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TIPEJINCJIOBUE

Hccnenosanre MexaHM3MoB NpeoOpa3oBaHUs SHEPTUM LPU JbI-
XaHUM U (HOTOCHMHTC3C B 3HAYUTCIBHON CTCIICHM OCHOBAHO Ha aHa-
JIN3€ KHHECTHUKH OKHCIHUTCIBHO-BOCCTAHOBUTCIBHBIX peaKIII/Iﬁ nepe-
HOCYMKOB 3JICKTPOHOB B OKHCIMTCIABHOH (apIxarcipHoi) U (oto-
CHHTCTHYCCKOM 3JICKTPOHTPAHCHOPTHEIX MCHAX. OTH IICPCHOCYHMKH
PacIoIOKEHEI B SHEPronpeoOpasyomux MeMOpanax M, Kak IIPaBHIIo,
00BbeMHEHBl B MYIbTH()EPMEHTHEIC KOMILICKCHI CTPOTO OIpeje-
JICHHOT'O COCTaBA M CTPYKTYPBI, B KOTOPBIX 3aJaHa MOCIE[OBATEIE-
HOCTh IIEPeHOCA DJICKTPOHOB OT OJHOM MOJCKYIbl K Apyroi. s
aHaJIM3a TPAHCIIOPTa JJCKTPOHOB B TAKMX KOMILICKCAX HCIIPUMCHHU-
MBI KaK OOBIYHBIA KMHETHYECCKMM aHAIN3, OCHOBAHHBLIA HA MPEAIo-
JIOXCHUM O CTOJKHOBUTCIHPHOM XapakTcpc B3aUMOCHCTBHS MOJIC-
KyJ, TaKk ¥ OOBIYHBIA TEPMOJUHAMUYCCKHUN aHAIIN3, ITOCKOIBKY CKO-
POCTB IEPEHOCA DIEKTPOHOB B KOMILIEKCAX HE 3aBHCUT OT 00BEMHOM
KOHIICHTPAIUY WHIWBHIYAIGHBIX TCPCHOCYMKOB, @ OMNPEACIACTCH
KOHIIGI—I'I'pa.III/Ieﬁ KOMIIIICKCOB B COOTBCTCTBYIOIIINX COCTOAHHAX.

Hamu mompoOHo usnaraercs crmocod omMcaHWsS KMHETHKH TpPaHC-
[OPTA 3JICKTPOHOB B KOMILICKCAX MepecHOCUMKoB. OH MoXeT OBITH
HEIocpeICTBEHHO 0000mmen s mo0bIX (HepPMEHTATHBHEIX PCAKIIMIA,
MPOTCKAONIUX B MYJIbTH(CPMCHTHBIX KOMILICKCAX; MMPUMCHCHUC CTO
WLUTIOCTPUPYETCS HA MpUMEpe aHaiW3a  (POTOCHHTETHYECKOrO
TPAHCIIOPTA JICKTPOHOB.

B mepBoii rmaBe paccMOTpeHBI COBPEMCHHEBIC TPCACTABICHUSA 00
opraHvzanvy (HOoTOCHHTCTUYCCKUX U JIBIXATCIBHBIX JJICKTPOHTPAHC-
nopTHEIX 1ieneil. Ocoboc BHUMaHKE Yi€lIeHO CTPYKTYPHO-(PYHKITHO-
HAJIBHBIM 0COOCHHOCTSAM 3ICKTPOHTPAHCIIOPTHEIX KOMILIEKCOB Y pa3-
JVYHBIX TPYIII OPTraHU3MOB U MX COIIOCTABICHUIO JAPYT C APYTOM.

I'masel, co BTOpPOM IO BOCBEMYIO, HOCBSAIICHBI (DOPMYIHPOBKC H
aHAIM3Y KMHETHYECKOM MOJIEIH IEPEHOCA 3IEKTPOHOB B KOMILICK-
caxX, CPaBHCHUIO DPa3IMYHBIX KWHCTHMYCCKUX MOJCICH TpaHcmopra
JJIEKTPOHOB B OHMOIOIMYECKMX CHCTEMAX, a TAKXKE BOIPOCAM TEPMO-
JIMTHAMWYCCKOTO ONMMCAHMS OKHCIUTEIBHO-BOCCTAHOBUTCIBHEIX PCaK-
IIMH B KOMILJICKCaX.

BreneHrMe TOHATHS COCTOSHHS BCEr0 KOMILIEKCA KaK YIIOPSIO-
YCHHOTO HA00pa COCTOSIHUM OTACIBHBEIX HEPECHOCUYUKOB MO3BOJISET
chopMyTMpOBaTh KMHCTUYCCKYIO MOJECIh B BHjC Ilemd Mapkosa c
JIMCKPETHEIM HAOOPOM COCTOSHMI M HENPEPHIBHBIM BPEMEHEM, OIH-
CBHIBAECMO CHCTEMOM IMHEHHBIX 00BIKHOBEHHEBIX UMD PepeHITHaTEHEIX



ypaBHCHUH mcpBoro mopsaka. PaspaboraHHas MoOICIs MO3BOJISACT
NPSIMO YUYECTh KOOTCpaTHUBHBIC d(PQCKTHI, 3aKIIOYAOINCCS B TOM,
YTO CKOPOCTh IepecHOCA IICKTPOHA MCEXIY ABYMS ICpCHOCUMKAMU
3aBHICUT OT COCTOSTHHUS Ml IPYTHX MEPCHOCUYMKOB, BXOJANINX B JAHHBIN
xomineke. CroenuhHYeCKUMH 0COOCHHOCTAMM ONHCAHHUS SBJISIOTCS
HC3aBHCHUMOCTH CKOPOCTH TICPCHOCA DIICKTPOHOB OT KOHI[CHTPAITMH
MCPCHOCYMKOB, & TAKXKC TO, YTO YHCIO COCTOSHHM KOMILIEKCA M
COOTBETCTBCHHO YHCIIO YPABHCHMH SKCHOHCHIIMAIBEHO BO3pPACTAIOT
IIPY YBCIMYCHUM YHMCIIA ICPCHOCYUKOB B KOMILICKCC.

ITpyu aHammze gaHHOTrO OMMCAHMS OyAyT PAaCCMOTPEHBI, B YACTHO-
CTH, CICIYIOUINC BOITPOCHL.

Kak cBsi3aHbl MCXKIY COOOW 3aKOH JICHCTBYIOIMWX MAacc, MpUMc-
HUMBIA K TTOJIBIDKHBIM IEPEHOCYMKAM, U MOJIC/Ib, OMMCHIBAIONIAS IIc-
PCHOC DIICKTPOHOB B CTPYKTYPHBIX KOMILICKCAX?

B xakux cioyydasx BMECTO ypaBHEHMIl OTHOCHUTENBHO COCTOSHMIA
BCEro0 KOMIUICKCA MOXHO MCIOJB30BATH YPABHCHHS OTHOCHUTCIBHO
COCTOSTHHH OTACIBHBIX MICPCHOCYMKOB, COCTABIISIONINX KOMILICKC?

B ueM pasmmdme MexIy OOBIMHBIM TEPMOIMHAMUYECKHMM OIMCA-
HHUCM OKHCIIUTCIBHO-BOCCTAHOBUTCIBHBIX PCAKIMH TOABMKHBIX IIC-
PEHOCUYHKOB M OIIMCAHMEM IIEPEHOCA IJICKTPOHOB B KOMILIEKCAX TIEpe-
HOCYHKOB?

OcCHOBHOC BHUMAaHHC OYyJCT YACICHO MEPCHOCY 3JICKTPOHOB IPH
(oTocHHTE3€, MOCKONBKY B (DOTOCHHTETHYECKOH 3ICKTPOHTPAHC-
MOPTHOM IICIM MMCCTCS YHUKAJIbHAS BO3MOXHOCTH TMPAKTUYCCKH
MTHOBCHHO «3aITyCKaTh) MPOIIECC MEpEeHOCA ICKTPOHOB C TTOMOIIBIO
CBETa, YTO ABJIACTCS HEOCIIOPUMEIM IIPCHUMYIICCTBOM IPY KUHCTHYC-
CKOM aHajm3e.

ITepBele BoceMb TIaB MOCBSMIEHBEI OOIIMM BOIIPOCAaM IEepeHOCa
BIICKTPOHOB B OMOJOTHYCCKUX CHCTCMax U MOITOMY MOTYT MpEACTa-
BUTh MHTEPEC JJIS BCEX, KTO B CBOCH paboTe cralKuBacTcs ¢ Heo0-
XOIMMOCTBI0O KHHETHYCCKOTO aHaIM3a TPAaHCIOPTa JJICKTPOHOB. B
MOCICAYIONIMX MATH TJIaBaX PacCMOTPCHBI BOMPOCHI, KaCAIOMIMCCS
OMHMCAHUS TEPEHOCA JIEKTPOHOB B KOMILIEKCAX PEAKIMOHHBIX
[EHTPOB OpH PoToCHHTESE:

ChopmymrpoBana 00600ImIcHHAsS MOJICIb TICPEHOCA 3JICKTPOHOB B
OmKaleM JOHOPHO-AKIENTOPHOM OKPYXEHMH (DOTOCHHTETHYE-
CKHMX pecakinuoHHEIX IcHTpoB (DPII). Ha ocHoBe 3T0ii Momemu pac-
CMOTPEHBI CTALMOHAPHEIE M MIEPEXOAHBIC XaPAKTEPUCTUKH MEPEHOCA
aackTpoHoB B OPII. IIpoBencHHBIN KMHCTHYCCKHI aHAIM3 ITOKA3BI-
Bacrt, uro (pyHKuroHamsHoe ycTpoicrBo DPI] obecricunBacT ero ro-
TOBHOCTb K HCIIOIB30BAHUIO OYEPEIHOT0 KBAHTA CBETA 34 CUET IOJ-
JICP)KaHUS JOHOPHOM YacTH B BOCCTAHOBICHHOM, a aKICITOPHON — B
OKHCIICHHOM CcoCTOsSHHSX. Jlajee paccMoTpcHa KMHCTHKA PEIOKC-
npeBpanieHuii nepeHocunkoB ®PI] B xpomMarodopax IypIypHBIX
OaKTcpuil B OKMCIUTCIBHBIX U BOCCTAHOBUTCIBHEIX yCinoBUsX. Oco-
00e BHMIMAHHWE YAEIACTCH aHAIW3y (PYHKIMOHHPOBAHHS BTOPHYHOTO
xunoHHoro aknenropa ®PI] nypoypubeix Oakrepwmii. IlogpobHo oxa-
PaKTCPU30BAHBI JBYXTAKTHBIC KOJNCOAHWS KOHIICHTPAIMA CCMMXH-



HOHHOM (hOPMBI BTOPHUYHOTO XMHOHA M HA OCHOBE KHHETHYECKOTO
aunanu3a OUEHEH KBAHTOBBIM BBIXOJ Pa3leNeHUs 3apsioB B peak-
OMOHHEIX [IEHTpax.

Knura ocHoBaHA Ha MCCIIEIOBAHUSX, IPOBOIUBIIUXCS B MOCIE-
aue 10 nmer Ha Kadeape Omodu3MKK OHMomormdecKkoro (aKymbrera
MI'Y. Hamucanve KHUTH CTajlo BO3MOXXHBIM JIMIIG Onarogapss MHO-
TOJIETHEMY COTPYIHHYECTBY M MHOTOYMCICHHBIM auckyccusm ¢ I1. C.
BeHeAMKTOBBIM, KOTOPOMY aBTOPHI BBIPAXKAIOT CBOKO IMPHU3HATENb-
HOCTB.

ABTOpBI CUMTAIOT CBOMM TPHUSATHBIM JIOJTOM BBIPAa3HUTh Oiaromap-
HocTh A. A. KOHOHEHKO, YbH COBETHI BO MHOTOM CIIOCOOCTBOBAJIA
Hameli padore Haja KAUTOM, a TakKke A. A. KoHCTaHTHHOBY, ClenaB-
neMy psJ EHHBIX 3AMEYaHUi 110 EpBOM TIIaBe.

B npouecce paboThl HaJ KHUTOW MBI MOJH30BAIKMCH MOMOIIBIO U
COBETAMH IIEJIO0T0 PAIA TOBAPUIICH U COTPYIHUKOB, KOTOPHIM BEIpa-
’KaeM CBOIO MCKpeHHIO mnpusHatembHocTh: C. U. Akcenory, C. JI.
Bapdonomeery, M. U. BepxoBckomy, T. H. BopobObeBoii, A. Sl
Mynxumkansay, W. WU. Ilorrocuny, H. ®. IleriteeBoit, I'. IO.
Pusnuuenxo, B. JI. Crens, A. JI. Conosbery, O. H. I1TunkapeBoi.

CITMCOK COKPAIIIEH1HA

AJI®, AT® — aaeHo3uH-5-11 U
tpudocdar

BAJI — Opuranckuit anTHOu3uT (2,3-
JIAMEPKAITOITPOIIAHOI)

Bbxn — GakTeproxaopoduint

B — Gakrepuodeodurin

JILIKJIT — N,N'-muiukiorexcuikap6o-
JIHAMH]T

KoQ, Q — xodepment Q (yOuxuuon)

JITAO — naypuiauMeTHIaMIHOOKCH/T

HAJI — HuKOTHHAMHJIAICHUHTH-
HYKJICOTH]T

HAJI® — HMKOTHHAMHUAICHIH IHHY -
kneotuadocthar

PQ — mmacToxXuHOH

PC — mnacronuanuH

C/II" — cyKnMHAT/IETHAPOTeHA3a

CMY — cyOMHTOXOHJIpHATTEHBIE
YaCTHIIBI

CCK — cBeTocoOHparonuii KOMILIEKC

TM®]] — N,N,N’,N' — tetpamermimna-
padeHMICHaMIH
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®dn — Deppenokcun
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®C I — dorocucrema I

®C IT — ¢dorocucrema 1T

@ — deodurun

[[OT — 1ens 3IEKTPOHHOTO TPAHCIIOPTa

AgH*— TpancMeMbpaHHas pa3HOCTh

JJIEKTPOXUMHICCKHUX MOTCHIITHAJIOB
HOHOB BOJIOpOAa



I'nmasa 1

IMEPEHOC OJIEKTPOHOB
N ITPEOBPA3OBAHUE OHEPTUHN

B 3T0i1 rmaBe KpaTKo pacCMOTPEHBI CBOMCTBA M XapaKTEPHUCTUKHU
3JIEKTPOHTPAHCHIOPTHBIX Iened MUTOXOHIPHIA, XJIOPOILIACTOB M XPO-
MatodopoB, B KOTOPBIX SHEPTUS OKUCIUTEIHHO-BOCCTAHOBUTEIBHBIX
peaknuii ucnons3yercs s cuHTe3a ATO.

1.1. Odmast XapaKTepucTAKA
npeodpa3oBannsi YHEPrad B GmomMeMOpanax

B teuenue nocnegumx 15—20 mer crango sSCHO, YTO MPOLECCH IIpe-
00pa3oBaHUA SHEPIHH OPH 3JIEKTPOHHOM TPAHCIOPTE B MeMOpaHax
MUTOXOHJIPHI, XJIOPOILIACTOB, XpoMaTrohOpoB M HEKOTOPHIX OakTte-
puii 0o06manaroT GyHIaMeHTaasHEIM cxonactBoM [I'puH, I'omsabeprep,
1968; Ckynaues, 1972; Jlenunmkep, 1974; Pakep, 1979]. Beuto BeI-
SICHEHO, YTO BO BCEX ITHX CHUCTEMAX PEaM3yeTCs €IUHBIA ITPHHIINII
COMPSDKEHMS IEPEHOCA IEKTPOHOB 110 HENM IIEKTPOHHOIO TpaHC-
nopra ¢ cuate3oM AT® [Ckymaues, 1972; Mitchell, 1966; Harold,
1977; Hauska, Trebst, 1977, Pakep, 1979]. Ortor npuHIMIO HII-
JIOCTPUpPYET pHC. 1, HA KOTOPOM TIOKa3aHO, YTO HMEPEHOC IICKTPOHOB
M0 3JIEKTPOHTPAHCIIOPTHOM M[EMU MPUBOIUT K MEPEHOCY MPOTOHOB

ATD
/H &—/Aﬂdjud)n

/ I

[[OT ATPasza

i |
N

Puc. 1. Cxema mpespareuns suepruu B 6nomemOpanax [Skulachev, 1981]
Ilers onextponHoro Tpaucmopra (1), MCTONB3yS DHEPTHIO OKHUCIHUTEIBHO-BOCCTAHO-
BHTENILHEIX PEAKIMiA, TPAHCTIOPTHPYET TMPOTOHHI depe3 MeMOpaHy TPOTHB HX DJIEKTPO-
XUMHIeCKoro notennuana. O6pasyromasics TakaM 00pa3oM TpaHcMeMOpaHHas pa3HOCTb
JICKTPOXUMMYIECKUX NOTCHIIHAJIOB HOHOB BOAopona ucnois3yercs ATd-cunTeTasoi
(2) s cunteza ATO uz AIO u @,




gepe3 THApoGOOHEIT Oaprep MeMOpanesl. B pe3ynbrare sHeprus
OKHMCIIMTEIHHO-BOCCTAHOBUTENBHBIX PEeakuuii TpaHnchopmupyercs B
TPaHCMEMOPAHHYI0 Pa3sHOCTh SIEKTPOXUMHMYECKMX IOTEHIMAIOB

WOHOB Bozopoza (AzH '), KoTopast 3aTeM MCIOIb3yercs AJsi CHHTE3a

AT® u3 AJI® u @, c moMorso ocodoro pepmenra — ATD-cunTe-
Ta3bl.

Ecimv cam npuHOUN cONpsDKEHUS MepeHoca 3IEKTPOHOB C CHH-
tezoM AT®, BeiaBuny eI MuTuenom [Mitchell, 1961, 1966], nocra-
TOYHO XOpomio 00OCHOBaH JKcmepuMeHTansHO [CKynadeB, 1972;
Clayton, Sistrom, 1978; Schéifer, Klingenberg, 1978; Lee et al., 1979;
Pakep, 1979; Skulachev, Hinkle, 1981], To MexaHHU3MBI COIPMXKEHHSA
TepeHoCca 3IEKTPOHOB ¢ TPAHCMEMOPAHHBIM IEPEHOCOM MIPOTOHOB, a
TAKXXE MEXaHW3M Hcnonb30Banus ATO-cHaTeTa30il SHEPTUX IPOTOH-
HOTO TPaIuE€HTA [0 CYNIECTBY HESCHBI.

PaccMoTpuMm BHayane nemu 3neKTpoHHOro TpaHcmopra (L[DT)
MUTOXOHIPHI.

1.2. Ilens 3J1eKTPOHHOT0 TPAHCIOPTA
BO BHYTpeHHEeH MeMOpaHe MATOXOH/IPAH

ITpcBpanicHust SHCPTHH, TPOUCXOJIANINCG B MUTOXOHPHUSAX, MOXKHO
CXCMAaTHYCCKM TIPEACTaBUTh B BHJIC CICAYIONMX TpeX cramuii [[puH,
Tomeabeprep, 1968; Jesunmkep, 1974; Pakep, 1979; Vaiit u jip., 1981].

1. O6paszoBanue JoHOPOB dickTpoHoB i LIDT (HAJH, cykuuHat
H Jp.).

2. Ilepenoc snekrponoB mo IIOT or HAJIH u cykiumata K KH-
CIIOPOJTy, CONPSDKCHHEIN ¢ 00pa30BaHHUEM TPaHCMEMOpAHHOW Pa3HOCTH

SIICKTPOXMMIYCCKHMX OTCHIIMAIOB HOHOB Bojiopoja (AuH *).

3. Ucnone3oBanuc AZH* mms cuntesa AT® uz AJI® u @,

Bce cragum, kpoMe TEpBOM, MPOTEKAIOT BO BHYTPCHHEH McMOpanc
muToxouipuii, TakuM 00pa3oM, OCHOBHOM DHCPTCTHUYCCKON (DYyHKIHCEH
[IOT MUTOXOHJIPHIA ABISICTCA MCIONIB30BAHUE SHCPTHM PEJOKC-PCaAKIIIT
g cuHTe3a AT®, mpudeM obOpasyromasics B IPOIECCE ITHX PeakIuii

AuH™, nBeobxomumast ais cuHTe3a AT®, MoXeT HEHNOCPEACTBEHHO

HCIIOJIL30BAThCS JIJIS COBCPIICHHS XMMHICCKOH H OCMOTHYCCKOM paboThl
u Apyrux mporcccoB [Ckymaues, 1972; Skulachev, 1980, 1981].
CymMapnas pecakius okuciacuHud HAJIH kucnopomoM, ocymect-
BIIICMasi MUTOXOHJIPHAMI, CCTh PCaKIKs TOPCHUS BOJOPOJa, KOTOpas B
MHTOXOHJIPHSX IIPOHMCXOJIUT B HCCKOJIBKO DTAIlOB, MPHICM HA KaXKIYIO
moniekyity HAJIH, oxkuCIIcMyIo JBIXaTCIIEHOW IICTIBIO B COMPSDKCHHBIX
ycioBusX, obpasyercs He MeHee TpeX Monekylr AT® [Pakep, 1979].
CkopoCTh IIEpecHOCA JIICKTPOHOB MGy nepcunocyukamu 10T Mu-
TOXOHJIPHI Pa3INdHa ¥ B CPCIHCM YBEIHIHBACTCS TIPH MPHOIMKCHHH K
aKIIENTOPHOM CTOPOHE, TJIE IPOHCXOUT BoccTaHoBIeHHE O,.



B crammoHapHBIX YCIOBHSIX JJCKTPOHHBIH TOTOK mo I[OT
sAByseTcss 1OcTarodHo ObICTpbM, 10—100 31meKTPOHOB B CEKYHIY
[Chance et al., 1980].

1.3. IlepeHOCYHKH MENMH 3JIEKTPOHHOTO TPAHCIIOPTA
MHTOXOHIPH

MoeKynsl IIEpEeHOCUYHKOB IPEACTABIAIOT COOOM OCHOBHEIE de-
MEHTBI CTPYKTYPHl MUTOXOHIpPUA, Ha KOTOPBIC HPUXOIUTCS OKOIIO
25% Oenka MUTOXOHIPHAILHBIX MeMOpaH [Jlenmmkep, 1966].

HzBectHO OKOm0 20 MEPEHOCUYMKOB JJICKTPOHOB, COCTABJISIONIMX
DT suroxonmpuii (tadbm. 1). Cpemu mepeHOoCUHMKOB TOABKO HAJI,
(pmaBuHBEI ¥ yOMXWHOH SIBIISIFOTCHA JBYXOIEKTPOHHBIMH, B TO BpeMS
Kak octaJibHeIe KOMIIOHEHTEI 1[OT — 0gH091eKTpOHHEIE.

BOABMMMHCTBO KOMIIOHEHTOB ABIXATEILHOM IENH COAEPKAT ATOMEI
MEPEXOJHBIX METAJIO0B, MPETEPIEBAIINX PeIOKC-IPEBPaLICHHU.
Tax, psim OEIKOB COAEPKUT aTOMBI Kele3a, CBA3aHHBIE C ATOMAMM
KucmoTonabuneror cepel [Palmer, 1975; Opwm-/Ixoncon, 1978;
JluxTenmiteiin, 1979]. 310 Tak Ha3HIBACMBIC XKEIC30-CEPHBIC TICHTPHI
(vHaye WX HA3BIBAIOT OenKamu, COAep aliMMH HereM(MH)OBOE Ke-
Ie30-, WK JKele30-cepocojepkamumMy  Oenkamu). Kak mpasmino,
JKEJIe30-CEPHBbIE NEHTPHI SBISIOTCS OJTHOIIECKTPOHHBIMU TIEPEHOCUH-
KaMH, OJHAKO B ONpPEAECIECHHBIX YCIOBHSIX OHA MOTYT UMETh HECKOIIb-
Ko cremneneli oxucaenus [Opwm-JxoHcoH, 1978; JluxteHIuTEHH,
1979].

Bonsmyo rpynmy nepeHOCYHMKOB 3JIEKTPOHOB COCTABIISIIOT ITHTO-
XpOMEI, KOTOpPBIE COZIEPKAT TeMOBYIO(3KE€1€30-TOPHUPHUHOBYIO) TPO-
cretrdeckyro rpynny [Jlenmnmkep, 1974; Pakep, 1979]. Iluroxpo-
MBI TIOZIPA3JICIISIIOTCS HAa TPU OCHOBHEIX Kiacca (a, b, ¢) cormacHo
TUIY TEMA, 4 TAKKE UX XapaKTepHOMY CIIEKTPy TOTJIONICHHS B BOC-

Tab6auua 1. IToTeHnpas! MoryBOCCTAHOBICHHS MUTOXOHIPHAIBHEIX EPEHOCIUKOB*

TTepenocunx E° pH 3aBucu- | |TlepeHocumk E° pH 3aBucu-
3JIEKTPOHOB (oH7,2) MOCTB 3JIEKTPOHOB (pH7,2), B [MocTs MB/en
B |wBlenpH pH
HAJ -0,32 — FeS nenrp (CAIN) +0,03
®dnaBonpoTen -0,30 — Yéuxunon (KoQ) +0,045 60
FeS nenrprr 1a+1b -0,305 — I{utoxpom c;. +0,215 0
FeS nenrpu 3+4 -0,245 — Iutoxpom ¢ +0,235 0
FeS nenrp 2 -0,020 — FeS nenrp «Pucke» [+0,280
®nasonporeun (CAT) |-0,045 — LiuToxpom a +0,210 ~20
IluToxpom bses -0,03 0, pH>7,; Cu +0,245 0
60, pH <7
IutoxpoM bss, +0,03 60, pH 7 Iutoxpom a; +0,385 ~0, pH >7,
60, pH <7

* Ta6miia cocTaBieHa 1o JaHHEM paboTtr! Buncona ¢ coapropamu [ Wilson et al., 1974].




cranoBiaeHnoii ¢opme [Dickerson, Timkovich, 1975; XapOypw,
Mapkc, 1978; Bartsch, 1978].

BenkoBble KOMIIOHEHTEI IEPEHOCUYHMKOB 3JIEKTPOHOB HEOOXOIH-
MBIM 00pa3oM MOIUGHUIMPYIOT PEIOKC-CBOMCTBA METAIJIOB, & TAKXKE
00€ecreYrBaOT UM COOTBETCTBYIOLIEE IUIIEKTPUYECKOE H XUMHYEC-
Koe okpyxkenue [JIuxrenmreiin, 1979; Diixropn, 1978; Chance et al.,
1980].

ITogpoGHoe omucaHyie CBOMCTB MHIUBHIYAIBHBIX MIEPEHOCUYHKOB
9JIEKTPOHOB MOXKHO Haiith B nureparype [Jlemvmmkep, 1974; Diix-
ropH, 1978; JInxtenmrein, 1979; Adman, 1979].

Ha puc. 2 nokazana ympoiieHHas cxeMa pacloJIoKEHUS MepeHoc-
YUKOB 3JICKTPOHOB B JbIXarensHoM 1enu. IlepeiM cyocTpatom 1IOT
seisiercss HAJIH, ¢ xoToporo anekrponsl nepexonst Ha ®MH u na-
Jee depe3 HEeCKOJIBKO JKEIe30CEPHBIX IIEHTPOB MEepeHOCATCS Ha yOu-
XWHOH ¥ LUTOXPOMEI b. 3ateM depe3 Ielb IUTOXPOMOB 3JIEKTPOHBI
EPEHOCATCH HA KUCIIOPO/I.

Kak mpasmio, B 1IDT mepeHOCUMKH 3JIEKTPOHOB PACIOI0XKEHBI B
[IOCJIEZI0BATEIBHOCTH, MPH KOTOPOM WX PEAOKC-IMIOTEHIHAIBI BO3-
pacTaroT 0T HEKOTOPOTO OTPHIATEIHHOTO 3HAYCHWS, TTPUOIM3UTEIH-
HO COOTBETCTBYIOIIEr0 MNOTEHNHATY BOJOPOJHOTO SJIEKTPOAA, 0
3HAYEHHS, OJM3KOro K IIOTEHOHATy, IPH KOTOPOM HPOHCXOIUT
BOCCTAHOBJICHUE KHCIOPO/IA JI0 BOJBI.

OHeprug 3nekTpoHa npH nepenoce or HAJIH x xuciaopoxy u3me-
Hsercs OpuOIM3HTENsHO Ha 1,1—1,2 3B; sta pasHOCT, M €CTh Ta
JBIDKYTIAS CHJIA, KOTOpas B KOHEYHOM HWTOTe HPUBOAMT K CHHTE3Y
AT®. B tabn. 1 npuBeAeHsI peIOKC-IOTEHIHAIBI HEKOTOPEIX KOMIIO-
HEHTOB JILIXATeILHOM ey, DTH 3HAYEHH ABIISIOTCH IPHOIMKEHHEI-
MH ¥ BapbUPYIOT IPH M3MeHenuu pH, HOHHOTO cocTaBa Cpenbl, TEM-
neparypsl ¥ 1p. KpoMe Toro, pemokc-moTeHIIHANIB IEPEHOCYUKOB, B
CHITy UX OEJIKOBOTO XapakTepa, €CTECTBEHHO 3aBHCAT OT HICTOYHHUKA K
crocoba BEIIENEHHS MHUTOXOHJPHI M HMX ¢parMeHTOB. IIOCKOIBKY
MIEPEHOCYMKH JICKTPOHOB PACIIONIOKEHBI ACHMMETPUYHO B MeMOpaHe
[Pakep, 1979], nx peaoKc-OTEHIMAIBI 3aBHCAT TAKXKE OT BEIMYMHEI
TpaHCMEMOPAHHOr0 M MIOBEPXHOCTHOT'O 3JIEKTPHYECKHX HOTEHIINAIOB
[Hinke, Mitchell, 1970; Waltz, 1979; Itoh, 1980].

1.4. KoMniiekchl NepenocYAKOB —
OCHOBHBIE CTPYKTYpHBIe enuaunsl [T

BomsmuncTBO IepeHocurkoB 1[AT MUTOXOH IpHIT OpraHU30BaHO B
MyJIbTH(EPMEHTHBIE KOMILJIEKCHI OMPEAEIEHHOr0 COCTaBa, B KOTOPBIX
3aJIaHa MOCIEIOBATEIFHOCTE MEPEHOCA DIICKTPOHOB MEXKTy TIEPEHOC-
gukamu [Hatefi et al., 1962; Hatefi, Galante, 1978; I'pun, ®@aeiimiep,
1964; Jlemmmmkep, 1966; I'pun, INoasadeprep, 1968]. Ilpu obpabotke
BHYTPEHHUX MeMOpaH JIeTepreHTaMy MOJIHAS 3JICKTPOHTPAHCIOPTHAS
[eNb MOXKET OBITh pa3jeieHa Ha YeThIpe MYJIbTH(GEPMEHTHEIX KOM-
miekca, o0o3HauaeMblx puMckuMu mudpamu: 1. HAJIH: youxuHoH-
okcumopenykrasa; Il cykipHar: youxuHoH-oKkcHopeaykrasa; I11. you-
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Puc. 2. Yopomennas cxema IOCIEIOBATEIHHOCTH IIEPEHOCA 3JIEKTPOHOB B
JIEIXaTeIhHOM 1eNy MATOXOHIPHH

Tabanna 2. CoiicTBa KOMIIJICKCOB ICIH NEPEHOCA IICKTPOHOB MATOXOHIPHH

Kommekc Otnocn- |Moneky | Konmaectso | Kommonent Conepxa- |Cnemmdn-
TCIbHOC |JIAPHEIA |MONHICHTH- HHC YCCKHC
cofiepkaH |Bec, k]I |moB KOMIIOHCH- | HHTHOHTOPBI
ne TOB, MOJIb

LLHAL IKoQ- |1 <700 16—18 OMI 1 PoreHoH,

OKCHIOPCAYKTa3a amuTai,

10210)280020102054
Heremosoe 16—18
KeIe30
V6uxunon, 4
JIMTIHZLBL

II. Cyxuunar : 2 200 4 OAT 1 a-Tenoni-

KoQ- TpudTopanero

OKCHJIOpE/yKTa3a H

Heremosoe 7—8
KeINe30

ITntoxpom b 1
JIvmuet

II. KoQH,: 3 250 8—9 ITutoxpom b 2 AnTivumyH A

IATOXPOM C-

OKCHIOPEAYKTa3a

ITnToxpom c; 1

Heremosoe 2

KEIE30

Yo6nxunoH 21
JInmmmen

IV. Iluroxpom c: |7 150— |7 IInToxpom a 1 Iwanmn, asnn,

0,- 200 CcO

OKCHIOPEAYKTa3a

ITnToxpom a3 1
Mens 2
JIvmuet
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Puc. 3. MynsrudepMenTHEIE KOMILUIEKCEI, COCTABIISIOIINE JILIXaTENbHYIO IENh
MHTOXOHJIPUH

XHHOJ: (DEepPUIMTOXPOM C-OKCHAOpenykraza; IV. muroxpoMm c:
KHCIIOPOJI-OKCHIOpEayKTa3a.

Hexkotoprle ux cBoiicTBa MpHBeAeHEl B Ta0J. 2, COCTaBIIEHHOH MO
nmanHeIM padotsl [Hatefi, Galante, 1978]. Y3 yka3aHHBIX KOMILJICKCOB
OyTeM PEKOHCTPYKIMH (TIe HEeoOXOJUMO — B NPHCYTCTBUU
OUTOXPOMA C€) MOXHO MOJYYUTh IOJHYIO SJIEKTPOHTPAHCIOPTHYIO
cucTeMy WM ee otaenbHble cermeHthl [Hatefi et al., 1962; I'pum,
Onerimep, 1964; Hatefi, Galante, 1978]. Pacmonoxxenme 3THX
KOMILJIEKCOB B JIBIXaTEIIGHOM IMEIMH MOoKazaHo Ha puc. 3. Kaxmwni
KOMILJIEKC COCTOMT, KakK NpaBHJO0, He MEHee 4YeM W3 TATH
cyObemuumn. Yacth M3 HMX HeceT Ha ceOe KO(MAKTOPHI, MEXIY
KOTOPBIMH BO3MOJKEH IMEPEHOC DJIEKTPOHOB. BaxHO OTMETHTH, YTO
Komriekcsl BxogaT B I[OT B pasmuusblx cootHomeHwsx [I'puH,
Tomsabeprep, 1968; Hatefi, Galante, 1978].

ONEeKTPOHBI MEXAY KOMIUIEKCAMH MEPEHOCATCS C TOMOIMIBIO TO-
BIDKHBIX TEPEHOCYMKOB — YOMXMHOHA W IUTOXpoMa c. JlBuraschk
mabdy3HO Yepe3 JMIUIHBIA CIIoM MeMOpaHbl, yOUXUHOH CBS3BIBACT
Mexay coboii xomrekcsl I u 111, a taxxe 11 u III [T'pun, ®nefimiep,
1964; I'pun, T'onbpbeprep, 1968; Kroger, Klingenberg, 1973;
Gutman, 1980]. ILIuToXpoM ¢ BHIIONHSET AHAIOTWYHYIO YETHOYHYTO
$yskuro Ha ydactke Mexay komrmiekcamu 111 u IV, nuddbynamupys
B0 HOBepxHOCcTH MeMOpans! [['pun, N'ompadeprep, 1968; Chance
et al., 1980]. Bo3amoxkeH Taxkke HEMOCPEACTBEHHBIM HEPEHOC JJIEK-
TPOHOB OT OJHOrO0 KoMiuiekca K apyromy [Ragan, Heron, 1978;
Heron et al., 1978; Trumpower, 1981a].

Tpu xommmiuexkca — I, III u IV — urparmoTt poiib TeHepaTopoB
ApH" , COTIPATAIONIMX MEPEHOC JIIEKTPOHOB C TpaHCMEeMOpaHHBIM Iie-

PEHOCOM TIPOTOHOB. Bhlna moka3aHa cmocoOHOCTH ITUX KOMILJIEKCOB
TeHepHUPOBATh TPAHCMEMOPAHHYIO Pa3HOCTh JIEKTPOXUMUYECKUX T0-
TEHIIMAJIOB MOHOB BOJOPOAA MPH BCTPAWBAHWM WX B JIMIIOCOMBI W3
dochomumugos [Hinkle et al., 1972; Ragan, Hinkle, 1975; Kagawa,
1980; Pakep, 1979].
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Ta6aumna 3. CBolcTBa #KeJIC3OCCPHBIX ICHTPOB ALIXATCIbHON ICITH MHTOXOHIPHH

Kommnekc | Ilentp Trm * Cpennerodeunsiii | pH *** 3aBucnMocTs,
KJactepa (pH 7) ** pemoxc- | MB/ex pIl
noTeHnuan, MB

I N la 2Fe—2S -370 60

Nle 2Fe—2S -245 0

N2 2Fe—2S -20 60

N3 4Fe— 4S8 -245 0

N4 4Fe— 4S8 -245 0
II S1 2Fe—2S 0 0

S2 2Fe—2S -260 0

S3 4Fe— 48 +60 0
111 «Pucke» 2Fe—2S +280 0, pH<8 60, pH>8

* Tun Kiacrepa npusesieH 1o pabore AmsGpexta u Cybpamannana [Albracht, Subramanian,

1977].

** BeXMUMHEI CPETHETOUEHYHBIX PEAOKC-TIOTeHIManoB 1eHTpoB N1 — N 4 mpuBeaenHs 110
crexyronmm pabGortam: [Ingledew, Ohnishi, 1980], nentpos S1, S2 — [Ohnishi et al., 1976b],
nentpa S3 — [ Ohnishi et al., 1976a], Pucke—{[Prince, Dutton, 1976].

*** pH-3aBUCHMOCTD PEIOKC-TIOTEHIMAA XKene30cepHoro 6emka Pucke onpenenena B pabore
[Prince, Dutton, 1976], a octanbuex nenTpoB — [Ingledew, Ohnishi, 1980].

Takum 00pa3oM, 3TH KOMILIEKCHI HE TOJIBKO OCYIIECTBJISAIOT IEPEHOC
9JIEKTPOHOB, HO U SIBJISFOTCS (PYHKIMOHANEHOM E€IWHUIICH COTMpPSDKE-
HHS IIepeHoca JIeKTPOHOB ¢ oOpazoanreM AT®. Ilostomy pacmomo-
JKEHHE BHYTPUMEMOPAHHBIX OCIIKOB, COCTABIISIFOIIMX KOMILIEKC, OIpe-
JIENISETCS, TIOMHUMO BCETO MPOYEro, HEeOOXOMMMOCTHIO BEKTOPHOTO
[IepeHOCca 3JIEKTPOHOB (IIPOTOHOB).

PaccMmorpuM Ooliee moIpoOHO XapaKTEPHCTUKH KaXIOTO M3 JTHX
KOMILJIEKCOB.

Kommnexe I (HAJ/TH: yOMXHHOH-OKCHIOPELyKTa3a) cOCTOUT (Ta0IL.
2) u3 OOJIBITIOrO YHCIIA KOMIIOHEHTOB [0030p cM.: Ragan, 1976; Hatefi,
Galante, 1978; Pakep, 1979; Gutman, 1980, Ragan et al., 1981]. On
Karaymsupyer nepeHoc anekrpoHoB or HAJIH kx yOuxuHoHy, pyudeM
9Ta peaxkuys cnenu(YecKl HHrHOUPyeTCS POTEHOHOM, THPHIMINHOM
u gap. [Ragan, 1976; Gutman, 1980]. BoccraHoBienue yOMXHHOHA
KommiekcoM [ TpeOyer mnpucyrctBus JmnumoB [Pakep, 1979].
Kommnexc I comepxxur @MH, a Takke HECKOIBKO »XelIe30CEPHBIX
1ieHTpoB. OCHOBHBIC CBEIICHHS O KEJIC30CEPHBIX IIEHTPaxX MOJIy4eHBI C
momMornp Metona OIP mpu Huskux temmeparypax (tab:m. 3). MMeercs
HEKOTOpas HeOIpeAeIeHHOCT: OTHOCHTEIBHO YHCIA U CTEXHOMETPHH
OINP-perucrpupyemMsix 1eHTpoB. Ilentp N1 cocrout M3 AByX KOMIIO-
HeutoB Nla m Nl1B, Kotopele uMeroT cxomubli curHan OIIP, Ho
pasmgHble pemokc-morennyansl [Ohnishi, 1975]. Haubonee BRICOKO-
MOTEHITMANBHBIA TeHTp N2, 10-BHIMMOMY, HEITOCPEICTBEHHO B3aUMO-
JIEMCTBYET C XHHOHOM (CM. pHC.2).

B mureparype UMeErOTCS yKa3aHWs HA TO, YTO PEIOKC-TIOTCHITHA-
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JBI HEKOTOPBIX IIEHTPOB M3MEHSIOTCS mpHu mobOaBineHun AT® [Gut-
man et al., 1972; Ohnishi, 1975; Ingledew, Ohnishi, 1980].

BceTpoennslii B IMIIOCOMY KOMIUIEKC (YHKITMOHHPYET KaK PEIOKC-
3aBHCHMas TIpoToHHas nomma [Ragan, Hinkle, 1975; Ragan, 1976] u
B npucytctBuM AT®-cHHTETa3HOTO0 KOMILJIEKCA OCYIIECTBIISIET CHH-
te3 AT®, compsoxennsli ¢ okuciaenreM HAJIH ¢ momombio KoQ);.

Crnemyer OTMETUTH TIOJHYIO HESCHOCTh MEXaHW3Ma TpaHchopma-
UM SHEPIHM B KoMiulekce I, ocoOeHHO ¢ y4eToM ompeaelIeHHOrO B
nocieauee Bpems coorHomenvs H'/28, pasaoro 3—4 [Lehninger et
al., 1979; Coin, Hinkle, 1979; Hinkle, 1981].

JInst oOBSCHEHHS MEXaHW3MA COMPSDKEHUS JIBYXDJICKTPOHHBIX
®MH u KoQ ¢ 0JHO3JIEKTPOHHEIMH KEJIE30CEPHBEIMU IICHTpAMH H
BBICOKOro 3Hauenus H'/2e Gbuia mpemnoxkena rumoresa [Hinkle,
1981] o ToM, 9TO IEKTPOHBI B KOMIUIEKCE | mepeHOCATCS MUKIIAYE-
CKM, TaK ke, KaK B Q-mukie Muruena (cMm. omucanue Komriexca IIT).

Kommueke II (cykmumar: yOHXHHOH—OKCHIOPEIYKTa3a), KaTalH-
3UPYIONIMH OKHCIICHHE CYKIWHATA yOMXHHOHOM, COCTOMT M3 YETHIPEX
nomnentyaos (tabn. 2) [Capaldi et al., 1977; Hatefi, Galante, 1978].
JIBa u3 mux (70 u 27 xJI) mpencTaBasior coO0M CyKIMHAT-IETHIPO-
reHasy. bonbnias cyOosemunuia cogepxut OAJl, KOBaJEHTHO CBSA3aH-
HEI ¢ OelIKoM, B 4 aToMa Jxejie3a M KHCIOTONIA0MIBHOM Cephl, KOTOPBIE
obOpasyror ABa xele3ocepHbXx 1leHTpa [Ohnishi et al., 1976b].
MeHbmas cyObeIUHNMIA CYKIMHATAETHAPOreHa3bl MPEICTABISET CO-
0ol xene30-cepocomepskamnuii 6emok [Ohnishi et al., 1976a]. Cneno-
BaTENIbHO, CYKIMHATAETHIPOreHa3a COJEPXKHUT TPH KeJIe30-CePHBIX
uenrpa (tabn. 3): aBa keme3ocepHeIx neurpa tvma 2Fe—2S B
OonbIoi cyobemunuIie u omuH nenTp tvna 4Fe—4S B manoii [Capaldi
et al., 1977; Ohnishi et al., 1976b; Hatefi, Galante, 1978]. /Isa apyrux
nomunentiaa ~13—I15 kJ[ Wi oguH U3 HUX NPUHAJJICKAT HU3KO-
MOTEHIMAIBHOMY IMTOXpOMY bssys [Hatefi, Galante, 1978]. ®yuxius
€ro He COBCEM SICHA.

Hcnons3oBanue aHTUTET K OTHCIBHBIM IMOJIMITETITHAAM, a4 TAKXKe
HecrenUYecKoro HENpPOHHKAIOIEr0 PeareHTa, - S-IHa3o0eH30-
cynb(hoHaTa, MO3BOJMIO YCTAHOBHTH, 4T0 KoMmiuiekc II mepecekaer
BHYTPEHHIOI0 MEMOPaHy MUTOXOHIPHIA, TPUYEM TOJUIIEITH, COAEP-
amui (raaBonporeny, odOpamnieH K MAaTpUKCHOM, a cyobeauanna ~15
kJ] — K nuromiasMatugeckoii cropone [Merli et al., 1979].

Kax mokazano myiss MutoxoHnpuii Neurospora crassa, Bce cyOb-
equHHIBl KoMiuviekca II cuHTesupyrorcs B nuroiuiazMe Weiss et al.,
1979].

HenaBHo M301MpOBAaH MHMTOXOHOpHANBHEIM Oemok (QP—S) ¢
MOJICKYJIIpHBIM BecoM ~15 k]I, KOTOpEIi BOCCTAHABIIMBACT CYKITH-
HAT-yOMXMHOH-PEIYKTA3HYI0 AKTUBHOCTh y YAaCTHMYHO OYMIICHHOMH
CyKIMHATIETHAporeHassl. [IpeanoaaraeTcs, 4To 9TOT OEIOK SABISETC
crenupuIecKuM yOMXWHOHCBS3BIBAIONIUM O€IKOM, HE0OXOIUMBIM
JUISL CBSI3M CYKIMHATIETHAPOreHa3sl C MUTOXPOMaMU b M ¢; KOMII-
nexca III [Yu, Yu, 1981]. Dtor OenoK, MO-BUIMMOMY, HAEHTHYEH
OJTHOMY M3 HU3KOMOJIIEKYIISIPHBIX KOMIIOHEHTOB Komiuiekca 1. B aToit
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CBSI3U YMECTHO OTMETHUTH, 9TO IO KpaiflHEel Mepe NBa TEpMOIUHAMU-
YeCKM CTAOMJIBHBIX CEMMXMHOHA OOHapyxeHbl B Komrmekce 11
[Ruzichka et al., 1975; Salerno et al., 1977; Gutman, 1980;
Trumpower, 1981; Yu, Yu, 1981]. Amamuz OIIP cmnekTpoB B
OPHUEHTHPOBAHHBIX MYJIBTUCIONX, HOJYYEHHBIX W3 MHMTOXOHIPHH,
MO3BOJIUJI YCTAHOBUTH, YTO KOJIbIIA XHHOHOB MEPICHIUKYIISPHEI
I0CKOCTH MemOpaunl [Salerno et al., 1977]. Onenka paccTosSHuS
MEXIy CeMHXHHOHAMHU naet BenuunHy ~8 A [Ruzichka et al., 1975].

Kommneke Il (yOMXHHOI: IUTOXpPOM C-OKCHIOpPEAyKTa3a) Kara-
JU3UPYET IEPEHOC 3JEKTPOHOB OT BOCCTAHOBJIEHHOTO yOWXHHOHA
(yOuxuHOIa) K IUTOXpOMY c. DToT Komiuieke (tabi. 2) COCTOMT M3
7—9 momunentunoB [Rieske, 1976; Marres, Slater, 1977; Hatef],
Galante, 1978; Bell, Capaldi, 1976; Bell et al., 1979; Bill et al., 1982],
COJIEP3KUT IIUTOXPOMEI b U ¢; B COOTHOIIEHMH 2:1, KeJle30CepHBIi
oenok Pucke (FeSp) m ybuxumon [Rieske, 1976]. Iluroxpomsl b
IpeACTaBIeHBl ABYMs (popMaMH, OTIMYAIOIIMMUCS CIEKTpaMH IO-
rnomenusi, curHagamu OIIP u penokc-morenmmanamu [ Wikstrom,
1973]; uuroxpoM bsss (br Wi b; — HU3KOOOTEHIIUAILHBIN) U LIUTO-
XpoM bse (by - WK by - BEICOKOIIOTEHITHAIBHEII).

JlaHHBIE SKCIIEPUMEHTOB 110 XUMHYECKOH MoaudHKay MeMOpaH
MuTOXOHApHH 1 CMY ¢ mOMOIIBI0 HEIPOHMKAIOIIEro PearcHra - S-
muasobensocyabdonara [Bell et al., 1979] v cmmBaronmx areHTOB
[Smith et al., 1978] npuBoasT K BEIBOAY O TPAaHCMEMOpPAHHOM pac-
noyioxeHuy Kominiekca Il Bo BHyTpeHHel MeMOpaHe MUTOXOHIPUIA.
OTOT BBIBOJ, MIOATBEPKIACTCA TAKKE JAHHBIMHU 3JICKTPOHHOH MHKPO-
cKommM MeMOpaHHBIX KpHctauioB Komiuiekca III y Neurospora
crassa [Weiss et al., 1979; Kevin et al., 1981], corimacHo KOTOpEIM
OonpmIas 94acTh KOMIUIEKCA pacnojioxkeHa BHe MemOpanel. Ha puc. 4
MOKa3aHo MpeAmnojaraeMoe pacnoioxenre komiiekca II1 B memOpa-
HE MHUTOXOH/IpHIA.

Kommnekc Il 3ammMMaer meHTpalbHOE MECTO B SHEPreTHYSCKOM
obmene He ToipKo B [IDT MUTOXOHAPHI, HO U Y XJIOPOILIACTOB, XPO-
Maro(opoB, a TAKKe y HEKOTOPHIX Oaktepwmii. B cBsi3u ¢ 3THMM pac-
CMOTpPHM 00JIee AETaIBLHO PENOKC-IIPEBPALIEHHSI KOMIIOHEHTOB KOMII-
nexca III,

Jlonroe BpeMsi CYMTAIH, YTO IIOCIEJA0BATEILHOCTh IE€PEHOCA
9JICKTPOHOB B JIBEIXaTEIHHOM Ilemd U B 4acTHOCTH B Komiuiekce III,
seasercs yuHeiino [Chance, Williams, 1956; Jlemunmkep, 1966,

HAODH -+« =« KoQ = b — ¢ —= >+ + + = O, 1.1)
1

Cyxuguar

JT1a cxema XOpOIlIo COracyeTcs ¢ HaOMoAeHHEM, YTO HHTHONPOBAHUE
DIIEKTPOHHOT'O IIEPEHOCA B MUTOXOHAPHSX aHTUMHIIMHOM YBEIINIUBACT
BOCCTAHOBJICHHOCTh YOMXWHOHA M I[IMTOXPOMOB b ¥ yMEHbIIAeT
BOCCTAHOBJIEHHOCTEL MUTOXPOMOB ¢ | ¢; [Chance, Williams, 1956].
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Puc. 4. Ilpemnonaracmasi opraHu3anus SICKTPOHTPAHCIIOPTHHIX KOMIUICKCOB
I—IV u AT®as3s1 BO BHyTpeHHel MmemOpane MATOXOHPHi

Ilepenoc anexrpoHOB Mexay komruekcamu I u III, II n III ocymecTBiseTcs depes
yOuxXuHOH (He TmOKa3aH), JHO0 HENOCPEJCTBEHHO, MNEPEHOC DJIIEKTPOHOB MEXTy
koMrutekcoM II7 m IV ¢ moMompio UToXpoMa c. PasMeps! W npubnu3uTensHas hopma
komiuiekca IV nanrl no pabote @ymnnepa u ap [Fuller et al., 1979], xommnexcos 17 u I[IT —
no pabote Beiica u ap. [Weiss et al., 1979]. C u M — COOTBETCTBEeHHO LUTOILIA3MAaTH-
geckasi 1 MAaTPUKCHAs CTOPOHBI MeMOpaHk MUTOXOHIPHIA

BMecte ¢ TeM 4Ype3BBIYAMHO CJI0XHBIA XapakTep pPeIoKC-TIPeB-
pauleHuid UTOXpPOMOB b B MUTOXOHApHSX (CM. ¢. 16) mpUBOIUT K
HE0OXOIMMOCTH OTKa3a OT YKa3aHHOW JIMHEHHOW CXeMBl WM ee
cyniectBeHHOH Momubukamm. OmauM U3 Hauboiee YIMBUTEIBHBIX
0COOEHHOCTEW KMHETHYECKOrO MOBEIECHHUS HUTOXPOMOB b SBISETCS
s (deKT «CBEpXBOCCTAHOBICHHS» IMTOXPOMOB b TOX JeHCTBHEM
okuciurened. Cyte atoro sddexra cocroMT B TOM, YTO B MpPH-
CyTCTBMM CyKIMHATa W aHTUMMIMHA A m00aBlieHHME KUCIOpoaa
[Rieske, 1971; Wikstrom, Berden, 1972] wim deppurmanuga [Rieske,
1971] npuBOAMT K BOCCTAHOBJIECHHUIO IIATOXPOMOB b, B TO BpeMd KaK,
corinacHo muHeiHoi cxeme (1.1), ITOMKHO HAOMIOZATECS KX OKHC-
nenve. Hekoropele ApyrHe SKCIEPUMEHTHI, HENOCPEACTBEHHO He
YKJIAJBIBAIOMIKECS B TPAJAWIMOHHYIO JHHEHHYI0O CXeMy mepeHoca
9JIEKTPOHOB, ONMKCaHbI HIKE. DPGPEKT «CBEPXBOCCTAHOBIICHHS IIUTO-
XpoMoB b Obln 00Bsichen Bukcrpemom u Bepmenom [Wikstrom,
Berden, 1972] ucxoms w3 cXembl, IpPEINOararolleii cTymeHdaroe
OKHCIIeHHe yOumxwHOHA. PaccmarpuBaemas Hibke cxema (1.2) Hec-
KOJIBKO OTJIMYaeTcs OT HMCXOaHOM cxembl Bukctpema u Bepaena. B
Hel BOCCTaHOBJICHHME IUTOXPOMOB b ocymiectBisiercs napoid Q H/Q
(Q°/Q), a me QH,/Q°H [Mitchell, 1976, Trumpower, 1976], xak sto
MPEIoIarajloch BHAYalle M, KPOME TOTO, BBEACH KEIIE30CCPHBIN
oenok Pucke, HeoOXOaMMEIH, Kak MokazaHo B paborax [Trumpower,
1976, 1981b], a1 BocCTAaHOBIIEHHUS HUTOXPOMA €1 (CM. HIDKE).
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HexoTopsie (paKTHI OTHOCHTEIbHO KHHETHKH
penoxc-peaxiuii komiiexca ITL

1. JlobaBnenue aHTUMHITMHA A K MHMTOXOHJIPHUSM B TIPHCYTCTBHHM KHCIOpPOJA
MPHBOANT K BOCCTAHOBICHHMIO IIMTOXPOMOB b W yOMXHWHOHA M K OKHCIICHHIO
nuroxpoma c¢ [Potter, Reif, 1952; Chance, Williams, 1956].

2. KuHeTHKa BOCCTAHOBJICHHS IUTOXPOMOB b cykimHaToM Tpex(dasua: OsicTpoe
9aCTHYHOEC BOCCTAHOBJICHHUE CMEHSETCS OKHCICHHEM C TOCIEAYIOmMM Ooiree
MeUIEHHBIM BoccTaHoBIeHueM [Yu and Yu, 1981; Zhen et al., 1981].

3. «CBepXBOCCTAHOBJICHUE» IMUTOXPOMOB b B NMPHCYTCTBHUHM AHTUMHIMHA A U
CYKIIMHATA, BHI3BAHHOE JI00aBIICHMEM OKHcauTeNeil (heppHIaniia WM KHCIOPO-
na) [Rieske, 1971; Wikstrom, Berden, 1972; Wilson et al., 1972; Eisenbach,
Gutman, 1975; Trumpower, Katki, 1975].

4. JlobGaBreHne KHUCIOPOJa K MHTOXOHJIPHSM, B KOTOPHIX IUTOXPOMEI b TOJ-
HOCTBIO BOCCTAHOBJICHBI, BBI3BIBACT OKHCIICHHC TOCICIHHX, YyBCTBHUTCIBHOC K
antumuipny [Erecinska et al., 1973].

5. VYnanenue xenezocepuoro Oenka Pucke (PeSk) M3 CyKIMHAT: ITUTOXPOM C-
OKCHJIOPEYKTa3sl HE HAPyIIaeT CYKIMHAT-YOMXHHOH-PEAYKTA3HYI0 AKTHBHOCTb
[Trumpower et al., 1980], Ho mpuBOAMT K:

a) HHTHOHPOBAHUIO OBICTPOTO BOCCTAHOBIICHUS ITUTOXPOMA C; CYKITHHATOM KaK B
TMPUCYTCTBHH, TaK M B OTCYTCTBHE anTUMHIIMHA [ Trumpower, 1976];

6) MHTHOMpOBAaHHIO B NPHCYTCTBHH AHTHMHIMHA OBICTPOTO BOCCTAHOBICHHS
IUTOXPOMOB b CYKIIMHATOM (B OTCYTCTBHEC AHTHMHIIMHA WHTHOMPOBAHHS HET)
[Trumpower, 1976];

B) OJIOKMPOBAaHHIO HHIYIIUPOBAHHOTO OKHCIMTCISIMH CBCPXBOCCTAHOBJICHHS
nuToxpomoB b [Bower et al.,., 1981].

6. MuaynupoBaHHOE OKHCITUTEIIME BOCCTAHOBIICHHME ITUTOXPOMOB b B MpHCYT-
CTBHH aHTHMUIIMHA A HHTHOHUpYETCS (CP. C IIYHKTOM 5, B);

a) OpwuranckuM auTHmOM3MTOM (2,3-Mepkanrto-pormanoiaoM) [Kcesenko,
Koucranturos, 1980];

6) awmanmorom yOmxuwnona VYTJIBT (5-n-yHaenuia-6-rHapokcH-4,7-1HOKCO-
6ensornazon) [Bower, Trumpower, 1980; Bower et al., 1981].

7. BBICTpOE BOCCTAHOBIICHHE IIHTOXPOMOB b CYKIIMHATOM WHTHOMpyETCS TpH
COBMECTHOM JICHCTBHH aHTHMHIIMHA K (CP. C MyHKTOM S, 6) OpHTAHCKOTO aHTHITION-
suta [Deul, Thorn, 1962; Kcesenko, Koucranturos, 1980], uurnOupyromero mnepe-
HOC DJICKTPOHOB Ha YPOBHE xejie3ocepHoro Oenka Pucke [Slater, deVries, 1980;
Slater, 1981].

8. 3aMeuieHHe B NMPHUCYTCTBHH AHTHMHIIMHA BOCCTAHOBJICHHMS LHTOXPOMOB b
CYKIIMHATOM HJIH YOMXHHOHOM B YCIIOBHSX, KOTAa MUTOXpoM c; (4 FeSy) Boccra-
HoBneH (3ddexr naumammaeckoro komtpons) [Eisenbach, Gutman, 1975;
Trumpower, Katki, 1975].

9. DHepro3aBHCHMOE BOCCTAHOBIICHHE UTOXPOMOB b mpu noGaBnernun ATO B
mutoxougipusix u CMY [Dutton, Wilson, 1974; Kamenckuit u ap., 1975;
Konstantinov et al., 1981].

10. AuTuMuiuHE A He MHTHOHpPYET OBICTPOrO BOCCTAHOBIICHHS IIHTOXPOMA C;
CYKIIMHATOM B TIOJHOCTBI) OKHCICHHOM CYKIIMHAT: IIHTOXPOM C-OKCHIOPEAYK-
Ta3HOM KoMIuiekce [Bower, Trumpower, 1981].

Orta cxema [moapoOuee cM.: Kceszenko, Koncrantunos, 1980;
Konstantinov et al., 1981] 6mu3ka K oYeHb MOMYIAPHOMY B HACTOS-
miee BpeMs Tak HaseiBaeMoMy Q-mukiny (cM. nmanee). OmHako B OT-
JU4re ot nocneaHero cxema (1.2) cymecTBeHHO npoIie.

JlelicTBUTENILHO, BOCCTAHOBIECHHUE ITATOXPOMOB b M OKHCJIEHHE
IMTOXPOMOB ¢ M ), Ha0IroaeMoe B MUTOXOHApHsX [JIeHMHIKep,
1966; Chance, Williams, 1956] npu go6aBineHny aHTUMHIMHA, 00yC-
J0BJIEHO cornacHo cxeme (1.2) GoKupoBaHMEM IEpPEeHOCa IEKTPO-
HOB MEXJy nmuroxpoMamu b u c. BoccraHoBieHue UTOXpoMOB b, B
CBOIO OYEPEIh, TOPMO3HUT PEAKIHIO BOCCTAHOBIICHHUS JKEIE30CEPHOI0
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Oenka Pucke, 9TO B KOHEYHOM MTOTE MPUBOJUT K OKHCIICHHIO ITUTO-
XPOMOB C U Cj.

Cronb ke ecrecTBeHHO 00BscHAeTCH 3((PeKT CBEPXBOCCTAHOBIIE-
HUS TIMTOXPOMOB b. B mpuCyTcTBMM aHTUMHMIMHA A 100aBlieHHE
OKHICITUTEIS BHI3BIBAET OKHCIIEHHE XKeJIe30CepHOro neHTpa Pucke, 4to
obycnoBnuBaer obpazoBanvie Q°, KOTOPBIi M BOCCTAHABJIMBAET
UTOXPOMEI b. DddekT TMHAMIYECKOT0 KOHTPOJIs (CMOTPH ITyHKT 8

QI
- y—
QH | |
l—-Eb—}—»r:—»----—*Og (1.2)
|
|
Q AMTHMBUAHE

BoccraHoBneHue — kene30-CepHOrO0 meHTpa PHCKe JIODKHO
MIPUBECTH K 3aMe]JIEHUIO BOCCTAHOBJIEHHUS [IUTOXPOMOB b, TIOCKOJIBKY
B 3TOM CiIyuae He Moxer oOpasoBarbes BoccranoButenas Q° (Q°H).
Bmec-te ¢ tem cxema (1.2) He oObsicHser Toro ¢akra, dTO
MHTHONTOPEI JKelle30CepHoro Oenka PHcKe NOpHUBOAAT, MHOTO00HO
AHTVMUINHY, K OKHCJICHUIO IIMTOXPOMOB C; ¢ U BOCCTAHOBJICHHIO
nutoxpomoB b [Kcesenko, Koncrantunos, 1980; Konstantinov et al.,
1981].

JInst 0OBSACHEHHS CIIOKHOTO IIOBEAEHHS IIUTOXPOMOB b B KOMII-
nekce III Murtgenom [Mitchell, 1975, 1976] 6bu1a npeajoxeHa cxemMa
TaK HaspiBaeMoro «Q-mukna» (puc. 5), BO MHOTOM CXOgHas CO

CIT — Q ~ byge = byse (1.3}

FeSg »>¢,—¢c—> -+ =0,

HawuGonee cymiecTBEHHBIE YEPTEI €€ CIIEIYIOMIHE.

1. B ornuuuve ot JIMHEHHOH CXEMBI U CXeMBI 1.2 IUTOXPOMEI b U
c(c1) B3aMMOAEHMCTBYIOT APYT C JPYroM yepe3 yOMXuHOH. OTMeTHM,
YTO HE3aBHCHMO OT MUTUENA TAKOE MPEANOIOKEHHE ObLIO CAEIAHO B
pabore JIubepmana ¢ corp. [JIubepman u mp., 1976].

2. Kak u B cxeMe 1.2, npeamonaraercs, 4T0 YOMXHHOH OKHCIISIETCS
B JIBYX HOCJICIOBATEIBHBIX OTHORJICKTPOHHBIX PEAKIIHAX.

3. YOUXWHOH HE TOJIBKO BOCCTAaHABJIMBAET IIMTOXPOMBI b, HO W
OKHCIISIET MX. DTH JIBE PEAKIMH OCYIIECTBISIOTCS B TAK HA3bIBAEMBIX
[EHTpax [ U 0, JIOKAJIM30BAHHBIX, TTO-BUIMMOMY, Ha IIPOTUBOIIOJIOXK-
HBIX CTOPOHAX MEMOpaHEL.

4. B nenTpe 0 yOMXIHOI OKUCIIAETCS IO yOUXUHOHA C OCBOOOXK/Ie-
HUEM JIBYX MPOTOHOB, TIPUYEM MEPBBIA 3JEKTPOH MOCTYIAET K Ke-
ne3ocepuoMy Oenky Pucke u 3arem K muroxpomy c(c;), a BTOpPOH
MOCTYIIACT K IUTOXPOMY bDse6.

5. IImtoxpoM bse, B CBOIO OYEPEND, BOCCTAHABIMBAET LUTOXPOM
bsea.

6. ITutoxpoM bse, BOCCTAHABIIMBACT YOMXUHOH B TICHTPE 1.
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Lyryurem Pynaparn 28"

N-cmopaha

Newlpana
C-cmopona

2
Puc. 5. Cxema Q-nuxiia Mutaena

CornacHo cxeme (1.3) muTOXpoM bss; OKHCISETCS CEMHXHHOHOM
(160 XMHOHOM) B IEHTPE [ B AaHTUMHUIIMH-IYBCTBUTEILHON Peakiuu
(puc. 5). UarepecHo, uto MetomoMm OIIP peiicTBUTENHHO ObLI OOHA-
PyXeH aHTHMHIIMH-4yBCTBUTEILHEI cemMuxuHOH [Konstantinov,
Ruuge, 1977; Ohnishi, Trumpower, 1980; DeVries et al., 1980].
KoHtieHTpaIus 3Toro CEMHXHMHOHA COMOCTABMMA C KOHIIEHTpaIueHn
komriekca III [DeVries et al., 1980], mosroMy mpeamonaraor, 4to oH
cBs3aH ¢ 6enxoM [Yu, Yu, 1981].

OrMeruM, 9To cxemMa Q-mukiIa He 0OBACHsAeT TOro (haxkra, 4YTo
nmo0aBicHUe KHCIOpOIa K MUTOXOHJIPHSIM, Y KOTOPBIX ITUTOXPOMEI b
MOJIHOCTBIO BOCCTAHOBJIEHBI, BBI3BIBAET HMX OKHCJIEHHE, YYBCTBH-
TEIBHOE K aHTHMHIUHY (cM. sKcmepumeHT 4 Ha c. 16). CoriacHo
cxeme Q-mukna (puc. 5) OKWCIEHHE MUTOXPOMA C; JOJDKHO TIPUBO-
JHTh K 00pa30BaHMIO CEMMXHHOHA, KOTOPhIM BOCCTAHABIMBAET LIUTO-
XpOMEI b.

TakuMm oOpa3oMm, B HAcTOSIIEE BpPeMS HEHM3BECTEH MEXAHHM3M
¢pynxnuonnposanus xomimiekca III muroxommpmii. B omucammom
Bbime Q-IMKIIE M B €ro pasnuuHbIXx Bapuanrtax [Mitchell, 1976;
Trumpower, 1976, 1981; Slater, 1981; Konstantinov et al., 1981;
Bowyer, Trumpower, 1981b; Gutman, 1980] nauboinee moKa3aHHEIM,
Ha Haml B3IJIAM, SBISETCS y9acTve keyne3ocepHoro Oenka Pucke B
BOCCTAHOBJICHHH [IUTOXPOMOB b.
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OpmHaKo CEeMMXWHOH, COOTBETCTBYIONIMI IIEHTPY «0O», TIOKa HEe 00-
Hapy»xeH. HesicHo Taxoke, kak oOpa3yercs CEMUXMHOH B 1ieHTpe i. Ha
MPUBEICHHOM HA PHC. 5 cXeMe MpeauoaraeTcs, 4YTo OH 00pa3yercs B
peakuy qucopornopauonuposanud Q 1 QH,.

OCHOBHEI€ 9KCIIEPHMEHTHI 10 KMHETHKE PeIOKC-IIPEBPAIIeHHi 1H-
TOXpoMOB b B Kommuiekce [II BBIMOIHEHBI B IPUCYTCTBUYA MHTHOUTO-
POB, MEXAHM3M JICHCTBHS KOTOPBIX 0 KOHIIA HesiceH. J[aHHbIe Takoro
poia clenyeT HHTEPOPETHPOBATE C OCTOPOXKHOCTHIO. M3BECTHO,
HanpHUMep, YTO AaHTHMHIIMH BEI3EIBAET JIMHHOBOJIHOBEIA CIBHUT MaK-
CMMyMa mnoryionieHus muroxpoma bss; [Berden, Opperdoes, 1972;
Brandon et al., 1972; Dutton et al., 1972], crumympyet oOpazoBanue
H,0, u cynepokcua-anvoH-pagukana kucioponaa [Boveris, Chance,
1973; Erecinska, Wilson, 1976], MomubuIpyer peaoKc-3aBUCHMOE
CBS3LIBAHKE MPOTOHOB LIMTOXpoMaMu b [Artzatbanov, Konstantinov,
1980], a Taxxke mepeHOC 3JIEKTPOHOB MEXAY LHUTOXpOoMaMHd b u
youxunonom (cMm. o63op: Slater, 1973; Erecinska, Wilson, 1976].
Hawnbonee Hage)xHbIMM, C HAmIEH TOYKU 3PEHHS, SBIISIOTCS SKCIEPH-
MEHTBI 10 BBISCHEHHIO BPEMEHHOH IOCIIEA0BATEIBHOCTH IEpPeHoca
anexTpoHOB. [ToaToMy mpecTaBisieTcsi BeChbMa II0A0TBOPHOM TOIIBIT-
Ka pexkoHcTpykmuu komriekca Il ¢ dorocuHTeTHYECKMM pEeaKIvoH-
HBEIM [EHTpPOM mypnypHbIX Oakrepmii [Packhman et al.,, 1980;
Matsuura, Dutton, 1981], mockoITbKy B JAHHOM CITydae MOXXHO MPAKTH-
9eCKd MTHOBEHHO IiepeHectd ompenenennoe (1, 2, ...) umcio
9JICKTPOHOB B KoMruiekc I1I.

PaccMoTpuM Temepsr TEPMUHANBHBIA  3JIEKTPOHTPAHCHIOPTHBIN
KOMIUIEKC AbIXaTeILHON [enu.

Kommeke IV (IMTOXpPOM ¢ OKCHia3a) SBJISIETCH TEPMHHAIBHBIM
KOMITOHEHTOM JBIXaTeJIbHOM [EMH M OCYIIECTBIISET HEPEHOC 3JIEK-
TPOHOB OT MUTOXPOMA ¢ K KHCIIOPOAY, CONPSHKECHHBIA C TIEPEHOCOM
TPOTOHOB HAPYKYy:

2 mutT ¢y + 4HY 5, 40,505 5 — 21T €y + 2H 1y + HoOpy

MonoMepHas ¢hopMa IUTOXPOMOKCHUIA3hI, BHIICICHHAS U3 MHTO-
XOHJIPHH, MpeAcTaBiaseT co00M JIMIIONPOTENMHOBLIA KOMILIEKC (Talil.
2), KOTOPBIA COAEPKUT 4 pelOKC-KOMIIOHEHTA, [TUTOXPOMEI @ H a3 U
JIBa aroMa Memu [cM. 0030p Malstrom, 1973, 1979; Yopron, 1978;
Kymam, Mupono, 1979; Wikstrom, Krab, 1979; Chance, 1979,
1981; Azzi, 1980; Wikstrom et al., 1981; Wainio, 1983]. Komnouenr,
B3auMozercTByronuii ¢ O, wm ¢ CO, Ha3pIBAETCSA IUTOXPOMOM a3 4
HE B3aUMOJEHCTBYOmMMIA ¢ HUMH — muroxpomoM a (Keilin, 1966).
Hcnonb3yst pa3nuyHble METOMABI, YIACTCS BBIICIMTH, KaK TPABUIIO,
cems [King et al., 1979; Wikstrom et al., 1981] uu Gonee [Buse et
al., 1978; Kadenbach, Merle, 1981; Wikstrom et al., 1981] momu-
TIENTUIOB, COCTABIISIONIMX ITUTOXPOMOKCHIA3y. CBOAKH pPa3IHYHBIX
BBIZIEJICHII [IUTOXPOMOKCHIA3EI Cofiepkarcs B pse pador [King et al.,
1979; Kadenbach, Merle, 1981; Wikstrom et al., 1981]. Tak xaK reMsl
a ¥ Melb TEPSAIOTCS NPH BHIACICHUM CyOBbEIUHHWIl, TO HESICHO, C
KakuMH CyOBEeIUHUIIAMH OHH CBS3aHBEL KMerorcs yOeauTelbHBIE
nauneie [Kadenbach, Merle, 1981] o ToM, uro nBa aromMa Memd U
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At JIBAa T€Ma a HaXOIATCS B JBYX
OoypIuX cyObenuHaMIIaX. B 3T0i
CBS3H YMECTHO 3aMETHUTh, YTO Y
MPOKAPHOT IMTOXPOMOKCHIa3a
COJICP)KUT TOJIHKO JIBE CyOBeIu-
C-cmopona HHUIBI, CXOJHBLIE C JBYMS OOJIb-

K MUMH CYOhEIUHHUIIAMH DJyKa-

\ puotr [Ludwig, 1980; Sone,

. 1981; Kadenbach, Merle, 1981;
: Wikstrom et al., 1981].

HenaBno Oblmm 0OHApy>XeHBI

A-cmgpoka ~ TPW WHTEPECHBIX M HEOOBIMHBIX

Ha0 acrexTa (QYHKIIMOHHPOBAHUS IH-
TOXpOMOKCI/II[aSBI.

Puc. 6. llmroxpomoxkchuasa xak 1. DKCHOEPUMEHTHI C WHTAKTHBI-
PE/IOKC-3aBACHMasl NPOTOnHas nomma MU MHUTOXOHApusaMH, CMUY wu
[Koncrantunos, 1977] IIPITOXpOMOKCHI[aBOﬁ, BCTpOCH-

HOi B JIMmocoMsl u3 pocdomu-
IIUI0B, IIO3BOJIHUIIA HpeJIHOJ'IO)KI/ITB, qToO III/ITOXpOMOKCPII[a&':l ABJIIACTCA
MPOTOHHOH ITOMIIOH, (PYHKIHS KOTOPOH 3aKI0YaeTcs HE TOJIBKO B
TIOTJIONIEHHH TPOTOHOB, HEOOXOAMMBIX IS BOCCTAHOBJICHHS KHCJIO-
poJia 10 BOJBI, HO M B IIEPEHOCE ITPOTOHOB M3 BHYTPEHHEH (as3bl Hapy-
Ky [Koncramrunos, 1977; Wikstrom, Krab, 1979; Krab, Wikstrom,
1979; Wikstrom, 1981; Wikstrom et al., 1981]. Hesicao moka, Kakum
00pa3oM IPOKCXOAHT TPAHCIOPT IIPOTOHOB IpoTHB mois. IIpenmona-
raeTcs, 94To HanOojee TuApododHas TPeThs CYyOBEIHUHHIIA [IUTOXPOM-
OKCHAa3kl HOpPMHpPYET pPedOKC-3aBUCHMBINA IPOTOHHBIN KaHal [Azzi et
al., 1979; Wikstrom, 1981; Wikstrom et al., 1981]. B mons3y atoro
TOBOPHUT (haxkT NOoAaBJICHHUS (GYHKIIUHM [IMTOXPOMOKCHIA3bI KaK MMPOTOH-
uHoii mommel B npucyrctBun J{IKJ], xOTOpEI H30HpaTEIbHO CBS3BI-
BaeTcA ¢ TpeThel cyorenuuuieii [Azzi et al., 1979; Azzi, 1980; Casey
et al., 1980]. Omnaxo o6uapy»keno [Prochaska et al., 1981] cBs3siBanue
JUKJ] u ¢ npyrumu cyosenuuaunaMu. O0 3TOM Ke CBHAETEILCTBYET
OTCYTCTBHE TIepeHOca MPOTOHOB Yepe3 MeMOpany, eCli BCTPOCHHAS B
JIUTIOCOMBI IIATO-XPOMOKCH 1a3a JIMIIeHa TpeTher cyOobeauannpl [Coin,
Hinkle, 1979; Saraste et al., 1981; Wikstrom, 1981]. Baxuyro poas B
TPAHCIJIOKAMH MPOTOHA, IO-BUAMMOMY, HTPAIOT PeIOKC-TPEBPAILICHHS
rema a [KoncrantumoB, 1977; Artzatbanov et al., 1978; Wikstrom,
1981], Ha uTO yKa3bIBa€T YYBCTBHUTEIHHOCTh 3TOTO IUTOXPOMA K IPO-
TOHaAM MaTpHKCa W 3aBUCHMOCTb €TI0 PCAOKC-IIOTCHIIMAala OT HaJIU4YHsd
TpeThel cyOheauHuIE (puc. 6).

2. HeoxxumanHbIM 0Ka3aJIoCh CXOJICTBO [0 aMHHOKHCJIOTHOMY CO-
craBy cyOpeauHHNBI Il HUTOXPOMOKCHIA3BI C MEILCOAEP KM
OenKaMy THIIA IJIACTOLMAaHKMHA, CYObeIUHUANEI V ¢ TEMOIJIO0HHOM U
oguoii m3 cybomemummmn VII — ¢ nuToxpoMoM csss Chlorobium
limicola [Buse et al., 1978; Steffens, Buse, 1979; Azzi, 1980].

3. O6GHapy>XeHO0 TaKXe, YTO H3MEHEHHE PEIOKC-COCTOSHHS OJHOTO
M3 TEMOB BJIHSET Ha PENOKC-IIOTEHIHAaa Broporo [Malstrom, 1973;
Nicolson, Peterson, 1974; Wikstrom et al.,1976; Babcock et al., 1978;
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Wikstrom et al., 1981]. MonekynspHas 0oCHOBa Takoro poja B3auMO-
IeHCTBUS HEsICHA.

Hcnons3zoBanue DIIP u gpyrux METOOB TTO3BOJTHIIO OTICHUTE Pac-
CTOSIHME MEXy Pa3JHuYHBIMH PEIOKC-IIEHTPaMH, a TaKKe PacIoyo-
skenne komiiekca IV B MemOpane [cMm. 0630p: Wikstrom et al., 1981].
Kak W papyrue KOMIUIEKCH, OH pacCIOJIOXEH TpaHCMeMOpaHHO,
npudeM, Kak u B koMiuiexce III, Oonblnas 4acTh €ro HaXOIHUTCS BHE
MeMOpansI (cM. puc. 4 u 6).

Paccrosune Mexay remoM a u Cu,, 0 JaHHBEIM PEHTIEHOCTPYK-
typuoro anammsa (EXAFS), cocraBnser Gonee 5 A, a paccrosuue
Mexy TeMoM as u Cun—3,75 A [Powers et al., 1981]. IIpegmona-
rarot [Chance, 1981; Powers et al., 1981], uro peakIHOHHEIA EHTP
IIUTOXPOMOKCHIA3El MPEACTaBIAET COOO0M >Kele30MeNHEBIH Ousmep-
ueii komiuiekce (Fe,3Cuys).

ITocienoBaTensHOCTE IEPEXOIOB EI0 M3 OJHOIO COCTOSHHUS B APY-
roe MpH BOCCTAHOBJICHHHM KHCIIOPOJa MOXET OBITh MpeACTaBlicHa B
e caenmyromieii cxemsl [Chance, 1981]:

R 5+ R 3+
/ 2¢’ /
Szt > S
Cu ~Cu't
Fe{ Fe?' Cu

+
g o
2e

R 3+ R 3+
o} s/ 0O, /

N <+

/o s
Fe&' O—" Cu** 2 0 S~cu"

Fe

IlepetigeM k aHann3y (GOTOCHHTETHYECKOTO IIEPEHOCA 3JIEKTPOHOB.
1.5. 12T doTocuATE3NPYWOINAX OaKTepHiA

B srom maparpade kpaTko pacCMOTpEH TPAHCIOPT SJIEKTPOHOB Y
(otocuaTE3NPYIOMMX OaKTepHii, 00IIas XapakTEPUCTHKA KOTOPBIX
npuBegena Hibke (cM. [Gromet-Elhanan, 1977], a Ttaxxe [Kom-
IpaTteesa, I'opienko, 1978]).

XapakTepucTUKa 3eNeHBIE CepHEIe ITyprypHbie Gakrepun
Gaxrepuu CEpHBIC HECEepHbIE
Chlorobiaceae Chromatiaceae Rhodospirillaceae

Tunuaneie pogsl  Chlorobium Chromatium Rhodospirillum
Chloropseudomonas Thiospirillum Rhodopseudomonas

ITurmenTsl Bakrepuoxnopopminer  Bakrepuoxnopoduiisl a win b
c W a AIMKINIECKHe KapOTUHOUIBI
MOHOITHKIIMYECKHE
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Hexoropeie mnpeacraButreny (oTocuHTE3Upyrommx OakTepuii (B
OCHOBHOM IIpHHamIexkKarue Rhodospirillaceae) ciocoOHEI HE TOIBKO
K (hoTocuHTE3y, HO M K AbIXanuio, mpudeM [IOT B psage ciaydaes, 1Mo
Habopy IepeHoCYHKOB 3JIeKTpoHOB [Baccarini-Melandri, Zannoni,
1978; Pomosa, 1980], ux opueHTanvu B MeMOpame [Pnnce et al.,
1975; Takemoto, Beckman, 1979], 4yBCTBHTEIBHOCTH TPAHCIOPTA
9JIEKTPOHOB K MHruoutopam [Dutton, Prince, 1978; Bowyer et al.,

1980; Bowyer, Crofts, 1981], cnocobroctr k obpasoBanuo ALH*
[JIubepman, Ifodpuna, 1969; Liberman, Skulachev, 1970; Ckynaues,
1972; OctpoymoB u ap., 1979; Camymuinos, 1982] ouenr HanoMuHaer
TaKOBYIO Y MUTOXOHIPHIA.

Jlokajim3anus HEKOTOPLIX (ePMEHTOB BO BHYTPEHHEH MeMOpane MHTOXOHIPHH
H B MeMOpanax (oTOCHHTE3HPYIOIHX 0aKTepHii

depment Mecrononoxenne* Jluteparypnsblii
HUCTOYHHUK **
MHTOXOHJpUH  XpoMaTohopbl

F-AT®aza M M Reed et al., 1975;
Takemoto, Beckman,
1979

HAJIH-nerunporenasa M M Collins et al., 1980;
Takemoto, Beckman,
1979

Cykuunatneruporesasa M M Takemoto, Beckman,
1979

ITnroxpom c (c,) C C Prince et al., 1975

* Cropona MemOpaHb!, 06palieHHas BHYTPh MUTOXOHIPHMI MM KJIeTKu Oaxtepuii, o6o3nauena M, a
obpamennas Hapyxy — C.

** CcrUIKM TPHBEICHE! TOMBKO Ui doTocuHTesupyrommx 6Gaxrepuit. O630p I0Ka3aTeILCTB
YKa3aHHOH JoKamm3aiy GepMEeHTOB y MHUTOXOHIpH coepxuTes B paae pabor [Harmon et al.,
1974; Pakep, 1979; Gazotti, 1980].

Obwee npedcmasnenue o pomocunmese

®OTOCHHTE3 OCYIIECTBIISIOT BBICIIME PACTEHHS, BOJOPOCIH U He-
KOTOpEIe OaxTepuu [cM. 0030p Bacnasckas, 1974; PyoOun, I'aBpu-
meuko, 1977; Tapuesckuii, 1977; Clayton, Sistrom, 1978; Clayton,
1980; Hatch, Boardman, 1981]. OcaoBHO#1 cMEIcH (poTOCHHTE3A 3a-
KIII04aeTcs B TpanchopMaIii IOIJIONIEHHON CBETOBOM SHEPTHH B XH-
MHYECKYIO SHEPTHIO OPTraHHYECKHUX MOJIEKYJI.

Cymmapaoe ypaBHenue (OTOCHHTE3a IS OPraHU3MOB, aCCHMHU-
JUPYIOIMX YTJIEKHUCIBIA Ta3, MOXXHO 3alKCaTh CXEMATHUYECKH Clie-
JIYIOITUM 00pa3oM:

2]1H, + CO, &£y (CH,0) + 211 + H,0,
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e JIH,— monop Bomopoza (3mekTpona). JIus OONBIIMHCTBA PaCcTEHIA
W Bogopoclieii (B TOM 4YHCIIE CHHE3elIeHBIX) JOHOPOM SJIEKTPOHOB
sissiercs Boja. Ilosromy B mpormecce (poToCHHTE3a, BKIIFOYAIOMIETO JIBE
noceioBaTeNbable GOTOXUMHYECKHAE PEAKIIMH, BBIIEIACTCS KUCIOPO]I.
ITpu GaxTepuanbHOM (POTOCHHTESE JOHOP SJIEKTPOHOB OTIMYEH OT BOJBI
([KomppareeBa, 1972] cMm. Taxxke c. 21). Ilpomecc OGaxkTepHaIbHOIO
(hoTocuuTe3a BKIIOUAET TOJBKO OMHY (POTOXHMHYECKYIO peakiuro [Par-
son, Cogdell, 1975].

ITpeBpamenue sHEprHHd B TEPBUYHBIX IpoIeccax OakTepHAIHLHOTO
(orocuuresa (a Taroke (OTOCHHTE3a PACTEHHIA M BOJOPOCIEH) MOXKHO
KpaTk0 CYMMHpPOBarb B BHJE CICAYIOMECH IOCICI0BATEIBHOCTH
COOBITHIA.

1. ITornomienue cBera MOJEKYJIaMH XJIOPO(HIIA H BCIOMOTATENb-
HBIX IIATMEHTOB M MATpALys Toryomensoi suepruv (10714— 10" ¢) k
®PII, rie IPOMCXOIUT IepBIYHOe pasnerneHue 3apsnos (1071—107"¢)
(Borisov, Godik, 1973; Bopucos, 'omux 1975; Kaufmann et al., 1975;
Rockley et al., 1975; Rubin, 1978; Pyoun, 1980; Illysamos, KpacHoB-
ckuii, 1981].

2. Tleperoc smextporoB (10°—10" ¢) mo rpammenty pemokc-mo-
TEHIIMAJIOB, CO3JAHHOMY IIEPBHYHBIM pa3IeICHHEM 3apsjioB, COIPS-
JKEHHBIH ¢ 00pa3oBaHHEM TpPAHCMEMOPAHHOH pPa3sHOCTH DJIEKTPOXH-

MMYECKMX TOTEHIMANOB MOHOB Bojopoma (ApH') (10°—10" c)
[Jackson, Dutton, 1973; Drachev et al., 1976; Petty, Dutton, 1976a, b;
Dutton, Prince, 1978; Prince, Dutton, 1978; Petty et al., 1979, Drachev et
al., 1981; Baccarini-Melandri et al., 1981; JIubepman, I{oduna, 1969;
Ckynauges, 1972; Camyunos, 1982].

3. Hcnonssosanne AuH™ s cuntesa AT® w3 AJI® u @, (10°—

10" ¢) [Balchevsky, 1978; Petty, Jackson, 1979; Oren et al., 1980; Bac-
carini-Melandri et al.,, 1981] u (y mypoypHBIX OakTepwii) BOCCTAHOB-
neauss HAJI(®) [Bopucos u ap., 1970; Gest, 1972; Knaff, 1978; Ca-
MymiIoB, 1982].

CIpyKTypHBIE 3JIEMEHTHI (POTOCHHTETHIECKHX MEMOpaH, B KOTOPEIX
[IPOMCXO/IAT YKA3aHHEIE IIPOLECCH], IEPEYHCIICHBI HIDKE.

1. ITurmenT-0€KOBBIC KOMILICKCHI, OTBETCTBEHHBIE 33 MOTJIONICHUE
n Murpairo 3ueprud k OPI] [Clayton, Clayton, 1972; Epoxun u p.,
1977; Drews, 1978; Sauer, Austin, 1978; Cogdell, Thornber, 1979;
Thornber, Barber, 1979; Davidson, Cogdell, 1981; Brunisholz et al.,
1981]. ¥ OonbmmHCTBA MypIypHBIX OaKTEpHil MMEETCAs B OCHOBHOM
TOJILKO JIBA THIIA CBETOCOOMPAIOUINX XJIOPO(HILI-OEIKOBEIX KOMILIEK-
coB [cM. 0030p: Cogdell, Thornber, 1979]: a) xommiekc B890, moneky-
JIApHBIA Bec koToporo ~20 k/I, COmepXHT JBE MOJEKYJHI OaKTepHO-
xnopoduia g ¥ ONMH KapoTwHOH;, ©0) kommiekc B800—S850,
COCTOﬂIIII/If;I M3 IBYX PA3/IMYHbIX IIOJUIICIITHAOB C MOJICKYJISIPHBIM BECOM
~10 k]I KaKIBIA, COAEPKUT TPHU MOJIEKYIILI OaKTEpHOXIOpodHILIa a U
OJTMH KapOTHHOM]I.

2. ITurment-0enxoBble KoMmiuiekchl ®PII, B KOTOPBIX IIPOHCXOIUT
TICPBUYHOE pa3lelicHHue 3apsaioB W ux crabwmmsamus [Blankenship,
Parson, 1979b; Feher, Okamura, 1978; Py6un, 1980; Illysanos, Kpac-
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noBckuii, 1981], a Taxke xommoneHntsl 1[OT, pacmoioxeHHbIe BHE
peakuuoHHoro nentpa [Dutton, Prince, 1978].
3. H-AT®-cunrerasa — MeMOpaHHBIH 0el0K, HCIOIb3YONIHA

ApH" nst cunresa AT® uz AII® u @, [Johanson, Balchevsky, 1975;
Balchevsky, 1978; Miiller, Balchevsky, 1979; Schneider et al., 1980].

TakuM 00pa3oM, B pe3yibTaTe HAaYalbHBIX CTaAHi (OTOCHHTE3A
SHEPTHUs CBETa TPAHCHOPMHUPYETCS M aKKyMYJHpPYETCS B TaKHX IPO-
nykrax, kak AT® nu HAJI(®)H. B nocnemyronmx TEMIIOBEIX peak-
musx dorocuatesa AT® u HAJI(®)H obecnieunBaroT BOCCTaHOBIIE-
are CO, 10 YTIEBOIOB U ApYyTrHe OMOXMMHYECKHE IPEBPAILICHHUS.

CormnocTaBieHie Hocaea0BaTeIbHOCTH HEPBUYHEBIX MPOLECCOB (o-
TOCHHTE3a C TIOCJICIOBATEILHOCTHIO COOBITHI TIPH OKHCIIATEIHHOM
dochopunrpoBaHiy Y MUTOXOHIPHI MOKA3bIBAET, UTO Haubolee Cy-
NICCTBEHHOE ¥ MPUHIUIMAILHOE pa3jMdre B Mpoleccax mpeoopaso-
BaHHWS SHEPTHM MPH JIBIXaHUH ¥ (POTOCHHTE3E 3aKITI0UEHO B CIIOCO0E
00pa3oBaHuig JOHOPOB H aKIENTOPOB JJEKTPOHOB. B ciydae MuTO-
xoHgpuii— 310 cyocTparsl Tima HAJIH wim cyknuHara, OKHCIse-
Mele (mocpeactsom 1[OT) kucmopomoM Bo3ayXa, B Ciaydae XpOMAaTo-
($hopoB — 3TO BOCCTAHOBIIEHHEIE aKNEITOPEI U OKUCJIEHHEBIE TOHOPEI,
o0pa3oBaHHBIE IO ICHCTBHEM CBETA.

Cocmas u opzanusayus (homocurnmemuseckux
PeaKyuoHHbIX YeHmpos nypnypHsix baxmepuil

Paccmorpum opranusanuio OPI] oypoypreix Oakrepuii [cM. 00-
3op: Bapckwuii u ap., 1976; Jlou, Xeiinc, 1979; Pyoun, 1980; Illysa-
1oB, Kpacnosckuii, 1981; Camymmos, 1982; Kopkun, Monos, 1981,
1982a, 6; Clayton, 1973; Parson, Cogdell, 1975; Clayton, Sistrom,
1978; Rubin, 1978; Blankenship, Parson, 1979b; Clayton, 1980].

B nepBuYHOM aKTe pas3aeicHHS 3apsAI0B YYACTBYIOT HE BCE MOJIC-
KyJIBl OaKTepHOXIOpO(dHILIA, a TOJBKO T€ M3 HHX, KOTOPEIE BXOAAT B
cocraB @PI]. OcHoBHas xe Macca OakTeproxJIOpopuiUia ¥ BCIIOMO-
raTelIbHBIX MTMTMEHTOB COOMpAET M MepeIacT SHEPTHIO Ha PEaKHOH-
eI OeaTp. C MOMOIIBI0 JETePreHTOB M3 Pa3IHdHbIX BHJIOB ITyPHyp-
HBIX OaKkTepuii Obu momydens! npenaparsl OPII, cBoboaHEbIE OT IHT-
MEHTOB CBeTOcOoOHparomei antennnl [cM. 0030p: Feher, Okamura,
1977, 1978; Parson, Cogdell, 1975]. Haubozee moiaHo oxapaxTepH-
3oBan coctaB ®PI] GeckaporuHougHoro MyTtanta Rhodopseudomo-
nas sphaeroides R-26 [Feher, Okamura, 1977, 1978]: 1) tpu Oen-
KoBble cyObemuuuubl—28, 24, 21 xJ| (coorBercrBenno H, M, L-
cyObemuHnIbl); 2) YeThlpe OakTepuoxiopoduiia a (aumep OaxTe-
puoxnopodumia a (bxi),; ¢ MAKCUMYMOM B CIIEKTPE IOTIOMIEHU IPH
865 um (P870), u nBe Monexkynsl ¢ MakcumMymoM mpu 800 um (P800));
3) nBa OakrepuodeoduTHHa @ ¢ MAKCUMYMOM MOIJIOMmEHus Ipu 760
u 535 um; 4) gsa youxunona [Okamura et al., 1975]; 5) ogun atom
xKesesa.

®PI] mpyrux (OTOCHHTE3MPYIONIHX OaKTepHii MMEIOT CXOMHBIH
cocTas [Steiner et al., 1974; Feher, Okamura, 1978], 3a uckmodenu-
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€M TOT0, YTO Y JIUKHUX IITAMMOB B PEAKIIMOHHOM IIEHTPE COICPIKHUTCS
cnemuduaeckuii  kaporunonp [Jolchine, Reiss-Husson, 1975]. VY
Chromatium vinosum BMeCTO YOMXHHOHA OOHApy)X€H MEHAXHHOH
[Feher, Okamura, 1978]. JIng ocyimecTBiaeHus HNEpBHYHBIX (HOTOXH-
MHdecKuXx peaknuid (porookucienne P870 mocTOSHHBEIM CBETOM) JH0-
CcTaToOuHO Julib L- u M-cyosemunn [Feher, Okamura, 1978]. Ot™me-
THM, YTO paclpejie/iecHie YKa3aHHBIX BBINIE KOMIIOHEHTOB IO CYOb-
€IMHHIIAM elle He YCTAaHOBJIEHO. TeM He MeHee, C IOMOIIBI0 METoa
doToadpdunnoro CBA3BEIBAHHSA PATHOAKTHBHOIO aHajora XwHona (2-
a3W0aHTPaXMHOHA) IMOKA3aHO, YTO IOCJIE€ JKCTPAKIHMH IEPBHYHOIO
XHHOHA METKa CBS3BIBACTCS B OCHOBHOM ¢ M cyOnenuuuie [Marinetti
et al.,, 1979]. IlosToMy OBLI cAelaH BLIBOJ, YTO IEPBHYHEIN XHHOH
pacnojoxed JHO00 B M cyObeauHuie, JTHOO B HEMOCPEACTBEHHOM
omm3octa ot Hee. KpoMe Toro, myteM ynalieHus U PeKOHCTpYKuuu FH
cyosemuunnpbl [Debus et al.,, 1981] mokasamo, uto H cyObemuHuna
Heo0Xo/IMMa JJIs IEpeHoca dJIEKTPOHA HAa BTOPHYHBIN XWHOH.

MHoro ycunuii ObUTO HampaBlICHO Ha BBISICHEHHE PACIIONIOXKEHHUS
®PI] B MemOpaHe W OpraHM3alldd IIMTMEHTOB B HeM. HekoTtopble
JTAHHBIE TaKoro poxa cobpansl HamMu B Tabl. 4. OHM TO3BOJAIOT 3a-
KIFOUHTh, 4T0 H, M n L cyOBeIuHMIBI TEPECEKArOT BCIO TOMIY MEM-
opansl. ITpruem M u L cyObeauaMOBI O0llee SKCIOHHUPOBAHEI C BHYT-
PEHHEH CTOpOHBI MeMOpaHbl XpoMarodopoB. M cyObeauHHIa, TI0-BH-
JIMMOMY, HECKOJIBKO 0oJiee «BBICTYNAET» C BHEIIHEH CTOPOHBI XpoMa-
ToopoB, HeXxEIH L cyObhequamIIa.

Cormacuo namneiM mo audpaxnupm HeiirponosB [Pachence et al,
1981], ®PII, BcTpoeHHbIH B OHCIIONHYI0 MeMOpaHy, IPOHU3EIBAET BCIO
ec TOJIy, ¥ €r0 Macca aCHMMETPUYHO Paclpe/ielicHa BJIOJb HOPMAaJH K
IUIOCKOCTH MEMOPAHBL

Jns ompemeneHuss B3aMMHOTO pacroyioxkenuss cyosemunur; DPI]
HCIIOJIL30BAJIM pa3lMuHble OndyHKIHOHANBHBIE peareHThI [Rosen et al.,
1979; Wiemken et al., 1981]. IIpu o6paboTke OHM(PYHKOHOHAILHBEIMI
arearamu OPI] u muToxpoMa ¢ JOMIaAM TPESUMYIIECTBEHHO CBS3bI-
BaJIMCh JIPYT C IPYToM L- u H-CyObeIHHHIbI, a TAKKe LATOXPOM C C L-
n M-cyoremuarnamu [Rosen et al., 1979]. B ognoii u3 pabor Wiemken
et al., 1981] mryTapoBEIii anabaery; CIIMBaJI BCE TPU CYOBEIMHHUIIEI PEAK-
IMOHHOIO IEHTpa; THAPO(OOHBIA areHT IUTHO-OUC-CYKIMHHUMM/IHI-
MIPOIAHAT B OOJMBIINX KOHIIEHTPAIHIX CIIUBaI L- u M-cyOBheTUHUIIEL CO
CBETOCOOMPAIOIIMM MUTMEHT-0ENIKOBBIM KoMITiekcoM. Ilpu manbix ero
KOHIEHTpanusax H-cyOneTuHHIEI CBA3LIBAIMCEH JIMOO JIPYT C JPYIOM,
1u00 ¢ ApYyrMMH MeMOpaHHBIMK OeIKaMu, HO He ¢ L- wau M-cyoneau-
muamu [Wiemken et al., 1981]. Cxema opranmzanpm OPI mypirypHbIx
OaxTepwii, OCHOBaHHAS Ha STHUX JAHHBIX, IPEJICTABIICHA Ha PHC. 7.

Paccrosaus Mexay pazmuaabeiMA kKoMmrioHeETamMu DPI] myprypHBIX
OaKTepHii OLEHHBAIM C IOMOLILIO MeTO0B OIIP, KpyroBoro JuXpomus-
Ma | JIp.

I'mybuny mnorpyxenuss mnepBudHoro xwHoHa (Q;) B Oenok
pPEaKMOHHOI0 MEHTPA ONEHWBAIM MO IEHCTBHIO IapaMarHUTHBIX
nonoB (Gd>") ma curman DITP (g=1,82) [Case, Leigh, 1974] u no ad-
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Tabsmna 4. Onpenejienne pacnoyIoxenns B MeMOpane cy0beaHAL (POTOCHHTETHIECKO-
r0 PeaKIHOHHOIE IECHTPA HECCPHBLIX NMyPNYPHLIX OAKTEPHH N0 HX JOCTYNHOCTH LIS
TpoTEea3, AHNTHTE H METOK *

Merog, OO6BekT IIpenapar | CyObemuHHUIEI JIureparypHsrit
HML HMCTOYHHUK
O6paborka
nmpoTea’aMH
TPHIICUH Rps. sphaeroides | Xpomatogopnt - Hall et al., 1978
To xe Cdeponnactar - - Bachman et al., 1981
OL-XMMOTPHIICUH » Xpomartodoprt - - To xe
Cdeponnactar - »
MpoHa3a » Xpomartodoprt +=+ 4+ -+ Hall el; al., 1978
nporerHasa K Rs. rubrum Xpomartodoprt +H +-+- Wiemken et al., 1981
Caa3bIBanHe
AHTHTEI
k H cy6pemmnnne Rps. sphaeroides | XpomaTodopsr - Valkirs et al., 1976
To xe CdeponmacTar -+ Feher, Okamura,
1978; Valkirs,
Feher, 1981
K M. cyOnemmunne » Xpomarodopst -+t - Valkirs, Feher, 1981
» Coepormactet N To xe
K L cy6bemunmiie » Xpomartodoprt - »
» Coeponnacte —--- »
Meuenne
5-['*]]-iiononadtun- |Rs. rubrum Xpomartodoprt -+ ++ Meiiep u mp., 1972
J-a3un (runpodo6- Odermatt et al., 1980
HEIH)
¢iryopeckamun Rs. rubrum Xpomarodopst +- - Bachofen, 1979
(ruapodoOHEIii)
mupunokcanbdocdar |Rps. sphaeroides | Xpomatodoprn ++ ---- Francis, Richard, 1980
+PHIKBH,
To xe Codepormmacter | ------ To xe
tiomuposanae [*']]  [Rs. rubrum XpomaTodopsr oo Zurrer et al., 1977;
Metiep u mp., 1979
tioguposanme ['*J]  |Rh. sphaeroides |Xpomarodopsr oot Bachmann et al., 1981
To xe Cdeponnactar + To xe

* 3HakamK TUTIOC (+) ¥ MHHYC (- ) OTMEHEHa COOTBETCTBEHHO JIOCTYITHOCTD HITH HEJIOCTYTIHOCTD ISt
COOTBETCTBYIONIETO PEareHTa.
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Puc. 7. IIpeanonaraemas mpoCTPAHCTBEHHAS OpranmM3ays (POTOCHHTETHIECKOIO
PEeaKIMONHOTO IENTPa MypIypHEIX OakTepuii Rhodopseudomonas sphaeroides

L, M, H— nerxas, cpeanss U Tsoxenas cyoseqununsl OPI] (mpumenenue oboznauenuii C
U M cTOpOH — TI0 aHAJIOTHH C pUC. 4)

Puc. 8. IIpeanonaraemasi cxema pPAacHOJOXKECHUS OCHOBHEIX «(OTOAKTHBHBEIX))
MOJIEKYJ B OaKTEpHANBHEIX (POTOCHHTETHIECKMX PEAKITHONIBIX IEHTPAX

P u P, — MakpOIMKIIBI MOJIEKYJ OaKTEepHOXIOpO(HIIIa, BXOAAIIHX B COCTAB IIEPBHYHOTO
JIIOHOpa DONEKTPOHOB; B; u B,— MakpOIMKIB MOJeKyn Oakrepuoxiiopodmna,
nornomaromux npu 810 uM u npu 800 HM cooTBeTcTBeHHO; hgh — Gakteprodeodurus,
Q;— nepBUYHEBIN XHHOHHBIN aknenTop dMekTpoHoB [IllyBanos, 1982]

(heKTUBHOCTH IEPEHOCa JJIEKTPOHOB OT OaKTeproXiaopoduiia K HAT-
POKCHI3aMEIICHHON CTEapUHOBOM KUCJIOTE, Y KOTOPOH HUTPOKCHIHOE
KOJIBIIO TPHUCOEAMHEHO HA PA3IMYHOM PACCTOSHUH OT KapOOKCHIILHOM
rpynnsl [Giangrande, Kevan, 1981]. O6a meroma mamu 3HaveHue
okono 10—15 ir

Paccrosnne mumepa Oaxrepuoxiopodumia P870 or moBepxnocTu
MeMOpaHsbl, ONpeAeSicHHOE IO BIMSHUIO HOHOB (eppulManuia Ha
curaan JIIP karnon-panukana, cocrasisier okojio 10 A [boraterpenko
u ap., 1982]. Kak nmokazas MMMYHOJIOTHYECKUIN aHAJIU3, IUTOXPOM C;
(y Rp. sphaeroides u Rp. capsulata) maxomurcs Ha BHyTpEHHEH
cTopone xpomarodopos [Prince et al., 1975].

Paccrosaust Mexnay penokc-komrnonentamu OPI[ mypmypHBIX
OakTepuii, a TaK)Ke UX B3AMMHYIO OPHEHTALHMIO OLICHHBAJIH B OCHOB-
HOM II0 BX MaruutHoMy B3auMmojeiictauio [Tiede et al., 1976; Tiede et
al., 1978; Hales, Gupta, 1979; Okamura et al., 1979; JluxTtenmrein u
ap., 1981].

Paccrosinvie MexXIy IIMTOXpOMOM ¢ H 0aKTEpHOXIOPOGDHIIOM
(bxn), y Chr. vinosum cocrasiser e Menee 13—15 A [Tiede et al.,
1978], paccrosaue Mexmy OaxkreprnodeoGUTHHOM W TCPBHYHBIM
xuaoHOM oxosio 8—10 A [Okamura et al., 1979; JIuxtenmTeiis u ap.,
1981]. PaccrosHne Mexay IHMEPOM OakTepHOXJIOpodHIa H IEp-
BUYHEIM XMHOHOM (Rb. rubrum), olieHEHHOE MO TeMIEepaTypHO 3a-
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BHCHMOCTH CIHH-pemeTodHoii penakcamuu (bxi),’, cocrasmsier 30—
36 A [Kymukos u np., 1979; JIuxrenmreiin, 1979; BoraTeipenxko u Ap.,
1982].

Opuentanuro O6akTepHOXI0podHLIOB U OakTeprodeoduTrna wuc-
CIIeJIOBAJIA C TIOMOIIBIO JTMHEHHOr0 ONTHYECKOTO JUXPOHM3MA B IUICH-
Kax xpomarodopoB Rp. sphaeroides [Vermeglio, Clayton, 1976;
Rafferti, Clayton, 1979], a Taxoke B Xpomarodhopax W pPeaKIMOHHBIX
[IEHTPaX, OPUEHTHPOBAHHEIX B MOJHAKPHUIIAMHUIHOM Tene [ AOaypaxma-
HOB H J1p., 1980; I'anaro u nap., 1980; Admypaxmanos, 1981]. Cpas-
HEHHWE CIEKTPOB OPHUEHTHPOBAHHBIX XpoMaTohOopoB W TpenapaTroB
®PI] nokazaio, 9To ;ymmHHAsA och Oenka OPI] o6pa3yer ¢ mI0CKOCTHIO
MeMOpansl MajbIid yroa [A6xypaxmanos, 1981; Erokhin et al.,1981].

Ceenmennst 00 OpHEHTAIMM HEPBHYHOrO0 XMHOHA ITPOTHBOPEYMBEL
VkaseiBaercs [Hales, Gupta, 1979] y Rs. rubrum Ha nmapajuieInHOE H Y
Chr. vinosum— ua nepneuaukyisapuoe [Tiede, Dutton, 1981] pacmo-
JIOKEHHE TUIOCKOCTH MOJIEKYJIbI, OTHOCHTEIBHO ILIOCKOCTH MEMOpPaHBIL.
JIst TUTOXpOMOB, HEMTOCPEACTBEHHO JOHHUPYIOMUX JICKTPOHBI OaKTe-
PHOXJIOPOGHITY PEaKIMOHHOTO MEHTpa, OBLIO YCTaHOBIEHO, YTO
IUIOCKOCTH TEMOB BBICOKOIIOTEHIMATLHOTO MHUTOXPOMAa HPHOIA3H-
TeneHO mepnenaukyisipubl [Tiede et al., 1978; Vermeglio et al.,
1980a], B TOo BpeMs KaKk HHU3KOIOTCHIHAIBHOI0 — MPHUOIH3UTEILHO
napauIelbHbI INIOCKOCTH MeMOpans! [Tiede et al., 1978].

0030p maHHBIX 0 B3auMoOAeHCTBMH MUTMeHTOB B ®PI] mypmypabIX
OakTepHii, MOJIYYEHHEIX C IOMOIILI0 ONTHYECKHX METOHOB (KpyroBOi
IAXpOH3M, GOTOAUXPOU3M M JTHHEHHBIN JUXPOU3M OPHCHTHPOBAHHBIX
PEaKIMOHHEIX IIEHTPOB), NpHBeacH B padoTe B. A. IllyBanosa u A. A.
KpacunoBckoro [1981]. Ha puc. 8 moka3ana cxeMa B3aHMHOI'O PacIio-
noxenus «hotoakTuBHEIX» MUurMenToB DPI] mypmypHBIX OaxTepwit
(comepxamux 6axrepuoxiopodmri a) [[llysanos, 1982].

Ilepenoc snexmponos ¢ OPI]

B HacTosimee BpeMsi He COBCEM SICHO, KAKMM 00pa3oM y4acCTBYIOT B
MEepBUYHOM pazzencHuu 3apsamoB Bce murMmeHtel DPIL. ITpeamoma-
raeTcd, 4TO 3a BpeMsa |—2 IIC 9JIEKTPOH OT JuUMepa OaxTepHo-
xyopoduiLia nepexoauT Ha oaay u3 Mosekyn P800, oTkyaa yepes ~7 mic
9JIEKTPOH IEPEHOCHTCS Ha ONHY U3 JBYX MOJIEKYJ OakTeprodeodpuTrHHa
[Holten et al., 1980; KneBanuk u ap., 1981; Knesanuxk, 1982; Illysainos,
1982]. Jlanee, 3a Bpems 100—200 nic oH IEpEHOCHTCH Ha MEPBHYHEIM
xuHoH (Q) [IllysamoB u ap., 1978; Kaufmann et al., 1975; Rockley et
al., 1975; Pellin et al., 1978; Illysanos, 1982].

TakuM 00pa3oM, TOCIEIOBATEIFHOCTh HEPEHOCA DJJIEKTPOHOB B
@®PII mypmypHBIX OaKTeprii MOXHO TIPEICTABUTH B CICIYIONIEM BHIC
[IIIyBanos, 1982]:
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—> P B B Q; +
hv ¢
13 n¢| P. B Bd Q
<1mnc ¢
Pt B Bd Q 70 mc
~7me ¢
— P B BY Q
~150 nc #
P B B} Q

Oxwucnennsli Oaxrepuoxnopodmwmn OPI[ mMoxkeT, B CBOIO OYepe/b,
MOJIYYHTh 3JEKTPOH OT MUTOXpoMa Thma ¢ depe3 0,5—20 mxc (B 3a-
BucuMocTH OoT BHa Oakrepun) [Kihara, Chance, 1969; Parson, Case,
1970; Dutton, Prince, 1978; Overfield et al., 1979]. Ot nepBu4HOrO
XHWHOHA 3JICKTPOH MOXeET OBITh TIEpeHeceH Ha BTOpHUHBIA XHHOH (Qr)
3a Bpems 10—200 mkc [Parson, 1969; Chammorovsky et al., 1976;
Vermeglio, Clayton, 1977]. Onyckas, 1 OpOCTOTEI, OaKTEpHO-XJIOPO-
¢uan P800, aTH peaknuu MOTYT OBITH HPEACTABIEHBI B CIIEAYIONMEM
e [Blankenship, Parson, 1979b]:

Qu Qu Qu Qu Qu Qi
Q: Q: Q1 Qr Qr Q:
Bd Bd B Bb Bd B
nv P ~1ome P ~200me P 1-20mke P 10-200mke P
— —» — e 4 EE—— I
C C C C C C

3necs P — mumep Gakteproxiopoduiia, SBISIOMIHIACA TEPBHYHBIM
JIOHOpOM 3J1eKTpoHOB; b — Oaktepuodeodutun; Q;, Q — mepBud-
HBIA W BTOPWYHBIA XHWHOH, acCOIMHPOBaHHBIE C XxenesoM; C —
nuTOXpoM. B psize paboT man 0030p KMHETHKH IEPBHYHBIX CTaaMii
mepeHoca JJIEKTpOHOB B OaxkTepuansubix @OPI[ [Pyoun, 1980;
Illysanos, Kpacuosckuii, 1981; Blankenship, Parson, 1979b; DeVault,
1980].

Xunonuvle nepeHocYuKu 1eKmpoHo8
8 bakmepuanviom ghomocunmese

B doTomHAynIMpOBaHHOM TPAHCIOPTE JJIEKTPOHOB y (OTOCHHTE-
3UPYIOMKX OaKTEPHi YJacCTBYIOT, II0 Kpaiineil Mepe, YeThIpe pa3ind-
HBIX DOOYJISIHH XHHOHOB [Wraight, 1979a].

1. IlepBuunblif MeTacTaOWILHBIH akienTop 3aekTponos OPIT (Q; ).
2. Bropuunsrii aknenrop 3aexTporos OPIT (Qp).

3. Kommnonent Qz, byHkuuonupywmui B Qbc, OKCHAOPEAyKTa3e.
4. boasmioii oy XHHOHOB (~25 Monekyn na ®PII).

Tlocne aktuBamuu ®OPI] BcObIKOW CBETa 3JEKTPOH OT KOMILICKCA
nurMenToB 3a 100 —200 noc [cM. 0030p: Blankenship, Parson, 1979b]
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monagaeT Ha IEPBHYHBIA XHHOH, OpH 3ToM oOpasyercs Qp (Wraight,
1979a].

3KCHepI/IMeHTBI IO 3KCTPaKIMHM XHHOHOB IIOKa3ajlH, 4YTO BTOPHY-
HEIM aKIIENTOPOM 3JIEKTPOHOB Y Rp. sphaeroides, Rs. rubrum and Chr.
vinosum smisercsa youxunon [Cogdell et al., 1974; Halsey, Parson, 1974;
Parson, 1978]. BropuuHEIii XHHOH, B OTJIMYHE OT IIEPBHYHOIO, MOKET
(YHKIIMOHMPOBATh Kak IBYXDJICKTPOHHBIA mepeHocunk [Wraight,
1979a]. B mpuCyTCTIBHH JOHOpPA JJIEKTPOHOB HOCIE IPOIOJDKHTEILHO0M
TEMHOBOMH ajantanuu B npenaparax OPII HabmIromaroTCs JByXTaKTHEIE
KoJIeOaHHsT KOHIIEHTPAIIMM CEMUXHUHOHHOK (GopMbl Qp, HHIYIIHpYEMBIE
MOCJIEAOBaTEIbHBIMA BCIBINIKaMK cBeTa [Vermeglio, 1977; Wraight,
1977]: mon nelicTBHeM HEYETHHIX BCIBIINIEK CBETA IIPOMCXOAMT 00Opa-
30BaHHE CEMMXHHOHA (aHWoH-paaukana) Q, a moj AeiCTBHEM YETHBIX
— €ro KCYe3HOBEHHE, 00YCIIOBIEHHOE BOCCTAHOBJICHHEM [0 XHHOJIA.

ITpu pH menbmie 8 ckopocTy mepeHoca 3JIeKTpoHoB oT Qp k Qp Ha
YEeTHYIO M HEYETHYIO BCOBIIIKH CBEeTa OIM3KH JIPYT K APYTY — OKOJIO
200 mxc opu pH 7,5 [Wraight, 1978; 1979b]. IIpu Ooiee BBICOKHX
3HaueHusXx pH CKOpOCTh TiepeHoca 3JIEKTPOHOB HA YETHBIE BCIBIITKH
CBETa MEHBIIE, YeM Ha HEYETHBIE, U CYMECTBEHHO 3aBHUCHT 0T pH
[Wraight, 1979b]. TIpu pH cpeasl Oonmpmmx 6 TPOMCXOAWT 3axBaT
npotoHOB mpemaparamu OPI] mocme akTHMBanmuHd WX eIHHHYHON
BCIBINKON cBeTa. ITOCKONBKY B 3THX yClIoOBHsAX Qq HaxomuTcs B
AHUOH-PATUKAIBHON (OpMeE, TO OTCIO/IA CIIEAYET, YTO HOJ JIECHCTBHEM
€IMHWYHON BCIIBIIIKHA CBETA IPOUCXOAUT IPOTOHHUPOBAHKE HEKOTOPOI
rpynnsl Oenka [Wraight, 1978, 1979b], a He XHHOHHBIX aKIENTOPOB,
KaK 3T0 MPEIONaraioch paHee [Petty, Dutton, 1976a]. o cux mop
HESICHA POJIb JKEJIE3a, B3aUMOJEHCTBYIOIIEr0 C MEPBUYHBIM M BTOPHY-
HBEIM XHHOHaMH. B (I)PII JeJe30 HaxoauTes B BoccranosnenHoM (Fe?)
BBICOKOCIIHHOBOM cocTOssHHH [Debrunner et al.,, 1975; Butler et al.,
1980; Boso et al., 1981]. C xeme3oM B3aUMOJEHCTBYIOT 00a XHHOHA
®PII [Wraight, 1979a], o6pa3ys deppoxuHOHOBEII kommuiekc [Oka-
mura et al., 1975]. Baoakenmmun u Ilapcon [Blankenship, Parson,
1979a] obnapyxuau, uTo OpH yaaaeHuu xenesa u3 @PI] nossisorces
LIEHTPEI, B KOTOPBLIX HEBO3MOKEH mHepeHoC 3IeKTpoHoB oT Qp k Q.
Bmecte ¢ TeM ymajeHue »Kelie3a COIPOBOXIACTCS OTIICIUICHHEM
msoxenoi (H) cyowsemuuumel DPI] [Debus et al., 1981], uto mHe
IIO3BOJIIET CHAEJIAaTh OJHO3HAYHEIN BBEIBOA O (DYHKIHOHAILHOH pPOJIH
xkene3a. C moMompbio pa3nuudbix MeromoB [Butler et al.,, 1980;
Eisenberger et al., 1982; Bunker et al., 1982] OvL10 moOKa3ano, yTo
XWHOHBI HE SBJISIOTCA HENOCPEACTBEHHBIMH JIMTaHAAMH KEle3a,
TOCKOJIbKY yJIaJIeHHe XWHOHOB HE MEHSET CYIIECTBEHHO KOOPIH-
HAaIIMOHHOK cdephl Kelle3a. BelIH IpeaIoKeHsl MOJEIH, B KOTOPBIX
B3auMoOJielicTBHE kene3a ¢ Oenxkom DPI] ocymecTisgeTcs 3a cder
aTOMOB a30Ta MMHUAA30JIGHOTO KoJibla TucTHAnHA [Bunker et al., 1982;
Eisenberger et al., 1982].
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Luxnuueckuii mpancnopm 31eKmpoHo8

HMeromuecs B HACTOSIIEE BPEMS JaHHBIE CBHIETEILCTBYIOT O TOM,
YTO NHKIMYCCKUH TPaHCHOPT SJICKTPOHOB Yy IyPIYPHBIX OaxTepwHid
OCYHIECTBISETCS KOMIUIEKCOM TIE€PEHOCUYMKOB, CXOMHBIM C KOMII-
nexcoM III peixatenbHOM menum mutoxomapuii [Crofts, Wood, 1978;
Dutton, Prince, 1978; Wood, 1980; Bowyer, Crofts, 1981; Takamiya et
al., 1982].

HenaBHo B Tpex pasmudHbIx jJabopaTopusx u3 Oaxrepuii Rhodo-
pseudomonas sphaeroides ObLI BhIIEIEH IIUTOXPOMEEBIH KOMILIEKC b—
c1, o0Jamaromuid yOUXHMHOI-IATOXPOM-C)-OKCHIOPEAYKTa3HOW AKTHB-
nocTeio [Takamiya et al., 1982; Gabellini et al., 1982; Yu, Yu, 1982]
(tabmn. 5).

B kaxmoM H3 BEIIENECHHEBIX IIPENapaToB OBLIM OOHAPYXKEHBI IIH-
TOXpOMEI ¢; u b, neremoBoe xene30 (FeSg) u ybuxunon (tabm. 6).
Penokc-TuTpoBaHue mpenapaToB b—c;-KOMILIEKCOB CBHAETEILCTBYET
0 HaJIMYUHU JIBYX [HATOXPOMOB b C OJM3KAMHU CIEKTPAIBHBIMH CBOM-
ctBamMu. MHTEpEeCHO, YTO M7 BBIIEICHHOTO KOMIUIEKCA OBLIO IOKa-
3aHO0 BOCCTAHOBJICHHE IUTOXPOMOB b, HHAYIHPOBAHHOE B IPHUCYT-
cTBuM anTuMunuHa A ¢eppunuanugoM (3PGEKT «CBEPXBOCCTAHOB-
nenwnsi») [Gabellini et al., 1982].

Ecnmm 1o camoro mociegHero BpEeMEHHM IIPH aHAIM3e KHHETHKH
TIEpeHoca JIEKTPOHOB MPHUXOAMIIOCH MOJIB30BAThCS THIIOTETHUECKAMH
CXeMaMH C HEM3BECTHOM CTEXHOMETPHEN KOMIOHEHTOB, TO BEIIECICHHE
MUTOXPOMHBIX KOMILJICKCOB W3 IYyPIYPHBIX OakTepwil TPUBOAWUT K
KaueCTBEHHO HOBOMY YPOBHIO IIOHMMAaHHS IIPOILECCOB mpeobpaso-
BaHMs YHEPIHH [IPH HHUKJIHIECKOM TPAHCIOPTE DJIEKTPOHOB.

Tabnuuna 5. CyobeIHHAYHbIH COCTAB IHTOXPOMHOr0 h—c-KoMILTIeKca

Opranusm MonexynspHuii Bec, K1 JIuTepaTypHEIH HCTOUHHK
Rps. sphaeroides 47 423832302416 — — Takamiya et al., 1982
Toxe 48— ——3024—12— Yu, Yu, 1982

» —— 4033 —25 — — — Gabellini et al., 1982
Brix 4945 —342924—12,7,11 Marres, Slater, 1977

» 5046 —32292514125, 9 Bell, Capaldi, 1976
JIpoxoxu 5048 40 —302513,5 12,5 12,5 Bill et al., 1982

Tabauna 6. XapakTepHCTHKA Pa3jIHIHBIX NPeNapaToB HeCEPHbIX MyPMYyPHBIX 6aKTepuii

ITuroxpom ¢, ITuroxpom b HeremoBoe | Youxunon |JIMTepaTypHBIi HCTOUHHK
KeTIe30

83 83 15 5 Yu, Yu, 1982

5 (285 MB) 10 (50, - 60 MB) 2—3 Gabellini et al., 1982

1,54 (245 mMB) 3,42 (60, -75 mB) 6,37 7,07 Takamiya et al., 1982

Lindpamu ykazaHo KonuyecTBO B HM/MT bermka.
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Puc. 9. Cxema MUKINIECKOT0 TPAHCIIOPTA ICKTPOHOB Y HECEPHBIX ITyPITyPHBIX
Oaxrepwmii, mpejcrasnennas B Buje compspkerms OPL] u xommuexca b—cy,
anasoruaHoro komiuiekcy Il arixaTensnoi nenu MUTOXOHPHI

CB#3b 3THX KOMIUIEKCOB OCYIIECTBIACTCS MO0 HEMOCPECTBEHHO, OO0 Jepes IOJ[BHXK-
HBIC TICPCHOCYHKH DJICKTPOHOB — YOUXHUHOH (Q,y,) ¥ LIUTOXPOM C

Penokc-peakiuy KOMOOHEHTOB IMKJIMYECKOTO TPAHCIOPTA DJICK-
TPOHOB HauboJiee M3yYeHbl Y IMypOypHBIX OakTepuii Rp. sphaeroides
(puc.9).

dorookucneHHbi auMep Oaxrepuoxiopodmmia DPI] Boccra-
HABIMBACTCA [UTOXPOMOM C;, HMEIOMIMM pelokc-noTeHmman 360+
+15 MB mpu pH 7 u makcumym nornomenuss npu 550,5+0,5 am
[Pettigrew et al., 1978; Wood, 1980; Meinhardt, Crofts, 1982]. Okuc-
JICHHBIA ATOXPOM C; BOCCTAHABIIMBACTCS JPYTMM IIUTOXPOMOM THIIA
¢ ¢ penokc-ioreniuaioMm okoio 290 mB npu pH 7 u makcumymom
norjiomenus upu 552,0+0,5 am [Wood, 1980; Meinhardt, Crofts,
1982]. Orot muroxpoMm mHOTAA 0003HAYAOT Kak ¢, [Bowyer, Crofts,
1981]. I[uTOXpPOM ¢}, COOTBETCTBYET, IO-BUJUMOMY, KOMIIOHEHTY CO
CpeIHETOYCYHBIM MOTEHIHAIOM ~295 MB, HabmogaBmieMycs panee
MPH PEIOKC-TUTPOBAHUH MHAYLMPOBAHHBIX BCIBILIKOW CBETa U3MEHe-
aui mornomenus mpu 551 M [Dutton et al., 1975; Prince, Dutton,
1977]. BeposiTHO, 9TO LIUTOXPOM C;, TTOOOHO mUTOXpoMy ¢ B I[OT
MUTOXOHJIpH, (YHKIMOHUPYET B KAYECTBE IMOABMDKHOTO TIEPEHOCUH-
Ka DJIEKTPOHOB MEXY Cb (aHAJIOTUYHOTO MHUTOXOHIPHAIBHOMY IIH-
TOXPOMY C;) M PEaKOUOHHBIM LIEHTPOM. JIOHOPOM DJIEKTPOHOB IS
MUATOXPOMOB ¢ SIBIISIETCS KeJe30cepHbii nenTp Pucke [Bowyer et al.,
1980], E.,.7 koroporo pasen 280 MB [Prince, Dutton, 1976; Bowyer et
al., 1980]. BoccranoBineHre HUTOXPOMOB KEJIE30-CEPHBIM HEHTPOM

32



Pucke mpoucxomut OvIcTpee, yeM 3a 1 Mc, OTHAKO BCIIEICTBHE OIM30CTH
PeIOKC-TIOTEHIMATIOB, YKeJIE30CEPHBII IEHTP HE IOIHOCTHIO OKHUCIISIETCS
mocjie eTHHHYHOM BCOBIIKH cBera [Bowyer et al., 1980]. Ilepenoc
SIIEKTPOHOB OT EJIE30CEPHOrO IEHTPA K IUTOXPOMY C, MHTHOHMpYETCS
aHaJIOroM YOHMXHMHOHA — S5-K-yHAEUWI-6-THAPOKCH-4,7-AHU0KCOOEH30-
trazonom (YI'JIBT), Ho He gyBcTBHTENCH K aHTHMHUIIAHY [Bowyer et al.,
1979; Bowyer et al., 1980]. Bmecre ¢ TeM BoccTaHOBIEHHE (POTOOKHC-
JIEHHOT'O IIUTOXPOMA C, 3aMEJIJISETCA Ha IBa IOPAIKa B IPHUCYTCTBHH KaK
VI'JIBT [Bowyer et al., 1980], Tax u amrumunmua [Dutton, Prince,
1978]. Ilpeanonaraercs, 9To HauOolIee BAXKHYIO POJIb B ITOH MeJicH-
HOW pPEaKIuyd BOCCTAHOBJICHUS WTPACT KOMIIOHEHT 7, MO-BHIAMMOMY,
XUHOHHOW mpupoas!l [Prince, Dutton, 1977]. Ero oxucmuTenasHo-
BOCCTAHOBHTEJIEHBIE CBOMCTBA ONpeAelicHBl KOCBEHHEIMH METONaMH, B
OCHOBHOM HCXOIOS W3 33aBUCHMOCTH CKOPOCTH BOCCTAHOBJICHHS
(hOTOOKHCIIEHHOI'0 LIMTOXPOMA C, OT PEIOKC-TIOTEHIHAIA CpeIbl HpH
pasnmmuaeix pH [Prince, Dutton, 1977]. Cuutaercs, uro Q, smBisercs
JIBYX3JIEKTPOHHBIM TIEPEHOCYMKOM, E,7 KOTOpOro COCTaBISIET OKOJIO
150 MB [Prince, Dutton, 1977]. Pemokc-cocrosiue Q, ompenenser
CKOPOCTh HIMKJIMICCKOTO IEPEHOCA SJICKTPOHOB Iocie akTuBaru OPI]
BCIIBIIKON cBeta. Eciu Q, okuclieH mepej BCIBILIKOW CBeTa, TO BOC-
CTaHOBJICHHE (POTOOKHUCIEHHOIO ITUTOXPOMA C, MPOMCXOAUT B TEUECHHE
coTeH MUUIMCeKyHI. Ecnu ke Q, BOCCTAaHOBJIEH, TO BOCCTaHOBJICHHE
(hOTOOKHCIIEHHOI'O IIMTOXPOMA C; HIPOMCXOAHNT B TEYEHHE HECKOJBKHX
munmacekyup [ Prince, Dutton, 1977].

JlpyruM xoMmoneHaTOM, (QYHKIMOHMPYIONMM B rukmdeckoi 11OT,
sBisieTcss mUToXpoM bsy ¢ Eg7=50 MB [Petty, Dutton, 1976b] u
MakcuMyMoM moriomenus 560,5 um [Bowyer, Crofts, 1981]. B na-
CTosIiee BpEMsi MEXAHHW3M OKHCIIEHHS W BOCCTAHOBJIEHHS IIHTOXpOMA
elle He TMONMHOCTHIO HOHAT. B oxucimuTensHbIx yenoBusx (Ey > 150 MB)
MUTOXPOM bsy BOCCTAHABJIMBAECTCS TIOJT JCHCTBHEM BCITBIIIKH CBETA, B TO
BpeMi KaK B BOCCTaHOBHTENIBHBIX ycinoBusax (Ex> 100 MB) om
okucasercs [Dutton, Prince, 1978].

AHTHMUIIMH WHTHOMpYET peakuuio OKuciieHus nutoxpoma. Cko-
pocTh (OTOMHAYIIUPOBAHHOIO BOCCTAHOBJIEHHS IOUTOXpPOMa bs) yBe-
JIMYHBAECTCA MPH TOHIDKEHHH PEIOKC-TIoTeHnrania cpeasl [Petty, Dutton,
1976b; Bowyer, Crofts, 1981]. HMcnonn3oBanue BHICOKOIO BPEMEHHOIO
pasperieHus Mmo3BoJIsieT OOHAPY)XKUTh B BOCCTAHOBIICHHH ITUTOXPOMA
nar-¢asy B 100—500 mxc [Bowyer, Crofts, 1981].

CroxHOe KMHETHYECKOE MOBEACHHE ITUTOXPOMA bsg a TaKoKe APYTrHuX
KOMITOHEHTOB TUKIAYECKOT0 TPAHCIIOPTA 3JICKTPOHOB aHAIM3HUPYIOTCS
Ha OCHOBE KHHETHUYECKHMX CXEM, IOJHOCTHI0 aHAJIOTHYHBIX PAaCCMOT-
PEHHBIM BBINIC TIpH aHaym3e (pyrxnuonupoBanus komiiekca 111 mMuro-
xoHgpuaieHoi 1[IT.

Croemuduka dorocunrerraeckoid 11T cocTouT B TOM, YTO IIpH
aktuBary ®OPI] BCOEBINIKOI CBeTa OJHOBPEMEHHO 00Pa3yrOTCA OKHC-
JUTeNb (OKHMCIEHHBIA OMIMEHT) M BOCCTAHOBHTEIL (BOCCTAHOBIICHHEIM
BTOPHYHBIA XWHOH). IT03TOMYy B 3aBHCHMOCTH OT TOr0, B BOCCTa-
HOBHTEJIHHBIX MJIH OKHCITUTEIBHBIX YCIIOBHSX TPOMCXOIUT TPAHCIIOPT
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9JIEKTPOHOB, OH MOXET OBbITh MHUIIMUPOBaH B komiuiekce 111 kak my-
TeM OKHCIEHHS LUTOXpOMa (BOCCTAHOBHUTEILHBIE YCIOBHS), TaK H
MyTeM BOCCTAHOBJICHHUS XMHOHA (OKHCIUTEILHBIC YCIOBHS).

1.6. IIDT xJaopomiacToB

B macrosimiee BpeMs CyHTaercs, 4TO IS (POTOCHHTETHUECKOIO
BoccranoBieHuss HAJI® ximopomiactaMu HEOOXOQUMO ydacTHe JIBYX
GbyHKIMOHATBHO-CONPSDKEHHBIX ¢doTtocucteM — Bropod (PC II) u
nepsoi (OC I) (puc. 10).

OHeprusi cBeTa Hcnolib3yercs A pasnoxenus H,O (cucrema
pasnoxenus Boasl OC II), meperoca amexTpoHOB OT Boabl k DOC 1,
rae npoucxogut Boccranosienne HAJI®, a Taxxke i1 oOpa3oBaHus
ApH*, ucnonssyemoro mis cunresa AT® [Hauska, Trebst, 1977;
Witt, 1979].

IIOT xmopomracToB mpeacTaBicHa, IO KpaWHEH Mepe, TpeMs
9JIEKTPOHTPAHCIIOPTHHIMM KOMIUIEKCAMH: THUTMEHT-OEIKOBBIM KOM-
wiekcoM (otocuctemsl 11, koTopsiit Biirogaer B cebs hoToxummae-
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Puc. 10. VYipomennas cxemMa NEPBUIHBEIX JJIEKTPOHTPAHCIOPTHBIX PEaKITHHA
(dorocunTe3a BHICIINX PACTEHWH, IPE/CTABICHHAS B BHJC COIPSDKCHHUS JIBYX
(doTocunTeTHaeCKNX peaknuouuBX IentpoB (OPI] ®C II, ®PI] ®C I) u
IATOXPOMHOTO KOMIUICKCa be—f amanormauoro komiuiexkcy III jsixarenbroit
IIETIH MUTOXOHIPHH

PC — mnacronuanun, @0 — deppeoKCHH
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Puc. 11. Cxema MONEKyJISIpHOH OpraHM3aIlMi 3JIEKTPOHHOTO TPAHCIOPTa B
XJIOpOILIacTax

ITurmenT-6enmkoBriif kommteke dotocucremsl I (PC I), a taxxe AT®asHbIH KOMITIEKS
(CF,) + (CF,) HaxoxmsTcs TNaBHEIM 00pa3oM B HECTBIKOBAHHOW OONAaCTH TpaHATBHBIX
THIAKOMJOB M JIaMEJIaX CTPOMBI (HE 3amTpuxoBaHa). [IMrMeHT-OEIKOBBINH KOMILIZKC
dorocuctemsr II (OC II), a Taxoke cBETOCOOHPAIOIIHIA KOMIUIEKC (HEe MOKa3aH) HaXOMATCA
B OCHOBHOM B COCTHIKOBAaHHBEIX O0JIacTSAX CTOIOK I'paH (3amTpuxoBana). I[[HToOXpoMHEIH
KOMIUIeKC bg—f — anamor MuToXoHApHaneHOro kommuiekca III — pasHOMepHO
pacmpesieieH MEXAY CTBIKOBAHHBIMH M HECTHIKOBaHHBIMH OOIIAaCTAMM THIIAKOMJIOB.
IIpennonaraercs, 4wro miactoxuHoH (PQ) coemunser Mexay coboil KOMILICKC
tdortocucremnl Il u bs—f -xommnexc, a mnacronuanun (PC) u deppenoxcun (Ox)—
koMiIuiexc bg—f ¢ kommnexkcoM dotocucremnr I. dn — deppemoxcun-HAJI®-penykrasa,
conepxamas DAJl, Mn — cucrema pa3ioxESHUS BOJBI, CONPSKEHHAA C KOMILICKCOM
tdorocuctemsl 11, comepikarnas Mapragers

CKH—aKTHBHEIN murMeHT P680 m HemocpeacTBEHHBIE JTOHOPHI M aK-
LENTOPEI;, MUTMEHT-0EIKOBEIM KOMILIEKCOM (POTOCHCTEMEI I, BKIIIO-
garonuM (poroxumuueckd axkTHBHEIA nurMent P700 u »emocpenct-
BEHHBIE aKIENTOPH; a TaKXKe KOMILIEKCOM bs—f, coaepKamum
MUATOXPOM f, IBa ITUTOXpoMa bg U xene3ocepHblid Oerok Pucke (puc.
11). PaccMOTpuM 53TH 3JIEKTPOH-TPAHCIOPTHBIE KOMIUIEKCHI Oolee
moIpoOHO.
Domocucmema I

Brigenennsiii [Bengis, Nelson, 1975, 1977] peakuvionnsii meuTp
I, cnoco6uEIi Ha cBeTy BocctanaBiuBaTh HAJI® 1 okuCISTE I1acTO-
[UAHWH, COCTOSIT U3 MIECTH CyOBEAMHHUII C MOJICKYISpHEIM BecoM 70,
25, 20, 18, 16 u 8 x/I. Cxoauslii COCTaB KOMILIEKCA PEAKI[HOHHOTO
nenrpa ®C I 61 oOHapyxeH B Apyrux paborax [Orlich, Hauska,
1980; Hauska et al., 1980; Nechustai, Nelson, 1981]. Vnanenue
Malelx cyobeguunn ¢ oomompbio CJIC npuBoauT K IOTEpe
tdheppenokcunzasucuMoro orosoccranoninenns HAJ® u porookuc-
JICHUS TUTACTOIIMAHWHA; B TO € BPEMS COXPaHACTCH CBETOMHIYIIAPO-
BanHoe okucieaue P700 [Bengis, Nelson, 1977]. OTo o3Hauaer, 4T0
OJWH W3 NEPBHYHEBIX aknenTopoB dyekTpoHoB PC I maxomurcs B
oonemioi cyonreaunune Bmecte ¢ P700. Hemasono Obvlna mokaszana
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Tabanmna 7. Ceoiictea BTopruHEIX akientopos ®C I *

Axuenitop 3nauyeHus g-pakropa CpenHeToYe HBIH PEIOKC-
norewtuan nH 10 MR
x y z
A 1,86 1.94 2,05 - 550
B 1,89 1,92 2,05 - 590
X4y 1,78 1,88 2,08 - 730

CeoticTsa 11enTpoB 4 M B nmpuBeiens 110 paGote Isarca u ap. [Evans et al., 1977; Heathcote et al., 1978],
cBoiictea nientpa X — no [Ke, 1978; Evans, 1977].

CIOCOOHOCTh OONBIION CYyOBEAWHMIBI, BCTPOCHHON B JIMIIOCOMBEI,
OCYIIECTBIATE (POTOMHAYIHMPOBAHHEINA IIEPEHOC MOPOTOHOB Yepe3
MeMOpany [Hauska, 1980] B mpucyrcTBum Bocctanosieanoro ®MC.

Ot B0O30Yxmennoro P700 37eKTpoH MEPEHOCUTCS K MEPBUYHOMY
aKIenTopy, KOTOPEIM SIBIISETCS, BEPOATHO, APYyras MOJIEKyJa XJIo-
pobumna — Xa-695 [Shuvalov et al., 1979c; Illysamos, Kpacuos-
ckmii, 1981), npuyem nepenoc snektporna ot P700 x Xn-695 mpowc-
xomut 3a Bpemsa meHee 40 mc. 3arem 3a 200 mc 2ieKTPOH HEpEHO-
CHTCS Ha 3Keje30ocepHsle nentprl [Shuvalov et al., 1979a, b, c; Illysa-
noB, KpacuoBckuii, 1981] (tabn. 7 m puc. 10). CrapmapTHoi 1po-
HEAYpPOH, UCTIOIBL3YEMOM JIJI UCCICHOBAaHMS IICPBUYHBIX aKIICIITOPOB
9JIEKTPOHOB, SBJISETCH BOCCTAHOBIEHHE B TEMHOTE H3BECTHBIX AKIIEII-
TOPOB DJIEKTPOHOB M IIOCIEAYIOIIEE OCBEIIEHKE IIPENapaToB C LEIBIO
onpenenacHus GOTOXUMUUECKON akTMBHOCTH murMenta ®PII. Takas
mporeAypa Obula yCHEIHO MpUMeHeHa it (hOTOCHHTE3MPYIOIIHUX
6akrepuii u Ja OPI] 3enensix pacrenwmii. IMenno TakuM o0pa3oMm, ¢
nomomipio DIIP u aGcopOLMOHHOM CIEKTPOCKONHUH, OBLIO 00HApY-
JKEHO HECKOJIBKO IIPOMEXYTOUYHBIX IEPEHOCUNKOB SJIEKTPOHA MEXIY
TIEPBUYHBIM JIOHOPOM W BOJOPACTBOPHUMBIM (EPPEIOKCHHOM [CM.
0030p: IllysanoBs, Kpacuosckuii, 1981; Evans, 1977; Bolton, 1977,
Ke, 1978; Mathis, Paillotin, 1981]. ITo-BuguMoMy, BCE TpH KeIIE30-
CEpHBIX IEHTPA, MPEACTAaBICHHBIX B Ta0N. 8, oTHOCsSTCS K THy 4Fe-
4S [Evans et al., 1981; Evans, 1977]. O0Onapy>xeHHOE€ MarHHTHOE
B3aUMOJIENCTBHE MEXIy IenTpamu A U B CBHAETENLCTBYET 00 HMX
OJIM3KOM PaCIOJIOKEHHH IPYT K Apyry [Aasa et al., 1981].

OIIEKTPOH C IeHTpa A WK B mepeHoCUTCS Ha PaCTBOPHMEIA (ep-
PEIOKCHH, OTKYJa OH MOXeT ObITh nepeneced k HAJI® ¢ momomnibio
deppenoxcun: HAJI® oxcumopenykrasbl, cogepxameid @AJ] [cwm.
0030p: Bolton, 1977; Clayton, 1980]. He wmckmroueHo, 4ro MexIy
neatpamMu A u B cymectByeT 3¢ (deKTHBHBI 00MEH 3JIeKTpOHAMH
[Nugent et al., 1981b].

OnekTpoHbl 0T (GOTOBOCCTAHOBIEHHBIX aknenTopoB ®C I MoryT
nocrynate He Tolbko K HAJI®, HO ¥ Bo3Bpamartbcs 0OpaTHO K
P700 nukaudeckuM myTeM. DTOT MPOIECC COMPOBOXKAaeTCS 00pa3o-

BaHreM ApH'. Ilo-BUAMMOMY, HUKIMYECKUHA TPAHCHOPT JIEKTPOHOB
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Bokpyr ®C I cBs3aH ¢ mepEeHOCOM 3JICKTPOHOB Uepe3 KOMILIEKC Iepe-
HOCYMKOB, aHajorn4gueii komrmiekcy 11 geixatensHo#i nenu [Nelson,
Neuman, 1972; Arnon, Chain, 1979; Malkin, Chain, 1980; Crowther,
Hind, 1980; Hurt, Hauska, 1981]. OtoT xommiekc bg—f cOCTOUT HU3
nsati nonuanentuaoB (34, 33, 24, 20 u 18 KWIOZANBTOH) M COAEPIKUT
OIMH TeM IMTOXpOMa f, IBa Tema muToxpoMma bs (b-563) um omgun
xene3ocepaslid 1eHTp Pucke. OH HE COIEPKWT IUIACTONMAHWHA,
nuToxXpoma b-559, a TaxKe NPaKTHUYECKH HE COAEPIKHUT XJIOPOHILIa U
KapOTHHOHUIOB. J[J1sl 9TOro KoMILIiekca ObUTa OKa3aHa MIaCTOXHHOJ-
MJIACTOLMAHUH-OKCHIOpeaykTasHas axktuBHocTh [Hurt, Hauska,
1981]. DTOT k€ KOMILIEKC y4acTByeT B IepeHoce eKTpoHOB 0T OC
II x ®C 1. B MozieapHbIX 9KCIIEPUMEHTAX OBLIa IPOAEMOHCTPUPOBAHA
BO3MOXXHOCTh B3aMMOJCHCTBHSA KOMILIEKCA bg—f KaKk ¢ KOMILIEKCOM
peaknuonnoro mearpa ®C I, Tak ¥ ¢ KOMIDIEKCOM PEaKIIHOHHOIO
nentpa ®C II [Lam, Malkin, 1982a, b, c].

Domocucmema 11

®orocuctema Il 3eneHBIX pacTEHMIT OKHUCIISET BOMY A0 KHUCIOPOAa
M BOCCTaHABIIMBAET Iyl IJIAcTOXMHOHOB (puc. 10) [cM. 0030pHL:
Knaff, 1977; Amesz, Duysens, 1977; Radmer, Cheniae, 1977,
Govindjee, Jursinic, 1979; Bouges-Bocquet, 1980; Mathis, Paillotin,
1981; Klimov, Krasnovskii, 1981; Vermaas, Govindjee, 1981; Illy-
BanioB, Kpacuosckuii, 1981; Kinumos, Kpacuosckuii, 1982].

Kak Obu10 00Hapy»eHO B MOCIETHEE BpeMSs, aKIeNTOpHAsS YacTh
(hoTocucremsl II BRICIIUX pacTEHHH aHAJIOTHYHA TAKOBOH y IypIyp-
HEIX OakTepuii (Tadm. 8).

TTocne aktuBanuu otocucteMsl 11 cBETOM 3JIEKTPOH OT MATMEHTA
P680 menpme gem 3a 1 He [Shuvalov et al., 1980] nepenocurcs Ha
deodutnn [Knesauumk u ap., 1977; Kuumos, Kpacumosckuii, 1982;
Klimov et al., 1977], penokc-noTeHnnag KOTOPOr0 COCTABIAET —
610+30 MB [KnumoB u ap., 1979]. Janee smexTpoH mepeHoCHTC Ha
IJIACTOXHMHOH, aCCOIMMPOBAaHHBIM ¢ aToMOM xene3a [Kiuumos, Kpac-
HoBckuii, 1982; Nugent et al., 1981], mpuBogs k 00pazoBaHMIO
aHWOH-PaJUKaa IUIACTOCEMUXHHOHA, KaK 3TO CIIEAyeT W3 CIEKTpa
MOLJIONIEeHHs B OmKHel yiapTpaduonaeToBoii oomactu [Van Gorkom,

Tabamma 8. CpaBHEHHE TICPBHYHBIX JIOHOPOB H AKIENTOPOB JJIEKTPOHOB B
pasnHIHbIX GOTOCHHTETHYECKUX peakHouHbX nentpax [Clayton, 1980]

Tun OPI] JloHop dnexTpoHOB AKIIENTOpEI DIIEKTPOHOB
oCII X1 a (moHoMep uitn umep) | Pd a, Q,, Q.
E, ~0,8B (T1acTOXMHOH)

IypnypHbIe 6aKTepuy Bxn a (mumep) By = 0,4B  (Bd a, Q,, Qp
3enensie ceprrle Gaktepun |Bxm a (mumep) By =~ 0,3 B [(Bd a) FeS-6enox
aoCI X a (mumep) By ~0,4 B |(Xx. a) FeS-Genok
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1974; Van Gorkom et al., 1975] Or mnepBuYHOrO XHWHOHA,
oboznagaemoro Q [Amesz, Duysens, 1977] wmu Q, [Clayton, 1980],
9JIEKTPOH MEPEHOCHTCA KO BTOpHUHOMY XuHOHY b [Bouges-Bocquet,
1973], R [Velthuys, Amesz, 1974], O, [Clayton, 1980], xoropsii
SBIISETCS JABYXJJIEKTPOHHEIM IHepeHocurkoM [Bouges-Bocquet, 1973;
Velthuys, Amesz, 1974; Pulles et al., 1976]. /lanee 3JIeKTPOHBEI MOTYT
TIOCTYTIAaTh B ITyJI XMHOHOB HJTH Ha TIEPEHOCYMKH hs—f-KOMILIEKCA.

Jlonops! snexrporoB s P680 Ha oxkHcIMTENBHOH cTopoHEe (OTO-
cucreMmbl Il ¥ WHTEpMeIMATHl BBIICIICHUS KHCIOPOAA €IIC HE HICH-
THOUIMPOBAHEI, U CBEACHHS 0 TPAHCIIOPTE JIEKTPOHOB OT Bkl K P680
OCHOBaHBI HA KOCBEHHBIX SKCICPUMEHTAX. bhUIO MOKa3aHo, YTO BHIXOJ
KHCJIOpOJa TIOJ] JCWCTBHEM CEPHUH KOPOTKHX HACHIMAIONINX BCIBIMIEK
cBeTa OOHAPY)KHBAET YETHIPEXTAKTHYIO IIEPHOAMYHOCTb, YTO OOBSC-
HSACTCS HAKOIUICHUEM YETHIPEX TMOJIOKUTEIBHBIX 3apsAloB B CHCTEME
pasnoxxenus Boapl [cM. 0030p: Radmer, Cheniae, 1977]. Coorser-
CTBYIOIIHE OKHCIWTEILHBIE COCTOSHHS CHCTEMBI DPa3IOKEHHS BOJIBI
0bo3mauaroT Sy, Si, Sy, S, S4 [Kok et al., 1970]. Ilepexox cocTosmus Sy
B COCTOSHHE Sy COIMPOBOXIAETCH BBIIECICHHEM KHCIOPOJa M IIPOHC-
XomuT B TeMHOTe co BpeMmeneM 1 mc. Cocrosmus Sy 1 Sy CTaOMIBHEI B
TEMHOTE, a S, M S3 MeJIEHHO MPEBPAIIAIOTCS B S;.

Jlamepanvnas neoonopoonocms memopan Xi0poniacmos

BepostHo, HH y OJHHMX 3HEPrompeoOpas3yromMx MeMOpaH Jjare-
paJibHas HEOJHOPOIHOCTh PACIPENCIICHHS PEIOKC-9KBUBAJICHTOB U
conpsraroniero (pakropa He BHEIPAKEHA TAK SPKO, KAK Y BEIICIISIOIIMX
KHCJIOPOJI, PaCTCHMIA.

B 1966 r. Uzasa u I'yn [Izawa, Good, 1966] nokasaimm, 9T0 MeM-
OpaHbl pa3pylICHHBIX XJIOPOILIACTOB PACCTHIKOBHIBAIOTCS TIPU CYCICH-
IUPOBaHUHM B Cpele, COAEPKAlled HH3KYI0 KOHIICHTPAIHWIO MOHO-
BaJICHTHBIX HOHOB. IIpu 100aBlieHHMH JBYXBAJICHTHBIX KATHOHOB, HJIH
BBICOKOH KOHIICHTPAIIMM MOHOBAJICHTHBIX KATHOHOB OMSTH MOSIBIISFOTCS
rpaHajibuble (CTBIKOBAHHEIE) CTPYKTYPEL Ha ocHOBE 3TOro HabmrogeHms
M aHAIM3HPYs PacIpeAccHHe YacTHI] Ha JJIEKTPOHHBEIX MHKPO(POTO-
rpadusx, COOTBETCTBYIONIKX COOpsTaromeMy (haxkropy, ObLI ceaaH BEI-
Box [Miller, Staehelin, 1976], 4To OH MOYTH MCKIFOYHTEIBEHO PACIIONO-
JKE€H B PACCTHLIKOBAHHEIX 00JIACTSX THJIAKOMIHONH MeMOpaHbI; IpHueM
paccTBIKOBKa MEMOpaH MPHUBOIKUT K MEPEPACTIPEAETICHHIO COTPATArOIIE-
ro (pakropa BHOIE MeEMOpaH, a HX CTHIKOBKA - K COOPY COIPATAIOIIETO
(haxTopa B PaCcCTHIKOBAHHEIX 00JIaCTIX.

Hcxons w3 M3ydeHHs pa3iudHbIX (Ppakiuii, MOIydYeHHBIX C IO-
MOIIBIO0 BOJHOM HMOJUMEPHOM IBYX(a3HOM CHCTEMEI, OBLI CIENIaH BEI-
BOJI, YTO BCce MUTMeHT-0eakoBbie KoMiuiekcsl DC I mokanu3oBansl B
PACCTHEIKOBAHHBIX 00JIACTAX, B TO BPEMS KaK [IUTMEHT-0EIKOBBIM KOM-
miexc OC I u cBeTocOoOMparomuii KOMILIEKC B OCHOBHOM HaXOIATCS
B CThIKOBaHHBEIX oOjacTsax [Anderson, Anderson, 1980; Anderson,
1980; Gerola, 1981; Anderson, Haehnel, 1982; Anderson, 1982]. Ox-
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HAKO aHaJIM3 Paclpe/IeicHusi KOMIIOHEHTOB bg—f-KOMILIEKCa ITOKa3all,
YTO OHH IIPUCYTCTBYIOT KaK B CTBIKOBAHHBIX, TaK PAaCCTBIKOBAHHBIX
obnmactax [Sane et al., 1970; Anderson, Malkin, 1982; Anderson,
1982]. Ha ocHOBE MMMYHOJOTHYECKOTO aHajin3a BEIACHEHO TAKKE,
gto ¢eppenokcua-HAJI®-penykTaza Takke JOKAIM30BaHA B pacc-
THIKOBaHHEIX 00jacTax [Jennings et al., 1979]. Takum obpasoM, B
MOCIie/IHEEe BpeMS TIPU3HAHO, YTO CONpSATAIONIMi daxTop, deppemaok-
cua-HAJI®-penykraza 1 @C 1 nmokanmm3oBaHBl B PacCTHIKOBAHHEBIX
obmactsax MemOpan (oOpameHHBIX B CTPOMY paiioHax), B TO BpeMs
Kak murMenT-0enkoBbii koMiuieke @C I u cBeTocoOuparonvii KoMII-
JICKC B OCHOBHOM HAaXOJSTCS B CTHIKOBAHHBIX OOJIACTSX MeMOpaHbI
(puc. 11), a caMm IporIecC CTHIKOBKH—PACCTHLIKOBKH peryiupyercs pH,
HOHHBEIM COCTaBOM CpeJIbl, 3H3UMATHYeCKOH Mou(pHKaIueid OeIKoB 1
Ip. [cMm. o630opel: Anderson, 1980; Barber, 1980; Gerola, 1981;
Anderson, 1982; Briantais et al., 1982].

OG6Hapy»xeHHas B OCIEAHEE BpeMs JIaTepalibHas HEOHOPOJHOCTh
MIPOIIECCOB TIEPEHOCA JJIEKTPOHOB W DJHEPTHU BO3OYXXKICHHS IPH
(oTocuHTE3E KHCIOPOABEIIEIAIONINX PACTEHHH KOPEHHBIM 00pa3oM
MEHSET HAllM MPEACTABICHUS 00 OpraHM3aIlK JICKTPOHHOTO TpPaH-
CIOpTa U MUTPALMK SHEPruu y BeICIIKX pactennid [Anderson, 1980;
Barber, 1980; Gerola, 1981; Briantais et al., 1982; Anderson, 1982] u
MMEET BaXXHOE 3HAYEHHWE ]IS TIOHWMAaHHWS KOHTPOJSA W OpTraHU3aI[uH
(YHKIMOHHPOBAHHUS THIAKOMIAHBIX KOMILIEKCOB. Hanbonee BaKHBIM
CIIEJICTBHEM JIaTEPaIbHONH HEOAHOPOIHOCTH B PACIPEICIICHUN KOMII-
JIEKCOB SBJISIETCS BBIBOJ 00 OTCYTCTBHM €IWHON (YHKIIMOHAIBHO-
CTPYKTYPHOM LeNH 3JEKTPOHHOI0 TPAHCIIOPTA.

1.7. Conocrasienne pazjanunbix I[3T

ITponeccsl peoOpa3oBanusi SHEPTHH B MEMOpPaHaX MHUTOXOHIPHH,
XJIOPOILIACTOB M XpoMaTo(popoB (OTOCHHTEINPYIOMIMX OaKTepHid
obmanaror ymgamentansHeIM cxoicTBoM [Ckyraues, 1972; Pakep,
1979; T'yces, TI'oxmepuep, 1980; Mitchell, 1966; Skulachev, 1975;
Dickerson et al., 1976; Crofts, Wood, 1978; Raven, Smith, 1981;
Cammack et al., 1981]. Bo Bcex 3THX cuCTeMax UCHONIB3YETCS €HbIH
MPHHIMII CONPSDKEHHS TPAHCIIOPTa JJIEKTPOHOB ¢ CHMHTE30M ATD —
gepe3 obpaszoBaure AuH*. B arom cmeicne Bce I[OT wrparor pois
MPOTOHHBIX TIOMII, OCHOBHAs JHEpreTHueckas (YHKIHS KOTOPBIX
COCTOMT B HpeoOpa30BaHWK DHEPIHH PEIOKC-PEAKHUii B OSHEPIHIO
TepeHeCeHtbIX Yepe3 MemOpamy mpoToHoB. (OOpasoBaBmascs B
pesyJibTaTe Takoro nepenoca AzH* ucnons3dyercs st cuatesa ATO.

IIOT xmopomiacToB W XpoMaTo(opoB COIECPXAaT MEPECHOCUUKH
9JIEKTPOHOB, UMEIONINE CBOM aHAJIOTH B MHUTOXOHIPHAIBHOW MEIH,
YTO IMO3BOJIIET CYMTATh, 4TO U (orocunTeTHdeckue 1[DT, momodHO
MHUTOXOHIPHAJILHOM, MMOCTPOCHBI M0 O;109HOMY mpuHnuUIy. K guciry
TaKHX IIEPEHOCYHUKOB OTHOCATCS IUIACTOXHHOH B XJIOPOILIACTaX U yOH-
XHHOH B XpoMaTodopax, HHTOXPOMEI THIIA b,c, JKeIe30CEpHBIE IECHT-
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pHl ¥ T. a. JIJIS BCeX 9THIX Ieled XapakTepHa aCHMMETpHUYHAs opra-
HHU3alHMs [IEPEHOCUYHMKOB JJIEKTPOHOB B MeMOpaHe, COrjacoBaHHas C
opuenranueid AT®aszer (puc. 4, 7, 11). CxoacTBo mpocTHpaeTcs
Takke 1 Ha AT®a3pl, KOTOPBIE MMEIOT MPAKTHYECKH HIACHTHIHBIN
cyorenunuuneii coctas (Harold, 1977; McCarty, 1978; 1980).

Ham mpencrasnsiercs, uto cxoactBo atux [[OT mpocnexuBaercs
Ha YPOBHE HE TOJIGKO OTHENHHBIX MEPEHOCYMKOB 3JIEKTPOHOB, HO M
OTIENBHBIX JJIEKTPOH-TPAHCIOPTHEIX KOMILIEKCOB. B 3TOM CMEICHTE
OTIENBHEBIC TIEPEHOCYMKH DJIEKTPOHOB B TOM WJIM MHOM KOMILIEKCE
MOTYT OTCYTCTBOBAThH B CjIydae IIPHCIIOCOOJIEHHS KOMILIEKCA JUIS
paboTHI B IpyruxX ycioBusx. Hampumep, y HEKOTOPBIX CHHE3EIICHBIX
Bogopocneit Wood, 1978; Bochner et al., 1980; Sandmann and Béger,
1980] B mepenoce 2JIEKTPOHOB IPHHHUMAIOT Y9acCTHE, B 3aBHCHMOCTH
OT YCJOBHi pocTa, MO0 IUIACTOIHAHHH, JTHOO IUTOXPOM Css3. Ilo-
BUIUMOMY, HMCHHO IICJIBIC 3JICKTPOHTPAHCIIOPTHBIC KOMIIJIICKCHI HE-
00XOIMMO pPacCMaTPHBATh KaK MHHHMAJIBHYIO (YHKIHOHAILHYIO
€IMHUIY, 00eCTIeUHBAIONIYIO COINPSHKEHHE TepeHoca 3JIEKTPOHOB C
obpazoBanueM AuH".

Kax poaCcTBEHHEIC CIIOBa OTIIMYAIOTCS APYT OT JIPyTa MPUCTABKAMH
U cybhdukcaMu, HO COXPaHSIOT MPAKTHYECKH HEM3MEHHBIM KOPEHb
CIIOBa, TOYHO TaK J>X€ POICTBEHHBIE KOMIUIEKCHI MOTYT OTJIAYaThCs
JIPyT OT ApYyTa OIpPEIEICHHBIMH «IPHUCTAaBKaAMW», KOTOPBIE XOTS H
HECKOJIbKO MEHSIOT KOMILIEKC, o0ecreunBas ero (pyHKIIHOHHPOBaHHE
B CTPOTO ONPEICIICHHBIX YCIOBHSX, HO, TEM HE MEHEE, OCTAaBIISIOT
HEU3MEHHOH ero (hyHKITMOHAJBHYIO OCHOBY.

CpaBHUTENBHBEI aHAIN3 JJICKTPOHTPAHCIIOPTHEIX KOMILJIEKCOB,
YYacCTBYIONIMX B TIPe0oOpa30BaHUM SHEPTHH, TPUBOIUT K BHIBOIY, YTO
KOJIMYECTBO «KOPHEBBIX OCHOB», Ha KOTOPBIX Pa3BHBalach JHEpre-
THKA 3JICKTPOHTPAHCHOPTHBEIX MPOIECCOB, MO-BAAMMOMY, HE CIHII-
koM Besmko [Skulachev, 1975; Crofts, Wood, 1978]. IIpuuuna sroro,
BO3MOXXHO, COCTOMT B TOM, YTO CO3JaHHBIC PUPOI0 U 0TOOpPaHHEIE
B pE3yJIbTAaTE DBOJIONUN KOMIUIEKCH TIEPEHOCUYHMKOB OKA3aJUCh JIO-
CTaTO4YHO YHHBEPCAJIbHBIMH, IITOGI:I YAOBJICTBOPHUTDH SHEPICTUYCCKHUC
MOTPeOHOCTH Pa3IMYHEIX OPraHu3MOB.

Kax mokaszano za puc. 12 u 13, noaasie IIDT MoryT ObITH mpen-
CTaBJIEHKI B BHJIE HA00pa HEOOJBIIOr0 YHCIIa SHEPTONPe0Opas3yoNIuX
xomiiekcoB. Ha puc. 14 Bce 9TH KOMILIEKCH HAXOIATCH Ha OJHOM
sHepreTHueckor mikame. B mentpe puc. 14 pacmonoxed TpeTHH
KOMIUIEKC, COACpAIINi OUTOXPOMBI THUIA b, TUTOXPOM THIA C; U
JKeJIe30CepHbIi Oenok Pucke.

Cpenu KOMIUIEKCOB, CIIOCOOHBIX T€HEpUpPOBaTh AuH ™, OH SBIS-
eTCs, MO-BUIUMOMY, HanOOJIee YHUBEPCAIBHBIM, IIOCKOJIBKY TIPHCYT-
crByet B [[OT muroxonapwuii [Rieske, 1976], xnopomnactos [Nelson,
Neuman, 1972; Hurt, Hauska, 1981] u xpomarodopos [Crofts, Wood,
1978; Dutton, Prince, 1978; Takamiya et al., 1982]. Bam3octs
CBOMCTB JTOr0 KOMILIEKCA Y PpPAa3JIMYHBIX THIIOB COIPATArOIINX
MeMOpan ObLIa OPOAEMOHCTPHPOBAaHA HEAABHO B SKCIEPHMEHTAX II0
pexouctpykimu ®OPI] mypnypaeix Oaxrepuii ¢ kommiexcom 111
muToxougpuii [Packham et al., 1980; Matsuura, Dutton, 1981] u ¢
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KOMILIEKCOM bs—f xmopomnactoB [Prince et al., 1982]. IToka3ana
CHOCOOHOCTh O0pa30BaHHBIX arperaroB K (HOTOMHIYyIMPOBAaHHOMY
BOCCTAHOBJICHHIO IUTOXPOMOB THIIA b, YyBCTBUTEIHLHOIO K HHTHOHM-
TopaM. OO0 3TOM K€ TOBOPHT U 3(PGEKT «CBEPXBOCCTAHOBIICHHS)Y
[HTOXPOMOB b, WHIYIIMPOBAHHOTO OKHCIMTEISIMHA, OOHAPYKEHHBIN Y
M30JIMPOBAHHEBIX KOMILIEKCOB oTocHuTE3Npyromux oaxrepuii [ Gabel-
lini et al., 1982] u Beicmux pacremuii [Lam, Malkin, 1982a; Hurt,
Hauska, 1982].

OcTanbHBIC KOMIUIEKCHI MOJICKYJI TIEPEHOCUYHUKOB, YIaCTBYIONIHC B
npeoOpa30BaHuK SHEPIHH, ABILIOTCH Ooee cuenupHUIECKUMH U IIPH-
CYTCTBYIOT JIHIIbL y OIpPeNeIeHHBIX TPy OPraHu3MOB. YHHBEPCAb-
gocTh xoMiniekca III oOycnoBiena, mo-BUAMMOMY, TEM, YTO OH HE
CBS3aH crenuHUecKr ¢ OmpeaeleHHBEIMH BHIAMH JOHOPOB M aK-
[ENTOPOB B OTJIMYKE OT TEPMHUHAIBHBIX KOMILJICKCOB.

PaccMoTpuM Oosee mOAPOOHO B3aMIMOJEHCTBHE KOMILIEKCOB B
pasnmuaeIX hoTocuaTeTHYecKuX 1[OT.
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ITypaypubIM (POTOCHHTEIUPYIONIUM OaKTEPHIM, IIOTIOMIAIONINM B
JalpHed KpacHOW 00JIacTH, SHEPrMM KBaHTA XBaTaeT TOJBKO Ha TO,

9TOOBI I TeHepanyu AuH* WCIOIB30BATH JMINE TPETHH KOMILIEKC.
HUcnons3oBars IMUTOXPOMOKCHA3y UM yIa€TCA TOJIBKO B a3p06H51x
ycnoBuaxX (HecepHble nyprypHele Oaktepun). Boccranosute HAJIH
0aKTepuu MOTYT JIMIIE 32 CUYEeT 0OpaTHOTO TPAHCIIOPTA DJEKTPOHOB,
KOTOpEIH HAYMHAETCS HAa YPOBHE XMHOHOB M 3aXBATHIBACT KOMILIEKC |
[Camyuiios, 1982] (cm. puc. 13).

®doTocHHTE3 Yy pACTEHHMI IIPOMCXOJHMT C y4acTHEM JBYX (OTO-
CHCTEM, KOTOPBIE PACIIOJIOKEHBI HAa JHEPreTHYCCKOHW IIKAJIe TaKHM
obpa3oMm, 9TO MpH mepeHoce 3IeKTpoHoB oT (oTocucTems 11 k ¢o-
TocucteMe I MoxeT ObITh HMcrionb3oBaH Komiuiekce 111 (bs—f -xomm-
nekc). C 9To# TOYKHM 3pEHHS TPEICTABISCTCS C€CTECTBEHHBIM CXOJI-
cTBO aknenTopusix cropon ®PI] Gakrepuii porocucTemsr 11 3emeHBIx
pacrenmii [cM. O630p: Kimmmos, KpacHoBckuii, 1982], Tak xak B
oboux cayuasx DPI] compsraerca ¢ xkommiekcoMm III — TeMHOBHIM
reHeparopoM AuH* . OTMETHM, 4TO C pacCMaTPUBAEMON TOYKH 3pe-
HUS TOJDKHO HAOJIOATHCA ONpeiesieHHOe CXOICTBO JOHOPHOM YacTH
®PI[ nypoypHelx OakTepuii W mepBo (POTOCHCTEMBI BBICIIHX
pactenuii, Tak kak komiuiekc III BeicTymaeT B kadecTBe IOHOpA
anextponoB g OPII. Takoe CXOACTBO NEWCTBUTEILHO OOHAPYKHU-
BAeTCA B 3HAYCHMSX PEIOKC-IIOTCHIINAJIOB IIEPEHOCYMKOB, HAXOIS-
muxcs Ha goHopHO# cropone DPII. Kpome Toro, y HEKOTOPHIX
CHHE3€eJNIEHBIX BOJIOPOCIIEH TUIACTOIMAHNH B ONPEAENICHHBIX YCIOBUAX
MOXET 3aMEHATHCA Ha BOJOPACTBOPHMEINA ITHTOXPOM Css3 [Wood,
1978; Bochner, Béger, 1978; Bochner et al., 1980].

MoxxHO mpeanoaoxkuTh, 9ro ecnu [[OT umeer MOHOPEI U aKIem-
TOPHBI JIEKTPOHOB, TIOTEHIIMAJIBI KOTOPHIX MO3BOJIAIOT (QYHKIHOHHPO-
BaTh KaKOMY-JIH00 W3BECTHOMY TEMHOBOMY reHepartopy AuH*, To C
0OJBIIOI BEPOSTHOCTHIO TAKOH T€HEPATOpP, BKJIIOYAIONIAN COOTBET-
CTBYIOIIE TEPEHOCUYHKH DJIEKTPOHOB, CYHIECTBYET (IIPHHLMII MpO-
MEKyTOYHOTO TeHePaTopa).

Penmokc-moTennuansl akmnentopoB (otocucTteMsl I TakoBbI, YTO
OHHM MOIJIM OBl JIOHHPOBATh 3JIEKTPOHBLI B KOMILIEKC I, aHAIOTHYHBIH
TaKOBOMY B JBIXaTEJIBHOM €M MHUTOXOHIPHI. DTO IO3BOJIHIO OBI
3amacaTh SHEPTHIO B BUAE AuH ' W COOTBETCTBEHHO MEPEBOIUTH €€ B
6uomornueckn moie3nyro ¢popmy ATD. B stom cayugae IIDT pac-
TeHHH BEIDIAAENA OBl TaK, KaK OHA OpecTaBicHa Ha puc. 14,

Anammz puc. 14 npuBOIUT K BRIBOIY, YTO ydacThe Komiiekca I B
IIOT cnemano 6s1 Bo3MOxHBIM BoccTamoBienue HAJ(D) 3a cuer
pabotel Tonbko ¢oTtocucteMbl II. OOpaszoBanme HAJI(®)H B Hux
MOIJIO OBl IIPOMCXOHUTE TaK K€, KaK Y MypIypPHBIX OaKkTepHii, 3a cueT
obpardgoro Tpadcoopra. Jlns 3Toro Ob1 OBl HeoOXxomuM 3¢-
(heKTHBHBII ITUKITUYECKHIA TPAHCIOPT IEKTPOHOB B orocucreme II.
Takas IIOT cooTBeTcTBOBasia OBl OAKTEPHAILHOW, HO C HCIOJB30-
BaHHWEM B KadecTBE JOHOpA JJIEKTPOHOB BoAbl. Kpome paccMoTpeH-
HOH CHTyalldH, BO3MOXHA TAKKe 00paTHasd KapTHHa, IIPH KOTOPOi
JloHOpOM 3JIEKTPOHOB CIIy>XKHT HE BOJA3, KaK Yy pacTeHHi, a Oojee
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BOCCTAHOBJICHHEBIC COCTMHEHUS, 1 BMECTE C TEM DHEPI'MH KBAHTA CBE-
Ta XBaTaeT JJIA TOr0, YTOObI OXBATHThL MEPBBIA M TPETHH dHEpPromnpe-
oOpasyromue KOMILIEKCHI M paboTaTh cpa3y Ha JIBYX IeHeparopax
AuH* BMecTo oanoro. TakuMm OOBEKTOM SBIISIOTCS, [O-BHAAMOMY,
3eJIeHbIe CEPOOAKTEPHH.

CnenoBaTenbpHo, TOYKA 3pEHH, COMNIACHO KOTOPOH MHHHMAJILHOM
(O YHKOIMOHAJILHOM €IMHMIIEH SHEepronpeoOpa3yomux IeKTPOHTPaH-
CHOPTHBIX IIETed SBISIOTCS KOMIUIEKCHI MOJICKYJI IEePEHOCYHKOB,
CIIOCOOHBIX K 00pa30BaHHIO TPaHCMEMOpPAHHON Pa3sHOCTH DIIEKTPO-
XHMHYECKOI'0 MOTEHIINAJIA HOHOB BOJAOPO/a, IPUBOJUT K JOCTATOYHO
€CTECTBEHHOW W TIPOCTOW KapTHHE, COTJIACHO KOTOPOH B IIEHTpE
sHepreTudeckoro mpeodpasoBanus B I[OT crosar TeMHOBBIE TeHe-

paropsl AuH *-komiiekce 111 u, Bo3moxuo, komiieke 1. OObemune-

HHE ¢ HUMH OCTaJbHBIX IHEPrompeoOpasyroluX KOMILIEKCOB H 00-
pasyer LIOT, cuenududnyro JId KaXI0r0 THIIA OPTaHH3MOB.

3akiaouenne

Brime ObUiH paccMOTPEHBI TOJNBKO ITPOLIECCH TPAHCIOPTA DJIEK-
TPOHOB TIPH IbIXaHWUM W (POTOCHHTE3e W COBCEM HE 3aTParnBaJIUCh
JIPyTHE W3BECTHBIE CHCTEMBI MEPEHOCA DJICKTPOHOB, TAKHE, KAK CH-
CTeMa THUIPOKCHJIMPOBAHUS, HHUTPOTeHa3a, W MHorue apyrue. Ilo-
JIPOOHBIN aHaIM3 XMMHWYECKUX CBOWCTB M CTPOEHHWS 3THX CHCTEM
npuBeneH B kaure I'. U. Jluxtenmreiina [1979], x xoTopoii MBI U
OTCHUIAEM YWTATEIA. PacCMOTpeHHE JHING SHEPrompeoOpasyromux
CHCTEM TPAHCIOPTa JJIEKTPOHOB CBA3aHO C MX CTPYKTYPHPOBAHHO-
CTBIO, KOTOPAs JIOKa3aHa dKCIEPUMEHTAIBHO.

Hawmbonee m3ydeHHBIM B OTHOIICHWH COCTaBa W CTPYKTYpHI, a
TaKXe MOCIEN0BaTeIbHOCTH, KHHETHKY M TEPMOJMHAMHUKH TIEPEeHOCa
anexTpoHoB sBisgerca OPIL] nyprypHeix Oaxtepuid. ITo-BugumMoMy,
o0rmve npuHIKIBl GYHKIMOHUPOBAHUS IPYTHX (POTOCHHTETHUECKUX
PEaKIHOHHBIX HEHTPOB CXOAHBI ¢ TakOBEIMH it DPI] mypmypHEIX
Oakrepuii (cM. 111. 9). BMecTe ¢ TeM COBEpPIIEHHO OYEBHJIHO, UYTO
JIeTajii OpraHu3alMy Pa3JIMYHbIX PEaKIHOHHBIX [EHTPOB MOTYT OBITH
OTJIMYHBI JIpYT OT apyra. M3no:keHHOE COpaBemjivBO M IS JPYTHX
KOMILJIEKCOB, YYACTBYIOMIHMX B TIEPEHOCE DICKTPOHOB.

TIpoBeneHHBIN BBINIE aHAIM3 IIEPEHOCA 3JICKTPOHOB IIPH JABIXaHHH
u (GOTOCHHTE3e TIOKa3bIBaCT, YTO, HECMOTPS HA 3HAYUTEIBHBIN
MPOTPeCC B U3YUYECHHUH PA3INYHBIX ACMIEKTOB TPAHCIIOPTA JJIEKTPOHOB,
JI0 HACTOSIIET0 BPEMEHM BO MHOIOM €II€ HESCHBI IIOCICHOBA-
TEeITLHOCTh, MEXaHU3Mbl M KHHETHKA MEPEHOCa 3JICKTPOHOB JUIS OC-
HOBHBIX 3JIEKTPOH-TPAHCIIOPTHHIX KoMIuiekcoB I—IV mpixarensHOM
1IeTIH, a Takke KoMruiekcoB DPII.

Jlajee B KHUTE€ MBI PacCMOTPHUM CIIOCOOBI B3aWMOJICHCTBHUS Iie-
PEHOCYMKOB JJIEKTPOHOB JPYT C APYTOM, KHHETHUKY MEPEHOCa DJICK-
TPOHOB BHYTPH OTJICIHHBIX JJICKTPOHTPAHCIOPTHBIX KOMILICKCOB, a
TaKXe 3aBUCUMOCTh CKOPOCTH I€peHOoca IJIEKTPOHOB OT Pa3IMYHBIX
taxTopos. [lo mocieaHero BpeMeHr OPEANOarajiock, 4T0 IepeHoc
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9JIEKTPOHOB B OHOCHCTEMAaX MOXHO OIKMCATH TAKAM XKe 00pa3oM, KaKk
U OKHCJIIMTECIIbHO-BOCCTAHOBHUTCIIBHBIE pPCAKIIMH, ITPOHUCXOJAIINE B
pactBopax. BMmecTe ¢ TeM, KaKk SBCTBYET H3 IPHUBEICHHOIO BBIIIIE
MaTepuaja, CTPYKTYPHOH eJuUHHUIleH IepeHoca 31ekTpoHoB B 1[OT
SBJISAIOTCS  ONpeIelieHHbIM 00pa3soM OpraHM30BaHHEBIE 3JIEKTPOH-
TPaHCIIOPTHHIC KOMIIJICKCEL. JIJIsl oTMcanust TpaHCIIOPTa SJICKTPOHOB B
TaKWX KOMIUIEKCAX HaMH WCIONB3yeTCH Jajieeé BEPOSTHOCTHOE
onucanue [Illuakapes, Benemukron, 1977], omHONH K3 XapaKTEPHEBIX
YepT KOTOPOTO SBJISCTCH BBCICHWE COCTOSHAM KOMILIEKCA Kak
nenoro. Ilpemnoxennslid ¢popMaIn3M ABISETCA JOCTATOYHO OOIKUM U
MOXXET OBITH WCIIONIE30BAH JUIS ONMHMCAHUSA (DYHKIMOHMPOBAHWS HE
TOJIBKO 3JIEKTPOHTPAHCIIOPTHBIX, HO M JPYTHX MYIbTH(EPMEHTHBIX
KOMILJIEKCOB.

I'maBa 2

BEPOATHOCTHAS MO/JEJIb
MYJbTH®EPMEHTHOI'O KOMILJIEKCA

B nannoO# rnaBe NpuBEICHEI CBEACHNA U3 TCOPHUU BEPOSTHOCTEH U
CIIy9aiHBIX TIPOIECCOB, HEOOXOMUMBIE i (HOPMYITHPOBKH BEPOST-
HOCTHOW Mojenu (pyHKOHOHWPOBAHHWS MYJIHTH(GEPMEHTHOTO KOMII-
Jiekca. BONBIMMHCTBO TIPUMEPOB, MPHUBEICHHBIX JUIS HWILTIOCTPAIlAA
OCHOBHBIX TIOJIOXKEHHUHA TEOPHH BEPOATHOCTEM W  CIIy4YaidHBIX
TIPOLIECCOB, OTHOCHUTCSA K 3TOM BEpPOSTHOCTHOH Mojeau. BriOpannas
HAMH TOYKa 3PEHHMS Ha MYJIbTH(GEPMEHTHBIH KOMIUIEKC KaKk Ha
COBOKYITHOCTh B3aMMOJICHCTBYIOIINX HOEHTPOB, KX M3 KOTOPBIX
MOXET HAXOJUTHCHd B KOHECYHOM YHCJIC COCTOSHHUN, TO3BOJSICT B
paMKax eOUHOM KHHETHYECKOW CXE€MBI OXBaTUTh YPE3BBIYANHO
OOJIBIION KJIAacC HPOLIECCOB, TAKMX, KaK OOBIYHBIA (epMEeHTaTHBHBIH
KaTajau3, ajacopOIHi0, OKHCIMTEIBHO-BOCCTAHOBUTEIBHBIE PEAKIINH,
scTadeTHBI TPAHCIOPT MOHOB WM T. J., PACCMATPUBAEMBIX OOBIYHO
OTJICTILHO JIPYT OT JIpYTa.

2.1. CocTOosIHAA KOMILIEKCA KAK ClIy4aiiHble COOLITHS

Kaxk m3Bectno [I'nenenxo, 1965; I'mxman u ap., 1979], cymecrsyror
IIBA KpaWHWX CIy4das CBS3H MEKIY HEKOTOPOH COBOKYITHOCTBIO
ycnoBuid G ¥ COOBITHEM A, HACTYIJICHWE WIM HEHACTYIUIEHHE KOTO-
POTO TIPH JAHHBIX YCIOBHSX MOXKET OBITh TOYHO yCTAHOBJIEHO. B mep-
BOM CIlydae TpH KAXKIOM OCYIIECTBICHHH COBOKYITHOCTH YCIIOBHH G
HACTymaeT coOwITHE 4. OTO Tak Ha3bIBAEMBIH JI€TEPMHHHMPOBAHHBIN
ciaydaii. Bo BTOpoM cllydae OpH BBIIOJHCHUH COBOKYITHOCTH YCJIOBHM
G cobObiTHe A MOXET TIPOM30MTH, a MOXET W He NMPOM30WTH. Takue
COOBITHSI, KOTOPEIE MPH M3BECTHEIX YCIOBHAX JTHOO IPOUCXONT, JIHOO
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HE TPOWCXOMINT, HA3BIBAIOTCS CIyYalHBIMH. THUOWYHBIM TPUMEPOM
TaKoro poja CIy4aiHOro COOBITHS SIBISETCH BBINAJCHUAE «OPJIa» HIIH
«pelIKu» IIpH HOoa0paceIBaHMKM MOHETHL. B TeopuH BEpOSTHOCTEH,
pPaccMaTpUBAIOTCS CIydaiHbIe COOBITHS, JUISl KOTOPBIX MPH OOJIBIIIOM
YHCJI€ WCIBITAHHN JOJIS TOW YacTH CIIydaeB, KOIJla IIPOHUCXOJHT CO-
OBITHE A, NMHIIL U3PEAKA CKOJBKO-HUOYAHh 3HAYUTENBHO YKJIOHSETCS
OT HEKOTOPOW BEIMYWHEI. JTa BEJIMYHHA €CTh BEPOSTHOCTH JAHHOTO
COOBITHS, CIy’>Kallad KOJHUYECTBEHHOHW OIEHKOW BO3MOXKHOCTH IIO-
SIBJICHHS COOBITHS A TIPH BBIIOJIHEHUN COBOKYIHOCTH yCiIoBHi G.

Bynem roBoputh, 4TO 3a7aH CIy4alHBINA SKCIEPUMEHT, €ClIH YKa-
3aHa COBOKYMHOCTH YCIOBHH G M MHOXECTBO CIIy4aiHBIX COOBITHIH
®), O, ... HACTYIJICHHE KOTOPBIX clemyeT HaOmomath. B Teopuwm
BEPOSITHOCTEH MPEIIONIaraeTcsi, YTO PacCMaTpUBacMOMY JKCIIEPH-
MCHTY TIOCTABJICHO B COOTBETCTBHE HEKOTOPOE MHOXECTBO (2, TOUKH
KOTOPOro HM300paxkaroT HanOoliee MONHY WHEGOPMAIMIO O Pe3yiib-
TaTax JAHHOTO SKcnepuMeHTa. MHOXecTBO () HA3BEIBAIOT IIPOCTPAH-
CTBOM D3JIEMEHTAPHBIX COOBITHI, & €ro TOYKH — JJIEMEHTAPHBIMH
cobsiTusaMu [bopoBkos, 1976; I'mxman u ap., 1979].

IIpuBegeM puMepsl CIy9ailHBIX SKCIEPHUMEHTOB.

1. Ilycts depmenr E kaTanmsupyer oOpa3oBadue Npoaykra P u3
cybcrpaTa S cormacHo cleayromieii cxeme:

E+S__ES—E+P, (2.1)

rae ES — dbepMenT-cyOCTpaTHBINA KOMILIEKC.
B pe3synbraTe sKkcniepuMenTa, KOTOPBI COCTOMT B HAOJIIOIEHHH 3a CO-
CTOSIHHEM OTAEILHOM MOJIEKYJBl (pepMeHTa, MOXET OBITH 3aperu-
CTpUpOBaH MO0 (epMeHT-CyOCTpaTHBIN KOMIUIEKC ES — 3T0 01HO
cobrITHE, MO0 cBOOOAHEIH (hepMeHT — 3TO JApyroe coowiThe. Ilo-
CKOJIBKY KaK MPUCOEIUHEHNE CYyOCTpaTa K OTIEIRHOM MoeKye dep-
MEHTa, TaK M €ro OCBOOOKIEHHE ONPEACISIOTCS OOJBIIHM YHCIOM
CIIy9alHBIX (haKTOPOB, TO COCTOSIHHSA, B KOTOPBIX HAXOMMTCS JaHHbIH
(depMeHT B paccMaTpWBaeMblii MOMEHT BPEMEHH, MPEACTABISIOT CO-
00ii cinyuaiinele coOpiTHd. ClemoBaTelbHO, IMPOCTPAHCTBO 3JIEMEH-
TapHBIX COOBITUH IS KaXKIOW MOJICKYJBI epMEHTa COCTOMT M3 ABYX
anemenToB: Q = {w;, ,} = (cBoOOAHBIA depment, depment-
cyOcTpaTHbIii KOMILIEKC ), T. €. Q ={F, ES}.
2. PaccMOTpUM OKHCIHTEIBHO-BOCCTAHOBUTEIBHYIO PEAKIIHIO
Mexay A u D:
A*+D A +D". (2.2)
IIyctes MBI HaOIIOmaeM 3a COCTOSIHHEM OTIEIBHOM MOJIEKYIHI A.
OHa MOXeT HaXOJUTHCS B JIByX COCTOSHMSIX — OKHCIEHHOM (A") u
BoccTanoBiaeHHoOM (A’). CoOOTBEICTBEHHO 5TOMY IPOCTPAHCTBO
9JICMEHTAPHBIX COOBITHI B PacCMaTPUBACMOM OJKCIIEPUMEHTE TAKKE

COCTOHUT U3 IBYX 3JICMCHTOB!:
Q={ A", A7}

3. PaccmorpuM rpynny b HeKoTOporo Oeika, KOTOpas MOKET
MPUCOEIUHATE IPoToH. CunTaeM, 4To HaOIIOJaEMEIMH B SKCIIEPHMEH-
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TC SBIISIIOTCS COCTOSHMS 3TOH Tpynmbl. SICHO, 4TO NpPOCTPaHCTBOM
9JIEeMEHTapHBIX COOBITHH B 3TOM ciydae sBisiercst (O ={ b, bH }, rae
5 H — npoTOHNPOBaHHOE COCTOSHHAE TPYIIMEL

PaccMoTpenne 3THX M TMOJOOHBIX MPHUMEPOB MPHUBOAMT K IIEJECO-
06pa3H0cm BBIZENIeHNs oOuiel Momenu (epmenta (uentpa) E, xo-
TOPBII MOXCT HAXOIUTHCA B JIBYX COCTOSHUAX — CBOOOTHOM (
3amsToM (E'). B KaKI0M 9acTHOM Clydae IEHTP MOXET OBITh 3aHAT
HOHOM, JIEKTPOHOM, CyOCTpaTOM, HHTHOUTOPOM H T. A. (pHuc. 15).

Puc. 15. Cxemarmdeckoe H300paxeHHE
nepexojga  ¢epmenta  (umenrpa) U3
3aHATOTO COCTOSIHMSI B CBOOOJMHOE W
Hao0bopoT

C L
o UepHEIMH KpYXXKaMH 0003Ha9eHB! YacCTHIIHI,
OGYCJ'IOBIII/IBa}OH.IP]e 3aHATOC COCTOsIHHUC
& depmenTa (1eHTpa)
¢ Ilpu yka3aHHOM pacIHIMPEHUH

MOHSTHS COCTOSHHUS  OTAEIHHOTO
(depMeHTa MOXHO B paMKax €IWHOU
CXEMEl OXBATHUTh IIHPOKHM Kiacc Mojeieid. J[ocTaTo4HO OTMETHTH,
yTO0 ypaBHeHue HepHCTa IS OKHCIHMTEIHHO-BOCCTAHOBUTEIHHBIX
peakuuii, ypaBHenue Muxasmuca-MenTen a8 (GepMEHTATHBHEIX
peaknuii, ypaBHeHune JleHrMiopa i H30TEPMBI  aacopOnuu,
ypaBHenue I'engepcona—Xaccenp0anxa A KHCIOTHO-OCHOBHBIX
MIEPEXO/I0B U T. JI. C PACCMATPUBAEMOM TOYKH 3PEHHS SIBIISTIOTCS HE
YeM WHBIM, KaK OJTHAM U TEM € YPaBHCHHEM, OIHMCHIBAIONINM HEKUH
IIEHTP, KOTOPEIA MOXET HAaXOIUTHECA TOJIHLKO B JBYX COCTOSHHAX. B
IEPBOM Cjy4ae 5TO OKHCIEHHas M BOCCTAHOBICHHAS (hOPMEI
tdepmenTa, Bo BTOpOM — 3TO cBoOommbIi (epmenTt u depmenr,
CBSI3aHHBIN C CyOCTpaTOM H T. 1.

4. PaccMOTpuM KOMILIEKC IBYX (hepMEHTOB (JIBYX B3aMMOJCHCT-
BYIONIMX HEHTPOB) E; U E,, KaXIblii U3 KOTOPBIX MOXXET HaXOAUTHCS
COOTBETCTBEHHO B CBOOOJHOM H 3aHATOM COCTOSHHH. 37€Ch IIO-
MIPEXXHEMY IO/ 3aHATHIM COCTOSHHEM OTAEIBHOTO (pepMeHTa MOXKHO
MMOHMMATh €r0 BOCCTAHOBJICHHYIO, IPOTOHUPOBAHHYIO H T. 1. (hopMy.
Jlns xoMiuiekca IBYX (DEPMEHTOB NPOCTPAHCTBOM DJIEMEHTApPHBIX
COOBITHI SBISETCS COBOKYIHOCTBH CIEIYIONIMX YETHIPEX COOBITHIA,
OTJIMYAIOIIMXCA JPYT OT Apyra COCTOSHHMEM JHOO IMepBOro, JInbo
BTOpOro (hepMeHTa:

Q=1{E'EY, EE}, EIE, E'EL|

3aecs, HampuMmep, COOBITHE (E?El2 ), O3HaJaer, YTO WEPBBIA
(dhepmenT cBOOOIEH, @ BTOPO# (PepMEHT 3aHAT.

CoBepiiieHHO aHAJIOTHYHO MOXKET OBITH PACCMOTPEH MyJIbTHhED-
MEHTHEIH KOMILJIEKC, COCTOMIINKI M3 II000r0 KOHEUYHOro uucia dep-
MEHTOB, KXIBIH U3 KOTOPBIX MOXXET HAXOJUTHCH B HECKOJILKHX, HE
0053aTEeNBLHO JABYX, COCTOSHHUSAX.

CoObITHEM OyneM Ha3BIBaThH JIO00€ MOJAMHOXECTBO A KOHEYHOTO
MPOCTPAHCTBA JIEMEHTAPHBIX coObITHi (). TakuM 00pa3oM, cauTaeT-
Csl, YTO TPOM3OMUI0 COOBITHE A, €ClIi MPOM30IUIO0 KaKoe-Tudo u3
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9JIEMEHTApHEIX COOBITHH, mpuHamIexkammx A4, Hanx caydaiineiMu
COOBI-THISIMH OTIpE/IENIEHBl HEKOTOPBIE ONEPAlMH, BEIPAKAEMEIE CIIO-
BaMH «H», «HIH», «He» W nX koMOumamuu [JIoss, 1962]. Tak, Ha-
MIPHEMED, KAKIOMY COOBITHIO 4 MOKHO COIIOCTABHUTH IIPOTHBOIIOIOK-
Hoe cobwiTHe 4 («He» JI), KOTOpoe OPOMCXOIUT TOJBKO TOrZa, KOTaa
HEe TpoucxoauT cobritre 4. ClieoBaTeasHO, ITH KE ONEPAA MOTYT
OBITh ompefeleHsl U Ha ¢GepMenTHBRIX (opmax. Himke npuBemena
KpaTKas CBOJKAa OCHOBHBIX OIl€palldii HAJ[ CIyYalHBIMH COOBITHAMH
[Cuxman u 1p., 1979].

O603Ha4YeHNE Hazssanue Onpezenenue

Q JlocToBepHoe cobrITHE COBOKYITHOCTB BCEX DIIEMEHTAPHBIX
CoOBITHI

A\B PasuHocts coOnITHii A 4 B CobriTHeE, cocTosIIee B TOM, 9TO IPO-
U30i1eT 4, HO He TpousoiieT B

A=0\A CoOrITHE, IPOTHBOIIONOXKHOE K A TTpoucxo/MT TOT/Aa, KOT/IAa HE IIPOMCXOAUT
cobeiTue A

%) HeBo3MoxkHOE COOBITHE Co0riTHE, IPOTUBOIIOI0KHOE JOCTO-
BEPHOMY COOBITHIO

A n B YMHOXeHue (TepecedeHne, CoB- TTpoucxoMT TOT/A ¥ TOJBKO TOr/a, KOraa

(4B) MelneHue) coouTuit A u B npoucxoaar oba cobutis 4 u B

A U B Cymma (06pemunennue) coburuit A TIpoHcXoauT TOraa, Korjaa NPOHCXOIUT

uB mbo cobriTHe A, mibo B

B xadecTBe HILIIOCTpALMK OLepanyii Haj GepMEHTHBIMH (hOpPMaMH
pacCMOTPHM IIPOCTPAHCTBO JJIEMEHTAPHEIX COOBITHI KOMILIEKCA,
COCTOSIIETO U3 IBYX (epMeHTOB (mIpuMep 4):

_fe0p0 popl R0 @il L
Q={E'EY, B'E}, EIEY, EIE! |={o,0, 0,0, }
ITycte E; — coOsiTHE, cocTosmiee B TOM, YTO HEpBbId (GepMEHT
1 .
cBobozien, a cobriTue E, coctout B TOM, UTO BTOpO# hepMeHT 3aHsT.

TMepeuncnenuem atux mByx coberruii EY E) = EVE} smasercs co-
OBITHE 0),, COCTOSIIEE B TOM, YTO HEPBEIHA epMeHT cBOOOIeH, a BTO-
poii pepment 3ansaT. Takum 06pa3oM, COCTOSIHHS PACCMATPHUBACMOTO
(epMEHTHOTO KOMIUIEKCA €CTh HE YTO HWHOE, Kak IepeceucHue
COCTOSHHM OTJAENBHBEIX (DEPMEHTOB, COCTABISIOMIMX KOMILIEKC.
3aMeTHM, 9TO PAa3NIMYHBIC COCTOSHHS KOMILIEKCA IBYX (EpPMEHTOB
HECOBMECTHBI, TIOCKOJIBKY KaXJI0€ W3 HUX OTIMYACTCS OT APYroro
cocTostHMEM OO0 mepBoro, mubo BToporo pepmenta. Bmecre ¢ Tem
oObeIMHEHUE BCEX COCTOSHHM KOMILIEKCA €CTh JOCTOBEPHOE
cooritie. Ilpo Takue ciydaiiHble COOBITHS TOBOPAT, YTO OHH
obpazyroT monHyo Tpymmy cobwertmii [['Hemenko, 1965]. Kopotko
ompeNieJicHHEe IIOJHOHM TPYIIBl COOBITHH  MOKHO  3alKcaTh
CIIeIYIOIIHM 00pa3oM:

UQ=Q,@ﬂ@=®(#D@$

JIEHO KaK CYMMa HECOBMECTHBIX COOBITHII M3 TTOJHOM TPYIIbI, HHBIMHA
CIIOBaMH, MOXeET OBITH BBIPXXEHO depe3 ;. Tak, HarmpuMep, COOBITH

E’, E!, E? \E}, E? U E}, MoryT 65ITE ClIe Ty oM 06pasoM BEIpae-
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HEI Yepe3 COOBITHS IOIHOM TPYIIIEL:
E? =E’E)+EE}; E) =EYE} +E’E);

(2.4)
EY/E, =EVES; E°UE! =E°EY +E’E} + E’EL;

1 1
Ha KoTOpoM cobbiTisi E; u E, yka3anbl cOOTBETCTBEHHO TOPH30H-
TAJILHON ¥ BEPTUKAIHHOW IITPUXOBKOM.

Puc. 16. Cxemarnueckoe =
H300paKeHHe Pa3IUIHBIX COCTOS- -
HMH KOMILTEKCa B €PMEHTOB 00 10 =
yx dep El E 2 El E 2 =
(11eHTpOB)
T'opH30OHTAIBHOMN U BEPTHKAIBLHOM IITPH- - - -— =
XOBKOH YKa3aHbI COCTOSIHHS E% H El2
01 11
El E 2 El E 2

TakuMm  oOpazom, s
KKI0T0 MYJIHTH(EPMEHTHOTO KOMIUIEKCA COBOKYITHOCTH BCEX €TO
COCTOSIHHH, OTJIMYAIONIUXCS APYT OT APYyra COCTOSHHAMM OTAEIBHBIX
(hepMEHTOB, ABJIAETCA IOJHOM IPYNIOH COOBITHIA.

2.2. BepoaTHOCTH COCTORHMIA KOMIIJIEKCA

PaccMoTpuM cirydaliHBIN 3KCIIEPUMEHT C KOHEYHBIM YHCJIOM pas-
JIMYHEBIX UCXOI0B M, ®2, . .., Op:

Q:{mls m277mn}
Ha npocrpanctBe 31eMeHTapHBIX COOBITHH () OIpEeAeIuM BEPOSTHO-
CTH DJIEMEHTapHBIX coObITHH p; = P{w;} Takum oOpa3om, 9ToOBI

D P@)=2p;=1, p;20. (2.5)
acQ i=l1
3necs M0 BCEM DJIEMEHTAPHBIM CO-
OpITHsM, cocTaBisomuM (). BepositHOCTBIO coObITHS 4 (AC(2) B
9TOM CITy4Jac Ha3bIBAIOT YHCIIO

P(A)= D'p;. (2.6)
wjcA

rue pPacIpoCTpaHseTCs [0 BCEM JJIEMEHTAPHBEIM CO-
OLITHSIM, COCTaBIONMM coOBITHE 4. ClemoBarensHo, €Ciad 3aJaHbl
BEPOSATHOCTH JJIEMEHTAPHBIX COOBITHH, TO MOKHO ONPEHEINTEL BEPO-
STHOCTE JIF000I0 CII02KHOI'0 COOBLITHS, COCTABICHHOIO U3 HHX.

B caydae mMynsTH()EpMEHTHOTO KOMILIEKCA 3JIEMEHTAPHBEIMH CO-
OBITHSMM SBIISIFOTCS €r0 COCTOSIHHS, BEPOSTHOCTH KOTOPEIX HE00XO-
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JAMO ONpeAenTh. B 9acTHOCTH, JJIsi KOMILIEKca ABYyX (hepMeHTOB,
KQXABI W3 KOTOPEIX MOXKET HAXOAHUTHCA B JIByX COCTOSHHSX —
CBOOOZIHOM H 3aHSTOM, IPOCTPAHCTBO 3JEMEHTAPHBIX COOBITHIA

UMeeT BHI Q:{E?Eo, E?EI, EIIEO, EIIEZI}={(01, W, M3, ©4}.
BepostHocTs 11000r0 COOBITHSA MOXKET OBITh BEIpAKEHA uYepe3
BeposTHOCTH p; = P{w;} smeMenTapubix coObiTHH. Hampumep,

BEPOATHOCTh TOTO, YTO MEPBBEIH (EpMEHT 3aHAT, MOXKET OFITh
3amucana cnez[yloan 06pa30M'

P(E}) = P(E{ES+E,E}) =P(E|ES) + P(E\E}) = p3+Da>

Kak u3Bectno [boposkos, 1976; I'mxman u np., 1979], Bepost-
HOCTH 00J1a/1aeT CICIYIOIUMHA CBOMCTBAMH:

1. BeposATHOCTH JOCTOBEPHOTO COOBITHS paBHA 1, a BEpOSTHOCTH
HEBO3MOKHOI0 coObITHs paBHa 0: P(QQ) =1, P(0) = 0.

2. BepodaTHOCTh HACTYIUIEHHS XOTA OBI OJHOTO M3 IBYX COOBITHI A
U B paBHa cymMMe BeposSTHOCTEH 3THX cOOBITHII [P(4)+P(B)] Munyc
BEPOATHOCTHL COBMeIenus 3tux cobwruii: P(AU B) = P(4)+P(B) —

P(ANB). Jlna HECOBMECTHBIX COOBITHH BEPOSTHOCTH HX

o0beMHEeHUs paBHA CyMME BEpOSTHOCTEH OSTHX COOBITHI: P(A4+
B)=P(A4)+P(B).

Ecin u3 pacrymienus coObiTHs A cleayeT HacTyILUIEHHE
COOBITHA B, TO BEPOATHOCTL COOBITHS A HE IIPEBOCXOIUT
BEpOSTHOCTH CoObITHS B: Ecu AcB, To P(A) <P(B).

4. JIns mo6oro coObITHS A €ro BEpOSTHOCTE HEOTPUIIATEIBHA U HE
npeBbImaet eauuunp: 0<P(4) <1.

B kauecTBe HIUIIOCTPAllMM CBOMCTB BEPOATHOCTH PaCCMOTPHUM
(hepMeHT, KOTOPEI MOXET HAXOAUTHCS TOJIBKO B JIBYX COCTOSHHSIX
— cBoOOmHOM H 3aHaTOM. IIOCKOIBKY CBOOONHOE H 3aHATOE
COCTOSAHHUA ABJIAIOTCA AOINIOJIHHUTCIIBHBEIMHA CO6BITPI5[MPI, TO HUMCIOT

MECTO CIICAYIOIIHUE COOTHOIICHUS: E! ﬂEO =, E' UE0 = E'+E%=
=Q B cuny cBoiicTB BeposaTHOCTH 1° 1 2° umeeM P(Q)=P(E! +E°)=

= P(El) + P(EO) =1. Takum 06pa3zom, Bceraa BEPOATHOCTH 3aHATOTO

cocrosiauss  (pepMeHTa  paBHA CIMHUIIe E"y BEPOSITHOCTD
cBo6ozHOTO cocrosiams hepmenta: P(E) = 1—P(E°)

2.3. YcioBHAs BepOATHOCTD.
He3zaBacaMOCTH (hepMEHTOB, COCTABJIAIONIAX KOMILIEKC

B psapge ciydaeB mpHXOTUTCS pacCMaTpPUBaTh BEPOSTHOCTH CIIY-
YalHOro COOBITHA 4, €ClIH U3BECTHO, YTO yXKE IIPOM3O0IILI0 HEKOTOPOE
Ipyroe coObpiThe B, MMeromee MOJOKUTEIBHYI0 BEPOATHOCTD - TaK
Ha3BIBAEMYI0 YCIIOBHYIO BeposTHOCTH [['Hemenko, 1965; BopoBkos,
1976; I'mxman u gp., 1979]. HanoMuuM omnpeenenne yCIOBHON Be-
POSITHOCTH.

VcoBHOH BEpOATHOCTBIO COOBITHS A, TPH YCIOBHH, 4YTO
mpou3onmio coorite B[P(B)>0], Ha3BIBAIOT CIEAYIOUIYIO BEIHNUYHUHY
(puc.17):

P,(4)= P(4/B) = TUANB)

5) @.7)
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YcnoBHas BEpPOSATHOCTD, KaK HECJIOKHO MTPOBEPUTH HENOCPEICTBEHHO,
obnanmaer Bcemu cBoricTBaMu 1° — 4° o0braHOM BepostHOCTH. U3 on-
penenenus (2.7) yCcIOBHOW BEPOATHOCTH Cpa3y CIEAYeT COOTHOIIE-
HUE

P(AB)=P(A)P(B/A)=P(B)P(A/B), (2.8)
KOTOpOE MEI OyieM Ha3bIBaTh (hopmyoi
YMHOXEHHSL.
B psizge cioydaes 1 HaX0xACHUS TOTO Psts
WJIH WHOTO CIIOXHOTO COOBITHS A GBIBaeT £oX
yI06HO PacCMOTPETh COOTBETCTBYIONIAM :"
o0pa3oM BBIOpaHHEIC BCIOMOTATEIHHBIC Rnes)

g esele.
CHXXD

coObITHs H; eciiv BBEIEHUE ITUX COOBITHIA
YIpOLIAeT 3aja4y W IO3BOJSET OIpejie-
JIWTH YCJIOBHEIE BepostHOCTH P(A/H)).
IIycte coOviTvsa H; 00pa3syroT HOJHYIO

rpymny  cobbitiit, T. e. | JH,=Q  Puc.17. K onpenenenmo
i YCJIOBHO} BEPOSITHOCTH

H,NH;=¢, i#. Torma mms mo6oro
cobriTs A (A —(2) uMeeT MecTo PaBEHCTBO

P(A) = Y P(AHL,) = 3 P(AH, P(A/IT;) (2.9)
i=1

i=1

@opmyny (2.9) 00bIMHO HA3BIBAIOT (GOPMYIIOH MOIHBIX BEPOSTHOC-
TEH.

PaccmoTpuM B KadecTBe MpHMEpa KOMIUIEKC ABYX (EepMEHTOB.
ITycts Hac wHTEpECYET BEPOSTHOCTH TOTO, YTO MEPBBIA (epMEHT 3a-
aat. CoOBITHE, COCTOMAIIEE B TOM, YTO MEPBBIA (ePMEHT 3aHAT, CKJIA-
IBIBACTCS U3 JABYX HECOBMECTHBIX COOBITHH, IIEPBOE M3 KOTOPBIX CO-
CTOHT B TOM, 4TO 00a )epMeHTa 3aHAThI, 2 BTOPOE€ — B TOM, 4YTO IIEp-
BBl depMenT, 3amAT, a BTOpoil — cBoGogen: E|=E|ES+E|E).
COOTBETCTBEHHO 3TOMY BEPOATHOCTE TOr'0, YTO IEPBEIA (hepMEHT 3a-
HSAT, MOXeET OBITh 3anucana creayromum obpasom: P(E] )= P(EIES )+

+P(EJE) ). 3aMeHsis Kax0€ ClIaraeMoe B 3TOH CyMMme no ¢opmyie
ymuoxenus (2.8), momyuanm

P(E; ) = P(E\/E; )P(E; )+ P(E,\/E, )P(E, ). (2.10)
AHanorngaoe COOTHOIIIEHHE CIpaBCAJIMBO JJIA BCPOATHOCTH 3aCTaTh
BTOpOil pepMent E 3amsrom cocrtosmuu P(E) ) = P(E,/E} )P(E' )+
P(E}/E})P(E}). TlonydeHHEle COOTHOMEHWS HpPEACTABISIOT COGOM

3amuch (OPMyJIBI TOJMHBIX BEPOSATHOCTEH JUIS KOMILIEKCA JIBYX
(dhepMeHTOB ¥ OyAyT HCIOIL30BAaHEl HaMH B JajJbHEHIIeM IMpH aHa-
JIM3€e ABJIEHHI B3aUMOJEHCTBHS (PEPMEHTOB, BXOIAIINX B KOMILIEKC.
ITockoasKy B 00IIEM cilydae BEPOSTHOCTH TOTO, YTO MEpBEIA (ep-
MEHT 3aHsAT, 3aBHCHT OT COCTOSHHS coceddero (Qepmenrta, TO

P(E|/EY) # P(E|/E}) .
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OpHuM W3 LEHTPAJIBHBIX MOHATHA TEOPHH BEPOSATHOCTEH SBISETCS
MOHSATHE HE3aBHCUMOCTH CIyYaMHEIX COOBITHIA.

MoXeT CIyYuThCS TaK, YTO BEPOSTHOCTH MHTEPECYIOMIEro HAC CO-
OnITHS A He 3aBHCHT OT TOrO, OCYIIECTBHJIOCh HJIM HET HEKOTOpPOE
JIPyToe COOBITHE IOJIOXHUTEIBHOW BeposATHOCTH. B TakoM ciydae
TOBOPAT YTO MEpBOE COOBITHE HE3aBHUCHMMO OT BTOporo. Ha s3bike
YCIOBHBIX BEPOATHOCTEH MJaHHBIA (DakKT MOXeT OBITh 3aIllHCaH
ciemyromuM  obpasom:  P(A/B)=P(A4). TlockonbKy  ycioBHas
BEPOSATHOCTH ompeaensercs cootnomenun P(4/B) =P(AB)/P(B), to
YCIJIOBHE HE3aBHCUMOCTH COOBITHI A ¥ B paBHOCHIIEHO BBIIOJHECHHUIO
CJICYFOIIIETO PaBEHCTBA:

P(AB)=P(4)P(B), (2.11)
KOTOpOE OOBIYHO W MPHUHWMAETCS 3a ONpPEICIICHUE HE3aBHCHMOCTH
JIBYX coObITHiA. TakuM 00Opa3oM, ABa CIyYaiHBIX coObiTHS A U B
HA3bIBAIOTCSA HE3aBHCUMBIMH, €CJIIH BEPOSTHOCTh WX IE€PECEUCHHS
paBHA OPOM3BEACHHIO MX BeposTHOocTed. Ciyuaiinele coObITHS B
B,,..., B, Ha3bIBAIOTCS HE3aBHCHMMBIMH B COBOKYHOHOCTH [BOpoBKOB,
1976; I'uxman u n1p., 1979], ecau s moboro &, 1<k<n u myis mo0oro

aabopa HUHAEKCOB Iy, i3, . . ., Ik 1< 1< [<...< i< 1 BHIIOIHIETCS
PaBEHCTBO
k k
P N8, =]'[1P(Bir) 2.12)
r= r=

B uwactnoctu, ecnu coObiTHA B),.., B, HE3aBHCHUMEI B COBOKYITHOCTH,
TO J00ble JBa coOwiTMS B; u B, (i#/) pe3zaBucumel. OOpatHoe
YTBEPK/ICHHE HEBEPHO.

B orHoOIIEHHH HE3aBHCHMOCTH COOBITHI TPUHIUOHAILHBIM SBJIS-
eTcs CASAYIOmUK (akT, ¢ KOTOPEIM MEI CTOJKHEMcs jganee. Eciu co-
ObITHS B,.r paccMaTpuBaTh KaK OTHOCSIIMECS K OTIACIBHBIM (epMeH-

TaM MYyJGTH()EPMEHTHOTO KOMILICKCA, TO COTJIACHO BBIPAXCHHIO
(2.12) BEpOATHOCTL COCTOSHHA KOMILIEKCA ONPEEIAETCS BEPOATHO-
CTAMH COCTOSHHI COCTABIIAIONINX €ro (hepMEHTOB, €CIIH 3TH (epMeH-
ThI CTATHCTHYECKH HE3aBUCHUMBL. B pOTHBHOM ciyuae, py HaJMYUH
B3aUMOJIEMCTBHH, 00YCIOBIMBAIOIINX CTATHCTHYECKYIO 3aBHCHMOCTh
COCTOSHHMI OTAETBHBIX ()EPMEHTOB, IO BEPOATHOCTAM COCTOSHHI
OTJeIsHBIX (JepMEeHTOB, BOOOIIE TOBOPS, y)K€ HEIb3s ONpEHEIINTh
BEPOSTHOCTH COCTOSTHUS BCETO MYJIbTH()PEPMEHTHOTO KOMILIEKCA.
Onpenenenre HE3aBUCHMOCTH CITydalHbIX coObITHiA (2.11) npuBo-
JUT K CIEIYIOIMIEMY, COTIJACYIONIEMYCS C HHTYHI[UEH, CBOMCTBY
HE3aBHUCHUMEIX COOBITHH. Ecny coObiTiS 4 ¥ B He3aBUCHMEI, TO A U

B, A uB, A u B— He3aBUCHMEI.

PaccMoTpuM B KadecTBe mpHMepa KOMILIEKC IBYX (hepMEeHTOB.
ITycte xaxaplii pepMeHT HaXOAUTCS B CBOOOJHOM W 3aHSATOM CO-
CTOSTHHM HE3aBHCHUMO OJIMH OT JApyroro. B aToM ciydae BEpOATHOCTH
COCTOSTHUS KOMILICKCA JBYX (DepMEHTOB paBHA ITPOM3BEICHUIO BEPO-
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STHOCTEH COOTBETCTBYIOIINX COCTOSIHHK OTHENBHEIX (GEpPMEHTOB, CO-
CTaBJISTFOIIAX KOMILIEKC:

P(EJE))=P(E] )P(E;) P(E|E})=P(E] )P(E})

(213)
P(E{E}) = P(E; )P(E})  P(E{E;)=P(E; )P(E})

CITy9aiHBIX COOBITHIA TTO3BOJISET CYIIECTBEHHO YMEHBIIUTE YHCIIO OTI-
penenseMbIXx BenwduH. J{eicTBUTEIRHO0, B 00MEM clydae, KOrja co-
CTOSTHUS. KOMTLJIEKCA, COCTOSIIETO U3 # KOMIIOHEHTOB, KKJIBIA U3 KO-
TOPBIX MOXCT HAaXOMUTBCA B JIBYX COCTOSAHHAX, 3aBUCHMbI, HaAM HC-
ob6xomuMo onpenenuTs 2" — 1 BeposSTHOCTEH COCTOSHHA KOMILIEKCA.
B cnydae jxe xorjga KOMIOHEHTHI KOMILIEKCA HE3aBHCHMEBI, HE00X0-
IAMO ONPEIENIUTh, BCEr0 7 BEPOATHOCTEH COCTOSHHWHN OTHENBHBIX
KOMITIOHECHTOB, COCTaBJISONIAX KOMILICKC, HCXOJIS U3 KOTOPBIX MOTYT
OBITH OIpeE/IEIeHbl BEPOATHOCTH BCeX 2” COCTOSHMIA KOMILIEKCA.

2.4. Cayvyaiiable BeJIHYHHBLI HA IPOCTPAHCTBE
depMenTHBIX hopM

Jlo cux mop MBI paccMaTpHBAIIM Cly4YalHbIE COOBITHA M X BEPO-
stHOCTH. YacTo, ogHaKo, CiaydaiHble COOBITHS ONPEIEIAIOTCS HE He-
MOCPEACTBEHHO, a C TOMOIIBI0 TE€X WM HWHBIX (YHKIHOHAIBHBIX
orpaHu4eHM. B CBA3M C 3THM B TEOPHH BEPOSTHOCTEH pPacCMaTpH-
BAIOTCS CIyYaiHbIC BEIWYWHBI, T. €. (GYHKIHWH, ONpEACICHHBIC Ha
MIPOCTPAHCTBE 3JIEMEHTAPHBIX COOBITHH M TTPUHHMAIOIIUE B 3aBHCH-
MOCTH OT PE3YJbTaTOB JKCIICPMMEHTA TO WJIM HWHOE YHCICHHOE
3HAYEHHE.

B 3aBHCHMOCTH OT THIIAa MHOKECTBA 3HAYEHHH, KOTOPEIE MOXET
MIPUHUMATH CIydaiHas BEIMYMHA, OOBIYHO BBIICIISIOT JIBa Hanbosee
BKHBIX THMA CIYYaWHBIX BEJIVMYHH — JUCKPETHBIN ¥ HENIPEPHIBHBIM.
CrnydaifHas BeTMYMHA AUCKPETHOTO THIIA MOXKET NPUHUMATE JIHUIIH
M30JIMPOBAHHBIC 3HAYCHUSA B KOHCYHOM WJIM CYCTHOM YHCIIC, & CIIy-
YaiiHas BeJIMYMHA HEMPEPLIBHOTO THMA — BCE 3HAYEHUS HEKOTOPOTO
WHTEpBAaJa.

PaccMoTpuM HECKOJBEKO TTPUMEPOB CIYYaWHBIX BEJMYHH, OTIPEJIES-
JICHHBIX HAa COCTOSHUAX MYyJIETU(EPMEHTHOTO KOMILJICKCA.

1. ITycts uMeeTcs epMEHT, KOTOPBIA MOXKET HAXOAUTHCS BCETO B
JIBYX COCTOSIHHSX — CBOOOZHOM M 3adstoM. ClydaiiHoi BeIHMYMHOM
SIBJISICTCS, HAITPUMED, HHAUKATOP Y, COOBITHS, COCTOSAIIETO B TOM, YTO
(hepMeHT 3aHAT:

_ 1, ecnu pepmenT 3aHAT
X 0, eciu pepmenT cBOOOICH

Ciyuaiinioli BEeIMIUHON ABIISICTCSA TAKXKE BpEMS T, B TCUCHHE KOTOPO-
ro (hepMEHT HAXOJUTCA B 3aHATOM COCTOSIHMH. B oTivume oT ciydaii-
HOH BENWYHHEI ¥, KOTOpas MOTJIa IIPHHUMATh BCETO IBa 3HAYCHHS,

ciIydaiinas BeJTHYWHA T MOXET IIPHHHMATEL BCE 3HAYEHHUS IIPOMEKYT-
Ka [0, o).
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2. PaccmoTpuM koMmimiekC 7 (EpPMEHTOB, Ka)Ablii M3 KOTOPBIX
MOKET HAaXOIUTHLCA B CBOOOTHOM M 3aHATOM cocTosuuax. Ciaydaiinoi
BEJIMYHHON SBJISETCA, HAIPHUMED, 00IIEe YHCIIO 3aHATHIX (PEPMEHTOB
n: =k, ecnu k pepmenTOB 3aHATO. DTa Clydaiinas BEIHYHMHA MOKET
OBITH CIIEIYIONIUM 00pa30M BBEIpaXKEHA depe3 CIyYalHEBIE BEIMYHHEI
#; BBEJIEHHbIE B IIEPBOM IIPHMEPE:

n
n= % (2.14)
i=1
HBIX COCTOSHHAX Si, S, ..., Sy». ECIH KaXI0€ COCTOSHHE KOMILIEKCA

MMEET CBOM COOCTBEHHEBINM CHEKTP MOIJIOMIEHHS & = g4{A), Tae A —
JUIMHA BOJIHBI CBETA, TO ClydaiiHas BEIWYHHA E: & = &, €CIH KOMII-
JIEKC HAXOIUTCS B COCTOSHHUH S,, ONPEACNACT CICKTP MOTJIOMICHUST
KOMILIeKca (epMeHTOB.

Jlns 3amanus caydainoii BeTuduasl He00OX0IUMO 3HATh HE TOJIBKO
T€ 3HAYCHHS, KOTOPHIC MOXKET TPUHUMATE JTa CIydaiHas BEIUYHHA,
HO M BEPOSTHOCTH 3THX 3HAdeHHid. /lJi1 Toro 4roOml 3a7aBaTh HX, B
TEOPHUI0 BEPOSATHOCTEH BBOIAT MOHATHEC (YHKIUH pacupencliCHuUs
ciyuainoii envannusl [['Heaenko, 1965].

ITyctb &— crnydaiinas BeTM4HMHA B X — IIPOM3BOJIBHOE YHCIO. Be-

posiTHOCTB coOBITHA A = {®: & (®) < X}, COCTOSAIIETO B TOM, YTO CITy-
YaiHas BelMYWHA & IPUMET 3HadYeHHe, MEeHbIIee, YeM X, Ha3bIBaeTCs
GdyHKIHER pacnpenencHus Ciydainoi Bemuuuusl &: F(x)= P(4) =
=P{o: € (o) <x}
CgoiictBa (yHKOHUI pacmpeieleHus, €CTECTBEHHO, OTPa)XaroT COo-
OTBETCTBYIOIIHE CBOKCTBA BeposTHOCTEH: 1) ecimu X<y, To F(x) <F(y);
2) F(-0)=0, F(w)=1, 0<F(x)<1. Yacto BMecTO yka3aHus (DyHKIIUH
pactpeaeleHns CIydaiHoi BeIMYHUHEI OBIBAET JOCTATOYHO YKa3aHHS
TaKUX €€ YUCIIOBBIX XaPaKTCPUCTHUK, KAK CPEIHEE U TUCTICPCHUL.

MareMaTHYeCKHM OXXHJIAHUEM (CpEeIHNM) CIIydaiHON BeTHYUHEI |,
uMerommen GpyHknuro pacupenencuus P(x), Ha3pIBacTCA BEIMYHHA

PaccMoTpuM npuMeEpPBI BEIYUCIIEHUS CPETHETO CIydaiHBIX
BCJIMYUH.

JUIsL TACKpPETHOM ciydaiinoit Be-

n n
— = JIMIAHEBI AHAMAIOIMCH 3HAa4C-
Y xPE=x)=Y xp, mp et 3nage
i1 i1 HHS X; C BEPOSITHOCTBIO D).

Mé = TxdF(x) =

o < JUIsT HETPEpHIBHOM  CirydaiiHON
_[xp(x)dx = BCIIMYHMHEBI, HKMEIOIIEH IUIOTHOCTh
—® pacrpezenenus p(x).

4. Cpennee 3HaYeHHe CIydailHoW BenwuumHEBI ¥ (cM. mpumep 1),
MpUHUMArONIEH 3Hauenue 1, ecnu dbepMeHT 3aHAT (C BEPOSTHOCTHIO
p), u 3aauenue 0, ecnmu hepMeHT cBOOOAEH (C BEPOSATHOCTHIO 1 - p),
paBHO ucxonad u3 ompenenenus My= 1 p+0 (1 - p)=p. Takum 006-
pasoMm, cpeaHee 3HaYCHWE WHAMKATOpPa COOBITHS PaBHO BEPOSTHOCTH
3TOr0 COOBITHS.

5. PaccMOTpHM KOMIUIEKC IBYX (PepMEHTOB, KaX/IbIi U3 KOTOPBIX
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MOJKET HAXOIUTHCS B ABYX COCTOSTHUSIX — CBOOOHOM H 3aHSTOM.
Haiinem cpennee uncno 3aHAThIX hepMeHToB. MMeeM

2
Mn=YkP(n=k)=0-P(ELEY)+
k=0

+1-[P(E)E}) + P(E{EI)+2- P(E{ E}) = P(E}) + P(E>)

csi paBeHCTBOM (2.14) ¥ npeIBI Iy MM TPUMEPOM.

IlepeunciiM OCHOBHBIE CBOMCTBA MAaTEMAaTHYECKOTO OXHIAHWS
[mompobuee cm.: BopoBkoB, 1976; I'mxman u ap., 1979]. Hmwxke npen-
nonaraercs, uto ME, Mmn <co. B cuimy ompeneneHuss MaTeMaTHue-
CKOTO OXXUIAHWS €r0 CBOWCTBA COBIANAIOT C TAKOBEIMH JJII CyMM
(uHTETpaIoB).

1. CpoiictBo aggutuBHOCTH M(E+1M) = ME+Mn, T. e. MareMa-
THYECKOE OXHIAHWUE CyMMBI CIIy9alHBIX BEJIMYMH PAaBHO CyMME Ma-
TEMaTHYECKUX OXKHIAHWHA dTUX CITyJalWHBIX BEJIMYAH.

2. CaoiictBo omHopoguoctd M(a€)=aM(E), (a — uyucmno), T. e.
YHCIIOBOM MHOXHWTEIH MOXXHO BBIHOCHTE W3-T10J] 3HAKA MaTeMaTHyde-
CKOT'0 OXHTaHHSs.

3. MyJIbTHINIMKATHBHOE CBOMCTBO /IS HE3aBHCHMBIX CIIy9aiHBIX
BenuunH. Ecii cyuaiinplie BenmMuuHbl & U M HE3aBUCUMBI, TO MaTe-
MAaTHYCCKOC OXHIAHHUC HX IIPOU3BCACHHUA PABHO IIPOU3BCACHHUIO HX
MaTeMaTHdecKkux oxumanuii: M(En) — MEMm. O6paTHOE yTBEpMKIC-
Hne, BooOI1Ie ToBops, HeBepHO [bopoBkos, 1976].

B kagecTBe mpuMepa WCIIONB30BaHUSA CBOWCTB MAaTEMaTHYECKOIO
OXXMJIaHMs BBIYHCIMM CpEJAHEee YKCIO 3aHAThIX (epMeHToB (CM.

n n n
npumep 2). Umeem Mn=M Zli = ZM;(I. = Zpi . 3necs
i=1 i=1 i=1
WCIIONIb30BaHO paBeHCTBO (2.14) ® CBOWCTBO aIIUTHBHOCTH
MAaTEeMaTHYECKOTO OXXUIAHWS. 3aMETHM, 9TO IOJYYCHHOE PABEHCTBO
CIpaBeIMBO W B Ciy4ae, Korga (EpMEHTHI, COCTaBJISIOIINC
KOMILJIEKC, 3aBUCHMBEI.

2.5. Iepexoanl MexIy (pepMEeHTHBIMEA (hopMaAMH
KaK MAapPKOBCKH# mpomecc

Jlo cux 1mop, TOBOPS O CIyYalHBIX COOBITHAX M MIX BEPOATHOCTSX,
MBI HE pacCMaTpHUBAIM WX 3aBHCHMOCThL OT BpeMcHH. Tak, MBI pac-
cMaTtpuBai (hepMEHT, KOTOPBI MOXXET HAaXOAUTHCS B JBYX COCTOS-
HusX. IIpu 5TOM MBI HaMEpPEHHO HE YIOMSHYJIM O TOM, 9TO CIIydai-
HEIE COOBITHS, COCTOSIIME B TOM, 4TO (pepMEHT CBOOOJEH W 3aHsT,
SIBJISFOTCS CIEACTBHEM B3aUMOJIEHCTBHS C CyOCTpaToM, IpHYeM 3TOT
porecc pa3BuBaeTcs Bo BpeMeHrn. O4YeBUAHO, YTO BEPOATHOCTH yKa-
3aHHBIX COOBITHH TakXe JODKHBI 3aBHCETh OT BpeMeHH. Takum 00-
pa3oM, HEOOXOAMMO PACCMOTPETHh HE MPOCTO CIyYaWHBIE BEJTMYWHEL,
a CIIy4yaiiHbIe BEIIMYUHEI, 3aBUCAIINE OT MapaMeTpa — BPEMEHH.
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Hwmxe npuBeneHsl HEOOXOIUMBIC CBEICHUS O CIIyYaldHBIX IIPOIIEC-
cax. JIns Ooree MOIHOTO O3HAKOMIIEHHS C TEOPHEN CIIy9alHBIX MpO-
[IECCOB, HEOOXOIUMO OOpallleHHe K COOTBETCTBYIOLUIEH IHTEpaType
[bapTnert, 1958; Kapmun, 1971; Bentuens, 1975; I'nmxman, Ckopo-
xop, 1977; Pozanos, 1979]. Hapsay ¢ TEpMHHOM «CiIy4alHBIH» IPO-
1ecc B JIUTEPATypPe YacTO WCHOJE3YIOT TAKXKC HA3BaHWS «BEPOSTHO-
CTHBII), WM «CTOXAaCTHYECKHI, TIPOTIECC.

Ciy4JaiiHBIM IIPOIIECCOM HA3EIBAETCH CEMEHCTBO CIIy4YalHBIX BEIIH-
YWH, 3aBUCANIAX OT TapaMerpa f, MpoOEraromero HeKOTopoe MHOXKE-
ctBo 7. OTOT mapaMerp Mbl OyaeM mucaTh JHOO B BHAE HIDKHETO
uHzaekca, Hanpumep &, t€T, mubo B ckobkax, Hanpumep &(7). Cimy-
yaligple TIPOIECCHl yI00HO KiIacCH(PHUIUPOBATH B 3aBHCHMOCTH OT
TOT0, HENPEPBIBHOE WIIM IUCKPETHOE MHOXXECTBO 3HAYEHHH MOIYT
mpoOerats ciaydaiiHas BenwduHa & W ee mapaMeTp /, WHTEPIpPETH-
pyeMblii 0OBIYHO Kak BpeMs. B COOTBETCTBHM C 3THM MBI HOJIY4YUM
CIIeayoInye YeThIPe OCHOBHBIX BHjIa mporeccoB [bapyda-Pun, 1969].

1. TTpouecc ¢ KOHEYHBIM CUETHBIM YHCIIOM COCTOSHHWMN M JUCKPET-
HEIM BpeMeHeM. B 3ToM cllyyae MOMXHO CUMTaTh, YTO «BpeMsa» f
mpoOeraeT mocieI0BaTeIbHOCTh HATYPAIbHBIX YHCET U MO3TOMY IIPO-
MECC CBOAMTCS K IOCIIEAOBATEIBHOCTH CAy4YalHbIX BenwduH &, (BO-
0011e TOBOPA, 3aBHCHMBIX ), MOTYIIHUX OPHHUMATH JIMIIL JUCKPETHOE
MHOXECTBO 3HA4YCHHUM. TUIHWYHBIM MNPHUMEPOM TaKOr0 CIydaitHOro
mpoliecca ABIAETCs CIydaiHoe Oay)KIaHue YacTHIbI 0 eJIOUHCIICH-
HEIM TOYKaM, KOTOpas B JHCKPETHEIE, PABHOOTCTOAIIHE JPYT OT ApPYy-
ra MOMEHTHI BPEMEHH C BEPOSATHOCTBIO p TIEPEMEIAeTCs BICBO, a C
BEPOSTHOCTBIO 1—p — BIIpaBo.

2. Tlpomecc ¢ HEMPEPHIBHEIM MHOXKECTBOM 3HAYCHWH M JUCKPET-
HBEIM BpeMeHeM. OTOT Cilydad OTJIMYAeTCs OT HPEeAbIAYIIEro UL
TeM, 4TO ClIydaiiHas BeIMYHHA MOXXET NPHHMMATH BCE 3HAYEHHUS W3
HEKOTOPOTO MHTEPBAJIA.

3. IIponecc ¢ KOHEYHBIM (CYETHBIM) YHCIIOM 3HAYEHWH W HEIpe-
PHIBHBEIM BpeMeHeM. OTOT THI CIy4aiHBEIX MPOIECCOB Oyer
pPaccMOTpeH HaMH B JajbHeWIeM Hauboyiee MmoapoOHO, MOCKOIBKY
OH IPH JOCTATOYHOH JJIEMEHTAPHOCTH HAXOAWT cebe ecTeCTBEHHOE
MPUMEHEHHe IS Onucanus (YHKIHOHHUPOBAHHUS CHCTEM, MOTYIIHX
HaXOJUTHCA JIMIIE B KOHEYHOM (CYETHOM) YHCJIE COCTOSIHHH.

4. HenpepsiBHBIA TPOIIECC C HEMPEPHIBHEIM BpeMeHeM. B sTom
ciydae Kak &, Tak ¥ mapameTp ! MOTYT IIPHHAMATh KOHTHHYYM 3Ha-
YeHMIA.

ITomumo kmaccuGuKaIMy CIydaiHBIX MPONECCOB IO XapakTepy
(ha3oBOro MpoCTpaHCTBA ¥ THIA MapaMeTpa f, CyIIeCTBYIOT U ApyTHe
KiIaccr(puKanuy CIy4aiHbIX mporeccoB. Hibke paccMOTpeHEI Tak Ha-
3BIBAEMBIE MApPKOBCKHE TMPOIECCH, C MOMOMNIBI0 KOTOPBIX €CTeCT-
BEHHO OIHMCBLIBAETCSA OOJBIIOE KOJWYECTBO COJEPIKATEILHBIX 3a/ad.
Haubonee BaxxHoii uepToOii MapKOBCKOTO MPOIECCa ABISETCS IBOJIIO-
[IMOHHBIN XapakTep ero pa3BUTHA: COCTOSIHHE MPOIECCa B HACTOAIIEM
MOJTHOCTEIO OMpPEAEIISeT €ro BEpOATHOCTHOE IIOBEAEHHUE B OYyIIIEM.
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IIpeanomoxumM, 9T0 MyIbTH(DEPMEHTHEIN KOMIUIEKC MOXET Haxo-
JIUTBCS B COCTOSHUAX Si, Sy, ..., S, (1,2, ..., n). Hamomaum, aro
IO/l COCTOSIHUEM MYJIbTH()EPMEHTHOIO KOMILIEKCA MbI IIOHHUMAEM IIe-
pecedenne COCTOSIHUM OTIETBHBIX (epMEHTOB, COCTABIISONINX KOMII-
JIEKC, IIPHYEM IIPHUPOJAA COCTOSHHH OTAEIBHBIX (PEPMEHTOB MOKET
OBITH IPOU3BONILHOM. Haxoasch M3HavansH0, HAIIPUMED, B COCTOSTHUH
S|, KOMIUIEKC KaK0oe-TO CIIydyaiHoe BpeMs HaXOIUTCHd B 3TOM CO-
CTOSHHM, a 3aT€M «MTHOBEHHO) IEPEXOJIUT B OJHO M3 COCTOSHHH Sj,
ey Sy OTOT TEPEXOM OCYLICCTBIIICTCS CIyYalHBIM 00pa3oM B TOM
CMBICIE, YTO HEHM3BECTHO TOYHO, B KAaKOE€ COCTOSIHHE IeperieT
KOMILJICKC, @ M3BECTHO JIMIIb C KAKAMHU BEPOSTHOCTIMH OCYIICCTBIIS-
€TCS TOT WJIM MHOM Tiepexoj]i. B HOBOM COCTOSIHHH KOMIUIEKC OMSTh
HaXOJHUTCA KaKoe-TO CIydJaiHOe BpeMs, a 3aTEM OISNTh OCYIIECTBIIA-
eTCs IEPECKOK B KaKoe-JIH0O0 JIpyroe COCTOSHHE M T. JI. BBemeM 000-
3pauenue &, = k, eCM KOMIUIEKC HAXOJUTCH B COCTOSHUK kK B MOMEHT
BpeMeHH f. lleHTpalbHBIM OIS ONHCAHHS MAPKOBCKHX MPOLECCOB
SBJISIETCS TIOHATHE TIEPEXOIHOW BEPOSATHOCTH Py(s,t), KoTOpas OI-
penensercs CIeayonuM 00pa3om:

PE, =k¢&, =i

Puls) =P, =k, =i =2 =k =0

PE,=1)

Benmuunna Pjy(s,?) ecTh ycaoBHAsI BEPOSTHOCTh TOTO, YTO KOMILIEKC
B MOMEHT BPEMEHH ! HAXOIUTCS B COCTOSHHH k, IIPH YCIIOBUH, YTO B
MOMEHT BPEMEHH S KOMILIEKC ObUT B cOCTOSHUM i. HBIMH ClIOBaMH,
P;(s,t) TpakTyeTcs Kak BEPOSTHOCTh IEPEX0Ja KOMILIEKCA M3 i-I'0O
COCTOSIHHA B k-€ 32 BpeM £-s.

Bynem mpenmonarath, 4TO €CiI¥ B JaHHBIA MOMEHT BPEMEHH U
MyJIbTA(DEPMEHTHBI KOMIUIEKC HaXOAWTCA B COCTOSHHUH j, TO B TO-
CIIEIyIOIAA MOMEHT BPEMCHH ! KOMIUIEKC OyIeT HaXOIWTHCS B CO-
CTOSIHHK Kk, C HEKOTOPOM BEPOSTHOCTBIO Pj(u,t) HE3aBHCHMO OT IIO-
BEJICHUS KOMIUIEKCA 0 YKa3aHHOTO MOMEHTa BpeMeHH u. MHbIMU
CIIOBaMH, MBI TIPEJIIIOJIaraeM, YTO ONHKCHIBAIONINKA TOBEICHHE KOMII-
JIeKca CIydaiHbld mpomecc &, ABISETCS MAapKOBCKUM CIy4aHHBIM
MPOIIECCOM C JMCKPETHBIM YHCIOM COCTOSIHHA W HEIPEPHIBHBIM
BpemereM [lIIunkapes, Benenukros, 1977].

Onpenenenre HE3aBUCUMOCTH «OyIyIIEro» OT «IIPOILIOTO)» IIPH
H3BECTHOM «HACTOSIIEM» MOXET OBITH C(HOPMYITHUPOBAHO CIEIYIO-
muM obpazoM. PaccMOTpHM IIpOU3BOJIBHEIE MOMEHTEI BPEMEHH S, 1, £,
Takue, uro s<u<t (puc. 18). Torma ycmoBHas BEpOSTHOCTh TOTO, YTO
KOMIUJIEKC B MOMEHT BPEMEHHM ! HAXOAWTCA B COCTOSIHMHM k TIpH
YCJIOBHH, 9YTO B MOMEHTHI BPEMEHH U M § KOMIUIEKC HAXOJMIICH COOT-
BETCTBEHHO B COCTOSHMSAX j U i, paBHAa YCIOBHOW BEPOATHOCTH TOTO,
4YTO B MOMCHT BpPCMCHH { KOMIUIEKC HAaXOIUTCA B COCTOSHHH k IIpu
YCJIOBHH, YTO B MOMEHT BPEMCHH # KOMIUICKC HAXOIMICA B COCTOS-
HUH J:

P(&, =kE, = j,& =) =P(§ =ki, = j) (2.16)

Oty dhopMyIy MOXKHO IIPOYECTh TaK: €CJIM TOYHO U3BECTHO COCTOSIHHE

(2.15)
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KOMILJIEKCa B HACTOSIIMIA MOMEHT BPEMEHH 1, TO Oy/IyIliee COCTOSHHE
KoMILIekca (IIpH {) He 3aBHCHT OT €ro MPOILIOro COCTOSHUS (IIpH S),
WM, 9TO TO >X€ caMmoe, JUIs ompeaelicHus Oyaymero COCTOSHHS
Irporiecca JOCTAaTOYHO 3HATh COCTOSIHHE KOMILIEKCA TOJIBKO B HACTOS-
M1 MOMCHT BpEMCHH 1.

BaxHoCTh IEpeX0IHBIX BEPOSTHOCTEH ONPENEIICTCS TEM, YTO OHU
MO3BOJISFOT ONPEIENIUTH BEPOATHOCTH BHAA

PE, =k, = jé, =), (2.17)
€CIId TOJIFKO HM3BECTHO HadaJbHOE COCTOSHHE mporecca. JleicTBh-

TEILHO, MPHMEHSS IOCIeNoBaTeasHo (Gopmyiny ymuoxenus (2.8),
MIOJIyYHM

P =k, =j¢ =0)=
P(ft =k/é:u :jlfs :l)P(Cfu :j/cfs :l)P(fs =l)

Bocmonb30BaBIIKCh Temeps ONpEAeIeHeM MapKOBCKOTO IIPOIEC-
ca, 3aMEHHM TEPBBIi COMHOXHUTEINH cornacHo dhopmyne (2.16). Ume-

em: P =k¢, =j.¢ =0)=p(s)E;(s,u)Py (u,t), rme BBeseHo
obosnagenue p,(s)=P(& =i).

JIis mepexoaHbIX BEPOSTHOCTEH MapKOBCKOTO CIyYaiHOTO MpO-
mecca cIpaBelInBa CleayIomas Baxaas GopMylia, KOTOPYIO OOBIYHO
Ha3bIBAOT ypaBHeHUEM KonMoropoBa — Uenmena:

P, (s,t)= il}(s,u)ij (u,t), (s<u<i). (2.18)
i

Cwmeicn cootHomenus (2.18) cnenyrommuii (puc. 18). Jlyis Toro 4To0s!
MEPEHTH W3 COCTOSHUA [ B COCTOSIHHWE k, CIydaiHBIA mporecc B
MIPOMEXYTOUYHBIA MOMEHT BpPEMEHH u JIOJDKEH TNPHHATH HEKOTOPOE
3HaYEHUE j, a 3aTEM IIEDEHUTH U3 3TOT0 COCTOSHHS B cCOCTOsSHUE k. DTa

Homep cocmoanus

v

5 U 13

Puc. 18. K omnpenenenuio MapKOBCKOTO ITporecca

(dopMynia ecTh He YTO HHOE, Kak (opMysa MOJIHBEIX BEPOATHOCTEMH,
3amyMcaHHas C Y4ETOM MAapKOBCKOI'O CBOMCTBAa HE3aBHCHMOCTH
OyIyIIero ot mpoImwioro.

Yuratene 0e3 Tpyaa orMmeTuT, uro ¢opmyna Koamoroposa-
YenMena mpeacTaBiasgeT coOoii He 9To HMHOe, Kak GopMyla YMHOXeE-
HHAS MaTPHI]

P(s, H=P(s, u)P(u, 1), (2.19)
rae P(s, ={Puls, D)} ij=1....n
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2.6. Ypaenenns KoamMoroposa /1Jisi nepexo/THLIX BEPOATHOCTEH

ITpu ecTecTBEHHBIX MPEAIOJIOKEHUAX OTHOCHTEIBHO XapakTepa
W3MEHEHHUs TEePEXOAHBIX BEPOATHOCTEH Ha MajbIX BpPEMEHaxX Crpa-
BeIuBHl T depeHnrabHbIEe YpaBHEHHUS, KOTOPhIE TO3BOJISIOT KOH-
CTPYKTHBHO OIPEICIIATE TH IEPEXOTHBIC BEPOSTHOCTH.

ITpenmnonoxuM, 9T0 CymecTByeT mpeen

lim Py (tt+At) -6, —
A0 At ! (2.20)
rae Oy =0, ecim j#k u 8; =1, eciu j=k.

CMEBICHT BBEICHHBIX BEIWYUH aj; (j#k) COCTOHUT B TOM, 9TO OHH
[IPEICTABISAIOT CO0OM HPOM3BOAHEBIE IEPEXOIHBIX BEPOSTHOCTEH B
Touke . COOTBETCTBEHHO 3TOMY BEPOSTHOCTH TOTO, YTO KOMILIEKC,
HaXOJUMBIIMKCS B MOMEHT BPEMEHHM [ B COCTOSIHHH J, 3a BpeMs Af mie-
pelieT U3 Hero B cOCTOSHUE k ecTh (j=k)

Py (tt+At) =a, (At +o( A

(2.21)
fim 2490 _ g
CumBoin o(Af) o3uauaer, 9aTo 40 Ar . Benmuunsl a;(t) 06b14HO
HA3BIBAIOT IUIOTHOCTSAMH BEPOSATHOCTEH IEpexoja M3 j-T0 COCTOSHHS
KoMiuiekca B k-e. B cuny onpegenenus (2.20) Benuuunsl aj(t) (j=k)
HEOTPHUIATENLHBI, IPUYEM CTydaii paBeHCTBA HYJIIO HE HCKITIOYACTCS.
Benuunny a;i(?) MOKHO BBIPA3UTh Yepe3 IIOTHOCTH BEPOSTHOCTEMH
nepexoa. JlelcTBUTENBHO, TOCKOBKY C BEPOSTHOCTHIO 1 3a BpeMs
At xOMIUIEKC MO0 OCTaHETCS B HMCXOJHOM k-M COCTOSIHHH, JHOO
mepeer W3 Hero B OJHO M3 (n—1) OCTaBIIHMXCS COCTOSHHIA,
CIpaBeIMBO PABCHCTBO

Pu(tt+A0)+Y Bt +Af)=1 (2.22)
Jk
Ilepenocs P, (tt+At) B OPaByIO 9aCTh PaBEHCTBA, €N 00€ 9acTs

paBeHcTBa Ha Af, ycTpeMss Af K HYJIIO B TOJB3YACH (2.20), momydum
Yaut)=-au® (2.23)
j*k
B cB#3u ¢ nonydenHoi GopMyIoii yMECTHO OTMETHTE CMBICIT
BENMYUHEI a(t). Tak xak P, (1,¢ + Af) — BEpOATHOCTH OCTATHC
yepe3 BpeMsi Al B COCTOSIHUH k, TO BEPOSITHOCTH MIPOTHBOIIOJIOKHOTO
COOBITHS, COCTOSMIETO B TOM, YTO B TEUEHHE ITPOMEXKYTKA BpEMEHH (f,
At ) Tpon30iIeT IePEXo/l, paBHa
1-P,(tt+At) =—-a,At+o( Ay (2.24)
ITpu BEmonnenun ycnosus (2.20), ucxons u3 ypasaenus Kommo-
ropoBa-Uenmena (2.18), MOXHO TOIYYHTh CIEAYIOIYI) CHCTEMY
auddepeHIMaTEHEIX  YPaBHEHHH JUIA TEPEXOJHBIX BEPOSTHOCTEH
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(ypaBHenns KonMoroposa):
dP.(st) &
% = ZP,-j(s,t)a a® (k=120 (2.25)

Jj=l1
ITpu dukcHpoOBaHHOM [ JaHHAs CHCTEMAa YpPaBHEHHWI MPEICTABIACT
coboli cHCTEMy JMHEHHBIX OOBIKHOBEHHBIX JIH(¢epeHIaIEHBIX

YpaBHEHHH, KOTOpas JIETKO MOXET OBITh pemieHa B o0meM ciydac

MIPM COOTBETCTBYIOIIHMX HAYaJBHBIX yCI0BHAX. CpaBeIJIMBOCTD 3THX

ypaBHEHHH MOKET OBITh I0Ka3aHa, HaITpUMED, CIEAYIOIM 00pa3oM.

ITo dhopmyne Kommoropoa — Yenmena (2.18) i nepexoausix Be-

POSITHOCTEHN MMeeM

Py(s,t+Af) = > B(s,))Py(t,t + At) + Py (s,£) Py (1,1 + AY) (2.26)
J=k
BrrunTas 3 06€MX CTOPOH TOrO PaBEHCTBA P (s,t), Aend 00e 9acTu
cooTHOmEeHus Ha Af, iepexoas Kk npeaeny Ar—> 0 u yuuteiBas ¢op-
Myiy (2.20), momyuum ypaBuenus (2.25).
B ypaBuenusx (2.25) i u s — mapameTpsl, KOTOPBIE BXOISAT TOJIBKO

l,ecmk=1
Fa(s,1) = 0, ecrm k=i (2.27)

Cucrema ypaBuenuii (2.25) omHO3HAYHO OMOpEIENSET IEPEXOIHEIE
BEPOATHOCTH P, (s,¢), YAOBJIETBOpsiomue ¢dopmyine (2.27), npudem

9TH BEPOSTHOCTH YJIOBIIETBOPSIOT ypaBHeHH0 KommMoropoBa — Yer-
Mena (2.18).

2.7. YpaBHeHHSI, ONACHIBAIOIIAE MOBE/ICHAE
MYJIbTH(GEPMEHTHOT0 KOMILIEKCA

Eciu B HauansHBIE MOMEHT BpeMeHH =0 KOMIUIEKC HaXOAHWTCH B
JIaHHOM COCTOSIHHH I, TO BEPOATHOCTh 3aCTaTh €0 B MOMEHT BpEMEHH
t, £0 B cocrosaun k paBHa Py(0, ¢). MoxHO, OTHAKO, CUMTATh, YTO B
HadaJbHBIA MOMEHT BpPEMEHH H3BECTHO HE COCTOSHHE KOMILIEKCA, a
JUIIbF HAYaJdbHbIE BEPOATHOCTH €ro pPasiHYHBIX COCTOSHHE., ODTOT
Oomee oOmmii cioydaid CBOAMTCA K HKMCXOJHOMY CIIydar0, Koraa
KOMILJIEKC C BEPOSTHOCTHIO, PaBHOM €IWHMIE, HAXOMUTCA B JAHHOM
COCTOSIHHH.

Ilycte p,(t)=P(¢&, =k)ects BepoOSTHOCTH TOTO, YTO KOMILIEKC

HaXOJUTCA B COCTOSHHH k B MomeHT BpeEMEHHU f. Ecmm wm3BecTHO

HavaJbHOE paclpenelicHue BeposTaocrei p{s) ,i =1,2,..., n, TO
HCXO/s U3 (hOPMYJIBI TIOJHBIX BEPOSTHOCTEH (2.9) MOXKHO HamKCaTh
n
P® =S P(SIPs(0,  (k=12,.,n) (2.28)
i=1
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Kak crnenyer u3 mamucanuoii (GpopMylbl, 3Ta BEPOATHOCTH 3aBHCHT
KakK OT f, TaK M OT HAYAJLHBIX JAaHHEIX p,(1).

Jlns Toro 4To0BI NOIYYHTh CHCTEMY AHM((depeHITHalIbHBIX YpaBHE-
HUH OTHOCHTEIBHO 0€3YCIOBHBIX BEPOSTHOCTEH 3aCTaTh KOMILJIEKC B
TOM HIM HHOM COCTOSHKH, npoauddepeHnupyeM 0o ¢ paBeHCTBO
(2.28), mocTaBHMB BMECTO IIPOM3BOJHBIX MEPEXOMHBIX BEPOATHOCTEH
WX 3HaueHus, naBaeMble ypaBHenusmMu Komnmoroposa (2.25). Boc-
M0J1H30BABIIKCEH B MOJYYEHHOM TaKUM 00pa30M COOTHOIIEHHH PaBEH-
cTBOM (2.28), moaydurm

% - Z P;(0a;(0) k=1,2,...,n). (2.29)
=1

B 3THX ypaBHEHHSX BEIWYHMHEI -aj; PABHBI B CHIIY BbIpaxxeHus (2.23)
CyMMe BEJIMYWH IUIOTHOCTEH mepexona u3 k-ro COCTOSIHUSA B j-€:

-ay(t) = Ekalg'(t) (2.30)

C yueroMm sToro cucremy muddepeHIUaIbLHBIX ypaBHeHHH (2.29)
MOJKHO 3aIMCaTh B CJICIYIONIEM SKBHBAJICHTHOM BHJIC:

dp_gt(t)=2Pj(f)ajk(t)—pk(t)a,q(t) (k=1,2,...,n).  (231)
j=1

B momyuennod cucreme auddepeHIManbHEIX  ypaBHEHHH
omyuieHo TpeOoBaHue j#k, Tak Kak Jg00aBjcHHE W BbIUWTAHHE
cnaraemoro p, (t)a,, (t)odeBuaHBIM 00pa30M HUYETO HE MEHSET B

BEIPAKEHUH IS dpy (t)/dt.

OTMeTHM, YTO CHCTEMY YpaBHEHHH JJisi 0€3YyCIIOBHBIX BEPOSTHO-
CTEeH 3aCTaTh KOMILIEKC B TOM HJIH HHOM COCTOSHHHM MOXHO ITOJIY-
YUTh M HECKOJIBKO WHBIM 10 (popMme crmocoOoM, BOCIIOIB30BABIIUCH
ACUMIITOTHYECKHM BhIpaxxeaueM (2.21):

Py(tt+At)=3; +a; (t)At+0(At). (2.32)
JeiicTBuTensH0, Hexoas u3 Gopmyis (2.28) MOXKHO 3alIHucaTh
P(tt+Af)= Y. p,Py(tt+A) + p, Py (1t +At)- (2-33)

J#k
Brruuras u3 obenx yacTeil paBeHCTBa py (f), Aens obe yacTH paBeH-

cTBa Ha At U ycTpemisis At K HYIIIO, C y4eToM paBeHcTBa (2.32) mo-
ny4guM BeIpaxenue (2.29).

2.8. OgHOpPOIHOCTH MpoIecca BO BpeMeHHA

Ilens MapkoBa Ha3bIBaeTCs OJHOPOIHOW, €CIM MEPEXOIHBIE Be-
POSITHOCTH  Pjj(t,t + At) 3AaBHCAT IJIMIIb OT BEIWYHHBI IPOMEXKYTKA.
BpeMCEHH Af, HO HE OT TOTO, TJIC HAYAJICS STOT MPOMEXKYTOK [ mxmMan
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u ap., 1979]:

By (1+ A1) = By(0,A1) = By(Ar). (234)
TakuMm 00pa3zoM, MepexogHble BEPOSATHOCTH JUIS OJHOPOIHON Iemu
MapkoBa 3aBHCAT JIMIIE OT OZHOI'0 HapaMeTpa.

®opmyna KonMoropora—YenmmMena jjis ogHOpOIHOM e Map-
KOBa IIPHHKUMAET CIEAYIOIIHI Ooliee IpOCTOi BHI:

Byt +s)= Z (O P(s)- (2.35)

CO0THomeHne (2 35) npexacraBnser co0OW HE YTO HWHOE, Kak
hopMyIly YMHOXEHHS MaTpPHII

P(t +5s) = P(t)P(s) (2.36)
e P(0) =),
Otmerum, uto U3 cootHomenus (2.35) Beitekaer, uro P(0)=E,
rae E — eaunnunas marpuna. C y4eToM H3JI0KEHHOTO BEIPAKEHHE
(2.20) MOHO mepenucaTh CICAYIOMMM 00pa3oMm:
lim PO -E _ (2.37)
At—>0 At
Hcxons u3 ypasuenus Koamoroposa—Yenmena (2.36) MOXHO
3amucarthb
P(t+At)-P(t
80P _p,
Verpemnsis At x Hylro U yuutsiBas Gopmyny (2.37), monyuum mucd-
(bepennuanbHOE ypaBHEHHE IS MATPHIBI MEPEXOJHBIX BEPOSTHO-
CTeH:
dl;(t) P(A,  P(0)=E. (2.38)
Kak m3BectHO U3 Teopuu mubdepeHmansupX ypaBHenui [Epyrum,
1979], pemiennem ypaBuenus (2.38) sBisercs Marpuia
P(t)=c* , (2.39)
rae

[P(Af) - E]
At

© k
-3 (Ar A E.
k=0
BEKTOpa — CTPOYKH abCOMOTHEIX BepostHoctedt p (t) = (pi(¢),...,
pn(t)), ymaoxum ypasuenue (2.38) cmesa Ha p(0) u yureMm, 4TO
cormacao ¢GopMyle MONHBEIX BeposTHOCTEW (2.9) cmpaBemIHuBO
PpaBeHCTBO p(t) = p(0)P(r) Torma nomyurm

ap() _ 2.40
" p(OA (2.40)
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WM B KOOPJIUHATHOH opMe

dp, (t i
%:ij(t)ajk(t), =1,2,...,n (2.41)
j=1

Ilpumep. PaccMOTpUM KOMILIEKC, KOTOPBIM OHHCHIBAETCA OJHOPOI-
HOM nenksi0 Mapkosa. [IpeanonoxuM, 9To B HEKOTOPHI MOMEHT Bpe-
Menu t = 0 u3BecTHO cocTosiue KoMmiuiekca (&g = i). ismenenue 3T10-
T0 COCTOSIHHS MPOMCXOUT B HEKOTOPBIN CIIy4aiiHBIA MOMECHT BpeMe-
au. O003HaYMM vepe3 T BpeMs 10 MOMEHTa IIEPBOT0 Mepexo/ia KOMII-
JeKca B HOBOe cocrosHue. KakoBOo pacmpepenieHvie BEpOsSTHOCTEH
BPEMECHHM OXHUIAaHUS TepeMeHbl coctosiaus t?7 IIpemnBapuTenbHO OT-
METHM, YTO JJIsi TOT0, YTOOBI KOMILIEKC B MOMEHT BPEMEHH  OCTAJICS
i-M COCTOSHHH, HEOOXOJHUMO M JOCTATOYHO, YTOOBI T > t. IlosTOoMy
AMeeM CIIEAYIONIee PaBEHCTBO

P, =i/, =0)=P(r >/, =) (2.42)
CrnenoBatenbHO, HaM HEOOXOIUMO HAWTH BeIpaxkeHue s Py(t). Jlns
9TOr0 3aMETHUM, YTO IS TOTO, YTOOBI KOMIUIEKC OCTAJCA B i-M
COCTOSTHHH 33 BpeMs f+s, He TIEPEeX0sA B IPYTHE COCTOSHHS, HEOOXO-
JIAMO B JIF000# MPOMEXYTOYHBI MOMEHT BPEMEHH TAK)XKE HAXOIHUTh-
CSl B 9TOM COCTOSIHHH:

Byt +s) = F,(OF,(s) - (2.43)
Ho emuncTtBennoii nuddepeHnupyeMoii GyHKINEH, yIOBIECTBOPSIIO-
el 5ToMy YpaBHEHHIO, SIBIISIETCS 9KCIOHEHTa [cM. BeIBOJ (2.39)]:

Py =i (2.44)
Tak xak 0< P, (t)<1T0 A; =2 0. Ha maneix mHTEpBanax BpEMEHH

BeIpaxenne (2.44) moxer ObITh 3amnucano B Buae (A; < o0);
P(t)=1- At +o(t). ConocTapss MoTy4eHHOE BEIpaXEHHE C GopMmy-

no# (2.32), maigem, 9ro A4, = Zaij . Takum o6pazom, BeposSITHOCTH
J#
OCTaThCS B i-M COCTOSTHUM Yepe3 BpeMs f TIPH YCIOBHH, YTO B HadaIb-
HBI MOMEHT KOMILIEKC YK€ HaXOJHJICS B 9TOM COCTOSHHH, €CTh
(X )
P(x>t/y=i)=e 7 (2.45)

B cBsi3u ¢ U3JI0)KEHHBIM OKa3bIBACTCA TOJIE3HOM CIIEMyrOmas TpaK-
TOBKa OTHOPOJTHOTO BO BPEMEHH MapKOBCKOTO CIIy4aifHOTO mporecca,
oTpaxammero (yHKIMOHUPOBAHHE MYJHETH(EPMEHTHOTO KOMILICK-
ca [Pozanos, 1979].

B ¢ukcupoBanHbIii MOMEHT BpeMeHH { = () KOMILICKC HaXOJHUTCS B
OJIHOM W3 CBOMX COCTOSIHMH, HAmpUMep B COCTOSIHMHM i. B 3TOM coc-
TOSIHAY KOMIUIEKC IPEeOBIBACT CIIydaifHOE BpEMSI T;, PaCOpeAcICHHOE,
KaK BHJHO BBIIIE, [0 TOKA3aTEIHHOMY 3aKOHY, C TApaMETPOM A, T. €.:
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(X ay)

Pz, >ty =i)=e M =¢ /* (2.46)

B mMomeHT BpPEMCHHU t = T; KOMILIEKC MTHOBEHHO nepexoauT U3 COoC-
TOSIHUA [ B HOBOE COCTOSIHUE j C BEPOATHOCTHIO

a.. a..
gy =—-=—— (2.47)
A Xa;
J#i

B cocrosaum j xoMmuiekc mpeObIBaeT CiiydalHOE BpeMs T, TaKkKe
pacnpezeieHHOe TI0 TOKa3aTeNIbHOMY 3aKOHY, HO YXKe C mapaMeTpoM
Aj, A T. 1.

Takum 00pa3oM, GYHKIHOHHPOBAHHE MYJIETH(HEPMEHTHOIO KOMII-
JIEKCa, OITMCEIBAEMOT0 OJHOPOIHOH 11enbi0 MapkoBa ¢ HEIPEPHIBHBIM
BpEMEHEM, OTIPEIEIISETCS CICAYIOIUMH BEIMIHHAMM.

1. HavaneHbIM pacnipeneneHieM KOMILIeKca
P, =9)=p(0), (2.48)
C IOMOIIBIO KOTOPOTO BEIOMPACTCS HCXOAHOE COCTOSTHUE i (C BEPOST-
HOCThIO p{0) B KadecTBe HAYAIHHOTO BBIOMpAETCH i-€ COCTOSHHE
KOMILJICKCA).

2. COBOKYIHOCTBIO A; TIApaMeTPOB ITOKA3aTENILHOIO pacmpejesie-
HUS BpeMeH IpeObIBaHMs KOMILJIEKCa B I -TOM cocTosHuH, i =1, 2,...,
n.

3. BeposiTHOCTSIMH TIEpEX0J1a ¢;; U3 MPOU3BOJIGHOTO COCTOSHUS I B
IIPOU3BOJIbHOE COCTOSIHUE J.

Cucremy ypaBuenmii KommoropoBa (2.41) MOxHO 3ammcats B
HECKOJIbKMX JKBHBAJICHTHBIX (opMax. Uepe3 BenMUMHBI MapameTpoB
[IOKA3aTeIbHOTO paclpeleNieHuss A; W BEpOsATHOCTEH mepexoja
q;; =a;/ Y, a; cucreMa ypasHenuii (2.41) Moxer OBITH 3amucana
CIIeyrOIIIM 00pa3oMm:

Bl - put)+ 3. p,0hyau00 (2.49)
j*k

B 3aBucuMOCTH OT y00CTBa MBI OYyJIEM IMOJIB30BAaThHCS HEOOXOAMMOM
HaM 3alKCHI0 YPAaBHEHHUH.

B 3akmiodeHue pacCMOTpHM KOHKpPETHBIN NMPHUMEp BHIBOJA ypaB-
HeHui KomMoroposa Juist BEpOsSITHOCTEH COCTOSHUN KOMILIEKCA.

ITycts xoMIuiekc ABYX (pepMEHTOB MOXKET HaXOAUTHCS B CIEIy-
IOIIHX YETBIPEX COCTOSHHUAX:

EVE), EJE}, EiE), EiE}
O @ 3 @

r7ie udpel B CKOOKaX yKa3bIBAIOT HOMEp cocTosHMA. [IycTh KoMIUIeKke
MOXET NEPEX0/IUTh U3 OTHOTO COCTOSIHUS B IPYTOE COTTIACHO CXEeMe:
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a
() EBE, ——gE 3

ay %2 a5 (2.50)

(2 EBE, —(— EE: &)

Ha s10i#i cxeme cTpenkaMu yKa3aHEl BO3MOXKHEIE IIEPEX0/Ibl KOMILIEKCa
W3 OJIHOrO B Jpyroe. PSIoM co cTpelikaMy IpHBEIECHBI COOTBETCTBYIO-
[I¥e MIOTHOCTH BEPOSATHOCTEH TepexoioB. B ciyuae HyJIeBBIX TUIOT-
HOCTEW BEpOATHOCTEH IlepexojJa COOTBETCTBYIONIME IIEPEXOJbl HE
ykazanbl. COrJiacHO 9TO# CXEME KOMILIEKC M3 TIEPBOTO COCTOSHUSA, B

KOTOpoM 06a depmenta crobous! (EVE) ), Moxer mepeiitu B TpeThe

cocrosrme (EIEY), B xoTopom mepBsiii depmeHT 3aHST, a BTOpOi
CBOOOJICH C IUIOTHOCTBIO BEPOSTHOCTH IEPEXONa @;3; U3 BTOPOIO
COCTOSIHASI KOMIUIEKC MOXET MepeiTH B IepBOe W YeTBEpTHIE
COCTOSIHHSL COOTBETCTBEHHO C ILUIOTHOCTSIMH BEpOSITHOCTEH mepexona
a1 nayuT. O.

Puc. 19. K BeIBOJly CHCTEMBI YpaBHEHHH
KomMoroposa  Jjis  KOMILIEKCA  JABYX
bepmenToB ; T

Hoxep cacmosnus

t t+A Bpems

OTMeTHM, 9TO C TOYKH 3PEHHUS XUMHUYCCKOW KHHETHKH ILIOTHOCTH
BEPOSITHOCTEH Tepexojia ecTh (IICEBA0) MOHOMOJIEKYIIAPHBIE KOHCTAH-
Thl CKOPOCTH COOTBETCTBYIOIIUX TiepexooB. Kak HalWTH BepOSTHOCTH
pi(?) TOro, 9T0 KOMILIEKC IBYX (DEPMEHTOB HAXOIUTCS B i-M COCTOSIHHH
B MOMEHT BpeMeHH ¢? JIjig1 BEIBOJA YpaBHEHHH, OIHCHIBAFOIINX
BpEMEHHOE IOBEAECHHE BEPOATHOCTEH p{f), MOCTYIHM CIELYIOIHAM
obpazom. DUKCHpPyeM MOMEHT BpEeMEHH ! M DPAacCCMOTPHUM CHauaja
BEPOSTHOCTH TOTO, YTO B MOMEHT BpPEMEHH {+ Af KOMILUIEKC HAXOIUTCS
B MEPBOM COCTOSHWHM. HaxomWTeCS B 3TOM COCTOSSHUM B MOMEHT
BpeMeHH {+ Af KOMIIIEKC MOXET TOJILKO IPH yCIIOBHM eciH (puc. 19,
CIIpaBa):

1. B mpegmecTByOmMii MOMEHT BPEMEHH [ KOMILIEKC y)K€ HaxXo-
JUJICA B IICPBOM COCTOSHHH H 3a BPEMSL At He BBIIIET U3 HETO.

2. B npeauiecTBYIONIM MOMEHT BpEMEHH ¢ KOMIUIEKC OBLT BO BTO-
POM COCTOSIHHH, a 3aTeM 3a BpeMs Af Tmepemen u3 Hero B mepBoe Co-
CTOSIHHE.

3. B mpeamecTByOmMii MOMEHT BpPEMEHH ! KOMIUIEKC OBLI B
TPETHEM COCTOSTHHH, a 33 BpeMs Af Tiepeniell B IepBoe COCTOSIHHUE.

4. B mpeaniecTBYIOIMUii MOMEHT BpEMEHH ! KOMILICKC OBLI B CO-
crosauu (4), a 3a BpeMs Af Tiepenien U3 HETO B TIEPBOE COCTOSHME.

TaxkuM 00pa3oM, COOBITHE, COCTOSIIEE B TOM, YTO KOMILIEKC Ha-
XOIMTCA B MOMEHT BpeMeHH ¢+ At B iepBoM cocTosHud (&4 4 = 1),
MOJXKHO MPEACTABUTh KaK CyMMY HEpEUHCICHHBIX BBIIIE YEThIPEX He-
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COBMECTHBIX COOBITHIA:

(€t+ M= 1)= (ét = 1, €t+ M= 1)+---+ (&t = 4, €t+ A= 1)- (2-51)
CJIe,ZIOBaTeJIBHO, B CUIIy aJIATHBHOI'O CBOICTBa BCPOATHOCTH MOXKHO
3aI11iCaTh.

4
Plia=1= EP(ft =1,8 A =1)s (2.52)

Ho BepostHocTs P(&; =1,&;, ¢ =1) TOTO, 9TO B MOMEHTHI BpEMECHH £

U t+ At KOMIUICKC HAXOIQUTCS U B i-M U B ICPBOM COCTOSIHHSX, MOX-
HO IIPEACTaBUTH Yepe3 YCIOBHYIO BEPOSTHOCTD B CIIEAYIOIIEM BHIE:

PG, =08 n =1)=P(, =i)P(§ =1/ &, =0)= p;()P(AY) (2.53)
B cuny Belpaxenus (2.32) ans BeIMYHH IUIOTHOCTEH BEpOSTHOCTEH
[epexo/ia UMeEM CIICAYIOMINE COOTHONICHHUS:

4
1- (> ay)At+o(At) , ecmai=1,
B](At)z (% zk) ( )

a,; At + o(At) , ecan i #1 (2.54)

C y4eToM MOCIIeIHETr0 COOTHOMEHHS paBeHCTBO (2.52) MOXKHO Tmiepe-

] 4

i .[ it +AyY= Zpi(t)ailAt +

i=2
&

X‘ y" ' + pi (O — (a1 + ay3 + a14)At] + o(A?)
S o C Ilepenocs  pi(0) B  neByro
k o CTOPOHY paBEHCTBa, Aead 00e
S % A YacTH COOTHOIIEHHS Ha Af u
. 0y “ o llepexoms k mpexeny At —0,
. y  TOIYUMM, YUMTBIBAd, HUTO Ha
J ~ cxeme (2.50) HeHyneBBIMH

SIBIISTFOTCSI JIVIIID @)1 ¥ @3

Puc. 20. K dopmympoBke mnpaBmia dp\/di=pra—piay3.

3aIUCH CHCTEMEI G depeHITHaIbHEIX

ypasemmii Konmoroposa AHaJIOrM9HEIM 00pa3oM MOTYT

OBITh TONyYEHBl M YpaBHEHUS
JUISL BEPOSITHOCTEH OCTAJIbHBIX COCTOSIHUM:

dp,/dt = pyas, — py(ay; +ay,)
dp,/dt = pa;; + p,as,; — pyas,
dp,/dt = pyay, — paay;

CpaBuuBas MolIydyeHHble ypaBHeHnus u cxemy (2.50), moxxHo 3ame-
THTh, YTO MEXJIY CXEMOH M cHcTeMol auddepeHnnaibibIX ypaBHe-
HHUI CYIIECTBYET TECHAS CBSA3b, KOTOPAS MO3BOJIAET UCXO/IS M3 CXEMEI
Cpasy BBIIMCHIBATh cucTeMy AuddepeHnruaTbabXx ypaBaenui. [Ipa-
BHJIO, TI0 KOTOPOMY HCXOAs M3 cxeMbl (rpada) MOXHO BBIIHCATh
muddepenumancaeie ypaBHeHHs KoIMOropoBa i BEpOSTHOCTEH
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COCTOSIHH, MOXHO C(OPMYJHUPOBaThH IJIs JII000H menu MapkoBa ¢
HEIpephIBHBIM BpEMEHEM M KOHEYHBIM YHCIIOM COCTOSHUN [BenTiens,
1973]. IlpaBuno nanucanus quddepeHIMaIbHEIX YPAaBHEHHHA MOKHO
chopMymupoBaTh CclegyromuM o0pasoM. B mpaBoii  wactm
mubdepeHIMATEHOTO ypaBHEHHAS OIS k-TO COCTOSIHHSL CO 3HAKOM
IUTFOC CTOWUT CTOJIBKO YIEHOB, CKOJIBKO Ha Tpade CTpeloK BeAeT B
JIaHHOE COCTOSHWE, a CO 3HAKOM MHHYC CTOWUT CTOJBKO YJICHOB,
CKOJIbKO CTPEJIOK BEAECT M3 JAHHOTO cocTosHMA. Kaxaeld dieH B
MpaBOi dYacTH YpaBHCHWS HE3aBHCHMO OT 3HaKa HWMEET BHUJT
MPOW3BEICHHSI BEPOATHOCTH TOTO COCTOSHHSA OTKYAQ WIET CTPENIKa Ha
BEJIMYMHY COOTBETCTBYIOIIEH INIOTHOCTH HEPEXOJHOH BEPOSTHOCTH.
Tak, mis cxemsl, TpeacTaBieHHON Ha puc. 20, ypaBHEHHE s

dpi/dt = p;ag +..+ p ;A — PGy =~ PiGin,  k=12,...,n
(2.55)

2.9. CoOcTReHHBIC 3HAYCHASI MATPHIILI
k03¢ punnentoB ypasHennii Koamoroposa

Kax uzBectno [Epyrun, 1979], pelnenne cucreMsl IMHEHHBIX AH (-
(dbepeHNIHATBHBIX ypaBHEHWH C MOCTOSHHBIME K03 duimenTamu
BCETJIa MOXKET OBITH 3alMCAHO B BUJE JIMHEHHOH KOMOWHAI[MHM BhIpa-
xenmit Bupa Q(f)e, rae A — coGCTBEHHBIC 3HAYCHHS MATPHIE KO-
abPunmentoB 3Toit cuctemsl AuddEpEeHIUATBHBIX YPaBHEHHH, a
O(H)—HekoTopsle TOJHHOMEI IepeMeHnoi ¢ Hibke mokasano, d9rTo
coOcTBeHHBIE 3HaYeHHs MaTpHIbl K03hdunrenToB cucreMsl audde-
peHIMANBHBIX ypaBHeHWH (2.41) HMMEIOT HETOJIOXHUTEIBHYIO JISHCT-
BHTEJIBHYIO YacTh. JloKann3anuio COOCTBEHHBIX 3HAYEHHH MaTPHIIBI
A B dhopmyie (2.40) maer mokaszeiBaeMas Hyke TeopeMa I epmroprna
[CapeMcakoB, 1954; Mapkyc, Munk, 1972; Jlankacrep, 1978], co-
TJIACHO KOTOpO# COOCTBEHHBIC 3HAYEHHWS MPOM3BOJIBHON MATPHIIBI
C= (c;j) nexar, 1o KpaiiHe# Mepe, B OJHOM M3 KPYTOB C [EHTPAMH C;;

U paguycaMu ). Cijl, I = 1, 2, ..., n. DIIEMCHTHI MHTEPECYIOIICH HAC
J#i
Marpunbl 4 B hopmyiie (2.40) yaOBICTBOPAIOT YCIOBHSIM:

J#i
PaBenctBo Ax = ux (x#0), onpenensromee COOCTBEHHOE 3HAYCHUE £/
MaTpHIbI A, MOXHO 3aI1iCaTh B BUJAC 7 CKAJIIPHBIX PABCHCTB:
J#i
ITepenocs 4neH a;;X;B IPaBYIO YacTh PABEHCTBA, HOITYyYHM
ClIeyToIee COOTHOIICHHE:
2ayx; =(U—a;)x; =@+ Xa;)x; (2.57)

J#i J#i
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IIycTs X, — MaKCUMAIbHAS 110 MOYJII0 KOOP/AHHATA COOCTBEHHOTO
BEKTOPA X: |x,| = qu|x j| . Torja s-e paBeHCTBO B BeIpaxeHUH (2.57) ¢
J

p+ Yagl x| =e-ag|- x| =| Xagx;| < Ylag '|xj|s|xs| > ay Tax xax
J#s J#s J#s J#Ss
|xs| # 0, T0 uMeem
U+ Zasj < Zasj (2.58)

J#s J#S
OTO HEPaBEHCTBO MOKA3BIBAET, YTO COOCTBEHHBIC 3HAUCHUS MATPHIIBI
A xo3bdunuento ypaBHenuii (2.40) MMEOT HENOJOKHTEIHLHYIO
JIEHCTBUTENILHYIO YacTh M OTPaHWYCHBI 0 MOYJIIO BEJIMYMHOM, paB-
HO# 2 D ag, T. €.
J#s
Reu< 0, lu|< 23 ay. (2.59)
J#ES

3amernM, uyTto Martpuna xkodddunuentoB A Bcerma umeeT 0 CBOMM
COOCTBEHHBIM YHUCIIOM. JIeHCTBHUTEIBHO, B CHIIy BbIpaxeHus (2.56)

n
CIIPaBEJNMBO PABEHCTBO ) d; = ) d; — ) .,d; , KOTOPOES TOBOPHT
=1 j#i =i
o tom, uro Bexkrop I = (Ii,.., I,) sBIsAeTcs COOCTBEHHBIM LIS
HyJIeBOTO coOCTBeHHOrO 3HaueHus: A-1=0-71 =0.
B cuny ckazamnoro oOmiee pemieHne cucreMsl Auddepenuaib-

HbIX ypaBHeHuit (2.41) Moxer ObITh 3amucano B Bume p;(t)=cy+
+¢,Q,(t)e" +¢,,Q (1) + ...+ ¢, Q. (t)e*m', rae Bee uncna
A; HMMEIOT OTPHUIATEIBHYI0 IEHCTBUTENBHYIO YacTb, a Q) —
MOJIMHOMEI IIEpeMEHHO £. SICHO, 94TO IIpH —>00 pelIeHrne CTPEMHATCS K

BCJIMYHUHC, OHpCJIeJIHeMOﬁ HYJICBBIM CcOOCTBEHHEIM 3HAa4YCHHUEM, T. €.
Cil.

2.10. TTpenenbabie BEPOATHOCTH COCTOSIHA M

Kak cnegyer m3 ypaBHenwmii Konmoroposa (2.41), BeposSTHOCTh
3aCTaTh KOMILIEKC B TOM WJIA HHOM COCTOSSHHH M3MEHSETCS C TEeUECHH-
€M BpPEMEHH M 3aBHMCHT OT HaYaJbHLIX JAHHBIX. BMecTe ¢ TeM 4acto
MO>KHO TOBOPHTbH O BEPOSITHOCTH P 3aCTaTh KOMIUIEKC B COCTOSIHHH k
HE3aBMCHMO OT BEIOPAHHOIO0 MOMEHTA BPEMEHH U OT HAYAIBHEIX JaH-
HEBIX.

ITpeamonoxumM, 9T0O MAPKOBCKUH ITPOIIECC, OMUCHIBAOMNN DyHK-
OUOHUPOBAHKWE MYIHTH(GEPMEHTHOTO KOMILJIEKCA, OJHOPOICH BO Bpe-
MeHH. Torga IIOTHOCTH BEPOATHOCTEH IEPEXOIOB, ONpeaeliseMbIe
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KakK

P;(At)
. if . R
a; = AltlmO—t (i=j) (2.60)

CYTh IIOCTOSIHHBIE. Y CIIOBUMCS Ha3bIBaTh OJJHOPOAHBIN Iporecc Map-
KOBa, XapaKTepU3yeMbli IEPEXOAHBIME BEPOSTHOCTSIMH PI.J-(At) (1=,

j< n), TpaH3WUTHBHBIM, €CIId CymecTByer Takoe f, >0, urO
P (4)>0 (1<i, j<n) [Xumuum, 1963]. Unave rosops, mponecc
TPaH3UTHBEH, €CIM U3 KaXXJOr0 COCTOSHHS MpONECC C HEHYJIEBOH

a 6

1 |—1 3 1 || 2 |&) 3 || 4

2 |—| 4

Puc. 21. CxeMBI IEpEX0/I0B TPAH3UTHBHEIX CIIyJaiHEIX IIPOIICCCOB

a 6

1 |—..— i |—..—n -1|—| n 1 |—| 3
f t
2 |—| 4

Puc. 22. CxeMbI IEPEXO/IOB CITyIaHHBIX ITPONIECCOB, I KOTOPBIX HE BEITOJIHEHO
YCIIOBHE TPAH3UTHBHOCTH

monacte B J00oe npyroe coctosaue. Ha puc. 21 mpeacraBieHsl
rpadbl, COOTBETCTBYIOIIME TPAH3UTHUBHBIM MpoleccaMm. 31ech U3
J000r0 COCTOSHHSA KOMILIEKC PaHO WIM MO3JHO IIOHAJET B JIF00OE
npyroe cocrosaue. Ha puc. 22 moka3ansl Tpadbl, COOTBETCTBYIOIINE
TpoIIeccam, JJisi KOTOPBIX YCJIOBHE TPAaH3UTHBHOCTH HE BBIIOJIHEHO.
OdeBuIHO, YTO €CIU, HAIlpUMED, B CIIyYae @ HAYIbHBIM COCTOSHUEM
SIBJISIETCS COCTOSHHE C HOMEPOM i, TO MCXOIS M3 Hero MOTYyT OBITh
JOCTUTHYTHI TOJILKO COCTOSIHUS, JISKAIIHUE MpaBee, U HE MOTYT OBITh
JIOCTHTHYTBI COCTOSIHUS, JISXKAIUE JIeBee.

MosxHo mokasate [cM., HanpuMep, XuH4uH, 1963], 9ro mns on-
HOPOJHOTO TPAaH3UTHBHOIO mporecca MapkoBa BepOSTHOCTH py(f)
npu >0 cTpeMsiTcs K He 3aBHCSIIMM OT HAYANLHBIX JAHHBIX YHC-
nam py, (1<k<n)

lim p,(t) = py (2.61)
—0
K 5THM jxe urciaM CTpeMATCS U IEPEXOIHBIE BEPOSTHOCTH
lim Py (1) = p,
t—»00
ITpenensHBIe BEPOATHOCTH MBI OyZIeM 0003HaYaTh TEMH e OyKBaMHU
Pi - - - » Pn, 9TO ¥ BEPOSTHOCTH COCTOSTHUH.
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Takum o0pa3oM, Mpu {—>00 yCTAHABJIMBAETCS HEKOTOPBIA Tpe-
JIETBHBIN CTAaIMOHAPHBINA PeXXUM. B cTanmoHapHOM pesxuMe TO-TIPEK-
HEMY KOMIUIEKC CITydaiHBIM 00pa3oM M3MEHSIET CBOM COCTOSHWMS, HO
BEPOSTHOCTH TOCJIETHUX HE 3aBHCAT OT BpeMeHH. JIpyrHMH CIIOBaMH,
B OJTHX YCJIOBHSX IIOBEICHHWE KOMIUIEKCA CIlydailHO, HO 3aKOH,
YIIPaBIISIIOMWNA CITy4aiiHOCTHIO, TOCTOSTHEH BO BPEMCEHM.

BepositHocTHas mHTEpnperaius (PYHKIUOHHPOBAHHS KOMILIEKCA
MOJTy4YaeT pealbHBIA CMBICH JIMIIHL B TOM CIy4ae, €Cld M3BECTHa CO-
BOKYITHOCTb O0BEKTOB, B KOTOPOH 3Ta BEPOATHOCTH TPAKTYETCS KaK
JONISL TOTO WJIM MHOTO Tpu3Haka. Tak, B ciydae xomiiekca ¢ep-
MEHTOB BEPOSTHOCTH TOTO, YTO KOMILIEKC HAXOIUTCH B KaAKOM-THOO
COCTOSIHHM, MOXXET OBITH COOTHECEHA C J0JICH KOMILICKCOB, HaXOIs-
O[MXCH B JAHHOM COCTOSIHHH B aHcamOJie O0NBIIOro Yricia HeB3auMO-
JIEHACTBYIOIUX KOMIUIEKCOB. BMecTe ¢ TeM B psjie CilydaeB BO3MOXK-
Ha W WHAS WHTEPOpETAlys CTAlMOHAPHOH BEPOSTHOCTH 3acTaTh
KOMIUIEKC B TOM WJIM MHOM COCTOSHHH. JTa MHTEPIpPETALHs CBSI3aHa
C TEM, YTO BEPOATHOCTH COCTOSIHHS KOMILIEKCA OTOXIECCTBIISIOTCS B
OTpeAeNICHHOM CMBICJIE CO CPEeIHUMH OTHOCHTEIHHBEIMH BpEeMEHAMH
peObIBaHNA KOMILJIEKCA B COOTBETCTBYIOUIMX COCTOSHMSX [XHHYMH,
1963]. Ckazamnoe o3Hadaer ciuemyromee. O6o3HaunM uepe3 O(f)
BEJIMYHHY

1, eclM B MOMEHT BPEMEHH { KOMILIEKC HAXOIUTCSA B
cocTosgHuH k

0, eclti KOMIUIEKC B MOMEHT BPEMEHH ¢ HE HAXOJUTCA B
3TOM COCTOSHUH.

&(0y=

T
Torna otaowenue (1/7) [ 8, (t)dt ©CTB CPE/IHEE OTHOCHTEILHOE BPEMSL

0
Hpe6BIBaHH5I KOMIIJIEKCA B COCTOSIHHHM k 3a IIPOMECXKYTOK BPpEMCHHA (0,

7). CraniMoOHApPHYIO BEPOATHOCTH P, 3aCTaTh KOMIUIEKC B COCTOSIHAH Kk
MOCHO TIOHUMATh B TOM CMBICIIE, uTo [ XuHunH, 1963 ]

Py ® tlim{(l/T)?é‘k (t)dt:|
—w© 0

3anucaHHBI 3HAaK ~ 03HAYACT, YTO PACCMATPHUBACMEIC BEIIMUHUHBI
HE TOXIECTBEHHEI IPYT C JIPYrOM, a JIMIIb BEPOATHOCTH OONBIIHMX OT-
KJIOHCHH CTPEMUTCS K HyII0 ipu 1 —»o0o. UHBIME clioBaMu, Kak OBl
Maiio nu 65110 £>0,

T
Pl|py —(1/D)[8,(0dt|>& | —>0 mpu T—o.
0

IpeamonoxuM, 9TO YCIOBHS OXHOPOAHOCTH M TPaH3UTHBHOCTH
JUIS paccMaTpUBaeMoro KOMIUIEKCa BBINONHEHBL. BosHukaeT Bompoc,
KaK HalTH IpejelbHble BEPOATHOCTH? YiKe yKa3bIBAIOCh, YTO B pac-
CMaTpUBaEMBIX ITPEIOJIOKEHUSX CYIECTBYeT mpenen (2.61) BeposT-

HOcTeH cocrosHMH p, =lim p,(?). Orcroma ciemyer, 94TO mpaBBIC
t—0

4acTu cucTeMbl ypaBHeHu# KonMoroposa (2.41) mpu ¢ —>00 Takxe
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UMEIOT KOHEYHBIC TNpeleibl, a, CICJOBATeNIbHO, W JIEBBIC YacTH
CTpeMsATCS K KOHEYHbIM IpezienaM npu t—»co. Ho Takoii npexen
MOXeT OBITh TOJIBKO HyJIEM, IOCKOJIbKY B POTHBHOM CIIy4ae MOIYJIb
COOTBETCTBYIOIIMX BEPOSTHOCTEH OBl OBl HeOrpaHWYeH. Takum
00pa3oM, Msl IPUXOAUM K BBIBOLY, 4TO B cucTeMe audbepeHnuais-
HbIX ypaBHeHn# Konmoroposa (dpy /dt) - 0, npu t—o (k=1, ..., n).

Bcneacteue storo B mpedene, Opu  t—»00, IS ONpeAENEHHA
CTaIMIOHAPHBIX BEPOSTHOCTEH MMEEM CHUCTEMY alreOpandecKuX ypaB-
HCHHM, TOYYarONIyIOCs M3 COOTBETCTBYIOMICH CHCTEMBI auddepeH-
[UAJIbHBIX ypaBHeHHH (2.41) npupaBHUBaHHEM HYJIIO IPOM3BOJIHBIX B
JIeBOM 4acTH

n
0=>(p;a —Pray)= 2 Pjaj — Pr 2 A
Jj=1 J=k Jj#k
Ora cuctema arreOpandecKux ypaBHEHHH BMECTE C HOPMHUPOBOYHBIM

n
ycinoBueM ) p, =1  MOXET CIyXHTb JUIi  OJHO3HAYHOIO
k=1

orpeaeNieHus] ICKOMBIX YHCEI py.
PaccmoTpuM mprMep BHIYHCICHUS CTAMOHAPHBIX BEPOATHOCTEH.

k ky k3 ky_1
1 » 2 > 35 ... S5n (2.64)

! £y

3nmech ms mpOCTOTHI 0003HAYEHWI HE WCIONB3YIOTCS IBOWHBIC WH-
JIeKCHI JUIS HyMepalyy IUIOTHOCTEH BeposTHOCTEH nepexona k;. Haii-
JIeM CTalMOHAapHBIC BEPOSTHOCTU. 3amumeM cucreMy auddepeHnn-
aIbHBIX ypaBHeHUI KonMoroposa cornacHo mpasmiy (2.55):

dp\/dt = p,k, — pik

(2.65)
dpn/dt = pn-lkn-l _pnkn
TpupaBHSB BCE MPOU3BOAHKIE HYIIIO, HOIYYUM CIEAYIOUIYIO CHCTEMY

areOpanvyecKux ypaBHEHHWH JJIsi ONMpPEICIICHHs CTAIIMOHAPHBIX BEPO-
SATHOCTEM:

pnkn _plkl =0
(2.66)
Pniky1 — Pok, =0
W3 cucremsl ypaBHenuid (2.66) BeiTekaetT, uto k;p; =k;p;, (1<,

_]ﬁ'l) B YaCTHOCTH, AJISA JIF000ro _] -I'0 COCTOSAHHUA MOXHO 3aIIuCaTh
pi = (kl/kf)pl’ j=1929---9 n. (2.67)
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IMoncrapmnss (2.67) B ycnoBue HOPMUPOBKH p + pot. . . + p3 =1, no-
ayauM k; p,(1/ky +1/ky +...+1/k, )=1. OTkyna

Py = (ke )/(Vkey +1/ky + ... +1/k,) (2.68)

C yyerom Beipaxxkenus (2.67) JIeTKO TONYyYHUTh aHAJIOTHIHOE
COOTHOLIEHHE U JJIS1 BEPOSTHOCTEH IPYTrHUX COCTOSHHIMA:

V&, =12 (2.69)

pi:= , J= L4, ...,0. .
Tk + 1k 4.+ 1k,

B cuny ykazanHOH BbIII€ HHTEPIPETAIMN CTaIMOHAPHBIX BEPOATHO-
CTEH KaK CPEeHUX OTHOCHUTEIBHBIX BPEMEH NpeObIBAHNS KOMILJICKCA B
COOTBETCTBYIOIIMX COCTOSIHHSX cooTHOmeHnue (2.69) MoxHO TpezcTa-
BHTH B BHJIE

_ L

T, T,

TZie T, — CcpexHee BpeMs MpeObIBaHMS KOMILIEKCA B j-M COCTOSHHHU.

3akaouenne

B mannoii rnaBe mokasaHo, 4TO IEPEXOABI MEXIY (HhepMEHTHBIMH
dhopMamu MyIsTH(HEPMEHTHOTO KOMILIEKCAa MOI'YT PacCMAaTpPHUBATHLCI
KaK MapKOBCKHH IMPOIIECC C KOHEYHBIM YHMCJIOM COCTOSIHHN W HEIpe-
peiBHEIM BpeMeneM [cM. Taxxke: Credano, 1975]. Yuer storo 06-
CTOSITENILCTBA MTO3BOJIAET MPH aHajau3e OYHKIMOHWPOBAHKS MYJIBTH-
d)epMeHTHI:IX KOMILUICKCOB HCIIOJIb30BaTh METOAbI TCOPHH BEPOATHO-
CTeH W cIIydalHeIX mporeccoB. KpoMe TOro, BEpOSTHOCTHAS HHTED-
mpetanus GyaxkuroHupoBanus GepMEHTOB Ia€T BO3MOXKHOCTD B pAE
ClIy4aeB MOJY4YHTh HEOOXOJUMBIE COOTHOIMIEHHS, MOJIL3YSCh IPOCTHI-
MM BEPOATHOCTHBIMH COOOPaXKEHHAMH.

BriOpannas HaMH TOYKa 3pEHHS HA MYJNLTH(GEPMEHTHBIA KOMII-
JIEKC KaK Ha COBOKYIHOCTh B3aMMOJCHCTBYIONIMX I[EHTPOB, KaXIbIiA
M3 KOTOPBIX MOXKECT HAXOAUTHCA B KOHCYHOM YHCJIC COCTOH_HI/If;I, II03BO-
JISET OXBATHUTH YPE3BLYAMHO OOJIBIION KIIAcC MPOILECCOB, TAKHX, KaK
0ObIYHBIN (pepMEHTATHBHBIA KaTau3, aaCOPOIHI0, OKHUCIUTEIBHO-
BOCCTAaHOBHTEIILHBIE PEaKIKH, 3CTadeTHBI TPAHCIOPT HOHOB [CM.,
nanpumep: Mapkun, Yusmamkes, 1974; Hill, 1976; UYusmamkes,
Aiitesan, 1982] u ap. Cocrosuus oTneasHbIX (PepMEHTOB, BXOAAMUX B
KOMILJIEKC, TPaKTYIOTCS OOOOMEHHBEIM 00pa3oM. OTO MOryT OBITh
OKHICJICHHBIC WJI BOCCTAHOBIICHHBIC, IIPOTOHHPOBAHHBIC UK JICTIPO-
TOHWPOBAHHBIE COCTOSIHHUSA, & TAKXKE COCTOSHHS, OTIMYAIONIHECS Ha-
JIHYHeM CyOcTpaTa, HHTCHOMTOpa | JIp. BaXKHO OTMETHTH, YTO €CIIH IS
BCEX YKA3aHHBIX THIIOB IPOIECCOB HCXOMHBIE ypaBHEHHs (OTHO-
CHUTEIHHO BEPOSTHOCTEH PA3IMUHBIX COCTOSHHIA KOMILIEKCA) UMEIOT T10
CYIIECTBY HACHTHYHBIA BHJA, TO BEIWYHHBI, KOTOPEIE HEOOXOIHUMO
OTIPEJICNIUTh W3 JTOW CHCTEMbl YPAaBHCHHH JUIS CPAaBHEHHSA C JKCIIC-
PHUMEHTOM, Pa3H4HBl JUIS KaXJIOTO Kjacca IIporeccoB. Tak, s
(hepMEHTATUBHOM peaxIiH, KaK IPaBHIIO, HHTEPECYIOTCS CKOPOCTHIO
peaknuy, Ui TPAHCIIOPTa HOHOB — IOTOKOM HOHOB, a Ui IepeHoca
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9JIEKTPOHOB B KOMILIEKCAX HHTEPECYIOTCH HM3MEHEHHEM BO BpEMEHH
OKHCJIEHHOCTH M (MJIH) BOCCTAHOBJIIEHHOCTH MHIWBHAYAIbHBIX II€pe-
HOCYHMKOB 3JIEKTPOHOB IIPH M3MEHEHHWH BHENIHUX YCIOBHM — KOHI[EH-
Tpaldy JOHOPOB, aKIEOTOPOB U T. 1. B ciydae 3JIeKTpOHHOrO TpaH-
CIIOPTa CKOPOCTH MEPEHOCA IIEKTPOHOB OMPENEAICTCA COCTOSHUSIMI
KOMILIIEKCA KaK I[EJI0r0, a HaOIIogaeMBIMH B SKCIIEPHMEHTE SBJISIOT-
Cf, KaK MPaBHIIO, JIMIIb COCTOSHHS OTIAECIBHBEIX IIEPEHOCUYHKOB JJIEK-
TPOHOB. JTO W OOYCIIOBIMBAECT B OCHOBHOM CHELM(HKY ONMHACAHUS
3JIEKTPOH-TPAHCIIOPTHEIX HIPOLECCOB B KOMIUIEKCAX B OTIMYHE OT
IPyTHX mpoueccoB (TPaHCIOPT HMOHOB M Ap.). Bmecte ¢ Tem,
MpU3HaBas WACHTHYHOCTH WCXOMHOH CHCTEMbl YpPaBHEHHH, MOXXHO
[IEPEBOJMTEL COOTHOIIEHHMS, [TONydaeMble, HAIPUMED, IS OIMHCAHHS
CKOPOCTH (P€pPMEHTATHBHONW PEaKIMH B aHAJIOTMYHEIE COOTHOMIEHMS,
OTHOCSIIMECS K KakoMy-Imbo npyroMy mpomeccy. B sTom cMsicie
MoxKasaTelleH TOT (paKkT, 9TO ypaBHEHHS, OIHMCHIBAIOIIME ITOBEIEHHE
[EHTPa, MOI'yIET0 HAXOJIUTHLCA B JBYX COCTOSHHUSIX, HUMEIOT HE MEHEE
20 (1) pasnuunelx HanMmenoBaHuii. CBOJKMA HEKOTOPHIX HAa3BAHWH B
(hepMEHTATHBHOM KaTallM3€ MOXXHO HAaiWTH B KHWTrax JIMKCOHA H
V266a [1982] u PyOuna [1984].

I'nmaBa 3

KUHETUYECKHWE MO/IEJIN TPAHCIIOPTA
SJIEKTPOHOB
B BUOJIOTMHECKUX CUCTEMAX

B rnaBe paccMOTpeHBI CymIeCTBYIONIME B JINTEPAType MOAXOIbI K
OMHMCAHWIO TPAHCIOPTA OSJCKTPOHOB B OHMOJIOTMYECKHX CHCTEMaXx.
ITpoananu3upoBadel JBa PAa3IMYHBIX M0 GHU3WMYECKOMY CMBICIY THIA
B3aMMOJICHCTBUS IIEPESHOCUYHUKOB DJICKTPOHOB — B KOMILJICKCAX, BHYT-
PY KOTODBIX 3a/laH CTPOTHHA TOPSIOK B3aWMOJACHCTBHUS MEPEHOCUH-
KOB, ¥ MEXIy TTOABM)KHBIMY IEPEHOCYMKAMU JIEKTPOHOB, B3aMMO;ICH-
CTBYIOIIMMH JIPYT C APYroMm ImyTeM coyaapenuid. [loctpoenHas B mpe-
JBIIYIIEH TJIaBe BEPOSTHOCTHAS MOJIENbh MYJIbTH(HEPMEHTHOTO KOMII-
JIeKCa KOHKPETH3UPYETCS JJis ONMCAHWS TEPEHOCa JJICKTPOHOB B
KOMILIEKCax MOJeKyi-niepeHocurkoB. Kak v panee, EeHTpaJIbHBIM SB-
JIIETCS TIOHSATHE COCTOSHHUS KOMILJIEKCA KakK IIeJIOr0, KOTOpOe Ormpe-
JIETISETCA Kak IEepeCceYeHUe COCTOSHWN OTACNBHBIX NEPEHOCYMKOB,
COCTaBJISIONINX KOMIUIEKC. Takoe ompenescHue MOHSATHS COCTOSHHI
KOMILJIEKCa MOJIEKYJI-TIEPEHOCYMKOB, TIPH €CTECTBEHHBIX MPEATIOIONKE-
HHUSIX, [O3BOJISET 3aIlMCaTh CHUCTEMY JHHEHHBIX IuddepeHnuaisHbX
YPaBHEHUW OTHOCHUTEIIHFHO BEPOATHOCTEH COCTOSTHUM KoMILUiekca. JIu-
HEWHBIN XapaKTep KHHETHYECKUX YPaBHEHHI pacmiupsIeT BO3MOXKHO-
CTH aHAIMTHYECKOTO MCCIEeI0Banus. B 3akmounTensaoM maparpade
MPUBOIUTCH OOOCHOBAHWE WCIOJB30BAHUS BEPOSTHOCTHOTO OMKCA-
HUA.
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3.1. /IBa Mexanu3Ma B3auMo/ielicTBHAA
MEePEHOCYAKOB JJIEKTPOHOB

KuneTrka 3J€KTPOHTPAHCHIOPTHHIX MPOLIECCOB Hpu (HOTOCHHTE3E
¥ JIBIXaHWH SBJISIETCS 00BEKTOM WHTCHCHBHOTO W3YYCHHS B TCUCHHC
MHOTHX JIeT. JI7Is KOJTM4eCTBEHHOr0 OMMUCAHUS MePEeHoca JIEKTPOHOB
gepes JpIXaTeIbHyIo 1enb MuToxouapuii Yance u cotp. [Chance et al.,
1955; Chance, Williams, 1956; Chance et al., 1958; Yanc, 1963]
MIPUMEHKIIH KHHETHYECKYIO CXEMY, COTrJIACHO KOTOPOM 3TOT IIPOIECC
IpeACTaBIsgeT coO0OM ITOCIIEeNI0BATEIHLHOCT OMMOJIEKYIIIPHEIX peak-
OUi, IIPOTEKAIOMMUX B roMmorecHHoi cpene. IIpennonaramock, 4To
B3aMMOJIEHCTBHE KOMIIOHEHTOB MHOJYHMHSETCS 3aKOHY JEHCTBYIOIIHMX
Macc, T. €., YTO CKOPOCTh PEAKI[MH MEePEHOCA IIEKTPOHOB IPOIOPLFO-
HaJIbHA TIPOM3BEACHHIO KOHIEHTPANHWN PEarcHTOB B COOTBETCTBYIO-
el popme [Chance et al.,, 1955; Chance, Williams, 1956].

Vike Ha MEepBBIX JdTamax IPUMEHEHUS METOJa MAaTeMAaTHYEeCKOTO
MOJIETTUPOBAHUSA JUIsSI OMHCAHHUS DJIEKTPOHTPAHCIIOPTHEIX MPOIECCOB
HeoOX0AMMO OBLIO BEIOpaTh MEXIY ABYMS THIIAMH MOJIEJIEH, OMMCHI-
BAIOMUX B3aMMOJEHCTBHE MIEPECHOCYUKOB JIEKTPOHOB JAPYT C APYTOM
[Hanmc, 1963; 'apbunkens, 1967; I'apdunkens, 1968; Chance et al.,
1955; Wagner, Erecinska, 1971]. B Mozensx mepBoro Tvia oaHa Mo-
JIeKyJia IEPEHOCYMKA MOXKET B3aUMOICHCTBOBATh TOJIBKO JIMIIE C OJI-
HOM, CTPYKTYPHO OIIPEIEICHHON MOJIEKYJIOH IPYTroro MmepeHOCUYHKA.
B Mopensx BTOpOro THia, B IIPOTHBONOJIOXHOCTE IIEPBOMY CIIydaro,
B3aMMOJICCTBYIOT MHOTHE MOJICKYJIBI TIEPEHOCYMKOB. [lepBoHaYamb-
HO ObLIa BBIIBUHYTA THIIOTE3a O MEPEHOCE BJIEKTPOHOB B OMOJIOTHYE-
CKMX CHCTEMax IIyTeM COYyJapeHHil MOJIEKYJI-IIepeHOCYHnKoB [YaHcC,
1963]. UmenHO B CBSI3W C 9TUM NPH KOJWYCCTBCHHOM OIHMCAHWH TIC-
peHoca 3JeKTPOHOB HUCIOIB30BAJICS 3aK0H JeicTByromux mMacc. Kpo-
Me TOro, IpH MOJAEIHPOBAHHMH JJIEKTPOHHOIO TPAHCIOPTa OBLIO 00-
HapY>KEHO, YTO, HECMOTPS Ha CYMECTBEHHO OTIIMYHBIA THUI ypaBHE-
HUH, B 000X PacCMaTpPHUBAaEMbIX CIydasX, Pa3HHIA MEXTY KHHETH-
KOM OKHCJIMTEILHO-BOCCTAHOBUTEIBHBIX IIPEBPAMICHII MOJICKYJI-ITe-
PEHOCUMKOB B MOJIEJISIX, UCHIOIB3YIONIMX PA3IMYHBIC TTPEIOI0KECHHUS
0 XapakTepe CTPYKTYPHOH OpraHu3anuy NepEeHOCYHMKOB MHOI/A Ha-
XOAHUTCS BHYTPH SKCIIEpUMEHTAILHEIX omHOoK [Pring, 1968; Wagner,
Erecinska, 1971]. IIpuunna Takoro COOTBETCTBHS OYIET pacCMOTpEHa
HAaMH B CIeAylomer T1iaBe. TeM He MeHee, HCCIENOBaHME,
MpOBeAEHHOE ¢ moMomE0 MeTona Monte-Kapio, nokasano [Chance
et al.,, 1962; T'apdpunkens, 1967; I'apdpunkens, 1968], uto B 3THX
OIIMCAaHUAX BO3MOXXHO CYIICCTBECHHOC pPa3jIM4HC, IPUYCM CBA3aHHAasA
LMTOXPOMHAs CHCTEMa BeaeT ceOs kak PukcupoBanHas B MeMOpane,
a He KaKk CHCTEMa, TOJYMHSIOMAACS 3aKOHY JCHCTBYIONIMX MAacC.
PaccMoTpuM ykasaHHBIE JBa MEXaHH3Ma B3aHMOJICHCTBHS IEPEHOC-
qngos SJICKTPOHOB B MEMAX JJICKTPOHHOTO TPAaHCIOpTa Oojee IMoj-
pobHO.

74



Ilepenoc 3nexmponoe mexncoy noOBUIICHLIMU NEPEHOCHUKAMU

Eciu mepeHOCYHKH 3JIEKTPOHOB JOCTATOYHO IIOJBIDKHBIE, YTOOKI
B3aMMOJICHCTBOBATh JAPYT C JIPYIOM TIOCPEICTBOM COYJIapCHHH, TO
KHHETHKA IIEpeHoca JIEKTPOHOB MEX Ty IEPEHOCYHKAMH MOJKET OBITh
ONMCAaHA HCXOJA H3 OOBMHOrO 3aKOHA JECHCTBYIOMIMX Macc, COIJIac-
HO KOTOPOMY CKOPOCTH PEAKIHH IIPOIOPLIHOHAIBHA TPOH3BEIACHHIO
KOHIeHTpanuid pearnpyrommx BemiectB [Chance, Williams, 1956]. B
paccMaTpHUBaEMOM CITydae 3JIEKTPOHTPAHCIOPTHAS IIENb TPEICTaBIIs-
er co0o¥ guHaMHYeckoe o0pa3oBaHHe, B KOTOPOM HET KECTKOM
CTEXHOMETPHH MEPEHOCUMKOB JJIEKTPOHOB, 4 caMa IIEMNb CYIIeCTBYET
Onarogapss KHHETHYECKHM OT'PaHHYEHHSIM, HE HO3BOJISIONAM B3aHMO-
JIEACTBOBAaTh HCXOJHOMY JOHOPY M KOHECYHOMY AakIENTOpY, MHHYS
MIEPEHOCUYHKH JIEKTPOHOB. PaccMOTpHM B KadyecTBe ITPHIMEPA PEAKIIHIO
MEPeHOCa SJICKTPOHOB MEXIY JBYMS OIHODJICKTPOHHBIMH TIEPEHOC-
gukamMu C; 1 C,, B3aUMOIEHCTBYIONUMH JIPYT C APYTOM II0 CXEME

DM yc 250, 54 (3.1)

Kunerndeckue ypaBHEHHS, OIIMCHIBAIONIAE PACCMaTpPHUBAacMBbIC
OKHCIIMTEIIFHO-BOCCTAHOBHUTEIIEHBIE PEAKIMH M IIOJIyYCHHBIE HCXOIA
M3 3aKOHA JEHCTBYIOMIMX MAacC, MOIyT OBITh 3alIHCAHbI B CIEIYIONIEM
BHJIE:

d/C}]/dt=k;[D'J[C)]-k,[C][C5],

d[C3]/dt=1,[CJ[C3] =k, [CLJ[A°].
3aece [D1 FANI C,l JAN C; ] — KOHIIGHTpaIMK1 BOCCTaHOBJICHHOM (OpPMBI

(3.2)

noHopa D u mepeHocunkoB 3nekTpoHOB C; u (y; [C1° JA [Cg JA

[A®] — xoHnenTpauun oxucnenHo# Gopmsl mepesocunkos Ci, C,

u akuentopa A; ki, k', k3 — OuMoONEKynsIpHBIE KOHCTaHTEI
CKOPOCTH COOTBETCTBYIOIIHX PEAKIIHM.

ByneM mnpenmonaraTe, 4YTO KOHIICHTPAIIHS COOTBETCTBYIOIIHX
(hopM 3K30TreHHBIX JOHOPOB H AKIENTOPOB MOIAEPKHUBAECTCH MOCTO-
SHHOM Ha BCEM PacCMaTpPUBAEMOM IIPOMEKYTKE BPEMEHH M YTO 00-
e KOHIICHTPAIMH PAacCMaTPHBAEMBIX MEPEHOCYMKOB PAaBHBI JIPYT
apyry. B gacrtrocTH, 1 nepenocunkoB C+ u C, BEITIOTHSAIOTCS ClIe-
JYIOOIHE PaBEHCTBA!

[CI+[CI]=[C]o=[Co]o=[C3] +[C3]. (3.3)

DTO NO3BOJIAET IIEpenucaTh cucTeMy auddepeHIaIbHbIX YPaBHE-
uuii (3.2) B cremyromeM BUJE, T TEPEMEHHBIMHU YK€ SBIISIOTCS OT-
HOCHTEIBHBIC KOHIEHTPALMA COOTBETCTBYIONIMX IEPECHOCYMKOB
9JIEKTPOHOB B BOCCTaHOBJIEHHOH ¢opme [Pring, 1968; Clement-
Metral, 1969]:

dy/dt =k(1-y, )= kyyi(1-y,),

(3.4)
dy,/dt = ky(1-y, )y, —ks,.
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3necek
1 =[CL/[C ]o; y2=[C3J/[Colo; by =ky[D']; ky=ky[A°].

MozenvpoBanue 3J€KTPOHTPAHCIOPTHBIX IPOIECCOB, MMPOBEICH-
HOE Ha OCHOBE 3aKOHA JEWCTBYIONIMX MACC, OKa3aJoCh BEChbMa IIPO-
JYKTHBHBIM M ITO3BOJIMJIO B PAAE CIydaeB HE TOJBKO OMHCATh KCIIE-
PHUMEHTAJILHO HaOJIFOIaeMYI0 KHHETHKY peIOoKC-IIpeBpanieHuii oT-
JACIBbHBIX IICPEHOCUYHNKOB, HO U IMYTEM CpaBHCHHUA JaHHBIX MOJACIHUPO-
BaHHE C pe3yJIbTaTaMH O3KCIOEPUMEHTOB YTOYHHTL CTPYKTYpy H
GYHKIMOHAIBHYIO OPraHM3AlHI0 DJIEKTPOHTPAHCIIOPTHBIX —[IETIEH.
IlockoapKy 3TO HampaBlIeHHE KHHETHYECKOIO aHaju3a OTPAKEHO B
psine o63opoB [Chance, Williams, 1956; Pring, 1968; Garfinkel et al.,
1970; Py6bwn wu ngp., 1977; bepesun, Bapdomnomee, 1979;
BenemukroB u mp., 1980a; Illunkapes u np., 1980], mer e Oymem
MOAPOOHO OCTaHABIMBATHCA HA PACCMOTPEHHH PaOOT, OCHOBAHHBIX
Ha KHHETHYECKOM 3aKOHE JEHCTBYIOMUX MAacC, i OTPAHHYHMCS JIHOIh
IepedrCIIeHHeM HEKOTOPhIX KiIroueBbIX paboT [Chance et al., 1955;
Chance, Williams, 1956; Yanc, 1963; Pyoun, ®oxt, 1965; Pyoun u
op., 1968a, 19686; Pring, 1968; BbopucoB, HWBanosckuii, 1970,
ITerreeBa w np., 1973; Kykymkun u mp., 1973; Holzapfel, Bauer,
1975; Kynpusiaos u ap., 1977; Py6un u np., 1977; Kykynixus, 1980].

OnHako pacCMOTPEHHBIH MEXaHWU3M B3aMMOJICHCTBHS MEPEHOCUH-
KOB DJICKTPOHOB BO3MOXCH JIUMIb IS IEPEHOCUYUKOB (MITH KOMILIICK-
COB TICPEHOCYHKOB), JOCTATOYHO OBICTPO TMEPEABHUTAIONIMXCSA B
MeMOpane WiIH MPEMEMOPAHHOM IPOCTPAHCTBE W B3aHMOJEHCTBYIO-
OMX JIPyr ¢ APYroM IyTeM CIydYalHsIX COYIapeHWd H, CTPOTo
TOBOpS, HE IPUMEHUM IS OIKMCAHKSA TEPEeHoca JCKTPOHOB BHYTPH
KOMILJIEKCOB, B KOTOpPbIC OPraHW30BaHO OOJILOIMHCTBO MEPEHOCYMKOB

IDT.

Hepeuoc ANIEKMPOHO8 8 KOMAJIEKCAxX

Bnepseie TpaHCHIOPT 3JEKTPOHOB BHYTPH CTPYKTYPHBIX KOMILICK-
COB MOJIEKYJI MEPEHOCUYHKOB JJIEKTPOHOB OBLI PacCMOTPEeH XOJIMCOM
[Holmes, 1959] mns ApIxaTeanHOM SIEKTPOHTPAHCOOPTHONM NENH U
MaunkuusiM [Malkin, 1966] mist GoTOCHHTETHYECKOM 3IEKTPOH-TPAHC-
TIOPTHOM 1enu. 3aTeM 3JIEKTPOHHEINA TPaHCIOPT B KOMIUIEKCAX OBLI
paccMoTpeH B pabortax [Malkin, 1969, 1972, 1977; Copokun, 1973;
1976: JTuteum, 1975; Hill, 1976; Sorokin, 1978; BapdomomeeB u 1p.,
1977, Illunkapes, Benemgukros, 1977; Hill, Chance,1978; Bepesun,
Bapdonomees, 1979; Bapdonomees, 1976, 1981] u ap. B omimaue ot
MOJBIDKHEIX I[EPEHOCYHKOB JJIEKTPOHOB, IIE€ Ka)XKgasd BOCCTAHOB-
JeHHas MojieKyia mepeHocurka C) MoIVIa OTIATh IEKTPOH JIOOOM
okuciieHHo Monekyine C,, B pacCMaTpHMBaEMOM CIIy4ae BOCCTaHOB-
JIeHHbIA mepeHocunk ] MOXKET B3aMMOJICHCTBOBATH TOJBKO C TEM
OKHCIIEHHBLIM TIepeHocurukoM C), KOTOpeId Haxogutred ¢ C; B OTHOM H
TOHM e KoMiuiekce. Kpome TOro, mepeHoc SJIEKTPOHOB MEXTy Iie-
PEHOCUHKAMH B PacCMaTpHUBAEMOM Ciydae SBISIETCA MOHOMOJIEKY-
JISPHBIM HOPOIIECCOM, IIOCKOJIEKY B KOMIUIEKCE B €IMHOM aKTe Mpo-
HcxoauT Kak okuciaenne C) Tak B BoccTanosienue C,. B cuiny storo
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MIEPEHOC JJIEKTPOHA HEe MMEeT MecTa, Korja o0a MepeHoCYHKa, BXO-
ISUFX B KOMIDIEKC, OJHOBPEMEHHO OKHCJICHBI HJIM OJHOBPEMECHHO
BOCCTaHOBJIEHBL. TakuM 00pa3oM, JJIs ONHCAHHS MEPEHoca IJIEKTPO-
HOB B JJIEKTPOH-TPAHCIOPTHBLIX KOMILIEKCAaX HEOOXOAWMO paccMa-
TPHUBAaTh COCTOSHHS Cpa3y JBYX IIEPEHOCUYHKOB, YYAaCTBYIOI[UX B
nepeHoce 3eKkTpoHoB. CyMMapHas CKOPOCTh NEPEHOCA JIEKTPOHOB
mexay C; m C, B paccMaTpHBaeMOM CIIydae IPONOPLHOHANbHA
KOHIIEHTpAIlMH KOMIUIEKCOB, Haxomsmmuxcs B cocrosuuu C,C
xorja nepenocurk C; BOCCTaHOBIIEH, a TepeHocuuk C, OKHCIEH, T. €.
CKOPOCTB IIEPEHO0CA IIIEKTPOHOB MKy epeHocuukamu C, u C,

vV ~[CiC] (3.5)

ITycTe TEpeHOCYMKH DIIEKTPOHOB, HAXOAAMIMECS B KOMILICKCE,
B3aMMOJCHCTBYIOT APYr ¢ ApyroM coriacHo cxeme (3.1). YmoOuo
nepexoanbl MEKIY pa3IMYHbIMKA COCTOAHUAMU KOMIUJICKCA ABYX II€pPE-
HOCYHMKOB M300paxars B BHJE Tpada, B BEpIIMHAX KOTOPOTO HAXO-
IISATCS COCTOSIHHS KOMILIEKCA, @ CTPEJIKH YKa3bIBalOT BO3MOXKHEIE ITe-
pexXonbl MEXIy COCTOSHUSMH KOMIUIEKCa. B 9aCTHOCTH, JJisi CXEMBI
(3.1) rpad cocrosamit 6yaer umers Bun [Malkin, 1966; Pring, 1968;
Copokun, 1973; llluakapes, Beaegukros, 1977].

K
O GG ——— i 3
ks k, fk, (3.6)

01 1,1
2 GG e aG @
1
Ha stoi#i cxeme Bepxaue uugekcel 0 1 1 y C; u C, MOKa3bIBAIOT
OTCYTCTBHE WJIM HAJIMYME DJJICKTPOHA HA COOTBETCTBYIOLIEM IIepe-

nocumke: manpumep, C{C) 03HAYAET TAKOE COCTOSHHE KOMILIEKC,
KOTJja TEPBbI MEPEHOCYMK OKUCIIEH, a BTOPOH — BOCCTaHOBJIEH.
Iudpel B ckoOKax YKa3bIBAIOT HOMEP COCTOSHHSA KOMILIEKca. k; —
KOHCTAHTBI CKOPOCTH COOTBETCTBYIONIMX TEPEXOI0B, MPUYEM KOH-
CTAaHTBl CKOPOCTH ki ® k3 TpONOPIHMOHAIBHBI KOHIIEHTPAIIMH
9K30TCHHBIX JJOHOPOB U aKIIETITOPOB B COOTBETCTBYIOMIEH hopme:

ki =k[D'], ks =k[4]. G.7)

CymiecTBEHHO, YTO KOHCTAaHTa CKOPOCTH k) BHYTPHKOMIIJIEKCHOIO
IepPeHoca 3JIEKTPOHOB KMEET MOHOMOJIEKYIISIPHEIN XapakTep.

B oTimgue oT mepeHoca 3JIEKTPOHOB MEXTY IIOABHXKHEIMH IIEpe-
HOCYHMKAaMH B PacCMaTpHBaeMOM CIIydae BO3MOXXHA KOOTIEPATHBHOCTh
B IIEPEHOCE DJIEKTPOHA, T. €. 3aBHCHMOCTh KOHCTAHT CKOPOCTH IIepe-
HOCA DJIEKTPOHA OT COCTOSHMS BCEX IMEPEHOCUMKOB, BXOASIMIMX B
xomiuiekc. Ilapamerpsl o 1 B Ha cxeme (3.6) XapakTepu3yrOT CTEHEHb
KoomepaTUBHOCTH. Tak, HampuMep, IIEPEHOC JJIEKTPOHA OT IK30-
TEHHOTO JIOHOPa B KOMIUIEKC MOXET CYMECTBCHHO 3aBHCETH OT
3apAI0BOI0 COCTOSHHS BTOpOro mepenocuuka (a=l). Jas xonmen-
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TpaIui pa3lIMYHBIX COCTOSHHH KOMILIEKCA ABYX (PEPMEHTOB MOXKHO
3amrcaTh CUCTEMY YpPaBHEHHH, KOTOpas MOJHOCTHIO aHAJIOTAYHA IO-
JIy9aromieicss TP PacCCMOTPEHUH NEPEXO0J0B MEXAY pPasIMdHBIMH.
COCTOSTHUSIMHM MYJIbTH()EPMEHTHOTO KOMILIEKCA:

d/CiCy]/dt=k3[A° J[C)C} ] -k, [D' J[CJCY ],
d/C{C}]/dt=k,[CIC3] —(k;[A°] +ak,[D' |)[C)C} ], (3.8)
d/CiCS]/dt=k;[D'J[C)CY ]+ pk;[A’J[CIC,] -k, [CIC3 ],

d/CiCy ] /dt=aki[D' J[C]Cy ] - fi; [A° JICIC ].

PemmmB cuctemy nuddepeHnnansHbIX YpaBHEHHH OTHOCUTEIHEHO KOH-
[EHTpaNHil COCTOAHUI KOMILIEKCa (C COOTBETCTBYIOINIMMH HAuajlhb-
HbIMH YCIIOBHSIMH), MOXXHO HAWTH TaKXe W KOHICHTPAIMIO COC-
TOSHHHA OTAEJIbHBIX IEPEHOCUYHKOB 3JEKTPOHOB, IIPOCYMMHPOBAB
KOHIICHTPAITMH BCEX TEX COCTOSHHWI KOMIUIEKCA, B KOTOPBIX HaXO-
JIATCS PacCMaTPUBACMBIl TIEPCHOCYMK B WHTEPECYIOMIEM HAC COC-
TosiauK. HampuMep, KOHIIEHTpaIysa BOCCTAHOBIEHHOH (GOPMEI IEPBO-
TO MEPEHOCYHKA PaBHA

lct=[eiee ]+ [eict] (3.9)
Kunertrka mepeHoca dJIEKTPOHOB B KOMIUIEKCAX MOJIEKYJI-IEPEHOCYH-
KOB JI@K€ B OTCYTCTBHE KoomeparmBHOCTH (a—=P=1) MoxxeT cymie-

I

Puc. 23. 3aBucHMOCTH CKOPOCTH
MEPEHOCA JNCKTPOHOB MEXAY C
u C, OT KOHIICHTPAIINH PEarCHTOB
JUld CcIoydas TIIOJBIDKHBIX IIC-
] & 7 PCHOCYHKOB (2) W ICPCHOCIHUKOB,

= OpPraHM30BAHHEIX B KOMILICKCEHI

)

rcfr=rcsy

CTBEHHO OTJIMYAThCS OT TAKOBOM MEXTy IOJIBIYKHBIMU IIEPEHOCYHUKA-
MU, TIOCKOJIbKY 3aBHCHT OT OOBEMHOW KOHIICHTPAIMU COCTOSTHHUA
KOMILIIEKCa, a He 0T 00beMHOM KOHIICHTPAIMH OTJCIbHBIX MePEeHOCUH-
KOB, KaK 3TO UMeeT MeCTO ISl TO/IBMKHBIX IEPEeHOCYUKOB. B cBsi3y, ¢
O9TUM JUI1 PAacCMaTpUBAEMBIX JBYX MEXaHH3MOB IEPEHOCA OJIEK-
TPOHOB 3aBHCHMOCTh CKOPOCTH MEPEHO0CA 3JIEKTPOHOB OT KOHIIEHTPa-
MY PEeareHTOB CyMECTBEHHO pa3inyHa. B cilydae KOMIUIEKCOB CKO-
POCTH PEaKIMH JHHEHHO 3aBUCUT OT KOHIICHTPANHH 000X pearcHToB
(mpenmonaraeM, YTO KOHIIEHTpAIMKA OOOWX PEareHTOB PaBHBI JAPYT
IpyTy). B To e Bpems aHanorn4Has 3aBUCUMOCTbH JUISI ITOJIBHIKHBIX
MEPEHOCYNKOB HOCUT KBaJpaTH4HbIN Xapaktep (puc.23). ITostomy
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CKOPOCTh HEPEHO0Ca JIEKTPOHA B KOMILIEKCAX MOMKET OBITh JOCTATOY-
HO OBICTPOH JaXKke TPH YPE3BHIYAWHO MaJIOW KOHIIEHTPAIMH pearcH-
TOB, TaK KaK IOCIICAHHUE yXX€ HCXOJHO HAXOAATCS B «PEAKIMOHHO-
crocoOHOM» KOMIUIEKce. B KadecTBe WILIIOCTpAlMiKi K CKa3aHHOMY
paccMoTpuM mpocToii mpumep. Kak mpaBwmiio, OMMoIIeKyIsipHas KOH-
CTaHTa CKOPOCTH XHMHUYECKOW PEaKOUH B PAaCTBOPE HE MPEBBIMACT
10" M ¢! [Jlarmoanbsc, OnGeprn, 1978]. Cuurast, 4TO KOHIEHTPALHH
peareHTOB cOCTaBISIIOT 1 MKM, uMeeM Jif CKOPOCTH PEaKIlud
7=10'°-10""=10? Mc'. Eciu cuuraTs MOHOMONEKYJISPHYIO KOH-
cranty ckopoctd pasHoi 10" ¢! (a s ckopoctr mepeHoca dnek-
TPOHOB B ()OTOCHHTETUYECKHX PEAKI[MOHHBIX I[IEHTPAX 3TO CIPaBE.I-
JIUBO), TO TPH TOH XK€ KOHIEHTPANHWU PEarcHTOB CKOPOCTH PEAKIUU
pasra ¥ =10""-10°=10* M-c"'. Takum 06pasom, cymMmapHas peaxius
B KOMILJIEKCAX MOXET OBITh Ha HEC-KOJBKO MOPSAIKOB OBICTpee, 4em
MEX/Ty TTOJIBI>KHBIMHU IIEPEHOCYH-KaMH, TOJIHKO 32 CUET OpraHu3ariu
[IEPEHOCYHKOB 3JIEKTPOHOB B KOMILIEKCHI.

PaccMoTrpuM Teneps Oosee moApoOHO BEPOSTHOCTHYIO MOJIEIb Ie-
peHoca JIEKTPOHOB B KOMIUIEKCAX MOJIEKYJI-IIEPEHOCYHKOB, KOTOpas
SABJISETCH JCTATN3aMUEH MOIEITH, H3JI0KEHHOH B TII. 2.

3.2. Ilepenoc 3JIEKTPOHOB B MYJIbTH(GEPMEHTHRIX KOMILJIEKCAX.
ITocTpoenune Momean

Kak y»e yka3slBaJloCh B TJI. 1, memb 3JIEKTPOHHOTO TPaHCIOPTa
npu (HOoTOCHHTE3€ M JbIXaHWHM 00pa30oBaHa W3 HEOOJBLOIOr0 YHCIIA
BCTPOEHHBIX B MEMOpaHy MyJIbTH(EPMEHTHBIX KOMILIEKCOB, IIPHYEM
MIEPCHOCYMKH DJIEKTPOHOB, BXOMSIIUC B TOT WM WHOW KOMILUICKC, B
OIpeAeIICHHBIX YCIOBHSIX MOT'YT IIOMHMO OOMEHA 3JIEKTPOHAMM MPH-
COEIMHUTH IPOTOH, a TAK)KE B3aMMO/ICHCTBOBATh C TEMH HWJIM WHBIMH
murangamu. [ToatoMy B oOmieM ciydae HEOOXOIUMO paccMaTpHUBaTh
BCC COCTOSAHHNA, B KOTOPBIX MOXXCT HAXOAUTHCA KOMIIJICKC. COCTOHHI/ISI
KOMILIEKCA MOJIEKY]I IEPEHOCYHKOB B 3TOM CiIy4ae MOIyT OBITh
onpenenensl [Illunkapes, BememukroB, 1977] kak mepecedenue
COCTOSIHUA OTJAENbHBIX IIEPEHOCUHMKOB, OOpa3yIomuX KOMILIEKC,
MIPUYEM KaKIBIA U3 TIEPEHOCUYHUKOB DJICKTPOHOB MOXKET HAXOJAUTHCS B
OKHCJIEHHOW WJIM BOCCTAHOBJIEHHOH (hopMe, IPOTOHHPOBAHHOM HIIH
JIETIPOTOHUPOBAHHOM COCTOSTHHH M T. 1. Kak M3BECTHO M3 TII. 2, mepe-
HOC D3JICKTPOHOB MOXKHO OIMCATh CIICAYFOMICH CHCTEMOW JTMHEWHBIX
nubdepeHnHaTBHBIX YPaBHEHHH OTHOCHTEBHO COCTOSTHHIA KOMTLIIEK-
ca MOJIEKYJI [IEPEHOCYHKOB:

PO 5 p ap.  pi(0)=b, (3.10)
J

3neck pi(f) —BEPOATHOCTH TOTO, YTO KOMILIEKC NEPEHOCYUKOB Ha-
XOIUTCA B COCTOSHAM Kk B MOMEHT BPEMEHH [, dj— KOHCTAHTEHI

CKOPOCTH TIEpEXO0Jla W3 j-TO COCTOSHHS KOMIUIEKCA B k- oe (j=k),

Gy == .
=k
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OcHOBHO# 3aa9eli KHHETHIECKOTO OIMHMCAHMS TIEPEHOCA DJIEKTPO-
HOB B KOMILIEKCaX MOJICKYJI IICPEHOCIMKOB ABJIACTCS BHIICHEHHE Bpe-
MEHHOTO TOBeIeHUS BeposiTHOCTEH py=P(S), f) COCTOSHHMIA KOMILICK-
ca. OnpeenyB BEPOATHOCTE KAXKJAOTO COCTOSHHS KOMILJIEKCa, MOXKHO,
MMPOCYMMHPOBAB BEPOSATHOCTH BCEX TE€X COCTOSHHI KOMILIEKCA, B
KOTOpPHIC BXOJIUT JAaHHBIN MEPEHOCIYHUK B COOTBETCTBYIOMIEM COCTOSI-
HUH, ONPEAETINTh U BEPOSTHOCTH COCTOSIHHUIN JF00O0T0 OTAEIBHOTO Te-
peHOCYHKa, KOTOpPhIE, KaK MPAaBIJIO, U ONPEAEISIOTCS B OKCIIEPHIMEH-
te. Hammpumep, BeposTHOCTE TOro, 9r0 C; MEPEHOCIHK DIICKTPOHOB
HaXOJHTCA B OKUCIICHHOH popme, paBHA

P(CY )= Y P(Sp,1) 3.11)
sjccy

Jlnst 6oeOioro 9uciia ONWHAKOBBIX HEB3aMMOACHCTBYIOMMX (He-
3aBHCHMBIX) KOMIUIEKCOB BBEJIEHHBIC BbImIe BepositHOCTH P(S; 7) u
P(Cll,t) PaBHBI COOTBETCTBEHHO J0JI€, KOMILIEKCOB, HAXOIIOIMXCS B
COCTOSIHUM S;, ¥ JIOJIe KOMIUIEKCOB, B KOTOPBIX nepeHocduk C; Ha-
XOJIUTCH B OKHCIIEHHOM COCTOSIHHH.

PaccMoTpum B KkadecTBe mpuMepa MEPEHOC JJEKTPOHOB B KOMII-
JIEKCE JBYX, TPEX M 9ETHIPEX MEPCHOCIUKOB.

IlycTh mepeHOCYHKH 3JIEKTPOHOB B3aUMOICHUCTBYIOT APYT C JApPY-
TOM TI0 CXeMe

K _ka k3
—>C = C,——> (3.12)
3aece 1 manee OyaeM MpeAnoiarath JJis OIPOCTOTHI, 9TO OTCYTCTBYET
KOOIIEPAaTUBHOCTH B TIEPEHOCE DIIEKTPOHOB. Kpome Toro, mis ympo-
menus 0003HadeHni OyaeM OIyCKaTh 0003HA4YEHHs IIEPEHOCYHKOB

3JIEKTPOHOB. B 9TOM cirydae rpad COCTOSHMIT KOMIIIEKCA MMEET Clie-
YOOI BUJ, TIOJTHOCTHIO aHAIOTHIHEIH (3.6):

1 00 /BT 3

| 24 |k (3.13)
2) 01 — , 11 ¥
)] i

IIpu OobmIeM drClIe TIEPEHOCINKOB Ipad COCTOAHHN KOMILIEKCA CY-
[IECTBEHHO YCIOXKHIETCA M JJII KOMILUIEKCA X IEPEHOCYHKOB, KaxK-
JIBIA M3 KOTOPBIX MOXET HaXOAHTHCA TOJBKO B JBYX COCTOSHHSX.,
OKHCJIEHHOM H BOCCTaHOBJIEHHOM, COJIEPXKHT 2" pa3sIWdHbIX COCTOM-
Huii. Hike B kadecTBe IpuMepa IPEACTaBIIEHBl CXeMBI B3aUMOJISH-
CTBHA M Ipadbl COCTOSHUH IS KOMILIEKCOB Tpex (3.14) m getnipex
(3.15) nepenocamkoB.

Hcxonas u3 cxemsl (3.13) MoKHO 3amucaTh CIEAYIOMYIO CHCTEMY
muddepeHIMaNBHBIX ypaBHEHWN OTHOCUTENIFHO BEpPOATHOCTEH
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000 —R 100 > 0100 il » 1100
A k, 'y b ks X kS
K, ks ?
k, k, ky
001 101 > 0101 1101
k, ky ‘é k,
K k&
010 110 1010 ——— 0110 1110
r'y A k2 A A
k k
ky 2 4 k, s
011 T’ 111 n » 0111 — 1111
(3.14) (3.15)
cocrosmwmii komiuiekca p~=P(S;, ):
dp,/dt = kyp, =k p;,
dpy/dt =kip,+kypy+k_,p, —k, 3,
dpyldt=kip, —kips, (pr+Pr+p3+ps=1). (3.16)

BeposSTHOCTH OKHMCIHMTEIEHO-BOCCTAHOBUTEILHEIX COCTOSHUN Iepe-
HOCYMKOB 3aIlMCBIBAIOTCH d9epe3 BEPOSTHOCTH COCTOSHHN JIaHHOTO
KOMILJIEKCA COrTIacHO BeIpaxkenuro (3.11) crexyrommmM o6pasom:

P(Cl,t) =1 P(C},t) = P(S;,t) + P(S,.1),
P(C),t) =1—P(C? £) = P(S,,1) + P(S,,1). 3.17)

CrannoHapHbIe 3HA9CHHS BEPOATHOCTEH COCTOSIHAI KOMILIEKCA MOXXHO
paccauTarh JMOO M3 CHCTEMBI aireOpandecKux ypaBHEHHM, ITOIIy-
gqaromeiics u3 Bepaxenus (3.16) OpupaBHHBAHMEM IIPOM3BOIHBIX
HYJII0, THOO HENOCPEACTBEHHO 10 rpady cocrosauii (3.13) (moapoduee
CM. T 2).

Brime ObI1 paccMOTpEH IPOCTEHNIHi clydaii, KOTJJa KOHCTaHThI
CKOPOCTH OOMEHa 3JIEKTPOHAMH MEPEHOCIUKOB MYJIbTH(HEPMEHTHOTO
KOMILJIEKCA CO Cpelloii He 3aBHCHT OT BpEMEHH. 1eM caMbIM (DAKTH-
9eCKH TPEANOIarajiocs, 9TO KOHIICHTPAIMH BEHIECTB, CIIOCOOHBIX
CIIY)KUTb JIOHOPOM WIJIH aKI[EITOPOM 3JIEKTPOHOB JUISA JAHHOTO KOMII-
JIeKCa, TMOCTOSIHHBL. ECIM )k KOHIIEHTpAalMH 3THX BEMIECTB 3aBUCAT
OT BPEMCHH, TO COOTBETCTBYIONIUC TICEBJOMOHOMOJICKYIISIPHBIC KOH-
CTaHThbl CKOPOCTH JOJI2KHBI GBITI: IIpEaAcCTaBJICHbBI B BHJIC IIPOU3BCIC-
HUSL OMMOJIEKYJIIPHBIX KOHCTAHT CKOPOCTH HAa KOHIICHTPALMIO JTIOHO-
pPOB WJIM akIenTopoB. JIJis MOTHOTO ONHUCAaHWs TaKOW CHCTEMBI K CH-
creMe ypasuenuii (3.16) HeoOxomuMo 100aBUTH YPaBHEHHS I KOH-
LEHTPALMH aKIIEITOPOB 1 JIOHOPOB.
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Ecmm B paccMoTpenHoM Belinie npuMepe (cxema 3.13) KoHIeHTpanus
HEKOTOPOTO BemiecTBa A, HAXOIIOIErOCA B PacTBOpPE W IpPUHHMA-
1omiero 31eKTpoHsl oT C), U3MEHSIETCS BO BPEMEHH, TO BCIOAY BMECTO
k3 neobxomumo mucats k3 TA%). Ypasuenne mus A umeer By

1
% =ky[A° ] n [1-P(S,,t)— P(S,,1)], (3.18)

re [A']. [4°]—xoHueHTpalmK BOCCTAHOBICHHOM W OKHCICHHOM
(dhopM BeniecTBa A, # —dKCIIO KOMILJIEKCOB B €IUHHIE 00BEMA.

3.3. OGocnoBanne BEPOATHOCTHOTO ONACAHAS

B ciaygae ogviHAaKOBBIX KOMIUIEKCOB MOJIEKYJ TEPEHOCYHKOB HE-
CII0XHO YOETUTHCS B TOM, 9TO CpEIHEE 9UCII0 KOMILIEKCOB, HAXOIs-
OIMXCS B JJAHHOM COCTOSHWHM B PacCMaTpPHBAaeMbIii MOMEHT BpEMEHH
1, TIPOTIOPIIMOHATILHO BEPOSTHOCTH HAWTH OTAEIBHBIA KOMIUIEKC B
9TOM COCTOSTHHH.

ITockonbky ypaBuenus (3.10), 3ammcaHuble OTHOCHTEIBHO BEPOST-
HOCTEW COCTOSIHHWI KOMIUICKCA, JMHEHHBI, TO OHM 1O (OpME COBIIA-
JIAIOT C TAKOBBIMHM ISl MATEMATHIECKHX OXKUIAHHU.

CornacHo 3aKoHY OONBIINX 9HCENT IPHA CTPEMJICHHH O0METro Jncia
KOMILJIEKCOB K O€CKOHEYHOCTH BEPOSITHOCTh OTKJIOHEHHS 9HCIIa KOM-
TJIEKCOB, HAXOISIIMXCS B JAHHOM COCTOSTHHH, OT MX CPEIHEr0 9uCla,
HaXOJAMIETOCS B 9TOM COCTOSIHHH, CTPEMHTCS K HYJIIO [CM.,
Hanpumep, I 'uenenxo, 1965, ria. 6]. ITockoasKy 00BMHO YHCIO0 KOMII-
JIEKCOB, C KOTOPSIMH MMEIOT JIEJI0 Ha MPAKTHKE (MaKpOCKONMYECKHHA
obpaserr), He MeHbme, 9eM 10'°, To B paccMaTpuBacMoOM cllygae HeT
CYIIECTBEHHOH pa3HHUIBI MEXITY OoJiee 00mUM BEpOSTHOCTHBIM TIO/-
XOJIOM ¥ JIETEPMHHUPOBAHHBIM, B KOTOPOM (DUTYPHUPYIOT CpeaHue
9UCJIEHHOCTH TEX WJIM MHBIX COCTOSIHUH KOMILIEKCA. MBI TeM HEe Me-
Hee Oy/ieM IOJB30BAaTHLCS BEPOATHOCTHOM 3alKCHI0 YpaBHEHHH, IO-
ckoaeKy 3710 [IIIunkapes u ap., 1980]: 1) mo3sonser cpa3sy paborath
¢ 6e3pa3MepHoii (hopMOii ypaBHEHMIA; 2) yIOOHO I MHTEPIpETAIIH
SIBJICHWH 3aBUCHMOCTH M HE3aBHCHMOCTH Pa3JIM9HbIX COCTOSHHI Ie-
PEHOCYHMKOB 3JIEKTPOHOB; 3) MO3BOJISIET IPUMEHUTH TIOHATHS U METO-
IIbl, Pa3BUTHIC B TEOPHWH BEPOATHOCTEH W CIlydalHBIX IMPOIIECCOB
(YcnoBHBIE BEpOSTHOCTH, (pOPMYJIa TIOJHBIX BEPOSTHOCTEH, MAapKOB-
CKHeE CITydaiiHble TPOIECChl U T. 1.); 4) MO3BOJNISET M0-HOBOMY B3TJIs-
HYTh Ha BBIBOJ] KHHETHYECKUX YPAaBHEHHUH WM BBIACHUTH T€ OrpaHHue-
HUS, TIpA KOTOPBIX OHH CIPaBEIJIMBBI, 5) TMO3BOJISIET TIPH aHAIM3e
KHHETHKA (DYHKIIMOHHUPOBAHUSA MYJIBTH(PEPMEHTHOTO KOMIUIEKCA
MOJIL30BATHCSA BEPOATHOCTHOM HHTEPIpPETALMEH I0ydaeMbIX COOT-
HOIIICHWH.

3akaoueHne

PaccMoTpenHEIe B IpembIAYINEH IJIaBe XapaKTepHbIe 9epThl (PYHK-
[MOHUPOBAHUS MYJIETA()EPMEHTHBIX KOMILIEKCOB, a TaKXKe Crocoda
WX ONMICAHMS MOTYT OBITH CIeIyronMM 00pa3oM KOHKPETH3MPOBAHBI
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JUIS CITydasi TIepeHoca 3JEKTPOHOB B KOMILJIEKCAX MOJIEKYJ TIEpeHOC-
9HKOB:

1. CkopocTh mepeHoca 3JIEKTPOHOB B KOMIUIEKCAX OIpPEAeIseTCs
COCTOSIHHMSMH KOMILIEKCA KaK 1I€JI0T0, a HE COCTOSHUSMH OTAEIbHEIX:
TIEPEHOCIYHUKOB 3JIEKTPOHOB, COCTABJIAIOMIMX KOMILIEKC.

2. Jlns mepeHoca 3JEKTPOHOB B KOMIUIEKCAX XapakTepHa KOoIie-
PATHBHOCTH B IIEPEHOCE IIIEKTPOHOB, T. €. 3aBUCHMOCTh CKOPOCTH IIE-
peHoca 3JIEKTPOHOB MEXIy IMEePEHOCIMKAaMH OT COCTOSTHHS BCEX JIPY-
THX [IEPEHOCYHMKOB, COCTABJIAIONIMX KOMILIEKC.

3. Jlns mepeHoca dJIEKTPOHOB B KOMILIEKCax XapakTepeH dddexT
NEPCKIIIOYCHH NYTH PCAKIIMK IIPH U3MCHECHHU HUEPpApXHUU BCIW4YHH,
KOHCTAHT CKOPOCTH. Tak, I cxemsl mepeHoca diaekTpoHoB (3.13)
mpu k1>> k3 B OCHOBHOM peaJln3yeTcs MyTh NEPEHOCA JJICKTPOHOB B

MOJIHOM 1enm: 10 o 01—X11, Ecmm xe k3>> k; To peanusyercs
r 2 $
k3
#

TJIaBHBIM 06p330M IIyTh IEPEHOCA IJICKTPOHOB B H}’CTOf;I OeIm:

10 :—2> 01—% 500,
-2
0 - w {

4. He3aBHCHMOCTb CKOPOCTH IEPEHOCA IJIEKTPOHOB OT 00BEMHEIX
KOHIIEHTPAIHI OTIECNBHBIX MEPEHOCIUKOB 3JIEKTPOHOB. [Ipu HabmI0-
JCHHUH 3a COCTOAHUAMHU OTACIIBbHBIX IIEpCHOCYHUKOB 06BI‘IHO
NpEeANoJaraoT, 9TO JSTOr0 JOCTATOYHO, 9TOOBI OIPENEIHUTHL H
CKOPOCTh TEepeHoca JJIEKTPOHOB B KoMmIuiekcax. OIHAKO CKOpPOCTh
repeHoca IEKTPOHOB OMNpEeEAeTCs COCTOSHHAMH KOMILIEKCa, a He
COCTOSIHUSIMH OTAEIBHLIX IIEPEHOCYHUKOB. TakuMm 00pa3oM, OJHOH H3
Hau0osee crienu(pUIECKHX 9epT MEPEHOCa IEKTPOHOB B KOMILIEKCAX
SBJIAETCA TO, YTO CKOPOCTh IEPEHOCA JJIEKTPOHOB OIPENEIIseTCs
COCTOSTHHMSIMM, KOMIUICKCa, a HAONIOIJAEMBIMHA B OKCIIEPHMEHTE, KaK
TIPABHJIO, SIBIISTFOTCS JIMIIH COCTOSTHUS OTICIBHBIX TIEPEHOCIHKOB.

5. DddexT GI0KHPOBKH IIEPEHOCA JIEKTPOHOB IIPH BOCCTAHOBIIE-
HUHY TICPEHOCYHKA, HA KOTOPBIN NIEPECHOCHTCS 3IEKTpOH. [oCKONBEKY B
KOMILJIEKCaX TIEPEHOC DJICKTPOHOB OCYMECTBISETCS IO TPHHIIHAITY
«OJIMH Ha OJHHY, TO BOCCTAHOBJICHHE IIEPEHOCIHKA, HA KOTOPHIH J10JI-
JKeH OBITh TIEPEHECEH DJIEKTPOH, €CTECTBEHHO CTAHOBUTCS HEBO3MOXK-
HeIM. OTMETHM, 9TO B Clly4ae MOABHXKHBIX TIEPEHOCIHUKOB MMOT00OHBII
9 deKT BEIpaxXeH HE TaK APKO, IIOCKOILKY IIPH BOCCTAHOBJICHHUH OJ-
HOM MOJICKYJIBI WMEETCS BO3MOXKHOCTH TIEPCHECTH DJICKTPOH Ha
OCTaBMIMECH OKHCIIEHHBIE MOJIEKYJIBL.

6. DKCIIOHEHIIMAJILHO OBICTPBIM POCT 9HCIIA COCTOSHHN KOMILIEK-
ca, Ha0JII0JaeMblil TIPY YBEIMYCHHH 9UCIIa IEPEHOCINKOB, BXOISIIAX
B KOMILJIEKC. DTOT ACIEKT MepeHoca JIEKTPOHOB B KOMILIEKCAX He-
00XOIMMO YYHTHIBATH IPH IIPOBENECHHM JKCIIEPUMEHTA C JIEKTPOH-
TPaHCIOPTHBIMHA KOMILIEKCaMH. Tak, I KOMIUIEKCa M3 S5 mepeHocC-
9HUKOB, KQXKJIBIA U3 KOTOPBIX HAXOAUTCS B IBYX COCTOSHHUSX — OKHC-
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JICHHOM ¥ BOCCTAHOBJICHHOM, KOMILICKC MOXET HaXOIUTHCS B 2° = 32
COCTOSTHHSX.

7. B cuny MapkKOBCKOTO XapakTepa IepeHoca 9JJIEKTPOHOB B
KoMmIIexkcax (9To OOBIYHEIM MOCTYJIAT, MCIIOIL3YEMBIH B depMmenTa-
THBHOM KaTaju3e) MEPEHOC SJIEKTPOHOB MOXKET OBbITh OIMHCAH CHCTE-
MOH JHHEHAHBBIX [ubdepeHIMANLHLIX YPaBHEHHNA OTHOCHTEILHO
BEPOATHOCTEH COCTOSHHN KOMILIEKCA.

PaccMoTpennsle 0COOEHHOCTH MEPEHOCA JJIEKTPOHOB B KOMILIEK-
cax MPUBOJAT K TOMY, 9TO KHHETHKA IIEPEH0CA DJIEKTPOHOB B HHX MO-
JKET CYIMECTBEHHO OTIMYATHCA OT TAKOBOM, OMKCHIBAEMOI 3aKOHOM
JEeHACTBYIOMMX Macc.

I'maBa 4

CPABHEHUE KUHETUYECKUX MOJIEJIEM
OJIEKTPOHHOI'O TPAHCIIOPTA

3agadeii TaHHOWM TJIaBBI SIBJISETCS aHAJIHW3 W CPABHEHME CYIIECT-
BYIOIIHX B HACTOAIIECE BPEeMS KHMHETHICCKHX MOJCIICH 3JICKTPOHHOTO
TpaHcnoprta B OHonorudeckux cucremax. CpaBHenne Mojeiei djek-
TPOHHOI'O TPAHCIIOPTA IIPOBEIECHO HAa OCHOBE CHOPMYIMPOBAHHOIO
panee [IlIunkapeB, BenemuktoB, 1977] BEposSTHOCTHOTO ONMHMCAHMS
IepeHoca JJIEKTPOHOB B KOMILIEKCAX MOJIEKYJ IIE€PEHOCYHKOB. B
IJaBe YCTAHOBJIEHELI YCIOBHS, IPHU KOTOPLIX IIPH OIMCAHHH DJjEK-
TPOHHOI'0 TPAHCIIOPTa B KOMILJIEKCAX MOXKHO IOJIb30BAaTHCS YpaBHE-
HHUASIMHA OTHOCHUTCIIBHO KOHIIeHTpaIIPIf/'I COCTOS[HPIﬁ OTJICIIBHBIX
MEPEHOCYMKOB, CcoCTaBIgommx Komiuieke. OOcyxmaeTcs CBA3b
MEXIY 3aKOHOM JEHCTBYIOMMX MAacC, IPHMMEHHMBIM K MOJIBHIKHEIM
MEPEHOCYHNKAM, U MOJIEIBLIO, OMMCHLIBAIOMIEH IEPEHOC SJIEKTPOHOB B
CTPYKTYPHBIX KOMIUICKCAaX. PaccMaTpHBAIOTCS yCJIOBHSA, IIpH
KOTOpBIX 3aKOH JCHCTBYIOHOIMX MAacC MOXKHO HPHMEHATh JUIA
ONnrucCaHusa OKHCIIMTCIIBbHO-BOCCTAHOBHUTCIIbHBIX peaKuHﬁ B
KOMILJICKCaX MOJICKYJI-IICPCHOCIMKOB. BhISBICHBEI pa3andus B
KHHETHKE  TPAHCIOpPTa  DJJICKTPOHOB  MEXAY  HOJBHXKHBIMH
IIEPEHOCYMKAMH  JJIEKTPOHOB M MEXJIY  IEPEHOCYHKAMH,
OpraHu30BaHHBIMH B KOMIUIEKCH. OOCYXIArOTCd pa3iIWdHbIE BHIIBI
CHMMETPHH B IIEPEHOCE DICKTPOHOB.

4.1. CacreMa 3anemSiOIAXCH YPABHEHHH

Kak mpaBuno, OONBMIMHCTBO KCIEPHMEHTAIBHEIX METOJOB, HC-
MOJIL3YEMBIX JIJIS MCCIIEIOBAHMS TPAHCIIOPTA 3JIEKTPOHOB B OHOJIOTH-
geckux cucremax (abcopOumonnas crekrpockomus, OIIP u gp.),
MO3BOJIAIOT HAOIIONATH TOJILKO PEIOKC-COCTOSIHHS OTAEIBHBIX TIepe-
HOCYHKOB 3JIEKTPOHOB. MEXIy TEM CKOPOCTh TIEpeHoca JIEKTPOHOB
B KOMIUIEKCAX ONPEAEIAETCS COCTOSHHAMH KOMILUIEKCA KAk IIJIOro,
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a HE COCTOSHUSAMHU OTHCIBHLIX IIEPEHOCIUKOB, BXOIAMAX B
kommiekc.  CremoBaTensHO,  MPEACTABIACTCS — HEOOXOIUMBIM
BBISICHUTB T€ YCIIOBHUSA, [IPU KOTOPHLIX CKOPOCTh IEPEHOCA IJIEKTPOHOB
B KOMILJIEKCE OMPEACIIAETCS TOIBKO PEIOKC-COCTOSHUSAMY OTAEIBHBIX
MIEPCHOCIHKOB.

Kak yxe yka3pIBajgoch B IJl. 2, COCTOSIHHS OTHEIBHBIX MEPEHOC-
9UKOB MOXKHO HaWTHM Kak OO0BEIWHEHHE COOTBETCTBYIOMIMX
COCTOSIHMA KOMILIEKCA MOJIEKYJl TepeHocdukoB. Hampumep, mist
BOCCTaHOBJIEHHOM (popMbl C,T0 IEpEHOCYHKA MOXKHO 3aITHCATh:

c;=Us. 4.1)
I

rIe CyMMHPOBAHHE IPOHU3BOIUTCS II0 BCEM TEM COCTOSHHSIM KOMII-
JieKkca S;, B KOTOPBIX JAHHBIA TICPEHOCYHK DJICKTPOHOB HAXOIWUTCS B
BoccTaHoBIeHHOH (hopme. TTockonbky S; — BCe BO3MOXKHBIE HECOB-
MECTHBIE COCTOSIHHS KOMILIEKCA, TO (CM. IJ1. 2)

P(C;)=Y.P(S;); P(C))=1-P(Cj). (4.2)
)

3necs P(C}. ) €CTb BEPOSATHOCTH TOTO, YTO j-ii MEPEHOCUYHK 3JIEKTPO-

HOB HaXOJINTCSA B BOCCTAHOBJICHHOH (popme.

Hwmwke 1moka3aHo, d9TO e€cClIM 0[OpH  ONKMCAHWM  DJIEKTPOH-
TPaHCIIOPTHEIX TPOICCCOB B KOMIUICKCE, COCTOSIIEM €3 M
MEePEHOCYNKOB, B Ka4eCTBE TNEPEMEHHBIX HCIOJB3YIOTCH  HE
BEPOSATHOCTH COCTOSHMM KOMILIEKCA B II€JIOM, a BEPOATHOCTH
MEHBIIIETO 9KClIa IePeHoCIHKoB (k), TO HOJydeHHEIE YpaBHEHHS HE
3aMKHYTBI B TOM CMBICJIC, YTO B HUX BXOJAT BCPOATHOCTH COCTOSSHUH
(k+1) mepenocunkoB. B wacTHOCTH, HE MOXET OBITH HAIIHMCAHA H
3aMKHyTas cucreMa auddepeHuaIbHbIX YPaBHEHUH OTHOCHTEIBHO
BepOﬂTHOCTeﬁ COCTOSTHUH OTACIIBHBIX IICPECHOCYHUKOB, C€CJIH TOJIBKO
HEJIb3S BBIPA3UTh BEPOSTHOCTH COCTOSHHI IIap IMEPEHOCIHKOB depes
BEPOSATHOCTH COCTOSTHUH OTHEIBHBIX TIEPEHOCIUKOB DJICKTPOHOB.

PaccMoTpuM MepeHOoC 3JIEKTPOHOB B KOMILIEKCE 71 OJTHOIJIEKTPOH-
HBIX TIepenocdukoB Ci,..., C,,. ByaeMm mpeanonarars, 970 OTCyTCTBYET
KOOTIEpaTUBHOCTE B MEPEHOCE DJJIEKTPOHOB. KuHeTHMka mnepeHoca
3JIEKTPOHOB B TAaKOM KOMILIEKCE MOKET OBITh ONMHCAHA CIIETYIOmEeH
CHCTEMOM JHHEHHBIX TU(p(epeHINATBLHBIX YPABHEHUN OTHOCHTEIHHO
BepoSTHOCTEH p,=P(S;) COCTOSHHWII KOMIIJIEKCA MOJIEKYJ IEepeHOC-
9HKOB (CM. TIL. 3):

dp;(t) - .

1Y) = (aﬂpj-aljpl), Lji=1,2,..,2", 4.3)

TZie @; — KOHCTAHThI CKOPOCTH Tepexojia KOMILIEKCa U3 /-T0 CoCTOos-
HHA B j-€.

VauteiBas cucreMmy auddepeHIMalbHbpIX yYpaBHeHHH (4.3) oTHO-
CHUTEIIbHO BEPOSTHOCTEH COCTOSHHMI KOMILIEKCA, a Takxe (GopMyiry
(4.2) s BEpOSTHOCTH PEIOKC-COCTOSIHHS OTIEIBHOTO MIEPEHOCIHKA,
BXOAAMIET0 B KOMILJIEKC, HMEEM CIEAYIOMYI CHCTEMY aud-
(bepeHIMaIBEHEIX YPaBHCHHUIT OTHOCHUTEIBRHO BEPOATHOCTEH pEIoKC-
COCTOSIHWH OT/IENTEHBIX MEPEHOCIUKOB:

dP(C".1)
P SNk PCCY ) =Sk P(CLC° )+

dt ;”(")Ej’s(”) (4.4)
+ XmyP(C})= Y. m, P(C})

q;tj r:tj
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B KOTOPO# 1, j, 8, g, ¥ =1, 2, ..., m; P(C;C})—BePOSTHOCTE TOTO 41O

C-#i mepeHocdrK BoccTaHoBIIeH, a Ci-i iepeHocdauk okucieH; k; (kis) —
KOHCTAaHTbI CKOPOCTH TIEPEHOCA IJIEKTPOHOB MEXTy Tepenocurikamu C;
(&) u C (C); my (mj)—TICEBIOMOHOMONCKYISIPHBIC KOHCTAHTHI
CKOPOCTH OOMEeHa JIIEKTpOHAMHM KOMIUIEKCA CO cpemoil. B crcreme
ypaBHeHu#t (4.4) QurypupyiOT BEPOSTHOCTH PEIOKC-COCTOSIHHN Iap

TepEHOCHKOB P(C/C}) ¥ T. I BCJICACTBUE TOTO, 9TO TIPSMOI MIEPEHOC

9IIeKTpoHa B kKommiekce ot C-ro nepeHocarka Ha Ci-i BO3MOXKEH JIMITh
B TOM cClIydae, korjma nepenocank C; BOcCTaHOBIICH, a C; OKUCIIEH, T. €.

KOTZIa KOMIUICKC TEPEHOCYMKOB HAXOOWTCS B COCTOSIHWHU (C}C;? ).
ITepenoc snexrpona ot C; k C; HEBO3MOXXEH, €CIM KOMILIEKC HAXOIUTCS,
HarpuMep, B COCTOSTHUM (C}C} ). Bo wuzbexanwe HemopasyMeHHIA

OTMETHM, 9TO KOHCTaHTHI CKOPOCTH @ TIEPEXOJIOB MEXKTYy COCTOSTHHSIMH
KomILiekca B cucreme (4.3) 00s3aTelIbHO COBIAJAIOT C KAKOH-IH00 M3
KOHCTAHT CKOPOCTH TEPEHOCa JIEKTPOHOB, QUTYPUPYOIIMX B CUCTEME
ypaBHeHwuii (4.4).

Cucrema ypaBHenwii (4.4) He 3aMKHYTa OTHOCHTEIIBHO BEPOSTHOCTCH

PEAOKC-COCTOSHUM ~ OTZIENBHBIX  IEPEHOCYHKOB P(C} ), P(C? )
TIOCKOJIBKY B HEE€ BXOJAT BEPOSTHOCTH DPEIOKC-COCTOSHMI Map Iepe-
HOCYHKOB P(C,-IC? ), ... AHayornaHpIM 00pa3oM B ypaBHEHHWS UIs

BEPOSITHOCTEH PENOKC-COCTOSIHUA TMap MEePEeHOCIUKOB P(C} C? ) yeue
OyIyT TaioKe BXOAWTH BEPOSTHOCTH PEIOKC-COCTOSHHH TPOEK Iepe-
HocamkoB P(C; C?C,? )5 .. M T. 1. SICHO, 9TO TOINBKO ypaBHEHHS s

BEPOSTHOCTEH PEIOKC-COCTOSTHUI Cpa3y BCEX m NEPESHOCUYMKOB, BXO-
JA0MX B KOMILICKC, GYJIYT 3aMKHYTbl OTHOCHTECJIbHO BCIIMYHH
P(C,OCS...C,?, )y « ., T. €. OTHOCHUTEIHHO BEPOSTHOCTCH COCTOSHWN
KOMILJIEKCa KaK [eJIOro. AHaJIOrndHas [ernoYka YpaBHEHHI HMEeT MECTO
B hm3mgeckoit kuneruke [JIubos, 1974].
Ouesnzno, gro, Hampumep, P(CYCY)=P(C?CIC?)+ P(CPCIC))
¥ BOOOMIE
0,1,~0,1 0,1, _ 0,1,~0,1 0,1 ~0 0,1,~0,1 0,1 ~1
Pylcy... )= Pcy'cyl.. cplch )+PEy'cyl. el ) @4.3)
WNuage roBops, BEpOATHOCTH PEIOK-COCTOSHUIN MeHbmero gucia (k)

MIEPEHOCYHKOB pcc%. . c™ ) BEIPOKAIOTCS 9epe3 BEPOATHOCTH
q i i
penokc-cocrosuuii  Gompmiero  gucna  (k+1)  mepeHOCYHKOB

pc'c¥. .. coco ).
1 D ki
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B artux dopmynax Cl.o’l 03HA9YaeT, 9TO i-d TMEPEHOCYNK MOXKET
5

HaXOIHUTHCS TMOO B OKHMCIIEHHO#, INOO B BOCCTAHOBIIEHHOH (hopMe.

B cuny coorHomenus (4.5) BepoOATHOCTH pPEIOKC-COCTOSHHIA
00JIBIIET0 9HCIIa EPEHOCIYMKOB DJIEKTPOHOB HECYT B cede, BCIO HH-
(hOpMaIHIO, COMEPIKAIMYIOCS B BEPOATHOCTAX PEIOKC-COCTOSHHMA
MEHBILIEr0 YKCIIa MepeHocauKkoB. IIpu 3TOM, B pe3ynbTare paccMoOT-
PEeHHS  BEPOSATHOCTEH  PEOOKC-COCTOSHHWKM  Cpa3y BCeX m
MEPEHOCYHMKOB, BXOJANMX B KOMIUIEKC, JOCTHTaeTcs Haumbosee
MOJIHOE ONHCAaHHE I[IEPeHOoca OJJIEKTPOHOB B KoMIulekcax. IIpu
PAacCMOTPECHUH BEPOSATHOCTCH PEIOKC-COCTOSHHMIT MEHBIIECT0 dHCia
MIEPEHOCYMKOB HMH(POPMALIMS CY)KAaeTCid W ONHCAaHHE OrpyOnseTcs.
Camoe rpy0oe omnucanue IepeHoca 3JIeKTPOHOB B KOMILIEKCax OyaeT
B TOM CJIydae, KOr/ia IIpH COCTAaBJICHUH YPaBHEHHI OIEpHPYIOT JHUIIE
COCTOSIHMSIMH OTJEIBHBIX IEPEHOCIHKOB.

Ecau 49ncioo mepeHOCYHKOB 3JEKTPOHOB, BXOMAMKX B KOMILIEKC,
BEIIMKO, TO JUIA ONHCAHHA (PYHKIHOHMPOBAHHSA TAKOTO KOMILIEKCA C
MOMOMIBI0 HEOONBIMIOr0 9UClIa TEPEeMEHHBIX MOXHO 000pBaTh 3Ty
LIETIOYKY YPaBHEHHH, T. €. BEIPA3UTh BEPOSTHOCTH PEIOKC-COCTOSHII
k TIepeHOCYHKOB depe3 BEPOATHOCTH PEIOKC-COCTOSHHUNA MEHBIIEr0
9HClia TePEHOCIUKOB. [IpakTdeckn Ba)KHO HAWTH T€ (DU3MUCCKHUC
yCclaoBHs, Korjaa cucreMa nuddepeHnmansHex ypasuenuii (4.3) or-
HOCHTEIIEHO BEPOSATHOCTEH COCTOSHHI BCETO KOMIDIEKCAa B IIEIIOM
MOXeT OBITH CBeflleHa K cucreMme auddepeHIMaILHEIX ypaBHEHHIHA,
3aMKHYTBIX  OTHOCHTEJIHLHO  BEPOATHOCTEH  pPEIOKC-COCTOSIHUHN
OTJIEILHBIX IEPEHOCINKOB. Takas He0OXOJUMOCTh BEITEKAET U3 TOTO,
9T0 B OJKCIEPHMMEHTE PETHCTPHPYIOTCHA, KaK yXKe YKa3hIBaJlIoCh,
TJIaBHBIM 06pa30M COCTOSAHHA OTACIIBHBIX IICPCHOCYHUKOB, a HC
COCTOSIHMSL KOMILJIEKCA, KOTOPBIE TOJIBKO M OIPEHEISIOT CKOPOCTh
MIEPEHOCA JICKTPOHOB B KOMITIICKCE.

4.2. OnacaAAe TPAHCIOPTA JIEKTPOHOB
uepe3 COCTOAHHASA OT/ACIBHBIX NICPCHOCYHKOB

B cyniHOCTH, B OTCYTCTBHE KOONEPATHBHOCTH B IEPEHOCE DJIEK-
TPOHOB MPHUOIIMDKEHUE BEPOSITHOCTH COCTOSIHAN Taphl IEPEHOCIUKOB

1 .
P(C; Cy ) depe3 BEPOSATHOCTH COCTOSHHM OTAEIBHBIX IEPEHOCIUKOB

P(Ci] ), P(C;.) ), i# @aeT BO3MOXXHOCTHb 3aMKHYTh PacCMOTpPEHHYIO

BEINIC IIETI0OYKY YPABHCHWH W 3alKCATh YPABHEHWS OTHOCHUTEIBHO
BEPOSATHOCTEH COCTOSTHHHA OTACIBHBIX TIEPEHOCIHUKOB, COCTABIISIOMMX
komiuiekc [Illunkapes, 1978; BenemukroB u ap., 19806]. Jlro6oe
TaKoe MPUOIMKECHUE

P(C;C})= fP(C}).P(C})) = ftx.x,) (4.6)
LIS BCE# 00JIacTH M3MEHEHHIA X, X2 JOJDKHO YIOBIETBOPSATH CIIEYIO-
muM  yeaoBusm: 1) 0< f(x,x,)<1 mpu 0L x, x <I; 2)
f(0x,)=f(x,0)=0; 3) f{x,x,) —MOHOTOHHO BO3pacTaromAas
byukuys x; (x,=const) u x, (x;=const); {1, 1)=1.
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IMosicuenus TpeOyroT TONBEKO ycnoBus 2 U 3. YcnoBue 2 03HadaeT,
9TO CKOPOCTH TIepeHoca IEKTPOoHOB B kKomIuiekce ot C; k C, JomKHa
onTe paBHa 0, xorma C; okuciaeH wim korga C, BOCCTaHOBIICH.
VcnoBue 3 o3Hagaer, 9TO CKOPOCTh MepeHoca diekTpoHa Mexay C)
n C, BoO3pacTaer, KOrJa YBEIMYWBAIOTCA CTEIEHb BOCCTAHOBJICH-
Hoctu C) u creneHb okuciieHHoctH Co. Jlerko BHAETH, 9TO IS BCEH
0051aCTH HW3MEHEHWS IEPEMEHHBIX X; W X, JIMHeWHas (QYyHKIUS
f(x,,x, )=ax, + bx, He yIOBIETBOPSET BCEM ITHM YCIIOBHSIM, a U3
MHOTOWICHOB BTOPOTO TOPAIKa f(X;,X,)=q x]2 +bx1x5 + ¢ x22 AM
YAOBIIETBOPSET TOJNBKO QYHKITHSA

S0 x,) = X1, 4.7
ITpubnmkenue (4.7) o3HavdaeT HE3aBUCHMOCTh PEIOKC-COCTOSHHIMA
nepenocdukoB C; u C; M SKBHBAJICHTHO IIPHMEHEHHIO 3aKOHA
JEUCTBYIOMMX MAacC K ONMCAHHIO IEPEHOCA YJIEKTPOHOB B KOMILIEK-
cax. B 3ToM cMEICTIE 3aKOH JIEHCTBYIOIUX MACC SBIISIETCS JIOCTATOY-
HO €CTECTBEHHBIM NPHOIMKEHNEM IS OMKMCAHKS IIEPEHOCA DIIEKTPO-
HOB B KOMILIEKCAX JIJIf BCEH 00JIaCTH M3MEHEHUs IIEPEMEHHEIX X1 U
x;. OTMeTHM, 9TO €ClIM pacCMaTpUBaTh He MHOIOWIECHBI, a Oojee

OIMPOKHH  Kiace (YHKIHWA, TO CYMECTBYIOT MPHOIMKEHHS,
HaIIpAMeEp

2x,x,
f(x,x,) =———, KOTOpHBIe, OBITH MOXET, SIBISIOTCA Ooyiee ec-
X +x,
TECTBEHHBIMH, 9eM (yHKus (4.7).
Takum 00pa3oM, eclu PpEeIOKC-COCTOSIHUS IIepEHOCYHKOB
9JIEKTPOHOB, BXOISOIMX B KOMILIEKC, SBIISIOTCS HE3aBUCHUMBIMY, T. €.
1,40y _ 1 0
P(C;Cj) = P(C))P(C))
TO cucremMa ypaBHeHHH (4.4) MoxeT OBITH CBelleHA K CIIeAyromen
OwnnHelHON cucteme m audpepeHINATBEHBIX yPaBHCHUH, 3aMKHY-
ThIX OTHOCHTCJIBHO BepOHTHOCTeﬁ peJIOKC—COCTOHHI/Iﬁ OTACIIBHBIX
MePEHOCYHKOB:

1
LY 5 1y PCHP(CY)~ Sk PIC) P+ 49)
+ YmyP(C))~ Ym,, P(C})

I/ICHOJIB3yeMI>Ie 31ECh 0003Ha9eHNsS KOHCTAHT CKOpPOCTH NOJIHOCTBIO

COBIIAJAIOT C TAKOBEIMH B CHCTeMe ypaBHeHwui (4.4).

CucreMa ypasuenwii (4.9) hopManbHO IpHMEHHMA M IS Cydas,
KOIJ1a MHepPeHOCIHKH 3IeKTPOoHOB (..., C, TOABIXHBI H B3aHMO-
JIEACTBYIOT ApPYT C JPYTOM COTJIaCHO 3aKOHY JACWCTBYIONIMX Macc.
CrnegoBaTellbHO, OIHA M Ta e cHcTeMa ypaBHeHMi (4.9) cootBerT-
CTBYET JIBYM PAacCMOTPEHHBIM paHee (CM. IWaBy 3) pasjIM4HBIM II0
cBoeMy (PU3MHYECKOMY CMBICITy MEXaHW3MaM B3aWMOJCHCTBHUS Tiepe-
HOCYHMKOB JJIEKTPOHOB — B KOMILIEKCE ¥ B pacTtBope. IIpu coBmane-
HAY HAa9YaJIbHBIX YCJIIOBHWHA YpaBHEHUS, OCHOBAHHEIC HA 3aKOHE JICHCT-
BYIOIMX MACC, JAIOT B TOYHOCTH TaKOE XKe pEmeHue s BEPOSTHO-
CTEl PEIOKC-COCTOSIHHN OTAENLHBIX IEPEHOCYHKOB, KaK M CHCTEMA
nuHeinslx ypaBueuuit (4.3). CnemoBaTelsHo, pa3IMdWThL 3TH JBa
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croco0a B3aHMOJIEHCTBHSA IIEPEHOCIMKOB JIEKTPOHOB NPH KUHETHIE-
CKOM PacCMOTPEHHH MOXXHO TOJBKO B TOM ClIydae, KOIjia peIoKC-
COCTOSHHS IIEPEHOCYMKOB, BXOIANINX B KOMILIEKC, 3aBUCHMEL. B CBs-
34 C 3THM HEOOXOJHMO BBISACHHTEH YCIOBHS, IIPH KOTOPBIX PEIOKC-
COCTOSISTHS TIEPEHOCYHNKOB 3JIEKTPOHOB, BXOISAMNINX B KOMILIEKC, 3aBH-
CHMBI HJIHM HE3aBHCHMBL OTH BOINPOCHI OyAyT pacCMOTpPEHHI B
caeayromeM maparpade.

CymecTBEHHbIM HEIOCTATKOM IPHOMIKEHNS, OCHOBAHHOIO Ha
3aKOHE JIEHCTBYIOMMX MACC, SBISETCSA HEITMHEHHOCTh KHHETHYECKHX
ypaBHeHH. MOXXHO HOIBLITATHCA, OTKA3ABIIHCHL OT CIIPABEIMBOCTH
yenoBuii 1 — 3 JuId Beeli 001aCTH M3MEHEHHS TIEPEMEHHEBIX X U X,
MOJYYHTh JIMHEHHbIE NPUOIMKEHHS U BLIICHATE YCIOBHS MX IIPHME-
uuMocTd. OIHUM U3 NPOCTEHMMX JTHHEHHBIX IPHOIMKEHHH, 1T03B0-
JISIIONIMX ONHCHIBATH MEPEHOC DJIEKTPOHOB B KOMILIEKCAX CHCTEMOM
auhdepeHHaIBHBIX YPABHEHHM, 3aMKHYTBIX OTHOCHUTEIBHO BEPOSIT-
HOCTEH COCTOSIHHM OT/ICIBHEIX TICPCHOCIHKOB, SBJISICTCA CIICIYIOMEE

Joax,)=x (f.x)=x,) . (4.10)
B opubmokenun  (4.10) BepoATHOCTL  PELOKC-COCTOSHHM
KOMILJIEKCA OTOXAECTBISETCS C BEPONTHOCTBIO PENXOKC-COCTOSHHI
OTJICTILHBIX TICPESHOCYMKOB JJICKTPOHOB, COCTABIISIIOIINX KOMILICKC.
OT0 mnpuOIMKEHHWe CIpaBeIMBO TOrJa, KOrga B KOMILIEKCE
MIEPEHOCUTCS JIMIIb OUH JIeKTpoH (ogHa «awipka»). Hambomee
BAXHBIM SIBJISICTCS CIIydai «3aKpBITOT0» KOMILIEKCA, KOTJAa 00MEHOM
3JIEKTPOHAMM KOMIUIEKCA CO CPEOH Ha pacCMaTpHBAEMBIX OTPE3Kax
BpeMEHH IlepeHoca JJIEKTPOHA BHYTPH KOMILIEKCA MOJXKHO
npeneOpeds, a HadaJdbHBIC YCIOBHS TAaKOBBI, 9YTO TOJBKO
onpeJieJICHHOE 9UCII0 TIEPEHOCINKOB HAXOAUTCS B BOCCTAHOBIEHHOM
cocrosuur. BecbMa CymieCTBEH TakKe CiIydail, XapakTEepHLIN IS
(oTOCHHTE3a — MPOIECC TEMHOBOW peNlaKCcaliil PEaKI[HOHHOTO
[IEHTPa II0CJE BO30YKIECHHSA €r0 KOPOTKOM HACBIMAIONIEH BCIIBIIIKOH
cBera [BenenukroB u 1p., 19806; Illunkapes, Pyoun, 1981].
PaccMOTpHM «BaKpPBITEIID) KOMIDIEKC, COCTOSIIHH U3 M MOJIEKYI
nepenocaukoB Ci, . . ., C,. IlpeamnonoxuM, 910 Ha paccMaTpuBae-
MBIX BpEMEHAX B 3TOM KOMILIEKCE MOXXET HAXOJIUTHCS TOJILKO OIMH
9JICKTPOH. B pesynbpTaTe peanm3yroTcsl TOIBKO CICIYIONHUE COCTOS-
HHSI KOMITIEKCA MOJIEKYJI-TIEPEHOCIHKOB:

ccycs..cy, (Clcycy...coy, ..., (clcicy...cd.ch)y
@ ) (m)

Kaxmoe 13 3THX COCTOSHHM MOXHO OTOXIECTBUTH COOTBETCTBEH-
HO C BOCCTaHOBJICHHBIMH ()OpMaMH OTACNBHBIX MEPEHOCIUKOB, T. €.

Ci, CO,...,C?n , ¥ TOTIa

(C/C)C)..CHea,..., cclc..cd.cyo

OTO Ke OTHOCHUTCA K CIy4aro, KOrja B DJICKTPOHTPAHCIOPTHOM
[IETIH HAXOJUTCS TONBKO (71 — 1) anexTpoHOB (0/1HA «IBIpKay). Toraa
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BCE CBOJWUTCA K CICAYIOMHM m COCTOSHHSM KOMILIEKCa:
(CCyC5...CL), ..., (CICYC5...CL 1 CY), xoTOpHIE MOXHO cOmO-
CTaBUTHb COOTBETCTBEHHO C Clo, Cg,..., C,(,),. CnenoBarensHO, BMECTO
CHCTEMbI ypaBHEHH# (4.3), omuChIBAIONICH MEPEX0abl MEXIY pPa3iInd-
HBIMH COCTOSIHHSIMHM KOMILIEKCA, MOXHO 3alicaTh CIEAyIONyi0
cCHUCTeMy JIMHEHHBIX ypaBHEHMH, 3aMKHYTHIX OTHOCHUTEIILHO

BEPOATHOCTEH PETOKC-COCTOSHHN OTACILHBIX MNEPEHOCIHKOB DJIEKT-
pOHOB

dp(t)/dt=K,p(t), p(0)=b. (4.11)
3aeck BekTop — crouder p(f) = (p1(f), ..., pu(f)); p(f)— BeposTHOCTH
TOTO, 9TO KOMILIEKC TIEPEHOCIUKOB HAXOMUTCS B I-M COCTOSTHHH HITH
(dT0 B [OaHHOM Clydae OAHO H TO X€) BEPOSTHOCTh TOTO, 9TO
nepeHocdrK 3eKkTpoHoB C; BoccTanosjeH (okucieH). Marpuna K; u
HadaJibHbIE YCIIOBHS YJIOBJIETBOPSIIOT MPEATOIONKEHHIO O HAITWIHH
TOJIBKO OJIHOrO JEKTPOHA (OJHOH ((IBIPKH)) B KOMILIEKCE.,

Taxum 00pa3oM, KOTIa B «3aKPHITOM) KOMILIEKCE, COCTOSIIIEM M3
m TIEpEHOCYMKOB, HAXOMWUTCS TOJILKO OJMH SJIEKTPOH WJIM OJHA
«apipka» (m—1 3JeKTPOHOB), 00NIEe YHMCI0 COCTOSHHI KOMILIEKCA, a
CIIEZIOBATEIHHO M 9HCII0 YPaBHEHHH, cpa3y yMeHbmaeTcs oT 2™ 10 m.
ITepeHoC 3IEKTPOHOB B 3TOM ClTydae ONUCHIBACTCS YPaBHEHUSIMH IS
MOHOMOJIEKYISpHbIX peakunid [[TertbeBa w np., 1976; Py6un u ap.,
1977; BeuegukroB u 1p., 1980b]. BooOme kaxue-m100 orpanmdeHus
9HUCIIa 3JIEKTPOHOB, HAXOIAMIMXCSA B KOMILIEKCE (HAmpuMmep» IyTeM
HW3MEHEHHS KOHIEHTPalUWi OSK30T€HHBLIX JOHOPOB M aKIEITOPOB
9JIEKTPOHOB, ciBura pH u T. 1.), IPUBOAAT K PE3KOMY YMEHBIICHHIO
quca ypasaeHuii B cucreme (4.3).

B psage cnygaeB, omHako, Ooliee yIOOHEIM, 9€M OMMCAHHOE JIH-
HEHHOE TPHOIIKEHNE, SIBISETCS PUOIIHKCHIE

J(x,x, ) = min(x,,x,) (4.12)

Jlis Hero He BHIIONIHEHA TEpBas 9acTh YCIOBHE 3, KOTOpas
Tpebyer, 9TO0OBI MOHOTOHHOCTH COONIIOAANack IO Bceil o00iacTh
HU3MCHCHUA X1 U X).

Cornacuo npubnmxenuio (4.12) ckopocTes mepeHoca dIeKTPOHOB
mexay nepenocankamu C; u C, ompenenseTcs COCTOSHHEM TOIrO
MEePEeHOCIHKa, KOTOPBIA JIMMHTHPYET TPAHCIOPT JJEKTPOHA. ITO
NpHOIKEHHE TI03BOJIAET PACCMAaTPUBATh TOJILKO JHHEHHEIE YpaBHE-
HHUA OTHOCHTCIIBHO BepOi[THOCTeﬁ COCTO’[HI/Iﬁ OTACJIBHBIX IIEPCHOCYH-
KOB, KaXX/JI0€ W3 KOTOPHIX CIPaBEIMBO B OTPaHMYEHHOH 001acTH
(azoBoro mpocrpaucTBa. OdeBHIHA CBA3b IIPEII0KEHHOTO HPHOIH-
JKEHHSI C METOJIOM JIMMHTHPYIOMMX (haKTOPOB, TpeaoxeHHbM I1o-
neraeBeiM [[mimenepman u gap., 1970]. Jiug cxemsl mepeHoca dIIEK-
TPOHOB MEXIY JIBYMS OJHO3JIEKTPOHHBEIMHU TiepeHocaukamu C; u C,,

M oyo R yc % , MOXHO 3amucaTh CIEIYIONIWE JBE CHCTEMBI

U1 20y 4
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TMHEHHbIX auddepeHIaTbHbIX ypaBHEHUH IS COOTBETCTBYIONIMX
obnacreii hazoBoro nmpocrpaHcTsa

dP(C; )/dt = ky(1- P(C} )~ k, P(C3)
dP(Cy)/dt = k,P(C)~ksP(Cy),  P(Ci)< P(C3)
dP(C, )/dt =ky(1- P(C} )~ k(1 P(C,))

4.13
dP(Cy)/dt = ky(1- P(C,)) - ks P(C,),  P(Cl)> P(C3) 1

4.3. He3aBECHMOCTH PEI0KC-COCTOSIHAN NMEPEHOCTAKOB —
YCI0BHEC NPDAMCHHMOCTH 3aKOHA I[eﬁCTByIOIIlHX Macce

Hesasucumocms pedokc-cocmosnuii nepeHocyuKos
S/IEKMPOHO8, BXOOAUUX 8 KOMNLEKC, NPU PABHOBECUU C De3ep8yapom
U OMCYMCmMeuU KOONEepamueHOCMuU 8 NEPeHOCce 3NeKMPOHO8
[LlIunxapes, 1978; HIll, Chance, 1978; Beneouxmos u op., 1980b].

Herpynuo Buzners (moxpobuee, CM. TIaBy 5) , 9TO €ClM B IIEPEHO-
CE JJIEKTPOHOB HET KOOIIEPATHBHOCTH, TO PEIOKC-COCTOSHHS OTIEIb-
HBEIX [IEPEHOCYMKOB, BXOAAMMX B KOMILIEKC, HE3aBHCHMEBI IIPH
pEIOKC-PaBHOBECHH CO CPeoi (pe3epByapom), T. €.

P(C{CY)=P(C])P(CY?). (4.14)

JleficTBUTENBHO, YCIIOBHE, TT0 KOTOPOMY KOOIIEpATHBHOCTD B TIEpe-
HOCE DJIEKTPOHOB OTCYTCTBYET, IIO3BOJISET BBIIEIHMTH OTACIIBHEIS
MEPEHOCIMKH W CYMTaTh, 9TO CTENEHb HX OKHUCICHHOCTH |
BOCCTAaHOBJIEHHOCTH, YCTAHABJIMBAIOMAACA IIPH PEIOKC-PaBHOBECHH
CO cpelod, Takas, KaK ecld Obl KaXIbld H3 IIEPEHOCIHKOB
9JICKTPOHOB B OTJICIIHOCTH HAXOJIMIICSA B paBHOBECHH CO cpemoii. Ho
B TIOCIEIHEM ClIydae WX PEIOKC-COCTOSHHUS HE3aBUCHMBI ¥
OIpEENIAIOTCS B COOTBETCTBHH ¢ ypaBHeHHeM HepHcra.

TakuM 00pa3oM, ONHCAHHBIE BBINIE JBa MEXaHW3Ma, OTINYAIO-
OiMecs [0 THITy B3aUMOJECHCTBHS MOJIEKYJI-IIEPEHOCIMKOB (IIEPEHOC
9JIEKTPOHOB B KOMILIEKCE M B PacTBOPE), MOTYT (POPMAILHO COBIIA-
JaTh MPH JOCTHIXKEHHH DABHOBECHS IIEPEHOCYMKOB JJIEKTPOHOB CO
cpenoit. Cucrema ypasueumii (4.3) nuueiina, ¥ JUIs HeOOJIBIIOrO
qHCiIa MIEPEHOCIHKOB IJIEKTPOHOB €€ MOXHO 3(P(PEKTHBHO COCIUTATE
W IIPUMEHUTH BMECTO HEIHWHEHHOH cHcTeMsl ypaBHenwmit (4.9) mis
onucanusa (yHKIHOHUPOBAHHUS IOJBIKHEIX IIEPEHOCIHUKOB, HAXOMId-
IMAXCS B PACTBOPE, €CIM TOJBKO HX PEJOKC-COCTOAHHS ONHM3KH K
paBHOBECHEIM. BMecTe ¢ TeM HelMHeMHas cucTeMa ypaBHeHwui (4.9)
yao0OHa Ui NpHMEHEHHS METOI0B BO3MYIIEHHI, B TO BpeMs Kak
cucTreMa ypaBHenuii (4.3) B cuay IMHEHHOCTH, BOOOME TOBOpS, He-
MPUTOIHA JUIA 3THX LIEIeH.
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3asucumocmsv pedoxc-cocmoanuli nepenocyuKos,
6X00AUUX 8 KOMNIIEKC, 8 HEPABHOBECHIX YCNOBUAX

ITokaxkem, 9TO B HEPABHOBECHBIX YCIOBHSX MPH HAJHWYHMH IIOTOKA
3JIEKTPOHOB 4Yepe3 KOMILUIEKC (B OTCYTCTBHE KOOIEPATHBHOCTH) HE
MOJKET PEaTN30BaTLCH HE3aBUCHMOCTD PEIOKC-COCTOSIHUM OTIENbHBIX
MEPEHOCYMKOB M, CIIEAOBATENIbHO, B 9TOM Clydae JJs ONHMCAHHUS
TPAHCIIOPTA 3JEKTPOHOB B KOMILIEKCE HENb3s MOJIb30BATHCS HEJIH-
HEHHBIMH ypaBHEHHAMH THMA (4.9).

PaccMoTpuM a1 IpOCTOTHI 0003HAYEHHIA CIIEAYIONIYIO CXeMy He-
PaBHOBECHOI'0 TPAHCIIOPTA JJICKTPOHOB B KOMILIEKCE JBYX MEPEHOC-
9ukoB (k;70):

by 25 B (4.15)

B cxeme (4.15) npexgnonaraeTcs HeoOpaTHMOCTh BCEX CTaIHl Mepe-
HOCA 3JICKTPOHOB.

Jloka3aTenbCcTBO MPOBEIEM OT MPOTHBHOTO. [Ipenmnonoxum, 9To B
cxeme (4.15) peamusyeTcs HE3aBHCHMOCTH PEIOKC-COCTOSHHM OT-
JIEIBbHBIX MEPEHOCYMKOB, T. €. CIpaBedJuBO paBeHCTBO (4.14), u B
9aCTHOCTH

P(C|C})=P(C! )P(C}). (4.16)
Torma ¢ OAHOW CTOPOHBI IJISI BEPOSTHOCTEH PEIOKC-COCTOSHUN OT-
JIeTTBHBIX TIEPEHOCIUKOB JIEKTPOHOB Oblia Obl CIIpaBeIJIMBa CHCTEMA
HeJMHEeHHbIX T depeHranpHbIX ypaBHeHui tuna (4.9) :

1
PO _ 1 p(Ch) -y PICP(CY) = ki P(CL) -y P(CICY)
dt (4.17)

dP(C}.t
G2 _ 1, p(CL)P(CY) -k P(Ch) = kuP(CICY) ~ ks PICH)

a Cc JIpyroil CTOPOHEI, JJI BEPOATHOCTEH COCTOSHHIM KOMILICKCA BCET-
Jla CTIpaBeInBa CUCTeMa ypaBHeHui tuma (4.3):

dpP(cc,y

= kP(GICy) - RP(CC)

(4.18)

dP(CICy.1)
dt
Huddepenuupys no BpeMenu Toxaectso (4.16)
dP(C{C},t dP(C dP(C)
(‘11t2 )—P(C) ( 1) P(Cll) iitZ)

W BBIpaXXas ITPOMU3BOJIHBIC HO BpEMCHH BGpOHTHOCTeﬁ OTACIIBHBIX IIC-
PEHOCYHKOB M3 CHCTEMBI ypaBHeHuii (4.17), momydum cleayromee

1,1
ypaBHEHHe Juis M3MeHeHus Bo BpeMeHH BepositHoct P(C,C, ) :

=k P(C)C}) - ks P(C{C})

11
W =k P(CC}) -k P(C]C) )+ ko P(C]C2 )(P(C} )-P(C})) (4.19)

CpaBHuBasi MOTy9CHHOE COOTHOMICHHE C MOCIEAHUM YypaBHEHHEM
cucteMsl (4.18), MOXXHO BHJIETH, 9TO PABEHCTBO MEXAY HHMH BO3-
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MOXHO TOJILKO B TOM Cliydae, korma Jmbo pcclc?)=0, aubo
P(C!)=P¢c} ). Hu ogHO W3 3THX PaBEHCTB HE peau3yercs B 00meM
caydae. Mnade roBops, yClIOBHE HE3aBHCHMOCTH PEIOKC-COCTOSHHMN
OTHCNBHBIX MEPEHOCIMKOB HE COTJIACOBAHO C CHUCTEMOW JMHEHHBIX
mubdepennransaeix ypaBHenui (4.18). BeisiBneHHoe npoTuBopedne
CBHJECTEIECTBYET O 3aBUCHMOCTH DPEIOKC-COCTOSHHMHA OTIENBHBIX
MIEPEHOCYHKOB DJICKTPOHOB B HEPaBHOBECHBIX ycnoBusix. Ecim mpum
PEIOKCPABHOBECHH COCTOSIHHMSL TIEPEHOCYUKOB JJIEKTPOHOB ObLIH
00YCIIOBIICHBI MIX B3aWMOJICHCTBHEM C pe3epByapoM, TO B HEPAaBHO-
BECHBIX YCJIOBUSX PEIOKC-COCTOSHHS TIEPEHOCIUKOB DJICKTPOHOB OII-
pEIeNsIoTCS WX B3aMMOJICHCTBHEM HE TOJIBKO C pe3epByapoM, HO H
Apyr ¢ Apyrom (puc. 24).
r-¥

Puc. 24. Pepoxc-upeBpamenuss nepe- 00
nocarkoB C; m C, B HEPAaBHOBECHBIX oo
YCIOBHSIX IIPY B3aMMOJCHCTBAH HX JAPYr C
ZIpyroMm coriacto cxeme (4.15)

]— mepeHOCYNKH OpraHW30BaHB! B KOMIUIEKC; 2
— TMEepeHOCYHUKH B3aUMOJACHCTBYIOT Jpyr C
JIPYTOM COTTIaCHO 3aKOHY JICHCTBYIOIMX Mace

0, t<0
k=1 ky=5 ky= 10, £0

]
S

IloxBoms UTOr CKa3aHHOMY, €mI€ pa3 OTMETHM, 9TO IPH OTCYTCT-
BHH KOOIIEPATHBHOCTH B IIEPEHOCE OJJIEKTPOHOB HE3aBHCHMOCTH
PEIOKC-COCTOSTHHM TEPEHOCIUKOB HAONMIOZaeTC TIPH PABHOBECHH
KOMIUIEKca co  cpemoii  (pesepByapoMm).  Pemokc-cocrosiHus
MEPEHOCYHKOB JJIEKTPOHOB MOI'YT OBITH 3aBHCHMEI KaK B OTCYTCTBHE
paBHOBECHSA, TaK W IPH HAINIHH KOOIEPATHMBHOCTH B IIEPEHOCE
9JIEKTpOHOB. TakuMm o00pa3oM, 3aKOH JEHCTBYIOIUMX  Macc
OTHOCHTEJIBHO OKHCJIEHHBIX M BOCCTAHOBJIEHHBIX (DOPM OTAEIBHEIX
MEPEHOCINKOB HEMPUMEHNM KaK IPH HAIMIHH KOOIICPATHBHOCTH B
MEepeHoce 3JIEKTPOHOB, TaK ¥ B HEPABHOBECHEIX YCJIOBHAX. B aTmx
CIydasx HeOOXOZHUMO HCIIOIL30BATH ONMCAHHE, ONEPHUPYIOIES C
COCTOSIHUSIMH KOMIUIEKCA KaK IIeJIOTO.

4.4. CaMMeTpHA B nepeHoce JIeKTPOHOB

PaccMoTpuM TIPOM3BOJIEHYIO CXEMY IEPEH0Ca SJIEKTPOHOB MEXITY
m nepenocaukamu Ci,..., Cy,.

RN
- C, (4.20)
/’
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Jlns onpeneneHHOCTH BCe TTEPEHOCYMKH JJIEKTPOHOB OyJIEM CYHUTATH
OJTHODJIEKTPOHHBIMA. JTa CXeMa II0Ka3bIBAET, KAKOH IEPEHOCIHK
9JICKTPOHOB C KAaKUM B3aWMOJICHCTBYET, HO HE OTpaXkaeT crocoba ux
B3aMMOZEHCTBHA (B KOMIUIEKCE MM IIyTEM CIy9allHBIX CTOJIKHO-
Benuid). Jlns 3ammcu guddepeHnHaIbHBIX YPaBHEHHHA, OMHCHIBAIO-
OIMX TPAHCIIOPT JIEKTPOHOB IO 3TOHM CXeMe, HYXKHO 3HAaTh CIIOCO0
B3aUMOJEHCTBUA NepeHocanKoB. OIHAKO CYMECTBYIOT HEKOTOpHIE
o0mue CBOICTBA, KOTOPhIE HE 3aBHCAT OT THIIA B3aHMMOJEICTBHS, a
00yCIIOBIIEHBI TOJLKO Tomorpadueii B3anmoaeicTBus. Takum oOmmm
CBOWMCTBOM SIBJIIETCS CHMMETPHS, XapakTepHas i OOJIbIIMHCTBA
PEIOKC-peaKIiil B IEMAX MIEKTPOHHOTO TpaHcnopTa. Bee BUBI cuM-
METpHH, PacCMaTPHBAcMbIC HWXKE, CBS3aHBI C CHMMETpHEH 00
HCXOJIHOH CXEMBbI IIEpeHOca dJIEKTPOHOB, IMO0 CXEMBI, OTY9EHHOMH ¢
MOMOII[BI0 3aMEHBI OKHCICHHOH (POPMBI MEPEHOCYMKOB BOCCTAHOB-
JICHHO#, ¥ Ha000pOT.

Hayraue cuMMeTprn IO3BOJISIET ONPEICTINTh KHHETHIECKUE CBOM-
CTBa MEPEHOCYHUKOB, HETIOCPECTBEHHO HE HAOII0ZaeMbIX B JKCIIEPH-
MEHTE, UCXOJIS U3 CBOHCTB CHMMETPHIHBIX UM MIEPECHOCIHUKOB, HCCIIC-
JIyeMBIX SKCIepuMeHTabH0. CUMMETpHs MOXKeT OBITh HCIIOIB30BAHA
TAKKE NI YMCHBIICHUS 9UCIIa HEOOXOAWMBIX BBIYUCIICHWN W IS
npoBeneHus 3G(GEKTUBHON OIICHKH BEPOATHOCTEH COCTOSHUH KOMII-
JeKca.

Cummempus UCX0OHOU CXembl NePeHOCa SNeKMPOHO8

B psage cnydaeB Jerko ykasaTe NpeoOpasOBaHHsA, OCTABJISIONINE
HHBapHaHTHLIM BHJ cxeMbl peakuuu (rpada). Tak, s [UKIHYe-

C—>C—>...—»> C,

1 |

AMEETCS, TI0 KpaiHeH Mepe m pa3IndHBIX TIpeoOpa3oBaHuii (IOBOPO-
TOB), OCTaBJISIONINX MHBAPUAHTHBIM BHJ CXEMBI, & CIIeI0BAaTENIbHO, 1
CTPYKTYpy COOTBETCTBYIOmEH cucTeMsl aupdepeHInaibHbIX ypaB-
HEHHW. BeneicTBre 5TOr0 pemeHrne CHCTEMbI yPaBHEHMI 111 BOCCTa-
HOBJICHHOW (DOPMBI i-TO TMEPEHOCYWKAa MOXKET OBITh IOJY9eHO H3
penieHus i BOCCTAHOBJIGHHOW ()OPMBI j-TO TIEPEHOCIHKA TIPOCTON
NepeCTaHOBKOM KOHCTAaHT CKOPOCTH. bosee ClI0XHBIM sBIIsSeTCS MpHU-
Mep CHMMETPHH B CXeMe B3aMMOJEHCTBHA JBYX NepeHocunkoB C) U

421)

kq ko k3

C C, (422

mj m) m3

ScHo, 9TO 3Ta cXemMa MOXKeT ObITh 3alkcaHa B CIEIYIOMEM

m3 m) mj
k3 C2 ko Cl kq

KOTOprf/'I oJIy4acTcs u3 I/ICXO,lIHOf/'I CXCMEI ITOBOPOTOM B IINIOCKOCTH

(423)
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geprexa Ha 180°. CpaBHHBas TIOy9CHHYIO CXEMY C MCXOIHOW CXe-

Mo# (4.22), MOXHO BHJIETh, 9TO UMEETCS COOTBETCTBHE Cll Cé

MEXy BOCCTAHOBJIEHHBIMH (POpPMaMH IIEPEHOCUYHMKOB, €CIH CIENaTh
CIICAYIONIYIO MEPECTAHOBKY KOHCTAHT CKOPOCTH: k1 <> m3, ky <> my
k3 <> m;. UHpIME cTTOBaMu, 9TOOBI TIOJY4YUTh BEIPAXKEHHUE I BOCCTA-
HOBIIeHHO# popmer C), HEOOX0aMMO B (OpPMYyJIe JUisi BOCCTAHOBJICH-

HoO# opmel C; 3aMeHUTD ki HA M3, ky HA My, a k3 HA m; ¥ HA0OOPOT.

TakuM 00pa3oM, JOCTATOYHO MOIYYUTh PEMICHUE IS BOCCTa-
HOBJICHHOU (OpMBI OJHOr0 M3 IIEPEHOCYHKOB, IIOCKOJIBKY pEIIcHHE
JIJI IPYTOTr0 MEPEHOCYHMKA MOKHO IOJIY4YHUTh IPOCTON 3aMEHOM KOH-
CTaHT CKOPOCTH. Ecnu TepeHOCYHKH SJIEKTPOHOB OpTraHW30BaHbBI B:
KOMIUIEKC, TO YKa3aHHOE COOTBETCTBHE MOXET OBITH MPOCIICIKEHO M
Ha rpad)e COCTOSIHHI, COOTBETCTBYIOMIEM JAHHOM CXeMe.

Kunemuueckas 0soticmeennocms mexncoy OKUCTEHHOU U
80CCIMAHOBNIEHHOU OPMAMU NEPEHOCYUKOB DIIEKMPOHOE

JIJIs mmpoKoro Kiacca CXeM IEepeH0Ca SJICKTPOHOB CYHIECTBYET
CHMMETPHS, OTIHYaIoniaicsa oT paccMoTpenuoii Beimie [Illunkapes,.
1978; BeneaukroB u ap., 19806]. Ona cBsa3ana ¢ TeM, 9TO IEPEHOC
9JICKTPOHA B OJJHOM HAIpPAaBIICHUHN SKBUBAJICHTCH MEPEHOCY «IBIPKI
B 00paTHOM HaITpaBJIEHHH.

OObBI9HO B CXEMax MEPEeHOca JIEKTPOHOB CTPEIIKAMH TIOKA3bIBAIOT
HaIpaBJICHUE JIBIKCHUS JIEKTPOHA OT OJHOTO IIEPEHOCYHKA K IPyTO-
my. Ilpm paccMoTpeHHME IIepeHOCA <IBIPKH», a HE 9JICKTPOHA, B
HCXOIHOM CXeMe He0OXOIMMO HAmIpaBJICHHE BCEX CTPEJIOK MMOMEHSTH
Ha TIPOTHBOMNOJOXHOE. Eciii B pe3ynbraTe Takoro mnpeodpasoBaHus
MOJIy4aeTCcs CXEMa, SKBHBAJICHTHAs HMCXOIHOH, TO, CII€JIOBATEIIHHO,
COXpaHAETCSd U CTPYKTypa COOTBETCTBYIOMEH CHCTEMBI Tu(depeH-
[MAJIBHBIX YPaBHEHMM.

TTosscHUM W3NIOKEHHOE Ha TIPUMEPE CISAYIOMmEH CXEMEI, B KOTO-
pO¥ TIpeIoIaraeTcss OTCYTCTBUE KOOTICPATUBHOCTH B TIEPEHOCE DJICK-
TpOHa.:

k k, ks ks
> GG —>G— (424
1 |
k,
H3MenuB HanpaBieHHe CTPENIOK Ha 00paTHOE, MBI TEM CaMBIM 3allu-
K k, k, ks
TGO G e G (4.25)

k,
OdgeBuAHO, 9TO NOIYIEHHAS CXeMa SKBHBAJICHTHA MCXOIHON CXeMe
(4.24), mOCKOIIEKY €€ MOXKHO MPEACTABHUTH B CIICIYIOMEM BHIC:

GGG (4.26)

1 |

ky
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Otcrozia BEITEKAET, 9TO CTPYKTYpa PEHICHHUS JUIS BOCCTAHOBJICHHBIX
¢opm mnepenocankoB C;, C,, C3; B cxeme (4.24) coBmagaer co
CTPYKTYpOH pemeHus 1jisi OKUCIeHHbIX popm nepeHocaukoB Cs, C,,
C; B cxeme (4.26) coorBercTBeHHO. CleIoBaTeNbHO, PEMICHUS IS
MOCITICAHUX MOXHO TOJY9HUTh, €CJIH B COOTBETCTBYIONIMX PEIICHUSIX
I BoccTaHOBJeHHOW ¢opmbel nepeHocaukoB C;, C,, (3 caenathb
CIICAYIONIyIO 3aMEHy KOHCTAaHT CKOPOCTH: ks <> ki, k3 <> k. Cxazan-
HOE OTHOCHUTCS KaK K CIIydar0 IMOJBIXKHBIX IEPEHOCYHKOB, B3aHMO-
JIEACTBYIOIUX JIPYT C IPYTOM, COIJIACHO 3aKOHY JIEHCTBYIOMMX Macce,
TaKk U K CIIy4ar, KOTJla NMEepeHOCYHKH SJIEKTPOHOB OpraHW30BaHbI B
KOMILIEKCEL. [Ipy 9TOM KMHETHYECKasl IBOMCTBEHHOCTH CIIPaBEJINBA
TOJIBKO TOTJa, KOT/Ia BCE NMEPEHOCYHKH JJIEKTPOHOB OJHOBPEMEHHO
SIBJISIFOTCS. OTHO3JICKTPOHHBIMH, IBYX2JICKTPOHHBIMH U T. .

ITockoneKy mpUMEHEHHE CHMMETPHUH OCHOBAaHO HAa 3aMEHE KOH-
CTaHT CKOPOCTH IMEPEeHOca JJICKTPOHOB, IIOCTOJIKY OHAa MMEET IeH-
HOCTBH JIAOIb JUISI CXEM IIEPEHOCA DJIEKTPOHOB C HEOOIBOIMM 9HCIIOM
KOHCTaHT CKOPOCTH (KOHCTAaHT paBHOBecHs). B qacTHOCTH, 0cOOEHHO
0obOIOC MMPUMEHEHUE CHMMETPHS HAXOIWT B CXEME JBYX MHOTO-
9JICKTPOHHBIX IIEPEHOCYMKOB. MMEHHO K Takoid cXeMe CBOJUTCH
KWHETHKA MEPEHOCa DJIEKTPOHOB y (OTOCHHTEIMPYOMMX OakTepuit
[[Iuukapes, 1978; BeneavikroB u ap., 1979a, 6; Illuukapes u ap.,
1980].

PaccMoTpumM B KadecTBe mpuMepa OWH NEPEHOCYUK, B3aUMOJICH-

K
—C (427)

my
CornacHO CKa3aHHOMY BBILIE€ BEPOSATHOCTH OKHCIICHHOM (hOpPMBI 3TO-
I0 MEePEHOCYNKA MOXXET OBITh IMOJYydEHA M3 BEPOATHOCTH BOCCTAHOB-
JIEHHOH (hOpMEI, €CIIM B BEIpAXKEHHH JUIA MOCIEAHEN 3aMEeHNTh k Ha
my, a my Ha k. DTOT BEIBOJ, OCOOEHHO 0YEBHAECH, €CIIH BMECTO CXEMEI
(4.27) paccMOTpETH CXEMY MEPEXOI0B MEX/TY COCTOSIHUSIMHU IIEPEHOC-

0 — cl (428)

m

Ecnu xoHmeHTparys OKHCICHHONW M BOCCTaHOBJICHHOW (OpMBI Be-
[IECTBA, ONPEICSIIAIONIETO PEIOKC-TIOTESHIIHA CPEIBI, HE MEHSACTCS CY-
OIECTBEHHO Ha PacCMaTpPHBAEMBIX BPEMEHAX, TO M3MEHEHHE BO Bpe-
Mmenn 3acenennocta cocrosauii C° w1 C' Moxer ObITh 3aIMCAHO B

PCty=—"1 4 {P(CP,O) - } gt (4.29)
my +k; my +k;
1 ki 1 ki —(ky+m )t
P(Cl,t)=—"—+| P(C],0)——L—|e (4.30)
m; + k& m +k

Hanucannsle BeIpaXeHHUs OY€Hb SPKO XapaKTEPHU3YIOT KHHETHYeC-
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Ky JBOWCTBEHHOCTh B IEPEHOCE 3JIEKTPOHOB M TOKA3BIBAIOT, 9TO
CBOMCTBO CHMMECTPHM 3aTParuBacT KaKk HAdYaJIBHBIC YCIOBHS, TaK M
MePEXOaHBII MPOIECC, T. €. CHMMETPHS HPOCTUPAaeTCs W Ha 00JacTh
kuHeTukd. OJHAKO IS CTAllMOHAPHOTO pexuma (¢ —> 0) B psaae
CIydaeB MOXKHO OTrPaHWYUTHCA PACCMOTPEHHWEM TOJNBKO KOHCTAHT
paBHOBecus. IlosicHuM B 3TON CBSI3W CMBICT KWHETHYECKON JBOMCT-
BEHHOCTH Jy1i TiepeHocarka C B paBHOBeCHH C cpenoi. Kak u3BecTHO
[cM., nannpumep, PerTep, 1967], KoHNEHTpaLMI OKHUCIECHHON U BOC-
cTaHoBIeHHOW (opmbl mepeHocdrika C B paBHOBECHMH CO CPEIOi
omnpenensercss ypaBHeHueM HepHcra, KOTOpoe ISl HAmIero cirydas
MOXHO 3alucaTthb B BHJIC
PC°)=1/(1+exp ) =1/(1+ky/my), 4.31)

P(C")=1/1+exp(—x)) =1/(1+m, /k;), (4.32)

x=F(Ey—Ec)/(RT)=In(k /m;),
rae Ec, Ey COOTBETCTBEHHO CPEIHETOYCYHEIN PEIOKC-TIOTCHIINAT
MepEeHOCYHKa ¥ PEIOKC-TIOTEHIIHAT CPEIbl, ONpeAeliseMbId BemecT-
BoM (pe3epByapoMm), B3aumoneicTByrommM ¢ C; F' — ra3zoBas mo-
crosuHas, T — aOconroTHas Temieparypa, F'— aucno ®@apanes.

Ecnu BBecTH 0603Ha9eHHE g(X) = 1 _ 0.5, TO COOTHOIIEHHS
X

1+e
(4.31, 4.32) o3uagaror, 9to

g(x)=—-g(—x) (4.33)
T. €. g(x)—uedernas ¢pyukuus. Takum 00pa3oM, KHHETHIECKas TBOM-
CTBEHHOCTh B paccMarpuBaemMom ciydae (3amena Ey—FEcua Ec —FE,)
€CTh HE 9TO MHOE, KaK CBOMCTBO CHMMCTPUIHOCTH KPHBOW THTPOBA-
Hus [dyskuun pacnpenenenvs (4.32)], nabmromaeMoe npHU COOTBET-
CTBYIOIIEM H3MEHEHHH cucTeMbl KoopauHat (Ey—Ec ua Ey—E().

B kagecTBe apyroro mpuMepa KHHETHYECKOH JIBOHCTBEHHOCTH
pPacCMOTPHM BapHaHT, KOTJA TEPEHOCIMKH JJICKTPOHOB, B3aMMOICH-
CTByIOIME JPyr C APyroM corjacHo cxeme (4.24), HaxomgsaTcs B
KOMILIIEKCE. B 3TOM ciydae cOOTBeTCTBHE MEXIy cxemamu (4.24) u
(4.26) nepexoaut B cooTBeTcTBHE TpadoB (cM. cxemy (4.34)). 3nmech
IUIsL KPaTKOCTH HyJeM W EIVHHIECH O0003HAYEeHbI OKHCICHHOE |
BOCCTAHOBJICHHOE COCTOSIHHSI COOTBETCTBYIOIMX IMEPEHOCYUKOB. U3
cpaBuenus rpadgoB Ha cxeme (4.34) Jerko yCTaHOBHTH CIELYIOIEe
COOTBETCTBHE MK Iy coctosausmMu kKominiekca: 000<>111, 001011,
010<>101, 110¢<>100.

000 k’—/'>100 111 —killO

(4.34)
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Kak u B obmiem ciydae, Ui TOTO 9TOOBI M3 OJHOTO COCTOSHUS
KOMIIJICKCa l'IOJIy‘H/ITb CI/IMMe’I’pI/I‘IHOC eMy COCTOsAHHC, HeOGXOILI/IMO

MOJIL30BATHCSA COOTBETCTBHEM

e, o, Cod)

B cBsI31 ¢ TakHM COOTBETCTBHEM IIPH IMOJICIETE BEPOATHOCTEH CO-
CTOSIHHH KOMILJIEKCA KaK B TIEPEXOJHOM IIpoIlecce, Tak U B CTAIHO-
HapHbIX YCJIOBHUAX MOXHO OIpaHHYUTBCA PACCMOTPCHHEM TOJBKO
OJHOM IOJOBHHBI CHMMETPHIHEIX COCTOSHHM, ITOTydas PEmCHHS JIJIs
BTOPO# TOJIOBHHBI yTEM YKa3aHHOH paHee MEepeCTaHOBKH KOHCTAHT
CKOPOCTH.

Ha npumepe s1oii xe cxembl (4.34) BHAHO, KaK COKpamiaercs
9HCII0 CXEM, KOTJIa OJIHA M3 KOHCTAaHT CKOPOCTH 00pamaercs B HyJIb.
Tax, nerocpeacTBeHno u3 cxemsl (4.34) BuAHO, 910 B ciiydae k; = 0 u
B cinydae ks=0 MmoydaroTcsi MOJIHOCTHIO 9KBHUBAJICHTHBIE JIPYT APYTY
CXEMBI TIEpeHoca JEKTPOHOB. AHAJIOTHIHO 3TOMY COBIAJAIOT APYT C
JIPYTOM CXEMBI, JIJI1 KOTOPBIX Ky U k3 (110 OTAEIBHOCTH) paBHBI HYJIIO.
CkazanHoe TO3BOJISET CYIIECTBEHHO YMEHBIIUTH YHCIO PAa3IAIHBIX
CXeM IIepeHOca SJIEKTPOHOB, KOTOpPHIE HEOOXOAHUMO aHAIM3HUPOBATh
AQHAJIUTUICCKH.

B 3axmrodenne OTMETHM CIIEAYIONEE BaXXKHOE OOCTOSTEILCTBO.
IlockoNbKY CTpPYKTypa pEmICHHUS HCXOJIHOU CHCTEMBI YpaBHCHHIA,
Hanpumep Juis C;° coBmamaeT ¢ TakoBo# s C; , TO, HAOMomas 3a
KHHETHIECKUM I0BeAeHHEM mepeHocdrnka C) MBI TEM CaMbIM HMEEM
BO3MOXXHOCTH OIPEACIUTh KUHCTHICCKOE IOBEIACHHE IMEPCHOCUYHKA
C; ObITH MOXET, HE HAOJIOIAEMOr0 3KCIIepuMeHTaIsH0. Kpome Toro,
MIPH MOJIETTMPOBAHNH JJIEKTPOHTPAHCIOPTHRIX PEaKIHii MOXKHO Orpa-
HUYIUTHCS PACCMOTPEHHUEM TOJBKO 9aCTH PA3]IMIHBIX COOTHOMICHHI
MEXTy KOHCTAHTaMH CKOPOCTH.

3akioucHne

Amnanms, IpoBeJIeHHBIM B JAHHOW IJIaBe, IOKA3bIBAET, 9TO B TOM
ciaydae, Korja MepeHOCIUKH dJIEKTPOHOB HAXOMATCS B PEIOKC-PaBHO-
BECHHU CO CpPEJION M OTCYTCTBYET KOOIEPATHBHOCTH B MEPEHOCE 3JICK-
TPOHOB, MPEIJIOKEHHOE BEPOATHOCTHOE ONMCAHME TPAHCIIOPTA JJICK-
TPOHOB B KOMILIEKCE MEPEHOCIMKOB MOXET ObITh pEAYyLHPOBAaHO K
OOBIYHO TIPHIMEHAEMOMY 3aKOHY AECHCTBYIONIMX MACC OTHOCHTEILHO
OKHCJICHHBIX M BOCCTAHOBJICHHBIX (DOPM OTHEIHHBIX ITEPEHOCYHKOB.
Opmnako, ecny peIOKC-paBHOBECHE CO CPEIoi HapymieHo, 3a CYeT
9ero IOSABIIETCS MTOTOK JIEKTPOHOB Ye€pe3 KOMILIEKC WM UMEET MeC-
TO KOONIEPATHBHOCTH B IIEPEHOCE HJIEKTPOHOB, BEPOSTHOCTHOE OIHCA-
HHUE MOXET CYMICCTBEHHO OTIIMYaTHCH OT 3aK0HA JESHCTBYIONAX MaccC.
HHBIMH cTiOBaMH, peNIeHNs] YPaBHEHHH I ABYX (DM3WYECKH pa3iind-
HBIX MEXaHW3MOB B3aWMOJICHCTBHS 110 NPUHIIUITY «OJMH HA OJWH» U
«BCE Ha BCE)» OTJIMYAIOTCS B HEPABHOBECHBIX YCIIOBUSX U HE OTJIMYa-
FOTCA B YCIOBHSX PEIOKC-PABHOBECHS CO CpEIOd M OTCYTCTBHSA
KOOTICPaTUBHOCTH B IEPEHOCE JICKTPOHOB.

ITockonsKy MEepeHoC 3JEKTPOHOB B OMOIIOTHIECKUX CHCTEMAX HO-
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CHT, KaK IPaBHJIO, HEPABHOBECHBIN XapakTep M, KPOME TOrO, B PAAC
cilydaeB OONBIIYIO POJIb UIPAIOT KOOIEpaTHBHBIE 3 (HEKTHI, 00yCIOB-
JICHHBIE B3aMMHBLIM BJIMSHHEM IIEPECHOCYHKOB OJJIEKTPOHOB JIpyT Ha
JIpyTa, TO TPATUIIMOHHO HCIOJIB3YECMBbI KMHETUICCKII 3aKOH JICICT-
BYHOIIUX MAaCC OTHOCHUTCIIbHO OGLCMHBIX KOHIIeHTpaIII/Iﬁ OKHCIJICHHBIX
M BOCCTAHOBJEHHEIX (DOPM OTIENBHBIX IIEPEHOCINKOB CTAHOBHTCH
HENPUMEHHUMBIM JIJISI aHAJIM3a [IEpEHOca 3JEKTPOHOB B KOMILIEKCax. B
9TOM Cjlydae HeO0OXOJHWMO HCIIOIL30BaTh OMNMCAHHE, OIEPHPYIOMIEE
COCTOSHHSIMH KOMILIEKCA MOJICKYJI-IIEPEHOCIHKOB KaK 1[€JI0T0.

I'maBa 5

TEPMOJIMHAMUKA PEJIOKC-PEAKITUTA
B BUOJIOTUYECKNX CUCTEMAX

Boelmie MBI paccMOTpeny BIMSHHE OOBEIUHEHHS NEepEHOCIMKOB
JJICKTPOHOB B KOMILIEKCHl HA KHHETHKY TPAHCIOPTA JJIEKTPOHOB.
Takoe o0BenWHEHWE MOXKET NPHUBOAWTH U K TOMY, 9TO W3MEHEHHE
COCTOSHMSA JIF000T0 M3 TNEPEHOCIHKOB MOXKET H3MEHHTh XapakTep
IepeHoca JJIEKTPOHOB B KoMmiuiekce (3(PEeKT KOoOomepaTHBHOCTH).
B3anMogeiicTBHEe IEPEHOCIUKOB JJIIEKTPOHOB B PAE ClIydaeB 00yc-
JIOBJIUBAET OTJIMYHE TEPMOIMHAMHYIECKUX XapaKTEPUCTHK DIIEKTPOH-
HOT'O TPAHCIIOPTa B KOMILUIEKCAX OT TAKOBBIX JJISA IEPEHOCA IIEKTPO-
HOB MEX[y ITOJIBIDKHBIMH TIEPEHOCIUKAMH.

Hmxe paccMOTpeHBI HEKOTOpBIE BOMPOCH], KACAIOMAECS OIpese-
JICHUS TEPMOJUHAMHIECKHAX XapPAKTEPUCTHK IEPEHOCIUKOB IIEKTPO-
HOB, OPraHN30BaHHBIX B KOMILJIEKC.

5.1. CpaBHeHHE pPABHOBECHBIX XapaKTepPHCTHK
nepeHoca eKTpoOHOB

Kak yxe yka3slBaJIoOChb paHee, B OHOJOTHYECKHX CHCTEMAax Cy-
OIECTBYIOT, II0 KpaifHe#l Mepe, ABa croco0a B3avMOJEHCTBHS Iepe-
HOCYHMKOB 3JIEKTPOHOB JIPYT C JIPYroM. Eclii mepeHOoCYHKH DIEeKTPO-
HOB JIOCTATOYHO MOJBIIKHBI, 9TOOBI B3aHUMOIEHCTBOBATE JIPYT C APY-
TOM IIOCPEIACTBOM COYIApEHMI, KHHETHKA IIEPEHOCa 3JIEKTPOHOB
MOJXKET OBITh ONKMCaHa Ha OCHOBE 3aKOHA JICHCTBYIOMHUX MaccC, COTJac-
HO KOTOPOMY CKOPOCTh PEaKIMU IPOIOPUHUOHAIBLHA IIPOU3BELCHUIO
KOHIIEHTpALMK pearnpyromux BemecTB. CymieCTBEHHO, 9TO B 9TOM
ClIydae TIEpeHoC 3JEKTPOHOB IPEICTaBIsgeT OO0 OMMOJIEKYIISIPHYIO
PCAKIIMIO U OIIPCACIIAACTCA 06’BeMHBIMI/I KOHILICHTPAIIMAMH OTACIBHEIX
MIEPEHOCYHUKOB JICKTPOHOB. COOTBETCTBEHHO 3TOMY M TCPMOINHAMH-
9eCcKHe MmapaMeTphl SJICKTPOHTPAHCIIOPTHBIX MTPOIIECCOB TAKXKE OTpe-
JIETS0TCS 00beMHBIMM KOHIIEHTPAI[HSIMH TTEPEHOCIHKOB.

Ecmm xe mepeHOCUYMKH DSJICKTPOHOB HAXOIATCS B KOMILICKCAX,
BHYTpU KOTOPBHIX 3ajJjaHa CTpPOTras MOCIJIEJ0BATEIHHOCTh HX B3aUMO-

99 4*



JEUCTBUS JIPyT C APYTOM, TO OHH MOTYT B3aMMOJCHCTBOBATH JIMIIH B
TOM CJIydac, KOTJa OHHW HAXOIATCS B OJHOM W TOM K€ KOMILICKCE.
IIpu 3TOM mEepeHOC 3JIEKTPOHOB MEXAY HHMHM SIBISIETCS YKE MOHO-
MOJICKYJISIPHBIM TIPOIIECCOM.

CyMMmapHasi CKOPOCTb IIEpeHOCca JIEKTPOHOB MEXIY NEPEHOCIMKAMI
C; n C, mponopuuoHaJbHA KOHOEHTPAlMH KOMILJIEKCOB, HAaXO-

JIAIUXCA B COCTOSHHHU C1' Cg, B koropom C; BoccranoBien, a C,
OKHCJIEH:

Vese, ~[C1C3 ] - (5.1)
HuTepecen BOMPOC O COOTHONICHWH PABHOBECHBIX TEPMOJIMHAMU-
YCCKHX XapaKTCPHUCTHK IICPCHOCYHKOB 3JICKTPOHOB, OPraHHM30BaHHBIX
B KOMILIEKCHI ¥ IIEPEHOCYHUKOB 3JICKTPOHOB, B3aWMMOJICHCTBYIOMIMX
JIPYyT C APYTOM COTJIACHO 3aKOHY JACHCTBYHOOIMX Macc. B aTtom mapa-
rpade, eciv He OrOBOPEHO IIPOTHBHOE, OYyJEeM MpeaNnojararh, 9TO
KOOIIEPATHUBHOCTE B IIEPEHOCE IJIEKTPOHOB OTCYTCTBYET.

PaccMOTpuM 72 OJTHORJIEKTPOHHBIX MEPEHOCYHUKOB 3JIEKTPOHOB (1,
G, ..., C, HaxomAmuxcsa B PeIOKC-PaBHOBECHH coO cpeao (D).
ITockonpKy HeCynieCTBEHHO, KAKMM MyTEM YCTAHABIMBAETCS PEIOKC-
paBHOBeCHE KOMIUIEKCA CO CPeNoi, TO JJii MPOCTOTHI BEIYHMCIICHHMA
Oy/JeM cduTaTh, 9TO HEIMOCPEACTBEHHO CO CPEAOM B3aMMOJECHCTBYET
JIMIIb IICPBBIA IICPCHOCYHK:

ki, L) k3 kn
D C, C, e C,. (5.2)
m] m) mj3 mp
3neck ki, m; — TCEBIOMOHOMOJEKYJISIPHBIE KOHCTAaHTHI CKOPOCTH,

MPONOPIHOHATBHEIC KOHIIEHTPAIMH BOCCTaHOBJICHHOU (k =ki [Dl])

u okucyenHoi (m=m,/D°]) bopmer BemecTsa D, ompenensroniero
pemoKc-noTeHMan cpensl; k;, m; (i = 2, 3, . . . , n) — KOHCTAHTHI
CKOPOCTH COOTBETCTBYIOIMIMX CTAAHI MEPEHOCA IJIEKTPOHOB.

PaccMoTpuM pegokc-paBHOBECHE IIEPEHOCIUKOB IEKTPOHOB (),
C,, .., C, co cpemoii ¥ CpaBHHM 3aBHCHMOCTh HX CTEHEHH BOC-
CTaHOBJICHHOCTH OT BEJMYHHBI KOHCTAHT CKOPOCTH k;, m; A pas-
JIUIHBIX THIIOB B3aMMOJCHCTBHS MEPEHOCYUKOB 3JIEKTPOHOB JPYT C
ApYTOM.

1. ITycts nepenocauku dnextpoHoB C, C, ,..., C, ABIAIOTCS TIOJI-
BIDKHBIMH H B3aMMOJEHCTBYIOT MEXAYy COOOH COMIACHO 3aKOHY
JIeHcTByromux macc. Torga B OpPeanoJIOXEHHH PaBEHCTBA 00IIuX
KoHIeHTpanui nepenocuaukos Ci,...,C, APYT APYry, AJsS JOJIEH HX
OKHUCJICHHBIX M BOCCTAHOBJICHHBIX (POPM CIIpaBEeIJIMBaA CIICAYIOMIAsS
CHCTEMa 7 HeJITHHEHHBIX are0pandecKux ypaBHeHu# (cM. ri1. 3):

-k(1-y,)+myy, =0,
(ky +myy, )(1-y, )—(m; +k,(1-y, )y, =0, (5.3)
knyn-l(]'_yn)_mnyn(l_yn-l) = 0)
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rae 1-y; (y;)— Ao i-TO IepeHoCdrKa 3IeKTpouoB (=1, 2, ..., n),
HAXOAAUIErocs B OKUCIIEHHOH (BoccraHoBieHHO#) (opme. TIceBmo-
MOHOMOJIEKYJISIpHBIC KOHCTAHTHI CKOpocTH k;, m; (i =2, 3, ..., n)

!

onpejAeyieHsl paBeHCTBaMU k; = k'i N, m; = m'i N, rne k', m' —
OUMOIIEKyYJISIpHBIC KOHCTAHTBI CKOPOCTH COOTBETCTBYIOIIUX CTamit
nepeHoca 3JeKTpoHoB, N — aucio monekyn C; B enuHune oobema.
Pemas sty cucreMy ypaBHEHHH OTHOCHTEIHEHO OTHOLICHHS IOJICH
OKHCIICHHOH ¥ BOCCTAHOBJICHHOH ()OPM i-T0 IEPEHOCIHKA, IOTyIUM

0 gy, (5.4
Vi

2. Ilycte nmepenocamku 3aekTpouoB Cy C,, . . ., C, HaxomaTCs B
KOMILJIEKCE M OTCYTCTBYET KOOIIEPATUBHOCTH B MIEPEHOCE IJIEKTPOHOB.
B stom cayuae k;, m; (i =2, 3, . . ., n) — MCTHHHO MOHOMOJIEKYJISIP-
HbIE KOHCTAHTHI CKOPOCTH TIEPEHOCA SJICKTPOHOB BHYTPH KOMILJICKCA.
Pasmedennslii rpad COCTOSHMIA, COOTBETCTByromui cxeme (5.3),

(00..0) = (10..0) == (010...0)
(l) m (2) my (3) .......

....... (5.5)
k
O11..1) —— (11...1)

mi
2"-1 2"

3nech nanekc 0 min 1 Ha ompeaeacHHoOM MECTE 03HA9acT, 9TO COOT-
BETCTBYIONIMH TMEPEHOCIHUK DJICKTPOHOB OKHCIIEH (BOCCTAHOBJICH).
I{udpsl B ckoOKkax 03HAYAIOT HOMEP COCTOSHUH. [l paBHOBECHBIX
BEPOSTHOCTEH COCTOSHMI KoMmIuiekca pi (i=1—2") MOxHO 3ammcaTth
COOTBETCTBYIOOIYIO cxeMme (5.5) cucremy JIMHEHHBIX alreOpandecKux
ypaBueHwu# (cM. 1. 3):

—kyp,+mp, =0,
—(m +ky)p,)+k p, +myp; =0, (5.6)
—mp, + k, P = 0.

Penenne 3Toi CHCTEMBI TMHEHHEIX YPAaBHEHHH ONPENEIEHO C TOY-
HOCTBIO JI0O MHOXHUTEIISA, T. €. OIPEe/IeJICHB] JINIIb OTHOOICHHS BEPOSIT-
HOCTEH p,, HAIIpUMEP, K BEPOATHOCTHU IICPBOT'0 COCTOSHM:

p~ap (=1,...,2". 5.7
Paccmotpum Gonee moapoOHO, kakuM 00pa3om HalTH, K0d(hGhUIUECH-
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Tol . IlyCcTh, HapuUMep, UMEETCS COCTOSHHE KOMILIEKca S co cie-
IYIONIMM pactpeeeureM (g-3JeKTpoHoB 110 nepenocaukam Cj, ... . .

S =(C,C,Cy, clq )

b
TJIe UHIEKCHI iy, iy, i3 ,..., I YKa3bIBAKOT HOMEpPA BOCCTAHOBJIEHHBIX
MIEPEHOCIHUKOB JIEKTPOHOB. TOrja BEpOSTHOCTH STOTO COCTOSHUS C
yd4eTOM NpWHIMWIIA ACTAJLHOTO paBHOBecws [Bombkenmreitn, 1978;
CM. TaKKe 1. 6] MOXKeT OBITh CIIEAYIOmMUM 00pa3oM BeIpaXKEHA depe3
BEPOSTHOCTH NEPBOTO COCTOSHUSA:

P(S) = (hhy.rcby iy )iy by )]y ). (5.8)

371ech MEpBEII COMHOMKHTENb, B3ATEIN B CKOOKH, COOTBETCTBYET
TEPEeHOCy TEpBOTO 3JICKTPOHA OT Cpelsl Ha i,¢ Mecrto. Bropoi
COMHOXHWTEb, B3ATHI B CKOOKH, COOTBETCTBYET MEPEHOCY BTOPOTO
9JISKTpOHA OT Cpeapl Ha i,;-¢ MecTo u T. n. Ilocnemuuii
COMHOXWTEJb, B3ATHIH B CKOOKH, COOTBETCTBYET IEPEHOCY ¢-TO
9JIEKTpOHA Ha I[j-€ MecTo. TakuMm 00pa3om, 3Has pachpeaeicHue
3JISKTPOHOB O NIEPEHOCIMKAM, JIETKO 110 YKa3aHHOMY NPaBUJTy Cpa3y
HaNUCaTh BENWMYUHY K03 PUIueHTa o.;.

Yro6s1 Haiith mHTepecyromee Hac otomenue P(C ,-O )P(C!),

BBIPAa3UM BEPOSTHOCTh BOCCTAHOBJICHHOW M OKHCJICHHOW (OpM i-TO
MEepEeHOCYHKA AJIEKTPOHOB depe3 BEPOATHOCTH COCTOSHUN KOMIUIEKCA
pi.
0 0 0 1 1
P(Cl.)= P(C;...C;. .C? W) +...+P(C... 1C Cl+1 .C,)
1 0 1 1 1 1
P(C;) P(C ...C C C1+1 Cn)+...+P(Cl...Ci_lC,.C,.+l...Cn)
IlockonsKy B 3TOW (hOpMyJi€ BEpPOSTHOCTH KAXKIOTO COCTOSHUS
KOMILJIEKCa, HAXOMANIYIOCA B YHMCIMTENIC, MOXXHO B 3HaMeEHaTeJle CO-
MOCTABUTH C BEPOSTHOCTHIO COCTOSHUS KOMILJICKCA, OTIMYAIOmErocs

OT TaKOBOTO B YUCJIMITEJIC JIMIIH COCTOSTHUEM i-TO TIEPEHOCYHKA, TO B
CHITY d)OpMyJ]bI (5 8) MOXHO 3amucaTh:

P(C)...C.CICY,...C°) = (11,...1, )P(C...CYCPCP,..CP)
P(C|C3.. COIC i Co ) = (Wl )P(CIC3.. Colco 21-Ch) (5.10)

(5.9)

P(C|...C}\C/C},...C, ) (l1 . )P(C1C1 .C},clcl,..Cl)
B neBeix qacmx OTHX PABEHCTB HAXOMAATCS BEPOSTHOCTH COCTOSIHUH,
¢burypupyromue B 3HaMeHarese Beipaxenus (5.9), a B mpaBbIX 9acTax
— BEPOSTHOCTU COOTBETCTBYIONIMX WM COCTOSIHWM, MMCIOIIUXCS B
gucnurene Belpaxenus (5.9). CnemoBarenbHO, BBIHOCH 00U

muoxwutens (1,/,...I;) B 3HameHarene BelpakeHus (5.9) u coxpamas
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OCTaBIIMECCA OJUHAKOBBIC 9JICHBI, ITOJIYyYHUM
P(C)/P(C}) =1/ 1,..1,) (5.11)

OT0 BBIpaXKEHHE TOJHOCTHIO COBMAMAET C TAKOBBIM JIJISI TIOJBHKHBIX
MIEPEHOCIHKOB.
Takum 00pa3oM, PEIOKC-TUTPOBAHKE MEPEHOCIMKOB DJICKTPOHOB

(saBucumocts P(C )/P(C}) ot l;, OpraHu30BaHHEIX B KOMILIEKC (B

OTCYTCTBHE KOOIEPATHBHOCTH), W IMOJBHXHBIX MEPEHOCIUKOB IaeT
OJIMH W TOT € pe3ynbTaT. U 3TO, HECMOTPS HA TO, 9TO CHCTEMBI
yYpaBHEHHI, COOTBETCTBYIOMIME J3THM JBYM CIydasM, CYOIECTBEHHO
OTIMYAIOTCS JAPYr OT Jpyra, B IEPBOM Cllydae 93TO CHCTEMa #
HEJIMHEMHBIX ypaBHEHMH, a BO BTOPOM Cllydae 3TO cucrema 2"
TMHEHHBIX ypaBHeHui. CoBIaJICHUE PE3yJIbTaTOB PEIOKC-TUTPOBAHUS
MIEPEHOCYHMKOB JJIEKTPOHOB B KOMILIEKCE M B PACTBOPE €CTh MPOCTOE
CIIEJICTBHEC HE3aBHCUMOCTH PEIOKC-COCTOSHHUM MEPEHOCIUKOB DJICK-
TPOHOB, BXOJAMIMX B KOMIUIEKC, HaOJI0MaeMoe NpH pPEIOKC-
paBuoBecun co cpemoit [IIIumkapes, 1978; Hill, Chance, 1978;
Beneaukros u ap., 19806]. IIpuaeM 00BMHO Pa3HOCTh HOPMAIBHBIX
(cpeanero9ednsIx) PEAOKC-IOTEHIIHAIOB IEPEHOCYMKOB M BELIECTBA
D, onpeaensromiero peaoOKC-MIOTEHNHAN CPEbl, XapaKTepH3yeT
KOHCTAHTHEI PABHOBECHS IIEPEHOCYMKOB CO CPENOi, a pPa3sHOCTh
HOPMAJIbHBIX PEIOKC-TIOTCHIINAJIOB TEPEHOCIUKOB — KOHCTAHTY
paBHOBECHS MIEPEHOCA IJIEKTPOHOB MEXTy HUMH.

Kak MBI moKakem jajee, IpH KOOIEPATHBHOM XapakTepe mepe-
HOCA 3JIEKTPOHOB PABHOBECHO ONPEAEIIAEMbIX BEIMIHUH HOPMAIbHBIX
PEIOKC-TIOTEHIIHAIOB OT/EIbHBIX [IEPEHOCYUKOB yiKe, BOOOMIE TOBO-
P, HEOCTATOYHO JIJI TOr0, 9TOOBI XapaKTepH30BaTh IIEPEHOC JIEK-
TPOHOB B KOMILIEKCAX.

HOKa)KeM, qTo0 I[eﬁCTBHTeJIBHO B OTCYTCTBHUEC KOOII€CPATUBHOCTH B
MIEPEHOCE IJIEKTPOHOB PEAOKC-COCTOSHUSA IEPEHOCIHUKOB IJIEKTPOHOB,
BXOANIMX B KOMIUICKC, IIOIIaPpHO HE3aBUCHUMBI, T. €.

P(C)CY)=P(C})P(C]), P(C)C})=P(C])P(C]),
P(C{C})=P(C})P(C]), (i#))

(5.12)
ITpenBapuTeIsHO OTMETHM, 9TO U3 COMIOCTABJICHHUS BhIpaxkenuit (5.8)
u (5.11) BeITEKaeT claeAyromee COOTHOMIEHHE:

P(C)C}) P(C))

= _ (5.13)
P(C/C}) P(C})

C yd9eToM 3Toro COOTHOMICHMS, HapuMep, s P(C?C ', ) HMeeM
P(C)P(C) _ o | PCIC)+ P(CIC))
P(CCt) / P(C)Ct)
0
P(C;)

_ 1 i 1 0y
—P(Cj)1+P(C) P(C})+P(CY)=1.

(5.14)

103



Takum o0pa3zoM, AEHCTBHTEIBHO HAOIIOIACTCS MOMApHAT HE3aBHCH-
MOCTB PEIOKC-COCTOSIHHIA OT/ICIBHBIX IEPCHOCIUKOB JJICKTPOHOB IIPH
PaBHOBECHH CO CPEAOH. AHAIOIMYHO MOXKHO JI0Ka3aTh M HE3aBHCH-
MOCTb B COBOKYITHOCTH PEIOKC-COCTOSIHHM OT/AEIbHBIX EPEHOCIUKOB
9ekTpoHoB. CymeCTBEHHO OTMETHTh, 9TO 3TOT PE3yJbTaT MOIYdeH
JUJIS CIydasi, KOTJa OTCYTCTBYET KOOIEPATHBHOCTL B MEPEHOCE JJIEK-
TPOHOB.

5.2. O BJIHSIHAH KOONIEPATHBHOCTH B NePeHOCE YTeKTPOHOB
HA KPHBLIC PEIOKC-TATPOBAHHSA

Oxuum 13 3PpGeKTHBHEIX METOAOB HCCeI0BaHus (YyHKIMOHAIb-
HOW OpraHM3alyy IENei SJIEKTPOHHOTO TPAHCIIOPTA, MO3BOJISIOMINX
OIPEJICNTUTE PEAOKC-TIOTEHITHANBI M TTOCIIEIOBATEIBHOCTE PACIIONIOKE-
HuSA nepenocdukoB B [[OT, aBnsgeTcs peaoKC-TUTPOBAHKE, B PE3YIIb-
TaTe KOTOPOrO OIpPEAENsIeTCS 3aBUCUMOCTh CTEICHH OKHCICHHOCTH
(BOCCTAaHOBIIEHHOCTH) TEPEHOCYMKOB JJIEKTPOHOB OT  PEIOKC-
noTeunuana cpenbl [Dutton, Wilson, 1974; Jlemunmxkep, 1974;
Dutton, Prince, 1978; Prince, Dutton, 1978; Waltz, 1979]. Bmecte ¢
TEM IIPH PACCMOTPEHHMH PE3YJLTATOB PEIOKC-TUTPOBAHHS [IEPEHOC-
9HKOB JJIEKTPOHOB, COCTABJIAIOMIUX €IMHEBIA KOMILIEKC, HEOOXOIMMO
YYHUTHIBATh BIUSHUEC PEIOKC-COCTOSHUS OJHOTO M3 IMEPECHOCIMKOB Ha
PEIOKC-COCTOSTHHE JPYIOro.

OKCIEPUMEHTAIBHO KOOIIEPATHMBHOCTE B IIEPEHOCE DJJIEKTPOHOB
OblIa oOHapy»xeHa JJI KOMILIEKCOB MOJIEKYJ IIEPEHOCYHUKOB JJIEK-
TPOHOB Kak mnpu abixapuu [Malstrom, 1973; Nicolson, Peterson,
1974; Wikstrom et al., 1976; Babcock et al., 1978; Wikstrom et al.,
1981], Tak u npu ¢orocunrese [Pellin et al., 1978]. Hmxke npuBenen
MPOCTEHUIINKA TIPUMEP PABHOBECHOI'O KOOIIEPATHUBHOTO IIEPEHOCA
3JIEKTPOHOB B KOMILJIEKCE JBYX OJHOJIEKTPOHHEIX MEPEHOCYHKOB.
Heckonbko WHOW TOIXO0J K paccMaTpuBaeMo# mpobiemMe MOXKHO
HaliTH B psage Apyrux padort [Malstrom, 1973; Waltz, 1979; Wikstrom
et al., 1981].

IIycte opuosnexkTpounsie nepenocduku C; u C, B3aMMOJIEHCTBY-
0T YT C IPYTOM COTJIACHO CXEME

K ky k3
D C C, A. (5.15)

m my m3

Ecmu nepenocauku 31mexTporoB C; u C, OpraHu30BaHEl B KOMILICKC,
W MIMEeT MECTO KOOMEPATHBHOCTh B TIEPEHOCE JIEKTPOHOB, TO PEIOKC-
paBHOBECHE Ka)KJOr'0 IIEPEHOCIHUKA CO CPENOM 3aBHCHUT OT COCTOSHHS
COCEJIHETO C HUM TIepeHocdnKa. MHBIMH ClIOBaMH, B 3TOM ClIydae He-
00X0IMMO PacCMAaTPHBATE JIBA PA3IMYHBIX THIA PEIOKC-PABHOBECHS
MEPEHOCIHNKOB JJIEKTPOHOB CO CPEJIOM: B YCIOBHAX, KOT/Ia COCEHHIA
TEPEHOCYHK DJICKTPOHOB OKHCIICH, M B YCIOBHSX, KOTJIA COCEIHUH
MEPEHOCYHK JJIEKTPOHOB BoccTaHOBJIEH. COOTBETCTBEHHO 3TOMY HeE-
00X0IUMO paccMaTpuBaTh HE TOJHKO COCTOSIHUS JTAHHOTO MEPEHOC-
9WKa DJICKTPOHOB, HO ¥ PEIOKC-COCTOSHHUS B3aUMOJICHCTBYIOMIETO C
HHM MIEPEHOCYHKA, T. €. COCTOSHHSA KOMILJIEKCA KaK IEJI0ro U Iepexo-
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IIBI MEXKITY COCTOSIHMSIMM KOMILIEKCA KaK TakoBbIMM [Malstrom, 1973;
Wikstrom et al., 1976].

B ycnoBusix pemoKc-paBHOBECHS KOMILIEKCA CO cpemoii (Ipu OT-
CYTCTBHMH IIOTOKA DJIEKTPOHOB Yepe3 KOMIUIEKC) ero (PyHKIIMOHUPOBa-
HHE OIpeAelsiercs JIMIIL KOHCTAHTAMHM PaBHOBECHS COOTBETCTBYIO-
mux nepexonoB. IloaToMy I anaan3a KOOIIEPATHBHOTO B3aHMOJIEH -
CTBHS TIEPEHOCIYHMKOB JICKTPOHOB JIOCTATOYHO OTPAHHIUTHLCH TpadoM
COCTOSIHHMHA KOMILJIEKCA

k, ]

1 1
M Ccy ——=cc? 3 O ¢ ——=c @

m
k4Hm4 6 7, Hm5 . H L MH (5.16)
k

0l
@ CC —=— Ccd @ @ CC —— G @

my

I7I€ YKa3aHHBIE KOHCTAHTHI PABHOBECHS OMPEAEIEHBI CIEAYIOIUM
obpazom:

ll =kl/m], 0 1 =k3/m3, 13 =k4/m4, X 3 =k5/m5, 12 =k2/m2. (5.17)

OdgeBuIHO, 9TO KOHCTAHTEI paBHOBecHs [, Oy u 5, x/3 3aBHCAT OT
COOTHOIICHUSI KOHIICHTPAIIMI OKUCIEHHOW M BOCCTAHOBJIEHHOH (hopm
nouopa D u aknentopa A COOTBETCTBEHHO, & KOHCTAHTa PABHOBECHS
l, BHYTPUKOMIUIEKCHOTO MEPEeHOCa JJIEKTPOHOB HE 3aBHUCHT OT ITOTO
OTHOULICHUS.

Heo6x0mumM0 OTMETHTB, 9TO B YCIIOBHUAX PEIOKC-PABHOBECHS KOM-
TUIeKCa CO CPeJIoi BBEJICHHBIE KOHCTAHTHI PAaBHOBECHS (QYHKIMOHAIb-
HO CBSI3aHBI JPYyr ¢ JApyrom. JIeHCTBHUTENHHO, pPEIOKC-paBHOBECHE
KOMILJIEKCA CO CPEIOi 03HAYaeT OTCYTCTBHE MOTOKA DJIEKTPOHOB de-
pe3 KOMIUIEKC BCICACTBHE TOTO, 9TO PEIOKC-MIOTEHIMAIBI JOHOpa D
u akuentopa A paBHbl Mexay coboii. CremnoBaTenbHO, B 3THX YCIIO-
BusiX (MakcuMalibHas) paboTa TO MEpPEHOCY OJJIEKTPOHA BHYTPH

xommiekca CCj  C)C) paBHa cymme paGoT MepeHoca 3JeKTpoHa

-

ot nonopa B komiutexke D'+ CYC) 2 D° +C{C), a 3aTeM OT KOMILIeKca

x akmentopy A CjC) +4° 2 C/C)+4. Vnage rosops, paGora,

coBepuraemasi BIoib mukia 3—2—>4—3, ma cxeme (5.16) pasna 0.
Amnanoruguo 3ToMy paboTa MO MEepeHOCy JJIEKTPOHA TO IOOOMY
nukiy Ha cxeme (5.16) paBaa 0 wiam, 9TO TO K€ camoe, IPOU3BEICHUE
KOHCTAHT paBHOBECHS M0 JIOOOMy IHKIy paBHO exunuie. B
9ACTHOCTH, MOXKHO 3alKCaTh CIEAYIOMHE PABEHCTBA, CBS3BIBAIOIINE
KOHCTAHTHI PaBHOBECHS JIPYT C JPYTOM:

(b, )/l; =101 muxna 1 ->3->2-1, (5.18)
(1,0 1, )/x/5 =1 nns mukna 3—2—>4-3. (5.19)
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ITpu cpaBuennn Beipaxkenwii (5.18) u (5.19) oueBuano, 910
x=0. (5.20)

Taxum 00pa3oM, B YCIOBHAX PEIOKC-PaBHOBECHS CO CPEIOM KOM-
IUIEKCA, COCTOMINET0 M3 JBYX IIEPEHOCYHMKOB, MMEECTCS JIHMIIbL OHH
mapameTp, KOTOPBLIM XapakTepu3yer CTENeHb KOOIEPATHBHOCTH B
IepPEHOCce SICKTPOHOB.

Bemmaunsl paBHOBECHEBIX BEPOATHOCTEH COCTOSHWH KOMIUIEKCA HE
3aBHCAT OT TOr'0, 9TO 00a IIEPEHOCYHKA IIEKTPOHOB HUIIX TOJLKO OJHH
U3 HHUX HEIOCPEACTBCHHO B3aMMOACHCTBYIOT coO cpemoil. B
9aCTHOCTH, 5TH PAaBHOBECHBIE BEPOATHOCTH MOTYT OBITh PACCIUTAHEI
HAa OCHOBAHHH CXEMBI

coct == clct == el el 5.21
12— M1Y2 1 ~2 «——™~1v2 ( . )
KOTOpasa COOTBETCTBYCT CJIICAYIOMECMY PCAOKC-PAaBHOBCCHUIO MEPECHOC-

. D2CZC .
gqukoB 2ekTporoB C; u C, co cpemoii —~ < 1< ~2, Penras muneii-
Hble anreOpandeckyue ypaBHEHHS OTHOCHTEIBHO BEPOSTHOCTEH CO-
CTOSTHMH KOMIUICKCA p;, COOTBETCTBYIOIIUE yCIOBHUSM paBHOBECHS Ha
cxeme (5.21)

4
Lpy=ps Lps=p, O0Lp,=p, ZP,- =1, (5.22)

i=1

NONy9uM
P =11+ + 11, +011,)=1/p

ps=hip, pr=Lb/p, py=01L/p, (5.23)

3aMe’I‘PIM, 9TO0 3KCIICPHUMCHTAJIBbHO Ha6JIIOI[aeMI:IMI/I BCIIMYUHAMH
SIBIITIOTCSI, KaK IPaBHJIO, HE COCTOSHHUS KOMILIEKCA IIEPEHOCIMKOB, a
JIUIIb COCTOSTHHUS OTHENBHBIX MEPEHOCIMKOB 3JIEKTPOHOB, 00pasyro-
mux Komiekc. I103ToMy HEOOXOAMMO OT BEPOSATHOCTEH COCTOSHHA
KOMIIJIEKCA IEPEUTH K BEPOATHOCTAM COCTOSHHI ITIEPEHOCIHKOB.

Hcxoms u3 cxemsl (5.21) m cootnomienmii (5.23) maiizem, 910
BEPOSATHOCTH BOCCTAHOBIIEHHOH (POPMBI IEPBOTO M BTOPOTO TIEPEHOC-
YHUKOB 3JICKTPOHOB PaBHbI:

L(1+1,01,)
P(Cl)=p,+p, = 1 , (5.24)
Y L v, v 012,
IL,(1+01
P(CL)= py + p, =— 21+ 0h) (5.25)

144 +4L +01°1,

ITonygenusle ypaBHEHHS ONPEACIAIOT 3aBHCHMOCTL BEPOSTHOCTEH
PEIOKC-COCTOSHUM IIePEeHOCIHKOB IeKTPOHOB C) u C; OT BEJIWIHHEI
KOHCTAHTEl PaBHOBECHS [, XapakTEpHU3YIOMmEH pPeIOKC-IOTEHIIHAN
cpenpl, a 3HAYUT, ONMMCHIBAIOT KPUBLIE PEIOKC-THTPOBAHUS TIEPEHOC-
qukoB C; u C,. OObHO JJI% pacdera KPHUBLIX THTPOBAHHS HCIIONb-
3YIOT BEJIMIUEELI KOHCTAHT PaBHOBECHS, BEIPAKEHHEIE depe3 PEJOKC-
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MOTEHITMAN CpeIbl Ha OCHOBaHuM ypaBuenus Heprcra:

E- —-E E% -E
ll :e\xp{%FJ, 0[1 =exp[uF}

RT
E¢, —Ey Eéz -Ey
l3=exp TF, 013=exp TF,
AE
I = exp(ﬁF] . (5.26)

3necs Ex— peloKC-NOTEHIHAT CPEIbl, ONpeaesieMblii ToHOpoM D u
(unn) akuentopom A; F— aucno Papagess; R — ra3oBasi HOCTOSH-
Hast. Ec, (E% ) ipu i=1,2 eCTh HOPMAIBHBIN PEIOKC-TIOTEHIUAT i-TO
MEPEHOCYHKA, TIOTYICHHBIA B TPEANOI0KEHHH, 9TO COCSIHUM mepe-
HOCYMK OKHCJIEH (BOCCTaHOBJICH); AE __ penyuuna, ompenemsieMast
paBeHCTBOM

AE = I;—Tln L. (5.27)

C ydgerom cootHomienwit (5.26) Beipaxkeuus (5.18) u (5.19) moryt
OBITH TIEpEeNUCaHbI CIACAYIOmMUM 00pazom:
E¢, +AB=E(,, Bg +AE=E(,
2 2 RT
E¢, —Eg, =E¢, —Eg, = 5 In0- (5.28)

1 2
BzaumooTHOMIEHNE MEK Ty BBCICHHBIMYU BETMIUHAME ECi s EC,~ s

AE orpaxeHo Ha cxeme

j -
(1) ¢cjcs Fer ; (;;c‘; (3
Eey AE BL=EH(RT/F)n®
{1 (4)
fe MU 116‘) 4
2) Gita EE=EI+RT/F)af ' °

ITpuBeneHnas cxema IOKa3hIBaE€T, C KAKMM 3HAKOM HEOOXOIUMO
Opareb BBemeumble B (5.26) Benwgunoel, 49T00BI  MOIYYUTH
cootHouieHwus (5.28).

VpaBHenus aisi KpUBBIX TUTpOBaHus nepenocdukoB C; u C; mMo-
TYT OBITh IPEJICTABIICHBI Y€PE3 PEIOKC-MIOTEHIIMAT CPEIbl M 3HAYCHUS

EIC , Eé , 4E , eciu B cootnomenus (5.24) u (5.25) BBecTH Belmu4n-
1 1

HBI, OTIpeeIsieMble BepaxeHusIMHu (5.26).
B oTcyTcTBHE KOONEPAaTHBHOCTH B MEPEHOCE IJIEKTPOHOB, KOT/A

0=1 (Elci ,Eéi, i=1, 2), ypaBHEHUS KpUBBIX TUTpOoBaHuS (5.24),
(5.25) npuobpeTaroT cneayronvii BUI:
l RT , P(C)
P(Cl)=—— | Ey=E{ +—In—1~ 5.29
RTINS "P(cl’)} e
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a2

=268 100 a 10 208 -2d0

20 -;.;W
Efﬂ' ’fc" ’ Mﬁ

Puc. 25. 3aBHCHMOCTH CTEICHH BOCCTAHOBJICHHOCTH IIEPBOr0 IIEPEHOCIHKA
3JIEKTPOHOB OT PEAOKC-IIOTCHI[HANIA CPEIBI, PACCIMTANHAS IT0 ypaBHeHuIo (5.34)
IpH  pa3NUYHBIX 3HAYEHMsSIX IIapaMerpa KOOIEPATHBHOCTH B IEPEHOCE
3JIEKTpPOHOB O

a—0=001;6—0=0,1;8—0=10; r —06 = 100. ITudpel y KPHUBBLIX MOKA3LIBAIOT
BEJIMYUHY KOHCTAHTEI PABHOBECHS [,

Li,

RT ., P(CY)
L, +1

P(C})= Ey =1!;1C2 +—I—22 ], (5.30)
F " P(C})

31ecsr B CKOOKax BOCCTAHOBIIEHHOCTH MEPEHOCYHMKOB IPEACTaBICHA

Kak (QyHKIMS peOKC-TIOTeHHala cpeapl F,.

B caydae ecnim mMmeeT MeCTO KOOTEPaTHMBHOE B3aWMOJICHCTBHE
MEPEHOCYHUKOB JJIEKTPOHOB, TO KPUBBIE PEIOKC-TUTPOBAHMS IIEPEHOC-
9UKOB, BXOJAIMIAX B KOMILUIEKC, MOTYT CYIICCTBEHHO OTIHYATHCSA OT
OOBIYHBIX KPUBBIX TUTPOBAHMS, XaPAKTEPHBIX JIJIS MMOJIBIKHBIX Iepe-
HOCYMKOB OJICKTPOHOB M OIpeIeiseMblx ypaBHeHmeM Hepucra
(5.29), (5.30). Ha puc. 25 npuBemeHsl TEOPETUIECKUE KPHBEHIE pe-
JIOKC-TUTPOBAHKS BOCCTAHOBJICHHOH (opMbl mepeHocarnka C; pac-
cauTanpble 10 ypaBHeuuio (5.24) — npu pa3HBIX 3HAYCHHAX
mapamerpa 0, XapakTepH3yIOMIEr0 KOOIEPaTHMBHOCTH B IEPEHOCE
9JIEKTPOHOB, M Pa3HBIX 3HAYEHHIX KOHCTAaHTHI paBHOBecus l,. Kak
BH/THO Ha PHCYHKE, KPUBBIE TUTPOBAHHUS B 3aBUCHMOCTH OT BEJTMIHHBI
9THUX TapaMeTpoB JOBOJILHO pPa3sHOOOpasHbl. PaccmoTpum cirydaw,
JUIL KOTOPBIX KPUBEIE TUTPOBAaHMS NPHOOPETAIOT 0COOEHHO MPOCTOM
BHI.

B o0miem ciaydae HOPMUPOBAHHYIO KPHUBYIO THTPOBAHHS BOCCTa-
HOBJICHHOW (DOPMBI IIEPBOT0 MEPEHOCYHMKA, ONPEASTIeMYI0 ypaBHE-
aueM (5.24), MOXXHO OPENCTABHUTHL KaK CYMMY JBYX KPHBBIX THTPO-
Banusa L/(l; +1) u 01,/(6(6,+1), orBewaronmx mepexogam 3TOTO
MEePEHOCYHKA B «ITyCTOM

1
coc? == clc? (5.31)
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H «TIOJIHOM)
clcy — o c) (5.32)

HEeMsX CO BKJIAJAMH, 3aBHCANOIMMH OT PEIOKC-TIOTEHIUAIa Cpebl.
Benmuauna 0 00ycinoBIMBaeT CIBUT KPUBBIX TUTPOBAHUS OTHOCUTEIIb-
HO JpyT apyra Ha BenuunHy (RT/F)Ing.

JleCTBUTENbHO, 10 (POPMYJiE€ IIOIHBIX BEPOATHOCTEH BEPOSTHOCTH
TOTO, 9TO, HAIIPUMEDP, TIEPBHIA MEPEHOCIHUK DJICKTPOHOB BOCCTAHOB-
JIEH, MOJKET OBITh 3alHCaHa CICAYIOIHUM 00pa3oM:

P(C{)=P(C|C3)+P(C|C3)=

= P(C}/C3)P(C3)+ P(C{/C3)P(C;)
rIe P(Cll/Cg ), [P(CII/C; )] —ycnoBHasi BEpOSITHOCTH TOTO, 9TO
TEPBBIA TIEPEHOCYMK BOCCTAHOBJIEH, KOTJIA BTOPOM TMEPEHOCUHK
okucien (BoccranosiieH). I[Tockonmsky Berauciiennas mo cxeme (5.31)
[cxeme (5.32) ] ycnoBHas BEpPOATHOCTH TOTO, YTO TEPBBIA
MIEPEHOCYMK DJIEKTPOHOB BOCCTAHOBIICH, KOT/Ia BTOPOW TIEPEHOCUHK
OKHCJIEH (BOCCTAHOBIIEH), JACTCS BEIPAKECHUEM

4 oh | (5.34)

L+1 01 +1

cootHomierue (5.33) Moxxer OBITh IEPENHCAHO 6 CIIEeIYIONIEM BHIE
[BeneaukToB u ap., 1980b]:

(5.33)

01
p C 1 _picl). 5.35
ll (C2)+ G P (5:35)
Takum o6pa30M, KpuBas TUTPOBAHWS BOCCTAHOBICHHOUN (hOPMEBI
MIEPBOT0 MEPEHOCYHUKA €CTh CyMMa JBYX KPHMBBIX THTPOBAHHUS 3TOTO
MIEPEHOCYHKA B «ITYyCTOI» U «IIOHOI» LEIAX CO BKJIAJIAMH, PaBHBIMH
BEPOSATHOCTSAM COOTBETCTBEHHO OKHMCJICHHON M BOCCTaHOBJICHHOM
(hopM BTOpPOTO MEPEHOCIHKA.
AHaJOTUYHO 3TOMY ISl BEPOSTHOCTH TOTO, 9TO BTOPOW TMEpeHOC-
YUK BOCCTAHOBJICH, MOXHO 3aITHCaTh

Ll 011
1112 P(CP)+ 91112
1y + 1 +1

W3 Beipaxkenuii (5.35) u (5.36) BeiTekaer cienyromee. Bo-nepBsix,
JUIS TOTO, 9TOOBI OMKCATh KPUBYIO TUTPOBAHUSA TIEPBOTO MEPEHOCTHKA
9JIEKTPOHOB, HEOOXOAMMO 3HATh KPUBYIO TUTPOBAHHA BTOPOTO Tiepe-
HOCYMKa, 1 Hao00poT. Bo-BTOpEIX, 3Ta KpHBasi, BOOOIIE rOBOpS, HE
MOXKET OBITh TIPEICTABIIEHA 8 BUJIE CYMMBI JIBYX KPHMBBIX THTPOBAHUS
C IOCTOSIHHBIMU K03(PumeHTaMmu

h +(1—a)i-
[ +1 0 +1

P(C})=

P(C})= P(C!). (5.36)

(5.37)

a
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B 3aBucuMOCTH OT BenM4YMHBLI HapameTpa O MOXHO BBIICIHTH
crexyrone Ba cirydas. Ecou Benmmaunnaa 0>1, To BTOPO# 3IIEKTPOH
INEPEHOCHUTCS B KOMILICKC OT CPCAbI JICIYEC, 4YEM IICPBbIM, H TOI'J1d KPH-
BbIE THTPOBAHHS BOCCTAHOBJIEHHELIX (opm nepenocunkoB C; u C,
CIBHTAIOTCS B 00J1acTh OO0Jiee MOJIOKUTEIBHBIX PEIOKC-TIOTCHIINAIOB
(puc. 25, B, I'). Ecnu Benwguna 0<1, TO BTOPO# 3JEKTPOH IEPEHO-
CUTCSI B KOMIUIEKC OT Cpejbl TPYJIHEE, 9eM IEPBbIiA, U TOTIa KPUBLIC
THTPOBaHHUS BOCCTAaHOBIIEHHBIX (popM C; u C, CABUTAIOTCS B 00JIACTh
0osee oTpHUIIATENLHBIX PEAOKC-TIOTEHIHAIOB cpeanl (puc. 25, 4, b).

Paccmotpum cHaugana crygaii, korga 0>1. J[ns KOIM9eCTBEHHOTO
ONMCAHWS KPUBOH THUTPOBAHHS BOCCTAHOBJICHHOW (HDOPMBI TIEPBOTO
MEPEHOCYNKA MOXKHO BBIICIIUTh TPW HWHTEpBaJla W3MEHEHUS Be-

JIW9UHBl KOHCTAHT paBHoBecust [/, wu 0[], (pemokc-morenuuaina
cpelsl), BHYTPH KOTOPBIX BeIpaxenwue (5.25) nmpuobperaer ocobeHHo

npoctoi BuA (B CKOOKax JaHO MpEACTaBIIEHHME BOCCTAHOBICHHOM
(bopMBI gepe3 peaoKC-IOTEHIINAT CPEIbI):

g RT RT P(C))

w=Eo+— P(C)J com by <1, 041, <1 (B, <EL B2 )

l,+1

E2
P(Cy~<{ Ok 1, g, - Fa+Fo RTlnP(C])
6171, +1 2F  P(C))

], com L1, <1, 0L, >1 (EL <E, <E2 )

91, [EH=E21 LRTPC)

L og+1 = P(C)], com  hly>1, 041, >1 (B, >EL E2 )

(5.38)
AHanorm9HO 9TOMY IS ONHMCAaHUS  KPUBOM  TUTPOBAHUS

BOCCTAHOBIICHHONH ()OPMBI BTOPOTO IEPEHOCIUKA TAKKE MOXKHO
BBIJICJIUTH TPH WHTECPBAJIA:

B cnydgae, xorga 0<1, umeem cnemyromue TpUOIMKEHHBIE BBIPA-
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JKCHHS 111 BOCCTAHOBJICHHOW (POPMEI IIEPBOTO M BTOPOTO TEPEHOC-

-

b, _p L RTPCH R
s [EH—ECZ+ TRl | eem h<1, 04 <] (£, <EL . EZ)
o J b [RT, PC)_ 2 1
P(C2)~<12+1 7 lnP(Ci)__AE , eemn [l <1, 01 <1 (EC1 <Ey < Eg, )

O _g2 L RT, P(C) g2
\m [EH_EC2 +?ln P(C;) s €CJIIH ll>], 011>1 (EH >EC1’EC1)

(541)

W3 BeIMuCAaHHBIX TPUONMKCHUE W PUC. 25 MOXHO CHENIaTh BHIBOJI,
9T0, TONMHKO Koraa 0<1, Ha KPUBBLIX THTPOBAaHHS TIEPEHOCIUKOB C| U
C, BO3MOXXHO HAJIHYHC JIBYX «IOJYyBOJH». CTEIEHb CIOBHUIA ITHX
«TIOJTYBOJIHY» OTHOCHTEJIBHO JAPYT APYyTa 3aBHCHT OT BEIMYHMHBI O, a uX
BKJIQJ] ompejaersieTcs Benuuuuou /,. B cimydae xe 6>1 momyBoiHBI
OTCYTCTBYIOT, OJIHAKO YBEJIUYMBACTCSA TAHTCHC YTJIa HAKJIOHA KPHUBOM
TUTpOBanus B cpeaueit Touke (puc. 25, B u I'). Kak aro cinexyer u3
ypaBuenus (5.24), MakCHMAaJIbHbIA TAHTEHC yTJia HAKJIOHA KPHBOM
TUTPOBAaHUS B CPEIHEH TOYKE COOTBETCTBYET JBYXDJICKTPOHHOMY
ypaBaenuro Heprcra.

MsI paccMOTpeNH MPOCTEHNIYIO CHTYAIIHIO, KOTIa KOOIIEPATHBHOE
BSaHMOﬂeﬁCTBHe JABYX IICPCHOCYHUKOB 3JICKTPOHOB M3MCHAJIO UX TCP-
MOJIMHAMHUYECKHE XapaKTepUCTHKU. BmecTe ¢ TeM B3auMOJICHCTBHE
MIEPEHOCIYUKOB 3JICKTPOHOB MOJKET BBI3BATh TAK)KE W3MEHEHHE HX
CIexkTpoB [cM., Hanpumep: Malstrom, 1973]. DTo NpHBOIUT K TOMY,
9T0 HAOIIOMAaEMBIMM B OSKCIICPUMEHTE SBJSMIOTCS HE PEIOKC-
COCTOSIHHMSA OTJAENILHBIX NEPEHOCIHUKOB, KAaK 3TO MBI MHPEIoaraiu
paHee, a TOJNILKO OTACIIbHBIE COCTOSHHS KOMIUIEKCa — KaKIO0€ CO
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cBoMM KO03(h(dUIMEHNTOM SKCTHMHIMH. Taxk, HanpuMep, eciu
HaOMIOgaeMbIMH B JKCIEPMMEHTE SBISIIOTCS TOJIBKO TPEThHE |
9eTBEPTOE COCTOSHHE - C KO3 (HIUEHTAMH SKCTHHOUH €; H &4
COOTBETCTBEHHO, TO BMeCTO dopmyinsl (5.24) HeoOXOAMMO mHCAaTh
BEIIMYMHY, IIPOIOPIHOHAIEHYIO

el +01°1,
144, +40, +0 171,

83Dy HE4ps =&4(68 3+ py) =84 (5.42)

TAC € = €3/€4 — OTHOCHTENBHBIA KOI()(PHUIMEHT SKCTHHIUU TPETHETO
M 9eTBEPTOro CocTosHMH. 3 moIydeHHOr0 COOTHOINEHHS MOXXHO BH-
JIeTh, 9TO JIaXK€ B Clydae, KOrja B3auMOJeHCTBHE (PEPMEHTOB HE
MIPUBOJIUT K M3MEHEHHIO MX JHEPreTHYECKHX Xapakrepuctuk (0=1),
HO K03 PUIMEHTHI SKCTUHIIUN OTACIBHBIX COCTOSHUMN HE PaBHBI JPYT
apyry (e#1), BO3MOXHO HWCKaKEHHE pPABHOBECHBIX KPHBBIX
TUTpOBaHus. SICHO, 4To B oOmeM ciydae, Ha JJIMHE BOJIHEBI A, NpH
KOTOpO# K03((PHUIHEHT I-r0 COCTOSIHMS paBeH £(A), HaOIOMaemas B
9KCIEPHMEHTE BEJIWYHHA PaBHA C TOYHOCTBIO JO HOPMHPYIOMIETO
MHOXHUTEIS:

4 e +&y Il +e; L1, +e,01,°%1
Zeil’i:l 2 b1y T &3 bb 24 145 (5.43)
i=1 1+4L+4LL, +0171,

CoBepuieHHO 09EBHIHO, 9TO B OOMIEM CIIydae MOTYT IIPOSBJIATHCS
06a 3¢ dexra.

Ha camom nienie cutyarus eme ClIoxKHee, TOCKOIBKY MEPEHOCTHKH
9JIEKTPOHOB IIOMHMO OKHCIHTEIBHO-BOCCTAHOBUTEILHBEIX MpEBpa-
OIEHUH MOTYT TaKKe IIPOTOHHPOBATHECS, Y9TO IIPHBOJAMT K 3aBHCHMO-
CTH IOTEHIINAJIOB MOJIYBOCCTAHOBJIEHMS ITIepenocdnkoB oT pH. Kpome
TOro, IEPEHOCYHUKH OSJIEKTPOHOB HAXOHATCA B MeMmOpaHe u
KCIEITHIBAIOT IIPH CBOMX IPEBPANIECHUAX BIUSIHUE HOBEPXHOCTHOTO U
(unm) TpaHcMeMOpaHHOTO JJeKTpHdecKux mnoreHnuanos [Hinkle,
Mitchell, 1970; Takamiya, Dutton, 1977; Matsuura, Nishimura, 1978;
Walz, 1979; Itoh, 1980]. Onuaxko, B OTIHYHE OT KOOIEPATHBHOIO
B3aMMOJIEMCTBUA JIBYX M Oojlee IEPEHOCYHMKOB SIIEKTPOHOB,
yKasaHpble (PaKTopsl B IPOCTEHNIEM CiIydae HE H3MEHSIIOT (hOPMEI
KPMBBIX TUTPOBAHHSA, a MPHUBOIAT K U3MEHEHHIO HAOII0aeMOro IMOo-
TEHIMAJA MOJyBOCCTAHOBJICHHUS.

3asucumocms nomenyuana nonysoccmanognenus om pH cpeovi

H3noxennas BeITIE CX€Ma PaCCMOTPEHUS KOOIIEPATUBHOTO B3au-
MOJICHCTBHS IEPEHOCUYHMKOB JIEKTPOHOB MOXKET OBITH TaKKe 0e3 cy-
MISCTBEHHON MOAM(pUKALINK MPUMEHEHA U JJS ONpeIeICHUS 3aBUCH-
MOCTH TOTCHIIMAJIA TIOJYBOCCTAHOBIICHUS TIEPEHOCUYMKA JICKTPOHOB
ot pH.

PaccMoTpuM OJTHODJICKTPOHHBIN IIEPEHOCYMK DJICKTPOHOB, KO-
TOPBIA MOXET MPHUCOCIWHNUTE TPOTOH.
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H c =

lsglﬂ I H (5.44)
X!

(@ CH' ——— CH @

3)1@05 TOPHU3OHTAJIBHBIE TMIEPEXO0AbI COOTBECTCTBYIOT OKHCJIMTEIIBHO-
BOCCTAHOBUTCIIBHBIM IIPEBpANICHUAM MEPCHOCYNMKA, a BECPTUKAIIBHBIC

— peaknusM C y4acTHEM MPOTOHA.
IIpuaMas BO BHMMaHME PaBHOBECHBIN XapaKTep IIPEBpAICHUIA
MIEPEHOCYHKA, MOXKHO HE YUHUTHIBATh 000 (0ouH!) Tepexo] Ha 3Toi

4

m " —=c @B

I, H (5.45)

Y
2) CHH —— CH &

Pemias cucteMy JTMHEHHBIX YPAaBHCHHH OTHOCHUTEIHHO CTAIMOHAPHBIX
BEPOSITHOCTEH COCTOSIHWE, COOTBeTcTByromyio cxeme (5.45),
HECII0KHO HalTH:

p =1+ +LLHY +LH*/0,)=1/p,,

Py =1/6ip1, p3s=L/p.ps = Lisz/py, (5.46)

(;=L[H*], 1, =L[D/[D"]).

OTkyna M OTHOMICHHS oxqcneHHoifI dbopmer mepenocanka (C° u
CH™) x Boccranoiennoi (C' u CH) NOIy4uM ClIEIyomee COOTHO-
nIeHue:

O _PC°)+P(CH") 1+L/6, 1 (5.46)
B P(C)+P(CH I(1+1) L4 '

B mosydeHHOM BBIpQKCHMH BEJIWYMHA /i 3aBUCHUT OT PEIOKC-TIOTCH-
nuaia cpezsl, B TO Bpems kak Bemuwauna 4 =(1+1;)/(1+1,/86, )3a-

BHCHT TONIBKO OT pH cpexapl u ot mapamerpa 0,. Jlorapudmupys co-
orHoumieare (5.47) W yduTHIBasS BBIpAXCHHE [; depe3 pemoKc-
noreHnuai cpensl (5.36), momyanm:

RT ., O RT O

RT
E,=E+—mmA+—Ih—=E_+—In—, 5.48
" F F B ? F B (548)

E, =E+(RI/F)in4

MOJyBOCCTAHOBIICHUS TIEPEHOCYMKa, 3aBucsuuid ot pH, E —
MOTEHKAJ [T0JyBOCCTAHOBIICHHUS TIepeHocanKa mpu A =1.

Boipaxenune (5.48) moxassiBaeT, 9TO OPOTOHHPOBAHHE IEPEHOC-
9HKa 3JEKTPOHOB IIPHUBOINUT TOJHKO K CMEMIEHHIO MOTEHIINAJIA OIY-
BOCCTAHOBJICHHS (CPEOHETOYEIHOr0 TOTEHIIUANA), HO HE H3MEHSECT
(hOpPMEI KpMBOM THTPOBAHHS.
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3aBHCHMOCTE HAOIIOAEMOTr0 MOTEHIHANA IOJYBOCCTAHOBJICHUS
ot pH onpenensercs Bemmaunoi koddpdunuenrta 0,, xapakrepusyro-
OIero B3aMMOCBS3h MEXIy MPOTOHHPOBAHMEM M OKHCIIUTEILHO-BOC-
CTAHOBHTENBHOW peaknuei. PaccMoTpuMm 3Ty 3aBUCHMOCTBH Oolsee
noapo6Ho. Ecin 0,=1, To OTCYyTCTByeT B3aUMOCBS3b MEXKIY IIPOTO-
HUPOBAHUEM M OKHCIUTEIHHO-BOCCTAHOBUTEIILHON PEAKIUEH W UX
MOXKHO paccMaTpHBaTh HE3aBHCHMO OJHA OT JAPYTOH, T. €. Habmroma-
€TCsl HE3aBUCHMOCTh PEIOKC-COCTOSIHUMA M COCTOSTHUH, OTIMYaIONIAX-
Cs IPOTOHHMPOBAHKWEM TepeHocankoB. Eciau 6, >1, To 3T0 03Hagaer,
9TO MPOTOHHPOBAHHE CIIOCOOCTBYET BOCCTAHOBJIEHHIO IEPEHOCYHKA.
OT10 HanboJlee 9aCTO BCTPEYAIONMIUIACS THII B3AMMOOTHOIIEHUS MEXTY
MIPOTOHMPOBAHMEM TEPEHOCIUKA M €r0 OKHCIUTEIHLHO-BOCCTAHOBH-
TeIbLHEIMH TpeBpameHusMi. O003HaINM

Igl, = pk,,  Igl/0,)= pk, (5.49)

Hanomuum, ato pK rpynnsl ects 3Hadenue pH, mpu KoTopom Iojio-
BHHA TPYIN NPOTOHHPOBaHA, a MOJOBHMHA JACIIPOTOHMpOBaHa. Yepes
BBEJCHHBIE BEIIMIHHBI BRIPAXKEHHE I HAOIIOJAEMOr0 MOTEHIMAJA
BOCCTaHOBJICHUSA E, MMeEeT BUI:

23RT 1+10PKBPH

FS1s1070e
W3 storo Bepaxkenus ciemyer, 9to E., mo-pasHomy Beaer cebs B
3aBHCUMOCTH OT TOro, Oonbmie u pH o6oux pK HaxomuTcs MExmy

HMMH WM Menbie ux. [Tockoneky BemwduHa 0, >1, To U3 paBeHCTB
(5.49) umeem

PKo < pKp =pK, +1g(9l)' (5.51)

IMosToMy  BBIpaXKCHHE (5.51) M™MOXHO aNMPOKCUMHPOBATH
clexyromuM oopa3om:

(5.50)

E :E+£ZMA=E+
cp F

E, pH > pKy, pK,

2.3RT
E, = E+ 7 (pKp — pH ), pKp > pH > pK,, (5.52)
2.3RT 2.3RT
E+ (pKp—pKy)=E+ 18(91): pH < pK,, pKp

Hanucannast ¢popmyiia TOBOPUT O TOM, 9TO Tpy0O 3aBUCHMOCTH Ha-
0JIF0IaeMoro moTeHnualia MmoyBOoCCTaHOBICHHUS 0T pH MoxeT ObITh
MpeICTaBIeHa KaK COBOKYIHOCTb TPEX JIMHEWHBIX 3aBUCHUMOCTEH, KaK
9TO MOKa3aHo Ha puc. 26. Takum obpasom, ecam mapamerp 0, >1, To
npu noeimiennn pH B unTepBanie pKo—pKp mpoucxogutr ymeHb-

OIeHUE HAOI0JaeMOro MOTEHIIMAA TOTYBOCCTAHOBJICHUSI.
Ecmm 6, <1, To 3T0 03Ha9aeT, 9T0 IPOTOHHPOBAHKE MPEIISTCTBY-
€T BOCCTAHOBJICHUIO TICPECHOCIHUKA.
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Puc. 26. 3aBucuMocTh HAOMIOAAEMOrO IIOTEHIHAJA IIOJIYBOCCTAHOBICHMS
IIEPEHOCINKA IIEKTPOHOB OT 15)H CPEbI, MOCTPOEHHAS MCXO/S M3 BHIPAIKECHHS
(5.52) mst cxemnt epexo10B (5.44)

Puc. 27. 3asucumocts Habmogaemoro pK mnepenocdrka 3JI€KTPOHOB OT PEJIOKC-
TOTEHIMANA CPEBI, IOCTPOEHHAA HCXOAd M3 Bempaxkenust (5.58) st cxemsl
nepexonoB (5.44)

BBuiy cMMMETpHH B IEPEHOCE DJIEKTPOHA W IIPOTOHA HA CXEME
(5.44) coBepmieHHO OYEBHIHO, YTO A4HAJIOTMYHO TOMY Kak
CpeIHETOYETHBIN peIoKC-IoTeHITnal 3aBucuT ot pH cpexasl, Tak u pK
IIEPEHOCYMKA 3aBHCHT OT PEIOKC-IIOTEHNMAaIa Cpeasl. PaccMorpum
9Ty 3aBHCHMOCTEL Oonee moapobno. Mcxoas u3 coornonienuii (5.46)
HMeeM CIIeayIomee BLIpAXKEHHE IS OTHOLIEHHUS
nemporonupoBanno  (JI) wu  mporommpoBammoir  (II)  dopm

A _ PCH+PCY) _ 60+h) (5.53)
I p(cH")Y+P(CH) L(1+16)

Jlorapudmupys 3170 BEIpaKEeHHE, UMEEM

0,(1+1,)
g L —pH+1g 20T 5.54
& TP TR0 (5:54)
Eciu nmapamerp koomeparuBHOCTH 0 paBeH eauuuie (KOOIEPATHB-
HOCTh OTCYTCTBYyeT), TO ypaBuenme (5.54) mepexoaur B 0ObIgHOE
ypaBuenue I'emmepcona — Xaccensbanxa [Jemunmkep, 1974] mus

pH=pK + Ig % (5.55)

roe pK =1g/;.

Ecnu xe napamerp KoomepaTMBHOCTH 0 He paBe€H €IMHHIIE, TO BbI-
paxenne (5.54) mo-mpexHeMy MOXKHO 3alucaTh B BuIE (HOPMYJIBI
(5.55), Ho yxe ¢ Bemuumnoi pK, 3aBucsmicit ot Benwaunsl £y (T. €. OT
BEJIMYHHEI /1):

1+1,6 119 +
pK'=pK +lg— A= pg 4 1g I (5.56)
91(1+ll) l_i_]_
h
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Jnist Toro 9T00BI BEUSICHUTH XapakTep 3aBUCHMOCTH BEIWYMHBI BHIH-
moro 3uadenns pK' oT pemokc-noTeHnuana cpesl, moacTaBuM B hop-
Myiay (5.56) 3madenme [, BeIpakeHHOe coriacHO ¢opmyne (5.26)
gepe3 PeIOKC-IOTSHITHAI CPEIbI:

F(En'En)
ﬂu} Le10 23T
pK'= K+1g F:E o =PK+lg FEnE) (5.57)
1+e RT 1+10 2,3RT

rae BenwduHa E,; ecTh CpelHETOdEdHEIH IMOTEHIHATI JEIPOTOHHPO-

F(E,-E.,) F(Eq -Ev)
{ll =e RT . 0]]1 =e RT J

B momnom cormacum ¢ dopmynnoii (5.52) 910 BhIpaXKEHHE MOXKHO
annpoOKCUMHUPOBaTHL 0oJieeé MPOCTHIMH B 3aBHCHMOCTH OT TOTO,
0oJbIIe M peIOKC-TOTEHIHAI 000MX CPEIHETOYCIHBIX IOTCHIIMAJIOB

pK+%LE‘n) 3 EH>E|1;E115
pK'z pK+ FR(?'H —E , EH>EH >Ella (558)

PK, Ey <Ep, Ey.

Hammucannoe BeIpakeHHE TOBOPHT O TOM, 9TO TIPHOIMIKEHHO 3aBHCH-
MOCTh HaOmomaeMoro pK mepeHOCYHKa 3JIEKTPOHOB OT PEIOKC-TIO-
TEHIMAJa CPEeAbl MOXKET OBITH MPEICTABIICHA KAK COBOKYITHOCTH TPEX
JIMHEWHBIX 3aBUCHMOCTEH, KaK 9TO MOKa3aHo Ha puc. 27.
PaccMoTpenHbBIii HaMU Cllydaid SBISIETCH TMPOCTEHIIMM B TOM
CMEBICTIE, 9TO MEPESHOCIUK MOXKET MPUHUMATH TOJIBKO OIWH 3JICKTPOH
¥ COOTBETCTBEHHO TOJIGKO OJIMH Pa3 NPOTOHUPOBATHCH. PealibHO XK€ B
9IEKTPOH-TPAHCHOPTHBIX LEMSIX BCTPEYAIOTCS JIBYXJIJIEKTPOHHEIE
MEPEHOCIYHKH, CHOCOOHBIC ABAXABI HPOTOHHMpOBaThCA. Hambonee
Ba)XKHBIM MPHUMEPOM TAKOTO POJIa MEPEHOCTUKA IJICKTPOHOB SBISETCS
yOUMXHHOH. MBI OrpaHMYMMCS TOJBKO TEM, 4YTO MpuBeaeM rpad
MEepEeX0J0B XMHOHA MEXKIY €r0 Pa3INIHBIMUA COCTOSHUSIMU.

Q /= Q@ —— <«
éH+ < > QH & > "lH

\ \ 7y (5.59)
QH'H" & > QHH" < > QH,

371ech, KaKk W paHee, TOPHU3OHTAILHEIE HEPEXOABI COOTBETCTBYIOT
IepexoaM C y4acTHEM JJIEKTPOHA, a BEPTHKAILHBIE — C Y4aCTHEM
MPOTOHA.
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5.3. Onpenenenne cHJI H MOTOKOB /I EPEHOCA 3JIEKTPOHOB
B KOMILIEKCe

Opranm3aiusi MEepeHOCYrKa JJIEKTPOHOB B KOMIUIEKC MPHBOIUT K
TOMy, 9TO IPH pacdeTe M3MCHEHWI CBOOOMHON DHEPrHHM U APYTHX
TEPMOJUHAMHYECKAX TapaMeTPOB OKHUCIMTEIHHO-BOCCTAHOBUTEIh-
HEIX PEaKIyi, NPOUCXOMANINX B KOMILIEKCAX, HEOOXOIMMO MHOJIL30-
BaThCS BBIPAKCHUSAMU JUISL CHJI M TIOTOKOB, OTJIMYHBIMH OT TE€X, KOTO-
pble TPUMEHSIOTCS JJIS PEeakKiuid, MPOMCXOIANIMX B pacTBope, IO-
CKOJIbKY HYXHO YYHUTBIBATh KOHIEHTPAIWH COCTOSHHNA KOMILIEKCA
KaK IIeJIOT0, & HE KOHIIEHTPAIMW OKHUCIIEHHBIX M BOCCTAHOBJICHHBIX
dopm otmensubix nepenocaukoB [Hill, Chance, 1978; Illunkapes,
1978; BenenukroB u ap., 19808; Arata, Nishimura, 1980].

Paccmorpum onperenenne cuil 1 NOTOKOB JUIs IEPEHOCA IIEKTPO-
HOB B KOMIUIEKCE Ha MPOCTEHIIEM [IPUMEPE ABYX OIHOIICKTPOHHBIX
MIEPEHOCYHMKOB, B3aUMOJIEHCTBYIOMKX JIPYT C APYTOM COIJIACHO CXe-
me [BenenukToB u jip., 19808]:

K k2 k3
D C C, A (5.60)

m m2 m3

rae D, A — JIOHOP U aKLenTop JIEKTPOHOB COOTBETCTBEHHO.
O06bpequnenue nepeHoCcInKoB MEKTpoHOB C; u C; B €UHBIA KOM-
MJIEKC NPUBOJUT K TOMY, 9YTO BMECTO TECPMOJMHAMHUYICCKHUX XapaKTE-
PUCTHK OTHCNBHBIX IEPEHOCIMKOB HEOOXOOUMO  OHpEIeIATh
TEPMOIMHAMHUYECKHE XapaKTEPHCTHKU Bcero komiuiekca. Iloaromy
or cxemsl (5.60) HeoOXommmMO TEpeHTH K PACCMOTPEHHMIO

k,

1
n cc ——=cca B

ka 4 ksl ne (5.61)

@ clc 5 cac @

my

Ha sr1oii cxeme gepes C,.0 H C,‘l , (i=1, 2) 06038a9eHEI COOTBETCTBEH-
HO OKHCJIEHHOE M BOCCTAaHOBJIECHHOE COCTOSHHS IIEPEHOCYUKOB DJIEK-
tporoB C; u C,. Ha rpade ki, k3 mponopnuoHaIBHBl KOHIIEHTPAIIAH
BOCCTaHOBJIEHHOM (hopmel noHopa D, a ks, ks — axuenropa A, my, ms
U My, Ms IPONOPIMOHAILHEI KOHIIEHTPALMIM THX BEOIECTB B OKHC-
neHHo# dopme; kr, My — MOHOMOJIEKYJIAPHLIE KOHCTAHTEI CKOPOCTH
BHYTPHKOMILIEKCHOIO IIEPEHOCA JJIEKTPOHA.

Ha cxeme (5.61) yurena KoOIepaTuBHOCTH B TIEPEHOCE IIEKTPO-
HOB, T. €. 3aBUCMMOCTb KOHCTAaHT CKOPOCTH 3JIEKTPOHHOI'O TPAaHCIIOP-
Ta OT COCTOSIHHI ITEPEHOCIMKOB, HEMIOCPEACTBEHHO HE YYACTBYIOLIMX
B mepenoce dsnexrpona. Jlamee OymeMm mpeamonaratb OTCYTCTBHE
KOOIIEPAaTHUBHOCTH B IIepeHoce dJIEKTPOHOB (k1 = k3, my = m3, ks =k s,
M4 = ms).

ITepexompl MEXIY COCTOSHHMSMHM KOMILIEKCA, COOTBETCTBYIOLIHE
cxeme (5.61), MOTYT MUMETh KaKk MOHOMOJIEKYJIPHYIO IpupoIy (mepe-
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HOC JJIEKTPOHOB BHYTpPH KOMILJIEKCA), TaK U OMMOJNEKYJIApHYTO (B3au-
MoJelicTBue komriekca ¢ D u 4).

Cymmapssblii moTok I jii MOHOMOJIEKYJISIPHOW peakluuu BHYTPH-
KOMILIEKCHOTO TIepeHoca 31eKTpoHOB Mexay C; u C, paBeH pa3HOCTH

YACTHYHEIX TIOTOKOB B mpsmoMm (J, =k,[C/CJ]) u obpatHOM
(J, = #i,[C)C)]) HanpaBeHusX:
L=J,-J, :IFZ[CIICS]-rTzZ[CIOC;]z
= Nk, P(C|C3)-m, P(C C;)
3necs [C,C, ], [C, C, ] —xonnenTparmu KOMILIIEKCOB,

1 1 1 1
naxomsmuxcst B cocrosmusax C,Cy u C)C,; P(C/CY), P(C)C,)
— BEPOATHOCTH TOTO, YTO KOMIUIEKC HAXOIWUTCS COOTBETCTBEHHO B

(5.62)

cocrosmusix C]Cy u C)Cy; N — oblee 9mcio KOMIUIEKCOB B
enuHaune oobema.

CoOOTBETCTBYIOMIYIO 9TOMY MOTOKY «0000IIEHHYIO» CHTy X| MOX-
HO BBIPA3UTh KaK

PC'C?
X =Rﬂn"]]_1=RT1nL?ng1)E 100 TH0p1 =
-1 mzp(l 10 2) 172 172 (5.63)
0 0 P(GCG)
Hoico —Hooq T +21’
1“2 142 P(CYC5)
Tae M ;o M o — XHMHYECKHE MOTEHIHAIbl COCTOSHHMI
GG (e’

xommiexca C/Cy u CLCy. Bmecte ¢ TeM ecnu Gbl MePEHOCIHKH
9JICKTPOHOB, B3aWMOJICHCTBYIOIIUE JIPYT C JPYTOM COTJIACHO CXEME
(5.60), ObuIM TOABMXKHBI, TO TPH YCIIOBHH DPaBEHCTBA WX O00mMHUX
KOHIIEHTpanui moToK [, n cuia X, Iy OMMOJIEKYJISIpHON peaknuu
nepeHoca 3MekTpoHoB Mexay C; u Cp onpenensumcs Obl IPYyTHMHU
BBIPKCHUSIMHU

I, =J, - J_, =k[C1ICY]1-my[C1[Cy ] =

) i (5.64)
= W[k, P(CH)P(CY) - m, P(COYP(CY)]
u
4 1 0
X, =RT 22 - pr 1 NP (CIO)P (C21) _
7 (m,N)P(CO)P(CL)

=(uC11 'ﬂclo)'(ﬂcé "‘cg)

rae kyu m, — GUMONCKyISPHEIE KOHCTAHTHI CKOPOCTH, OTBEYAIO-

oIue N€PEHOCY SJIEKTPOHOB MCXKTY NEPEHOCIYNKAMU C] u Cz COOTBCT-
CTBCHHO B IIpAMOM H 06paTHOM HAIIpaBJICHMAX; gy 1° 14 0 —
C; h
i i

XHMHYECKHE TNOTEHIHalbl i-ro  mepeHocdmka (=1, 2) B
BOCCTAHOBJIEHHON ¥ OKucrenHoi dopmax; P(C}) [P(C)] — mons
i-T0 MEepeHOCYUKa 3JIEKTPOHOB, HAXOASAMIErOCs B BOCCTAHOBICHHON
(oxucnennoi) popme.
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PaccmoTpuM cHadanma ciaydail peIOKC-paBHOBECHS KOMILIEKCA CO
cpenoii. IIpu 3TOM pPEIOKC-COCTOSHUS OTACIBHBIX IIEPECHOCIMKOB
SJIEKTPOHOB, COCTaBIISIOMKNX KOMILUICKC, HE3aBMCHMBI (CM. pasjien
5.2), a 3HAYMT, CHpaBEeIMBHI CJICIYIONIMEC PABEHCTBA MIJIS BEPOST-
HOCTe# (1051ell) COCTOSTHUI KOMILIEeKca

P(C)CYy= P(CYYP(CY), P(CICI)=P(C))P(CY),
P(CCy)=P(C)P(C,), P(C{C5)=P(C})P(C)).
OT0 B CBOIO OYepedb IPUBOJUT K TOMY, 9TO BhIpaxkenus (5.62) —

(5.64) nnsa notokoB I , [, u cun Xj, X, CTAHOBSATCS TOXIECTBEHHBIMI
JIPYT C IPYTOM IIPH YCIOBMH PaBEHCTBA COOTBETCTBYIOMMX KOHCTAHT

(5.65)

k, = Nk,, m, = Nm,. (5.66)

Otcrofia cieayer BaKHbIN BbIBOJI: PABHOBECHBIE TEPMOIUHAMHYECKHE
napamMeTpsl IS IEPEHOCIUKOB JJIEKTPOHOB, OPraHU30BAHHEIX B KOM-
IUICKCHI, COBIIAJAIOT C TAKOBBIMHM IS IOABHIKHBEIX HEPECHOCYHKOB,
B3aMMOJIEMCTBYIONIMX JIPYT C JAPYTOM COTJIACHO 3aKOHY JEHCTBYIO-
X Macc. Heo6xo1umMo, 0HAKO, HOMHHTE, 9T0 3TOT BEIBOJ, IIOIY9EH
JAOTH IS YCIOBUS, TPEAMONIArafomero OTCyTCTBUE KOOTICPATHBHO-
CTH B TIEPEHOCE DJIEKTPOHOB.

3akioueHne

B 00b19HOM NPUMEHEHHMH TEPMOAMHAMHUKHM K aHAIM3Y IEPeHOCca
9JICKTPOHOB B OHOJIOTHYECKMX CHUCTEMaX pPAacCMaTPHUBAIOTCS, Kak
IpaBuJIO, JIMIOIb KOHICHTPAIIMHM OKHCJICHHBIX H BOCCTAHOBJICHHBIX
(hopM OTIIENBHBIX IEPEHOCIUKOB JJIEKTPOHOB.

Oxnako B KOMITIIEKCAaX ¢ (PMKCUPOBAHHON CTEXHOMETPHEH KOMIIO-
HEHTOB CKOPOCTh II€peHOCa JJICKTPOHOB OIIPEACIIACTCA COCTOSHUIMUA
BCET0 KOMIUICKCA, @ HE COCTOSHUSIMH OTICIIbHBIX IEPEHOCIHUKOB.

B monmo# amanoruu ¢ aHaJM30M, TTPOBEICHHBIM B TIPEIBLIYIICH
TJIaBe 0 MPUMEHESHUH 3aKOHA JEHCTBYIONIMX MAacC K ONMCAHUIO Mepe-
HOCa DJIEKTPOHOB B KOMIIJIEKCAaX, MMOKa3aHO, 9TO B YCIOBUSX PEIOKC-
paBHOBECHS CO CPEeI0ii K B OTCYTCTBHE KOOTIEPATUBHOCTH B TIEPEHOCE
OJICKTPOHOB BCIIMYHMHBI TCPMOIAHMHAMHUYCCKHUX IMAPaAaMETPOB KOMILICK-
COB TEPCHOCIUKOB W TOJBMXKHBIX MEPEHOCIUKOB COBMAMArOT. Ecim
K€ UMEIOT MECTO KOOIIEPaTUBHOCTh B TIEPEHOCE SJICKTPOHOB MIJIM Ha-
pYLICHHE PEIOKC-PAaBHOBECHS CO CpEIIOH, TO TEPMOIUHAMHYECKHIA
aHaJin3 KOMILJICKCOB MEPEHOCIMKOB, OCHOBAHHBIN HAa MCIIOJIH30BAHUY
KOHIICHTPAIMI OKHMCIICHHBIX W BOCCTAHOBJIEHHBIX (DOPM OTIEIBHBIX
MIEPEHOCYHUKOB JIEKTPOHOB, CTAHOBUTCS HETIPUMCHHUMEBIM.
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I'maBa 6
IMTPUHIIAIT AETAJIBHOI'O PABHOBECHU A

B sToii r1aBe n3y9aeTcs BO3MOXKHOCTh TEPMOJIHHAMHAYECKOTO pac-
CMOTPECHHS CTAIIMOHAPHBIX COCTOSHUN MYJIBTU(HDEPMEHTHOTO KOM-
IJIEKCA, OCYIIECTBISIOMET0 MEePEHOC 3JEKTpOoHOB. Iloka3zaHo, d9TO
BEINOJTHCHHE TPWHIUIA JCTAJHHOIO0 PABHOBECHUS SBJISETCS TOHW OC-
HOBOW, Ha KOTOPO# BO3MOKHO BBECTH CBOOOHYIO SHEPTHIO M SHTPO-
MMHIO0 KOMIUIEKCA CO CBOMCTBaMH, MPEACKA3bIBAEMBIMH (PEHOMEHOJIO-
THYECKOM TepMoauuamukor. Mcxomd u3 DpHHIHUIIA JETAILHOTO
pPaBHOBECHS YCTAHOBJICHO TAKXKE, 9TO PEIAKCaIlMs K CTAIIMOHAPHOMY
COCTOSIHHMIO MOXKET OBITh OIMCaHa JIMHEHHOW KOMOWHALMEH SKCITOHEH-
[AAJGHBIX 9JICHOB, TIOKA3aTEIIM YKCIIOHCHT Y KOTOPhIX — JCHCTBHU-
TeJIbHBIC (HETIOJI0XKUTEBHEIE) YHCIIA.

PaccmoTpen Bompoc o pelakcaiuuu MyJbTH()EPMEHTHOTO KOMII-
JIeKCa K CTallMOHAPHOMY COCTOSHUIO, IS KOTOPOTO CIIPaBCIIJINB
TIPUHITATT JIETATHLHOTO PABHOBECHS, M M3Yy9aeTCs TTPOIECC MPOU3BOI-
CTBa DJHTPONHMH KOMIUIEKCOM B TpoIecce penakcanmuu. Ilpm sTomM
yIOaeTcss HE TOJBKO JIOKa3aTh IOJOXHUTEIFHOCTh IIPOU3BOJCTBA
SHTPOIIMH, HO M TIPOCJICANTE BO BCEX JETANSX BPEMECHHOW XapakTep
9TOro0 mpomecca. PaccMarpuBarOTCA Pa3IMYHBIC BBIPAKCHHS IS
MIPOM3BOCTBA SHTPOITUU M BO3MOXHEIC HAOOPHI 0000MICHHBIX CHIT M
COTIPSDKEHHBIX MM MMOTOKOB, HAanOO0JIee BAXKHBIM M3 KOTOPBIX ABJISETCS
HA0ODP «CPOACTBO — CKOPOCTH PEAKIIHH.

6.1. HDHHIIHI[ ACTAJTBHOI0 PAaBHOBECHSA
H XHMHAYECKHH MOTeHIAAN

ITycTh moBeneHne paccMaTpUBaEMOT0 MYyJIETH(EPMEHTHOTO KOMII-
JIEKCA OIIMCEIBACTCH CICAYIONICH CHCTeMOW JIMHEHHEIX IuddepeHu-
aJbHBIX YpaBHEHMI (CM. TIL. 2)

dp, .
dt J#i

3neck p;=p;(t)—BepPOATHOCTH TOTO, 9TO KOMIUIEKC HAXOAUTCS B i-M
COCTOSHMM B MOMEHT BpemeHH f B janbmeiiniem Bcerma Oyaem
MIPeIoJiaraTh, 9T0 KOHCTAHTEI CKOPOCTH @; Iepexoa KOMIUIEKCa U3
COCTOSIHHSA [ B COCTOSTHHE j — CyTh NOCTOSHHBIE HEOTPHIATEIIHLHBIE
BennuuHEl. Takas cuctema quddepeHnHaTbEHbIX YPAaBHEHHH OMKCHI-
BaeT KWHETHKY MpPEBpameHuii MyJIbTH(HEPMEHTHOTO KOMIUICKCA TP
YCJIOBHH TIOCTOSIHCTBA BO BPEMEHHU COOTBETCTBYIONIMX CyOCTpaTOB.

Jlamee B 9T0i I1aBe MBI OyJIEM pacCMaTpPUBaTh HE OPOHM3BOJILHEIC
cucteMbl nuddepeHnranbHBIX ypaBuenui tuma (6.1), a mums Takue,
JIUIS. KOTOPBIX CIPaBEJIMB MPHHIUI AE€TAJLHOTO paBHOBecHs (Je-
TaJILHOTO OallaHca).
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Onpenenenne. Ecau B cranmonapuom cocrosavu (dpy/dt=0,1=1,
2, ..., n) MOJIHOE YHCIIO MEPEX0J0B CHCTEMBI 33 CIMHHILy BPEMCHHU
W3 NIPOU3BOJILHOTO COCTOSHUS I B COCEIHEE C HUM COCTOSHHE j PaBHO
MOJIHOMY 9HMCITy IEPEX0I0B CUCTEMBI U3 COCTOSIHUS j B COCTOSIHUE 1.

pia; =p;a;

TO TOBOPSAT, 9TO CHPABEUIMB HPHHIWI JETAJbHOTO PABHOBECHS
[JTaszncGepr, 1974]. B atom cooTHOmennn p;, p;— CTalMOHAPHbIE

3HAYCHUS BEPOSTHOCTEU COCTOSHUH i U j, ONPEISIsieMbIe UCXOII U3
cuctemsl (6.1), B KOTOpOW BCE HPOM3BOAHEIE IOJIOKEHBI PABHBIMH
HYJIFO ¥ MCTIOJh30BaHO yCIOBHE HOPMUPOBKH

Zn:p,- =1 (6.3)
i=1

Takum 00pa3oM, NPUHIIMI JETAIHLHOTO PABHOBECHS YTBEPXKIACT, 9TO
B CTAl[IOHAPHOM COCTOSIHMH JIOJDKHO HAaOJIIOIaThCS PAaBEHCTBO CKO-
pocTeii mepexoia KOMILIEKCA M3 i-T'0 COCTOSHHUS B COCEIHEE C HUM j-€
COCTOSIHHE ¥ HA00OPOT.

Hecmoxuo mousTh, 9T0 U3 yCIOBUS CTallMOHapHOCTH dp/di=0 ms
CXEMBEI MIEPEX00B MEXKIY COCTOSHHAMH KOMILIEKCA EIIe HE BEITEKAET
MIPUHIIAIT JIETAJIbHOTO PABHOBECHS, B TO BpeMs KakK U3 CIpa-
BEUTMBOCTH TOCJIEIHEr0 IS TPOM3BOJBHBIX (HE 00s3aTeThHO CTa-
[IMOHAPHEIX ) BEPOATHOCTEN CIAEOYET, 9TO PEATIM3YETCs CTAIlHOHAPHOE
COCTOSIHHE, B KOTOPOM dp,-/gyFO. CrnenmoBarensuo, TpeboBanue
CTallMOHAPHOCTH, JAHHOE B OIPEJIECICHHH, SIBIIIETCS, BOOOIIE TOBODS,
M3JIMOIHAM, OJHAKO YJA00HO, IIOCKOJBKY ITO3BOJISET JIETKO HAXOIUTh
BEPOSTHOCTH, (puTypHpyromue B opmyie (6.2).

B pamemelinieM MBI HaJIOXXKMM Ha cucteMy auddepeHnmambbx
ypaBuenuii (6.1) HEKOTOpEIE OrpaHMYEHMs, KOTOPEIE CBA3AHBI C TEM,
9TO MBI UCKJIIO9a€M W3 PACCMOTPEHHS CIydau, KOTJa KaKOH-Tudo
COMHOKHTENIb B BhIpayKeHHH (6.2) paBeH HyJI0.

Bo-nepBrix, OyaeM mpeamonaraTb, 9T0 CTAIHOHAPHEIE BEPOST-
HOCTH BCEX PacCMaTPUBACMBIX COCTOSHHE KOMILUIEKCA OTIIMIHBI OT
HyJis. J[7s 3TOro, B CBOXO O9Yepeb, Hy»KHO MOTpeOoBaTh, 9TOOBI M3
KaXXJI0r0 COCTOSHHS KOMILIEKCA 32 KOHEYHOE YHCIIO [IAr0B MOXHO
OBLIO HOMACTE B II000€E IPYroe COCTOSIHKME KOMILIEKCA (CM. TIL. 2).

Bo-BTOpEIX, MaTpHna K03 (HUIMEHTOB CHCTEMBI ypaBHeHui (6.1)
JIOJDKHA OBITH TAKOM, 9TO €CIIM KOHCTAHTA CKOPOCTH @;; IIEPEX0A U3 i-
TO COCTOSIHHSL B j-€ COCTOSHHE Ooblne HyJis, TO U oOpaTHas KOH-
CTaHTa CKOPOCTH @j; TIEPEX0JAa W3 j-TO COCTOSIHHS B i-€ COCTOSHHE
TaxKe OONbIIe HyJIs.

Takum o00pazoMm, B JaJbHEHOIEM pacCMaTpUBAETCS IOBEICHHUE
JIHOIb TAKOTO0 MYJILTH(HEPMEHTHOTO0 KOMILIEKCA, Y KOTOPOro BCE CO-
gg(;ﬂmm COEMHENEI MExIy co00#i 00paTMMEIMU mepexomamu (puC.
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TlokaxxeM Terepb, 9TO TPH YCIOBHM CHPABEIMBOCTH MPHUHIIUIIA
JICTAILHOTO PABHOBECHS MOXHO BBECTH IOHATHE XMMHYECKOTO II0-
TEHIIHAJIA OTIACIBHOTO COCTOSIHUS KOMILICKCA.

PaccmoTpuM [uIst TPOCTOTHI, TPH COOONIAFOIIMXCS MEXITY CO00i
L. /AN N
COCTOSIHUA I, J, I: i,

a jl al]'
paBHOBECHS ISl CTAIIMOHAPHBIX BEPOSITHOCTEH PACCMATPUBACMBIX CO-
CTOSIHMi CIIpaBEVIMBbI PABEHCTBA D;d; = P ;d;, D4 = P;a;.

/. Cormacuo IpHHIUITY JETAIEHOTO

a 6

Puc. 28. ITpumeps! (a u 6) MyILTH-
(bepMENTHEIX  KOMILJIEKCOB, BCE
COCTOSIHMSI KOTOPBIX COEJIHMHEHE
MEXIy co00ii oOpaTHMBIMH IIEpE-
X0JIaMH

HUckiroguB U3 3THX PAaBCHCTB BEPOATHOCTH ﬁ jr JIETKO HaWTH CBS3b

MEXILY p; 1 p;-
a;a;
- _ = gy _ =
Pi =P = leleji’ (6.4
7%
rae K — KOHCTaHTa paBHOBeCHs Iepexojia KOMIUIeKca Mexy [ U j
coctosusamu, K, =ay /a ji - AHAIIOTHIHO DTOMY JUISL JIFOOBIX JBYX

COCTOSIHMHA KOMIUIEKCA [ M § HAWTYTCH COEIMHSIONINE WX COCTOSHHS
Jsees @, ¥, TIDUGEM CHPABEJIUBO CIEAYIONICE COOTHOMICHWE MEXIY
CTallMOHAPHBIMM BEPOSITHOCTSAMM, TOIYy9aeMoe MOCIeI0BATEIIEHBIM

MPUMEHECHUEM MTPUHIIUIIA JICTATLHOTO PABHOBECHS:

ﬁi = psKerrq sz (65)
OTO BBIpaXCHUE IIOKA3hIBACT, YTO OTHOMIEHWE CTANWOHAPHBIX
BEPOATHOCTEH COCTOSHUI KOMILIEKCA OMpeeNiieTcss Npou3BeIeHueM
KOHCTAHT DPAaBHOBECHS, BBIYMCICHHBIX BIOJb IYTH, COCIHUHSIOMICTO
paccMmaTpuBaeMble cOCTOsiHMA. Ecin mMmeeTcst Ipyro myTh, COSAH-
HSIOOIMI 3TH XK€ JBa COCTOSHHA (IIyCTh 9TO OyAeT IyTh, OHpeJe-
JSIEMBIA COCTOSHUSIMH 1, ...,q1, ¥1), TO, TOCIEIOBATEIEHO IPHUMEHSS
IOPHHIXAII ACTAJIbHOI'0O PABHOBCCHA, IIOJIIYYHM aHAJIOTMYHOC BbIPAXCE-
HHC

D =D KKy - K (6.6)

CpaBuenue moJIlydeHHOro BeIpaxenus ¢ Gpopmynoii (6.5) mpuBoguT K
3aKIJIFO9CHUIO, 9TO €CIIM MEXTY ABYMS COCTOSIHUSMH [ M § UMEETCS
HECKOJIBKO COCIMHSIONIMX HMX IyTEeH, TO BEIWYWHA TPOU3BEICHUS
KOHCTAHT PaBHOBCCHA BJO0JIb 3THX HYTef/'I HC 3aBUCHT OT TOI'O, BJOJb
KaKOT'0 TYTH BEIYHUCIISICTCS TIPOM3BEICHIE KOHCTAHT PaBHOBECHS, a OII-
penensieTcss TOJIBKO CaMHUMH COCTOSIHUSIMM i ¥ 5. B gacTHOCTH, ecnu
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HMMEETCS HEKUH [UKJI, B KOTOPOM HAXOJATCSH COCTOSHUS I U S:

] see ———>  §

I ——
o A

TO HeoO0X0AMMO, 9TOOBI MTPOM3BEICHUE BCEX KOHCTAHT PaBHOBECHS,
BEIYMCJICHHOE IIPH MPOXOXKAECHUM BCETO IMKIIA, HAIPUMED, IO 9aco-
BO#i CTpelike, ObUIO PaBHO E€QWHHIE, WIIH, 9TO TO K€, IIPOU3BEICHHUE
KOHCTaHT CKOPOCTH B IPSMOM HANpPaBJIEHHWH PABHO IMPOU3BEICHHIO
KOHCTaHT CKOPOCTM B OOpaTHOM HAIpPaBICHHHM [CM., Hampumep,
Bomskenmreiin, 1978]:

@i jp-+-Qgrrs = Asprg--dydji (6.7)

Jlerko moHATH, 9TO €CIM MPOM3BEIECHHWE KOHCTAHT PaBHOBECHS,
BBIYHMCIIEHHOE BJOJIb HMKJIA, COAEPIKANIEr0 COCTOSHUSA { ¥ S, paBHO 1,
TO JorapuM 3TOro mpomsBeAcHusA Oyaer paBen Hymo. Cremosa-
TEJIbHO, €CIIM OINPEJICIUTh TaKyl0 (yHKUHIO £ Ha COCTOSHHUAX KOMII-
nekca, E()=E, gTo

4
TO (YHKOUS COCTOSHHKA FE IO3BONHMT HIPOCTO BHIPA3UTH CBOMCTBA
MIPOM3BEICHUS KOHCTAHT PABHOBECHUS, KOTOPHIC 00CYKIAIMCH BHIIIC.
B gactHoCTH, C HOMOWIBIO BBECHHON GyHKIMHU E cOOTHOMWEHNe (6.5)
MPUHUMAET CIICIYIOMINI BU/I;:

a;
io_ -
Oln——=0In(K,K,,..K;)=
a
Jt
(E,~E,)+(E,~E,)+..+(E;~E;)=E, ~E,
OdeBugHo, Tak BBeAeHHas (QyHKUuA E ompejaelieHa TONBKO C TOY-
HOCTBIO 10 MPOM3BOILHOM agauTuBHON nocTosHHON. Koaddunuent
0 B paBencTse (6.8) BBEJEH /11 COTTIACOBAHUS EAUHUI] H3MEPEHHUSL.
Takum 00pa3oM, U3 MPHUHIMIIA JIETAILHOTO PABHOBECHS BBITEKAET
crneayroniee GyHAaMEHTAIbHOE COOTHOLICHHUE:

omLi - —E. (6.9)

b
On nokasbIBacT, 9T0 Jiorapu(M OTHOMICHHS CTAIIMOHAPHBIX BEPOST-
HOCTEH JBYX JIFOOBIX (HE 00513aTebHO COCEHUX) COCTOSTHAN TTPOIIOP-
UOHAJIEH pa3HocTH ¢yukuuu E oT 3THX cocrosinuii. B manpueiimem
byuxmuio £ Mul OyZemM HasbIBaTh dHEPrueH, a ee 3uadenue E; = E(7)

Ha i-M COCTOSIHHHM — SHEPTHEH i-T0 COCTOSHMSA KOMILIEKCA.

U3 coornomenus (6.9) BhITEKaeT, 9T0 B CTAIIMOHAPHBIX YCIOBHSIX
Jlns mro0bIx IBYX cocTosHui [ M 5 HaOMIomaeTcs paBeHCTBO CIIEIYIO-
OIHX BETHIHH

E, +0lnp,=E +68Inp,. (6.10)
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Bynem HaseBate BemmumHy u; =E; +60/np, xummdeckum mnorten-

muajgoM i-ro  cocrosaus  komimiekca. CoorHomenue  (6.10)
MOKA3bIBAET, HYTO TMpPHA YCIOBHH CIPAaBEIJIMBOCTH MPHHIUIIA
JIETAIGHOTO PABHOBECHS B CTAIIMOHAPHOM COCTOSIHUM XHMHYECKUE
MOTEHITHUAJIBI BCEX COCTOSIHHUNA PaBHBI IPYT APYTY:
Hi =H (6.11)
TAE L, — CTAIlMOHAPHOE 3HAYCHUE XMMHUYCCKOTO TOTCHIIMAJIA.
Yepe3 cranroHapHOE 3HAYECHUE XMMHUYECKOTO MOTEHIHAA L, WC-

xo14 u3 Gopmyiisl (6.10), 1718 BEPOATHOCTH p; MOXKHO 3aMKCaTh Clie-

JyIo1iee MPoCcTOe COOTHOMICHHE
o — Wi—Ei)0
pi=e€ (6.12)
IMoxcrasisisi BEIpaXXEHHBIE TAKAM 00pPa30M BEPOSTHOCTH p; B YCIOBHE
HOPMUPOBKH (6.3), moITy9IumM
n
e =Y " (6.13)

i=1

n
-E;/0
WM, 9TO TO IKe, p=-01In > e " |. Cneposaremso,
i=1
cootHomienue (6.12), onpeaensioniee CTAIMOHAPHYIO BEPOSTHOCT I-
'O COCTOAHHA KOMIIIICKCA, MOMXHO 3alrCaThb TakKKE B CICOYIOIICM
BHUJE:

e—Ei/G

pi =

Ze—Ei/G

i=1
OTO COOTHOMEHHUE TTOKA3LIBAET, YTO CTAI[OHAPHAS BEPOATHOCTD I-TO
COCTOSIHMS KOMILJIEKCa MPONOpUHOHAIbHA BenuunHe exp(-£;/0). U3
MOTY9EHHON (GOPMYIIBI 0COOEHHO OTYETIMBO BHAHO, 9TO M3MEHEHHE
YPOBHS OTCYETa SHEPTHs HE MEHSAET CTAlMOHAPHBIX BEPOSTHOCTEH
cocTosiHMI KomIuiekca. JleficTBUTENBHO, 3aMeHa B BeIpaxxeHunH (6.14)
Bcex wieHoB exp(-E;/0) ma gnewnl exp[-(Eft I1)/0)], tme I' —
MPOM3BOJIbHAS TOCTOSHHAS, HE MEHSET BEJMWYHMHBI CTAI[MOHAPHBIX
BepositHocTeir. CyliecTBEHHO OTMETHTh, 4YTO K3 PaBEHCTBA
XUMHUYECKUX TIOTCHIIHAJIOB Pa3MYHBIX CTAlMOHAPHBIX COCTOSHUH
KOMIUJIEKCAa BBITEKAeT CHPaBEUIMBOCTh TPHHIIMOA JIETAIBHOTO
paBHOBecus. JleHCTBHTENBHO, IYCTh B CTAllMOHAPHOM COCTOSIHHH
XUMHUYECKHE TTOTCHIIHATIBI

4 =E; +0Inp; (6.15)
Pa3MYHLEIX COCTOSHMHM paBHBEI Mexay coboii. ITpeamonaraercs, 9To

HMEET CMBICI TOJBKO Pa3sHOCTh E; — E;, KOTOpas MOXKET OBITh BhIpa-
JKCHA 9epe3 KOHCTAHTHI CKOPOCTH CIEAYIOMIMM 00pazom:

(6.14)

a;
E,—E,=0In— (6.16)

Ecnu B cranmoHapHOM COCTOSIHUM DaBHBI JPYT IPYTy XMMHYECKHE
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MOTEHOUAJBI COCTOSIHHUH |L; U Llj, TO
E +60inp,=E;+0Inp,;. (6.17)

Otkyna, BOCIOIB30BAaBIIKCE onpeaeiacureM (6.16), momyaum tpedye-
MO€ PaBEHCTBO

pia; =p;a;. (6.18)

Takum 00pa3oM, MBI BHIKMM, 9TO IPHHIHNII JETAILHOIO PaBHOBECHS
— 3TO B TOYHOCTH TO YCJOBHE, KOTOPOMY JOJKHA YJOBJIETBOPATH
cucrema aubdepeHnuanbueIX ypaBuenui (6.1) mus Toro, 9roObI
KOMILJIEKC 001a/1all TEPMOJUHAMUYECKAM IIOBEEHUEM, a HMEHHO
9T00BI JJI KKIOTO COCTOSHHS KOMILIEKCA MOXKHO ObLIO BBECTH
XMMHYECKHI MOTennuan. M3BecTHO, 9T0 MPAKTHYECKH BCE BEIBOJIEI
XHMHMYECKOH TEPMOJMHAMHMKHA MOIYT OBITH IOJIY9dEHBI WCXOASd U3
omnpeneneHus Xumudeckoro moTeHnuwana [Epemun, 1978]. Hamia
OmpKaiinias 1ejlb COCTOMT B TOM, 9TOOEI, OMKPAsACh HA BBEIACHHLIA B
(6.10) Xx¥MHMYECKHI TTOTEHIIHAM [-TO COCTOSIHHMS KOMILIEKCA, OIpere-
JIUTHh CBOOOIHYIO SHEPTHIO, SHTPOIHIO ¥ «BHYTPEHHIOIO» DHEPTHIO
KOMILJICKCA.

6.2. CroOognas YJHEpras KOMILIEKCA

BBenennnie BhINI€ BEIHMYHHLI XHMMHYECKOrO MOTEHIHATIA Xapak-
TEPHU3YIOT JHOIb MHANBHIYAJILHEIE COCTOSHHUS KOMILIekca. IloaTomy
€CTECTBEHHO BMECTO JTHX BEJIHWYWH PACCMOTPETh BEIWYHHY, YCPEH-
HEHHYIO 110 BCEM COCTOSTHUSM KOMILICKCA.

n n n
F=<u>=Y pu; =Y p;F;+0) p;inp, (6.19)
i=1 i=1 i=1
IJI€ p; — BEPOSTHOCTH COOTBETCTBYIONIMX COCTOSHMM KOMIUIEKCA, a
YIJIOBBIE CKOOKH 03HAYAIOT yCPEIHEHHE.

B CTAallTMOHAPHOM COCTOAHHH, KOIJa XHMHYCCKHC INOTCHIIHAJIbI
Pa3IMYHBIX COCTOSIHUI KOMILJIEKCA PaBHEI JIPYT JPYTY, BBEICHHAS Be-
JUYUHA COBIAJAET CO 3HAYEHUEM XMMHUIECKOTO TOTEHIIMANIA JI000r0o
coctostams komuiekca: F =, =u (i=1,2,..., n).

ceobomuoi sueprun F=U — TS. CpaBHHMBas COOTBETCTBYIOMIME
9JICHbI, MOXKHO ITPEIOJIOKHTE, 9TO BHYTPEHHSS SHEPTUSA KOMILICKCA
paBHA YCPEJHEHHOH IO COCTOSHHSM KOMIUIEKCA SHEPTHU COOTBET-
CTBYIOIIMX COCTOSTHUIA:

U=<E>=YpE, (6.20)
i=1

a OHTPOIIUA KOMILIEKCA OIIPEACIIACTCA IOCPEACTBOM COOTHONICHW A

S=—§zn:pilnpi E—kzn:pilnpi (6.21)

i=1 i=1

TJIe 10 onpe/eleHuto monoxeHo k =0/T.
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Hwmxe Mbl mokaxeM, 910 BBeACHHBIC B Gopmyisl (6.19) u (6.21)
byukouu F u S geiicTBuTENBbHO 00J1aJal0T BCEMHU CBOWMCTBAMH, Xa-

PaKTepHBIMH JUIsl CBOOOTHOW SHEPTHH U SHTPOTIHH.

Kak u3BecTHO, 0JHO M3 OCHOBHBIX CBOMCTB DHTPOIHH COCTOWUT B
TOM, 9TO JUIS M30JIMPOBAHHON CHCTEMBI OHA MOHOTOHHO BO3pacTaer,
MOKa HE JOCTUTAET B PABHOBECHOM COCTOSHHMHM MakcuMmyma. YToObI
JIOKA3aTh 3TO CBOMCTBO YIS SHTPOIHMH, HEOOXOAMMO BBECTH, KaK MBI
YBHJIUM Jajiee, Oollee KeCcTKOe OrpaHHdYeHre Ha cucteMy auddepeH-
OHAJILHBIX ypaBHEHHH (6.1), 9eM IPHHIUII AETAJILHOIO PAaBHOBECHS, a
MMEHHO

a; =a (6.22)

KOTOPOE HOCHUT Ha3BaHWE MPHHIOUIA MHKPOCKONAYECKOH o0pa-
TamocTH [JlanncOepr, 1974]. Takum o00pa3oMm, NPHUHIKI MHKPO-
CKOIIMYECKOH 00paTUMOCTH MOCTYJIUPYET CUMMETPHIHOCTh MaTPHIIBI
K03 unueHToB cucteMsl AuddepeHnuaIbHEIX ypaBHeHud (6.1).
ITpu ycrmoBuu cupaBemmuBocTu (6.22) 3TH ypaBHEHHS OyIyT MMETh
BUJI:

dp,/dt=7 a;(p;, - p;). (6.23)
=

Hecnoxuo HEMOCPEACTBEHHO POBEPUTH, 9TO CTAIIMOHAPHOE pacmpe-
JICIICHHUE BEPOATHOCTEH COCTOSIHMI KOMILICKCA, IOIydaeMoe, UCXOA
W3 3TON CUCTEMEI auddepeHINATHHBIX YPAaBHEHUH, IPUPABHUBAHUEM
MMPOM3BOJHBIX HYJIIO, €CTh PABHOMEPHOE pacHpeICICHUE

p,=1/n  Op =) (6.24)
i=1

JIeCTBUTEIIbHO, IOJIOKKUB BCE p; PAaBHBIMH IPYT APYTY, IIOIY4YHM,
9T0 TIpaBas 9acTh (6.23) obpamaeTcs B HyJb.
3ameTuM Temepb, 9TO €CIM CIPABEUIMB IIPHHIUI MHUKPOCKOIIHU-
9ecKoM 06paTPIMOCTI/I, TO BBIIIOJHACTCA WU IIPUHIUII JCTAJIBHOI'O pPaB-
HOBecws. JleficTBUTENIEHO, KAK MBI BHJICIH, MTPUHIIUI MHUKPOCKOIIH-
9eCKOM O00paTUMOCTHM NPHUBOAUT K TOMY, 9TO B CTaMOHAPHOM
COCTOSIHUM BCE€ BEPOATHOCTH PAaBHBI JPYT APYTY, OTKyJAa CIEIyeT
CIIPaBEJIMBOCTH PABEHCTBA
1 _ _ 1
—a; =a;p; =a;p; =d;—. (6.25)
n n
Ho 310 u ecTh npuHIUII AeTaILHOTO paBHOBecHs. O9EeBHIHO, 9TO U3
CIIPaBEIJIMBOCTA TIPHHIIMIA JETATHHOTO PABHOBECHUS HE BBITEKACT
CIpaBeJIMBOCTh IPUHIIKMIIA MHMKPOCKOIMYECKOH oOpatmmocTu. B
3TOM CMBICIIE€ IPHUHIIMII IETATLHOT0 PABHOBECHS MPEACTABIAET co00M
MEHEE >KECTKOE OrpaHWdYeHHe Ha HCXOAHYIO cucteMmy auddepen-
IMaJLHBIX ypaBHenuii (6.1).
CkazanHoe TPUBOAMT K TOMY, 9TO M B pacCMaTpHBacMOM CITydac
CrpaBeIIMBO paBeHCTBO (6.8), 0TKy1a momygaem

ai.
E,~E;=0ln—"=0In1=0. (6.26)

aﬁ
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Takum 00pa3oM, eclii COpaBEAIUB IPUHIMIT MUKPOCKOITHYECKOH 00-
paTUMOCTH, TO 5TO aBTOMAaTWYECKU NMPHUBOIUT K TOMY, 9TO SHEPTUU
BCEX COCTOSIHMM paBHBI APYyT JIpyry. B cuiy 3Toro st BBeJIEHHOMN
HaMU BHYTPEHHEW SHEPTUHM UMEEeM

n n
U= ZP:‘Ei = Eizpi =E, (6.27)
i=1 i=1
CrenoBaTeNnbHO, ¥ BHYTPEHHSS JHEPIHS TAKKE HE MEHSAETCS MpH
(OYHKIMOHUPOBAHMHM KOMILIEKCA, 4 3TO COOTBETCTBYET TOMY, YTO MBI
paccMaTpuBacM H30JIMPOBAHHYIO CHCTEMY.

Hrak, mokaxem [cm., Hanpumep: Camoiinosud, 1955; deiinman,
1978], 9T0 KOMILIIEKC, MOBEIEHNE KOTOPOIO0 OIMMCHIBAETCSA CHCTEMOI
ypaBHenui (6.23), pyHKIHOHHPYET TAKUM 00pa3oM, 9TO €ro SHTPO-
MK BO3PACTaeT, IMPHIEM TOJIBKO B CTAI[HOHAPHOM COCTOSHHH OHA
MIPMHMMAaET MakCUMalIbHOE 3nadenue. Juddepenuupys BeIpaKeHue
st saTponn S = —k Y p;Inp; no Bpemenn, umeem

1

@ —kz p i Inp (6.28)
i=1

n
p.
COpaBe/UMBO paBeHCTBO » —— =0, B CHwly 4ero cuaraemoe
i1

kEnj d(lnp,) 0

HOI[CTaBJIﬂH B cooTtHomeHue (6.28) 3HaYeHUS TNPOU3BOMHBIX,
JaBacMbIX ypaBHEHUAMH (6.23), moayaum
dS n n
I = —kZ(Zaij(Pj —p;))Inp; (6:29)
=l j=1
IlepecTaBisis «HEMBIC» WHACKCH CyMMHUPOBaHHS I W j (BeIW9uHA
CYMMBEI IIPH 3TOM, €CTECTBEHHO, HE MEHSETCS ), MOXKHO 3aIiCaTh

dS n n
—=-k) (D.a;(p;—p;)inp, (6.30)
dt j=1 =l
CxnagpiBas ypaBHenus (6.29) u (6.30), nens cymmy momnojam, y9u-
TBIBas COOTHOMIEHUE (6.22) W 9aCTUIHO TepPerpyNIUPOBLIBAs WICHBI,
HAXOJUM
dS n n
E=+k22aij(pj—pi)(lnpj—lnpi)ZO (6.31)
i=1 j=1

HonyquHoe BBIPAXXCHHUE y1106H0 TEM, UTO U3 HET'O JICTKO YCMOTPETHh
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HEOTPHIIATENBHOCTE MPOU3BOAHON dS / dt . JIeCTBUTENBHO, B CyMME
(6.31) kaxmoe ciaraemoe HeoTpuuaTensHO. Eciu, Hampumep, p>p;,
TO ¥ Inp;>Inp,, Ananorumuno, ecmu p;<p;, T0 u Inp;<Inp,. PaBeHncTBO
HYJIIO TPOM3BOJHOM OSHTPONMH II0 BPEMEHHM HAOII0JAeTCs JIHIIb
TOT/Ia, KOT/Ia IOCTUTACTCS PaBHOBECHOE (pPaBHOMEPHOE) pacmpeserie-

HHE, JABAEMOE COOTHOLICHUEM p; = p; = /n,@Gj=1,2, .. n).

Taxum oOpa3om, TpeOyeMoe CBOMCTBO SHTPOIIUH JOKA3aHO.

JlokakeM Temeph aHAJOTHYHOE YTBEPXKICHHE M IS CBOOOIHOI
sHepruu. MMeHHO, JOKaXXeM, 9TO, OPH YCIOBHHM CIIPABEIIMBOCTH
IIPUHIIKAIA JETALHOTO PaBHOBECHS, MYJIbTU(MEPMEHTHBIA KOMILIEKC
(YHKIMOHUPYET TaKKM 00pa3oM, 9TO €ro CBOOOIHAS SHEPrHsi, Ompe-
JIernennas paBeHCTBOM (6.19), MOHOTOHHO yOBIBa€T BO BpEMEHH, J0-
CTHTass CBOET0 MUHMMAJILHOTO 3HAYCHHS B CTAIMOHAPHOM COCTOS-
HUH.

IMpenBapuTensHO 3amumieM Ui CBOOOJHOW SHEPTHH KOMILIEKCA
HECKOJIBKO MHOE BBEIPAKEHHUE. YIHUTHIBAs yCIOBHE HOPMUPOBKH 2p; =
1, a Takxke TO, 9TO PA3HOCTh DHEPTHH ABYX COCTOSIHHI KOMILIEKCA
cornacuo dopmyie (6.9) nponopimoHansHa JiorapudMy OTHOIICHHS
CTAIlMOHAPHBIX BEPOATHOCTEH ITUX COCTOSHUM, JUIS CPEIHEH SHEPTUH
KOMILJIEKCA MMEEM CJIEYIOLIee BEIPAKEHHE:

U= p.E, =Y p,(E,—E +E,)=E, +03 p,in£L =
= = = P (6.32)

n n
=E +0Inp —0) p,Inp, = -6 p,Inp,.
i=l i=1
IToxcrasisis 910 BEIpaXkenue B cooTHornenue (6.19), onpeaensromee
CBOOO/IHYIO SHEPIHIO KOMILIEKCA, IOIyYHM

n n
F=U+6) p;lnp, =u+6) p, ln%, (6.33)
i=1 i=1 i
re J— 3HAYCHUE XMMHYICCKOTO MOTEHIHAIa, CKaXXeM, MEPBOrO CO-
CTOSIHHSL B CTAllMOHAPHBIX YCJIOBHSX, WJIH, 9TO TO )K€, CTallMOHAPHOE
3Ha9eHUE CBOOOHOM YHEPTHH KOMIUIEKCA.
Takum 00pa3oM, pasHOCTh TEKyIero (B JaHHBEIA MOMEHT BpeMe-
HH) ¥ CTAIMOHAPHOI0 3HAYEHHUsI CBOOOTHOM SHEPTHH paBHA

F —H= azpl ln%,
i=1 Dp; (6.34)
I p;— CTallHOHAPHBIC BEPOSTHOCTH.

Hrak mokaxem, 9T0 IPOM3BOIHAS CBOOOIHOM SHEPTHH KOMILIEKCA
B CHIly CHCTEMEI ypaBHeHuii (6.1) oTpuIilaTenbHa BCIOLY, KpOME
CTaIMOHAPHOIO COCTOSHMS [CM. Takke: 3enbaoBud, 1938].

Beps mpowmsBommyio oT Beipaxenus (6.34) mo BpeMeHHM W TIOI-
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CTaBJILA BMECTO MPOU3BOAHEIX dp, / df WX 3HadYeHus, OIpeLeIIcMBbIC
ypaBuenusimMu (6.1), momyuum

__92 dpll pz dpt =62dptl pz —

= i dt dt ;
1 P P (6.35)
o[ < D;
=l92 Zaijpi —a;p; |In=
j=1\i=1 D;

Anajorudao TOMy, Kak MBI JOKa3bBaJM OKCTPEMAILHOCTh
SHTPONMH, [EPECTABUM HEMBIE HHACKCHI CYMMHUPOBAHHS I H j
(3HaYeHHE CyMMEI TIPH OTOM HE MEHSCTCS) B IIPABOH 9aCTH PaBCHCTBA
(6.35)'

p.
d—=02 Za,]pl a;p; In—L =
FooA Fi (6.36)

=-BZln— Zaﬂpj a;p; |
—1 p_] i=1

CknaneiBas ypasaenus (6.35) u (6.36), nmems cyMMy IOHOJaM |
9aCcTUYHO NeperpynnupoBbIBas WieHbl, HAXOIUM

dF 0 & (3
Za’ip‘_a‘ipi l" l" =
dr 2i,j=1 i=1( R ) Di Pj (637)
0 & pip; .
=_Za'ip'_a‘ipi In .
2i,j:1( e / P,P;

YauTtsiBas TeNepb, 9TO COTIACHO TIPUHINITY JICTATEHOTO PaBHOBECHS
Pj _ %

—— =——, cootHomenwue (6.37) MOXKHO MepenucaTh B CIEIYIOMEM
b a;

BHIC

ar _ 0 n(a p.—a;p;| m—L— 4jiPi
1 L1

dt 2 i, j=1 J J J ﬂ p j

W3 mojayYeHHOr0 COOTHOIIEHMS JIEIKO BHIETh, 9TO IPOM3BOIHAS
cBOOOMHON JHepruu B CHIy cucreMsl (6.1) HEmoJIOKUTEIbHA.
JIeHCTBUTENIBHO, KAXJIOE CIaraéMoe 3TOr0 COOTHOIICHUS MMCET BHJI
(a—>b)In (a/b). CnengoBarensHo, Kak B ciaydae a>b, Tak U B Clly4ae
b>a xaxmoe cliaraeMoe IOJIOKUTENbHO. JInme B ciay4dae, korga a = b
JJIS KaXKJO0r0 CllaraeMoro, BeJIMYMHA IMPOU3BOJIHOM paBHa myiro. Ho
pPaBEHCTBO a=b 03HAYaeT, 49TO CIPABEMLJIMB IPHHIMII JECTAILHOIO
paBHOBecHS, T. €. a;p;=a;p;. Takum 00pa3om, Benmarua F' MOHOTOHHO
YMEHBINIaeTCAs [0 TE€X I0op, [OKAa HE HACTYIUT CTalMOHAPHOE
COCTOSIHHE, B KOTOPOM BEITIOJIHSETCS IIPHHIIUII IETAJILHOIO PaBHOBE-
CHL.

> 0.
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B kagecTBe mpocTOro npuMepa, WILTFOCTPUPYIOIIETO JTOKa3aHHBIE
B 9TOM maparpade yTBepxKIeHHs, paccMOTpuM (GEepMEHT, IpeBpa-
NIAOIIMIA UCXOMHBINA cyOcTpar S B mpoaykt P ¢ o6pa3oBanueM ¢ep-
MEHT-CyOCTPaTHOTO KOMILIEKCa

S
ki
(1) Eﬁ—’ ES () (6.39)

—1 )

P

Bynem mpeamonararh, 9TO0 XMMWYECKHI MOTEHIIHA] CyOCTpaTa Ha-
MHOTO OONbIlle XUMHUYIECKOT0 MTOTEHIHAJIA POAYKTa, T. €. CyMMapHas
peaknus mepexoja cydcrpara B IpoOAyKT HeoOpatnma. Bmecte ¢ Tem
HECJIOXKHO yOEeIUThCS, 9T0 B MPEATIONO0KEHHH TTOCTOSTHCTBA KOHIIEHT-
panun cyocTpara uis (hepMEHTHBIX (JOPM CIIpaBEIMB TPHHIIMI Jie-
TaJLHOTO paBHOBecHs. JIeHCTBHUTENBHO, KMHETHYECKOE YpPaBHEHHE
JIIST BEPOSTHOCTH TOTO, 9TO (PePMEHT HAXOAWUTCS B COCTOSHUHU (hep-
MEHT-CyOCTpaTHOTO KOMILJIEKCA, MMEET BU/;

d
P2 | [S1py ~ (ko + Ky )y
dt (6.40)

OTKkyza B CTalMOHAPHBIX YCIOBHSX

dp

th=k1[S]P1 —(k_y +ky)py =0 wm ki[S]p, =(k_ +k, )p,,

T. €. CIPaBCIJIUB IPHHINI JCTAILHOTO PAaBHOBECUS d1opP1=d21P2, T
a,, =k[S], a,; =(k_ +k,). Cornacro (6.10) MoxHO onpeneuTs

XUMHYECKHE OTEHIMABI 000MX COCTOSHHMIA 110 (hopMmyIie

m=E+60lnp, u,=E,+0Inp,, (6.41)
rae
a kS
E —-E,=0In-2= HlnL
Bennunna cBOGOHOM SHEPTHM KOMILJIEKCA PaBHA CPEIHEH Belw-
9UHE XMMHYECKHX TTOTEHIIMANIOB COCTOSHMIMA

F=mp +i,p, (6.42)

Kax 65110 mokazano [cM. popmyiy (6.38)], BBenennas Benuanna F
MOHOTOHHO YMEHBIIAETCS 0 TEX IOp, IOKA B CUCTEME HE YCTaHO-
BHTCsL cTanmonapuoe cocrosuue. OTMETHM, 9TO HE UL JIr000H cxe-
MEI [IEPEXOI0B KOMIIJIEKCA MOXHO BBECTH CBOOOJIHYIO DHEPIHIO yKa-
3aHBBIM Beime cnocobom. Tak, mia cxem (6.43) B ciydae (4) sTo
MOXKHO CJIEJIaTh, a B ciaydae (b) — Henn3d.
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1
(¢) prummm— ) (€} Prum— — )

N;% @ \ / 2w

JleCTBUTENLHO, TONBKO [ ciaydas (A) BEIIOTHSAETCS KPUTEPHiA
(6.7).

IlokaxxeM Temephb, 9TO XUMHMYCCKUKA IOTCHIIMAN OTICIBHOTO CO-
CTOAHHUA KOMILICKCa MOXHO onpeneJme HC TOJIBKO KakK
M, =E; + Gln P;, HO U KaK 9acTHYIO MPOU3BOIHYIO OT CBOOOIHON

SHepruu Komiuiekca. Jlas 9toro paccmorpum guddepennman
CBOOO/IHO# SHEPTUH KOMILIEKCA:

dr = d[ZPil‘iJ =D Hidp; + . pidu;. (6.44)
i=1 i=1 i=1
Ho B cmy ompenenenns XMMUIECKOro HoTeHuuana p;du, = Gdp;u

T09TOMY, y9UTHIBas yCIIOBHE HOPMUPOBKH Y . p; =1, nmeem
i1

n n
2. pdu; =03 dp; =
i=1 i=1
CrnenoBaTenbHO, ONHBIH U depeHIraI CBOOOIHON SHEPTHHA
KOMILJIEKCA PaBeH

n
dF =) wdp;. (6.45)
i=1
Or1croa BEITEKAET, 9TO XUMHUYECKHUH ITOTEHIIHAI I-TO COCTOSHHUSI KOM-
IUICKCA PaBEH 9JaCTHOHM MPOM3BOIHOW OT CBOOOIHON SHEPTrHU BCETO
KOMILIEKCa:

M = a—F, i=12,.,n. (6.46)

op;
Tak kak cBOOOIHAS SHEPrHs KOMILUIEKCA MHHMMAJIbHA B PABHOBECHH,
TO HE0OX0AuMO, 9TOOBI ee MepBLIi Juddeperiral ObL1 paBeH HYIIIO,
a BTOPO#A TIOJIOXKHTEJIEH, T. €.

dF =0, d°F= Z—dp,dpl > 0. (6.47)
i=1 pl p
VYuauteiBas yca0BHE€ HOPMUPOBKH, B CHIIy KOTOPOH Zn:dpi =0, ang

i=1
muddepennuana dF nonydum ciemyromee BeIpaxKeHue:

dF =Y pidp; = [1; — gy + g Jdp; =D (1 — py )dp; =0. (6.48)
i=1 i=1

i=1
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B 3TOM BEIpaXXeHHMH BCE HM3MEHEHHS BEPOSTHOCTEH COCTOSHHE dp;
MPOM3BONBHBI, OTKYJa HEMEJUIEHHO CIEAYyeT, 9TO JJI TOTrO, 9TOOEI
9TO BEIPAKEHHE OBLIO TOXKIESCTBEHHO PAaBHO HYJIIO, HEOOXOIMMO IIO-
TpeOOBaTh PaBEHCTBA APYT APYTY XMMHYECKHUX MOTEHITHATIOB COCTOS-
HUi KOMIUIeKca 4 = u;. IlockombKy Bblme yxe Obiia HOKasaHa

9KBHBAJICHTHOCTh IPHUHIIUIIA JIETAIBHOTO PABHOBECHS W PABEHCTBA B
pPaBHOBECHH XHMHYCCKHX IIOTCHITHAJIOB OTMACIBHBIX COCTOSHHI
KOMIIJIEKCA, TO MBI BHJMM, 9TO IPHHIMIO JETAJILHOIO PaBHOBECHS
MOXET OBITh HOJydYeH KaK CIEJCTBHE JKCTPEMAJIBHOCTH CBOOOIHOM
sueprun. B 3akirogenue manHoro naparpada moKaKeM, 9TO CPEeIHsIS

smeprus xommiexca U =Y E;p;, a Taxxe cBoGoguas sueprust F
i
Kkommiekca F = Z,ui p; 00namaroT CBOMCTBOM aJUTHUBHOCTH B

1
TOM CMBICJIC, 9TO €CITH MYJIbTHU(EPMEHTHBIH KOMIUICKC MOXET OBITh
MIPEJICTABJIEH KaK COBOKYITHOCTh JIByX HE3aBHCHMBIX TOJICHCTeM (7) 1

)]
bjj =D Di (6.49)
TO CPEAHSS SHEPTus KOMIUIEKCAa M CBOOOHAS DHEPTHs KOMILUIEKCa

MOT'YT OBITh MPEJICTABIEHEI B BUJIE CYMMBI COOTBETCTBEHHO CPEIHEH
¥ CBOOOJTHO# SHEPTHH MOJACHCTEM:

U=U,+U,, (6.50)

F=F+F,. (6.51)
JlokaxxeM cHadalla aAAUTHUBHOCTHE CPEOHEH SHEPTUU KOMILISKCA.
PaccMoTpuM pa3sHOCTE SHEPTHUMA JIBYX COCTOSHHIH KOMILIEKCAa M BOC-
MOJB3yeMCsL paBeHCTBOM (6.9), CBS3BIBAIOIIMM MEXIY CO00i pas-
HOCTh SHEPIUil OTJACIBHBIX COCTOSHUA KOMIUIEKCA M COOTBETCTBYIO-
[IUE CTAIlMOHAPHBIC BEPOSTHOCTHU:

(6.49)
E —E =0mZ% o

! ™ Djj Dip;

(6.52)

omPs gmPe_ g ~E,+E,-E,.
p i p J
B cootnomenusx (6.52) HHAEKCHI { ¥ § OTHOCITCS K IEPBOM HOJICH-
CcTeMeE, 2 HHIEKCHI J B ¢ — KO BTOpoii. Ilonydennoe BEIpaKeHue mo-
Ka3bIBAE€T, 9TO B CJIydac HE3aBHCHUMOCTH IIOJCHCTEM SHEPIUs OT-
JIeTb-HOTO COCTOSIHUS KOMILIEKCA PaBHA CyMME SHEPTUH MOACUCTEM:

E;=E,+E;,. (6.53)

C y4eToM 3TOro CBOKMCTBA JJIsI CPEAHENH SHEPTHH KOMILIEKCA HMEEM
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U= ZEypy = Z(Ez +Ej)Pin =

i, j=1 ij=1
n n
i=1 j=1

Takum 00pa3oM, aIIUTHBHOCTE CPEIHEN SHEPIHH KOMIUIEKCA JOKa-
3apa. JInsg cBOOOMHOM SHEPrHM KOMILIEKCA MOXKHO 3almcaTh cle-
JIYIOIINE COOTHOILICHMS:

1 n @

F =2 typy = 2.(E;+0inpy)p; =

i,j=1 i,j=1

@ =n 3 n

= 'Zl(Ei + Ej +0lIn Pin)Pin = 'Zl(yi + ﬂj)Pin = (6.54)
L, Jj= i,j=

= Zﬂipi + Zﬂjl’j =k +F,.
i,j=1 i,j=1

31ech, Kak M paHee, MHAEKC I OTHOCHUTCH K IEPBOM IMOACHCTEME, a
WHJICKC ] — KO BTOpOi. B mepBOM paBeHCTBE MCIOIL30BAHO OMpeac-
neune (6.10) XuMHYIECKOro MOTEHIMAIa COCTOSHHI KOMILIEKCA; BO
BTOPOM DaBEHCTBE YyYTE€HAa HE3aBHCHMOCTh mojacucreM (6.49); B
TPETHEM PABEHCTBE TAKIKE YITEHO OIpEJelIeHHEe XMMHYECKOro IIO-
Tenumana (6.10).

Takum 00pa3zoM, CBOOOHASA SHEPIUs KOMILIEKCA TAKKE SABJIAETCS
aIIUTUBHON BenmduHo¥W. HecnoXuo 3aMEeTHTh, IIPOCIaB BBIKIAIKU
(6.52)—(6.54) B oOparHOM TIOPSIKE, 9TO U3 QNIUTUBHOCTH CPEIHEH
SHEPIHMM KOMILIEKCAa K CBOOOZHOM JSHEPrHMHM KOMILIEKCA ClEIyeT
HE3aBHUCHMOCTEL IOJCHCTEM KOMIUIEKCA. B 9TOM CMEICIIE aIMTHB-
HOCTh 3THX BCIH4YHUA MOXKCT CIIYXKHTh KPpUTCPHEM HC3aBHCHUMOCTH
MOJCHCTEM.

Hrak, monBenmeM uror ckasammomy. Mcxond w3 mpuHnumna Je-
TaJIbHOI'O PaBHOBCCHUA MBI BBCIIM XMMHYCCKHC INOTCHIIMAJIBI OTACIIb-
HEIX COCTOSHHH MyJIbTH()EPMEHTHOIO KOMILIEKCA, KOTOPEIE PAaBHEI
JIpyT Ipyry B paBHOBeCHH. MCX0asM M3 XMMHUYECKOIO MOTEHI[HAAIA OT-
JIEITLHOTO COCTOSHHSI KOMILIEKCA MBI BBEIIM CBOOOIHYIO SHEPTHIO BCE-
ro KOMILIEKCA KaK CpeJHee 3HAYeHHE XMMHYECKOro IOTEHNHaa 1o
BCEM cocTosHMaM komiuiekca. Oka3anoch, 9T0 XMMHUYECKHI MOTEH-
[MaJl OTJEILHOr0 COCTOSHHUS, B CBOIO 09epe/lb, MOXKET OLITH BBEIEH
KaK JacTHas IIPOM3BOAHAA CBOOOJHON SHEPIHH M0 BEPOSTHOCTH I-T'0
COCTOSHUA KOMILIeKca. TakuM 00pa3oM, BCe CBENIOCh K (DYHKITUH HA
COCTOSIHMSX KOMILIEKCAa — CBOOOIHOM HEprun, KOTopast MUHHIMAJIb-
Ha B paBHOBecuH. IIpu IpOM3BOIBHEIX HAYAJLHEIX YCIOBUIX CBOOOI-
Has SHEPrus KOMILIEKCA MOHOTOHHO YMEHBIIAETCS BO BPEMEHH U
MIPHUHMMAET IOCTOSHHOE 3HAYEHKE B CTAIMOHAPHOM COCTOsHMH. Ecim
BMECTO MPHHIHUIA JCTAILHOTO PAaBHOBECHS TPEOOBATH BBITOIHCHHS
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0oJIee JKECTKOr0 YCI0BMS — IIPUHIMIIA MHKPOCKONMYECKOH 00paTu-
MOCTH, TO B 3TOM CJIy9ae BEJIN9IMHA SHTPOIMKA MOHOTOHHO YBEINIH-
BaeTCs BO BpeMeHH. BEITIoNIHEHHe IPUHITHATIA MEUKPOCKOITHYECKOH 00-
PaTHMOCTH DKBHBAJIEHTHO IIOCTOSIHCTBY CPEIHEH SHEPIrHH KOMILIEKCA,
M, CIEJOBATEIbHO, U3MEHEHHNE BO BPEMEHH SHTPOIMM U CBOOOIHOI
SHEPrUH KOMILIEKCA IPOMCXOIUT B MpoTHBO(ha3se:

dt dt dt
Hamnra 6nvokaiiniast eas COCTOMT B TOM, 9TO0BI Ooiee moapoOHO u3y-
YUTh MPOLICCC pelaKCAllMHU K CTALIMOHAPHOMY COCTOSHHIO.

6.3. Pesakcanus K CTAIAOHAPHOMY COCTOSTHHIO

Hike MBI TOKa)KeM, 9TO €CIIM BBINOJHSCTCSA TPUHIHI JIeTAILHO-
TO pPaBHOBECHS, TO Marpuila KO3(pPUIHUEHTOB CHUCTEMBI Auddepen-
UaIbHbIX ypaBuenuii (6.1) 00nanaeT NeHCTBUTEILHEIME U HEMOJIO-
JKHUTEIBHBIME COOCTBEHHEIMH 3HAYEHHSAMH. JTO O3HAYAET, IIPEXKIIE
BCET0, 9T0 CTPEMJICHHE KOMILICKCA K CTAIlOHAPHOMY COCTOSIHHIO, B
KOTOPOM BBITIOJIHSAETCA IPHHITAI JETAJIBHOIO0 pPaBHOBECHH, OyIEeT
9KCHOHEHIIHAIBHEIM, IIPAYeM, HEBO3MOXKHBI 3aTyXaroIIue KojaeOanus.
HoeiMu cioBaMu, NMPH OTKJIIOHEHHH OT CTAIlHOHAPHOTO COCTOSHHS
KOMILIEKC OYJET SKCIOHEHIMAIBHO OBICTPO BO3BPAIIATLCS B HMCXOJI-
HOE COCTOSIHHE:

pi(t)=D;+ 2.0 (t)e (6.55)
i
311605 I_’i —CTaIIIrIOHapHaH BCpOSITHOCTB i—FO COCTOsSAHHA KOMILJICKCA,
Oi(t)

KpPaTHOCTh XapaKTEPUCTUIECKOTO IHCa A;.

B03MOXHO HECKOJBKO Pa3MdHEIX JOKA3aTEIBCTB 3TOTO (hakra.
Mgl paccMOTpUM JI0Ka3aTeIbCTBO, B KOTOPOM B SIBHOM BHJIC BBHIYHC-
JISTFOTCS BETMYUHBI XapaKTePUCTUIECKIX JHCE].

ITpenBapuTensro 3anumeM cucremy auddepeHnransHBIX ypaBHe-

HUi (6.1) B HECKOIBKO HHOM BHJIE:

n n
dp;/dt = Z(aijpj - aijpi) = Zbijpja (6.56)
Jj=1 Jj=1
T€ BEJIMYHUHEI b,.j ompe/ielieHsl paBeHCTBAMHM
aj, i#]j
bl.j = _zaik _ _Zbki' (6.57)
k k

3aMeTPIM, 9TO0 4YEpEe3 BBCJACHHBIC BCIIHMYHWHBI IPHHIIAI JACTAJIBHOI'O
PAaBHOBCCHA MOXHO 3aIIMCaTh B BHJIC

b;p; =b;p; (6.58)
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Jl7s moxazaTenbCcTBa JEHCTBUTEIHHOCTH M HEIMOJIOXUTEIHHOCTH Xa-
PaKTEPUCTHYECKUX 9HCeN MOACTaBMM B CHCTEMY ypaBHeHHH (6.56)

HCKOMOE PEIIeHHE B BHIC p; = aie_'u rme a; u A— HOCTOSAHHEIE,
TpeOyromme ompenencuus. Ilocne cokpamieHuss JICBOW W TpaBOM
gactn Ha e nonyan

Ybe; =-Ae, (6.59)

] #I
C ydetom ¢popMyitsl (6.57) 3T0 paBEHCTBO MOXHO TIEPETHCATh TAKXKE
B BHUJIE

Ybya; - | by | =Y by, by )=- 2, (6.60)

J#i J#i Jj
VYMHOXHB ¥ pa3fielIuB KaX]IbI 9JIEH 3TOT0 PAaBEHCTBA HA 3HAYEHHUE
cTaruoHapHoi BeposTHOCTH (p>0), MOIydHuM CIERYIONIEE COOTHO-
ICHHE:

Z(bijl_’jaj /ﬁj_bjiﬁiai/ﬁi)z

J

a. (6.61)
= Zbijﬁj(aj /p;—a;/p;) :_/11_7;";-

i

Hbl b;p; u b;;p; paBubl Apyr apyry. O603HaIMM /151 KPATKOCTH

ci”P=b;p; =b;p; =c;, B= o,/ p; (6.62)
paBeHCTBo (6.61) moxHO 3amucaTh B BUJIE
>ci\B; - B,)=—B.p. (6.63)

J
VYMHOXHB KaxJi0€¢ ypaBHEeHHE (6.63) Ha COOTBETCTBYIOIIYIO KOMII-
*
JEKCHO COIPSDKCHHYI0 BEIUYHHY [, M CIOXUB BCE ypaBHEHWS,
MOJIYy4YUM

chy(ﬂ ~B)B ——ZZP,IﬂI (6.64)

ij=1j
Ilomensis HembIe HHz[eKcm B JIEBOM 4YacTH TOJIYy4YE€HHOIO
ypaBHEHHS W BOCIIOJL30BaBIIMCH CHMMETPUYHOCTBIO Marpunsl C

(¢; = c;;), nomyunm

chy(ﬂ B,)B; = ﬁZp,I,BI (6.65)

Lj=1j
CII0XXHB COOTHOIIEHHS (6.64) u (6.65), HECTIOXKHO HAWTH IS BEIH-
9UHEI A CleAyrolIee BEIpaKEHHE:
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ﬂi _ﬂj|2
A = L= . - =22 — (6.66)
Z]:ﬁ|ﬂz| Z;PZLBJ

YucauTens u 3HAMEHATENH 3TOT0 BBIPAXKCHUS — JCHCTBUTEIBHBIC U
HEOTpHUIATEILHBIC 9HCIIa, OTCIOA CICAyeT, 9TO BeJIMIruHa A — Bellle-
CTBEHHAS W HEOTpHIATENbHAA. 3aMETHM, 9TO €CIIM HE HHTEPECOBATh-
CSl 9MCJICHHBIM 3HA9CHUEM COOCTBEHHBIX 3HAYEHWM, TO BEIIECTBEH-
HOCTh COOCTBEHHBIX 3HAYEHHMI MOXHO JIOKA3aTh 3HAYUTEIIBHO TTPOIIIE
[em., manpumep: XKaGortunckuit, 1974]. Jlnsg sToro mocraroduo mo-
Ka3aTh, 9TO MaTpHIla IIEPEX0J0B CHCTEMEI ypaBHenuii (6.56) momobua
HEKOTOPOi cuMMerpuaHoii marpuie S. Tak Kak Bce COOCTBEHHEIE
3HAYCHUS BEIICCTBEHHON CHMMETPUYIHOW MAaTpHWIBI SBIISFOTCS BEIe-
CTBCHHBIMHU 9UCIIaMH, a COOCTBEHHBIC 9HCIIa TIOJIOOHBIX MAaTPHI] PaB-
HEI JIPYT JPYTY, TO COOCTBEHHBIE 3HAYEHHUS MATPHIEI B Takxke OymyT
BEMICCTBCHHBIMH 9HCIIAMH. B Cuily mpuHIHMIA JETAaIHHOTO PaBHOBE-
cus Marpuna G = BD sBnsieTcsl CAMMETpWYHON Matpuiei, rae D —
JWaroHaJbHas MATpHUIA PAaBHOBECHBIX (CTAllMOHAPHEBIX) 3HAYEHHA

{D }y = Pi5y-
JleficTBUTENbHO, €€ 3JIEMEHTHI, HaX0AAIIUeCs CAMMETPAYHO OTHOCH-
TEIBHO TJIABHOW JMAroHai, B CHUIly TPUHOUNA JETAIBHOTO
paBHOBECHS PaBHEI JIPYT JIPYTY:

gi = bijpj = bjipi =&ji- (6.67)
Bri6epem matpuiry S, 0 KOTOPO# TOBOPHIIOCH BEIIIE CIICTYIONIHMM 00-
pazoMm. YMHOXUB paBeHCTBO G = BD cneBa u cupaBa Ha MaTpHIly

{D_l/z}ij =%é}j

S, (B-B B -B) 3¢
1

HMCEM
1 1 1 1

D 2GD? =D 2BD? (6.68)
O06o03Ha9as JIEBYIO 9acTh 3TOTO PAaBEHCTBA Yepe3 MaTpHIly S,

11
S =D 2BD?orxyna
1 1

B=D2SD ? (6.69)

HO 9TO ¥ 03HA9aCT, 9TO MaTpuia B mogo0Ha CHMMETPUYHON MaTpuUIle
S. YKe 0TCIO/1a MOXHO CJI€JIaTh BEIBOJ, 9TO COOCTBEHHEIE 3HAYCHUS
MaTpulbl B — orpunarenbHble (HEMOJI0KUTENbHBIE), TIOCKOIBKY B
MTPOTUBHOM CJIydac BEIMYHMHEI p;(?) ONMMCHIBAIMCH OBl BBIPAXKECHHUEM,
KOTOPOE CTPEMUTCA K o0 IIPH YBEIIUWYCHUHU BPEMEHH, YTO HCBO3MOXKHO.
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6.4. JHTPONMHAA KOMILJIEKCA

CornacHo pe3ynbTaTaMm, MOIY9YCHHBIM B JAHHOW TIJIaBe, BEIMYWUHY

—kz p;Inp;, MOXHO OTOXIECTBUThL C SHTPONHKEH KoMIulekca. Jlan-
i

HBI maparpad NOCBAMICH PACCMOTPCHHIO CBOKMCTB DHTPOIWH, OIpE-

JIEJICHHOM 9TO# (OPMYJIOH C eI MOATBEPKICHHUS COTJIACOBAHHO-

CTH 3TOTO OMNpEACNICHUS CO CBOWCTBAMHM SHTPOIWH, W3BECTHBIMHM W3

(eHOMEHOIOTHYECKO# TePMOTNHAMUKH.

IIpesxie Bcero HECIOKHO YOEOUTRCS, 9TO SHTPOMHS — BEJIHYHHA
BCIICCTBCHHAA M HCOTPHUIIATCIIbHAA, IIPHYCM MUHHUMAJIbHOC 3HAYCHHUC,
paBHOE HyJII0, OHA TIPUHMUMAET TOJILKO TOT/d, KOT/Ia BEPOSTHOCTD OI-
HOT'O U3 COCTOSIHHMIT KOMILUIEKCa PaBHA eIUHUILIE.

Bonee crmoxxHO I0Ka3aTh, 9TO CBOE MAaKCHMAJIGHOE 3HAYCHUC
SHTPOMUS NPUHUMAET TOJBKO JJIS CIydasi, KOTJIa BEPOSTHOCTH BCEX
COCTOSIHMI KOMIUIEKCa PaBHBI IPYT ApyTy. JIJIs ToKa3aTenbCTBa 3TOTO
tdakra [bopoBkoB, 1976] paccmorpum dyukouio f(x)=xln(x) Ha
orpeske [0, 1 ]. Hecnoxxuo ybeauTscsi, 9T0 Ha 3TOM OTpe3Ke PyHKIHs
f{x) BBIIyKNa BHWB3, CIIEAOBATEIBHO, MO OMPEACICHHIO BBITYKJIOH

n
byukoun Ui moO0bIX  g; >0 Takux, 9TO Zqi =lu ma x; 20
i=1

BEITIOJTHAETCS HEPABEHCTBO
n n
S Z%xi < Zqif(xi)'
i=1 i=1
IMonaras B 9TOM COOTHOWECHWH §; =1/h, X;= p;, TOTYIHM

1 1 1
_ZP;‘ In _ZP;‘ SZ_P;‘lnl’ia
noi ni i (6.71)

1.1
WIIH, Y9UTBIBAS, 9T0 Y p, =1u 410 — ) —In—=In(n), umeem
; Tn n
TpedyemMoe HEpaBEeHCTBO

n
In(n)>-> p;Inp,, (6.72)

i=1
JlokaxxeM Terepb CBOMCTBO aIIUTUBHOCTH SHTPOMHUHM KOMILICKCA,
KOTOPOE COCTOMT B TOM, 9TO JHTPOMHSI KOMILIEKCA M3 JBYX HE3aBH-
CHMBIX IIOJICHCTEM PaBHA CYMME SHTPOIMH IOJACHCTEM. JTOT PE3yiib-
TaT JIETKO MOXKET OBITH BEIBEJECH M3 QIIUTHBHOCTH CPEIHEH U CBO-
O6onmmoit smepruu [cMm. dopmynsl (6.50), (6.51)], ogmako MeI pac-
CMOTpPUM MHpPsMOW BeIBOA. IIyCTh MHIEKC i OTHOCHTCH K IIEPBOM MOJI-
CuCTEeME, a WMHJEKC j — KO BTOpOU. Torja A SHTPONHUK KOMILIEKCa
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MeeM:
M
S = —kZpijlnpij =—kZpipj(lnpi +lnpj)=
" " (6.73)

=—k) p;inp, —kzpj Inp; =8,+5,

i=1 j=1
311ecs B IICPBOM PaBCHCTBC MBI BOCIIOJIB30BAJIMCh HE3aBHCHUMOCTBIO
TOJICHCTEM p;; = P, D -

Ecim ONOJACHCTEMBI 3aBUCUMbI, TO SHTPOIIMA KOMIIJIICKCA, BOOGHIe

TOBOPS, YK€ HE MPEBOCXOUT CYMMEI SHTPOIMH MOACHCTEM [CM., Ha-
npumep: bopoBkoB, 1976]. Jlns mokasarenbcTBa 9TOTO  (pakTa

n n
Ipe/BApUTENBHO OTMETHM criefyomee. Ecmm Y p; =Y g, =1, 1o
i=1 i=1
BCET/Ia CIIPaBE/JINBO HEPABEHCTBO

Y piing; <> p;ilnp, wm ) p, mii <o, (6.74)
pi

OTO HEPaBEHCTBO CIEAyeT M3 BHINYKIOCTH BBepX (GyHKUuH /n(x), B
CHITy KOTOPO# MpH JI00BIX X; >0 CIipaBeIIuBO HEPABEHCTBO [cM. dop-
myay (6.70) ]:

2.p;inx; < ln(z xipi) (6.75)

Ilonaras B 5TOM HEpAaBEHCTBE X; = 4 , monmygaum ¢dopmyiy (6.74). C

b;

ydaerom dopmysl (6.74) umeem
S = —kZpij lnpij < —kZpij(lnpl-pj)=
i,j i,j

:_kzpij(lnpi)_kzpij(lnpj)z_kzpi(lnpi)_ (6.76)
ij iJj

—kY.p,(inp;)=5,+5,
Takum 00pa3oM, JeHCTBUTEILHO SHTPONHS KOMILIEKCA HE
MPEBOCXOIUT CYMMEI SHTPOIIMH IIOJICHCTEM.
PaccmoTpuM Temeps craedyromyro 3amady. Haiitm Makcumym
SHTPOIIMH IIPH YCIIOBHH, 9TO (PMKCHPOBAHA CPEIHSISA SHEPrys KOMII-
JIeKca:

S= —kzn:pi In p; — max, ipiEi =U, Zn:pi =1. (6.77)
i=1 i=1 i=1

Jlnst pemenust 9T0¥# 3aqa9u coctaBisgeM Gyukuuro Jlarpamxka:
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L= —kzn:pi Inp; +Z,l[zn:p,. Inp; —UJ+ZQ[Zn:p,. —1J — extr, (6.78)

i=1 i=1 i=1
B KOTOPOH A ¥ Ay—«HEOIPEAEICHHEIEY» MHOKHUTEIH.
ITpupaBusB npousBoaHbIe hyHKIUU Jlarpanxka K Hy/II0, AIMEEM

S—L — —k(Inp, +1)+ 4E, + 4, =0. (6.79)
Di

ME;+Ap—k
pi=e * (6.80)

n
YuauTsiBas ycioBue HOPMUPOBKH Z p; =1 nomygum ais BeTuduHBI
i=1

Ay—k
e k CIICAYIONICC BBIPAXKCHUC!
Ay —k
~r 1
e ——
A E;

et
i .
CremoBaTenbHO, IS BEPOSTHOCTEH, yIOBICTBOPSIONIMX YCIOBHIO
MaKCHMyMa SHTPOIIMH, [IPU YCJIOBHH, 9TO CPEIHSASL SHEPrus GUKCH-
poBaHa MMeeM KaHOHWYecKoe pacnpenenenue ['mb6ca [cM. popmymy
(6.14)]:

ME;
pi - ﬂ]Ej

n R,
Qe
i=1

BbIOpaHa OIHOM W TOM e I BCEX COCTOSHMIA Cpa3y. JTa BEIHMIUHA
urpaer poias oOparHoii Temmeparypel. C ydeToM cka3anHoro ¢op-
MyITy (6.82) MOXXHO 3amKcaTh TAKXKE B BUIE

e—Ei /kT
O (6.83)

Z":e—Ei /KT

i:]

(6.82)

F=U-TS =) pE, +kT[Zpi lnpij.
i=1 i=1
Takum 06pa3oM, yCIOBHBINA SKCTPEMYM DHTPOIIMA TPH MOCTOSHCTBE
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CpeIHeH SHEprHHM KOMILJICKCA PAaBHOCHIICH 0E3yCIIOBHOMY DKCTPEMY-
My (MHMHHMMYMY) CBOOOJHOMH SHEPIHHM, YTO W OOYCIIOBIMBAET POJb
MOCTICTHEH.

PaccMoTpeHnbie HaMKU CBOMCTBA SHTPOIHMH — €€ aJTUTHBHOCTE,
CTpEMIICHHE K MAKCUMYMY B M30JIMPOBaHHOM cucreme (6.31) roBopsT
0 €CTECTBEHHOCTH BBEJEHHOTO HAMHM OIPENEIICHHUS.

Jlamee MBI pacCMOTPHMM pa3IWYHBIE HPEACTABICHUS JJIS IPOU3-
BOJICTBA SHTPOIINH, ITO3BOJISIONINE BEIJEINTH HECKOIBEKO SKBUBAJICHT-
HEIX HaOOPOB «CHID) H «IIOTOKOB.

6.5. Ilpon3Bo/icTBO YHTPONIHA

B TepmoauHamMuke HEOOpPATHMEIX TIPOIECCOB OCHOBHYIO POJIb WT-
paeT MPOM3BOACTBO DHTPOIHH, KOTOPOE XapaKTEPU3yeT CTENEHb He-
obpatumMocTu mporekanus nporecca [IIpuroxmuii, 1960; e I'porr,
Masyp, 1964; Pyoun, 1984]. PaccMOTprM OCHOBHBIE BOIIPOCEHI TEP-
MOJMHAMUKHA HEOOPaTHMBIX TIPOIIECCOB Ha TMPOCTEHIIEH MOJIEIHN
MyJIbTH(EPMEHTHOrO KoMILIekca. Hara Onvpkaimas 1ellb COCTOUT B
TOM, 9YTOOBI JOKA3aTh CICAYIONICE OCHOBHOE YTBEPKICHHE.

Ecmu CIIPpAaBE€JIMB IIPHUHIIMII JCTAJIbHOI'O PABHOBECHSA, TO IIPOM3-
BOJICTBO DSHTPOITMM MOXXET OBITh PACCYUTAHO 10 OJHON M3 CIIEIYIO-

nwmx hopMyir:

d.S dF no . no
P48 A g P g
t dt i=1 D; i1 (6.84)
0 v, 1 :
_Z(Vij _Vji)ln_j = _Z(V; _VjiX:ui —,Uj)
2 ij Vji 2 ij

ITpenBapuTensHO TOKAXKEM, YTO IS MYyIBTH(GEPMEHTHOTO KOMII-
JIeKCa, KHHETUKA KOTOPOrO MOXET OBITh OIMCAHA CHCTEMOH ypaB-
nennii (6.1), Bcera CrpaBe/jIuBO CIELYIOMIEE PABEHCTBO:

%Z("ijl’i ~jiPj Xﬂi - /”j)
: b (6.85)
= EZ(K - Vjix:ui - ﬂj)

i,j

- Z/‘il"i =
i=1

TZe M4, — XMMHYECKHMH IMOTEHLMAN i-TO COCTOSHMS KOMILIEKCA, P; —
BEPOSTHOCTh TOTO, YTO KOMIUIEKC HaXOJUTCS B i-M COCTOSTHHH.

n
IToacraBnsisi B BEIpQXKCHUE — Z M; D; 3HaYCHMS IPOU3BOIHEIX, 1aBac-

i=1
MBIX cooTHOmeHneM (6.1) u packpbiB CKOOKH, OTyInM:
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n

_g/‘ipi == H; Zn:(ajipj _aijp") -

== (6.86)
=—D Ha iPjt > H;a;;D;-
i,j ij

IlomeHsB HEMBIEC HHIEKCHI I ¥ j BO BTOPOM CIIaracMOM M BBIHOCS 32
CKOOKH d ;P ;, IONY4nM
)]

1)
—Zﬂ,p, Za,,p,(ﬂ, )= Z(ﬂj_ﬂixajipj_aijpi)=

=1 i,j i<j

(6.87)
@1
22(#] /ulXajlpj tjpt)
LJ

3lIeCB B IICPBOM PaBCHCTBEC IMPOM3BCJICH NECPEXO0]A K YIIOPSATOYCHHBIM
HHIACKCAaM CyYMMHPOBAaHHsA, & BO BTOPOM PaBCHCTBC —06paTHBIi;I Ie-
PEX0A K HEYNTOPAJOUYCHHBIM HHJICKCaM.

HecnoxHo 3aMeTuTh, YTO B NPOBEJACHHBIX BHIKIAJAKAX HUIJE HE
HCII0JIB30BaJIOCh TO, YTO ‘u,—XI/IMPI‘-IeCI(I/Iﬁ TIIOTCHIIN A i-TO COCTOSIIHS

Kkomruiekca. CyliecTBEHHO TaKXKe, YTO OKOHYATENbHBIN pe3ylbTaT Be-

PEH HE3aBMCHMO OT TOTO, 4TO 062 ko3 duimenTa a;;, a; WK IUIb

OJIMH M3 HUX PAaBEH HYIIIO.

Ecim Tenmepp ydecTh, YTO 14 — XMMHWYECKHH ITOTEHI[HAN i-T'O
COCTOSTHHS KOMILJIEKCA, JJISl KOTOPOTO CIIPaBEeIJIMBO COOTHOMICHUE

) V.
M — 1 =E,.—Ej+¢91n&=6?lni, (6.88)
p; Vi
TO PaBEHCTBO
1 0 V;
320 ~Vikei= )= 230~V Jin (6.89)
i,j ij Jji
CTAHOBUTCA OYCBHUJIHBIM. HOKa)KeM TeHepB, qToO
63 prinL: Zp,ﬂ,
i=1 i
HNmeem

n

p® [ P n]@
0> p;in=L=0> p,lIn=L+InL-In*L|=
lzl i Z pz pl p]

2 n “@
— azpl |:ln Pi P :| Z |: a,D; i| (6.90)
i=1

D p i=1 a; D
@) n ) n

= Zp,[u -u]= Zp,ﬂ,
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371ech B IIEPBOM paBeHCTBE Mbl IprOaBiiv 1 B n(p,/ p,); BO
BTOPOM YWIM, YTO B CHJy yCIOBAs HOpPMUPOBKH ».dp; =0;

TPETHEM PAaBCHCTBE YWIH, YTO COMIACHO MPHHIMITY IETAJLHOTO
paBHOBECHS OTHONICHHE CTAIlMOHAPHBIX BEPOATHOCTEW PpaBHO
OTHOIICHUIO COOTBETCTBYIONIMX KOHCTAHT CKOPOCTH; B YETBEPTOM —
OTIpEJICIIEHHE PA3HOCTH XMMHMYECKMX ToTeHnuanoB (6.88); B marom
PaBEHCTBE BOCIIOJIB30BAIUCH TEM, UTO Zd p;=0.

Takum 00pa3om, IENOYKa PaBEHCTB B BeIpaxkenuu (6.84) moka-
3ana. ITomuepkHeM, 94TO BO BCEX paBeHCTBax, kpome (6.85), cymie-
CTBEHHBIM SIBIIIETCS CIIPABEIIMBOCTH MPHUHIUIA JACTAIHLHOTO PAaBHO-
BECHSL.

Kak wu3BecTHO, M3 TEpMOAWHAMHKH HEOOPATHMMBIX TIPOIECCOB
[[Ipuroxwuii, 1961] BeIpaxkeHre A IPOM3BOCTBA SHTPOIMHU JTACTCS
CYMMOH YJICHOB, Kbl M3 KOTOPBIX UMEET BUJI «CHJIA» X IIOTOK).
PaBenctBo (6.84) roBOpUT 0 TOM, YTO CIEIYIOMIME HAOOPHI IOTOKOB M
CHUI SIBJISTEOTCS] 9KBUBAJICHTHBIMH:

) ) )2 Vi

B i} 1B I, Vi=Vii In—= 0, \Vy =V s 1 = 1. (6.91)

D; Vji

Haubonee ecrecTBeHHON HHTEpIpETalMEll B TEPMHHAX «CHI» H
n

«TIOTOKOB) SIBIISIETCS BBIPAKEHUE — —— = —Z M;D;. JlelcTBUTENBHO,
i=1

CYHTasi, YTO CBOOOJHAS SHEPIHSA 3aBHCHUT TOJBKO OT BEPOSTHOCTEMH

cocrostanit F=F(p;, . . . , pn), VI CKOPOCTH HU3MEHEHHS CBOOOIHOM

- Z oF dpz

dt 1 0p; dt’

AHaﬂoquHO TOMY KaK B MEXaHHKE IIPOHU3BOAHAS IIOTCHIIHAILHON
SHEPTHH [0 KOOPJMHATE €CTh CHJIa, TaK M B pPacCMaTpHBacMOM

CIydae €CTECTBEHHO Ha3BaTh BCIMYMHY [ = O_F —  CHJIOH,
p;
00y CIIOBIMBAOMICH XUMHICCKUE TTPEBPALICHHS.
OO6paTuM BHMMaHWE Ha TO, YTO YHCIIO CIIATAEMBIX B BBIPAKCHUH
(6.84) s pa3nMUHBIX MPEACTABICHUIA TPOMU3BOICTBA SHTPOIMH Ye-

pe3 CWJIbI M IOTOKU CYMIECTBEHHO OTIMYACTCS ApYyT OT Apyra. Ecimu B

n n p
Db —0) plnt

i=1 i=1 i
YHUCJIO ClIaraCMbIX PaBHO YHCITY COCTOSIHHM KOMIIJICKCA, TO B OCTaJIb-
HBIX CIy4Yasx YKCJIO CIaraeMbIX PaBHO YMCIY BO3MOXKHBIX I1E€PEXO0I0B
MCXKIY COCTOAHHMAMHM KOMIIJICKCA IIPHU YCJIOBHH, YTO B pacCMaTpHUBac-
MBIX CyMMaXx HE YYHUTHIBAIOTCS OJIMHAKOBBIE Caraemele. SICHO, 4TO 9TH
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pasnuuusd B YHMCJIC TOTOKOB M CHJI CBSI3aHBI C TEM, YTO B IIEPBOM
Caydae TIOTOKA W CHJIBI CBS3aHBl C HW3MEHEHHEM 3aCEIICHHOCTH
OTACNBHBIX COCTOSIHHI KOMILIEKCA, B TO BPEMS KaK BO BTOPOM CIIydae
paccMaTpUBAIOTCA pEaKIMKM, NPHUBOAAOIAE K H3MEHEHHIO STHX
3aCeJIEHHOCTEH.

B kauecTBe MILIIOCTpallMd K CKAa3aHHOMY PacCMOTPHM JIBa IpHU-

1,
mepa. Jlnsg npocreimei peakuun nepexona B B C: B C MOXXHO
k4

dB/dt=k ,C-kB (692)

ITockoneKy 00mmas CKOpPOCTh JaHHOM peakiMM paBHA Pa3HOCTH CKO-
pocreid peakumm B TOpIMOM W OOpaTHOM  HampaBJICHHIX

V =k_C—kB, a cpoACTBO peaKuyy paBHO A=y - ug,
TO IIPOU3BOACTBO SHTPOIIMK MOXECT OBITH 3aIIMCaHo B CIICAYIOIIEM

B=A4-V =k C—kBXuc—uz). (6.93)
Onnaxo, cormacHo paBeHCTBY (6.92) pasnocts k_,C—kB ects He

dB/dt=dC/dt
IToosTomy Benu4uHY IPOM3BOACTBA SHTPOIUK MOXHO 3aIIMCATh TAKKE
B BUJIE

dB dB dB
B=—uc—ps)=—pp—+ pc—==
dt dt dt (6.94)
__[ dB . d_ﬂ '
Hp dt Hc i
Taxum 06pa3oM, MIMEEM CIIELYIOMIEE TOXKIECTBO:
AV =— d—B— d—C—JX+JX (6.95)
'qut'qut 141 TJrAs. .

Kak BuHO, 9MCIIO CHJT ¥ IOTOKOB B IPUBEICHHBIX HAMH
MIPEICTaBICHUAX PATUIHO.

B kaugecTBe BTOpPOro MprMepa pacCMOTPHUM IEPEX0abl KOMILIEKCA,
B KOTOPOM OJIHA CTausi 00paTuma, a Ipyras HeT:

k
() (2)—2-5(3) (6.96)
k1
Jlis mpocToTEl 0003HAYEHMH NPH HANMCAHWM KOHCTAaHT CKOPOCTH
JBOMHBIE MHIEKCHI HE MCIIOIB3YIOTCH.
JlJ1st IPOM3BOICTBA DHTPOIIMK MMEEM CIIEMYIOLIEE BHIPAKEHHE:
(1)
— [P+ s + paps | =— (k1 py —kipy ) —

—(kipy—k_p, —kypy ) — 3k, py = (6.97)
=(ty — )k pr —kp )+ (1 — 15 )y py = AV + 4V,
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311ech B IIEPBOM PaBEHCTBE MBI IOJCTABHUIIM BMECTO MPOU3BOIHBIX MX
3HAYEHMS, /IaBacMble CUCTEMO} ypaBHEHMH, ONMCHIBAIONIMX (YHKIHO-

HUPOBAHUE KOMILIECKCA COTIACHO cxeme (6.96).
Takum 06pa3om, paBeHcTBO (6.85) He 3aBHCHT OT CIIPaBEJIMBO-
CTH ITpHUHIIMIIA JCTAJIbHOI'O PpaBHOBCCHS.

6.6. [IpuanHAn 1eTAJILHOT0 PABHOBECHHA
H 00paTEMOCTH BO BpEMEHH

PaccMoTpuM Teneph CBSA3b MPHUHIMIIA JETAILHOIO PABHOBECHSA C
00paTHMOCTBIO BO BpeMeHH (yHKIIMOHMPOBAHUSA KOMILIekca. B sTom
naparpade Iepexoabl MEXIY COCTOSHHAMH MYJIbTH(EPMEHTHOIO
KOMILIEKCa OyJIEM paccMaTpHBaTh KakK ClIydanunii mporecce & (cMm.
. 2).

CornacHo IPHHIUITY JETATEHOTO PAaBHOBECHS

Dia; =p,a;, (6.98)
e b, = P{& =i} —craumonapras BepOSTHOCTH 3aCTATh KOMILTEKC
B [-M COCTOSIHHUM.

Bennunna KOHCTaHTHI CKOPOCTH IIEPEX0/1A KOMILIEKCA M3 i-T'O CO-
CTOSIHMSL KOMIUIEKCA B j-€ €CTh HE YTO MHOE, KaK IUIOTHOCTH COOT-
BETCTBYIOMIEH BEPOSTHOCTH TIEpexo/a (CM. Ti1. 2):

- tim ) P = .zléo

t—>0 f t—>0

Kak MBI yBUIMM ganee, l'IpPIHIII/Il'I JETaJIbHOT0 PAaBHOBECHS HAKIIAIbI-
BAa€T HA NEPEXOAHBIE BEPOSITHOCTH BIOJHE ONPEAEICHHOE OrpaHu4e-
HUE, KOTOPOE CBOAMTCSA K TOMY, YTO (DYHKIIMOHHMPOBAHHE KOMILJIEKCA
B CTalMOHAPHEIX yClaoBusiX dp;/dt =0 nomkHo OBITE 06paTUMEBIM
BO BpemeHn. OOpaTHMOCTh BO BPEMEHHM O3HAYAET, YTO B CTAL[HOHAP-
HEIX YCIOBHAX JIJIS JIFOOBIX IBYX COCTOSIHMM ¥ j BEPOSATHOCTH CJIEN0-
BaHWA COCTOSHUS I 3 COCTOSTHHEM j COBINANACT C BEPOSTHOCTBIO CIIC-
JOBAaHWS COCTOSHUSA j 34 COCTOSIHUEM I.

Jnsg paneHedniero paccMOTPEHHS HEOOXOIUMO IPOAHATHU3HPO-
BaTh IICPEXOAHBIE BEPOATHOCTH. Be‘pOSITHOCTB TOI'o, 4TO KOMILJIIEKC B
MOMEHT BPEMEHHU / HaXOJWUTCA B j-M COCTOSHHH, IIPH YCIIOBHH YTO B
HMCXOIHBINT MOMCHT BPEMCHM OH HAaXOJIWJICS B i-M COCTOSIHMH, paBHA

@ P(t J:6 :i)(i)

y(t) P(é:t Jlfo—l) P(éo :(;) =
(Z)P(O_llé:z ])P (3)P(§t_l|§0_])P
(fo—’) (fo—’)

3/1ech B IIEPBOM PABEHCTBE MBI BOCIIOJIL30BAIMCH OMPENAEIIEHHEM YC-
JI0BHOH BepositHocTH [P(A/B)=P(AB)/P(B)]; BO BTOPOM paBEHCTBE
3alHCaIM BEPOATHOCTH IIEPECECUEHU IBYX COOBITHIT Yepe3 YCIOBHYIO

i (6.99)

(6.100)
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BeposATHOCTE [P(AB)=P(A/B)P(B)]; B TpETHEM PAaBEHCTBE BOCIIOIL30-
BaJINCH OJHOPOJHOCTBIO BO BPEMEHH PAaCCMATPHUBAEMOIO IIPOIECCa U
CMECTHJIM HaYallo OTCYETa BpeMEHHM. B IDoClIeIHEM paBEHCTBE
NOSIBMJIACH [IEPEXQHAs BEPOSTHOCTh Mpouecca € OOpareHHbM
BpEMEHEM — ? ,=iE =7 B KOTOpOH HAC HHTEPECYET
COCTOSHME KOMILIEKea B «IIPONLIOM)» IIPH YCIOBHH, YTO M3BECTHO €T0
COCTOSIHHC B HACTOSIIIMA MOMEHT Bpemenu = (. 3amMeTuM, 94To 3amm-
CaHHOE COOTHOIIEHWE CIPABEUIMBO JJIf JIOOOr0 OIHOPOJHOIO BO
BPEMEHM MAapKOBCKOIO IIPOILIECCA M SABISETCS B 3TOM CMEICIE
ToXAecTBOM. IIOCKOIBKY Hac OyJeT HMHTEPECOBATH IIOBEICHHE
KOMIIJIEKCA B CTAI[MOHAPHEIX YCIOBMSX, TO coorHomienue (6.100)

R)=Lip(e, =it = j)=Lip, (1)
yZ b;

170171

pPE(t)=p;Py(-t) (6.101)
PaccmoTpuMm Teneph mpHHLHMI JAeTalbHOrO paBHoBecus (6.98). Jle-
BYIO 4acTh paBeHCTBa (6.98) ¢ yuerom ¢opmyisl (6.101) moxHO 3a-
IIHCATh B CIICIYIONIEM BHIC:

By(1) Plg, = zlé =j)
p.a. = p.lim——2 = 1~ 150 6.102
Piay = p;lim = =P, lim Hm (6.102)
CpaBHHMBAas 5TO BBEIpAXKEHHE C Bennanon, CTOSIMIEH B COOTHOIIEHHH
(6.98) cripaBa ( )
—_ P ‘ft = i|§0 =J
Dia; = th_i:g » , (6.103)

MOJIYYHM, YTO IIPHHIIKII IETAIBHOTO PABHOBECHSA SKBUBAJICHTCH CJIC-
JIYIONIEMY PaBEHCTBY:

lsz(ft = l|§0 = ) llmP(§ (= z|§0 = ) (6.104)

HUYHUBHOIMCh AO0CTAaTOYHO MaJIbIMH HHTCPB MH BPCMCHH, IOT
0 al C OCTaTO4YHO MaJl cpBaJjia CMCHH, 3TO
PaBCHCTBO MOXHO IICPCIMHUCAaTh B BHJIC

Plg = igy = j)=PlE, = & = J) (6.105)
3TO PaBEHCTBO MOKA3BIBACT, YTO €CIIM TOYHO W3BECTHO COCTOSHHC
MYJIbTH(HEPMEHTHOTO KOMILIEKCA B HYJIEBOM MOMEHT Bpemenu (&g =
J), TO KOMILIEKC C PaBHOH BEPOSATHOCTHIO TIOMAJ B 9TO COCTOSHHE M3
COCTOSIHUS { UJIM TIEPEHACT B I-€ COCTOSHME 3a IIPOMEKYTOK BPEMEHU
L.

Bocnons30BaBOMCE ONPEEICHUEM YCIOBHOW BEpPOSTHOCTH, IIO-
CJIEIHEE COOTHOIICHNE MOXKHO 3aIMCaTh TAK)KE B BHJIC

P&, =18y = j)=P& =i.& = j)= P& =18, = ) (6.106)
Takum 00pa3oM, B CTalMOHAPHBIX YCIOBHSAX IS JIOOBIX IIBYX
COCTOSIHUI { 1 j BEPOSITHOCTD CJICIOBAHUS COCTOSTHUSA | 32 COCTOSTHUEM j
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COBIAJACT C BEPOSTHOCTHIO CICAOBAHMS COCTOSHMS j 33 COCTOSI-
HueM [ (cM. puc. 29). MoOXHO BHIETh, YTO €CIHM KOMILIEKC
GyHKIMOHMpPYET TakK, 4YTO JJIsS JOCTaTOYHO MajblX MHTEPBAJOB
BPEMEHH CIIPaBEAJIMBO YCIIOBHE 0OpaTMMOCTH (hyHKIMOHMPOBAHMS
KOMILJIEKCa

P& = j.& =1)=P(& = j.& =i) (6.107)

TO CIIpaBC€AJIMB IIPUHIIHUII AE€TAJIbHOI'O PaBHOBCCHA.

"y

.-~

H{J.\lep cocmostiiin

| |
1

- 0 I Bpewms

Puc. 29. K obparmMocTH CIydaifiHoro IpoIecca TO CIIPABE/UIMB ITPHIIHIL
JIETAJIBHOTO PABHOBECHSL.

HetictBuTensio, 3amumeMm paBeHcTBO (6.107) uepe3 ycrioBHEBIE
BEpPOSTHOCTH:

P& = jl& =i)P(& =i)=P(& = ilg, = j)P(& = j). (6.108)

Jlst mocta Ka Bpemen# £ [cM. (6.99)]

P =ilg = j)xat, P(E =& =i)=ayt (6.109)
TTosTOMY 9TO PaBEHCTBO MOXHO TIEPEIHCATE B BUJIE

a;p; =4a;p;- (6.110)

Takum o6Gpas3om, ycinoBue obpatumoctu (6.107) o3nagaer paBHBII
00MeH MEXTy pa3IM9YHbBIMH COCTOSHUAMHU KoMiuiekca. SIcHo, 4To mmpu
TAKOM OOMEHE 3aCEIEHHOCTh KaXJIOTO COCTOSHMS KOMILIEKCA HEHM3-
MEHHAsI, T. €. PEATM3YETCS CTAIOHAPHOE COCTOSHUE.

3akimoucHne

B psage ciydaeB GpyHKIHOHMPOBAHHE MYJIETH(HEPMEHTHOIO KOMII-
JIEKCa MPOMCXOIUT TakuM 00pa3oM, YTO, HECMOTPS Ha HEPABHOBEC-
HBIN XapakTep BCEH CHCTEMBI B IIEJIOM, HAOIIOAAETCH TEM HE MEHee
paBHOBecHE MEXIY (pepMeHTHEIMHE (popMaMu KOMILIEKCA. THIIYHBIM
IIPUMEPOM TaKOTO poJa SBISETCS 0oObgHas (pepmeHTaTMBHAS pEakx-
nus, B pe3ynbrare KoTopoi 'TIpoHucXoauT mpeBpameHrue HCXOAHOTO
cybcrpara S B mpoaykrt P: S+ E2ES — E + P. HecmoTps Ha TO 9TO
B IIEJIOM CyMMapHas peakuus repexona S B P nHeoOpaTuma, TeM He
MeHee B MPEANOJIOKEHHH IOCTOSHCTBA KOHIEHTpAlMH cyOcrpara
MOXXHO CYHMTATh, YTO B CTAIMOHAPHOM COCTOSHHH yCTAHABIMBACTCS
paBHoBecHe 10 (pepmeHTHBEIM (hopmam. B pesynbTare 3TOTO B psime
CIIy4aeB B CTAlMOHAPHOM COCTOSHHH I (hepMEHTHBLIX (opM cripa-
BEJIMB TIPHHIHUI JETAILHOTO paBHOBecHs. VIHBIMK CIIOBaMH, B CTa-
IIMOHAPHOM COCTOSIHHH CKOPOCTH IEPEXO0/Ia OJHOTO COCTOSHHUS KOMII-
JIEKCa B JIPYro€ B TOYHOCTH PaBHA CKOPOCTH IE€PEX0Aa BTOPOIO B
mepBoe.
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MyneTHOEPMEHTHLIM  KOMILIEKC, OCYLIECTBISIIOIIME IIEPEHOC
SJIEKTPOHOB, ABISAETCH YAOOHOW MOJENBIO JUIS aHaju3a PasInIHBIX
MOHATHH (PEHOMEHOJIOTHYECKOH TEpMOIMHAMHUKK. BBUIy IHHEHHOC-
TH KMHETHYECKHX YPABHEHHH MOXXHO JETAJIbHO IIPOAaHAJIM3HPOBATh
BOIIPOC O CYIIECTBOBAHWH XHMMHYECKOTO TOTCHI[MANIA B HEPaBHOBEC-
HBIX YCJIOBHMAX, 00 9KCTPEMAJbHOCTH TEPMOJWHAMHYECKHX IOTEH-
OWAJIOB W O PEIaKCallid K CTallMOHAPHOMY COCTOSIHMIO H JIp.
Okas3bIBaeTcs, YTO BO BCEX 3THX BOMNPOCAX OCHOBHYIO POJIb WIPAET
IPHHINI JETAIBHOTO paB-HOBecud. Ilo cymiecTBy, B JaHHOH TIaBe
PacCMOTPEHBI YCIIOBHS, KOTJIa MAPKOBCKAs IIEJTh ¢ KOHCYHBIM YHCIIOM
COCTOSTHMI 00JIaacT TepMOIUHAMHUYECKMM MoBeaeHnueM. Ha ocHoBe
NPHHIUIIA JETAJLHOT0 PABHOBECHS MOXHO OTHOCHTEIBHO MPOCTO
BBIYHCIINTh BEPOATHOCTH PA3IMYHBIX COCTOSHHM KOMILIEKCA, YTO, IT0-
BUIMMOMY, SIBJISETCA ONHMM M3 HauOojee 3PGHEKTUBHEIX IIPHUMEHE-
HHM D5TOr0 MPHHIHIIA. JTO CBA3aHO C CYUISCTBOBAaHHEM B pac-
CMaTpUBaeMOM CiIydae (PYHKIMH COCTOSHHS — SHEPTHH KOMILIEKCA.
Cnexyer, olHaKO, UMETh B BHAY, YTO HAa CaMOM JIe€Ji€ BBEICHHBIE
BEIIMYUHEI YHEPTHH Pa3MYHBIX COCTOSHHUNA KOMILIEKCA HE SBIISIOTCH
MOCTOSHHBIMKM, 4 3aBUCAT (B pAIE CIy4aeB) OT KOHIIEHTPALMH
cyOcTparoB.

I'nasa 7

METO/IbI OIIEHKM BEPOSITHOCTEN
COCTOSIHUI KOMITJIEKCA

Ecau xoMIuieke coOCTOMT U3 OONIBIIOro YKCIIa MEPEHOCYMKOB JIEK-
TPOHOB, TO YHCIIO COCTOSHHMM MYJILETH(PEPMEHTHOIO KOMILIEKCA BEJIH-
k0. Ilo3TOMy HEMOCPEACTBEHHOE HAXOXICHHE BEPOATHOCTEH STHX
COCTOSIHMH CTaJIKUBAETCS CO 3HAYUTEIHLHBIMH BBIYMCIUTEIHHLEIMUA
TPYAHOCTAMH. B CBS3M C 3THM I€IECOOOPA3HO HMETHL IIPOCTYIO
OLIEHKY JJIS 3THX BeposTHocTed. HeoOXxoauMoCcTs MpOCTOi OLEHKH
JJIS. BEPOSATHOCTEN COCTOSHHIA KOMIUIEKCA CIEIYET TAKKe W U3 TOrO,
gTo s Tpada ¢ OONBIIMM YHCJIOM BEPIIMH W OOPATHEIX CBSA3EH
BEIWYWHBI BEPOATHOCTEH  COCTOSHHMH  SBISMIOTCA  JIOCTATOYHO
CIOXHBIMH (PYHKIMAMH KOHCTAHT CKOPOCTH; 5TO IPUBOAWT K
OIIPENIENIEHHEIM TPYAHOCTIM IIPH HX aHAJMTHYECKOM H3YUEHUH.
OcHoBHOE TpeOoBaHue K OLIEHKaM — HX IpocTora. B mamuol riase
BBIBEJICHbI HEPABEHCTBA, OICHWBAIOIINE BEPOATHOCTH COCTOSHUMN
KOMILJIEKCA MOJIEKYI-TIEPEHOCYHKOB. OCHOBHOE BHMMAHHKE YICISIECTCS
MOJIYYEHHIO JTOKAJBHLIX ONEHOK, B KOTOPHLIX (PHIYpHPYIOT TOJBKO
KOHCTAHTEI CKOPOCTH IEPEXO0Ja KOMILIEKCA B JJAHHOE COCTOSHUE HJIH
ommxaiinime K HeMy. PaccMaTpuBaroTCs TaxKe III00anbHEIE OLEHKH,
IS TIOJIYYEHMSA KOTOPBIX CYNIECTBEHHO MCIOIL3YETCs nH(popManus o
BCEX COCTOSIHUAX KOMIUIEKCA.
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BriBenieHHBIE HEPaBEHCTBA INPUMEHSIOTCS IS OLEHKH CKOPOCTH
IIEPEHOCa SJIEKTPOHOB Yepe3 KOMIUIEKC, s OTBETa Ha BOIPOC O
BO3MOXHOCTH TOTO WJIM HHOTO COCTOSIHHS KOMIIJIEKCOB, ISl YIIPOLIE-
HUSL MCXOMHOM cucTeMbl anreOpamdecknx u uddepeHimanbHpx
YpaBHEHUH H T. IL.

7.1. DKCHIOHEHIIHAJILHEIC OIICHKH

Kak u panee, coctosiHusi KoMIuiekca S,..., S,, Oymem ob6o3HavaTh
uudpamu 1, ..., n, a BEpOATHOCTH TOTO, YTO KOMILIEKC MEPEHOCUNKOB
HAXOOUTCA B Sr-M COCTOSHMM B MOMEHT BpEMEHH f(—uUepe3
P(S;,t)=py(t).

Cucrema nuddepeHuaibHbpIX YPAaBHEHUH C TOCTOSIHHBIMHA
K03 HHUIIMEHTaMK OTHOCHUTENILHO BEPOSTHOCTEH p;(1) MIMEET BHT

dp,(t)/dt=—k,p,+Y k;p;, i=12,...n (7.1)
J#i
/e k; KOHCTAHTa CKOPOCTH IEPEX0/a KOMILIEKCA U3 j-I0 COCTOSHMS

B i-¢; k; = ) k; . Tlonb3ysck HepaBeHCTBOM

J#i
2 k;p; <| 2.p;(t) |maxk; (7.2)
J#i J#i J#
@ TAKXKe TEM, YTO B CHIIY YCIIOBHS HOPMUPOBKH
>.pi(t)=1-p(t) (7.3)

J#i
MOJXHO MOIy4HTh U dHepeHIraIbHOE HEPABEHCTBO ISl BEPOSTHO-
CTH pj:
dpy(t)/dt <—Jep; +(1- p;Jmaxk;; (74)
J*t
VYMmHOXas nonydeHHoe auddepeHIansHoe HepaBeHCTBO C MOCTO-

SHHBIMA KO3 GUIHEHTaMH BHIA

dx/dt<a—(a+b)x (7.4)
CJIEBA U CIIPaBa HA BEIUYUHY ey 3aMeyasi, 4To

d[xe D)/ dt = dx / dt - 69D — (@ + b)xel @D,
MOJIyYUM
d[xe@*]/ dt < gela*d)
HuTerpupys 3T0 HEpaBEHCTBO, HalIeM
x(®) Q@b _ X(0) < @ atby__@

a

+b a+b
Otkyna

a
t)<
(1) a+b

+[x(0)—a%

o (atb)t
b
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pit

p,0) Py

V(L /)

pi0)

V(1+k,/m)

0 x 1] )
0 1, speus 0 {. spevs

Puc. 30. O6nacts 3nauenuii p(z),

BEU/IE/IfeMast HepaBeHCTBOM (7.6) Py

Puc. 31. Wumocrpanus Toro (axra, ato ! A0,
€CIIH HA9JaJTbHOC YCIOBHE JUIS BEPOSTHO-
CTH p;(t) MEHbIIE CTAITHOHAPHOW OIICHKU
(7.7), To u s ;MOGOro MOMEHTA BPEMEHH
3Ta BEPOSTHOCTH TAKKE MEHBIIE JTOH
CTAI[MOHAPHOM ONEHKH

Lii+k, /m)

Puc. 32. OOnacte 3Hadenwmit p(?),
BEIZIENIsIeMast HepaBencTBamMu (7.10)

Takum  00pasom, BEPOSTHOCTH 0 ¢, apkiss
HHTEPECYIOIIETO HaC i-TO

COCTOSTHMS MOXeT OBITh BCErjJa OICHEHAa CBepXy [BeHeaukTos,
IIuukapes, 1979]:

Pi(t) S ——t| py(0)=—"—|e (M), (7.6)
m+k; +k;
rae p;(0) —3uadenune BEPOSTHOCTH i-T'O COCTOSHHS B HYJIEBOW MO-
MEHT BpEMEHM; M = maxk i —MakKCHMaJIbHas U3 KOHCTAHT CKOPOCTH
J#i
«TIPUTOKA» B JJAHHOE i-€ COCTOSHHUE; k;; = Zkij .
J#i

3TO M €CTh MCKOMOE HEPABEHCTBO I BEPOSTHOCTH OTICIHHOTO
cocrosausa. Ha puc. 30 3anrrpuxoBana o0J1acTh, BIIEISEMas Hepa-
BeHcTBOM (7.6).

W3 uepasencrsa (7.6) BHITEKAET, YTO CTAI[MOHAPHAS BEPOSTHOCTD

i-TO COCTOSTHUS ({—>00)

p<—"— (7.7)
m+k,

BCCrja MCHbIIC CAMHHIIBI 1 CTPEMUTCA K HYJIIO IIPpH YBECIIHYCHHUN OT-

HOMICHWA CYMMBI BCEX KOHCTAaHT CKOPOCTH IIEPEX0aa U3 JaHHOT'O i-20

COCTOSAHHA K MaKCHMaJIBHOﬁ U3 KOHCTAHT CKOPOCTH IIEpEXOoaa B 3TO

coctosiaue. IIpu 9TOM ecnu BEpOSITHOCTH p; B HAYAIBHBIH MOMEHT
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BpeMeHH ¢ = () He IPEBOCXOANT BEIMYMHEI CTAIIMOHAPHON OLICHKM:

m . o
p;(0) < ——— | TO OHa MEHBbIIE 3TON BEJIMYHHBI U B JII000H
m+k;;
122

MoMeHT Bpemenu ¢ (puc. 31):

m
pi(t)S———
m+k;
Jlaiee BUIHO, 9TO CKOPOCTh CTPEMIICHHS K CTAIIMOHAPHOW OI[CHKE CO-
r1acHo ¢opmyite (7.6) 3aBHCHT OT CyMMBI BEJTMYMH M | k;;, B TO Bpe-
MS KaK caMa BEJWYHMHA OLEHKH 3aBHCHT OT uMX oTHomenus. Cremo-
BaTeJbHO, YBEIMUEHHUE BCEX KOHCTAHT CKOPOCTH B OJHO M TO YK€ YHC-
JIO pa3 HEC U3MCHHUT BCIIHYHHBI CTaIIPIOHapHOﬁ OII€CHKH, OJHAKO YBC-
JIMYUT CKOPOCTh CTPEMIICHMS K HEH, YTO SKBHBAJIEHTHO COOTBETCT-
BYIOIIEMY W3MEHEHHIO MacmiTaba Bpemenu. M3 BHa CTalMOHApHOM
ouenku (7.7) ciemyer, YTO BEPOSITHOCTE i-T'O COCTOSHHUS Majia TOT/a,
KOTJIa BEJIMKO OTHOWICHHE k;;/ m, T. €. KOTJa CymMMa BCEX KOHCTAHT
CKOPOCTH «OTTOKa» W3 JAHHOTO COCTOSHHS CYHIECTBEHHO OOJIBIIE,
YeM MaKCHMaJIbHAS M3 KOHCTAHT CKOPOCTH «IIPHUTOKA» B 9TO COCTOS-
Hue. 3HAYUT, MATYIO BEJIMYMHY BEPOSTHOCTH COCTOSIHHSI MOXHO 00¢-
CIEYUTH MO0 YMEHBIIEHHEM MAaKCHMAJILHOW M3 KOHCTAHT CKOPOCTH
Mepexoa KOMIUIEKCA B JAHHOE COCTONHHE, THO0 YBEIHUEHHEM KOH-
CTaHT CKOPOCTH TIEpEX0a U3 BBIICTICHHOTO COCTOSIHUS BO BCE APYTHE
COCTOSTHHS KOMILJIEKCA.
AHaJlormdHo TOMy Kak ObLIA MOJIydYeHa BEPXHSS OLIEHKA JIJIA Be-
POSITHOCTH i-TO COCTOSIHHS, HO HE UCIOIB3YS YCIOBHE HOPMHPOBKH,
MOJKHO TTOJTYYHTh SKCITOHEHIIHATIBHYIO OIIEHKY:

—k“t
pi(t)2 p;i(0)e ™. (7.9)
Taxum 06pa3oM, A7 BEPOSITHOCTH i-TO COCTOSTHHSL KOMILIIEKCAa IMEeM

(7.8)

Pi(o)e_kiit Spi(t)< — 4 p:i(0) _n e (ki) (7.10)
m+k; m+k;
HepasenctBo (7.10) siBrsieTcss OCHOBHBIM BO BCEX JAJLHEHIIUX MPH-
noxenusx. [llupuHa «kopumopa» A, BHYTpH KOTOPOT'O HaXOIWTCS
BEPOSITHOCTh PACCMATPUBACMOI0 COCTOSHUS, 3aBHCHUT KaK OT OTHO-
mieaus m/k;;, Tak ¥ OT HAYAJIBHBIX YCIIOBHH JISl 9TOW BEPOSATHOCTH:

m - " _ .. ki
A=t (- (mHki )y g0 e (ki g hit), (7.11)
m+k;

Cnenosarensno, npu m/k; —0 mmpuHa «Kopugopa» A CTPEMUTCH K
HYJIIO, ¥ B 9TOM CITy4ae UMEETCS MPAKTHIECKN TOYHAs nHpOopManus o
MOBEJICHUH BEPOSTHOCTH paccMarpuBaeMoro cocrosus. Ha puc. 32
IIOKa3aHO, KaK BBIBCACHHEIC HCPABCHCTBA MOI'YT OBLITH HCITOJIL30BAHEI
JJISL OLIEHKH BEPOSTHOCTH I-T'O COCTOSIHUS.

PaccMOTpHM HECKOJIBKO IPUMEPOB IPUMEHEHMS BEIBEJICHHBIX HE-
pasencTs. 1. ITycts rpad cocrosumii umeer Bum: —% 55 1y, Jlna
Q)]
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BEPOSATHOCTH TIEPBOTO COCTOSHUSA, coriacHo ¢opmyie (7.10) Moxmo

_ 100 100 | _
0 tS 1)< — 4+ _ YV 101t.
p1(0)e p(t) 101 pi(0) 101

MEI BUAMM, 9TO CTallMOHAPHAS OIEHKA B JIAHHOM CIIy4ae SBISETCS
Hed(pPeKTUBHON. DTO 3HAYUT, YTO, MCIONB3YS JIOKATBHEIN MOIXO]I,
KOTI'JIa BEpOSATHOCTh MHTEPECYIOMIET0 HAC COCTOSIHUS OLICHUBACTCS HC-
X0 JUIIb U3 YPaBHEHMS JJIS OTOTO COCTOSIHHSA, 4 B CAMOK OLIEHKE
GbUTypHpYIOT JIMIIBE KOHCTAHTEI CKOPOCTH (IIPHUTOKA» M «OTTOKA» IS
JIAaHHOT'O COCTOSIHUSL, HEJB3sI PACCYUTHIBATL HA TO, YTO BEPXHSIS OIICH-
Ka JacT 3HadeHue, Oim3koe Kk nctuaHoMy. OHa MOXKET JIMIIb YKa3aTh
TOT TPEIACHBHBIA YPOBEHB, BEINIC KOTOPOTO CTaIl[MOHApHAS 3aCCIICH-
HOCTBh JAaHHOI'O COCTOSIHHS GBITB HEC MOXCET. COBepIIIeHHO O4YC€BHUIHO,
YTO €CIM CTAllMOHApHAS BEPOSTHOCTH COCTOSIHHWS, TEPEXOIAUIETO B
TepBOE COCTOSTHUE C KOHCTaHTOH ckopocth 100, paBHa HyIO, TO M

BEPOATHOCTH IIEPBOIO COCTOSHUA Takke paBHa Hymo. 2. ITyctes rpad

COCTOSIHMM KOMILIEKCA MMeeT BUA: —- 30 —% 5 Jlng BeposTHOCTH

m

1
0)e1% < 1 /1)< 4 _ L | on
Pi(0)e ni(t) 101 pi(0) 101

B paccmarpuBaemom ciyuae 3GhGEKTHBHON SBISETCS KaK HUXKHSIA,
TaKk M BepxXHAA oncHku. CleIoBaTelbHO, 31€Ch JIOKAIBHBIA ITOIXO]T
IIO3BOJIAET JIOCTATOYHO XOpOIIo OLICHHUTH BEPOSATHOCTH
paccMaTpHUBAEMOr0 COCTOSHUS. 3aMETHM, YTO COLVIACHO BBIPAKEHMIO
(7.6) BenuurHa BepXHEH OLIEHKH HE M3MEHHUTCS, €CIM CUMTATh, 9TO B
IIEPBOE COCTOSHHE IIEPEXOJHMT IPOU3BOJIBHOE YHCIO COCTOSHHH C
KOHCTAaHTaMH CKOPOCTH, MCHBIINMH, 9eM 1. JeHcTBUTENBHO, B 9TOM
ClIydae MakKCHMAaJbHas W3 KOHCTAHT CKOPOCTH «IIPUTOKa» B JAHHOC
COCTOSIHME IIO-TIPEXHEMY paBHa 1, M, TakMM 00pa3oM, BEIMYMHA
OIIEHKH HE wu3MeHuTcsa. 3. B kadecTBe moOCIemHero mpuMmepa
paccMoTpuM Tpad COCTOSHMIT KOMILIEKCA, Y KOTOpOIO K
HHTEpECyomeMy Hac [-my cocrosumio momxoaut 100 cocrosmmii ¢
OIMHAKOBBIMM KOHCTAHTAMHM CKOPOCTH, 4 OHO B CBOI0 OYEPEIb
mepexoguT B 20 IPYTHX COCTOSIHHM C TEMH K€ KOHCTAaHTAMM

NS
PN

Toraa uepaBenctso (7.10) 115 BEpOSTHOCTH 3aCTaTh KOMILIEKC B [-M

2 520

1 _
pi(0)e” 2°’“<pl(t)<—1+ p,(O)—E e,

BeposTHOCTE cocTOsIHMSA / B CTALIMIOHAPHOM COCTOSIHMM HE ITPEBHINIA-
er 1/21. Ha mepBblif B3I NMOTyYeHHBIH pe3ylIbTaT HECKOIBKO He-
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00BIYEH, TIOCKOJIEKY MHTYHTHBHO KAXETCH, YTO B PAcCCMaTPHBAEMOM
ClIy4ae CTal[MOHapHas BEPOSATHOCTE JOJDKHA OBITH OIM3Ka K €IUHUIIE,
BCJIEICTBHE TOTO YTO YHCIIO COCTOSIHHI, B KOTOPBIE OHO IEPEXOHT,
CYIIECTBEHHO MEHBIIE YHCIA COCTOSHHM, KOTOPEIE IEPEXOIAT B [-€
COCTOSIHME, @ BEJIWYMHBI KOHCTAHT CKOPOCTH B O00OMX Clydasx
onuHaKkoBel. ITonydeHHslif pe3yapTaT HAXOAUT MPOCTOE OOBICHEHME.
Hcxons u3 cxeMsl cymiecTByer 1o kpainei mepe 100 ormmgaeix ot /
-TO COCTOSIHMI C HEHYJIEBHIMH BEPOSITHOCTSAMHM 3aCTaTh B HUX KOMII-
nekc. ITockonpKy cyMMma BCEX BEPOSTHOCTEM KOMILIEKCA PaBHA €/IH-
HUIIE, TO 5TO MPUBOJIUT K YMEHBIICHUIO BEPOSTHOCTH /-TO0 COCTOSHUS.

ITpexxsie YeM BBIBECTH OIEHKH JIJISI BEPOSTHOCTH CYMMBI COCTOSI-
HHMH, OTMETHM, YTO B CHJIY HECOBMECTHOCTH OTAEILHEIX COCTOSHHA
KOMIUIEKCa BEPOSITHOCTh CYMMBI COCTOSIHMIA paBHA CYMME BEPOSTHO-
cTeil COCTOSHuI. DTO MO3BONISET IS TOTYIEHUS HEOOXOAUMBIX OlLie-
HOK BOCIIOJIB30BAThCA CHCTEMOH Au(depeHuaIbHbIX YPaBHEHHM
(7.1). Kpome TOro, OTMETHM TAaKXKE TOT IIPOCTOM (PAKT, UTO €CIIM MMe-
€TCS BEPXHSASA OLEHKA JJII CyMMBbl BEPOSTHOCTEHM, TO 3Ta )K€ OLEHKA
CIpaBeyIMBa M JJIS KAXKIAOrO CIAaraeMoro M, HaoOOpOT, M3 HIDKHEH
OLICHKHM IS OJHOTO CJIaraeMoro CIICAYET CIPaBEIIUBOCTb ITOH
OIICHKH M JJI BCEH CYMMBI.

CoBepuieHHO aHAJIOTWYHO TOMY Kak 9TO ObUIO CAEIAaHO IIPH BbI-
Boze HepaBencTBa (7.10), MOXHO TONYYHTHh BEPXHIO) W HIDKHIOKO
OLICHKM M JUISl BEPOATHOCTH CYMMBI IPOM3BOJIBHBIX » COCTOSHUH
KOMILIIEKCa P(Si1 +8, +. S t), CyMMUpysl  Heo0XOIHUMBIE

n°
ypaBHEHHS U3 CHCTEeMBI ypaBHeHuit (7.1).

Jlns yno6¢cTBa 0603HaueHuii OyIeM CUNTATh, YTO HAM HEOOXOIUMO
MOJIyYHTh OIEHKY JIMOIb JJISE BEPOSTHOCTH CYMMBI TIEPBBIX 7 CO-
crosiauii. ITpocymmupoBas nuddepennpansusie ypasaenuns (7.1) mus
BEPOSTHOCTEM p;, =1, 2, ..., ¥ STUX COCTOSHMIA ¥ IPUBOJISA HOLOOHLIE
4jieHbl, nonydnM guddepeHnnansHoe ypaBHEHHE I CYMMBI 9THX
BEPOSITHOCTEH:

d(p,+..+p, )/ dt=—k,p,—..—k,p, +
r (7.12)
+Z Z‘;kjs ;
Jor\s=

3nmeck k; —CyMMa BCEX KOHCTAHT CKOPOCTH, C KOTOPBIMH i-€ CO-

crosiaue (1<i<r) nepexoauT B COCTOSIHHUS, HE MPHHAIIEIKAIINE BhIIE-
JIeHHBIM r-cocTosinmsM. Mcxoms w3 Beipaxkenus (7.12) BeiBegem
OLIEHKH JIJI1 CYMMBI BEPOSTHOCTEH Py, ..., p. CpeIU BEpOATHOCTENH p);,
J>r HET BEpOATHOCTEH TaKWX, YTO MX WHAEKCHI MEHBIIE 7, IIODTOMY,
TIOJTB3YSICh HEPABEHCTBOM

2.p;<1-3p;, (7.13)
1

j>r i=
CIICAYHOIIMM M3 YCIOBHS HOPMHUPOBKH
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zn:pl. =1, (7.14)
i=1

a TaKXKe TEM, UTO

kb + 4k p, 2 minki(p +...+ p, )

1<i<r

2 Dk Py <| Dby \max) Dok | <

J>r\s=1 j>r J s=1
r r

< 1‘2[’;‘ max| ijs ’
i=1 J \s=1

MOHO TOJy4nTh Ju(depeHnnatb-Hoe HepaBeHCTBO JJIi CYMMBI Be-
pOSITTHOCTEH:

r

d zp,. /dt<a —(a,+5)D. p;

i=1 i=1

TAC a;—MaKCUMallbHas M3 CYMM KOHCTaHT CKOPOCTH, C KOTOPBIMHU
KOMIUIEKC TIEPEXOUT B BBIJIETICHHBIE # COCTOSHHH MCXO/IS U3 OCTaJIb-
HBIX COCTOSIHHI; bi—MHMHHMAJIbHAS U3 CYMM KOHCTAHT CKOpPOCTH, C
KOTOPHIMH BBIJICIICHHBIE 7 COCTOSIHHUM MEPEXOMIAT BO BCE OCTAIHHBIC
cocrosausi. Pemras 5Tto nuddepeHnyanibHoe HEPAaBEHCTBO, MOIYIUM
BEPXHIOI0 OLEHKY /IS (BEPOATHOCTH CyMMBI cocrosumii [IIIunkapes,
1978; Beuemukros, I1Innkapes, 1979]:

Zp,- +b] Zp,(O) +b1 g+t (7.15)
1

3neck a, = max Zk s |» by = mink;.
j s=1 1<i<r

Bce ckasaHHOE BhINIE I BEPOSTHOCTH OTHEILHOIO COCTOSHMS
JIOCJIOBHO TIEPEHOCHTCS Ha pacCMaTpUBAEMBIH CITydaii.

B xagectBe mpumepa npumenenus oueHku (7.15) paccmorpum
rpad COCTOSHIII, COOTBETCTBYIOMIHI TIEPEHOCY DJIEKTPOHOB B KOMII-
JIEKCE TPEX OMHOIEKTPOHHBIX TIEPEHOCUYHMKOB B OTCYTCTBHE KOOIEpa-
TUBHOCTH

k, k, k,
000 «—— 001 +—> 010 «—— 011

k
ll k] ) ! k2 l ;
1 1

100 «—101 «— 110 <— 111
k, 3 ky

Haiimem ontenky mist cocrosiauii 100 u 101, 3 KOTOPEIX BO3SMOXEH
MepexoJi M0 KOHCTAHTE CKOpPOCTH k. B 9T 1Ba cocTosiHuA BeayT
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KOHCTAHTHI CKOPOCTH ki U k3, mostomy a; = max (ki, k3). Paccmarpu-
BaeMbI€ COCTOSHHSA 5 U 6 MEPEXOAAT B OCTAIbHBIE COCTOSIHHS C KOH-
CTaHTaMHu CKOpocTH k», mostomy by = k. CnenoBarennHO, COTJIACHO
dopmyie (7.15) umeem

max(k,k3)
t)+ t)<
ps(t)+ps(t)  + max(k, £,

)+[p5(0)+P6(0)—

_ max(kl,k3) ] ok +max(hy, k3))e
ke, +max(k;, k3)
OTO HEPABEHCTBO MMOKA3bIBAET, YTO €CIIM KOHCTAHTa CKOPOCTH Kk CY-
OIECTBEHHO OOJIBIIE KOHCTAHT CKOPOCTH ki H k3, TO BEPOSTHOCTH CyM-

MBI PACCMATPUBAEMBIX COCTOSHMI MPEHEOPEHKMMO MaJja, HAYMHASL CO
Bpemenu T~ 1/k;.

7.2. PekyppeHTHBIA MeTO/ MOJIyYCeHAA ONECHOK

OHMM 13 BO3MOXKHEIX CIIOCOOOB ITOJYYEHHS OLEHOK SABJISETCS pe-
KYPPEHTHBIH METOJ, KOrja JJisi T[OJy4eHHS HOBBIX OIEHOK
HCIONBL3YIOTCS Y)KE€ paHee HalJieHHble. B oTimdme OT M3I0KEHHOTO
BBIIIIE METOJIAa HAXOXACHHA JIOKAJIHHBIX OLEHOK, OH IIpeArojaraer
M3BECTHBLIM €CJIM HE BECh I'pa) COCTOSHHI, TO IO KpaiHeh Mepe ero
JIOCTATOYHO OOJIBIIYI0 YacTh. B CBSI3M C 3THM €ro palHrOHAJILHO
MPUMEHATD B CIIydae HE OUYEHb CIOXKHBIX CXEM.

PaccmoTpum rpad cocTosiHMIT KOMILIEKCA, MMEIOMIUI CIIE LY FOLIHiA

k k k k
152333 5ns. (7.16)

ETATA 2

Takoro poma cxema IepexoJIoB COCTOSHHI KOMIUIEKCA, KAaK MBI YBH-
M JTajiee, 9aCTO BCTPEYACTCS MPH aHaIKM3€e TIEPEXOIHBIX TIPOIECCOB
npu ¢potocuaTese. Kpome Toro, ona npeacraBisieT CaMOCTOSTENbHBIN
HHTEPEC, MOCKOJIBKY YacTO BO3HHMKAET IIPH KHHETHYECKOM aHAJIM3E
TIEPEXOIHBIX TPOIIECCOB B (pepMeHTaTHBHBIX peakiusax [BbepesuH,
Bapdonomees, 1979], a Takxe npu aHaIKu3e HAIEKHOCTH PASTHIHOTO
porna cucrem [['memenxo m ap., 1965; ComoseeB, 1975; bepesun,
Bapdonomees, 1979]. Ecnu Ha 310l cxeMe moyoxuth Bce m; = 0, TO
MOJIYYHTCSA CHCTEMA IOCIENOBATEILHLIX MOHOMOJIEKYIISIPHBIX peak-
LM, JUIS KOTOPOM M3BECTHO Kak TO4HOe pemedue [baprmerr, 1958;
Ponurun, Poguruna, 1960; Bencon, 1964], Tak u pasnudHoro pojaa
onecuku ['nenenko u ap., 1965; Conosres, 1975].

Tounoe pewenue
Bynem mnpenmonarars, 49ro Bce k;+m—pasznnuneie. Cucrema

muddepeHIMaAILHEIX YPaBHEHHH, ONMKMCHIBAIONIAS IIEPEXOEI, IPOMC-
xopasmiue cornacHo cxeme (7.1), UMeeT cleay Ot BI/;

dp,/dt=k,_,p,_,—(k +m)p,, i=1,2,..n. (7.17)
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3aecs no omnpeaenenyio nonoxeno ky = 0. Huxe Oyaem npeamnona-
ratb, 4YTO Ha4YaJlbHBIC YCJIOBHA IJIA paCCManHBaeMOﬁ CHUCTCMbI
YpaBHEHUIH HMEIOT BHI;
p1(0) =1, p(0)=0, i22. (7.18)
Kax MOXHO IpPOBEPHUTH 10 UHAYKIHMH, PENICHUEM CHCTEMEI ypaB-
nenwii (7.17) ¢ navanpueiMu yeaoBuamu (7.18) sBusercs caenyromee

BBIPQXKEHHUE:
i —Agt

e
pi(t)=kiky.. ki),

e i=12,..m, (7.19)
s=1 a)i (_z's )

31€Chb

/?'s = ks +mg; a)z(_/?'s)z(zl _/?’s)(ZZ _/?'s)"'(ﬁ's—l _/?'s)x

X (/’i’s+1 - /ls )(/11 - ﬂ's)'

HOﬂyquHoe PCIICHUC, XOTA HW 3JICMCHTApPHO, OJHAKO HMCCT
JIOCTaTOYHO TPOMO3IKUM BHJ ¥ TPYJHOIPHUMEHMMO IIPH GONBIINX 7.
B cBA3M C OTMM HHXXE BEIBEACHBI IIPOCTHIE HEPABEHCTBA, KOTOPHIE

TIO3BOJIAKOT OLICHUTb KHHECTHYCCKOC IIOBEICHHUC OTACIIBHBIX
NEpEMCHHBIX.

Buw1600 oyenox [LLunkapes, 1982]

O603Haunm uepe3 M, 1 m, COOTBETCTBEHHO MaKCUMAIGHYIO ¥ MH-
HUMAaJIbHYI0 U3 Benwaud (k; + m;):
M, = max(k; +m;), m_ = min(k; +m,) (7.20)

7 ci<q 1<i<q
IToncraBnss B cucreMy ypaBHeHwuit (7.17) BMecTo BemmauH k; + m;
BeNw4uHel M, W m, TOIy4YuM CICAYIOUIyI0  CHCTEMY
b depeHnranbHbIX HEPaBeHCTB:

kipis _qui < P <kiabis —m,p;, i=1, 2,..,q

q

(7.21)
PaccMoTpuM cHavaia TpaBble HEPABEHCTBA. BBOMS HOBEHIE HEPEMEH-
mgt .
HBlE X; = pe 1 ,i=1, 2, ..., g, IpaBble HEPABEHCTBA MOXKHO MEPEIIH-
caTh B BHJE
x<k_x_, =12, ..,4q. (7.22)

Tak kxax ky = 0, To pemreHreM IepBoro HepaseHcTsa B hopmye (7.22)
SIBJISIETCS

Jlerko Bupers, uto ; = p,(0)=1, i>1, nosromy u3 hopmyisl
(7.22) cnenyer, uro
t
X <k [xdt, i>1. (7.24)
0

Utepupys mocnenosarensao cootrnomenwue (7.24) ¢ ydgerom (7.23),
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pi(t)

0 1, epemsi

Puc. 33. O6macts 3nagenmii p,(f), Berienssemas onenxamu (7.27)
nuMeeM
q—l

g1y

BosBpamasice Kk cCTapblM TEpEeMEHHBIM, MOJYyYHM WCKOMOE He-
pPaBEHCTBO:

%, < kiky. (7.25)

—mqt

t
pq(t) < k]kz...kq_] me . (726)

Amnajorndaoe HEpaBEHCTBO MOXXHO IOJMYyYHTh W3 JIEBOM YacTH CO-
otaontenus (7.21).

Takum 00pa3zom, I MOCIEAOBATEIHHOCTH MOHOMOJIEKYJISPHBIX
peaxiuii, ONUCHIBAEMBIX cxeMoii (7.16), cripaBeIMBEI HEPABEHCTBA!

-1 tq -1
kik,..k —1( _ ), <x, <kik,.. k, -1( _ ),
Hcxons u3 MONy4eHHBIX HEPABEHCTB MOXKHO CJIENIATh CIIEIYOIME

BEIBO/IBI:

1. Jns ManeIx BpeMeH, Takux, kak (<M, mpaBas u IeBast 4acTu
HepaBeHcTB (7.27) cOBMAAiOT, MOMYyYHMM CIIEAYIOUIEE PHOIMKEHHE
JIISE OTJIGJI)BHHX nepeMeHnbx (M. Takke: I'nemenxo u ap., 1965, c.
300—305):

t

(7.27)

gq-1

t
pq(t) ~ k]kz...kq_lm.

3TO0 paBEHCTBO MOKA3BIBAET, YTO ¢-€ MIEPEMEHHOE UMEET JIar-TIEPHO/I,
TeM 0OoJiee BRIPAKEHHBIN, YeM OO0JIbIIe HOMEP COCTOSHHUS, IPHYUEM T10
MOPSA/IKY CTENIEHHOM 3aBUCHMOCTH MOXHO OIIPEIEIUTH HOMEP HAOII0-
JTAaEMOT0 TIEPEMEHHOTO.
2. B wactHom ciyuae, korna M,=m, eipaxeunue (7.27) naet To4Y-
HOE PENICHUE HCXOTHOMN CPICTeMbI nuddepeHHaIbHbIX YPaBHEHHH:
17" Mgt

(1) =kik.. k4@_ae

CrnenoBatenbHO, HaWJICHHBIC OLICHKM TEM TOYHEE, YeM MCHbIIE
pasaura mexay M, u m,.

3. ITockomeky p,(0)=0 u p,(0)=0, g>1, TO BCce MEPEMEHHBIE KPOME
NIePBOTO NIPOXOJAT Yepe3 MAaKCUMYM IIpU M3MEHEHUH BPEMECHHU.

Ha puc. 33 cxemarmuno wu3o0paxkeHa o07acTe, BhIIEIsEMas
ouenxamu (7.27) [is nepeMEHHBIX p,, g>1.
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7.3. OnenkH 119 CTAHOHAPHBIX BEPOATHOCTEH

JUIS cTanmoHapHBIX BEPOSTHOCTEN COCTOSHHM KOMILIEKCA MOTYT
OBITH TIOJYYEHBI OIEHKH, OTINYHBIE OT TE€X, KOTOPHIE SBJIAIOTCA IIpe-
JCIBbHBIMU JJIA S3KCIIOHCHIIUAJIbBHBIX. STO CBA3aHO C BO3MOXHOCTBIO
KCIIOJIB30BATh IS MX IMOJYYEHHS CHCTEMY JIMHEHHEIX aireOdpandec-
KHX YPaBHEHHH OTHOCHUTEIHHO CTAlIMOHAPHBIX BEPOSTHOCTEH.

Bepxnue CMayuoHapHsvle OYEeHKU

Hcxoas w3 dopmynsr (7.1) a8 cranMoHApHBIX BEPOSTHOCTEH
MOJXKHO 3alMCcaTh CIEAYIONIYI0 CHCTEMY JIMHEHHBIX alreOpandecKux
YDaBHECHHIA:

—kypi + 2 k;ip; =0, (7.28)
J#i
rae k; = Zky
J#i

YT00BI MONMYYHUTH OLIEHKY JJISI CTAIIMOHAPHON BEPOSTHOCTH TOTO
WJIM HHOTO COCTOSTHHS MOXXHO BOCIIOJIB30BaThCS JTIOOBIM
ypaBHEHHEM, KyJa

O

oo ew
Puc. 34. K BEIBOJTy HEpaBeHCTBa i J
(7.32)

O O

BXOJIMT 5Ta BEPOSATHOCTH. HECIOXHO BHAETH, YTO CTAI[MOHAPHAS BeE-
pPOSTHOCTE p; (DUTYypHUpyeT KaKk B YCIOBHH CTallMOHAPHOCTH JIJIs
CaMoro i-ro COCTOSIHUA:
—kyp;+ Dk P =0, (7.29)
J*i
TaK M B KQ4ECTBE CJIaracMOr0 B YPaBHEHHUAX ]I BEPOSATHOCTEH TEX
COCTOSIHHH, B KOTOPBIE IEPEXOIUT i-€ COCTOSHHE:

- kllpl + kilpi +..= 0, l #* i. (7.30)

Panee Mbl yxe wHcCmoas30Baam ypaBHenue (7.29) mis moaydeHus
CTAlIMOHAPHBIX OIIEHOK — OHM OBUIM IIPEIEABHBEIMY JIJI SKCIIOHEHIH-
anpabix. Celiyac Mbl BEIBEJEM OLIEHKH IS BEPOSTHOCTH I-T'0 COCTOSI-
HUS, TpUMEHs ycioBue cranrosapHocty (7.30) IS TeX COCTOSHHH,
B KOTOpHBIE TIEPEXOIUT I-€ cocTosame (puc. 34).

IIpenebperas B yciosuu crarmonapaocty (7.30) Bcemu wieHamu,
KpoMe k;; p; , IOIy9uM

ki i kyp. (7.21)

1

Y4uTsiBas TeNepsb, 4TO B CHITy ycloBus HopmupoBku (7.3) p; <1-p;,
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JAJIs1 BEPOSATHOCTH p; MOXKEM 3alluCaTh

<t 7.32
Pi k, +k, (7.32)

L

TakuM 00pa3oM CTalMOHApHAS BEPOATHOCTH 34CTATh KOMILJIEKC B i-
TOM COCTOSIHMM HE NPEBOCXOJUT CyMMBI BCEX KOHCTAHT CKOPOCTH
«OTTOKA» U3 COCETHETO 10 BLIXOAY COCTOSHUS, JACICHHONH HA CYMMY
9TOM CYMMEI M KOHCTAHTEI CKOPOCTH IIEPEX0/1a U3 [-I'0 COCTOSHHMS B /-
e.

PaccMoTpuM mpuMEp NpHUMEHEHHS IIOJIYYEHHOTO HEPABEHCTBA.
ITycte rpad mepexo10B UMEET BUL

100 100 1
=152

CyMMa BCeX KOHCTAHT CKOPOCTH OTTOKA M3 BTOPOI'0 COCTOSIHKS PaBHA
1, moSTOMYy JjIi BEPOSTHOCTH HHTEPECYIOMIETO «ac IEPBOTO CO-
crosiaust nonyunm p<1/(1 + 100) = 1/100. IIpumep HILTFOCTPHUpPYET
TOT CIIydai, KOTrJa MCII0Ib30BaHue BEIBEICHHON paHee CTalOHAPHOM
oneuxku (7.7) mamoddpdexTHBHO, a HCIOIL30BaHue oreuku (7.32)
MO3BOJISET 3HAYMTEILHO JIy4OIE OUEHHWTH BEPOSTHOCTH IIEPBOIO
coctosiuus. MAaKTHYECKH 5TO CBA3AHO C TEM, YTO NPH IIOIyUCHHH
onenku (7.32) yurena uadopManus 0 COCTOSHHSAX, COCETHUX C WH-
TEPECYIOLIMM HAC COCTOAHMEM. MOXHO IMONBITATECA 34 CYET PACIIU-
peHMs 4YMCiIa MCIOJL3YEMEIX I MOIYYEHHsI ONEHOK ajrebpamdec-
KMX YpaBHEHHWH YIy4YlOIMTh HOJYYEHHBIE paHee OneHku. Hinke s
MOJIyYEHHS OLIEHOK MCIIONL3YIOTCS HE TOJLKO OT/IEIBHEIE YPaBHEHMS,
HO M UX CYMMEL

Memoo konmypa

Cucrema muddepeHnuanbHex ypasaenuii (7.1) ecTs ycioBue He-
MPEPBIBHOCTH B IIPOCTPAHCTBE COCTOSHUI — M3MCHCHME BO BPEMCHH
3aCEIEHHOCTH KAaKOrO-IM00 COCTOSHHS OOYCJIOBIEHO IIEPEXOJIOM
KOMILIIEKCA W3 JIAHHOTO COCTOSIHHS M IPHXOJIOM B HEro M3 JPYTHX
cocTtostumid. B cTallMOHApHBIX YCIOBHSX JIJIS KaXJIOTO COCTOSIHUS
HaOIIIOAETCS PABEHCTBO CKOPOCTEH (IIPUTOKa» M  «OTTOKA».
I'eomerpuyeckn MOXKHO CUHMTaTh, YTO 3alMCBHIBAETCA YCJIIOBHE
CTAIMOHAPHOCTH JJI1 3aMKHYTOrO KOHTYpa Y, OKpPYXaromero
BRIJIEJIEHHOE cocTosuue. Hampumep, €ClId KOHTYP Y OKpPYXKaeT

k1 ko k3
1 > @—) 3>
TO B KOHTYp BXOJHUT IOTOK k1p;, a BEIXOAMT kop;. YCIIOBHE CTaIHO-
HAPHOCTH JJI KOHTYpa Y 3alMOIETCS TaK e, KaK JUIsi COCTOSHHS 2:
kp, =k,p,. OXpy)XUM KOHTYpOM 7y HE OIHO, a JBa COCTOSIHUS, Ha-
npumep cocTosHus 2 1 3.

k1 ko k3
1-Q2 > 3>
/4
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Puc. 35. K BriBojty nepagerncrsa (7.36) Pwuc. 36. K BriBojry nepasenctsa (7.37)

B manHOM citydae yclIOBHE CTAI[MOHAPHOCTH 3aIMILETC KaK

kipy =k;p;. (7.33)
OueBHIHO, OTOKM, HAaXOAANIMECH BHYTPH KOHTYpa, B OTOM CiIyd4ae,
YIUTHIBATH HE HAMO0, ITOCKOJIBKY OHM B3aHMHO YHHUYTOXArOTCsA. Dak-
Traecku BeIpaxxkenue (7.33) moaydaercs NpH CIIOKEHWM YCIIOBHIA,
CTAIMOHAPHOCTH I cocTOosHmM 2 1 3. OQHAKO €CIIM YHCIO COCTOS-
HUH JIOCTaTOYHO BEJHMKO, TO TpahUIEeCKHi METOJ MOXXET OKa3aThCs
0oiiee TIpeANOUYTHTENLHEN, BBUY €0 HArSIHOCTH. BriOupas ompe-
JeIeHHpIM 00pa3oM KOHTYPEI, MOXKHO IOJIY9HUTH HEOOXOMMMEBIE IS
MIPOBEAECHHUA OLIEHOK YCIOBHSA CTAIHOHAPHOCTH.

Bonee obmoiue, yeM MOIy4YEHHBIE BBIMIE, ONEHKH MOXHO BEIBECTH
M3 YCIOBHS CTAIIMOHAPHOCTH JJIS KOHTYpa Y. JJIs TOro 4TOOBI MOXKHO
OBLIO TIONYYHTH OLEHKY JUIS CTal(MOHAPHOH BEPOATHOCTH p;, He-
00X0auMO, YTOOBEI KOHTYP COJAEpIKaJ BHYTPH C€0sS HHTEPECYIOLIEE
HAC COCTOSIHHE I INOO YTOOBI 3TO COCTOAHHE MOIJIO IIEPEXONUTE B OJI-
HO M3 COCTOSHHM KOHTypa Y. Paccmorpum Oosee moapobHo mponece
MOJy4YeHHus OneHOoK. IIyCcTh HHTEpEeCyIOImee HAC COCTOSHUE [ HAXOIUT-
Cs BHYTPHM KOHTYpa Y H MMEETCI COCTOSHHE M (BHE Y, B KOTOPOE IIe-
pexogut coctosiaue i (puc. 35). VcimoBue CTanMoOHApHOCTH IS
KOHTYPAa, YAOBJIETBOPAIONIETO STOMY TpeOOBAHMIO, UMEET BH/I:

Dk, +..+ Dk, =kp; (7.34)
3mece kK — CymMMa KOHCTAHT CKOPOCTH, C KOTOPHIMH COCTOSHME I
MEPEXOJIUT B COCTOSHUS, HE MpUHAIIEKAmue v; Ky, ..., k—CYMMBI

KOHCTAHT CKOpPOCTH, C KOTOPHIMH IIEPEXOMAT COCTOSHHSA, HE
BXOJAIIIHE B KOHTYD Y, B COCTOSHHS, BXOAAIINE B HETO. YUHTHIBAS
3aKOH COXpaHCHMS W CICAYIOmee W3 HEro HEepaBEHCTBO

p, *--+ p, =1— p;, nocnenosarensHo nMeeM.

kp; <kp,+..=pk, +..+ p,k, < qukj(pq +...+p,). (7.35)
J
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TaxkuM 06pa3oM, IJIsT BEPOSTHOCTH 3aCTATh KOMILUIEKC B COCTOSTHHH I
HMEEM CIEAYIOIIYIO OLEHKY:
p; Smaxk;/(maxk; + k). (7.36)
J J

T. €. CTallMOHApHAs BEPOATHOCTh p; HE OOJbIle MAaKCHMAJIbHONH H3
CYMM KOHCTaHT CKOPOCTH TIEpEX0/a COCTOSIHUNA, HAXOIAIINXCS BHE v,
B COCTOsSAHWS, ITPUHAJICIKAIIIHC Y, JIeJ]eHHOf/'I Ha CYMMY BCE€X KOHCTAHT
CKOPOCTH «BBITOKA» COCTOSHHS i U3 KOHTYpa Y M YKa3aHHOH BEILIE
MaKCHMAaJIbHOM CYMMEI KOHCTAHT CKOPOCTH «IIPHTOKa» B KOHTYD Y.
SIcHo, 9TO MOJydeHHAsT OIEHKA COBIAJAET C MONYYEHHOH BEIIIE
onieukoi (7.7), eCliv KOHTYP Y OKPYXKAET JIMIIE OJHO i-€ COCTOSHHE.

CoBepIIeHHO aHAJIOTMYHO W3 PAacCMOTPEHHsS CITydas, KOTJa HH-
TEPECYIONIEE HAC COCTOSHHE IEPEXOAUT B OIHO H3 COCTOSHHI
KOHTYpa (pHcC. 36), MOXKHO HOJIYIHTE CIACAYIONIYIO OIICHKY:

p<—1—, (737)
a+k ;
€ @ — MakKCHMMaJbHas M3 CyMM KOHCTAHT CKOPOCTH, C KOTOPEIMH
COCTOSIHMS, [IPHHAUICKAIINE KOHTYPY Y IEPEXOAAT B COCTOSHUE BHE
Y, a k—KOHCTaHTa CKOPOCTH, C KOTOPOH MHTEPECYIOMIEE HAC COCTOM-
HHE IEPEXOAUT B KOHTYD Y.

Slcno, 9TO BEIBEICHHEIE 3/I€CH OLCHKH JUIS CTAIIMOHAPHEIX BEPOST-
HOCTeH sBsoTCca 0000menneM uepaseHcTs (7.7) u (7.32) cooTBer-
CTBEHHO.

PaccMoTpuM TIpHMEp MNPHMEHEHMS BBIBEJCHHBIX HEPABEHCTB.
ITycTe HaM HEOOXOAMMO OLIEHHUTEH BEPOSTHOCTH TPETHETO COCTOSHMS

Ha rpade

Y, 3 )= ‘14
1 % :
Wy /,/I/,‘,:/ '
’ "y
ta_~"| :

= | ¥

T<—r38

Hcxons 13 KOHTYpa Y1 VIS BEPOSTHOCTH P3 TIOJy9HM COTJIACHO
dopmyne (7.37): p; <k / (k1 + k3).

AHAJIOTHYHO MCXOJS U3 KOHTYpA Y, MOJIydMM COIJIacHO (opmyie
(7.36) p, < max(k,, k,)/[max(k;, k,)+ ks + k; |. Ecm 3amana onpene-
JIHHAsT WepapXHus BEJMYUs KOHCTAHT CKOPOCTH, TO COOTBETCTBYIO-
oMM BEIOOPOM KOHTYpa MOXHO JOOWUTBCS TOTO, 9TO OIEHKA BEPO-

SITHOCTH MHTEPECYIOIET0 HAC COCTOSHMS OyaeT BecbMa 3¢ ¢eKTHB-
HOI.
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Obwuti cryuait
[Llunkapes, 1978; Beneouxmos, Illunxapes, 1979]

PaccMoTpennbie BBINIE CTAllMOHAPHBIE OIECHKH CBS3aHbI 0 CY-
OIECTBY C YCIOBHSMH CTAlHOHAPHOCTH, IOIYYEHHBEIMH IIPOCTHEIM
CYMMHPOBAHHMEM aiaTeOpandecKuX YPaBHEHHM IS CTAlHOHAPHEIX
BeposTHOCTEH. OIHAKO B PANIE CIyYacB OIEHKY MOXHO YIy9IIWTE,
€CIIM  NPOM3BOJWTL CYMMHPOBAHHE C  COOTBETCTBYIOLIMMI
9UCIIOBEIMH KO3 dHIIHEHTaAMM:

a| 2 kpp; —knp |+t ay Dkup;—ky,p, |=0.(7.38)
j#l Jj#En
B sToii nunelnoi koMOMHAIVKM HEKOTOPEIE U3 TIapaMETPOB & ,..., X,
MOTryT OBITh M HyJeBBIMH. Ilocie MEPErpyIIHUPOBKH BBHIPAKEHHUE
(7.38) npunumaer Buj,

piBi=piB+t PisiBii + P B+t PpBs (7.39)

rae B; ecth nuneiinas QyHKIMS TapaMeTPOB &,...,Q, W KOHCTAHT
cKopocTH mepexonoB k. OGosHaauB M = max(f, / B;) n ucnons3ys
HEPaBEHCTBO, aHajormanoe Gopmyie (7.2), MoIyduM CTalHOHAPHYIO
OUEHKY JUIsi BEPOSTHOCTH 3aCTaTh KOMILIEKC B i-M COCTOSIHHH:

p; <1/(1+ M), (7.40)

Benwawna 3Toii OUICHKH 3aBUCHUT OT MapaMeTpoB «,...,, . 1lomna-
ras, nampumep, B ¢opmyne (7.38) a; #0, a; =0, j#i ma
BEPOSATHOCTH p; MOJIYIHUM OIEHKY, KOTOpas, Kak 9T0 OBLIO IOKAa3aHo
panee (7.6), sBIsAETCH SKCTIOHEHIHATLHOM

p; <1/ +k;/m), (7.41)

rae k; ¥ m UMEIOT TOT K€ CMEICI, 9TO ¥ B BeIpaxenuu (7.6). Boiee
TOYHYIO OLIEHKY, 9€M 3Ta, MOXHO MOJyIHTh, HAIPUMED, €CIH KPOME
a; # 0B nmuueinoit komGunauyu (7.38) B34Th HEHYJIEBEIE IAPAMETPEI
Q; JUIS T€X ypaBHEHHH, B KOTOpBIE BXOAHMT BEPOSTHOCTH p;. OTH
HEHyJIEBBIE IIApaMeETPhl HEOOXOAMMO BBEIOpaTh Tak, 9TOOBI obec-
MEYNTh MAKCUMYM BeMWdIuHBl M. TpyIHOCTH HaXOXJICHHS OICHKH
(7.40) Bo3pacTaroT npH yBEIHYEHHN 9HCIIa HEHYJIEBBIX IapaMETPOB.
1Ipu 5TOM TOYHOCTH TaKOH OICHKH yJIydIIacTCs.

W3 muneiinod komOuuanmu (7.38) aHalornaHbM 00pa3oM MOXET
OBITH ToJy4eHa OIIEHKA " TS Tr000H CYMMBEI
BEPOSTHOCTEH p; + ...+ p,.

CTanmoHapHasa BEPOATHOCTE KOTOPKAIX IIPH 3aJJaHHEIX BCJIIMYWHAX KOH-
CTAaHT CKOPOCTH OyJeT IIPEHEOpeKHMO Majla. OTH BEPOATHOCTH
MOI'yT 6BITB HUCKITIOYCHBI U3 CUCTCMBbI ypaBHeHHi/'I JJIA CTallTMOHApPHBIX
BEPOATHOCTEMN, U B 3TOM CIydae MO-TPEKHEMY MOXKHO 0JIB30BATHC
YCJIOBUEM HOPMUPOBKH

2p; =1 (7.42)

VE:]
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TakuM 00pa3oM, OTBICKAHME CTAlMOHAPHBIX BEPOSATHOCTEH MOKET
OLITE CBEICHO K PEHICHHIO CHCTEMBI aIreOpamdecKux YpaBHEHHI
MEHBIIETO MOPSIKA, 9€M HCXOIHAS.

Huoichue cmayuonapuvle oyenxu

B otnmane ot (BEpXHMX OLICHOK, KOTOPHIE MOTJIH OBITH ITOJIYYEHEI
JIOKaJLHO, T. €. MCXOASA M3 YCJIOBHMA CTAallMOHAPHOCTH MO0 IS WH-
TEPECYIOMIEr0 HAC COCTOSHMS, TU00 I COCEIHMX C HUM COCTOSHUH,
HIDKHUE OIEHKH, KaK JIENKO BHUJETh, «€ MOIYT OBITh JOKAJIbHBIMM H
JIUIS MIX MOJy9eHHs HE0OXOAMMO I10 CYIIECTBY MCIIOIL30BaTh YCIOBUS
CTAI[HOHAPHOCTH JJII BCEX COCTOSHHI KOMIDIEKCA. JTO CBS3aHO C
TEM, 4YTO 3aCEIECHHOCTh COCTOMIIMM, KOTOpPLIE TIEPEXOMAT B
HWHTEPECYIOMIEE HAC COCTOSHUE, MOXKET OLITh HYIIEBOM, 9TO IIPHUBEIET
K TOMYy, YTO HE3aBHCHMMO OT BEIMYMH KOHCTAHT CKOPOCTH
CTaI[HOHApHAS BEPOSTHOCTHL JTOTO COCTOSHHSA Takke Oyler paBHa
HYJIIO.

Hrmkmioo cTaHOHApHYI0 OLCHKY JJISE BEPOSTHOCTH CYMMBI CO-
CTOSSHUHA MM, 9TO TO XK€, JJII CYMMBI BEpPOSTHOCTEH ps + ... +p,
MOXHO IIOJY4YUTh UCXO0Od M3 BerHeﬁ OILICHKH JJIA BEPOATHOCTH BCCX
JIPYTUX COCTOSHHUHU Pii1, Pi+2, - - -» Pny HOCKOJIBKY €CIIM M3BECTHA BEPX-
HAS OLIEHKA IS TIOCHEIHMX, TO U3 YCIOBHSA HOPMHPOBKH (7.3) cpa3y
clenyeT HHKHASA OLIEHKA JJIS BEPOATHOCTH JAHHBIX / COCTOSHHIA:

p+py+.t+tp2l-g (7.43)
Tae pyi + Proo +...+ p, < g <1. 1ot MeTox yno6HO HCTIONB30BaTh

JUISL OTLICHKHA BEPOSTHOCTH 3aCTaTh OTACIBHBIA MEPEHOCYHK DIICKTPO-

HOB B TOM WJI KHOM COCTOSTHHH.

Kpome TOro, HIDKHIOK OLIEHKY JJIA CYMMBI BEPOSTHOCTEH 3THX
COCTOSIHUM MOXHO TIOIY9HUTh, €CIIM HalJeHBI CIEIYIONIMe COOTHOIIE-
HUS IJI1 BEPOSITHOCTH CYMMEI COCTOSTHUN

¥4 +p2 +"'+pl =D +p2 +"'+pl’

a (Pl + Py +ot P1)= Pl

b(pi+pa+..+ p1)=Prias

c(pi+ s+t P1)< Py
Toraa B cuiny yciaoBus HOpMHPOBKH (7.3) HOCIIE CYMMHPOBAHMS ITHX
HEPABEHCTB MOJYYUM UCKOMYIO HIDKHIOIO CTAI[MOHAPHYIO OIICHKY:

pi+otp<l/(+a+b+..+c¢)

Oyenka ons omrowenus 6eposmuocmeti 08yx NPOU3EOIbHbIX
COCMOsHULL

JInst momygenus kak BEpXHHX, TaK M HIDKHHAX OIICHOK BaXHO YMETh
OLICHWBATH OTHOLICHHE MEXIY BEPOATHOCTAMH JIOOBIX JBYX
COCTOSTHMH KOoMIUIekca. Hibke kpaTko M3laraercs OAWH M3 BO3MOX-
HBIX TTOAXOOB JIJIT HAXOXIACHWS TAKUX OIICHOK.

PaccmoTpuM rpad COCTOSHMI KOMILIEKCA W B HEM BHIJECIIHMM JIBA
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MIPOU3BOJIBHBIX COOOMIAOIINUXCH coCcTOsHUSA, HanpuMep 1 u j. ITycts

tm, 4 m, tm,
180538 4 (7.44)
th 4k Ak

Torma, Kak BHIHO, CIIPaBEIIMBO HEPABEHCTBO

g-1
2 (mq +1, )2 [1e.pih, (7.45)
i=2

rae @, =1, /(m;+1,). JleicTBUTENBHO, 3AIMCHIBAS YCIOBHS CTAIHO-
HAPHOCTH JUIS COCTOSIHHH, BXOMSNIMX B YKA3aHHBIA IyTh, MMEEM
Lp,+..= = (mm +1, )pm, =1, 2, ..., j-1. 3mecb MHOrOTO9YHE 03-
HA9aeT HAININE HEOTPHUIATEIbHBIX WICHOB, COOTBETCTBYIOMIUX IIEpe-
XOJIy COCTOSIHHMII KOMILIEKCa B BBIJCJICHHBIC COCTOSHUS 110 KOHCTaH-

TaM CKOpocTH k;. IIpenebperas STHMH NOJOXHUTEILHLIMH WICHAMH,
TIOJTy9UM

Lp, <(m, +1,)Pi> =1,2, .., j-1. (7.46)
Ilepemuoxxas B moJiydeHHOM cucTeMe HepaBeHCTB (7.46) cnadana aBa
MEPBBIX HEPAaBEHCTBA, 3aT€M TPH MEPBLIX HEPAaBEHCTBA W T. 1.,
HECJIOKHO no?napm,

hpdy -y < (my + L Xms + 1) (my_y 41 o, (m, +1,) (7.47)
BBons Benmaunbl @; =1,/ m; +1; , modydeHHOE HEPABEHCTBO MOXKHO

3amucath Takke B Buae (7.45). OTMETHM, 9TO BEIMYHHEL (; €CTh
BEPOSTHOCTH TIEPEX0Ia 32 OJIMH Iar U3 i-r0 COCTOSIHHS KOMILUICKCA B
[+1-e na cxeme (7.44). BeiBenennoe nepaseHcTBO (7.45) umeer mpo-
CTO#M CMBICII, IIOCKOJIBKY O3HAYAET, 9TO «IIOTOK), BEIXOJALIMN U3 ¢-TO
cocrosiuus Ha cxeme (7.44), Bceraa He MEHBIIE, Y€M BEJMYHWHA «I10-
TOKa», IPUXOIAMIETO0 OT KAKOT0-TO OJHOTO COCTOSHHS — B paccMar-
pPHUBAECMOM CiIydac MEepBOro. ITO CBS3aHO C TEM, 9TO JIPYIHE COCTOS-
HUS TaKXKe JIAI0T, BOOONIE TOBOPS, HEHYJIEBBIE (IIOTOKW» (C KOHCTAH-
TaM¥ CKOPOCTH k;) B OOIIMIA MOTOK, BEIXOASNIMHA H3 §-TO0 COCTOSIHHSL.

BriBeieHHOE COOTHOMIEHHE, OIEHHBAIOIMEE OTHOMIECHHE JBYX BE-
pPOSITHOCTEM, MOXKET OBITh HCIIONB30BAHO JUIS IIONYYECHHS KaK BEPX-
HUX, TaK M HIDKHHX OIEHOK JIJIf BEPOATHOCTEH OTIEIBHBIX COCTOS-
nmii. I1oCcKOIBKY, KaK CIEAYET M3 YCIOBHH HOPMHPOBKH p,<l-p;, TO
JIIS BEPOSTHOCTH p; KIMEEM BEPXHIOIO OIIEHKY

D Sl/(1+C1q) (7.48)
rae
C h ql _|1 9
=—71 . 7.4
1gq ’ +lq i ¢l ( )
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Ornenka 3aBHCHT KaK OT COCTOSIHHS ¢, TaK M OT ITYTH, COCIHHAIOIICTO
TEepBOE U g-€ COCTOAHWSA. Hamnmydmias oleHKa JOCTHTaeTcs JUIS TeX
COCTOSHHMA ¥ ITyT€H, BEAYIIUX K HHM, JIS KOTOpHIX BemmunHa Ci,
MaKCHMaJIbHA.

JI71st TIoNTydeHysa HMYKHEH OLIEHKH 3aMETHM, 9T0, (DMKCHPOBaB HHTE-
pecyrolee HaC COCTOSHHE, HAIIPHMEDP C HOMEPOM ¢, MOXKHO BEIPA3UTh
BEPOATHOCTh 3TOTO COCTOSHHSA Yepe3 BEPOATHOCTH JKOOOr0 JPYroro
cocTosHus 110 GopMyJIe, TOIHOCTBIO aHaIoru4HOoMi Gopmyie (7.45):

p,Ci =2 p,, (7.50)
1 ) =
rze npuusto o6osnagenne C,, > —— []¢, . Cymmupys
q + lq i=s+1

n
HepaseHcTBa (7.50) mo s, yauThIBast yCIOBHE HOPMHUPOBKH Z ps=1n
s=1
nonaras no onpezaenesuo C,,=1, MOy9HUM HUXXHIOKO OLIEHKY JUIS
BEPOSITHOCTH g-TO COCTOSTHUS
-1

P2 2G5 | (7.51)
s=1

PaccMmorpuM mpuMepsl mpuMeHenus uepaseucts (7.45) u (7.51).
ITony4rM BEPXHIOI M HIDKHIOK OILEHKH JUIS Y9E€TBEPTOr0 COCTOSHMS
Ha CIIETYIOmEH cXeMe.

W

B — .

Hcxoms u3 cxeMbl B CKOOKax HaklaeM, 9T0

k k k k k
14:—1 L C24:—1; 34:—] =2 Cy =1
k+ky ks k; ki +ky Ky
CnegoBarensHO,
p4 > M . E + ﬁ +£ +1

ko \kh k) K
HHuTepecHo CpaBHUTH TOMYYCHHYIO HHKHIOI OIICHKY C TOYHEIM
2

1742 1 1

BPI)IHO, 9TO HHMXXHAA OIICHKA IIPAKTHYCCKHW COBIIAAACT C TOYHBIM PC-
ODICHHUCM.
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JInst BepxHe# OLEHKH HCXOAs M3 CXEMbI HaleM

Cp= ﬁ; Cp= s ; Cap = L
k, k, + k; ki ky+k
U cnemoBarensHo,
J 1/(1 +maxCy, )
q

Ecnu 3amana mepapxusi BEIWMYHH KOHCTAHT CKOPOCTH, TO HECIIOXHO
cpa3y BeIOpaTh MakcuMaibHyr0 u3 BeamduH C,,. CpaBHenue ¢ TO9-
HBIM PEMICHHUEM IOKA3bIBAECT, YTO BEPXHSSA OICHKA SBISETCH JIOCTa-
TOYHO I'pyOoii.

IMonygennsie o6mpue otenku (7.48) u (7.51) MmoryT O6bITh 0000TIIE-
HBI Ha CITy9aii, KOTJ]a paCCMaTPHUBAIOTCS TPYIINBI COCTOSIHHUH.

Ilpasuno ons cocmaenenust ynpowennozo zpagha

ITycTh KOHCTAHTHI CKOPOCTH TEPEX0jla KOMIUICKCA M3 OJHOTO CO-
CTOSIHHSL B JIPYTO€ TAaKOBbI, 9TO CTAllHOHApHAS BEPOSTHOCTH p; TOTO,
9TO KOMILUIEKC HAaXOJWUTCI B COCTOSIHMHM [, OJIM3Ka K HYIIIO, T. €. p; &
Torma, KaK y»e yKa3pIBAJIOCH paHee, Ui YIpomeHus rpada cocTos-
HUH HEOOXOJUMO HCKITIOYHTH [-TO€ COCTOSIHME M TIEPECYHTaTh BCE
KOHCTAHTEl CKOpOCTH. YUTOOBI HaWTH (OpMyJsl IS IEpecdeTa
KOHCTaHT CKOPOCTH, HY)XHO €3 COOTBETCTBYIOIICH CHCTEMBI
anreOpandeckux  ypaBHEHHH, OTBedamomed mannomy Tpady,
HCKJIIOY9WTh BEPOATHOCTH p,. HeTpuBHANBHBEIM 37€Ch SBISETCA TO,
9TO0, WCKIII09as HEM3BECTHOE, K HEMY HE BO3BPANIAIOTCS, 9TOOBI €ro
BBIYHCIINTh, & IPEHEOPETaloT MM, OCKOJIEKY OHO MaJio.

VYpaBHeHHe I BEPOSITHOCTEH NMEET BHI;

~| Xk [P+ X kup, =0. (1.52)
r#l q#l
OTtkyna cnemyer, 9T0
Z kqlpq
p = . (7.53)

: Zklr

r#l

IToxcTaBnss B ypaBHEHHE IS Py (s #1/ ):

klspl + z kqqu - zksm Ds = 09 (754)
g+#s,] m#s
3HAYEHUE p), TaBaeMoe BoipaxkenueMm (7.53), noayqanm:
z:lkqlpq
‘17& z qu - stm Ds = 09 (755)
zklr g#s,] m#s

r#l
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OTKyJ1a

* k
Y k.p, - Sk, —kg—5—, (7.56)
q#s,1 #ea m#s . . Zklr
r=]
Trac
* kg
o=k, +k (7.57)

gs = Kgs T Kql .
Zlklr
r=£
®opmyna (7.57) u ectb GopMyiia JIs IEPECIETa KOHCTAHT CKOPOCTH.

*
Ona umeer mpocroif cmeica. HoBas KOHCTaHTa CKOPOCTH ki

nepexoJia U3 ¢-ro COCTOSHHS B §-€ COCTOSIHHE paBHA CYMME CTapoi
KOHCTaHTBI CKOPOCTH KAy M JIOJIA TOW KOHCTAHTHI CKOPOCTH K, Tiepe-
X0/Ia M3 ¢-TO COCTOSHUS B [-€ COCTOSIHHIE, KOTOpas MOMaJacT B S-€

cocrosirre. OTMeTnM, d9T0 BenmumHa ki / ) kj, MMeeT mpocToii
r#l
BEPOSITHOCTHBIH CMBICII, IOCKOJIBKY 9TO €CTh BEPOSTHOCTH MEPEXoa
U3 [-TO COCTOSHUS B S-€ 33 OJVH IIIAT.
I'eomeTpHuecKy CKa3aHHOE O3HAYAET, YTO HA Pa3MEdEeHHOM Ipade
COCTOSIHUH TIpH MCKJIFOYCHHUH COCTOSHUS [ Hy)XHO PHCOBATh CTPEIIKY

- *
M3 g-TO COCTOSIHNSA B S-€ C KOHCTAHTOH CKOpoCTH k,, (puc. 37).

Eci KoHCTaHTSI £, TakoOBBl, 9TO0, HAIIPHMED, kij >> Zklr, TO
rEj,S
I S LR
gs — Tqs T Tql = - 7
2k e thas s=J

=l

# GOPMYJIsl JJIs IIEPECIETa KOHCTAHT CKOPOCTH IIPHHHUMAIOT 0COOEH-
HO MPOCTOi1 BUL.

B 3akimrogenne OTMETHM, 9TO MCKIIFOYEHHE COCTOSHHI W3 pasme-
geHHOro rpada SKBHBAJICHTHO METOAY l'aycca MCKIIOYCHUS HEH3BE-
CTHBIX W TIO3TOMY MOXET TPEACTABIIATH ONPEIEICHHBIN HHTEPEC KaK
METO/ JUIsl BEIYKMCIICHUS CTAMOHAPHBIX BEPOSTHOCTEM.

PaccMoTpuM niprMeEpHI UCKITFOYCHUS COCTOSTHIN

1. B kadecTBe mepBOro mpHMepa HCKIIOYEHHS COCTOSHHI pac-
CMOTpPHM IEPEHOC JEKTPOHOB B KOMILIEKCE TPEX OIHOIIEKTPOHHBIX
TIEPEHOCIYHMKOB, B3aMMOICHCTBYIONIMX JAPYT C IPYTOM II0 CXEMeE:

ki kK 4

-C->C,—>C—>
Ilycte k>k;, i=1, 3, 4, Torga Ha rpade cocrosamii (7.59a), oTse-
gaonieM 9Toi cxeme, BepostHOCTH coctosHui 100 u 101 mpe-
Hebpexnmo Mansl [cM. dopmyny (7.16)]. HMckmrodas mocnemoBa-
TEIBLHO 3TH JBa COCTOSHHS M3 rpada, UMeeM rpadsl, IOKa3aHHBIE HA
cxemax (7.59, 6), (7.59, 6), TOc HOBBIE KOHCTAaHTHI CKOPOCTH

kR ko =k -4 L0 oy = ks o0 4 = k2 o
M _klw~k1’ My _kl k2+k4~0’ H3 —k3 Tatky ~0, llll—k3 k2+k4~k3.
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Puc 37. I'padmaeckas WLIIOCTpaIus O ky O LI O O ki NG
HUCKIIOYCHUS IIPOMEXYTOIHOI'0 COCTOs- 1 2 3 1 3
HUS 3 ke
B neBoM cTonbile — MCXOAHBIN rpad COCTOSHHM /\
B 1mpasBoM — rpad, mnodydaroumiica mnociue <>/k, ks fey + ks
HCKIIOYEHHS IPOMEKYTOTHOI'O COCTOSHHUA (2) > 9 > 3 Q ’(3)
l‘\kz
\ (NG iy (O
O-4sOL_ 3
o
T 25 C4) 1 SR 9
Kk,
k) k, ko + kg
O—=0—=-0 O—0
Y 3 I 3
kiks
A k, ky +ky
O=0=0 P
Tk 2 k3 [ ki, 3

ks + ks

Otmernm, ato rpad (7.59, 6) crpaBenIuB BCEr/ia B CTAlHOHAPHBIX
YCIIOBHSX, JAKE KOrJa HE BBIIOIHACTCS coOoTHOmEHHE k»>k; HO B
MOCJIIEAHEM CIIy4ae HEM3BECTHO YCIOBHE HOPMHUPOBKH. DTOT rpad co-
OTBETCTBYET CIIy4aro, Korja napy nepeHocdukoB C;C, MOXHO IIpH-
OJIMKCHHO CIUTATh OJHHUM JIBYX3JICKTPOHHBIM IIEPEHOCIHUKOM.

@ [ &
3 P k
00—+ 100 00 000 —— 010 ==———= 110
3
kq k2 ke kJ \ "‘T Ha . [h &, lh
out o w w—— ot 11
‘ o/ : P
Ayaar "*TI % o " ’
010 = 140 ) ———= 110 &,
! / i
R ko k| ke (7.59)

041 = e 111 ] —— 111,
ky &y

2. PaccmoTpuM rpad cocrosiHmit BUa:

k12 k23 k34 kn nt1
51 —0) 3) i (n) (n+1)—>
k21 k32 ka3 n+ln
Hatimem mis mamHoi CXeMBI MPABHIIO JUIS HCKIIOYEHHS IIPOMENKY-
TOYHBIX COCTOSHHA.
Hcxons us cucreMsl quddepeHnmaabHbeIX YPaBHEHHIA, OIHCHIBAIO-
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mUxX nepexoanl MCEXAY COCTOAHHMAMH KOMILUICKCAa COrJIaCHO CXEMC
(7.60)

D=V +kyp, —kyppy

B =Py + ki — Uiy + K )pi s i=2,00m,
HECIIO)XHO HaiTH, 9TO B CTAlMOHAPHBIX ycnoBusx (dp; /dt =0) pas-
HOCTh CKOpOCTEH TEpEXo/ia KOMIUIEKCA MEXIY COCTOSHUSAMH (CyM-

V=kop—knpy = .= kP + ki1 P = - = kypir Pu + ki1 n Pt
Takum o0pa3oM, IS HEPEX0Ja MEXIY I-M H i+1-M COCTOSHHSIMH

kijnDi +kiyiDi =V
WIH
D =V/k, +k Din
Fitl

Utepupys mOCIEHEE COOTHOMEHUE BUAA P; = a; +b, p;,; HECIOKHO
HOJIY9UTh

pi=a;+bp,, =a;+b (ai+1 +bi+1pi+2) =...= 4+ By p, (7.61)
rIe

s-1 q-1 =10y g7l kl u
Ay =a;+ba, +..=) | a]]b =2 . Hk; , (7.62)
q=i I=i g=i\ Vg q+1 I=i Mi+1
C apyroii CTOpOHBI, KaK 9TO CIEAYET U3 BhIBOAA cooTHOmeHus (7.57),
METOJ, MICKJIIOYCHHUS TTPOMEXYTOIHBIX COCTOSIHHHA BCETJIA COXpaHAET
noTok. ITo3TOMy eclii HCKIIYHTH BCE MPOMEKYTOYHBIE COCTOSHHUS
MEXIY i-M M §-M cocTosuusmMu Ha cxeme (7.60), To mo-mpexuemy
JIOJDKHO HAOJIOAAaTHCS PAaBEHCTBO

kispi _ksips =V
NN
pi=V/kg+ 2 Ps (7.64)

is
rae k,n k,;—HOBBIE KOHCTAHTBI CKOPOCTH, C KOTOPBIMH IIEPEXOAAT

IpyT B Jpyra COCTOSHHS / M 5 TIOCIIC WMCKIIOYCHUS BCEX IpOMe-
J)KYTOYIHBIX COCTOSIHHIA.
CpasuuBas Mexxxy coboit popmyisl (7.61) u (7.64), HeCT0KHO

- * *
HalTH BBIPOKCHUS JUI KOHCTaHT CKOPOCTH K, ¥ k
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-1

. _"Z'i 1 ﬁkmz (7.65)
B ki k '
q=i\ "qq+1 I=i Mi+1
s—1
K=k T (7.66)
I=i kll+1

3aMeTiM, 9TO OTH BBIPAXKCHHS O9CHBb yIOOHO 3aBHCATh JJIS BPEMEH
Ty = k._l nepexozaa Mexcny COCTOSTHUSIMH :

s—1

T
=T q+1]_[ Ll (7.67)
q=i T4
— TtsH T4 (768)
1=i Tj411

CMBICIT BETHIAH is A Tg; O4CBHICH. Onn PpaBHBI CPEJHHUM BpEMCHAM

nepexojia KOMILIEKCa U3 i-TO0 COCTOSIHUS B S-€ U 00paTHO B CXEME, B
KOTOpOH OHH MOTYT TNEPEXOAWTh IPYr B JpYyra HEIOCPEACTBEHHO
(puc. 38).

a 6

O Kii+l O O ks-1s O O O O O

i ksl g s-1 Kss1 g i ki s i Ts;

Puc. 38. MnrocTparust poneypsl HCKIIOIEHAS TPOMEXYTOTHBIX COCTOSIHHH
ucxousii rpad; 6 — rpad, momydeHB MOCIe HCKIIOYEHHsS BCEX ITPOMeE-

JKYTOIHBIX COCTOSIHHH; 6 — TO )K€, 9TO O, HO BMECTO k;; CTOSAT BEJTUIHHBI

T, = (k; )_1

TaxkuM 06pa3oM, TIPH MCKITIOYCHHH MTPOMEXKYTOIHBIX COCTOSHUM JUIS
cxemsl THna (7.60) KOHCTaHTHI CKOPOCTH (BpEMeHa Tiepexojia) mepe-
cauthiBarorcs 1o  ¢dopmymam (7.65 — 68). 3amermm, d9TO
cootHomeHus (7.65—68) MoxHO ObLTO OBl BBEIBECTH M HEMOCPEICT-
BeHHO Hcxoas u3 hopmyisl (7.57). IMeeTcs HECKOIBKO WHOM BBIBOJ
cootromenuii (7.65—68) [Mansirun, 1977; Kupees u ap., 1981].

Oyenku u cummempus

ITockonpKy BO MHOTHIX CIydasiX rpad COCTOSIHHH, ONHCHIBAXOIIUMA
IIEPEHOC JJIEKTPOHOB B KOMILIEKCaX, o0lamaer ompeaeacHHOMR
CHMMETPHEH, IS IOIyYCHHS OICHOK JJIS BEPOSTHOCTEH OTIEIBHBIX
COCTOSHHHA WJIM CYMM COCTOSIHMH €0 MOXHO BOCIIOJNB30BAThCH.
Hcnonr30Banre CHMMETPHH B OIIEHKaX OCOOEHHO OIYTHMO, TaK KaK
B OLICHKaX (PUI'YpHUPYET, KaK IPABIIO, HEOOJBIIOE YHCIIO PA3IHIHbIX
KOHCTaHT CKOPOCTH.

Hamomuum, 910 1715 OOIBOIMHCTBA CXEM IIEPEHOCA IJIEKTPOHOB Xa-
paKTepHa KHHETHYECKAs JIBOMCTBEHHOCTH MEXAY IIEPEHOCOM 3JIEK-
TPOHOB B OJHOM HAIIPABIICHUH 1 ((IBIPOK» B IIPOTHBOIIOJI0XHOM. JTO
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MIPUBOJIUT K TOMY 9TO €CIIH CIPaBEUIMBO KAKOE-THOO COOTHOIIEHUE,
TO COPAaBEJIMBO TAK)KE COOTHOLICHHWE, B KOTOPOM IPOHM3BEAEHA 3a-
MEHa BOCCTAHOBJIEHHOW ()OpMBI HA OKHCIEHHYIO H HA000pOT s
CUMMET-PHYHBIX TTEPEHOCIUKOB 3JICKTPOHOB IPH OTHOBPEMEHHOM 3a-
MEHE COOTBETCTBYIOMIMX KOHCTAHT CKOPOCTH. B dacTHOCTH, /I cXxe-
MBI HE-IIUKJIMIECKOT0 TPAHCIIOPTA MIEKTPOHOB

ok k3 kg4 kn  kpa

-C->C,->C—>..»C,_>C, > (7.69)
CHMMETPHUIHBIMHU SIBIISTFOTCSH MEepeHOCIHMKH 31eKTpoHoB C1 1 C,, Cr m
Cy1 ¥ T. 1., a2 3aMEHA KOHCTAaHT CKOPOCTH OCYILECTBISCTCS IO IIpa-
Buny ki <> ky+1, ko> k, u 1. 11

Camblif IpOCTO# CIOCO0 HCIIONB30BAHUS CHMMETPHH JIJI HAaXO0XK-

JICHUS OLICHOK COCTOMT B TOM, 9TO Y)K€ HAHJICHHBIC OICHKH PACIIPO-
CTPaHAIOTCS HAa COCTOSHHSA, CUMMETPHYIHEBIE TEM, KOTOphIE (UTYpH-

pyroT B ouenke. Haipumep, ecitu B cxeme (7.69) mst P( C]0 ) umeer-
cst onenka P(CY )<k, / (k] +k,), 0 mst P(C) ) uMeeTcs ananorud-

Hasl OLICHKA P(C,ll) <k, /(kn + kn+])

Ecmm xe meron momygenus oreHok (7.48) u (7.51) npuMeHuTs K
«CHUMMETPUYHBIM» COCTOSIHMSIM, TO MOXHO IIOJNY4YHUTb Cpa3dy Kak
BEPXHIOI0, TaK W HIDKHIOIO OIEHKY JUIS OTHOIICHHS BEPOSTHOCTEH
3THX COCTOSHHM.

7.4. IlpaMenenne HEPABEHCTB IS OICHKH
HEKOTOPBIX XapaKTEePHCTHK
HENUKJIAYECKOr0 TPAHCIOPTA YJICKTPOHOB

Oyenka cKopocmu neperoca 31eKmpoHO8 Yepes KOMHIILEKC

PaccMoTpuM TiepeHOC 3IEKTPOHOB, IPOHCXOIAIIMIA COTIACHO
cxeme (7.69). 3anmmeM ycClIOBHE paBEHCTBA CKOPOCTEH IepeHoca
9JIEKTPOHOB 9€pe3 OT/ICIbHBIC CTAIHH:

0y _ 1~0 ) _ 1) _

kP(C )=kP(C/C))=..=k,P(C,)=V. (7.71)
HaiineMm wnmxuioro ouenky gt k,P(C,C, ). IlpenBaputensHo
3aMETHM, 9TO BCE COCTOSHMS KOMIUIEKCAa IPHHAUIeKAT XOTS Ol
ommomy u3  cocrosmmii  C., C|CY, C,CY,..., C_.C°, C!.
. 1
JleiictBuTensHO, mepoe cocrosmme C.  m  cocrosme  C|
HCUEpIBIBAIOT BCE COCTOSIHUS Komiulekca. IloaToMy mocraTodHo
T0Ka3aTh, 9T0 cocTosune C| NMPUHALICKHT IEPEINCICHHON IPyIe
cocrossauii. Ho cocrosinue Cl1 MOXXET OBITH TIPEJICTABICHO B BHJIE

11, A . 1
C/Cy+C,C). W3 osmux aByx cocrosmii  cocrosmue CCs
IPHUHAUISKAT [IEPEIHCIICHHOM TPyIIIe COCTOSHUI H, ClIeJI0BATENBHO,

. 1,1
HE0OXOMMO MOKa3aTh, 9TO ei mpuHamiexur cocrosuue C,C,. B

1,41
cBoro ogepenp cocrosiaue C;C, MOxeT ObITh IPEICTaBICHO B BHIEC
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C/C,CY+Cl/CyC;.  Ho  cocrosmme  C,CyCs  NpHHALIEHKAT
COCTOSIHHMIO C;C;) M, CIEAOBaTeNbHO, HYXHO T[OKa3aTh, 9TO
coctostane C;C,C; TpUHALIEKAT 3TOM rpynme W T. 1. B komue
koH1oB ocramercs coctosame C;CyCs..Ch. Ho 510 cocTosmue

HPUHAJICKUT C,l,.
B cuny noxazaHHOTO CBOWMCTBA M3 YCIIOBHS PaBEHCTBA CKOPOCTEH
MEPEHOCca IEKTPOHOB HA OTAEHbHBIX cTaausx (7.71) BeITeKaeT crpa-

kyP(CICS )= kP(CY )2 k(p + py +..+ P, )

k,P(CICY )=k P(CIC) 2 ka(py o1+t Py )

k’JP(CI]C’(?) ) = kn_IP(Cl ) 2> km_l (pan_'l +...+Dp. +1 l

Trac p] - prn+1 — BepO}ITHOCTI/I BCECX COCTOAHHH KOMILICKCA, BBIGpaH-

ctBa B hopmyae (7.72). Cymmupys nepaBenctsa (7.72) v yduThIBas,
910 pyt+..t+p, = 1, momyd9uM CIemyrOnIyr0 HUKHIOIO OLEHKY JIS

kP(CiC3):

k,P(CICY 1/ by +1/ by +1/ by +... 41/ k, ] (7.73)
HIIN
V=kP(CICY)2[1/k+1/ky +1/ by +...+1/k, ] (7.74)

C npyro# CTOpOHBI, MOCKOJILKY BEPOSTHOCTh HE MOXKET TMPEBBIMIATH
€IMHHUIlY, TO U3 paBeHCTB (7.72) BBITEKAET, 9TO CTAl[HOHAPHAS CKO-
POCTH TIEPEHOCA DJICKTPOHOB YE€pPE3 KOMIIJICKC HE TPEBBIIMACT MHUHHU-
MaJIBHYIO KOHCTaHTY CKOpOCTH W3 ki, k,,...k, ;.. OObenuuss oToT

BBIBOJI C IPEABITyIINM, OKOHYATESITHHO TTOIYIHM

n+l -1
[Zl/ki} <V < mink; (7.75)
i=1 i
CrenaeM HECKONLKO 3aMEYaHWH, CICAYIONIMX W3 MOJIydeHHOH ¢op-
MYJIBL

1. CranmonapHas CKOpPOCTh IEPEHOCA DJIEKTPOHOB B KOMILIEKCE
CTPEMHTCSL K HYJIO, €CIM XOTs OBl OHA W3 KOHCTAHT CKOpPOCTH k
CTPEMUTCS K HYJIIO.

2. Ecnv 3nagenne Kakoi-mud0 KOHCTAHTBI CKOPOCTH CTPEMHTCS K
OeckoHedHOCTH (k—>0), TO TeM HE MEHee CTAallMOHApHAs CKOPOCTh

k.
IepeHoca 31EeKTpoHoB Ha ydacTke C; —-—>C,,; orpaHMdeHa CBepXy
emrannon min(k, ).
J#i
3. Ilpu yBenndeHHH 9HCiIa IEPEHOCIUKOB B KOMIUIEKCE BEIMIHHA
Bepxuen ouenku (7.75), BooOmie TOBOps, HE YMEHBINACTCS, TaK Kak

min(k,) ne Bospactaer.
J#Ei
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4. Tlony4eHHBIC OICHKHA OYEBHIHBIM 00pa3oM CBSI3aHBI C TIPHH-
LUIIOM Y3KOI'0 MECTa, MOCKOJIBKY CTAl[HOHApHAS CKOPOCTh IIEpeHoca
JJIEKTPOHOB d9epe3 KoMILIEKC coriacuo (opmyne (7.75) npubim-
JKEHHO paBHa MHHHMAILHOW KOHCTAHTE CKOPOCTH, €CITH HMMEETCS
HEepapXusl BEJIMYHMH KOHCTAHT CKOPOCTH.

5. PaccMOTpUM CIEAYIONIYIO IMKIIMICCKYIO CXEMY:

K ky k3 Ky
15253>...—5n+l. (7.76)

1 |

k

n+1

HecnoxxHo HalTH, 9T0 CTAIIHOHAPHAS BEPOATHOCTH 3aCTaTh KOMILICKC

n+l

B {-M COCTOSIHHUH JUISL 9TOHM CXEMBI paBHA p; = (1 /k)/ dY1/k ;1=
Jj=1

2, ..., ntl. CiemoBarensHO, CTallHOHAPHAS CKOPOCTE IIEPEXOI0B B

-1
n+1

wukie (7.76) pasna V =k,p, =| D 1/k ;| T e. coBnanaer c nesoi
j=l
gacTeio HepaBencTBa (7.75). ITockonbky cxema (7.76) COOTBETCTBYIOT

k1 k k3 ky
(000...0) >(10...0)—(010...0)—...—(0...01), (7.77)

1 |

k

n+l
TO HepaBeHCTBO (7.75) MOXHO TPaKTOBAaTh KaK TO, 9TO B KOMITJIEKCE
CKOpOCTh TIEPEHOCA JJICKTPOHOB BCETJIa HE MCHBINIE, 9€M CKOpPOCTh
mepenoca JEeKTpouoB 1o cxeme (7.77). 3aMeTuM, 9TO B CXEME, CO-

(1...1)k"—;1 (1...10)3(1...101)—>...—>(01...1), (7.78)

1 |

ky
CTAIMOHApHAs CKOPOCTh IIEpPEHOCA JJIEKTPOHOB TAKXKE paBHA
-1

n+1
BEJIMYMHE 21/ k;

j=1

W3 ckazannoro cieayer, 9To JieBas 9acTh HepaBenctBa (7.75)

SIBJISIETCS. XOPOIIMM NPHOJIMKEHUEM JIJIi CKOPOCTH IIEPEHOCA DIIEKT-
POHOB KaK B «IIyCTOW» IIENH, TaK W JJIA «IIOJIHOW» LEIH, a MaKCH-
MaJbHOE OTJIMYHE CKOPOCTH TIEpEeHO0Ca 3JIEKTPOHOB depe3 KOMILIEKC
OT JIEBO# 9acTH HepaBeHcTBa (7.75) M0KHO HAOIIOJATHCS, KOT/a BCE
KOHCTAHTHI CKOPOCTH paBHBI JIpyr Apyry. Murepecno, 9T0 W Ui
HEOOJIBIIOTO YHCiIa TMEPEHOCIMKOB 3JICKTPOHOB, JIEBas 9acTh BhIpa-
senus (7.75) saseTcs xopommM npuoOmmxkenneM. Tak, s n =2 u 3
TOYHBIC 3HAYEHHSA CKOPOCTH IEPEHOCa DIIEKTPOHOB paBHBI 2k/5 u
5k/14, B To BpeMs kKak neBas 9actb dopmyisl (7.75) maer k/3 u k/4
COOTBETCTBEHHO.
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-1
n+1

Taxum 06pasom, Beipaxcenne | > 1/k; | Moxer cayxuts B psize
=
CIydacB XOpOMIMM TNpHOTIDKEHHEM [ BEIMIMHEI CKOPOCTH
TIepeHOCa JIEKTPOHOB depe3 KOMILIEKC.

Oyenku sepoamuocmeii peOoKC-COCMOAHUN NePeHOCHUKO8
S7IeKMPOHOE

PaccMoTpuM mporecc HEUMKIMYIECKOr0 TPAHCIOPTa JJIEKTPOHOB,
npoucxoismuii cormacuo dopmyie (7.69), ¥ OLEHHM BEPOATHOCTH
PEIOKC-COCTOSHHM  OTHAEIBHBIX  TMEPEHOCYHKOB  DJIEKTPOHOB,
BXOAAOIMX B KOMILICKC. Hpe)IBapI/ITeJ'IBHO OTMCTHUM, 4YTO, Haﬁllﬂ

OLEHKY JIJIsi BEPOSTHOCTH COCTOSIHHS Ci1 C,-O+1 B Busie P( C,-l Cgl )2a,

MBI TEM CaMblM HAaXOAWM OLEHKY Hu mis P( Ci1 ) u P( Ct.0+1 ):
P(C!)>a, P(C),)2a.
BeiBeieunsie B peAplaymeM OyHkTe Hepaseuctsa (7.74) mo cy-

1
I[ECTBY OlEHMBAIM BeposTHOCTs coctosmus |C, Cr, ). Takum oGpa-
30M, AT BEPOSTHOCTEH PETOKC-COCTOSHUH OTIENBHBIX MEPEHOCIH-

P(C )2/ k) )/(1/ b+ 1/ by +1/ by + .. 41/ k), i=1,2,..., n,
PCO )2 (1/k)/(/ T +1/ by +1/ Ky + .41/ Koy ), =1, 2,0 .

W3  mojydeHHBIX ~ HEPaBEHCTB €  ydeTOM  PaBEHCTBA
P( Cl.0 )+ P( Ci1 ) =1 MOXHO BBIBECTH TaK)e JBYCTOPOHHHE OLICHKH

JAJIsL BGpOHTHOCTeﬁ Pa3JINn9HbIX COCTOSTHUH OTACIBHBIX NNEPECHOCYUKOB
JJICKTPOHOB!

(1/ki+1)/{gl/kj]sp(c3)s{jz#Ukj]/{gUkj], (7.79)
(1/ki)/['§1/kj]sp(c;’)s[ Y 1/kj]/['§11/kj]. (7.80)
j=1 JEi+l j=l

PaccmoTpuM uCXO0Is W3 MOMYYCHHBIX OLIEHOK BEPOSATHOCTH 3aCTaTh
TOT WM WHOHM TIEPEHOCYHMK JJICKTPOHOB COOTBETCTBCHHO B OKHCIICH-
HOM ¥ BOCCTAHOBJIEHHOM COCTOSIHHSX. [IyCTh KOHCTaHTa CKOPOCTH ki
CYIIECTBEHHO MEHBIIE BCEX OCTAIBHBIX KOHCTAHT CKOPOCTH

(ki{21 / ij <1, Torga mepaBenctBa (7.80) MOXHO TPHOIMHKEHHO
J#i
IPEACTaBUTH B BUJIE

1—[21/kj]k,.SP(C,-O)sl—ki/kH]. (7.81)
J#i

OTKynaa CIEay€ET, 9TO i-i MEPEHOCIHK 3JICKTPOHOB IPAKTHIECKH IIOJI-
HOCTBIO OKHCIeH. TakuMm o0pa3oM, eClii KOHCTAHTa CKOPOCTH «IIPH-
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TOKa) 3JIEKTPOHOB K JAHHOMY NEPEHOCYHMKY CTAHOBUTCS MECHBIIE BCEX
OCTaJIbHBIX KOHCTAHT CKOPOCTH, TO JTOT IMEPEHOCYHK CTAHOBHTCS
okrciaeHHBIM. COBEpIICHHO aHAJIOTHIHO, €CIIH CaMOW MAaJICHBKOH KOH-
CTaHTOW CKOPOCTH CTaHOBHTCS KOHCTAHTa «OTTOKa» 3JICKTPOHOB OT
JAHHOT'O TIEPEHOCYHKA JJIEKTPOHOB, TO OH CTAHOBUTCS BOCCTAHOBJICH-
oM. OOBEIUHAS STOT BBIBOJ C MPEABIAYIINAM, TIOJy4YUM, 9TO TIEpe-
HOCYHK, PACIIOJIOXKEHHBIN JIEBee HAWNMEHBIEH KOHCTAHTHI CKOPOCTH
Ha cxeme (7.69), IOIHOCTHIO BOCCTAHOBIIEH, a IIPAaBEE — ITOJHOCTHIO
OKHCJICH.

3akioucHne

[Tpyn ananv3e KHHETUKA MIEPEHOCA DJICKTPOHOB B KOMILIEKCAX MO-
JICKYJI-TIEPEHOCYMKOB 9aCTO BO3HUKAIOT BOMPOCHI, IS OTBETAa HA
KOTOpbIE HET HEOOXOJUMOCTH pEIIaTh COOTBETCTBYIOIIYIO CHCTEMY
IuddepeHIMaNbHEIX WK aaredpandeckux ypaBHenuii. OmuuM u3
Hanboyiee BAXHBIX BONPOCOB TAakKOrO pOJAA SBISETCS BOIPOC O
3aCEIEHHOCTH COCTOSIHUI KOMILIeKca. B psjie ciydaeB 3aceIeHHOCTH
HEKOTOPBIX COCTOSHWUH KOMIUICKCA TaK MaJibl, 9TO0 WX HE HaIo
YUHTHIBATh [IPH aHAIM3E KUHETHKH MEPEHOCA JIEKTPOHOB, OCOOEHHO
€CIM 3TO COCTOSIHME€ BXOJUT B KAadeCTBE CIIAraéMOTO0 B CyMMY
0O0JIBIIOTO YKCIIa 9ICHOB. TUMHYIHBIM 3]I€Ch SIBIISICTCS CIIydai, Koraa
HAC WHTEPECYeT KHHETUYECKOE IIOBEIACHUE PEIOKC-COCTOSTHUMN
OTIECNBHBIX TIEPCHOCYHMKOB, SBJSIONINXCS CYMMOH pPasIIMIHBIX
coCTOsIHMI KoMIuTekca. [IpeneOpexxenne B 3TOH CyMMe 9ieHaMH C
MajJioii BepOATHOCTEI0O — OJ(PPEKTHBHBI METOJ YMEHBLIIEHHT
Pa3MEPHOCTH HWCXONHON cHcTeMbl ypaBHeHui. CTaHIApTHBIA MYTh
WCCIICIOBAHMS 3aCEIEHHOCTH COCTOSHHH COCTOMT B PEILICHHH,
TOYHOM WM  TPHOIMDKEHHOM, COOTBETCTBYIONICH  CHCTEMBI
ypaBHeHHH. BMecTe ¢ TeM 9acTo MHGOPMAITUIO O BEPOSTHOCTH TOTO
WIM WHOTO COCTOSHHS MOXHO TIOJydUTh HE pemias CHCTEMBI
YPaBHCHHH, a W3 OIICHOK, HCIIOJB30BAHWE KOTOPBIX JIOJDKHO OBITH
CYLNIECTBEHHO TIPOIIE, YE€M HAXOXJACHHE TOYHOIO DPEUICHHS.
EcTectBeHHO, 9TO 9TO IPHUBOAMT K PUMEHEHHIO JOKAJILHOTO TOIXO0-
J1a, KOT/Ia BEPOSTHOCTh MHTEPECYIOMIETO HAC COCTOSIHUS OLICHMBACTCS
JUIIb U3 YPaBHEHHS JJI 9TOTO COCTOSIHWS, a B CAMOW OLIEHKE (H-
TYPUPYIOT JIMIIb KOHCTAHTHI CKOPOCTH «IIPHTOKA» M «OTTOKa» JIJIs
JTAHHOT'O COCTOSTHHSL.
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I'maBa 8

METO/IbI AHAJIU3A
ITEPEHOCA 3JIEKTPOHOB B KOMIIIEKCAX

CymiecTBEHHOH OCOOEHHOCTBI0 PAaCCMATPHBAEMOIO  OMHCAHHUSA
TPAHCIIOPTa SJICKTPOHOB B KOMIUIEKCAX SBIISICTCS] OKCIIOHCHIIHATEHOC
BO3pPACTaHHE YHCJIA COCTOSHMIA KOMIUIEKCA MPH YBEIWYEHHHM YHCIIA
BXOJISNIAX B HETO NEPEHOCIHKOB. Tak, koMiuiekc u3 10 mepenocdu-
KOB, KQXJIbI M3 KOTOPBIX MOXET HAaXOAUTHECSA TOJBKO B JIBYX CO-
crosuuax, uMmeer 1024 pasnuunbX cocTosHusA. B pesynsTate mgaxe
3aMCh YPaBHEHWH W Y9eT Pa3lINdHbIX HAYaIbHBIX YCIIOBHH IpEI-
CTaBIISIOT cO00W TPyAHO0003pHMYI0 3a1ady. B jmanHoi TiiaBe pac-
CMOTpPEHBI HEKOTOPHLIE METOJbI YIIPOMIEHHOTO OMHMCAHWA KHHETHKH
MepeHoca JICKTPOHOB B KOMILICKCAX MEPEHOCIHKOB.

8.1. OrpannyeHne HA YHACJIO YJIEKTPOHOB,
HAXOIANIAXCSA B KOMILICKCE,
KaK METO/I YIIPOIIICHHAA CXEMbI NIE€PEX0/10B

Kak y>xe yka3pIBaJIOCh B TII. 4, KaKHE-THO0 OTPaHMYCHUS Ha IHUCII0
9JIEKTPOHOB, HAXOMAAIIMXCS B KOMIUIEKCE, TPHBOAWT K PE3KOMY
YMEHBIIEHHIO 9HCIIa YPABHEHHI, C IIOMOINBI0 KOTOPHIX MOXKET OBIThH
omucaH TepeHoc 3NIeKTpoHOB. CymECTBYIOT HECKOJIBKO OCOOECHHO
MTPOCTHIX CITy9aeB, KOTJA JIETKO HAXOAATCS XapaKTEPHUCTHKH MEPEHO-
ca JJIEKTPOHOB B KOMILIEKCE. B 9acTHOCTH, €CIH B KOMILIEKCE Ha
paccMaTpUBacMBIX BPEMEHAX HAXOAMTCS HE 0O0JIee OJTHOTO JIEKTPOHA
(ogHOM «IBIPKH»), TO CHCTEMA ypaBHEHHH, OMMCHIBArOmias (YHK-
OMOHHPOBAHKE TAKOTO KOMILIEKCA, JOIYCKAET IIPOCTOE TOYHOE PEIe-
HUE KaK JUIS CTAI[MOHAPHOTO PEXHMMA, Tak M IS TEPEXOIHBIX IIPO-
[IECCOB. DKCIIEPUMEHTAIBHO YKa3aHHOE OTPAHHWYEHHE HA 9HCIIO JJIEK-
TPOHOB B KOMILIEKCE MOXKHO OCYIIECTBHTL, H3MEHSHA, HaIpHUMED,
KOHIICHTPAITMIO 9K30T€HHBIX JIOHOPOB W akuenTopoB, pH u T. 1.
Hcxons u3 ckasannoro, 6oiee yaoOHBIM IS aHaau3a OyJeT JKcIie-
PHMEHT, MIPOBEAECHHLIA MPH TAKHUX CIEIHAIBHO MOJ00paHHBIX YCIIO-
BHSIX.

Heyuxnuueckuii mpancnopm

PaccMoTpuM KOMILIEKC, COCTOSAIINI U3 7 MOJIEKYJI IIEPEHOCIHUKOB,
BSaHMOﬂeﬁCTBYIOmHX I10 CXEME
o k2 k3 kn kp=p
-»>C—-C2—>.—»C, > 8.1)
re k; — COOTBETCTBYIOIIWE KOHCTAHTHI CKOPOCTH IIEPEHOCA DIIEKTPO-
HOB.

IlycTs B KOMILIEKCE MOJIEKYII-TIEPEHOCYMKOB HAXOAUTCA He Oolee
OJTHOT'O JIEKTpOHA. B 3TOM ciydae ajist KOMIUIEKCAa BO3MOXKHBI TOJIEKO
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CIICAYHOIUE COCTOSAHUAL
(cocc?..c?) (cicie?..c?) (cocies..cf) ... (chcicl..cl)
U] @) ®) (n+1)

I'pad mepexog0B KOMILIEKCA U3 OJHOT0 COCTOSIHMS B IPYTO€ UMEET B

1)502)36)5 .. ()

ki1 (n +1) ky

O0603ua9uM, kaKk 0061900, 9epe3 pf) BEPOATHOCTL TOIO, 9TO KOM-
TJIEKC TIEPEHOCIUKOB HAXOJAUTCS B I-M COCTOSIHUH B MOMEHT BpEMEHH
t. CootBercTByIomias 3roMy rpady cucrema auddepeHInaIbHBIX
YpPaBHEHUH IS BEPOSATHOCTEH COCTOSIHII KOMILICKCA UMEET BUI:

(8.2)

dp,/dt=k,,\p,.1 —kp,

n

dp,/dt =k p, —k,p,, (8.3)

CranuvonapHbie BEpOSTHOCTH COCTOSIHWI MOXXHO HAWTH W3 CICHYIO-
[IEH CHCTEMBI alreOpandecKuX ypaBHEHHH, MOIyJaronmeics U3 ypas-
Henu# (8.3) nprpaBHUBaHKEM NIPOU3BOIHBIX HYIIO:

kyiPua —kpy =0, kp—kyp, =0, ..., k,p, —k,1Ppiq =0. (8.4)
Brlipaxkast Bce BepOSTHOCTH p;, i=1, 2, ..., n+1 gepe3 BeposSTHOCTB p;
Pra=kp/kyq, P2=kp/ky, py=kp/ks,...p, =kip /k,
¥ MICIIONIE3YSL YCIIOBHE HODMUPOBKA ) ; =1 nonyanm

J
p=1/(+k /by vk Sy v b VK )= (/) /(U By 4. 41 k),

OTKyJa g HpOPIBBOJIBHOI‘;I BEPOATHOCTH p; UMEEM
2=/ k) (/b +1/ by +.. 41/ k) (8.5)

OTMeTHM, 9TO COBEPIIEHHO aHAJIOTHIHOE BHIPAKEHHE JIJIT BEPOSATHO-
CTEH OTIAEIHHBIX COCTOSHHUW CIPaBEIJIWBO W B BOCCTAHOBUTEIHLHBIX
YCIIOBHSIX, KOTJIa B KOMILIEKCE MEPCHOCYMKOB HAXOAWTCH HE Oonee
OJHOM «IBIpKH». JIEHCTBUTEIIEHO, B BOCCTAHOBUTEIBHBIX YCIOBHAX
BO3MOKHBI TOJIBKO CICAYIOIHE COCTOSHHS KOMILICKCA

(ccicl.cl) (cc..c) ..(cociel.cl)
() (2) (n+1)
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Hepexo sl MeXy KOTOPBIMH OIMCHIBAIOTCS Tpadom

kn+1 kn kpn—1 k3

1) (2)-03) > ..o({) (8.6)

TL (n+1) <k2—l

AnajnorngHo npeapIyneMy uMeemM
= L by , i=1,2,.,n+1. (8.7
1k +1/ky+..+1/k,

D;

Luxnuuecrkuii mpancnopm

PaccMoTpyM HMKIMYECKUH TPaHCIOPT 3JICKTPOHOB B KOMILICKCE
n+1 monexyn Ci, ..., C,i. IlpeanonoxumM, 970 B KOMILIEKCE HAXO-
JHUTCH TOJILKO OJIMH JICKTPOH U B3aMMOJICHCTBHE IIEPCHOCIHUKOB OCY-

ko k3 kg kyp
C,—>C,—>C—>...—»C, (8.8

u 4k—ll
1 n+
Cn+1

B paccMaTpuBa€MOM CJiyda€ BO3MOXHBI TOJIBKO CJIICAYIOINHUC n+l

COCTOSTHHS
(cocice..coct,,) (ciese?..coct,y) ... (cPesc?..cict,, )
U] () (n+1)

Kak yxe yka3bBajoch B IJ. 4, B JaHHOM CIIy4ae MOXHO COIIO-
CTaBHUTh JAHHLIM COCTOSIHMSIM KOMILIEKCA BOCCTAHOBJIEHHEIE (DOPMEI
COOTBETCTBYIOIIUX MEPEHOCIMKOB M MOXKHO 3aIHCaTh CHCTEMY IH-
(bepeHIHaAIbHBIX YPABHEHHH, 3aMKHYTYIO OTHOCHUTEIBHO BEPOSTHO-
CTell BOCCTAHOBJIEHHBIX (OPM OTHEHBHBEIX IMEepeHOCYHKOB. OmHaxo
YPaBHEHHST  OTHOCHTEIILHO  BEPOSATHOCTEH  pPEHOKC-COCTOSHHM
INEPEHOCYHUKOB ABJIAKOTCA B JAaHHOM Cliy4ac JII/IHef/'IHBIMI/I, B OTIIMYHC
OT ypaBHEHHH, KOTOPBIMH OIHCHIBAIOTCA OOBIYHEBIE OKHCIIMTEILHO-
BOCCTaHOBHTEIIBHBIE PEAKIINH, IPOTEKAIOIINE B PACTBOPE.

I'pad cocrosuuii s nepenoca 3IEKTPOHA B KOMILIEKCE COTJIaCHO
cxeMme (8.8) coBIAmAOT ¢ TAKOBBIM JJIS HELHKIMIECKOTO TPAHCIIOpTa

k1 ky k3 kp—1

1)-02)-03)->... > (n) (8.9)

kn+1 (n +1) ky

IMostomy muddepennmansHpe ¥ COOTBETCTBYIONIME UM ayredpan-
YECKHUE YpaBHCHHA TOXIACCTBCHHBI TAKOBBIM JJid PaCCMOTPCHHOIO B
IpeIBITYIIEM TyHKTE HELUKIIMIECKOTO TpaHCopTa aMeKkTpoHoB. Cra-
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[IWOHAPHBIC 3HAYCHUS BEPOSTHOCTEH p; U1 cxeMsbl (8.9) paBHBI:
1/k;
Pi=t (8.10)

Y17k,

J
Takum 00pa3oM, OMHCAHKUE HELUKIMYECKOTO TPAHCIIOPTA JJIEKTPOHOB
B KOMILIEKCE, COCTOSIIEM M3 # TMEPEHOCYUKOB, MPH YCIOBHH, 9TO B
KOMILUIEKCE HaXOAWTCS He Oojee omuoro anekTpona [cxema (8.1)],
SKBHUBAJICHTHO OINWCAHUIO IHKIAYECKOTO TPAHCIIOPTA DJICKTPOHOB B
KOMILIIEKCE, COCTOSIIEM U3 n+1 IEpeHOCYHKa | MPOMCXOASIIETO 110
cxeme (8.8).

OTo cnemyeT u3 TOro, 970 COCTOSHHIO (CIO ccy..coc +]) JUIS IIMKJIM-

9ECKOro aHcropra MOXXHO COTOCTaBUTh COCTOSTHHE
(c{’cgc;’...c,‘ﬁj

TP HEIUKIIMIECKOM TPAHCIIOPTE, KOT/IA BCE TICPEHOCIUKH HAXOIATCS
B okucieHHoid Gopme. OcTanpHble COCTOSHHSA, B KOTOPBIX
BOCCTAHOBJIEH TOJIBKO i-ii mepeHocdHK (i <n), y 3THX JIBYX CHCTEM
COBMAJAIOT. B CHIly HM3IIOKEHHOTO HW3ydYaTh 3TH CHCTEMBI MOXHO
OIHOBPEMEHHO, IOCKOJBKY IS JII0O0OM cxeMbl (8.8) HHMKIMYecKoro
TPAHCIIOPTa 3JIEKTPOHOB CYMIECTBYET HENMKIMIECKHI TPAHCIOPT
9JIEKTPOHOB, Tpoucxoasmui mo cxeme (8.1). ITosromy Bce, dTo
CIIPaBEIIMBO IS HEIHMKINICCKOTO TPAHCIIOPTa C YUCIIOM DJIEKTPO-
HOB B KOMILIEKCE MEHBIIIE JBYX, C COOTBETCTBYIOIIMMH N3MEHEHHSIMH
MOJXXET OBITh OTHECEHO U K [UKJIMYECKOMY TPaHCIOPTY C OJJHHM JJIEK-
TponoM. CkazaHHOE Jajiee MOXET OBITh JIOCIIOBHO TIEPEHECEHO Ha
CXEMBI C OJTHOM «IBIPKOI» (COOTBETCTBEHHO IHUKIMIECKOTO W HEIHK-
JIM9ECKOI0 TPAHCIIOPTA).

1. TTockonmeKy CTallMOHAPHBIC 3HAYCHHUS BEPOSTHOCTCH HMCIOT
BHJI JIOJICH, a pa3MEPHOCTh KOHCTAHT CKOPOCTH €CTh €, TO yJI0OHO
HMHTEPIPETHPOBATH CTAIMOHAPHBIC BEPOSTHOCTH p; KaK CPEIHHE JTOJU
peOBIBaHKS KOMILJIEKCA B COOTBETCTBYIOMIEM COCTOSIHHH (CM. TIL. 2).
BcnenctBre 3TOro BRIpaXEHHE JUIS CTAITMOHAPHBIX BEPOSTHOCTEH IS
paccMaTpUBAEMBIX CXEM MOXHO MEPENrcaTh B BUIC

Zi
27
J
TJIC T; — CpeaHee BpeMs NMpeObIBaHUS KOMIUIEKCA B j-M COCTOSIHHUH.

2. Ecnu 9ucio mepeHoCdYMKOB BEJIHMKO, TO JIONISE BPEMEHH TpeObI-
BaHHS B COCTOSHHH | yMEHbBIIAETCSA C YBEIMYEHHEM 4YHCIIa IIEPEHOC-
9UKOB.

3. U3 Buna dopmyn (8.5), (8.10) ciemyeT, 9T0 3aBUCHMOCTE CTa-
OHWOHAPHBEIX BEPONTHOCTEH OT KaKOH-INOO0 KOHCTAHTHI CKOPOCTH
nMeeT BHJ TMrepOonsl. HemocpencrBennsiM guddepenurpoBanieM
JIETKO YOEIHUTHCSA, 9TO rpadiKk TaKWX 3aBHCHMOCTEH HE MOXET HMETh
neperudoB, a CIeN0BaTeIbHO, B TAKHX CHCTEMAX HE MOIYT Peaju30-
BaThCA S-00pa3Hble KPHUBELIE 3aBHCHMOCTH p; OT KakOH-IHOO KOH-
CTAHTHI.

4. Tlony4eHHbIE IPOCTHIE AHATMTHYIECKHE BeIpakenus (8.5) B man-

pi= (8.11)
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HOM d9aCTHOM Cjiydae II03BOJIIIOT OTBETHTHL HA  CIICIYIOIIHIA,
9pe3BBIYAHO BAXKHBIA C TOYKM 3pEHHS KHHETHYECKOTO aHajn3a,
BOIIPOC: KaK MU3MEHSIOTCS CTAIllMOHAPHBIC 3HAYEHUS BEPOSATHOCTEH p;,
€CIIM YBEIMYUTh YHCIO IEPEHOCYMKOB HA OJHH C KOHCTAHTOM
ckopocTH «oTToka» k? Ilpumensss Beipaxenue (8.5) x pac-
CMaTpUBaEMOMN CHUTYaLIUH, [IOTYIHM:

Wk k|, 1k
P ke Yk T Sk, | kv 2 1/k
J J J

, (8.12)

OTKy/Za BBITEKACT CICAYIOMMH BbIBOJ. Eciy B CBOEM pacCMOTPCHUH,
MBI IpeHedperaeM NnepeHoCYNKaMHy, TO Mbl a) yBEIIMYHBAEM COOTBET-
CTBYIOIHE 3HAYCHUS BEPOSATHOCTEH YYTEHHBIX IEPEHOCYHKOB,
TpeJIoIarast mo-IpexHEMY 9TO z p; =1; 6) menaem morpemmocTs
J
TeM Oomsmryio, 9em OGomenie 1/k. Tlocienmee o3madaer, 9To B pac-
CMaTpUBaEMBbIX YCIIOBHSX TMpeHeOpexeHne NepeHOCIMKaMu ¢ 00Jb-
OIMMH KOHCTaHTaMM CKOPOCTH «OTTOKa» 0ojee NpaBOMEpPHO, 9eM
npeHeOpeXeHHe NEePeHOCIMKAMH C  MCHBIIUMH  BEIMYHHAMH
KOHCTaHT CKOPOCTH. J[Jifi OLEHKHM MOrPEMIHOCTH Ba)KHA BEJIMYHHA

1/k)/C 17k ) Ecim 570 OTHOMmIEHHE MaIIO, TO Masia K
J
norpemuocTs. OTMETHM, 9TO BETMIHHA OTHOIIEHHUS 3aBUCHT TaKKe

OT 9HCJia NIEPEHOCIYUKOB.

5. ITonmydenusie BoIme cUCTEMbI JUGGEPEHIIHATBHBIX YPaBHEHHUH,
OIHMCHIBAIOINHE MKIMYECKHH M HENWKIMIECKHHA TPAHCIOPT SIIEKTPO-
Ha, HC JOIIYCKAIOT IIPOCTOr0 TOYHOI'O PCIICHHA JJIA ITPOHU3BOJIHLHOI'O
MEPEXOHOTO TMPOIECcCa, MOCKOJBKY XapaKTepPUCTHYECKHE dJHCiia
3aBHCAT OT BCEX KOHCTAHT CKOpOCTH. OJTHAKO €ClIK OJIHA U3 KOHCTAHT
CKOPOCTH paBHA HYJIIO, TO MOTYT OBITh TIOJNYdEHBI TOIHBIE (HOPMYIIBI
JUISL TIEpeXOJHoro mpouecca. Ilocmenuumii crmydaid xapakTepeH s
MEPEHOCca JIEKTPOHOB NPH (OTOCHHTE3E MOCIE BBIKIIOYEHHS JEHCT-
BYIOIIETO CBETA M IIPOAHAIM3UPOBAH HAMH B TIL. 7.

Takum 00pa3oM, pacCMOTPEHUE TPAHCIIOPTA JICKTPOHOB B OKHC-
JUTENBHBIX (BOCCTAHOBHUTENIBHBIX) YCIOBHSAX IIPUBOAUT K OYEHD IIPO-
CTBIM ;:XGMaM nepenoca e Ooliee 9eM OIHOTO IJIEKTpoHA (OHOM
JBIPKH).

8.2. [TocTpoenne KBA3ACOCTOAHAM

OcHoOBHas TPYAHOCTh MPH aHAJM3E MEPEHOCA IEKTPOHOB B KOM-
IUIEKCAaX MOJIEKYJ MEPEHOCIUKOB COCTOMT B OBLICTPOM BO3pPACTAHHUH
9UCIIa Pa3JIMIHBIX COCTOSHHN KOMIUIEKCA MPH YBEIWYICHHH YHCIIA
MIEPEHOCYHKOB.

TodHOe pemenre HCXOMHOM CHCTEMEI AH(HEPEHIIHANTBHBIX YPaB-
HCHUH TPAKTHICCKH BO3MOXHO JIUMIb JJIS HEOOJBIIOrO dHCiia Tepe-
HOCYHKOB, B CBA3H C 4Y€M MOI'YT NPEACTABIIATh HHTEPCC Pa3JIMIHBIC
CII0COOBI MPHOIMKEHHOTO OMMCAHKMA ()YHKIHMOHHPOBAHUS KOMILIEKCA.
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PaccMmoTtpennsiii B npeAplaymeM maparpade METon CBOAWICH II0 Cy-
OIECTBY K M3MEHEHHMIO KOHCTaHT CKOPOCTH ITyTeM Hu3MeHenus pH,
KOHIICHTPAIIHK 3K30I'CHHBIX JOHOPOB M aKIICIITOPOB W T. 1., TaKHM
00pas3omM, 9T00BI paccMaTpHBATL IEPEHOC DJIEKTPOHOB JHOO B «aIy-
cTOM», 00 B «TOJTHOMY» KOoMIUiekce. ECiu jke uMeeTcs CymecTBeH-
Has Wepapxus B 3HAYEHHMAIX KOHCTAHT CKOPOCTH MEXAY KOMIIOHEH-
TaMH KOMIUIEKCA, TO JIS HpHOMIKEHHOTO aHalM3a KHHETHKH
TIEpPEHOCa 3JIEKTPOHOB JOCTATOYIHO HEOOJBINIOTO 9HCIa MEPEMEHHBIX.
Hinke u3noxen cnocod yopoIeHHoro onucanys (GyHKIHOHHPOBAHKS
TaKHX KOMILIEKCOB MOJIEKYJ IEPEHOCIHKOB 3IekTponoB [IIInnkapes,
1978; BeueauxroB u ap., 1979 a, 6]. Ero ocnoBuas uues cocTout B
3aMEHE HEKOTOPEIX OBICTPO-YCPEIHAIOMMXCS MHOXECTB COCTOSHIMA
KBa3HCOCTOSHHAMH U paCCMOTPEHMH IIEPEXOI0B TOIBKO MEXITY STHUMMH
HOBBIMM KBA3HCOCTOSHHAMH. BO3MOXKHOCTE BBIJIETICHHS KBA3HCOCTOM-
HHHA ONPECIIACTCA UEPApXHEH BEIIMIHWH KOHCTAHT CKOPOCTH IIEPEXO0-
JIOB MEXIY COCTOSHHAMH — IIPH BaphbUPOBAHHWH BEIMYHH KOHCTAHT
CKOpOCTH HM3MEHSIETCS M pa3dueHue (Ha30BOro IIPOCTPAHCTBA 3ITOTO
KOMILJIEKCA Ha KBa3HCOCTOSIHMS.

OugeBHIHO, 9TO HEKOTOPEIE COCTOSHHSA IIEPEHOCIMKOB, BXOIAIINX
B MYyJIbTA(EPMEHTHBIN KOMILIEKC, YK€ U3HAYAIbHO MOTYT IIPEACTaB-
JIATHh COOOH KBA3MCOCTOSMHHS B YKA3aHHOM BBITIE CMBICIIE.

O603ua9uM COCTOSHHSA KOMILIEKca 1, 2, ..., #n, a BEpOATHOCTH
TOI'0, YTO KOMILUICKC IICPCHOCYMKOB HAaXOJHUTCA B i-M COCTOSIHHH B
MOMEHT BpPEMEHH ! — depe3 p,(f); NpeneasHoe pacupeneiicHue —
qepes p;.

B pszge ciydaeB B MHOXKECTBE BCEX COCTOSHHI KOMILJIEKCA MOX-
HO BBIJCIHTL TAKOE MHOXKECTBO V' COOOHIAIOmMUXCA MEXIY CcoOOi
COCTOSIHMM KOMILJIEKCA, 9TO IS KaXJOr0 COCTOSHHUS 3TOr'0 MHOMKE-
CTBa KOHCTaHTEI CKOPOCTH IIEPEXO/A B COCTOSIHHMS, HE IIPHHAIIEIKA-
mue V, CymecTBEHHO MEHBIIE, 9eM KOHCTAaHTE CKOPOCTH IEPEX0I0B
B cocrosuud, npuHagaexamue V. Torna KOMIUIEKC, IOMaB B MHO-
JKECTBO ¥V, IOCTaTOYHO JOJIr0 HNpeOhIBAET B HEM W 3a BPEMsS, HEOO-
XOJMMOE JIJIS TIEpeX0ja U3 OJHOr0 KBa3HCOCTOSHMS B JPYroe€, KOM-
MJIEKC YCIIEBAET «pa3Ma3’aThbCs» IO COCTOSHHSIM, COCTABIISEOIIAM
JaHHOE KBAa3HCOCTOSHKE. B pe3ylbTare TaKoro yCpeaHEHH BCE TaH-
HOE MHO>XECTBO COCTOSIHHI } MOXXHO 3aMCHUTH OJHHUM KBa3HCOCTOS-
HHEM U BMECTO PaCCMOTPEHHS IIEPEX00B MEKIY COCTOSHUIMHU Pac-
CMAaTPHUBATh IIEPEXOABI MEXKIY KBA3HCOCTOSHHSIMU.

OnumeM crnocod pa3OHeHns MHOKECTBA BCEX COCTOSHHI KOMII-
mexca Ha kBasucoctosuusa |[Dpeiimmn, 1977]. Jas xaxmoro i-ro

\

P> Ji(1) = (i) > o> (i) > .= (i), 813

rae ji(i) - cocTosiHue, B KOTOPOM i-€ COCTOSIHME KOMILIEKCa IIepexo-
AT C HauOONBHICH MO TOPSIKY BEIIMIHHBI KOHCTAHTOW CKOPOCTH;
J2() — cocTosiHMEe, B KOTOPOE ¢ HAMOOJBLIICH KOHCTAHTOH CKOPOCTH
nepexoaut ji(i)-e cocrosHue U T. 1. IlockonbKy MHOXECTBO Bcex
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COCTOSIHMHM KOMILIEKCA KOHEYHO, TO Ha KaKOM-TO (g+1)-M mare mag-
HYTCSI TIOBTOPEHHUSA OJTHHX M TE€X )K€ COCTOSIHHM, T. €. TOJYIUTCH He-
kvt nuki F. HazoBeM cocrosiaus i, ji(7), ..., fs.1(i) ¥ yKa3aHHBIN LUK
F KBa3HCOCTOSHHUSMM IIEPBOTO PAHTa, IOPOKICHHLIMH COCTOSHHEM i.
B pesynerate mocieaoBaTeNbHOTO IPUMEHEHUS JTAHHON TPOIIEAYPHI
MHOXXECTBO BCEX COCTOSHHH KOMILUIEKCA pa300beTCsd Ha KBa-
3MCOCTOSHHUS TICPBOTO PaHTa, KOTOPBIMHU SIBIISIFOTCSL KAK TTOCTPOCHHBIC
IMKJIBI, TAK U COCTOSHHS KOMIUIEKCA, HE BXOJSINIME HH B OJHH H3
[IMKJIOB.

Jlns Toro 9To0bl 337aTh YKPYIMHEHHYIO IIEMb, JOCTATOYHO yKa-
3aTh, KaK BBIYHCIIAIOTCS KOHCTAHTHI CKOPOCTH BEIXOJIa M3 I[MKJIHYE-
CKMX KBa3HCOCTOSHHI, IOCKOJIEKY BCE OCTAJbHEIE KBAa3WCOCTOSHHS
COBIIAJAIOT C COCTOSSHUAMH KOMILUIeKca. Kak JIErKO MOHSATH, BHIYHC-
JICHHE KOHCTAHT BHIXOJIA U3 KBA3HMCOCTOSHHUIN HYKHO IIPOU3BOIUTH IO
cnenyromeMy IviaHy. CHadajia BEIGHCIISETCS CTAllHOHAPHOE pacIpe-
JICTICHUEC BEPOATHOCTEH Ha COCTOSHUSX, PHUHAJICKAIMUX HEKOTOPO-
My H30JIMPOBAHHOMY IHMKJIMYECKOMY KBAa3HCOCTOSHHUIO F, MpH IIpe-
MOJIOKEHHH, 9TO CYIIECTBYIOT TOJBKO IEPEXOABI MEXITY COCTOSHHS-
MM, IIPHHAJICHKANIAMH F, a KOHCTAHTBI CKOPOCTH IIEPEXO0/IOB B JO-
MOJIHEHHE K 9TOMY KBa3HCOCTOSIHUIO PaBHbI HYJIIO.

Ilycte p1, p2, ..., pr €CTh YKA3aHHOE CTALIIOHAPHOE pacIpeje-
JICHHE BEPOSTHOCTEH Ha F,; r — aucio cocrosuuii B F. Torma xon-
CTaHTa CKOPOCTH mepexojia u3 F, B He npuHaJiexaniee F' cocTosHue,
C HOMEPOM M UMEET BU]

kpm~ D kmp; (8.14)
j=1

rae k;,, — KOHCTaHTBI CKOPOCTH II€PEX0Ja U3 COCTOSHMS j€F B CO-
crosane m, m gF. VI3 popmyinel (8.14) cnexyer, 9ro cpennee Bpems
BBIX0JIa M3 JJAHHOTO KBa3MCOCTOSHHUS F' paBHO

_1
ZkF,m .

Ecnu uMeeTcs uepapXxust BETUYIHH KOHCTAHT CKOPOCTH TIEPEXO0JI0B
MEXIy YX€e IMOCTPOEHHBIMH KBa3MCOCTOSHHSAMH IIEPBOT0 paHra, TO
MOXXHO TOJY9UTh KBA3WCOCTOSHHUS BTOPOTO paHra, MPUMCHUB yKa-
3aHHYIO TPOLEAYPY K KBa3HCOCTOSIHUASAM TIEPBOT0O PaHTa ! T. I.

Ilonydennass peayUvpOBaHHAs IEMb TAKXKE SBISETCS MAapKOB-
CKO#, HO C HOBBIMH KOHCTaHTAMH TEPEXO0J0B MEXIY KBAa3HCOCTOS-
uuamu [Kopoimok, Typoun, 1976]. DddexruBHOCT: TPOLELYPEI BBI-
JIeJIEHHA KBa3HCOCTOSHUM, O9EBHIHO, CBA3aHA C HEpAPXHUEH BEIMIHUH
KOHCTaHT CKOPOCTH; 9€M OOJIbIIIEC TI0 MOPSAKY OTIIMIAIOTCS BETMINHBI
KOHCTaHT CKOPOCTH, TEM TO9HEe (PYHKIIMOHMPOBAHUE KOMILIEKCA OIH-
ChIBaETCA depe3 kBazucocTosuus. IloscanM 310 Ha mmpumepe. OneHka
MIPHOIMKEHNS MOXET OBITh IOJyYeHa W3 CPaBHEHMI BEPOATHOCTH
OCTaThCA TMOCIIE OJHOrO «000pOTa» B JAHHOM LUKIMYECKOM KBa3u-

T (8.15)
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coctosiuun F ¢ BCPOATHOCTBIO BbIXOJ1a U3 HETO. HYCTB KBa3HuCOCTOA-

RN

[ ]

k

r I

0 kr—1 0 kr—2
r l

v
[ ]
v

' (8.16)

m

IJie m;— KOHCTAHTBl CKOPOCTH BBIXOJIa M3 JAHHOT'O KBa3HCOCTOSHMS,
K/— COOTBETCTBYIOINHE KOHCTAHTEI CKOPOCTH MEPEX0JA B COCTOSHHSL,
pUHAIJICKANNE JaHHOMY KBa3sHCOCTOSHUIO F. Torma BEposSTHOCTH
OCTaThCs B JIJAHHOM KBA3WCOCTOSHHM 3a OJMH «000pOT», HCXOHA,
HampuMep, H3 1-r0 COCTOSIHMSA, paBHA

k, kb k

.
ki+m, k,+m, k. +m,

Brimenenue 1aHHOTO KBa3WCOCTOSIHUS OTIPABIAHO, €CIIM 9Ta BEJIMYIH-
Ha OJIM3Ka K eAUHUIIE.

Crnenyer 0TMETHTh, 9TO TIPEUIOKCHHAS KOHCTPYKIIHS [CM. TaKKe:
Beutuens, ®pedipnun, 1979], ¢ omHOM CTOpOHBI, IPEACTABISET
IIEpeHEeCeHNEe Ha CITydaiHbIi IIPOLECC IIPHUHINIA YCpeaHeHus [boro-
mo60B, Mutponoasckuii, 1974], a ¢ Apyroi — eciu mepeiTH K pac-
CMOTPEHHIO pACTpeAelIeHHsl 3TOro mpolecca, TO OHa SIBISAETCH aHa-
JIOTOM H3BECTHOM TeopeMbl THXOHOBA 0 OBICTPHIX M MEJJIEHHEBIX IIE-
peMmennbix [BacumeeBa, byty3os, 1973]. B gacTtnoM ciaydae craimo-
HApHOW (hepMEHTATHBHON KHHETHKH MOJ00HBIA MeToHd ObLI Hpeio-
kel B pabote [Cha, 1968], rme KBa3HCOCTOSHUSAM OTBEYAIHM YIACTKH
«OBICTPOTO HACTYIUICHHS PABHOBECHS).

8.3. CocTosiHAA KOMILJIEKCA, IOCTHXKAMEIE
3a BpeMsi HA0II0IeHAS

Yucno pa3IudHBIX COCTOSIHHUH KOMILIEKCA SKCIIOHCHIIMAIBHO BO3-
pacTaeT IpH YBEIMYCHHH 9HCJIa MEPEHOCIHUKOB, OAHAKO IPH 3a/IaH-
HOM COOTHOIIEHHH BEIMYHH KOHCTAHT CKOPOCTH HE BCE M3 BO3MOXK-
HEIX COCTOSHHH KOMILIEKCA DPEANM3YIOTCA 34 BpPEMSA HaOIIONCHUS.
OgeBUAHO, 9TO, 9€EM MEHBINE PACCMAaTPHBAECMEIH IIPOMEXKYTOK Bpe-
MEHH, TEM MEHBIIEE GKCIO COCTOSHHI KOMIIJIEKCA MOXKET OBITH JI0-
CTUTHYTO HMCXOJS W3 HEKOTOPOTO (PMKCHPOBAHHOTO HAYAIBHOTO CO-
crosiavs. OIEHHUB BPEMS BEIXOJIa M3 KBa3HCOCTOSHHS F, MOXKHO yKa-
3aTh TO MHOXXECTBO KBa3HCOCTOSIHHI, KOTOPOE JOCTYITHO KOMILJIEKCY
Ha JAHHBIX BpeMeHax paccMmorpenms. CleaoBaTeIbHO, MHOXECTBO
COCTOSIHMI, KOTOpOE HEOOXOAMMO pacCMaTpHBATHL JJIf OIKMCAHUS
(OYHKIMOHMPOBAHHA KOMILIEKCA, 3aBHCHT KaK OT HAYaJbHBEIX YCIIO-
BUIi, TaKk U OT BpEMEHH HAOIIOEHNs 38 KOMILIEKCOM. YacTo Hadajn-
HBI€ YCIIOBMS TAKOBBI, 9TO 34 HHTEPECYIONIEE HAC BPEMS KOMILIEKC,
HM3HAYAJHLHO HAXOAACh B KAKOM-TO KBa3HCOCTOSHHMM F, HE yCIEBaeT
BEIATH W3 HETO, M TOIJIA JUIS ONKCAaHHA pPabOTEI TAKOIO KOMILIEKCA
JIOCTATOYHO OIPAHMYUTHCSA MHOXKECTBOM COCTOSHHIH, ITPHHAIICIKALHX
F. PaccMOTpeHre TOIIBKO IEPEXOJOB MEXIY COCTOSHHAMH F' mpe-
CTaBJISICT COOOH 3HAYHUTEIIHHOE YIIPOILICHHE.
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TaxkuM 00pa3oM, Ha MaJIBIX BpEMEHAX JOCTATOYHO PACCMOTPEHUS
HEOOJIBIIOT0 9KCIa COCTOSHHUM, B KOTOPHIE KOMILUIEKC MOXET II0IACTh
3a 3TO BpeMs; Ha OONBIIMX HHTEpPBaJaX BPEMEHH YyBEINYHBAECTCH
9UCI0 COCTOSHHM, JOCTYIIHEIX KOMILIEKCY, OJHAKO IIPH OIMHCAHHAN
(O YHKIIHOHHPOBAHKS KOMILJIEKCA YXKE BO3MOXKEH IIEPEXOJ OT COCTOS-
HAM K KBA3WCOCTOSHHAM W PACCMOTPEHHE JBOJIOIHMHA KBa3HCOCTOS-
unit. ClemoBaTensH0, HECMOTPS Ha YBEIMYEHHE 9HCIA JOCTYIHBIX
KOMILJIEKCY COCTOSHHH, YIAaeTCAd YMEHLOIHMTE 00heM (pa3oBOro mpo-
CTPAHCTBA IIyTEM BBEACHHS KBA3HCOCTOSHHM.

8.4. [Ipamep. HemakInyecKAi TPAHCIIOPT JIEKTPOHOB
B XxpoMaTodopax mypnypHbIX OaKkTepHii

B kadecTBe WUIIOCTpalMK IIPHMEHEHHS METOJA, M3I0XKEHHOIO B
pazzene 8.3, pacCMOTPHUM HEIUKIMIECKANA TPAHCIIOPT JIEKTPOHOB B
XpoMaTodopax NypIypHbIX OaKTEPHi, KOTOPEIHA OCYIIECTBISAETCA CO-
raacuo cuexyromeid cxeme [Dutton, Prince, 1978; Blankenship,

ko .7}
K ——e k3 — ks
2 4

3necs C — muToxpoM: P — (pOTOXMMHYECKH aKTHBHEIM IIMTMEHT pe-
aKnMOHHOTO IueHTpa (muMmep Oakrepuoxiopodmina a, P870); O,
Oi— COOTBETCTBEHHO, IEPBHYHBIA W BTOPHUYHBIA XWHOHEL, Ky, ks—
TICEBIOMOHOMOJIEKYJIAPHEIE KOHCTAHTEI CKOPOCTH, IIPOIIOPLMOHAIIE-
HBIE KOHIIEHTPAIMH 9K30I€HHOr0 JOHOPA M aKIENITOpa COOTBETCTBEH-
HO; k3 — KOHCTaHTa CKOPOCTH, IIPOIOPLHOHAIBHAS HHTEHCHBHOCTH
IIEMCTBYIOMIETO CBETA; k.o, k», k4, k4 — COOTBETCTBYIONIME KOHCTAHTEI
CKOpPOCTH NIEPEHOCA IJECKTPOHOB MEXKY LIUTOXPOMOM W IUTMEHTOM,
a Taxoke Mexay Or u QOr. IIpeamonaraercs, 9ro BCce yKa3aHHBIE IIEpe-
HOCYHMKH BXOJAT B €IWHEBIA KOMILIEKC. JIJIS MPOCTOTHEI pacCMOTPHM
TOJIBKO OKHMCIIMTEIHLHO-BOCCTAHOBHUTEILHEIE DEAKIINN IIEPEHOCIHKOB.
Ilepenoc 37I€KTPOHOB B PEAKIMOHHOM IIEHTPE, IMPOHCXOMAINHH CO-
miacHo cxeme (8.17), MoXeT OBITh ONKMCAH MCXOAA M3 Tpada COCTOs-
HHIl KOMILIEKCa, IpeacTaBiIeHHoro Ha puc. 39 (cm. taxxke ri. 3). 0(1)
Ha PHCYHKE O3HAYaeT, 9TO COOTBETCTBYIOIHN IIEPEHOCIHK SJIEK-
TPOHOB OKHCIEH (BoccTanoBjeH). CoriacHO JaHHBIM, TPEACTABIICH-
HBIM B IUI. 1, 11 KOHCTaHT CKOPOCTH CIPaBEUIMBEI CIEAYIOMIME CO-
OTHOIIEHHUS

TaK KaK k2~106,l ko~10% ky~10*, k4~10°, k1~ 0,1— 10, k3 ~ 0— 107,
ks~0,1— 10 ¢,
HOCKOJIBI(y KOHCTAHTBI CKOpOCTI/I 06paTHBIX peaKIHrIﬁ Ha CTaJuAax

C2P u Q,20Q, HOCTaTOYHO BEJVKH, TO IHUKINYECKMMH KBAa3HCO-

CTOSTHHSIMH IIEpBOTO paHra OyayT, O9€BHIHO, TOJILKO KBa3HCOCTOS-
HHS, cofiepkamue He Oonee 9eM aBa cocrosuus. Ha puc. 39 s Ha-
TJISTHOCTH OOBEIICHBI BCE KBAa3HCOCTOSHHS IEpBOro panra. HoBsi
pa3MedeHHblil Tpad KBa3HCOCTOSHHMN NpPHMET BHJ, yKa3aHHBIM Ha
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Puc. 40. I'pad nepexoma komiurexca OPLI, yuynTHBAIONIEr0 KBa3HCOCTOSMHMSA 1-
TO paHra

Puc. 41. Cxema TpaucmopTa 3JEKTPOHOB MEXAY IBYMS JIBYX3JEKTPOHHBIMH
MEPEHOCTIUKAMH

puc. 40, rIe HOBBIE KOHCTAHTHI CKOPOCTH  |i; BBIYHCISIOTCS B
COOTBETCTBHHM C YKA3aHHBIM BEINIE IpaBiIoM (8.14) 1 paBHEI

k k ' k
=kh—2—; p=k—=—; u, =k—=—;
H =k ko +k, H =K ko +hy Hy =K kot kg
; ; ; (8.19)
=k "4 ; =k 2 ; = e .
Hy = Ks Kotk Hy = K3 K +k Hs = K3 ko + s

BBumy TOro, 4ro xoHCTaHTBI CKOpOoCcTH mis mepexona (9,20, )
CYIIECTBEHHO OOJIbIIE BCEX OCTAIBHBIX KOHCTAHT CKOPOCTH Ha PHC.
40, To tenecoodpa3Ho 3apaHee 00LEAUHUTE 3Ty APy B OJHO KBa3KCO-
crosauie. B pesynerare monyduM Tpad KBa3MCOCTOSIHUM, MpeiCTaB-
nenubli Ha puc. 41. OtMernM, 9to rpad, mpeacTaBiaeHHbIH Ha puc. 41,
COOTBETCTBYET CXEME IIEPEHOCA JJIEKTPOHOB MEXKITY JBYMS JIBYXDJICK-
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TPOHHBEIMH TIepeHOCInKaMHu R; U R,, KOTOpEIE B3aUMOJICHCTBYIOT IIO
cxeme

—>R >R, > (8.20)
Kaxplii U3 nepeHocuankoB Ry ¥ R, MOXET HaXOAUTHECHA B TPEX pas-
JIMYHBIX COCTOSHHAX: 0 — IOJHOCTBIO OKHMCIEHHOM, 1—dacTH4HO

BOCCTAHOBJICHHOM H 2 — IIOJIHOCTHIO BOCCTAHOBIICHHOM.

®daxTraecku rpad, IpeACTaBIeHHBIH Ha puc. 41, yXe T0CTaTO9HO
NpOCT JJIA TOro, 9TOOBI II0 HEMY PAacCYMTAaTh CTAIlMOHAPHOE pac-
MPEACIICHUE BEPOSTHOCTECH COCTOSIHHM, a TaK»KE IIPOIeCC TEMHOBOIO
BocctanoBienus (k; = 0). Tak, mporecc TEMHOBOTO BOCCTAHOBJICHHS
OHUTOXpOMA WU IMHTMEHTA MOTYT OBITh PACCYMTAHEI HCXOMA M3 CIEXY-
oniei CXGMBI‘

(C"f") (COP') P (821)

Pemas cucremy nuddepeHansHbIX YPaBHECHUH, COOTBETCTBYFOITY IO
9TOM cXeMe

dx/dt = —kx,
(8.22)
dy/dt =kx-pu,y,
Haiigem
x=x(0)e ",
_kx(0) 1 1| y(0)— kx(0) — (8.23)
Hy — K M, —k

CrnegoBaTtenbHO, IPOLIECC TEMHOBOTO BOCCTAHOBIICHHS LIUTOXPOMA U
MMATMEHTA CIMCHIBAETCS CIICAYIOIIM 00pa3oM:

P(C°)=P(C°P° )+ P(C°P")=x+y=

8.24
— X(O) H e—k]t + y(o) _ klx(o) e—,uzt‘ ( )
H—k My —ky
P(P°)=P(C°P")=x=x(0)e"", (8.25)

rIe Jg(O), W0) —cranuonapusle 3uadeuus BeposTHocteil (C°P°) u
(C°P) pacCAUTaHHBIX UCXOAS U3 Tpada, NMPECTaBICHHOTO HA PHUC.

Fpad) Ha puc. 41, a cnemoBaTeILHO, M PEHICHHE, IIOTYICHHOE C €70
IIOMOMIBIO, OYEBUJIHO CIIYKAT XOPONIMM IIPHUOIMKEHHEM I IIEp-
BOHAYaAJIBHOM cxeMbl puc. 39 ¢ Bpemen ~0,01 c¢. Ha Menpmmx Bpe-
M€HaX, IPUHAMas BO BHHMaHKE, 9TO B HAYaJbHBLIII MOMEHT BPEMEHH
=0, KOMIUIEKC C BEPOATHOCTHIO, ONMM3KON K €IWHHIE, HAXOAWUTCH B
cocrossarm 1100, 3BOTIONMSA KOMILIEKCA OTPAHMYCHA MEHBIIIMM 9HC-
JIOM COCTOSIHHII Y KHHETHKA OIMCEIBAETCA LIENBI0 HEOOIBIIONO IHCIIa

X,>X,—>..
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8.5. CBeenne G0JILIIOTO YHCIIA OJHOYJICKTPOHHBIX IEPEHOCYHKOB
K MEHBIIIEMY YHCJIY MHOI'OYJICKTPOHHBIX NNEPEHOCYHKOB

B stom maparpade uznaraercs METOJ YIIPOUICHHUS CHCTEMBI IHd-
(bepeHIMaAIBHBIX YPaBHEHHH, ONMCHIBAIONICH MEPEHOC 3JICKTPOHOB B
KOMIIIEKCAX MOJIEKYJ IIEPEHOCYHKOB. DHu3Mdeckuii CMEICT METOAA
COCTOHWT B 3aMeHEe OOJBIIOTr0 9YWClIa OJHOIJICKTPOHHBIX TMEPEHOCIH-
KOB, BXOJIIIMX B KOMILIEKC, MEHBLIINM 9HCIOM MHOTO3JIEKTPOHHBIX
nepeHocdnKkoB. IIpuBemeHHBIN METOJ SABIAECTCA JACTHBEIM CIIydaeM
METO/a, U3JIOKECHHOTO paHee, OJHAKO UMEET CaMOCTOSTEILHOE 3Ha-
YeHHe, MOCKOJLKY YKPYIHEHHE MPON3BOIUTCA HETOCPEACTBEHHO HA
YPOBHE COCTOSIHHAN OTACIHHEIX NEPEHOCYMKOB, @ HC HA YPOBHE CO-
crosuuii koMmriekca kak nenoro [[llunkapes, 1978; BenemukToB u

Ip., 19796].
PaccMOTpHM THEpEHOC 9JIEKTPOHOB B KOMILIEKCE M OJHOIJIEK-
TpouueiX nepeHocankoB Ci, C,, .... C,, TPOHUCXOMAIIMI COrJIACHO
K ky k3 km km+1
) G G, v C, .(8.26)
k_q k_o k_3 k_m k_(m+1)
3nece ky, ko, ... , ki, k.w— MOHOMOJIEKYISAPHEIE KOHCTAHTHI CKOPOCTH
IEpeHoca DJIEKTPOHOB B Kommekce, ki, ki, kmit, Kmiiy—
IICEBIOMOHOMOJIEKYJISIPHBIE KOHCTaHTEI CKOPOCTH,

MPONOPIIHOHANIBHEIE  KOHIIEHTPAllMd  JK30TE€HHBIX  JOHOPOB H
aKIIEIITOPOB B COOTBETCTBYIONIEH (hopMe.

IIycTes KHHETHYECKHE KOHCTAHThI CKOPOCTH K1, ki, km+1, Km+n
oO0Mena KOMIIJIEKCa CO CPEIoi CYMECTBEHHO MEHBIIE, 9EM KOHCTAH-
ThI CKOPOCTH IIEPEHOCA IJIEKTPOHOB BHYTPH KOMIUIEKCA. Torma sjek-
TPOH, IIOIAB B TAKOW KOMILIEKC, OBICTPO «pa3Ma3bIBAECTCA» IO IEpe-
HOCYHKAM, IIPEXKIE 9EM IIPOHU3OHMIET U3MEHEHHE IHCIa DJIIEKTPOHOB B
xomiiexkce. ClemoBaTrenbHO, Ha BpeMeEHaX, OONBIIHMX, 9€EM BpEMS,
HEOOXOIMMOE JUIS TAKOI'O0 YCPENHEHHS, KOMILIEKC IEPEHOCIYHMKOB
NpHODKEHHO MOXHO DPacCMaTpHBaTh KakK OJWH 72 3JIEKTPOHHBIN
MEPEHOCYHK, IIOCKOJILKY 3HAHHS YHCIIA 3JIEKTPOHOB, HAXOAAIIMXCH B
JaHHLIM MOMEHT B KOMILJIEKCE, AOCTATOYHO, 9TO0LI HAHTH pPEIOKC-
COCTOSIHHS OTJIEJIBHBIX IIEPECHOCYHUKOB, BXOAANINX B KOMILJIEKC. JTOT
MHOTO3JIEKTPOHHBINA MepPeHOCTIHK (R) MOXKET MEPEXOIUTH U3 OJHOTO
COCTOSIHHS B APYTOC IO CICAYIOMICH CXEME:

O 202 m-)2m) 82)
A V) A3 Am—1 Am

[Mudpamu Ha 5TOM cxeme 0003HAYCHO IYHUCIIO DJCKTPOHOB, HAXOJISA-
meecs B KOMIUIEKCE, T. €. BOCCTAHOBJIEHHOCTh BBEICHHOIO
MHOT'02JIEKTPOHHOTO MEPEHOCYHKA, & KOHCTAHTHI L, A, 3aBHCAT KaK
OT KOHCTAHT CKOPOCTH ki, k.1 ¥ ki1, ki (m+1) COOTBETCTBEHHO, TAK H OT
CTallTMOHApPHbIX Be‘pOSITHOCTeﬁ TEX COCTOHHHﬁ, K3 KOTOPBIX KOMILJIECKC
NnepCXoauT C 9TUMH KOHCTaHTaMH CKOPOCTH. OTMG’I‘I/IM, 9TO0 HMCHHO B
pEaKIMIX C KOHCTAHTaMH CKOPOCTH L, A; S=1, ..., m IPOHCXOIUT
HU3MCHCHHEC 9HCJIa 3JICKTPOHOB B KOMILJICKCE.
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TaxuM 06pa3oM, BMecTO 2" COCTOSHUM, COOTBETCTBYIOIMX M OJI-
O9JICKTPOHHBIM TIEPEHOCYHKAM, pacCMaTpUBacTCd TOJbKO m+1 coc-
TOSHHE, COOTBETCTBYIOLIEE OJHOMY M-3JEKTPOHHOMY IIE€PEHOCUHKY.
Cucrema quddepeHnmalbHEIX YPaBHEHME, 0TBEYAIONIAs IIEPEX0aaM
3TOr0 MHOTO3JIEKTPOHHOIO MEPEHOCIHNKA R, COMEPKUT TONBKO m + 1
NEpEMCHHOC 1 UMEECT BH]]

Xo = AX — X,

Xy = mxy + %y — (A + o )y, (8.28)

Xm = HmXm—1 — /lmxm’
TI€ X—BEpPOATHOCTh TOT'O, 9TO MHOTOJJIEKTPOHHBIN MEPEHOCIHK R
HUMeeET [ 3JIEKTPOHOB.

KaxxmoMy COCTOSIHHIO TaKOTO MHOTOJIEKTPOHHOTO IIEPEHOCIHKA C
(bMKCHPOBAHHBIM YHCIIOM 3JIEKTPOHOB COOTBETCTBYET HECKOJILKO Pa3-
JUIHBIX COCTOSHHMI KOMILIEKCA, OTIMYAIONIMXCH APYr OT JApyra
pacIpeaeIICHUEM JJICKTPOHOB MEXIY OTACIHLHBIMHA IEPEHOCIUKAMH.
3a BpeMs CYIIECTBEHHO MEHBIICE, 9eM BpeMs, HEOOXO0IUMOE IS W3-
MEHEHUS 9HCIIa JIEKTPOHOB B KOMIUIEKCE, B TAKOH T'PYIE COCTOS-
HUH ¢ (GDUKCHPOBAHHBIM 9HCIIOM JICKTPOHOB YCIICBACT YCTAHOBUTHCS
paBuoBecHe. [103TOMy Ui ONpeeIeH s HOBBIX KOHCTAHT CKOPOCTH
MIEPEXOJIOB L, Ag, JJIA CXEMBI (8.27) MOXKHO PacCMOTPETh PABHOBECHE
B CIEAYIOIEH CHUCTEME m OJHODJICKTPOHHBIX nepeHocdukoB (...,
C,, coaepxanieii pOBHO S JJIEKTPOHOB M B3aUMOJCHWCTBYIOLIMX 10
cxeme

ko k3 km
c oo™, (8.29)
k_p k_3 k_m

1
O06o3nagum gepes P(Cqs)BepO}ITHOCTB TOTO, 9TO B KOMILJICKCE

TIEPEHOCIMKOB ¢ HUKCHPOBAHHBIM 9HCIIOM JJIEKTPOHOB (§) ¥ B3aHMO-
JIEHACTBYOIUX ApYyr ¢ apyrom cornacHo cxeme (8.29), C,-i mepe-
HOCYHK HAXOIUTCS B BOCCTAHOBIICHHOM COCTOSHHHM. TOrJa HOBBIC
KOHCTAHTBI CKOPOCTH Lis U A, I cXeMBI (8.27) MOryT OBITh HakIEHBI
COTJIACHO ClieayromumM Gopmyam:

Hy =k P(CL )+ ki P(Cr ),

(8.30)
ﬂ’s = k— P(Cll,s) + k(m+l)P(Cr1n,s )

CranmoHapHble  BEpPOSTHOCTH P(C,?S) P(C,l’s ) P(C,(,),,S) P(C,ln)s)

MOKHO HAWTH U3 CICIYOMEH CHCTEMBI YPaBHCHHM, MOTydaromIeiics
MPUMEHEHHEM NPUHIMIA IETATEHOTO paBHOBecHs K cxeme (8.29):

K,P(CICY)=P(C°C})
K,P(CIC?)=P(C’C)) (8.31)
K, P(C!_C%)=P(C°_C!),
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rneK; =k;/k_;- COOTBCTCTBYIOIIME KOHCTaHTHI pPaBHOBECHS, a
P(C}C?) €CTh CTALlMOHApHAs BEPOSATHOCTH Toro, 4ro C;-ii mepenoc-

9HK 3JIEKTPOHOB BOCCTaHOBIIEH, a C; i OKHCIIEH.
Kaxoe u3 ypaBHeHMIT 3TOH CHCTEMBI SKBHBAJICHTHO Ha CaMOM Jele

m=2)_ (m—2) YPaBHEHHUSM OTHOCHTENIBHO CTAlMOHAP-
- (m—s—1)(s—1)

s—1
HBIX BEPOATHOCTEH COCTOSIHHMI KOMILIekca kak uenoro. Hampumep,
nepBoe ypaBHenune cucrteMbl (8.31) OSKBHBAJIEHTHO CIIEAYFOLIEH
CHCTEME YPaBHCHHUH

1,0,~1 1 1) _ 0,1 1 1

K,P(C; C2C1-2C1.3...Cis)—P(C1 C2Ci2Ci3“'Cis ). (8.32)
3necs i,, 03HA9AET HOMEDP IIEPEHOCIUKOB, KOTOPHIE BOCCTAHOBJIEHEI, &

1,01 A1 1 .. .

COOBITHS (CICZCiZCiS...CiS) 03HAYAIOT, 9TO TEPBBIH, iy, 3, ..., I,
TIEPEHOCYUKHA BOCCTAHOBJICHBI, @ OCTAJILHBIE (M—S) OKHUCIICHEI.

PaccMOTpuM IIPOM3BOJIBHOE COCTOSHHE KOMILIEKCA C S DJEKTPO-
Ham¥ (i, Iy, ..., is), TA€, KaK ¥ paHee, ; yKa3bIBACT MEPEHOCYHUK, HA
KOTOPOM HaxoauTcs k-H 31exTpoH. /s Toro 9toObl KOMIUIEKC H3
coctosuus (1, 2, ..., s) mepemen B COCTOAHHUE (i1, Ia, ..., ), HYXKHO,
9TOOBI §-i JJIEKTPOH IEpemie] Ha i;-€ MECTO, ..., 1-H JJIEKTpPOH Iie-
peIIen Ha [;-€ MECTO. YUHUTHIBAS CIIPaBEIIMBOCTb IPHUHIKIIA JETATh-
HOTO paBHOBECHS I cXeMbl (8.29) U TakKe TO, 9T0 KaXIOMy Iepe-
XOJy DJIEKTPOHA COOTBETICTBYET OMpEIEICHHAsA KOHCTAHTA PaBHOBE-
CHS, a IIOCIECHAOBATENBHO OCYIIECTBISIEMEIM IIEPEXOAM - IPOM3BE-

Diiy i =( s+1 - Ko '“"Kis sz Ko '-“'KiS—IJ""'
'(Ks Ky K XKz K- K )p12...s
Wmu, aTo To *xe,

piliz...iS:H HKq 12..5 (8.33)

r=1\_g=r+1
IlomcraBiss IOyYeHHBIE BRIPAXKECHIS JJISI BEPOATHOCTEH COCTOSHMIA

KOMILJIEKCA B YCIIOBUE HOPMHUPOBKHU Z p; =1, nomyunm
i

1
Piz.s = : (8.34)

oy I TIK,

1KhLip L. <ig<n r=1\g=r+l

Otkyna ¢ yueroM (8.33) HECIIOKHO HAWTH BBIpAXKEHHE LIS MPOM3-
BOJIBHOA BEPOSTHOCTH pDj;, ; , & CIE/JOBATENBHO, U BBIPOKCHHE JUIsL

BEPOSATHOCTEH PEIOKC-COCTOAHUNA OTEIBHBIX IEPEHOCIHUKOB, BXO IS~
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OIMX B KOMILJIEKC, IPOCYMMHPOBAB BEPOSATHOCTH TEX COCTOSIHHI KOM-
wieKkca ¢ (QUKCHMPOBAHHBIM YHCIOM JJIEKTPOHOB, B KOTOPBIX
paccMaTpHBAEMBbIi MEPEHOCYMK HAXOAWTCS B HHTEPECYIOHIEM HAC
cocrosunu. TakuM oOpasom, cucteMsl ypaBHenwuii (8.31), BMecTe c
YCIIOBHUEM HOPMHPOBKH JIJIs1 CTAllMOHApPHBIX FepOﬂTHOCTeﬁ COCTOSSHUHA
KOMILIIEKCA C PUKCHPOBANHBIM 9HCIIOM 3JIEKTPOHOB, JIOCTATOYHEI JIJIS

0 1 0 1
Pct,) Plal,). Plen) Ple)

JIsi BEIYMCIEHMS HOBBLIX KOHCTAHT CKOPDOCTH [y H A, B CXEME
(8.27) meobxomumo, coriacuo gopmyie (8.30), craumonapHeie Be-
POATHOCTH YMHOXHTh Ha TC KOHCTAHTBI CKOPOCTH, KOTOPBIC IIPHBO-
JIIT K H3MEHEHHIO 9KCJIa SJIEKTPOHOB B KOMILIEKCE.

Tak, Hampumep, IS CiIydas, KOrjla B KOMILIEKCE HaXOIMTCS
TOJIBKO OJHH 3JIEKTPOH (s=1), IMEEM CIEIYIOMYIO CXEMY MEPEXOI0B
MEXy COCTOSHUSAME KOMILIEKCA:

Ky . K3 K

(10...0)—— (010...0) o (0..01) (8.35)
K2 -3 K_m

B nanHoM ciydae OTIENBHBIE COCTOSIHHS KOMILIEKCA MOKHO OTOX-

JECTBUTh C BOCCTAHOBJIEHHBIMH (pOpMamMH COOTBETCTBYIOINHMX IIE€pE-

HocarkoB. Pemas cuctemy ypasuenwii (8.31) mis cxemsr (8.35), na-

. 1 . B Pi
P(Cll")_ I+ p,+ps+.4p, P(C;’])_ L+ pr P+t P

rae p, =K,K;-...-K;, 1<i<m.
CrnegoBarensHO,

(et )=1-P(c}, )= 1 fjojf 3p:++f o

P(C,?,,l ) =1-P (C,‘,,,l ) B 11++p;2++)2; :’i;"": -

U KOHCTaHTBhI CKOPOCTH s U }\'S PaBHBI
0 0
My =k P (C1,1)+ k_(ms1)P (Cm,l):

B kl(Pz + 3 +---+Pm)+k—(m+1)(1+P2 + 3 +---+pm)
l+py+p3+...+p,

ﬂ'l :k_lp(clll)‘l‘ km+1P(Crln1): k_l +km+1pm .
’ I+ py 3+t p,

Ecnmu crammu mepeHoca 3J7€KTpOHA BHYTPH KOMILIEKCA NPAKTH-
geckn HeoOpatumel (ko = k3= ... = k= 0), TO BOBMOXHBI TOJBKO
crnexyromue cocrostaus komruekca: (0 ... 01), (0 ... 011), (0 ... 0111),
w., (01...1), (1...1), oTHOCHTENIBbHAS BEPOATHOCTh KOTOPHIX B TPYIIIE
COCTOSIHHM ¢ PHKCHPOBAHHBIM YHCIOM 3JIEKTPOHOB OJIM3KA K €IHHH-
ne. Beuay HeoOpaTHMOCTH, & TaK)K€ TOT0, 9TO BCIO TPYIIY C (PUKCH-

b
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POBaHHBIM 9HCJIOM JJICKTPOHOB MPEACTABIAECT TOIBKO OIHO COCTOS-
HHE, TIapaMeTphl L, A, PaBHBI COOTBETCTBEHHO k| U k.. B 3TOM
cirydae cxema nepexo/1oB (8.27) npuMeT 0COOEHHO MPOCTOM BHI

0 1 m—1) m
km+1 km+1 km+ (836)

OdeBuIHO, 9TO TIPUBEICHHBIN B 3TOM Tlaparpade MeToj yIpomeH-
HOTO PacCMOTPEHHS MEPEHOCA JJIEKTPOHOB CIIPABEIJIMB HA BpEMEHAX,
OoNBIINX, 9eM BpeMs, HEOOXOIUMOE JUIS «pa3Ma3bIBAHUm) DIICKTPOHA
0 KOMIUIEKCY, U TeM Oojee TOodeH, 9eM Ooblle OTIHMYaroTCA II0
TIOPSJIKY BEJIMYMHBI KOHCTAHT CKOPOCTH MepeHO0ca JJIEKTPOHA BHYTPH
KOMILIEKCA OT KOHCTAHT CKOPOCTH OOMeHa KOMILJIEKCa CO Cpeioii.
SlcHo TaxKe, 9TO OH MOXeET ObITh IPUMEHEH K IPOM3BOJILHON CXeMe
B3aMMOJICHCTBUS TICPCHOCYMKOB, a HE TOJIBKO K JHWHCHHOW, Kak B
paccMOTpeHHOM citydae. Eciv 11t mepenoca 3JeKTPOHOB B KOMITIICK-
ce, COCTOATIEM 13 OOJILIIOr0 YMCIIa IEPEHOCIUKOB, IMEETCS HEPapXHs
B BEIMYMHAX KOHCTAHT CKOPOCTH IEPEHOCA DJICKTPOHOB MEXKTy HUMH,
TO, TOCIIEAOBATENBHO NPUMEHAA YKa3aHHBIA METOJ, YKPYIHEHHS K
TPYIIIIC PAAOM PACIIOIOKCHHBIX TICPEHOCINKOB, KOHCTAHTHI CKOPOCTH
Y KOTOpBIX CYIIECTBEHHO OOJbINE, 96M KOHCTAHThI CKOPOCTH 0OMeHa
9JIEKTPOHAMH MEXAY TPYIIIaMH, MOXXHO CBECTH ONMCAHWUE (DYHKIIHO-
HHPOBAHMSA TAKOTO KOMIUIEKCA K TIEPEHOCY JJICKTPOHOB MEXKIY MCHB-
[IMM 9HCIIOM MHOTO3JIEKTPOHHBIX TIEPEHOCIHUKOB (Ha BpeMeHax, 00Jb-
[IMX, 9€M BpeMs, HEOOXOIUMOE I YCPEIHEHUS DIIEKTPOHOB MEXTY
TIEPEHOCYMKAMHM TAKOW TPYIIIIEI).

3akmroueHne

B mammHoO# raBe MBI paCCMOTPENM METOABI YIIPOIIEHHOTO OIKCa-
HUS TIEpEHO0Cca JIEKTPOHOB B KOMILUIEKcax. [Ipy 3TOM OBLIM MCTIONB30-
BaHEbI JIBa TIOIX0/A JUIS aHAJIN3a TAKOTO POJA CHCTEM.

B niepBoM — mpeoniaracTes, 9T0 KOMILICKC MEPEHOCIUKOB JJICK-
TPOHOB YK€ MCXOJHO YCTPOEH TaK, 9TO B HEM pEAM3YyeTCs OTpejie-
JISHHAs WepapXusl BEIWMYWH KOHCTAHT CKOpoCTH. B 9TOM ciydae myis
ONHCAHMS KHHETHKHM TEPEHOCA SJICKTPOHOB HEOOXOIMMO HCIIONB30-
BaTh pa3lIMYHBIE CTAHAAPTHBIE METOABI HCCIEIOBAHMS CHCTEM OH(-
(bepeHIMABHBIX YPAaBHEHUMN ¢ MaJIBIM TTapaMeTpoM. JIonomHuTeIbHbIC
BO3MOXXHOCTH JUISl YTIPOLIEHHS JaeT TO OOCTOSTENBCTBO, YTO HWH-
TEPECYIOIIUE HAC COCTOSHUS OTACIBHBIX TIEPEHOCYUKOB MIPEICTABISIOT
coboii cyMMy cocTosiHMi KOMIUIeKca. [109ToMy BO MHOTHIX CITydasx
MOXXHO TIpeHeOpedsb OONbIIEH 9acThIO0 CIaraéMbIX 3TOM CyMMBbI BBHIY
WX MaJiocTi. B KadecTBe mpuMepa TaKOro poja IOAXO0Ja MOXKHO
MPUBECTH aHajmu3 KuHeTmdeckoro mnoseacHus @OPL] myprmypHBIX
Oaktepuii (cM. moapoOHee . 9). B peakiMOHHOM ILEHTPE YXKE H3-
HaJaJIbHO MMEETCS ONPECICIICHHAS WEpapXus BCIMYWH KOHCTAHT CKO-
POCTH TEPEHOCA 3JIEKTPOHOB MEXIY OTAEIbHBIMH IEPEHOCIHKAMH.
Orta uepapxus OPUBOAUT K TOMY, 9TO JUIsl ONKUCAHUS MEPEHOCA DIICK-
TPOHOB HA BpPEMEHAX, COTMOCTABUMBIX C YacTOTOH TONaJaHds BO3-
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oyxnaennii B ®PI] MoxHO He paccMaTpHBaTh OLICTPHEIE BHYTPHKOM-
IUIeKcHbIe niepexonsl (em. . 10, 11).

Bo BTOpOM momxone wepapXus BEIWYWH KOHCTAaHT CKOPOCTH H
HadaJIbHBIE YCJIOBHS SKCIEPUMEHTAIBHO W3MEHSIOTCS TakuM o0pa-
30M, 9TOOBI MAKCHMAJIBHO YIIPOCTHTh PACCMATPHBAEMYIO CHCTEMY H
clenaTe €€ JOCTYNMHOH ais u3ydenus. [IpuMepom 3TOoro moaxomaa
MOXXHO CIUTATh PACCMOTPEHHE TPAHCIIOPTA IJIEKTPOHOB B YCIIOBHSX,
KOT'JIa MPOMCXOIUT MEPEHOC JIMNIb HEOONBIIOr0 9UCIIa JJICKTPOHOB
(meipok). B 3TOM Citydae, €CTECTBEHHO, HEBEIHKO M 9HCIIO pa3jind-
HBbIX HM3MCHAIOIIUXCSA BO BPCMCHH COCTOSHHU KOMILIEKCA. Hepelmc—
JIUM KPaTKO pa3iu4HbIC, HE UCKIIOYAIONINE APYT APYTa, SKCIICPUMEH-
TaJbHBIC YCIOBHS TAKOTO pOJIa:

a) CO3JaHWE OKHCIHUTEIBHBIX (BOCCTAHOBHUTENIHLHBIX) YCIIOBHIA,
KOTJ[a 9JIEKTPOHBI (IBIPKH) TaK PEAKO IMOCTYIAIOT B KOMILIEKC, 9TO
MOXHO npeHereqL BO3MOXHOCTBKD HaJIM4YHA B KOMILUICKCC JABYX
9JIEKTPOHOB (ILIPOK) H pacCMATPHUBATh IIEPEHOC TOIBKO HE O0JIee 9eM
OJIHOTO 3JIeKTpoHa (0IHOM IbIpKH) (cM. Ti1. 12);

0) co3JaHue HEpPaBHOBECHBIX YCJIOBHH 3a CYET IIEpEHOCA JIHIIb
nebompmioro gucina (1—2) 3JI€KTPOHOB B KOMILIEKCE. THIMYHBIM
MPUMEPOM TaKOIo poja yciaoBuid smiuserca aktuBauus OPI] xopot-
KOH BCITBITIIKOM CBETA;

B) CO3/IaHHE TaKWX YCJIOBHH (C MOMOIIBI0O HHTHOUTOPOB, PEIOKC-
nmoTeHMana cpensl, pH, TeMmepaTypsl, peaoKC-MeIUaTOpPOB), HpPH
KOTOPBIX TIEPEHOC SJIEKTPOHOB OTPAHUYCH JIMING HEOOIBIINM JHCIIOM
MEPEHOCIUKOB. THIMMYHBIM TPUMEPOM TAaKOTO poOja SBISAETCH pac-
CMOTPEHHE TIEPEHOCA JIEKTPOHOB B BOCCTAHOBUTEILHBIX YCIOBUSIX B
PEAKIMOHHBIX IIEHTpaX (JOTOCHHTE3a, KOT/IA 9aCTh AKIIETITOPOB JJICK-
TPOHOB PEAKI[HOHHOIO IIEHTPa YX€ MCXOJHO BOCCTAHOBJIEHA 0 aK-
THBAIIMA PEAKIIMOHHOTO IIEHTPA CBETOM.

CoBepIieHHO 0Y€BHIHO, 4TO II€IECO00pa3Ho codeTaTh 00a pac-
CMOTPEHHBIX ITOIX0/1a.

I'masa 9

KHMHETUYECKAS MOJIEJIb ITEPEHOCA
QJIEKTPOHOB
B ®OTOCHMHTETUYECKHUX
PEAKIIMOHHBIX ITEHTPAX

B riaBe paccMOTpeHBI OCOOEHHOCTH KHHETHYECKOTO OIMMCAHHS
TPAHCIIOPTa JIEKTPOHOB IpH GoTocuuTese. IlocTpoena ynpomeHuas
KHHETHYeCKas Mok nepenoca snekTponoB B OPII, koTopas y4u-
THIBAET KaK OPraHU3alHI0 MEPEHOCYMKOB 3JIEKTPOHOB B KOMILIEKC,
TaK M MMCIONIYIOCS MEPAPXHIO B BENMYHMHAX KQHCTAHT CKOPOCTH IIe-
peHoca 3NEeKTPOHOB Ha oTAedsHbIX stamax (10°—10'" ¢!). Paccmot-
peHa CHMMETpPHS B IIEPEHOCE IJIEKTPOHOB HA JJOHOPHOM M aKIIEITOp-
HOM ctoponax @PI].
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9.1. ObocHOBaHHE MOICIH

B of0meM Buae cxema TiepeHoca 9JeKTpoHOB B OPI]
dororpodusix Oakrepuii, a Taxke B (¢orocucremax [ m II BeicoImx
pacTeHuii MOXKET OBITh IPEACTABICHA CIEAYIOMMM 00pa3oM [CM. IIL.
1, a Taxxe: Barber, 1978; Illunkapes, Pyoun, 1981; Illysamnos,
Kpacuosckwuii, 1981].

D kn D kn-1 k2 D A D ko 4 m 4 m
Ly, 2 1 q 2
kn k_{(n-1) k2 kg ko m_| m_y
L N 4 _ms y
) s 9.1)
B »o10it cxeme D) ..., D,—TepeHOCYHUKH 3JIECKTPOHOB, HAXOs-
IIAecs Ha JIOHOPHOHN CTOpoHE; A4, ..., A—IIEPEHOCIHUKHN JJICKTPOHOB,

HaxojAmuecs Ha akuenTopuoi cropoue OPII; D, A — Buemmwme
JIIOHOP M aKLENTop JIEKTPOHOB; k;, k;, m;, m,; (i=1, 2, ...,n; j=1, ...,
§)—COOTBETCTBYIOIINE KOHCTAHTEI CKOPOCTH IIPAMBEIX M OOpATHBIX
peakuid IepeHoca 9JeKTpoHOB. KOHCTaHTa CKOpPOCTH CBETOBOM
craguu ky cYuUTaeTcs IIPOMOPLHOHAILHON HWHTEHCHBHOCTH JICH-
CTBYIOIIETO CBETA; €€ 0ojiee MOAPOOHOE OIpEEIEHHE IPHUBEICHO B
caeayromeM maparpade.

Yucno xoMIIOHEHTOB, BXoasamuXx B coctaB ®DPIl, kak mpaBuio, He
menee 3—5. OnHako H3-3a MAaTEMATHIECKHX TPYAHOCTEH OOBIIHO
aHaJM3upPyIoT ToabKo Moxaens ®PIl ¢ nByms mepenocamxamu [Co-
pokuH, 1973; 1976a, 6]. BMecTe ¢ TeM HM3BeCTHbIE B HACTOSIIEE BpeE-
M ocoOeHHOCTH (yHKIMOHAILHOM opranm3anuu OPL] no3sossror
c(hOpMyJIUPOBaTh OONIYI0 KHHETHYECKYI0 MOJIENb, OINHCHIBAIONIIYIO
TPAHCIIOPT JEKTPOHOB B PEAKIMOHHBIX IIEHTpax, 0€3 CYIECTBEHHBIX
OTPaHMYEHMH Ha 9HUCII0 MEPEHOCIUKOB IJIEKTPOHOB.

OO0muMHu depTaMu B (YHKIIHOHAIBHOH OpPraHH3allid PEaKIIMOH-
HBIX IIEHTPOB (hOTOCHHTE3IUPYIOMINX OaKTEepHi, a TaKXKe, M0-BUIUMO-
My, peaknHMOHHBIX HEeHTpoB (orocucrem I m II 3emeHnix pacrenmii
saparotcs caeayromue [[unkapes, Pyoun, 1981]:

A. bmwxaiimee moHopHo-akuentopuoe okpyxeune ®OPL] mpexn-
CTaBIIIET COOOM €AMHBIN KOMIICKC MOJICKYJ IICPEHOCIUKOB, B KOTO-
pOM 3a/jaHa CTporas MOCIIEI0BaTEIbHOCTh IIEPEHOCA IIIEKTPOHOB.

B. Cpenuerodednsie peIOKC-MOTEHIHANBI COCEAHHX IIEPEHOCUH-
KOB 3JICKTPOHOB, HaXOJIAIINXCS Ha JIOHOPHOW M aKIICITOPHOM CTOpO-
HaX PEaKIHOHHOI0 IICHTPa, OTIMYAl0TCsA, KaK PaBHJIO0, HE MCHEE 9EM
ua 60—100 MB. OT0 o3Hadaer, 9T0 BCe KOHCTAHTEI paBHOBECHA ki/k.;,
mil m,; (i=1, 2, ..., n—1; j=1,2,..., s—1) na cxeme (9.1) 6onbme 10 u,
CIACAOBATEIbHO, IPH aHAIM3€ KHHETHKH IIEpeHoca SJIEKTPOHOB
MOXKHO IpeHeOpedbh KOHCTAHTAMH CKOPOCTH OOpaTHBIX peakuui k.,
m_;. KpoMe Toro, pegokc-moTeHIaisl nepenocaukos Dy, D;,..., D,
BBIIIIE TTOTEHI[HAIOB IEPEHOCIUKOB Ay, Ay, ..., A (puc. 42).

B. Benmauuel KOHCTAHT CKOPOCTH IIEPEHOCA IJIEKTPOHOB HA CO-
CeJIHMX y9YacTKaxX IOHOPHOM M aKIENITOPHON CTOPOH PEaKIOHHOTO
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LIEHTpa OTINYAIOTCS APYT OT JApyra He MeHee 9yeM Ha 2—4 nopsaka:
k2102 =10, (=2, 3,..., n-1),

1—

m, 2 (10210}, (=2,3,..., 5-1),

Hapsagy ¢ yd4eToM ONHMCAaHHBEIX OODMX dYepT OpraHU3aliH
PEAKIMOHHBIX IIEHTPOB B JaJbHEMmEM Mbl OyZeM NpeAnoararsb
clIeIyromee.

£ 1B

5

H
h(
>
o
=

500

Puc. 42. Cxema nepenoca 3JIEKTPOHOB B
(hOTOCHHTETHIECKOM PEAKIIMOHHOM
neurpe (/) 1 Benmunna gorapudma KoH-

| 2z, CTaHT CKOPOCTH COOTBETCTBYIOIIMX IIE-
sk oy pexozos (11)
Fn) 6
“iry). OO6BACHEHHS B TEKCTE
w7 I

D~00~0, A=y dy=iy

1. PCJIOKC-HOTGHIII/IaJIBI BHCIIHHUX JIOHOPOB M aKIICIITOPOB TaKOBBI,
9TO0 YCJIOBHA H606paTI/IMOCTI/I BBITIOJTHAKOTCA TaKXEC Ha YydaCTKax
obMmena AJICKTpOHaAMH KOMIIJIICKCA PCAKIITMOHHOI'O IICHTPA CO CpelIOi/'I:

kn mg

DD, A _ A

k_n m_g

OT0 mo3BONSET ¢ yd4eroM mMyHKTa b cxemy (9.1), ommchIBaromryro
TpchnopT 3JIEKTPOHOB B <I)PII, nepenncaTL CJ'IGJIYIOHII/IM o0pazom:
kn_1 k2 mg—1

D—)D - .= D, —>D1—>A1—>A A. — A 4 9.2)

Ha 910i1 cXxemMe KOHCTaHTBI CKOPOCTH k, W m SBISIOTCS TICEBIO-
MOHOMOJIEKYJITPHBIMH KOHCTAHTAMH CKOPOCTH, HPOTOPIMOHATHHBIMA
COOTBETCTBEHHO KOHIICHTPAIMH JIOHOpa DD B BOCCTAHOBJICHHOW (hopMe
Y KOHIICHTpaluM akuentopa A B OKUCICHHOW (opme, B OTIMYHE OT
MOHOMOJIEKYJIIPHBIX KOHCTAHT CKOPOCTH ko, K1, ..., kn1, M1, Ma,..., M.

2. Konmentpanuu BHEOTHUX JOHOPOB ¥ aKIENITOPOB TAKOBHI, 9TO
JIJIE pacCMaTpUBAEMBIX OTPE3KOB BpeMeHM (yHKIMOoHUpoBanus OPI]
X MOXXHO CIUTaTh MOCTOSHHBIMH; KPOME TOTO, JIJISl IICEBIOMOHOMO-
JIEKYJIIPHBIX KOHCTAHT CKOPOCTH OOMEHA DJJICKTPOHAMH PEaKIFOH-
HOTO LIEHTPa CO CPEAOH CIpaBeUIMBEI COOTHOIEHUS k, << k.1, mMm;
<< ms.1.

3. KoonepaTuBHOCTE B MEPEHOCE DJIEKTPOHOB HE HAPYIIAET CO-
OTHOIIEHHH, ONMMCAHHEBIX B MYHKTaX 1 M 2, M €10 MOXKHO IIPeHeOpedb.

Kak ye HEOIHOKpaTHO yKa3wIBaJoCh panee (cM. T 3, 4), mis
ONMCaHMs MEepPEeHoca JEKTPOHOB B KOMILIEKCE HEOOXOAMMO YYHTHI-
BaTh COCTOSHHSA KOMILIEKCA Kak 1enoro. O6o3uagum coctosuusa OPI]
gepe3 1, 2, ..., [ ¥ BBEIEM BEPOSTHOCTH p,(t) TOTO, 9TO KOMILIEKC
INEPEHOCYHUKOB HAXOAHUTCA B ¥-M COCTOAHHWHW B MOMCHT BPCMCHH f.
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Torma (cM. ri. 3) Ju1s BBEAEHHBIX BEPOSTHOCTEH CIIPAaBEUIMBA CH-

cTEeMa JIMHEMHBIX JII/Id)d)epeHIII/IaJIBHbIX YpaBHEHHH

d i

%:Z_:(kjrpj—krjpr), r=1,.,1 (9.3)
j=1

rae ky—KOHCTaHTa CKOPOCTH IEPEHOCA 3JIEKTPOHA, COOTBETCTBYIO-

mas nepexoay Mexny j-M U r-M cocrosuusmu OPL]. Pemms cuctemy

nuddepenumnansuex  ypaBuenuid (9.3) € COOTBETCTBYIONIMMH Ha-

9aJIbHBIMH YCIIOBHSIMHA, MO)KHO HAHTH M BEPOSTHOCTH PEIOKC-COCTOS-

HUH (BOCCTaHOBIEHHOCTH) J00Ooro mepenocarnka OPI], npocymmu-

POBaB BEPOATHOCTH BCEX TEX COCTOAHHH KOMILIEKCA, B KOTOPKIE BXO-

JIWT 3TOT MEPEHOCYUK B HHTEPECYIOMIEM HAC COCTOSHHH (BOCCTAHOB-

JICHHOM).

C 3KCIIepIMEHTANIBLHON TOYKH 3pEHUS HanOONBINNI HHTEpEC Mpe-
CTaBISICT PACCMOTPCHHUE 3aBUCUMOCTH CTCIICHM BOCCTAHOBJICHHOCTH
TIEPEHOCYMKOB BJIEKTPOHOB, BXoAAmMX B coctaB ®DPI], oT koHIIeHTpa-
MK 9K30T€HHBIX JOHOPOB, AKIIENTOPOB M OT BEIMYWHBEI HMHTEHCHB-
HOCTH JIeHCTBYIOmEro cBera. KpoMe Toro, BaxXHOW XapakTepHUCTUKON
SBISETCS CTAIMOHApHASA CKOPOCTh IEPEHOCA DIIEKTPOHOB depe3 peak-
nroHHEIH 1enTp. Oco0bIi HHTEpEC NPEACTABISET PACCMOTPEHHE IIEpe-
XOJIHBIX TIPOIIECCOB, WH/IYIIMPOBAHHBIX BKIIOYEHHEM W BBHIKITIOYCHUEM
JICCTBYIOMIETO CBETA PA3IMYHOMN TN TEIHLHOCTH.

Oka3sIBaeTCs, 9TO B paMKaxX H3JIOKCHHOM KHMHCTHYCCKOM MOJICIIH
nepenoca 3nekTponoB B MPI] ymaercs paccauTaTh BCE HA3BaHHBIC
BBIIIE XapaKTEPHUCTHKH.

9.2. 3ajanne CBETOBOH KOHCTAHTHI CKOPOCTH

OTrmauTeNsHON 9epTOd mepeHoca JIEKTPOHOB NpH (OTOCHHTE3E
SABJISETCS HAJWYHE CBETOBOHM CTAJHMH, B KOTOPOHM DHEPIHSA CBETA HC-
MONB3YETCA JJIA TOTO, 9TOOBI NEPEHECTH JJIEKTPOH OT IMEPBHYIHOTO
JIOHODPA K MIEPBUYHOMY aKIIETITOPY (CM. cxeMy 9 113

B cBs13u ¢ 5TUM B JaHHOM naparpade i)aCCMaIpHBaIOTCﬂ CIIOCOOBI
3a/IaHMsI CBETOBOM KOHCTAHTBI CKOPOCTH ko JUIS PA3IMYHBIX PEXNMOB
OCBEIICHUS.

IlepBrunsie mporeccel mepeHoca 3ekTpoHoB B OPI] mpoTekaroT
9pE3BLIYANHO OBICTPO, 9aCTO B MMKOCEKYHIHOM JHMAINA30HE [CM., Ha-
npumep: Illysanos, Kpacuosckuii, 1981]. BMecte ¢ TeM mpu ocBe-
niennu nipenaparoB OPI] mocTosmasiM cBeTOM TIEPEXOJL_SNIEKTPOHA
or Dy Al‘ TIPOUCXOITUT HE C 9TOW OONBINOW KOHCTAHTOH CKOPOCTH
~10"0— ¢, a ¢ KOHCTaHTOH CKOPOCTH, OHpe,lIeJIHeMOPI 9acTOTOH
Mnona aHus B03 ]y)lcne}ms[ B ®PIl 1 me npeBeImaromeii, KaKk MPaBHIIO,
Bexmunny 10° ¢

B C—)KCHepI/IMeHTaJIBHBIX HCCIICIOBAHMAX TIEPCHOC SJICKTPOHOB B
®PI] akTHBHpYyETCA, KaK MPaBUIIO, JHOO KOPOTKOM BCIBIMIKON CBETA,
00 TIPONOIDKUTEIILHBEIM OCBEIICHHUEM (CTAI[MOHAPHBINA PEXHM).
PaccMoTpuM 3TH cIy9an OTEIIBHO.

1. HpI/I CTallHOHApHOM OCBCIICHWH, KaK YK€ YKa3bIBaJIOCh BLINIC,
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CBETOBasi KOHCTAHTa CKOPOCTH XapaKTepHUs3yeT J9acTOTy MpHXO0Ja BO3-
oyxnenunii B ®PI]. EcrectBeHno, 9T0 ko = 0, €Clli HHTEHCUBHOCTE CBE-
Ta paBHA HYJIO. J[JI CBETOBOI SKCIIO3MIINH, HAYMHAIOIIEIHCA B MOMEHT
BpeMEHM ¢’ ¥ 3aKaHYMBAIOMICHCAd B MOMEHT BpEMEHHW ¢”, BeIMYHHA
CBETOBOW KOHCTaHTHI CKOPOCTH MOXeT OBITh 33j]aHa B BHJIE:

0, t<t
ky=<a, t<t<t"
0, t>t"

2. IIpn MMIOYJIHCHOM OCBEMIEHHH €CTECTBEHHO CYHTATh, 9TO BEJH-
9HHA CBETOBOM KOHCTAHTEI CKOPOCTH k, MOXET OBITH 3ajJaHa B BHJIE
«aensTa»y GyHKUMH koxAd(t-t,). SIcHo, uro mocne ocsemenus OPI]
KOPOTKOM BCHbImKOM cBera (kopoue 1/k; 1/m;) MOXHO mEpeHOC
9JICKTPOHOB PACCYUTHIBATH MCXOJA M3 HYJIEBOH CBETOBOW KOHCTAHTHI
CKOpPOCTH, OTHAKO C HOBBIMH Ha4aJIbHBIMH YCJIOBHSMH, COI'JIACHO KO-
TOPBIM TICPBAYHBIA JJOHOP OKHCJICH, & TICPBUYIHBIA aKIICITOP BOCCTA-
HOBJIEH.

B cBf3M ¢ U3J0XKEHHBEIM OTMETHM, 9TO IpH 33JaHHH HAd9aIbHBIX
YCJIOBHI HEOOXOIMMO MMETH B BUIY CIEIYIOMEe 00CTOSTEIHCTBO.

B npocTeiinieM ciydae TEMHOBEIE M CBETOBBIE IIPOLIECCHI IIEPEHOCA
9JICKTPOHOB XapakTEePH3YIOTCS OJWHAKOBHIMH HaOOpaMH KOHCTaHT
CKOPOCTH, OTJTNYasCh JIUIIb CBETOBOM KOHCTAHTON CKOpPOCTH k,. ITo-
9TOMY HAYaJbHBIE YCIOBHS JOJDKHEI OBITH COTJIACOBAHBI C CHCTEMOM
IuddEepeHINATBHBIX YPaBHCHUH B TOM CMBICIC, 9TO OHM JIOJKHBI
OBITh Y)K€ pPEIICHHUSIMH HCXOJHOHM CHCTEMBI YPaBHEHHM C IapaMeTpa-
MH, COOTBETCTBYIONIMMH MPESABIAYIICMY DPCEKHMY OCBEmICHHSA. B
9aCTHOCTH, CTAl[MOHAPHOE CBETOBOE pACHPEICICHHE 3JICKTPOHOB
SBIIETCS HAYaIbHBIM I ITOCICAYIOMEH TEMHOBOW pellaKcallid M
00paTHO, PAaBHOBECHOE TEMHOBOE PACIIPEICIICHUE JICKTPOHOB MOXET
SBJBITBCS Ha4YaJdbHbIM JUJIA IIOCICAYIOIIHX d)OTOHH)IyanOBaHHBIX
HM3MEHEHHUH PeJOKC-COCTOSHHUN ITEPEHOCIUKOB JICKTPOHOB.

9.3. CaMMeTpHS MepPeHoca JIeKTPOHOB HA JOHOPHOH B
aKnenTopHou croponax @PI]

Kak y)xe 0TME9aJioch BBIIIC, BCE PECAKIIMOHHBIC IIEHTPHI MOCTPOCHBI
M0 €IVHOMY MPHHIIMITY, KOTOPBIH 3aKIF09acTCS B TOM, 9TO KHHE-
THYECKHHM ¥ TEPMOIHMHAMHIECKHMH ITPOGHIM MEPEHOCa SJIEKTPOHOB B
HHX UMEIOT CXOJIHEIH BUJ (CM. pHC. 42).
Cxema mepenoca anekTpoHoB B ®PI] MoxeT OBITH NpeAcTaBieHa
ciexyromuM obpasom [cM. Takxke dpopmyiy (9.2) 1
k kp— k k m m m

pap 5 Bp, Bp 844" 44 04
Ha oroii cxeme crperkamMu IOKa3aHO HANpPABIICHWE MEPEHOCA DJIEK-
TPOHOB MEX/IY MepeHOCINKaMH. [IepeHoc 3JIeKTpOHOB B MIPSMOM Ha-
MIPaBJICHUH 9KBHUBAJIEHTEH MEPEHOCY «IBIPKH» B 00OpaTHOM Hampas-
nennu (cM. 1. 4). TloaToMy, 9TOOBI ONHCATh MEPEHOC «IBIPKWY, HE-

195 7*



Ag=hp Ayrhy Ty ~BOD

Puc. 43. Cxema mepenoca « 0K» B (POTOCHHTETHIECKOM PEAKI[HOHHOM
nenrpe (I) ¥ Benuuupa jorapuMa KOHCTAHT CKOPOCTH COOTBETCTBYIOIIMX
nepexo1oB (L

OOBACHEHUS B TEKCTE

O6xoauMo0 BCe CTpenku Ha cxeme (9.4) moMeHATHL Ha IPOTHBOIO-
JIOXKHBIE:

k kn1 K k k .
Dé@éﬂé@ég&@ﬂ@ﬁf@4ﬁA(ﬁ)

Ilpu cocTraBneHMM KMHETMYECKHX YPAaBHEHMH, ONUCHIBAIOIIMX IIPO-
[IECC TIEpeHoca «IBIPOK» cortacHo cxeMe (9.5), HeoOX0aUMO HCIIONB-
30BaTh OKHUCICHHBIE COCTOSIHUS TIEPEHOCIUKOB 3JIEKTPOHOB.
Ecnu noBepuyTh cxemy (9.5) na 180°, To monydenunas cxema 0Oy-
JIET TIOJTHOCTRIO aHaymoruana cxeme (9.4):
m Me_ m m k k k ky— k
AJ4325@443Q$m3m5q$D(%)

OTcro/ia BBITEKAET, 9TO KMHETHYECKOE MOBEICHUE OKHCIICHHBIX (hOpM
MIEPEHOCYHUKOB A1,..., A; COOTBETCTBYECT KHHCTHICCKOMY TIOBEICHUIO
BOCCTaHOBJICHHBIX (hopM IepeHocaukoB D,, Ds,..., D,. EctecTtBenHo,
9TO JIOJDKHEI CPABHMBATHCS CXEMBI C COOTBETCTBYIOMIMIM 9HCIIOM Tie-
PEHOCYHKOB Ha JOHOPHOU U akuenTopHoi croponax OPI].
ITpu 3amene niepeHoca IEKTPOHOB HA TISPEHOC «IBIPOKY TPOUCXOIUT
naBepcus puc. 42 na 180° oTHOCUTENIBFHO CBETOBOM KOHCTAHTHI CKO-
pPOCTH, a TAKXXE M3MEHEHHE 3HAKA MOTCHIIHATIOB MOJTYBOCCTAHOBIICHH S
IIEPEHOCYMKOB DJJIEKTPOHOB HA IPOTHBOIOIOXHEIHM (puc. 43). Cy-
[IECTBEHHO, 9YTO 3aMEHa IIEPEHOCa JIEKTPOHOB Ha IIEPEHOC JLIPOK HE
WU3MEHSET HU KUHETHYECKHi (deM OJIKe K CBETOBOW CTaIWH, TEM
OoJbIe BENMYWHA KOHCTAHT CKOPOCTH), HH JHEPTETHYECKHH MpO-
¢unb. [1o3TOMYy KMHETHYIECKHE 3aKOHOMEPHOCTH MEPEHOCA DICKTPO-
HOB B J10HOpHO# 9actu DPI] cripaBeIuBEI M I IEPEHOCA «IBIPOK)
B akuentopuoi gactu ®PI] u nao6opor [I11uukapes, Pyoun, 1982].
Takas kuHeTHdecKas JIBOWCTBEHHOCTHh II03BOJISECT IIPH aHAJIN3E
MEPEHOCA DIIEKTPOHOB OTPAHHYUTHCS PACCMOTPEHHEM JIHOO TOJIBKO
JOoHOpHOH, MO0 ToIbKO aknentopuoi cropon ®PI]. CxoactsBo B
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KHHETHYECKOM Opranu3anyy JOHOPHOM M aKIENTOPHOM CTOPOH 00yc-
JIOBJIEHO, IO-BHIMMOMY, HEOOXOIMMOCTBIO OBICTPOrO IIPHBEICHUS
®PI] B peaknMOHHOCIOCOOHOE COCTOSHHUE, IyTEM OBICTPOrO pa3He-
CeHMs Pa3sHOMMEHHEIX 3apsanoB Ha nepudepuro ®PII. ITpumepsl ku-
HETHYECKOH TBOMCTBEHHOCTH KaK JIIA MEPEXOAHBIX IPOLIECCOB, TAK H
JUIS CTAIMOHAPHOTO peXXuMa OyAyT IPUBEAECHBI Jaliee.

9.4. UMy IbCHBIH peXXAM BO30YKIeHHSA

PaccMmoTpuM ucxons u3 chOpMyIMpPOBAaHHON KWHETHYECKON MO
Tpaucnopt 3aekTpoHoB B OPII, nuaynupoBauubiii KPaTKOBPEMEHHOM
BCIIBIIIKOM CBETA.

Ucxoauo, B Temuote (ko = 0), Bce NEPEHOCYNKH DIIEKTPOHOB, Ha-
XOAAIIMECS HA JOHOPHOH CTOPOHE PEAKIHMOHHOIO IIEHTpa, BOCCTa-
HOBJICHBI, a Ha aKUCITOPHON CTOpOHE — OKHUCICHBI. Eciau s kpart-
koctr gepe3 0 1 1 0003HaYNTH OKHUCIIEHHOE W BOCCTAHOBJIEHHOE CO-
CTOSHHS IEPEHOCYHUKOB JJIEKTPOHOB, TO B TEMHOTE PEAKIHOHHBIHA

1.1 0..0
~ ——
n s .
3,21605 CAWMHHIILI HA IICPBBIX # MCCTaxX 0003HA9aI0T BOCCTAHOBJICHHOE
COCTOSAHHUC TICPCHOCYHUKOB D], D2, . Dn, da HYJIHW Ha IIOCICOIHHUX §

MECTaX — OKHCIICHHOE COCTOSHHE IIEPEHOCIHNKOB A1,..., A;.

JlanpHeitniee MoBeACHNE TIEPCHOCIUKOB 3JICKTPOHOB BO BPEMEHHU
3aBHCHUT OT TOT'0, KAKUM 00pa3zoM mporcxoaut ocBemenne ®PI]: moc-
TOSIHHBEIM CBETOM, BCIBIIIKOH CBETA WIIM CEpHEH IMOCIIEN0BATEILHbIX
BCIIBIINIEK cBeTa. HIke paccMOTpeHa KHHETHKA PEIOKC-IIPEBPACHHH
MEPEHOCYHUKOB JJIEKTPOHOB IO ICHCTBHEM BCIIBIIIKY CBETA.

ITocne ocseniennss ®PL] BeobImkom (Tee<l/ki, 1/my) mumes omun
9JIEKTPOH OT IEPBHYHOrO JOHOpa [D; mepeHAeT K IIEPBHIHOMY
aKknenTopy A; M CHCTEMA OKAXKETCH B HEPABHOBECHOM COCTOSHHH,
XapaKTEPU3YIOMEMCS HATHMIHEM ((IBIPKH» B JIOHOPHOMH M JJIEKTPOHA B

1..10 10..0
%,_J H_J

Bcnen 3a 95TMM KOMILIEKC peakMOHHOTO LeHTpa OyIeT CTPEMUTHCS K
HCXOJTHOMY PaBHOBECHOMY COCTOSIHHIO corsiacHo cxeme (ky = 0)

k kp-1 &k k1 k my m _ m
D3D, 5 .. 3D, 5D 345 43.."5 454 ©

OcHoBHas Hania 3a/1a9a COCTOMT B TOM, 9TOOBI HAWTH BEIpAXKEHHE
KHHETHKH PETOKC-IIPEBPAMIEHUHA OTHAEIBHBLIX IIEPEHOCIHKOB 3JIEK-
TPOHOB TIOCTE€ WMITyJasCHOM akTuBaimu @OPI]. U3 cxemsr (9.7)
CIEIyeT BaXHOE OOCTOATENBCTBO, CYIIECTBEHHO YIPOMIAKONIEE
aHaJIN3: MAJHLHEHIIYIO SBOJIOIHI0 AKIEITOPHOW M JTOHOPHOM JacTei
@PI] MOXXHO ONMCHIBATH HE3aBUCHUMO JIPYT OT ApYyTa.
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OBoIONUA «ALIPKH» B HoHOpHOH dacTH ®PI] ommceiBaeTcs mo-
CJIEA0BATEILHOCTHI0 MOHOMOJIEKYJISPHBIX IIEPEXOI0B MEKIY COCTOS-
HHUSAMH KOMILIEKCA

k1 ky  kp—1 kn

(1..10)>(1...101)>... 55 (01...1)5(11...1) (9.8)

OBONIONHKA JIEKTPOHA B aKIIENITOPHOM 9aCTH ONMCHIBAETCSA aHa-
JIOTMYHBIM 00pa3oM:

m] mg—1

(10...0)5(010...0)3...."5'(0...01)=3(00...0) (9.9)

Kaxmoe g-e cocTosime, KpoMe IMOCIeHEr0, DUTyPUPYIOIIEE Ha CXe-
Max (9.8) u (9.9), MOXHO OTOXIECTBHTh C OKHCIIEHHBIM (BOCCTa-
HOBJICHHBIM) COCTOSTHHEM ¢-TO MEPEHOCIUKA IJCKTPOHOB Ha OHOP-

(1..10)e DY, ...,(01...1) &> D?
\ﬂ_J \ﬂ_J

(10...0) > 4/,...,(0...01) > 4g

BcenenctBre 3TOro MOXXHO 3amucaTh cucTeMy U GdepeHIMaTBHBIX
YPaBHCHHH, 3aMKHYTYI0 OTHOCHUTEIBHO BEpPOATHOCTEH pPEIOKC-
COCTOSIHMH OTJIEJBbHBIX NepeHoCcdnKkoB (cM. T 4). CymecTBeHHO,
OJIHAKO, 3aMETHTh, 9TO B OTINIHE OT OOBIYHBIX MOHOMOJIEKYIISPHBIX
peakuui B 5TOM cCiydac I ONMCAaHUS IepeHoca 3JIEKTPOHOB B
JIOHOPHOH 9acTH HEOOXOIUMO HCIIOIB30BATh OKMCICHHBIE COCTOSHUS
MEePEHOCYNKOB, @ B AaKIENTOPHOH YacTH — BOCCTAHOBIIEHHBIE
COCTOSTHMSL.

BBuay Toro 9To cxema nepeHoca 3JIEKTpOHA B aKIENTOPHOM dac-
TH aHAJIOTM9HA CXEME IIEpeHOoCca «IBIPKU» B JoHOpHOU "actu DPI], B
JMAJTBHEHUIIEM MbI OTPAHWIUMCS TOAPOOHBIM PACCMOTPEHHEM JIHMINb
MUTpAUH «IBIPKW» Ha JIOHOPHOM CTOPOHE PEAKIMOHHOTO IICHTpA.
JI7si BEpOsSTHOCTH TOTO, 9TO ¢-i MEPEHOCYHK JICKTPOHOB HA JOHOP-
HO¥M ctopone DPI] HaxoguTCs B OKHUCICHHOM COCTOSIHWH, BBEIEM

oGosnagenue x,(t)=P( Dg ). Torna ucxons u3 cxemsl (9.8) s Be-

POSITHOCTEN COCTOSIHMI OKHCICHHOCTH NEPEHOCYHKOB JIIEKTPOHOB
MOXHO 3aIliCaTh CUCTEMY JHUHEHHBIX M depeHInaNbHbIX YpaBHE-
HU:

dx,/dt =k, x, , —k,x,
Kak cnemyer W3 MONYdeHHBIX OOMMX COOTHOMICHHWH, KHHETHKA
pEeIOKC-TIPEBpAlICHUN IIEPEHOCIMKOB DJICKTPOHOB  OMNMCHIBACTCS
CyMMOi
MoxHO CcYWTaTh, 9TO TOCJIE OCBEHICHUS BCHBINKOW HadallbHBIC
YCIIOBHSA JJIS1 BEPOSATHOCTEH COCTOSHHN OKHCIICHHOCTH IIEPEHOCIHKOB

9JICKTPOHOB, HAXOAAMIUXCS Ha JIOHOpHOU cTtopone ®PI], nuMmeroT By
x1(0)=1,x,(0)=0,i =2, 3, ..., n. IlooTOMY pemeHue CHUCTEMBI TH(-

198



dbepennmansubx ypaBuenuit (9.10) MokeT OBITE 3aIIMCAHO CIETYIO-
M obpasom [baptiert, 1958]:

kt
x,(t)=kky-..-k 12 (k),

B orom Bepaxennn @, ( —ki ) — 3HA9CHUE IPOM3BOIHOM

g=2,3, ....n, (9.11)

a);(—k,-) (k —k Xk, —k)-... (kg — ke X —k;)-... (kq_ki)

Amnanornganoe 06]1[66 COOTHOIICHHUEC CIIPaBCIJIMBO U JJIA IICPCHOCYH -

P(4)=e",
J —mjt
P(A})zmlm2 et )
i=1 W (_mi)
Kax crnegyer w3 monydeHHBIX OOIMHUX COOTHOMICHHH, KHHETHKA pe-
JIOKC-TIPEBPANICHUN TICPEHOCIHUKOB SJICKTPOHOB OIHCHIBACTCS CYyMMOM
9KCIIOHEHIMAJIGHBIX 9JIEHOB, TOKA3aTell KOTOPBIX — KOHCTAHTHI
CKOpPOCTH IIEpEHOCA D3JIEKTPOHOB HA COOTBETCTBYIOIONUX Y9JaCTKaX.
Onnako monydennsie Beipaxenus (9.11) u (9.12), onuceiBaronive
TeMHOBYIO penakcanuo POPL], me ydHuTBIBAIOT HEpapXHH BEIMYIHH
KOHCTAHT CKOpPOCTH, oTMedeHHOM B myHkte B. C yquOM 9TOM

uepapxuu r-i wieH B cymme (9.11), crosmuii nepex e* , OIM30K K
HYJIO, eclii ¥ < g - 1, Omu3ok k -1, ecnmu = ¢ - 1, vim K l,ecnnr—q.
Orcioma cnenyer, 4ro cootuomenue (9.11) ™Moxer ObITh

, 7=2,3,.. .8, (9.12)

t —kg_1t
—e 1 ,

-k
xq(t)=P(D‘(1))ze q g=2,3,...,n,

(9.13)
x(1)=P(D})~eM,
AHaj0rHYHBIE COOTHOMICHHS CIIpaBECJIMBBI KU JJId NEPCHOCYHUKOB
JJICKTPOHOB, HAXOISIINXCS HA AKIEITOPHOW CTOPOHE PEAKIMOHHOTO
LeHTpa:

P(A)me ™ =M, =23, s, P(4)xe™.  (9.14)
Takum 00pa3oM, MEPEHOC JICKTPOHOB B PEAKIIMOHHOM IICHTPE OCY-
MIECTBIAETCA C SBHO BBIPAKCHHOW CTaJMIHOCTBHIO: CHadajla MMEET
MECTO TIEPEHOC «IBIpKU» 3a Bpems ~ 1/k; ot Dy k D,, 3aTeM — 3a

Bpems ~ 1/k,>>1/ky — wa Dy m T. 1. AHanorvdHoe MOJOXKEHHE
PacCIpOCTPAHAETCS M HA IIEPEHOC DIIEKTPOHOB B AKLEIITOPHOM YaCTH.
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9.5. IluKIHYEeCKAH MOTOK YJIEKTPOHOB

J10 CHX ITOp MbI pacCMATPHUBAIH HEIHKINIECKHI TPAHCIIOPT JJIEK-
TPOHOB M HE YYHUTHIBAJIH BHYTPHKOMILICKCHOTO IIMKIHMYECKOTO MEpPE-
HOCa 3JEKTPOHOB OT akIIENTOPOB K JIOHOPaM, KOTOPhIM BO3MOXEH
BBHY TOr0, 9TO PEIOKC-IIOTEHIIHANIEI IEPEHOCIHKOB, HAXOISAIIHUXCS
Ha akKIECOTOPHOM CTOPOHE PEAKIHOHHOIO ICHTpa, HIDKE PEIOKC-
MOTCHIHAJIOB IIEPEHOCYMKOB JOHOPHOM CTOpoHEI (CM. puC. 42).
Onmnako IIpH  IUKIMYECKOM IIOTOKE SJIEKTPOHOB JOHOPHYIO H
aKIEITOPHYIO 9acTH YXKE€ HEIb3d pacCMaTpHBaTh He3aBHCHMO. U3
I000ro COCTOSHHS, B KOTOPOM HMEETCS OJHH DJJIEKTPOH B
aKIICITOPHOM 9aCTU M OTHA «IBIPKay B JOHOPHOI dacTtu, OPL] moxer
MEepEeiTH ¢ KOHCTAHTOM CKOPOCTH IHKJIHMYECKOro IepeHoca (cBoei
JIIS Ka)XKI0T0 COCTOSHHS) B MCXOAHOE paBHOBeCHOEe cocrosmue (1...1
0...0). Bmecte ¢ TeMm cormacuo BeipakenuaMm (9.13) u (9.14), Bpems
JKU3HH JIIOOBIX HEPaBHOBECHBIX COCTOSHHH PEAKIMOHHOIO IIEHTPA,
ommmgaromuxcs or (1 ... 1 0. 0), Tem Ooibmne, 9eM Jajblie
HaXOJATCS 3JICKTPOH HA aKICITOPHOH, a «IbIPKa» Ha JOHOPHOH CTO-
poue ®PL] ot cBeTOBOH CcTamuMH. ITO IPHUBOJIUT K TOMY, 9TO IIHKIIH-
9ecKHe IEepeXoabl HYXXHO y9HTHIBATH TOJNBKO B  Clydae
JOJTOXXHUBYIIHX HEPABHOBECHBIX COCTOSHUH PCAKIIMOHHOTO IIEHTPA.

JlelCTBUTENBHO, IPEAIIOI0XKHB HE3ABHCHMOCTE IIEPEHOCIMKOB HA
JOHOPHOHM M akuenTopHoi croponax MPII mis ckopocTH IHKIHIE-
CKOTO IIOTOKA DJIEKTPOHOB V,; Mexay 4; u D; MOxXHO 3amucaTs cie-
JIYIONIEE BEIPAKEHHUE:

~ 0 1y, —k;t —ki—qt | ™Mt —mj_1t

Vam k(DL )P(A}) = k(e — it i —e (9.15)
rae k;— KOHCTaHTa CKOPOCTH COOTBETCTBYIONIErO IUKIMYECKOTro Ie-
pexoaa. I/I3 9TOr0 BBIPAXCHHUA CIICOQYCT, YTO III/IKJII/I‘IeCKI/H‘/’I TIOTOK

JJIEKTPOHOB MEX/IY IIEPEHOCYMKAMH BO3MOXEH TOJIHLKO B MHTEPBAJILI
BpeMenu, Menbmme, dem 1/(k; + m;), xorma eme COXpaHSIOTCS

0 1
cocrosaus D; u Aj. ITosTomMy BO Bcex cllyyasix, KOTJIa BEJIM9HHA,

obparuas KOHCTaHTE CKOPOCTH kj; MKIMIECKOTO Iepenoca, 6ose,
gem 1/(k; + m;), 5THM TIOTOKOM 3JIEKTPOHOB MOXHO Ipenedpeds. I1o-
CKOJIBKY OOBIYHO BEJIMYMHA KOHCTAHTHI CKOPOCTH IMKJIMYECKOTO I0-
TOKa HE IIPEBHIIIACT 10>—10° c'l, OH BO3MOJKEH JIHIIL MEXAY As 1 D,
Yy KOTOpBIX OOMEH DSJIEKTPOHAMH CO CpEIod TMpoTeKaeT ¢
TICEBIOMOHOMOIICKYISPHEIMA KOHCTAHTAMH CKOPOCTH, JIGXKAIIMMH B
npexenax 10°>—10% ¢

TakuM 00pa3oM, BHYTPHKOMILJIEKCHBIM IUKIWMIECKHHA TPaHCIOPT
3JICKTPOHOB MPOHCXOJUT B OCHOBHOM MEXIY KPaHHMH IEPEHOCIH-
kamu A; u D,. CiienoBarensbHo, IPUBEACHHOE PAHEE OIHMCAHKE MHY-
[MPOBAHHOI0O BCIBIIMIKOH HEIUKINIECKOr0 TPAHCIOPTA YJIEKTPOHOB B
PEaKIMOHHOM IIEHTPE MPaBOMEPHO I BCEX NEPEHOCYHMKOB, KPOME
A; v D, v [jag oTpe3KOB BpPEMEHM, MEHBLINHX, 9€M BpeMs oOMeHa
KOMILJIEKCA 3JIEKTPOHAMHM CO CPEIOH.

C ydJeToM CKa3aHHOTrO Iepexoasl cocTosumi koMiuiekca ®PIL] mo-
CJIC aKTHBAIIMKM €70 KOPOTKOH BCIIBIIIKON CBETA MOXHO IIPCACTABHTH
CXEMOIi1, Ha KOTOPO#M k, — KOHCTaHTa CKOPOCTH IUKIHIECKOIO Iepe-
HOCA JJIEKTPOHOB.
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(1..10 0..0)—2 oL 5(01...1 0...0) —f2—(1...1 0...0)

m, T mT/mT

(1..10 0..0)0— > =1 5(01...1 0...0)—22(1...1 0...0)
my, T m T m, T
(©.16)
my T m, T m, T
(1...10 010..0)—1 ... —f21 5(01...1 010..0)—*2(1...1 010...0)
m T m T m T

(1..10 10..0)—8— .. 1 5(01...1 010...0)—2(1...1 10...0)

Jlst Toro 9ro0bl HAWTH CBS3aHHLIE C LMKIMYECKHM IIOTOKOM H3-
MEHEHHS peloKc-cocTosiHmi kominiekca MPI, yarem, 910 HE Bce co-
CTOSHHS, MOKa3aHuble Ha cxeMe (9.16), peanms3yroTcs ¢ JOCTATOYHO
0O0JBIION BEPOSTHOCTHIO. JIEHCTBUTEIBHO, M3 HAYAIBHOTO COCTOSHHS
(1...10 10...0) xommnexc MoxkeT niepeitu B cocTosuue (1...10 010...0) ¢
KOHCTAHTOM ckopocTH m Wik B cocrosume (1...101 10...0) ¢ xoucran-
TOM ckopoctu k. Haubonee BeposSTEH HEPEXO]l, XapaKTEepU3YIOMMHUC
OOIBOIEW KOHCTAHTOM CKOpOCTH. IlomaB B CIEAYIOmMEE COCTOSHUE,
®PI] omsaTe mEpEeHAET B COCTOSHHE, B KOTOPOE BENET PEAKIHI C
HanOOoNBIIEH KOHCTAHTOM CKOpPOCTH, M T. 1. HeoOXoauMo 3aMETHTh
cnexyroniee. Ecnv BBIOOp MyTH TO KOHCTAHTaM CKOPOCTH BHYTpH-
KOMILICKCHBIX TIEPEX0J0B (DaKTHYCCKH ONPEACIACTCS YCTPOHCTBOM
®PII, To BEIOOp IyTH HA KOHEYHOM Y9YacTKE 3aBHCHUT OT KOHCTAHT
CKOPOCTH OOMEHA SJIEKTPOHAMH MEXIY KOMIUIEKCOM M CpEioH, T. €.
OTIPEEIISIETCS KOHIIEHTPAIMEH DK30T€HHBIX JJOHOPOB M aKIICITOPOB.

Hrak, BeIOepeM HaubOoJee BEPOATHLIA IMyTh, BEAYINHUHA U3 MCXOI-
HOT'O HEPABHOBECHOI'O COCTOSHHSA B KOHEYHOE paBHOBECHOE. B cuy
TOTO 9TO BHYTPHUKOMIUIEKCHBIC MIEPEXOIbI OCYIIECTBIISIOTCS CYIIECT-
BEHHO ObICTpee, 9eM OOMEH SJICKTPOHAMH KOMILIEKCA CO CPEIIOH,
9TOT MyTh 00sA3aTENBHO OyAer mpoxoauTs depe3 cocrosumue (01... 1

(01 10. 00)
(1..10 10..0)—%—» . —Z==2 5(01...1 0. 01)—>(1 10...0) (9.17)
(1) (n+s-1) (n+s)
k,,\‘ /”’s
(1.1 0..01)
(n+s+1)
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THE A1, A2see., Apts.— KOHCTAHTHI CKOPOCTH, BBIJIEJISIONIHE €0 W3
cxemsl (9.16). Ilpennonaraercs, 9T0 3TOT IyTh — EIUHCTBEHHEIH. B
JAIBHENIIEM JIJIS YIPOIIEHUsS 0003Ha9eHnii MBI He Oy/IEM YKa3hLIBaTh
HYOKHHME MHJEKCHI Y KOHCTAaHT CKOpoCTH k, U my, monaras, 91o k,=k,
mg=m.

Cucrema muddepennyaibubX ypaBHEHHH, OMHUCHIBAIOMAS IIEPE-
HOC DJIEKTPOHOB 110 HauboJee BEPOSTHOMY IIyTH, UMEET BHJL

dp,/dt=-Ap,
dp,/dt = Ap, —,p,,

. . . . . . . . . (9. 1 8)
dpn+s—l /dt = //"n+s—2pn+s—2 - (m + kc + k)pn+s—l

dpn+s /dt = Mpyy s~ kpn+s

dpn+s+1 /dt = Ig’n+s—l —MPy s
HaganpueiMM YCIOBHSMH I 3TOM CHCTEMBI Au(depeHIHaNbHBIX
ypaBuenu#t sBisitores pi(0) = 1, p,(0)=0, i>2. KpomMe Toro, u3 camoro
CMEICIIA BRIOOpa paccMaTpHBaceMOro nmytu u csoiictsa ®PII, ykazau-
HOrO B NMyHKTE B, BEITEKAET, 910 A;>A>. . > Aue0> >(m +h + k).
DTO0 MO3BOJSET pEUICHHE CHCTEMEBI ypaBuenuii (9.18) 3ammcars
CJIEAYIOIIMM BEIpAQXEHHEM, aHAJIOTMYHEIM dopmyiie (9.13):

PR e M p; = el g M =23 nt+s—2, 019
Ppis1 ® e_(k+k0+m)t -e_'i"”—z’. e-19
[MoxcraBnss HaWIEHHOE 3HAYCHUE JUIS Py+s. B TOCICAHHE BA ypaB-
umenns cucreMsl (9.18), maxoaum, 910

m m —kt
t)= + -

pn+S( ) m+ kc k- ﬂ’n+s—2
(et M,

m+ - _

c n+s—2 (920)
k k —mt
= + e —

pn+s+l k + kc m— e
LI I S

k+ kc m— ﬂn+s—2

Ot malineHHbIX BeposTHOCTEH cocrosumii OPI] meoOxogumo me-
PEHTH K COCTOSHHSM COCTABJISIONIMX €r0 TMEPEHOCYMKOB. M3 cXeMbl
(9.16) 09eBHAHO, 9TO MEPEXOAEI IO KOHCTAHTAM CKOPOCTH H;, HE MeE-
HSIFOT COCTOSIHHI IEPEHOCYNKOB, HAXOAIINXCSA Ha JIOHOPHOM CTOPOHE
PEAKI[MOHHOTO I[EHTpa. AHAJIOTHYHBEIM 00pa3oM IEPEXOJbl MO KOH-
CTaHTaM CKOPOCTH k, HE MEHSIOT COCTOSHMI TIEPEHOCIMKOB, HAXOJIs-
[IHXCS Ha aKNEHNTOPHOM cTopoHe. IIo3ToMy, 4TOOLI IIOMYYHTEL HA OC-
HOBE YIIPOIIeHHOH cxeMbl (9.17) BeIpaxeHHs IS BEPOSTHOCTH OKHC-
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P )[P(4,)] P(D,")[P(4,)]
1

6

e MU L g H2l _ M3l

t t

Puc. 44. Kunernka pelmOKC-IIPEBpamICHUI ICPEHOCIHKOB JJICKTPOHOB IO
JEACTBHEM BCIBLIIIKK CBETA

a — ] NEHTpaNbHBIX nepeHocuukoB Dy — D,, A — Agy; 6 — i kpaifHux
MEepPeHOCUYUKOB D, U A;, MEXIY KOTOPEIMH BO3MOXEH IJUKITMYECKUH MOTOK DIIEKTPOHOB

nennoi Gopmel D,, HE0OXOIMMO CYMMHPOBATL BEPOSTHOCTH BCEX
COCTOSIHMI, 0003HadeHHBIX Ha cxeme (9.17) mpaBee KOHCTAHTHI CKO-
poct k.| 1 JIeBee KOHCTAHTEI CKOPOCTH k,,. B cuny Beipaxenus (9.19)
CyMMa BCpPOSTHOCTCHI BCEX COCTOSHHM, coacpxkamux D, B
okucienuoi popme (kpome cocrosuus 01... 1 0...0), paBua

e—(k+kc +m)t _ e—kn_lt (9.21)

ITosTOoMy mJIS BEpOSTHOCTH TOrO, 9TO DD, HAXOAUTCI B OKHCJIECHHOMN
($hopme, MOKHO 3amKCaTh

0 —(k+k,+m —ky,_1t
P(Dn)ze( ¢ )t_e n]_'_pn+sz

k, e—(k+kc+m)t + m e K _ pknt (9:22)

m+k, m+k,

ITpy HamucaHW¥M 3TOT0 MPHONMKEHHOTO BBIPAKECHHUS MBI Y9IIH, 9TO
Antsio >>m, ky. AHAIOTHIHO 3TOMY JUIS BEPOSITHOCTH BOCCTAHOBIICH-
HO# (hOpMEI A CIIpaBEINBO BEIPAKEHHE

P(A;)z k —mt k

~
~

Sty S glktketmy | grmsnt (9.23)
k+k, k+k,

Kak Buano u3 monydeHnbix GopMyl, B IPOLECCE TEMHOBOIO BOCCTa-
noBiieuus D,, a TaKKe U B MPOLECCE TEMHOBOTO OKUCIEHUS A, MMe-
IOTCS JIBa KOMIIOHEHTA: Oojee OBICTPEIA M Oosee MeaaeHubIii. boee
OBICTPEIN KOMIIOHEHT 3aBHCHT OT BEJIMYHHBEI KOHCTAHTHI CKOPOCTH
IUKIMYIECKOTO TEPEHoca SJCKTPOHOB, a 0Ooyiee MEMJICHHBIA — OT
KOHCTAHTEI CKOPOCTH OOMEHA JJIEKTPOHAMH KOMILIEKCA PEAKIFOH-
HOT'O IIEHTpa CO cpemod. Bkiag 3THMX KOMIIOHEHTOB ONPEACIIACTCS
otaowmenueM k./m — pna D, u k./k — nna A,. Tlostomy, xorna mbo
k, m1b0 m BEIHKH 1O CPABHEHMIO C k., 9TO COOTBETCTBYET OOJBIIONM
KOHIIEHTPAIMH BHENIHKUX JOHOPOB H aKIIEITOPOB B COOTBETCTBYIOIIEH
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dhopMe, HHMKIMIECKUM TIOTOKOM 3JIEKTPOHOB MOXHO TpeneOpeds. B
yroM ciydae Beipaxerns st P(D,’) v P(A,') HOMHOCTBIO COBIAIYT ¢
dbopmynamu (9.13) u (9.14), nomydeHHBIMH IS HEIHMKINIECKOTO
TPaAHCIIOPTa 3JEKTPOHOB. HamoMHHM, 9TO KHHETHKA DEJaKCaliu
BCEX OCTaJbHBIX IEPEHOCYMKOB 3JiekTpoHOB DPI[ onmceBaeTcs
TaKKe UCxo/s u3 Beipaxkenwii (9.13) u (9.14).

Takum 00pa3oM, THIIMYHON KUHETHIECKON KPUBOM MEPEHOCIHKOB
3JIEKTPOHOB, OTIMYAONMXCs OT D, u A; sBISEeTCS pa3HOCTb ABYX
skcronent (puc. 44, A), a THIMYHON KUHETHIECKOH KpuBOii D, u A;
— KpuBasi, onuceiBaeMas cootuomenusmu (9.22) u (9.23) (puc. 44,

3akiouenne

B pesyanpTate mepBUdHOro paszzgencuus 3apsnoB B ®PI] ocymie-
CTBIISICTCS TIEPCHOC JJICKTPOHA OT D K Ay TIOCIIC 9€TO MPOUCXOIUT
MIEPEHOC ITOrO JIEKTPOHA B aKIENTOPHOH 9acTH H 3al0JHEHHE OCBO-
OoAHBIIErOCSd MecTa B JOHOpHOM dacTh [cM. cxeMbl (9.8 m 9.9)].
IIponecc mepenoca 3JIEKTPOHOB B JOHOPHOH 9acTH, TPHUBOMSAIINHA K
3aIOJIHEHHIO CBOOOHOTO MECTa, MOXHO PacCMaTpHUBATh KaK IEPEHOC
«IBIPKH» B MPOTHBOIIOJIOKHOM HampaBiieHHH. CXOJCTBO MPOIECCOB
mepeHoca «IBIPKA» B JOHOPHOM M SJIEKTPOHA B aKIENITOPHON 9acTax
®PI] npuBOAAT K TOMY, 9TO OTH MPOIECCHI ONMUCHIBAIOTCH AHAJIOTHY-
HBEIMM BEIpXXeHUIMH. Baxkueiimas 0coOOEHHOCTE IIPOLIECCA TEMHOBOM
penakcanuu @OPI] npu HENUKIMYECKOM TPAHCIIOPTE 3JEKTPOHOB
COCTOWT B TOM, 9TO MUTPAIUN «IBIPKH» B JOHOPHOM M 3JIEKTPOHA —
B aknenTopHoi gacTsx OPI] npoucxoaaT HE3aBUCUMO JIPYT OT Jpyra.
OTO II03BOJISIET ITOJHOCTHIO IIPOAHAIN3NPOBAThE KHHETHKY TEMHOBOK
penakcanuu OPII. Pemokc-nipeBpamieHus NepeHOCIUKOB 3JIEKTPOHOB
ONMCHIBAIOTCS CYMMOM 3KCIOHEHIIUANBHBIX WICHOB. CyIIeCTBEHHBIM
SIBJISICTCSI, OJTHAKO, TO, 9TO €CJIM B HCXOMHBIX 00mmx dopmynax (9.11)
1 (9.12), onuCHIBAIONINX U3MEHEHHE PEIOKC-COCTOSHHMM IIEPEHOCIH-
KOB, IPHHAMAJIMICh BO BHUMAHHE BCE TPEANICCTBYIONME CTAINM TIe-
peHoca dJICKTPOHOB, TO YUET UEPAPXUHU BEIMYIHH KOHCTAHT CKOPOCTH
(cM. iyHKT B) NpHBOIUT K BO3MOXKHOCTH JIOKAIBHOIO PaCCMOTPEHHS,
JJISL KOTOPOI'o BaXXHBI JIMIIIb KOHCTAHThBI CKOPOCTH, HEIMMOCPEACTBCHHO
MPUMBIKAIONIAE K OSTOMY TIEPEHOCYWKY. B pe3ynbrare KHHETHKA
mepenoca dJIEKTpona («IBIPKHM») MOXET OBITH OmKCaHa JIOCTATOYHO
npocteiMu cooTHomenuaMu (9.13) u (9.14). U3 stux popmyi BEITE-
KacT, 9TO BPEMs )KHU3HHU IICPEHOCYHNKOB 3JICKTPOHOB B HCPABHOBECHBIX
COCTOSTHHUSIX TTOCJIE BCIIBIIKH CBETA TEM MEHBINE, 9eM OJIVDKE JaHHbBIN
IIEPEHOCIHK DJIEKTPOHOB HAXOUTCA K HAYAJILHOH CBETOBOM CTAJINH B
nenu nepenoca. Takas pyuxuuonansuas opranusanus ®PI] mo3so-
JSET €My, C OJHOH CTOPOHBI, OBICTPO BO3BPATHTHCA B PEAKI[HOH-
HOCIIOCOOHOE COCTOSIHHE TOCIIC 09epPEIHOTO BO30OYXKICHHS, a C JIPY-
roii — MNpedoTBPaTHTh OOpATHBIE PEaKIHMH Pa3lelICHHEBIX 3apsIOB.
Baxueiimel 0COOCHHOCTBIO 3TOM OpPraHu3alMy SBJISETCS IPAKTHIEC-
Kass HeoOpaTMMOCTh CTaJMi TepeHoca 3JIEKTPOHOB, KOTOpas 00yc-
JIOBJIEHA OOJBIION pa3sHMIEH PENIOKC-IIOTEHIIHANIOB COCEAHHX IIEpe-
HOCYHKOB 3JIEKTPOHOB (CM. puc. 42). B 1aHHOM ciydae UMEeT MECTO
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peanm3anys MPUHIKIA, COTJIACHO KOTOPOMY CTaOMIM3aIUs SHEPTHH
MIEPBUYHO PA3JICICHHBIX 3apAJ0B OCYMICCTBIIACTCS 3a CYET MOTEPH
9aCTH JHEpPrHHU KBaHTa. bollee meramnrHoe 0OCYXKIEHHE 3TOrO MPHH-
nMIma uMeercs B psajge pador [JIuteun, 1975; bopucos, 1976; Rubin,
1978].

Bo3MOXXHO Takske, 9TO 9acTh SHEPIHM IIEPBHYHO Pa3JeiICHHBIX
3apsIOB 3amacaeTcs B BHe Moispu3anuu cpeabl [Prince, Dutton,
1978; Rubin et al., 1980]. 3gecsr MBI OrpaHWYHINCE JIMINE PACCMOT-
pEHHEM TIpolIecca MepeHoca JISKTPOHOB.

BricTpoe pa3Hecenne pasHOMMEHHBIX 3apsaoB K kpasm DPI] npu-
BOJUT K TOMY, 9TO HHMKJIMYECKHI TPAHCIOPT IJIEKTPOHOB Haubosee
BeposiTeH JMIb Mexay A, u D, Hanuuwe IUKIMYEeCKOro MOTOKa
CKa3bIBACTCS B TMOSABJICHWHM OBICTPOTO KOMIIOHCHTA B TEMHOBOH pe-
nmaxcauuu D, u A,.

Takum o6pasoMm, ¢yaxnuonuposanre ®PI] xak MoIEKyISIPHOIM
MalIllMHbI, TPe00pa3yIonieli caydaibie MMOTOKH JJEKTPOHOB M KBaH-
TOB CBETAa B HAIPaBJIEHHBIH IMOTOK JJIEKTPOHOB, 00ECIIEIHBAETCS CO-
OTHOIIEHHEM KOHCTAaHT CKOPOCTH, KOTOPOE 3aJIaeT IOCJIEN0BaTElhb-
HOCTh ¥ HalpaBJIEHHUE TIEPEHOCA DJICKTPOHOB.

I'nasa 10

CTAIIMOHAPHBIE XAPAKTEPUCTUKHU
ITEPEHOCA 3JIEKTPOHOB B ®PI]

B npenpigymieii rimaBe ObLia IMOCTpOEHA KHHETHYECKAS MOJEIH
nepeHoca 3JekTpoHoB B OPI] u mpoaHaau3upoBaH TPAHCIIOPT JICK-
TPOHOB, HHAYIIUPYEMBIH €IUHHIHON KpPAaTKOBPEMEHHOH BCITBIIIIKOM
cBera. B mannoii riaBe, Ha OCHOBE 9TOH MoJenu OyAyT MpoaHaIN3H-
POBaHBI PEAOKC-TIPEBPAIICHNS TTEPEHOCIUKOB 3JIEKTPOHOB, BBI3BAH-
Hble akTuBaned OPI] NOCTOSHHBIM CBETOM.

C sKCIIepUMMEHTAIBHOM TOYKHM 3pCHUS HAanOOIBIINH HHTEPEC PEI-
CTaBJISET PACCMOTPEHHE 3aBHCHMOCTH BOCCTAHOBJICHHOCTH IIEPEHOC-
9HKOB JICKTPOHOB, BXoaammXx B coctaB ®PII, oT kKoHIIEHTpauK J0-
HOPOB, aKIIENITOPOB M OT HHTEHCUBHOCTH JICHCTBYIONIEro cBeta. Kpo-
M€ TOTO, BaXHOW XapaKTCPHUCTHUKON SBISACTCS CTalMOHApHAS CKO-
POCTH IIEpeHoca 3IEKTpoHOB depe3 OPII.

OcHoBHOI1 3a7adeii JaHHOM IJ1aBEI ABISCTCH HAXO0XICHHUE YKa3aH-
HBIX CTAIlMOHAPHBIX XapaKTEPHUCTHK DJICKTPOHHOTO TPAHCIIOpTa B
®PI] ncxons u3 chopMyIHPOBAHHOM B TI. 9 MOZEH.

10.1. Crerenne K ABYyM MHOT03JIEKTPOHHBIM NMEPEHOCYAKAM
B o0mieMm ciydae JOCTATOYHO TPYAHO PEMIMTHL CHCTeMy Tudde-

PEHIHMAIBHEIX YPABHEHHH, OIMCHIBAIOINMX IMOBEJECHIE ITIEPEHOCIHNKOB
9JIEKTPOHOB, B3aUMOJICUCTBYIOMUX APYT C APYTOM COTJIACHO CXeMe
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(9.2):

k, k,q k _k m mgy m
DD, 5. 5D S 4305 454 (10.1)

OnmHako HCMIOJB30BaHME CYIICCTBYIOIICH HEPApXHH B BEIMYMHAX
KOHCTaHT CKOPOCTH

k> (102-104)k, i=2,3,...n,

1

m, > (107 -10*)m,,
[O3BOJISET MONYIUTEH PEUIEHKE B JOCTATOYHO IIpOCTOl (hopMe, eciau
pY aHalIM3e IepeHoca NEKTPOHOB OrPAHUYUTHCSA JIUNIE BpEMEHAMH,
CPaBHMMBIMH CO BpeMeHaMH o0OMeHa 3jekTpoHamu Mexay DPI] u
Cpenoii. DTO CBA3aHO C TEM, 9TO KOHCTAHTa CKOPOCTH kj, a TaKKe
KOHCTAHTEI B3anMojeicTBus DPI] co cpemoii CymecTBEHHO MEHBIIE
KOHCTaHT TIepeHOoca JICKTPOHOB BHYTPH KoMiniekca. [ToaToMy amek-
TpoH, nonas u3 cpenasl B OPII, GricTpo «pa3sMassIBacTCa» II0 mepe-
HOCYHKAaM JIOHOPHOW 9acTH, IIPEKIAE dYeM IIPOM30HIET W3MEHEHHE
9Ucia 3JEKTPOHOB, CBA3AHHOE JTMOO C JIOMOJHHUTEILHBIM MOCTYILIE-
HHEM 3JICKTPOHOB OT CPEJIBI, JIMOO C MEPEHOCOM 3JIEKTPOHA B aKIEI-
TOpHY0 9acTh OPI] mo cBETOBOI KOHCTAaHTE CKOPOCTH. T0 e mpouc-
XOOUT W TpH TOIMMAJAaHWN JJIEKTPOHA B AKIENTOPHYIO dacTh DPII.
CnemoBaTenbHO, HA BpEMEHAX, OOJBIINX, YeM BpEMs, HEOOX0UMOE
JUISL Takoro ycpeauenus, coctostarne OPI] MOXHO O0XapakTepr30BaTh
9HCJIOM 3JIEKTPOHOB, HAXOAAIINXCI B €T0 JIOHOPHOM M aKIENTOPHOMH
gacTax. UUCIIO 3IEeKTPOHOB, HAaXOAAUIEECS B COOTBETCTBYIOIIUX da-
crax OPII, sBnseTcs TONHOW XapakTEPUCTUKON CTaI[MOHAPHOTO
TPAHCIIOPTa JJICKTPOHOB W MO3BOJISICT OJHO3HAYHO BBEIYHCIIUTH BOCC-
TaHOBJIEHHOCTh BceX mnepenocdnkoB OPI] ([BewegukroB u ap.,
1979a, 6] cMm. ri1. 8). B 3TOM CMEIC/IE JOHOPHYIO H aKIENTOPHYIO 9a-
ctu OPI[ MOXHO paccMaTpHBaTh KaK KOMILIEKC JIBYX MHOTOJJIECK-
TPOHHBIX TIEPCHOCYMKOB, B3aMMOJCHCTBYIOMUX APYT C APYTOM CO-

5 rko g™ (103)
Ha oT0ii cxeme u jmanee Jig ynpouieHus 0003Ha9eHUH HE YKa3bIBa-
IOTCS HHDKHHME MHIEKCHI Y KOHCTAHT CKOPOCTH K, U .

Cornacno cxeme (10.1) na mouopuoii cropoue ®PII, ob6o3nagae-
MoH kaKk R;, Mmoxer maxomuthes 0, 1, 2, ..., 7 DJIEKTPOHOB, a HA aK-
[ENITOPHON CTOPOHE, 0003HadaeMoi kak R,,— cootBercTBeHHO 0, 1,
2, ..., § 3neKTpoHoB. [103TOMY BBEJICHHBIE MHOTO3JIEKTPOHHEBIE TIEpE-
HOCYUKHA HEOOXOIUMO CIUTATh 1 W § JJICKTPOHHBIMH. I'pad mepexo-
JOB IS KOMILUIEKCA OSTHX JBYX IIEPEHOCINKOB COCTOHT U3
(nt1)x(s+1) coctosumii u umeet BuA (10.4) [Iluukapes u gp., 1980].
3necy cocrosuue (§f) o3Hadaer, 910 Ha JOHOpHOW cTropone DPI]
HAXOJIUTCA i, @ Ha aKICITOPHOW—;) SJICKTPOHOB. PaBEHCTBO MExIy
c000i1 BCEX KOHCTAHT CKOPOCTH TOCTYIUICHHS JJIEKTPOHOB B KOMII-
nexc (k) ecTs CIEACTBHE OIPAaHUYCHU, HAKIAABIBAEMBIX (HOPMYJIIOi

(10.2)
j=273..5s
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(10.2) Ha BemM9HMHBI KOHCTAHT CKOpOCTH [BenemaukToB u ap., 1979a,
6]. To ke caMoe OTHOCHTCS M K KOHCTAHTaM CKOPOCTH ko U m.

k510452055

WT/T/’ / T

By 11—£ 521

$4 2 / T 04
T/T/T/

Os >1s >28 > ...

3ametnM, 9TO Tpad COCTOSHMI, KOTOPBIH OITMCBHIBACT TIEPEHOC
anekrponoB B cxeme (10.1) 6e3 ydera MEpapXxuu B BEIMIHHAX
KOHCTAaHT CKOpPOCTH, cofepxut 2" cocTosmuii (He mokasan). Peskoe
YMEHBIIEHHE YHCIIa PACCMATPHBAEMBIX COCTOSHHM JOCTUTHYTO 38 CUET
Toro, 4ro rpad cocrosumii (10.4) onmMCEIBAET MEPEHOC IEKTPOHOB B
TPHOIMKEHNH, YIUTHIBAIOMEM OBICTPOE YCPEIHEHHE JJIEKTPOHOB II0
nepenocarnkaM. IIpu mocrpoenuu cxemel (10.4) yareno Taxxke, 910
HE3aBHCHMO OT BEJIMYHMH KOHCTAHT CKOPOCTH BHYTPHKOMILIEKCHOTO
MEPEeHoca 93JICKTPOHOB TPAHCIIOPT JJIEKTPOHOB HEBO3MOXKCH, CCITH
MIEPEHOCYMK JIIEKTPOHOB, HA KOTOPBIHA IEPEHOCHTCS DIIEKTPOH, BOC-
CTaHOBJIEH.

B ucnons3yeMoM HaMH OMMMCAHWH TIEPEHOCA JIEKTPOHOB PaccMaT-
PHUBAIOTCA TOJIBKO HaKOOJIEEe MEIIICHHBIC TIEPEXO0/IbI YCPEIHEHHBIX CO-
CTOSIHMI PEAKIMOHHOTO IIEHTPA, CBA3AaHHBIE C H3MEHEHHEM 4HCIIA
3JICKTPOHOB B €T0 JIOHOPHOW M aKIEIITOPHOM JacTsax. B cuimy mpakTu-
9eCKOM HeoOpaTHMOCTH Tiepenoca 3yekTpoHoB ([BeneaukToB u ap.,
19796], cM. Taxke ra. 9), y cocrosuus IoHOpHOH dactu DPI] c i
3JIEKTPOHAMH TIEPBBIE I IEPEHOCYMKOB BOCCTAHOBJIEHE], & OCTAIBHEIE
MIEPEHOCYUKH — OKHCIICHBI. AHAJIOTHYHO Y COCTOSIHHUS aKIENTOPHOMN
gactu @OPI] ¢ j snekTpoHaMu MOCTIETHAE j TEPECHOCINMKOB BOCCTAHOB-
neHel. VIHBIME CJI0BaMH, COCTOSIHHEO PEAKIIOHHOIO I[EHTPA C i JJIEK-
TPOHAMH B JIOHOPHOM M C j 9JIEKTPOHAMH B aKIIEITOPHOM 9acTsX CO-
OTBETCTBYET CIICAYIOIIEE PACIIPEICIIEHHE JIEKTPOHOB MEXKTY OTIEIb-

f_jH f_L\
(0...01... 10...01... 1)

J

v v

n S
CrnemoBarenbHO, BOCCTAHOBJICHHOE (OKHCJIEHHOE) COCTOSHHE Iepe-
HOCYHKA D) OTIpENENAeTcss COCTOSIHUSMHA JIOHOPHOW 9acTH PEaKI[HOH-

I-1
D/ =R (D =UR) (10.5)
izl i=0
Amanoruguo, BOCCTaHOBJIEHHOE (oxucnennoe) COCTOSIHME
nepenocauka A4, r= 1, 2, . . ., § €CTh 00BEJAVHEHHE COCTOSHHIT

aknentopuoi gactu ®@PI] R,, comepxammx HE MeHee (MEHeEe) 9eM §
— r+ 1 a1exTpOHOB:
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s S=r

1 ’ 0 '

4= U 4 =UR) (10.6)
Jj=s—r+1 Jj=0

O6o3nauum uepe3 P(R{RJ) BEPOATHOCTH TOTO, YTO B MOMEHT ¢

OPI]

HAXOJIMTCS B COCTOSIHHH C I DJIEKTPOHAMH B JOHOPHOH H C j DIIEKTPO-
HaMH B aKIENTOPHOM dacTsaxX. Toraa Ha BpeMeHax OOJIbIINX, 9EM Bpe-
Ms, HEOOXOIUMOE IS YCPEAHEHUS DJICKTPOHOB IO IMEPCHOCIHKAM
®PII, MOXKHO 3aITUCaTh CICAYIOIIYI0 CHCTEMY JIMHEHHEIX quddepen-
[HAITBHEIX YPABHEHHH, OMKCHIBAIOIIYID TPAHCIIOPT JJIEKTPOHOB CO-
rnacuo cxeme (10.4) [IIuuxapes u ap., 1980]:

dP(R'RY )/ dt = mP(R'R) ) —kP(R'R) )
dP(R/R) )/ dt = kP(R'R) )+mP(R/R, )~ (k +ky)P(R/R) ) (10.7)

dP(R'R; )/ dt = kP(R'"'R; )-mP(R'R; )
PemmuB sty cucreMy auddepeHnIuaNbHBIX YPAaBHEHHH C MOIXOIAIIH-
MH HadaJdbHBIMM YCJIOBHSIMH, MBI CMOXEM HAaHTH BEPOSITHOCTU
P(R/R{), a cienoBaTellbHO, B CHJy HECOBMECTHOCTH COCTOSHUI

(R'R} ), ¥ BepOSTHOCTb COCTOSIHVI JOHOPHOM ¥ aKIENTOPHOM JacTeil
DPIL:
P(R )=P(RIR})+P(RR,)+..+ P(RR} )

P(R})=P(R’R} )+ P(RIR} )+..+ P(R'R] ).
Haiina BepositHocT! R 1 R, ¢ COOTBETCTBYIOIIMM 9HCIIOM 3JIEKTPO-
HOB, MBI 3aT€M CMOXXEM HAHTH YXKE M BOCCTAHOBJICHHOCTH MHTEPECY-
IOIIKMX Hac nepenocuukoB Dy, ..., D,, Ay, ..., A; mo dopMyiaMm, BEI-
TEKAIOI[MM B CHIIY HECOBMECTHOCTH Pa3JIMYHEBIX COCTOSHHMM R; U R,
u3 cootuomennii (10.5) — (10.6)

P(D})=P(R )+ P(R™* )+..+P(R")
P(D))=1-P(D} )=P(R’)+P(R )+..+P(R™)
P(A )= P(RS™ )+ P(R*? )+..+ P(RS )

P(A°)=P(R})+..+P(Ry™").
ITocKOIBKY BEPOATHOCTH HEOTPUIIATEILHEI, TO M3 HOIYIEHHBIX COOT-
HONIEHHMI IS BOCCTAHOBIEHHOCTH IIEPEHOCIHKOB JJIECKTPOHOB
MOXHO CI€JIaTh BAXXHBIA BBEIBOJI, COCTOSIIHI B TOM, 9TO BOCCTAHOB-
JIEHHOCTE IIEPEHOCYHKOB JJIEKTPOHOB CTPOI0 OIPEAEISETCS IOCIEN0-
BaTEILHOCTRIO MX B3aumojeiicTeus [I1Iunkapes, Pyoun, 1983]. B ca-

(10.8)

(10.9)

P(D)=P(R’), P(D{)=P(R)+..+P(R"),
P(D})=P(R’)+P(R}), P(D;)=P(R})+..+P(R"),
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PDY) P(4})
1 1

a PMD})<PMDY)<..<PD?) 6 PA)=PA.,)=..2PA)
P(DY) P(4;)
P(DY,) P(A4)
0
e P
O »- 0 »-
k m, ky k m, ky

Puc. 45. Cxemarnmaeckoe m300paXkeHue COOTHOIICHWS CTEIICHM OKHCICHHOCTH
(a) m BoccTaHOBIEHHOCTH (0) IEPEHOCIUKOB IJIEKTPOHOB, HAXOSAIIHAXCI COOT-
BETCTBEHHO HA JOHOPHOM M aKIENTOPHOH CTOPOHAX (OTOCHHTETHYECKOTO
PEaKIMONIOro MENTPa

Bepxune unpexce 0 U 1 03HAYalOT OKUCIEHHOE W BOCCTAHOBIIEHHOE COCTOSIHHE TEpe-
HOCYHMKOB 3JIEKTPOHOB

U T. 1I., OTKyJia caemyer (puc. 45)
P(DY)<P(DY)<P(D?)<..<P(DY),
P(D})>P(D,)>P(D;)>..> P(D)),
P(A )< P(A4)<P(A4)<..<P(4),
PA)>P(A°)>PA°)> ... > PrA°).

(10.10)

BHYTPHUKOMIUIEKCHOTO TIepeHoca 3JeKTpoHOB mpHu ycnoBuu (10.2)
BOCCTAHOBJIEHHOCTh IIEPEHOCYHKOB 3JIEKTPOHOB, HAXOIMIIMXCH Ha
nmouopuo# cropone OPI] TeM Oombire, 9eM OIHMXKE OHH PACTIONOXKCHEI
K CBETOBOW CTaguH. AHAJOTMYHO 3TOMY BOCCTAHOBJICHHOCTH II€pe-
HOCYHMKOB, HAXOAMIIMXCS HA aKnenTopHo# cropoune ®PII, TeM 00ib-
e, 9eM JIajiblle MEPEHOCIYHK DJIEKTPOHOB HAXOAMWTCS OT CBETOBOM
CTa/IAH.

Cootnomenue (10.10) ecTh ciaemcTBHE TOTO, 9TO HA PACCMATpPH-
BaEMEBIX BpeMeHax Kaxjoe cocrosuue R’ (RY) c i(j) snexTponamu B
JOHOpHOH (aKIENTOPHOH) 9acTH OTPaXKAET HECKOJIBKO Ppa3IMYHBIX
COCTOSTHHI KOMIUIEKCA, OTIIMYAIONINXCSA JIPYT OT JApyra pacupeneiie-
HHEM 3JIEKTPOHOB MEX]y IEPEHOCIUKAMH H HAXOISAIIMXCS B paBHO-
BECHH JIPYT C APYTOM. OTO IIPUBOAMT K TOMY, 9T0 BOCCTAHOBJIIEHHOCTH
MIEPEHOCYHMKOB 3JIEKTPOHOB CTPOTO COOTBETCTBYET MX PEIOKC-TIOTEH-
nHalaM. YKa3aHHOE CBOMCTBO NMPHBOAWT K TOMY, 9TO HEBO3MOXKHA
CUTyalus KOTJla, CKaXeM, [); BOCCTAHOBIICH, a MIEPEHOCIHK DJICKTPO-
HOB C MEHBIIIMM HOMEPOM M HaXOAAIIHKHCS OJMXKe K CBETOBOW CTaIUK
okucieH (cpaBuuM c: [[IeiTheBa 1 Op., 1973; Bapdomomees, bepesnn,
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1977, Bepesun, Bapdomnomees, 1979; c. 244]). B gactHOCTH, 3TUM
00BscuseTcs ToT (pakrt, ato B DPI] dhoToTpodHbIX GaKTepHii OKHCICH-
HOCTh TIUTMEHTA BCETJa MEHBINE, 9€M OKHCIIEHHOCTH I[MTOXpOMa
[IIerTEEBa M Ap., 1973].

10.2. BeluurHA CTAIHOHAPHOH CKOpPOCTH
nepeHoca NIEKTPOHOB Yepe3 KOMILIEKC

B cranpoHapHsIX yCI0BHSX CKOPOCTh IIEPEHOCA IIEKTPOHOB 9€PE3
KOMIUIEKC MOXET OBITh OIpeeNicHa KaK CKOPOCTh IIEPEHOCA JIEKTPO-
HOB depe3 nmoOyro craguio ma cxeme (10.1). Ilocme Toro kak
ncxonuas cxema (10.1) 6puta cBegena x cxeme (10.4) aAByX MHOrO-
SJICKTPOHHBIX IEPCHOCIUKOB 3JICKTPOHOB, yI00HEE BCETO IS ONpe-
JIETICHUS. CTAIIHOHAPHON CKOPOCTH IMEPEHOCA 3JIEKTPOHOB YEPE3 KOM-
IUIEKC KCIOJIb30BaTh BEIPAXKEHUE, CBA3AHHOE C MOCTYILICHHEM JJIEK-
TPOHOB B KOMILJIEKC

0
V=kP(D,), (10.11)
H BBIpQXEHHE, YIUTHIBAIOIIEE CKOPOCTh OTTOKA JJIEKTPOHOB M3 KOM-
IUIeKCa
1
V=mP(4). (10.12)
ITocKONBKY OKHCIICHHOMY COCTOSTHHIO [, COOTBETCTBYET B CHITy (hop-
myasl (10.8) cyMMa BceX COCTOSHHE MHOTO3JIEKTPOHHOIO IIEPEHOC-
guKa R; 32 MCKIIIO9EHUEM COCTOSHMS C 7 SJIEKTPOHAMH, MBI MOXEM
3amucaTh JUIs CTAIlMOHAPHOW CKOPOCTH IEpeHOca JEKTPOHOB Yepe3
KOMIIJICKC CJICIYFOIIEe BEIPAKCHUE:

n-1
V=kP(D})=k| Y. P(R})|=k(1-P(R})). (10.13)
g=0
AHaJIOTMYHO 5TOMY MOXXHO 3aIlHCaTh:

s1
1 r 0
V=mP(A;)=m| Y P(R;)|=m(1-P(R))). (10.14)
r=1
CranuoHapHyH CKOPOCTh IIEPEHOCA JIEKTPOHOB MOXKHO MOCIUTATh
TaK)Ke M UCXOJS M3 CBETOBOM CTaIuH:
— 140, __ 0 s
V =kyP(D, 4 )=ky(1- PR’ UR;)). (10.15)
Kak HemocpecTBEHHO CliefyeT U3 HanvcaHHbIX Beipaxenud (10.13—
10.15), ckopocTh IlepeHOca IJIEKTPOHOB dE€pPE3 KOMILIEKC HE MOXKET
TPEBOCXOIUTH KXKIYIO U3 KOHCTAHT CKOPOCTH k, m, ky B CHIy TOTO,
YTO BCPOATHOCTh BCCTrJia HEC NPCBAIINACT CIUHHUILY. WNupiMu CJI0BaMH,
CKOpOCTh TIEpeHOCa JJIEKTPOHOB dYepe3 KOMIUIEKC HE IPEBBINIACT
MHHUMAJTEHYIO U3 KOHCTAaHT CKOPOCTH:
V < min(k, ky,m). (10.16)
Kak mokaszano B I71.7, 3Ta CKOPOCTh HE MOXET OBITh TAKKE MEHBIIIE,
9eM
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Bemmanna (1/k+1/ky+1/m)". Takxum 06pasom, IS BETHIHHEI CTALHO-
HApHOH CKOPOCTH IEPEHOCA JJEKTPOHOB 4Yepe3 KOMILIEKC CIPaBE.-
JIUBBI HEPABEHCTBA:

V <min(k, ky,m). (10.17)
W3 moiry4eHHBIX HEpAaBEHCTB CIICAYET, 9TO CKOPOCTh MEPEHOCa JJICK-
TPOHOB dYepe3 KOMILIEKC ONpEAENIeTCS HAaMMEHBIICH M3 KOHCTaHT
ckopocTH. IlpuyeM ecim Kakas-TuOO0 M3 KOHCTAaHT CKOPOCTH CTpe-
MHTCS K HYJIO, TO CKOPOCTh IIEPEHOCA JJIEKTPOHOB OyJEeT IpHOIH-
JKATHCH K 9TOM KOHCTAHTE M, CIEA0BATENBHO, TAKXKE OYIET CTPEMHUTE-
cs K HyI10. B 9acTHOCTH, CKOPOCTH IIepeHoca 31eKTpoHoB depe3 DPI]
pasHa nyimo B tTeMHote (ko=0).

10.3. Crammonapusie BepoATHOCTH cocToaamii ®PI]

Jlns Toro 9To0BI HAWTH CTAlIMOHAPHBIE BEPOSTHOCTH COCTOSHWI
koMmiuiekca DPI], HeoOXOIHUMO pENIMTH COOTBETCTBYIONIYIO CXEME
(10.4) cucremy anreOpaMdecKuX ypaBHEHHH, IMOIydYarollyrOCsd H3
cuctemsl (10.7) npupaBHEBaHWUEM TPOU3BOIHBIX HYIIIO:

mP(R'R} )—kP(R'RY ) =0,

kP(RORS )+ mP(RIR )—(k +ky)P(RIR] ) = 0, (10.18)

KP(R''R; ) mP(R"R2 )=0.
PemmB cucremy ypaBuenwii (10.18) u Halims BEpOATHOCTH TOTO, 9TO
Ha JIOHOPHOW | aknentopHoi croponax ®PI] HaxomauTcs COOTBETCT-
BEHHO i M j 3JeKTpoHOB, 1o dopmynam (10.8, 10.9) MoxHO HaiiTH
BEPOSITHOCTH OTJICIBHEBIX TIEPEHOCIUKOB.

3arpynussice gath obmee pemenue cucreMsl ypaBuenui (10.18),
MBI B JAJILHCHIIIEM PaCCMOTPHM JIUIIb HECKOJIBKO MPEACIBHBIX CITy-
9gaeB, KOrja Kakasf-Tn0o M3 KOHCTAHT CKOPOCTH, (GUTYPHUPYIOIMHX Ha
cxeme (10.4), cymecTBEHHO OOMBIIE, 9€EM OCTAIBHEIE KOHCTAHTHI CKO-
poctu. [IpeaBapuTenbHO PACCMOTPUM HEKOTOPHIE OLICHKH.

JHonopnas wacme ®@PI]

BEPOATHOCTEH COCTOSIHHI R; MCXOAS1 M3 CHCTEMBI YPaBHEHMIA
(10.18) (cxemsl 10.4) MOXXHO HAMUCATH CICAYIOMIAE COOTHOMICHHUS:

kP(Rlo )=ko|P(RIR)+..+ P(RIRS™ )]
...... . (10.19)
KPR ) =k, [P(R{’R2 )+ +P(R1"R Hl
V4uTeiBas Tenepb, 9T0

P(RR)+..+P(RRSY<P(RIR)) +..+ P(RRS)=P(R)),  (10.20)
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MOKHO 3alticaThb

kP(R’ )< kyP(R!),

(10.21)
KP(R")<k,P(R").

k"P(R"" )<k, P(R}'), (10.22)

ITockonbKy BEpOSITHOCTH 3aCTaTh JIOHOPHYIO 9acTh B OJHOM W3 BO3-
MOXHBIX COCTOSIHU paBHa eauuune: P( RlO )+P(R )+..+P(R") =1,
to st P(R" ) MOXHO 3amucaTh HEpaBEeHCTBO.

P(R")<1-P(R""), (10.23
IloxcraBnsgas nocieguee HepaBeHcTBO B hopmyay (10.22), mis Bepo-

SITHOCTH 3aCTaTh JOHOpHYIO 9acTh ®PI] ¢ (n—r) snekTpoHaMu 1O-
Jy9UM CIIEAYIOIIee HEPAaBEHCTBO, KOTOPOE M ObLIO HANIEH 1ENbI0:
P(R"™ )<ky \ky +k (10.24)

N3 dopmynsr (10.24) cnepyer, aro npu k>>ky BEPOATHOCTH CO-
cTostuuid oHopHO#M dactu ®PI[ ¢ n—r snexTponamu (r>1) mpene-
Ope)MMO MaJIBI U UX MOXKHO HE YIHUTHIBATh IIPH PACCMOTPEHUH TIEpe-
XO0JIOB KOMITJICKCA W3 OJTHOTO COCTOSIHUS B Apyroe. OueHuM norperi-
HOCTb, JETaEMYI0 HAMH IIPH PACCMOTPEHHH MEPEX00B TOJIBKO BHYT-
pu cocrosiamii JoHopHOH dactu ®PI] ¢ » snekrponamu. IIpocymmu-
poBaB Bce HepasenctBa (10.21) M 3aMEHHB CYMMY BEPOATHOCTEH,
CTOSIIIYIO CIIpaBa, HA €UHHILY, MBI TIOJyYHM CIIEIYIONIEE HEPABEHCT-
BO JIJII CYMMBI BEpOSITHOCTEH MTPEHEOPETaEMBIX COCTOSTHHIA:

P(R?)+P(R! )+..+ P(R") < ky/k. (10.25)
OTKyzia BEpOATHOCTh 3aCTaTh JOHOPHYIO dacth DPI] ¢ # snekTpona-
MU He Menble, 9eM 1—ko/k. Takum o6paszom, eciau k>>ky, To ®PI] ¢
MOIABIISIIONICH BEPOATHOCTHIO HAXOIUTCH B COCTOSIHHSX, B KOTOPBIX
€ro JIOHOpHAS 9aCTh MOJHOCTHIO BOCCTAHOBIICHA.

BriBegem Teneps HepaBeHcTBa 1y coctosiHuii DPII, BeIpakeH-
HEBIE 9epe3 KOHCTAHTEI CKOPOCTH k H m.

CpasuuBas hopmyisl (10.13) u (10.14) u 3aMensis CyMMY BEPOSIT-
HOCTeH, crosulyro B Beipaxenwu (10.14), ma emuWHUIly, JIErKO IIO-
Jy9HUTH CISAYIONICe HEPABCHCTBO:

P(R))+ P(R))+...+ P(R" ") < mk.

W3 5T0r0 HEpaBEHCTBA BLITEKAET, YTO €CIIM K>>m, TO BEPOSTHOCTD
paccMarpuBaeMEIX COCTOSHUM JTOHOpHOM dacTi OPI] npeneOpexuMo
majia. Y3 3TOro HepaBEeHCTBA CIEIYET, 9TO BEPOSTHOCTH COCTOSHHS
JIOHOPHOH 9acCTH C 7 3JIEKTPOHAMH HE MeHbIe, yeM 1—m/k.

Taxum 00pa3om, €civ KOHCTaHTa CKOPOCTH MPHTOKA JJICKTPOHOB
B ®PI] cymecTBeHHO 0OJBIIEC BCEX OCTANLHBIX KOHCTAHT CKOPOCTH,
TO OH
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C TIOJABJISIIONICH BEPOSTHOCTHIO OYAET HAXOAWTHCS B COCTOSHHSX B
KOTOPBIX BCE IEPEHOCYHKH, HAXOJANIMECHd Ha JOHOPHOM CTOpPOHE
®PII, BOCCTaHOBIICHEL.

Axyenmopnas wacmv peakyuoHH020 yenmpa

Awnanornano ToMy, Kaxk 3T0 OBLIO C/IE/IaHo BEIMIE, JEIKO IOIYyYHUTh
CJIEAYIOIIHNE OICHKH:

P(RY) < ko ey +m )< ko m?, (10.26)
P(R,)+P(R, )+..+ P(R, ) < ko/m, (10.27)
P(R,)+P(R, )+..+ P(R, ) < ky/m. (10.28)

OTH HEPABEHCTBA MOKA3BIBAIOT, UTO €CIU ky<<m wmm k <<m, TO mpu
ONMCAHUH CTAlHOHAPHOTO 3JIEKTPOHHOTO TPAHCIOPTa B KOMILIEKCE
@PI] MOXHO OTPaHUYIUTHCA PACCMOTPCHUEM COCTOSHUAM, IPUHAJIICKA-
KX TOJHOCTHI0 OKHCJICHHOM aKnenTopHoii gactu. Takum 00-pasom,
W3 PaCCMOTPEHHS OIEHOK CIIELYET, 9TO €CJIM KOHCTAHTa CKOPOC-TH M
OTTOKa 3JIeKTpoHOB W3 komriekca ®OPI] cymecTBenno Gosbiie Bcex
OCTaJIbHEIX KOHCTAaHT CKOPOCTH, TO akienTopHas dacte OPI] Oyxer
HaXOJIUTHCS B IIOJTHOCTHIO OKHUCIICHHOM COCTOSIHFIM.

OOBeauHss 3TOT BBIBOJ C TEM, KOTOPBIHA ObUT TOJYdYEH BBIUIE JJIS
nouopHo# dactu ®PII, MBI MOXKEM CKa3aTh, 9TO B 3aBHCHMOCTH OT
COOT-HOIIEHHWH KOHCTAHT CKOPOCTH kK W m, ONPEIENISIONX 00MeH
anexktpo-uamu DPI] co cpemoi, B OCHOBHOM pealM3yIrOTCa JHOO0
COCTOSIHHS BEpXHEH CTPOYKH, JIHMOO COCTOSHHSA MPaBOro CTOJIOIA Ha
cxeme (10.4).

ITlpeoenvuvie cryyau

1. PaccMoTpuM cHadajia cirydai, KOTJIa BEIMYIMHA KOHCTAHTEI CKO-
POCTH OTTOKA 3JIEKTPOHOB M3 KOMIUJIEKCA CYIMIECTBEHHO OOJNbIIE BCEX
OCTaIBHBIX KOHCTaHT ckopoctH (m >> k, ky). B arom cimydae ax-
nenropHas 9acth OPI] ¢ momaBmsIoOmel BEpOATHOCTHI0 HAXOIUTCS B
OKHCIIEHHOM COCTOSTHHH W BCE BO3MOXHEBIEe Tiepexoasl @PI] cBsa3anb
C MEPEXO0JI0M €ro JOHOPHOW 9YacTh M3 MEHEE BOCCTAHOBICHHOTO B
0oJice BOCCTaHOBJIEHHOE cOocTosHUE. TakuM 00pa3oM, cxema Tepexo-
JnoB aoHopHod gactu OPI] MoxeT OBITh 3amucaHa B CIETYOMEM
IPUOIYDKEHHOM BHJIE:

k k k. k
00 10 20 - n0. (10.29)
ko ko ko ko
ITpyMeHsiss IPUHIMIT JETaIBHOTO PaBHOBECHS K JAaHHOH cxeme (CM.
1. 6) I BEpPOSTHOCTH TOTO, 9TO HMEET » JJIEKTPOHOB, HMEEM
CJICAYIONICE BEIPAKCHHE:

P(R)=p"/2.p% p=kky, r=0,1,2,..,n (10.30)
q=0
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Bepositaocts P(D;') Toro, 9To i-# IepeHOCIHK SIEKTPOHOB Ha J0-
HOPHOW CTOPOHE HAXOJUTCA B BOCCTAHOBJICHHOM COCTOSHUH
cormacuo (10.9), ckmagpiBaeTCs M3 BEPOATHOCTEN TOro, 9TO Ha
JoHOpHOI cTopone DPI] HaX0AUTCS HE MEHEE 9EM I JIICKTPOHOB:

P(D; )=3 P(R]) (10.31)

r2i
IToaTOMY BOCCTAaHOBJIEHHOCTH i-T'O IEPEHOCYHKA HA JIOHOPHOH CTOPO-
ue OPI] umeer Bu:

P(D})= (pi +p' +...+p"Xl+p+p2 +...+p") (10.32)
Otkyna uMmeeM

PDY)=1-P(D )=(1+p+.+p i+ p+ 0> +.+p")  (1033)
ITony4YeHHbIe COOTHOLIEHHS CYIIECTBEHHO YIIPOIAIOTCH B 3aBUCHMO-
CTH 0T TOro k > ko mnm k < ky. PaccMoTpyM Cllydaii, KOrja CBETOBAs
KOHCTAaHTa CKOPOCTH MEHBIIE KOHCTaHTHI CKOPOCTH IEPEHOCA JJIEK-
TPOHOB B KoMILIEKC k > ko (p<1). B 3TOM ciydae B OCHOBHOM peaiid-
3YIOTCS COCTOSHMS IpaBo¥ dactu rpada (10.29), a cooTHoIIEHHE
(10.33) pnst oxucnenHoi GopMel D; IPUHUMAET CIEAYIOLIMNA BUJ:

n—i+]
P(Dio)z;_= & , (10.34)
pn—z+1 k

T. €. CTaI[AOHAPHAS 3aBUCHMOCTE OKHCICHHOH (hopMEI D; OT CBETOBO#
KOHCTaHTBI CKOPOCTH ky (MHTEHCHBHOCTH CBETa) HOCHT S-00pa3ubIit
xapakrep (i<n), mpWdeM IOKa3aTelb CTEIEHH TeM OOlbIle, 9eM
OJrKe TIEPEHOCYHK ODJIEKTPOHOB HAXOAWTCS K CBETOBOW CTaIvH.
CylinecTBeHHEIM sABIsSETCS TO, 9T0 B Gopmyne (10.34) burypupyer n
— of11ee 9HCII0 MePEeHOCINKOB, HAXOAAIIUXCS Ha JOHOPHOM CTOpOHE
OPI[. B cnygae korma ko>k, coornomenue (10.32) mns Boccra-
HOBJEHHOH (opMbl mnepeHocurka [D; NPUHHMAET CICAYIOMIMMA
IPOCTO# BUT:

[k
P(D )=p =|—|. (10.35)
ko
TaxkuM 00pa3oM, 110 3aBHCHMOCTH OKHCIIEHHON M BOCCTAHOBJICHHOI
(dhopmel D;-To epeHoCcIrKa JEKTPOHOB COOTBETCTBEHHO OT CBETOBOM
KOHCTAHTBI CKOPOCTH ¥ OT KOHCTAHTHI CKOPOCTH IIPUTOKA SJICKTPOHOB
B KOMILIEKC MOXHO ONPEJCIHTh 9UCIIO W TOPSIOK PaCIOIOKEHHS
MIEPEHOCYHMKOB JJIEKTPOHOB, HAXOMAAIIMXCS HA JOHOPHOH CTOpOHE
OPII.

2. PaccMoTpuM Temephb ciydaii, Korja BeIW9HHAa KOHCTAHTBI CKO-
pPOCTH k TOCTYILUIEHHS DJIEKTPOHOB B Komiuiekec OPI] cyniecTBEHHO
0oJbIIe BCEX OCTANBHBIX KOHCTaHT cKopoctd (k>m, ky). B stom
clydJae, KOMILIEKC C IIOAABIISAIONIEH BEPOATHOCTRIO OYAET HAXOIUThCH
B COCTOSTHMISIX, OTBEYAIOIINX IIEPEX0JaM TOJILKO AKIEIITOPHOM 9acTH
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®PII, T. €. B COCTOSHUAX, PHHALICKANINX MPABOMY CTOJIONY Ha
cxeme (10.4). /Ins yno6ctBa 3T0T cTONOE1 N300pakeH B BUJE CTPOKH

ko ko ko ko ko |
n0 nl, n2 ns—1, ns. (10.36)
m m m m m

Ilepenocarky JIOHOPHOHW 9acTH PEAKIMOHHOTO IIEHTPA HAXOJATCA B
MIOJIHOCTBEO BOCCTAHOBJICHHOM COCTOSIHHH M MIX IIEPEXOJIAMH B OKHC-
JICHHOE COCTOSTHHE MOXKHO MpeHeOpedb.

ITpumensis npuHIMI AeTaasHOrO paBHOBecus k cxeme (10.36),
IOy 9HM

i o' k() S
P(Rz)zg,rne o=—, 0=14+0+..+0". (10.37)
m

Cornacuo dopmynam (10.9) u (10.37) mist BEpOATHOCTH TOTO, 9TO A,
HAXOJUTCS B BOCCTAHOBJICHHOM (hopMe, IMEEM

P(A')=P(R{)+P(R" )+..+ (R )=
o’ +5S_] +...+5S_(r_l) (10.38)
= 0 X

OTKyZ1a BEpOATHOCTL TOTO, 9T0 A, HAXOIUTCS B OKHUCIEHHOM (Popme,
paBHa

P(A°)=1-P(4)=(1+5+8%+..+5°)/6. (10.39)
B 3aBHCHMOCTH OT COOTHOIIEHHS MEXAY KOHCTaHTaMH ko 1 m ®OPI]
OyZeT B OCHOBHOM HAaxOJWTHCH B COCTOSIHHMSX JIEBOW dacTu rpada
(10.36) mpu ko<m u B cocTosuusax npasoii dactu rpada (10.36) npu
ko>m. Tlycte cuagana ky>m. Torpa u3 dopmyns (10.39) BeiTekaer,
9TO 3aBUCUMOCTH OKHCICHHOH (hOpMBI IEPEHOCINKA A, OT BEITMIHHEI
KOHCTAHTEI CKOPOCTH m OTTOKa 9jekTpoHoB n3 DPI] mmeer S-
00pa3HBId XapakTep,

PAL)=6" =(m/k,) . (10.40)
OTO MO3BOJSET M0 BEIMYHHE MOKA3aTels 3TOH 3aBHCHMOCTH OIpe-
JICATH TIOCIIEIOBATEILHOCTD M TIOJIOKEHUE TIEPEHOCIUKOB JICKTPO-
HOB, HaxoAAUIMXCA Ha aknenTopuou cropone MPII. B cinywae, korma
ko<m, w3 dopmyinsl (10.38) BEITEKAET, 9TO 3aBUCHMOCTEL BEPOSTHOCTH
TOTO, 9T0 A, HAXOMUTCSA B BOCCTAHOBJICHHOHW (opMe, OT BEIMIMHEI
CBETOBOM KOHCTAaHTBI CKOPOCTH Ky Taike umeeT S-00passblii xa-
pakrep:

P(A )~ 5 =(ky/mf . (10.41)
OnpenemuB u3 3aBucuMocTd (10.40) Bemuumuy 7, a HUCXOAA W3
3apucumoct (10.41) — BenmuuwnHy s-r+1, MBI TeM caMBIM B

TIPUHIAIIE UIMEEM BO3MOXKHOCTh OIPEAENIUTh HE TOJNBKO IOCIIEI0BA-
TEIFHOCTE PACIIOJIOKCHHS TICPEHOCYUKOB, T. €. HOMEP ICPECHOCYHKA
A,, HO 1 o0lIee YUCII0 MEPEHOCIMKOB, HAXOAIICECH B aKIIEITOPHOM
qactu OPII.
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3. PaccMoTpuM, HAKOHEL, CiIy4ai, KOTJIJa CBETOBAs KOHCTAHTa CKO-
POCTH CYIIECTBEHHO OOJIBIIE KOHCTAHT CKOPOCTH 0OMEHA 3JIEKTPOHA-
MH KOMIUIeKca co cpefoi. [TIoCKoIbEKy CBETOBAasA KOHCTAHTA CKOPOCTH
00JBIIe KOHCTAHTBI CKOPOCTH MOCTYILICHUS 3JeKTpoHoB DPII, mpu-
XOJIAIIME BJIEKTPOHBI OBICTPO TEPEXOAAT B AKIENTOPHYIO YacTh
KOMILIEKCa. JIMIIE MOClIe TOro, Kak OyJeT 3allOHEHA BCH aKIIEIITOp-
Has 9aCTh ¥ CTAHCT HEBO3MOXKHEIM IIEPEHOC SJICKTPOHOB 110 CBETOBO#
CTaJIMH, HAYHETCSA BOCCTAHOBJIEHHE MEPEHOCUYMKOB JJIEKTPOHOB, HAXO-
qanwixes Ha gonopuoi cropone ®PII. Bceneactsue cxasaHHOTO, HC-
xonueii rpad cocrosmuii (10.4) MoxeT OBITh CBEAEH K CIEMYIOMIEMY

rpady:
00%01%02%...%m%u%zs%...%ns. (10.42)

IIpuMenss K paccMOTpeHHOMY Tpady MPHHIUI JETaJLHOTO paB-
HOBECHS JIJI1 BEPOATHOCTEH PacCMaTpHBAEMEIX COCTOSHHMA, MBI MO-
J)KEM HAIIMCATE:

S+i 2 K}
P(R{):"T, i>1; P(R?)= 1+"+"Z+"'+" . (10.43)

: J
P(RS) =G—, j<s; P(R;)= (O'S +o! +...+as+")/;(. (10.44)
x
B stux dopmynax o= k/m, y=1+c+...+c"". U3 dopmyxa (10.43) u
(10.44) maiimeM BOCCTaHOBIEHHOCTh IIEPEHOCYHKOB 3SJIEKTPOHOB,
HAXOJSIIMXCS HA JJOHOPHOM M aKIENTOPHOM CTOPOHAX PEAKIMOHHOTO
LEHTpa:
P(D} )=P(R} )+ P(R"" )+..+ P(R )=

¢:rs+l(1+cr+0'2 +...+0'"_1)

= , (10.45)
X

P(A )=P(RS™ )+ P(RS™? ) +..+ P(RS™ ) =

_ O_s—r+1 +O_s—r+2 +m+o_s+n (10 46)
V4

IMonydeHHbIe BLIPAXEHHs CYIIECTBEHHO YIPOIIAIOTCA, KOraa aubo
k>m, mu6o m>k. N3 dopmyn (10.45) u (10.46) umeeM cremyrommue

. T dto+oi+ o (m)
P(D})=1-P(D})= z[—}

2Z s—r k n+r Ech k>m (10.47)
P(A:))=1—P(Ar])=1+a+o— +..+0 z(ﬁj
x k

k s+l

a1 ( Ecmm m>k (10.48)
P(A]):o_s—r+] z(&]

m

216



W3 nomydeHHbIX (opMysl MOXXHO ceaTh BBIBOJ, 9TO B paccMar-
PYBaEMbIX YCIIOBHUSX OKHCJIEHHOCTh M BOCCTaHOBIIEHHOCTH IEPEHOC-
9UKOB 3JEKTPOHOB S-00pa3sHO 3aBHUCAT OT BEJIWYMHBI KOHCTAHTBHI
CKOPOCTH OTTOKa 3JIeKTpOHOB U3 komruekca (10.47) u oT BenWduHBI
KOHCTAHTBl CKOPOCTH MNpHXoAa 3JeKTpoHOB B Komruiekc (10.48).
OnpenenyB moka3aTelb CTCNECHH PAacCMAaTpHBAEMBIX 3aBUCHMOCTEH,
YCTaHOBUTb W IOCIIEIOBATEIbHOCTh PACIIONOXKEHHUS INEPEHOCUYHKOB
anexktpoHoB B OPII.

Conocmaenenue c SKCnepumenmom

CpaBHHM TMOJNY9EHHBIE BBINIE BBIBOABI C JKCIIEPHUMEHTAIBHBIMHU
pe3yJIbTaTaMH, IOJy9€HHBIME B Hame# 1aboparopun. Hanbonee nzy-
9CHHBIMU SIBIIIIOTCS TIEPEHOCYMKH, Haxomsmuecs B I[OT ma
noHopHoi cropone ®OPI] mypnypubeix Oaktepmii. IlosTomy HIbKe
pPacCMOTPEHBI JAaHHBIE, OTHOCSIIHWECS JMIb K (OTOXHUMHUICCKH
AKTHBHOMY ITMTMEHTY M LIATOXPOMaM 3THX MUKPOOPTaHHU3MOB.

B npemiokeHHOW MOJAENH CTalMOHApHEIE XapaKTEPHUCTHKH He-
OUKITNIECKOr0 TpaHCTopTa 31eKTpoHOB B DPI] onpenensroTca JUIb
CBETOBOW KOHCTAHTOM CKOPOCTHM M KOHCTaHTaMH CKOPOCTH oOMeHa
anexrporamu ®PI] co cpemoii. [IpuaeM cornmacHo dopmyae (10.10)
CTalMoOHapHask OKHCIIEHHOCTh TIEPEHOCIHUKOB TEM OOJbIIE, 9eM Jallb-
oI€ 3TOT NEPEHOCIYUK HAXOTHUTCA OT CBETOBOH CTaJJuH, HE3aBUCHUMO OT
BEIIMYMH YKA3aHHBIX KOHCTAHT CKOPOCTH. B d9acTHOCTH, CTamwo-
HapHasi okuciaeHHocTh nmurmenta ®PI] (D;) mocturaercs npu Ooree
BBICOKMX MHTEHCHUBHOCTSX CBETa, 9eM IuToxpoma (D,). Paccmorpum
B OTJICIIBHOCTH JIAHHBIC, OTHOCSIIUECCH K TMTMEHTY U LUTOXPOMY.

CaeToBBIC KpHBBIE MATMEHTA. VIcX0as W3 aHaiM3a, IPOBEICH-
HOTO BEIIIE, TTOKA3aTENb CTENICHU B S-00pa3HOM 3aBUCHMMOCTH OKHC-
JICHHOCTH TIEPECHOCYMKOB DJICKTPOHOB OT HMHTEHCHBHOCTH CBETa
(cBeroBas KpuBas) TeM OobIIe, 9eM OIHXKE IEPEHOCIHUKH IIIEKTPO-
HOB HaXOJIATCA K CBETOBOM cramuu. J[ns murmenrta, T. €. s D,
JIOJDKEH HaOIIogaThCs HAWOONBIIHMN TOPSAOK CTEIEHHOW 3aBHCH-
MOCTH OKHCJIEHHOCTH IIEPEHOCYHKA OT HHTEeHCHBHOCTH cBeTa (10.33):

ko ! k)"
P(DH = (ko ~(ky/k 10.49
®1) Tt ko /K + o+ (g /) (ko kY (10.49)

nouopuoii cropoue ®PII. TTosToMy ecnu npH ycinoBuu m>>k>k, ue
HabmrogaeTcs S-00pa3HOH CBETOBOM KpHBOM ITMTMEHTA, TO 3TO
CBHJICTEIILCTBYET O TOM, 9TO Ha JOHOPHOH CTOPOHE OTCYTCTBYET BTO-
puuHBIi goHop. Takas cuTyanuss HMeEET MeCTO, HampuMmep, B
xpomarodopax Rs. rubrum, B mnpomecce BBIIEIEHHI KOTOPBIX
[IUTOXPOM, SBJISFONIMKACS BTOPUYHBIM JOHOPOM, BbiMbIBactcs [Cha-
morovsky et al., 1976]. Bmecte ¢ TeM B npemapaTax XpoMaro(opos
cepunlx Oaxtepuii E. Shaposhnikovii, B KOTOpPBIX IIMTOXPOMEI
JIOCTaTO9HO TpodHO cBs3auel ¢ OPI[, mabmomaercs S-obpasuas
3aBHCHMOCTL CBETOBOH KpHBOil mmrmeHnta [IIeiteeBa m ap., 1973]
(puc. 46).
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2
4
4 a9 Puc. 46. Coomomenng MEXIY

‘ COCTOSIHHSIMH ~ JIOHOPHOH  9acTu
:1 PFY  bOTOCHHIETHIECKOTrO PEaKIMOHHOTO
IIeHTpa  TypPIypHEIX  OakTepwmit,

(r COIEPXKAIIET0 IHUTMEHT P |
muroxpom C, xak GYHKIHS MHTEH-

/
k CHBHOCTH CBETA

CocTosiHME  PEaKIMOHHOTO  IIEHTpa
C'P’— 6ricTpO pemakcupyomee u ero
BEPOSATHOCTh Majyia. I[109TOMy OKHCIIeH-
Has (QopMa TIMTMEHTa mpeaCcTaBleHa
P . JIMIIB COCTOSHUEM

>

7 Ky

¢Tpl—>
=)

ﬁlﬂpl

CBeTOBBIC KPHBBIE€ MATOXPOMA. J[JI1 BTOPUYHOTO JOHOPA, KaKo-
BBIM SIBIISETCS LIUTOXpOM, cooTHorienne (10.33) npuuumaeT ciaeayro-
U BUJI;

P(DY) = (ko /KY'™'(1+ ko / )
2 = .
V+ko/k+...+ (ko /K)!

(10.50)

COOHBIX OBICTPO BOCCTaHABIWBATh LIATOXPOM (7=2), TO CBETOBas
KpUBas LATOXpOMa HE MMeeT S-00pa3Horo xapakrtepa. ITo HabOII0-
JaeTcs, HampuMep, B Xxpomarodopax cepuoii Oaxrepun E.
shaposhnikovii (puc. 47, 6). CyliecTBEHHO, OJJHAKO, 3aMETHTh, 9TO B
[EIBIX KIETKaX 3THX OakTepuii oTMedeHa S-o0pasHas 3aBHCHMOCTH
cBeroBoii kpuBoi#i [[IeiTheBa u mp., 1973, 1974; IIsiteeBa, Py0Oum,
1973; YamopoBckuii u ap., 1976; Pyoun u np., 1977] (puc. 47, a), aro
CBHJICTEILCTBYET O HAJMYHH IIEPECHOCIMKOB JJIEKTPOHOB, CITIOCOOHBIX
OBICTPO BOCCTAHABIIUBAThH IIUTOXPOM. JTOT (aKT yxe 00Cyxaancs B
pabore IIeirbeBoi u PyOuna [1973], B xoTopoii mis oObscHenus S-
00pa3Hoif CBETOBOW KpPHBOH IMTOXpOMa OBLIO TPEANOJIOKEHO Cy-
niecTBOBaHKE nepenocarka Oy Ha noHopHoi cropone ®PII. INokaza-
Tens cTeneunoil 3asucumMocTH (10.50), onpenenenurslii U3 pasaoxe-
HUS CBETOBOW KPHMBOW ILIMTOXPOMAa B JBOMHBIX JIOrapu(pMHUIECKuX
KoopauHaTax, paBeH 2. ClenoBaTrennbHO, KOJIHYECTBO HEHACHTH(H-
OUPOBAHHOTO TiepeHocanka (Jy cocTaBiasger He Oojee OmHOM
Monekynsl Ha @PI]. 3aMeTHM, 9TO IOCKOJIEKY HEPEHOC 3JIEKTPOHOB B
pabore IImiTheBo¥ u PyOuma [1973] ommceBajicS ¢ IOMOMIBIO
«OUMOIIEKYIISIpHBIX»  ypaBHEHWH, TPUMEHHMBIX K  OITHCAHHIO
BSaHMOJlei/'ICTBHH IIOABUXKHBIX NnEPECHOCYHKOB, TO KOJIHN4YECTBO
Monekyn (y, OLICHEHHOE B 3TOM paboTe, OKa3aJIoCh CYIICCTBEHHO
BBIIIIC.

Cornacuo ¢opmynam (10.49—10.60) cranponapHas OKHCIEHHOCTE
MIEPEHOCYMKOB 3JIEKTPOHOB B PACCMATPUBAEMBIX YCIIOBHSIX OII-
peaenseTcs OTHOLIEHHEM BEIMYMH KOHCTAHT CKOpOCTH ko/k. [ToaTomy
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Puc. 47. 3aBHCHMOCTD CTEIICHH OKHMCIICHHS BRICOKOIIOTEHITHAIBHOI0 IIMTOXPOMA
OT MHTEHCHBHOCTH CBETAa B IIENLIX KiIeTKax (a) m xpomarodopax (6) cepuoi
6axrepun Ectothiorhodospira shaposhnikovii [IIsitheBa u ap., 1974]

Uepes HKCIEPUMEHTATBHBIE TOYKH MPOBEJECHB] TEOPETHYECKHE KPHUBEIE, OMHCHIBAEMBIE
ypaerennem (10.50) wis n=3 (a): P(COY=P(D,%) = p:/(1+p1%), p1 = ky/k n mns n=2 (6):
P(CH=P(DY)=(p1+p12)/(1+p1+p12). B ckobKax 1o ocH abCLMCC YKa3aHB COOTBETCTBYIO-
[IMe 3HAYSHUS BEINYHHEL P1=

MU3MEHEHWE KOHCTAHTHI CKOPOCTH K, IPOIOPIMOHAILHON KOHIIEHT-
paluy 5K30T¢HHOTO JoHOopa D, npy HEM3MEHHOW WHTEHCUBHOCTH CBE-
Ta CBOAHUTCA K H3BMCHCHHIO MacmTaGa CBCTOBBIX KPHUBEIX I10 OCH 360-
mucce. CrenoBareNsHO, IPH YBEINICHUN KOHCTAHTBI CKOPOCTH k TIpo-
HUCXOJWT CMEIIEHHE CBETOBBIX KPHBBIX B 00JIaCTh 0Oo0Jiee BBICOKHX
HHTEHCHUBHOCTEH JeiicTByromero ceera [IIsitbeBa u mp., 1973].

10.4. Tounnie penieHAs JJIsS CXEM IIEPEHOCA YJICKTPOHOB
B KOMILICKCE IBYX MHOT'03JIEKTPOHHBIX MEPEeHOCYHKOB

IIpoBeaeHHOe BEHINIE PACCMOTPEHHE CTAIMOHAPHBIX XapaKTepH-
CTHK MIEPEHOCA IJICKTPOHOB OTPAHUIMBAIIOCH B OCHOBHOM JIHOO OLICH-
KaMH CTaIl[MOHAPHEIX BEPOATHOCTEH cocTosHui komruiekca DPII, mu-
00 MX IPHOJIHIKEHHBIME BEIPAKEHHUSIMH, ITIOCKOJIBKY PEINECHHE CHCTE-
MEI anrebpandeckux ypasuenunii (10.18) TpyaHo monyduTs B aHaIH-
THYeCKOM BHAE. HuXe NMpoaHaIM3MpOBaHBl CXEMBI IEPEHOCA JJIEK-
TPOHOB, JIJI1 KOTOPHIX MOXXHO MOIY9IUTH TOYHBIC PEIICHHS.

PaccMoTpuM mepeHoC 3JIEKTPOHOB B KOMITICKCE JIBYX MHOTO3JICK-
TPOHHEIX IEPEHOCIUKOB R; M R,, IPOHCXOIAIIWNA COTIACHO CXEME
(10.3), mpexgnonaras, B OTJIMYHE OT paHee PACCMOTPEHHBIX CIIydacsB,
9TO Ha KKJOM W3 IEPEHOCIHUKOB MOXKET HAXOJUTHCS JIF000E 9HCIIO
97eKTpOHOB. MHBIMM ClIOBaMH, BMECTO MCXOJHON KOHEYHOW CXEMBI
nepexonoB OPI] mexay pazmausiMu cocrostausMu (10.4) MBI umMeeM
CcXeMy ¢ OECKOHEIHBIM 9HCIOM COCTOSHHIA.
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00 10 s n{ i
A 1
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A
ko kg ko ko
m m m
02 >12, > kopyk
kq ko kg
m m m

das - e 4 s

(10.51)

BynmeM wuckate penieHHe CHCTEMBI alreOpandecKuX ypaBHEHHH,
coorBercTByromux cxeme (10.51) [cm. cucreMy ypasBHenwmit (10.18)
TSt KOHEYHOTO qucia COCTOSTHHIA MHOT'03JIEKTPOHHBIX
[IEPEHOCUYHKOB | B BH/JIE

P(Rll,sz) = Ax'y’, (10.52)
rae A, x, y — HeuW3BeCTHbIE MOKa mnapaMerpel. IloacraBiss 3TO

BBHIDQXXCHUC B CHCTEMY YpaBHCHHWH, COOTBETCTBYIONIYIO CXEME
(10.51), MmoxxHO YOEAUTHCS, YTO OHA UMEET PEICHHE NCKOMOTO BHIA,

ecim
x=k/ko, y=k/m.
(10.53)

JlelicTBUTEIFHO, IPOBEPUM, YTO CymiecTByeT pemieHue Buaa (10.52)
s «y310B» Ha cxeme (10.51) Buga

a) O)——=10—F s gYOr-1 d7-4

3

| ko 1 %
Iﬂ‘ m

| # i .

0f— 0 * 14

4
oy

|
i
Gi+1

8) q-io—k+q0—ki—q+10 2y ij-1 i+1j+ 1
ko ? ko
/im K //

|f,,
g-11 q1 i- 1;»—1-—.»1]’ d i+1j

ko /4
m
i-1j-1 ij+1

(10.54)

YCJIOBHe CTA[HOHAPHOCTH /UL Y313 a) na cxeme (10.54) umeer Bus
Ax"y' m=4 x%° 4 Orxyma y=k/m. Jins y3na 6 na cxeme (10.54) ¥
JIOBHE  CTALMOHApHOCTH  MOXHO 3amMcaTe B BHJC
VkotAx% "m= Ax%Y m+ + Ax%'* Otxynma, coxpamas Ha Ay’ n
MIOJICTABJIAS BENMYHMHY y=k/m, HalieM, 9To x=k/k.

AHaJIOTHYHBIM 00pa30M MOXHO YOEIWTHCSH, YTO IS Y3JIOB 6 U 2
BhIpaKeHHe
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o kY kY
P(R ,RZJ) =4 i [—J (10.55)
0 m
SIBJISICTCS PEIICHUEM.
ITockomsky BeposTHOCTE 3acTarh OPI[ B kakoM-1100 M3 €ro Bo3-
MOJKHBIX COCTOSIHHH JOJDKHA OBITh paBHA EIUHHIIE, TO HCXOAd W3
Beipaxxenus (10.55) umeem:

o oo (kY (kY
SPR,R)=AY | © [—j -1, (10.56)
i, j=0 i, j=0\ ko ) \'m

m—kky—k

Aot psax cxomutes npu k <ky, m, npuueM A = . Takum
m k()

o0pa3om, IS ciiydasi, KOTJa 9acToTa MOCTYIUICHHS DJIEKTPOHOB OT

mqonopa B ®PI] Menblile 4acTOThI MPHX0Ja BO30OYKAEeHHH (KBAHTOB

CBeTa) U Y9acTOTHI BEIHOCA DJIEKTPOHOB M3 akmentopHoi yactu DPII,

CHCTEMa YpaBHEHHHA, OIHWCHIBAIOMIAS TEPEXOABl MEXIY OABYMS

MHOT'03JIEKTPOHHBIMH IIepeHocunkamu Ha cxeme (10.51), umeer To9-

HOE PEIICHUE BUJIA

! J
P(R,Rj) =Rk —k[ & ["j .
m k() k() m

(10.57)
Hcxoms u3 moay4eHHOTO BRIPAKEHHUSA HETPYIHO HAHWTH BEPOSTHOCTH
TOT0, YTO Ha JOHOPHOH M akuenTopHoi croponHax ®PI] maxomutcs
COOTBETCTBEHHO I U j JIEKTPOHOB [cpaBHHUM C BhIpaxkenusMu (10.30)
u (10.44)]:

i

P(Rli): ZP(R{,R{):M i , (10.58)
j=0 ko ko
o o _ J
P(R])= Y P(R,,R{)=""= k[ﬁ] : (10.59)
i=0 m \m

ITonyuyenuslie BeIpaXKeHHs IOKA3BIBAIOT, YTO MpH ko, m>k paccMaTpH-
BaeMbIC BEPOSTHOCTH SBJISIOTCS OSKCIOHCHIHAIBHO YOBIBAIOIIUMH
$yHKOUAME OT mapaMeTpa ¥ j cooTBeTCTBEHHO. IIpH 3HaUKMTEILHOM
HWEpapXvH B BEJMYMHAX KOHCTAHT CKOPOCTH IIEPEHOCA JJICKTPOHOB
3aCeJICHHOCTH COCTOSIHHM JOHOPHOM M aknenTopHoi gacreir ®PI] 60-
Jiee Y4eM C OJHHM 3JIEKTPOHOM NpeHeOpexruMo Maibl. IlosToMy pac-
cMaTpuBaeMasi OECKOHEYHAss CXeMa I10 CYIIECTBY SKBHBAJICHTHA KO-
HewyHo# cxeme u Beipakenus (10.58) u (10.59) ansarorcs mocTaTrodHO
XOPOINNM IIPHOJIMKEHHEM I KOHEYHOH cxeMmpl. B mommoii ama-
moruu ¢ popmynamu (10.30) — (10.33), manpumep, 11 BEPOSTHOCTH
TOr0, YTO i-i MEPEHOCYHK 3JIEKTPOHOB Ha JOHOPHOHW ctopone DPI]
HaXOJWTCSA B OKHCJICHHOM COCTOSHWH, HWMEEM CJICAYIOIICEC BEI-
paxenue:
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i -1, i
PO = S P(RD) = 1+£+...+[£] ko =k =1_[£] . (10.60)
r=0 ko ko ko ko
OTKyJa BeIpaXEHHE JI1 BOCCTAHOBJICHHOW (DOPMEI MEPEHOCUYHKA
D; npunumaet Bux [cpaBauM c dopmynoit (10.35)]: P(Dl) (k! ky)'.
Taxkum obpasoM, npu k<ky), m peanu3yercsi B OCHOBHOM BEPXHHMA
neBbIi «yrom» Ha cxeme (10.51) u coorBercTBenno na cxeme (10.4).
Bonee Toro, MOXHO aHaJIOTMYHO IPeABIAYIIEMY YOEIHWTbCS, YTO
pemienne Buga (10.55) cnpaBemnuBO A1 CHCTEMBI alreOpandecKuX
YpaBHEHHH, COOTBETCTBYIONIMX KOHEYHOH TpPEyrolbHOW CcxeMe
HIEPEXO0I0B MEXTY COCTOSIHHSMH KOMILIEKCA BH/IA.
B sTom ciiydae

s s—i i k J
A=1/
tz;‘)jZO{ko] [mj

a BBIpaKEHHS IS P(Rli), P(R{ ) IPHHHMAIOT BH]I

P(RI)= A[ki] 5 (i]], (10.62)
0/ j=o\m)
P(R]) =A(£]JS§: {%} . (10.63)

B cuny cymecTByromniell KWHETUYECKOW TBOMCTBEHHOCTH B TIEPEHOCE
3JIEKTPOHOB H JBIPOK (CM. II1. 9) MOXHO YTBEPXKIATh, YTO IPH YCIIO-
BuU m<ky, k CHIpPaBEITUBEI CICAYIONIAE BEIPAXKCHHUS, OMMCHIBAIOIINC
Tepexo bl KOMILIEKCa B HIDKHEM MPaBOM «yriry» Ha cxeme (10.4):

P(Rf)=A1(5]l 5 ["—Ojj, (10.64)

m) j=s—i\m

P(R{):Al[k—O]J 5> (EJ (10.65)
m ) j=s—j\m

HuTepecHo, 9To nonydeHabie GOpMYJIIbl CBHAETEIECTBYIOT O TOM, YTO
JUIS citydas OeckoHedHo# cxeMbl nepexonoB (10.51) peanusyercs ne-
3aBHUCHMOCTBb PEJIOKC-COCTOSIHHM JIOHOPHOW W aKIENTOPHOW dYacTei
®PII:

P(R|R}) = P(R{)P(RY). (10.66)

[TomydyeHHbIC BBIPAXEHUS SBISIOTCS XOPOMIMMH TPHOIMDKEHUSME
IS cIoydas JIOCTaTOYHO BBICOKMX MHTCHCHBHOCTEHW cBeTa. Bmecte ¢
TEM IS Caydas MaJibIX HMHTEHCHBHOCTEH cBeta HepaBenctsa (10.20),
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a cootBetcTBeHHO ¥ (10.22) 10 CyIIeCTBY SBJISIOTCS PaBEHCTBaMH, H,
CJIEI0BATENIbHO, B PACCMATPUBAEMOM CIIy4ac MaJIbIX WHTCHCUBHOCTEH
CBETa MBI TaKX€ WMEEM JOCTATOYHO XOpoIlee MPHOIMKCHUE IS
BEPOSITHOCTEH 3aCTaTh B JIOHOPHOM YacCTH I, a B aKIIENTOPHOMN 9acTH j
3JICKTPOHOB:

l

L3
" ko / (10.67)
P(R) = —, i=0,1,..,n :
k k
I+ —+.. 4+ —
0 ko
&l
P(R])= = _, j=0,1,..,5. (10.68)
1+k°+...+[k°]
m m

TakuMm 00pa3oM, HECMOTPS Ha TO, YTO B 0OIIIEM CiTydae HET J0CTa-
TOYHO MPOCTOM W ymoOHOH (opMbl pemieHus 3agayd OMHUCAHUS
CTaITMOHAPHOTO TpaHcnopTta 31ekTpoHoB B MPII, Tem He MeHee npu
HaJIMYUH onpeneneHHoi'I HEpapXHH B BCIIMYHWHAX KOHCTAHT CKOPOCTH
MOJXXHO TIOJTy9HUTh JOCTATOYHO IMPOCTOE OMKCAHUE IePEeHoca dIIEKTPO-
HOB B PEAKIMOHHBIX TIEHTPAX.

10.5 CrammonapHoe MepuoIAYECKOE OCBelIennAe

Yacto Bo3HMKaeT HEOOXOAMMOCTH OIPEAEICHHS CTANUOHAPHBIX
XapaKTEPUCTHK TepeHOca SJIEKTPOHOB MPH MEPHOIAYECKOM OCBEIIE-
uuH obpasna [Kok, 1959; Kapanersa u ap., 1963; Kononenko u ap.,
1967]. B mutupoBanHbIX paboTax 0OBEKT HCCIICIOBAHHS aAKTHBHUPO-
BaJM TEPHOAWYECKH HMITYJbCAMH CBETa JUIMTEIBHOCTBIO ¥ W B
TEMHOBOM HHTEpBajJie MeExay HuMH O, depe3 BpemMs T Docie
CBETOBOTO WMITYJbCa H3MEPSUIA W3MCHCHHS TOTJIOMICHUS WIIH
JIOMHHECIICHIIAH.

Kak moka3zaHo HWxe, 3aMe€Ha MCTUHHO HEMPEPHIBHOTO CBETa MO-
JIyJIUPOBAHHBIM MOXXEM TPHBOJIUTH K 3HAYUTEIHHBIM HCKOKCHUAM
CBETOBOM KPHBOH OKHCIIEHHOCTH (BOCCTAHOBIIEHHOCTH) IEPEHOCYH-
KOB DJICKTPOHOB.

Kunemuueckas mooenw

PaccMoTpuM, i TIPOCTOTHI, COydail TOJBKO OHOTO OJHOSJIEK-
TPOHHOTO IIEPEHOCYHKA, KOTOPBIA UMEET JIBA COCTOSHUA — 1 U 2, IpH-
9eM B COCTOSHWE 2 MOXHO TMOTACTh TOJ JICHCTBHEM KBAaHTA CBETA,
II0CJIe YeT0 OH PEJIAKCHPYET K UCXOTHOMY COCTOSIHHIO 1 ¢ KOHCTaHTOH
CKOPOCTH k:

k
2 . > 1

ko (10.69)
p q

Jnddepennyansable ypaBHEHHS, ONWMCHIBAIOIINE MEPEXOAbI B 3TOM
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CUCTEME HMCIOT CICAYIOIIMI BUI;
dq/dt = kp — kyq,

dp/dt = kyq —kp.

311ech g 4 p — BEPOATHOCTH 3aCTATh EPEHOCUYHK B [IEPBOM U BTOPOM
cocTosHusX. J[yist ompezienenHoCcTH ganee OyieM CUUTaTh, 9TO [EPBOE
COCTOSIHHE — 3TO BOCCTaHOBJICHHAs ()OpMa MEPEHOCUHKA, a BTOPOE
COCTOSIHME — OKHUCIIEHHas; ko — «CBETOBas» KOHCTaHTa CKOPOCTH,
IpOTOPIHOHATIbHAS WHTEHCHBHOCTH JIEHCTBYIONIEr0 CBeTa. bymem
CUMTaTh, YTO 3aBHCHMOCTH ky OT BPEMEHH HMMEET IEPHOIUUYECKUI
xapakrep (puc. 48) .

(10.70)

P
7
da
g T ¢
Hy
i _
x| & |x
7 7 ¢

Puc. 48. Cxemarmdaeckoe H300pakeHue KMHETHKH HW3MEHCHHS 3aCEICHHOCTH
BTOPOTO COCTOSIHUA (@) IIOJI ACHCTBUEM IIEPHOTAICCKOTO

Jlns cBeroBoro (ky=0) u TemuoBoro (ky=0) mpoMexyTKa pemeHue 2-
TO YPaBHCHUS, 3aIMCAHHOTO C YYETOM YCJIOBHSI HOPMHUPOBKH p+q=1:

dpl/dt=ky—(k+ky)p, (10.71)
AMEIOT BUI;
k ky (k+kg )t
)y=—+ — e 0 10.72
p@) Py D ot kg ( )
u
_ -kt
q(t) = p,e (10.73)
COOTBETCTBEHHO.
3necs pi(py) — HavanbHOE YCJIOBHE JJIS BOCCTAHOBICHHOTO

COCTOSIHUSL TIEPEHOCYHKA, PEaIn3yromieecss B TeMHOTe (Ha CBETY)
HEMNOCPEACTBEHHO MEPE] CBETOBLIM (TEMHOBBLIM) IIEPHOIOM.

O6o03HauKM Yepe3 7 HOMEP CBETOBOTO MMIyJjbca. Torma ans Jro-
60ro MOMEHTa BpEMEHH ¢ MOXHO 3aIKiCaTh

t=nT+r7 (10.74)
rae T=0 + y— cyMMapHOe BpeMs TEMHOBOT'O ¥ CBETOBOI'O IIEPHOJIOB,
T— BpeMs IOCJIe Hadajla TEMHOBOTO TEpHoAa. 3HAYCHUE BEPOSTHO-
CTH p B MOMEHT BpeMmeHu t=nT+t Oygem o0o3HadaTh depe3 p.(n).
Vuurteisas cootHomienus (10.72) u (10.73), MOXHO TOIYYHTH
PEKYPPEHTHOE COOTHOIIIEHHE, CBA3LIBAIOIIEE BEPOSTHOCTH BTOPOTO
(OKHCIIEHHOT0) COCTOSIHHSL B MOMEHTBEI BPEMEHH, COOTBETCTBYIOIIHE
OKOHYAHHIO CBETOBEIX IEPHOJOB M OTCTOAIINX IPYT OT JpYyra Ha Bpe-
msa T

Po(n) =a+bpy(n—-1) (10.75)
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rie
a=—R0_ (- lrko}] p oAlerkoreio] (10.76)
k+k
Hrepupys coornomenwe (10.75), HeCI0HO HalTH
po(n)=a+bpy(n—1)=a+bla+bpy(n—2)]=...=

n

bb +5"py(0). (10.77)

—a(l+b+..+b" ) +b"py(0) = a 11

TakuM 06pa3oM, BEpOSTHOCTH TOTO, YTO CPa3y MOCIIE OKOHYAHHS #-TO
cBeTOBOro rmepuona (mepe] HACTyIUIEHHEM n+l1-ro TEMHOBOTO
[EPHOo/a) MEPEHOCUYHNK HAXOIUTCA BO BTOPOM (OKHCIIEHHOM) COCTOS-
HuH, pasHa [pe(0)=0]:

L(l - e_(k+k0 )Z\l — e‘"[(k+k0 )Z+k0] .
k+k T _ oWk z+k0]

VuuTHIBas, 4TO Yepe3 BpeMs T 9Ta BEPOSTHOCTh YMEHBIIUTCS B €
pa3, OKOHYATENBHO MOy YHM

Pe(n) = po(m)e ™. (10.79)
BriBeieHHOE COOTHOIIICHHUE OMMCHIBACT M3MCHCHHUE CO BPEMCHEM Be-
POSITHOCTH OKWCJICHHOTO COCTOSIHHS TIEPEHOCUUKA.

PaccMoTpuM cranmoHapHbIi pexuM (n—»). B arom cioydae Be-
POSTHOCTH OKHCIICHHOTO TMEPEHOCUYHKA Yepe3 BpeMsl T MOCIe oUepe-
HOTO CBETOBOTO MMITyJIbCA MPUHUMACT BH]T

k, ekt 1 e—(k+k0);g e k71— e—k;;(x+1)

po(n) = (10.78)

o0 )= = 7Y . .
pf( ) k+ kO 1— e—[(k+k0);(+k6’J l+x 1— e—k;((x+l+l) (10.80)
rae x= ko'k, =0/y. IIpu 1=0 monydyeHnoe BEIpaXKEHHE aeT 3HaYEHUE
BEPOSTHOCTH OKHMCJIEHHOTO COCTOSIHUS IIEPEHOCYHKA, OTIHYAIOIIEECS
Ha ko3 pumuent

- o {k+ko)x 1- o hr(x+1)
r= 1 — g Wkrko)z+k0] = 1 _ j-kz{a+i+])

OT TOro, KOTOPOE IOJNYYaeTCs MPH HEIPEPHLIBHOM OCBEIECHHH (p=
=x/Ax+1)). CylecTBeHHEIM SBISETCA TO, YTO 3TOT KOdPHIHEHT
3aBHICHT OT MHTEHCHBHOCTH BO30Y>KIAIOIIEr0 CBETA, U, CICI0BATEIh-
HO, CBETOBBIE KPHBEIE, H3MEPEHHEIE C IOMOIIBIO MEPHOANIECKOTO U
HEIIPEPBHIBHOIO CBETA, JO/DKHEI OTIIMYATECS APYT OT Jpyra.

Ha puc. 49 noxasana 3aBucumocts kod¢pdunuenta (10.81) or
napaMmetpa g=e** (4), XapaKTepH3yIOIero CKOPOCTB TEMHOBOI pe-
JAKCAIUY IEePEeHOCUUKA U OT mapaMerpa ¢ =e % (5), CBS3aHHOTO C
HHTEHCHBHOCTLIO cBeTa. J[JIs KOHKPETHOCTH IOJIOKKUM, 9TO HPOHOII-
JKHATEIHLHOCTh TEMHOBOIO IHepuoAa B 5 pa3 Oojblle IHTEIHHOCTH
cseroBoro (0/y=5)

(10.81)

8 3aka3 Ne 4821
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Puc. 49. 3aBucumocTs Benuuunsel nonpasodnoro xodddumuenrta (10.81) or
BpPEMEHHM pelaxkcaly Broporo cocrosmms na cxeme (10.69) (@) u ot unrencus-
nocru cBera (6)

IIndps! y KPHBBIX YKA3bIBAIOT BETHINHY MHTCHCHBHOCTH CBETa {a) M CKOPOCTH peJlaKca-
1wmn (6), M3MEPEHHBIX COOTBETCTBEHHO B BENMAMHax ¢ V¥ u ¢ 4 . KpuBble paccauTanbl
Juis ciydas 0/y=5

[Kapanersia u mp., 1963; Kononenko u ap., 1967]. U3 puc. 49 BuaHo,
YTO BeNWYHWHA TonpaBoyHoro kodddwummenta (10.81) crpemurcs x
eIMHHUIE NPH YBEJIHYCHHHA WHTEHCUBHOCTH cBeTa (c—>0), mprueM mo-
pa3sHOMY IS Pa3IMYHBIX BPEMEH TEMHOBOH peEllaKCallid MEePEHOC-
YHKa.

KagecTBeHHO XapakTep HCKOKEHHH CBETOBOH KPHBOM MOXHO
OOBACHUTEH MCXOJSA M3 KUHETHKH W3MEHEHHS 3aCEJICHHOCTH OKHCIICH-
HOTO COCTOSIHUS 3a BpeMs CBETOBOrO nepuoja. B Teyenue 3Toro ot-
pe3ka BPEMECHHM HWHTCHCHUBHOCTH BO30YXKIAIOIIEr0 CBETa OJMHAKOBA
JUIS TIEPHOJMYECKOTO M HEMPEPHIBHOTO PEXUMOB OCBemenus. [1o-
9TOMY OTJIMYHMS, HaOIIOJaeMble MPH pPa3IMdYHBIX PEKHUMaxX OCBemle-
HUSA, MOTYT OBITh 00YCIIOBIIEHBI TOJIBKO TEM, YTO 3aCEJIEHHOCTh OKHC-
JIEHHOTO COCTOSHHS K MOMEHTY OKOHYAaHHS CBETOBOI'O IEPHOJA HE
yCIEeBaeT JOCTHTHYTh CTAIIMOHAPHOTO YPOBHS, KaK 9TO HMEET MECTO
TIPM OCBEINEHHH HENPEPHIBHBIM CBETOM. PaccMoTpumM Goree moapo6-
HO POJIb Pa3IMYHBIX ()aKTOPOB, BIMSIONIMX HA MCKAKEHHS CBETOBBIX
KPHBBIX.

Xapaxmepucmuka nepuoouyeckozo oceeujeHus

Kak cnexyer u3 ocuoBro# ¢opmyinsl (10.81), Bemmumna mompa-
BOYHOTO KO3(h(HUIMEHTa 3aBHCHT OT COOTHOIICHHS JUIMTEIBHOCTEH
TEMHOBOTO M CBETOBOr0 mepuoaoB, /=0/y. Eciu mmurensHOCTE CBe-
TOBOTO MEPHOA CYIECTBEHHO OOJIbIIIE, YeM [TUTEIHHOCTE TEMHOBOTO
nepuoja (y>>0), To BenmnurHa nonpaBogHoro kodddupenrta 6nmska K
CIUHHUIIC 1 HCKAXKXCHHS CBETOBBIX KPHUBBIX HE IIPOUCXOIAT. KauyecrBen-
HO 3TO CJIEAYET U3 TOr0, YTO OBICTPHIC KOMIIOHEHTHI 32 BPEMS CBETO-
BOTO TIEPHO/A YCIIEBAIOT JOCTHYH CTAIIMOHAPHOTO COCTOSIHHUS, a MEI-
JICHHBIE KOMIIOHEHTHI 32 BpPEeMsI TEMHOBOTO IIEPHO/IA HE YCIIEBAIOT OT-
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pENIakCHPOBaTh M, CIIEI0BATEILHO, Yepe3 HECKOJIBKO CBETOBBIX IIE-
pPHOIOB 00S3aTENBHO JOCTUTHYT CTAIMOHAPHOrO COCTOSHHSA. Takum
00pa3oM, HaWIydIlell OepHOIUYECKOM MOIYJIIHEH CBeTa C pac-
CMaTpHUBAaEMOI TOUKH 3pCHHMS SABIISICTCS TakKasl, IJisi KOTOPO# CBETOBO#
nepuoa OoJblie, YyeM TeMHOBO# mneproj. OOBIYHO XK€ Ha MPaKTHKE
HCIIONIB3YIOT MOIYJISIMIO, Y KOTOPOH JUIMTEIHHOCT, TEMHOBOTO IIe-
puoja Oonbllie, YeM JJIMTENIBHOCTh CBETOBOTO IepHoja. B atom
ciaydae [>1 u nompaBounsii kodddumuent (10.81) yxe He pasen
equnuie. Benwunna xodddunuenta (10.81) ompemensercs, kpome
BCIIMYHUHBI l, €IIC U COOTHONICHHUEM BPCMCHH CBCTOBOI'O IICpHOJa H
BpEMCHEM 3aTyXaHHs KOMIOHEHTEI, T. €. BEJIMIUHOHU kY.

3asucumocmo uckasicenuii c6emosoll Kpugou
Om ONUMENbHOCIU 3A4MYXAHUA KOMNOHEHM

Ecin kuHeTHKa TEMHOBOM pejlaKCaliy IIEpEeHOCYHKa TaKOBa, 9TO
KaK BEJIMYHHEL kY, TaKk ¥ BeauuuHsl ky (/1) cymecrBenno Goiblie
CIUHUIIBI, HCKOXEHWUH CBETOBBIX KpPHBBIX HE IIPOMCXOJIHMT. NueiMu
CJIOBaMH, TEPCHOCYMK 3a BPEMS CBETOBOTO MEPHOJA YCIEBACT JI0-
CTUTHYTH CTAI[MOHAPHOT'O COCTOSHUS.

Eciu BpeMs TEeMHOBOH pejakcalii IEPEeHOCYHKA OOJIbIIE, YeM
JUIMTENILHOCTH CBeTOBOrO mepuozaa (1> ky), u kopode, 4eM IIHTEb-
HOCTh TemHOBoro mepuona (k0>1), To mepeHOCYHK, KOTOPBIH BOC-
CTaHABJIMBAETCS 32 BPeMsI TEMHOBOTO IIEPHOA, MOXET HE YCIEeTh JI0-
CTHUYb CTaIlMOHAPHOTO COCTOSIHHS 3a BPEMs CBETOBOrO mepuoaa. B
9TOM Cjly4ae MCKaxxeHrne QOpMbI CBETOBOM KPHBOM IIPOUCXOIUT HE 32
cueT cymMmaiuu 3¢G@PEKTOB OT OCBelleHHs o0paslia HMITYIbCaMH
CBeTa, a 3a CYeT YHCTO KHHETHYECKHX 3P (HEKTOB, IPOSBISIONIMXCS B
TeYEeHHEe OJHOT0 CBETOBOrO Ieproja. IlonpaBounslii k03¢ GUIKEHT B
9TOM ciiyuae paseH [cM. dhopmyay (10.72)]

y=1-¢khoz (10.82)
Ecnu BpeMs TeMHOBO# penakcanuy (BOCCTAHOBJICHHMS) IIEPEHOCUMKA
OoJbIIIe, YeM JIIMTEIHLHOCTH M CBETOBOTO M TEMHOBOTO TIEPHOJIOB, TO
HCKa)KEHHE CBETOBOM KpPHBOHW CBS3aHO B OCHOBHOM C 3(ddexTom
CyMMalli¥ aMIUIMTYZ 3aCCICHHOCTEH OKHWCJICHHOTO COCTOSTHHS
NEpCHOCYHKA, MHAYIIMPOBAHHBIX MHOI'MMH CBCTOBBIMH HMIIYJIbCaAMM.
B paccmarpuBaeMoM ciydae i WHTCHCHBHOCTEH CBETa, LIS
KOTOpPBIX X</, chopaBemmuBa  CJleAyioOllas  amlpPOKCHMAIIHS
oIpaBoYHOro K03 dumrenTa:

+1
ya2T (10.83)
x+I1+1
a BEJIMYMHY 3aCEJICHHOCTH BTOPOT'O COCTOSIHHS CIISIYIONIMM 00pa3oMm:
X
o , 10.83
P x+1+1 ( )

TakuM o00pa3oM, HOJYHACHIIAIONMAS HHTEHCHBHOCTHL CBeTa [
paccMaTpHBaEMEIX KOMIIOHEHT yBeiauuumBaercas B [+1 pas; 310
CBS3aHO C TEM, YTO
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Puc. 50. Hckaxenne CBETOBBIX KPHUBBIX OKHCJICHHOCTH IEPEHOCIHMKA, BHI3BAH-
HOE MEPHOTUYECKIAM OCBEIICHIEeM 00pa3na

TTo ocu abcipice oTnoxena BenwdauHa ky/k. 1 — CBETOBas KpuBas, COOTBETCTBYHOMIAs
HETIPEPHIBHOMY OCBEIIEHUIO; 2—6 — CBETOBBIC KPUBHIE, COOTBETCTBYIONIME TIEPHOIH-
gecKkoMy ocBemenmio obpasia; 2 — kxy=0,5; 3 — ky =0,2; 4 — kx=0,1; 5 — kx= 0,01, 6
— ky = 0,001. Kpussie 2—5 paccaurans! mis 0/y = 5. Kpusas 6 paccanrana s 0/x=10

Puc. 51. CBeToBEIE KPHBEIE OKHACICHHOCTH IIEPEHOCIHKA B JBOWHEIX OOPATHEIX
KOODJHHATAX

1 — cBeTOBas KpUBas, COOTBETCTBYIOMANA HETIPEPLIBHOMY OCBEMEHHIO; 2—35 — KpPHUBEIE,
COOTBETCTBYIOIIUE HEMPEPHIBHOMY OCBEmEHHIO 00pasia. 3Ha9eHus napaMeTpoB KPUBEIX
1—5 coBIAAIOT C TAKOBLIMH 11 KPUBBIX /—35 Ha puc. 50

HMHTEHCHBHOCTD JIEHCTBYIONIETO CBeTa yMeHbInaeTcs (GochopoCKOmIoM
3a CUeT HaJIMYKd TEMHOBEIX IIEPHO/IOB.

Ha puc. 50 mpencTaBieHbl CBETOBBIE KPHUBHIE 3aCEJICHHOCTH OKHC-
JIEHHOT'O COCTOSIHHS B 3aBHCHMOCTH OT JUIMTEJILHOCTH TEMHOBOH pe-
JIaKcanuy nepenocumnka. I1o ocu abcuce Ha 5TOM PUCYHKE OTIIOKEHA
BenuunHa kok, a 0 OCH OpAMHAT — OTHOCHTEIbHAS BEIHYHHA
W3MEHEHus moronmenus. Beibop ykasannoro macmraba mo ocu abce-
[MCC MPHUBOJHUT K TOMY, YTO CBETOBEIE KPHMBBIE BCEX IEPEHOCUMKOB,
MOJNYYEHHBIX C IOMOMIBI0 HENPEPHIBHOIO OCBEIIEHHS, COBOANAIOT
Ipyr ¢ apyrom (kpuBas /). Bce cBeTOBBIE KPUBEIE, COOTBETCTBYIOMIHE
MEPHOAHYECKOMY BO30YKIAIOMIEMY CBETY, JIEIKAT HIKE 9TOM KPHUBOM.
Ha puc. 51 npencrasieHsl Te ke KpPHUBEIE, HO B JBOMHEIX 0OpaTHBIX
KOOpJIUHATAX.

TakuM 00pa3oM, aHaIM3 M3MEHEHHs IOTJIOMIEHHs TP MEPHOIH-
YEeCKOM PEXHME OCBEIIEHHS ITOKa3BIBAET, YTO JJIA MOJIYYEHHS HENC-
Ka)XXCHHBIX CBCTOBBIX KPHBBIX HeOGXOJII/IMO, tIT06BI JJINTCIIBHOCTDH
CBETOBOI0 IepHoja ObLIa OOJbIIIE JIMTEILHOCTH TEMHOBOIO. B mpo-
THBHOM Clly4yae MOTyT HaOmomarbes ciexnyromniuae 3ddexrTsr: 1) wuc-
KakeHre (HOpPMBI CBETOBOW KpHBOH; 2) yBelIMYEHHE IOIYHACHIIIA0-
NIeH MHTEHCHUBHOCTH CBETa; 3) HECOOTBETCTBHE BPEMEH pPEIaKCaIlu!
Pa3IMYHBIX KOMIIOHEHT C HX HOJIyHACHIIAIOIMMMHA HHTEHCHBHOCTIMU
JIEHCTBYIOMIETO CBETa; 4) HCKa)KEHHE OTHOIIEHHSA aMILIHTYJ KOMIIO-
HEHT ¢ Pa3IMYHLIMH BpEMEHAMH PEJIaKCallid W 3aBHCHUMOCTH 3TOTO
OTHOIIEHHS OT HHTEHCHBHOCTH JIEHCTBYIOIETO CBETA.
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3akiouenne

ITocTpoennas namu Mozens GyaxnuonnpoBanus ®PI] onuceBaeT
CIICAYIONIHNE BAXHBIC 3aKOHOMEPHOCTH.

1. BoccTaHoOBIEHHOCTh MIEPEHOCUMKOB YJIEKTPOHOB, HabIIomaeMas
Ha BpeMEHaX, CPaBHUMBIX CO BPEeMEHAMH OOMCHA DJICKTPOHAMH Me-
xkny OPI] u cpenoit, HaXOIUTCS B CTPOTOM COOTBETCTBUHU C PEIIOKC-
MOTEHIUAIAMH TIEPCHOCYMKOB ¥ YHCIIA JJICKTPOHOB, HAXOIAIIMXCS B
JOHOPHO# 1 akenTopHoi gacTax OPII;

P(D)= P(D))>..> P(D)),

P(AH) < P(4)<...< P(A).

IMoanepranue Ha BRICOKOM YPOBHE BOCCTAHOBIICHHOCTH W OKHCIICH-
HOCTH TIEPEHOCUYHKORB JJICKTPOHOB, HAXOAANIMXCS COOTBETCTBEHHO HA
JIOHOPHOM M aknentopHoi croponax ®PI] BOIu3M cBETOBOI cTaguu,
AMeeT O00NBIMOoH (PU3MOTOTHIECKHUHA CMBICII, IOCKOJIBKY 00ecIeunBacT
roroBHOocTh DPI] K akKyMyISIuu odepeaHOro kBaHTa cBera. Kpome
TOro, OBICTpOE BOCCTaHOBIEHHE D)) IpemiaTCTByeT OOpaTHOMY Iie-
PEHOCY JIEKTPOHOB OT A; ¥ TEM CaMbIM CIIOCOOCTBYET CTAOMITH3AIIAN
pa3JelIeHHEIX 3apAIOB.

2. B cranmvoHapHBIX YCIOBHUSX WU3MEHEHHE KOHCTAHTHI CKOPOCTH
Ha [-i cTraguM TmepeHoca SJEKTPOHOB MO-pPa3sHOMY H3MEHSET
BOCCTaHOBJIEHHOCTb IIEPEHOCYMKOB, HAXOAAMIMXCSA JEBee H MpaBee
aTo cramuu [cxema (9.2)]. VBenuuenue ee OPHUBOIUT K OKHCICHHIO
MEPEHOCYHMKOB JJIEKTPOHOB, HAXOAAIMMUXCSA JO OTOW CTaaAWH, |
BOCCTaHOBJICHUIO TEX, KOTOPBIC HAaXOHATCA mocie nee. B wactHocTH,
TIPH YBEJTMYCHWH WHTEHCHBHOCTH CBETA TEPEHOCUYHKH DIJIEKTPOHOB,
HaxojsAmuecs Ha aknenTopaoi cropone ®PII, BoccTanaBnuBaroTcs, a
MePEHOCYHKH Ha JIOHOPHOH CTOPOHE — OKHCIISTFOTCS.

3. Ha BpeMeHax, CpaBHUMBIX C BpeME€HAMH OOMEHa 3JIEKTPOHAMH
mexay OPI u cpenoi, craiiOHApHBIC XapPaKTCPUCTUKHA HEIUKIIAYIC-
CKOT'O0 TPAaHCIIOPTA JJICKTPOHOB OMPEHEISAIOTCS JIWITH CBETOBOW KOH-
CTAaHTOH CKOPOCTH M KOHCTAaHTaMH CKOPOCTH OOMEHa 3JIeKTpOHAMH
®PI] co cpemoid.

4. B ycnoBusSXx, KOrja Kakad-InOO OoJHa M3 TpeX KOHCTAaHT CKO-
poctu k, ko, m cyniecTBeHHO OOJIBIIE ABYX OCTAIBHBIX KOHCTAHT CKO-
pPOCTH, BO3MOXHA S-00pa3Hasi 3aBUCHMOCTh BOCCTAHOBJICHHOCTH HJTH
OKHCIIEHHOCTH IEPEHOCYHKOB JJIEKTPOHOB OT 3THX KOHCTAHT CKOPO-
cti. HavanbHbIH y4acTOK 3TOM 3aBUCHMOCTH alllPOKCUMUPYETCS CTe-
MeHHOH (hyHKUHEH, 10 BEIMYMHE NOKA3aTels KOTOPOH MOXHO OIpe-
JIEJIUTh YKCIIO M MOCIEAOBATENLHOCTh PACHOI0KEHHS IEPEHOCYHKOB
snexTponos B OPII. B yactHocTH, BO3MOXHEI S 06pa3H1,1e CBETOBBIC
KPUBBIE [IEPEHOCUMKOB 9IeKTpoHOB (3aBucumocts P(D;°), P(4,") or
WHTCHCUBHOCTH CBETA) NPH YCJIOBHH, YTO MX YHCIIO HA JOHOPHOM
(axmenTopHO) CTOpOHE HE MEHEE JIBYX.

5. CranuoHapHas CKOpPOCTh IIEpeHOCa JJIEKTPOHOB 4Yepe3 KOM-
IJIEKC OMpeAeNsieTcs HaWMEHbBINEH W3 KOHCTAaHT CKOPOCTH. JTOT
BEIBOZ, ciexyer u3 HepaseHcTB (10.17), KOTOPHIM yHOBIETBOPSET
CTallMOHapHas CKOPOCTH IIepeHoca EKTpoHoB uepe3 OPII.
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I'masa 11

TIEPEXO/THBIE XAPAKTEPUCTUKU
TIEPEHOCA DJIEKTPOHOB
B ®OTOCUHTETUYECKUX PEAKITMOHHBIX
IIEHTPAX

B 1. 9 mamu 6nlna mpeioxkena o0oOIIeHHas MOJENb IepeHoca
9nexTpoHoB B ®PPI], cormacHo KOTOPO# TPaHCHOPT DIEKTPOHOB OMH-
CHIBACTCS KaK IOCIIEOBATEIHHOCTh MPAKTHYCCKHA HEOOPATUMBIX CTa-
JIMiA:

k kn-1 k2 | ko m my mg g
D—>D, > ..»>D,>D—>4—->4,—>... > 4 —)A (11.1)

IIpeanonaraercs, 4YTo MEPECHOCYHUKH DJISKTPOHOB Dl, oDy, A, ...,
A, HaxoisuiMecs Ha JOHOPHOM H akmenTopHoil cropomax ®PI]
COOTBETCTBEHHO, 00pa3yloT €OUHBIH KOMILIEKC, a BEIHYHMHEI
KOHCTaHT CKOPOCTH TIEPEHOCA  DJICKTPOHOB  YJIOBJICTBOPSIOT
COOTHOIIEHUAM

k2102 -10%),, i=23, .,

mp 2 (102 -100n,, j=23, .51
Hcxons u3 310 Momenu ObLT paccCMOTpPEH TPAHCIIOPT 3JIEKTPOHOB,
HHIYIIUPOBAHHBIM KPATKOBPEMEHHOM BCIBIMKOM cBeTa (T71. 9), a Tak-
)K€ IPOAHAIH3HUPOBAHBl CTAIIHOHAPHEIC XAPaKTEPHCTHKH IIEPEHOCA
anextponos B OPI] (rx. 10).

OcHOBHOHM 3amayell HacToAlIEM TIJIaBBI ABJISIEICA aHAIWU3
nepexoAnsix mpomeccoB B PPLl, moaynupyeMbIX BKIIOYCHHEM H
BBIKIIFOUYEHHEM JIeHCTBYIOMIEro (IOCTOSHHOIO) CBETA.

(11.2)

11.1. Ycpenaenne 3JI€KTPOHOB 10 MEPEHOCYHKAM

Panee, B r1. 8 u 10, ObUI0 MOKA3aHO, YTO €CJIM TP PACCMOTPEHHH
Tpauncmopra 3jexkTpoHoB B DPI] orpaHuunThCs BpeMeHaMH, OOJb-
mIIMH, geM BpeMs ooMena DPI] sjmexTponaMu o CpPeloi, TO COCTOs-
nue OPI] MOXHO TOTHOCTBIO OXapaKTEPH30BaTh YHCIIOM SJIEKTPOHOB,
HaXOIAIIUXCA B €ro JOHOPHOW M akmenTopHO# dactsx. Cyrs mpu-
MEHSEMOT0 TPUOJIMHKEHUSI COCTOWT B TOM, YTO Ha PACCMAaTPHUBACMBIX
BpEMEHAX YK€ «OTPElIaKCHPOBAllM» BCE COCTOSHHS, B KOTOPBIX
BO3MOKCH BHYTPHUKOMIUIEKCHBIHA MIEPEHOC SJIEKTPOHOB O «OBICTPHIM»
KOHCTAaHTaM CKOPOCTH Ki,... , k1, My, ..., M) ¥ KHHETHYECKOE TIO-
Begenue ®OPI] MoxxeT OBITH ONMKCAHO HMCXOAA M3 MEIJICHHO PEAaKCH-
PYIONINX COCTOSIHUN B KOTOPBIX NMEPEXOABI OCYIICCTBIISTIOTCS C «ME]I-
JICHHBIMH» KOHCTaHTaMH CKOpOCTH k, kg, m. B cumily mpakTudeckoi
HEOOpaTHMOCTH IepeHoca 31eKTpoHoB B ®PLI, 11 BEpOSTHOCTH TOTO,
YTO TEPEHOCUMK [J; HaXOAWTCA B OKHCIIEHHOW (opMme, UMeeM [CM,

dopmyny (10.9)]
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P(D))= UR;’ =P(R’)+P(R} )+..+P(R™). (11.3)

ITockonbKy BEPOSTHOCTH BCETJa HEOTPHIATEIHHBIC, TO HECIOKHO
caenaTh BBIBOJ O TOM, YTO CTENEHb OKHCIECHHOCTH IEPEHOCYHUKOB
9JICKTPOHOB OIPEACIIASTCS IOCISAOBATEILHOCTEIO MX PACIIOIOKECHIS
B ®PII: oma TeM Ooiblile, YeM HIDKE MX CPEIHETOUYECUHBIA PEIOKC-
motenman (cM. ri. 10):
P(D})<SP(D3)<..<P(D)), P(A)2P(4)>..2P(4)). (11.4)
ITprueM 3TO CBOMCTBO CHIPaBEIMBO HE TOJIHKO JIJISl CTAITMOHAPHOTO
COCTOSTHUS, HO W JJISI PacCMaTPHUBAaEcMbIX HIDKE NEPEXOIHBIX IIPOIIEC-
coB. CyIllecTBEHHO, OJHAKO, OTMETHTh, YTO 3TO 00IIEEe CBOMCTBO dJIEK-
TPOH-TPAHCIIOPTHOM NENH CIPaBEUIMBO JIMIIL IS MOMEHTOB
BpeMeHH, OONIbINHMX, YeM BpeMs, HEOOXOIUMOe I YCpPEeIHEHHS
3JICKTPOHOB MO MEPEHOCYMKAM JIOHOPHOM M aKIENTOPHOH CTOPOH
pPeaKIMOHHOTO TeHTpa. I paccMarpyBacMBIX OTPE3KOB BPEMCHHU
rpad nepexoIoB MEXIy «MEIJICHHO» PEIaKCHPYIONIMMHA COCTOSIHASIMH
komiuiekca nepenocuukoB DPII, coorBercrByrommii cxeme (11.1),

kF s10—%520—% 5 ... —% 350

TVT/T//T

Moy11—* 501 *% k ynl

T/T/T//T 11
T/T/T/

M 51s >2s > .

Ha rpade (11.5) ij — cocrosaue ®PILI, y K0TOpOro i 371€KTpOHOB
HAXOJIUTCS B JOHOPHOM U j — B aKICIITOPHOM YaCTsX.

ITocne BKIIrOUEHHS HENPEPHIBHOTO CBETA B CUCTEME Yepe3 HEKOTO-
PEIi TIPOMEXKYTOK BPEMEHH YCTAHOBHTCH CTAMOHAPHOE COCTOSHIE,
NP KOTOPOM BOCCTAHOBJIEHHOCTh BCEX TMEPEHOCYMKOB SJIEKTPOHOB
ocTaeTcs HEM3MEHHOW BO BpeMeHH. Ecim mociie 3TOro BBIKIIOYHTH
CBET, TO HAYHETCSA MPOIIECC TEMIIOBOW PEJaKcaliy NMEPEHOCYMKOB K
HCXOJIHOMY CcOCTOsTHHIO. Hyke ommcan mporiecc TEeMHOBOW perakca-
MM IEPEHOCYNKOB, cocTaBistromux GOPII.

11.2. IIpomecc TEeMHOBO# peJIaKCAITAA

N3 cxem (11.1) u (11.5) Buguo, uro TemuoBas penakcanus DPI]
[IOCJIE BBIKJIIOYEHHS IOCTOSHHOrO cBera (ky=0) OpOHCXOOMT ABYMS
HE3aBHUCUMBIMH TTyTssMH. C OHOH CTOPOHBI, 3TO MPOIECC TEMHOBOTO
BOCCTaHOBJIEHHS JoHOpHOH dactu ®PPII, a ¢ apyroit — 3T0 mpomecc
OKHCIICHHUS aKIeNTOPHOM YacTH:
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(00 10 20 .. nO)

10 — (20— ... —{n0 trtr
(00 10 20 .. n0)

(11.6) t ot t (11.7)

11 — (21— ... —|nl

(00 10 20 .. n0)

Ha stux cxemax i HarJISIIHOCTH O0OBEAEHBI COCTOSHHUS C (PHKCHPO-
BaHHBEIM YHCJIOM 3JIEKTPOHOB Ha IoHOpHOH [cxema (11.6)] u akien-
TopHoii [cxema (11.7)] croponax DPI].

N3 cxem (11.6) u (11.7) cnemyer, uTOo KHHETHKa IMpoIecca
TEMHOBO# pelakcanuud R, ¥ R, MOxeT OBITH paccuMTaHa u3 Cle-
JIYIOIHX MOTHOCTHIO aHAIOTMYHEIX JIPYT APYTY CXEM, OIMHCHIBAIOIIHX
MOHOMOJIEKYJISIpHbIC IIepeX0dpl JOHOPHOM U aKIIENTOPHOHM CTOPOH:

k k k k k
R' SR SR >.. SR SRY (11.8)

s ™ ps—1 ™ ps—2 M m 1™ 50

R, >R, >R, “—>..—>R,>R,. (11.9)
XapaxkTepHO# 4epToii mpomecca TeMIOBOM pernakcanuu R, (R;) sB-
JIIETCS TO, YTO TEPEXOABI B TOHOPHOMU (AKIENTOPHOM) YacTH OCyIIe-
CTBJISIFOTCS. C OJMHAKOBBIMH KOHCTAaHTaMH CKOPOCTH k (m), 4TO SIB-
JIAETCS CICACTBHEM OBICTPOTO IMEPEHOCa 3JIEKTPOHOB BHYTPH KOM-
wiekca OPI]. B manpHeimeM Mbl orpaHuYUMCS MOAPOOHBIM OIHUCa-
HHEM pEIOKC-IpeBpalleHuil UL JOHOPHOH cropoHsl ®PI]. O6o-
3gauuM 4epe3 p;(t)=P(R,f) BepoOATHOCTH TOTO, YTO B MOMEHT
BpeMeHHU ! Ha JoHOpHOHM cropoHe DPIl Haxomurcs i 3IEKTPOHOB.
Torma cormacuo cxeme (11.8) s BenwuwH p; UMEEM CIEAYIONIYIO
cucTeMy JIMHEHHBIX U hepennuaTbHbIX ypaBHEHHH:

dp,/ dt = —kp, + kp,,
........... (11.10)

dpn—l/dtz_kpn—] +kpn—2’
dn /dt=Ikn

, .
pi(t)=e"| p;(0)+ p,_,(0 )kt + pi—2(0)(kt2—!)+ . po(O)(];tjy ,

n—1
i=0,1,.,n-1, p,(t)=1- p(t), (11.11)
i=0
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rne p{0) — wuavampHBIE YCIOBHS TeEpEeN BHIKIIOYCHHEM CBETA,
onpenenseMble HCXOAS HW3 PEIIeHHS CHCTEMBI anredOpandecKux
YpaBHEHHH COOTBETCTBYIOIIMX CTamHOHApHOMY cocTosHuio OPII,
onmceBaecMoMy cxemoii (11.5). Beipaxenue (11.11) umeer mpoctyro
BEPOSATHOCTHYI0 HMHTEPIPETALMI0O W MOXET OBITh IOJIy4YeHO0
HEenocpeACcTBeHHO. JlelcTBUTENBHO, MCXOMs W3 (OPMYIBI HOIHBIX
BepostHocTell [['uxMan u ap., 1979] BeposATHOCTH TOro, 4YTO B
noaopHO# dactu OPI comepxuTcs i 3JIEKTPOHOB B MOMEHT BPEMEHH
¢, MO3KeT OBITH 3alKCcana CJIEAYIOMUM 00pa3oM:

PR =py(t) =3 p,(0)p(t), (11.12)
Jj=0

rae p;(f) — BEpPOATHOCTH TOTO, YTO 3a BpeMs ¢ JIOHOPHAS 9acTh PEaK-
OHOHHOTO LIEHTpa IEPEiIeT U3 COCTOSHHA C j JJEKTPOHAMH B CO-
crosiaue ¢ i nekrponamu. @opmyna (11.12) orpaxkaer ToT PakT, 9T0
noHopHas dacte PPl MoxeT HaXOIWTHCA B COCTOSHHH C i JJICK-
TPOHAMH B MOMEHT BPEMEHH £, TOJHLKO B TOM CJIydae, €Cli B Hadallb-
HBIA MOMEHT BpeMeHH /=0 B Hel HaXOAMIIOCH j 3JIEKTPOHOB (C BEPO-
aTHocTEIO p;(0)), a 3a BpeMs ¢ IPHIILIO ellle POBHO i-j JEKTPOHOB (C
BepoATHOCTEIO p;{0)).

ITockomBKy KOHIIEHTpANWs BOCCTAHOBIICHHOW (DOPMBI BHEITHETO
JIOHOpA CyIIeCTBEHHO Ooblne KoHneHTpanuu OPII, MOXXHO cUHTATS,
YTO Tmpouecc nocrymieHus 3exTpoHoB B OPI] ot monopa D obna-
JIaeT CIETYIONIMMH CBOMCTBAMH:

1. BepoSITHOCTh MOCTYIUIEHHSI OJTHOTO 3JIEKTPOHA B JOHOPHYIO YacCTh
®PI] B unTepBae BpeMeHu (f, t+Af) 3aBUCHT IHIIb OT JJIUTEIb-
HOCTH 3TOTO MHTEpBaJia, a HE OT Havajia 5TOT0 WHTEpBaja Ha Bpe-
MEHHOH miKajme, W pasBHa kAr+o(Af), rme k — ICEBIOMOHO-
MOJISKYJISIpHASI KOHCTAHTa CKOPOCTH JOHWUPOBAHUS SJIEKTPOHOB B
®PII, o(Af) — OeckoHeyHO Mayas BelWYWHA OO0Jiee BBICOKOTO
mopsiKa, 9em At.

2. BeposiTHOCT TIOCTYIUIEHHs Oojiee 9eM OJHOTO JJICKTPOHA B TOM
e UaTepBaje paBHa o(Af).

3. CoOrITHs, CBS3aHHBIE C IOCTYIUIEHHEM JJIEKTPOHOB B HeIEpece-
KAIOIMUecss WHTEPBAJIBl BPEMEHH, HE3aBHUCHMEL. Kak W3BECTHO
[Xuaumn, 1963; T'megenko, 1965], B 3TOM ciydae 4duCIO
271eKTpoHOB, moctynusmiee B ®PI] B unrepsane Bpemenu (0, 7),
uMmeet pacnpezaencane Ilyaccona ¢ mapameTpom kt, T. e.

-Jj

py(t)= e""({di. (11.13)
(i)

Takum oOpa3om, ciydaiiHas BeNWYWHA, pPaBHAS YHUCIYy SJIEKTPOHOB,

IIOCTYIHUBIIKX B JOHOPHYIO 9acTh DPII ot BHemmero monopa D mo-

cJie BBIKIIIOUEHHS CBeTa, MMeeT pacripenenenue [lyaccona.

Amnanornuno stomy BepositHocTh ¢;(t) = P(R;',t) Toro, 4ro ak-
nenropHas yacte OPI] uMmeer i «GIBIPOK» B MOMEHT BPEMEHH {, OIpe-

JIEJISIETCS IYaCCOHOBCKUM ITOTOKOM ITOCTYIUIEHHS «IBIPOK» H MOMKET
OBITH
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3aIMCaHa B BUJIE

g:(t)=e ™| q;(0) + q;_ 1 (O)mt +...+ ‘_IO(O)(m—f)l ,

i

s—1
gs ) =1- goq,-(t)- (11.14)

J
B aroit dopmyie ¢,(0) — BepoSTHOCTH TOTO, YTO B MOMEHT BPEMEHH
niepe]T BEIKIIIOYEHUEM CBeTa Ha JToHOpHO#H cropoHe DPII maxomutes [
«IBIPOK» HIIH TO XK€ § - [ 9JIEKTPOHOB.

Hamieit ocHoBHOM 3amadeii SBIICTCS HAXOXICHUE BPEMEHHOM 3a-
BHCHMOCTH PEJIOKC-COCTOSIHHHA DPAa3IMYHBEIX MEPEHOCYHKOB JJIEKTPO-
HOB, Bxomsmux B coctaB ®PI]. [Tosromy HeoOXOAMMO MEPEHTH OT
BOCCTaHOBJICHHOCTH R; U R;, OTHOCHTENHHO KOTOPBIX ObLIa pereHa
cucreMa auddepeHHaIbHEIX ypaBHEHHH, K BOCCTaHOBIECHHOCTH
(OKHCIEHHOCTH) OTHENBHBEIX IEPEHOCUYUKOB JJIEKTPOHOB, HAXOJs-
IMUXCS COOTBETCTBEHHO HA JOHOPHOH M aKIENTOPHOH CTOPOHAX
®PII.

BeposTHOCTH TOTO, UTO i-i EPEHOCUYHK IJIEKTPOHOB HA JIOHOPHOM
cropode OPI] HaxoguTcs B OKHCIECHHOM COCTOSHMH B CHIY (OpMYII
(11.3) u (11.11), onipeensieTcst CIEAYIOMNAM BEIPAXKECHUEM:

P(DY)= gP(R{ ) =Po(t)+ Pr(t)+ ot Dia(t) =

i1
—e™ |:Po(0) +{P1(0) + kapo(0)} + ...+ {pi—l (0)+kp,_»(0)+...+ Eikt_—)‘l),PO(O)H =

-1 -2
= [po(O)g."_)'l), +{p(0)+ Po(O)}gd_—yz),PO(O)"' o+ {po(0)+ pi(0) .+ pl(O)}}

Ho cornacuo Beipaxxenuro (11.3) BenuumHbl, cTOSIIHE B (PUTYPHBIX
cKkoOKax mepe]] CTeneHHBIMA WICHAMH B TIOCJICIHEM PaBEHCTBE, CYTh
CTalMOHAPHBIE BEPOSTHOCTH TOTO, YTO TEPBBIN, BTOPOH | T. JI. TIepe-
HOCYHKH JOHOPHO# cToponsl ®PI] HaX0AATCS B OKHCIEHHOH dopme.
CrenoBarenbHO, MOMYYEHHOE COOTHOIIEHHUE MOXKHO 3amucath B 00-

0 _ k| p 0 (kt )i_l D 0 (kt )i_2
P(D?,t)=e™| P(DS )(i_l)/+P(D2)(i_2)/+...+
+P(DY, )?J(D;’ )} (11.15)

B stom Beipaxxeanu P( D, ,t ) —BepOSTHOCTB TOTO, UTO i-i IepeHoc-

HOM COCTOSIHMM B MOMEHT Bpemenu f; P( D,0 )— BEPOSTHOCTH TOTO,

9T0 1) OKHCIIEH HEMOCPEICTBEHHO TIEPE/I BRIKIIIOUCHHEM CBETA.
Breipaxxenue (11.15) moka3siBaeT, 94TO TEMHOBas pelaKCaLHs Iie-
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PEHOCUYHMKOB JJIEKTPOHOB, HAXOAIIMXCA Ha JOHOpHOU cTopone PDPI],
MOXXET OBITh ONKCaHa WCXOAS W3 COCTOSHHMMA OTHENBHBIX IEePEeHOC-
YUKOB B 3aMKHYTOM BHJE, HECMOTPS Ha TO YTO WCXOJHAS CHUCTEMA
ypaBHEHHH ObLIa 3alMCaHa OTHOCHTEIHLHO BEPOATHOCTEH 3acTaTh
OTIPEACIICHHOE YHCIIO ISKTPOHOB B TOHOPHOM yactu OPII.

ITonyuennoe cootHomienwe, kak W BeIpakenue (11.11), umeer
CIEAYIOMHHA BEPOATHOCTHRIA CMBICI. JIJIs TOrO YTOOBI B MOMEHT Bpe-
MEHH ! IEPEHOCUYHK IIEKTPOHOB D; ObLI OKHCIIEH, HE0OXOAMMO, YTO-
OBl B HyJIEBOH MOMEHT BPEMEHH OH Yy)X€ HaXOJWICH B OKHCICHHOM
COCTOSIHWM ¥ 3a Bpems { B JoHOpHyI0 yacth ®PI] ne mpummo #HM
OJIHOTO 3JIEKTPOHA (BEPOATHOCTH IMOCJIETHEr0 COOBITHS PaBHA €
Wi 9TOOBI B HYJIEBOW MOMEHT BpEeMEHHM i-1 TIepEeHOCYUK JIEKTPOHOB
OBLI OKHCIICH W 3a BpeMs ¢ B JoHOpHYO YacTs @PII nmpumen poBHO
OJIVIH JIEKTPOH (BEPOSTHOCTD IOCIEHEr0 cOOBITAS paBHa e *-kf) U T.
II. WU 9TOOBI B HYJIEBOW MOMEHT BpeMeHH [); OKUCIICH U 33 BpeMs f B
nmonopayo yacte @PI] npumuio poBHO i-1 371€KTPOHOB (BEPOSTHOCTH

o (Kktf
3TOr0 COOBITHS paBHA € = +——.
-1y

ITonHOCTRIO aHAJIOTHYHEIC BBHIPAXEHUS CHPABEIJIUBHI M JUJIS BOC-
CTaHOBJICHHBIX COCTOSHHI MIEPEHOCYHUKOB JIICKTPOHOB, HAXOISIINXCS
Ha aknentopuoi cropone OPII:

-1 r—2
P(4,t)=e"™| P(4 )ﬂ”—,m; Jid) -

(r—1) (r—2)

r—3
+F(A;)M+,_,+ﬁ(41) =1,2,...,s. (11.16)
(r-3)
3necs P( Aj,t ) — BEPOSTHOCTBH TOr'0, YTO j MEPEHOCYHMK Ha aKIIEell-

TopHOM cropoHe DPI] HaxomuTCAs B BOCCTAHOBIEHHOM COCTOSHHH;

B/ 4l
P( A4, ) — BeposiTHOCTH TOTO, 9YTO A, BOCCTAHOBJIEH B MOMEHT BpeMe-

HU TIepe]I BBIKITIOUCHUEM CBETA.

O6mue ¢opmynsr (11.15) u (11.16), ommceBarompe Iporecce
TEMHOBOW peJIaKcalvy MEPEHOCUYHUKOB JICKTPOHOB, MMPHHUMAIOT 00-
Jiee TIPOCTOHW BHJI, €CJIM 3aJaHa OlpejeieHHas HepapXusi KOHCTaHT
CKOPOCTH.

Jlamee MBI KpaTKO pacCMOTpPHM 3TH Ooliee TPOCTHIE CIydYaH, a
ceiyac OTMETUM, YTO MPOMeCcC TEMHOBOM pellaKcalliy IepEeHOCYHKOB
9JICKTPOHOB OIMCHIBACTCS CTEIICHHBIMHU WICHAMH, CTOSIIMMH TICPET
9KCIIOHEHTAMH. JTO IPHUBOJHUT K MOSBJICHHIO CBOE0Opa3Hoii BpeMeH-
HOH 3aJICPKKH B TEMHOBO# peIaKcalliy IIEPeHOCYHKOB, KOTOpas 3a-
BHCHT OT MECTOMOJIOKEHHS MepeHocyrKa 31eKTpoHOB B OPI]. duzu-
YeCKHii CMBICI IOSBIIEHHS BPEMEHHOH 33JEPKKH TEMHOBOH pejlak-
calyy MEPCHOCYUKOB BJICKTPOHOB MOXXHO MOSICHUTEL HA MPUMEPE JI0-
nopuoii wactu ®PII. Dnexkrpon, nocrynusmiuii u3 cpensl Ha D,, OBI-
crpo neperocutcs Ha Di. JIJis BOCCTaHOBJICHHS. BTOPOT'O IIEPEHOCUH-
Ka HeoOXOIMMO, YTOOBI M3 Cpeabl MOCTYIHII €Ie OJWH 3JIEKTPOH, a
9T0 B CpeJHeM OPOMCXOJIUT depe3 Bpemsi ~1/k mociie mocTyIuieHus
MIEPBOTO DJICKTPOHA U T. 1. UHBIMH ClIoOBaMH, BpEMEHHAs 3aJICPKKa B
TEMHOBOM BOCCTaHOBJICHHM TEPEHOCUYHMKOB JJICKTPOHOB CBSA3aHA C
TEeM, 9TO JJI BOCCTAHOBIICHHUA D)-T0
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MEPEHOCYHKA 3JICKTPOHOB HE00X0aUMO MIpeIBapUTEIIEHO
BOCCTAaHOBHThL BCE€ TIEPEHOCUYHMKH DJIEKTPOHOB C  MEHBITUMH
momepamu. Ilo TeM e OpWYMHAM HAOIIOAAETCAs W BpEeMEHHAs
33JICP)KKa B TEMHOBOM OKHCIICHHH TEPCHOCYHKOB OSJIEKTPOHOB,
HaXOIANIAXCH Ha aKIENTOPHOW CTOPOHE PEAKIUOHHOTO IIEHTPA.

Zy(%)

[ T |
aq 7 2 g 4 g
1, fpems
Puc. 52. Cxemarmaeckoe n3obpaxenne pynxmmii (11.17), onucriBarommx Tem-
HOBOE BOCCTAHOBIICHHE IIEPEHOCIUKOR 3JICKTPOHOB, HAXOSAIIMAXCS HA JOHOPHOMN
cropone OPI]

ITomydenabie COOTHOMICHUS TO3BOJISIIOT IIPOCTO OTBETHTHh HA BO-
IpoC O 3aBHCHUMOCTH BPEMEH TEMHOBOTO BOCCTAHOBJICHUS (OKHCIIC-
HHS) MEPEHOCYHMKOB JIIEKTPOHOB, HAXOIAIIMXCS Ha JOHOPHOH (ak-
nentopHoi) ctopone @OPI] OT HHTCHCUBHOCTH JCHCTBYIONIECTO CBETA,
a TaKKe OT KOHCTAHT CKOPOCTH k W m. JIeHCTBHUTENBHO, B CHIY
dhopmynel (11.4) BEepOATHOCTH OKHCIEHHOH (DOPMBI IEPEHOCUHKOB
TeM OOJbIIe, YeM JabIIe IMEPSHOCYUK ODJIEKTPOHOB HAXOIUTCS OT
CBETOBOM CTaguu Ha JAoHOpHOH cTopone PPII, mosromy ucxons u3
dhopmynsl (11.15) MoxHO 3amucaTs

P(D)f(y) < P(D}) < P(D; )fi(®),

Tiac

i—1
fH=e™ 1+kt+(kt)z+...+({€t)l .
2! i1y

W3 9TOro HEpaBEeHCTBA BBITEKAET, YTO OPH JOCTATOYHO OJIM3KHX
BEJIMUYMHAX OKHCIIEHHOCTH TIEPeHOCUYMKoB D; W D; KHUHETHKa
TEMHOBOIO  BOCCTaHOBJICHHS TepeHocurka D; ompeaensercs
¢dynkuueii f{(f). Kak cremyer u3 mposemennoro B . 10 amanmsa
CTENCHh OKHWCIIEHHOCTH TIEPEHOCYHMKOB DJICKTPOHOB OJIM3Ka TpH
HACHINAOUIed WHTEHCHBHOCTH JEHCTBYIOUIET0 CBETa, IPH YCJIOBHH,
uT0 k<m. Ha puc. 52 upuBeqena B kauecTBe npumepa GyHxius f,(f)
IIpY Pa3NUYHBIX 3HAYCHUAX mapamerpa . U3 pucyHka BHIHO, 9TO B
MPOIIECCe TEMIIOBOW PENIaKCAllMHd  BBINOIHICTCS COOTHOIICHUE
OKHCJIEHHOCTEH TEePEeHOCUYMKOB, JaBacMoe BoIpaxenuem (11.4), —
geM OOJIbIlle HOMEP MEPEHOCYHKa, TeM OOJbIIE €ro OKHCIEHHOCTD.
Kpome TOro, BpeMsi TEMHOBOTO BOCCTAHOBIICHHS IIEPECHOCUHKOB
9JIEKTPOHOB TAaK)X€ CYIIECTBEHHO 3aBHCHT OT PaCHOJOKEHHS
nepenocurka B @OPII, yem Ooiblme HOMEp MNEPEHOCUYHKA, TEM
JIOTIBIIE
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9TOT MEPEHOCYHK BOCCTAHABIMBACTCS.

Kunernka TeMHOBOW pelakcamuyd MEePEeHOCYHUKOB 3JIEKTPOHOB
onuceBaeTcs (pynknuei f,(f) TOIBKO MpH HACHIIAIOMIEH MWHTEHCHB-
HOCTH CBETa, KOT/Ia OKHCJICHHOCTH BCEX MEPEHOCUYNKOB, HAXOIAIITHX-
cs Ha JoHOpHOM ctopoHe DPII, Omu3kK Kk MakcuManbHOW. JIinsa mom-
HOW XapaKTCPUCTHKHA KHHETHKHA HEOOXOAMMO 3HATH 3aBHCHMOCTH
OKHCJIEHHOCTH TIEPEHOCUYHMKOB KaK (GYHKIIMIO KOHCTAHT cKopocTH. Of1-
HAKO KHHETHKY PEIOKC-COCTOSHUI MEPEeHOCIYNKOB KAYECTBEHHO MOX-
HO ONHCAaTh ¥ HE 3HAS TOYHO 3aBHCHMOCTH CTallMOHAPHOH OKHCIICH-
HOCTH MEPEHOCUYHMKOB OT MHTEHCUBHOCTH CBeTa. JleliCTBUTENBHO, IIPH
HH3KOW WHTCHCHUBHOCTH CBETA OKHCJISCTCS JIMIIh TNEPCHOCUUK DIICK-
TPOHOB C CaMBIM OOJBIIM HOMEPOM, T. €. D,. 13 dopmymsr (11.15) B
9TOM CIIyYae BHITEKAeT, YTO KMHETHKA TEMHOBOTO BOCCTaHOBIICHUS
9TOT0 MEPEHOCUYMKA JOJDKHA OBITh 9KCTIOHEHITHAILHON — C IMOKa3aTe-
JIEM SKCIIOHEHTBI, paBHBIM —Af. IIpu yBenwdeHMM HWHTEHCHBHOCTH
CBETa MPOUCXOAMUT TAKXKE OKHCICHHE NEPEHOCYUKOB DJICKTPOHOB C
MEHBIIHMH HOMEPaMH, 4T0 OpuBOIUT coraacuo (11.15) k mosBieHuro
CTENEHHEBIX YIEHOB MEpe]] SKCIOHEHTAMH W K BPEMEHHOW 3aJIePiKKe
TEMHOBOTO BOCCTAHOBIICHHUSA. TakuM 00pa3oM, U3 IIPOBEICHHOTO aHa-
JIM3a CIIEAYET, YTO 3aBHCHUMOCTb BPEMEHH TEMHOBOTO BOCCTaHOBIIE-
HUS TIEPEHOCYHMKOB JJICKTPOHOB OT WHTCHCHBHOCTH CBETa JIOJDKHA

OBITH MOHOTOHHO BospaCTanmeﬁ — YCM BBIIIC HWHTCHCHBHOCTH
OpeamCCTBYONICIO BBIKJIIOYCHHIO CBCTa, TCM OounbIe BpEMSL
TCMHOBOI'O BOCCTaHOBJICHHUSA NEPCHOCYHNKOB JJICKTPOHOB,

HaXOAsmUXcs Ha JgoHopHOW cropone @PI[. Awmanormunas
3aBHCHUMOCTb MMEET MECTO W JJIA MEPEHOCYMKOB HA AKIEHTOPHOM

cropone OPII.
Ha puc. 53 npuBenena KHHETHKA TEMHOBOI'O BOCCTAHOBJIEHHS BhI-
COKONOTCHIIMAIIGHOTO  ITUTOXpOMA B xpomarodopax
Tz, C
a 20
6
72
g
4 .
) J | T 1 L
} 0 4z g4 46 48 PlCT

Puc. 53. Kuneruka peiokc-peBpanicHii BEICOKOIOTEHITHAIBHOTO ITHTOXpOMa
B xpomarodopax dorocunresmpyromeii 6akrepun Ectothiorhodospira shaposh-
nikovii IpH HACHIAIONEH WHTEHCUBHOCTH JICHCTBYIONIETO CBETA (a), a Takxe
3aBHCHMOCTh BPEMEHH TEMHOBOTO BOCCTAHOBJIEHHS JTOr0 IIMTOXpOMA OT
YPOBHS €T0 cTaruoHapuoi porooxucnennoctu (6) [[lorrocuu u np., 1982]

Crpenkamu yxasans Moments! Bkmogenns (1) u Bsictiogenns ceera (V)

237



baktepun E. shaposhnilovii (a), a Taxke 3aBHCHMOCTH BpeMEHH
TEMHOBOI'0O BOCCTAaHOBJICHHSA 3TOI'0 LHUTOXpOMa OT HMHTCHCHBHOCTH
cBera (6). U3 pucyHka BUAHO HAIMYWEe BPEMECHHOH 3aJCPXKKH B
TEMHOBOM BOCCTAHOBJICHMM HHMTOXpoMma (D,) moclie BBIKIIOYCHUS
CBeTa ¥ BO3PACTaHWE BPEMEHH TEMHOBOTO BOCCTAHOBJICHHS IPH yBe-
JTUYCHUH MHTEHCUBHOCTH NPEANISCTBYIOMEro ocBemienus. Cremyer,
OJTHAKO, OTMETHTbH, YTO TPH BBIJICIICHUH XpOMaTodopoB, BO3MOXKHO,
HapylleH OUKIMYeCKUd TPAHCHIOPT DJIEKTPOHOB, IPH HAIHMYHH KOTO-
poro HaOiomaeTcs Apyras 3aBHCUMOCTh BPEMEHH TEMHOBOTO BOC-
CTaHOBJIEHUS OT MHTEHCUBHOCTH cBeTa [Pyt’eva et al., 1976]. Takum
0o0pa3oM, 3aBHCHMOCTh BPEMEHU TEMHOBOTO BOCCTAHOBJICHUS IUTO-
XpoMa OT MHTEHCHBHOCTH CBETa MOXET CIIy)XUTh KPUTCPHEM HEIIHK-
JMYECKOr0 TpaHCIopTa MIeKTpoHOB. ClenaHHbBI HAMU BBIBOX IIOJ-
HOCTBIO COTJIACYETCS C QHAJIOTMYHBIM YTBEPXKICHUECM, MOIYYCHHBIM
[P YUCIIEHHOM aHanu3e Ha OBM OMMOJeKyIsIpHBIX peakuuil mepe-
HOCA JJIEKTPOHOB B OakrepmansHOM (orocuuTede [Pyt’eva et al.,
1976].

11.3. KuneTnka nmepexo HbLIX MPONEcCOB MPH BKJIIOYCHANR CBETA

Kunernka pemokc-IpeBpalieHuil MEPEHOCIHKOB IJIEKTPOHOB O[T
JIEWCTBHEM TOCTOSHHOTO CBETa WMEET JOCTATOYHO CIIOKHBIA BH]I.
OnHaKko eclii MOTOK SJIEKTPOHOB JIMMHTHPOBAH CKOPOCTBIO OTTOKA
WJIM TIpUTOKa 3MEKTpOHOB B PPII, TO MOXHO MOIYYHUTH JIOCTATOYHO
MPOCTOE pelIeHrue CUCTeMbl auddepeHHalbHbIX  ypaBHEHHH,
ONKCEHIBAIOIIMX IIEPEHOC JJIEKTPOHOB corimacao cxeme (11.1).
JIeCTBUTENIEHO, B TEMHOTE PEAKIWOHHBIA IEHTP HAaXOAUTCA B
coctosganu (n0), B KOTOPOM BCE IIEPEHOCYMKH Ha JOHOPHOM CTOpOHE
@®PI] BoCCTaHOBNEHBI, a IEPCHOCYMKHA HA AKIECITOPHON CTOpPOHE —
okucnensl. IIpu aktuBamum OPI] xBanToM cBeTa 31eKTpPOH OT D)
nepeiner Ha A, Iocje Yero 3JIeKTPOH B aKIENTOPHOM 4acTH OBICTPO
nepener Ha A, a «IBIpKa» Ha JOHOPHOH JacTH nepeiaer ua D, T. €.
PeaKUHOHHBIN [EHTp OKaeTcs B cocrosauu (n—1 1). JlanbHeiimee
noBeneane DOPIl menmmkoM 3aBHCHT OT TOTO, YTO  IIPOM3OHIET
OBICTpee — BBIHOC JJICKTPOHA M3 akKIENTOPHOM YacTH (C KOHCTaHTOM
CKOPOCTH m), UpPHXOJ DJJIEKTPOHOB B JOHOPHYH  dacTh (C
KOHCTaHTO#M CKkopocTH k) mnu akruBanus OPI] BTropeiM kBaunToM (C
KOHCTaHTOM CKOpOoCTH kp). EciM JIuMUTHpYIOIIMM MpOLECcCOM
SIBJIAETCSA BBIHOC JJIEKTPOHOB H3 aKIENTOPHOH dacTH k, ky>m, TO
nepexoasl @PI] OyayT mpouCXOauTh B OCHOBHOM C KOHCTAHTaMH
CKODPOCTH ko ¥ k. KaK 3TO IIOKa3aHO HA CXEME.

n{
ko

n-1 1———-9-—?21

ayd

n22.————-—>-n12—-———->-n2

IIpudyemM 3TOT mporecc OyaeT IPOMCXOAMTH A0 TEX IOp, MOKa JIHO0
He

(11.18)
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BOCCTaHOBHUTCSA BCA akienTopHas dacTs ®PII, nubo ne okucnurcs Bes
JIOHOpHAS YacTh B 3aBHCHUMOCTH OT TOro, #>s WM n<s. Eciau gucio
MIEPEHOCYHKOB Ha JIOHOPHOH CTOpoHE OOJbINE, YeM Ha aK[enTOPHOI
(n>s), TO JIETKO MOYYHTh PEIICHUE CHCTEMbI YPaBHEHHHA, O CHIBAIO-
meii mepexoxmel Ha cxeme (11.18). OOGo3maumm depe3 x;(1)
BEPOSATHOCTH TOTO, YTO 4Yepe3 BpeMs [ TIOCIC BKIIOYCHUS
JICHCTBYIONIETO0 CBeTa Ha aknenTopHoi cropone OPII umeercs i
9JICKTPOHOB. B HauyanbHBII MOMEHT BpEMEHH DJJIEKTPOHOB B
aKIenTOPHOW YacTh He ObLIO, M OHHM HOMAJaioT B HEE JIMOIb TOCTE
ceeroBoii akrusanuu OPI] [cm. cxemy (11.18)].

ITosToMy Xx;(?) paBHA BEpOATHOCTH TOTO, 4TO 32 Bpems ¢ B OPI]
npuzeT i kBaHTOB. II0CKOJIBKY TPHXOJ KBAaHTOB 0Opa3yeT Iyacco-
HOBCKHI1 IOTOK ¢ HHTEHCHBHOCTRIO &y, TO MOXKHO 3aIlKCaTh:

kot) ko
x,.(t)=—( ?/)‘ e, (11.19)
Eciy TMMATHPYIOMIUAM SBISETCS TPOLECC TOCTYILIEHUS DIIEKTPOHOB
B jouopuyro gacte ®PII (k<ky, m), a YHCIIO TEPEHOCUYHUKOB IJICK-
TPOHOB Ha aKIENTOPHON CTOPOHE OOJNbIIE, YeM Ha JOHOPHO#H (s>n),
TO BEPOATHOCTH yj(?) TOro, 94TO Ha AOHOpHOH cropoHe DPI] maxo-
JIITCS j «IBIPOK» (A—j DIIEKTPOHOB), paBHA BEPOSTHOCTH TOTO, YTO
pPeaKIMOHHEIH [IEHTp OyIET aKTHBUPOBAH POBHO j pas:

yj(t)=Me_k0t. (11.20)
j!

Ot umcna 2JeKTPOHOB (ABIPOK) B aKIEOTOPHOH (JOHOPHOM) YacTH

®PI[ HeoOxoaMMO TEPEHTH K BOCCTAHOBICHHOCTH OTHCIBHBIX IEepe-

pocunkoB. Cormacuo coorHomenno (11.3) BoCCTaHOBIEHHOCTH

nepeHocurKa D; onpeaensiercs CIeAyOUIMM COOTHOMICHUEM:

n—I
P(D})= 3 P(R™)=yo+ y+ot Yoy =
. q=0 .

=e O lt+kpt+..+(kt) /(n-1). (11.21)
Taxkum o0OpazoM, npu s>n, k<<ky, m KHMHETHKA OKHCIICHHS TEPEHOC-
YHUKOB JJICKTPOHOB, HAXOAAMIUXCA Ha AOHOPHO#M cropone ®PII, Ho-
cuT S-00pa3HbIi XapakTep. S-00pa3HOCTh TeM OoJjiee BEIpaXKeHa, YeM
OMbKe HEPEeHOCYHK 9JJIEKTPOHOB HAaXOAWTCH K CBETOBOM CTaIuu.
BrIpaxkenue, OMMCHIBAIONICe M3MECHEHHWE BOCCTAHOBJICHHOCTH IIepe-
gocumkoB Dy, . . ., D,, momaocteio coBmanaet ¢ (11.17), ¢ Toii munis
pasuunei, uro B (11.21) Bmecto k crout ky. CienoBarensHO, Tpea-
CTaBJICHHE O XapaKTepe M3MEHEHHWS BO BPEMEHH BOCCTAHOBJICHHOM
$hopmel D, MOXKHO ITOITYYHTH U3 PHUC. 52.

BpeMmennast 3a7epKKa B OKACIICHAN TIEPEHOCUYHUKOB JICKTPOHOB HA
nonopuoii ctopoue ®PI] oOycimoBiaeHa TeM, Y4TO BCIEICTBHE OBICT-
pPOro mepeHoca 3JIEKTPOHOB MEXIY HMMH IIPHXOJ BO30YKIEHHS IIPH-
BOJHUT K OKHCIeHuI0 D u OBIcTpoii (OBICTpee BpeMeHH MPUX0a Clie-
JIYIOLIEro BO30YKAeHHs) MUrpanuu Oelpkd Kk D,. IIpuxox BToporo
BO30YXIeHHS
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A= H=i77
og— 7 a7 0 g0
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~
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05 =il [15 (5 =it (15 o5———118

Puc. 54. Cxemarmaeckoe H300paxeHHe MOCICAOBATEILHOCTH IIEPEHOCA JJICK-
Tpona B ®PI[ myprypubeiX GaxTepwii MpH Pa3iMIHBIX COOTHONIEHHIX MEXTY
BEIMIMHAMH KOHCTAHT CKOPOCTH

NPUBOANT K OKHCIeHHMIO D, ; u T. A. Takum 00pa3oM, mpexae dem
OKHCIINTh, CKa)XeM, TMepBbId mepeHocunk D; (Ha BpeMeHax,
COIOCTaBUMBIX CO BPEMCHEM IIPHXO0Ja BO30YXICHHS), HCOOXOIUMO
OKHCIUThL BCe mOpensimympe nepenocunku [Malkin, Silberstein,
1972].

AHaJOTMYHO KUHETHKA OKHCICHHOH (HOpMEI akiienTopa 4, B Ipe-
MOJIOKEHHH, 4TO 1>s, m <<k, k, OOHCHIBaETCS BEIpAXKEHHEM
PA) =14 kot + ..+ (kot V" /(s — 7). (11.22)
CrenoBarenbHO, KHHETHKA BOCCTAHOBJIEHHS aKIENTOPOB B 9JTHX
YCIIOBHSIX TAKXKE UMEET S-00pa3HbIil XapakTep, mpuaeM S-00pa3HoCTh
TeM Oollee BBIpa)XeHa, YeM OJIMbKe K CBETOBOW CTaJWH PAaCIOJIOKEH
MEPEHOCYHK JJIEKTPOHOB. PaccMoTpuM Oonee oOmuii ciaydaid, Koraa
KHHETHKA  PEIOKC-TIPEBPAlICHUd  OTHAEIBHBIX  MEPEHOCYHKOB
9JIEKTPOHOB OHOPEAECIAEeTCSs HE TOIBKO CBETOBOM KOHCTAaHTOM
CKOPOCTH, HO M KOHCTAHTaMH CKOpPOCTH oOMeHa anekTpoHamMu DPI]
co cpemoi. JIyiss mpocToThl aHanu3a OyJeM CcuWTaTh, 4uTo ko>>k, m
(Hacelaromas ~ WHTEHCHBHOCTH  CBeTa). YA00HO  OTHAEIBHO
paccMOTpEeTh CiIy4dau k>m U m>k, MMOCKOJBKY, KaK IOKA3aHO HIDKE,
COOTHONICHHE  BEJIMYMH OSTHX KOHCTAHT CKOPOCTH OIpPEAesieT
Ka4eCTBEHHO PA3IMYHOE TOBEICHUE IEPEHOCYMKOB JJICKTPOHOB.

1 k>>k>m:

A. n>s. Tlocne akTHBanuM JedCTBYOMKM cBeToM (puc. 54) ®PI]
3 cocrosausa (rn 0) 3a JOCTATOYHO MBI TPOMEXKYTOK BpPEMEHH
~s/k, epefigeT B COCTOSHHE (H—S S), B KOTOPOM BCE€ MEPEHOCUHKHU
QJIEKTPOHOB, HAXOMIIMECS HA aKIENTOPHOH CTOPOHE, BOCCTAHOBIIC-
HBI, 3 TIEPCHOCYMKH DJICKTPOHOB Ha JOHOPHOW CTOPOHE, MMEIOIINE
HoMepa oT n—s +1 10 n, Oy IyT OKHCIIEHBI:

(n0)3(1-11)3.. B(n—ss). (11.23)
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IlepeHOC 37EKTPOHOB, ONMHUCHIBAEMBIN ITOW CXEMOW, OIpEHEIASTCS,
IIyaCCOHOBCKHM IIOTOKOM KBaHTOB cBeTa. OTCrofa ciemyeT, 9YTO Ha
BpeMeHHOH mikane 1/ky<t<s/k, KWHETHKa W3MEHEHHS BOCCTAHOB-

JICHHOCTH NEePEHOCYHKOB D, i1, ..., D, coBOHagaeT ¢ KHHETHKOMH
OKHCJICHHS IIEPEHOCYHKOB A1, ..., A,

P(D})=e (1+k0t + o (ot /(n —1)/), I=n-s+1,..,n (11.24)
P(4, )=e * 1+kp+..+(kt) /(s—r),r=1..,s. (11.25)

Jlanereiimas sBomronus OPI] cRg3ana B OCHOBHOM C TIOCTYILICHHUEM
9JIEKTPOHOB OT BHELIHEro JJOHOPA U IMIPUBOJIMT K U3MEHEHHIO BOCCTA-
HOBJICHHOCTH JIUNIh NEPEHOCYMKOB 3ICKTPOHOB, HAXOIANIUXCSA HA JI0-
HOpPHOH CTOpOHE:

(n—ss)i)(n—s+1s)i)...i>(n s) (11.26)
ITockonbky ko>k, TO MOXXHO CUMTATh, UTO HA BpemeHnax ~1/k >> 1/k,
IpoIIecC, OnUchIBaeMbIii cxemoii (11.23), yxe 3axkomumics. IIporecc
BOCCTAHOBJICHHS IEPEHOCUYHKOB IEKTPOHOB D, 1, ..., D,, cormacHo
cxeme (11.26) cBfi3aH ¢ IIyaCCOHOBCKHM IIOTOKOM HOCTYILICHHS
9JIEKTPOHOB OT BHEIIHETO JOHOPA. I103TOMY BEPOSATHOCTH TOIO, YTO
gepe3 Bpemsa £>1/ky mocie BKIOYEHHS CBETa B JOHOPHYIO YacTh
MIOCTYIWIIO ¢ 3JIEKTPOHOB, paBHa [cM. hopmymy (11.13) ]

(k) s

—)e : (11.27)
q!

IIpuxox mepBOro 3JEKTPOHA OPHBOJAUT K BOCCTAHOBJICHHIO D, g1,

MIPUXO0J, BTOPOT'O — K BOCCTAHOBIECHUIO D, o U T. A. IlosToMy s

BEPOATHOCTH TOTO, YTO [J; HAXOIUTCS B OKHCIIEHHOHW (hopMe, MOXKHO

(k t)l—(n—s+l)
[[-(n-s+1)}

TakuM  00pa3oM, B pacCMAaTpHBAEMOM  Cllydae KHHETHKaA
okucnenus D, ¢iq,..., D, HWHIYIUPOBAHHOTO CBETOM, HMEET
HEMOHOTOHHBIA XapakTep — CHaJasla IPOMCXOINUT OKHCIIEHHE [cXxeMa
(11.23)], a 3areM BoccTaHOBJIEHHE IEpeHOCYHMKOB [cxema (11.26)]
(puc. 55). BMecTe ¢ TeM KHUHETHKAa BOCCTaHOBiIeHHSA A, . . . , A
MOHOTOHHA (pHC. 55).

b. Ilycte ko>>k > m u, xpoMe TOTO, YUCIIO NEPECHOCUYUKOB DIICK-
TPOHOB Ha aKIENTOPHON CTOpoHE OOJbIIE, YeM Ha JOHOPHO#H (n<s). B
9TOM CIIydae CXeMa IepEeHOCca JJIEKTPOHOB IIOCIE BKIIOYEHHS CBETA
OyneT uMeTh BUJ (CM. Takxe puc. 54)

P(DY)=e ™| 1+kt+..+ l=ns+1..n. (11.28)

(10)5(n-11)%3.. 580 n) 501 1) 30 n +1) 5.

B005)515) % H(ns).
(11.29)
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Puc. 55. Teopernueckue KpHBBIE KMHETHKYA BOCCTAHOBJICHHOCTH M OKHCIICH-
HOCTH IIEPEHOCUYHKOB 3JIEKTPOHOB, HAXO/ISIMXCH HA JOHOPHOW W AKIENTOPHOR
croponax OPII, mpu Bxmodenym (1) u Berxmogennn () geficTByiomero caera

IMockoaeky ko >> k, To ma Bpemennoi mkane 1/ky < t < (n-s)/ko
MOXKHO NIpeHeOpedYs MepexojJaMH C KOHCTaHTOH ckopoctu k. Torga
MOBEJICHUE TIEPEHOCYUKOB OMUCKHIBacTes cxemoi (11.23), B koTopoit
n=s. IloaToMy myisi 3TOH BpEMEHHOW MIKAJBl CIIPABEIJIMBEI BBIpAKE-
HHS, COBIIaJaromue ¢ Beipaxenusmu (11.24), (11.25):

P(D}) =0 (14 kgt + .+ (kot Y™ (0 =1)), 1=1,2,,m,  (11.30)
P(4,)=e O l+kgt+..+(kot) /(s—r), r=s-n+1,.,s (11.31)
Ot GopMylil MOKA3BIBAIOT, YTO HM3MEHEHHE BOCCTAHOBJIEHHOCTH
(OKHCIEHHOCTH) IEPEHOCUYHKOB JIEKTPOHOB Cpa3y IMOCJE BKIIOYCHHT
cBeTa HOCHT S-00pasHbId xapakTep. [lonydennsie HOpMyIbl OMHCHI-
BAIOT PEIOKC-TIPEBPAMEHUS TONBKO A 11, ..., A5, TOCKOIBKY PEIOKC-
npespauienus A, ..., A;, TPOUCXOAST ¢ KOHCTAHTOH CKOPOCTH k U
MOTYT HE YYHUTEIBATECA HA pacCMaTpUBAaeMOil BpeMeHHo mkane. Tak
Kak ko> k, To Ha BpeMmeHHoii mkaine 1/k < { MOXHO WCKJIIOYHTH
MaJIOBEPOATHBIC COCTOSHHA C KOHCTaHTOM BbIX0OJ1a k() H 3anucartb
Ipolecc, peaan3yroniuiica mocie mepexoga Kk coctosauio (0 n) B
BHjie (CM. TaKxe puc. 54):

(O n)£)(0n+1)£)£)(0 s)—k)(l s)i)i)(n 5) (11.32)
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Ora cxema NOKa3bIBacT, YTO Ha BpeMeHHO# mkane 1/k < ¢ OPI] c
KOHCTaHTaMH CKOPOCTH k TMEPEXOIUT B COCTOSHHUH CO BCE OONBIIAM
YHCJIOM DJIEKTPOHOB B aKIIENTOPHOM YacTH:

0n)50n+1)5.. 5(0s) (11.33)
JInmp nocne 3anoaHEHUs aKOeNnTOpOB CTaHET HEBO3MOXHBIM Iepe-
HOC 3JIeKTpOHOB D;—A; ¥ HaYHETCsl BOCCTaHOBJICHHE NEPECHOCUYNKOB
9JIEKTPOHOB JIOHOPHOM cToponsl DPI]:

(0 s)g(l s)—k>£>(n 5) (11.34)
CrenoBaTenbHO0, HA PaCCMaTPHUBAEMBIX BpEMEHAX PeIOKC-IIpEBpalle-
ausg A,..., Ag v Dy,..., D, 00yCIOBIEHEI IyaCCOHOBCKHM IIOTOKOM
MOCTYIUJICHHUS 3JIEKTPOHOB B JoHOPHYIO YacTh OPI[ u onmpexnensrorcs

P =e [kt 4.4 (" s —n—r)), r=1,2,...5-n, (11.35)
P(D}) =e-h(1+kt+...+(ktf‘"+"1 /(s—n+1—1)!), 1=12,..,n. (11.36)
TakuMm 06pa3oM, IIPH BKIIOUCHHH CBETa HAONIONACTCS MOHOTOHHOE

YBEJIHYEHHE BOCCTAHOBICHHOCTH IEPEHOCUYHKOB A1,..., A; [popMysl
(11.31), (11.35)] ¥ HeMOHOTOHHOE H3MEHEHHE BO BpPEMEHH BOC-
CTAaHOBJICHHOCTH TEPEHOCYUKOB 3JIEKTPOHOB Di,..., D, [hopmynsl

(11.30), (11.36)]. ITpuaem, ecu OKHUCIACHHE IEPEHOCUYHUKOB Dy,..., D,
00yCIIOBJICHO B OCHOBHOM CBETOBOM KOHCTAHTOH CKOpPOCTH, TO
MOCIIEAYIONIEE MX BOCCTAHOBJIEHHE IIEJHMKOM OOYCIOBIIEHO IMOCTYII-
JICHHEM SJIEKTPOHOB OT BHEIIHErO JIOHOPAa M OMpEAeIeTCS BEIHdr-
HOM KOHCTAHTHI CKOPOCTH k. OTiHMuue cliydaeB #n>s M S>H COCTOUT B
TOM, YTO IPH S$>n KWHETHKa HOepeHocuwkoB Di,..., D, Xapakre-
pHU3yercs BpeMEHHO 3aJIep:KKO¥ BoccTaHoBIeHus (puc. 55).

Ota 3amepxKa TeM Oolblie, YeM OO0JbIe €MKOCTh aKIEeNTOPHOH
gacti OPI] 1o cpaBHEHHIO C EMKOCTBIO JOHOPHOH YaCTH.

B paccMoTpeHHOM HaMH TPHOIMKEHHH MPEAIONarajioch, YTO
KOHCTAHTa CKOPOCTH OTTOKAa 3JIEKTPOHOB M3 PEAaKIHOHHOTO IIEHTpa
paBHa HyJII0. DTO IPHUBEJIO K TOMY, YTO CTAIlHOHAPHAS OKHUCICHHOCTH
(BOCCTaHOBJIEHHOCTD) TEPEHOCYUKOB Dy,..., D, (44,..., As) Onm3ka K
aymo (eguaune). B obmeMm ciyuae (m+#0) BennurHA CTAHOHAPHOMI
OKHCJICHHOCTH (BOCCTAHOBIICHHOCTH) OTJIMYHA OT HYJS (E€IAHUIIBI)
TeM Oolbllle, YeM Jalibllle MEPEHOCUYHMK DJIEKTPOHOB HAXOAUTCSH OT
CBETOBOH CTaIHH.

Bbnarogapsi ciMMeTpHH B TIEPEHOCE DJIEKTPOHOB B aKIENTOPHOH M
JIBIPOK B JoHOPHOM yacTax ®PII, paccMoTpenue cinydas m>k aHajio-
THYHO BBIIIE — IPOBEICHHOMY aHanu3y. Takum o0pa3om, eciau k> m,
TO TIPM BKJIIOYEHHWH CBETa MPOMCXOIUT S-00pa3Hoe BOCCTAHOBIICHUE
IIEPEHOCYHMKOB DJIEKTPOHOB Ha akmenTopHoii cropone @OPI u
HEMOHOTOHHOE OKHCJICHHE MTEPEHOCYHKOB 3JIEKTPOHOB, HAXOAAMIHAXCS
Ha JOHOPHO#H CTO-
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pone DPII, ecnu xe m>k, TO TIpH BKIIOYEHUH CBETA IMPOHUCXOIHUT S-
00pa3Hoe OKHCIIEHHE TEPEHOCYMKOB DJIEKTPOHOB, HAXOIANIMXCS HA
JIOHOPHOM CTOpOHE, H HEMOHOTOHHOE BOCCTaHOBJICHHE
MEPEHOCYHKOB DJIEKTPOHOB, HAXOAATINXCS HA aKIENTOPHON CTOpOHE
®PI] (puc. 55).

3akioucHHe

B macrosmieii rimase u 1. 9, 10 paccMmorpena 0000meHHas
KHHETHYECKass MOJielIb IIepeHoca dSJIEKTpPOHOB B komiuiekce OPI]
dbotoTpodHBIX OaKTEpHii ¥ BHICIIMX PACTCHHM.

Oco0EHHOCTBIO 3TOM MOJENH SABJISIETCS yYeT WEepapXvH BEJIHMYHH
KOHCTaHT CKOPOCTH M 3HEPreTHYECKOro MPpoGmIsL IIepeHoca JIEKTPOo-
noB B DPII. IlepeurciauM BakHeHIIHe OCOOEHHOCTH IIEPEXOMHBIX
nporneccoB B ®PI] nopu BKIOYEHHH M BBIKIIOYEHHH ITOCTOSHHOIO
cBeTa, 00HapYyKEHHEIE TP aHAJIM3€E STOH MOJIEIIH.

1. Ha oTpe3kax BpeMEHH COIOCTaBHMBIX HJIHM OOJBIIMX, YeM
Bpems obOMeHa snexkTpoHamu Mexay ®PI[ u cpemoii, BoccTaHoB-
JICHHOCTh TIEPEHOCYHMKOB DJICKTPOHOB HA JIOHOPHOH (aKIienTopHOMH)
CTOPOHE COOTBETCTBYET HMX IMOTEHIHAIY IOJYBOCCTAHOBJIEHHS: YeM
BBHIIIIE PEIOKC-MIOTEHOHAN MEPEHOCYHKA, TEM BBIIIE €r0 BOCCTAHOB-
nenaocThk. CKa3aHHOE CIPAaBEIJIMBO KaK ISl CTAIIMOHAPHOTO PEXUMA,
TaK | JUIA IEPEXOJHBIX IPOIIECCOB.

2. CBeT WHIYyNMPYET OKHCIICHHUE IICPESHOCUYMKOB DJICKTPOHOB,
Haxoasmuxcs Ha goHopHod crtopone DPI[, u BoccranomieHue
MIEPEHOCYHKOB JJIEKTPOHOB, HAXOAAIMUXCS HAa aKIENTOPHOW CTOPOHE;
IpUYeM CHayajia OKHMCISETCS CaMbId JaJICKWil OT CBETOBOM CTaIuM
IIEPEHOCUYHK IJIEKTPOHOB (D)), 3aTeM Oonee Onu3kuit (D,.), 4 T. I.
Amnajorudno 3ToMy CHadajia BOCCTaHABIMBAeTCH A, 3aTeM A, U T. II.

3. XapakTep mepexogHOro mporecca, HHAYITHPOBAHHOTO OCBEIIIe-
HHEM, OIPEEIACTCA COOTHOIIEHHEM BEIHMYHMH KOHCTAHT CKOPOCTH
k/m. Eciu xoHCTaHTa CKOpPOCTH k mpuTOKa 3JIeKTpoHOB B DPI]
CylIECTBEHHO OOJbIlle, YeM KOHCTAHTa CKOPOCTH M OTTOKa JJIEeK-
TpoHoB u3 @OPI] (k>m), To IpH BKIIOYEHHHM CBETa HaOJIOIAETCs
HEMOHOTOHHOE OKHCJICHUE MEPEHOCUYHMKOB DJIEKTPOHOB HA JIOHOPHOM
cropode OPII (puc. 55) u S-00pa3Hoe BOCCTaHOBIECHHE IiE-
PEHOCYMKOB JJIEKTPOHOB Ha akienTopHoii cropoue ®PI] (puc. 55).
Ecmm xe m > k, To nabmrogaerca S-o0pa3Has KMHETHKA OKHCIEHHS
MIEPEHOCYHKOB Ha JOHOPHOH CTOPOHE M HEMOHOTOHHOE BOCCTAaHOB-
JIGHWE IEPEHOCUYMKOB 3JISKTPOHOB Ha akmnentopHoi cropone OPI],

4. TIpu BHIKIIFOYEHUH CBETa NepeHoCcYuku Di,..., D, BocCTaHaBIIH-
BAIOTCA, a MEPEHOCUYHKH Ai,..., A, OKHCISIOTCA. XapakTepHOH
OCOOCHHOCTBIO KHHETHK TEMHOBOTO BOCCTAHOBJICHHMS W OKHCIICHHS
MIEPEHOCYHKOB ABJIAETCSA S-00pa3HOCTh U CBA3AHHAS C HEW BpeMeHHas
3a/Iep>KKa B TEMHOBOM BOCCTAHOBJICHHH (OKHCJICHHH), TeM OOJbIIasd,
YeM Jaibllieé TNEPEHOCYHK DJIEKTPOHOB HAXOIUTCA OT CBETOBOM
craguu (puc. 55).

244



OTMeTHM B 3aKJIIOYCHUE, 9YTO PACCMOTPEHHRIH B T71. 9—11 momxox
MOXXET OKa3aTbCs MOJIe3HBIM INPU aHaIu3e HEe TOJBKO MepeHoca
9JIEKTPOHOB B OJIFDKAiIEM JOHOPHO-AKIENTOPHOM OKpy e DPII,
HO W TIpHM aHaju3e (YHKIIMOHHUPOBAHHUS KOMILIEKCA bci, COTPSDKEH-
nHoro ¢ ®PII.

I'nasa 12

KMHETHKA BOCCTAHOBJIEHHA
BAKTEPUOXJIOPOOUIIIIA,
OKHUCJIEHHOI'O
HUMITYJIbCHBIM U ITOCTOAHHBIM CBETOM
B XPOMATO®OPAX ITYPITYPHBIX FAKTEPUIA

B psge pabot [Clayton, 1962; McElroy et al., 1974; JlykameB u
ap., 1975; Yamoposckuii u ap., 1976; 1977; Lukashev et al., 1976;
Chamorovsky et al., 1976; Hokc u ap., 1977; Kononenko, 1980; ®a-
ouan u nap., 1980; Ilerpos u ap., 1983] uccaenosana TemMoepaTypHas
3aBHCHUMOCTh KHHETHKHA TEMHOBOTO BOCCTAHOBJICHHUS (hOTOXHMHYECKH
aKTHBHOIO IIMIMeHTa (auMepa OaxTeproxiopodmmia, P870) B memsix
KJICTKaX, M30JIMPOBAHHBIX XpoMaTodopax u npenaparax OPII pazmig-
HBIX MYPOYPHBIX OAKTEPHil IPH BHICOKHX PEAOKC-TIOTEHIIHATIAX CPEAbI
(E; > 350 MB). B aTHX yCIoBHSX, B TEMHOTE, BOCCTAHOBJIEH TOJLKO
murMenT OPII, u mocne oxucieHus NOJ IEWCTBUEM CBETa OH MOKET
[OJIy4yaTh JJIEKTPOH IIHINb OT (DOTOBOCCTAHOBJIEHHBIX OSHAOTEHHBIX
akuenTopoB. Kak mnpaBmio, OOHAPYXHBAIOTCA IBAa KHHETHYCCKHUX
KOMIIOHEHTa TEMHOBOI'0 BOCCTaHOBJICHUS NUrMeHrta [JlykameB u Jp.,
1975; YamopoBckuii u ap., 1977]. Ilpu xomHaTHO# TemMuepaTrype (puc.
56) mabnromaeTcsi TOJIBKO KOMIIOHEHT co BpemeneM 1+10 ¢ u Gonee,
CBA3aHHBIHA C BOCCTAHOBJIEHHEM IIMTMEHTA OT BTOPHUYHBIX AKIICIITOPOB
anekrponoB. Ilonmkenue Temmneparypsl 10 270—240 K mpuBomut K
TIOSIBJICHHUIO OoJiee OBICTPOro KOMIOHEHTa co BpemeHneM 25—100 mc
(puc. 56), 00yCIOBIEHHOr0, MO-BHAMNMOMY, OOpPaTHBIM MEPEHOCOM
9JICKTPOHOB OT IIEPBUYHOr0 XuHoHa Ha murMeHT OPI].

ITpu moHMWKEHNH TeMIIEPaTyphbl OTHOCHTENBHBIN BKIAJ OBICTPOro
KOMIIOHEHTa BO3pPACTaeT, a BKJIAJ MEICHHOTO — YMEHbBIIASTCH.
Ananoruunslii 3¢ (hexT BBI3BIBACT U YMEHBIICHHE BIKHOCTH TIperia-
paroB [Hokc u ap., 1979; Nikolaev et al., 1980]. Orot addexr, mo-
BHIUMOMY, CBSI3aH C 3aMEUICHHEM IIePEHOCA DJICKTPOHOB MEXIY
nepBruHbIM (Q;) ¥ BropruHEIM (Qr) XHHOHAMH, YTO ITOATBEPKAAETCS
MOSIBJICHHEM OBICTPOrO0 KOMIIOHEHTAa Yy)K€ MPH KOMHATHOW TeMIIe-
patype, eciii TEepeHoc JEKTPOHOB MHTHOMPOBaH 0-(heHaHTPOITHMHOM
[JIykames u ap., 1975; Chamorovsky et al., 1976].
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Puc. 56. Kunerrnka GoTOMHIYIIMPOBAHHELY OKHCIHTEIBHO-BOCCTAHOBATEIBHBIX
npeBpamennii 6akTepuoxaopodpmmia P870 B xpomarodopax Rhodospirillum
rumbrum u P890 B xpomarodopax Ectothiorhodospira shaproshnikovii, m3me-
pemmas N0 H3MEHEHHUIO TToraonmenus npu 790 M npu TemnepaTypax Mexry 298
u 230 K [Lukashev et al., 1976]

B nmanmHoi rnaBe npoaHaauM3upoOBaHa CXEMa TIEPEHOCA DIICKTPOHOB
B OmmKaimeM JOHOPHO-aKIenTopHOM OKpyxkeHnn @PI mypmypHBIX
OakTepuii ¥ NPEIJI0XKEHBI CIIOCOOBI pacyeTa BEIWYHHEI KOHCTAHTHI
CKOpPOCTH TiepeHoca DSJIEKTPOHOB OT TIEPBUYHOTO XWHOHA KO
BTOPUYHOMY IO JAHHBIM KHHETHKH PEIOKC-IPEeBPAIECHUI MUTMEHTA
B OKHCIIMTEIBHBIX YCIOBHUSIX.

12.1. CxeMa nepeHoca 3JIeKTPOHOB

OO0menpuHaTas cXxema IepeHoca 3JIEKTPOHOB B XxpomaTodopax U
PEaKIHOHHEIX IIEHTPaxX MYPIYPHEIX OaKTEPHA B OKHUCIHTENLHBIX YC-

P—— QIL) Q” (121)

3necs P— ¢doroxumudecky aktuBHbI nurMedT OPIT; Qr, Qn — co-
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OTBETCTBEHHO IEPBHYHBINA U BTOPUYHEINA XMHOHHEIE aKIIEIITOPEI JJIEK-
tporoB DPII, k) — «cBeTOBag» KOHCTAaHTa CKOPOCTH, IIPOIOPIHO-
HaJbHAs WHTEHCHBHOCTH JIeHWCTByromero cBera. CMBICI OCTaJbHBIX
KOHCTaHT CKOPOCTH SICEH U3 CXEMEL.

ITocne BO30yxmeHus P 3JIeKTPOH OT HEro IIoHanaeT Ha IepBHY-
el xuHOH (co BpeMeHeM ~200 1Ic), a 3aTeM Ha BTOPHYHLIN XHHOH
(co BpemeneMm ~0,1—2 mc). Bo3spar snexrpona ot Qi Ha P MOKer
MIPOMCXO/IUTE IBYMS Iy TAMHU.

IlepBbIid, TUKIMYSCKHUMA, 9TO MEPECHOC 3JICKTPOHOB C KOHCTAHTOM

P Qy Qqp

T ) (12.2

OH OCYHICCTBIIACTCA JII/I60 nOyTEM HCTIOCPCACTBCHHOI'O TYHHCIIUPOBAa-
HUS SIIEKTPOHA, JTH00 depe3 IPOMEKYTOUHBIE IEPEHOCUUKH ICKTPO-
HOB. B mocneaneM ciydae k — MUHMMAJBHASA U3 KOHCTAHT CKOPOCTH
UKIHYECKOTO TPAHCIIOPTA YIEKTPOHOB.

BTopoii myTs — 3TO BO3BpAT JJIEKTPOHA Yepe3 MEPBUYUHBIN XUHOH
m
P(_T () 0" (12.3)

m—-1

IIpu xoMHaTHOW TemmepaType, BCIEACTBHE TOTO 4YTO m > M.,
9JICKTPOHBI BO3BPANIAIOTCS HA TWTMEHT, MO-BHAWNMOMY, IO CXEMe
(12.2). Bmecte ¢ Tem, npu OoJiee HU3KMX TEMIIEPATypax, a TAKKe B
npemaparax wn3oaupoBaHHBIX OPI] omnpemereHHyr0 poIb MOKET
WrpaTh IIEPEHOC 3IEKTPOHOB cornacHo cxeme (12.3).

Hwmxe mpoBeneH ananm3 TEMIICpaTypHOH 3aBUCHMOCTH KWHCTHKHU
MepeHoca dJIEKTPOHOB B ON¥DKAWIIEM JTOHOPHO-AKIEOTOPHOM OKpPY-
sxenuu OPI] na ocnoBe MuHuMaILEHOM cxeMebl (12.1), 00beauHsIOIICH
cxemsl (12.2) u (12.3).

12.2. KuneTnueckast MoJIeIb

B oxucnmurenbHeix ycnoBusx B DPIl maxomuTcs TONBKO OJIHUH
9JICKTPOH, MO3TOMY TIepexonbl Mexnay coctosauamu DPI umeror

P>, " 0, (12.4)

L5 |

Cucrema auddepeHIHAILHEIX YPAaBHEHMM, ONHMCHIBAIOMIAS OTH
EePEX0bl, UMEET CIIEYIONINIA BHI:

dp/dt=ky(1—p—q)—(m +ko)p+m_q,
dq/dt =mp—(m_, +kg,

(12.5)
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TJaC p, g — €CTh BCPOATHOCTH TOI'0, 4YTO HepBHqHBIﬁ Hu BTOpPI‘IHBIﬁ XH-
HOHBI HAXOAATCA B CEMHUXHUHOHHOH (hoPME COOTBETCTBEHHO.

a | 0
-
LS

— Y — X
4 4

Puc. 57. Cxemarmdeckoe W300pPaKCHHE KHHCTUKU PEIOKC-IIPEBPAICHIHA
nurmenta OPL, unyIupoBanoe MOCTOSHHEIM (@) X UMITYJILCHEIM (6) CBETOM

IMomuepkuem, uro B cxeme (12.4) mpemnonaraercsi, 9To OOMEeHOM
anexTponamu Mexay ®PII u cpemoit MoxHo mnpenedpedb. ITO H0-
MyIIEHUE MMOATBEPXIACTCA TEM, YTO B SKCIICPUMEHTE HAOIIIOIACTCS
MHOTOKPATHAas BOCIPOM3BOAMMOCTE TOJIHOCTBIO 00patuMoro ¢oTto-
OKHCIIEHUS OaKTepHOXJIOpOo(HIa BO BCEM H3YYEHHOM JAHaa3oHe
TEMIIEPATyp B OTCYTCTBHE SK30TCHHBIX JOHOpPOB [JIykameB u 1p.,
1975]. Ilpouecc temuoBoii penakcanuua ®PI] Taxke MOKET OBITh
omucaH CHCTeMOH ypaBHeHuid (12.5), eciau HOJOXHTH B MOCIETHEH
BEJIMUMHY «CBETOBOI» KOHCTAHTHI CKOPOCTH ko PaBHOM HYJIIO:

dp/dt = —(m] +k_0)p+m_]q,
dq/dt =mp—(m_, +k,

Pemenue cucreMsl uHeHHBIX ypaBHeHu# (12.6) MoxeT OBITH 3amu-
CaHo B CIIEIyIONIEM BHIE:

p= cle—ﬂlt —/121,

g=cme ™ (k+m_ —2)+comye™™ fk+m_ —A),
IJ€ BEJIMYHUHEL A B A, TIOTYHHSAIOTCA OrPaHHYECHHASIM

A] +}.2 =k_0 +m] +m_1 +k, A.] '12 =k(k_0 +m])+ m_]k_o, (12.8)
a

(12.6)

T 628 (12.7)

o - P(O(%3)=a(0) . _ g(0)=p(O)b(h) (129)
b(4,)-b(4) b(4,)-b(4)
_ m
¢ _k+m_1—/1' (12.10)
B coorserctBuun ¢ ¢opmynamu (12.9) p(0), ¢(0) — navamsHbBIE

YCIIOBHS, 3aBHCAIIHME OT pexuMma ocemenus. C ydeTtoM ¢opmyn
(12.7—10) BeIpaxeHWEe, OMHCHIBAIOIIEE KHHETHKY TEMHOBOI'O BOC-
cTaHoBIIeHUS (POTOOKHMCICHHOTO TUTMEHTA, KMEET BT
A, —k_y) . c -k 4y) .
P(P°)=p+q-= 1(2 o)cﬂ.]z+ 2(34 O)ClztE
k+m_] —l] k+m_]_ﬂa

=Fe M +M e (12.11)
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OKCIlepUMEHTaJIbHO ONpeACIsIeMbIMA BEJIMYMHAMH B 3TOM BBIpaXe-
HUM SBJISEFOTCS TTOKA3aTeNlX SKCIOHEHT A ¥ Ay, a TAKKe OTHOIICHHE
aMILUTATYJ TPeIdKCIOHEHIUANBHEIX WwieHoB (puc. 57). byxaem cum-
TaTh, 4YTO A; COOTBETCTBYET «OBICTPOI» KOMIIOHEHTE TEMHOBOTO BOC-
CTaHOBJICHUS NIMIMEHTa, a Ay — «MeleHHOW». Torma mcxons u3
dbopmyner (12.11) MOXHO 3anmmcaTh CIELYyIOMEee BBEIPAKCHHUE IS
OTHOIIECHHS aMILTUTY/1 OBICTPOH ¥ MEIJIEHHON KOMIIOHEHT

oy 0~k )m —) _
e e

_alh—koplh) _ sko—4 12.12

kB =) (212

rie 8=—cb(4)/[eb(%,)].

ITonyuennnie Buipaxenus (12.7+12) crupaBeyIvBEI 11 aKTHBAITAN
@PI xax UMIyILCHEIM, TaK U HENPEPHIBHEIM CBETOM. PaccMoTpum
IO OTAEIBHOCTH 3TH IpeIelIbHbIE CITyqaHn.

12.3. AMnyJiLCHOE OCBellieHAE

ITpu aktuBammm DPI] xOpOTKON BCIEBINIKOW CBETa MOXHO CYH-
TaTh, YTO BJICKTPOH JOKAJIM30BaH Ha MEPBUYHOM akmentope Qi T. e.
p(0) = 1, ¢g(0) = 0. I[TosTomy BeIpaxenue (12.12) ¢ yaeToM HOpMyIsI
(12.9) MoxeT OBITE 3alIHCAaHO B BHJIE

(B/M)m=% (12.13)
T. €. Oy =1.

Ilepexois K OTHOCHTEIHLHOMY BKJIQAy OBICTPOTO KOMIIOHEHTA
(X=B/(b+M)) TeMHOBOT0 BOCCTAaHOBJICHHS [IATMEHTA, IOIYyINM

XPM:—(&IO ;;)) (12.14)
Mosxno paccMmarpusath cootnomenus (12.8) u (12.14) kak cucreMy
YpaBHEHUH JUIs OomnpeieNieHus HEU3BECTHBIX KOHCTAHT CKOPOCTH M,
m.y, ko, k. CylmecTBEHHO OTMETHTH, YTO HE3aBHCHMBIX YpaBHEHHI
JUIST OTPENEIICHUS STHX YETHIPEX KOHCTAHT CKOPOCTH BCErO TPH, H,
CJIeIOBATeNLHO, B 00IIEM CITydae HET BO3MOKHOCTH ONPEACITUTH STH
KOHCTAHTHl CKOPOCTH II0 OTAEIBLHOCTH HWCXOIS W3 HMITYJIHCHOTO
9KCIEPHMEHTa, B KOTOPOM IPOM3BOJAUTCHA HAONIOAECHHE TOIBKO 32
OKHCJIEHHOH (popMoii murMenTa.

Paspemas coormomenue (12.14) OTHOCHTENLHO BENMYMHELI KOH-
CTaHTBI CKOPOCTH «PEKOMOUHAIAM» k.9, MOKHO HANTH

ko= Xioe T2 (1 - Xon) - (12.15)
TakuMm o0Opa3oM, BelMYMHA KOHCTAHTHEI CKOPOCTH k.o MOXET OBITh
TOYHO oOmIpeJeseHa HWCXOAS M3 IKCIEPHUMEHTAIBHO ONpEIEIAeMbIX
BEJIMYMH, TIPUYEM OHAa BCETJa MEHBIIE TMOKazaTeias A; «OBICTpOM»
9KCIIOHEHTHI, HO 0OJIbIIE IMOKA3aTeNs A, «MEJICHHOM» DKCIIOHEHTHI 1

CTPEMHUTCA K A MO0 MEPE YBEIMYEHHUS BKJIaaa OBICTPOr0 KOMIIOHEHTA
D,
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VYuuTeIBasg, 4TO B JKcImepuMmeHTe Bceerga [Jlykames m jgp., 1975;
Yamoposckuii u ap., 1977]

A S>> A (1216)

1 noacTasias ko u3 hopmyisl (12.15) B cootnomenue (12.8), MoxHO
HaWTH

m1+m-l+k = A-1 +A'2 - k—O = A'1(1' 1{M)+}"2 XHM ~ }\-1(1' HM)

(12.17)

B cuny Beipaxxenus (12.16) paBerctso (12.8) nepexouT B paBEHCTBO

M = kgtmytmtk (12.18)
IToaTtomy cootromenwe (12.17) MOXKHO IIepenucaTh B BHIE

(mitm_t+k) =~ (kotmitmtk) (1-Xin). (12.19)

Otkyna, paspemas mociIeAHee COOTHOUIEHHE OTHOCHTEILHO CYMMEI
(my+m_+k) nmeem

(k) = ko(1-Xim) Ko = k.o M/B. (12.20)

IMonyuennass ¢opMmysa mHoka3sIBaeT, 4TO paccMaTpuBaeMas CymMma
BEIMYHH KOHCTAHT CKOpPOCTH (mitm.+k) upuOImKeHHo pasBHa
[IPOM3BEICHHIO KOHCTAHTEI CKOPOCTH k.o IepeHoca JaeKTpoHa oT Q) k
Pu OTHONICHHUIO aMIUIUTyd MCIJICHHOI'O M GBICTPOI‘O KOMIIOHCHTOB
TEMHOBOTO BOCCTAHOBJICHHS TMTMEHTA.

®opmyna (12.20) ymobua TeM, 94TO B HEH MMEIOTCS JIETKO OIpeze-
JISEMBIE M3 JKCIEPHMEHTA BEJIHMYMHBI KOHCTAHT CKOPOCTH 0OpaTHOrO
repeHoca IEKTPOHOB k., a TAkiKe BKJIAJIbl OBICTPOIO M MENJICHHOIO
KOMIIOHEHTOB TEMHOBOTO BOCCTAHOBJICHHS THUTMEHTA. Temmeparyp-
HYI0 3aBHCHUMOCTh KOHCTAHTHI CKOPOCTH k, MOXXHO TIOJYYHTb,
HAIpUMEp, U3 TEMIIEPATYPHOH 3aBHCHMOCTH OBICTPOrO0 KOMITOHEHTA
TEMHOBOTO BOCCTAHOBJIEHHS THMITMEHTa B TMpemnaparax, y KOTOPBIX
OJIOKMPOBAH MEPEHOC IEKTPOHOB OT NEPBUYHOTO XMHOHA KO BTOPHY-
HOMY C IIOMOIIBIO O-(EHAHTPOJMHA WIM JKCTPAKIHEH BTOPHYHOIO
xunona. [lo pe3ynbraraM MHOIOYHCICHHBIX HAOIIOAEHHH, CYMMHPO-
BaHHLBIX B 0030pax [Blankenship, Parson, 1979b; DeVault, 1980] Bemu-
YHHA XapaKTepHOTO BpEMEHH 00paTHOrO TIepeHoca 3JIEKTPOHOB 0T Q) K
P npakTHYeCKH HE 3aBHCHT OT TEMIIEPATYPHI B PACCMATPHBAEMOM Ha-
MH auamnaszoHe Temmepatyp 25 + -60° C u cocraBnser 00braH0 60+80
MC JUIS Pa3JIMYHbIX MPENapaToB M BUI0B OaKTEpHid.

IIpenmonoxum, 9To

my>> my, k, (12.21)
T. €. BeJIMUMHA KOHCTAHTHI CKOPOCTH IEpeHoca 3JEKTPOHOB Ha yda-
CTKE MEXKIY IEPBHYHBIM M BTOPHYHBIM XHHOHAMH OOJIBIIE IHKIIH-
YeCKOH KOHCTAHTBEI CKOPOCTH k, a TakKe 0OpaTHOHW KOHCTAHTEI CKO-
poctH m_1. OTMETHM, YTO 3TO MIPENOI0KEHHE 3aBEIOMO CIIPABEIHBO
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Tab6anna 9. XapakTepHbic BpEMCHA NICPCHOCA YICKTPOHOB Mexkay Qp u Qp B OPI]
NMyPHyPHBIX 6aKTepHit

Meron Bpems, Ob6BexT TIpenapar JurepaTypHBIi
MKC
3onauposanue goro- |60 Chromatium vinosum | Xpomaro¢opk:, Parson, 1969
CHHTETHYECKOTO
TIePEHOCa IEKTPOHOB pH7
TIOCAE/IOBATEILHEIMI | g, To xe Xpomatodopsl, To xe
CBETOBBIMM HMITYJIb-
caMu pH 8
1000 » AnaspobHbIe »
KJIETKH
AdpoOHEIE KIIETKH
200 » »
. . Xpomatodopsi,
145 Ectothiorhodospira Chamorovsky et al.,
shaproshnikovii pH7 1976

Ananus remneparyp- |170-330 |E. shaproshnikovii XpomaTtodoprl Chamorovsky et al.,

HOM 3aBUCUMOCTH 1976
KMHETHKH TEMHOBOT'O T
0 xe
BOCCTaHOBJICHHI 280-530 |Rs. rubrum »
dorooxucneHHoro
bakrepuoxnopoduia
®PIY s . ®dabuan u ap., 1980
7,7-10 Rp. sphaeroides JITAO-PI]
Perucrparms 200 Rp. sphaeroides R-26 |®PI], pH 7 Wraight, 1979b
$oToHHYIMPOBAHHOT
0 CJIBHTa MOJIOC TIOTIO-
meHus GaKTepuo- .
toodurmma DPI] 200 To xe To xe Vermeglio,
Clayton, 1977
OnpeieneHue cko- 200 Rp. sphaeroides R-26 |®PIl, pH 7 Wraight, 1979b
pocTH
doTouHAyIMPOBaHHOT

0 JIMCTIPOTIOPLIMOHHPO- .
BAHHS CEMUXMHOHOB Q) 30 ;l}]?o +sphaer01des Ala |Xpomarodopr, Bowyer et al., 1979

1 Qn pH7

P KOMHATHBIX TeMIiepaTypax. B aTtoMm ciaydae coornomenue (12.20)

1-Xo b

m s ko =k

h M

Ora ¢dopMylia MOKa3bIBAET, YTO BEIMYWHA KOHCTAHTHI CKOPOCTH IIe-

peHoca anexTpoHa oT Qp k Qn NpuOIMKEHHO paBHA MPOU3BEACHHIO

KOHCTaHTEI CKOPOCTH k.o 00paTHOro mnepeHoca 3yekTpona oT Q; x P u

OTHONICHHIO aMIUTUTYJ MEIJICHHOW W OBICTPOH KOMITOHEHT TEM-

HOBOTO BoccTaHoBieHHsA nurMenTa. OtMerum, uro dopmyna (12.22)

Obu1a monydena pasee [JlykameB u Ap., 1975] Ha ocHOBe 3BpHCTH-

YECKHUX COO0OpaKeHHi, COTIACHO KOTOPBIM BKJIAA OBICTPOH KOMIIO-
HeHTHI X, NpuOIHKeHHo paseH ko/( kotm).

ITpu ucmons3oBanuu GopMyisl (12.22) mis onpenelieHus TeM-

NEPaTypHOl 3aBHCHMOCTH KOHCTAHTBI CKOPOCTH ; HEOOXOIMMO

(12.27)
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HMEThb B BHAY, YTO TP HU3KHX TEMIIEpaTypax Y»Ke MOXXET He BEHI-
nonaaTecA cootHomenue (12.21). B atoMm ciydae ucxons u3 (12.22)
OyZeT ompenensThCH JIUIIb MaKCHMMaJbHAas W3 KOHCTAaHT CKOPOCTH
cymmel (12.20).

Beruancnennsie mo dopmyne (12.22) 3naueHus BEIWYWH Xapak-
TEPHOTO BPEMEHH IEpPEeHOCca JJIEKTPOHOB MEXAY NEPBUYHBIM U BTO-
pHUYHEIM XUHOHAMH (2-ii ab3am Tabn. 9) HaxomsaTCs B XOPOIIEM CO-
OTBETCTBHHU C BPEMECHAMU OIIpE/ICTICHHBIMYU IPYTUMH MeToiamMu. Bme-
CTE C TeM CJieAyeT OTMETUTh, YTO JaHHBIA IMOAXO0]I IPAaBOMEPEH JIUIIhL
B paMKax MCXOHOH cxemsl (12.1) 1 MOXET 0Ka3aThCs HEBEPHBIM TIPH
yueTre Apyrux mnpoieccos, mpoucxonsmux B OPII, Takux, kak 3axBar
pOTOHOB, 0OMeH xuHoHamu DPI] ¢ myjaoM XHHOHOB H T. .

12.4. CTanmuonapHoe OCBell[ecHHe
Jhnumenvnoe oceewenue

IIpu axtuBammu Pl TOCTOSHHBEIM CBETOM YCTaHABIWBACTCS
CTalMoHapHOe cocTosHue, U modromy BenmuuHbl p(0), g(0) Moryt
OBITH IOJy4EHBI U3 CHCTEMEI aIreOpandecKuX ypaBHEHMI, IOIydar0-
mwmxcss 3 dopmynsl (12.5) nmpupaBHHBaHWEM NPOWM3BOAHBIX HYIJIIO,
OrnpeneneHHable TAKMM 00pa30M BEIMYMHBI PABHBI

p0)= 40)m-, + k) (12.23)
my

OpEeAPKCIOHEHIHANBHEIX WieHoB B (12.11) MoxeT OBITH 3amucaHo B

BHJIC
M ko—4

(b/M) o =
A A —k_y
(12.24)
T €. 8¢r = Ao/A; [eM. dopmyny (12.12)]. Kak cioemyeT U3 COIOCTaB-
neaus Beipaxenuid (12.13) u (12.24), cooTHOmEHHE BKIAI0B OBI-
CTpPOH W MENJIECHHOW KOMTIOHEHT TEMHOBOTO BOCCTAHOBIIEHHS IIHT-
MeHTa IpH akTuBanuy OPI] mOCTOSHHBIM CBETOM JOCTATOYHO OOJIb-
0¥ TPOIOJDKUATEIBEHOCTH, MOXXET OBITh 3aIFICaHO B BHJIC
(/M) ¢ = (B/M)u ( A2/M1) (12.25)
ITockoabKy BENWYHHBI IIOKa3aTelield A; M A, UMEIOT, KaK MPaBHIIO,
xapakTepHble Bennuuubl mopsaka 10 u 107 [JIykames u ap., 1975;
YamopoBckuiik u  gp., 1977], TO mNoIydeHHOE COOTHOIICHHE
MOKA3bIBACT, YTO OBICTPHIN KOMIIOHEHT B TEMIIOBOM BOCCTAaHOBIICHUH
NWTMEHTa NOpd UMIOyJIbCcHOW axtuBauuu OPI] 3HauuTensHO
MPEBEINIAET TAKOBOM MpPH CTAIMOHAPHOM OCBEIICHHH HOpPENapaToB.
Tak kxak 0ObYHO B 3Kcnepumenre [JlykameB wu: np.. 1975;
Yamoposckuii u ap., 1977; 3axaposa u ap., 1981] moas3yrorcs
OTHOCHTENILHBIM BKJIAZIOM OBICTpOro KoMIoHenta X=Ah/( b+M), To
cootHomienue (12.26) 3anumieM B BHIE
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7\‘2XHM
X=

XZXMM + xl(l_XMM)

Taxkum 00pa3oM, eciii CrpaBejIiBa CXxeMa IepeHoca 3JIEKTPOHOB
(12.1), To TeMHOBOE BOCCTAaHOBJIEHHE (POTOOKHUCIEHHOrO ITHIMEHTA
MOCJIC BKJIIOUEHUS CTAMOHAPHOTO OCBEUICHUS JJOCTATOYHO OOJBIION
NPOJOJDKUTEIBHOCTA HE COJEPXHT OBICTPOrO KOMIIOHEHTa JO0 TeX
1Op, TIOKA BKJIAJ{ TAKOBOTO IPU MMITYyJIECHOM OCBEIICHWH HE Oynaer
61u30K K equnMIE (pUC. 58).

(12.27)

Y

Q\

S w0

LY

x

I

A

S

x

S 60

g

S 90

8

*§ 20 -

‘g ! ) ! . i !
277 230 80 50

Temnepamypa, K

Puc. 58. 3aBucumocTs OT Temmeparypbl BENMIWHBI OTHOCHTEIHHOIO BKIANa
OBICTPOTO KOMIIOHEHTAa TEMHOBOrO Boccranomienus P890 B xpomarodopax E.
shaposhnikovii mpu nmmynscHOM (JT1azepuoM) (1) u mocTosHHOM (2) OCBEIICHUH
[Uamoporckwii u ap., 1977]

Kopomxoe oceewenue

B mpeamecTByromux pacderax, KaCaBIIMXCS KAUHETHKHA TEMHOBO-
T0 BOCCTAHOBJICHHMS IMTMEHTAa IIOCII€ CTAIMOHAPHOTO OCBEHICHWS,
[IPE/IIOJIArajioch 9TO 32 BPEMSA OCBEIICHHS CTAIlMOHAPHOE COCTOSHHE
yCIEBaeT YCTAaHOBHUTHCS MPH JI000H paccMaTprBacMOl TeMIIEpaType.
NMenHno B 3TOM MpPEAmooKEeHWH OBLIO MOJNyY4E€HO COOTHOIICHWE
(12.23), a cmemosarensHo, u BeIpaxkenue (12.25). Ha camom, nene, B
clydae €Clii TIpH TMOHM)XEHHH TEMIIEPaTypbl KOHCTAHTa CKOPOCTH
nepenoca 3nekTpona oT Qp k Qp yMensmiaercd 10 JIojei oOpaTHBIX
CEeKYyHJI, TO CTallHOHAPHOE COCTOSAHHE 3a BpeMs ocBemenust (1 — 10
C) ycraHoBHThCH He ycrmeBaer. CrnemoBatensHo, Gopmynsl (12.25—
27), CBA3BIBAIONIHUE BKIIAABI OBICTPOTO0 KOMIIOHEHTA TIPH MMITYJIECHOM
W CTalMOHApHOM OCBCIICHWH, YXX€ TEpPECTaloT OBITh, CIIpaBEIIIN-
BeIMH. [TpuBeneM HE0OX0AMMBIE KOJIMIECTBEHHBIEC OIICHKH.

Hxe 6ynem npexnonarats, 9to p(0)+q(0) =1, MOCKOIBKY MOKHO
HE YYHTHIBATh TE€ MEHTPHl, B KOTOPHIX HEMOCPEICTBEHHO TEpen
TEMHOBOH peJlakcalmpued IIMIMEHT BOCCTAHOBIEH. B cmiy 3Toro
BeIpaxkenne mias 6 B dopmyne (12.12) ¢ yuerom dopmyasr (12.8)
MOJKHO TepENHCcaTh B BUIE

5= M9 —k,o) (12.28)
my —q(0)(4, —k_g)
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Puc. 59. Teopermaeckast 3aBUCHMOCTh k03 dumenta p oT BpeMeHu, paccau-
TanHas 1o ypasuerwuio (12.30)

Puc. 60. TeopeTrdaeckass TeMIIepaTypHasi 3aBUCHIMOCTh BEJIMYHIB OTHOCHTEIIb-
HOTO BKJIajia OBICTPOr0 KOMITOHENTA TEMHOBOI'O BOCCTAHOBJICHHS [TATMENTA [IPH
umvuynscuoM (1) u crarmonapuom (2) OCBEIICHHH, @ TAKXKE BEIMIHH KONCTAHT
ckopoctu obparnoro mepemoca or Qp k P (3) obGparmoro Bpemenu OpICTpO#
KOMIIOHEHTH (4)

3aMeruM, 4TO JJI9 Hac HauOollee MHTEpPECeH ciydai, korma ko >
mj, T.€. KOTJa TPH MOHMXEHWH TEMIIEpaTyphl KOHCTAHTa CKOPOCTH
mepenoca anexrpona ot Q; k Qy craia MeHbIIe KOHCTAHThI CKOPOCTH
oOparHoro meperoca or Q; K P, MOCKOJIBKY TOJBKO IIPH TaKOM
COOTHOIIEHWH HAOIIOAAETCH 3aMETHBIA BKJIAJ OBICTPOr0 KOMIIOHEHTA
B TCMHOBOEC BOCCTAHOBIICHHC NHTMCHTA. B 3TOM ciydae mpu
HaceImaromeil mareacuBaocTH cBera (ko >k.o>m;) B cuiy OBICTPOro
yCpeIHeHHs 3JIeKTpoHa Mexay P u Qp MOXHO 3amucaTh Cleayromee
BBIpQXXCHHUE JIJIT 3aBUCHMOCTH BOCCTAHOBJICHHOCTH BTOPHYHOTO
XHWHOHA OT BPEMCHH TIOCJIC BKIIIOYCHUS TIOCTOSTHHOTO CBETA:

q(t) = L(l—e_(ml oy *")‘) (12.29)
my + m_y +k
IlogcTaBnss  monydenHoe  Belpaxkenne Bmecto ¢g(0) B
cootHomienne (12.28) c¢ yderom Bepaxenus (12.8), momyuum
CJICAYIOUIYIO 3aBUCMMOCTh K03 dumuenta & oT BpeMeHH:

5o AQ + (2«1 _ k_() )e—(m] +m_g +k)t
11 + (AQ _ k_() )e—(m] +m_ +k)t

OtMeTuM, 9TO ciydaii =0 npuBOIUT K & = 1, YTO COOTBETCTBYET
MMIYyJIECHOMY ocBemienuio. Haobopor, ciydaii #—»oc COOTBETCTBYET
CTallMOHAPHOMY OCBEIIECHMIO, H MBI IOJydaeM 0=A,/A; B IIOJIHOM CO-
raacuu ¢ opmyioii (12.24).

IMockomeky Ay < ko < Aj, TO TPH YBEIUUYEHHH BPEMEHH
OCBEIIICHUS

(12.30)
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NPOMCXOAUT MOHOTOHHOE yMmeHbmenue Beauuunel & B (12.30) or
EIUHUILI [IPA MMIIYJIGCHOM OCBEIICHHMH, IO BEIHYHMHBI Ay/A; COOT-
BETCTBYIOLIEH OCTOSHHOMY CTAIHOHAPHOMY OCBEIIEHHIO.

Ha puc. 59 B xauecTBe HMUIIOCTPAlMM IPHBEJICHA 3aBHCHMOCTD
k03¢ urrienTa & OT BpeMEHH OCBEIICHHUSI.

CyIIeCTBEHHO OTMETHTh, YTO 3HAYEHHS MOKa3aTelIei SKCIOHEHT
B Belpaxenuu (12.30) yxe Owvum onemensl mo ¢dopmyne (12.20).
Takum oOpasoM, cootnomenne (12.20) oleHHMBaeT, MO CYIIECTBY,
BpeMst ycranoBinenus B OPI] cranmonapuoro cocrosuus. Mcxons u3
dhopmyner (12.20) MOXKHO 3amMcarh CIEAYIONIYIO OIEHKY BPEMEHH

> B L X (12.31)
Mko ko I-Xom

12.5. AnmocTpanaga MoieIn

Jlaxxe Takas mpocras MOJENb, KaKk PacCMOTPEHHAs BEINIE, Kade-
CTBEHHO TMPABHILHO ONKCHIBAET HAOMIONAEMEIE B SKCIEPHMEHTE
TEMIIEPATYPHBIE 3aBHCHMOCTH I1apaMETPOB KHHETHKH TEMHOBOIO
BOCCTAHOBJICHMSI ITATMEHTA [IPH MMITYJILCHOM H CTAl[HOHAPHOM OCBE-
IEHAH.

B kauectBe mpumepa Ha puc. 60 IpHBEIEHB pacUETHHIE BEIIH-
YUHBl BKJIaJa OBICTPOTO KOMIIOHEHTa TEMHOBOTO BOCCTAHOBJICHHS
[UTMEHTA OPH HMITYJIHCHOM M CTAlHOHAPHOM OCBEINECHHH, a TAKKE
TEMIIEpaTypHas 3aBHUCHMOCTH KOHCTAHT CKOPOCTH ko H BpeMeHHU
OnIcTpOo# KoMImoueHTHI (1/A4).

Pacyer BelIMYMH KOHCTAHT CKOPOCTH OBLI IPOH3BEIECH CIELYIO-
IIEM 00pa3oM:

1. TemmepaTypHyIO 3aBHCHMOCThL KOHCTAHTBI CKOpPOCTH k. am-
MIPOKCHMHUPOBaAIH (GOpMyII0ii

k_o =90eT/1%

2. JIns KOHCTAHTBI CKOPOCTH IEPEHOCA DIIEKTPOHOB MEXIY Mep-
BHYHBIM H BTOPHYHBIM XHHOHAMH 11 UCIIOJIL30BaJIM COOTHOIICHHE

TAE SHepruro akThBanuu AE monaramy paBHoi 11 xkan/mons = 46
kJ[>x/mMone [Parson, 1969; Chamorovsky et al., 1976], a Benuauny
TPAaHCMHCCHOHHOTO Kod3(hduimenta y moadHpald TaKuM 06pa30M3
‘I’I]‘O6BI IIpH KOMHATHOW TeMIeparype 3HaueHue m; cocTaBiruio 3-10

c.

3. JIns KOHCTaHTBI CKOPOCTH M1.; MIPEATNIONATAIN TaKyIO e TeMIIe-
paTypHYIO 3aBUCUMQCTH W CUHTAJIM, YTO MPH KOMHATHOW TeMIIepa-
Type oHa pasaa 2-107 ¢,

4. Tlpenmonarayiv, 4To BeJIMYMHA KOHCTAHTHI CKOPOCTH k He 3a-

BHCHT OT TEMIIEPATyphl BO BCEM PacCMaTPUBACMOM JHAIla30HE TEM-

nepaTyp.
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Hcxons u3 conoctaBnenus puc. 58 u 60 MOXHO cienaTh BBIBOJ O
JIOCTaTOYHO XOPOIIEM KAa4eCTBEHHOM COOTBETCTBHH HabJromaeMoil B
9KCIIEPHUMEHTE M TEOPETHYECKH PACCUNTAHHON TEMIIEpaTypHO# 3a-
BHCHMOCTH BKJIJ0B OBICTPOr0 KOMIIOHEHTa B TEMHOBOE BOCCTAHOB-
JIeHWEe TTMTMEHTA MPH UMITYJIECHOM M CTAllHOHAPHOM OCBEIICHHH.

IIpuBenennbIi HAMH pacdeT IMOKA3BIBAET, YTO HPH TEMIIEpaTypax
T > 240 K ocHOBHOW BKJIaJ B OBICTPEIi KOMIIOHEHT TEMHOBOTO
BOCCTaHOBJICHUS BHOCUT KOHCTAaHTa CKOPOCTH /7 TIEPEHOCA DIIEKTPO-
HOB MEXIy TCPBHYHBIM W BTOPHYHBIM XHHOHAMH, a TIpH Ooliee HU3-
KHX TeMIepaTypax OCHOBHOH BKJaJ O0OYCJIOBJIEH KOHCTAaHTOH CKO-
poctH k.

3akiouenne

HecMoTpss Ha KayeCTBEHHOE COBMAIECHHE TCOPETHUECKHX M IKC-
MEPUMEHTAIBHBIX PE3yJITATOB, WMEETCH, OJHAKO, CYIICCTBEHHOE
OTJIMYHE MEXY SKCIEPHMEHTOM M T€OpHel s obnacTu 6ojiee HH3-
KuX TemmepaTyp. Haubonee CHiIbHOE OTIMYHE COCTOMT B TOM, YTO
JIaKe TIPU 0YeHb HU3KUX TEMIIEPATypax BKJaI OBICTPOro KOMIIOHEHTA
B BOCCTAaHOBJICHHE (DOTOOKUCIICHHOTO MATMEHTA HE paBEeH CIUHUIIC U
0o0b9HO cocraBisier HEe Oonee 70—90% [JlykameB u mp., 1975;
Yamoposckuii u ap., 1977; @abuan u ap., 1980]. Cornacuo dpopmyie
(12.26) B 3THX YCIIOBHAX BOOOIIE HE TOJDKHO HAOIOIATHECS OBICTPOTO
KOMIIOHEHTA MPH CTAIHOHAPHOM OCBEIIEHHH. DTO HECOOTBETCTBHE
OPUBOAUT K HEOOXOAMMOCTH PAacCMOTPEHHs TpPH  HHU3KOM
TEMIIEparype, Kak MUHHMYM, JBYX TOMYJSIHA PEaKIMOHHBIX IEH-
TPOB C Pa3IMYHBIM HAaOOPOM KOHCTAHT CKOPOCTH B KaXJI0H H3 TO-
myssaui [YamopoBekwmii 1 ap., 1977; Illuakapes, 1978; Benenukron
u 1p., 1980a; Ilerpos u np., 1980, 1983]. CymiecTBEHHO TaKKe, YTO
MOJIENIb OTPAXAET TOJILKO 3JIEKTPOHHBIE TIEPEXO0JIbI MEXIY MEPEHOC-
YUKaMH, U HE yYUTHIBACT KOH(POPMAIMOHHBIX W3MEHEHUH MEPEHOC-
yukoB PPI npu n3MeHeHnH HX PEIOKC-COCTOSHHM.

Jei#ictBuTensHo, ecmu oOpasel] OXJaXJIaTh MPH HENPEPHIBHOM,
OCBEIIIEHUH, TO TOCJIEC BEIKIIIOYECHHS CBETa HE HAOIIOJACTCS MOHOTO
BoccTanoBieHusa (orookucnennoro nurmenta [Clayton, 1962;
McElroy et al., 1974; Jlykames u nap., 1976; Lukashev et al., 1976].
Ecnu xe obpaser oxiaauTs mepe OCBEIIEHHEM, TO TIOCIE BBIKIIIO-
yeHus cBera (HhOTOOKWCICHHBIN TMUTMEHT BOCCTAHABIIMBAETCS IIPAaK-
THYECKH IMOJHOCTBIO, T. €. CTaOMIH3anus OKHCICHHOH (DOpMEI IIHT-
MCHTA HC ITPOUCXOIUT.

Ananums 3THX JaHHBIX T03BOJISET CUMTATh, 94TO 3 (PeKT cTadbmms3a-
mud 00yCIIOBIIEH HE TOJBKO HeoOpaTmmoii morepei (GoromMoOmiIn-
30BaHHOI0 3JIEKTpOoHA HepBHYHEIM aknentopoMm Qp [McElroy et al.,
1974], HO ¥ HEBO3MOXKXHOCTHIO BO3BpanieHus djexTpona ot Qp na P
IpY HHU3KOW TeMIIepaType BCICACTBHE HW3MEHEHHH KOHGMOpMAITUH
®PILI, mpoucxoammux Iox ASHCTBHEM CBETa IIPH KOMHATHOM TeMIIe-
parype [McElroy et al., 1974; Hokc u ap., 1977]. Jnsa peanusanuu
TakuX KOH(OPMANMOHHBIX HW3MEHEHHWI CYIIECTBEHHO COXpaHEHHUE
HAaTUBHOH CTPYKTYpPhl MaKpPOMOJICKYJISPHBIX KOMIOHEHTOB OPI].
Tak, mocie TEImIOBOM JAeHATYpaluH WIH IIIyOOKOH JerHapaTariu
[Hokc u ap., 1977] npenapartos xa-
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pakTep TEMHOBOTO BOCCTAaHOBJICHHS (DOTOOKHCIIEHHOTO MHUTMEHTA B
aJalITHPOBAHHEBIX K CBETY 00paslax y)xe He OTINYAETCS OT TaKOBOTO
B oOpa3lax, aJalTHPOBAaHHBIX K TEMHOTE,— B OO0OOHX CIydasx
HAOJII0IAETCA [TOJTHOE BOCCTAHOBIIEHHE MUTMEHTA.

HccnenoBanvie KHHETHKH TEpPEHOCA DJICKTPOHA B Tpenaparax
®PII, huKCHPOBAHHBIX TIIyTAPOBEIM AJIBIETH/IOM, CBUIETEILCTBYET O
CyLIECTBOBAaHWM [0 KpaiHel Mepe [IByX KOH()OPMAlHOHHBIX CO-
CTOSIHAH — «TEMHOBOTO» ¥ «CBETOBOTO», PA3IMYAIONIMXCS 110 BEJIH-
YHHE KOHCTAaHT CKOPOCTH peloKc-B3anMoeiicTBus (Qg ¢ Ommxaim-
mu maptaepamu (Qp, P). JeiicTtBuTensbHO, (QHUKCAlUg B TEMHOTE HE
OpUBOAUT K CYHICCTBCHHOMY HW3MCHCHHWIO KHHCTHKH d)OTOI/IHleIIPI—
pOBaHHEIX mpeBpainieHuii P. B oTiamuue ot storo mpu ¢ukcamuu Bo
BpeMs ocBemieHus P Tepsier cnocoOHOCTh K (OTOpeakmusM, B pse
CIIyJaeB IIpakTHdecKH nojaHocTeio [Hoke u mp., 1977].

Pazmuurie B JEHCTBMM TIyTapoBOTO ajbAETHIA Ha MpEnaparsl,
aJlalITHPOBAHHEIC K TEMHOTE M CBETY, TAK)KE CBHUICTEILCTBYET O KOH-
dpopMmamuonaeIx w3MeHeHHsX Oenka PI[ mopx jelicTBHeM cBeTa.
CxogHoe pasnuune HaOmomaercs W B MedeHun OenkoB OPI]
(dbnyopeckaMHHOM, B3aMMOIECHCTBYIONIETO C MEPBHYHBIMH aMHUHAMH,
npu ocBeniennu W B Temuore [Bachofen, 1979]. Otmeuens! Takxe
oTimuus B Oydepnoii eMxoctu npemnapatoB ®PII, nukyOupyeMeIX Ha
cBeTy U B TeMHote [Pabuan u ap., 1981].

OueBHIHO, YTO MAaKpPOMOJIEKYJIIPHBIE OEIIKOBBIE KOMITOHEHTHI
9THX KOMILIEKCOB HE SBJISIFOTCS MACCUBHBIMHA HOCHUTEIISIMHA IPOCTETH-
yeckux rpynn (P, Qi Qp). Hampotus, cTpykTypa LIEHTPOB CyIle-
CTBEHHO JMHAMHYECKAsA. JTO OTYETIUBO TPOSABISETCS TPH COIO-
CTaBJICHWH U3MEHEHHUS XapakTepa WX (yHKIMOHAIGHON aKTHBHOCTH,
HanpuMep CKOPOCTH IIepeHoca 3iekTpoHa mexay Qp m Qq, ompenme-
nendo# mo ¢opmyne (12.22), ¢ nmapaMerpamMu BBEICHHBIX B Ipemna-
paThl COMHOBBIX, a TaKKe MECCOAYIPOBCKUX 30HIAOB MU METOK — HH-
JUKATOPOB BHYTPUMOJICKYJISIPHOW MOJBMKHOCTH — TIPH W3MEHECHUH
TEMIIEpAaTypsl M CTENeHH BiaxHocTH [bepr u gp., 1979a, 6;
Kononenko, 1980; Parak et al., 1980].

TopMoXeHHE JIOKATBHBIX JBMDKCHUH MPOUCXOAUT CHHOATHO C
HHTHOMpOBaHHeM (QYHKIHOHAIBHOM akTuBHOCTH DPII ipu nmepexoze
ONpeAeIEHHOr0 KPUTHYECKOI0 MOpora TEMIIEPaTypbl HMJIHM BIIAXHO-
CTH. OTH IKCIIEPUMEHTHI CBHICTEIHLCTBYIOT O HAJMYMHA B3aMMO00-
YCJIOBJICHHOH CBSI3M KOH(MOPMAITMOHHOW TOIBHXHOCTH KOMIIOHEHTOB
(poTocHHTETHYECKOr0 ammapaTa U X CHelu(pHYECKON peakmrOHHOMI
CIIOCOOHOCTH.

C yyeroM Wu3NOKEHHBIX (DaKTOPOB ObLIa MpPEIIOKEHa MOJEIH
pa6otel OPI mpu BEICOKHX peAokc-noTeHnuaiax cpeasl [Hoke u Jp.,
1977]. CornacHo 3Toii Mozenn nossieHrue GOTOXUMHUYECKH Pa3/IeiieH-
HBIX JJIEKTpHYECKHX 3apanoB (P—Q;) MoXeT HHAYIHUPOBaThH KOHMOP-
MaruoHHbIH nepexon Ooenka DPII, compoBOXIAIOMIANACT N3MCHEHHUEM
aktuBHOCTH Q1. JI0 OCymIeCcTBIICHHS TaKo# ImepecTporku Q; MOXET OT-
JIaTh 3JIEKTPOH TONBKO P, Ho He Q. OTa nepecTpoiika HEBO3MOXKHA, €C-
M KOH(OPMAITHOHHBIE JIBMKEHHS OeJIKa 3aTOPMOXKEHBI B PE3yJIbTaTe
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MOHIDKEHUS TEeMIIeparypbl, Moauduxanuu Ou(YHKIHMOHAIHHBIMI
CIIMBKAMH WM Jerugparanuu. Eciy e Takod Imepexoj 3aBepllcH,
10 Q OKa3eIBaeTCA COOCOOHBIM IepeaaTh 31eKkTpoH Q. Mumiuupo-
BaHHbIE (OTOXMMHYECKHM akTOM KOH(MOPMAIMOHHEBIE TEPEXO0/IbI
MOTYT WIpaTh PETYIATOPHYIO POJb, HPEMATCTBYS PEKOMOHMHAIHH
MIEPBHYHBIX HOHPAIUKAIBHBIX ITPOAYKTOB (P, Qr), TPOYHO CBA3AHHBIX
¢ benxom OPII, nu obecneunBas TeM caMbiM 3(h(HEKTHBHOE HCIIOINb-
30BaHUE MX B (DYHKIHOHAILHBIX Mporeccax. B CBA3M ¢ 3THM BO3HH-
KaeT HeOOXOMMMOCTh HOCTPOEHHSA OOMIEH KHMHETHYECKOM CXEMEI, B
KOTOPO# MOXHO IPEACTABHTh KHHETHKY JIEKTPOHHBIX IIEPEXOIOB U
COOTBETCTBYIOIIKUX UM KOH(OPMAITMOHHBIX U3MEHEHHH.

Boum mpemioxkKeHsl ABe HE WCKIIOYAIONINE APYT Ipyra KHHETH-
YecKre MOJEeIN mnepeHoca 5ekTpoHoB B DPIl, yuwthIBaromme
koudopManuonnsle cocTosuus. CyHIHOCTh STHX MOJEIEH COCTOMT B
MIPEIOIOKEHUN CYIIECTBOBAHUS IPH HH3KHX TEMIlEpaTrypax |
BIIOKHOCTAX, KaK MUHUMYM, IByX momyisiuii PPI, oTimmgaromuxcs
JIpYyT OT JPYyra CBOMMH KOH(OPMAIMOHHBEIMHA COCTOSHHUSIMU B HA0OPOM
koHctanT ckopoct. Cornacuo mepBoii u3 Hux [IlerpoB u mp., 1980,
1983] ucxommo B TEMHOTE CyIIeCTBYIOT IBe KoHdopmauuu OPII,
XapaKTepU3YIOIIHECS CBOMM HAa0OpPOM KOHCTAaHT CKOpPOCTH, HE
3aBHCAIIMM OT TEMIIEPATYphl; IpPHYEM IIOHIDKEHHE TeMIEepaTyphl
MIPUBOJIMT JIMIIb K Tiepepacnpenencauio @PI] Mexay stimu koubop-
mamusamu. CormacHo Bropoii [BememukroB u np., 1980a] xoudopma-
[MOHHEBIE COCTOSHHSA (POPMHUPYIOTCS JIMINL B Oporecce (YHKIHOHHM-
poBanus OPIl. B mone3y nmocnenHet uHTEpIIpETaliy CBUIICTEIHCTRY-
IOT Kak IpocThle ¢usudeckrie coodpaxenus (DPLI, 3aMopoKeHHEIE B
TEMHOTE W Ha CBETY, OTJIMYAIOTCA 3apAAOBEIM COCTOSIHHEM KOMIIO-
HenToB OPII, 9T0 MOXET TPUBECTH K M3MEHEHHUIO PACCTOSHUSA MEXKITY
peakTaHTaMH, TOJNSPU3AMHA CPeAbl M COOTBETCTBEHHO HM3MEHEHHIO
BEJIHMUMH KoHCcTauT ckopoctu [Hales,1976; Ilaiitan, Pyoun, 1981], Tax
u gannele Kanmuca u ap. [Callis et al., 1972], Apata u ITapcona [Arata,
Parson, 1981] 06 u3sMenenuu o0neMa, CONPOBOXK/IAOIIEE [IEPBHUHEIE
9JICKTpOHTpaHcnopTHeIe mporiecckl B OPII. Ilo-BumuMoMmy, B Jaib-
HEHIIeM yJacTcs Co3[aTh MPOCTYI0 H BMECTE C TEM PEATHCTHYECKYIO
cxemy ¢ynkuuonupoBanus DPII Bo Bceii obmactu TeMmeparyp H
BJIQKHOCTH C YYETOM Pa3lIMUHBIX KOH(GOPMAIMOHHBIX COCTOSHHIA;
IIPHYEM BIIOJIHE BO3MOXKHO, YTO HM3JIOKCHHAS BBINIC TPOCTas KAHCTH-
geckas MOJENbh IPH OTHOCHTEILHO BBICOKHX TEMIIEPATypax HMEET
OTHOIIIEHHE JIMIIL K OJHOMY KOH(POPMAIHOHHOMY COCTOSIHHIO, B KOTO-
poM Haubojiee CyIIECTBEHHYIO POJIb WIPAcT TeMIlepaTypHas 3aBHCH-
MOCTh CaMHMX KOHCTAaHT CKOPOCTH II€peHOCa DJIEKTPOHOB, a HE KOH-
(hopManvoHHBIE KOHCTAHTBI CKOPOCTH.
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I'maBa 13

OYHKIITMOHNPOBAHUE BTOPMYHOI' O XMHOHA
B ITEPBUYHBIX PEAKITAAX
BAKTEPHUAJIBHOT'O ®OTOCHUHTE3A

Breuto mokasano, uto B ¢orocucreme I xmopomiacros [XaHrysoB
u 1p., 1974; Bouges-Boequet, 1973; Velthuys, Amesz, 1974; Pulles et
al., 1976; Goldfeld et al., 1978; Wolman, 1978; Bowes, Crofts, 1980;
Bowes et al, 1980] um xpomarodopax (HOTOCHHTE3IHUPYIOIIUX
Oaktepuii [Vermeglio, 1977; Wraight, 1977, 1979a, b; Barouch,
Clayton, 1977; De Grooth et al., 1978; Bowyer et al., 1979; Bepxos-
ckuii u Ap., 1980, 1981; Illuukapes u ap., 1981] dyuxnuonupyer
JIBYX3JIEKTPOHHBINA 3aTBOP. PONb Takoro 3arBopa WUrpaeT BTOPUYHBIM
XHHOH, Bxomsammid B coctaB ®OPII, xoTopelii B OIpeAcICHHBIX
YCJIOBHSIX HE OTAAET JJIEKTPOH B IENb J0 TEX I0pP, MOKA HE MOJyYUT
BTOPO# DJIEKTPOH M TOJHOCTHIO HE BOCCTaHOBHUTCA. [Ipw akTHBarum
PEaKNUOHHBIX IEHTPOB KPaTKOBPEMEHHBLIMH BCIBIINIKAMH CBETa
MPOMCXOANT 00pa3oBaHWe CEMHXWHOHHOHW (DOpPMBI BTOPHYHOTO XH-
HOHA Ha HEYETHBIE BCHBIIIKH CBETA M €€ MCUC3HOBEHHE HAa YETHHIC.
Hanbonlee MHTEHCHBHO TakKHe IBYXTaKTHEIE KOJIeOAaHMs KOHIIEHTpA-
OHH CEMHXHWHOHA HU3Y4aJIHCh Y (POTOCHHTE3NPYIONIHNX OaKTepHid, Iie
ObLIM OOHApyXEHEBl TAKXKE JBYXTAaKTHBIE KOJI€OaHHs B HOIJIOMICHHH
nporouoB [Barouch, Clayton, 1977; Wraight, 1979; BepxoBckuii u
Ip., 1980], obpa3oBannu TpaHcMeMOPaHHOr0 3JIEKTPHYECKOrO IIO-
tennuana [De Grooth et al., 1978; Bepxosckuii u ap., 1980], a Taxxke
B CKOPOCTH BOCCTaHOBIICHMS IuTOXpoMa bsy [Bowyer et al., 1979].

B nmannoii rmaBe pacCMOTPEHO KHHETHUUYCCKOE MOBEICHHUE BTOPHY-
HOTO XHHOHA mypnypHbIX OaxTepuii (Rhodospirillum rubrum). Omnpe-
JleJieHa 3aBHCHMOCTb KOHIEHTPAlMH CEMHUXHHOHHOKM (POPMBI XHHOHA
OT HOMEpa BCIBIMKHA, CKOPOCTh CTPEMIICHHS K CTAlIMOHApHOW KOH-
neHTpanuy (3aTyxaHue KojeOaHwil) M JIpyrue XapaxTepucThku. Ha
OCHOBE KHHETHMYECKOr0 aHajM3a JIBOHHBEIX KOJIEOAHHH KOHIIEHTpA-
WA CEMHXHHOHHOH (pOpMBI BTOPHYHOTO XHHOHA OIIEHEHA BEIMYHHA
KBAHTOBOTI'O BBIX0JIa IIEPBHYHOrO (oTopasaencHus 3apsaos B OPII.

13.1. CraéminA3anusa CEeMAXHHOHAOH (popMBbI BTOPAYHOI0 XHHOHA

B oTCyTCTBHE 9K30T€HHBIX JOHOPOB DJICKTPOHOB, KOT/Ia UCXOIHO
BOCCTaHOBJIEHHBIM B TEMHOTE sIBIIIeTCS TONbKO nurment (P) DPII,
KHHETHKA PEJOKC-IIPEBPAIEHHI TIEPEHOCUHMKOB JIEKTPOHOB B XpOMa-
Tod)op)ax Rs. rubrum MoxxeT OBITh ONMICaHA CIEAYIONMIEH CXeMOH (CM.
. 12):
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Puc. 61. M3menenwus IOITIOMIEHHS B CycHen3nn xpomaTrodopos Rs. rubrum mpu
450 mm (P870 + Qp) (a) m 600 um (P870) (0), MHAYIIMPOBAHHEIC BCIBIIIKOM
cBeTa

Cpena nakybamuu: 100 MM KC1, 20 MM docdartusiii 6ydep, pH 6,86. Onrraeckas
MIOTHOCTH 0Opa3na npu 880 uM B 1 cM kroBere coctarnsia 3,5 ex. Crpenkamu ykaszaH
MOMEHT OCBEHICHHS XpoMaTo(OpOB BCIBIMKOW CBETA JIMTEIHFHOCTHIO 2 Mc [Bepxos-
ckuit u p., 1981]

Puc. 62. Usmenenns nornomenns mpu 450 HM, HHAYIMPOBAHHBIC BCIIBIINIKON
cBeTa B cycrieH3un xpomarodopos Rs. rubrum B mpucytcremu 10 MxM TM®]]

a — KHHETHYECKas KpUBas DTHUX M3MEHEHHH, 6 — CrekTp ObIcTpoil (TPEeyTroILHHMKH) H
MemieHHon (kpyxkn) da3 [Bepxoscknit u ap., 1981]. Ciiomuas ¥ MyHKTAPHAS JIAHAA
cooTBeTcTBYIOT criektpam P870 [Jlou, Xeiinc, 1979] u yOucemuxunona [Bensasson,
Land, 1973]. OcransHsle yclioBus, Kak Ha prc. 61

P,
T k-0 - | (13.1)

rae Qi m Qp — COOTBETCTBEHHO MEPBHYHEIN M BTOPHYHBLIA XHHOHEI

B 9THX yClOBHSX TEMHOBas pelakCamus WHIYITUPOBAHHBIX
BCIIBIINIKOH CBETa M3MEHEHHH Toriomienus npu 450 HM B CyCIIeH3UH
xpomarodopoB Rs. rubrum onuceiBaeTcs ¢ Xopomeid TOYHOCTBIO OJI-
HOM KCIIOHEHTOH ¢ T1»~7,5 ¢ (puc. 61, a).

Ilpu pobGaBnenmn Kk xpomarodopaM BSK3OTEHHOI'O JIOHOPA
N,N,N'N'- terpamerun-n-deuuneaauamunda (TM®J]) B KuHETHKE
TEMHOBOM peJlaKCalliy MOSBIISIOTCS JABa KOMIIOHEHTa, OAKMH ¢ Oojee
OBICTpOI, a Ipy-
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Toi ¢ Oollee MeJIEHHO KHHETHKOM, YeM B OTCYTCTBHH JI0HOpa (pHC.
62, a). IubdepeHunanbHbIA CrieKTp OBICTPOTO KOMIOHEHTa MMeEeT
MakcumyM 1pH 430 HM, XapakTepHBIH M1 (OTOOKHCIEHHOTO
nurMenra (puc. 62,6), a €ro KWHETHKA COBOAJaeT C TaKOBOM,
n3MepenHoid npu 600 BM, rae moryomiaer Tonbko murMent OPII.
CnexTp MeEUICHHOTO KOMIIOHEHTa COBHAJACT CO CIEKTPOM II0-
rnomienus youcemuxunona (puc. 62,6). Orcrona ciemyer, 4ro ObI-
CTPBEI KOMIIOHEHT COOTBETCTBYET BOCCTAHOBIICHHIO ()OTOOKHCIIEH-
moro murmenta @PI, a MemneHHBIA OTpaXkacT pellaKcaiuo o0pa-
30BaBOIEICA TIOCIIE BCOBIIIKK CBETA CEMHXHHOHHOW (opMbl Q
[Vermeglio, 1977; Wraight, 1977, 1979a, b; De Grooth et al., 1978],
TaxuM 00pa3oM, HaOIII0IaeMbIe B IPUCYTCTBHH 3K30T€HHOTO JIOHOPA
(orounaynupoBannbie H3MeHenus npa 450 HM 00YCIOBIEHE], C OJ-
HO# CTOpPOHEI, OBICTPEIM BOCCTaHOBIcHHEM P870 5K30reHHBIM JOHO-
POM, KOTOPOE MPEIATCTBYET OKHUCIEHHIO CEMMXHHOHHOM (hOPMBI BTO-
PHYHOIO XHHOHA IIUTMEHTOM, a C JpYyrod — MeIJIeHHBIM
OKHCJICHHEM CeMHUXHHOHHOH ¢opMel Qn MemuaTtopoMm (TMD]I).
Penokc-nipeBpanienuss MEPEHOCYMKOB B IPHUCYTCTBHH PEIOKC-Me-
JUaTOpa MOTYT OBITh ONMCAHEI CICAYIOMECH KHHETHIECKON CXEMOM:

ML)B > Or—— O (13.2)

3nece M - menuarop (TM®/).

PaccmoTrpuM mpoliecchl, KOTOphle pasbrpeiBatoTcs B OPII, mocne
OCBEIIIEHHSI €r0 BCOBIIIKOM CBETa B IPHCYTCTBHHM Meauaropa. Ilo-
CKOJIBKY uepe3 ~(0,2 MC IIOC/IE BCIBINIKH CBETA JJIEKTPOH IEPEHO-
cutcs Ha Qqp, TO TIporiecc TeMHOBOW penakcanuu nurmenTa OPII, B
npeHedpexeHnn 00paTUMOCThI0 peaknuil Mexay Qp u Qp, OmHCEHI-

lk1 k|

M > P« QII (13.3)

I'pad cocrosamii ®PII, cOOTBETCTBYIOMUI 3TOH KHHETHYECKOM

(1) PYoi 4 5P0% (3)
m k m (13.4)
(2) PPo —b5Plol

Pemas coOTBETCTBYIONIYIO 3TOMY Ipady cHCTEMY JHHEHHBIX nudde-
pPEHIMATBLHBIX YpaBHEHHWHA (CM. TJ1. 7) C y4€TOM HAa4YaJIbHBIX YCIIOBHUI

p20) = 1, p1(0) =p4(0) =0, momy=mm
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p2 (t) — e—(k+k] +m)t’
)= (e_k,t _ e—(k+k1+m)tl (13.5)
m+k
__ K ( —mt —(k+k1+m)t)
P4(t) = ok ¢ .
XMHOHHOM (GopMbI O’ MOKEM 3aIHCaTh
P PO’t — + — m e—klt + —e—(k+k] +m)t’
( )=Ptp m+k m+k

13.6
ke omi K (kekyamy (13.6)

e
ki+k ki+k

1
PQp,t)=py+py=

Kak cnenyet u3 dopmynsl (13.6), B IpUCYTCTBHH pEIOKC-MeaUaTOpa
KHHCTHUKA TeMHOBOﬁ pCiaakCalri KaxK IIMIrMEHTa, TaK U BTOPHYHOI'O
XHHOHA MMEET JIBYXKOMIIOHEHTHBIA XapakTep; MpHdeM MeJIeHHas
KOMIIOHEHTa 00YCIIOBJIeEHa 0OMEHOM 3JIEKTPOHAMH TEPEHOCUYHUKOB CO
Cpeloii ¢ KOHCTaHTaMu k1 M M COOTBETCTBEHHO, a OBICTpas KOMIIO-
HeHTa oOyClIOBIIEHA KaKk OOMEHOM D3JIEKTPOHAMH IIEPEHOCUHKOB CO
cpenoii (ki, m), Tak ¥ UKIMYECKUM IIOTOKOM 31eKTpOoHOB (k).

HanomuauMm, gto ¢urypupyroniue B BeipaxkeHuH (13.6) KOHCTaHTEHI
CKOpOCTH k| ¥ m TICEBJOMOHOMOJIEKYJISIPHEI ¥ PaBHBI

k=k[M ], m=m[M"]. (13.7)

B orcyrcrBre MenuaTopa, Koraa ky ¥ m paBHBI HYJIIO, BEIPAKEHHUS
(13.6), omnumceBaromme TeMIoByro penakcanumio P870 u  Qy,
TOXKIECTBEHHO COBIAIAIOT JPYT C APYTOM, [IOCKOIBKY B 9TOM CIy4ae
[MTMEHT BOCCTaHABJIMBAETCS TOJHLKO OT BTOPHYHOrO XHMHOHA (pHC.
61, 6).

Ilpu yBenWYeHWH KOHIEHTPAIIMKM MeEAWaropa, T. €. IpH
YBEIIMYEHHH KOHCTAHT CKOPOCTH ki M M UUKIMYECKHM IIOTOKOM
9JIEKTPOHOB (KOHCTaHTa CKOpPOCTH k) MOxHO mpenebpeds. B sTom
clIydae KHHETHKA TEMHOBOH penakcanuu P u Qp ommceBaeTcs
CIIEAYXOUIMMH BBIPAXKEHHUSIMHU:

‘rag— rast

PP yme it =M 1 pol Hre™ =MV (133)
TakuM 00pa3oM, MPH JOCTATOYHO OONBIION KOHIICHTPAI[MH MEIna-
TOpa KMHETHKAa TEMHOBOW pelaKcalyy NUTMEHTa ¥ BTOPUYHOIO XH-
HOHA OTPEACIACTCS PA3HBIMA KOHCTAHTAMH CKOPOCTH, 3aBHCAIIMME
OT KOHIICHTpAIlMii BOCCTAHOBIEHHOM (I MUTMEHTA) U OKHCICHHOM
(mns xunona) ¢opMm Memuatopa. JIJIs TAKOTO pPeIOKC-MeauaTopa, Kak
TM®]I, 6uMoneKynsapHas KOHCTaHTa CKOPOCTH k NPAKTUYECKH HA
IIBa mopsaaxka Ooieine, ueM m'. KpoMme TOro, B BOCCTaHOBHUTEILHBIX
ycnosuax (E,< 250 mB) koHIjeHTpamnus BOCCTaHOBJIEHHOH (HDOPMBI
Mequaropa Oonblie, yeM OKHCIeHHOH. IIosToMy mpu JOCTATOYHO
0OJBIION KOHIIEHTPAIMKA MEAUaTOpa KMHETHYECKH BO3MOXHA TakKas
CHTYalus, KOT/Ia peJlakcarus

262



nurmenra ®PI] Oontee ueM Ha MOPANOK OBICTpee, YeM TEMHOBAs pe-
JaKCalUs BTOPHYHOI'O0 XHHOHA. OJTO I[IO3BOJISIET  Pa3/eiibHO
Habmonate pemokc-npespamenus Qp u P. CoriacHo JaHHEIM,
IpeACTABICHHBIM Ha PHC. 63, BRIpaXKeHHe I BKJIQJa MEIJICHHOTO
KOMIIOHEHTa C mNokaszareneM (-mf) B TEMHOBOE OKHCIICHHE
ceMuxuHOHa Qp YBEIMYMBAETCS TIPH YBEIMUYCHHUS KOHIICHTPAIIH
OKHCIEHHON (OopMBI MeguaTopa W HMeEeT BHJ AaHaJTOTHYHLIHA
ypaBHeHH0 Muxasnnca [cM. Takke (13.6)].
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Puc. 63. 3asncumocts oT xounenrpamun TM®/] aMIuIATyIBI MEJJICHHOH KOM-

IMOHEHTHI M3MeHenw# mormomennus mpu 450 um (cm. puc. 62), HumynEpoOBan-
HBIX BCIIBIIIKOM CBETa B Cycren3uu xpomarodopos Rs. rubrum

VYcnosus, kak Ha puc. 61. Penoxc-norenmman cpeast 130—230 MB

Kak caeagyer m3 puc. 63, I BOCCTaHOBIICHHS IOJIOBHHBI BCEX
OKHCJICHHBIX BCHblmkoii cBera ®PI] mocraTodno BCero JIByX MHKPO-
monieir TM®]I. Ha camMoM jienie, 3TH KOHIIEHTPAIIMH €IIe MEHbIIIE, 110-
CKOJIBKY B JKCIIEPUMCHTE NpHU yBeWUEHUHM KOHIeHTparnuu TM®D]]
MPOMCXOANUT CMEMICHHE PENOKC-TIOTEHIMAa CPeIbl B BOCCTAHOBH-
TENbHYIO 00J1acTh U, CIEAO0BATEILHO, B 00JACTH HHU3KHX KOHIIEHTpA-

nuit TM®J] 3maunTenbHas €ro 4acTh HAXOJHUTCS B OKHCICHHOM
COCTOSIHHH.

i
P I s {
47 250-580 | “« /
gor| | ™, o \.
TN !
.a('l W {_{g e 2 L I ]
£ w00 Mg 180 220 260 F08 £ mE

Puc. 64. 3aBMCcHMOCTP XapakTEPHOIO BPEMEHH TEMHOBOTO OKHCIICHUS
CEMHUXHHOHHOM (hOpMEI Bropmamoro xmmomnunoro akmemnropa ®PL] or pemoxc-
noTentnuana cpeust (E)

a — w3MeHenus nornomenus npu 450 HM, UHAYIMPOBaHHEIE BCBENMKON cBeta; E=210
MB (1) u 250 MB (2); 6 — 3aBHCHMOCTH BEIIMYMHBI KOHCTAHTHI CKOPOCTH OKHCIICHHUS
CEMHUXHHOHA OT PEJIOKC-TIOTEHI[HATa CPEJIBI, 9€PEe3 IKCIIEPUMEHTABHbIE TOYKH TPOBEIE-
Ha OJHOZJICKTPOHHAs kpuBas HepHCTa, COOTBETCTBYIOmMAs CPEAHETOYCIHOMY MOTCH-
nuany (260 MB) TM®]] (40 MmxM). OcranbHble yciaoBus, Kak Ha puc. 61 [BepxoBckuit u
Ip., 1981]
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OreneHnas MCX0s U3 JaHHBIX PHUC. 63 OMMOJEKyIsTpHAs KOHCTaHT]
CKOPOCTH TIEPEHOCA JJIEKTPOHOB OT TM®]] x murMesTy pasHa ~ 107
MM ¢!

OKWCIIeHHE B TEMHOTE CEMHUXHHOHHOI dbopmer Qp, 0OpasoBaB-
mieics mocje eIUHUYHON BCIBINIKK CBETA, 3aBHCHUT OT 33JIAHHOTO B
TEMHOTE pPemOKC-IoTeHIana cpeasl (puc. 64, a). 3aBHCHMOCTL Xa-
PaKTEPHOI0 BPEMEHH T/, TEMHOBOI'O OKHCIECHHS CEMUXHUHOHHOM (op-
Mbl Qp OT peIOKC-TIOTEHIIHAa CPeasl MOXXHO OOBSICHHTH €€ OKHC-
JICHWEM TPHUCYTCTBYIONIMM B Cpele MeauaTopoM. I1OCKONIBKY KOH-
ueHTpanus Meaumaropa (40 MxM), HCHOJB30BaBOIASCA B DKCIIEPH-
MCHTAX, 3HAYHUTCIBbHO IIPCBhINIAJIA KOHIICHTPAIIMIO PECAKIITMOHHBIX
nearpos (<0,5 mMxM), To B paccMarpHBaeMOM JHana3oHEe PEIOKC-
MOTEHITAAJIOB CPEJIbl KOHIICHTPAITMIO OKUCICHHOTO MEIUaTOpa MOXK-
HO CYHTATh IMOCTOSHHOW. DTO IO3BOIAET OOBACHHUTHL 3aBHCHMOCTH
BPEMEHH TEMHOBOTO OKHCIIEHHS CEMUXHMHOHHOH (opmel Qp oT
pelokc-noTeniHaia cpeasl (F) 3aBUCHMOCTBIO KOHIICHTPAIMM OKHC-
JIeHHo# ¢opMel Meauaropa ot E. B cuny ypaBaenns Hepucra

RT ., [M™

R, M)

Fo[M7]

IS TICEBJOMOHOMOJIEKYIIPHON KOHCTAHTBI CKOPOCTH TEMHOBOIO
OKHCJICHHS CEMUXHMHOHHOM (PopMbI Qi MOXKHO HAMKCATH

E=E%+

0 . E'-E
T ~k=k[M"]=k'M/| 1+ exp ———F ||, (13.10)
RT
rac EO —_— HOpMaJIBHBIﬁ OKHUCJIIUTCIIBHO- BOCCTaHOBI/ITeJ]BHHﬁ

MOTEHIHA MeuaTopa, R — ra3oBas mocTosaHas, 7 — abcomroTHas
TeMIeparypa, F — uuncio CDapa,z[e;I [M'], [M] — KOHIEHTpaIuH
OKHCJIEHHOH u BoccTanoBleHHOW ¢Gopmel TM®D]] COOTBETCTBEHHO;
M= [MH [M].

Ha puc. 64, 6 noka3sada 3aBMCHMOCTL KOHCTAHTLI CKOPOCTH OKHC-
JeHUs CEeMUXWHOHHOH (opMmbl Qn OT peIoKC-IOTEHNIHala Cpejsbl.
Yepe3 sKcOEpUMEHTAILHBIE TOYKH MPOBEACHA OJHODICKTPOHHAS
KpHBasi THTPOBAHUS HepHCTa CO CPEAHCTOYCYHBIM ITOTCHIIHAJIOM,
COOTBETCTBYIOLIMM TM®JT (E° = 260 MB). AMmmtyay Teopernde-
CKOI KpHBOH HOJOMpaId C ILEIbI0 MAKCHMAJILHOTO HPHOIMKEHHSI K
9KCIIEPHMEHTAIBHBIM TOUKAM.

Bmpaxceﬂne (13.10) MOKHO HCHOJIL30BAaTh IS OIEHKH OWMOJIE-
KvarpHon KOHCTAHTBI CKOPOCTH OKHCIICHHS MEIHATOPOM CEMHXH-
HOHHO# (opMsI p,. OHa OKa3anack paBHOM k'~5,5 MM ¢!

TakumM 00pa3oM, MOJO00POM MeIHUaTopa, €ro KOHHeHTPaI_II/II/I H pe-
JIOKC-TIOTEHIHAIA CPEeAbl MOMKHO CTa6nnn3npOBaTb Qu Ha Bpems,
3HA4YHUTCIIbHO IIPCBAINIAOIICC BPEMA TeMHOBOPI pei1akCallii ITMrMCH-
Ta.
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13.2. Kmaernueckasi MOeJIb IBYXTAKTHBIX KoJieOanmii
KOHIEHTPANAA CEMAXHHOHA

Ecmm gepe3 HEKOTOPBIM HMHTEPBAI HOCIE IIEPBOI BCIBIIIKHA CBETa
JIlaTh BTOPYIO BCHBINIKY, TO Ha Qp Oymer mepeHeceH BTOpPOM 3JeK-
TPOH, B pe3yasTare yero Qn 3 ceMuxuHOHHOM (GopMeI mepeiiner B
[OJIHOCTBIO BOCCTAHOBIIEHHYIO (OPMY, KOTOpas He MOIJIOMAET CBET B
HCCTIEAYEMOM CHEKTpalbHOM auanaszone. Ha puc. 65 BumHO peskoe
yYMCHBINEHUE noriIoneHus npu 450 HM TIOCIie BTOPO# BCUBIITKHA CBE-
Ta. Ecom mocie 3TOro JaTe TPEThIO BCHOBINIKY CBETa, TO OIATH
o0Opasyercst cemuxuHoHHasA dopma Qp, koTopas noriomniaet npa 450
HM | T. 1. BugHo, 9To ans uccnemyemMoro odpasmna HabIrogaroTces Mo
KpalHEeH Mepe MICCTh TAKTOB YBEIWYCHWS W YMCHBINICHUS ONTHYC-
CKOM IJIOTHOCTH.

HabmromaeMble M3MEHEHHS TIOTJIOMIEHUST MOTYT OBITH OOBSICHEHBI
HMCXOs M3 KHHEeTHYeCcKoi cxeMsl (13.2).

ITocne temHOBOM amantanuy P HaxXOAWTCA B BOCCTAaHOBIIEHHOM
coctosany, a Qr 1 Qi — B OKHCIIEHHOM.

B pesynerarte akTHBAIMK PEAKITMOHHOTO [IEHTPA MEPBOH BCITBIMIKON
cBera dJIekTpoH ot P, 3a Bpems ~200 mic, momamaeT cHadana Ha Qg a
3areM, 3a ~0,2 Mc,—Ha Qp, B pe3ylsTaTe 4ero 00pasyeTrcs CEeMH-
XHHOHHAS d)opMa QH, HOTTIOMAOIIAs PH 450 @M. OKcheHHmn
IMTMEHT JIOCTATOYHO OBICTPO, C KOHCTAHTOM cxopocTH ~10° MM 'c’!
BOCCTAaHABIIMBAETCA OT MeJQuaTopa H, CJleJ0BaTelbHO, yXKE He MOJKET
OKHCIISITh 00pa30BaBIIYIOCS Ha CBETY CEMHXHHOHHYIO hopMy Qq, KO-
TOpasi OTHOCHTEILHO MEIJICHHO, ¢ KOHCTAHTOM CKOPOCTH ~3 mM ¢!,
OKHCIISICTCS TMd),ZI TakuM 00pa30M, MOCIIE MEPBOM BCIBINIKKA CBETA
peammongm LEHTP OKa3blBaeTCd B MEUICHHO PEIAKCHPYIOMEM
cocrosuu P'Q°Qy'. PaccMoTpenHBIe HpOLEccH MOXHO H300pasuTh

10O hv 0N 0~0,2MC R ~0,1¢
PO, Oy —>P Q0 —>P Q0,0 ——
MEUICHHO

_)PQ1Q11—> QIQII

ITocne aktuBanuu ®PILI BTOpoi BCUBIMIKON IPOMCXOIUT IIEPEHOC
BTOPOT0 3JIEKTPOHA B AaKIENTOPHYIO YacCTh, YTO MPHBOIUT K 00-
Pa30BaHMIO MOJIHOCTHIO BOCCTAHOBJICHHOHW (hopMbI Qp, HE morioma-
romei mpu 450 aMm. BoccranoBnenusiid Qq OBICTPO OKHCHSAETCS ITy-
aoM xuHOHOB M (mimu) TM®JI. Ilporieccel, MPOHCXOAAIINE HOCIE
BTOPO# BCHIBIIIKA CBETA, MOXKHO M300pa3HTh CIICIYIOMUM 00pa3oMm:

2H

P00} > PIOIQ) Y- PIGIO,H, >, > POIC >
2H"
~0,1¢ PlQOQO
— Uy
ITocie Tperhel BCOBINIKM CBETa 00pazyercs ceMHXHWHOHHas (popma
QII HT. A.
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44457-9¢5

Puc. 65. MzMenenus IOIIONEHAS CEMU-
XHHOHHOH (OPMEI  BTOPHUIHOTO  XH-
HOHHOTO aKIIENTOpa B aJanTHPOBAHHOM
K TemMHOTe oOpasie xpomarodopoB Rs.
rubrum moJi ICHCTBHEM IOCIIEIOBATEIIE-
HeIX Bcnbimiek cBeta [lllwmkxaper w Jip
1981]

] w3

\J‘-J\*v\/" '

I

Bce mporieccsl, kKpoMe OKUCICHHS CeMUXHHOHA Qq, IPOUCXOISAT
3a BpeMsl MEHbIIIee, YeM BpeMs paspemienus mpudopa (0,5 ¢), mostomy
JUI 00BSICHEHUS HAOII0AaeMbIX H3MEHEeHHH noriomienus npu 450 aM
JIOCTATOYHO OTPAHWYUTHCH PACCMOTPEHHEM TOJNBKO PEIOKC-TIPEBpa-
OICHAH BTOPUYHOTO XWHOHA. [ 9T0r0 HE0OX0AMMO yKa3aTh, BO-TIEp-
BBIX, KaK IIOJ[ JCHCTBHEM OTMAEIILHON BCIIBINIKA CBETa IIepepacmpe-
JICSIOTCH 3apsiibl Ha MEPEHOCUYHKAX, & BO-BTOPHIX, KaK MPOWCXOINAT
TEMHOBOC OKHCIICHHE CEMHMXWHOHA BCJC[ 32 OYEPETHOW BCIIBIIMIKON
CBeTa.

Hwxke, nns ynpomenuss 0003HaY€HUH, BTOPUYHBIA XHHOH OyaeM
00o03HauaTh Kak Q.

O0603Ha9nM Yepe3 o ¥ B BEpOATHOCTH IepeHoca JIEKTPOHA OCIIe
BCIBILIKYA CBETa OT NMATMEHTA HA BTOPHYHbIA XMHOH HpPH YCIOBHH,
49TO /IO BCHBIIIKA OH HAXOIWJICS B MOIHOCTEIO okuciennon (Q°) u
cemuxuHoHHOH (Q' ) dbopmax coorBercTBenHo. [Tpy Mamo¥ mIUTENH-
HOCTH HACBINIAIONMIEH BCIBINIKA CBETA BETMYHMHBI OL U 3 MOXKHO OTOX-
JICCTBUTD C KBAHTOBBIMH BEIXOJ[AMH MEPEHOCA NIEKTPOHOB OT P870
na Q° u Q' cooTBeTcTBEHHO.

ByneM cuuraTh, 9TO PEHOKC-TIOTCHIIMAJ CPEABI BHINIC, YEM CPEI-
HETOYEYHLII MOTEHIHA] XHHOHOB, 00pa3yronux Iyl IIOCKONbKY B
9THX YCIOBHSAX BpEMS OKHCIEHHS IOJHOCTHI0 BOCCTAHOBIIEHHOM
dbopmel Q MeHbIIE BpeMEHH pa3pemieHus npuoopa, TO ee MOXHO HE
yuuTbiBaTh. [103TOMy B JajdpHEWmIeM MBI OTPAHUYHUMCS PacCMO-
TPEHHEM CIEAYIOMICH MPOCTEHIIEer CXeMbl IIEPEXO0JI0B XHHOHA IIOJ

l-aD 0° égl\j 1-8 (13.11)

Ecmu 10 BCOBIIMKM XWHOH HAXOIWJICS B OKHCICHHOM COCTOSTHHHU
Q% TO mocie BCHBINIKM OH C BEPOSTHOCTHIO O HEpEHIeT B
MOJTYBOCCTAHOBJIEHHOE cocTosHue ', a C BEPOATHOCTHIO 1—a
OCTaHETCS B WCXOJHOM COCTOSIHHH. AHATOTHYHO 9TOMY, €CIid JI0
BCTBIITKA XWHOH HAXOIWJICS B TIOJTYBOCCTAHOBJICHHOM COCTOSTHUM Q'
TO TIOCIE€ HEEe OH C BEPOSTHOCTHIO [} mepelneT B IMOJHOCTHIO
okuclieHHoe cocrosHue Q°, a ¢ BeposATHOCTHIO 1—f ocraHercs B
HCXOIHOM cocTossaur. Takum o0paszoM, cxema (13.11)
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ONMCHIBACT JUCKPETHBIC MEPEXOIBI MEXIY COCTOSHUSIMHA BTOPHYHOTO
XHWHOHA, KOTOPHIC IMCIOT MECTO TOJIGKO B MOMCHT BCIIBIITKH CBETA.

IIpouecc TeMHOBOI penakcanuy CEMUXHHOHA K PAaBHOBECHOMY CO-
CTOSAHHIO IIPOHUCXOJUT I10CJIC BCIIBIIIKHW I10 CXEME!

0«20, (13.12)
T. €. CEMHXMHOH OKHCISICTCS C KOHCTaHTOH CKOPOCTH 1, KOTODYIO
MOXXHO CYHTaTh nponopunonam,non KOHIICHTPAIAHA OKHUCIICHHOM
dopmer Memuaropa (m=mTM']). ByneM cuuTaTh BCIBINIKH CBETa
MraoBeHueiMH. O003HauuM depe3 O Bpems MexAy ABYyMs IMOCIIE-
JIOBaTeIbHBIMH BCIBIOIKAMH, a Yepe3 T — BpeMSs, IpomnIe/niee mocie
nocaenaert Beneimky (0<t<0). Torga aus 11060r0 MOMEHTa BpeMEHH
! MOXXeM HamWicaTh PaBEHCTBO (—rn0O+1, TAe n — 4YHCIIO BCIIBIIIEK
ceera. O6o3uaunmM Taxxke uepe3 p(f)=p(n0+t)=p.(n) u q(t) =1 - p(t)
BEPOSITHOCTH TOTO, YTO B MOMEHT BpEMEHH [ BTOpI/I'-IHBII/I XUHOH
maxomurcs B cemuxuuoHHOH (Q' ) m oxuciemnoit (Q%) dopmax
COOTBETCTBEHHO.

Jlns Toro 4ToOBl HAWTH BHIPAXKECHHE, OMUCHIBAIONICE W3MEHEHHUE
CeMUXHHOHHOH (opmbl Q WO ACHCTBHEM CEpHH BCIIBINICK, BBEICM
BEPOATHOCTH o M [3; TOro, 4To 3a BpeMs O mociie BcOelmku, Q me-
peHIEeT U3 OKHUCICHHOH (DOPMBI B CEMHMXHMHOHHYIO M M3 CEMHXHHOH-
HO# (HhOpMBI B OKHCICHHYIO COOTBETCTBEHHO. Benwuunsl o 1 B yuu-
THIBAIOT Iepexoisl Q Kak Iof JEHCTBHEM BCIBIIIKH CBETA, TaK H
MOCIEAYIONIYI0 TEMHOBYIO PElIaKCcaluio B TeueHue Bpemenu 0. 3ame-
THM, YTO BEJIMYHMHBI O ¥ [3; COBMANAOT C BBEJACHHBIMHU paHEe BEIH-
YUHAMH O ¥ B, €CITH OTCYTCTBYET TEMHOBOE OKHCIICHHUE BTOPHYHOTO
XHHOHA.

ITo popmyne MONHBIX BEPOSTHOCTEH I BEIWYHHBI Py MOXKHO
3aMucaTh CIEAYIONIEe BIpaKEHHE:

Po(n)=gg(n—N)oq + pg(n—-1)(1- ) =
=[1- po(n =Dy + po(n—1)(1- ).

JleficTBUTENHHO, BEPOSATHOCTh TOTO, YTO udepe3 Bpems O mocie n-it
BCILIIIKK CBeTa (Q, HAXOAMTCSA B CEMHMXHMHOHHOH (hopMe, CKIIaabIBa-
ercs W3 TOro, 94TO Hepe] M-l BCIBIOIKON CBeTa OH HAaXOOMIICA B
OKHCJIEHHOH opMe, yMHOKEHHOH HA BEPOATHOCTD MEPEX0/Ia B CEMH-
XUHOHHYIO ()OPMY W BEPOSTHOCTH TOTO, YTO IEpeH K-i BCIBIIIKON
CcBeTa OH HaxOIWICAd B CEMHXHHOHHOW (hopMe, YMHOKEHHOI Ha Be-
POSITHOCTH OCTaThCS B HEM.

Bepaxxenue (13.13) cBszbIBaeT Mexay co00H BEpOATHOCTH Ce-
MHUXHHOHA JJI IByX MOMEHTOB BpEMEHH, OTACJICHHBIX JAPYT OT JIpyra
mpoMexyTkoM 0. TIpourepupoBaB 3T0 BeIpOKEHUE BHIA X, =a+bx, i,
TONy9HM X, = a+bx,., = a+b(a+x,.)=...=a+ba+b*a+...+b"'a+b"xy=
_ali-2")

1-b
ITockonpky mocie ITUTENBHOW TEMHOBOU aganTtanui Qp MOTHOCTHIO
okucieH, 1o py(0) =0. CremoBarenapHO, IS BEpOSTHOCTH TOTO, YTO
gepe3 Bpems 0 moclie n-i BCOBIIIKH CBETa BTOPHYHEIN XHHOH OYJIET B

(13.13)

n
+b X0
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HOHHO¥H (opMe, nonyth CIIeyIoIee BoIpaKEeHHE:

(1 o~ ,31)(1
o+ p '

Kakx MOXHO yBHIeTh HemocpencTsenHo u3 cxemsl (13.12), p,(n)=

Po(n) =04 (13.14)

™ po(n) , moaTOMY 17151 BeposTHOCTH P,( 1) TOTO, UTO Yepe3 Bpe-

Ms T TIOCNIe #-# BCHBIIIKK CBETa BTOPWYHBIA XWHOH HAaXOJIWUTCS B
CEMUXHWHOHHOH (opMe, MOxkHO Hanucats [I1Iunkapes u ap., 1981]

O— a
Pr(”):em( T)—a "'lﬂl( (1 a; — ﬂlyl) (13.15)
1
TP

‘ g ?“‘] .

I T e T
SIEEEEE Do
IR RS
LE

-‘?9?‘ I T B S
9

Puc. 66. Teopermdeckass KpHBas H3MCHCHHM KOHIICHTPAIlMA CEMHXHUHOHA,
ToCTpoOeHHas ucxo/s u3 cootnomrernns (13.18) mpm a+p=1,82; ¢™ = 1,12

B osToit ¢dopMyne IEpBBIii COMHOXKHTEIL OTPAXKAET TEMHOBOE
OKHCJIEHHE, 4 BTOPOH — JBYXTAKTHEIE KOJ€OaHHS CEMHXHHOHHOM
dhopmer Q. UToOwI cBA3aTH MapaMeTpsl O U 3 ¢ mapaMeTpaMu o | 3,
BeIBeZeM cootHomenue (13.15) apyrum nytem. i Bemauab! po(#)
MOJKHO aHajoruddo BeipaxkenueM (13.13) sammcate po(n)=[1-pe(n-

D]otpe(n-1)(1-B). Tlockomeky pg(n) = po(r)e™, TO uMeeM
CIIEeIyIONIee PaBEHCTRO:
po(m) =€ "’ {I-py(n -1 +py(n-1)1- B)} (13.16)

CpaBauBas kodpduimentsl B Belpaxenusx (13.13) u (13.16),
MOXXHO HAMiTH, 9TO BEIMYHHEI O 1 B ciaemyromuM o0pa3oM CBI3aHEI
C BEIMYUHAMH O U [3:

a=ae™, p=1-(1-p™’. (13.17)
OTnauure BelWduH o U By oT o U B 00yCIOBIEHO TEM, YTO depe3
BpeMsi 0 4YacTe CeMHUXMHOHHOW (OPMBI BTOPHYHOTO XHHOHA YXKE
ycmena OKHCIUThCI. B 9acTHOCTH, €CITd OTCYTCTBYET TEMHOBOE
OKHCIIEHHE ceMUXHHOHA P, To o =a 1 B =P.

TakuM 00pa3oM, OpeBpalieHHs CEMHXHHOHA, HHIYLHAPOBAHHEIC
cepuell TOCIEAOBATENBHBIX BCIBIMIEK CBETa B IPEABApUTEIIHHO
aJanTHpPoBaHHEIX K TemHoTe ®PII, MOryT OBITH OIHCAHBI CIIEIYIO-
[IMM BEIPa)KEHHEM:

—m7T

p()=pu(m)= i~~~ A)) (3.1

1 1
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3TO COOTHONICHHUE SABIISIETCS OCHOBHBIM JUISL BCETO TOCIEAYIOMIE-
TO W3JI0KCHUS.

B dopmyne (13.18) mepBelii COMHOKHTENL OTPAXKAET TEMHOBOE
OKHCJIEHHE, a BTOPOii — JIBYXTaKkTHEIE KojeOanus ceMuxuHona. Ha
puc. 66 s npuMepa mpeAcTaBiaed rpaduK KPHBOM, OMKMCHIBAEMOIA
ypasrenueM (13.18) mmt oy + B =1,82; ™ =1,12.

13.3. XapakTepHCTHKA IBYXTAKTHBIX KOJe0ann#i
ITIpocmetiwue ceoticmea 0801HbIX KONEOAHUU

Kax caemyer u3 dopmynsr (13.18), xkumeTHka M3MEHEHHS KOH-
[EHTPAIMY CEMHUXWHOHA OIpeAeseTCs He BEIMYWHAMH O U 3 1O
OTAEILHOCTH, & UX CYMMOH.

Konrnenrpamus ceMUXHMHOHA 3aBHCHUT OT BPEMEHH T, TIPOMIIEIIETO
MoCJie OYepemHO BCHBIMIKK cBeta. Jlamee Besme monaraercsi, 4To
BeJIMYMHA T MOCTOAHHA, XOTA U Npou3BoibHA (0<1<0).

ITocne nepBoii Benwimku ceeta (n=1), cormacuo dpopmyine (13.18),
KOHIICHTPAIIUA CEMHXHWHOHA OKCIOHEHIHAIBHO YMEHBOIAETCS BO
BpPEMCHH:

p()=ae™, (13.19)
T. €. aMIUTUTYJa M3MEHEHHi mormomenus npu 450 HM B OTBeT Ha
MIEPBYIO BCIEIIIKY CBETA XapakTepu3yeT 3((PEeKTHBHOCTH IEPEHOCa
9JIEKTPOHA OT MMICMEHTA HA BTOPHYHLIM XHHOH.

ITocne BTOpO#i BembIniKK cBeTa (n=2) BEPOATHOCTh CEMHUXHHOHA
paBHa:

2,2)=ce ™ (2-0, - ). (13.20)
PaznenuB sT0 ypaBHenue Ha paBenctso (13.19), moayunm
p:(2)/ p.(1)=2-a1 - 5. (1321)

OTHONIEHWE aMILTMTYl CHTHAJIOB, HA0OJIF0Ia€MbBIX COOTBETCTBEHHO HA
BTOPYIO ¥ MIEPBYIO BCOBIMTKH CBETA, TO3BOJISACT PACCUUTATH BEIIMUAHY
o + B1 B aOCONMOTHEIX eIMHMIIAX:

o+ B =2-p(2)/ p;()=2-4,2)/ 4(1),  (1322)

rae A1) u A(2)—CoOTBETCTByIOMIME AMILIUTYIbI HM3MEHEHHIH
noryiomenus opu 450 oM, moKa3aHHBIX Ha pHUC. 65.

[Tpoananu3upyeM pasiIudHbIC XapaKTEPUCTHKH JIBYXTAKTHBIX
KoJeOaHmii.

Iapamempuor 3amyxanus

PaccMOTpUM KOHIICHTPANWIO CEMUXHUHOHA CIYCTS BPEMS T MOCIE
HEYEeTHBIX (YETHHIX) BCIbINIEK cBeTa. KOHUEHTpalWs CEMUXMHOHA B
paccMaTpuBacMble MOMEHTHI BpPEMEHH MOHOTOHHO YMEHBINAETCS
(yBemMumBaeTCs) C yBEIWYCHHEM YHCIIA BCIBIMECK W CTPEMHUTCS C
TOYHOCTBIO 1O MHOXUTEJIA K NPEACIIbHOMY 3HAYCHHUIO

p(0)=ae™ /(o + ), (13.23)
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3aBUCANIEMY OT Ben4guHEI T. Kak OyzeT nmokasaHno Hxe, CTpeMIICHHE
K 9TOMY MpEEeIbHOMY 3HAYCHHIO MMEET SKCIIOHEHIIMATBHEIN Xapak-
TEep, YTO MO3BOJISIET OXaPaKTEPH30BAThH 3aTyXaHUE PACCMATPHBAEMBIX

JIByXTaKTHBIX KOJI€OaHWI 3HAY€HNEM IOKa3aTelsl 3TOM SKCIIOHEHTHI.

O06o3HauMM vepe3 A% MOAYJb PA3HOCTH KOHIIEHTPAIMii CEMUXH-
HOHA B MOMEHTEI BPEMEHH, OTCTOSIIHE APYT OT JpyTa Ha BEIHYHAHY
s6, s = 0, 1, .., KpaTHyI0 BpeMEHH MEXIY /ABYMS IIOCIIEIO-
BaTelbHBEIMU BemblmikaMu (puc. 67). Torga, UCHOOIB3yS BBIpAXKEHHE
(13.18), nomyunm

K =|p(n+s)=p(n+s)|=p.(s)ey+B-1) =

— pr(s)enln(a1+ﬁ1—1).
Scro, uto B dopmyie (13.24) yuUTHIBAIOTCS JIMIIL 3HAYECHHS CEMHXH-
HOHa, OIIpe/eNsieMbIE Yepe3 BPeMs T I0CJIE€ COOTBETCTBYIOMIMX BCIIBI-
nIex.

ITpu pasnuunex # U s GopMylla OXBaThIBacT Bce Hamboliee WH-
TepecHsle ciiydaw. JleHCTBHTENFHO, IIpH § =1 OHA OIIMCHIBAET
[OBEJICHHE pa3-

(13.24)

(7
iz

—]

-
Lo ol

(I N A B B B

Puc. 67. Cxemsl onpenenenns Benuann A, s n=1, s =2 (a) u n=1, s=1 (6)

-

Dotere™™

e

Pofeg(f-¢ -39

(AT SR R O A O O bt

Puc. 68. TeopeTmaeckas KpuBasi, OIKUCHIBAIONIAS N3MEHEHHE KOUIEHTPAI[HMH Ce-

MHUXHUHOHA BTOPHYHOTO XHHOHHOTO akientopa ®PI] B 3aBucuMoCTH OT HOMEpA

BCHEBINIKH, NIOCTPOCHNAs MCXOJIS M3 COOTHOMIEHHS (13.18), mpu a + B =1,8;
m

e =

>
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HOCTH JIBYX COCEIHHX aMIUIMTYJ, IPH § = 2 — TOBEACHHUE Pa3HOCTH
JIByX aMIUIATY]I, WHIYIHPOBAHHBIX COOTBETCTBEHHO JIMOO YETHHIMHU
(n=2k, k=0, 1, 2, ...), 160 Tonsko HeweTHuIMU n=2k +1, k=0, 1, 2,
... ) BCObIoIKamu cBeTa. Eciu B 9ToM QopMyne s ycrpeMuTh K Oec-
KOHEYHOCTH, TO OHa OYyJIET ONMHCHIBaTh CTPEMIIEHHE KOHICHTPAI[UH
CEMHUXHHOHA K MPeJeIbHOMY 3HaYeHUI0. B 9acTHOCTH, TIpU s —>0, a 1
= 2k, 2k+1 sta dopMyna ONMCHIBAET CTPEMJICHHE KOHIEHTPALMH
CEMHUXHHOHA K TMPEIEIbHOMY 3HAYCHHIO TOJ JCHCTBHEM COOTBET-
CTBEHHO YETHHIX M HEYETHHIX BCIEINIEK CBeTa (pHC. 68).

Ecmu paccmaTtpuBarte 3axkoH u3MmeHeHus (13.24) He B MOMEHTHI,
kpatuele O (t = n0), a B NpoM3BOJILHBII MOMEHT BPEMEHH £, TO €ro
MOJKHO 3amKCaTh B CJIEIYIOMIEM BHIE:

|:ﬁln(a|+ﬂ| _1):| tn(a;+p;-1)

Ay = p,(s)e- ? =p(s)e ¢  =p(s)e. (1325
TakuM 00pa3oM, 3HaUYE€HHS KOHIEHTPAMA CEMHUXHHOHA Yepe3 BpeMs
T TOCIe YeTHBIX W HEYETHBIX BCIBINICK CBETa OIMCHIBAIOTCS
9KCTIIOHEHTOM, NpeeNsHoe 3HaYeHHe KOTOPOH JaeTcs BHIPaKCHUEM
(13.23). Benwumna nokasarenst 3kcroHenTsl A = |[tIn(ey + B -1))/6

XapakTepu3yeT CKOPOCTb MPHOIMKEHHUS KOHIEHTPAIHWH CEMUXHHOH-
HO# (hopMel Qqr K TIpeIeIbHOMY 3HAYCHHIO (pHC. 68, TYHKTHP) U MO-
KeT ObITh WMCIIOJB30BAaHA IS OMpEAETCHUS BEIMYUHBI o + B —
CyMMapHO# 3¢ (HEeKTHBHOCTH IEPEeHOCca SJIEKTPOHOB.

Tunvl Kunemuueckux Kpuewvix

B ypaBuenne (13.18), onuceiBaromniee M3MEHEHHE KOHIIEHTPAUHH
ceMuxuHOHa Qy MO AeHCTBHEM IOCIIEI0BATENbHBIX BCOBIMIEK CBETA,
BXOJINT HECKOJIEKO IMapaMeTpoB — o, B, m, 0, 1. Bmecte ¢ Tem
KaYeCTBCHHAs] KApTHHA W3MEHEHWS CEMHXWHOHA 3aBHCHUT JIMOIb OT
JIBYX IapamMeTpoB, a KIMEHHO OT BeauuuH m U o + (1. Ha puc. 69
MIPEICTABJIEHbI BCE KaUueCTBEHHO Pa3IMYHBIE THIHI M3MEHEHHS KOH-
[EHTPAIMY CEMUXHHOHA, KOTOPHIC MOTYT BO3HHMKHYTH B paccMaTpH-
BaeMoOii CHCTEME.

PaccmoTpuM cHagana ciydai, Korja BpeMs TEMHOBOH pelak-
Calii CEMHUXHWHOHA HACTOJBKO OOJIbIIE BPEMEHH MEXIY ABYMS TIO-
ClIeIOBaTeNIbHBIMHA BCIIBINIKAMH CBETAa, YTO TEMHOBHIM OKHCIICHHEM
CEeMHXHHOHAa MOXXHO INpeHeOpedsr M CcuuTarh, 9T0 M =0 (BepxHAL
yacTh puc. 69). B sToMm cinydae Bce u3MeHeHHs KOHIEHTPAILMH CEMMU-
XWUHOHA CBSI3aHBI JIMIIb C TIEPEpacpeIeIEeHHEM 3JIEKTPOHOB IO/ Iei-
ctBueM Beneimek cBera. Cormacao dopmyne (13.18), mpu m=0
XapakTep H3MEHEHHH KOHIEHTPAIMH CEMHXHMHOHA ONpeAeIseTcs
U BeMWYuHON o + B. PaccMOTprM Bce BO3MOXKHBIE THIBI TAKHX
H3MCHCHMI.

1. Eciu Benmnuuna o + B paBHa 2, To Beipaxkenue (13.18) nepe-
xomuT B BeIpaxenue p(n) = 0,5 (1 + (-1)"). B stoMm caydae OymyT
HAOJIOIATHCH
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Puc. 69. TeopeTnaeckue KPUBHIC BOZMOKHEIX TUIIOB H3MCHCHHUN KOHIICHTPAIIH
CEMHMXWMHOHA B 3aBHCHMOCTH OT HOMEpA BCIBIIKA B OTCyTCTBHE (/) M Ipm
nanuaud (II) TEeMHOBOTO OKHCIICHIS CEMUXHHOHA

I—e™=1; [I-™=1,25; o + B pasuo 2 (), 1,8 (6), 1 (6) u 0,5 () [[Lluuxapes
u jap., 1981]

He3aTyXaroupe KojaeOaHus KOHIIEHTPAlMH CEMHXHWHOHA, MPHUYEM Ha
KKIYI0 HEYETHYIO BCTBINIKY CBETa BO BCEX PEAKIMOHHBIX I[EHTPax
CEMUXHHOH OyJIeT 00pa30BhIBATHCS, 4 HA KAXKIYIO YETHYIO BCIBIIIKY
— ucye3ats (puc. 69, I, a).

2. Econ 1<at+B<2, To Oymyr HaOmOAaThCs 3aTyXaromiye Ko-
ne0anus ¢ MONEepeMEHHBIM YBEIIMYCHHEM M YMEHBIIEHUEM KOHIIEH-
Tpauuu ceMuxuHoHa (puc. 69, 1,6). IIpenensublii YPOBEHb 9THX KO-
nebanuii ompepensercs ¢opmynoid (13.23), B kotopoit m=0.
Crpemilenne CEMHUXHHOHA K TpPEAETHLHOW KOHIECHTPAIIMH IO
JICHCTBUEM YETHBIX M HEYCTHHIX BCIILINICK CBETA SKCIOHCHIIHAIBHOE
— C OJJMHAKOBBIM ITOKa3aresieM (CM. puc. 68).

3. Ecim o + B =1, To KOHUEHTpausd CEMUXUHOHHON GopMbl Q
OyZeT M3MEHATHCS TOJBKO B OTBET HA MEPBYIO BCIBINIKY CBeTa. B
OTBET HA MOCJEIYIONIME BCIBINIKK CBETa BUAMMBIX H3MCHCHHHA B
KOHIIEHTpAIliH CEMUXUHOHA He Oyner (puc. 69, I, ).

4. Ecmn O<a + B <1, To, kak cnemyeT u3 ypaBHenus (13.18), B
paccMaTpUBacMOM Clydae KoJieOaHWil KOHIIEHTPAaIMd CEMHXHHOHA
ae Oyzer.

BmecTo 3TOr0 Ha KaXkIyr0 BCOBINIKY CBeTa OyAeT 00pa3oBLIBATLCS
ceMuxuHoH (puc. 69, I, 2). OTH HU3MEHEHHS MOTYT OBITH OIKUCAHEI

caenyromeid popMyIoii:

. a ln(l—a —,Bl)
ny=—2 _[1—ernl-a-A)) 13.26
pln)=—2 ﬂ( ) (13.26)
KoTopas opu o + B <<1 MoxeT OBITh Iepenrcana B BUIE
a
n)=—2_[1—¢la+h)), 13.27
pln)=—2 ﬂ( ) (13.27)

Ilepeiinem Teneps K CiIydaro, KOTJa BpeMs TEMIIOBOM peJiaKcalluu
CEMHXHHOHA CPaBHAMO CO BPEMEHEM MEXIy JIBYMS TMOCIEH0-
BaTeIbHBIMU BCObIOIKaMU cBeTa (m4)) umm Oonboie ero (HYDKHSS
gacTe puc. 69). IIpu
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9TOM poak o + B urpaer yxe BeauwuwHa o + [}, KoTOpas
ompelelnseT THI H3MEHEHHH KOHIEHTPAIMH CEMUXHHOHA B
3aBHCHMOCTH OT HOMEPA BCIILIMIKH.

1'. Cny4ait a; + B1= 2 yxe ObUI PacCMOTPEH M COOTBETCTBYET
He3aTyXarouWM KojaeOanusM CeMHXHHOHA. JIeMCTBUTENBHO, €CIH O
+ B1= 2, To U3 ompeneIeHus BeIWIMH o ¥ B cienyer, uro o=1, B=1,
m=0

2'. Ecrv BCHBIOIKK CBETa JIAIOTCSA uepe3 Bpems O, cpaBHUMOE CO
BpeMeHeM TeMHOBOH penaxcamuu (6™ < 1), To Kk MOMEHTY Clexyio-
nied BCOBIOIKM 9acTh CEMHUXHWHOHA yCIIEBAeT MCYE3HYTh, M, CIIE0Ba-
TEJIBHO, JAXE €CIIH BEPOSITHOCTH IEPEXOI0B C. U [} paBHBI EAMHMIIE,
a; + By Oyzaer Mensmie 2 ¥ KoeOaHus Bce paBHO OYAYT 3aTyXarOmIu-
Mu. Takum 00pa3oM, OCHOBHOE OTIIMYHE JAHHOTO CIIydas OT TOTO, B
KOTOPOM OTCYTCTBYET TEMHOBAsI PEJIAKCAIMS CEMUXHUHOHA, COCTOUT B
TOM, YTO Ha TPOIECC TepepacupeesieHuss 3JIEKTPOHOB, WHIYIHPO-
BaHHBIN BCOBINIKON CBETa, HAKIAABIBACTCS TEMHOBOE OKHCIICHHUE Ce-
MUXHWHOHA, YTO JE€JIaeT HEBO3MOXXHBIMHM HeE3aTyXaromue KoJeOaHus
(puc. 69, 11, a, 6).

3'. Ecim o + By =1, TO U3MeHEeHHs] KOHIIEHTPAIMH CEMHUXHWHOHA
yxe He OyIyT 3aBUCETh OT HOMEpa BCIILINIKH, a OYIYyT MPEACTABIATh
c000i «BCILIECKHN» OJHUHAKOBOM (hopMel (puc. 69, 11, 8).

4’ Ecmm oy + By <1, To Ha KaXIyr0 BCHBLINIKY OyaeT 00pa3oBbI-
BaThbCSA KaKOE-TO KOJIMYECTBO CEeMHUXHHOHHOHW (hopmbel Qq, KoTOpoe
3aTeM DJKCIIOHEHIMAJIbHO mcde3aer (puc. 69, II, 2). U3menenus ce-
MHXHHOHHOH (popmbl Qi MOTYT OBITH ONKCAHBI CIEIYIOUIMM BBIPaXKE-
HHUEM:

ae "
pe(m)=2—
o+ ﬂl

KoTopoe mpu a; + B <1 cBomuTCH K

(1 _eMh-a1-5; )), (13.28)

p,(n)= %(1 _eMah )). (13.29)
1

13.4. MeToasl onpeaeaenns o, + 3

Kak moxasaHo Belnle, BEIWYHMHA MPEACILHOTO YPOBHS M CTPEM-
JIEHHE K HeMy JBYXTaKTHBIX KOJCOaHWH, a TAKKE THI H3MEHEHHMH
KOHIICHTPAIIMM CEMHXWHOHA B 3aBUCHMOCTH OT HOMEpPA BCIBIIIKH
CBETa OINPENEISIOTCS TOJNBKO BEIMYMHOM CyMMapHOH >(d(exTHBHO-
CTH IEpeHoca 3JEKTPOHOB o + B, a He BeIMYHWHAMH o] ¥ B B OT-
nenbHocTH. Hibke paccMOTpeH psii KpUTEPHEB, MO3BOJISIONIAX B 9K-
CIIEPUMEHTE OMPEICINTh BETUUHUHY O + (1, YTO BAXHO IS OLCHKH
BEIHYMHLI O + 3, CBA3aHHOW C KBAHTOBLIM BBLIXOJOM IIEPBHYHOIO
pasjiesienus 3apsaa0B B (POTOCHHTETHYECKOM PEAKIHOHHOM LIEHTPE.

Ipocreiimme kputepun. 13 coornomenus (13.18) MoxHO moiy-
YUTh PSAJ BEIPAKECHUH, KOTOPHIC B TOW WIJIM WHOW CTEIICHU MOTYT OBITh
MONE3HLIMM  JUIS  OOpPENEIeHHsT BEIMYMHEI CyMMapHOM 3(ddek-
TuBHOCTH. Hambollee mpocThle M3 HHUX CBA3LIBAIOT MEXIY CO00#
KOHIICHTPAITAH Ce-
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MHXWHOHA JIUOIH B JIBYX TOYkax. K TakuM BEIPAOKCHHSM OTHOCSTCS
cootHonienue (13.22) u ypaBHeHune

o+ = p,()/ pr (). (13.30)
Bonee TouHBIMH, OJHAKO, SBISIIOTCS KPHUTEPHH, MO3BOJSLIOMINE
paccuMTHIBaTh BENWYMHY «; + [; W3 3HAYCHHWH KOHIEHTpALMii
CEMHMXHMHOHA NpH HECKONbKHUX 1. K Takoro poma KpuUTepUsM MOXHO

OTHECTH CIIeIyIONIre, JeTrKo noiydaemMsle u3 Beipaxenui (13.18) umm
(13.24).

o + B —1= 5 P J;S)(S_)pf(”) . (13.31)
o+ p—1= 20D =P (nt D) (13.32)

pr(n) - pr(n + 1)
3ameruM, uto Beipaxkenue (13.31) ymoOHee BCero MCHOIL30BATh MIPH
s=1 u 2. Kpome toro, B ¢opmymax (13.30) — (13.32) ymo6uo
nonarats =0 wim 0.

Vepenusas 3aadenus o + By -1, KOTOpsle HOMy4Yar0TCa M3 BhIpa-
seranit (13.31) u (13.32) npu pasIMyHBEIX #, MOXHO CYIIECTBEHHO
YMEHBIIUTL OITHOKY B OOpENeIcHHH CyMMapHoii >ddexTuBHOCTH
mepeHoca 3JIEKTPOHOB.

Hwuxe paccMOTpeH KpHUTEpHiA, yCPEAHEHHE B KOTOPOM OCYIIECTB-
nseTCs TpapIECKH.

OcnoBHo#i kpuTepmil. Kak moka3aHo Belmie [CM. BBIPAXKEHHE
(13.24)], 3aBUCHMMOCTh OT HOMEpa BCIIBINIKA MOAYJSA PA3HOCTH aM-
IUINTY CEMMXWHOHA, OTCTOSOIMX APYyr OT JApyra Ha BEJIWYHHEI,
KpaTHsIe 0, UMEEeT SKCIIOHCHIIMATLHBIA XapakTep ¢ MoKa3aTelIeM

s =@ ;ﬂl —1) =m-]n(“;ﬂ_l). (13.33)

OtknaneiBas pa3sHocTe A_ [cM. Belpaxkenue (13.24)] ot BpemeHu B
MOJTyJIOTaprU(PMIUUECKHX KOOP/MHATAX, MOXNHO HalTH 3TOT TOKa-
3aTelb, a CICHOBATENbHO, W ¢ . Paspemms ypasuenwe (13.33) ot-
HOCHTENBHO o.+f3, moaydumM

a+pf=1+e*0em? (13.34)
B 310 BEIpaXXKEHHE KpOME e BXOJMT TAK)KE BCIMYHMHA e"”e, KOTO-

PYHO MOXHO OICHHUTh HMCXOJs1 W3 KHHCTHKH TCMHOBOI'O OKHCJICHHUA
CEMHUXHHOHA. Y J00HO CTPOUTE 3aBUCUMOCTE (13.25) mpu Hebompmux
3HAYCHHUAX §, MOCKOJILKY B OTOM Cilydac YMEHBOIACTCS ONIMOKa,
CBS3aHHAs CO CMenieHreM HyJeBOH JvaMH npubopa. Ha puc. 70 B
noJryJiorapuMUYecKux KOOpAMHATAaX TMOKa3aHbl MMOCTPOCHHBIE Ha
OCHOBaHHMH JKCICPUMEHTAIFHON KPUBOM, MPEACTABICHHOM Ha pHC.
65, pasHOCTH A» aMIUIUTY] CEMHUXWHOHA, CMCHIEHHBIX IPYT
OTHOCHTEIIbHO Jpyra Ha BemwuuHy 0, npu =0 u 1=0. 13 pucynka
BHJIHO, YTO 3KCIIEPHMEHTAIBHBIE TOYKH MOTYT OBITH armpOKCHMHPO-
BaHbl OJHUM, U TEM XK€ DKCIIOHCHITHAIHHBIM 3aKOHOM, JIJII KOTOPOTO

e™ = 0,82. VuuTsiBas, 9TO COTTIACHO JAHHBIM,
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Pue. 70. 3aBucrMOCTh MOIYJISl PA3HOCTH KOHIICHTPAIMH CEMHXHMHOHA BTOPHI-
HOTO XHIOHHOTO AaKIENTOpa MEXAY COCEAHMMM BCIBIIIKAMH OT HOMEpa
BCIIBIIIIKA

CnpaBa cXeMaTHIeCKH MOKa3aHbl TOYKH, HCIONb3yeMBIe TIpH MOCTpOeHMH Tpaduka, e

A= Ai(’)] ,aB~= Alg] [[ITunkapes u ap., 1981]

IIPEeACTABICHHBIM Ha PHC. 65, BelMYHHa €™, ycpeHeHHas [0 IePBbIM
OIECTH  BCHOBIOIKAM, cocraeiaser ~1,2, mo ¢opmyne (13.34)
ompenenseM, 4Yro BenawunmHa o+Px~1,92. Teopernueckasd KpuBad,
gocrpoeHHa_ﬂ W3 HalJICHHBIX IIApaMETPOB, IIPEJICTABIICHA Ha pHC. 65,

3pavenns o+p aus pazmauasix OPII. Ipemnoxennas Moaens
MOJXXET OBITh WCIIOJIE30BaHA JIJIS aHAJK3a YKCICPUMEHTAILHBIX JIaH-
HbIX, noiaydeHHblXx mis DPI] dorocunTesnpyronmx OaxTepuii, a
taxxke OC II Beicmmx pacrenwmii. B Tabn. 10 mpencraBieHsl BEIHYH-
bl 3P PeKTUBHOCTH HepeHoca SIEKTPOHOB o+, paccuMTaHHble W3
JTUTEPATYPHBIX JAaHHBIX 10 KpuTepuio (13.34), yuuTeiBaromeMy Bce
BCIIBIIIIKHA. HpI/I PacueTe HMCIIOJIb30BAJIM 3KCIICPHMCHTAJIBbHbLIC TOYKH,
COOTBETCTBYIOIMHAE MOMEHTaM OCBEIICHUS NPENapaToB BCIBIIIKON
(1=0). HanomuumM, uto Benuunna o () paBHA BEpOSTHOCTH TOTO, YTO
mocJie IepBoi (BTOPO#) BCILIMIKH CBETA 3JIEKTPOH Iepeiiner ot P870
Ha Q. IIpu HaceImaromel MHTEHCMBHOCTH BCOBINIKA BEJTMYUHBI O U
B coBmamarOT C COOTBETCTBYIONIMMH 3HAYCHHWSIMH KBAaHTOBBIX
BBIXOJIOB.

Tabanua 10. Bernauna cymmapHoii 3p¢eKTHBHOCTH NepeHoca 3I1eKTPOHOB
JJIsl Pa3IM9IHBIX MPeNnapaToB

IIpenapar atp JIntepaTypHbIi HCTOIHHUK
Xpomarodops! Rps. sphaeroides 1,8 Baroach, Clayton, 1977
®PI] Rps. sphaeroides, R-26 1,93 Vermeglio, 1977

®PII Rps. sphaeroides, R-26 1,83 Wraight, 1977

Knerku Rs. rubrum 1,80 DeGrooth et al., 1978
XnopomiacTsl 1,81 Velthuys, Amesz, 1974

» 1,77 Wollman, 1978
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W3 amanm3a TaOIMIBEI MOXHO CHEJIaTh BEIBOJ O TOM, YTO BEJIH-
YuHBl CyMMapHO# 3(h(EeKTHBHOCTH TepeHoca 3JICKTPOHA, MOJIydeH-
HbIE Pa3HBIMH aBTOpPaMH, OJM3KKM MEXIy co00ii, HECMOTpA Ha pa3-
JIMYHBIE IpenapaThl, a TAKXKE BH/bI OaKTEpHid, HCIIOIL30BAHHEIE HMH
B skcnepumMenTtax. Cpeausas BeIWYKWHa CYMMBI KBAHTOBBIX BEIXOJIOB
Ha JBe BCHOBIOIKH cocTaBiser ~1,84. Hebombiine OTKIOHEHHS Ha-
OJI0JaEMbIX BEIMYHH JIPYT OT APYra MOTYT OBITh CBSI3aHBI HE TOJIBKO
C pa3IM4YHieM KBAHTOBBIX BBIXOJIOB IEPBUYHOIO pa3jelicHus 3apsioB,
HO ¥ C Pa3Hoil MHTEHCHBHOCTHIO U JIJIMTEIEHOCTHIO BCIBIMIEK CBETA,
Pa3IMYHON KOHIIEHTpaLKeH MeTHaTOPOB U T. .

HOJ’Iy‘IeHHBIe OII€CHKH 11 CYMMBbI KBAHTOBBIX BBIXOJO0B pPa3JiCiic-
HUS 3apAA0B Ha IEPBBIE JIBE BCIEINIKH CBETA JOCTATOYHO XOPOIIO
COIJIACYIOTCS C BEIUYHHON KBaHTOBOro BeIxoza 0,96—0,98, momy-
geHHo# 1y xpomatodopos Rs. rubrum apyrum merogom [Bbapckuii u
np., 1975]. Hexoropoe pasnuuue HalAeHHBIX BEIMYHH MOXKET OBITH
CBS3aHO KaK C TeM, 9TO0 B paboTe bapckoro u coaBTOpOB ompeseieH
KBAHTOBBIM BBIXOJ IPH HENPEPHIBHOM OCBEMIEHHWH, TaK M C Pa3id-
YHUSAMH B YCIIOBHAX KCIICpUMCHTA.

13.5. 3aBHCEMOCTB IBYXTAKTHBIX K0JIcOaHHA cCeMAXHHOHA
OT Pa3/IAYHLIX YCIOBHM

JUIs TIpaBHIILHOTO ONpeAciIeHHs KBAHTOBOT'O BBIXOJIa Pa3jiclICHHUs
3apsI0B HEOOXOIMMO H3YYHTh 3aBHCHMOCTH KOHIEHTPAIMH CEMHUXH-
moHa Qp OT pa3sjIHYHBLIX YCIOBHH, TAKHMX, KaK JJIMTEILHOCTh M HH-
TEHCHUBHOCTh BCHBINIKK CBETA, JJIMTEILHOCT, TEMHOBOM aJanTarivu,
KOHIICHTpAIIMM SK30T¢HHOTO JIOHOPA U JIp.

Temnosas adanmayus

Cootnomrenue (13.18) ObL10 TONyYEeHO HAMHU B MPEATIOIOKECHUAN
TOT0, 9TO TIE€PE]T IEPBOM BCUBILIKON CBETa BCE MOJIEKYJIEI BTOPHYHOTO
XWHOHA HaXONATCS B okuclieHHOW ¢opme. Bmecte ¢ TeM B BoccrTa-
HOBUTEILHEIX yeaoBuax (E£,<200 mMB) BpeMs »XH3HH CEMHXHHOHHOI
$hopmel Qp, Kak IPaBUIIO, JOCTHIAET HECKOJILKUX MUHYT (CM. pHC. 64,
6) ¥ TEMHOBOM aJanTalydyd MOXET OKa3aThCSA HEAOCTATOYHO JUIS TOTO,
YTOOBI MOJIHOCTHIO OKUCITUTh 00Pa30BaBIIYIOCH Ha CBETY CEMHXHHOH-
ayio dopmy Qq. I[TosToMy HEOOXOIUMO BBEISICHHTH, KaKHM 00pa3zom
TEMHOBas ajmanTanus o0pasma CKa3bpIBaeTCs HAa  XapakTepe
JBYXTaKTHEIX KOJEOAHHH KOHIIEHTPAIMH CEMHXMHOHA BTOPHYHOIO
XUHOHA.

Paccmotpum pexyppentaoe coormomenue (13.13) mis Bepost-
HOCTH 3aCTaTh BTOPHYHEIA XWHOH B CEMHMXMHOHHOM (opMme depes
BpeMs O mociie #-i BCIBINIKK CBETA:

Po(n) =y +(1=ay — B )po(n—1), (13.35)
rae BeawmuuHsl o ¥ [ ompenenensl B dhopmyne (13.17). Panee Mb
[IPE/II0JIArajii, YTO MCXOMHO 0 IEPBOM BCIBIIIKK CBETA BTOPHYHEIN
XHMHOH MOJHOCTEIO OKucieH (pg(0) = 0). OTo mpHBOAMIO K TOMY,
YTO BEPOST-
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HOCTHh 00pa3oBaHMi CEMHXMHOHA HA TIEPBYIO BCIBINIKY CBETa ObLIa
paBHa o. Kax Buano u3 dopmyasl (13.35), B obmiem ciaydae mpu
HEJIOCTaTOYHOM TeMHOBOM aganTanuu (pg(0)#0) BO3MOXKHO HE TOIBKO
YBCIHMYCHHUEC, HO H YMCHBIOICHHC KOHIICHTpallMkd CCMHXHHOHA Ha
TIEPBYIO BCIBIMIKY. JTO MPOMCXOIUT B TOM Cilydae, korja oy +(1-o-
B1) pe(0)< pe(0), mmm pe(0) > ou1/(0+P1). Ecim xxe po(0) = our/(o+B1)
TO BennunHa pg(1) pasua pg(0).

TakuMm 00pa3oM, TIpH HEIOCTATOYHON TEMHOBOH aJamnTaiiiil Xpo-
MaTo(OpOB BO3MOXXHO YMECHBIICHHE AMILIMTYIbI M3MEHEHHHA ITOTJIO-
HIEHNS CEMHUXHHOHA, HHIYIHPOBAHHOIO HEPBOH (B CEPHHM) BCIBINIKOI
cBeTa. PaccMOTpHM Temepb, Kak BIMSET HEIOCTATOYHAS TEMIIOBas
ajlanTanvs Ha OnpeJeeHne BeMUMHbBI CyMMapHoi 3G ¢eKTHBHOCTH B
mepenoce 3nexkTpona o+ mo dopmynam (13.30) —(13-32) u (13.34).
Hcnone3ys dopmyny (13.35), maiimeM, uto oTHOmeHHEe abcopb-
[MOHHBIX M3MEHEHHIA CEMHMXHHOHA TOCJIE BTOPOH M TIEPBOM BCIBIIIEK
paBHO:

Py(2) _ al(z_al _ﬂl)(l_al _ﬂl)zpe(o) 22—, - f (13.36)
po(l) a,+(1—a, - B)ps(0) b

CrnenoBarensHO, IIPH HEIOCTATOYHOH TEMHOBOM aJalTalH HCIOJb-
3oBanue kpurtepus (13.30), y4YHUTHIBAIOHIETO TOJIBKO IIEPBEIE JIBE
BCOBIIIKA CBETAa, JA€T MCKAKEHHBIM pe3ynsrar. Mcooik30BaHue
dopmyner (13.31) opu HEZOCTATOUHOM TEMHOBOH aJalTaIldH TAKXKe
JlaeT HeBepHbIe pe3yibTaTel. B To ke Bpemsa xpurepuu (13.32) u
(13.34) »e 3aBUCAT OT BpEMEHH TEMHOBOM aJalITAIVH.

Crnenyer, ogHaKko, OTMETHTh, YTO €CIIM 3a TOYKY OTCUETa B3ATh
BEJIMYHMHY KOHIICHTPAIMH CEMHXWHOHA Mepe] MHEPBOM BCIBIIIKOM
cBeTa, TO, nojcrasias B Beipaxenue (13.35) Benmuuuny rg(n)=pe(n)-
pe(0), mony4uMm ciemyroniee peKyppeHTHOE COOTHOMICHHE:

ro(n) = ~(an + B)pe(0)+ (1= = B Jrp(n=1), (13.37)
ITo anamoruu ¢ dopmynoi (13.14), yauteias, ato 7o(0)=0, momydum

n
re(n)=Cl (e -p) (13.38)
o+ p
rae C=a - (o +B1) pe(0).
ITockoneky monydeHHas (GopMysia JUIIb HOPMHPYIOIIAM MHOXH-
TeJaeM oTiaudaeTcs oT Beipaxenws (13.14), To Bce KpUTEepHH IS
ompenenenus  oytP; OyAyT chopaBemIMBEI B pacCMaTpHBAEMOM
ciydae.
TakuM 00pa3oM, eciii MPH HEAOCTATOYHOW MPOIOJDKHATEIILHOCTH
TEMHOBOW aJanTalMd 3a TOYKY OTCYETa MPHUHUMATH BEIUIHHY
KOHIIEH-

b
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Tparuu (BEpOATHOCTH) CEMHUXHHOHA Iepe]] IEPBOii BCIBINIKOM CBETA,
TO uctons3oBanue kpurepues (13.30) — (13.34) nns Bemuuun ro(n)
JlaeT IPaBUIIBHYIO BENWYHHY o + .

Basucumocmo genuuun o | B] ONl HOMeEpa 6CRBIUIKU

B paccMoTpeHHOH BBIIE MOJEH TIPEANONAralioch, YTO BEPOST-
HOCTH Tepexona o U [ (2 COOTBETCTBEHHO O W [3;) BTOPHYHOTO
XHHOHA U3 OKHCJIEHHOH (hOpMBI B CEMHXHHOHHYIO H U3 CEMHXHHOHHOM
d)OpMBI B IIOJIHOCTBIO OKHCJICHHYIO 110/ I[ef/'ICTBI/IeM BCIIBIIIIKH CBCTA HE
3aBHCAT OT HOMEpPA BCIBINIKK. JTO TPHUOJVDKEHHE ONpPaBIaHO JIMOIh
Ipd YCJIOBHM, YTO IIEPEJ OYCPCIHOM BCIILINIKOM CBETa IIMTMCHT
MOJIHOCTBIO BOCCTAHOBJIEH, & OKHUCIIEHHE HOJIHOCTHIO BOCCTAHOBIIEHHOM
($hopmsl BTOpruHOoro xuaoHa (YOMXHHOIIA) HA KaXKYIO BCILIIIKY CBETA
MIPOMCXOIUT C OAMHAKOBOM d(hdexruBHoCTEI0. Hibke MBI pacCMOTPHM
TOJIEKO HapyIIeHWE HEPBOrO YCIOBHS, KOTOPOE MOXKET HPOHCXOIUTH
KaK B OKHCJIIMTCJIBHBIX YCIIOBUAX, TaK M IIPH AO0CTAaTOYHO 60J'IBIIIOﬁ
YacTOTe BCIBIIIEK CBETA, KOT/IA 32 BPEMSI MEX/Ty BCIIBIITKAMH TATMEHT
HE YCIICBACT MOTHOCTHIO BOCCTAHOBUTHCSL.

KadecTBeHHO BIMSIHHME HENOJHOTO BOCCTAHOBIICHHS ITMIMEHTA
MEXIY BCIBINIKAMHA CBETA JOCTATOYHO OYEBHAHO. YeM Oolbmie HO-
Mep BCIBINIKA, TEM MEHBIIEC IMATMEHTA OKHUCISETCS TOJ JIEeHCTBHEM
BCIIBILIKH, ¥, CIIEAOBATEILH0, BEPOATHOCTH MEPEX0IA O U [3 JOHKHEI
MOHOTOHHO YMCHBIIATBCA IIPH YBCIHMYCHHH HOMCPA BCIBINIKH. Pac—
CMOTpPHIM 3TOT BOTIPOC C KOJIMYECTBEHHOHW CTOPOHEL. byaem mpenamo-
Jarath B JAJbHEHIIEM, YTO BOCCTAHOBJICHHE (POTOOKHUCICHHOTO TIHT-
meaTa OPIl mpoucxomuT Mo MOHOIKCIIOHEHITMAJIEHOMY 3aKOHY C
KOHCTaHTOi ckopoctu k; [em.: (13.6), (13.8)]. O6Go3saunM yepe3 o
BEPOSITHOCTH TOTO, YTO TOJ ICHCTBHEM BCIBIIIKKA CBETa MIMTMEHT Tie-
PEXOIIUT M3 BOCCTAHOBJICHHOTO COCTOSHHS B OKHCIICHHOE. Torma rie-
pexonsl murMenta DPL] mox meiicTBHEeM cepuH BCIBIIIEK CBETa, a
TaKXKe €ro IMOCIEAYIOmas TEMHOBAas PEJaKCaIus MOTYT OBITh OIH-
caHbl CXEMOH, IOJIHOCTHIO aHAJOTMYHOM TAKOBOW JIJISI BTOPHYHOIO
xuHoHa [cMm.: (13.11), (13.12)].

1-o PL)PO
(13.39)

COOTBETCTBEHHO JTOMY HW3MEHEHHE B 3aBHCHMOCTH OT HOMeEpa
BCIIBIUIKH BEPOATHOCTH OKUCIEHHON GOPMEI MMTMEHTA Yepe3 BPeMs T
IocjIe o4epe HOM (7-i1) BCIBIIIKH CBETa MOJKHO B IOJIHOM aHAJIOTHH C
BeIpaxxenueM (13.18) 3anucars B Buze

ae_k'r n
PT(n)—O_—l[l—(l_o'l) ] (13.40)

o, =0 eh? p1-ehf =14 (o - l)e_kle.

278



TakuM 00pa3oMm, MMeeM cIeAyroulee BHIPRKEHHE IS BEPOATHOCTH
OKHCJICHHOH (pOpMBI MUTMEHTA:

P(n)—ﬁ[ ~{- J)e_kla}] (13.41)

OTMeTHM, YTO TIONy4EeHHYIO (hOPMYJTy MOXHO OBIJIO OBI TIONYYHTH U
KaK IpeAelbHyI0 JUIS MepuoAudeckoro ocBemenns (cM. 1. 10),
OpuYeM IpPH TaKOM IOAXOJE BCKPBHIBACTCS CMBICT BEIWYWHBI O.
ByneM B paneHeilmeM cuWTarh, 4TO (hOpMa HMMIYJILCA BCIBIIMIKH
SBJISCTCA TPSAMOYTONBHOHW, Kak 3TO moka3zano Ha puc. 48. Boc-
monp3yeMcs pesyasTaTamu 1. 10, B KOTOpO# aHAM3UPYETCs U3ME-
HEHHE KOHIEHTPALMH OKHCICHHOH (OpMBI MEpeHOCYHKA IOJ k-
CTBHEM TEPHOAMYECKOTO OcBemeHnus. KuHneTnka BO BpeMEHH 3ace-
JICHHOCTH OKHCJICHHOTO COCTOSHHMS THUTMEHTa, MEHSIOOICTOCS
cormacuo cxeme (13.39), umeet Bug [cM. hopmyay (10.79)]:

=€ [(ka-+k0 )2+#16]

P — 1— ~(k+ko)x
=4 k( e

P.(n)=Py(n)e™".

B stux dopMynax ky— KOHCTaHTa CKOPOCTH, HPOIOPIHOHATILHAS HH-
TEHCHBHOCTH JEHCTBYIONIETO CBETA, # — HOMEP BCOBIOIKH, 0 —
TEMHOBOM HHTEPBaJl MEXAY BCHOBINIKAMH, ¥ — CPEIHSA IPOJOIDKH-
TEJIbHOCTh BCILIOIKK CBETa, ki — KOHCTaHTa CKOPOCTH BOCCTaHOB-
nenns nurMenTa. OOBYHO IIHTENLHOCTS BCIBIIIKA CBETa CYIIECTBEH-
HO KOpO4Ye, 4eM BpeMA MEXAY BCIBINIKAMH, 4 HHTEHCHBHOCTH BCIIBIII-
KM OJM3Ka K HACHIUIAIOOIEH, T. €. COpaBeIMBEI CICIYIOUIHE COOTHO-

TICHMUS:

0>>y, ko> ki (13.43)
PaccMoTpuM nipezienbHBIN Clydail KOPOTKUX UMITYJIbCOB CBETa, KOTJIa
koxy— a npu x—0. B stom cinydae Beipaxenue (13.42) mus Bepo-
SITHOCTH OKHMCIICHHOW (pOpMBI THUTMEHTa PEaKIMOHHOTO IIEHTpa arl-
MIPOKCHUMHPYETCS CICAYIOUAM 00pa3oM:

l1-e™ e_k]T —n{a+k10
Pr(n)=£m%[l—e (a+ky )] (1344)

B 3TOM cOOTHONIEHWH BEIWYHMHA d XapaKTepHU3yeT WHTCHCHBHOCTH
Beoemiky cBera. Beipaxenus (13.41) u (13.44) coBmagaroT Ipyr C
JIPYroM, eciii 6 = 1— e™ wim
—k
oc=1-¢"0%, (13.45)
OTO BBIpaXEHHE TMOKA3BIBAET, YTO BEPOSTHOCTH MEPEX0/a MUTMEHTA

U3 BOCCTAaHOBJICHHOW (POPMBI B OKHCICHHYIO SKCIIOHCHI[MAJIHLHO 3a-
BHCHUT OT HHTEHCHUBHOCTH CBETA.

Ha puc. 71 noka3zansl TECOPETHYECKAE KPUBBIC M3MEHEHHUS KOHIICH-
TpauuH OKHCIEHHOH (OpMBI NMUTMEHTa IO JEHCTBHEM CepHH IIo-
e kox

1 — g LUa+ko)z+kio] 2 (13.42)

CJIENOBATECIIbHBIX BCIIBIIIEK CBETA MPHU PAa3JIMYHBIX 3HAYCHHUAX

_—
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Puc. 71. Teoperudeckue KpUBHIC U3MEHEHHMI KOHIICHTPAIUH (OTOXHMHUICCKH
aKTHBHOTO ITMTMEHTA PEaKIMOHHOTO IIEHTPa B 3aBUCUMOCTH OT HOMEpa BCIIHII-
KM CBETa, IIOCTPOCHIEIE HCXO/ U3 Brlpaxkerws (13.44) mpu pa3nmudneIx 3Hade-
HUSIX  TIapame e Y  xapaxkTepH3yloIer0 WHTEHCHBHOCTH CBETa, W
HapameTpa, € | XapaKTEepH3yIONEro CKOPOCTh TEMHOBOTO BOCCTAHOBIEHHS
nurmenta [ - ¢ %07 —01: I - ¢ %07 = 7. Benmauna &"1¢ pasma 0,01 (a), 0,1

(6), 0,4 (8),09 (2)

XapaKTEPU3YIONIMX WHTCHCHUBHOCTh BCIBIIIKK ¥ BOCCTAHOBIICHHE
NMIMeHTa 3a Bpems 0 Mexny Benblmkamu. M3 pucyHKa BHIHO, 4TO B
CAy4Yae HACHIMAIOMEH BCIOBINIKM CBETa (BEPXHSSL CTPOKA PHCYHKA)
YBEJIMYCHUE BPEMEHU TEMHOBOTO BOCCTAHOBJICHHS IMUTMEHTA TIPHBO-
JUT K TOMY, 9TO €70 OKHCIIEHHE ITPOMCXOJUT B OCHOBHOM TOJIEKO Ha
TIEPBYIO BCIBIMIKY cBeTa (puc. 71, I, 6, 2). Ecnin e BCObImIKa cBETa HE
SBJISIETCS HACHIMAOMEH (HIDKHSS CTPOKAa PHUCYHKA), TO OKHCIIEHHE
MMUTMEHTA TIPOUCXOANT MPUOTU3UTEIIEHO B PABHOW CTETICHHM HA KaX-
JIyI0 BCOBIMIKY. KpoMe TOro, puCyHOK HILIIOCTPHPYET TOT (haKT, 4TO
NP YBEJIWYEHUH BPEMEHHA

'7 /) -.»'r-’[;. (-l &

a &
-
. J\\N\ P\v J\L
| . |
Pttt tttt

|
‘ |
4 v
T2 3 4 & 7 f T 1 1
Puc. 72. Teoperudeckas 3aBUCUMOCTD BEJTMIUHEI WHTyIIMPOBAHHOTO BCITRIITKOH

CBETa OKHCJIEHMS IMTMEHNTa PEaKIMOHHOTO IEHTpa OT HOMepa BCIIBIMKH,
paccauTannas ucxos u3 dopmyis (13.46)

Benmaunsl napamerpos e kf y g hix , XapaKTepU3YIOIUX HHTEHCHUBHOCTD BCTIBIIIKY H

CKOPOCTb TEMHOBOTI'O BOCCTAHOBJICHHS MUT'MCHTA, paBHbI COOTBETCTBCHHO 0,1 u 0,3

Puc. 73. TeopeTrdeckast 3aBUCUMOCTD JIBYXTAKTHBIX KOJICOAHUH KOHIICHTpPAIUH
CEMHMXHHOHHOH d)OpMI:I BTOPHIHOT0 XHUIIOHA OT HOMEpPA BCILIINKH

Kpusbie paccumtanbl ucxoas u3 ypasHenus (13.13), B koTopoM BeposSTHOCTH Tiepexoja
o u B onpenensrorcs cootHomenusamH (13.48). Bemuanue! mapameTpoB e ko y g7k,

XapaKTepH3YIONIMX 3aBHCHUMOCTh BEPOATHOCTEH Iepexojia OT HOMepa BCIBIIIKH CBETa,

paeus! 0,1 u 0,4 (a, 6) u 0,1 u 0,1 (6). 3nauenue napamerpa e, XapaKTEPH3YIOMEro

TEMHOBOE OKHCIICHHE CeMUXHHOHa, paBHO 0,4 (a) u 0,9 (6, 6)
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TeMHOBOH penakcaimu (510 — () KOIMYECTBO OKHUCISAEMOTO

NUTrMEHTA HAa BTOPYIO, TPCTHIO U T. [I. BCIIBINIKKA CBETA YMCHBIIIACTCA.
PaCCMO’I‘pPIM KOJHYCCTBO ITMI'MCHTA, OKHCIIACMOC Ha 71-K0 BCIIbIII-

Ky cBeta [cM. dhopmyiy (13.44)]:
Po(n)= po(n—1) = A+ Be~(arkO)n-1) (13.46)
rae Benv4arHEl A v B onpenienensl ciaeayomumM o0pa3om:

(1 —e_kOZXI — e_klg) (1 —e_k"l)ze_klg
1— e kox+ki0) |— ooz +ki0)

Cootnomenue (13.46) mOKa3LIBAET, YTO KOJIUIECTBO IIMTMEHTA, OKHC-
JIS€EMOE Ha A-I0 BCIBINIKY CBETa, JKCIOHEHIHMAILHO 3aBHCHT OT
HHJIEKCA 1, CTPEMSACH K CTAIl[HOHapHOM Benmunue 4 (puc. 72).

3aBucuMoCTh BeposaTHOoCcTH of}) mepexona OT HOMEpPA BCIBIIIKK
MOXXET OBITh OOYCIIOBJICHA HEIOJHOW TEMHOBOH penakcanuedi OPI]
IIOCJIe MPEABIAYIICH BCIBIIIKK. B 3TOM CiIydae BEpOSTHOCTH IIepe-
X0J1a BTOPHYHOTO XWHOHA M3 OKHMCIIEHHOH (DOPMBI B CEMHUXHHOHHYIO
W U3 CEMUXHMHOHHOW (OpMBI B OKHCIEHHYIO (B TNpeHEOPEIKECHUH
OCTAJIbHBIMHA COCTOSIHMISIMH XHMHOHA) 3aBHCAT OT HOMEPa BCIIBIIIKH
CIEAYOmKM 00pa3oMm:

a(n)=[Py(n)-By(n-1)]p, a(n)=[Py(n)-Py(n-1)]y. (13.48)

31ech BEIMYMHBEL (0 M \J OIPEHENSIOT BEPOATHOCTH IONAJAHHA
JJICKTPOHA Ha BTOpPI“IHBII‘;I XHWHOH, HaXOlIS[[III/If/'ICH COOTBECTCTBCHHO B
OKHCIIEHHOM ¥ CEMUXHUHOHHOM PopMax.

Takum 00pa3oM, MPOBEAECHEBIM HAMH paHee aHalIn3 3aBUCHMOCTH
KOJIMYECTBA MHTMEHTA, OKHUCISEMOrO IOJ JEWCTBHEM A-H BCIBIMIKH
cBeta (cMm. puc. 71 u 72), ONHMCHIBAET 3aBHCHMOCTH BEPOSTHOCTEMH
nepexojia o ¥ 3 OT HoMepa BCIBINIKK CBeTa. B 9TOM ciryyae xapakrep
W3MEHEHUS KOHIICHTPAIMM CEMHXHMHOHHOW (DOPMEI BTOPHYHOTO
XHMHOHAa MOXCET CYHOICCTBCHHO OTJIMYaThCA OT IPCACTABICHHBIX Ha
puc. 69 Tunos. JIyis TOro 9To0BI KOJWYECTBEHHO PACCMOTPETH 3TH
W3MEHEHUS KOHICHTpauu ceMuxuHona Qp, He0OX0IUMO BEITUIHHEI
(13.48) noacTaBUTh B PEKYPPEHTHOE COOTHOMIEHHE, IIOHOCTRIO aHa-
noruunoe ¢dopmyne (13.13). ITonyuennoe Takum 0Opa3oM BEIpaXKe-
HUE MOXET OBITh KCIOJNB30BAHO MJIS TIOCTPOEHHS Tpaduka KOH-
OEHTpAluU CeMUXWHOHA Qp B 3aBUCHMOCTH OT HOMEpa BCIBIOIKK
cBera. Ha puc. 73 mpeacraBiieHBI HEKOTOPBIE M3 TAKHX 3aBHCHMO-
crei. M3 puc. 73, a BUAHO, 9YTO KMHETHKA M3MEHEHHS KOHIIEHTPALHH
cemuxuHOHa Q MOXKET CYIMIECTBEHHO OTIMYATHCS OT JIBYXTAKTHOM
(puc. 73, 6), ecnu BEIWYMHEI BEPOSTHOCTEM IIEPEXO0JA 3ABHCAT OT
HOMEpA BCIBIIIKH.

PaccMoTpennbIii BBINIE aHAM3 MO3BOJISET CHOPMYITHPOBATE Clie-
JIYIOIIHE KPUTEPHHU, BEITIOJHEHNE KOTOPEIX HEOOXOAMMO IS HabIr0-
JIEHHS SPKO BBIPAKEHHBIX JBYXTAKTHEIX KOJEOAHWH KOHIIEHTpAIUH
CEMHXHMHOHHOHI ()OPMEI BTOPHYHOIO XHHOHA IO, JAECHCTBHEM BCIIBI-
niek ceera (cpasuum c: [O'Keefe et al., 1981]).

A= . B= (13.47)
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Puc. 74. 3aBHCHMOCTh JIBYXTAKTHEIX KOJEOAHMM KOHIIEHTPAIMM CEMMXHIOHA
Qun OT WHTCHCHBHOCTH BCIBITIKHM cBeta B Xpomarodopax Rhodospirillum

rubrum
a — KOHTPOIb; 6, 8 — co0TBeTcTBeHHO 40 ¥ 11% OT WHTEHCHBHOCTH BCIEBIIIKH B KOH-
tpone. Cpena nnkybanquu: docdarusii Oydep (pH 6,86)—30 mM; TMO — 33 MmxM

| I
. KA \w \\
a lq'k' ‘\“ \, ‘”\I: \ \
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Puc. 75. 3aBHCHMOCTE JIByXTaKTHEIX KOJEOAHWii KOHIEHTPAIMH CEMHUXHIOHA
Qqu B xpomarodopax Rs. rubrum oT BpeMenm MexIy BCHEIMKAMU CBeTa (a) U
COOTBETCTBYIOIIHE TEOPETHIECKHE KPUBEIE (6)

Cpena wekyGaruu: docoarueni 6ydep (pH 6,86)—30 mM; TM®J] — 66 mxM.

Teopernueckne KpHBBIC pacCUMTBIBAIM HUcxoasd u3 cootHomenus (13.18) mpu
o+B=1,824; m6 = 0,159
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HUPOBAHMS BTOPWYHOTO XMHOHA in Vivo. XOTS B HENBIX KIETKaxX B
ONpEHEICHHBIX YCIOBUAX M HAOIIONAIOTCH HHAYIUPOBAHHBIE IOCIIE-
JO0BaTCJIbHBIMH BCIIBIINIKAMHK CBE€TA JIBYXTAKTHBIC KOJ]eGaHI/ISI KOHIICH-
Tpaluu CEMUXHUHOHHOM (hopMbl BTopranoro xuuona [DeGrooth et al.,
1978], TeM He MeHee, KaK MPaBWIO, IS HAOIIOLEHHUS JBYXTAKTHLIX
KoJie0aHui HeOOXOAMMO MPUCYTCTBHE PEIOKC-METHATOPOB, TAKHX, KaK
TM®]I, ®MC u mpyruve, KOTOphIE MOTYT W3MEHWUTH ITyTh MEPEHOCA
aIIeKTpoHOB. Kpome Toro, mo-BUIuMOMY, IMEETCS CYIICCTBCHHAS pa3-
HHIIA B IIEPEHOCE DJJIEKTPOHOB B IIPHCYTCTBHH MEIHATOPOB B
xpomatodopax pa3iandHbeix Oaxrepuii. Tak, eciu B xpomarodopax Rp.
sphaeroides (muxwii mrramm) u Rp. capsulata (Ala pho') aByxTaxTHBIC
KoJIeOaHWsT KOHIICHTPAIlMA CEMHUXHHOHA BTOPHYHOIO XMWHOHA HAOIIO0-
JAIOTCA TOJBKO B OKHCIMTENBHEIX yciaoBuax (E2> 250-300 mB)
[DeGrooth et al., 1978; Bowyer et al., 1979; O'Keefe et al., 1981], To B
xpomatodopax Rs. rubrum um Rp. sphaeroides R-26 nByxTakTHEIC
KoJIeOauus HaOIOMAIOTCA TAKKE M B BOCCTAHOBHUTENBHBIX YCIOBHSX
BIUIOTh JI0 PEIOKC-IIOTEHIHANIA CPEABI, IPH KOTOPOM ITPOHCXOIUT
Boccranonjienre BTopudnoro xuuona (100 - 150 mB) [Vermeglio et
al., 1980; BepxoBckuii u ap. 1981; Illumkapes u nap., 1982]. V¥V
MOCIEAHMX ABYX OakTepHii MOBEJEHHME BTOPUYHOIO XHMHOHA B XPO-
MaTodopax B MPHCYTCTBHH PEIOKC-MEIHATOPOB MPAKTHYECKH HE
OTIMYAIOTCS OT TAaKOBOTO B Tpenaparax wuzonupoBaHHbIX OPI]
[Wraight, 1977; Vermeglio, 1977]. B 9T0ii cBfi3u MOXHO IIPEIIO-
JIOXKHTh, YTO y 9THX JIBYX BHJIOB OaKTepHi HapyIIeHa CBA3b MEXIY
®PIL] u Ob/c,-okcunopenykTazaMi. AHaJIN3 OTHOCHTENILHOTO COJIEP-
JKaHUA OaKTEPHOXIOPOPHIIA M IUTOXPOMOB y Rs. rubrum moxassl-
BaeT, YTO PEAKIHOHHBLIX ILEHTPOB OOJIbIIE, YEM IMTOXPOMOB b
[Kakuno et al., 1971]. [TosToMy YacTs peakMOHHBIX [EHTPOB JOJDKHA
(yHKIIMOHMpPOBAaT,  M30JAMPOBaHHO OT  (b/c)-OKCHIOpEayKTa3,
MOCKONEKY, Kak mokazano [O'Keefe et al, 1981], xommekc,
PeaKIMOHHEIN 1eHTp B Ob/c,-OKCHIOPEIyKTa3a IIPEACTABIAIOT COOOM
Jonroxusymiee (10 KpalHelr Mepe HECKOJIBKO MHHYT) 0Opa3oBaHME.
He wuckmodeHo, 4ro CymieCTBEHHYIO POJIb B HMHAYKIIUM JBOMHBIX
KOJE€OaHui KOHIEHTPAIMH CEMUXMHOHHONW (OpPMBI BTOPHYHOI'O
XHHOHA WIPAET [HUTOXPOM C;. Y TE€X BHJIOB, IS KOTOPBIX IIPH
BBIJIEJIEHUH XpOMaTO(OPOB IMTOXPOM C; COXPAHSETCS, JBYXTaKTHHIE
KoJieOanus HaOJIIONal0TC JIMIIL B YCIOBHSAX, KOIZIA OH OKHCIEH. Y
Tex ke BUIOB (Rs. rubrum), y KOTOPEIX OH BEIMBIBAETCS B MPOIIECCE
BBIZIENIEHNSA XpOMAaTO(OpOB, IBYXTaKTHbEIE KojeOaHus HaOI0IaroTCs
HE TOJIKO B OKHCIIUTEIBHBIX, HO U B BOCCTAHOBHUTEILHBIX YCIIOBHSIX.
Briojgne BO3MOXHO, 9TO IPOHCXOIHUT KOOIEPATHBHOE B3aHMMOJIE-
CTBHC MCXKIAY IHTOXPOMOM C» H BTOPHYHBIM XHWHOHOM, 4YTO B
KOHEYHOM WTOTE€ | ONpEAENsSeT IyTh IEPEHOCa JJEKTpPOHA OT
BTOPUYHOTO XWHOHA B IICNHh JaJbHEWMMX peaknuil. B 3Toit CBA3M
OTMETHM, YTO BO3MOXKHBI II0 KpalHEW Mepe TpH PasIHudHBIX (YHK-
[MOHAJILHO-3HAYMMBIX IyTH II€PEHOCA SJIEKTPOHOB OT BTOPHYHOTO
XUHOHA.

1. OguuM K3 BapuaHTOB (PYHKITMOHHUPOBAHKS BTOPHYHOTO XHHOHA
sABIIIeTCA paboTa B ABYXTAKTHOM PEXHUME, PACCMOTPEHHOM BhImIe. [Ipu
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stoMm orHomenue H'/e 1omkHo 6bITh paBHEIM €WHHIE.

Takol ciydaii, IO-BUAUMOMY, XapaKTEpeH IJIS CHUCTEM, B KOTOPHIX
®PII e compsoxensl ¢ Ob/c,-OKCHIOPEAYKTA30k, a UIMEHHO B IIpe-
naparax H30JIMPOBAHHBIX PCAKIIMOHHBIX IICHTPOB B IIPHCYTCTBHH
9K30TEHHBIX XWHOHOB W MEIHATOPOB, a TaKke B Xpomarodopax, B
KOTOPBIX TEM HJIM MHBIM 00pa30M HaPYLICHO B3aWMMOEHCTBUE MEXITY
®PII u Ob/cy-okcunopeayKTa3aMH.

2. Bropo#i myTe mepeHoca 3JeKTpoHa CBA3aH C BOCCTAHOBJICHUEM
CEMUXMHOHHOW ()OpMBbI BTOPHYHOTO XWHOHA OT KaKOTO-THOO CIIenu-
IBHOTO TIEPEHOCYUKA, M YK€ JBAXKI6I BOCCTAHOBJICHHBIA XWHOH IIe-
pelaeT naBa DJEKTPOHA B IeNb JalbHeHmmx peaknud (Q 1wk
MuTtdena, cm. 1. [). Jlanuslii Mexanu3m (yHKIIMOHMPOBAHHS BTO-
pHWY-HOTO XWHOHA, MO-BUANMOMY, PCAU3YETCA B TEX PEAKIIMOHHBIX
LEHTpaX, KOTOPBIE HCXOIHO HAXOIATCA B KoMILIeKce ¢ Ob/c)-OKCHIo-
penykra3oi. EcTeCTBEHHO, YTO B 3TOM ClIy4ae B BOCCTAHOBHUTEIHLHBIX
YCIIOBUSAIX HE JOJDKHO HAONIOMATHCS JBYXTAKTHBIX KOJCOAHWN KOH-
OEHTPAlUU CEMUXHHOHHOH (hOpMBI BTOPMYHOTO XMHOHA. Bmecte ¢
TEM JIBYXTAKTHBIC KOJ'IeGaHPIﬂ BO3MOXHBI B OKHCIMTCIBHBIX YCJIO-
BHSIX, KOTJIa TIEPEHOCYHK, TEPEIAONIAA BTOPOU DIIEKTPOH CEMHXH-
nony, Qq OKHCIIEH.

3. B mpumiuiie Takxe BO3MOXXEH HEIOCPEICTBEHHBIN ITIEPEHOC
oAHOro 31ekTpoHa oT Qp B ek JaTbHEHINX peaknui. Taxkoi me-
XaHu3M (YHKIMOHUPOBAHHUS PEATU3YETCs, MO-BHIAMOMY, B OKHCITH-
TEIBHBIX YCIOBUsX (cM. L. 12).

He uckmrodeHo, 9T0 B KJIeTKax OaKkTepHid, B 3aBUCHMOCTH OT pa3-
JUYHBIX YCIIOBHMIH, TAKWX, KaK PEIOKC-TIOTEHIIHAT CPEJbl, adpoOHbBIE
WK aHadpoOHbIE YCIOBHS M JAPYTHE, MOTYT PEaM30BaThCS BCE TPHU
Pa3MYHBIX TUNA PYHKIIMOHMUPOBAHKSA BTOPHYHOTO XMHOHA.



3AKJIIOYEHUE

ITpoueccsl TpanchopMaluy SHEPTHH TTPH ABIXaHWKA U (HOTOCHHTE-
3¢ MPOTEKAIOT B OMPEACIICHHBIM 00pa30M OPraHM30BAHHBIX MYJIBTH-
(pepMEHTHBIX KOMILIEKCAX, PACIOIOKEHHBIX B MEMOpaHaX MHUTOXOH-
JIpui, XxpoMaToOopoB, XJIOPOILIACTOB M Ap. BMecTe ¢ Tem 10 mocnen-
HETO BPEMEHW TPAKTHUECKA UTHOPUPOBAIUCHL KAHETHYECKHE M TEP-
MoauHamMudeckue 3¢GGEKTsl 00BEAMHEHUS KOMIIOHEHTOB SJICKTPOH-
HOTO TPAHCIOPTa B KOMIUIEKCHI M TIPEATIOIAralioch, 9TO MEPEHOC
9JIEKTPOHOB MEXAY MEPEHOCYHKAMH MOXXET OBbITh MNPEJCTABIEH KaK
OMMOIIEKYIIApHEIA Iporecc. B3anMoeiicTBue MEXIY OTAEIbLHBIMHI
KOMIUIEKCAMH TI€PEHOCYMKOB ITPOMCXOAMT JMOO HEMOCPEICTBEHHO,
TU00 C MOMOIIBI0 OTHOCHTENLHO IOABMXXHBIX MEPEHOCYHKOB DJIEK-
TPOHOB, TaKUX, KaK yOWXHHOH, IUTOXPOM ¢ U JAp. Kaxmpiii u3 KoM-
IUICKCOB TIPEACTABIIAET CO0O0¥ CBOETO, POJIa MOJIEKYJIAPHYIO MAIIHHY,
(G yHKOINOHMPOBAHWE KOTOPOH MOXHO OIMCATh KaK IEPEXOIbI MEX Ty
€e PasIngHbIMHM COCTOSHHUSIMK. MyJIbTH(HEPMEHTHBIN KOMILIEKC MOXK-
HO paccMaTpuBaTh Kak CHCTEMY OOCIY)XWBaHWS, XapaKTEpHU3YIO-
OIyIOCSA ITOTOKOM BXOJSAOIMX «TPeOOBaHUID», «BpEMEHEM OOCIIyKHBa-
HHUS» U T. JO. [cMm., Hanpumep, ['negenko, Koanenko, 1966] u npu-
MEHHUTh MaTeMaTHYECKHI anmapar, Pa3BUTHIN JJIS TAKUX CUCTEM.

Yucmo coCTOSHUN KOMIUIEKCA W COOTBETCTBEHHO YHCIIO ypaBHE-
HUH Jaxe Ui HeOONBHIOr0 YWClia TEPEHOCYMKOB OYEHb BEITHKH.
OnHako JTMHEWHBIH XapakTep ypaBHEHWH OTHOCHTEIIBHO BEPOSTHO-
CTEH COCTOSIHMIA KOMILJIEKCA TIO3BOJIAET 9P (HEKTUBHO IPUMEHHUTH CII0-
COOHBI ACHMIITOTHYECKOTO ommcanus. 110 CynlecTBy JBa CBOMCTBa
KHHETHIECKOTO ONHCAHWMA — OOoNbImas pa3sMEpHOCTb HMCXOIHOM
CHCTEMBI YpPaBHEHWUH, a TaKKE WX JIMHEHHOCTh — KOMIICHCHUPYIOT
JIPYyT JApyra, IPHBOJIS B ONPEACICHHBIX YCIOBUSX K CHCTEME JIMHEH-
HBIX YpaBHEHHN HEOONBIION Pa3sMEPHOCTH OTHOCHTEILHO BEPOST-
HOCTEH COCTOSIHMH BCEro KOMIIJIEKCa B LEIOM, a HE OTHOCHUTEILHO
COCTOSIHVIM WHIWBHIYAJIBHBIX TIEPEHOCYMKOB DJIEKTPOHOB, KaK 3TO
MMEET MECTO B TI0JIX0JIC, OCHOBAHHOM Ha 3aKOHE JICHCTBYIOMIUX Macc.

HemuueiinocTs ypaBHEHM, ONKMCHIBAIOMINX IIEPEHOC 3JIEKTPOHOB
MEXIY TOABMXHBIMM II€EPEHOCYHMKAMH, 3aTPyAHSATA aHAIH3 CXeM
9JICKTPOHHOTO TPAHCIIOPTa, OTpaHWYMBaja BO3MOXHOCTH AHAJIUTH-
9ECKUX HMCCIICIOBAHUK M MPUBOIMIA K HEOOXOIMMOCTH HCIIOJIL30Ba-
HUS BBIYUCIIUTEIBHBIX MAOIMH JAXE B CAMbIX IPOCTHIX CHTYAIHSX.
[TpemnoxenHoe B KHUTE OMHCAHWE MO3BOJIAECT YHCTO AHATMTHYECKH
PacCMOTPETh TICPEHOC OJJICKTPOHOB BHYTPH KOMILICKCOB. Takum
00pa3om, MpuMEHIEMOE OITMCAHKE TIEPEHOCA YJIEKTPOHOB B KOMILIEK-
cax, C OJHOH CTOPOHEI, (pu3MUECKH OOJiee OmpaBAaHO, YEM IIPHME-
HEHHWE 3aKOHA JCHCTBYIONIMX MAacC, a C JIPYyroil — 3HAYHMTEIIHHO
MIPOIIIE.
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CyuiecTBEHHBIM JJII TIOHUMAHKUS BCEX ACIEKTOB TEPEHOCA DJICK-
TPOHOB B MeMOpaHax, a TaKKe CONPSHKEHHBIX C HHUM IPOLIECCOB
SABIAETCA BpamaTrenbHasd MW JarepaidbHas Jgud@y3us He TOJBKO
«IOABMXHBIX» TMEPEHOCYUKOB, HO M OTAEIHHBIX KOMIUIEKCOB M WX
arperaroB. I1oIBI)XHOCTb KOMITJIEKCOB IIPUBOJMT K TOMY, YTO TE€PSET
CMBICII TIOHATHE €IMHONU CTPYKTYPHOM 3JIEKTPOHTPAHCIIOPTHOM IIEIIH,
TaKk KaK CTEXHOMETPHS B3aMMOJECWCTBHS KOMILIEKCOB ONpeIesieHa
JUIIb B CPEIHEM M MOXXET MEHATHCS MPH HM3MCHEHMH BHENTHHX
ycrmoBuii. Ecim peryimmpyemasi yCIOBHSMH BHEIIHEW Cpeasl Jia-
TepaJibHAs ACHMMETPHS B PaclpeAelieHHH KOMILIEKCOB IIEPEHOCYH-
KOB JIOCTATOYHO XOpONIO YCTaHOBJIEHA I (DOTOCHHTETHYECKOTO
amnmapara BBICOIMX PACTCHHM, TO, HECOMHEHHO, aHAJOTHYHEIC IIPO-
LECCHI PETYIMPOBAHHUS MPOCTPAHCTBEHHONW 000COOIIEHHOCTH OT/IEND-
HBIX PEAKIMi MOTYT MMPOMCXOIUTh U Y (POTOCHHTE3UPYIOMUX OaKTe-
puii M1 MUTOXOHJpwWil. JlmHamMwdecKas oOpraHu3anus SJICKTPOHHOTO
TPAHCIIOPTa, MPOSBILIOMIAACA B IPOLECCaX arperaquu—jiae3arpera-
MU KaK OTAEIbHBIX [IEPEHOCYMKOB JJIEKTPOHOB C KOMILIEKCAMH, TaK
¥ CaMUX KOMILIEKCOB, IPUBOIUT K OBICTPOMY ¥ BBEICOKO3((HEKTHBHO-
My TIEPEHOCY DJJICKTPOHOB (BHYTpPH KOMILICKCOB), YBEIMYHWBAET Ha-
JIEKHOCTEh (DYHKIHOHHPOBAHMS IEH IEPEHOCA IJIEKTPOHOB, obecIie-
YHuBasgd BO3MOXHOCTb 3aMCHbI BBIINICAIINX H3 CTPOA 3JICEMCHTOB, a
TaKKe UX BCTpaMBaHME B IMporiecce Ouorenesa u, Kpome Toro, obec-
[IEYMBAET BO3MOXKHOCTH 3(P(DEKTHBHELIX CIOCOOOB PETYIIAIMH TPAHC-
[OpTa JJIEKTPOHOB 33 CYET M3MEHEHHMSI CTEINEHH arperamyid KOMILIEK-
COB, X MPOCTPAHCTBEHHON 000COOJIEHHOCTH M B3aWMHOTO IOJIOKE-
HUSA B MeMOpane. ACUMMeTpUYHAs JIaTepaibHas M TpaHcMeMOpaHHas
opranu3anysi KOMIUIEKCOB B MEMOpaHE MOXET HaIpaBIICHHO pery-
JUPOBATHCA TAKUMH (aKTOPaMHM, KaK JUIUAHBIA COCTaB MEMOpPaHLI,
COOTHOIMIEHHE JTUTTH/0EI0K, MUKPOBS3KOCTh, SH3MMATHYECKAs MOJIH-
(uxarusa 6€IKOB, HOHHEIN COCTaB CPEABI U Jp.

Bce wm3noxeHHOE TO3BOJISIET YTBEPXKIATh, YTO DHEPrompeoodpa-
3YIOIIME OSJEKTPOHTPAHCIIOPTIIEIE KOMIUIEKCH MPEICTABISIOT COOOH
MHUHUMAJIGHYIO (YHKIMOHAJIBHYIO E€IWHUILY TEPEHOCA JIEKTPOHOB U
obpazosannst Auf] ", a nx B3aMMOIEHCTBHE IPYT C IPYTOM, & TAKKE C
MOJIBH)KHBIMH TIEPEHOCYHMKAMH JJIEKTPOHOB IIPUBOANT K 00Pa30BaHHIO
ancamOlieli C pasIMYHBIMKM BpEMEHAMM JKHM3HW. TakuM o00pasoMm,
MIPOAHAJIM3NUPOBAHHBIC B KHUI'C KUHETUIECKHUE M TEPMOIMHAMUYCCKUC
3aKOHOMEPHOCTH TIEPEHOCA DJICKTPOHOB B OTAEIBHBIX KOMILIEKCAX, a
TAKXKe CIIOCOOBI COMPSDKEHHUS MTOIBUKHBIX IIEPEHOCYMKOB, SJIEKTPOHOB
C KOMILJIEKCAMH SIBJISIFOTCS OCHOBOMW JIJIi TIOHMMAaHHUS (YHKIIHOHH-
POBaHWS SHEPTOPEOOPA3YIONINX CHCTEM KUBOW KIIETKH.
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