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IloTepH SHEPruy 3apAzKeHHOH YaCTHUbI
NPH B3aHMOAEHCTBHH C AHIEKTPHYECKHM HHAHHAPOM

Ilpeomem u yenv padomut. Coz0anue 2enepamopos NeKmpOMASHUMHO20 USTYYEeHUs MULTUMEMPOBLIX U CYOMULTUMEMPOBBIX
OIUH BOH ABJIAEMCA NePCREKMUBHBIM Hanpasienuem passumus paouogusuxu. Taxue cenepamopsl 6ocmpebosansl 8 meouyume,
buonocuu, Cnekmpockonuu, 6ecnpo8oOHO WUPOKONOIOCHOI C8A3U U 8 OpY2UX Ompacisx Hayku u mexHuxu. OOHUM U3 cnoco6os
2eHepayuy BOIH MUIIUMEMPOBO20 U CYOMUTIIUMEMPOBO20 OUANAZ0HO8 ABNAEMCS 83AUMOOCCNEUEe NOMOKO8 3APANCCHHBIX HdC-
MUY co ceepxpasmepHuIMU 1eKMPOOUHAMUYECKUMU CIMPYKIMYPAMU, pabOMalowumu 8 MHO20MO0080M pedicume. B ceéasu ¢ smum
BADICHBIM ABIAEMCA NOHUMAHUE INIEMEHMAPHBIX PUIULECKUX MEXAHUZMOB, IeHCAWUX 8 OCHOBe MAK020 83aumoodelicmeus. B na-
cmoswell pabome peulena 3a0a4a 0 8030YHCOeHUU COOCMBEHHBIX 00bEMHO-N08EPXHOCTIHBIX MOO MEEPOOMENbHO20 YUIUHOPA
HepenamusUCIMCKUM d1eKMPOHOM, OBUICYUUMCS 8 BAKYYMe HAO NOBEPXHOCTNBIO MAKO20 YUAUHOPA NAPANTENbHO e2o ocu. B cuny
HepenamusUCMcKo20 Xapakmepa 08UICEHUs. INeKMPOHA €20 Noje U Noe U3TYHeHUsl 8 6AKYYMe PACCUUMBIBANUCH 8 ITIeKMPOCHa-
MUYecKoM NPUOTUNCEHUU, A RO BHYMPU YUTUHOPA — C YYemom d¢hgexma 3anazovléaHusl.

Memoodwvt u memooonozus pabomut. C ucnonvzosanuem ypasnenuii Maxceenna u npedcmasieHuti nouet  guoe Habopa npo-
CMPAaHCMBEHHO-8PEMEHHBIX 2APMOHUK NOTYHEHO AHATUMUYECKOe 8bIpAdICe e 0I5l HOMEPb IHEP2UU DNeKMPOHA HA B030YIICOeHUe
€OOCMBEHHBIX 0ObLEMHO-NOBEPXHOCHIHBIX MOO OUINEKMPULECKO20 YUNUHOPA. AHATU3 IMO20 BbIpaAdiceHlsl Dbl 8bINOTHEH YUCTeH-
HO ¢ npuMeHeHuem Memooa 0eleHus Ompe3Ka Nonoaam 0 NOUCKA KOPHeli OUCNEPCUOHHO20 YPABGHEHUS.

Pesynvmamur pabomut. Ilokaszano, umo Hauboree 3¢pghexmueno 6o36yxcoaromes moowvl E-muna. Ilpu smom eenruuunsl no-
mepb IHepeUU ANeKMpPoHa Ha 8030ydcoenue Moo E-muna npubnuzumensro Ha 06a nopaoka npesocxo0sm 6eIUYUHbL NOMEPb HA
6030yoicoenue Mmoo H-muna ¢ memu sice sHauenuamu azumymanbHO20 U paouanbHo20 M0008blx uHoexkcos. Haubonvuue nomepu
SHepauu 3MeKmpoHa coomseememeyrom 8030yacoenuio HE1-mo0w.

3axniouenue. [lonyuennvle pe3ynomanmel no380aA10Mm 21ydice NOHAMb GUIULECKUL MEXAHUIM, IeACayuli 8 0CHOGe 2eHepayu
COOCMBEHHBIX MOO OUBIEKMPUYECKO20 YUTUHOPA 3APAHCEHHBIMU Yacmuyamu, u mo2ym o6vims 0000ueHbl Ha CIyHail MHO20-
CMPYIHO020 2NeKMPOHHO20 NYUKA, UCNONL3YIOWe20Cs OJid 2eHepayuu dN1eKmpoMacHUMHbIX MO0 «wenuywel eanepeu». Hn. 4.
bubnuoep.: 18 nass.

Kniouesote cnosa: UusiyuyeHue 31eKmpoHa, djiekmpocmamudeckoe npu6ﬂu9fcenue, 06b€MHO'n06erHOCmel€ /l/lO()bl, MOObL I1eKM-
pudeckoeo muna, MOObL MAZHUMHO20 MUNA.

B mocnennee necstuierue OONBIIOC BHUMaHWE
VAETSETCS BOIPOCAM CO3AaHUs TeHEPaTOPOB AIIEKT-
POMAarHUTHOTO M3JIYYCHUS B MUJLUTUMETPOBOM H
CyOMIJUTMMETPOBOM JIHANa30Hax JJIMH BOIH. JTO
CBSI3aHO C AKTUBHBIM MPUMEHEHHUEM TaKOTO W3-
nmydeHus B Omomornu [1], memummne [2], a1 1me-
penaun CyOMUIZIMMETPOBBIX CHTHAJIOB B 3€MHOM
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atmocdepe [3], I OCYIIECTBICHUS IIHPOKOIIO-
JIOCHOHM OecrpoBOHOMN CBszH [4], CyOMUIITUMET-
POBO#i CIIEKTPOCKOTIHH [5] M B APYTUX MPHIIONKE-
HUSIX HAYKUA M TEXHHUKH.

OnHaKo UCTONB30BAHUE TPAJTUIIHOHHBIX ITOIXO-
JIOB K TIPOCKTUPOBAHUIO W TIOCTPOCHUIO COOTBET-
CTBYIOIIIMX AJIEKTPOHHO-BAaKYyMHBIX YCTPOMCTB
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BeChMa 3aTPYIHUTEIHFHO — 3TO OOYCIIOBIEHO Ma-
JBIMA T€OMETPHUYECKIMH pa3MepaMé OCHOBHBIX
3JIEMEHTOB TaKHX YCTPOUCTB, I'€HEPHUPYIOUIUX U
CTAOMIM3UPYIOIIUX 3JICKTPOMATHUTHOE U3Jyde-
Hue. OMHUM U3 HauOoJee MePCICKTHBHBIX pelie-
HUW NaHHOW TpPOOIEeMBI SBISETCS HCIOIb30Ba-
HUE CBEpXpa3MEepHBIX (10 OTHOIICHWIO K JIJIMHE
BOJTHBI) JJIEKTPOAMHAMHUYECKUX CTPYKTYp, pado-
TAIOUIMX B MHOTOMOJIOBOM pexume. B 3Toil cBs-
3 CIEAYET OTMETUTH paboTy [6], B KOTOPOIf dKC-
MEPUMEHTAIBHO 3apETUCTPUPOBAHO U3IYUYCHHE
AJIEKTPOMArHUTHBIX BOJH B aBTOKoOJeOaTembHOU
cucreMe Ha 0a3e BBICOKOIOOPOTHOTO KBA3HOII-
TUYECKOTO JMAIIEKTPHYECKOTO PE30HATOpa, BO3-
Oy’>KIaeMOro0 MHOTOCTPYHHBIM PEISITHBHCTCKUM
JJICKTPOHHBIM y4KoM. BO3HUKHOBEHHE OOHapy-
KCHHOTO U3JY4YCHHS CBS3aHO C BO30YXKJICHHEM
COOCTBEHHBIX KOJICOaHHH (THUIIA «IISTTYYIIEH raje-
pen») MWIHHAPUIECKOTO AUIIEKTPUIESCKOTO Pe3o-
HaTOpa MOTOKOM 3apsKEHHBIX YaCTHII.

TeopeTnudeckoe ONMUCAHWE SBJACHHMA, TIPUBOJIS-
IIMX K BOBHUKHOBEHHUIO OOHApPYKEHHOTO B pabo-
Te [6] M3IMy4YeHUs, MPEACTABISICT COOOH JTIOBOMb-
HO TpymHywo 3amaudy. [losTomy, ¢ Hamied Toukd
3peHUs], TMPENCTABIAETCS MPABHIBHBIM HCIONb-
30BaTh YIPOIICHHBIE (PU3MUECKHe MOJENH pac-
CMOTPEHHOH B paboTe [6] 371eKTpoauHAMHYECKOU
CUCTEMBI, IMO3BOJISIONINE, OHAKO, JIaTh KOJIUYEC-
TBEHHBIC OMUCAHUS (PU3MUCCKUX SIBICHUM, MaKCH-
MaJbHO TPHUOIMKEHHBIE K YCIOBUSM PEalbHOTO
IKCIIEPUMEHTA.

Hawuboiee pocToit Gpusndeckoil MOAETBIO IS
omnpeneeHus MEXaHU3Ma BO30YKICHHS 3JIEKTPO-
JUHAMHYECKONW CHUCTEMBbI, PaCCMOTPEHHOW B pa-
0ote [6], ABISIETCS NBIXKCHHE 3JICKTPOHA BOJIH-
31 OECKOHEYHO JJIMHHOTO JUAJIEKTPUYECKOTO ITH-
JUHApa TapajuielbHO ero oOpasyromieil. B Ha-
cTosMIeH paboTe paccMaTpHUBAETCS BO3OYXKICHHEC
COOCTBEHHBIX 00BEMHO-TIOBEPXHOCTHBIX MO JH-
IEKTPUUECKOTO IMIIMHAPA JIEKTPOHOM, JBHIKY-
IIUMCSI C TIOCTOSSHHOW CKOPOCTBIO B TaKOH MO-
ey, OJNEeMEHTapHBIM (PU3UYECKHUM MEXaHU3-
MOM, JIKAIIUM B OCHOBE BO30YKICHUS, SIBISIETCS
ahdexr BarmmoBa—UepeHkoBa, 0oOHapyKCHHBIH
85 nmet Hazax I1.A. UepeHKOBBIM IpH HCCIIEIOBA-
HUH Y-IIOMHHECIIEHIIMH pacTBOPOB. [lox 00beMHO-
MMOBEPXHOCTHBIMUA MOJIaMU TTOHMMAIOTCS BOJIHEI,
y KOTOPBIX 3aBUCUMOCTH aMILIUTY]] MOJIeH OT pa-
TUATBHOW KOOPAMHATHI HWMEIOT OCIHILIHPYIO-
IIMH XapakTep B 00JaCTH IIIINHAPA © MOHOTOHHO
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yObIBaroImuii — B 00acTé BakyyMma (TIpH yIaJeHHH
OT MWIMHIpPA B HANpPaBICHUN BHEIIHEH HOpMAalH
K ToBepxHOCTH). [lomydeHHbIe pe3yJibTarhl MO-
T'yT OBITH O00OOINEHBI Ha Clydall MHOTOCTPYWHO-
ro myuka [6].

1. IlocraHoBKa 3aga4d M OCHOBHbIC YpPaB-
HeHus. [lycTh AMdIEKTpUYECKUI UIMHAD C JH-
3JIEKTPUYECKON MPOHUIIAEMOCTBIO € U MAarHUTHOU
MIPOHHUIIAEMOCTHIO [ = | B HWIMHAPUUYECKOH CHC-
TeMe KOOpAHHAT (P, ¢, Z) 3aHUMAaeT 001acTh Mpo-
ctpadctBa 0 < p< p, 0 < @< 27u|z| <o (och
Z HampaBiieHa BIOJIb Ocu nuinHApa). Ha paccros-
HUH P, > P OT OCH LIMJIMHJIPA B BaKyyMe IBIKET-
Csl DIIEKTPOH C IMOCTOSHHOM CKOPOCTBIO V(<< C
(tme C — cxkopocTh cBeTa B Bakyyme). Bumy He-
PENSATUBUCTCKOTO XapakTepa IBMKEHHS DJIEKTPO-
Ha CO3JaBaeMO€ UM DJIEKTPHUECKOE I0JIe, BEKTOP
HaNpsDKEHHOCTH KOTOPOTO B TOYKE C KOOPAMHATA-
Mmu (P, ¢, Z) B MOMEHT BpeMeHH t — Ee (p,0,2,1),
MOJKET CUUTATHCS DIEKTPOCTATUIECKUM, YIOBIIET-
BOPSIIOIINM YPaBHEHHSM:

(1
2

rae e u Ng(p,9,z,t) —3apsaa U MIOTHOCTH 3apsija
9NIEKTPOHA, OTIPEAEIeHIE KOTOPOH B IIMIIMHAPHIE-
CKOM cHCTeMe KOOPAMHAT OyIeT MPUBEICHO HIKE.

[Mons w3nmyueHHsT PAaBHOMEPHO IBHXKYIIETOCS
JNIEKTPOHA B BaKyyMe TaKKe HWMEIOT MOTEHIIH-
ANbHBIA XapaKTep W OMMCHIBAIOTCS ypaBHEHUSIMHU
9NEKTPO- U MArHUTOCTATUKH:

rotE (p,9,2,t) = 0;

divE,(p,,2,t) = 4zen,(p, @, ,1),

rotE, (p,9,2,t)=0; (3)
divE, (p,9,2,t)=0; 4)
rotH, (p,9,2,t)=0; (5)
divH,(p,¢,2,t)=0, (6)

rae Ev(p,(p, ) u Hv(p,¢, z,t) — Bekropa Ha-
NPSHKEHHOCTEH JJIEKTPUYECKOTO M MAarHUTHOTO
MoJeil B BaKyyMe.

JJ1st IpaBUIILHOTO OMMCAHUS CBOMCTB UCCIIEy-
€MOH AIEKTPOJMHAMHYECKON CUCTEMBI B 00JIaCTH
HWINHAPA HEOOXOOUMO Y4ecThb d(PQEKT 3ama3ibl-
BaHUSI U OIUCHIBATH 3JEKTPHUUECKUE U MAaTHUTHBIE
TIOJTS CIIEAYIOIMMHY YpaBHEHUSIMUA MakcBera:

- 10 -
rotE.(p,9,2,t) = ———H_(p,9,7,1); @)

c ot
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leHC(pawyzvt)zoﬂ (8)
- 0 =
rotH.(p,p,z,t) = Eg E.(p,p,2,1); )

divE(p,9,2,) =0, (10)

Ie WHASKC C 0003Ha9aeT o0JIacTh NMUIWHApA, a
CHUMBOJ C — CKOPOCTh CBETa B BaKyyMe.

Hara 3ama4a cocTOUT B TOM, 4TOOBI HAHTH I10-
TEPH DHEPTUU 3IJICKTPOHA B CIUHHIY BPEMCHH
dW, / dt Ha BO30y*keHHe COOCTBEHHBIX MOJI B JIH-
SIIEKTPUYECKOM LUIMHAPE. OTH IOTEPU PaBHBI
paboTe Mo M3JIydeHHUs] HaJd JICKTPOHOM B TOY-
Ke TIPOCTPAHCTBA, TIe HAXOAUTCS IEKTPOH [7, 8]:

= =eV0Ezv(p:pea¢:¢easzotat)a (11)

dt

TIe (), — YIJIOBasi KOOpAUHATA JJIEKTPOHA. 3ame-
M, 9to dW, / dt < 0. [lns Toro, 4yToObl HAHTH
TOJIsA, CO3/IaBaeMble DJIEKTPOHOM B BaKyyMme, He-
o0xonmuMo Haitu pemenue ypaHeHuid (1)—(10)
U yIOBIETBOPUTH TPAHUYHBIM YCIOBUSIM Ha IO-
BEPXHOCTH LMIMHIPA — YCIOBHUIO HEMPEPHIBHOC-
TH TaHTEHIUAJIBbHBIX COCTABJISAIOMIMX HaNpsKeH-
HOCTEM 3JIEKTPUUYECKOTO M MarHUTHOrO MOJeH, a
TaKkK€ YCJIOBUIO HEMPEPHIBHOCTH HOPMAaJIBHBIX
COCTABJISIONIUX JJIEKTPUYECKON MHIYKIUU U Ha-
MNPSKEHHOCTU MAarHUTHOTO TTOJIA:

Eez (PC,(P, z,t)+ Evz (pc,(p, Z,h)=

=Eg (P, 9, 2.1); (12)
Hy, (pe,9,2,8) = He; (o, 0,2,1); (13)
Eep(Pe-0,2.0)+ B\, (0,0, 2,0) =

=€E, (pc.9,2,1); (14)
Hyp (Pe@,2.0) = He, (0,9, 2,1). (15)

B cuny 31eKkTpocTaTiueckoro xapaxkrepa nosei
3apsiia U Nojel W3Iy4eHUs] B BaKyyMe Leneco00-
PasHO BBECTU B PACCMOTPEHHE BJIEKTPOCTATHYE-
CKHE TMOTEHIIHABI DJICKTPUICCKHX IOJIEH DIIEKT-

poHa ¥, (pa 07, t) W U3ITyICHUS Y, (p7 (5 t) B Ba-
KyyMe€ TakK, YTOOBI

Ee(pv¢927t)=_Vl//e(p’¢vzat); (16)

E, (p,0,2,t)= (17)
Y MarHUTHBIN OTeHMan ¥, (P, ¢, Z, t) MarHuTHO-
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-V, (p,0,2,1),

T'O TIOJISI U3JTYYCHUS B BAKYyyM€ Tak, YTOOBI

|:|V (P,(/’,Z,t):—vﬂ(v(pa¢az’t), (18)

rae V — oneparop Habma. [ToncranoBka BbIpaske-
Hus (16) B ypaBHeHue (2) IPUBOIUT K YPAaBHEHHUIO
ITyaccona

Ay (p,p,2,0) = —4ren(p,p,2,1), (19)

a mozicTaHoBKHY BeIpaxxenuit (17) u (18) B ypaBHe-
Hus (4) 1 (6) — K COOTBETCTBYIOIINM YPaBHEHUSAM
Jlanmmaca

Ay, (p,,2,1)=0;

Ay,(p,9,2,1)=0,
9 9. 19 &

1
me A=——p— — oreparop
pop ap 0% dp? Tz
Jlamaca.
Bynewm nckath perienue A noTeHuuana ¥, (o,

o, 2,t) B BUzIE

(20)
21

)y Tdde)en(k,qz,t)x

N=—=() —o
xJ,(kp)expli(q,z+ne)]dq,,

e K u (, — mornepeyHoe u MpooibHOE (aKCHab-
HO€) BOJIHOBBIC YHCJIA TIOJSI 3JICKTPOHA; N — a3u-
MYTaJbHBIH MOAOBBIA HHAEKC; J, (X) — dyHK-
uua beccens Nn-ro mopsinka nepBoro poxaa [9];
@, (k, g,, t) — ciekTpanbHasi COCTABJISAIONIAS 10~
TEHIMAJIa DJIEKTPUICCKOTO TIOJIS, CO3/1aBaeMOTO
AIIEKTPOHOM.

B nexapToBoii cucteMe KOOpJIUHAT MIOTHOCTh
3apsiia AIEKTPOHA OIPEENIeTCs U3BECTHBIM BEI-
pakeHueM:

Ne(X, Y, 2,1) =6 (X=X%) (Y~ Ye)6(z—VoD), (23)

rae 0(X) — nenpra-ynkuums Jupaka, a X, 1 Y, — Ha-
JaJbHbIE KOOPAMHATHl yacTULBl. Bocmonb3oBas-
LIMCh MHTETPAJIbHBIMU IPEACTaBICHUAMH J1€JIbTa-
¢dbynkmuit Jupaka [10] 1 moacTaBuB BX B MPaBYIO
gacTh (23), BIpaKeHHE A IUIOTHOCTH 3apsijia
ANIEKTPOHA MOJKHO IPUBECTH K BUAY

Ve(p,p,2,1) =

(22)

n(p,@,z,t) = g z jdkj kJ, (Kpe) X

N=—o0 () —o0

xJ (kp)eXp{l[qz(Z—Vot)+n((P @e)]}da, . (24)

Pemmus ypaBuenue Ilyaccona (19) ¢ yderom
(22) u (24), monmy4YnM BBIpasKeHUE JUISI CIEKTPallb-
HOi coctaBistomedt @, (K, 0, ) morenumana
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ve(p, ¢, 7, 1):
q)en (k, qzat) =

_ edn(kpe)

= 2
7 (k> +q7) 2

exp[—i (qzVOt +n q’e)]-

Ypaeuenus Jlamnaca (20) u (21) B oGnactu 3Ha-
YeHHUH P, < p < P, UMEIOT PEIICHHs BHIa

v (p.0.20= Y, [ ®un(a,t)x

N=—00 _g

xKn(l9, | p)expli(d,z+ng)]dq, ; (26)
2P0 20= 3, [ Xin(@,0)x
x K, (g, | p)expli(q,z+ng)]dg,, (27)

rae K, (X) — momuduuupoBannas ¢ynkuust bec-
censt N-ro mopsiika BToporo pona (dhyHkuus Mak-
JIOHaJbAa), a BenmuauHbl D, (d,, 1) u X, (4, 1) —
CTIEKTPAIIbHBIE COCTABIISAIONINE SIIEKTPUICSCKOTO U
MarHUTHOTO TOTEHIMAJIOB TIOJIEH M3Iy4YCHUs, KO-
TOpBIE B JIaJIbHEHINIEM ONPEJENISIOTCS U3 TPaHu4-
HBIX YCJIOBUH Ha IOBEPXHOCTH UIIMHIIPA.
Paccmorpum monst B obnactu mmnmHapa. U3
ypaBHeHuit Makcpeiuia (7)—(10) MoxeT OBITH T10-
JNYyYeHO CJeyIoliee BOJHOBOE YypaBHEHUE IS
Z-KOMITOHEHTBI 3JIEKTPHUYECKOTO TOJIS

£0°
AEZC(,O,¢,Z,t)—Ea?EZC(p,¢,Z,t)ZO, (28)
pelIeHre KOTOPOro OyaeM UCKaTh B BUIE
EZC(p7¢729t) = 2 J- J. ]\Ch(p’qzﬂa))x
N=—0 _c0 —00
xexpli(q,z+n¢ —wt)]dwdq, , (29)

rie 1~\0n (p,0;,,®w) — npozosbHAs CHEKTpalibHas
COCTABJISIONIAS TICKTPUICCKOTO T0JIsST BHYTPH ITH-
muHapa. U3 pemenus (28) ¢ yaerom (29) crienyet

]\cn(paqz’w):Acn(qzaw)‘Jn(Kp)a (30)

yi (s I(:\I‘S‘a)z/cz—qz2 u A, (d,,w) — nonepeuy-

HOE BOJIHOBOE YHCJIO 3JIEKTPOMAarHUTHOTO IOJIS
U aMIUINTY[a PajuajbHOIO paclpenesieHus Ipo-
JIOJIBHOM CHEKTPAJIbHOU COCTABIISIFOLIECH IEKTPU-
YECKOTo MOJs B LIWIMHIPE COOTBETCTBEHHO. AHa-
JIOTUYHO U3 PEUIEHHs BOJHOBOIO YPaBHEHMS JUIS
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Z-KOMIIOHEHTHl MArHUTHOTO TMOJIS, MOJYYSHHOTO
m3 (7)—(10), mmeem

Hye(p,0,2,1) = 2 J. chn(qzaw)X

N=—% _c0 —c0

xJo(kp)expli(q,z+np-ot)dady,, (1)

e M., (4,, ®) — ammmuTyga paanaibHOTO pac-
npeieIeHus] MPOIOTBHOM CIEKTPaIbHONH COCTaB-
JSFOILIEH MATHUTHOTO TIOJISE B HMIIMHIAPE. 3aMETHM,
4TO BEJNUUUHBI Ag, (0, @) U M, (0,, @) B ganb-
HEHIIeM OIpPEeNeNsIFoTCS U3 TPaHWYHBIX YCIOBHH
Ha MOBEPXHOCTU LuuHapa. Takxke u3 ypaBHEHUI
Makcpemna (7)—(10) momydaroTcs BBIpaKEHUS,
TO3BOJISIIOLIME BBIPA3UTH E . (P, ¢, Z, 1)- u H ¢ (p,
¢, 7, t)-KOMIIOHEHTHI MoJIe B LMIMHIpE Yepes3
E,. (0, ¢, 2,1)- uH, (p, ¢, Z, t)-KOMIIOHEHTHIL:

2 2
(aa?_c%%] Epﬁ(pﬂ o, Z’t) =
az
:E
_1 9
cp dtdg

Eﬁ (p,(D,Z,t)—

HZC(p7¢ath); (32)

92 ¢ 9?
(a?_Fa?]Hpc(PaWJF
_e 9
Ccpotdgp

82
+EHZC(p7¢9ZJt)'

Ex(p.0.2,0)+
(33)
3 (32), (33) ¢ yuerom (29)—(31) momyua-

eM creftyrompe BeipaxeHus 1 E ¢ (0, ¢, 2, ) n
H e (0, ¢, 2, 1)

E c(p.0.2,0)=

% .t 1. 93, (xp)
= dg, | —|ig,—2——=A ,0) —
Zw[o qz_JwKz[qz Sy Aa(@)

—Z—Z’Jn(xp)Mm(qz,w)}e‘(qz”w‘“’”dw; (34)

Hpc(pa¢azat) =

= 2 quzjé{?_pgjn(Kp)Acn(qzaw)+

N=—00 _o —o0
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dJ,(xp)

+id, 3 Mcn(qz,w)}e“qz”“‘f"“’”dw. (35)

[loncraBuB B rpanmuHble ycioBus (12)—(15)
COOTBETCTBYIOIINE BBIPAKEHUS IS TIOJIEH DIIeKT-
pona (16), (25) u wm3myuenus (17), (18), (26),
27), (29)—(31), (34), (35), nomy4unM BBIpaKEHUS
AT BEIIMYMH Acn (qzv (O), Mcn (qZ’ CO), Xvn (qZ’ t)?
@, (d,, 1), BXOAAIUX B MOJBIHTETPAIEHBIE BBIPA-
JKEHHS TS TTOJIEH M3ITydeHUs B BAKyyMe:

Acn (qz W) = [Eezn(/)c,%,qz , W) —

_iqun(| q; ‘pc)q)vn(qz’w)]/‘]n(’(pc); (36)

ipe |0, | &
a.Kn (0, | o)
x[e]a, | 35(cp)Kn (10, | o)+
+ KK (10, | pe) 0 (6e) A gy (0, ) -
— (Pe K) [Eepn (Pes P Uy @) +
. i|q,|K’(1a, | o)
a,Kn (19, 1 2c)

c

Mcn (qz,w) = {

noep,

Eezn (pc’¢e’qz’a))]}; (37

iJ. (x
Xn(9;,@)= n(*/c)

= nvres 38
q.K, (19, [ o) %)

M, (q,,®);

_ Pc <
(@,0.)* AnKq (10, | 2c)

x {AHn Eepn (pc:¢eaqz ,a)) -

Apn In(xpc)

kP Jn (KpPc)

@, (A, @)

—i0,p; {8

2
wneg
‘( o 22 2] Eezn (0> P> 0z, @)} (39)

CQ,pcK

2
wone

An:AEnAHn_( > 2] >
Cq; pc K

U K %lpe) , & Ig(kpe)
1d, 1o Kn(1Qz 10)  Kpe In(Kpc)

En

I Kedglpe) 1 Jdn(xpc)

0, o Kn(1G, 1 00)  Kpe In(xpe)

ie
Een (Pc»9e,0,,@0) = —%5(&)— a,Vp) X

X In(‘ qz |pc)Kn(| qz |pe)exp(_in¢e)a
64

e
Ee,On (Pe>Pe.9;,0)= _%5(0)_ 0,Vo) X

x10(19; [ 0K, (a2 | pe)exp(=inge).

B mnpuBeneHHBIX BbIIIE BBIPAXKEHUSX CHMBOI
«IITpUX» BO3NE CIEUUANbHBIX (QYHKIUH 000-
3HaYaeT MX MPOU3BOAHYIO IO apryMmeHTy, |, (X) —
¢yskums Mupensaa N-ro mopsiaka nepBoro posua,
Pe < Pe, N 2 0. 3ameTHM, YTO TIPH MOTyIESHUH BBIpa-
xeHni (36)—(39) ucrnonp30BaHO PEACTABICHIE

%
exp(-iQ,vp0) = | dod(@ - q,vp)exp(-imt).
—o

Bemnuunsr @, (4,, t) 1 X, (4,, t), BXonsmue
B MOJBIHTETPAIbHBIEC BBIPAKEHHs AJIs1 IOTEHLMA-
JIOB 3JIEKTPUIECKOTO (26) U MarHUTHOTO (27) TO-
JIei, CBSI3aHBI C COOTBETCTBYIOIIMMH BETMINHAMU
D, (0, ®) u X,,(q, W) c IOMOUIBIO CIEAYIOUIIX
BBIPAKEHUI:

Oy (@0 = [ @up(@.0)exp(-iwt)do,

—00

Xun(@z:0)= | Xin(0,@)exp(-iwt)do.

—00

Bripaxenne A, = 0 npencrasnsieT coO0i Awc-
MEPCUOHHOE ypaBHEHHE COOCTBEHHBIX MO JH-
ANIEKTPUUECKOTO IUIMHIpPA. 3aMETUM, 4TO (DyHK-
ust O (@ — (,V,) YIUTHIBACT ycioBUe (ha3oBOro
CHHXPOHM3MA 3apSHKCHHOW YacTHUIIBI U BO30YK/Ia-
€MOM €r0 BOJIHBI, JIeXkKAalero B ocHoBe 3(ddekra
BasunoBa—YepeHkona.

BripaxkeHue i OTEPh SHEPrHH AJIEKTPOHA B
enunuiy Bpemenn dW, /dt Ha Bo30yxaeHue co0-
CTBEHHBIX MOJ B JUDJICKTPUUCCKOM IIHIHHIPE
(11) ¢ yaerom (39) npuobperaer Buj

[ ele ]

dw ]
dte =_'e"0j jqzq)vo(qz’w)K0(| Uz | Pe) X

xexp[i(q,v, —o)tldwdq, +

o o

+2ievy Y, [ [ 6,000 (@, 0)Kq (0, 1 p2)

N=1 _c—oo

xexp[i(q,vy —@)t+ing,]dwdq, .

(40)

Ipu BbuMcHeHUH uHTErpaioB no dg, u dw B
(40) HE06X0MUMO YUYECTh TOMIOCH MTOABIHTETPATTh-
HBIX BBIPAXCHHI, COOTBETCTBYIOIINX BO30YyXie-
HHUIO COOCTBEHHBIX MOJ JUIJIEKTPUYECKOTO IIH-

ISSN 1028-821X. Radiofiz. Electron. 2019. Vol. 25, No. 1



Tlomepu snepauu 3apsaxicennol Yacmuybl PU 63AUMOOCUCIEUU ¢ OUITEKMPUYECKUM YUTUHOPOM

nuHapa. s 9Toro BBeAEM Majlble JUCCUIIATHB-
HbIC TIOTEPH B IUDIICKTPHUECKOHN Cpelie U MCIONb-
3yeM m3BecTHYI0 hopmyry Coxorkoro ais 00xoaa
momtoca [11]:

1. =E¢iﬂ5(X),
xtiy x

(41)

rae o0oOieHHas (QyHKiusA P /X Ha3pBaeTcs Ko-
HEYHOW YacThi0, WM IIaBHBIM 3Ha4€HHEM WHTE-
rpana ot gyHkuuu 1/ X. Bo3Oyxxaenuto cobcTBeH-
HBIX MOJI IIMJIMHIPa COOTBETCTBYET BTOPOE Cliara-
emoe B (40). Otmerum, 9To U3 BbIpaxeHui (26),
(27) cnemyeT MOHOTOHHO YOBIBAIOIIUN XapakKTep
3aBUCUMOCTEH aMIUIATYJ, IOJEH H3JIy4eHHUs OT
panuaibHON KOOpIMHATHI B BaKyyMe, a U3 BhIpa-
wennit (29), (31) u (34), (35) — ocummmupyrommii
XapakTep ITHX 3aBUCUMOCTEH B IIHIUHJIPE.

2. YmuciieHHbIH aHAJIU3 @OTEPb 3HEPruu
JjeKTpoHa. B kadecTBe marepmana AWIIEKTPH-
YECKOTO ITMJIMHIIpa BBHIOEpEM IOIHKOpP ¢ € = 9,6,
a paauyc muiuaapa p. = 0,5 cm. CkopocTs U pa-
OUyC OpOUTHI BIEKTPOHA MOJOKUM PaBHBIMHU
vy = 0,387Cc u p, = 0,6 cM cooTBeTCcTBEHHO. Be-
JUYAHY TIOTeph JHEPTHH DIIEKTPOHA B EIWHU-
iy Bpemenu |dW,/dt| Gymem HOpMHpOBaTh Ha

suauenne | (AW, /dt), |=e’v,/p¢ u wucrons3o-
Barth oOo3Hauenue P = |dW,/dt|/ |(dW,/dt),].
JInst BHIOpaHHBIX IAPAMETPOB CHUCTEMBI HMEEM
| (AW, /dt),| o 107 apr/c (mmm 107" Jix/c).
CrexTpsl COOCTBEHHBIX MOJ IIMITUHAPUYISCKIX
JVDJIEKTPUICCKUX TBEPAOTEIBHBIX BOJHOBOIOB
mopo6Ho onucaHsl B pabotax [12—-18]. Bocnons-
3yeMcsl IPUHATON B yKa3aHHBIX HCTOYHHUKAX Kilac-
cuukanmer cCOOCTBEHHBIX MOJ LiIHHApa. Tak,
obo3nauenns HE,; u EH,, oTHOCSTCS K MOomam
anekTpudeckoro (E-) m marautHOro (H-) THIOB
COOTBETCTBEHHO, I€ HHJIEKC COOTBETCTBYET
MOJIOBUHE KOJIMYECTBA BapHALM MO 110 a3uMy-
TY, @ UHJIEKC S — KOJINUECTBY BapUalLHii TOJISl BAOIb
paguaibHOW  KOOPJAHMHATBHL.  A3HMYTalIbHO-CHUM-
MeTpuuHas Mona E-tuma oGo3Hauaercs kxak E.
3ameTnMm, 9TO ¢ A3UMYTAIBHO-CHUMMETPUIHON MO-
noi H-tuma H g momne snekTpoHa HE B3anMOJEH-
CTByEeT B CWJIy BBIOPaHHOTO Uil €r0 ONMUCAHHUS
ANIEKTPOCTATHUECKOTO TpUOIKeHus:. OTMeTHM,
4TO B BBIp@XEHHMHU s notephb (40) cymmmpoBa-
HHE TIPOM3BOIUTCS IO YaCTOTaM COOCTBEHHBIX
MOJI TMAJIEKTPUYECKOTO IMIMHIpA, BO30yXIae-
MBIX JIEKTPOHOM BenesicTBHE b dexTa BaBuiosa—
Uepenkosa. Ilpy 3TOM HauMeHbLIEW YacTOTON

ISSN 1028-821X. Paodioghiz. ma enexmpon. 2019. T. 25, Ne 1

2,0
1,5
1

S

x 1,0
o

0,5

2
0,0
3 5 10 15 n

Puc. 1. I'paduku 3aBuCHMOCTEH Oe3pa3MEpPHBIX BEITUYUH I10-
TEpb YHEPTUH TEKTPOHA B SAMHUITY BpeMeHH P Ha BO3OyK1e-
Hue cooctBeHHbIX HE, -Mox B amanexTprdeckoM nuinHIpe
OT 3HAYCHMs A3MMYTAIBHOTO MOZOBOTIO MHJEKCA N I psija
3HAYCHUH paJMaIbHOrO MOZOBOTO MHJEKCa S

O pin SBISIETCA YyacToTa cOOCTBEHHOM Monbl EH
paBHas @, ~ 1,73 - 100 ¢,

Ha puc. 1 mpuBeneHs! rpaduky 3aBUCUMOCTEN
0e3pa3MepHBIX BEJIMYHUH TOTEPh YHEPTHH IEKTPO-
Ha B eIMHHILYy BpeMeHH P Ha Bo30yxaeHue codcT-
BeHHbIX HE  -MOa B Iu3IeKTpHYECKOM LMIMHA-
pe OT a3uMyTaJIbHOTO MOIOBOTO MHIEKCAa N Iis
psiza 3Hau€HUH pajnanbHOTO MOJOBOIO MHIEKCa
s =1, 2, 3. Homepa KpHUBBIX COBIAIAIOT CO 3HA-
yeHreM uHjekca S. Kaxnomy 3HaueHHI0 WHAEKca
N COOTBETCTBYET CBOSI TOUKA Ha rpaduke, 0003HA-
YEeHHas] CHMBOJIOM «YEpPHBIH KPYKOK» AJISI KpH-
BOI 1, «CBETIIBIN KPY)KOK» JJIsi KpUBOH 2 U «4ep-
HBIN KBampaT» I KPUBOi 3.

M3 puc. 1 BUAHO, YTO HAWUOOJBINHE TOTEPH
9HEPTUU D3JIEKTPOHA COOTBETCTBYIOT BO3OYXKIe-
Huto Monsl HE ;. [Ipu ¢pukcrpoBaHHOM 3HAYEHUH
WHAEKCa N U MPU YBETUUEHUN WHACKCA S BEIUYH-
HBI [IOTEPb YMEHBINAIOTCA. YMCIIEHHBIH cYeT Mmo-
Ka3bIBAET, YTO IPU (PUKCUPOBAHHOM 3HAYEHUH HH-
JieKca S HanOOoJbIINE TTOTePH MPUXOASITCS HA MOTY
HE . 3ameTtum, yto mipu N = 0 CyIIecTBYIOT OT-
JIMYHBIE OT HYJS MOTEPH SHEPTUH AJIEKTPOHA, CO-
OTBETCTBYIOLIHE BO30YXIEHHUIO E (s -MOJI.

Ha puc. 2 npuBenens! rpadhuku 3aBUCUMOCTEN
0e3pa3MepHBIX BEJIWYMH IOTEPh SHEPIHU DJIEKT-
poHa B equHUITY BpeMeHU P Ha Bo30yXIeHue co0-
cTBeHHBIX EH,; -MoA B IuAIEKTpUYECKOM ITH-
JUHIpPE OT 3HAYEeHUS a3UMYTaJbHOTO MOJOBOTO
WHAEKCA N AN psAa 3HAUYCHUH paguajIbHOTO MO-
noBoro uHaekca S =1, 2, 3. Homepa KpuBbBIX COB-
[1a/1a10T CO 3HaYE€HHEM MHJIEKCa S.
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Puc. 2. I'padyxu 3aBUCUMOCTEH Oe3pa3sMepHBIX BEJIMUHH I10-
Tepb PHEPTUH AIEKTPOHA B €IMHUITY BpeMeHH P Ha BO30yx1e-
HHe coOcTBeHHBIX EH, -Mox B amanexTpryeckom nmummHape
OT 3HA4YEHUs a3UMYTaJIbHOIO MOAOBOIO MHJIEKca N A psja
3HAUEHUH paJinaIbHOrO MOJIOBOTO MHAEKCA S
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é 0 090, ’ 4 5
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0,5
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Puc. 3. I'paduxn 3aBuCHMOCTEH Oe3pa3MepHBIX BEJIMIHH I10-
Tepb SHEPTUH IEKTPOHA B SAUHUIYy BpeMeHH P Ha Bo30yx1e-
HHe cobcTBeHHBIX HE |  -MOx B IumnekTprdyeckoM DMITHHAPE
0T paJuaIbHOIO MOJOBOTO UHJIEKCA S A7 psifia 3HAYCHUH a3u-
MYTaJIbHOI'O MOJOBOTO MHJEKCa N

3 0,020
0,015

0,010

Px10*

1 0,005 3

Px 10*

0,000
3

0
1 2 3 4 S
Puc. 4. I'paduxn 3aBuCHEMOCTEH Oe3pa3sMepHBIX BEJIHIHH I10-
Teph SHEPTUH IEKTPOHA B SAUHUIYy BpeMeHH P Ha Bo30yx1e-
HHE coO0CTBeHHBIX EH s -MOZ B IneKTprdIeckoM MITHHApPE
OT PainaIbHOTO MOJIOBOTO MHJIEKCA S AT psifia 3HAUYCHUH a3u-
MYTaJIbHOT'O MOZIOBOTO HHJEKCa N

66

U3 puc. 2 cnenyer, 4to HauOONIbIINE MOTEPU
SHEPrUH IEKTPOHA COOTBETCTBYIOT BO30YXKICHUIO
monasl EH ;. Ilpu ¢uxcupoBaHHOM 3HAYEHUN WH-
JieKca N ¥ TIpH yBETMUYCHUH WHACKCA S BEIMYUHBI
MOTEph YMEHBIIAIOTCS. YHCICHHBIH pacyeT Mmoka-
3BIBAET, YTO B OTIIMYME OT PACCMOTPEHHOTO BBIIIE
ciydast Bo3Oyxnenuss HE  -mon, ¢ yBennuenu-
€M MHJEKCa S 3HaYeHHe MHAEKCa N, COOTBETCTBY-
IONIET0 HanOOoJIbIIeH BEIMYMHE MMOTEPh, HE OCTa-
eTCsl TOCTOSIHHBIM. DTO JIEMOHCTPUPYET BCTaB-
Ka Ha puUC. 2, Ha KOTOPOH B OomplieM MaciTadbe
npuBeneHa kpusas 3. BunHo, 4to npu S = 3 Mak-
CUMyM TIOTEPb SHEPTUU 3JIEKTPOHA TPHXOIUT-
cs Ha Moy EH,;. 3amernm, uto nipu n = 0 mote-
pH DHEPTHH JIEKTPOHA Ha BO3OYkaeHue E, -Mon
OTCYTCTBYIOT.

KonnyectBeHHOE cpaBHEHHE 3aBUCUMOCTEH Ha
puc. 1 1 2 mokasbIBaer, 4to Haudosee 3PpPeKTUBHO
Bo30yxnatorcs HE,  -mozmpl. [Ipu sToM Bennum-
HBI IIOTEPh SHEPIHHU 3JIEKTPOHA HA MX BO3OYXXIe-
HUE MPUOIM3UTENBHO Ha J[BA MOPSIKA IPEBOCXO-
JISIT BEJTMYWHBI ITOTEPh Ha BO30yxneHune EH o -mon
C TeMH K€ 3HAUCHUSMHU MHAEKCOB N U S.

Ha puc. 3 u 4 npuBeneHs! 3aBUCUMOCTH Oe3pas-
MEpHBIX BEJIMYUH MOTEPh SHEPIHU BJIEKTPOHA B
eIMHUITY BpeMeHH P Ha BO30YyXICHHE COOCTBEH-
Heix HE ¢ (puc. 3) u EH (puc. 4) Mmon B muamnexT-
PUUECKOM IMJIMHJpPE OT 3HAUEHHS PaJUaTBHOTO
MOZIOBOTO MHJAEKCA S IJIS psiia 3HAUCHUH a3uMy-
TalbHOTro MOmoBoro uuaekca (N =0, 1, 2, 3 — mua
HEs-Mmonun=1, 2, 3 — s EH,; -mox). Home-
pa KpUBBIX COBIIQJAOT CO 3HAUEHHEM MHJIEKca M.

W3 puc. 3 ciemyer, 4To AJIs1 KaXKI0TO PUKCHPO-
BAaHHOTO 3HAYCHUS MHJIEKCAa N BEJIMYUHBI NOTEPh
Ha BO30Y)XIEHHE COOCTBEHHBIX MO YOBIBAaIOT C
poctom uHAekca S. [lopsmok ciienoBaHus KPUBBIX
HE M3MEHsETCs, T. €. Al KaXZoro (pUKCHpOBaH-
HOTO 3HAYEHUs] MHAEKCA S BBIIONHACTCS yCJIOBUE
P(n)>PMg>P (), mmej=2,3,4.... U3 puc. 4
CIIEYET, YTO IS KaKAOTO (PMKCHPOBAHHOTO 3Ha-
YeHUs! MHAEKCa N BEIMYHHBI OTEPh Ha BO30YX-
JeHHEe COOCTBEHHBIX MOJ YOBIBAIOT C POCTOM HH-
JIeKca S, HO MOPSAOK CIEe0OBAaHUsS KPUBBIX HE CO-
xpansercsi. IMeHHo a1 S = 1, 2 BBITIOJIHSIETCA yC-
nosue P (n) > P (j),j=1,2,3..., a Haunnas ¢
uHAeKca S = 3 3T0 ycnoBue usmenserca Ha P (N,
)>P(n)>P(3)>P(y),j=3,4,5.... Cne-
noBareibHo, s EH . -Mox HanGonbime norepu
SHEPTrUU 3JIEKTPOHA COOTBETCTBYIOT BO3OYXKIE-
Huto Moael EH |, a mns S > 3 Hambonpimme mote-
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PH DHEPTUH IEKTPOHA COOTBETCTBYIOT BO30YX1e-
Huto EH ¢ -mog.

YHuCleHHBIN pacueT MOKa3bIBAET, YTO C YBEJU-
YeHHeM pajuyca OpOWTHI 3JIEKTPOHA BEIHMUYMHBI
MOTEPh €ro dHEPriuM Ha BO30YXKAEHHE COOCTBEH-
HBIX MOJ] IMJIMHApPA yOBIBAIOT.

BuiBoasbl. Takum 00pazom, B HacTosIIel pabo-
TE pelieHa 3a7ada 0 BO30Y)KICHUH COOCTBEHHBIX
00BEMHO-TIOBEPXHOCTHBIX MOJ| JAUAIEKTPHUIECKO-
TO IMJIMH/IpA TEKTPOHOM, JABHXKYITUMCS € TIOCTO-
STHHOM CKOPOCTBIO HaJ| IMJIMHAPOM BJIOJIb IPSAMOIA,
napajuIeIbHON €ro ocu. B 0CHOBe Hccne10BaHHbBIX
sBIIeHnN nexuT 3¢ dexr BapumoBa—Yepenkosa.
CKOpOCTh 3JEKTpPOHA IoJarajach HEPEISITUBUCT-
CKOH, B pe3yJbTaTe 4ero IoJyie 3IeKTPOHa U OIS
M3Iy4YeHUs] B BaKyyMe€ PacCUUTHIBAINCH B 3JIEKT-
pocrarndeckoM NpuOImxeHun. s anekrpomar-
HUTHBIX TOJE€W BHYTPH LWIMHApPA YUYUTHIBAJICA
a¢dexT 3anazapBaHusl. beIIO MOIy4YeHO BBIpaxe-
HHUE Ul IOTepPh SHEPIHU HM3IIyYeHHs 3JICKTPOHA
Ha BO30yXJleHHEe COOCTBEHHBIX 00BEMHO-TIOBEPX-

BUBJIMOI PAGUYECKIUM CITMCOK

HocTHBIX HE - 1 EH, -Mon B auanexTpruieckom
OWIMHApE. BriepBble BHITIONHEH aHAN3 BEIWYH-
HBI 3TUX TOTEPh OT 3HAYCHUU a3MMYTaJIbHOTO N
U paJMaIbHOTO S MOJOBBIX MHJIEKCOB. YCTaHOB-
JICHO, 4TO Hauboiee 3PPEKTUBHO BO30YKAAOTCS
Mozl E-Tuma. IIpu 3ToM BenTUUMHBI IOTEPh 3HEP-
THH AJIEKTPOHA Ha BO30YkeHue Moy E-tuna mpu-
ONMM3WTENIFHO Ha J[Ba TOPSAIKA MPEBOCXOMAT Be-
JUYWHBI TTOTEPh HA BO30YxkaeHne Monx H-tuma c
TEMH K€ 3HaYCHUSIMH WHJEKCOB N U S. Hanbonb-
[IMe MOTEPU SHEPTUU DIEKTPOHA COOTBETCTBYIOT
Bo30yxaeHuto HE | -monb1. Hanbomnpimme norepu
SHEPTHUH JIEKTPOHA Ha BO30YxaeHne mox H-tuma
npuxoasTcs Ha EH |, -Monmy, a HaunHas co 3Hade-
Hus S = 3 — Ha EH, -Mony. YeranoBneHo, uto mpu
(DUKCHPOBAaHHOM 3HAYEHWW a3MMYTaJbHOTO HH-
JeKca N ¢ poCTOM pajlalibHOTO MHIEKCa S BEJH-
YHHBI TOTEPb YOBIBaIOT Kak 1yt HE ¢ -, Tak u muist
EH, -Mon. BenuuuHbl oTepb SHEPrUM JIEKTPO-
Ha yOBIBAIOT TaKXKe C YBEITWUCHHE pamnyca opou-
TBI DJICKTPOHA.
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ENERGY LOSS OF A CHARGED PARTICLE DURING
ITS INTERACTION WITH A DIELECTRIC CYLINDER

Subject and Purpose. The creation of millimeter and submillimeter electromagnetic wave generators is a promising direction in
radio physics. These generators are demanded in medicine, biology, spectroscopy, broadband wireless communications and other
branches of science and technology. One of the ways of millimeter and submillimeter wave generation is interaction between
charged-particle beams and super-dimensional electrodynamic structures in multimode operation. In this regard, elementary
physical mechanisms underlying this interaction invite further investigation. In the paper, the problem of spatial-surface eigen-
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mode excitation is considered for a solid-state cylinder when a nonrelativistic electron moves in a vacuum over the surface of
this cylinder and parallel to its axis. Because of the nonrelativistic character of the electron motion, the electron field and the
radiation field in a vacuum are treated in the electrostatic approximation, while the fields inside the cylinder are calculated with
the delay effect taken into account.

Methods and Methodology. Maxwell’s equations in space-time field terms yield an analytical expression of the electron
energy loss for the spatial-surface eigenmode excitation of a dielectric cylinder. This expression is numerically analyzed using
the bisection method to find roots of the dispersion equation.

Results. The analysis of the electron energy loss suggests that the E-type modes are the most efficiently excited. The electron
energy loss for the E-mode excitation is approximately two orders higher than the loss for the excitation of H-modes with the
same azimuthal and radial mode indices. The largest electron energy loss corresponds to the HE,; mode excitation.

Conclusion. The performed study gives a deeper insight into the physical mechanism underlying the eigenmode excitation
of a dielectric cylinder under the action of charged particles. The obtained results can be generalized to the case of a multijet
electron beam used to generate whispering-gallery electromagnetic modes.

Key words: electron radiation, electrostatic approximation, spatial-surface modes, electric-type eigenmodes, magnetic-type
eigenmodes.
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BTPATH EHEPT1i 3APSI/DKEHOI YACTUHKU
BHACJIIJIOK if B3AEMOJII 3 AIEJIEKTPUYHUM LIMJITHAPOM

[peamer i meTa po6oTu. CTBOPEHHS TeHEPaTOPIB €NEKTPOMATHITHOTO BHUIPOMIHIOBAaHHS MUTIMETPOBHX 1 CyOMiTiMETpOBHX
JOBKUH XBWJIb € IEPCIICKTUBHUM HAIPSMKOM PO3BHUTKY pamiodizuku. Taki reneparopu 3arpeOyBaHi B MEAULIUHI, 010710Tii, CIIEK-
TpOCKoOMii, 0€3APOTOBOMY LIMPOKOCMYTOBOMY 3B’SI3Ky Ta B IHIIUX raiy3sx HayKH 1 TexHikd. OHUM 13 crioco0iB reHeparii XBuib
MUTIMETPOBOTO 1 CyOMIJIIMETPOBOTO Jiana3oHiB € B3a€EMOiS MMOTOKIB 3apSPKEHUX YaCTHHOK 3 HAJAPO3MIpHHUMHU €JIEKTPOANHA-
MIYHUMH CTPYKTYPaMH, IO HPAIIOI0Th Y 0araroMogoBOMY pexuMi. Y 3B’S3Ky 3 MM Ba)XKJIMBHM € PO3YMIiHHS €I€MEHTapHUX
(i3MIHUX MeXaHi3MiB, L0 JIEXKAaTh B OCHOBI Takoi B3aemoii. Y 1iit poboTi po3B’s3aHo 3a7aqy npo 30yKeHHS BIACHUX 00’ €MHO-
MIOBEPXHEBUX MOl TBEPAOTLILHOTO [IMITIH/Ipa HEPEIATUBICTCHKUM €JIEKTPOHOM, IO PYXA€ThCs Y BaKYyMi HaJl TIOBEPXHEIO TaKOTO
LWITIHAPA apajieIbHO HOoro oci. YHACHIIOK HEPENATHBICTCEKOTO XapaKTepy pPyxXy eJIEKTpOHa HOro MoJIe i 1oJie BUIIPOMiHIOBAaHHS
y BaKyyMi pO3paxoBYyBaJIHCs B €IEKTPOCTaTHYHOMY HaOJNM)KEHHI, a OIS BCEPEANHI MITIHAPA — 3 ypaxyBaHHAM e(eKTy 3ari3-
HIOBaHHS.

Metoau Ta MeTO1010TisA po60TH. 3 BUKOPUCTAHHIM PiBHSIHbD MakcBellIa i MOAaHHs MOJIB y BUIVIAAI HA0OPY IPOCTOPOBO-
YacOBHX FapMOHIK OTPUMAHO aHAIITHYHHUNA BUPA3 AJIs BTPAT €HEPrii eleKTpoHa Ha 30y/PKEHHS BIaCHUX 00’ €MHO-IIOBEPXHEBUX
MOJI TieNeKTPUYHOTO HUITiHApa. AHAJI3 IHOT0 BUpa3y OyB BUKOHAHUI YMCEBHHO 13 3aCTOCYBaHHAM METOAY PO3IOILTY Bigpizka
HABIIUI U IOUIYKY KOPEHIB JUCIIEPCIHOTO PiBHAHHS.

Pe3yasTaTn podotu. [lokazano, mo HaitbiIbI eheKTHBHO 30yMKYyI0ThCc Mo E-tumy. [1pn npoMy BeTHUMHM BTpAT €HEPTii
eJIEKTpOHA Ha 30y/KeHHs Mo E-Tumy mprubian3HO Ha Ba MOPSIIKY MEPEBEPUIYIOTH BETUUYMHN BTpaT Ha 30yKeHH Moa H-Tumy
3 TAKMMH X 3HAYCHHSAMH a3UMYTaJIBHOTO 1 pagiaibHOr0 MOAOBUX 1HIEKCiB. Haiibinp1Ii BTpaTtn eHeprii eIeKTpoHa BiAOBIIAIOTh
30ymxennto HE, -moan.

BucHoBok. OTprMaHi pe3ybTaTé J03BOJISIOTE IHOIIE 3p0o3yMiTh (Pi3MIHMI MeXaHi3M, IO JISKUTH B OCHOBI IeHeparii Biac-
HUX MOJ JIeTeKTPHYHOTO HMITIHAPA 3apsHKEHIMH YaCTHHKAMH, 1 MOXKYTh OyTH y3arajbHEHI Ha BUMAA0K 0aratocTpyMEHEBOTO
EJIEKTPOHHOTO My4Ka, 1[0 BUKOPUCTOBYETHCS JUIS TEHEpaLlil eIEKTPOMArHiTHUX MOJ| «LIETo4y4oi ranepeiy.

Knrouogi cnosa: sunpominiosants enekmpond, enekmpocmamuine HabnudIcents, 00’ EMHO-NOBEePXHEBI MOOU, MOOU elLeKMput-
HO20 Mmuny, MoOu MAzHiMHO20 MUMNY.
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