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BJIUSAHUE TEOMETPUM PAJIMOYACTOTHOM BOPOHKH BXOJHOI'O
UHTEP®EHCA MACC-COEKTPOMETPA HA XAPAKTEPUCTHUKHU
BBIXO/IHbBIX MOHHbBIX UMITYJbCOB

B pabore mpezcraBieHbl pe3ysibTaThl MOJEIMPOBAHUS INHAMUKY MOHOB B (DOKYCHpYIOLIEH MOHHOW BOPOHKE, SIB-
JISTFOLIEICS 3JIEMEHTOM BXOAHOTrO MHTep(eiica Macc-CrieKTpoMeTpa | MpeHa3HauYeHHON Aiis cOopa U HOKYCHPOBKU
noHoB. [IpenmnonaraeTcs, 4To nepe BOPOHKOM pacronaraercs apeiidosas TpyOka, B KOTOPOH MPOUCXOMT Mpe/Ba-
pUTEIbHOE pa3/ieNeHue 0 MOJBUKHOCTY IIPH JaBICHUHU ra3a B Heckoibko Topp. MonenupoBaHue NpoBEIeHO A
HOHOB Pa3HbIX Macc B 3aBUCUMOCTHU OT yIJIa CXOXKACHHSI BOPOHKH M COOTHOILICHUS TOJIIIMHBI JICKTPOJOB BOPOHKU
1 pacCTOSHUSA MEXy HUMHU. B 3THX yCIIOBHAX OINpeAeseHb! YIINPEHHS BBIXOIHBIX HOHHBIX HMITYJIBCOB.

Kniouegvie crosa: pagrodacToTHas HOHHAS BOPOHKA, BXOAHON HHTEp(EHic Macc-CIEKTpoMeTpa

BBEJAEHIE

PaguouacToTHbIE HOHHBIE BOPOHKH IPEACTABIISIOT
co00i1 yCTpOHCTBa, KOTOPhIE aKTUBHO HCIIOJIB3YIOTCS
B MACC-CIIEKTPOMCTPUMU W [JPYIrUX aHAJIUTUYCCKUX
TEXHHKaX /s cOopa, (POKyCHPOBKM M TpPaHCIOPTH-
poBkM HOHOB. Hcnonb30BaHHE HWOHHOW BOPOHKU
obecnieunBaet 6oree dhdexTuBHYIO MIEpesady HOHOB
B 00JIaCTh aHaIM3aTopa W MOKa3bIBAET CYIIECTBEHHOE
YBEJIMUEHHE NPOIYCKaHHWS MOHOB OT HCTOYHHKA
K Macc-a"HanuzaTtopy [1-3]. Takke vOHHas BOpOHKA
MOJKET OBITh MUCTIOh30BaHA MPH (POKYCHUPOBKE U cOO-
pe MOHOB Ha BBIXOJE nperoBoil TpyOku, padoTaro-
el Npu NOHW)KEHHOM JlaBjieHHU. MloHHas BOpOHKa
HpeAcTaBiIsieT COO0OH IOCIEeN0BAaTENbHOCTh COOCHO
pacrnojaraeMbIX INIOCKUX JIEKTPOJIOB C OTBEPCTUAMH,
JUaMeTp KOTOPBIX IOIIaroBO yMEHBIIAETCS W 3aKaH-
YUBACTCS BBIXOAHOM muadparmoit (puc. 1). K xaxmo-
MYy 3JIEKTPOJY NPHUKJIAIBIBAECTCS] TOCTOSHHBIN MOTEH-
uana, KOTOPbIA JIMHEHHO MEHSIETCS OT 3JIEKTpoJa
K DJIEKTPOJY, YTO 0oOecreyrBaeT MPOJOIbHOE JIIEK-
TPUYECKOE T0JI€, IPOTIATUBAIOLIEE HOHBI K BBIXOJHOMN
muadparMe. A TPUKIAABIBAEMBIA PaJMOYACTOTHBIN
(PY-) morennman, mpoTuBOGa3HBI 1O OTHOIIEHUIO
K COCETHHMM D3JIEKTPOAaM, OOecTeUMBacT yAep:KaHhe
HMOHOB BHYTpHM BOpOHKU. OCHOBHBIE IapameTphbl,
BIMAIONIME HAa WX paboTy, BKIIOYAIOT aMIUIATYIY
U 4acToTy nojasaeMoro PU-noreHnmana, a Takxke
reOMETPUUYECKHE IapaMeTphbl, TaKUe KakK TOJIIHUHA
QJICKTPOAOB, paCCTOAHUEC MCIKAY HUMU U 1Iar YMCHb-
LIEHUS] paauyca OTBEPCTHUSl SJIEKTPOIOB. ToJuHA
9NEKTPOAOB U PACCTOSHUE MEXIY HUMH KPUTHUECKH
BaXHBI 7151 9P PEKTUBHOCTH (POKYCHPOBKH HOHOB.

Lenbto HacTosimieit pabOTHI SIBISETCS MOJCIHPO-
BaHUC NUHAMHWKHU MOHOB IIPU AAaBJICHUHU B HECKOJIBKO
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Puc. 1. Pa3zpe3 pokycupyroliei paanodacTOTHONH BOPOH-
KU C XapaKTePHBIMU TPACKTOPUSIMH MOHOB, 3aITyCKaeMbl-
MU PaBHOMEPHO MO0 JIMHHUH, IPOXOISIICH M0 paanyCy.

Topp B ¢okycupyronieli MOHHOW BOpPOHKE, SIBIISIO-
meiics dIIEMEHTOM BXOIHOTO WHTepdeiica macc-
criektpoMetpa. IIpeanomaraercsa, 4ro nepex BOpPOH-
KOW pacmonaraercs npeiioBas TpyOka, B KOTOpOU
MPOUCXOANT TPEABAPUTENLHOE PA3AEICHHUE 10 IOA-
BI)KHOCTM TIPU JIaBJICHUM ra3a B HECKOJIbKO Topp,
U BOKHBIM CTaHOBHTCS OIpPEIEJICHHE IMapaMeTpoB
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BOPOHKHU, o6ecneqHBa}ome MHUHHUMAJIBHOC YIIHNPEC-
HHWE NOHHOTO NMITYJIbCa Ha BbIXOJIE.

YCJIOBUA ITPOBEAEHUA MOJAEJIMPOBAHU A
N AJITOPUTM OBPABOTKU PE3VJIbTATOB

MogenupoBanue IWHAMHKH HOHOB B (POKycH-
pyronieii HOHHOM BOPOHKE MPOBOAMIIOCH C MOMOIIBIO
nporpammel SIMION [4] ¢ ucnions30BaHUEM MOAIPO-
IpaMMBbl, PEUIN3YIOIIEH CTOJIKHOBUTEIBHYIO MOJEb,
KOTOpasi yYUTHIBAET €IUHUIHbBIE CTOIKHOBEHHS HOHOB
C MOJIEKYJIaMH ra3a MocpeZCTBOM MPUMEHEHHs] METO-
na Monte-Kapno [5]. Mogens cratuctudeckoit aud-
¢y3un, SDS-Mozens [6], KoTOpasi CYIIECTBEHHO YC-
KOpSIET MPOIIECC CUeTa B CiIydae IUIOTHOTO OydepHoro
rasa, 3/1€Cb HEMPHUMEHNMa, TOCKOJIbKY MPH JIaBICHUU
raza B Heckoibko Topp u uwacrore 1 MI'm uumcno
CTOJIKHOBEHUWH, MPUXOJSIIEECs HAa BPEMEHHOMW IIar,
OTPaHNYMBAEMBIM BENWYMHON PajMO4acTOTHOIO IIe-
puosa, HEIOCTATOYHO IS Ha6opa HEOOXOAMMOM CTa-
THCTHKH — He MeHee 10° 3a Imar mo BpeMeHH,
9T00Bl MOXHO OBUIO HCHOJIB30BaTh SDS-Mozens.
B pacuerax naBiienue OydepHoro rasa (asora) mnpu-
HuMasoch paBHbIM 1.5 Topp.

MonenupyeMass HOHHasE BOPOHKA MMeJla CIIEAyIo-
mue napameTpsl. BxonHoi auameTp (amamerp mnepBo-
TO OTBEPCTHS AIIEKTPOJa BOPOHKH) COCTABISLT 76 MM.
PaCCManI/IBaJ'II/ICB BAapHaHThbl TOJIIIWHBI MJIACTUH BO-
poHku 0.5 MM 1 1 MM IIpU TOM K€ PACCTOSHUU MEXKIY
HUMH. JluamMeTp OTBEpCTHs TOCJIEIHEro Kojblla BO-
pouku (¢ PU-morenmmanom) 4.2 mm. J{mamerp orBep-
CTHS BBIXOJTHON AradparMbl BOPOHKH (C TIOCTOSITHHBIM
moTeHnuanom) 2.5 mm. PaccmarpuBanmchk yriiel cxo-
*aeHust BopoHku 20°, 30° u 48°, mpu 3TOM AJIMHA
BOPOHKH COCTaBJIsUIa COOTBETCTBeHHO 104, 66
u 34 mM, a mar cxoxzaeHus no paguycy — 0.3475,
0.5508, 1.088 mm. IIpu yrie 30° cpaBHMBasach 3¢-
(hekTUBHOCTE (HOPMUPOBAaHUSI BBIXOJHOTO WOHHOTO
HUMITYJIbCA B 3aBUCUMOCTHU OT IJIOTHOCTH PACIIOJIOKCHUA
KOJIlell — TIpY paccTosHMU Mexay Humm: 1) 0.5 MM
u tommuae 0.5 MM # 2) paccTostHUA 1 MM W TOIIIMHE
1 Mm.

[IpuknagsiBaemoe PU-HanpskeHHe Ha KOJbLA BO-
ponku — vacrota f = 1 MI'n, ammmuryna 80 B. Tlone
BHYTpH BOpOHKH cocTtaBimsuio 0.5 B/mMM, a Ha-
MPAKCHHOCTh BBITATMBAIOMICTO II0JIA 3a BI)IXOZ[HOfI
nuadparMoil BOpOHKH cocTapisiia 2.66 B/MwM.

MopenupoBajiach AMHAMHMKA TPYIII TPEX Pa3HbIX
OAHO3apAAHBIX HMOHOB: TCTPAMETUIIAMMOHUS Maccou
74.1 a.e.M. M 3HaYCHUEM TOMEPEUHOTO  CeueHus
CTOJIKHOBEHHi1 B a30Te, paBHbIM 107.4 A% aneramu-
HO(beHa — Macca 152.1 a.e.m., ceueHue CTOJ‘IKHOBC—
nnit 130.4 A% ; pesepniHa — Macca 609.4 a.e.Mm., ce-
YeHHe CTONKHOBeHuit 254.3 A%,

Hcnonb3oBaHue Npu MOACIMPOBAHUU JIBUKEHUSA
HOHOB B PY-IOJISIX CTOJIKHOBUTENIBHON MOJEIU IpU
JaBJICHUHM HECKOJBbKO TOopp 3aHMMaeT 3HauUTEIbHOE

H. B. KYPHUH

BpEMs. B 3aBucumoctn oOT IOABMKHOCTH HOHAa
W JUIMHBI apetrida, yBeTMIHBaIOIIEHC IPU yMEHBIIIe-
HHUM yIJIa CXOXIEHHsS BOPOHKH, CKOPOCTb CUeTa MO-
YKET COCTaBJIATh HECKOJIbKO MOHOB B 4ac, UTO 3aTPy/-
HSIET HabOp pacdeTHOW cTaTUCTHKH. [lo3ToMy, 4TOOBI
COKpaTHUTh pacuyeTHoe Bpems Oe3 motepu HH(OpMa-
TUBHOCTH, MOHBI Pa3HbIX MACC 3aIlyCKaJIMCh Ha BXOJE
B BOPOHKY BAomb pamuyca (R 38 Mm)
¢ paBHOMepHBIM 10 Hemy miarom 0.076 mm (500 wo-
HOB) (puc. 1). DT0 naeT BO3MOKHOCTh COOTHECTH TIO-
MEepeyHyl0 KOOpJAMHATy cTapTa HOHAa C peru-
CTPUPYEMBIM BPEMEHEM €ro BBIXOAA W3 BOPOHKH.
IIpuoceBble MOHBI NMPOXOAAT IYTh IPAKTUYECKU Ha-
HNpSAMYIO C MUHUMaJIbHBIM BPEMEHEM, TOTAa KaK Kpae-
BbIC MOHBI JIBUTAIOTCA BAOJIb CTCHKHW BOPOHKHU, UCIIbI-
ThIBas TOpMo3siiee Bo3aericteue PU-noneil, npu sTom
WX TYTh [0 BBIXOAHOW JuadparMbl BOPOHKH
U TaK JJINHHEC. 3aBHCHUMOCTH BPEMCHHU BbIXOJla MOHOB
OT IIONEPEYHOH KOOPAMHATHI CTapTa, IOJIyYeHHBIE
B pe3yibTaTe MOJETUPOBAHUS, JUHEMHO amnmpoKCH-
MHUPOBAJIUCh, YTO IIO3BOJISIET OINPEIEIUTH BBIXOJHbIE
XapaKTCpUCTUKU HOHHBIX HMIIYJIBCOB [Jid Pa3HbIX
HaydaJlbHBIX paclpeleseHHii HOHOB BO BXOJHOM cede-
HUU BOPOHKHU. B mpenmnonoxeHuu paBHOMEPHOIO
pacrpenesieHlsl HOHOB T10 MONIEPEYHOMY CEUCHHIO Ha
BXOZle coOuparoiield BOPOHKHM YHCJIO HMOHOB, IPHUXO-
JAIINXCS Ha TUIOIIAlh MOTIEPEYHOr0 KOJIbIA MOCTOSH-
HOW MIMPHHBI dr, THHEWHO PaCTET C PACCTOSHUEM OT
ocl. A MMEHHO, UCXOAS W3 JIMHEHHOH ammpokcuMa-
UM, K&KAOMY CTapTOBOMY KOJIbIYy LIMPHHOHN dr co-
OTBETCTBYET BpEMs BbIXOJ1a HOHOB /+df. Jl0Js MOHOB
B KOJIbLIE PAJUYCOM » U IIUPUHON d¥ TI0 OTHOLIEHHIO
K TIONHOMY 4HCITy WOHOB B CEYCHHH Oyzmer paBHa
dN / Ny =2r dr / R’, tne Ny — MOJIHOE YHCIIO HOHOB
[0 BXOJHOMY ceuenmio. Takum 00pa3oM, y4uThIBas
OTOT BE€C B PACUCTHBIX BLIXOJHBIX PACIPECACIICHUMAX,
COOTBETCTBYIOIINX HAyaJIbHOMY PAacHpEAEICHUI0 HO-
HOB BJO0JIb BXOJHOT'O paanyCa BOPOHKH, BO3MOXKHO
MOJY4YUTh BPEMEHHOH NPOQUIIb BEIXOAHOTO HOHHOTO
MMITyJIbCa, OTBEYAIOIIMIA  HayalbHOMY  paclpe-
JIEJICHUIO MOHOB BO BXOJTHOM CE€YE€HUH BOPOHKH.

XAPAKTEPUCTHUKH MOHHBIX UMITYJIbCOB HA
BBIXOJIE COBUPAIOILEN MOHHOM BOPOHKU

Ha puc. 2 mpuBeneHsl pacyeTHbIE WOHHBIE HM-
MyJbChI, PETHCTPUPYEMbIE Ha BBIXOJE COOMparouIei
BOPOHKH, IpPH Ha4yallbHOM pAaclpeiesicHHd HWOHOB
pasHbIX Macc: a) 74 a.em., 0) 152 u B) 609 a.em.,
OJHOBPEMEHHO CTapTYIOLIMX BIOJb BXOAHOTO Paany-
ca BOPOHKH, M yrjax cXoxaeHus BopoHku 20°, 30°
n 48°. BumHOo, 9TO Tpu OONBIINX YTIIaX CXOXICHUS
BOPOHKHU BBIXOJHON HOHHBIA MMITYJIbC OKa3bIBAETCS
3HAYNUTENIFHO MIMPE, YTO MOKHO OOBSCHUTDH BIMSIHUEM
PY-penbeda BOMM3M CTEHKH BOPOHKH, T.K. B ITOM
cllyyae MOHBI CHJIbHEE MPIKUMAIOTCS K TOpIaM Iuia-
CTMH BOPOHKHU NPOTATMBaroOmMM nosneM. Kpome Toro,

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4
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Puc. 2. PacueTHble HOHHBIE UMITYJIECHI, PETUCTPUPYEMBIE 32 BHIXOJIOM BOPOHKH C yriamu cxoxkaeHus 20°, 30°,
u 48° s noHoB ¢ Maccamu (a) 74 a.e.m., (0) 152 u (B) 609 a.e.m.

h /W — COOTHOILIEHNE TOJIIMHBI KOJIEIl U PACCTOSIHUS MEXIY HUMH

KaK TIOKa3blBaeTcsi Ha puc. 3, mpu (UKCHPOBAHHOM
yIJIe CXOXIEHHs C YBEIMYEHUEM MacChl HOHA BBIXOJ-
HOM UMILYJIbC YIIUPSIETCS.

Taxke pacueTHble MPOQUIN BBIXOJHBIX HMOHHBIX
UMITYJIBCOB, INPUBEICHHBIE Ha PUC. 3, MOKA3bIBAIOT
BJIHWAHUEC TOJIIHWHBI IIJIACTHUH h BOPOHKHU UM pPacCCTOs-
HUSI MEKIY HUMH W Ha BpeMeHbIe MPOQUIN BBIXOJ-
HbIX MOHHBIX MMITYJILCOB. CpaBHI/IBaH BbIXOAHBIE HNM-
IYJILCbI HIOHOB OZTHOM MacChl IIPU yIJIE€ CXOXKIEHHS CO-
Ouparomeid BopoHKH 30°, MOXKHO BHZETh, YTO IIPH TOJI-
IIMHE KOJell U paccTosiHnd Mexay HuMu 0.5 / 0.5 mm
BbBIXOJHBIC HWOHHBIC HMIIYJIBCbl 3aMCTHO  BBIIIC

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4

Y UMEIOT MEHBIIYIO MIMPUHY Ha MOJIYBBICOTE OTHOCH-
TEJIbHO HMITYJIBCOB, MOJIyYEHHBIX IPH COOTHOLICHUH
TreOMETPHUYECKHX MapaMeTpoB BOPOHKH 1 / 1 MM. D10
MOKHO OOBSICHHTBH T€M, YTO C YBEIHMYCHUEM PACCTOS-
HUSL MEXIY AJEeKTpojaMu BopoHKH PU-penmsed B He-
MOCPE/ICTBEHHON OJIM30CTH OT CTEHKH BOPOHKHM CTa-
HOBHTCS Oo0Jiee BBIPAKEHHBIM, U MOHBI HA HEKOTOPOE
BpeMs 33JIepP>KUBAIOTCS B OKPECTHOCTU MEXKAIEKTPO-
HBIX IPOMEXYTKOB. B pe3ynbTare BRIXOJHbIE HOHHbIE
MMITYJIbCHI CTaHOBATCS wmmupe. [Ipu 3ToM BUAHO, YTO
C YBEJIMUYEHHEM MacChl HOHA Pa3IU4yUsl MEXIY BBI-
XOAHBIMHA MOHHBIMH UMITYJIECAMH YMEHBILIAIOTCS.
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Puc. 3. BeIxoaHBIX UMIYJIBCHI HOHOB ¢ Maccamu 74, 152
u 609 a.e.M. pu yriie CXOXKAECHHUS COOMparolieil BOPOHKH
30° 1 pa3HBIX TONIIHHAX /i KOJIEI 1 PACCTOSHUN W MEXIY

aaMu — 0.5/05mmu 1/ 1 Mm.

Ha puc. 4 Ha npumepe yria cXOXACHHUS BOPOHKHU
48° u maccel MoHa 152 a.e.M. IpuBesieHa CTaTUCTHUYE-
CKasl 3aBUCMMOCTb BPEMEHH BBIXOJda HOHOB U3 BOPOH-
KM OT IOPSIAKOBOTO HOMEpa CTapTa, KOTOPBIH onpexe-
JSIeT TOJIOKEHHE TOYKU CTapTa MOHA BJAOJbL paauyca
¢ maroM dr = 0.076 MM, kak r, = (n — 1)dr. Jluneitnas
armpoKCUuMalusa TaKoOM 3aBHCHUMOCTHU U YUY€T Ha4dajlb-
HOTO DPAacCIpeeieHrs HOHOB 110 BXOJHOMY CEUEHHIO
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Puc. 4. 3aBuCcHMOCTb OTCUETOB BpPEMEHHM BBIXOJA

HMOHOB M3 BOPOHKH OT HX IOPSIKOBOTO HOMEpa CTapTa
(pagmyca) M COOTBETCTBYIOIIAs JMHEHHAs AaIpOKCH-
Manusi (A7 yriaa cXokJIeHusi BOpoHKu 48° u macchl
noHOB 152 a.e.M.).

H. B. KYPHUH

BOPOHKH TIO3BOJISIIOT OMPEICIUTh BBIXOIAHBIC Xapak-
TEPUCTUKH HOHHBIX HMMITyJIECOB O€3 MpOBENeHUs 3a-
TpaTHBIX 10 BpeMeHU pacuetoB. Ha puc. 5 npuseze-
Hbl BBIXOJHBIC MPOQWIM HOHHBIX HMMITYJILCOB TPHU
pPa3HBIX yIiax CXOXICHUS BOPOHKH B IPEIIOJIONKE-
HUW PaBHOMEPHOTO pPACTpeesICHUs WOHOB IO ITIOTe-
pPEYHOMY BXOJHOMY CEYEHHI0 (OKYCUpYIOIIeH pa-
JIM0YaCTOTHOM BOpPOHKH. BuaHo, 4To B cilyyae TOJ-
IIMHBI KOJIeN B paccTostHIH Mexkay HuMu 0.5/ 0.5 MM
BBICOTA BBIXOJAHOT'O MOHHOTO HMITYJIbCa 3HAYUTEIHHO
MIPEBOCXOIUT HUMITYJIbC, PETUCTPUPYEMBIA MPHU TOJ-
IIHE KOJIETl ¥ PacCTOSHUU MKy HUMH 1/ 1 MM.

3AKJIFOYEHUE

B pabGote mpencraBieHbl pe3yiabTaThl MOJEIHPO-
BaHWS NWHAMUKA HOHOB B (POKYCHPYIOIIEW HOHHOW
BOPOHKE, ﬂBHHIOHICf/iCH QJICMCHTOM BXOAHOI'0 HMHTEP-
(efica Macc-CieKTpoMeTpa W TMpeIHa3HAYCHHON s
coopa u Qokycuporku uoHOB. [Ipeanonaraercs, 4to
mepesl BOPOHKOW pacrionaraercs ApeidoBas TpyOka,
B KOTOpOH MPOUCXOAMT IpeBapUTEIbHOE pasjee-
HUC 110 MMOABUKHOCTU IIPH JaBJICHUU I'a3da B HCCKOJIb-
ko Topp, U BaKHBIM CTaHOBUTCS ONpEeAEJICHUE napa-
MCTPOB BOPOHKH, O6GCHC‘-II/IBaIOHH/IX MHWHUMAJIBHOC
YIIUPEHHE MOHHOTO MMIyJibca Ha Bbixope. llupuny
BBIXOJHBIX MOHHBIX MMITYJIbCOB XapaKTEPU3YET YIIHU-
PEeHME HOHHOTO UMITYJIbCA IIPU MPOXOXKAECHUN HOHAMHU
BOPOHKH B 3aBUCHUMOCTH OT €€ T'€OMETPHUYECKHX Ia-
pameTpoB.
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Puc. 5. Brixonnasple npo(riii HOHHBIX UMITYJIBCOB
NpH yIiIaXx CXOoXIeHwuss BopoHkH 30° (h / w —
05/05u1/1 mm) u 48° pu paBHOMEPHOM
HayvalbHOM pacmpeaenaeHuu noHos (152 a.e.Mm.) o
MONEPEYHOMY BXOJHOMY CEUYEHHI0 (OKYCHUpYIO-
uiei paino4acTOTHOM BOPOHKHU.

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4
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IlomydeHHble pe3ynabTaThl MOACIUPOBAHUS TIOKA-
3BIBAIOT, YTO C YBEJIMUCHHUEM YTJIa CXOXKIEHHUS BOPOH-
KM IIMPUHA BBIXOJHBIX MOHHBIX HUMITYJIBCOB YBEIUYH-
BaeTcs. llpyn yBeNWYEeHMHM pacCTOAHUS MEXAY Iula-
CTHHAMM BOPOHKHM C COXpPAaHEHHEM YIJla CXOXIEHUS
BpEMsI BBIXO/A UMILYJIbCA YBEIMYHUBAETCS, KaK U €r0
IIMPUHA, TIOCKOJIbKY 0oJsiee BhIpakeHHBbI PU-penbed
CTCHOK BOPOHKHM CHJIbHEE NPUTOPMAKUBACT Apeid
noHoB. [Ipu 5TOM 3agHHEe PPOHTHI UMITYJIBCOB OKAa3bI-
BalOTCS HECKOJBKO 3aTSHYTBIMH, IOCKOJIBKY HOHBI,
W3HAYaJIbHO MAYIIKE N0 OONbLIeMy paauycy, Mpoxo-
IIT OONBIIMEI TyTh BAOJBL CTEHKH BOpOHKH ¢ PY-
penbedom.

Paboma evinonnena 6 pamxax I'ocyoapcmeennoco 3a-
Oanus Munucmepcmea Hayku u 6viCue2o 006pa308aHUs
Poccuiickoii  @edepayuu N 075-00444-25-00  (om
26.12.2024), mema HUP FFZM-2025-0006.
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THE EFFECT OF THE GEOMETRY OF THE RADIO FREQUENCY
ION FUNNEL OF THE MASS SPECTROMETER INTERFACE
ON THE CHARACTERISTICS OF THE OUTPUT ION PULSES

I. V. Kurnin

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The paper presents the results of modeling the dynamics of ions in a radio frequency ion funnel, which is an
element of the mass spectrometer input interface and is designed to collect and focus ions. The simulation was
performed for ions of different masses depending on the angle of convergence of the funnel and the ratio of the
thickness of the electrodes of the funnel to the distance between them. Under these conditions, the broadening of
the output ion pulses is determined.
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INTRODUCTION

Radiofrequency ion funnels are devices widely
used in mass spectrometry and other analytical
techniques for collecting, focusing, and transporting
ions. Using an ion funnel ensures more efficient ion
transfer to the analyzer and significantly increases ion
throughput from the source to the mass analyzer [1—
3]. An ion funnel can also be used to focus and collect
ions at the outlet of a drift tube operating at reduced
pressure. An ion funnel consists of a series of
coaxially arranged flat electrodes with holes which
diameter gradually decreases and ends with an outlet
diaphragm (Fig. 1).

Fig. 1. Sectional view of a focusing radiofrequency
funnel showing characteristic ion trajectories
launched uniformly along a radius line.

A constant potential is applied to each electrode,
which varies linearly from electrode to electrode,
providing a longitudinal electric field that draws ions
toward the outlet diaphragm. The applied radio
frequency (RF) potential, out of phase with the
adjacent electrodes, ensures the ion confinement
within the funnel. The key parameters influencing
their operation include the amplitude and frequency of
the applied RF potential, as well as geometric
parameters such as electrode thickness, the distance
between them, and the step size of the electrode
opening radius. The thickness and distance between
the electrodes are critical for ion focusing efficiency.
The aim of this work is to model ion dynamics at
a pressure of several Torr in a focusing ion funnel,
which is an element of the input interface of a mass
spectrometer. It is assumed that a drift tube is located
in front of the funnel, where preliminary mobility
separation occurs at a gas pressure of several Torr.
Determining the funnel parameters that ensure
minimal broadening of the ion pulse at the output
becomes important.

SIMULATION CONDITIONS
AND RESULT PROCESSING ALGORITHM

The ion dynamics in a focusing ion funnel were
simulated using the SIMION program [4] with
a subroutine implementing a collision model that
takes into account single collisions of ions with gas
molecules by applying the Monte-Carlo method [5].
The statistical diffusion model, the SDS model [6],
which significantly accelerates the calculation process
in the case of a dense buffer gas, is not applicable
here, since at a gas pressure of several Torr and
a frequency of 1 MHz, the number of collisions per

time step limited by the radio frequency period is
insufficient to collect the necessary statistics — at
least 10° per time step — so as to enable the use of the
SDS model. In the calculations, the pressure of the
buffer gas (nitrogen) was taken to be 1.5 Torr.

The simulated ion funnel had the following para-
meters. The inlet diameter (the diameter of the first
hole of the funnel electrode) was 76 mm. Funnel plate
thicknesses of 0.5 mm and 1 mm with the same dis-
tance between them were considered. The diameter of
the opening of the last funnel ring (with RF potential)
was 4.2 mm. The diameter of the opening of the fun-
nel outlet diaphragm (with constant potential) was
2.5 mm. Funnel convergence angles of 20°, 30°, and
48° were considered, with funnel lengths of 104, 66,
and 34 mm, respectively, and radial convergence in-
crements of 0.3475, 0.5508, and 1.088 mm. At an an-
gle of 30°, the efficiency of output ion pulse genera-
tion was compared depending on the ring density:
with a distance between them of 1) 0.5 mm and
a thickness of 0.5 mm and 2) a distance of 1 mm and
a thickness of 1 mm.

The RF voltage applied to the funnel rings had
a frequency of 1 MHz and an amplitude of 80 V. The
field inside the funnel was 0.5 V/mm, and the strength
of the extracting field behind the funnel output diaph-
ragm was 2.66 V/mm.

The dynamics of groups of three different singly
charged ions were simulated: tetramethylammonium
with a mass of 74.1 u and a collision cross section in
nitrogen of 107.4 A% acetaminophen with a mass of
1521y and a collision cross section of
130.4 A’; reserpine with a mass of 609.4 u and a colli-
sion cross section of 254.3 A”,

Using a collision model to simulate ion motion in
RF fields at pressures of several Torr takes considera-
ble time. Depending on the ion mobility and the drift
length, which increases with decreasing funnel con-
vergence angle, the counting rate can be several ions
per hour, complicating the collection of calculation
statistics. Therefore, to reduce the calculation time
without losing information content, ions of different
masses were launched at the funnel entrance along
a radius (R = 38 mm) with a uniform step of
0.076 mm (500 ions) (Fig. 1). This makes it possible
to correlate the transverse coordinate of the ion's start
with the recorded time of its exit from the funnel. Pa-
raxial ions travel almost directly with minimal time,
whereas edge ions move along the funnel wall, expe-
riencing the braking effect of RF fields, while their
path to the funnel's exit diaphragm is longer anyway.
The dependences of the ion exit time on the transverse
coordinate of the start, obtained as a result of the si-
mulation, were linearly approximated, which allows
us to determine the output characteristics of the ion
pulses for different initial ion distributions in the fun-
nel's inlet cross section. Assuming a uniform ion dis-



tribution over the cross section at the collecting funnel
inlet, the number of ions per area of a transverse ring
of constant width dr increases linearly with distance
from the axis. Specifically, based on the linear ap-
proximation, each starting ring of width dr corres-
ponds to an ion exit time of ¢ + dt. The proportion of
ions in a ring of radius » and width dr relative to the
total number of ions in the cross section is equal to
dN / Ny = 2r dr / R’, where N, is the total number of
ions in the entrance cross section. Thus, by taking this
weight into account in the calculated exit distributions
corresponding to the initial ion distribution along the
funnel's entrance radius, it is possible to obtain a time
profile of the exit ion pulse corresponding to the ini-
tial ion distribution in the funnel's entrance cross sec-
tion.

ION PULSE CHARACTERISTICS AT THE OUTPUT
OF THE COLLECTING ION FUNNEL

Figure 2 shows the calculated ion pulses recorded
at the outlet of the collecting funnel for an initial dis-
tribution of ions of different masses: a) 74 u, 6) 152 u,
and B) 609 u, simultaneously starting along the fun-
nel's entrance radius, and funnel convergence angles
of 20°, 30°, and 48°.

the time profiles of the exit ion pulses. Comparing the
output pulses of ions of the same mass at a collecting
funnel convergence angle of 30°, it can be seen that
with a ring thickness and distance between them of
0.5 / 0.5 mm, the output ion pulses are noticeably
higher and have a smaller width at half-maximum rel-
ative to the pulses obtained with a funnel geometric
parameter ratio of 1 / 1 mm. This can be explained by
the fact that with an increase in the distance between
the funnel electrodes, the RF relief in the immediate
vicinity of the funnel wall becomes more pronounced,
and the ions are temporarily trapped near the inter-
electrode gaps. As a result, the output ion pulses be-
come wider. It is also clear that with increasing ion
mass, the differences between the output ion pulses
decrease.

Figure 4 shows, using the example of a funnel
convergence angle of 48° and an ion mass of 152 u,
the statistical dependence of the ion exit time from the
funnel on the starting serial number, which determines
the position of the ion starting point along the radius
with a step of dr = 0.076 mm, as r, = (n — 1)dr.

Fig. 4. Dependence of the time counts of ions leaving
the funnel on their starting serial number (radius) and
the corresponding linear approximation (for a funnel
convergence angle of 48° and an ion mass of
152 u).

Fig. 2. Calculated ion pulses recorded at the exit of
funnel with convergence angles of 20°, 30°, and 48°
for ions with masses of a) 74u, ©) 152u, and
B) 609 u.

h /w is the ratio of the ring thickness to the distance
between them

It can be seen that at larger convergence angles, the
output ion pulse is significantly broader. This can be
explained by the influence of the RF relief near the
funnel wall, as in this case, the ions are more strongly
pressed against the ends of the funnel plates by the
pulling field. Furthermore, as shown in Fig. 3, at
a fixed convergence angle, the exit pulse broadens
with increasing ion mass.

Fig. 3. Output pulses of ions with masses of 74, 152,
and 609 u at a convergence angle of the collecting
funnel of 30° and various thicknesses # of the rings
and distances w between them — 0.5 / 0.5 mm and
1/1 mm.

The calculated exit ion pulse profiles shown in
Fig. 3 also demonstrate the influence of the funnel
plate thickness % and the distance w between them on

A linear approximation of this dependence and tak-
ing into account the initial ion distribution across the
funnel's entrance cross-section allow us to determine
the output characteristics of the ion pulses without
time-consuming calculations. Figure 5 shows the out-
put ion pulse profiles for different funnel convergence
angles, assuming a uniform ion distribution across the
transverse entrance cross-section of the focusing radi-
ofrequency funnel. It can be seen that, for a ring
thickness and spacing of 0.5 / 0.5 mm, the output ion
pulse height significantly exceeds the pulse recorded
for a ring thickness and spacing of 1/ 1 mm.

Fig. 5. Output profiles of ion pulses at funnel conver-
gence angles of 30° (A /w—0.5/0.5and 1 / 1 mm)
and 48° with a uniform initial distribution of ions
(152 u) over the transverse input section of the focus-
ing radiofrequency funnel.

CONCLUSION

This paper presents the results of modeling ion dy-
namics in a focusing ion funnel, which is an element
of the mass spectrometer input interface and is de-



signed to collect and focus ions. It is assumed that
a drift tube is located in front of the funnel, in which
preliminary mobility separation occurs at a gas pres-
sure of several Torr. Determining the funnel parame-
ters to ensure minimal ion pulse broadening at the exit
becomes important. The width of the exit ion pulses is
characterized by the ion pulse broadening as the ions
pass through the funnel, depending on its geometric
parameters.

The obtained modeling results show that with in-
creasing funnel convergence angle, the width of the

exit ion pulses increases. As the distance between the
funnel plates increases while maintaining the conver-
gence angle, the pulse emergence time increases, as
does its width, since the more pronounced RF relief of
the funnel walls more strongly slows ion drift. Mean-
while, the trailing edges of the pulses are somewhat
delayed, since ions initially traveling along a larger
radius travel a longer distance along the funnel wall
with its RF relief.



