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AHHOTAOUA

Hsn0xeHH pesyJbTATH YHCJEHHHX BSKCNEpHMEHTOB (MeTox "wac~—
THO B fguellkax”) 00 HCCJASNOBAHEKD HeyCTOfMMBOCTH H SaTYX&HES O~
HOMEDHNX JIeHTMODOBCKNX BOJH B MEPOKOM JUANA3OHE NapaMeTpoB
f/ém-r =3 IU"‘8 02 Vqs/L,T ~ . 2,5 + I60. Nlorasamo, wTO
IDE DASBETHA HEYCTOWYMBOCTHE K 3aTYXaHWE OCHOBHHME OpOIECCAME
ABJANTCA CTHMYJHDOB&HHHE paclayn, MOIYJIAUMOHHAA HeyCTONYMBOCTS,
KOHBEDCHA BOJH HA HEONHODOJZHOCTHE ILIOTHOCTH, odpasoBaHme cout~,
ToHa, saryxamue Jammay B odmacrs €%/4-< 1, Lo Am‘r‘{: 1 (ko k)’

3aTyxXaHWe, CBASSHHOE C 3a8XBATOM HJEKTPOHOB BOJHOE B o6JacTh

el i i E"%Wﬁ' = _;}m. ro)?. Torasano, uro npefiesl Oph=
MEHMMOCTH JHHE#HO# TEeOPHH HeyCTONYMBOCTH JIGHI'MDPOBCRHX BOJH Ja-
er RPIBE.E T'DaHMH a.uempnﬂnuﬁ HeJUHEHOCTH, ONHCHBaemas GopMy—
xolt EoFornT ~ 107k, 1y )2 B odmacte Y%/ = I0. IokasaEo,
9TO HeJEHe#Had TEeOpEA MONYJANMOHHOf HeyCTOHIMBOCTE, HOpeICKasH—
Bawmasa oCpasoBaHEe. co.unmﬂnn. OpEMEHEMa TOJHEO B OCHAcTH
£ ornT<Kora B oonacta £o787AT > Ko Fy HeGImmaeTes mos-
Jdamnc



JeHrMODOBCKEE BOJHH = OMHO M3 CAMHX NDOCTHX SBACHHR B IAg—
Meé — MHTEHCHBHO HCCIEIOBalWCh B Teopud. [IOCTpOEHA TeopHR 3ary-
Xadnd BOJE Malof H KOHEYHOH# aMIIHTyOH, AMBefinag E HexmHefHag
TSOPUA HEYCTOHIMBOCTH JEHI'MODOBCKHX BOJH C y4eTOM OONBEXHOCTH
HOHOB. OmiaKo, OGMECTH ODHMEHHMOCTH TeX BNE HHHX TeopeTraYeCENX
MoZieJell 9eTKO He ompeliesieHH. JlaGopaTopHHE SECHEpDEMEHTH 3a pes~
KUM JCKIOYEHACM HMENT KAYeCTBEHENS XapakTeD H He HOSBOAANT G-
JI&Th BHBOJH O NPABWILHOCTH H OGNACTHE IDHEMCHEMOCTE TeOpEH, Heko-
TOPYyD BOSMOEHOCTE CHeJiaTh mar BIepel B 9TOM HaNDABICHEM MNpeJ -
CTap/AeT YHCIACHHHE SKCOEDHMEHT.

My BHOOMHEN paHee MEeTONOM YHCAGHHOIO SKCIEDEMEHTa DEX pa=
cor /I-8/, HOCBAWEHHHX HCCAeNOBAHHD HEYCTOHNUMBOCTHE H saryXaHEs
ONIHOMEDHHX JIGHIMDDOBCKEX BOJH B MHPOKOM IHANAS0HE HAYANEEHX [a—
pamMeTpoB Eﬂ*%?m?” ~ 3.10'3-102: H’VVT ~ 2,5¢160. Jus 4me=
JICHHOT'O MOXe/IDOBAHEA HCIONB30BAJCA MeTOXR “vacTHI, B Avefimax™,
KOTODH{I IpeNCTaBAAeT COGO# METOX MOMAHOTO DEeMEeHES KEHETHIECKOTO |
YpaBHeANs M MORET DacCMaTPHBATHECA KAK CAMOCTOATEHRHAS YHCAEH-
Had MOTeNDb [LIasMH. OTa MOHENh HMeeT OCJacTh NPEMeHHMOCTHE GoJee
WEPOKYWL, YeM MareMaTAYecKHe MOJENHM, COTEpEAmEe HapaMeTp MaaoC—
TH DM ACNOJNBIYOURE IHIPOEEHAMEYECKOE omMcaHWe (HamDEMep, MO-
JleJid, OCHOE@HHHE Ha ypaBHeSHAX 3axapoBa /9/) @ MoEeT OHTH HC-
LOJb30BaHA KaKk B 00JACTE IDEMEHHMOCTHE 9THX Mojekeff, Tak B B 00—
JECcTH GOJBLUMX NapaMeTpoB (HaupuMep, GOJBMEX SMIUIHTYH BOJXHH),
TIne OHM HENpHMEHEMd. JTO MOSBOJAECT, ODOBEIA UHCHACHHHE SKCIepH-
MEHTH B MMPOKOM IMAN&30He NapaMerTpoB, BHACHHTEH, KakWe @HsEYec—
Kde MexaHMSMH CYUWECTBEFHH B TOM WIX HHOM JHamasoHe, H Haflte
npefiesH NPUMEHHMOCTE HMEDUMXCA TEOpPeTHYECKHEX Mojeael.

B pacrosmefi padoTe My NpuBeleM OCHCBHNE CBElCHHT 00 Ho=
OC/b30OBaHECM HaMA MeToXe pacuera M CODMyJIEDyeM OCHOBHHEe pe -
SyJIbTaTH, HNONYYSHHHEe IPH HCCJeNOBAHEH ONHOMEPHHX JeHIMDDOBCHREX
BOJH.

MeTon pacuers

Mero) "wacrEn B Aveiikax" OHJ omNCaH B padore Mopse E Hamse
cesa /I0/ W HCHONB3OBAJNCA HaMu CHAJANa B CHCTEME ¢ HENOMBHEHH-
me woHamu /I/, a sareM — ¢ noysEmHUME /2-8/. PaccMaTpEBaercs
OIHOMEepH2Z cHcTeMa mmuHok L ¢ OepHONEISCHEME I'DAHMYHHME YC~
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zosumar f(OV,F)= f.v, 2) 2 P ébet/

E(ot)= E(XE) , THe f(x,V,t) - gyEruus pacmpefere-
HES 0O EOODJHEHATAM H CKODOCTAM, (X, %) ~ nmoremmmanm, £ /v, ¢) =
sAEeRTpHYEeCKOe IoXe. CHCTeMAa pas3CEBaeTcA Ha AYCHKE ¢ IIMHOH,paB—
HO# HOGacBCKOMY DAmMyCY /¢ . OJNEKTDOHH H HOHH 3a1alTCA MOZEJH-~
PYDWEME GACTHIAME, DaSMHTHME [0 NOPAMOYIOJBHEKY JJIAHON 4 ;L i
TAQREM E€ OTHOMEHHEM €/7: , KAk Y peaNbHHX DJEeKTDOHOB, K
€/M naa samaHEEOR MacCH HOHOB. OCHYHO 3ajaercd Mpr = IDZ,

B OTHENBHHX CAydasx 10°.

Jlig pemeHHA ypaBHeHH{l IBEECHUA YacTHl NPHMEHAETCHA LeHTDH-—
pOBaHHAS N0 BpeMeHM pasHocTHad cxema /I0/ (MHEERCH yRasHBanT
MOMEHTH BpeMeHH OTHOCHTEJHHO S8JaHHOrC £ , HampuMep, HHIEKC
I/2 COOTBeTCTEyeT MOMEHTy Z + 7, T , rme I  — BpeMeHHOH
mar).

Vi, = V_ 1y + i

Xf =u.Xa +Vyii“

sgecs X  HODMEDOB&HO HA Ko , C -Ha /oe , V -ma V7,

27 s 2
£ ~oan tadaren ), v g gle RS Yras Woe = 7R e
b - Toe : e
JJeETpEYECKOe [oJie ompejelsercsA EHTerpHPOBaHACM yDaBHEHHA
lyaccoHa B LeHTpax gUeek N0 pacipelejeHHD MIOTHOCTHE 3apAla u

ARAefiHO HHETepHOJEpYyeTcda Ha MDOMEXyTOYHHE 3HaUCHMA 260

[lpE padoTe MeTOIOM “JacTHI B sqefirax” cymecTBEHHYD Npodie-
-I}' OpEACTaRAANT TEILIOBHE MyMH, T.K. THCIO 9aCTAL OCHYHO HeBe=-
nEKo. B gamem cxydae Je=Ar = 104, navHa A9efikn IFd, Tak
YTO OpH JUMHE CHCTeME o{ ~ 10%#I0° 4  OIOTHOCTH YACTHI B
Avefixe 1021-10. Iiia NOHMESHHS YPOBHA HAYANBHEHX HyMOB IpHME-
gRevcs MeTojy “cmomoftHoro crapra® /II/. Meron 3armm4aeTcA B TaM,
gr0 @ynmm pacnpejieeHHs JacTHI[ 0O CKOPOCTAM H KOOpIHHATaM
sagaeTCHs OXHMHAKOBO@l BO Bcex gueiikax. [[pm aTOM mepemelleHHe 9Jac-—
T B NPOCTDAHCTBEe He NPEBOJAT K QUyRTyaldsaM ILIOTHOCTA B OTJE-—
qEe OFf c.l;naa ¢ TEIAOBHME myMami. YpDOBEHb IWyMOB ONpejensaeTc:a
ONEGKAME cUeTa H CDCTaBIdeT ~ 1073 or YpOBHA TeIIOBHX MyMOB.
(OEEAE0,9TOT YPOBeHb He OCTaeTcHA NOCTOAHHHM, 8 HapacTraeT 3a
BpemMs HODEHEA OFHOTO-HOCKONBKEX JNECATKOB UIASMEHHHX [EDHOJIOB
/7/. PacueT HMeeT CMHCH JO TeX IOp IOKa CHEKTpaJbHHE ypOBeHB
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WyMa OCTaeTCA MajlkM [0 CPABHEHUD C YPOBHEM I'apMOHEK HCCJejye-
mMoro afderra, TaK YTO MOIYT OHTE MCCJIENOBAHH TONBEO Te abper=—
TH, CHKOPOCTE poCTa ROTOPHX GOXEmEe, YeM RIS NyMOB, LIN T8,
KOTOpHE DasBMBaNTCA 38 Bpemd, [OKa myMd He ycOoead HapacTtd,Ta—
KEM 00pasoM, WyMH CYWECTBEHHO OIDE&HNYEBADT OGJAACTH HpEMEHEMOC—
TM MeTofa "4acTEN B fyeiirax" OCOCEHHO JJIA MaNX AMILIATYIL X GOl
WEX IJIWH BOJIH. HECKOJBKO DacuMpHETE 5TY 0GJACTh: yaaercd IpH HC-
MOJIb30BAHNE NMEepUOIAYECKOro “CIVIaEMBAHEA™ pachpejeseHHs LIOT-
HOCTY ¥ noas /6/. VapecTHH# Meron “criazmBamEEs™ QYHEIHE pac—

npenenenas /I12,13,19/ HaMu He MCHONB30BANCH M3~32 GOJBIEX 38—
TpaT MaWEHHOTO BpPEMEHH. :

llpy padore MeTOmOM "CHOKOHHOrO crapTa™ BHL NOAHON BHyHHIEE
pacnpenesienus onpeneiderca BamoM T (V) B onHoft sueftke. Mo—
CKOJIbKY YHCJIO YacTHL B AYeiKe HeBEJHKO, pachpejeleHHe OO CRO—
POCTAM NDOH3BOIMTCA HE C [IOMOUBD NATYHKA CJaydYaliEHX 4mcexs, a
SaJlaeTcid aaTrOPHTMOM, OCHOBAHHHM Ha TOM, 4TO CpelHee 3HAYeHHE
HHTEpBaIa 0O CROPOCTAM A V' , NPAXOIAMEroCA HA ONHY dacTHIY

-CO CROPOCTBER VvV , OOpelneNdAeTcsA 3HauyeHHeM (YHEIHE pacopejeie-—

HEF - AV = i;"_,(ru) . B rammoft Aveiike mepmoit UacTHIlE NpHIECH-
BaeTCA KOOpJIHHATA LEHTDA S4eHRM M CEODOCTH V  =0. Jiia Raxmoft
Clelyome# JacTHIN CKOPOCTH BO3pacTaeT H& AV H omopereisger—
CA ANTODPHETMOM

= £
Vais = Va + ML Vr oyipy Va4, e
Fa A : Al

X-"I-‘-:' — ;!{’,1__ -f= """_://1/

[lomyqeHHasA TaKEM COOCOGOM MAKCBeJAOBCEAs (HKIES pacmpele—
JIeHHA o0pesaHa OO CKOPOCTAM Ha HEROTOpPOH OpelenbHOf CROPOCTE
V4 , BaBHCAWEH 0T 4L, /7,8/. OONuHO 3amaeTcH o= 102,
OpE 3TOM Y. = 2,I6 V' , Tak 4T0 y MAKCBEJIGBCROft QyHE=
LN pacnpenelNeEEs ofpesamd Xpocrd ¢ VvV > 2,15 V+ , cozep-
zamue I,6% wacrml Raxnufi., [IpE HCCJENOBAHWE SBIGHE, CBA3AHAHX
C 3aXBaToM 5JEKTDOHOB BOAHOf, 9TO ONpENelAeT NDEJeiH NpEMEeHE—
MOCTHE MOXeJH, JleECTBHTEJEHO, OapaMeTpd BOJHH IOARHH OHTE T8
KMME, 9TOCH 3RXBATHBAAHChE SXESETDPOHH C HAYANLHHME CEODOCTAME
vs 2 Vs , TR UT0 HaliNeHEAN DaHee TpaHEIA 3axBara /4,7/

[ =~
[¥)



E ompejeifeT IDAHHIY OPEMEHHMOCTH MOJeJH. [IpH ECCJISNOBAHHH Ipy-—
X sereEmt (MOZYJISUEOHHOY HeyCcTONIMBOCTH, 3aTyXaHHd ¥ T.JH.)
OTCyTCTBHE CYHECTBEHHWX OMHGOK, CBASSHHHX C HCRaERCHHEM MaKCBEJ—
JOBCEOM @yHEIEE pacnopeleleHHd ROHTDOJMPYeTCA H3MEHEeHHeM THCJa

gacran @ V. /7,8/.

Jlis HOHOB TaKke 34JaeTCH MAKCBEJIOBCKOE DACIpelesIeHHue,00Hq—
Ho 7i/T,= 730 . B HauaisEN# MOMERT BpEMEHN HOHH DaBHOMEDHO
pacnpefelanTCd OO JJEHE CHCTEMH.

JIeHTMDDOBCKad Cerymas BOJHE C HOJEM E (xt)==F cosfut-kxX)
sagaeTcs BOSMymMeHHEM ILTOTHOCTE X CKOpOCTell aJeKTDOHOB, COOTBET-~
CcYBYDUEM JEHefHON BOJHE

é-'n, — Koo sinfuwst - K.x)
Ao 4??&!1,9

Jv(xt)= Wolo yin(wet—Kox)
qgrien.

rme Ko=2"/)o - BoaHOBOH BexToOp,
w-, - colcTBeHHad 4acTroTa [L718 8 MH

: 2 A S LT
= Mci + Wog +3Ko Vr ) Vpie /Ko

i sajeHEs CTOSYedt BOJHH C MIIETYNOE Lo  ® HOJIEM
E(x t)=FLoiinwyt +nKox samapTca npamas K oCpaTHad GEIEWB
BOIEH C AMOAETYTAME £o/; K ($a3OBEME CKODOCTAMA Vip= % “!5 6/ .

[IpapAABHOCTE pacyera IOCTOAHHO EOHTPOIEDYyeTCA MO coxpa—
HeHED NoAHOf 9HEprEHN E OOJHOI'O EMOYJhCa CHCTEMH M NpOBepACTCH
[0 HeSaBECHMOCTE DesyABTATOB OT CUETHHX [IapaMerTpoB - 4HCia

g9edx, BpEMEHHOTO mara, YHCIA YacTHEN, B HEKOTODHX CJydasx —
@T TOYHOCTH pacdera (JAf HOHEXSHHS TOUYHOCTH B fYelKy NaMATH
59BN s3anmcEBaeTcd jpa- “cioBa® BMECTO OIHOTO) .

Hpanmaueﬁ men N MeTOEa pacyera NOITBEDKIAGTCH COB=:
. pajeENeM. DeSyAbTATOB UNCAGHHOTO SECHEDEMEHTa C DEe3yJbTaTaMi
TeODEN N ZaG0ODaTOPHOrO BECISDEMEHTa B TOH od.nacm, ‘T7ie OHH
HEMENTCH
1. BsamsopeficTBEe IydRa MAXOf DEOTHOCTH C ILIA3MO# ~ BO3-
dysEeHENe HeycrofUNBOCTE N.38XBAT Oy1EA4 ZeHTMDPOBCEO® BOJHOM.
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YnucrenHu# sKcnepumeHT /I/ B odnacTm (’Lf/’@a)%‘i‘- 1 naeT
pesysbraTH, NPaKTHYeCK COBNAJabuHe C pesyiabraraMi TeopHn /I4,
15/ - aHalM3 DE3yILTATOR M CPABHHTENBHHE KDEBHE ODHBEIEHH B
/1/. TlpaBUIBHOCT: peSyNbTaToB Teopun /I4/ NONTBEDRIAETCH Ja—
GopaTOPHHM SKCNEDPUMEHTOM B 3aMarHMdeHHof mnasme /I6/.

2. 3aTyxaHue JCHIMODPOBCKAX BOJH MAJOE KOHEUHOK aMILIATYIH-~
3aTyxaHue C JieKpemedrTom JaHEay HA HAualbsHON CTAIHH H KoJeCaHES
C NEepHOJIOM 3aXBaYEHHHX YaCTHIl B JaxbHefmeM. 3TO SBACHHE XOpO—~
WO HCCHAENOBAHO ~ pesyuabTard Teopuy /I7/ XOpomo COIIACYDTCA C
peayrsraTaMy JacopaTopHHX /I8/ n umcneHHNX /I9/ SKCHEpHMEHTOB.
Cornacynres ¢ ndMM M pe3yJhTaTH HANKX YHCJISHHHX SKCOEPEMEHTOB

B OGIACTH MaJuX aMwmTyl BomEH €Y% /- < /  ~ cpaBEHTemnEHe
KpUBHe OpHBejeRH B /4/ H Ha Puc.I.
SaTyxaHue JeHIMODOBCKOW BOJHH, T'paHENA SJeKTDOHHOHK

HeJuHeliHoeTn /4,7.8

OGnacTs JIEHIMDDOBCKHMX BOJH Manoff KOHEUHOH aMIIRTYIH X0po~
WO WCCJaeHoBaHa. JJig 3Toff 06JacTH HQCTPOSHA TeOpEA /I7/, copa—
BeJMBas np:t yCJ0B IR S re 77 ( _3?) , 9TO PABHOUEHHO JCOBHAN

E"‘Pa ”’{( ) i’ S o Wi VT/L/.;:, I Ea/?'j}?_ == (L’ f&]

(wg =K V%ff -~ 9acToTa KoJeCaHHy 38XBaYeHHHX YACTHLO).
B TeopeTHEYeCKO# MONEJE yUATHBADTCSA ABICHHA, CBABAHHHE C JBHEE-
HUEM B [OJ€ BOJHH 3JIEKTPOHOB, HEBOBMyWEHHHE CKOPOCTE KOTOpDHX

JexaT B 00JaCTH 38XBaTa M BOAUSH OT CelapaTpHcH

V=Vpt 21’?@ ?"H]L (X—Xo) , ocrammas gacTs @yammﬂ
pacnpefieNeEna CUETaeTCA Hsaoamemuﬁ . CormacHO TeOpHH
Ha8 HavaJlbHO# CTaneM BOJIHA 3aTyXaeT ¢ JEeKDEeMeHTOM 3aTyXaHHd,
paBHHM JiekpeMeHTy Jamzay YL , B JanbHefileM aMIIETYHA BOJHH
OCIIWLIEPYeT C NepHOJOM KoJedammil 3axpBavyemHENX uacrmn (Pmc.I ).
C pesyabraTami TEODHE XOPOWO COIJNACYyDTCA DE3yAbTaTH THATEINBEO
BHIOAHEHHNX JadopaTopsx /I8/ ¥ wacJjeHEHX /I9/ SKCOEDEMEHTOB,
IPOBOIMBUIMXCA B OGNaCTH e%/&- L y_ﬁ.e;q VT, BEECEOXBw
Ko CGosee umpoxoff, Wem odumacTs puA EoTopoft mocrpoera reopmsA7/

YECJAEeHHH} SKCIEPDHMEHT N0 HCCJASNOBAHEND 38TYXHHHA JSHIMD—
POBCKEX EDI[H /4 8/ nposomcﬂ B IManasoHe HAYaNbHHX [apaMeT=—
pPOB BOJIHH "/?TflT ~ -3, ID 02, V¢/VT~ 2,5 & EQ,



— (=] E ﬂ .—:d ;-a'
(Hm""d)z'* 2.10"31- 3.10 I; ?E;E- Vi ™~ 0,2420; €Y 4. 10724, 105

;/ ; 10
E%/y,#,m 0,I+0,8. Vond 3a812BaJiCh s;encmnmumm% SRR
yTo0H HCEADIHTE HEYCTONIHBOCTHM BOJIHH (_pacna,u, MOIYJALMOHHYD He-
yeToffaMBOCTE B T.MH.).

B oGJACTE MAXHX AMILIATYH, KOTJa BO3MymeHHasd CKODOCTE MEHb—
me TemIoBOH ]'/f;fﬂ.{: Vi & ef‘ﬂ-/-r S _sTuﬂ 0gJIacTH KCCJe—
IOBAaNCA IMamasoE Ve/ . ~ 2,544,2), pesyJbTaTH YHCJIEHHOTO 3KC-
nepHMeHTa COIVIACYDTCA C PesyJbTaTaMd TEODHH M 3aTyXaiHue OIlHnch-~
BaeTCs JeKpeMeHToM 3aryxaums Jammay (Pac.I) /4,8/. qurjna BO3~
MyWeHHag CKODOCTPH NpeBHmaeT TeWIOByD )= = Vrn == > i
IeKpeMeHT 3aTYXaHWA CTaHOBHTCA GoJyibe JeEPEeMeHTa Jannay. OTHO-
merme /), SECHOHEHIMATBHO PACTET C DOCTOM HAYATBHON aMILIUTY—~
IH ®H PasoBoifl CERODOCTH BOJIHH, Tak qro JIeKpeMeHT MOEET Ha MHOI'O
NOpALKOE OPeBHMATE J;, (PEc.2). B 9Toif 06NacTH NEKPeMeHT 3a—
TyXaHdd NpaKTHIeCKd JUHEHHO 38BHCHT OT 4HCJE 3aXBaUeHHHX BOJHOH
9JIeKTPOHOB, KOTODOEe SKCIOHEHIHaNLHO pacreT C pOCTOM aMILIATYIH
¥ fasoBoff CKODOCTHE BOJIHH. MeXanHWsM ABJICHIL, OpEBOAAWEr'0 K poc—
Ty IeKpeMeHTa SaTyXaHds, SaKmriaercd B 38XBaTre H JCKODEHMH 3JEeK—~
TPOHOB H3 OCHOBHOH 9acTH fyuKOEE pacnpefieleHis 00 CKOPOCTAM
(B HCCJNENOBAHHOM IMaNasoHe NapaMeTpoB 3TO SJIEKTPORH C HEeBO3My—
WEFHHME CKODOCTAME < 2VT ) BCIEICTBUe €€ CHJIBHOTO BOSMyUEHIA

rnojieM BoJHH /8/.

[IpE NOCTPOGHHMHE TeOpeTHIEeCKIX mogjeseli OOHYHO CUHTaercs,dTo
3aTyXaHde JEHTMOPOBCKMX BOJIH ONHMCHBEETCA JEKDEMEHTON 3aTyXaHKA
Jlagzay, Tax 9ro B oGaacth Vé/. >> 1, Kora << 1 zarTyxa—
. HEe cuMTaeTCH NPeHeCDeREMO MaJHM. PesyJbTaTh HaWero TACHEHHOIO
JKCOEpHMEHTa IOKasHBapT, UTO 3aTYXaHAE JECHTMOPOBCHEX qum MOE~
HO ONECATH NeKpemeHTOM Jaruay TONBKO B o6uacT# € G S diag.y

£/ 8nT < L (ks r )& 5 Senaor € Yo /795 40

a
Ea%ﬂrT? Z (Ko fa) ZEKDEMEHT NOXeT CYeCTBEHHO NpeBHuaTs (L
QrmeTEM, 4YTO YCJIOBHS Eaﬁ;mr ?E(k’n f’d) CORIIG@eT C H3BECT=—
HHM yCJIOBEEM BO3CYRIECHHSA CBepX3BYKOBOJ MOIYJIALMOHHON HEyCTOl-~
YHBOCTH,

Ha PEc.3,4 OpeICcTaBjieHH KDHBHE DaBHOTO 3aTyXaHUd COOTBET=—

CTByUEe HaJarbHHM DapaMerpam BOJH, a?ﬂamni Eaﬂ BazItEEhIm
IeKpeMeHTOM, IJA 3Ha9eHHi IEKpeMeHTa S0 +3. :

8

B oonacru €Y, /- < 1 OHH NpeJCTaBIANT COCo# ngamnamne i
OpsAMee X = Ye 58 B odna%m V¢/VT3,4{)-ﬂpamﬂe o /8Nt “}j{—m}z
] o . n i 2
(R e 3 B I0 e 203,10 ) my%‘%'/VT ] \/%,T{am[},ﬁd_.-[},BE]
Hpusne DABHOIO 3aTyXaHHA MOEHO HCIOJNL30BATEH LIA XapaKTepHC THHE

NpelesioB NPAMEHUMOCTH TeOopeTHYecKHX Mojesell, He YUMTHBADUUX 3a-
TyXaHue.

OcJacTE NPEMEHHMMOCTH MOomeJiell, HCOONBRYOUEX IMOPOREHAMHYEC—
KJ& ONKCaHKe ONpeNesiAeTcs,B YacTHOCTH, YCJIOBHEM ManocTh ajdex—
TOB, CBA38HHEX C 3JIEKTDOEHOM HelWHeHHOCTED. UicJaeHHH & aKcneph—
MEHT [03BOJAET CHOpPMYyAMDOBATE 5TH YCJOBHA. YRCAeHHHH sECHepH—
MEHT {0 MCCJIEJOBAHMID dJIEKTPOHHOH HeJMHERHQCTH /4,7/ npoBommics
B [MAlNs30He HevyaJBHHY [apamMeTpoB BOJIHH ’/xfrfz?' o IU"B 1-103;

' 2
Vo ~ 2541605 (Kold)®~ 4.1053.1071L.

B MOHOXpOMATHYECKO{ BOJIHE 2JIEKTPOHHAA HeJHHEeHHOCTE IpOoAB—
JAAeTCcH, KOrJa BOSMYUleHHaAd CHKOPOCTE SJIEKTPOHOB CTAHOBHTCA GJAS—
KO# K oCJjacTi 3axBara, [Ipy aToM aJeKTpOH OoXbile ocTaeTcd B (a-
3€ YCKOpAKIEero NOJiA M HadupaeT GOJBUYD CKOPOCTH, 4Yem B JHHEH-
HOM cJay4ae. 9TO OPHMBOIUT K YBeJWUeHWD SHEDPIHE KOJeCaHW# SJeK—
TPDOHOB MO CPaBHEHHD C 2HeprHeit moJad 4W€/M/g 2.1 J K yBeJE~
YeHUD JIOTHOCTH DJCKTPOHOB B (ia3aX YCKOpADWETO HOJA “Z+ Y 1
TaK 4TO BO3MYyUeHHe ILIOTHOCTH 0JOCTPAETCHA, & HOJEe BOJHH £ /x)
YKpy4aeTcd, JTO SKBHBANEHTHO [OARJEGHHUD GoJiee BHCOKHX TapMOHHK
noJa ¢ Toit ®e §asoBoOi CKOpOCTRL, YTO ¥ OCHOBHAA BOJHA, [lpemeik-
HHM CJIy4aeM 3JeKTDOHHOR HeJMHeiHOCTH ABJAETCA 38XBaT SJEKTpO—
HOB BOJIHOi#, OpH KOTOPOM BOSMYuileHHHE CHKOPOCTH SJEeKTPOHOB Iomnajza—
0T B C0JJXacThk 3axBaTa, TaK YTO 9JEKTDOHH YCKODADTCA IO CHOpPOCTel

U Vi +2 Iff?‘f’ . DTOT adfeKT M onpeneifeT GOJNBIOE BATYXAHWUS, DAC—

CMOTDEHHOE BHMeE.

TpaHANa SJIEKTDOHHOH HEJHHE#HOCTH ~ HAuarhHHE [apaMeTpH
BOJH, MDY KOTODHX JEKTPOHHAS HEJMHEHHOCTH CTAHOBHTCA CyUecT-—
BEHHOJ, — ONpeNeJsNach IO OTJHMYMD orﬂnmennﬁ‘ﬁ“’%yg. 2y 8

o7 elRHAIH (CYyWeCTBEHHHM CUMTAJOCE OTJIAYHE 5+10%) /4,7/.
HaitneHHas Kp¥MBaA OpEBeleHa Ha Puc.3,4, B o0nacTH GOJBmEX (azo-
BHX CEOpOCTEl qu/b’r 2 70 oua npencrasjfeT Co00i OPAMYD

EE £l ~ 077 )2

V2% e~ 02 Vg, wa £ RTHT (Kota )", Tparmua sa-
“E&Ta 3JISKTDPOHOB C HEBO3MYUSHHHMM CHODOCTAMH ~ £ U3, olpene—
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JIeHHasa 110 BELY (HasoBoii Iumcmnmn OKA3HBAETCA CAMBKON K JIMHHA
PABHOr'O 3aTyXaHud C d;/ﬂfﬂe ~ 3. ID ¥ B 0CJgacTu dmz.mmc Véb/[/r
npejicTaBIgeT COoColl mpAMyD ye‘#’/rmgﬁ @EJIH‘_@_._ ~ 6702
: =

Ve Al {q{ord).?

HeycTofiumBOCTE Ceryme# JEHIMODOBCKOM BOJHH —
HauanbHag cramus /6,7/

YerofiuEBOCTE ONHOMEpPHO# JeHIMIDOBCROHN BOJHH HHTEHCHBHO HC-
cJeNoBanach TeopeTHdeck®, Bwso HaltneHo, d4TO JeHIMECPOBCKAs BOJ-
Ha ms:::,lrm'cnﬁtmipeu,r Xapaxrep HeycTofuMBOCTH 3aBHCHT OT HaYalbHHX
rnapaMeTpoB BOJHH. HaumGonee nosHoOe TeopeTHIECKOe HCCJENOBaHue
HeycTojfumBoCTejt JEHTMDDOBCKO# BOJIHH, 00G30p H aHaJId3 HAMEKUMXCHA
pesyJibTaToR NpEBeXeHH B padore /20/. Ha Puc.4 mpencraBneHa cxe-
Ma, MOKasHBammas OCJACTH DasHHX THIOB HEYCTOWUMBOCTH U3 pacoTH
/20/ ¢ EexoropuME noGaBleHumAMu /A.M.FydeHuuk, 4“acTHOe coodue-
une/ .

I. MomyisMOHHad HEyCTOHIMBOCTE =€ < Ko > P b )Lh;
BOJIHOBOft BEKTOD H IIMHA BOJHH TI'apMOHHKH C MaKCHMAJIBHHM HHKpEe—
MeHTOM, Ko, X 0 - TO Ee IIA 3aIaHHOH BOJHH.

II. Jo3ByKOBaf MOAYJALMOEHAA HEYCTOHIMBOCTE € >Ko | A< Ao,

[l. CBepxX3ByKoBag (THAPONUMHAMMGECKSA) MOIYVIALMOHHAA HEYCTONIM-
BOCTE X > ko 4 Am < Ao . )‘
P o2

I¥. HeycrofuMBOCTH MOIWPEIEDOBAHHOTO pacnaja £ ~ZAo,A,., oK
Y. Pacnammas HEyCTOHIHBOCTE € ~2Ko » Az ~ j"Jﬁ‘/:;,j .

Ha Pmc.4 OpEBejeHH Takxe HalileHAHe HaMi T'DAHMIA SJEKTDOH-
Hoft HeJMHEe#HOCTH X JHMHEM DaBHOrO SaTyXaems. [pefen NpUMEHEMOC—
TH JEHefiHOf TeOpEE NOKASHBAET IDAHMIA HEJHMHEHHOCTH. -Omemfara},
4uro rpaEEmE odgacTeffi HeyCTOHYMBOCTE 3&8BHCAT OT OTHOWEHNA =
a rpafmia HeJEHEZHOCTE M JMHMM DaBHOI'O 3aTyXaHWA He 3aBUCAT OT
HOTO, TaKk 4TO OOJACTh NPHMEHHMOCTH JHHEHHOH TEOpHM HECKOJbKO
MeHAeTCs OpH W3MEeHeHHH . Ha Puc.4 noxasasH oGIacTy He-
yeTO#UMBOCTH LI HOHOB Bomopoxa ‘Y. = 1836.

UmcJeRHHHE SKCIEpEMEHT II0 HMCCJENOBAHAD HavYalbHOR CTAaIHE
HeycrofiumBocTE /6,7/ OPOBOIMICA B JMaNasoHe HAYAIbHHX DapaMerT—
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DOB BOJEH E,érnTr»& 1078+ 107, Vﬂg 34160, (e?c’of‘af%:; 107942, 107

‘Mm = IOE B OTIENBHHEX CJy4adx /ﬁ?z, = 103 TaK 4T0 OXBaYeHH

BCe o0JacTH HeyCTORYEBOCTH. Doudeﬁﬂo INOJPOGHO paccMoTpeHa 00—
J8CTH HEyCTOduMBOCTEH I——l% oT fﬂfﬁh?{? (Kot )2 < ;Z-L b1(¢
{a/SH‘HT??% > (Kota) (H3MeHEeHHe SMIUIATYIH

£ oGt I0TE4I0° -npx Yy = 16, (Kota)®= 3,9.1079).

Bo Bcewm nuanasoHe NapaMeTpoB, JEEAWEM HERe TDAHMIH 3aXBa-
T8, ¥ BRIOYAKMEM OGJACTh NDEMEHEMOCTH JHHEHHOE TEODEN H BCE OG-
nacTy I-Y, HalmomaeTcA HeyCTONYMBOGTH OLHOLO THOA, OHA 3aK/m-
H8eTCd B TOM, WTO IOJE JIEHIMOPOBCKO# BOJHH 33IaeT BO3MyueHHe
CKOpOCTEl ¥ IUIOTHOCTH HOHOB, YeM CTEMyJHDYETCH HEepe30HaHCHH -
DOCHBT Lo il st Sai Dl S D o it A o Ao/y , mposBLAD~
IEHCA B pocTe BOAUMHH IIOTHOCTE C A= Ao H MOAYJIAUMM BOJHH €
Am < Xo (B CNeKTDAIbHOM OMMCARME - DOCT MOHHOR FapMOHHAKE
¢ K= Ko u neRrMppoBCcKofi ¢ K = 2 Ko ). 9Ty HeycTOHIEBOCTE
MOEHO HASBETEH CTUMy/IIPOBAHHHM pacdanoM. OHa oTumYaeTcs OT BCeX
“HEYCTOlUMBOCTE ), HallleHENX B Teopu#. 0COOEHHO YETKO 3T0 IpOAB~
JAETCH B OGAacTH MOAYJAIMOHHHX HEYCTOoMMBOCTeik [-ll, rme pmuHa
BOJHb T8pMOHUKH C MAKCHMAaNbHHM MHKDeMeHTOM (JIuHa MO Iy JIALIIE)
IOTRHE B8BHCETH: OT AMIUINTYIH BOJHH ¥ YMEHBIATECH C 8 pOCTOM,
npmeu B oonacTd I A = Ao » BOOHacTax I m Il - AM{:HA.Q =
B Hadimpapuelicd B UNCJEHHOM SKCIEDHMEHTe HeyCTORYMBOCTH ILIMHA
MOXLYJIALIMN He 38BHCHT OT aMIUIATYIH BOJIHH ¥ BCEIrls MeHLIE Hayaib-—
HOM UIKHH BOJIHH. I[IpHYMHA 3TOTO DPacXomUeHHA C TeopHei, HO~BHEH-
MOMY, B3aKIC4aeTcd B TOM, 4TO IIpH TEOPeTHYECKOM DaCCMOTDEHNH
H3~83 JCDEIHEHUA [O BPEMEHE ~ 7 . He YUATHBACTCA BOsMyme~
HHE MOHOB MOJEeM JEeHTMODDOBCKOj BOJHH, TaKk 4YTO pelleHne, COOTBET—
CTByDNEE CTEMyJ/MPDOBaHHOMY pacOany, Tepdercs. MomeO, KOoHedHo,
CTaBHTE BOIPOC O NOCTAHOBKE 38Ja4d. B UHCIEHHOM SKCIEDHMEHTE
B HEYAJBLHHY MOMEHT BDEMEHE 385a6TCS DABHOMEDHOe DACIpejeeHue
HOHOB /2, (k)= COnST i BOBMyWEHNe BJeKTPOHOB, 38JABIEE JeHTMO-
POBCKy® BOJHY. Takas NOCTaHOBKA 3alavyA KagReTCA DasyMHO#, T.X.
OH& COOTBETCTBYET DEaNBHOMY Ciyuah, KOILa B OXHOpOmHON MIaszMe

EaRiM~TO CHOcOGOM (HampuMep, aJIERTpommu Oy9KOM) GHCTDO Ena-ﬁmw—
IaeTcs JEeHTMODOBCKASA BOJHA.
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HeycTofiumBOCTE derymefi JeHTMDDOBCKOH BOJHH -

M K

B OTHEJbHHX c.uyqaax /m =10°. Tamm oGpasou, ncc.ne.m}na.zaca
eJunHefinas 4.6

i _ & = 2,3 - odaacts £o* /JT!:T > £z {k'_,,r‘dj‘g

Oramgne Hadanpapmei#ica B YHCASHHOM amnapnenre HeyCTOHdE- Ha HavaibHOM CTenEE HEyCTOMUYHBOCTH CTHMYIHDOBaHHH pécna.n
BOCTH OT TeopeTHYECKO# HOJXHO ODOSBHTHCA HA HEJHHeHHO# cTamnm NpUBONAT K 0GDa30BAHMD BIANEHEH [IOTHOCTHE H MOXIYJAIEE BOJEH C
neynmﬁmocm, OcoGeHHO CYmMEeCTBEHHHM 5TO OTAHYME MOEEeT CHTL B Am < Ao, lpx paisHefmem PasBHETHHA ancmnmucrn OCHOBHYD
oGnacTm L ﬂ/i’rf:?'{{ e‘f’af'd) rje TeopeTEYECKad HEYCTORYIHBOCTD posb #rpaeT cmua Muimepa (HOHZEPOMOTODHAS CHia), KOoTOpad OpH-—
HOJIRHA MPHBONUTH K MONYJIAUMA BOJHH G Am Z Ao X Ha HeJH- - BOJMT K BHTAJKEBAHED IIASMN #3 OGNACTH KOHIEHTDAIME SIGKTDEIEC-
Hefinofi cTagdE - K 0CDA30BaHEN COJHMTOHa orEdammelt c AX > Ao KOT'0 [oJfg, DOCTY BIAIMHH LINOTHOCTE H JaibHehmeik Romeampam
R s EﬁBBOJIHT X ORI &, < N, o~ saexTpEieckoro noxs (PEc.5,6) /2,3,6/. Taxim o0pasoM, Ea pTof

cramrd nc fusHYecKofi KapTHHe HeyCTOo#UYMBOCTE He OTIMYAETCH OT

B uHCJHCHHOM SKCIEDEMEHTe B 3TOH OCAACTH HeNHMHEHHAA CTamed He- HajiieHRo#l TeopeTHIECKH MONYJAIHOHAOR HeycrofiumBocTE (odxacts II).

yCTOHUMBOCTH He HCCJASNOBANAacCh H3-32 OOMBIOI0 YDOBHA lﬂ:?'HOB

e R ¥ JUIZ BOJHE C.JOCTAaTOYHO MaJoi aumry.uuﬁ (cryqaft 6 /6,8/ -
MOXET ORA3aTRCA He CTOIL C
i, m %!‘Vsnn?“ > (Kota)? ' rre renpe:nz:cm HEyCTOHIMBOCTS F"/ﬁﬂr 4.107%; %/ by =165 E/E/a’" #T = 0,5K0 ta) pasBaTHEe
ZONXEA OPEBOIMTS K wmm BOJHH ¢ At < Ao ¥ OCHOBHYD HEYCTONTMBOCTE NPEBONET K OGDAROBAHED KBa3HCTAIEOEAPHOTO COJH~
pONb JOMAHA Hrparh HDOHNEepOMOTOpDHAA cmia. (CornacEO TeopHM pas-— TOHa ¢ paBHOBECHHMH NapamerpaME (PEG.6, EpEBas 6). 3To corzacy-
BETHE HeycroffumBocTH B 5TOf OGZACTH JOJARHO NDEBOIHTE K 00paso- eTCA C TeOPeTHIECKHM De3yibTATGM ¥ NOATBEepALaeT, 4TO, HECMOTDA
BAHEAY KBA3HCTAIEOHADHOI'O JEHTMDPABCKOI'O COJHTOHA C IapaMerpa= 'Ha pasNEYEe B HaYaNbHOM CTaNEE, Ha HexEHef#HOf CTATEE HeyCTOH-
MH, 33BHCANEME OT HAYAABHOE SHEPTHM BOJHH A A A =X 20/ YHBOCTE npa.:mranmar CO00R MOEYAALEOHHYD Heycrnhmcn.
CormacHo /2I,22/ HoJe COJETOHA B CAYyYae, EOIZa IPYNNOBAL CKO- pe ﬁn.umei aunmryxe (caysal 7 /6,6/ - v=3 Aﬁ,-ﬂ?' _IU'I
pOCTE: paBHA HyJD, ONECHBaeTca (GopMyrod Ve =16; £ a/J‘rﬂT— 1,6 Ko ) passuTHe HEyCTORUEBOCTE Takxe
E (X, 1) = _f‘_i:_.ﬂ M { KX— T ) ODHBOJET K udpasonam COJHETOHA C pABHOBECHHMHE NapaMerpaMy
- KX (Puc.5, Puc.6 - xpupad 7). OfHaKo, OH He SBAAETCH KBA3HCTANHO-
HapHHM H 3aTyX8eT B pesyAbTaTe 3axparTa H yCKODEHEA 3JIEeETPOHOB
The e, aMIATYHA HOJA., C XBOCTa (YHKUEM pacOpelieieHHEs KOPOTKOBOJHOBHME I'8pMOHEKSME.
llgpEHa COAHTOHZ Ha YpPOBHE ffe Ene Takum oopasoM, sTOoT caydal OOKasWBaeT Npefed NDEMEHEMOCTH HeXie
b /rd 8 (E );@; : e 2 A P 3 HefiHO# TeOpHN, He yuETHBamue# saryxanum.
/ng pE XarsHeHmeM yBeIHuemHe aMmmTymE (cayued 8 /2, 3 6,8/ =
NAORUATEO® BOSMyUeRe LAOTHOOTE EoffrnT= 3.107L; V#/uy = 16; £o2574T = 4,8 Kors) pesmosec-
.fz 7 Em EHE COJMTOH He adpaayem. HadumpaeTcd CHCTPHE pOCT EOHIEHTpa=
(4= ),,,, = 2 gmnT o nEe noas (P#c.6,7 — EpHBag 8) M BESEHHE LIOTHOCTE M yMeHLIeHE®

OONACTH NOKANHSAOEM Hond. [IpE srex Qpaayerca HepaBHOBECHH

YucaeHHn# amnepnuaﬂr IO HCCIeMIOBAHED HENWHEHHOHK CTaHE CONETOH, HOZe KoToporo £/X,#) meggercs mOEOGHO HOJD COXHTO-

HeyCcTofiIuBOCTE /2-4,6/ TRanOMOS B mnaauaa ol S Ha, HO MEpEEA AX  Goxbme, & TAyOHHA BOAMEEH INOTHOCTH MEHEe
uetpos Boam Loy/87/T ~ 4,107%-10° npu % = aeall, me DABHOBECHHX NAS CONETOHA C TOf ®e IIOTHOCTHD SHEDIHE, TaK
(Ko #w)? =3,9.107° u B mEanasome “P/ v~ 3% If:g' a | YTO HEDAPHOBECHH# CONETOH MDOKOAEAET CEEMATHCH H SATYXAET HDem-
(Kot )?~3,9.10™% 1,7.107" mpalo2e .= 1,65 777, =107, - Zie, 7eM JOCTHTHET NADAMETPOB DABHOBECHOIO COANTOHA, TAKEM OO~
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2
30M, B BTO} OGNAcTH IAPaMETPOB £o A?F”T?fﬁ‘*‘f'ﬂf?ﬁacmaemﬂ
EQJLHAIC.,

Bchap HadaJabHHE E&EEMETPH BOJHE JI&RAT BHlIe I'DaHNLH HenuHe -

et o J00 £ ; i iy
HOCTH a/e.‘-’ﬂ' 14 /{Ka r4), DAsBHTHE MOIYJAMOHHON HEyCTOHdM~
BOCTH GHCTPO OTpaHWYMBacTCA 3aryxanueMm (Puc.7 - KpuBHE 9-1I) ®
KOJLIANC HE ycleBaeT pasBEThCH /4/.

Eead HauaibHHE IapaMeTpH JERaT B 00JACTH CHJIBHOTO 3aryXa-
ana Eo~/8mre T B k. P ) s (Uloge = I07%), BoJHa
CIUBHO 3aTyXaeT C CAMOrO Hauaja W MOIYJIAIMOHHAA HEYCTOHUMBOCTD
He pasempaerTca (Puc.7 ~ puBue IZ2,I3) /4/.

TakaM 03pasoM, IHUCICHHHN SKCIEpUMEHT NOKasHBaeT, [4To HeJd-
HefiHas TeopHdA MOIYJIAMOHHOK HeyCTOWYMBOCTH, NPUBOXAWEAA K BHBO-
Iy o6 o6pas0BaHEE COQJIATOHA IIPH HEyCTORUUBOCTY ONHOMEDHOH JIEHT-
MIOPOBCKOQi BOJIHH, CIpaBe a JJIA orpaHdYeHHOoll oCGiacTi Hayalb-—
HHX OapaMeTpoB BOJHH £ %;m:rd,ﬁ Ko V'd , HafiTh npemey npHMeHd—
MOCTH HeJMHeHHOi#l TeopMH MORHO TAEXe C [OMOUBW NPOCTHX PacCyH-
nennlt, MOMB3YACH, cXemoi Puc.8 /8/. Ha aroit cxeme B KOODIMHATAX
2 %ﬂf?’"ﬂ (K 'd)HaHeCeHH KpMBHE DaBHOIO 3aTyXaHua LiId

J/me =2 ILT_'?‘, KpHBag [1apaMeTpOB DABHOBECHOTO COJATOHA
E‘?gﬁ.ﬂ?-= 4,86 rk'r‘az.,i'?, K= f"{/ﬂx M KpUBHE [NOCTOAHHOM IOJ~

2 =
HOY 9HEDIHMH BOJHH Eaf/gfﬁr =Q/ Koty) (B3 £ G667 1T AN=tonst)

KpHBasg [OCTOAHHOH! SHEPIWH COOTBETCTBYET DA3HLM KOMOMHaIuAN Ha-
yaJiBEHX napaMeTpoB Lo, V¢ , IIDA KOTODHX HOJHAA SHEPIWA
BD.EELGJIE'LHEI{UEE. C mpyrofi CTODOHH MNPH 3aNaHHHX Ha4YaJbHHX Napa-—
MeTpax Tarad KpuBas NPHCJMECHHO XapaKTepusyeT M3MEHEHHe Hapa~
METPOB HEDABHOBECHOI'O COJUTOHA IpN ero CxaTmd, T.K. IPaKTHIec-
KW BCA 2HeDIMd BOJHH OKasHBA@TCA COCPEOTOYEHHOR B HEPABHOBEC—
HOM COJIHTOHEe. llepecedeHye KEpHBO} DOCTOAHHOR SHEPTEH C KpHEBO#
PABHOBECHOT'O COJUTOHA COOTBETCTBYET TOMYy, HUTO IpH JoodHX HavYalb—
HHX IapaMeTpax, Jemaupx Ha 3TOi KpHBOj, pasBUTHE MOy LAUHOHHOK
Heyc'mﬁqnnucrn mprBejieT K 00pa30BaHED COJHTOHA, ECIM Xe KpHBAA
HOCTOAHEON SHEpTHM CHavaja NepeceKaeT JIMHAD NOCTOAHHOTO 3aTy-—
XaHAA C JOCTATOYHO GOJBIAM b’ ~, To JUIA BCEX IapaMeTpoB C TOR
ge [oJHO pHeprEeit Gyzer HaGANIATHCA Rmxganc. H3 Pmc.8 BUIHO,
yT0 OOTPAHMIHOM KpWBOH ABJIACTCHA JIMHEA Eo /éfmﬁ;r ~ Kold 4 9TO
corsacyercd C pesyJbTarTaM# GHCJIEHHOT'O BKCIEDHMEHTA. Tarum 00—
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pPa30M, TeOpHda, OpeJicKasHBaWLAd 00pa30BaHFe KBA3MCTALMOHaPHOI'O
COJMTOHA, ClpaBeliiBa TOABKO B 0GJACTH HaYaAbHHX OapameTposn
Eotkrnl < Kok s
EDJIHHE o /&8I ‘ol d .| g H3BECTHOE YCJOBHE €8 IPUMEeHAMOC-
I
TH & X {ABagercH & CTATOYHHM,
SAnnT { cq HEIOGTATOUHHM

1MCJSHANY] BECISpPHMEHT [O3IBOJIAEeT IeTalbHO HCCASNOBATH Das-
BUTHE HEYCTOMMMBOCTH JISHTMOPOBCKOH BOJMHH H OIpemesnTh OCHORHHE
MEXaHM3MH, KOTOpHE MIpapT poJb. Md ¥me TOBOPHIM O HAYaJbHOH] cTa~
INE HeYCTOHYMUBOCTH - CTUMYJHDOBSHHOM paclame, ciemypme#f cta -
IR ~ MOLY/JIALAOHHOZ HEeyCTOHUMBOCTH, CBAZAHHONR ¢ NeficTBEEM NOH-
ISpOMOTODHOX cuny, [IpAm pasBuTHE MOIYIALMOHHON HeyCTORUNBOCTH
CYWecTREHHY0 POJNE HIPaeT [IpOIECcC KOHBepCHM BOJH Ha HeoHHOPOI—
HOCTH [LIOTHOCTH, KOTOpHE IpoABIAeTCA, KOTOA BO3MyUWeHHE ILIOTHOC=
T CTAHOBETCH JOCTATOYHO GOJBUIMM (B HauweM [HanaszoHe [apameTpOB -
Y, = ID"Q}. JTOT Iipouecce fl@*;5g1—¥ f@ai;ﬁz; ra=158534 0 s
NpUBOIAT K BO3CYRIEH! 0 OCDATHHX BOJH M 00Jiee KOPOTROBOJHOBHX
TapMOBMK, T.€. K 3aXBaTy SJeKTDHYECKOTO IIOJA BO BHAUNUHY LIOT-
HOCTH I OCGPA3CBaHED CTOAYAX BOJH /2-4/.

[Ipr pasBUTHE MOINYJIANMOHHOR HEYCTOHYMBOCTH O0pasyerTcHd HE = -
PABHOBECHH{T [DOIONTRAMEE CEUMATHECE CONNTOH JIEHTMIOPOBCKHH (Dge=
HeT CeryuMx BOJH C ONpeJeNeHHHMM OTHOCHTEJNLHHMA Pazamd) wim
cToAuMy (MaKeT CTOAYNX BOJH), €CJE CTAHOBHTCHA CYWECTBEHHOH# KOH—
BepcHA. CRaTHe HEpPABHOBECHOI'0 COJMTOHA IPHBOIMT X 0OPASOBAHHD
KBE3UCTAUMOHADHOTO COJUTOHA WM K 3aTyXaHun /6/.

3aTyxaHue IPOMCXONAT B pe3yJbTare 2axBaTa BJEKIPOHOB KO-
DOTROBOJIHOBHME I'apMOHHKaMi, BO3CYRAAeMEMY IIDH CRATHI HEDABHO—
BECHOI'O COJIATOHa ¥ KOHBepCHM. BciefcTBHMe [epecedeHmd odjacTel
3axBaTa TApMOHMK 38XBAYSHHHE 3JIEKTDOHH YCKOPAMTCA N0 OOJBIMX
cEopocTeit BILIOTE o VA~ Ve + 7; HAYAIbHOH BOJHH. Jpa aTOM OC=
HOBH2A 4YacTh (YHKUEMH DacnpelejeHMda BOsMyumaeTca Mano, HO odpa—
3yeTCA XBOCT YCKODEHHHX 3JIeKTDOHOB. COEMECTHCE JNeficTBHE HKOHBEp-
CHA M 33aXBarTa NPUBOIUT K NDAKTHYECKH IOJHOMY NOTJIOWEHII0: BHEep
PHA NOJA SAGKTDOHAME IIa3MH /2-~4/.

IocJe 3aTyXaHWA [OJA BIANMHAa LIOTHOCTH “cxjiolmBaerca” B
pesyabTaTe 0CpasOBaHMA BCTPEYHHX YHNSPHHX BOJH. [X B3auMomeilcT-
BHEe JIPYyT C IPYIOM B IJa3Moi OPHBONAT K D&SBHTHD HOHHOK TypOy-
JEHTHOCTH H OOSBJIEHUD YCKODEHHHX HOHOB /3/.
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TakEM OGDa30M, MOXHO IEDEYMCIATH OCHOBHHE HDOLECCH, ROTO~
pHe IIpaiT DOJb IPX DASBATHE HEYCTORUEBOCTE X SATYXAHWA JECHTMO-
poBCKofi BOJIHH B ODHOMEDHOM CHCTEME:

(THMyIHPOBaHHH paunam;fg -*ék. —~Sk, GBHEHHHHH ¢ BO3~—~
MymeHHeM HOHOB NOJeM JIEHTMOPOBCKOR BOJIHE.

MoAy/IAUEOEHAA HeyCcTOHIMBOCTH, CBAS&HEEA C BHTAIKEBARHCM
n7asMd K3 BOQMEHH [IOTHOCTE HOX JIeRCTBHEM OOEHEepOMOTOPHOR CHJH.

KoupepcHa JeETMDPOBCKHX BOJH Ha HeOJHODOJHOCTH ﬂJiGTEDG!‘E :

fxai ng—rfgaiﬁ&. 'fg.,:I'g"g”._-'HpHB&Mﬂl&E K BO3GYyRIEHEN 0= .f |

DATHHX BOJH M KODOTKOBOJHOBHX IOPMOHHK.

0GpasoBaEie KBASACTAIHOHADHOTO CONMTOHA, CBASEHHOE C pa-~
BEHCTBOM [OHZEDOMOTOPEO} M M JSBACHEA IIASMH. - l

JET}FKBHHE ﬂau.:xay, Erpapee posk B odmactTE € ‘:‘?/T =i 4

wr £ npT < F(K72)" |
3aryxaHue,, GBHEIE!HHOE C CafBaTOM SAEKTDOHOB BOJIHOH OpH CHIB
HOM BO3MYWEHHH @yﬂm pacup&nenem, Arpammee pods B OCIacTH ‘

@ > 1w & 2/8mrnT > 5(Kra)™

[oHATHE KOJXANOC MH fnnrpadnﬂnn s caydad, KOTEa HeycToli-
YBOCTE, CBA3AHHAA C neficTBEeM MNOHKEPOMOTOPHOE CHUH, NPHBONAT
K 3aTyXaHMD OOJd, T.K. N0 QESHIECROMy CMHCAYy 3TO ¥ eCTh TOT
mponecc, KoTopHil CHA OCHapy=eH TEOpPeTHuIeCRE B IBYMEDHOM Cciy4dae
/9/. OnHagro, eClH HOHATHE MOAYASUEOHHAH HEYCTOHIEBOCTH yOoTpese
XATH He InA KoHKpetHON HeycTOHYHBOCTH, JeficTeymome#i B OCHacTH
I-ll, 2 B dosee MEDPOKOM CMHCEe - JULE IWGOR Heycroi#uMBOCTH, CBA=
saHHofl ¢ HefcTEHeM NOHAepOMOTODHOR CHid (ITO NOBONBHO Hacro
HeJaaerTcd), TO MOLYAAIHOHHAS HEYCTOHMMBOCTH H EOAJNANC OKasEBa-
pTCA OIHEMM B TeMm X8 (QESHUECRHN OPONECCOM. BopoueM, X B 3TOM
cAyuae pPasyMHO ¥UOTPECAAT: IOHATHE ROLAANC JUIA o003HaueHNd
' CyMMapHOTO HpPOHEeCCa = HEYCTONUEBOCTE H 3aTyXaHWA.

HeycrofiuEBoCTh_CTOSYEH xeamancmﬂ BONHH /3,5,6/

YucaeHHHE SKCHEDPHMEHT HO HCCIASNOBaHED emmeﬁ JIEHI'MIDP OB~
cKoit BOAEH /5,6/ OpOBONANCE B JAHANA30HE HAYAIBHHX NapaMeTpoB |
noxms £o /BTAT ~ 4.107%410° pw \i/Uy = 416, (K1t)=3, 9.107
i B ;r.nauasoﬂe Véyu ~ +(IB-4B} (Hr‘af 3, .Iﬂ'é’-i 4.707% npH
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2 : ‘
gﬂ/f}f};?‘: 1,63 el 102. TaxnaM 0GpasoM, HCCAEeXOBANACE Of=

180T5 £0%/g T > B > (Kola)®

OcHOBHAS OCOGEHHOCTE: DASBHTHEA HEeyCTORYHBOCTHE B ClIydae
crofgJedl BOJHH CBA3QHA C TeM, 970 IMOTHOCTE HHEPI'EA [OOJA B CTOA-
yef# BOJIHE B OTJMUEE OF Oerymefi ¢ camMoro Havana HeOJHOPONHa,TakK
qT0 NOJOReHAe BOAKEHH [UIOTHOCTE ONpefeideTcA OGIACTAMA MaKCH-
MaJBHOTO NOoJA. PasBATHe HEYyCTOHUHEBOCTH BCeIrma npman.nni- K odpa-
SOB&HHAD CTOSYRX COJMTOHOB HepaBHOBECHHX HIX DaBHOBECHHX.B oc-
TAIEHOM pasBHTHE HeyCTOfUHBOCTH cTofYelfl BOMHE He OTJIHIAETCA Ka-
YeCTBEHHO OT cJydasd Geryumelf BOJHH « B OCOHX Ciy4adX B OCJHacTH
ONFHAKOBHX pOB HIDEDT POJb OFHH H Te Xe IPONECCH. Tak
B obnactu Lo /8mnT < Kord adpaayercﬂ KBA3HCTAIEOHADHH CTOA=
qmit coMUTOH /6/; B OGHACTE & o 2/gninT Z Ko fa’ - DaBHOBeCHHH,
HO 3aTyXapumii CTOTYER COJHTOH; B o6racra Lo /JF!?TP Kotd
mmer xoananc /6/; B ooaBCTE Ea/.g'r»z?‘ > 4 ?".{?_A’J":’n v4) BoHa
zaTyxaeT ¢ camoro Hauaxa /5/.

g .
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Abetract

y A summary of the results of numerical experiments (par-
ticle simulation) is given. The numerical experiment on study-

ing one~dimensional Langmuir waves in collisionless plasma
E:R
B-ﬂn:-"

102; "%_ ~ 2.5¢160. The 1limits of validity of theoretical

R T R

were performed in a wide range of parameters:
.models describing a one-dimensional Langmuir wave were found

for the theory of damping of the finite-amplitude Langmuir wave
{ﬁ%’mﬂ’ﬁ iﬁcﬂ rd}z ), for the linear (for VP"'/M.T. =10 ,
£58TnT < fo‘%garﬁ}zj and nonlinear (for VP“/{&?iﬂ, [ﬁﬁﬂrfkamj
theory of wave instability. The development of the instability

and damping wae investigate and the main processes were analysed.




Langmuir waves - one of the simplest rhenomena in a plas-
ma - have been carefully analysed in the theory. The theory of
damping of the waves of small and finite amplitude, the linear
and nonlinear theory of Langmuir wave instabilities have been
constructed. However, the regions of validity of most of these

4 theoretical models have not been clearly defined. Laboratory
experiments have, for few exceptions, &8 gualitative character
and do not permit to make conclusions about validity of the
theory. The numerical experiment (particle simulation) gives
a possibility to have some progress since it is equivalent to
the complete solution of the kinetic equation. Such mmerical
experiment describes a plasma model whose region of validity
is broader than that of mathematical models involving a small
parameter, or using the hydrodynamic description (e.g., the
models based on Zakharov equations /1/). Performing numerical
experiments in a wide range of parameters, it is possible +to
find the limits of validity for theoretical models and to clear
up what type of phenomena is essential in either range of para-
meters.,

Numerical experiments /2-8/ devoted to a study of the

damping and inetability of Langmuir waves were performed in

¢ the range of initial parameters:gm L T Wl 102’
Vbﬁﬂ?'v 2.54160,in a one-dimensional system with periodic
T
v boundary conditions. At the initial moment the Maxwellian ve-

locity distribution was given for the ions and electromns. The
ions were uniformly distributed over the length of the system.
The Langmuir wave was glven by the density and velocity per-

turbation of the electrons, which corresponds to a linear wave.

The development of the wave was studied without extermal pump-




ing. Relisbility of the method and program was checked by com=-
parison of the numerical experiment with the theory conaistent
with the laboratory experiment (damping of small but finite
amplitude waves, interaction of the low denaity electron beam
with plasma). The limits of validity of the numerical experi-
ment are determined by noises and cut off of the distribution
Punction due to the limited number of particles (in the numeric-
al experiment under consideration, as a rule, N:i=Mw= 11]4,3:1-:1

the distribution function is cut off at V ~2Vy).

Demping of Langmuir waves.
"Boundary of electron nonlinearity" /4,7,8/

The regilon of small but finite amplitudes of the -DLangmuir
waves has been studied thoroughly. For this region the ;heorz,r
was constructed /9/ under the condition W/~ >> (VP%D , that

€ VT

is equivalent to the cn}ditions __'ﬁ &< (1{/11)2 3 %«UTIWL:

E2 << 1 re wr, = is the trapped particle
and Eog o << F (K Fd) Wy klﬂ%‘ |
oscillation frequency). The theory takes into account the mo-
tion of resonant electroms which are trapped at the initial
time moment., The nonresonant part of the d;atribution' func-
tion is assumed to be unperturbed. According to the theory /975
at the initisl ﬂtage,{-d% ,_f;w_-..z;u; the;ave ie dam-pfad 1.4.-11 \
the landau damping rate Y, . At {> Ta tne wave' ampllfu B
oscillates with the perlod ~ Tp;. (Fig.1). Theoretical results

are in a good agreement with the results of the laboratory /10/
: ) : e oz ev,

and pumerical 711/ experiments performed in the region (.?_.4:-: 1,

V%“"' 2< Vr ) somewhat brosder than the regiom of validity

of the theory /9/.

Our numerical experiment /4,8/ wae performed in a wider
range of initiel wave parameters including the region from
2
f_r_‘f: <<1 uptof¥orti el o 301074 4 103 Vb o 2.5 4

dxhT Ve
2 3 =4 e -2
20; (Kold) ™~ 23077432107 ; V/PE, ~ 0.2420; @ . 4.1072 ,
fﬂﬂf T ~

T

4'102; ‘@’/‘féd 0.1 + 0.8. The ions were taken immobile, % =
. 101"'}, to exclude the wave instability (decay, modulatiomal
instability and sc onr).

In the region of low amplitude waves, where the perturbed
velocity is less than the thermal one, -ﬁfﬁ < V., and E_sz- w4
(in this region the range f“'fl”'I*/VT*'\"' 2.5¢4.2 was only stiudied),
the numerical experiment resulits agree with theoretical results

/9/, end the damping ie described by the Landau dsmping rate
(Fig.1) /4,8/. When the perturbed velocity becomes higher than

é
‘a thermal one: VFFQE“?W and ~—$ﬁ 7 1 , the demping rate be=

comes highgr cmpare& taH;,.The retio !‘&L increases exponential-
ly with increassing the initisl empliiude and phase velocity of
the wave, sc¢ that the damping rate can exceed HL by many or-
ders of magnitude (Fig.2). In this region the damping rate de-
pends précticallr linearly on the number nfqelectmns trapped
by the wave. This number alsc increases exponentially with an
increase of the amplitude and phase velocity of the Iwave. The
mechanism of the phenomenon resulting in the increase of the
damping rate is the trﬁpping and scceleration of the electrons
from the main, nonresonant part of the velocity distribution
fanction {within the studied renge of parameters these are
elactrons with unperturbed velocities V< 2V:) due te  ite
strong perturbation by the wave field /8/.
In construction of theoretical models it is usually as-

sumed that the demping of Langmuir waves is described by the




Landau damping rate, so that in the region VF""/W 574, Kold <<
the damping is assumed to be negligibly small. The results of
our mmerical experiment show that the Langmuir wave damping
can be described by the Landau damping rate only in the re-
gion ﬂﬁ/‘rﬁf y S 5-%“‘”7_5 %(h h”l. In the region

e c;“’./?,. g Eg‘a/g{nT}%{g,rdJEthe'deing rate can essen-

- 2
tially exceed JI- « Hote, that the condition ﬂ/ég#T?%ffnwz

coincides with the condition for exciting the supersonic mo-
dulational instability.

In Pigs.3 and 4 are shown the curves of constant damping
rate which correspond to the initial parameters of the waves
damping with the same damping rate. In the region % T<1
they are vertical 1111325 H = a’l.. : in the region VFJ";‘UT =10 -
the straight lines z%ﬁ' I 3.8107242.3-1071),
or V3& A, ~J”% _
stant damping rate may be used to characterize the validity

("~ 0.54-0.82). The curves of con-

limits of theoretical models which do not take into account
the damping.

The region of validity of theoretical models is often
determined by the condition that the effects due to electiron
nonlinearity are négligihly sna_nll. The numerical experiment
allows the formulation of these conditions, The numerical ex-
periment dealing with the study of electron nonlinearity /4,

7/ was carried out in the range of initial wave parameters:

£S L 10784103 ‘%i'- ~ 2.5¢160; (Ko¥d)*~ 40107943.1071,
e In a mnnﬂchromalic wave the electron nonlinearity occurs
when the perturbed electrom velaci‘tyl becomes close to the

phase velocity. In this case, the electron is in the acceler-

ating field phase for a longer time, so it gains a higher ve-

ek

locity in comparison with the linear case, This leads to an
increase of the energy of oscillations of the electrons as com-
pared to the field energy ﬁw%{/*_?iand also to an increase of
electron denaity in the accelerating field phases EVE ;‘f.‘f, 80
that the density perturbation is sharpened, while the ;;va
tield £ (X) is steepened. This is equivalent to the appearance
of higher modes of the electric field and electron density
with the same phase v:alucitj' as the basic ones. The case of
strong electron nonlinearity is the trapping of electrons by
the wave. In this case, the trapped electrons are accelerated
up to V ~Vph +2@ . Just this effect determines the high
damping rate considered above.

The "boundary of electron nonlinearity” - the initial pa-
rameters of the waves at which electron nonlinearity becomes
essential - was determined basing on the difference of the ra-
tios ‘”’"‘/wg and ‘:‘:*/;}:_ from unity (the difference of about
5-10% was assumed to be essential) /4,7/., The curve found is
chown in Figs.3 and 4. In the region of high phase velocities
UF"/VT?? {0 it is a straight line ﬁ%nﬁ""” {0.2' af"n’J? or
%. ~ 0,2 VF""/V-,- . The "boundary of electron trapping"
with unperturbed velocities ~ ' 2V; was determined basing on
a form of the phase plane. It appears to be close to the line
of constant damping rate with %fﬂﬁ- 3;1{}'2. In the region of
high UP"‘/V—,- it is a straight line Eol/ﬁ-k?- ~ 6102 . OF

I‘Exard}z
]/E.%ﬂ/v-,-“ 0.6 E{;/E__ .

Instability of travelling Langmmir iavea -
initial stage /6,7/

r

The instabilities of a one-dimensional Langmuir wave
were intensively studied in the theory. It was found that




the Langmuir wave is unstable, and the type of instability de-
pends on the initisl paremeters of the wave. Most detailed
theoretical analysis of the instabilities of a Langmuir wave,
the review and analysis of the results available are given in
Ref./12/. The scheme showing the regions of the instabilities
of different types from Ref./12/ with some additions (A.M.HRu-

benchik, private communication) is presented in Fig.4.

T. Modulational (static) instability: <ZK,, A, 7)o, X, A, -

the wave vector and wavelength of a mode with maximum growth

rate, Ko, Ao - the same for a given wave.

II. Presonic modulational instability: Efl‘**"(o, A < Ao,

I, Supersonic (hydrodynamic) modulational instability: x 2K,
ghqd )\c .

IV. Modified decay instability: 2@~2K, , }x,h'* % ’

V. Decay instability: & ~2K. , Mn, n-.}f :

In Fig.4 are also shown the "boundary of electron non-
linearity" and the lines of constant damping rate. The "boun-
dary of nonlinearity" shows the limit of validity of the li-
near theory. Note, that the boundaries of instability regioms
depend on the ratio % , whereas the "boundary of nonlineari-
ty" and the lines of constant demping rate are independent of
if, g0 the region of validity of the linear theory is varied
with M . In Pig.4 the regioms of instability for hydrogen
ions, T\ = 1836, are shown,

The numerical experiment on studying the initial astage of
| instability /6,7/ was performed in the range of initial wave
parameters: EdfahT . 3410784102, Vb (, ~ 34160,{@*“1}'1 4.1077«

2.10°1, M 3

y = 102, in some cases ,:?1"1- = 100, 80 that all of

the instability regions are included. The region of instabili-

2 g E‘nﬂ 2
ties I-III from 35:1‘ << (Kord) < % t0 TrnT >7 % > (Keld )
-8 .2

(variation in the amplitude 5}1{”'?_“'10 +10 at_

VF;’/V'T = 16,( Kord )2 = 3-9'10-‘3} is analysed in a consider-
able detail.

In the range of sll parameters lying below the "boundary
of trapping” and including the region of validity of the li-
near theory, and also a.ll of the reglons I-V, the instability
of one type is observed. This instability is due to the perturb-
ation of ion velocities and ion demsity by the electric field
of the Langmuir wave, that stimiilates the nonresonant decay
lke=Cor~ Sewith 2 ~2K, and Am~ A%y . The instability
ehows itself in the formation of the density cavity with A=)e
and in the modulation of the wave with An, < Ao (in spectral
description - in the growth of ion mode with K =Ko and the
Langmuir mode with K= 2Kc), This instability may be called
the "stimulated decay®". It differs from all of the insetabili-
ties fﬁu.nd in the;'thenrr. This difference is especially clear
in the region of modulational ﬂ.nntahilitilan I-I1I where the
wavelength of the mode with maximem growth rate (modulation
1angtl_1). act;'.ordling to the theory, must depend on the v&ve.an-
pl.ituda and must decra_aaa with its increase, Note, that in the
region I Ap. >As, in the regions II amd III -Am <o, The mo-
duiatiun length observed in the mumerical experiment does not .
depend on the wave amplitude and is always less than the initi-
8l wavelength. The reason of thies Jdifference from the theory
coneisis, apparently, in fthat the theory dces not take inte
account the ion perturbation by the imitial wave field hcnma
gf the averaging over time intervals ~ %Jp e 1 B0 the solu~-
tion equivalent to the "stimulated decay® is lost. Of course,




there is a question about the problem formulation. In the nu-
merical experiment, at the initiel moment the uniform distribu-
tion of the ions #7.(X) =‘fonst and the electron density and ve-
locity perturbations to set a Langmuir wave are given. Such a
formulation of the problem seems reasonable because it corres-
ponde to a real case when the Langmuir wave is excited during
a short time in the homogeneous plasma in some way (e.g., by

an electron beam).

Ingtability of travelling Langmuir waves =
nonlinear stage /2,3,4,6,8/

The difference of the instability observed in the numer-
ical experiment from the theoretical one should show itself
at the nonlinear stage of instability. Especially significant
this difference can be in the region I E’Zyﬁr < (Kot )?
where theoretical instability must result in the wave modula-
tion with Am > Ae and at the nonlinear stage - in formation
of an envelope soliton with AX > Ao /12/, whereas "stimulated
decay” leads to the modulation with A,, <J,. In the numerical
experiment, in this region the nonlinear stgge of instability
was not studied because of high ievel of noises.

The ﬂifference can prove to be not so significant in the
regions II and III, E‘ZHHT }(x'ﬂ rd}z , Where theoretical in-
stability must lead to the wave modulation with Am <o , and
the ponderomotive force must play a main role. According to
the theory, the development of instabiiity in this region must
result in formation of a quasi-stationary Langmuir soliton with
parameters depending on the initiﬁl wave energy and AX < A,

10

" initial Ia"re parameters: 3——? - 4'10"2 102

/12/. Pollowing to /13,14/, the soliton field in the case when

~ the group velocity is equal to zero is described by the formula

Elxt) = fmx 4ih (Kx-wt)

[ -]
where t.rh.., is the maximum electric field. The soliton width at
the level ,’:@ Em 18

\ %
( 2 r x - .-g--
& /SHH.T ° T AX
The maximum density perturbatien is
i) _ 1 En
el I £k

The numerical experiment on studying the nonlinegtr stage

of instability /2-4,6/ was earriad out within the range of the

2 . e,

fk'afd) = 3.9°1077, and also in the range Vpﬁ/v ~3-r16ﬂ.
(Ko¥d)~3.9.107941.7+10"1 at §_r_:!._ «1.6; M = 10°, and

—

7
was studied, : 3'1'!'?7'

At the initial stage oi" instability the "stimulated decay"™

v M nn
in some cases — i_103. Thus, the region £ 2 > Mm ?(kol"a'_]‘

leads to the formation of a density cavity and wave modulation
with ) m -i}.ﬁ. In the following ﬁevelupuent of Mtahilit'y,. the
Miller force (ponderomotive force) plays a main rols, what re-
sults in carrying away .thu rlasma from the region of maximum
electric field lntensity, in deepening the demsity cavity,and
in further increasing the electric field intensity (FPige.5 and
6) /2,3,6/. So, at the nonlinear stage the development of in-
stability is the seme as that of modulational mfabilit;r found
theoretically (region III).

11




If the wave amplitude is low enough (caee 6 /6,8/ -
= & .
Ep/gﬁhT = 4+10 2; VP"/VT 16; ‘E‘;/Ré;kr = 0,5 Kotd ),
the development of instability leads to the formation of a

quasi-stationary soliton with .quilibrium parameters (Fig.6,
curve 6). This agrees with the theoretical result and confirms
that, despite the &ifferﬁnce at the initial stage, a% the non-

linear atage the instability is a modulational instability.
e
dnnT
= 1.6 Kol'd ), the development of

In the case of a higher amplitude (case 7 /6,8/: -
2

- 1077, Veh 46, E,
V1 BanT .
instability also leads to the formation of a soliton with equi-

librium parameters (Fig.5; Fig.6. curve T). But the soliton is
not quasi-stationary in this case and is damped due to the trap-
ping and acceleration of the electrons from the tail of the dis-
tribution function by short Wavelength modes. Thus, this case
shows the limit of wvalidity of the nonlinear theory not taking
account of damping,

In the case of a further increase of the amplitude (case
8 /2,3,6,8(: Eshat | 3¢1077; R Eo’ = 4,8Kold},

ST e i ‘LT
the equilibrium soliton is not formed but a fast growth of field

intensity and a decresse of the field localization region are
observed. The non-equilibrium soliton is here formed whose field
Efx;+) varies 1like a soliton field but the width AX is more,
and the depth of the density cavity is less than the equilib-
rium ones for the soliton with the same energy density. The non-

equilibrium soliton continues to be compressed and begins to

" demp before it achieves the equlibrium soliton parameters.

2
inh

Therefore, in the range of parameters >1.6 Ko Fd the

collapse is observed.

If the initisl parameters of the wave are higher than the

12

"boundary of electron nonlinearity™, Z%T - 1(}_%&,?3)1 -
n
the development of modulational instsbility is limited by the

damping (Fig.7, curves 9-11), and the collapse has no time to
develop /4/.

If the initial parameters are in the region of strong
damping, Egﬁéﬁﬂr > 4»10_%;&.!“5{}2, {K/ME}1D'2), the wave ie
strongly damped from the very beginning, and the modulational
instability does not develop (Pig.7, curves 12 and 13) /4/.

Thus, the numerical experiment shows that the nonlinear
theory of modulational instability of a one-dimenaional Lang-
muir wave, which results in the conclusion on soliton formation
ia valid only for a limiied range of initial parameters of the

gf;_f_ & 16Nl
To find the region of wvalidity of the nonlinear theory is

wave :

also poseible with the help of eimple argumente and the scheme
from Pig.8 /8/. In this scheme in the caordinatesi—r%:; — (krd,)a
the following curves are plotted: the curves of conetant damp-
ing rate forJ/%e.}10“2; the curve of equilibrium soliton pa-
rameters: Ef%m?, = 4.86 (K Fd }2, K= 3‘}1 : and the cuwga of
constant total wave energy: fﬁ%_f = @ (Ko Loy) (from %}ﬁ.dp =
= const ); the latter corresponds to different combinations
of initial parameters EQ5V@L at which the total energy of the
waves 1ls the same. On the other hand, at given initial parame-
ters, such a curve roughly characterizes the variation in the
paerameters of the nqn-equilihrium gcliton during its compression
as practically the full wave energy is localized in this soli-
ton, Intersection of the constant energy curve with the equi-

librivm soliton curve corresponds to scliton formation for the

waves with any initisl parameters but the same total energy.

13




If the constant energy curve intersects first the line of con-
stant damping rate with fairly high r}/ , then for all the
parameters with the same total energy, the collapse will be

observed. In Pig.8 it is seen that the boundary curve is a line

E . ir
BBt o ©

numerical experiment. Thus, the theory predicting the formation

, that is consistent with the results of tihe

of a quasi-stationary soliton is only valid in the region of
initial parameters of the wave G;ffz_:_- < Ko Fd , and the
xnown condition for its walidity E%ﬁfHﬁT << 1 is insufficient

The numerical experiment allows to analyse in detail the
development of instability of a Langmuir wave and to investigat
the phenomena playing a main role. de have already discussed
the initial stage of instability - "stimulated decsy" and the
following stage = modulational instability - related to ihe ac-
tion of the ponderomotive force.

In the development of instability an essential role also
plays the process of wave conversion on the density perturba-
tions. This process occurs when the density pertﬂfbations be-
come large enough (in our range of parametfers: f%?h.EL 1G_E}.
The conversion ‘rocess fﬁn + 5. > gﬁ‘,iﬁr;' B o= 12300,
leads to the excitation of the backward waves and wave ﬁudes
with shorter wavelengths, i.e. to the trapping of eleciric
field in the density cavity and the formation of sianding wavet
/2-4/.

The development of modulational instability leads to Lhe
formation of a non-equilibrium soliton which continues to be
compressed. This soliton can be a Langmuir soliton (a bunch of
travelling wave modes with definite relative phases), or a

standing soliton (a bunch of standing wave modes) if the con-

14
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version becomes significant. The non-equilibrium soliton com-
pregsion leads to the formation of a quasi-stationary soliton
(Langmuir, or standing one), or to the damping /6/.

The damping results from the trapping of electrons by
gshori wavelength modes execited during compression of the non-
equilibrium scliton and the conversion. Due to intersection of
the " rapping regions of the modes, the trapped electrons are
accelerated to high velocities, up to \f“‘h@h +}ﬂ§gT of the
initial wave, If the initial wave parameters are far from the
"boundary of trapping”, the main part of the distribution func-
tion is perturbed slightly, so that the tail of accelerated
electrons is only formed. The joint action of the conversion
and trepping leads to a practically full absorption of field
energy by plasma electrons /2-4/.

After damping of the electric field, the density cavities
are Tfilled with plasma, as a result of shock waves formation on
the edgea of the cavities. Their interaction lsads to the deve-
lopment of ion turbulence and also to the appearance of accel-
erated ions /3/.

Thua, one can list the main processes playing 2 role in
development of the instability and damping of a Langmuir wave
in a one-dimensional system:

"Stimulated decay™: fg’a‘r éﬁg‘ S_.-‘;related to the perturba-
tion of ions by the initial field of a Langmuir wave:

Modulational instability associated with the carrying away
of a plasma from the density cavity under the action of pondero-
motive force:

Conversion of Langmuir waves on the density inhomogeneities:

b 18 = 'y i i i i
ﬁip i S'*,E - érﬁ.f*}ﬂfg’ ﬁ 1:2,3, resulting in excitation




of baclkward waves and short wavelength modes;
‘Quasi-stationary soliton formation related to the equali-
ty of the pendercmotive force to plasma pressure; '
Landeu damping playing & role in the region f__r"'f_. < 1, or
_éif. < :%~f#:rﬁ)
Ih-rl-lampj.ng related te the trapping of nonresonsnt electrons
by the wave due to & strong perturbation of the diatr:.buticn

Punction snd playing & role in the region .l{-?j,nr 7%(-‘”&]

We have used the term "collapse" for the case when the in-
stabllity ﬁﬁe to the setion of pondercmotive force leads to the
damping of the field as, according to physical sense, this is
just the same process which was found theoretically in the two-
dimenaional case /1/. However, if the term "modulational insta-
bility" is used not for a concrete insgtability acting within
the faginna I-TIT but in 2 broader sense, for any instability
connected to the action of ponderomotive force (what is often
dcné; the moduletional instability seems to be the same physic-
al process. Though, even in this case, it is reasonable to use

the term "collapse" to denote the summary Process = instability

and damping.
Instability of standing Langmuir waves /3,5,6/

The n'lmefic:al aiperimént on studying the instability of
standing Lengmuir waves /5,6/ was carried out in the range of

?+1GE at

the following wave par&metarn E"/é’fn”l‘ ~ 4«10
VF"‘/V = +16, {Ko l“d) = 3.9410"> and in the range: VPﬂ/’Vf =

2 2
£(16-48), (Ko F4}3.9°10 4441074 at Eo_ = 1,65 e 102,

SAnT _ -
Thus, the region Eo iy M s (k. F‘J)i was gtudied.
Lwhl M
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In the case of a standing wave, the electric field energy
density is inhomogenecus from the very beginning, so that ti:}.e
position of density cavities is determined by the regions whera
the electric field is maximum. ‘i‘h.i.a is the main difference
from the case of a traveliing wave. In this case, the develop-
ment of instability élways leads to the formation of ai:anding,
equilibrium or non-equilibrium solitons. In other features, the

development of standing wave instability doces not gqualitatively

L4 differ from the case of a travelling wave: in both casesz, in
the regions of the same parameters the same processes play a
role. So, in the region -%—;_ < Kekd the gquasi-atation-
ary standing scliton is formed /6/, in the region !E" = & 2o Vet ~

the Equilihrium but damping standing soliton, in the region
E/fffh‘r > Kold = ine collapse occurs /6/, in the regionm

E‘/g ThT > 4_fa'%x, rdr)‘ the wave damps from the very beginning /5/.




3.

5e

References

V.E.Zakbharov, Sov.FPhys.JETP 35, 908, 1972.

N.S.Buchelnikova, E.P.Matochkin "The instability of the

high amplitude Langmuir wave",., Preprint INP 77-15, Novosi-
birsk, 1977.

Proc., XIII Int.Conf. on Phenomena in Ionized Gases, v.II,
p.831, 1977, Berlin.

N.S.Buchelnikova, E.P.Matochkin "The instability of non-
linear Langmuir wave", Preprint INP 77-39, Novosibirsk,1977.
Proc. III Int. Congress on Waves and Instabilities in
Plasmas, p.T71, 1977, Palaseau.

N.S.Buchelnikova, E.P.Matochkin "The instability and damp-
ing of Langmuir waves with different amplitudes and phase
velocities". Preprinf INP 78-17, Novosibirsk, 1978,

Proc, XIV Int. Conf. on Phenomena in Ionized Gases, Grenoble,
J.Phys. 40 supplement au N°7, C7-633, 1979.
N.S.Buchelnikova, E.P.Matochkin "The instability and damping
of standing Langmuir waves with different amplitudes”.
Preprint INP 78-19, Novoeibirsk, 1978.

N.S.Buchelnikova, E.P.Matochkin "The instability of one-
dimensional Langmuir wave. Solitons and collapse". Preprint
INP 78-T6. Hovosibirek, 1978.

Proc. XIV Int. Conf. on Phenomena in Ionized Gasees, Grenoble,
J.Phys. 40 supplement au N°T, CT-631, 1979.

"Tnteraction of electromagnetic waves with plasma". Theses

of the reports, p.84, Dushanbe, 1979,

18

7. N.S.Buchelnikova, E.P.Matochkin "The instability of one-
dimensional Langmuir wave", Preprint INP 79-21, Novosi-
birsk, 1979.

8. N.3.Buchelnikova, E.P.Matochkin "The damping of one-dimen-
gional Langmuir wave". Preprint INP 79-112, Novosibirsk,
1979.

9. R.Sugihara, T.Kamimura J.Phys.Soc.Japan 33, 206, 1972.

10. R.PFranklin, S.Hamberger, G.Smith Phys.Rev.Lett. 29, 914,

1972.

11, J.Matsuda, F.W.Crowford Phys.Fl. 18, 1336, 1346, 1975.
12. S.G.Thornhill, D. ter Haar "Langmuir turbulence and

modulational instability", Oxford, 1977;
Phys.Rpte 43, W°2, 45, 1978,

13. L.I.Rudakov Sov.Phys.Doklady 207, 821, 1972.

"Langmuir solitons". Preprint IAE - 2907, Moscow, 1977.




PIGURE CAPTIONS

Fig.1 The dependence of wave amplitude on time g**" 7{(!’-{')

/4/. Solid curves - the theory /9/; a point - the numer-

ical experiment /4/; ¥ ""Jz/% S Wy =Koy :E?
Vik/ie Eo T q 7;%54;

* 2,46 3.1074; 2.6 0.2
X 2.95; 4.1072; 0.5 0.8
9% s 1.6 0.2 g.%

Fig.2a The dependence of damping rate on amplitude:

H/!L e Jc(‘/%?}:/{/r) at U'PL =tonst sa/:

x ] o

Vokfy, 2.46 2.95 4.2 6.9

Fig,2b The dependence of damping rate on phase velocity:
¥ = $(Vohia) at T2t = Const ygy,

- . o + ¢

b
;/Ezc
rn/i/, I 1.6 z._a 4.2 5o d 6.3

Pig,3 The lines of constant damping rate (f/w.f tonst  gna
the “hmdnry of nonlinearity® in the coordinates
,/‘r;{, vr /8/. The line }/;r@?s Vi VT
the boundary of validity of the theory /9/.

Fig.,4 A scheme: ths regioms of instability of a Qna-dinunsinnal
Lengmuir wave according te the theory /12/, the lines :
of constant damping rate, rﬁJf = tonit, and the "bounda-
ry of nonlinearity” im the cooar dinates ‘E. . l"d)

for % - 1836. (M

20

Fig.5 The distribution of field £(x) and density perturb-
ation ,h"_ [ x) at different time moments /6/. :

Tor = Q;r/“rﬂe is the period of plasma oscilla-

tions. Case T: fL = 10_1; E&h.v = 16.
=

Fig.6 The time dependence of maximum energy density WM/W, H')
at different amplitudes and VL:Mhif /67,
Wi, = ma%ﬂﬂmur ; We = Eﬂ//«:!'ﬁ"ﬂ-
£ nax -1 the field amplitude in the density cavity;
T ig the maximum density in the cavity.

Py

Numeration according to /7/. VP‘/VT = 1b.

Cage 6 T a8

2
e e 4.107% 1071 3,107
S8inT !

Fig,7 The time dependence of maximum energy density
mefwa HZ) at different amplitudes and\a‘i'.i.-dofhif”;_
Numeration according to /T/. fofjfvf = 16

Case 8 9 10 11 12 13
El

?»ﬂ:T 3410”7 1.6 11 18 36 115
[}

Fig.8 The lines of constant damping rate a’/wﬂﬂtﬂm; the
linee of constant wave energy -Fﬁfr-‘—‘akl"d ; the line
of equilibrium soliton parameiers and the initial wave
parameters from /6/ in the coordinates EAEEF —(Krd )1

Numeration according to /7/.
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