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BBe.QeHHe 

HaBeCTHO, qTo BBe.QeHHe n erKoro rrpHMecaoro aToMa B KpHCTannHqecKyro 

peweTKy MOlKeT ITpHBeCTH K BO:JHHKHOBeHHro .Q06aBOqHblX flOK81lhHblX qacTOT, 

Ill 
paCITOflOlKeHHblX Bb!We M8KCHM8flbHOH qaCTOTbl CneKTpa peweTKH (cM.HBnp . ) • 

121 
KaK noKaaaao B pa6oTe Karaaa H HocHneBCKoro , o6aapylKeHHe noKaJlh-

Hhrx qacToT B03MOlKHO rrpH ITOMOIUH Heynpyroro pacces!HHSI Hei<TpOHOB. PSI.LI 

/ 3-6 / 
aKcrrepHMeHTanbHhiX pa6oT no aeyrrpyroMy pacces!HHro ae>rTpOHOB rroKa-

3blB8eT, qT9 B pea1lhHb!X KpHCTannaX SHeprHSI flOK8flbHb!X KOne6aHHH OTflHqa-

eTCSI OT TeopeTHqecKoro auaqeHHSI, nonyqeaaoro Ha pacqeTOB, B KOTOpbrX npH-

MeCb cqHT8flBCb H30TOnHqeCKOH, 3!jxjleKT STOT CBSI3BH C H3MeHeHHeM CHflOBblX 

KOHCT811T npHMeCHOrO BTOMB . 

B aTo>r pa6oTe HayqaeTCSI noBe.LieHHe nerKoro rrpHM e cnoro aTOMa, uaxo-

IUerOCSI B yane KpHCTannHqeCKOH peweTKH, H H3Mel!eHHe ero CHflOBblX ITOCTQ-

SIHHbiX aa cqeT CHJlhHoro aarapMOHH3Ma. HaBeCTHo, qTo aMnnHTyaa Kone6a

HHI1 npHMeCHOrO B TOMB 60flbille BMIT flHTY.Libl KOne6aHHi1 OCHOBHblX BTOMOB 1 noa

TOMy BHrapMOIIHqeCKHe aQxjJeK T bl npOSIBflSiroTCSI 3HBqHTe1lhHO paHblUe .({flSl npH-

MeCHOrO B TOMB 1 qeM .({flSI B TOMOB OCIIOBHOH peweTKH. 

MeTon, noaBonSIIOIUHI1 yqecTb anrapMonHqeCKHe atj><peKTbr BhiCWHX nopSI.LI

/7 / 
KOB B KpHCTannax, pa3BHT B pa60Te • B HBCTOSIIUei1 pa60Te Mbl ITpHMeHSI-

eM ITCeB.QOrapMOIIHqeCKOe npH6nHlKeHHe, B STOM rrpH6ITHlKei!HH CHITOBhre ITOCTQ-

SIHHble BblqHCITffiOTCSI C ITOMOIUb!O CBMOCOrnaCOBBHHOrO ITOTeHUHana H 3BBHCSIT 

OT T eMnepaTypbr. Yqe T aaTyxaHHSI Kone6aaHI1 H aorronHHTe1lhao11 nepeaopMI!

poBKH SHeprHH ~OHOHOB 38 cqeT rrpCU~CCOB pacna.Qa npHBO/IHT K HeKOTOpbiM 

H3MeHeHHSIM nonyqeHHblX 3HaqeHHH rrapaMeTpOB, HO S THX a<jl~KT OB · Mbl 3/leCb 

paCCMaTpHB8Tb He 6yneM. 
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llnS! npOCTOTbl orpaHH'IH B88MCSI paCCMOTpeHHeM OIIHOMepHOH U8110"1KH C 

OIIHHM 11pHM8CHbiM aTOMOM , M8CC8 KOTOpOI'O M8Hblll8 MaCChi OCHOBHbiX aTe

MOB, o6nanaJOillHM 3aT paBO'IHbiM noTe HUHanOM T8KHM )1(8 , K8K aTOMbl OCHOB-

HOI< pellleTKH. EyneM paccMaTpHBaTb TOnhKO saaHMonei'iCT BHe 6nH>Kal<uiHx co

cene>i . Y'leT aHrapMOHH'IeCKHX a~~KTOB npHseneT K nepeHopMHPOBKe cHn onoi'i 

KOHCTaHTbl npHM8CHOI'O aTOMa, n epeHOpM.itpOBKe 3H8pi'HH nOKanbHOH '18C T OTbl 

H H3M8H8 HHJO M8>KIIY8TOMH OI'O paCCTOSIHHSI OKOnO npHM 8CH . 

1. nceBIIOI'8pMOHH'I8CKOe npH6nH JK8HH8 

ncesnorapMOHH'I8CKOe npH6n H>KeHHe Y 'IHTbiBaeT rrepeHOpMHpOBKY 3Hepi'HI1 

~OHOHOB B CaMOCOI'naCOBaHHOM non e BCeX OCTanbHbiX ~lOHOHOB. 3 T O 11pH6nH

>K 8HHe COOTB8TCTByeT rrepbOMy TIOpS!IIKY T eOpHH B03MymeHHH nn51 MaCCOBOI'O 

OnepaTopa, B KOTOpOM, OIIHaKO, Y'IHThiBaeT CSI BKnan OT 8HI'8pMOHH3Ma BC8X 

rropSIIIKOB . B aTOM npM6nH>K8HHH B oTnH'IHe OT rapMOHH'IeCKor o cHnOBhie no-

CTOSIHH bl8 S!BnSIJOTC SI BTOp blMH IIpOH3BOIIHbiMH HeKOTOpOI'O COMOCOI'naCOBBHHOI'O 

IIOT8HUHana. 3TOT nOT8HUHan H8XOIIHTCSI nyTeM ycpenneHHSI 38TpaBO'IHOI'O no-

-~ 
T8HUHana C ~YHKUH8H e 2 no o6naCTH cpeiiHHX OTKnOHeHHH 8TOMOB H3 

nOn0)1(8HHSI paBHOB8CHS!o 

CrreK Tp 'laCTOT Kone6anH>i OIIHOMepno>i pelll e TKH c npHMeCSIMH onpene-

nSieTCSI nonJOcaMH !IJYHKUHH fpHHa Gm n' ( w ) , KOTopa51 B ncennorapMOHH'Iec-

17-9 / 
KOM npH6nH)I(8HHH H8XOIIHTC51 H3 pelll 8 HH51 CHCTe.Mbl CnerryJOIJlHX ypaBHeHHI1 ; 

IIM "'2 ll 
nm ( 1.1) G ,(w)~llnn' 

mn 
F 

nm m 

.. 

F 

a¢(R -R) 
-. --~~~ 
a R a R Anen 

n m R m= tn 

ni m 

( 1.2) nm 

-~ F n em 
nm 

m 't: n 

~ 

¢(R -R )~<¢(R -R )>~ 
n m n m V2 rr 

,2 

foo dx;2¢ (R -R t x/<(u -u {>)(13) 
n m n m • 

2 
< ( u n -u m) > ~ < u 2 >+ < u

2 
> - 2< 

m 
> ( 1.4) 

4 

l 

< u u >·= - 1- f 
n m 2rt -ao 

d..., 

"' eO -1 

I - 2 Im G
111 

.,( ..., + I ., ) I , 

rne M 111 - Macca m-ro aToMa, 

F" m - CHnOBBSI nocTOSIHHaSI, 

<( U -U f > - cpenHHH KBanpaT OTHOCHTeiibHOI'O CMemeHHSI. 
" m 

C&cTeMa ( 1.1 )t- ( 1.5) RBIISieTC.SJ caMocornacoaaaaoii: Bbi'IHCneal! 

( 1.3} Tpe6yeT aaaHH Sl cpenaero KBBJlpaTa cMemeHH.SJ ( 1.4) ( 1.5 

ro OT Cll8KTpa pemeTKH (1 . 1}, KOTOpbiH, B CBOJO O'lepeiib, 3aBl! 

BbiX llOCTOSIHHbiX ( 1.2). 

llng ynpOW8HHSI paC'IeTOB B Ka'leCTBe 3aTpaBO'IHOI'O noTe£ 

/10/ 
nel!CTBHSI Bbi6epeM noTeHnHan Mopaa • 

-2CI ( R-• ) - 2 
<f>(R)=D

0
I(e 0 0 -1) -11, 

rAe D 
0 

- rny6&aa nOTeHn&aiibaoli S!Mbl, r 0 - cpenaee paccTo 

aTOM8MII B o~ 0°K • 1 I &0 - lliHPHHa BMbl. CaMocornacoBaHf 

an Mopaa, Bhl'l&cneHHhiii c noMOIIlbJO ljlopMynhl \1.3), &MeeT BH 

.. 4> (R)= D ( -2u 01R-r l 
n m 0 e 0 

2" 0 <(.. -.. ) 2 > 
e " m 

a 2 

-2e -ao(R-ro) 7<(u.,-u.J2 > 
e ] . 

2. OAHoMepaag pellleTKa 6ea np&Meceii 

EyneM paccMaTpHBBTb naaeiiayiO neno'IKY B npH6Jm>KeHHH 

BBSI 6nH>K8HlliBX coceneii . HcnOIIh3YSI $OPMYIIhl (1.1 )t-0.7) B T 

C T BO, 'ITO $YHKUHSI l 'pHH8 3aBHCHT TO:Jl.KO OT paaHBilbl HHIICKCO 

nyqaeM cneeyJOmyiO CHCTeMY caMocornacosaHHbiX ypaaHeHHii 
11 
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<u u .. 

rAe M m -Macca 

. 1 J >e--
2rt -oo "' eO- 1 

m-ro aTOMa, 

F,. m - cunoBaSI nocTOSIHHaSI, 

<( U -U 'f > -cpeAHHH KB8Ap8T OTHOCHTeJibBOrO CMeJneHUSI. 
" m 

( 1.5) 

CncTeMa ( 1.1 )• ( 1.5) SIBnSieTCSI caMocornaconaanoii: Bbl'IHCneuue nOTeuuuana 

( 1.3} Tpe6yeT 3B8HHSI cpeABero KB8Ap8T8 CMemeHBSI ( 1.4) ( 1.5), 38BHC.Sime-

ro OT ClleKTpa pemeTKB (1.1), KOTOpblii, B CBOJO O'lepellb, 38BBCHT OT Cuno

BbiX llOCTORHHblX ( 1.2). 

nnSI ynpOWeHBSI paC'IeTOB B Ka'leCTBe 38Tp8BO'IHOrO UOTeHUHana B38BMD

/10/ 
AelicTBHSI Bht6epeM noTeauuan Mopaa 

( 1.6) 

rAe D 0 -rny6una nOTeauuam,aoA RMbl, r 0 -cpeAHee pacCTOSIHHe MelKJlY 

8TOM8MI! B 6 e 0° K , 1 I a
0 

- mupuaa SIMht. CaMocornacosaBBbtii noTeBAB-

an Mopaa, Bbl'IBCneHHbtii c noMOIIlhJO ljlopMynbl ( 1.3), nMeeT suA: 

2 

~<(a -a.J 2 > 
-2e-ao(R-•o) e 2 a ]. 

( 1.7) 

2. OAHoMepaaSI pemeTKa 6ea npuMeceii 

EyAeM paccMaTpnBaTb nuuei\uyJO uenO'lKY B npu6nnJKeuuu saauMoAeiicT

BBSI 6nHJK8Hll1HX COCeAeii. Hcnom,ay.SI CilOPMYnhl ( l.J )• (1.7) H TO o6cTOSITeJib

CTBO, 'ITO C!IYHKUHSI rpuBa 38BHCHT TO.'U.KO OT p83BBUbl BBAeKCOB (m -D), no

/7,8/. 
nyqneM cneAYJOWYJO cuCTeMY caMocornacosaBRblX ypasuenu li 
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rAe 

"'2 ( (J) c "'2 ( (J) sin 2 ~ 
k L 

r.>~((J) .. 4F((J) 
M 

2 

2 -2 

F((J) = D a2 e -aouo 
0 0 

2 . - ) >c u2 =<(un-un-1 
0 

}; r,;t ( (J) cth 
t 

WJ k ( (J ) 

2 (J 

f O - cpeAHee paCCTORHHe Me~AY 6nH~8HlliHMH COCeARMH. 

(2.1) 

(2.2) 

(2.3) 

(2 .4) 

f 0 onpeAenReTCR H3 paBeHCTBa Hyfl~ nepBOH npOH3BOAHOH CaMOCOrna-

COBB HHOI'O noTe HUH a na (1.3). npH Hyn eBOM BHelliHeM HaTR~eHHH 

nony'laeM : 

t =r + - 3-o 0 2 
-2 

a u 
0 0 (2.5) 

CncTeMa ypaBHeHHH (2.1 )t- (2.4) noasongeT HBMTH CpeAHHil KBBApaT CMe-

l.UeHH51 
- 2 
u 0 K B K <jlyHKUH~ T eMnepaTYP!>I , H T eM C8M b!M HaHTH T eMnepaTyp-

HYIO 38BHCHMOC T b CHflOBOH nOCTORHHOH (2.3), CneKTpa (2.1) H MelKAYBTOM

HOf'O paCCT051HH>I (2.5). 

4>ypbe-o6paa 

g (r.~)c-1_ I 
mn NM t 

• _1_ I 
NM t 

ljlyHKUHH fpHH8 3TOH CHCTeMb i HMeeT npOCTOH BHA /S/ 

nl 0 1m-a) • 

e ---~------
r,;2-r,;2((J) 

k 

cos It f O (II - D ) IU 2 _ , r.> ~ (J ) 

6 

(2.6) 

3. JlHHeiiHaH UenO'IKa C npHMeCHb!M 8TOMOM 3aMelliE 

nycTb B flHHeliHOii uenO'lKe 8TOM, HaXOASUilHHCH B yane D • 

mae TCH ApyrHM aTOMOM c MeHbmel! Maccoll . EyAeM C'lHTaTb, 'IT< 

CTBHe npHMeCH C ApyrHMH aTOMaMH HMeeT BHA noTeHUHana Mop~ 

o6meM cnyqae c ApyrHMH Koa<I><!>HuHeHTaMH D, r, a CpeAHee p1 

AY npHMeCb!O H 6nH~aHlliHM COCeAHHM aTOMOM, KaK H B cnyqae Hll 

llleTKH, nony'lHM B BHAe: 

3 -2 fcr+-
2
-au, 

rAe 
-2 2 . 
U "' < ( U O - U 

1 
) > - cpeAHHH KBaApaT CMellieHHR npHME 

MB OTHOCHTenbHO ero COCeAa. 

CHnoBaR nocTORHHaR Me~AY npHMe CHbiM aToMoM H ero coc 

BTOpOii npOH3BOAHOll CaMOCornaCOBaHHOf'O noTeHUHana (1.7), B3R 

(3.1 ). 

2 -2 
f((J).J)a2e-a u 

CpeAH5151 aMnnHTyAa Kone6aHHA npHMecaoro aTOMa oTnH'lae~ 

HeR aMnflHTYAbi KOne6aHHH OCHOBH biX aTOMOB 3a C'leT pa3flH'lHR I 

CH H OCHOBHb iX aTOMOB, Apyroro paCCT051HH51 Me~AY npHMeCb!O H 

COCeAOM f f. f O , a TBK~e pa3flH'lHbiX K03<1><!>HUHeHTOB 0, r, 8 • < 

AHT K ApyroMY 3Ha'leHH~ CHnosol! nocT051HHoli Me~AY npHh:ecHhi 

H ero 6nH~aHlliHM c 'oceAOM (3.2) , a TaK~e K Apyroli TeMnepaTy 

CHMOCTH 3TOll CHflOBOll nOCT051HHOll . 

3aa'leHHe f ( (J) MO~HO 6blfl0 6bl HaHTH, pemag CHCTeMy yp. 

t- (1 .4), HO 3Ha'IHTenhHO npome HaliTH ee OTHOCHTeflbHOe H3MeHel 

y(O)= 
f((J}-F(O} 

F ( 0 ) 

nng 3TOI'O pa3AeflHM ypaBHeHHe \ 3.:.!) Ha \2.3 I H nony'lHM 

7 



3. JlHHeiiHaH UeiiO'IKa C IIpHMeCHbiM aTOMOM 3aMemeHHH 

nyCTb B nHHeiiHOil UeiiO'IKe aTOM, HaXOJlmilHiiCH B yane D • 0 0 3aMe

maeTCH llPYI'HM aTOMOM C MeHbllleil MaCCOil. EyJleM C'IHTaTb, 'ITO B3aHMO)leii

CTBHe llpHMeCH C llPYI'HMH aTOMaMH HMeeT· BHJl IIOTeHUHana Mopaa \1.7), B 

o6weM cnyqae c APYI'HMH KoaljlljlHUHeHTaMH D, r, a CpeAHee paccTOHHHe Me~-

JlY llpHMe CbiO H 6nH~aillllHM COCeJlHHM aTOMOM, KaK H B cnyqae H)leanbHOit pe-

WeTKH, IIOny'IHM B BHJle: 

3 -z 
r~r+-2-au. (3.1) 

I'Jle cpeJlHHii KBaJlpaT CMemeHHH npHMeCHOI'O aTo-

Ma OTHOCHTenbHO ero COCe)la. 

CHnOBaH IIOCTOHHHBH Me~JlY llpHMe CHbiM aTOMOM H e ro COCe)lOM smnHeTCH 

BTOpOi! llpOH3BOJlHOil CaMOCOrnaCOBaHHOI'O IIOTeHUHana {1.7), B3HTOH B . TO'!Ke 

(3.1 ). 

(3.2) 

CpeJlHHH aMIInHTyAa Kone6aHHil npHMeCHoro aToMa oTnH'IaeTCH OT cpeA

He A a MIInHTYJlbl Kone6aHHI!: OCHOBH b!X aTOMOB 3a C'leT paanH'IHH MaCC IIpHMe

CH H OCHOBHb iX aTOMOB, Jlpyroro paCCTOHHHH Me~JlY llpHMeCbiO H 6nH~aHWHM 

COCe)lOM r-! f O , a TaK~e pa3nH'IHbiX K03<!><1>HUHeHTOB 0, f, 8 • 3TO IIpHBD

JlHT K Jlpyi'OMY 3Ha'leHHIO CHnOBOI!: IIOCTOHHHOii Me~Jly IIpH~~eCHbiM aTOMOM 

H ero 6nH~aillllHM COCe)lOM (3.2), a TaK~e K Jlpyroii TeMIIepaTypHOI!: 3HBH-

CHMOCTH 3TOil CHnOBOil IIOCTOHHHOI!:. 

3Ha'leHHe f ( 0) MO~HO 6binO 6bi HaRTH, pewag CHCTeMy ypaBHeHHI!: \ 1.1 ) 

~(1.4), HO 3Ha'IHTenbHO rrpome HaiiTH ee OTHOCHTenbHOe H3MeHeHHe 

y(O)• 
f(O)-F(O) 

F <e) 

nng 3TOI'O pa3)lenHM ypaBHeHHe (3.:.0 Ha (2.3} H rrony'IHM 

7 
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l+y(O)- _o_< _._)2 
0 o 8 o 

-(a2 ;;-2_ a! ;: 

e 

{3.4) 

B bmacaaHoe aaecb ypasHeaae (3.4) smnReTCR caMocornacosaBBbiM Tpaacuea

aeBTHbiM ypaBBeHHeM OTHOCHTenbHO y ( 0) • JlnR ero peWeBHSI Hy>KHO 3H8Tb 

SIBBY~ 38BHCHMOCTb cpeaaero KB8Lip8T8 OTBOCHTenbBOI'O CMemeBHSI ITpHMeC-

BOI'O 8TOM8 . jj2 , KOTOpblH, B CBOIO O'lepeLib, 38BHCHT OT y( 0) • 

B aan&aelirueM '6yaeM paccMaTpasaTb TOn&Ko cnyqaii, Koraa rroTeauaan 

B38HMOAeliCTBHSI npHMeCH C COCeASIMH T8KOH >Ke 1 KBK ITOTeBUHan B38BMOAeli-

CTBHSI ocTan&BbiX aTOMOB, T.e. De D 0 , a= a 0 , r~ r 0 • Toraa caMocor-

nacosaaaoe ypasaeaae npHBHMaeT BHA: 

l+y(O)~ 
2 [ -2 -21 

-a 0 " It , y l - " 0 e {3.5) 

B aToM cny'!ae aeqK>pMaUHR peweTKH oKono upHMeca, aasacSIWaR oT TeM,_ 

nepaTypbl, 6yaeT OllHC biB8TbCSI ypaBBeHHeM: 

t- t 0 
3 

---- In (1 + y( 0)), 
2 80 (3.6) 

rae y ( 0) -peweaBe ypasaeHIISI \3.5). 

4. CpeaBBii KBaapaT Kone6aauii rrpHMecaoro aTOMa i 2 

Haii.ueM CIJYHT.UB~ fpaaa peweTKH c rrpaMecb~, BblpaJKeHHy~ 'lepea CIJYBK

UB~ fp11aa {2.6) 'IHCToro KpHcTanna. Ypasaeaae anR ljl)'HKUBH fpaaa pemeT

/1,7/ 
KII c npaMec&~ B rrcesaorapMOHB'IeCKOM npa6nB>KeHBH, cornacao (1.1 ), 

MO>KHO 38DHC8'1'b B M8TpB'IHOM BH.Ue: 

L • G • 1 ( 4.1) 

Jlng KpHCTanna 003 npHMeCH HMeeM 

8 

L o. g 1 ' 

rae 

Lo 
nm M cu

2
Bnm F nm 

gmn -<jly~KUBSI fpHH8 {2.6). 

3neMeHTbi MaTpHUbi L aanHweM B BHt:te : 

L =L
0 

-BL nm a.m nm 

rae 

8LDmmtMr.~ 2 8 
DDl 

8 -(F -f 
nO nm nm 

fc 1-~ -ae!jleKT M8CCbl. 
M 

npearronaraSI, 'ITO BBet:teHHe npHMeCH MeHSieT CHllOBble ITO 

KO 6nH>K8liWHX coceaeli, M8TpHUY B03MyiUeHHSI MO>KHO 38ITHC8Tb 

>.
0
+2yF, - ·y F' _ ,y F' 0. 

-y F' y F ' 0. 0. 

BLc -r F. o. y F' 0. 

0. 0, 0, 0, 

J 
rue 

2 >. 0 e M "' t • Y'IHTbiBaSI (4.1 ), (4.2) H (4.4), aax· 

fpHH8 KpHCTanna C _npHMeCbJO: 

_ , _ -1 

G c (1- g·B L ) ·g 

9 



(4.2) 

rile 

Mc,/8 -F nm nm (4.3} 

g mn -ljly!!KUHll fpaHa (2.6). 

3neMeHTbi MaTpHUbi L aanaweM a BHJle : 

(4.4) 

rJle 

8L
11

m af M c.l
2 8 8 -(F -f 

nm nO nm nm 

f e 1-+ -JleljleKT MaCChi . 

npeJliiOnarall, 'ITO BBeJleHHe IIpHMeCH MeHl!eT CHnOBbie IIOCTOl!HHble TOIIb-

KO 6nH>KaliWHX COCeAeli, MaTpHUY B03MyilleHHll MO>KHO 3aiiHCaTb B BHJle : 

- y F • 

-y F • y F • 0, 0, 

8L., -y F, 0, y F, 0, 

(4.5) 
0, 0, 0, 0, 

J 
• Y'IHTbiBall (4.1 ), (4.2) a (4.4), HaXOJlHM ljlyHKUHJO 

fpaHa KpacTanna c _rrpaMeCbJO: 

- - _ , - -1-
G ., {1- g·8 L ) ·g (4.6) 

9 



B ~8nbHeilmeM HaC 6y~yT HHTepeCOB8Tb TOnbKO ~HKUBH fpHHa, COOTBeT

C TBYIOillHe napaM yanOB ( 00), ( 01), ( 11) • 003TOMY MOlKHO paCCM8TpHB8Tb pe

meHHe (4,6 ) TOnbKO ~n!l M8TpHil TpeTbero paHra, OUHChiBaiOillHX npHMeCHblil 

aTOM H npanera10mHe K HeMy aTOMhl, 

Bae~eM YHHTapayiO MaTpany 

0 

0 1_ 
T = I ..;2 

0 ... L 
..;2 

/11/ 
H npOH3Be~eM npeo6pa30B8HH~ 

0 

- ~ 
..;2 

......L 
.ff 

T,_. G·T ~ [ TT· (1- g·BL )-1-T]. T ~ g-T 

Tor~a 

G o o v2GOI 0 

0 T-
T ·G·T~ v2GOI' Gu+ G11 

0 0 

(4.7) 

(4.8) 

(4.9) 

T -- ·a 
T • ( 1 - g·B)... ) • T , KOTOpyiO o603HB'IHM 'Iepea M ( w ) , MaTpHua, 

npHHHMSeT KB83H~H8rOH8flbHb!H BHll : 

1-[.A.o goo +·2 y F( goo-~~), v2yF( goo-gol)' 0 

( 4.10) 
M(r.~2) 

-vV..ogt o-v'fyF <2gto-c ,,-l\1> • 1 +yF( 2 &to -g~~-g, 1> • 0 

0 o • 1-yF<c 11-t~r' 

10 

Y cnoaae o6pameHHR a aynh ~eTepMHHBHTa a Toll MBTPHilbl onpe~e 

<!JYHKilHH fpHH8 (4,6) H, cne~OBSTenbHO, 'l8CTOTbl CUeKTp8 KOne61 

KH, Y 'IHTb!BaR caoilcTaa ~eTepMHHaHTa, HMeeM: 

'(M•( 101
2 ), 

detM(w2)c det 

0. 

O \ detM
8 

(r.~ 2 ) 
MP(G>J 

det MP ( w 2 ) = 0 , 

r~e 

det M (w2)= 1 + y- Mw 2[ g (<+y)+yl <-1) g ] 
• 0 0 0 I 

det M (w 2) = 1- y F ( g - g -) . 
p u 11 

0pH nony'leHHH (4.12) HCUonb30B8HO CBOHCTBO <!JYHKUHH fpHH8 OQ 

/12/ 
UO'IKH ' 

1 2 
g -g = - (Mw g -1) 

o o 10 2 F o o 

M 2 2 glO-gll-gllcF 101 gO I 

2 g 10 g 0 I - g 00 ( g 11 + g ll ) + gOI. 

KaK BH~HO, 6naro~apR npeo6p830BBHHIO (4.8) y~anocb B blll 

Tana Kone6aHaii: Kone6aHHe Taua s , ~nR KOToporo cymecTaew 

MBCCbl - 3TO flOK8nH3HpOBBHHoe B npocTpBHCTBe Kone6aHHe, B K 

H b!M o6paaoM, yqacTayeT npHMecHhiH aTOM. Kone6aHHe T una p 

Hoe H3MeHeHHeM CHflOBhiX UOCTORHHblX MelKJzy npHMecbiO H COCellJ 

llpHMeCb B KOne6aHHRX P -Taua He yqac"<·ayeT. 

11 



Ycnoaae o6pameaaH a Hyllh neTepMaaaaTa 3Toli MaTpuUbi onpenenHeT noniOCa 

cpyaKuuu fpuaa ( 4.6) a, cnenoaaTellbuo, 'laCTOTbi cneKTpa Kone6auuli peweT-

Ku. Y'IUTbiBaSI csolicTaa neTepMuaaaTa, uMeeM: 

( 4.11) 

rne 

det M (Ctl 2)= 1 + y- MCtl 2 [ g (<+y)+yf •-1) g ] 
8 0 0 0 I 

det II (Ctl
2

) s 1 - y F ( g - g -) • 
p U II 

(4.12) 

npu IIOliY'IeHHU ( 4.12) HCII01lb30B8HO CBOHCTBO cjlyHKllUH fpuua OJliiOMepHOH U~ 

IIO'IKH 
1121 

• 

g g = _1_ ( M ,.. 2 goo - 1 ) 
o o- 10 2 F -

g 0 I ( 4.13) 

2 g 10 g 01 - g 00 ( g 11 + g 1l) + g01 . 

KaK aanao, 6naronapSI npeo6paaoaaBHJO (4.8) ynanoch BhinenaTh naa 

Tuna Kone6aaali: Kone6aHHe Tana s , unH KOToporo cymecTBeHHo H3Meaeaae 

MaCChi - 3TO IIOK8nH3HpOB8BBQe B rrpoCTpaHCTBe K01Ie6aHHe, B KOTOpOM, rnas-

HbiM o6paaoM, }"'BCTByeT npaMecablli aTOM. Kone6aHHe Tuna p , o6ycnoanea-

Hoe U3MeHeHHeM CHIIOBblX IIOCTOSIHHbiX MelKJlY npuMecbJO H COCe!lHUM 8TOMOM. 

llpHMeCb B KOne6aHHHX 

11 



Ha (4.8), (4.10) nocne Bbl'IHCneHHSJ o6paTHoil MaTpHUbl 

nony'IHM HHTepeCYJOillHe H8C ljlyHKUHH fpHH8: 

M-1 ( w2) 

goo+Y g01 

det M • 

TTGT- .i2(g +y gOl 
V OJ 

det M • 

0. 

v2<gol+ygol> 

det M • 

M w
2 

r 
g II + g ll + ( --F-+ 2Y) go 1 

det M • 

0 • 

0 

0 

gll- ~~ 

det M 
p 

(4.14) 

nnSJ Bbi'IHCneHHSI cpe.UHero KB8llp8T8 OTHOCHTellbHOrO CMemeHHSI llpHMeC-

Horo aToMa BbipaaHM Im ( G00+ G
11

- 2 G 
01 

qepea aneMeHTbi MaTpHilbi 

( 4.14), HCII01Ib3YSJ ( 4.9) H TO)((,UeCTBO: 

Im ( G oo + G 11 - 2 G 01 ) = 

- lm[ Goo+--}( Gll +G1l)++(Gll -Gar)-2GOI ]. (4.15) 

MHHMble '18CTH aneMeHTOB M8TpHilbl ( 4.14), KOTOpble paBHbl MHHMbiM '18CTHM 

<jJyHKUHH fpHH8 (4 .9), H8XO,UHM, paCKn8,UbiB851 'IHCnHTenh H 3H8MeH8Tellb K8)((

,UOrO aneMeHTa, T.e. !jlyHKUHH fpHH8 (2.6) H8 ,UeHCTBHTenheyiO H MHHMYIO 

'18CTH. flOny'leHHOe T8KHM o6pa30M HBHOe Bblp8)((eHHe (4.15) IIO,UCTaBnSieM 

B CIIeKTpallbHOe COOTHOilleHHe ( 1.4) • 

nng cpe.UHero KB8,Up8T8 OTHOCHTellbHOrO CMellleHHSI IIOny'laeM: 

12 

-2 
D K 

r.ue 

s ( 2 ) 
wk pk 

2NF I w cth ~I 
k k 2 e --------------------+ 

V2(w2)+ V2 (w2) 
I k 2 k 

2 2) 2 W 
1 

(cut + W 
2 

( w 

c.> lot 
2 ) 

R ( W lok 
+ ---- cth 

2 w1ok 20 dV 
, . --- ( w2 = 

dw 2 

2 
w 

lot 
> I 

2 1 m w! M+ 1 
s ( fLI ) K - [ 1 - ( - cos k f ( 1 + 2 y + ( ) l + y - [ 1 - -2- ---

k 2 o M w M 
L 

(1+r>+rM rrpH 0<w
2 ::_w~ 

2 w 2 

2 
WL 

{ 

- m 

V (w
2

) = 2 2 

I 2 2 CU w 
w

2 
m[J (L) ---'v--(l+y)-(r+y)..j 2 2 +yM w2- w2 w2L w2-w~ 

CU -wL L 

rrpH 2 > 2 
W W L 

w2 
V 2 (w 2)"' slir11 w (' + y) V __ 2 __ _ 

(L) - cu 
L 

2 
m 

-rM 1T slir11 "' . (L) k 2 2 
1(1---

2
-)wto(w ---

N k "'L 

2 2 
0 < W : W L npH 

2 1 2 
R(w )=--(w 

lok F lok 
"'L 

2 

"' + _L_ }( 

2 

2 
( r- 1)"' Lok 

+ 
2Fvw

2 
(w 2 -w 2 

Lot Lok I. 

2 
V w lot 

npH 

13 

-w 

w lok 

( w2 -w2 
lok L 

"'
2
Lot > "'~ 

- 1 ) 



s ( 2) pk ~ 1 ~ ~k 
a • -- I ru cth -L I --------+ 

2N F k k 2 0 
---------1 + 

+ --- cth 
2 "'lok 

"'lok 

20 

2( 2) W2( 2) W 1 ~k + 2 ru k 

2 
R ("' lok 

2 c"' lok 

2 1 m ~! M+m 
s ( ru ) - - [ 1 - f - cos H (1 + 2 y + d l + y - [ 1 - -- --- l 

t 2 o M "'2 M 

w2 
V 2 (ru 

2 
) = s!V)! ru ( £ + y ) V ----

2 

N 

"' -"' L 

rrpH 

rrpH 0 < w 
2 

::. w ~ 

(£-1)w 2 

+---~· ======L=o=k===== 

13 

rrpH 

2 
- w 

k 

L 

- 1 ) + 

( 4.16) 

(4.17) 



p k ~ -
1- ( 1 + cos k f ) 2 0 

W(c:u2 l~1+y(1-
l 

2 
2wk 

2 
CUL 

npH 0 < 2 
w 

2 
< W L 

2 si~ w j. 2 2 
W 2 ( CU 

2 
) ~ 2 )'W WL - W 

WL 

npH 
2 

0 < w < w 
L • 

(4.19) 

OepBbiH '!lleH ( 4.16) OllHCbiB8eT BK118A KOlle6aHHH THll8 S , BTOpOH - THll8 

p , a nocneAHHH '!lleH Y'IHTbiB8eT liOKBJibHOe KOlle6aHHe THna S , KOTD-

poe B03HHK8 e T npH '18C T OT8X B blllie M8KCHM81IbHOH '18CTOTbl w L 

B br'IHClleHHe cyMM bi no k B \4.1 6) AOCT8TO'IHO CliO}I(HO, T BK 'ITO 

npHMeM HeKOTOpOe npH61IH}I(eHHe. npeAITOliO}I(HM , 'ITO M8CC8 paCCM8TpHD8eMOH 

npHMeCH HaMHoro MeHbwe MaCCbr OCHOBHbiX a TOMOB m << M H OT6pOCHM '!lle-

m 
Hbl nopAAKa y M . TaKHM o6paaoM, a To npH61IH}I(eHHe siBnS!eTCSI ynoB-

neTBOpliTeJibHbiM B 06118CTH O'!eHb nel'KOH npHMeCH H ABeT npaBHJibHblH p e-

3yJibTaT npH m .. M , nocKOllhKY B aToM c ny'lae y .. 0 • 3aMe THM, 'ITO 

ljlyHKUHH (4.19) Bbi'IH CliSIJOTC SI TO'IHO. 

lfaCTOT8 1IOK81lbHOI'O KOne6aHHSI, onpeAeliS!eMaSI H3 ypaBHeHHH V
1

(w2 )=0, 

B npHHSITOM npH61IH}I(eHHH paBH8 

(&)lot 

npH ycnoBHH , 'ITO I y I < c 

WL 

v 1 - ( ..!..:!:...l.._ )
2 

1 + y 
\ 4.20) 

EcnH OTHOCHTellhHoe H3MeneHHe canOBbiX 

llOCTOHHHblX npeBbiWBeT Ae<IJCKT M8CCbl0 TO liOKBJibHBSI 'IBCTOTB BXOAHT B He-

npepbiBHbiii cneKTp. 

14 

noACT8BliSIH (4.17), (4.19) H 3H8'1eHHe 1IOK8JibHOii '18CT0Tbl (4_: 

( 4.1 6 ), Bbi'IHCliHM cpeAHH ii KBBApaT CMeWeHHSI JlliSI ABYX npeAeJibHbiX 

eB 0 >> WL HliH 0 _. 0 • B cny'lae BbiCOKHX TeMnepacyp, Korna " 

H ctb X '" _1_ , pa3RHU8 KB81lp8TOB OTHOCHTe JibHblX CMeWeRHH npHMec 
X 

H 8TOM8 'IHCTOH peWeTKH pasHa: 

rne 

L
1
(r,yl= 

-2 -2 
11-11 

0 
-~[L 1 (r,yl+s 1 (c,y)+p 1 (yl-1l. 

F 

(l-rHr+yll3(1+y)
2 

-(r+ y) 2 - (l+y)[(l+y)
2 

- (r+y)
2

JI 

0 

s
1
(r,y) 

( i+ y ) [ ( 1 + y )" - { f + y) 2] I 

npH y <- r 

(l+·r)( 1-2r)+y(l-5r)-2y2 

2(1+r+2y)
2 

1 
pl (y)c 2(1+y ) 

np 

8 Clly'!ae HH3KHX TeMnepaT)'p, KOI'll8 CU L>> 6 H ct!l X • 1 , BMeeM: 

rne 

-2 
11 

-2 
-11 

0 

CU L (0) 
---[L

0
(c,y)+s

0
(r,y)+P (y) - 11. 

rrF(O) 
0 

Lo(r,y).. [(l+y)2 - (Hy)t)i'J2 1
2 ( 1-r)Cr+y) 3(1+y)2-{E+y)2-(l+yH(i+y)2-(Hy)2) 

0 npH y<- c 
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no.QCT8B1ISISI (4.17), (4.19) H 3Ha'leHHe noKallhHOii '18CT0Tbl \4.20) B 

(4.16), B bi'IHCnHM Cpe.QHH it K Ba.ttpaT CMemeHHSI .QnSI .QBYX npe.QellbHbiX Cny'la-

eB fJ >> (o)L uno 8 -+ 0 • B Cny'lae B b iCOKHX TeMnepacyp, KOr.Qa c.JL << 8 

H cth I '" _1_ , pa3HHU8 KB8.Qp8TOB OTHOCHTellbHbiX CMemeHHii npH M eCHOrO STOMa 
lt 

H aTOMS 'IHCTOH pemeTKH pasaa: 

r .tte 

. 2 2 2 
(l+y)[( l+y ) - { E+y) ] 

0 npn y < - f 

(t+·, )( 1-2t ) +y ( l - St) -2y 2 

2(l + E+2 y)
2 

( 4.21) 

rrpu r;::-~ 

( 4.22) 

B cnyqae HH3KHX TeMnepaT yp , KOr.tta ..., L>> fJ H ct!l I .. 1 , HMeeM: 

-2 
-U 

0 ( 4.23) 

r.tte 

1 
3(1+y)2- {t+y)2 -(l+y)[(l+ y) 2- ( E+ y)2J 

- <t-•H•+y) : 2 5/
2 

{( l +y) - <~+y) l 
Lo(,,y)= 

0 rrpu y <- f 

npu y ~ - t 
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s (r,y)~ _ _ 
0 

[1+2y<l-d] 

1 3' ( 2 + 7 y + 9l + 3 ( + 4 ( 2 + 11 y ( ) -

(,+y)[(i+y)+( 1-rHr+2y+2y 2 
)] IT y+, 

----======--- [ -2-- arctg -=====
y 1+2y (1 - d 

l I 
v'1+2y(1-d 

(4 , 24) 

-
p ( y) a _1_ [ 1- _1_ --.G..r_ Ia ( 

0 4 y 2 y=y 
1 + v' -y )] 

1 -v'-y 
npn y< 0. 

npu IIOny'leHHH ( 4 , 2 )) H (4,2 3 ) HCII01Ib30B8HO npu6nHJKeHHe 

-z "' (8) 

-2 (J 
D a--

0 F 
crrpaBeAnnsoe npu (}<<c.> L u rrpu6nulKeHne u 

9 
a -~--

IT F ( 8) 
cnpaBeAnH-

BOe npu 0 << w L • 

flerKO IIOK838Tb , '!TO B BbiCOKOTeMrrepaTypHOM H HH3KOTeMnepaTypHOM 

npeAenax nonyqaeM npaBHnbHYIO anpoKCHMBilHIO u2 -; 2 .. 0 npu m .. M 
0 

H y-+ 0 • B aTOM cnyqae BKnaA noKallbHOro Kone6aHHSI L 
0 

(r ~ 0, y ~ 0) a 0 

H L1(t~O.y=0)=0 • BKnaA Kone6auuii THrra s u p paann'!Hbiii : 

1 s 1 ( •= 0, y= 0) = -2- p 1 (y =0)-=+, s 0 (rs0,y=O)s+,p
0
(y=0)et· 

<iJyHKilHH L
1
(r,y ) L

0
(r,y) SIBnSIIOTCSI Herrpepb!BHbiMH !jJyHKilHSIMH B 

TO'!Ke y = _,, , HO HX IIpOH3BOAHbie T e piiSIT B 

TH M ewe, '!TO <jlyHK_IlHH S ( f, y) -+ oo npH 

1 
S (r,y=-t)= --

1 2 

3 TOii TO'!~e CKB'lOK, 

1 + ( 
y-+ -(---)+ H 

2 

3aMe-

VIa <jlopMyn ( 4,21) H (4,:.!3) OTHO!UeHHe BMIInH TYA KOne6aHHii nony'!HM 

B BHAe : 

;z 
y' -_-

2
- = y' L ( ,, y) + s ( t, y) + p ( y) 

u 
0 (4.25) 

0THOCHTeiibHOe paCCTOSIHHe MelKAY IIpHMeCHbiM BTOMOM H 6nHlK8iilUHM COCe

AOM, cor naCHO (2,5) H (3,6), B blp8lK8eTCSI <IJOpMynoli 

16 

1-
fo 

~la(i+y ) 
2 

3 -2 
r o8o + -2- uo 

5, -PeweHBe CaMOCOrnaCOBBHHOPO ypaBHeHHSI 

A. Cnyqali Bb!COK8X TeMneparyp ( "' L << 8 ) -
C<lt 

Y'l8ThiBaSI nepBbiil 'lneH paanoJKeHUSI ctb ~ = .J.L 
"'t 

B B I 

(2,4) H HCII01Ib3YSI (:.!,3), rrony•taeM CBMOCOrnaCOBBHHoe ypaBHeHHe ll 
_ ;s;9; 

TOH OAHOMepHOil neiiO'IKH • 

rAe 

Do 

(J 

y a a2 u2 
8 o 

Yo - /8 

82 (J 
0 

F( 8) 

flerKO BHAeTb, '!TO 3TO ypaBHeH8e HMeeT pe weHHSI IIpH 8< 0 e = 

- 2 

Do 

e 

KpHTH'lecKOil TeMnepaTypbl 0 e 

CTBHOB8TCSI HeyCToii'I8BOH, 

DO SIBnSieTC Sl KOMIIneKCHbiM, 11 pen 

napaMeTp y , OIIHChiB810lU8H H3MeHeHHe C8nOBblX IIOCTOS!Hil 

uoro 8TOM8 , SIBnSieTCSI pemeHBeM ypaBHeHHSI 

F ( 8) 

8 a 2 

0 

Ia Ci +y)= L
1 

(r, y)+ s 
1
(t. y)+ P

1 
( y)- i, 

KOTOpoe cneAye-T 83 (3,5) 8 (4,21 ), 

Ha pac.l npeAcTasneao peweHHe ypasueH8SI (5.3) B aaB8CHMOC 

TeMIIepaTyphl 1Tp8 HecK01IbK8X 3H8'leHUSIX Ae<!JeKT8 MBCCbl, npu 3 TOM 

17 



3 -

2
1a(1+y) 

1--------
r a 

0 0 

3 -2 
+ -2- Do 

5. -PeweHBe C8MOCOI'naCOB8HHOI'O ypaaHeHHSI 

A. Cny'lai< BbiCoKux TeMneoaTYo ( w L << 0 ) . 
"'k 

Y'IHTbiBaSJ nepabiH '!neu paaJimKeauSJ cth 20 

(4.26) 

B BblpalKeHHH 

(2.4) u ucnonh3YSJ \:.:!.3), nony••aeM caMocornacoaauuoe ypaaueuue JtnSJ 'IHC-

TOH onaoMepuoA neno'IKH 
/8;9; 

(5.1) 

F ( O) (5.2) 

nei'KO BHneTb, 'ITO 3TO ypaaueuue HMeeT peweHHSI npu 0< 0 e = • BbiWe 
e 

KpHTH'IecKOH TeMnepaTypbl 0 e 

CT8HOBHTCH ueyCTOH'IHBOH. 

-2 
U O SJBnHeTC!I KOMnneKCHbiM, H peweTK8 

napaMeTp y , OUHCbiB8JOUlHH H3MeHeHHe CHnOBbiX nOCTOSIHHbiX npHMeC-

HOI'O 8TOM8, SJBnHeTCH peweJnteM ypaBHeHBSJ 

F ( 0) 

0 a 2 

0 

KOTopoe cnenyeT ua (3.5) u (4.21 ). 

(5.3) 

Ha puc.l npencTaaneao peweuue ypaaaeHHSJ (5.3) a aaBHCHMOCTR OT 

TeMDepaTypbi npR HecKORbKHX 3H8'1eHUSIX ne~KT8 M8CCblo npu 3TOM y'!TeHO, 
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.... 
r 

qTo CHIIOBBQ IIOCTOQHH8Q OCHOBHOH peweTKH F(O ) MeHQeTC Q C TeMnepaTy

pOH corrracuo (2.3). 

1,0,-x. 

e 

0.'1 q6 1,0 
I --- :su·:== I ~c 0 1 I I I I I I 

Q8 0 ~ 

X 
2 y 6 • fO 20 lfO 60 IJiOO 

Puc . I, P eweuue caMocorrracosaHHhiX ypasueuuA (5 . 3 ) H ( 5 ,8) . l1aMeueuue 

CHIIOBOH IIOCTOQHHOH npH MeCHOPO S TOMa y B 38BHCH MOCTH OT T eM-

ITV~ 
rrepaTyphi () \npu "'L « () } H napaMeTpa A= . 

2 
a (rrpu cuL»(J). 

()e - KpHTH4eCK8Q T eMnepa Typa HeyCTOH4HBOCTH OCHOBHOH peweTKH , 

3awTpi!XOB8HHbie o6II8CTH - 06IIaCTH ueyCTOH4HBOCTH . JJpH CUL << () 
( BepXHHH pHCYHOK} HeyC TOH4HBOCTb HBCTynaeT B npuMeCHOM y ::me, IIpH 

CU L>> () ( HH)KHHH pHCYHOK) peWeTK8 B UeiiOM HeyCTOH4HB8 B 38WT pH

XOB8HHOH 06II8CTH . 18 

B uauo, 4 T O H3Meueuue cunoBhiX rrocT oRHHhiX pacT e T c pO< 

paT ypbl , llrrg 04eHb IIePKOH IIpHMeCH ( f > f ) peweTKB CT8HC 
Kp 

TOH4HBOit B npHMeCHOM yarre npH TeMnepaType () , Kp' HH3WeH , 

K8R TeMnepaTypa OCHOBHOH peweTKH , npu KpHTHqeCKOH TeMnepl 

H3MeHeHHe CHIIOBOH IIOCTOQHHOH paBHO a e(jJeKTy MaCChi y c - f 

() uaxonHTCQ ua ypaaueuug 
Kp 

a: () t p _ _ _ 2_ (1 _ •) In (1 - d _ ... _.____ _ 3 

F ( (Jtp) 

npu KpltTH 4 eCKOM 3H84 eHHH neq>eKT8 M8CCbl 

a T o y c rroaue , rrerKo ualiTH , q T o = o,n. n pu 
KP 

() = () e 
KP 

• < r pe 
Kp 

MeCbiD y cTOH 4 HB8 BIIIIOTb }:10 KpHTH 4 eCKOH T eMrrepa T y p bl OCHOBl 

() e • 

JiOK8IIbH8Q 48CT OT8 (puC .~ } yMeHbWSeT CQ C pOCT OM TeM: 

Pa<;CTOQHH e Me)Kny npuMeCHbiM H 6rru)KaftwuM K u eMy aTOMOM 

c T aarreuo ua puc, 3 . Hy)KHO OTMeTHTb , 4TO KOHUhi paccMaTpnaa 

KH He 38KpenrreHbi , II03TOMY He B03HHKaeT J:lOIIOIIHHTeiibHbiX CH 

ByiDWitX pacwupeHHID peweTKH , 

A M nrruTyna Korre6auuli npuMecnoro a ToMa v' ii 2 B 1,5 .. : 

8MIIIIHTYJ:lbl i<:OIIe6aUHH OCHOBH biX 8 T OMOB y·if: H COCT 8BIIfi' 

M6)KJ:IY8 T OMHOPO paCCT ORHIHI f O 

E. Crryqafl nH3KHX TeMrr e paTyp ( cu L » 6 ) 

C u c T eMa ypaaneHH H (2 .1 )-( 2 ,4} B aToM crryqae HMeeT 1 

2 2 Y). 
). y). · · • 

rne 

, ..; MD
0 

). .. 
2 • c 
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Bunno, 'ITO H3MeHeHHe cunoBbtX nocTOSIHHbtX pacTeT c pOCTOM TeMne-

paTypbt. llnll O'teHb nerKOH npHMeCH ( f > f ) pemeTK8 CT8HOBHTCSI Heyc-
Kp 

TOH'tHBOA B npHMeCHOM yane rtpH TeMnepaType 0• , HH3IlleH, 'teM KpHTH'teC· 
KP 

KBSI TeMnepaTypa OCHOBHOH pemeTKH • npu KpHTH'teCKOH TeMnepaType 0 
Kp 

H3MeHeHHe CHflOBOH rtOCTOSIHHOH paBHO ne¢eKTY MaCChi • 3uaqenue 

0 H8XOAHTCSI H3 ypaBHeHHSI 
KP 

2 
- - (1 - t) In (1 - t) 

3 (5.4) 

M8CCbl 0 ~ 0 • 11cnonb3Yll KP c 

3TO ycnOBHe, nerKO H8ATH, 'ITO f = 0,7:.!. npu 
KP 

Kp pemeTKa c npH-f < f 

MeCbiO yCTOH'tHB8 BrtflOTb AO KpHTH'teCKOH TeMnepaTypbt OCHOBIIOH pemeTKH 

0 e • 

JIOK8flbH8SI 't8CTOTa (pHC.:.!} yMeHblll8e TCSI C pOCTOM TeMnepaTypbt • 

PaccTO!IHHe Me lKny npH M eCHLIM H 6nHlK8HiliHM K a e My aTOMOM \4.26) npen

CTasneao aa pnc.3. HylKHO OTMeTHTb , 'ITO KOHUhi paccMaTpHsaeMoii pemeT-

KH ne 3 8 Kpe nne Hbi , rt03 TOMY He B03HI!KaeT AOfiOflHI!TenbHb!X CHn, rtpell!ITCT-

sy iOiliiiX pacmHpeHHIO pemeTKH. 

A M nnHTyna Kone6aHHH np!!Me caoro a ToMa y u 2 
s 1 ,5 .. 3 paaa 6onbme 

aMUfliiTYAbl i{One6aHHH OCHOBIIblX 8TOMOB 

Me~<AYBTOMHOrO paCCTOSIHIIS! f O 

I 
II COCTBBn!leT ""jQ t- 3 

E. Cnyqall HH3KHX TeMnepaTyp ( cu L » . 6 ) 

/8,9/ 
C11cTeMa ypasneauil (2.1)-\2.4) s 3TOM cnyqae HMeeT ann 

(5.5) 

As----- (5.6) 
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w~ 
.Z.01 Wa. 
~5 \ 

~~ \~ 

~~ ~ ~ ~ 

to I • • 0 (1,2 Q'f q6 ql 1.,0 

~ 'l 10 to 60 IOtGO 

P11c.2 . 3aaHCHMOCTb noKa/lbll.OH 'laCTOTbl OT TeMnepaTypbl 8 {npu w <<. 8) 
"~D M L 

11 napaMeTpa .\.a 0 
{npu cu >> 0 J 8 ..xpHTH'IeCKaSJ TeMnepa-

2ao L -. e 

Typa neycTOH'IHBOCTR ocnoaaoil peweTKH. Ha OCH opmtaaT orMe'I•:!H bl 

nonolKeHHSI UOK8UbHblX '18CTOT H30TOUH'IeCKOH npHMeCI!. 

~ll 

I 

I 

.. 
II 

Puc.3. 

. 
L 

I -r: 
t6~ 

r.·a.= 5 
1.5i I ~:_~o. r.s 

t.:J 

~ 

i).· 

1.1 

f.i 
0 4Z 0.'1 q6 

r.·O.o= 5 

)\ 

2 'f ' a to 

PaccTomme Me)l(llY HpHMeCbJO H cocenuu M aTOMOM a aaaucnMoCTH 

"~[)M 
or Te~meparyphl 0 (np u 6J L« 0 I H napaMe Tpa .\. = __!__0. 

2 a
0 

npn w L >> 0 I. 0 e- Kp11Tl1'IeCK8H TeMnepaTypa HeyCTOif'IIIBOCTII 
CCHOBJ!Oii pellleTKll . 
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y = 
A 

2 
a 

0 
ii2 

0 

a 
2 w L (II) 

" F ( 0) ( 5 ,7) 

EcnH rrapaMeTp bi peweTKH TaKOBbi, 'ITO A < A;,•· e 
2 

, ypaaaeaHe (5,5) 

He HMeeT lleHCTBHTeilbHbiX pewe HHJl , H UellO'IK8 HeyCTOH'IHB8 ll8:>t<e llpH TeM-

rrepa Ty pe o~o°K. 

n o aelleHHe rrpHMecH rrpa HH3KOJl TeMrrepaType, cornacao (3,5) H \4,23), 

orrpellenSieTCSI y pasaeHHeM: 

In (1 + y) = L ( t, y) + s ( <, y) + p ( y) -1, 
y 0 0 0 

A (5 .8 ) 

rlle y A -pewe aae ypasaeHHSI (5,5 ) rrpH <!JHKCHpoBaHHOM A • PeweHHe y 

s Tor o y p asaeang KaK <jlyHKUHSI rrapa Me Tpa A rrpellCT8Bile HO Ha pHC,1 , npH-

MeCb B STOM c nyqae ocTaeTcg y cTOH'IHBOii, 

I I pH y BeilH'IeHRR A ilOKailbH8SI '18CTOT8 \p RC,2 ) CTpeMHTC SI K CBoeMy 

rrpellellbHOMy aaa'le HHIO - n oKa llbao ii 'laCTOTe H30TOI1H'IecKoii rrpRMecn , Pac

CTOSIHHe Me:>KllY 11pHMeCb iO H 6iiH)I(8HWHM COCellOM ( pHc,3) yMeHbwaeTCSI C 

0 ---yaeilH'IeHHeM A • B 0 K aMIIn Hrylla KOne6a nHil rrpHMecaoro aToMa v iJ2 

B 2 - 4 paaa 60IIbWe aMililHTYllbi KOile6a nHii aTOMOB OC HOBJIOH pew e TKH 
1 1 

H CT8HOBHTC SI lQ f- 3 Me:>KllyaTOMHOrO paCCTOSIHHSI f O • 

..; ii2 
0 

6 , 0 6c y)l(lleHHe 

B rrceal{orapMORH'!ecKOM rrpa6iiH)I(eHRH rron yqeua cuiibnag rrepeaopMHpos

Ka (yMeHbllleHRe} CUilOBbiX llOCTOSIHHb!X rrpHMeCHOr O aTOMa rrpH HyneBOM BRew~ 

HeM HaTsr)l(eHitK , B <>Toii rrepeaopMupoaKe y'IHTLIBaeTCSI H TOT <IJBK T, 'ITO pac-

CTOSIHUe Me:>KllY llpHMeCb iO H ero COCellOM MeHSieTCSI, B cnel{CTBHe nepeaop-

MHpOBKH CHilOBbiX llOCTOSIHBbiX MeHSieTCSI H 3HeprHSI ilOKHIIbHOr O KOile6allHSI, 

Y'leT rrponeccos pacrralla $oaoaos rrpHBelleT K llOilOiiHHTeiibHoii rrepeaopMHpoa-

Ke ilOKHIIbROH 'IHCTOTbl II 3aTyXaHHIO KOile6aHHii , 'ITO HeCKOilbHO II3MeHHT 3H8-

'leHHe rronyqeHHLIX rrapaMeTpoa. 
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noK838HO, 'ITO O'leHb nerKaSI 11pHMeCb rrpu f > f Kp CTHHOBH TC H Heyc-

TOii'IHI\Oil , B llpyrux cny'la SIX HeycToii'IHBOCTb OCHOBHOii pe llleTKH HacTy rrc.eT 

p a HblliE. , A MilliHTylla KOile6a HHil npH MeCHOrO HTO Ma OCTaeTCSI BCer l{a 3 Ha'IH-

TeilbHO MeHbWe llOCTOSIHHOii pewe TKII, 

06o6rueHHe 3TOrO MeTOllH HH cnyqafi llpHMeCH C 11pOH3BOITbHbiM 38Tpa

BO'IHLIM llOTeHUHHilOM He npellCT8BilSieT Tpylla , LloCTaTO'IHO UCI10ilb30BaTb BM eC

TO ypaBHeHHSI \3.5} ypaBHeHue \3.4). 

B a aKniV'IeHHe MHe xoTenocb 6 LI no6narolla pHTb .U.H.3y 6apeoa, H . n .nna

KHllY H B.E.npHe3)1(eoa aa rrnollOTaopHbie o6cy)l(lleHHSI, 
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