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OLEHKA BJIMAHUSA OBBEMHOI'O 3APSAIA HA PA3ZPELIEHMUE
HUOH-JIPEH®OBOI'0 CIIEKTPOMETPA

B pabore npencrasieHa aHaTUTHYECKasi MOJIENb, KOTOPast OMKCHIBACT JUHAMHUKY HOHHOTO 00Jaka ¢ y4eToM JencT-
BUSI OOBEMHOTO 3apsija MpU JBMXKCHUM B MOH-IpE(oBOM crieKTpoMeTpe, HaunHas ¢ 00JacTH MOHOOOpa3oBaHMS
Ha cTaauu (HOPMHUPOBAHUS MOHHOTO MMITYJIbCa 3aTBOPOM, U AajbHeieM apeiide chopMUpPOBAaHHOTO HOHHOTO UM-
IyJIbCa B CTOPOHY KoJulekTopa. [IpeacraBneHHast MOJeNb MO3BOJISET OICHUTh CTETIEHb BIMSHHUSA 00BEMHOTO 3apsiia
Ha BO3MOJKHBIE TIOTEPU MOHOB U pa3pellieHNe HOH-APEH(OBOTO crieKTpoMeTpa. BimsHre 00peMHOTO 3apsiaa CTaHo-
BUTCS 3aMETHBIM HAuMHAs C TIIOTHOCTH HOHOB 10° cM . CpaBHEHHE Pe3ysbTaToB, MOMYYEHHBIX C TIOMOIIBIO AHANIH-
TUYECKON MOJICNH, C PEe3yJIbTaTaMH YHCIICHHOTO PEIICHHSI UCXOIHBIX YPAaBHEHMH ITOKA3bIBAET, YTO OHH IIPAKTHUE-

CKH COBIIaJaroT.

K. ca.: MOABIKHOCTH HOHOB, OOBEMHBIH 3apsifl, pa3pelieHie HOH-APeii(hOBOro CIeKTpOMEeTpa

BBEJEHUE

B Hacrosiee BpeMs CIEKTPOMETPHSI HOHHOM ITO-
JIBUKHOCTH BCE Yallle MCIIOJIb3YeTCs B Psiie MPUIIO-
xernit [1]. [puatun paboTsl HOH-IpeiidoBOTO CIiek-
TpomeTpa (puc. 1) OCHOBaH Ha TOM, YTO CKOPOCTH
npeiida pa3HBIX MOHOB B 3JIEKTPOCTATHYECKOM TOJIE
B raze pasinyarorcs. [laBneHue rasa, 3al0JIHSIOLIETO
npetihoByro kamepy, armocgepHoe. B pesynbrare
Ipefida MOHBI Pa3leNAIOTCS U HOCIENOBAaTEIbHO Jie-
TEKTHPYIOTCS PUEMHUKOM. B KauecTBe MCTOYHHKA

UCTOYHUK

O6nacTb noHoobpa3oBaHus

3arsop bpenbepn-HunbceHa
T BRI

WOHM3AIMH _OOBIYHO HCHOJB3YeTCS JHOO HCTOYHHUK
B-uactur (**Ni), 6o kopouHblit paspsa. KoponHbri
paspsia 4acTo MPUMEHSETCS] B MOH-IPer(OBBIX CIEK-
tpometpax (UJC), korna tpedyercss ICTOYHUK Hepa-
JUOAKTHBHBIX MOHOB C BBICOKHMH MOHHBIMH TOKAMH.
Kak mpaBmiio, 3a KOPOHHBIM paspsiioM cieayeT 00-
JacTh peaklyH, B KOTOPOW W3 MOHOB peareHra odpa-
3YIOTCSI HOHBI aHaINTa. KOPOTKMIA MOHHBIA HMILYJIbC
¢dbopmupyeTcs 3aTBOPOM, KOTODBIH pacrojaraercs
MEXIY UICTOUHHUKOM HOHOB M KOJIJIEKTOPOM.

4

[eTeKkTop

_\_\_\_\_\_\_\_\_\_‘_‘_‘—_
O6nacTtb gpeida

Puc. 1. Cxema noH-apeiidoBoro criekrpomerpa ¢ 3atBopoM bpendepu — Hunbcena
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42 H. B. KYPHUH

B coderaHum ¢ Macc-CieKTpOMETpHEH CIIEKTpO-
METpHsI MOHHOM IOJABMKHOCTH SIBJSIETCSI MOIIHBIM
AQHAJIMTUYECKUM HHCTPYMEHTOM JJIsl  pa3felieHus
CIIO)KHBIX 00pasloB M UCCIECIOBAHUS MOJEKYJISIPHBIX
cTpykTyp. IloaTOMy KpailHe BaKHOU 3amauyedl CTaHO-
BUTCA TOBBIILICHHE pa3pellamned CrnocoOHOCTH
n gyBcTBUTEeNsHOCTH MJIC. YBenndenne HOHHBIX TO-
KOB JIOJDKHO CIIOCOOCTBOBATH MOBBILICHUIO YYBCTBH-
TEJILHOCTH U 3(PQEKTHBHOW PEruCTpallii CUTHAJOB.
OpHako ¢ yBeITMYEHHEM MOHHOHM IUIOTHOCTH HauWHa-
0T TPOSBIATHCS KYJIOHOBCKHE 3(PQEKThI, KOTOPHIC
YBEJIMYNBAIOT NPOCTPAHCTBEHHYIO IUCIIEPCUIO HOH-
HBIX MYYKOB, HaxOIsIIMXCs B ApeiidoBoil TpyOKe,
W TPUBOJAAT K CHIDKEHHUIO pa3perraromnieii crmocoOHo-
ctu MJC. Takum 00pa3om, KyJIOHOBCKHE CHIIBI 00B-
€MHOTO 3apsi/ia BBI3BIBAIOT AOMOJHUTEIHHOE TI0 CPaB-
HEHHIO ¢ AM((y3UOHHBIM YHIIMPEHUE WOHHOTO CHI-
Hana. Kpome Toro, Hapsay ¢ yBeIHMueHHON MPOCTpaH-
CTBEHHOW IMCIEPCHEN KyJIOHOBCKOE OTTAJIKUBaHHE
TaK)K€ OKa3bIBACT BIMSIHHE Ha CPEIHIOI CKOpPOCTb
Ipeiiha HOHOB BHYTpPH ITaKeTa, CO3/1aBas CHCTEMAaTH-
YecKre OMIMOKH B M3MEPEHUSX MOJBMKHOCTH HOHOB.
JlBa makeTa MOHOB, 00JIaJIAFOIIUX OJIM3KOW ITOJIBHX-
HOCTBIO HOHOB, B3aUMOAEHUCTBYIOT TakuUM 0Opa3om,
YTO B CPEJHEM KOMIIOHEHT C MEHbIIEH MOJBUKHO-
CTBIO JBIDKETCS MeIUIEHHEe, 1 HA000POT.

MunuMu3aIus KyJI0HOBCKUX 3 (EKTOB BaXKHA JIJIst
JMOCTHKEHHS ONTHUMAJIBFHOTO COYETaHHS BBICOKOTO
JUHAMHMYECKOr0 IHana3oHa M BBICOKOW pasperaro-
meit crrocoonocT MJIC. OneHka BETUYUHBI TIOTHO-
CTH TOKa, BBIIIE KOTOPOH HAuWHAET CKa3bIBaThCSA
BIUSHUE OOBEMHOTrO 3apsijia, JjaHa B pabore [2].
3a KpUTepHil B3ATa TaKas KOHLEHTPALHS 3apsDKEHHbBIX
YacTHUIl, IPU KOTOPOH B paccCMaTpPHBAEMBIX YCIOBHIX
JIBUKCHHE MOHOB B COOCTBEHHOM ITOJIE MPEBOCXOAMT
CKOpOCTh IepemenieHus 3a cuetr auddysun. Kputu-
HecKas BENMYMHA MUIOTHOCTH TOKA JUTS XapaKTEPHBIX
ycnoBuit padorer MJIC ornenuBaercs kak 10° A/
B pabote [3] ObUIO MOKa3aHO, YTO POJIb OOBEMHOTO
3apsila CTAHOBUTCSI CYILECTBEHHOW NpHU HauAITBHBIX
IIOTHOCTSIX HOHOB, npesbimraomux 10° cm . Dddekt
obvemHoro 3apsga B MJAC paccmarpuBaiicss Takke
B paborax [4, 5]. B paGore [6] moTepu MOHOB U pa3-
pematomniasi CiocOOHOCTh CHCTEM B 3aBUCHMOCTH OT
IUIOTHOCTH BXOJHOTO 3apsifia U COOTHOIIEHUS CTOPOH
npetioBoif TpyOKH (uiMHA / TUAMETP) OMPEAETSIINCH
MOCPECTBOM MoJenupoBaHus B nporpamMmme SIMION
[7].

B nmanHOl paboTe mpencraBieHa aHAIUTHYECKAs!
MOJIeTIb, ONHUCHIBAIOLIAs JMHAMHKY HOHHOTO O0JjiaKa
Mo JEeHCTBHEM OOBEMHOTO 3apsfa TpPHU IBHKCHUU
B HOH-IPEi(OBOM CIIEKTPOMETPE OT HCTOUHUKA HOHOB
Io kKosiexTopa. Ilomy4uenHs! BepakeHHsI, KOTOPBIE TT0-
3BOJIIIOT OLIGHUTH POJIb OOBEMHOTO 3apsia B yBEJH-
YeHWY MOHHBIX TIOTEPh U YMEHBIIICHNHN pa3peliaroniei
cnocoOHOCTH TIpHUOOpAa.

MOJEJIb ABUKEHUSI MOHHOI'O OBJIAKA
noa AEMCTBUEM OFBEMHOI'O 3APAA

[NocTporm MoIEITh, ONMCHIBAIONIYIO JHHAMUKY WOH-
HOTO 00J1aKa o AefiCTBUEM COOCTBEHHOTO 00BEMHO-
ro 3apsjaa. PaccMoTpuM it ONpeeIeHHOCTH PaBHO-
MEPHOE pacIpeieeHue 3apsKEHHBIX YacTHIl BHYTPU
JUTAHHOTO [WJIMHJIPA.

HanpsbkeHHOCTh 3JIEKTPUYECKOTO IO 3apsiKEH-
HOTO JIUCKAa BAOJbL OcH ¢, MEPNEHAUKYISIPHOH ero
IJTIOCKOCTH, U3MEHSIETCS COTJIACHO

EQ)=51- \/1+ / (1)

rae R — paguyc IUcKa, ¢ — TOBEPXHOCTHAs ILIOT-
HOCTb 3apsoB, & — IUAIEKTPUUYECKas IPOHHIAe-
MOCTb. [IoBepXHOCTHAs IJIOTHOCTH 3apsi/IOB BHIpaXka-
eTcsl 4epe3 00bEeMHYI0 IUIOTHOCTh, Kak o = pdé&.

Jns ompeneneHus] HANPSHKEHHOCTH JJIEKTPUIESCKOTO
0JIS 3apsKEHHOTO LWIMHAPA JUIMHOW L MPOMHTETpH-
pyeM mo x BelpakeHue (1) OTHOCHUTENBHO TOYKH, pac-
MOJIO’)KEHHOW Ha €ro OCH Ha PacCTOSIHMM X OT TOpIA.
B pesynbrare nony4uM cielyoliee BoIpaKeHUe:

E(x)=2p (L—\/(x+L)2+R2+\/x2+R2). @)

0

HanpsikeHHOCTh 3JIEKTPUYECKOTO IOJII CHAPYXKHU
3apsKEHHOTO JIIMHHOTO LMIUHAPA UMEET, KaK W3-
BECTHO, BUJ:

pR2
2-g,r

E(r)=

3)

rae r — paauyc (r > R), pacCTOSTHUE OT OCH JI0 TOY-
KU HaOJIIOCHUSI.

Paccmotpum Temepp pacmpeneneHue N HOHOB
B LIMJIMHJIPE C HAYAIBHOUW JIMHOMN Ly U paanycoM Ry.
[Ipeanonaraem paBHOMEpPHOE pacIpelreicHHE HOHOB
mo o6beMy. COOTBETCTBEHHO KOHIIEHTpAIUsl HMOHOB
B paccMaTpUBaeMOM IMUIMHAPUIECKOM 00beMe Oyaer

paBHa N, =———, U O0BEMHYIO IUIOTHOCTH TOIJa
00
gN
MOJKHO INIPENCTaBUThb Kak p =gN, =———._ JIBuKe-
0 2
TRyL,

HUE 3apsKEHHOW 4YacTHLBl B rase MoJ JeHCTBHEM
AIIEKTPUYECKOr0 TOJIsl Xapaktepusyercs Koadduim-
CHTOM MOJABMXHOCTH. CKOpOCTh pasjiera HOHOB
Ha TpaHuax objacTh OyAeT onpenensiTbes Kodphu-
LUEHTOM TOJABMXHOCTH K M COOTBETCTBYIOIIEH Ha-
NPSYKEHHOCTBIO 3JIEKTPUYECKOTO TOJIs, ONpeessieMo-
rO TPOCTPAHCTBEHHBIM pAaCHpEICICHUEM HOHOB:
v=KE . Tlonarags UuIMHIpP JOCTATOYHO JJIMHHBIM,
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OLEHKA BJIMAHNA OFBEMHOI'O 3APAIA 43

4TO0BI MTPEeHEOPEYs OCOOCHHOCTAMH TUHAMUKHI pasiie-
Ta MOHHOTO O0Jiaka Ha CTHIKE OCCBOW M paaraibHON
MOBEPXHOCTEH, MOMYUYHUM, YTO HAYaNbHAs paaualibHas

CKOpOCTb  JIBWIKGHUS TpaHUIBl OyJeT paBHa
gN, VORO
U, =K——"——, a T1npomonbHas CKOPOCTb —
2¢,
gN,
v, =K > “ (L, + R, —+/L) +R.). V3MeHeHHe KOH-
€9

HEHTpPAIlM MOHOB BCIIEACTBHE pasiieTa oONaKka IH-
JUHIPUYECKOH (HOPMBI OIPEEIIIETCS KaK

. N N
m(R, +0,t)* (L, +20,t) 7R’L’

14

HOCKONBKY R=R, +Upt, L=L,+2v,t.

COOTBETCTBEHHO W3MEHEHHE pa3MepoB oOiaka
BO BpeMEHHM OyJIeT ONMUCHIBaThCA CUCTEMOW nudde-
PEHIUMANBHBIX YpaBHEHHN

AN LsRAL R gV 1
dt g, R’L ne, RL '
mpu (L > R); (4)
R _gaN 1
dt 27e, RL’ (46)

HesaBucumoe paccMOTpeHHE TOJIBKO PaAHaIbHOTO
(mvHa Ly HE MeHseTcd) U MpoAosbHOrO (paguyc Ry
HE MEHSETCs) PAa3JIeTOB 1aeT PELICHUS:

2K
L(t)=L, [1+ —qut,

e Ly R,
R(t)=R, [1+ K‘]—jzw.

e Ry L,

[loncraBuM 3TH pemieHUs 0OpaTHO B COOTBETCT-
Bylole ypaBHeHHUs cuctembl (4). T.e. Teneps npu
paarasbHOM pa3iieTe YYHTHIBACTCS H3MEHEHHE IPO-
JOJBHBIX pa3MepoB o0aka, a Mpu OCeBOM (IIPOIOIIb-
HOM) — paguabHBIX pa3MepoB. Takum o0pazom, rmo-
Jy4UM 3aIuch cucTeMsl (4): nBa muddepeHnnanbHbIX
YpaBHEHUS, OMHCHIBAIOIINE PAUAIBHBIA U TPOAONb-
HBIA pazjieT MPOTSHKEHHOT0 HOHHOTO O0JIaka IIHITHH/I-
puueckoil (hopMBI ¢ HadanbHOW JUIMHOU Lo W paguy-
coM Ry:

)

dLKqN 1

de 2 ’
60 LR, /1+7K‘1’;\2§
e I Ly

(6a)
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—= (66)

OTH ypaBHEHUS JIETKO MHTETPUPYIOTCS, UX pelle-
HUS UIMEIOT BUJI:

4R, [ |,, KaqNt
L, ne R L,

L
R =R, [1+2o| 1+ 28N ) (g
R, e Ry L,

Takum o6pazom, ypaBHerus (7) u (§) ONHCHIBAIOT
W3MEHEHUE TEOMETPUYECKUX Pa3MEpPOB MOHHOTO 00-
JaKa [UAIHHAPUYECKON (HOPMBI BO BPEMEHU BCIIE/ICT-
BUE WX B3aMMHOIO KYJIOHOBCKOIO paCTaJIKMBAaHUS.

s

L) =1, [1+ ~1|, (O

BugHo, 4to mnpu Oosbmimx BpemeHax L(f)~t

1
u R(t)~tA, a MpU MajOM KOJMYECTBE MOHOB Ie€o-

METpPHUECKHE pa3Mepbl 00Jiaka MPAKTHYECKH HE Me-
HsIOTCS. B KadecTBe mpuMepa pacCMOTPHM Hadallb-
HOC NHJIMHAPUYECKOE HMOHHOE O00JIaKo JTHHOW Lo =
=0.5 cM u paguycoMm Ry = 0.1 cm, urcio ogHO3apAI-
HBIX UOHOB B HeEM N = 107, KOX(PUIMEHT TTOABIKHO-
cti nonos K = 1.5 cm?/(B-c). Ha puc. 2 npeacrasiie-
HBI 3aBUCUMOCTH OT BpPEMEHH JIMHBI U pajinyca UOH-
HOTO 0bOMnaka, cormacHo (7) u (8), a TakKe pe3ynbTaThl
YHCIEHHOTO peIIeHus CHUCTeMbl (4) C TOMOIIbI0
FORTRAN-nporpamMmBl peIieHus: KeCTKOM CHCTEMBbI
muddepeHnmanpHbix ypaBHeHnin RADAUS [8] 6e3
MOOYEPETHOTO pa3JieNICHHs JIBHXKCHHSI HA TIPOJIOIBHYIO
W TONEPEYHYI0 KOMIIOHEHTHI M 0e3 YNpOIIArOIIero

=
=
o
-
44 — L, d-na (7)
----- L, uncn.pelu.
3 --- R;®d-na(8)
----- R, Yvcn.pel.

T 1
0 100 200 300 400 500 600 700 800 900 1000

t, MKC

Puc. 2. 3aBHCcHMOCTH OT BpeMEHH IJIMHEI L 1 paanyca R
HMOHHOTO oOaka coriacHo BelpakeHusM (7) u (8), a Tak-
K€ pe3ynbTaTbl YHUCICHHOTO pEIICHHWS CHUCTEMBI TpH
Lo=0.5¢cM, Ry=0.1 cM, N=10", K= 1.5 cM*/(B-c)



44 W. B. KYPHUH

NPEANONIOKEHNs, YTO JUIMHA O0JlaKa CYyIIECTBEHHO
Oompire ero paamyca. BuaHO, 9TO 3aBUCHMOCTH XO-
POLIO COTacyroTcs MEeXAY co00il, MoATBEpKAas TeM
CaMBIM a/ICKBaTHOCTh aHATUTUIECKON MO/IEIH.

W3MeHeHnue BO BpeMEHHM IUIOTHOCTH 3apsiia Ipo-
WCXOAWT Takke 3a cuer auddysnn. B padote [2] ObI-
JIM PacCMOTPEHBI YCIOBHS, NMPU KOTOPHIX JBUKEHHE
MOHOB B COOCTBEHHOM I10JI€ HAYHHAET IPEBOCXOIUTH
CKOpOCTh mepemenieHus 3a cuet auddysun. Kputu-
YyecKas BEJIMYMHA IUIOTHOCTH TOKA Ul XapaKTepHBIX
ycioBui  pabOThl MOH-APEH(POBBIX CIHEKTPOMETPOB
OLIEHUBAETCAd Kak 10°¢ A/M>. [ns Hamux ycioBui,
MIPUBEJICHHBIX BBIIIE, 3TO O3HAYAET, YTO KPUTHYECKAs
mIoTHOCTH 3apsiga coctasut 10° cm™. Takum oGpa-
30M, pacCMaTpHBas MJIOTHOCTh MOHOB 3aMETHO BBIIIE
KPUTHYECKOM, MBI TIpeAIoaraemM, 4ro Bkiax aupey-
3M{ TIO CPABHEHUIO C 0OBEMHBIM 3aps0M MaJl.

BJIMAHUE OBBEMHOI'O 3APAIA
HA TPOITYCKAHMWE HOHHOI'O TPAKTA

Ypasuenus (7) u (8) garoT BO3MOXKHOCTE OILICHUTH
W3MEHEHUE T€OMETPHUYECKUX Pa3MEpPOB MOHHOIO 00-
JlaKa UWIMHAPUYECKOH (OpPMBI BO BPEMEHHU BCIIE/ICT-
BUE HUX B3aMMHOI'O KYJOHOBCKOTO pacTaJKUBaHUSL.
PaccMoTpuM 3BOJIIOLIMI0O WOHHOTO OO0JaKa JUITMHOMN
0.5 cM, paamycom 0.1 cm, ¢ K = 1.5 eM?/(B-c). O6mnako
JIBUKETCS 110 30HE MPOTEKAHUS PeaKIMii HeTOCPeCT-
BEHHO OT HCTOYHHUKA K 3aTBOPY, KOTOPBIA (opMupyer
KOPOTKWH WOHHBIM mMmITynbc. Ha puc. 3 moxaszasl
3aBUCUMOCTH OT BpeMeHHM paguyca R (puc. 3, a)
Y TIPOAOIBHBIX pa3MepoB L (puc. 3, 6) noHHOTO 00Ia-
Ka TpU Pa3HOM Konmmuectse HOHOB (N = 107-10'),
HaXOSIIUXCA B HAaYaJIbHOM IFITMHAPUIECKOM 00Be-
Mme (0.016 CM3). Brusitaue o0beMHOTO 3apsiia HaYMHa-
€T CKa3bIBaThCA YK€ NP IUIOTHOCTSIX MOHOB, MPEBBI-
maromux 10° ¢M ?, 4TO COrmacyercst ¢ pesybTaTaMu
pa6orsr [3]. Tak, npu miotHoctH 6.4-10° cM™ (N =
=10’) uepe3 1 Mc pasnera paamyc HOHHOTO O6JIaKa
HUIHHIpHUYECcKOl (hopMbl yBenuuuBaercs: Ha 1%, mpu
TUIOTHOCTH, Ha MOPSAOK Ooibieil, — mout Ha 10%.

Hcxons U3 HavanbHBIX [apaMETPOB MOHHOTO ITyd-
Ka, BO3MOYKHO OIIEHWTh MOTEPH MOHOB U IUIOTHOCTH
WOHHOTO TOKA I10 JUTHHE ApeiidoBoit Tpyoku. To ecTh,
3a7aBasg paauyc TPyOKHM M HaNpsDKEHHOCTH 3JIEKTPH-
YECKOTO IO JIpeida, BOZMOXKHO OIPENeNHTh IOTIe-
pedHble  pa3Mephl Mydka M, COOTBETCTBEHHO, pac-
CTOSTHHME IO JJHHE TpyOKH, HaAYMHAsL C KOTOPOro Oy-
JeT HaOJIoAaThCs MOTEPsl MOHOB BCIICACTBUE MX B3a-
MMHOTO pacTaJKHWBAaHUS U BBIHOCA 3a MPEAEIBl Ipei-
¢oBoit obnactu. Tak, B ciyyae yke pacCMOTPEHHOI'O
npuMmepa, Ipu paauyce apeidoBoil TpyOku 15 MM u
HaAIPSHKEHHOCTH dJIEKTpUYecKkoro mois apeida 500
B/cMm nonyunm, 94TO B 3aBUCUMOCTH OT YHCJIa HOHOB B
nauansHOM o6beme 10° i 10" motepn HoHoB HauHyT-
Cs COOTBETCTBEHHO Ha paccTosHusAx 2.25 u 22.5 cm

a
2o 1011
R MM 48]

16

14

= 1010
10 4

1 100

6.

4] 108

2_4’//’—: 107

0 : ; : ; .

0 200 400 600 800 1000
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S
50 10"
Lmwm ]

40 4
35
. 1010
254
204
15 4 10°
10-///‘/f/ms
5_4£ 107
0 :

T T T 1
0 200 400 600 800 1000
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Puc. 3. 3aBucumoctn, cornacHo (8) u (7), OT BpeMeHH
paamyca R (a) M mpOIOIBHBIX pa3MepoB L (0) HOHHOTO
o0aka, pasJeTaromerocs 1Mo JAeHCTBUEM KYJIOHOBCKOTO
pacTankuBaHMs pasHOro KommuecTBa moHoB (10'-10'"),
HaXOJIIMXCST B HAa4YaJbHOM LMJIMHAPUYECKOM o00beMe
(0.016 cv’)

oT HavanbHOTO. Ilpmuem s O66mpmmx BenuuuH K
moTepu OyIyT HACTYMaTh paHbIIe.

O®OPMUPOBAHUE NOHHOI'O UMITYJIbCA
3ATBOPOM BPEJBEPH - HUJIBCEHA
C YYETOM OFBEMHOI'O 3APAJA

PaccmotpuM opMupoBaHHE HOHHOTO HMMITYJIbCA
3arBopoM bpenbepu — Hunscena [9, 10]. 3artBop
Bpenbepu — HusibceHa sIBASICTCSI OJHMM M3 BaXKHBIX
3IEMEHTOB HMOH-IpeiioBoro cmekrpomerpa. OH
npeAcTaBiIsAeT co00il MociIenoBaTeIbHOCTL Mapajl-
JIENBHBIX 3JIEKTPONPOBOIAIINX HHUTEH, PacOIOXKeH-
HBIX B OJHOM IIJIOCKOCTH, NMPHYEM pPa3HOCTh IMOTEH-
[HAJIOB MEXJIy COCEHUMH HUTSIMH MOXXET MEHSATHCS
BO BpeMeHH. [loTeHan oqHO# 1mocieq0BaTeIbHOCTH
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HUTEH (4epe3 O/HYy) paBeH MOTeHLHUay Nojs Apeiida
B IUIOCKOCTU PACIIOJIOKEHMs 3aTBOPA, a IOTCHLUAI
JIpyroi NOCIeA0BaTEIbHOCTH HUTEH HUKE, YTO COOT-
BETCTBYET 3aKPBITOMY COCTOSIHUIO 3aTBOpA, I1OCKOJIb-
Ky MOHBI TEPAIOTCS UMEHHO Ha 3THX HUTAX. [Ipm BBI-
paBHUBAHUM MOTEHLIMATIOB HUTEH 3aTBOP OTKPHIBACT-
cs, W 00pasylomMiCSd WOHHBIA WMIYJIBC TOMAAaeT
B 00Js1acTh Apeiida u nanee Ha KOJUIEKTOP.

[Ipenmonoxum, 9TO CKOPOCTh IBMKEHHA HOHOB
BO BHEILIHEM IIOJI€ 3aMETHO IPEBBIIAET CKOPOCTh
JIBUKCHHSA, OOYCIIOBICHHYIO COOCTBEHHBIM IIOJIEM
HMOHHOTO Iyuka. Torzma Bpems, 3aTpauynMBacMoe HMOHa-
MU TIpH Jipeiide B 001acTH HOHU3AINN OT HCTOYHUKA
JI0 3aTBOPA, ONIPENEINUTCS, KaK

t, =—L, 9)

rae A; — paccTosiHUE OT MOHHOTO MCTOYHHUKA JIO 3a-
TBOpa. Pammyc moHHOTO 00NIaka B IIIOCKOCTH 3aTBOpa
OyneT ompenensaThCs IMONEPEYHbIM YIIUPEHHEM IpHU
JIBUKCHUM HMOHHOTO TyYKa B OOJIACTH WOHM3AIHH,
coracHo (8), r/ie ¢ Hy)KHO 3aMCHHTH Ha f;, 0003HaAUYUM
€ero Ry:

2gNA,

l+——F—
e Ry L E,

R, =R, 1+% ~1]. (10)

4

0
IIpu otkpeiTn 3aTBOopa bpenbepn — Hunbcena
MOTEHIIMAIBI  COCETHMX HHUTEH  BHIPAaBHUBAIOTCS
Ha NPOMEXYTOK BPEMEHHM f,, M HOHBI IPOXOJAT
B JnpeiioByro oOmacte. IIpoxomst cKBO3b OTKPBITHII
3aTBOp, YacTh HOHOB TEPSETCS IMPH CTOJKHOBEHMSX
¢ HATAMA. DopMarIbHO 3TH TOTEPH MOXKHO OIEHUTH
yepe3 OTHOLICHHWE 3aJCHCTBOBAHHOW IIONEPEYHON
TUTOIIATN BCEX HUTEH K IUIOIIAIM MOTEPEeYHOro cede-
HUS TIPUIIEIIEr0 HOHHOro mydka. B pesynbrarte
Ha BXOjle B ApeiidoByto 001acTh HOHHOE 0071aK0 UMe-
€T MPOCTPAHCTBEHHYIO CTPYKTYpY, OTBEHAIOLIYIO "Te-
HaM" oT HuTel. [IpeHeOpexkemM 3TUM U TIPOCTOTHI
1 OyJIeM CYMTaTh, YTO MPOUICAIINE HOHBI ((OPMUPYIOT
HMOHHOE 00JIaKO LWJIMHAPUYECKOH (OpPMBI pasnycoM
R, v pyunon (,KE, tae E; — HaNPsSiKEHHOCTb DJIEK-
TPUYECKOTO MOJIsl B 00JIacTH Apeida, MOCKOIBKY IO
HCTEYEHNH BPEMEHHOrO MHTEpBaNa f, MOTEHLUAIIBI
OJIHOM M3 MOCIEeN0BAaTENBHOCTEH HUTEHN 3aTBOpa BO3-
BpAIAIOTCSl B MICXOJTHOE COCTOSIHHE W 3aTBOP 3aKPHI-
BaeTcs: Jjajiee HOHbI, HE yCIIEBIINE TIPOUTH B Aperdo-
BYIO 00JIaCTh, TEPAIOTCA HA HUTSAX C HU3KUM IOTEH-
nuanoM. Crenyer OTMETHTh, YTO MOCKOJIBbKY Pa3HbIE
TPyNIBl HOHOB MMEIOT pa3Hble 3HaUYeHUS KOA(PPUIIH-
€HTa MOJIBUXHOCTH, TO U MPOJIOJIbHBIE pa3Mepbl HOH-
HBIX 00J1aKOB OyyT paziauyHbl. IIpu 3ToM HavasbHbIE
paanychl MOHHBIX 00JIaKOB R, OT 3HaueHuit kod3hdu-

LIEHTA [TOJIBU)KHOCTH HE 3aBHCAT.
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JTAHAMMKA JIPEM®A MOHHBLIX ITYYKOB
U PA3PEIIEHUE UOH-IPEM®OBOI'O
CHEKTPOMETPA

Jnist onvcaHusi TMHAMUKA HOHHOTO 00JlaKa B Ipei-
(hoBOI 00IIACTH UCTIOIB3YyEM CHCTEMY ypaBHEHH (4).
B aToM cnydae HawanbHas AJMHA MOHHOTO OOJaKa
LUIMHAPUYECKOH (GOpMBI OyneT paBHa Ly = 1,KE,,
a HayanbHbIH pamuyc R, B Beipaxenusax (7), (8) N
O3HAYaeT YHCII0O MOHOB B oOjake. O4YeBUIHO, UYTO
B IPEAINOJOXKCHUH PAaBHOMEPHOIO paclpeleseHNs
WOHOB BHYTPH 00bEMa U TOTO, YTO JUIMHA MPOLICALIe-
ro o0yaka He HPEBBINIAET JJIMHY HCXOIHOIO, YHUCIIO
WOHOB, TIPOILICIIINX CKBO3b OTKPBITHIA 3aTBOpP B 00-

t

nactb jpeiida, Oyner pasao N, = N-£ , Te L(t) —
i

MPOAOJIBHBIN pa3Mep HOHHOTO obOinaka (7) Ha MOMEHT
ero noxaxoja k 3atBopy (9) npu E; = E,;. Ilockonbky
JUTMHA (POPMHUPYEMOTO 3aTBOPOM HOHHOTO HMITYJIbCA
OKa3bIBACTCS MEHBIIE €ro MOMEpPeYHbIX pa3MepoB
(Lao = t,KE; < R,), TO ypaBHEHHUE (4a) mpumer cie-

YOI BUA:

g gN (L+R- \/L2+R) AR
dt 7r80 R’L ﬁgo R (11
mpu (L <R).

[ToBTOpsis mpouexypy UL 3TOTO Cilyyasi, Haiinem,
YTO M3MCHEHMsI JJIMHBI M pajnyca MOHHOTO o0iaka
B 30HE Apeida OyayT ONMCHIBATHCS COOTBETCTBEHHO
CIIEYIOIMMH BBIPAKEHUSIMU:

KN, t

Ly(t)=Lyo| 1+In| I+ qufd ’ (12)
me Ry Ly,
KNt

R,()=R, [I+In 1+q—12"’ (13)
me Ry Ly

Ha puc. 4. mpencrasnensi, cornacHo (12) u (13),
3aBHCHMOCTH OT BpeMeHHM paaumyca R (puc. 4, a)
U TPOJOJIBHBIX pa3MepoB L (puc. 4, 6) HOHHOTO UM-
MyJibca, cQOPMUPOBAHHOTO 3aTBOPOM, C YYETOM Ky-
JIOHOBCKOTO PAcTalKUBAHNS ISl PA3HOTO HAYATLHOTO
KOJIMYECTBA HOHOB (10 —10! ) HaXOI[HIJ_II/IXCH B WUC-
XO/IHOM LTHHIPUYECKOM ooveme (0.016 oM’ — 1u-
muaAp mmuHo# 0.5 oM, pagmycom 0.1 cMm) B obmactu
MOHOOOpPa30BaHMUSI. Koa(p(buunem TO/IBIDKHOCTH HOHOB
npunuMaics papubiM K = 1.5 cm*/(B-c), mmHa 06-
JAaCTH MOHOOOpa3oBaHus L; = 3 cM, HaNpsHKEeHHOCTH
noneit £; = E;= 500 B/cMm, AIUTEIBHOCTh OTKPBITHUS
3aTBOpa f, = 100 Mkc. Bunno, 4ro BinsHHE 06T>CMHO—
ro 3apsjia HAYMHAET 3aMETHO CKa3biBaThes ¢ N = 10,
COOTBETCTBYIOIIAS IUIOTHOCTh MOHOB B MOHHOM I/IM-
nyJIBCe, c()OpMUPOBAHHOM  3aTBOPOM,  paBHa
9.6:10° cm .
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Puc. 4. 3aBucumoctn, cornacHo (13) u (12), o BpeMeHH
pamuyca R (a) U mpoAONbHBIX pa3MepoB L (0) MOHHOTO
UMITyJIbca, C(QOPMHUPOBAHHOTO 3aTBOPOM, C YUETOM KYJIO-
HOBCKOTO pacTaJIKWBaHMUS Ul Pa3HOTO HA4YaJbHOTO KOJIH-
gectBa HoHOB (N = 10'-10'""), Haxomsmmxcs B HCXOTHOM
mumHApraeckoM oobeme (0.016 CM3) B 00JIacCTH MOHOO00-
pasosanus. [ N = 10'° npuesiens! KpuBbie YHCICHHOTO
peleHus, KOTOpble MPaKTHYECKH COBIAAIOT C aHAIHUTH-
YECKUMHU

Taxxke Ha puc. 4 s N = 10" npusenens! 3aBucu-
MOCTH, IIOJIy9€HHBIE ITOCPEICTBOM YHCIEHHOTO pe-
HIEHUS] UCXOJHON CHCTEMBl YpaBHEHHH C IOMOIIBIO
MPOrpaMMBbl PEIIeHHUs JKeCTKON cucTeMbl muddepen-
uuanbHbeix ypaBHeHul RADAUS [8]. Bugno, uro
KpHBBIE TPAKTUYECKH COBIAJIAIOT.

[IupuHa mpouieaero HOHHOIO HMITYJIbCa 3aBU-
CUT OT BEJIMYUHBI KO(QQHIMEHTA MOJBUKHOCTH OII-
penenernHoro moHa. Yem Oonbmie KO3QQHUIMEHT TO-
JOBWKHOCTH, TEM IIMPE MPOLIEIIINI UMITYJIbC HE3aBH-
CHUMO OT IUTOTHOCTH 3apsna. IIpu 3Tom yder oObeM-
HOT'O 3apsiia MPUBOAUT K JIOTIOJHHUTEIBHOMY YIIHpeE-
HUIO B 3aBHCUMOCTH OT BEJIWYHMHBI KOd(Q(PUIHMEHTA
MOJIBMKHOCTH, cornacHo (12). Ha puc. 5 mnpexncras-
JIEHBI 3aBUCUMOCTH OT BpeMeHU pajauyca R (puc. 5, a)
W TIPOJOJBHBIX pasMepoB L (puc. 5, 6) HOHHOTO HM-

a
7.0+
R MM K=1.8
6.5 K=14
6.0+ K=1
5.5+
5.0
45 T T T T T
0 1 2 3 4 5

2.0
K=1.8

K=1.4

t MmC
§)
K=1
05 -//

0.0 T T T T

Puc. 5. 3aBucumocTu OT BpeMeHH panuyca R (a) U mpo-
JIOJIBHBIX pazMepoB L (0) HOHHOTO MMITYJIbca, CPOPMHUPO-
BaHHOTO 3aTBOPOM, C Y4ETOM KYJIOHOBCKOTO PAaCTaJIKHBAHUS
JUISL pa3HbIX BEIMYUH KOI(PQPUIMEHTA NOJIBHKHOCTH —
K=1,14, 18 CMZ/(B'C). Yuciio MOHOB, HAXOMSIIUXCS
B HadalbHOM IHIHHApHdeckoM oobeme (0.016 CM3) B 00-
JnacTH HoHOOOpa3oBauwus, cocTasiser 10°

MmyJibca, c(HOPMHUPOBAHHOTO 3aTBOPOM C YHUETOM KYJIO-
HOBCKOTO PACTAIIKUBAHUS JIJISI Pa3HBIX 3HAYCHUN KO3(-
dumenta nogsmwxroctn (K = 1, 1.4, 1.8 cM*/(B-c)).
Uncno WOHOB, HAaXOSIINXCS B HAYAIbHOM IMIIMH]I-
puueckoM obbeme (0.016 cM’) B obmacTi HOHOOGpa-
30Banmst, coctasaser 10°. TMo-npexHemy miHHa 00-
JaCTH MOHOOOpa3oBaHusA L; = 3 cM, HaNpsKEHHOCTH
nosielt E; = E;= 500 B/cM, mIUTENBHOCTH OTKPBITHUS
3aTBOpa f,= 100 Mkc. OueBHJHO, YTO 4eM Ooiblie
3Ha4YeHne Kod(UINEeHTa TOIBUKHOCTH, TEM CHIIbHEE
MIPOUCXOANT YIIMPEHHE MOHHOTO uMIyibca. [Ipuuem
IUIOTHOCTH MOHOB B MPOIMIEAIINX HMITYJIbCAX pas3iiv-
qatorest: 3.8-10° em™ (K = 1 em*/(B-c)), 5.33-10° em™
(K =1.4 cM*/(B-¢c)), 6.85-10° cm ™ (K = 1.8 em™/(B-c)).

B mone nmpeiida MOHHBIN UMITYJIBC IBUKETCS Kak
uenoe co ckopocThio KE,;  COOTBETCTBEHHO IOJO-
KEHHE HMMITYJIbCa CO BPEMEHEM C yYeTOM YIIUPEHUS

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 4
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Puc. 6. [lnnaMuka n3MEHEHHSI IIMPUHBI HOHHBIX UMITYJIBCOB M HX B3aUMHOTO PACIIOJIQKCHUS
IpH pasHBIX 3HAuYCHHAX Kodpduuuentos noxsmwkHoctn (K| = 1.5 u K, = 1.57 eM?/(B-c))
C y4ETOM BJIHSHHS 06BEMHOTO 3apsia HOHOB BHYTPH umyibea (pu N = 10° — momocsr (1),
(2); mpu N = 10'° — ymmpuBIimecs momocsl co B3aHMHBIM TIEPECCUCHHEM)

3a cueT 0OBEMHOTO 3apsia MOXHO NPEICTaBUTH Clie-
IyromuM obpa3om. s onpeneneHust TpaHUI HOHHO-
ro uMIyJibca OyAeM OTKIaAblBaTh B 00€ CTOPOHBI
OT TIOJIOKEHUS €Tr0 IIEHTpa C MPOJOIBLHONW KOOpAMHA-
TOH, onpenensieMon kak tKE,, rne t — BpeMsl, OTCUU-
ThIBaEMOE OT Hayasa JBWKCHHS HMITyJbca B Apeido-
BO 0071aCTH, OJIOBUHY LIMPHUHBI, OIPEACISIEMON BbI-
paxenueM (12). Takum o6pa3oM i pa3HBIX COPTOB
HMOHOB, OTJIMYAIONTUXCSI KO(PPHUITMEHTOM TTOIBIKHO-
CTH, MOXHO OIIEHUTb UX pa3pelleHue MpPH 3aJaHHBIX
napametrpax NJIC ¢ ydeToM BIUSHHS 00BEMHOTO 3a-
psana. Hanpumep, Ha puc. 6 nmokasaHa JUHAMHKA U3-
MEHEHHMSI IIUPHUH MOHHBIX UMITYJIHCOB U MX B3aMMHOTO
PAacIIoNOXKEHUs sl Pa3sHbIX 3HauUCHUH Ko3(p(uImeH-
toB noxsmkHOCcTH (K| = 1.5 u K, = 1.57 cM*/(B-c))
C y4eTOM BJIHSIHHA 00BEMHOTO 3apsiia NOHOB BHYTPH
umnymnsea (N = 10° u 10'%), kynoHOBCKHM B3amMO-
JIefiCTBIEM MEXIy CaMHUMH MMITYyJIbCaMH MpeHedpera-
em. Ilpu HauaneHOM umcie uoHoB 10° (mIOTHOCTH
WOHOB B IpOIIEAeM B 001acTh Aperida HOHHOM UM-
nymece 1.35-10° cv” npu K, = 1.5 cm*/(B-c)
u 1.4:10° em™ npu K, = 1.57 em™/(B-c)) Ha paccTosi-
HuUM 40 MM OT 3aTBOpa ILMPUHA IIEPBOTO MMITYJIbCA

HAVYYHOE [NIPUBOPOCTPOEHME, 2021, Tom 31, Ne 4

¢ K, = 1.5 cM’/(B-c) cocrasiser 0.14 mc, a BToporo
0.145 mc, mpu 3TOM IEHTPHI UMITYIBCOB MPHUXOJIATCS
Ha MOMEHTHI BpeMeHH 5.1 u 5.32 MC COOTBETCTBEHHO,
W MIAKA paznersiorcs. 1lpn HagampHOM 4YHCIe MOHOB
10" (II0THOCTH HOHOB B HpoOIIENIEM B OGIACTH
npeiida nonHOM mmmyibce 1.84-10° cvm” npu K, =
=1.5 cMY(Bc) u 1.92:10° om® mpn K, =
=1.57 cM*/(B-c)) BcuencTBHe AeHCTBUS 0OBEMHOTO
3apsifa MOHHBIE WMITYJIBCHl YIIMPSIOTCS M YaCTUIHO
nepekpeiBatoTcd. Ha puc. 6 BuaHO, 4TO 30HA mepe-
KpBITHS Ha paccTostHrH 40 MM OT 3aTBOpa COCTABIISAET
0.25 MC ¥ NOCTENEHHO YMEHBIIAETCA C YBEIUYEHUEM
npoiiieHHoro JnpeidoBoro paccrosHus. [Ipu 3ToM
pasperieHue, B OOLIEM ciydae OIpeAesieMoe Kak
OS(KZ + K])/(Kz — K]), paBHO 22.

3AK/JIIOYEHUE

KynoHoBckoe B3auMoJIeHiCTBHE MEXIy WOHAMU,
NpPOIIEANIMMA B 00JIaCTh Jpeiida, MOXKET 3aMEeTHO
MOBJIMATH HA pa3penieHre HMOH-IPer(oBOTO CHEeKTpa.
B pabote npencrapieHa aHAIUTHYECKAs] MOAENb, KOTO-
pasi OTMCHIBAET AWHAMHKY MOHHOTO OOJaKka C y4eToM
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JecTBUS  00BEMHOrO  3apsiia IpH  JIBHIKEHUH
B MOH-/Ipei(DOBOM CIIEKTPOMETpE: HAYMHAS C 00JIACTH
MOHO0Opa30BaHMsl HA cTaguy (POPMHUPOBAHUS HOHHO-
ro MMITyJIbca 3aTBOPOM W TIpW JaybHeWmeM apeiide
c(hOpMHUPOBAHHOTO HOHHOTO HMITYyJIbkCA B CTOPOHY
Komiektopa. IlpeacraBieHHas MoJienb IO3BOJIAET
OIICHWTh CTENEHb BIUSHUS OO0BEMHOTO 3apsia
Ha BO3MOXHBIE MOTEPH HOHOB M pPa3pelIeHHE HOH-
npeiidoBoro cmnekrpomerpa. BimsHue o6bveMHOrO
3apsija CTAHOBUTCSI 3aMETHBIM HA4MHAs C INIOTHOCTH
nonos 10° cM . CpaBHeHME pe3y/IbTaTOB, MONyYEH-
HBIX C ITOMOIIBIO AHAJUTUYECKOH MOJIENH, C PE3YJIb-
TaTaMM YHCJIEHHOTO PEIIEHHs HCXOAHBIX YpaBHEHHUH
MOKa3bIBAET, YTO OHH MPAKTHYECKH COBITAJAIOT.

Paboma wacmuuno evinonnena 6 pamxax HUP 0074-
2019-0009  (nomep  eoc. pecucmpayuu  AAAA-AI19-
119053190069-2), exoosuweit 6 cocmas 2o0c. 3a0anusl
Ne 075-00780-19-02 HAIT PAH.
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ESTIMATION OF SPACE CHARGE INFLUENCE
ON RESOLUTION OF ION-MOBILITY SPECTROMETER

1. V. Kurnin

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The paper presents an analytical model describing the dynamics of ion cloud, taking into account the action
of space charge during a motion in ion mobility spectrometer — starting from the reaction region, where the
shutter forms an ion pulse, and the further drift of the formed ion pulse towards the collector. The presented
model lets to estimate the degree of influence of the space charge on possible ion losses and the resolution of ion
moblllty spectrometer. The effect of the space charge becomes noticeable, starting with the ion density of
10° cm ™. Comparison of the results obtained using the analytical model with the results of numerical solution of

the initial equations shows that they practically coincid

€.

Keywords: ion mobility, space charge, resolution of an ion mobility spectrometer

INTRODUCTION

At present, ion mobility spectrometry is increa-
singly used in instrumentation [1]. The principle of an
ion-mobility spectrometer operation (Fig. 1) is based
on the fact that the drift velocities of various ions in
an electrostatic field in a gas are different. The pres-
sure of the gas, filling the drift chamber, is atmospher-
ic. As a result of the drift, the ions are separated and
subsequently detected by the receiver. Either a source
of B-particles (*Ni) or a corona discharge is usually
used as an ionization source. Corona discharge is of-
ten used in ion-mobility spectrometers (IMSs) when
there is a need for a source of non-radioactive ions for
significant ion currents. As a rule, the corona dis-
charge is followed by the reaction region, in which
analyte ions are formed from the reagent ions. A short
ion pulse is generated by a shutter located between the
ion source and the collector.

Fig. 1. Diagram of an ion-mobility spectrometer with the]
Bradbury — Nielsen shutter

Combined with mass spectrometry, ion mobility
spectrometry becomes a powerful analytical tool for
the separation of complex samples and the study of
molecular structures. Therefore, an extremely impor-
tant task is to increase the resolution and the sensitivi-
ty of the IMSs. An increase in ion currents is to con-
tribute to an increase in the sensitivity and effective
registration of signals. However, due to an increase in
the ion density, the Coulomb effects begin to manifest
themselves, leading to an increase in the spatial dis-
persion of ion beams in the drift tube and a decrease
in the resolution of the IMSs. Thus, the Coulomb

49

forces of the space charge cause an additional broa-
dening of the ion signal in comparison with the diffu-
sion one. In addition, along with the increased spatial
dispersion, the Coulomb repulsion also affects the
average drift velocity of ions inside the packet, creat-
ing systematic errors in the measurements of the ion
mobility. Two packets of ions with close ion mobility
interact in such a way that, on average, a component
with lower mobility moves more slowly and vice ver-
sa.

Minimizing the Coulomb effects is important to
achieve the optimal combination of high dynamic
range and high resolution of IMS. An estimate of the
value of the current density, above which the influ-
ence of the space charge begins to affect, is given in
[2]. The criterion taken is such a concentration of
charged particles, at which the movement of ions in
their own field exceeds the speed of movement due to
diffusion under the given conditions. The critical va-
lue of the current density for the ty plcal o%)erating
conditions of IMSs is estimated as 10 A / m". It was
shown in [3] that the role of the space charge becomes
significant if the initial ion density exceeds 10® cm™.
The space charge effect in IMS was also considered in
papers [4, 5]. In [6], depending on the density of the
input charge and the aspect ratio of the drift tube
(length / diameter), the loss of ions and the resolution
of the systems were determined by means of simula-
tion in the SIMION software [7].

In this paper, an analytical model is presented that
describes the dynamics of an ion cloud under the ac-
tion of a space charge during motion in an ion-
mobility spectrometer from an ion source to a collec-
tor. Expressions are obtained to evaluate the role of
the space charge in increasing ion losses and decreas-
ing the resolution of the device.
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MODEL OF THE ION CLOUD MOTION
UNDER THE ACTION OF A SPACE CHARGE

Let us build a model describing the dynamics of an
ion cloud under the influence of its own space charge.
Let us consider, for definiteness, a uniform distribu-
tion of charged particles inside a long cylinder.

The electric field strength of a charged disk along
the ¢ axis, perpendicular to its plane, changes accord-
ng to

1

E(&)= 2‘; - W : (1

where R is the radius of the disk, o is the surface
charge density, g is the permittivity. The surface
charge density is expressed through the bulk density
o =pdé&. To determine the electric field strength of

a charged cylinder with length L, we integrate expres-
sion (1) over x with respect to a point located on its
axis at a distance x from the end.

As a result, we get the following expression:

E(x)= 2p

(L—\/(x+L)2+R2+\/x2+R2). @)

0

The electric field strength outside a charged long
cylinder is known to have the form:

2

E() =L, )

where r is the radius (» > R), the distance from the
axis to the observation point.

Let us now consider the distribution of N ions in
a cylinder with an initial length L, and a radius Ry. We
assume a uniform distribution of ions in the volume.
Accordingly, the concentration of ions in the consi-

N
TRL,’
represented as

dered cylindrical volume will be N, = and

the bulk density can then be

p=qN, = q—2 The movement of a charged par-
* mRyL,
ticle in a gas under the action of an electric field is
characterized by the coefficient of mobility. Ion scat-
tering speed at the boundaries of the region is deter-
mined by the mobility coefficient K and the corres-
ponding electric field strength, determined by the spa-
tial distribution of ions v=KE . Assuming the cy-
linder is long enough to neglect the features of the
dynamics of the ion cloud expansion at the junction of
the axial and radial surfaces, we obtain that the initial
radial velocity of the boundary corresponds

gN v R, C g .
tov, =K———, and the longitudinal velocity
2¢,
. gNy, 2 .
isv, =K (Ly+R,—+/L,+R;). The change in

2¢,
the ion concentration due to the expansion of a cylin-
drical cloud is determined as
N N

T 2R, + o) (L, +20,1)  nRL

14

insofar as R=Ro +Uxt, L=Ly+20,t

Respectively resizing the cloud over time is de-
scribed by the system of differential equations

%_KqN (L+R—~L +R*) AR

dt e, R’L ne, RL
: . (4a)
if (L>R);

R _gaN 1

de 27e, RL (40)

Individual consideration of only radial (the length
Ly does not change) and longitudinal (the radius Ry
does not change) scatter gives the following solutions:

2K,
L) =1L, |1+ +m’
e Ly R,
K
R()=R, |1+
e Ry L,

Let us substitute these solutions back into the cor-
responding equations of system (4). Now the change
in the longitudinal dimensions of the cloud is taken
into account for the radial expansion, and the radial
dimensions — for the axial (longitudinal) one. Thus,
we obtain a record of the system (4): two differential
equations describing the radial and longitudinal ex-
pansion of an extended cylindrical ion cloud with the
initial length L, and radius Ry:

®)

dL _ paN ! (6a)
dt 2 ’
o R, 1+ RN
e Ry L,
dR _ 4N ! (66)
dt 2 '
g, RL, 1+ 2Kth2
e R, L,

These equations are easy to integrate, their solu-
tions are as follows:
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4R

Liy=1, 1+ Jip KV g
L, e Ry L,
L

RO =R, [1+20] e 2KV ) g
R\ meRL

Thus, equations (7) and (8) describe the change in
the geometric dimensions of a cylindrical ion cloud
over time due to their mutual Coulomb repulsion. It is

seen that L(¢) ~ t% and R(¢) ~ t% for large times, and
the geometric dimensions of the cloud practically do
not change if a number of ions is small. As an exam-
ple, consider an initial cylindrical ion cloud with
a length Ly = 0.5 cm and a radius Ry = 0.1 cm, the
number of singly charged ions in it N = 107, and the
ion mobility coefficient K = 1.5 cm” / (V - s). Fig. 2
shows the time dependences of the length and radius
of the ion cloud, according to (7) and (8), as well as
the results of the numerical solution of system (4) us-
ing the FORTRAN software for solving the stiff sys-
tem of differential equations RADAUS [8] without
alternate separation of movement into longitudinal
and transverse components and without the simplify-
ing assumption that the length of the cloud is substan-
tially greater than its radius. It can be seen that the
dependences are in good agreement with each other,
thereby confirming the adequacy of the analytical
model.

Fig. 2. Time dependences of the length L and radius R of
the ion cloud according to expressions (7) and (8), as well
as the results of the numerical solution of the system fif
Lo=0.5cm, Ry=0.1 cm, N=10", K=1.5cm?/(V s)

The change in charge density over time also occurs
due to diffusion. In [2], conditions were considered
under which the movement of ions in their own field
begins to exceed the speed of motion due to diffusion,
on this basis the critical value of the charge density,
corresponding to the conditions under consideration,
was found. The critical value of the current density for
the characteristic operating conditions of ion-mobility
spectrometers is estimated as 10° A / m”. For our
conditions given above, this means that the critical
charge density is 10° cm™. Thus, considering the ion
density much higher than the critical one, we assume
that the contribution of diffusion is small in compari-
son with the space charge.

INFLUENCE OF VOLUME CHARGE
ON ION TRACT THROUGHPUT CAPACITY

Equations (7) and (8) allow estimating the change
in the geometric dimensions of a cylindrical ion cloud
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over time due to their mutual Coulomb repulsion.
Consider the evolution of an ion cloud with length
0.5 cm, radius 0.1 cm, K = 1.5 cm®/ (V - s). The cloud
moves along the reaction zone directly from the
source to the shutter, which forms a short ion pulse.
Fig. 3 shows the time dependences of the radius R
(Fig. 3, a) and longitudinal dimensions L (Fig. 3, 0) of
the ion cloud for various numbers of ions (N = 10—
10') located in the initial cylindrical volume
(0.016 cm’). The effect of the space charge begins to
manifest itself already at ion densities exceeding
10° cm >, which agrees with the results of [3]. Thus, at
a density of 6.4-10° cm ™ (N = 10°), in 1 ms of expan-
sion, the radius of a cylindrical ion cloud increases by
1%, and at a density an order of magnitude higher —
by almost 10%.

Fig. 3. Time dependences, according to (8) and (7), of the
radius R (a) and the longitudinal dimensions L (6) of the
ion cloud scattering under the action of the Coulomb re-
pulsion of various numbers of ions (10’-10'") located in
the initial cylindrical volume (0.016 cm”)

Based on the initial parameters of the ion beam, it
is possible to estimate the loss of ions and the density
of the ion current along the drift tube. That is, by set-
ting the radius of the tube and the electric field
strength of the drift, it is possible to determine the
transverse dimensions of the beam and, accordingly,
that length parameter of tube, starting from which the
loss of ions are observed due to their mutual repulsion
and removal outside the drift region. So, in the case of
the already considered example, with a drift tube ra-
dius of 15 mm and a drift electric field strength of
500 V / cm, we obtain that, depending on the number
of ions in the initial volume of 10° and 10'°, the loss
of ions will begin, respectively, at distances of 2.25
and 22.5 cm from the initial one. Moreover, for larger
values of K, losses will occur earlier.

FORMATION OF ION PULSE
BY THE BRADBURY — NIELSEN SHUTTER
WITH REGARD TO THE SPACE CHARGE

Let us consider the formation of an ion pulse using
the Bradbury — Nielsen shutter [9, 10]. The Bradbury —
Nielsen shutter is one of the important elements of ion
mobility spectrometer. It is a sequence of parallel
electrically conductive wires located in one plane, and
the potential difference between adjacent wires can
vary over time. The potential of one sequence of wires
(through one) is equal to the potential of the drift field
in the plane of the shutter location, and the potential
of the other sequence of wires is lower, corresponding
to the closed state of the shutter, since the ions are lost



52 H. B. KYPHUH

precisely on these wires. When the potentials of the
wires are equalized, the shutter opens, and the result-
ing ion pulse enters the drift area and moves further to
the collector.

Let us assume that the ion velocity in an external
field noticeably exceeds the speed of motion caused
by the intrinsic field of the ion beam. Then the time
spent by the ions during the drift in the ionization re-
gion from the source to the gate is determined as

A.
t =i, 9
% ©)

where A; is the distance from the ion source to the
shutter. The radius of the ion cloud in the shutter
plane is determined by the transverse broadening dur-
ing the movement of the ion beam in the ionization
region, according to (8), in this case ¢ must be re-
placed by ¢, we denote it R,:

L 2gNA,
R =R, 1+Lo] 14 2NA ]
R, e R L E,

When the Bradbury — Nielsen shutter is opened,
the potentials of adjacent wires are equalized for
a time interval #,,, and the ions pass into the drift re-
gion. Passing through an open shutter, some of the
ions get lost in collisions with wires. Formally, these
losses can be estimated through the ratio of the in-
volved transverse area of all wires to the cross-
sectional area of the arriving ion beam. As a result at
the entrance to the drift region, the ion cloud has
a spatial structure corresponding to the "shadows" of
the wires. We neglect this for simplicity and we as-
sume that the passed ions form a cylindrical ion cloud
with radius R, and length #,KE, (E, is the electric field
strength in the drift region), since after the time inter-
val 1, the potentials of one of the sequences of shutter
wires return to their initial state and the shutter closes:
further, the ions that have not passed into the drift re-
gion get lost on the low-potential wires. It should be
noted that since different groups of ions have different
values of the mobility coefficient, the longitudinal
sizes of the ion clouds will be different too. In this
case, the initial radii of the ion clouds R, do not de-
pend on the values of the mobility coefficient.

(10)

ION BEAM DRIFT DYNAMICS
AND RESOLUTION OF ION-MOBILITY
SPECTROMETER

To describe the dynamics of an ion cloud in the
drift region, we use the system of equations (4). In this
case, the initial length of the cylindrical ion cloud is
Lq = t,KE,, and the initial radius is R,. In expressions
(7), (8) N means the number of ions in the cloud. It's
obvious that assuming a uniform distribution of ions

within the volume and the fact that the length of the
transmitted cloud does not exceed the length of the
initial one, the number of ions passing through the
open shutter into the drift region is equal to
t KE,
L()
the ion cloud (7) at the time of its approach to shutter
(9) for E; = E,; Since the length of the ion pulse
formed by the shutter turns out to be less than its
transverse dimensions (Lq = 1,KE; < R,), the equation
(4a) takes the following form:

N,=N , where L(#;) is the longitudinal size of

%zKﬂ(LJrR—\/LZ +R) IV 1

dt g, R’L ne, R*’
if (L<R).

Repeating the procedure for this case, we find that

changes in the length and radius of the ion cloud in

the drift region are described by the following expres-
sions, respectively:

(11

KgN t

L(t)=Lyy| 14| 14— || (12)
ﬁeoRngo
KgN,t

R,()=R, [l+In|1+—14| (13)
me R, Ly

Fig. 4. shows, according to (12) and (13), the time
dependences of the radius R (Fig. 4, a) and longitu-
dinal dimensions L (Fig. 4, 6) of the ion pulse formed
by the shutter, taking into account the Coulomb repul-
sion for various initial numbers of ions (10°—10'"),
located in the initial cylindrical volume (0.016 cm® —
a cylinder 0.5 cm long, 0.1 cm radius) in the region of
ion formation. The ion mobility coefficient is taken to
be K =1.5cm? / (V - s), the length of the ion formation
region L;= 3 cm, field strengths E; = E;= 500 V / cm,
and the shutter opening duration #,= 100 ps. It can be
seen that the effect of the space charge begins to ma-
nifest itself noticeably from N = 107, the correspond-
ing density of ions in the ion pulse formed by the
shutter is 9.6 - 10° cm .

Also, for N= 10", Fig. 4 shows the dependences
obtained by numerical solution of the original system
of equations using the program for solving the rigid

Fig. 4. Time dependences, according to (13) and (12), of
the radius R (a) and the longitudinal dimensions L (6) of
the ion pulse formed by the shutter, taking into account
the Coulomb repulsion for various initial numbers of ions
(N = 10"-10"") located in the initial cylindrical volume
(0.016 cm’) in the region of ion formation. For N =10'°,
the curves of the numerical solution are shown, which
practically coincide with the analytical ones
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system of differential equations RADAUS [8]. It can
be seen that the curves practically coincide.

The width of the passed ion pulse depends on the
value of the mobility coefficient of a particular ion.
The higher the mobility coefficient, the wider the
passed pulse, regardless of the charge density. In this
case, taking into account the space charge leads to
additional broadening, depending on the value of the
mobility coefficient, according to (12). Fig. 5 shows
the time dependences of the radius R (Fig. 5, a) and
the longitudinal dimensions L (Fig. 5, 6) of the ion
pulse generated by the shutter, for various values of
the mobility coefficient (K =1, 1.4, 1.8 cm® / (V - s))
with regard to the Coulomb repulsion. The number of
ions in the initial cylindrical volume (0.016 cm?) in
the ion-formation region is 10°. As before, the length
of the ion-formation region is L, = 3 cm, the field
strength is E£; = E, = 500 V / cm, and the shutter open-
ing time is z,= 100 ps. Obviously, the larger the value
of the mobility coefficient, the stronger the broaden-
ing of the ion pulse occurs. Moreover, the densities of
ions in the transmitted pulses differ: 3.8 - 10° cm™ (K =
=lcem?/(V:-9)),533-10°ecm™ (K=14cm’/(V - 5)),
6.85-10°cm™ (K=1.8 cm®/ (V - 5)).

Fig. 5. Time dependences of the radius R (a) and longitu-
dinal dimensions L (6) of the ion pulse formed by the
shutter, taking into account the Coulomb repulsion for
various values of the mobility coefficient K = 1, 1.4,
1.8 cm® / (Vs). The number of ions in the initial cylin
drica% volume (0.016 cm’) in the region of ion formation|
is 10

In the drift field, the ion pulse moves as a whole
with a velocity KE,. Accordingly, the position of the
pulse at any time, taking into account the broadening
due to space charge can be represented as follows. To
determine the ion pulse boundaries, we plot half of the
width, determined by (12), in both directions from the
position of the center of the pulse with a longitudinal
coordinate defined as KE, (¢ is the time counted from
the beginning of the pulse motion in the drift region).
Thus, for various types of ions, differing in the mo-
bility coefficient, it is possible to estimate their resolu-
tion with the given IMS parameters, taking into ac-
count the effect of the space charge. For example,
Fig. 6 shows the dynamics of changes in the widths of
ion pulses and their mutual disposition for various
values of the mobility coefficients (K; = 1.5 and K, =
=1.57 cm® / (V - s)) taking into account the effect of
the space charge of ions inside the pulse (N = 10° and
10'%). We neglect the Coulomb interaction between
the pulses. With an initial number of ions 10° (the
density of ions in an ion pulse passed into the drift
region — 1.35 - 10° cm™ for K, = 1.5 cm”/ (V - s) and
1.4 - 10° cm™ for K, = 1.57 cm® / (V - s)) at a distance
of 40 mm from the shutter, the width of the first pulse
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is 0.14 ms, and of the second one is 0.145 ms. In this
case, the centers of the pulses fall at the instants of
time 5.1 and 5.32 ms, respectively, and the peaks are
separated. With an initial number of ions of 10" (the
density of ions in the ion pulse passed into the drift
region is 1.84 - 10° cm™ for K; = 1.5 cm” / (V - s) and
1.92 - 10° em™ for K, = 1.57 cm® / (V - s)) due to the
action of the space charge, the ion pulses broaden and
partially overlap. Fig. 6 shows that the overlap zone at
a distance of 40 mm from the shutter is
0.25 ms and gradually decreases along with an in-
crease in the drift distance traveled. In this case, the
resolution, generally defined as 0.5-(K; + K))/(K; —
-Ky), is 22.

Fig. 6. Dynamics of changes in the width of ion pulses|
and their mutual disposition with various values of the
mobility coefficients (K; = 1.5 and K, = 1.57 cm® / (V - s))
taking into account the effect of the space charge of ions
inside the pulse (for N = 10° — bands (1), (2); for N =
= 10'" — widened bands with mutual overlap)

CONCLUSION

The Coulomb interaction between ions that have
passed into the drift region can significantly affect the
resolution of the ion-drift spectrum. The paper
presents an analytical model that describes the dynam-
ics of an ion cloud taking into account the action of
a space charge during motion in an ion-mobility spec-
trometer: starting from the region of ion formation, at
the stage of formation of the ion pulse by the shutter
to the further drift of the formed ion pulse towards the
collector. The presented model lets to estimate the
degree of influence of the space charge on possible
losses of ions and the resolution of the ion-mobility
spectrometer. The effect of the space charge becomes
noticeable starting from the ion density of 10° cm™.
Comparison of the results obtained using the analyti-
cal model with the results of the numerical solution of
the original equations shows that they practically
coincide.
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