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XAPAKTEPUCTUKHN BECCETOYHOI'O ABYXJ3JEKTPOIHOI'O
HNOHHOI'O 3ATBOPA 1P ATMOC®EPHOM JIABJIEHUUN

B kauecTBe HOHHOTO 3aTBOpPA I (POPMUPOBAHUSI KOPOTKOTO HOHHOTO MMITYJIbCA B HOH-IPEH(OBOM CIEKTPOMETpPE
npeanoxkeHa 6ecceToyHas AByxauadparMeHHas KOHCTPYKIHSA. ODKCIHEPUMEHTAIBHO MTOKa3aHO, YTO B 3aBHCHMOCTH
OT TEOMETPUYECKUX M JIEKTPUIECKUX MTapaMeTpPOB 3aTBOPA CYIIECTBYIOT ONTUMAIBHBIC NTUTEINBHOCTD 3JIEKTpHYe-
CKOTO MMIynbca (OTKpPBITHS 3aTBOpPA) M HAINPSHKEHHOCTH JJIEKTPUYECKOTO IMOJsI B CHCTEME JJIEKTPOCTaTHYEeCKON
TPaHCIIOPTHPOBKH, KOTOPBIE 00ECIIEUNBAIOT MAKCUMAJIbHYIO aMIUIUTYAY HOHHOTO UMITYJIbCa.

K. ¢cn.: MICTOYHUK MOHOB, AJIEKTPUYECKHIA 3aTBOP, TPAHCIIOPTHPOBKA HOHOB MPU aTMOC(EPHOM JaBJICHUH

BBEJEHUE

BaxxHbIM 37€MEHTOM B CHEKTPOMETPE HOHHOU
MOABI)KHOCTU SIBIISICTCS. MOHHBIA 3aTBOpP, PAacIoNo-
KEHHBIA MEXTY UCTOYHUKOM HENPEPHIBHOTO ITOTOKA
3apsHKCHHBIX YaCTHII U BXOJIOM B JIpEi(oBYI0 TpyOKy
W TpeJHa3HAYCHHBIA JUIs (POPMHUPOBAHUS HOHHOTO
nmakera B obimactu jpeiida ¢ mocienyromel cemnapa-
LM€Y MOHOB MO MOJBMXXHOCTH. POpMa MOHHOTO TMaKe-
Ta ¥ €ro aMIUINTyAa XapaKTepU3YIOT Pa3pellalollylo
CHOCOOHOCTb M YYBCTBHUTEIBHOCTH CIIEKTPOMETpPA
MOBMXHOCTH. B Hacrosmee Bpems mis popmupoBa-
HUS ¥ WUHXEKIUM HOHHOTO MAaKeTa MPUMEHSIOTCS
CEeTOYHEIC MOHHBIE 3aTBOPHI bpembepm — Hwumbcena
[1], Tunpansa — [aysmna [2], TpeXCeTOUHBI HOHHBIN
3arBop [3]. B pabote [4] oT™MedeHO, YTO STH HOHHEIE
3aTBOPHI 00a/1al0T B TOW WIIM MHON Mepe TUCKPUMH-
Halliel MOHHOHN MOABMXXHOCTH. DJTO YXYIIIAeT pas-
PEIIaonIy0 CIOCOOHOCTh CHEKTPOMETPOB HOHHOU
noABMKHOCTU. K CyIllecTBEeHHBIM HemOoCTaTKaM ce-
TOYHBIX MOHHBIX 3aTBOPOB CIEAYeT OTHECTH HX Ma-
JyI0 TEOMETPUUYECKYIO IMPO3PAYHOCTh [JIs MOHHOIO
myuka, nopsiaka 60%, 94To BHOCHUT CBOM BKJIaA K Ia-
JIEHUI0 YYBCTBUTEJIBHOCTH; TAK)KE PacCESHHUE HOHOB
Ha CETKaX MPUBOAUT K YIIUPEHHUIO MOHHOTO MaKeTa
W, KaK CIIEZICTBHE, YXYAIICHUIO pa3pemraroneil cro-
cobHocTh. Takke K HEeJOCTaTKaM CETOYHBIX MOHHBIX
3aTBOPOB MOXXHO OTHECTH TEXHOJOTHYECKYIO CIIOXK-
HOCTh WX M3TOTOBIICHUS, OOPHIB HUTEH M 3aMbIKaHUE
COCETHMX HUTEH C MPOTHBOIOJIOXKHBIMH TOTCHIIHA-
JIaMH, YTO TIPUBOAWT K HEepabOTOCIOCOOHOCTH 3a-
TBOpa. Jlnamerp amepTypbl NPUMEHSEMBIX HOHHBIX
3aTBOPOB, KaK NpaBHIIO, cocTaBiser 2—2.5 cM. s
(OpMUPOBAHUS CTPYKTYPBI 3JIEKTPUUYECKOTO TIOJS
3aTBOpA, MO3BOJISIIOIIEH C MUHUMAIBHBIMA FHCKaXKe-
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HUSMH c(pOPMHUPOBATH MAKET HMOHOB C PE3KUMH Tpa-
HULaMu (ppoHTaMM), MPH TaKUX pa3Mepax HMCHOIb-
3YIOTCSl CETKM Pa3JINYHON KOHCTPYKLHMH: Tapajiellb-
HBIE NMPOBOJSIINE HUTH Manoro auamerpa (50 Mkm)
¢ untepsasgoM otT 0.2 1o 1 mm [5, 6] wiu anepTypsl
B Buae "cureuka" [7]. AnbrepHaTHBOMN "ceTOYHBIM"
3aTBOpaM MOTYT SIBIATHCS OecCeTOUHBIE IBYXJAWa-
(parMeHHBIE 3aTBOPHI C MAJIBIM JHAMETPOM arepTy-
pBl mopsAaka 2 MM. Takue AMaMeTpbl amnepTypsl Io-
3BOJISIFOT CO3/1aTh HEOOXOAMMYIO CTPYKTYpy OJJeK-
TPUYECKOTO IOJIsI B 3aTBOPE, KOTOPBIH (opMHpyeT
MOHHBIE MMaKeThl HE XYK€ CETOYHBIX 3aTBOPOB, HO MPHU
3ToM oOiagaer OoJblueil MPO3PavHOCTBIO M MPOCTO-
TOM KOHCTpYKUuU. HempepblBHbIE HOHHBIE ITy4KHU
TUAMETPOM 2 MM MOJKHO TMOJyYHTh, HCIONB3YS JINOO
HMOHHYIO BOPOHKY [6], coAepKaIllyto OrpoMHOE KOJIHU-
YeCTBO (JI€CATKH) 3JEKTPOAOB C TMEPEMEHHBIM IHa-
METpPOM aneprypsl oT 20 MM 10 2 MM, IPUMEHAEMYIO
npu JaBlieHUsix B obmactu japeiida mopsaka 1 Topp
C HCITIOJIb30BaHUEM IOCTOSIHHOI'O HANPSDKEHUSI U BbI-
COKOYAaCTOTHOTO HANpPSDKEHUS, MO0 CHUCTEMY TpaHC-
MOPTHUPOBKKH TIpu atMocdepHOM maBieHun [8], co-
CTOAIIYI0O W3 TPEX-YETBIPEX IJIEKTPOAOB C MEPEMEH-
HBIMH anepTypamu oT 4 MM 10 1.2 MM u paboraio-
LIyI0 TIpU aTMOC(EPHOM AaBICHUHU HPU HMOCTOSHHBIX
HaANPSKEHUSIX Ha JIEKTPOoJIax.

B nanHoii paGore npeanaraercss HOBasi KOHCTPYK-
st 0ecceToOYHOro MOHHOTO 3aTBOPA, COCTOSIIAs W3
IBYX nuadparM, U TNPEACTAaBISIOTCS HSKCIEPUMEH-
TaJIbHBIE PE3yJbTaThl ero padoTHl MO TMpeodpa3oBa-
HUIO HENPEPHIBHOTO MOHHOTO TIOTOKA B WMITYJILCHBIE
MOHHBIE TIAKETHI IPU aTMOC(EPHOM AaBICHUH, CpPaB-
HEHHE TMOJyYeHHBIX Pe3yJbTaTOB C XapaKTepPHCTHKa-
MU "CeTOYHBIX" 3aTBOPOB.
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BECCETOYHbBIN HBY'XﬂI/IA(DPAFMEHHbII‘/‘I
HNOHHbIN 3ATBOP.
TEOPETUYECKHUE NPEAIIOCBIJIKA

[Ipennaraemeiii  OecceTOYHBI HWOHHBIA 3aTBOP
NpeHa3HaueH Uil NpeoOpa3oBaHUsl HENPEPBIBHOIO
MOHHOTO MyyKa B IIOCJEN0BAaTEIbHOCTh MAKETOB 3a-
PSOKEHHBIX YacTHI[ TMOCTYHAIOIIWX B aHAJINW3aTOP
C 3a/laHHBIMU YacTOTOW M JJIMTENBHOCTBIO, W IpEJ-
cTaBigeT co0oil mapy M30IMPOBAHHBIX MPOBOISIIINX
napajjieNbHbIX AradparM ¢ COOCHBIMH OTBEPCTUSIMH.
OpnHa u3 auadparM HaxoOUTCS O] PErYIHPYEMBIMU
HaNpsDKEHUSIMA OT HE3aBUCHMOT'O HCTOYHHUKA IUTa-
HUS, a apyras nuadparma dJIeKTpHYECKH COeIMHEHA
C HE3aBUCHMBIM HMITYJECHBIM UCTOYHUKOM ITHTaHUS
C pEryJIMPYEMBIMU JJIUTENBHOCTBIO, YACTOTOW WU aM-
wmTyRoil HanpsokeHud. CyTepro3nius dJIeKTpude-
CKUX MOJIeH B JABYXJIEKTPOIHOM 3aTBOPE B PEXHMMAX
3arepToro M OTKPBITOTO 3aTBOpa MpEACTaBlIeHa COOT-
BETCTBEHHO Ha puc. 1 u puc. 2. B cimydae 3akpsiToro
3aTBOpa MOHBI TEPSIOTCS Ha MEpBOil aAunadparme, T.K.
MOTEHIIHAl BTOPOW AwadparMbl BBIIIE MOTEHIHANA
nepsoil. 1Ipy noHW>keHUMM MOTEHLUana BTOPOM [ua-
(¢parMel OTHOCHTEIHHO TIEPBOH HMOHBI IPOXOIAT
B IpeiidoByro 00J1aCTh HOH-APEH(POBOro CIEKTPOMET-
pa. HMMmnynbcHOE TOHM)KEHHME 3TOr0 IOTEHIMana
(dhopMupyeT KOPOTKHI HOHHBIN UMmmyisc. Kpome To-
ro, BCJEJICTBUE TAaKOrO YCTPOMCTBa 3aTBOpa 3aJHUI
GpoHT GOpMUPYEMOro HOHHOTO UMITYJIbCA HOKUMa-
eTcs, T.K. NPU 3aKPBITUM HOHBI BBITAIKUBAIOTCS W3
00JacTH HEOJHOPOJHOTO AIIEKTPHYECKOTO MO, TO-
rra Kak B ciyyae 3aTtBopa bpendepu — Hunbcena sto

Puc. 1. HpOCTpaHCTBeHHOG pacnopeaciicHue MOTCHIINaIa
B CjIy4dac 3anepToro 0eCcCeTOYHOr0 HByXI{I/Iaq)paFMeHHOFO
3aTBOpA. Tloka3aHbl HOHHBIC TPACKTOPUHN

Jenanock crnenuanbHeIM oopasoM [9]. [peanaraemsrii
OecceTOUHBI MOHHBIN 3aTBOpP OTJIMYAETCS TPOCTOTON
KOHCTPYKLMH M JIETKO MOXXET OBITh HCIIOJIb30BaH
B HaleM MoH-JAperioBoM criekTpometpe [10].
MopenupoBaHue 6ecceToOIHOTro MByXanadparmeH-
HOT'O 3aTBOpa C LIEJIBIO ONPEJEIICHUS €r0 XapaKTepH-
CTUK U PEKUMOB PabOTHI, 00ECIIEUNBAIOMINX HA BBI-
X0€ KOPOTKMH HOHHBIM MMIYyJbC (ITaKEeT) ¢ MaKCH-
MaJIbHO BO3MOXKHOW  aMIUIUTYyAO0W, MPOBOJMIIOCH
B nmakere SIMION 7 [11]. Hna pacuera ABUXKEHUS
WOHOB B ra3e IpH aTMOC(EPHOM JIaBJIICHHH B CHIIbHBIX
JIEKTPUYECKUX TOJIAX HCIIOJIb30Bajlach pa3padoTaH-
Has paHee Mojenb [12], peann3oBaHHas B  prg-
nporpamme [13]. B mporpamme yuurteiBaercs auddy-
3Ms MOHA B TUIOTHOM Ta3e U ¢ Y4eTOM KO3 PHUIMEHTa
MTOIBIKHOCTH €TO0 JBM)KCHUE B DJIEKTPUYECKOM TOJIE.
Bou1 paccmoTpen 3aTBop ¢ AuadparMeHHBIMH IUIa-
CTMHAMHU TONMIMIMHON 0.2 MM M pPaccCTOSHUEM MEXIY
Humu 0.2 MM, OUaMeTpoOM OTBEPCTHH OOeuX ama-
¢parm 2 mm. C Lenbio onpeaeseHus: napaMeTpoB BbI-
XOJHOTO HMOHHOTO WMITYyJIbCa TPH MOJIEITHPOBAHUN
BapbUPOBANIACH JUIUTEIBHOCTD OTKPBITHS 3aTBOpa df =
=20-50 mxc. Ha puc. 3 npuBegeHbl BpeMEHHEIE
npoGHUI HOHHBIX HMITYJIBCOB Uil aMIUTUTYABI OT-
KpeiBarorero ummynbca —100 B u ¢puxcrupoBarHOTO
koddduimenta nogsmxHoctu Ko = 3 ev?/(B-c). Bus-
HO, YTO CYUIECTBYeT ONTHMAalbHas IJIUTEIbHOCTH
OTKPBITHS 3aTBOPA, KOTOPOH OTBEYAET y3KUH BBIXOJ-
HOW MOHHBIN MUK JIOCTaTOYHOW aMIuuTyabl. Jljig mMo-
JENUPYEMBIX YCIOBUN BeIMYMHA ONTHUMAIBHOW JUTH-
TENBHOCTH OTKPBITUS 3aTBOpa cocTaBisieT df = 30 MKc,
nmpodwie 2 Ha puc. 3. Ilpm >TOM HOHHBIA TIHK,
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Puc. 2. HpOCTpaHCTBGHHoe pacopeacjicHue NnoTeHIuaaa
B CJIydac OTKPBITOIO 0eCcCeTOYHOr0 L[ByXZ[I/Ia(bpaFMCHHOFO
3aTBopa. Iloxa3aHbl HOHHEIE TPAaCKTOPUUN
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(dhopMupyeMbIii MOHAMH C MEHBIIEH UTUTEIHHOCTHIO
otkphiTus (podmiib 1, 20 MKC), OKa3bIBaCTCSl 3HAYU-
TEIHHO MEHBIITUM I10 aMILTUTY/IE, & COOTBETCTBYIOIIEE
3Ha4YeHHE JJUTEILHOCTH HWOHHOTO IMHKa YBEIHMYHBa-
ercss B Heckosnbko pa3. I[lpodmwm 2 (30 mxc) u 3
(50 MKC) HE CUMMETPHUYHBI, KpOME TOTO, PO 3
CHJIBHO 3aTSHYT B CTOPOHY OONBIIMX BPEMEH IO JUTH-
TEIbHOCTH.

SKCHHEPUMEHTAJIBHAA YCTAHOBKA

Jid 9KCIIepHMEHTANBHOTO HW3yYeHHUS XapaKTepH-
CTUK 0OECCEeTOYHOTO IBYXAHA(dpParMEeHHOIO 3JIEKTPH-
YEeCKOro 3aTBOpa, paboTaloUIero Mpu aTMochepHOM
JAaBJICHUM B IOKOSIIMMCS rase (JabopaTopHOM BO3-
JyXe) TpH HOPMAIBHBIX YCJIOBHAX M BIHSIOIIETO
Ha TpeoOpa3oBaHWE HEMPEPHIBHOTO IyYyka HOHOB
B I0CJIEOBATENLHOCTh HOHHBIX IAaKETOB, ObLIa CO3-
JlaHa TIpocTas MO KOHCTPYKIMH W MajorabapuTHas
9KCIEpUMEHTaNbHas ycraHoBKa. KoHcTpykuus ycra-
HOBKH TIpe/iCTaBJIeHa Ha puc. 4.

Ha puc. 5 npeacraBiieHa cxema 3KCHEpUMEHTAIb-
HOHI ycTaHOBKH. Jlajlee B TEKCTE BCE CCBUIKU K 3JIe-
MEHTaM JKCHEPUMEHTAIbHOH yCTAaHOBKH HOMEpamu
MO3ULUK JaHbl 10 puc. 5. [ IpoCTOTHI 3KCIIEpU-
MEHTa B Ka4yeCTBE SMHUTHPYIONICH 3apsHKeHHBIE da-
CTHLIBI TIOBEPXHOCTH HCIIONB30BaJM OCTpHE (MIJIa)
(1) ¢ monoXuUTETHHBIM KOPOHHBIM pa3psioM. Ha pac-
CTOSIHUM 5 MM OT WIJIBI COOCHO pacIojarajcsi aHox
B BHJIE TOHKOCTEHHOH nuadparmsl (2), sBISFOLIEHCS
HEPBBIM 3JIEKTPOAOM CHCTEMbI TPAHCIIOPTHUPOBKH 3a-
PSDKEHHBIX YacTUL, KOTOpas BKJIIOYaeT B cels erle
nBe TOHKOcTeHHbIe nuadparmsl (3) u (4). Anadparmser
(2), (3), (4) umerot Tommuuy 0.2 MM U HaAXOAATCS Ha
paccrossHUE 1 MM JpyT OT Apyra, IHaMeTphl OTBEp-

HAVYYHOE [NIPUBOPOCTPOEHME, 2021, Tom 31, Ne 4

ctuii B tnadparmax (2), 3)u (4) —4,2.5 u 2.5 mm
COOTBETCTBEHHO. 3a nuadparmoii (4) Ha paccCTOSTHUU
3 MM pacrmoyoKeH OECCEeTOYHBIN ANEKTPUYECKUN 3a-
TBOp, (POPMUPYIOIINI HOHHBIA UMITYJIEC U TPEACTaB-
TSIOMIMNA cO00H COOPKY M3 ABYX TOHKOCTEHHBIX IHa-
¢parm (5) u (6) Tonmmuo# 0.2 MM C IEHTPaIbHBIMHU
OTBEPCTHSIMH TUAMETPOM 2 MM W HaXOZSIIUMHUCS

Puc. 4. KoHCTpyKIMS 9KCIEPUMEHTANBHON YCTAHOBKH JUIs
UCCIIEIOBAaHUS XapaKTEPUCTUK OECCETOYHOTO JIBYXIJICK-
TPOJHOTO 3aTBOpA.

1 — KopoHupymomiee ocTpue, 2 — MPOTHBOIIEKTPOJ,
3 — JABYXDJIEKTPOJHAS CHCTEMa TPAHCIIOPTHPOBKH HeTpe-
PBIBHOTO HOHHOTO ITyyka 10 1-ro sjekrpoja 3aTBopa,
4 — NBYXAIEKTPOIHBIA OECCeTOYHBIN 3aTBOp, 5 — CHCTe-
Ma IEKTPOCTATHUECKON TPAaHCIIOPTUPOBKH HMOHHBIX TMaKe-
TOB (TIMKOB) K KOJJIEKTOPY, 6 — KOJUICKTOP
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Puc. 5. Cxema SKCrIepuMEeHTAIBHON yCTaHOBKH.

1 — KopoHHpYytOIIEee OcTpre; 2 — aHOA B BHJIE TOHKOCTEHHOHN nuadparmsr; 3, 4 — aBe TOHKO-

creHHble auapparmsl; 5, 6

nradparmMel 6eCCeTOYHOTO HIEKTPUIECKOTro 3aTBOPa; 7 — CHCTE-

Ma IEKTPOCTATUYECKON TPAaHCIIOPTUPOBKM MOHHBIX MakeTOB (IMKOB); 8§ — kosuekrop; 9, 10,

11, 12 — uudpossie u3mepurean Toka; 13, 14,

15, 16, 21, 23, 28 — BBICOKOBOJIBTHBIE YIIPAB-

JisieMble BBICOKOCTaOWIIbHBIC OJ0KM nuTanus; 17, 24, 25, 27 — pesuctopsr;, 18, 26 — koHAeHCa-
TOphl;, 19 — KoMMmyTaTop; 20 — TeHepaTop MMITYIbCOB; 22 — 3a3eMyieHHe; 29 — yCHIINTEINb;
30 — omTo3NeKTpOHHAS pa3Bs3Ka; 31 — AByXKaHANBHBIA ocumiutorpad

Ha PacCTOSIHMU 2 MM JpyT oT npyra. [lanee Ha pac-
crosHud 1 MM OT BTOpoW amadparmel 3atBopa (6)
pacriojiaraerTcsi CHUCTeMa JIEKTPOCTaTHYECKON TpaHC-
MOPTUPOBKU HMOHHBIX MakeToB (mukoB) (7), cocTos-
mas w3 Habopa TOCIIEAOBAaTENBHO PACIION0KEHHBIX
mnadparm ¢ BHyTpeHHUM auametpoMm 10 MM Ha pac-
CTOSTHUM 2 MM JIPYT OT ApyTa, 00IIas JUIMHA CUCTEMBI
60 mMM. Yepe3z 2 MM mociie HOCIEOHETO 3JIEKTPoAa
cuctemsbl (7) HaXoAUTCS KOJUIEKTOp (8) B BUIE ILIOC-
Koro kpyra nuametpom 8 MM. Ha anexrpozst (1), (2),
(3), (4) moctynaroT peryJiupyemMble BHICOKOBOJIBTHBIC
BBICOKOCTAOMIIbHBIE HAIPSDKEHUS OT COOTBETCTBYIO-
MIMX KaHAJIOB MUTAHMA, KaXIbIii U3 KOTOPBIX BKIIOYA-
er B cebs mmdporoi n3mepurens Toka Digital Mul-
timeter UT33C+UNIT (9),(10),(11),(12), BBICOKO-
BOJIbTHBIH YIPaBIIIEMbI BBICOKOCTAOMIBHBIN OJI0K
nutaans  Applied Kilovots (13—15) cooTBeTcTBEeHHO
C HEOOXOAMMBIMU JTHAMTa30HAMHU PETYJIHUPOBKU M T0-
JISIPHOCTHIO, BTOPOH MOIIOC KOTOPBIX HAXOAWUTCS TMOJ
noTteHuanoM "3emisn". Ha mepBblil anekTpos 3aTBopa
(5) Bcerma momaeTcst MOCTOSHHOE PEryIHpyeMoe Ha-
NPSYKEHUE OT BBICOKOBOJIBTHOTO BBICOKOCTAOMIIBHOTO
ucrounuka Applied Kilovolts (16) Homunanom 2.5 kB
yepes pesuctop (17). Ha aToT e anexTpox B pexxume

I paGotsl 3aTBOpa uepe3 pazaenuTeIbHbIH KOHACHCA-
top 0.1 Mx®d, 3 kB (18) mo nenu AB noctynaer mnps-
MOYTOJIBHBII MMITYJIbC HAIIPSKEHUSI C PEryIrnpyeMbl-
MH aMIUIUTYJOH M JUIMTEIBHOCTBIO OT KOMMYTaTOpa
(19), xoTOpBIi B CBOIO OYEpPEeNb IO JIOTHYECKOMY
Bxoay X1 moakitoueH Kk reHepatopy ummnysubscoB TGP
110 10 Mhz Pulse Generator (England) (20), a mo
nepBoMy aHainoroBomy Bxoxmy (All) k Beicokocrta-
ounpHOMy uctouHuKy Applied Kilovolts (21) HOME-
HagoMm 0.5 kB, a mo BTOpOMY aHajJOroBOMY BXOHIY
(AI2) nogxiroueH k 3emiie (22). Ha BTOpoit aiekTpoy
3aTBOpa (6) W MEPBBIA ANEKTPOJ CHUCTEMBI DIIEKTPO-
CTaTUYECKOW TPAHCIOPTHUPOBKU MOHHBIX nakeToB 7(1)
BCEr/la TOCTYIAeT MOCTOSHHOE PEeryJHpyeMoe BBICO-
KOBOJIbTHOE HAIPSIKEHUE OT BHICOKOCTAOMIJIBHOTO BBI-
cokoBoJbTHOTO mcToyHnka Applied Kilovolts (23)
HomuHaIOM 2.5 kB depe3 pesuctopsr (24) u (25).
Mexny snekrponamu (6) u (7) pacnosioxeH OJOKH-
poBOUHBIN KoHAeHcaTop (26). B pexume II paboTsr
3arBopa Ha 3jaekTpon (6) mo nenu AC mocTymaer
MPSIMOYTOJIEHBIA UMITYJIbC HAPSOIKEHHS C PEryJupye-
MBIMH aMIUTUTYA0M M JIMTEIBHOCTBIO OT KOMMYTa-
topa (19). Ha anekTpo/ibl CHCTEMBI AJIEKTPOCTATHYC-
CKOW TPaHCHOPTHPOBKM HMOHHBIX NakeToB (7) Bcerza
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MOCTYNAIOT MTOCTOSTHHBIE PEryJIMpPYyEMbIe HaIPSKEHUS
OT pe3UuCTUBHOTO nenutens (27), KOTOpeId ¢ OAHOM
CTOPOHBI TIOJKIIOYEH K BBICOKOCTAOMIILHOMY BBICO-
KOBOJIBTHOMY pEryjupyeMoMy HcTouHHKY Applied
Kilovolts (23), a ¢ mpyroii kK BEICOKOCTaOUILHOMY BBI-
COKOBOJILTHOMY PEryJlHpyeMoMy HUCTOUYHUKY Applied
Kilovolts (28), BTOpoii moIIOC KOTOPOTO HAXOAWUTCS
noa noteHuanoM "3emis". Kpome Toro, mog moreH-
[IMaJIOM HMCTOYHHKA BBICOKOTO HampspkeHus (28) Ha-
xoATcs KoJutektop (8) m ycmmurens (29). CurHan
¢ KoJiekTopa (8) mocTymaer Ha ycunuTenb (29) u ue-
pe3 onTpoHHYIO pa3Bs3Ky (30) Ha BXOJ JBYXKaHAIb-
Horo ocuwuiorpada Tektronix DPO 3032 (31).
DNEeKTPUYECKUI MPAMOYTOIBHBIN YIPABISIOMNANR HM-
MyJIbC, TOAABAEMBIM Ha 3aTBOpP, UMEET CIEAYIOIUE
XapaKTePUCTUKH: JUINTEIBHOCTh HMITYJIbCA MOXKET
U3MEHAThCS B Auana3one oT 10 Mkc 1o 8 mc, ammiu-
TyJa MOXET U3MEHSThCS B auamnazoHe ot 100 B go
1000 B, mmutensHOCTH PpoHTOB MMIyibca 100 He.

[InTanue BBICOKOBONBTHBIX HCTOYHHKOB OCYIIE-
CTBISIOCH OT WMIYJbCHOTO Ojoka muTanus Mean
Well S-240-24, noakmroueHHOro k cetu ~ 220 B, mo-
Tpebisemass MoutHOCTh — 10 240 BT, BEIXOMHOE Ha-
npsbkenue — 24 B, Tok Harpy3ku — 10 10 A, ¢ 3a-
IIUTOM OT Meperpy3oK, KOPOTKOTO 3aMBIKaHUS U BBI-
OpOCOB MTUTAOIIETO HAMPSKESHUS.

ONeKTpoAbl aHAJUTHYECKOW YacTh JKCHEpHUMEH-
TaJTbHON YCTAHOBKH OBUIM BBIMIOJHEHBI 110 TEXHOJIO-
run nevarHeix wiat (PCB) [7]. Ha anekrponax y ot-
BEPCTUI HMeEETCS JBYXCTOPOHHMM METAIIMYECKUI
MPOBOJALINI CJIOW B BHUAE KOJbIA IIMPUHON 1 MM,
KOTOPBIA TAaKKe MOKPBIBAET BHYTPEHHUM Kpail OTBEp-
ctust B anekTponae (puc. 6). Judnekrpuueckue mpo-
KJIQJIKK BBITIOJIHEHBI M3 MaTepuana 3JIeKTPOJIOB, HO
0e3 TMOKPBITUS METauIOM. BHyTpeHHHWE IumaMeTpsl
B JAMIJIEKTPUYECKUX Npoknagkax 10 MM, 4TO MO3BO-
nseT n30eXaTh 3apsAKH TUIIEKTPHKA.

Puc. 6. dororpadus nnadparmsl 3a-
TBOpa C BHyTPEHHHUM JTHaMETPOM 2 MM
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Wzyuenne paboTsl OecceToUHOro TuagparMeHHOro
3aTBOpa B 3aBUCHUMOCTH OT BEJIMYMHBI 3a/1aBa€MbIX
Ha 3JIEKTPOJbl NOTEHLHAIOB MPOBOAWIOCH IO Ce-
nyrolie Mmetoauke. Bo Bcex skcnepuMeHTax TOK I0-
JIOKUTEFHOTO KOPOHHOTO pa3psila Ha UIJie YCTaHaB-
JMBaJCsT MpUOMM3UTENbHO Ha ypoBHAX 0.5, 1 MKA.
Bennuuna HanpsbkeHuit, MoJjJaBaéMbIX Ha AJIEKTPOJIbI
(2), (3), (4), nogbupanace TakuM 0Opa3oM, 4TOOBI
Ha 3JIEKTPOJbI CHUCTEMbI TPAHCIOPTHUPOBKU IOMaaaj
MHUHHMMYM HOHHOTI'O TOKA.

Cucrema urna (1) — anon (2) mo3Boiuia B OIU-
CBIBAE€MBIX JKCHEPHUMEHTaX IOIYyYUTh HE3aBUCUMBIi,
OTHOCUTENILHO CTaOMJIBHBI MCTOYHMK 3apsyKEHHBIX
yacTHIl NMpH aTMochepHOM AaBieHuH. Hampsoxenwus,
noJaBaeMble Ha JPYTHUE IEKTPOAbI CUCTEMBI, JIN0O HE
BIIHSUTH, TNOO BITUSUIA OYEHB C1a00 Ha BETMYNHY TOKA
KOPOHHOTO pa3psia M HE HCKaXalll KaueCTBEHHOTO
XapakTepa pe3yJIbTaToB.

SKCHHEPUMEHT

[Ipn sKcnepuMEHTAILHOM H3YYEHHH XapaKTepu-
CTHK OECCETOYHOT0 ABYXDJIEKTPOAHOTO JIIEKTpHYe-
CKOT0 3aTBOpa Ha 3JekTponsl (1—4) momaBanuck cre-
nmytormue Hanpspkenus: U; = +5 kB, U, = +1.5 kB,
Us;=+950 B, U;= 0 B coOTBETCTBEHHO, TOK KOPOH-
HOTo paszpsiza 1 MKA.

XapakTepUCTUKH 3aTBOpa HCCIENOBAINCH IS
JIBYX BapHaHTOB (DYHKUHMOHUPOBAHUS: YIpaBICHHUE
3aTBOPOM IpH TIOMOINM TEpBOW auadparMbl 3aTBOpa
(5) wnu BrOpo#l nmadparmel 3atBopa (6). 3HaueHHs
HampspDKeHU Ha nuadparme (4), aJeKTpoax 3aTBopa
(5, 6) 1 TepBOro ANEKTPOAa CUCTEMBI AIEKTPOCTATH-
YecKOl TpaHCTIOPTUPOBKU (7) B peknMax MpOITyCcKa-
HUS U 3alMPaHusl IIPH YIIPABICHUH IIEPBBIM IIEKTPO-
oM 3aTBopa (5) mpencTaBiICHBl HA pHC. 7, a, 3HAYE-
HUS HalpspKeHuH Ha nnadparme (4), anmekTpomax 3a-
TBOpa (5, 6) ¥ MEepBOTO 3JEKTPOJa CHCTEMBI BJIEKTPO-
CTaTUIECKOW TPaHCTIOPTHUPOBKH (7) B pekMMax IpoO-
NYyCKaHUsl W 3alupaHusi NpH YHOPABICHUH BTOPBIM
3JICKTPOJIOM 3aTBOpa (6) mpejcTaBiieHbl HA puc. 7, 0.
3HavyeHUs HANPSDKCHUH ONPENeIsUINCh B CTATHYECKOM
(He UMIYJILCHOM) peXXHUMe. 3anmuparoliee HarpsHKeHne
OIPEIEeISIOCH 110 OJIHOMY OTCYTCTBHIO TOKA Ha KOJI-
JIEKTOp, a OTHMpAlollee — IO MOJHOMY TOKY Ha KOJ-
nextope. Ha puc. 8 mpencraBneHa ocuuuiorpamMMa
BPEMEHHOTO NpoQuiIsi HOHHOTO MakeTa (IMKa), 3ape-
TUCTPUPOBAHHOTO Ha KOJUIEKTOpE (8) MpH AITUTEIHHO-
CTH OTIHPAIOLIETO AJIEKTPUUYECKOrO MPSIMOYTOJIBHOTO
umnyisca ¢ = 50 MKC, BUJ NMHKa UMEET CUMMETPHY-
HYI0 QopMmy.

s m3yyeHus CBOWCTB MOHHBIX MHUKOB, MOJTy4eH-
HBIX C WCIIOJIB30BaHUEM OecceTOYHOro AByxanadpar-
MEHHOTO 3aTBOpa, MCCIEI0BANACH 3aBUCUMOCTE (op-
MBI BPEMEHHOTO MpOo(uis MHKa W ero BPEMEHHOTO
CMELIEHUSI OT UINTEIBLHOCTH OTIHPAIOLIETO UMITYJIb-
ca HampsDKEHUS Kak JUIsl BapHaHTa C YTNpaBI€HUEM
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4 5 6 7(1)

0B

=900 B

-1100 B
-1206 B
-1300 B

4 5 6 7(1)

\ -1206 B

\ -1591 B

Puc. 7. 3nauenus HanpspkeHui Ha amadparme (4), anektponax 3aTBopa (5, 6) U IEPBOM 3JIEKTPOJE CHCTEMBI
IIEKTPOCTATUUECKON TPAHCIIOPTHPOBKU (7) B pexuMax NPOIYCKaHWS M 3allUpaHMs IPH YIPaBICHUH ITIEPBHIM

ANMEKTPOIOM 3aTBopa (5) — a;

3HAa4YCHHS HAIPsDKEHUH Ha nuadparme (4), anextpoaax 3aTBopa (5, 6) u mepBoM

NIEKTPOJE CHCTEMBI 3JIEKTPOCTATUYECKON TPAHCIOPTUPOBKH (7) B peXMMax MpPOMYCKAaHWS W 3alUpPaHUs TPH

YIpaBJICHUH BTOPBIM AJIEKTPOIOM 3aTBOpa (6) — 6

Puc. 8. OcmuurorpaMma HMOHHOTO TIaKeTa

(MKa) TpU  AIUTETBHOCTH  OTIHPAIOIIETO
HIPSIMOYTOJIBHOTO UMITyJIbca f = 50 MKC

LT = —— = . == = ] SRR
r - T -
4
L
& 10.0mBhe @) 2.008 j i : : i
& 100mB 4.00uc 2.00mc S500kebiG/C o 4 OKT 2021
@ 100me 4.00uc 0i+v9.50200mc__ 10k Touek 2.08 B [|12:44:35

MEPBBIM AJIEKTPOJIOM 3aTBopa (5), TaKk W BTOPBIM
anekTporoM 3atBopa (6). Ha pumc. 9 mpencraBieHa
CYNEpHO3HIUs CepuH ocImIorpaMMm (opMm Bpe-
MEHHBIX Npoduiael HOHHOTO TOKa IS Pa3IHMYHBIX
JUTUTEIBHOCTEH OTKPBIBAIOIINX AJICKTPUUCCKUX M-
MyJIbCOB Ha TepBOM 3nekTpoxae (5) 3arBopa. Jmu-
TEIBHOCTH  OTKPBHIBAIOIIMX  WMIYIbCOB #:1 1 —
20 mxc, 2 — 30 mkc, 3 — 50 mkc, 4 — 100 mxc,
5 — 200 mxc, 6 — 500 mrc, 7 — 1 mc, 8 — 2 mMc,
9 — 4 mc, 10 — 6 mMc, 11 — 8 mc. DopMmel Bpe-
MEHHBIX TpOoQWIed HMOHHOTO TOKa JUIsl JIUTEIHHO-

CTeH OTKPBIBAIOIIMX HMIIYJIBCOB, COOTBETCTBYIOIINX
BpeMeHaM 1—8, IMEI0T CHMMETPHYHBIA BU O€3 3aTd-
ruBaHusl nepenHero Qponrta. DopMBI BpPEMEHHBIX
npouiIeil HOHHOTO TOKA JUIS JUTNTEIEHOCTEH OTKPHI-
BaIOIMX HMIIYJbCOB, COOTBETCTBYIOIIMX BpEMEHaM
9-11, Takxe UMEIOT CUMMETPUYIHBIA BUJ IO CpaBHE-
HUIO C pe3yjbTaTamu, MpeacTaBleHHbIMU B [14, 15],
HO TPH 3TOM aMIUIMTYyAa MOHHOTO TOKa JOCTHUTaeT
MaKCHUMyMa, COOTBETCTBYIOIIETO TIOJHOMY IPOIyCKa-
HUIO HOHOB 3aTBOPOM BO BpeMs OTKpbITHA (8—11).

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 4
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I, oTH. ex.

03

61

Puc. 9. Cymeprno3unust cepuml OCIHIIIO-
rpaMM HMITyJbCOB HOHHOIO TOKa MJIA

Pa3INYHBIX ﬂHHTCHBHOCTeﬁ OTKpPbIBAIO-
IuXx HUMITYJIBCOB Ha NEPBOM IJJICKTPOAC

3aTBOpA.
JUINTeNbHOCTH OTKPBIBAIOIIUX HUMITYJIb-
coB t: 1 — 20,2 — 30,3 — 50, 4 —

015

100, 5 — 200, 6 — 500 mxc; 7— 1, 8 —
2,9—4,10—6,11 — 8 mc

[N

005

1, OTH. en.

0.016

0.014

Puc. 10. Bug cepun ocumiinorpamMm HM-

0.012

IMyJIbCOB MOHHOI'O TOKA JJI MaJIbIX JIN-
TENbHOCTEH OTKPbLIBAIOINUX HWMITYJILCOB

0.01 1

Ha TEPBOM 3JIEKTPOJAE B YBEIHMYCHHOM
macurade.

0.008

ZIJ'II/ITCJ'[I)HOCTI/I OTKpBIBa}OH_II/IX HUMITYJIb-
coBt: 1 —20,2—30,3 — 50 MKc

0.006 /

0.004

0.002 - =
PN e of

T, mc

-0.002 = —

-0.004

Ha puc. 10 mpencraBmeH BHI CEpUH OCIMIIIO-
rpaMM (OpM BpEMEHHBIX NMpO(UIeH HOHHOTO TOKa
JUTS. MaJIbIX JITUTENBHOCTEH OTKPBIBAIOIINX UMITYIIb-
COB Ha MepBoM (5) 3JEKTpoJc B yBEIMYCHHOM Mac-
mrabe M0 WHTEHCUBHOCTH. J[IUTENBHOCTH OTKpHI-
BaIOIIMX UMIyIbCcoB £: 1 — 20, 2 — 30, 3 — 50 mxec.
®dopma BpeMEHHBIX NPOoQMIeii MOHHBIX IHKOB CHM-
METpUYHA IO CPaBHEHHIO C  MOAEIBbHBIMU Bpe-
MEHHBIMH NPO(UISIMA HOHHBIX UMITYJIECOB B 3aBUCH-
MOCTH OT JJMTEIBHOCTH OTKpPBITHS 3aTBOpa, Ipen-
CTaBJICHHBIMH Ha pHC. 3.

Ha puc. 11 nmpencrasieHa cynepno3uuusi CEpUH
ocuyutorpaMM (opM BpeMeHHBIX mpoduieil HoHHO-
ro TOKa JJISl Pa3iM4HbIX UIMTEIBHOCTEH OTKpPbHIBAIO-

IUX WMITYJILCOB Ha BTOPOM 3JIeKTpojae (6) 3aTBopa.
JAUTENbHOCTH OTKPBIBAOUINX UMITYJIbCOB £ 1 — 20,
2 —30,3 —50,4— 100, 5 — 200, 6 — 500 mxc;
7—1,8—2,9—4,10 —6, 11 — 8 mc. DopMmbl
BPEMEHHBIX Npoduiaeld HMEIOT BHI, AHAJIOTUYHBIN
NpPEACTaBICHHBIM Ha PUC. 9, HO IPU 3TOM MAaKCH-
MajbHasl aMIUTUTy1a HOHHOTO Toka Ha 30% MeHsbIie,
YyeM IIpU yNpaBJICHUH HEPBBIM 3JIeKTpoxoM (5) 3a-
TBOpA.

OcummnorpamMmbel  (JOpM  BPEMEHHBIX MPOQHIIeH
MOHHOTO TOKa JJIS MaJIbIX JJIUTENTBHOCTEH OTKPBI-
BaOIINX UMITYJIBCOB Ha BTOPOM (6) DJIEKTPOIE Ipe-
CTaBJICHbI B YBEIWYeHHOM MaciuTtabe, puc. 12. [mu-
TETBHOCTH OTKPBIBAIOIIUX HMMITyJIbcoB £ 1 —20,

HAVYYHOE [NIPUBOPOCTPOEHME, 2021, Tom 31, Ne 4
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I, oTH. en1.
02

0.18
0.16
0.14
0.12

0.1
0.08

0.06

Puc. 11. Cynepno3unust cepuu OCLUI-
JIOTPaMM UMITYJIbCOB HOHHOTO TOKa AJIS
pa3IMYHBIX  JUIUTEIIBHOCTEH  OTKPHI-
BAaIOLINX HMITYJIbCOB Ha BTOPOM 3JIEK-
TpoOJie 3aTBOpA.

JIMMTenpHOCTH  OTKPBIBAIOIIMX — HIM-
mynscoB £ 1 — 20, 2 — 30, 3 — 50,
4 — 100, 5 — 200, 6 — 500 mkc; 7 —
1,8—2,9—4,10—6,11 —8 Mmc

1, oTH. ex.
0.007

0.006
0.005
0.004
0.003
0.002

0.001 =

-0.001

2 — 30, 3 — 50 Mxc. AMImIUTYABI TpodrIeld HOHHO-
ro TOKa MpH 3TUX MapaMeTpax B 2 pa3a MEHBIIE, YeM
B Cllydae YIpaBJICHHs 3aTBOPOM IIEPBBIM 3JIEKTPOJAOM
(5).

OKCIEePUMEHTAIBHO HUCCIIeI0BaHbl  (OpMBI  Bpe-
MEHHBIX Tpoduiieli HOHHOTO TOKA, 3apETHCTPUPOBAH-
HOT'O Ha KOJIJIEKTOpe Ha paccTostHUU 60 MM OT BTOpO-
ro JIeKTpoza 3arBopa (6) B 3aBUCUMOCTH OT Hampsi-
JKEHHOCTH JIEKTPUUYECKOTO TOJISI B CUCTEME JJIEKTPO-
CTaTHYECKOW TPAHCHOPTHPOBKH HMOHHBIX MakeToB (7).
Ha puc. 13 npexacrasiieHa cyneprno3unus cepuu Gopm
BPEMEHHBIX MPOQuiIe HOHHOTO TOKa AJISl Pa3InyHOM
HaNpPSYKEHHOCTH DJIEKTPUYECKOTO IO B CHCTEME
9NEKTPOCTATHYECKON TPAaHCHOPTHPOBKU TPH  JUIH-
TENBHOCTH OTKphIBaromero ummyiasca 500 wMke
Ha TepBOM dnekTpoze (5) 3arBopa. HampspkeHHOCTH
anekTpuueckoro nonst E: 1 — 167, 2 — 250, 3 —
333,4—416,5 — 500, 6 — 583, 7 — 666 B/cm.

Ha puc. 14 nokazana cynepro3utiusi cepun Gopm
BPEMEHHBIX MPOQUICH HOHHOTO TOKA JUIS Pa3INIHOMN
HaNpsDKEHHOCTH 3JICKTPUYECKOr0 IO B CHCTEME

Puc. 12. Bun cepuun ocuusiorpamMm
HUMIIYJIbCOB MOHHOTO TOKa AJIS Ma-
JIBIX ﬂHHTeHBHOCTeﬁ OTKpbIBaO-
IMUX UMITYJBCOB Ha BTOPOM DJJICK-
Tpoe B YBEIWIECHHOM MacmiTade.
JUTNTENBHOCTH OTKPBIBAIOIINX HM-
nyinbcoB ¢t 1 — 20, 2 — 30, 3 —
50 MKc

JMEKTPOCTATHYECKON TPAaHCHOPTHPOBKK TPH  UIH-

TEJIBHOCTH  OTKphIBawImero ummnyibca 500 Mkc
Ha BTOpOM HiekTpoxae (6) 3arBopa. HampspkeHHOCTH
anekTpuueckoro monst E: 1 — 167, 2 — 250, 3 —

333,4—416,5— 500, 6 — 583, 7 — 666 B/cwm.

W3 npencraBneHHbIX 3aBUCMMOCTEM Ha puc. 13
n 14 BuAHO, YTO aMIUINTyZla BPEMEHHBIX MPO(UIIei,
MOJYYECHHBIX IJIS1 HANPSIKCHHOCTEH 3JICKTPUYECKOrO
MoJIi B CHUCTEME OJJIEKTPOCTATHUYECKOW TPaHCIOPTH-
poBKH B muamaszoHe oT 416 mo 666 B/cm mpu mmm-
TEJIBHOCTH OTKphIBaromero wummyiasca 500 Mke
Ha mepBoM aekTpoze (5), B 3.5 pasza Oonbie, dem
MIpY YIPaBIEHUN BTOPBIM (6) 3JEKTPOAOM.

3AKJIIOYEHUE

B pabore mpennoxeH, TEOPETUIECKU U 3KCIIEpU-
MEHTAJIBHO MCCIIEI0BaH OECCEeTOYHBIN NBYX3IEKTPOI-
HBIH AJEKTPUYECKUN 3aTBOP, Pa0OTAIOIINIA TIPH aTMO-
cepHOM JaBleHMU. YTpPaBIsATh pabOTOW 3aTBOpa
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1, oTH. ex.

0.4

Puc. 13. Cynepro3unus cepuu

0.35

ocouwIorpaMM UMITYJIbCOB MOH-
HOIro TOKa JJId pa3HPI‘{HOI>'I Ha-

0.3 —

OPAKECHHOCTHU  DJICKTPHUYCCKOIO
oJjigs B CUCTEME JJICKTPOCTATH-

YecKOH TPaHCIOPTHPOBKH MpPU
JUIUTEIBHOCTH  OTKPBIBAIOIIETO

| / L[y

umnynbca 500 MKC Ha mepBOM
3JIEKTPOJIE 3aTBOPA.
HanpspokeHHOCTH 3IEKTPHYECKO-

0.15 T I / \

ro moyst E: 1 — 167, 2 — 250,
3 — 333, 4 — 416, 5 — 500,

) {; / /"“. V\ \ E

6 — 583,7 — 666 B/cm

0.05 i \ " -
/ \ \\ 2
i \ \ K )/,"' e —

— T, MC

0.015 0.02 0.025

0.03 0.035 0.04

-0.05

1, oTH. ex.

0.12

Puc. 14. Cynepnosunus cepuu
OCHWJIIOTPaMM HMITYJIBCOB HOH-
HOT'O TOKa Ul pa3iu4HOM Harps-

0.1 Y

JKEHHOCTH DJICKTPUIECKOTO II0JIA
B CHCTEMC BHGKTpOCTaTH‘{CCKOﬁ

S T

TPaHCTIOPTUPOBKU TPH JITUTEIb-
HOCTH OTKPBIBAIOILEr0 HMMIYJIbCA

006 / \ E

500 MKC Ha BTOPOM DJJIEKTPOJE

3aTBOpA.
Hamps>keHHOCTH 3JIEKTpUYECKOTro

moins E: 1 — 167,22 — 250, 3 —
333,4—416,5 — 500, 6 — 583,

0-04 T
[V A
/ / \ \

7— 666 B/cm

0.02 ‘J‘J‘ ‘ \ \
R

0.005 0.01 0.015 0.02 0.025

3
Vg 2
\ .
- // > S
s s

0.03 0.035 T, mc

-0.02

BO3MOXXHO TOJ]aueil OTKPHIBAIOIIETO MMITYJIbCa Kak
Ha TEPBBIN AJIEKTPOJ, TAK U Ha BTOPOM. DKCIIepUMEH-
TaJIGHO TMOKa3aHO, YTO MPH BCEX PEXKHMax padoThI
3aTBOpa (YIpaBiCHHWE HA TEPBBIA MIM BTOPOH 3JIEK-
TPOJBI 3aTBOpa) POPMBI BPEMEHHBIX NpOduUIIei NOH-
HOT'O TOKa UMEIOT CUMMETPUYHBIA BUJ JUIA JUIUTEIb-
HOCTEH OTKPBIBAIOIIETO UMITYJIhca OT 20 MKC 10 8 MC.
AMIUTMTYa BpeMEHHBIX mpoduied 0onplie Ipu uc-
MMOJIP30BAaHUHM TIEPBOTO 3JIeKTpoma 3arBopa Ha 30%,
YeM TIpH HCIOJb30BaHUM BTOPOTO  BIIEKTPOJA,
B 3aBHCUMOCTH OT JJIMUTEILHOCTH OTKPHIBAIOIIETO MM-
myneca 1 B 3.5 pa3a OoJiblie B 3aBUCHMOCTH OT Harps-
JKEHHOCTH JJIEKTPHYECKOTO TOJIsI B CUCTEME DIIEKTpO-
CTaTUYECKOM TPAHCIIOPTHPOBKH TIPH HATIPSHKEHHOCTSIX
aNeKTpUYeckoro mois ot 416 mo 666 B/cm. DtoT pe-

3yJabTaT, TIO-BUIUMOMY, 3aBHCHUT OT  CIIOKHOH
BPEMEHHON 3aBHUCHUMOCTH HANPSIKEHHOCTH DJIEKTPU-
YECKOTO TOJISI B CUCTEME DJIEKTPOCTATUIECKON TpaHC-
MOPTUPOBKU TPHU IMOAaYe OTKPHIBAIOIIETO (YIpaB-
JISIOIIETO0) UMITYJIbCa Ha BTOPOM 3JIEKTPO 3aTBOpA.

Asmopur evipascarom 6nazodaprocmv OO0 «/esatic
Koncanmuney 3a noodepoicky, Komopas no3eonuna 6binoj-

HUMb 9My padbomy.
Paboma evinonnena 6 pamxax HUP 0074-2019-0009

(Homep eoc. pecucmpayuu AAAA-A19-119053190069-2),
exoosawell 8 cocmas coczadanus Ne 075-00980-19-02 HAIT

PAH.
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As an ion gate for the formation of a short ion pulse in an ion mobility spectrometer, a gridless design with
two coaxial diaphragms is proposed. It has been experimentally shown that, depending on the geometric and
electrical parameters of this shutter, there is an optimal duration of the electric pulse opening the gate, which

provide the maximum amplitude of the ion pulse.
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INTRODUCTION

An important element of an ion mobility spectro-
meter is an ion shutter located between the source of
a continuous flow of charged particles and the en-
trance to the drift tube and designed to form an ion
packet in the drift region with subsequent separation
of ions by mobility. The shape of the ion packet and
its amplitude characterize the resolution and sensitivi-
ty of the mobility spectrometer. At present, for the
formation and injection of an ion packet, grid ion
shutters of Bradbury — Nielsen [1], Tyndall — Powell
[2], and a three-grid ion shutter [3] are used. It was
noted in [4] that these ion shutters exhibit, to one de-
gree or another, discrimination of ion mobility. This
degrades the resolution of ion mobility spectrometers.
Significant disadvantages of grid ion shutters include
their low geometric transparency for the ion beam, of
the order of 60%, which contributes to a decrease in
sensitivity; also, scattering of ions on grids leads to
broadening of the ion packet and as a consequence to
the deterioration of the resolution. Also, the disadvan-
tages of grid ion shutters can be attributed to the tech-
nological complexity of their manufacture, the brea-
kage of wires and the closure of adjacent wires with
opposite potentials, which leads to the inoperability of
the shutter. The diameter of the aperture of the used
ion shutters, as a rule, is 2-2.5 cm. In terms of such
sizes, grids of various designs are used to form the
shutter electric field structure, allowing to form
a packet of ions with sharp boundaries (fronts) and
minimal distortions: parallel conductive wires of small
diameter (50 pm) with an interval from 0.2 to 1 mm
[5, 6] or apertures in the form of a strainer [7]. An
alternative to grid shutters can be double-diaphragm
shutters with a small aperture diameter of the order of
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2 mm and without a grid. Such aperture diameters
make it possible to create the necessary structure of
the electric field in the shutter, which forms ion pack-
ets no worse than grid shutters, but at the same time
has a greater transparency and simplicity of design.

Continuous ion beams with a diameter of 2 mm
can be obtained either using an ion funnel [6] contain-
ing a huge number (tens) of electrodes with a variable
aperture diameter from 20 mm to 2 mm (funnel is
used in the drift region at pressures of the order of 1
Torr using a constant voltage and high-frequency vol-
tage), or a transportation system at atmospheric pres-
sure [8], consisting of three to four electrodes with
variable apertures from 4 to 1.2 mm and operating at
atmospheric pressure and constant voltages on the
electrodes.

In this paper, we propose a new design of a grid-
less ion shutter consisting of two diaphragms, and
present the experimental results of its work on con-
verting a continuous ion current into pulsed ion pack-
ets at atmospheric pressure, and compare the results
with the characteristics of grid shutters.

GRIDLESS DOUBLE DIAPHRAGM ION SHUTTER.
THEORETICAL BACKGROUND

The proposed gridless ion shutter is designed to
convert a continuous ion beam into a sequence of
charged particle packets entering the analyzer with
a given frequency and duration, and is a pair of insu-
lated conducting parallel diaphragms with coaxial
holes. One of the diaphragms is under regulated vol-
tages from an independent power source, and the oth-
er diaphragm is electrically connected with an inde-
pendent switching power supply with adjustable dura-
tion, frequency and voltage amplitude. The superpo-
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sition of electric fields in a two-electrode shutter in
the closed and open shutter modes is shown in Fig. 1
and Fig. 2. In the case of a closed shutter, ions get lost
on the first diaphragm, because the potential of the
second diaphragm is higher than the potential of the
first one.

Fig. 1. Spatial potential distribution in the case of a closed
gridless double diaphragm shutter.
lon trajectories shown

Fig. 2. Spatial potential distribution in the case of an open
gridless double diaphragm shutter.
lon trajectories shown

When the potential of the second diaphragm de-
creases relative to the first, ions enter the drift region
of the ion-mobility spectrometer. A pulse lowering of
this potential generates a short ion pulse. In addition,
because of a shutter design, the trailing edge of the
formed ion pulse is compressed, since upon closing,
ions are pushed out of the region of a nonuniform
electric field, whereas in the case of the Bradbury —
Nielsen shutter, this is done in a special way [9]. The
proposed gridless ion shutter is simple in design and
can be easily used in our ion-mobility spectrometer
[10].

Simulation of a gridless double-diaphragm shutter
was carried out with the software package SIMION 7
[11]. The purpose was to determine shutter characte-
ristics and operating modes providing a short ion
pulse (packet) with the maximum possible amplitude
at the output. The previously developed model [12]
implemented in the prg-program [13] was used to cal-
culate ion motion in gas at atmospheric pressure in
strong electric fields. The program takes into account
the diffusion of ions in a dense gas and their move-
ment in an electric field with regard to coefficient of
mobility.

We considered a shutter with diaphragm plates
with a thickness of 0.2 mm, a distance between them
of 0.2 mm and a hole diameter of both diaphragms of
2 mm. In order to determine the parameters of the
output ion pulse during the simulation, the shutter
opening duration was varied df = 20-50 ps. Fig. 3
shows the time profiles of ion pulses for an opening
pulse amplitude of —100 V and a fixed mobility coef-
ficient Ko = 3 cm® / (V s). It can be seen that there is
an optimal duration of the shutter opening, corres-
ponding to a narrow output ion peak of sufficient am-
plitude. For the simulated conditions, the value of the
optimal shutter opening duration is d¢t = 30 ps, profile
2 in Fig. 3.

Fig. 3. Simulated time profiles of ion pulses depending on|
the gate opening duration

In this case, the ion peak formed by ions with a
shorter opening duration (profile 1, 20 ps) turns out to
be much smaller in amplitude, and the corresponding
value of the ion peak duration increases several times.
Profiles 2 (30 us) and 3 (50 us) are not symmetrical;
moreover, profile 3 is strongly extended towards
longer times in duration.

EXPERIMENTAL DEVICE

For the experimental study of the characteristics of
a gridless double-diaphragm electric shutter operating
at atmospheric pressure in a resting gas (laboratory
air) under normal conditions and affecting conversion
of a continuous ion beam into a sequence of ion pack-
ets, a small-sized experimental device with simple
design was created. Its design is shown in Fig. 4.

[Fig. 4. Design of an experimental device for studying the|
characteristics of a gridless double-electrode gate.

1 — corona tip, 2 — counter electrode, 3 — double-
electrode system for transporting a continuous ion beam
to the 1st shutter electrode, 4 — double-electrode gridless
shutter, 5 — system of electrostatic transportation of ion

packets (peaks) to the collector, 6 — collector

Fig. 5. Scheme of the experimental device.

1 — corona tip; 2 — anode in the form of a thin-walled|
diaphragm; 3, 4 — two thin-walled diaphragms; 5, 6 —
eridless electric shutter diaphragms; 7 — system for elec-
trostatic transportation of ion packets (peaks); 8 — collec-
tor; 9, 10, 11, 12 — digital current meters; 13, 14, 15, 16,
21, 23, 28 — controlled high-voltage highly stable power
supplies; 17, 24, 25, 27 — resistors; 18, 26 — capacitors;
19 — switch; 20 — pulse generator; 22 — grounding;
29 — amplifier; 30 — optoelectronic decoupling; 31 —
two-channel oscilloscope

Fig. 5 shows a diagram of the experimental device.
Further in the text, all references with position num-
bers to the elements of the experimental device are
given in accord to Fig. 5. For simplicity of the expe-
riment, a tip (needle) (1) with a positive corona dis-
charge was used as the surface, emitting charged par-
ticles. At a distance of 5 mm from the needle, the
anode was coaxially located in the form of a thin-
walled diaphragm (2), which is the first electrode of
the charged particle transport system, including two
more thin-walled diaphragms (3) and (4). The diaph-
ragms (2), (3), (4) have a thickness of 0.2 mm and are
located at a distance of 1 mm from each other; the
diameters of the holes in the diaphragms (2), (3) and
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(4) are 4, 2.5, and 2.5 mm, respectively. Behind the
diaphragm (4), at a distance of 3 mm, there is a grid-
less electric shutter that generates the ion pulse and is
an assembly of two thin-walled diaphragms (5) and
(6) 0.2 mm thick with central holes 2 mm in diameter
and located at a distance of 2 mm from each other.
Further, at a distance of 1 mm from the second shutter
diaphragm (6), there is a system for electrostatic
transport of ion packets (peaks) (7), consisting of a set
of sequentially located diaphragms with an inner di-
ameter of 10 mm at a distance of 2 mm from each
other, the total length of the system is 60 mm. 2 mm
behind the last electrode of the system (7), there is
a collector (8) in the form of a flat circle with a diame-
ter of 8 mm. The electrodes (1), (2), (3), (4) receive
regulated high-stability high voltages from the corres-
ponding power channels, each of which includes
a digital current meter Digital Multimeter
UT33C+UNIT (9), (10), ( 11), (12), Applied Kilovots
high-voltage controlled high-stability power supply
(13-15) with the required adjustment ranges and
polarity, the second pole of which has the ground po-
tential. The first shutter electrode (5) is always sup-
plied with a constant regulated voltage from a high-
voltage high-stability source Applied Kilovolts (16)
with a nominal value of 2.5 kV through a resistor (17).
A rectangular voltage pulse with adjustable amplitude
and duration is supplied to the same electrode in mode
I of shutter operation through a separation capacitor
0.1 uF, 3 kV (18) through the AB circuit from the
switch (19). The switch is connected to a pulse gene-
rator TGP 110 10 MHz Pulse Generator (England)
(20) via logic input X1, to a highly stable source Ap-
plied Kilovolts (21) with a nominal value of 0.5 kV
via the first analog input (AIl), and to ground (22) via
the second analog input (AI2). The second shutter
electrode (6) and the first electrode of the system of
electrostatic transport of ion packets 7 (1) are always
supplied with a constant regulated high voltage from
a highly stable high-voltage source Applied Kilovolts
(23) with a nominal value of 2.5 kV through resistors
(24) and (25). A blocking capacitor (26) is located
between the electrodes (6) and (7). In mode II of the
shutter operation, a rectangular voltage pulse with
adjustable amplitude and duration is supplied from the
switch (19) through the AC circuit to the electrode (6).
Constant regulated voltages are always supplied to the
electrodes of the system of electrostatic ion packets
transportation (7) from a resistive divider (27), which,
on the one hand, is connected to a highly stable high-
voltage adjustable source Applied Kilovolts (23), and
on the other to a highly stable high-voltage adjustable
source Applied Kilovolts (28), the second pole of
which has the ground potential. In addition, the collec-
tor (8) and amplifier (29) have the potential of the
high voltage source (28). Signal from the collector (8)
goes to the amplifier (29) and through the optocoupler
(30) to the input of the Tektronix DPO 3032 two-
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channel oscilloscope (31). An electric rectangular
control pulse, applied to the shutter, has the following
characteristics: the pulse duration can vary from 10 us
to 8 ms, the amplitude can vary from 100 to 1000 V,
the pulse rise time is 100 ns.

The high-voltage sources were powered from
a Mean Well S-240-24 switching power supply con-
nected to a ~ 220 V network, power consumption —
up to 240 W, output voltage — 24 V, load current —
up to 10 A, with protection against overloads, short
circuits and power surges.

The electrodes of the analytical part of the experi-
mental device were made according to the technology
of printed circuit board (PCB) production [7]. On the
electrodes at the holes there is a double-sided metallic
conductive layer in the form of a ring 1 mm wide, this
layer also covers the inner edge of the hole in the elec-
trode (Fig. 6). Dielectric spacers are made of the same
material as the electrodes, but not covered with metal.
The inner diameters in dielectric spacers are 10 mm in
order to avoid charging the dielectric.

Fig. 6. Photograph of shutter diaphragm with internal
diameter of 2 mm

Study of the operation of a gridless diaphragm
shutter in regard to the value of the given potentials
supplied to the electrodes was carried out according to
the following method. In all experiments, the current
of the positive corona discharge was set on the needle
at approximately 0.5 and 1 pA. The value of the vol-
tages applied to the electrodes (2), (3), (4) was se-
lected in such a way that a minimum of ion current
fell on the electrodes of the transport system.

The needle (1) — anode (2) system made it possible
to obtain an independent, relatively stable source of
charged particles at atmospheric pressure. The voltag-
es applied to the other electrodes of the system either
did not affect or only slightly affected the magnitude
of the corona discharge current and did not distort the
qualitative nature of the results.

EXPERIMENT

In an experimental study of the characteristics of
a gridless two-electrode electric shutter, the following
voltages were applied to electrodes (1-4): U;=+5 kV,
U, =+1.5kV, Us=4950 V, U; = 0 V, respectively,
the corona discharge current is 1 pA.

The shutter characteristics were investigated for
two options of operation: shutter control using the first
shutter diaphragm (5) or the second shutter diaphragm
(6). The values of the voltages of the diaphragm (4),
shutter electrodes (5, 6) and the first electrode of the
electrostatic transportation system (7) in transmission
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and blocking modes when controlling the first shutter
electrode (5) are shown in Fig. 7, a, the values of the
voltages of the same units in transmission and locking
modes when controlling the second shutter electrode
(6) are shown in Fig. 7, 6. The voltage values were
determined in a static (not pulse) mode. The blocking
voltage was determined by the complete absence of
current to the collector, and the triggering voltage was
determined by the total current to the collector.

Fig. 7. Values of voltages on diaphragm (4), gate elec-
trodes (5, 6) and first electrode of electrostatic transporta-
tion system (7) in transmission and locking modes at con-|
trol of first electrode of gate (5) — a; values of voltages at
diaphragm (4), gate electrodes (5, 6) and first electrode of]
electrostatic transportation system (7) in transmission and
locking modes at control of second electrode of gate]
(6) —©0

Fig. 8 shows an oscillogram of the time profile of
the ion packet (peak) recorded at the collector (8) for
the duration of the triggering electric rectangular pulse
t = 50 ps; the peak has a symmetrical shape.

To study the properties of ion peaks, obtained with
the use of a gridless double-diaphragm shutter, the
dependence of the shape of the time profile of the
peak and its time shift on the duration of the unlock-
ing voltage pulse was investigated for the options both
with control of the first shutter electrode (5) and the
second shutter electrode (6).

Fig. 8. Oscillogram of ion packet (peak) at duration of]
opening rectangular pulse = 50 ps

Fig. 9. Superposition of series of oscillograms of ion cur-
rent pulses for different duration of opening pulses on the
first gate electrode.
Duration of opening pulses #: 1 — 20, 2 — 30, 3 — 50,
4 — 100, 5 —200,6 — 500 ps; 7— 1,8 — 2,9 — 4,
10—6,11 — 8 ms

Fig. 9 shows a superposition of a series of oscillo-
grams of the forms of the time profiles of the ion cur-
rent for different durations of the triggering electric
pulses on the first electrode (5) of the shutter. Trigger-
ing pulse durations # 1 — 20 ps, 2 — 30 ps, 3 —
50 ps, 4 —100 ps, 5 — 200 ps, 6 —500 ps, 7— 1 ms,
8 —2ms, 9 —4 ms, 10 — 6 ms, 11— 8 ms. The
shapes of the time profiles of the ion current for the
durations of the triggering pulses, corresponding to
times 1-8, have a symmetrical form without the lead-
ing edge pulling. The shapes of the time profiles of
the ion current for the durations of the triggering

pulses, corresponding to the times 9-11, also have
a symmetrical form in comparison with the results
presented in [14, 15], but the amplitude of the ion cur-
rent reaches a maximum, corresponding to the total
transmission of ions by the shutter during the opening
(8-11).

Fig. 10. View of series of oscillograms of ion current
pulses for small duration of opening pulses on the first
electrode in increased scale.

Duration of opening pulses #: 1 — 20,2 — 30,3 — 50 us

Fig. 10 shows a series of oscillograms of the forms
of the time profiles of the ion current for short dura-
tions of the opening pulses on the first (5) electrode on
an enlarged scale in intensity. The duration of the
opening pulses #: 1 — 20 ps, 2 — 30 us, 3 — 50 ps.
The shape of the time profiles of the ion peaks is
symmetric in comparison with the simulated time pro-
files of ion pulses depending on the duration of the
shutter opening, shown in Fig. 3.

Fig. 11. Superposition of series of oscillograms of ion
current pulses for different durations opening pulses onl
the second gate electrode.

Duration of opening pulses #: 1 — 20, 2 — 30, 3 — 50,

4 — 100, 5 — 200, 6 — 500 ps; 7— 1,8 — 2,9 — 4,
10—6,11 — 8 ms

Fig. 11 shows a superposition of a series of oscil-
lograms of the forms of the time profiles of the ion
current for different durations of the triggering pulses
on the second electrode (6) of the shutter. Opening
pulse durations #: 1 — 20 ps, 2 — 30 ps, 3 — 50 ps,
4 — 100 ps, 5— 200 ps, 6 — 500 ps, 7— 1 ms, 8§ —
2ms,9 —4ms, 10 — 6 ms, 11 — 8 ms. The shapes
of the time profiles are similar to those shown in
Fig. 10, but the maximum amplitude of the ion current
is 30% less than in the case of controlling the shutter
with the first electrode (5).

Fig. 12. View of series of oscillograms of ion current
pulses for small duration of opening pulses on the second
electrode in increased scale. Duration of opening pulses ¢
1—20,2—30,3—50ups

Oscillograms of the forms of the time profiles of
the ion current for short durations of the triggerig
pulses on the second (6) electrode are shown on
an enlarged scale, Fig. 12. Triggering pulse durations
t: 1 —20 ps, 2 — 30 ps, 3 — 50 ps. The amplitudes
of the ion current profiles for these parameters are 2
times less than in the case of controlling the shutter
with the first electrode (5).
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Fig. 13. Pulse oscillogram series superposition ion current
for different electric field strength in electrostatic trans-
port system with duration of opening pulse 500 ps on the
first gate electrode.

Electric field intensity £: 1 — 167, 2 — 250, 3 — 333,
4 —416,5 — 500, 6 — 583, 7 — 666 V/cm

Experimental research was conducted to study the
shapes of the time profiles of the ion current, recorded
on the collector at a distance of 60 mm from the
second shutter electrode (6) depending on the electric
field strength in the system of electrostatic transport of
ion packets (7). Fig. 13 shows a superposition of
a series of ion current time profile shapes for different
electric field strengths in an electrostatic transport sys-
tem with a triggering pulse duration of 500 ps on the
first shutter electrode (5). Electric field strength F:
1—167V/ecm,2—250V /cm,3 — 333 V/cm,
4—416V/cm,5—500V /cm, 6 — 583 V/cm,
7— 666V /cm.

Fig. 14. Pulse oscillogram series superposition ion current
for different electric field strength in electrostatic trans-
port system with duration of opening pulse 500 ps on thej
second gate electrode.

Electric field strength E: 1 — 167, 2 — 250, 3 — 333,
4 — 416, 5 — 500, 6 — 583, 7— 666 V/cm

Fig. 14 shows the superposition of a series of ion cur-
rent time profiles for various electric field strengths in
the electrostatic transport system with a triggering pulse
duration of 500 ps on the second shutter electrode (6).
Electric field strength £: 1 — 167, 2 — 250, 3 — 333,
4—416,5—500,6 —583,7— 666 V/cm.

Fig. 14 and 15 show that the amplitude of the time
profiles obtained for the electric field strengths in the
electrostatic transportation system in the range from
416 to 666 V / cm with a triggering pulse duration of
500 ps on the first electrode (5) is in 3.5 times more
than that formed when the first electrode of the shutter
is controlled (6).

CONCLUSION

The paper proposes, theoretically and experimen-
tally investigated a gridless two-electrode electric
shutter operating at atmospheric pressure. It is possi-
ble to control the operation of the shutter by applying
a triggering pulse to both the first electrode and the
second one. It has been shown experimentally that for
all operating modes of the shutter (control of the first
or second shutter electrodes), the shapes of the time
profiles of the ion current have a symmetrical form for
the duration of the triggering pulse from 20 ps to
8 ms. The amplitude of the time profiles is 30% larger
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when using the first shutter electrode comparatevely
to using the second shutter electrode, depending on
the duration of the triggering pulse, and 3.5 times big-
ger if the electric field strength in the electrostatic
transportation system is in the range from 416 to
666 V / cm.

This result apparently depends on the complex
time dependence of the electric field strength in the
electrostatic transportation system when a triggering
(control) pulse is applied to the second shutter elec-
trode.
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