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AHAJIMTUYECKHWE NMOTEHIHUAJIBI JEKTPHUECKUX MOJEN
A1 MOJAEJINPOBAHUA TPAHCIIOPTHPYIOIIUX KAHAJIOB
C IEPUOJUYECKOU CTPYKTYPOU

B cratbe paccMaTpuBarOTCsS aHAIUTUYECKHE BBIPAKEHMS I TOTECHLIUANOB 2IEKTPUUECKUX MOJEH, KOTOPBIE COOT-
BETCTBYIOT TPAHCHOPTHUPYIOIIMM KaHaldaM C NMEPHOANYECKON T'€OMETPUUYECKON CTPYKTYPOH JIEKTPOAOB, M IMOTEH-
IIUAJIOB, IPUIOKEHHBIX K 3IEKTpoJaM. DIEKTPOobl TPaHCIOPTUPYIOLIEro KaHala MPeACTaBIIAI0T co00i nocnenosa-
TEJILHOCTh KPYT'OBBIX JAuadparM Wik HMEIOT MOX0XKYI0 CTPYKTYpy. [losydeHHbIe BBIpaKEeHHs MOTYT OBITH ITOJIE3HBI
JUIsE OBICTPOTO KAa4eCTBEHHOTO MOCIHPOBAHUS PATIUOYACTOTHBIX YCTPOMCTB, MpeAHA3HAYCHHBIX AJIS TPAHCIIOPTH-

POBKHU 1 (POKYCHPOBKH HOHOB.

Ka. cn.: ypaBaenue Jlamnaca, nepruoaAn4ecKue dJIEKTPOIbl, aHATUTUIECKUE IEKTPUUECKUE TOIL. HOHHbIE
TPaHCHOPTHUPYIOLIUE YCTPONUCTBA, HOHHBIE JIOBYLIKH, HOHHBIE BOPOHKH

BBEJAEHUE

PanmogactoTHble TpaHCTIOpTHUPYIOLIME KaHAMbI [1,
2], paguogacrotasie noBymkHu tuna SRIG [3-8], ¢o-
KyCUpYIOIINE HOHHBIE BOpPOHKM [9-15] m Tomy mo-
JOOHBIE yCTPOWCTBA SIBISIOTCS 3(PQPEKTUBHBIM WHCT-
PYMEHTOM ISl  TIOBBILICHUS  YyBCTBHTEJIBHOCTH
U aHATUTHYECKUX BO3MOXKHOCTEH Macc-CIIEKTPO-
MeTpuueckux mnpubopos. Ilpsmoe MoxpenupoBaHue
dbokycupymomero BO3ASHCTBUS TPEXMEPHOTO paauo-
YaCTOTHOTO OIS TpeOyeT MHTEHCHBHBIX KOMITBIOTEP-
HBIX PACUYETOB, PECYPCOEMKUX KakK IO OTHOIIECHHIO
K BBIYUCIUTENFHBIM MOIIHOCTSM BBIYHCIUTEIBHBIX
YCTPOMCTB, Tak M MO OTHOLIEHUIO K BPEMEHH, Tpe-
OyeMOMy JUIsl TOJHOICHHOTO MOJEIUPOBAHUS BbI-
OpaHHOW TEOMETPHH DIIEKTPOJIOB YCTPOHUCTBA. JTO HE
HO3BOJISIET MOJHOLIEHHO MepedupaTh B IMpoLecce OIl-
TUMM3aLUU MIAPOKUI Anana3oH BO3MOXKHBIX KOHCT-
PYKTUBHBIX pEIICHUH W TEM CaMblM OTPaHUYHBACT
BO3MOKHOCTh HaXOXKICHHS ONTHMAIBHOTO KOHCTPYK-
TOpckoro peuieHus. Vcnonp3oBaHHE aHATUTHYECKUX
MOJIENICH AJIEKTPUYECKOTO IMOJsS TMO3BOJSET dPdek-
TUBHBIM 00pa3oM OTOMpPATh MEPCHEKTHBHBIC HAIpaB-
JICHUSI ONTHMM3ALINUU JJI1 UTOTOBOTO KOHCTPYKTHUBHO-
ro peuieHusi. Tem caMbIM MMeeTCs BO3MOXHOCTb Cy-
IIECTBEHHO YMEHBIINTh TPYJ03aTPaThl Ha EPBUYHBIN
O0TOOp TMEpPCIEeKTUBHBIX BapHAaHTOB, & B KOHEYHOM
cdere J0OUTBHCA CYIIECTBEHHO IYYIIUX XapaKTepH-
CTHK JIJISl HTOTOBOTO BapHaHTa yCTPOKCTBA.

B nmanHO#l paboTe paccMaTpuBarOTCA aHAIUTHYeE-
CKH€ MOJIENH JUIA JJNEeKTPUUECKUX TOJIeH, XapaKkTepHu-
3YIOIIMX TPAHCIOPTUPYIOLIME KaHAJIbl C MEpUoIrye-
CKHMH 3JIEKTPOJIaMH M TEPUOJNYECKHMH TOTEHIIHA-

JIaMU, IPWIOKEHHBIMU K 3iekTponaM. [loiryueHHble
AHAJIMTUYECKHE PELIECHUS VI TPEXMEPHOIO YpaBHEHHS
Jlamnaca npeACTaBIAIOT ONPENEICHHBIN HHTEPEC U CaMU
no cebe, T.K. MOTYT MPUMEHSTBCS ISl PEIIeHUs] COOT-
BETCTBYIOLIMX 3aJa4 MaTeMaTHuecKon (pU3HKu.

KPYTI'OBBIE PAJITUOYACTOTHBIE JIOBYIIKA

PagnouacToTHBIC JIOBYIIKH U TPAHCIIOPTUPYIOIIUE
kaHaie! Tuna SRIG (Stacked Ring lon Guides) mpen-
CTaBJIIIOT COOOM IOC/IEN0BATEILHOCT KPYTOBBIX
nuadparM ¢ NPUIOKEHHBIMA K HUM PaIHOYacTOTHbI-
MU HaIlPSHKEHUSMH (B YaCTHOCTH, MPECTABIISIOIIUMH
c000#1 MMOCIIe0BAaTENHEHOCTH UMITYJIECOB) CO CIBUTOM
¢a3pl T Mexy cocenHuMH auadpparmamu (puc. 1) [1,
2, 3-8].

Puc. 1.
3JEKTPOAOB IJI LMJIMHAPUYECKON DPAaTMOYaCTOTHOM
JIOBYIIIKH

CTpykTypa TEpUOAUYECKUX KOJBIEBBIX
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B mpenmnonoskeHuu, 4TO BBHITIOJHEHO YCJIOBUE KBa-
3MCTATUYHOCTU 3JICKTPUYECKOTO TOJIsl (XapaKTepHOe
BpEeMsl U3MCHEHUS HAMTPSHKCHUH Ha SJIEKTPOAaX MHOTO
Oonblie BpeMEHH DAacHpOCTPaHEHUSI CO CKOPOCTBIO
CBETa AJICKTPOMArHUTHOTO BO3MYIIEHHUS HA PACCTOsI-
HUE TMOpSAJIKA TEOMETPHUYECKOTO pa3Mepa CUCTEMBI
AJIEKTPOJIOB), MOXHO CUHTATh, YTO BHICOKOYACTOTHEIIN
MOTEHIUANl 3JICKTPUYECKOTO TOJIS MPEACTABISET CO-
0ol (YHKIIMIO BPEMEHH, 33JIal0NYI0 W3MEHEHHE Ha-
NPSOHKCHUI Ha 3JIEKTPOAAX, Ha DIIEKTPUUCCKUI MOTEH-
Uaj 3JEKTPOCTATUYECKOrO MO C IOTEHIHalaMH
Ha JJIEKTPOAX, 3HAKH KOTOPBIX YePelyIOTCs MO Mpa-
BUJTY:

+Uz, Uz, +Ug, —U,, +Ug, —Ug, ... (1)

U3sBectHO [1, 12], yTO BAaNu OT KpaeB AJIEKTPOIOB
B OKPECTHOCTH OCH TPAaHCIOPTHPYIOIIETO KaHama Ta-
KOU MOTEHIMANl OMUCHIBACTCSI C XOPOIIEH TOYHOCTHIO
BBIPKCHUEM

U(z,r) = —Lx__

1,(AR)

[ 2 2
A€ z — aKCHaJIbHasdg KOOpAWHATA, 7 = 4/ X +y —

paauanbHas KoOpAuHaTta, R — paamyc KpyroBbIX
muadparm, U, — craruueckue NOTEHLUANBI, NPHU-
JIOKEHHBIE K Tuadparmam, (¢ — TapaMmerp, ompeje-
JSIIOIIUI CIBUT IIOCIIEIOBATEIBHOCTH AuadparM OT-
HOCHTENLHO Hayana koopjuuat, A =7/L — mapa-

cos(Az + @), (Ar), (2)

METP TEOMETPHUECKOTO MaciuTaba, L. — paccTosiHue
MEXKIy coceqHHMH auadparmamu, [, — Moauduuu-

poBanHas (ynkuus beccenst HysneBoro mopsaka [16—
18]. ITo cytu, moTennuan Buaa (2) MpeacTaBisieT Co-
00l cyMMy C MOCTOSHHBIMH KO3((QHIMEHTAMH JBYX
JIMHEIHO HE3aBUCHMBIX TIOTEHIHAIOB, KOTOPhIE B JAaib-
HeiieM OyAeT ylnoOHO pacCMaTpHUBATh MO OTAEIBHO-
CTH:

U
UC(Z’F):I—;R»COS(AZ)IO(AF)’ (3)
0
Ug(z,r)= T;’&e)sin(/lz)lo (Ar). 4
0

Ha ocu cummerpuun 7 =0 mnoreniman (3) Bemer
cebs kax U, ~U,cos(Az), a norenmman (4) kax
Us~U, Sln(/lz), e U, = UR/IO(/IR) — 3TO aM-
IUITYa TPOCTPAHCTBEHHBIX KOJICOAHHH COOTBETCT-
BYIOILIETO 3JCKTPUUYECKOrO TOTCHIMANIA HA OCHU CHC-
TEMEI.

[Morentmaner (3) m (4) MOTYT HCIOIB30BAThCS
TaKKe JUIs OIMCAHWsI Cllydas, KOTJa HampsHKCHUs
Ha COCEIHMX auadparMax MEHSIIOTCS MEPHOAMYCCKUM
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00pa3oM COIIacHO MpaBHIIY:
+Ug,0, =U;,0, +U,,0, =U,,0,... (5

Jlns 3TOTO, OJHAKO, HEOOXOMUMO HCIOIB30BaTh
reOMETPUYECKU MaciuTad A = 71'/ (2L), rne L —
paccTosiHue MEXJY coceqHUMHU nuadparmamu. [Ipak-
TUYECKUM TPUMEPOM HKCIOJIB30BaHUSI TMOTCHIIUATIOB
(3), (4) 1 cxeMbI MOAAYM PINEKTPUUECKUX HATIPSDKEHUH
(5) MOTYT CITyXHTb AJIEKTPHUUECKUE TIOJIS, UCTIONb3Ye-
MBbI€ B ycTporcTBax [7, 8, 20-31].

KPYT'OBBIE PAJITUOYACTOTHBIE BOPOHKH

PanmoyacToTHBIE HOHHBIE BOPOHKHU MPEACTABISIOT
co0Oi TMOCTIeOBATENIFHOCTh KPYTOBBIX Iuadparm
C TIOCJIEZIOBATENbHO YMEHBIIAIOUMMUCS pajnyCaMH,
KOTOpBIE COOTBETCTBYIOT 3aKOHY W3MEHEHHS pPajiy-
COB CEUEHHUIl KpYroBOro KOHyca IUIOCKOCTSIMH, pac-
MOJIOKEHHBIMU B TIOCKOCTH JAuadparMbl W IEpIicH-
TUKYJSIPHBIME OCH KOHyca (puc. 2). Jlns Takoit reo-
METPHUYECKONH KOH(PUTYpalUH 3JICKTPOJOB CIEAYET
OKU/IaTh MOBEJCHUS OCECHMMETPHYHOIO 3JIEKTpHYe-

CKOTO MOTEHIIKAIa V(Z, r) Ha OCH CHCTEMBI KaK CyM-
Ve(z,r)~U,zcos(Az)
ubVs~U,z Sin(lz), rae U, a10o Macurrabupyromuit

My NOTCHINAJIOB

MHOJKHUTENb U1 JUHEMHO pacTyIllell aMIUIUTY bl IPO-
CTPAaHCTBEHHBIX KOJIEOaHUI COOTBETCTBYIOMIETO JJIEK-
TPHUUECKOTO MOTEHIMaNa Ha ocu cuctembl. COOTBET-
CTBYIOLIME pelIEHUs ypaBHeHU Jlamiaca HMEIOT BUA:

Ve (z, r) =U, [z cos(ﬂz)] 0 (lr) +r sin(ﬂz)] . (lr)], (6)
Vo(z,r)=U,[zsin(A2)I,(Ar) = rcos(A2)I, ()], (7)

rne A =/ (2L) — TeoMeTpUYecKrit MaciTao,

Puc. 2. CtpykTypa NepuOIUYECKUX KOJBIIEBBIX
3JIEKTPOJOB JJII KOHMYECKON paJno4acTOTHOM
BOPOHKH
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AHAJIMTUYECKUE TIOTEHLUAJIBI SJIEKTPUYECKUX ITOJIEA

L — paccrosiHue MexIy coceHUMHU AuadparMam,
1, — monmudunuposannas gynkuus beccens nepso-
ro nopsiaka [16-18], ams koropoit npu » ~ 0 cmpa-
BEJUIMBA OIEHKa [ (r)~ /2. B cuiy 3T0rO Ha OCH
cucremsr V. ~ U, zcos(Az), Vg ~U,zsin(Az).

Pemenus (6) u (7) moiydaroTcs B pe3ysbTaTe
nmudepentmpoBanus pemennii (3) u (4) mo mapamer-
py A.Kak u B ciyuae perennii (3) u (4), ©IX MOXHO
UCIIONIb30BaTh Uil 3(P(EKTHBHOIO ONMUCAHUS TIOJIS
BOPOHKH C TMOTEHIHAIAMH, YepeAYIOIUMHUCS IO 3a-
KOHY (5), ecnu HMCHOJIb30BaTh T'€OMETPHUYECKUIT Mac-
mrab A = 7r/ (2L) , Tne L — paccrosiHue MexmIy co-
CeTHUMHU AuadparMamMu.

KBAAPYIIOJIBHO-CET'MEHTUPOBAHHBIE
KPYTI'OBBIE PAJITUOYACTOTHBIE JIOBYIIKA

Kaxnyro kpyroByto nuadparmMy MOKHO pa3pe3aTh
Ha 4ETHOE YMCIIO CETMEHTOB M 3aT€M MOAaTh Ha I0-
JYYUBIINECS DJIEKTPOJABI AIEKTPUUECKHUE HaNpsKeHNUS
TakuM 00pa3oM, 4TOOBI Ha COCEAHUX ANEKTPOAAX OKa-
3aJIMCh ANEKTPUYECKHE HaNpsKEHHUS MPOTHBOIIOJIOXK-
HOH MOJIIPHOCTH. B 4acTHOCTH, IIPU HCIIONB30BAaHUU
pa3OueHnid, COCTOSIIUX M3 YETBIPEX CErMEHTOB, IO-
nmyyaeTrcs 06a30BO€ CTATHUECKOE IJIEKTPUYECKOe IoJie
Ul KBaJpyHOJIbHO-CETMEHTHUPOBAHHON paguovac-
ToTHOW soBYmKH (puc. 3). [logoOGHoe ycTpoHCTBO,
B YAaCTHOCTH, paccMaTpuBaiock B [32] — mpaBna,
C TIOMOIIBIO0 YHCIEHHOTO MOJAEIUPOBAaHMs, a HE C I1O-
MOIIBI0 AHAJUTHYECKHUX MOJENeH 3IeKTPUIECKOTO
MOTEHIMaIa.

Jist  KoHUTYypamuy  3JIEKTPOIOB, IMOKAa3aHHOM
Ha pHUC. 3, aHAIUTUYECKUMH PEIIEHUSAMH Uil COOT-
BETCTBYIOIIMX CTAaTHUYECKHUX D3JIEKTPUYECKUX IOTEH-
LIMAJIOB SIBJISIOTCS (QYHKIMH

Puc. 3. Crpykrypa TepHOIUYECKUX KBaIPYIIOIBHO-
CETMCHTHPOBAHHBIX 3JCKTPOJOB U IIJIHHIpPUYC-
CKOM paJo4acTOTHOM JTOBYLIKU
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U(Cq)(x,y,z) =
UR 2 2 2
=m(x -y )cos(ﬂ,z)l2 (/lr)/r , (8)
qu)(x,y,z) =
=%(x2 —yz)sin(}uz)l2 (/lr)/r2 , 9)

rje no-pexHeMy =[x +y> ,a I, 310 moaudu-
nupoBaHHas ¢yHkuusa beccenst BToporo mopsiaka [16—
18], mist xoropoit mpu » ~ (0 cropaBemaMBa OICHKA
1, (r) ~r’ / 8. Bomusu ocu cummerpun » = 0 moren-
rman (8) Bemer ceds Kak

uY ~u, (x2 —yz)cos(ﬂz),
a moteHnuan (9) kak
Ul ~u, (x2 —yz)cos(lz),

rie U, =2*U, /81,(AR) — sto ammmryza npo-

CTPaHCTBEHHBIX KOJICOAHUI KBaJIPYIOJIHLHOW KOMIIO-
HEHTBI JIEKTPUIECKOTO MOTeHIIMaNa BOJM3HA OCH CHC-
TEMBI.

Hus "moepHyTOH" KOH(UTrypaluu 3JCKTPOJIOB,
KOTOpas TIOHaI00HUTCS B HAIIEM PAacCMOTPEHUH Jlajee,
AQHAIMTUYECKUMH PEIICHUSMH JUISI COOTBETCTBYIOIINX
CTaTHYECKUX AIEKTPUUECKHX TMOTSHIINAIOB SBIISIOTCS
GbyHKIIH

U 2

U (x,p.2)= T/fmxy cos(2z)1,(Ar)/r*. (10)
2
U .

U (x,y,2)= T)’jmxysm(ﬂuz)l2 (ar)/r?. 1)
2

CootBeTcTBeHHO, BONMM3U ocu cummerpun » = ()
moteHmman (10) BemeT ceOs Kak ~U0xycos(lz),

anorerman (11) kak ~ U jxy sin(/iz).

KBAAPYIIOJIBHO-CET'MEHTUPOBAHHBIE
KPYTI'OBBIE PAJIUOYACTOTHBIE BOPOHKHA

AHanoruuHeIM  00pa3oM MYJIBTUIIONBHOMY —Cer-
MEHTHPOBAHHUIO MOTYT OBITH MOJBEPTHYTHI KPYTOBBIE
JIEKTPOJBl PATUOYaCTOTHON HOHHOW BOpoHKH. Kax
YIOMHMHAJIOCh BBIIIE, 3TO OBLIO CHENaHO, HalpuMmep,
B [32]. Ans KBaApyNnoiIbHOTO CETMEHTUPOBAHUSI KOH-
¢urypanus >1eKTpoJ0B IOKa3aHa Ha puC. 4.
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AAMAYYYEI

VLAY

Puc. 4. CTtpykTypa NEepHOAMYECKHX KBaJPYIOJbHO-
CETMEHTHPOBAHHBIX 3JEKTPOJOB Ul KOHHMUYECKOH pa-
JIMOYaCTOTHOM BOPOHKH

AHaTUTUYECKUMH DPELICHUSIMH  JUII  COOTBETCT-
BYIOIIMX CTaTHYECKUX AJIEKTPHUUECKUX MOTEHIHAJIOB
SBISIOTCS (DYHKIIH

Vi (x,,2)=
8L, (Ar
=U0(x2 —yz){zcos(lz)%+

7

Ar(1,(Ar)+ I, (Ar))+ 41, (”)}, (12)

+472 sin(lz) PER

Vi (x,p,2)=
=U, (x2 —yz)[zsin(lz)—gljbz(}:r) —

r

ﬂ,r(l1 (Ar)+l3 (ﬂ,r))—412 (Ar)}, 13)

2
—4r cos(ﬂ,z) PEm
rae HOBBI cuMBON [, — 3T0 MOAMQHUIMPOBAHHAS

¢ynkuus beccenst Tperbero mopsaka [16—-18], mms
koropoit mpu r~(0  cmopaBemiHBa  OIEHKA

I, (r) ~ r3/48. Bommsu ocu cummerpun 7 =0 mo-
tenmman (12) Bexer ceds kak

v ~u, (x2 —yz)zcos(iz),
a morennman (13) kak
v -y, (x2 —yz)z sin(/z).

OTU pelleHus MOoNydarTcs Mnpu JudepeHupo-
BanuM mnoreHimanos (8) u (9) mo mapamerpy A,
MpH 3TOM K TOJIYYCHHOMY Pe3yJbTaTy HE0OXOIMMO

A. C. BEPJHUKOB, C. B. MACIOKEBIY

N00aBUTh JTMHEWHYH) KOMOMHAIIMIO TOTEHIMANIOB (&)
u (9), uroObl 00eCneUnuTh HEOOXOIUMOE ACHMIITOTH-
4eCKOE MOBEIECHUE PEICHHs Ha OCH CHCTEMBI 7 ~ ().
Huna "moepHyTo#" KOH(HTypammuu 3JIEKTPOJIOB,
KOTOpasi OHAJ00UTCS B CICAYIONIEM pa3Jieie, aHaIH-
TUYECKUMH PEIICHUSIMH TSI COOTBETCTBYIONIUX CTa-
TUYECKUX D3JIEKTPUUYECKUX TMOTCHIHAIIOB SIBIISIOTCS

GyHKIMH

Vc(r)(x,y,z) =
81, (lr) N

2.2
Ar

= ony{z cos(Az)

+45* sin(lz)

lr([l (/lr) +I;b3(ﬂ;r)) +41, (Ar):|’ 14)
r

Vs(r)(x,y,z)z

81, (ﬂr)

= ony{zsin(ﬂz)T -
r

Ar(1,(Ar)+ 1;3(;1;)) —44 (M)}. (15)

—47* cos(lz)

CooTBeTCTBeHHO, BONMM3K ocu cummerpun » = 0
noteHIimain (14) Beaer cebs kak

VC(’) ~U,xyzcos(Az),
a moternuali (15) kax

V) ~ U, xyzsin(iz).

JIOBYIHIKA 1 BOPOHKH .
C OKTYINOJBbHOU CUMMETPHUEN
KBAAPYIIOJIBHO-CET'MEHTHUPOBAHHBIX
SJEKTPOAOB

[Ipu MyIBTUIOTFHOM CETMEHTHPOBAHUU COCEIHIE
ANEKTPOJIBI MOXKHO Pa3BEepHYTh APYT OTHOCHTEIHHO
Jpyra Ha IMOJIOBUHY MYJLTHIIONBHOTO YIJIA, KaK 3TO
MTOKa3aHO Ha PHUC. S5 IS MUIMHAPUICCKOHN JIOBYIIIKH
U Ha puc. 6 1Ji1 KOHUYECKON BOPOHKH. DTO MPHUIACT
DJIICKTPOIHOW KOH(PHUTYypaluy IOMOTHUTEIBHYIO OK-
TYHOJBHYIO CHMMETPHIO U MOXKET HCIOIh30BAThCA,
4TO0BI OOJice THMOKO YNPaBJISATh MapaMeTpaMu yCT-
poiicTBa.

J1sl TUAMHAPUYECKON JTOBYIIKH C Pa3BEPHYTHIMHU
KBaJIPyIOJEHO-CETMCHTUPOBAHHBIMUA ~ BJICKTPOJIaMHU
(puc. 5) B 3aBHCMMOCTH OT TOTO, Pa3BOPAYHBAIOTCS
4yeTHbIC auadparMbl WM )K€ HEUYETHbIC auadparmbl,
AHATMTHYECKHUE MOTEHINAIIBI BBIYHCIISIOTCS CIEAYIO-
UM 00pa3oMm:

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1



AHAJIMTUYECKUE TIOTEHLUAJIBI SJIEKTPUYECKUX ITOJIEA

RO

Puc. 5. CrpykTypa mNepHOAMYECKHX KBaJAPYMNOIbHO-
CEerMEHTHPOBAHHBIX JJIEKTPOJIOB IS LIMINHAPHUECKON
Paauo4acTOTHOM JIOBYIIKHM C OKTYIIOJIBHONM CUMMETpPH-
el pa3MEILEHNUs AIEKTPOIOB

We(x,y,2)=U@ (x.y,2)+ U (v 3.2).  (16)
WS(x,y,z)=U(C’)(x,y,z)+U§q)(x,y,z), (17)
me UP(xy.z), UP(nyz), U (xy.2)

ulU ér)(x, ¥, Z) — 3TO NOTCHLUAJIBI, 3alaHHbIE BhIpa-
xenusimu (8)—(11), a reomerpudeckuii Macitab 10J1-
JKE€H BBIUUCIATHCS Kak A = 7[/ (ZL), rne L — pac-

CTOSTHHE MEXKAY COCETHUMU AnuapparMamu.

AHaNOTHYHBIM 00pa30M /Il KOHUYECKOH BOPOHKH
C pa3BepHYThIMH  KBaJpPyMHOJIbHO-CETMEHTHPOBAH-
HBIMH DJIEKTpOJaMH (pHC. 6) B 3aBUCUMOCTH OT TOTO,
pasBOpayMBAIOTCs YETHBIC AuaparMbl WIH Xe He-
YyeTHble JuadparMbl, aHATUTHYECKHE MOTEHIUAIBI
BBIYHMCIISIIOTCS KaK

Ho(x,p,2) =V (x,p,2)+ V{(x.3.2),  (18)
H, (x,y,z)=Vc(r)(x,y,z)+VS(q)(x,y,z), (19)
e Vxp.z), Vi(ny.z). V(xy.z)

u Vs(r)(x, y,z) — DTO MOTEHIWAJIBI, 33JaHHBIC BBIPA-
sxerusmu (12)—(15), a reomerpudeckwii macmTad
JIOJIKEH BBIYUCIATBCS Kak A = 7r/ (2L), rne L —
paccTosiHUe MEX/Y COCETHUMU auadpparMamu.

Ilpumeuanue.

@opmynst (16)—(19) nmomyuatorcst npu KOMOWHU-
POBaHMM KpaeBbIX yCIOBUH BHIA (5) U 3IEKTPOIOB
B CTaHJAPTHOM IIOJIOKCHHH M CIBUHYTHIX Ha OJWH
miar KpaeBbIX YCJIOBMHA Buaa (5) Ansl 3JEKTPOAOB
B pa3BepHYTOM TMoJjoxeHuu. [Ipu 3TOM JIst mours,
COOTBETCTBYIOIIETO  CTaHJAPTHOMY  IIOJIOKEHHUIO
3IIEKTPOJIOB, IJIOCKOCTH C AJIEKTPOJAMH U TIPUIIOKEH-
HBIMH K HUM HEHYJIEBBIMH JJIEKTPUYCCKUMH HaIps-
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Puc. 6. CrpykTypa NEepHOAUUYECKUX KBaAPYHNOJIBHO-

CErMEHTHUPOBAHHBIX JJIEKTPONOB IJIsi KOHUYECKOW pa-
JIMOYAaCTOTHOM BOPOHKH C OKTYIIOJIBHOM CHUMMETpHUEH
Ppa3MelleHus IEKTPOJOB

KEHUSIMU COBMEIIAIOTCS C IUIOCKOCTSIMU C TOXIECT-
BEHHO HYJIEBBIM MOTEHIMAJIOM TOJs, CIBUHYTOTO
Ha oAWH mar BAOJds ocu OZ W COOTBETCTBYIOIIETO
pasBepHYTOMY MOJIOKEHHUIO 3JIEKTPOAOB, U HA00OPOT.
B pesynbpraTe npu CyMMHUpPOBaHUHM JABYX 3JIEKTpHUE-
CKHX IOTEHIMAJIOB KpPAaeBbIE YCIOBUS B COOTBETCT-
BYIOILIUX CEYEHUSX CYMMUPYIOTCS C HYJISIMU U HE Me-
HSIOTCS, TOSTOMY Ui CyMMapHOro mois ¢dopma
3JIEKTPOJOB, IOJOXKEHUE BJIEKTPOAOB U IMOTEHIUAIIBI
Ha 3JIEKTPOJAX B PacCMaTpPUBAEMBIX IUIOCKOCTSX OC-
TAlOTCAd TaKUMHU K€, KAKUMH OHU OBLIH AJIST KaXKAOH
U3 CyMMHPYEMBIX KOMIIOHEHT MO OTAEIbHOCTH. DTOT
K€ MPUHLOUI MOXKHO HCIOJIb30BaTh IPU CyMMHpPOBa-
HUU TOJEH C PA3sHBIMU MOPSIKAMH MYJbTUIIOIBHOIO
CEerMEHTUPOBAHUS.

JTAJBHEUIIEE PAZBUTHUE TEMBI

B obmem ciydae aiisi 1eKTpoAHOW KOoHUTYpa-
WU, KOTOpas COOTBETCTBYET IWJIMHIPUYECKOU JIO-
BYIIKE C MYJBTUIOIBHO-CErMaHTHUPOBAHHBIMHU 3JIEK-
TpomaMu, 0a30BBIC AICKTPHUECKHUE TOTCHIINATBI BBI-
YHUCISIOTCS COTJIACHO (hOpMyJiam:

U™ (x,3,2) =

= %r” cos(n arctan (g)] cos(Az)1, (lr)/r" . (20)

Uéq’") (x,3,2)=

Gy (2 e

I,(AR x

U(C”") (x,y,z) =
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__Ua r" sin narctan(X) cos(Az)] (M)/F”, (22)
I,(AR) x '

Uér,ﬂJ (x’ y’z) =

Uy w Y - "
_In(AR)r sm[narctan(xjjsm(/l )L, (Ar)[r", (23)

A€ N — 3TO MOPAAOK MYJBTHIIOIHHOTO CETMEHTH-
POBaHMsI KPYroBbIX AvadparM LHIMHAPUYECKOH JIO-

BYIIKH, 7 =~lX" +° , | , — 2TO MOAMGHIMPOBAH-
Has ¢ynknust beccens n-ro mopsaaka [16—18]. Ilpu
r~0 mis otoil (yHKIMM CcOpaBeUIMBa OICHKA

I, (r)~ 2_";”"/11!, a mpu 7 —> 00 OHAa JKCIOHEHIIH-

apHO OBICTPO pacCTeT: In(r)~exp(r)/ 2zr. Tor

¢axt, uro Qynkuun (20)—(23) neiicTBUTETHHO yIOB-

JETBOPSIOT ypaBHeHHIo Jlamaca, JIerKo IpoBepseTcs

MPSIMOM TTOJICTAHOBKOM € TMTOMOIIBIO porpamMmsl [33].
B dopmymax (20)—(23) BeipaxkeHus

0, (xa y) =r" cos(n arctan(ZD , (24)
X

R, (x,y) =r" sin[n arctan(lj] , (25)
X

ABIAKOTCA FapMOHI/I'-ICCKI/IMI/I OJIHOpOIIHBIMI/I MHOT'O-
YIIEHaMHU, YIOBIETBOPSIONIMMHI ABYMEPHOMY ypaBHE-
Huro Jlamnaca:

Lx,y, x’=y°, 2xy, x’ =3x°, 3x’y—)°, ...

[MommaoMuansHas npupona ¢yukmmit (24), (25)
CIIeyeT U3 PeKYPPEHTHBIX COOTHOIICHHIA:

0,(x.y)=1. Ry(x,y)=0,
0,.(x.y)=x0,(x,y)-yR,(x,y),
R, (x,»)=y0,(x,y)+xR,(x,y).

NMeHHO AT MHOXWTEIH 00ecIeunBaroT Tpelye-
MYIO MYJbTHIIOJIEHYIO CUMMETPHIO BOKPYI' OCH CHM-
METPHH IJIsl pacCCMaTPUBACMBIX TOTECHIHAJIOB.

[Motennuaner (20)—(23) Bemyt cebst mpu 7 ~ 0
(T.e. BOJH3M OT OCH CHMMETPHH) KaK

Ul ~u,r" cos(n arctan(lj] cos(Az),  (26)
x

Ul ~u,r cos[n arctan(lj] sin(2z),  (27)
x

A. C. BEPJHUKOB, C. B. MACIOKEBIY

U(C””) ~U,r" sin [n arctan(ZD cos(lz) , (28)
X

Ug“") ~U,r" sin[n arctan[lD sin(lz), (29)
X

e U, =U, (2_" A )/(n![n (AR)) —  ammmuryna
MIPOCTPAHCTBEHHBIX  KOJCOAHWH  MYJBTHIIOIBHOMN
KOMITOHEHTBl 3JIEKTPUUYECKOr0 TOTeHLHana BOIH3H
OCH CHCTEMBI. 3a cueT k-KpaTHoro nuddepeHnrnpoa-
Hust BeIpaxkernit (20)—(23) mo mapamerpy A (Bo3-
MOJKHO, IIPU 3TOM M3 pe3yibpTara IuddepeHunpoBa-
HUS TOTpeOyeTcsi BBIUECTh JTHUHEHHYI0 KOMOWHAIIHIO
noreHanoB (20)—(23) 1 X MPOM3BOAHBIX MO Mapa-
METpy A MEHBIIEro MOpsaKa, 4TOObI 00ECHEYMTH
HEOO0XOIMMOE aCHUMIITOTHYECKOE IOBEACHHE Ha OCH
CHCTEMBI) MOKHO CKOHCTPYHMPOBATh 0a30Bble aHAIIH-

Uéq,n,k)(x’ Vv, Z) ,
Uéq’n’k)(x,y,z), Ue (xp,z) m U™ (x,p,2),

KOTOpBIE OyAyT BecTH ce0s Kak

THUYCCKHEC IMOTCHIIMAJIbI

Ug],n,k) ~U,r" COS(” arctan(%jjzk cos(lz), (30)

qu,n,k) ~U,r" cos(n arctan(lj]zk sin(ﬂz), (31)
X
Ut~y sin(n arctan (ank cos(Az), (32)
X

Ugr,n,k) ~U,r" sin[n arctan (%Dzk sin(lz). (33)

Takue mnoTeHUUanbl MOYXHO HCIOJb30BATh IS
ONMCAHMS DICKTPUYECKUX IOJIEH B HEKOHUYECKUX
W/WIA  HEKPYTOBBIX  PAaTUOYaCTOTHBIX  BOPOHKAX
U JIOBYIIKAX.

bnazooapuocmu

Paboma evinonnena 6 Hncmumyme ananumuieckozo
npubopocmpoenus Poccuiickoii axademuu nayx (Canxm-
Ilemepbype) 6 pamkax memvr FFZM-2022-0009 (nomep
eoc. pecucmpayuu 122040600002-3) 2ocyoapcmeenno2o
sadanus Munucmepcmea Hayku u evicuieco o6pazo8anus
Poccuiickoii  @edepayuu  Ne  075-01157-23-00 om
29.12.2022.

Ilpu nposedenuu @viuuCIeHUl UCNONBLI0BANACL NPO-
epamma Wolfram Mathematica eepcuu 11 (Home Edition)
[33]. Asmopul evipasicarom c8010 uckpenuioo 61razodap-
nocms Muxauny Heopesuuy AHeopy 3a ummencusnoe yya-
cmue 8 00CyHCOeHUU paccmMampueaemol npoodremsvl u no-
JIe3Hble CCHUIKU HA TUMepamypy, UCNOoab306aHHble 8 OAHHOU
cmamoe.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1



W

10.

11.

12.

13.

14.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1

AHAJIMTUYECKUE TIOTEHIIMAJIBI

CIIUCOK JIMTEPATYPbBI

. Gerlich D. Inhomogeneous RF fields: a versatile tool for

the study of processes with slow ions // State-selected and
state-to-state ion—molecule reaction dynamics. Part 1 / Ng
Ch.Y., Baer M. (Eds.). Experiment, advances in chemical
physics series, vol. LXXXII, John Wiley & Sons Inc.,
New York, 1992. P. 1-176.

. Yavor M.I. Optics of charged particle analyzers // Ser.

Advances of Imaging and Electron Physics. Elsevier,
2009. Vol. 157. P. 142-168.

. Bahr R. Diplom thesis. University of Freiburg. 1969.
. Gerlich D. Diplom thesis. University of Freiburg. 1971.
. Teloy E., Gerlich D. Integral cross sections for ion-

molecule reactions. Part I. The Guided beam technique //
Chem. Phys. 1974. Vol. 4, no. 3. P. 417-427. DOI:
10.1016/0301-0104(74)85008-1

. Gerlich D., Kaefer G. lon trap studies of association

processes in collisions of CH;" and CD;" with n-H,,
p-Hz, D, and He at 80 K // The Astrophysical Journal.
1989. Vol. 347, iss. 2. P. 849-854. DOI: 10.1086/168174

. beponuxoe A.C., I'anne H.P. PagnoyacToTHBIE TpaHCHIOP-

THPYIOLIAE JIOBYIIKH C MEPHOJHICCKUMH 3JICKTPOAAMU
0e3 mapasuTHbIX oOnacrteil 3axBata // Macc-crekTpo-
metpus. 2013. T. 10, Ne 4. C. 224-229. URL: http://mass-
spektrometria.ru/pre-t10n4-radiochast/

. Berdnikov A.S., Gall N.R. Radio frequency ion guiding

traps with periodic electrodes without spurious trapping
regions // J. Anal. Chem. 2014. Vol. 69, no. 13. P. 1285—
1290. DOI: 10.1134/S1061934814130024

. Shaffer S.A., Tang K., Anderson G., Prior D.C., Ud-

seth H.R., Smith R.D. A novel ion funnel for focusing ions
at elevated pressure using electrospray ionization mass
spectrometry // Rapid Commun. Mass Spectrom. 1997.
Vol. 11, no. 16. P. 1813-1817. DOI: 10.1002/(SICI)1097-
0231(19971030)11:16<1813::AID-RCM87>3.0.CO;2-D
Shaffer S.A., Prior D.C., Anderson G., Udseth H.R.,
Smith R.D. An ion funnel interface for improved ion fo-
cusing and sensitivity using electrospray ionization mass
spectrometry // Anal. Chem. 1998. Vol. 70, iss. 19.
P.4111-4119. DOI: 10.1021/ac9802170

Shaffer S.A., Tolmachev A.V., Prior D.C., Anderson G.A.,
Udseth H.R., Smith R.D. Characterization of an improved
electrodynamic ion funnel interface for electrospray
ionization mass spectrometry // Anal. Chem. 1999.
Vol. 71, no. 15. P. 2957-2964. DOI: 10.1021/ac990346w
Tolmachev A.V., Kim T., Udseth H.R., Smith R.D., Bailey
T.H., Futrell J H. Simulation-based optimization of the
electrodynamic ion funnel for high sensitivity electrospray
ionization mass spectrometry // International Journal of
Mass Spectrometry. 2000. Vol. 203, no. 1-3. P. 31-47.
DOI: 10.1016/S1387-3806(00)00265-7

Kim T., Tolmachev A.V., Harkewicz R., Prior D.C., An-
derson G., Udseth H.R., Smith R.D. Design and imple-
mentation of a new electrodynamic ion funnel // Anal.
Chem. 2000. Vol. 72, iss. 10. P. 2247-2255. DOI:
10.1021/ac991412x

Lynn E.C., Chung M.-C., Han C.-C. Characterizing the
transmission properties of an ion funnel // Rapid Com-
mun. Mass Spectrom. 2000. Vol. 14, no. 22. P. 2129—

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

SJIEKTPUMYECKUX TOJIEMA 113

2134, DOI: 10.1002/1097-
0231(20001130)14:22<2129::AID-RCM 144>3.0.CO;2-M
Kelly R.T., Tolmachev A.V., Page J.S., Tang K,
Smith R.D. The Ion Funnel: Theory, Implementations and
Applications // Mass Spectrometry Reviews. 2010.
Vol. 29, iss. 2. P. 294-312. DOI: 10.1002/mas.20232
Bamcon [{nc.H. Teopus 6ecceneBbix pynkumid. M.: U3n-
BO MHOCTpaHHOH JuTeparypsl, 1949. 799 c.

Fetimmen I, Opoeiiu A. Bvicmme TpaHCIEHAEHTHBIE
¢bynkuu. T. 2: Oyskinun beccenst, pyHkunm mapadosm-
YECKOIro HUJIMHAPA, OPTOrOHAJIbHBIC MHOTOYWICHBI. CCpI/IH
"CnpaBouHass mMaremaThdeckas OuOmmotexa". U3m. 2-e.
M.: Hayka, 1974. 296 c.

Abpamosuy M., Cmuean Y. CrpaBOYHUK IO CHEIHAIh-
HBIM (QyHKIHSIM ¢ opmynamu, rpadvKaMu U MaTeMaTH-
yeckuMu tabnmuiiamu. M.: Hayka, 1979. 832 c.

Anopeesa A.J]., Beponuxos A.C. YcrpoiicTBa Ui MaHU-
MyJIUPOBAHUS 3apSDKCHHBIMUA YaCTHUI[AMH HA OCHOBE
MIPUHIUITA apXxuMenoBa BUHTA // COOpHUK TE3MCOB JOK-
nanoB IV Beepoccuiickoii kondepenuun u V cbesna Bee-
POCCHHCKOTO ~ MaccC-CIIEKTPOMETPHYECKOT0  O0IIecTBa
"MacccneKTpoMeTpusl U €€ MNpUKIAAHBbIE HpoOIeMbl”
(Mockga, 05-09 cents6ps 2011 r.). 2011. C. 137.
Anopeesa  A.JI, beponuxkose A.C. Macc-crekTpo-
METpHYEeCKHE YCTPOHCTBA HAa OCHOBE PaJMOYaCTOTHBIX
JNIEKTPUYECKUX TI0JIeH C apXMMEIOBBIMH CBOMCTBamMHU //
Macc-ciekrpomerpust. 2011. T. 8, Ne 4. C. 293-296.
URL: http://mass-spektrometria.ru/pre-8n4-pismo/
Andreyeva A.D., Berdnikov A.S. Mass spectrometric de-
vices with Archimedean radio frequency electric fields //
J. Anal. Chem. 2012. Vol. 67, no. 13. P. 1034-1037. DOI:
10.1134/S1061934812130023

beponuxos A.C., Anopeesa A.J{. YCTpOUCTBO Ui MaHH-
MyJIUpOBaHUsl 3apsHkeHHBIMH dYacTtuuamu. Ilatentr PO
Ha mone3nytro wmozems RU 113611. 2011. URL:
https://patents.google.com/patent/RU113611U1/ru
beponuxos A.C., Anopeesa A.J{. YCTpOUCTBO Ui MaHH-
MyJIUpOBaHus 3apsokeHHbIMU YacTuiiamu. [latent PO RU
2465679C1. 2012.

URL.: https://patents.google.com/patent/RU2465679C1/ru
Berdnikov A., Andreyeva A., Giles R. Device for manipu-
lating charged particles via field with pseudo potential
having one or more local maxima along length of chan-
nel. Patent US9536721B2. 2017.

URL: https://patents.google.com/patent/US9536721B2/en
Berdnikov A., Andreyeva A., Giles R. Device for manipu-
lating charged particles. Patent US9812308B2. 2017.
URL.: https://patents.google.com/patent/US9812308B2/en
beponuxos A.C. Mensiomuiics BO BPEMEHU IICEBJOIO-
TEHLMaJ U ero NPUMEHEHHE K OIHCAHHIO YCPEIHEHHOTO
JBWKeHHs 3apspkeHHbIX yactul. Y. I // Hayunoe mpu6o-
poctpoernue. 2011. T. 21, Ne 2. C. 77-89. URL:
http://iairas.ru/mag/2011/abst2.php#abst12

beponuxos A.C. MeHSOLMICS BO BPEMEHH IICEBIOIO-
TEHIMAJ M €r0 NPUMEHEHHE K OMHCAHUIO0 yCPEIHEHHOTO
JBYOKEHUS 3apskeHHbIX yacTuil. Y. 2. O6mas Gopmyna //
Hayunoe npu6opoctpoenue. 2011. T. 21, Ne 3. C. 83-96.
URL:http://iairas.ru/mag/201 1/abst3.php#abst10
beponuxos A.C. Mensiomuiics BO BPEMEHU IICEBJOIO-
TEHIUAJ] M €ro MPUMEHEHHE K OIMHCAHHIO0 YCPEIHEHHOTO



114 A. C. BEPJTHUKOB, C. B. MACIOKEBIY

JBYKEHMS 3apspKeHHBIX dactull. Y. 3. Bpemennsle curna- 32. Bao X., Zhang Q., Liang Q., Sun Q., Xu W., Lu Y., Xia L.,

JIBl, XapakTepusyemble "MeieHHbIM" 1 "OblcTphIM" Bpe- Liu Y., Zou X., Huang C., Shen C., Yannan Chu Y. In-

meHamu // Hayunoe npubopoctpoenne. 2011. T. 21, Ne 4. creased sensitivity in proton transfer reaction mass spec-

C. 75-85. trometry by using a novel focusing quadrupole ion fun-

URL: http://iairas.ru/mag/201 1/abst4.php#abst11 nel // Anal. Chem. 2022. Vol. 94, iss. 39. P. 13368-13376.
29. beponukoe A.C. MeHSAOMUNACS BO BPEMEHH IICEBIIOIO- DOI: 10.1021/acs.analchem.2c¢01893

TeHLMAJ U €ro NpUMEHEHHe K OmucaHuio ycpeaHeHHoro  33. Wolfram Mathematica: the system for modern technical

JBWKEHHs 3apspkeHHbIX vactun. Y. 4. IlpuGopsl u yct- computing. URL: http://wolfram.com/mathematica/

potictBa // Hayunoe npubopoctpoenue. 2011. T. 21, Ne 4.

C. 86-102.

URL: http://iairas.ru/mag/201 1/abst4.php#abst12
30. Beponuxos A.C. MeHstonmiicss BO BPEMEHH IICEBJIOIIO-
TEHLMAN ¥ €r0 NPUMEHEHNE K ONMMCAaHUI0 ycpenHennoro HMucmumym ananumuueckozo npudopocmpoenus PAH,
IBYOKEHMs 3apspkeHHbIX dactull. Y. 5. KomMmenTtapuu k CaHKm-Hemep6ype
oOuieit popmysie i MEHSIOUIMXCS BO BPEMEHH TICEBIO-
noreHuanos // Hayunoe npu6opoctpoenue. 2012. T. 22,
Ne 2. C. 105-111.

URL: http://iairas.ru/mag/2012/abst2.php#abst14 Kowraxrei: beponukos Anexcanop Cepeeesu,

31. beponuxos A.C. BBICOKOYACTOTHBIC 3JIEKTPOMArHUTHBIC asberd@yandex.ru
TI0JIS1 C apXUMeNIOBBIMH cBoiicTBamu // Hayunoe npubopo-
crpoerne. 2014. T. 24, Nel. C. 104-127. URL:
http://iairas.ru/mag/2014/abst1.php#abst13 Marepuan noctynui B penaxiio 04.10.2023

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 1



ISSN 0868-5886

NAUCHNOE PRIBOROSTROENIE, 2024, Vol. 34, No. 1, pp. 107-116

ANALYTICAL POTENTIALS OF ELECTRIC FIELDS
FOR SIMULATION OF ION GUIDES
WITH A PERIODIC STRUCTURE

A. S. Berdnikov, S. V. Masyukevich

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The article discusses analytical expressions for the potentials of electric fields that correspond to transport

channels with a periodic geometric structure of electrodes and potentials applied to the electrodes. The elec-
trodes of the transport channel are a sequence of circular diaphragms or have a similar structure. The derived
expressions can be useful for rapid qualitative simulation of radio frequency devices used for ion conveying and
focusing.
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INTRODUCTION

Radiofrequency ion guides [1, 2], SRIG-type radi-
ofrequency traps [3—8], focusing ion funnels [9-15]
and similar devices are effective tools for increasing
the sensitivity and analytical capabilities of mass
spectrometric instruments. Direct modeling of the fo-
cusing effect of a three-dimensional radio frequency
field requires intensive computer calculations, which
are resource-intensive both in terms of the computing
power of computing devices and of the time required
for a full simulation of the selected geometry of the
device electrodes. This does not allow us to fully ex-
plore a wide range of possible design solutions in the
optimization process and thereby limits the possibility
of finding the optimal design solution. The use of ana-
lytical models of the electric field makes it possible to
effectively select promising areas of optimization for
the final design solution. Thus, it is possible to signif-
icantly reduce labor costs for the initial selection of
promising options and ultimately achieve significantly
better characteristics for the final version of the de-
vice.

This paper discusses analytical models for electric
fields characterizing transport channels with periodic
electrodes and periodic potentials applied to the elec-
trodes. The obtained analytical solutions for the three-
dimensional Laplace equation are of certain interest in
themselves because they can be used to solve corres-
ponding problems in mathematical physics.

CIRCULAR RADIO FREQUENCY TRAPS

Radiofrequency traps and transport channels of the
SRIG (Stacked-Ring Ion Guides) type are a sequence
of circular diaphragms with radio frequency voltages
(in particular, representing a sequence of pulses) ap-
plied to them with a phase shift = between adjacent
diaphragms (Fig. 1) [1, 2, 3-8].

Fig. 1. Structure of periodic ring electrodes for a cy-
lindrical radiofrequency trap

Assuming that the condition of a quasi-static elec-
tric field is satisfied (the characteristic time of change
in voltages on the electrodes is much greater than the
time of propagation of electromagnetic disturbance at
the speed of light over a distance of the order of the
geometric size of the electrode system), we can as-
sume that the high-frequency potential of the electric
field is a function of time that sets the change in vol-
tages on the electrodes to the electric potential of an
electrostatic field with potentials on electrodes, which

signs alternate according to the rule:
+Uz, Uz, +Ug, —Ug, +Ug, =Ug, .. (1)

It is known [1, 12] that far from the edges of the
electrodes in the vicinity of the axis of the ion guide,
such a potential is described with good accuracy by
the expression

U(Z,}") = Us

1,(AR)

where z is the axial coordinate, 7 =/x" + y2 is
the radial coordinate, R is the radius of the circular
diaphragms, U is the static potentials applied to the
diaphragms, ¢ is the parameter that determines the
shift of the sequence of diaphragms relative to the ori-
gin, A =7/L is the geometric scale parameter, L is

cos(Az + @)1, (Ar), (2)

the distance between adjacent diaphragms, 7, is the

modified Bessel function of zero order [16—18]. In
essence, a potential of type (2) is a sum with constant
coefficients of two linearly independent potentials,
which are convenient to consider separately:

Uc(z,r)= Iol(JfR)cos(/lz)Io (Ar), 3)
U,(z,r)= %sm(zzyo (7). 4

On the axis of symmetry 7 = 0, potential (3) behaves
as U, ~U, COS(/IZ), and potential (4) as
U, ~U, sin(lz), where U, = UR/IO(AR) is the
amplitude of spatial oscillations of the corresponding
electric potential on the axis of the system.

Potentials (3) and (4) can also be used to describe

the case when voltages on adjacent diaphragms
change periodically according to the rule:

+U;,0, =U;,0, +U,,0, =U,,0,... (5

To do this, however, it is necessary to use a geo-
metric scale, where is the distance between adjacent
apertures. A practical example of the use of potentials
(3), (4) and electrical voltage supply circuits (5) can
be the electric fields used in devices [7, 8, 20-31].

CIRCULAR RADIO FREQUENCY FUNNELS

Radiofrequency ion funnels are a sequence of cir-
cular diaphragms with successively decreasing radii,
which correspond to the law of changes in the radii of
the section of a circular cone by planes located in the
plane of the diaphragm and perpendicular to the axis



of the cone (Fig. 2). For such a geometric configura-
tion of electrodes, the behavior of the axisymmetric

electric potential V(Z,r) on the axis of the system is
expected to be the sum of potentials
Ve (z,r) ~U,z cos(lz) and Vi ~U,z sin(/lz),
where U is a scaling factor for the linearly increas-

ing amplitude of spatial oscillations of the correspond-
ing electric potential on the axis of the system. The
corresponding solutions to Laplace's equation have the
form:

Ve (z, r) =U, [z cos(ﬂz)[ (lr) + rsm(ﬂz) ( )] (6)
Ve(z,r)=U,[zsin(A2)I,(Ar)—rcos(A2)I, (Ar)], (7)

where A = 7r/(2L) is the geometric scale, L is the

distance between adjacent diaphragms., /, is a mod-
ified first-order Bessel function [16-18], for which
I, (r) ~r/2 is valid if 7 ~ 0. Due to this, on the sys-

tem axis V. ~ U,zcos(Az), ¥V ~U,zsin(Az).

Fig. 2. Structure of periodic ring electrodes for a con-
ical radiofrequency funnel

Solutions (6) and (7) are obtained by differentiat-
ing solutions (3) and (4) with respect to the parameter
A . As in the case of solutions (3) and (4), they can be
used to effectively describe the field of a funnel with
potentials alternating according to the law (5), if we

use a geometric scale, A = 7[/(2L) where Lis the
distance between adjacent diaphragms.

QUADRUPOLE SEGMENTED
CIRCULAR RADIO FREQUENCY TRAPS

Each circular diaphragm can be cut into an even
number of segments, and then electrical voltages can
be applied to the resulting electrodes so that adjacent
electrodes experience electrical voltages of opposite
polarity. In particular, when using partitions consist-
ing of four segments, a basic static electric field is
obtained for a quadrupole-segmented radio frequency
trap (Fig. 3). A similar device, in particular, was con-
sidered in [32] — however, using numerical simula-
tions rather than analytical models of electric poten-
tial.

For the electrode configuration shown in Fig. 3,
analytical solutions to the corresponding static electric
potentials are the functions

= (x2 —yz)cos(/lz)l2 (/lr)/rz, (8)

(xz y )sm /IZ) 2(}ur)/rz, 9)

where 7 = 4/x* + y° , as before, and 1, is a modified
second-order Bessel function [16-18], for which

1, (r)~ r2/8 is valid if 7 ~ 0. Near the symmetry
axis 7 = 0, potential (8) behaves as

uY ~u, (x2 -y’ )cos(iz),
and potential (9) as

Ul ~u, (x2 —yz)cos(ﬂz),

where U, = 1° U, /81, (AR) is the amplitude of spa-

tial oscillations of the quadrupole component of the
electric potential near the axis of the system.

Fig. 3. Structure of periodic quadrupole-segmented
electrodes for a cylindrical radiofrequency trap

For the “rotated” configuration of -electrodes,
which will be needed in our discussion below, the
analytical solutions to the corresponding static electric
potentials are the functions

Ué’)(x,y,z) )xycos(lz) ()P, (10)

(/IR

U (x,y,2)= #/%xy sin(Az)1,(Ar)/r? . (11)

Accordingly, near the axis of symmetry » =0, po-
tential (10) behaves as ~ U, xy Cos(lz), and potential

(11)as ~ onysin(lz).

QUADRUPOLE-SEGMENTED
CIRCULAR RADIO FREQUENCY FUNNELS

In a similar way, the circular electrodes of a radio-
frequency ion funnel can be subjected to multipole
segmentation. (A similar device, in particular, was
considered in [32], however, using numerical model-
ing and not using analytical models of the electric po-



tential). For quadrupole segmentation, the electrode
configuration is shown in Fig. 4.

Fig. 4. Structure of periodic quadrupole-segmented
electrodes for a conical radiofrequency funnel

Analytical solutions for the corresponding static
electric potentials are the functions

Vc(q) (x,y,z) =

81, (Ar
=U, (x2 —yz){zcos(/lz) ;2(}’2 )+

)u’([1 (Ar)+1, (ir))+412 (lr)}, 12

+45* sin(iz) PER

Vs(q) (x,y,z) =
) 81, (Ar
= 0(x2 —yz)[zsm(/lz) ;z(rz )

}w(l1 (/Ir) +1, (lr)) -41, (Ar):l, 13)

—4r* cos(Az) PR

where the new symbol 7, is a modified third-order

Bessel function [16—-18], for which 7, (r)~ r3/48 is

valid if 7 ~ 0. Near the symmetry axis » = 0, poten-
tial (12) behaves as

v ~u, (x2 —yz)zcos(ﬂ.z),
and potential (13) as
v ~u, (x2 - yz)z sin(Az).

These solutions are obtained by differentiating po-
tentials (8) and (9) with respect to the parameter A . It
is necessary to add a linear combination of potentials
(8) and (9) to the obtained result in order to ensure the
needed asymptotic behavior of the solution on the sys-
tem axis.

For the "rotated" electrode configuration, which
will be needed in the next section, the analytical solu-
tions to the corresponding static electric potentials are
the functions

81,(Ar)
B

Vc(")(xay,Z)=U0xy zcos(Az) p

+

+4r2sin(1z)h(llW)+I3W))+4]2(M)}, (14)

/13}/_2
V) (x,9,2) =Uywy| zsin(22) 8[;2(3;) )
_4r2cos(}tz) r( 1( l”)+;3(r2’”)) 2( 7’)} (15)

Accordingly, near the symmetry axis » =0, po-
tential (14) behaves as

VC(’) ~U,xyzcos(Az),
and potential (15) as
v ~ U,xyzsin(/z).

TRAPS AND FUNNELS
WITH OCTUPOLINE SYMMETRY OF
QUADRUPOLE-SEGMENTED ELECTRODES

With multipole segmentation, adjacent electrodes
can be rotated relative to each other by half the multi-
pole angle, as shown in Fig. 5 for a cylindrical trap
and in Fig. 6 for a conical funnel. This gives addition-
al octupole symmetry to the electrode configuration
and can be used to more flexibly control device para-
meters.

For a cylindrical trap with rotated quadrupole-
segmented electrodes (Fig. 5), depending on whether
even or odd diaphragms are rotated, the analytical po-
tentials are calculated as follows:

W, (x,y,z) = Uéq)(x, y,z)+ Ugr)(x, y,z), (16)

(17)

where U(Cq)(x,y,z), qu)(x,y,z), U(Cr)(x,y,z)

nlU gf) (x, ¥, Z) and are the potentials given by expres-
sions (8)—(11), and the geometric scale should be cal-
culated as A = 7[/ (2L), where L is the distance be-
tween adjacent diaphragms.

/8 (x,y,z) = U(C") (x,y,z) + Ug”) (x,y,z),

Fig. 5. Structure of periodic quadrupole-segmented
electrodes for a cylindrical radiofrequency trap with
octupole symmetry of electrode placement




Similarly, for a conical funnel with rotated quadru-
pole-segmented electrodes (Fig. 6), depending on
whether even diaphragms or odd diaphragms are ro-
tated, the analytical potentials are calculated as

H, (x,y,z) = Vc(q)(x,y,z)+ VS(")(x, y,z), (18)
Hg (x,y,z)=Vc(r)(x,y,z)+V§q)(x,y,z), (19)

where Vc(q)(x,y,z), VS(")(x,y,z), Vc(r)(x,y,z)

and VS(V)(x, y,Z) are the potentials given by expres-
sions (12)—(15), and the geometric scale should be
calculated as A = 71/(2L), where L is the distance
between adjacent diaphragms.

Fig. 6. Structure of periodic quadrupole-segmented
electrodes for a conical radio frequency funnel with
octupole symmetry of electrode placement

Note.

Formulas (16)—(19) are obtained by combining
boundary conditions of type (5) for electrodes in the
standard position and boundary conditions of type (5)
shifted by one step for electrodes in a rotated position.
For a field corresponding to the standard position of
the electrodes, the planes with the electrodes and non-
zero electric voltages applied to them are combined
with planes with an identically zero potential of the
field shifted by one step along the OZ axis and corres-
ponding to the rotated position of the electrodes, and
vice versa. As a result, when summing two electric
potentials, the boundary conditions in the correspond-
ing cross sections are summed with zeros and do not
change, therefore, for the total field, the shape of the
electrodes, the position of the electrodes and the po-
tentials on the electrodes in the considered planes re-
main the same as they were for each of the summed
components separately. The same principle can be
used when summing fields with different orders of
multipole segmentation.

FURTHER DEVELOPMENT OF THE THEME

In general, for an electrode configuration that cor-
responds to a cylindrical trap with multipole-
segmented electrodes, the basic electrical potentials
are calculated according to the formulas:

U™ (x,3.2) =

I,(AR x

Ui (x,3,2) =

= Us 7" cos(narctan(ljjsin(lZ)ln(’I”)/’”"’ 21)

1,(AR) x

Uér,n) (x’ y’z) =
__U 7" sin narctan(zj COS(;]«Z)I (ﬂ*”)/rn’ (22)
1,(2R) * "
U("»”) =
S (x,y,Z)
Uy

== (%) r sin[narctan(%j]sin(/lz)ln (Ar)/r", (23)

n

where 7 is the order of multipole segmentation of the
circular ~ diaphragms of a cylindrical trap,
r=4x>+y*, I, isthe modified Bessel function of
the n-th order [16-18]. For this function,
1,(r)~27"r"/n! is valid if 7 ~0, and for r —> o0
it grows exponentially quickly:
I1,(r)~ exp(r)/ J27r. The fact that functions (20)—

(23) really satisfy the Laplace equation can be easily
verified by direct substitution using the program [33].
In formulas (20)—(23) the expressions

0, (x, y) =r" cos(n arctan(ZD , (24)
X

R, (x,y)=r" sin{n arctan(ZD , (25)
X

are harmonic homogeneous polynomials satisfying the
two-dimensional Laplace equation:

Lx,y, x>=y°, 2xy, x’ =3x°, 3x’y—)°, ...

The polynomial nature of functions (24), (25) fol-
lows from the recurrence relations:

Qo(x,y)z 1’ RO(X,y): Oa
0,.,(x,y)=x0,(x,y)- yR,(x,),
R, (x,y)=y0,(x,y)+xR,(x,»).

It is these factors that provide the required multi-
pole symmetry around the symmetry axis for the po-
tentials under consideration.

Potentials (20)—(23) behave at » ~ 0 (i.e., close to
the symmetry axis) as



(26) to construct basic analytical potentials
U(an)(x ¥,z ) U(an)(x y,z ) U(rnk)(x v,z )

rnk
. hich will beh
Bsm /lz (27) and Us (x,y,Z), which will behave as

XDZ" cos(lz), (30)

Uéq’”) ~U,r" cos(n arctan (

xl%

asymptotic behavior on the system axis), it is possible
j cos(Az),

qu’") ~U,r" cos(n arctan (

><|\<

Ué‘f’””‘) ~U,r" cos(n arctan(

U(cr’n) ~U,r" sin(narctan L )COS Az), (28) !
x
qu’"’k) ~U,r" cos(n arctan(ljjzk sin(/lz), GD
U§r’") ~U,r" sin[n arctan )sm lZ (29) i

where U, =U, (27” A )/(n!]n (},R)) is the amplitude Ug’"’k) ~U,r" sin(n arctan [Zn z" cos(Az), (32)

X
of spatial oscillations of the multipole component of

the electric potential near the axis of the system. Due (k) L AN

to k-fold differentiation of expressions (20)—(23) with ~ Uy~ ~U,r" sin| narctan (_j z"sin(Az). (33)
respect to the parameter A (it is possible that it will .

be necessary to subtract the linear combination of po- Such potentials can be used to describe electric

tentials from the result of differentiation (20)—(23) and  fields in non-conical and/or non-circular radio fre-
their derivatives with respect to the parameter A of quency funnels and traps.
the smaller order, so that to ensure the necessary



