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CKOPOCTHBIE YPABHEHUS DKCUTOHHOI'O JIASEPA

Ilonyuenvr ckopocmmuvle ypasHeHus 3KCU-
MOHHO20 la3epa 6 cucmeme 83aumooeli-
CMBYIOWUX IKCUMOHO8 U 8bl8EOEHbL YCII0-
8US UHBEPCHOU HACENEHHOCMU U 2eHEePAYULL.
Ykazana npunyunuanvno nosas 603moodic-
HOCMb CO30aHUs 2amMma-iaszepa.

JlazepHas reHepalus B CHCTEME CBOOOHBIX IKCUTO-
HOB KCIIEPUMEHTAIbHO HaOII0AaIach 10CTaTOYHO JaB-
0 [1—3]. Torma »e OBLT pacCUNTaH CIIEKTP YCUIICHHS
JUTS KCUTOHOB B Kpucrauie CdS [4], onHako yciioBue
00pa3oBaHMsI MTHBEPCHOM HACEIICHHOCTH HE ITOJTYYEHO JI0
cux nop. bonee Toro, Teopus MOKa3bIBAET, YTO CBI3bIBA-
HUE JJICKTPOHOB M JBIPOK B SKCUTOHBI JIENIACT HEBO3-
MOJKHBIM CO3/IJaHME MHBEPCHON HACENEHHOCTH MEXIY
COOCTBEHHBIMH SHEPIeTUYECKUMH 30HAMH ITOJTYIIPOBOI-
HUKA. DTO CIpPaBeIUINBO, €CIIH YKCUTOHBI pacCMaTpHBa-
IOTCSI KaK ra3 HeB3aMMOICHCTBYIOMNX 003e-9acTHIl, Ha-
XOISAIIMXCSI B PABHOBECHH C DIICKTPOHAMH | JIBIPKaMHU.
[TosToMy HE BepHO BBIpaKEHHUE JUIsi HHBEPCHOM Hace-
JIEHHOCTH, TIOJIy4eHHOE B [5].

OnbITHI TOKA3BIBAIOT, YTO B HEKOTOPBIX OJIYTIPOBOI-
HUKOBBIX Kpncrannax IIPU KOHIEHTPAIH YKCUTOHOB
10'—10"7cm3 3HaUMTENBEHYIO POIIB B HCITYCKAHHMH H T10-
IJIONICHUH CBETa HAUMHAIOT UTPATh HEYIPYTUE SKCUTOH-
9KCUTOHHBIC CTOJKHOBEHUs U Oe3bi3nmydaTenbHast Oxe-
pexomMOuHanus. B pe3ynbrare CTOIKHOBEHUS YHEPTUS U
MMIIYJIbC OIHOTO KCUTOHA TepenaroTcs apyromy. Ilep-
BBII DKCHTOH PEKOMOWHHPYET C HCITyCKaHueM (OTOHA, a
BTOPOH TNOO HOHU3UPYETCs, THOO MEPEeXOIUT Ha Ooree
BBICOKHI AKCUTOHHBIN SHEPTreTHUYECKUil ypoBeHb. Cxe-
Ma M3IIy4aTeNbHBIX U 0e3bI3Ty4yaTelbHbIX MMEePEX00B
MpeJCTaBlIeHa Ha PUCYHKeE, T1Ie BUIHO, YTO Ja3ep pado-
TaeT [0 TPEXyPOBHEBOU CXEME.

Lenmbro HacTosIIEH paOOTHI SABJIACTCS MOTYICHHE CKO-
POCTHBIX YPaBHEHUH SKCUTOHHOTO JIa3epa JIsi TAKOH CHC-
TEMBI 1 yCJI0BUM HHBEPCHOM HACEIIEHHOCTHU U FEHEpaLU.

IIpu cocraBneHUN CKOPOCTHBIX ypaBHEHUH Tuddy-
3Mel HKCUTOHOB MOXKHO mpeHeOpeub. Torma cormacHo
PHCYHKY UX MOYKHO TIPE/ICTABHUTH KaK
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rae An — KOHLEHTpalusi BO30YyXkKIEHHBIX 3IEKTPOHOB;
g — CKOPOCTb T€Hepaluu 3JIEKTPOHHO-ABIPOYHBIX Hap
IpU BO30YXKAECHUU HOJTYHPOBOJHUKA KBAHTaAMU
CBETa WJIN NIEKTPOHHBIM IYYKOM;
G, — BEPOATHOCTH (K03 PULNEHT) CBA3BIBAHUS CBO-
GO/HBIX JEKTPOHOB U ABIPOK B SKCUTOHBI;

1» A, — BEPOATHOCTH M3Jly4aTeNbHOH M Oe3bI3TydaTelb-
HOW CHOHTaHHOM pexoMOUHALUU IEKTPOHOB U
JIBIPOK, COOTBETCTBEHHO;

o, B— BEPOSTHOCTh JUCCOLUAIIMHM M BO30YXKICHHUS K-
CUTOHOB 3a CUET HEYIPYroro 3KCUTOH-IKCUTOH-
HOT'O PACCEsIHUS, COOTBETCTBEHHO;

An! — 4mcio SKCHTOHOB B BO30YXKICHHOM COCTOSHHM E,;
R®_ — CKOpOCTb BO30Y’KJICHHS SKCHTOHOB, R®, = wlenoex;
W12 — BEPOATHOCTH BBIHYKJICHHOI'O IIEPeXoaa U3 OCHOB-

HOTO ypOBHs £, Ha BO30Y/KIEHHBIH ypOBEHb £;

An® — 4MCIIO SKCUTOHOB B OCHOBHOM COCTOSIHUM Ey;

B — BeposSTHOCTb M3IIy4yaTeNbHOH U Oe3bI3NlydaTelb-

HON CIOHTaHHON PEKOMOMHALMM HYKCHTOHOB,
COOTBETCTBEHHO;
W — BepOATHOCTH BBIHYKACHHOUN (CTUMYIHPOBAHHOMN)
U3Iy4aTeJbHOW PEeKOMOMHALNU YKCUTOHOB,;
A”q, — YHCIIO M3JTydaeMbIX (POTOHOB,
f, — Bpems xu3HU (OTOHA B PE30HATOPE Jazepa.

OGo3Ha4nM Benu4uHy, 00paTHyIo £, yepe3 2x. Ko-
3G UIHEHT TTOTEePh B PE30HATOPE OTPAKACTCS BEITHYH-
HOM 2KkAn,, .

[NockonbKy IpH TeMIepaType >KHKOTO a30Ta B 9KCH-
TOHBI CBSI3BIBAIOTCS IIPAKTUYECKH BCE HIIEKTPOHHO-IBIPO-
9HbIe Iapsl [6], BepostHOCTH A| 1 A, OynyT peHebpexku-
MO MaJIbl 110 CPABHCHHIO C O, , T. e 6,>>4,u0,>>4,.
Torna ypasuenus (1)—(5) npeo6pa3y}0Tc;1 K BI/I,Z[y

dAn
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+6,,An” = (An,, — Ang )W,An, ; 2
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Bepxuee mpoMexyTouHoe cocTosiHue £,

2 1
o, An aAn,,
Anix
Bepxuee nazepHoe cocrosinue E;
8 1 1 2 2
R’ WAn. | B w,Anl | B| AAn AAn
g
An. (0] E
v v v v OcHoBHOe cocTosnue Ey

TpexypoBHeBas cxemMa pabouuX COCTOSHHI

A 0
’ dnex = BAn,, — R}, + (An,, — An) )W, An,; ()
'
d A}’Ld) 1 0 ’
g = Wit = A W, Any = 2xn; “)
Al + AR = An,.. &)

Mopjens npounecca reHepanuu U3JaydeHust

B mpomecce u3myyarensHON peKOMOHHAITIH SKCHTO-
HOB MHBCPCUA HACCJICHHOCTHU BO3ZHUKACT aBTOMATHYC-
CKH, T. K. OHH ABJISAIOTCS 0030HaMu. OTCYyTCTBHE 3aIpeTa
IMaynu st HUX AenaeT BO3MOXHBIM HAaKOIIICHHE HEOo-
FPAaHMYEHHOTI'O YUCIIA TAKUX KBA3UYACTHUL[ Ha BEPXHEM
BO30YKICHHOM SHEPTeTHYECKOM YpoBHE [6], 9TO OTpa-
’KaeTCsI HEPAaBCHCTBOM
Anl >>An. ©6)

Cpennee 4nciio HeBO30yKICHHBIX YKCHTOHOB Ha OC-
HOBHOM YpOBHE E, paBHO

A, = {exp(E, /(kT)) -1},
a CpeaHEC YnCIo B036Y)K,E[6HHBIX OKCHUTOHOB Ha YPOBHE
E, pasno [7, c. 510]

An,, = {expl(E, — E, —w)/(kT)] -1},
rae k— nocrosiHHas bombIiMana; L — XUMHUYECKH 10~
TEHIIMAJ DKCUTOHOB.
Ucronb3yst HepaBeHCTBO (6), MOTYYUM YCIOBHE UH-
BEpPCHOI HACEIIEHHOCTH:
E, >>2E, + . 7
BpeMst )KH3HH SKCUTOHOB T Ha BEPXHEM BO30YK/CH-
HOM ypOBHE JI0 U3JTy4aTeIbHOW PEKOMOMHAIIMN COCTaB-
nster 10°—1071%¢. D10 03HaYAET, YTO NMPH MIIOTHOCTH YHC-
na 9kcuToHOB 0koso 10'7 M~ ckopocTh B3Oy kIeHusS g
TaKoH CHCTEMBI JIOJDKHA coCTaBaTh 1020—10%7 cm3-¢ .
Hanpumep, npu 31eKTPOHHOM HaKaYKe MOJTyPOBOIHH-
KOB ¢ sHeprueil Bo3oyxaenus E°=50 k»B, ¢ miuotHo-
CTBI0 TOKA HAKAUKH j ¥ TITyOMHON IPOHMKHOBEHUS 3JICK-
TPOHOB B KPUCTAIUT d=5 MKM OHa COCTaBJISET

=2 1026 j/Eg,
rine Eg — IIMPUHA 3aIPEIICeHHON 30HBbI.

®)

ITosToMy co3maHMe TIepeHaceIeHHOCTH Ha BEPXHEM
B030Y>KICHHOM YPOBHE BIIOJIHE peaibHo. B crcreme B3a-
HUMOJICHCTBYIOIINX AKCUTOHOB KO3 (DUITEHT yCUIEHUS

G JTOBOJIGHO 3HAYMTEJICH U COCTABIAET OKoJIo 39 cM ™, a
HEYIPYToe SKCUTOH-IKCUTOHHOE paccessHue MPUBOAMT K
CMEIIEHUIO SKCUTOHHOM JTMHUN MCITyCKaHHS B JJTHHHO-
BOJIHOBYIO O0JIACTh CIICKTpa Ha BEJIMUYMHY OoJiee 4eM
3/4AE, , ., — OHEPIUs CBS3M SKCUTOHA [4].

W3 ycnosust (6) ciemyer, 4To
1 _
Anex - Anex’

dAn. [ dt >>dAn | dt,

1 ypaBHeHneM (3”) MOYKHO TIpeHeOpeYb.
Tornma cucTemMa CKOPOCTHBIX YPaBHEHHUH OyIeT UMETh
CJeTyIOIINH BU:

dAn

=g -0, An’ +0An,; )
dt )
dA "
% =R’ +(B—)An,, +06,An" — An, W,An,; (27)
t
dAn¢ ’”
= An,W,An, —2xAn,. 47

Henuneitnsie ypasuenwus (17), (2”), (47) ssnsrores GpyH-
JIAMEHTAJIBHBIMU YPABHEHUSMHI SKCUTOHHOT'0 JIa3epa.
PaccMoTpum Hanbos1ee mpocToii Citydaii CTaloHapHO-
ro pemienus. TornadAn/dt = dAn,, /dt = dAng [dt =0, 1u
crcrema quddepernnanbabix ypasaenuii (17), (27), (47)
CBOJIUTCSI K CHCTEME areOpandecKux ypaBHCHHUI

g -0, An” +aAn, =0; 1)
R +(B-o)An,, +0,An* —An, W,An, =0; (2"
An, W, Any, —2kAny = 0. (9]

Pemmast 3Ty cucteMy, Tony4uM ClieAyIoNiee ypaBHe-
HUE 1151 An e

(g +RHW,

ny| SR 5 oy, ©
(B-B)+W An,
3T0 ypaBHeHHe HUMEET ABa peHIeHI/Iﬂ:
An, =0; (10)
(g +RHW. -2x(B—B)
An — ex B .
® 2l (11)

B
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PaBencTBo An, = 0 03Ha4aeT, yT0 ()OTOHOB HET, T. €.
Jla3epHasi reHepalus OTCyTCTBYET.

Paccmorpum perienue (11) u, B 4acTHOCTH, €0 YHC-
JINTENb.

Ecnu Hakauka nasepa ciiabasi, To cymma g+R® maina

ex

U TOTJIa
(8 +R)OW, —2x(B—-B)<0. (12)

O1HaKO, MTOCKOJIBKY YUCIIO (POTOHOB HE MOYKET OBIThH
OTpHIIaTeNIbHBIM, pemenne (11) He MpHUroxHo, TO eCTh OC-
taetcs Tonbko pemenue (10). CienoBareibHO B yCIOBH-
X c71a00i HAKAYKK FeHepaIys U3 Ty4eHHs OTCYTCTBYCT.

Ecnu yBenn4uTh HAaKa4Ky TaK, YTOOBI BBITOIHSIOCH
yCIIOBHE

(8 +ROW, -2k(B-B)>0 (13)
i
(8 +ROW, >2x(B - B), (14)

pemenne (11) ¢ An q)>0 CTAHOBUTCS BOBMOXKHBIM. JTO

COOTBETCTBYET YCIIOBHIO JIA3€PHOI reHepaluu u3iyye-

Hust (14). B cTalmmoHapHBIX YCIOBHAX MOKHO MOJOXKUTH
B __ o

R} = An, /7. Tornaycnosue nasepHoi renepauu (14)

MIEPETTUIIIETCS B BUIC

N An,, :
§+— (15)

dopmyna 1is KodPPUIHEHTA YCUICHHS C YISTOM
HEYIPYToro 3KCUTOH-3KCUTOHHOTO PACCESTHUS MOJTyde-
Ha B [4]. U3 Hee cnemyeT BhIpaXKeHHE TSt W,

W, > 2x(B - B).

272V (O Y
= LE-ho| 14— | X
no (kT) .
" 1/2
<K, EkTh‘”{H"T} , (16)
85‘

e |V, (0 =13,280°(16n%a /V?);
V' — o0bem kpucraia,
ay — OOpPOBCKMIT paanyc IKCHUTOHA;
0= ¢ /(2e,ay);
80 — HH3KO4aCTOTHas AUIJICKTPHUYCCKas MPOHUIACMOCTb,
g = (az/R)*Q:
R — sddexrupnblil paguyc paccesuus, R =2,38a;
K,(x) — dynkuns MakaoHanbaa;
E’ — nonoxeHue IEHTpa KPUBOH YCHIICHHUS.
C yuerom Beipaxxenuit (14), (15), (16) u paBenctBa
ty= 1/(2x) momy4Mm yClIoBHE F€HEPALNH B BUJIE

2 —
2 (g +An,, 1 T)[V,,.(0) £ T 1/2X
h (kT)?

ho|| 1+ =—
SS

- 1/2 3
—|E hm| 1+ KT > b-B .
€ 1

s

xK, A7)

AHaIN3 MOJeJIn

W3 popmymnsr (17) BuaHO, 9TO BpeMs ’KU3HU (poTOHA
{, B PE30HATOPE JIa3epa JOJDKHO OBITh JOCTATOYHO Be-
JIMKO, a pa3HocTh B — B mana. ClieyeT OTMETHTh, YTO
HoJTy4eHHoe ycioBue reHepanu (17) XapakTepHo s
CHCTEMBI B3aNMOJICHCTBYIOMNX O030HOB. AHAJIOTHYHOE

ycioBHe 17151 GEPMUOHHBIX CUCTEM, TTIOJTyYeHHOE B 00JTh-
IIMHCTBE padoT 1O Ja3epam, uMeeT B [8, c. 37]
(N, —=N)) 1
2 1 > (1 8)

vasmviAav/cd ¢,

e Nl, N2 — YKCJIO aTOMOB B OCHOBHOM M BO30Y’KICHHOM
COCTOSIHUH, COOTBETCTBEHHO;
V — 4acToTa CBETA;
AV — mupyHa aTOMHOM IMHUM;
C — CKOPOCTB CBETa B JIA3ePHON cpefe.

[Tockonbky BenmmumHa AV TIPSIMO MPOTIOPIHOHATBHA
4acToTe Mepexoaa v, nepenuiem ypasuenne (18) Tax:

(N,—-N)) _ 1
— T > (19)
V18nv / c
B noporosoe ycnosue reneparuu (19) Bxonut Benu-
YMHa 1, TI03TOMY OYEBHJIHO, YTO JUIS OYEeHb KOPOTKUX
BOJIH JICBAs 4aCTh 3TOI'O BBIPAXKCHU S OKA3bIBACTCS CIIUII-
KOM MaJIOi YTOOBI BBITIOTHSUIIOCH YCIIOBHE CAMOBO30Y K-
JICHUS J1a3epa. DTO OHA U3 MPUHIUITHATBHBIX TPYIHO-
CTell, BOSHUKAIOIINX IIPH CO3AaHUH TaMMa-JIa3ePOB IS
(dhepmuonnbIX cucteM. Kak BumHO 13 (17), 11 cuctem
B3aNMOJICHCTBYIOMMNX O030HOB 3TH TPYIHOCTH HE BO3-
HUKAIOT 1 TOOTOMY UMEHHO UX CJICAYET UCII0JIb30BaTh B
KadecTBe pabouero BeliecTBa ramMmma-ia3epos [0].
Takum 00pa3om, MOTYUESHHBIE CKOPOCTHEIC YpaBHE-
HUSI SKCUTOHHOTO JTa3epa B CUCTEME B3aUMOICHUCTBYIO-
XX SKCUTOHOB 1 YCIIOBUS MHBEPCHOW HACEIICHHOCTH 1
TeHEPAINH TTO3BOJIIIIN YKa3aTh Ha NPUHINIHAILHO HO-
BYIO0 BO3MOKHOCTh CO3/IaHHUS FaMMa-jia3epa.
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