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CAMOCOI'JTACOBAHHOE MOJIEJIMPOBAHUE [ABUKEHUA
MOHOB, BBIHOCUMBbBIX TI'A30OBbBIM IOTOKOM M3 KAIIWJIAPA
B PAJJUOYACTOTHBIN KBAJIPYIIOJIb

B pabote npezcraBiieHa nporeaypa nepeHoca pacueTHBIX MPOCTPAHCTBEHHBIX PACIpeesieHHH ra30{nHaAMUYECKIX
MapaMeTpoB B TOJIb30BATENLCKUI alrOPUTM IMPOTrpaMMbl HOHHO-oNTHYeckux pacuetoB SIMION 8.1 mis nposene-
HHUSI CaMOCOTJIACOBAHHOTO pacueTa JABM)KEHHWS HOHOB B 3JIEKTPUYECKOM II0JI€ NMPHM HAJIWYMK Ta30BOTO MOTOKA.
Ha npumepe 3axBarta pagno4acTOTHBIM KBaJpPYyINOJIEM ITydKa HOHOB, BEIHOCHMBIX T'a30BBIM IIOTOKOM W3 KaIMUIIPA,
MPOBEZIEH CaMOCOTJIACOBAHHBIN pacdeT IBIKCHHS HOHOB. IlokazaHa 3(QeKTHBHOCTH TPAHCIIOPTHPOBKH HOHOB
B MaccoBoM auanazoHe 100-2000 a.e.m. yepe3 0071acTh IPOMEKYTOUHOTO TABICHUS B KBaJPYIOJIE U X TPAHCMHUC-
cun uepe3 nuadparmy audHepeHIuanpHON OTKAYKH Ha BBIXOJIC KBAJPYIOJis 0€3 HaJOKEHHS MPOIOJIBHOTO MPOTS-

THUBAIOUICTO 3JICKTPOCTATUICCKOT'O I10JI.

Knioueswvie cnosa: TpaHCTIOPTHBIN KaMJUIAP, Ta30Basi CTPYs, PaJNOYACTOTHBIN KBaPYIIOJb, BXOAHOM HHTEpdeiic

MacCC-CIICKTpOMETpa

BBEJEHHUE

[Ipu ucnonp30BaHNM MCTOYHUKOB MOHOB IPH arT-
Moc(hepHOM JaBleHHH OOpa3yrolluecs WOHBI HEoO-
XOIMMO JIOCTaBUTh K Macc-aHaJu3aTopy, paboraro-
meMy npm AaBJICHUHW Ha HECKOJIBKO IMOPAAKOB HMIKC.
s conpspkeHUst ICTOYHMKA MOHOB Ha aTMOCc(epHOM
JABJIEHUH C MAacC-CIIEKTPOMETPOM, KaK MpaBHIIO, HC-
MONIB3YIOTCS THOO nuadparMa ¢ JAUaMETpPOM OTBeEp-
ctust okojo 100 MkM, THO0 KanwuIsIp, 4Yepe3 KOTOPhIS
WOHBI MOCTYMAIOT B KaMepy C JIaBICHHUEM HECKOJBKO
Topp, a 3aTeM OTOMparOTCA B Macc-CIIEKTPOMETp ue-
pe3 konuueckuii ckummep [1]. BxoaHoit razoBslii mo-
TOK MOXET BIHMATH Ha J(PPEKTUBHOCTH TMEPEeHOCca
noHoB. KoHcTpykius Biycka rasza, Oyas TO yepe3 Ma-
JICHbKOE OTBEPCTHE WM JUIMHHBIN KallWUIsIp, sSBISET-
Csl OCHOBHBIM (PAKTOPOM DEryJIMpOBaHUs pacxona ra-
32 YU INEepenasioB JABJIECHUS M JIOJDKHA OOecleYnBaTh
ONTHMAJIBHYIO II€peiayy HOHOB B BaKyyMHBIE CTYIICHH.

B unHTEpdeiicax mepexon OT BBICOKOTO JIaBICHUS
K HHM3KOMY CO37aeT CBOOOIHOE pPAaCIIUPEHHUE CTPYH.
CTONKHOBEHUSI C MOJIEKYJIAMH T'a3a U TYpOYJIEHTHOCTD
B ra30BOM IIOTOKE CYLIECTBEHHO BJIMSIOT HA TPACKTO-
pHUH HOHOB ¥ UX 3Hepruro. [Ipu 3ToM UMeIoTCs pa3in-
YMsi B BOBJICUCHHOCTH MOHOB Pa3HBIX MacC ra3oBbIM
noTokoM. Bce atm daxTopsl BmustoT Ha d(hdeKTruB-
HOCTHb TPaHCHOPTUPOBKH HMOHOB BO BXOJHOM HHTCP-
(hetice. Kpome Toro, mpm UCIONB30BAaHUN TaKOTO Me-
TOJa HWOHHU3AllMH TIpHU aTMOC(I)CpHOM JaBJICHUH, KaK
MOHU3AIMs  DJIEKTPOPACIbUICHHEM, TIa30AMHAMHKa
UMeEeT pellarollee 3HAuYeHHe JJisl WCIapeHus: 3apsi-
JKEHHBIX Kallelb M BBICBOOOKICHUS MOHOB aHAJIN3U-
pyeMoro BellecTBa.

Takum 00pa3oM, Ipu MOJETUPOBAHUU BXOIHBIX
WHTEPEHCOB  Macc-CIIEKTPOMETPOB  HEOOXOAMMO
YUUTBIBATh MHOXXECTBO (DPU3MYECKMX IPOLIECCOB.
BaxHeWIuM acreKToM SIBJIAETCS TOYHOE OMNMCAHHE
MOBEJICHNSI NOHOB B YCJIOBUSIX HAJIOKEHMS I'a30MHa-
MHYECKUX IMMOTOKOB 1 3JICKTPHUUYCCKUX HOJ’ICf/i, 4TO Tpe-
OyeT caMOCOrJIacOBaHHOTO MOJXO0Ja, MPHU KOTOPOM
3TH HIPOLECCH MOAETUPYIOTCS OHOBPEMEHHO.

B nannoli paboTe mpejcTaBiieHa mpoieaypa nepe-
HOCA PacyeTHBIX MPOCTPAHCTBEHHBIX PacHpeneIeHuil
ra3oJIMHAMUYECKHUX TapaMeTpoB OydepHOro rasa
B TIOJTK30BATENBCKUH anroput™ mporpammMbl SIMION 8.1
JUIs. TIPOBEJICHNSI CaMOCOTJIACOBAaHHOTO pacyera JIBU-
KEHHSI MOHOB B 3JIEKTPUYECKOM IIO0JIE NPU HaTUYUHU
Oydeproro raza. Pe3ymprar Takoro compspKeHHs TO-
Ka3aH Ha mpuMepe pacyera 3PPEKTUBHOCTH 3axBara
Iy4ka HoHOB B Auana3zoHe Macc 100-2000 a.e.m., BbI-
HOCHUMBIX T'a30BbIM TMOTOKOM M3 Kamwjuisipa, paguo-
YaCTOTHBIM KBaJIPYIIOJIEM.

MNEPEHOC MACCHUBOB ITPOCTPAHCTBEHHLIX
PACTIPEAEJIEHUU I'ASOJJUHAMUWYECKUX
ITAPAMETPOB BY®EPHOI'O I'A3A 11 UX YYET
TP CAMOCOI'JTACOBAHHOM PACYETE
B ITIPOIT'PAMME SIMION

PesynpraroMm MomenmupoBaHUS Ta30IHHAMHUYECKHX
IOTOKOB ABJIAIOTCA YUCJIOBBIC MACCHUBBI C IIPOCTPAH-
CTBEHHBIMH pAacCTpeNeieHHsIMA Ta30IHHAMUYIECKIX
BCJIIMYHMH, TAKMMHU KaK JIOKAJIbHBIC KOMIIOHCHTBI CKO-
pocTH, JaBleHre U Temreparypa rasa. Kakx mpasuiio,
pacdeTHbIE MAaCCHBBI, OMpEJeNsIeMble Ha HEPeryIsip-
HOW pPacyeTHOM CETKe, IOCPEACTBOM MPOLEAYPHI
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WHTEPIOJIALUU Npeo0pa3yloTcsa B peryispHble. 3anu-
CBIBAEMblE€  IIPOCTPAHCTBEHHbIE  pacIpeleseHHs
OTBEUAIOT TeOMETPHH MojenupyeMoit obmactu. llpe-
00pa3oBaHHe HCXOAHBIX PACUETHBIX MACCHUBOB B pery-
JSIpHBIE HEOOXOIMMO, TOCKOJBKY IIpOrpamMMa HOHHO-
ontuyeckux pacueroB SIMION [2] onepupyeT umeH-
HO C TAKUMHU MacCHBaMHU.

[Tocne Toro kak ra3oguHaMH4ecKas CeTKa 3KCIOp-
TUPOBaHA U3 MIPOTPAMMBbI Fa30JMHAMHUKH U IIPOBEACHA
nponeaypa WHTEPHONSIUH, HEOOXOAUMO KaKHUM-TO
obpazom 3arpy3utb ee B SIMION u mHTEpIpeTupo-
BaTh. Jpyrumu cioBamu, Korga 4acTHla, MPOJeTaro-
mast yepe3 CUCTeMy, HaXOJIUTCSl B HEKOTOPOM IPOU3-
BOJIBHOM TIOJIOKEHUH (X, ), Z), MOJIENbh CTOJIKHOBEHHUS
KaKHM-TO 00pa3oM JOJDKHA 3HATh COCTOSIHME Ta30BO-
ro MOoToKa B 3TOM Touke. B mporpamme SIMION 8.1
€CThb BO3MOYKHOCTb CUMTaTh CETKY ra30BOr0 IMOTOKa
kak oObruHbIil PA (Potential Array) daiin. B atom
cirygae SIMION cam BBITIOTHUT WHTEPIOIAIUIO TaH-
HBIX T'a30JJMHAMHYECKOW CETKH OTHOCHUTEIHHO CBOEH
ceTku. MaccuB noternuanos (PA-daiin) nmpencrasis-
eT co0OH JBYXMEpPHYI) WM TPEXMEPHYIO MpsIMO-
YTOJIBHYIO CETKY CO 3HAa4CHUSIMH I'a30AMHAMHYECKHX
BEJIMYMH B MOJeTHpyeMoii oonacTu. Ee Ha3HaueHne —
COXPaHITh F€OMETPHIO 3JIEKTPOAOB W/MIM HOTEHLHA-
JBI B KQKJIOW TOYKE 3Toi reoMeTpun. PA-daiin Taxxe
COJICP)KUT pasfiell 3aroJioBKa ¢ oouiel nHpopMauen
0 MaccHBe NOTEHLNAJIOB, TAKOW Kak pa3Mmepsl obiac-
TH, €€ CHMMETpHs. AHAJIOTHYHO 3TOMYy (opmary
NPEACTABISIIOTCS U razoguHamuueckue nois. Iloto-
KOBBIC JaHHbIC 3aIlMChIBAIOTCA B BHC 00bIYHBIX PA-
(aiinos, Mo 01HOMY Ha KaXXJ10€ CKaJISIPHOE ITI0JIe: IS
KOMIIOHEHT CKOPOCTH, IaBJICHUs U TEMIIEpaTyphl rasa.

C nomomipto Lua-anropurMa, KOTOPBII HCTONB3Y-
eT BcTpoeHHbIe (pyHKIMU mporpammbr SIMION, 3a-
MycKaeTcsl Mpeo0pa3oBaHue Ta30JMHAMHYECKUX Mac-
cuBoB B PA-maccuBbel. B pe3ynbTare reHepupyroTCs
PA-daiinbl ¢ mpocTpaHCTBEHHBIMH PaclpeaeICHUsIMH
JaBJICHUS Ta30BOI0 MIOTOKA, €r0 TeMIEpaTyphl, X-CO-
CTaBJISIIOLIEA BEKTOpPa CKOPOCTH, J-COCTABIIAIOLIEN
BEKTOPAa CKOPOCTH M Zz-COCTaBIISIOLIEH BEKTOpa CKO-
POCTH COOTBETCTBEHHO.

Ob6pamenne k PA-maccuBaM C TpOCTpaHCTBEH-
HBIMH PpAacHpeieieHUsIMA Ta30JMHAMUYECKUX BeJIU-
YHWH OCYHICCTBIISACTCA B MOJIL30BaTEIHLCKOM mnmporpam-
M€ pacueTa ABWKCHHS MOHOB B JICKTPUYECKOM I10JIe
npu Hanuauu OydepHoro raza. B pesynbrare mpowuc-
XOJUT OOpalieHue K razoauHamuueckuM PA-daitiam
W CUNTHIBAHME Ta30AMHAMMYECKHX IapaMeTpoB,
COOTBCTCTBYIOIIMX TOYKEC HAXOXKIACHUA MOHA. ITo JdaB-
JICHHUIO U TeMIIepaType ra3oBOro IOTOKa B TOYKE Ha-
XOXJIEHHSI MOHA, COIVIACHO 3aKOHY COCTOSHUS HJe-
QJIBHOIO Tasa, ONpeleNseTcss 3HaueHHE IUIOTHOCTH,
WCIIONIb3yeMOe MPU pacdeTe BEPOSITHOCTH CTOJIKHOBE-
HUSA HWOHA C MOJIeKyJod raza. g MonenupoBaHUs
JUHAMHUKU HOHOB IIPHU HU3KHX JaBiieHUsIX OydepHoro
ra3a, Kak INpaBWJIO, UCIOJB3YeTCS MOJENb, KOTOpas

H. B. KYPHUH

YUYUTBIBACT €AUHUYHBIC CTOJIKHOBCHHA MOHOB C MOJIC-
KyJlam# Taza ¢ momombio Metofga Monte-Kapmno [3],
1100 B cIy4ae BBICOKMX JABJICHUI raza UCIOIb3yeTCs
Tak Ha3blBaeMas 'craTuctuyeckas auddysnoHHas
mozenp" (Statistical Diffusion Simulation, SDS [4]),
KOTOpasi yUuThIBaeT TUQPy3ni0 HOHA B IJIOTHOM Tase
B JIOIIOJTHEHUE K OIMCAHUIO ABMXKEHMS, Oa3UpYyIOIIEeM-
C4A Ha YPaBHCHHHU MOABUKHOCTH. KoMmmoHeHTHI CKOpoO-
CTH Ta30BOr0 IIOTOKA Y4YacTBYIOT B OIpPEIEICHHH pe-
3yABTUPYIOIEH CKOPOCTH HOHA TTOCIIE CTOJIKHOBEHHSI.

[TockonbKky HMCXOJHBIE TPOCTPAHCTBEHHBIE pac-
HpeneneHns ra30AMHAMHUYECKUX BEJIMYMH OTBEYAIOT
pacueTHO 00JaCTH B COOTBETCTBUU C CHMMETpHEH
(11 OCECUMMETPUYHOTO CIy4as — HpPOJIOJIBHOE ce-
YCHHUE, 1A TPEXMEPHOro ciydas — SHCMGHTapHLIﬁ
CErMEHT), TO AJIsl pacueTa JUHAMUKU HOHOB B TIOJIHOM
MOJIEIUPYEMOi 00J1aCcTH Ta30MHAMHYECKHE pacipe-
JeTICHHUs] YYUTBIBAIOTCS ClleAyroImuM o0pazom. B ciy-
Jae OCEBOM CHUMMETPUHU: IPU HaXOXACHUU HOHA
B TOYKE (X, Y, z) TIONEpEeYHbIE KOOPIUHATHI Y, Z OIpe-
NEeNoT paccrosiHue (paamyc R) ot ocu. Torma raso-
AMHAMUYCCKUE 3HAUCHHA, COOTBCTCTBYIOIIMUEC TOYKE
HaXOKICHUS MOHA, OyAyT TaKMMH K€, KaK B pacder-
HOU TockocTH (X, R, 0), Ha KOTOPOil OHM ompenene-
HBI B Ta3oquHaMudeckux PA-daitnax. B TpexmepHOoM
cilyyae, KOIza, HalpuMep, MOJEIUPYETCS C Y4eTOM
ra3zognHaMHYCCKHUX nomieun JBHUXCHHUE HOHOB B KBal-
pyImoJje, pacyeTHas ra30AnHaMU4ecKas 001acTb npe-
cTaByigeT coboil yeTBepTh oOBbema. [loaTomy B mpo-
rpamme SIMION ydeTr Takux Tra30JMHAMHYECKUX Be-
JUYUH, KaK CKOPOCThb MOTOKA, JIaBICHHE M TemIepa-
Typa, BO BCEM 00bEME OCYILIECTBISIETCSI TOCPEIICTBOM
OTpa)KeHHUS 3HAYCHHUU B TOUYKE (X,),Z) B HCXOJHON YeT-
BEPTHU OTHOCUTCIIBHO MJIOCKOCTEN CUMMCTPHHU.

PACUET DODEKTUBHOCTU 3AXBATA ITYUKA
MOHOB, BLIHOCHMBbIX I'A30BBIM [IOTOKOM
13 KAITWIISIPA, PAJIUIOYACTOTHBIM
KBAJIPYIIOJIEM.

PaccmoTpumM pesynbTaT nepeHoca ra3oJuHaMuye-
CKMX HPOCTPAaHCTBEHHBIX DAaCHpENeSeHUH MapaMeT-
poB OydepHOro rasa B IOJIb30BATEIILCKHI AJITOPUTM
mporpammel SIMION 8.1 w mpoBemeHHs camocoria-
COBaHHOTO pacyeTa JBW)KEHHUs MOHOB B JJICKTpHUe-
CKOM TIOJIE TIPH Hauauu Oy(epHOTo ra3a Ha MpuMepe
3axBaTa paJuMOvYacTOTHBIM  KBaJpyNoJieM IydKa
HNOHOB, BBIHOCUMBIX I'a30BbIM IIOTOKOM M3 KallWJIsgpa.
D¢} PexTHBHOCTS TPaHCIOPTHPOBKH HOHOB Pa3HBIX
Macc 4epe3 00JIacTh MPOMEKYTOUYHOTO JIABJICHHSI pac-
cMaTpuBajachk B Cllydae pa3MELICHUS Kanwusipa
BJOJIb OCH KBaJpyIoJisd, TaK YTO MOHBI, BBIHOCHMbLIC
ra3oBOM CTpyeH, ylep>KUBaINCh OBl PaINOYaCTOTHBIM
[OJIeM Ha OCH KBaApYIIOJs, a Ia30BbIA MOTOK MOJ-
JEPXKUBAI HMX JBUKCHHE K BBIXOJHOW auadparme
TG hepeHITnaTbHON OTKAYKH.

HAYYHOE [NPUBOPOCTPOEHME, 2026, Tom 36, Ne 1



CAMOCOI'JTACOBAHHOE MOJEJIMPOBAHUE JABMXXEHMS NOHOB

KBaApYnonb

Kanunnap

e o

Puc. 1. OOmuii BUA MOAETHPYyEeMOH B MpOTpaMMme
SIMION o6mnacru.

Kanwmsip, 100-MM KBajpynosib ¢ BBIXOAHOW auadpar-
MOIi ¢ TuameTpoM oTBepcTHs 1.5 MM
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Ha puc. 1 mokazan oOummii BuA MOJEIUPYEMOM
B nporpamme SIMION o6nactu. Kanumsip ¢ BHYyT-
perHnM nuameTpoM 0.6 MM pacrioyiaraeTcsi Ha BXOZE
B KBaJpynoib. JlmaMeTp cCTep:KHed KBaIpymHois co-
cTaBisieT 6 MM, JUaMeTp BIMCAHHON alepTyphl TAaKxKe
paBeH 6 mMm. J{nunHa kBagpynonst — 100 MM, auameTp
OTBEpCTHS BBIXOTHOW quadparmel — 1.5 MM. AMITn-
Tyna paguodactotHoro (PY) HanpsokeHus: cocTaBiisieT
150 B, gacrota 0.5 MI'1. PaccmaTtpmBaroTcsi HOHBI
B Auamnaszone mMacc 100—2000 a.e.Mm. /aBineHue Ha BXO-
e xamwuisipa coctasiser 760 Topp, Ha rpaHunax
obnactu otkaukn — 1, 3 mubo 5 Topp. Otkauxa
OCYILIECTBIISIETCS TI0 BCeil OOKOBOW MOBEPXHOCTH Ka-
MEpBbI, KOTOpasi OTPaHUYMBACT 00JacTh BOKPYT KBal-
pynons. MoaenupoBaHie ra30JUHAMUKH BO BXOJHOM
uHTEepdeiice MPOBOIMWIOCH C MOMOLIBIO MPOrPaMMBbI
ra30JJMHAMHYECKOT0 MOJICIIMPOBAHNUS MTyTEM PELICHUS
cuctemsl ypaBHeHuil Haswe — Ctokca. Ilpeamomnara-
JOCh, YTO Ha IPaHULAX BCEro o0beMa TEeIuIonepe-
Jlaya OTCYTCTBYET, YpaBHEHHE COCTOSHHS BO3dyXa
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Puc. 2. HpOCTpaHCTBeHHOG pacnpeacIiCHUC CKOPOCTU Ira30BOI0 MOTOKA, UCXOJALICTO U3 KallUJljidpa, Mpyu AJaBJICHUAX

B kBajpymoie 1 (a), 3 (b) u 5 (c) Topp.

[oxazaHbl pacupeneneHrs B BEpXHEH MOIYIUIOCKOCTH, MPOXOISIIEH depe3 MEeHTP CTepKHA U OCh KBaJAPYMOJs; 00-
JIaCcTh OTpaHUYEHA CTePXKHEM KBaJIPYIIONS IPH paJnyce BIMCAHHOW anepTyphl, paBHOU 3 MM
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0TBEYAJIO UJICAIbHOMY, a TeMIIEpaTypa rasza Ha BXOJ€
B Karmuap coctasisuia 300 K. Jlng moaenupoBaHus
TypOYJIEHTHOCTH UCTIOIB30BANIACH k—& MOJIETh.
PaccmaTpuBanock  ycTaHOBHBIIEECS —JBH)KEHHE
crpyu. C y4eToM CHMMETPUN TIOTHOW PacyeTHOM 00-
JIACTU MOJAEIMPOBAaHUE IPOBOAUIOCH B €€ UETBEPTH.
Ha puc. 2 npuBeneHbl IpOCTPaHCTBEHHBIE paclpe-
JICJIEHUs] CKOPOCTH TIa30BOI0 IIOTOKA, HCXOJSIIEro
W3 Kanwuisipa, IMpU JaBJICHUAX B KBaapymnose 1, 3
u 5 Topp. Iloka3anbl pacnpenencHyst B BEPXHEH II0-
JYTIJIOCKOCTH, MpPOXOsMIel uepe3 LEHTP CTEepKH
KBaJIPYTIOINS U €T0 OCh. Pazmepbr Ooukn Maxa 3aBHCAT
OT OTHOLICHHUA I[aBHeHI/Iﬁ Ha BXOJI€ Kalmnjuisipa U BbI-
xoze. BunHo, 4To B 3aBUCHMOCTH OT JaBJIEHUS IOIIe-
peunble pa3mepbl O00oukum Maxa 10O NPEBBIIAIOT
BIIMCAHHBIA TMaMETp KBaAPYIOJIs IPH AABICHUU ras3a
BHYTpH KBajapynonsa 1 Topp, mpuMepHO paBHBI BIMCAH-
HOMY JauameTrpy mpu nasieHuud 3 Topp M 3aMeTHO
MEHBILIE BIIMCAHHOI'O AraMeTpa rpu gasiaenuu 5 Topp.
W3 puc. 3, a, b, rae noka3aHsl XapaKTepHbIE TPACK-
Topuun noHOB ¢ Maccamu 100 (puc. 3, a) m 2000 a.e.m.

Puc. 3. XapakTepHble TpPaeKTOPHUH HOHOB C MaccaMu
100 a.e.m. (a) m 2000 a.e.Mm. (b) ¢ yueToM AHHAMUKH Ta-
30BOM CTPYH Ha BBIXOJE U3 KalHILLIPA.

Buyrpennunii nuamerp kanusuigpa 0.6 MM, 1aBieHue rasa
B kBazapymnose 3 Topp

H. B. KYPHUH

(puc. 3, b) Ha BBIXOJIC U3 KAIMUWILIAPA, BUIHO, YTO UOHBI
YBJIEKAIOTCSI B CTOPOHBI Ta30BOM CTpyed, a 3aTeM
HNPWKUMAIOTCS K OCH PaAMOYacTOTHBIM IosieM. Bce
WOHHBIE TTOTEPH MPOUCXOAAT B obnactu Ooukn Maxa.
[Ipu maBnennn Oycdeproro raza 1 Topp BcieacTBue
OTpa’KeHHS BOJIH OT CTEpXKHEH KBaJpymoisi Habrona-
eTCsl 00JIaCTh 3aBUXPEHMSL.

[Tpu naBnenuu B kBagpymnosie 3 Topp, kKoraa rpa-
HHUIIA CBEPX3BYKOBOH CTPYH JIMIIb CJETKa KacaeTcs
CTep KHEH, TAaKOT0 3aBUXPEHUS HE HaOII0aeTCsl.

B pesynwrate npu nasnenuu 1 Topp 4acTb HOHOB
3aCTpeBacT B OOJIACTH 3aBUXPEHHS M MOXKET Haxo-
IUTBCSL TaM OeckoHeuHo noiro. [lpuuem vem serue
WOH, TEM BEpOsATHEE OH IONaJaeT B 3Ty ra3oJuHaMU-
YeCKOH sIMy, MOCKOJBKY MPOCTPAHCTBEHHBIN pa3Opoc
HOHHBIX TPAEKTOPHUH y JIETKUX HOHOB OOJIBLIE.

TPAHCMUCCHA NOHOB YEPE3 BBIXOIHVYIO
AITEPTYPY PAJIJUOYACTOTHOI'O KBAJIPYIIOJIA

3¢ dexTUBHOCTh TPaHCHOPTUPOBKM HOHOB OIpe-
JIeJIIeTCSI CTENCHBIO yNIEPKAaHUSI HOHOB B KBaAPYIIOJe
NpU WX BBIHOCE Ta30BBIM IOTOKOM H3 Kallwusipa
U TOAJEPKKH T'a30BbIM IOTOKOM HX ABMXXEHHUS K BBI-
XOJHOU jnuadparMe ¢ AUaMETPOM OTBepCTHS 1.5 MM
0e3 HaJ0KEeHUsI POJOIBHOTO MPOTITUBAIOIIETO JICK-
TpocTaruueckoro nond. [Ipu maBieHnu rasa B KBaj-
pynone 1 Topp HaGmogaercs 3aiepKka HOHOB B 00-
JacTh 3a JUCKOM Maxa, 4TO OCOOCHHO 3aMEeTHO
B Cllydae JIETKUX UOHOB. DEHOMEHOJIOTUYECKUN ydeT
obpeMHOTO 3apsna B ¢GopMe BHITATKWBAHUS HOHOB
W3 Ta30AMHAMHYECKON SIMBbI TO3BOJISIET BBLIEIUTH HOH-

HBIE TIOTEPH BO BXOJHOW 001acTH, OOYCIOBIICHHEIC
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Puc. 4. Tpancmuccus HOHOB (OTHOCUTENBHOE KOJIHUYECT-
Bo) ¢ maccamu 100-2000 a.e.M. 4depe3 BBIXOJHYIO JHa-
(parmy KBaZpymnoss ¢ TMaMeTpoM OTBepcTust 1.5 MM npu
MIPOMEXYTOUHBIX JaBleHusX Oydeproro raza 1, 3
u 5 Topp.

"O3": ($eHOMEHOIIOTHIECKUH yUeT AeUCTBUS 00BEMHOTO
3apsija — BBITAJIKMBAaHHE MOHOB M3 00JAaCTH 3aBUXPEHUS
3a quckoM Maxa nipu naBieHuu 1 Topp
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BBIHOCOM HOHOB 3a CTCPXXHHU WA HOTCpeI‘/'I Ha HHX.
Ha puc. 4 npuBeseHa TpPaHCMUCCUSI HOHOB
¢ Maccamu 100-2000 a.e.m. uepe3 BBIXOJHYIO
muadparmy KBaApymnoist C JAHAMETPOM OTBEPCTHS
1.5 MM TIpy TIPOMEKYTOYHBIX NaBIeHHUSIX OydepHOro
raza 1, 3 u 5 Topp. JlnuHa crepxHel KBaApyMOJbHON
coopku 100 MM, muameTp crepkHed 6 MM, TuameTp
BIIMCAaHHOHN anepTypsl 6 MM, yactora mosusg 0.5 MI'n
¢ amruutyoit 150 B. Bapuast pacuera, moMe4eHHbIN
"O3", — (eHOMEHONOTHYECKHI yUeT NeHCTBUS 00b-
C€MHOI'o 3apsaa C MTOpOAOJbBHBIM BbITAJIKMBAHUEM
MOHOB U3 00JIaCTH 3aBUXPEHHUS 3a AUCKOM Maxa mpu
nasinenun 1 Topp. IloTepu Ha BXozae B KBaApyIoJib
XapaKTepHBI 17151 JJIETKUX MOHOB, TIOCKOJIBKY OHH JIErye
YBJIEKAIOTCS MCXOJSALINM Ta30BbIM TOTOKOM. [lanee
Ha BBIXOJHOHW IuadparMe KBaIpymnoss C JUAMETPOM
orBepctus 1.5 mMm moreps HeT. Takum oOpazom, uc-
MOJIb30BAaHUE PAJMOYACTOTHOIO KaHajla T103BOJISIET
CYLIECTBEHHO COKPaTHThb IIOTEPH HOHOB MPH HUX
TPaHCIIOPTUPOBKE Yepe3 OO0JIACTb MPOMEXYTOYHOTO
nasnenust 1-5 Topp.

Ha puc. 5 npexacraBieHa TpaHCMHUCCUSI HOHOB
¢ mMaccamu 100-2000 a.e.M. yepe3 BBIXOAHYIO JHa-
(parMy KBaIpymoys NpH JAaBICHUU B KBaJApyIoie
1 Topp u PY, paBHbix 0.5 u 0.8 MI'u, ¢ BeITasNKuBa-
HHEM HMOHOB U3 00J1aCTH 3aBUXpeHMs. BuaHo, 4To mnpu
yBenndaeHuu 9actoThl 10 0.8 MI'1| moTepu MOHOB Jier-
KHX MacC yMEHBIIAIOTCS.
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n0.8 MI'ry.
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JMHAMHYECKUX MapaMeTpoB OyQepHOro rasa B MOJb-
30BaTEIbCKUH QJITOPUTM INPOrpaMMbl HOHHO-OINTH-
geckux pacderoB SIMION 8.1 mns mpoBeneHus camo-
COTJIACOBAaHHOTO pacyeTa IBWKEHUS HOHOB B 3JIEK-
TPUYECKOM II0JI€ IPU HAINYMK Ta30BOM CTpyH.
Ha nmpumepe 3axBaTa paguo4acTOTHBIM KBaAPyIIOJIEM
IIy4Ka MOHOB, BHIHOCHMBIX I'a30BbIM IIOTOKOM M3 Ka-
NWUIsipa, MPOBEAEH CaMOCOTIACOBAHHBIA — pacueT
JBYKEHHS HOHOB.

[Mokazano, uto 3(p(HEKTHBHOCTH 3axBaTa HOHOB
B nuama3one macc 100-2000 a.e.M., BBIHOCUMBIX Ta-
30BBIM IIOTOKOM M3 KalWJULIpa B KBaJpPyIOJib, CyILe-
CTBE€HHO 3aBUCUT OT COOTHOIICHHA BIIMCAHHOI'O AHa-
MeTpa KBaJpyHOJs U HOINEPEeHYHOro pasmepa OOUYKH
Maxa, KOTOpBIH 3aBUCUT OT JaBjicHHUS OydepHOro
raza. Ilpm maBmenun OydepHoro raza 1 Topp Bcien-
CTBHE OTPa)XEHUA BOJH OT CTEPXKHEW KBaJPYIOJs,
HabmromaeTcss oOJacTh 3aBUXpeHUs. B pesynbrate
MOHBI 3aCTPEBAIOT B 001aCcTH 3aBUXpeHHS U 0e3 ydera
00BEMHOT0O 3apsijia, CHOCOOCTBYIOIIETO BBITAJIKHUBA-
HHUIO HOHOB U3 Ta30IMHAMUYECKOH SIMBI, MOTYT HaXo-
IUThCS TaM OeckoHewHo noiro. Ilpm naBnennn Oy-
¢epHOrO Taza 3 Topp, Korma rpaHMIia CBEPX3BYKOBOH
CTpyH JIMLIb CJIerKa KacaeTcsl CTePKHEH, TAKOTO 3aBUX-
penus He HaOmopaercs. Ilpy yBennueHHM 4acToOThI 1O
0.8 MI'y moTepy HOHOB JIETKMX MAcC YMEHBLIAKOTCSL.

ITorepu Ha BXoz€ B KBaApYyNOJb XapaKTEPHbI JJIs
JIETKUX HOHOB, IIOCKOJBbKY OHH JIET4€ YBIIEKAIOTCS
HUCXOJSIIIIUM Tra30BbIM IIOTOKOM. Ha BbIXOmHON nua-
(hparMe KBagpymoist ¢ JUaMeTpoM OTBepCcTHs 1.5 MM
norepb HeT. TakuM 00pa3oM, UCTIONB30BaHHUE PATHO-
YaCTOTHOI'O KaHalla I03BOJISIET CYILECTBEHHO COKpa-
TUTHh TOTEPH MOHOB NPH MX TPAHCHOPTUPOBKE Uepe3
0071acTh IPOMEXKYTOYHOTO aaBieHus 1-5 Topp.

Paboma evinonnena ¢ pamrax I'ocydapcmeennozo 3a-
Odanusi Munucmepcmea Hayku u evicuie2o 00pa308anus
Poccuiickou  Dedepayuu  Ne  075-00444-25-00  (om
26.12.2024), mema HUP FFZM-2025-0006.
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SELF-CONSISTENT SIMULATION OF THE MOTION
OF IONS CARRIED OUT BY A GAS JET FROM A CAPILLARY
INTO A RADIO FREQUENCY QUADRUPOLE
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The paper presents a procedure for transferring calculated spatial distributions of gas-dynamic parameters to
the users algorithm of the SIMION 8.1 ion-optical calculation program for self-consistent calculation of ion mo-
tion in an electric and gasdynamic fields. The simulation of the capturing an ion beam, emitted out from a capil-
lary with a gas jet, by a radio frequency quadrupole, is carried out as the example of the self-consistent simula-
tion of the ion motion . The efficiency of the ion transportation (in the mass range of 100-2000 a.m.u.) through
the area of intermediate pressure in the quadrupole and the efficiency of the ion transmission through the diffe-
rential pumping diaphragm at the outlet of the quadrupole without applying a longitudinal drawing electrostatic
field are shown.
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INTRODUCTION

When using ion sources at atmospheric pressure,
the generated ions must be delivered to a mass ana-
lyzer operating at pressures several orders of magni-
tude lower. To interface an atmospheric-pressure ion
source with a mass spectrometer, there are typically
two methods: either a diaphragm with an opening di-
ameter of approximately 100 pm or a capillary
through which ions enter a chamber at a pressure of
several Torr and then are collected into the mass spec-
trometer through a conical skimmer [1]. The inlet gas
flow can affect the efficiency of ion transfer. The de-
sign of the gas inlet, whether through a small orifice
or a long capillary, is a key factor in regulating gas
flow and pressure drops and must ensure optimal ion
transfer to the vacuum stages.

At interfaces, the transition from high pressure to
low pressure creates free expansion of the jet. Colli-
sions with gas molecules and turbulence in the gas
flow significantly affect ion trajectories and their
energy. And there are differences in the entrainment
of ions of different masses by the gas flow. All these
factors influence the efficiency of ion transport at the
inlet interface. Furthermore, when using an atmos-
pheric-pressure ionization method such as electro-
spray ionization, gas dynamics are crucial for the eva-
poration of charged droplets and the release of analyte
ions.

Therefore, when modeling the inlet interfaces of
mass spectrometers, many physical processes must be
taken into account. A crucial aspect is the accurate
description of ion behavior under conditions of supe-
rimposed gas-dynamic flows and electric fields, which
requires a self-consistent approach in which these
processes are modeled simultaneously.

This paper presents a procedure for transferring
calculated spatial distributions of the gas-dynamic
parameters of a buffer gas to a user-defined algorithm
in SIMION 8.1 for self-consistent calculations of ion
motion in an electric field in the presence of a buffer
gas. The result of such a coupling is demonstrated us-
ing the example of calculating the capture efficiency of
an ion beam in the mass range of 1002000 amu, car-
ried by a gas flow from a capillary, using a radio-
frequency quadrupole.

TRANSFER OF ARRAYS OF SPATIAL
DISTRIBUTIONS OF GAS-DYNAMIC
PARAMETERS OF A BUFFER GAS
AND THEIR ACCOUNTING
IN SELF-CONSISTENT CALCULATION
IN SIMION SOFTWARE

The results of gas-dynamic flow simulations are
numerical arrays with spatial distributions of gas-
dynamic quantities, such as local velocity compo-

nents, gas pressure, and temperature. Typically, the
calculated arrays, determined on an irregular compu-
tational grid, are transformed into regular ones
through interpolation. The resulting spatial distribu-
tions correspond to the geometry of the simulated re-
gion. Transforming the initial computational arrays
into regular ones is necessary because the SIMION
ion-optical calculation program [2] operates with such
arrays.

After the gas-dynamic grid has been exported from
the gas-dynamics program and the interpolation pro-
cedure has been performed, it must somehow be
loaded into SIMION and interpreted. In other words,
when a particle flying through the system is at some
arbitrary position (x, y, z), the collision model must
somehow know the state of the gas flow at this point.
SIMION 8.1 offers the ability to read the gas flow
grid as a regular PA (Potential Array) file. In this case,
SIMION will automatically interpolate the gas-
dynamic grid data relative to its own grid. A potential
array (PA file) is a two-dimensional or three-
dimensional rectangular grid with the values of gas-
dynamic quantities in the simulated domain. Its pur-
pose is to store the electrode geometry and/or poten-
tials at each point of this geometry. The PA file also
contains a header section with general information
about the potential array, such as the region's dimen-
sions and symmetry. Gas-dynamic fields are
represented in a similar format. Flow data are written
as regular PA files, one for each scalar field: for the
velocity, pressure, and temperature components of the
gas.
Using a Lua algorithm that utilizes SIMION's
built-in functions, the conversion of gas-dynamic ar-
rays into PA arrays is initiated. This generates PA
files with spatial distributions of the gas flow pres-
sure, temperature, x-component of the velocity vector,
y-component of the velocity vector, and z-component
of the velocity vector, respectively.

PA arrays with spatial distributions of gas-dynamic
quantities are accessed in a user program for calculat-
ing ion motion in an electric field in the presence of
a buffer gas. This accesses the gas-dynamic PA files
and reads the gas-dynamic parameters corresponding
to the ion location. Based on the pressure and temper-
ature of the gas flow at the ion location, according to
the ideal gas law, the density value is determined,
which is used to calculate the probability of an ion
colliding with a gas molecule. To simulate ion dynam-
ics at low buffer gas pressures, a model that accounts
for single ion-gas collisions using the Monte Carlo
method [3] is typically used. For high gas pressures, a
so-called "statistical diffusion model" (Statistical Dif-
fusion Simulation, SDS [4]) is used, which accounts
for ion diffusion in a dense gas in addition to the de-
scription of motion based on the mobility equation.
The components of the gas flow velocity are involved



in determining the resulting ion velocity after the col-
lision.

Since the initial spatial distributions of gas-
dynamic quantities correspond to the computational
domain in accordance with symmetry (for the axi-
symmetric case, a longitudinal section; for the three-
dimensional case, an elementary segment), the gas-
dynamic distributions are taken into account to calcu-
late ion dynamics in the entire simulated domain as
follows. In the case of axial symmetry: when an ion is
located at a point (x, y, z), the transverse coordinates y,
z define the distance (radius R) from the axis. Then,
the gas-dynamic values corresponding to the ion's lo-
cation will be the same as in the calculated plane (x,
R, 0), where they are defined in the gas-dynamic PA
files. In a three-dimensional case, for example, when
ion motion in a quadrupole is modeled taking into ac-
count gas-dynamic fields, the calculated gas-dynamic
domain represents a quarter of the volume. Therefore,
in the SIMION program, gas-dynamic quantities such
as flow velocity, pressure, and temperature are taken
into account throughout the volume by reflecting the
values at the point (x, y, z) in the original quadrant
relative to the planes of symmetry.

CALCULATION OF THE EFFICIENCY OF CAPTURE
OF A BEAM OF IONS CARRIED OUT
OF A CAPILLARY BY A GAS FLOW
USING A RADIOFREQUENCY QUADRUPOLE

We will consider the result of transferring the gas-
dynamic spatial distributions of buffer gas parameters
to the user-defined algorithm of SIMION 8.1 and per-
forming a self-consistent calculation of ion motion in
an electric field in the presence of a buffer gas, using
the example of capturing a beam of ions carried out of
a capillary by a radiofrequency quadrupole. The effi-
ciency of transporting ions of different masses
through the intermediate-pressure region was ex-
amined with the capillary positioned along the qua-
drupole axis. This ensured that the ions carried by the
gas jet were held by the radiofrequency field on the
quadrupole axis, and the gas flow supported their
movement toward the differential pumping outlet di-
aphragm.

Figure 1 shows a general view of the region simu-
lated in the SIMION program. A capillary with an
internal diameter of 0.6 mm is positioned at the qua-
drupole entrance. The quadrupole rods have a diame-
ter of 6 mm, and the inscribed aperture diameter is
also 6 mm. The quadrupole length is 100 mm, and the
outlet diaphragm opening diameter is 1.5 mm. The RF
voltage amplitude is 150 V, and the frequency is
0.5 MHz. lons in the mass range of 100-2000 u are
considered. The pressure at the capillary inlet is
760 Torr, and at the boundaries of the pumping re-
gion, it is 1, 3, or 5 Torr. Pumping is performed over

the entire lateral surface of the chamber, which
bounds the region around the quadrupole. The gas
dynamics in the inlet interface were simulated using
a gas-dynamics simulation program by solving the
Navier — Stokes system of equations. It was assumed
that there is no heat transfer at the boundaries of the
entire volume, and the equation of air state corres-
ponded to an ideal flow, and the gas temperature at
the capillary inlet was 300 K. The &~ model was used
to simulate turbulence.

Fig. 1. General view of the region simulated in the
SIMION program.

Capillary, 100-mm quadrupole with an exit diaphragm
with a 1.5-mm opening diameter

Steady-state jet motion was considered. Given the
symmetry of the full computational domain, the simu-
lation was performed in a quadrant.

Figure 2 shows the spatial velocity distributions of
the gas flow emanating from the capillary at quadru-
pole pressures of 1, 3, and 5 Torr. The distributions
are shown in the upper half-plane passing through the
center of the quadrupole rod and its axis. The dimen-
sions of the Mach barrel depend on the ratio of the
pressures at the capillary inlet and outlet. It can be
seen that, depending on the pressure, the transverse
dimensions of the Mach barrel either exceed the in-
scribed diameter of the quadrupole at a gas pressure of
1 Torr, are approximately equal to the inscribed di-
ameter at a pressure of 3 Torr, and are significantly
smaller than the inscribed diameter at a pressure of
5 Torr.

Fig. 2. Spatial distribution of the gas flow velocity
leaving the capillary at quadrupole pressures of 1 (a),
3 (b), and 5 (¢) Torr.

The distributions are shown in the upper half-plane
passing through the center of the rod and the quadru-
pole axis; the region is bounded by the quadrupole
rod with an inscribed aperture radius of 3 mm. The
upper velocity scale (m/s) refers to the Mach barrel,
while the lower scale refers to the flow behind the
Mach disk and the flows at the periphery

From Fig. 3, a, b, which shows the characteristic
trajectories of ions with masses of 100 (Fig. 3, a) and
2000 u (Fig. 3, b) at the capillary exit, it is evident that
the ions are pulled sideways by the gas jet and then
pressed toward the axis by the RF field. All ion losses
occur in the Mach barrel region. At a buffer gas pres-
sure of 1 Torr, a vortex region is observed due to
wave reflection from the quadrupole rods.



Fig. 3. Characteristic trajectories of ions with masses
of 100 u (a) and 2000 u (b), taking into account the
dynamics of the gas jet at the capillary exit.
The inner diameter of the capillary is 0.6 mm, and
the gas pressure in the quadrupole is 3 Torr

At a quadrupole pressure of 3 Torr, when the
boundary of the supersonic jet only slightly touches
the rods, such a vortex is not observed.

As a result, at a pressure of 1 Torr, some of the
ions become trapped in the vortex region and can re-
main there indefinitely. Moreover, the lighter the ion,
the more likely it is to fall into this gas-dynamic well,
since the spatial spread of ion trajectories is greater
for light ions.

ION TRANSMISSION THROUGH THE OUTPUT
APERTURE OF A RADIOFREQUENCY QUADRUPOL

The efficiency of ion transport is determined by the
degree of ion retention in the quadrupole as it is car-
ried out of the capillary by the gas flow and the gas
flow's support of its movement toward the outlet di-
aphragm with an opening diameter of 1.5 mm without
the imposition of a longitudinal electrostatic field. At
a gas pressure in the quadrupole of 1 Torr, ion reten-
tion is observed in the region behind the Mach disk,
which is especially noticeable for light ions. Pheno-
menological consideration of the space charge in the
form of ion expulsion from the gas-dynamic well al-
lows us to isolate ion losses in the entrance region,
caused by the ion transport beyond the rods or losses
on them. Figure 4 shows the transmission of ions with
masses of 100-2000 u through the quadrupole's outlet
diaphragm with an opening diameter of 1.5 mm at
intermediate buffer gas pressures of 1, 3, and 5 Torr.

Fig. 4. Transmission of ions (relative quantity) with
masses of 100-2000 u through a quadrupole outlet
diaphragm with an opening diameter of 1.5 mm at
intermediate buffer gas pressures of 1, 3, and 5 Torr.

"O3": phenomenological consideration of the effect
of space charge—expulsion of ions from the vortex
region behind the Mach disk at a pressure of 1 Torr.

The quadrupole assembly's rod length is 100 mm,
the rod diameter is 6 mm, the inscribed aperture di-
ameter is 6 mm, and the field frequency is 0.5 MHz
with an amplitude of 150 V. The calculation variant
labeled "O3" takes into account the phenomenological
effect of a space charge with longitudinal expulsion of
ions from the vortex region behind the Mach disk at a
pressure of 1 Torr. Losses at the quadrupole entrance
are typical for light ions, since they are more easily

entrained by the outgoing gas flow. Further, at the
quadrupole's outlet diaphragm with an opening diame-
ter of 1.5 mm, there are no losses. Thus, the use of a
radio frequency channel allows for a significant re-
duction in ion losses during their transport through the
intermediate pressure region of 1-5 Torr.

Figure 5 shows the transmission of ions with
masses of 100-2000 u through the quadrupole's output
diaphragm at a quadrupole pressure of 1 Torr and RF
frequencies of 0.5 and 0.8 MHz, with ion expulsion
from the vortex region. It can be seen that as the fre-
quency increases to 0.8 MHz, the loss of light ions
decreases.

Fig. 5. Transmission of ions (relative quantity) with
masses of 100-2000 u through a quadrupole outlet
diaphragm with a 1.5 mm diameter opening at a qua-
drupole pressure of 1 Torr and RF frequencies of 0.5
and 0.8 MHz

"O3": phenomenological consideration of the space
charge effect — the expulsion of ions from the vortex
region behind the Mach disk at a pressure of 1 Torr.

CONCLUSION

This paper presents a procedure for transferring the
calculated spatial distributions of the gas-dynamic
parameters of a buffer gas to a user-defined algorithm
in the SIMION 8.1 ion-optical calculation program for
self-consistent calculations of ion motion in an elec-
tric field in the presence of a gas jet. Using the exam-
ple of a radiofrequency quadrupole capturing a beam
of ions carried by a gas flow from a capillary, a self-
consistent calculation of ion motion is performed. It is
shown that the efficiency of ion capture in the mass
range of 100-2000 u, carried by the gas flow from the
capillary to the quadrupole, depends significantly on
the ratio of the inscribed diameter of the quadrupole to
the transverse dimension of the Mach barrel, which
depends on the buffer gas pressure. At a buffer gas
pressure of 1 Torr, a vortex region is observed due to
wave reflection from the quadrupole rods. As a result,
the ions become trapped in the vortex region and,
without taking into account the space charge that
helps push the ions out of the gas-dynamic well, can
remain there indefinitely. At a buffer gas pressure of
3 Torr, when the supersonic jet boundary only slightly
touches the rods, such vortex formation is not ob-
served. As the frequency increases to 0.8 MHz, the
loss of light ions decreases.

Losses at the quadrupole entrance are typical for
light ions, as they are more easily entrained by the
outgoing gas flow. There are no losses at the quadru-
pole's exit diaphragm, which has an aperture diameter



of 1.5 mm. Thus, the use of a radio frequency channel
significantly reduces ion losses during their transport
through the intermediate pressure region of 1-5 Torr.



