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PASPABOTKA NINPUBOPOB U CUCTEM
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BJUSAHUE OCOBEHHOCTEHN DJEKTPUYECKOI'O MOJIS
B CUCTEME IUA®PAI'M HA TPAHCHOPTHUPOBKY IIOTOKA
SAPSAKEHHBIX YACTHUL ITPU ATMOC®EPHOM JABJIEHUU

IIpencraBneHs! pe3yabTaThl YUCIEHHOIO MOJEIHPOBAHUS HOHHO-ONTHYECKON CXEMBI [l TPAaHCIIOPTUPOBKH MOHOB
npu arMmocdepHoM naBneHnu. [TokazaHa BO3MOXKHOCTh d((PEKTUBHON TPaHCIIOPTHPOBKM HOHOB B paccMaTpuBae-
MOM cHcTeMe IpU YBEIWYCHNH JOKAJIHHOTO HCKPHUBIICHHS SKBUMOTCHIMAIBHBIX JTHHUAN 3IEKTPOCTATUYECKOTO MOJIS
B OKPECTHOCTH COIUIA MPU MOMOIIN IIeHnuHra (M3MeHeHus (Gpopmbl) 3Toro 3nmekTpoa. LllefinuHr comna mo3Bomsier
YBEIUYUTD BETHIHUHY oo MPUOMM3NTENBHO B 1.6 pa3a. YdeT ra3oAnHAMHUYECKOTO BIMSHUSA HA TPAHCIIOPTHPOBKY
HOHHOTO ITy4YKa 4epe3 COILIO NO3BOJISIET B IEPCIEKTUBE YBEIMYUTh 3HAYEHUS TOKa elle B 1.7 pasa.

Kn. cn.: CHICKTPOMETP HOHHOM NMOJABUXHOCTHU, TPAHCIIOPTUPOBKA HOHOB NIpU aTMOC(l)epHOM JaBJICHUU,

QJICKTPOCTATUYCCKOC M0JIE

BBEJEHUE

B cBs3n ¢ pacTynmM npUMEHEHHEM CIIEKTPOMET-
POB MOHHOI MOJBM)KHOCTH B CIIOXKHBIX aHaJIWTHYe-
ckux kommuiekcax LC-ESI-IMS-MS B kauecTtBe on-
HOH M3 CHCTEM pa3ZeiieHUsl CIOXKHBIX cMecel, KOTo-
pble aHATU3UPYIOTCSA MPH HCCICIOBAaHUSAX B OHOXH-
MHUHM, MEAWIHHE, KOHTPOJIE JIEKapCTB, IMPOBOAUTCS
MHOTO pa3paldOTOK HOBBIX CIEKTPOMETPOB HOHHOU
MOJIBMKHOCTH C TIENBI0 YBEITMYEHHUS WX pa3permiaro-
mei crocobHocTn W wyBcTBUTENbHOCTH [1-4]. Uc-
MOJIb30BAaHNE TaKUX AaHAJTUTHYECKUX KOMILIEKCOB
YBEJIMYNBAET BO3MOXKHOCTh HMICHTU(HKALUU aHAIIU-
3MpPYEMBIX BELIECTB B CIOXKHBIX CMECSAX 3a CUET ydeTa
BpeMeHn ynepxkuBanus ¢ B LC, mompmwkaHOCTH K
B IMS u oTHOomeHnus maccel K 3apsny (m/z) B MS.
B coBpemennbix komiuiekcax LC-ESI-IMS-MS wmc-
MOJB3YIOT CIIEKTPOMETP HMOHHOW IOABMKHOCTH, SIB-
JSIOIIUICS YacThi0 HMHTepdeiica HCTOYHHKA HOHOB
ESI, paboraromero mpu arMocepHOM aBICHHH,
u MS, ABISAIOMMINCA BBHICOKOBAKYYMHBIM HPHOOPOM.
JaBnenue B obxactu apeida crekTpoMeTpa HOHHON
MOJIBUKHOCTH COCTaBJIAET HECKOJIBKO Topp, Mpu 3TOM
IUIS TIOMy4YeHUsT He0oOXOMMMOHN pa3pemarome Cro-
COOHOCTH CIIEKTPOMETpPA CYIIECTBEHHO YBEINYHBACT-
csi ¥ obnactp npeiida, u o0ias JyIMHa CIEKTPOMETpa:
B paborax [1-6] pasMep crekTpoMeTpa HOHHOH IO-
JIBWKHOCTH JIOCTUTAeT mopsiaka 2 M u 6onee. Huzkoe
JMaBJIeHWEe Ta3a B obOmactm Japedida TPHUBOAMT
K HUCIOJB30BAHNIO HANPSYKEHHOCTH JIEKTPHUECKOTO
TOJISl B HECKOJIBKO JAECATKOB BOJIBT HA CAHTUMETP, YTO
MO3BOJIAET M30€XKaTh IEKTPHUUECKOr0 MPo0os B MPH-
Oope. [nst BBOAA MydKa 3apspKEHHBIX YACTHI[ U3 00-
JIacTH BBICOKOTO JAaBJIECHHUS CHadana B JpeiidoByro
00J1acTh, a MOTOM U3 JApeiihoBOi 00IaCTH B CICAYIO-

HIyl0 CTyHeHb TUQQepeHIrnanTbHON OTKauYKd Macc-
CIIEKTPOMETpa TPEUIOKEHO HKCIIOJIB30BaTh AIIEKTPO-
JMMHAMHYECKUEe WOHHBIE BOpoHKHU (ion funnel) [5, 6].
Ota waes npuMeHeHa B pabotax [2, 3]. YcTpoiicTBo
ANEKTPOIMHAMHYECKOW BOPOHKH MPEJICTABISIET COO0H
Ha0Op TUIOCKUX 3JICKTPOIOB ¢ IEPEMEHHBIM BHYTpPEH-
HUM AuaMeTpoM oT 50 1o 2 MM, TOJUIMHA KOTOPBIX
coctaBisier 0.5 MM, TONIIWHA PA3JCISIIONINX UX JTH-
ANIEKTPUYECKUX TPOKIAJAOK M3 TedioHa Takxke co-
cranger 0.5 mm. KonngecTBo 31eKTpoJ0B B 3aBHCH-
MOCTH OT KOHCTPYKITMM M MECTa TPUMEHEHHUS DIICK-
TPOJMHAMUYECKHUX BOPOHOK Bapbupyer ot 100
mo 80 mTyk. BHyTpeHHHE aUaMETpPHI 3JIEKTPOIIOB
OT BJIEKTPOJIAa K INEKTPOAY U3MEHSIOTCS B 3aBUCHUMO-
CTH OT KOHCTPYKIIMM ¥ BEHITIONHSAEMON 3a/Jauu.
Ha snexTponbl mojjaeTcst IOCTOSTHHOE CTPOTO OTIpejie-
JIEHHOE IS DJICKTPOJOB HAMpPSDKCHHE OT JECSATKOB
0 HECKOJIBKUX COTEH BOJBT M IIEPEMEHHAS COCTaB-
nsirotas ¢ yactoroit mopsaaka 500 kI'n v ammuTyaon
oT muka mo mmka mopsaka 100 B. OcHoBHas wupaes
MPUMEHEHHUST DJICKTPOAUHAMUYECKOW BOPOHKH 3a-
KIIIOYAaeTCs B MPEOOPa30BaHUU CEUCHUS PACXOISIIe-
rocsl My4Ka 3apspKeHHBIX YaCTHII, TIOJTYYSHHOTO B HC-
tounnke ESI (API), B MeHbIice ceuenune 6e3 morepu
00I11ero MOHHOTO TOKa, T.€. B YBEITMYEHUH TIOTHOCTH
TOKa [0 OCH CIEKTPOMETpPa HOHHOW MOABUKHOCTH,
9TO B CBOIO OUYCPEIb COMPOBOXKIACTCS yBEIHMUCHUEM
YyBCTBUTEIILHOCTH IpUOOpa.

AnbTepHAaTUBHBIA MOAXO0J K MPeoOpa3oBaHUIO Ce-
YeHHUs PACXOJAIIETOCS ITydKa 3apsHKEHHBIX YaCTHI]
mpejacTaBieH B paborax [7-9], B KOTOPBIX CHEKTPO-
METp HMOHHOW TOJBW)KHOCTH pPabOTaeT MpH aTMoO-
chepHOM JaBJICHWU. DTO TO3BOJIACT HCIIOJB30BaTh
HaIpPsHKCHHOCTh dJIeKTpudeckoro moiist 1o 1 xB/cm
u 3ekTponsl TonmuHOW 0.1 MM, Onaromaps demy
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KOJIMYECTBO AJIEKTPOJIOB, YCTAaHOBIIEHHBIX MOCIIE pac-
MBUIMTENIS] B HICTOYHUKE NOHOB C pacrbuleHHeM B Oec-
KaleIb-HOM PEXHME MpU HOPMAJbHBIX YCIOBHSX
(p =760 Topp, T =300 K), cokpamaercs no 3—4 [10—
12]. IIpu 3TOM BeTMYHMHA BXOAHOTO AMAMETPa CHUCTE-
MBI TPAaHCIIOPTHPOBKH (TIEPBOTO 3JIEKTPOJA) JOJKHA
COCTaBIATh 4—6 MM, YTOOBI 3apsOKEHHBIE YaCTHIIBI
C MUHHMMAJIbHBIMHU MOTEPSMH MPOILLUIH YEPE3 CUCTEMY
3JIEKTPOJIOB, TOCIETHUM M3 KOTOPBIX Pa3leiseT CH-
CTeMy TPAaHCHOPTUPOBKU M 00jacTh Apelida 1 umeer
nuametp otBepeTus 1.2 MM (32% 0T TOKa KOPOHHOTO
paspsina). B apeiihoBoM mpocTpaHCTBE ITy4yOK 3apsi-
JKEHHBIX YacTHI[ MMEET IONEpeyHOe CEUeHHe 2 MM
Ha Bcel mmHe 55 MM [9] BXo/la B aHAJIOTHYHYIO BBI-
XOJHYIO CHUCTEMY TPaHCIIOPTUPOBKH Iepes KOJIIEKTO-
pOM, TIPH 3TOM TMIOCIEAHHUNA DJIEKTPOJ MMEET OTBEp-
ctue auaMerpoM 0.5 MM, YTO BIOJIHE MOAXOIUT UIS
couwleHeHus uHTepdelica ¢ BBHICOKOBAKYyMHOW 4Ya-
CTBIO MacC-CIIEKTPOMETpa.

B nponecce TpaHCIOPTUPOBKHM MOHOB K BBIXOJHOMN
nmradparme (Corury), OTHENSIONEH 00J1acTh CIEKTPO-
MeTpa HOHHOHM MOJBMKHOCTH C aTMOC(EPHBIM AaBiie-
HHEM OT BaKyyMHOH CHCTEMBI MaccC-aHaIM3aTopa,
MaKeThl Pa3deNICHHbIX HOHOB IBHMXKYTCSI B HEOAHO-
POJTHOM 3JIEKTPUYECKOM I10JIE U B MOTOKE CITyTHOT'O
rasa y comia. [IBI)KeHHE HOHOB OCYILIECTBIISIETCS] O
CHJIOBBIM JIMHUSM  3JIEKTPUYECKOTO TOJsI, KOTOpHIE
3aMBIKAIOTCS Ha IJIOCKOCTH COIUIA M KPasgx BXOJHOTO
OTBEpCTHSI B COILIO. B mokosiemcs ra3e HOHBI OCax-
JTAIOTCS HA COTUIE W HE MpoXoaAar 3a Hero. [Ipu opra-
HU3aIMM IOTOKAa ra3a 4Yepe3 COIUI0 B BaKyyMHYIHO
4yacTh prbopa "BMOpOKEHHBIE" B IUIOTHBIN ra3 HOHbBI
NepepacipeseNnsoTcs] 1 YaCTUYHO C ra3oM NPOHHKa-
0T 32 COIUIO. YYHTHIBAs BBICOKYIO HANpPSKEHHOCTh

3JIEKTPUYECKOr0 MOJSl Y Kpas BXOJHOTO OTBEPCTHS
B COIUIO, B BaKyyMHYIO CHCTeMy IMpHOOpa momajuaer
4acTh HOHOB, HAXOJSIINXCS B OKPECTHOCTH BXOAHOTO
OTBEPCTHsl. YBEIMYEHUE OTBEPCTUST B COIUIC JUIA
00JIBIIIEro MPOHWKHOBEHHSI MOHOB B BaKyyMHYIO 00-
JacTh SIBJSIETCSl HelelaecooOpasHbIM, T.K. yXYJIIalo-
IIuecss BaKyyMHBIE YCJIOBHSI HE IO3BOJISTIOT dddek-
TUBHO MPOBOJUTH TPAHCIIOPTHPOBKY M (POKYCHPOBKY
MOTOKa MOHOB B MHTEpdelice. DTH HEJOCTaTKU MPH-
CYIIIM TTPAKTHYECKU BCEM MCTOYHWKAM HMOHOB C MOHH-
3anued npu atMocepHoM naBicHMU. TakuM 0O0pa-
30M, TPAHCIOPTHUPOBKA MOHOB B TaKMX HCTOYHHKAX
OCHOBaHa Ha COYETAHUM JIByX MEXAaHH3MOB: IBHKE-
HUM HMOHOB B TIOCTOSIHHOM JJIGKTPUYECKOM TIOJe
W JIBUKCHUH MOHOB U HEUTPAJBHBIX YaCTHUI[ B IOTOKE
rasa y BXofa B COILIO.

B nacrosime#t pabore mpu MOMOIIM METOJIOB YHC-
JICHHOTO MOJIETUPOBAHUE MPOBOAUTCS CpaBHEHHE Ka-
YecTBa TPAHCIIOPTHPOBKH HOHOB IIPH aTMOC(HEPHOM
JaBJICHUH B CUCTEME Ha OCHOBE IUIOCKUX TOHKHX
muadparM u B CHCTEME, B KOTOPOii opma coruia ume-
€T TeOMETPUUYECKYI0 OCOOCHHOCTb.

MOJEJHWPOBAHUE JIBUKEHUSA HOHOB
B TI'A3E C YYETOM BJIUSAHUA OCOBEHHOCTEHN
SJIEKTPUYECKOT O ITOJIA

TpaekTopuu HONOKHUTEIBFHO 3apsHKEHHBIX HOHOB,
OKBUIIOTCHUHUAJIBHBIC JIMHUU J3JICKTPOCTATUYCCKOIO
o B HCCIICAYyeMOH TPaHCHOPTHPYIOIIEH cxeme
Ha OCHOBE TOHKMX AuadparM B IJIOCKOCTH, IPOXOJs-
meil 4epe3 ONTHYECKYI0 OCh, a TaKXKe TIeOMeTpHdUe-
CKHE M AJIEKTPUYECKUE MapaMeTpbl CXeMbl IpHUBEJe-
HBI Ha puc. 1, a.

S RRRE:

Puc. 1. TpaekTopuu MOJIOKUTEIBHO 3aPSIKEH-
HBIX HOHOB M OSKBHIIOTCHI[HAIbHBIC JIMHUU
ANIEKTPOCTATUYECKOTO MO B HCCIEAYeMOM
TPAHCIIOPTHUPYIOMIEH CHUCTEME B IUTIOCKOCTH,
MIPOXOASIICH Yepe3 ONMTHICCKYIO OCh.
Crpenkamu (Ha (0)) 00O3HAueHBI Hampaslie-
HUSl BEKTOpa HANpPsDKEHHOCTH mouis. ['eomer-
pudeckue mapamerpel: L = 5 MM, L; = 1 MM,
d=4wmm, d, =265 MM, d; = 1.2 MM, dy =
= 0.5 MM, TommuHa nuadpparm 1-4 cocraBnseT
0.1 mm. DOnekrpuueckue napamerpsl: Uy, =
=7000 B, U, = 3000 B, U, = 2000 B, U; =
=1000 B, Uy =0 B, Ug,=—-100 B
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Ha ctpykTypy nosist BIUSIFOT Kak FeOMETpHUYECKHE,
TaK M 3JEKTPUYECKUE MapaMeTphl UCCIEAyeMOro ycT-
pOMCTBa, T.. IPH MaJBIX JHaMETpax OTBEpCTUH 0o-
nmee 3(PGPEKTUBHO IIICKTPUUSCKOE TIIOJe OTOMpaeT
MOHBI U3 KOPOHHOT'O Pa3psiia B OCHOBHOM IO OCH HC-
CJIEyEeMOTO YCTPOMCTBA, KAYECTBEHHO ATO MPEICTaB-
JIeHO Ha puc. 1, 0.

YucneHHOE MOJETUPOBAHUE DIIEKTPOCTATUIECKOTO
HOJISL M TPACKTOPUHM 3apsDKEHHBIX YacTHIl B IUIOTHOM
rase (BO3AyX) MPOBOJWIOCH B NMPOTPAMMHOM MaKETe
"SIMION 8.0" ¢ ucrnonb30BaHUEM CTATUCTHYECKOU
muddysnonnoir moaenu (statistical diffusion simula-
tion (SDS)), KoTOpas mpeACTaBIeHa B KA9eCTBE MOJb-
30BaTeIbCKOM MporpaMMel K makery. B kauecTBe Mo-
JIENIBHOTO  ITyYKa KCIIONB30BAIKMCh TIOJIOKUTEIbHBIC
noHbI a3zora (m = 14 a.e.M.) co cepudeckum mpo-
CTpPaHCTBEHHBIM pactipeaenenueM (d = 1.5 mm). Mo-
JEeTUPOBAHNE HPOBOAMIOCH IPH HOPMAIBHBIX YCIO-
Busix (T =300 K, p = 760 Topp) Ge3 yuera BIUSHUA
00BEMHOTO 3apsima.

Tonumnaa auadparM CUCTEMBI TPAHCIIOPTHPOBKH
coctapisier 0.1 MM. Bp1Oop B monb3y Kak MOXKHO 00-
jJee TOHKUX AuadparM o0OYyCIOBJICH CIIEAYIOIIUMH
MOMEHTaMH. Bo-TIepBBIX, CUIIOBBIE JIMHUH 3aMBIKAIOT-
Csl Ha BJICKTPOIHBIX MOBEPXHOCTSX, ITOCKOJIBKY BCE
OHHU SBJISIOTCS SKBHUIOTECHIMAIBHBIMU MOBEPXHOCTSI-
MU, MOITOMY YEeM TOHBIIE DJIEKTPOJBI, TEM MEHBIIIE
30H MOTEHIHMAJIBHOM MOTEepH HOHOB. BO-BTOpBIX, YeM
TOHbBIIE AuadparMel, TeM OoJjiee BBIpAKEHHBIMHU (O-
KyCHPYIOLIMMH CBOHCTBaMHU 00JIaaeT CHCTEMa BBHIY
OTCYTCTBHSI JIOKaJIbHBIX 0O0JacTeil J1e()OKyCHpPOBKH
B KaHaJie 3JIEKTPOAaA.

PazHoCTh TOTEHIMANIOB MEXKIY CMEXKHBIMHU JHa-
¢pparmamu 1-4 cocrasnger 1000 B, nockoneky mpu
0O NIBIIMX 3HAYCHUSX MpPHU aTMOC(EpHOM JaBIICHUH
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MOXeT Habmoarbesi mpoboit. GokycHupyromume cBoii-
CTBa MOHHO-ONTHYECKON CXEMBI JIETKO OOBSCHSIOTCA
KapTHUHOM AKBHUIOTEHIIUATHHBIX JTUHUHN. 3aMETHM, 9TO
B paccMaTpUBacMOW TEOMETPUH B OKPECTHOCTH
TpeThell quadparmbl HAPSHKEHHOCTD MOJIST IPaKTH4e-
CKM TIOCTOSTHHA, TaK 4YTO JaHHas jauadparmMa MOXKeT
OBITh MCKJIIOUEHA U3 KOHCTPYKIIMU MOHHOTO UCTOYHU-
ka. YerBepras amadparma C AUaMETPOM OTBEPCTHS
d = 0.5 MM MOXET paccMaTpUBAThCS KaK IUIOCKOCTb
coria.

Pe3ynpTaThl 4NCIIEHHOTO MOJETUPOBAHUS MTOKA3BI-
BAIOT, YTO B paccMaTpuBaeMOl HOHHO-ONTHYECKOU
cXeMe TPaHCMHUCCHSI HOHOB JI0 KOJUIEKTOpa COCTaBIISI-
er npuMmepHO 1.5% mnpu HCHONB3yeMOM HaudalbHOM
pacripeneneHud HOHOB. Takas HU3Kasl BEIMYHHA MPO-
MycKaHUs OOBsICHSAETCA HalMuueM Ae(OKyCHUpYIOLe-
TO MOJIst BOJU3M TIOCKOCTH COIJIa, B pe3yJibTare 4ero
OosblIas 4acTh HOHOB, ABMKYLIUXCS C TOYTH TEIUIO-
BBIMU CKOPOCTSIMH, TEPSAETCSI B OKPECTHOCTH KaHaia
3JIEKTpoJa. B peanbHOM HMOHHOM HCTOYHUKE HEH3-
0EKHO MPHUCYTCTBYET IMOTOK CIIyTHOTO ras3a y BXOJa
B COIUIO, ¥ BEJIMYMHA TPAHCMHUCCHU HOHOB 3a ILIOC-
KOCTb COIUIa JOJKHA OBITH 3aMeTHO Bbime. Ilostomy
B KayecTBE OLECHKH 3(PQPEKTHBHOCTH (OKYCHPOBKU
paccMaTpuBaeMOl CXEMbl MOXKET CIIY>KHTb IOJIS 3a-
PSKEHHBIX YacTHIl, PUXOJISAIINX Ha COTUIO B 00IacTh
MPOCTPAHCTBa, OorpaHuueHHymo |x| < 0.25 MM u |y
<0.25 MM, KOTOpasi COCTaBISIET HPUMEPHO Iiomuo
= 8.3%.

D¢ pexTHBHOCTE POKYCHPOBKHM HOHOB B paccMat-
pUBacMOll CHCTEME MOYKHO ITOBBICHTH JIOKAJIbHBIM
WCKPUBJIEHUEM SKBUIIOTCHUHUAIBHBIX JIMHUH 3JIEKTPO-
CTaTUYECKOTO MOJsI B OKPECTHOCTH COIIA MPH MTOMO-
¥ mednrHra (M3MeHeHusT (POPMBI) STOTO AIIEKTPOIa.

WIN

Puc. 2. TpaekTropuu TMOJOKHUTEIBHO 3apsSKCHHBIX
HMOHOB Y SKBHITOTCHIMAJBHBIC JHHUHU DJICKTPOCTATH-
YECKOro MmoJisi B (POKYCHPYIOIIEH CHCTEME C BBINMYK-
JIBIM COIJIOM B IUIOCKOCTH, MPOXOSIICH uepe3 OnTH-
YECKYIO OCh.

I'eomerpuueckue nmapamerpsl: Ly = 5 MM, L, = Ls
=1wmm, Lz = 0.65 MM, Ly = 1.65 MM, d| = 4 MM, d,
=2.65 MM, d3 = 0.5 MM, R = 1.5 MM, TommuMHa aHa-
¢parm 1-3 cocramisier 0.1 mMm.

Dnektpuueckue mapamerpol: Uy, = 6000 B, U, =
=2000 B, U,=1000B, U;=0 B, U.=-100B
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Ha puc. 2, a, mokazaHa HOHHO-ONITHYECKAs CXeMa
TPAHCIIOPTUPYIOIIEH CHUCTEMBI, B KOTOPOH 3JEKTPOJI,
BBITIOJHSIOIIUN (DYHKIIMIO COILJIA, MUMEET BBIMYKIIYIO
¢dopmy. UncneHHOE MOJETHPOBAHIE TIOKA3bIBAET, YTO
HICHOUHT COMJIa TO3BOJISIET YBEIMYUTH BEIUUYUHY
1 onno IpuOTM3UTENRHO B 1.6 paza. YueT razoguHamu-
YECKOTO BIUSHUA HA TPAHCIIOPTUPOBKY HOHHOTO ITy4-
Ka 9epe3 COIUIO MO3BOJSET B MEPCICKTUBE YBEIUIUTh
3HAuUEHUs TOKa eme B 1.7 pa3za [12].

3AK/IIOYEHUE

Pe3ynpTarel 4nCIEHHOTO MOAETHPOBAHUS TTOKA3bI-
BalOT, YTO B MOHHO-ONTHYECKOH cucTeMe IJIs TpaHC-
MOPTUPOBKA HOHOB TPU aTMOC(PEPHOM JaBIICHHU
Ha OCHOBE TOHKMX AnadparM IIEHNHUHI COIUIa IMO3BO-
JSIET 3aMETHO YJIy4YIIUTh 3((PEKTUBHOCTH TPaHCIIOP-
THPOBKHA MOHOB. Tak, COIUIO BBITyKJIOW (hOPMEI, pac-
CMaTpUBAaEMOE B HalIMX YHMCIEHHBIX 3KCIIEPUMEHTAaX,
MO3BOJISIET YBEIUYNUTh BEITMUMHY TOKA, MPOXOISIIETO
Yyepes3 COIUIo, MPUOIU3NTENBHO B 1.6 pa3a. Yuer razo-
JTUHAMMYECKOTO BIUSHUS Ha TPAHCHOPTHPOBKY HOH-
HOro Iy4Ka 4Yepe3 COIUIO MO3BOJAET B INEPCHEKTHBE
YBEIMYHUTH 3HAUEHMS ITpouleuiero emie B 1.7 pasa.

Paboma ewvinoanena ¢ pamxax HUP 0074-2019-0009
(nomep eoc. pecucmpayuu AAAA-A19-119053190069-2),
exoosaweil 6 cocmas Ioczadanus Ne075-00980-19-02 HAIT
PAH.
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INFLUENCE OF FEATURES OF THE ELECTRIC FIELD
IN THE DIAPHRAGM SYSTEM ON THE TRANSPORTATION
OF THE FLOW OF CHARGED PARTICLES
AT ATMOSPHERIC PRESSURE

T. V. Pomozov, N. V. Krasnov

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The results of numerical simulation of the ion-optical scheme of ion transport at atmospheric pressure are
presented. The possibility of efficient transport of ions in the system under consideration with an increase in the
local curvature of the equipotential lines of the electrostatic field in the vicinity of the nozzle by shaping (chang-
ing the shape) of this electrode is shown. Shaping the nozzle allows to increase the value of /., by approx-
imately 1.6 times. Taking into account the gas-dynamic effect on the transport of the ion beam through the noz-
zle makes it possible to obtain the values of the transmission by 70% higher.

Keywords: ion mobility spectrometer, ion transport at atmospheric pressure, electrostatic field

INTRODUCTION

The use of ion mobility spectrometers in complex
analytical devices LC-ESI-IMS-MS is growing as one
of the systems for separating complex mixtures that
are analyzed in biochemistry, medicine, and drug con-
trol research. In this regard, many developments of
new ion mobility spectrometers are being carried out
in order to increase their resolution and sensitivity [1—
4].The use of such analytical devices increases the
possibility of identifying analytes in complex mixtures
by accounting for the retention time ¢ in LC, mobility
K in IMS and mass-to-charge ratio (m/z) in MS. Mod-
ern LC-ESI-IMS-MS complexes use an ion mobility
spectrometer, which is part of the ESI ion source in-
terface operating at atmospheric pressure, and MS,
which is a high vacuum instrument. The pressure in
the drift region of the ion mobility spectrometer is
several Torr, while both the drift region and the total
length of the spectrometer increase substantially to
obtain the required resolution of the spectrometer: in
[1-6] the size of the ion mobility spectrometer reach-
es about 2 m or more. Low gas pressure in the drift
area results in the use of an electric field strength of
several tens of volts per centimeter, which avoids
electrical breakdown in the device.

Electrodynamic ion funnels have been proposed to
introduce a beam of charged particles from the high-
pressure region first into the drift region, and then
from the drift region to the next stage of differential
pumping of the mass spectrometer [5, 6]. This idea
was condidered in works [2, 3]. Electrodynamic fun-
nel device is a set of flat electrodes with a variable
inner diameter from 50 to 2 mm, the thickness of
which is 0.5 mm; the thickness of the Teflon dielectric
spacers separating them is 0.5 mm too. The number of

electrodes, depending on the design and place of ap-
plication of electrodynamic funnels, varies from 100
to 80 pieces. The inner diameters of the electrodes
vary from electrode to electrode depending on the de-
sign and the task being performed. A constant strictly
defined voltage from tens to several hundred volts and
an alternating component with a frequency of about
500 kHz and an amplitude from peak to peak of about
100 V are applied to the electrodes. The main idea of
using an electrodynamic funnel is to convert the cross
section of a diverging beam of charged particles ob-
tained in an ESI (API) source into a smaller cross sec-
tion without losing the total ion transmission, i.e. in an
increase in the transmission density along the axis of
the ion mobility spectrometer, which in turn is accom-
panied by an increase in the sensitivity of the device.
An alternative approach to transforming the cross
section of a diverging beam of charged particles is
presented in [7-9], in which the ion mobility spectro-
meter operates at atmospheric pressure. This allows
the use of an electric field strength of up to 1 kV / cm
and electrodes 0.1 mm thick, due to which the number
of electrodes installed behind the nebulizer in the ion
source with sputtering in a drip-free mode under nor-
mal conditions (p = 760 Torr, 7= 300 K) is reduced to
3-4 [10-12]. In this case, the size of the inlet diameter
of the transportation system (the first electrode) is to
be 4—6 mm so that the charged particles would pass
through the system of electrodes with minimal losses,
the last of electrodes separates the transportation sys-
tem and the drift region and has a hole diameter
of 1.2 mm (32% of the corona discharge current). In
drift space, the beam of charged particles has a cross
section of 2 mm along the entire length of 55 mm [9]
of the entrance to a similar outlet transport system in
front of the collector, while the last electrode has
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a hole 0.5 mm in diameter which is quite suitable for
coupling the interface with the high-vacuum part of
the mass spectrometer.

In the process of transporting ions to the outlet di-
aphragm (nozzle), that separates the region of the ion
mobility spectrometer with the atmospheric pressure
from the vacuum system of the mass analyzer, sepa-
rated ion packets move in an inhomogeneous electric
field and in the flow of concurrent gas at the nozzle.
The movement of ions is carried out along the lines of
flux, which fall to the plane of the nozzle and the
edges of the inlet to the nozzle. In a gas at rest, ions
are deposited on the nozzle and do not pass behind it.
When forming the gas flow through the nozzle into
the vacuum part of the device, the ions "frozen" into
the dense gas get redistributed and partially penetrate
with the gas behind the nozzle. Given the high intensi-
ty of the electric field at the edge of the inlet into the
nozzle, some of the ions located in the vicinity of the
inlet enter the vacuum system of the device. Increas-
ing the nozzle orifice for larger penetration of ions
into the vacuum region is impractical, since deteriorat-
ing vacuum conditions do not allow efficient transpor-
tation and focusing of the ion flow at the interface.
These disadvantages are inherent in almost all ion
sources with ionization at atmospheric pressure. Thus,
the transport of ions in such sources is based on
a combination of two mechanisms: the movement of
ions in a constant electric field and the movement of
ions and neutral particles in gas flow at the inlet to the
nozzle.

In this work, using numerical simulation methods,
we compare the quality of ion transport at atmospheric
pressure in a system based on flat thin diaphragms and
in a system in which the nozzle shape has a geometric
feature.

SIMULATION OF ION MOTION IN GAS,
TAKING INTO ACCOUNT THE INFLUENCE
OF THE FEATURES OF THE ELECTRIC FIELD

Trajectories of positively charged ions, equipoten-
tial lines of the electrostatic field in the investigated
transport scheme on the basis of thin diaphragms in
the plane passing through the optical axis, as well as
the geometric and electrical parameters of the circuit,
are shown in Fig. 1, a.

The structure of the field is influenced by both
geometric and electrical parameters of the investigated
device, i.e. if diameters of the holes are small, the
electric field more effectively selects ions out from the
corona discharge, mainly along the axis of the device
under study, nature of it is presented in Fig. 1, 6.

Numerical modeling of the electrostatic field and
trajectories of charged particles in a dense gas (air)
was carried out in the SIMION 8.0 software package
using a statistical diffusion simulation (SDS), which is

Fig. 1. Trajectories of positively charged ions and
equipotential lines of the electrostatic field in the inves-
tigated transport system in the plane passing through
the optical axis.

Arrows (on (0)) indicate the direction of the field
strength vector.

Geometric parameters: L =5 mm, L, = 1 mm, d; =4 mm,
d, =2.65 mm, d; = 1.2 mm, d; = 0.5 mm, the thickness
of diaphragms 1-4 is 0.1 mm.

Electrical parameters: U,., = 7000 V, U; = 3000 V,

U,=2000V,U; =1000V,Us; =0V, Uy, =-100 V

presented as a user program for the package. Positive
nitrogen ions (1 = 14 a.m.u.) with a spherical spatial
distribution (d = 1.5 mm) were used as a model beam.
The simulation was carried out under normal condi-
tions (7 = 300 K, p = 760 Torr) without taking into
account the effect of the space charge.

The thickness of the diaphragms of the transport
system is 0.1 mm. The choice in favor of the thinnest
possible diaphragms is due to the following points.
First, the lines of force fall on the electrode surfaces,
since they are all equipotential surfaces, therefore, the
thinner the electrodes, the fewer the zones of potential
ion loss. Second, the thinner the diaphragm, the more
pronounced focusing properties the system possesses
due to the absence of local defocusing regions in the
electrode channel.

The potential difference between adjacent diaph-
ragms 1-4 is 1000 V, since higher values can lead to
a breakdown in terms of atmospheric pressure. The
focusing properties of the ion-optical scheme are easi-
ly explained by the pattern of equipotential lines. Note
that in the geometry under consideration, in the vicini-
ty of the third diaphragm, the field strength is practi-
cally constant, so that this diaphragm can be excluded
from the ion source design. Fourth diaphragm with
hole diameter d = 0.5 mm can be considered as the
plane of the nozzle.

The results of numerical simulations show that, in
the considered ion-optical scheme, the transmission of
ions to the collector is approximately 1.5% for the
initially applied distribution of ions. Such a low
transmission value is explained by the presence of
a defocusing field near the nozzle plane, as a result
most of the ions moving with almost thermal veloci-
ties are lost in the vicinity of the electrode channel. In
a real ion source, there is inevitably a flow of catenary
gas at the inlet into the nozzle, and the amount of ion
transmission beyond the plane of the nozzle should be
noticeably higher. Therefore, the fraction of charged
particles arriving at the nozzle in the region of space
bounded by | x | < 0.25 mm and | y | < 0.25 mm, which
is approximately /con = 8.3%.

The efficiency of ion focusing in the system under
consideration can be increased by local curvature of
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Fig. 2. Trajectories of positively charged ions and
equipotential lines of the electrostatic field in a focus-
ing system with a convex nozzle in a plane passing
through the optical axis.

Geometric parameters: L; = 5 mm, L, = Ls =1 mm,
L3 =0.65 mm, L4 =1.65 mm, dl =4 mm, dz =2.65 mm,
d; = 0.5 mm, R = 1.5 mm, the thickness of diaphragms
1-3is 0.1 mm.

Electrical parameters: U, = 6000 V, U; = 2000 V,
U,=1000V, Us;=0V, Ugu,=-100 V

the equipotential lines of the electrostatic field in the
vicinity of the nozzle by changing the shape of this
electrode.

In Fig. 2, a, an ion-optical diagram of the transport
system is shown, in which the electrode, acting as
a nozzle, has a convex shape. Numerical modeling
shows that nozzle shaping allows increasing the value
of Leommo by approximately 1.6 times. Taking into ac-
count the gas-dynamic effect on the transport of the
ion beam through the nozzle makes it possible to in-
crease the transmission values by a factor of 1.7 [12]
subsequently.

CONCLUSION

The results of numerical simulations show that in
an ion-optical system for transporting ions based on
thin diaphragms at atmospheric pressure nozzle shap-
ing can significantly improve the efficiency of ion
transport. Thus, a convex nozzle considered in our
numerical experiments makes it possible to increase
the value of the transmission passing through the noz-
zle by approximately 1.6 times. Taking into account
the gas-dynamic effect on the transport of the ion
beam through the nozzle makes it possible to increase
the transmission value by a factor of 1.7 in the pros-
pect yet.

The work was carried out within the framework of re-
search work 0074-2019-0009 (state registration number
AAAA-A19-119053190069-2, which is part of the State as-
signment No. 075-00980-19-02 of the IAP RAS.
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