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MOJAEJIUPOBAHUE HUJINHAPUYECKHUX PAJIMOYACTOTHBIX
TPAHCHIOPTUPYIOIIINX KAHAJIOB C ITOMOLIbLIO
AHAJIMTUYECKHUX SJIEKTPUYECKHUX IOJIEH

B cratbe ucciaenyloTcss KaueCTBEHHbIE CBOMCTBA NMIMHAPUYECKUX PAJUOYACTOTHBIX KAHAIOB, MPUMEHSIEMbIX IS
TPaHCIIOPTHPOBKH HOHOB. B kauecTBe pabo4yero MHCTPYMEHTA HCIOJB3YIOTCS AHATUTUYCCKUC BBIPAKCHUS IS
AIEKTPUUYECKUX TOJIeH, MOTYYEHHbIE paHee, U TEOPHs MCEBIONOTEHI[MANIA ABMYKEHUS 3apSKEHHBIX YacTHIl B BHICO-
KOYACTOTHBIX JJICKTPUYECKHUX MOJsX. PaccMaTpuBarOTCs pasHbie PEKUMBI PabOTHI PAHOYACTOTHBIX TPAHCIIOPTHU-
PYIOLINX KaHAJIOB: CO CABUTOM (pa3bl 7 AJIS HANPSDKEHUH MEXIY COCETHUMH 3JEKTPOJAMH, CO CABATOM (as3bl /2
IUTA HANIPSDKCHUH MEXIY COCETHUMH 3JeKkTponamu, co 100% cuHycomTansHOW aMIUTATYJHOH MOZIYJISIHEH BBICO-
KOYaCTOTHBIX CHHYCOHMJIAIBHBIX HANpPsDKEHUH, NMPHUIOKEHHBIX K 3JIeKTpoaM (00eCTIeYMBaOT TPAHCIIOPTHPYFOIIHIHA
a¢ ekt A-BonHbl). Taxke UcCleayeTcs BIUSHAE CTAPIINX HEMTMHEWHBIX POCTPAHCTBEHHBIX TAPMOHUK AJIEKTpHYe-

CKOTO TI0JIS1 HA M30JISILIHIO, TPAHCTIOPTHPOBKY 1 (POKYCHPOBKY 3apsUKCHHBIX 9aCTHI] (MOHOB).

Kniouesvie crosa: aHaIUTUUECKUE peuIcHuA YpaBHCHUA Hannaca, BBICOKOYACTOTHBIC DJICKTPUYCCKUC T10JIA,
SJICKTPOHHO-OINITUYCCKHUE CUCTEMBI C IEPUOJNYCCKUMHU IJICKTPOJaMU, HOHOIIPOBOAbL

BBEJJEHUE

Ota cTaThs ABISIETCS MPAMBIM MIPOJODKEHNEM pa-
00ThI [1], B KOTOPO# HCCIIEOBATUCH AaHATTUTHYCCKUE
BBIPQKEHHS JJISI DJIEKTPUUECKUX TOTEHIMANIOB ITH-
JIMHAPUYCCKUX PaJuOYaCTOTHBIX KaHAJIOB IJIA TPaHC-
MOPTUPOBKH  3apsDKEHHBIX  YACTHII (voHOB).
B nmanHOUM nyOJIMKanuu C MOMOIIBIO TICEBIONOTEHIIH-
aNbHON MOMAENW [BIKEHHA 3apsSOUKEHHBIX YaCTHI]
B BBICOKOYACTOTHBIX J3JICKTPHUUCCKHUX IMOJIAX W aHaJIu-
THYECKUX BBIPAXKEHUN JUIS DJIEKTPUYECKUX II0JIEH,
MOJTy4YeHHBIX B TPEBIAYIIEH CTaThe, WCCIEAYIOTCS
oco0eHHOCTH (PYHKIIMOHMPOBAHHS IMIMHIPUICCKUX
PaAMOYaCTOTHRIX TPAHCIOPTHPYIOIMNX KaHaoB. Pac-
CMaTpUBAIOTCA JByX(a3Has cXeMa 3JICKTPUUCCKHUX
HamNpsDKEHU Ha 3JIeKTpojax, deThipexdaszHas cxema
JNEKTPUYECKHUX HAMpPsDKEHUH Ha AJIEKTpoJax, a Takke
aMIUTUTYIHO-MOAYJIMPOBAaHHbIE HampsbKeHus, obec-
MEYNBAIOIIE CHHXPOHHYIO TPAaHCIOPTHPOBKY 3apsi-
JKCHHBIX 4YaCTUIll TpPHU IHOMOIIHU BBICOKOYACTOTHOTO
3NEKTPUYECKOTO0 Mo Thna A-BonHbl. MccnenoBanue
(YHKIIMOHUPOBAHUS PAJUOYACTOTHBIX TPaHCIIOPTH-
PYIOIINX KaHAJIOB C HEKPYTOBBIMH M C MYJIBTHIIONB-
HO-CETMEHTUPOBAHHBIMU  JuadparmMamMu, paccMoT-
peaHsiMu B [1], ocymiecTBIsieTCsl aHaJOTHYHBIM
0o0pa3oM W TPUBOIUT K KA4YEeCTBEHHO HICHTUIHBIM
pesyiabpratam. Ilpm HEoOXOIMMOCTH UCCIEIOBATh
pPaAroOYacTOTHRIE TPAHCTIOPTHUPYIONINE KaHAIBI HEIU-
JUHIPUYECKON (OPMBI MOXKHO HCIONB30BaTh aHaH-
TUYECKUE BBIPAXKEHUSI I DIIEKTPUUECKUX MMOTEeHIIHA-
JIOB U3 myOnuKanuii [2—4], 0lHaKO aHaJIU3 COOTBETCT-
BYIOLLIUX MOJIEIEH BBIXOIUT 32 PAMKH JAHHOM CTaThU.
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INCEBJOIIOTEHIUAJIGHAS MOJEJIb ABMKEHU A
NOHOB B HEMTPAJIbBHOM I'A3E

Jlid KauecTBEHHOI'O OINMCAHUS JBMKEHUS 3apsi-
KEHHBIX YacTHUI] B BBICOKOYACTOTHBIX IEKTPUUECKUX
MOJISIX TIOJIE3HO HCHOJb30BaTh IICEBAONOTCHIUAIb-
HYI0O MOJenb ABWkeHus [5-25]. B coorBercTBUU
C 3TOI MOJETbIO ABMKEHHE 3apsDKEHHBIX YaCTHI] pac-
najaeTcs Ha CyMMY ""MEJUIEHHOT0" TBMKEHHS B HEKO-
TOpoM 3(PPEeKTUBHOM KBa3HUCTAIMOHAPHOM CHIIOBOM
0JIe ¥ Ha BBICOKOYACTOTHBIE OCHMJUIALUN C MajeHb-
Ko ammiutynod. Ilpu 3TOM npu JOBHKEHUU 3aps-
KEHHBIX YacTHL B Cpelie HEHTpaJbHOro rasa HabJro-
JAr0TCsl AOTIONHUTENbHBIE (P (EKTHl, OTCYTCTBYIOIIUE
MIpH IBMKEHHUHU B Bakyyme [2, 8, 19].

PaccMoTpuM nBHXEHHE HOHOB B BBICOKOYACTOT-
HOM 3JIEKTPUYECKOM II0JIE€, BBICOKOYACTOTHBIN 3JIEK-
TPUUECKUH OTEHIMall KoToporo umeer Bua [19, 20]

Ur/ (x,y,z,t) -y ()c,y,z)p0 (t) +

+ Zk:[(pk (t)cos(a)kt)U(k) (x,3.2)+

. k
+¢, (¢)sin ()" )(x,y,z))], (1)
rae pi(t) u g)(f) — "mennenHapie" QyHKIMH BpEMEHH,
a w; — "ObIcTphIe" KPYroBble YacTOTHI BBICOKOYAC-

TOTHBIX HaNpsDKEHUH, NPUKIAIbIBAEMbIX K 3JIEKTPO-
nam. Ilpennonaraercs, uro Vk: @, ~ w (BCce 4acCTOTHI
"ObicTpeIe"), VK, j: |wf — wj| ~ @ ("ObIcTphIe" 9acTOTHI
JTAJIEKO OTCTOAT APYT OT Jipyra) u wl > 1, rae w —
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XapakTepHbIi MacmTad "ObICTpBIX" WacToT, 7 — Xa-
paKTepHBIA MacmTad BpeMEHHW [T '"MeIJIeHHOTO"
JBIDKEHHSI HOHOB.

Bripaxxenue (1) siBisiercst Haubonee o0mKM mpe-
CTaBJICHHEM JUI BBICOKOYACTOTHBIX CHI'HAJIOB CIIOXK-
HOW (OPMBI M CO CJIOXKHBIM CIIEKTPOM, XapaKTepH-
3YIOLIMXCS ABYMS PA3IMUHBIMU MAcIITa0aMH BPEMEHH
Y TIO3BOJISIFOLIMX IPUMEHHTH ICEBAONOTCHIHAILHYIO
MOJEINb IBIDKEHUS WOoHOB. B [23] mokaszaHo, 4TO JII0-
00e KBa3UCTaTHUECKOE BBICOKOYACTOTHOE DJICKTpHUe-
CKO€ I10JIe, Y KOTOPOIO BPEMEHHOH CIIEKTp pacraja-
€TCs Ha y3KHe M JAJIEKO OTCTOSIHUE APYr OT Apyra
OCTPOBKH, MOXHO TiprBecTH K BUY (1). IIpencraBnenne
BBICOKOYACTOTHOI'O 3JIEKTPUUYECKOTO I0JIS1 B KAHOHU-
yeckoM Buje (1) sBiseTCS BaKHBIM JUISI TTOJTyYEHUS
KOPPEKTHOM TEOpUM IICEBIONOTEHLMANA: HAlPUMED,
NpH MCHOJIB30BAaHUH (JOPMATBHO SKBHBAJICHTHBIX Ma-
TEMAaTUUYECKUX BBIPAKEHUN U DBPUCTUYECKOU TEXHUKE
yCpEeIHEHHs YPaBHEHUH IBIKEHHSI MOKHO JIETKO IO-
JYYUTh BMECTO MEIJICHHO MEHSIOMIEroCs! TCEBIOIO0-
tennmana [7, p. 170], [17, 19-21] maremarudecku
KpacuBble, HO (U3UYECKH HeBepHble (opmynsl [16,
17, 20, 25].

B cootserctBuu ¢ [26-29] adpdekT cTomkHOBEHUI
MOHOB C MOJIEKYJaMH HEHTPaJbHOTO raza MOXHO 3a-
MeHUTHh Ha d()(PEKTHBHOE BSA3KOE TPEHHE IO 3aKOHY
Crokca. Cuiia BA3KOTO TpEHHs, MPONOPIMOHAIbHAS
CKOPOCTH HOHA OTHOCUTEIBHO HEHOABMKHOIO ras3a
U 10 HAaMpaBJICHUIO MPOTHUBOIOJIOXKHASI K CKOPOCTH
MOHA, 3aMeHsieT CcO0OH pe3ynabTaT YCPEOHEHHBIX
CTOJIKHOBEHUI HMOHOB C MOJIEKYJIAMU HEHUTPAIBHOTO
raza mpu "TPOTaCKMBaHWH' HMOHOB CKBO3b Ta3 [26—
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29]. Bmecto koad¢uimenra Ctokca (IpeacTaBIIsiio-
mero coboii, BooOIIe TOBOPS, TEOPETHUECKYIO a0CT-
PakUMI0 M HE HUMEIOLIEro IMPSIMOro (QHU3MYECKOro
CMBICIIA), yI0OHO HMCIOJIB30BaTh KOA(PQPHUINUEHT MOJ-
BIDJKHOCTH MOHOB B HEUTpalbHOM Ta3e, KOTOPBIM OIl-
penenseT CBiI3b MEKAY HalpsKEHHOCTBIO TOCTOSHHO-
ro JIEKTPUYECKOTro MOJIsl B paccMaTpuBaeMoil oOnac-
TH IPOCTPAHCTBA M YCTAaHOBUBLIEHCS CKOPOCTBIO
paBHOMEpHOTO ABMKEHUS MOHOB [26]. Koadhdumment
Crokca y cBsi3aH C MOABMXHOCTBIO K COOTHOIIEHUEM
y=e/ K, TIie e — 3TO 3apsi1 OHa.

B ynunelinoM npubmmkenun koaduiment Ctokca
HE 3aBUCUT OT CKOPOCTH MOHOB OTHOCHUTEJIHHO HEIOI-
BIJKHOTO Ta3a U ONpEAeNseTcs JOKAIbHOW TeMiepa-
TypoOH rasa, JOKaJbHBIM JaBJICHHEM Tra3a u CeUCHHEM
CTOJIKHOBEHHSI MOHOB C MOJIEKYJIaMU HEHTpPaJbHOTO
raza. llpeamomaraercsa, uro y=ux,y,z f)— 23TO
(GyHKLIMS, MEAJIEHHO MEHALascd BO BPEMEHH
W MpocTpaHcTBe. B OONBIIMHCTBE CiydacB BapHaHT
Y= const SABJISIETCS BIIOJIHE MMPUEMJIEMBIM U1 UCII0JIb-
30BaHUsA B pa3yMH0171 MOACIN KAaYE€CTBECHHOI'O ABUKE-
HUS HIOHOB B HEHTPaJIbHOM rase.

ITocne akkypaTHOU IpoLEAYpBl YCPEOHEHHUS pe-
3yJIBTUPYIOLINX YPaBHEHUH [BMKEHUS IO BPEMEHH
B COOTBETCTBHH CO CXEMOH, HCIOJIB30BaHHOW B [9,
c. 119-123], [10-22], "mMemnenHoe" ABMKEHHE MOHOB
C Maccol m W 3apsIoM e CBOAUTCS K ABHXKCHHIO
B  IICEBAONOTCHIUAILHOM  JJICKTPUUYECKOM  IOJIe
¢ "nemrupoBaHHBIM" IEKTPUUECKUM TICEBIOTIOTEH-

wnanom U (x,y,z,t). DTOT IICEBONOTEHIMAT 3aa€eT-
cst popmymont [6-8, 19]:

e

U(x,y,z,t)zz

T am(Q + o

)(p,f O +(©O) +(©) et @ (7] + (0 () ]} @

rae s dysxmuit UP(x, y,z) u V(x, y, z) mmxane
MHJIEKCHI X, ¥, Z 0003HAYaIOT YaCTHBIE MPOU3BOIHbIC
M0 COOTBETCTBYIOIIMM KooOpAauHataMm, Q=m/y —
napaMeTp, UMEIOIIHNA CMBICT 3((EKTUBHON YacTOTHI
CTOJIKHOBEHUI HMOHOB C MOJIEKYJIAMHU HEHUTPAIBHOTO
raza, y— ko3pdunuent Crokca g 3h(eKTUBHON
CHJIBI BA3KOI'O TPCHHH.

IIpu orcyrcTBuM HeWTpampHOro Taza Q=0
U JeMI()UPOBaHHBIA TICEBJONOTEHIMAN (2) mepexo-
IUT B OOBIUHBIN TIceBAonoTeHman [5-25]. C ¢puznye-
CKOM TOYKM 3pEHHsI IICEBIOIEKTPUIECKOE I0JIe, KO-
TOPOE ONHCHIBACTCSI TPATUEHTOM JIIEKTPUYECKOTO
niceBAonoTeHuana (2), o0ycioBIeHO HHEPIMAIBLHO-
CThIO JIBUKCHUA MOHOB U HAJIMYUEM HPOCTPAHCTBCH-
HOI'O TpPagMEHTa aMIUIMTYIbl BbICOKOYACTOTHOTO
QJICKTPUYCCKOI'0O I10JI. Huxakux APYyrux 1ceBAOCHUIT
B IPaBOH YacCTH YCPEIHEHHbIX YPAaBHEHUM IBIKEHUS
IpU BHXCHUU HOHOB B BaKyyMe He HaOJII0aeTcsl.

OpaHako mpy HAJIMYUK HEUTPAJIBHOIO ra3a U HeHy-
JIEBOM IIPOCTPAHCTBEHHOM TI'palueHTe (ha3bl BHICOKO-
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YaCTOTHOTO AJICKTPUYECKOIO TOJii B IPABOW YacTH
YCpPEHEHHBIX YPaBHEHHH JBHXKCHHS JIO0aBISIETCS
HETMOTeHIMAIBHOE TICEBAOAIIEKTpUIecKoe mojie (na-
JIee — TICEBIOMOJIE OO0 TICEBIOCHIIA) ¢ KOMITOHEH-

TaMH (E v Ey, E, ) , 00YCIIOBJIEHHOE MIPOCTPAHCTBEH-

HBIM TPaJiu€HTOM (a3bl BBICOKOYACTOTHOTO DJIEKTPH-
YECKOro IMOJIS:

E, (x,y,z,t)zz

p 2m(Q2 +o;

e(Qa,)
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_UVZ V )+U( )V( ) _ S)Vz(k))‘ (5)

B ommume oT nceBno3neKTpUIecKoro moss, cooT-
BETCTBYIOIIETO T'PAaJUEHTY (TOYHEE, aHTUTPAJAUEHTY)
NceBonoTeHnuana (2), He CylecTBYeT TakoW cKa-
TSIPHON (QYHKINH, TPATUEHTOM KOTOPOH MOXKET OBITH

BEKTOPHOE I10J1€ (EX E,,E, ) .

Takke B ypaBHEHHUSX 'MEJICHHOTO" IBMKCHUS
nmpucyTcTByeT d(dexTuBHas (ycpemHeHHas) CHia

BA3KOCTH C KOMIIOHEHTaAMH (F Fy,FZ) :

FX (x,y,z,t) = —y(x,y,z,t)(fc(t) —uy (x,y,z,t)),
FY (x,y,z,t) = —7/(x,y,z,t)(j/(t) —uy (x,y,z,t)),
FZ (x,y,z,t) = —y(x,y,z,t)(z'(t) -u, (x,y,z,t)),

rac (MX, Uy, MZ) — MCIJICHHO MCHAIOIIAsACA BO BpC-

MEHHU W TPOCTPAHCTBE CKOPOCTh MOTOKA ra3a B OKpe-
CTHOCTH paccCMaTpHBaeMOii TOYKH,

(6)

A. C. BEPAHUKOB u np.

()'c(t),)'/(t), z'(t)) —  yCpeIHEHHas CKOpPOCTh
JABHWXKCHHUS MOHA B I[aHHI:Iﬁ MOMCHT BpEMCHHU.

[Ipu Hanmuuum B Qopmyne (1) HeHyneBoro men-
JCHHO MEHIIOMIErocs IMEKIPIISCKOro NOTCHIMAN
Us(x, y, z, 1) = UVx, v, 2) po(?) COOTBETCTBYIOIIEE
AJIEKTPUIECKOE TOJIe TAKXKe BKIFOYACTCS B TPABYIO
YacTh YPaBHEHUH "MEIJIEHHOTO" JIBUKCHUSI.

AHAJIMTUYECKUE MOAEJIN
BBICOKOYACTOTHBIX SJIEKTPUUECKUX TTOJIEM
MWIIMHAPMYECKNX TPAHCIIOPTHUPVYIOHINX
KAHAJIOB

[Ipenronaraercs, 4To A7 BHICOKOYACTOTHOTO 3JIEK-
TPAYECKOTO TIOJIA CIPaBEUIMBA KBa3HUCTaTHYECKast
MOJIETh 3JIEKTPUYECKOIo MOJIA: B paccMaTpHBAacMOM
OTPaHMYEHHOM O00BbEME BBICOKOUACTOTHBIM 3JIEKTPH-
YecKUil MOTeHIHad MOXHO NMPEACTaBUTh KakK IMPOU3-
BeZicHWEe (DYHKIMH, KOTOpasi OMHCHIBAET CHHXPOHHOE
M3MEHEHHUE BO BPEMEHU HAINPsLDKEHUH Ha JIEKTPOoJax,
U TPEXMEPHOr0 3JIEKTPOCTATUYECKOrO TOTEHIIMANa,
KOTOPBIA COOTBETCTBYET IIOCTOSIHHBIM 3JIEKTpHYE-
CKMM HaIlpsDKEHUSIM Ha 3JeKkTpojaax. Ksasucraruue-
CKasg MOJENb INPHUMEHHMA, €CIM XapaKTepHOE BpeMs
W3MEHEHUS 3JIEKTPUYECKUX HaNpsKEHUH Ha 3JIEeKTpo-
JlaX MHOTO OOJblIe XapaKTEpHOTO BPEMEHH pacipo-
CTpaHEHUs JIEKTPUIECKOTO BO3MYILIEHHS B Mpeenax
yCTpoiicTBa (T.e. IIUHBI YCTPOMCTBa, JCICHHOU
Ha CKOpPOCTB CBETA).

Tunuyaass KOHQUTYpalusi KPYTOBBIX Juadparm,
KOTOpBIE HCIOJIB3YIOTCSI B KQ4E€CTBE IEKTPOJIOB IPH
CO3/IaHWU LIHWIMHIPUYECKUX TPAaHCHOPTHPYIOIIUX Ka-
HaJIOB, IOKa3aHa Ha puc. 1.

Puc. 1. H{unuuapruyeckuii kaHajl, COCTOSIMN 13 KPYTOBBIX Anadparm.
a — KPUBOJMHENHBIE DJIEKTPO]IbI, COOTBETCTBYIOIINE aHATUTUYECKOMY dJIeKTprudeckoMy norenuuany (7), (8);
b — ympomieHHas cucTeMa, COCTOSIIAS U3 TUIOCKUX KPYTOBBIX AradparM KOHEYHOH TOJIINHBL.

Pa3pe3 nokaspIBaeT BHYTPEHHIOKO CTPYKTYPY JIEKTPOIIOB

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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Takue UWINHAPUYECKHE PAgHOYacTOTHBIE JIOBYIL-
KA OBUIM NPEIJIOKEHBI M YCIIEUIHO HCIIOIb30BAJIMChH
JUISL U30JSIUU uccaeayeMbix HoHoB B [30-33]. Cwm.
takxe [5], [7, p. 165, 166].

['maBHass KOMIIOHEHTa BIIEKTPUYECKOTO  MOJIS
TPaHCHOPTUPYIOIIMX KAHAJIOB, COCTOSIIIUX M3 TOHKHX
KpPYroBeIX auadparM paamyca R, pacnojOKeHHBIX
BJ0Jb oc OZ C TIOCTOSIHHBIM TIarom L, K KOTOPBIM
MPUKIAABIBAIOTCS 3IEKTPUUECKUE HamnpspkeHus +Ug
C YeperyoIIMHCS 3HAKaMH, C XOPOUIeH TOYHOCTBIO
ommchiBaercs (opmynamu [epmuxa [5], [7, p. 165,
166]:

U, (z,r)z%cos(lz)l0 (Ar), (7)
Us (Z,r)zr;lnsin(iz)lo (Ar), (8)

rane Uc — xocunycoupanbHas ¢opma, Us — cuHy-
coupnanbHas Gopma, z, ¥ — aKCHaJIbHASA U palualibHas

KoopauHaThl (7 =+/x"+)"); Uz— cTaTuueckue

QJICKTPUUCCKUC HAIPAKCHUSA, NPUITOKCHHBIC K JUa-
tdparmam; [, — mommdunmpoBanHas ¢yHkums bec-
cest HyJieBoro nopsiaka [34-36]; 4 — mapamertp reo-
MeTprudeckoro macmrabda. [lapamerp A=7x / L, ecin
KO BCEM ILI/Ia(I)paFMaM IMMPUKIIAABIBAIOTCA OJUHAKOBBIC
JIEKTPUYECKUE HanpspkeHus +Ug ¢ 4yepenyromuMucs
3HaKam#, u A =x / (2L), ecnmu muadparmMsl pa3OUTHI
Ha 4Y€THBIC W HCYCTHLIC, IMPUYEM K OJHUM I[I/Ia(ppar-
MaM TNPHUKIAIBIBAIOTCA 3JIEKTPUYECKHE HaNpsDKEHUS
+U, a I TPOMEXYTOUHBIX (BCIIOMOTaTEIbHBIX)
auadparm 371eKTpHUecKre HaNPsKEHUS. PaBHBI HYITIO.

Ha ocu cummerpun r = 0 noreniuan (7) Beuer ce-
051 xak U cos(Az), a moTenmman (8) — kak Uysin(1z),
rae Uy= Ug / I[H(AR) — amMmiuTyJa IpOCTPaHCTBEH-
HBIX KOJEOaHWH ODIEKTPOCTATUYECKOTO IOTEHIMAa
Ha ocH cucTeMbl. YToOBI co3/1aBaTh TpedyemMble Tpex-
MEpHBIE JIEKTPUUECKUE TMOJISI C ANEKTPUIESCKUMU T10-
teHimanamMu (7) mmbo (8), Kpyroewle auadparMsl
C DJIEKTPUYECKUMH HanpsbKeHUsAMU +Up pazMeInaror-
Cs BAOJb OCH B TOYKAaX JIOKAIBHBIX MAaKCUMYMOB
U MHHUMYMOB OCEBOI'O PAaCHpEACICHUs] DJIEKTpHUe-
CKOT0 TOTEHIIMANa, a BCIOMOTaTelbHbIE ITUaparMel
C HYJIEBBIMH HaNpsOHKEHUSIMH (€CIIM OHU TPeOyroTCA)
pasMemaTcs B TOYKaxX, B KOTOPBIX OCEBOE pacipe-
JieJIeHne o0paraercs B HOJb.

Pacmmpennast cuctema KpyroBbIX —auadparm,
cHaOXkeHHast auadparMamMH C HYJIEBBIMH HaIlpsbKe-
HUSIMH, OKa3bIBAETCSl OJTHOM M TOW kK€ KaK JJISl 3JIEK-
TpUYECKOro moTeHnuana (7), Tak U JJs dJIEKTpUIe-
ckoro moreHnuana (8). OTaudre COCTOMUT B TOM, Ka-
KHNC MMCHHO DJJICKTPUYCCKUC HAIPAKCHUSA HAIJICKUT
NpUKJIaaeiBaTh K nuadparmam. bonee toro, B cuimy
JIMHEHHOCTH ypaBHeHUs Jlammaca s NMHEWHOU Cy-
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MEPHO3ULUN 3NEKTPUYECKUX HANpsDKEHUi, 1o OT-
JEeNbHOCTH HPUIOKEHHBIX K YETHBIM M HEYETHBIM
nradparmam, OyZeT co3laBaThCsl AIEKTPUUYECKOE TI0-
Jie ¢ TIOTEHIHAIIOM, TIPEICTABISIFOIIAM CO00M JIMHEH-
HYIO CyNEepro3unuio noreHuuanoB (7), (8) ¢ HyXKHbI-
MH BECOBBIMH Kod(ummeHTaMu. AHAINTHYECKHES
aneKTpocTaTuueckue noreHuuaisl (7), (8) oxa3piBa-
FOTCSI TIOJIE3HBIM MHCTPYMEHTOM MJISi KOHCTPYHpPOBa-
HUA aHaAJIUTHYCCKUX Moz[eneﬁ BBICOKOYAaCTOTHOTO
AIIEKTPUYECKOTO MO MPU CIOKHBIX KOHPUTypanusix
paznovyacTOTHBIX HANpPsDKEHUH Ha JIEKTPOAAX, BKIIIO-
yas HUMITYJIbCHBIC HaIlpSAXKCHUA u HaIpsKCHUA
CO CJIO’KHBIM CIIEKTPOM.

Hapsiny ¢ ocnHoBHbiMu kommoneHtamu (7), (8)
B 3JIEKTPUUYECKOM TMI0JI€ PEATBbHBIX LMIUHIPUIECKUX
KaHAJIOB TPUCYTCTBYIOT TaKXe Mapa3uTHBIE CTapIIUe
MPOCTPAHCTBEHHBIE TAPMOHUKH JIIEKTPUYECKOTO TO-
7. DTH TapMOHUKH OOYCIIOBIIEHBI OTKIIOHEHHEM pe-
aNbHON (opMbl AuadparM OT HUICATLHOTO KPUBOJIH-
HEHHOT0 NpoduIIst, COOTBETCTBYIOLIETO0 TOYHOMY aHa-
mutndeckomy Beipaxkenuto (7), (8) mms asmextpude-
CKUX HOTEHLINAJIOB.

AKcHanbHbIE MMPOCTPAHCTBECHHBIC TAPMOHUKHN CBA-
3aHBI C 3aMEHOI auadparM ¢ KPUBOJIWHEHHBIM IIPO-
¢unem Ha TOHKME auadparmMbel THO0 Ha Auadparmel
KOHEYHOM TONIIUHBL. A3UMYyTalIbHBIE MPOCTPAHCT-
BEHHbIC TAPMOHMKH CBS3aHBI C 3aMEHOW MYJIBTHUIIONb-
HBIX zu/la(bparM C nacajlbHbIM MYJIbTUIIOJIBHBIM IIPO-
¢wieM Ha MyJIbTUIIOIBHO-CETMEHTUPOBAHHBIE KPYTo-
Bble auadparMbl. AKCHalbHblE H a3UMYyTaJbHBIC
CTapIlie NMPOCTPAHCTBEHHbIE MAPMOHUKH LMIHHAPH-
YECKUX TPAHCHOPTUPYIOIIMX KaHAJIOB IMOIPOOHO HC-
cnemyrotes B [1].

Crapmme npoCTPaHCTBEHHbIE TapMOHUKU 3JIEK-
TPUYECKOTO MOJIS SKCIOHEHIIUATBFHO OBICTPO 3aTyXa-
10T NIPU yJAJIEHUH OT Kpasi auadparm, Mo3TOMy AT
OLICHKHU BJIMAHUA BO3MyIHeHI/II71 QJICKTPUYCCKOTr'O IMOJIA
Ha (YHKIMOHMPOBAHUE LWJIMHAPHUUYECKUX TPaHCIIOP-
TUPYIOHIUX KAaHAJIOB OOCTATOYHO OrpaHUYUTHCA IICP-
BOM HEHYJIEBOM cTaplliei rapMOHUKON. B cuiy cuMm-
METPHUH 3JIEKTPOAOB M HANPSIKEHUH 3TO OyAeT CHHY-
coupanbHas JUOO KOCHHYCOMJAlbHas MPOCTPAHCT-
BEeHHasi TapMOHHKa ¢ HoMepoMm 3 [1]. B pesymbrarte
AIIEKTPUYECKHE TOTEHIMAIBl BO3MYIIEHHOTO JJIEeK-
TPUYECKOT'O 110JI1 UMEIOT B

Ue(z,r)=
~U,[cos(Az)1,(Ar)+ecos(34z2)1,(34r)],  (9)

Us(z,r)=
=U, [sin(lz)lo (lr) + gsin(3lz)lo (3&1’)], (10)
rae z, ¥ — aKkCHaJlbHAs M pajuaibHas KOOPAWHATHI

(r=+x>+3"); Uy— ammmuryna konebauuii oceBo-
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rO pachpefelieHust 3IeKTPUUECKOro TOTEeHIUaa,;
Iy — momudurnmpoBannas Qynknus beccens HyneBo-
ro nopsiaka [34-36]; A — mapaMeTp reoMeTpUIECKOTro
MaciiTaba, aHaJOTHYHBIA MmapameTpy A4 B ¢opmyiax
(7), (8); € — OTHOCHTENBHBIN BKIAJ TPEThEW IPO-
CTPaHCTBEHHOI rapMOHUKM B OCEBOE pacrlpe/esieHHe
asleKTpudeckoro noreHnuana. Ilapamerp ¢ 3aBucut
OT TOJIIIMHBI TOHKHX JradparM u 6e3pa3zMepHOro OT-
HomeHust R / L, tme R— paamyc KpyroBbIX Iua-
¢parm, L — paccTosiHHE MEXIY COCEAHUMH Kpyro-
BbIMHU auadparmamu. [Ipu yBenndennu 6e3pa3MepHoit
BEIMYWHEI R / L 3HaveHue mapaMerpa € ObICTPO CTpe-
MHUTCA K HYJIIO0, OJHAKO OAHOBPEMCHHO U aMIUIMTYy/da
kosnebanuii Uy = Uy / [j(AR) oceBoro pacrpeneneHus
AIIEKTPUYECKOTO MMOTEHIIHANA TaKKe CTPEMUTCS K Hy-
mo (ecnu aneKTpudeckue HanpsokeHus +Ug, mpuiio-
JKCHHBIC K JJICKTpOJAaM, HC MCHAKOTCA IMPU U3MCHCHUU
napamerpa R / L).

ICEBAOITIOTEHIIUAJIBHBIE MOJIEJIN
PAIMOYACTOTHBIX KAHAJIOB

Beoonwie zameuanus

[IpakTH4eckuM NPUMEPOM HCIOIb30BAHUS AHAIU-
tnieckux noreHumanoB (7), (8) u (9), (10) moryr
CIIy’)KUThb PaJHOYACTOTHBIC HJICKTPUUECKUE IO, UC-
MOJIb3yeMble B HMOHHO-ONTUYECKHX YCTPOHCTBax |[5,
30-33, 37]. llpu anammze pabOTBHI ATHX YCTPOHCTB
JBIDKEHHE 3apsHKEHHBIX YacTul] (HOHOB) YO00HO OMu-
CBIBAaTh C MOMOILBIO IICEBIONOTEHINAIBHON MOJEIH
JBIDKEHHS, KOTOpPask BKpATLEe OMMCAHA B NPEAbIAYILIEM
paszene.

Ilcesoonomenyuan c 2ogppuposxoii npoghuns

B kmaccuueckoM ciydae, KOraa Ha Kpyrosble aua-
¢parmMpl mojaercsi BBICOKOYACTOTHOE CHHYCOUAANb-

HOE HampshKeHHE C (UKCHPOBAHHOW aMILTUTYAOM
¥ pa3HOCTHIO (ha3 7 MEeXAY COCETHUMH auadparMamMu
[5, 8, 30—33], snekTpuveckuil MOTeHIHAT BRICOKOYAC-
TOTHOTO 3JIEKTPUYECKOIro MOJIs B CepelrHEe KaHaja
TPaHCHOPTUPOBKHU ONHCHIBaeTCs HOpMyIIOii:

U(z,r,t)z

Uy nz Tr
]O(ﬂR/L)COS( 7 +ﬂj10[ 7 jcos(a)t+(o), (11)
rie z, ¥ — aKkcuajbHas W pagualibHas KOOPAWHATBHI,
Uk, ® 1 ¢ — COOTBETCTBEHHO aMIUIUTYAa, KPyroBas
gacToTa U oOmuil caBUT (ha3bl BEICOKOYACTOTHBIX Ha-
MPsDKEHUH, TPUKIaIbBaeMbIX K nuadparmam; Iy —
MouduurpoBanHas GyHkuus beccens HyneBoro mo-
psaka; L — paccTosHME MEXIY COCEIHUMH JHa-
¢parmamu; R — paguyc Kpyroeeix auadparm; mapa-
MeTp f 3amaeT cCMelIeHHe LEeNOYKH PaBHOMEPHO pac-
MOJIOKEHHBIX JradparM OTHOCHTENLHO Hayana Koop-
IMHAT.

[IceBponoreHuan, KOTOPBIM OIKMCHIBAET YCPEA-
HEHHOE ABIKCHHE 3apsHKEHHBIX YACTHI[ C MacCou m
U 3apsiiOM € B BBICOKOYACTOTHBIX AJIEKTPUYECKUX I10-
nsix (11) B BakyyMme, UMeeT BUIL

5 2
— er U,

U(z,r)=
() 2mLw*\ 1,(7R/L)

X sin{%+ﬂ)]§[?j+cosz[%+ﬂjlf(%} .
(12

I'paduk dysxmum (12) B HOpMHpPOBaHHBIX Oe3pas-
MEPHBIX KOOp/IMHATAaX MOKa3aH Ha puc. 2.

0.8

0.6/

S

0.2

0 3 ) 15 20 5 Z

b

Puc. 2. TlceBnonorennuan (12) B 6e3pazMepHbIX HOPMHUPOBAHHBIX KOOPIMHATAX.
a — TpeXMEepHBIU rpad K B IUNIOCKOCTH (z, ¥), b — rodpuposka Ha ocu » = 0

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3



MOJEJIMPOBAHUE HMJIMHAPUYECKNX PAINMOYACTOTHBIX 23

IIceBnonotennnan (12) He MeHsIeTCS BO BPEMEHH
W TIPEACTaBIseT COOOH TOPPHUPOBAHHBIA Keloo,
o0ecrieynBalONINid yAep:KaHHE 3apsHKCHHBIX YaCTHIL
B OKPECTHOCTH OCH chCTeMBbl (puc.2, a). OTMmeTrnm,
YTO 3aMETHas TOPPUPOBKA COXPAHAETCS HA OCH CHUC-
temel 7 =0 (puc. 2, b). T0 03HaYaeT, YTO 32 UCKIIIO-
YCHUCM OTACIIbHBIX TOYCK, B KOTOPLIX MNCECBAOIOTCH-
uan o0Opariaercst B HOJIb, HA OCH NPHUCYTCTBYET He-
HYJIEBOE BBICOKOYACTOTHOE DJIEKTPUYECKOE IIOJIE.
Brnpouewm, ipu R > 4L 310 mosie mpeHeOpe:KUMO MaJio
B CHJIy OKCIOHEHIMAIBHOTO POCTa MHOXKHUTEI
Iy(zR / L) B 3Hamenatene Gopmynsl (11).

[Ipu nBmxkeHnH B Ta3e neMIPUPOBAHHBIN TICEBIIO-
noteHnuan (2) oTim4aeTcs oT Beipakenus (12) Hamu-
YHeM IOCTOSHHOI'O JeMII(UPYIOIEr0o MHOXHUTEIS
o’/ (w* + Q7). da3a BHICOKOYACTOTHOIO 3IEKTpPUUE-
ckoro monst (11) ommHakoBa B 000 TOUYKE MPO-
CTPAHCTBA, MO3TOMY HENOTCHLUUAIBHOE IICEBIO3JICK-
tpudeckoe moine (3)—(5) orcyrcrByer. Kpome Toro,
3a cYeT BS3KOro TpeHus (6) MOHBI OBICTPO TEPSIOT
Ha4YaJIbHYI0O KUMHETHYCCKYIO0 DHEPTHIO U B KOHCUHOM
CYeTe OKa3bIBAIOTCS HA OCH TPAHCIIOPTHPYIOLIErO Ka-
HaJla B JIOKAaJbHBIX MUHHUMYMaxX OCEBOW TrOo(pHpPOBKH
IICEBJIONIOTEHIINANA, B KOTOPBIX BBICOKOYACTOTHOE
3NIEKTPUIECKOE M10JI€ OTCYTCTBYET.

DNEeKTPUUECKU TOTEHIMal BBICOKOYACTOTHOTO
anekrpudeckoro mons (11), k koTopomy mH00aBIEHBI
BO3MYIIAIONINE TPOCTPAHCTBEHHBIE TapMOHUKH (9),
(10), oruceiBaetcs hopMyIoi

U(z,r,t) =U, x

Tz r 3nz 3nr
x| cos| —+ B |I,| — |+&cos| —+30 |I,| —
(L ﬁj{LJ (L ﬁj“(L)

xcos(a)t+q)),
(13)

rae Uy — aMIomryaa KoleOaHWH SIeKTPUIECKOTO
INOTCHIOHAJIa Ha OCU CHCTEMBI, &€ — OTHOCHUTEIbHBIN
BKJaJ TPETbed MPOCTPAHCTBEHHOW T'apMOHUKHU
B 2JIEKTPUYECKOE MOJIe Ha OCH IO CPaBHEHHUIO C Mep-
BOM NIPOCTPAaHCTBEHHOM TapMOHUKOW, a OCTaJbHbIC
napamerpsl B popmyie (13) coBmagaroT ¢ aHAJIOTHY-
HbIMH TTapamerpamu hopmysi (11).

[IceBnonoTeHuMal, KOTOPBIA OIMUCHIBAET yCpEn-
HEHHOE JIBIKEHHE 3apsHKeHHBIX YacTHIl ¢ Maccoil m
U 3apsiiOM € B BBICOKOYACTOTHBIX AJIEKTPUYECKUX I10-
nsx (13) B Bakyyme, UMeeT BUJ]

_ en’U? Tz r nz r
U(z,r)=—"% sin?| ==+ B |I}| = |+cos’| =+ B |I?| =—
(z7) 2mlo* L Bl L L Ah L

(14)

I'paduk dynxmum (14) B HOpMUpOBaHHBIX Oe3pas-
MEPHBIX KOOpAMHATaX IOKa3zaH Ha puc. 3. Hamuuue
JOITOJIHUTCIBbHBIX IMPOCTPAaHCTBECHHBIX TapMOHHK
HPUBOAUT K O0Jiee pe3KOMY POCTY CTEHOK IICEBJIOIO-
TEHIMATBHOTO JKen00a MpH NPUOIIKEHHH K KpasMm
KpyroBeIX auadparMm (puc. 3, a), a TaKKe YCIOXKHSIET
npouiib TOGPUPOBKH TICEBAONOTEHITHANA (puc. 3, b).
B urore Bo3pacraeT HaKIOH CTEHOK JIOKAJIBHBIX JIO-
BYHICK B TOYKax OCH, COOTBCTCTBYIOUIUX HYJIICBOMY
BBICOKOYACTOTHOMY JJICKTPUYECKOMY IIOJIIO, YMEHb-
IAaeTCsl 3HAUCHHE IICEBJONOTEHIMANa B TOYKaX JIO-
KaJbHBIX MaKCHMYMOB, a TaKKe MOSBISIFOTCS JOMOJI-
HUTENIbHbIEC JIOKAJIbHbIE JOBYIIKHA HEOONBIION IiTyOH-
HBl B TIPEKHUX TOYKaX MaKCHMyMa OCEBOTO pacrpe-
JIeJIeHns TiceBionoTeHnana (puc. 3, b). B pesynbrare

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 3

B LEHTPAJILHOIN 00J1aCTH TPaHCIOPTUPYIOIIErO KaHajia
o0pasyercst CI0KHasI CTPYKTYpa JIOKaJbHBIX IICEBIO-
MOTCHUUAJIBHBIX JIOBYHICK, B KOTOPBLIX MOTYT 3aJ€p-
KHUBATHCS 3apsLKEHHBIE YacTUIBI B IPOLIECCE UX H30-
JIAIUA U TPAHCIIOPTUPOBKH.

B npucyTcTBUM HEHUTpalbHOIO ra3a INCEBIONOTEH-
uuan (14) 3amenseTcs Ha AeMI(QUPOBAHHBIN TCEBAO-
MOTEHIIHAN, KOTOPBIA OTIMYaeTcs OT BhipaxeHwus (14)
HaJIMYUEM TIOCTOSIHHOTO JCMIT(pHUPYIOMIEro MHOXKHUTE-
a1t o/ (w* + Q7). da3za BEICOKOYACTOTHOTO SJIEKTPH-
geckoro moins (13) omuHakoBa B JMOOOW TOYKE MPO-
CTpaHCTBa, ModTOMY TceBaocuina (3)—(5) paBHa HyIO
BO BCEX TOYKAaX IPOCTPAHCTBA TOYHO TaK K€, Kak
U IpU OTCYTCTBUM BO3MYILUEHMM B BHJAE CTapLIMX
IIPOCTPAHCTBEHHBIX TAPMOHUK.
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0.6.

0.4

0.24

> Z

0 5 10 15 20 25

Puc. 3. [IceBponorennuan (14) B 6e3pa3MepHBIX HOPMHUPOBAHHBIX KOOPIHHATAX.
a — TpeXMepHbIi rpaduK B IUIOCKOCTH (z, 7'), b — rodpupoBka Ha ocu r = 0

3a cueT BA3KOro TpeHUs (6) MOHBI OBICTPO TEPSIOT
HAYaJIbHYI0 KWHETHYECKYIO SHEPTHi0, a B KOHEYHOM
CueTe OKa3bIBAIOTCS HA OCU TPAHCIOPTUPYIOLIETO Ka-
Hajla B JIOKAIBHBIX MUHUMYMax TO(QPUPOBKH IICEBJIO-
noreHnuana. OJHAaKO Tenephb 3apsDKEHHBIC YaCTHIII
MOTYT HAaKaIUIUBAaThCS TaKKe B JOTOJHHUTEIBHBIX JIO-
KaJIbHBIX JIOBYIIKAaX HE CIUIIKOM OOJBIION IiTyOHHEL,
KOTOpBIE TOSBIIAIOTCS HA BEPIIMHAX MPEKHUX MaKCH-
MYMOB OCEBOTO pacHpeseNIeHNs] MCEeBJONOTEeHIHANA
(puc. 3, b) Mo NpUYKMHE HAIWYHS CTAPIIUX MPOCTPaH-
CTBEHHBIX TaPMOHHK BBICOKOYACTOTHOTO JJICKTpHYE-
CKOT'O IOJISL.

Ilces0onomenyuan ¢ 2nadxum npogpuiem

PaccmoTpuM BapuaHT, KOrja Ha KPYrOBBIE Jaua-
¢parmMpl mojaercsi BBICOKOYACTOTHOE CHHYCOUAANb-
HOE HampshKeHHe C (UKCHPOBAHHOW aMIUTUTYAOM
1 pa3HOCTBhIO (pa3 7 /2 Mexmy cocemHUMH auadpar-
Mamu [37]. B aTOM ciyuae 3eKTpUuIecKUid MOTSHITHAI
BBICOKOYACTOTHOT'O JIEKTPHUUECKOT0 TMOJISl B CEpeANHE
KaHaJla TPaHCIIOPTUPOBKHU ONHUCHIBaeTCs (GopMyon

U(z,r,t)z
=Lcos[E+ﬁjl (ﬂjcos(a)t+(o)+
I,(zR/2L) \2L ‘\2L

U, . (7mz Tr .
+———=——sin| —+ B |1,| — [sin(ot + ).
I,(7R/2L) (2L ﬁj O(ZLJ (@r+0). (15)
[Napamerpst B popmye (15) coBmagaroT ¢ aHaimo-
TUYHBIMH TTapaMeTpaMu popmymsr (11).

[IceBponoreHuan, KOTOPBIM OIKMCHIBAET YCPEA-
HEHHOE JIBI)KCHHE 3apSHKEHHBIX YacTHIl C Maccou m

W 3aps/IOM e B BBICOKOYACTOTHBIX DIIEKTPUYECKUX T10-
nsx (15) B Bakyyme, uMeeT BUJ

ﬁ(z,r) =

2 2
e e IV (ﬂjﬂf (ﬂj - (16)
8mL’w’ | 1,(7R/2L) 2L 2L

[Ipu nBMkeHNH B Taze NeMIIPUPOBAHHBIN IICEBIO-
MoTeHIuan (2) oTiu4aeTcs OT BeipaxkeHus (16) Hau-
YUEM IIOCTOSITHHOI'O [[CMH(bI/IPYIOHICFO MHOXUTECIIA
o’/ (0> + Q). KpoMe TOro, 3a cdeT BA3KOTO TPEHHS
(6) MOHBI OBICTPO TEPAIOT HAYATBHYIO KHHETHUECKYIO
SHEPTUI0 U B KOHEYHOM CUETE OKa3bIBAIOTCS Ha OCH
TPaHCHOPTUPYIOIETO KaHaia.

I'paduk dpysxmum (16) B HOpMHPOBaHHBIX Oe3pas-
MEpPHBIX KOOp/AWHATAaX Moka3aH Ha puc. 4. [Icemono-
teHuan (16) He MeHsAeTCS BO BPEMEHH M TPE/CTaB-
jgsgeT coOoM TJIaAKHM Kejlo0, 00ecreynBaroOIMi
yllepKaHne 3apsDKEHHBIX YacTHI] B OKPECTHOCTH OCH
cuctemsl (puc. 4). Tor ¢akrt, 4T0 TCEeBAOMOTEHIIHAI
(16) He 3aBUCHUT OT KOOPAWHATHI z, O3HAYAET, YTO
B BaKyyMe B JII0OOH TOYKE HPOCTPAHCTBA YCPEIHEH-
HOE TICEBJONOTEHIMANBHOE BO3JICHiCTBUE Ha 3apsi-
KEHHBIE YaCTHLbl B aKCHAJIHbHOM HAIPABICHUH y BbI-
COKOYAaCTOTHOTO 3JIeKTpuueckoro mnois (15) orcyrer-
BYET.

Xots npu r = 0 nicenonoreHmman (16) u sBusercs
KOHCTAHTOH (M, COOTBETCTBEHHO, OOYCIOBJIEHHAS
NICEBIONOTEHIINATIOM HAIPSKEHHOCTh 3JIEKTPUUYECKO-
rO TICEBJIONOJISl PaBHA HYINIO), HO caMm IO ceOe OH He
paBeH Hymio (puc.4, b). DTo 03HaYaeT, YTO HA OCH
MPUCYTCTBYET HEHYJEBOE BBICOKOYACTOTHOE DIIEK-
TpHYECKOE TO0JIe, KOTOPOE PACKaYMBaET 3apsKECHHBIC

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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u(r)

) | 1 2

Puc. 4. Ilcesponorennuan (16) B 6e3pa3mMepHBIX HOPMHUPOBAHHBIX KOOPAUHATAX.
a — TpexMepHbIil rpaduk U (z, r) B IUIOCKOCTH (z, r'), b — rpaduk 3aBucumoctu U (r) BJIOJIb JIMHUU z = 0

YacTHUIIBl, HUKYJa UX He nepemerad. [lpu R > 4L sto
oJie IPEHEOPEKMMO MAJIO B CHITY SKCTIOHEHITHATBEHO-
ro pocta MHOxuTeNs ly(nR / 2L) B 3HaMeHaTene op-
myast (15).

Y BBICOKOYACTOTHOT'O 3JIEKTpUUecKoro mojs (16)
(haza B pa3HBIX TOYKaX IMpocTpaHCTBa pasHas. [losTo-
My Hapsiy € TICEBIOAIEKTPUYECCKUM MOJIEM, KOTOPOE
MIPEJICTaBIsIeT COOOW TpaMeHT TICeBAOMOTEHIIHAIA
(16) ¢ nemMnpupyOMIM MHOKHTEIEM, TAKXKe TPUCYT-
CTBYET HEHyJIeBasl TICEBJJOCHIIA, KOTOpPasi B COOTBETCT-
Buu ¢ popmymnamu (3)—(5) umeer BuA:

E, =0, E, =0,
F o en’ (Qw)
L 1emE (@ + o)

2
| (5[ 2 )2 )]
I,(7R/2L) 2L 2L
Ecnun momensaTs caBur (1)3.3]:1 BBICOKOYAaCTOTHOT'O

HalpsHKeHUST MEXKAYy COCEIHHMH JuadparmMamu
¢ +m/2 Ha —m/ 2, TO 3HaK KOMIIOHEHTBI E, 31IEKTpu-

(17)

YyecKou IMCEBAOCHUJIbI TOMCHACTCA Ha IMPOTHUBOIIOJIOXK-
Herid. Kak ato crmenyer m3 cpaBHeHust popmyn (16)

u (17), rpaduxu m1d nceBrocuisl ef, CcOBIAaaroT

¢ puc. 4 3a WCKIIOYEHHEM MAacCIITa0UPYIOIMIEr0 MHO-
xutens. Ha ocu cuctemsl npu R > 4L TsaHymas 6o

TOpMO3dllas HENOTEeHLIMalbHas IceBlocwia ek,
npeHeOpeKUMOo Maa.
Hanpasnennas Brons ocu OZ ncesiocuna ek,

KBaJpaTHYHa BOJM3M OCH M SKCIOHEHIIMAILHO pacTeT
IpU 3aMETHOM yzAaleHHH OT ocu. OHa OCYIIEeCTBISET
NEPEMCHICHUEC 3aApSAKCHHBIX YaCTUIl IO OCEBOMY Ha-
NPABJICHHIO B Ty WJIM MHYIO CTOPOHY B 3aBUCHMOCTH
OT caABHUTI'a (1)331)1 BBICOKOYAaCTOTHBIX Hal'[pﬂ)KeHI/II\/’I ME-
Ky COCEIHUMH DIICKTPOAAMH HE3aBUCHMO OT 3HaKa
3apsana 3apsHKeHHBIX dacTHil. JIFoOombITHO, 4TO Ha-
MpaBJeHHAs! BIIOJb OCH TICEBJOCHIIA HE 3aBHCHUT OT
KOODJIMHATHI Z, XOTS 3aMETHO MEHSETCS C N3MEHEHH-
€M KOOPAUHATHI 7.

DJeKTPUYECKHH TIOTEHIMAl BBICOKOYACTOTHOTO
anekTpuieckoro mojis (15), Kk KoTopoMy J00aBIEHBI
BO3MYIIAIONINE IPOCTPAHCTBEHHBIE TapMOHUKH (9),
(10), oruceiBaercs hopMyIoi

U(zrt)=U, cos[ﬂ+ﬂjlo (ﬂj+scos[32ﬂ—;+3ﬂjlo (%) cos(wt +¢)+

2L 2L

. (7z r . (3nz 3zr)| .
+U,|sin| —+ B |I,| — |+sin| —+3p |I,| — | |sin(wt + @),
’ (ZL ﬂj O(ZLJ (2L ﬂj °[2Lj (or+9)

(18)

rae Uy — aMmummTyna KonebaHuid JeKTPHIECKOTo T10-
TCHIIMaJIa Ha OCH CUCTCMBI, € — OTHOCHUTEJIbHBIN BKJIaJ

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3

TpeThEN MPOCTPAHCTBEHHON FAPMOHUKH B JIEKTpUYE-
CKOE€ I10JI€ Ha OCH II0 CPAaBHEHUIO C NI€PBOI IPOCTpaH-
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CTBEHHOM TapMOHHMKOH, a OCTaJbHbIE IapaMeTPbl
B (opmyrne (18) coBmagaroT ¢ aHAOTWYHBIMH Tapa-
meTrpamu popmyasr (11).

[IceBponoreHuan, KOTOPBIM OIKMCHIBAET YCPEA-
HEHHOE JIBI)KCHHE 3apSHKEHHBIX YacTHLl C MAaccoul m
U 3apsiIOM € B BBICOKOYACTOTHBIX 3NEKTPUUECKUX I10-
nsix (18) B BakyyMme, UMeeT BUIL

_ er’U; o v
0=z (4(55)*

+6& cos(%+2[3j ]0(

12

M pog2| 22704 | 220
2L 2L 2L
L P 220 IR e R
2L)\ 2L ) "\2r) '\ 2L

(19)

I'paduk dpyskuum (19) B HOpMUpOBaHHBIX Oe3pas-
MEpHBIX KOOpAMHATaxX IoKazaH Ha puc. 5. Harmsano
BUJHO, YTO HAJIWYHME JOMOJIHUTENBHBIX MPOCTPAHCT-
BEHHBIX TapPMOHUK HPUBOAUT K IOSBICHUIO TodpH-
POBKM y TJAJKOro MCEBIONOTEHIUAIBHOIO >Kejlo0a,
CTEHKH KOTOPOTO TIO-TIPEKHEMY PacTyT IO KCIIOHEH-
IUATFHOMY 3aKOHY NP MPUOIMKEHUU K KpasM Kpy-
roBeix auadparM. B wurtore B okpectHoctn ocu OZ
HOSIBIISIIOTCS JIOTIOJTHATEIBHBIC JIOKAJbHBIE JIOBYIIKH,
B KOTOPBIX MOTYT 3aJI€PXKHBATHCS 3apsHKCHHBIC Yac-
THUIBI B MIPOIIECCE MUX M3O0JLIMH U TPAHCIIOPTHPOBKH.
Crnenyer OTMETUTh, HYTO MHUHHMMAJIBHOE 3HAuYCHHE
NCeBIONOTEeHIMANa Ha ocl OZ TMO-TIpeXHEMY I0JIO-
XKHUTEINBHO, YTO O3HAa4YaeT, YTO BBICOKOYACTOTHOE
ANEKTPUUYECKOE I0JI€ OTIMYHO OT HYJISl BO BCEX TOY-
Kax ocu OZ, BKIIOYas JOKAJIbHBIE MUHHUMYMBI TICEB-
JOMOTEHIIMANIA HA OCH.

B npucyrcTBUM HEHTPAIBHOIO ra3a ICEBIONOTEH-
rman (19) 3amensiercs Ha AeMIIpUPOBAHHBIN TICEBIIO-
MOTEHIINAN, KOTOPBIM OTINYaeTcs OT BhipakeHus (19)
HQJINYKMEM IOCTOSHHOTO AEMI(HUPYIOLIEr0 MHOXHTE-
11’/ (0> + Q). 3a cuer Ba3Koro TpeHus (6) HOHBI
OBICTPO TEPSAIOT HAYAIbHYI0 KHHETUYECKYIO SHEPTHIO,
a B KOHEUHOM CUeTE OKa3bIBAalOTCSA HAa OCH TPAHCIOP-
TUPYIOIIETO KaHajla B JOKAIBHBIX MHHAMYMax Mapa-
3UTHOU TO(MPHUPOBKHU IICEBIOTIOTEHIIAANA, TIOSBHUBIIICH-
Csl U3-32 HAIMYMS CTapIIUX MPOCTPAHCTBEHHBIX TapMO-
HHK Y BBICOKOYACTOTHOT'O AJIEKTPUUYECKOTO MOJIS.

[MpucytcTBHE CTapmIUX HPOCTPAHCTBEHHBIX Tap-
MOHHUK TaK)X€ CKa3bIBA€TCsl HA IOBEJCHHMHU IICEBIIOCHU-
761, 00YCIIOBIICHHOW TPOCTPAaHCTBEHHBIM TPaHEHTOM
($a3pl  BBHICOKOYACTOTHOTO  JIEKTPUYECKOTO  ITOJIA
W HaJIM4YMEM BSI3KOTO TPEHWS IpH IBM)KEHUHM B HEH-
TpaJbHOM rase:

U(2)

Puc. 5. TIlcesgonorennuan (19) B 6e3pa3mMepHBIX HOPMHUPOBAHHBIX KOOPIMHATAX.
a — TpeXMepHbIi TpaduK B INIOCKOCTH (z, ), b — TrodpupoBka Baoms ocu OZ NpH HECKOJIBKUX Pa3HBIX 3HaUe-

HUIX ¥ = const
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126 COS(%+ , ﬂj(lo (_

2L
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2L

= Ser Uy (QYo) gsin(ﬂ+2ﬁ)[[ (
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3ar
2L

37rr j
3r

I

2L

j*‘lo 37rr

37rr
2L

" (20)

3zr

s

2L

nr

J”(Z

)]

Ha puc. 6 u puc. 7 moka3ansl TpadyKH TICEBIOCHITBI
(20). V3 prcyHKOB BHJIHO, YTO W3-3a TOSIBICHUS CTap-
LIMX POCTPAHCTBEHHBIX TAPMOHHK B PA3JI0KEHUHU BbI-
COKOUYAaCTOTHOI'O 3JIEKTPUYECKOrO IOJs y aKCUAIbHOU

KOMIIOHEHTBI TICEBAOCWIBI eE, mosBiseTcs rodpu-
poBka (puc.6), a pajauaibHas KOMIIOHCHTA ICEBIO-
cuibl eE, mepecraeT ObITb HyJeM, AEMOHCTPUPYS

E,(2)

U v 20/

% 0V V15 Vs Z

Puc. 6. AkcuanbHasi KOMIIOHEHTa eEZ riceBaocwis (20) B 6e3pa3MepHBIX HOPMHPOBAHHBIX KOOPAWHATAX.
a — TpeXMEpHBIH rpaduK B TUIOCKOCTH (z, 1), b — rodpupoBka BA0Is ocu OZ TIpH pa3HBIX 3HAYCHUAX 7 = const

Puc. 7. PaguaibHas KOMIIOHEHTa eER niceBaocuibl (20) B Ge3pa3zMepHBIX HOPMUPOBAHHBIX KOOPIMHATAX.

a — TpEXMEpHBIH rpaduK B MIOCKOCTH (z, 7'), b — OCHMJUIAIUY MPH CMEIICHUH BA0JIb ocu OZ TpH pa3HbIX 3HA-
YEHUAX 7 = const
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MPOCTPAHCTBEHHbIE OCLWIILILAN C IEPUOIUIECKUM
W3MEHEHHEM 3HaKa 10 Mepe IepeMEIIeHHUs BIOJb
ocu OZ (puc. 7). AMIUIUTYZa IPOCTPAHCTBEHHBIX OC-
LWUBIOAA 1711 00€MX KOMIIOHEHT IICEBIOCHIIBI JKC-
MOHEHIIMAIBHO PAacTeT MO Mepe MPHOIMKEHUS K Kpa-
sm auadparm. Kak u 10mKkHO OBITh, HCXO/IS U3 COO00-
paKEHHW CUMMETpPHUH, TpU MPHONMKEHUH K ocu OZ

paauanbHas KOMIIOHEHTA IICEBJOCUIIBI £, CTpeMuTCA
K HYJIIO B COOTBETCTBHH ¢ (opmynoii (17), a mpu yna-
aeHuu ot ocu OZ obe KoMHoHeHTsl E, u E, dKcro-

HEHIMaJIbHO pacTyT. HTepecHo, 4To Mo Mepe yjae-
HUs 0T ocu OZ mapa3uTHbIE POCTPAHCTBEHHBIE OC-

NWUIANAN aKCHAJIbHOM KOMIIOHEHTBHI £, MOTYyT Ha-

CTOJIBKO BO3pacTaTh, YTO OHA HAYMHAET MEHSITH 3HAK
B HEKOTOPBIX TOYKAX.

Ecnu momensats cnBur (asbl BBICOKOYACTOTHOTO
HamnpsDKEHUST MEXAYy COCeAHUMH  auadparmMamu

¢ tn/2 Ha —mw/2, TO 3HaKU KOMIOHEHT E, n E,

JIEKTPUIECKOI TICEBIOCHIIBI IIOMEHSIOTCSI Ha IPOTH-
BONOJIOXKHBIE. BONMM3M ocu cuctemsl npu R > 4L o0e
KOMITOHEHTHI TICeBAOCHITEI (20) MpeHeOpexuMOo MabI.

Ilcesoonomenyuan ¢ 3¢gpgpexkmom A-80.1mbl

Cucrema KpyroBeIX AmadparM MOXKET HCIIONb30-
BaTbCS JUIS HNPUHYJIUTEIBHOW TPAHCIOPTUPOBKU 3a-
PSDKEHHBIX 4YacTHLl BBICOKOYACTOTHBIM DJIEKTpUYe-
ckuM TmoneM (mpuHUMI A-BomHbl [8, 24, 38-41]).
3mech Ha KpyroBble AmadparMbl MOAaeTcsi BBICOKO-
4acTOTHOE CHHYycouaaipHOe HampsbkeHue co 100%
aMIUTUTYJHOM MOJYJISILUEN, OCYIIECTBISIEMON MO CU-
HYCOMJAJILHOMY 3aKOHY CO CIBUTOM (a3 aMIUIMTY[-
HOW MOAYISIMH 7/ 2 MEXIy COCETHUMHU Tuadparma-
MH. OJEKTPUYECKHH MOTEHIHAN BBICOKOYACTOTHOTO
ANEKTPUUYECKOr0 MO B CepeIMHE KaHala TPaHCHOp-
TUPOBKH ONHChIBaeTcs popmyioi

U, Tz y
U(Z,I’,t)ZWCOS[zL +ﬁ)

xIO[%)cos(ﬂt+l//)cos(wt+(o>+
U, . 7z

"1, (=R/2L) Sm(ZL vh jx

I | 2" in(Qf+y) ¢+
o\ 57 sin v cos(a) (o), Q1)

rae ( — Kpyrosasi 4acTOTa CHHYCOHWIAJIbHON aMILIH-
TYAHOW MOJYJIALIMM BBICOKOYACTOTHBIX HAIPSIKECHUM,
w— oOmuii cnBur ¢a3pl CHHYCOWAANBFHOW aMILIH-
TYJIHOM MOJYJISIIMHU, a OCTaJbHbBIC MMapaMeTphl B Gop-

Mmy1e (21) coBmaaarmT ¢ aHATOTHYHBIMA MTapaMeTPaMH
¢dhopmymsr (11).

[IceBnonoTeHuMal, KOTOPBIA OMUCHIBAET yCpE.-
HEHHOE ABIKCHHE 3apsHKEHHBIX YACTHI[ C MAacCOW m
U 3apsiiOM € B BBICOKOYACTOTHBIX AJIEKTPUYECKUX I10-
nsix (21) B Bakyyme, UMeeT BUJ

2 2
er U,

8mLw’ | I,(7R/2L)

x| sin? E—Qt+ —y |I? r +
oL B-vy |1,

lj(z,r,t)z

2L
NE 74 ,( r
+cos (2L Qt+ p WJL (2LJ ©(2)

[Ipu nBMkeHNH B Taze AeMIIPUPOBAHHBIN IICEBIO-
noTeHnuan (2) oTIn4aeTcst OT BbIpakeHus (22) Hanu-
YUeM MOCTOSHHOTO AEMI(HUPYIOMIET0 MHOKHUTEI
o’/ (0* + Q). ®aza BHICOKOYACTOTHOTO 3IEKTPUUeE-
ckoro mons (21) omuHakoBa B JIIOOOH TOYKE TPO-
CTpaHCTBA, MOATOMY HEMOTEHLMAIBLHOE ICEBI03JICK-
tpudeckoe mone (3)—(5) orcyrctByer. Kpome Toro,
3a CUeT BSZKOTO TpeHHUsi (6) MOHBI OBICTPO TEPSIOT
HAYaJbHYI0 KHHETHYECKYI0 OJHEPIrUI0 U I03TOMY
B KOHEYHOM CUETE OKA3bIBAIOTCSl HA OCH TPAHCIIOPTH-
PYIOLIETO KaHalla B JIOKAJIbHBIX MEJJIEHHO TepeMe-
LIAIOLIUXCSI MUHUMYMax OCEBOM Tro(pHUpOBKU IICEB-
JornoteHnuana (cM. puc. 8), B KOTOPBIX BBICOKOYAC-
TOTHOE JIEKTPUYECKOE 10JI€ OTCYTCTBYET.

I'paduk dynkuum (22) B HOpMHUPOBaHHBIX Oe3pas-

MEPHBIX KOOpJAMHATaX MoKa3aH Ha puc. 8. [lceBmono-
TeHMan (16) MeHsieTcsl BO BpEMEHU U TPE/ICTABISET
co0OH MOCTENeHHO cMewammuiicas Baoib ocu OZ
ro)pUpOBaHHBIN XKeno0, coBmafalolmuid Mo ¢Gopme
¢ nicenomnoTtennuanom (12) (puc. 8, a). Kak u mces-
nonoreHnuan (12), oH obecreunBaeT yaepkaHue 3a-
PSDKEHHBIX YaCTHIl B OKPECTHOCTH OCH CHCTEMBI.
Ecnu otHOmeHue pammyca auadparm K paccTOSHHIO
MEXy COCEAHUMH IuadparMamMu JISKUT B AUAa30HE
R/L e[1.5,2.5] (cm. nyonukanuo [1]), To Ha ocu
cUCTeMBbl 00pa3yeTrcsi CHHYCOWAalbHas BOJHA TICEB-
JONIOTEHIMANa, NepeMenaromasics Baonb ocu OZ co
CKOpPOCTBIO, KOHTPOJUPYEMON YAaCTOTOM aMIUIMTY/[I-
HoO# Momynsiiun () (puc. 8, b). B ee muanMyM™max (J1o-
KaJIbHBIX PaJMOYaCTOTHBIX JIOBYIIKAaX) KOHIIEHTPH-
PYIOTCS 3apsDKEHHbIE YAaCTULBI C Pa3HBIMU MaccaMi U
3apsagaMu, KOTOPBIC BCJICACTBUC 3TOI'O IMPHUHYIAUTCIIb-
HBIM 00pa3oM TepeMeIarTcs CHHXPOHHO C Oeryiei
BOJIHOM TICEBJOINOTEHIMANA C €IWHOW TIPYNIIOBOU
CKOPOCTbIO, KOHTPOJIUPYEMOH OJIHO3HAYHBIM 00pa-
30M C TOMOIIBIO 3aKOHA M3MEHEHHS JIIEKTPUYECKUX
HaIIpSOKEHUN Ha 3JIEKTPOJIaXx.
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Puc. 8. Ilcergonorernnunan (22) B 6e3pa3mMepHBIX HOPMHUPOBAHHBIX KOOPAWHATAX.
a — TpEeXMepHbIH rpaduK B IJIOCKOCTH (Z, ) B HEKOTOPBIH MOMEHT BpeMeHH, b — 3HaueHue Ha ocu r = 0 s

JBYX pa3sHbIX MOMEHTOB BPEMCHHU

b

%///

z

w

Puc. 9. TparcnopTHpOBKa 3apsDKEHHBIX YaCTHIL BIOIb OcH # = () ¢ TOMOIIBbIO OeTyIIeil BOJHBI IICEBIOTIOTCHIINAA

(22) (3dpdext A-BonHBI).
a — TPEXMEPHBIA

l7(z,r,t)| 0

r=

rpapuKk Ha  IUIOCKOCTH

ncesonotenumana U, (z,¢)

TpaHCTIOPTHPOBKY 3apsHKEHHBIX YaCTHUI] C TTOMO-
b0 3ddekra A-BOIHBI MOXKHO MPOUILTIOCTPUPOBATH
cnenyromuM obpazom (puc. 9). Paccmorpum nBMKE-
HHUE 3apsDKEHHBIX YaCTHI, PAacIHONOKEHHBIX Hero-
cpencTBeHHO Ha ocH 7 =0, O BO3/IEHCTBHEM IICEB-
ponorenimana U, (z,t)= U(z,r,t)| .

r=l

IIceBnomno-

teruman U (z,r,t) KBaZPaTHHHO PacTeT IpH yjane-

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3

(0

=U, (z,t), b — kapra Ha IIOCKOCTHU (z, f) JJIsl SKBUIIOTEHIMAIBHBIX JUHUA TPAHCIIOPTHPYIOIIETO

JJId TPAHCHOPTUPYIOIIETO  NCEBAOIOTCHIIMAIA

HUU OT OCH, & Ha CaMOW OCHU JOCTUTAET MHUHHMYMA,
TaK YTO 3apsDKCHHBIE YACTHIIBI HAJIEKHO YIEp KHBa-
IOTCA B OKPECTHOCTH OCH BBICOKOYACTOTHBIM JIIEK-
TpUYeCcKUM ToJieM. [lOCKONBKY TICEBAOMOTEHIUAT
BBICOKOYACTOTHOTO JIJIEKTPHUYECKOTO TOJNS MEHseTCs
BO BpEMEHHM MEIJICHHO (C TOYKM 3pEHHUs MaciiTada
OBICTPHIX OCHMJUIALNNN BHICOKOYACTOTHOTO 3JIEKTPHU-
YECKOTO TIOJIs), TO 3apsDKCHHBIC YACTHIIBI YCIICBAKOT
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MPUNTH B COCTOSIHHE PaBHOBECHSI U CKOHIIEHTPHPO-
BaThCs B JIOKAIbHBIX MUHUMYMax GyHKuun U, (z,z‘).

[Mpn apnabaTHUECKOM CMEIIEHWH JIOKaJbHBIX MHHH-
MyMOB TICEBAONOTEHIMAIA 3apsDKEHHBIE YaCTHUIBL,
3aXBaY€HHbIE 3TUMH JIOKAJIbHBIMU IICEBJIOMOTEHIIH-
aIBbHBIMM JIOBYIIKaMH, IEPEMEHIAIOTCS CHHXPOHHO
C TMepeMEeIeHUSIMHI YKa3aHHBIX MUHUMYMOB.

Xots konebaHus 3apsHKEHHBIX YacTHIl BHYTPH JIO-
KaJIbHBIX JIOBYIIEK Cyry00 HHIUBUIYaJIbHbI U 3aBUCST
OT Macc, 3apsi/IoB U TEKYIINX KMHETUYECKUX 3HEprui
3apsDKEHHBIX YacTHL], HO NOCTYINATENbHOE JIBUKCHHE
TPYNNbBl 3apsKEHHBIX YaCTHUI] KaK €JUHOTO IEeJIOoro
OJHO3HAYHBIM 00pa3oM OINpenenseTcs IepeMerie-
HUSMHU BJIOJIb OCH JIOKAJBHBIX MHUHUMYMOB BOJIHBI

ncepnonorenmana U, (z,7). Ha puc. 9, b, B Buge

TEMHBIX T10JIOC ITOKa3aHbl HEMpephIBHBIE "TOPOXKKH",
COCTaBJICHHBIE U3 JIOKAIbHBIX MUHHMYMOB IICEBJIOIIO-

TeHIHAaNa Uo(z,t), BJIOJIb KOTOPBIX TPOUCXOJUT

"BbIIaBNMBaHUE" 3apSDKEHHBIX YaCTHL CTEHKAMU
MCEBAOIIOTCHINAILHBIX JIOBYHICK IO MEPEC YBCINYC-
HUSl BPEMEHM ! W CMEILIeHus Ha puc. 9, b, ceueHus
¢t = const B BEpTHUKAJILHOM HaIlpaBJICHUH.

Becp mpornecc sBisieTcss aHaJOrOM IOCTYIATENb-
HOTO TIepeMereHus Qapiia B ITHEKOBOW MsCOpyOKe
Mo BO3JCHCTBHEM [aBIICHUS CTCHOK IIHEKAa, XOTS
C MEXaHMYECKOW TOUKU 3pEHMs caMu 10 ce0e HuKa-
KM€ TOYKH ITHEKa HUKYyJIa MOCTYHaTelbHO HE mepe-
MEILAIOTCSI, a MPOCTO OCYLIECTBIISIIOT CTallMOHAPHOE
BpamaTeJIibHOC ABUKCHUC BOKPYI' OJHOT'O M TOI'O K€
LEHTpPa, PAcIIOIOKEHHOTO Ha OCH IIHeKa. Takum o00-
pa3oM, IOJ  BO3JCHCTBHEM  IICEBJONOTCHIUANA

U(z,r,t) B KaHaye TPAHCIIOPTHPOBKH BOSHUKACT (-

¢dext "apxumenoBa BUHTA" (C YeM, COOCTBEHHO,
Y CBsI3aHO Ha3BaHHE paccMaTpuBaeMoro 3ddexra "A-
BoJjHA", WK "apXuMeaoBa BOJHA", TAHHOE €My aBTO-
pamn).

AHanoroM MEXaHMYECKMX CTEHOK apXuMeaoBa
BUHTA BBICTYMAIOT BBICOKOYACTOTHBIE 3JIEKTPUUECKHUE
MOJIsl, KOTOPbIE CTallMOHAPHO OCLMIUIUPYIOT ¢ OO0Jb-
IIOM 4aCTOTOW Ha OJTHOM U TOM K€ MECTE IPOCTpPaH-
CTBa CHMHXPOHHO CO CTallHOHAPHO OCLMJUINPYIOIIUMHU
AIIEKTPUYECKUMHU  HAMPSHKCHUSMH Ha  DJIEKTPOJax.
Henp3s ckaszarh, 4TOOBI 3TH BBICOKOYACTOTHBIE 3JICK-
TpUYECKHE IOJsl Kyda-mubo IepeMeIauch B IIPO-
CTpaHCTBE, MOCKOJBbKY OJHOHAmpaBlicHHAs Oerymias
BOJIHA BBICOKOYACTOTHOTO 3JIEKTPHUYECKOIO MO

3[IECh OYEBHIHBIM 00pa30oM OTCYTCTBYET, a BECh MpPO-
Lecc OorpaHnuMBaeTcs OueHusMH Ha Mecte. Kpome
TOTr0, TIOCJIE YCPEAHEHHsI 10 BPEMEHH BBICOKOYACTOT-
HBIC SJICKTPUYCCKUEC IOJIA HE IMMPUBOJAT K INOABJICHUIO
Kakoro-mbo 3P ¢PEeKTHUBHOTO HEHYJIEBOTO JJIEKTpUIe-
CKOTO TIOJIS, TIEPEMEIIAIONIECTO 3apsKEHHbBIE YaCTHIIBI
BJIOJIb OCH. TeM He MEHee COBOKYIHOE BO3JEICTBHE
BBICOKOYACTOTHBIX J3JICKTPUUCCKUX nojien u HUHCPLU-
OHHOCTH JIBWKECHHUS 3apsDKEHHBIX YacTHI oOecredu-
BaeT B KOHEYHOM HUTOTE paBHOMEpPHOE IMOCTYMaTelb-
HOC MCPEMECIICHUC 3aPSAKCHHBIX YaCTHUILl BJAOJIb KaHaJIa
TPAHCTIOPTUPOBKH B COOTBETCTBUH C d(hdexToM ap-
XHUMEeA0Ba BUHTA.

Bonee moapoOHO M aKkKypaTHO TpPaHCIIOPTHUPOBKA
HWOHOB ¢ TOMOIIbI0 3 exra A-BOTHBI aHATH3UPYETCS
B [38—41].

DJEeKTpUYECKHH MMOTEHIHal BBICOKOYACTOTHOTO
anekTpuieckoro mojis (21), Kk KOTopoMy J00aBIEHBI
BO3MYIIAIONINE IPOCTPAHCTBEHHBIE TapMOHUKHU (9),
(10), onuceiBaetcst hopmynoit

U(z,r,t) =U, x

x| cos| 2= 1, 2% |+ ecos M—Zﬁ 1, 3zr X
2L 2L 2L 2L

xcothcos(a)t + (o) +

+U, | sin zz 1, ZZ |+ &sin 3rz 1, 3zr X
2L 2L 2L 2L

(23)

roe Uy — aMIumMTyaa KojneOaHHd BIIEKTPUYECKOTO
MOTEHIIMANa Ha OCH CHUCTEMBI, & — OTHOCHUTEIIbHBIH
BKJIAJ TPETbed NPOCTPAHCTBEHHOW TaPMOHUKU
B JIEKTPUYECKOE I10JI€ Ha OCU II0 CPAaBHEHHIO C IIEp-
BOM MPOCTPAHCTBEHHONM T'apMOHUKOM, aJJUTHBHbBIC
¢azoBble cMenieHus f U i, IPUCYTCTBYIONIHE B GOp-
myne (21), MOXKHO OOHYIHUTH, €CITU TPABHILHO BHI-
OpaTh HayagbHBIE TOYKH OTCYETa MO0 KOOPAUHATE Z
U 110 BPEMEHH /, a OCTaJIbHBIE MapaMeTpsl B hopmyIe
(23) coBmagarOT € AaHAJIOTMYHBIMM TapaMeTpaMu
dhopmymsr (21).

[IceBnonoTeHuMal, KOTOPBIA OIUCHIBAET YyCpE.-
HEHHOE JIBIKEHHE 3apsHKeHHBIX YacTHIl ¢ Maccoil m
U 3apsiiOM € B BBICOKOYACTOTHBIX AJIEKTPUYECKUX I10-
nsx (21) B Bakyyme, UMeeT BUJ]

xsinQrcos(wt + ),

2772
lj(z,r)zM [g[ﬂ) l—cos(%—ﬂltj +

l6ml*w* 2L

+1} Z2 | 1+ cos| ZE =20 | |+
2L L
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vee| 1| 2 (220
20) "\ 2L
EANE

20) '\ 2L

+952| I2 (32”—;) 1-co

+1I7

| (ﬂj 1+ cos(%—z - 2Qtj
2L L

cos rz —Cos %—2(» +
L L
Tz 2rz
j cosS (—j + cos(— — ZQtJ +
L L

s(ﬂ - 2Qtj +
L

24

Puc. 10. IIcepmomorentuan (24) B 6e3pa3MepHBIX HOPMHPOBAaHHBIX KOOPAWHATAX.
a — TPEXMEpHBIA TpaduK B IMIIOCKOCTH (Z, ¥) B HEKOTOPBIH MOMEHT BpeMeHH, b — 3HadeHne Ha ocu 7 =0 s

JBYX pa3HbIX MOMECHTOB BPEMCHHU

I'padux pynxnum (24) B HOpMUPOBAHHBIX Oe3paz-
MEPHBIX KOOpAMHATaX Moka3zaH Ha puc. 10. Kak u B mpe-
JBUIYyHIMX CIIydasiX, HaJM4We AONOJIHUTENBHBIX MPO-
CTPAaHCTBEHHBIX 'APMOHHMK IPUBOIUT K OoJiee pe3Ko-
My pOCTY CTEHOK IICEBAONOTCHIMAIBLHOIO Xenoda
npyu TNpHOIMKEHWH K KpasM KPYroBeIX muadparm,
a TaKkXke YCIOXKHIeT PO TOGPUPOBKHU TICEBAOIIO-
teHnuana (puc. 10, a). [Tockoneky (24) ommuceiBaeT
Cpa3y HECKOJIBKO BOJIH ICEBIONOTEHIMAJa, pacipo-
CTPAHSIIOIIUXCS BIIOJb OCH C Pa3HBIMH CKOPOCTSIMH
(BKJIIOUAst CTOSIYYIO BOJIHY, MMEIOIIYIO HYJIEBYIO CKO-
POCTB), TO MPOIIECC MEPECTPOUKN CTPYKTYPHI JOKaIb-
HBIX TICEBJONOTEHIUANBHBIX JIOBYIIEK BBITJISIAUT AOC-
TaToYHO cioXkHO (puc. 10, b).

B uactHOCTH, M3-3a MHTep(depeHIn BOJH B Ka-
KHE€-TO MOMEHTbI BPEMEHH BOJIHBI NICEBIONOTEHIMATIA
CYMMHpPYIOTCS, a BBICOTa CTEHOK W HAaKJIOH CTEHOK
JIOKaJIbHBIX JIOBYILIEK BO3PACTalOT, @ B KAKUE-TO MO-
MEHTBHI BOJIHBI BBIUUTAIOTCS, M BHICOTa 0apbepoB BO-

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3

Kpyr JOKaJIbHbIX TICCBAONOTCHIUAJIBHBIX JIOBYIICK
pe3Ko yMeHbIIaercs. Tarkke BO3MOMKHO IOSIBICHHE
JONOJJHUTCIIbHBIX JIOKAJIbHBIX JIOBYIICK He6OHI)HIOI71
IIIyOWHBI B TPEKHHUX TOYKAX MAKCHMyMa IICEBJIOIIO-
TEHIIMana, KOTOpbIe, BIPOUYEM, OBICTPO Pa3pyIIAlOTCs
(puc. 3, b). B pe3ynbrare B lEHTpalbHON 0O0NacTH
TPaHCIIOPTUPYIOUIETO KaHajla oO0pas3yeTcsi CIOKHas
CTPYKTYpa JOKAJIbHBIX ICEBAONMOTCHIHUAILHBIX JIOBY-
IIeK, B KOTOPBIX MOTYT 3aJICPKUBATHCS 3apsDKEHHBIC
YaCTUIIbI B IPOIECCE UX U30JIALNU U TPAHCIIOPTUPOBKU.
Ha pwuc. 11, a, mokazana 3Bororust mpodums Jo-
KaJIbHBIX JIOBYIICK B IIpOIecce TPaHCHOPTUPOBKH 3a-
PSAKCHHBIX YaCcTHUI[ B BUJIC TPEXMEPHOTO rpaduka u3-
MEHEHHSI 0CEBOTO pacHpeiesIeHNs MICeBIONOTEeHIHANA
3a OAMH MEPUOJl CMEIIEHHS OCHOBHOW TPaHCHOPTH-
pyromeit BoHbl. Ha puc. 11, b, mokazansr "gopoxkn”
MUHHMYMOB OCEBOTO pacIpelesieHHsl TMCEeBIONMOTEH-
a1, BIOJb KOTOPBIX MPOMCXOIUT TPAHCIIOPTHUPOB-
Ka 3apsSKCHHBIX YaCTHUILL (TCMHI)IG IMOJIOCBI Ha KapTe
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Puc. 11. TpanciopTHpoOBKa 3apsHKSHHBIX YaCTHII BIOIH OCH # = () ¢ IIOMOIIBIO OeryIeii BOJHBI TICEBIOTIOTSHITHA-

na (24) (3pdext A-BOTHEI).

a — TpexXMepHbIi TrpapuK Ha IUIOCKOCTH

(1)

JUId  TPAHCHOPTHPYIOIIEro  IICEBIONOTEHIMANA

U (Z, r,tl .= U, 0 (z,t), b — kapTa Ha IIOCKOCTH (z, f) AT SKBUMNOTEHINAIBHBIX JIMHUN TPAHCTIOPTHPYIOIIETO

=

IICEBONOTeHIMANA {7, (Z, t)

SKBUTIOTEHIMAIBHBIX JHHUH). HarmggHo BumHO, 4TO
BbICOTa OapbepoB, OrPaHUYMBAIOLINX JIOKAIBHBIE JIO-
BYIIIKH, CTAHOBUTCS TO MEHBINE, TO Ooibmie, a 00-
JacTh MPOCTPAHCTBA, OXBAaThIBaeMasl JIOBYIIKOH, CTa-
HOBHUTCS TO IIUpPE, TO yKe, XOTA "THO" TpaHCIOPTH-
PYIOLIMX KaHAaBOK, MOKa3aHHBIX Ha puc. 11, b, uep-
HBIM IIBETOM, OCTaeTcsi Ha HyJeBoM ypoBHe. Cam
MpoIecC JABMKCHUSI CTYCTKOB 3apsDKEHHBIX YacTHI]
CTaHOBHUTCS HEPABHOMEPHBIM, TO YCKODPSACH, TO 3a-
MEJISISICh, XOTSI CPENHSSt CKOPOCTHh TepeMelleHHs
CT'YCTKOB 3apsDKEHHBIX YacCTHI[ OCTaeTCs MpexHeH.
Kpowme Toro, u3 puc. 11, b, BuaHO, 9yT0 BIoms Oaphe-
POB, PAa3IENSAIONINX JIOKAJIBHBIE TICEBJONOTEHIIHAb-
HBbIE JIOBYLIKH, BPEMsI OT BPEMEHU BO3HMKAIOT JO-
KaJlbHbIE 'miepeBasibl”, depe3 KOTOphble 3apsKEHHBbIE
YacTUIIBI MOTYT IEPENpBIrMBaTh MEXKIY COCEAHUMH
JIOKaJIbHBIMH JIOBYIIKAMH B OIIPEJICIEHHBIC MOMEHTBI
BpeMeHH. Bce 3To nenaet mpouecc TpaHCIIOPTHPOBKH
3apsDKEHHBIX YacTUl] 00Jiee CIIOKHBIM U 3aIlyTaHHbIM,
XOTs caM 3((deKT TPaHCIOPTUPOBKU 3apSKEHHBIX
YacTHUIl 10 NPHUHLUIY apXWMEIOBON BOJHBI IICEBIO-
MOTEHIIHATa B OCHOBHOM COXPaHSETCS.

B npucyTcTBUM HEHTpalbHOIO ra3a INCEBIONOTEH-
nuan (24) 3ameHseTcs Ha AeMI(QUPOBaHHBIN MCEBAO-
MOTEHIINAN, OTIMYAIONINIACA OT BhIpaxkeHus (24) Ha-
JMYUEM TOCTOSHHOTO AEMI(HUPYIOLIETO MHOKHUTEIS
o’/ (0* + Q). ®aza cHHYCOMAATBHOIN AMIUTHTYIHON

MOAYJIALIN BBICOKOYAaCTOTHBIX CUHYCOUOAJIbHBIX
ANEKTPUUYECKUX HANPSDKEHUH, MPUIOKEHHBIX K 3JIeK-
TpoJaMm, pa3Has Ha pa3HbIX AIEKTPOJax, U, KaK ciel-
cTBUE, (aza aMIUIUTYIHOW MOMIYJISIIIMA BBICOKOYAC-
TOTHOTO 3JIEKTPUYECKOTO TOJIS MEHSETCS B 3aBHCH-
MOCTH OT PaccMaTpUBaeMON TOYKH MPOCTPAHCTBA.
OpHako, HECMOTPS Ha TaKyr CIEUPUIECKYI0 MOTY-
JSIMIO HECYILEro BBICOKOYACTOTHOTO CHHYCOHMIANb-
HOTO CHUTHaia, (a3a OCHOBHBIX KOJIEOaHH BBICOKO-
YaCTOTHOTO DJIEKTPUUECKOro most (23) ojuHaKoBa
B JIIO0OH TOYKE MPOCTPAHCTBAa M COBMaAaeT ¢ (Hazoif
BBICOKOYACTOTHOTO cuTHanma cos(wt+ ¢) B (opmyre
(23). Mostomy mnceBaocuna (3)—(5) paBHa HyIIO
BO BCEX TOYKAX IMPOCTPAHCTBA TPH HAIMYNH CTAPIIHX
MPOCTPAHCTBCHHBIX T'apMOHUK J3JICKTPHUYCCKOI'0O I1OJIA
TOYHO TaK )K€, KaKk W INPU OTCYTCTBHH Iapa3UTHBIX
BO3MYIICHHH BBICOKOYACTOTHOTO  BIIEKTPUYECKOTO
moyist (21).

3a cuer BsA3KOTO TpeHUs (6) HOHBI OBICTPO TEPSIOT
Ha4YaJIbHYHO KHMHCTUYCCKYIO JSHCPIvUi0, TaK 4YTO B KO-
HEYHOM CYETEe OHH OKa3bIBAIOTCSI HA OCH TPAHCIIOPTH-
PYIOLIETO KaHajla B JIOKAJbHBIX MHHUMYMax ropu-
POBKH TIceBonoTeHnuana. OnHaKo Teneps 3apsHKeH-
HBIC YaCTHUIIbI MOT'YT HAKAIUDIMBATHCA TAKXKCE B JOIIOJI-
HHUTENIPHBIX JIOKAIBHBIX JIOBYIIKAaX HE CIHIIKOM
0O0JIBIION TITyOWHBI, KOTOpPbIE TOSIBIITIOTCS Ha BEPIIH-
HaxX MPEXHUX MaKCHMYMOB OCEBOTO paclpeleeHUs

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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ncepnonorennuaia (puc. 10 u puc. 11) mo npuumnne
HAJIMYUS CTApLIMX [IPOCTPAHCTBEHHBIX FAPMOHUK BbI-
COKOYaCTOTHOT'O 3JIEKTPUUYECKOI'O MOJIS.

3AKJIFOYEHHNE

B pamkax nceBIONOTEHUMANbHOW MOJENIH JIBHXKE-
HUSl 3apsDKEHHBIX YacTHIl B PaJMOYaCTOTHBIX JIIEK-
TPUYECKHX MOJISX OBUIO UCCIENO0BAHO (DYHKIIMOHHUPO-
BaHWE IMWIMHIPUYECKUX PaAHNOYaCTOTHBIX TPAHCIIOP-
TUPYIOIIUX KaHAJIOB. BB pacCMOTPEHBI ClIeAYIOIINE
PEXXKUMBI UCTIOIB30BAHMS PATUOYACTOTHBIX TPAHCIOP-
TUPYIOIIUX KaHAJIOB:

a) BBICOKOYACTOTHBIE CHHYCOHJANbHBIE HaIpshKe-
HUSI CO CIBUTOM (ha3bl 7 MEXAY COCETHHMHU KpyTro-
BBIMU JIHadparMamu;

0) BEICOKOYACTOTHBIE CHHYCOHWAAJIbHBIE HAIpsHKe-
HUS CO CABUTOM (ha3bl 7/ 2 MEXTy COCEAHUMHU KPYTro-
BBIMH TuadparMamu;

B) aMIUIUTYHO-MOJTyJTUPOBaHHBIE BBICOKOYACTOT-
HBIE CHHYCOHWJAJbHBIE HANpsHKeHHs, 00ecreunBaro-
HIMe TPAaHCIIOPTHPOBKY 3apsHKEHHBIX YAacTHI] B PEKH-
Me A-BOJIHEI.

B nporiecce mpoBeneHNs HCCIIEAOBAHHS UCTIONB30-
BaJICh AHAJUTUYECKUE BBIPAXKCHHS JIJIS AJICKTpUYIC-
CKUX TIOJIe PaJuOYacTOTHBIX  IMJIMHAPUYCCKUX
TPAHCIIOPTUPYIOIIUX KAHAJOB, TMOJYYCHHBIE paHee
B cTathe [1].
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INTRODUCTION

This article is a direct continuation of the work [1],
which investigated analytical expressions for the elec-
tric potentials of cylindrical radio-frequency channels
for transporting charged particles (ions). In this publi-
cation, using a pseudopotential model of charged par-
ticle motion in high-frequency electric fields and ana-
lytical expressions for electric fields obtained in the
previous article, the features of the functioning of cy-
lindrical radio-frequency transport channels are inves-
tigated. A two-phase scheme of electric voltages on
the electrodes, a four-phase scheme of electric voltag-
es on the electrodes, as well as amplitude-modulated
voltages that ensure synchronous transport of charged
particles using a high-frequency electric field of the
A-wave type are considered. The study of the func-
tioning of radio-frequency transport channels with
non-circular and multipole-segmented diaphragms,
considered in [1], is carried out in a similar manner
and leads to qualitatively identical results. If it is ne-
cessary to study radio-frequency transport channels of
non-cylindrical shape, one can use analytical expres-
sions for electric potentials from publications [2—4],
however, the analysis of the corresponding models is
beyond the scope of this article.

PSEUDOPOTENTIAL MODEL OF ION MOTION
IN A NEUTRAL GAS

For a qualitative description of the motion of
charged particles in high-frequency electric fields, it is
useful to use a pseudopotential model of motion [5—
25]. In accordance with this model, the motion of
charged particles is decomposed into the sum of
"slow" motion in some effective quasi-stationary force
field and high-frequency oscillations with a small am-
plitude. In this case, when charged particles move in a
neutral gas environment, additional effects are ob-
served that are absent when moving in a vacuum [2, 8,
19].

Let us consider the movement of ions in a high-
frequency electric field, the high-frequency electric
potential of which has the form [19, 20]

Urf (x,y,z,t) =y ()c,y,z)p0 (l) +
+ Z[(pk (t)cos(wt) U™ (x,,2)+
k

ra (sin(0n)r " (v2)], )

where py(f) and g,(¢) are the "slow" functions of time,
and oy are the "fast" circular frequencies of the high-
frequency voltages applied to the electrodes. It is as-
sumed that Vk: w;~ o (all frequencies are "fast"),

Vk,j: loy— |~ (the "fast" frequencies are far
apart) and w7 > 1, where w is the characteristic scale
of the "fast" frequencies, 7 is the characteristic time
scale for the "slow" motion of ions.

Expression (1) is the most general representation
for high-frequency signals of complex shape and
complex spectrum, characterized by two different
time scales and allowing the application of the pseu-
dopotential model of ion motion. In [23] it is shown
that any quasi-static high-frequency electric field
whose time spectrum breaks up into narrow and wide-
ly spaced islands can be reduced to the form (1). Re-
presentation of the high-frequency electric field in the
canonical form (1) is important for obtaining a correct
theory of pseudopotential: for example, when using
formally equivalent mathematical expressions and
a heuristic technique for averaging the equations of
motion, one can easily obtain mathematically beauti-
ful but physically incorrect formulas [16, 17, 20, 25]
instead of a slowly changing pseudopotential [7,
p. 170], [17, 19-21].

In accordance with [26-29], the effect of collisions
of ions with neutral gas molecules can be replaced by
effective viscous friction according to Stokes' law.
The viscous friction force, proportional to the velocity
of the ion relative to the stationary gas and in the di-
rection opposite to the ion velocity, replaces the result
of averaged collisions of ions with molecules of the
neutral gas when "dragging" ions through the gas [26—
29]. Instead of the Stokes coefficient (which is, gener-
ally speaking, a theoretical abstraction and has no di-
rect physical meaning), it is convenient to use the
coefficient of ion mobility in a neutral gas, which de-
termines the relationship between the strength of the
constant electric field in the region of space under
consideration and the steady-state velocity of uniform
motion of ions [26]. The Stokes coefficient y is re-
lated to the mobility K by the relation y= e/ K, where
e is the ion charge.

In the linear approximation, the Stokes coefficient
does not depend on the velocity of ions relative to the
stationary gas and is determined by the local gas tem-
perature, the local gas pressure, and the cross section
of collisions of ions with molecules of the neutral gas.
It is assumed that y= A(x, y, z, f) is a function slowly
changing in time and space. In most cases, the variant
y = const is quite acceptable for use in a reasonable
model of the qualitative motion of ions in a neutral
gas.

After a careful procedure of averaging the resulting
equations of motion over time in accordance with the
scheme used in [9, pp. 119-123], [10-22], the "slow"
motion of ions with mass m and charge e is reduced to
motion in a pseudopotential electric field with



a "damped" electric pseudopotential U (x,y,z,t). This
pseudopotential is given by the formula [6-8, 19]:

T (x.y.2.0) = zm@; (t)[(ugw ) (v +(Ug<f>)2} g2 (t)[(ygw )+ (r) +(V;\k>)2D, @)

k4m

where for the functions U®(x, y, z) and V¥(x, y, z) the
subscripts x, y, z denote the partial derivatives with
respect to the corresponding coordinates, Q=m / y is
the parameter having the meaning of the effective fre-
quency of collisions of ions with neutral gas mole-
cules, y is the Stokes coefficient for the effective
force of viscous friction.

In the absence of neutral gas Q = 0 and the damped
pseudopotential (2) transforms into an ordinary pseu-
dopotential [5-25]. From the physical point of view,
the pseudoelectric field, which is described by the
gradient of the electric pseudopotential (2), is caused
by the inertia of ion motion and the presence of a spa-
tial gradient of the amplitude of the high-frequency
electric field. No other pseudoforces are observed in
the right-hand side of the averaged equations of mo-
tion during ion motion in a vacuum.

However, in the presence of a neutral gas and a
non-zero spatial gradient of the phase of the high-
frequency electric field, a non-potential pseudo-
electric field (hereinafter referred to as a pseudo-field

or pseudo-force) with components (EX,Ey,EZ) is

added to the right-hand side of the averaged equations
of motion, and is caused by the spatial gradient of the
phase of the high-frequency electric field:

Z_?X(x,y,z,t)zz e(Q/a)k) )pk(t)qk (t)x

T 2m(Q + o

X(U(k)V(k) —U(k)V(k) +U(k)V(k) _
y Ty

X ey XX X

—U(k,)VV(k) +U£k)Vx(zk) _U“(k)V(k))’ (3)

Ey (x,y,z,t) = Z

; 2m(Q2 +o;

x (U)Ek)V f‘) _U(k)V(k) + U(k)V(k) _

xy xy ' x y T

_ U(k)V(k) + U(k)V(k) _

yy y z vz

_ U(")V(k) + U(")V(k) _ U(")V(k)) (5)
yz "y z zz zz z N

Unlike the pseudo-electric field corresponding to
the gradient (more precisely, the anti-gradient) of the
pseudo-potential (2), there is no scalar function whose

gradient can be a vector field (E . E, . E, ) .

Also, in the equations of "slow" motion, there is an
effective (averaged) viscous force with components

(Fo F.F,):

F, (x,y,z,t)z (x,y,z,l)(fc(l)—ux (X,y,Z,t)),
F, (x,y,z,t) = (x,y,z,l)(j/(t) —u, (x,y,z,t)), 6)
F, (x,y,z,t) = —;/(x,y,z,t)(z'(t)—uz (x,y,z,t)),

where (uy,uy,u,) is the gas flow velocity slowly
changing in time and space in the vicinity of the point
under consideration, ()'c(t), y(1), z'(t)) is the average
velocity of the ion at a given moment in time.

If formula (1) contains a non-zero slowly changing
electric potential Uy(x, y, z, t) = U(O)(x, ¥, z) po(?), the
corresponding electric field is also included in the
right-hand side of the equations of "slow" motion.

nd
nd

ANALYTICAL MODELS OF HIGH-FREQUENCY
ELECTRIC FIELDS OF CYLINDRICAL GUIDES

It is assumed that a quasi-static model of an elec-
tric field is valid for a high-frequency electric field: in
the limited volume under consideration, the high-
frequency electric potential can be represented as the
product of a function that describes the synchronous
change of the voltages on the electrodes in time, and
a three-dimensional electrostatic potential that corres-
ponds to constant electric voltages on the electrodes.
The quasi-static model is applicable if the characteris-
tic time of change of electric voltages on the elec-
trodes is much greater than the characteristic time of
propagation of electric disturbance within the device



(i.e. the length of the device divided by the speed of
light).

A typical configuration of circular diaphragms,
which are used as electrodes when creating cylindrical
transport channels, is shown in Fig. 1.

Fig. 1. Cylindrical channel consisting of circular di-
aphragms.

a — curvilinear electrodes corresponding to the ana-
lytical electric potential (7), (8);

b — simplified system consisting of flat circular di-
aphragms of finite thickness.

The section shows the internal structure of the elec-
trodes

Such cylindrical radiofrequency traps were pro-
posed and successfully used for isolating the ions un-
der study in [30-33]. See also [5], [7, pp- 165, 166].

The main component of the electric field of trans-
port channels consisting of thin circular diaphragms of
radius R, located along the OZ axis with a constant
step L, to which electric voltages +Uy with alternating
signs are applied, is described with good accuracy by
the Gerlich formulas [5], [7, pp. 165, 166]:

Ue(eor) =1 Z’;R)cos(zz)zo(m), )
U, .
Us(z,r)= 7 (AR)SIH(AZ)]O (Ar), (8)

where Uc — cosine form, Us —sine form, z, r are the

axial and radial coordinates (r=+/x>+y"); Uz are

the static electric voltages applied to the diaphragms;
1y is the modified zero-order Bessel function [34-36];
A is the geometric scale parameter. The parameter
A=x/ L if the same electric voltages Uy with alter-
nating signs are applied to all diaphragms, and A=
=7/ (2L) if the diaphragms are divided into even and
odd, and electric voltages Uy are applied to some
diaphragms, while for intermediate (auxiliary) diaph-
ragms the electric voltages are equal to zero.

On the axis of symmetry »=0, the potential (7)
behaves as U cos(4z), and the potential (8) behaves as
Upsin(Az), where Uy = Uy / Ij(AR) is the amplitude of
spatial oscillations of the electrostatic potential on the
axis of the system. In order to create the required
three-dimensional electric fields with electric poten-
tials (7) or (8), circular diaphragms with electric vol-
tages +Uy are placed along the axis at the points of
local maxima and minima of the axial distribution of
the electric potential, and auxiliary diaphragms with
zero voltages (if required) are placed at the points at
which the axial distribution becomes zero.

The extended system of circular diaphragms
equipped with diaphragms with zero voltages turns
out to be the same for both electric potential (7) and
electric potential (8). The difference lies in what elec-
tric voltages should be applied to the diaphragms.
Moreover, due to the linearity of the Laplace equation
for the linear superposition of electric voltages applied
separately to the even and odd diaphragms, an electric
field with a potential representing a linear superposi-
tion of potentials (7), (8) with the necessary weighting
factors will be created. Analytical electrostatic poten-
tials (7), (8) turn out to be a useful tool for construct-
ing analytical models of the high-frequency electric
field for complex configurations of radio-frequency
voltages on the electrodes, including pulsed voltages
and voltages with a complex spectrum.

Along with the main components (7), (8), parasitic
senior spatial harmonics of the electric field are also
present in the electric field of real cylindrical chan-
nels. These harmonics are caused by the deviation of
the real shape of the diaphragms from the ideal curvi-
linear profile corresponding to the exact analytical
expression (7), (8) for electric potentials.

Axial spatial harmonics are associated with the re-
placement of diaphragms with a curvilinear profile by
thin diaphragms or diaphragms of finite thickness.
Azimuthal spatial harmonics are associated with the
replacement of multipole diaphragms with an ideal
multipole profile by multipole-segmented circular di-
aphragms. Axial and azimuthal senior spatial harmon-
ics of cylindrical transport channels are studied in de-
tail in [1].

Senior spatial harmonics of the electric field expo-
nentially quickly decay with distancing from the edge
of the diaphragms; therefore, to assess the influence of
electric field disturbances on the functioning of cylin-
drical transport channels, it is sufficient to limit our-
selves to the first non-zero senior harmonic. Due to
the symmetry of the electrodes and voltages, this will
be a sinusoidal or cosine spatial harmonic with num-
ber "3" [1]. As a result, the electric potentials of the
disturbed electric field have the form

c(z.r)=

~U, [cos(lz)[o(/lr)+gcos(3lz)10 (3&1”)], 9)
U, (z.r) =
=UO[sin(/lz)lo(/lr)+gsin(3lz)[0(31r)], (10)
where z, r are the axial and radial coordinates

(r=+x"+y"); U, is the amplitude of oscillations of
the axial distribution of the electric potential; /, is the
modified Bessel function of zero order [34 — 36]; 4 is
the geometric scale parameter, ¢ is the relative contri-



bution of the third spatial harmonic to the axial distri-
bution of the electric potential. The parameter ¢ de-
pends on the thickness of the thin diaphragms and the
dimensionless ratio R / L, where R is the radius of the
circular diaphragms, L is the distance between adja-
cent circular diaphragms. With an increase in the di-
mensionless quantity R / L, the value of the parameter
¢ quickly tends to zero, but at the same time the ampli-
tude of oscillations U, = U / Iy(AR) of the axial distri-
bution of the electric potential also tends to zero (if
the electric voltages Uy applied to the electrodes do
not change along with a change in the parameter
R/ L).

PSEUDOPOTENTIAL MODELS
OF RADIOFREQUENCY GUIDES

Introductory remarks

A practical example of the use of analytical poten-
tials (7), (8) and (9), (10) can be radiofrequency elec-
tric fields used in ion-optical devices [5, 30-33, 37].
When analyzing the operation of these devices, the
motion of charged particles (ions) is conveniently de-
scribed using a pseudopotential model of motion,
which is briefly described in the previous section.

Pseudopotential with profile corrugation

In the classical case, when a high-frequency sinu-
soidal voltage with a fixed amplitude and a phase dif-
ference m between adjacent diaphragms is applied to
circular diaphragms [5, 8, 30-33], the electric poten-
tial of the high-frequency electric field in the middle
of the transport channel is described by the formula:

U(Z,r,t)z

zm ( +ﬂj [chos(wtw) (1)

where z, r are the axial and radial coordinates; Uy, @
and ¢ are, respectively, the amplitude, circular fre-
quency, and total phase shift of the high-frequency
voltages applied to the diaphragms; /, is the modified
zero-order Bessel function; L is the distance between
adjacent diaphragms; R is the radius of the circular
diaphragms, the parameter S specifies the displace-
ment of the chain of uniformly spaced diaphragms
relative to the origin.

The pseudopotential, which describes the averaged
motion of charged particles with mass m and charge e
in high-frequency electric fields (11) in vacuum, has
the form

2 U 2
— en
U(zr)= £
(2r) ZmLza)z(]o(ﬂR/L)J :

(oo ()

The graph of function (12) in normalized dimen-
sionless coordinates is shown in Fig. 2.

Pseudopotential (12) does not change in time and
is a corrugated trough that ensures the retention of
charged particles in the vicinity of the system axis
(Fig. 2, a). Note that noticeable corrugation is pre-
served on the system axis 7 = 0 (Fig. 2, b). This means
that, with the exception of individual points at which
the pseudopotential vanishes, a non-zero high-
frequency electric field is present on the axis. Howev-
er, if R >4L this field is negligible due to the expo-
nential growth of the factor /o(zR / L) in the denomi-
nator of formula (11).

Fig. 2. Pseudopotential (12) in dimensionless norma-
lized coordinates.

a — three-dimensional graph in the plane (z, 7),

b — corrugation on the axis » =0

When moving in a gas, the damped pseudopoten-
tial (2) differs from expressmn (12) by the presence of
a constant damping factor v’/ (w® + O ). The phase of
the high-frequency electric field (11) is the same at
any point in space, so the non-potential pseudoelectric
field (3)—(5) is absent. In addition, due to viscous fric-
tion (6), the ions quickly lose their initial kinetic ener-
gy and ultimately end up on the axis of the transport
channel in local minima of the axial corrugation of the
pseudopotential, in which the high-frequency electric
field is absent.

The electric potential of the high-frequency electric
field (11), to which the disturbing spatial harmonics
(9), (10) are added, is described by the formula

U(Z,r,t) =U, x

nz r 3nz 3nr
{cos[T + /3)10 (TJ + gcos[T + 3[3le (Tﬂ X

xcos (ot + @),
(13)

where U is the amplitude of the oscillations of the
electric potential on the axis of the system, ¢ is the
relative contribution of the third spatial harmonic to
the electric field on the axis compared to the first spa-
tial harmonic, and the remaining parameters in formu-
la (13) coincide with the similar parameters of formu-
la (11).

The pseudopotential, which describes the averaged
motion of charged particles with mass m and charge e
in high-frequency electric fields (13) in a vacuum, has
the form
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The graph of function (14) in normalized dimen-
sionless coordinates is shown in Fig. 3. The presence
of additional spatial harmonics leads to a sharper
growth of the walls of the pseudopotential trough
when approaching the edges of the circular diaph-
ragms (Fig. 3, a), and also complicates the corrugation
profile of the pseudopotential (Fig. 3, b). As a result,
the slope of the walls of local traps at the axial points
corresponding to the zero high-frequency electric field
increases, the value of the pseudopotential at the
points of local maxima decreases, and additional local
traps of small depth appear at the previous points of
the maximum of the axial distribution of the pseudo-
potential (Fig. 3, b). As a result, in the central region
of the guide, a complex structure of local pseudopo-
tential traps in which charged particles can be retained
in the process of their isolation and transportation
forms.

Fig. 3. Pseudopotential (14) in dimensionless norma-
lized coordinates.

a — three-dimensional graph in the plane (z, 7),

b — corrugation on the axis r =0

In the presence of a neutral gas, pseudopotential
(14) is replaced by a damped pseudopotential, which
differs from expression 514) by the presence of a con-
stant damping factor o/ (w*+Q%). The phase of the
high-frequency electric field (13) is the same at any
point in space, so pseudoforce (3)—(5) is zero at all
points in space, just as in the absence of disturbances
in the form of higher spatial harmonics.

Due to viscous friction (6), ions quickly lose their
initial kinetic energy and ultimately end up on the axis
of the transport channel in local minima of the pseu-
dopotential corrugation. However, now charged par-
ticles can also accumulate in additional local traps of
not too great depth, which appear at the tops of the
previous maxima of the axial distribution of the pseu-

j+cos2 (MTZ+3,BJ

(14)

dopotential (Fig. 3, b) due to the presence of senior
spatial harmonics of the high-frequency electric field.

Pseudopotential with a smooth profile

Let us consider the case when a high-frequency si-
nusoidal voltage with a fixed amplitude and a phase
difference of 7/ 2 between adjacent diaphragms is
applied to circular diaphragms [37]. In this case, the
electric potential of the high-frequency electric field
in the middle of the transport channel is described by
the formula

U(z,r,t)z
_LCOS[T[—-Fﬁj (ﬂerOS(a)t-i- )+
I (zR2L) T\ 2L 2L v

U, . (7mz Tr .
+ 7 (ﬂR/2L)Sm(2L +ﬁ)10 (2L)s1n(a)t+(o). (15)

The parameters in formula (15) coincide with the
analogous parameters of formula (11).

The pseudopotential that describes the average mo-
tion of charged particles with mass m and charge e in
high-frequency electric fields (15) in a vacuum has the
form

U(z,r) =

:8;17;;2[10(7%/2L)I(1 (Zj 12(%)}- (16)

When moving in a gas, the damped pseudopoten-
tial (2) differs from expressmn (16) by the presence of
a constant damping factor w /(a) +Q7%). In addition,
due to viscous friction (6), the ions quickly lose their
initial kinetic energy and eventually end up on the
axis of the transport channel.

The graph of function (16) in normalized dimen-
sionless coordinates is shown in Fig. 4. Pseudopoten-
tial (16) does not change over time and is a smooth




trough that ensures the retention of charged particles
in the vicinity of the system axis (Fig. 4). The fact that
pseudopotential (16) does not depend on the z coordi-
nate means that at any point in space the average
pseudopotential effect on charged particles in the axial
direction is absent in the high-frequency electric field
(15) in a vacuum.

Fig. 4. Pseudopotential (16) in dimensionless norma-
lized coordinates.

a — three-dimensional graph U (Z, r) in the plane (z,
",

b — graph of the dependence U (r) along the line z =
=0

Although with » = 0 pseudopotential (16) is a con-
stant (and, accordingly, the strength of the electric
pseudofield caused by the pseudopotential is zero), it
is not zero in itself (Fig. 4, b). This means that there is
a non-zero high-frequency electric field on the axis,
which swings the charged particles without moving
them anywhere. If R > 4L this field is negligibly small
due to the exponential growth of the factor Io(zR / 2L)
in the denominator of formula (15).

The high-frequency electric field (16) has a differ-
ent phase at different points in space. Therefore, along
with the pseudo-electric field, which is a gradient of
the pseudo-potential (16) with a damping factor, there
is also a non-zero pseudo-force, which, in accordance
with formulas (3)—(5), has the form:

E, =0, E, =0,
P e’ (Qw)
©1eml (@ + o)

) (4(2)4(2)

If we change the phase shift of the high-frequency
voltage between adjacent diaphragms from +z/2 to

— / 2, then the sign of the component E, of the elec-

tric pseudo-force will change to the opposite. As fol-
lows from a comparison of formulas (16) and (17), the

graphs for the pseudo-force eE, coincide with Fig. 4,

except for the scaling factor. On the axis of the sys-
tem, the pulling or braking non-potential pseudo-force

eE, is negligibly small if R > 4L.
The pseudoforce eE, directed along the OZ axis is

quadratic near the axis and grows exponentially with
a noticeable distancing from the axis. It moves the
charged particles along the axial direction in one di-
rection or another depending on the phase shift of the
high-frequency voltages between adjacent electrodes,
regardless of the sign of the charge of the charged par-
ticles. It is curious that the pseudoforce directed along
the axis does not depend on the z coordinate, although
it changes noticeably with a change in the » coordi-
nate.

The electric potential of the high-frequency electric
field (15), to which the disturbing spatial harmonics
(9), (10) are added, is described by the formula

)
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(18)

where U is the amplitude of the oscillations of the
electric potential on the axis of the system, ¢ is the
relative contribution of the third spatial harmonic to
the electric field on the axis compared to the first spa-
tial harmonic, and the remaining parameters in formu-

la (18) coincide with the similar parameters of formu-
la (11).

The pseudopotential, which describes the averaged
motion of charged particles with mass m and charge e
in high-frequency electric fields (18) in a vacuum, has
the form

_ 2U2
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(19)



The graph of function (19) in normalized dimen-
sionless coordinates is shown in Fig. 5.

Fig. 5. Pseudopotential (19) in dimensionless norma-
lized coordinates.

a — three-dimensional graph in the plane (z, 7),

b — corrugation along the OZ axis for several differ-
ent values of » = const

It is clearly seen that the presence of additional
spatial harmonics leads to the appearance of corruga-
tion in the smooth pseudopotential trough, the walls of
which continue to grow exponentially when approach-
ing the edges of the circular diaphragms. As a result,
in the vicinity of the OZ axis, additional local traps
appear, in which charged particles can be retained
during their isolation and transportation. It should be
noted that the minimum value of the pseudopotential

on the OZ axis is still positive, which means that the
high-frequency electric field is nonzero at all points of
the OZ axis, including local minima of the pseudopo-
tential on the axis.

In the presence of a neutral gas, pseudopotential
(19) is replaced by a damped pseudopotential, which
differs from expression (19) bzz the presence of a con-
stant damping factor w’/(w™+Q?). Due to viscous
friction (6), the ions quickly lose their initial kinetic
energy and ultimately end up on the axis of the guides
in local minima of the parasitic pseudopotential cor-
rugation, which appeared due to the presence of senior
spatial harmonics in the high-frequency electric field.

The presence of senior spatial harmonics also af-
fects the behavior of the pseudoforce caused by the
spatial gradient of the phase of the high-frequency
electric field and the presence of viscous friction when
moving in a neutral gas:

E, =M8sin(%+2ﬂj{lo(
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Figures 6 and 7 shows the graphs of the pseudo-
force (20).

Fig. 6. Axial component of pseudoforce (20) in di-
mensionless normalized coordinates.

a — three-dimensional graph in the plane (z, 7),

b — corrugation along the OZ axis for different val-
ues of » = const

Fig. 7. Radial component ¢F » of pseudoforce (20) in

dimensionless normalized coordinates.

a — three-dimensional graph in the plane (z, 7),

b — oscillations with displacement along the OZ axis
for different values of » = const

It is evident from the figures that due to the ap-
pearance of higher spatial harmonics in the expansion
of the high-frequency electric field, the axial compo-

nent of the pseudo-force eE, develops a corrugation
(Fig. 6), and the radial component of the pseudo-force
eE, ceases to be zero, demonstrating spatial oscilla-

tions with a periodic change in sign as it moves along
the OZ axis (Fig. 7). The amplitude of the spatial os-
cillations for both components of the pseudo-force
increases exponentially as it approaches the edges of
the diaphragms. As it should be based on symmetry
considerations, as it approaches the OZ axis, the radial

component of the pseudo-force E, tends to zero in
accordance with formula (17), and as it moves away
from the OZ axis, both components E, and E, grow

exponentially. It is interesting that as it moves away
from the OZ axis, the parasitic spatial oscillations of

the axial component E, can increase so much that it

begins to change sign at some points.
If the phase shift of the high-frequency voltage be-
tween adjacent diaphragms is changed from +z /2 to

—m /2, then the signs of the components E, and E,
of the electric pseudo-force will change to the oppo-



site. Near the axis of the system, both components of
the pseudo-force (20) are negligibly small if R > 4L.

Pseudopotential with the A-wave effect

A system of circular diaphragms can be used for
forced transport of charged particles by a high-
frequency electric field (the A-wave principle [8, 4,
38-41]). Here, the circular diaphragms are exposed to
a high-frequency sinusoidal voltage with 100% ampli-
tude modulation, carried out according to the sinu-
soidal law with a phase shift of the amplitude modula-
tion of 7 /2 between adjacent diaphragms. The elec-
tric potential of the high-frequency electric field in the
middle of the transport channel is described by the
formula

U nz
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where Q is the circular frequency of the sinusoidal
amplitude modulation of high-frequency voltages; y is
the total phase shift of the sinusoidal amplitude mod-
ulation, and the remaining parameters in formula (21)
coincide with the similar parameters of formula (11).

The pseudopotential, which describes the averaged
motion of charged particles with mass m and charge e
in high-frequency electric fields (21) in a vacuum, has
the form

U(Z,}",l‘)Z
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When moving in a gas, the damped pseudopoten-
tial (2) differs from expression (22) by the presence of
a constant damping factor @/ (w”+ Q%). The phase of
the high-frequency electric field (21) is the same at
any point in space, so the non-potential pseudo-
electric field (3)—(5) is absent. In addition, due to
viscous friction (6), the ions quickly lose their initial
kinetic energy and therefore ultimately end up on the
axis of the transport channel in local slowly moving
minima of the axial corrugation of the pseudo-

potential (see Fig. 8), in which the high-frequency
electric field is absent.

The graph of function (22) in normalized dimen-
sionless coordinates is shown in Fig. 8. Pseudo-
potential (16) changes in time and is a corrugated
trough gradually shifting along the OZ axis, coincid-
ing in shape with pseudo-potential (12) (Fig. 8a). Like
pseudo-potential (12), it ensures the retention of
charged particles in the vicinity of the system axis.

Fig. 8. Pseudopotential (22) in dimensionless norma-
lized coordinates.

a — three-dimensional graph in the plane (z, r) at
some point in time,

b — value on the axis » = 0 for two different points in
time

If the ratio of the radius of the diaphragms to the
distance between adjacent diaphragms lies in the
range R/L e [1.5, 2.5] (see publication [1]), then
a sinusoidal wave of pseudopotential is formed on the
axis of the system, moving along the OZ axis with
a speed controlled by the amplitude modulation fre-
quency Q (Fig. 8, b). Charged particles with different
masses and charges are concentrated in its minima
(local radiofrequency traps), which as a result are
forcibly moved synchronously with the traveling wave
of pseudopotential with a single group velocity, un-
ambiguously controlled by the law of change in elec-
trical voltages on the electrodes.

The transport of charged particles using the A-
wave effect can be illustrated as follows (Fig. 9).

Fig. 9. Transport of charged particles along the » = 0
axis using a traveling wave of pseudopotential (22)
(A-wave effect).

a — three-dimensional graph on the (z, /) plane for
the transporting pseudopotential,

b — map on the (z, #) plane for equipotential lines of
the transporting pseudopotential U, (z,¢)

Let us consider the motion of charged particles lo-
cated directly on the » = 0 axis under the action of the
pseudopotential U, (z,¢) =(7(z,r,t)| _,- The pseudo-

potential U (z,r,t) increases quadratically with mov-

ing from the axis, and reaches a minimum on the axis
itself, so that the charged particles are reliably held in
the vicinity of the axis by the high-frequency electric
field. Since the pseudopotential of the high-frequency
electric field changes slowly in time (from the point of
view of the scale of rapid oscillations of the high-
frequency electric field), the charged particles are in
time to reach a state of equilibrium and concentrate in



local minima of the function U, (z,). With an adia-

batic shift of the local minima of the pseudopotential,
the charged particles captured by these local pseudo-
potential traps move synchronously with the move-
ments of the indicated minima

Although the oscillations of charged particles in-
side local traps are purely individual and depend on
the masses, charges and current kinetic energies of the
charged particles, the translational motion of a group
of charged particles as a single whole is uniquely de-
termined by the displacements along the axis of the

local minima of the pseudopotential wave U, (z,t) .In
Figure 9, b, continuous “paths” made up of local mi-
nima of the pseudopotential U, (z,) are shown in the

form of dark stripes, along which the “squeezing out”
of charged particles by the walls of pseudopotential
traps occurs as time t increases and the cross-section
t = const shifts in the vertical direction in Fig. 9, b.
The whole process is an analogue of the progres-
sive movement of minced meat in a screw meat grind-
er under the action of the pressure of the screw walls,
although from a mechanical point of view, no points
of the screw themselves move anywhere progressively
but simply perform a stationary rotational motion
around the same center located on the screw axis.
Thus, under the action of the pseudopotential

U(z,r,t) in the guide, the effect of the "Archimedes

screw" occurs (which, in fact, is the reason for the
name of the effect under consideration, the "A-wave"
or "Archimedes wave", given to it by the authors).

The analogue of the mechanical walls of the Arc-
himedes screw are high-frequency electric fields that
oscillate stationary with a high frequency at the same
place in space synchronously with the stationary oscil-
lating electric voltages on the electrodes. It cannot be
said that these high-frequency electric fields move
anywhere in space, since the unidirectional traveling
wave of the high-frequency electric field is obviously

absent here, and the entire process is limited to beats
in place. In addition, after averaging over time, the
high-frequency electric fields do not lead to the ap-
pearance of any effective non-zero electric field mov-
ing the charged particles along the axis. Nevertheless,
the combined effect of the high-frequency electric
fields and the inertia of the charged particles ultimate-
ly ensures a uniform translational movement of the
charged particles along the transport channel in accor-
dance with the Archimedes screw effect.

The transport of ions using the A-wave effect is
analyzed in more detail and accurately in [38—41].
The electric potential of the high-frequency electric
field (21), to which the disturbing spatial harmonics
(9), (10) are added, is described by the formula

U(z,r,t)zon
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where U is the amplitude of the oscillations of the
electric potential on the axis of the system, ¢ is the
relative contribution of the third spatial harmonic to
the electric field on the axis compared to the first spa-
tial harmonic, the additive phase shifts f and y present
in formula (21) can be zeroed out if the initial refer-
ence points along the z coordinate and along the ¢ time
are correctly selected, and the remaining parameters in
formula (23) coincide with the similar parameters of
formula (21). The pseudopotential that describes the
average motion of charged particles with mass m and
charge e in high-frequency electric fields (21) in va-
cuum has the form
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The graph of function (24) in normalized dimen-
sionless coordinates is shown in Fig. 10. As in the
previous cases, the presence of additional spatial har-
monics leads to a sharper growth of the walls of the
pseudopotential trough when approaching the edges of
the circular diaphragms and also complicates the cor-
rugation profile of the pseudopotential (Fig. 10, a).
Since (24) describes several pseudopotential waves at
once, propagating along the axis with different veloci-
ties (including a standing wave with zero velocity),
the process of restructuring the local pseudopotential
traps looks quite complex (Fig. 10, b).

Fig. 10. Pseudopotential (24) in dimensionless nor-
malized coordinates.

a — three-dimensional graph in the plane (z, ) at
some point in time,

b — value on the axis » = 0 for two different points in
time

In particular, due to wave interference, at some
points in time the pseudopotential waves are summed
up, and the height of the walls and the slope of the
walls of the local traps increase, and at some points
the waves are subtracted, and the height of the barriers
around the local pseudopotential traps decreases
sharply. It is also possible for additional local traps of
small depth to appear at the previous points of the
pseudopotential maximum, which, however, are
quickly destroyed (Fig. 3, b). As a result, a complex
structure of local pseudopotential traps is formed in
the central region of the transporting channel, in
which charged particles can be retained during their
isolation and transportation.

Figure 11, a, shows the evolution of the profile of
local traps during the transportation of charged par-
ticles in the form of a three-dimensional graph of the
change in the axial distribution of the pseudopotential
for one period of displacement of the main transport-
ing wave. Figure 11, b, shows the "paths" of the mi-
nima of the axial distribution of the pseudopotential
along which the transport of charged particles occurs
(dark stripes on the map of equipotential lines). It is
clearly seen that the height of the barriers limiting lo-
cal traps sometimes becomes smaller, sometimes larg-
er, and the region of space covered by the trap some-
times becomes wider, sometimes narrower. The
process of movement of clots of charged particles be-
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comes uneven, sometimes accelerating, sometimes
slowing down, although the average speed of move-
ment of clots of charged particles remains the same. In
addition, it is evident from Fig. 11, b, that along the
barriers separating local pseudopotential traps, local
"passes" arise from time to time, through them
charged particles can jump between neighboring local
traps at certain moments in time. All this makes the
process of transporting charged particles more com-
plex and confusing, although the effect of transporting
charged particles according to the principle of the
Archimedean wave of pseudopotential is basically
preserved.

Fig. 11. Transport of charged particles along the » =0
axis using a traveling wave of pseudopotential (24)
(A-wave effect).

a — three-dimensional graph on the (z, #) plane for
the transporting pseudopotential
U(z,r,t)rzo =U, (z,t),

b — map on the (z, #) plane for equipotential lines of
the transporting pseudopotential U, (z,¢)

In the presence of a neutral gas, pseudopotential
(24) is replaced by a damped pseudopotential, which
differs from expression 324) by the presence of a con-
stant damping factor w”/ (w*+Q?). The phase of the
sinusoidal amplitude modulation of high-frequency
sinusoidal electric voltages applied to the electrodes is
different at different electrodes, and, as a conse-
quence, the phase of the amplitude modulation of the
high-frequency electric field changes depending on
the point in space under consideration. However, de-
spite such a specific modulation of the carrier high-
frequency sinusoidal signal, the phase of the main os-
cillations of the high-frequency electric field (23) is
the same at any point in space and coincides with the
phase of the high-frequency signal cos(w? + ¢) in for-
mula (23). Therefore, the pseudoforce (3)—(5) is equal
to zero at all points in space in the presence of senior
spatial harmonics of the electric field, just as in the
absence of parasitic disturbances of the high-
frequency electric field (21).

Due to viscous friction (6), the ions quickly lose
their initial kinetic energy so that they ultimately end
up on the axis of the guides in local minima of the
pseudopotential corrugation. However, now charged



particles can also accumulate in additional local traps
of not too great depth, which appear at the tops of the
previous maxima of the axial distribution of the pseu-
dopotential (Fig. 10 and Fig. 11) due to the presence
of senior spatial harmonics of the high-frequency
electric field.

CONCLUSION

Within the framework of the pseudopotential mod-
el of charged particle motion in radio-frequency elec-
tric fields, the functioning of cylindrical radio-
frequency transport channels was investigated. The
following modes of using radio-frequency transport
channels were considered:

a) high-frequency sinusoidal voltages with a phase
shift of 7 between adjacent circular diaphragms,

b) high-frequency sinusoidal voltages with a phase
shift of 7 / 2 between adjacent circular diaphragms,

¢) amplitude-modulated high-frequency sinusoidal
voltages providing transportation of charged particles
in the A-wave mode.

In the course of the study, analytical expressions
for the electric fields of radio-frequency cylindrical
transport channels obtained earlier in the article [1]
were used.
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