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1. B CBR3~ c ~HTeHc~BH~M pass~T~eM $~3~K~ ~ TeXH~K~ c~nb

HOT04H~x penRT~B~CTCK~X 3JI8KTpOHH~X ny4KOB /P3n/ oco6y~ aK
TyanbHOCTb np~o6pen~ ~AB~ $1.5. <J>a~H6epra /l, 2/ 0 B03MO}I{HOCT~ 
C03gaH~R BOJIH npOCTpaHCTB8HHOro 3apRga 6onbWO~ aMnn~TYAbl 
B nnasMe ~ 3neKTpOHH~X ny4Kax ~ o ganbHe~weM ~x ~cnonbsosa

H~M gnR reHepa4MM sonH CB4 6onbwo~ MO~HOCT~ ~ paspa60TKH sa
p~aHTOB KOnneKT~BHOrO YCKOpeH~R TR}I{BJI~X 3apR}I{BHH~X 4aCT~4-

B nocnegH~e rog~ noRs~nocb MHOro ~HTepecH~x npegno}l{eH~~. 

KaCa~~~XCA MBTOAOB B036Y}I{ABHHR MBAJIBHH~X (v~<~ BOJlH npocT
paHCTBBHHOrO sapAga a P3n. 5onbWMHCTBO 3n1x npeAJIO}I{BHM~ 13-81 

CBA3aHO C MCnOJib30BaHMBM HBYCT0~4MBOCTB~, B03HMKa~~MX npM 
B3a~M0AB~CTB~H 3JIBKTPOHHOrO ny4Ka C C06CTBBHH~MH MOgaM~ 

CTPYKTYP Mn~ gpyrHM~ 4aCT~4aMM. 
B gaHHO~ pa6oTe paccMaTp~saeTcA pesoHaHCH~~ MexaHM3M sos-

6y}l{geH~A neHrM~poscKO~ MegneHHO~ MOAbl, cy~ecTBY~~e~ s P3n 
Ha $n~KTYa4MOHHOM ypOBHe, 3JI8KTpOMarHMTHO~ BOJIHO~, C03gaH
HO~ B KaKO~-nM60 CTPYKType BHBWHHM CB4 reHepaTOpOM. npM 3TOM 
c caMoro Ha4ana cMcTeMe ny4oK-cTpyKTypa 11 HaBA3btBaeTcA 11 ogHa 
OnpegenBHHaR MOga B3aMMOAB~CTB~A, Ha4aJibH~~ ypOB8Hb aMnnM
TYAbl KOTOpO~ AOCTaT04HO BbiCOK gnA TOrO, 4T06bi ''napa3MTHbl8 11 

MOAbl HB MrpanM CKOJibKO-HM6ygb 3aMBTHOM pOJIH B ganbHBMWBM. 
npM 3TOM HB06XOAMMO, 4T06~ pe30HaHCH~~ MBXaHM3M B3aMMOge~

CTBMA o6nagan A0CTaT04HO 60JibWMM 11 MHKpBMBHTOM 11 pOCTa aMnnMTy
Abl nonesHo~ MOAbl so speMeHM. KaK 6btno noKa3aHo fl. 5. <t>a~H6ep
roM19<TaKo~ nogXOA K npo6neMe B036y}I{ABHMA BOJIH Ba}I{BH C T04KM 
speH~A perynApM3a4MM I cy}l{eH~A/ cneKTpa sonH B cMcTeMe ny4oK

CTPYKTypa /nna3Ma/. 
no4eMy sos6ymAeHMe OAMH04HOi1 sonHbl onpegeneHHOro nma npeg

cTasnAeTcA samH~M H MHTepeCH~M C T04KH 3PBHMA MABOJlOrMM Kon

neKTMBHOrO yCKOPBHMA MOHOB? 
Bo-neps~x, 6ery~aA sonHa npocTpaHCTBeHHoro 3neKTPOHHoro 

sapAAa AOCTaT04HO 6onbWOM aMnnMTYA~ o6ecne4MBaeT B~COKM~ 
TeMn YCKOpeHMA 4aCTM4 C n~6~M OTHOWBHMBM sapAAa K Macce M 8 
60JlbWMX KOJlM4BCTBaX, T.e. B npMH4Mrte MOmeT 6b1Tb peweHa rnas
HaA 3aAa4a nto6oro MeTOAa ycKopeHMA: o6ecne4MTb 6onbWO~ TeMn 

YCKOPBHMA V1 6onbWO~ CPBAHMM TOK MOHOB. 
Bo-sTOp~X, KOJlJIBKTMBH~e MBTOA~ YCKOpeHMA CBA3aH~ C C03ga

HM8M gOCTaT04HO rny60KO~ nOT8H4MaJibHO~ AM~ /MnM nocneAOBa

T8JlbHOCTM AM/ nonA npocTpaHCTBeHHoro sapAAa 3neKTPOHOB. B 
3TOM OTHOWBHMM xapaKTepH~M npMMepoM M0)1(8T cnymMTb, HanpMMep, 
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/10/ v 

pa6oTa ABYX ~3 aBTOpOB HaCTOB~e~ CTaTb~. np~ 3TOM B03H~KaeT 
npo6neMa ygepmaH~B /KOMneHca~HH/ s Te4eH~e scero speMeHH yc
KopeH~H 3Ha4~TenbHOrO KynOHOSCKOrO nonR cry~eH~~ 3neKTpOHHOrO 
sapHga. 3Ta npo6neMa secbMa TPYAHa H s HacTOR~ee speMR npaK
TH4ecK~ e~e He pa3peweHa. npoCTO~ np~Mep: S 3neKTpOHHOM ny4-
Ke MOmHO SHeWH~M reHepaTOpOM C03,QaTb SOnHy 3neKTP~4eCKOrO 
nonB, KOTOpaH npOCTpaHCTSeHHO MO,QynHpyeT nnOTHOCT~ 3neKTpo
HOS, ~ 3TO MOmeT 6~Tb ~CnOnb30SaHO ,QnR YCKOpeHHH ~OHOS. 0,Q-
HaKO HeTpY,QHO SHAeTb, 4TO HanpR>KeHHOCTb C03AasaeMO~ SHeWHHM 
reHepaTOpO~ 3neKTpOMarH~THOH SOnH~ ,QOnmHa 6~Tb cpaSH~MO~ C 
HanpRmeHHOCTb~ nonR, ~CnOnb3yeMOrO ,QnR YCKOpeHHH ~OHOS /HHa4e 
MOAYnB~~R nnOTHOCTH sapR.Qa aneKTPOHos He YAepm~TCR ~ ''pacnon-
3eTcR''/. Ho TOr,Qa TepReT CMWCn CaM np~H~Hn KOnneKTHSHOro yc
KOpeH~H. 

TaKoro poga TPYAHOCTb xapaKTepHa gnR scex cny4aes, Korga 
·MO,QynR~~~ nnOTHOCTH /cryCTKH/ C03,QaeTCR 3neKTpOHaM~, HenOA
SHMH~M~ S CHCTeMe nOKOfl cryCTKOS. 8 TepM~HOnOrH~ 6ery~~X 
SOnH 3TO 03Ha4aeT HCnOnb30SaHHe npHH~Hna 4epeHKOSCKOrO S3aHMO-
ge~CTSHR, KOrga 

w- kv 8 =0, 

w,k - 4aCTOTa H npOgOnbHafl COCTaSnB~~aH BOnHOSOrO seKTOpa 
aneKTPOMarH~THO~ SOnHbl. 

/1/ 

AnB o6xoga TPYAHOCTeH y,QepmaHHB npOCTpaHCTSeHHOH MOgy-
nR~~~ 3apRga ny4Ka He~3MeHHOH SO speMeHH MOmHO nepeATH K MeTO
AY ee C03,QaH~R S ny4Ke sOnHq~, ~a30Safl CKOpOCTb KOTOpOH He 
pasHa CKOpOCTH 3neKTpOHOS /3TO 03H848eT, 4TO cryCTOK C03gaeTCB 
He nOKOR~HMHCR 3neKTPOHaMI-1, a 11 npOXOAR~I-1MI-1 11 , T. e. CKOpOCTb KO
T0p~X OTHOC~TenbHO cryCTKa OTn~4Ha OT HynB/. npH 3TOM n~60A 
3neKTPOH H8XOg~TCR S o6nacT~ cry~eHHR 3apRAa S Te4eH~e speMeHH 

-10 
nopR,QKa 10 c 1-1 He ycnesaeT ~cnwTaTb geAcTs~e KynoHoscK~x c~n 
CKOnbKO-H~6ygb Cy~eCTSeHHO. npaKT~4eCK~ 3TO 3Ha4~T, 4TO Heo6-
XO,Q~MO S036ygHTb S ny4Ke MegneHHY~ .sonHy * npQCTpaH.CTB€HHOro' 
3apflga TaK, 4T06bl CKOpOCTb 3neKTPOHOS Morna 3Hay~renbHQ. npe
SOCXOAHTb ~a3osy~ CKOpOCTb SOnH~ 1-1 o6ecne4HTb OT~~TCTS~e 3ax
SaTa ~x noneM sonHw. Bnepable Ha i-aKy~ ao3MOmHocrb yKa3anH Cno-

" 
*TeopeTH4eCKH B03MOmeH 1-1 Cny4aR, KOr,Qa 3neKTpOH~ MMe~T CKO

pOCTb, MeHbWy~ $a30SOH CKOpOCTH 3neKTpOMarHHTHOA BOnH~ /TaK~e 
6~crp~e ny4KOs~e MOA~ cy~ecrsy~r/,ogHaKo pean~aa~~R aroA soa
MomHOCTH 3aTpygHeHa, TaK KaK S OCHOSe COOTB8TCTBY~~ero 3neMeH
TapHOrO MeXaHH3Ma aaa~MOAeRcrsHR ·nemHT HOpManbHbiR 3$¢eKT Aonne
pa, Tpe6y~~~R np~rOTOsneHHR 3neKTPOHHOrO ny4Ka S SH,Qe COSOKyn
HOCTI-1 AS~my~HXCR OC~HnnR~OpOB. 
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aH M ApaMMOHA s ~asecrHoA pa6ore 131,o6par~s SHMMaHHe Ha ro, .. 
4TO S ny4Ke, HaXO,QR~eMCR ~ npO,QOnbHOM MarHMTHOM none, cy~ecT-
syeT MegneHHaR ~MKnOTPOHHaR MO,Qa, ,QnR KOTOpoA 

w - kve =-w H • eH 
wH_ = mcy- /2/ 

B OCHose saa~MogeAcTSHB SHga /2/ nem~T aHoManbHWA 3$$eKT Aon
nepa, Korga 

w 
ve>v<P = -k=ve w + w 

H 

w 
131 

B .Pa6ore
131 

6wno oTMe4eHo e~e gsa samH~x o6croRrenbcTaa, csR
aaHH~x C S3aMMOAeACTSMeM /2/: $a30S8fl CKOpOCTb SOnH~ MOmeT pe
ryn~posaTbCR senM4MHoA npogonbHoro MarH~THoro nonR H no gn~He 
CMCTeMbl, a soa6ymgaTbCR aonHa MomeT s npo4ecce aaxsaTa ~ ycKo
peH~R ~OHOS, nOCKOnbKY A~CnepCMOHH~e CBOACTSa ny4Ka gnR Hee 
TaKOS~, 4TO 3neKTpoMarHMTHaR 3Hepr~R, 38Kn~4eHH8fl S HeA, OTpM-

~ E2 . 
4arenbHa, T.e. w-- ---<0* .. 3To 3Ha4MT, 4To, orgasaR 3Hepr~~ aw 817 
Ha YCKOpeHMe ~OHOS, SOnHa pacTeT no aMnnMTyge. 

B MeTage, npegnomeHHOM s 131 , ecrb gsa cna6~x nyHKTa: 6onb
woA ,Q~ana30H He06XO,QMMOro ~3MeHeHMR BenM4~Hbl MarHMTHOrO nonR 
B npo~ecce YCKOpeHMR np~ ,QOCT8T04HO S~COKOA cpegHeA HanpRmeH
HOCTM H /MomHO noKa3aTb, 4TO np~ 3TOM ~ 3Hepr~R aneKTPOHOS 
gonmHa 6b1Tb ,Qoci-aT04Ho 6onbwoA: --10 MaB/ ~ Mamu~ yposeHb Ha-
4anbHoro ycKopR~~ero nonR, Korga napa3MTH~e npo4ecc~, s TOM 
4MCne HeycTOA4MSOCTM ny4Ka, Moryr c~nbHO yxygw~Tb napaMeTpbl 
Ha4anbHOA CTa,Q~M YCKOpeHMR. 

8 ganbHeHWeM LIMKnOTpOHHaR MO,Qa 6~na B036ym,QeHa 3Kcnep~MeH
TanbHO C rlOMO~b~ CTpyKTYPbl C SHeWHMM reHepaTOPOM 111 •121, npM4eM 
s pa6oTe 1

1
21

- np~ 6onbWOM TOKe ny4Ka /csbiWe 1 KA/ ~ c 6onb
woA aMnnMTygoA aneKTP~4ecKoro nonR /go 100 KB/cM/. 

KaK yme ynoMMHanocb, s ,QaHHoA pa6oTe M3y4aeTcR saaMMO.QeA
crsMe aneKTPOHHoro ny4Ka c sHewHeA· aapaHee aagaHHoA aaMegneH
HoR SOnHOH. npMHLIMnManbH~M MOMeHTOM np~ 3TOM RSnReTCR TO, 4TO 
06MeH 3Hepr~eR Memgy ny4KOM M SOnHoA npo~CXO,QMT He S pesynb
TaTe pa3S~TMR HeycTOH4~SOCT~ /Korga sonHa paCTeT, H84MH8R C 
¢n~KTYali~OHHoro yposHR/, a nyTeM o6~4Horo peaoHaHca Memgy gsy
MR MegneHH~MM BOnHaMM 1 no KpaAHeA Mepe O,QHa M3 KOTOp~X ~MeeT 

KOHe4HY~ H84anbHY~ aMnn~Tygy, H84MHaR C KOTOPOH ~ HapacTaeT 
CYMMapHOe none S C~CTeMe ny40K-cTpyKTypa. 

*f -
11 ,QH3neKTpM4ec~aR npOH~~aeMOCTb 11 3neKTPOHHoro ny4Ka, 

MOmHo noKaaaTb, 4TO _},!__ < 0 s cny4ae /2/. 
aw . 
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2. BHa4ane B ~en~X nOflHOT~ H ~CHOCTH H3flOMeHHA MW npoCTWM 
MeTOAdM noKameM cy~eCTBOBaHHe B ny4Ke neHrM~pOBCKHX MOA *, 
OAHa H3 KOTOpWX HMeeT ~a30BY~ CKOPOCTb, MeHbWY~ CKOpOCTH 3fleKT
pOHOB. 

AsHmeHHe 3neKTPOHOB gn~ npocToTw nonaraeM OAHOMepHwM /ny-
40K 3aMarHH4eH: y 2 cu~ >>2cu;, CUB- neHrM~pOBCKaA 4aCTOTa B ny4-
Ke, npH 3TOM ace 3neKTpOHW ny4Ka /pagHyca a I HMe~T OAHY H Ty 
me CKOpOCTb BAOflb OCH CHCTeMbi;V

0
= VZ av 0 /. 

none B CHCTeMe C ny4KOM (E = E z) YAOBneTBOp~eT BOflHOBOMY 
ypaBHeHH~ BHga 

LE = - 4rr (~ + ~ _!L_ ) 
az c2 at ' /4/ 

rge 

1 a2 a2 
L=------+~-+.1 

c 2 at2 az 2 r , 

_!_ _a_(r.l-), j = j z = rvo • 
r ar ar .1r p en. 

ll - nnOTHOCTb 3fleKTPOHOB B ny4Ke B na6opaTOPHO~ CHCTeMe. 
B npHHRTwx npegnonomeHH~x ypaBHeHHe ABHmeHH~ 3neKTPOHOB HMeeT 
BHA 

3 av av 
my (- + v-· -) = -eE, at az 

2 
y = (1 - -~) -lh 

c2 

H ypaBHeHHe HenpepWBHOCTH -

ai ap 
--+---=0. 
az at 

!51 

/6/ 

OrpaHH4HBa~cb noKa nHHe~HWM npH6nHmeHHeM, nonomHM, 4TO nepe
MeHHwe OTKflOHeHM~ nnOTHOCTH H CKOpOCTH 3fleKTpOHOB nog B03My
~a~~HM ge~CTBHeM 3flCKTpOM~rHHTHO~ BOflHW Manw: 

p = p 0 + p, v = v
0 

+ v, p « p 
0 

, v «.v 
0 

, 171 

p O , V O - cpegHHe 3Ha4eHHA []JlOTHOCTH 3apf1Aa M CKOpOCTM 4aCn1~ 

ny,4Ka. Tpe6yeTcfl, 4T06bl 2y ~ -~- << 1 • BaegeM onepaTop 

~ a a e .. --+v -. ;s; 
at 0 az 

Torga M3 /5/ H /6/, HCnonbSY~./7/, MOmHO nony4HTb, 4TO: 
- e ~ -1 - ~-1 av v =- -- E E, p=-p

0
E --- /91 

my 3 az 
0 

* PesoHaHCHbl~ MexaHH3M gonmeH "pa6oTaTb 11 
, no-BHAHMOMY, H Aflfl 

~HKflOTPOHHO~ MOAW. 

4 

WfJ< 

~., 

j 

' .... 
/i 

noACTaBHM /9/ s npaay~ 4acTb ypaaHeHHn /4/, Torga nony4HM cne
AY~~ee onepaTOpHoe ypasHeHHe gn~ E: 

(L +A) E = 0 • ./10/ 
OnepaTop A onpeAeneH cornacHo 

~ CU~ ~-2 a 2 1 ->-1 a VO ~-2 a2 
A =-[-f -+-f ----e ]. 1111 

r5 az 2 c 2 at c 2 at az 
"-1 

06paTHW~ onepaTOp e YAOBfleTBOp~eT, KaK 06W4HO, COOTHOWeHH~ 
£{-1 =1. 

neHrM~pOBCKaA 4aCTOTa 
2 

CUB onpegen~eTC~,KaK 06W4HO, paBeHCTBOM 

2 
CUB 

4rr e n 0 ----
myo /12/ 

5yAeM HCKaTb peweHHe /10/ B BHAe nnocKo~ BOflHbl, pacnpocTpaH~~
~e~c~ agonb ny4Ka: 

-i(cut- kz) 
E=E 0 e . /13/ 

3neMeHTapHwe BW4HCfleHHfl npHBOA~T K cnegy~~eMy AHCnepCHOHHOMy 
ypaBHeHH~, CB~3WBa~~eMy cu H k nnOCKHX BOnH: 

cu2 
B = 1 • 

y 2 (cu - kv ) 2 
0 0 

CneAOBaTenbHri, cy~ecTBY~T gae aonHw, 6wcTpa~ H MeAneHHan: 

cu = kvo + cuB/Yo ' 

cu=kvo -cuaiYo 

¢a30Bafl CKOpOCTb MegneHHO~ BOnHbl /15
11

/ pasHa: 

cu - v ---~---< vo 
V¢= k- 0 CU+ cuB/yO 

/111/ 

/15 '/ 

/15"/ 

/16/ 

3. B COOTBeTCTBHH CO CKa3aHHWM BWWe ganee paCCMOTpHM BOnpoc, 
KaK pearHpyeT ny40K, B KOTOpOM noTeH~HaflbHO cy~eCTByeT MOga 
/15

11
/ ,Ha BHeiJJH~~ a3HMyTanbHO-CHMMeTpH4HY~ BOnHy C KOHe4HOW Ha-

4anbHO~ aMnnHTYAO~ H npOH3BOflbHbiMH noKa napaMeTpaMH CU O, k O , 

k.l 0 

E _ -i(c.J 0 t-k
0

z) 
BH - E OBI! e I 0 (k.l o r) ' /17/ 

10 - MOAH~H~HpOBQHHaA ~YHK~HA ~eccenA. & - BOflHa BHga /17/, 
04eBHAHO, MomeT 6WTb C03gaHa B cne~HanbHWX BOnHOBOAHWX CTpyK-

5 :I 



rypax, 3TOT sonpoc 6yAeT o6cymAeH no3me. noKa gocraro4HO npeA
nonomHTb, 4TO Momer 6~Tb s~nonHeHo ycnosHe 

wo 
v¢ = ]k~ < vo /18/ 

IaK KaK /17/ ygosnereopner OAHOPOAHOMY sonHosoMy ypasHeHH~ 

LE =0, TO 

v ¢ = c v 1 - k} o I k 2o • I 18 'I 

Kat<OB "orKnHK 11 nyi.!Ka Ha 3TY sonHy? Ann aHanH3a 3Toro sonpoca 
Aanee M~ pa30BbeM ABa MeTOAa, B3aHMHo Aonon~n~~HX APYr APYra 
B B~RBneHHH pa3H~X H HHTepecH~X CTOpOH B3aHMOAeACTBHR 3JleKT
pOHHOrO ny4Ka c 3neKTpoMarHHTH~MH BOnHaMH. Ha4HeM c oneparop
Horo MeTOAa, o6o6~a~~ero nOAXOA, TOnbKO 4TO H3nomeHH~A npH 
nony4eHHH /14/. 

nonHoe 3neKTPH4ecKoe none B CHCTeMe c ny4KOM, YAOBnersopn~

~ee /4/, 3anHWeM B BHAe 

E = E BH +En . /19/ 

3A~Cb E0 - none, co3AaHHoe $n~KTYa4HRMH nnorHocr~ 3apnAa s ny4-
Ke, Bbi3BaHHblt~H B HeM noneM BHeWHeA BOJlHbl. noACTaBHM /19/ B 
ypasHeHHe /4/, npasy~ 4aCTb Koroporo npeo6pa3yeM aHanorH4HO 
/10/. 

Ann nonn En nony4aeM HeOAHOPOAHOe ypasHeHHe BHAa 

. "" 2~ 1 2 I 2 
A A A -l(w 0t-.uz} wac - to 

(L + i\)E n=-AEllii =-uJ~Eolllle 2------21 o (k.L or). /20/ 
yo(wo-kovo) · 

3AeCb oneparopw i H K onpeAeneH~ B /4/ H /11/. 
PeweHHe /20/ 6yAeM Hc~aTb MeTOAOM npeo6pa3osaHHR ~ypbe. E0 

3anHC~BaeM B BHA8 HHTer~ana $ypbe no 6ety~HM rapMOHHKaM: ' 

E = - 1- J f (r) e -i(wt-kz) dlt dw . 
n (2rr) 2 kw 

/21/ 

t:\JU'I $YHK4HH fkw (r) nony4aeM nocne nOACTaHOBKH /21/ B /20/ H 
npHMeHeHHR o6parHoro npeo6pa3oBaHHH $ypbe: 

t>.. fkw -k~fkw =-(2rr'f p 0 w~ E 08~1! 0 (k.L 0 ~)o(w-w0H>(k-k 0); )22/ 

rAe 

2 k.l =k2 
2 2 

w-+Pw - --;2 
w2 / 2 2 Po=~~ -ko 2 ---

Yo<wo-kovot 

w2jc2 -k~ 
p = --------, 

y 2(w -kv ) 2 
0 0 

a - A8IlbTa-$yHK4HR 
6nHmeHHe: 

t:\HpaKa. Tenepb sseAeM' AnHHHosonHosoe npH-

6 

~~\ I . 
• 

• 

), 
I,' 

k .L r , k .L 0 r << 1 , 

,\»a. 
/23/ 

npeAnonomeHHe /23/ BblnOnHH8TCH B npaKTH4eCKH HHTepe~HbiX CJlY';la
HX H RBnReTCR ecTeCTBeHHWM npH 8HBJ1H3e np048CCOB, CBR3aHHWX 
c npoAOnbHO~ MOAYI1R4He~ ny4KOB /eM., HanpHMep, 

1131
/. Tenepb 

AnR f kw (r) nony4HM: 
(2rr )2 p 0 w~ E 0811o(w -wJo(k-k0) 

f (r) = -~------------ + A I (k r) • kw 2 kw 0 .L 
kJ.. 

j21~j 

3Aecb A kw- npoH3BOJlbHble nocTORHHble. CneAosarenbHO, none ''or

KnHKa" ny4Ka MOmHO 3anHCaTb B BHAe 

E = n 

2 
-i(w

0 
t-k

0
z) 

ws E OBH e 1 
--------- + --
w~ - y~ (w 0 -k0 v 0)

2 (2rr )
2 

-i(wt-kz) 
{A I(k.Lr)e dkdw. /25/ 

kW 

1-irat<, nony4aeM pe3ynbrar: 3neKTpH4ecKoe none "orKnHKa 11 ny4Ka 
Ha BHeWH~~ 3neKTpOMarHHTHY~ BOJlHY COAepmHT rapMOHHKY, HMe~~y~ 

Te me napaMeTpW w0 , ko, 4TO H BHeWHRR BOJlHa, ~MnnHTYAB KOTO
poA MOmeT 3Ha4HT8nbHO npeBOCXOAHTb Ha4anbHOe 3Ha48HHe, ecnH 
napaMeTpbl w 0 , k 0 YAOBnersopR~T pe3oHaHCHOMY ycnosH~ 

uJ2 
£(w,k)=1- B---=0. /26/ 

y~(wo -kovo)2 

Ho 3TO eCTb He 4TO HHOe, KBK AHCnepCHOHHOe COOTHOWeHHe MeAneH
HO~ neHrM~poBcKoA MOAW /14/. HH~MH cnosaMH, ecnH napaMerpw 
BHeWHe~ BOJlH~ YAOBJleTBOPR~T /14/, npOHC~OAHT e~ pe30HaHCHOe 
YCHneHHe; MO»<HO C$OPMY1lHPOBBTb H TaK: pe30HaHC npOHCXOAHT,ec-
JlH 4aCTOTa BHeWHeA BOnHbl 1 CMe~eHHaR 3a C4eT aHOManbHOrO 3$¢eK
Ta Aonnepa w' = y

0 
(w

0
- k 0 v 0) ,cosnaAaer c xapaKTepHoA 4acroro~ 

C06CTBeHHbiX I<OJle6aHHA 3JleKTpOHOB B ny4Ke, B ABHHOM cny4ae ''' '=-<u 11 • 

CyMMapHoe none a CHCTeMe renepb MOmHo 3anHcaTb s BHAe 

. -l(w t- k z) 1 -i(wt- kz) 
E . E" e 0 o. · {A 

= YJ OllH . + --2 k e 
(2rr) w 

dwdk. /27/ 

rAe K03$$H4HeHT yCHJ18HHR YJ paBeH 

wn 
/28/ TJ = 1 + 2 2 2 

Yo (wo -kovo) -wll 

B paMKax nHHeAHo~ reopHH orpaHH48HHe pocra aMnllHTYAW sonHw Ha
crynaer npH y4eTe KOH84HOrO 3aTyXaHHR B CHCTeMe ny40K-CTpyKTy
pa;OAHaKO aHanH3 noKa3wsaeT,4TO 3Ha4HTenbHO paHbwe Hacw~eHHe 

npOHCXOAHT scneACTBHe HenHHeAHWX 3$$8KTOB, B 4aCTHOCTH 3BXBaTa 

3neKTPOHOB BOnHO~. 
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40 nepeAAeM K nocTpOeHM~ BTOporo MeTOAa aHanVIsa, KOTOp~A 
ecTeCTBeHH~M o6pa30M B~BeAeT VI K HenVIHeAHoA TeOpVIVI pe30H8HC
Horo B38VIMOAeHCTBVIflo 

BBeAeM AnH YA06CTBa noTeH~VIanbHY~ $YHK~VI~ ¢, KOTopaH CBH-
3aHa C npOAOnbH~M 3neKTPVI4eCKVIM noneM paBeHCTBOM 

a¢ 
E = K -·- , if; = wt - kz • 

aljJ /29/ 

K - pa3MepH~A K03$~VI~VIBHT, B~6epeM ero HBCKOnbKO nosme. 
noACTaBVIM /29/ B BOnHOBOe ypaBHeHVIe /4/; V1Cnonb3YR ypaa

HeHVIe Henpep~BHOCTVI VI nepeXOAfl K HOBOA nepeMeHHOH if;, AnR ¢ 
nony4aeM ypasHeHVIe 

a2 ¢ 1 1 a a¢ 2 
-- + -.--- -·-(r-·-) =-f3,+,y,ny

0
(v-v 0 )o /30/ 

:..t. 2 k 2 r ar ar '±' '±' 
V'f' l. 0 

Yep w 2 2 -'h 
3AeCb f3ep= C' Yep= k, Yep =(1 -vep/c ) , 6espasMepHaH nnon1ocTb 

v = w~ I w 
2

, v 0 - ee sHa4eHVIe npVI ¢ = 0. 
Ms ypaBHBHVIH ABVImBHVIfl /5/ VI Henpep~BHOCTVI /6/ MOmHO nony-

4VITb VIHTerpan~ ABVImBHVIR. Ms ~paBHBHVIH /6/ nocne nepeXOAa OT 
t , z K if; nony4aeM cpasy 

p(Y-Yep)=const=p 0 (Y 0 -Yep). /31/ 

YpasHeHVIe /5/ AaeT 

dy eE 

dlfr = - ~Y3 ~(Y-v;>' 
Y4VIT~BaR /29/, ~nVIc~saeM 

a{3 eK a¢ 
Y 

3 
({3 - f3 ep) aljJ = - mk-;;2 alfr ' k=~ yep 0 

/32/ 

133/ 

Tenepb paCCMOTpVIM 3HeprVI~ 3nBKTpOHa B CVICTBMe nOKOR BOnH~, 
T.eo B CVICTBMe, ABVImy~eACR OTHOCVITBnbHO na6opaTOpHOA CVICTBMbl 
CO CKOpOCTb~ BAOnb OCVI Z : Y<!J = f31Jc; VIS nopeH~BBbiX npeo6paso
BaHVIA AnH 3HeprVIVI-VIMnynbca nony4aeM, 0603H84VIB 3HeprVI~ B ABVI
my~eACR CVICTeMe mc 2 (y -1), 

y = y 0 yep (1 - {3{3 <P) ; dy 3 df3 
do/-= y y <P(/3- f3ep) dlfr 0 /34/ 

CpaBHVIBaH /34/ c /33/, y6emAaeMcH, 4TO MomHo HanVIcaTb 

d BKYm -- (y +--.X...¢)= 0. 
dlfr mc2 k 

/35/ 

Tenepb B~6epeM pa3MBpH~H K03$$VI~VIeHT K TaK, 4T06~ B COOTHo
WeHVIVI /35/ nepeA ¢ nony4V1Tb eAVIHVI~y, T.e. 

8 

·j / 

{I· 
;1 

'I 

rr: 
il 
II 
'' :i 
:! 

l 
l .. 

I! 
d.' 

~~ 
'I J • 

I~: 
I, 

I' I ~ 
i .. 
• i 

K = 
mc2w 

/36/ 
eYepYep 

- ~ ~ Tenepb npORCHReTCH $VI3VI4BCKVIVI CMblcn ¢: npVI ¢ = 1¢ le , E= lEI e • 
VIMeeM 

eiEIYcpYep 
~:---1¢1 /37/ 

Toe.¢ onpeAenReT pa6oTy nonR BOnH~ H8A 3neKTPOHOM Ha AnVIHe 
2rrYep 

BOnHbl A= , OTHeCeHHY~ K 3Hepri-1VI nOKOR me 2 • 
w 

BTOpOH VIHTerpan ABVImeHVIH /VIHTerpan 3HeprVIH/ MOmHO Tenepb 
sanVICaTb B BVIAe /VIS /35// 

y + ¢ = canst= Yo /38/ 

npVI sanVICVI /38/ nonoM<eHo, 4TO Ha4anbHOe 3Ha4eHVIe ¢::::¢ BH <<y0 
BosspaTMMCH K sonHoBoMy ypaaHeHM~ AnR ¢ /30/ VI s~p~SVIM, 

nonbSYHCb /31/ VI /38/, ero npaay~ 4aCTb 4epes ¢o 0KOH4aTeJlb-
Ho nony4aeM ypasHeHVIe 

a 2¢ 1 1 a a¢ - Yo-¢ 
-- + --- -(r-) = q- q{3o --= 
aifJ2 k}0 r ar ar -'C _.~- )2_1 

/39/ 

_ f3 -{3 v Yo '~' 
f3

0
= -0-~- CKOpOCTb 3neKTPOHOB B CMCTet<le nOKOR BOnHbl npVI cp-:.0, 

1-.Bo 13m 
R2 2'

q= vo ~-'c\JY<P Yo 0 

-2-
2¢ « f3o Yo 

EcnM a~nonHeHo ycnoBVIe 

/40/ 

TO pasnomeHVIe KOpHR 8 npa80H 4aCTVI ypa8HeHVIR /39/ npM80AVIT K 
nHHeAHoR TeopVIVI, HsnomeHHoR 8~Weo AeACT8V~TenbHO, npeACTa8VIM 
none CHOBa 8 8VIAe cynepn03VI~VIM 8HBWHB~ 80flH~ M nonA ny4Ka; 

¢ = ¢11 + ¢BH ' 

npV14eM a AnHHH080nHo80M npH6nVImeHMM /23/ 

-i(wt- kz) 

¢BH = ¢ OBH e 

/41/ 

/42/ 

TorAa, nonbsyRcb /40/ VI ynpo~aR npa8y~ 4aCTb /39/, npMXOAVIM 
K ypaaHeHH~ AnR ¢ : 

2 11 
d ¢n ¢n 
--- + q---- = -

dlfr2 j32y3 
0 0 

q _·--¢ -ilfr 
{32 y- 3 OBH e 

0 0 

11+31 

-
0KOH4aTenbHO nonyYaeM, y4HT~BaR a~pameHHR AnR q,f3oM 1/o: 

d 2¢n w~ 
-- + ----------¢ 
do/2 y2(w-kY )2 n 

0 0 

2.~- . 
uJB 'f'QBII -1!/; ------e 

y 2 (w-kY )2 
0 0 

/44/ 
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3TO ypaBHeH~e rapMOH~4eCK~X KOJ1e6aH~~ no,q ,qe~CTB~eM BbiHym,qa~
~e~ c~nw. np~ ycnos~~ 

w2 
___ B_ =1 

y~(w-kv0) 2 
n2 

/45/ 

~MeeT MecTo pesoHaHc ~ aMnn~Ty,qa Kone6aH~~ /sonHbl ¢n I pac
TeT ,qo 6ecKoHe4HOCT~. TaK~M o6pasoM, nosTopeH pesynbTaT /25/
/26/. Tenepb MOmHO no~T~ HeCKOJlbKO ,qanbwe ~ OTBeT~Tb Ha Bonpoc, 
KaK npo~cxo,q~T so speMeH~ /~n~ s npocTpaHcTse/ HapacTaH~e aM
nn~TYAW BOJ1HW B Jl~He~HOM np~6n~meH~~. 

KaK ~ssecTHo, peweH~e ypasHeH~H /44/ np~ ycnos~~ /45/ ~Me-
eT B~A 

2 2 
¢nYo (w.-kvo) 1 

lim 2 = -(t/J costjf - sint/J), /46/ 
f!-.1 wB¢0BH 2 

To ecTb aMnn~Ty,qa nonH aonHw s pesoHaHce pacTeT n~He~Ho so 
speMeHH /nHHe~Ho c paccTOHH~eM z I c K03¢¢~u~eHTOM yc~neH~H 
/ 11~HKpeMeHTOM 11 /, paBHbiM 

1 1 diEn I 1 
rL = -- --- --- = ---

v cjJ E OBH dt E OBI! 

diEnl w~vcjl 
--- = ---~,/47/ 

dz 2wy~ (v0-vqt 

Bwpas~M pesoHaHcHoe ycnosHe /45/ 4epes 6onee y,qo6Hwe sen~-
4HHW - TOK, pa3Mep ny4Ka. 

JlerKo nposep~Tb, 4TO Kaa,qpaT neHrM~poacKo~ 
~~M o6pasoM swpamaeTCH 4epes TOK ny4Ka J: 

2 4c 2 J me 3 _ 
w = ----2 · --, JA = ---- 17 kA. 

Yof3oa JA e 

0KOH4aTenbHO /45/ 3anHCbiBaeM B B~,qe (VcjJ « VO 

4acTOTbl cne,qy~-

/48/ 

11a 2 2 3/2 
J=JA(-) <Yo -l) · /49/ 

A 

T.e. pesoHaHc HacTynaeT np~ TOKe ny4Ka, paBHOM /49/, ~ ,qn~He 
21TV ,t, 

BOJ1Hbl A=~. 
w 

C y4eToM pesoHaHCHoro ycnos~fl /45/ "~HKpeMeHT 11 paaeH npoc-
TO: 

rL 
= __ w = _!!_ 

2vcjl A /50/ 

5. Ann ~nn~cTpau~H noTeHu~anbHWx aosMomHocTe~ pesoHaHcHoro 
MeXaH~3Ma B036ym,qeH~H BOJ1HW np~ae,qeM 4~CJ1eHHW~ npHMep. nycTb 
:3neKTpOHHbl~ ny40K pa,q~yca a= 1 CM ~ Ha4aJ1bHO~ 3Hepr~~ 500 K38 
(yo=2) pacnpocTpaHHeTCfl 8 MarH~THOM none H :: 3 K3. np~ TOKe 
ny4Ka J = 2, 18 KA HaCTynaeT pe30HaHC C BHeWHe~ BOnHO~ w = 

= 4,5·10 8 c-1 ,f3qr0,05, A= 20 CM. AMnmHy,qa aHewHe~ aonHbl 

10· 

' 
j 

'·I 

. . 
< .. 

"~ 

~ ' I 
\ 

! 
j., 

I. . . 
' • i 

! j 

' ~ ·~ 
J .. 

H 
'I 

L 
l j 

! l 

I npOio13BOJ1bHa, OHa MOMeT 6b1Tb onpe,qeneHa 1-13 yCJ10BHfl AOCTaT04HO
ro npeBbiWeHHfl Ha,q Ha4aJ1bHbiMH WyMaMI-1 ~ 6biCTpOrO BbiXO,qa Ha ypo
BeHb, Heo6xo,q~Mw~ ,qnR 3¢¢eKT~BHoro ycKopeHHR. Hs ycnos~H oT-
cyTCTBHR saxaaTa 3TOT yposeHb MomeT 6btTb oueHeH csepxy 1-13" ¢op
Myn 138! ~ /37/: 

2 
e IE I A < 21Tmc (-

MaiC ~ Y 0 - 1) • Yep 
/51/ 

BosbMeM E 0811 =10 KB/cM. Tor,qa none a CHCTeMe pacTeT n~He~Ho so 
apeMeH~ 1-1 no z /oT T04KI-1 Ha4ana asa~Mo,qe~CTB~R ny4Ka c aonHo~/ 
,qo BeJ11-14~Hbl lEI< IEMad=160 KB/cM c 111-1HKpeMeHTOM11 rL.::-0, 16 CM-~ 
T. e. BbiXOAHT Ha 3TOT ypoaeHb Ha ,qn~He 1 QQ CM. 

BonpOCW HeJ1!-1He~HOA TeOpl-111 0 B3at-1MO,qe~CTB~fl ny4Ka C KOHKpeT
HOA saMe,qnR~~eA CTPYKTypo~ 1-1 HeKoTopwe ,qpyr~e 6y,qyT npe,qM~TOM 

CJ1e,qy~~1-1x ny6n~K;a41-1~. 

AsTopw npi-13HaTeJ1bHw sa none3Hwe o6cym,qeHHR 1-1 MHOr04HcneH
Hwe ueHHwe 3aMe4aHio1fl A.M.6an,qi-1HY, D.A.6e3HOrl-1x, B.C.BopOHHHy, 
A.H.Jle6e,qeay, M.H.no,qropeuKoMy. 
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6oH4-0cMonoecKHH A.r., AonH C.H., PeweTHHKoea K.A. P9-82-113 
0 MexaHH3Me pe3oHaHCHoro ycHneHHH MenneHHoA neHrM~poecKoA eonH~ 
B penHTHBHCTCKOM 3neKTPOHHOM ny4Ke 

PaccMoTpeHo e3aHMoneAcTBHe penHTHBI1CTCKoro 3neKTPOHHoro ny4Ka /P3n/ 
C B036Y~AeHHOH BHeWHHM 11CT04H11KOM B 3aMBAJlfl~~eA CTPYKType BOJlHOH, Ha4aJlbHafl 
aMnJ111TYAa KOTOpoA OTJ1H4Ha OT HYJlH. npH pe30HaHCHbiX ycnOBHHX, KOrAa napaMeT
pw BHeWHeA BOnHW YAOBJleTBOpH~T AHCnepCHOHHOMY COOTHOWeHH~ Anfl MegneHHOH 
neHrMJOpoecKoA MOAbl, npo>~CXOAHT 3¢{jleKTHBHoe yc>~neH'!e neHrMJOposcKoA MOAbl: 
aMnnHTyga npOgOJlbHOrO 3JleKTPH4eCKOrO nonA BOnHbl B CHCTeMe ny40K-CTPYKTypa 
paCTeT no nHHeHHOMY 3aKOHY BO speMeHH H no OCH CI1CTeMW C K03$$H~HeHTOM, 
HanpHMep, npocTpaHCTBeHHoro yc>~neHHil f' L = .,;>.., 3Aecb A - pe3oHaHcHaH An>~Ha 
aonHw. B pa6oTe paaiHT~ ABa MeTOAa on>~caHMA peaoHaHcHoro B3aHMogeAcTBHH, 
B TOM 411Cne H C y4eTOM HeJlHHeAHoro pe~HMa. npoBegeHbl O~CHKH napaMeTpOB 
3TOrO MeXaH'13Ma. 3TH O~CHKM noKa3~BaqT, 4TO pe30HaHCHOe B3aHMOgeACTBHe 
HBnfleTCH BeCbMa 3¢¢eKTHBHbiM MeXaHI13MOM C03AaHI1i1 60nbWOH npOCTpaHCTBeHHOH 
MOAYJlH~HH nnoTHOCTH P3n 11 3JleKTpOMarHHTHOH BOnHW C aMnnHTYAOH BWWe 
100 KB/cM H ManoA ¢a30BOA CKOpOCTb~. 

Pa6oTa swnonHeHa s fla6opaTopMM BbiCOKHX 3Hepr>~A OHJH1. 

npenp'IHT 06oCAHHCHHOrO HHCTMTyTa AAePHWX MCCnegosaHMH, Ay6Ha 1982 

Bonch-Osmolovsky A.G., Dolya S.N., Reshetnikova K.A. P9-82-113 
On a Mechanism of Resonance Amplification of Slow Langmuir 
Wave in a Relativistic Electron Beam 

The interaction of relativistic electron beam (REB) with an electro
magnetic wave of finite initial amplitude excited with external source in 
a slowing-down structure is considered. Under resonance conditions when 
external wave parameters satisfy dispersion relation for a slow Langmuir 
mode, effective amplification of Langmuir mode occurs: amplitude of wave 
longitudinal electrical field in the beam-structure system increases by 
a linear relation with increment, for example, of space amplification f'L="/A. 
Two methods of description of resonance interaction including that making 
allowance for nonlinear regime are developed. Parameters of this mechanism 
are evaluated. These estimates indicate that the resonance interaction is 
a rather effective mechanism for creating a large space modulation of REB 
density and an electromagnetic wave with amp! itude higher than 100 kV/cm and 
a smal r phase velocity. 

The investigation has· been performed at the Laboratory of High 
Energies, JlNR. 
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