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0 HeflHHeAH0\1 B3BH~lO~eACTBHH penHTHB~CTCKOrc 3~eKTpOHHOrO 

nyqKa C 3l!eKTpOMarHHTHOA BOl!HOH B JH3lleKrpnqeCK0'1 

KaHane 

PewaeTCH HeJJHHeHH85! 3anaqa 0 craUHOHapHO'~ COCTOHHIHI renHTHBHCT

CKOTO 3l!eKTpOHHOTO nyqKa H 3l!eKTpOMarHHTHOA BOJIH~, B036y~nae~oA HM 

B BOl!HOBOIJe, qaCTHqHQ 3anonHeHHOM llH3l!eKTpHKO~. 

HaAneHa MBKCHMBl!bHaH aMnnHryna BOl!Hbi, KOTopaH onpenenHeTCH 3a

XBaToM 3l!8KTpOHOB nyqKa. 3ro n03BOl!Hl!O onpellel!HTb TIOTOK 3HeprHH 

3l!8KTpOM8THHTHOTO H3J!yqeHH5! H 3~¢eKTHBHOCTb npeo6pa30B8HH5! KHHeTHqe

CKOH 3HeprHH nyqKa B 3l!eKrpoMarHHTHY!O 3HeprH!O nonH. 

Pa6ora BbinonHeHa B Ornene HOBbiX MeTOD DB ycKopeHHH OVl HVl. 

llpenpBHT 061.e.llBReRHOfO BHCTBTYTA •AepRWX BCCneAOBAHBi • Jly6HA 1977 

Ivanov S.T., Makarenko G.I., 
Reshetnikova K.A. 

pg - 10447 

On Nonlinear Interaction of an Relativistic 
Electron Beam with Electromagnetic Wave in 
Dielectric Channel 

A nonlinear problem is being solved about stationar 
state of a relativistic electron beam and electromagnetic 
wave excited by the beam in a waveguide filled partially 
with dielectric. 

The maximal wave amplitude is found which is deter-
mined by the beam electron capture. This fact allows ~· 
one to determine the energy flux of electromagnetic radia 
tion and the efficiency of transformation of the kinetic 
energy of the beam into electromagnetic energy of the 
field. 

The investigation has been performed at the 
Department of New Acceleration Methods, JINR. 
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I 

1. B CBJ13H c yBenH'IeHHeM ToKa ycKopeHHbiX qacTHU. B 

YCKOpHTenJtX H npo6neMOH reHepaU.HH BonH 6onblUOH aMnnH

TY.LJ.bl CTaHOBJITCJI aKTyanbHbiMH HCCnC)J.OBaHHJI HCnHHeHHOro 

B3aHMO)J.CHCTBHJI ny'IKa H 3neKTpOMarHHTHOH BOnHbl. 

I13BCCTHO, 'ITO npH llpOXO)K)J.CHHH '1CpC3 3aMC)J.nJIIOiiiYIO 

cTpyKTYPY 3neKTpoHHbiH ny'loK MO)I(CT B036Y.LJ.HTb Me)J.nCHHYIO 

3neKTpoMarHHTHYIO BonHy. CHa'lana aMnnuTy)J.a :nou aonHbi 

3KCllOHCHU.HanbHO HapaCTaeT, a llOTOM BbiXO)J.HT Ha HeKOTO

pbiH ypoBeHb HacblmeHHJI, H CHCTCMa nepeXO)J.HT B CTaU.Ho

HapHoe COCTOJIHHC. BenH'IHHa aMnnHTY.LJ.bl HaCblllleHHJI JIBnH

eTCJI Ba)I(HOH xapaKTepHCTHKOH CHCTeMbl. 3HaJI aMnnHTY .Ll.Y, 

MO)I(HO onpe)J.eJIHTb, KaKaJI 'laCTb KHHCTH'IeCKOH 3HeprHH 

llY'IKa nepeXO)J.HT B 3lleprHIO 3neKTpoMarliHTHOro nonH. 

3TO, B CBOIO O'ICpC)J.b, 003BOnJICT Cy)J.HTb KaK 06 3cfKPeKTHB· 

HOCTH reHepaU.HH CHCTeMbl, TaK H 0 llOTCpBX 3HCprHH llY'IKOM 

npH B03HHKHOBCHHH He)l(ena TenbHOH npo)J.OnbHOH HCYCTOH'IH-
I] ? I 

BOCTH B KaHane YCKOpHTenJt 1 • - 1 • 

2. B HaCTOJIIUCH pa6oTe pelUaCTCJI HCnHHeHHaJI 3a)J.a'la 

0 CTaU.HOHapHOM COCTOJIHHH 3nCKTpoMarHHTHOH BOJIHbl H 

penJtTHBHCTCKOrO 3nCKTpOHHOro llY'IKa B )J.H3nCKTpH'ICCKOM 

KaHane. HenHHCHHOCTb 3a)J.a'IH o6ycnoaneua B03.LJ.CHCTBHeM 

BOnHbl Ha .LJ.BH)I(CHHC 3nCKTPOHOB llY'IKa. 

PaccMaTpuaaeTCJI MeTannuqecKHH aonuoao.n. pa)J.uycar 2 , 

Ha BHyTpeHHCH CTCHKC KOTOporo HMCCTCJI cnoif )J.H3nCKTpHKa 

TOniUHHOH (r
2

- r I) C )J.H3JICKTpH'ICCKOH npOHHU.aCMOCTbiO f • 

8)J.Onb OCH Z )J.H3nCKTpH'ICCKOrO KaHana CO CKOpOCTbiO "u" 

)J.BH)I(CTCJI penJITHBHCTCKHH 3nCKTpOHHbiH ny'IQK, KOTOpbiH 3a

HHMaCT o6naCTb r< r I . 3neKTpOHHbiH ny'loK Y.LJ.Cp)I(HBaCTCH 
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4 

CHJihHhiM npo.a;oJihHhiM MarHHTHhiM noneM, y.a;ooneroop.suo

li.(HM YCJIOBHJO: 

0 />(db Yu ' /1/ 
eBo 

m0 c 

477e2 n J, 
!1!] ~ \, ---·---- - UHKJIOTpOHHaH H JieHr-

' mo 
r.a;e n 

MlOpOBCKaH YaCTOThl llYYKa COOTBeTCTBeHHO; II], - llJIOT-

ll:.? _,, 
HOCTh 3JieKTpOHOB flYYKa, )' 

11 
~ ( 1- -.,-) 3ro ycnooue 

c-

ll03BOJIHeT CYHTaTh .LJ;BH)I(eHHe 3JieKTpOHOB O)J;HOMepHhiM. 

liy.LJ;eM paCCMaTpHBaTh llYYOK He60JihiiiOH KOHUeHTpaUHH, 

y.a;ooneroopHIOII.(HH ycnoBHIO: 

2 
(db 

l' - -2 << 1 ' /2/ 
wo 

r,a;e (d() - C06CTBeHHaH YaCTOTa .LJ;HJJieKTpHYeCKOf'O BOJIHO

BO.LJ;a. J,a;ech H B .LJ;aJihHeHIIIeM llO.LJ; .LJ;HJJieKTpHYeCKHM BOJIHO

BO)J;OM llO.LJ;pa3yMeBaeTCH BOJIHOBO)J;, YaCTHYHO 3allOJIHeHHhiH 

.LJ;H3JieKTpuKoM
131

. Ycnooue /2/ ll03BOJIHeT CYHTaTb nyYOK 

CJia6hiM B03Myll.(eHHeM B paCCMaTpHBaeMOH CHCTeMe. 

3 . .!J.JIH OllHCaHHH .LJ;BH)I(eHHH 3JieKTpOHHOf'O llYYKa HCllOJih-

3YIOTCH ypaBHeHHH )J;BH)I(eHHH H HenpephiBHOCTH, a )J;JIH 3JieKT

pOMarHHTHOrO noJIH ypaBHeHHH MaKcoenna: 

(__:Z_ 
dt 

. .,...~ 

__, v e -> I -> _, 

+ v )----- ~ --l E ~ - (vy ll >1. 
v:! Yz mo e . 

(1 - -')) 
c-

~~~- + div (n v l = 0 . 
dt 

rotE aB' 
c -Jt, rotB cl0 jFl~ (n~·- II ll ), --- !- b c (Jt c 

divD =477e(n-nl,l, did·~ ~·0. 

/3/ 

J.a;eCh p ~ en I , J c enb U - HeB03Myll.(eHHhie llJIOTHOCTH 
J --> -> 

3apH,a;a H TOKa nyYKa, D =<E. 
113BeCTHO, 'ITO B .LJ;if3JieKTpHYeCKOM KaHaJie MO)I(eT pac

npocrpaHHThCH Me.a;neHHaH JJieKrpoMarHHTHaH BOJIHa. AMn

JIHry.a;a ee 3KCllOHeHUHaJihHO Hapacraer, eCJIH CKOpOCTh 

·~·~neKTpoHHoro nyYKa, npoxo.a;Hll.(ero B KaHane, y.a;ooner-

oopHeT ycnoouro ll > (O 

-1-
z 

r.a;e 
(0 

k - tiJa30BaH CKOpOCTh 
z 

BOJIHhl C llpO,!J;OJihHhiM BOJIHOBhiM YHCJIOM k z • 

B uacTOHII.(eH pa6ore paccMarpuoaercH aKcuanbHo-

CHMMeTpHYHaH BOJIHa. B 3TOM CJiyYae 3JieKTpOMarHHTHaH 

BOJIHa pacll.(enJIHeTcH Ha E u II - BOJIHbi, npuYeM c nyYKOM 

B3aHMo.a;eucrsyeT JIHIIIh F:- BOJIHa. Mhi He paccMa rpusaeM 

3BOJIJOUHJO llYYKOBOH HeyCTOHYHBOCTH, llpHBO)J;Hll.(eH K B03-

6y)l(,a;eHHIO BOJIHbl H BhiXO.LJ;Y ee aMllJIHTY.LJ;hl Ha CTaUHOHapuoe 

COCTOHHHe. AHaJIH3 llpOBO)J;HTCH )J;JIH CaMOCOrJiaCOBaHHoro 

CTaUHOHapuoro COCTOHHHH llOJIH aKCHaJihHO CHMMeTpHYHOH 

E - BOJIHhl B ,!J;H3JieKTpHYeCKOM BOJIHOBO.LJ;e, H peJIHTHBHCT

CKoro 3JieKTpOHHoro llYYKa. B 3TOM COCTOHHHH Bee BeJIHYHHbl 

kz 
3aBHCHT OT O)J;HOH nepeMeHHOH ( = t- --·- Z. BBO.LJ;HM, KaK 

(j) 

It I 

u B pa6ore 
1 

· · , tPYHKUHIO <P, CBH3aHHYIO c E z- KOMnoueHroii 

llOJIH COOTHOIIIeHHeM: 

E 
z 

()$ 

clz 

k z d<P 

-;:; -af: /4/ 

Tor.u.a H3 ypaBHeuuii MaKcBenna nonyYaeM ypaoueuue .LJ;JIH 
tPYHKUHH q); 

(A ..L 

3.a;ecL 

L\.L 

k 2 

I < (r)__: 

(J) 2 

. 2 
d k 

---)<P=-w 2 z 
·c'J b-
ds - uJ 

m0 nv 
-(--u). 

e n b 

1 iJ f (r) _!!__ K 
2(r) = l-f3 2f (r), r 7ir- r ~(;) ar ' 

/5/ 
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fJ '" 2 
uJ h (r) = 

47m 2 n h(r) 

k (' 
z mo 

' (r) 
npu r / r 

1 

('on st npu r 1 ~r :.:r
2

; 

n ( r) 
- J, 

n r. npu r / r 1 

0 n pu r r · r 
I- - 2 

KoMnoueHThi 1<:, u B 'It, Bbipa)KaiOTCH 'lepe3 E /.'a nocpeJJ.-

CTBOM /4/ - H '1Cpe3 cJ> 

flOCK011bKy BCC BC11H'iHHbl 3aBHCHT 11Hillh OT nepCMCHHOH 

( , H3 ypaBHCHHH )J.BH)I(CHHH H HCnpepbiBHOCTH MO)KHO ll011y

'iHTh HX llCpBbiC HHTer·pa11bl / f '. 3TO ll03B011HCT HCK1110'iHTb 

HCH3BCCTHhiC 11 U \' H3 ypaBHCIIHH /5/. 0KOH'IaTC11bHO )1.11» 

cJl ll011Y'iaCTC» C11C)J.Yl01ll.CC HC11HHCHHOC ypaBHCHHC 

•) 

I d r•(rl rl a-
( -=.- --:--=- --:-;-=- -:-- ' ' ( r ) -.-. ,- ) ,/, 

r r I r 1, - ( r ) rJr 'hi -

•) •) 

{! -, - 1 - ,,~ 

- I () -1~- 1-=-~--==-~-,, _ - ~~~ 
' () I-

u 

II() 

\ 1-~~~ ,, 
·) 

u· u 

3)1.CCb 

•) ·) 

r ~ k r , l', ~- uJ~- , 
7. l'o (! -/10). 

{-3 

jJ 

6 

(<} - _•) 

k -;;- ' )' - = 1 -f-3 :? 
z ' 

2 
<•> bO 

') 

()) 0 

2 
uJ LO ~ 

fl () 
uo 
c 

4iiC' 2 no (r) 

mo 

/6/ 

en 0 , u0 - ll110THOCTb H CKOpOCTb 311CKTpOHOB B TO'IKC <tJ~ () 

2 
(f-3 0 -{-3) 

(1- {1(3 ~ 2 

ecll 
a 2 = ¢ ~ 

2 m
0

e y 0 <I -/1[-3
0

) 
/7/ 

K ypasHeHHIO /6/ )1.1111 ¢ HY)I(HO JJ.06aBHTb rpaHH'IHLie 

yc1IOBH11 )1.1111 :noli liJyHKU.HH: 

¢I_ _ = o /8a/ 
r ~ r 2 

1¢11_- =0 
r = r l . /86/ 

1 ~ < ~>- a ~ II - - - 0 · 
" 2 (~) () r r ~ r 1 /8B/ 

Y C110BH11 /86/ H /8B/ CCTb YC110BH11 HenpepblBHOCTH liJYHKIJ.HH 

H ee npoH3BOJJ.HOH npH nepexo)J.e Yepe3 noBepxHocTb pa3-

)J,e11a. Ec11H vo=O, TO ypaBHCHHe /6/ nepexo)J.HT B ypas

HeHHe )1,1111 ll01111 E - B011Hbl B )J.H311CKTpH'iCCKOM B011HOBO)J.e 

6e3 ny'IKa /.>/. BK11a)J. ny'iKa onHcwsaeTC11 npasoif 'iaCTbiO 

ypaBHCHH11 /6/. 
fiO)J.06Ha11 3a)J,a'ia 06 orrpe)J.C11CHHH aMIT11HTy )J,bl HaCbllli.C

HH11 B011Hbl, B036y)I()J,aeMOH ny'IKOM B HeorpaHH'iCHHOH ll11a3Me 

H ll011~orpaHH'iCHHOM )J,H311CKTpHKe, pellla11aCb B pa6o

TaX /l, -> 1 COOTBCTCTBCHHO. ABTOpbi paccMaTpHBa11H C11y

qaif, KOr)J.a 

2 
(d " 1/3 2 

s ~ (--2 ) {1
11

)'
11 

1 . /9/ 
u>o 

3TO llpHBO)J.HT K yc1IOBHIO, OrpaHH'iHBaiOili.CMY aMll11HTYJJ.Y 

B011Hbl: 

') 

e<t>r" <<moe -

0TMCTHM, 'ITO npu yC110BHH 

eel> 

OJ 0 e 2 y () (1 - {3{3 ) « 1 
0 

/10/ 

/11/ 
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llOJIY~CHHOe HaMH ypaBHCHHe 161 nepexo~HT B ypaBHCHHe 

12,61 pa6oThi 141 . 3~ech pe~h H~eT o npaBhiX ~acTHX 
ypaBHCHHif. JleBhle, KOHC~HO, pa3JIH~aiOTCH, TaK KaK OnH-

; ' 

ChiBaiOT pa3JIH~HhiC CHCTCMhl IB 1 4! aHaJIH3HpyeTCH HeOrpa-

HH~CHHaH xono~HaH nna3Mal. B ~anhHeil:rneM ypaBHeHne, 

nony~eHHoe H3 161 npn ycnoBHH I 111 6y~eM Ha3hiBaTh 

"yKopo~eHHhiM". B 14/ c~enaHo npe~nono)l(eHHe, ~To cKo

pocTh ny~Ka B TO~Ke ~=0 MaJIO OTJIH~aeTCH OT Ha~aJihHOH 

CKOpOCTH "u ·;KOTOpaH, B CBOIO O~epe~h, 6JIH3Ka K <}Ja30BOH 

CKOpOCTH BOJIHhl, T.e. {3 0 ==f3 u "'{3 · C y~eTOM :noroyCJIOBHe 

1111 CBO~HTCH K 1101. 

4. PaccMoTpHM Ka~ecTBeHHO ypaBHeHue 16/. 

Ilpe)l(~e BCero 3aMeTHM, ~TO BBe~eHHhiH napaMeTp a 
HMeeT KOHKpeTHhiH <}lH3H~ecKHH CMhiCn: a = IJ-l 'I, r~e (3' -
OTHOCHTCJihHaH IK CKOpOCTH CBeTal CKOpOCTh ny~Ka npH 

~=0 B CHCTCMC KOOp~HHaT, ,ll,BH)I(y~eHCH C <}Ja30BOH CKO

poCThlO BOJIHhl. 0TCIO,ll,a HCHO, ~TO B03MO)I(HhiC 3Ha~eHHH 

a JIC)I(aT B HHTCpBane: 

O<a<l. 1121 

YpaBHeHHe 161 nony~eHO ,ll,JIH CTaiiHOHapHOrO COCTOHHHH 

H ll03TOMY 

f(¢) = a 2 - 2</> + ¢ 2> 0 , 

T.e. cy~eCTBYIOT ~Be o6naCTH CTaiiHOHapHOrO COCTOHHHH: 

-----
</><01 ~1-vl-a 2 , 

l13al 

----
</J:<;6z = 1+\1 -u 

2 11361 

IlpH 3TOM 3aMeTHM, ~TO XOTH OHH MOryT 6h1Th CKOJih yrO,ll,HO 

6nH3KH, O,ll,HaKo He cy~ecTByer HenpephiBHoro nepexo,ll,a 

H3 O,ll,HOH o6naCTH B ,ll,pyryiO, T.K. a Bcer,ll,a MCHhllle e,ll,H

HHIIhl. 

8 

BhiHCHHM <}lH3H~ecKHH CMhiCJI KOPHH ¢ 1 • lb 17 I u I l3al 

HMCeM: 

me2 -1 ' 2 o Y
0 

<1 - f3!1 ) - -v 1-a = 
() 

e~ 

r~e 

" _l,') 

}' =(l-a1 -

m 0 e 2 (y'-ll 

2 , m
0

e y 
1141 

Cnpaaa B I 141 CTOHT OTHOilleHue KHHeTu~ecKoil: 3Hepruu 

ny~Ka B CHCTeMe KOOp,ll,HHaT, ,ll,BH)I(y~eHCH C <}Ja30BOH CKO

pOCThlO BOJIHhl, K llOJIHOH 3HeprHH ny~Ka B 3TOH CHCTeMe. 

PaccMoTpHM neay10 ~acTh Bhipa)l(eHHH 1141. YMHO)I(HM 

~ucnuTenh u 3HaMeHaTenh Ha y. 113 <}lopMyn ~nH npeo6pa-

3oBaHHH 3HeprHH H llOTeHIIHana npu nepeXO,ll,e B ,ll,BH)I(y~yiO

CH CHCTeMy KOOp,ll,HHaT HMeeM: 

y'~ yy
0 

(1-{1(3
0
); ~· = <P y, 

1151 

113 1141 C y~eTOM ll5l nony~HM: 

e~' = m
0 

e 2 (y' - 1) , 1161 

T .e. B CHCTeMe llOKOH BOJIHhl MaKCHMaJihHOe 3Ha~eHHe ee no

TCHIIHaJia B nepBOH 06JiaCTH CTaiiHOHapHoro COCTOHHHH paBHO 

KHHeTH~eCKOH 3HeprHH ny~Ka B 3TOH CHCTeMe KOOp,ll,HHaT. 

3TO - YCJIOBHe 3aXBaTa ~aCTHII noneM BOJIH~I J:\penHTHBHCT-

rr /4S/ 
6 CKOM cny~ae, pe,ll,nonaraH, TaK )I(C KaK H B ' , ~TO UO JIH3-

Ka K HeB03My~eHHOH CKOpOCTH U, npu a<< 1 nony~HM: 
2 

2 3 ({-j 0 -{3) 
e<l> =moe Yo --2--. 1171 

MO)I(HO llOKa3aTh, ~TO B nna3Me ycnOBHe a<<l COOTBeTCT

ByeT ManoMy 3Ha~eHHIO napaMeTpa s . CooTHOilleHHe 117 I 
ecTh ycnoane JaxaaTa ~acTHII noneM BOJIHhl, onpe.a;enH~ee 

ypoBeHh HaChi~eHHH aMllJIHTY~bi ~JIH cny~aH HepeJIHTHBH

CTCKOrO ,ll,BH)I(CHHH ny~Ka B CHCTCMe UOKOH BOJIHhl. 
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B uacTo~mei pa6oTe auanH3HpyeTc~ nepBa~ o6nacTh 
cp::;cp 1.AHallH3 BTOpOH CTal.I,HOHapHOH o6naCTH 6y.IJ.CT paCCMOT
peH B JJ.pyroi pa60TC. 3aMCTHM TOllhKO, '-ITO npH a<< 1 CTa
l.I,HOHapHhlC o6naCTH BCChMa OTJJ.aTICHhl JJ.pyr OT JJ.pyra B, 
no-BHJJ.HMOMy, nocne JJ.OCTH~CHH~ CTal.I,HOHapHoro COCTO~
HH~, o6ycnoBnCHHOrO 3aXBaTOM, CHCTCMa HC MO~CT nepeHTB 
BO BTOpym CTal.I,HOHapHyiD o6naCTh. llpH a-• 1 o6e CTal.I,HO
HapHhiC o6naCTH 6nH3KB JJ.pyr K JJ.pyry. 

5. llepeii.IJ.CM K pernenum ypaBHCHH~ /6/. Cornacuo yc
nosum /2/, B npaBOH \.!aCTH ypaBHCHH~ HMCCM MallhiH napa
MCTp I'O • CnCJJ.Y~ /4/,6y.IJ.CM pernaTh ypaBHCHBC /6/ MCTO
JJ.OM H.H.Iioronm6oBa /h/. B o6nacTH, 3aH~TOH ny'-IKOM, pe
rneHne 6epeM B BH.II.e: 

-
<j1 - <j>

0 
f(r kos rjJ npn r' r 1 . /18/ 

,lJ.n~ liJYHKI.I,HH f(r) B03hMCM C06CTBCHHYID liJYHKI.I,HIO OJiepaTopa 
llCBOH \.!aCTH ypaBHCHH~, OnHChJBalOll.I,CrO none B CHCTCMC 
6e3 ny'-!Ka 

- r 
f(r) = I

0 
<11 ---:::-), /19/ 

r I 

r.IJ.e ~ - HeH3BeCTHhlH napaMeTp. OcuoBaHHeM JJ.n~ 3Toro 
JJ.Onyll.I,CHH~ cny~HT ycnOBHe /2/. 

B o6nacTH JJ.H3neKTPHKa ypaBHeuue /6/ nuueuuo H ero 
pelUCHHC HMCCT BH,II. /eM., HaJipHMep, /":/ /: 

(d) . - - / c ¢ = </> 
0 

Q 
0 

(" r >cos!/! npu r 1 ::o. r - r 2 , /20/ 

r.D.e 

Q 0 (K r) = Jo (K r)N 0 (K r 2)- J 0 (K 'f 2) N 0 (K r)' 

K2 = f{32- } 

J 0 (Kt) , N 0 (Kr) - ¢YHKUHH :Deccen~ nepBoro u BToporo 

po.IJ.a. llpB 3TOM H3 ycnOBHJI /86/ HMCCM: 

10 

¢{d) 
0 

I o (p) 
¢ 0 npB r = r 1 Q o <K ri) 

/21/ 

t 
I 

,, 
I 

llOJJ.CTaBn~~ /21/ B YCTIOBHC /8B/, HaHJJ.CM: 

I (I' ) r 1 
l-=c---

fll1/t) KY 2 
0 

Q I (K r I) 
/22/ 

Qokr r> 
r.IJ.e 

Q I (K r1) = J1 (K r 1)N 0 (K r2 )-,J 0 (K r
2
)N0 (" r

1
). 

llOJJ.CTaBHM /18/, /19/ B ypaBHCHHC 
\.!aCTH /6/ Ha COSI 1J , ycpe.IJ.HHM no t/1 
nor. B pe3yllhTaTe nony'-IHM: 

/6/, YMHO~HM o6e 
H npOHHTerpupyeM 

') 2 2 
IL -y - (l fl 

td 1 (/I)( I- ---)</J ~21·----- f xZ(x)dx 
r ~ J(1 (I -N~1 )o 

3JJ.ech 

r 
X ~ /l -_-- , 

rl 

-2 2-
(d h - 2 477 e n 

V= -?, (t) b =- -----
(JJ ii mo 

r I' /23/ I • 

/24a/ 

en - cpe.IJ.H~~ no !/1 nnOTHOCTh 3llCKTpOHOB ny'-!Ka (n = n b) , 

zl 
Z<x>= z--' 

2 

77/2 l 1 + ¢ 0 10 (xHl- 2sin 2!/1 ')] ( 1- 2 sin2 f ')df · 
z = f 

I 0 

\la
2-1+[1+0 0 .fo<xHl-2sin t(J')]

2 

/246/ 
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r.n;e 

rr/2 [ 1 +¢ I (x)( 1 - 2sir/ I/' ')]dr,U' 
z = J 0 0 

2 

¢0 

0 ya 2 -l+[l+<i>
0

1
0
(x)(1-2sin 2 r,U')I 2 

e<llo 
------, 
m0 c 

2
y
0 

( l-fifid 
ll ,. ::- 7_!_ _ __!1!_ 

2 2 

_ !!__ {:3 /24B/ 
2 ' 

YpaBueuug /22/, /23/ u ycJioBue I 14/ )J,JIJI aMnJIHTY.Il.bi 

¢ I <11 ) = 1 - v1 1 - u 2 
0 0 /25/ 

npe.n;CTaBJIJIIOT CHCTeMy ypaBHeHHH )J,JIJI onpe.n;eJieHHJI He
H3BeCTHbiX uJ, 11 , ¢ 0 . TeM caMhiM onpe.n;eJIJieTCJI MaKcu
MaJibHaJI aMnJIHTy.n;a )J,JIJI nepBou o6JiacTu CTauuouapuoro 
COCTOJIHHJI. 

IlOCJie Onpe.n;eJieHHJI c,6 O JierKO HaUTH nOT OK 3JieKTpO
MarHHTHOro H3JiytJeHHJI /BeKTOp J10UHTHHra/ H K03<P$HUHeHT 
Tpauc<fJopMauuu 3Hepruu nytJKa B 3HepruiO 3JieKTpoMaruuT
uoro noJIJI (rJ) : 

r2 

P=P +P = _£_ J E ·B ·rdr=r1·m c 2 (y -U·u·rrr2. /26/ 
I 2 4rr 0 r q) 0 u J 

3.n;ecb pI , p:! - nOTOKH H3JiytJeHIIJI B KaHaJie H )J,H3JieKTpHKe 
COOTBeTCTBeHHO, T/ - K03$$HUHeHT Tpauc<fJopMaUHH, 'lepTa 
ua.n; (E r ·l\t) 03HatJaeT ycpe.n;ueuue no BpeMeuu. 

Bbipa)f(eHHH )J,JIH p J H P 2 HMeiOT CJie)J.yiOJ.UHH BH)J,: 

PI 

p = 
2 

c 
4rr 

kk 
__ 2._ ___ E 2 II . 2 
(k ;-k2)2 o·z-·lll (f1)-1 0 <vH 2 <f1 )], 

2 f? 

I 0 (/1 ) :._ 2 - --~·E---k----E~· ____ J rQ 
1
1" rldr, 

4rr k ltk2- k2> Q~<Krl>-rl z z 

r.n;e Eo - aMnJIHTy.n;a uanpJI'lKeuuocTu noJIJI BOJIHbi. 

12 

6. CucTeMy ypaBueuuu /22-25/ pemaeM tJHcJieuuo. Ilpe
)f()J,e Bcero, onpe.n;eJIHM .D;JIJI .n;auubiX reoMeTpuqecKux napa
MeTpOB KaHaJia C06CTBeHHYIO tJaCTOTy CHCTeMbl. Mbl uaxo
)J,HM JIHllib tJaCTOTy BOJIHbl, B036y)f(.n;aeMOU nytJKOM - WO = kzu · 
).J,JIJI :noro B /23/ noJiaraeM ;:; = 0, onpe.n;eJIJieM 11 u, no.n;
CTaBJIJIJI ero B /22/, noJiyqaeM H3BecTuoe .n;ucnepcuouuoe 
ypaBueuue .n;H3JieKTpuqecKoro BOJIHOBo.n;a/ 3/. PactJeT npo
BO.D;HTCJI )J,JIJI pa3JIH'IHbiX 3HatJeHHH napaMeTpa )' 

11 
=2 -'-30 

npu r I = 2,5 CM, r 2 = 3 CM, E = 2,5-'-10. 3aBHCHMOCTb 
)J,JIHHbl BOJIHbi (,\ 0) OT peJIJITHBHCTCKOrO <fJaKTOpa y 

11 
noKa-

3aua ua puc. 1. Ilpu y u: 4 .n;ucnepcug cucTeMbi ue Juaqu
TeJibHa ({J u D MaJioe H3Meueuue A0 npu Yu .· 4 noJBOJIJieT 
B )J,aJihHeHllieM 6oJiee tJeTKO BbiJIBHTb BJIHJIHHe KOJie6aHHH 
TOKa nytJKa Ha aMnJIHTY.Il.Y nOJIJI. 

Ilpu uaJIHtJHH nytJKa (t-; I Q) ueH3BeCTHYIO qacToTy w 
onpe.n;eJIJieM B BH.n;e 

(<) (t)() ( 1 ~ 0) = k / ll ( 1 + (i)' 

r.n;e lr)j <· 1 - ueJiuueuuag paccTpoilKa. 

Ao (eM) 

f 

2 

16 20 24 28 .r~ 

Puc. 1. ,l(ucnepcuounaJl xapaKmepucmwm BOAHoBooa. 1 -
. =10; 2- f =5. 

13 



flapaMeTp a Ja~aeM B o6naCTH ~onyCTHMbiX 3Ha'ieHHH: 

0 a " 1 KaK cne~yeT HJ /7 I, npu onpe~eneHHOM JHa'ieHHH 

u BC
1
nH4HHY (~ MO)t(HO BbipaJHTb qepe3 {-3(! flpHHHMaeM, KaK 

H B 1 l I , {~ 0 - (~ 
11 

, H Bhipa)t(aeM HenHHCHHyro paccTpoiiKy 8 
4cpe J a 

i) - ({ ----------- /27/ 
/1 )' :!(ufl +]) 

tJ fJ II 

3HaJI i) , H3 /22/ no MeTO~y HbWTOHa /H/ HaXO~HM BCnH

lfHHy I' . 3aTCM H3 /23/ onpe~CnJICM 3Ha4eHHC 1~-u, COOT

BeTCTBYJOLl.{ee npHHJITOMy a H HaH~CHHOMy 11· 

7. flepeH~CM K 06Cy)t(~eHHIO 'iHCneHHbiX peJynhTaTOB. 

0KaJbiBaCTCJI, 'ITO C pOCTOM TOKa ny4Ka HCnHHCHHaJI pac

CTpOHKa ~ pacTeT, a pa~uanbHoe pacnpe~eneHue nonJI B 

o6naCTH KaHana CTaHOBHTCJI BCC 6onee O~HOpO~HbiM. 3TO 

BH~HO H3 puc. 2, r~e noKaJaHbl JaBHCHMOCTH paCCTpOHKH 

ii. napaMeTpa /l H nonJI Ha rpauuue KaHana oT Toi<a ny4Ka 

npu )' 11 --2 Ilpu o~HOH H Ton )t(C 3Hepruu ny4Ka H cpaBHH

TenbHO He6onbWHX TOKaX poeT KOHI..\CHTpaUHH JneKTpOHOB 

B nylfKC npHBO~HT K 3Ha4HTCflbHOMy H3MCHeHHIO pa~H

anhHoro pacnpe~eneHHJI nonJI no cpaBHCHHIO c xono~Hoii 

I.(f).Jl 
(' 

20 
0.2 

tO 2 
OJ 

3 

0 200 600 /1100 1400 1100 2'200 J(u.l 

Puc. 2. 3aeucuMoC111b ee;zu~uH o, !l, 10(/l) 0111 1IIOKa ny~Ka. 
J-<l=o<J>;2-I0 (1l) ;3- p. 
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CHCTeMOH. ,lJ,nH 6onblllHX TOKOB /npH y 
11

,-2 , .] > 2,5 KA/ 
none B KaHane CTaHOBHTCJI O~HOpO~HbiM C, 6onbWOH T04-

HOCTbl{). To 3Ha'ieHHe TOKa, npH KOTOpOM none CTporo 

O~HOpO~HO BO BCeM KaHane, 6y~eM Ha3b1BaTb KPHTH'ieCKHM 

(J m). EMy COOTBeTCTByeT KpHTH'ieCKOe 3Ha4eHHC paCCTpou

KH (hm)' KOTOpOe Onpe~enHeTCJI COOTHOllleHHeM 

1 
Om=tJ~-1. 
Kor~a 1l-~() m' (l -> 1 0 OTCIO~a JICHO, 'ITO KPHTH4CCKHH 

TOK onpe,i],enJICT npH Ja~aHHOM Yu MaKCHManbHOC 3Ha4eHHC 

aMnnHTY~bl BOnHbl. EcnH J ,J m, TO CHCTCMa ypaBHCHHH 

/22-25/ He HMCCT pellleHHJI B paccMaTpHBaeMOH o6naCTH 

</J::_gJI' T .e. CTaUHOHapHOe COCTOJIHHC 3~CCb HCB03MO)t(HO. 

3aBHCHMOCTb KpHTHlfCCKOrO TOKa H KpHTHlfeCKOH pac

CTpOHKH OT 3HeprHH ny4Ka noKaJaHa Ha puc. ~ C pOCTOM 

Y 11 BCnHlfHHa TOKa, npH KOTOpOM none CTaHOBHTCJI O~HO

po~HbiM, peJKo yMeHhlllaeTcJI. 3~ecb )t(C noKaJaHa H Jaeu

CHMOCTb K03<}>f}>HUHCHTa 1Jm 1J
111 

(y
11 

), onpe~enJIIOLl.{ero 3<}>

<}JeKTHBHOCTb Tpauc<}JopMaUHH KHHeTH4CCKOH 3HeprHH llY4Ka 

Jm dm ~-~'" 
,· t?,.,(%) 

1'0 ~ - '" - nr5 

100 IO! 20 

'{m r 10 

~ 12 16 20 24 28 
.r,. 

Puc. 3. 3aeucuMocmb Kpu111u~ec~eo2o 1IIOKa, Kpu111u~ec~eoii 
paccmpoiiKU U K03fPf/JutjUeH111a TJ m 0111 3Hep2UU ny~Ka. J -
0 =0 (}') ;2- Jm ;3- Tfm • m m u 
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B 3HeprHIO 3neKTPDMarHHTHOH BOilHbl npH J ~ ,J m . MaKCH

Manbuoe 3HaY.eHHe ~m /Ko3$$HUHeHTa none3Horo ~eU:cT
BHH no nOTOKy MOillHOCTH/ cna6o 3aBHCHT OT 3HeprHH 

nyY.Ka H He npeBbiWaeT ~nH paCCMaTpHBaeMOH CHCTeMbi 

1 Oo/o. 
llOCMOTpHM, KaK H3MeHHeTCH aMnnHTy~a nonH H K034J-

4JHUHeHT ~ B 3aBHCHMOCTH OT H3MeHeHHH TOKa nyY.Ka npH 
y u c. const . 

Ha puc. 4 noKa3aua 3aBHCHMOCTb oenHY.HHbi 
e<P 

moe 2 w2 
L 

-;:;v; or napaMeTpa Yu =4,6, f =5. BH~HO, Y.TO Ll npu 

aMnnHTy~a ( <Jl O) pacTeT C yoenHY.eHHeM I' , npu O~HOM M TOM 

)f(e 3HaY.eHHH v oenHY.HHa <ll 0 6onbwe ~nH 6onbwHx Yu· 3~ecb 
)f(e nyHKTHpOM HaHeCeHbl COOTBeTCTBYIOillHe oenHY.HHbl, Bbi

Y.HCneHHbie C yY.eTOM ycnOBHH /11/, T.e. no YKOpOY.eHHOMy 

ypaoueuuiO. llpu ManbiX TOKax /ManaH oenHY.HHa ,, I, KOTO

pbie cooTBeTCTBYIOT S<< 1, HMeeM coona~euue pe3ynbTaToo. 

e<P., 
moc2 

2 

O.i 

0.05 

~ 
2.5 50 10-3 

Puc. 4. 3aaucu,wocmb aMnAumyobr noAJI om aeAU~UHbr v . 
1 - )' ll =6; 2 - y u =4. 
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llpH 60nbWHX TOKaX, KOr~a BbiXO~HM 3a paMKH npHMeHHMo

CTH yKopoY.euuoro ypaoneHHH, nonyqaeM 3aBbiWeHHbie pe-

3YilbTaTbl /nocne~HHH TOY.Ka nyHKTHpHbiX KpHBbiX COOTBeT

CTByeT S -~ 0,5/. )].nH paCCMaTpHBaeMOH CHCTeMbl YKOpoY.eH

HOe ypaoueuue npuMeHHMO npu S ', 0,2. 
Ha puc. 5 noKa3aua 3aBHCHMOCTb aMnnJITY~bi uanpH)f(eu

uocTJI nonH (EO) H BenJIY.HHbl ~ OT TOKa nyY.Ka ~nH pa3HbiX 

3HaY.euuU: ~u:meKTPJIY.ecKoU: npouuuaeMOCTH (d npu Yu = 4 . 
Bli~Ho, Y.TO c yoenJIY.eHHeM f aMnnuTy~a oonuw pacTeT. 

3TO CBH3aHO C H3MeHeHJieM C06<:TBeHHOH Y.aCTOTbl CHCTeMbl 

npH H3MeHeHJIH l /CM. puc. 1/. 
KaK cne~yeT H3 puc. 4 H 5, aMnnHTy~a nonH pacTeT 

npH yoenHY.eHHH T·OKa nyY.Ka (y u= const), npHY.eM CKOpOCTb 

pOCTa HeCKOilbKO yoenJIY.HBaeTCH C yoenHY.eHHeM J , v , 

H uenuueiinaH 3aBHCHMOCTb lbYHKUJIH ell o ~ cflo(d , Eo = Eo(J) 
npH ManbiX TOKaX nepexo~JIT B nOY.TH ilJIHeHHYIO 3aBHCHMOCTb 

llpH 60J,blliHX, 

~(:<) 

so 

E,(• 1!/() 

15 

5D 100 150 200 ISO JOO irA) 

Puc. 5. 3aaucuMocmb aMnAumyobl HanpJIJKeHHocmu noAJI u 
Ko:Jtfitfiut~ueHma ~ om moKa ny'IKa. 1 - < =5; 2 - f =2,5. 
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Ha puc. 6 npuBe.D.eHhi 3aBHCHMOCTH aMnnHTY.LJ.hi HanpH

)I(eHHocTu non.R BonHhi u Benn'IHHhi TJ OT 3Hepruu ny'IKa npu 

,J--const )J.nH J<Jm . BH)J.HO, 'ITO llpH O)J.HOM H TOM )l(e TOKe 

ny'IOK c 66nhrnei 3Hepruei B036Y)I(.LJ.aeT Bonny 6onhrnei 

aMllnHTY.LJ.hl. IlpH 3TOM K03<t>4JHUHeHT TJ C pOCTOM y u 3aMeTHO 

paCTCT, 'ITO CBH)J.CTenhCTBYeT 0 6onee 3~eKTHBHOM B3aH

MO)J.CHCTBHH RY'IKa C BOnHOH npu yBenH'ICHHH cro 3Hepruu. 

Ha ocHoBaHHH aHanu3a caMocornacoBaHuoi 3a.LJ.a'lu o 

B3aHMO)J.CHCTBHH 3nCKTpOMarHHTHOH BOnHW H pen.RTHBHCT

CKOI'O 3nCKTpOHHOro llY'IKa B )J.H3nCKTpH'ICCKOM KaHane, 

MO)I(HO C)J.CnaTh CnC)J.YIOJUHC BWBO)J.hl. 

CyiUCCTBYIOT )J.BC o6naCTH CTaUHOHapuoro COCTOHHHH. 

)].nH llCpBOH MaKCHManhHOC 3Ha'ICHHC aMnnHTY )J.hl OllpC)J.C

n.RCTCH ycnOBHCM 3aXBaTa 'laCTHU llY'IKa noneM BOnHhi, 

?(%} 

6 

~ 

2 

~ .. 
£.1~&/c~.) 

f5 

iO 

5 

~ 8 12. 16 20 1.. 

Puc. 6. 3aeucuMocm& aMnAumyO&I HanpJt:w:eHHocmu noAJt u 
K03~UIIUeHma TJ om 3Hepzuu ny<~Ka. 1 - J = 2,5 KA; 
2- J =1 A. 
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KOTOpoe C y'leTOM penHTHBHCTCKOrO xapaKTepa )J.BH)I(eHHH 

HMCeT BH)J. e<tJ' = m rf-2 (y'- 1). 

J1pu ysenH'IeHHH TOKa llY'IKa )J.O KpHTH'IeCKOrO 3Ha'leHHH 

pa)J.HanhHOe pacnpe)J.eneHHe IIOnH CTaHOBHTC.!I O)J.HOpO)J.HhiM. 

KpHTH'IecKoe 3Ha'leHue TOKa orrpe.D.en.!leT npu 3a.D.aHHoi 

3Hepruu rry'IKa B03MO)I(HYJO Hau6onhiDYIO aMnnHTY.D.Y non.11. 

3$$eKTHBHOCTh rrpeo6pa30BaHH.!I KHHeTH'IeCKOH 3HeprHH 

llY'IKa B 3HeprHIO BOnHW B03pacTaeT KaK C yBenH'IeHHeM 

TOKa llY'IKa IIpH llOCTO.!IHHOM y u , TaK H C yBenH'IeHHeM 

3HeprHH llY'IKa Yu npu flOCTO.!IHHOM TOKe. 

B paccMaTpHBaeMoii o6nacTH napaMeTpoB noTepu 3Hep

ruu IIY'IKOM Ha B036y)I()J.eHHe KOne6aHHH He npeBhiillaJOT 10o/o. 
-B 3aKnJO'IeHue HaM rrpHHTHo Bhipa3HTh 6naro.D.apHOCTh 

A.A.Pyxa)J.3e u C.E.PocHHCKOMY 3a none3Hhie o6cy)I()J.eHH.!I, 

A.ll.CTenhMaxy 3a KOHcynhTauuu no nporpaMMHpoBaHHIO. 
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