I'maBa XXIII

TpaHcriopT MOHOB B BO30yIMMBIX MeMOpaHax

§ 1. IToTennuan gercTBUA

HepBHble MMIyAbCH, BO3HUKAOMIME B OTAEILHBIX BOJOKHAX, UMEIOT MOCTOSHHYIO aM-
winTyay u gopmy. OIUHOYHBIN HEPBHBIA MMITYJIbC — MOTEHIUAT [eUCTBUI — JJIUTCA
npuMepHO 1 MC ¥ PAacmpoCTpaHAeTcs co ckopocThio oT 1 g0 100 M/c.

B ocHOBe mpencTaBIeHUN O MPOIECCE TeHepaluy HEPBHOT'O UMITYIbCA, JEKAT UCCIe-
IOBAHUSA, BLITIOJIHEHHBIE HA TUTAHTCKAX HEPBHBLIX BOJOKHAX KadbMapa A. XOmIKKUHLIM,
A. Xakcan u B. Karnem. las usmepeHus nmoTeHnuasa qeUCTBUAS BHYTPU aKCOHA BBOIAT
TOHKUU CTEKJAHHBIN KAIWLIAP ¢ JUAMETPOM KOHUmMKa Menee (0,5 MKM, 3aMOJHEHHBIN
KOHIEeHTpupoBaHHbIM pacTBOpoM KCl, 9To He OKa3bIBA€T 3aMETHOTO BJAWSHUA HA AK-
THUBHOCTB AKCOHA.

MemOpaHHBIIT

TeAbHOCTHU (2 MC), HO PA3JIMYHON CHIBI ¥ HAIpa-
BIIEHUA, BO3HUKAIOT U3MEHEHNA MEeMOPAHHOIO IO-
TEeHIUaJa, IPpeACTaBICHHBIE CeMeI‘;ICTBOM KPUBBIX
Ha rpacpuke
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Tunepronsipusanus

[Ipu mponyckaHUM TUMEPIOIAPUIYIOIINX WU TOATIOPOrOBBIX JEMOJAPU3Y IOIINX M-
MyJbCOB TOKa MeMOpaHa BeneT ceOsa mogo0HO maccuBHOU RC-1emu, 3apakasich dKCIO-
HEHI[MAJBHO OT KCXOTHOT'O IO HOBOI'O YPOBHA C XaPAKTEPHBIM BPEMEHEM T, PABHBIM
[IPOM3BEJEHUIO CONPOTUBIEHUS Ha eMKocTh MeMmOpanbl (puc. XXIIL1). IIpu gencrsun
HAAMOPOrOBHIX [MENOMAPU3YIOUNX UMILYILCOB HAOJIIOIAETCA OBICTPOE CMENIEeHrEe 3HAYe-
HUI TOTEHINANA BHYTPEHHEN YaCTU BOJOKHA 10 ypoBHa +(40-50) MB u mocaenyroumn
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UX BO3BPAT C KPATKOBPEMEHHOU CTaJUEN CJIeJOBOU I'UIEPHOAAPU3ANMYA. AMILIUTY & IO-
TeHnmaaa gencreua cocrasaser 100-120 mB.

THoTenmman mokos. Kak u mpoTomiaszMa MEHOIUX IPYTUX KJIETOK, AKCOILIA3Ma COLEP-
KUT B BRICOKOH KoHneHTpanuu Kt u B oTHOCUTeMbHO HU3KOH KOHIeHTparmy Na™ u Cl™.
Wonwr K BHYTpHU BOMOKHA CBOGOIHBI U HE CBA3AHBLI C OEMIKAMU WX IPYTUMU KDPYITHBIMEI
MOJIEKYJIAMU.

B cocrosuun nokos Mmem6pana 6ouee nporunaema 11 K+, wem gua Nat. Beaencrsue
muddysm Kt mapyxy ms akcomtasMel BHyTPEHHEE COIEpKEMOe HEPBHOIO BOJOKHA B
COCTOSHUY ITOKOS 3aPAKEHO OTPULIATENBHO IO OTHOIIEHUIO K HAPYKHOMY PACTBOPY. JTa
MMOCTOSIHHASA PA3HOCTDL MOTEHIINAJIOB — MOTeHIuaan mokos — paHa 50-70 mB. Kaxumu
daxTopamu onpenessercsa >To 3Hadenune?! Ecau 661 MeMOpana ObLIa IPOHULIAEMa TOJIBKO
n1s KT, paBHOBecHas pasHOCTL IOTEHIHAJIOB JOCTUIVIA OBl 3HAYCHNA, ONPEAEIIeMOrO
ypasaerueM Hepucra [cm. (XVIIL3.1)] nas xaaueBoro anexrposa

[Ko]
(K]’

oK = 2 In (XXIIL1.1)
rae gx — pasHoBecHb noTenuman aua KT. Ipu xonmentpamuax Kt B xposn 20 MM
n akcomasme 400 MM kanrbMapa pacCIMTaHHOE 3HavUeHHe @k paBHO —75 MB. [lencrsu-
TEJIBHO, B MHTAKTHBIX aKCOHAX PErMCTPUPYIOT MOTEHHUAIBl TOK0sa 0ko10 — 70 mB. Cue-
JIOBaTEIBHO, B DTUX YCJIOBHAX MeMOpaHa BegeT ceba mono6uo KT -smexTpory. Omgraxo
npu Golee Hu3KWX KoHNeHTpamuax KT B cpege moTeHImasn HOKOsA yxkKe CyIIECTBEHHO
OTJINYAETCA OT PACYETHEIX 3HAYMEHUN PABHOBECHOIO IIOTEHINAIA (K.

Kax oxazanoch, 3aBUCMMOCTh MOTEHIMAIa TOKOs OT KoHmenTpamuu KT B cpene
3HAYWTENBLHO JIydIlle OMUCHIBAeTCs ypasHeHumeM loabamana (cm. (XIX.2.10)], xoropoe
BBIBEJICHO B PAMKAX 3JIEKTPOAU(PPY3UOHHON TEOPUU B MPUOIMKEHAN TIOCTOAHHOTO TTOJA.

B cocrosuuu noxos pacnpenererune Cl™ 61u3ko Kk paBHOBECHOMY, T. €. moToku Cl™
U3 KJIETKU U BHYTPb €€ OMMHAKOBHL. B 5TOM caydae yClIoBUE HyJEBOIO TOKA YePe3 MeM-
6pany [cm. (XIX.2.8)] Ik + INa + Ic) = 0 ynpomaercs no Ik + Ina = 0 u morenuman
MOKOSI BEIYUCIAETCA IO HOpPMy.Ie

_ RT,  Px[Ko] + Pna[Nao]

0= T PO Nal (XXIIL.1.2)

Y IMorenuuan va membpane B cocrosnaun nokos (XXIII.1.2) mpubimxkaercs K paBHO-
BecHOMY ToTeHnmany aaa K1, max xax mpormnaemoctu gia KT B sTux yceaomax
HAMHOTO GouIbie KoaddumuenTa mpornmaevoctn ais Nat (Px : Pya = 1:0,04). O

T'enepampsa nvmmayasca. PeBepcus MeMOpaHHOTO IOTEHIINAIA BO BPEMS PA3BUTUS UM-
[IyJIbCa BLI3BaHA TEM, YTO Ha IpeOHEe CIalKa IOTEHINAaaa AeMCTBUA MeMOpaHa n3bupa-
TepHO mpoHmIaema 1 Na', Tak 9To OTHOIIEHVe MOHHBIX IPOHMIAEMOCTeH CTAHOBUT-
cs paBHbIM Py : Py, = 1:20. Kak Bugno us ¢opmyasr (XXII1.1.2), B sTux ycaoBusax
(Pna > Pk) moTeHnuan Ha MeMOpaHe MpUOIMKACTCA K PABHOBECHOMY HATPUEBOMY TIO-
TEHIMATY (Na. PA3HOCTEH MOTEHIMATOB Ha MeMOpaHe, TTPOHMITaeMOl Tobko ais Na',
BEIpaxkaeTca popmyaoun Hepucra

oxa = BL |y 2]

I e (XXIIL.1.3)
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IIpegenvuoe 3uavenue morennuana, seraucientoe no (XXIII.1.3), pasuo +55 MB, uro
JIAIIb HEMHOI'O MPEBBIIIAET 3KCIEPUMEHTAILHO HAOII0faeMble 3HAYEHUS OOPAIIEHHOTO
MOTEHINAIA. JTU BBHIBOILI COXPAHAKTCS, €CIN BOCIOIb30BATHCA MJIsA BHIPAYKEHUSI MEM-

OpaHHOTO TIOTEHIMAA 00Iee TOJHOU GopMyaon, Tae yarensl moroku Cl™:

_ RT, Px[Ko] + Pxa[Nao] + Pci[Cl;]

F

. XXIII.1.4
P[] & PralNag] T Poa[Clo] ( )

Y B cocrosuum nokost Px : Pna : Pop = 1:0,04 : 0,45, a B cocTosuun BO30YXK IeHUA
Ha NUKE IMOTEeHINAIa IeUCTBUA, KOI'Ja BHOBL COOJIONAETCA YCIOBUE HYJIEBOIO TOKA
qepe3 MeMbpany, Pk : Pyt Pop = 1:20:0,45. O

I HapyxHast cpena A

1/8¢ /8¢,

-l—(PK 1—‘Pc1 T(PNa

l Hwurorasma

/gy, 4

Puc. XXIII.2.

OKBUBAJCHTHAA CXeMa, MEMOpa-
HBEl HEPBHOM WM MBIIIEIHON
kiaerkn (no B. Kariy, 1968).
YK, ®Cly ©®Na — PaBHOBECHBIC IIO-

renmmansr aa KT, Cl=, NaT; gk,
gC1, ENa — TpoBogmmocTs maa KT,

[lns onmcanws M3MEHEHUE MEMOPAHHOrO IOTEH-
nuajsa npu BO30YXKJIEHUU MOMUMO HPUOIMKEHUSI IO-
crosHHOro moas [em. (XXIII.1.4)] gacTo nCmonb3yoT
U OPYTOU TMOIXOM, OCHOBAHHLIU Ha, MPEICTABICHUN
MOHHEIX TIPOBONUMOCTEN MEMODAHLI B BUAE SKBUBA-
JeHTHOU siekTpudeckon uenn (puc. XXIII.2).

MeMmOpaHHLIT IOTEHINAN, U3MEPIEMbIN Ha CXeMe
MEX Iy TOYKAMU | U 0 (BHYTPEHHAA U HAPYKHAA CPe-
[a KJIETKU), CO3MAETCA DIEKTPOABUKYIIMMYA CATAMU,
DPABHBIMY DABHOBECHBIM IOTEHIIUATIAM OTIEJbHBIX BU-
OB MOHOB, MOCJENOBATENBHO COSIMHEHHLIMEA C COOT-
BETCTBYIOIIUME COMPOTUBICHUAME. TOK B KaXK 10U 13
BeTBEU PaBeH

Ii = gi(p — 1), (XXIIL.1.5)
rae g; — IPOBOAUMOCTE MEMOPAHEL JJIS JAHHOT'O BUIA
MOHOB, (); — PABHOBECHBIN IIOTEHIMAT JAHHOI'O BHIA

Cl—, Nat; Cy — emkocts mem6pa-

o WOHOB, a cp—o6nmfx’1 noTeHnuan Ha meMmOpane. Mc-
HBI; (¢ — MeMOpaHHBIA IOTEHIuAT

MOJIB3YS YCJIOBUE, 9TO B PA3OMKHYTOU IIEMU MPU I0-
CTOAHHOM HAIPAXKEHNW Ha MeMOpaHe CyMMa TOKOB
pPaBHA HYJIIO, MOXKHO IOJYYUATH CAEIYIOIIee BhIPAXKEHNEe NI MeEMOPAHHOI'O MOTEHINAIA!

— 8K9PK + 8Na¥PNa + 8ci19c1

® , (XXIIL1.6)

rie gy — CyMMapHas NPOBOIUMOCTb MeMODAHBL: gy = 8K + gNa + &CI-

W3 (XXIIIL.1.6) BuguO, 9TO 3HAYEHUE MEMOPAHHOI'O IOTEHINAJLA OIPEAENAETCA TEMU
MOHAMU, 11 KOTOPBIX IPOBOAUMOCTb MeMOpaHbl MakcuMmanbha. Ypasaerue (XXIII.1.6)
BO MHOI'MX CJIyYasX JIyH4Ile ONKUCHIBAET 3aBACAMOCTH MEMOPAHHOI'O IOTEHINAIA OT KOH-
[EHTPAIIK MOHOB B Cpeje, deM ypasHenue (XXIII.1.4).

OKBUBANEHTHASA CX€Ma MOHHLIX MPOBOAMMOCTEN MEMODAHBI U OCHOBAHHOE HA HEU
ypasuenue (XXIII.1.6) mpeamosararT, 9TO pa3HbIEe BUALI MIOHOB IIPOHUKAIOT Y€pe3 KJe-
TOYHYIO MeMOpaHy MO MPOCTPAHCTBEHHO PA3AeJIeHHBIM MyTAM. JTO COOTBETCTBYET CO-
BPEMEHHBIM [IPENCTABIEHUIM O CYIIECTBOBAHUY OTJEIbHBIX TUIIOB MOHHBIX KAHAJIOB, Ce-
JTeKTUBHO mpoHunaeMblx gus Nat o KT,
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Y ITpouecc BO30y XK feHNSA PA3BUBAETCSA BCAELCTBUE 3ABUCUMOCTH IIPOHUIIAEMOCTH MeM-

OpaHbI I HOHOB OT MEMOPAHHOr0 noTeruuata. [Ipu qocTimkeHnn KPUTHIECKON 1e-
TOJIAPU3AIINH, KOT 14 BO3PACTACT IPOHUIIAEMOCTh MeMOpans! mius Nat | 5Ty nons yerpem-
JATCA BHYTPHh U BBI3BIBAIOT TANBHEUIIYIO NENoJApu3anuio MeMmopassl. IIpouecc mpo-
JOMKAETCA JO TeX IOp, IMOKa IMOTEHINAJT HE CMECTHUTCA IO PABHOBECHOI'O HATPUEBOT'O
norennuana. B »Tux ycioBuax notokn Na' Hapyxky u BHYTDbH CDaBHUBAIOTCA. 3aTem
NPOUCXOMUT yBeawdeHue nporunaemMoctu ais KT u monn K HavmuaoT BLIXOAMTL 13
KJIETKH 110 TPAJUEHTY CBOEr0 3JIeKTPOXUMUIECKOr0 NoTeHnuana. B sTom mpouecce mem-
6pana penoaapusyerca. Borxon KT npexpamaeTcs, korja noTeHnman Ha MeMOpaHe TIpu-
OMM3UTCA K PABHOBECHOMY KAJIUEBOMY IMOTEHINATY. (|

Baxubim mogrBepxeHrneM MeMOPAHHOU TEOPUM BO3OYXKIEHUS SBUIACH DKCIEPU-
MEHTBI [I0 PETUCTPALNY TOTEHIUAJIA TeNCTBUA HA Mepdy3uPyeMBIX AKCOHAX, Y KOTOPBIX
aKCOILIa3Ma 3aMEeHEeHa Ha, IO AXOIAIIMN coaeBon pacTeop (Hanpumep, KoSOy). 3anonnen-
HBIE UCKYCCTBEHHLIM PACTBOPOM AKCOHBI TPOBOAAT UMITYJIbCH B TEIEHNE HECKOIBKUX I~
COB, XOTA B pe3yabTaTe Mepdy3nn yaaraeTca okoao 95% axcomnasmer. OOeITH ¢ mepdy-
3Uel aKCOHa HOATBEP IUIN UAeI0 O TOM, 9TO MOTEHINA IOKOS peryampyeTrcsa norom K.
Tak, npu nepdysun akcoHa GECKAIMEBLIM PACTBOPOM IMTOTEHIUAJ MOKOS ObLT OJU30K K
mymo. [loprmenne xornerTpammu K+ BEyTpm akcoma B maTepsate 10 150 MM compo-
BOXKIAJIOCh TTOBHIIIIEHNEM OTEHIINAIA TOKOsA B COOTBETCTBUM C ypaBHeHureM Hepucra.

AHaJIOrMYHbIE ONBITH ¢ m3MeHeHneM koHmenTpannu Nat B mepdysupyemom pacTso-
P€ BBIABIWIN 3aBUCAMOCTD TUKOBOI'O 3HAYEHUS MOTEHIINANA IEUCTBUA OT BHY TPUKIETOY-
son kounenrpamuy Na™ . IIpn nossunennu konnenTpammu Nat Beamansa ciafika yMeHb-
manachk, a npu 3amene 50% kanmma Ha HATPUU B MEPQy3UPYyEMOM PACTBOPE IPOBEICHHAE
BO30Y XK IeHUS TPEKPAIIAIOCh.

OnHO M3 BECKUX NOKA3ATEILCTB MEMOPAHHOU TEOPUM COCTOUT B TOM, UTO MPOBE-
JeHIe WMIIYJIbCA CBI3AHO C 3AMETHHIM BO3DACTAHHEM cKopocT: gsmxkenms Na® m K+
1o rpaguenrTam KounerTpanuu. Kommaecrso Bxogamero Nab u Berxogamero K+ moxwo
OIIPEIEIUTH C MOMOIIBIO M30TONOB WX METOIOM IIAMEHHOU (POTOMETPHUU MOCJAE MHOTO-
KPATHOW CTUMYJIALNN aKCOHA. Pe3yIbTaThl N3MEPEHUN TTOKA3LIBAIOT, UYTO B TUTAHTCKOM
AKCOHE KAPAKATUIE KAXKIBIN MMITYIbC CBA3AH HE TOILKO C BXOJAMENM moTokoM Na't
(10,3 mvonb/cM?), HO W ¢ BEIXOAAMIMM TIOTOKOM 3TOT0 ke mona (6,6 mvors/cm?). Ta-
KuM 06pa3oM, cymmapueii Bxog Nat cocrapmser 3,7 IMOJIb /cM2 | ITO TIPUOIUBATETBHO
coorBeTcTByeT nortepe KT Ha omme mMIyIbC.

KommaecTso Bxogamero Nat BroiHe 0CTATOYHO /14 MEpemoIApH3anmy MeMOPAHLL
B TIEPUOJ TOTEHINATA, NEUCTBUA. [[eUCTBUTENBHO, YTOOB M3MEHUTH HAMPAXKEHUE KOH-
IencaTopa eMxocTbio 1 MxdD ma 120 MB, meo6xomum 3apai, pasabi 0,12 - 1076 Ko
At1o sxpuBazeHTHO 1,2 - 10712 MOIBL OJHOBATEHTHOINO KATHOHA, YTO COCTABRJIACT JIUIIb
1/3 ot Habu01a€MOr0 BXOAA Na™. Takum o6paszom, obmmee KoamaecTBO BxOgamero Na™
3HAYMUTENBHO MPEBHIIIAST MUHUMYM, HEOOXOIUMBIN /I U3MEHEHUS MOTEHIINAIA HA MEM-
6pane Tpu BO30YxK AeHuu. [IpeBEIIIeHe MUHUMYMa, 00bACHAeTCa TeMm, uTo Na' BxoquT
HE TOJBKO BO BpEMsA BOCXOIAIEH (aswl cmaika. Bxon Nat mpogomkaercs u Bo Bpems
paHHel a3kl Craa, KOrja BEICOKa IpoHnaeMocTs n gus Na© | u qua K+. B sTor nepmog
3apsaz, meperocumbii BxogamuM Nat, ¢ m36brTkoM KoMmercupyercsa Berxogamumm K.

IMoce mpoxoxk IeHus MO AKCOHY OAHOIO CIANKA CUCTEMa BO3BPAIIAETCS B KUCXOJ-
HOE COCTOAHUE, 33 WUCKIIYEHUEM TOr0, YTO B KIETKE MOABUWICA HEKOTOPHIM U30BITOK
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nonoB Na, BOIIEANWMX B MEPUOI IEMOJIAPU3ANNM, M HEKOTOPHIU HEIOCTATOK MOHOB K|
BBIIICIIX HA (asze pernorapusanun. V3MeHe s BHY TPUKIeTOMHON KoHneHTpamun Nat
u KT, BrI3BamEbIe OIMHOYHBEIM HOTEHIIWAJIOM IEHCTBHSA, KPaWHe MaJbl, HO MOLVIH OBI
OKA3aThCA 3HAIUTENLHBLIMIA TIPA MHOTOKPATHOM ITPOXOK J€HUN HEPBHBLIX UMITYILCOB. [l
1101 IePKAHNIA TIOCTOAHHOTO YPOBHSA BHYTpUKIeTOUHEX KoHnenTpanmit K u Nat B kie-
TouHOM MemOpane u cymectsyer cuctema Nat, KT-nacoca (cm. § 1 rv. XXII), o6ecnesn-
BalOIAA AKTUBHOE BhiBefeHne Na' B o6Men Ha mocrymienne B kierky KT, padoraomasn
3a cuet sueprun ATD.

§ 2. Nonnsie Toku B MeMOpaHe aKCOHA

Mexanu3mbl BO30y IMMOCTH OBLTH pacIndpPOBAHEBI 0JIAr01apsa U3MEPEHUAM MEMOPAHHOI'O
Toka MeTogoM ¢ukcanuu norernuana (K. Koy, 1949). B 06bvHBIX U3MEpEHUIX IOTEH-
nuana geiicTeua nporunaemoctn 1A Na® u K+ apimorcs GyHKIMen IByX mepeMeHHbIX:
3HaUeHUs MeMOPAHHOrO MOTEHIINANA U BpeMenu. B meTone dukcamuu noreHmana cyme-
IeHus:T MEMOPAHHOIO IMOTEHNNAIA HAXOIATCA MOJ KOHTDPOJIEM, YTO NAET BO3MOXKHOCTH
9eTKO Pa3rPAHUYUTH BIUSHUE 3TUX IBYX (PAKTOPOB 3a CUET IOLABJICHUS aBTOMATIYIe-
CKOI'0 B3PBLIBOMOJAOOHOIO PA3BUTHUSA MOTEHINAIA TEACTBUA.

1 1 Puc. XXIII3.
P lpunuunuansuas (I) u sxBuUBaTEHT-
I Ry Has (II) cxeMBl yCTaHOBKM Jis (DUKCA-
l[ oy MeMOPAHHOTO TTOTEHITAAIA,
¢

OCHOBY YCTAHOBKHM CcOCTaBafeT nuddepen-
Cm Ry OAAJbHBIA YCUJIATEIh Y2 C BBICOKUM KOD(-
JUIMEHTOM YCUIEHUs, HA OAWH BXOJ KOTO-
pOro HoaeTcs Pa3HOCTH MOTEHIUAIOB MEeX-
Iy M3MEPUTEIHHBIM MUKPODIEKTPOLOM Oy 4
HAPYXKHBIM DJIEKTPOJIOM CPABHEHUS ¢, T.e€.
MeMOPAaHHBEII NOTEHNWATI (M3MEPAETCA yCH-
auteneM Y1). Ha gpyrom Bxoxg mocrymaer
KOMaHAHBIU noTennuan F. Eciu komangaein noTernuan F paBeH mOTEHIUATY MOKOA (§, TO HAPAKEHUE
Ha BBIXOJ€ Mu(DHEPEHINATLHOTO YCUIUTENSA PABHO HYJIO, U B [ENN, BKIIOYAOMIE! TOKOBBIA 2JIEKTPOT D,
KJIETOYHYI0 MeMOpaHy ¥ DJEKTPOJ CPaBHEHUs, TOK He TedeT. Ecau ke KOMaHIHBIA HOTEHIMAL OTINYa-
€TCs OT MOTEHINANA MOKOS, TO HA BBIXOJE Aud@epeHuAILHOT0 YCUINTENS BO3ZHUKALT HAINPSIKEHUE,
IPOTIOPIMOHATBHOE PA3HOCTH HoTerruanos (F — ¢) ¢ xoaddunmenTom mponopruorarsrocTn Ko ~ 109
(Ko — x02¢dunuenT yCUIeHns ONEePANMOHHOrO ycuauTeas). IIpu 9TOM B menu OGPATHOU CBA3M 4Yepe3
TOKOBBIA MUKPOJIEKTPOJ C CONPOTUBIEHUEM R, KIETOYHYI0 MEMOPAHY U BJIEKTPOJ CDABHEHUS MOTEYET
TOK, KOTOPBIM CMelaeT HOTeHNal Ha MeMOpaHe, npubamkas ero K 3aJaHHOMY yPOBHIO mOoTeHnuana F

Y B meTone dukcanuu noreHnmanta UCIOAB3YIOT SJEKTPOHHYIO YIIPABJAOLIYIO CUCTE-
My ¢ OOPATHOU CBA3bI0, KOTOPAsA OOECIEINBALT MO AEPKAHIE MEMOPAHHOT'O IOTEH-
[UATa Ha, 33 JaHHOM ypoBHE. [Ipu 3TOM perucTpupyercsa TOK, TeKYIUA 9epe3 MeMOPaHy.
Ha puc. XXIII.3 npeacTaBreH cnocob uaMepeHus TOKa P (PUKCAIUN TOTEHIINATA.
[Ipu crynendaToMm cMelneHrr KOMAHIHOIO IOTEHINAA OT YPOBHS IOTEHINAIA [10-
KOsl HaIPsIXKEHNE Ha MeMOpaHe NMPAKTUIECKNM MIHOBEHHO YCTAHABIWBAETCS HA HOBOM
3aaHHOM YDPOBHE, PABHOM KOMAHIHOMY CUTHATY. TOK, TEKyIINU MPU DTOM UEPe3 MeM-
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OpaHy, U3MePAETCA C IOMOIIBIO BKIIOYEHHOI'O B LIElb YCUIUTENI TOKA, ITOKA3aHHOI'O Ha
cxeMe B BHJe MUKpOaMIIepMeTpa. |

[annrpre, mosyyaeMble METOAOM (DUKCAINYM IOTEHINANA, UHTENPETUPYIT OOBIMHO
HA OCHOBE DKBUBAJEHTHOU CXeMBI BO30yauMon MeMmOpanbr (cM. puc. XXIII1.2). Kaxgeim
DJIEMEHT MEMOPAHBI HEPBHOI'O BOJIOKHA COMEPKUT MeMOPAHHYI0 eMKOCTh (), KaJIneByI o
GaTapero gg ¥ compoTuBieHre 1/gk, a TakXKe HATPUEBYIO 6ATaPEI QNa U CONPOTUBIIE-
Hre 1/gn,. Conporusnenue yredku ~ 1/g;, u 6aTapes ¢; BBeJEHEL LI y4eTa JBUKEHUL
MOHOB, IPOXOAIINX [I0 KAaHAJIAM, KOTODBIE HE MEHSIOTCS BO BPeMs aKTUBHOCTU. Bo-
JIOKHO B IIEJIOM CIeIyeT PAaCCMaTPUBATH B BHAE OOJBIIONO UKUCJAA HOJTOOHBIX DIEMEHTOB,
CBA3aHHBIX MEX Iy COOOU U 00pPa3yIIINX HEMPEPHLIBHLIN Kabeb.

B cocTosuuu mokos TOk uepe3 mMeMOpaHy He TedeT. Ecam nmoTeHnuan Ha MeMOpaHe
CMECTUTDH OT YPOBHs IOTEHIINAJIA IOKOSI B CTOPOHY AENOMSAPU3AIUN, TO NPOHUIAEMOCTH
Nat- n KT-kanaioB uaMeHAIOTCS OmpeJeeHHBIM O0pPa30M OT OZHOIO CTAIIOHAPHOIO
COCTOAHUA K APyroMy. B 3ToM caydae B KaxI0M U3 HapaLIeIbHO COETUHEHHBIX YIACTKOB
TeKyT TOKH, IPONOPIUOHATLHEIC PA3HOCTU MEXK Iy PAaBHOBECHBIM ITOTEHIMAJIOM HOHA (;
7 MO AePXKUBAEMBIM Ha MeMOpaHe MOTEHINAIOM:

I = gi(o — 9i), (XXIIL.2.1)

rae g; — IPOBOJAMMOCTH MEeMODAHBI M/ JAHHOTO BUAA MOHOB. OOIIUU TOK HUepe3 MeM-
6pany Ioey PaBEH CyMMe eMKOCTHOI'O TOKA U MOHHOT'O TOKa, 00YCJIOBIEHHOI'O [BIKEHUEM
KMOHOB IO OTAEJNbHBIM IIyTAM:

Ioom = Cy dop/dt + 1, (XXIIL.2.2)

rxe C\ — MeMOpaHHAA eMKOCTb, d¢/dt — CKOPOCTH M3MEHEHUs MeMOPAHHOI'O MO TEHIIY-
ana, I = ) I; — TpaHCMeMOPAHHBIN NOHHBIA TOK.

Ecmn norennman mHa KaeTOYHOM MeMOpaHe HE HOIEPXKUBAECTCA HA (PUKCHPOBAH-
HOM YDOBHE, TO B II€PUOJ IOTeHUmata gencTBus do/dt # 0 u depes MeMOpaHy TederT
3HAYMUTENBLHLIM €MKOCTHON TOK. BaxkKHOE IMpenMyInecTBO MeTona (PUKCAIMY TOTEHIALA
COCTOUT B TOM, 9TO €MKOCTHBIA TOK MPOTEKAET TOJBKO B TEUYEHUE OYEHb KOPOTKOIO
nepuroia mocJe CABUTA MeMOPAHHOTO MTOTEHIMALA HA 3a,JaHHbI ypoBeHb. Ilocae KpaTko-
BPEMEHHOI'0 BEIGPOCA EMKOCTHBIN TOK MPEKPAIIAETCA, TAK KAK MOTEHIUAT Ha MEMOPaHe
He uamensercs (do/dt = 0). IlockonbKy AIXTEIbHOCTE HOTEHIMAIA JeUCTBUSA COCTABLACT
HECKOJIBKO MIJLIMCEKYHI, BAXKHO, 9TOOLI yCTAHOBICHNE MOTEHINAIA HA HOBOM yPOBHE U
CIa,; eMKOCTHOI'O TOKA IIPOUCXOAUIN 3HAIUTEIHHO OBICTPEE, HATIPUMED 38 BPEMSA IOPAI-
Ka [eCATKA MAKPOCEKYHI. TOrga TOK, pa3BUBAIOLIMIC TOCJIE IPEKPAILEHUA EMKOCTHOTO
TOKa, Oy1eT 00yCJIOBJIEH yKe TOJLKO MEPEHOCOM MOHOB Yepe3 MEeMOpPaHy.

PusraecKkni aHAII3 TPONECCA DIEKTPUIECKOrO BO30YKIEHNA B MEMOPAHE HEPBHO-
O BOJOKHA OCJIOXKHAETCA PACIPOCTPAHEHUEM HEPBHOI'O MMITYJLCA TO BOJOKHY. TOOLI
YCTPAHWUTD 3Ty TPYIHOCTH W 3aCTABUTH BCIO MEMOPAaHY aKCOHA BO30YKIATHCA CHHXPOH-
HO, BHYTPb AKCOHA BBOJAT METALIMIECKUN OCEBOU 3IEKTpOJ. BBemeHme oceBoro siek-
TPO/a BHYTPh aKCOHA MO3BOMAET HE YIUTHIBATL KAOEIbHBIE CBOUCTBA BOJOKHA U 3aMe-
HUTb DKBUBAJEHTHYIO CXEMY C PACIPEIEICHHBIMU €MKOCTBI) 1 UOHHOU MTPOBOAUMOCTHIO
(cm. §8 ru. XXIII) ma npocryio skBuBajgeHTHyIO cxemy (cMm. puc. XXIIT.2).

B oTBeT HA CTYmEHYATYIO NEMOJAPU3ANUIO AKCOHA KAIbBMAPa OT MOTEHIMAJIA ITO-
koa 1o 0 MB peructpupyerca MeMOPaHHBIA TOK, COCTOAIINYA U3 Y€THIPEX KOMIOHEHTOB
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(puc. XXII1.4). EmxocTabBn TOK [ mpepcraBaseT cO60M KPATKOBPEMEHHBIN MMILYJIbC,
KOTOPBIA B OCHOBHOM 3aKAHYUBAETCA K MOMEHTY BBIXO/Ia HAIPAXKEHUS HA maaTo. Heko-
TOpBIE MUTOJLHBIE MOJEKYJHI B MEeMOPaHe MEIJIEHHO MEHSIT CBOI OPUEHTAINIO MOCTE
HAJIOXKEHUS CTYNEHIATOrO HAMPAKEHUA, ITO TPUBOJUT K TMOABICHUIO HEOOIBIIOTO IO aM-
ATy 1€ (XBOCTa» EMKOCTHOT'O TOKA, KOTOPBIN CMagaeT OTHOCUTEILHO MeaaenHo. [locme
cnaga I MeMOPAHHBIN TOK MOJHOCTBIO OMPENENseTCs ABUKEHIEM UOHOB Yepe3 KAHAJBI
B MeMOpaHe.

B \
“0r 3o 10f

Tok, mpoTeKarmMi depe3 MeMOpaHy aKCOHA KaIbMapa IPU CTYHEHIATOe AeNOIApu3a-
uuu 0T ypoBHsa norernuana nokos (—60 mB) no myas (A); mpencrasienue DOIHOIO TOKA
B BUJE CyMMBI Y€THIPEX KOMIOHEHTOB (B) 1 pasaudnbie COCTOAHUA BOPOTHOUN CACTEMBL
Na- u K-xananos (no C. M. Armstrong, 1975):

I¢ — eMKOCTHBIN TOK, [N, — HaTPHEBBIM TOK; [k — KAIMEBBI TOK, lyr — TOK yTEYKH; OTKIOHEHUS
BHU3 COOTBETCTBYIOT BXO[SIIEMY TOKY, BBEPX — BBIXOIAIIEMY

Puc. XXIIL.5.
AR 143 B MeMOpaHHbLIE TOKI IPY PA3IMIHBIX CMEIIEHUAX MeM-
- OpauHOro moTeHnmaga (Temmeparypa 3,5°). OTkiIo-

- o HEHUS BBEPX COOTBETCTBYIOT BBIXOIANIEMY TOKY; IIU-
[mA/o ¢dpamu 0603HAYEHA BEIUINHA CMEIIEHUS MeMOPAHHO-

ro norernuana (no A.L. Hodgkin, 1964).

B 1OHHOM TOKE MOXKHO BHIIEIUTDH ABA OCHOBHBEIX KOMIIOHEHTA (KAJIMEBBIN U HATPU-
eBBIN) U oguH BrTOpocTeneHubd. [locaegHun npegcrasaser co60i HEGONBIION IO 3HAME-
HUIO TOK yTeIKH, He MEHAIOMMIIACS BO BpeMeHn. Na ™ -Tok 06y C/I0BIeH KPATKOBDEMEHHEIM
norokoM Na™ wepes Na™- kamaisr. DTOT TOK GBICTPO YMEHBIIACTCS, U CILyCTS IPHMEPHO
1 mc cmeraercs Bxogammy K1 -Toxou.

Ecir memOpana [enonapu30BaHa TaK, YTO PA3HOCTH MOTEHINAJIOB PABHA HAIDAKE-
HUIO HATpUEBOH GaTapen (¢, pasHoBecHEN NaT -morenmnman), To Nat-Tox orcyrcrnyer
n HabmogaeTca Toabko KT-Tok, BosEmKaomuit ¢ 066I9HON 3agep:xkoi. Ilpn cumermmernn
NOTEHIMATA 10 TIOJOKUTEIbHBIX 3HAYCHWH, IPEBBIITAIONIAX YPOBEHb YN, Na'-Tok Ha-
npasaed Hapyxky (puc. XXIIL.5).
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VOHHEIA TOK yIaeTcs pa3jeluTb HA OTACJIbHBIE KOMIOHEHTHI yTeM 3ameHsl Nat
B Cpeje HA HENPOHMKAIOMUE KATHOHBI XOIMHA. B DTOM Cilydae KMHETUIECKasd KPUBAS
BKII09aeT TOIbK0 KT -komnonent (puc. XXIIL6).

Pasnenenue Toka Ha KOMIOHEHTHI HAVIAIHO WIIIOCTPUPYIOT OIBITHI C UCIOIB30BA-
HEeM psaga GpapMaKOJOTIIeCKUX areHTOB. [JoOaBreHre K aKCOHY MAaJbIX KOJIUIECTB
terponoroxcuaa TTX nomrocTsio mogasaser Nat-rtox (puc. XXIIL7). Ecm B axcon

BHyTpeHHHMIT OTEHIIMAT

InA/em?  Puc. XXIII.6.
N OKCIHEPUMEHTAILHOE Da3feleHne MeMODAHHOIO TO-
ka | Ha KaaueBbI ¥ HATPUEBBI KOMIIOHEHTHI (IO

- A.L.Hodgkin, 1964):

1 — aKCOH HAXOOUTCA B MOpPCKou Bome, I = Ina + Ix; 2 —
1 L L ) 6éapImias 9acTb HATpWUA 3aMeHeHa xoumHoM, I = Ik; 3 — pas-

0 2 4 Hocte Mexnay 1 u 2, I = In,, Temneparypa 8,5° C; oTKIOHEHUE
Bpewmst, mc BBEPX COOTBETCTBYET BBIXOJAIMEMY TOKY
1 + 80
/ __C O
Puc. XXIIIL.7.
Biusnuwe terpomoroxkcmua TTX, TerpasTmraMMOHMS
0 2 mc TOA v npoHa3sl HA MOHHBIE TOKH B MeMOpDaHE aKCOHA,

BBI3LIBAEMBIE CMEIIEHrEM MeMOPAHHOTO TOTEHIAIA 10
+80 0 u g0 +80 MB:

€BBIM TOK B aKCOHAX, MEePpy3UPyEMBIX PACTBOPOM C N06aBICHUEM

15 MM TOA; III — To xe, aTo u II, nocae BBegeHus B mepdy3upy-

€MbIM PACTBOP MPOHA3EI (2 MI'/MII); HApPAMA ¥ KPUBBIX OTMeYeHBI
0 3HAYEHUsA NOTEHNNAJIA BHYTPEHHE'O PACTBOPA

C I — KaameBBII TOK B aKCOHaX, o6paboranabix TTX; II — maTpu-

KAJIbMapa MHBELIUPOBAH WIXA BBEJEH C MOMOLILI mepdysuu TerpadyTwiaMMonun TIA
10 KoHneHTpanuu 15 MM, TO IpakKTWIecKn HOMHOCTBIO mogasisercsa KT -rok. OmeITer
¢ ucnons3zosarmem TTX u TDA cBugerenscTByior 0 Tom, uro Nat- n Kt-kamamer —
pas3geqbHBIE CTPYKTYPBI, KAK U MPEANOJAraeTCA SKBUBAICHTHON CXEMOU, TPEII0KEHHON
B padboTax A. Xomxkuua u A. Xaxcau. O

[lanbHenIee MOATBEPK I€HNE CYIIIECTBOBAHNA [BYX TUIIOB KAHAJIOB IIOJYI€HO B OIIbI-
Tax ¢ IprMeHeHreM mpoHasbl. OKa3amoch, 9To mepdy3us aKCOHA PACTBOPOM C TIPOHA3OU
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He OKasEIBAeT BIMSHUA Ha KUHeTHIeckKne Kpubble K'-Toka, HO CyIIeCTBEHHO M3MEHSeT
knuernky Nat-roka. O6pa6oTka mpOHA30M IPUBOIAT K IIOJABICHAIO CTA AN HHAKTHBA-
mmu Na©-toxa (puc. XXIIL7, IIT), T. €. K NCIE3HOBEHUIO CTAINY OLICTPOTO YMEHBIICHMUA
Na'-Toka TocIe TOCTIKEHMsA MUKOBOTO 3HAYMEHUS. SHAUEHME TOKA OCTACTCHA OOMBIIAM
HA TPOTKEHUM BCETO UMITYJIbCA, HANPIKEHUS. OKBUBAJIEHTHASA CXEMA, UCIOIb3yeMas
[OPU UHTEPIPETALNN JAHHBIX B ONBITAaX IO ¢uxcanuu norenuuana (cM. puc. XXIIL.2),
npegmosaraer, 9o Toku, Texymue mo Na'- u Kt -kamamam, mogauamioTcs ypaBHeHmaAM

INa = gNa((P — (PNa)S IK = gK((p - (PK) (XXIIIQ?))

Ecnmu BO BpeMa pasBUTHUA MOHHOTO TOKA CKAYKOM CMECTUTHL MEMOPAHHBIN MOTEHITAAJ
HA HOBBIU yPOBEHB, TO TOK TAKXKE U3MEHUTCA CKAIKOM. [[0CTpOEHHBIE TAKAM CITOCOOOM
MI'HOBEHHEIE BOJILT-aMIEPHEIE XapaKTEPUCTUKA MEMOPAHEI AKCOHA OKA3AINCH JUHEHHEI-
MI: MCHOBEHHBIN CABUT MOHHOI'O TOKA OBLT IPOMOPIMOHANCH BeIMIMHE CMEIICHUA TOTEeH-
nuaja, 94to coorsercryer ypasHenuio (XXII1.2.3). 3 coornoumenun (XXII1.2.3) BugHo,

BHyTpeHHMIi MOTEHIMAT

I
QPSSR l N
20y C 88 M——
\

10F]4
8Na
\ ‘[_\ 63 ‘63
201 <
r N 38 38
N S ik L~3 |
i T | 26 |26
0 2 4 6 8 0 2 4 2 4 6 8 wMmc
Bpems, mc A b
Puc. XXIII.8. Puc. XXIII.9.
Ws3menenue HaTpueBon u kanueson nposogu-  amenenue HaTpueBon (A) U KaameBou
MOCTH BO BpeMeHuU 11pu genossapusauun MeM-  (B) mpoBogumocTu mMeMOpaHBl akCOHA
6panst Ha 56 MB (mo A. L. Hodgkin, 1964) [PU PABIUIHBIX CMEIIEHUAX MEMOPAHHO-
CIIOIMIHBIMY JTUHAAMA ITOKA3aHA OIPOBOAUMOCTSB IIPpHA ro HOTeHHHaJIa oT ypOBHﬂ HOTeHHHaJIa
NIWTEIHLHON MEMONAPU3ANUN, IITPAXOBBIMA — TIPO- IIOKOs
BOAVMOCTBb IIPpWU PEHNOJAPU3aAlNN MeMGpaHbI qepes

Hudpamu oO03HaAUEeHa BeIUMYUHA JENOJAPU3A-

0,6 u 6,3 mc wm (vB)

aT0 m3menenne Toka Nat u K+ Bo BpeMenu B pexume (pUKCAIMY HAIIPAKEHU 00y CIO-
BICHO M3MEHEHHEM IPOBOAUMOCTEN gNa ¥ 8K, HOCKOIBKY BEIMIMHA (( — ;) OCTACTCA
MOCTOAHHOU B TE€YEHUE BCET'O UMITY.IHCA.

PasgenuB cyMMapHBIN MOHHBIM TOK HA OTJAEIbHBIE KOMIIOHEHTHI, HETPYHO HAUTHU
KUHETUYECKUe KPUBLIE U3MEHEHUN MPOBOJUMOCTH [JIs KAXK OO MOHA:

8i = Li/ (9 — ¢i). (XXIIL.2.4)
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Ha puc. XXIIL.8 nokasausr Beraucienusle 1o (XXII1.2.4) uameneHus npoBoauMoCTH,
BBI3BAHHBIE OLICTPBIM CMEIIEHNEM MOTEHINAIA BHYTPU BOJOKHA OT YPOBHS ITOTEHINAIA
nokos (—56 MB) 10 Hy/as B DKCepuMeHTax, npuBefeHHBX Ha puc. XXIIL.6. Kak BugHO,
IPU CTYIEHYATON Jemoaspu3amy MeMOpanst Na T -IpoBo IMMOCTS HAUNHAET U3MEHATHCA
OT YIPE3BEIMANHO MaJIOW BeIMIMHEI, OLICTPO HapacTaeT A0 25 MCu/cM?; a 3aTem dKCro-
HEeHIMAJIBHO yMeHbmaeTcs. [Iposogumocts ais KT mapacraeT mo S-o6pasHoil KpUBOW 1
BLIXOJUT Ha MOCTOAHHEIA ypOBeHL depes 5—6 mc. Mamenenus mpommmaemoctn aas KT
u Nat rpagyarsuer u o6paTmver. Harpuesas mpoBogmMOCTb BOCCTAHABIMBACTCA HIPU-
MepuO B 10 pa3 ObICTpee, UeM KaIueBasd.

Nat-mpoBoINMOCTE MOXET OLITHL YMEHBIIEHA ABYMS PA3HLIMU crocoGamu. Ecim
MeMOPAHHLIM IOTEHIUA] BO3BPATUTDL HA MCXOAHLIA YPOBEHL Yepe3 KOPOTKUU IIPOMEKY-
TOK BPEMEHH, TO cucTeMa, peryampyiomas Nat - mpoHnaeMocTs, 6bICTPO BO3BPAIIACTCA
K COCTOSIHUIO TIOKOs. BTOPOU MMITyJIbC, HAHECEHHBIA CPA3y XKe MOCJE TIePBOr0, BHI3BIBAET
B DTOM CIydae MOBTOpHOe yBeamuenume Nat-mposogumoctu. Eciu xe gemonspusamus
npogomkuTensHa, Na 't -IIpoBOINMOCTE yMEHBIIAETCS GOIee MELIeHHO BCISICTBIE PO-
[IeCCa, HA3LIBAEMOr0 WHAKTUBANMEHU. [/ TOTO 9TOOBI BTOPOU UMITYJIbC MOCTE MHAKTU-
paruu Na'-KaHaioB MO CHOBA BEI3BATH H3MEHEHZe HpoHUIaeMocTy 11i1 Na't, memGpa-
Ha B TEeYEeHNEe HECKOJBKUX MUJUIMCEKYHJI [0 HAYaJa BTOPOrO UMIIYJIbCA TOJXKHA OBITH
PEeTONAPU30BAHA. DTOT MEPUOJ HEOOXOAWM [ BBIXOAA W3 COCTOSHUS WHAKTUBAIIAU
(cm. XXI, §7).

Ha puc. XXIII.9 npeacraBmeHO CEMEUCTBO KPUBHIX, MOKA3BIBAIONINX 3aBUCUMOCTH
[IPOBOJUMOCTY OT AMILINTYAHI CABUCA MOTEHINAJIA U BPEMEHHU ITOCJE CTYIEHIATOrO W3-
MEHEHUs HanpskeHus Ha MemOpane. B obactu mopora Bo30y K I€HNUS YBEJUIEHUE TeII0-
aspusaruu MeMOpansl Ha 4-6 MB BrI3pIBaeT ObICTpPOE BO3pacTaHUE IPOBOAMMOCTH.

§ 3. Ommcanmne MOHHBIX TOKOB B MOJe/M X0/ KKHHA—XaKCJIHd

Y Ha ocmoBe ombiTOB mo QuKcanuy HAIPSXKEHUs B akcoHe KaabMapa A. XoIKKuH

un A.Xakcan chopmyampoBanu pax Baxkebx npuanmnos. 1. Ilepemoc Na™ um KT
OCYIIECTBIACTCA PA3IUYHBIMUA HEB3AUMOJEUCTBYIOIIMMYA CTPpYKTypamu. 2. Usmenenue
TOKOB ABIAIOTCA CIEACTBUEM M3MEHEHHsA MpoHmmaemocTu memopan (mia Nat um KT).
3. llponyckuas cioco6HOCTE MEMOPAHBI YIIPAB/SIETCS SJIEKTPUIECKUM [IOJIEM. O

A. Xomxkun u A. Xakcau npeioRuin yI0BJIeTBOPUTEILHOE MATEMATHIECKOE OIIN-
CaHMe DKCIIEPUMEHTAJBLHO HAOJMI0aeMON KWHETUKY W3MEHEHUU HATPUEBOU U KaJIMeBOU
OPOBOAMMOCTHY [IPY PA3IUYHBIX CMelneHuax mMemOpanHoro norenuuana (puc. XXIIL9).
Moaess npegmosaraeT, 9To NpoBOAUMOCTE MeMOpans! s noHoB Na u K perynupyercs
HEKOTOPBLIMU YIIPABISIOMINMY YaCTUIAMY, TIEPEMENIAININMUCA B MEMOPAHE IPU M3MEHe-
HUAX DIEKTPUIECKOTO MOJIS.

Taxoe nepeMereHne MOXKHO MPEACTABATL B BUAIE MEPECKOKOB IMOJOKUATEILHO 3aps-
JKEHHBIX YaCTULl MEXK Y ABYMs HOTEHINAILHBIMU AMAMU 9€PEe3 DHEPreTUIeCKun 6apbep
¢ xoHCTaHTaMu ckopoctent o u 3 (puc. XXIII.10), KOTOpHIE 3ABUCAT OT BEICOTHL DHEPre-
TUYIECKOTO Hapbepa U, CAEIOBATENBHO, ABIAITCA MOTEHIINAIO3aBUCUMBIMY. [[oBEIIIIEHE
AMEKTPUIECKOTO MTOTEHINAIA C IEBOU CTOPOHBI MEMOPAHLI IPUBOJUT K YBEIUICHUIO KOH-
CTaHTEHL O ¥ yMEHbIIEHNIO KOHCTAHTHL [J.

[Tpu cTynenyaToM M3MEHEHUU PA3HOCTY MOTEHIINAIOB Ha MEMOpPAHE TPOUCXOAUT TIe-
pepacupeneaeHre YaCTUIl MEXK Iy ABYMs COCTOSHUAME. [Ipu 5TOM U3MEHSIOTCA [0 HOBBIX
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DABHOBECHBIX 3HAYMEHUN BEPOATHOCTH 3AIIOIHEHN IPABOY 1 JIEBOY IOTEHIMATBHEIX AM:
u (1 — z) coorBeTCTBEHHO.

[Ipomecc N3MEHEHNUs BEPOATHOCTH () 3aMOJHEHN IPABOY MBI IOCIE CTYIEHIATOrO
CJBUra MOTEHINATA MOXKeT ObITh OMUCaH AuddepeHINATbHBIM YDABHEHIEM

dx/dt = a(l — x) — Bx. (XXIIL.3.1)
3a1aBasCh TPAHITHBIMY yCJAOBUAMU: T = To OpA ¢t = 0 U T = T, TIPU ¢ = 00, MOLYIAM
T = Too — (Too — To) exp[—t(a + B)]. (XXIIL.3.2)

YpaBHEHVE TIOKA3LIBAET, IYTO HAKOIUICHUE YACTUI] B MPABOU YACTU MEMOPAHBI TPOUCXO-
IUT [0 SKCIOHEHIUAIBLHOMY 3aKOHY C IIOCTOAHHOK BpemeHu T, rae T = 1/(a + ).

NsmeHeHna KaiMeBoM NPOBOAUMOCTH. Ecam Obl
KaHAJ OTKPBLIBAJCA B PE3YJIbTATE MEPEX0Ia CIEBA, HA-
MPABO TOMBKO ONHOU AKTUBUPYIOMIEN YACTHUIEI, TO
MIPOBOIUMOCTH MOHHBIX KAHAJOB MEHAJIACH OBI BO Bpe-
MEHHN TaKXe IO DKCIIOHEHTEe, T.€. MOXKHO OBbLTO OBl
3almucaThb g; = £g;, I'Je g; — MaKCUMaJIbHas IIPOBOIU-
MOCTB [J1s1 MOHOB Tuma 7. O [HAKO HAWIYYIIee COOTBET-
CTBME KUHETUYECKOU KPUBOU KaJIMEBOU IIPOBOIMMO-
CTHU B AKCOHE KATbMaPa JOCTUTAETCA MIPU JOMIYIIEHUN,
YTO Ui OTKPBIBAHUA KAJUEBBIX KAHAJIOB HEOOXOAUM
OPUXOJ K ONPEIEJEHHOMY y9IACTKY MEMODAHBI 9€ThI-
Puc. XXIIL.10. pex aKTUBUPYOIINX “TaCTHUIL.

IIycte n 0603HAYAET BEPOATHOCTE TOT'O, ITO OJI-
Ha YaCTHUI, yIpasigomas KT -nporunaemoctsio, Ha-
XOOUTCA B TPaBou dacTu MeMOpanbl. Torma BepoaT-
HOCTBH P TOrO, 9TO TaM HAXOJAUTCA OTHOBPEMEHHO
vernipe wactunel, pasua nt. ITosromy KT-mposogn-
MOCTBL MEMOpAaHBI B JIOOOUM MOMEHT BPEMEHU PABHA

Mogenb, mIeMOHCTPHUPYIOMIATL
[epeMeIneHne 3apSIKEHHBIX
qacTul; B MeMmMOpaHe Ipu
U3MEHEHUAX  DJIEKTPUIECKOTO
OIS

T — BEPOATHOCTL HAXOXKIEHUA 'a-

CTUIBEI B IIPaBOM CTOPOHE MeMOpa- - 4

uel; (1 — ) — BepoATHOCTH HAXO- 8K = KN, (XXIIL3.3)
XKJICHMA 9YaCTHUIOBI & JEBOUM CTOPOHE

MemGpansr; o u f — norennuanzasu- DA€ T ompenenserca ypasuenueM Ttuma (XXII1.3.1) u

CHMEBEIE KOHCTAHTBI Iepexofa 3apfA-  MOXKeT BapbUpoOBaTh B npenenax oT 0 mo 1:
JKEHHBIX YaCTUI] Yepe3 MeMOpaHy

dn/dt = a,(1 —n) — Bpn. (XXIIIL.3.4)

YacTunsl, ynpas/diomue mporunaemoctsio K1 -kananos, HaseBaoT n-1acTumamu.

PaccmoTpum mpocTou cirydan, KOrja B ICXOLHOM COCTOAHUYU BCE N-TaCTULBL HAXO-
aaTcsa ¢ aeBou croporsl MemOpanel (n = 0) nu KT -kananer sakporrer. Ilocae nanoxenns
GOJIBIION PA3HOCTU MOTEHINAIOB CO 3HAKOM ILIIOC IO JIEBYIO CTOPOHY MEMODAHBI BCE 7i-
YaCTUIBI IEPETEKAIOT B MpaByo AMy. KuHeTnka HAKOIIIEHNA N-9acTUI] B IPABOU 9aCTH
MeMOpAaHBI OMUCHIBAETCS SKCIOHeHTOR [cM. (XXIII.3.2)]

n(t) = Noo — (Moo — Mo) exp(—t/1ty), (XXIIL.3.5)
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rge T, = 1/(ay + Br). Tak xak B paccmaTpuBaeMoM ciydae ng = 0, a ne, = 1, TO
n(t) =1 — exp(—t/t,).

Bemumanaa K T-npoBoguMocTs, IponopHIuoHATLHAA IeTBEPTOR CTEIICHN N, PACTET YKe He
IO DKCIOHEHTE, 3 C GOJBIIMM HEePUOJOM 3aJePKKU. BEICTpOe M3MeHeHue BeIMdHHE 1t
HAYMHAETCS JUIIb TIOCAe TOrO, KaK 3HadeHus n npeBwicaT (,7.

[IpuBeneHHEIN TIpUMEp TOACHAET W CIIOCOO OMpEeNeNeHus KWHETHYECKUX MapaMe-
Tpos akTmBamumu KT-mposommmoctu. [liA ompemeneHNs HOCTOAHHON BPEMEHH aKTHBa-
UK T,, HEOOXOOUMO MPOM3BECTH HOPMHUPOBKY KWHETHYIECKUX KPHUBBIX MPOBOIUMOCTH,
T. . MOCTpOUTH 3apucumocTu gk (t)/gx = n'. 3aTem, u3paekas KOpeHb YeTBEPTOU CTe-
[EHU, TIOCTPOUTH 3aBUCUMOCTH 7(t) U ONPEIEIUTh TMOCTOAHHYK) BPEMEHU B3KCIOHEHTHI
T, = 1/(ay + Br) 0JI ZAHHOTO YPOBHA MEMOPAHHOI'O IOTEHIMATA.

Ecmu npunoxennas k. MemMOpaHe PasHOCTH MOTEHIMANOB HEIOCTATOIHO BEJIMKA, TO
HE BCE YIIPABJIAIONIINE YACTUILI IEPEMECTATCA C JJEBOU CTOPOHBLI MEMOPAHBL; 3TO O3HAYAET,
9TO mapaMeTp n He IOCTUTHeT mpegensHoro sadenus (n = 1) u Kt-nposogmvocts
YCTAHOBUTCA HA YPOBHE MEHBIIIE MAKCUMATLHON Z. Bemmauny n., OMpemensoT 3 SKCie-
puMeHTa 10 GopMy.Ie

Moo = (80/8)"*, (XXIIL3.6)

rie goo — CTAIMOHAPHEIN ypOBeHb KT -mpoBogmMocT: Ipm JaHHOM IIOTEHIMATE, § —
maxcumanbias KT-nposogumocts. Wa ypasmenus (XXIIL.3.4) caegyeT, 9TO B paBHO-
Becuu (dn/dt)

Noo = on /(0 + Bn)

Takum 006pasom, W3 ceMelcTBA KHHETWIeCKmX KpuBblx KT-mposommvocTtm (cM.
puc. XXIII.9, 5) MOXHO OTBICKATL 3HAUEHMs KOHCTAHT CKOPOCTEH o U (3 IpU PABHEIX
MOTEHINATIAX, UCTIONb3YA CUCTEMY YpaBHEHUN

T=1/(a+P);  neo =af(x+p). (XXIIL.3.7)
Kak sugno us (XXIIL.3.7), o = neo /7.

ViaMeHeHns HATpHeBo# mpoBoaMMocTH. Knnermaeckne xpussie Na 't -mposoaumoctn
umeioT Gosee caoxuyio gopmy (cm. puc. XXIIL9, A): mpoBogumocThs HapacTaeT 10
MaKCUMyMa — aKTHBAIAA, & 3aTe€M CHIDKAETCS — MHAKTuBanua. Mamenenue Nat-mpo-
BOAMMOCTY yIAJIOCH OMUCATH HA OCHOBE TIPEITIONOKEHUA O HATAYINYA AKTUBUPYIOMNAX 171-
YACTUIl ¥ MHAKTUBUPYIOUMX h-dacTuil. IIpemmonaraioT, 9TO MIA OTKPHIBAHUA KaHAIA
HEOOXOIUMO HOCTYILICHAE B OMpENeIeHHBI yIaCTOK MeMOPaHLI Tpex m-JacTui. Ilepe-
X0 Yepe3 MeMOpaHy OJHOU MHAKTUBUPYIOMIEH YaCTUIE! BHIBLIBAET OJOKIPOBKY KAaHAJA.
TakuM 06pas3oM, m3MeHerns Na T -IpOBOIMMOCTY OMUCHIBAIOT ypaBHEHHEM

gNa = gnam’h, (XXIIL3.8)

rjae gna — MaxcuMaabeas Na ' -poBoAuMOCTD, 17 — BEpOATHOCTH HAXOMXK JCHIA B 33,JaH-
HOM yYaCTKe MEeMOpPaHBI OJHOU 1M-9aCTUILI, i — BEPOATHOCTH TOTO, YTO WHAKTUBUDY-
I0Ias JACTHUIA B 3TOM yYaCcTKe OTCYTCTBYeT. IIpu HAJIOXKEHUU TOJs, TIepEeMEIIaioniero
3apsiKeHHBIE YaCTULEL C JeBOoU cTOPOHEL MeMOpansl (puc. XXII1.10) na npasyio, m Bo3-
pactaer B mpenerax ot 0 10 1, a h cumxaercs (B npegeae no 0).
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Kunernka mepepacupegenrenus 9acTUll depe3 MeMOPaHy IPU HAJOKEHUHN DJICKTPU-

IECKOI'O IIOJIsI ONIUCBIBAETCA O THOTUIIHBIMU YPDAaBHEHUAMU
dm/dt = op(1 — m) — Brm, dh/dt = oy (1 — h) — Brh, (XXIIIL.3.9)

rjge o ¥ 3 — KOHCTAHTHL CKOPOCTH, 33BUCALINE TOILKO OT MEMOPAHHOI'O MOTeHnuaIa (Ipu
MOCTOAHHOU TEMIIEPATYPE U KOHIIEHTPAIINA Ca2+). Pemmenue >Tux ypaBHEHUN UMEET BU/

m(t) = Moo — (Moo — Mo) €xp(—1t/Tm), TIE Ty = 1/(lm + Bim);

h(t) = hoo — (heo — ho) exp(—t/71),  rTae wh = 1/(an + Bn).- (XXIII.3.10)

SHAYEHUA Moy U Noy ONPENEIAIOTCA U3 TPAHUYHBIX YCJIOBUY
Moo = U/ (U + Bm); heo = ap/(atn + Br)- (XXIII.3.11)

B pesy/ibTaTe aHATI3a KHHETHIECKIX KPUBEIX AKTHBAIINE 1 mHAKTHBanmu Na ™ -po-
BogumocTu A.Xomxkkuu u A.Xakcau nocTpowin rpapudeckue 3aBUCUMOCTHU IIapaMe-
TPOB Upmy; Pm, Ak, Bhy An, Bn, @ TAKXKE Moo, Moo T Aoy OT MEMOPAHHOIO MOTEHIIMATA
(puc. XXIII.11, 12) u momobpanu >MOUPUYECKUE COOTHOIIEHUA, OMUCHIBAIOIIAE XOI
YKA3aHHBIX 3aBUCUMOCTEN.

N cxo a1 13 SMIMPUIECKUX 3aBUCUMOCTEN, IpeacTaBIeHHbX Ha puc. X XIII.11, moxuo
[OKA3aTh, 9YTO OTHOIIEHUE KOHCTAHT CKOPOCTEU MEPEXON0B M-4aCcTUl] Yepe3 MeMOpaHy
3aBUCHUT OT MOTEHINAIA B COOTBETCTBUU C (hOPMYJION

Bm (_@) (_4F_<P)
o exp (— g exp (-7 ) - (XXIIL.3.12)

W3 npusegennerx Ha puc. XXII1.11, 12 kpuBeIX BuHO, 9TO cTanuoHapHbm K1-Tox
IMeeT MEeCTO B INMPOKON OOJACTH IOTEHINAIOB, TOrAA KAK CTamuoHapHEM Na'-Tok
OrpaHWYeH y3KOHW 061acThio, rie m® u h OJHOBpEMEeHHO OTIMIHEI OT Hyas. Ha ocmose
paccmoTpernon Maremarudeckon Mogeaun A. Xomxkunay u A. Xakcim yaajgoch C BLICO-
KOM TOYHOCTBLIO BOCIPOM3BECTH HEPBHBEIM WMILYJILC, €HEPUPYEMBIM MEMOPAHOU aKCO-
HA B PA3JIMYHBLIX DKCIEPUMEHTATLHLIX YCIOBUAX. [locae HE3HAYNTENLHOU MOAM(pUKAIINN
Moenu ObLT MMUTUPOBAH MPOIECC DIEKTPUIECKOrO BO30OYKACHUSA B MUESJUHUIUPOBAH-
HBIX HepBHBIX BoMoKHAX (B. Ppaukenxaysep) u B come HepBHBIX KieTok (II. . KocTok,
O. A. Kppuurais).

Y Pasrenenue TpancMeMOpaHHBIX TOKOB Ha OTA€JbHBIE KOMIIOHEHTHI CHITPAJIO IPE3BHI-

YAWHO BAaXKHYIO POJb [ TOHUMAHUA MEXAHU3MOB DJIEKTPOBO30Y IMMOCTU MEeMODAH:
0XapPaKTEPU30BAHBI CEJEKTUBHOCTD, MMOTEHINAI3ABIUCUMOCTD, KAHETUKA BKIIOYEHUS U
BBIKJIIOYEHUST BHY TPUMEMOPAHHBIX IIyTEU — MOHHBIX KAHAJIOB. B OCHOBHOM B pe3yiabTa-
Te >TUX PabOT OLLIU CO3MAHLI OOIUE MPENCTABICHUA O CTPYKTYPHO-PYHKINOHAILHON
oprammsammu Na'- u Kt-xananos, ympapiseMBIX M3MEHEHHAMN DIEKTPUIECKOrO MO/
(puc. XXI.11); BbIgENeHB! PYHKINOHAILHEIE DJIEMEHTH MOHHBIX KAHAJIOB, OTBETCTBEH-
HBbIE 33 MEXAHU3MBI CEJIEKINY, — CEIEKTUBHBIA (PUIBTD, AKTUBALUN — «AK TUBAIIMOHHBIE
BOPOTa» U MHAKTUBALMA — (MHAKTUBAaUUOHHLIE BopoTay (ru. XXI, §§6, 7). |

Mogens XomkKrnHa—XAaKCIN PACCMATPUBACT AKTUBAINIO M NHAKTUBAINIO KAHAJIOB
KAaK TOJHOCTBIO HE3ABUCUMBIE IPYT OT APYra MPOIECCHI, KOTOPHIE OMPEIENSIOTCS U
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nepeMelneHneM 3apskeHHbX dactul. OOmuu ToK 4depe3 MeMOpPaHy COCTOUT W3 TPEX
KOMIIOHEHT

I; = m*hgna(p — ona) + 186 — 9K) + B2(9 — 92), (XXIIL3.13)

rae g — OPOBOAUMOCTD (DOHOBOU yTedku. Takum 06paszoM, BCe CBOUCTBA DIEKTPUIECKON
BO30Y IUMOCTY MEMOPAHBI OMUCHIBAIOTCA COOTBETCTBYIOIIMMHU 3aBUCAMOCTAMU KO HU-
ueHToB oT h, m, n. BMecTe ¢ TeM HECMOTPA HA YCHEX MPEIOKEHHOU MOIETN, OHA
HE PACCMATPUBACT MOJEKYIAPHBIX MEXQHU3MOB OTKPLITUA W 3AKPHITUAS KAHAJIOB, JIUIIb
(OPMATBLHO OOBACHAA X MIEPEMEIIEHNEM TMITOTE TUIECKIX 3aPAKEHHEIX YaCTHI. B cBeTe
npeacrasaenun (ra. XXI, §7) o MakpoMoseKyIsIpHOU CTPYKTYPe KaHala HEIOCPEICTBEH-
HOE BIUAHUE HA 3THU MPOUECCH JOMKHBLI OKA3EIBATH KOH(OPMAIMOHHEIE IEPECTPOUKHA B
KaHaJe, KOTOPHIE, XOTA U MPOABIAIOTCA B HAOIIOIAEMBIX TEMIEPATYPHBIX 3aBUCUMOCTAX,
HO HE OTPAaXKEHBI B MO EJIH.

I 17 17 v

- ol el Puc. XXIIL11.
8 /o, 8 8 3aBUCUMOCTDH KOHCTAHT
B, 6 6 6 o, 10 he “ o u 3 or memOGpaHHO-
. B, 4 8,2 Moo ro norenumana (I, II,
04 IIT) u cranuoHapHBIX
& Bn 02 3HQYEHUU m, h, M OT
O I 0 s 0 e o oup  MEMOPAHHOIO MOTEHI-
- ana (IV) (oo B. C. Map-

KuHYy u 1p., 1981)

MembOpanHsIii moteHIMan (MB)

Puc. XXIIIL.12.
IToTenmnuan-3aBucuMble TapaMeTPLl MOJEAN XOMKKNHA—XaKCIU

TlocTOsIHHBIE BpEMEHU Tyn, T, U Ty, U CTANMOHAPHBIE COCTOSHUSA Moo, hoo M Moo, PACCIMTAHHBIE U3
DMIUPUYECKAX YPABHEHUU MOMAEIN XOIKKAHA—XAKCAU I MEMOPAH TMTaHTCKOrO aKCOHA KaabMapa
npu 6,3° C. [lenmoaspusanus MeMOpaH NMPUBOAUT K YBEIWUEHUIO Moo U Moo U YMEHBIIEHUIO hoo. IlO-
CTOAHHBIC BPEMEHU peJaKCalu’ IIPUHUMAIOT MaKCUMaJbHbIC 3HAYCHUA B OGJIa,CTI/I IIOTEeHIINAJA IIOKOA 1
CTAHOBATCA KOpOUe Ipu J060M caBure ot norennuaia nokos (mo B. Hille, 1970).
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§ 4. Toxm BopoT

IIpocrenmasn ¢pusnieckas UHTEPHPETALNA YPABHEHNN XOMKKNHA—XaKCJIU, OIMUCHLIBAIO-
X 3aBUCUMOCTE MIPOBOIUMOCTY BO30OYAUMBIX MEMOPAH OT MMOTEHINAIA, IPEATONAraeT
HaJIUYMe B MeMOpaHEe MOABUXKHBIX 3APXKEHHBIX YaCTUIl 1M, 1 U h, KOTOpBIE mepepac-
MPEeIeIATCA B MEMOpaHe MOJ IeMCTBUEM DIEKTPUIECKOTO MO U TePEeBOAAT KAHAI B
MPOBOAIIEE WU HEMPOBOIAIIEE COCTOSHIUE.

Y Ecniu B MeMOpaHe JeNCTBATENBHO HAXOMAATCA 3aPAKEHHBIE YACTHUIIBI, CIOCOOHEIE TIe-

PeEMeMIATHCA B DIEKTPUIECKOM II0JTe, TO, OYEBUIHO, MOXKHO 3apEerecCTPUpPOBaTh TOK,
06y CIOBICHHBIN IEPEMEIIEHUEM dTUX BOPOTHBIX YacTull. HeMaBHO yIagoCh SKCIepUMEeH-
TAJIBHO OOHAPYXKUTH JBUKEHUE BOPOTHOIO 3aPALA, WIX BOPOTHBIA TOK. |

CyTb sKCepuMeHTa COCTOUT B cienyoieM. Fcau meM6paHa mpeacTaBiseT co60u
UIEATBHBIA OUAJIEKTPUK, TO MPU HAJIOXKEHUU CTYHIEHIATOrO UMILYJIbCA HAMPAKEHUA de-
pe3 Hee B MEpBbIE MOMEHTHI BPEMEHU MPOTEKAET eMKOCTHBIN TOK, WIA TOK CMEIIEHUs,

; Puc. XXIII.13.
ACUMMETPUYHBEIL TOK CMEIIEHUA B
5 MeMOpaHe, COAep2Kallel II0IBUKHEIE
3apPAKEHHBIC YACTUIIHL.
A — acuMMeTpUYHOE pACIpeNeIeHne JacTUll B MeMOpaHe B UCXOMIHOM COCTOAHuU; B —
KUHETUKA €MKOCTHOI'O TOKA P! HAJOXKEHUM MUIepHoMApu3yommx (1) u [enoaipusyro-
mux (2) UMILYJIbCOB HANIPSAKEHUS

IITpuxoBas JIMHUA — U3MEHEHUA EMKOCTHOI'O TOKA IIPU OTCYTCTBMAM B MeMOpaHe IOJABMXKHBIX 3aP:ALO0B;
1, 0 — BHYTPEHHAA U HAPYXKHaA CTOPOHLI MEMOpPaHBI

3HAYEHNE U KUHETUKA, KOTOPOTO HE 3aBUCAT OT MOJAPHOCTU MPUIOKEHHOTO UMITYJIbCA.
Nuas curyamums BO3HUKAET B TOM CIydae, €CIA B MEMODAHE COAEPIKATCA 3aPSKEHHBIE
YACTUITBI, CTIOCOOHEBIE MEPEMENIATHCA B DJICKTPUIECKOM TOJIe, TPUIEM B UCXOJTHOM CO-
CTOSHUU PACIPEIEICHUE MOJABUKHBIX YaCTUll acuMMmeTpudHo. [Ipeanonoxum mis onpe-
IEeJEHHOCTH, 9TO B MCXOAHOM COCTOSHUU BCE BOPOTHBIE YACTHUILI HAXOMATCSA HA JEBOU
(BHYTpeHHen) cTOpoHe MeMOpaHbL, uMeomen 6onee Huskun norennuart (puc. XXIII1.13).
Ecau MeMOpaHy runeprnoaapu3oBaTh, HATOXKUE CTYIEHIATHIN UMITYILC HATPAXKEHUA TOU
XK€ MOJAPHOCTHU, UYTO U CYIMIECTBYIOUIUA MOTEHIINAA, TO U€PE3 Hee MOTEUYeT eMKOCTHBIN
TOK TOYHO TAKOU XK€, KAK U B OTCYTCTBUE BOPOTHLIX YacTuil. O THAKO NPU HAJIOXKEHUY HA~
MPAXKEHUs TPOTUBOIOJOKHON MOMAPHOCTH IIOMUMO OCHOBHOT'O KOMIIOHEHTA €MKOCTHOT'O
TOKA BO3HUKAET JONOJHUTEIbHBIN TOK, OOYCIOBICHHBIA CMENIEHNEM BOPOTHBIX YACTMUII
C/IEBA, HATIPABO. SHAYEHUE 3TOr0 TOKA MOXKET OKA3aThCS BECbMAa MAJbIM [0 CDABHEHUIO C
OCHOBHBIM KOMIOHEHTOM TOKA.

KoMm6uHUpYyss METOABI BHY TPUKICTOIHOUN TIepdy3un, GUKCAIIUN TTOTEHINAIA U CUH-
XPOHHOIO HaKOmIeHus curuanaa, K. Apmcrponr u O. Besanuia o6HapyKuiu Ha TUCaHT-
CKOM aKCOHE KaJbMapa MAaJbLIl aCUMMETPUIHBLIM TOK CMEIIECHUsA, CBA3AHHLIA IIPEIIOJo-
KUTEeIbHO ¢ aKTupanueit Nat-kaHaios.
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Y OcHOBHAs TPYIHOCTL PErMCTPALNNM BOPOTHLEIX TOKOB COCTOMT B TOM, 9TO HEOO-

XOAUMO WUCKIIOYATL WIM CBECTH K MUHUMYMY BJIUSHME MOHHBIX TOKOB, OOBIMHOI'O
€MKOCTHOI'O TOKA MIyMOB. [IJIT MCK/IIOYEHNs HOHHOT'O TOKA AKCOH KaJbMapa mepdys3upo-
BAJU CHAPYKU U U3HYTPU PACTBOPAMU, COAEPKAIINMY HEITPOHUKAIOIINE NOHBL, & TaK¥kKe
0JIOKATOPBI MOHHLIX TOKOB — TETPOJOTOKCHH 1 TeTpasTwiammorun. C moMommpen JBM
MIPOU3BOAWIN CYyMMAIINIO KPUBBIX TOKA, MOJYYEHHBIX B PeKUME (PUKCAIUU TTOTEHIIIAIA
B OTBET Ha MPWIOKEHWE K MeMOPaHe ONWHAKOBOI'O YUC/IA PABHBIX 10 AMILIATYIE T'H-
[EPIOIAPUIYIOMINX U IEHOIAPU3YIOMNX UMILYJIbLCOB. JII0OON OCTAOIIMUCA B PE3yabTaTe
STOHU OIEPALMU eMKOCTHBLI TOK ABIAETCA aCUMMETPUYIHLIM U MOXKET OLITH BOPOTHBIM
TOKOM. O

BopoTHEI TOK B cpaBHeHuu ¢ Tokom Na' moxasan ma puc. XXIII.14. B npusegen-
soM onsire 95% Nat B Hapy:kHOM pacTBOpe 3aMeHeHb! Ha MOHE! Tpuca. U3 pue. XXII1.14
BuHO, uT0 NaT-TOKy, 3HAMeHEEe KOTOPOrO B 3THX yCJIOBUAX 3BHAYATEIHLHO MEHBIIE, TeM
OOBIYHO, HIPEALIECTBYET KPATKOBPEMEHHBIN BBIXOIAMMY TOK (BOPOTHBIN TOK). Eciu us

.ng 80 MKA /om? 70 : 0,05 HA/MKMZ:I
v . 500 wke +70
N— -
H
A [ N
—7
+7g 10 HA/MKMZ:I
INa 2
| I

0,4 mc
Puc. XXIII.14.
Boporusi Tok I, u HaTpueBE# TOK In, B akcone kareMapa (no C. M. Armstrong, 1975):

A—95% Nat 3amemeno ma moms! Tpmca;
B — BOpOTHBI! TOK B ycioBuax mounoi 3amenst Nat ma tpuc (1), Nat-rok, sanucanneiis na ToM xe
aKCOHEe B OOGBIYHBIX YCIOBUAX B MOPCKOU Boge (2)

pacTBOpa yIaleHbl Bee MOHEI Na, TO CTAHOBUTCA 3aMETHBEIM, YTO BOPOTHBIM TOK MEJCH-
HO CHAJAeT TOCTe HAYAIBLHOIO TMKA W B OCHOBHOM TPEKPAIIACTCA K MOMEHTY NOCTUKE-
Hus nuka Na-Toka B 00braHOoM pactsope (puc. XXIII.14, B).

XapaKTepHOU 0COOEHHOCTBIO ACMMMETPUYHEIX TOKOB CMEIICHUA ABIACTCA UX DKC-
HOHEHIUAIBLHAA 3ABUCAMOCTb OT BPEMEHH, 9TO COOTBETCTBYET MOJEIN XOMKKAHA—
Xakcam. AHATM3 XapaKTEPHOTO BPEMEHN PEJAKCAIINA ACAMMETPUIHOTO TOKA, B 3ABUCH-
MOCTH OT IOTEHIMALA MIOKA3AJ, ITO HTO BPEMs IPUMEPHO COBIALAET C BPEMEHEM Ty, ()
B Mogemu Xomkkuaa—Xakcam. CoBnagenne CBUACTENLCTBYET O CBA3M ACUMMETPUATHEIX
TOKOB CMEIIEHNs ¢ YACTUIAME, OTKpbIBafomuyu Nat -kamai.

B nanbHemmeMm ObLIM HAUIEHBI JOMOJHATEILHBIE TOBOAEL B IOAL3Y HMPAMOU CBA3M
ACUMMETPUYIHLIX TOKOB CMEIIEHUA C TBUKEHUEM BOPOTHBIX TaCTHII.
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1. 3apsja, NepeHOCUMBIN ACUMMETPUIHBIM TOKOM CMEIIEHUs MPU BKIIOYEHUN [EH0-
JAPUBALUN, PABEH 3aPSAIY, IEPEHOCUMOMY DTUM TOKOM IIPU HOCIEIYIOMIEN PENoaspu3a-
nuu. OIHAKO YKAa3aHHOE PABEHCTBO COOMIONAETCA JUIIL IPU KOPOTKUX NErOSIPU3YIo-
mwx capurax. Ecaim nemonapusanus INTCA OTHOCATEIBHO NOAC0, TO MPOUCXOTUT TAK
HA3BIBaEMas IMMOOWIN3AINA BODOTHBIX 3aPAI0B, B PE3yIbTATE Y€r0 TOK, TEKYIINYA DK
PEnoIIPU3aIny, CTAHOBUTCA MEHBIIE TOKA, IEPEHOCUMOrO MPU AEHOIAPU3AINN.

2. 3aBUCUMOCTB IEPEHECEHHOI0 3aPA1a OT HOTEHINAIA KAIECTBEHHO COOTBETCTBYET
sasucumoctu Nat-nmposogumocTu or moTennuana (cM. Huxe).

3. Beauumua mepeHOCHMMOro 3apsjfa NPAKTUUECKM HE 3ABUCUT OT TEMIEPATYDHI,
XOTS KUHETUKA, TOKA CMEIIEHUs PE3KO 3aMeNIAeTCA C IOHIKEHNEM TeMIepaTypel. Tem-
nepaTypHb KoddduiuueHT (1o IS BPEMEHU PEJAKCAIUM ACUMMETPUIHOIO TOKA CMe-
LIEHNA PABeH TPEM, YTO COBIALAET C BEAUIUHON Q10 LA Ty,.

4. Boporubit Tok 1 Na™-mpoBogmMOCTh MOJABIAIOTCA MOHAME 71, BBEJEHHBIMIE
BHYTDbB KJIETKH, & TAKKE JeUCTBUAEM yILTPAMDUOIETOBOO CBETA C IIUHON BOAHEL 280 HM.

BaxHBIM MOATBEPXKAEHUEM B IOAB3Y TOCO, UTO
ACUMMETPUYHBLIM TOK CMEIIEHUs CBA3AH C AKTUBAIN-

o et Bxogsmmero Nat-Toka, SBIIOCH cCpaBHEHUE SKCIEpH-
E MEHTAJbHO M3MEPAEMOU U TEOPETUIECKON 3aBUCHUMO-
= CTeN CMEIIEHHOTO 3apsAfa OT 3HAYEHUsA MeMOPAHHOTO
g 30f MOTEeHIMAIA. VICXOqa U3 DKCIEPUMEHTA, BEIUIUHY CMe-
(= o u
3 LIEHHOTO 3aPsA,1a MOXKHO HAUTH, UHTETPUPY S BOPOTHBIN
= L
= 20 TOK 10 BPEMEHHU:
oot [e’e}
g 101 .
E Q= [ i(t)dt. (XXII1.4.2)
O \ \ \ , 0
0 —100 —50 0 50
BHyTpeHnnuit noreHuuan, MmB HpHMep TaKOW 3aBUCHUMOCTH IIpUBENEH Ha pPHcC.
XXIII.15; 3gecy MO OCHM OPAUHAT OTJIOXKEHA BEJUYU-

Puc. XXIII.15. Ha cMermenHOro 3apaga B HKi1/evm?. Mroraa uamepaior

3aBUCAMOCTH CMEIIEHHOT'0 38~  3aBUCUMOCTH OT MOTEHNHANa BeIuduHbl O = )/ Qmax,
pana B MeMmMOpaHe MEBIINNE  NOKA3BIBAIOMIEH O CMEMICHHEIX 3apAL0B II0 OTHO-
JATYIIKA OT IPWIOXKEHHOIO  IIEHWI0 K MaKCUMAaJIbHO BO3MOXKHOMY II€DEHECEHHOMY
norennmaita (mo W.Almers, 3apszy.

1978) TeopeTudeckyio 3aBucuMOcTb O OT 3HAYEHUS
MEMOPAHHOI'O MOTEHINAIA, MOXKHO HOJYUYUTh, 3AIUCH-
Bas YCJOBME PABHOBECHOI'O PACIPEIENEHUSA 3aPSIKEH-
HBIX BOPOTHBIX YACTHUIl MEXKIY OBYMS BO3MOXKHBIMU COCTOAHUAMU. PacrnpenereHue 4a-
CTHUI] OPU HAIAYIMZ HA MeMOpaHe PA3HOCTH IIOTEHINAIOB () OIKMCHIBAETCA yPaBHEHHEM
Boasnmana

1-0=0exp (—%?) , (XXIIL.4.3)

rge (1 — ©) — sanojHeHue JEBOX NOTEHINAJILHON AMBI, a © — 3aI0JHEHNe IPABOK AMBL.
N3 (XXII1.4.3) caemyeT, 9TO KOJAMYECTBO YACTUI, MEPEMEIIEHHBIX B MEMOpaHe CJIeBa,
HAIPABO, PABHO

0 =[1+exp (—f—q?)] o (XXIIL4.4)
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OTa XKe BEIMIWHA ONPENeJqseT W OO0 OTKPLITHIX KAHAJOB B 3aBUCHMMOCTHU OT IIPUJIO-
JKEHHOI'O IOTEHIWaJa (¢ U BaJeHTHOCTH z mepeHocmmon wactunsl. Ha pme. XXIII.16
npusegeHa kKpusble O(¢p) pasHBIX 3HAYCHUAX 2.

Cosnagenne Teoperudeckon (puc. XXIII.16) u sxcnepumentansuon (puc. XXII1.15)
KPUBBLIX TAKOT'O POJa 3aBUCAMOCTEN A iK U iN, HAOIIOIaeTCA Ipy 3HadYeHusax z = 4, 5
s gx U 2 = 6 maa gna. OTciona cregyer, 9To oTKpeiBaHre Na-KaHAIa IPOUCXOMUT MPH
HepeMemeHny BOPOTHOTO 3apAaa, SKBUBAJEHTHOTO 6 BJEMEHTAPHBLIM 3apsagaM. SHAA Be-
JUYNHY CMEIEHHOrO 3apsaga O g B e[UHNIAX 5IeMEeHTAPHOrO 3aPALa €, MOXKHO, Pa31elnB
ee Ha 2 = 6, HAUTHU U ILIOTHOCTHL Na-KaHAJIOB.

[na Na-kaHanoB Bemrauna O 5 KOMEOIeTCA B PA3HEIX 00HEKTAX B IMMPOKUX IpeIenax
ot 260 e/mxm? (cepaednas Memuna Kpbicht) 10 1500-2200 e/Mxm? (rUranTckuil akcon),
a mWIoTHOCTH Na-KaHATIOB COOTBETCTBEHHO MeHsaeTca oT 40 o 250-350 mxm2. dna K-
kaHa10B O, ~ 500 e/MxM?, a qua Ca-xanana @, ~ 1500-2000 e/mxm?.
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—100 0 100

Memb6paHHBIi TTOTEeHIIMAN, MB

Puc. XXIII.16.

BorbnMaHOBCKOE OMMCaHne MOTEHIMAIO3aBUCAMOCTY KaHaIa. [1py ONMucanny noTEeHIINA-
JI03ABUCUMOCTY KQHAJIOB, UMEKIINX Ba (OTKPHITOE U 3aKTPLITOE) COCTOSHUA, IPEATIO-
JIAraioT, YTO OTKPLIBAHUE KAHATA KOHTPOJIUPYETCA IBUKEHUEM YACTHIl ¢ CyMMAPHBIM
3apAIOM 2z MEXIYy TPOTHBOMOIOXKHEIMEA CTOPOHaMU MeMOpasel. [as gacTunm ¢ Goaee
BLICOKHUM 3apPALOM Z TEOPETUIeCKad 3aBUCUMOCTDb BEPOATHOCTU OTKPBITOI'O COCTOAHUA
xapakTepusyercs 6oabmen kpyrusuaou (no B. Hille, 1992).
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BopoTHbIe TOKEM B NPOCTEUIEN MHTEPOPETAIUN PACCMATPUBAIOT KAaK CJIEICTBUE
IIepecKOKa Mm-JacTui B mpomecce akTuBammu Na'-xamanos mem6pansr. OgHAKO mepe-
CKOK HECKOJIbKUX 3apAXKEHHBIX I'DYNI Yepe3 BCI0 TOMIIY MeMOPaHbI BBIMVIAIAT MAaJo-
BeposaTHBIM. CKOpee BCero, TOKU CMENIeHUs O0YCJIOBIEHBI OTHOCUTEIHHO HEOOJBIINMU
CMEIIEHUAMY 3aPAXKEHHBIX TPYII B BOPOTHOM YCTPOUCTBE KaHama. TeM He MeHee ecau
[PEANOIOKUTD, ITO M-IACTUALBl UCIBITHBAIOT TOALKO HEOOJBIINE CMEIIeHUs (IIOpsIKa
HECKOJIBbKUX JECATHLIX HAHOMETDA), TO OKAXKETCs, YTO IePenaj SHEPIUK MEeXAy ABYMSI
YCTONYUBBIMY COCTOSHUAMYU I BOPOTHBIX YacTUI] KPAHe Mal U cocTasiger gzFd/h,
rae h— ToamuHa MeMOPAHBI, d — PACCTOSHUE, HA KOTOPOE MOT'YT MEPEMEIIATHCI BOPOT-
ubie dacTuibl. O IHAKO B DTOM CJIyYae BEIUYINHA CMEIIEHHOTO 3aPA1a, OMPEeIeaseMas 1o

dopmyae

anx - [1 +exp (_ZI%?)} B ; (XXIIL.4.5)

CTAQHOBUTCA €1a00 IyBCTBUTEILHON K M3MEHEHUIO MEMOPAHHOTO MOTEHIUAIA, 9TO TPO-
TUBOPEYUUT PErYJATOPHON (HYHKIUU JACTUIL. DTO MPOTUBOPEINE MOXKET YKA3HIBATH HA,
TO, YTO B AEUCTBUTEIbHOCTU 3aPAKEHHBIE BOPOTHBIE IPYIINEL O0MATAI0T UCKIIOIUTE b
HO BBICOKOW BEJUYMHOU BATEHTHOCTH. [[pyras BOBMOXHOCTB, YCTPAHAIIAS YKA3AHHOE
IPOTHUBOpEYNEe, COCTOUT B TOM, YTO MeMOpaHa B O0OJACTH JOKAIW3AIUN KaHalIa 00m1a-
JaeT HACTOJBLKO HEGOMBIION TOMMMHON, YTO mepenat norernuana ¢/h s (XXIIL.4.5) Ha
eIVHUILY IJAHBLI B 3TOU 00JACTU 3HAYUTEIHHO BHIIIE, 9eM B 00JACTY JUMTUIHOTO OUCTO.

Oco6eHHOCTH BOPOTHRIX TOKOB. PacindpoBKa NOJHOU MAKPOMOIEKYIAPHON CTPYK-
TYPBL JA€T BO3MOXKHOCTD MOHATH MEXAHU3MBI, JEKAIIUE B OCHOBE KUHETUIECKUX 3aKOHO-
MEPHOCTEN OTKPBITHUSA, 3AKPLITUAA 1 NHAKTUBALIMY MOHHBIX KaHAJIOB. OCHOBHAsA pobiemMa
3[€Ch COCTOUT B UACHTU(PUKAINYA KOHKPETHBIX MOJEKYJAPHBLIX TPYIII, BHITOJHAIIINAX
POJIb BOPOTHBIX 3aPSJ0B, KOTOPble COOTBETCTBEHHO U3MEHSIOT CBOE COCTOSIHUE, TepeMe-
ASACH O AEUCTBUEM BHEIIHErO JIEKTPUIECKOro mosi. Mel yxke BUIeIn POIb 3apsagoB
B »rux npoueccax B kanaue (ru. XXI, §7). OrmeruM, 4TO HUKI OTKPHITHE—3AKPBITHE
HE CBfA3aH C PAa3PBIBOM WIX OOPA30BAHUEM KAKUX-JUO0 KOBAJEHTHBIX XUMUYECKUX
CBS3€N, a TIO-BUJUMOMY BKIIOYAET KACKAI KOH(POPMAIIMOHHEIX U3MEHEHNN OeIKa KaHaa.
IMoporoswin XapakTep U BHICOKAA CKOPOCTb OTKPBITUA OTIEJbHBIX 3aKPHITHIX KAHAJIOB
YKa3BIBAET TAK¥XKe Ha COTIACOBAHHBIN KOOMEPATUBHLIN XapAKTEP DTUX MPOILECCOB.

Ci0xHAsA KUHETUKA MOHHBIX TOKOB, U3MEHEHUE IyBCTBUTEIHLHOCTU KAHAJIOB K Da3-
JUYIHBIM XUMUYIECKUM BEIIECTBAM B IPOIECCe uX pabOThl yKA3BIBAIOT HA POJIb IIEPEXOA0B
MEX Iy OTAENbHBIMU KOH(POPMAIMOHHBIMU COCTOAHUAMY O€IKA, IO CBOUM OOIIMM MAaC-
mTabaM ABHO IPEBBLINAIINE IEPEMEIICHNE OTAEJIbHBIX TUIOTETUICCKAX ATOMOB (BO-
POTHEIX 3apAIOB).

ConocTaBuM TakoOu «KOH(MOPMAIUOHHBIN MOAX0N U (POPMAIBHYIO MOAEIE XO[KKU-
na—Xaxkcau (ro. XXIII, §3). IIponecc oTkpeITHE—3aKpBITHE KAHALA MOXKHO OMUCATH B
BU€e AUATDAMMEL IEPEXON0B Mexay ero cocroauusamu (cp. rui. 111, §4). Hanpumep, Mot
MOXKEM paccMaTpuBaTh K-kaHami, rige, KAk W3BECTHO, UMEIOTCA 4 OTKPBIBAOIINE 7i-Ia-
CTUIIBI, KAK CTPYKTYPY, KOTOPAS BKIYIAET COOTBETCTBEHHO Y€TBEPO 1-BOpOT. Kaxk awie
U3 DTUX BOPOT MOLYT OBITH Jub0 B OTKpEITOM (1), am60 B 3axperrom (0) cocTOAHUAX.
W3 o6wero uucaa 16 pasnuunex cocrosuun xanaaa (0,0,0,0), (1,0,0,0), (0,1,0,0) ...
(1,1,0,0), (1,0,1,0) ... (1,1,1,0), (1,1,0,1) ... oTkpeITOMY OyZeT COOTBETCTBOBATH
TonbKO 0O cocTosuue (1,1,1,1), a Bce OCTANbHBIE ABIAKTCA 3aKPHITEIMEA. TOYHO Tak
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I/IHaKTI/IBI/IPOBaHHI)IC COCTOSHUSA
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OTKpHITHIE
3aKpBITEIE COCTOSIHUSI 0€3 MHAKTHUBALIUK COCTOSIHUS

Puc. XXIII.17.
Kuneruueckoe cocroauue Na-kanana no Xomxkkuny—Xaxcau (no B. Hille, 1978)
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CyIecTBYIOT BOCEMb OCHOBHBIX COCTOSHUYM BOPOTHOU cucTeMbl. TOIbKO B cocTOAHUU m3hi BCe BOpOTa
OTKPBITHI U KAQHAJI MOXET MPOIYyCKATh MOHBI.

xe B Na-kaHajae amarpaMma u3 BocbMu cocTosumi (puc. XXIII.17) BKIOYaeT TOIBKO
OIHO OTKPBITOE COCTOSHUE 1mM3hi, TIe TPUCYTCTBYIOT BCE 3 AKTUBUPYIIUE 77-IACTUIIBI,
7 OTCYTCTBYeT hi MHAKTUBHUpPYIOMAI h-dacTuua.

3aKpBEITOMY COCTOAHUIO KAHAJLA COOTBETCTBYET HE OIHO, & HECKOJIBKO (CEMb) COCTO-
SAHUW, B CBOIO OYEPEIb CBA3AHHBIX APYT C APYTOM MEPEXOAAMU. 3AKPLITHIE COCTOAHUA
mohy, mihi, maoh; HE UMEIOT UHAKTUBUPYIOMIEN h-JaCTUILI, 8 UHAKTUBUPOBAHHEIE CO-
croauusa mohg, m1hg, maohg, mshg Ha060pPOT, €€ COmEPKAT.

DopMATBHO TAKOTO POJA QUATPAMMBI IEPEX0I0B MEXK 1y COCTOSHUAMEI KAHAJIA COOT-
BETCTBYIOT KAK MOIENN XOMKKUHA—XAKCIN, TAK U MIPEICTABICHUAM O KOHPOPMAIMOH-
HBIX TepecTporkax B KaHaje. O THAKO NPUHIUNUAILHBIM OTJIAYUAEM SBJIAETCS B3AUMHOE
BAUAHUE (KOONEPATUBHAA CBA3b) TAKUX COCTOAHUM B KOH(MOPMAIUOHHOM ONUCAHWA B
OTJMYME OT YPABHEHUU XOMKKUHA— XaKCIN, TI€ 3TU COCTOSHUA MPEATOMATAIOTCA O~
HOCTBIO HE3ABUCUMBIME. V0XKHO NPENJIOKUTE SKBUBAJEHTHYIO CXEMY, BKIIOYAIOMIYIO TPU
3aKPBITHIX cOCTOsAHUA R u oguo orkpeiroe O,

RERZR20

C MOJOKUTENLHOU KOOIEPATUBHON B3aUMOCBA3LIO MEXK 1Y HUMM, IPU KOTOPOU obecredn-
BaeTCs MePexXoq MEXKAY COCTOAHUAMY R 10 Mepe mpuOIMKeHus K OTKPBITOMY COCTOSHUIO
(o = 200 — 3a). [JeNCTBUTENBHO, DKCIEPUMEHTAIBHEIE JAHHBIE [OATBEPAUIA BHIBOL O
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KOOIIEPATUBHOM XaPAKTEPe MEePEeXOIOB W, B GACTHOCTH, HOKA3AIM, ITO MHAKTUBALV
3AKPBITBIX COCTOAHUN 3ABUCUT OT KOIMYIECTBA yXKe MMEIOMMXCA m-dacTuy (my, ms),
T.e. OT TVIYOMHBI IIPOIIEAIIeN KOHMOPMALINOHHON EPECTPONKI B NMPOIECCe aKTUBALMN
kaHana. Ha 5To xe yKa3blBaeT U MHOIOKOMIIOHEHTHEBIN XapAKTeP KUHETUKY U 3a0ePIKKa
Havana MHaKTaBalmu Na-KaHala, KOTOPHIE 3aBUCAT OT CTENEHVM U BPEMEHU CYIIECTBO-
BAHUA IPEAMIECTBYIOMEr0 aKTUBUPOBAHHOIO COCTOAHUA. 110-BUAMMOMY, MHAKTUBALV
KaHaJIa CBA3aHA C MMMOOMIn3anuen okoao (0% BOPOTHOIO 3apsia B IPOLECCEe AKTH-
Banuu. B pesyaprare 5TOr0 BOPOTHBI TOK, BOSHUKAOIMI B OTBET HA IPEKDAILCHUE
JEMOJISPU3YIOLIEr0 UMITYIbCA, HAMHOT'O MEHbIIIe, YeM IIPU aKTUBAINA KaHATa. A cregoBa-
TeNbHO, COCTOAHNE AKTUBALNN HE ABIAETCS OBICTPO OOPATUMBIM COCTOSHUEM, TIOCKOIBKY
BODOTHBIN 3apsj OCTAETCS B «AKTUBUPOBAHHOM» IOJOMXKEHUM HEKOTOPOE BPEMS MOCIE
IpeKpaIneHus BO30y K IeHU.
B K-xanaue (Shaker) Tax:xe BO3MOXHO CyIIECTBOBAHYE TPEX COCTOAHUM

R=—0==—1,

3akpuiToe R, orkperroe O U uHAKTUBUPOBAHHOE I.

YBeaudeHue OTPULATEALHOIO MEMOPAHHOTO MOTEHIUAIA HA BHYTPEHHEN CTOPOHE
MeMOpaHbl cTadbwin3upyeT R-cocTosHue, He BIUAsA HA OcTanbHble cocTosuusa O u I.
IIpr HATOXKEHUYN TOJOKUTEIHLHOTO MOTEHINAIA KaHAJ OTKphBaeTca R — O, a 3arem
UHAKTUBUPYETCA. BpeMsA OTKPHITAA KaHAIA TR.o CAILHO 3ABUCAT OT BEIWYUHA TIO-
JIOXKUTENABHOTO BO30YKAAIOMIEI0 UMITYJIbCA U BAPBUPYET OT HECKOABKUX MUIIACEKYH/
(+0,1 MB) go mosen mwumcexyHasl npu +50 MB.
CwibHas 3aBUCUMOCTD BEIUYUHBI TR_.O OT IOTEH-
raTa TOBOPUT O TOM, UTO IBUKEHUE 3aPSII0B HA
6eKe KaHAJIA COMPAKEHO C KOHPOPMAIIMOHHBIMY T1€-
pecTpoukaMu, BeIyIIuMu K OTKpBITUIO Kanauaa. Co-
CTOSAHVE MHAKTUBAILUYU OIPENeNAeTCsA YIaCTKOM MO~
aunentugaon nenu B NHo-TepMmunansnon obmactu
(puc. XXI1.14). Yganenue 5TOro y4acTka MIPUBOLUT
K TOMY, 9TO TOCTE OTKPHLITUA KAHATA COCTOAHUE
VHAKTUBAIMK BOOOIIE He HAacTynaeT. [lo-Bugumomy
POJIb BOPOTHOTO 3apsAa, OTBETCTBEHHOTO 33 MHAK-
TUBALMIO KaHaua, BuimoaHseT NHs-TepmunaibHasm
rpynna (puc. XXIII.18), koropas monagaer B mopy
Mexay Sy u Sg CerMEHTaMU MOCTE OTKPHITHA (aK-
TUBALIAYA KAHAJIA).

Bce 510 ykaswiBaeT Ha OrpaHUYeHHOCTH GHOP-
MAJIBHOU MOJENU, TJe OTKPHITHE—3aKPBITUE KAHAIA,
CBA3LIBAETCA C MEPEMEIEHUEM HEe3aBUCUMBIX IPYT
OT Opyra ympaBagoommx dvacTuil. I[lo-Bugumomy,
MOHUMAHME MeXaHU3Ma pabOThl KAHAIA JEXKWUT HAa MyTH pacumdppoBKU KOHPOpPMa-
[IMOHHBIX TIEPECTPOEK OeJKa, WHIYIUPOBAHHLIX NEMOIAPU3YIONIUM UMITYJIbCOM. MOXK-
HO TPOBECTU AHAJOTHUIO C (PYHKIUOHUPOBaHUEM (PEPMEHTA, IAe KACKA DIEKTPOHHO-
KOH(OPMALMOHHBIX TIEPECTPOEK HHAYIUPYETCA U3MEHEHUEM DJIEKTPOHHOIO COCTOSHULA
AKTUBHOIO IIEHTPA BCJICACTBUE TPUXONa B HErO MOJEKyJwl cybcrpara (rua. XIV). C

Puc. XXIII.18.

AxruBanua uw  UMHAKTUBALUA
€IMHIIHOr O HIeNKeP-KaHAIA.
NuakTuBauvoHHAS  MO[EJb —
A9 Ha memnmy. Kawanar mmeer
Tpu cocTosHua: R —moxos,
O —orkpuitoe u [ — vHakTH-
Buposansoe (no C. Miller, 1991).
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DTOM TOYKH 3PEHUA HOJIOOHYIO PONb UTPAIOT JOKAILHLIC M3MEHEHUA COCTOSHUA CEHCO-
pa (puc. XXI.11) (cerment Sy, puc. XXI.14), Br3bIBaOmne KOHGOPMALKOHHEIE IIE€Pe-
CTPOUKHU 6GENKa, KOTOPHIE W JIeXKAT B OCHOBE BOPOTHOrO MexaHmsMa. Habmomaemere B
DKCIEPUMEHTAX CJIOXKHBIE 3aBUCUMOCTY HapaMeTpOB (MPOBOAUMOCTD, BPEMEHA aKTUBA-
[VUJ ¥ NHAKTUBALNHA, BOJIbT-AMIIEPHBIE XAPAKTEPUCTUAKY) MOI'YT OTPAXKATH OCOOEHHOCTHI
KOH(POPMAIMOHHLIX IEPECTPOCK B CIOKHON CTPYKTYPE KaHAIA, B X01€ KOTOPBIX U3MEHA-
eTCA TOJ0KEHNE MHOTHX, B TOM IMCIE 3aPAKEHHBIX, OCIKOBEIX IPYHIL. AJLIOCTEPUIeCKAN
(«¢Teso» KaHANA) U KOHKYDEHTHBIM (BXOA B KAHAJ) XapaKTeD AEMCTBUA DA3IMIHBIX WUH-
ruOéUTOPOB COOTBETCTBYET STOU KApPTHUHE.

§ 5. [umosbHas MOJeab KAHAJIA

IIpupoga, BOPOTHLIX TOKOB MOXKET COCTOATHL B TOM, 9TO ACUMMETPUIHELIA TOK CMEIICH
00yCJIOBJIEH HE ITepeMelIeHneM 3apsSKEeHHBIX TPYII depe3 MeMOpaHy, a KOOIepaTUBHBIM
U3MEHEHUEM OPHUEHTAIIUU rQI/II'IOJIQI‘/JI, BBEICTWIAKIINUX BHYTPEHHIOIO IIOJOCTH KaHaJa. HpO—
XOX IEHNE NMOHa I€pPE3 KaHaJ 3aBUCUT OT €ro B3aHMO,qu¥ICTBHH C OUIIOJBHBIMU T'DYIIIN-
POBKaMU, KOTOPOE ONPEIENACT DJIEKTPOCTATUIECKYI0 sHepruto uoHa (cM. §5 ri. XX).
IlepeopuenTanus UIOIEN MOXKET CYIIECTBEHHO M3MEHUTL SHEPIUIO B3aUMOIEUCTBUA
HOHa C OKPYXKEHMEM B KaHaJE€ U TeM CaMbIM BEPOATHOCTH IIOIIAJaHUA MOHA B KaHAJ.
Kpowme Toro, namesenne oOpueHTAINEA JUIOJIEN MOXKET COIPOBOXK IATHCA KOH(POPMAIIMOH-
HOU TIEPECTPONKON, U3MEHAIOIIEN IMeOMETPUI0 KaHATA, YTO MOXKET TaKXKe CKA3aThCA Ha,
KOHIIEHTPAIIUA MOHOB B KaHAJE W WX MOIBUXKHOCTHU, T.€. HA MPOIMYCKHOU CIOCOOHOCTU
KaHaJa.

Puc. XXIII.19.

[IUTOIL B DIEKTPUIECCKOM TIOJE

@e PaBHble 10 BeIWYMHE W NPOTHUBOIOJOXKHBIE IO

3HaKy DdJEeKTpUYeCKue 3apsaabl +e m —e pac-
MOJIOXKEHbI HA PACCTOAHUU [ Npyr OT ApPYyra.
DNEKTPUIECKUA MOMEHT [UIIONA TIPENCTABIA-

e B - eT cobon BekTOp ¢ momyaem el. [Ilpoexknmsa nu-

\‘-: E [OJBLHOIO MOMEHTA Ha BEKTOD HANPSXKEHHOCTH

3, nons paBHa FElcosB = ed. Dueprus W nurmo-

JISL B 9J€KTPUIECKOM II0JIe DABHA IPOU3BEJEHUIO

IPOEKIMY AWIIOIEHOrO MOMEHTA HA HANIPAKEHHOCTH noust E: W = —eSE = —edp/h, rae ¢ — pasHOCTH

2JIEKTPUIECKUX IIOTEHIUAIOB Ha MeMOpaHe, IMEIONel TOMIUHY h. 3HaK MUHYC IOKA3bIBAET, ITO YCTOU-
9YMBBIM IOJOXKEHWEM [WIONA SBISETCA DACHOJIOKEHWE €r0 BEKTOPA IO HANPABICHUIO DIEKTPHIECKO-
ro mouas. MaMeHeHwe sHEpPrHY IpY IOBOPOTE OAMHOYHOIO JUIONA B DIEKTPUYECKOM IOJIE COCTABIAET
AW = (ep/h)(82 — 81) = —eq@, rjae € — koaddument € = e(82 — d1)/h.

N3BecTHBI CBOMCTBA OQUHOYHOIO JKECTKOIO AUMOJSA, HAXOAAMIETOCS BO BHEIIHEM
snekTpudeckom noae (puc. XXIII.19).

PaccMoTpuM cucTemy B3auMOAECUCTBYIONIAX UMOICU KAHAMA, KAXK IbIM 13 KOTOPBIX
MOXKET HAXOJAUTHCA B IBYX OPUEHTALUUAX, OTIUIAOIINXCA IO MPOEKIIAN TUIOIBEHOTO MO-
MeHTa Ha och kaHaaa (puc. XXII1.20). Dueprus gumosis B paccMaTpUBAEMOU CUCTEME
CKIAJBIBAETCA U3 HECKOJbKUX KOMIIOHEHTOB: CTAHAAPTHOU xuMmudeckou suepruu Up,
SHEPIUU B3aMMO IEUCTBUA JUMIOJA C BHEIIHUM dJIeKTpudeckuM moaeM (cM. puc. XXII1.19)



188 I'maBa XXIII. TpancnopT moHOB B BO30yAuMbIX MeMOpaHax

Y DHEPI'UYU B3aUMOIENCTBIA TUIOJA C IPYTUME TAMTOAAME cucTeMbl. Ecau munonporenno-
BBIM KOMILIEKC, COIEPKAIIUA PACCMATPUBAEMYO CUCTEMY IUIIOJIEN, ABIAETCA OCTATOIHO
KECTKUM, TO TPOIIECC MEPEOPUEHTAIINY OTJEMbHEIX AUMONeN Oy [€T KOOTIEPATUBHBEIM. JTO
O3HAYAET, ITO DHEPrUs, HEOOXONUMAS I MEPEOPUEHTANNN KXk IOr'O DIEMEHTAPHOTO
OUMOJA B CUCTEME, 3aBUCUT HE TOJBLKO OT €r0 COOCTBEHHOU DHEPTUU, HO U OT [OJU
IUIOJIEN, YK€ U3MEHUBIINX CBOIO OpuUEeHTanuio. Torga m3aMeHeHme >Hepruu DJIeMeHTap-
HOTO JWIIOJA TIPU €r'0 IEPEOPUEHTAIIMN Oy €T 3aBUCETH OT JOJIY IIEPEOPUEHTUPOBAHHEIX
punonen © u cocrapiaarh Beauauny —O(Wy — Wy) = OW, rge Wy u Wy — napamerper
B3aUMO/EUCTBUSA AUTOIA B [BYX €M0 OPUEHTAIUAX C CU-
CTEMOU OKPYKAIOUINX JIUITONEH.

Ecan cramgapTabie CBOOOLHBIE DHEPIUU [JUIO-

b X 1J l\\\\J ll\ld Jag 4ia o06emX OpPUEeHTAUWM OLUHAKOBEIL, TO PA3HOCTH
N DHEPreTUIeCKUX YPOBHEU MEXKY ABYMS COCTOAHUIMU,

|ﬁ t Tl |/ /17 ‘ ﬁ T//] CKJIAIBIBAIONIAACA U3 U3MEHEHUA DHEPIUM B3aUMOIEen-

1 " m crBull ¢ BHemHumM moieM €@ (cM. puc. XXIIL19) u
OPYTUMH JUIOIAMYU CUCTEMEI, COCTaBUT —e@p — OW. B

Puc. XXIII.20. VCIOBUAX PABHOBECUA [OMU JUIONEH, HAXOIAIINIXCA B
[unospHas MoOJeab peryJd- IIEPEOPUEHTUPOBAHHOM COCTOSHUN O u B UCXOJHOM CO-
UM IPUBOAUMOCTH MOHHOTO  crosuuu (1 — ©), CBA3aHBI MEXK Iy COOOU COOTHOIIEHUEM
KaHaJ1a: Boabumana. OTcooma cienyeT, IYTO OTHOIIEHNE 3ACEIeH-

I, Il — Bee mumonu, swicTmraomue  HOCTEH DHEPTETUHMECKUX YPOBHEH ABYX opueHTarmu ©
BHYTPEHHIOI MOMOCThH Kamana, 3a- ¥ (1 — @) BKCIIOHEHIMAIBHO 3aBUCUT OT PA3HOCTY DHEP-

HUMAIOT OXHY M3 BOBMOXHBIX OPM-  ppjp Me Iy STHME yPOBHAME —e@ — OW:
enTanuy; III — cMmemaHHOe COCTO-
AHUE (_)

w) , (XXIIL5.1)

1-0 :koeXp< k5T

rae ko — KoucTtanTa. TakuM 06pa3oM, IO/ AUIOJEN, HAXOAAIUXCA B KAXKI0M U3 COCTO-
AHUN, 3aBACAT OT MeMOPAHHOIO MOTEHIUAIA, U DT, 3aBUCUMOCTE OINUCHLIBACTCSI COOTHO-
IeHneM

T ?9 exp(—w0) = ko exp(e1)), (XXIIL5.2)
rae o = W/kgT — napamerp xoomneparusHocTH, () = e@/kgT — Ge3pa3MepHEIN IOTEH-
nuai, €, = ¢/e. [lonydennoe ypasHeHnue npu nogbope mapaMeTpPOB ) U €] IO3BOJAET
ONKCATH DKCIEPUMEHTAIBHO HAOMIOJAEMYI0 3aBUCAMOCTD CMEIIEHHOTO 3apA1a OT MeM-
O6paHHOrO noreHnuaaa. [eNcTBUTENBHO, TIOBOPOT AUIIOJSA COMPOBOXK JAETCA HEKOTOPHIM
5> PEKTUBHBIM CMEIEHNEM 3apsAaa BAOJb OCHA KAHAIA, TIOXTOMY BeaumyduHa O, o3Ha4aIO-
1A JOJI0 TUTONEN, KOTOPHIE HAXOAATCA B OTHOM U3 COCTOAHUN, MOXKET PACCMATPUBATE-
¢l KaK TIOKA3aTeNlb IIEPEHECEHHOT0 B MeMOpane 3apsaga. [Ipu o = 3,5 3aBucumocts © oT
MeMOPaHHOIO MOTeHIuala, paccanTannas mo ypasaenuio (XXIII1.5.2), xopomo coraacy-
ercs ¢ skcnepumerToM (cum. puc. XXIII.16).

Y PaccMOTpEeHHBIN DIEKTPOCTATHIECKAN MEXAHU3M PEryJIAIUY IPOBOIUMOCTY KAHAIA,

34 CUET TMOBOPOTA MEMOPAHHBIX TUTOJEN MOXKET B TIPUHIIAIE 00ECIeIUThL HAOJIIO 1A~
eMYI0 3aBUCHMOCTH MPOBOAMMOCTH OT moTeHuuata. OIHAKO B 3TOM CIydae MPOBOIU-
MOCTb OJMHOYHOI'O KaHaJa TAaKXKe MOJKHA HEIPEePHIBHO 3aBUCETHb OT IIOJA, a He IIpe-
TEepHeBaTh CKAYKOOOPA3HBIE MEPEXOABI MEXAY OTKPBITHIM U 3aKPBITHIM COCTOSHUAMUI
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(cm. §8 1. XXI). Bumecre ¢ TeM, eciu DOBOPOT AUNOIER B MeMODAHe COIPOBOXKAAETCS
KOH(OPMAIMOHHBIM U3MEHEHUEM KAHAJIA, TO CKAYKOOOPA3HBIE U3MEHEHUS IPOBOANMOCTH
B OJWHOYHOM KaHAJE TAKMKE BIIOJHE BO3MOXKHHI. O

[IpeamosararT, 9TO AUMOJBLHBIN MEXAHU3M DErYJIAINNY JEXKUT B OCHOBE MOTEHIIAA-
nozaucumocTu nposogumoctu BJIM, mogupunuposanubx rpavmunuguaom A. CoraacHo
npeanonoxenuto [I. Yppu, cyImmecTByeT paBHOBECUE MEXK Iy TPOBOIALNIEN U HEIPOBOASALIEN
KOH(MOPMALMAMYA MOJEKYJBl TDAMULUANHA, TIPUYEM ITPOBOIAIIAN TE%D—CHI/IpaJIB nMeeT
66abImMn [UnoNbHBIN MOMEHT (cM. § 3 . XX). Pasauvue [umnoibHBIX MOMEHTOB [JIA IBYX
KOH(MOpMaLU, CO31aBAEMOEe OJHUM BUTKOM crnimpau (mar coupanu 0,45 HMm), cocTaBageT
1510718 ex. CT'CD - ey, mmm 15D (1D = - 1072 Kur- m). Pasmrame qunonsHeIX MOMEH-
TOB [JI1 TPAHCMEMOPAHHOU CTPYKTYPBI IJIUHOU 3 HM, CIOCOGHOU 06pPAa30BATH MOHHBIN
kauai, cocrasut 100- 10718 ex. CT'CD - e, mu 100D. PasHocTh SHEPrun IUIOIEH, COOT-
BETCTBYIOIIAX ABYM KOH(DOPMAILMAM, BO BHEIIHEM JIEKTPUIECKOM ITIOJE PACCIATHIBAIOT
no ¢opmyae (cm. puc. XXIII.19):

AW = uFE/e, (XXIIL5.3)

rjae U — AWTOMBHBIN MOMEHT, € — 3apAl »aekTpoHa ~ 1,6 - 1071 Kua, F —uucio Pda-
pages (~ 96 500 Ka/mors = 96,5 x/Ix - B~! - moms~!), E — HANPAXEHHOCTH M€K TpUe-
ckoro nous, B/cm. Ilpu ronmuue mem6pansr 3 M u pasHoctu norennuaios 0,1 B, E =
=0,1/(3-10"7) B/cu, pasrocts sreprun AW B (XXIIL.5.3) coctasaser 6,7 x/Ix /MOTE.
Ecau npeamonaraTrsb, 9T0 B OTCYTCTBHE AIEKTPUIECKOTO TOMA BEPOATHOCTH KAXKIOU 13
OBYX KOH(OPMAaINU OJAMHAKOBLI, TO TIpU HaaoxkeHun Ha, BJIM pa3sHOCTM MOTEHINAIOB B
100 MB cooTHOmEHE YMCIa HETPOBOMAIINX U IPOBOMANINX CTPYKTYD U3MEHUTCSA IPHU-
MEpHO Ha MOPsIOK B cooTBeTcTBuu ¢ dpopMyton Boasumana Ny /Ny = exp(—AW/RT),
rge RT =~ 2,5 x/x/moub.

Mogens  ¢gopMupoBaHUsI
KaHAJIa W3 [MAPALIEIHHO
COEIVHEHHBIX CyObeInHNIL:

7 /) I ) iy
W //i//// iy j/,////{/// Wy /é///f{/// A/{%%V///; Prc. XXIIL21.

0 7 06— DOJUIENTUIHAA IElb
B Pa3HBIX OPUEHTANMAX; CTPEJ-
KaMU MOKa3aHa OPUEHTAIUA V-
moNer; MOJ BIMAHAEM IOJA
MOJMUNENTHAJHLIE e 3aHuMa-
0T TPEUMYIIECTBEHHO MOJOKe-
Hue 6

[ 7 ¢

7 / ity // A Ty,
i, i i

)

CoryacHo APYrow MOZENIH, MOJEKYJbl PAMUALUIMHA HAXOLATCA B KOHQUIYDa-
UM O-COMPAJX W MOTYT DACHOJAraTHCA HA IOBEPXHOCTH MeMOPAHBl WIN IOMEPEK
sHee (puc. XXIII.21). IorpyeHu0 MOHOMEPOB B TOJIIY MEMODAHBI MPENATCTBYIOT
MOJIAPHBIE TPYIIBLI, KOTOPHIE B CIydae KOH(MUIYpPAIIN ngD—anpaﬂH 06pa3yloT BHY-
TPUMOJIEKYJ/IIPHBIE BOAOPOJHLIE CBA3M MEXIY OTHelbHBIME BuTKaMu. OIHAKO BHeIIHEE
DIEKTPUIECKOE IIOJ€, B3AMMOLENCTBYIOMEE C JUIOABHBIM MOMEHTOM O-CIAPAJIN IIOJIU-
HNEeNTUIHON NN, CTPEMUTCS OPUEHTUPOBATH MOJIEKYJLI MEPIEHAUKYIAPHO IIOCKOCTH
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MeMmOpanbl. PacdeThl MOKA3bIBAIOT, YTO PA3HOCTH DHEPIUM [ ABYX OPUEHTAIMN
JUIONsA MOHOMEPHOU (DOPMBI rpaMunuauHa cocrasiser npumepuo 4,2 x/x/Moub.
Brrpeiin B 3HEPrUU, CO3QABAEMBIM TOBOPOTOM [UMOJAA B DJEKTPUIECKOM IOJE,
HEIOCTATOYEH [ TOrO, YTOOBI «3aTAIUTHY MOJAPHBIE PYNIEI MOHOMEPA B MEM-
opaumy. OmHako ecau OOpa3yeTCs TPUMEP WIM KOMILUIEKC U3 IINeCTH MOHOMEDPOB, B
KOTOPOM [Aapa/UIeJbHBEIE LENM PAMULUAVHA CBA3BIBAIOTCA I[TONEPETHBIME MEXKIIEo-
YEYHBIMU BOJOPOIHBIMU CBSI3SMH U O0OPA3yIOT CTPYKTYPHI THUIA CKJIATIATOrO CJIOS
(B-cTpYKTYpBI), TO PA3HOCTH HIEKTPUYECKON DSHEPIUYM TAKUX AUIOJIEH HIPU DA3IudHOU
OpMEeHTalIuu BO BHENIHEM moJae OymeT cocTaBaaTh 12,6 m 25,2 x/xk/Mons cooTser-
ctBeHHO. [locKOMBbKY B TaKUX KOMILTEKCAX OOJBIIMHCTBO MOJAPHBIX I'PYHI 00HEIMHEHO
BOJOPOJHBIMU CBSI3IMA ¥ MOJIEKYJBI MOT'YT CBOOOTHO TMOIPYXKATHCSA B JIMIUAJHBIN
OUCION, DJIEKTPUIECKOE MOJE OKA3BIBACTCA >(PMEKTUBHLIM PEryAaTOPOM OPUEHTALUN
KOMILIEKCOB. B caydae GpOpMUPOBAHUA CKBO3HOU MOPHI KOMILIEKCOM K3 IIECTU MOHO-
MepOB HaJIOXKeHne pasHOoCTU noTeHnuaaoB B 0,1 B [OMKHO M3MEHATH COOTHOIIEHUE
MOJIEKYJI, OPUEHTAPOBAHHBIX MAPALIEILHO U MEPIEHINKYIAPHO IIOCKOCTH MeMODAHEI, B
10? pas.

§ 6. ®Pusmko-xuMIIeckne Mogeau Bo36yx geana. Ocmmuiarop Teopemwra

Cpequ pasiuyHbIX MOAETEN DJIEKTPUIECKON BO30YAMMOCTU KJICTOK OCOOBLIM WHTEPEC
npeacTaBaseT npeanoxenHas B Koume 50-x rogos T. Teopemrom ¢uauko-xuMumydeckas
MOJEIBbHAS CUCTEMA, HA3BAHHAA MEMOPAHHBIM OCHWLILATOPOM. Mojendb mpencTasiser
CcOoO0OU [IBe AIEHKN, 3AI0JHEHHLIE DJIEKTPOJINTOM PA3HOU KOHIEHTPALNN U Pa3ieJeHHbIe
MeMOPAHOU M3 MOPUCTOrO CTEKAA € (PUKCHPOBAHHBIMU OTPHUIATENbHBIMU 3APALAMMU.
IIpun mponyckauum depes MeMOpaHy TOKa B AYEMKaX BO3HUKAET OTYETJIUBLIA CIBUT
YPOBHEU KUIAKOCTW, T.€. CO3[aeTCA Mepenaj TUAPOCTATUIECKUX naBieHun. Iloka
TOK HE MPEBBIIIAET HEKOTOPOr0 KPUTUYECKOrO 3HAYEHUsd, PA3HOCTH MOTEHIUAJIOB HA
MeMOpaHe W Tepenaj AABJICHUU OCTAIOTCA MOCTOAHHBIMEU. OIHAKO MOC/IE MPEBBIIEHU
KPUTUYECKOrO 3HAYEHUs TOKA CHUCTEMA IEPEXOIUT B ABTOKOJEOATEIbHBIA PEXKUM,
pU KOTOPOM PA3HOCTH MOTEHIMAJOB Ha MeMOpPaHe W PAa3HOCTL JABICHUN HAYUHAIOT
COBEpINATH PETAKCAIIMOHHBIE KOJICOAHUA.

B ocHoBe pabOTH MEMOPAHHOT'O OCIULIATOPA JEXKAT DICKTPOKUHETUICCKIE ABJICHUA
(cm. §5 ru. XVIII). CymMapHBI HOTOK XUAKOCTH IO KANUWLIAPAM IOPUCTOU MeMOpa-
HBL IIPEACTABIAET COOOM PA3HOCTH BIEKTPOOCMOTUIECKOrO MOTOKA (€r0 HAIPABICHUE
COBIAAET C HANPABICHUEM DIEKTPUIECKOrO MOJA) U BCTPEYHO HANPABIEHHOI'O I'MAPO-
OUHAMUIECKOTO TTOTOKA.

Ecau moTok HampaBJeH Tak, YTO MEMOPAHa, 3aTOJHACTCA KOHIIEHTPUPOBAHHBIM PaC-
TBOPOM DJEKTPOJUTA, TO CONPOTUBICHIE MEMOPAHBI PE3KO CHUXKACTCS, U HA000POT, €C/In
MeMOpaHa 3AMOMHACTCA MAJONPOBOAAIINM PA30ABIEHHBIM PACTBOPOM, €€ COIPOTUBICHUE
BO3pacTaeT. B 3aBUCHMOCTHU OT HANIPABJICHUSA ABUKEHUSA XKUAKOCTU MPOPUIH KOHIIEHTPA-
[IIU BHYTPU MeMOPAHbI TPUOOPETAET BOTHYTYIO WA BHEIMYKIYIO (hOPMY, COOTBETCTBYIO-
IIyI0 HU3KOU ¥ BBICOKOU KOHIIEHTPALUM HOCUTENEN 3apaia B MeMmOpane (puc. XXII1.22).
C yBesqmdeHreM CKOPOCTU TEUEHUA NMPOPUIL KOHIIEHTPAIMYA B MEMOpaHe TPUOINKAECTCA
K IPAMOYTOABHOMY. IIpy BEICOKUX CKOPOCTSAX TEYEHUsi CONPOTUBICHUE MEMODPAHBI IPU-
HUMAET OHO U3 ABYX MPEIEIbHBIX 3HAYEHUN B 3aBUCUMOCTU OT HAIPABJICHUSA MOTOKA
pacreopa (puc. XXIII.23).
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CxopOoCTh TeYeHUs KUIKOCTU ¥ Yepe3 MeMOPAHy 3aBUCUT OT PA3HOCTHU JABICHUU P
1 Pa3HOCTH IOTEHINAJOB () CJAeLyIOmM 00pa3oM:

v =ap— Po, (XXIIL.6.1)

rge o 1 3 — k03 PUINEHTEl IPONOPIMOHATLHOCTH. [lepBLIN WIeH OnuCEBAeT (PUILTPA-
[IOHHOE TEYEHUE Yepe3 MOPUCTYIO CPELy, BTOPOU — COOTBETCTBYET HJIEKTPOOCMOTHAYE-
CKOMY IIOTOKY.

Membpana
2 2

Puc. XXIII.22. Puc. XXIII.23.

Pacnpenenenne KOHIIEHTpAlMM UOHOB BHYTPU 3aBUCUMOCTb COMPOTHUBJIEHUS MEM-
MeMOpaHbI B 3aBUCUMOCTHY OT HAIIPABJICHUA U Opanbl Rj)s OT CKOpPOCTH TOTOKA
CKOPOCTY IIPOTEKAHUA KUIAKOCTHU: KUAITKOCTU U

C1, C2 — KOHIIEHTDAIIU! DJIEKTPOJNTA B BOAHBIX pac-
TBOPAaX, ¥ — CKOPOCTb IBMXKEHUA MOHA depe3 MeMOpa-
HY, V1, V2, U—1, V—2 — CKODOCTHU DU PA3HbIX 3HAYeE-
HHAX IOTOKOB

Puc. XXIII.24.
BosbTaMnepHas XapakTepuCTUKa MeMOPaHHOT'O OC-
nuwuiaTopa (mo B. C. Mapkuny u ap., 1981):

I — 5neKTpUYeCKU TOK, (¢ — MOTEHINAN, ¢* — KPUTUYECKUN
MOTEHINAI, COOTBETCTBYIOIINN HYJIEBOU CKOPOCTH TEICHUA

B Teopun MmeMOpaHHOTO OCHMIIATOPA TOKA3BIBAETCA, ITO IPU JOCTATOYHO BEICOKUX
ckopocTsax |v| > D/h (D —xoadpdunnent guddys3un TOKONEPEHOCAIINX NOHOB BHY TPU
MeMOpaHsbl, h — TomuuHa MeMOpPaHbl) 60abIIas 9acTh MEMOPAHEI 3aII0JHEHA DIEKTDOJIY-
TOM OJHOU U TOU XK€ KOHIEHTPALWU ] WIA Cy 3ABUCAMOCTU OT HAMNPABJIEHUs MOTOKA.
JIuiis mpu MasbIX 3HAYEHUAX CKOPOCTY KOHIIEHTPAUWS [LIABHO W3MEHSETCS OT OJHOI'O
3HAYEHUA K APYroMy. B CBsA3M ¢ 5TUM MOXKHO CIMTATh, YTO KOHIEHTpAIUA B MeMOpaHe
paBHA c1, ecau v > 0, u ¢co, ecmu v < 0.

Orcroga cregyer, 9TO BOABTAMIEPHAA XaPAKTEPUCTUKA MEMOPAHBI COCTOUT U3 IBYX
JVHENHBEIX YIACTKOB C PE3KUM mepexonoM Mexay Humu (puc. XXII11.24). Haxmousr
Y9IACTKOB OIPEIENsSIOTCSI CONPOTUBICHUEM SJIEKTPOINTA B MeEMOPAHE [IPU €] U Co, & Iepe-
XOJ MeX Iy yIaCTKaMK IPOUCXOIUT IIPH MOTEHIINAJE (§, COOTBETCTBYIOIIEM HYJIEBOU CKO-
pocTtu TevdeHus. PeasbHas BoabTaMIepHaAsa XapaKTEPUCTUKA, TOJYI€HHAI METOAOM (PUK-
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Caliy NOTeHIKAIA (IITPUXOBAs HA TOM XK€ PUCYHKE), OTINIAeTCA JUIIb TEM, ITO BMECTO
PE3KOr0 Mepexo[a UMEeTCs JOBOJBHO KPYTOU YIACTOK C OTPULATEILHBIM HAKIOHOM. [

CyuecTBOBaHNE DTOr0 YIACTKA CO3MAET MPEIIOCHIIKA [ BOSHUKHOBEHUA KOIeHa-
HUU B CUCTeME. B HEKOTOPBLIX Mpemerax Kax oMYy 3HAYEHUIO TOKA COOTBETCTBYIOT TPH
3HAYEHUA MOTEeHIANA. [[POMEKYTOIHOE 3HAIEHNE OTHOCATCSA K HEYyCTOMIUBOMY COCTOS-
HUIO, KDAHUE — K yCTOMYUBOMY, T. €. TaKas CUCTeMa AB/IsgeTca tpurrepraou (cm. . IT).

B ToMm cayuae, korga B pacCMaTPUBAEMOU MOIEIN TEPENA JaBICHUN TIO I IePKABA-
eTCA Ha TOCTOAHHOM YPOBHE, C TIOMOIIBI0 UMITYIbCOB TOKA MOXKHO MEPEBOAUTL CUCTEMY
U3 OJHOT'O YCTOMYIMBOIO COCTOAHUA B npyroe (puc. XXIII1.25).

Puc. XXIII.25.
2 Ilepexom MexXnoy OBYMA yCTOUYIMBBIMA COCTOAHUAMHA B
mopgenu Teopemwrta (no B. C. Mapkuny u ap., 1981):

1, 2 — ycTonvuBbIe COCTOsAHUA, 3 — HeycTonduBoe IIpu BozpacTa-

HUW TOKa ip A0 4 TOTEeHIWan Ha MeMOpaHe (¢ CKaIKOM BO3Pa-

0 iR, ©*i'R, iR, ¢ craer ot toR1 10 'Ry, rae R — conpoTuBienue mMeMOpaHbl B

cocTossHUM 1. YBeIWdeHue MOTEHINAN IPUBOJAUT K YMEHBIIECHUIO

A CKOPOCTY JBUXKEHUA PACTBOpa depe3 MeMOpaHy B COOTBETCTBUU C

1 dbopmymon (XXIII.7.1); memGpana 3a10xHseTCS 0GEIHEBIIAM pac-

ifr=mmm=m==="75 TBOPOM, M €€ CONPOTHUBIEHUE BO3pacTaeT. [lo 3aBepuieHUU UM-

MyJdbCa TOK MTHOBEHHO YMEHBIIAETCA OT i’ 10 %9, OJHOBPEMEHHO

) 1 3 2 MTPOMCXOANT TMajenue MoTeHrmmana ot ¢ R 10 igRz. 3aecs Ro —

) iy ~ bl MaKCUMAaJlbHOE 3HAYeHUe CONPOTUBIEHUA, NOCTUTHYTOE 33 BpEMs

- MPUIOKEHUA UMITYJbCA TOKA. [ladbHenInee noBejeHre nOTeHInana

- Ha MeMOpaHe 3aBUCUT OT COOTHOImEHUs toRa u ¢*. Eciau ig R2 > ¢*,

/- MOTEHNUAT TPOAOIKAET PACTH U CUCTEMA MEPEXONUT B COCTOSA-

mue 2 (B). Ecam xe ig Ry < ¢*, cucTema BO3BPAIIAETCA B MCXOIHOE
B cocrosume 1 (A)

B ycroBusx, Korga pasHOCTL TABJICHUU HE 3a(pUKCUPOBAHA, N3MEHEHUS MOTEHIINAIA
Ha MeMOpaHe, BBI3BIBAEMBIE UMITYJIbCAMU TOKA, UMEIT BBIPDAXKEHHOE CXOICTBO C MOTEH-
IUAJOM [IeMCTBUA B aKCOHE. AMIUINTYIa MOTEHIINANa B MOAEJILHON CUCTEME COCTABI-
eT okoJo 2 B, a npogomxuTessHOCTL gocTuraer Heckoabkux MuHyT. Kak ciaegyer ua
ypasuenus (XXIII.6.1), usmenenue nepenaga Ha MeMOpaHe HE OKA3LIBAET BJAWAHUA HA
KPYTU3HY YCTOUYIUBLIX YIACTKOB BOJILTAMIEPHON KPUBOU, & BAUAET TOJBKO HA 3HAUCHUE
HOTeHIMaza (%, Ipu KOTOPOM IPOMCXOAUT M3MEHEHVE HAIIPABICHUA IBVKEHUA K-
KOCTH, T.€e. Ha IOJOXKEHUE BEPTUKAILHOI'O YIACTKA BOJBTAMIIEDHOU XAPAKTEPUCTUKMU.
Ha puc. XXII1.26 npuBeneHbI CTAMOHAPHEIE BOJLTAMIIEPHEIE XaPAKTEPUCTUKY CACTEMEI
[UIs1 PA3HBIX IEPEragoB IaBICHUI.

DIEKTPOXUMUIECKAS MOIENb, TpeIaokenHas Teopemtom, crmocoOHA BOCIPOU3BO-
IUTH MHOTHE CBOMCTBA HEPBHOT'O BOJOKHA, BKIIOYAA MTPOBEICHUE BO30Y K [CHU.

§ 7. MaTemMaTuieckue MogejM Bo30yTUMBIX MeMOpaH

Maremarudeckas mogens Xomkkuna—Xaxcan (cMm. §§2, 3 ru. XXIII) ssaserca ogaum
13 HanboJee TOYHLIX ONUCAHUU IPOLECCa DIEKTPUIECKOro BO30OyXKIeHUA B MeMOpaHe.
OnxHako >Ta MOENb CAMIIKOM CJIOXKHA, [ KAIeCTBEHHOT'O AHAII3A.
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Y Oaue “3 MOAXOJ0B K YOPOIIEHUIO 3TOU MOJEIN COCTOUT B PAa3AeIeHUM OBICTPBIX

¥ MeeHHBX mepemenHbix (cM. §3 i, II). [eitcTeuTensao, mepemensas Nat-ak-
TUBALIMK M U3MEHsAETCs HA MOPALOK ObIcTpee, deMm mepeMmenubie n u h. Ilocrosuuas
BpEMeHH T,, cocTanageT ~ 1074 ¢, a 1, u T ~ 2- 1073 c. [IoaTOMY OCHOBHOE M3MEHeTHE
napaMeTpoB 7 U h IPOUCXOAUT TPU YCTAHOBUBILEMCA 3HAMCHUA 1M (11 = Moo )- O

PaccmoTpum, kak ynpomaoTcs ypaBHEHUs XOMKKIHA—XAKCIN [IPU 3aMEHe [epe-
MEHHOU 171 Ha €€ CTAIMOHAPHOE 3HAYUEHUE Mly,. YIUTEM TAKKE DKCIEPUMEHTANIBHO YCTa-
HOBJICHHBIN (DAKT, UTO 3HAYMEHUA N U h CBA3AHBI MEXKIY COOOU COOTHOIICHUEM

h+n =G =const (~0,85). (XXIIL.7.1)

Puc. XXIII.26.
BosnpramnepHbie XapakTepuCcTUKM MEMODAHHOU CUCTe-
MBI IIDX IBYX I€penafax LaBJeHUd pP; U Py Ha MeMOpaHe

(ocranbHBIE 0003HaYeHU Te ke, 9To Ha puc. XXIII.25)
(mo B. C. Mapkuny u ap., 1981).

IIpeamonoxum, 9TO BHaYaJIE CUCTEMa HAXOIUTCA B CTAIMOHAPHOM
COCTOAHUM 1, B KOTOPOM IO/ JE€PXKUBAIOTCA TOK 40 U JABJICHUE P1.
0 ? Ecau nonencTBoBaTh HA CUCTEMY BIEKTPUIECKAM CTUMYJIOM, U3Me-

HUB TOK [0 3HAMEHUA i’ , TO CACTEMA TeperieT B HOBOE YCTOMIUBOE
COCTOAHVE 2 IPW NABJIEHUU D], MTOCKONbKY HA JEBOU BETBU HET CTANMOHAPHOTO COCTOAHUA, OTBEIAIOMET O
naBaenuio p1 m TOky 4. Ilo OKOHYaHUM pa3JpaxKeHUA, KOTa TOK BO3BPAIIAETCA OT 4’ 10 49, CACTEMA
nepeuger B cocrosaue 3. Ecim masaenue B cucreme He GUKCHPOBAHO, TO OHO TOCTENEHHO W3MEHAETCA,
7 COOTBETCTBEHHO MEHSETCA MONOXKEeHUe Mafarolero y4acTka BoabTaMnepHon kpusou. Korga nasienue
NOCTUTAeT 3HAYEHUs P2, CUCTEMA HE MOXKeT Gosee OCTAaBATHCSA B COCTOAHUU, ONUCHIBAEMOM IIPaBOU
BeTBbIO N-06pa3HOU BONBLTAMIIEPHON KPUBOU, U TIEPEXOAUT B MEPBOHAYAILHOE COCTOSHUE

C yuerom (XXIIL.2.2), (XXIIL.2.3), (XXIII.3.3) u (XXIII.3.8), monHoe ypaBHeHuE
XomxkuHa—XaKCIU 3aUCEIBACTCSA B BUIE

Cdp/dt = —[gnam®h(¢ — ona) + gxn* (9 — o) + & (9 — ¢1)] + Logm,  (XXIILT7.2)

rae m, n u h— QYHKIUK NOTEHOUALA ¥ BPEMEHHU. JIeBas 1acTh 3TOr0 PABEHCTBA MPE-
cTaBaseT COGOM eMKOCTHBIM TOK, & IPaBas— PA3HOCTH MEXKAY IOJIHBIM TOKOM Ioam,
TEKyIIUM BO BHEILIHEN LENY, ¥ MOHHBIM TOKOM, CKJIAABIBAIOIAMCS 13 TPAHCMEMOPAHHOI'O
toxa Na™, KT u Toka yreuxu g (¢ — ¢).

3aMeHUB MEPEMEHHYIO 1M HA €€ CTALMOHAPHOE 3HAYEHNE ¥ BHIPA3UB /i Uepe3 n u3
coorrommenus (XXIII.7.1), moxy«uum

Cdg/dt = —[gxam?, (G — n)(¢ — ¢na) + 8xn* (@ — ¢x) + 819 — ¢1)] + Toom-
(XXIIL7.3)

IoBenenue mepeMeHHON 7 BO BPEMEHU OMUCHIBACTCA DKCIOHeHTou (cM. §§ 3, 5 rur. XXIIT).

dn/dt = (neo — n)/x. (XXIIL7.4)

Y Momyuennas pegynupoBannas cucrema ypasaHenun (XXIII.7.3) u (XXIIL.7.4) co-
JEPKUT TOILKO IBE MEPEMEHHBIE (N U () BMECTO UETHIPEX B MUCXONHOHM CHCTEME



194 I'maBa XXIII. TpancnopT moHOB B BO30yAuMbIX MeMOpaHax

(XXIII.7.2). YucnoBble pacdeTsl IOKA3aid, YTO YIPOLIEHHAs CUCTEMA JOCTATOYHO
XOPOIIO OMMCHLIBAET (POPMY IOTEHIUANA AEUCTBUA; OTMEYAETCA COBIATEHUE WM APY-
PUX DIEKTPOPUINIECKUAX XAPAKTEPUCTUAK PEAYIUPOBAHHON MOAEIM U TOJHOU MOIETU
Xomxxuaa—Xaxcau (¢ ToarocTeio 10-15%). O

[l11 OLIEHKM CBOWCTE PEIICHUN YIIPOIIEHHOU CUCTEMBI CTPOAT IPapUKN INIABHLIX
msoxianH ypasrerun (XXII1.7.3) u (XXIII.7.4), 1. e. usokiunst do/dt = 0u dn/dt = 0. Us
ypasaenus (XXIII.7.4) cregyer, 4To usokavHa dn/dt = 0 OMUCEIBAETCS COOTHOIIEHNEM

n= N, (XXIIL7.5)

L€ Noo — PyHKIMA morenmmana ¢ (cM. puc. XXIIL11).
Nsoknuny do/dt = 0 mHaxonaT us ypasrenus (XXIIL.7.3):

grn* (¢ — gK) + gnamiy (G — 1) (¢ — ona) + 81(¢ — ¢1) — Lo = 0. (XXIIL.7.6)

Paccunranusie Ha DBM HyIb-M30KINHBL TPUBEIE-
n dn/dt=0 uel Ha puc. XXIIL.27. Msokmmua do/dt = 0 mme-
er N-o6pasnyoo (GpopMy, ITO 0OECIEINBAET I'eHe-
pamuio uMmmnyabca. Ocobas TOUKa PACIOIOKEHA HA
JeBOU BeTBU M3OKMMHHL d@/dt = 0 m ycrouuusa.
OTO COOTBETCTBYET OTCYTCTBUIO CIIOHTAHHOU aK-
TUBHOCTY B UCXONHBLIX YPABHEHUSAX XOMKKAHA—
Xaxkciu.

Wsoknuuer dn/dt =0 u do/dt = 0 npencra-
BJAIOT CO60M (HA3OBHIU MOPTPET PEIYIUPOBAHHON
MaTemaTudeckuu monean. Ha ocHoBe asoBbIx
[MOPTPETOB YIPOIIEHHOU MOAEAU XOMKKUHA—
Xakcau ymaeTcsa OOBACHUTH CAMBIE DA3JUTHBIC
AIEKTPOPU3UOIOTUIECKUE ABICHUS.

Coonrannas akTWBHOCTB. V3BECTHO, YTO B
S — CTranmoHapHas TOUKA JEXUT Ha Je-  KIeTKAaX, He 0OMaJaoNX CIOHTAHHOU AKTHBHO-
ziﬁm]:ﬂx; Kyffr?;‘::;;;MZ;HnapaMeTp CTBIO, TOCJIEIHAA MOXKET OBIThH BEI3BAHA, YBEIUIIC-

mnem Na'- win ymenbmennem KT -nposoanmocta.
OgHaxko mpu TOM PACCMATPUBAEMAs MOIEIb MO-
3BOJIAET OMPEAEINTD, KOTa B CUCTEME PEeANu3yI0TCsA aBTOKOAeOAHMS.

CroHTaHHAs AKTUBHOCTH B MOZEIN BO3HUKAET, KOTIa CACTEMA TepseT yCTONYU-
BOCTb, B HEUl TIOABIACTCA NPEAEIbHBIN KT U BO3HUKAKT aBToKone6anusa (cm. § 2 ru. IT).
Ocobble TOYKH, PACIONOKEHHBIE HA CPEIHEN BeTBU M30KIMHEL d@/dt = 0, HeyCTONYUBEL,
a PaCIOJOXKEHHEIE Ha JEBOU WU [IPABOM BETBY — YCTOUYMUBEL, IIPUYIEM OTHA U3 IIePEeMeH-
HBIX () OKasBIBaeTCs 6osee OBICTPOR, deM N (Ty/Tn ~ 1071).

W30KIMHEBL CUCTEMBI TIPU TApaMeTPaX, COOTBETCTBYIONINX MeMOpaHe aKCOHA, IIOKa-
3anbl Ha puc. XXII1.27. Ocobas Touka ycTom4mBa (pACIONOKEHA HA JIEBOM BETBH), U
MeMOpaHa He 00JaJaeT CIOHTAHHOU AKTUBHOCTBIO. YPOBEHBL MOTEHIINANIA TIOKOA MPHU-
HAT YCJAOBHO 33 HyJb. [Ipy M3MeHeHUM HapaMeTPOB M3OKJIWHBL gedopMupyiorcs. FEciam
OpU 5TOM 0C00asg TOYKA CTAHET HEYCTOMYMBOM (CMECTUTCA C JIEBOM BETBU M3OKJIUHEBL
dg/dt = 0 Ha cCpeHIO0), TO BO3HUKHET CIOHTAHHAA AKTUBHOCTS (puc. XXIII.28, I). Ecin

Puc. XXIIIL.27.

I[1aBHLIE M3O0KIMHEBEL YIPOIIEHHON
mMogenun XomXKKuHa—Xakcau (mo
I'. P.Usanuuxomy u gp., 1978):
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YCTONYUBAA TOYKA IE€PEMEIIACTCS Ha IPABYIO BeTBb U30KINHEL d@/dt = 0, TO BO3HUKaeT
ycronausas genomaspusanus membpanst (puc. XXII1.28, IT).

Tax, B rUMaHTCKOM aKCOHe KaJbMapa aBTOKOTe0aHUsI B MeMOpaHAX MOI'YT BO3HU-
KaThb MO[ IEUCTBUEM BHEIIHErO TOKa. PaccMaTpuBas ceMencTBO IVIABHBIX U30KINH, PAC-
CUMTAHHBIX [ PA3HBIX 3HAYEHUN TOKA, MOXKHO ONPENEJIUTh, B KAKAX YCJIOBUAX (T. €. IIpH
KAKWX 3HAYEHUAX TOKOB) BOBHUKAIOT IIOBTOPHEIE IOTEHIUALLL JeMCTBUA. BHEIHNT TOK
BXOJUT TOJBKO B BEIPAJKEHUE 1JIA N30KIUHEL d@/dt = 0 1 OS>TOMY DY yBEINYEHUN TOKA
u3MeHseTcs auib ee xapakrep (puc. XXIII1.29). ITosropHBIE OTBETH BOZHUKAIOT, KOL 44
0co0as TOUKA, CMEIIACH C JEBOU BeTBU M30KIUHEL d¢/dt = 0 HA CpeIHIOI, CTAHOBUTCA
HeycTonuusou. [Ipu ganpHenmeM yBeIudeHnn Toka 0co6ass TOIKA CMEIIAETCS CO CPETHEN
BETBU HA IPABYIO ¥ BHOBb CTAHOBUTCSA YCTOUIUBOU. [[IOBTOPHBIE OTBETHI MPEKPAIIAIOTCS,
U BO3HUKAET YCTOMYMBAS ACHONIPUIAIUSA MOI TOKOM.

CkaukooGpasHasn genosspusammi. [[pu miasuom nosbimenuu kouueatTpanuu KCl Bo
BHEIIIHEN Cpefe MOTEHINAT IOKOS BO30YAUMBIX MEMOPAH MOXKET M3MEHATHCA CKATKOM.

11

1F dn/dt=0

\
.,

JUPEELILLL

0,5

o
W
S
ol
=)
S
s
2
[oc}
ol

50 100 o, B
Puc. XXIII.28.

I'naBubie U3O0KJNHBI, COOTBETCTBYIOIINE PA3INIHBIM COCTOSAHUAM MeMﬁpaHBIZ

I — cnorTanHas akTWBHOCTH (0CO6Gas TOYKa S HEYCTONYMBA, JEXKUT HA CPEJHENM BETBH); IyHKTHPOM
MOKAa3aHa TPOEKIUA TPEJEIbHOr0 MUKIA CUCTEMBI Ha IMIOCKOCTD;

II — ycronumBas genoaspusanus MeMOpaHbl (0co6as TOUKa S yCTOMYIMBA, PACIOIOKEHA HA IIPABOU
BeTBHN); n — mapaMeTp axTusanuum KT -mposoamvocTu (mo I'. P. Usarumkomy u ap., 1978)

n

Puc. XXIII.29.

I['MaBHBIE U3OKIWHBI YIOPOLUIEHHONM MOMEMN XOMK-
KUHA—XAaKCIN TpU U3MEHEHUSIX BHEITHErO TOKa
(undpaMu Ha KPUBBIX [OKA3AHBI 3HAYEHUS TOKA B

MKA /cm?, ocTampHEIE O00O3HAMEHHS Te Ke, ITO Ha
0 30 100 ¢.MB  puc. XXIIL.28) (no I'. P. UBanunkomy u ap., 1978)
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[lonroe BpeMs CYATAIN, YTO KJIACCHIECKAST TEOPUSI XOMKKAHA—XAKCJAA HE OOBACHAET
ckaukoobOpasuyo genouspusanuio (M. Tacaku). Oguako ¢GazoBbll IOPTPET PELyLUPO-
BAHHOU CUCTEMEI TIO3BOJAET MOA00pATH MAPaMETPHI, TPU KOTOPBIX 3TOT 3(PdHEKT BOCIPO-
U3BOAUTCA W HA TOJHOW MOAeau XOMKKUHA—Xakcau. [[1a HabmoqeHns CKaIkooOpas-
HOH [elO/ApU3ANN HEOOXOAUMO, ITOOBI PN M3MEHEHNM IapaMeTpa PK B yPaBHEHHN
(XXIII.7.6) ocobas TOUKA, ONPEEIAIOMIAN IIOTEHIUA OKOs, CKAYKOM [IEePEXOAIIA C JIe-
BOY BeTBU U30KIMHEL d¢/dt = 0 Ha npaByio, MUHYs HeycTon4uByio BeTBb (puc. XXIII.30).

TpurTepHbIE CBOMCTBA MeMOPaHbl. AKCOH KalbMapa IPU HEKOTOPBIX SKCIEPUMEH-
TAJBHBLIX YCIOBUAX, HATIPUMED, TIPU BHy TpuKIeTouHOU epdy3un pacTsopoMm CsF, moxer
BeCTU CceOsA KaK TPUTTEP C ABYMS YCTOUYUBLIMU COCTOSHUAME: PA3APAKEHUE TOKOM,
HAIPABJIEHHBLIM IIOIEPEMEHHO HAPYXKy W BHYTDb, IPUBOAUT K IePeOPOCY TOTEHINAIA
U3 OQHOIO yCTOMIMBOro cocrosuus B gpyroe (puc. XXII1.31). Ognaxo u 31€CH MOXKHO
HAUTU NAPAMETPHL B PEAYLUUPOBAHHOU MOJEJIH, IPU KOTOPLIX 3TOT HEOOLIYHBIN 3(PdheKT
BOCHPOM3BOAUTCA B Mogean XomxkwHa—Xaxcaun. Kak suguo u3 puc. XXIII.31, masa

Puc. XXIII.30.
Ckauxoo6pasHas JCHOAApU3aI B
m:‘f’eﬂ' " MOJEIW TP YBEIUICHUW BHEKJE-
S Tounou kommeHTpamuu KT (mo
/ I'. P.Usanuuxomy u gp., 1978):
I— 3aBUCUMOCTH IIOTEeHIINAJIA IIOKOA;
—_—

Il — Hy71b-M3OKJIWHBI; TOYKU Iepece-
. .

5 50 560 [KO]a MM 5 50 lIOO ¢ MB 9eHUsA COOTBETCTBYIOT CTAIMOHAPHBIM
COCTOAHUAM; OOO3HAYEHUSA Te XKe, UTO
"a puc. XXIII.28

Puc. XXIII.31.

Tpurrepusie CBOUCTBA B YIIPOIIEH-

1
¢.MB n HOU MOmeaun XOMKKAHA—XAKCIN
]60 MB (mo I'. P. Usauuukomy u ap., 1978):
I — u3aMeHeHUs MOTEHIMAJIA, BLI3BAHHBIE
10 ¢ KPaTKOBPEMEHHBIMU TOJYKaMUA TOKA (no—
_

Ka3aHbl cTpeakamn): IT — riaBHbIE nU30-
KJIMHBI [IPY TeX XK€ 3HAYeHUAX Iapame-
TPOB; TOYKaMU OGO3HAYEHBI B3, yCTOU-
YUBBLIX CTAIMOHAPHBIX COCTOAHUA

BO3HUKHOBEHUsS TPUITEPHBIX CBOUCTB HEOOXOAUMO CYIIECTBOBAHUE IBYX YCTOUIUBBIX
COCTOSHUY: HOPMAJILHO MOJIAPU3OBAHHOTO U AEMOJAPU3OBAHHOrO. TOMIKM TOKA MPOTHU-
BOTIOJIOKHOU TIOJAPHOCTHU BHEI3BIBAIOT B DTOM CAydae MEPEXOALI U3 OJHOTO CTAOUIBLHOTO
COCTOSHUA B IPYIroe€.

Takum 06pa3omM, C IOMOIIBI0 KAYECTBEHHBIX METOIOB yIA€TCS OIPEIEIUTH OCHOB-
HbIE XaPAKTEPUCTUKYA MATEMATUIECKUX MOMAEJIEH MEeMOPAHBI U IPOAHAIU3UPOBATH UX
TIOBE/I€HNE TIPY PA3INYHBIX U3MEHEHUAX MapaMeTpPOB.
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§ 8. PacnmpocTpanenue uMImyJabca

Y BaxkmenmuM CBOMCTBOM HEPBHOIO MMITYJbCA ABIAETCA €r0 CIIOCOGHOCTBL PACIPO-

CTPAHATLCA BIOMb BOJOKHA 6€3 3aTyXaHus C IOCTOSHHON CKOpoCThio. PacnpocTpa-
HEHUE BO30YXKICHUA CBABAHO C TPOTEKAHUEM JOKAMBHEIX TOKOB MEXK Iy TTOKOAIIAMUC U
akTuBHBIMU (BO30Y X neHubie) yaacTkamu (puc. XXI11.32). [lag npocTOTHL pACCy K IeHUN
MPUMEM, 9TO BHEITHAA MOBEPXHOCTD AKCOHA DKBUMOTEHIINAILHA, T. €. BHEIIHAA CPEIa XO-
POIIIO MPOBOANT DIEKTPUIECKUN TOK. B 061aCTH BO3HMKHOBEHUA NOTEHIUAIA TEACTBAA
BHYTPEHHASA YACTh BOJOKHA 3aPKEHA MOJOKHUTENILHO, & B COCEIHUX HEBO3OYKIEHHBIX
y9acTKaxX — OTPUIIATEILHO. B pe3ysbTaTe BO3ZHUKAET JOKAMBHBEIN TOK MEXKIy BO30Y-
KICHHBIM U TOKOAIMIMMCA YIACTKAMU HEPBa, KOTOPHIM AENOJAPU3YEeT MEeMOpaHy Hero-
CPEICTBEHHO Tepel AKTUBHLIM yIACTKOM. [IpU JOCTUXEHUM KPUTUIECKOU JEMOIAPU3a-
urm 3Ta 00IacTh Takxke Bo3Oyxkgaercsa. [loqobHeIM 00pa3zoM BO3OYXK IeHUE IepenaeTcs
nanpiie. O THOCTOPOHHEE MPOBEIEHUE MMITYIbCA IO HEPBHOMY BOJOKHY CBS3aHO C TEM,
9YTO yIACTKHU, B KOTOPHIX MOTEHIMA NEMCTBUA 3aBEPIIEH, TEPAIOT HA HEKOTOPOE BPEMA
CIIOCOGHOCTD K BO30Y XK I€HUI (pedhPaKTEPHOCTD). O

B BosOKHAX MO3BOHOYHBLIX OOMBIIASA YACTH MOBEPXHOCTH MOKPHITA, MUETMHOM, KOTO-
PBII AEUCTBYET KaK U30IATOP, IOITOMY JOKAIBHBIN TOK IPOXOAUT MEXKIY IePEeXBATAMU
Pausbe (puc. XXIII.32, IT). B pesyabraTe BO30Yy K I€HE IEPEIAETCA CKAIKAMU OT OTHO-
ro mepexBara PaHBbe K IPyroMy, TpUdeM € OOJBIIEN CKOPOCTHIO U C MEHBIIMMHU 3aTPa-

- - < — — ~
‘ \
+ + + + — - - = + + + + + + + + +
— - — — aF + + + — — — — - — — - —
I | A
™S e = = = = —
— — — — + + + + — — — — — — — — —
+ + + + - - - - + + + + + + + + +
-_—_———— == = = € — — - — — -
V \
. X A
~ e e e e e e e = -
+ >

Puc. XXIIL.32.
Nnntocrpanus reopun gokanbuerx TokoB (mo A. L. Hodgkin, 1964):

I — HeMUeIMHM3VPOBAHHOE HEPBHOE BOJOKHO, I] — MUeIMHM3VPOBAHHOE HEPBHOE BOJOKHO

TaMU SHEPI'UY, Y€M B HEMUEJNHU3UPOBAHHBLIX BOJIOKHAX CPABHUMOrO nuamerpa. Maswre
SHEPTeTUIECKUE MOTEPU OOBACHAIOTCA TEM, UTO DIEKTPUIECKAS eMKOCTb MUEJUHOBOU
000JI0YKY OUeHb MaJa U Ha ee 3apALKYy TpeOyeTCsa 3HAYUTEIbHO MEHBIIE dHEPIUH, deM
HA 3apAIKYy MEMODAHBI aKCOHA OECHO3BOHOYHBIX, MMEIOIIEU BBICOKYIO DIEKTPUIECKYIO
eMKOCTb. B nanbmenmeM OygeT pacCMOTDEH JUIIbL MPOLECC MEePeIadd UMIYJILCOB II0
HEMUEIUHU3UPOBAHHLIM (6€3MAKOTHEIE) BOJIOKHAM.

Bomnokua, 10 KOTOPBIM PACIPOCTPAHAECTCA HEPBHBIU UMITYJIbC, OOBIMHO CDABHUBAIOT
¢ KabeJeM, UMEINIMM HECOBEPUIEHHEBIE DIEKTPUICCKUAE CBOUCTBA, (HU3KAas DIEKTPOIPO-
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BOJHOCTBH AKCOILIA3MBI, HEJOCTATOYHBIE U3OJUPYIOIINE CBOUCTBA MEMOPAHBI, OOIbIIAL
MeMOpaHHas eMKOCTD). DKBUBAIEHTHASA HJIEKTPUIECKAA CXeMa aKCOHA, OTPAXKAIOLIAS er0
KabembHBIE CBOMCTBA BOJOKOH, mpeacTasiena Ha puc. XXII1.33. B caydae axcona, mo-
PPYKEHHOTO B 6OMBIION 00BEM TPOBOIAIICH CPEIbl, HAPYKHBIM COMPOTUBICHUEM MOYXKHO
npeHebpeyb U HAPYXKHBIU MOTEHIUA CIATATHL MOCTOAHHBIM. BHyTpeHHEE COMpOTHUBIIE-
HUE Ha equHUNy AIuHbl 0603HaquM 7; (Om/cMm), a conpoTuBieHue MeMOPAHEL HA € JUHULLY
giHBL — 7y (OM - cm). [lycTs B 0qHOU TOUKE aKCOHA MPUIOKEHA PA3HOCTD [IOTEHIINAIOB
(o IO OTHOIIEHWIO K YPOBHIO IOTEHIZAJa IOKOsA. PacmpeneneHue moTeHIuala BIOIb
aKCOHA B YCJOBUAX, KOUAa MeMOpaHa He BO30YXKIEHA, OMPENeIdeTCs CAION TPOLOThb-
HOrO Toka B akcommasme. Cormacuo 3akony OMma, IPOLOIBHBIN TOK 4; TPOMOPIIMOHATEH
[IPOBOJUMOCTY yIACTKA AKCOILUIA3Mbl U [AJEHUIO HANPSKEHUS HA TAHHOM y4aCTKe:

iy =—Lde (XXIILS8.1)

r; dx

C yBenuvueHreM pacCTOAHUSA & TPOJONBHEIN TOK YMEHBIIACTCA U3-32 YTEUKN B HAPYKHYIO
cpely; Ta J9acTh COCTABAsAeT MeMOPAHHLIN TOK. Tak Kak TOK Yepes MeMOpaHy i, paBeH
yOBLIN MPOIOJIBLHOIO TOKA HA yIaCTKe dT, MOXKHO 3alNCAThH

diy _ 1d%
- _D_ -2 XXIIL.8.2
=g = ( 8.2)
1 /i
¢
Axcoruiazma
R, R
| e I 1 -
L I e
i[ i/
il [ i
Cm Ry v I
|
|
x=0 Cpena X 0 A X

Puc. XXIII.33.

OKBUBAJIEHTHAsA DIEKTPUYECKAs CXeMa BOJOKHA, OTpaKalolas ero KabelbHble CBOH-
crBa (I) u pacmpeneneHue MOTeHNIMANa MO JIVHE BOJOKHA I MDY (MHBEKIWNY TOKA B
touke x = 0 (II):

A — mocTosiHHAA AaMHBI BOMOKHA, Cy — eMKOCTh MeMmOpaHbl, R, — comporusienume MmeMOpansvl, R; —
COIPOTUBIEHNE AKCOILIA3MBI, %] — IPOJOJIbHBIN TOK, fy — MEMODAHHBIN TOK

C zpyrou CTOpPOHEL, 1m0 3akoHy OMa MEMODAHHEIN TOK PABEH iy = /Ty, [l€ ¢ — pa3-
HOCTHh IIOTEHIHUAJOB HA YIAJCHUU I OT TOYKHU IIPW/IOXKEHUA IIOTEHIHAJIA (.Po. B nurore
IOy YUM
Tm dgcp
M2 =g, (XXIIIL.8.3)
Ti dz
o _

I >\2dx_2 =, rae \> =1y /r;.
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Pemmenne ypasuenus (XXIII1.8.3) umeer Bug
@ = o exp(—z/N). (XXIIL8.4)

Cursasn 5KCIOHEHINAIBHO 3aTyXaeT C yBEINYEHUEM PACCTOSHUSA, OCAaOIAACh 4O (o€
npu ¢ = A. Beauuuna A = \/ry/r; Ha3BIBa€TCA NOCTOAHHON [JIUHBLI BOJOKHA. 3aBUCH-
MOCTB Ty ¥ T; OT yIeIbHBIX compoTusaenuit 1 cm? mMemOpaner Ry u 1 cM® akcomasMer
R; BBRIpaKaeTCcsa caeayiomuM 06pa3oM:

Ry 4R;
Ty = ;

= r
<D’ 2 TED2,

(XXIIL8.5)

rae D — nquameTp BomokHa. CIe10BATEILHO, KOHCTAHTA, IIXHEL TACCUBHOTO BOJIOKHA PaB-
Ha (DR, /4R;)'/?, T. e. mpomopmmoHaIbHa KOPHIO KBA,IPATHOMY U3 TOJIIAHBI BOTOKHA.
Y 6eamakorroro akcona guamerpoMm 30 MM ¢ Ry =5 kOm-em? u R; = 50 Om - cm®
KOHCTAHTA IJIUHEI paBHA 2,7 MM. Y KJIETOK XapOBBEIX BONOPOC/IEN, TOCTUTAIOMNX B [Ua-
merpe 1 MM, mpu conporusaernr R, = 10 kOm - cM? TOCTOAHHAS JIMHEI COCTABJIACT
HECKOJIBKO CAHTUMETPOB. Ilpu BO36yx)aeHnu R, pE3KO CHMKAETCA, M COOTBETCTBEHHO

YMEHBIIACTCA KOHCTAaHTA AJIWHBI.

Y XoTs kabeJbHbIE CBOMCTBA AKCOHA HECOBEPIIEHHBI, HEMPEPHIBHAA KAOEJIbHAA CBA3D

MEX Iy COCETHUMU yIACTKAMHU BOJOKHA — HEOOXOTUMBIA (pAKTOP B MPOIECCE Hepe-
IA¥H DICKTPUIECKUX U3MEHEHUN OT OJHOU TOYKY K Apyrou. OTCyTCTBUE 3aTyXaHUs TPU
PACIIPOCTPAHEHUN UMITYIHCA, OOBACHACTCA T€M, UTO aKCOH He OOBIMHLIN Ka0eJdb: BIOJb
€ero BOJOKHA B MeMOpaHe pa3MelleHBl MOJEKYJIAPHBIE «TeHEepaTOPhDy, IO IIUTHIBAIOIINE
OeryImy UMILyJIbC. O

Pacnpenenenne MeMOPAHHOIO HOTEHINAIA IO BOJIOKHY ¢(x,t) B OOIIEM CIydae Ompe-
OeIAECTCA KaOeTbHBIM YpaBHEHUEM, KOTOPO€ BBITEKACT U3 YCJIOBUA PABEHCTBaA IIOJHO-
ro TOKa Uepe3 MeMOpaHy i, [cM. (XXIIL8.2)] cyMMe €eMKOCTHOO M MOHHOI'O TOKOB
[cm. (XXIII. 2.2)]:

1%
i x>

=TI+ Cg—f, (XXIIL8.6)

rae C'— eMKOCTh MeMOPAHBI, TPUXOASAIIAACA HA €QUHUIY [IWHBI BOJOKHA, T'; — COMPO-
THUBJIEHUE AKCOIIA3MBI HA €IUHUILY IIUHBI, ] — MOHHBIU TOK, IPOTEKAIOIINN 9€Pe3 MeM-
OpaHy; 3HaUeHUe MOTEHINaNa (¢ OTCIMTHIBAETCA OT yPOBHA moTeHnuana moxod. Tox [
CIaraeTcsa M3 MapUUAJbLHBIX MOHHBIX TOKOB: HATPUEBOI'O, KAJIUEBOT'O U TOKA YTEIKU
(cM. § 2 rur. XXIII). /TunaMuKa U3MEHEHUA KAXK JOT0 U3 TapIUaIbHBIX TOKOB ONUCHIBAETCA
SMIUPUIECKIM yPABHEHMEM XOMKKIHA—XAKCIN.

Takum ob6pasom, 3aga4a 06 OTBICKAHUU CKOPOCTH PACIPOCTPAHEHUS UMILYJIbCA U
ero Gopmbl cBoaUTCA K pemenuto ypasuenusa (XXIII.8.6) B cucreme ¢ ypaBHeHUAMEI
Xomxkuna—Xaxcau. B pesyabrare 9ucaoBbix pernenun ¢ noMonrso DBM yraercs pac-
cauTaTh GOPMY U CKOPOCTh PACTIPOCTPAHEHUA MOTeHIuana genctsua (puc. XXI11.34).

Y 3aava 0 pacrpoCTPAHEHNN HEPBHOT'O BO30Y K JE€HU IT0 BOJOKHY CYIIIECTBEHHO YIIPO-

[IAETCs, eCJAM UOHHBIM TOK, Bxogamun B coorHomenue (XXII1.8.6), onuceiBaTh He
CUCTEMOU ypaBHEHUU XOMKKAHA—XAKCIA, & allPOKCUMUAPOBATD €0 ABYMs CTYIEHAMU
PA3HOU HANPABICHHOCTU. HLIMU CJIOBAMU, MPEATOIATAIOT, YTO B HEKOTOPHIM MOMEHT,
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COOTBETCTBYIOINI HAYALY BO30YKICHNUA, BKIIOYACTCA TOK, HAIPABICHHLIM BHYTPbL BO-
JOKHA ¥ PAaBHBIA 10 MOAYJO i1. CoycTs BpeMmsa t] TOK MEHAETCA Ha MPOTUBOMOIOXKHEIN
U DABHBIN 7o. JTa ¢a3a MPONOMKAETCA B TedeHue Bpemenu to (puc. XXII1.34, IT). du-
3UYECKA DTO O3HAYAET, 9TO B MEMOpaHe CyMIeCTBYET T'€HEpaATOp TOKA, O0.J1aTarouIui
MOPOTOBLIME CBOUCTBAMU. [[ONOTHUTEIBHOE YCIOBAE COCTOMT B TOM, ITO 3apsAl, Mpo-
TEKAIOMNUY Ipu BO30YXKICHNU B OJHOM HANPABJICHUU, PABEH 3aPALY, IPOTEKAIOIIEMY B
IPyrOM HAIpaBJIeHUu: i1ty = i1ts. O

Beegenue ynpomawommux AOMYIIEHAN O MOCTOSHCTBE 3HAYEHUsA MOHHOI'O TOKA HA
BPEMEHHBIX MHTEPBAIAX, COOTBETCTBYONMIX IIepeHocy noHOB depes Na™- u K+-kamaumsr,
nospossier Hantu pemenve ypaBuenus (XXIIL.8.6) B ssaom Buge. Ilockoabky ckopocTsb
Oerymien BOJHBI MEPBOHAYAJILHO Hem3BecTHa, mid pemenus (XXIII.8.6) yno6uo BBECTH
HOBYIO (Tak HA3BIBAEMYH ABTOMOIEIBLHYK) IEPEMEHHYI0 & = & — vt, Te ¥ — CKOPOCTh

¢, MB
100
50 -
]
t, MC
0
t, MC

Puc. XXIII.34.

Pacopocrpamstomunca ummyabc. I — gopma ummyianca; I — anmpokcuManus HOHHOIO
TOKa Tpu BO30YyXKAeHUM (MMIYJIbC, HANPABJICHHLIM BHU3, COOTBETCTBYET BXOIAIIEMY
Nat-Toky, nmmyabc, HaTpaBIeHHLIH BBEPX, COOTBETCTBYeT BBIX0aamemy KT-Toxy) (mo
B.C.Mapxkuny u ap., 1981):

1 — axcon kambmapa npum 18,5° C; 2 — umcnoBoe pemenne CHCTEeMBl yPABHEHUU XOIKKUHA— X aKCJIW;

3 — dopMa MMIyJIbCca IPU ANNPOKCHMAIAA MOHHOT'O TOKa ABYMA CTYHNEHAMU; l1,lz — DPOJOIKUTENb-
HOCTbH BXO/AIIET0 U BBIXO/AIIET0 TOKA, 41, (2 — AMILIATY bl BXOJAIIEI0 ¥ BBIXOJAIIEI0 TOKA

PACIIPOCTPAHEHUA UMIYIbCA. ECIN mepeMemaTh TOYKY HAOJIIEHUS L MO BOJOKHY CO
CKOPOCTBIO PACIPOCTPAHEHUA UMIIYJIbCA, TO 3HAYCHUE apTyMEHTa & U COOTBETCTBEHHO
norennuaia ¢(&) He MeHsercsa. MHade roBops, B koopauHaTax (&,¢) pacIpOCTPAHIO-
LIMVICS UMILYJIbC OKA3BIBAETCA KaK Obl ocTaHoBAeHHBIM (cp. §4 ru. IT).

IMocae BBegenus nepemennon & ypasuenue (XXIII.8.6) npeoGpasyercs k Bugy

P

Fre + vriCa

¢ F(F) —
T rii(5) = 0, (XXIIL.8.7)

T.e. CBOAUTCSA K JUHENHOMY YPABHEHUIO BTOPOro mopsaka. Hauano koopauuaT BeiOupa-
I0T B TOH TOYKe, TJAe HAUMHAECTCA BO30ykneHme MeMOpaHEHL, T.e. ¢(0) = ¢*, rge ¢* —
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Moporoseiit notennual. Ilpu moa6ope mapamerpos i; = 63 MxA/cm?, iy = 40 MkA /cum?,
t1 = 0,35 Mc u t2 = 0,55 MC ygaeTcsa MOLYYUTH XOPOIIee COOTBETCTBUE MEXIY PacdeT-
HOU (pOPMOU UMIYABCA U (POPMOU TOTEHINATA, TEUCTBUA, HAOMIO [TAEMOU B SKCIIEPUMEHTE
(puc. XXII1.34, I). Pemenue moKas3wBAET, 9TO CYIIECTBYET ABA JOMYCTUMBIX 3HAYCHUA
CKOPOCTH, KAXKJIOMY U3 KOTOPBIX COOTBETCTBYET OErYIIUU UMITYJIbC ONpeneaeHHon Ghop-
MBI, IPUYEM OQUH OKA3BIBAETCA YCTOMIUBEIM, & OPYTOU — HEYCTOUIUBLIM.

CKOpOCTh YCTOUYIMBOIO MMITYJIbCA OMUCHIBACTCS MPOCTOU (POPMYJIOU, €CIU IIPEHe-
Opednb MPOBOAUMOCTBHIO MEMOPAHBI B COCTOSHUAU MMOKOS:

. 1/2

(2

n=(—=] . (XXITI.8.8)
@ riC

B BmIpaxkenume BXOOAT TOJBKO TapaMeTPHI MepBOU (ha3bl TOKA BO3OYK IEHUS, T.€. CKO-

POCTB PAacCHpPOCTPAHEHUS ONPeneaseTCsa IepeaHuM (PPOHTOM Oeryuero uMIIyJabCa.

Puc. XXIII.35.

IIpoxoxk feHne UMIyabCa MO PACIINPEH-
HOMY BOJIOKHY. | — m3MeHeHure CKOpOCTHI
UMITyJbCA U B 3aBUCUMOCTH OT €ro Ha-
npasaenus; I — cxema pacimpsionero-
Cs1 BOJOKHA!

2ry

2ry

1, 2 —WuMOYJILCEl NOPOXOAAT, 3 — UMIYJIbCHI
OGJIOKUPYIOTCA; HITPUXOBAA JUHUA TOKA3BIBAET
CKOPOCTBH PACIHPOCTPAHEHUA WMIIYJIbCA BIAIH
OT MEeCTa M3MEHEHUs AuaMeTpPa BOJOKHA

Y N3y4eHne 3aBUCUMOCTH CKOPOCTH PACHPOCTPAHEHUA UMITYIHCA OT TUAMETPA HEPB-

HOI'O BOJIOKHA B OKCIIEPUMEHTAX HA 0Ee3MAKOTHBIX BOJOKHAX IIOKa3aJ0, ITO CKOPOCTBb
IpUOIU3UTENLHO IPONOPIMOHAILHA KBAIPATHOMY KOPHIO U3 AMaMeTpa BOJIOKHA. Takon
JKe pe3yJabTaT maeT ! mpuBeneHHas gopMmyJa. [afa ruranTCKoOro BOJMOKHA KAJIbMapPa Io-
JIy9aeTCsi CKOPOCTH 0KoJIo 21 M/c. O

Ha ocuoBe Momenn moporoBoro MeMOpaHHOI'O T'€HEPATOPA MOHHOI'O TOKA MOXKHO
“3y4YaThb PACHPOCTPAHEHWE MMIIYJILCOB II0 HEOTHOPOIHLIM U BETBAIIMMCSA BOJIOKHAM, &
TaK¥Ke PACCMOTPETH B3AUMOAEUCTBUE UMILYJIbCOB B Mapa/UIEJbHBIX BOJOKHAX. Tak, ana-
JIM3 IPOXOXK IEHUA UMILYIbCA TIO pacmmpsomemyca Bookny (puc. XXII1.35) nokasnisaer,
YTO MO Mepe MPUOIMKEHUsS K MECTY PACIIMPEHUSI CKOPOCTL UMITYIbCA YMEHBIIAETCA, &
IIOCJIEe PACIIMPEHNA HAYWMHAET PACTH, IOKA He TOCTUIHET HOBOI'O CTALKOHAPHOTO 3HAYeE-
HUsI, KOTOPOE MPEBRIIAeT nepBoHadaabuoe. Takum 06pa3om, nepexos K 60mee BEICOKIM
3HAYEHUAM CKOPOCTH IPOUCXOAUT HE MOHOTOHHO, a C MEPUOJOM 3aMEJIEHUs, KOTOPBIN
TeM OOJbINe, IeM OOJbINEe PA3HUIA B CEUYEHUAX BOJOKHA. IIpm mocTaToOvHO GOJBIIOM
PACIIIMPEHUN UMITYIBC MOXKET OCTAHOBUTHLCA COBCeM. PacyieT, mpo e JaHHbIN B OTIUCAHHON
BBIIIIE MOJENN, MOKA3BIBAET, UTO IPU KPUTUIECKOM PACIINPEHUN BOJTOKHA, KOTOPOE yKe
He IPOMYCKAeT UMIIYJIbC, YCJAOBUE OJIOKUPOBAHUA UMEET BU [

T2

3/2 )
(—) >+ 1,11% 2 — 1,69 = K (%), (XXIILS.9)

1
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rae r; W ry — PaguyChl OBYX IaCTEd BOJOKHA, X — (HPAKTOpP OEe30MaCHOCTH, PABHBLIM OT-
HOIIEHWIO aAMILIATY LI IOTEHIUANA JeUCTBUA K MOPOry BO30yxkaenus. [ljas ruranTckoro
aKCOHA KAJTbMapa OIEHKM TOKA3LIBAIOT, YTO KPUTUIECKUM ABJIACTCA PACIIUPEHUE, He-
CKOJBKO GOJBITE YeTHIPEXKPATHOTO.

ITpu 06paTHOM ABUKEHUU WMITYJbCA OJOKUPOBAHUA HE TPOUCXOAUT. UMMIyIhC BCE-
raa MOXKET NEePEATH W3 MUPOKOrO BOJIOKHA B y3koe. HO m3aMeHeHne cCKOpoCTu Ipy HEO-
HOPOAHOCTY HOCHT IPOTHUBOMOJOXKHLIN .XapakTep. lIpu moaxone K Cy:KeHUI CKOPOCTh
UMITyJIbCA yBEAUINBAETCS, 4 3aTEM HAYMHAET CIAJATH 10 HOBOT'O CTAIIMOHAPHOrO 3HAMe-
Huda. TakuMm o6pa3om, Ha rpaduke CKOPOCTU HAOMIO JAETCSI CBOeOOpa3Hasd MeTJIA TUCTEpe-
3UCA, TPOUCXOXKJICHUE KOTOPOTO (PU3UIECKU BIIOJHE MOHATHO. PaCMoI0XKeHHOe Blepeau
LIMPOKOE BOJOKHO C OOJBIION EMKOCTBIO IIPEACTABAAET COOON MOIIHLIN CTOK /A 3apAa,
MOSTOMY 3HAYEHWE MOTEHIMAIA MeIJIEHHEee IIOJIHUMAETCA 10 moporoeoro. HaoGopor, B
Cy2K€HHOW JaCTH HE MOXKET IOIVIOTUTHCA OOJIBIION 3a-
DAL, ¥ 5Ta YaCTh BOJIOKHA IPEICTABIIET COOOU OTPAa-
JKAIOIIUN DKPaH, BOIU3U KOTOPOTO TIOTEHINAT YBeI-
YUBAETCS CKOPEE, & CIEIOBATEIBLHO, CKODOCTD PACIPO-
CTPAHEHMA UMITYIbCA YBEIUIMBAETCA.

[dpyrum BUJIOM HEOTHOPOTHOCTH SBIAECTCA Be-
TBJIEHUE BOJOKOH, TI€ BO3MOXHEI DA3JIUIHBIE CIIOCOOLI
TIPOXOXK NEHUA U OJIOKUPOBAHUA UMITYJIbCA. ECam uM-
MyJIbC MOAXOMUT K Y34y BETBICHUA MO OTHOMY BOJOK-
uy (puc. XXIII.36), TO ycaoBue GJOKUPOBAHUS UMEET

A
Y

Puc. XXIII.36.
IIpoxox germe wUMIyJIbCOB te-
pe3 y3eJ BEeTBJECHU.

BI
I — pMmynpC  DOAXOAWT IO  OJHO-
My BOJOKHY; II — MMIyJbC IOIXO- 7«3/2 + T??:/Q
IUT Cpa3y IO IBYM BOJOKHAM R > K(){) (XXIHglO)
T
1

Ecan vMnoynascbl moaxoasiT K y3iy BETBJIEHHs CPa3y IO ABYM BOJIOKHAM, TO YCJIOBUE
OJIOKMPOBAHUSA NIPY CUHXPOHHOM ABUKEHUU UMIIYJLCOB UMEET BU[

3/2
s > K(). (XXIII.8.11)
T Ty
IIpu pasHOBpEMEHHOM MOIXOME HMITYJIbCOB K V3JIy BETBJCHUA YCJIOBHE OJOKHPOBAHUSI
3aBUCUT OT BpeMeHHOro capura @ mex gy auuMu. Ecinm BpeMEHHOU CABUT MEXITYy UM-
HyﬂbcaMH MaJI, TO I/IMHyJII)CBI «IIOMOT'AXOT» APYyT Opyry HpOHI/IKHyTB B TPETHE BOJOKHO.
OnHaKoO ecau CABUT JOCTATOYHO BEAUK, TO UMITYJbCHI HAYUHAIOT MEIIATH APYT OPYTY,
[IOCKOJIBKY UMILYJIbC, [IOIOMIE NN IEPBLIM, HO HE CyMEBIINI BO30Y IUThL TPEThE BOJIOKHO,
YACTUYHO MIEPEBOANUT y3eJd B PePPAKTOPHOE COCTOSHIUE.

B opranusme HepBHBIE BOJIOKHA OOBIMHO OOBEIUHEHBI B Iy IKU WX HEPBHBLIE CTBOJILI,
PIe KaXJ10€ BOJOKHO MPEICTABIAET COO0M CAMOCTOATENbHYIO JuHuio cBasu. OmHaxo,
KOormga Imo OJIHOMy 3 BOJIOKOH IBUXKETCSA HepBHBIﬁ I/IMHyJIBC, OH CO3da€T SJCKTPUIECCKOEe
TOJIE B OKPYKAIOLIEN MEKKJICTOTHON KUIKOCTH, KOTOPOE MOXKET MOBIUATH Ha MEMOpPaH-
HEIM [TOTEHIUAJ COCeNHUX BOJOKOH. [lercTBUTENBHO, pu 06pabOTKe HEPBHLIX CTBOJIOB
CIIEOUAJBHBIMY XNUMHUYIECKNMHU BeEIIEeCTBaMM YOA€TCA HaGJIIO,I[aTb HE TOJBKO B3aMMHBIE
TIOMEXH, HO U Iepeaady BO30YyKACHUI MEXIY COCETHUMY BOJOKHAMIU.
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UccrenoBanue 0 fHOBPEMEHHOI'O IIPOX0XK AEHUS UMILYJIbCOB [I0 PA3HBIM BOJIOKHAM IT0-
Ka3aJo, 9TO B3AUMOAEUCTBUE MMITyJbCOB MOXET HPUBOAUTL K UX CUHXPOHU3AIMU. B
pe3yJabTaTe Ipu OJHOBPEMEHHOM BO30Y XK IEHUN BOJIOKOH MOXKET BO3HUKHYTDH KOJIEKTUB-
HbI uMnyabe. OIHAKO CHHXPOHU3OBATHLCA MODYT JIUIIL UMIYJIbCH, CKOPOCTU KOTOPBIX
oTmuarTea He 6omee dem Ha 10%, mpryeM mX B3anMOJEUCTBUE OYCHL CUMTBLHO YBEIUIN-
BAaeTCA C POCTOM COMPOTUBAEHUs BHEIHEN cpenbl. [Ipu BO30OyXKA€HUU OTHOTO BOJOKHA
B COCEIHEM HABOAUTCS 3HAKONEPEMEHHBIM MEeMOPAHHBIU MOTEHIUAIL: BHAYAJIE BOJOKHO
CUNepuoJApu3yeTcs (HOHUKEHHAS BO30Y JUMOCTh ), 3aTEM AenoApu3yeTcs (IIOBBILEHHASL
BO30yIUMOCTH) ¥ HAKOHEIl €llle pa3 runeprnoaapusyerca. Hemocpencrsennas nepegada
BO30Y XK JEHUA HA COCETHEE BOJIOKHO YBEIUUUBACTCA MPU MOBHIIIEHUN €0 PAJUYCA.

[ns perenns 3agadu 06 0 THOBPEMEHHOM BO30yXK J€HUU NBYX COCEIHUX BOJOKOH He-
06X0IMMO UCKATh aBTOMO/IEJbLHOE PEIIeHre, KOr'[a NBa UMILYJIbCA ABUXKYTCSI C OTUHAKO-
BOU CKOPOCTBIO HA MOCTOSHHOM PACCTOSHUM APYT OT Apyra. B aToMm caydae cymecTByer
IBa HEM3BECTHBIX MMapaMeTpa: CKOPOCTb U PACCTOSHUE MEXAy MMIyJAbCaMu. Tak Kak
MMIYJIbCHI BIUAIOT APYT Ha APYTra, TO (GOPMATHHO CKOPOCTh KaxXKJOT'O U3 HUX SABIAETCS
(dyHKIIMEN PACCTOAHUA MEXK Iy HUMHU.

OCHOBHBIE Pe3yIbTATHI, U3JIOXKEHHBIE BHIINE, OBLINA MOLYYEHBI ¢ MOMOIIBI0 IPOCTON
MoOJenn MeMOPAHHOI'O reHepaTopa TOKa. B TakOM MHOLXO4e OCTAaeTCS HESICHBIM, KakK
BAUSET UCTUHHAA NUHAMUKA DPA3BUTUA BO30YXKIEHUA HA PACIPOCTPAHEHUE KMITYJILCA.
PaccmoTpum B cBasu ¢ atuM cooTHomernue (XXIIL.8.6), rae Tox I onuceBaeTCA ypaBHe-
HUAME XOMXKKNHA—XAaKCAu. [l BEIMUCAEHUA CKOPOCTU UMIYJbCA MOXKHO VINTHIBATD
JIAIIb IPOLECCH, IpoTeKalme B obmacTtu ero ¢pponrta. HamoMmuumMm, 9TO mepeMeHHbIe
m, n u h XapakTepuU3yTCA CYIMIECTBEHHBIMY PA3IUYAAMYA B CKOPOCTAX WX U3MEHEHUU,
a MMEHHO

T K Tn ~ T, (XXIIL8.12)

rae Tn, Th, Tm — XapaKTepHEIE BpeMeHa pelakcanuu mepeMeHHbX: K1 -mposoaumoctn,
MHAKTUBAINY ¥ aKTHBanm;m Na ' -mpoBogmMocT:, cooTBeTCTBeHHO. 110ab3yach yKa3aH-
sou wepapxuenn Bpemer (XXII1.8.12) u yunTHBaA JULIL TEPEMEHHYIO 171, MOXKHO yIIPO-
ctuth cucreMy (XXIIL.8.6) u ypaBHeHus X0oIKKIHA—XAKCIN JO IPUOINKEHHON CUCTe-
MBI IBYX YDABHEHUN:

A&~ o dg

dm 1 m—
d_z_ T(q))[ oo(q))],

d 1 d?
¢——2—g)+m3, —00 < € < o0;

(XXIIL8.13)

e BBEIEHBI ABTOMOJEIbHAS KOOPINHATA & = t + 2 /v U cIeayionme 0603HAMEHUA: U =
= v(RC?@*[i)Y/2, ) = @/¢*. 3aecs T(h) 1 Moo (§) — m3ecTHBIE DyHKIIE. B C1y<1ae Gbr-
cTpon peraxcanuy Na ' -IepeMeHHOM M CKOPOCTh PACTIPOCTPAHEHUA BO30Y K ICHUS TMeeT
BU

. 1/2
u=1 m.e v= (ﬁ) mpu T — 0. (XXIIL8.14)
@

dror pesyabrar coBuagaer ¢ soipaxenueM (XXII1.8.8) mas ckopocTu pacmpocrpase-
HUA UMITYyIbCA B MOAEIM MEMOPAHHOT'O T'e€HEepaTopa, paccMOTpeHHOou Beime. O4eBuIHO,



204 I'maBa XXIII. TpancnopT moHOB B BO30yAuMbIX MeMOpaHax

5Ta MOJeIh OTBEYAeT CIy<daro ObicTpon peraxcarmm Na'-Toka. B apyrom mpemeasHOM
CITy9ae — MEJIEHHON PEeJTAKCALINY — IOy IaeM BBIPAKEHUE

. 1/8

(2

v~ 1,25 —— . (XXIII.8.15)
? T3 C5(«P* R4

ConocTaBneHne ¢ SKCIEPUMEHTOM TOKA3LIBAET, UTO MPENEIbHEIN CIyIall MEIJEHHOUN pe-

aakcaruu (XXIII.8.15) Na'-Toka sBiageTcs HAWIYYIUM TpUOINKEHNEM 1A ONUCAHUA

CKOPOCTH PACIPOCTPAHEHUs HEPBHOT'O UMITYJILCA.



