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MOIYTALUOHHAA HEYCTOMYMNBOCTDL BOJIH
NPOCTPAHCTBEHHOTI'O 3APSIA

H.M. PoicKUH

VccnenyeTcss MOJY/ISIIMOHHAST HEYCTONYHBOCTH BOJH TPOCTPAHCTBEHHOIO 3apsiyla
(BI13) B  IHIHHPAICCKOM HOHHO-CKOMITCHCAPOBAHHOM ~ JICKTPOHHIOM  IOTOKE,
JIBIKYIIEMCSL BTG OCH IHTMHJPHICCKOro BONHOBOJia B ChOKYCHPOBAHHOM OECKOHETHO
CH/TGHBIM TPOJIOJIGHBIM MarBHTHEBIM MOJIEM. TIyist MeJUICHHO MEHSIEOIIIXCSL aMILITHTY]L GRICTPOIL
u wmepienHoii BII3 momydena ChCTeMa Hs NBYX CBSI3aHHBIX He TAHEHHBIX ypaBHCHHI
TIpemurepa. ITokasaHo, |TO pranmopieiicTere BIT3 CYIIECTBEHHO BIHACT Ha XapakTep
MOy TISIMOHHO HEYCTOWIABOCTH M IPHBOJHT K TOMY, 9TO HEYCTOHIMBOCTH MMCET MeCTO
ITPaKTHYECKH MPH JIO0OM 3HAYCHHH qacTOTHI HECyIel BOTHBI.

Beenenue

B nociejHee BpeMsi IOSBAIOCH HECKOILKO paboT, B KOTOPBIX 0OCyXpancs
BOIIPOC O MOy JISIHOHHON HEYCTOMYMBOCTH BOJIH IIPOCTPAHCTBEHHOTO apsyra (BII3) B
9JIEKTPOHHBIX IOTOKAX Pas3IMIHBIX koudurypamuit [1-3].. B padore [1] mpu momoru
MeTona Yuzema OLUIO MOKA3aHo, IT0 B GeCKOHETHO IMMPOKOM MOTOKE PEIICHIs B BUJIC
IEPUHOJMHIECKHX CTAIMOHAPHBIX BOJH ycroiuBbl. B TO XKe Bpemd OrPaHUYCHHOCTD
[IOTOKA B MOMEPEUHOM CEIEHUH MOXKET IPUBCCTH K HeycroitunBocTH. Tax, B pa6ore [2],
e HCCTEOBanCs TOHKUI TpyOUaTHIl MOTOK, MBIDKYIUACS B METAJIMICCKOM
BOJNHOBOTE, ObUIO TONYYEHO HEJIHHEHHOC MICIIEPCUOHHOE COOTHOIIEHHC, ~AHATH3
KOTOPOro IIOKa3al, YTO MOJyJSIUOHHA HEyCTOMUHBOCTH UMEET MECTO HPH T00BIX
JHAYEHMAX BOJHOBOrO wmcia k. JIeHTOYHDLI MOTOK, JBIDKYIIUACS MEXJy JBYMA
MPOBOJSIIUMHU IIIOCKOCTAMI, GLUT pacCMOTpEH B paGoTe [3], aBTOPEI KOTOPOIT IOy IHITH
pemHefmoe ypasrenne IpepHrepa, OMICEIBAIOMICS TMHAMIKY MEJICHHO MEHSIOMmETics
AMIUIATY/IbI BOJHBI, W TOKasamd, MTO HEeyCTOMUMBOCTL  HAOMIOfACTCs ML B
JUIIHHOBOJIHOBOM  0OJIAcTH, TO €CTh TpH k  MEHBIINX HEKOTOPOro KpPUTHICCKOTO
3HAYCHIS.

CrefiyeT 3aMeTHTh, 4TO BO BCEX 9THX paboTrax HCCIEoBaIOCh YCTOMIUBOCTD
TonbpKo ool m3 BII3 - ObicTpoil Win MeieHHoil. B macTosmeii paboTe MpOBC/CH
AHAZIN3 MOJIyJISIMOHHON HEYCTOMIHBOCTH, YUNTBLIBAFONMIT B3AUMOJICHCTBHC ITHX BOIH.
TlonydyeRHbIe Pe3yThTaThl CBACTENLCTBYIOT O IPUHIMIHATEHON HEOOXOMMOCTH yICTa
MAHHOTO (haKTOPA JYIsl KOPPEKTHOrO ONMCAHHI HEyCTONYMBOCTH.

1. OcuoBubi¢ ypapuenus
PACCMOTpPHM ~ MOJieNb, B KOTOpOIl VTHHAPAIECKHIT  3MEKTPOHHBI  TOTOK
qBIDKETCS BIOAL OCH  TITHHPHICCKOro BOMHOBOXA ¢ WCANhbHO MPOBOJISIIIMI

CTCHKAMMU. TToTox ()YJICM CYUATATH I/IOHHO-CKOMHCHCYIPOBZ\HHLIM, gTO MO3BOJILET
npeHereqL BIMSITHAEM CTATUICCKOro HpOCTpaHCTBCHHOI‘O 3apsana, 1 CCbOKYCI/IpOBaHHI)IM
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GeCKOHEUHO CHJILHBIM MPOJOILHEIM MATHUTHBIM IIONIEM, YTO HCKIIOYACT BO3MOXHOCTb
NONepeyHLIX JBIDKeHmt. OrpaHi<duMcs —CIydaeM, KOrja BOSMYINCHMA CKOPOCTH
JOCTATOYHO MAJIbI, TAK YTO OOTOHA OfJHUX SJICKTPOHOB JPYIHMH HE IIPOUCXOJHT. IIpu
CICNAHHBIX JIOMYIIEHHSX MOTOK MOXHO CYHTATh CIUIOIIHOM Cpefoil M OmucaTh
THIPOJMHAMIIECKIMHU Y PABHCHISIMU

v v 20
ot TS e ™)

dp  9(pv)
LA .
a | o

B ypasmenmsix (1) m (2) BCe BENMYMHBI SBISIOTCA 6e3pa3MEpHBIMI: CKOPOCTh U M
[UTOTHOCTh 3apsifid 3MEKTPOHHOMN «KMIKOCTH» p HOPMHPOBAHBI HA HEBO3MYIICHHLIC

3HAYEHHS Uy U o, OTEHIHAT TOJIsi NPOCTPAHCTBEHHOTO 3apAjia ¢ - Ha muy e, BpeMs -
Ha @, !, a KOOp/[MHATA - HA Vol 0y, THE @, =(epo/meo)l2 - IIa3MeHHas JacToTa.
J7s moTeHnMANa () MCIONb3yEM YPABHCHNC Ilyaccona B BUjIe

2)

e

029
ox2

-k2p=p-1, 3

npu4eM 4YIECH - k,20 MopenupyeT BIHUSHHAEC IIPOBO, SIUX CTEHOK BOJIHOBOJA TakK
&

HA3LIBAEMBIX «CHJI H300paXeHUs»). YpapHerue (3) MOMYICHO B MPEANONOKCSHUY, UTO
CHJIBI KyJIOHOBCKOTO B3aMMOJIEHCTBHS MEXJy PA3IIIHLIMU CCHCHIBIMI 9JIEKTPOHHOIO
HOTOKA SKCITOHEHIMANLHO CIAJAIOT ¢ paccTosaneM [4].

2. Hexmueiinoe ypastenue Ilipequnrepa
TMonyuum HenuHeiiHoe ypapHenue Illpemanrepa (HYII), ommceiBaomee

SBOMIONMIO MEUICHHO MEHSIOMEACS AMIUIMTY/LI BONHOBOIrO Makera, Juid  HCro
BOCIIONB3YEMCSI  CTAHJAPTHBIM ~ METOJIOM MHOTOMACIITAOHBIX ~ pasnoxewnni  [5].

TIpencTaBum v, p ¥ ¢ B BUJIE PAIOB IO CTENEHAM Maoro napaMeTpa

v=1+¢c0; +€0,+ ...,

p=1+ep; +€p+ ..,

Q=€+ + ...
1 BBEJIEM MejyIcHHbIe lepeMennsie T, Ty, ..., X, X,, ... . I1pu oTOM POU3BOJHEIC 0/dx u
/9t IpeoGpa3yroTCs CEYIOmUM 06pasoM:
0 0 . 0 e 0 e
— € 3 -
ox ox X, X,
d 0 ) 0
- +€ +¢€2 + o

ot ot Ty oT,

MopcTasnss oTi pasnoxenus B ypaHennss (1)-(3) u BbIIenss *WICHBI HOPATKA €,
TOJTY <M JTHHEAPH30BAHHYIO CHCTEMY YPABHEHMI
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801 i 301 b a(p1

ot ox  ox

9p; 9p; 00,

=)
ot x ox 1 ox ; “)
»
5x—(fl— - k201 = p1-

Tonarass, 9T0 pemenue CHCTeMbI (4) mMEET BH KBA3UrapMOHMYECKON BOJHBI C
AMIUTHTYJION A, 3aBHCSIIIEH OT MEJPICHHBIX IEPEMCHHBIX, HOMyHacM

01 -‘ l' - kIQ -l
p1 | =l - (R + k) A(Ty, To, X, X,) exp (i0) +x.c., )
L (P1_| 1 J )
e 0=wt- kx, Q=w- k, X.C. - KOMILIEKCHO CONpPSKEHHOE BBLIPAXEHHE, MPHIEM © 1 k
YIOBIETBOPSIOT WCTIEPCHOHHOMY COOTHOIICHUIO
| k2

K+ k2

(- kp = (©)

Ilasnee, OYEBHHO, BO BCEX MOPSKAX MATIOCTH.MBI GyfieM IONMy4aTh CUCTEMBI BA/IA

dv, 9V, 00,

ot - Bx"- 9 "

op, Op, 00, _

I TR Wi i
029,

ax2 - klz(pn = Pn= Yns

TIE Oy, Py ¥ 3ABUCST OT WICHOB IIPE/LITYIUX NOPSKOB [5]. Tak, B mopsiaKe €2 HIMEEM

00, dv, 00Uy 0 . U2

%= 3%, 9T, oX; 5% 2 b ®)

op1 dp1 90y g 9(p101)

an : 1 9
BZ 8T1 aXl 8X1 ox ( )
9’1
=- ) 10
Y2 oxoX, (10)
Wckmoyas u3 cucteMsl (7) p,, Uy, TPUXOIUM K YPABHECHHIO
02 02, _ da,

D[ —— - k2 — e -'DB, - D%y, 11
[ ax2 . ](pn ez axz ax B Y ( )

rme D = 9/0t + 9/ox. Tlpu n = 2 MOJICTABUM B (11) sepaxenns (5) u (8)-(10) u
noTpefyeM, 9TOOBI CEKYISIPHBIE WICHDI (TO ecTh UNEHDBI, IPONOPIHOHATLHEIC exp[+ i6])
B IIPABOM YaCTH OOPATUINCEH B HYJIb. Torma s aMITIATY/AB! A OyieM HIMETh yPAaBHCHHE
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0A 0A

EE—— _— O ¥ 12
T o
e Z)g = prHHOBaH CKOpPOCThb
ky?

Tenepsb BLIYUCINM Uy, Py U ¢, KOTOPEIE IIPE/ICTABUM B BHJIC

o2l 22T To Texp (i6) # [ pos lexp (2i6) + xc.
Lo, ) Loxnd Lo O

UeHsl, IPONOPHHOHATLHBIE eXp(2iB), 6e3 Tpyaa HAXOJATCS U3 CUCTEMBI (7) npu n=2

[9)%) k(2k2 + kJ_Z)/Q
[ om 1= @ia sk +h2) Je ki) azizie, (13)
L (073) l - (k2 +k.?)

Cucrema ypaBHEHMi, KoTopas cienyeT u3 (7) jist 4IeHOB, NPONOPIMOHATLHLIX exp(i0),
OdEeBWHO, SBISETCA HeompefesneHHoil.  I1oaToMy ygaeTcss NMONyWHThH TONBKO jiBa
aNreGpamIecKnx yPABHEHNS, CBA3BIBAIONINE Vs, Po1 M 91

k 0A
= — & 40— 14
(%3] o) P2 -1 X, > (14)
0A
pa1 = -(kR2+k2)Qn - 2ik ——. (15)

X,
Hakoueu, I WIEHOB, HEe 3aBUCSIIHX OT 6, IMCeM
P20 =-ki2 @z (16)

Yro6bl ONPENCTUTE Vgy, P20 M §rp HEOOXOIUMO 00paTuThCSl K YPAaBHCHUSAM
CIIEIOIEro nopsiaKa ManocTn. B arom cnyvae

a(pz ) 802 802 a(pl 801 801 d 012 a(vlvz)

X, o, oX, oX, oI, oX, % 7 T

O3 =

(17)

Bs=-=r " Tox,” ox, oL, oX, X, Xy ox

op2 dp, 00, Ip1 o1 0y 9(p101) _a(P102+9201) (18)

029, 920, 02,
0 4 . 1
Ban1 aan2 8X12 ( 9)

Y3 =-

Temeph CEKyJISApHBIMEA OyIyT Kak <WICHBI, NPONOPUHOHANBHLIC exp(if), Tak u He

saprcsmme ot 0. TIpUpaBHUBAS TIOCIEHAE K HYIIO B KAXKIOM i3 YPABHCHNUI 17)-(19) ¢
yuaerom coorromenni (5), (12), (13) u (16), momry1aem )

V0 - kQ2(k2 + ky2)2 + k1 4)/Q (k2 +ky2)?
[y | =l -k2(e+k2)(ke+ 3k2) | —————AA (20)
Low | L (R+k2)(k2+3k.2) 1 (R +k2)3 - kS

Hanee, mopcraum (17)-(19) B (11) u moTpeOyeM YHHYTOXCHHE MICHOB,
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nponopuoranbHex exp(i6). Mcemomb3ys (opMyne (13)-(15) u (20), mocne psma

JOCTATOYHO TPOMO3IKHMX mpeoOpasopammii monydaem HYII (wmensr, copepxamue

HEOTPE/ICTEHAYIO BEIMIHHY (1, B3AUMHO YRHITOXAIOTCS )

0A 0A " 9?2A
$ 1y ) - —

o7, X, 2 9X;?

i ( +qlAPA=0, (21)
e

0" = doldi2 = 1——31€£2—— < (22)
(k2 +k,2)52 ?

1 kk_l_z (k2 +kJ_2)312
=+ — " =7 [k4- 3k%k,?- Ok,4]. 23
q 4 (k) ks [ L 14 (23)

3aMeTnM, UYTO YYET CllaraéMbIX, IPONOPIHMOHANIBHBIX exp(£i0), B mopsaKe &2 HEOOXOMM
IS [OJYYeHHsT KOPPEKTHOrO 3HAYCHUA
koaduumenTa IpH  AUCIIEPCHOHHOM q/k
YIICHE.

KosddumuesT ¢ MEHIET 3HAK IpH
k=2.2k, (puc. 1). Takum 00pa3oM, yCIOBHE g g

30.0r

MOJIYJISIMOHHON HeyCTOHdMBOCTH  0”'g<0

[5] eemonmsercs B KOPOTKOBOMHOBOI 10-0
obmactu k > 2.2k, Kax s ObICTPOH, TaK 1

s memiensoin BII3. Jlnma GeckOHEYHO e, . : . ,
HMIMPOKOr0 IIOTOKA, KOTOPBLIA HCCIENO- 00 20 40 60 80 100 k/k
Bajics B paGore [1], momaras B ¢opmymax

(22), (23) k;—0, mveeM ©”q=0. 310 HEKMIA Pucl. =~ 3apHcMOCTh  KOOGHIMEHTa  MIPH
HeJMHEHHOM 4YJIeHe OT BOJHOBOI'O 4YHCIA JUISL

IOTPAHMYHBIA CIydaii MEXJy YCTOWYH- Gricrpoii BII3 (sepxmmii srak B popmyne (23))
BOCTBHIO ¥ HEYCTONYMUBOCTLIO.

0.0

3. Yder B3aUMOJICHICTBUSA BOJIH

CrefyeT 3aMeTHTh, 4TO, CTPOrO TOBOPS, MBI HONYYMIH HE OfHO, a /B HYI -
s OplcTpoit u MemtenHoi BII3. YroObl yuecTh HENMHEHHOE B3aMMOJEHCTBUC ITHX
BOJIH, HAJI0 UCKATh 01, P1, P1 B BUIC

01 016 (i )
||:P1 jllz l_Plﬁ }46 exp (i6s) +'|: p1 :‘r‘\m exp (6, ) + K.C.

01 01° o™
3jech U jlajiee BCe BETMUMHBI C MHJEKCAMH «0» M «M» OTHOCATCS, COOTBETCTBEHHO, K

OLICTPONl M MCJUICHHOH BONHE M ONPEHENISIOTCS COrTACHO dopmynam pasgena 2
[OJICTAHOBKOH BOJHOBLIX YHCEN ks WM Ky, ABJSIONIUXCS KOPHSIMH JIUCICPCHOHHOTO

cooTHomenust (6) /uIs JAHHOrO 3HAYCHAUS .
B nopsijike €2 nomydaem

kek, kek,y
= 0,0 + M- ik, AA, exp(i8,) - ik AGA,* exp(if.) + x.c., 24
0 = 05 + O~ i gngGA xp(i8,) lﬂsﬂmf’A xp(i6.) + x (24)
ks \
By =P8 + P i 0207 (ke + ky Q6)AA, exp(i6,) -
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k_kek,,
0:2Q0,2

-

(IQQM + k, Q5) AcA," exp(if.) + k.c., (25)

=10+, (26)

I’}Ieki:ksi'kM,91=9519M.H1H6M()2,p21/l(p2BBI/HIe

Uy 00 [0 Vp16 0Ag Uy 0A,
[ P:)1 =rl3206_I |Aql2 on“-hAMIz 'FI—IZ'215~| exp(i6s ) + I—1321“ —I“exp(iem) +

L 0, o5 P ¢15] 09X, P14 d 90X
Vo0 O™
+ I_p226 -IAﬁzeXp(Z 195 ) +r PooM _] AM2 exp(2 leM ) +
(P2 P

v, 0.
+ { g::ll As A, exp (i0, ) +{ g} A A, exp (i6. ) + x.c.

Hopcrasnas (24)-(26) B (7), maxopum

: kikaM ki(k6QM e kM 96 ) + Qj:QﬁQM ( k:tz +kl2)
Q20,2 Q2( k2 +ky2) - ky? g

+ =

s k:tkﬁkM ( kiz +kl2) Qd:(kGQM -k kM Q6 ) + kiQEQM
e QAT fo QI KPR A kR :

¥

e Q; =Q+0 JIST TANbHEHIINX BLIYUCIICHAN HAM HE TIOHAT00STCs ).
e 8§24 =2y P+

Tenepy B 03, B; omonmHuMTENBEHO MOSBATCH CregyrOmmE CEKYIISIPHBIE *UICHEI,
00yCIIOBICHHBIE B3aNMOJICHiCTBIEM OLICTPON 1 MeTerHoi BIT3:

0: ks (0150,M + O (0. + 0,))IA,2Aq exp(ifs) +
+ ik (01058 + 015 (0. + v,))lAl2A,exp(ib,,);
Bt iks (p150a0™ + 018 pyo + pr(v. + 0,) +o(p. + p,))IA, A, exp(ifs) +

+ ik (P1MU28 + VM PyeS + p15(v. +v,) + 05(p. + p.))lAsl2A, exp(iB,,).

TpeGyst yRIITOXEHUS CEKYISAPHBIX WIEHOB B IOPSKE €3, BMECTO ypaBHeHus (21)
IIOJIy4aeM CUCTEMY M3 ABYX cBsi3aHHbIXx HYIII

., 0Ag 0Aq ey
! ( aT2 = vgé aX2 ) - 2 axlz + (CIﬁ lAﬁ 12 + }\:5 |AM 12 )AG == O’
@7)
0A 0A o,” J2A
. M + oM M B M M + M'AM 2 4+ KM]A |2 AM — 0’
2 or, oX, ) 2 X2 (¢ sl2)

IpuieM
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2k52020M i kM(kGQM+ kM Qﬁ )(U_ G U+) b, kMQG (p_ + p_,_)
Qs Q2 Q,

Qg
A = —— (kg poo™ + A
6 2k6(6pzo )

(28)
L 2k, 2050 L ke(ksQy + K\ Qs )(0_ + 0,) y ksQy (p- + p.)

(ko p2os +

A=
2k, Q, Qg Qs

UyceHHBIH aHammu3 cOOTHOImEHMA (28) moKa3sIBaeT, 4TO Ag BCErNa MONOXUTENLHO, a
Ay - OTpunarennpro. Ha puc. 2 npusefeHa
3aBHCUMOCTDH MOJTyJICH 9THX BEIUYMH OT ®.
Ypasuenus (27) gacto BCTPEYAIOTCA 500 .0 |
npu  OMHCAHMH MOJIYJISUMOHHON 00 ol
HEYCTOMIMBOCTH  CBA3AHHBIX BOTH B |
CHCTeMax pa3IMYHOM  mpupomsl  (cM. :
Hanpumep [6-9]), npuuem B oOmem cnygae  200.07
sra cucrema, B oriauume or HVYI, me 100.0}
SBISETCS  MOJNHOCTHIO  HHTEIPUPYEMOH 0.0 : : s ; .
[10]. Jumeimeni amanu3 yCTOMYMBOCTH BB AR A 20010 )
IPOCTPAHCTBCHHO-OHOPOJTHOT'O  PCIICHUA Py, 2. 3asucHMOCTh KOI(QHIHEHTOB CBS3W B
cucreMel  (27) CBHEETENBCTBYET O TOM, cucreme —cssamaeix HYII (27) or gacrors!
YTO NPHU BBLITOJIHEHNN YCIIOBUS Hecyme#t Bomas mpr Ky =10: 1 - | Ag ;2 - 1 Ay |

I A6 Mg | > 1 g6 gul (29)

OHO OKAa3LIBAETCS HEYCTOMYHMBLIM JIaXe B TOM Cllydae, KOIfa Kaxjas M3 BOJIH B
oTgensHOCTH yeToiausa (@”; ¢; >0, i=0,m) [8,9]. Uucnennsli ananu3 BeIpaxenuii (23)
u (28) nokaspiBaeT, 4TO HEPaBEHCTBO (29) BBLUIIONHAETCA NPAKTUYECKH BO BCEM
mmana3oHe @'. Takum 00pa3oM, iss KOPPEKTHOIO OIHMCAHHS MOJYJISIMOHHON

HEYCTOMIMBOCTH  HEOOXOAMMO HCHONB30BaTh cucreMy (27) cmsasamnex HYI,
VUYUTBLIBAIONIYIO B3aUMOJEICTBHIE OLICTPOH U MEJJIEHHOH BOJIH.
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MODULATIONAL INSTABILITY OF SPACE-CHARGE WAVES
iy N.M.Ryskin

Modulational instability of space-charge waves in a strongly magnetized cy-
lindrical charge-neutralized electron beam in a cylindrical wave guide is investigated.
For slowly varying amplitudes of fast and slow space-charge modes a system of coupled
nonlinear Schrodinger equations is derived. It is shown, that because of the interaction
between the fast and slow modes, waves of almost all wave numbers are modulationally
unstable.



