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Ill · 
1. B pa6oTe ll.H. 3y6apeBa H 8BTOpOB C ITOMOIIlbiO MeTOtla Hep~B-

/2/ . 
HOBeCHOI'O CT8THCTH:'l9CKOI'O onepaTOpa 6hlnO rrony:'leHO ypaBH9HHe THIT8 

lilpellHHI'epa C 3aTyXaHH9M lln51 llHH8MH'l9CKOH CHCT9MbltCna6o B38HMOil9H

/ll 
cTnyJOmefi c TepMOCTaToM. B yKaaauuofi pa6oTe npHMeHHMOCTb paann- · 

· Toro o6mero MeTana K KOHKpeTHhiM a ana :'laM 6hma nponeMoHcTpnponaua · Ha 
. ·. ' 

ITpHMepe Bhl:'lHCn9H!IH CllBHI'8 9HeprHH H 3aTyXaHH5I C!ICT9Mbl 911eKTpOHOB 

H 9KCHTOHOB, B3aHMOileiicTBYJOIIlHX c $oHOHaMH pemeTKH. 3ua'leHHSJ CllBHJ?a 

9H9pi'HH H 38TyXaHH5I KaK )ln5I ·9119KTpOHOB 1 TllK H ll115I 9KCHTOIIOI3 COBITa-

/3,4/. 
· ll810T C Bbl'lHC1191lHblMH llPYI'HMH M9T01l8MH ,,, 

B HaCTORIIlefi aaMeTKe. Mhi Bbi:'IHCniiM ecTecTneuuyJO mHpnuy cneKTpanb-' 

• • 
6 

Ill . 

•. 

Hb!X nHHHII aTOM:.OH CHCT9Mb11 C119llY5I MeTOllY pa OTbl , II ITOKa>KeM 1 :'ITO. 

·· peaynhTaT coanana_eT c xopomo H3BeCTHOii nenuqunoii (eM., H~npHMep/5•61 ). 

. /56/ 
2. Xopomo H3BeCTHO ' ·, :'ITO noa6y:rnlleH\{hie yponHH H30nHposaHHOii 

aTOJ\IIIOii CHCT9Mbl
1 

HM95I BepOSITIIOCTh BhJCBeTIIThCSI 113-3ll s3aHJ\.10ll9iiCTBII5I 

C C06CTB9HIIblM 9119KTpm.,ai'HHTHblM IT0119M 1 o6n~lllliOT KOH9'lllb!M Bp9M9H91\L 

/l\II3IIH. 3TO npHBOJlliT .K TOMy, 'ITO ypOBIIH CTaUOBSITCSI KB8311JlHCKp9THbiMU, 

npno6peTaSI KOH9'1HYIO M811YIO IllUpUIIy, KOTOpas• H H83b!B89TCH 9CT9CTB911HOii. 

mnpHHoii cneKTpa11hllbJX· mlHHfi. EylleM paccl\saTpHBaTh aT0!\1 1 B3allMOilefi

cTBY:omuii TOnhKO C C06CTB9llllblll.l 3ll9KTpOl\letrHIITIIblM ll0119M B ITpUI?llHJK9-

IIIII!1 KOrjla aT0:\1 :'.10/KIIO C:'li!TllTh DOKOS!IIllfl\ICSI. llnn npOCTOTbl np9Jlll0liOX;J1!\lo 

'ITO aTO\l •,;o:rneT· H8XOlli!TbCSI BCero B llBYX COCTOSIHHSIX,- OCHOBHOM ll B03;.. 
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I'Ae E b ll E a - OTHOCUTenbHhle 3aeprml 3TUX COCTOSIHUH. ATOMHa~. CHCTeMa 

B B036yJKAeHHOM COCTOSIHHU· HI'paeT pOnb Manoif "HepaBHOB8CHOH". nOJlCHC

TeMhi1 a aneKTpOMai'HHTHOe none - ponb "TepMOCTaTa", H penaKCaUIISI1 

KOTOpaSI B AaHHOM cnyqae SIBHSieTCSI pacnaJlOM B036yJKJleHHOI'O ypOBIISI 1 

npoucxoAHT nyTeM nepeXOJlOB c H3nyqeaneM.. Mbt He 6yAeM ocTaHaammaTh

CSI Ha o6CyJKAeHHll BOIIpoca 0 TOM 1 KOI'Aa JJone H3ny'leHHSI MOJKHO paCC!\taT

pHBaTb KaK paBHOBeCHyJO CHCTeMy C · 6eCKOHe'IHhiM 'lJ[JCnOM CTeneHefl CB0-

60ilb11 TaK KaK 3TOT BOIIpOC 110Jlp06HO paCCMOTpeH B;nHTepaType ( CM., Ha-
. . 151 

npuMep, ). 

r .. . . ~ Ill 
aMHnhTOHHaH IIOnHOI! ClfCTeMhi 1 cornaCHO paUJTe 1 3alllJlll8!1.1 B Bl1Jl8! 

H =Hat +H,+V, ( 1 ) 

rne 

Hat =I E a+ a a , a~ a, b 
a a a (2) 

I'aMHnhTOHHaH aTOMHOH CHCTeMhl1 · a~ H a 
a - OIIepaTOphl "pOJKileHHSI" 

.n"yHH'ITOJKeHUSI " CHCTeMbi B COCTOHHHU c· 3H.eprueii E a ( OIIHCaHne 

anre6pbi onepaTOpOB BTOpll'IHOI'O KBaHTOBaHUSI )lnSI ellHHH'IHOll CUCT8Mbl 

. 17 81 
CM. B pa60TaX 

1 
) 1 

+ 
H f = I kc b·k A b k A 

k,A 
(3) 

15 61 
raMUnbTOHHaH rronepe'IHoro aneKTpoMarHHTHoro nonSI ' 

¢oToHa, c -cKopocTb caeTa, A= 1,2 - HHileKc nonSipU3auun 1 

k - nMnynhc 

V -orrepaTop 

B3aUMO)leHCTBHSI1 OTBeTCTB8HHOI'O 3a nepeXOAhl C U3ny'l8HH8M, B HepenH-

TUBUCTCKOM npu6nU)!{eHUH HMeJOIIlnll BUll! 

e _.. _, -.. 
V =--- p • A, ( r ) , me r 

(4) 

rAe e H 
~ ~ 

m -cooTBeTCTBeHHO 3apSIIl n Macca aneKTpoua, A,, (r) 

BeKTOp IIOTeHUnan IIOIIepe'IHOI'O aneKTpOMarHHTHOI'O IIOnSI n3ny'leHHSI1 
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· • , I! MeeT BUll! l5,6 I 

2 1.'2 
-+~ 
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· Cy:o-t!l.lllpoaaune no k 1Ip01!3BOflllTCSI IIO BCeM COCTOSIHUSIM nnoc 
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_C U:-tnynbC0!\1 h k B Slllli!Ke 06'beMOM fl • · CyMMupoaanue n 

BOili!TCSI no ABy:q Jl03BOneHIJbiM HarrpaBneHIISil\.1 IIOnSipH3aUHII tPOT ... 
·. n:..mynhcO!I.I h k • Benu'IUHbi b ;A II b k A SIBnSIIOTCSI com 

orrepaTopar..m pmKAeHnH 11 yHII'ITOX{eHnSI QJOTOHOB B cocTosmul! ( 

lix 8JliiHCTB8HHbi8 HeHC'l83aJOIIlii8 MaTpll'lHhl8 ane!I.!SflTbJ MQ)KHO 
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:OCTOSIH!Ill, ATOMHaH CIICTeMa 

fi ·~epanuonecuofi"-noacnc

MocTaTa", u penaKcauu~ 

B036y;>KaeHHOI"O yp013H 51 1 

•hi ue 6yaeM ocTanal3mmaTh

~ nsnytieHIISI MO)KHO. paCC!II8T

!IblM qucnoM cTeneueii Cl3o-

·pen 8 nuTepaType ( CM,, ua-
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:> pafi:>Te 1 sannweM 13 13Uae: 

( 1 ) 

(2) 

onepaTopw "po;>KaennSI" 

prnefi E . (onucauue . . a 
anH eaUHU'IHOll CUCTeMLI 

'(3) 
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:>ro nonH k - uMnynbc 

nonHpnsaunu 1 V · -onepaTop 
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· •. llllteeT 13Ha: 15,6/ 

..., J 2 h 2 I /2 
A (r )=-- I(-~-) 

'' , n ~.~A k 

...... 
ikr 

;kA [bkA e h (5) 

· Cy:..tMuponauue no k npOli3BOfliiTC5I no BCeM COCT05IH115IM nnOCKl!X 130nH . .. 
.C U!l.tnynhCO!II h k B 5IWI!Ke 06'beMOM Q • Cy MMl!ponauue no A npons·-

130.'111TC 5I no JlBY:\1 .'103BOneHHbiM Hanpa13neHHSI!II riOn5IpU3aUHH cpOTOHa C. 
.... 

·.n:-..mynhco:-.t hk b k A S!Bn5IIOTCfl COOTBeTCTBeHHO 

onepaTopaMJt pO;>K.'leHUSI II YHII'ITOX\eHU5I ljJOTOHOB 13 COCTOHI!llll ( k A ) , . 

l!x e.ai!HCTI3eHHbie HeUC'Ie3aiOWIIe MaTp!FIHble 8ne!lleHTbl MOX\HO npeacTaBI!Tb 

13 1311;:Ie: 

< n , -J : b , ! n , . ..., = v n k, 
k,l\ kl\ ,. kl\ 1\ 
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/1/ 
Cornacuo 1 sanuweM Tenepb onepaTop V B Bllae: 

rne 
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v n ~.." 
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II il a•> B q {3•> -co6cTBeHHhie BeKTOpbi raMnni?TOHHaHa Hat :1 a > · = E I a •> a 

ci = a; b • ·EyneM 
1
KaK oi5hr'IHO., J;~pennonaraTb, 'ITO paspemeH aneKTpii'Iec-

KHH JliillOnbHbill nepeXOJl JlnH pacnana Il3 COCTOHHilH b B COCTOHHHe a 

T,e. 6yneM C'IIITaTb, 'ITO kr .... .<< l • Torna (8) nepenumeTCH B tj>opMe: 

e ..... 2TTch2 l/2.... + 
¢ f3=---<ai!pijf3'> ~ (--lc--) · ekA (bk.\ +bk.\), (10} 

a me k,A 

l 

.... 
npii'IeM MaTpii'IHbie aneMeHThi onepaTopa JliillOnbHoro MOMenTa cl = e r 

. .... 
CBH3aHbi c MaTp!I'IHbiMII aneMeHTaMH .<a :1 p ;I f3'> cnenyroiiiHM oupa30M: 

<al;lf3•>,=- :h (~a-Ef3)cl .... af3. (ll) 

. B HBCTOHIUefi pa6oTe Mbi 6yJleM <:;'IIIT8Tb 1 'ITO aTOM He o6nanacT CTBUHOHap

HbiM JliillOnbHbiM MOMeHTOM, T ,e, 'ITO .< a !j p :I a'> = 0 , 

111 . 
3 •. 3annrueM Tenepb, cnenyH , ypaBHeHne Tnna WpeJliiHI'epa c 

saTyXaHneM nnH BenH'IIIHhi .< a a •> 

r.ne 

• 

ih cl.<aa~ = 

clt 
Ea <a a •> + ~ Kaf3 .<a (3'>, 

l l 
K af3= ;;;- a 1 

0 

I 
-."" 

{ t -
clt

1 
e 1 .<¢ ¢ f3(t 1 )l> a a 1 a1 q 

(12) 

( 12a) 

.< ••• ._o> q = ·sp ( p q ( t, 0) •••• ) , p q ( t 1 0 ) - KBa3!Ip8BHOBeCHhifi CTBTIICTII-

u 121 u 11 I 
. 'ICCKIIl:l onepaTOp 1 HMeiOIUIIfi cneJly!OIUIIl:l BIIJl . . : 

p 
. q 

( t 1 0 1> = Q -
1 exp I - ~ 

q a 

. + + 
(fa (t)aa+f~(t)aa+Fa(t)aaaa )I ( 13) 

Qq='Sp expl-'!- (fa(t)aa+fci (t)aa++Fa(t)a~aa) I, ( 13aJ 
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B CMbiCne HepaBHOBCCHOfi TepMOJliiHaMIII aa aa 

11 I 
CM, B ), 

- I 
¢af3(t) = ¢af3 (t)e h (Ea -Ef31t 

II f->+0 • Tipn TeMnepaType ·r = 0° K runpnHa ocHOBHoro : 

6eCKOHC'IHO Mana, cneJlOBaTenbHO, IIHJlCKC a B (12) paBCH 

cl.< a b •> 
·ih = Eb.<ab•>+ Kbb.<a &'>. 

clt 

TioncTaBnHH (10) B (12a), nony'InM:. 

K &&= 

rne w 0 

2TT h2 e 2 

· m 2c 

E& -Eo 
h . 

0 
~ j clw-1-
k -"" k 

. 'J(k w) 

h wo +h w +; l 

'J( k. w ) = l (~ n k 1> + 1 ) o ( w + c k ) + .< n k •> o ( w ..: ck ) I , 

.<'n k •> = ~ < nkA •> = · f3 ck_1 
>. e 

=n(k}, 

ob 
A· 

ob 

Aobb(__[_}=l<a:lplb•>l 2 -(<alp:lb> k )(.<b 1 !;1a•>~ 
o k k I 

llanee IIMCeM: 
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'J ( k 1 w) 

Aab ( ~)= 
ab k h w 0 + h W+ j f 



1aHa Hat I ci >. = E I a 1> a 
ro paaperneH aneKrpnqec-

ii b B COCTOHJIRe a 

3penurnercn B ljlopMe: 

... ... 
I'D MOMCIITO. d = e r 

:nenyiOlliRM oGpaaoM: 

( 11 ) 

1.1 He o6nanaer crauuonap-. 

= o:. 

~ rnna llipenunrepa c 

(12) 

(12a) 

la3npaBilOBeCIIblll CTaTllCTll-
lf:· . 

+~F (t)a+ ~ ')I 
a· a a a . (13) 

. +. . 
t)aaaa)l, ( 13a:) 

.. 

f (t) 
a 

~ ( t) - napaMeTphi, conpm~eHilbie sennqunaM 

a ·a+ 
a ' a 

B CMbJCne llepaBHOBeCHOll TepMOlli!HaMllKR ( 110llp06HO 

CM, B 11 /). 

• llpn reMneparype T = 0 ° K rnapuna OCIIDBHDI'O ypDBJISI a 

6ecKoHeqllo Mana, cnenosarenhHD, naneKC a B (12) paBeH b n K,a=O. 

d.< a,'> 
ih --:--- = E ,<a b •> + K,,< a b •> • 

dt 

noncraBnSISI (10) B (12a), nonyquM:. 

2rr h2 
e

2 00 
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K ,,= · m 2c 
I. f dw 

n " -.00 
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rne wo 
E, -Ea 
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'J ( k w) 

h wo + h w +; ( 

., 

.<"nk '>= 
'7 

I. < n lc A •> = . . ·f3 ck =n(k), 

A e -1 

l" (' t.), 
ab . k . 

... 
A·ab ( k ... J ·1 ·1 .... 1 b '1 2 < ·1 .... 1 b ;; J( b'' ... 1 k J ab -k- = . .<a. p. '> . - .<a. p. >k .< ·IP· a'> I(- • 

llanee HMeeM: 
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n 

'J ( k,w) 
2 r d w - 1- -------
" ~oo k h Wo + h W+ j £ 

Aab ( _k_) = 
ab k , 

7 

("14) 

(15) 

(16) 

(17) 

(18) 

(19) 



\. 

I~ 

.;· 

clcu r J(k;cu ), 
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k cJ k J A ob ( ~-) d 0, 
. ob · k =- f 

(2rr)
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-"" h cu 0.;-hcu+ i£ 

f'Jle cJ 0 aneMeHT Tenecnoro yrna. flerKo rrposepnTh paseHcTna 

-H 

.QO 

f _,., 

b ;; • 8 
f A( )dO 1T I. 1 -> 1 1 2 

, ab -,c = -3- ; <. a : P : b > I 

J(k,cu) 
clcu 

hcu
0

..-hcu+i£ 

n(k) 

h W +Ck + i £ .o 

+ 

(20) 

: 

n(k).;-l 

h cu
0

- ck + ; ( 
(21) 

Ha (15) c IIOMOIUhiO (19)-(21 ), o6oana'la51 II= ck · rrony'IUM 

2 
K~,=T 

e2 
m2clh !<a:p'b 

2 "" 
>! f 11cl11! 

0 

n(~·)+ l -~~_L_-K22) 
· cu

0 
... ~'.., ic cu 0 -11+i t 

OTKyJla rrpu T ... 0 ° K HaXOJlHM !jlopMyny JlnH aaTyxaHnH: 

r, =...£ 
3 

e2 cu 
0 

h m2 c
3 

i < a : p ... ; b 1> 
1 2 = _i_ 

3 

3 
(U -> 

___ o--I cl 
12 

h cl ob ! 
(23) 

3TO Bblpa>IWHHe COBII8Jl8eT C XpOpOIDO H3BeCTHbiM 3Ha'!eHUeM 8CT8CT-

~ ~ /56/ 
seHHon mHpHHhi crreKTpanbHhJX nunuu ' • Mbl ne ocTanasnusaeMcH Ha 

Bbi'!HCneHUU CJlBHf'a 8Hepf'UU H 06CylKJleHHH ef'O niiH8J1HOH paCXOJlHMOCTH rrp11 

6onhJllHX II 1 TaK K8K 8TO 51BnHeTC51 06bJ'IHbiM llpUMepOM paCXOJlHMOCTU 

C06CTBeHHOH 8Hepf'HH B rroneBhlX TeOpii51X, 

. I /1/ 
: 4. TaKHM o6paaoM, c rroMOIUhiO ypaaHeHHH lllpeJlnHrepa c aaTyxaHneM 

~' ~ ..... · 

MO;KHO. llpOCTO Bbi'!UCn51Th CJlBUf' 8H8pf'HH ,H 3aTyX8HHe B pa3nH'!HbiX KOIIK['CT

HLJX · CUCTeMaX, 3TO . llOK83bJB88T H H8CT051IUee paCCMOTpeHIIe Xopom'o H3n¢cT-· 

uoiL 3aJla'IH o BbJ'IIicnenun ecTeCTBeHHOil ::rrupuH~I crreicTpanhHbtX nu11uii. M1>1 -

flf,J'!IICnHnH lUUpiiHY ypoBHeH C llOMOIUhiO ypaBH8HII51 Jln51 HepaBHOBeCHJ,JX cpell!IUX, 

8 

. i 

0 
/2/ . 

JlH8KO XOpOIDO 113BeCTHO 1 'ITO ypaBH8HU51 Jln51 HepaBHOBE 

8KBIIBaneHTHbl ypaBH8HH51M anH COOTB8TCTBYIOIUHX paBHOBeCHI . 
fpUHa, KOTOpble 8KBHBaneHTHbl 06bJ'IHOH TeOpim B03MyiUeHUH 1 

rrpnMennMa, 

3aM8TU~t,· 'ITO U3nOLK8HH851 M8TOJlHKa paCCMOTpeHH51 38ll .. __.. . . 
nnunii MO>K9T oKa3aThCH · rroneanoii anH uenoro pHJla KOHKpeTJ 

B aaKniO'Ieiiiie BbipalKaeM rny6oKyiO 6naro;:wpHOCTh rrpc 

n.H. 3y6apesy 3[1 IIHTepeCHbH~ o6cylKJl8HH51, rrpo<iJeccopy E. 

M .IO. H osuKosy sa nonean~.>re aaMe'laHu H. 
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clkJA:~ ( -E-)ciO, 

···•· 
>nepnl'h pa,nencrno 

(20) 

(21) 

v:: ck · rrony'II!M 

n (v )+ _7 __ + n( r.-·J..:.-K 22 ) 
<J 0 - v + ;·t · w0 -"l'""ic 

3 .... 
' I J ., 2 
- 0 ob:! ' (23) 

·CTHbiM 31I8'18.HU8M 8C1'8Cl'-

e OC1'8H8BJiliB881\;'CH Ha 

!Hei'lHOH paCXOAHMOCTli llpU 

ripliM8pOM paCXOll!-!MOCTII 

I /1 I 
Up~nnnrepa c GaTyxanueM 

:aHII8. B p83JIII'IIILIX KOI!Kf'OT-. 

:cMoTpenue xopomo uGn(}cr-

:' crrekrpanhfibiX nunuii. M hi 

H nnH nepannonecm.tx cpennux, 

/2/ 
OnnaKo xopowo uGnecrno , qro ypanHeHIIH nnH HepanHo'BeCHbiX cpenHIIX 

9KBIIB8J18Hl'Hbl yp8BH8HIIHM llJIH C001'B81'CTBY!Ollli!X paBHOB8CHblX <jlyHKUHM 
• 

rpuna, KoTophie 9KBunaneHTHhi o6bJqHoii reopillt B03Mymeuuii, ecnu rrocnenHHH 

llpi!M8HI!Ma, 

3aMel'Ul\1, qro 113JIOJI<8HH8H M81'0llUKa paCCMOTpeHI!H 38ll8'111 06 ywllpeHIIII 
/9/ 

JII!HIIll MQ)I\81' OKa381'hCH ·rrone3HOM llJIH U8JIOI'O p51ll8 KOHKp8THblX llp06J18M o 

B GaKJIIO'Ieiine Bbipa)KaeM rny6oKyiO 6narollapnocrh rrpo¢eccopy 

n.H. 3y6apeny 3£1 IIHTepecHbie o6cy)Kll8HII H, rrpo<jleccopy E. q epBOHKO H 

M.IO. HonuKony Ga none3Hbie 3aMeqanuH, 
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