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CTO.fflllIB JIEHI'MI()POBCKl.fE BOJilfil IDJThlllOll AMIWITYJm. 
HAI'PEB 3JIEKTPOHOB. I. 

H. c. Byl!eJIDHHKOBa, E. II.MaTO"ll<IDI 

A H H 0 T A U M .H 

IlpoBe,lleim qHcJieHHl:le aKCnepHMeHTH (MeTO.ll qacT~ B R'l:eihtax), 

npo,llOJDKa.KlllHe pa60TY /I,2/ no HCCJI6,llOBaHHD CTOJ!'IHX JI6HI'M!OpOBCKIDC 

BOJIH 6o.7II>llloit aMIIJmTY~ c napaMeTpaMH Eo
2
/81TnT- I-I02 ; 11.;v. = I6; 

E 0 
2
/ 8ril"IT? ~ ::> ( ko r a) .t ; £;, 2

/Un7 ;:r 4.I0-3 /( k 0~J. / . 
IlOKa3aHO, qTo pa3BHTHe HeYCTOittm:BOCTH CTOR'l:ei1 JieHI'M!OpOB­

CKOit BOJIHH npHBO~T K norJI01116HRD 3HeprHH 130JIHH 3JI6KTpoHaMH IIJia3-

MH. OcHOBHaJI ,llOJIJI 3HeprHH norJIOil{aeTCJI XBOCTOM YCKOpemmx 3.l[elt­
TPOHOB 6JlarO,llapJI 3ax.Ba'l'Y 3JieKTpoHOB JieHI'MIOpoBCKOit BOJIHOit. lfa.CT:& 
3Heprm1 ( "' I5-30%) norJIOil{aeTCJI OCHOBHOit MaCCOi1 3JieKTpoHOB, qTQ 

npHBO,llHT K IDC HarpeBy. 3@JeKTHBHaJI TeMnepazypa 3JieKTpoHOB B03-
pacTaeT c pOCTOM SHeprHH BOJIHH. IlO.KasaHO, i:rro HarpeB 3JI6KTpoHOB 
o6ycJIOBJieH aaxBaTOM 3JI6K'l'p0HOB KOPOTKOBOJIHOBNMH rapMOHHKaMH, KO­
TOpHe B036YJK,r(aB)TCJI npH KOHBepcHH JI6HI'M!OpOBCKOi1 BOJIHH Ha B03MYil{e-

HHHX IlJIOTHOCTH (npon;ecc ti< -t- s* .- ~ + le . • f = I. 2, 3 ••• ) • 
'° .. <e - J ' 
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HIGH AMPLITUDE STANDING LANGMUIR WAVES. 
THE HEATING OP PLASMA ELECTRONS I. 

N.S.Buchelnikova, E.P.Matochkin 

Institute of Nuclear Physics 
b30090, Novosibirsk 90, USSR 

Abstract 

The numerical experiments (PIC method), which continue the 
work /1,2/ were made to investigate the development of high­
-amplitude standing Langmuir waves with initial parameters . 
E// 87fnT ~ 1-102; Vp1o/vT = 16; Eo

2/SmT '? 1';? { kord/; 
£;,2/81inT > 4•10-3/(kord)2. 

It is shown that the development of standing Langmuir 
wave leads to the absorption of the wave energy by the plasma 
electrons. The main part of the energy is absorbed by the tail 
of accelerated electrons, due to the trapping of electrons by 
Langmuir Wave. A part ( ,.,, 15-30%) of the energy is absorbed by 
the main body of electrons which leads to the electron heating. 
The effective temperature of electrons increases with increa­
sing the wave energy. It is shown that electron heating is due 
to the trapping of plasma electrons by shortwavelength modes. 
These modes are excited due to the conversion of Langmuir wave 

on the density perturbation (the process tk. -t- f. k- - t'k ± &k. • 
& ) ~ ' er• [ = 1,2,3 •••• 

PaHee HaMI! 6wm: npoBe.n;eHH 'IHCJiemwe 3KCnepHMeHTH no HCCJie­
,ItOBalml) HSYCTOR'IHBOCTH H 3aTYXBHHH O,ItHOMepma: CTOH'D!X /I,2/ H 
6eryDtHX /3,4/ JI8Hl'MJ)pe>BCKHX BOJIH. Bvro IIORa3aHO, 'ITO OCHOBHHMll 
nponeccaMlll'. .llB1UlJJTCH MO.JtVJIJJI4l!OHBaH aeycroit<uraocTJ> t KOHBepCHH 
JieHrMKlpoBcKOA BOJIHH H ee rapMOHHR Ha B03MYl118HHstX'. IIJIOTHOCTH (np<>­
necc C: ... +s1<,--tkc:t.pk, • /> = I,2,3 ••• ), aaxBaT MSRTPOHOB BOJI­

Hott H ee rapMOHBKaMl!. YcROpeHHe 3aXBa'l8HHWC MSRTPOHOB npHBO~T 
K norJiootewm m.m aaeprrm &JieKTpnecxoro noJIH a ero aaTyxruum. 

HaCTOJll!M pa6oTa J:!BJIJISTCH npo,ItoJll!eHHeM pa6oTH /I,2/. Ml:l 

paCCMaTPB:BaSM :mecJ> CTOJI'me BOJIHH 6oJil>mol aMll1llITY.lUi 

£., /Sr'1T,,. :::; :;;. { koraJ;, • £,, /81/nT ?7 4·/o-3/(l<oYd,/ 

B 8THX CJIY"l8JllC npH SaTyxaHl!H IlOJIH HSROTO:pasr 'laCTl> 3HeprHH IIOr.iro­
ntaeTCH OCHOBHOI MaCCOI 3JI8KTpoHOB wrasw, 'ITO npHBO,ItHT K BX Ha­

rpeBy. Ilpe,ItMeTOM HaCTO.fllteit pa60TH H mmlreTCH HarpeB 3JI8KTpoHOB. 
06~ee OilHCaHHe pa3BHTHH HeycTofttnraocTH, KOHBepcHH H saxBaTa B 
9THX CJJY'I8JDC npHBe,n;SHO B pa6oTe /I,2/. HacTO.lillM pa60Ta npHMH­
KaeT Truate K pa60TaM /5,6/, B I<OTOPHX HCCJie.D;OBBJICH HarpeB MeK­
TPOHOB 6eJ:'YlllHMJi{ JI8HI'MDpDBCRHMI! BOJIJUIMH 60Jir.lllO! aMWIHTY~ /5/ H 
HarpeB npH HSYCTOit'IKeoCTH JieHI'Ml>poBCKWC BOJIH B Heo~opo,nHol 
wrasMe c ROpDTROBOJIHOBHMH BOsu;ytq0HHJDm IL1IOTHOCTH (HOHHO-SBYKO­
:am.m BOJIHaMJI) /6/. 

B 'IHCJiemmx aKCnepHMeHTax (MeTo.zt 'laCTHU B Jt'leitKax) paccmT­
p11Ba11'.ac1> 0,nHOMepHaH CJIICTeMa. c nepHO.ItH'10CIGIMH rpamt'IHNMH YCJIOBHJT­
MH. ~ aJieRTIJOHOB H BOHOB S~OCJ) MaKCBeJIJIOBCROe pacnpe.n;eJie­
HBe no cxopocT SN c oTHomeHBeM TeMIIepaTYP Te Ir.. =30 11 oTHomem1-
eM MaCC /11 b = ID2 • B Ha1181II>HHft MOMeBT BPeMe~ HOHH paBHOMepHO 
pacnpe.D;eJI&mtCl> no AIIBHe ClllCTeMLI. ~ 3~Jl[H CTOJt'lel BOJIHH c 
aMIIJIBTY.ItOI Eo 3a)'t8Ball0Cl> B03~eHHe WIOTHOCTJI[ B CKOpOCTeit 9JieR­
TpoHOB, COOTBeTCTBynqee .ItBYM 6e:ryllll!IM AelmmpOBCKlllM BOJIHaM (npH­
MOI JI[ o6pa'l'Hol) c aMit1D1'l'y;!WD Eo/2 B <fiasOBIOOI CROpDCTJDm 
V¢ = ± t.O;Jk

0 
• ~:m BOJIH B!il6pamt TaR, 'ITO IIOJie B Ha'laJil>HHit MO -

MeHT BpeMeHB paBHO BYJ!ll B .ItOCTHraeT MaKCJllMYM8 B i ~ ~:!... T;,~ 
( T,,e. ==- ~ - nepBO.It WiaSMe:mmx ROJie6aHHI). ,llJmHa BOJIHH sa.na-
BaJJaCI> paBH;;i ~e CBCTeMH, TaR 'ITC HOMep rapMOHBRH tV = :,( =I. 

~ 
Ha1Ul.1Il>BHe napaMeTpl:l BOJIH B paSHHX CJ!Y'mJtlC npBBe.zteHH B Ta6-

JIBU0 I (H;YM0panlll.ll CJIY'l88B Ta ae t 'ITC B pa6oTe /I/) • 
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Ta6Jllma I 

CepHJI l 2 

A•/r:.:t = 100; V:,/vr = ±16; kor.t = 6,3.I0-
2

; ( k, r.i) = 3,9.ro-3. 

CJiyqatt 1-1 1-2 1-3 1-4 

Eo 70,4 200 400 600 
Ea 2/tilfnT 1,6 12,8 51,3 II5,5 

W~,," /We
0 

1,8 14,8 58,6 131,9 

Vt/Vr ?,5 12,? I8 22 

V,r/V</' 0,5 0,8 1,1 1,4 

Tf, I Toe 4,2 ~ 2,5 1,8 1,5 
p 0,06 0,16 0,31 0,4? 

io,1 /Toe 5,9 2,2 1,0 0,6 

f mQX / Toe 25 12 5 4 

fi,.,a. /no O,? 2 5,1 6,6 

E HOrt>.n.mOBaHO Ha B"'"'"'Tn>"tT mrd . T. ~ :2Tt • (,tr, = 4:f'l1e
1
. 

r<•-r ~~......., e 7:_ 2 t Oe Wo<? I oe n-z,, I 

V)J =2 ~ io ""Eo/2 • ., - 2u oe. ,,. -k feli;. f= ek.,Eo/2 =!-~)~ 
tn • •• k. • 1s- - '""'B- .Y~• --2 / ri:i: • 

0 • ~ rn In {.tJ0 V.,, 

lot - BpeMJI, sa KOTopoe B03MYlJl6Hl!e IJJIOTHOCTH B03paCTaeT ~o 
B~'ll!HH n/11.o ·• 0,1; i:maA - MOMeHT BpeMeHH, KOr~a B03MYI116HH6 
WIOTHOC'l'H MB.KCHMaJll>HO fl ,,,, fi ma,x • 

Pasm1THe HeycTo~ocTH a cpa.mmTeJn.HaJI pOJI:b pasHHX rrponec­
coB B C.J!Y'I8JJX 1-1 - 1-4 pacc1.t0'l'pe1rn B pa6oTe /I, 2/. IloRasa.HO, 
'ITO BO BCeX CJIY'l:a.RX Ha Ha'l8Jll>HOit CTa.IUJH saMeTHYD POJIL HrpaeT MO­
.IlYJIJlUHOHHaJI HeycToil:tnmocT:&. O,JUiaxo B CJJY'l8.RX 1-2, 1-3 YJte IIPH 
He6o;n,moit aMIIJUITY,Il;e rapMOHIIK CTaHOBHTCJI B03MO!QWM 38.XBaT aJieK­
TPOHOB IIJUiSMH. Hs-sa nepece~eHHJI o6JiacTeit saxBaTa B saxBaTeY'fa­
CTByeT H OCHOBHa.H BOJIHa, TaK ~TO SJieKTpoHH ycKOp.HIOTCJI 'AO CKOpoC­
Teit v ~ v <P -t 2 ~ • B ~e 1-4 3axBa.T OCHOBHOit BOJIHOit Ha'lll-

nz.. 
HaeTC.H c CaMoro Ha~ H zrpaeT OIIP6'A6JIRI!JllYRl pOJI:b. 

Ha~aJI:&HM BOJIH.a 60JI:bmoit aMIIJIHTY.In>l CWI:&HO B03MYUta6T CKOpoc­
TH HOHOB. 3TO B03MYlJleHHe COBMeCTHO c 'A6itCTBHeM IlOH'A6POMOTOPHOit 
CHJIH npH MO.IlYJIRIUtOHHOit HeyCTOit'll!BOCTH IIPRBO,!OIT K 6HCTPOMY poCTY 
BOSMYllleHHJI nJIOTHOCTH. B pesy;n,Ta'l'e o6pasytOTcJI nmpoIGte Bna.nmm H 
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IIlfRH IIJIOTHOCTH MelK,IIY HHMH. 3a BpeMJI, CpaBHitMOe c IIJiaSMeHHHM ne­
PHO'AOM, BOSM;Ylll6HHe IlJIOTHOCTH B Ilmta.X HapacTaeT 'AO BeJm'!HHH 
IL /l'lo ~ 0. l ( Ta6JIHna l - to, I I To" ) • 3a BpeMR nopstnKa l!OliliOro 

wrasMemrnro nepHO'Aa ( To; = IO Toe ) BOSt.\Yllle!IJre IJJIOTHOCTH BO 
Bna.n;ldHe HapaCTaeT 'AO BeJI~ID!H fl In~ "' 0,5, a B mrae - 'AO Be­
Jiii"lliHH ~//k v 2-6 (c.nyqaH 1-2 - 1-4) /I/. 

POCT B03MYllleHIDi IIJIOTHOCTH IIPHBO,!OIT R ROHBepcH• OCHOBHOH 
BOJIHH H ee rapMOHHK /I ,2/. B peayJI:&TaTe reHepl!PYJlTCJI 60Jiee H 
6oJiee xopoTKOBOJIHOBHe rapMoHHKH c BOJIHOBHMI! BeRTopaMll K.-v = J<J f k, 
(HOMep rapMOHHK /(/= ~ ±/>/II, · ) • msOBHe CROpoCTH rapt.«:>mtK KOHB6P­
CHH MaJIH H C.l'lJU>HO OTJIHlWJOTCJI OT qasoBOit CKOPOCTH OCHOBHOll BOJI­
HH, Tait ~To i;nc o6JiaCTH SaxBaTa He nepeceRalO'l'CR. B pesyJI:&TaTe 
3Toro 3JieKTpOHH, 3axBa'l6HHHe rapMOHl!Ra.MH ROHBepcl!H, norJIOI1181DT 
HX 3Heprmo, HO He YCKOpillOTCR .n;o CKOpOCTett, cpaBHMMHX c ~30BOit 
CROPOCT:&~ OCHOBHOtt BOJIHH. 3TO IIPHBO'AHT R norJI0111eHHK> 3HeprKH oc­
HOBHOit MaCCOit 3JieK'l'pOHOB, T. e. K HX HarpeBy /5/. HaMeHeHHe ~-
30BHX IlJIOCKOCTeit 3JieRTpoHOB npz pa3BRTl'ra saxBaTa OCHOBHOit BOJI­
Hott H raµAOH~ KOHBepCHH IlO'APo6HO !IpOCJI6'1teHO B CJIY'{ae 6ery­
lllHX JieHI'M!OpoBC~ BOJIH 6oJI:&mott 8.Ml1JIHTY'AH /5/. PaaBHTHe 3THX npo­
~eccoa B CJJY'l8.6 CTOJI'lli'X BOJJH He OT~eTCR xa~eCTBeHHO OT c;ry­
~a.H 6erymHX BOJIH c 8.MIJJiliTY'AOit, paBHOH Ea/2. OCHOBHblM OT~HeM 
.RBJI.H:eTCR npaRTH'leCRH IlOJiliaR CHMMeTpHJI qasoBoit IlJIOCKOCTH B 06.Jiac­
TJlI v 7 0 H v' 0 B ~e CTOSl'IHX BOJIH. l103TOMY MH He 6y,ll;eM 
IIPHBO'AHT:& s.n;ec:& ITO'AP06Horo OnHCaHHJI pa3BH'l'HR 3axBaTa, CCHJia.HCb 
Ha pa60TY /I,5/. IlpHBe'AeM TOJI:&KO qasOBHe ITJIOCROCTH 3JieRTpOHOB 
)J)Ui CJJY'l8.eB 1-2 - 1-4 (Pl'Ic . la-B) H iJ?YHKizyIH pacnpe'AeJieHH& no CRO­
pocTJIM )J)Ui CJJY'l8.eB 1-1 - 1-4 (PHc.2a-B) B MOMeHT BpeMeHH 
1/roe - 30, Kor.n;a nOJie saTYXJio. IlpHBe'AeM TaKllte xapaKTepHHe qaao­

:m;:e IDIOCKOC'l'li B pa3HHe MOMeHTH BpeMeHH 'AJIJI CJJY'l8.H 1-4 (PHc.4a-.zU • 
Ilo 3T.HM qaaOBHM IlJIOCKOCTJlM MOJKHO rrpoCJie,!OITl> pa3BHTHe 3axBaTa 
-aJieK'l'pOHOB OCHOBHOit BOJIHOil (Pl'Ic.4a-B), o6paso:srume MeJIROMacmTa6-
HWC CTPYK'l'YP, CIIR3aHH'oe 6 saxaaTOM 3JieRTpoHOB KOpoTKOBOJIHOBHMH 
rapMOHmtaMH .ROHBepcHH (PHc.4r), pa3MellIHBaHHe aTHX CTpYKTYP npH 
saTy-XaHRH-I'apMOHmt KOHBepcID! H B036~eHl![H 60Jiee KOpOTKOBOJIHO­
BHX ra:i)MO!!HK''(Pl'Io.4,q) 1H, H'.B.RO!!en, IlOJIHOe pa3M6!11HBB.HHe · B o6JiaCTH 
MaJIHX 'c1topo0Te:I!: nPH frorJioli(emm SJieK'.l'p.H'~ec:itoro noJIJI (Pl'Ic. lB). 

- BPmito, · ~To 'mH'pmta o6Jia.C'l'H MaJil:lX CROpOOTeit - sHa'!HTeJI:&HO ooapacTa­
eT ITO CpaBHemno c Hatta.nl.HOA. -·Ms"1~m3~2a~ BH'AHO; 'ITO mzp.ima 3TOiii 
06Jia.CTH pacTeT npz yaeJIH~eHHH Ha~HOK a.MIIJIHTY'AH BOJIHH • 
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Ha PRc.2a-B npRBe,zteHH @'HKinm pacrrpe,neJieHRJI no CKOpOCT.RM 
B pasHwc KOO~RHaTax. KpnHe j(v) / f. (o) ( / 0 (v) - Ha.'!a..n:&HaJI 
~H pacrrpe,neJieHKH) xapaKT0PR3YlOT o6otd BH,ll; <PYHxnim pacrrpe­
,zteJieHRH. Jiorap~ecKBe Koop.nmw.TH (PKc.2a) nosBOJIJroT xopomo 
ormcaTb XBOCTH, .mmeAH!ie (PRc.26) - o6Jia.CTb MaJiliX CKOpOCTeA 
sJieKTPOHoB. KpHBHe f { v) //( o) (PKc. 2B) xapaKTepK3YJOT RSMeHe­
HHe s@leKTKBHOA TeMIIepaTYPlio 

CpamieHZe qiy'.1:1~ pi:i,crrpe,u;eJieHHH B pa3HWC CJIY'lMX (PRc . 2a) 
IIOKB.SHBa.eT, 'ITO OHR BCer~ npaKTlfC!eCKK CRMMeTPll"!lili· BR.ItHO , 'ITO 
Ma.KCl!'.MaJll>H8Jl CRX>poCTb BOSpacTaeT c pOCTOM aMIIJIHTY,Itli P.OJIHH, .no­
CTHI'M BeJilfC!.l!'.Hli V = V <; + .2 Y~ , paBHOA V "" 20-4.0 V.r B CJCY­
'18.BX I-2 - I-4 /I/. H3 PKc.26 BiUtHO, 'ITO ~RH pacrrpe,u;MeHZH 
CRJibHO MeHRBYl'CH H B o6Jia.CTH YaJIHX CKOpOCTeA, a PKc.2B IIOKaSHBa­
eT , 'ITO OHH CRJil)HO YJDHPnJ)'l'CH 110 CpaBHeHlilJl c HS.'UlJILHOA !o fv) , 
'!TO CBH,ll;eTeJII.CTBYeT 0 pocTe a@leKTHBHOA TeMIIepaTYPoa. 

Tait xe,1\8.K B pa6oTax /5,6/ 6y;tteM xapaKTepHao:ean HarpeB 
aJieKTpoHoB airnpr11ett D W;, , ROTOPYD norJioTWIR aJieKTPO~ co CRO­
pocT.RMK, JleJla.lllHMI! B HHTepBa.Jie , COOTBeTCTBYDiteM ypOBHll 

f{v)/l(o) ~ O,I. 3Heprmo, COOTBeTCTBYJlllYD /fvJ//fo) < O,l , 6y­
,neM HaSHBaTb aHepraeli XBOCTOB [ Wt • 3@)eKTl!'.BHYJ) TeimepaTYPY 
Te 6y,neM onpe,ne.1Ui'l'1> rro llIHpRHe fl v) Ha ypoBHe ff 11) / / (o) = O ,6 (RH­
TepBa.JI CKOpOCTett ;t VT) II 0,24 (RHTepBaJI ±,1,? VT). oTMeTHM, 'ITO 
Ha PRc. 2 rrpRBe,neHH <fl.YmulHI! pacrrpe~eJieHRH B i ~ 30 To~ , RX>r~a 
IIOJie 3aTYXJIO. Yllll!peHHe f {V) HS-3a OCTaTO'l'.HOI'O IIOJIH rrpaKTll'leCM 
HeCYll!eCTBeHHO. 

3BepI'RH Harpe:ea, alieprRH XBOCTOB, a Ta.Klle SBeprKH,IIOI'JIO~~H­
HB.JI ROHBMll 0 w, , B 88BHCl!'.MOCTll OT H8.'!8Jll>BOA aaepro BOJIHH w w 

IIOKa3aHH Ha PRC. 3a.-B, a@leKTKBHaH TeMIIepa'l'Y.P8 Te ( \/T) II Te {1.1 VT) 
- Ha PRc.3r. Hs PRc.3a.,r BiUtHO, 'ITO aHeprirIH HarPeBB. 11 a@leltTirIB­
HS.H TeMIIepaTypa 8J[eKTp0BOB pacTYT c pocTOM 8Heprl!'.H BOJIH!i R B 
5-20 pas rrpeBHmaJ)'l' Ha'laJibHHe BeJilfC!RHli TellJlOBOA 8Heprm1 we 0 

II 
TeMIIepaTYPH T e.

0 
aJieKTpoHOB. O~BB.KO SHeprRH XBOCTOB paCTe'l' 6HCT­

pee (PKc.36). Hs PKc.3B BiUtHO, '!TO BO BCex CJIY'!B.JIX OCHOBH.aH ~o­
JlSi aHeprmI BOJlHH norJIOlll8.0TCH XBOCTaMJ! K TOJibKO ~ 15-3J% STOA 
aHeprKK H,D;eT Ha HarPeB. Ha PKc.3B BiUtHo·, '!TO BO ooex CJIY'!8.JiX KO­
Hii norJIOllllll1l' ~IO% Ha'!8JII>BOA SHeprn BOJIH!i. 

6 

B rrpe.ztll.llYllU'fX pa6oTax /5,6/ MH rroKasami:, '!TO HarpeB sJieKT­
poHoB 6erymett JieHI'M!OpOBCKOtt BOJIHOH 60.m,mott aMIIJIHTY.IO:l R JieHI'MD­
poBCKOH BOJIHott B IJJia.3Me c KOpoTKOBOJIHOBllMH B03~eHH.RMH WIOT­
HOCTH CBR38.H c 3axBa.TOM 3JieKTPOHOB rapMOHHKaMH KOHBepcHH . Rime 
6HJio rroKasaHo, '!To 3TOT xe MeXaHR3M arpaeT poJI'& R rrpa HarpeBe 
3JieKTPOHOB CTOH'tefi BOJIHOH. 0,nHaKO CJie.DYeT paCCMOTpeTb H .Iijlyry!O 

B03MOlltHOCTb o6~JICHeHRJI HarpeBa. 

B IIOCJie,IUIHe ro~ rrpoHBJISieTCJI 10JiblIIOH RHTepec K CTOXaCTR'l'.ec­
KOH HeYCTOWIHBOCTH HeJIRHeihrax KOJie6aHRH /7,8/. CToxaCTH"IeCKaJI 
HeycTOWIHBOCTb .ItBHllteHHJI 'l'.aCTHn IIJia3Mli B IIOJie O,IUIOH HJIH ~yx 
BOJIH pacCMaTPHBa.JiaCb B pJtD:e pa6oT (cM., HarrpHMep,/9-19,21/) • .J pa-
6oTax /I?,18 / paCCMaTPHBaJ.IaCb CTOxaCTH'l'.eCKa.A: HeycTOWIHBOCTb ~H­
.litemrn 'Ia.CT~ B IIOJie CTOR'!eif JieHI'M!OpoBCKOH BOJIHH (CTOR"IaH BOJIHa 
MOlKeT paCCMa.TPRBa.TbCJI KaK .ztBe 6e!'YmHX). ABTOpli /l? ,18/ OIIRCHBa­
JOT ,ItBIDKelUfe -qacT~ B IIOJie CTOR"!eli BOJIHH ypaBHeHReM 

d. zx _ p ..._.iri.t 1¥1'nT t 1) X:k0 T ; T=w~t :p = ek0 £- . 
aT2 - tnw;, ' 

B Hanm:x o6osHa'l'.eHHroc E_ = Ea,,~ • Be.nR"IRHY f MolltHo ormcaTb 

IIO-.D;pyr'OMY: p = ( Wa )2 = { ye .p_;) 2 = V~- ) 2. 
w. \ __£!L ( 7 · ,_,_ 

o V.p ""' 
,UB.HJKeHHe tmCTHn SlllJIHeTCJI peryJUJPHHM (nepHo,nH'l'.ecrorM) rrpR 

,ItOCTaTO'l'.HO MaJIOtt a.MIIJIRTY.zte BOJIHH. IlpR YBe.JIH'IeHHH aMIIJmTY.IO:l Bli­
me HeKoTopoli KPRTH'l'.ecxoli p > P~ ~.lllKeHRe CTaHOBHTCJI cToxacTH­
-qecKHM R 'l'.aCTHIJ,a Heo6paTHMO norJiomaeT aHeprHID BOJIHH. I'paHHu,a 
CTOXaCTH'l'.eCKOH HeyCTOH'l'.HBOCTH orrpe.zteJIJieTCJI KPHTepHeM nepece-qe­
HHJI HeJIHHefurax pesoHaHCOB /7 /. B pa6oTe /I? I rrpHBO.IOoITCJI sHa'l'.e­
HHe pc. ~JI rpa.llK[(ll HeycToli'<uraOCTH B CTO.fI'IeH BOJIHe - p <.. ~ 0 '5 . 
Bpa6oTe /18/ co CCHJIKOH Ha Heony6JIHKOBa.HHHe 'l'.RCJieHHHe 3KCIIepR-
MeHTH, Y'l'.HTllBBIOmHe B3aHMHOe BJIHRHHe (OTTa.JIKRBaHHe) pe3oHaH-
COB, npHBO.IOoITCJI rpattH'!Boe 3Ha'l'.emie P.. = 0,2?. OTMeTHM, '!TO Ta­
KOe SHa'lemi:e Pc. cooTBeTCTByeT ycJIOBRK> v1 - Vq, , T. e. Ha'laJIY 
nepece'l'.eHHJI o6JiaCTeli SaxBa.Ta IIPRMOH R o6paTHOH 6e:rylllRX BOJIH. 

06paniaeT Ha Ce6JI BHHMaHRe, '!TO rp~ CTOxaCTH'l'.eCKOii He­
YCTOli'!HBOCTR Pe. = 0,2? ( ~ 0,5) cooTBeTCTBYeT OTHomeHm> 
IW-!v"' "-0.5(-0.=t). 3TO OTHOmemre 6JIRSKO K H~eHHOH HaMR pattee /20/ 
rpaH~e OnpoKH~JI 6erymett JieHI'MllpoBCROH BOJIHH r"f!!lv'P ~ o. t 
( p ~ 0,49) R rp~e sax:BaTa BOJIHOH SJieKTpoHOB c Ha'!aJII>HllMR 
CKOpOCT.RMR V- 2 llT - fW/v'I>- 0,6 ( p ~ 0,36) . 0,ItHa.KO B ypaB-
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HSIDl'l'I ,IJ;BIDKSHl'IR qacT~ (I), l'ICITOJI!>30Ba.HHOM B /I?,18/, He J"Il'ITH­

BaeTCR HeJIHHSHHOCT:O ,IJ;BKIKSH.HR qaCTl'ID;H B llOJIS BOJIHH I'! B03MOlKHOC'l'I> 

srornaTa qacTim Bo.mroti:. Ta.Kl'IM o6pasoM, aTo ypa.BHeHHe cTaHOBl'ITCR 

HSCnpaBS~HM np:e: rrpH6JllDlteH.HH p K p< • 3TO 03HaqaeT, qTo 
Haltn;eHHaR 1'!3 ypa.BHSHHR (I) rpammp. CTOxaCTH'!SCKOH HeycToil:qHBoC­

TH MOlKeT OKa3aT:OCR HeBepHott. BnpoqeM, MOlKHO Olltl'l.naT:O, qTO o6a 

RBJISHHR - sa.x:aa.T 3JISKTpoHOB 6erymett BOJIHOi!: 6onmott a.MIIJIHTY~ l'l 
CTOXaGTlf<!SCKaR HeyCTOHqJ.!BOCT:O B llOJie CTO~ett BOJIHH - ,IJ;OJil!l'.HH Ha-

6~aT:OCR npl'l v} ~ v <P • T. e. npl'I 6JIH3KHX 3HaqeHHJ:IX f . 
B pa6oTax /I? ,18/ YTBe~aeTCR, qTo CTOxaC'l'H'!SCKaR HSYCTOH­

qJ.IBQCT:O B ITOJie CTOH'ISH BOJIHH !IpHBO~T K Heo6paTHMOMY norJiomemn:J 
3Heprl'!l'I BOJIHH 9JISKTPOHaMl'I wraaMl:l l'l K HarpeBY 9JieKTpOHOB. ~ettcT­
Bl'!TeJil)HO, B ql'ICJieHHOM pacqeTe /I?/ H Jia6opaTopHblX 3KCnepl'!MeHTax 

/18/ Ha6.1no.ua.rroc:o, qTo rrpH YBeJilf<!eHHl'I p rror.rromeHHe aHeprHl'I 

3JISKTPOHaMl'I pe3KO B03pacTaJIO B 06JiaCTl'l pacqeTHott rpa~ CTO­
xaCTlf<!SCKOtt Heycrofi'qHBOCTl'I p - pc. • 0,ItHaKO aHaJIH3a, He CBRSa­
Hl:l JIH Ha6~aeMl:le a<IxIJeKTH c 3axBaTOM 3.JieKTpoHOB, He rrpOBO,IJ;WDC:&. 

B Ta6Jil'Ine I rrpHBe,IJ;eHH sHaqemrn rrapaMeTpa p )I)IR paccMoT­
pemrnx BHme CJIY'laeB cepHH I I-1 - 1-4. BH,IJ;Ho, qTo B CJIY'W.e 1-3 
P-o. ~p,CeCJW cqJ.ITaT:&, qTo Pc. ~ 0,2?), B CJIY'Iae I-4 

p - os.,. Pc.. TaKHM o6pa30M, B 9THX CJIY'laRX MOJRHO OJKH,IJ;aT:o npo.fl'.B­
JieHHR CTOxaCTHqecKOH HSYCTOH"lliBOCTH ,IJ;BIDKSHl'IR 9.JieKTpoHOD B IlOJie 
CTOH<Iett BOJIHH. JJ;ur BWICHeHHR,He .flllJU!eTCR Jil'l HarpeB B ~J:IX 
I-3, I-4 cJie,IJ;cTBHeM cToxacTH'!ecKott HeycTofi'q:a:BocTH, npoBO~Jil'IC:& 

<rnCJiemw:e aKcIIepHMeHTH cepmr 2 (Ta~ 2). B aTHX qJ.ICJieHHblX 
3KCrrepXJMeHTax rrapaMeTpH BOJIHH 6HJIH Te lite, qTo I'! B CJIY'lae I-4, 
HO HOHH sa,IJ;a.Ba.JIHC:O HerrO,IJ;Bl!lKHHMH ( ~ = IOIO) H pacCMaTPl'!BaJIOC:O 
pa3BHT.He CTomett R 6erYmeli BOJIHH B XOJIO,ItHOtt ( Te_ =- T, ~ 0) K Ten­

JIOti: ( T,, /T, ::30) IIJia3Me. 

B IIJia3Me c Heno,IJ;BroKHl:ilMl'I HOHaMH HSB03MOJKHO B03MYIIISHHe HOHOB 

no.JieM BOJIHH I'! pa3BRTHe B03MY111eli.Htt WIOTHOCTl'I. B pe3YJll>TaTe 3TOro 
MO,DYJIRizy!OHHa.R HeycTofi'q:a:BocT:& l'l KOHBepcWJ RCKJIIO'lalOTCR. B CJIJ"IaS 

6erymeli BOJIHH e,IJ;mICTBeHHHM B03MOJKHl:lM nponeccoM RB.JIRSTCR 3aXBaT 

9JieKTPOHOB BOJIHOtt, ec.JIH aMIIJmT~a BOJIHH npenHlllaeT rpaHHnY 3axBa­
Ta (9TO YCJIOBHe mmoJIHeHO .IVIR napaMeTPOB BOJIHH cepl'lH 2). B CJr.{­
qae CTOH<Ieil BOJIHH B03MOlKSH 3axBaT 3JISKTPOHOB COCTa.BJIRlOIIlHMH ee 
6erylltRMl't BOJIHaMH I'! CTOxaCTlf<!SCRB.R HeycToil;qHBOCT:O B IlOJie 9TRX 

BOJIH (B rroJie CTOH'Ieit BOJIBH) • 

8 

Ta6JIJ.Ina 2 

CepHR 2 
£. - 300· 
2 - ' ">•/ G, =IDO; V<f' /VT = 16; p =0,4?. 

CJIY'!roi 1-4 2-4 3-4 4-4 5-4 6-1 
/V/ / rr..,, ro2 roID roID roID roID roID 

T" 10 30 0 0 30 30 30 

Lf'.L //lo)o 0 0 0 0 0 6 

Tl'!Il BOJIHl:l CTOH'I. OTOH'!. 6er. OTOH'!. 6er. CTOR'r. 

.Il.J.rR HCCJie,IJ;OBaHHR CTOXaCTl'lqecKoti: HeycTOHqJ.IBOCT.H o6HqHo l'IC­
ITOJI:&3YSTCR CTpo60CKQITHqecK!irll: MSTO,IJ; aHaJil'I3B. TpaeKTOpl'Itt 'IaCTl'In 
(CM., Hanpl'!Mep, /13,14,17/). 3TOT MSTO,IJ; 3aHJIID'laeTCR B TOM, qTo 
Ha IlJIOCKOCTH j( - x HaHOCRTCR CKOpOCTl'I l'l KOOp,IJ;l'!HaTH qacT>mH B 
paaHHe MOMeHTH BpeMeHH, paSJIHqaRl!IUieCR Ra 2 Tl I lV 

0 
(rrpoeKIJ,l'II'! Ha 

ILJIOCKOCT:o x - x K.AM-TopoB /13/). B CJIJ"IaS peryJI.f!PHOro ,IJ;BH.lKeHHR 
qacTHn ToqIUI ,;: , x JIOJKaTCR Ha onpe,D;eJieHHl:le KPHBHe, sa,naBaeMl:le 
KOHCTaHTOH ,IJ;BIDKSHl'IR. B CJr.{qae CTOXaCTH'ISCKoro ,IJ;Bl'!lKeHHR, KOr,IJ;a 
KOHCTaHTH .D;BIDKSH.HR HST' TO~H x I x paa6pOCaHH no IlJIOCKOCTK 
x - J( • 

Harua nporpaMMa B HaCTORmee npeMR He nosBOJIReT npoBo~T:& 
CTpo60CKOn~eCKll'.tt aHaJIH3 I'! Ml:l 6y,IJ;eM IlOJI:&30BaT:&CR qa30BHMR nnoc­

KOCTHMl'I v - x ' xapaKTepl'!3YJl'.llll1Ml'l CKOpOCTH H KOpp.zurnaThl Bcex 
qaCTHn B ,IJ;8.!Uilltt MOMSHT npeMeHl'I. PeryJI.f!PHOe ,!J;Bl'!XSHl'!e qacT:e:n !Ipl'I 
3TOM rrpo.flllJIJieTCR B CYIIteCTBOBSH_IDI onpe,IJ;eJieHHl:lX CTPYKTYP Ha qaao­
Boil: JllIOCKOCTH, a CTOxaCTlJqSCKOe - B l'IX pa3MHTHH I'! 3ailOJIHSHl'Il'l He­
KOTOp!lX o6JiaCTett. AHaJIH3 qa30BHX IlJIOCKOCTett o6JierqaeTCR B XOJIO,IJ;­
HOil: ITJiaSMe, r.n;e BCe a.JieKTPOHH HMSJOT 0,IJ;l'!HaKOBHe HaqaJI:&Hhle CKOpoc­
Tl'l, paBHl:le HYJIIO. neil:cTBKTSJI:&HO, rrpH OTCYTCTBlra CTOxaCTlf<!SCKHX 
3qxpeKTOB KOOp~HaTli 3JieKTpoHOB .'IOlltaTCR Ha HeKOTOpHe JIKH.Hl'I. CJia-
6He CTOXaCTHqecKHe aqxpeKTH npo.RBJIJilOTCR B pa3MHTH.H 3Tl'!X JIHHIDl:, 
Cl'IJil>HHe- B aanoJIHeHn D;eJIHX o6JiacTett qnsooott IIJIOCROCTH. 

CJie,DYeT OTMSTHT:O, qTQ B ~CJieHHblX 9KCnepHMeHTax BOSMOXeH 

napa3HTmrlt a\IJPeKT. CBR3aHHlrli c 'lHCJISHHHMH omlf6RaMH I'! rrpHBO.D;JI­
mmt K CTOXaCTH3anl'IH ,IJ;B.l!IXeHl'!R I'! pa3MHTIDO Jil'Imrlt Ha flla30BOtt nnoc­
KOCTlf. 3TOT 3qxpeKT Ha6.Jil),IJ;aJICR B CJIJ"Iae 6erYmeii l'l CTO~ett BOJIHl:l 
MaJIOii aMILJIHTY~ ~/2 =I?; V-t/ vT =I6. B aTIDC CJr.{qaR'X BOJIHa JIHHeii-
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Ha, rrapaMeTpll ee JieJita.T 3HatmTeJIDHo Hmite rpamn~ saxBaTa H rpa­
ID!nll CTO.lCaCTH'<IeCKOii HeYCTO~OCTH p ~ ro-2 <<- pc. , TaK 'ITO 
STH a!f:q>eKTu HCKJIIOtlaJDTC:I. B CJzy"Iae xoJio.ztHott rtrra3M!i napaSHTHliii 

3!f:q>eKT IIpOsi:ElJI&JIC.II B Yll!Rpemnr JIHHHH Ha <Ix:tsoBott IIJIOCKOCTH. T. e. 
B rrapa3HTHOM HarpeBe 9.JieKTPOHOB. 0,WiaKO 9TOT 9®JeKT I!pO.R:BJI.R:eTC.II 
.n;oBOJIDHo rrosmro B t/Tce :::> 15-20 H Be.mr<mHa ero Ma.Jia - onpe.n;eJieH­
Ha.R: rro nmpime I < v) TeMIIepazypa He npeB1i1111aeT BeJIH<rHHH 
7; I T.:: 

0 

(VT) .. 10-
2

• XapaxTepHott <repTott 9Toro 9!fxI>eKTa .R:BJI.R:eTC.II POCT 
napa3HTHoro HarpeBa co BpeMeHeM. 3To II03BOJI.R:eT OT.D:e.JIHTL ero OT 
~3H'!eCKHX npo~eccoB, ec.JIH OHH MOryT IIpOHCXO,l\HTL ·o.mroBpeMeHHo. 
,lle:lfoTBHTe.JibHO. cpH3H'!ec:iwtt HarpeB 3aKaH'!HBaeTC.II, ROr.n:a npeitpallla­
eTC.II rrorJiomeHHe 3HeprHH IIOJLJI HJIH KOr.n:a BC.II 9HeprH.R: !IOJLJI IIOrJio­
maeTC.II 9JieRTpoHaMH, B TO BpeM.R: KaK napa3HTH!iit HarpeB npo.n;oJDKaeT­
C.R:. IlpOBepRa IIOKa3aJia, 'ITO B CJIY'lae cepHtt I H 2 rrapa3HTHI:ri!: Ha­
rpeB IIpaKTH'IeCKH He HrpaeT pOJIH. 

BepHeMC.II K Bor:rpocy 0 MexaHH3Me HarpeBa B CJIY'lae I-4 H K ce­
PHH 2 'IHCJieHHIDC 9KCrrepHMeHTOB. ~aCCMOTPHll'l CJIY'laH 2-4 H 4-4 CTO.II­
'!ett BOJIHll B XOJIO,mrott H TelIJiott IIJia3Me c HeIIO.D:BHli'.HllMH HOHaMH 

( ~ = IQIO), AliaJIH3 cixi30B!ilC IIJIOCKOCTett B pa3Hll0 MOMeHTll Bpe­
MeHH !IOKa3HBaeT, 'ITO B 3THX CJIY'la.R:X IIpaKTlJllecrui: c CaMOro Ha'IaJia 
~eT 3axBaT 9.JieKTpOHOB BOJIHott. PasBHTHe sax:BaTa .l\O i/r,,e "' 3-4 
He OTJIH'IaeTC.II OT CJiy'<Ia.R: I-4, TaK 'ITO qa30BHe IIJIOCKOCTH B CJIY'lae 
4-4 IIpaKTH'!eC.KU COBIIa,l\aIOT co CJIY'laeM I-4 (PHc. 4a-B). MaJio OTJIH­
'laJ)TCJI OT HHX H qa30BHe IJJIOCKOCTH B CJIY'lae 2-4. 0)\Ha.KO B ,l\aJID­
HelbueM IIO.IIBJIJlIOTC.II OTJlll'm.II - B CJIY'lae I-4 pa3BHBa.IOTC.II MeJIKOMacm­
Ta6HHe CTPYKTYPll (PHc.4r), KOTopux HeT B CJIY'laJ:tX 2-4 H 4-4. 
K t/ T0 "' ~ ? B CJIY'lae I-4 CTPYKTYPll pa3MiiBaJDTC.II H Ha.6JI1UtaeTC.1I 
3UMeTHlltt HarpeB 9JieK'rpOHOB (PHc.4,l\). B CJJY'I8.i!X 2-4, 4-4 TaIOKe 
llllOJIIVtneTC.II He6oJIDmoe YllKpeHHe B 06.JiaCTH MaJI!lX CROpoCTett, T.e. 
lllll'P013 OJIBKTpoHOB, HO 3Ha'<IHTeJll>HO Memme, '!eM B CJIY'lae I-4 
( I 'MO. i1Jt lrf 5a). HarpeB IIpHMepHO O.IO!H8.KOB B CJIY'!B..IIX 2-4 H 4-4. 

ll OJ!Y'UlO I-4 9HeprH.R: IIOJLJI IIOJIHOCTLJO rrorJiomaeTC.II 9.JieRTpOHa­
VOTlUllUIJ[lrfBaeTC.II CTaltl{oHapHoe pacnpe,l\eJieHHe 3.JieKTPOHOB no 

r /IM ( l'l!O • I B) • B CJIY'Ui.RX 2-4 ' 4-4 9HeprH.R: BOJIHll nor JIOll{aeT­
liH1 T J•ll (rrorJiomaeTC.II ~ 0,6 Ww0 

). 0,l\HaRD yxe B t/r;,"~ I5 
lllWIJ('l'l{\(OC.KH npe:icpamaeTC.II H YCTa.H.aBJUmaeTC.II pacnpe,l\e­

IJIOJJ !IO CKOPOCT.RM, 6JIH3KOe R CTaltl!'OHapHOP(V' (B CJIY­

po.cnpe.n;eJierut.R: npoBepeHo .l\O -i:J-Toe ~ 45). 

IO 

• 

~H pacnpe.n;eJieHH.II B CJIY'laa:ic 2-4 (XOJIO.ztHM IIJia3Ma) H 4-4 
(TeJJJia.R: IJJia.3Ma) 6JIH3KH. 3TO IIORa3HBaeT, 'ITO B HarpeB BOBJieKaKJT­
C.II Bee 9.JieKTpoHH, BKJil)'<Ia.II 9.JIBKTPOHll c Ha'<Ia.JibHHMH CI<OpoCTSOI, 
0JIH3KHMH K HYJIJO. 

CpaBHHM qa30BHe ILJIOCKOCTH B i/Toe -v 30 B CJIY'la.R:X I-4 H 
4-4 (Puc.IB,r). B o6oax CJIY'larot Ha6JIIUtaJDTC.II ycKOpeHHue npH sa­
XBaTe 9JieKTpOHll H HarpeB B 06JiaCTH MaJIHX CKOpoCTeA, O,l(HaKO B 
CJIY'l88 4-4 HarpeB 3H8.'IHTeJll>HO Mem.me. CpaBHeHHe H a.HaJil'l'3 ~K­
rzyrfi pacnpe.n:eJieHH.II (PHC. 2) IIOKB.3h1Ba0T. tJ:TO Tt!MIIepaTYPa 8.JIB.KTPO­
HOB B CJIY'<Ia.IIX I-4 H 4-4 paBHa Te/Te 0 (Vr)~ 2? H I,2, a BeJIH­
'IHHa HarpeBa J'W;. !We 0 ~ 21 H 0,5 COOTBBTCTBBHHO. TaRHM o6-
pa30M, HarpeB B CJJY'I8.6 I-4 CY!llBCTBBHHO 60.Jlbme, 'IeM B CJIY"'{a.mC 
2-4 H 4-4. 

~T HarpeBa B CJiyqaJ1X 2-4 H 4-4 YKa3HBa0T Ha B03MOlKHOCTL 
Toro, 'ITO CTO.lCaCTH'IBCKB..II HBYCTO:lt'!HBOCTL B IIOJie CTO.II'lett BOJIHll 
,l\e:l!:cTBHTeJll>HO pasBHBaBTC.II. O,wi:ai<o O.ztHOBpeMeHHo pa3BRBaeTCH H 
38.XBaT 9.JieKTpoHOB BOJIHO!. Cpa.BHJllM pa3B.HTHe 3ax:BaTa B IIJm3Me c 
HenO,ItBWl!llllMH HOHBMH B CJIY'!B.JlX 2-4 H 4-4 CTO.II'Ie:l!: BOJIH!l H B CJIY­
'IaJlX 3-4 H 5-4 6erymea BOJIHH (Ta6JIHna 2). :BmeM CpaBJUIBaTL <Ix:t-
30BYJJ IlJIOCKOCTL 6erymeii BOJIH!l c IIOJIYilJIOCKOCTLIJ v > 0 CTOHIIeH 
BOJIHH. 3TO CpaBHBHHe IIOKB.3h1Ba0T, '<ITO B O.z:tH}Ja.KOB!le MOMBHTll Bpe­
MBH.1:1 <lx:t30Blle ILJIOCKOCTH IIpaKT]ifqBCKH O,ItHHa.KOBll (PHc.5a,6). Orc!r­
.n:a CJie,l\YeT, '<ITO OCHOBHllM 9qxpe.KTOM IIpH pa3BHTID! H 6erymett H CTOO­
'<Iett BOJIHll B IJJia.3Me c HBIIO,ItBHltHHMH HOHaMH B 8THX CJIY'Ia.R:X JlBJI.IIBT­
C.II aaxBaT 9.JIBKTpOHOB BOJIHO:l!:. Ilo <fa30BHM IlJIOCKOCTRM BH,ZUIO, 'ITO 
saxBa<reHHHe 9.JieKTPOHH .ItBHlKY'l'C.II no 'rpaeKTOPHilM, 6Jil'l3KHM R cerra­
paTpHce. c TB'<IBHHBM BPBMBHH B o:icpeCTHOCTJ'!X cerrapa'rpHCll, K lCOTO­
PllM OTHOCHTC.II H o6.JiaCTL MaJillX CROpOCTeii MeK'rpOHOB, o6pasyeTC.II 
pa3MliTIDt CJiott, 'ITO YKa3HBaeT Ha CTO.lCaCTH"<IeC.Kd xapa.KTep ,ItBHllte­
IDI.II. Ka.K ITORB.3aHO B TeopeTJil'qBCKOtt pa6oTe /9/, K o6pa30BaHHID no­
.n:o6Horo "apro,!U!'IeCROro CJIO.II" B6JIH3H cenapaTpHCll I!pHBO.l\UT CTOxac­
TH'<I9CKB..II HeycTO:l!:'Ilf.BOCTL ,ItBHlltBHH.II 3axBa~eHHllX '<I8.CTHD;. 

Ha6.1IIW'lBTC.II JIH B paCCMa'l'pl!'BaeMWC CJIY'!aSDC CTO.lCaCTH'IBCKaJI He­
ycTott'<Imlocn .D:BHJltBHl!.II '!aCTHn B nOJie CTO.II'Iefl: BOJIH!l? HanoMHHM, 'ITO 
IJapaMB'l'pll BOJIHH JieJIW.T HBCROJibKO BllWB HJIH B6JIH3H l'pa.IIID.lli HeycToii­
'lHBOCTH - P :,:, Pc • Hs CpaBHBHH.II <Ix:tsoBllX IIJIOCKOCTeii CTO.II'Ieii H 
6erymett BOJIHll (PHc.-5a,6) BH,ItHO, 'ITO B CJIY'la0 CTO.II'Ieii .BOJIHH WKpH­
Ha CJIO.II B o6JiaCTH Ma1IHX CROPOCTefl: - Hal'pBB aJieitTpoHOB - Toro ~e 
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nopsmxa. Ho HeCKOJibKO 6om.me, treM B CJIY'lae 6el'Yllle:tt BOJIHH (onpe­
.ne.nemre SW i, , Te B CJJY'Ule 6el'Ylllei BOJIBH HeB03MOlltHO l'f3-3a B03-
~emrH CKOPOCTel 8JI0K'l'pOHOB OCTaTO'tJlll:IM no~eM). 8TO MOXeT CJrY­
lKIJTb YJ(a38HHeM Ha CTOxaCTIJtreCRYJJ H0YCTOiitr!JBOCTh CTOJ1'l:e:tt BOJIHH, 
HO MOllteT 6HTb CBH3aHO IJ npocTO c 3BXBaTOM 3~0KT:pOHOB JtBYMH BM­
BaMR. 

TaxRM o6pasoM, cpaBHeHHe 6el'Ylllett z cToJ1'l:ett Bo.mi noKasHBaeT, 
trTO 38.XBB.T a~eKTpoHOB BO~Oii 38.Be,I(OMO Hr'pa0T c:vniecTBeHHYJl poJID 

z. B03MOlltHO,rrpHBOltl'fT K He6~0MY HarpeBy 3~0KT:pOHOB, a CTO:xac­
THtreCKaH H0YCTOtttr!JBOCTb B no~e CTOHtrett BO~, ec.mt H npo.ABJISieT­
CR, TO He ,naeT C:yllt0CTBeHHHX HOBWC s@leKTOB. 

HarpeB B CJIY'lae I-4 c:vniecTBeHHo 60JibUle, treM HarpeB, orrpe­
.neMewrli 3BXBaTOM a~eKTpoHoB. MH npeJtIIOJiaraeM, trTo OH CBHSaH c 
KOHBepcHett ~eHI"11DpOBCKOA BOJIHH Ha B03MYIIl0HHSlX ILIIOTHOCTR H c sa­
XBa.TOM a~eKTpoHOB rapMOHHKaMIJ KOHBepcmr. ,UnJI npoBepIDI 3TOii rmIO­
T03H npoBoltl'f~CR trHc~eHHH:tt aKcrrepm.teHT 6-4. B c~e 6-4 B nna3-
Me c H01IO)tBHJltHI:D.m ROHaMH B Ha~HHl1 MOMeHT BpeMeHH sa.naBaJIOCb411 
B03!eylll0HHe ILIIOTHOCTIJ ti ( x) ' COOTBeTCTBYl'.lllee B03MY111eHmO ii rx), 
pa.3BiraamteMYCR B c~e I-4 K MOMeHTy t /To< ~ 4, KOr.ita B03MY­
lll0HHe MaKCHMaJI:DHO n /no ~- 6. B CJIY'lae 6-4 IIOMRMO 38.XBaTa R CTO­
Jl"aCTHtreCKOf:t HeycTO~HBOCTIJ CTaHOBIJTCR B03MOlltHOtt KOHBepCHR. Ec.7m 
3ruCBaT rapMOHHRaMII KOHBepc:e::e: HrpaeT orrpe.neJIRDllYI) po.m;, paSBRTIJe 
HarpeBa B CJJY'Ul.RX I-4 :e: 6-4 JtOJillCHO 6BTb IIOXODM. .UeiiCTBllTeJIDHO. 
cpaBHe:mrn qn30BHX ILIIOCKOCTett B 3TIJX CJIY'laSlX IIOKa3HBaeT, trTO OHH 
~HSIW JtPYr K ;r;pyry. B TOM H JtPYrOM CJIY'lae c HeKOTOpaM CJtBHrOM 
BO BpeMeHH (pa.Hbme B ~e 6-4) Ha6Jlll,ZT,aeTCR o6pasoBaHHe MMKO­
MaCmTa6HHX CTPYKTYP· ,lJ,a.n:ee OHH pa.sMenmBaJOTCR :e: Ha6Jlll,lT,aeTCR Ha­
rpeB a~eKTpoHOB (PHc • .u :e: 5B), BOSpaCTal>llld c TetreHHeM BpeMemr 
.no llOJIHoro rror~OllleHHR 3HeprHH !IO~ a~eKTpOHaMH. IlOCKOJib:KY CJrY­
'<.rul: 6-4 rrpoc~emt~CR Tom.KO .no -t/Toe"' I4, r.ne rrMe e111e He sa­
~o' MH OrpaHH'llIMCR CpaBHeHHeM co CJrY"qaeM I-4 qnsoBHX IJJJ:OCKOC­
Teii, HO OTMeTl!M, trTO B CJJY'Ule 6-4 YJ!t0 B i/Toe ~ I4 TeM!Iepa.iry­
pa. Te /Te 0 

( Vr) ,__ II 3HatrHTeJIDHO Bl:il!Ile, treM B c~ 6es B03MY­
lll0HHR ILIIOTHOCTH 2-4 B' 4-4 ( Te IT., 0 ~I ,2). 

~ 

TaKl'fM o6pasoM, cprumeHHe CJJY'UleB I-4 H 6-4 rromsHBaeT, 'ITO 
Hama rm:toTe3a BepHa - HarpeB a~eKTpoHoB B CJJY'Ule I-4 (a Taiate, 
otreBB;ZtHO, H B CJJY'UlRX I-2 H I-3 c Melibmel aMil1ll!TYJtOft BO~) orr­
pe,neMeTCH SaxBaTOM MeKTpOHOB rapMOHHRaMII KOHBepcim, a 3aXBaT 
3~0KT:pOHOB BMHOI H CTOxaCTK"t0CKBJl HeycTOltmBOCTb B no~e CTOR­
treii BOJIHH, eCJIH .H m'paJl'l' po.irr. B Hal'peBe, TO He3Ha'lllTeJII>HYJ). 
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Ilo,It!IHc111 x pacYHKaM 
..L 

PPJ:c.I. ~30BHe IIJIOCROCTll aJieK'l'poHoB B - IT.,., -- 30. 
PHc. a 6 B r 

CJiyqait I-2 I-3 I-4 4-4 

PHc. 2. ~~ pacrrpe.D:SJieruur aJieKTpoHoB no cKOpoCT.RM. 
CJJyqaH I-I - I-4, 4-4; i-/Toe -- 30. 
a. ifvJ/f.fo)- Jiorapz<fwNecRa.SI IURaJia. 

6. ffvJ/J.foJ - mraetmM mKaJia. 

B. /tv) /I fo) - JIKHeiiHM mKaJia. 

]JyHKTllP - Ha'lMDHM tPYll~sr pacrrpeJJ:eJiemm fo ( v) • 

PHc.3. 3aBHCHMOCTt. OT Ha'laJll>HO! 3HeprHH BOJIHll w w 
0 

aHeprHl!I 

HarpeBa b'W/w (Ww 0
) Ill TeMIIepa'l'YPH 3JieKTpoHOB Te/r.:fJVw~ 

a,6. b W/We 0 
; Ule 0 

- Ha'IaJit.Hasr aseprKsr aJXeKTpOHOB 
IIJiaSMH; S Wi. - aHepr111sr Harpeoo; f Wt - aHepr111sr 
XBOCTOB; s W.: - 3HeprHsr, norJiouteHHasr HOBaMH. 

B. SW/Ww 0 

r. Te /Te 0 
; Te 

0 

- Ha'iaJll>HM TeMIIepaTY!)a 0JieKTpoHOB 
IIJia3Mll; T;wrL Te (f.7Vr ) - TeMIIepaTY!)a, onpe­
.D:eJieHHasr B 111HTepBa.1Ie cxopocTe! ± Vr 11 ± I, 7 '4 . 

PHc.4. ~a.aoBHe IIJIOCKOCTH aJieRTpoBoB B pa3HHe MOMeHTH BpeMeHH. 
CJJy'lait I-4 • 

P111c. a 6 B r .D: 
I,O 2,2 3,0 4,5 7,0 

PHc.5. ~OBHe UIIOCKOCTlll 0JieKTpoHOB B &/Tot:~ 7. 

PHc. a 6 B 
CJJy'iBA 4-4 5-4 6-4. 
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