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Pa3paboraH MeTon ornpenenaeHus mopora ajs pa3BUTHSI HEYCTOMYMBOCTH Ta30BOTO pa3psiia B KOJIbLIEBOM
reJinii-HeOHOBOM Jlazepe, YYUThIBAIOLIU paclpeleIeHHYI0 eMKOCTb “IMOJIOKUTENbHbII CTOI0—3a3eMJIeH-
HbII 9kpaH”. B pazpaboTaHHOM MOIX0/1e K aHAJIM3Y YCTOMYMBOCTH, TOJIOXKUTETBbHBIN CTOJIO pa3psiia 3aMe-
HEH 3KBMBAJIEHTHOI CXeMOIi, cofepkallieii mociaenoBare/bHOe COeIMHEHNE OTPULIATEIbHOTO TUHAMUYE-
CKOTO COIIPOTUBJICHUS P U TApAUIENbHBIX RL-11emoyek. CHHTE3MPOBaTh SKBUBAICHTHYIO CXeMY TIO3BOJISI -
0T 2KCIEPUMEHTATbHBIC WCCIEeNOBaHUS JIMHEHHON peaklMu Ta30paspsigHoON Tuta3Mbl Ha ciabble
rapMOHMYECKUE BO3MYIIEHUSI, MPeACTaBIeHHbIe B (hDOpMe YaCTOTHBIX 3aBUCUMOCTEl KOMIIJIEKCHOTO CO-
MPOTUBJICHUS Z TIOJIOXUTEIBLHOrO cToiba. PacueT mopora pa3BuTHUsI HEYCTOMYMBOCTU B 3JICKTPUYECKOI
LIETIM IBYXIUIEYEBOTO pa3psifa JUIIb HA OCHOBE 9KCIIEPUMEHTAILHO 3apeTUCTPUPOBAHHOI YaCTOTHOM 3a-
BUCUMOCTHU KOMIUIEKCHOTO COIPOTUBJICHUS MTOJIOXKUTETBHOTO CTOJI0a HE TTO3BOJISIET pACIIPOCTPAHUTD KO-
JIMYECTBEHHBIN aHaJIM3 Ha YCJIOBUS 3a TIpeaeiaMy Tuarna3oHa YCJIOBUiA, B KOTOPOM BHITIOJTHEHBI U3Mepe-
HusA. YTOOHI MpeonoieTh JTaHHOE OTpaHWYeHKE, MPETITCTBYIONIee TMTOMCKY pabodero Toka, Mpu KOTOPOM
pa3BUTHE HEYCTOMYMBOCTH MCKITIOUEHO MIJIsSI BCETO TEMIIEPaTypHOTO AuaIa3oHa 9KCIuTyaTallMi KOJTbILEBBIX
reJInii-HeOHOBBIX J1a3epoB, pa3paboTaHa MOJIeJb, OMUCHIBAIOIIAS TOJOXUTENbHBIN CTOI0 ra30BOro pa3psi-
na. HaiineHa rpaHuila HEyCTOMYMBOIO COCTOSIHUS ABYXILIEYEBOTO ra30BOr0 pa3psifia B MPOCTPAHCTBE Napa-
METPOB: CONIPOTUBJIEHNE OAJJTACTHBIX PE3UCTOPOB, TEMIIEpaTypa, MOHTaXXHasl eMKOCTb M TOK paspsina. [To-
JIydeHHBIE PE3yJIbTaThl ITO3BOJISIIOT 00ECIIeYNTh MOAIEePKaHUe IBYXTUICUEBOTO pa3psiia MTOCTOSTHHOTO TOKa

B 3aJaHHOM Juara3doHe UBMCHCHUA TEMIICPpaTYyPHI.

KioueBble cjioBa: KOJIbIIEBOi Jla3ep, MHEPIIMOHHBIN Mpollecc, MOHU3AIIMOHHAs HEYCTOMIYMBOCTD, TTOJI0-
JKUTEJIbHBIN CTOJIO, NBYXIIJIEUeBOM pa3psifi MOCTOSIHHOIO TOKA.
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BBEAJEHUWE

Perucrpanus yrioB moBopoTa (COCTaBSIIOIINUX
BEKTOpPA YIJI0BOI CKOPOCTU) C MOMOIIBIO KOJIbLIEBBIX
reJIMii-HEeOHOBBIX J1a3epoB, (YHKLUMOHUPYIOIIUX B
cocTaBe OecriaTopMeHHO nHepLUaIbHOM HaBUTa-
LIMOHHOI CUCTEeMBI, TPEOYET MPOIOIKUTEILHOI Oe3-
OTKa3HOM pabOThl KOJIbLIEBbIX TeIMi-HEOHOBbIX Jia3e-
POB B IIIMPOKOM TeMITepaTypHOM JAuana3oHe. AKTHUB-
Hasi cpela KOJbLIEBOIO Teuii-HEOHOBOro Jiazepa
BO30Y>KIA€TCSI CUMMETPUYHbBIM JIBYXILJIEYEBBIM pa3-
PSIIOM TTIOCTOSTHHOTO TOKa [ 1], 4TO orpaHUYMBaeT CPOK
CITy>kKObI TpolieccaMy, BbI3BAHHBIMU PaClbLIEHUEM
XOJIOMHOTO KaToja Mo AeUCTBUEM MOHHOI GoMbap-
IUpOBKU [2]. BO3MOXHOCTE IJIs1 CHIDKEHMSI pabodero
TOKa U1, KakK CJIe[ICTBUE, YBEJIUUCHUST pecypca jJa3epa
1o 100000 9 HerpephIBHOM PabOTHI OTKPBIBAIOT TEX-
HoJIOTMU (DOPMUPOBAHUS 3€PKaJl KOJIbIIEBOTO PE30OHA-
TOpPAa CO CBEPXCJIA0BIMY MOTEPSIMU OTITUUECKOTO U3y~
yeHud [3]. OmHako pa3psTHBINA ITPOMEXKYTOK KOJIbIIE-
BbIX TIeJUA-HEOHOBBIX JIAa3€pOB BKJIIOYAET JBa
MPOTSIKEHHBIX YUacTKa IMOJOXUTEIbHOTO CToI0a, Xa-
paKTEpU3YIOLIMECH NaalolIMMU  BOJBTaMIIEPHBIMU
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xapakrepuctukamu (BAX). OTpuiiaresibHOE TMHAMMU -
YeCKOE COIIPOTUBJICHUE Ta30pa3psimHOI IJ1a3Mbl, ab-
COJIIOTHAsI BEJIMYMHA KOTOPOIO pacTeT II0 Mepe
YMEHBIIEHUS TOKA, SIBJISICTCS IIPEANOChIIKOM pa3BU-
THSI HEYCTOMYMBOCTU 3JIEKTPUYECKOM LI M CaMO-
BO30OY:KIEeHUsI KojeOaHUil ToKa M HampskeHus [4].
Takum 00pa3oM, yCTOMYMBOCTD pa3psiia B KOJbIEBOM
reJIMii-HEOHOBOM Jiazepe HEOOXOIMMO rapaHTUPOBATh
P MUHUMAJILHO BO3MOXXHOM TOKE.

ITopor pa3BuUTHSI HEYCTOHUYMBOCTHU B BJIEKTpUYE-
CKOW 1IenM, BKJIIOYAIOLIEH ra3opas3psaHbld Mpome-
XKYTOK, 3aBUCHUT OT pa3jIMYHBIX MapaMeTpoOB: TOKa,
TeMIlepaTyphbl, COCTaBa U JaBJIEHUS Ta30BOil cMecH
[4—6]. TemnepaTypa OKpyKalolleil cpeabl B YCIOBU-
SIX IKCIUTyaTauuu OecruiatopMeHHO MHepLUralb-
HOM HaBUTAIIMOHHOI CUCTEMBI U3MEHSIETCSI B IIINPO-
KoM auara3one [7, 8], 4To BAUsIeT Ha XapaKTepHUCTU-
KM ra3oBOTO pa3psiia, B TOM 4YMCJIE M Ha MageHue
HamnpsKeHUsT MeXXIy aHogaMu U KatoaoM [9]. U3Be-
CTeH MOAXOA K aHaIu3y YCTOWYUBOCTU, B KOTOPOM
MOJIOKUTEIBHBIN CTOJIO pa3psiga 3aMEHSIIOT SKBUBa-
JIEHTHOI CXeMOli, coaepKallei IOocCJIea0BaTe/IbHOE
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Puc. 1. YacToTHast 3aBUCUMOCTh KOMILJIEKCHOTO COITPO-
TUBJICHUSI pa3psiia MOJOXMUTEILHOTO CTOJI0A B OMHOM U3
IJ1e4 KOJIbLIEBOTO Jla3epa U ee cxeMa 3aMelleHus. benbl-
MM TOYKaMM Ha Trpaduke mokaszaHbl SKCIEPUMEHTATb-
HbIe JaHHbBIE, YEPHBIM — PE3YJIbTaThl AIIITPOKCUMALIMU 11O
dopmyie (1). Ha BcraBke mipencTaBiieHa SKBUBaJICHTHAsI
cXeMa C COOTHOILIeHHeM MnapameTpoB: L;/R; = 13 Mxm,
Ly/Ry = 0.3 MKM.

COEMHEHWE OTPULIATEILHOTO JMHAMMYECKOTO CO-
IIPOTUBJIEHUSL P W INapajuienbHbIX RL-nenouex [9].
CHHTE3UPOBaTh SKBUBAIEHTHYIO CXEMY MO3BOJISIIOT
SKCHEPUMEHTAIbHbBIE MCCAEI0BAaHUS JTUHEHHON pe-
aKIIMU Ta30pa3psiTHON I1a3Mbl Ha cJTabble TApMOHU-
YyecKue BO3MYIIEHHUs, IpeAcTaBIeHHbIe B hopMe ya-
CTOTHBIX 3aBUCUMOCTE KOMILIEKCHOTO COIPOTUB-
JieHUs1 Z TIOJIOXXKUTEJIbHOIO CTOJI0a, WU pacyeThbl
KOMILJIEKCHOTO COMPOTUBJIEHUST C TIOMOIIbIO TeOope-
TMYeckoi mopaenu. OnHAKO BIUSIHUE TeMIlepaTypbl
rasa Ha IMHaAMUWYECKUEe CBOMCTBA MJIa3Mbl B pa3psii-
HBIX KaHaJIaX KOJIbIIEBBIX TeIN-HEOHOBBIX Ja3€pPOB
JIO0 HACTOSIIIIETO BPEMEHU He MCClIe0BaHoO, YTO Tpe-
MSITCTBYET aHAJIM3y YCTOMYMBOCTU BJIEKTPUYECKON
LIEMKY IBYXIIJIEYEBOTO pa3psiia Mpu MOUCKe puemie-
MO BEJIMYMHBI paboyero Toka.

Llenpio HacTogleil paboThl SIBISUIOCH yBeJIHMYe-
HY€ KCIJIyaTallMOHHOM HaIEeXXHOCTH JIa3€PHOTO '~
pOCKOITa Ha OCHOBE MOAABIIEHUSI HEYCTOMYMBOCTU
CTAlIMOHAPHOTO COCTOSTHUSI ABYXILIEUeBOTO ra30BOT0
paspsiaa B KOJIbLEBOM Ja3epe B LIMPOKOM AUAaIia3oHe
TeMIIeparyp.

OKCITEPUMEHTAJIbBHAA PETUCTPALINA
KOMINUIEKCHOTI'O COITPOTHUBJIIEHUA
N DKBUBAJIEHTHAA CXEMA
MOJIOXKUTEJIBHOT'O CTOJIBA

DKCIIEpUMEHTabHbIE MCCAECAOBAHUS BBIITOJHE-
HbI C TTIOMOIIBIO YCTAHOBKU, UCTTOJb30BaHHOU B [9]
JIJISI U3MEpEHUsI IMHEMHOM peakIy ra30BOro paspsiaa
Ha cj1adoe rapMOHMYECKOe BO3MYILIEHNE. YCTaHOBKA
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MO3BOJISIET BHITIOIHSTh UBMEPEHUST KOMITJICKCHBIX CO-
MPOTUBJIEHUIT TOJOXKUTEIBHOTO CcTOJI0A Z(i()) B TEM-

rneparypHom guamna3one ot —30 go +85°C; j = «/—_1,
O — OUKINYecKasl JacToTa Bo3MmylleHus. [IpuGop
M3TOTOBJIEH Ha OCHOBE CUTAJIJIOBOIO MOHOOJIOKA U
HAMOJIHEH CMECHIO TeIs U HEOHA B COOTHOIIEHUU
16 : 1 no naBnenus 750 I1a. Pa3spsiaHble NpOMeXYyTKHU
OrpaHUYeHbl METHBIMU aHOJAMU U XOJOIHBIM KaTO-
JIOM 13 aTioMUHU. JITMHA KaxXIoro 1jeda paspsiaa /
cocraBisgia 6.3 cM, JuaMeTp pa3spsaHbIX KaHAJIO0B —
2.7 MM.

KowmriekcHoe comnpoTuBieHUe Z TIOJIOXUTETb-
HOro cTojiba paspsiia MpU YacToTaX BO3MYIICHUS,
npesblaommx 2 KI, IMUTHPYET 3KBUBaJICHTHAS
cxeMa, cofaepKalllasi ITOC/IeoBaTeIbHO COeAMHEHHbIC
OTpULIATENIbBHOE JUHAMUYECKOE COITPOTUBIICHUE U IBa
MHEPIMOHHBIX 3yieMeHTa — RL tiertouku [9]:

0T,
1+ioT,

inT,
1+ior,

Z(io)=p+ R+ R, (1

JBe RL-11emoYykKyd MMUTHUPYIOT HWHEPLWOHHBIC
IPOLIECCHI B MOJIOXKUTEJILHOM CcTOI0€ (puc. 1): mep-
Basi oTpaXkaeT BJAMSHHUE HAa MOHU3AIIMOHHBIN GanaHc
B TJIJa3M€ MPOIIECCOB C YYACTUEM METacTaOMJIbHBIX
aToMOB, BTOpasi — BKJaJ MOHU3AIlUM aTOMOB Tra3a
MPSIMBIM 3JIEKTPOHHBIM yaapoM. 3a BpemeHa T, = 13 MKc,
T, = 0.3 MKC ycTaHaBJIMBAIOTCS KOHIIEHTpALlMU MeTa-
CTaOMJIbHBIX aTOMOB 1 3JIEKTPOHOB COOTBETCTBEHHO.
PesynbTaThl 3KCIIepUMEHTOB Y CUHTE3 9KBUBAJIEHT-
HBIX CXEM TTPU Pa3IMUHbIX TEMIIEpAaTypax MOHOOJI0Ka
MO3BOJIWJIN 3apETUCTPUPOBATh MOHOTOHHOE YMEHb-
1LIEHUE BeJTMUUHbI COPOTUBJIEHUS R; C pOCTOM TeMIie-
paTypbl MOHOOJIOKA (pHC. 2); ApyTUe MapaMeTphl K-
BUBAJICHTHOM CXE€Mbl OKa3aJIMCh HE3aBUCUMBIMU OT
TeMIIEpaTyphl.

Monaynbk OTpULIATEIBHOTO AUHAMMYECKOTO COIPO-
TUBJIEHU P (TIpH TokKe B Tuiede 750 MKA p = —73 KOM)
MPEBBIIIAET BEJIMYUHY CONMPOTUBIEHUS R, UTO uC-
KJIIO4aeT MHTEPIpETalui0 MOHU3ALMU C y4acTUeM
MeTacTabWJIbHBIX aTOMOB B KaUeCTBE €AMHCTBEHHOM
MpUYUHBI (popMupoBaHus Tagawiieii BAX y nmono-
JKUTEJIbHOTO cToj10a. B paccMaTpuBaeMbIX YCIOBUSIX
MOJJEP>KaHUsI Ta30BOTO pa3psiia COXpaHEHUE OTPU-
LIATEJbHOM NeHCTBUTENLHON YacTU Y KOMILIEKCHOTO
COMPOTUBJIEHHUS TJIa3Mbl BIUIOTh JO 4acToT, obpar-
HBIX BpeMEHU peslakcallui KOHLIEHTPALUU 3JIEKTPO-
HOB (T,), BbI3BaHO IMOCTENMEHHbIM TIEPEXOA0OM IOoTIe-
peuHoit T Py3nn 3JIeKTPOHOB OT aMOMTIOJISIPHOM K
CBOOOMHOI TIpu yMeHblIeHUU Toka [10]. ¥YMeHbIIe-
HUE TOKa COMPOBOXIAETCSI POCTOM HaIPSKEeHUSs
MoiepXXaHusI pa3psiia U COCTaBIISIIONIEi TMHAMUYe-
CKOTO COIIPOTUBJIEHMsI TLJIa3Mbl, CBSI3aHHOI Iepe-
XOIOHBIM XapakTepoM Aud@y3un 3JeKTpoHOB. B pe-
3yJbTaTe, MpU 3HAUYEHMSIX YAaCTOThl BO3MYILIEHUS B
HECKOJIbKO cOoTeH KI 11 cTabunun3alius IByXIjie4eBoro
paspsiia ¢ MOMOIIbIO OAJTACTHBIX PE3UCTOPOB, CO-
€IMHEHHBIX C aHOJIaMU KOJIbLIEBOTO I'eJIMii-HEOHOBO-
ro jasepa, CTAaHOBUTCSI MPOOJEeMaTUYHOM 13-3a UX
LIYHTUPOBAHUSI MOHTXKHBIMU eMKOCTIMU. OOHapy-
KEHHBIN 3P PEKT IBasIeTCS MPEAITOChUIKON IS pa3-

Ne5 2023
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BUTHSI HEYCTOMYNBOCTH Pa3psiia B CITydae BHELTHETO
HarpeBa KOJIbLIEBOTO IeJIuii-HeOHOBOTO Jlazepa. Ta-
KUM 00pa3oM, 3amadya WIeHTU(UKALUU TTPUYUHBI,
M3-3a KOTOPO# TeMIiepaTypa ra3oBoil CMECU B KOJIb-
IIEBOM TeJINII-HEOHOBOM Jla3epe BIUSIET HA TUHAMU-
YeCcKre CBOKMCTBA TMOJIOXUTEIBHOIO CTOJI0a, SBISETCs
YacThlo MpoOJIeMbl aHAIM3a YCTOMYUBOCTU CTAlMO-
HAapHOTO COCTOSTHUS JIEKTPUYECKON 1ENU, BKITI0Ya-
IOLIEX CUMMETPUYHBIA NBYXIJIEYEBOUN Ta30paspsii-
HBI ITPOMEXKYTOK.

PACITPEAEJIEHHASI MOJEJIb [JIS1 PACYETA
ITOPOTA PA3BUTHUA HEYCTONYNBOCTH
BIEKTPUUYECKOM LIEMU ABYXIJIEYUEBOI'O
PA3PAIA B KOJIBLIEBBIX
I'EJIMN-HEOHOBLIX JTASEPAX

B 06y0Ke 4yBCTBUTEIBHBIX 3JI€MEHTOB OecrjiaT-
dopMeHHON MHEePIIMATbHON HAaBUTAIIMOHHOM CHUCTE-
MBI KOJIbLIEBBIE JIa3ephl PACIIOJIOXKEHBI BHYTPU ITePM-
aJUIOEBBIX BAHHOYEK. B TakmX yClIoBUSIX Majble BO3-
MYILIEHUSI Ta30pa3psaHoii IUIa3Mbl HEOOXOIMMO
paccMaTpUBaTh, KaK IPOLIECC B aKTUBHO JIMHUU T1e-
penadyn “IOJIOKMTENBLHBIN CTOJIO—KOPITYC BaHHOY-
K1, KOTOpasi BKIIIOYAET KOMIUIEKCHOE COIIPOTUBIIC-
HUE eIVMHUIIBI IJIWHBI MOJOXUTEJILHOIO CTON0a 7 1
pacnpeneaeHHYI0 €MKOCTb ¢ MeXAY MOJOXUTEIb-
HBIM CTOJIOOM M KOPITLycOM BaHHOYKHU. C ITOMOIIBIO
YCTAaHOBKM U METONUKHU, onucaHHBIX B [10], BeIIOJ-
HEHBI U3MEPEHUSI AUBJICKTPUICCKOI MPOHULIAEMO-
CTH cHUTajIa B auarazoHe temrieparyp 7 ot —10 mo
150°C u nunanaszoHe yactot ot 70 mo 200 kI11, Ha oc-
HOBAaHMHU KOTOPBIX BBIITOJIHEHA alllIPOKCUMALIVS 3a-
BUCHMOCTEN pacrnpeneleHHOM eMKOCTH ¢ OT YaCTOTHI
BO3MYIICHUS Y TEMIIEPATyphl CUTAJLIA.

®azoBoe (2) n aMruuTyHOE (3) YCIIOBUS BO30YX-
JIEHUSI aBTOKOJIe0aHMI B IMHUM NIepeaadn “TIOT0KM -
TEJIbHBI CTOJIO—KOPITYC BAHHOYKU ™, HAarpy>KEHHOM
Ha 6ayslacTHBIE PE3UCTOPHI R, COENMHEHHbIE C aHO-
JlaMU, U Mapa3uTHbIE MOHTaXXHbIE EMKOCTU Cy MEXITY
aHOJaMU U KOPITYCOM BaHHOYKHU, UMEIOT BUI:

2arg K (io,) — 21\/20)Oc(lm z(ioy) + |z (iey)) = 0, (2)
|K (i )|exp(—2/Rey (i) = 1, (3)

rie K (i®) — KoohdOHULUNEHT OTpakeHWUs! BOJHBI OT
napajuieJIbHbIX coeauHeHuit R,—Cy:

2Y(1+ ioR,Cy)

; : ) 4)
Y(1+ioR,Cy) + iORc

K(iw)=1-

Y(i®) — KOMIUIEKCHasI TTOCTOSTHHASI PacIpOCTpaHe-
HUS BOJIHBIL

2me iy /(Dc (Imz + |z|) 5)
Imz+ |z| 2

AHaJIN3 yCTOMYMBOCTH BBHITIOTHEH C YIETOM 3aBU-
CHMOCTHU pacrpenesieHHO eMKOCTH OT YaCTOTHI BO3-
MYIIeHW 1 TeMIlepaTypbl MOHOGI0KA. [1o pesynpra-
TaM pacYeTOB TOCTPOEHBI 3aBUCHMMOCTH KPUTHYIEC-

Y(im) =Rez
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Puc. 2. TemneparypHas 3aBUCUMOCTb COIIPOTUBJICHUS Ry
B CHHTE3MPOBAHHOI 3KBUBAJICHTHON CXeMe ITOJIOXKU-
TEJbHOIO CTOJIOA IIpM TOKe B Iuiede paspsaa 750 MKA.
Touku — pe3yabTaTbl UBMEPEHMI, JIUHUS — JIMHEWHAas
anIpoKCcCUMaIus pe3ysibTaToB.

CKMX 3HaYeHUI Oa/IaCTHBIX COMPOTUBJIEHUN R, OT
Temreparypsl 7, paznensionie o6JacTb yCTOMUUBO-
ro 1 HEYCTOWUYMBOTO paspsiaa (puc. 3); HUXKe KpUTH-
JeCcKOoM KpuBOM pa3psn ycroiruns. [1o mepe yBenye-
HUS TeMIIepaTypbl 00J1aCTh HEYCTOMYMBOCTU CTallM-
OHAPHOTO COCTOSHUSI pa3psiga paclIMpsIeTCs, YTO
COOTBETCTBYET YMEHBIIIEHUIO BKJaga MOHU3AIUU
METacTaOMJIbHBIX aTOMOB B KOMIUIEKCHOE COITPOTUB-
JeHue 1uia3Mel (puc. 2). Kpurnueckue KpuBble Ha
puc. 2 MO3BOJISIIOT BbIOpATh BEIUYMHY OaIaCTHOTO
CcOMpoTUBIeHUs1 R,, oOecneyunBalollyl0 YCTOWYM-
BOCTb CTAallMOHAPHOIO COCTOSIHUSI IBYXILJIEUEBOIO
paspsiaa, OOHAKO JIVIIb IIPY BEJIMYMHE TOKA, IJIST KO-
TOPOI BBIMMOJIHEHBI U3MEPEHMS YaCTOTHOI 3aBUCH-
MOCTU KOMIIJIEKCHOTO COIPOTUBJIEHUSI U CUHTE3U-
poBaHa KBUBaJIcHTHas cxeMa. B paccmarpuBacMoM
cllyyae HajaexHasi CTaOMIM3alusi CTallMOHapHOTO
COCTOSIHUSI DJIEKTPUYSCKOM LIS TpeOyeT UCITOIb30-
BaHMsI 0AJIAaCTHBIX PE3UCTOPOB C CONPOTUBICHUSIMU
He 6osee 400 KOMm.

AHAJIN3 ITPUMEHEHWA BAPUALIMA
AJUUTAHA JJIA OITPEAEJIEHUA YTJIOBOU
INOTPEIIHOCTMU JIABEPHOT'O TMPOCKOITA

B pa6ote [11] 6bL1 BBIOJIHEH aHAIM3 HECTAIMO-
HapHBIX IIOTOKOB ra3a B KOJIBLIEBOM TIe€/IMii-HEOHO-
BOM Jia3depe, NPUBOISAIINX K MeIIEHHBIM GIIyKTya-
OUSIM BBIXOOHOTI'O CHUTHAajla J1a3epHOTO0 T'MPOCKOIA.
st ormmcaHus XapakKTEpUCTUK TOYHOCTU TMPOCKO-
noB cyuectByeT craHgapT IEEE, ocHoBaHHEIN Ha
BBRIUMCIIeHNM Bapwanmu Ainrana [12, 13]. Jlatamk
OBLI pa3MellieH Ha BUOpoMn3oMpyoleM QyHIaMeH-
Te, TAKUM 00pa3oM, YTOOBI €r0 OCh YYBCTBUTEIBHO-
CTH ObLIa HaITpaBJIcHA BEpTUKAJILHO BBepx. I1pu Ta-

2023
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Puc. 3. AKTUBHAsI JIMHUS Nepenadr “TIOJ0XKUTEIbHBIN
cTOJIO pa3psiia B KOJbLEBOM IeJIMii-HEOHOBOM Jlazepe—
KOpIyc” M 3aBUCUMOCTH KPUTHUYECKOTO 3HAYCHMs Oaji-
JIACTHOTO COMPOTUBJIEHUSI OT TEMIIEPATyphl MPU TOKE B
miede paspsina 750 MKA. MoHTaxHas emkocTb Cj co-
craisiia 3 (/) u 1.5 (2) n®. B obaactu 1mog KpUTHIECKO
KPUBOM pa3psil YCTOMYMB, BBIIIE TPAHULIBI YCTOMYMBO-
CTH (3alUTpUXOBaHHAasl 00J1aCTh) — HEYCTOMYMB.
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Puc. 4. 3aBucuMocTb Bapualy AjuianHa [ 12] mst 1azepHo-
ro rMpocKoIa npu Tokax paspsiza 650 (7) u 560 (2) MKA.
ITyukTupHble TMHUU 3 U 4 COOTBETCTBYIOT CIIy4yasiM He-
CTaOWJIBLHOTO npeiida u Cly4aiiHOro yrjoBOIro yxoaa co-
OTBETCTBEHHO.

KOM pPacrojioXeHNU NaTYrKa, ero BHIXOAHON CUTHAJ
OyZeT comepxaTh CIAEAYIOLIME COCTaBISIONIME: TTPO-
€KIIMIO YIVIOBOI CKOPOCTH BpallleHUsI 3eMId Ha Bep-
TUKaJIb, KOJIEOAHUS HA YacTOTe BUOpAIIMOHHON Ya-
CTOTHOM TIOACTaBKM U CJIy4YaillHYIO COCTaBJISIIONIYIO
OIMMOKMU.

MN3MeHeHue u3MEPEHHOTO 3HaUYeHUsI BEPTUKATb-
HOI COCTaBJSIONIEN YIJIOBOW CKOPOCTM BpallleHUS
3eMJIU B TeUYeHUE JJIUTEJIbHOTO BpeMeH! (AeCSITKU 4)
nMeeT HEMOHOTOHHBIN xapakTep [11]. CHavana Ha-
MpsKeHUe TOpeHMs paspsiia pacTeT, TOTOM PE3KO
MaaaeT, CHOBa pacTeT U3-3a BbIOpOCa MOCTOPOHHUX
MpUMeCei U3 CTEHOK pa3psiIHbIX KAHAJIOB B Fa30BYIO
cMmech. Tok paspsiza mpu TPOBEACHUU U3MEpeHUit
cocraBian 560—650 MKA. Tlpu HecTaOUIBHOCTU
npeiica BbIXOTHOIO CUTHaJjIa Jla3epHOro rMpoCKoIia
6000 rpan/4 BEIOPOCOB MpUMeceii B pa3psia HET. Ypo-
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BeHb HECTAOMJIBHOCTH npeiiha yMeHBIIaeTcsl B 1Ba
pasa M3-3a YMEHBIIEHHSI TOKa paspsiga 10 560 MKA.
CrenmoBaTelbHO, TOK pa3psiga HeoOXOIUMO YMEHb-
11aTh, HACKOJIBKO ATO TTO3BOJISIET CAEJIATh CYIIIECTBY-
Io11Iee KaueCTBO OMNTUKMU.

BrisiBiieH mpenen yMeHbIIEHUST HeCTaOMJILHOCTH
npeiida (puc. 4). Kpussie [ 11 2 IBISTIOTCSI alIIIPOKCH -
MalUsIMU 9KCTIEPUMEHTAIBHBIX JaHHBIX, TOCTPOCH-
HBIE C TTOMOILIBIO (popMyIbI [12]:

6, =4/B, o,=B/T", o, =C,

2 2 2.1/2
6 = (0, + 0, + 0; /,

(6)

r1e 6, — cocTapfsionias ciydyaiiHoil omubKu, ooy-
CJIOBJICHHAsI IIIyMOM KBaHTOBaHUS; G, — YIJIOBbIE
cllydaiiHble yXOlibl BCJIEACTBUE OLIYMJIEHUSI YacTOT-
HOIi MONCTAaBKO; 63 — HECTAOMJIBHOCTb peiida Bbi-
XOJTHOTO CUTHaJja jlazepHoro rupockona. A, Bu C —
K03 GUIIMEHTHI anpoKcuMupyolleit pyHkunmn (6),
XapakTepu3yollMe BKJIad COOTBETCTBYIOIIUX CO-
CTaBJISIIOLIMX CIy4aliHON OlUMOKU O}, G, U O3 B BbI-
XOJHOI CUTHAJI Ja3€pHOI0 T’MPOCKOIIa.

OKCNEPUMEHT TPOBOAWJIM B TEUEHUE IOpSAKa
22 4, pOCT HANPsSKeHUs CTAOMIM3MPOBAJICS Y IOpora
20000 c, B 3TO Xe BpeMsI CTaOMIIM3NpPpOBaJIach M pas-
Huua Temnepatyp. Ha rpaduke (puc. 4) BugHo, 4T0
npu 60000 ¢ HecTaOUIBHOCTD Opeiicha KpaitHe Maa,
YTO SIBWIOCH CJIEACTBMEM YMEHBIIIEHUS TOKa rope-
Hug paspsiga 1o 560 MkA. KpoMe pecypca, BeIsSIBIIEHA
0oJiee BaxkHas MPUYMHA C TOUKU 3pEHUS DKCILTyaTa-
LIU1 KOJbIIEBOTO Jla3epa — 3TO YMEHbIIIEHE HeCTa-
OWJIbHOCTH Apeiida, BBI3BAHHOE pa3inurieM yCIoBUi
JIBVKEHUST BO3OYXXICHHBIX aTOMOB HEOHa B aKTHB-
Hoii cpene. Tak Kak eAMHCTBEHHBII CITIOCOO yMEHb-
IeHUs HeCTaOMIBHOCTH apeiida — yMEHBbIIeCHHE
TOKa paspsiia, cielnoBaTebHO, HEOOXOIMMO MO BO3-
MOXHOCTH YMEHBIIIUTb TOK, YTO IPUBOIUT K ITpodJie-
Me oOecrieyeHUs] CTabUIbHOCTU TOPEHUS pa3psiia BO
BCEM JMara3oHe TeMIeparyp.

MOJIEJIVWPOBAHUE JIMHENHOW PEAKIINU
TMOJIOXUTEJBHOTO CTOJIBA TA30OBOTO
PA3PSIIA B KOJIBLIEBBIX
TEJIUN-HEOHOBBIX JIABEPAX
HA CJIABOE BO3MYIIEHUE

Pacuer nopora pa3BUTHSI HEYCTONYMBOCTU B 3JIEK-
TPUYECKOM LIeNM IBYXIUIEYEBOrO pas3psiia JUllb Ha
OCHOBE 3KCIIEPUMEHTAJIBHO 3aperMCcTPUPOBAHHOI
YaCTOTHOI 3aBUCUMOCTU KOMILJIEKCHOTO COIPOTUB-
JICHUS TIOJIOKUTEIBHOTO CTOJI0A HE MO3BOJISIET pac-
MMPOCTPAHUTH KOJIMYECTBEHHBIN aHaIu3 3a Mpeaeibl
JIMaria3oHa YCJIOBUI, B KOTOPOM BBIIIOJIHEHBI U3Me-
peHus. YUToObl mpeonosieTh JaHHOE OrpaHUYEHUE,
MPEISTCTBYOLIEE MOUCKY paboyero Toka, Ipu KOTO-
pOM pa3BUTHE HEYCTOMYMBOCTU MCKIIOUEHO IS
BCErO0 TeMIMEepaTypHOIro Auaria3oHa BSKCILTyaTaluu
KOJIbIIEBBIX T'€JINii-HEOHOBEIX JIa3epOB, HEOOXOOU -
Ma MOJeJb, OMUCHIBAIOIIAS TTOJOKUTEIbHBINA CTOJIO
ra3oBOro paspsiaa.
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Monenb MOJOXUTETBHOTO CTOJI0a Ta30BOro pas-
psina, comepXuT ypaBHeHuUs1 O6anaHca (7)—(10) mis
KOHIIEHTPpAlMU 2JIEKTPOHOB U METACTaOUJIbHBIX aTO-
MOB [ 14]:

3
=V,N,+ > (K, ;Ny;+V,,N, )+
=l
+ Km,l - 2]vmljva - VlNe + (7)
+ Ksi(Nm,l + Nm,2 + NmS)Ne’
dN,,,

dt
- Vple,l

dN,
t

= VN, = 2K, N, —

- Km,l - 2]\"m,ljvml - (8)

le
== KsiNm,lNea
Tai

- KI—BNm,lNNe -

dN,,, )
=m2 _y N, —2K,,N2, -
dt 2 2 2

= VlNys = K1 oN i Ny — 9)
N,
- K2—3Nm,2NNe -2 KsiNm,2Ne’
dl

dN,
“'m3 — V3Ne —+ (B]Kl—:;Nm.l + B2K1_3Nm’2) NNC —

dt
N
m3 _ (10)
d2
- KslowNeNm,3 - KsiNm,3Ne'

be3pasmepHble KO3DOUILIMEHTHI Bl,z < 1 Bo BTO-
poM ciaraeMoM B mpaBoii dyactu ypaBHeHus (10)
HY>KHBI IJIs y4eTa MOTepb B Pe3yJIbTaTe ONTHYECKUX
MepeXo/IOB U3 COCTOSIHUM 25, U 35, B MeTacTabUIbHOE
coctosiHue 1ss. [Ipy nocTpoeHUU cuCTeMbl ypaBHEHUI
OajaHca I KOHILIEHTPpAaLUid 3JIEKTPOHOB U BO30YXK-
JIEHHBIX aTOMOB YYTEHBI CJICAYIOIIE Ipoliecch [14]:

1. MoHu3alusg aToMOB Tejius U HEOHa TPSIMbIM
3JIeKTPOHHBIM ymapoM. CKOpOCTh IIpollecca paBHa
V;N,, r1e v; — yactota uoHu3auuu, N, — KOHILIeHTpa-
1Usl 3JeKTpoHOB. YacToTa MOHU3ALUU SIBISIETCS
OBICTPO pacTylueil pyHKIuel oTHoueHus: £/N, toe
E — HanpsoKeHHOCTD MPOIOIBLHOTO JIEKTPUYECKOTO
TOJIS B pa3psIHOM KaHajie, /N — KOHIIEHTpAIUsI aTo-
MOB rasa.

2. Bo30yXIeHKMEe aTOMOB IeJiusl TIPU CTOJKHOBE-
HUsX ¢ 37eKkTpoHaMu. CKOpOCTh mpouecca — Vi, N,
I1e V,, — CyMMapHbI€ YaCTOThI BO30OYXICHHS JIeK-
TPOHHBIM yIapPOM M3 OCHOBHOTO COCTOSIHMSI B COCTO-
auus 238, 215, COOTBETCTBEHHO.

2
- 2Km,3Nm,3 - Vp3Nm,3 -

3. Bo30yxXIeHrue aTOMOB HEOHa 3JIEKTPOHHBIM
ynapom. CkopocTsb rpoliecca V3N, rae v; — cymmap-
HasT 9aCcTOTa BO3OYXKIEeHHUs aTOMOB HEOHA B METacTa-
OwIbHOE cocTOsIHUE 1s5. HacTOThl BO30YXIEHUS aTO-
MOB TeJTUSI U HEeOHa 3JIEKTPOHAMHU — pacTyIIne (yHK-
uun E/N, mocTpoeHHbIe Ha OCHOBE YMCJICHHOTO
pelreHnsT KMHETUYECKOTO ypaBHeHMSI boibiiMaHa
IIJIST DJIEKTPOHOB.
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4. Hepe3oHaHcHad reperadya BO30YyKIeHHS OT Me-
TacTadbMIbHBIX aTOMOB He k atomam Ne. Ckopoctu
COOTBETCTBYIOIIUX MPOIIECCOB MPEICTABISIIOT COOO
npousBeneHus K,_;NygN,,1, Ko 3NngN,, B KOTOPBIX
N,, — KOHIIEHTpallUl MeTacTaOUJIbHBIX aTOMOB Te-
Just B cocTostHusIX 238, 218, Nyg — KOHIIEHTpALIMsI
aTOMOB HEOHA B OCHOBHOM COCTOSTHUH.

5. CryneHyaTast MOHM3alUs IPU CTOJIKHOBEHUSIX
METacTaOMJILHBIX aTOMOB C 3JIeKTpoHaMUu. CKOpPOCTh
npouecca kN,N,, N, — KOHLEHTpaLus MeTacTa-
OWJILHBIX aTOMOB, K, — KOHCTaHTa CKOPOCTH CTYIIE€H-
YyaTOU MOHU3ALIMU.

6. WoHuzauus Npu CTOJKHOBEHUSX MeTacTa-
OMJIBHBIX aTOMOB (xeMonoHu3aims). CKOpoCTH CO-

2
OTBETCTBYIOLLUX MTPOLIECCOB paBHbI K, N .

7. Anddy3ust MeTacTabUIbHBIX aTOMOB Ha CTEHKY
paspsiaHoro kaHana. CKOpoCTh Mpoliecca paBHa OT-
HoleHuto N,,/T,.

8. HMoHuzauuss npu CTOJKHOBEHMSIX MeTacTa-
OMJIBHBIX aTOMOB C aTOMaMM IIpuMeceil (peakius
[Mennunra). Ckopocth mpotecca — V,N,,, yacrora
v, = k,N, — npousBeeHNEe KOHLEHTPALIUN aTOMOB
npumeceil N, M KOHCTaHTbl CKOpocTH [leHHWHT-
npouecca k.

9. Inuddy3ust 3JIeKTPOHOB Ha CTEHKY pa3psiIHOIO
KaHaja B CaMOCOIJIACOBAHHOM ITOIIEPEYHOM MOJIe
MPOCTpaHCTBeHHOro 3apsiga. CKOpoCTh Ipoliecca
paBHa V,N,, r1e V, — 4yacToTa yxola 2JIeKTPOHOB Ha
CTEHKY pa3psIIHOTO KaHaJia.

s pacyeTra KOMILUIEKCHOTO COIMPOTUBIIEHUS B
cucrteMy ypaBHeHMI OanaHca (7)—(9) HeobOxoguMoO
MOJCTaBUTh CYMMY CTallMUOHAPHOTO pellIeHUs U cia-
0Oro rapMOHMYECKOTO BO3MYILIEHUS, I MOWCKa
KOMIUIEKCHBIX aMIUTUTYA KOTOPOTO AOCTATOYHO JIW-
HeliHOoro NpuoaKeHus. Takoil mMomxon MO3BOJISIET
KOJIMYECTBEHHO pPa3ae/uTh BKJIaAbl B OTpULIATEIbHOE
JIMHAMUWYECKOE COTPOTUBJIEHUE TLIa3Mbl MPOLIECCOB
MOHU3AIIMU METACTA0WUJIbHBIX aTOMOB U MEPEXOITHO-
ro xapakrepa 1uddy3umn 371eKTpoHOB. B ypaBHeHUe
OanaHca JJ1g 3J€KTPOHOB BKJIIOYEHA 3aBUCUMOCTD
KO3 duLreHTa ToTiepeuHoi 1uddy3un oT UX KOH-
LEHTPALIUU U SIBIISIIOIIASICSI OMHUM U3 MEXaHU3MOB
dopmupoBaHus mnagaronieii BAX mojgoxXuTeaprHOro
crosiba. PerieHue cuctemMbl ypaBHEHUI XOTS U TPUBO-
JIUT K YaCTOTHOM 3aBUCUMOCTH KOMILIEKCHOTO CO-
npoTusJieHUs BUaa (1), omHaKo He TTO3BOJISIET ONUCATh
SKCIMEPUMEHTAIIBHO 3apETCTPUPOBAHHYIO TeMIlepa-
TYPHYIO 3aBUCUMOCTD JIJISI MHEPLIMOHHOTO 3JIEMEHTa
9KBUBAJIEHTHOUN 3JIEKTPUUYECKOI CXeMBbI, OTpaxKaro-
1IIeTO BKJIaJ METacTaOMIbHBIX aTOMOB B MOHU3AlIM-
OHHBEII1 O6anaHc (puc. 2).

B renuii-HeoOHOBOM pa3psiie KOHCTaHTbl CKOPO-
CTeil CTONTKHOBUTENBHBIX TTPOLIECCOB C YYACTUEM Me-
TaCTaOWJIbHBIX aTOMOB XapaKTepU3YKTCSl CUJIbHOI
3aBMCHUMOCTBIO OT TEMITEPATYypPhl B CiIydasix nepenadyu
BO30YXII€HUSI OT METACTaOMJIbHBIX aTOMOB TeJIus B
cocrosiHusx 238, 215, k atomam HeoHa [ 15]. Bo30yx-
JIeHHbIE aTOMbI HEOHa TIOcJie NBYX M3JIydyaTelbHbIX
MEePexXoloB MOoNafaaloT B OJHO U3 OJM3KO pacroio-
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JKEHHBIX COCTOSIHMI Tpynmnbl 1§, IBa U3 KOTOPBIX
MeTactabunbHbie (153, 155), a a1Ba npyrux (1s,, 1s,) —
pe3oHaHCHbIe. YTOObI OTpa3UTh TEMIIEPATyPHYIO 3a-
BUCHMOCTD B cucteMe guddepeHInaIbHbIX ypaB-
HEHUIi, OIMMCHIBAIOIIMX TIPOIIECCHl BO3OYXKACHUSI,
NIeBO30YXXIEHUS U MOHMU3AlMM aTOMOB, BKJIIOUYEHBI
ypaBHEHMS IS KOHLIEHTPALIMi aTOMOB B KaXKJIOM U3
MepeyrnCIEeHHbIX BbIIIIE COCTOSIHUN HEOHa W Tresusl;
HCITOJIb30BaHa WHMOpMALIMSI O COOTBETCTBYIOIINUX
KOHCTaHTax CKopocTeil, comepxamnasics B [15, 16].
B pe3ynbrate nosjyuyeHHbIE pelieHUs Il CyMMBbI
KOHIIEHTpAIIMii aTOMOB HEOHA U TeJINS, HaXOAS X~
Csl B METACTaOMJIbHBIX COCTOSTHUSX, XapaKTepu3yloT-
Cs1 OBICTPBIM YMEHBIIIEHUEM €€ BEJIMUYMHBI TP POCTE
Temrepatrypbl. OnucaHHasi Bbile TIOCJeIoBaTelb-
HOCTb CTOJIKHOBUTEJIbHBIX U ONITUYECKUX MPOLIECCOB
MPUBOIUT K Mepenadye Bo30YKIeHUs OT Tejiusl B Me-
TaCTaOMJIbHBIX COCTOSTHUSIX K HEOHY B P€30HAHCHBIX,
MOCJEAHUI TTePEXOIUT B OCHOBHOE COCTOSIHUE B pe-
3yJIbTaTe UCITYCKaHUsI BaKYyMHOTO YJIbTpachuoaeTo-
BOTO M3JIydyeHUs, AUDOYHIAUPYIOIIEr0 K CTEHKam
pa3psIHOTO KaHaja.

B coorBeTcTBUMM ¢ pe3ynbTaTaMu padoTHI [9] B cu-
CTeMy ypaBHEHMI OajlaHca HEOOXOAUMO BKIIOYUTh
MOHM3ALIMIO0 METACTaOWIbHBIX aTOMOB HEOHA U TeJIus
IPU X CTOJIKHOBEHMSIX C aTOMaMM M MOJIEKYJIaMU T10-
CTOpOHHMX npuMeceii (peakuuto [TeHHUHTa), 1axe ec-
JIM ¥IX MaplyaIbHOe MaBJICHUE COCTaBJIIET Iopsaka 1
ITa 1 meHee. UTOOBI KOJIMYECTBEHHO OXapaKTEepU30-
BaTh BKJIa peakiuy [leHHnHTa B MOHM3aIOHHbII Oa-
JIaHC yTOOHO UCITOIb30BaTh B KAYECTBE AOTIOJTHUTEIb-
HOTO ITapaMeTpa 4Jactory IleHHUHT-noHM3almnu, paB-
HYIO KOJIMYECTBY WOHU3ALWI, TMPUXOMAIIMXCI B
CcpegHeM Ha OIUH METacTaOMILHbBIIA aTOM.

OIIPEAEIIEHUE ®AKTOPOB, BJIUAIOLINX
HA BEJIMYUHY TOKA I'OPEHUSA PA3PALA

YMeHbllIeHHe TOKa TOpeHUsT TIPUBOJIUT K yBEJIU-
YEHUIO pecypca dKCILTyaTalliM, a TakKe K YMEHbIIIe-
HHUIO MOHHOIO MOTOKa Ha KaToJ U, KaK CJeACTBUE, K
0ojiee MemIeHHOMY pachbUieHUo. Ha paspsimHbIX
MpOMEXYTKaX C yMEHbIIIEHUEM TOKA pa3psiia Mpouc-
XOJIUT POCT HAMpPSDKEHUsI TOopeHusl, Tak Kak BAX
“MeeT MaJallliuii BUIL U MOIIIHOCTb, paccernBaemast
Ha paspsiiHOM TIPOMEXYTKEe, yMEHbIaeTcsl, HO
HE3HAUYUTEIbHO.

Takum oOpa3oM, yMeHbIIIEHNE TOKa pa3psiaa He-
00XOIVIMO IJISI YBEJIMYEHUS pecypca U YMEHbBIIIEHUS
HeCcTaOMJIBHOCTH Apeiida BHIXOOHOIO CHTrHaja Jia-
3epHoro rupockorna [17, 18]. Toku B mjieyax KoJjblie-
BOTIO JIa3epa BEIPOBHEHBI C BHICOKOM CTEIIEHBIO TOY-
Hoctn (£20 MKA), HO TUIEYM KOJBIEBOTO Ja3epa
UASHTUYHBIMU He SBIIsTioTcst. HarpsokeHue ropeHus
B IJIeYax pa3HOe M3-3a CBOMCTB pa3psiaa B KaHajax,
TaK KaK ra3oBbIil pa3psd B KaHajlaX HE OAMHaKOB, Ha-
OpsckeHre TOPeHUSI B KaXXOOM M3 KaHajloB CBoOE.
B niponiecce paboThl pa3HOCTD HAIIPSIKEHUI TOPEHUST
pa3psiia B KaHajlaX U3MEHSIETCS U 110 aOCOIIOTHOM
BEJIMYMHE YBEJIMYMBACTCS M3-3a BBIICJIICHUS IIOCTO-
poHHux Tipumeceii. IloreHUManbHas CTENEeHb 3a-
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I'pASHEHUA CTECHOK pas3psAadHbIX KaHaJIOB ITOCTOPOH-
HUMU ITPUMECAMM IMTOJITHOCTBIO HE YCTPAHACTCA. Ora
CTCIICHDb 3arpA3HCHUA AJI4 pa3HbIX IJICY pa3dHad B CU-
JIy Kak CJ'Iy‘-IElfIHbIX O6CTO${T€J'H)CTB, TaK 1 TEXHOJIOTHU -
YeCKMX OCOOEHHOCTEM OTKAYKM.

[Imeun KoJblieBOTO Jlazepa HE MACHTUYHBI (HO-
IMyCK Mo AuamMeTpy KaHaja 10 MKM), BblAeIeHUE TIpr-
MeCEM B ra3opa3psiAHbIA KaHaJI pa3HOE U3-3a MOHHOM
0oMOapIMPOBKM CTEHOK KaHana. MoHbI yecKopsSroTCs
BJIEKTPUYECKUM TI0JIeM U TOKOM, YeM OoJIbllle cuja
TOKa, TEM BHIIIIE ”THTEHCUBHOCTh MIOHHOI O0MOapam-
poBku. [Ipoliecchl, MPOUCXOASIINE B Pa3psIIHbIX Ka-
HajlaX, CBSI3aHbI C 3arpsI3HEHUEM Ia30BOM CMECU U
OyIyT M3MEHSITBhCI C TEYCHUEM BPEMEHM B pa3HBIX
Iieyax no-pasHomy. CiemoBaTeabHO, MageHUE Ha-
MPSKEHUS 3JIEKTPUIECKOTO 10T B IOJIOKUTEIBHOM
CTOJI0€ B pa3HbIX KaHaJIaX MIPOUCXOIUT MO-Pa3HOMY,
¥ 3Ta pa3Hulia OyIeT Hen30eKHO NU3MEHSIThCS C Teue-
HUeM BpeMeHU. ToKM pa3psifa B Iieyax BHIPOBHEHBI,
a IBIDKEHME aTOMOB Ta3a IIoI ASHCTBUEM Ta30BOTO
paspsina He IpeKpallaeTcsi, 1 pa3Hulla B CKOPOCTHU
repeMelleHUsI aTOMOB OyJeT pa3Hoii U3-3a pa3HULIbI
B 2JICKTPUUYECKMX MOIAIX. TaKuM 00pa3oM, ocTaeTcs
CIABUT HYJISI BBIXOOAHON XapaKTePUCTUKM JIAa3€PHOTO
rIpocKoma (majaee — COBUT HYJS), KOTOPBIA IIpe-
CTaBJIsIeT COOOI BBIXOMHOM CUTHAJ TMPOCKOIIA B OT-
CYyTCTBUU BXOJHOI ckopocTtu [19, 20]. CaBur HyJisI He
cTabMJIeH, NUCTIBITEIBAET (JIYKTyallud, TakK KakK pas-
HUI1IA B BJIEKTPUIYECKUX MOJISIX U3MEHSIETCSI BO BpeMe-
HU, YTO SBISCTCSI pe3yIbTaTOM HECTaOMIBHOCTU
Ipeiica BBIXOOZHOTO CHUTHAaJja JIa3epHOTO TMPOCKOTIA,
MIpUBOIAIIEe K MEIJICHHOMY U3MEHEHUIO CABUTA HY-
JIT J1la3epHOTO TUpockoma. BpemeHHO! MaciuTad
aTux uaMeHeHuit coctapisier 1000—10000 u. C apy-
rOii CTOPOHBI, IIPU paBEHCTBE TOKOB B IJIeYax HAIIPSI-
JKeHHE TOpEeHMsI pa3Hoe, ClIeIoBaTelIbHO, BblAesie-
Masi TOKOBasl MOIIIHOCTh pa3Hasi M MPUBOIUT K pa3-
JIMYHOI TeMnepaType U KOHIIEHTpallu aTOMOB rasa.
Pazawniia TemnepaTtyp TakxKe IIPUBOIUT K CIBUTY HY-
Js1. Tak Kak 3Ta pa3HUIa HEM30eXXHO U3MEHSIETCS, TO
5TO U3MEHEHUE NPUBOAUT K HECTAOMIILHOCTH JApeii-
¢a BBIXOMHOTO CUTHAJIa JIJa3€PHOI0 TMPOCKOIIA.

DKCIIEpUMEHTAJIbHO IIOATBEPXKIAECHO, YTO CIBUT
HYJISI U3-3a Pa3HULILI TEMIIEPATYP U CIIBUT HYJIS U3-3a
pa3HOl HAIPSKEHHOCTH IT0JIEMd UMEIOT IIPOTUBOIIO-
JIOXXHBIE 3HAKM. YCTAaHOBKA TeMITepaTyphl B TIeUax
MpOLECC UHEPLMOHHBIN, BOZHUKAIONINI C 3a1epiK-
KOOIl IIpuMepHO B | 4, ciegoBaTelIbHO, CMEIICHNE
CIBUTA HYJIS CHaYaJjia B OJHY, TIOTOM B IPYT'YIO CTOPO-
HY. DTH IPOLECCHI IIPOUCXOIAT B TeUCHNE HECKOJIb-
KHMX 4acoOB, a CTAHIAPTHOE YCJIOBHOE BpeMsI ITojieTa —
8 4. EnmHCcTBEHHAas1 BO3BMOXHOCTh OOpPBOBI ¢ 3TUMU
a(dekTaMn — 3TO yMEHBIIIEHNE TOKAa TOPEHUS pa3-
psina.

PesynbraThl aHamm3a yCTOMIMBOCTA CUMMETPUY -
HOTO JIBYXIIEYEBOIO pa3psiga B KOJIbLIEBBIX I'eIMii-
HEOHOBBIX Jla3epax ¢ ITOMOIIbI0 MOTU(PUIIMPOBaH-
HOIT MO N TIpEeACTABIEHBI HAa PUC. 5, 6 7151 TUIOCKO-
CTH IIapaMeTPOB “TOK pa3psama—TeMIeparypa’.

KonblieBoitl nazep paboTaeT NMpU TOKE TOPEHUS
paspsiga, ycuieHue pyu KOTOPOM B IBa pa3a MpPeBbI-
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Puc. 5. I'padpuk ycTOHYMBOCTU CHUMMETPUYHOTO IBYX-
IJIEYEBOT0 paspsiia B KOJbLIEBOM rennﬁ-HeOHOBOM J1aze-
pe, OCTPOSHHBII Ha l'UlOCKOCTI/I napameTpoB “TOK pas-
psima — temnieparypa”; [ — =3 nd, v, = = 12000 l/c
2—Cp=1510,v,= 12000 l/c 3— Cln 3nd, v
14000 1/c; 4— G, = 1.5 1D, v, = 14000 1/c, tne Cp

V), BXOIHAsT eMKOCTb U CKOPOCTh peaKHI/II/I INenHuHra co-
OTBeTCTBeHHo
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Puc. 6. 3aBuCMMOCTh HaNpsDKeHUsI TOPEHMs paspsiza B
KOJIBLIEBOM TeJINii-HEOHOBOM Jla3epe OT TeMIlepaTypbl:
1—1=500MKA, v, = 12000 1/c; 2 — I =500 MKA, v, =
= 14000 1/c; 3 — I = 600 MKA, v, = 12000 l/c; 4 — I =
=600 MKA, v, = 14000 1/¢; 5—1=750 MKA, v, = 12000 1/c;
6 — I =750 MKA, v, = 14000 1/c, tne I — Tok paspsina,

Vp — CKOpPOCTb p€aKllMn ITenHuHra.

1I1aeT MOTEPU, YTO SIBJISIETCSI KpUTEpUEM BbIOOpa TOKa
ropeHust paspsaa [20]. VI3MeHSITh BeIUYMHY TOKa
paspsiia B 3aBUCMMOCTU OT TeMIIEpaTypbl HEOOXOIU -
MOCTHU HET, 3TO YCIOXHSET CUCTEMY, YXyAIlIasi dKC-
TUTyaTallMOHHYIO HaAeXKHOCTb. DKCIIEpUMEHTATbHbIC
U3MEPEHNST KOMIUJIEKCHBIX COMMPOTUBJIEHU 1 CUHTE3
9KBUBAJICHTHBIX CXEM MOJIOXUTEJILHOTO CTOJ0A,
MOATBEPANIIU, YTO MOPOT HEYCTOMUMBOCTU KOJIblie-
BOTO Jlazepa 3aBUCUT OT TeMIlepaTypbl OIpenesieH-
HbIM 00pa3oM: C yBeJIMUEHUEM TeEMIIepaTyphbl MOPOT
HEYCTOMUYMBOCTH IO TOKY CTAaHOBUTCS OJIMXKe K pabo-
yemy. Bo3HukaeT BoOmnpoc, u3 KakKux cCOOOpakeHUi
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HY>KHO BBIOpAaTh BEJIMYMHY TOKA, HEOOXOIMM OIpe-
JNEJEHHbIA MaTeMaTUMYECKUI amnmnapar — MOIENb
IMOJIOKUTEJIBHOTO CTOJIOA Ta30BOr0 pas3psiga, Coaep-
Xamiass ypaBHEHMS OamaHca O KOHIGHTpallur
2JIEKTPOHOB 1 METACTAOMJIBHBIX aTOMOB. DKCIIEPHU-
MEHTAJILHO PEIIMTh 3TOT BOIPOC B IOJHOM Mepe He
yaaeTcsl, a MOJEJIb 3TO MO3BoJIsIeT. TakuM o0pa3oM,
MBI YOSIWINCh B alleKBaTHOCTHU OIMCAaHUS SKCIIepHr-
MEHTAa UCTIOJIb3yEMOM MOACIIH.

I1pu skcrtyataniMy KOJBLEBOTO Jla3zepa IMPUInH,
BBI3BIBAIOIINX HECTAOMJILHYIO paboTy, MOXET OBbITh
MHOTO, OHM CBSI3aHHBI C 00pabOTKOM CUTHAJIA, TIPOIIEeC-
caMU B 2JIEKTpUYECKOI 11enu 1 1p. B HacTosiieli paboTte
MpoBeAeHA IIPOBEPKa BO3MOXKHBIX IIPUYNH HECTAOMITb-
HOM pabOThI KOJIBLIEBOTO T'eJINii-HEOHOBOTO Jla3epa.

3AKJIIOYEHHME

KoJblieBble TeiMii-HEOHOBBIE Ja3ephbl, KOTOPbIE
HWCIOJB3YIOT B OecIuraT(OpMEHHBIX MHEePLMATIbLHBIX
HaBUTALIMOHHBIX CHUCTEMax, JIOJDKHBI 00ecIieunBaTh
PETUCTPAlIMIO YIJIOBBIX CKOPOCTEI B IIMPOKOM JHa-
na3oHe TeMIepaTyp IMPOIOKUTEIbHOE BpeMs. B Ha-
CTOSIIIEE BpEMS CYLIECTBYET TCHIACHIIMS CHUKCHUS
pabdodero Toka B 3TNX MpUOOpax M COOTBETCTBEHHO
yBeJIMUEHUSI CcpoKa CayxXObl. OmHakKo pa3psiaHbIi
IIPOMEXYTOK KOJBLEBBIX I'eJNii-HEOHOBBIX JIa3€pOB
BKJTIOUAET JBa MPOTSKEHHBIX YUYACTKA MOJIOXKMUTEIIb-
HOTO CTOJIOA, UMEIOIINX OTPUILIATEIbHOE TUHAMMIYC-
CKO€ CONPOTUBJICHUE. AOCOJIIOTHBIE BEJITMYNHBI 3THUX
COIIPOTUBJICHUI PACTyT II0 MEPe YMEHbIIICHUS TOKA,
YTO CO3IAET MPEANOCHUIKM Pa3BUTUS HEYCTOMIMBO-
CTH 3JIEKTPUYECKON 1IN U CaMOBO30YKIEHMS KO-
JIeOaHMI TOKA U HAIIPSDKEHUS.

Paspaboran MeTon onpeneneHUs IIopora It pa3-
BUTHUSI HEYCTOMYMBOCTHU Ta30BOT0 pa3psiaa B KOJIbIIE-
BOM TeJIMii-HEOHOBOM Jla3epe, YYMTHIBAIOILIMII pac-
MpencyieHHYI0 €MKOCTb “ITOJIOKMTENbHBIA CTOJIO—
3a3eMJICHHBIN 3KpaH”. B paspaboraHHOM momxoje
K aHAJIM3y YCTOMYMBOCTH, ITOJIOXUTEIbHBIN CTOJIO
pa3psiia 3aMeHEH SKBUBAJICHTHOM CXeMOI, coaepxka-
IIeil mocaenoBaTeIbHOE COSNMHEHNE OTPULIATEILHOTO
JTUHAMWYECKOTO COMPOTUBJICHUS P U MAapAJIIETbHbBIX
RL-uenoyek. CUHTE3UPOBATh SKBUBAJICHTHYIO CXE-
MY MO3BOJISIOT 3KCIIEpUMEHTAaJIbHbIE MCCIIEIOBAHUS
JIMHEUHOM peakliMu ra3zopaspsaaHoi ia3mMbl Ha Cia-
Oble TApMOHMYECKME BO3MYIIIEHUS, IPEICTaBICHHEIC
B (hbOopMe YaCTOTHBIX 3aBUCUMOCTEIf KOMILIEKCHOTO
COIIPOTUBJICHUS Z MOJIOXUTEILHOIO CTOI0A.

Pacuer mopora pasBUTHSI HEYCTOMYMBOCTH B
BJIEKTPUYECKO LN ABYXILIEYEBOTO pa3psiaa JUIIb
Ha OCHOBE 3KCIEPUMEHTAJIbHO 3aperucTpupoBaH-
HOIf YaCTOTHOI 3aBUCUMOCTH KOMILJIEKCHOTO COMPO-
TUBJICHUST TIOJIOKUTEILHOTO CTOJI0a HE MO3BOJISIET
pacIpoCTPpaHUTh KOJTUYECTBEHHBIN aHAJIU3 Ha YCIIO-
BUS 3a TIpele/iaMU I1ara3oHa yCJIoBUIii, B KOTOPOM
BBITTOJTHEHBI U3MepeHUst. YTOOhI MPeoaoeTh JaHHOE
orpaHUYeHME, TMPEIMSITCTBYIOIIEE MOUCKY padbouero
TOKa, TP KOTOPOM pa3BUTHE HEYCTOMYMBOCTU MC-
KJIIOYEHO UISI BCEr0 TeMIIepaTypHOIO Auarna3oHa
SKCIUTyaTalluM KOJIBLIEBBIX TeJIMii-HEOHOBBIX Jia3e-
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pOB, pa3zpaboTaHa MOIeb, OIMCHIBAIOIIAS MTOJI0XM-
TEeIbHBIN CTOJIO ra30BOTr0 pas3psia.

HecrabunbHOCTh apeiiha BBIXOMHOTO CHUTHaja
JIa3epHOTO TMPOCKOITa BCJIENCTBHE MepeHoca raza B
KaHaJIaX KOJIbIIEBOTO TeJUii-HEOHOBOTO Jia3epa IO
IEeCTBHEM Ta30BOTO pa3psiia 0OyCIIOBIeHA N3MEHE -
HUSMM HAIPSIKEHHOCTH TIPOIOJILHOTO BJIeKTpUYe-
CKOTO MOJISI B 3aBUCMMOCTU OT KOHIIEHTpalMU MO-
CTOPOHHMUX ITpUMeceit B aKTUBHOM cpelie U CHUKAeT-
csl TIpU YMEHbIIIEHU W TOKa pas3psijaa.

Poct TEMIIEPATYPHbI ra30BOro HAIrIOJHCHUA KOJIb-
LIEBOI0 TeJIN-HEOHOBOTO Jlaz€pa COIMPOBOXIACTCA
N3MEHCHUEM KOHICHTpalnuun MeTacTaOUJIbHBIX aTo-
MOB B MOJIOXWUTEJILHOM CTOJ0€ n, KakK CJICACTBUC,
YBCIMYCHUEM HaCTOTbI UBMCHCHMA 3HAKa y JIIEUCTBU-
TEJbHOMN YaCTU €T0 KOMILIEKCHOTO COIMPOTUBJICHUA.

IToporoBoe 3HaYeHNWE TOKA pa3psia B KOJIbLEBOM
reJInii-HEOHOBOM Jia3epe, MPU KOTOPOM CTallMOHap-
HO€E COCTOSTHUE DJIEKTPUYECKOM LIETTU TEPAET YCTOM -
YUBOCTh, SBJISIETCS MOHOTOHHO BO3pAaCTaIOIIEi
(byHKILIMEH TeMIIepaTypbl TA30BOT0 HAIIOJIHEHMSI.
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Stability of Bilateral Discharge in the Ring Laser

M. V. Chirkin', S. V. Ustinov" *, V. Yu. Mishin', A. E. Serebryakov!

'Ryzan State Radioengineering University, Ryazan, 390005 Russia
*e-mail: ustinow62@yandex.ru

A method has been developed for determining the threshold for the development of instability of a gas dis-
charge in a ring helium-neon laser, taking into account the distributed capacitance “positive pole — grounded
shield”. In the developed approach to stability analysis, the positive discharge of the column is replaced by an
equivalent circuit, a series connection of a negative dynamic resistance p and balanced RL-circuits. An equiv-
alent circuit can be synthesized by experimental studies of the linear response of a gas-discharge plasma to
weak harmonic perturbations, presented in the form of frequency dependences of the complex resistance Z
of a positive column. The calculation of the instability development threshold in the electrical circuit of a two-
arm discharge only on the basis of the experimentally recorded frequency dependence of the complex resis-
tance of the positive column does not allow one to extend the quantitative analysis to conditions outside the
range of conditions in which the measurements were performed. To overcome this limitation, which hinders
the search for the operating current, in which the development of instability is excluded for the entire tem-
perature range of operation of ring helium-neon lasers, a model has been developed that describes the positive
column of the gas discharge. The boundary of the unstable state of a two-arm gas discharge in the space of
parameters is found: resistance of ballast resistors, temperature, mounting capacitance. The results obtained
make it possible to maintain a two-arm DC discharge in a given range of temperature variation.

Keyword: ring laser, delayed process, ionization instability, positive column, bilateral dc discharge.
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