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Mp1 o6CcyauM OCHOBHbLIC NpPeNCTABIICHHH TEOPHH KBA3HCTa-
IMOHAPHBIX 9/JCKTPUIECKHX Nojell HCTOYHHKOB (au'rem-x, 30HAO" )
B pa3pexxeHHoli (6ecc'ronxnosn'renbaoi&) nnasmMe, Ua-sza namu-
YUg Yy IVIa3Mbl Pe3OHAHCHBIX CBOMCTB COOTBETCTBYIOMEE CTPYXK=—
TYpPHL NOJIell B BOSHUKAIOMHE MaTeMaTHAYeCKHe NpobleMbl OXKa3bl-
BAIOTCH BeCbMA JHOGOMBITHHIME, PesylbTaThl NPOBEAeHHOr'o aHa-
A3a NMPegCTaBJIgIOT, KAK HaM KaXXeTCH, AOCTATOYHO IUHpPOKHIl
mn‘epec"' .

1. Brieperle nomHoe mCCienOBAHEE CTPYKTYPH! INIOCKOIO
e PEeMEHHOr'O 2JIGKTPAYECKOr'0 Imo/Id B miasame GBNIO NpPOBEAEHO
Jlarnay BOo BTOpO#t wacTE ero masecTHol# pa6Gorer [5]1 , Om pac-
cMoTpen noile E 3apaxeHHOR IJIOCKOCTHE B OOHOPOAHON H30~
TpomHO# miasme, B6iman nnasmennoro pesomauca ( W Wp )
aTo mone

-1K1
1-g ° 1
E=4a6 — (1)
g= |- (Di, /a)2 , Kp - 43& /Yo = BOMHOBOE HHCIO MEeHHbIX

BOMH, Y, =~ Aebaenckuli papuyc, G - zapax ma IcM  wroc~
xocTH, £ - paccrTosHme oT mee. TaxuM o6pazom mpH W —= Wp
E— oo npr Bcex £ . OrasbiBaeTcg, OAHAKO, YTO NpA OTKA3E
oT mmearmmaammii ¥ ycnoemll, paccMmorpesnsx Jlaupay (HeomHo-
MepHBbie N0Jd, HeONHOPONHAS H/Uf AHH3O0TpOMmiAs OmIa3Ma) CHErY-~
JIPHOCTE B 3MIEKTPHYECKOM INOJIe NpoNnafaer,.

Onraxo noBe[eHHe 3IeKTPHIESCKOI'0 IIONS HCTOYHHEOB Ha
gacToTax, Opd KOTOPHIX BO3MOXHO BO30yXKAeHHe COOGCTBEHHLIX
OpOAONbHBIX KoJefanuii, OOLMHO OKA3LIBAETCS BeChbMA CBOEO6-

+) CpapHeHUe H3NAraeMoif HEXe TeOpHA C 3KCIEepPHMEHTOM MOX=—
wo mafitz B [1] . OTMeTEM Taxxe, YTO IOXOxHe KBaAK —
3NEeKTPOCTATAYECKHE 3808494 OOCYXAQIHCh B CBSI3H C TeopHel
B3aEMONSHCTBHA BOJH B HEOAHOPOAHON miasme (cm., HanpPY-~
mep [2,3] ) m Teopuel B3AAMOAGHCTBHA SIMEKTPOMAIHHTHBIX
nojieit ¢ orpazudeHdHOl unaamol (CM.; HaNpUMeD, [4] )



pasubiM; NEKTPHYECKOe NOjie MK BOOGme He yBuiBaeT NnpH yaa—
JeHWd OT HCTOUHHKA M/ yOblBaeT 3HAYATENLHO ciabee, 4yeM B
Bakyyme., Takoe nopenense moielf HCTOYHAKOB MOMKHO CHYHTATH
OCHOBHEIM Pe730HAHUCHLIM CBONCTBOM,

2, PaccmorpaM, manpumep, ciyyai, o6cyxnaBumica Jlan-
pay (ommoponmas H3OTPONHAS IIA3MA), OTKAGABWHAChL OT OLHO —
MepHO#l mieannsanud. [Ipy W = (Wp HETPYAHO HANTH NOTERNAAN
qomqelmoro mcTOYREKA maa  r —>r [8] (cp. 17, 8] )

1—9_‘”‘?“
?uz &r ' (28)
Mpr ® =~ Wp
LK r
= —F - 2
o= & 7 6ré (26)

T.e, JIEKTPUIECKOe INoJjle paaualibHO M NOCTOSIHO NO BelM4iHe:
E =- 1/ 5?'5 . 910 npmBOAMT K pany OCOGeHHOCTe# B CBOHACT =
BaX MCTOYHHKOB: 3apg] MHNONAYS KOHUEHTPAPYETCH K ero 3a30py
(pzc. l), a ero ZIMMNeAAHC SaBHCHT TaKXe /ML OT Be/AYUHBLI
sazopa {9) m Ap. YomeuTenmsHOe peaonaHcHoe noseneune! Bipo-
geM, pacCMATpUBAeMAd CHTyanus (onnopoauan nnaama) BeChHMAa
mpeannna,

3. Ecim mctounnk " Oonbwoi” -~ pasMepsl BRJMKH IO CpaB—
HEHHIO C napaMeTpOM IPOCTPAHCTBEHHOH QUCIEPCHH, TO MOKHO
HOIyIATEL NOCTATOYHO HOMHOE ONMCAHHE, €C/M BooGme npeHeG—
pedb NPOCTPAHCTBEHHOI Aucmepcmeil. YpaBHeHHMe ANT NMOTEHIYa-—
na § B 3TOM Ciydae — ypaBHemue Tuna Ilyaccona.

KT ' (3)
ax;’[a;_j(r)—azi]=0.

B mrTepecyiomeM HAC ClIyuiae KOMIOHEHTH TeH3opa &
MoryT ofpamarkCd B Hyllb; [JiS OJHO3HAL OCTH peIIeHAS YpaB-—
HeHHud (3) 30eCh HeobGXOQMMO YYHTHIBATL AHTHIPMHTOBYIO 4aCTh
Tensopa &;: - T.e. MO-CYymeCTBY, YIHTbLIBATH CTOJKHOBEHHS

Y . ToaToMy 6eCCTONKHOBHTE/IbLHbBIE DPElIeHEd ypaBHEHHH (3) -
3TO Ipele/bHbIe Npu V-0 pewenrng, IIpocTefirme npuMepsl, Ko—
TOpBIE MOXHO TAKHM NyTeM pPacCMOTpeTh — 3TOo chepa B pa-—
AuAaTbEO~HeONHOPOAHOM M30TpONHO#A mIasMe M chapa B OAHOPOA—
HOH aHH3OTPONHOA mjiasMme,



2
Bage B mepeomM ciayuae E(P)= & __+ ‘%2 » [ - paamyc
cheprl (s'ro COOTBETCTBYET HEOOHOPOAHOCTH NNa3MbI, 06yzcnoa-
nemno# ocenammem [10] ) momymum E= Ep~ 1/ £ m
onaTb Npa € =0 E= EONSt‘ npa Bcex r ! Ilpu & <0 €
MoxeT ofpamaTkCg B Hylb, B 3TOM .Ciiyzae B paccMmaTpaBae—
MoM npuGmuxenmy E=c0 ¥ =0, a EMuefanc #meer (npmn v-=0)
KOHeYHYIO [eACTBHTEILHYIO 9aCTb, OGYC/IOB/ISHHY:0O KOHEeYHOH Be-
JMYEHON [HUCCHOAUUH B OKPeCTHOCTH moBepxHocT® & =0 npu
V-0 (cp. [11,4] ). B ofmem cnyuae B u3OTpONHOK mnasMe
BOSMOXMEDLIH BHA noBepxnocTeit & = 0 moxasam Ha puc, 2, Pac-
CMOTpenHe Henoro psfa sanad (nunoneroe mone B cpeme ¢
Em=Eoo+ /4 ré , TouewHsl sapsa B “MHBEeRHOM” CII0e, JOTEH—
muan B cpefe C [OHINEKTPHMYEeCKO! NPOHHIAEeMOCTLIO, 3aBHCSmel
OT yria NWIAHOAPAYECKON CHCTeMbI KOODAMHAT H Ap.) NOKASHI—
BaeT, 4TO Hajugme nopepxmocts & = 0 npaBomuT (npn)’*O)
K OCOGEHHOCTH NOJId HE 3TO{ MOBEPXHOCTH M OT/IHYHON OT Hynd
OUCCHIIANEH B €e OEKPeCTHOCTH. EcTeCTBeHHO CYHTATh, YTO 3TO
nonxwo 6bITL CnpaBensiEBo E B obmeM ciaysae*/, Ecom  aTo
Tax, To obnacTtb gacror, rae & = 0, — aro ob6nacte, rae nei-
CTBATENBHO YACTb UMIefasca f OT/MYHA OT HY/S; YACTOTHI,
raoe nmopepxHocTh & = 0 yxomauT B GeCKOHEYHOCT: H/M “Bie-
aaet” B mcrousuk (caysair B  ma puc; 2) ~ s10 Te wacTOTH,
rne ReZ-»0, Takam o6pa3’oM *X0ONOOHOE” NPHG/IMKEHKE NO3-
BOJIET MNOJHOCTBHIO ONMGATHL HMIEJAHCHBLIE XAPAKTeDPHCTAKH HC— '
TOYHHKOB B M3OTPONHON NNIasMe IPH yieTe ee HeOaHOPOANOCTH,
flcHO, 9TO TO Xe camoe AOJDKHO OLITh CHpaBelidBO H B
MATHUTOAXTHBHO# INla3Me, rae HMeeTcd “[ONOJHHMTeNbHAd pad-
Mas3ka” pe3oHaHCA AHA30TpONHeH, TAK YTO YXe OAHOPOAHOE
npubmikeHde 9acTO IOOMTCI ANA pacdeTa Hmmepganca, Jef#icr—
BHTEJIbHO, PACCMOTPHEM NOTEeHIHMAal Cdepsl B OQHOPOAHON MarHu-—
ToaxTHBHOX Tnasme mpu E.&8,< 0 , & , &; - xommowen-
TBl TeH3opa ”xonoaHo#” amsmexTpuyeckoft nporunaemocTd. B
3TOM Cly4Yae B Ila3Me CYMECTBYIOT COOCTBEHHLIE MTPOAOCILHbLIS

WHaBecmMM HCK/IOYSHAEM W3 3TOr'0 OPaBH/la SBIILETCHd Cily=
gafl, Korpa JMHUR & =00n$t coemanalor ¢ cunosenvm nMEHESE-
MHK SNIeKTPAYECKOro mojisd B BAKyyMe M, C/efOBATEILHO, HE
A3MEHSIOTCE B B cpeae ¢ &(P) - T.e. He MMeEIOT OCOBEHHOC—
Telt mpu & = 0. Mmul cymrTaeMm, 9TO 3TOT Cihaydall gsiigeTcd
Herpy6eM IO OTHOUIGHHIO K HCKAXEeRHaM &
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koneCanrs, 8 ypaBHEHME A/IS_NOTEHUUATA OKASHBACTCH ypABHe—
uvxeM) raneoGonnqecng (Z- 0 , § - mocromimoe marmarrOe
noue)s

el =0, -0, (a)

TMoTenmman_chepsl MOXHO HaATH ECHoMbaya (npu ?—0)
3aMeny z=s{ /& z (xo'ropan npeBpamaeT ypPaBHOHHE Il HO-—
TeHUmasa B ypannenne Ilyaccona - cmMm [12 18] ) B HM3BECTHO®
pelleHHe 3aA&YH O MEeTa/NIMYeCKOM SJUIMNCOHAe B BaKyyMe, €Cw—
jB1, KpoMe TOro, moTpefoBaThb, YTOGH! IpH P*-= ©€ [NUTEHIKA
cheprl GbU1 GNEBOK x NOTEeRNAASy TOYEYHOro 3apgaa (L npa

e&,<0 [1445) ()&= l&/81):
$1qn €

__2____
‘Hee 2y’ K “‘?1 VZF( e oy P ,®

Ina norennmana chepsr momysam [15]

4 po-g L8 (6)
5 R “"“d G }’

v/ + ) -M/(z. 202) =4,

a id ee UMITepanca

{ R )
wa[l&,e,!(ll-ﬂ)] [ ’&9"5 "n(}‘ ‘!’1 1)] “

O6macTE NMpOCTPAHCTBA, I'de HeobXOmiMO HCIOML3OBATH
pasHbie BeTBH \Arth noxasauel Ha puc,3. I'panunamm peTselt
SABIFIOTCH xapaxwepxcmm ypaBHeHAS (5), kacaiomnecs chepul.
B o6nactax (I, 1Y) npu r—=o= L ‘!qv. B TO X© BpeMs B 06~
nacrax (I ) g~ 4/VF npmr— oo '1e. cranaer mennennee,
gyeM B BaxyyMe. Kak MOXHO noxasarb, NOCNeNHee X HOPHBOAHT
k Re2 #0 nmpr V — 0.

IlycTe rTenepe eme &, = 0 (noxoxcaa cuTyaums BOJHAKA—
er m npr €3 = 0). B arom cnytxae ypaBHeHHe (4) BbipoxnaeT—
cqd B KBA2HOAHOMEPHO®
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H 31eCh OKASLIBASTCH BOSMOXHEIM, NO~CYIECTBY, Onpeaei:’
pacrpenenenne moTeHumana moboro EcToummka [18] . Bmexr;i-
9eCKoe Iojle And oaHoro mctouruka mpr €, = 0 noxasago
pac. 4. OnaTh HOCTATOYHO AANIEKO OT dYaCTell HCTOUHUKA 270l (-
padgeckoe nonle moctosHAo! [na wcTowsumEop Gollee CloXuok
IreOMeTpUH, NpPd HAIMYUH HEOHNHOPOJHOCTH IUIA3MBI, OCOGEHHOCTI:
B NOBefeHHy DOTEHINAJA OKA3LIBAITCH eme Gonlee pasHooGpas-
HbIMH, JAeCh HEOAHOPOJHOCTHL MOXeT HPHBOAHTE X CMeHe Tuna
ypaBHeHAS (3) (ammnmqecxoro B runepbo/myecKkoe Wi Haobo-
por). B nocnenEeM ciiydae BaXHYO POJIb UI'DAIOT, KaK 3TO B
Boie Gbyio oTMmeueno Ilmmedt m denoposemv {17] , ocoBbie Tou~
Ku xapakTepacTuE ((OKyC, ysen m Ceano), PaCHONOMEHHbIe HA
napaGojmyeckoli rpauune, Poryc u yasen gBALIOTCH TOUKAMHE
CTOEKa XapakTepHCTAK - T.e. ONO~CYMEeCTBY, MECTOM, I'Ae IO-BH—
FEMOMY ROJIXHBI HOLJIOWATBECH BO3GYKOEGHHbIE HCTOYHMEOM INIAG~
mennnle xonebamuat/, BHe 0COBLIX TOUEK, KAK NOKA3LIBASGT MC—
crefoBaEMe 3amad ¢ INOCKOA reomerpmed (3, 17, 19] , xapak~
TEPUCTUKH OTpPAXAIOTCH QT mApaBo/mMYeCKOl I'pAQHHOLI H B ee
okpectrocT mpd Y~ 0 OTCYTCTByeT RUCCHIANMS, & HCTOY =
HIK, HaXOASmEiCS B SNHENTAYECKOH o6nacTd, BO3CYXIAeT milaa-
MeHHBle KoJebanmg., XapakT:pUCTHKH OTPaXalTCd OT NOBEepx -
HOCTH HCTOYHEHKOB, CTOKOM XaDAKTEPHCTHK MOrYT GHITH H HX
aCHMIITOTHl, — HANIDAMEpP, CenapaTpucChl cemen (cp. (3, 17, 19).
Bce atr 06CTOATENLCTBA NOIBOJNLIOT CHETAThH, YTO HA/MYHe 06~
NacTH rHnepGONMIHOCTE camo mo cebe ecth npuumEa Re¥ # O
npr Y == 0 y ucroummka (monoBHO TOMY, Kax B H30TPOHHOM
mnaame nna  RRZE # 0 myxmo manmume mOBepxXEOCTH £ =0).
Ornaunas or Byna nuccunamag 1 RRZ # 0 apeck BoamEKAlOT,
KAR MOXHO 3aKIOYATL B3 NPIBEMeHHLIX APPYMEHTOB, H3-38 yXO-
0A BO36YXASHHBIX HCTOYHHKOM INIA3MEeHHBIX KoJieGanwit HA Gec-
KOHEYHOCTE IO XaPAKTEPACTHEAM, IPOXOASIHHAM Yepe3 HCTOYHHK
(cp. ciiygali ONEOPOAHON NNA3Mbl), WIA H3-38 I'PyHOHPOBRKH Xa~—
PAKTEepACTAR B y3en mm ¢okyc, IlonofHag CHTyamMs H/UTIOCTPH—
pyeTca pmc,5, roe HOKASAHE! XAPAKTEPHCTHKH TOYEYHOr'O 3ApdAa,
Haxoagmerocs B runepbonmueckoil odnacra,
+) dokyc, Kak CTOK IIa3MEHHbLIX KojeCaHmf, Gbul ‘HEeNABHO pac—
cMmoTper Huwme#t m denopossiM (18] .

-7 =



Taxam o6pazom, "xonoaroe” NprGMKEHHe NPH yYeTe He—
OMIEOPOMHOCTH BHAMMO BCEraa AOCTATOYHO ANIS HAXOXACHAS HM=—
nmenaHCa B Pe3OHAHCHBIX YCJIOBAAX,

4, YXononnoe” npE6mKeHEe He ONECHIBAET NOJEe B IHOTEH—
mman BGMM3HE “xonoaabix” OCOGEHHOCTeH; N/Ig X HAXOXIACHHS
HeO6GxonEMO ”HABECHTH” HPOCTpPaHCTBEHHYIO NHCHepCHIo, B Hac-—
ToSmee BpeMs ITO CHENAHO B INIOCKOCHomCTOM mnaasme (cM,, Ha—
npamep, {2, 3] ), B E3OTpOUHOK mIa3Me, KOrAa MPOCTPAHCT—
BeHHAS OUCUEPCHsA OnpeneigeTcHs ocepamneMm vactan [20] m B
onmopoaHoft maramToaxTEBHOM nmiuaame [21] ., Isa mocnemmmx
ciydag Mbl B OGCymEM: NepBbifi JOCTATOYHO XOPOIO H3BECTEH
(em. [2, 8] ).

Pone mpocTpaHCTBEHHON OHCHEPCHHE NpH OCEeOAHHH JIer'Ko
MoxeT OHITH pacCMOTpeHA /I Cydas Ior/omanmero chepuyec—
xoro soEpa B maorpomuofi mnaame [20] . B cmmy cdepmueckon
CHMMETPMH 3/eKTPAYIeCKOe IOJIe MMeeT OfHY /MIIb PANMAJILHYIO
KOMIIOHEHTY E , a H3-3a OCeNaHWd B CBA3H 3JICKTPHYECKON HH-
nyener D ¢ E npucyTCTBYyeT H WieH C IPOH3BOAHOH nepsBo-—
ro nmopaaxa. C TOYHOCTRIO A0 3TOr'C WiEHA 3ITA CBA3L MOXAT
6uITe HafineHa pas/noOXeHWeM JHEAPH3OBAHHOIO KHHETHYECKOr'o
ypaeuerna no mapamerpy Vq/@r<<{  V; - remmomas cxopocts

SJIOKTPOHOB! .
2 :
L G o RE (o)
D=EWE Y T v o

Hcnombays aTy CB48b Jlerk0 HallTE pachnpefielleHHe 3/IeKTpHYeC—
KOr'o nosig B moreHaman, OxassiBaeTcd, WTO NpH HAIATHHA INVIA3—
MEHHOr'O Pe3OHAHCA, npa &< 0, PMeKTpAYeCKOe NoMe - ITO
*xononaoe” mnone, a npa & > 0 — 3TO moNle NIA3MeHHON BOJMHEL
Gerymeit x 30HAY E norjomalomeics Ha HeM BMeCTe C dYacTHua-
M, C Bo3byxneHneM STOM N/a3MEHHOH BOJHBI }f CBI3aHO B 9TOM
CiTyuae CONpPOTHBIIGHWE 30HOA, NPHIEM B HY/ICBOM IPHGIMNEHAH
no mapamerpy Vo/WQ, ( - pamuyc 30HAA, STO CONPOTHBIE —
HEEe COBIAfaeT C TeM, KOTopoe NuiyyaeTrcd B “xonogHoM” npH-—
Gmaxerma npr Y0, HeaaBECHMOCTE HMITEAAHCHO-TIONOGHBIX
CBOHCTB OT BEeJIMYMHBI I THIA ANCCHIANMH B @30HAHCHBIX YCIO—
pHax xopomo mapectsa {11, 22, 2, 3] , PaccMorpenuslit npa -
Mep AeMOHCTPHPYET STO M I CBL3M (9) . BHe pe3oHAHCHEIX
yciopu#t CpE3bL (9) nospoiigeT HalTH NeHCTBHTE/BLHYIO NOUPABKY

-8—



(~V;/vwa ) kK wuCTO pearTMBHOMY ”XONOAHOMY”® HMIEN&HCY
sorpa. B aToM ciywae HeTpyaHO TAKXKe HafTH IMyMul 30H04, On-—
penengeMnle TAKXKE JHIEL OCefaOMHMHA YACTHIAMA,

Hna Mar‘awroaxmnoﬁ masMel AeTPYyAHO HANTH BbIpaXeHne
Qg moTeHnuana q TOYEYHOr'O 3apgdia C y4eTOM HPOCTPARCT-
BEHHON NUCIEepCH X a' ecm masma opmopomma [21] . HauGomuumit
HHTepecC npeucmsnse'r OKpeCTHOCThL HaNpapieHul, rae “xomod -
HuIRY noreHnuman CHEryinapeH. Mcmonbsys dypbe-npencrabiieEne
X MeTOA nepesBalla HeTPYNHO NOIYYATEH

2 ' )’/2 4 t tz-—ttz ('10)
‘! a» 3‘51 3“‘ (T rzylsj dt

(/
p*h/(‘;‘}xrr‘fl)’, A=r - pE,

a Boipaxemme miga [ oM. 21 |

roe

Mpa |p|=> { Oynem mmetn
o /Rlegy o) <o (B2 ) po0 (a1
3j2
'y@ o/ @leggyloe )5 [1-wol- »KQ )

TagaMm o6pazoM, OPOCTPAHCTBOHHASA nucnepcnn yCcTpaHgesr 0CQ~-
GennocTH (npn r # 0) B NOTeHUEAaNe . JHQYeHHe NOTeH-
mrana “Gonbmux” ACTOYHAKOR BOIA3M "xo JIOAHEIX” ocoGenrocTe#
MOXHO HaA§TH, eC/IM BLIMHC/IATHL TOTEHOHAN MCTOYHHEA IO “xXonoH—
HOMY” pacnpelel/leBHS 3apsfa, HCUONL3YS (10, {1). Takott pac-
qeT naeT, B YACTHOCTH, UTO B HY/NeBOM NPHO/VMIKOHHH IO NADA w
Metpy ro/0 HEMNeNanmC wapa COBHANAST C “XONONHEIM® FHATE-~
mem (7).

Hrag, nng “Gompinax” HCTOYHHKOB yTOYHEMHE ONHCAHUS
nnasMel - Nepexon OoT “xononHoro” ommcarug npa ¥ — C x omm-
Cafmio C y4YeTOM NPOCTPAHCTBEHHO#i MHCNOPCHHE = He MEHZeT HM-
nefanca *GoNbLWAX” MCTOYHEKOB, DTO NOKASLIBAGT LEHHOCTH *XO-

-g-



NnonAOro” onucanug (xo'ropoe, XOHEYHO, IIpoilie ONHCAHUL C
POCTPAHCTBEHHOM NEcnepcHeii) H yKASHBAGT HA HEOGXOOUMOCTH
PASDHTAS METOAOE aHa/m3a (B YACTHOCTH, WAC/IOHHBEIX) [ PARHYI—
YEIY. 3apa9 yYPaBHEHUS (3)

5. Mpr cmmuHOM NPOCTPAHCTBEHHOH OUCHEPCHH = YTO HME-
eT MeCTO He g “6onbuMx” HCTOYHMEOB WH ANg “Gonbmex” B
cityqae HeoGXoauMOCTH ydueTa 20hexTos B neGaeBCKOM Cloe Ha
X TOBEPXHOCTH (cp. (23] ) - Baxuyo pons BAYHHAIOT UIPaTh
apbexTH szaTyxamus Jlamnay, npueoasume Kk ReZ ¥ 0 m B oT-
CyTCTBHE BO30YyXIeHHd INA3MeHHLIX KojiebaHEil ¥ ocengHHd dac—
TrO, T 3(QheKTH MOryT GLIThL CBI3aHHI KAK C AHTH(ZHH THEIMA
(HpOHeTHbIIv(H) gactruamz {10, 18] , Tak m c ¢ummTHEIME yac—
THDAMH — YACTHUAME, SAXBAYCHHLIME CTATHYECKOY MNOTEHIHAIbL—
mo# amo# mcrounmra (cp. '[101). Bxian nepBLiXx B UMIGOAHC H
ITyMBbl HCTOMHMEOB B pafie CIY9AeB MOXET GhITh Y9TeH ang “Ma-
MbIX” ACTOYHHKOB C HOMOMLIO M3EECTHEIX BLIPANSMHYE S TeH-—
30pa OWANEeKTPHIeCKO! NMPOHANASMOCTH M KOPPeIgGOUOHRON (yHK-
MM MEEPOTOKOB ONHOPOAHOH mnaamst [24,25,26] wm (nna
¥Bonbmmx” nc'roqnnxons)oc IOMOMBIO IPAMUBKE YHCJEHHOrO HC—
ClleNOBABAg ONHOMEPHBIX gpileHult B NeGaeBCKOM Ciioe [23] .
Hambonee muTepecHH, Ha Ham B3radn, appexT 3meChb — 3TO
cmesa sHaka ReZ¥ nna npmxymmxcs mctounmros [24,25,27,28].
IMonoGunie afxpeKTHl XOPOINO H3BECTHHI B SJIEKTpOHEKEe, B “xo0-—
JIOIHOU” W30TpONHOX om-xopom-aoﬁ nnasxzv(e npumew OBHXEHUE
OPUBOAMT K 'romy,z‘rrerZ»v m]EKzLKiF e [28] (cp.
[29,30] ), |E K |°~ xBanpar Monyms mPOCTPAHCTBEHHOrO CheET-
pa Pypbe aIeKTPAYECKOroO HOJIS, ECTOYHMKA, oﬂ Zo - CKOPOCThH
HCTO4YHHKA, Bemnimaa % = ArpaeT B 3TOM Clydae porb
OpoR3BOAHON OT (YHKIHEA pacIpele/IeHAS B 3aTYyXAHUA MOHOXPO—
MATHYECKEX IVIasMeHHbIX koneGammitt/, [Tpm mpomssomsxo#r W
BO3HEKHOBEHHE RE Z < O Ope OBHXEHAH B OAHODOAHOM H3OTDPOH=-
goff nMnasMe MOXKHO HHTEpIpeTApOnaTb, K&K peayabTaT npeotia-—
[A0Eero HATYUeHAS ACTOUHAKOB INIA3MEHHBIX BOJH B obnacta
8HOMAJILHBIX [OMIEPOBCKAX YaCTOT. B @umgamm oT ToueHHBIX
ncTounmkos (cp. [82] ) nns pacnpeneJMcmquoa COOT—
BeTCTBYIOIEE YC/IOBUI MOI'YT GHITHL JISI'KO BBIIOJIHEHSI IOASOpOM
reoMeTpHl HCTOYHEKA, PaccMoTpenne B/HMSHES TENJIOBLIX CKO -
pocrett yacThn Ha BoaMoxHocTh RRE < O nokasnsimaer[25, 27},

+} Pons IPOM3BOLHON OT CHEKTpa Hojld HeRaBHO Onlna gepeor-
gpbira PynagoBbIM UIpR 4CC/EAOBAHHM B3aMMOAECHCTBHS JI€HI—
MIOIMBCKEX CONMATOHOB € myukom [31] .
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{281, uro Re7< 0 B nexoropux ciyuyusx (ocoBewso npu jin-
JKOHH H TOTIePeX CTATHYSCKOr'O !ATCHUTHOTO IONE) MOXET 50 fi.-
KATb B NpH Vo“VT . 1 = TemIoBas CKOPOCTh SJIKT PO,

Yro xe KacaeTcd PONA QUHATHLIX YACTHO, TO PACHOTH o\
pxiaya B BY xapakTepECTHRHM HCTOYHHKOB B HACTOSMIE® Bpehu
OTCYTCTBYIOT. B TO Xe Bpems (WHHTHbLIE HACTHNEI = HONHHEI ~
Hsle (HEP~OXPOHHBIE) OCHMIUIATOPE! NIPA ONPENE/TCHHON QyHKINH
pacnpene/ieHHs MOI'yT JABATh OTPHIATZ/IBHBIA BKJIAA B AMCCHiA-
mno snextpuweckoro noas (cm., nanpumep, [80) ). Bomee To-
ro, kax ormMerun A.B.[anomos, ¢arETHEI® YacTHHBI MOraAH 6Ll
NPABOAXTL M X HEYCTOUYMBOCTH BOaMymeHHOff OGNACTA y HMCTO9-
HHKA,

Urax, mccnenosanite cBoficTe ypaBHeHHS " XOJIOAHOro” fipH-—
fnuxenHa B DPE3OHAHCHBLIX YGIOBHSX, B TOM HQHCHE YHC/ICHHLIMH
MeTOoHaMH, yBe/BIYeHHe C/yyaeB *HapellRBAHAS" [POCTPAHCTBEH~-
Holt nucmepcumH HA “xofmoAHbIe” PONIOHHS X yYeT BIHAHES ¢u -
HETHBIXY YACTHI — OCHOBHEI® HpoGiieMsl, TpeGylomHe pacCM0T-
pernd,

C ynoBOAECTBUEM NONL3YEMCS HOAMOXHOCTRIO OTMETHTh,
aro nepsas paGora ommoro m3 apTopos (cosmectHO ¢ I'.B.I'o-
poaMHCKHM) B oBCyxhaemoll 061acTH GhLWIA BLOIONHEHA IO npef~
noxennio B.JLI'ara6ypra. Ham xoTenock 6b1 TAKXKe OTMETHTH
B/MSIHME, OKA3AHHOE HA Bhimenanoxenwoe B,B.[unbaen6yprom
H ero padoramu ¥ not.aronaputs B.B.Xeneangxosa sa mopae pui-
Xy HacTtosine#t paGoThl,
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QUASI-ELECTROSTATICS OF SOURCES IN RAREFIED PLASMA

A.Andronov,Yu.Chugunov

radiophysical Research Institute,Gorky,USSR

We are going to discuss the basic concepts of the
theory of quasi-stationary electric fields of sources
(antennas,probes) in & rarefied (collisionless) plasama.
Due to the resonance properties of a plasma the corres-—
ponding field structure and the mathematical problems
concerned are rather curious. The analysis carried out
seems to be of great interest "').

I. The first complete investigation of the alter-
nating electric field structure in plssma was carried
ous by Landau in the second part of his famous paper {5]
He considered the field E of the charged plane in an

isotropic plasma. Close to plasma resonance = wP

q'Ifhe comparison of the theory given below with the experi-
ment one may find in {I] . The sirilar quasi-slectrosta-
tic problems: e discussed in the theory of wave inte-~
ri.tion in a ogeneous plasma (see,for example [2,31)

wuu 1 the theory of & dttromaghetic field infaractist
w.th a bounded plasma (ses,for example [4] ).



‘(cofo [7.3} )

this field is

PR
€ - 456 -
(D
2
w 3¢
e=14- 0 K?=-{;‘~ is the plasma wave numdber,
[

1, is Debye radius, & is the charge per Icm® of the
plane, 7 is the distance from the plane. Thus, at
W-=—Wy E-—e=  atall 7 .« It turns out however
that if we abandon the idealizationslnd conditioms consi-
dered bj Landau (nononedimensional fields,inhomogeneous

or anisotropic plasma) singularity in the electric field
vanishes. However the behaviour of the electric field of
sources at frequencies at which the excitation of natural
longitudinal oscillations occurs is usually rather pecu-
liar: the electric field either does not decrease at all
far away from the source or decreasus substantially weaker
than in vacuum. This behaviour of the source fields may be
congsidered as the main resonance propertye.

2. Let us consider, for examgle, the case discussed
by Lendau (homogeneous isotropic plasma) without onedimen~
sional idealization. At W« w? it is not difficult to
£ind the potential ¢, of the point charge for 7>> p(6)

1 _ e-ikp?
= "2z (20)
at W — W
F ke 2 (ew)
4 »
°o ¢ 62’,



i.e. the electric field is radial and coanstant:E=- 1

2
This 1seds to a number of peculiarities in propert?ozg

of sources the dipole charge is concentrated at its gap
(Fig I) and its impedance¥depends only on the value of

the gap [9] etc. What a surprising resonance behaviour!
However the situation considered (homogeneous plasma) is
rather ideal.

3. If the source is "large" - dimensions are large
in compar:bso;x with the space dispersion parameter - a
sufficiently complete description of source properties
may be done if the space di'spersipn is neglected.Equation
for the potential § in this case is the equation of the
Poisson type )

‘3%;[“%”%%%“ (3
!

The components of the tenscr é;‘i may turn to zeroj to
make the solution of equation (3) unambiguous one mist take
into account the anti-Hermitian part of the tensor E.;J' -
i.e. collisions ¥ have to be in fact taken into account.
That is why collisionless solutions of equation (3) are the
1imited solutions at V-= 0. The simpliest examples which
may be considered by this way are a sphere in the radially-
inhomogeneous isotropic plasma and a sphere in the homoge-
neous anisotropic plasma,

2
We teke in the first case E(T)=E€u + 40'22 » @ 1s

the radius of the sphere (this corresponds to the plasma in-
homogeneity due to particles absorption on the sphere

ELTU+ =

surface  {ic] ) and ebtutnf=E,* 73T  end again
. -22- 4



at £oo =0 E=conat at all 2 ! At £~ 0 &

| may turn to zero. In this case in the approximation con-
sidered 2 oo & =0 and the impedance has the finite
real part (atV-0) due to the finite value of disaipati~
on in the vicinity of the surface & =0 at V=0

(cef. [II,4] ). In the gemeral case in the isotropic plas-
ma the possible geometry of surfaces €& =0 is shown in
Fig.2. The analysis of & number °§ problems (the dipole
field in a plasma with €=&_ + ‘g:iz , @ point charge

in thel infirite "linear" layer, a potential in the mediunm
with dieluctric permittivity depending on the angle of the
cyllindrical system of coordinate, etc) shows that the pro-
sence of the surface & =0 leads (at V —=— 0) to the
field singularity on tvnis surface and to dissipation in
its vicinity. It is naturally to think that this have to
be valid also in the general case *), If it is so then
the frequency region where & =0 exists is the region
with R = ReZ differs from zero. The frequenw
cies at which the surface & =0 goes to infinity or

dis appears at the source (the case B in Fig.2) are the
frequencies where R — O. Thus, the inhomogeneous
"cold" approximation permits to describe completely

the source impedsnce characteristics ian an isotropic

"')The known exception of this rule is the case when the
lines E=const coincide with the electric field lines
in vacuum and hence the vacuum electric field 1s not
changed in the medium with &(2), i.e. has no singula-
rities at E=0. We consider this case belng unstable

to the distortions of & .

- 23—



plazma.

It ie clear that this might be valid elso in the
magnetoactive plasme where there is additional  weake-
ning"of resonance properties by the anisotropy so that
ezen the unifcrm gpproximation may often be used for
inpecdance calculation. Really, let us consider a poten-
tial of the sphere in an homogeneocus magnetoactive plas~—
na at &, &, ~ 0,&, €, , are the components of the "cold"
dielectric permittivity tensor. In this case the longitu-
dinal oscillations exist in plasma and the equation for
the potential becomes the hyperbolic equation (-?o ftH

-

i is the constant megnetic field):
. ﬁzcy
- | t —— =
[Efa, g e 012 0. (4)
The potential of the sphere mey be found (at V - 0)
1 [
by substitution of ¥ =‘!/ -Ei 4 (which transforms equa-
3 .
tion (3) into Poisson equation, see [12,13] ) and the
known solution of the metal ellipsoid in vacuum if we re-
quire that at 2 -— <2 the potential of the sphere would
be close to +he potential of the point charge (l at

2 (€
€6, < 0 [14, 15] (‘u-=~&—’3l):

0 - { x{ Sugnéy i~ 7y (5)
bOfles gl |-, pE 2y

Por the potential of the sphere we obtain [IS ]
- g , . , f;'a.’-;f L J
S ————— ‘ — }

% fgedd) - 5/l ) -1,
-24_




and for its impedance

= 1 g‘- + 4 a4 + ZT\
2 waflee,) (}‘2*1)]'/’[2 gné, lnk}.&. " '/]‘

(7

Fig.3 shows regions of spacs where diffarent bran-
ohesO}Azth are to be used. The boundaries of the re-
gions are characteristics of equaticn (5) which are tan-—
gent to the sphere. In the regions (II,IV) at I = ==
qs-*— 9@ 3 on the other hand in the regions (III){;
~~ig at = =, i,e, qS decreases slowor than in
vacuum. One may show that the latter leads to R 7 » C
at Y-=0.

Let now &, =0 (the similar situation occurs at

1
&3=o).1n this case equation (4) degenerates into quasi-

onedimensional one

%y

=5 - 0

H (€)]

and here it is possible to define the distribution of the
potential of any source [I6] . The electric field for
one source at é, =0 is shown in Fig.4. Again fer
enough from the source parts is the electric field comns-
tant! For sources of a more complex geometry in the pre-
sence of the plasma inhomogeneity the peculiarities of the
potential behaviour appear to be even more curious, Here
the inhomogeneity may lead to the change of equation (3)

. type (eiliptlc into hyperbolic one or vice versa). In

the last case the singular pointe of characteristics
-25~



(focus, node and saddle) located at the parabolic boun.
dary is of great importance (as it was noted first by
Piliya and Fedorov (I7] ).The focus and the node arg the
attraction points of characteristic, i.e. they are in fact
tue points where placma oscillations*’excited by the
source are absorbed. As the investigation of the plane
geometry problems shows [3,I7,I9] out of the singular
points the characteristics are reflected from tge pora=
bolic boundary, ir its vicinity at Y —— O the dissipa-
tion is absent and the source .a the elliptic region ex-—
cites the plasma oscillations., Characteristics are reflece
ted also from the surface of sources. The characteristics
may also be attracted b& their asymptotes,-~ for example,
separatrixes of saddles (c.f. [3,I7,I9] ). All these facts
permit to consider the presence of the region of hyperbo-
licity itself as the cause of Rei+ 0 af Yy~ 0 of the sour-
ce (similar to that of the isotropic pfasma where the pre-
sence of the surface & =0 only is necessary for Ref + 0).
As it may be concluded from the examples and arguments
¢iven the dissipation and Ref# O for V-—0 occur here
due to the plasma oscillations going to the infinity along
the characteristics passing through the source (compare
the case of g homogeneous plasma) or because of grouping
of characteristics into a node or a focus. This situa-

tion is i.lustrated by Fig.5. The characteristics of a

*’Tho focus as the absorbtion point of plasma oscilla-
tions was recently considered by Piliya and Fedorov {I8].

-26-



point charge in the hyperbolic region is shown éhoro.

Thus, the "cold" inhomogeneous approximetion is evi-
dently always sufficient to find the impedancs in reso-
nance conditions. )

4, "Cold"” approximation does not describe the fisld
and the potential close to the "cold" singularities. To
find them there we need spacial dispersion to be taken
into account. At present it has been done in a plane-
layered plasma (see,for example, {2,3] ), in an isotro=-
plc plasma when the spacial dispersion is defined by the
particle absorption [20] , and in the homogenecus mag-

‘neto-active plasma [2I] + We shall discuss two last ca-
sest the first one is fairly well known (see [2,3] ).

The role of the spacial dispersion due to particle
absorption may be easily considered for the case of the
absorbing spherical probe in the isotropic plasma [20] .
Here the electric field has only radial component E
and due to the absorption the term with the first order
derivative in the relation of the electric induction D
with € 1s present. Up to this term D - £ relation
may be found by the expansion of the linearized kinetic
equation over the parameter Vr/hl -=1, VT is the

thermal velocity of electrons

) Vo wh o dE
}-é(l)E* 13 W ﬁ(&' zz 7 (9)

Using this relation one may easily find the distribution
of the electric field and the potential., Tt turns out

-~ "7
IS



that if the plasma resonance is present the electric
field is the “cold" field for £~<O0 and is the field
of a plasms wave travelling to the probe and absordb>d by -
it together with particles for &>0. With the exita-
tion of this plasma wave the resistance of the probe is
assoclated. In the zero approximation over the para-
meter V; /W& ,Q is the radius of the probe, this re-
sistance coincides with those obtained in the "cold”
approximation at V- O.Independence of :meeélance-nke
properties on the value and type of dissipation in reso-
pnance conditions is well known ([11,22,2,3] . The example
considered shows that for relation (9), Out of the reso-
nance condition relation (9) permits to £ind the real
correction ( ~Vy /W@ ) to the purely reactive “cold"
impedance of the probe. In this case it is not%’u‘ﬁ'
to f£ind the probe noises defined also only by the absoy-
bing particles. .

Por the magneto-active plasma it is easy to find the
expression for the potential qxq' of a point charge q
taking into account the “"weak™ spacial dispersion if the
plasma is homogeneous [2I] . Of interest is tho' vicinity
of directions where the “cold™ potential is singular.
Using Fourier analysis and the steepest descent method
we obtain ’

12 < 2 46
.o 2 ) 4 j»pt-st
- ? 1, 9
e kala.e,m e pro)*
-28-
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where
)
o= 8/ (FprE1)" | b2y -pz,

and the expression for [  see [2I] .
&t |p|-~1{ we shall have

@0

\ /‘mzo
¢/, 53‘ Ml\ s [4-e %_)b/z/r }]

R
WELYIIRIEN '.[1-
1

(II)

Thus‘the "weak" spacial dispersion eliminates the
singularities (at ¢ # O0) in the potential f“ . The
potential of "large" sources in the vicinity of "colc"
singulgrities may be found if we calculate the potential
of the source over the "cold" charge distribution using
(10,1I) . This calculation shows,in particular, that in
the zero approximation over the parameter 2 / @ the im-
pedance of a sphere coincides with the "cold” value (7).

So, for "large" sources the more exact plasms descri-
ption - the description with the "weak" spacial dispersion-
instead of the "cold" description gt Vv —~— O dovs not change
the impedance of the sources. This shows the significance
of the "cold" approximation(which is of course simplier
than the description with the spacial dispersion) and
requires the methods (in particular, numerical) to solve
tha “cold" boundary problems of equation (3) to be deve-

loped. - 29-



5. ~ith "strong" spacial dispersion occured for
"small® sources or for "large"ones if one takes into
sccount the effects in Debye layer on their surface
(c.f,[23] ) Landau damping becomes important. It leads
to Rel# O in the sbsence of plasme oscillations exci-
tation and particle absorption, These effects may be
associated both with the infinite (transit) particles
[10,13] and with finite particle-particle t:=apped by
the static potential well of the source (c.f.[I0] ).

The contribution of the first in the impedance and
noises of the "small" sources may be often calculated
with the help of the known  expressions for the dielec-
tric permittivity tepsor and the current correlation fun-
ction of the homogeneous plasma [24,25,26] or (for
"large" sources) by matching of the numerical investi-
gation of the one-dimensional transit-time phenomensa in
Debye layer to the "cold" solution [23) . The most in-
teresting effect here is the change of sign of ReZ
for moving sources [24,25,27,28]. The similar effects
are well known in electromics. For the "cold" isotro-
pic homogeneous plasma at U)P*- 0 the source motion
leads to Rei~ iﬁ lExg\ Kg = ‘{,3 [25) (c.t. [29,30]) ),
|Exs| is the square modulus of the spacial Pourier spec-
trum of the source electric field,V, M1, s the velo-
city of the source. The value -gi ‘EKi‘ plays here the
role of the distribution function derivative in mono-
f?c&tic plasma oscillation damping"') For n.rl:»ii:ra:r:m)r
The role of the derivative of the field spectrum was
Tangmiil sa¥ivon interastion mivh the besn (HC - o> °f

-30_



the ‘condition tdflkéﬁ-ﬁ 0 may bé interpreted as-a ro~
sui@ of prevaling 'of plasma wave radiation at anomulous
Doppler ’requencieé; In contrast to point sources

(c.t. f 32} ) tor distriouted sources the corresponding
conaitions/may be easily fulfilled by the' choice of . tae
‘source geometry.‘Thé bonéide*aiién of the iﬁfluencb of
particle vhermal veloctties on the poss.billvy of d??\u
shows ‘25 27,28] thar Refi ~ 0 in some cases (especlu‘x,
for the motidn transverse the static magnetic field}

may occur,even for Yé'“‘»‘,'1 , V? is the thermal velo-

i

i ,cxcy of electrons.

N As for the role of finite particxgs the calculatu
ot t;eir cont“lhutlon,zo HP Lharauverlsuxcs of sourads
are now absent., At the smme time finite particles -rui-
linear {nonisochronic) oscillators for inverse diutribu-
tion functioﬁ'may giye’rise to the negative digsipation
;bf fhe electric'field (see, for example, (3] ). koreovnr
as’ Academiclan A v Gaponov noted finite paxticles méght
lead alse to the instabili ty of the disturped,ylasma,re~

gion near by the source.

’ ;
Thus, the investigation (by },\umerioal.nesn_oas t00)
of properties of the "cold" approxlnaéion squation in re-
sonance cohditioh,‘inc?easins the number of cases for
which the spacial d;spers;on solution is matched to the
_"cold" gelution;,and the calculation of the finite par-
ticle. contribution’ are the main problems of H¥ quasialec-

trostatic theory of sources to be considared.

© -34-



With pleasure we use the opportunity to note that
the first paper of one of the authors (in collaboration
with G.V,Gorodinsky)in the field discussed has been done
or. Academicisn V.L.Ginzburg proposal.

We should like also to poimt out the use of con-
tacts we had with Dr. V.B.Gil'denburg and thank Profes-
sor V.V.Zheleznyakov for the support of the present
work .
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