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IOOEKTUBHOCTDb UCITIOJB3OBAHUA PAZPYHIMTEJISA CTPYU
JJIA TPEJOTBPAIIEHUA PACITPOCTPAHEHUA
HENCIHAPUBIINXCA KAIIEJIb BO BXO/HOM
UHTEP®ENCE MACC-CIIEKTPOMETPA

B pabote npencTaBieHsl pe3yiabTaThl MOICITUPOBAHUS JIBIKCHUS HEHCIIAPHUBIIUXCS Karellb (0T HCTOYHUKA HOHU3a-
IUH JICKTPOCIIPEH), MOMAJAI0IINX Yepe3 KaMWUIIp BO BXOHOW UHTEpdeiic Macc-ciekrpoMeTpa. MuTtepdetic mpen-
CTaBJIICT COOOM PATUOYACTOTHYIO HOHHYIO BOPOHKY C Pa3pyLIUTEIEM CTPYH, KOTOPBIM SIBJIICTCS TUCKOBAsI IJIACTH-
Ha, pacIojoKeHHasi Ha OCH BOPOHKHM 3a KammuisipoM. [lokasaHo, 4To mpH COTNIaCOBaHWM ITapaMeTPOB BHIXOAHOW
CTPpYH C pa3MepaMu AucKa Heucnapupinmecs karid guamerpoMm 0.1-10 MM 3(p(EeKTHBHO OTKIIOHSIOTCS BMECTE
C I'a30BbBIM IIOTOKOM B CTOPOHBI U, TAKUM 06p8.30M, HE pacipoCTpaHAIOTCA AAJbIIC [0 HOHHOMY TPAaKTy, 4YTO CIIO-
coOCTBYyeT 3HAYUTEITHPHOMY YMEHBIICHUIO YPOBHS ITyMOB B MacC-CIIEKTpE.

Kn. ca.: TpaHCTIOPTHBIN KalMILIsIp, SJIEKTPOCIPEH, Ta30Bast CTPYsl, HOHHASI paJInOYACTOTHASI BOPOHKA, BXOIHOM

unTepeiic Macc-CIeKTpoMeTpa

BBEJEHUE

Meron snexkTpocHpeil, NpUMEHSEMBbI B Macc-
CIIEKTPOMETPHUH, SBISIETCS OJHAM W3 COBPEMEHHBIX
METOJIOB "MSATKOH" HOHHM3AIMU M HUMEET OOJIbIIOE
3HAUCHWE JII MAacC-CIIEKTPOMETPUYECKOTO aHaIHM3a
0OJBIINX OMOJOTHYECKUX MOJICKYJ (TaKuX Kak Ier-
THJBI, OCTTKA ¥ TIOJIMHYKIICOTH B ), KOTOPBIC TIPH HC-
MOJIb30BAaHUH JIPYTUX CIIOCOOOB HMOHHU3AI[MH MOTYT
sierko pparmentupoBathes [1]. JlaHHBIH MeTO/ MO3BO-
JISIET TIePEeBECTH MOJIEKYJIbl OPTaHUKH B Ta30BYIO (azy
13 pacTBOpA IPH OJHOBPEMEHHON MX MOHU3AIINH.

OO0pazoBaHye HOHOB CBS3aHO C MHTEHCHUBHBIM HC-
MapeHueM pPAaCcTBOPUTENS, MO3TOMY THUIIMYHBIE pac-
TBOPUTENIA JJII HWOHM3AIUU DJIEKTPOPACITBEUICHUEM
MOJIyYarOT IMMyTEM CMEIIMBAHUS BOJIBI C JIETYYUMHU Op-
TaHUYECKUMHU COCTUHEHUSMH, a I YMEHBIICHUS
HaYaJbHOTO pa3Mepa Karelb B PacTBOp OOBIYHO IO-
0aBJISAIOT COENWHCHHUS, MOBBIMIAIONINAE DIEKTPOIPO-
BOJHOCTB. PacTBOp, copepkamuii aHaIM3UpyeMoe
BEII[ECTBO, IMOJACTCA B METAUIMYECKUN pacCHbLIN-
TeTBHBIA KAaMWUIAP, K KOTOPOMY TPHKIAIBIBACTCS
BBICOKHY TTOJIOXKHUTENBHBIN TOTEHIMAN (pexuM 00pa-
30BaHMSI TIOJIOKHUTEIBHBIX HOHOB). DIJIEKTPOCTaTHUC-
CKOE TI0JIe CO3[aeTcs MEXIy KallwUIsipoM W TaK Ha-
3BIBAEMBIM MPOTHBOAICKTPOIOM, KOTOPBIA MPEICTaB-
nsieT coboit muadparmy. [IpoHUKHOBEHHE TIPUIIOKEH-
HOTO DJJICKTPUYECKOTO TOJNS B JKUAKOCTH IPHUBOIUT
K TIpeo0IaaHnuio BOJIM3W MEHHCKA ITOJOKUTEITHHBIX
HMOHOB, MPUCYTCTBYIOIIUX B PAcTBOPE. DTO BBHI3bIBACT
JIeCTAaOMIIN3aII0 MECHHCKAa W o0Opa3oBaHWE KOHyca
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U CTPYH, 3apSKCHHBIX H30BITKOM MOJIOKUTEIBLHBIX
noHoB. CTpysl pacmajaercs Ha Karluld, a HCIapeHHe
Karellb yBeJITUUMBAeT MOBEPXHOCTHYIO MJIOTHOCTD 3a-
psoB. B pesynbrare Bo3pactaHus KyJOHOBCKOT'O OT-
TAJIKUBaHU, N0 JOCTHKEHUHM DP3JICEBCKOTO Mpezena
UCXOJHBIC KaIlIi pacmnajaloTcsi Ha Ooyee MEJKHe.
DTOT mpolece MOCNIeA0BATEIBHOTO UCTIAPESHUS U pac-
naja Kareib MPOJOoJDKAeTcsl 0 TeX TOp, MoKa B Ka-
KOI-TO MOMEHT He 00pa3yroTcsi CBOOOIHBIC HOHBI r'a-
30B0# (pazsl [2].

IMockosibky 0Opa3oBaHKe UOHOB B TPOIIECCE DIICK-
TPOpPAacHbUICHHs] TPOUCXOANUT MPH aTMOCPEPHOM JIaB-
JIEHUH, TO JJIS TOTO, YTOOBI TMPOBECTH MacC-CIEK-
TPOMETPUYECCKHI aHaIu3, HEOOXOIUMO JOCTABUTh
obpasyromuecss HOHBI K Macc-aHaM3aTopy, pado-
TAKOIIEMy TPU JABJICHHUM HA HECKOJBKO TOPSIKOB
HWXKE. I[J'Iﬂ CONPs’KEHUA UCTOYHHMKA MOHOB Ha aTMO-
chepHOM JIaBIICHHU C MAacC-CIIEKTPOMETPOM, KaK Tpa-
BUJIO, MCIIONB3YIOTCS THO0 nuadparMa ¢ JUaMeTpoM
orBepcTust okoso 100 mMkm, 6o kamwmsip. Koner-
PYKIHUS C JABYMSI CTYNEHSIMH OTKAYKH OYEHb Pacipo-
CTpaHeHa sl WHTEp(EHCOB 3IEKTPOPACIBUICHUS.
HoHBI TpaHCTIOPTUPYIOTCS Yepe3 OTBEPCTHE WK Ka-
NUUIAP ¥ TIOCTYNAalT B Kamepy C JaBJiCHHEM He-
ckombko Topp, a 3aTreM OTOHMparoTcs B Macc-
CIEKTPOMETP Uepe3 KOHUIECKUN CKIMMED.

Hannune Goabmmx HEHUCIIaPUBIIUXCA Kall€Jlb, JIC-
TAMIMX W3 HMCTOYHHMKA, TPHBOAUT K 3arps3HEHHIO
MU 3aKyYIOpHMBAHHIO JBJICMCHTOB KOHCTPYKIIMU BIOJIb
WOHHOTO TpaKTa, WX 3apsjKe, YBEJIMYCHHUIO IIYMOB
B peructpupyemMom criekrpe. OCOOEHHO 3TO XapaKTepHO
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JUISL Macc-CIEKTPOMETPOB C MPSIMBIM COOCHBIM BBO-
JIOM MOHOB, YTO CYIIECTBEHHO OIpPaHUYMBAET UX pa-
oorocriocodHocTh. B [3] mpemnokeHa HeoceBas
KOH(HTYpalus dJIeKTpOocHpesi, KOraa 0Ch MCTOYHHKA
pacronaraercs MmoJi YrJioM KO BXoAy. Takoe ycTpoii-
CTBO BBOJIa MO3BOJISIET N30€KaTh 3aCOPEHUS MM 3a-
KyMOpPUBAHHSI BXOJHOTO OTBEPCTHS TPU BBEACHUHU
MOHOB B aHAJIM3aTOp Macc-CHEKTPOMETpa, T.K. MpHU
WCIIOJIb30BAaHUM HEOCEBOW KOH(UTYpalu BIIEKTPO-
crpesi OosplIMe Kallli NPOoJIeTaloT MUMO. M30rHyThIE
KaHaJbl 32 BXOJHBIM CKHMMEpPOM Macc-CIIEKTpOMeTpa
TaKXXe CHOCOOCTBYIOT PEIICHHIO MTOCTaBJICHHON 3ana-
gy [4]. Ilpy HaMMYMM M3OTHYTHIX KaHAJIOB TSDKENBIC
KaIlJIu BCIIEACTBHE OOJIbIIeH WHEPLIUH HE MOTYT BIIH-
caTbCsl B IIOBOPOT M TEPSIOTCS HAa CTEHKE KaHaua.
OpHako W3-3a TMOHIKEHHOTO JaBIIEHHS B CHCTEME
3¢ (EeKTUBHOCTh TakKOro Crocoba He peann3yercs
B IIOJIHOHM Mepe.

OCHOBHBIM HEJOCTATKOM B paboTe Macc-aHalu3a-
TOPOB, HCHOJB3YIOUIMX aTMOC(EpHbIE HCTOUYHUKHU
WOHOB, ABISETCS TO, YTO JINIIH HEOONIbIIas YacTb MO-
JIEKYJSIPHBIX MOHOB, 00Pa3yIOMINXCs U3 3apsKCHHBIX
MHUKpOKaresb, AOCTHTAeT AETEKTOpa. 3HauWTeNbHas
NOTEPsl aHAIM3UPYEMbIX BEIIECTB HPOMCXOAMT IIPH
TPaHCIIOPTUPOBKE HOHOB Yepe3 BXOIHYIO CHCTEMY.
JIByKpaTHOe yBenMUYEHHE MNPOIYCKaHHS HOHOB OT HC-
TOYHHUKA AJIEKTPOCTIPEH K Macc-aHaIU3aTopy ObLIO Mpo-
JIEMOHCTPHPOBAHO C HCIOJIBb30BAHUEM PACIIHPSIIONIETO-
Cs1 BXOIHOTO KaITWJUIApa BMECTO MpAMOTo [5].

Cwmur u np. [6, 7] pa3zpaboTanu IeKTpOIuHAMUYIC-
CKuMil uHTepdeiic HMOHHOM BOPOHKM JJsl Macc-
CHEKTPOMETPUH C MOHU3AIUEH 3JEKTPOPACIBIIICHUEM,
KOTOPBIN MPUMEHSIET PaAn0YacTOTHBIE U IIOCTOSIHHBIE
9JIEKTPUUECKHE TOJI K PSIy KOJIBLEBBIX 3JEKTPOJIOB
C TMIOCIIEOBATENIFHO YMEHBIIAIOMUMHUCS BXOIHBIMHU
oTBepcTUsIMU. VIOHHAs BOPOHKAa MOXeET OBITh pacrio-
JIO’)KEHa HETIOCPEACTBEHHO 3a TpaHHIeW pa3zaena aT-
Moc(epHOro AaBIECHUSI Macc-clieKTpoMmeTpa. Mcnomb-
30BaHME MOHHOW BOpPOHKM oOecreymBaeT Ooisiee (-
(bexTUBHYIO Iepenady MOHOB B 00JIACTh aHAJIM3aTOpa

U TIOKa3bIBAa€T CYILIECTBEHHOE YyBEJIMYEHHE IPOIYCKa-
HUS MIOHOB OT MCTOYHHUKA K Macc-aHalIu3aropy.

B pabore [8] Ha BXO€ B MOHHYIO BOPOHKY B Kade-
CTBe MeToja OOphOBI C KaIUIIMH HCHOJB3YyeTCs
paspymmrtens cTpyu (jet disruptor), KOTOpeIi mpen-
cTaBJsieT cO00H pPacnojIoKEeHHYI0 Ha HEKOTOPOM pac-
CTOSIHMHM 33 KaWUIIPOM KPYTIylo TJacTuHy. B pe-
3yJNbTaTe CTpys rasa, HCXOZsIIas U3 Kamwuisipa, Ha-
JIeTaeT Ha 3Ty IJIACTHHY W OTKJIOHSETCS B CTOPOHBI,
MIPOXOIsl MEXTy KOJIbIIaMU HOHHON BOpOHKH. BmecTe
C MOTOKOM OTKJIOHSIFOTCSI M HEMCIApUBIINECS Karllu.
Nowsl ke yaepKUBaroTcsi BHYTPH BOPOHKH pajrovac-
TOTHBIM IIOJIEM U MPOJBUTAIOTCS JAAjbIlE BAOIb OCH
MPOTATHBAIOIINM TIOJIEM KOJIEIl M BHIXOIHBIM T'a30BBIM
MTOTOKOM.

enpro HAcTOsIIIEH PaOOTHI SBISETCS MOJEITHPO-
BAHHME B3aUMOJEUCTBHSI Tra30BOM CTPyH, UCXOHALIEH
W3 Kanwuisipa B MOHHYIO BOPOHKY C JAMCKOBBIM IIpe-
MATCTBUEM, TPETHA3HAYEHHBIM IJI €€ pa3pylIeHUs
U OTKJIOHEHHS TNPHUCYTCTBYIOIIUX B I'a30BOM IOTOKE
HEUCIIAPUBIINXCS Kamelb JJIS TOr0, YTOOBI OHHM HeE
pacnpocTpaHsUIUCh Aaliblle 0 HOHHOMY TpakTy. Pe-
3yJbTaThl MOAETHUPOBAHMS ITOKa3bIBAIOT (P (EKTHB-
HOCTh MPHUMEHEHUS TaKOTO Pa3pyIIUTENs CTPYH s
OTKJIOHEHUS NP pacCMAaTPUBAEMBIX YCIOBHUSAX Karelb
quameTpoM 0.1-10 MxMm.

JTAHAMUMKA KATIEJIb B MOHHOM BOPOHKE
TP HAJINYUU PASPYHIUTEJISA CTPYU

YcaoBust Moge1upOBaAHMS

MopenupoBaHue B3aUMOACHCTBUS Tra30BOM CTpyH,
WCXOASIIEH U3 Kanuuispa B MIOHHYIO BOPOHKY, C JHC-
KOBBIM INIPENATCTBUEM NPOBOAMIOCH CIEAYIOLIMM 00-
pa3zoMm. B xauecTBe MoJenMpyEMbIX B3ATbl FEOMETPUS
W yCIIOBUS, IpHUBEJeHHBIE B pabore [8]. O6muii Bu
MOJEIUPYEMOro Ta30Boro o0beMa MmokasaH Ha puc. 1,
C y4E€TOM CHMMETPHH PACCUUTHIBAETCS YETBEPTH IOJI-
HOTo 00beMa.

Puc. 1. OOmmii BUI MOAETHPYEMOTO Ta30BO-
ro obsemMa co BXOAHBIM Kanwusipom (1)
umHoit 100 MM (cneBa), paspyliuTeneM
ctpyu (2), pacmojaraeMblM Ha PacCTOSHUH
20 MM OT BBIXOJHOTO TOpIAa KaIMMUJUISPa,
¥ IpO(UINPOBAHHBIMUA HOHHBIMH BOPOHKaMHU
C TIEPEMBIYKON HA PACCTOSHUH 54 MM OT TOp-
11a Karmmuisipa
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JnmHa BxogHOTO Kanmuispa coctasiseT 100 mwm,
ero BHyTpeHHU#l auamerp 0.5 mm. Ha paccrosHum
20 MM OT BXOJla B KaMepy pacroJyiaraetcs OTOOHHUK
nuameTpoM 6.5 MM. ToJmuHaA 3JEKTPOJOB BOPOHKH,
KaK M paccTOSHUE MEXIy HMMH, cocTaBisteT 0.5 MM.
Hunametp mepBrIx 24 Koyel BOPOHKH OJWHAKOB H CO-
craBiger 25.4 mMm. JlMaMeTp NOCHEAYIOMUX KOJIEl]
YMCHBIIAETCS TakuM 00pa3oM, 4YTO AHaMeTp mepe-
MBIUKH MEXAY NEepBOM, CXOISLICICS, U BTOPOMH, pac-
XOJISIIEHCsl, BODOHKAMM COCTaBIsieT 3 MM U Haxo-
JIUTCSI HA PacCTOAHUU 34 MM OT pa3pyIIUTENs CTPYH.
JaBnenue Ha Bxoje kanuuisipa coctasisier 760 Topp,
Ha TpaHWIax OOJIACTH OTKAYKH B KaMepe CO CXO.s-
mielics MoHHON BopoHKoil — 1 Topp, mpu 3ToM B ca-
MOW BOpOHKE, COTJIACHO pe3yJbTaTaM MOJEINpPOBa-
HUS, BEIWYMHA JABJICHHA COCTaBISIET IPUMEPHO
2 Topp. OTkauka OCYIIECTBIISIETCS MO BCell OOKOBOM
MOBEPXHOCTH KaMepbl, KOTOpas OIrpaHU4YMBaeT 00-
JIaCTh BOKPYT 3JIEKTPO/IOB BOPOHKH.

IIpouexypa MogeupoBaHus

MogenupoBaHue ra3ogMHaMUKH BO BXOJHOM HH-
Tepdeiice ¢ pa3pymmTesIeM CTPyH U MPOPHUINPOBAHHBI-
MH HMOHHBIMH BOPOHKaMH IPOBOAWJIOCH C IOMOILBIO
MPOrpaMMbl Ta30JJMHAMUYECKOTO MOJIEIUPOBAHUS ITy-
TeM UHUCJICHHOTO pELICHHs CUCTEMbl YypaBHEHHI
Hagbe — Crokca. MojennpoBaHue MpoBOAMIOCH B OCe-
CUMMeTpHYHOM NpuOImkeHun. [Ipenmnonaranock, 9To
Ha TpaHUIax BCEro o0bema Teruionepenada OTCYTCT-
ByeT. YpaBHEHHE COCTOSHHUS BO3IyXa OTBEYAJIO HJIe-
anpHOMy. Temmeparypa raza Ha BXOJieé B KalMJUIAp
cocraBmsuta 300 K. Jlns monenupoBanus TypOyJeHT-
HOCTH WCIoNb30Banack k-w SST-momems  Typ-
OynentHocTH. PaccMarpuBanmoch ycTaHOBHBILEECS
nBmkeHne crpyu. Ilpemnomnaraercs, dro Karum
¢ HayanpHBIM nuameTpoM 10-100 MM [2] yxke mpe-
TEpIIeNH PSIJT aKTOB pacrajia ¥ Ha BBIXOZE TPaHCIOPT-
HOTO Kanmwuigpa umeroT auamerpsl oT 0.1 1o 10 Mxm
[9]. Kpome Toro, mOCKONBKY OTHOIICHHE MAaCCHI K 3a-
Psiy BEIMKO, KAIUIM IPEACTABIIIOTCS KaK 3JIeKTpUye-
CKM HeWTpanbHble. Ha HavanbHbBIE MOMEHT BPEMEHU
KaIUId pacIojlarajiuch Ha BBIXOJAE KalWlIsipa PaBHO-
MEpPHO BJIOJIb €r0 pajuyca.

l"a3oBas cTpys, ucTekaromias W3 Kamwuisipa B 3a-
TOIJIEHHOE MPOCTPAHCTBO, XapaKTEPU3YyEeTCsl CYLIECT-
BEHHOW HEOJHOPOJHOCTBIO pacHpeeNieHus] Ta30/u-
HaMHUYECKHX BEJIMYMH KaK B IIPOJOJIBLHOM, TaK U B I10-
IIEPEYHOM HalpaBleHUsIX. ['paHHIa CBEPX3BYKOBOM
OCECUMMETPUYHOW CTpyH, HCTEKalolell B cpeny
C NOHMXEHHBIM JaBJICHUEM, HAa HA4aJbHOM Yy4YacTKe
nMeeT 60ukoobOpaszuyo ¢opmy. Cama rpaHuia mpem-
cTaBisieT coOOW JIMHUIO TOKa, BAOJH KOTOPOW IpH
WCTEUEHHUH Ta3a B MOKOSIIYIOCS CPeay JaBJICHHE OC-
Taercs Hen3MeHHbIM. [Ipu oTpaskeHMH OT 3TOH rpa-
HUIBl 3JIEMEHTAPHBIX BOJIH CXKaTHUS HAa HEKOTOPOM
paccTosHUM OT Hee BO3HMKAET IUCKONOAOOHAs ynap-

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3

Has BOJIHA, IEpeceKaronasl 0Cb I0J NPSIMbIM YIJIOM,
TaK Ha3bIBaeMbIid Tuck Maxa. TedeHue nepes AMCKOM
Maxa xapakTepHu3yeTcs BBICOKOM CKOPOCTBIO IOTOKA
U MaJIOH IUIOTHOCTBIO, IIOCIIE NPOXOXKIACHUS CKadKa
CKOPOCTh MOTOKA PE3KO MaJacT, a IUIOTHOCTb YBEJIH-
yuBaercs. Yepes LHEHTpaIbHBIA CKaYyOK IIPOXOJIUT OT-
HOCHUTENBHO Majlas 4YacTh MacCOBOTO pacxojia rasa,
a OCHOBHas Macca ras3a, HUCTEKAIIIEro U3 COIIa,
JBIDKETCS 110 IepuQepuu CTPYH.

PaccmatpuBas 3¢ GeKTHBHOCTh IPUMEHEHHUST COOC-
HOI0 JUCKOBOI'O MPEMATCTBUS B KAa4E€CTBE Pa3pyIIH-
TeNsl CTPYH, JOTMYHO NPEANOJIOXKHThb, YTO B ITOM
ciy4ae ero IuaMeTp He JOJDKEH ObITh MEHBIIE ToTe-
pedHBIX pa3mepoB cTpyu. HawanbHell, razoguHamu-
YECKHUM, YJaCTOK PA3JIeTa XapaKTEepU3yeTCsl HaTUYUEM
BOJIHOBOW CTPYKTYpPBI H CHIBHON HEPaBHOMEPHOCTHIO
JaBjeHuss 1no ocsM. Ha 3ToM yuacTke XapakTepHbIe
MPOAOJIBHBIN pazMep X CTpyH, pacCTOSIHUE, OTCUHUTBI-
BaeMOE€ OT cpe3a KallWUIspa 10 MOJOKEHHS CEUEHUs
C MaKCHMAaJIbHBIM PaJINyCOM TPaHUIIBI CTPYH, U TOTIe-
peuHslil pasMep Y, COOTBETCTBYIOIIUM MAKCUMAIbHO-
My paguycy TpaHHIBI CTPYH, MOXXHO OIEHHTH CO-
[JIACHO CJIEAYIOIIUM BhIpaxkeHusim [10]:

X=111r [y Lo v fis 2 (1)
P, yM;

P /P ( Ly
Y=r, 1+ —2=—.1-(B/P,)7 j ()
a _ 2 a ©
(-D 2
rae r, — paauyc Kanuijidpa, P, — naBneHue rasza

Ha cpe3e Kamwusipa, P, — QoHOBoe naBieHue
B HMOHHOH BOpOHKE, J — IIOKa3aTesb aaualaTl,
M, — uucno Maxa Ha cpese kanwuisapa. OTcrofa npu
MOJETUPYEMBIX MapaMeTpax Mbl MOJIy4aeM Clenyro-
e 3Ha4YeHHsl pasMepoB: X = 5 mm, ¥ = 3.4 mm.
[lanee Ha Tak Ha3bIBAEMOM IIEPEXOJHOM yUYacCTKE ILIU-
pUHA CTPYHM HAuyMHAET PacTH, MO3TOMY, It 3 dek-
TUBHOW pabOTHl NHCKa-OTOOWHWKA €ro HeoOXOIUMO
pasmeniath B HEMOCPEACTBEHHOM OJIM30CTH OT TopLa
Karmuisipa, HO B 00JIaCTH JO3BYKOBOTO pasiera, 4yTo-
Obl MUHMMHU3UPOBAaTh HOHHBIE IIOTEPHM Ha KOJIbLAX
BOPOHKHM IIPH OTKJIOHEHMH Ia30BOTO MOTOKA JAMCKOM-
otOoiftHHKOM. JlnameTp maucka-oTOOWHHKA, paBHBIN
6.5 MM, corjacyercsi ¢ OLIEHKOH MONEepeyHoro pazmMe-
pa CTpyH 1o BBIpaKEHUIO (2) mpH paccMaTpUBaeMbIX
ycinoBusix. B oOmem ciydae momepedHble pa3Mepsl
CTPYH BO3pPACTalOT TpPH HAIMYAHA KOHICHCAIIUU
Y YMEHBLICHUH [T0Ka3aTens aanadaTsl.

Pe3y.]'l])TaTl)I MOACIHPOBaAHUA

Pacnpenenenue ckopocTy ra3oBoro noToka Ha Bbl-
X0JIe U3 KaluuIsapa, MOIyYeHHOE B pe3yiIbTaTe MOJe-
JUPOBAHMS, TPEAICTABICHO Ha puc. 2 (MaKCHMalbHas
CKOPOCTh Vinax = 745 M/c).
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IV (m/c)
745

670
596

521

223

149

74.5

0.0

34 g

Puc. 2. Pacnipesienienne CKOpOCTH ra30BOT0 ITOTOKA Ha BEIXOAE M3 KAMMILTAPA (Ve = 745 M/C).
BepxHss 11kana OTHOCUTCA K paclpeieIeHUI0 CKOPOCTH MOTOKA B TPaHUIAX CTPYH, HIDKHSS —

Ha repudepun

Buano, uto cTpyst cBepx3ByKoBasi, oOpa3yeTcs Xa-
paktepHass Oouka Maxa. Bumna 6oukooOpasHas
CTPYKTypa TEUCHHsI CTPyH, JUCK Maxa, CKauku yIm-
noTtHeHus. [lonepeunslie pa3Meps! CTPYyH COTIIACyIOTCS
C AMaMeTpPOM JAucKa-oTOoiiHuKa. B pesynbrare 3TOro0
Haberaronmii ra30Bblil MOTOK MOJHOCTHIO OTKIIOHSIET-
Cs B CTOPOHBI W HE Orubaer JUCK, NMpPEeIOTBpaIias
pacrpocTpaHeHHe HEUCIAPHUBIIKMXCS Kamelb, MpH
3TOM HOHBI yJICPKUBAIOTCS HIICKTPHYESCKUMH TTOJISIMH.

V' (m/c)
500

450

400

350

300

170 m/c

Ha puc. 3 npencraBieHO BEKTOPHOE pacrpenesie-
HHE CKOPOCTH ra30BOr0 MOTOKA C OTCEYKOM IO CKOPO-
ctu 500 M/c. TToCKOMBbKY MIOTHAS KOMIIOHOBKA KOJICI
OKa3bIBA€T COIIPOTUBJIICHUC OTKIOHACMOMY IIOTOKY,
TO 0 00€ CTOPOHBI JUCKa 00pa3yloTCs CHIbHBIC 3a-
BuxpeHus. Ha puc. 4 mpeacTaBieHO BEKTOPHOE pac-
NpeieNieHHe CKOPOCTH T'a30BOr0 MOTOKA C OTCEYKOMN
mo ckopoctu 30 m/c. BuaHO, YTO Ta30BbI MOTOK
MPOTAIKUBACTCS MEXKTY TUIOCKHMH 3JIEKTPOJIAMH CO CKO-
pocteio 10 30 m/c.

40 m/c

Puc. 3. BekropHoe pacnpeieneHre CKOpOCTH Ira30BOro IMOTOKA € 0TCEUKOoi 1o ckopoct 500 m/c
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Puc. 4. BexropHoe pacnpenielieHre CKOPOCTH Ta30BOT0 IMMOTOKA C OTCEUKOH 10 ckopocTH 30 m/c

Takum 00pa3oM, Ha MPUBEACHHBIX pacHpeeiIeHu-
X CKOPOCTH Ta30BOr0 MOTOKa B MHTepdelice ¢ MOH-
HOM BOPOHKOH BUJHO, YTO ra3oBas CTPYs, BbUIETAIO-
masi U3 AJMHHOTO KaHajla, MPH BCTpede ¢ OTOOHHUKOM
NpY JaHHBIX MIapaMeTpax He 00TeKaeT ero, a pa3Bopa-
YUBAETCA B CTOPOHY Kousell BOpoHKH. CKOPOCTh ra3o-
BOTO TMIOTOKAa BO3JI€ KOJIEL COCTaBISET OKOJIO
150 m/c. llpm sTOM 3HAuUMTENbHAS OIS HAJIETAIOIIe-
ro MOTOKa HE cpa3y MPOXOJUT MEXAY SJIEKTPOAAMHU
Ha OTKa4Ky, a HAUMHAET BpamaThCsl.

PacuetHbie Tpaekropuu kamnens auamerpom 0.1, 1
u 10 MKM, cTapTyromux BOJM3M BBIXOAa B Kamepy,
noka3ansl B [lpunoxennn wa puc. I11-113. Bumno,
YTO Y€M MEHbIIE pa3Mep KalllM, TeM CHJIbHEE OHa
YBJIEKAeTCA Ta30BBIM IOTOKOM W BBIHOCHTCS CKBO3b
KOJblla BOPOHKH 3a ee mpezensl. Kamm auaMerpom
10 MKM MO0 TepsOTCS Ha OTOOHHHKE, JU00 TaKkKe
YBJIEKAIOTCSI OTKJIOHAEMBIM Ta30BBIM IIOTOKOM B CTO-
POHY W TPOJIETAIOT MEXIY 3JIEKTPOJaMH BOPOHKH,
PacCTONOKEHHBIMH PSAOM C  THCKOM-OTOOHHHKOM,
B OTJIMYME OT JIETKUX Kalellb, KOTOpPBIE MPOXOJAT Me-
KTy ITOCTAaTOYHO YAaJeHHBIMH OT OTOOMHHMKa KOIb-
aMu BOpOHKHU. [Ipm MeHpIIMX nanameTpax Kamemb

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3

y’K€ BO3MOXXHO HX TONaJaHWe B BBIXOAHYIO IHa-
¢bparMy HOHHOW BOPOHKHU.

3AK/IIOYEHUE

B pabote mpeacraBieHbl pe3ysbTaThl MOAEIHUPO-
BaHMs JBIDKCHHMS HEHCHApUBIIMXCSA Kameilb (OT HC-
TOYHHMKAa HOHHU3AIMHN JJIEKTPOCIIPE), TMOMaJaroninx
yepe3 KallWwUlp BO BXOAHOW wuHTepdeiic Mmacc-
cnekrpomerpa. Mutepdelic npencrasisier coboit pa-
JUOYaCTOTHYI0 HMOHHYI0 BOPOHKY C pa3pylIHUTeNeM
CTpYH, KOTOPBIM SIBIISIETCSI JUCKOBasl IUIACTHHA, pac-
MOJIOKEHHAsl HA OCH BOPOHKHM 3a Kanwuiapom. [loka-
3aHO, YTO IPU COTJIACOBAaHMU MapaMETPOB BBIXOJHOM
CTPYyH C pa3MepaMy JAHUCKAa HEWCIapHBILUECS Karllu
muamerpoM 0.1-10 MM 3(h(eKTHBHO OTKIOHSIOTCS
BMECTE C Ta30BbIM IIOTOKOM B CTOPOHBI M, TAKUM 00-
pa3oM, HE pPacHpOCTPAHSIOTCS AajlblIe IO HOHHOMY
TpakTy, a CJEJ0BaTEIbHO, MCIIOJIB30BAHUE Pa3pyLIH-
TEeJsI CTPYH CIOCOOCTBYET 3HAUYMTENFHOMY yMEHBIIIe-
HHIO YPOBHS IIIyMOB B MacC-CIEKTpe.
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Puc. I13. Tpaexropuu Kanenb quameTpoM 10 MKM, CTapTyIOIIUX BOIM3M BBIXOJIa B KAMEPY
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THE NON-EVAPORATED DROPLETS FROM PASSING THROUGH
THE INLET INTERFACE OF THE MASS SPECTROMETER
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The paper presents the results of modeling the motion of non-evaporated droplets (from an electrospray ioni-

zation source) entering the input interface of a mass spectrometer through a capillary. The interface is a radio
frequency ion funnel with a jet disruptor, which is a disk plate located on the axis of the funnel behind the capil-
lary. It is shown that when matching the parameters of the output jet with the size of the disk, the non-
evaporated droplets with a diameter of 0.1-10 microns effectively deflect sideways along with the gas flow and
thus do not spread further along the ion path, that contributes to a significant reduction in the noise level in the
mass spectrum.
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INTRODUCTION

The electrospray method used in mass spectrome-
try is one of the modern methods of "soft" ionization
and is of great importance for mass spectrometric
analysis of large biological molecules (such as pep-
tides, proteins, and polynucleotides): they can easily
fragment when using other ionization methods [1].
This method makes it possible to transfer organic mo-
lecules into the gas phase of a solution while ionizing
them.

The formation of ions is associated with intensive
evaporation of the solvent, therefore, typical solvents
for electrospray ionization are obtained by mixing
water with volatile organic compounds, and to reduce
the initial droplet size, compounds that increase elec-
trical conductivity are usually added to the solution.
The solution containing the analyte is fed into a metal-
lic spray capillary, to which a high positive potential
(positive ion formation mode) is applied. An electros-
tatic field is created between the capillary and the so-
called counter electrode, which is a diaphragm. Pene-
tration of the applied electric field into the fluid re-
sults in a predominance of positive solution ions near
the meniscus. This causes meniscus destabilization
and formation of cone and jet charged with excess
positive ions. The jet breaks up into droplets, and the
evaporation of the droplets increases the surface den-
sity of the charges. As a result of the increase in Cou-
lomb repulsion, upon reaching the Rayleigh limit, the
original drops decay into smaller ones. This process of
successive evaporation and decay of droplets contin-
ues until free ions of the gas phase start to form at
some moment [2].

Since the formation of ions during electrospray oc-
curs at atmospheric pressure, in order to conduct mass
spectrometric analysis, it is necessary to deliver the
formed ions to a mass analyzer operating at a pressure
several orders of magnitude lower. To interface the
source of ions at atmospheric pressure with the mass
spectrometer, as a rule, either a diaphragm with an
opening diameter of about 100 microns or a capillary
is used. The two-stage pumping design is very com-
mon for electrospray interfaces. lons are transported
through an opening or capillary, enter a chamber with
a pressure of several Torr, and are then taken to
a mass spectrometer through a conical skimmer.

The presence of large non-evaporated droplets fly-
ing from the source leads to contamination and plug-
ging of structural elements along the ion path, their
charging, an increase in noise in the recorded spec-
trum. This is especially typical for mass spectrometers
with direct coaxial introduction of ions, which signifi-
cantly limits their performance. In [3], a non-axial
configuration of the electrospray is proposed where
the axis of the source is at an angle to the input. Such
an input device avoids clogging or plugging of the

inlet when ions are introduced into the mass spectro-
meter analyzer, since large droplets fly past when us-
ing an off-axial configuration of the electrospray.
Curved channels behind the input skimmer of the
mass spectrometer also contribute to the solution to
the task [4]. In the presence of curved channels, heavy
drops, due to greater inertia, cannot fit into the rota-
tion and are lost on the channel wall. However, due to
the reduced pressure in the system, the effectiveness
of this method is not fully realized.

The main drawback of work mass analyzers using
atmospheric ion sources is that only a small fraction
of the molecular ions formed from charged micro-
droplets reach the detector. Significant loss of analytes
occurs during ion transport through the input system.
A twofold increase in ion transmission from the elec-
trospray source to the mass analyzer was demonstrat-
ed using an expanding input capillary instead of a di-
rect one [5].

Smith et al. [6, 7] have developed an electrody-
namic ion funnel interface for electrospray ionization
mass spectrometry that applies radio frequency and
constant electric fields to a series of ring electrodes
with serially decreasing input ports. The ion funnel
can be located just outside the interface atmospheric
pressure of the mass spectrometer. The use of an ion
funnel enables more efficient ion transfer to the ana-
lyzer area and shows a substantial increase in ion
transmission from the source to the mass analyzer.

In work [8], a jet disruptor is used at the entrance
to the ion funnel as a method of combating droplets.
This is a round plate located at some distance behind
the capillary. As a result, the gas stream emanating
from the capillary flies onto this plate and deviates to
the sides, passing between the rings of the ion funnel.
Along with the flow, non-evaporated droplets also
deflect. The ions are held inside the funnel by
a radio-frequency field and move further along the
axis by the pulling field of the rings and the output gas
stream.

The purpose of this work is to simulate the interac-
tion of a gas jet emanating from a capillary into an ion
funnel with a disc obstacle designed to destroy it and
deflect the non-vaporized droplets present in the gas
stream so that they do not spread further along the ion
path. Modeling results show the effectiveness of using
such a jet breaker to deflect droplets with
a diameter of 0.1-10 microns under the conditions
considered.

DROPLET DYNAMICS IN ION FUNNEL
IN THE PRESENCE OF JET DISRUPTOR

Modeling conditions

The interaction of the gas jet emanating from the
capillary into the ion funnel with the disk obstacle was



simulated as follows. The geometry and conditions
given in the work [8] are taken as model objects. The
general view of the modeled gas volume is shown in
Fig. 1, taking into account the symmetry, a quarter of
the total volume is calculated.

Fig. 1. General view of the simulated gas volume
with inlet capillary (1) 100 mm long (left), jet disrup-
tor (2) located at a distance 20 mm from the outlet
end of the capillary, and corrugated ion funnels with
a jumper at a distance of 54 mm from the end of the
capillary

The length of the inlet capillary is 100 mm, its in-
ner diameter is 0.5 mm. At a distance of 20 mm from
the entrance to the chamber, a baffle with a diameter
of 6.5 mm is located. The thickness of the electrodes
of the funnel, as well as the distance between them, is
0.5 mm. The diameter of the first 24 funnel rings is
the same and is 25.4 mm. The diameter of the subse-
quent rings is reducing so that the diameter of the
jumper between the first converging and the second
diverging funnels is 3 mm and is 34 mm from the jet
disruptor. The pressure at the capillary inlet is
760 Torr, at the boundaries of the pumping area in the
chamber with a converging ion funnel — 1 Torr,
while in the funnel itself, according to the simulation
results, the pressure is approximately 2 Torr. Pumping
is carried out over the entire side surface of the cham-
ber, which limits the area around the electrodes of the
funnel.

Simulation procedure

Modeling of gas dynamics at the input interface
with the jet disruptor and corrugated ion funnels was
carried out using a gas dynamic modeling program by
numerical solution of the Navier — Stokes equation
system. Modeling was carried out in an axisymmetric
approximation. It was assumed that there is no heat
transfer at the boundaries of the entire volume. The air
equation of state was equal to perfect. The gas tem-
perature at the capillary inlet was 300 K. A k-o SST
model was used to simulate turbulence. The steady
motion of the jet was considered. It is assumed that
drops with an initial diameter of 10—100 pm [2] have
already undergone a number of decay events and have
diameters from 0.1 to 10 pm at the outlet of the trans-
port capillary [9]. In addition, since the mass-to-
charge ratio is large, the droplets are considered elec-
trically neutral. At the initial moment of time, the
drops were located at the outlet of the capillary, even-
ly along its radius.

The gas jet flowing from the capillary into the
flooded space is characterized by a significant hetero-
geneity in the distribution of gas-dynamic values both

in the longitudinal and transverse directions. The
boundary of a supersonic axisymmetric jet flowing
into the medium with reduced pressure, at the initial
section, has a barrel-shaped shape. The boundary is
a flow line along which, when gas flows into the rest-
ing medium, the pressure remains unchanged. When
reflecting elementary compression waves from this
boundary, a disk-like shock wave arises at some dis-
tance from this boundary and intersects the axis at
a right angle, the so-called Mach disk. The flow in
front of the Mach disk is characterized by a high flow
rate and low density, after passing the jump, the flow
rate drops sharply, and the density increases. A rela-
tively small part of the mass flow of gas passes
through the central jump, main mass of gas escaping
from the nozzle moves along the jet periphery.

Considering the effectiveness of using a coaxial
disk obstacle as a jet disruptor, it is logical to assume
that, in this case, its diameter should not be less than
the transverse dimensions of the jet. The initial, gas-
dynamic section of the span is characterized by the
presence of a wave structure and a strong uneven
pressure along the axes. In this section, the characte-
ristic longitudinal dimension X of the jet, the distance
measured from the capillary cut-section to the cut-
section with the maximum jet boundary radius, and
the transverse dimension Y corresponding to the max-
imum jet boundary radius can be estimated according
to the following expressions [10]:

P
X=111-r, [y M, 41+ —2—,
P, yM;

yzra\/ Dm[ P/P)/j, @

where r, is the capillary radius, P, is the gas pressure
at the capillary cut-section, P, — background pres-
sure in the ion funnel, y — adiabatic index, M, —
Mach number at the capillary cut-section. Taking into
account the modelling parameters, we get the follow-
ing dimension values: X =5 mm, Y = 3.4 mm. Further
on the so-called transition section, the width of the jet
begins to grow, therefore, for effective operation of
the baffle disk, it must be placed in the immediate vi-
cinity of the end of the capillary, but in the area of the
subsonic span in order to minimize ion losses on the
funnel rings during deflection of gas flow by the baf-
fle disk. The diameter of the baffle disc, equal to
6.5 mm is consistent with the assessment of the trans-
verse size of the jet according to expression (2) under
the conditions considered. In general, the transverse
dimensions of the jet increase with condensation and
a decrease in the adiabatic index.

(1)




Simulation results

The gas velocity distribution at the capillary outlet
obtained as a result of modeling is shown in Fig. 2.
(maximum velocity V. = 745 m/s).

Fig. 2. Distribution of gas flow velocity at the capil-
lary outlet (Vi = 745 m/s).

The upper scale refers to the distribution of the flow
velocity within the boundaries of the jet, the lower —
at the periphery

It can be seen that the jet is supersonic,
a characteristic Mach barrel is formed. The barrel-
shaped structure of the jet stream, Mach disk, and
shock waves are visible. The transverse dimensions of
the jet are consistent with the diameter of the baffle
disk. As a result, the incoming gas flow completely
deviates to the sides and does not go around the disk,
preventing the spread of non-evaporated droplets,
while the ions are held by electric fields.

Fig. 3 shows the vector distribution of the gas flow
velocity with a velocity cut-off of 500 m/s. Since the
tight arrangement of the rings resists the deflected
flow, strong swirls form on both sides of the disk.

Fig. 3. Vector distribution of gas flow velocity with
a cut-off velocity of 500 m/s

Fig. 4 shows the vector distribution of the gas flow
velocity with a cutoff velocity of 30 m/s. It can be
seen that the gas flow is pushed between the flat elec-
trodes at a speed of up to 30 m/s.

Fig. 4. Vector distribution of gas flow velocity with
a velocity cut-off of 30 m/s

Thus, on the given distributions of the gas flow ve-
locity at the interface with the ion funnel, it can be
seen that the gas jet escaping from the long channel
and encounting the baffle does not flow around it but
turns towards the funnel rings. The gas flow rate near
the rings is about 150 m/s. At the same time, a signifi-
cant part of the incident flow does not immediately
pass between the electrodes for pumping out, but be-
gins to rotate.

Calculated trajectories of the drops with a diameter
of 0.1, 1 and 10 microns starting near an exit in the
chamber are shown in the Appendix on Figs. IT1-113.
It is visible that the smaller the drop size, the stronger
it is taken out through funnel rings out of funnel limits
by the gas stream. Drops with a diameter of 10 pm are
either lost on the baffle or also taken aside by the def-
lecting gas stream and fly by between the funnel elec-
trodes close to a baffle disk, unlike light drops, which
pass between funnel rings, rather remote from the baf-
fle. In the event of smaller drop diameters, they can
already reach the output diaphragm of an ionic funnel.

CONCLUSION

The paper presents the results of modeling the
movement of non-evaporated droplets (from the elec-
trospray source of ionization) reaching the input inter-
face of the mass spectrometer through the capillary.
The interface is a radio-frequency ion funnel with a jet
disruptor, which is a disk plate located on the axis of
the funnel behind the capillary. It has been shown that
when matching the parameters of the outlet jet with
the dimensions of the disk, non-evaporated droplets
with a diameter of 0.1-10 microns are effectively def-
lected along with the gas flow to the sides and, thus,
do not spread further along the ion path, and therefore,
the use of a jet disruptor contributes to a significant
reduction in the level of noise in the mass spectrum.

APPENDIX

Fig. I11. Trajectories of 0.1 um droplets starting near
the chamber exit

Fig. 12. Trajectories of 1 pm droplets starting near
the chamber exit

Fig. 113. Trajectories of 10 pm droplets starting near
the chamber exit




