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MATEMATHYECKOE MOJIEJIUMPOBAHUE JPPEKTA
JAUCKPUMHUHALIUN MOHOB 110 MACCE
B MACC-CHEKTPOMETPHUH C DJEKTPOHHOW MOHM3AIIMEN
N BO3MOKHOCTHU EE KOPPEKTHUPOBKU

JIMCKpUMUHAIIY HOHOB 110 Macce P aHAJIN3€ BEIIECTB METOIOM Macc-CIIEKTPOMETPHH C MIEKTPOHHON HOHM3AIH-
el ABIIAIOTCS HEYCTPaHUMBIM 3(P(EKTOM, BIUAIOIINM Ha JOCTOBEPHOCTH U3MEPEHHUsS] M30TOIHOIO COCTaBa MpPOOBI,
TOYHOE 3HaHHWE KOTOPOro BO MHOTHX NPUMEHEHUX KpaitHe HeoOxoaumo. [IpuuuHOM MOSBIEHUS 3TUX AUCKPUMHU-
HalU{ SBJIAETCS HEOOXOIMMOCTD HCIIONb30BAHUS B UCTOYHUKE JOMOIHUTEILHOIO MAarHUTHOTO 10N, (POKYCHpYIO-
IIEro MyYOK HMOHHU3HMPYIOMINX 3JIEKTPOHOB. B cTaThbe METOIOM MaTEeMaTHYECKOTO MOAEIMPOBAHMS PACCMOTPEHBI
3¢ deKTH cMenIeHus 3JIEKTPOHHOIO IMyYKa (00JacTH MOHU3AIMK) U HOHOB PAa3HBIX MAacC B HOHHOM ITyYKe IIPU €ro
(OpMHPOBaHUN B HOHHO-ONTHYECKOH CHCTEMe HCTOYHUKA MOHOB. [l cTaHNapTHBIX YCIOBUH (POPMUPOBAHUS HOH-
HOT'O ITy4YKa MOKa3aHO, YTO BBEICHHEM KOPPEKTHPYIOIIETO HANPSDKEHUS] Ha BBITATHUBAIOIIEM AJICKTPOZE MOXKHO Cy-
IIIECTBEHHO, Ha /IBA TMOPSAAKA, YMEHBIINTh BEIHMYNHY NUCKPHIMUHALMA B MCTOYHMKE MOHOB MPH M30TOIHOM Macc-

CIIEKTPOMETPUIECKOM aHaJIN3E.

K. cn.: OJICKTPOHHAA MOHU3ANA, JUCKPUMUHAIINA 110 MacCe€, MaCC-CIIEKTPOMETPHUA, MATEMATHIECKOE

MOJIeTUpOBaHue, Simion

BBEJIEHHUE

HcTOUHMK MOHOB SIBISIETCS. BAKHEUIIMM 3JIEMEHTOM
HMOHHO-ONTHYECKON CHUCTEMBI JIFOOOT0 aHAIUTUYECKOTIO
Macc-criekrpomerpa. [lpuHipnuansHas cxema THUIIOBO-
0 UICTOYHUKA MOHOB C 3JIEKTPOHHOM MOHU3aLUel Th-
na Hupa ans ananmsa ra3oB M NapoB JIETKOJETYYHX
BelecTB (GOpMUpPYETCs MO BIMSHUEM [BYX OCHOB-
HBIX 3aJ]a4, PEIIaeMbIX HCTOYHUKOM: HOHHM3AIlUU BBO-
IUMOM B WMCTOYHUK Ta30BOW cMecH (IEKTPOHHO-
ONTHYECKasi CHUCTeMa HWCTOYHHWKA) W (OPMHPOBAHHUS
MyYKa 13 00pa30BaBIIAXCS B 00JIACTH NOHU3AIINN HOHOB
(MOHHO-ONITHYECKAsT CHCTEMa WCTOYHHKA). OIHCaHMIo
U HCCICAOBAaHUIO IAapaMETpOB HCTOYHHKOB HOHOB
Pa3IMYHbIX THUIIOB IOCBSIIEHA OOIIMpHAs JUTEpaTy-
pa, cpenu KOTOpOH €CTh HE TOJIbKO MHOI'OYHCIICHHBIE
CTaThH, HO U MOHOTpaduu (cM., Hampumep, [1]). Bece
peanu3alyy MCTOYHMKOB HMOHOB 3TOTO THUIA B TJIAB-
HOM IIOBTOPSIIOT €ro NPUHLUUIHAIBHYIO CXeMYy, Ipel-
noxeHHyto A. Hupom B 1940 r., a ©IMEHHO B3aWMHO
NEepIEeHIUKYISIPHOE JBI)KEHHE 3JIEKTPOHHOIO M MOH-
HOTO TIYYKOB. AOCONIOTHBIM JOCTOMHCTBOM HOHHO-
ONTHYECKON CXeMbl MCTOYHWKa Tuma Hupa, oObsc-
HSIOIIMM €€ JIOJTOBEYHOCTh M YHUBEPCAIbHOCTD
MPUMEHEHUS], ABJISIETCSl BBICOKAsl CTAaOMIIBHOCTH MOH-
HOI'O0 TOKa M T€OMETPHUYECKHX HapamMerpoB cdopmu-
POBAaHHOI'O MOHHOI'O ITy4yKa, He3aMEHHMasi B KOJH4e-
CTBEHHOM aHaJM3€ M aHAJUTUYECKUX HPUMEHEHHSIX
Macc-CIIEKTPOMETPHH.
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HonHo-onTHYeCKasi cHCTeMa HWCTOYHHKA HOHOB
turna Hupa pasmensercss Ha 1Be HE3aBHCUMBIX OITH-
YECKHX CHCTEMBI: CHCTEMY MOTYYeHHsI U TPAHCIOPTH-
POBKH DJIEKTPOHHOTO ITydKa Yepe3 HOHU3AI[HOHHYIO
KaMepy MCTOYHUKA M CHCTeMy 0TOOpa MOHOB W3 00-
JACTH MOHU3AIUH C TOCIEAYIONHM (HOPMUPOBAHHEM
WOHHOTO IyYKa C €ro mapaMerpaMu (IMHTTaHCOM),
00eCTIeuynBaOMMMI  TpeOOBaHUSA, COPMYIUPOBaH-
HbIE pemaeMoii 3agaqeii [2].

OIIMCAHHUE OB BEKTA MOJIEJIMPOBAHUSA

DJIEKTPOHHO-ONTHYECKast CUCTEMa UCTOYHUKA HOHOB
C JIEKTPOHHBIM YIAapOM BKJIIOYAET B CEOsl: DJIEKTPOH-
HYIO MYLIKY C IPSMOHAKaJIbHBIM KaTOJOM — 3MHTTeE-
POM 3JIEKTPOHOB; MOHU3ALMOHHYIO KaMepy B BUJE,
KaK MpaBUJIO, MPSMOYI'OJbHON METaNIMYECKON KOpo-
00UKM C 3KBUIOTCHLUAIBbHBIMH CTEHKaMU M  OTBEp-
CTUAMHU JUISI  IPOXOXKACHUS 3JIEKTPOHHOIO IIy4YKa,
BBOZIa TPOOBI, 0TOOpa 0OpPa30BABIINXCS HOHOB; U Jie-
TEKTOp MPOMIEIINX dIEKTPOHOB (puc. 1).

Pa3mepsI 25eKTpOHHBIX OTBEpCTHIA (Iieneii) BIOu-
patoTcs U3 yciIoBUM (POpPMHPOBAHUS 3JIEKTPOHHOTO
Iy4Ka B 00J1aCTH MOHM3AaLMH, @ HOHHAS LIETb SBIISIET-
Csl BaYKHEUIIMM MapaMeTpOM €ro MOHHO-OINTHYECKON
cucremsl. [Ipu 3TOM cymmapHasi mjomanb Bcex Iie-
Jeil OorpaHvyYeHa YCIOBUEM MAaKCHUMAJIbHOM TIep-
METUYHOCTH HOHHM3ALMOHHON KaMepbl, oOecreunBast
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Puc. 1. Di1eKTpOHHO-ONITHYECKAsT CHCTEMa HCTOYHUKA HOHOB.

By — Maruuthl, OKyCHpYIOIIHE IIEKTPOHHBIH my4dok; U; — MOTeHIAN 3KpaHupymoliero BeHensra; U, —
moreHnuan katoaa; U; — ycKopsromas pa3HOCTh OTEHIHAIOB st 31eKTpoHoB (70—100 »B); Uy — moten-
I[MaJl HOHN3AI[HOHHON KaMephl B HOHHO-ONTHYECKOM CHCTEME UCTOYHMKA, ONPEIEISIONINI YCKOpeHne o0pa-
3YIOLIUXCS MOHOB MP0o0bI; Us — Pa3HOCTh MOTEHIMAJIOB MEX/y HOHH3AIMOHHOM KaMepoil M KOJUIEKTOPOM
351eKTpOHOB. ITyHKTHpOM 0003HaUEHA OCh NIEKTPOHHOTO ITyUKa

Oosiee BBICOKOE JaBlIEHHE BBOIUMON MPOOBI B Heil
10 CPaBHEHUIO C 001acThio (hOPMUPOBAHUS HOHHOTO

mydJKa.

OIIMCAHHUE MOJEJINPYEMBIX ITPOINECCOB

[Ipocreiimast 3JI€KTpOHHAsA NYLIKAa COCTOUT U3
MpPSIMOHAKAJIBHOTO KaTOAAa M aHONa, POiib KOTOPOIo
UrpaerT MepelHsss CTeHKAa HOHM3aLMOHHOW KaMepsbl,
U DKpaHa KaToja, SBIIOIIErocs TaKKe 3JIEMEHTOM
(OKYCHPOBKHU 3JIEKTPOHOB AJISI MX JIYUIIEro IMPOXOXK-
neHust depe3 menb anoma. ChopmMupoBaHHBINA 3JeK-
TPOHHBIN ITy4YOK, KaK MpaBuio, ¢ 3Heprueid 70-100 B
nanee ABMIKETCS Yepe3 SKBUIOTEHLIUAIbHYIO 00JacTh
WOHU3AL[MOHHON KaMmepbl M perucTpupyercs Ha Je-
TEKTOpE 3JIEKTPOHOB. [ paHMIIBI 3JIEKTPOHHOTO IIyYKa
OIIPEIENSIOT TPAHUIIBI 00IacTH 00pa30BaHUsI HOHOB —
"ob0nacTy MOHHM3ALMK", SIBJISIACH TEM CaMbIM BaKHEH-
LIIMM TapamMeTpoM HOHHO-ONTHYECKOH CHUCTEMBI HC-
ToyHMKa MOHOB. Ho mockoibky orGop MOHOB B Hc-
ToyHuKe Tuna Hupa mpoucxomuT mepreHAnKYISpHO
JBIDKEHHUIO 3JIEKTPOHOB, 3JICKTPUUYECKOE I10JI€, BBITS-
T'MBAIOLIEE MOJIOKHUTENBHO 3apsDKEHHbIE HOHBI U3 00-
JacTW WOHU3ALMM, OJHOBPEMEHHO NPUBOIUT K OT-

KJIOHEHHIO JIEKTPOHHOIO MyYKa B IPOTHBOIOI0KHOM
HaIpaBlIeHUH, TeM OONbIIEM, YeM OOJNbINe BBITATH-
Barollee HanpsbkeHue. B pesynbprare obiacTe MOHU-
3alUH TepsieT CTaOMIBHOCTh, W, COOTBETCTBEHHO, Te-
PAOT CTAaOMITEHOCTH TTapaMeTpsl POPMHUPYEMOTO HOH-
HOI'O ITy4Ka.

Bo m3b6exanue sToro u ans crabunm3anmu obdiac-
TH HOHM3ALUM DJIEKTPOHHO-ONTHYECKYI0 CHUCTEMY
HWCTOYHHKA WOHOB C 3JIEKTPOHHOW HMOHU3AIMEd Mo-
MEILAOT B IPOJOIbHOE MAarHUTHOE I10JIe, 0Opa3oBaH-
Hoe MarHuTtamu By (puc. 1), Bemmuwmuoit no 100 D,
YTO BIIOJIHE JOCTATOYHO AJISI TOTO, YTOOBI OTKJIOHEHHE
JIEKTPOHHOT'O ITy4Ka Maji0 3aBHUCENI0 OT BEIMYHHBI
BBITATMBAIOLIETO HalpshKeHUsl. PesynbraTel pacuera
Ul TUIMYHOTO HPOXOXAEHHS BJIEKTPOHHOI'O ITy4Ka
yepe3 MOHM3ALHMOHHYIO KaMepy Ul DHEPTUu 3JIeK-
TpoHoB 70 3B, MarHuTHOrO TONA McTOYHHWKA 80 O
n BeITATHBaromero HampspbkeHus 200 B B rpadwdge-
CKOM BHJIE€ NPEACTaBIEHBI Ha puc. 2. Pa3mMepsl HOHU-
3allMOHHOM KaMephbl, KaToAa, KOJUIEKTOpa U PaccTos-
HUS MEXIy HOIMH YyKa3aHbl Ha puc. 1.

AHanu3upyeMoe BEIIeCTBO B BUAE I'a3a WU Iapa
BBOIUTCS B 00JacTh HOHHU3ALMHM Yepe3 OTBEPCTHE
B Kakoi-mmbO CTeHKE WOHHM3AIIOHHOW KaMephl,
W, €CNH IUIOIAaAb Iiejed B KaMepe CYIIECTBEHHO

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2
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MEHbLIE [UIOIAAN €€ CTEHOK, MOJIEKYJIbl IPOoOkl paB-
HOMEPHO 3aI0JHSI0T 00beM MOHNU3ALNMOHHON KaMephl.
Ecnu naBnenune mpoObl p B KaMepe HE IPEBbIIIAET
1-10* MM pr.ct (anmMHAa CBOGOAHOrO Mpobera Morne-
Kyl 5 CM), TO MOJIEKYJbl IPAKTUYECKH CTAIIKUBAIOTCS
TOJIBKO CO CTEHKaMHM MOHHM3ALlMOHHOW KaMepbl, U HX
KWHETUYeCKasi YHEPrusi ONPEAEISIeTCs] TOJIBKO TeMIle-
patypoii cteHok 7 (MONEKyIBl MPOOBI TEPMOTUIYIOT-
cs1). Monb1, oOpa3oBaBimmecs: B 001aCTH MTPOXOXKISHHS
My4Ka HMOHU3MPYIOIIUX 3JIEKTPOHOB, BBHITATHMBAIOTCS
W3 HEro BHEIIHUM JJIEKTPUYECKUM I10JIeM, INPOHH-
KaloLUMM B HMOHM3ALMOHHYIO KaMmepy uepe3 Y3KYIo
HOHHYIO ILIeJIb, TapauIeNIbHYIO 3JIEKTPOHHOMY ITydYKa.
[Ipr 5TOM HOHBI, YCKOPSIOIIMECS B BBITATHBAIOIIEM
1oje, IBMXKYTCS B IONEPEYHOM AJISl HUX MarHUTHOM
[ojie, HWCHBITHIBAS IIONEPEYHOE OTKIOHEHHE, TeM
Oonbiiee, 4eM MeHbIe macca WOHOB [3]. DToT 3-
(hbexT sBIsIETCS HEYCTPAaHUMBIM JTe(pEKTOM MCTOYHHKA
HOHOB C 3JIGKTPOHHBIM yzaapoMm tuna Hupa u opHo#
W3 BaXHBIX HPUYMH KOJIMYECTBEHHOTO HECOOTBETCT-
BHS COCTaBa aHAJIU3UPYEMOH MPOOBI M COCTaBa MOH-
HOro my4yka. B Macc-criekrpoMerpun 3TOT 3QdeKT
MOTy4ns Ha3BaHHE "IUCKpPUMHHALUSA MOHOB IO Mac-
ce" [4].

Oddexr "muckpumMuHAIMH" CBOEH TIABHOM MpH-
YMHOM HMMeEeT YCJOBUSA B OONAacTH HOHHU3AaLMH, T.C.
B MOHU3ALMOHHON KaMepe, HO MPOSIBIISETCS B MOJIHON
Mepe MPH NPOXOKICHUH HOHHO-ONTUYECKON CUCTEMBI
UCTOYHUKA MOHOB. OH O3Ha4yaeT, YTO HMOHbBI OXHOU
MAacchl IPOXOAAT Yepe3 MOHHO-ONTHYECKYIO CUCTEMY
HCTOYHUKA C MEHBIINMH IOTEpSAMH, YeM HOHBI IpY-
roid maccel. B cBOIO ouepenpr 3TO MPUBOAUT K H3Me-
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Puc. 2. OTKIIOHEHHE AIEKTPOHHOTO MYyYKa, YAep-
KMBAaeMOr0 B HOHM3AIIMOHHOW Kamepe IpOIOIIb-
HBIM MarHUTHBIM IIOJIEM, 32 CYET BBHITATHBAIOIIETO
HaIpsDKEHUS] HOHHO-ONTHYECKOW CUCTEMBI.

1 — momroca MarHuTa HUCTOYHHKA HOHOB; 2 —
KaTol; 3 — IY4OK HMOHHM3UPYIOIIMX 3JIEKTPOHOB;
4 — kaMepa HWOHM3ALUH, 5 — KOJUIEKTOp; 6 —
HOHHO-ONTHYECKas CHCTeMa HCTOYHHKA HOHOB

HEHHIO M3MEPSIEMOr0 COOTHOIIEHHS MHTEHCUBHOCTEH
IIMKOB B Macc-CIIEKTpe aHaJU3UPyeMOro BELIEeCTBa,
T.€. K OIMOKaM B €ro KOJTMYECTBEHHOM aHaim3e. D¢-
(eKT TUCKpUMHHALUN HOHOB IO Macce B UCTOYHUKE
W3BECTEH JAaBHO M aKTHBHO OOCYXKAAJICS yXe Ha py-
oexxe 40-50-x rr. mpomutoro Beka (cM., Hampumep
[1]), omHAKO KaKWX-TNOO paWKaIbHBIX Mep IS €ro
yCTpaHEHMsI TaK U He ObUIO MpeioskeHo. JAuCKpuMu-
Hal¥s HOHOB 110 Macce U3-3a MPUCYTCTBHUS MAarHUTHO-
ro mois B 00JacTH WOHM3AIMH W (POPMHPOBAHUA
HMOHHOI'O ITyYKa UMeeT MecTo Bcerna. Bennuuna auc-
KPUMHMHAIMM MOXeT OBITh BecbMa 3HAYUTEILHOM,
U OHA YBEIMYHMBACTCS C YBEIUYCHUEM IJIMHBI HOHHO-
ONTHYECKON CHCTEMbl HCTOYHHMKA MOHOB U yYMEHbIIIe-
HHUEM LIKMPUHBI €ro BeIxogHoi menu. Ha puc. 3 npen-
CTaBJIeH TpadudecKn pe3yibTaT pacuera (Iporpamma
SIMION-8 [5]) mpoxokKaeHHusT HOHHOTO ITy4Ka B TH-
[IOBOM HCTOYHUKE HOHOB C 3JIEKTPOHHBIM yIapOM.

N3 puc. 3 BUOHO, YTO MOHBI C MEHbUIEH Maccou
OTKJIOHSIFOTCS Ha OOJIBIIMH Yol OTHOCHUTEIBHO OCU
HCTOYHUKA MOHOB YK€ NPH UX BBIXOIE M3 MOHMU3ALHU-
OHHOW Kamepel (puc. 3, 0), 9TO manee MPUBOIUT
K CHWJIBHOMY OTKJIOHEHHIO BCEro IydKa B HMOHHO-
OINITHYECKON CHUCTEME M Ha BBIXO/I€ UCTOUHUKA HOHOB.
3TO COOTBETCTBYET TOMY, YTO MArHUTHOE I10JI€ B MOHU-
3alMOHHON KaMmepe CUJIbHEE BO3JIEHCTBYET Ha JIETKUE
WOHBI ® i HUX OPQPeKT ITUCKPUMHHAINN
[0 Macce B MarHUTHOM I10JI€ MICTOYHHKA CTAaHOBUTCS
3HAYUTENbHBIM. Takoke BUIHO, 4TO OOJIbLIAs YacTb JIeT-
KUX MOHOB HA BBIXOZE U3 UCTOYHUKA JIBUTAETCs 110 Tpa-
eKTOpUSIM, COCTABIIIOIIMM 3aMETHBIE YIJIBI C IIeH-
TPAJILHON OCBIO, YTO BEZET K XY/IIIEMY COTJIACOBAaHHIO
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Puc. 3. CeueHre npoCTpaHCTBEHHOW MOJEIHM THUIIOBOIO MCTOYHHKA MOHOB B TOPU3OHTAIBLHOM IIOCKOCTH
¢ yaerom MarautHoro moss (100 D) B nOHU3aIIMOHHOM Kamepe.

a — JuIst HOHOB m/e = 28; 6 — 7151 HoHOB m/e = 1

SMUTTaHCa ITy4Ka HOHOB C aKCENTaHCOM Macc-aHa—
JU3aTopa, yeM Al Oosee TSDKENBIX HOHOB, a 3T0 —
JIONOJTHUTEIIbHAS TIOTEePs] YyBCTBUTEIBHOCTH U YBEIH-
YEHUE HEIOCTOBEPHOCTH PE3YNIbTATOB N3MEPEHUH.

PE3YJIbTATBI UCCJIEJOBAHUSA HA MOJAEJIN

KoneuHo ke, KOMMYeCTBEHHO TUCKPUMUHAIINS JUTS
MCTOYHUKOB HMOHOB PAa3HOW KOHCTPYKIMH pa3lNyHa,
HO, KaK YK€ TOBOPHJIOCh, OHAa MMEET MECTO BCEeT/a.
Haubonee cuibHO OHAa MPOSBISIETCS NpPU aHAIN3E
JIETKHUX TA30B, B YACTHOCTH IIPH aHAJIN3€ BOIOPOIHO-
reneBsIx cMmecet [6]. B manno# pabore Obuta mpen-
NPUHSATA TIONBITKA CKOMITIEHCHPOBATH JUCKPHMHHA-
IIUIO ITyTeM BBEIEHHS OOKOBOM KOPPEKIHHU BBITSTH-
BAIOILETO TIOJIS1 HAa BBIXOJIE M3 MOHM3AMOHHOH Kame-
pel. [lapamerpsl mpHBeNeHHOrO Jajiee MaTeMaTHde-

CKOT'0 MOZAEIHPOBAHMS NOTYyYEHB! Ul BHIXOAHOH IIe-
JM UCTOYHUKA MOHOB (.2 MM, MarHUTHOIO IOJS HC-
toynuka 100 3, BerTaruBaromero Hanpspkeans 200 B
W HampsoKeHwus, yckopstomero woHsl, 4800 B. s
yCHIIEHHUS] KOppeKTupytomiero 3¢ dexra ObI1 paccMoT-
PEH BapHaHT HOHHO-ONTHYECKOIH CHCTEMBI C JIEKTPH-
YECKU OTCOCAUHEHHON KPBIIIKOW C MOHHOW WIENbIO
MOHM3AIMOHHON KaMepsl (puc. 4).

HUnoexcol QﬂeKmPO()OG UOHHO-ONMUYECKOU cucme-
Mbl UCMOYHUKA npu pacuyeme.

1— noHM3anMOHHAS KaMepa;

2 — KpBIIIIKa HOHNU3aMOHHOM Kamepsl (21, 22);
3 — BeITATHBatowii anekrpon (31, 32);

4, 5 — 610K (HOKYCHUPYIOIIHUX IIIEKTPOIOB;

6 — BTOpAas 1LEb UCTOYHUKA HOHOB.

Puc. 4. Cxema WCTOYHHMKA HOHOB
SIIEKTPOHHBIM YIapOM I MaTeMaTH-
4ecKoro MopenupoBanus  dddexra
JICKPUMHHALIH FIOHOB TI0 Macce.

Vi — moTeHIMan HWOHM3AIMOHHOMH
Kamepsl; Vi, Vi — noTeHuuansl
MTOJIOBUHOK KPBIIIKH HWOHU3ALMOH-
HOM Kamepsl; V3, V3, — noreHnua-
JIBI TIOJIOBUHOK Pa3pe3HOr0 BBHITATH-
Barouiero aekrpona; Vi, Vs — mo-
TEHIUANbl  (OKYCUPYIOLIUX  DJICK-
TpoaOB; V¢ — BTOpas ILEIb MCTOY-
HHKa UOHOB; BBIXOJHAs 1IeNib 0.2 MM

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2
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Hawnnyumas ¢okycupoBka mpu OTCYyTCTBHH Mar-
HUTHOTO TOJIsl ObLTa TONy4eHa B pexume: V| = V, =
=4800 B, V; = 4600 B, V, =4500 B, Vs = 4300 B,
Ve = 0 B. Iy 3TOro NOTEHUUAIBHOTO PEXUMa IPO-
MMyCKaHME HOHOB Yepe3 BBIXOAHYIO IIENTb HEe 3aBHCEII0
OT Macchl M cocTaBIIIO 92%.

Jamee OBUIO paccYMTaHO MPOXOXKIAEHHE WOHHOTO
MMydKa 4Yepe3 MOHHO-ONTHYECKYI0 CHCTEMY JUIS TOTO
e peKrMMa MOTEHIINAJIOB, HO MPH MarHUTHOM ITOJe
B obmacti normzanuu 100 D. [lnsg atoro ciydas moms
WOHOB, MPOMISIINX Yepe3 BBIXOAHYIO IIETb HCTOY-
HHMKa MOHOB, cocTaBuia: mis macchl 30 — 81.15%,
rst Maceel 10 — 72.36% u ms maceel 1 — 21.66%.
Taxkum 00paszom, OUICKpUMHUHAIUS 110 Macce MpH W3-
MEHEHUU Macchl HOHOB B 30 pa3 mpuBena K MOorpem-
HOCTH B WX KOJHYECTBEHHOM COCTAaBE B PETUCTPH-
pyeMoM Macc-criekTpe B 4 pasa.

B ToM e MaTemMaTHYecKOM SKCIIEpHMEHTE OBLIO
MPOBEPEHO, MOXKHO JIH 3Ty TUCKPUMHHAIIUIO CKOpP-
PEKTHUPOBATH WM XOTS OBl YMEHBIIIHTb.

Bt paccMoTpeH BapuaHT, B KOTOPOM JUIST YMEHb-
IIeHUs AUCKPUMHUHAIIMK 110 Macce MCTOYHHMKA WOHOB
JUT pa3TUYHBIX MAacC MOHOB TOAABAINCH Pa3IIMYHBIC
KOPPEKTUPYIONINE HAMpPsDKEHUS Ha ITONIOBHHBI pa3-
PE3HOr0 BBITSTUBAIOLIETO 3JIEKTpoaa Vi u Vi, uzme-
HSBIIHECS B 3aBUCHMOCTH OT MacChl HOHOB.

Jns maccel 30: moTeHIIMaNbl Ha TTOJOBHHAX BHITS-
ruBamwoiero siekrpoaa Vs = 4603 B u V3, = 4597 B,
T.€. OoKkoBas koppekmus AV = 6 B, mponyckanne —
84.40%.

Hns maccel 9: morennuansl V3 = 4605 B u Vi3, =
=4595 B, T.e. 6okoBas xoppekmus AV =10 B, mpo-
nmyckanue — 78.64%.

Hns wmaccel 1: morenmuansr V3 = 4618 B
u V3, = 4582 B, 1.e. bokoBas koppekius AV = 36 B,
npomnyckanne — 78.64%.

Takum o6pazom, 3TO MOJETHPOBAHNE TTOKA3BIBAET,
YTO KOPPEKIHA HANpsHKeHUS Ha BBITATHBAIOIIEM
JIEKTPOJIE TO3BOINSET CYIIECTBEHHO CHU3HTH JIHC-
KPUMUHAIIHIO JT0 BETMYUHBI TTopsiaka 6%.

Heckonmpko Oomee 3¢ ¢hekTuBHOM sBISETCS KOp-
PEKITNS Ha TTOJIOBMHAX pa3pe3aHHON KPBIIIKA HOHU3a-
LHUOHHOM KaMepBbl.

B srom cinywae mns maccel 30 a.em.: V=
=4800B u V, = 4798.75 B, 60koBasg KOppeKIus
AV =1.25 B, nponiyckanue cocrasuio 85.80%.

Hns maccer 10 a.em.: V5 = 4800 B u Vy =
=4797.9 B, 6okoas xoppekmus AV = 2.1 B, mpomyc-
kaaue — 83.69%.

Hns maccer 1 a.em.: V1 = 4800 B u Vy =
=4791.5 B, 6oxoBas koppekuus AV = 8.5 B, mpomyc-
KaHue coctaBuiio 79.95%, T.e. AMCKpUMHHALMA CO-
cTaBysieT MeHee 5%.
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3AK/IIOYEHHUE

Takum o00pa3oMm, MpPOBEAEHHOE MaTEMaTHYECKOe
MOJICTIMPOBAHNE IIOKAa3bIBAET, YTO JUCKPUMMHALUS
[0 Macce, co3aaBaeMasi NMPUCYTCTBHEM MarHUTHOTO
nojst B 00JIACTH MOHHU3ALMU, MOXKET OBbITh CYILECT-
BEHHO CHIKEHA KOPPEKTHPYIOUIMM HaNpsKEHUEM
Ha DJIEKTPOJIaX NOHHOW ONTHKHU MCTOYHMKA. B ciayyae
Macc-aHaJIM3aTopa B BUIE IMOCTOSHHOI'O MarHuTa 3Ta
KOPPEKTUPOBKA JIOJDKHA IPOU3BOIUTHCA BPYUHYIO
Ha KaXJ0i M3MepseMOi Macce, a B CiIy4yae 3JIEeKTpo-
MarHuTa MOXKET ObITh BBEIEHO aBTOMAaTHUYECKOE M3-
MEHEHHE KOPPEKTHUPYIOIIEro HAIPsDKEHHS, CHHXPOH-
HOE C Pa3BEpTKON MacCC-CIIEKTpa MarHUTHBIM I1OJIEM.
[Ipy 3TOM IOCTATOYHO HCIIONIB30BaTh KOPPEKTHUPYIO-
1Iee HalpsKeHHWE Ha BBITATHMBAIOLIEM JIEKTPOXE OIl-
THUKU UCTOYHHMKA HOHOB.
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MATHEMATICAL SIMULATION OF THE MASS DISCRIMINATION
IN ELECTRON IONIZATION MASS SPECTROMETRY
AND THE POSSIBILITY OF ITS CORRECTION
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Ion mass discrimination in mass spectrometry with electron ionization is a nonremovable effect, reducing the
accuracy of isotopic composition measurement, while the exact knowledge of composition is extremely neces-
sary in many applications. The reason for these discriminations is the necessity to use additional magnetic field
in the ion source, focusing a beam of ionizing electrons. The paper concerns the displacement of an electron
beam, the ionization region, and the ion position for various masses in the ion beam during its formation in an
ion source optical system, studied by mathematical simulation. Introducing voltage correction on the extraction
electrode can significantly, by two orders of magnitude, reduce the discrimination.

Keywords: electron ionization, mass discrimination, mass spectrometry, mathematical simulation, Simion

INTRODUCTION

The ion source is the most important element of
the ion-optical system of any analytical mass spec-
trometer. The schematic diagram of a typical Nier-
type ion source with electron ionization for the analy-
sis of gases and vapors of volatile substances emerges
under the influence of two main tasks solved by the
source: ionization of the gas mixture introduced into
the source (electronic-optical system of the source)
and producing a beam from ions formed in the ioniza-
tion region (ion-optical source system). An extensive
literature is devoted to the description and study of the
parameters of ion sources of various types, among
which there are not only numerous articles, but also
monographs (see, for example, [1]). All implementa-
tions of this type of ion source basically repeat the
principal layout proposed by A. Nier in 1940, namely,
the mutually perpendicular motion of the electron and
ion beams. The absolute advantage of the ion-optical
layout of the Nier-type source, which explains its du-
rability and versatility of application, is the high sta-
bility of the ion flow and the geometric parameters of
the formed ion beam. This stability is indispensable in
quantitative analysis and analytical applications of
mass spectrometry.

The ion-optical system of a Nier-type ion source is
divided into two independent optical systems: a sys-
tem for obtaining and transporting an electron beam
through the ionization chamber of the source and
a system for selecting ions from the ionization region
with the subsequent formation of an ion beam with
parameters (emittance) that meet the requirements set
out to solve the formulated problem [2].
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DESCRIPTION OF THE OBJECT
OF SIMULATION

The electron-optical system of an ion source with
electron impact includes: an electron gun with a di-
rectly heated cathode (an electron emitter); an ioniza-
tion chamber in the form, as a rule, of a rectangular
metal box with equipotential walls and holes for the
electron beam passage, the introduction of samples,
the selection of the formed ions, and also a detector of
transmitted electrons (Fig. 1).

The dimensions of the electron holes (slits) are se-
lected due to the conditions of formation of the elec-
tron beam in the ionization region, and the ion slit is
an important parameter of its ion-optical system. The
total area of all slits is limited by the condition of
maximum tightness of the ionization chamber, which
provides a higher pressure of the introduced sample in
it in comparison with the region of ion beam forma-
tion.

Fig. 1. Electron-optical ion source system.

By are magnets that focus the electron beam; Uj is the
potential of the screening Wehnelt cap; U, is the ca-
thode potential; Uj is the accelerating potential differ-
ence for electrons (70-100 eV); U, is the potential of
the ionization chamber in the ion-optical system of the
source, which determines the acceleration of the result-
ing sample ions; Us is the potential difference between
the ionization chamber and the electron collector. The
dotted line indicates the axis of the electron beam
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DESCRIPTION OF SIMULATED PROCESSES

The simplest electron gun consists of a directly
heated cathode and an anode, the role of which is
played by the front wall of the ionization chamber,
and a cathode screen, which is also an element of fo-
cusing of electrons for their better passage through the
anode slit. The formed electron beam, as a rule, with
an energy of 70—-100 eV moves through the equipoten-
tial region of the ionization chamber and gets recorded
on the electron detector. The boundaries of the elec-
tron beam determine the boundaries of the region of
ion formation — the "ionization region", thus being
the important parameter of the ion-optical system of
the ion source. But since the selection of ions in
a Nier-type source occurs perpendicular to the motion
of electrons, the electric field that draws positively
charged ions from the ionization region simultaneous-
ly leads to the deflection of the electron beam in the
opposite direction, in proportion to the extraction vol-
tage. As a result, the ionization region loses stability,
and, accordingly, the parameters of the formed ion
beam lose their stability.

To avoid this and to stabilize the ionization region,
the electron-optical system of an ion source with elec-
tron ionization is placed in a longitudinal magnetic
field formed by By magnets (Fig. 1), up to 100 Oe,
which is quite sufficient for the deflection of the elec-
tron beam to depend little on extraction voltage. Cal-
culation results for a typical passage of an electron
beam through an ionization chamber for an electron
energy of 70 eV, a source magnetic field of 80 Oe and
extraction voltage of 200 V are presented in graphical
form in Fig. 2. The dimensions of the ionization
chamber, cathode, collector and the distance between
them are shown in Fig. 1.

region of passage of the beam of ionizing electrons
are drawn out of it by an external electric field pene-
trating into the ionization chamber through a narrow
ion slit, parallel to the electron beam. The ions accele-
rating in the extracting field move in a transverse
magnetic field, experiencing a transverse deflection.
The greater the deflection, the smaller the mass of the
ions [3]. This effect is an unremovable defect of the
Nier-type electron impact ion source and one of the
important reasons for the quantitative discrepancy
between the composition of the analyzed sample and
the composition of the ion beam. In mass spectrome-
try, this effect is called "ion mass discrimination" [4].

The effect of "discrimination" has its main cause in
the conditions in the ionization region, i.e. in the ioni-
zation chamber, but manifests itself in a full scale
when passing through the ion-optical system of the
ion source. It means that ions of one mass pass
through the ion-optical system of the source with less
loss than ions of another mass. In turn, this leads to
a change in the measured ratio of peak intensities in
the mass spectrum of the analyte, i.e. to errors in its
quantitative analysis. The effect of ion mass discrimi-
nation in a source has long been known and was ac-
tively discussed already at the turn of the 1940s—
1950s (see, for example, [1]), but no radical measures
to eliminate it have been proposed. lon mass discrimi-
nation due to the presence of a magnetic field in the
region of ionization and the formation of an ion beam
always takes place. The amount of discrimination can
be quite significant, and it increases with an increase
in the length of the ion-optical system of the ion
source and a decrease in the width of its exit slit. Fig.
3 shows graphically the result of the calculation (pro-
gram SIMION-8 [5]) of the passage of an ion beam in
a typical ion source with electron impact.

Fig. 2. Deflection of an electron beam held in an ioni-
zation chamber by a longitudinal magnetic field due to
the extraction voltage of the ion-optical system.

1 — ion source magnet poles; 2 — cathode; 3 —
beam of ionizing electrons, 4 — ionization chamber;
5 — collector; 6 — ion-optical system of the ion
source

The analyzed substance in the form of gas or vapor
is introduced into the ionization area through the hole
in any wall of the ionization chamber, and, if the area
of the slits in the chamber is significantly less than the
area of its walls, the sample molecules evenly fill the
volume of the ionization chamber. If the sargple pres-
sure p in the chamber does not exceed 1-107 mm Hg
(the free path of the molecules is 5 cm), then the mo-
lecules practically collide only with the walls of the
ionization chamber, and their kinetic energy is deter-
mined only by the temperature of the walls 7} (sample
molecules get thermolyzed). The ions formed in the
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Fig. 3. Cross section of a spatial model of a typical ion
source in the horizontal plane, taking into account the
magnetic field (100 Oe) in the ionization chamber.

a — for ions m/e = 28; 6 — for ions m/e = 1

Fig. 3 shows when ions with a smaller mass leave
the ionization chamber (Fig. 3, 6), they are already
deflected by a larger angle relative to the axis of the
ion source, resulting in a strong deflection of the en-
tire beam in the ion-optical system and at the output of
the ion source. This corresponds to the fact that the
magnetic field in the ionization chamber has a strong-
er effect on light ions, and for them the mass discrim-
ination effect in the magnetic field of the source be-
comes significant. It is also seen that most of the light
ions at the output from the source move along trajec-
tories that form noticeable angles with the central
axis, which leads to worse matching of the ion beam
emittance with the acceptance of the mass analyzer
than for heavier ions, and this results in an additional
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loss of sensitivity and an increase in the unreliability
of the measurement results.

RESULTS OF THE STUDY ON THE MODEL

Of course, the quantitative discrimination for ion
sources of different designs is different, but, as al-
ready mentioned, it always takes place. It manifests
itself most strongly in the analysis of light gases, in
particular, in the analysis of hydrogen-helium mix-
tures [6]. In this work, an attempt was made to com-
pensate for discrimination by introducing a lateral cor-
rection of the extraction field at the exit from the ioni-
zation chamber. The parameters of the mathematical
modeling presented below were obtained for an ion
source output slit of 0.2 mm, a magnetic field of the
source of 100 Oe, an extract voltage of 200 V, and an
ion accelerating voltage of 4800 V. To enhance the
corrective effect, we considered an ion-optical system
with an electrically disconnected cover with the ion
slit of the ionization chamber (Fig. 4).

Fig. 4. Layout of an electron impact ion source for
mathematical modeling of the effect of ion mass dis-
crimination.

V1 is the potential of the ionization chamber; V5, V>,
are the potentials of the halves of the cover of the io-
nization chamber; V3, V3, are the potentials of the
halves of the split extraction electrode; V4, Vs are the
potentials of the focusing electrodes; V is the second
slit of the ion source; the exit slit 0.2 mm

Indices of the electrodes of the ion-optical system
of the source in the calculation:

1 — ionization chamber;

2 — cover of the ionization chamber (21, 22);
3 — extraction electrode (31.32);

4, 5 — block of focusing electrodes;

6 — second slit of the ion source.

The best focus in the absence of a magnetic field
was obtained in the mode: V; = V, = 4800 V,
V3=4600V, V,=4500 V, Vs=4300 V, V=0 V. For
this potential mode, the transmission of ions through
the exit slit did not depend on the mass and amounted
92%.

Next, the passage of the ion beam through the ion-
optical system was calculated for the same potential
regime, but in a magnetic field in the ionization region
of 100 Oe. In this case, the fraction of ions that passed
through the exit slit of the ion source was 81.15% for
mass 30, 72.36% for mass 10, and 21.66% for mass 1.
Thus, the mass discrimination with a 30-fold change
in the ion mass led to a 4-fold error in their quantita-
tive composition in the recorded mass spectrum.

In the same mathematical experiment, it was
checked whether this discrimination could be cor-
rected or at least reduced.

A variant was considered in which, in order to re-
duce mass discrimination of the ion source for differ-
ent masses of ions, various corrective voltages were
applied to the halves of the split extraction electrode
V31 and V3. The voltages varied depending on the
mass of the ions.

For mass 30: potentials on the extraction electrode
halves V3, =4603 V and V3, = 4597 V, i.e. lateral cor-
rection AV =6V, transmission — 84.40%.

For mass 9: potentials V3, = 4605 V and V;, =
=4595 V, i.e. lateral correction AV = 10 V, transmis-
sion — 78.64%.

For mass 1: potentials V3, = 4618 V and V3, =
= 4582 V, i.e. lateral correction AV = 36 V, transmis-
sion — 78.64%.

Thus, this simulation shows that the correction of
the voltage on the extraction electrode can significant-
ly reduce the discrimination to a value of about 6%.

The correction on the halves of the cut cover of the
ionization chamber is slightly more effective.

In this case, for a mass of 30 u: V>, = 4800 V and
Vy, = 4798.75 V, lateral correction AV = 125V,
transmission was 85.80%.

For a mass of 10 u: V5, = 4800 V and V,, =
=4797.9 V, lateral correction AV = 2.1 V, transmis-
sion 83.69%.

For a mass of 1 u: V5 = 4800 V and V5 =
=4791.5 V, lateral correction AV = 8.5 V, transmis-
sion was 79.95%, i.e. discrimination is less than 5%.

CONCLUSION

Thus, the performed mathematical modeling shows
that mass discrimination, created by the presence of
a magnetic field in the ionization region, can be sig-
nificantly reduced by the corrective voltage on the
electrodes of the ion optics of the source. For a per-
manent magnet as a mass analyzer this adjustment
must be made manually for each mass to be measured,
and in the case of an electromagnet, an automatic
change in the corrective voltage can be introduced,
synchronous with the sweep of the mass spectrum by
the magnetic field. In this case, it is sufficient to use a
corrective voltage on the extraction electrode of the
optics of the ion source.
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