIHOBBLIMH uHCJIaMH Rn == ko + nx, Tne 7 — Npou3BoJbHOE MOJO-
XKUTEJIbHOE HJH OTpHUATeNbHOe lenoe yucao. O6o3HauuM uepes dn
aMIIMTYAy BOJHB Ry -+ Ax, TaK 4YTO @y COOTBETCTBYET OCHOBHOH
BBICOKOYACTOTHO!H BOJHEe. Byaem cuuTtaTh, 4TO BOJNHBI HaxXomAaTcsd B
TOYHOM DPE30HAHCE, T. €. ®n = On—1 + V HJIH @r == @Op—y -+ V.
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Jo.
Tak Kak no NpeANnoJIOKEHHI0 %X Maald, TO Wp—py~ 0, — % H

YyCJAOBHE PE30HAHCA MOXKHO HpHﬁJIH)KEHHO 3anucaTtbh B BHIE

29y == 3.111)
Orciona BHAHO, YTO B paccMaTpHBaeMOM cjyuae MaJblX % YCJIOBHE
pe30HaHCa COOTBETCTBYET COBMNAAEHHIO TPYMNOBOA CKOPOCTH BHICO-
KOuYaCTOTHOrO maxeTta M (asoBOH CKOPOCTH HH3KOYACTOTHBIX BOJIH,.
[TockoabKy ® Mand, To MarTpuuHbifl ajgeMeHT B (3.87) MOXHO cuu-
TaTh HE 3aBHUCALIMM OT A, TaK YTO ypaBHeHHe I/ Gn, MOXKHO 3aiu-
¢aTh B BHJE
day
ot

=iV (a,+0" + a,-b), (3.112)

rie V —Hexoropoe uHCI0, KOTOpPOe Mbl OGyAeM CUHMTATb IeHCTBH-
teabubiM. (Kak Oyaer BHAHO M3 JAaabHefulero, yAo6HO BbIGpaTh
TaKyl0 HOPMHDOBKY aMILIMTY], YTOOH MaTpHUHBLIH 3JeMEHT B3aAMO-
AefictBus [V OBl uucTO MHMMBIM.) Anasoruuto s b umeem

b R .
SE=iV) aa, . (3.113)

Mul cuuTaeM, uTO MaTpHYHbIE 3JeMeHThl B3auModeiicTeua B (3.112)
+# (3.113) coBnajawoT, 4TO HMEET MECTO NPH ONPENeJEHHOH HODMH-
POBKe aMIVIHTYA Qn U b.
v+ JlomycTuM, 4TO B HadaJbHBIA MOMEHT Obl1a BO36YKAEHA TOIBKO
‘OAHd BOMHA C aMNUIATYNOH 4] u umegach MaJas OpHMeCh HU3KO-
4CTOTHOM BOJIHBEI ¢ aMuautynoit b. Ilpumem mas mpocroth, uro b—
¢ACTBUTENbHO (dpa3a BOJHBI 3aBUCHT OT BbifOpa Hauasa KOOPAH-
#t). Torna, BOCNOJAb30BABIIKCH H3BECTHHIM PEKYPPEHTHHIM COOTHO-

V6

jennem mas Gynkuui Beccenn 2 —rt=J,— —J,41, HetpymHO
BEpHUTD, yTOo pelieHneM (3.112) sBasercs

an = i"a}l, (2V S bdt). (3.114)

TCIOAa BHJHO, 4YTO 34 CYET B3aHMOJAEHCTBHS ¢ HU3KOYACTOTHOMN
JIHOH CO BpeMeHeM MOSIBJSIIOTCA Bce GoJiee H GoJiee BbICOKHE rap-
HHKH Qp, IPHYEM 0OpH {— 0o OHM B CpPeJHEM BHIPABHMBAIOTCA IO
Hautyne, tak xak J, (x)~c0nst/\/x npn Goabmwux x (1pHu
» x). INosiBienne rapMOHMK @n COOTBETCTBYET MPOCTO MOAY-
IHH HCXONHOM BOJIHE!, 4TO BHUAHO M3 COOTHOIIEHHS

> Qe OntHikgT =it ikgr Y g e inviiner
-’ n

=exp {—iog + ikyr — ihcos (vt —xr)}, (3.115)
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rae A==2V det. Takum o6pa3oM, B paccMaTpHUBaeMOM CJaIydae

% <€ Ry W He 3aBHCALUIEr0 OT N MaTPUYHOrO 3JeMeHTa MOAYJISAUUs
BOJIHHI SiBJfETCS YHCTO (pa30BoH,

IMoncrasnsis nafinennsle BeIpaxeHus Aas an (3.114) B ypaBue-
Hue (3.113) nnsa b, mosyunm

L eV Y LW (). (3.116)

Ho Bhipamkenue cnpaBa B CHJY H3BECTHOH TeopeMbl CJIOXKEHHS AJS
dyuknuit becceas obpairaercsa B Hyab. TakuMm ofpa3oMm, Monyas-
IUsl BBICOKOYACTOTHOH BOJIHBI MPOHMCXOAHMT NpPH NOCTOSHHON aMnJu-
Tylne HHU3KouacroTHOR BoaHbl. Ecam yuecTs He6oJblIyio HecHMMeT-
pHIO MaTpHYHHIX JEMEHTOB B3aHMOJAENCTBHS, T. €. HX 3aBHCHMOCTh

1
‘.Qq—.__g-.-l }-59-#-‘594
Yy @

a s)
Puc. 40. IMTapamerpnuecKoe Bo3GyKAEHHE HOHHO-3BYKOBOH U JIEHIMIODOBCKOX

BOJIHH HpH MaJjoii (a) H Goabliolt (6) aMIJIUTYyNe BOJHH HaKauKH (0o — uicToTa
HaKauKH, ©Q — HOHHO-3BYKOBas 4acToTa).

0T N, TO aMIVIHTYZa HU3KOUACTOTHOH BOJHBI Takxke Oyaer uame-
HATbCH CO BpeMeHeM — JH60 HapacTtarth, JHOO HCNBITHIBATE HH3KO-
qacToTHHE KoJeOanusi, Bce 3aBHCHT OT TOTO, B K@Kyl CTOPOHY —
MEHBIIHX MK OGIBIIMX YacToT — Opeodanaer TpaHchopManus Bbl-
COKOYaCTOTHBIX BOJIH.

HenuneliHoe B3amMojeficTBHE BHICOKOYACTOTHOH BOJIHBI ¢ MJas-
MEeHHBIMH KOJeGaHHAMH Ha6d10lal0ch SKCNEepUMEHTANbHO B paboTe
Crepua u Tuoapa [111]. CoorBercTByIouINe AaHHBIE NPHBENEHB! HA
puc. 40. Kak Mbl BHAHM, NIpH TAKOM B3aHMOLEHCTBHH B IJa3Me
B030yXKIAIOTCS HOHHO-3BYKOBHIE H JIEHTMIODOBCKHe KoJebGaHus (ua-
CTOTA BOJIHBl HaKauKu Obljia 6JH3Ka K JEHrMIOPOBCKO#H), NpHyeM [0
Mepe poCTa AMIVIMTYAM HAKauykH YHCJAO CaTeJJHTOB BO3pacraer,
KaK 3TO CJIelyeT U3 TeOpHH B3aHMOJEHCTBUSA BOJIH,

7. Yervipexsoanosble npoyeccoi. Ecau cnexTp HepacmapHsill,
T.€e. 3aBUCHMOCTb @k OT K Takafl, 4TO yAOBJETBOPHTH COOTHOLUEHHIO
©, =0, + ®,_,, HeJb3s, TO NPHXOAUTCH YYATHIBATH CaeAyHOuidil,
KyOHYHBI MO0 aMNJHTYJe YJeH B3anMoAeHCTBHS BOAH. B stom cay-
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.gae pe30HaHCHAaA NepeKadka 3HEPruH BOJH Mo CNEKTPY NPOHCXOAHT
ga CUeT YETHIPECXBOJHOBLIX MPOIECCOB, KOrAa BHINOJHEHBI YCJ/IOBHA

k1+k2=k3+;k4, (Dl+(02=(l)3+0)4 (3.117)

AJsi paccesnus ABYX BoaH ki, ke B ABe Apyrie ks, ki, 1160 anajo-
THUHblE YCJOBHS JJs pacnaja OAHOH BOJHH HA TPH HJIH CAHAHHSA
TpeX BOJH B OHYy. B 3TOM ciyuae B3auMO/eiTBUE ABJIACTCA MaJbiM
TpeTbero NMopsAiKa MO aMIIMTYAe, a B Cayya XaoTHueckux das—
TpeThero NOpsiKa no yucay BoaH Ny. Pasyveercs, weTbipexBoJHoO-
~gble NPOLeCChl ABJSIOTCA OCHOBHBIMH M B T cJaydae, KOrja c ca-
MOT0 HauaJja HelMHeHHOCTb ABAAeTcA KyOHuecKOH, Kak, HanmpuMmep,
B PACCMOTPEHHOM BbILIe ypaBHEHHH, ONHCHBAOIEM CaMOPOKyCH-
 POBKY H CaMOCXKATHE BOJNHOBbIX NakeTo. CaMmu 3TH mnpouecch
(XKHO paccMaTpHBaTh H HA f3blKe YeTHIPEX3OJHOBHIX B3aHMOZell-
“eTBHA BOJH ¢ OJIM3KHMH BOJIHOBBLIMM BekTopamu k, k 4= %. Bosee
BOAPOGHO C YETHIPEXBOJHOBLIMH ITPOIECCAMH MOXKHO MO3HAKOMHTH-
g B [73—75). B n1asMe OHM MOTYT NPOSIBJIATHCSA TOJNLKO B HEKOTO-
X YACTHHIX CJydasiX, KOrJa TPEXBOJHOBNE MPOLECChl OKa3bi-
JOTCSL 3anpeleHHBIMH. ‘
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BOJIHbI U YACTULbI B NMJIASME

§ 1. Heauneitnoe 3atyxanue Jlannay

1. PesonancHoie uacTuyol u ux 8aaumodeiicTsue ¢ soanotl. Bcee
npenpiayllee paccMOTpeHHe HeJHHEHHBX BOJH HOCHJAO JOBOJILHO
oOmuil xapakrtep H 6bJI0 NPUMEHHMO MPAKTHUECKH K Jiobofl cniom-
Ho#i cpele. Hukakofi cnennduxn NjaasMbl KaK CHCTEMBI YacTHIL C
NaJpHONEHCTBYIOMIMMHE CHJIAMH B 3TOM pPACCMOTPEHHH YUTeHO He
6bi10. Mexay TeM Takaa cnenuduKa cyliecTBYeT M CBSI3aHa OHa
Npesk/ie BCEro C TeM, YTO B HeJHHEHHBIX KOJNJEKTHBHBIX fBJEHHAX
MOMXKEeT NMPOHCXOAHTb HE TONBKO B3aMMOJAEHCTBHE BOJNH C BOJHAaMH,
HO M BOJIH ¢ yacTHmaMH. IlpocTefilinM ¥ NOCTATOYHO BAXKHBIM SiB-
JEeHHeM TAKOr0 BHAA ABJASETCA B3aHMOIEHCTBHE YAaCTHI[ C BOJHOH
KOHEYHOM aMIJIUTYAB, KOTOPOE NPOABASETCA B TAK HA3HIBAEMOM He-
JAuHefiHOM 3aTyxauuu Jlanpay [113—116].

HonycruM, yTo B maasme BO30YXKAE€HA JEHTMIOPOBCKas BOJHA
MaJoll, HO KOHe4HOl aMIIMTYABL. ByaeMm cuuTarth, 4TO JJHMHA BOJHH
NOCTATOUHO BEJHMKa IO CPaBHEHHIO ¢ NefaeBcKHMM pajaMycoM 3Kpa-
HupoBaHusa d, Tak uyTo (a30Bas CKOPOCTb BOJHBl Uy == @/R 3HaAUH-
TeqbHO GoJbllle TemaoBod. B 3THX ycl0BHAX, ¢ OLHOH CTOPOHH,
MaJja TeNJoBas NONpaBKa K 4YacTOTe, H MOMKHO CUHTATh ® == Gpe
a C APYrof — MaJjo YHCJIO0 pe30HaHCHBIX YacCTHI.

TlokaxeM cHauyaja, 4YTo B XOJIOXHOH NJIa3Me aMIIUTyLa MO~
CKOH JIEHIMIOPOBCKOH BOJIHBI MOXKeT ObITh KOHEUHOH, NIpHYEM BOJIHA
ocraercs rapMoHHUYeckoli. B camoM nese, B 3TOM ciyuae ypaBHeHHE
ABHXKEHHS 3JEKTPOHOB MOXKHO HAIMCATh B JarpaHxesoil dopue:

dL;E(x, t)=—mieE(x+§, £, “.1)

rie £ — cMellleHHe 3/1eKTPOHA, HAXOAMBLIErocs B paBHOBecHH B TOT
ke x. Ho TIpM cMeINEeHHH cJosi 3MEKTPOHOB, CKaxeM, BnpaBo 4HCI?
3MEKTPOHOB C/IEBA OT CMEIEHHOTO CJIOSi OCTAaeTcs HeH3MeHHbM:
ecM TOJbKO HE BO3HHKHET MHOTONOTOKOBOLO ABHxeHusi. I10910MY
3MeKTpHUecKoe Tosne GyNeT ONpefeasiThCs H3OBITOUHBIM YHCTO
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MOHOB, OKa3aBIUMXCH CJeBa OT PAcCMATPHBAEMOTO CJ0S 3JEKTPO-
HOB, T. e. E(x 4 &, t) = 4nenet. ITostomy ypasueHue (4.1) npuuu-
Maer BHJ

d%g

5 = — 0L, (4.2)

[e ®pe — JEHTMIODOBCKAs 3JeKTPoHHas yactora. OTciona BHIHO,
4TO0 B OJNHOMEpPHOM CJayuae 3JEKTPOHBH COBEPLIAIOT FapMOHHYECKHE
konebaHust C 4acToTON Wpe U C KOHEUHOH aMNJHTYAOH, eCaH TOJBKO
[QOCJIEHAA He CTAHOBUTCH HACTOJbKO OOJbIIOH, YTO HAYHHAET Npo-
'HCXOJHTb nepecedyeHHe TPaeKTOPHA M 06pa3oBaHHe MHOTONOTOKOBBIX
ABUKEHUT.

Hrtak, B npuOJIHIKEHHHN XOJOZHBIX 3JEKTPOHOB MOXKHO CUHTATh,
" 94T0 JeHrMIODOBCKAsl BOJHA MMeeT MaJylo, HO KOHEHYHYI aMNau-
TyAy, ¥ €e ToTeHuualt fBJsercs rap-
MoOHHYecKON dyHKuMeH Buia @ =

“m=@oCOS (wpet — kx). C yuerom rtemso- \
oro pasbpoca clelyeT TNDUHATb BO
'BEHMAaHHE, YTO 3Ta BOJMA MOXKET B3a- \
fONEHCTBOBATh C PE30HAHCHBIMH Ya- 4
1IaMH, CKOPOCTb KOTOPHIX GJH3Ka K ~—
130BOH CKODOCTH BOJIHBI Wpe/R. Ecin N

30Basi CKOPOCTb MHOTO Gosblue Ten- ¢/
¥ CKOPOCTH 3JIEKTPOHOB, TO Pe30- =
BIX YacTHU Oyler 3KCNOHEHIU-
0 MaJjo, H, CJAEI0BATENbHO, MOX-
BKUAATH, UTO HX BJAHSHHUE HA BOJ- Puc. 41, ®azoBme TpPaeKTOpHH
KOHEuHOA aMmnauTyibl Oyaer Mma- IMEKTPOHOB B BOJIE.
B 3THX ycJIoBHSIX MOXKHO neil-
4Tb B JyXe TEOPHH BO3Myl{eHHil. B nepBoM npHOJHKEHHH MbI
M CYHUTATb BOJIHY CTAIHOHAPHOH M PACCMOTDHM MOBELEHHe pe3o-
b{X 4aCTHLl B TaKol BOJIHE, a 3aTeM YyXKe MOKHO MOmbITaThCd
3bdeKT 06paTHOrO BIAUAHUS PE30HAHCHBIX YACTHIL HA BOJHY.
#1TaK, PacCMOTPHUM pe3oHaHcHble yactuubl. Jlaa storo ynobxo
H K CHCTeMe KOODAMHAT, ABHXKYHIEHACA BMeCTe C BOJHOM.
DA CHCTEMEe KOOPAMHAT BOJHA NpEACTaBAseT cofoll cramuonap-
BO3MYUICHHe 3/JIeKTPUYECKOrO NOJA: @ == (P COS RX. DIEKTPOHbI
KOM 1osie MOXKHO pa3GUTh HA IBa KJaacca: 3aXBaueHHbIE, cOBep-
BlHe GUHHTHBIE KOJe6aHus BOJAM3H TOUEK ¢ MAKCHMAJbHBIM M0-
10M (o, H [POJIETHbIE, SHEPTUA KOTOPHIX AOCTATOUYHO BedHKA
PCON0JIEHHS] OTEHMAJbHOTO Gapbepa.
MXKeHHe yaCTULl yA06HO paccMaTpuBaTh Ha (Ha30BOH MJIOCKO-
. Ha puc. 41,4 npelicTaBJieHa 3aBHCHMOCTb ¢ OT X, a Ha
) H306paxkeHbl (a30Bble TPAEKTOPUH 3JEKTPOHOB NIPH HX
H B BOJIHE. DJIeKTPOHB ¢ MaJBIMH CKOPOCTSIMH 3aXBaThl-
/BOMIHOHA. Ha spmextpon, 3axBaueHHBIHl, Hanpumep, BGAM3M

== A =
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x = 0, pefictByer cuia

d .
—eE=e —0% = — ek sin kx ~ — egik3x,

TaK 410 OH 6yIeT coBepimiath KosebaHHA ¢ 4acTOTOA

Q=k/\/%. (4.3)

[To Mepe yBejqHYeHHS aMIUVIMTYABl KOJeGaHHH 37€KTPOHOB yacToTa
yMeHbIaeTcsi, H Ha cemapaTpHce, OTHe/AIOUleH 3axBaueHHble ua-
CTHIE OT NPOJIETHHIX H H306paKeHHON NYHKTHPOM Ha pHc. 41,6,

Ne) f(v)

J)

Puc. 42. O6pa3oBanne OLICTPHIX OCUMJAAALHA (@) B <«mriato» (6) ua GyHKUHR
pacnpenesieHHs.

oHa ofpaulaetci B HY/Jb, TAK KaK COOTBETCTBYIOIU(HE 3JEKTPOHH
MOTYT GECKOHEYHO JOJITO HAXOXHTbCH Ha «BepiiuHe» A noTeHUHasb-
HOH 3HepruH —e@. CpenHsis CKOPOCTL NPOJIETHBIX YacTHI, BOJIH3H
cemapaTpHchl TAaKXKe OYeHb MaJa M BO3PAcTaer N0 Mepe yaajeHHd
OT cenapaTpHCHL.

Taxk Kak MoJiHas 3HepTrusl 3JeKTPOHa

m,(v—vg)2
—’S——2——¢’)———eq>=const.

a B Touke A CKOPOCTh U — Uy = 0, NOAYIIMPHHA cenapaTpHcsl OPH
x = 0 paBHa, OYEBHIHO, Av='\/eq>o/741,,. T. €. OHa yObIBaer c am-
MJAMTYROA BOJIHBI TOPAa3fo MejJIeHHee, ieM IO JIHHEHHOMY 3aKOHY.
DTO 3HAUMT, YTO B BOJHE Ja)Ke OdYeHb MAJOH aMIVIHTYHZLl MOXKeT
6BITH OTHOCHTEJIBHO MHOTO 3aXBaYeHHLIX YaCTHIL.

PaccmoTpuM Ttenepb, Kak Oylder 3BOJIIOIHOHHPOBATL (PYHKLHUA
pacnpelesieHHl PE30HAHCHBIX YacTHI CO BpeMeHeM. Tak KakK M-
puHa o6JiacTH B3aMMONEHCTBUA Av BeJHKa, MajblM JHMHEHHbLIM BO3-
MyHieHHeM [ B 3TOH 06/aCTH MOXHO NpeHeGpeub, T. €. MOXKHO Cull-
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-.TATb, YTO HadaibHafl OYHKUUS pacnpenegeyus PE30HaHCHbIX YaCTHIL
coBnajaet ¢ HesoaMylleHHOH. Mer Gymem cuurars, uro oHa yGui-
: BAeT C U TakK, KaK NMOKa3aHO Ha pHc. 42 g crnyiOurHOH JMHHENL.
YureMm rtenepb, uTO ypaBHeHHe Biacogg
d d e 09 g
. M (4.4)
MOXKHO DACCMATPHBATL KaK YPaBHEHHE HenpepLIBHOCTH I/ HEKOTO-
%f pofi cy6CTaHIHM ¢ MJIOTHOCTHIO [ npH Teuenmu Ha $ha3oBoil nJIoCcKo-
i erTH. Tak Kak cKOpOcTb U He 3aBHCHT OT x, a YCKOPeHHe — OT U, TO
dv d (e dg°
S+ 4 (= 52) =0, (4.5)
T. €. 9TO TeueHHe sBJfAercs Hec:KMUMaeMpm. CilegoBaTesbHO, BEJIH-
‘ qyHa [ coxpaHsiercsl BAOJb JUHHA TOKA. 3yast 3TH JHMHHH H HA4aJlb-
HyI0 GOYHKUMIO, HETPYNHO NPEACTABHTHL cebe, KAk GyNeT M3MeHATb-
- CH f paCCMOTpHM CHayaJ/ia 3axBauyeiygyple dacTuubl. I[loxaxem
CIUIOWHOA WITPUXOBKOH# 06/1acTh IIPH  MeHbWIMX CKOPOCTHAX, THE
oynxuua [ Gonpme (puc. 43,a). Tak gak 3axBaueHHblé YaCTHLUBI
COBepIIAIOT KosMeGaHusi ¢ 4actoToii ~ Q) pHyTpeHHsSst yacTh (a30-
. BOH 06/1aCTH 3aXBaueHHbIX YacTUL OyNeT ppallaThesl, TakK 4TO Hepes
mosiiiepHONa KapTHHa npuoGperaer Buiy puc. 43,6. YacTuupl, Je-
XaiHe HA cenaparpuce, He Bpalllakyres; NOITOMY 3TH JIHHHH
ocTaioTcsl Ha MecTe, a st 60ibIell YAcTH YacTHI, NPOHCXOQHUT [ie-
pecTaHOBKa — MJIOTHOCTb ObLICTPBIX 3JIEKTpPOHOB CTAHOBHTCA GOJIblile
MJIOTHOCTH MeNJIeHHbIX, T. €. NPOH3BOIlgasn 72‘:7 1J1A 3aXBaueHHbIX
qacTHIl MeHsieT 3HaK. 3aTeM 3Ta CMeHd 3Haka 6ynet NPOMCXONUTH
£-4epe3 KaxXIylo NOJIOBHHY NMEPHONA, H Ijo mepe yBesaHueHHs ! Kap-
‘THHa GylIeT NPHHHMATb BHA Bce Gojiee ¥ Gojee MEJKHUX OCHHJJAILHIL
cM. puC. 43,8 U NYHKTHD HA DPHC. 42, @), AHa/lOrHYHOe «pa3MellH-
BaHHe» HMeeT MeCTO H IJIs NPOJNETHBIX «pe30HAHCHHIX» YaCTHI, Ha-
XopAmuxest O6JH3KO OT cenapartpHchbl (Toqeq}{a;{ IITPHXOBKA Ha
puc. 43).
Bnaronaps s¢dexty «pasMellnBaHpug» AOBOJILHO GHICTPO (MO
CPaBHEHHIO CO CPelHed 4acTOTOH CTOJIKHOBeHHH) AOMKHO INOCTH-
TbCA HACTOJNLKO OBICTPO OCHH/IMPYIOjnee HAa (a3oBOfl MJIOCKOCTH
COCTOSIHHE [, YTO B WULPY MOTYT BCTYNArT)h KyJIOHOBCKHE CTOJIKHOBE-
Busa. Kak u3BectHo, KyJIOHOBCKHE CTOJNIKHOBEHHA NMPHBOOAT K AH(-
Pysuu B IPOCTPAHCTBE CKOPOCTEH, U N3TOMy 3 eKTHBHOE Bpems
eJlaKcallii MeJKHX OCHW/IALMEA B $asopoM IPOCTPAHCTBE TOPA3no
MEHpIlle CpeNHero BpPeMeHH CTOJNKHOBEHufi masi TJIafKol (GyHKLHH
acnpenesenus. Beinenctshe COBMeCTHoro AeHCTBHA «pa3MellHBa-
HHSI» H KyJOHOBCKHX CTOJKHOBEHHHA (Pymykuus pacnpelesieHus B 06-
JIACTH Pe30HAHCHBIX YACTHIL NOJKHA <«CrJyafUThCA» OKOJIO HEKOTO-
POro cpenuero 3HaueHHs, T. €. HA Hell jOJKHO NMOABHUTHCH <«IJIATO»
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(cM. puc. 42,6). OpHako B TeyeHHe NOCTATOYHO GOJNBLIOrO NpO-
MEXYTKa BPeMeHH 3aTyXxaHHe BOJIHBl H3-32 CTOJKHOBEHHH MOXKHO
CUMTATH ellle MaJiplM, TaK 4TO BOJHA AJHTENbHOE BpeMs GyHer yH-
CTO MEepHOAHYECKOH.

%/I//./////I; .
s %

L trrrrrt’’%
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Puc. 43. [{BuxeHue De30OHAHCHBIX YaCTHI, B BOJIHE.

3ameTHM, 4TO 3Ta BOJiHAa COOTBETCTBYeT CTAllMOHAPDHOMY pellle-
HHIO JIHHEapH30BaHHOrO ypaBHeHHs Bumacosa. B rtakofl BoaHe oco-
GeHHOCTh B TOUKe @ — kv == 0 ycrpaHserca Gsaropaps o6pasoBa-
HHIO «CTYNEHbKH» Ha QYHKIHH pacnpelejeHHs ¢ g':f =0 B peso-
HAHCHOH TOUYKe, 4TO aBTOMATHYECKH NPHBONHT K HMHTErPUPOBAHHIO
0COGEHHOCTH B CMblc/e TVIaBHOTO 3HAUeHHS B JUCMIEPCHOHHOM ypaB-
neunn (2.116).

TakuM o6pasom, cranuoHapHas BOJNHA (U3HUECKH MOXKeT GblTb
peaJsiH30BaHa KaK Pe3ysabTaT 3BOJIOLHH BOJIHBL ¢ KOHEYHON aMmiH-
tyno#t. Ilns CTallHOHAPHOCTH NOCTAaTOYHO, YTOOHl QYHKUHA pacnpe-
Je/ieHHsl ¢ NPUHATOH TOYHOCTHIO OblIa MOCTOSHHOW BHOJMbL JIHHHH
TOKa B (pa30BOM NPOCTPAHCTBeE.

MpicieHHO MOXHO NpelcTaBHTh cefe BO3MOKHOCTL 06pa3oBanus
cpasy He3aTyxaloulell BOJIHbBI: IJISl 3TOTO NOCTATOYHO OJXHOBpeMeHHO
¢ BO3MYyIIEeHHeM [OTeHIHaNa, CcO3/laBaeMblM Hepe30HAHCHBIMH Ud-
CTHI[aMH, POH3BECTH TakKoe BO3MylleHHe QYHKLIHH pacnpeneseHHs
PE30HAHCHBIX YacTHI, 4TOOB B MOCJHELYIOIHE MOMEHTH BpeMeHH
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OHa OCTaBasach MOCTOAHHON (B cHCTEME KOOPHHHAT, ABHKylefcs
¢ BosiHO#) . Hanpumep, eciin GyHKUHS pacupeneseHns 3aXBaueHHBIX
4acTHI, BHYTPH cenapatpHchl Ha puc. 43 Oyner MOcTOsiHHA, TO IBH-
JKEHHE 3aNepThiX 4acTHll He OyNeT MeHATb QYHKUUIO paclupene]eHust
" (anajioriyHas KapTHHa HMeeT MecTO IJS NMPOJAETHHIX YACTHI, B6JIH-
3u cenapatpucel). OTciola BHIHO, YTO CTallHOHAPHbIE JIEATMIOPOB-
CKHE BOJIHbI COOTBETCTBYHIOT TaKoH N0GaBKe Pe30HAHCHHX YacTHL,
" gpH KOTOPO# cpasy obpasyercs 4ro-T0 Bpoje miaro. TakHe BOnHBI
- HasplBalOT BOJHaMH bBepuwrefina — I'puna — Kpyckana (cokpa-
¢ menno BI'K) [117]. Eciu 4HCA0 DONONHHUTENbHBIX PE3OHAHCHBIX ya-
. CTHIL YBEJIHYHBATb, TO Mbl IIOJYYHM KaK Obl BOJIHY ¢ MOAYJHPOBAH-
~HBIM B IPOCTPAHCTBE NYUKOM,

S Y10 CcoOTBeTCTByer nepexoay kK

poane Ban-Kamnena. Cobereen- &

Ho BOJIHbI Ban-Kammena coort-

BETCTBYIOT CTAHOHADHBIM MOIY- ’__\‘:,7[_\——/:%:
AHPOBAHHLIM IYYKaM, IPOHH3bI- ! :
BAIOIIHM I71a3MY. |

. Temepp, mocse TOTO KAaxk M l
HO3HAKOMHJNCL C JBHIKEHHEM z/Q z
030HAHCHBIX YACTHIL, MBI MOXeM  Puc. 44. 3aryxaHde BOJH KOHEUHOH
[eCTh HX o6paTHOe BJAHSHHE HA AMIJIATY AH.

ponHy. SICHO, YTO K MOMEHTY

$lepsoro nosyneprHona KoJeGaHuil pe3oHAHCHBIX yactHI (pHc. 43, 6),
orIa OHH OTOHPAIOT IHEPrHI0 OT BOJIHBI, aMIIMTYJa BOJHBI DOJXK-
yMeHblIaTeCsl (cM. pHc. 44). 3areM pe3oHAHCHbIE YaCTHILGI
Bb HAYUHHAIOT yBe/HYHBATH CBOIO 3HEPTHIO, W aMIJHTyZa BOJ-
‘NOJKHa BO3pacrtaTts. B mocaemyioline MOMEHTbl BpeMeHH,
la 3anepTble 4acTULbl, COBeplaioUiHe KoJebaHHA C pasnuy-
H 4acTOTaMH OT HyAs RO £, NPHBOAAT K <«Pa3MellliBaHHIO»
KOHH pacnopeflesieHus B (asoBOM  [pocTpPaHcTBe, pa3Max
febanui aMIVIMTYJbl BOJIHBI JOJMKeH 3aTyXaTh, H NpPH ¢—> oo
NATYRA CTPEMHTCH K HEKOTOPOMY MpeleslbHOMY 3HAYEHHIO Qoo
- MeHbllle PEe30HAHCHBLIX uacTul, Tem OJuxe K eIHHHIE OT-
€HHEe Qoo/Po. EC/AH aMmaHTyQna BOJMHBI @p CTPEMHTCH K HYJIO,
R->0 u nepBuii noaynepuop koneGaHuil aMIIATYAB  (CM.
v 44) pacrardBaeTcss A0 OECKOHEYHOCTH, TaK uTO B JIHHEH-
A Ipub/mKeHnH OCHUAASAINHE BOOOWE OTCYTCTBYIOT H aAMILUIHTYAA
10TOHHO yGpiBaer, TIpu 3TOM, pasyMeercs, ye HeJab3sl CUHTATh
JIHTYNy NOCTOAHHOH, KaK 3TO MBl JAeJajaH IIPH DAacCMOTPEHHH
€HHs 3anepThiX YacTHIL B BOJIHE KOHEYHOH aMIIMTYABL. Bmpo-
5 M CaMH 3anepTsle YacTHIB! He YCTeBalOT COBEPINHTh HH OIHOTO
*O2HHS — OHM TOJBKO HAYMHAIOT CBOe NBHKEHHE B BOJHE, Kak
*38HO Ha puc. 43, ¢ NYHKTHPOM, a MX BKjaajJ B BeJHYHHY IJIOT-
8apsia OKa3bIBaeTCsl y¥Ke HAacCTONbKO CYLIECTBEHHBIM,
AMIVIHTYa BOJIHEL 3aMeTHo y6biBaer. MOXKHO CKasath, 4To

i
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pPe30HaHCHbIE YACTHIIB HMEIOT CJAMIIKOM GOoJbUIoH BeCc B BOJHE MaJION
AMIIUTY I,

HetpyaHo ouenntb, Npu Kakofl aMIVIHTYLe BOJHY MOXKHO CUH-
TaTb JuHefAHON. I/l 3TOr0 MOCTATOYHO CPABHHTH INIOTHOCTL 3IHEp-
THH BOJIHBI

2
Eo & ‘Po
8n o\/Sn
¢ IUVIOTHOCTHIO TOA 3HEPTHH, KOTOpAas NepenaeTcd 8axBauyeHHbHIM da-
cTHHaM Tipu ob6pasoBanHum Tmuaro. [llupuna mnsaro mnopsaaka

Av~A/epo/m,, a H3MeHeHWe SHePTHH 3JIeKTPOHA NPH YBeJHUEHHH
ero CKOpoCTH Ha Av B6.H3H ($a30BOH CKOPOCTH w/k paBHO M.wAvU/R.
Tak kak npu o6pazoBaHuM MIATO QYHKIHMA pacnpeleseHus H3Me-
HAETCA Ha BEJTHYHHY

Af ~ 2.

7o Av,

v=0/k

TO H3MEHEHHE IVIOTHOCTH 3HEPrHH 3aXBaYE€HHbLIX YaCTHIL O NMOPAIKY
BeJIHYHHbI PABHO

A8 ~my - Ao (Af A0) ~ m, (22 ) vl . (4.6)

o=k

CpaBHHBas 3Ty BeJHYHHY C IUIOTHOCTLIO 3HEPrHH B BOJIHE, Ha-
XOAHM YCJIOBHE JIMHEHHOCTH JIEHTMIOPOBCKOH BOJIHBI B IulasMe C
MAaKCBEJJIOBCKHM pacnpefesieHHeM 3/1eKTPOHOB MO CKOPOCTSAM:

/\/ 2« Tk_:i-)T exp (—— “2',;1‘3‘) . 4.7

OTciona BHIHO, YTO MPH OYeHb Maniblx Rd BOJIHA Jaxe OYeHb MaJoH
AMIJIATYIH HE MOXKET CUHTAThCs JIHHEHHOH. DTO CBA3AHO C TeM, YTO
IJIsi TAKHX BOJIH YHCJIO DE30HaHCHBIX 3JIeKTPOHOB 3KCMOHEHUHANbHO
MaJIo W COOTBETCTBEHHO HX 3aTyXaHHe OueHb ObICTPO NpeKpaliaeTcs.
Hanporus, npu kd > 1 BosiHa MOXeT CUHTAThCSl JIMHeHHOR Haxe
NpPH yMepeHHbIX 3HaueHUusiX eqo/Te.

PaccmorpeHHe 3aTyxaHHst BOJIHBI KOHEYHOH aMIVIMTYIB! Nposic-
HseT u Bonpoc 06 06paTHMOCTH BO BpPeMeHH. DTOT BONPOC COCTOHT
B caenyiomeM. C onHON CTOPOHb!, KHHETHUECKOE YDaBHEHHE ¢ CaMo-
COTJIAaCOBAHHLIM TOJNEM B OTCYTCTBHE CTOJIKHOBEHHH fiBjsieTcsi NO.-
HOCTbIO OOpPATHMbIM BO BpeMeHH: OHO coXpaHsieT cBOR BHA NpH
3ameHe t Ha —¢ u o6paiieHHH CKopoctedl gacTuu. [loaromy BCE
NpPO1ecCH, ONMUCHIBAEMbIE 3THM yPaBHEHHEM, NO/KHb GbiTh 0OpaTi-
mpiMu. Ho, ¢ Apyrofi cropoHel, Ha/sHuHe 3KCIOHEHHHAJbHOrO 3aTy-
XaHUs BOJNH B JIHHEHHOM NpPHOJHIKEHHH, Ka3ajochb Gbl, yKa3biBaeT
Ha fIBHY0 HeOOpaTHMOCTb: IO NPOLIECTBHH NOCTATOYHO 60JpLIOro
IPOMEXKYTKA BpeMeHu CHCTEMAa 3apsKEHHbIX YacTHI MOXeT M0/
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HOCTBIO «3a0bITb» O TOM, YTO B Hell pacnpocrpaHsjach BOJHA.
YTo6bl BLIAICHHTbL 3TOT BONMPOC, O6paTHMCA ONATL K pHe. 43.
Eciin CTONKHOBEHHH HeT, TO KapTHHAa 3BOMIOUHH QYHKIHH pac-

" ppelle/ieHHs Pe30HAHCHBIX YacTHI, MOJHOCTHIO oGpartuma. Ilpu 3a-
MeHe CKOPOCTefl 3aXBaueHHBIX YacTHLL Ha o6GparHbie «3Mesi» Ha
'pHC. 43,8 NOMKHA HAYaTh Pa3BePTLIBATLCA, 3aTEM OHA NpPOMAET ye-
pes cocrosiine { = 0 u cHOBa HauHer cBepThiBaThcsl. COOTBETCTBEH-
HO W Ha aMmuTyne go(f) nosBATCS CHa-
yajda OCHHJ/UILIHH, 3aTeM o HLOCTHLHeT ki /kn
MAaKCHMaJbHOTO 3HayeHHH, cOOTBeT- anr
«crByoiiero t=0, u Bcsg KapTHHa 3aryxa-
JHHA ¢ OCHHJIANHSAMH BHOBb NMOBTOPHTCS.
AnaJsiornyHas xaprHHa OOGPaTHMOCTH 805+
JIOJ2KHA HMETb MeCTO M B CJyyae BOJIHbBI
MaJI0# aMIJIMTYOH, T. €. B ciaydae 60/b-
HOro 4Hc/ia pe3oHaHCHbIX uyacthu. Pasy-
eeTcs, NPH 3TOM HHKAaKOro 3axBara 40z
ACTHIL HE TPOHCXOLHT: BOJHA 3aTyXaer
0pasNo paHblie, 4eM YCeeT IPOU30MHTH q07 L +T=5936
0T Obl OOHO KoJsie6aHHe 3alepThiX ua- ? oT=86 38
u. IIpoucxomur kak Gpl pacroJzanue '
AEeNbHBIX TPYNN De3OHAHCHBIX YacTul,  gaj5 L
ITOPOE CONPOBOKAAETCS OTOOPOM 3HEp- o 5 w5, uq
y BOJIHB], TaK UTO B KOHHE KOHIOB @y
aHeprus koneGaHuil mepenaercd pe- kTe
HaHCHbIM dacTuuam. Ho ator mpouece p o 4e 3onpcinoon Rexpe-
XKe fpjasieTcds 0OpaTHMBIM. L[fnxe IO-  menra saTyxaHHs OT KBaApaTa
€: 3aTyXaHHA BOJIHBI N0 KpalHe Ma-  orHouenus $HasoBoit CKOPOCTH
AMIUIMTYbl CPela MOXKET NJHTeNb- K cpepHeil TEIIOBOiL.
BpeMa (mOKa He HAYHYT HUrparh
h CTOJIKHOBEHHS) COXPaHATH «NaMsiTh» O HAyaJbHOM BO3MYyIle-
H npH OOpalleHHH CKOPOCTeH YacTHi, Bech Npoinece nomen Gol
ipatHOM Hanpab/eHuH. [IpakTHyeckH, pasymeercs, Helb3s o6pa-
b CKOPOCTb BCEX YACTHII, ONHAKO «NaMAThY O KOJeGaHHAX MOXKET
BAATLCA B 3 PekTax THIA 3Xa.
Ixcnepumentst no saryxauuo Jlanday. TlepsoiM Haubosee
PoOGHLIM u TpsiMbIM HccJefoBaHHeM 3atyXanua JlaHpay B mpo-
HBIX KOJe6aHHusX, NO-BHIHMOMY, SIBAsieTC 3KcloepuMeHT Masim-
'8, Yoprona u Ipammonna [118]. B srom skcnepnmeHTe u3Me-
Cb NOPOCTPAHCTBEHHOE 3aTyXaHWe MPONOJLHOHR 3JEeKTPOHHON
H- BHIa exp(—iwt 4 ik-x — k;x), BO3OyXKZaeMoil ¢ MOMOILLIO
XOUACTOTHRIX KOJieGaHHMil, NONaBaeMblx Ha JIEHTMIOPOBCKHH
‘Tlnasma ¢ mnorHocTbio 108—10° cu—3 u TemnepaTypoil ot 5
36 cosnaBaJiach ¢ IOMOIIBIO MJa3MOTpPOHA. [ perucrpanuu
aHUA cyua BTOPOH JieHrmMiopoBckuil 3oun. Ha puc. 45 npen-
"HEl pe3ysibTaThl HM3MepeHHs 3aTyxaHus (OTHOIIEHHEe MHHMOR
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YaCcTH BOJHOBOTO YHCJA R; K NeHCTBHTENBHON ;) B 3aBUCHMOCTH OT
KBajpara OTHOIIEHHS (a30BOA CKOPOCTH Up = w/k K cpenHell Ten-
N0BOH Ugp = 4/2T/m,. Tak kak k; NPONOPIIHOHANLHO HeKpPeMeHTY
3aTyXaHWs, BenHYHHA KRi/R, AO/MKHA SKCNOHEHUHAJIbHO YOBIBAThL C
(w/kver)® BHAHO, 4TO Takasi 3aBHCHMOCTb JAEHCTBHTENLHO HMeer
MecTo, PHYEeM 3KCNepPHMEeHTa/bHbe TOYKH XOPOLIO JIOXKATca Ha Teo-
PeTHYECKYI0 KPHBYIO.

Uro6bl npoBepuTh, NEHCTBHTENbHO JIH 3TO 3aTyXaHHe CBS3aHO
C PEe30HAHCHBIMH 3JeKTPOHAMH, aBTOpbl paboTsl [118] uamensanu no-
TEHIHAJ TOPLEBOTO 3JeKTPoNa H TeM

@ /e caMbIM «oOpes3anu XBOCT» MakKcBena-
20 JIOBCKOTO pacnpefeseHus, T. e. ycrpa-
HAJIH HauGosee OBLICTPLIE 3JEKTPOHBI.

Kak Tosbko rpaHuna obpesanus no-

19 XOAMaa 0 HEKOTOPOTO onpeneseH-
HOTO 3HAuYeHHs U,, HAaba0xaJ0ChL pes-

10 Koe H3MeHeHHe 3aryxanus. Beauuu-

Ha U, okasaJjach Onuskofi K d¢aso-
BOH CKOPOCTH BOJHH Uy = @fk, 4To
451 yOeAuTeNbHO CBHIETEbCTBYET O 3a-
TYXaHHH BOJIHBI Ha PE30HAHCHbIX 3JeK-

| l__ 1 TpOHax.
g 4z g4 a6 4§ B rnocnefylomux 3KCIepHMEHTax
Kd [119—122] ©6wi0 npoBemeHo Gosee
Puc. 46. Nlucuepcronnme kpuesle NOJPOOHOe HccJdefOBaHHE [AUCIEPCH-
Rast IEHTMIOPOBCKHX BOJIH. OHHOTO COOTHOIUEHHS Jad IIJasMeH-
1blx BOJIH. Ha puc. 46 npeacrasneHsl
pesyabrathl lepdaepa u CHMOHEHa IJsl 3aBHCHMOCTH YAacTOThHl KO-
nebannit o M 3aTyxanus (MHHUMON 4acTH BOJHOBOTO uHcaa k;) ot &,
KOTOPble CPaBHHUBAIOTCH C TOYHBIM JHCIOEPCHOHHBIM COOTHOLUEHHEM
e = 0 [cm. (2.116)] npu npoussoasHbix kd. (I'patduk puc. 46 cie-
IoyeT paccMaTpHBarb cKopee Kak 3aBHCHMOCTb k. H k; OT @.)
Kak MBI BHIMM, 3KCNepHMeHTa/JbHble TOUKH XODOWIO JoXKaTcd Ha
Teoperuueckie Kpubble. Takum o6pasoM, B HacTosiiiee BpeMs He
TOJNBLKO 3aTyXaHHe, HO H TOJHOe JHCNEPCHOHHOE COOTHOIIEHHE
e(k, ®) =0 MOXKHO CYHTaThb HANEKHO YCTAHOBJEHHLIMH B 3KcIle-

pHMeHTe.

[Toznnee ManmGepr n Yoptou [123] npoBesnu uccrenoBaHne 3a-
TYXaHHS BOJMH KOHeYHo# aMmiutyAsn. MX pesysabrartbl NpHBEAEHbI
Ha pHc. 47, roe nokasaHa 3KCOEPHMEHTaJbHO H3MEpeHHasl 3aBHCH-
MOCTb aMIUIHTYHbl KOJeGaHHH OT PacCTOSIHHA MEXIY 30HIOM-H3JAy-
yaTejgeM H 30HAOM-IPHEMHHKOM. AMIUVIHTYIA OTJOMXKEHa B OTHOCH-
TeJbHHWX eauHHUax. KpuBas I/ OTHOCHTCH K BOJIHE MaJiOH aMIUIH-
tyabl. Ecanm He obpamarts BHHMaHHA Ha 06JacTe pacCTOAHHH
MeHblUIe 5 CM, TIe elle He YCTAHOBHJACh IJIOCKasd BOJIHA, TO BH/HO,
4YTO BOJIHA 3aTyXaeT MOHOTOHHO MO 3KCNOHEHIHAJbHOMY 8aKOHY.
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pH YBENHYEHHH aMIHTYLbl BOJHb Ha 3aBHCHMOCTH aMILIHTYZbl
T PacCTOSHHA NOABASIOTCA OCLHJJISUHMH, NEPHON KOTOPBIX yMeHb-
jaeTcsl [0 Mepe yBeMyeHHS AMIUIMTYIbl. DKCIePHMEHT NOKasal,
70 BOJIHOBOE uHC/I0 K OCUM/MALHE aMIVIMTYAB PH H3MEHEHHH NO-
guuata V, nomaBaeMoro
a -30H/1-H3/yyaTenb, BO3- %
pacTalno Kak 4/V . 3ra 3a-
CHMOCTb XOPOIWIO COrJia-

yercsi C TeOpPeTHYEeCKoH 3
oM. (4.3)], no koropoil ya-
“erota kosiebanuit Q, a cne- ?

-qOBaTeNbHO, U K DNOMKHBL

‘Bo3pacTarb KakK KBaapar- ! ; ! | N
4Bl KOPeHb H3 aMIUVIHTY B g 20 40 60 80 axem
Hrak, spdext satyxanus Puc. 47. 3aryxande BOJY KOHEYHOR aMMJaH-
Jlanmay MOXKHO CYHTaTh TYIHL )
'HANEKHO NMOATBEPKIAEHHBIM [ —096; 2—2856;, 3—9 5 nepemesnnto noas Ha
SKCHepHMEHTaﬂbHO 30HAE-U3JYYATENE BOJH.

BosHukaer eme Bomnpoc,
MOXHO JH 3KCNepHMeHTaJ/IbHO [pPOBepuTh, 4TO 3aTyxaHHe JlaHmay
#le NPUBOAUT HENOCPEACTBEHHO K HeoOpaTHMOCTH U 4TO B GeccTrolkK-
HOBHUTEJILHOH MJ1a3Me COXPAHSETCH <«NaMaATb» O 3aTyXWHX Kojaeba-
uuax. Takas nposepxa INelcTBHUTENbHO OblJa cAenaHa B JKCIEpH-
‘MEHTax c 3XOM.

§ 2. 9x0 B ninasme

1. Cnunosoe axo. HanoMHHM cHadasa, 4TO mpencraBaser cobol
x0. Dddekr axa Ouy obHapyxeH XanoMm [125] B 3kcnmepumeHTax
0 SIIePHOMY MAarHHTHOMY pe3OHaHCy. BHellHe OH BBITVIALHT cie-
, oyomwHM obpasoM. Ecau Ha uwacrore,
1 O/MH3KOA K PE30HAHCHOH, NPHJIOKHTD
. i IBa KOPOTKHX HMIYyJbca, paspeseH-
HBIX NpoMexyTkoM T (puc. 48), TO

i
Jxo BCJAEd 3a BTOPHIM HMIOYJbLCOM uepe3
BPeMSl T MOSBASETCS HMNYJbC, COOT-
BETCTBYIOIIHH CNOHTAaHHOMY H3Jyde-

'___r HHIO SIIePHBIX CIIHHOB Ha Pe30HaHCHOMN

yactote. I1oT 3(p(PeKT, KoTOphH Ho-
Puc. 48. CunsoBoe sx0, CUT HasBaHHWe CNHHOBOTO 3Xa, Obla

o6bsicHeH caMUM XaHOM.

PaccmoTpum cHcTeMmy siepHbIX COHHOB B CHJIBHOM MACHHTHOM
0Jle ¥ JONyCTHM, YTO B Haya/bHb MOMEHT Bce MarHHTHble MO-
CHTHl HanpaBJeHsl BOOMbL MOAsA (Och 2 Ha puc. 49). Kak nsBecrHo,
aJio}KeHHe PE30HAHCHBLIX BBLICOKOYACTOTHHIX KoseOaHHH NPHBOLHT
{ TOMY, UTO COHHHl HAYHHAIOT OTKJOHSITLCA OT OCH 2. JlonycTum nust
POCTOTHI, 4TO HepBbIil HMNyJbC fABJsseTcas 90-FpafycHBIM, T. e. ero

T
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aMIVINTyLa noxo6paHa TakMM 06pa3oM, YTO CIMHbI OTKJOHAIOTCH
Ha 90° u nepexonAtT Ha och x. Ilocse mnpekpauieHus HMOYJbca
BCJENCTBHE NMpeHeccHH MArHUTHOrO MOMEHTa JOJKHO HMeTb MECTO
H3/yueHHe Ha pe3oHaHCHOM uacrore. OQHAaKO H3-3a Majo# HEOAHO-
POINHOCTH BHEWHEro MarHHTHOTO INOJISI 3TO H3jydeHHe GbICTPO mpe-
Kpamaercsi. Tak Kak 4acToTa npenecCHH ® HEMHOro MeHsercst OT
TOYKH K TOYKe, ()asbl Pa3jHUHBIX CIMHOB BCKOPe «pasofipyrcsa», H
B cpenHeM 110 06pasny HX MOXKHO OyHeT CUHTaThb paclupeNesieHHbIMH
paBHOMepHO (cM. puc. 49).
HonycTuM Ttenepb, YTO B MOMEHT {==1T NPHKJAJLIBAETCA BTO-
pOH BBHICOKOUWACTOTHBIA HMNY/bC. KapTHHA BHIMISAUT NpPOLIE BCEro,
2 eclH BTOPOH HMIyJbC HMeeT BaBoe O0Jb-
Wy aMIJauTyny, T. e. sBiasercs 180-rpa-
oycHbiM. Ilpn sTOM «Beep» CNHHOB Ha
puc. 49 npocro nosopauuBaerca Ha 180° Bo-
KPYT OCH Yy, 4TO 3KBHBAJEHTHO OOpAaIleHHIO
BpeMeHH: TOcC/Je 3TOr0 BCe CHHHB OyayT
BpamaTtbcsi B ILIOCKOCTH <«Beepa» B 006-
7 PaTHYIO CTOPOHY H 4epe3 BpeMsi T COHAyTCS
Ha OcH x. B 3toT MOmeHnT u Gyner nabaio-
HaTbCAl 3X0 — CHJIbHOE u3JIydeHHe CNHHOB
B 0AHOU (pase.

z S¢ddexr 3xa meHblledA aMIJIHTYRBI Ha-
Puc. 49, Tlosopor 1 «pas- 6nonaercss ¥ B TOM ciaydae, eCJid HMIYJb-
Geranme» CrmuoB nph Bos-  Cbl He SBJISIOTCS TOYHO 90- u 180-rpanyc-
O6yxneunn 90-rpanycHeM  HBIMH.

HMIYJBCOM. HerpynHo Bupers, urto sddekr 3xa
TECHO CBf3aH C CYUIECTBOBAHHEM Hempe-

PHIBHOTO CreKTpa cob6cTBeHHbIX konebanuil. B camom aene, pasgep-
ThHiBaHHEe CNMHOB B «Beep» (puC. 49) NPOHCXOAHT HMEHHO H3-32
TOro, 4TO B Kax/JA0# TOUKe MPOCTPAHCTBA YACTOTa NPEUECCHH CNHHOB
HMeer cBoe 3HaveHHe w(r). Yactora w(r) sBasercs HenpepuIBHON
GyHKIHeH KOOPAHHAT, M €CJAM OHAa MEHseTcss B NPOCTPAHCTBE, 10
KoJie6aHHsi CIOMHOB B pPasHbLIX TOYKax CO BpeMeHeM GynyT pacxo-
IOUTBLCA MO ¢a3aMm, TAK 4TO B NPOCTPAHCTBe GymeT o6pa30BbIBAThLCA
BCe 6OJiee 4acTO H3Pe3aHHOE BOJHOBOE MOJIe CO BCe BGOVIbIIHMH BOJ-
HOBHIMH uHcJaMH. [leficTBurtennHo, corjacHo (2.141) mnomyuus:

Jo
k = - t—co. MmenHo n3-3a pasGeranus no asam CocelHHX B03-

MYILIEHHA M Hcue3aeT MakpocKonudeckuil sdgexTt uanydends BoOJIH
ApH IpelecCHH CIHHOB.

[IpunoxeHHe BTOPOTO HMMYJbCA NPHUBOLHT ONSATh K OTKJIHKY
BTOPOTO NOpPANKA, CHJALHO H3PEe3aHHOMY B NPOCTPAHCTBE, HO 3BOJIO"
IHOHHPYIOLIEMY TaKHM 06pa30M, 4TO Terepb BOJIHOBOe yucsao YObl®
Baer ¢ { m obpaumiaercs B HyJAb npu Al = 1 nocae BTOporo HM"
nyJbca.

-
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2. llpocraa OemoncTpayua axa. Ypeasplualino npocras AeMOH-
erpauusi 3ddexra sxa Oblia Npennoxkena BepmenosoiM u [inxae,
[IpennosioxxuM, 4TO Mbl HMeeM IBa PacTpPa ¢ PasHHIM NEPHONOM
{Hampumep, IBe pacyecKH C PasHbIM YHCJIOM 3yGlOB Ha eJHHHIE
piuubl) . [lycts BonHOBBIE yMCIa 3THX PacTPOB, OTBEYAIOIHE OCHOB-
HOM FapMOHHKe, PaBHH COOTBETCTBEHHO ki M ka. Torna, ecam 6po-
CHTb HAa HHX pacCesiHHbI# CBeT (HampuMep, OT OKHa HJIH MATOBOR
JIaMIIOYKH), TO HAa PACCTOSTHHH X OT KaXKIOro pacTpa pacupeneseHHe
MOAY/AAIINY HHTEHCHBHOCTH CBeTa MO yrJiy Oyner, OueBHIHO, PaBHO

N7 ""“”"I" "l :
77HNS

Puc. 50. Dxo HA paccesiHHOM CBeTe,

n+ik02f (0), rne B = ky unu ky, a f(B)— pacnpenenenne HHTEH-
gBHOCTH cBeTa nepef pacrpoM (puc. 50). Ilo Mepe ynamenus or
aerpa TeHb OT Hero Oyler Bce Gojiee H 6osiee pasMbITON, TAK Kak

npefe/ieHNe OCBelleHHOCTH, IPONOPIHOHANbHOE Se"‘ll“"e"f(e)de,

T H3-3a pa3MasblBaHUA N0 § NpHOAMIKATHECA K PaBHOMEPHOMY.
€CJIH PACHOJIOXUTL PacTpPul mapajiieJbHO ONMH 33 INPYTHM Ha
TOAHHH d MeXNYy HHMH Tak, uToOBl TeHb OT OJQHOTO pacrpa
Jla Ha Apyrofl, TO pacnpejeseHHe OCBelleHHOCTH GYyAeT paBHO

S plhw+1ki0% = [ixy+ik:8 (2~ £ (0) 46, (4.8)

3y kzd
-lla BHIOHO, 4TO HA PACCTOAHHH X == m OT NepBOro pacrpa

JHEHTa NOX MHTErpajoMm Nepecraer saBucerh ot 0. Ilpu stom
KPaHe OTYeT/IMBO MNPOCTYNaeT Myap Ha Pas3sHOCTH BOJHOBBIX

" kod
ks ~— ky. U3 BulpameHust 1/l NOJIOMKEHHS SKpaHa x == g
‘9T0 3(peKT BO3HHKAET TOJAbKO NpH ks > k.

B. Kanomues
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Hs paccMOTpeHHHIX NpUMepoB BHAHO, 49TO 3pdeKT 3Xa BO3HH-
KaeT B TOM CJyuae, KOra HMeeT MecTO 3aTyXaHHe JHHERHBIX BO3-
MYyLleHHA BCJAeNCTBHE HX «pacnossanus» no ¢asam. B caysae cnu-
HOBOTO 9Xa MakpockonHuyecku#i apdexT ncuesaa H3-3a HaKONJeHHH
pasHocTH (a3 B pasHHX TOYKAX, 4 B NPHMepPe ¢ pacTpaMH — H3-32
pacnon3aHdsl MO OCH Y OTHEeJbHHX Ny4YKoB cBera. Ho coBepinexHo
aHaJoruyHbifl 3QdeKT uMeeT MecTOo B cayyae 3aTyxaHHs Jlannay:
3JIeKTPHYECKOe IoJie BOJHBI 3aTyXaeT cO BpeMeHeM H3-33a «pacno-
3aHHA» NYYKOB DE30OHAHCHHIX YacTHN no ckopoctsiM. EcrecTBeHHO
nostoMy oxunath 3pdekTa THIA Xa Ha Naa3MeHHbX BoaHax. Ho
cHayasna Mbpl NO3HAKOMHMMCA C IHKJOTPOHHBIM 3XOM B IJa3me, Ko-
TOpoe GoJibille OX0XKe Ha CIHHOBOE 3XO.

Lbyxumrgnscroe 3xo Toexummyrscnoe 0

Puc. 51. IluksorponHoe 3xo0.

3. Huxaorpounoe 3x0 8 naa3me. LIHKJIOTPOHHOE X0 B NJja3Me
610 o6HapyxeHo XuanoMm u Kansnanom [127). DkcnepuMmenr cra-
BUWJICA clenyomiuM obpasom [127—129]. Tlonepek cron6a co3nanHoi
BHICOKOYACTOTHLIM PaspaloM pacnaljaloumedcs naasMmb, Koria Tox
B HeHl NpPaKTHYeCKH OTCYTCTBOBAaJ M OHa OblJa NOCTAaTOHHO CHOKOil-
HOH, NponycKaJuch IBa HMIyJbCA BBICOKOYACTOTHHIX KoseGauuii ¢
HHTepBaJoM t. [laa3ma moMenrasach B MarHUTHOE NOJIE OKOJIO 3 K¢,
a yacToTa reseparopa 6bna 6aH3Ka K LHKJIOTPOHHON gacTore 3Jex-
TPOHOB. AMIJIATYA HMOYJALCOB 6blia AOCTATOYHO BBHICOKOM, TaK UTO
NpH NHKJIOTPOHHOM pe30HaHCe 3JEeKTPOHBI MOTJH NpHOOpeTaTh 3HEpP-
THIO, 3HAYHTENbHO NMPEBBIIAIOMYIO TEMJOBYI0. [locae npoxoxiaeHns
IBYX HMIYJbCOB OT BHEIIHEro reHepartopa HaGJONa/HCh HMIYJabChl
M3 NJa3MH Ha LHKJOTPOHHOH 4acroTe ¢ HHTepBaJoM T (pHuc. bl).

KpoMe Takoro nByXuMNyJabCcHOrO 3Xa, aBTOpPbLI HabaOnanyu TPeX-
HMIyJBbCHOE 3X0, KOra TpeTHil HMIyJne nopaBajicd ¢ GoJbluoi 3a-
nepxkkoit T, 3HauMTEJIbHO NpeBHUIAaWONIefl BpeMsd CTOJKHOBEHHHA
JEKTPOHOB ¢ aTOMaMH HefATpalnbHOro rasa, Ho MeHbIfieii BpeMeHH
pesaKcaluu 3JeKTPOHOB no 3HepruaM. Kak nokasamo ua puc. 5l
nocje 3TOro CHOBa HaGJrolNanach cCepHs HMNYJLCOB H3 MJa3Mbl.

O6bsicHeHHe MEXaHH3Ma UHKJOTPOHHONO 3Xa H ero OCHOBHBIX
oco6ennocredt 6610 fano [yanom [130] (cM. Takxke [131]). B npr#:
1IHNe NHKAOTPOHHOE 3XO 6JH3KO K cnuHOBOMY. Ecam nipu snepHOM
MAarHHTHOM pe30HaHce IeHCTBHe BHICOKOYAaCTOTHOrO 0.4 np uBOAHT
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Y

or

[OBOPOTY CIHHOB OT OCH 2, TO NPH LHUKJIOTPOHHOM pe3OHaHce npo-
gcxonm HaGop SHEpPruH 3/1eKTPOoHaMH. EciaH Npomo/KUTEIbHOCTD
SEMIy/IbCa He CIHUIKOM BeJHKa, TO OH HMEeT JOCTATOYHO LIMPOKHH
€KTp, TAaK 4TO Ha)e NPH HAJIHYHH HEKOTOPOH HEeONHOPOIHOCTH
ArMATHOrO MMOJSi MOXHO CIHTaTb, YTO BCE 3JEKTPOHH (BHayane

Yy
Y
Z)p A
§
Up iy vl'
a 0
) 7 )
oy )
b A ¢
v
qups®S f E”P 1 %,
o ] Zp Uz
P
V)] 2)

-52. Pacnpenenense 3/eKTPOHOB MO CKOPOCTSAM IPH JBYXHMIYJAbCHOM 5Xe:
)y nocae uMmnynasca I; 6) mepea HMIyascoM 2; 8) cpasy nocJe uMnyJabca 2;
2) B MOMEHT IepBOro 3Xa.

Hhie) NpPHOGpPeTaloT ONHY H Ty Ke sHepruio. I[lycts B mpo-
icTBe ckopoctefl (Ux, Uy), T. €. B ILIOCKOCTH, NepHeHIHKYJIAp-
FHHTHOMY [IOJIIO, IOJIOXKeHHe 3NneKTPOHOB cpasy Mocje nep-
gMIy/ibca OTBewaeT TOuke (vp, 0) (puc. 52, a). B nocnenyro-
IOMEHTL BPEMEHH 3JEKTPOHBI GYIYT BPALIATbCs € IHKJIOTPOH-
RCTOTOHA, H NPH HAJHYHH MaJOH HEOLHOPOILHOCTH MArHMTHOrO
PHH OYeHb CKOPO HNOCTHIHYT OIHOPOIHOT'O pacnpefeseHHsi o
cpesHeM no obpasny.

£ECMOTPHM Tenepb HEKOTOPYIO rpynny 3jeKTpoHoB A, mMmero-
HY H Ty Xe (asy nepel BTOpPHIM uMIyJbcoMm (pHc. 52, 6).
» B 3Ty rpynny BXOAAT Bce 3JEKTPOHH ¢ ¢asamu § -+ 2nn,
=.les0e yucao. Bo BpeMa BTOpOro HMnyabca 3JeKTPOHBI Ha-
HJIH TepsIoT 3HepPruio, B 3aBHCHMOCTH OT TOIO, KaKOBa MX
ZefiCTBHe MMNYJabca MOMKHO YYecTb NPOCTHIM CIHBHIOM Beefl
_Pacupesiesienns Ha OXHY H Ty XKe BeJHUYHHY Up, KaK U B
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nepBoM uMmnyJsce. I'pynna A BoieJleHHBIX HAMH 3JIeKTPOHOB OyHeT
MMEeTh IIPH 3TOM CKOPOCTh (N0 aGcosoTHON BednunHe) 2up cos(E/2),
KakK BHIHO H3 pHC. 52, 6. Tak Kak B 3Ty Irpynny BXOAAT 3JEKTPOHB
H3 Pa3JHYHBIX TOYEeK NPOCTPAHCTBA, KOTOPHLIM COOTBETCTBYIOT pas-
Hble LHKJOTPOHHbIE YacTOThl, CO BpeMeHeM 4aCTHOBl 3TOH YL
HaYHYT PACXONUTbCs B IpocTpaHcTBe cKopocTell. OnHAaKO, NOCKOJb-
Ky 3JeKTPOHB BpAaIaloTCH ¢ TOA Ke yrJI0BOH CKOPOCTBIO, 4TO H
npexae, OHU GYLYT BHOBb I'DYyNIHPOBATbCH Yepe3 MHTEPBAJH Bpe-
menu 1. Hanpumep, uepes BpeMa Af == 1 nocje BTOPOTO HMIYJbCa,
T. €. K [epBOMY CHTHa/JIy 3Xa, YacTHUBI 3TOH Ipynns cobepyTcs B
Touke A ¢ dasolt 3/5E, a Bce pacnpeleneHHe 3IEKTPOHOB MO CKOPO-
CTAM IpeBpaTHTC B KPHUBYIO, H300paKeHHYIO Ha puc. 52, e.

DTO 3HAYHT, 9TO 3JEKTPOHH!, COBeplIAloUINe LHKJIOTPOHHHE KO-
JeGaHHsd, NMOTEHNHAJbHO MOryT coszaBaTth 3ddexr 3xa. OnHaxo
(haKTHYECKH pachpejneseHHe puc. 52,2 HHKaKOro 3Xxa He RaeT: He-
TPYLHO NpPOBEPHTb, YTO NPH TAKOM pachnpefieieHdd CYMMapHuIl TOK,
BuIpaXkalomuics yepe3 cpelHne sHaueHdss (Ux), {Uy), PaBeH HYJIO.
D710 He YAMBHTENBHO; Belb paccCMOTpPeHHAs HAMH cHCTeMa siBndercs
JINHEAHON — MBI IPOCTO CJOXKHIAH 9hQEeKTH OT [BYX HMNY/IbCOB.
Dxo Xe npexcras/aseT coGofi cyllecTBeHHO HeJuHeHHBIH addekT:
CYMMAapHBIH CHrHAJl He NpeNCTaBAdeT CYNEepPHO3HUHIO OTKJIHKOB Ha
KaXIu#i uMnyJabe, OH onpefenasercsd NByMs HMIYJbCAMH cpasy.

YT06H LHKJIOTPOHHOE 9XO HefICTBUTENLHO NPOABHAOCH, B HIDY
DNOJIZKeH BCTYNHTb Kakofi-HHOynb HenHHeiflHHIH MeXxaHH3M, KOTODHIH
HEeCKOJIbKO Hapywua 6Bl KapTHHY PUC. 52,2 U NpHBeNa K OTCYTCTBHIO
TOYHOH KOMIIEHCAllHH BCeX TOKOB. TaKMM HeJHHEHHBIM MeXaHH3MOM
MOKeT GBITb, HANpHMep, 3aBHCHMOCTb MacChl OT CKOPOCTH (peus-
THBHCTCKHA 3¢QdeKT), HelHHeAHOCTH BOoAHH H T. A. Ho HauGomee
NIPOCTHIM H €CTECTBEHHHIM MeXaHU3MOM ABJIfeTC MPOCTO 3aBHCALAN
OT CKOPOCTH 9YacTOTa CTOJKHOBeHHH v(v). CTONKHOBEHHS 3J€KTpo-
HOB ¢ aTOMaM{ He#ATpPaJbHOrO rasa HIH MeXAy coO0f NpuBOAAT
K TOMY, YTO YacTb 3JEKTPOHOB BHIOBIBA@T H3 KOrepPEHTHOro IBHIXKeE-
Hug. Ecian yacToTa CTONMKHOBEHHII 3aBHCHT OT CKOPOCTH, TO YHCIO
BHIGLIBIIMX M3 KPUBOH pHUC. 52, ¢ 5/1eKTPOHOB Byner pasiaHyHO B pas-
HBIX TOYKAX, M, CJIeIOBATEJbHO, [OIBHUTCH MAKPOCKONHUECKME TOK
Ha IUKJOTDOHHO# YacToTe, T. €. BO3HHKHET 3X0. DKCIEpPHMEeHTaJb
Hble JaHHLIE XOPOMIO COTMIAaCyIOTCR ¢ 3THM MeXaHu3MoM [134, 137]
WM XKe oObsiCHAETCT H TPEXHMIYJbLCHOE HXO.

Kak yxe oTMeuasoch Beilue, IS TPEeXHMIYJALCHOIO 3Xa K MO
MEHTYy TpeTbero HMIYJAbCa 3JEKTPOHBI YCHEBAKT HOJHOCThbIO HOTE
paTb HaNPABJEHHBIH HMIYJbC, HO €llle He YCNeBAaIOT NoTepaTbh SHEP”
ruio (NpH yNpyrux CTOJKHOBEHHSIX ¢ aTOMaMH HefiTpajbHoro rasd
BpeMs peslaKCAlMH 3HEPrUH B M;fM. pas 6GoJbille BpeMeHH pendk:
caluu uMnyJabca). OTo 3HAUHT, YTO JIEKTPOHB rpynnul A Ha pHC.
nepea TPeTbHM HMIYJIbCOM G6YAYT pacnpefeneHb paBHOMepHO M0
chepe pammyca 2upcos(E/2) (puc. 53, a). Cpasy mocae Tperber’
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- HMIybca 3Ta cdepa OKasbBaeTCss CHABHHYTOM Ha BeJNHYHHY 0Up
- (puc. 53, 6), a 3aTeM 3JIEKTPOHH 3TOi TPYNNE «PaCMOA3AIOTCA» 10O
¢asam. OnnaKo uepes HHTepBajbl BPeMeHH T Gyjer NPOHUCXONHTD
' FPYNNHPOBKA B IPOCTPAHCTBE CKOPOCTEH cO cIBHroM a3 & oT uM-
¥ myabca K mMnyJbcy (puc. 53,6 u 2). Ho onste, yro6mt CyMMapHBIi

TOK OBl OTJIHYHBIM OT HYJH, JAOMKeH LeACTBOBATbL MeXaHH3M 3a-

. B3. Pacnipeseflenne 9J€KTPOHOR 10 CKODOCTAM IPH TPEXHUMIYILCHOM 3Xet
fepen umnyancom 3; 6) cpasy mocje MMIyJahca 3; 8) B MOMEHT IEpBOrO 3Xaj
: 2) B MOMEHT BTOPOTO 9Xa.

[ HETPYIHO BUAeTh, JOCTHraeT MaKCHMyMa, KOrja 4yacTora CTO/IK-
RNl CTAHOBUTCA NMOPAIKA OGPAaTHOrO BPeMEHH MEXAY HMIyJb-
# v-!. DTH BBHIBOAB TaKXKe YIOBJETBOPHTENIbHO COrJacyloTes @
HePHMEHTAJNbHLIMH JAHHLIMH.

HKJIOTPOHHOE 3X0 M caMO no ce6e mpefcraB/iser 60MbmoOR HH-
, KaK HOBbIfl HenuHefHbA 3Q(eKT B naa3me, HO, KPOME TOro,
MOKeT GBITb HCIONb3OBAHO LNS Lesiefi AUATHOCTHKH, B 4acT-
JJ9 Hccle0BaHHA NpOLECCOB peiakcalldH B IJIasMe.

IX0 Ha naa3menHbIX BOAHAX. Bepuemcsi Tenepp K IJia3MeH-
sBoJIHamM. Kak 6wi10 nokasano 'yagom, O’Hunom n Manm6ep-
134], B Hux Takxe Moxer npoasasTecst 3¢dexT sxa. Pacecmo-
"CHaqana 6osee npoctoii cayuaii MOLYJHPOBAHHBIX NYYKOB
EINAMIIeNa, pacnpocTpaHAOUAXCA B BHAe MJIOCKHX BOJH BIOJB
“ Takue BoaHbI MOryT BO36YyXKAaTbC B Ija3Me ¢ NOMOLIbIO



185 BOJIHEl M YACTHILI B TITA3ME ra. 4

ceTKH, Ha KOTOpYyIO MNonaercd nepuoxvyeckuit currada. Ilyctb ga-
CTOTA 3TOr0 CHTHAJa 3HAYHTEJbHO OOJiblle NJa3MeHHOH YacTOThl
@pe. TOrna IUIJEKTPUYECKYIO NMOCTOAHHYIO IJA3Mbl & MOXKHO CUYH-
TaTb PaBHOA eNHHHIE, T. e. NOJApH3alHell CPeibl B BOTHAX MOXHO
npeHe6peyb. B 3THX yc/loBHAX Bo3MylieHHe QYHKIHH pacnpefiene-
HHUS 3JIEKTPOHOB, IpOIIENIIHX 4Yepe3 CeTKy, paBHO NPOCTO

fite o =@ exp(—iod +im ), - (49)

rie fi(v)— amnauTyRa Bo3MylieHHs QVYHKIMH pacnpenefieHus
B6an3u ceTkd. Bun BoamymeHus (4.9) cnenyer u3 ToOro, 4to BHAMH
OT CeTKH [ NOJXKHO YIOBJIETBOPATb YPaBHEHHIO CBOGOJAHOrO [IBHKE-
HHUSl 9acTHI

d 0 »
LUAPRL L) (4.10)

Oyuknuio pacnpenenenns (4.9) MoXXHO paccMaTpHBaTh Kak HaGop
MOIyJIHPOBaHHHIX Ny4KoB. BOJIH3H ceTKH Bce 3TH NyuKH KojebmaoTcs
B dase, HO No Mepe yjAajJeHHR OT Hee Pas3pl NYYKOB C PA3HBIMH CKO-
POCTSMH CHABHO Pa3jIMYaioOTCH, NO3TOMY MJAOTHOCTL 3apana

p=-egfldv 4.11)

MONKHA OBLICTPO yMeHbIIATbca NpH yBeauuyeHHH x (fi craHoBuTCst
6LICTPO ocuumaupyomei GyHkunel v). D10 3HAYHT, YTO KonebGaHus
3/JIEKTPHUECKOr0 NMOTEeHI{HaJa NONXKHB ObICTPO yOBIBaTL NMPH yaaje-
HHH OT CeTKH, M 3TOT 3¢ ¢deKT BNOJHe aHaJoruueH pacda3upoBke
MATHHTHBIX MOMEHTOB NE€pel BTOPHIM HMIYJbCOM NPH HAGMIOAEHHH
CIHHOBOTO 3Xa.

IonyctuM Tenepb, YTO Ha paccTosiHMH d OT mepBO#l CeTKH pac-
noso¥KeHa BTOpAasi, Ha KOTOPYIO NOJaeTcs NepeMeHHHH IOTEHIYHAN
¢ 4acToTOll s, Takxke Gouabluell wpe. TOrma or BTOPOH CETKH TaKKe
noberytr BoaHbl Ban-Kamnena, BosHuHKalOllHe BC/€ACTBHE BO3MY-
wenus f. Ho, kpome toro, Bropas cetka 6yneT MOLYJIUpOBaTh GyHK-
uno (4.9), Tak 4TO NOABUTCA HeJHHEHHHIH OTKJHK f, Ha KomGuua-
IHOHHOHK yYacToTe:

fa (x, 0, ) = f, (0) exp {-—im,(t —E) xiay(t — ’“‘v“)}. (4.12)

_g %
Tlpn x=d ryp——

pecTaHeT 3aBHCETb OT V. dto 3HA4HUT, 4TO B TO4YKe

x=d4—2 _g=—22_4 (4.13)

W — M) Wy — ®)

3KClIOHeHTa, OTBedYarnlag 4JacroTe wi— g, Ne-

ROJKHBI Ha6aI01aThCad 3aMeTHbie KoseGaHUs NMJOTHOCTH 3apsafa H2
gacrote © == w1 — w2 JlpyruMH cnoBamu, 3JeKTpHUecKuil 30HMs
IOMeLIeHHbII B 3Ty TOUKy, ROJIKeH OGHapyXHTb 3X0 Ha KomOHHA”
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TR T

: pUOHHOI yacrore. FIMeHHO TaKolfi OTKJAHK M Habjionaercs 3Kcneph-
- MeHTaNbHO (pHC. 54).

2~ DTOT BLIBOJ, COXPaHAETCI H B TOM cJyyae, KOrLa ® ~ Mpe, I0-
'KOJIbKY OH CBSI3aH C PacCMOTpPeHHEM MOBeJeHHs TONbKO PE3OHAaHC-
fRIX gacTull. MeHseTcs Juillp KOnHYyecTBeHHast GOPMY/JTHPOBKA 3¢h-
heKTa 9Xa, OCKOJbKY, KpOMe BO3MYUIEHHS Pe30HAHCHBIX YacTHI,
PHXOAHUTCA YYHTHIBATH BO3MYILIEHHE OCTAJbHBIX 3JEKTPOHOB, H co-
STBETCTBEHHO B BhIpajKeHHe IJIf OTKJHMKA BTOPOrO NOpsAKa BOMJET

£,=120 Mey
e —

15=130 Mey

=740 M2y HHMMH :

| l ! 1 |

|
aq 20 40 60 80 700 x,cm

BHS/IEKTPHYECKAs NPOHNLAEMOCTD MIa3Mbl. AHAJOTHYHBIM 06pa-
OXKHO paccMOTpeTb BpeMeHHOe 3X0, X0 Ha HOHHO-3BYKOBHIX
X, Ha [NOMepeyHHXx BOJHAX # T. I. KpoMe 3xa BTOporo no-
., CYIECTBYIOT TaKke S((EeKTh NIa3MCHHOTO 3Xa BHICUIHMX
ROB,
JCNCKa3aHHBIN TeoperTHueckd 3P(deKT 3xXa Ha NNa3MeHHBIX
Habmoxaacs BHayale ManmbeproM, Yoprosom, ['yanom u
oM [136] na snekTpoHHBIX KOneGaHHAX, a 3aTeM OH HU3yuancs
HYECKH H SKCIEPHUMEHTAJbHO AN Pa3HOOGPA3HBIX THIIOB
flnasme [137—142). DddexTs 3xa NoraszwbBaioT, uTO Gec-
HTEJbHOEe 3aTyXaHHe BOJH B MJja3MmMe Mo CyIEcTBY Npen-
T co60# o6paTuMblii poLece, cBA3aHHBIH ¢ «pacnod3aHHeM»
HBIX yacTuR nmo ¢a3zaM H C COOTBETCTBYIOUIHM YMEHbIe-
DFEPEHTHOro BKJaZa B BO3MYLIEHHE 3JIEKTPHUECKOrO MOJS.
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§ 3. PaccesHne BONIH Ha yacTHLAX

Ilpu paccMoTpeHHH HeNMHENHOro 3aTyXaHua Jlakmay MH orpa-
HHYHINChL OAHO#l rapMOHHYECKO# BOJHOH KOHEYHOM aMIJIMTYyHbl.
Bosee cnoxkHag KapTHHAa HMeeT MeCTO B TOM c/lyuiae, Korja B nJjas-
Me OIHOBpEMEHHO MoXKer ObITb Heckouabko BoJaH. Hanpuwmep, nse
pacnpocrpaHsioniiecs B OLHYy CTOPOHY BOJHHE NpH OJH3KHX ¢a3o-
BBIX CKOPOCTAX MOryT OOMeHHMBaTbCd 3aXBaYeHHHIMH YacTHIAMH, H
TEM CaMbIM MeXIy HUMH GyIeT OCYU[eCTBJAATbCA NOBOJLHO CJAOKHOE
KOCBEHHOe B3aHMOLeHCTBHe.

Ho ecan Boaub He mapaJssienbHbl, TO TaKoe B3anMojeficTBHE OT-
CYTCTBYeT HJIH CHJIbHO ocJabneHo. PasyMmeercsi, OHO TakKXe OYeHb
MaJao, ecnd ofe BOMHH HMeloT Gofpluve (a3oBHe CKOPOCTH H 3a-
XBaueHHBIX 4acTHL O4YeHb Majo. OfHAKO H B 3TOM CJyyae MOXKeT
POUCXONNTL B3aUMOREHCTBHE BOJH KOHeYHO aMILIMTYIE 4epe3 pe-
30HAHCHbIE YaCTHII, HO HE Ha MPAMOM pe3oHaHce @ — kv =0, a Ha
KOMOHHAIIMOHHOM.

TMoscuum, B ueM TyT neno. Kak Mbl BHIenHn paHee, IpH cJ0XKe-
HHH IBYX c1a60 HelHHefiHuIX BoaH Kk, o, B k', ©,, u3-3a HenuHeil-
HBIX 4Y/JeHOB BO3HHKAIOT GHeHHS Ha KOMOGHUHAIMOHHBIX BOJHOBHIX
gncnax u dacrorax k=+k’, o, = w,,. Hanpumep, mpum 6auskux
BoJHOBBIX BeKTOopax k, k' Bonna k —k’ cooTBercrByer myapy Ha
puc. 37. Jlaxxe B TOM caydae, KOria B IJasMe He MOMKeT paclpo-
CTPaHATbCs cOGCTBeHHas BOJHA ¢ 4acTOTOH O, — ®,, H BOJIHOBBIM
BekropoM k — k’ (u cooTBeTcTBeHHO cO 3HaKOM IuTioC), T. €. pac-
najx BOJH 3anpelieH 3aKOHaMH COXPaHEHHs 3HEepPrHd H HMIYJbCa,
BHIHyXKIeHHble KosieGaHua ¢ k — k', o, — o, 6ynyT Bce Xe npHcyT-
CTBOBaTb. DTH KoJjeGaHHA TaKxkKe MOTYyT B3aHMOIeHCTBOBATb C pe-
30HAHCHBIMH YaCTHIIAMH, CKOPOCTb KOTOPHIX coBmajaer ¢ $asosofl
CKOPOCTbI0O KOMOMHAIMOHHON BOJIHHI, T. €.

ox— o —(k—k)v=0 (4.14)

(nns ompesesleHHOCTH MBI BhIGpaJH 3Kecb 3HaK MHHYC, 3HAKY MJIOC
COOTBETCTBYET NMPOCTO BoHA € — K/, — o).

Tak KakK aMINJHTyZa BBHIHYXIEHHBIX KojeGaHufl gna caabo He-

JHHEHHBIX BOJIH, BOOGIe rosops, Mala, TO COOTBETCTBYIOIEE B3d-

UMOJefICTBHE YacCTHL, C 3TUM KONMeGaHHWEM HOJKHO OBITb aHAJOrH4HO
JUHeAHOMY 3aTyXaHuio Jlanmay. JIpyruMH cIOBaMM, NpH OTpHIE-

TeJbHOHN HpOHSBOH,HOfI Bo B TOYKEe Pe30HAHCA YACTHIB JOJMKHDbI

oTGHpaTbh SHEPrHIO y KOMOHHALMOHHOMA BouiHb. Ho aMmiuryna 310#
BOJIHBI IPOCTO MPOMOPUHOHANBHA TPOU3BELECHHIO AMILIUTYH HCXOA
HbIX BOJH @, H a4y, [103TOMY H3MeHHTb aMIVIUTYHLy KOMGHHAUHOH-
HOM BOJIHBI MOKHO TOJbKO NyTeM H3MEHEHHS aMIUIATYA, T. e. uncId
HCXOAHBIX BOMH Ny, N .
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Ho sTuM Bo/MHaM, Kak Mbl 3HaeM, COOTBETCTBYIOT cyMMapHas
. sueprusg & = o, N, + o, N,, (4aCTOTH CYHTAIOTCA NONOMKHTENbHBI-

mu) ¥ umnyiasc P=kNy 4+ k’Ny. Tlpu B3aumopeficrsnu ¢ peso-
HAHCHBIMH YaCTHIAMH 4acTb YHEPTHH H HMIYJbca BOJH HOJIKHA
mepenaBaTtbes 4acrunaM. Ilpw 9tom  HMnyanc gacTunam mepe-
JAeTCA TOMBLKO B HANPaBJeHHH IBHXKeHHA KOMOHHAIMOHHON BOJIHEL,
0 KOTOPOro Ha 4YacTHIH HeliCTBYeT Pe3OHaHCHOE MOJE BOJHHL.
Takum o6pasoM, nonepeyHas 1O OTHOWIEHHIO K BeKropy k — k’
KOMIIOHEHTa MMIIYJbca BOJIH AOJNXKHA COXPaHSTLCA, T. €.

[k — k', 8P] = [kk’] 8 Nx + [kk’] 8 Ny = 0. (4.15)

Tciona BHAHO, uTOo O(Ny 4 Ni)=0, T. e.
Ny + Ny =const. (4.16)

. D10 03HayaeT, 4TO Mbl (aKTHUECKH HMeeM NeJN0 ¢ paccesHHeM
H H4 YaCTHIaX: MPU YMeHbUIEHHH YHCJa BOJH ONHOr0O HamnpasJe-
9 Ha CTOJIPKO K€ yBeJHYHBAaeTCsl YHCJO BOJIH JPYroro HampasJje-
. [IocKoNbKY Npu STOM H3MeHeHHe HEepPTHH PaBHO

0& = ok ONk + o N = (0x — ok} 6Ny, (4.17)

}.BUIHO, 4TO NPH Nepepaye SHEPrHH OT BOJIH YaCTHIiaM, T. €. NPH
HHATETbHOH NPOH3BOAHON 5o QIS Pe3OHAHCHHIX YaCTHI, pac-

He HIeT B CTOPOHY YMEHbIEHHS YacTOTHI; YHCJO BOAH C 6OJMb-
4acTOTOH yObIBAeT, a ¢ MeHbllell — Bo3pacraer.,

‘Hapany ¢ pacnagom BOMH HX HHIYUHPOBaHHOe paccesHHe HA
BHAHCHLIX YaCTHIAX COCTAaBJAeT OAHH H3 KBYX OCHOBHBLIX Mexa-
MOB B3anMozeHcTBHA caabo HeJHHeHAHHIX BOJH B IJjla3Mme.
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TYPBYJEHTHOCTbL NJIA3MbI

§ 1. HeycrounBOoCTb MAA3Mbl

1. Heycrotiuusocts u TypbysrentrocTs. Belomy Bhile npil pac-
CMOTPEHHH HeJHHeHHBIX MpPOLECCOB B IJIa3Me Mbl OpelanoJarasn,
YTO 3TH NMpPOLecCH ABAAIOTCA BIOJHE PEryNfpHBIMH H, CTas0 OBITb,
TOYHO BocmpouasopumbiMu. Ho, K coxasenuio, B mjasme He BCe
SIBJIEHHA MOTYT OLITh TOYHO BOCmpou3BefeHsl. OueHb 4aCcTO MPH OXHUX
H Tex e BHEIUHHWX YCJOBHfX B Hefi caMONpPOH3BONBLHO BO3OYKIAIOT-
cq Kose6Gamud H WyMHl, T. €, MPOABJAETCS HEYCTOHYHBOCTb I1a3MLL.

CuTyanus 3mech ongaTh CXOAHA ¢ TeM, 4TO HMeeT MeCTO B XKHA-
KocTH. KaK xopoiio H3BecTHO, IPH MaJblX CKOPOCTAX, T. €. IPH Ma-
JbIX yucnax PefiHoabaca, TeueHHs] B KHAKOCTH ABJAAIOTCSA JaMHHap-
HeIMH. OpHako npu Goabmux yuciaax PefiHosbnca, Korfga podb JHC-
CHMallMH H3-3a BA3KOCTH CTAHOBHTCA MaJOH, MOTOKH MXHIKOCTH
CTaHOBATCA TypOYJEHTHBIMH, B HHX CaMONPOH3BOJBHO pa3BHBAETCH
CNOXHHH npoliecc BO3OYKIeHHs, B3aHMOJAeHCTBHS H TpaHchopMma-
UHH BHXpef.

B nnasme, oco6eHHO B pa3pexeHHOH, AHCCHIAUA H3-32 CTOJK-
HOBEHH#l TaKXKe sB/sieTcd He3HAUHTENbHOHN, H [OITOMY B Hell JIETKO
CO3AI0TCA YCJOBHA /9 HapacTaHHA MaJbiX BO3MYLIEHHH M, COOl-
BETCTBEHHO, /5l PA3BHTHS CJAOXKHOIO XAaOTHYECKOro IBHKeHHd. J1i0-
60e COCTOfIHHE NJa3Mbl ¢ CHJBHO Pa3BHUTHLIMH HIyMaMu H KoJaeba-
HHSIMH NPHHATO Ha3HBATb TYPOY/JIEHTHBIM.

B oTinune OT XKHAKOCTH, B Mja3Meé MOTYT OCYLIeCTBAATbCHA H
Jaxe NPUCYTCTBOBATH ONHOBPEMEHHO MHOT'HE THNbI TypOyJeHTHBIX
cocTofHUM. DTO CBA3aHO ¢ TeM, 4TO y NJaa3Mbl ropasno Goraté
CMEKTP BO3MOKHBIX TeyeHHM M KoaeGanuii. CooTBETCTBEHHO MOXKHO
roBOpHUTb 06 OTHENbHBIX THNAaX TypOYyJeHTHOCTH mjasmbl (HAnpH”
Mep, O JIeHTMIOPOBCKOR TypPGYyJeHTHOCTH, €C/ii B OCHOBHOM BO30Y~
KJAIOTCA JeHIMIOPOBCKHE KOne6aHusi, HOHHO-3ByKoBOH TypGyner™
HocTd H T. 1.). Kak npaBuno, stu TypGy/eHTHHE cocTOAHMs BO3HH”
KaloT BCJeACTBHE DAa3BUTHA COOTBETCTBYIOIUHX HeyCToﬁanocTEP:
Orcioga BMAHO, KaK ClleflyeT MPONBHraThcd B noHMMaHHH TYPOY
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JICHTHHIX SIBJIEHHA B NJa3Me: CHayaja CjledyeT NPOAaHAJH3HPOBATb
. BC€ BO3MOXKHBIE MEXaHHU3MH HeyCToﬁanOCTeﬁ NAa3MH, T. €. Hapa-
| CTaHHUfl MalbiX ee BO3MYIIEeHHil, KAacCupUUUPOBATh 3TH HeyCTOHUH-
“BOCTH, @ 3aTeM HCCIEN0BaTb BO3MOXKHBLIE HeJHHEHHble MexXaHH3MBb
. In60 OrpaHMYeHHs STHX HeycTOHYMBOCTeH, AMGO HX Da3BHTHA B
“TypOyJeHTHBIE NIPONECCH.

[Tpn knaccudpuranun HeycrofiuusocTefi ynoGHO HCIOAb30OBATH
oT Xe Habop YNPOIIEHHBIX TEOPETHYECKHX MojeJeil, KOTOphill 06-
yXKIaJcs HaMH paHee NpH PacCMOTPeHHH KomeGauuil niaasmul. Tax,
2B IPHOJHKEHUH ORHOXKHMIKOCTHOH MAarHHTHOH TMIPONMHAMHKH MBI
FHOoMyyaeM UIHPOKHH KJjacc MarautorugpoanHamudecknx (ML), nan
HAPOMArHHTHLIX HeycToliunBocTefl. D10 Hanbosee ONACHBIH THI He-
YCTOAYMBOCTe!l IJIA MArHHTHOrO YIep:KaHus NAa3Mbl, NOTOMY YTO
| CBSI3aH ¢ MAKPOCKONHYECKHMH MepeMeleHHsIMH GOJbIIAX yyacT-
pB IJ1a3Mbl KaK [enoro. B 3aBHCHMOCTH OT TOro, yuHuThIBaeTcsl JH
HeyHass INPOBOJIMMOCTb INJNa3MBl HJAH cuHTaeTcss O6GeCKOHeuHod,
0ZKHO TOBODHTb O IHCCHNATHBHBIX HWJH HI€aNbHLIX HEYCTOHYHBO-
94X 9TOr0 THNA.

Insa ppyroro kjacca o4YeHb MeIJIeHHBIX NepeMelieHHil naasMl
 CKOPOCTAMH, CPaBHHMBIX ¢ ApeAdOBHIM IBHKeHHeM 3apAKeHHHIX
BNACTHII, HeOOXOAMMO, KAK Mbl 3HaeM, HCIOJb30BAThb IABYXKHIKOCT-

B0 ruponuHaMuky. COOTBETCTBYIOIME OYeHb MeJJIeHHble HeycToH-
JOCTH Ha3bIBalOTCA IpeiOBBIMH.

Jlasee, B nmnasme MOryT pacKauHBaTbCi TakdHe KoJeGaHHs H
HH, IJS KOTOPHIX fIBASIETCH CYIeCTBEHHBIM B3aMMOLeHCTBHE C
IbHBIMH TPYNOAMH Pe30HAHCHBIX YacTHL. TaKHe HeycTOHYMBO-
HA3bIBAIOTC KHHEeTHYeCKMMH. Jlerye Bcero KHHETHYeCKHe He-
HYABOCTH PAa3BHBAIOTCA NPH B3aHMOLEHCTBHHU ¢ MJIA3MOH MY4KOB
{KEeHHBIX YacTHL, H 3TOT NOAKJACC HeyCToﬁanocreﬁ AMeeT CBoe
enonaﬂne NMyYKOBO-11/1a3MeHHEIX HeycrofiuuBoctell. Bmpouem,
qecKHe HeYCTOHYHBOCTH MOTYT pPas3BHBATbCi H B OTCYTCTBHE
JIGHHBIX TPYNN yacTui THna nyukoB. Hanpumep, npn marsut-
HEpXaHHH Na3Mbl B afHaGaTHYecKHX JOBYiIKaX TaKoro pora
FORMHBOCTH Ha Pa3JIMYHLIX BETBAX Pa3BHUBAIOTCHA H3-3a TOrO, 4TO
i pacnpenefeHds YacTHI MO NOMEPeYyHBIM CKOPOCTAM COOT-
YeT HHBEPCHOl 3acesIeHHOCTH 3HepreTHYecKHX ypoBHeH. B To-
bHBIX CHCTEMaX MATHHTHOTO yHep:KaHHf NJa3MBl KHHETHYe-
BeycTOAYHBOCTH MOrYT pasBHBaThbCAd Ha ApefiPOBHIX BOJHAX
3-32 NMPHCYTCTBUA BhINEJEHHEBIX T'PYNN YacTHIl, HaOpUMep da-
$anepTHIX B JIOKaJbHbIX MarHUTHBIX 3epKasaX, BO3HHKAMOLIUX
BHE HEOIHOPONHOCTEH MAarHUTHOrO NoJs.

KOHell, NPH NPOXOXKIEHHH Yepes MJIa3My CHALHBIX 3J€KTpoMar-
. BOJIH NPHYHHOHA pacKadKH MaJbX BO3MYIIeHHH MOTyT GbITh
I 3apsKeHHBIX 9acTHy B BosaHaX. [Ipu stoM Moryt passu-
} PA3NTHYHOTO poOja napaMeTpHYECKHE HEYCTONYHBOCTH I1a3MBl.
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Huxe Mbl OueHb KpaTKO MO3HAKOMHMCS CO BCEMH IIE€PEYHCIeH-
HBIMH HeycrofiunsoctsiMu, CHayana 3aMeTHM, YTO B peasbHBIX yCJIO-
BUSIX YaCTO MOTYT OJHOBpPEMeHHO Pa3BUBATbCA U MI'PaTh ONpeLeneH-
HYI0 pOJb Cpa3y HeCKOAbKO paa3jMyHBIX THIOB HeycTof4uBOCTEH.
WHorna mexy HUMU BO3HHKAeT CBOETro POfia «COpeBHOBaHHe», Pac-
CMOTPHM, HanpuMep, pa3pexeHHYI0 BbICOKOTEMIIePaTyPHYIO NiasMy,
yAepXUBaeMyio B TOPOMNAJbHON MarsuTHO# jsoBywke. MoxHo cKa-
8ath, UTO Takas IJ1a3Ma HaXOAMTICS B KpafiHe HepaBHOBECHOM
«meTacTabuabHOM» COCTOsIHMK. HeynuBuTeNbHO, YTO B 3TOM CO-
CTOSIHMM OHa OYIeT «UCKaTb» BO3MOXKHBIE «KaHAJb» JJIS pacnana,
T. e. &1a BhGpoca Ha creHky (puc. 55). HaubGonee 6nicTpriit pac-
najg MPOUCXOAWT NpPH PasBUTHH HIealb-
noii MTI'JI-neycroiiuuBocTH, Koraa BHGpoc
M1a3Mbl Ha CTEHKY MOXeET IPOHCXOIHTh
OTHENbHBIMY MAKDOCKONMHYECKHMH CryCT-

a a 4
r
[
{ kKamu. Ecaun MIJI-neycroifiyusoctbh cra-

6unu30BaHa, TO MOXeET NPOSIBUTHCS 60-
Jee cnafasi OuCCHNIATUBHAsL HeyCTOli-
YHBOCTb, @ CTabuau3anus mocaAenHed
Puc. B5. «Pacmag wMeracra- MOXeT JaTb BO3MOXKHOCTb TIPOSIBHTHCS
GUABLHOTO COCTOAHHA» IMa3Mu:  epge GoJiee caaboil IpeiidoBoll HeycToli-
i)a . ﬁi‘;‘é‘iﬁ%‘l,ﬁ’é‘;‘éﬁﬁf‘%";ﬁﬁi yuBocTH W T. A. [loatoMy, B npuHmune,
canatBnas HeycTohumpocts; MOTYT —OCYIMECTBJSTBCS  YCJOBHH  AJIs
8) npefibosas meycroflum- INPOSIBJIEHHSI CaMBIX ¢Ja6blX HeyCTOHYH-

BOCTb. Boctefl. EcTecTBenHO Havath C u3yyewls

Haufojiee CHBHBIX H3 HHX,

2. T'u@pomaznurnoie neycroliuugoctu. Vigeanbtble THAPOMATHHUT-
Hble HeyCTOHUMBOCTH NPOSIBAAIOTCH B VCJAOBHSIX, KOorga mJjasma
HeycTONUMBA 1O OTHOWNEHHI0 K OBICTPHIM (TaK YTO HE ychnesacT
CHIrpaTh posib KOHeYHasi NMPOBOSUMOCTb) TepeMelleHusiM MaKpOCKo-
MUY46CKHX YYaCTKOB IJAa3Mbl Kak uenoro, Jlns onucanus Takux
nepeMelleHuii BrioqHe mHpurogHo npubiaukKeHWe ONHONKHUIKOCTHON
MAarHUTHOH IMADOXMHAMUKH.

B sToM npubnmnxeHuu njaa3Ma Npennosaraercs TepMUYecKH pas-
HOBECHOW € MaKCBeJJIOBCKHM pacnpelleieHMeM YacTHL 10 cKOpO-
crsiM. Ilpuunnoit HeyCcTOMUMBOCTH N1a3Mbl B 3TOM c/lydyae B KOHed-
HOM cuYeTe CJYXUT HaJHukMe 3JeKTPUYECKHX TOKOB, a B KauecTse
SHepPreTHueckoro pedepByapa AJsi packayku KojeOaHuii Moxker cay-
KUTh JAn00 HEeONHOPOLHOCTb NABJEHHSI NAa3Mbl, AUG0 HEONHOPOL
HOCTb MAarHuTHOro moJsi, An60 oGe OHWM BMecTe B3siThle. YHOOHO
NpoaHaJdH3HPOBaTh 3TU NPHUYMHBI NOpPO3Hb. Ilpu 3TOM Heaecoobpas:
HO OrPAaHHYHTBCA CJyYaeM IWIa3Mbl HH3KOTO [aBjeHHs, KOTA3
p==8np/B*K 1.

a) KenoGkoBasi HeyCTOHYUBOCThL HeomuoponHocT?
NaBJeHHST MJA3MBl MOXKET NPUBOAMTb K TaK HasbiBaemoll xkeno0Ko”
BOM HeycToiunsoctu [157, 158]. B nauoaee uncrom Bupe oxa Mpo”
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lBJlﬁeTCﬁ B JIOBYIUKAX € 3aMKHYTBIMH CHJIOBBIMH JHHHUSIMH (HAIpH-
iMep, ¢ rodpupoBaHHbIM INoseM). PaccMOTpUM B Tako#l JIOByuIKe
EOTACNBHYIO 3aMKHYTYIO TPYOKY, 06pa30BaHHYIO CHIOBLIMHU JHHASMHU
ArHHTHOTO MOJSl W 3anoJHeHHyIo Miaa3Mod ¢ B« 1. Tak kax
PAIA3MA CTPEMMTCSl PACIUHPHTLCS, TO 3Ta TPYOKa BHITANKHUBAETCS
5B CTOPOHY, rje OHa yBeJauuuBaer cBoll o6beM. ONHaKo NBHXKeHHe
rpyOKu B CHJILHOM MarHWTHOM IoJe He SIBJSeTcs cBOGOZHBIM: BCsi-
Koe 3aMeTHOe ee HCKPHBJeHMe CB3aHO C GOJbIUUM YyBeJHYEeHHEM
fATHHTHOH SHEPTHH K I03TOMY HeJONyCTHMO. BO3MOXHBIM ABAsieTcs
HIDL Takoe NepeMelleHne TPyOKH, NMPH KOTOPOM MAarHWTHO® IoJe
eTae€TC HEM3MEHHBIM, T. €. MarHHTHOe IoJie B TOM MecTe, Kyna
pumIa TpyOKa, JOMXKHO OCTAThCS NPAKTHUECKH TAKHM K6, YTO H IO
§ npuxona.

~O6beM cuoBoll TPYGKH paBen V == @sdl, rjie § — nomnepeyHoe

pyeHHe TpyGKu, a uHrTerpan Gepercsi BOOMb cHJOBOM JaHHHMH., Ho
§8=0 ecrtp MaruuTHH# 1nOTOK sTOH TpPYyOKH, KOTOpBII oOcTraercs
CTOSTHHBIM KaK BROJb TpYOKH, TaK H BO BpPEMEeHH BCJENCTBHE
OpO)KeHHOCTIfI Mar{uTHOro nojs B HAeasbHyio niaaamy. ITostomy

@@ 5+ H CJel0BaTeNbHO, TPYOKA C MIa3MOi CTpeMHTCs JBH-

'bCA B HANpPABJICHHU YBeJHYEHHS U“@T‘ MoxHO cKasarTh,

-1py6Ka c naasmoil oGyanaer noteHuuanbHoil sHepruelt —plU u
MHTCS ABUraThcs B ctopony Goabwux U. Ilo anamoruu c He-
PONHOH JKHMAKOCTHIO B IIOJIE€ TSIXKECTH OTCIOfA MOXKHO BaKJIo-
h, UTO I1a3Ma OyleT HaxXONUTbCS B PAaBHOBECHH TOJBKO B TOM
de, ecau ee JaBjeHHe Oyler NOCTOSIHHBIM Ha MOBEPXHOCTH IO-
HHoro snauenns U, 1. e. p==p(U). D10 cooTHOUIEHHE MBI NOJY-
B § 3 ra1. 1, HCXOnA M3 HECKOJbKO MHEIX coo0paxKeHuH.

'accMOTpPHM Tenepb BONpOC 06 yCTOHYMBOCTH TAKOTO paBHOBe-
Tlyers nekoropast Tpy6ka ¢ m1asMoil cMemiaercsi Ha Majoe
OslHHe, pasiBHrasi ocrajbHbie TPYOKu. Ecaum aro cMmemenue
" BHJ XKejoOKa, T. €. NPOHUCXONHT 6e3 HCKPHUBJEHHST TPYOKH,
OCHUTeNIbHOE H3MeHeHHe o6BheMa TpyOkH paBHo 8V/V = §U/U,
BHeHHe JaBJieHusi BCJAINCTBHE aflHaGaTHYECKOro paciHpeHus
—ypdU/U. JlaBneHue xe B TpyOKax, OKPYMKaIOIHX paCCMa-

Myl0 cMemeHHylo Tpy6ky, paBHo p(U 4 8U)=p —|—

CMellleHre IPOHCXONHT B CTOpPOHY Bo3pacranus U, a naBneHue
HeHHOR TpyOKke okaxercsi GoJblue, ueM JlaBjeHHE OKpyXKalo-
B MIa3Mel, 70 TpyOKa Oyler BCcnaBBAThL AaJbllie, H Takoe pac-
€HHe mja3MH Heycroiiyuso. Ecian )Ke Ha060p0T, LaBJjeHue

K@ OKaXeTcs MeHblle, T. 8. — YP 5 U < 6U TO TPyOKa

BHTOCHATLC 06paTHO B CTOPOHY paBHOBeCHﬂ H nJaasMa
YCTofiuupofi. Takum o06pasoM, B MarHHTHON JIOBYIUKe @
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3aMKHYTHIMH CHJIOBBIMH JIHHHSIMH J0JUKHO BBUIONHATHCA Clledyioy, T
yCJI0BHE YCTOHUHBOCTH:

do o v ;
du U .1y

1

3T0 ycAoBHe CXOLHO C YCJIOBHEM KOHBEKTHBHOIN yCToiunRocTy
HEOJIHOPOJIHOrO CKHMaeMOro rasa B mojte TsixecTd. Ha rpanpyg?

d o
11J1a3MBI 71% OyeHb BEJHKO, TaK 4TO NpaBoil 4acTbio B (5.1) Moxng
npeHeGpeyb, M NPH STOM A YCTOMYHBOCTH HYIKHO, YTOOb Niasmg
6bia pacnosioxesa B o6aacTH ¢ GospliuM 3HaueHHeM U =®%ﬁ.

Puc. 56. MaruuTHoe mnoje afMaGaTHYECKON JIOBYIUKM H JABHXKEHWe 3apsxenHol .
YACTHIH. v

Tax kak 3Ta 06/1aCTh COOTBETCTBYET MEHBIUHM MArHHTHBIM IOJAM, -
TO ee MOXHO Ha3BaTh «MarHutHof siMolly. TakuMm oGpasom, A18
Keso6KOBOH YCTOAYHBOCTH IJa3MBl JOCTATOYHO, 4YrT0oOn! 1/143M3
pacnoJsiarajach B MarHHTHOH siMe.

HauGonee npocroil M BaKHBIA MpUMep JOBYWIKM, B KOTOPOl Y- &
IIECTBEHHYIO POJb HI'paeT XKeJoGKoBas HEYCTONUMBOCTb, NMpeACcTasd:
JsieT JIOBYUIKA ¢ MAarHMUTHHIMH npoGKaMu (uid 3epkanbHas nosyll
ka). B npocreflmiem BapuaHTe Takas JIOBYIIKa cos3jgaercs ABYM®
O/IHHAKOBLIMH KOAKCHAJIbHBIMH KATYILIKAMH, BKJIIOUEHHBLIMH B OXHOM
HanpasjeHuu (puc. 56). Ilpu sToM MarsuTHoOe moje Mexnay Karyw:
KaMH HeCKOJbKO Caafee, ueM B IVIOCKOCTH KaTyllek, Tak uro LeH
TPaJbHAS UACTb TOJS OKa3bIBAeTCs 3aKMOYeHHoR Mexny I1BYME 4
MarHHTHBIMH «NpoGKaMH», HJIH «3epKajaMH» — objacrsiMu ¢ YCH
JgeHHnM noneM. OTHomienwe noass B mpo6kax B, K mojio B ues-
TPaJbHOH 4acTH JOBYWKH By NMPHHSTO HA3HBaTh NPOGOYHBIM, nak
3epKaJbHLIM, OTHOLICHHEM: & = B,/B,.
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eHTPHYECKOE TI0JIe OTCYTCTBYeT, TO NPH ABHXKEHHH 3aps-
CTHIH B MarHUTHOM NOJeE €e CKOPOCTb U OCTaeTCH Ho-
eania Jlopenua, 6yoyuH NepneHNHKYJIsipHOH K v, paGoThi

er). KpoMe TOro, B CHJbHOM MarHHTHOM noOJe, KOria
syl pagnyc p =0, [Q (v, — nonepeuHas N0 OTHOLIEHHIO
eHTa ckopocrH, Q = eB/mc— napmoposckas wacrora)
4o MeHbIUE XapaKTepHON IIMHbI M3MeHEeHHs: MarHWTHOrO
nAHACTCS TaKXKe BeJHYHHA

mo? ]
b= (5.2)

JHa, HMeoIasd TaK¥Xe CMBICJA MardMTHOrO MOMeHTa Jap-
0 KpyXKa, mpeacrasssier cofoit ajmabGarnueckHA HHBa-
3UNIEPHONHYECKOTO JBHIKEHHS,
BKY [ == const, Ipu npuGIHIKEeHNH 3aPSIKEHHOH YaCTHUBL
ponepeYHas KOMMOHeHTa CKOPOCTM U, BO3pacraer, a Tak
g const, To MpH 3TOM MNpONOJbHAs KOMIIOHEHTA CKOPOCTH
HpPH J0CTATOYHO GOJBLIIOM o MOXKeT 06paTHTLCA B HYJb.
fyyde 4acTula OTPA3UTCA OT MACHHTHOH NPOGKH.
B paccMOTpeHHe yroa &, cocraBjasieMbill BEKTOPOM CKO-
JanipaBienHeM MarHutHoro noas B. OH paseH /2 — v, rae
@aabmaebeﬁ WAareBud uau nuTy-yrod. HerpynHo Buzeth,
EHTHan NpoOKa OTpaKaer TOJNBKO Te YACTHILBL, JJsl KOTOPHIX
HOR 4acTH JIOBYLIKH

2

sind > 2 =7/ 2 (5.3)

Y 8Toro nuiasMa B afnaGaTuyeckoil JOBYIIKe Bcerna aHu-
{ AaBJIeHHEe BJIOJb MAarHHTHOrO TMOJsI B HEH He papBHO morne-

‘AaBaennio. OnHako 910 00CTOATENLCTBO HE SIBJAAETCHA CY-
HEIM 1451 % eJo6KoBo# HeycroidunBoctu. g ato#t Heycroh-
“BAXKHO, B KaKyl0 CTOPOHY — HapyXy HJIH BHYTPb ILias-
HBaeT MarHHTHOE [oJe.

OTPHM ONSITh OTHENbHYIO CHUIOBYWO TpyOKYy I B JoBylKe
« B ocHoBHO# wactu 37Ol TPYOKM CUIOBHIe JHHHH Mar-
OJIff BBITHYTHl HapyXKy H MarHuTHOe moJie yGniBaeT Ha-
ClelcTBHe 3TOro BequunHa U Bo3pacraer K nepudepuw,
yOKy JNeiicTByeT BHITAJKHBAIOmAs CHJIa B pafHalbHOM Ha-
A F = n(T;+ T.)/R, rne R — cpenHuii panuyc KPHBH3-
HX JuHufl panHoft TpyOku. Ilom neficrBHeM 3TOH cHan
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Tpy6Ka ¢ mioTHofl I1asMo#l NomkHa BHIGPACHBATHCH B PalHaJbHOM
HanpaBieHuH ¢ yckopeHueM go = (T¢ + T.)/miR.

AHAKO NpPH He O4eHb OOJbLION IJIOTHOCTH mIasMe!l (4TO MAJS
agHa6aTHYECKHX JIOBYINEK He PeNKOCTb) NPOLecC BHTAJKHBAHUA II1a-
3MBbl NO/XKEH 3aMeljaTbhcsi. B caMoM Iefe, pacCMOTPUM [BHXKEHHE
TPYO6K# / ¢ TOYKH 3peHHS NBYXXKHAKOCTHON MarHMTHOH TuApONHHA-
muku. Ilpn 31OM MOXHO paccyxjparh ciaenymouum o6pasom. Ha
KaXJIyi0 13 KOMIOHEHT NJasMbl B paJuajbHOM HalpaBJjeHUHW Aed-
crByeT cuna nTy/R. Tlon neficTBueM 3TOH CHJIBLI YaCTHIBI HAYHHAIOT
npefiboBarhb B a3HMyTaJbHOM HaNpaBJeHHH, NPHYEM N POTHBONO-
JOXHO  3apsiXeHHble 4YacTULBL
IpeddyloT B pasHble CTOPOHHI.
BenencTBue 3TOro NpOUCXORUT
noJsipu3anus 3apsiios B TpyOke,
Kag nokasaHo na puc. 57. Ilox
JNeNCTBHEM MOsIBUBLIErOCsS asu-
MYTaJbHOrO 3JIeKTPHYECKOro Mo-
Jsl  HauyuHAeTCsl  COBMECTHHIA
npeiid wacTull no pamHycy, Ko-
TOpPHIH M NPHBOAMT K BHIGpPOCY
TPpyOKH C niasmofl.

Beenem noKkaJbHYI0 CHCTEMY
Puc. 57. KenobkoBwe Bosmymemus KOOPIHHAT C OCbI0O X B panualib-
NJMasMH B 3epKanbHOH ajguabarmyeckoff HOM W OChIO § B asuMyTajbHOM

NOBYLIKE. HanpasdeHHH (B JAadbHefmem

MBI He pas GymeM NOJAb30BaThCH

takoll cucreMoli, 6osee yno6Ho#t N5 NpuGANKEHHOr0 KOJHYeCTBEH-

Horo paccMotpeHus). Torma ¢ y4eToM TOro, YTO 3JIeKTPHYECKOe

noje HMeeT TOJALKO Y-KOMIOHEHTY W 4TO HHepiuel SJEKTPOHOB H

Y-KOMIIOHEHTOH HHEPIHANbHOro uYleHa JJsl HOHOB MOXHO npebpeub,
3anuuieM ypasHeHusi B popme

duy T
my <5 =-Z0,,B + 7 (5.4)
0=—<0,B+eE, (5.5)
0=—<u,B 4+t (5.6)

3mech MBI IPHHSJH BO BHMMAaHHMe, YTO B PaJHajJbHOM HamnpasJje-
HUH Tia3MenHas TpyOka [ABMXKETCS KaK LeJoe, T. €. ypaBHeHHe
(5.5) cnpaBelIMBO Kak [/l HOHHOM, TaK M JJISL SJEKTPOHHOH KOM-
IOHEHT NMAA3MBl, H Uix == Ugx = Uz. DJIeKTPHUeCKOe noje E Bo3Hu-
Kaer H3-3a nonaspusaundud TpyOru. He roHacs 3a Goapuiofl TouHo-
CTbIO, MBI MOXeM npuHATb I E npubauiKenHoe 3Hauenue, KaK B
cilyuae miIocKoro Kouuencaropa: E=—4no, rlie c=en (Eiy — Bey)—
MOBEPXHOCTHAST IVIOTHOCTb 3apana, Eiy, Eey— 83UMyTa/bHBIG CMe-
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LIeHHS] HOHOB M 3JeKTpoHOoB. ([IpuuuMasi npuGJiHKeHHOe 3HAuYEHHE
Kast E, Mbl npocto npeHeGperaeM cOOTBETCTBYIOIIHM ¢opM-dakro-
pom.) Takum o6GpasoM, IJag 3JEKTPHUECKOTO MOJS NOJyYaeM COOT-
HOIIeHHE

0FE 4nem n ( dv
-5 = 4zen (v — U,y) = — _—Bi_(# — go) . (8.7)
Mu BocCnONB30BaNHCh 31eCh ypaBHeHHsiMH (5.4), (5.6) u onsaTs
BBenn o6o3naueHue go = (T; + T.)/Rm;. Buipaxas E ¢ momompio

(5.5) uepes vy, MoNyunM
2
dv, Dpj

=g=0 . o
dt o), + 9}

(5.8)

TIe Wp;— NJMa3MeHHasi HOHHAs, a {2; — HOHHAsl OUKJOTPOHHAS da-
crora. Orcioga BHAHO, YTO NPH @p; << £2; Ipouecc BbITANKHBAHHS
maa3MeHHON TPYOKHU U3 JIOBYLIKH 3aMefJsieTcs. )
Tor ke nponecc nonsipudauuyu u ABUXNKEeHHUS NMJIa3Mbl B DafHalb-
HOM HalnpaBjeHHH TNPOHUCXOAHUT H IpH Pa3BUTHH XKeJOoGKOBOH He-
yCTOHYHBOCTH, KOrJa Ha NOBEePXHOCTH mJasMbl ofpasyiorcs xe-
JOGKU BHOJb CHJIOBHIX JHHHA (cM. puc. 57). Masble Bo3MymieHHs
TAKOr0 THUIlA HApacTaioT, KaK MOXHO IN0Ka3aTh, C HHKPEMEHTOM

y~4/gla, THe a — nomepeuHmli pa3Mep IIa3MeHHOrO CrycTKa.
BesencrBue HeyCTONUMBOCTH Ha MOBEPXHOCTH IJ1a3Mbl AOJKHB 06-
Pa3oBLIBATLCSA BLITAAHYTHIE BIOJIb CHJIOBHIX JIHHHE XKeJOOKH M «A3BI-
Xu». 3ateM 3TH <«A3bIKH» BHIGPACHIBAIOTCS B pajHa/JbHOM Hanpas-
JieHun.

6) «<Maruurtnas sima» HauGosee pagukaabHBIM cnocoGom
GopblHl ¢ KeJOGKOBOH HEYCTONUHMBOCTBIO SIBNAETCA CO3NaHUE TaKol
MarauTHOf KoH(Hrypauuu, IPH KOTOPOH MarHHTHOe IoJie HMeJo
6bl MUHHMYM (OTIMYHBIE OT HYJeBOrO 3HayeHusl) H Hapacrajgo Gbl
BO Bce CTOpOHB. Takue KOHbHUrypanuu NOJYYHIM Ha3BaHHE JIOBY-
fIeK ¢ «MHHUMYMOM B», uIn ¢ «MargutHo# AMOil».

Bnepsoie craGunusanusi KenoGKOBOH HeYCTOHUMBOCTH € NO-
MOILIbIO MarHUTHOM sIMBI Gblna noayyeda M. C. Hodde ¢ corpynun-
Kamu [159—162]. UMu Guia ucnosb3osaHa npocrefimast KOMOHHH-
poBaHHAs cHcTeMa, B KOTOPOH K OOBIUHBIM KDYIVILIM KaTyIUKaM,
CO3[AI0NIHM MAarHHTHYIO JOBYIUKY THNA puc. 56, no6aBasiercsi Tak
HasbiBaeMas crabunusupyioulas o6MoOTKa, NpeicTaBiasiomas co6oi
CHCTEeMY JNHHeHHbIX NPOBOJHUKOB, PAacCHOJOXEHHBIX BIOJb CHJOBHIX
JHHUA OCHOBHOrO INOJsI, Kak 3T0 NoKa3ano Ha puc. b8. Toxu B co-
CeIHHX TPOBOAHHKAX Hampas/deHH BO B3aNMHO I[POTHBONOJOMXHBIX
HanpaBieHusix. Maruurdoe nose craGuausupyiomesi o6Motku B
PABHO HYJIO0 HAa OCH JIOBYHIKH H MOHOTOHHO HapacTaer o paguycy.
IMostomy, nponyckast yepes OGMOTKY TOK AOCTATOUHON BENHUHHHI,
MOXHO CKOMIIEHCHDOBATb pafHAJbHLIA CNaJ OCHOBHOrO MOJAfA H
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CHeNIAThL CyMMapHOe IoJe HapacraloliuM OT UeHTpaJbHON 00J1acTH
JMOBYIIKH K nepudepun.

CuJjioBhIE JIMHHYM CYMMapHOro MOJS HMMeIOT NOBOJBHO CJAO0XHYIO
cTpyKrypy. TOoNbKO y3KHI My4yOK NPHOCEBBIX CHJAOBHIX JHHHI IPOXO-
AUT BIOJb BCell JIOBYIIKH, He NOCTHras GOKOBBIX CTEHOK. JIHHHH,
OTCTOAMN{HE Jajbllie OT OCH B IEHTPAJIbHOM CEUeHHH JIOBYIIKH, Nepe-
CeKaloT CTeHKY B MeCTax 3a30pOB MeXIy NPOBONHHKAaMH CTaGHMH-
supyiomie o6MoTkH. TeM He MeHee, 3Ta KoHUrypaumHs npeacTas-
Jsier cofofi THNUYHYI0 afnHabaTHUeCKYIO JIOBYIIKY H NPHTOM C MH-
HYMYMOM MAarHHTHOIO NOJSA BHYyTpH o6beMma, 3aHSTOr0 Naa3MoOR
(3TOT MHHHMYM He 06s3aTenbHO
JHOJMKeH HaxXOAMTbCA HA OCH JIO-
BYIUKH).

ITosnnee pas/IuuHBIMH aBTOpA-
Mu Obl1 NpefJoXeH Hedbil paj
koHdurypamu# ¢ «MUHEMyMOM B»
(puc. 59). Kak okasaioch, Bce OHH
COllepXKAaT B KAyecTBé <«KOHCTPYK-
THBHOIO 3JIeMeHTas, WU <«KUDPTH-
yuKa», 3epKaJbHYI0 JIOBYWIKY C
Puc. 58, KomGunuporannas soBymga KBAJPYNOJbHbBIM IONEPEUYHBIM I10-

€ «MargdTHO# AIMOfH». aeM (puc. 59,a). Herpynso mo-
HATH, NOYeMY 370 Tak. {15 3toro
PacCMOTPHM BONPOC, NMPH KAaKHX YCAOBUAX MOKHO INOCTHUb MHHH-
MyMa MarHuTHOro noJs {(no alCOMIOTHOH BeJUYHHE) B HEKOTOPOH
touke. ITycTe 3Ta TOuka cosnazaer ¢ HayajoOM KOOPAMHAT H NyCTb
MarduTHoe noje B Hell B = B, HanpasjieHo BOoab Och 2. [lo-
CKOJIbKY BOJIH3H HCKDPUB/AEGHHON CHJIOBOH JHHUH MarHuTHOE MoJe
H3MEeHAETCsl JHHEHHO B INONEpPeyHOM HANpPAaBJeHuH, TO AJf TOro
4yro6nl Touka r == 0 Onuia MHHUMyMOM B, Tpefyercsi, uro6n oceBasn
cujoBast auHusi Gbi1a npsiMoll (TouHee, ee KPHBH3HA B TOYKe 7 == 0
HoJKHA GbiThb paBHA HyJII0. B 3TOM ciyuae B pasioMXeHHH cKansp-
HOTO NMOTeHNHana AJsi MarhutHoro noasi (B == Vi) NOaXKHB OTCYT-
CTBOBATh JMUHefiHble [0 ¥ ¥ Y YleHbl, TaK UTO

b= Bz +—(x— y?) +az (%—i’j—f)+ c. (5.9)

Mb yuam B atoM pasnoxenuu, uro Ap=div B==0, u ponycruamu,
YTO OCH X, Y NMOBEPHYTH TaK, YTO MOCASNHHUH KBaJpPyNOJbHLIA 4JjieH
HMeeT AUaroHajbHblH Bui. Bce ocranbnbie wieHH B (5.9) uMetor
Gosiee BHICOKHMI MOPAJOK MO X, Y W IO3TOMY MOryT OHITh OTGPO-
menpl. M3 (5.9) cnenyer, uro B61u3u r = (0 MarHuTHOe NOJe HMeeT
BHJI,

B=Bo+az2+(%—a)£5—g—f—+..., (5.10)

rJe TOYKH 3aMEHAIOT uleHH GoJee BBHICOKOro nopsiaka MaJdocTH.
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Orciofla BHIHO, 4TO Ha/IOXeHHe MarHHTHHX NpoGOK, T. €. yCH/JeHHe
noas saoab 2 (@ > 0), aBTOMaTHYeCKH NPHBOAHT K ero ocnaate-
HHIO B paJlHa/IbHOM HamnpaBJIeHHH, HO 3TO MoOXeT OBLITb CKOMIIEHCH-
POBaHO JOCTATOUHO CHJbHBIM KBaIyNOJbHLIM nojeM (b2 > aB).

Prc. 59. Pasmuunue BHMH MarsHHTHHX Konourypamui ¢ «MuHHMYMOM B»: a) «xBa-
ApyneapHHl saements; 6) «Gefic6on»; 8) Koudurypauus AuLpeoseTTHd; 2) OCTpo-
yTolbHAf T'eOMETDHS C OCEeBHM TOKOM; 3) reJHKOHAaNbHA" KOHpHrypaus.

- OrMeruM, uro uuka pabor Hodde no nogaBiaeHuo xkeno6KOBO
HeyCTOMYHBOCTH B aJHabaTHYECKUX JIOBYUIKAX ROJSIMH C «MHHHMY-
MoM B» (4acto Tak#e KOHGHrypauuu nojs Ha3biBalOT «MAarHHTHOR
“ IMOH>») SIBHJICS ONpeJe/eHHBIM 3TANOM B HCCIEAOBAHHSNX Mo QU3UKE
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BLICOKOTEMIIepaTypHOH mna3Mbl. D10 Obuia nepsasi yOenuTenbHas
AEeMOHCTpalHsi BO3MOXHOCTH CTa0HNH3aUNH MarHHTOrHAPONHHAMHU-
yeckKoll HeycToHunBocTu miaa3Mpl. IIpuHUHD «<MHEEMYMa B» Obla ne-
peHeceH Ha TopoujajbHbe cHCTeMbl. PasiuiabMuM aBTOpaMHu ObLIO
NPelJIOKeHO MHOTO TOPOHZAJbHBIX CHCTeM, 06JAfAIOMIHX MHUHHMY-
MOM MariuTHOrO NoJjsl B cpeliHeM (TOUHee, MAKCHMYyMOM HHTerpana

o dl o o
BJOJb CHJOBLIX JHHUH ST, KOTOpHIH onpefensieT CBOHCTBA THI-

pPOLMHAMHYECKOH YCTONUMBOCTH TOPOHIAJbHON
NJIa3MBl).

B) BuntoBasa HeyctofiynHBOCTh B
KeJoOKOBOH  HeyCcTONUMBOCTH 0CBOOOXKJajach
TOJNIBKO SHeprusl NJasMb — MarHuTHOE IoJe B
JIOBYIIKE CUHTAJNOCh (PUKCHPOBAHHBIM, UTO BEPHO
npu p< 1. PaccMoTpum Tenepb npuMep HeyCTOH-
YUBOCTH, B KOTODOH SHEPreTHUYECKHM pe3epBya-
POM IJ1sl pacKauKW CJIyXKHT 3HePrHsi MarHUTHOro
noas. Takas cuTyallus OCyIIECTBASAGTCS NPH NPO-
TeKAHHH CUJBHOTO 3JIEKTPHUECKOTO TOKA IO 1J1as3-
MeHHOMY LIHYDY.

Puc. 60. Kunxunt Bonee ymo6HO HauaTh 3TO paccMOTpeHHE C
OpOBOJHMHK C TOKOM  KpaliHe YNIPOLIeHHON Mojesu, KoTopas TpoOsic-
B "ggf:;‘;“gg”nga" Hsier cyrb Aena. Ilycrs npeanbHo NPOBOAAIIHH

UMJAHHAPUYECKHH IIHYD H3 HEC)KUMaeMOH XKHIKO-

CTH NOMeNleH B NPOLOJBLHOE MarHHTHOR ITIOJe H
no HeMy nporexaer TOK [ B NpPoJOJLHOM HanpaejeHuu. Mbl Gynem
CUHTATh, YTO TOK TeYeT 1O IOBEPXHOCTH W YTO TPOJOJbHOE ToJie
BHYTPb HEro He NpoHHKaeT (T. €. OHO 3KPAHMPOBAHO a3WMYTaJb-
HBIM TOKOM, TeKYNIMM 1O NOBEPXHOCTH TNpOBOAHHKA). MarsutHoe
moJie CHapyXHu OT NPOBOJHUMKA HMeeT BuJ, N0KAa3aHHBIA HaA puc. 60,
T. 8. OHO SIBJsIeTCsl Cynepnosuiueil nponoisHoro By m asumyraJb-
Horo Bg = 2[/cr nosefi. CuioBbie JHHHM SABAAIOTCS BHHTOBBLIMH €
mwaroM | = 2xrBo/Be. Ha rpaHuile muypa paguyca @ war [ = [, =
=mnca’By/l, a npu ypaneHnu B pamgua/bHOM HanpaBJeHHH OH BO3-
pacraer xax rz.

Bynem msst npocTOTH CUHTATh, UTO NPOROALHOe Nose By 3nauu-
TeqbHO GoJblle asuMytanwHoro Bg. Kpome roro, uMutupys topou-
HJaJbHBI IIHYP pajuyca R, Mbl GyLeM CYHTaTh LIHYP OrPaHHYEH-
HbIM, T. €. HMeowuM LIuHy L = 2xR, u Bce BO3MyLIEHHS NpHMeEM
mepuoIHUeCKHMu ¢ nepuogoM L. Hakonen, mis ynpomeHHs pac-
cyMpueHHH OyneM CYHTATh, YTO LIHYP OKpYHeH HIEANbHO NPOBOJSA-
UM KOXYXOM pajuyca b >> a, Tak 4TO NOTOKM MATHUTHOrC I0JS
MeXLY IIHYPOM H KOXYXOM 3aJaHbl H OCTAKTCS NOCTOAHHBIMU (4T0
370 03HA4aeT, Ml YBUAHM HHXKeE).

ITpennonoxum, uTo Ha TAaKOH IIHYD HAJIOXEHO HEKOTOpPOE MaJjoe
BHHTOBO€ BO3MYyIeHHe BHAA exp (imB + ikz), rne k=2nn/L=n/R,
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m, n— uennie uucia. [lycTb § — cMeleHHe KHAKOTO SJeMeHTa,

0 \
TaK 4TO 7%—==v. Torpma nas HecXxKHMaeMon KHOKOCTH HMeeM
9°% 1
o =T VP (6.11)

re Qo — IJIOTHOCTb MKHRKOCTH, KOTOPYIO Mbl CUHTaeM IOCTOSIHHOM,
p — nasienue. B cuny Hecxxumaemocty, divE=0, umeenm u3 (5.11):
1 d dp (m2 9

Ap=7—o (r )+ (5 + #) p=0. (5.12)
Orciofia npu kr < 1 nonyuaeMm: p = po(r/a)™, rne po— 3HaueHHe
BO3MYILEHHOTO JiaBJeHHs Ha IPaHHUlle LIHypa, KOTOPOE JOJKHO paB-
HSTbCS BO3MYIIEHHIO JlaBJeHHUS] MATHHTHOTO NOJS CHApYXH OT IJas-
mbl. [Tocniennsisi BenuMHa paBHA, OUEBHIHO,

’

d { B+ B} BB
g717( 08:1; 9)+ e (6.13)

rie B’ — Bo3aMymieHHe MarHUTHOTO NOJs, E— pajguajbHOE CMele-
HHe rpaHunsl maasmbl. as KoneGanufl Buja exp(—iw?) 3ro cMe-
weHue coraacHo (5.11) ¢ yueroM 3aBUCHMOCTH p ~ r™ paBHO

L_(dpy  _ pom
- pow? \ dr )rza—o— po0’a * (514)

Bosmynienne MarsHutHoro nojs B’ cHapyxu or LIHypa MOMKHO

HafiTy H3 CeLyIONHX cooGpaxeHui. Bo-nepBriX, NOCKOALKY B BaKy-
’ s T 14
yme rot B'=0, 1. e. B'=Vy, n div B'=A¢y=0, to ans niauHHO-
BOJIHOBHIX BO3MYIIeHMH BLOJAb IIHYpa, T. €. A ka<kl, onarhb.
uMeeM creneHnble pemenus. Ilpu b/a > 1 MoxHO cuHTaTh P =
= C(a/r)™, rne C — Hekoropast KoncraHtra. Ha rpanume nnasmn:
MAarHHTHOE 110JIe NOJIXKHO HMETb TOJbKO TAHTeHIIMAJLHYIO KOMIOHEH-
Y 7’

Ty, T. €. B JqHHeilHOM npubamxkenuunB = B; 4 (B;V)§=0,rne n —
HOpMaJib K nosepxHoctd. OTCIONA HaXOLHM

C .

M =it (kBy + 2 By). (5.15)
rne Bo— asuMyTanbHOE 1OJIe Ha rpaHune Impypa. Tenepb Mbl Mo-
*ewM Bupasuth BB’ Ha rpanuue muypa uepes C, T. e. BB'=BVyp=
‘-=i(kBo +%Be) C; a sateM, Boipaxkas C uepe3 E u ¢ noMoupio

(5.14) po—uepes &, bl ¢ noMompio (5.13) HaxoouM AHCIEPCHOH-
HOe ypaBHeHHe /i 4acToThl Majabix KoseOaHuil:

2
mBg

2
4ﬂp0(02 = (kBo + _’Z‘ Be) —_ (5. 16)

a?
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OTpHunarenbHBIM 3HAYEeHHSIM KBaJpaTta 4YacTOThHI COOTBETCTByer
HeycToiunBocTb. Kak Mbl BHAWM, HHKDEMEHT HAPACTaHHS Mauyx
KonebaHu# y = —iw Jocturaer MakcuMyma npu ka = —mBy/B,,
Takoe BoaMylleHHe SBJsieTCS BHHTOBBIM M HMEeT war 2mm/k —
== 2naBo/Be BHONL muypa. TakuM oGpasom, mar HauGosnee ge.
YCTOHYHBOTO BO3MYLUEHHSI coBNaflaeT ¢ HIAarOM CHJIOBOH JIMHHH ja
TpaHxie UIHypa.

[Tpn BHHTOBON HEYCTONYMBOCTH KHIKOCTb, OYAYYH HECKHMae-
Mo#, cama paboTel He NPOH3BOAHT. JTa HEYCTOHYHBOCTb pPa3By-
BaeTcs 3a cyeT ocBOGOXKAEHHS MarHUTHOH YHEPTHH. DTO CTAHOBUTCY

BUJHO eile 6olee oTyeTap-

/’\ /‘ BO, €c/y MBI He GyleMm or-
¥ J'_ @%_\ PAaHHYUBATLSA MAJIbIMH BO3-
|

/IJ Q BHHTOBLIE CHJIOBBIE JHIHH
] x T & TN pue. 60 crpemsites coxpa-
5 THTBCS W NO3TOMYy JAedop-
@ 4 MHPYIOT LIHYP TaKHM 00pa-
Puc. 61. O6pa3oranue BunTOROH JeHTH (@) B  3OM, 9TOObl  YMEHDIUUTh
TpyGuaroli Kondurypauuu (6) npum BunToBok CBOIO KpususHy. [Ipu BuH-
HeYCTOAYHBOCTH. TOBOM H3BHBAHMH IUHYypa
CHUJIOBBIE JIMHHH JeHCTBH-
TeJbHO cTaHoBATCA Gosee npsiMbiMH. [Ipy pocraTtoyHo GosibLIOM H3-
BHBAHHH HIHYyPA CHUJIOBbIE JIHHUH BOOOLIe MOIYT [OJHOCTBIO paclps-
MHUTbCS, a4 WHYP [IPH 3TOM NIpeBpallaercss B CIHPAJbHYIO JEHTOUKY

(puc. 61, a).

Papuyc Takoll paBHOBeCHON cIHpasJid MOXKHO HaHTH W3 ycJOBHA
coxpaHeHHs] MarHdUTHOrO IIOTOKAa, OXBaTbIBA€MOro IIPOBOHHKOM.
Has ynpouleHus paccyxaeHufl COeIHHHM IIPOBOJAHHK € KOXKYXOM
NpoBOIsLIedl HHTHIO HA TOplax (CM. MyHKTHPHYIO JAuHHMIO Ha pHC. 60
H 61,6). B ucXoAHOM COCTOSIHHH NPOBOXHHK C KOXKYXOM H NpOBOJIS-
el HUTHIO oxBaTeiBaer notok Oy = Bgla In(b/a), roe By — asu-
MyTa/ibHO€ MarHUTHOE IoJe Ha rpaHMue NIHYpa. DTOT NOTOK 00pa-
30BaH TO/JBKO a3MMYTaabHBIM noseM. [Ipu u3BHBaHHH mHYpa (MOAA
m = 1) oH oXBaThblBaeT Takke H MPOJOJbHOE MOJe, & B KOHEUHOM

cocroHuH (Bg = 0) Becp nOTOK co31aeTCS TOABKO NPOLOJABHBIM
noaem. O paseH nriBn, rae n— 4ncao BUTKOB cnupasu. [Ipupas

HHBas NMOTOKH, NOJYYHUM

| MYILLeHHSIMH, 4 paccMoT-
| PHM BHHTOBYIO Aedopma-
} IHIO KOHEYHOH aMILIHTYAHL.
| HeTpyaHo BHAETD, YTO BUH-
[
|
1
|

TOBas HEeYCTOHYHUBOCTD Das-
BUBAaeTcd B CHJY TOTO, 4TO

g2 b 5.17)
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5 BBEJAH TaK Ha3biBaeMbldl Kod(Q¢uuueHT 3anaca no BHHTOBOM
fiBOCTH

__2maBy _ aBe
9= "IBs ~ RBg'

(5.18)

KoToporo 6yJeT nosicHeH HIike.

'5TOM KOHEYHOM COCTOSIHHH a3UMYTaJIbHOE MArHUTHOE IIoJie
OCTHIO HCYE3a€T M BCSA €ro SHEPrHs MepefaeTca KHIKOCTH (T. €.
’XOAUT B TEIUIO, €CJH KHHeTHYecKas SHeprua JHCCHUINpPYET, Ha-
jep U3-3a BA3KocTH). BrpoueM, cnupanbHas JeHTOYKa He fB-
©fl elle BIIOJIHE PaBHOBECHHIM COCTOSHHEM: CHJIOBLIE JHHHH
{OJbHOrO ToJist OYAYT CIVIIONMBAThH €€ [0 TeX I0p, IoKa He
aTaT B TpyOKy Toro xe paauyca ro (puc. 61, 6). Toyno Tako#
pollecc H3BHBaHHA H oOpa3oBaHHS NOJOrO LHJIHHAPA MOXKET
NpochexeH NPH Bo3MyuieHHH ¢ m >> 1. Bea pasnuna coctout
f, 4TO IIPH 3TOM IUHYp pa3GuBaeTcsl Ha 7 BHHTOBHIX HHTEH H
@51 HHThb B KOHEYHOM COCTOSIHHM GyIeT OXBAaTHIBATh POAOAb-
FNIOTOK He £, a n/m pa3 Ha AJuMHe IWIHYpa. 3aTeM 3TH HHUTH
j0TCs B TPYOGKY, U AJs ee paguyca ry noaydum smecto (5.17)

p=2am b (5.19)

A HauGosnee HEYCTOHYHUBHIX BO3MYIIEHHA M == ng H paauyc
e ry=a 4/In(6%a?). Ho B npuHUHMne u3BMBaHHe MIHYpPa H HC-
BEHHE a3UMYTaJIbHOTO NOTOKA, a BMeCTe€ ¢ HHUM U 3Hepriu
TAJLHOrO MOJIS, KOMKHbBl IPOUCXOXUTDb IIPU JAIOOBIX M, N paxe
: ¢jiydae, Korfa corsiacHo (5.16) mHyp ycTofiyuB Io OTHoLle-
K JiMHeAHBIM BO3MylLIeHHSM. MOXHO cKa3aTtb, 4To HIHYP € TO-
Haxonmca B MeTacTalGUJbHOM COCTOSSHHH H B 3aBHCHMOCTH OT
' BO3MYLUEHHS] OH MoxKeT JH00 HeNOCPENCTBEHHO «CKAaTHThCA»
onnoe cocTosiHUE, AHO0 OH OTAe/NeH OT 3TOr0 COCTOSIHHS NOTEH-
bHBEIM 6apbepoM.

PH pacCMOTpPEHHHIX HAaMH BHHTOBHIX JedopManusax XHAKOro
JIHHKA ero o0beM, ecTeCTBEHHO, coXpaHseTcs, TakK 4YTO IIpo-
0€ MarHHTHOe IT0Jie B KOHEYHOM COCTOSIHHH HMeeT Ty K€ 3Hep-
y 9TO ¥ B HcxonHoM. CliefoBaTesbHO, BUHTOBaA HEyCTOHYHBOCTD
BHBAaeTCHd TOJBKO 3a CYeT SHEPTHH a3UMYTaJbHOrO MAarHUTHOrO

ACCMOTPHM Tenepp OoJiee peasibHbIHA ciaydai IIasMeHHOTo WHY-
.Toxom. Bynem onate npeanosarats, uto Bo>Bg, pKI, u
YCTHM JJISi NPOCTOTHI, YTO TOK pachpeieseH PaBHOMEPHO M0
HHIO mAypa. [IpH 3TOM B HCXOAHOM COCTOSIHHH a3UMyTasibHOe
HETHOE mosie OyZer HMeThb BHJ, [OKa3aHHBIA Ha puc. 62, a.
TPH mIHYpa moJie JIMHEHHO BO3pacTraer ¢ PafUycoM, H NO3TOMY
HJOBHIX JHMHUA 31eCh NOCTOSIHEH.,
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PaccMoTpuM onsiTe BHHTOBOE BO3MYLIEHHE HIHypa H HONYCTHM,
YTO €ro Iar B TOYHOCTH COBNAfaeT ¢ IIaroM CHJIOBBHIX JIHHHH BHY-
Tpu mHypa. Takoe BO3MyuieHHe HHKAaK He BJHSET HAa MarHUTHOE
noJjie BHYTPH IIa3MBl, U 1Iar BHYTPEHHHX CHJIOBBIX JIMHHH OocTaercs
NOCTOSHHBIM Jaxe NpH AedopManusax KoHeyHoH ammautynel. Ho
TOrja Mbl JOJKHBI OXHAATh, YTO KapTHHA Oyler TOYHO TAaKOH XKe,

By 8

) — Be | ——
I 5(1 - _" N
| * ’ | | N
I s 1
a r r, d s r
a a;

Puc. 62, Pacnpenesienne asHMyTaJIbHOTO MarHMTHOTO HOJIST B UCXOAHOM COCTOSIHHH
(@) u npu ob6pasoBaHuu «nyaups» (6).

KaK W B CJydYae XKH/JKOro HecXKHMaeMOro IpPoBOJHHKA. A HMeHHO,
3Heprusi asuMyTajibHOro noJsf OyAeT MHHHMAaJbHOH, KorJa BHYTPH

WHYypa MOSBHUTCH <NY3BIPb» — BaKyyMHasA o6Jacib ¢ NPOAOJbHBIM
MArgUTHBIM [OJIEM.

Y

\
b

/

\
-
(v

/

N

Pxuc. 63. O6pasoBanyue «nysuipa» B I[JIa3Me.

O6pasoBanue Takoro mysnpsi Nokas3aHo Ha pHuc. 63. B cayuae
TIOCTOSHHOTO 11ara CHJIOBBIX JIMHHHA NY3bIPb MOMXKHO KOBECTH /0 IeH-
Tpa, NPAaKTHYECKH He BO3MYLLAsi MArHUTHOro nojs (crajo GuThb, B
STOM cjy4ae Iy3bipb HeHTpaJbHO yCTOHYHB BHYTPH WHypa). Pac-
npexeseHHe nosd teneps 6yaer uMeTsh BUA pHc. 62, 6, rne a, — Ho-
BBl pajMyc WHYPa, a ro— PajHyC Ny3bips. CpaBHuBasi 3Hepruu
Ha4aJbHOTO W KOHEYHOrO COCTOSIHHH, HETPYAHO MOKasaTb, UTO INpo-
necc o6pa3oBaHus My3HIPS B IJ1a3Me SBJASIETCS BBITOXHBIM. M3mene-
HHe sHeprun nois AW npH o6pasoBaHHM Ny3bIps B 8aBHCHMOCTH
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OT ero pajuyca H3obpaxeHo Ha pHc. 64 (kpusas /). Ha stoM xe
pucyHnke npusenena ¢yakuus AW mas caygas, Korga no nosepxHo-
CTH IIHYPA Te4eT TOK H BO3MYNIHHS HMEIOT LIar, PaBHHH IIary
BHYTPEHHHX CHJIOBBIX JIMHHH M OTJIHYHBIA OT LIara BHEIUHHX CHJO-
BbiX AuHAH (kpuBas 2). Kak Mbl BHIHMM, B MOCJENHEM ciiyyae 3Hep-
FeTHYECKH BBHIFOJHBI TOJIBKO MY3BIPH ¢ KOCTATOYHO GOJBILUM Paguy-
coM. A npu GonbHmIOM <«IIHpe» — T. €. NEePEeKPelIeHHOCTH BHYTpPeH-
HHX H BHEUIHHX CHJOBBIX JHHHUA — o6pa-

80BaHWe Ny3bIped CTAHOBUTCA HEBBITOJ- aw
HBIM. |
YnoMsiHyB 0 «MIHpe», Mbl TEM CaMbIM 7— 7
NpHUBJEKIY BHHMAaHHE 4HTaTeledl K OZHOMY /

H3 HaHbGosiee 3h(EKTHBHLBIX MeXaHH3MOB N/

CTa6HJN3allHH BHHTOBOA HeYCTOHYHBOCTH. N 3
B camoM gene, ecin War CHAOBBIX JIHHHM
BHYTPH IIHypa He NOCTOSIHEH, TO IIPH JIO-
60l BUHTOBOH ero gedopManuu Npuxoiut- Pue. 64. Iorerunarbras
¢ BO3MYLIATh NPOJAOJBHOE MArHUTHOE [o-  SHEPrud My3mpsd KaK QyHK-

uMsi ero pappyca: I —iar-
e, a 310 6e3yc/oBHO GyNeT MPHBOMHTB K yooyvienns comnagaer c

crabuausyiouleMy sdpdexry. INaroM CHJOBHIX  JIUHHH;
PaccmoTpum, HampuMep, ciaydal, KOTAA 2 — uar BoSMYIIEHUS He:
BeChb TOK TEYET M0 IOBEPXHOCTH UIHypa, COBIAAaeT C WAaroM CUJIo-
TaK 4YTo MarHWTHoe nose B; BHyTpu wmwHypa BEIX JIHHHH.
pPaBHO COrJI&CHO YCJOBHIO paBHOBECHS Ha
rpasuie B?=B§—|—B%%B§ TOMY XK€ INOJIO, 4TO H CHAPYXKH (MBI
onaTe npexnonaraeM Bg < Bg). Ilpn stoM us-3a pedopManuu BHy-
TPEeHHero IoJis B KBAaAPaT YacTOTHl JOJXKeH ObITh BKAAJ TAKOro Ke
BHJA, KaK H [IPH aJibBEHOBCKUX KoJeOaHHaX, a HMEHHO

2
mBy

m 2
dnpoo® = KBY + (kB + = By) — 22 (5.20)

ITpn paBHHIX HYJII0 IBYX IOCJAEINHHX CJ1araeMblX, NOSIBUBUIMXCA CO-
raacHo (5.16) oT BHewHe#l o6nacTH WHypa, MBl HMesid Gbl IPOCTO-
IZHCIIEPCHOHHOE YpaBHEHHe /s aJibBEHOBCKHX BOJIH BHYTPH LIHypa.
IlepBoe cnaraemoe pAeHdcTBHTENBHO OKa3blBaeT CHJbHOE cTabuiu-
syiomee peiicteHe. Kak BuaHo us (5.20), HeyCTOHUHBBHIM MOXKeET
GLITb TOJILKO BO3MYyleHHe ¢ M ==1, HO H B 3TOM CJy4ae HIHYp
ycrofiunB, ecnH R = n/R > Bg¢/aBy = 1/qR. Tak kak n>=1, 1o
oTclofla ClAefyeT, 9TO LWHYp YCTOAYUB MpHU
aB,
9= RBqg > L (5.21)
Ato ycaosue 6u10 noaydeHo Kpyckanom u [lladpanoBsiM H HOcuT
HX HMS. _
Tenepr Mbl BHXHM, NoYeMy ¢ HMeeT cMblca Koddduunenra sa-
naca ycTOHYHBOCTH: 4eM OoJibllle ¢, TeM Gojiee YCTOHYHUB UIHYP MO
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OTHOIIEHHIO K BUHTOBON HEYCTONYHBOCTH. B peanbHBIX yC/JIOBHAX TO-
KaMaxoB, Ile AJs cTa0uin3aluH HCNOJb3yeTCs CHJAbHOE NPOJO0Jib-
HOe MarHWTHOe NoJie, [1a3Ma JOCTaTOYHO ycToHYMBa NpH ¢ > 2--3.

Hrtak, Mbl I03HAKOMHUJINCh C KBYMS T'JIaBHHIMH NPEXCTABHTEAAMH
MTI'[I-HeycrofiunBocTeit: XKenoOGKOBOH MW BHHTOBOH. [lasi mepBo#i H3
HHX SHepreTHYeCKHM pe3epByapoM HEYyCTOHYHBOCTH CJAYXHT 3Hep-
rusd IJia3Mbl, [J1s BTOPOH — SHepPrusi MarHutHoro nojf. B obuiem
ciayyae f~1, Bg~DBy 3TH HeyCTOAYHBOCTH MOTYT HEHCTBOBATH
COBMECTHO, W KPHTEPHH HX cTabdju3allud MoryT OHITb AOBOJbLHO
CJ0XKHBIMH; HX PAacCMOTPEHHE CAYKH1 NPEAMEeTOM CleluasibHEIX HC-
CiefOBaHHA (CM. UMTHPOBAHHYIO B 3TOM pasjene JHTEpPaTypy).

3. Huccunarusnbte HeycroduusocTu. Jlo cuX HOP MBI IIpeAro-
Jlarajiy, 9To OPOBOAHMOCTh M1a3Mbl GeckoHneuna. [1pu koHeuHo#, HO
JOCTATOYHO OOJbIIOH NPOBOAHUMOCTH INPHBEACHHBIE BbIliE COOTHO-
HIEHHS COpPaBeAJIHUBH TOJIBKO JAJI BO3MYIIEHHH ¢ JAOCTATOYHO GOJib-
IIMMH AJZIMHAMH BOJH H JAOCTAaTO4YHO OBICTpbIX KoaeGaHuii. Kpome
TOro, NPH O 7= 00 MOTYT NOABHTbLCS HOBBIE BETBH MelNJIEHHBIX He-
YCTOHYHBOCTEH, KOTOphl€ NMPUHATO HA3bIBATh HUCCHUNATUBHBHIMH, MBbl
paccMOTpPHM ABa npuMmepa Haubosee BaXKHBIX NHCCHUIATHBHBIX He-
YCTOHUUBOCTEH.

a) 'pasutTaunuoHHAsa JLUCCHOATHBHAA HeYCTOi-
YHBOCTb. JTa HEYCTOHYHBOCTb TECHO CBf3aHa C KeJOGKOBOH H
sBJAseTcd Kak Onl ee npojomxkeHuneM. OHa NpPOsABAsSeTCS B TeX XKe
YCAOBHAX Craflatomiero K nepu(epHyu MarHuTHOTO 00Js, HO TOraa,
KOrZla BO3MYIIEHHS! KeJOOKOBOrO THNA MO TeM HJH HHHM coobpa-
JKEHHUSIM 3alpelieHsl, HAlpUMep, KOrga HMeeT MecTo JioKajibHoe cra-
JaHue IoJjs, a B [leJOM IUIasMa IO OTHOLIEHHIO K XKeJoOKaM yCTOH-
YyuBa.

[1pu paccMOTpeHHH TrpaBHTAIlMOHHON HEYCTOHYHBOCTH MBI Ipel-
noJiaraeM, 4To BO3MYIUEHHS He NOCTOSIHHBI BIOJb CHJOBHIX JIHHAH,
a MeHslloTCS KakK exp (ik.2) (ocb 2 HampaB/ieHa BIOJAb MaCHHTHOTO
nons). ns 37eKTPpoHOB H HOHOB MBI ONSITH MOXKEM BOCIOJb30-
BaTbcsl ypaBHeHusiMu tHna (5.4)—(5.6), Ho AuWb JHHEAPH3YEM HX,
T. €. B IPAaBBIX 4aCTSIX BMECTO CHJ, KOTOPBIE B HCXOAHOM COCTOAAHHH
ypaBHOBeIleHHl COOTBETCTBYIOWUMH ApefiaMu, Mbl MOACTABHM HX
OTKJIOHEHHE OT PaBHOBECHOTO 3HaYeHHS, KOTOPOe NPONOPUHOHANLHO
n’/n, rge n’— Bo3MyllleHHEe IMIOTHOCTH (Mbl INIpEArosiaraeM, 9YTO
I1asma KpasuHeidrpanbsa). Torxa umeem:

—iom;u, = % v;,B + % , (5.22)
0=—20,B+eE, (5.23)
0=—"20,B+27e, (5.24)
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Tak kak Tenepr BO3MYILEHHE MOXY/JIHPOBAHO BIOJbL CHJAOBHIX
JMUHKI, 3MEKTPHYECKHE 3apsifibl, BOSHMKAIOUINE H3-3a NOMSPH3ALHH,
MOT'YT NepeTekaTe BAOJb CHJIOBHIX JAHHHE. COOTBETCTBEHHO H moJje
E = —ikyp B 3TOM cayyae GyAeT MeHblle (@ — NMOTEHUHAA 3JeK-
TpUueckoro nonsi). Ero MoxHO HalTH U3 ycioBus GajJaHca TOKOB.

divj=ik,j, + ik j, = okl +iken (v, — v, )=0, (5.25)
rre ¢ — 3JCKTPOIIPOBOXHOCTS.

C nomoupio ypasHenuit (5.22)—(5.25) u ypaBHeHusi Hempe-
PLIBHOCTH

. d
: —ion’ + v, FZ_ =0 (5.26)-
HeTPYRHO HafTH BoipaxKeHue A4 yactoTel @. OHO uMeeT BHI
o? + oo 4 w2 =0, (6.27)
Iie BBEAEHH caelyloline 0603HaYeHus: ‘
kloB? 34 9 (T;+T,) dn
0y = —55—=—5QQ1, g=—-——>"—,
kcnmy R, . Rnm; dx

IMpn ©s;=0 Mb HMeeM OOGLIYHYIO KeJOOKOBYIO HEyCTOHYHBOCTb.
¢ NHKPEMEHTOM Y = ®g. OJIHAKO B «CHJIbHO 3aMarHu4eHHO#» Imaas--
Me, T. e. NpH £7.>> 1, BeMHUNHA @ MOXKeT OLITb 3HAUUTENBHO
6o/ibllle ®g, H B 3TUX YCAOBHAX HHKPEMEHT HEYCTOHYHBOCTH CHJLHO

yMmenbmaercs, tak kak corqacio (5.27) y=—iox /o, < @,

HeycTofiuHBOCTD € TAKHM HHKPEMEHTOM M Ha3biBaercs AHCCHIIATHB-
Holl rpaBUTAUHOHHOA (TEPMHH <TPaBHTAllHOHHAA» 3[€Cb HMeEeT
YCJAOBHBIA CMBIC/ H HCIOJIb30BAH B CHJIYy TOTO, YTO BHITAJKHBaloOLas
cuna B (5.22), (5.24) cxodgHa ¢ cuJOR TAXKEeCTH, a XeJOOGKOBast
HEeyCTOHYHBOCTb CXOJHA ¢ HeycroitguBocThlo Panes — Tednopa Tta--
KENOoro C/osl XKHIAKOCTH, PACION0KEHHOro Hal JieTKOH KHIKOCTbIO).

6) TOKOBO-KOHBEKTHBHAS HeyCToHuYHBOCTHL. JHpy-
ras JUCCHIATHBHAf HEYCTONYMBOCTD HMEET MECTO MNPH HAJNHYHH
IPOJOCJABHOrO TOKa H B HEKOTODOM CMBIC/E SIBJASETCA JHCCHIATUB-
HbIM aHAJOrOM BHHTOBOH HEyCTOHUYHBOCTH.

[Tycrs BROML omHOpOmHOro moas Bo, HanmpasaeHHOro BxOMB.
OCH 2, TeyeT TOK j = oF HacToabKO caabuifi, YT0 co3LaBaeMoOe UM
MarsHUTHOE IOJie 3HaunTenbHo MeHbile By IlpemmosioxuM, yto mpo-
BOZKMMOCTDb INIa3Mbl B PABHOBECHOM COCTOSIHHH SIBJSIETCS HEKOTOPOPt
MelJieHHO MeHsiouleiica ¢yHKiuued KoopAHHATH X. B mnonHocTbio
HOHM30BAHHON IJia3Me, I'le NPOBOAUMOCTb 3ABHCHT TOJBKO OT TEM-
nepaTypbl J€KTPOHOB, 3TO H3MeHCHHe MOXeT GbTh O6YCHOBIEHO-
H3MEHEHHEeM TeMIepaTyps, a B ¢iaGOHOHH30BAHHON IiasMe rpaju-
€HT NPOBOAMMOCTH MOXeT GbiThb CNeJCTBHEM IPaJHEHTa IVIOTHOCTH..
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ITycte Ha 3TO COCTOSIHHE HAJOXKEHO BO3MYLIEHHe Tyqa
exp (—iof + ikr). Bennuuny k. Mbl OyXem cuntath Majaoj. Ipep-
NOJIOKHM, YTO 3JIEKTPHYECKOe MoJe sB/sieTcs: Oe3BHXPEBHIM H grg
nonepeyHsle 3JeKTPHYECKHE TOKH OTCYTCTBYIOT (3JIEKTPOHH H Homg
ApeiidpyOT nonepek noJdsi coBMecTHo). Toraa u3 ycioBus oTcyT-
CTBUS BO3MYUIEHHS IPOXOJABHOTO OIS MOJYYUM

— ik,90 + o’E=0. (5.28)

3nech ¢ — BO3MYylIEHHE NPOBOAHMOCTH I1a3MBl, KOTOPOE MPOHcxe-
IUT H3-3a Apelda I1a3Mbl B Nype-
peyHOM HanpasJieHHH:

ckyp do )
B, ar —~0-(5.29)

W3 ypasrennit (5.28), (5.29) Haxo-
JHM HHKPEMEHT HAPaCTaHHs Majpx
BUHTOBBIX BO3MYLIEHHH:

kycE do
Y= 750 ar- (5.30)

Kak Mbl BUAMM, 3HAK Yy 3aBcyr
oT 3HaKa Ry/k, T. €. OT HaKjgna
Puc. 65. Cioft HeopsopoaHolt nuagvel  BO3MYIICHHS IO OTHOWIeHHUly g
€ «KOCHIM» BoamywieHHeM ee njoT- OCH 2. PPH3HKA TOKOBO-KOHBEKTHp-

HOCTH, HOH HEYCTOHUMBOCTH IOSICHEHA gg

puc. 65. 3aece wu306paken c¢yof

TIa3Mbl, ¥ KOTOPOrO NPOBOAMMOCTD YOBIBaET C X, @ TOK j i none B,
HanpaBieHH Mo och 2. [Ipu cmemenun kocoro cios ABCD ng

—jwo” — i

do
€ro IPOBOAMMOCTb HECKOJIbKO INOBBICHUTCH (B CHY —— < 0). Tlo-

3TOMY Ha €ro PaHMYHBIX NMOBEPXHOCTAX BHICTYNAT 3aPALBL — MNgjo-
KHUTEJAbHBIA HAa BEPXHEH MOBEPXHOCTH M OTPHUATEJbHBIA HA Huk-
Hefl. DTH 3apsifil NPUBEAYT K MNOSBAEHHIO 3JEKTPUUECKOro MNopg
C OTJINYHOH OT Hynsl nonepeynoit komnoneHrofi Ey. Ilpu coorger-
CTBYIOUIEM 3HaKe ky/k, npeiid naasmbl B 9TOM nosie GYIET mpoHcxo-
AUTb B HANPABJIEHAU IE€PBOHAYAJIbHOFO CMEILEHHS H, CAENOBATejp-
HO, IPHBEJEeT K YCHJIEHHIO HA4aJbHOrO BO3MYILIEHHS.
TokoBo-KOHBEKTHBHast HEYCTOHYMBOCTb OblNa OUeHb NIOAPOGHO
HCCJIe/lOBAHA TEOPETHYECKH H SKCIEPHMEHTAJLHO Ha TEIuleM pas-
psjie B CWILHOM NIPOJOJLHOM MArHHTHOM noie. B nonHocTsio Hopy-
30BAHHOHN BBICOKOTEMIIEDATYPHOH IJIa3Me ee POJib CHHKAeTcs
KaK ee HHKPeMeHT yOLIBaeT ¢ POCTOM MPOBOAYMOCTH.
TokoBO-KOHBEKTHBHAS! HEYCTONUMBOCTD PA3BHBACTCA B OTCYTCrEHe
BOSMYLIEHHsl MarHutHoro noss. Cyumiectsyer Apyrof AHCcHmaTys-
Hblil (TOUHEe, PE3UCTHBHBIH — CBSI3AHHEIN C OTIHYHBIM OT HyJf co-
NIPOTHB/EHHEM) aHAJIOT BHHTOBOH HEyCTOHYHMBOCTH — TaK Ha3bipge-

sy TaxK
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Mas THDHHT-HeycToliuuBocTs. OHa oT/MuaeTcs or oGpYHOH BHHTO-
BOfl HEYCTORYHBOCTH TOJBKO GOJee CAOMKHBIMH mpouectd8MH B o6na-
CTH, TJ€ WAar BO3SMYUIEHUs COBNAajaeT ¢ MmaroM cuaOBbIX .‘T.IPIHHX'Z.
TupuHr-HeycTofiunBoCcTb Takke siBisiercss Gosee Mep/ICHHOH, 4YeM
BUHTOBAA.

4. Hpeiiposvie neycrotiuusoctu. Kak mpl ycranosudHd B M. 1, Ko
BCEM MEJICHHbIM ABHIKEHHSM IIa3Mbl OXHOXKHIKOCTHOE TPHO/IHKe-
HHE HeNpHUMEHHMO, H CJIefyeT yuHTHBaTh 3ddekr Xosla. Cootser-
CTBEHHO H NOJIyYyeHHBble Bbille BHIPAXKEHHS A/51 HHKpeMCHTOB JHCCH-
MaTHBHHIX HEyCTOHYMBOCTEH crpaBeMuBel, cTporo rofOPf, TO/IBKO
B YCJIOBHAX, KOIJla OHH BEJIHKH IO CPaBHEHHIO ¢ XxapayTCPHBIMH Ha-
cTOTaMu ApeiihoBOro KBHUKEHHS.

a) IpefidoBrie BonHb. Passurne npefihonnX HeycToMYH-
BOCTEH CBSI3aHO ¢ pacKayko#l JpeHdpoBbIX BOJIH — (BOeOOpasHo#
BETBbIO Ko/eGaHuil HeolHopPOAHOH riasmel. [laa ux opHCaHHA MOXK-
HO BOCIIOJB30BAThCH ABYXMKHIKOCTHBIM mpuGamxKenneM. Pacemo-
TPUM C/iOH IJ1a3Mbl C HEONHOPOMHOH MO X MJOTHOCTHIY H HANOXKHUM
Ha Hero BO3MYIIEHHS THra IJ0OCKOH BoaHpl. Dypem CHHTATh, 4TO
BO3MYLIEHHSl CHJAbHO BBITSIHYTH BAOJb MarHuTHoro no/f, TaK 4TO
CMelleHHeM HOHOB BJIOJIb IOJIS MOXKHO NpeHe6peyp (310 BEPHO, €CiH
yacTotra Koae6aHHH ® 3> CsR;, Cs— CKOPOCTb 3BYKa)- Torna nas
BO3MYILIEHHSI IUIOTHOCTH HOHOB, YYUTHIBad, yTo B 10,¢ BOJMHBE! OHH
coBepwIAIOT Apefidh CO CKOPOCTBIO U, = CEy /By, noayuuM

ikycp dn
52 =0 (5.31)

—lon’ —

rpe ¢ — noteHuuaJ  3JEKTPHUECKOro IoJis.
Ecan AONYCTHUTD, UTO

ok, L vpe = '\/Te/mev

TO 3/IEKTPOHB BAOJb CHJIOBBIX JIHHHE OyAyT uMeTh Go/bIMAHOBCKOR
pacnpejeieHne
n = L9, (5.32)
T,
CuuTas, 4To IU1a3Ma KBa3WHENATpPaJbHA, Mbl HCIOJb30$ATH ONHO H

To Xe oO0sHauenne n’ s BO3MYIIEHHH 3/ieKTpoHHON H HOHHOM
naotHocTedl. M3 (5.31), (5.32) HaxoamM yacrory ApeiiOBBIX BOMH!

ckyl, dn 5.33
O=O =" B, dx (539

daszopasi CKOPOCTb ITHX BOJMH o/ky HanpasieHa B cTofOHY Apeida
3JEKTPOHOB B PaBHOBECHOM HEOJAHOPOJHOM Clio€ n/1a3Mbl, 1pH-
yeM OHAa B TOYHOCTH coBnagaer ¢ apefdoBon (napMOPOBCKoﬁ)
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CKOPOCTBIO 3JIEKTPOHOB, KOTOpas MOXKeT ObiTh HalaeHa M3 YpaBHe-
HHA paBHOBECHA

2 nT,=—2 nv,,B. (5.3)

Kak mpl BuguM, npy T.=const BeqHUHHA Uqy=— 0./ky.

6) HlpeiidoBOo-RHUCCHUTATUBHAS HEYCTOHNYHBOCTD.
ITpH Hanuuuu pasiMYHBIX KHCCHNATHBHHIX IIpoleccoB ApelidoBbie
BOJIHBl CTAHOBATCA HeycToH4YHBHIMH. MB!I paccMOTpHUM 3xech JHIIb
caMBblif NIPOCTOH THN KHCCHNALMH, CBSI3aHHBIH C NPOXOJLHON NIPOBO-
IHMOCTBIO, T. €. ¢ TPEHHEM 3JIEKTPOHOB O HOHBI [IPH HX NPOLOJBHOM
ABuxkeHHH. CoOTBETCTBYIOLAs HEYCTOHYHBOCTb MOJYYHJIA Ha3BaHHe
ApefdoBo-AHcCcHIaTHBHON, WIH YHUBEPCAJABHOM,

ATy HeyCTOHYHBOCTb MOXKHO ONHCaThb C INOMOLIBIO ypaBHEHHH
(5.22) —(5.25), ecnu BMecTo oOmuHOro 3akowa Owma j, = oE, Hc-
NOJIb30BATh €0 ABYXXKHUAKOCTHHIH aHaJOr;

fz=0'(Ez'— Te On

on oz ) ° (5.35)
IMoncraBnas B (5.25) BMecTO j; = ik,0p BeIpaXeHue j, =
= ik,0(p — n’Te/en) W nNOBTOPSIA BBHIKAAAKM M. a), Mbl IOJYYHM
BMecTo (5.27) ypaBHeHHe BHAA

o? + iow;, — io,0s + @l =0, (5.36)

roe xpeiidonas yacrora . gaercs BeipaxeHnem (5.33).
Tak kKak o6blY4HO ®, OYeHb BeJHKO, TO H3 (5.36) npubAHKEHHO
noaysaeM

(Dg (02 )
omw, i L, (5.37)
Orciona BHAHO, 4TO Jaxe B OAHOPOXHOM IIOJe, T. €. NIPH wg = 0,
IJasmMa oOKa3blBaercst HeyCTOHYMBOH M ApefidoBasi BoiHA HapacTraer
no aMIVIHTYZe.

Kpome koHeyHOlI NPOBOAHMOCTH, K DacKayke XKpef(oBbIX BOJIH
MOTyT NIPUBOXHTbL H JIPyrHe MeXaHH3Mbl JHCCHNANHUH. DTH XKe Mexa-
HU3Mb! (HanpuMep, BSI3KOCTb) MOTYT W crabuiausupoBath Apeildo-
BHe HeycToHYHBOCTH. Tak Kak ApefipoBrie HEYCTOHYHBOCTH CBSI3aHbI
C CHJIbHO BHITSHYTHIMH BJOJIb MAarHHTHOrO N0/ BO3MYLLEHHSIMH, TO
OHH [PENCTABJSAIOT MEHbUIYIO ONACHOCTh HJISl YAEPKAHHA IIa3MBl,
geM MT [I-HeycToMYHBOCTH.

5. Kunetuueckue neycrofiuugocru. a) HeycTofiuuBocrts
nmyikKa B nJaa3Me. [l KAHETHYECKHX HEYCTOHYHBOCTEW cyle-
CTBEHHO pas3juyue B JBHUXKEHHH PA3JHYHLIX TPYNN YacTHI, U OHH
MOryT OHITb TEOPETHUECKH OIHCcaHBl ¢ NOMOIILIO ypaBHeHHs Baa-
copa. [IpocTefiminM NPHUMEPOM KHHETHUECKOH HEYCTONYHBOCTH MO-
JKeT CJyKHTb JEKTPOHHBIH NYY4OK B In1a3Me. PaccmoTpuM cHadana
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MOHOXPOMATHYECKHH NYYOK C INIOTHOCTBIO My U CKOPOCThIO V B XO-
AoaHoi niaasme. Takoi NIydok MOXKeT Bo3GyxJaTh JIEeHTMIOPOBCKHE
BOJiHB. MHKpeMeHT HapacTaHHS NPOAOJBHBIX BOJH MOMKHO JIErKO
NOJIYYHTh M3 JHCIEPCHOHHOTO ypaBHeHHs & — 0, rlle, Kpome BKiaga
OT 3/IEKTPOHOB IJIa3Mbl, HYXHO y4eCTb BKJAaX OT Iyuka. Jlerko BH-
JeTh, 4TO

(!)2 e n (!)2
o=l = — G (5.38)

e K — BOMHOBOE YHC/IO BO3MyLIeHHs. 3ech BK/IAJ OT IIygKa HMeeT
B TOUHOCTH TaKOH e BHJ, KaK BKJNAaJ OT XOJOAHBIX 3JeKTPOHOB,
JHIIb YacTOTa HCNBITBIBAeT JOMNIJIEPOBCKOE CMelleHHe (B cHcTeMe
KOODAMHAT, CBA3aHHOH € IYYKOM, BKJAX OT Ny4Ka HMEET TOT Ke
BHJ, KaK BK/aJ OT XOJOAHBIX JeKTPOHOB).

[Tonaras ¢ = 0, HeTPyAHO HAHTH HHKPEMEHT HAPACTAHHS MaJbIX
BoaMymeHuli. Korma ny < n, oH MakcumalneH npu &V = wpe H
paBeH .

v=(22)" 0. (5.39)

Ecan ny4ok Heckolbko pasMBIT IO CKOPOCTSM, T. €. HMeercs
pasbpoc AV, to npu AV>y/k npubankeHHe MOHOXPOMATHUECKOTO
NyYyka CTAHOBHTCA HENPHMEHHMbIM. B 3ToM ciyyae MoxXHO BOc-
NO0Jb30BATHCA KHHETHYECKHM ypaBHeHHeM Biacopa. Cyuras n, € n
u AV > y/k, Mpl MOXEM OCTaBHTb OT IIyYKa TOJbKO MHHMYIO 4acTb
Bkjaaga B e. [Ipu 3ToM JHchepcHOHHOe ypaBHEHHe [PHUMET BHL
(2.123), T. e. 419 X0JOAHON IJIA3MBb

2 reeal
® inw df
=] pe pe =
g==1] o el e N 0. (5.40)
Orcioga BHAHO, YTO HHKPEMEHT
Nwpe df
= 5.41
Y="om" @ B (5.41)

MOJIOXKHTENEH TOJMBKO NPH TNONOXKHUTENbHOR NPOU3BOAHOH (YHKIHH
pacnpele/eHHs: B TOYKe Pe30HaHca U = @pe/R. TakuM o6pasom, aas
packayky KojeGaHUH HYXHO, 4TOObl Ha XBOCTE 3/E€KTPOHHON (yHK-
LHH pacnpefesieHHs1 HMeCs «rop6», COOTBETCTBYIOIIUNA Pa3MBITOMY
NYYKy.

6) MoHHHE 3BYK B I1a3Me ¢ TOKoM. B kKayectBe npy-
TOro BaXKHOTQ NpHMepa PaccMOTPHM HOHHO-3BYKOBBIE KosieGaHHS B
gensotepMuueckoil rnasme (T; < T.) NpH HAAHYHU SJIEKTPHYECKOTrO
Toka. ByleM cuurtarh, 4TO GYHKUMSA pacnpellesieHHst 3JEKTPOHOB
67u3Ka K MAKCBEAJNOBCKOH, CABHHYTOH Ha BeJAHYHHY JpeddoBoi
CKOPOCTH 4= — j/en. Jlis HaxoXkKAeHHs WHKPEeMEHTa ONfAThb
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Bocnosp3yeMcs ypaBHeHHeM e==0. [lefictButenbHas uyacTh & A4
MOHHOTO 3BYKa Obina HaMmH Hafinena pasee [cM. (2.102)] ¢ momouibio
THAPOAHHAMHYECKOTO NPHOMHIKEHHS, 4 MHHMYIO MbLl MOMKEM yuecTb
¢ nomompio (2.123). Takum oGpasoM, uMeeM
2 2 2
® ® O af
=142 Bl gy P S k;ﬁé(m—kv)dv==0. (5.42)
®

&c? nk? v

Jas caBHHYTOH HAa # MaKCBeNJOBCKOH (YHKUHM paclpeieseHHd
Ofe __ me(v—u)

av T fe’ H AJIS1 HHKPpEeMeHTa JIErTKO HaXOAUM
e

3
y *=-=—%J—2 ,\/ e (u cos 0 — -9—) , (5.43)
ke 8T, k
rae 8 — yros Mexay u u k.

KakuM Mbl BHAHM, HOHHO-3BYKOBHE BOJHBE HAUHHAIOT HAPAaCTaTh,
KOrfla HampaBJeHHas CKOPOCTb 3JIEKTPOHOB IIPEBBILIAET CKOPOCTh
3Byka. [IpH 3T0M HHKpPEMEHT HeBeJHK, y/® ~ U/Uer, TIE Uer — Tell~
JIOBaf CKOPOCTb 3JIEKTPOHOB.

B) Knuneruueckne KOHYCHbBE HeyCTOKRUYHBOCTH.
HeycToilunBOCTH KHHETHUYECKOH NPHPOABI MOTYT PasBHBATLCA H B
apnabatHieckuX JoByllKax. Hleno B ToM, uro y agmaGaTHuecKOH
JIOBYUIKH ecTb BPOXJEHHbIH NOPOK: OHA yAEepXKHBaeT TOJBKO Te ya-
CTHIB, KOTOpble He MOMajfaioT B SalpelleHHbIH KoHyc (KOHyC mo-
Tepb). DTO aBTOMATHUECKH NPHBOAHT K HHBEPCHH 3aceJeHHOCTeH
sHepreTHUeCKHX ypoBHed. B camom Zxene, BBemieM MPOCTPAHCTBO
ckopocreil. DyHKIHA pacnpefeseHus YacTHI IO cKopocTaM [(vz v))
OT/IHYHA OT HyJA TOJbKO B 3aiITPHXOBaHHOH obmactu Ha puc. 66, a.
Ecnn naxe [(vy, 0)y) NpHMEpHO NMOCTOSIHHA B HEKOTOPOH oGJaacTtu
He OoueHb OOJbIIUX U L, TO ({YHKIHA pacnpeneeHHs Mo MONepedHBM

CKOPOCTIM f(vl) = 5 f (v, v )dv, Gyner Bospacraiomlell npocto B

cHJy TOro, uTO HHTepBan Av, ~ v,. Ilpu mocratouso GosbwHx v)
byukuus (v, vy), a BMecTe C Helt ¥ f(v 1), RoMMKHA YOLIBATb, TaK
uyto monHul rpaduk f(v,) uMeer BHA, MOKasaHHHE Ha pHc. 66, 6.
B o6nactu v < v¢ QYyHKUHA pacnpelejeHHd BO3paCTaer ¢ po-
CTOM U, 2 3TO H O3HAYaE€T, YTO HMeeT MeCTO HHBEpPCHAs 3acefeH-
HOCTb 10 NONepevYHoH SHepruu: 4acTHi ¢ 6oabulioR sHeprHeli Gosab-
e, yeM ¢ MaJoH.

ITo anasorun ¢ nasepaMu OTCIORA MOXKHO SaKJIOUATh, YTO €CIH
B niasMe Halizercd BoJiHA, KOTOpas pesoHaHCHHIM ofpasom Gyaer
B3auUMOAeficTBOBaTE C HHBEPCHOH MOMyJAsALMEH YacTUL, TO MOXKET
HMETb MECTO HUHAYIHDOBAHHAS reHepalus BOJIH, T. €. KCIOHEHIH-
aJbHOE HapacTaHHe MaJbiXx KojeGaHHH co BpeMmeHeM. TakuM o6pa-
80M, BONPOC O PACKauKe KHHETHUECKHX HeYCTOHYHMBOCTEN COCTOHT
B TOM, KaKHe BOJIHH B IIa3Me€ MOTYT NOMAajAaThb B PE3OHAHC U Kaxk
9TOT pPe30HaHC OCyIlecTBJAsETcS. DTH BOIPOCH CTABATCH HECKOJLKO
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pasnuyHHM 00pa3oM JJis HOHHO-ropsiuedi W 3JIEKTPOHHO-TOpsiued
71a3M.

PaccmoTpum Gosiee HHTepecHYIO HOHHO-TOpAYyi0 miasmy. SIcHo,
4TO ¢ HOHaMH MoryTt 3¢ (deKTHBHO B3aHMOJAeACTBOBATEL JHIIL HHA3KO-
4acTOTHbIE KOoJeOaHHfl, HMEIOHIHe YACTOTH MOPSAAKAa XapaKTEePHHX
HOHHBIX YacTOT i HWIH @p; B malopaToOpHOH NJIa3Me BeJHUYHHA
p = 8np/B? upesBrualiHO MaJja, OITOMY COOTBETCTBYIOIIHE BOJHB
ABJISIOTCA  NPONOJNBHBIMH  (3JIEKTPOCTATHUYECKHMH) — MarHHuTHOE
nojie B HHX He Bo3Mymaercsi. K HUM OTHOCATCA KoChle JIGHTMIODOB-
CKHE BOJIHBI, PACIPOCTPaHAIOMIHECS O] YIVIOM K MArHHTHOMY MOJIIO,

V’L Lf(vﬂ

H Y an

a) )

Puc. 66. HuBepcnas 3acesennocTs ypoBHeli B ainaGaTHuecKoll JoBYLUKe.

HOHHO-3BYKOBLIe X LHKJOTPOHHHE BOJHB, 4 TaKKe pa3/JHYHBE HX
KomOuHauuu., B neogHopoanofi nyiasme K HHM pobGasasiiorcs Apeii-
(hoBLle BOJIHHL..

UYro kacaercd pe3oHaHca BOJIH C HOHAMH, TO IPH HAJIHYHH CHJIb-
HOTO MAarHHTHOrO IIOJIs1 OH CYIIecTByeT Ma rapMOHHKax LHKJIOTPOH-
HOH uvacroTsi Q;. X0oTsl coOTBeTCTBYOIIHA 3 deKT siBAsiercs, pasy-
MeeTCsl, YHCTO KJIACCHUECKHM, ero Mmpolle PaccMoTpeTb ¢ KBAHTOBOH
TOUKH 3peHHA KakK NpeleJbHbldl CJyuadl HHAYIHPOBAHHBIX NepeXoioB
¢ yyactHeM GoJabuoro uncia kBaHToB. (KBaHTOBBIe 06pasbl BOILIH
B COBpeMeHHoe (H3HUECKOe MbIlIJEHHe HAacTOMbKO Iuayf6oKo, 4TO
HaXe WHCTO KJaccHYecKoe MOHATHe pe3oHaHca OoJee npocro dop-
MyaHpyercs Ha fA3blKe KBaHToB!) C KBAHTOBOH TOUKH 3peHHS He-
yCTOHYHBOCTE — 3TO HHAYLHPOBAHHOE UCIYCKaHHe KBaHTA h® C HM-
nyabcoM AR, BIOMb MarHUTHOro noss. ITOCKOMIBKY B CHALHOM Mar-
HHTHOM [0JIe MOMNepeyHoe ABHXKEHHe 3aPSIKeHHHX YACTHI[ KBaHTO-
BaHo (yposHH Jlanaay c¢ uHTepsasoM hQ; MeXIy YpPOBHfIMH), TO
8aKOHBl COXpPaHeHHS 3HEepPrHH H NPOJAQJLHOrO HMIMyJbCa OpR Iepe-
XOJle MPHHHMAIOT BHA

ho 4 myu, Av, — 1hQ; =0, (5.44)
hk, + m; Av, =0, (5.45)

rie Av, — Masnoe H3MeHeHHe NMPOAOJbLHON CKODOCTH NpPH Iepexofe,
a | — uenoe uuCIO, COOTBETCTBYIONEE Nepexofy uacTul, Ha Gosee

7 b. B. Kagomues
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HU3KHI YPOBeHb, OTCTOAIIHA Ha [AQ; OT HCXOAHOro, TaK 4TO
mv Avy = —I1Q;. V3 (5.44), (5.45) momyuaem cooTHOIIeHHE

©— kv, — 19, =0, (5.46)

KOTOpOe npeacraBjseT coboll yc/JOBHE Pe3OHaHca YACTHIH € BOJ-
HoH. OHO HMeeT NpPOCTOH CMEICA: B CHCTeMe KOODPAHHAT, ABHXKY-
nieficd BAOML 2 BMeCTe ¢ dacTHieH, 1actota KoJeBaHH#i B TOUHOCTH
paBHa [-li rapMOHHKe IHKJIOTPOHHOH uacrtoTu. Ilpum I > 0, xoraa
NpH HCOYCKAHHH BOJIHB YaCTHIA ePeXOJUT Ha (GoJjiee HH3KHH IIOme-
peuHbll YPOBEeHb, FOBOPAT O HOPMAJBHOM JHomNmiep-3¢d¢exre, a Npu
[ << 0 ucnonb3yloT TePpMHH «aHOMaJbHbIH Aonmep->dpdekt». He-
YCTOMYHBOCTE HMeeT MecTO TOJNbKO B TOM Cjyuae, ec/IH 3aceleH-
HOCTb Ha BepxHeM (HCXOJHOM) 3HepPreTHYeCcKOM YpoBHe GoJblue,
YeM Ha HHXKHEM, T. €. eCllH

S {f (v, 1) — [ (02 + Avz, 81 — 11Q4)} 8 (0 — kev: — IQ) dv.dey >0,
(5.47)

rae e, = m;v? [2 — nonmepeunast SHeprus, a O&-Gpynkums orGupaer
TOJBKO PE30HAHCHHE YacTHLH.
yCTpEMJISlﬂ B —0, u3 (5.47) c yuerom (5.44), (5.45) Haxonum

(ke + 2 20) 60— kv — 190) doz 01 dos > 0. (5.49

v, vy 00

Dto H ecTb ycJaoBHe packadkH KojeGaHuft B annsoTponHou
ninasme.

6. ITapanerpuueckue Heycrotiuugsocru. IIpu npoxoXKIeHHH Yepes
NJ1a3MYy CHJIbHBIX 3JeKTPOMATHHTHHIX BOJIH HJH NPH NPOHUKHOBEHHUH
B I1a3My BHelIHHX [epEeMeHHBIX NoJsiefi B Heli BO3HHKAIOT CHJbHBIE
peryaspHble KojeGaHHS 3JAEKTPOHOB H HOHOB. DTH KoseOaHHS Tak-
)K€ MOryT MOCJTYXKHTb HCTOYHHKOM HeycrofiuuBocrtefi. Tak Kak co-
OTBETCTBYIOUIHE HEYCTOHUHBOCTH pa3BHBalOTC Ha (oHe mepHoAHye-
CKHX KoJeOaHHil mIasMbl H caMH nofyac npHuumaiTt $opMmy napa-
MeTpHUeCKOr0 pe30HaHCa, TO 9TH HeYCTOHUHBOCTH HAa3LIBAIOTCH Ta-
paMeTpHYECKHMH,

Mbl nmo3HakoMHMcSl 3[eChb ¢ NapaMeTpHYECKHMH HeyCTOHYHBO-
CTSIMH Ha MpocTredlueM, HO THIHYHOM NpHMeDpe BO3OYXJIeHHS OBYX
HeJqHHeflHO CBA3aHHBIX BOJIH — HOHHO-3BYKOBOM © JIEHIMIODOB-
CKO#l — BHelluHell BOJHOH HaKauyKH.

IIpennosoxkum, yTo B IIa3Me HMeeTCs CHJbHAsl BOJHA C 3JIeK-
TPHUECKHM I10JIeM BJOJb OCH X

E = Egexp(— iwgf + ikex) 4 K. c. (5.49)

Benuuuny Eo Mbl gad npoctoThl OyldeM CUHTATh AeHCTBHTENbHOI.
Dra BoJHA MoxKer OBITb, HaIpHMEp, JIEHTMIOPOBCKOH ¢ uyacrtorofl
©0 = ©p. H BOJHOBBIM 4HCJIOM ko. IIpH ko= O anektpuueckoe nose
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(5.49) moXeT nNpHHAAJMEXAaTb MONePeYHOH BOJHE HJIH BHeELIHEMY
HCTOYHHKY € YacToToil, 6/IH3KOH K ®p. (HANOMHHM, 4TO Y monepeu-
HOH BOJIHBI k“’c“’:m“’—m%e, T. e. BOJIHOBOe 4YHCJIO Majadé npu
©— 0pe). VIMEHHO mpH Magof paccTpoiike, |® — wpe| K ®pe, HAH-
6oJiee CHJILHO MPOSIBAAIOTCA NapaMerphdeckde 3bdexTr, U NO3TOMY
B JanbHeflueM Mbl OydeM Ipefno/sararb, YTo e OMH3KA K @pe.

BricokouacToTHAA BOJIHA NPHBOAHT 3J€KTPOHBI B KojebareslbHOE
IBIKEHHE ¢ aMIUIHTYI0H

ie

MeWy

Egexp(— iogt + ikox) + k. c. (5.50)

[Ipeanonoxum Tteneps, u4TO KpPOMe BHelUHell BOJIHE,, KOTOPYIO
Mbl GyAeM Has3bpBaThb BOJIHOH HaKauKH, B [J1a3Me MPHCYTCTBYIOT
JIEHI'MIOPOBCKAast H HOHHO-3BYKOBasl BOJIHBI Masiofi amnantyas. [lo-
KaxeM, UTO B3aHMOMAefCTBHE HX C BOJHON HaKAaYKH MOXeT IIPHBO-
AHTL K HapacTaHu0 X aMmautyasl. Jlis npocrorsl 6yaeM CuHTaTh,
4TO 3TH BOJIHH PACIPOCTPAHSAIOTCH BAOJbL OCH X. .

PaccMOTPHM CHauajla BbICOKOUACTOTHBIE JIEHTMIODOBCKHE KOJle-
Ganusa. Kak MBIl 3HaeM, OHH HUMeIOT HeNPEepHIBHBIA CNEKTP H B KaX-
J0¥ TOUKe yacToTa KoseGaHHH DaBHA MeCTHOH JIEHTMIODOBCKOH (MBI
nmpeAnosaraeM, yto JJHHA BoJHB MHOro GoJblie feGaesckoft, Tak
YTO TEIJIOBOIH MONPaBKOH MOMXKHO npeHeGpedn). YuTeMm Teilepb, uTO
MeJlJIeHHble HOHHO-3BYKOBBIe KoseGaHHS NPHBOASAT K HeGOJbLUOMY
OTKJIOHEHHIO 67 MJIOTHOCTH OT paBHOBeCHOro 3HaveHus n. laa cxo-
pocTH KoseGaHufl 3eKTpoHOB B BosHe E HMeeM mpocro

lid4} e

'50:—

W = — _”I E, (5.51)
a SJeKTpHuecKoe IMoJjie MOKeT GbIThb HallleHo H3 ypaBHeHHA
L — — 4nj = 4me{(n -+ 8n) (5 + Bo) — no)}, (5.52)

rie j — TOK JIeHrMIOPOBCKOH BOJIHHL.

Tak Kak, no OPEANONOKEHHIO, AMIVIHTYAB JEHTMIOPOBCKOR H
HOHHO-3BYKOBO#! BOJIH MaJbl, To B (5.52) Mbl npeHeGpexeM KBajpa-
THUHBLIM Yi1eHoM 8nd. [Tuddepenunpys (5.51) mo BpeMeHH H HUCKIIO-
yasi 3aTeM [POHU3BOAHYIO MO BpPeMEHH OT 3JIeKTPHUYECKOro MOJS ¢
nomouipio (5.52), MBl MOJYYHM ypaBHeHHe NI OCHHJAJAANHH SJeK-
TPOHOB

0% 9 = __ én o .
W—I—mpeU-——T&)per, (553)
rle ©pe — HEBO3MYIIeHHasl JeHrMIOPOBCKAs 4acToTa.

B HH3KOYAaCTOTHBIX KOJeGaHHAX NMPHHUMAIOT YYACTHE KAaK 3JIeK-
TPOHBI, TaK H HOHbL. YDaBHEeHHE [BHKeHHS NJS HOHOB BHITJIIHT
OueHb IPOCTO!

dv e
G = (5.54)
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rie v — CKOpocTb HOHOB, E — nose MefneHHol BoaHe. [lose E
MOXKHO HaHTH M3 YPABHCHHA ABHXKEHHS /IS 3JEeKTPOHOB

dv dv T, @
me—i + mv, ZF+ 25 55

dn = — eE. (5.55)
311er NEPBLEIM HHEPUHHOHHEIM UYJIEHOM A MEIJEHHOIO ABHXKEHUSA

g ve \2
MOXHO mpeHeGpeub, a BO BTOPOM ujeHe me—OT(—ze-) MBl COXpa-

o ~ 0 .
HUM JHHefinoe mo ¥ cJyaraemoe m, ——(0,0). Pas Mmeercda, 3JeCh
e 9x 0

ROCTATOYHO OCTABHTB JHIUbL MeJJIEHHO MEHSIOILLYIOCH YacTh, KOTOPYO
MBI 0G03HAUHM YIVIOBBIMH CKOOKaMH, 03HAUAIOUMMMH yCPelHeHHe 10
BHICOKOUACTOTHLIM KOMeGaHHUAM. Y4UTHIBas elle ypaBHEHHE Hempe-
PLIBHOCTH

3} Jv
—aT(Sn—l—nF;=0 (556)

1 HCKJouaa ¢ nomomsio (5.54), (5.55) E u 0, Mul moJyuumM ypaBHe-
Hue aga én:.

o ,
5 0 — €5 5

on=n2e & (550 (5.57)
m, 0x? 07+ '

VYpasuenus (5.53), (5.57) onHCHIBAIOT CBsI3aHHLIE Yepe3 BOJHY
HAaXauKH JIEHI'MIOPOBCKHe H HOHHO-3BYKOBble BOJHH. Ecan ammiu-
TyZa BOJHB HAKA4KH MaJja, TO 3aMeTHbi 3(deKT BO3GyKAeHH:
CBSI32HHBIX BOJH MOXeT HMeTb MeCTO TOJBKO NPH YCJAOBHH pe3o-
HaHca. A HMeHHO, NYCTh 3TH BOJIHBl SIBJISIIOTCS MOHOXpOMaTHueE-
CKHMH:

6= aexp(— iwgd + ikpr), 2 =ibexp(iot —ikyx), (5.58)

rie a, b — MelJIeHHO MeHsIOUHecs aMIUIMTYAR. Torga npH BLIDOJ-
HEHHH Pe30HAHCHBIX YCJIOBHI

W)= @pg T 0, Ro=Fk, 1k (5.59)

B peHeOpeKeHHH BTOPHIMH NPOH3BOAHBIMH IO BpEMEHH OT MejJeH-
HO MeHSIOUHXCA aMIIHTYA a, b ypaBHenus (5.53), (5.57) npuum-
MaiOT NPOCTOH «YKOPOUEHHBIH» BHA:

da Ope ab meks
E i B Tl P (5.60)

rae vo=eEo/m, — aMmauTyla Ko/JeOGaHHi 3JEKTPOHOB B BOJHe Ha-
KaukKH.

Dtu ypaBHeHHs OTJHYAIOTCA OT PaCcCMOTPEHHHIX HaMH paHee
ypaBHeHHH NpH 3HAKOMCTBE € TPEXBOJIHOBHIMH B3aHMOJEeHCTBHAMH
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(3.88)—(3.90) ToaBKO TeM, 4TO BOJHY Up MBI CUHTAeM CHJBHOR
¢ 3a[aHHOH aMIUIHTYAOH M He HCIOJb3yeM HOPMHPOBKY AJS aMILIH-
TYA, clenaHuyio B § 4 ra. 3.

Ypasuenna (5.60) mMeloT SKCIoOHeHLHAJbHO Hapacralomee pe-
WE€HHE € HHKPEMEHTOM Y, ONpelle/iieMBIM NHCIEPCHOHHBIM ypaBHe-

HHEM
Mg Wpekg 9

V2= vl (5.61)

4mi ¢

Kak Mbl BHAHM, HHKPEMEHT MNPONOPLHOHAJEH AaMILIATYIE BOJIHBI
nHakaukd. CooTBeTcTBYIONIAs HEYCTOAYHBOCTB, KOTOPYIO TOXKE MOXK-
HO OBUIO 6Bl Ha3BaTh IapaMeTPHUYECKO!, OMHCHIBAET caMoOe Havyalo
«pacrnajga» BOJHH HaKaYKH HA JIEHTMIOPOBCKYIO H HOHHO-3BYKOBYIO.
B JautepaType OHa H3BeCTH& KaK pacnajfHas HeYCTOHUHBOCTb.

[Ipn nocrarouHo Goubliofi AMIVIMTYAE HAKAa4KH Uy HHKPEMEHT
MOKeT TPEeBLICHTh COGCTBEHHYIO YACTOTY HOHHOTO 3BYKA @s == Csks.
B sroM cayuae B ypaBHenusax (5.53), (5.57) MoXHO BOCNOAb3O-
BaTbesdl APYruM mpubauxkenHeM. A umeHHo, B (5.57) MOXHO npe-
He6peub BTOPHIM uJeHOM B IpaBoll yacrtd. Ilpeanosarass onATsk, 4To
yactoTa wo OJHM3KA K ®p, H NpeHeGperast PacCTPOBKON o — ®pe,
Mbl MOXKeM 3anucath ypaBHenusa (5.53), (5.57) B ynpomenHom
BHJIE:

da ipe
rn = “on dnuy, (562)
2 on=— T npay,. (5.63)

1

3aech Mbl OHNATH NPENNOJOKHIH, 4YTO BBHIIQJHSETCS COOTHOLIeHHE
ko = kyp + ks. Y13 ypaBuenui (5.62), (5.63) Buitekaer, uto cBsSI3aH-
HBle JIEHTMIOPOBCKHE H HOHHBIE HH3KOYACTOTHbIe KojieGaHHs Hapa-
CTAalOT CO BpPEMeHeM ¢ HHKpeMeHTOM y~0Ys. [lpu 3TOM roBoputsh

O HOHHOM 3BYKE y2Ke HeT CMBHICJA: B PACCMATPHBAaeMBIX KoseGaHuAX
cuna Muanepa 3HauuTeNbHO NpeBniuaeT rpafaueHt Aasaexus. Co-
OTBETCTBYIOIYIO HEyCTOAYHBOCTb HA3LIBAIOT MapaMeTPHUeCKOH, WJH
MOIH(HIHPOBAHHON, pacnagHof.

W HakoHen, Te x)e ypasuenus (5.53), (5.57) B cayuae ky— 0,
HanpuMmep NJs 3JeKTPOMArHHTHOH BOJIHB HaKauKH, TONYCKAIOT elle
OJlHO NPHOGIHKEHHOE peleHre. A UMeHHO, IPH AOCTAaTOUYHO 6OJabLIIOH
aMIUIHTYle HaKaukH o6e KOMOHHAIHOHHble YACTOTH @o + Q u
0o— Q (§2 —uacToTa HOHHBIX KOJMeOaHHH) OJH3KH K @pe, TAK 4TO
B ypaBHEHUAX HYKHO yyecTh cpa3y obGe rapMoHHKH. Byaem cuurars,
410 8n~e~i¥, a §=yp,e i@te! L g e-1(@-0)t y ppeneGpexem
BTOPbIM ujieHOM B JeBoH uactH (5.57), nonaras, yto aMmIATyna
HAaKaYKH JOCTATOYHO BeJIHKa, 4 BO3MYIIEHHS TNPOTAXKEHHH MO X.
[Mpu »TOM MOXKHO CYHTATH, YTO H y 8n, H Yy 0 3aBHCHMOCTDb OT X
onua u Ta XKe: ~eihx [lojarasa Uy ==vee~ '™ 4 ve'®, nomyyum
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nocJse MOACTAHOBKH 3THX Bhipaxeuu#t B (5.53), (5.57):

Q%n = —%‘:— nk?(v+vs + v-vo), (5.64)
@, — (0, + Q)]v, = — cozevo—q:— '
5.65
[02, — (0, — Q)]v_ = — «? o (5:69)
pe 0 pe 0 n

Taxum o6pas3oM, Mbl oJyuaeM CHCTEMY Tpex OJAHOPOJAHBIX ypas-
HeHu# s 6n, 04, U—. YCJIOBHEM HX pa3peliuMOCTH siBasiercss oGpa-
meHHe B HYyJb JerepMuHaHta cucremsl. Cuuras, 4ro paccrpofixa
A = @y — @pe U yacrora Q manel, ypaBHeHus (5.65) MoXHO ympo-
CTHTB!

(A + Qv+ = 0petn 5
(6.66)
(A— Q) v_ = po0s =
- pel0 on *

Ecnu temepb MOACTABHTH MOJYUEHHBIE OTCIONA 3HAUEHUS Ui H U—
B (5.64), To MBI IONYYHM JHCOEPCHOHHOE YpaBHEHHe Hja Q:

Q2 (Q2— A? —I— —% 0,0k vy PA =0. (5.67)
m,

D10 ypaBHeHHe HMeeT KOMINIeKCHble pemieHHs ajas Q (KoTopele co-
OTBETCTBYIOT HEYyCTOAYHBOCTH) B IUHPOKO# o06JacTH 3HaueHuit A
(3a ucKIOueHHEM OOJIBIIHX IOJOXKHTEAbHBIX A) MaxkcaManbHbIl
HHKpPEMEHT y HOCTHraeTcs mpH

e l/’ -
A~y~ (L,Z— ©ek?| U 12) . (5.68)

Benencrsue mapamerpHYecKoH HEYCTOHYHBOCTH MOUIHAS 3JIEKTPO-
MarHuTHas BOJHA B IJ1a3Me MOXeT C03J1aBaTh JOCTATOYHO CHJbHLIE
HEeOJHOPOMHOCTH ee [JIOTHOCTH.

§ 2. KpasunuHeiHoe mpuOANIKeHHE

B HeycrofiuHBo# mnua3me joOble Ma/ble HadajJbHEE BO3MYIIe-
HHSl, BIVIOTb O TEMJIOBLIX IIYMOB, SKCMOHEHIHAJbHO HapacTaloT CO
BpeMEeHEM, H B KOHIle KOHIOB HX aMIVINTyJda JOCTHraer Takofl Besu-
YHHbI, 4TO OHHM HAYHHAIOT OKa3biBaTb 3aMeTHOe BJIHSHHE Ha MaKpo-
CKOMHYEeCKHe XapaKTePHCTHKY [IJIa3MBl.

[Tpu pasBHTHH HeyCTONYHBOCTH BO3MOMKHBI Pa3JIHYHEIE CHTYalHH
MeX1y ABYMS KDafHHMH BO3MOXHOCTAMH. B ofHOM mnpemenbHoM
cryvae, Korja Ju60 mrasma ¢aado HaAKPHTHYHA H HEyCTOHYHBOCTD
cnabast, nu60 OAHA H3 MOA KoseGaHHA CHJbHO NpeBaJHpPYeT Haj



§2 KBA3WUJIMHEFIHOE TPUBJIUKEHUE 199

LPYTUMH, BO3MOXKHO Pa3sBHTHe OJHOH TOJbLKO MOJBl HEYCTONHUMBOCTH.
B sToM cayuae miasma mepexoJIHT B HOBOE JaMHHAapHOE ABHXKeHHe
C pasBHBIUUMCH B Hefl DeryJIsipHbIM, YIOPAZOYEHHBHIM TeuUEHHEM.
B nmpyrom mnpemensHoM cayyae B Hell pasBHBaeTcs MHOIO MOJ,
CJIOXKHO B3aHMOJEHCTBYIOIHX MeX1y coboil u TPeOYIOUIHX NO3TOMY
IJIS CBOEro OMMCAHUS CTATHCTHYECKOro moxxofa. Bropoe coctosiHue
Mbl H 6yneM HasoiBaTh TypOy/JeHTHHIM. B paspexenHoil nmasme, roe
MeXaHH3Mbl JUCCHMALMH HrpaioT MAaJyIO0 POJb, Halle Pa3BHBANOTCS
HMEeHHO TypOyJIeHTHBIE, a4 He JIaMH- @)
HapHble MTPOLECCH.

3ajaua KOJMYECTBEHHOr'O OTH-
caHusl TypOy/leHTHOCTH pa3buBaert-
ca Ha nase. HyxXHo yMmernb, BO-mep-
BblX, ONHCLIBATb €aMmo TypOyJeHT-
HOe [BHXKEHHEe C yueToM B3aHMO-
IefiICTBHSl OTAeJbHBIX MOJ KoJeba-

HAft, &, BO-BTOPLIX, OMNpeneNasThb :
BIHSHHE TYpOYJeHTHOCTH Ha Ma- |
KPOCKOIHYECKHe, yCpenHeHHble m
CBOHCTBA IJIA3MBI. 7 vy 0

OxasviBaercss Gosee yAoOHBIM

Hauyatb co BTopo# 3ajnauu. Hemo B
TOM, 494TO IpPH OueHb cJjgabo#i He-
YCTOHYHUBOCTH YPOBEHb Pa3BHBLIHX-
¢ WyMOB MoXeT ObITb HACTOJBLKO

Puc. 67. KBasuauueiinas penakca-
LAS NYyYKa B mjasMe H o6pa3oBanue
miato ua QYHKUMH paclipefeseHus.
Cojiolunas  JHHHS  COOTBETCTBYET
HauaJgpHOH, a NYHKTHDHas#m — KOHey-

Holt dyHkuuu pacnpenenenus. Huxe
dYHKuMH pacmpesfesieHHs H306pa-
KEHO paclpefeseHHe SHEPrHH Ko-
JebaHuii 10 (a30BEIM CKOpPOCTAM
nocJie yCTaHOBJEHHS MJjaTo.

HH3KHM, YTQ OTJeJbHbie MOJbl KO-
geGanufi npakThHueckH He Oyayt
B3aUMOMAEHCTBOBATH, T. €. HX MOXK-
HO OINHCHIBATb B JIHHEHHOM TpH-
Gauxkennn. Bwmecre ¢ TeM oOHH
OyayT oxasbiBaTh KaKoe-TO BO3fefiCTBHE Ha NJa3My, H HMEHHO 3TO
BO3JeACTBHE CMOXKET OCTAHOBHTb JKCHOHEHIHAJbHOe HapacTaHue
wymoB. Takofi NOAX0OA K ONHCAHHIO HeyCTOMYHBOCTeR Maa3Mbl H ee
ci1aboit TypOGyneHTHOCTH Obll npelJioXeH B paborax Benenora, Be-
auxosa, Cargeesa [193] u Ipammonna u [Tafinca [194] (cM. Takke
[195]). Mbl n03HAKOMHMCSA ¢ HEM HA CaMOM IPOCTOM IIpHMepe BO3-
Oy2KIeHHSI JIeHTMIODOBCKHX KOJeGaHHH pa3MbITBIM 3JIeKTPOHHBIM
ITYYKOM.

[onycthM, dTo B HayaJbHBIA MOMEHT BDeMEHH B 3JeKTPOHHOM
nnasMe HMeercd cJaOblfi 9JeKTPOHHBIA MYUYOK C CHJbHBIM pasbpo-
COM YaCTHIL [0 CKopocTsiM. Torxa Haua/dpHylo GOYHKIHIO pacnpefe-
JIEHHS] YacCTHIL MO CKOPOCTAM MOXHO NPEACTaBHTb B BHMIe PHC. 67,
T. €. OH& UMeeT «rop6 Ha xBocTe». Kaxk ™Mbl 3HaeMm, B Takofl miIasme
JIOJIKHBI BO3GYXKIAThCA JIGHTMIOPOBCKHE KosieOaHUsl ¢ TAKHMU AJu-
HaMH BOJIH, uToGul HX GaszoBas CKOpoCTb Uy = ©/k momanasna B 06-
Jaacrtb «ropba», rie QyHKnus pacnpeneqednss HMeeT NOM0KHTENbHYI0
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NPOU3BOJHYIO, MOCKONBKY HHKPEMEHT HeyCTORYMBOCTH paBeH

3
nw,, ofq

Yx = S Bo (6.69)

U= (v)k/k

Mockoabky yx>>0 B wHpoko#i o6nactH 3HaueHH#i (Pa30BHIX CKOPO-
cTel, TO MOXKHO OXHAaTb Pas’BHTHA GOJbIIOTO YHCJIA TAPMOHHK C
UIHPOKHM HaBopoM pa3JIHYHBIX BOJHOBEIX YHCEJ.

[TpencraBumM cHOBA 3MeKTpHUECKOE IOJe B BHIE

E(x, )= Zk‘, Ee™ "okt Tikx (5.70)

Bynem cunrtath, 4TO CyMMHPOBAaHHE NPOBOAHTCA KaK N0 INOJOXKH-
TeJbHLIM, TAK H MO OTPHIATEJabHBIM k; 9T0ObI nosae E(x, £) Gburo
JeACTBHTEAbHBIM, HeOOXOAHMO BLINOJHEHHE YCAOBHHA

Ep=Fr ©-p=— 0. (5.71)

Ecin rapMoHHK 0oueHb MHOro, To X HaGop Oyler npakTHYeCKH Cly-
yaifiHo#i BeJMYHHOH, mosToMy H move (570) Gosee yRoGHO omMuchl-
BaThb C NOMOUIbIO ciayuafinsix ¢yHkuuii. COOTBETCTBEHHO OKAa3bl-
BaeTcsl yAOGHHIM mpuiarbh cyMMe B (5.70) mo k2 Gosee onpepesneH-
HBIH ClielH(HUECKHA CMBICI.

[IpennonosxHM, 4TO BOJHOBOE YHCJIO MOXKeT mpoberath AHCKperT-
HHIl PSN 3HauyeHHil, Hanpumep & = 2nn/L, rne L-— nnuHa paccma-
TPUBAEMOro Ma3MeHHOro oOpa3oBaHHs, MO BequunHa 2n/L < R,
TaK YTO R MOYTH HenpephiBHO. PaccMOTpPUM KOppeaANHOHHYIO (YHK-
IHI0 ToJsiefl, T. €. yCpelHeHHOe MO Iu1a3Me 3HaueHHe OT MpOH3Beje-
HUs nojefl B ABYX Oam3kux toukax (E(x 4+ E)E(x)). Dro Bwpa-
JKeHHe MOJXKHO NOJIYYHTh, YMHOXAs JPYr Ha Jpyra ABe CYMMbl BHAA
(5.70) u sarem ycpeaHss uXx mnouaeHHo. [IpH TakoM ycpeaHenuu
GoJbLIast YacTb YJIEHOB JBOHHOH CyMMBI HCYe3HeT, OCTAHYTCH TOJIb-
KO Te UjieHbl, B KOTOpble BXOAUT Mpou3BeAeHHe Epet® *+8ya Fre—ikx,
Takum o6pasom moayuum

(E(x + B E(x))= ; | Ej e, (5.72)

HpHMEM TeIephb, 4TO CYMMa Z [TIOHHM3eTCA B TAKOM CMBICTIE,
k

YTO CyMMa YJIeHOB 1O HHTepBaJy AR mpocto mponopliHoHaJbHa AX.
Toraa 8 (5.72) or cyMMHpOBaHHA MOXKHO HepefiTH K HHTerpupona-
uuo. Ilosaras AJst ynpoleHHs 3aNHCH IEk |?=E% (T. e. noHumasn
nox E: sennunny |Ex|2) u ycrpemass L — oo, 3anumem BhIpaXKe-
uue (5.72) B BuNE
+ o0 oo
RE®=(Ex+HEw) = | Bt de =2 E3cosktar. (5.73)

—-00 0



§2 KBA3W/IMHEFIHOE TPUBNHXEHUE 201

Mul yumu 371eck, 410 E; sBasiercst ueTHo#t dyukument k. Us (5.73)
BunHo, uro E} siBasercs (Gypbe-KOMIOHEHTOH KOppPeJs HHOHHOR
byuxuuu
400
1 -
B=—p | emr@a (5.74)

- 00

Ecau cumrath, uyto BoJHOBOe nose E siBAsercs MOYTH CTAIHO-
HapHBIM, T. €. UTO €ro ycpelHeHHble XapaKTepHCTHKH He MeHSIOTCs
3a oueHb OOJIbLIOH MPOMEKYTOK BpeMeHH T, Tak YTo B 3TOM mpo-

MeXyTKe E% MOXHO CUHTATh NOCTOSIHHBIM, TO ¢ momompbio (5.70)
JIETKO TOJYYHTb [POCTPAHCTBEHHO-BPEMEHHYIO KOPPEIAIHOHHYIO
dyunkuuio

+00

RE 1)=(E(x+& t+1)E(x, )= S Ele~ "8 gp  (5.75)

- 00

Hrtak, ecsin BOJIHOBOE MOJE€ paccMaTpHBaeTcsl KaK HaGop oueHb
GoJsibLIOro YHCJ2 FAaPMOHHK H NpejnoJaraercd caAy4adHbIM, TO A
€r0 ONHCAHHS MOXKHO NMOJb30BaThesl Benunnoil Ej. Benuuuna E} Ak
HMeeT CMbIC KBafipaTa aMIJIHTYAbl BOJHOBOIO MAKeTa, COCTABJIEH-
HOTO W3 FapMOHHK, momajaiomux B HHTepBan Ak CooTBercrBeHHO
MOKHO BBeCTH BeJHUHHBl Np, &g, Pr, HMelOmHe CMBICA MJOTHOCTH
YHCJIa BOJIH, SHEPrHH H HMNYJbca B K-IPOCTPaHCTBe.

C moMOUIBIO 5THX BEJHYHH H C/elyeT OMNHCHIBaTh I[PONECCH B
cnabo TypOGyneHTHo#l mnuasMme. B KBasuiaHHefiHOM NPUOJIHXKeHHH
NPEANONaraeTcs, 4YTo B3aHMOJeACTBHE MeXIY OTAeNbHEIMH rapMo-
HuKaMH oTcyTtcrByer. Torfaa mo6ofi maker, cCOCTaBJIEHHHIH H3 BOJIH
unTepBasna Ak, Bemer ceGs HE3aBHCHMO OT APYTHX, H LJs Hero
MOXKHO HCIOJb30BAaTh YpaBHeHHE

aF2 aE2 :
=5 0 =2y, E3, (5.76)

KoTOpoe OBJIO MOJYyueHO paHee JJIs NPOTSKEHHOr0 B OPOCTPAaHCTBE
BOJIHOBOTO nakera [cm. (2.155)].

[lepefinem. Tenepb K PAaCCMOTPEHHIO Npouecca O6paTHOrO BJHSA-
HHS BOJH Ha vactuisl. Bocnoanayemcs ypasuennem Baacosa s
3J1eKTPOHOB: »

Oi
dv

(i}

4o < gt (.77)
[MpencraBum QYHKUHIO pAacIpPENENCHHs 3JEKTPOHOB [ B BHIE CyMMbI
MeAJIeHHO MeHsiomiefics fo u ocuuanupymoweit gacra f. Ocnunnu-
pyouylo yactb Mbl OyJaeM cYHTaTb Majof, H NO3TOMY AJS Hee
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MOXHO OrpaHHYHTBHCS JIHHEHHBIM NpUOIHKeHHeM. [ k-rapMOHHKH
MoJIs1 COOTBETCTBYIOIILAast TapMOHHKaA fh paBHa, O4YEBHJAHO,
e i Ofo
= F, =2 .
fk me ®— kv k" 3o (5 78)
(DTo BbIpaKeHHe Mbl yXKe NOJYYHJIH NPH 3HAKOMCTBE C JHHEHHBIMH
JIEHFMIODOBCKHMH KOJIeﬁaHI/IHMI/I). Yro xacaercs MEeaJIEeHHO MeHdAlo-

mwelics QyHKuUH fo, TO IS ee OMUCAHHA MOXKHO BOCIOJb30BAThCS
yCPeIHEHHBIM 10 BbICOKOUACTOTHBIM KOJeGaHHAM ypaBHEHHEM

o pode— 2 g o £ D (), (5.79)
B naapHefiiiem Mbl TIPeANOJIOKHM, UYTO ycpeaHeHHOe noJje Eg orcyT-
crByer. Unen B npasoi wactu (5.79) Kak pa3 W omnucbiBaer obpar-
HOe BJIMSIHHE BOJIH Ha yCpelHeHHYI0 (yHKuuio pacnpefenenus. Has
€ro BHIYHCJIEHHS Mbl JOJIKHbI NIOXCTABUTb BMecTO E ero BelpaxkeHue
(5.70) B BHme cyMMBl MO FapMOHHKAM, H AaHAJOTHYHOE BHIPaKeHHE
ciefyet moActaBuTh BMecto [. Ilpu sToM BMecto 1/(w — Rv) cie-
AyeT NOACTABHTL BbIpaXKeHHe
1 o, —kv—1{ P
R Sukuicmtd/ BV — ind (@, — ko). (5.80)
p — RO+ iy, (0, — kv)Y + vy, o, — ko

3pecy 6-dyHKuMs mosydueHa npH yr —> 0, a P o3Hauaer riaaBHOe
3HaueHHe.

[lpn moncranoBke 3THX BblpaxeHu#t B (5.79) nodyuaem (npu
Ey,=0)

af d . Of
P+ oG =5y Do (5.81)
rpe
Te?
D, =\ B2 (0, — ko) ak (5.82)

m,

(MBI omATh mOHHMaeM 3fech mon Ei Beanuuny | E ?). Takum 06-
pasoM, aas fo nonyuaercs ypaBHeHHe NUG(Y3HOHHOrO THIIA B IIPO-
CTPAHCTBe CKOPOCTeHd,

Ypapuenus (5.76), (5.81) U coCTaBAAIOT OCHOBHYIO CHCTEMY
KBasuJuHe#tno# teopuu. PaccMoTpuM uacTHbf cayua#, Koraa fo H
E; ne saBucsit ot x. [Ipu 3tom B ypasuenusx (5.76), (5.81) MoxHo
oTOpOCUTb MPOH3BOAHYIO MO KoopamuHate x. Kpome TOMO, MOCKOJBKY
YacToTa IJ1a3MEHHbIX KOsle0aHHH o~ ®,, MOXKET CUHTATbCA He 3a-
BHcAllel OT v, B Bhipaxenud (5.82) uurterpasn or 8-GyHKuUMHM HaeT
npocto Beauuuny l/v. [lanee, BMecTo E% ynoOHO BBeCTH BeJH-

yuny E2%, NpONOPUMOHANBHYIO TJIOTHOCTH 3HEPrHH KoseGaHuH Ha
o 2 2 2 2
HHTepBaJ $a3oBeIX cKopocTed dv, T. e, Er dk = Eydv=Ej (co,,e/k )dk.
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Torna ypaBHeHHSI KBa3HJIMHEHHOH TCOPDHH MOXKHO 3alMCATh B BHIE

aE? no’e,, Of
5 = 2V,E5, Vo="gr Gy (5.83)
9 _ 9 p O — Tl 2

at  ov D. dv D e, e Lo (5.84)

pe

YuteMm T€nepb, 4YTO IIOTHOCTb 3HEPrHH JIEHI'MIODOBCKHX KoJie-

3 (ew) EZ2 E2 E?
AV Ce__CR — a IJOTHOCTb
Ganuit &,= 5o Bx = 4y TaK uTo &, T
k 2

uMnyabca Py=——&,= 3aMeTHM, UTO B 3HEPI'HIO BOJIH BXOMUT,
pe

v
4ny
B YacTHOCTH, KHHETHYeCKasi SHeprus KojaeOaHuH 3/J1eKTPOHOB B BOJIHE,
HMEHHO N03TOMY & BIBOe GoJibllie IJIOTHOCTH SHEPIHH 3JEKTpHYec-

KOro 110J1st B BosIHe. [Ipi HeCKO/IbKO JPYroM ONHCAHHH KoJebGaHui aTy
SHEpPTrHI0 MOXKHO OBLIO 6Bl BKJIOUHTH B S (m.v%2) f, do.

C nomomnio (5.83), (5.84) HeTpyAHO yCTAHOBHTb, YTO CHCTEMA
KBa3WJIHHEHHBIX yPaBHEHHH COrjacoBaHa C COXpaHeHHeM SHepruy
H HMIIyJbCa, T. €.

2

2 EU
fodov+ S 4 dv=const,

_ m
g_s (5.85)

2

P=Smevf0dv+s 4;

O6cynnMm Tenepb dH3NYECKHA CMBICA NOJYUeHHBIX YpaBHEHHH H
yto onu Aaior. Kak Mbl BUIuM, I GYHKIUH fo NONyYHIOCH ypasB-
Henue Aud¢y3noHHoro tuna. MoxkHO ckaszaTb, UTO BClOLy, I'le eCThb
BOJIHBI, KaXJAasl BOJHA CTPEMMTCS CO3[aTb JOKaJbHOE «IU1ATO» Ha

Ofo
$yHKUMH pacnpe/ie/leHus] PESOHAHCHBIX YaCTHL, T. €. mpH — = > 0

OHa CTPpEMHTCHA 3aMeIJINTb YaCTHIBIL. Ho stu YAaCTHIBl CO30AI0T IIO-

o (i)
BBIILIEHHBIH TI'PaJgHEHT a—l;o [IpH HECKOJbKO MECHbBIIHX CKOPOCTAX H

MOJXBAaThIBAIOTCA JAPYro#f BOJIHOH ¢ MeHblle#l ¢a3oBO# CKOPOCThIO,

Kosbduuuent D, oTanueH OT Hyas TOAbKO TaM, rie E3 5= 0.
Ecsu cuurath, 4TO ypOBeHb TEIIOBbIX LIYMOB TpeHeGpekuMo Mad,
10 D50 TONBKO Tam, Ifle BOJHBE YCNEBAIOT HAPACTH OT TEIVIOBOrO
ypoBH#, T. e. B oGjactu HeycrofiuuBoctu. Hapacras B sto#t obia-
CTH, BOJIHBl IIPHBOAAT K AHG(]Y3UH 4YacTHL B CTOPOHY MEHbIUHX U,
H 570T npouecc OyJer NpoROsKAaThCS NO TeX NOp, NOKa BO Bcell
obsacty HeycroHuuBocTH He OyJler [OCTHTHYTO COCTOSIHHE ¢

a
Y~ G f =0, [pyrumu cnoBamMH, B KOHEUHOM COCTOSIHHH Ha
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dynxkuun pacnpenesenust fo ROMKHO 06pasoBaTbcsl maato (CM.
NyHKTHD Ha pHc. 67).

ITpu 5TOM WyMbi HApPACTYT IO HEKOTOPOTO IPENesbHOro CTalHO-
HAPHOTO yPOBHsI, H306paKEHHOTO Ha TOM e pHCyHKe. AMIIuTydy
IIyMOB JIETKO HAHTH M3 3aKOHA COXpaHeHHs 3Heprud. B camom Iere,
ec/iM TPH CBOEM 3aMelIeHHH uepes TOUKY U B CTOPOHY MeHbUIHX

o 0
3Hepruil 3a BpeMs Ipouecca NPOLIJIO 6n=g(f8°—fo) dv 4vacTHu,

0
TO B MHTepBase dU OHH JOJIKHBI GBI NOTEPATh SHEPTHIO Mudvdn.

HUU

HumeHcubrocme Koneda,

Yoempma

Puc. 68. Teopernuecknfi (CIvIOWIHA JHHHS) H SKCHEPHMEHTAAbHHRA (KPYXKH)
PaBHOBECHHE CIEKTPH [Jsi IIYMOB B IJIa3Me NDH PeJAaKCAlyH Da3MHTOrO IyuKa.

Sra 5Heprus JOJKHA NepelaTbCsl BOJHAM C (Pa30BHIMH CKOPOCTSMH
2
B uHTepBase dvu, T. e. oHa paBHa Ey du/4n. Orciona Haxomum

0
E2 = 4mm o { (17" — £3) dv, (5.86)
0
0 00
rie fo— HauanbHas, a fo — KOHeuHas (QYHKUHS pacnpeleseHHs.
B unrerpaa (5.86) o6aacte o1 v = 0 10 HUKHElH I'PAHHLBI NJ12TO Uy
bakruuecku BkJaga He paer. CootHowenue (5.86), pasymeercs,
MOXKHO MOJYYHTb H Oosee (PopMasbHBIM NMyTeM ¢ [OMOILLIO ypaB-
nenuft (5.83), (5.84). U3 (5.86) Bumno, 4TO mWyMB COCPEROTOYEHB
B o0OJacTH, rae o0pa3oBanoch JaTO, IPpHUEM E% unasmo cnapmaer
K I'paHHuaM I.aro.

DKcnepuMeHTaJlbHAs MPOBEpPKAa KBa3W/IMHEHHOH Teopuu Oblla
nposefeHa PoGeprconoM u Jlxentaom [196]. th aBTOpbl H3yuaau
3BOJIIOLHIO Pa3MbITOrO 21eKTPOHHOrO NMyYKa B MJa3Me H Bo3Oyxknae-
MBIX HM MJIa3MeHHBIX KoJeOaHWi 1O JJHHE IIa3MeHHOro IIHypa,
Haxofasiuerocss B NPOJOJLHOM MarHHTHOM mnoJe. Takum oGpasom,
BMeCTO BpeMeHHOH 3BOJIIOIMH CHCTEMbl OHH H3y4ajH Pa3BHTHE NpPO-
gecca mo ¥, 4TO He MeHfieT KaUeCTBEHHBIX XapaKTePHCTHK fABJEHHUS.
JBosolHsa 1O X MOKeT ObITb ONMHCaHAa C NOMOMIBIO TeX K& ypaBHEHHH
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(5.76), (5.81), B KOTOpPHIX C/I€AyeT JIHIIb ONYCTHTb BPeMEHHbIE Npo-
nssoguble. He6osbimoe oTinMuHe OT pacCMOTPEHHOH BHILE KapTHHBI
BHOCHT TaKxe [POJO0JbHOEe MarHHTHOE II0Je: OHO HECKOJbKO H3Me-
HAET 3aKOH MHCIEPCHH 3JEKTPOHHBIX NPOAOJABHBIX KojseOaHuMH, uToO
NPHBOJHT K YBEJHUYEHHIO HX I'PYNIOBOA CKOPOCTH.

YNOMSIHYTHIMH aBTOpaMH ObLIO MOKAa3aHO, YTO B YCJOBHAX IpPH-
MEHHMOCTH KBa3HWJUHENHOH TeOpHH, T. €. Korja Nny4ok cJaab u ypo-
BeHb [IyMOB HH30K, TEOPHS XOPOILIO COIVIAcyeTcs ¢ 9KCIEePHMEHTOM.
Ha puc. 68, Hanpumep, .cpaBHHBAIOTCH TEOPETHUECKH PACCUMTAHHBIHA
H 3KCIIepUMEHTAJbHO H3MEPEHHH I CIIeKTphl KojeGaHuil, BO30YKACH-
HBIX NMyuKoM. (3JeCh CIeKTp OT/IOXKeH He B (yHKuUMA ($Ha30BOH CKO-
POCTH, @ B 3aBHCHMOCTH OT 4acTOTHhl KojeGaHH# — Oojee yAOOGHOH
BeJHYHHBI C TOYKH 3DEHHsl 3KCIEPHMEHTa, TAK KaK OHA Henocpen-
CTBEHHO B HeM H3Mepsercs.)

KBasunnnefinasg teopusi Jerko obobuiaercd Ha pas/jHYHBIE THIIBI
Koyne6GaHu# myasMbl, HO OHa ClIPaBelIHBA TOJbKO IIPH OYEHb HU3KOM
ypOBHE IIYMOB B IlJasMe.

§ 3. Caaban TypGyaeHntHocTb

1. Tpexsoarossie npoyeccet. Ecin ypoBeHb IIyMOB B IJa3Me He
OueHb MaJl, TO KBa3W/JIHHeliHoe NPHOJHXKEHHe CTAHOBHTCH SBHO He-
TOYHBEIM, TTOCKOJIBKY ONpPeJe/eHHYI0 POJb HAYHHAIOT HI'PAThb B3aHMO-
AeficTBHS BOJH MeXIy co00M m ¢ yacrHuaMu. Bmecre ¢ TeM, ecan
3TOT YPOBEHb ellle He HACTOIBKO BeJHK, 4TOOH CYIIEeCTBEHHO BIHATDH
Ha [JHCNEepPCHOHHbIE CBOHCTBA BOJH (B OJHOPOJHOM mJasMe 3TO
TaK, €CJIM SHeprus LIYMOB MHOTO MeHblle TEIJIOBOH SHepru ILas-
MBI), TO TypOyJeHTHHH NpolLect B Naa3Me MOXKHO ONHCHIBATbL B Tep-
MHHax caa60 B3aUMOJAEHCTBYIOIIHX BOJH. Takas TypOyJeHTHOCTD
noJyunaa Ha3BaHHe caalbol.

Hast onucanus cnaboit TypOyJEeHTHOCTH MOXKHO BOCIOJb30BAThCA
Teopuell BO3MylleHuH, T. e. MOXHO IIPOBECTH Da3JiOKeHHe ypaBHe-
HUfl nO MAaJIOMy OTHOIUNEHHIO SHEPTHH B3aHMOAEHCTBHS MeXIy BOJ-
HaMH K HX [OJIHOH 3Hepruu. Takum o6pasoM, B HyJeBOM HpHOJMHNKE-
HHH 1O MapaMeTpy B3aHMOAeHCTBHS MBIl [IPOCTO HMeeM COBOKYIIHOCTb
HeB3aWMOAeHCTBYIOUINX BOJAH. B cienyiomem npubiauxeHnu AOCTa-
TOYHO Y4YeCTb TOJILKO WJIEHH, NPONOPLHOHAJNbHBIE 3SHEPTHH BOJIH,
T. €. KBaJpaTHUHbIE 10 aMIJIUTYJE, U T. I.

C yueToM TeIJIOBOTO ABHIKEHHSl YACTHL, KBaJAPATHUHBIMH 10 aM-
OJHTYAE BOJIH B3aUMONEHACIBHAMH SIBJIAIOTCA TPEXBOJHOBBIE HHAIY-
UHPOBAHHBIE NPOLECCH CIHAHUA W pacnaja BOJH H HHIYLHDOBaH-
HOe KOMOHHAIHOHHOE PACCesTHHEe BOJIH Ha yacTHUAX.

PaccMoTpuM cHauana TPexXBOMHOBbIE Npodeccsl. Mbl yxe mo-
3HAKOMHJIHCb C HUMH paHee Ha NPHUMepe B3aUMOIEHCTBHA TPEX Bbl-
ReseHHbIXx BosiH. Te 3Ke Npouecchl Pe3OHAaHCHOTO B3aHMOXEHCTBHS
MOTYT MPOSIBAATLC H B CIAydYae, KOrja B nia3me BO30YKAEH OUEHb
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mEpoKuf cneKTP soan. Ecam unciao Bojil O4€Hb BeJHKO, TO (pa3a

KamIofi orgenbHOR BOJHEL IPH B3aHMORELCTBIE € APYIHMA BOJ-
o6pasoM H3MeHATbCA BO

HaMH Mowxer C/0XHBIM Hepery/JaspHbIM
ycaosusx Goaee aneksaTHBIM JUIfl ONHKCAHHUS TPO-

BpeMeHH, B 3THX u
uecca fBasgeTcd npHuO/anKeHne caydainplX das, ¢ KOTOpBIM MBI
TaKXKe y¥Ke [103HAKOMUJITHCh Ha npuMep€ B3AUMOICHCTBHA Tpex
BoaH. Jlns caydadt MHOTHX BOJH, T. €. JJIs NpaKTHYECKH HEMpephiB-

dOJHXKEHAE JMIb cjerka

HOTO HuX cnekKTPa, cooTBeTCcTBYylOIlEE TIp 1 1
HUIO C oTlenbHOH TPHAIOH.

MoznpuuupyeTcs MO CPABHE

BbeseM p paccMOTpenne mioTHocTh yuCaa BOMH B NPOCTPaHCTBE
BOMHOBEIX ypces Nk, TaK 410 Nydk ectp ufC/10 BOJH, IPHXOXSAIIHXCA
sTOH BesuYUHBl MBl JOJIKHBI COCTA-

Ha untepBaa dk- VimeHHO /15 1
BUTH ypaBHeHne, OIMUCHIBAIOIIIEE B3aHMOeHCTBHE BOJIH TIpH cnabon

osp3yeMcsi ypaBHeHuHeM (3.
TypOyJ/JeHTHOCTH- OnsAte BOC yemecst YP (387) nn

AMIVIHTY I, p3aHMONECTBYOMHX BONH. YMHOXKAs €ro Ha a, H CKJa-

neiBas pesyanaT c KOMHJIeKCHo-coanme!HHblM BBIpaXKeHHeM, Mbl
x = |ax[% B npuGIHKEHUH XaoTHYe-

I0JYyYUM yPaBHeHI’Ie oJid

cKux a3 Mbl yHTEepecyeMcs JHIIb meAjepHbIM YCDEIHEHHBIM H3Me-
HeHHeM Ny CO BpeMeHeM. [losToMy B [1OJYYEHHOM BBIpaXKEHHH
MOXKHO 1pou3BecTH ycpenHeHHe MO (asam, NOC/IE YETO MOTYYHM

oN *
= Z Vigorr (2hy Qe
kl

>e—i(mk/+mk”“"k)t + k. c. (5.87)

oBa MOMeM [OBTOPHTb TE paccyXJIeHHs, KOTophle
npH paccMOTPEHHH TpeX B3aHMOJAEHCTBYIOILINX
BOJIH ¢ xaorpuecKHMH (asaMi. A uMenHno, B Bblpaxenuu (5.87) B
TpeANoJIOKeHHH [IOJTHOCTBIO XaOTHYECKHX $ha3 aMILVIATYAbl Qg CO-

BEpIIEHHO He KOppe/IHpOBaHs!, H B HyJeBOM NPHOJIHKEHHH Mbi 1I0-
aMOM feJe MAaJnas KOPPEIsiluns Mexnay

JY4HM 11pocTo HYJIP- Ho na ¢ (
aMmiuTynamu BCC ;e BO3HMKaeT B cmay HEJHHEUHOCTH Camoro
ypaBHeHHs /e aMILIHTY R (3.87). IIpu MalbliX dk 3Ta KoppeJsuud,
ecTeCTBeHHo. oueHb cnaba. YroGbl ee yuecrd, NpeACTaBUM Qi B Buie
’ — ATYABI CO HHOR

aj + da,, rae a) — OCHOBHa# 4yacTh aMrIJII‘ YABL C cnyqafm(m da-
30# (3Ty wacThb AMIIHTYJBI MOXKHO cuHraTh HE 3aBHUCALIEH OT Bpe-
MeHH), a 5ak.,MaJ1asI I[OﬁaBKa,lylmeleﬂOHlaH KOppeJadnuio aM-
nauryn. B nepsoM pHGAHKEHHH 110 Koppe/AillHK ypaBHenue (3.87)
NpuHHMaeT BHI

00
9 ba, = Z Ve kO O
ot £

Jlanee mpl CH
Oblu 1poBefeHbl

~i 1+ Ogr— t
(o oY, (5.88)

e MOIXKHO npOHHTeI‘pHpOBzin 10 BPEMEHH OT —oo
JI0FKEHHH, YTO MpH { — —- 00 Koppensiuus ocjabe-

Bto ypasHeHH
ueure (5.88) comepxkuTca MaJnaas no6aBka wf,

pi{e] t H B Hpeﬂno
Baer, T. e. B 3KCIO
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NOTY4UM
da, = 2: Vi @i (0, + 04 — o). (5.89)

31eCh Mbl COXPaHUJH JHIIb AeHCTBHUTENbHYIO 44aCTb HHTErpajga OT
9KCIOHeHTH, KOTOpast TOJBKO H BOUAET B OKOHYATE/bHBIH PE3yJb-
TAT, H KpPOME€ TOr0, ONYyCTHJH HHAEKC HYJb Y Qx’, akr B NpPaBOH
YacTH.

[ToxcraBum tenepr B mnpasyio uyactb (5.87) af 4 da, BMecTto
KaXkJ0# H3 aMIVIMTYX Qg U COXPAHHM TOJIbKO WYJEHBl YETBEPTOro
nopafika no ammianTyxaM. B mosyueHHOM BbIpaiKeHHH Bce (asbl
MOXHO yKe CYHTaTh HeKOPDeJHPOBAHHBLIMH, TaK 4TO CPEJAHHE 3HA-
YeHHSI OT UYeTBEpHHIX NpPOHM3BeJ€HHH MNpeBpaTATCs B NPOU3BENCHHS
NaPHBIX KOpPpPeasUHOHHBIX (PYHKIUH, T. €. BHIPA3ATCA 4epe3 MpOH3-
Befiennst Nyx. TlockospKy Takmx c/araeMbiX MHOro, TO BCS IIpo-
Uelypa BBIIVIIIHT HECKOJBKO TDOMO3JIKO, ONHAKO OKOHUYATEJbHBIH
pesyJbTaT IOCJe yyeTa CHMMETPHH MaTPHYHBIX 3JE€MEHTOB M 3a-

MeHBl ), HHTerpajoM no dk (KaK MBI YCIOBHJHCH BEHINE) BEILJIAIHT
3

J0BOJMbHO 1pocTo. OH JHIIb HEe3HAUHTENBHO OTJAHYAETCS OT TOro
ypaBHeHus JIJs TpeX BOJH ¢ XaOTHYECKHMH (pa3amH, KOTOpoe Ml
HOoIyYuau paHee. A HMeHHO, A5 BOJHBEL ¢ MaKCHMAaJbHOH YacTo-
TOH @k HMeeM

oN
_<3Tk= S Wi (Ne Ny — Ny Ny, — N Ny 8 (0, — 0, — 0,,) dI,
(5.90)
TZie BePOSTHOCTH mepexoaa
Wi = Wik = Wi = 2aVix ke (5.91)

3xech MATPHUHBIA 3/1eMEHT Vip/ir MBl CUHTAeM JAeHCTBHTEJIbHBIM.

Jlas OBYX mpyruX BOJAH YPAaBHEHHS BBIMIANAT aHAJOTHYHBIM
o6pa3oM, B MpaBOfl YaCTW H3MEHseTcs JHIIb 3HAaK, TaK 4YTO
Ny 4+ Ny = const, Ng+ Ny = const.

Vpasuenne (5.90) MOXKHO paccMaTpuBaTb KaK KHHETHUeCKOe
ypapHeHHe AJaf cnabof TypOy/JeHTHOCTH IPH yyeTe OLHHX JHIUb
TPexBOJHOBBIX mpoueccoB. OHO ONHCBIBaeT MEPEeHOC 3SHEPrHH MO
CleKTpy, T. €. B MPOCTPAaHCTBEe BOJNHOBBIX uHcesa. YpaBHenue (5.90)
HMeeT OYEBHJIHOe pelneHHe — pacnupefenedne Pajes — Jlxunca
Ny == const/ox. OnHako npu Haauuuy obJacTefl 3aTyXaHHA Takoe
pelneHHe HE MOXeT yCTaHOBUTbCH Bo Bcel obsactu k. CTOK sHep-
rug B o0J1acThb 3aTyXaHHSI MOXKeT IPHBOAMTb K TOMYy, YTO cjalas
TypGyn€HTHOCTb OyJer 00sanarb CBOMCTBAMH, CXOAHBIMHA C CHJIbHOM
Typ6y/aeHTHOCTbI0. Kak 6bl10 mokaszano 3axaposbim [197], Bo mHo-
THX caydasx BeposTHOCTH mepexoloB Wixr B (5.90) obaagmator tem
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. 4 NnepexOJ0B ¢ CHJAbHBIM H3MeHeHHEM BOJHOBOTO
2‘1342?13TB00HI:[4, g;ganblgamgﬂ 3aMeTHO MEeHblle, yeM Ajd [EPEXON0B ¢
Haedenmem b pa BETHUHHY TODSIKa k. BenencrpHe 3TOroO IpH
cnaboit TypGynentHOCTH TAKIKE MOKET HMETh Mecto FPOLese Beta-
derHolt nepenaun oHepruH MO CNEKTPY, NpefIoxKepHbId BﬂépBble
A3 O6BI4HOR TYP yJIEHTHOCTH Konmoroposeim u O6yXOBBIM. L yue-
TOM yCIOBHS Kpa/paTHIHOCTH TI0 N uwiena B3auMopACUCTBHA yCJO-
BHe nepemaun snePTHH 1o CHeKTpy TO03BOJsieT ONpeACHHTb CHIEKTp
KoJeBannf &y Ged ACTAIPHOTO pelleHus KHHeTHYecKOTO YPaBHEHHS

JIJIsL BOJIH,
panMOTpPIM panpumep, cayyall KauwisipHbix BOJIH, 0GJanaro-
’

g
HX pacrnagHbIM criekTpoM KoseGanuil @, =/ ok3fp . [lycts &=
ecTb CHeKTpanbHas ¢ynkuns 3HepruH, T.e. &ndk anJlCTaBJIﬂ:T co-
Goil aHepruio Koneéaf“’":I B HHTEpBaAJIC dk (31ecb Mbl C‘IH'lélgM cKa-
A5poM — aGconiorHOA BEAHIHHON BOMHOBOrO BekTopa). O6o3HauHM
yepes & moTok snePTHH MO cnekTpy. Benuuuna &, oueBHIHO, MPONOD-
LMOHa/bHA B L’(‘%’i, KOTOp#s COTNIACHO KHHETHYeCKOMY yPaBHEHHIO 1L
MpONOPUHOHATBHA KBAalpaTy &3, T. e. c yueToM
pasMepHocTH & &= Aox (ErkP(k?[c). *3nech ofk* — €LAHMHCTBEHHAs
uMeiomasicas B HaWEM pacropsiKeHHH BeJHynHa ¢ PA3MEPHOCTbIO
sHepruu — go6aseHa HaMH AJs Toro, uto6m A Gpi1a Oe3pasmep-

HOA KoHcTanToOR, OTCIOAa HAXOMHM

&, = const - '\/é_(cp)"‘k'""", Nk~k""/‘- (5.92)

AeTcs TOYHBIM pelleHHeM KHHeTHy€CKOro ypasHe-
8]. On COOTBETCTBYET o06JacTu UPEPUHOHHOH He-
HH TI0 CIeKTPY B CTOpoHy OOJBIIHX BOJI-
CXOAHT NHUCCHNIAUMA 3HepfHH H3-3a BA3-

BOJIH JIOJ3KHA GHITE

OroT crnekTp fABJ
Hust Aas Boan [19
nHHedHON nepepa¥Hd SHEP
HoBbiX unmcen, ra€ TPOY

TH.
KocH M nofpo6HO paccMaTpHBaTh ypasHéHHe IJS BOJH

Mpl He Gyne
B HacTOfllllee BpPEMs Ha 3Ty TeMy CYILUECTBYET
ﬁgﬁ?;ofl?gxggffzpﬂag nutepatypa (cM., Hanpumep, [144—150]).

pe GyneM OCTaHaBJUBATHCH Ha BOJIPOCE BBIUHC/IE-
Sn;afag%;ﬁogféﬁ Wk};r. OTMernM TOJbKO, 4TO NMOPANOK BEJIHYH-
el W B miagme MOMKHO OLUEHHTDL ¢ TMOMOIIBI0 H0CcTATOYHO NPOCTHIX
coobpamennit. A MMEHHO, aamemzm, 4To npaBasg 4acTb B (5.90)
HMeer mopsimok BE/HUHHE WN&/0?, rae o — xapakTepHas dacrora

Kone6annh. a & == S(okadk——HOJIHaH sHeprust koJnebaumi. Ecuan
3

651 & npuGmManAAch K temioBofi sHeprun maasmm (i + Te)n, 10
MOIKHO IéleIO G OHIATb OUeHb CHIbHEIX HeoHOPOAHOCTEH MO-

N
pAfKa efuHALE B nnasme. Ipu 3 57 GbiI0 GBI TMOpAAKA oN.
pAAKY pennuuib W ~ o3/nT, rak yFO XapaKTepHHIA

TOM

Ilostomy mo mo
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MaciwitTab temnma o6MEHa 3SHEpPrHell BOJH IPH TPEXBOJHOBOM B3a-
MMOJLeHCTBHM MOKeT ObITh OLUEHEeH KaK

1 &

"~ (5.93)
[Tpubnanxenne cnaboli TypOyJeHTHOCTH INPUMEHHMO TOJbLKO B

caydyae l/et ~ &/nT « 1. JIpyruMu CJI0OBaMH, SHEprHs IIyMOB

JHOJIKHA GBbITh 3HAUNUTEJLHO MEHbIlE TelJOBOW SHEPrHH IJa3Mbl.

2. Hudyyuposannoe pacceanue 80AH Ha wacTuyax. Bropo# npo-
llecc B3aHMOJENCTBUA BOJH B IJa3Me, KOTOPHIH MOXKeT MATH B TOM
e mpHOJIHKEeHHH, KBAJ[pAaTHYHOM MO aMIIUTYAe KoJebaHui, — 3TO
HHIYIHPOBAHHOE paccesiHHe BOJIH Ha vyacTunax. Paccesine mponc-
XOAUT NPH BHITOJHEHNH Pe30HAHCHOIO YCJIOBHS

0, + 0, — (kEK)V=0 (5.94)

(MBI BCIOLY OrpaHHYMBaeMcCsi CJAy4YaeM H30TPONHOA I1asMbl 0e3s
BHEIIHEero MarHUTHOTrO NoJs). .

Kak Mbl Bumeau paHee B IJ. 4, IpH TOM yacTHUA IoNajaeT B
pe3oHaHc ¢ OHeHMSMH ABYX BOJH Ha KOMOHHAUHOHHHIX 4acTOTaX
H BOJIHOBBIX BeKTOpaX. Ec/IH HcXoxHble BOJHBI HMelOT pa3oBble CKO-
POCTH, 3HAUHTEJbHO NPEBBIMAIOLLHE TENJOBYIO CKOPOCTb 4acTHI, TO
yciaoBHe pe3oHadca (5.94) Moxer ObiTb BBINOJHEHO TOJBKO IIpH
3HaKe MHHYC I/ KOMOWHAUHOHHEX ® H k. B sToM ciyuae mbl
HMeeM JeJO ¢ KOMOMHAUMOHHBIM paccesHHeM BOJIHbI HA 4YacTHIAX,
NpuYeM 3TO paccesiHHe fBJSETCH HHAYLUHMPOBAHHBIM, T. €. €ro TeMM
IPONOPLUHOHAJIEH HHTEHCHBHOCTH PacCeSHHOH BOJIHHL.

BeposiTHOCTb COOTBETCTBYIOLIETO paccessHUs] MOXKHO BBIYHCJ/IHTD,
H0Ab3YSICh ONATb TeOpHeH BO3MYIIEHHH, T. €. PasjOoXKeHHeM KHHe-
THYECKOTO ypaBHeHHS [0 AaMIVIHTYAaM BoJH. Mbl orpaHuHuyuMcs
3ech JIHUIL KaYeCTBEHHBIM OOCyXJeHHeM paccMaTPHUBAEMOr0 Ipo-
uecca. ITycts Nk u Ny — mioTHOCTH 4YHC/Ia BOJIH B Toukax k u k’
(a30BOro NpocTpaHCTBA BOJHOBBIX BeKTOpoB. llpexnmosoxkum, uto
BOJIHBI MOT'YT B3aHMOJefICTBOBATh C PE30OHAHCHBIMH YACTHLIAMH TakK,
yTo OAHA BOJIHA, ckaxeM Kk, paccenmBaercs B k. ITockosbky npouece
paccesiHHs CXOLeH ¢ IpoueccOM KBa3HJIHHeHHOH aHud¢pysuu uacTuy
Ha GUEeHHsX, TO HHTEHCHBHOCTb €ro A0/KHA ObITh NPONOPIHOHANbHA

o n Of
KBaJApaTy aMIJHTYAb OueHufi n BesnuHHe (k —k )7?7 B TOYKe pe-

sonanca. TakuM o6pasoM, ecau BoaIH ¢ k’ MHOro, TO MOXHO
HATHCAThb
N,

/7 4 af 14
—E=N, S P Ny (0 — 0, —v (k—k")) (k — K') 52 dv dk’. (5.95)

3necb Pk — MaTpUuHbIH 3JEeMEHT, NPONOPUHOHANbHBIA BEpOSTHO-
cTH paccesiHHs, a O-QpYHKUHS YUYHTBIBAET DE3OHAHCHHIH Xapakrep

8 B. B. Kaxoumiues
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B3aUMOJeHCTBHS BOJIH ¢ yacTHHamMd. Mbl 3lech HamHCaAH TOJIBKO
oxny GyHKUHIO fo, PaKTHUECKH K€ HYXKHO NPOCYMMHPOBATh HHTEH-
CHBHOCTH paccessHHS Ha 3J€KTPOHAX W MOHAX.

. Kak MBl yXe ynoMuHaJu B IJ. 4, NPH paccessHHHM HOJKHO CO-
XpaHATbCA 4YUCAO BOJH, TaK 4ToOBl Ny 4 Ny = const. Cuenosa-
TeJbHO, B AHAJIOTHYHOM ypaBHeHWUM 1as Ny BosaHa Ny nonxua
Jasatb BKJax B HHTerpan (5.95) ¢ obGpatHbiM 3HakoM. Tak Kak
mHOXKHTesb (k —k')%—r“,’ aHTHcAMMeTpHueH o K, k/, T0 Py 104-
KeH OblTb CHMMETDHYHBIM, T. €. Py = Pyy/. BeposTHOCTb Py uMeer,
BooOuIe roBops, macmTab P ~ o'/k?n?T, rie ® — xapakrepHas ya-
CTOTa, B — XapakTepHOe BOJHOBOE YHCJO0, HO KpOME TOro, Pky MO-
XKeT COAepxKaTb MaJjble MHOMXHTENH, eClH 110 KakoH-nu60 npHunHe
HUJH [POHCXOJAHUT KOMIIEHCANHS OTHeJbHbIX MeXaHU3MOB paccesHus
(Takas cutyauusi, HalpuMep, HMeeT MecTO NPH PacCCesiHHH Ha JieK-
TPOHAX), uJaH ¢as30Belfi 00beM sl BHIIOJHEHHS pe3oHaHca pac-
CesHUsl OKasblBAeTcs O4YeHb MaA (M TO, W JpPyroe HMeeT Me-
CTO, HaIpuMep, NPH pPacCessHHH Ha HOHAX IpPU HU3KOH HX TeM-
neparype).

- Ho no 3aBucumoctu ot N paccesiHHe Ha yacTHLAX HMeET TOT XKe
NOPSAOK, UYTO U TPEXBOJHOBble B3aHMONEHCTBUS, U eCJH CIEKTp He-
pacnajfHbell ¥ TPeXBOJHOBBLIE NMPOLECCH 3alNpelieHbl, TO HMEHHO HH-
LyUHpPOBaHHOEe paccesiHHe OyAeT IJaBHbBIM MeXaHH3MOM IMepeHoca
3Heprun 1o cnextpy. KonkpeTHole npuMepsl TakHX 1poueccos 6yayT
paccMOTpeHbl B CJAeIVIOIIUX NBYyX maparpadax.

§ 4. Honno-3asykoBaa TypOYyJeHTHOCTb

1. Anomaasvroe conporugarenue nia3mel. [Ipu npoTeKaHuu oyeHb
CWJILHOT'O 3JIEKTPHYECKOTO TOKAa uepe3 pas3pekeHHYIO JIa3My 4acTo
HabJI0gaeTcad pe3koe yBejuueHue ee conporusseHusi. Kak npaguno,
3TO COIPOTHBJEHHE 3HAUUTEJNBHO NPEBOCXOMMUT BeJHUYHHY, Onpele-
JSEMYIO TapHBIMH KYJOHOBCKHMH CTONKHOBeHHSMH. OHO BO3HHKAET,
HarpuMep, NPH NPOXOKJAEHHH YJAapHHIX BOJH IONEpeK MarHUTHOTO
nons  (ecnu I1Jja3Ma OdYeHb pa3pexkeHa M IapHble CTOJKHOBEHHS
Y4aCTHI HE WFPAIOT POJIH, TO TAaKHe YAapHBIE BOJHBI HAa3bIBAOTCA
6eccTONIKHOBUTE/bHBIMH) . HacTo HMeHHO MOBBIIIEHHOE, aHOMAJBHOE
CONPOTHBJ/IEHHE OmpelensieT WIHPHHY H CTPYKTYPY OECCTOJIKHOBH-
TeJbHBIX BOJIH.

AHOMaJ/IBHOE CONpOTHBJEHUE MOSBJAETCS H NPH MPOTEKAHUH TOKA
BAOJb MarHHTHOro nosas. OHo Moxer ObITb HCIOJB30OBAHO B MpaK-
THYECKHX LesafX Ans ObICTPOro BBeAEHHA B IJIa3My SHEPTHH JKOY-
JeBa remvia. Tako#l Harpes mJasMbl, MOJYYHBIUHA Ha3BaHHe TYpGy-
JIEHTHOro, Obl mpeayoed 3aBoiickuM u PymakoBmiM B KauecTBe
ouenb 3(dekTHBHOrO MeTOfa BBEJCHHS SHEPIHH B DPa3pWKEHHYIO
1Ja3My.
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[Tonpo6Hoe 3KCEpUMEHTasIbHOE HCcCAelloBaHHe TypOyJeHTHOrO
Harpesa I0Ka3aJo, YTO NPH 3TOM B IJIa3Me BO3OYXKIalOTCs HOHHO-
3BYKOBbl€ IIYMH C YaCTOTAMH BOJIH3H HOHHOH Maa3MeHHOH 4acTOThI
®pi. DJEKTPOHBl B TAKHX YCJIOBHAX HaOMPAIOT SHEPTHIO OT BHeml-
Hero 3/IeKTPpHuYeckoro mnoJs ropasfao ObicTpee HOHOB (IPOCTO MO-
TOMY, 4TO 3/JeKTPOHBI HAMHOT'O JIerue), H YCJIOBHS /s BO3OYXKIAeHUS
HOHHOTO 3ByKa JI€TKO BHINOJHAKTCA

(3/1ekTpOHHAs TeMmneparTypa 3HAYHTENb- [Uy

HO [peBBIIIAET HOHHYIO, 4 HampaBJeH- -~

Haa JpelihoBass CKOPOCTH 3JEKTPOHOB ~ /s/\

MpeBHIIAET CKOPOCThL 3BYKA). ~ 7}\ \
Coraacno (5.43) MHKpeMeHT packau- 7<>\ \\ \

KH HOHHO-3BYKOBBIX KoJIe0aHHM# mpu mpo- \ \\ v\

TEeKAHHH 3JeKTPHYeCKOro TOKa Mo [Mo- \

rae u— apeddosas cKOPOCTb 3JEKTPO- </
HOB, a2 0 —yroaq MeXnay U H BOJHOBBIM
BekTOpOM k HOHHO-3BYKOBOH BOJNHHL. Kak p == g9 Ksasuiaweinas
Mbl BUIUM, HEYCTOHUHBOCTb HAYHHACTCH,  y3orponmaauust SJEKTPORHON
KOrla TOKOBAsl CKODOCTb IPEBBIIAET  dyHKUHM pacupejeJeHHT Ha
CKOpOCTb 3ByKa. [lpu 3TOM HHKpeMeHT MOHHO-3BYKOBLIX BOJHAX.
HeyCTONYUBOCTH Maj [0 CpPaBHEHHUIO C

4aCTOTOH, TAK YTO €CTb OCHOBAHHA JJf CIpaBeJJIUBOCTH UpPUOJIH-
WeHus cynaboil TypOyJ/JeHTHOCTH,

JlonycTuM, 4TO yCJOBHE HEyCTOHUMBOCTH # > C; BBINOJIHEHO, H
paccMOTpPHM, 49TO MOJKHO IPOHCXOAHUTb C 3JEKTPOHAMH C TOYKH
3peHusl KBasHWJIHHEHHOH Teopuu. Kak Mbl 3HaeM, OTHeJbHAass BOJIHA
HJIM TPylNa pacrupocTpaHAIONHXCA B OJHY CTOPOHY BOJIH CTPEMSATCS
co3faTh MJaaT0 Ha (YHKUHH pacrnpefeteHHs BAOJb HaNpPaBJEHHS
posiHoBoro Bektopa k. Ha puc. 69 kKopoTkas WTPHXOBKA MOKA3H-
Baer, KaK pacmojokarcs JHHHH [ = const B mpocTpaHCTBe CKOpO-
cTefl IpH HaJMYUH BOJHB ¢ (Pa3oBOi CKOPOCTbIO, MHOTO MeHbIleH
TemoBofi. Eciu TakKMX BOMH MHOTO M OHH 3aNOJHSIOT HENBI CeK-
TOp, TO B NEPBOM NpPUOIHKEHHUH, T. €. B IPeHeOPEKeHUH Cs 10 CpaB-
HEHHIO C Ure, OHH CTPEMSITCH HM30TPONH30BaTh (PYHKIMIO paclpene-
JIeHHs, KaK 3T0 BHAHO Ha pHuc. 69. Ecan XKe ydecTs, 4TO Kaxjaas U3
HOJIOC «IIATO» Ha pHC. 69 CHBHHYTa Ha €; OT Hauaja KOOpAHHAT,
TO MOHSITHO, 4TO B KBa3HJHHeHHOM NpHOJHKEHHH HOHHO-3BYKOBbIE
BOJIHBl CTPEMSATCS H30TPONH30BaTh QYHKUMIO pacmpele/eHHs, LOMY-
CKas JUIIb ee CABHI Ha U~ C,.

Takum oOpasom, yxe KBazujuHeHAHu 5 deKT — caMblil CHIbHBIH
IpH MajoOM YypOBHe IIYMOB — IIPHOCTAHABJIHBAET HEYCTOHYHBOCTD;

XAyl d
SAKY BeJHYHHBI COC s
PsLIKY BEJIHYHHBl COCTaBJASET o ’,’// / /I I | o
’\/E— % cos8—1), (5.96) i)
~oAl =2 {=cos8—1), (5. - ’
Y m, (Cs ) 4/ ///// //
Ve
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NpH 3TOM OH OrPAHHYHBAET HampaBJCHHYI0 CKODOCTb 3JEKTpO-
HOB BeJIMYHHOA MOPSAKA C;, T. € TOK B MJa3Me OrPaHHYHBAETCS
BEJHYHHOH

j = enc,. (5.97)

Ecan MBI BCIOMHHM BBIpa)KeHHME J/51 NPOBOAHMOCTH ¢ ==
= e2n/Mmeve, TAE Ve — YACTOTA 3JEKTPOH-HOHHBIX CTOJKHOBEHHH, TO
MOMHO CKa3arb, YTO M[PH HA/JIMYHH HOHHO-3BYKOBHIX IIYMOB 3¢-
()eKTHBHO MNOBLILIAETCA YACTOTAd 3/IEKTPOH-UOHHBIX CTO/JIKHOBEHHUI.
CpaBuuBasi Boipaxenue (597) c ¢dopmynofi j = oE, MOXHO cKa-
3aTb, 4T0 3¢pGdEKTHBHAA 4acTOTA CTOJKHOBEHHH 3JIEKTPOHOB C HOH-
HO-3BYKOBBIMH WIYMaMH IPH HX OYeHb HH3KOM yDOBHE HaerTcs BH-
paxeHHeM

(5.98)

rIe Uc /& (s — KPHTHUYECKasd CKODOCTb, NPH KOTOpPOH HauHHaercA
packayka HOHHOro 3Byka. Buipaxenus (5.97), (5.98) wurpamot poss
3akona Oma Ina TypOYJIEHTHOTO CONPOTHBJEHHA B 06/1acTH 3Ha-
yeHuid E, He CUWJIBHO NMPEBLILAOIIUX KpUTHUeCKoe E, = U.mcvo/e.

[Tpn yBenuueHuu E ypoBeHb IIYMOB IIOBHIIAETCS, W NPH JAOCTa-
TO4HO OO/bLWIOH IVIOTHOCTH 3HEPTHH IIYMOB & KBasWJIHHEHHOE NpH-
OJMKeHHe CTAHET HENPHMEHUMBIM, TAK KAaK B HIPy BCTYNAT
npoueccs 6oJiee BHICOKOrO Nopsiaka 1o &.

HoHHbl 3BYK 00s1ajaer HepacnagHbIM CNEKTPOM, NOITOMY Tpex-
BOJIHOBBIE TIpOLECCH OTCYTCTBYIOT. Csle0BaTeNIbHO, TJ1aBHYIO pPOJb
B (OpMHPOBAHHH HOHHO-3BYKOBBIX CHEKTPOB MOJKHBI HIPATh .Mpo-
Lecchl MHAYLHPOBAHHOTO paccesHHS HA dYacTHLAaX, 4 MMEHHO Ha
noHax. Kax ¢opMupyercsa cnektp, Mbl PACCMOTPHM MO3JHEe, 4 31eCh
o6CcyIuM BOMPOC O BAMSHHH NE€PEHOCA SHEPTHHU IO CHEKTPY Ha BeJH-
YHHY aHOMAaJbHOTO CONMPOTHBACHHS.

OueHuM npexnae Bcero 3HayeHue 5(PGHEKTHBHOH 4aCTOTHI CTOMK-
HOBEHHH ves. OHO ompejnensercs CKOPOCTBIO PACCETHHT 3J1E€KTPOHOB
Ha (JYKTyalHsaX MoJs HOHHO-3BYKOBBIX BOJAH. Tak Kak IIyMbl BO3-
Oyxpatorcs B 00J14CTH JJMH BOJH MOPSfKa Ne6aeBCKOH, TO mpH
SHeprud WyMoB & ~ nT MOXHO OXHAATh 3PGHEKTHBHON HacTOTHI
Ve ~ RUre ~ @pe, TNE Ure — TEMJIOBAS CKOPOCTb 3/1E€KTPOHOB. [Ipu
MEHBIUHX 3HA4YeHHAX & YacTOTa CTOJKHOBEHHH GyHer YOhIBATH JIH-
HeltHo ¢ & (TaK KaK CKOPOCTb paccesiHusi Ha QUIYKTYalUHAX COr1acHo
KBAa3UIHHEHHOH TEODHH KBaJpaTH4YHa NO aMIIMTYAe wWymos). Ta-
KHM 06pasoM, MO NOPSAAKY BEJHYUHBI

&
Ve ~ Opors. (5.99)

Yro kacaercf TeMNlla HHAYUMPOBAHHOIO paccesHHS BOJH Ha
HOHAaX, TO OH TaKXe NponopuuoHasen & H o4eHb rpy6o, N0 NOPSALKY
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BEJUYHHBI, €CJIH OTBJAEMBCS OT 3aBHCHMOCTH OT T;/T., MOXKeT OHLITh
OLIeHeH KaK wp:&/nT. TakuM o6pa3oM, paBHOBECHe HaKayKH BOJH
M3-32 HEYCTOHYHMBOCTH M HX YHOCA IIO CIEKTDPY H3-3a pacCesHHs Ha

0,,& u m,
HOHAX JOCTHraercs MpH — = zyzmpi—cs— i Tak kak co-
raacHo (5.99) u = eE/mever ~ nT/&, 10 monyuaem
& miEZ s . E? \' o
wr T ( me8anT ) ’ = eane(Bsz) : (5.100)

Bropoe u3 3ThHX BeIpa)KeHui MIpaer poilb 3aKoHa Oma npu cuib-

HBIX 3/€KTpHUYecKHX mnonsx, E >8:rmee/m,, KOrla IPOHUCXOAHT
nepexon ot (5.97) (5.100). Pasymeercsa, Buipaxenue (5.100)
CIIPAaBEAJHBO TOJBKO NPH U < Ure, TAK KAK B NPOTUBHOM cJayuae
BCE 3JIEKTPOHBI NepPefAyT B peXHM CBOOOAHOrO yCKOPEHHA.

Cneayer 3aMeTHTb, YTO TOYHON TEOPHH aHOMAJbHOTO COIPOTHB-
JICHHS TIOKa HET W TOBOPHTb O IIOJTHOM COTJIACHH TEOPHH H 3KCIe-
puMeHTa eiule paHo. lMMeercA JaHIUb KauecTBEHHOE COOTBETCTBHE
MEXIy BLIBOJZAMH TEOPHH ¢1ab0l TypOY/JeHTHOCTH H 3KclepHMeH-
TOM [JIf TOKa INONepeK MarHUTHOro Mosag (Hanpumep, B BeccTouK-
HOBHUTENbHLIX yAaPHHIX BoJqHaX). [Ipu nmporexaHuu roxka BROAbL Mar-
HUTHOTO 1I0J15 KapTHHA TypOYJEHTHOTO HArpeBa CHJALHO YCJOXK-
HSETCH W3-338 3XEKTPOHHBIX IyYKOB, KOTOpHIE POXKAAIOTCH B TypOy-
JeHTHOR 06,1aCTH M He MOTYT OBITb NPHOCTAHOBJEHBI HOHHO-3BYKO-
BLIMH IIYMaMH HH3KOTO YDOBHS.

2. Cnektp uoHHO-38YyK080L TypbysentHocTu. OGCYyIUM Teneéph
BONPOC O CNEKTPaJbHOM COCTaBE HOHHO-3BYKOBOH TYpOYJ/IEHTHOCTH,
T. €. 0 3aBHCHMOCTH & == CskNy oT BonHOBOro uHcna. Kak mbl yxe
YIOMSIHYJIU BbIIIE, YaCTOTHBIN CIEKTP HOHHOTO 3BYKa (3aBHCHMOCTE
@ OT k) aBnsercs HepacnaiHbiM. [losToMy mepeHoc 3HEPTHH B NpoO-
CTPaHCTBE BOJMHOBBIX 4HCEJ ONpEenserTcd pacCesHHEM BOJH HA
voHax. COOTBETCTBYIOIIHH rnpotece Mbl 0OCYXKIAaNH B NPEIbIIyIIEM
naparpage, ero KMHETHKa oONHChiBaercd ypaBHeHueM (5.95). Kak
Mbl BHIEIH, OpH paccedHHH coO/I0naeTcd YCa0BHe pe3oHaHCa
0, — o, = (k — k") v. 31ecb CKOPOCTb 4aCTHIIbI HMEET MOPSAOK BeJIH-

YHHBI TEIJIOBOH CKOPOCTH HOHOB Uri, 8 PA3HOCTb O, —@,, X ¢, AR, TlIe

Ak = k— k. Tak xakvpfeg=A/T,/T. € 1, 10 Ab~kA/T,JT. < k
(ecin |k—-k’| ~k). TakuMm o6pa3oM, paccesiHHe HAET C MaJjbiM
H3MeHCHHEeM abCOoIOTHOH BENHYHHLI BOJMHOBOTO uHcaa. Takol mepe-
HOC 3HEPTHH IO CIeKTPY INPHHATO HA3bIBaTh «IHD(EpeHnHab-
HpiM». Tak Kak npH nepexauke B JaHHbIH HHTEPBaJ BOJHOBLIX
yycesn BOGJAH3H 30a4eHHA K&  «KBAHTHI» IIPHXOAAT H3 o6aacTH
k -4 Ak u yxonat us Hero B o6aactb £ — Ak, TO npouecc nepeHoca
IpHHHMAaeT XapaKTep NOTOKA B R-IIPOCTPAHCTBE C HHTEHCHBHOCTBIO

oN
~Akﬁ£. (3nece N cunTaeTcs WJIOTHOCTBIO YHCAA BOJH HA
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HutepBas dR abGCONIOTHBIX 3HAYEHHH BOJHOBHIX YHCEA, TaK YTO
d& =cskNpdk). Ecam yuecTp eme, YTO NpH pacCesHHH YHCIO
BOJIH COXPaHSeTCA, a IHeprua yOniBaeT NMPONOPILUOHAILHO YacCTOTe,
TO ypaBHeHHe (5.95) mo MopsaKy BEIMYHHBI IPUMET BHI

N, 0 a2

& — 9F (PR*NZ)=2y,N,, (5.101)
3necb Mbl cnpaBa A0OGaBHJIH YJ€H, OMUCHIBAIOIMUA HAKAYKy BOJH
H3-3a HeycToRuuBOCTH. Besnyuna P, npomnopuuoHaiabHas BepOsSTHO-
CTH paccesaHusi, KaK II0Ka3blBaeT pacyer, NPHONHKEHHO paBHa
T, ¢
T—i—n; 2n0%, rme 02 —cpemHHHi KBaipaT YIJIOBOTO pacipefencHus
e
HOHHO-3BYKOBBIX KosiebaHuil. VHKpeMeHT yx corsiacHo (5.96) npo-
nopuuoHanen k: y~4/m.m; . Takum oGpa3som, CTallMOHapHoe

oN
ypaBuenue (5.101) npwu -—b—ti = () npHHUMAET BUL

d 1

5 BN =k~ (5.102)
YuureiBaf, 4yTo yr obpalnaercss B HyJb B obnactu kB ~ ko= 1/d,
MBI OJYYHM NPHOIHIKEHHOE pellieHHue

Ny~—-Inke, (5.103)
k k

Takum o6paszoM, sHeprus LIYMOB 5’k=mka~—k—ln—k— OKa3Hl-
Baerca Gonbpwiedl B 06JaCTH MaablX K, XoTA HauboJiee HHTEHCUBHAR
HakKayka 3a CYyeT HEeycTOHYMBOCTH IIPOM3BOAUTCH y BEpXHeH rpa-
HHLBI BOJIHOBBIX YHCEJ, T. €. NIpH k ~ ky = 1/d.

Cnextp (5.103) ynoBseTBOpHTENBHO COIIACYeTCsl C 3KCIEpHUMEH-
TaJbHO H3MEPEHHBIM B OEeCcCTOJIKHOBUTEJNbHOH ymapHOH BoaHe [216].
TakuMm 06pa3oM, HMeeTCs KayecTBEHHOE COOTBETCTBHE MEXIY 3KC-
nepUMeHTaMH M Teopuell cnaboil HOHHO-3BYKOBOH TYpOyJEHTHOCTH.
OnHako O MOJHOM KOJHYECTBEHHOM COTJIACHH TEOPHH H 3KCIIEpH-
MeHTa FOBOPHTb [IOKa PaHO: H TEOPHA He SIBJAAETCH TOYHOH, H 3KC-
NIepHMEHTHl OueHb I'pYObl H HEOTHO3HAYHBI.

§ 5. JleurmiopoBckasa TypOyJAEHTHOCTD

1. Carabasn aenemroposckas TypOyreHTHOCTs. B paspexenHo
ny1asMe HepelKO BO3HHUKAIOT TaKHe YCJOBHS, IPH KOTOPBIX MPOUCXO-
ILUT BO30YXKIEHHE 3JEKTPOHHBIX JEHIMIOPOBCKHX KoneGanuii. Ha-
npuMep, TakHe KoJeGaHHA MOTYT BO3OYXKAATHCH NMPH NPOXOKIEHUH
yepe3 I1a3My 3JEKTPOHHBIX IYuKoB. JIerko BO3GYXKAAIOTCA 3J€K-
TpOCcTaTHYECKHe KOse0aHHUS NPH B3aHMOJEHCTBHH C HEOLHODPOIHOH
N71a3MOH MOWIHBIX 3JI€KTPOMArHHTHHIX BOJIH (HalnpuMep, J1a3epHOro

13
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u3nyyenus). Takue BOJHBI HCIIBITHIBAIOT OTPAXKEHHE OT KPUTHYECKOH
ofnacTu, rle NJ1a3MeHHAaq 4acToTa ®pe COBMANAET ¢ YACTOTOH H3IY-
YyeHusl, U BOTH3U 3TOH TOYKH 3/1eKTPOMAarHHTHAs BOJHA JIEKO TPaHC-
{dopMHpyeTcqd B I/1a3MEHHYIO.

Bos6y:xieHHbIe [0 ONpeLeseHHOr0 YPOBHS JIGHIMIODOBCKHE KO-
Je6aHusl HA4MHAlOT B3aHMOJEHCTBOBATb C HaCTHLAMH, H Ojarogaps
3TOMY HX CHEKTpbl (paclpereseHHEe SHEPTUH 110 BOJHOBLIM HHCJaM)
3BOJIIOIHOHUPYIOT €O BpeMeHeM. Pa3BuBaloliuecs BO BPeMEHH Hepe-
ryJsIpHbIE JIEHTMIODOBCKHE KoOJieOaHuA eCTECTBEHHO HAa3BaTh JIEHT-
MIOPOBCKOH TYpOy/JEHTHOCTBIO.

Ecsu ypoBenb mIyMOB HH3KHH, TO TypOYJEHTHOCTL ci1abas, H Aaq
€e ONHCAHMA JOCTATOYHO YUecTb JIHIIb [JIABHBIE 10 HHTEHCHUBHOCTH
IIYMOB MeXaHH3Mbl HeJIHMHelHoro B3aumopmefcTBusi. Kak Mbl 3Haewm,

3T ok?

2Mme®pe
JIOBag NMONPaBKa K YaCTOTE Wpe B 0OJACTH MaJblX BOJHOBBIX 4HCe
(kd <« 1) mana. TakuM o6pa3oM, JeHIMIOPOBCKUE KosefaHua 06-
JafalT HepacmagHbIM CHEKTPOM (Mbl HE MOXEM YIOBJETBOPHUTD
PaBeHCTBY 1=z + w3). CJefoBaTe/pHO, B KBaAPaTHUYHOM IIO
MHTEHCUBHOCTH UPHOJHIKEHHH HMeeTCs TOJNLKO OIUH HEeJHHEHHBIH
MeXaHH3M MepeKayKy SHEePrHH M0 CIIEKTPY — HHAYIUPOBAHHOE pac-
cesgHUe BOJIH HA 3/71€KTPOHAX W HOHaX.

[Tpu paccesHuy 4uCJI0 BOJIH COXpaHfeTcs, a 3Heprusi &p = wrlVa
IPH MAaKCBEAJIOBCKOM pacnpellesieHHH YaCTHI[ N0 CKOPOCTAM MOXKET
TOJIbKO yMeHbwathCsi. TakuM o6Gpasom, NPH pAacCessHHH Ha 4acTH-
1laX BOJTHOBOE UYHCJO MJ1a3MOHOB, T. €. JIEGHTMIOPOBCKUX BOJIH, MOJIXK-
HO yMeHbWIaTbCs, TeMn TakKoro <«MNOKPACHEHHA» JEHIMIOPOBCKUX
IJ1Ta3MOHOB MOXKHO IIONBITATbCA OLEHUTb, HCXOIAA H3 cooOpaKeHui
pa3mepHoctH. TaK KaK TeMIN IepeKadkKdH SHEpTHH IO CIeKTpy HoJ-
KeH OBbITb INPONOPIHOHANEH HHTEHCUBHOCTH, a Ge3pasMmepHoil Xa-
PaKTEpHCTHKONH WHTEHCHBHOCTH fiBJsieTcsd BeauunHa & /nT (oTHoIue-
HHE 5HEPrUH WYMOB K TeIIOBOH), TO, Ka3anochb Obl, TeMn HOJKeH
OIIpenensTbCsl BENMHYHHON wp.d/nT. OnHaKo 3TO, cKopee, BEPXHHI
Tpenea I TeMia Iepekaykd, MOTOMY 4TO Mbl BeIOpanu 3lech Ma-
KCHMaJbHYIO 4acTOTY ©pe B KauecTBE BO3MOXKHOH XapaKTepHOH ua-
CTOTH mpoiiecca, B IeficTBHTENbHOCTH KOIMYECTBEHHOE PACCMOTPEHHE
NOKa3biBaeT, YTO NePeKayka SHePTHH N0 CNEKTPY NpoTeKaeT ropasno
MefJieHHee. A HMEHHO, NIPH pacCcessiHHH Ha 3JEKTPOHAX OHA ompese-
Jsercs BeIHYHHOH

YacToTa JIEHIMIOPOBCKHX BOJIH PaBHA ®p = Oy + , TIe Temn-

1 &
— ~ 0 (kdP o, (5.104)

rae d — nebGaeBCKHIl pafHyc 3KpaHUPOBAHUSA.

HononuutenpHsli MaJjbulll MHOXHTENb (Rd)? BO3HHKAaeT H3-3a
TOro, 4TO I[IPU PACCESHUM BOJH Ha 3/eKTPOHaX IPOHCXOAUT 3Kpa-
HUPOBKA 3JEKTPUYECKOrO MOJISA 3JEKTPOHOB CKOPDEJHDOBAaHHOH ¢
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HHMH 3JIEKTPOHHO-HOHHOH «1yGofi». B pesysabrate amMmauryna pac-
CeSHHBIX BOJH NMalaeT, TaK KakK «myba» Kosebjercsd BMecTe C 3JeK-
TPOHOM, @ €€ 3apAX IOJOXKHTEIEH.

[Tpu paccesHuH Ha HOHaX 3(PEKT SKPAHHPOBKH 3HAUMTENLHO
MeHblUe, TaK KakK «my0Oa» jerue yoHa. Ho 3ato nmpH 3ToM 3aKoHOM
«COXPAHEHHS1 SHEDPTHH» B 4AKTE DACCEAHHS Ha BEJHYHHY H3MEHEHHUS
BOJIHOBOTO 4HM(Ja MJ1a3MOHA HAaKJaaJblBAWOTCA ONpelejeHHble orpa-
HHUeHHA: o, — 0, = (k —K’)v. 31ecs v uMeer mOpsALOK BeNHYHHBI

TENOBOH CKOPOCTH WOHOB Ur, TAaK 4TO IpH yrsiax Mexny k u k”
Nopsifika elHHULbl NPaBasi 4acTb MMEET IIOPANOK BEJHYMHH RUT;.
JleBas Xe 4acTb HMeeT IOPSANOK BeJHYHHBI cok—cok,~kdvTeAk,

rae Ak = k—k’. Taxum o6Gpasom, Ak ~— —=.. CrenoBaTenpHoO,
l

m
B 06/acTH He OYEeHb MaJblX BOJIHOBBIX 4Hcen, kd > /\/73, nepe-
i

Ka4gka N0 CIEKTPY HOCHT Au(¢epeHUHMAJNbHLIA XapaKTep, H Xapak-
TEPHOEe BpeMs U3MEHEHUS BOJIHOBOTO YMCJa Ha BeJUYHHY MOpPALKaE
€ro caMoOro OKasblBaeTcs TaKxke 0osbpIle, yeM OIEHEHHOe 1o cool-
paxKeHHsIM paamepﬂocm A umenHo,

Ak \2 (opeme &
pre( ) ‘m, (kd)? T * (5.105)

CpasuuBasi (5.104) u (5.105), Mbl BUAMM, Y4TO NPH AOCTATOYHO Ma-
JAbix kd npeoGaamaloniMM MeXaHH3MOM IepeKayKH 3SHepruu nJjaas-
MOHOB II0 CIIEKTPY fIBJSETCS paccesHHE Ha HOHAX.

Wrax, npu crabom ypoBHe BO3GYXKAECHHS JEHTMIOPOBCKHE BOJHBL
pAcCEeHBAIOTCS Ha YacTHNAX IJ1a3Mbl, H NPH 3TOM BOJIHOBbIE 4HCJA
KosneGanuil yoniBatoT. Ho 4nc/Io BOJIH NPH TaKOM paccesiHHH coxpa-
usercd, T. €. Np = const. Orciona cnenyer ogHa OuYeHb HHTepecHas
0cOoGEHHOCTh paccMaTpHBaeMoro npouecca. A HMeEHHO, TaK Kak
aueprusi &p = oplNp = {0pe + 3/2(kd)2wpe}Nr u npu paccesHun
yMeHbIIaeTcqd TONbKO HeGoJbluas TemnoBas nonpaBka K YacToTe, TO
OCHOBHAfl YaCTh 3HEPTHH JIEHTMIODOBCKUX K0JeOaHH NPH PacCeSHUH
coxpaHsercsi. IpyruMH cJ0BaMH, JHepTHSl JIEHTMIODOBCKHX BOJIH
noutu 6e3 motepb nepekayuBaercs B obnactb £ — 0, H, cTano ObITh,
HHAYUUPOBaHHOE paccesHHe NPHUBOAUT K 0GpPa3s0OBAHHUIO «KOHIEH-
cara» JIEHI'MIODOBCKHX KosieGaHHi B 06/acTH HCyesalolne Maabix K.

Ecniu Hakauyka — Hanpumep, 3JEKTPOHHEIM NYYKOM — IPOJOJ-
}KaeT CBoe NeHCTBHE, TO HEPTHsl KOHAeHcaTa OyleT pacTH co Bpe-
menem. Ho neHrMiopoBckHe KoneGaHHSA ¢ MajbIMH BOJHOBEIMH 4HUC-
JaMH U J0CTATOYHO GOJIBIION MJIOTHOCTBIO SHEPIHH HEYCTOHYHBHI MO
OTHOUWIEHHIO K CAMOCKATHIO, T. €. K COOHPAHHIO B CTYCTKH JIEHTMIO-
POBCKHX BOJIH THra cosuToHOB. Kak 6bllo mokaszaHo Bexenosoim
H PynakoseiM [220], KoHmeHcaT JEHPMIODOBCKMX IJ1a3MOHOB He-
YCTOHYHB O OTHOIIEHHIO K camockKartuio npu &/nT > (kd)?, rae
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k& — xapakrepHoe BOJHOBOE YHCJIO KOHAeHcaTa. MOXKHO CKa3arTh,
4TO NpH 3ITOM HeJHHeiiHas Ho6aBKa K uactore 0w ~ (&/nT)wp.
(HanpuMmep, H3-3a MOAYJANHH MIOTHOCTH On/n~&[nT) craHOBHUT-
cs 6Goqblle TEVIOBOK NMONpPaBKH K yactoTe. Tak Kak NMPH HHIYLHPO-
BaHHOM pacCesiHHH Ha 4aCTHLAaX BOJHOBOE YHCJO YOLIBAET, TO PaHO
HIH T03AHO OyIeT NOoCTHrHyTa 006/1aCTb HAacTONBKO MAaJHX R, yTO
OJHOPOJHBIE JNIEHIMIOPOBCKHE KOJNEOGaHHA IOTEPAIOT YCTOHYHBOCTD.
BenencrBue a3Toro JeHrMIOpoBCKHE KoJeGaHHA M HAYHYT COGUPAThCs
B CTYCTKH THIIA JIEHTMIOPOBCKHX cOJMTOHOB. COOTBETCTBYIOU[As TYp-
OyJIEHTHOCTb, CTPOrO TOBOPS, NOJKHAa KJaacCHPUUUPOBATbCA Kak
CH/IBHAS, OCKOJIBKY NPH 3TOM TepsieT CMbICJ HCIONB30BAHHE TEOPHU
BO3MVIIEHUH IS ONMHCAHHA HEJHHEHAHBIX IIPOLECCOB.

2. Cuavnas TYypOYAEHTHOCTb, KOAAQNC AEH2MIOPOBCKUX BOAH.
Hrax, npennosoxuM, 4yTo BCIEACTBHE paccesiHHSl Ha dacTHUax 06-
pasyercsl JIEHIMIODOBCKHH KOHIEHcaT, T. €. MJUHHOBOJHOBbIE KoJe-
O6aHHs HOcTaTOYHO GOsbLIOH HHTEHCHBHOCTH. Ecanm 3TH KoneGaHus
He 3aTyXaloT CAHIKOM ObicTpo (HampuMep, M3-3a CTOJIKHOBEHHH
unu TpaHc@opMalUMH NpPONOJBHBIX KoJeOGaHHH B IoNepeyHbie ¢ IO-
CAENYIOUIUM HUX H3JYyYEeHHEM), TO UX HHTEHCHBHOCTb MOXET JOCTHI-
HyTb BeqHuMHBl & > (kd)2nT, W TOTma B HIpPYy BETYNHT MOLYJS-
LHOHHAA HEYCTONUHBOCTD. b

HaoomHum, uto ¢u3uyeckuii MeXaHu3M 3TOH HeyCTOHYHBOCTH
cBs3aH ¢ 06paszoBaHHeM 06GJIACTH C NMOHHXKEHHON IJIOTHOCTBIO, HJIH
«KaBepHbI», B KOTOPOH# cobHpaloTCsl JIGHIMIOPOBCKHE KoseGaHua H
TeM caMpIM eule Gonblle CHHXAIOT MJIOTHOCTB CBOMM BHICOKOYA-
CTOTHLIM fdaBaeHueM. O6pa3oBaHHe TAKUX «KABUTOHOB», T. €. HecTa-
LUHOHAPHBIX JIEHTMIOPOBCKHX CIYCTKOB, HaGJIONAJOCh 3KCIEPUMEH-
TanpHo Kumom H Ip. [228]. B stoft paGore Hcenenosanoch pacnpo-
CTPaHEHHE 3JIeKTPOMAarHHTHBIX BOJIH B HEONHODOXHOH NasMe ¢ ya-
croTol, 6auM3KOH K JeHrMiopoBcKo#i. BoJsHa pacmpocrpaHsaiach B
CTOPOHY BO3pacrarolieil IJIOTHOCTH, H HEMHOLO HE JOXOASt 0 pe3o-
HAHCHON TOYKH, T€ YacToTa BOJIHBI CPaBHUBANACH C JIOKAJbHO#
JIEHTMIOPOBCKON YacTOTOH, IIPOMCXOJHIA OTCeYKa H BOJHA OTpaxa-
Jack o6partHo. B caMoif Touke pesoHaHca pacKayHBajach NPOLOJb-
Hafd JEHIMIOPOBCKAsl BOJIHA, KOTOpAs BHITECHAJNA IJ1a3My H CO3/1a-
Basa cebe JoKajgbHyo «sMmy». HapacraHue moas u o6pas3oBaHHe
«I0JI0CTH» MOoKa3aHo Ha puc. 70. ¢

EcTecTBEHHO TPEANONOKHTb, YTO H B JIGHTMIODOBCKOM KOHJEH-
cate [OJKHO IPOHCXOAHTb OGpasoBaHHe TAKOrO pola BhICOKOYA-
CTOTHBIX CP'YCTKOB, T. €. JIOKaJIH30BAHHBIX BOJHOBHIX nmakeros. C ox-
HOMEpPHLIMH ©0pa30BaHHAMH N0JOGHOrO pOAa — JIEHIMIOPOBCKHMH
CONMTOHAMH — MBI NO3HaKoMuauch B 1. 3. HamoMHuMm, uTtO IMpH
Ha/MYMH MaJoro BOSMYIIEHHS IIOTHOCTH 8n uacrora xonebGaHHil
Ok=co,,o(1 +%"—) +—3&k——, rie ®po— HEBO3MYILEHHAS JeHIMIO-
n 2M o0 po . e
poBcKasi yacrora. Ecau Mbl 3amumeM 3jeKTPHUECKoe 1oJje B BHIE
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Ee"""pot—l-x. ¢., rne E — MennenHo MeHsgomascs QyHKuus Bpe-
MEHH M KOODJAHHAT, TO [IUCIIEPCHOHHOMY YPaBHEHHI ® — wr = 0
MOXHO COMOCTaBUTb YPaBHEHHE

' OE 3Te OE  ap

y i— 4 —-—=—0nE. (5.106)
at 2Mme@po 0% n

B caMoM gesne, ecnu mogcraBHTh clofa moie E B BHIEe MIOCKOH
BOJHBl E == exp{—i(® — wpo) ¢ + ikx}, TO MBI MOJYYHM HCIIOIbB3O-
'BaHHO® HaMM JucrnepcHoHHoe ypasueHHe. CaenoBarenbHo, i06as

t=1mrcen t=6mrcen ¢ =10 \mncex
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Puc. 70. O6pasoBaHHe «KABHTOHOB» B 0 J13CTH INTA3MEHHOTO De30HAHCA.

CyHepHo3HLUs COOCTBEHHBIX KosaeGaHuil YIOBJAETBOPSET YPABHEHHIO
(5.106). Benuuuna 8n onpenensiercd H3 YPaBHEHHH MeNJEHHOro
IBHXKEHHA MnasMmel. Eciu 310 nBHXKEHHe ABAAETCS LO3BYKOBHIM, TO
0n onpeleasercs paBHOBeCHEM MeXAy cuio¥ Munnepa co croposst
BBICOKOYACTOTHOTO IIOJI1 H TrPAgHeHTOM MOaBJEHHUS IIa3Mbl, T. €.
corqacHo (3.77) B M30TEPMHUYECKON I1a3Me

on (E% E?

1 n T T A6mnT  82anl ’ (5.107)

rae uepes E2 o6Go3Hauen |E|2.

Ypasnenus (5.106), (5.107), xak Obw10 nokKasaHo B ra. 3,
MMEIOT PEIUeHHs THNA COJNMTOHOB, Gerymux uau crosdux. Ilpu stom
cornacHo (3.79) wIHPHHA COJHTOHA A CBA3aHA C €0 aMIIUTYIOH CO-
oTHoweHHeM EoA==const, T. e. CcOIHTOH Y¥XKe, 4YeM G6oablle €ro
aMinTyaa. DHeprus conutona & ~ EgA ~Eo~ 1/A.

Ecau nenrmioposckue xosneGaHus Oblau Obl CTPOrO OXHOMEpHBI-
MH, TO MOXHO Obl10 OBl OXHUAATh, YTO JIEHIMIOPDOBCKMH KOHAEHCAT
pasobbeTcss Ha COBOKYIHOCTb COJIHTOHOB Pa3JIMYHOH HHTEHCHBHOCTH.
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Takasi COJMTOHHAas Mojesp JEHIMIODOBCKOH TypGyJ/J€HTHOCTH, y4H-
THIBAIOIIAs B3aMMoIelCcTBHe MEXIY CcO00H COJMTOHOB DPa3NHYHOH
aMIJIMTY OB, yﬂOBJIeTBOpHTeJIbHO corynacyercs ¢ pe3yJdbTaTaMy 4YHuC-
JIEHHOTO MOJequpoBaHus OAflOMEPHOH JIEHIMIODOBCKOH TYpGyieHT-
soctd. Ho, no-sugumomy, GOJI€e peasbHOR AIBAsAETCA TPexMepHas

KapTHHA.
B camom nese, 0KaspBa€TCfl, UTO IJIOCKHE OXHOMEDHBIE COJIH-

TOHBI HEyCTOHYMBH MO OTHOMICHHIO K TPEXMEpHLIM BOSMYIICHHAM.
COOTBeTCTBy}OHLYIO HeYCToﬁqHBOCTb npnénmxermo MOXXHO OIUCaThb
Ha si3bIKE BOJHOBBIX ITaKeToB» KAK 3TO Mbl CAesaju MPH paccMoTpe-
HHH NONepeuHpiX KojeGanuil OCBIMHEIX cosnToHoB B § 3 i 3.
A MMeHHO, NpeAnoNoXKHM, 4TO MBI HMeeM NJOCKHA MOKosuuics
(k0=.0) JIeHFMIOpOBCKHﬁ CPJIHTOH, aMHJII/ITyIIa KOTOPOFO Eo aB-
JSeTC MELJIeHHOlH (yHKuueH KOODIHHATHL Y. Torga W yacrtoTa wo,
paBHas corstacHo (3.79)

GFE____ ®p0__ p2 :
‘V0=7 - 198nT “~O (5108)

Oyner MeNJIeHHO mensomefcs dyHxkuuer y. CaenoBaTelbHO, H
dasa 6yLeT 3aBHceTh OT y, TAK UTO CO BpeMeHeM GYACT MOSBIATHCA

Y-KOMIOHEHTa BOJHOBOr0 BeKTOPa CO CKOPOCTHIO

ok v, o OF2 _
_at;'l___:_—'a_y-:—-?‘Ty—. (5.109)

ITosiBnneuyue ky o3Hayaer, 4T MOABasETCA Y-KOMNOHEHTa TPYNIIOBOH
CKOPOCTH v=v;ky, KoTopas OYIET MePeHOCHTL SHEPTHIO KoJeGaHHil

BIOJb COJIUTOHA. I[To agajordd C YpaBHCHHsSIMH JJ1s1 BOJIHOBLIX MNa-
KEeTOB NepeHoc 3HEPTHH paC/ b COJMIUTOHA MOXKHO OIIHCATh ypaBHe-
HHUEM

o0& + d

22 + = (v&)=0. 5.11

8 12 (05) 5.110)

VuursBas, ato o < 0, b, = 0/Ur U & ~ E,, Mbl MOXeM mnepenu-
caTtb ypaBHeHue (5.109) B i€
v 0&?

& —q5, =0, © (8.111)

rae g — HeKOTOpaﬂ HOJ]O}KH'{‘e'anaH KOHCTAHTA.
Ho Tenepb BHIHO, 4TO y])aBHeHHH (5110), (5111) HaloMHHAWT

YPaBHEHHUS THAPOJHHAMHKH ¢ IJIOTHOCTHIO & M HaBJEHHUEM p =
= —q&?, y6pBalomuM ¢ pOCTOM MJIOTHOCTH. SlcHo, 4TO MNpH BO3-
MYIIEeHHH & BHOJMb y o1 ef0 HAYaJbHOTO 3HaueHHA &o IaBneHue
NOHM3HTCH TaM, rae & craHeT 6oabiue, H BO3MyleHHE GyAeT Hapa-
cTaTh co BpeMeneM. Jueprif & cTpeMutcsi cOGpaTHCH B CIYCTKH
BAOJIb OCH y. D710 ABjeHn¢ CXJIOMbIBAHHA SHEpriH Kosie6aHuil B
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OTHeJIbHBIE MaJleHbKHe CTYCTKH, oOHapy:xeHHoe Brepshie 3aXapoBbiM,
Ha3BIBAETCS KOJJIANCOM JIEHTMIOPOBCKHX BOJIH.

HerpynHo Bumerb, 4T0 Kossnanc NPOUCXOLHT 34 KOHEUHBIH NpO-
MeXyTOK BpeMeHH. B camom pese, nycts L ecTb xapakrepuas
IJUHA CTycTKa. B cuiy 3aKOHa «coXpaHeHHs sHepruu» &L = const
BeJauuuHa & Bo3pacraer npu ymeHoluenuu L kak 1/L, a ckopocts v
no nopsiiKy BenHduMHBl paBHa L. Takum o6pa3oM, ypaBHeHHue
(5.111) rpy6o MOXHO 3amucaThb KakK L+q5’§L§/L3=O. Orciona
BHAHO, 4TO L~(t0—t)‘/’. Tak kxak A ~ 1/& ~ L, To npu npoxoJip-
HOM CXAaTHH BIOJb Y CONUTOH CTAHOBUTCS TOHbIUE, TaK 4YTO (PakTH-
4eCKH NIpH ABYMEPHOM KoJjalce 3Heprus JIGHIMIODOBCKHX COJIMTO-
HOB CXJIONbIBAaeTCSl B TOHKYIO HHUTb. Boslee TouHO KapTuHa Kosnamnca

t=0 t=1

!

=15

=)

Puc. 71, Jluenu nocrogunoro E2? mpH KoJsutance JEHTMIOPOBCKHX BOJH.

o
]
~N

B

6pia paccyuraHa uHcsaeHHo. OJHH M3 NMPHMePOB KoJJaanca IpHBe-
IeH Ha puc. 71.

Ecnu 3Heprus JEHrMIOPOBCKHX BOJIH JOCTATOYHO BeJHKA,
E?/8rx > (mo/m;)nT, To Kodaalc CTAaHOBUTCH CBEPX3BYKOBHIM. [Ipu
9TOM 06pa3oBaHHe «KABEPHBbI» HECKOJbKO 3aMelsercs, HO KoJjnan-
CHpOBaHHE He MpeKpaulaercs, U ONATb 3HEpPrHd JEHIMIODOBCKHX
KoJieGaHHA CXJIONBbIBAETCS B <«TOYKY» 33 KOHEUHBIH IIPOMEXYTOK
BpEMEHH.

Pasymeerca, du3snueckag GeCKOHEYHOCTb IIOTHOCTH 3SHEPrHH B
KOJ1J1a11ce He JOCTUTaeTcd: MPoCTO MPH XOCTAaTOYHO BBHICOKOH HHTEH-
"CHBHOCTH JIEHTMIODOBCKUMX KoJsleGaHHH OHH IOIJIou[aloTcs Jubo Ha
TEIIOBBIX YACTHUAX MEXaHM3MOM 3aTyxaHusa Jlanmay, nuGo u3-3a
nepecedyeHUss TPAeKTOPHH B HENTHHEHHBIX KoseGaHUusX.

Takum o6pasoM, MOXHO ce6Ge NPeACTABHTL CACAYIOILYI0 KAPTHHY
JIGHTMIODOBCKOH TYpOy/JIeHTHOCTH B OLHOpOAHOW MJasme. Ilpu Ha-
Kayke BOJIH B AHana3oHe BOJHOBBIX 4MceJ BOJU3H obpaTHoro Ae-
6aeBCKOr0 paaHyca SHEPTrHsi mepekayuBaercsi B 06AacTb MadbiXx 2
.BCJIECTBHE HHIYUUPOBAHHOTO pAacCeAHHs Ha 3JEKTPOHAX M HOHAX.
Tlpu rakohi nepekauke 3HEPTHs JEIrMIOPOBCKHX BOJIH H3MEHSETCH



§ 6] MI'O-TYPBYJEHTHOCTb 291

HE3HAYHTENBbHO, TAK 4TO B 006/MaCTH MaJbiX £ o6pasyercs JeHTMIo-
POBCKHH KOHAeHcaT. Korla II0THOCTh 3HEPruH 3TOr0 KofeHcaTa &
npesniiaer BedHuuny (kd)2nT, nHaunHaerca ob6pa3oBaHHe KoJjuiam-
CHPYIOIIHX CT'YCTKOB, KOTOpbIe CO3RAIOT CTOK 3HEpPrHH JEHIMIODOB-
CKHX KoJIeGaHHi B YacCTHILHL.

JleHrMiopoBcKasi TypOyJAEHTHOCTE MOXKET CO3MaBaThCsl NPU B3a-
HMOIEHCTBUM ¢ MJa3MOM 3JEKTPOHHBIX ITYYKOB MJIH MOIIHBIX 3J/I€K-
TPOMArHUTHLIX BOJH. B Hacrosiulee BpeMms H3yueHHE TAKOro pojpa
'KOJIJIEKTHBHBIX MPOLECCOB B N123ME COCTAaBAAET NPEAMET OGIIHPHBIX
H THIaTeJbHBIX SKCIEPUMEHTaAbHBIX H TEOPETHYECKUX UCC/ICIOBAHHI],

§ 6. MI'I-TypGyaeHTHOCTD

Ecsu nnasMa MarHHTOTHAPOAHHAMHYECKH HeyCTONYHBA, TO B Hel
BO3MOXKHO BO30YXKIEHHE CPABHUTEJbHO MeIJeHHBIX KpPYIHOMac-
mTabHbIX ABUXKEHHH, KOTOPBIe MOCYT ObLITb OMUCAHBl B paMKax
MI' -npubnuxeHns. DTH TeUeHHS HAIlIOMUHAWT OOBIYHEIE TEYeHHUA
KHIKOCTH W/IH Tasd, YCJOXKHEHHbIE JIHIIb IeHCTBHEM OOBEMHON
cuanl Amnepa. Ecau mMexaHM3MBI RHCCHNAUMH DOCTATOYHO CJ1abwl,
TO 3TH TeyeHHus npuobperaioT TypOyJeHTHBLIH Xapakrep.

Kax u3BecTHO, B OOBLIYHOH XKHIKOCTH CIEKTD BO3MOXHBIX TypGy-
JEHTHBIX COCTOSHHE BecbMa mHpok. Ho Bce xe rpy6o HX MOXHO
pasfenuTh Ha [Ba KJjacca — TYpOyJEHTHbIe NOTOKH H TYpOYJ/eHT-
HYI0O KOHBEKIHIO. B TypOyJeHTHBIX NOTOKAaxX HEPeryJspHOCTH B CKO-
POCTH CO30AIOTCA MaKPOCKOIMHHECKHM MOTOKOM, TOUHEE CIBHIOM
CKOpocTH 3TOro nortoka. Ilpu TypOyJeHTHON KOHBEKLHH OCHOBHBLIM
MeXaHU3MOM Meperayy SHePruu B NyJdbCaluH gBasercs pabora cua
TSAXKECTH HaX HeycTOHYHBO cTpaTHQHUHPOBAHHBIM [a3oM HJH XKHA-
KOCTBIO.

AHaJIOTHYHO M B MATHHTHOH THAPOLHHAMHKE MOXHO pas/HyaTh
pasi{uHBle THIB — NOTOKOBbIE H KOHBEKTHBHHIE — TypOYJ/IE€HTHHIX
JABUKEHUH, B 3aBUCHMOCTH OT HCTOYHHKOB 3HEPIHH, NOAMHTHBAIO-
mux 3Ty TypOyJaeHTHOCTb. UTO KacaeTcad TYpOYJEHTHBIX IIOTOKOB,
TO OHH MOTyT BO3HHKaTb, HanpuMep, B MI'/l-reHepartopax, npeo6-
PAa3YIOMMX TEMJIOBYIO SHEPTHIO B 3JEeKTPHUECKYIO, I'le niasMa obpiy-
HOo cnabo uoHu3oBaHa. Jlpyroit npuMep MOHHBIX TYpOyJ/JIE€HTHBIX Te-
YeHUI NpPeACTaBAsIOT coGOR NBHXKEHHUS MEXK3Be3MHOro rasa u Koc-
MHueckux ob6sakoB. Tak KakK Mbl, B OCHOBHOM, OOCYXAaJdH TOJLKO
J1a60paTOPHYIO BHICOKOTEMIIEPATYPHYIO I1a3My, TO MBI He GyieM
3Jech OCTAaHaBAHBATbCA Ha TypOY/AEHTHBIX II0TOKAX, 8 COCPENOTOIHM
BHUMAaHHE Ha TyPOYJEHTHOH KOHBEKIHH.

TypOysieHTHAS KOHBEKIHS HJAH aHOMaJjbHada Ouddy3ua B miasMe
MOXXeT pPa3BUBATbCA Ha PAa3JHYHBIX MoOxax KomeGaHMi HEOTHOPO.-
Ho# mnasMbl. [TosHOR M fCHOH KapTHHBI TOTO, IPH KAaKHX YG/IOBHAX
HO/MXKHBl npeo6aagaTth Te HJAM HHBIE MEXaHH3MBI KOJJIEKTHBHBIX
NEPEHOCOB B NJasMe, IoKa HeT. [loaTomMy Mbl paccMOTpuUM 3fech
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TOJILKO [Ba NpHMepa Bo30YxIeHHs oiHoxHaKoctHoi MI-1yp6y-
JIEHTHOCTH KOHBEKTHBHOIO THNA, NPHYEeM B OJHOM H3 HNPHMEpOB
TypOY/EHTHOCTh NOALEPKHBAETCS TOJNBKO 3a CYeT TEIJIOBOH 3Hep-
THH NJ1a3MBl, 8 BO BTOPOM — TaK¥e H 3a CyeT HeprHH MATHHTHO-
ro mnoJss.

1. XKearobrosan rypbysrentrocts. JKeno6koBasi TypGy/IeHTHOCTD
pasBHBaeTCHd B NIPOCTHIX 3epKaJbHHIX JOBYIIKaX (6e3 MHHHMYMa B)
H3-32 XeJOOKOBOH HeyCTOHMYHBOCTH. JTa TypOyJeHTHOCTh Oblna ne-
Ta/llbHO HccaenoBaHa B paborax Modde ¢ corpynsukamu [159, 160]
Ha YCTAHOBKE «HOHHBIA MarHeTpoH».

Ha stoii ycraHOBKe H3yyasnoch ylep:KaHHe MJIa3Mbl ¢ FOPAYHMH
HOHAMH, CO31aBaeMOH NyTeM YCKOPEHHS HOHOB paJHa/bHBIM 3JleK-
TpHueckuM mnoJeM. Ilose npuknanbiBaaoCh MeXAy WHYPOM XOJO0.-
HO! MNnasMbl, NMPOXOASALIHM MO OCH JIOBYUIKH, H METajJHYeCKHMH
CTEHKaMH BaKyyMHOH KaMepbl B BHJe OJHHOYHOFO HMIyJabca AJIU-
teapHocTbio 30 MKcex. [To OKOHUAHHH HMIYJbCA M NPH OJHOBPEMEH-
HOM MNpeKpallleHHH «NOZauH» XOJOJHO!N MJa3Mbl JIOBYLIKA OKa3biBa-
Jacb 3anoJIHEHHOH BBICOKOTEMIEpPaTypHOH MJAa3sMOH C MJIOTHOCTBIO
~10° cu—3%, cpenHell sHeprueli HOHOB ~ 1 K38 u Temmeparypo#
snekTpoHoB ~ 20 38. [lajee uccaenoBajcs cBOGORHBIA pacman ra-
KOH M1a3Mbl.

B cnyuae oTCyTCTBHSL KaKHX-THGO HeycTOHYMBOCTEH pacnal
doJKeH Obl1 Obl onpenensitbcsl nepe3apsinkofl ObICTPBIX HOHOB Ha
OCTaTOYHOM rasde. B ycaoBHSIX 3THX SKCNIEDHMEHTOB BpeMs Iepe-
3apsiKH COCTaBJAS/IO HECKOJbKO MHAAHCeKYHX. OnHaKO H3MepeHHs
3aBHCHMOCTH IVIOTHOCTH IJIa3Mbl OT BPeMeHH 10 NOTOKY HeHATpaJoB
nepe3apsaiKH [OKa3aJH, YTO pacnaj HpoTeKal ¢ CYLIeCTBEHHO
MEHBIIUM XapaKTepHbM BpeMeHeM ~ 107 cex, T. e. HMeJn MecTO
aHOMAaJIbHO OOJIbIIME MOTEpH MJa3Mbl, 3HAUNTENBHO NMPEBBILIAIIHE
nepe3apsitouHsle. HemocpencTtBeHHBIMH H3MEpPEHHSIMH TOKOB, TEKY-
HIMX M3 IJ1a3Mbl Ha CTEHKH KaMepsl, Obl10 NOKAa3aHO, YTO MJaa3Ma
ru6Her Ha GOKOBBIX CTEHKaX KaMephl. DbliO ycTaHOBJIEHO Takike,
4YTO NOTOK IJ1a3Mbl Ha OTHENbHLIE 3JeMEHTBl CTeHKH HOCHT Xapak-
Tep HeperyJsipHblX BO BPeMeHH BLIGPOCOB, XOPOLIO CKOPPeaHpOBaH-
HBIX BJOJIb MAUHHTHBIX CHJIOBHIX JIHHHH. JIpyrumMH cioBaMmu, mnasma
Boi6pachlBalach Ha CTEHKY B BHIE OTIeNbHBIX «A3bIKOB®, [POCTH-
palolIUXCa Ha BCIO JJIHHY JIOBYLIKH.

Bce 3TH akThl HeABYCMBICJEHHO CBHAETENLCTBOBAJH O ¥Ke/100-
KOBOH NpPHpPOAE HEYCTOHMYHBOCTH, BBI3LIBAIOLUIEH MOTEPH I1J1a3MBI.
OnHako oOcCTaBajics He BIOJHe fACHBIM caM MeXaHH3M IepeHoca
nnasMel. Jles0 B TOM, 4YTO 3KCHEDHMEHTAa/NbHO H3MepPEeHHOe BpeMd
ylepXaHHsl BO MHOrO pa3 NpEBBIAJO TEOPETHUECKH IPeACKa3aH-
HOe BpeMsi Pa3BHTHA HEYCTOHYHBOCTH, a H €ro 3aBHCHMOCTb OT
HanpsXKEHHOCTH ITOJISi M 3HEPTHH HOHOB Oblna coBceM Apyroil. dTH
BOMPOCH! NOJYYHJH paspeumieHde B paMKaxX NpeicTasJeHHit o 1yp-
Gy/eHTHON KOHBEKLMH Muasmsl [163].
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Yro6bl NMpeicTaBuTh ce0e MeXaHH3M IepeHOoca Miaa3Mbl Ha GOKOBble
¢TEHKH, CJelyeT Y4YecTb, YTO CONPHKACAKUIAACA ¢ MeTaJJaHyecKoH
CcTEHKOH NJjasMeHHass TpyOKa He MOXKeT cpasy MOrHOHYTb. IDTO CBS-
3aHO C Te€M, 4TO B TOHKOM MPHCTEHOYHOM CJIO€ I1J1a3Mbl TOJILIHMHOH
NOpANKa CPEJHEro JapMOPOBCKOTO pajMyca MHOHOB IMONEpeyHbIe
9JIEKTPHYECKHUE [0S JOJKHBI OBITh OYeHb MaJbl: H3 3TOrO CJIOS
H30bITOUHbIE HOHBI MOTYT CPaBHHTENbHO CBOOGOLHO YXOLHMTh Ha 6o-
KOBble CTE€HKM, a4 3JIeKTPOHBl — BJOJIb CHJIOBBIX JIHHHH, TaK YTO
GJayKTyalluH 3apsla paccacelBAlOTCH. A 3TO M 03HAYaeT, yTO BOJIH-
3H CTEHKH JBHXEHHE IIJIa3Mbl IO PaJHMyCy HOJKHO HPHTOPMaXKH-
BaThCAA: Beb OHO CBSI3aHO C a3MMYTAJbHOH KOMIIOHEHTOH 3J1eKTDH-
yeckoro nInonsi, Koropas BOnH3H CTeHKH (a TeM Gosee Ha caMoR
CTeHKe) MOJ2KHA OTCYTCTBOBAThb. BC/eACTBHE 3TOr0O NMEPEHOC MJa3Mbl
Ha CTeHKY NPHHHMaeT xapaKTep KOHBeKLUHH: MPUXOAsiIIMe K CTEHKe
TPYOKH MOTYT IOTEPSATH TOJNBKO YaCTh CBOEH IJIA3MBl, a IOC/A€e 5TOro
OHH OynyT BBITECHEHBI BHYTPb JIOBYIIKH NPYrUMH, Gojiee MIOTHHIMH
Tpy6kaMHu. Ecin 0603HauuTh uepe3 § o0 TepseMOH NpH COIPH-
KOCHOBEHHH CO CTEHKOH M/1a3Mbl, TO BOJH3H CTEHKH CJELyeT OXKH-
HKaTb (QAYKTyalMH IVIOTHOCTH n' ~EN, rie n— CPelHsas IJIOTHOCTb.
B6aH3u caMoil CTeHKH NepeHOC M1asMbl HPH TypOy/eHTHON KOHBEK-
IHH NIPOM3BOAMTCA MyJbCALHAMH MHHHMaJbHOrO Macwmrtaba [ ~ p;.
CKOpOCTb 3THX MyJbcallufl v’ BOSHHKAGT BCJAEHACTBHE apXHMENOBOMH
CH/Ibl BCT/IBIBAHHSL OOGeNHEHHBIX 171a3MOfi TPyGOK H ONpenensiercs
GanaHcoM KHHETHUYECKOH M MOTeHLHAJbHOW 3Hepruii: v'2~gin'/n~
~ gp;E, roe 3QGdeKTHBHOE «yCKOPEHHE CHJIBI TAXKECTH» g HaeTcd
BoipaxkeHneM (5.8). CuenoBaresbHO, NOTOK IJIa3Mbl Ha CTEHKY
g={(n'vY=AE"n(p:g)"», rne A —uucneHHnllt Ko3hGbHLHEHT TO-
psalKka enuHHnel. 1o Mepe ynaJjeHHS OT CTEHKH Ha pacCTOsiHHE X
B Hrpy BCTYNAalOT [yJbCallHH Bce Gosbwmero Macmraba BIVOTE 10
I~x, Tak yT0 3¢ ¢eKTHBHBIA KoadduuueHt auddysuu G6uICTPO BO3-
pacraer u NJOTHOCTb B IMyOHHe JOBYIIKH OyferT 6/1H3Ka K IJIOTHO-
CTH BO/MH3H cTeHKH. [To3TOMY B BBIpaKeHHH LJs ¢ NOJ 1 MOXHO
nofipasyMeBaTh CPEIZHIOI0 IJIOTHOCTb B JIOBYUIKE, II€PEOIPe/e/HB
coorBercTByOIEM 06pasom KoHcranty A. Ortcioga, 3Has panuyc
KaMmepnl g, ¢ yuetoM (5.8) HaxonHM BpeMsl XH3HH v == naln/2nagq:

Y 92 'tz
t=Ca (-Ri;) (1 +—2L) , (5.112)

0; ®p;

rie T — cpenusis sHeprusi HOHOB, C — uuC/IEHHBII MHOXKHTEJb IO-
PAdKa exuHHLB MpH E==const~1/5.
Bripaxenne (5.112) ynoBjeTBOPHTeJBHO COryacyercss € 3KCrle-
PHMeHTAJbHBIMH JAaHHBIMH 10 H3MEPEHHIO BPEMEHH JKH3HH IJIa3Mbl.
KayeCcTBe NPHMepa MOXKHO NPHBECTH CPAaBHEHHE TeOPeTHYECKOH
H 5KClepHMeHTaNpHOH 3aBHCHMOCTEH BPEeMEHH XKH3HH OT IJIOTHOCTH
(puc. 72). Ha puc. 73 npuBeleHO pacmpeneneHHe IIOTHOCTH IO
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pazdycy, H3 KOTOpPOTO BH/JHO, 4TO My1a3Ma AeHCTBHTENBHO «BBLIH-
BaeTcsi» Ha INepudepHIO JIOBYWIKH H INPHTOPMAKHBAGTCS OKOJIO
BHeIIHel CTeHKH.

48

: () (meoy,)
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14 22 04 406 08 10 12
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Puc. 72. 2xcnepuMmeHTalbHAS M TeOPeTHYECKAS 34BHCHMOCTH BPEMEHH IKHSHH
nma3MH (32 BHIUETOM NEPe3apAJOYHHX IOTEPL) OT €e NJIOTHOCTH.

HanbHeiiinee sKCnepHMeHTadbHOE NOATBEPKIEHHE NpelcTaBJe-
HHH O TypOyJ/IeHTHOH KOHBEKIHH pa3peKeHHOH IJa3Mbl ObLIO HOJY-
4eHO NpH GoJee AeTanbHOM H3y4YeHHH NPOCTPAHCTBEHHHIX H BpeMeH-
HBIX XapaKTePHCTHK a3MeHHbIX Nynbcaluii. Takue cBefeHus GbiaH

B5=50003
" ¢
N _¥
§ 550003 g =
7y "
3| 77 Pp——-
5
N Oes nobyumu
S ] 0 |
/) 4 8 72 6

Pacemossue om cmexud s cM

Puc. 73. Paguanbuoe pacnpejelienHe IJIOTHOCTH MJIA3Mbl B JIOBYIUKe.

MoJy4eHbl C MOMOLIBIO CHCTEMbI MHHHATIOPHBIX JIEHTMIODOBCKHX 30H-
[0B, He BHOCHBLIHX 3aMeTHBIX BO3MYyLIEHHH B miaasMy. O jokaJb-
HBIX KOJeGAHHAX IVIOTHOCTH IJIA3Mbl MOXKHO CYJIHTh N0 KOJeGaHURM
HOHHOTO TOKA HACHIIIEHHA Ha COOTBETCTBYIOLIHH 30HA, a MO KOppe-
JSALIHH TOKOB Ha HECKOJIBKO 30HIO0B, YAAJE€HHBIX OpDYr OT Apyra Ha
H3BECTHBIE PACCTOSAHHS, MOXHO OIEHHTh Pa3Mepbl NJa3MeHHBIX He-
ONHOpONHOCTEH. DBHlJIO BBISICHEHO, YTO . B MNPHCTEHOUHOH 06.JacTH
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NJ1a3Mb! CYII€CTBYET LIHPDOKHH CIHEKTD rJaybGOKO NPOMOJy/HpPOBaH-
HbIX HEpPeryJafpHbIX KojeGaHHH NJIHTENBHOCTBIO OT HECKOJBKHX 10
LECATKOB MHKPOCEKYHJ. BbICOKOYACTOTHAa yacCTb CHEKTpa CBsi3aHa
¢ MeJKoMmaciiTaOHBIMH KOJje-
GauusaMu ~ 3—4 cm, IJHHA
BOJIHBI KOTOpbIX OJH3Ka K
J1aPMOPOBCKOMY IHaMeTpy
HOHOB. g
ITo mepe nepexoga k Go- 4570
jgee TyOOKHM CJIOSM MNJa3MBbl
aMIVIHTyla MejaxkoMacuitadb-
HBIX NyJbcalluf, KaK U c1eno-
Baj10 OXKHIAATb, pe3Ko YObI-
BA€T H OCTAETCH JHIIb HH3KO-
4yacToTHas cOCTaBnAwILad,
CBSI3aHHAfA ¢ MHyJbCalHAMH P
macuirtaba nopsaka nomnepey- 4,570
HBIX pa3MepoB JIOBYWIKH. B
IeHTPaAbHON 06J1aCTH JIOBYIL-
KH HabaionaeTcs OueHp cJaa-
6as HH3KOYaCTOTHAfd MOAYJ-
LS 30HAOBBIX CHTHAJIOB, YTO
yKa3biBaeT Ha  OTCYTCTBHE
3leCb  3HAUHMTENBHBIX BO3MY- s, 4,8
LieHH# MJIOTHOCTH. Takas ”
KapTHHA KayecTBEHHO XOpOIUO
COTVIacyercsi ¢ MOAEJBI0 Typ-
OyJIeHTHOTO MepeHoca MIasMbl
nonepek MAarHUTHOrO HOJf. g w200
| S S —

Ilpu yMeHbIIeHHH NJOTHOCTH, PHCEK
KOrJa ®p; CTAHOBHTCS MeHb- Puc. 74, VaMeHeuue YacTOTH NJa3MEHHBIX

me Q CJIellyeT OXHAATh 3a- Hynbcauui»'x C YMEHbIICHUEM IIJIOTHOCTH.
1y

Me[JIeHHsl Tpoliecca KOHBEK-
IMH, 4TO H HabalaeTca SKCIePHMeHTanpHO, KaK MOKa3aHo Ha
pHuc. 74.

Takum o6pa3oM, Bce 3KCIepHMeHTa/bHble LaHHbIE MO INOBEJE-
HHIO IJ1a3Mbl B OOBIYHOR anuabaTHYeCKOH JIOBYIIKE XODOIUO COrvia-
CYIOTCSl C MPeACTaBJAEHHAMH O XKeJ10OKOBOH TypOYJIEeHTHOH KOHBEKIIHH.

2. TypbyirenTHaa KOHBeKYUS naa3mvl. 8 OupgysuonHom nunue.
B kauecTBe BTOpOrOo mpuMepa paccMOTpHM AHbGY3HBIA TOPOHIAID-
HBlll pa3pAX C yMepeHHBEIM NMpPOJOJBHEIM MArHHTHBIM NoJeM. DKclie-
PHMEHTHI ¢ TAKHMH pa3psfaMH ObLIH HAyaThl HA YCTAHOBKe «3eTa»,
a 3aTeM OHH OBbLIH NPOJOJIKEHBI H NPOBOJATCS MO HACTOAIIEe BpeMs
Ha IeJIOM psike TOPOHJAJbHBIX YCTAHOBOK.

B 3THX 3KcnepuMeHTax OBL10 yCTAaHOBJIEHO, YTO B DEXKHMax ¢
CUJIbHBIM TOKOM HMEET MeCTO aHOMaJabHO ObICTpas yTeuKa 3HEPTHH
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H3 IJasMbl, TAK 4TO KOHGHrypallud MarHMTHOrO IOJsI CTAHOBHTCH
npaKkTHYECKH GeCCHJIOBOMH, T. €. TOK TeueT BJOJb moJas: rot B == pB.
OkasbiBaercs, 4TO KO3(QQHUIHEHT NPOHNOPLHOHANBHOCTH p MeEXIYy
TOKOM H NOJIeM [IPaKTHUeCKH NOCTOsiHeH No ceuyeHHo. COOTBETCTBEH-
HO, NpojoJsbHOe B; H asumyranbHoe Bg N0/ HMEIOT pacnpejene-
HHe, onuchiBaeMoe dyukuuamu Beccens [cM. dopmyay (1.22)]. Tpu
LOCTATOYHO GOJBLUIOM 3HAYEHHH BeJHYHHB O, [PONOPIHOHAJIBHOM
OTHOLIEHHIO TOKA B IJ1a3Me K [IPOJOJbHOMY MarHHTHOMY NMOTOKY [CM.
(1.23)], nponosbHOe MarHuTHOE NoJje caMo coGofi MeHsier 3HaK Ha
nepudepuH naasMeHHoro wHypa. 30HIOBble H3MEpEeHHs paclpeie-
JIeHUS] NJIOTHOCTH IJa3Mbl O paguycy OOHAPYXKUJIH 3HAUHTE/bHBIE
ee QUIYKTyallHH NPH CPABHHTEJbHO HU3KHX 4acTOTaXx.

Bce 3t QakTe HamaH cBoe OGbACHeHHE B paMKax NpeaCTaB-
JeHUH O TYpOYJEHTHOCTH NJ1a3Mbl B AUG(DY3HOHHBIX TOPOHLAJbHBEIX
paspanax {13, 232, 233]. MoxHO cKa3aTth, YTO B TaKHX paspsanax
IIPOHCXOJHT KBA3HCTAllHOHAapHoe TypOyJeHTHoe nBHKeHHe. [Iporte-
KAlOIHA 10 NJja3Me TOK Hepefaer el 3HepPTHIO MOCPENCTBOM MeXa-
HH3MAa [KOYJEBHIX HOTEPb, H T4 IHEPrus CAYKHT HCTOYHHKOM BO3-
GyxpueHHus TypGyJeHTHHIX nyJabcauuil. Kone6aHus uepnaoT 3Hepruio
A7s CBOEro NOJNEPXKAaHHA KaK M3 NAa3Mbl, TaK H OT MarHHTHOTO
noJs.

Koppensinuontsie uamMepeHHs GaykryanHil mIOTHOCTH NMOKa3aJH,
YTO XapaKTepHas [AJHHA KOPPEJISIHH MyJbCcaluil MIOTHOCTH [ Mana,
nopsinka 1/10 paguyca wHypa [233]. Takum o6pa3om, TypOy.eut-
HOe ABHXKEHHe NJa3Mbl HalOMHHAET JBHIKEHHE XKHIKOCTH B TypOy-
JIGHTHBIX NOTOKaX, Ile NJIHHa NepeMeIuHBAHHA TaKXe Ha NOopsIokK
MeHbllle XapaKTepHbIX pa3MepoB MOTOKA.

Ilyapcauuu naa3Mel NPHBOAAT K [OBOJBHO GBICTPOMY KOHBEK-
HHOHHOMY INepeHOCY 3HEepTHH K CTeHKaM KaMephl, Tak 4TO Maa3Mma
craHoBHTCA GeccHaoBo#. IlpH 3ToM, Kak Obl10 nokaldaHo TeisopoM
[13], ycranapauBaeTcsi Takash MAarHHTHas KOH(Hrypauus, KOTopas
o6nafaeT MHHHMYMOM MAarHHTHOH 3HeprHH NPH 3aJaHHBIX NMOTOKAax.

Takum o6Gpa3oM, B pe3y/bTaTe Pa3BHTHA TypOyJEeHTHOCTH KOH-
¢durypanua noJaei cama coGoil moicrpausaerca K HaubGonaee ycroil-
yyuBOH (MpH GONBIINX TOKAX C OOPATHBIM NMPOJOJABHEIM MATHUTHEIM I10-
JeM Ha nepudepun). Dta KOHDUTypaUus SBJISETCS KBA3UCTALMOHAP-
HOH, OHa olpenensercd TOJbKO ONHHM mapametpom O [cm. (1.23)]

"B skcnepumenrax BaGuuea u np. [231] Gemto nmokasaHo, uTo
NpH M3MeHeHHH 3HaKa HPOJOJBHOrO MAarHHTHOrO NMOJA CHAapYXH OT
paspsana (t. e. npu yMeHbpmeHHH notoka @) koHbHrypauusa noJroe
BpeMsl COXpaHfieTcd, a 3aTéM OHAa CKayKOM lepecTpauBaeTcs Ha Ta-
Kylo Ke KOHGHTypallHio, HO C HNPOTHBONMOJIOXKHBIM 3HAKOM MNOTOKa
MarHMTHOTO MOJI BHYTPH IuaaMeHHoro wmHypa @. 3TH onelTel mo-
Ka3bIBaIOT, YTO KAaK MAaKDOCKONHuecKoe oOpa3oBaHHe GecCHA0BON
TypOyJeHTHBIH pa3pan LOBOJBHO YCTOHYHMB NpPH H3MeHeHHH © B He-
KOTOPOM HHTepBaJle 3HaYeHHH He BbIle KPHTHYECKOrO.
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Ecan ¢ caMoro Hauyana co3zaBaTtb KOHpHrypaluio mojas ¢ 06-
PATHLIM MATHHTHBIM IoJieM Ha nepH@epuH paspsaga (T. e. GAU3KYIO
K 6eccHI0BOM), TO NMja3MeHHBIH WHYP OOHAapyXHBAaeT HOBLIIEHHYIO
MT I-ycrofiuuBocts [234].

Takum oGpasom, au(dy3HOHHBIH paspsal NpeacraBaser coGOH
oueHp ynoGHblll o6bekT nad u3yyeHus MIL-typGyneHTHOCTH B
fy1a3Me THHA TypOyJeHTHOH KOHBEKIMH CaMOH I1a3sMbl H MArHHT-
HOTO 1OoJ4.

§ 7. dBoaounsa 6ecCTONKHOBHTEABHBIX CHCTEM

Ilpu paccMoTpeHHH KHHeTHYeCKHX TypOyJeHTHOCTEH MBI BCe Bpe-
MSl TOBODHJIH O BO3GYXKAEHHH TeX HJH HHBIX KojeGaHHH B IaasMe,
HanpuMep, HOHHOrO 3BYKa HJIH JIEHTMIOPOBCKHX BoaH. Ho, Kak Mbl
3HaeM, B pa3pexeHHOH I1a3Me BO3MOXKHBI H APYTHe THIIBI BO3Myllle-
HHH, KOTOpbE MOMXKHO HasBaTh BoaHaMu Ban-Kamnena, uau 6an-
JUCTHYECKUMH MofaMH. OHH HMeT BHJ HeOOJbIIHX NYYKOB .WJH
CTYCTKOB 3apsiKeHHBIX YacTHL, NPOJETAIIHX Yepe3 m1a3My. ITu
MOJbl, BOOOIIE rOBOpS, COOTBETCTBYIOT CHJIBHO 3aTyXdlOUIHM KoJie-
6aHusIM, MOCKOJLKY H3-3a TEMJOBOro pa3bpoca YacTHIl CTYCTKH Ta-
KOro THHa AOBOJBHO GBICTPO pacmiblBaloTcd B npocrpancrse. On-
HaKO, ec/IH OHH OBUIH CO3JaHbl B Hayajie npolecca, TO 3a BpeMHl
CBOEro pacijbelBaHHS OHH CMOI'YT NDHBECTH K KaKOMY-TO KOJIJIEKTHB-
HOMY NPOIECCY peJlaKCallHH.

B ocoGeHHOCTH BaXHa pOJb TaKHX MeXaHH3MOB B YCJOBHAX,
KOrja He MOTyT BO30YXKAATbCA KOJMJIeKTHBHble MoAbl. [IpuMepom
TAKHX CHCTEM «KYJOHOBCKH B3aHMONEHCTBYIOIIHX YAacCTHI» MOTYT
CAyXHUTh 3Be3/lHble CKOIJIEHHS HJH rajakTHkH. M3BecTHo, uto B
Hame#l [amaKTHKe pacnpejeneHHe 3Be3l MO CKOPOCTAM HaNOMH-
HaeT MaKCBeJJIOBCKoe (C HeGOJbIIOH aHH3OTPONHEH TeMIepartyp).
Bwmecre ¢ TeM BpeMsl NapHBHIX PPABHTAIMOHHBIX CTOJKHOBEHHH 3Be3n
3HAYUTEJBHO GOJibllle BpEMeHH JXH3HH ['anakTHKH, TaK 4TO OHH He
morsin Gbl MPHUBECTH K XaOTH3allMH cKopocrtedl. Bpan .nu sta xaortu-
3anusl MoXeT ObITb CBfi3aHa H C BO30yXKJAeHHEM KOJJEKTHBHBIX KO-
JeGaHHui, MOCKOJNbKY PafHyC FajaKTHK HMeeT NMOPANOK nebaeBcKoro
panHuyca (TaK Kak KHHeTHYeckas 3Heprus 3Be3]l — NOPsJKa MOTeH-
uHaasHo#). TakuM o6pasoM, BO3HHKaer npobJjeMa OODbACHEHHS pe-
JakcallHH CHCTeMbl O€CCTONKHOBHTEJbHBIX KYJOHOBCKHX B3aHMO-
JEeHCTBYIOUIHX CHCTEM 4acTHIl 6e3 BO30yKAEHHS KOJJEKTHBHHIX CTe-
neHeil cBoOOXBL. {

Jluunen-Benn paccmoTpen 3Ty mpoGiaeMy Ha OCHOBe YHCTO CTa-
THCTHYECKHX cooGpaxennit [235]. Caenysa ero paccykKAeHHSM, pac-
CMOTPHM IIPOCTOH cJay4yad OJHOPOAHOH B CpPelHeM CHCTEMBI KyJO-
HOBCKH B3aHMOJEHCTBYIOIIHX YAaCTHIl ¢ HEKOTODLIM HEOAHODOLHBIM
pacnpeznesenHeM. JLJsi MPoCTOTH paccMOTPHM ABYMepHYI0O $a3oByio
NJIOCKOCTb X, U (pHC. 75) H mOmycTHM, 4To QYHKUHS pachnpejeseHHst
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f(x, v) mpHHHMaeT TOJbKO [Ba 3HAYEHHHA: €AHHHLA B 3aLITPHXOBAH-
HO#l 06J1aCcTH H HyJb BHe ee. ¥ HEB3aHMOAEHCTBYIOHIMX YACTHIL BCA
sTa (as3oBas NJOCKOCTb IlepeKaumHBajach Obl B TOPH3OHTAJAbHOM
HanpaBJeHHu CO CKOPOCTbIO, NPOMOPIHOHAJBHOR yla/eHHI0 OT OCH
a6cuucc. C yyeroM B3auUMOJEHCTBHA Yepe3 CaMOCOIIacOBaHHOe
none E wacruuer 6yayT NepeMemiMBATLCA TaKXKe€ H B BEPTHKAJb-
HOM HanpaBjeHHH. TakHM 06pa3oM, B KOHIIE KOHLOB BCA KapTHHA
puc. 75 nepeMemaercs, W MOXKHO MOCTAaBHTb BONPOC O TOM,
K KaKOMy e KOHEYHOMY COCTOSIHHIO TpopenakcHpyeT GecCTOJIKHO-
BHTE/JbHAs CUCTEMAa YacCTHII, HOBeJeHHe KOTOPOH OMHChIBaercs ypas-
HeHneM Baacosa. '

v > 17

///a:
a) 4

Puc, 75. O6iacts Ha (a30BOR IJIOCKOCTH, 3aHSITAN YACTHUAMH JO DeNaKCAlHH
(a) 1 mocae penarcauuu (6).

Jlunnen-Benn npeanosiokMa, YTO TaKOe NepeMelIHBAHHE HAET
BCce BpeMsl, NMOKa He [OCTHraercsi HauGoJjee BepOSATHOE COCTOSIHHE
IpH 3aflaHHBIX HEPTHH H 4ucie dacthn. Ilpu sTOM HyXHO yuecTs,
4TO COTJIAaCHO ypaBHeHHIO BuacoBa TeyeHHe B (a30BOM HpPOCTpaH-
cTBe ABJsercd HecxkuMmaeMbiM. [lostoMy moakeH HeficTBOBaTb CBOe-
06pa3Hblil NPHHIHMN HCKAIOYEHHs: (PYHKIHSA pacnpenelNeHHss B JaH-
HOM 3JjeMeHTe (a30BOTO NpOCTPaHCTBa JHOO paBHA HYJIO, eCiau
Tyla npHuuia syeika Oe3 yacTull, JHOO OHa paBHA HauyajbHOMY
3HaYeHHIO B TOH d4eHKe, KOTOpas NPHINIA B pe3y/bTare NepeMe-
IIMBAHHA B JAHHYIO TOYky (ha3oBoro mpocrpaHcrsa. Ecau BHavane
dbyHKLIHS pacnpefeneHus Oblla paBHAa efHHHIE BO Bceii obaactw,
rae ObLIH YaCTHIBL, H HYJI0 BHe ee, TO Mbl NOJAYYHM NDHHIHI HCK-
aouenusi [Taynu. CooTBeTcTBEHHO paBHOBecHas (YHKUHS pacHpe-
JdeqeHHsl ¢ 3a]aHHBIM YHCJIOM 4YacTHI, H 3Hepruedl JoJaxkHa B TOU-
HOCTH COBNAanath ¢ GpyHKIHed pacnpenenedus PepMHu.

3TOT OYeHbp HHTEPECHBI pe3yabTaT Obljl MOJYYEH H3 YHCTO CTa-
THCTHYECKHX COOOpaKeHHH, ¥ He BIOJHE SCHO, NPH KaKHX YCJAOBHAX
GyHKIHA pacrnpele/leHHs NOJKHA DeNaKCHPOBATb K 3TOMY HaHGO-
Jiee BEpOSITHOMY COCTOSIHMIO. UTOGB! BHISCHHTb 3TOT BONpPOC, GBLIH
NPeANPHHATH YHCIeHHBIe pacuersl [236]. OHH noKasanu, yto npu
CHJBHO HEONHOPOJNHBIX HayalbHBIX YCIOBHAX NEeHCTBHTEABHO NOC/E
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HECKOJbKHX NJa3MEHHBLIX [I€PHONOB JOCTHraeTcsi KBa3HPaBHOBECHOE
cocTosiHHe € (pyHKUHeH, O1H3KOH K (epMH-pacnpelesNeHHIO, C He-
6o/bIINM BBICOKOHEPrHYHBIM XBocTOM. Ho ecain HavanbHoe pacnpe-
AeneHHe OblI0 c1a00 HCKaXKeHHbIM, OJH3KHM K CTal[HOHAPHOMY, TO
pesakcalius 6bl1a Gosee BAJIOA H KOHEYHOE COCTOSHHE OTKJIOHSJIOCH
oT pacnpenenenns Pepmu.

KauecTBeHHO 3TH pe3y/bTaThl JErko MOHATb, €CJH JeHCTBOBATh
B JlyXe KBa3WJIHHEHHOTO MeTONAa, HO BMeCTO KOJNIEKTHBHBIX MOJ
yuecTp 6aJHCTHYECKHE MO/l THNA PaCIJILIBAIOLIHXCA CO BpeMeHeM
MakpouactHl. B camom jneJse, HauajbHble HEOZHODONHOCTH Ha
pHC. 75 MOKHO paccMaTpHBaTb KaK HEKOTOpbie OGJNACTH, IOJIOKH-
TEJBHOrO H OTPHLATEIBHOrO 3apsija, HaJoXKeHHble HAa DPaBHOBECHBIH
KoHeYHbIH (oH. PaKTHUECKH 3TO — HEKHe CTYCTKH HJH MaKpOyacTH-
b, KOTOpHIe 3aTeM OYIyT IBHraTbCs B CAMOCOI/IACOBAHHOM IoOJe,
CO31laBaeMOM HMH caMHMH. DTO NoJje ropasjgo GoJblie, YeM TEMHJIO-
Boll ¢)OH OT peaJsibHbIX YaCTHI, TAK KaK 3apAdbl CIYCTKOB ropasfo
Gosble 3apsifia OTAedbHON yacTHIbl. Ho CrycTKH OyeHp NMOXOXYM Ha
KYJOHOBCKH B3aHMOJEHCTBYIOIIHE YAaCTHIBI: OHH JABHKYTCH IOYTH
M0 NPAMBIM JHHHUAM, HCHOBITBIBAS TOpMOXKeHHe H IHDGY3HIO BO
QAYKTYHDYIOLIHX 3/71€KTPHUECKHX INMOJAX, CO3aBaeMbIX HMH CAMHMH.
Jns onucaHus peslaKCallHH 3THX YacCTHI, MOXKHO BOCHOJIb30BaTbCSH
YJeHOM CTOJKHOBEHHH THNA KyJOHOBCKOro B (opme JlaHmay, mpo-
NMOpIHOHAJABHBIM KBajparty 3b(deKTHBHOrO 3apsaaa MaKpouacTHI[ g.

U3 storo caeayer, 4TO ecau 3apsill ¢ AOCTATOYHO BENHK HIAH
MeLJIEHHO DAaclIbIBAeTCsl CO BPEeMEHeM, TO YaCTHUBI yCHeBaloT pe-
JIAKCHPOBATbL K CTATHCTHYECKH PABHOBECHOH (HYHKIHH pacnpeneeHus
(1. e. dyHkuun PepMH npH HavaapHOH GYHKUHH [ =0 uau 1,
puc. 75). Ecaun xe 3apanbl ¢ CIHWKOM GBICTPO yOBIBAIOT CO Bpe-
MeHeM HJH C CaMOro Hayaja OHH HeBEJHKH, TO OKOHYaTeJbHON pe-
JlaKCalliH He TPOUCXOMHT. )

Takum ob6paszoM, OaJJMCTHYECKHE MOJABI TaKXke MOTYyT JaTb
BKJ1aJ B KOJJIEKTHBHBIE NPOLIECCHl peJaKCallHH, eCJH ¢ CaMoro Ha-
yaja HMeEITCH JOCTATOYHO CHJbHbiE BO3MYLIEHHs sToro tHna. Kpo-
Me TOro, pacibplBalolIHeCs BO BPEeMEHH MaKpoyacTHIbl THna GaJ-
JUCTHYECKHX MOJ MOryT 00pa3oBbiBaThCcs B TypOy/JeHTHOH mnaasme,
OIlHAKO HX POJIb B 3TOM cJydae, MO-BHAHNMOMY, O4eHb MaJja, Tak Kak
OHH GBICTPO PACHJILIBAIOTCA CO BpeMeHeM.

Kak bl BHAHM, pesakcalls 0eCCTONKHOBHTEbHBEIX CHCTEM CBsl-
3aHa ¢ JBHXKEHHEM HecXHMaeMOH XHIKOCTH B (a30BOM NpOCTpaH-
CTBe, H MOSTOMYy 3JeCb €CTbh HEeYTO CXOAHOe ¢ TypOyJeHTHOCTBLIO
OOLIYHOH HEeCKHMaeMOH MKHAKOCTH. MOXKHO NpHBECTH elle OJHH
npuMep OGeCCTONKHOBHTENBHON pelaKCcalHH, KOTOpH ele GoJjee
TECHO CBA3aH C TypOYJEHTHOCTBIO KHIKOCTH.

PaccMoTpuM cHABHO HeH3oTepMuueckyo maasmy (T; < T.) u
NPEeANONOXKHM, YTO B TaKOH MNjasme Bo30YyXKIEHO HEKOTOpOe Ha-
yaJgbHOe TeYeHHe HOHOB CO CKOPOCTBIO U, 3HAYHTENbHO MeHbliek
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CKODOCTH 3BYyKa, v & '\/Te/mi. Torpa npu nanbHefneM ABHKEHHH
nnasmMa OyleT NpaKTHYECKH HeC)KHMaeMo#l, a HoHbl GyAyT JBH-
TaTbCsl MPOCTO KaK HeckHMaeMas KHAKOcTb. IIpu Hcuesaroue Ma-
JIOH BSI3KOCTH 3TO JBHXKeHHe, BoOOllle roBops, Oyaer TypOyJeHTHBIM,
‘0 Mbl npocTo OyleM HMeTb 3artyxaioimee Ha TypOyJeHTHhIX NMyJabca-
IHAX XaoTHYeckoe TeyeHue KHAKocTH. Ho, ¢ apyroit ctropoHsi, 37O
IBHKEHHE NpeicTaBiaser co0ofl Mpollecc pedakcanuH 6ecCTONKHO-
BHTEJbHOH CHCTEMBI 3J€KTPOHOB H HOHOB. TakuM oGpasoM, B JlaH-
HOM cayyae OeCCTOJKHOBHTeJpHAs pejlaKcallus YacTHI[ MJa3MBbl
CBOJAHTCA NPOCTO K OObIYHO# TypOynaedHtHocTH. [IpuBeneHHBIN TPH-
Mep CBHIETeNbCTBYET O TOM, YTO TypOYJEeHTHOCTb Maa3Mel, GyAyuH
BO MHOTHX OTHOIIEHHAX BIOJHE CaMOCTOSITEJNbHBLIM OOBEKTOM, CHJb-
HO OTJIMYAIOU[UMCS OT TypOY/eHTHOCTH OGBIYHOH JKHAKOCTH, BCE JKe
TECHO CBsi3aHa ¢ OOBIYHOH TYpOYJEHTHOCTBIO H B OTHEJbHBIX YacT-
‘HBIX CJy4Yasfx Jae CBOLHUTCA K Hel.

B 3akaioueHHe HaM eme pa3 XOTesnoch OBl MOAYEPKHYTb, 4TO
‘H3J0KEHHBI B 3TOH KHHre MaTepHaJ HHKOHM 00pa3oM He OXBaTH-
BaeT BCeH HHODOpMAaLHH, HMEIOUIEACS B JHTepatype HO LaHHOMY
‘BONPOCY, a JIHIUIb CJYXKHT BBeJleHHeM B Kpyr HAeH H OCHOBHBIX
fIpeJICTaBJeHHH O KOJIJIEKTHBHBIX SIBJEHHAX B IlJa3Me,
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