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B pa60Tax
11

•
21 

B neRellaoM npe6na>Keaea eccnenyeTcSI ycToli'IHBOCTb orpaHH'<eHHOA 

XOnOJlHOll nna3Mbl C ny'IKOM K8X B OTCYTCTBHe, T8X H npR RanR'IHH BHBWHero MarRRTROrO 

nons:r. 

/1/ x) 
0JlK8XO K9CMOTpS1 K8 YK838HH9 B ,no nocne)lKero Bp9M9HR BOUpOC 0 Up8BHnb-

KbiX rpaKH'<HbrX ycnOBHRX ocTaBancR OTXpbiTbiM. B aenasaex pa60Tax Mexal!noBcx oro H 

rla:I11Huxoro
131 

H aBTopa
141 

6brnH nony'<eHbi npaBHnhKbre rpaae'l&bre ycnoBKR nnR paanH'I

KbiX MOll xone6aaell, cnpaBeJlnHBbie, onaaxo, nnR xononeol! nna3Mbi, rlpeucTaBnReT HHTepec 

accneuoBaTb cnexTp xone6aKHll uenHKUPH'!ecxol! nna3Mbi c ny'IKOM B cnyqae 6onbwex 

TeMnepaTyp, xorua ne6aeBCKHA paueyc axpaeeposaHRSI MHoro 6ont.we nonepe'!Roro paaMepa 

cecTeMbl. EyueM pewaTh aaua'ly aa ocaoBe KRKeTH'Iecxoro ypaBHBHHR BnacoBa. Hy>KRo OT

MeTHTh, ,'ITO BOnpoc 0 npHMeKHMOCTH ypaBHeRHSI Bna COB8 X CHCT9M8M C pa3M9p8MH, MB!Ib

WHMH ue6aeBCXOA UnHHbl, JleT8nbHO He HCCneUOBBH. 

PeweKHe KHKeTH'!ecxoro ypaBHeHHR 

e a -+ 
--(E+ 
ma 

nnR B03Mymeael! BKUa exp I- i(w t -k z z - n 0 ) I 

rpaKK'IKb!X yCUOBHll 

rue 

BHU 

a 
/if (-v ,v

0 
, vz 

(.) p 
H 

a 
/i f 

!+) 

p 
If 

w' 
+ ·1-(p ·p+a) 

A e •p I dpl + p 

(1.1) 

B nuaeliHOM np."6nH>KeHHH, c Y'<BTOM 

(1 .2) 

a- pa.UHYC CHCT8Mhi, HM89T 

x) B
111 

npaBHnhKble rpaHB'IKbre ycnoBHH unSI xonouKoll uenHHUPH'!ecxol! nna3Mbi c 

ny'IKOM nony'leHbl B cny'lae 8KCH8UbKO·CHMMeTpH'IKb!X B03MYIUBKBll. 
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w' 
Ei fa =....L If A- .+1-y!Pl..P·al 

p (J)' w' 
lip + p f A-e -Hy-p!p

1
-p+al dp + p fa A+e·l-;-!P(P·al 

!-l v t. e p 
l l p 

0 

p p 

3aeCb BBeaeHbl o603H8'ieHBH 

a a a 

+ 
f\ = J.a(-E m + 

a 

a f a f o a f 1 
~ - E "-- - E _::_:._u_+...;. ( v H" av vav • av -c • v 

a fa 
-v

0
H )~+ 

• a v -
p 

p (} 

a a a 
a 

afo 
H ---

+J_(vp •avo - c 
- v H5 

P a v
0 

a f a fo 
+v"H ~-v H"-- )], 

v p av p v av 

p 
vfJ • w' = w - k v 

' 
l2La 

1\ = ~ e vp 
~1+ 

-~ p 

npnMeM <j>ynKUH!O pacnpeaeneHHSI CT8UHOH8pHOrO COCTOSIHHSI B BRae: 

a 
f 

0 

N a 

(:?n):V2 vi\ a 

-----:ra
la = v-;;,L 

a 

2 

v\ a 

expl 
2 

v~ 

2vla 

v\\a=V~ 
a 

Y'tHTbiBBR, 1.J:TO >> a nnu ..:!::r..">> a (rae 
De w 

Oe 

w' - (p -p-a) « 1. 
V I 
p 

3aech nylKHO pa3nH'<8Tb aea cnyqaSI: 

- Y, (~)2l 
vi\ a 

w = 
Oe 

4rr N e 2 

m 
), HM99M 

d~ l. 

( 1.4) 

(1.5) 

( 1.6) 

1) n ;, 0 , Toraa w' = -(kz vz +~n) 
p 

; B 3TOM npH·6nnlKeHHH neyCTOii'<HBbie 

pewenHst noSIBHTbCSI ne MoryT, TBK KaK H3 ancnepcnonnoro ypaenenHst ehmaaaiOT qneHbi 

= w ( neycToil'<HBbie pewennst nostenstiOTCst B cneayroweM nepBOM nopstaKe no ~ ) • n v
0 

2) n = () , k, ,f 0 • 3ToT cnyqail aaeT neTpnenanhHbiH pesynhTBT aalKe B uyne-

aoM nOp5UJ.Ke TIO M a/ V T noaTOMY B nanbHeiirneM Mbl HM R orpSHH'lHMCR. 

YttHThtaaR nepabte HeHcqe3alOlllHe t:tneHbi no 3 T OMY ManoMy napaMeTpy, nonyqHM 

eMeCTO ( 1.3) ( nonarast p = 1 \ 3epKanbHOO OTpaJKeHHe : 

a 
a 

a 
Ei f 

,+ ) 

a 
= Ei f 

( - ) 

=---i __ 
+ . 

J ( A + A- ) dp = ..2 
1 mw'a 

~fa E dp 
• l 

2w' a a v 

( 1.7) 

npu 3TOM CHCTeMa ypaeHeHHii MaKCBenna MOX<eT 6b! Tb npneeaena K Bllay CM.
11

•
2

•
4

/ 

4 

') 
,, 

I 

rae <=l-~2 
w2 

L ..Lcp 
p p 

(nnasMa xonc 

11weM pewenue ( 1.8) B enae 

E = A J 
Toraa 

l 
E = A II I 

• l 0 

II 
E = A K 

2 0 

1'2 = k 2-. 
Y aoeneTBOpHSI rpaHB'<HbiM yc 

reHUK8RbHblX COCT8BnSIIOlllHX 

aK
1 

(fla )( !
0 

(a a) + 

2. EyaeM paccMaTpnea 

TOK8 ropst'<HX 31leKTpOHOB. 

Ypaenenne ( 1.9) nerK• 

B nepBOM, ncnonh3Yst acHMI 

'iTO C TO'iHOCTb!O ao qneHOI 

Kone6annA B neorpann'<eHHC 

3 To ypaenenee noapo6 

'iTO yCnOBHe B036yJKaeHHH ; 

w a>> u , nnn v >> f3 
Oc 

(2 .1) aaeT noeepxHOCTHYIO 



w' 
a + ·1-(p + p•a) 

dp 1 + p fA e Tp t 

a 
_i!_p+ 
av -

p 

RAe: 

' I 

0 

), HMeeM 

d~ l. 

(1.4) 

(1.5) 

( 1.6) 

6nHJKeHHH HeyCTOli'IHBble 

3HeHH SI Bb1Il8ll8JOT qneHbl 

:>M nop!!AKe no ~ ) • 
n v

0 
Ill pe3ynbT8T ABJKa B Hyne-

napaMeTpy, nony'!HM 

(1,7) 

/ 1,2,4/ 
HBelleHa K BHAY CM, 

I 

k 2 c 2 
d dE w2 ~ •--!';i- a 

L -(p -")+(•- -k2)E = ~ 4"e2"'fo' E dp 
p p d p c 2 z z m 8 c 2 

0 
33 z 1 

rna l = 1-~2 (nna3M8 XOilOAHBSI, llY'IOK rop!!'IHli), 
w2 

HmeM peweaae (1.8) a BHAa 

E 

TorAa 

I 

o ' 
33 

~ 1 
= f v aco/ay d v • 

w -k z v 

E, =A
1
fl

0
( ap .)+ ~ + 

l-O 
33 

f i
0

(ap,) dpl 
0 

2 
w 

c 2 

2 

u = ~ 
33 w 

o' 
33 

p ~ · 

p>a 

( 1.8) 

YAoaneTaopstst rpaHH'IHbtM ycnoBHSIM (a AaHHOM cnyqae CBOASilllHMCSI K aenpepb!BHOCTH T aH-
~ 

reHUH8nbHbiX COCTBBnSIJOWHX rroneR E H H ) , nony 'IHM AHCrrepCifOHHOa ypaBHeHHe 

/ I(ap)dp] +JH I (aa)K (Jia)=O. 
0 1 0 ( 1.9) 

2, EyAeM paCCM8Tp HB8Tb CHCTeMy, COCTOSIWy!O H3 llOKOSilllHXC!! XOnOAHblX HOHOB H 

TOK8 ropSI'IHX a neKTpOHOB. 

YpaaHeHHe (1.9) nerKo uccneAOBB Tb B ABYX npeAanbHblX cny'lastx aa>>l 

B nepaoM, HCilOnh3YR aCHMilTOTHKY cPYHKUHll Eeccen!l, nony 'IHM 

a a+ --0~3 ~'-+ l,.,. a = 0, 
( -0 

3 3 

H aa « !. 

(2.1) 

'ITO C TO'IHOCTb!O AO 'lneHOB ll0p!!AK8 ABaT AHCilapCHOHHDe ypaBHeHHa llpOAOnhHblX 
a a 

Kone6aauil B aeorpaHH'I e aaol! nna3Me, y KOTOp b! X 

( - 0 3 3 ( w • k.) = '1 ( 2.2 ) 

3 To ypaaaeaue noApo6ao u ccn eAOBaHo, CM,, aanpnMep/
51 

HyJKHO OTMeTHTb TOnhKO, 

'ITO ycnOBHe B036ylKileHH!I neHrM!OpOBCICHX BOnH B npeAene aa >> I CBOAHTC!I I( 

w a>> u 
Oc 

, HnH V >> {3 2 v -·rroroHHbtli a naKTpoa•). KpoMe Taro, c y'leToM 

(2. 1) ABeT IlOBepXHOCTHY!O HOHHY!O BOnHy, 
a a 
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C '18CTOTOil w ~ ...!:'.L ( 1+ 
y2 

a 
E+-

11. 

_.!:__ ) 
H 

k 8 . 

~-1-
u -l P. a 
~3 

K ~ 

Bo 8'POPOM npenellbHOM cnyqae a a<< 1 npHXOLlHM K yp88H9HH~ 

1+~- +~(IJ.a ) 2 fn - 2
-=0 , 

E-O 2 KIJ.a 
33 

rne K - HecymeCT89HHblll K03qxpHUH9HT UOpSIAKB 9LlHHHUbl, 

0603H8'18Sl iJ. a = X H ~ fn ....L=y « 1 
2 

, nony'IBM 
KX 

1 + y (•- a ) = 0 
33 

11 3 (2.5) nerxo aallTH nnst k r « 
z D 

w 2= 
w y 

y'1-~ 
k 2 u 2 y 

11cnonb3YH yCn08HSl 8036Y*Ll9HHS! k u <yy w • 
0 • 

nony'IRM 

H 

a 3 k 8 <e 1 . 

k < __!S_ 
8 

. 
-+2 e w a 

Oo 

N 
113~ e 

-·--) 8 
N 

y'3 (~ 
Jm W I maz = ?' M 

nerxo nony'IHTb 

2 2 

~< 1 
2u 2 

2 
v < 2{3 • 

ana 

2 

.~~ 
(J) 2u 2 

Oo 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2 .6a) 

(2.7) 

TaxaM o6pa30M, aeTpynao 8HLl9Tb, 'ITO axcaanbHO caMMe TpH'IHbte 803Mymeaast 3BLl88-

n e Hhl nnst ae cnawxoM nnoTaoll nna3Mhl, yno8neT8opst~we ll ycnoBa~ (2.7). 06 a3HMyTanb-

H biX 803MYI!l9HH>IX MO*HO CK838Tb TDnbKO, 'ITO HHKpeMeHTbl LlOn*Hbl 6b!Tb nponopoHOH81Ib-

Hbl ~ 
vl• 

3, CneLtyeT OTMSTHTb, 'ITO H938TYX8~IUH9 peweHHSl yp88H9HHS! (2.2), COOT89TCT8Y~lllH9 

p8CUpOCTp8H9HH~ neHrM~p08CKHX BOnH, HMS~T MSCTO TOnbKO 8 LlOBonbHO 9K30TH'l9CKOM 

cnyqae CHIIbHOll BHH30Tp0UHH SneKTpOHHblX TSMnepaTyp, KOrLl8 

T(o) >> T.(o) + 
l II 

m u 

2 (3.1) 

nellCT8HT9/IbHO, ycn08H9 ManOCTH nonepe'lHOro p83M9p8 UO CpB8H9HH~ C Ll96898CKHM 

paLtaycoM (1.6) ecTb 

6 

nacnepCHOHHoe yp88H9HH9 (2 • 

neHrM~p08CKHX 80nH 803MO*l 

w -k l 
1--· 

k. VII · 

ana Y'IHTbl88H, 'ITO aaxpeMea· 

11cnonb3YH COOTHOW9HH€ 

113 aepa8eHCT8 ( 3.2), ' 

R30T9pMR'19CKOll nna3M9 80~ 

w - k u 
---~·-- I« 1 • B 9TOM ( 

k. VII· 

1--

Pewast 9'1'0 ypa8aeaae 

w = wo, 

y 1+~ 
k 2 2 

z "\ I e 

113 (3.7) cnenyeT, 'ITO aey< 

Ecna 8 ypa8HSHHR (3. 

8 CRCT9M9 803MO*Hb1 paCn) 

pOCTb 9neKTpOHHOrO UOTOKB 



(2.3) 

( ypaBHeHHIO 

(2.4) 

IBM 

(2.5) 

(2.6) 

(2.6a) 

(2.7) 

B'1Hbl9 B03MYIIl9HHSI 38A8B

HIO (2.7). 06 83HMyTanb

:Hbi ObiTb nponopuaoaanh-

lSI ( 2,2), COOTB9TCTBYIOIIlHe 

AOBonbHO SK30TH'I9CKOM 

(3.1) 

:paBH9HHIO C A968eBCKHM 

(3.2) 

nacnepCHOHHoe ypaBH9HHe (2.2) nony'leHO B npeAnOnOlK91lHH a a"- k z a >> j_ , pacnpeAeneRH9 

neHrMJOpOBCI<HX BOnK B03MOlKHO npH 

I »1 
..Jo) 

ll « 
m u2 

2 
(3.3) 

HnH Y'<HTbiB8SI, 'ITO H11Kp9M9HT B030YlKA9HHSI M8KCHM8neR, KOrAa k u ~ cu 
z De 

~ "' a 
» 2• >> 1. 

k •·vii• ,I· 
(3.4) 

l1cnonh3YB COOTHOW9HHe k < ~ H k a » 1 , nerKo nony'IHM 
z u z 

~ >> a » 1. (3.5) 

!13 aepaBeHCTB (3.2), (3.4) H (3.5) CneAyeT H9p8B9HCTBO (3.1). KaK H3B9CTHO, B He-

H30TepMH'I9CKOl! nna3M9 B03MOJKHO pacnpOCTP8H9HHe 3BYKOBbiX BOnK B oonaCTH '18CTOT 

"' - k u 
----'"'---1 << l · B sTOM cnyqae ypaBHeaue (2.2) MOlKRO aanacaTb B BRAe 

2 w2 

1 - ~ + -;:--'\;"--- ( 1 + iy.!;. 
w2 k 2 / /. 

II· 

PewaB ""'o ypaBHellae MeTOAOM nocneAOBaTenhHbiX npa6naJKeHall, ner.Ko ual!Ta 

2 
~ 
k~ VII· W= WDI ( 1- i 2 v'f w2 

v' 1 + --f-D'f- 1+ ~ 
k 2 2 

k. "'I· . VII · 

!13 (3.7) cneAyeT, 'ITO HeyCTOli'IHBOCTb B03HHK89T npa 

"' u > v. 
II· v'k2 v. 2 

• II· 
2 

+W 
Oo 

"' -k u 

v' 
W2 z 

1+ xtr:= ) . 
k 

z VI I· 

Ecna B ypaBaeaaa (3.6) MOlKHO npeHe6pe'lb eA&HHileA, T.e. np& w
0

: » k: v
11
• 

(3.6) 

(3.7) 

(3.8) 

B CHCT9M9 B03MOlKHbl pacnpOCTp8H9HH9 H paCJ<8'1K8 BOHBQ-3BYI<OBbiX KOneoaHHll, ecn& CKo-

pOCTb sneKTpOHHOrO llOTOK8 

v ="I v'~ = v'JiJ__:n_ 
aB I N M N M (3.9) . . 
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npH aTOM qaCTOT8 H HHKp9M9HT 9CTb COOTS9TCTB9RHO 

"' c k v 
38 z 38 

(8.10) 

H 

lm c.> 
- --

=6> y 4- ( .IL- y li. ~) 
3aHv NM • 

lie • 
(3.11) 

npa aTOM aenaqH ua aexTopa k 3axn~qeHa a npeAenax 

~ » k » .!.... 
vu. • a 

B npenene w~. << k • v 11 • 

pOBCXHM XOne 08HH9M, 

peweue ypaBHeHJIH (3,6) COOTSeTCTByeT HOHHbJM neHl'MIO-

0TMeTt< M, qTO ypaaHeHHe (3,6) H cjlOpMYnbl (3,7)- (3,11), nonyqeHHble H3 Hel'O, 

cnpaaennHBbl nng MBnbiX HanpaaneHHbiX cxopocTeA anexTpoHOB, xorAa 

. 
T, >> 

npH aTOM 'Ijj
0 

MO*eT ObiTb nop9.llKB 

z 
.!!!.!L 

2 

T; 
(3.12) 

Ecna anexTpOHbl llBH>KyTCH c penHTHBHCTCxoA cxopocTbJO, To ycnoaae (3,12) ae Mo-

*eT ObiTb BbinQnHBHO, H B CHCTeMe MOl'yT cymeCTBOBBTb nHWb HORHble neHl'MIOpOBCKHe 

xoneoaHHH, 

neACTBHTenbHO, .[lnH penHTHBHCTCXHX anexTpOROB XHHeTHqecxaH aaeprHH 
k (e) 

W ~ T1 1 

n oaTOMY 
~ < ~« 1«"k. 

u \. 

OTc~na cnenyeT uepaaeHCTBO ~ < ~ __ 1_ « 1 • 

kz u • 'ie kz a 

(3718 ) 

k • 
C npyroA cTopoHbi, ypaaaeaae (2.2) a npenene W >> 1j1 HNeeT aeycToAqHBble pewe-

HHH B o!SnaCTH 

~ > 1. 
k u ~ (3.14) 

HepaaaHCTBB ( 3,13) H (3,14) HBXO.[lHTCH B npOTHBOpeqHH, 

Mbl HCCna.[lOBBnH ypaBRBHHe ( 1,9) S llSYX npe.llenbHbiX cnyqagx, COOTBBTCTByJOmHX 

anexTpOHHOMy UOTOKy !SOnbWOA ( ypaBHBHIIB (2,2)) H ManoA ( ypaBHBHHe (2, 7)) nnOTHOCTeA, 

B npoMe*YTO'IHOll o!SnacTH, a KOTopott k a ~ 
2 • 

, yp8BH9HHB ( 1,9) MO*HO npHB9CTH 

x aany ( a npennono*eHHH m
2 
u >> T

1
" ) : 

• 2 

a ~-a. ~+a =fl 
1 £U4 2 w2 3 

(3.15) 

8 

If 

r)le 

l'Jle 

a = 
I 

I 10,a)J 

!0 (k•a )IC
1 

"'z 
a = 2a -a -.Q.. 

Z I I kz u 

a = 
3 

_ cuoe ( 
8 

_ 

k2 U Z I . 

HeTpynao BH.lleTb, qTo (3.!1 

wz 
~ 
k 2 2 • u 

> min 

w2 

~(~l 
u A 

2 

A=aK(k, 
I z 

A 
I f K

1 
( k 

A2 =a l/ k.a 

Ycnoaag (3,16) H (3.17 ) nony 

poe eCTb 
2 

w -wZ 2 al 

B nepaoM npeJleRbHOM cny'lae k • a ) 

XO.llHT a ypaaaeuae (2.2), nony'!euu 

Aaanoraqao nonyqaeTcg BTopo: 

C3.1 6) a (3.17). YcnoaHe HHl! 
S036y 



HO 

{ 3.10) 

(3.11) 

( 6) COOTB9TCTBY9T HOHHbiM nesrMJOlH!l 3 . 

( 3 •7 )-(3 •11 ), nony'leHBbl e aa aero, 

an eKTposos, xor.lla 

(3. 12) 

I! c x opOCTb!O, TO ycnosae (3.12) se Mo

:Ts osaT& nslllb BOHBbl9 neBrM!OpOBCKHe 

•OHOB IHH9TH'IeCK8!1 aseprH 

1- « 1 . 
a 

(o ) 

11 wk >= Tt , 

(3713 ) 

k T. o BMe&T seycTOi!'IBBble peme-!l&ne W >> 11 

(3.14) 

IIBOpe'IHB. 

cny'IBSIX, COOTBeTCTBYIOWHX npenen&BbiX 

) ) H Manoll (ypassesse (2.7)) nnoTHOCTei!. 

, ypassesae (1.9) MOlKHO npHB9CTH 

(3.15) 
=f) 

r)le 

H 

rae 

a = 
1 

a = 
3 

a 
10 (k, a )K1(k,a )- ..l. f 1

0
(k,p)K

1
(k,a)dp 

HeTpyauo BH.lleTb, 'ITO {3.15) HMeeT seycToii'IHBble pemesssr nps 

A = a K 
1 

( k z a ) I 
0
( kz a ) , 

A 
I 

) . 

(3.16) 

(3. 17) 

Ycnosa!l (3.16) s (3. 17) nony'leHbl sa pemesssr OHl\BaapaTsoro ypassesssr (3.15), K OT!>-

poe ecTb 
2 

~ = -
1
-[ a + y a

2
-4 a a 

w2 2a, 2 - 2 I 3 
1 • 

HM99M A = A 
2 

...fu = _ 1_ 
A k ,a 

s (3.15) nepe-
B nepsoM npeJlen&soM cnyqae k z a >> 1 

XOJlHT B ypassesse (2.2), n ony'lessoe B BbiCOKO'IBCTOTHOM npeaene 

Asanors'lso nony'laeTcsr BTopol! npe)lellhsbli! cnyqal! k • a << 1 

I "' - k • u 1 » k. v~ • • 

sa l! ¢3. 16) s (3.17). Ycnosue soaoyJKaesssr (3 .16) nepellaeT s (2.6a ) . 
H3 OOWHX COOTHOme-



113 3TIIX lKe 061ll11X COOTHOIIleHBII npB k z a~ 

senuqHHbl 

, nerxo nonyq&Tb, qTO no nopS!Aity 

wOe a > 1 , 
u 

(3.18) 

D03TOMY .naJKe B DpOMBJKYTOqHOII o6naCTII k, a ~ 1 ycnosHe (3,1) coxpaaHeTcu. Cosep-

WBHHO TaKlKB MOlKBT 6b!Tb HCCn&AOBaHO ypaBHBHHe ( 1.9) B Dp&.QDOBOlK&HBII mu 2/2 << T" • 
~ 

AsTop npH3HaTenea 8.11. KypHIIKO 11 TosapHmaM no. pa60Te 3a nnoAOTBOpHbl& .nHcxyc

CHH 11 A.r. 6oaq-0cMonoscKoMy, npoqaTasweM)' pa60Ty s pyxonHCB 11 c.nenasmeMy pBA 

ueHHbiX 3aMeqaault. 
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