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I. BBe~eHHe 

SneKTpOHHUS YPOBHH pe~K088MeRhHUX 8R8M8HTOB B KpHCTBRRHqecKOM 

none o6na~a~T, KaK noKaauBSDT onTHqecKHe cneKTpu H cneKTpu Heynpy

ro P8CC6HHHUX He«Tp0HOB 1 38M8THUMH WHpHH8MH 1 KOTOpue npH KOMHBTHUX 

TBNnepaTypax uoryT ~OCTHr8Th HSCKORhKHX MHRRH-SRBKTpOHBORhT [!,2] 
B cnyqae cna6oro B88HMo~a«cTBHH pe~KoaewenhHux HOHOB ~pyr c 

~pyrou H uanoro qHcna ~e~eKTOB KpHcTannHqecKo~ peweTKH Ha6n~~aeuue 

WHPHHU HBRHDTCH uepo« BPBMBHH •HBHH COOTBBTCTBYD~HX 3R6KTPOHHhlX 

YPOBHeM, KOTOpoe onpeABnHSTCH 60nhWHM qHCROM MBXBHH3MOB B38HMO~e«

CTBHH pe~K088M8RhHOrO HOH8 C era OKpyMBHHBM (uarHHTHOe B38HMO~eM

CTBH8 COCe~e~f3J, 00MSHH08 B38HMO~BICTBHe, B38HM0~8~CTBH8 C KORe-

08HHHMH pemeTKHf
4

JH T.n.). EcnH pe~K088M6RhHU6 HOHU HBXO~HTCH HB 

~HaHqeCKH 3KBHBaReHTHHX uecrax,TO WHpHHB PBCCMBTPHB86MOro aneKTpOH

HOrO YPOBHH onpe~eRHBTCH K8K cywua WHpHH, CBH88HHUX C paanHqHUUH 

M6XBHH3M8UH B88HUO~BICTBHH, H ~opua RHHHH COOTBBTCTBYBT TSK H83UB86-

MOKy O~HOpO~HOKy ymHpBHHD (pacnpe~eneHHe RopeH~afSJ ). 

tHaHqecKH H63KBHBaneHTHue YCROBHH, B KOTOpux HBXO~HTCH PBAK0-

38M8RhHU8 HOHU, KBK, HanpHMep, ~e~BKTU KpHCTBRRHqecKol CTPYKTypu
1 
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TIOB6pXHOCTHN6 3~6KT~, H60AHOPOAHOCTM BH6illHMX no~e~, CH~~HN6 ~~yK

TYBUMM BHyTp6HHHX MarHHTHHX TI0~6~ (6~M30CT~ warHHTHOrO ynopaA046-

H~a), CB6pXTOHK06 B38MMOA6HCTBH6 H T.n., TipMBOAaT K HBOAHOPOAHOMY 

ywMp6HH~ RHHH~ (pacnp6A6R6HH6 raycca), 

Bonpoc~ WH3H46CKO~ TIPHPOAN mHpHH sneKTpoHHHX ypoBHel napawar

HHTHhlX C06AHH6HHH p6AK036M6R~HHX H nepeXOAHHX ( 3i) 3R6M6HTOB 1 

T6CHO CBH38HHH6 C M6X8HH3M8MH napawarHHTHOM peX8KC8~HH, HHT6HCHBHO 

H3Y48IDTCH 1H84HH8a C TPHAU8TiliX rOAOB. 3TH HCCn6AOB8HHa nony4HHM 

OC0006 p83BHTH6 B CBa3H C OTKpNTH6M 3R6KTpOHHOrO napawarHHTHOrO pe-

30H8HC8, M836p0B H R836pOB, ilOApo6H06 H3R0~6HH6 peayn~TBTOB HCCne

AOBBHHH paanH4HHX penaKCBUHOHHhlX M6X8HH3MOB COA6P~HTCa B MOHOrpa~HHX 

An~Twynepa H CerMeHa[5J. B STHX pa6oTax oocyMABIDTCH, rnaBHNM o6pa

aoM, 38BHCHMOCTH ill.Hp.HH OCHOBHHX H 0HH3KOne~amHX (nopa~Ka COTHX M3B) 

ypOBH6H OT T6MTiepaTypN H OT B6nH4HHN BH6illH6rO MBrHHTHOrO nona, 

CBO~CTBB illMp.HH aneKTpOHHNX ypOBH6H p6AK036Men~HHX HOHOB B 

Kp.HCTannH46CKOM none C SHeprHHMH B H6CKOn~KO K3B HCCn6AOB8HN KBK 

3KCnep.HM6HT8R~HO, TBK H TeopeTH46CKH M6H66 nDAPOOHO(IJ, 0AH8KO 

peaynhTBTN H3Y46HHH napauarHHIHOI penaKCBUHH ABIDT xopomyiD OCHOBY 

Ana HHTepnp6T8UHH illHp.HH 3THX ypOBH6M, B 48CTHOCTH, AITa OT60pa rnaB

HNX M6X8HH3MOB, OTB6TCTB6HHhlX 38 H80~IDA86MN6 B OnTH46CKHX H H6~TpOH

HhlX CTI6KTpax ill.Hp.HHhl nepeXOAOB, 

HHllt6 p8CCM8TpHB8~TCa M6X8HH3141ll cn.HH-p6ill6T04HOrO B38HMOA6~!CTBHH 

H oonee no~pooao - rax Ha3HBaeMHI npauol npouecc,Hrpan•HI oon»myD 

pO~h np.H HH3KHX T6KnepaTypaX. BNBOAaTCH ~opuynH ARa npHO~HX6HHOrO 

onpeAen6HHH BKnBA8 3TOro npouecca B illHPHHH ypOBH6~. Bo BTOpol 48C

TH H8CTOa~ero C000~6H.Ha OYABT paCCMOTP6H npHYep OU6HKH illHPHH 3~6KT-

pOHHHX ypoBHeM Pr H B 'Pr Fs , onpeAe~eHHHX B sKcnepeweHTe 

no aeynpyrouy pacceaHHID H6HTPOHOB npH T = 20 K [2{ 

4 

2, M6X8HH3MH CnHH-p6ill6T04HOrO B38HMOA6HCTBHH 

Ec~H P6AK036M6n~Hhl~ HOH HBXOAMTCa B H6M6TannH46CKOM napawarHHT

HOK KpHCT8~~H46CKOM C06A.HH6H.HH H OOM6HH06 B38HMOA6MCTBH6, OTB6TCTB6H• 

HOe 38 B03MOJCH06 M8rHHTH06 ynopaA046HH6 1 MBRO, TO OCHOBHh!M B38HMO

A6iCTBH6M1 onpeAeRaiD~HM W.HpHHhl 3~6KTPOHHhlX ypOBH6H~BnaeTCH cnHH

pemeT04H06 B38HMOA6KCTB.H6, HanH4H6 T6nROBHX KOne68HHM p6W6TKH npH

BOAHT K B03MY~6HHID KpHCT8~H46CKOrO nona, ABMCTBYID~ero H8 P6AK036-

wen~HHM HOH, llp.H T6MnepaTypax HHllt6 70K rnaBHHM M6X8HH3MOM aBnH6TCH 

TBK H83iliB86MHM "npHMO~ rrpouecc", np.H KOTOpOK p83HOCT:D 3HeprH.H 146lltAY 

~BYMH aneKTpOHHHMH ypoBHHMH npeoA~eBaeTca nyTex norno~eHHH HnH 

HCnyCKSHHH. O~HOrO ~OHOHS, ,l{ByxilJOHOHHiliM ( 11p8M8HOBCKHM 11 ) npouecc, 

KOTOphli OTBeqaeT 38 lli.HpHHill ypOBH6M npH 6onee B~COKHX T6KnepaTypax, 

CBH38H C HeynpyrMM p8CC6HHH6M ~OHOHOB Ha P6AH036M6X~HWX HOH8X, Teo

pMH 3TMX npoueccoB 6Hna paapa6oTaHa BnepBwe KpoaMrou[6] H Baa ~ne
Kowf3J npeweHHTeHhHO K Bonpocau napauarHHTHni penaKca~HH. 

P8MMRhTOHH8H KpMCT8nHM46CKOrO nona, A6HCTBY~~ero HS 

HUM HOH, MO-HO B XOpOWOK npH6HMZ6HHH [?,Bj np6ACT8BHTh B 

peAKoaeMen:r,. 

BHA6! 
N t 

Hxp ·LLL Rt,m ~t •• cnP), 
,. f t·z,~., ···t 

r~e f=l t,• - napaMeTpw KPHCTaJinHqecKoro noJIH H Q p 

KOOPAHH8TH B8A6HTHiliX 3H6KTPOHOB HOHS C KOH~MrypauHe~ 

(I) 

- yrnoB~e 

( ... , )'' 
llpHKO~ npo~eCC I ~~HHHOBO~HOBOM npHO~HX6HHH XOpOWO OllHCWBaerca KO

~enhHillll raMH~aTOHHSHOK THIT8 

( t )1/a c" fla ( +) Hi -L 2if; Q, a, - a, , (2) 

a ~BYXWOHOHHwl - oneparopow 

Hz = L ( 2~.,) .2) c,~ w~ (a, -a;)( 0,•- o,~) , 
'·,. (3) 
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r;ne 1=- I cr I HBJIH6TCH uo,eyJJelol. BOJIHOBoro B6KTopa iPOHOHB c l{BCTOTOH 

c.:> 1 , M - ~o~.acca Kp~cTaJIJJa ~ V' - cpe;nHHH cKopocTI> aByKa [I] • 
y v 

QrrepaTOpbl C ~ }) 1 ,ll6tiCTl!Yilii!M6 HB BOJJHOBb16 iPYHKL\M~ B8JJ6HTHbiX 

aJJeKTPOHOB, ~MellT CTPYKTYPY TMrra onepaTopa Ht:,. (I). 

B padoTaX (I, 9] HB OCH0ll6 (2) H (3) d~H IIOJIY'!6Hbl CJIBAYil~He 
Bblp8~6H~ll ,llJIH 38B~CMUOC'l'K W~pMHbl L -oro KpMCTBJJJJ~qecKoro ypOBHH 

(c BOJJHOl!0£1 iPYHKL\K6~ ~i ) 0'1' '1'6MIIep8'l'YPb1: 

E E (4) £(2) 
~ .c~. +~. 

L L l ) 

.:1 £t)::. L ~ij [Po ('-'ij) + f] + L foij Po ( W,:j) 
j(Ej< Ed j(t(>EL) ' 

(4) 

(5) 

.. I v I 2 ",;· = 2;; a (~;) f {wiJ·) ( }J.f C fl;_) r J ZM11 UJ·· 
'J .. ,,. 

l1 fica)= o~.;, (r!e-)" f :x:'e"'j(es-f):a. d:c, 

H 

0 

2• [ 2. s r.J. ( ~ e-J 8 f I 'IV , ,., 12 
C(.;_ c ~ tt o(;_ + Brr"t''I74IJ 'f ~ < Jj ID I J.,> + 

+L_ l<lj/Cil'">/z/<"fxiCJ1:i>lz- ]} 
~+i*" fj" E";, , 

~. = ~ ~ (~).,. [ ?t.-l ~ l t _ 2: I< l'x I c I l';, >I z,J 
• Z'K~.f11 fi < l lJ c.> " Ei" · 

3;11601> f - IIJIOTHOCTl> ,llBHHOrO KpHCT8JIBMl{6CKOrO C06,llHH6HMH 1 

f(tD~j)- qJOHOHH8H IIJIOTHOCTI> npM c.:>ij'•lf&-f.il/1i t fT- TeJIJ!epaory

pa neoaH H Po (U>ij) .. (exp('Tij Jr) -ff1
- pacnpe,ll;61l6HH6 Boae. 

llpH Bb1BO,ll;6 COOTHOmeHHH (5) 38 ~~) llpHHHM8BOCl> pacnpe,ll;eAeHH6 

6 

neoaH,M HI Y'lHTbiB8JICH T8KE6 1!0 BTOpOM IIPMdJJMEeHM~ T60p~M B03MY11!6HMH 

B npe.ziiTOJJOJCeHMH EiK >> & • !IocJJe,1!Hee ycJJOB~e He Bcer,lia BbiiTOJJ-

HHeTcH. B aToll cJJyqae rrpH pac'!eTe BeJJ~'l!IH ot&. Heooxo.Zl~Mo 

ITOJJ1>30B8Tl>CH 'l'SOpMe£1 B03MY11!6HHH ,llJIH dJJM3KOJJezamMx ypOBHeA [10] • 

B pa6oTax [I, 9] 6b1Jlo noxaaaao, '!To aKcrrepMMeHTBJJI>Hue KpHl!ble 

reuneparypHOA 88BMCHMOCTM W~pHH 3JI6KTPOHHbiX YPOBHe~ KSK rrepeX0,1!HOrO 
3+ i+ ( C T ) , TBK ~ pe;nKoaeueJII>Horo ( Pt ) aJieueHTO!l xopomo on~cuBaiOT-

cH COOTHOlH6HHHMH (4) I (5). !IpH 3TOM IT8p8M6Tpb1 foij ~ O(i II0,1!rO

HHJIHCl> ITO 3KCIT6pHM6HT8Jil>HbiM ,1!8HHbiM ,llJIH KBJC,llOrO HCCJI6,1!yeuoro YPOBHH • 

HapH;ny C TBKMM i1J6HOM6HOJJOrH'l6CKMM ITO,llXO,llOM CYII!6CTBYDT ITOIIbiTKH 

OIIP6.ll6JJH'l'l> 8TH B6JIH'lHHbl 'lHCTO T60p6TM'l6CKHU nyTeM, OIIHpBHCl> HB 

T60pHD KpHCT8JJJJH'l6CKOrO IIOJJH ~ T60pHD ,1!MH8MHKH peill6TKM, 0CHOBH8H 
, 

TPY.ZlHOCTl> 38KJIIl'l86TCH B Bb1B0,1!6 HBHbiX Bblp8JK6HM~ ,liJIH onepaTOpOB C M 
y 

~ 1 8 T8KE6 B B03UOJCHO OOJI66 TO'lHOM yqeTe ,llHHSMMKH p6ill6TKM 

( Ci.l(;), '17(f), f('-') ). 

B HaM6oJiee o6meu BM.1!e 3T8 rrporpauua 6~a ocymecTBJieHa CTa;nue

HOiol. M HloM6HOM [II] t KOTOpb16 HCIIOJI1>30B8JIH p83BHTYIO MlUI [I2] 11 cyrreprro-

3Ml.\MOHHYil Mo,1!eJII> 11
• TiapaueTpu KPMCTBJJJIH'!ecKoro rroJJH Rem Ha (I) . 

B 8'1'0£\ M0,1!6JIH p8CCM8TPHB8DTCH KBK CYMioi.S H688B~CMMbiX BKJIS,liOB .... 
Qt Ill ('~;1 H8HOOJJ66 OJIH8KMX ITO OTHOlH6HMIO K pe;nK036M6Jil>HOMy HOHy JIM-

' -raa,11o:s I, o6p8aYilii!MX HeKo'l'opbl~ 11 KounneKc 11 • BenMq~Hbl O.t,• (Rr) 
OIIp6,1!61lHilTCH KBK 

.... ( 'R. )tt u* ( ) ae,• ('R;)- Rt 'R~ Jr,• n~; (6) 

r,11e 'R~ .0..:.- Ci1JepM'l6CK~e KOOp,1!MH8Tbl I-ro JI~r8H,li8, 1(
0 

- P8C-> "I 
CTOHHHe nopH;nKa cpe,liHero PB.1!Myca KoMnJJeKca, a Re H te - rrap8MeT-

pb1, CII61.lMqJMli6CKH6 ,1!1lH ,li;BHHOi napbl 11 pe,1!K036M81ll>Hb1H HOH - BHr8H.Zl 11 o 

8TH rrapaMeTpbl onpe,1!6JIHDTCH 1lMdO H3 3KCIT6pHM6HT8Jil>HbiX 3H8li8H~~ II8-
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paMarpoB R e wt , .rr116o np11 noMOIU11 KBBHTOBO-M6XBHI1'leCK11X pactJ6TOB 

~H6pr6TI1tJBCK;ro cn6KTpa nap~ [13] • 
Pacqeru w11p11H Crs~MeH 11 HroMeH npoBO~HT B ~Ba srana. P6WBH 

cHatJa.rra sa~aqy ~11H8M11KI1 sa~aHHO~ peweTK11, OHI1 onp6~6JIHIDT WOHOHHN~ 

cneKTp, C06CTB6HHN6 B6KT0pil KOJie6aHI1lil Ill CKOpOCTI:> 3ByKa tr(f) • 
KaE~Nlil TI1TI ~OHOHOB CBH38H C onpe~6JI8HHOJil ~e~opM8U116Jil KOMnJieKCa 'Jll1-

... -> 
raH~OB ( 'R i -.;. 'R1 ) • 

B saB!IlCI1MOCTI1 or srolil ~e1Jop!iaU11H 113MeHH6TCH KPI1CTaJIJII14ecKoe 
v 

no.rr6, 06pasyeM06 STI1M KOMnJieKCOM. .ll.pyri1MI1 CJIOB8MI1, On6paTOpN c 
v 

~ npe~cTaBJIHIDTCH B Bl1~e 
" tl v w c = L. L ce )tt ~e,m (n,.). j) -~ L 2)e,M "'1r,rn en,) 

P" i £
1
m I ) p•~ t111l ) 

(7) 

r~6 napaMeTpb! Ct1m 11 .2Je,rrt B HBHOlil ~OpMe saBI1CHT K8K OT "reo-

MeTpl1qecK11X 11 
( 'Rz) n ~ ) . TBK 11 OT "nOJI6Bb!X11 

( R t, te. 
CBOliiCTB KOMnJieKca, a TaK~e OT sa~aHHOJil SJ16M8HTapHOJil ~6qJOpMaUI111. 

Pea.rrbHb!e ~e1JopMaU1111 Y411Tb!BaroTCH B raMI1JihTOHI1aHax r11na (2) 11 (3) c 

nOMO!UhiD COOTB8TCTBYIDIUHX KOM611H8UI1lil qJOHOHHb!X onepaTOpOB. B OTJIH4116 

or CTaT!tltj6CKI1X napaMeTpOB R t,m , KOTOpb!e B saBI1CHMOCTH OT OHM-

11 

M6Tp!t111 Kpi1CTaJIJII1tj6CKOrO nOJIH B M6CT6 H8XOE~8HHH pe~K038MeJibHOrO 110Ha, 

K8K npaBHJIO, He BC6 OTJl!tltjHb! OT HYJIH f7J t BCe napaMeTpb! C £ rn Ill 
I 

.!) t. rtt , CBH38HHb!6, rpy6o rOBOpH t C 11 H6CHMM6Tpi14Hb!MH 11 ~6qJOpMaUHHMH 
I 

perueTKH, OTJIJ.1tjHb! OT HYJIH. Ta.KHM o6pa30M, OTCYTCTBYIDT onp6~6Jl6HHb!6 

npaBHJlB OTClopa' 11 BC6 H6~1/laroHaJihHb!6 MaTpl1qHJle SJI6M6HTb! <'IiI ci.D lli > 
~aroT, corJiaCHO (4) H (5), CBOlil B.KJia~ B ill!tlpHHhl COOTB6TCTBYID!UI1X ypoB

Helil. 

~cno.rrhSYH 3TO o6CTOHTeJihCTBD, CKOTT 1t1 E~ilJpi1C [I4J npe~JIOEHJIH 
TIO~XO~ K OU6HK6 illHPHH, KOTOpuli\ OCHOBNB8eTCH Ha np!t16JIHEeHI1H 

Cern·, tJ,,m ,-v Re Ill"' Reo. 
I I I 

8 

~ ,, 

~ 

8To rpy6oe npi16JIHEeHHe, donee 11JIH MeHee npaBI1JibHO(CM.(22))orpa

JKaromee 411CJI6HHb!lil nopR~OK napaMeTpOB Ce,m 1t1 Vt,m , ~aeT sHaqe

HIIlH ~H WltlpHH ypOBHelil, KOTOpH6 no nopH~KY B6Jll1'l11HH Y~OBJI6TB0pi1T6Jlb

HO COr.rracyroTCH C SKCn6pi1M6HTaJihHNMI1 ~aHHbWI1. 

TiocKOJihKY no~xo~ Crs~M6Ha 11 HroMeHa CBHSaH c ~oBOJihHO c.rroEHbWI1 

pac46T8MH, a cyn6pTI0311U110HHaH MOA6Jlb pa6oTaer xoporno JI!tlllih np!tl onp6-

~6JI6HI1H napaM6TPOB KPI1CTaJIJIH'l6CKOrO noJIH R l,lfl c e = 6. npe~-
CTaBJIH6TCH E6JiaT6JlhHHM ynpOCTHTh pacq6Tb! no OU6HK6 ill!tlpHH. Tip11 3TOM 

XOT6JIOCb db! 06~6~11HHTh Hai160JI68 CI1JlbHb!B CTOpOHb! no~XO~a HroMeHa 11 

CTa~M6Ha c MaKCI1MaJihHHM 11Cno.rrb30BaHI16M 3KCTI6PHMeHTaJibHb!X ~aHHb~ o 

craTI14eCKI1X napawerpax R t
1
m, cornacHo 11.466 CKOTTa 11 Eifli!Jpl1ca. 

TIOflb!TKa BNBO~a TaKOlil ynpomeHHOlil CX6Mb! paC'l6Ta illi1PHH paCCMOTpeHa HH

lK6 ~JIH npHMoro npou6cca cmm-pernerotJHoro Bsa~t~wo~elilcTBI1H • 

3. BuBo~ ynpomeHHolil cxeMw pacqeTa rn!tlpi1H ypoBH6lil. 

C ueJibiD BNBO~a ynpO{U6HHNX ~OpMyJI ~JIH OU6HKI1 llil1pHH, paCCMDTPI1M 

CHa'laJia !t13M6HeHI1H raKHJlbTOHMaHa Kp!t1CTaJIJII1'leC.KOrO TIOJIH (I), CBH3aH

Hb!e C HaJI11'li16M TenJIOBNX KOJie6aHI1lil p6ill6TKI1o Bu~6JIHH 4JI6HN, OTB6T

CTB6HHN6 sa npHMOlil npouecc Cni1H-p6llieTO'lHOro B3ai1MO~eli\CTBI1H, nonu

Ta6MCH nOTOM CB6CTH HX K qJOpM6 (2). 
Cor.rracHo cynepnosHUHOHHOJil wo~e.rr11, napaweTpN KPHCTannl1qec.Koro 

nOJIH, ~eJiiCTByromero Ha pe~K036MeJihHb!Jil HOH C HOMepOM !
1 

t np!t1HI1MBIDT 

np!tl HaJII1411H KOJI668HHJil p6ill6TKH BH~ 

Fi,lll (I') = L at,m (ix- R:~) 
' I+I' ' -r~a 'R.K - B6KT0p B03MYIU6HHOrO nOJIOlK6HHH R-oro HOH8. .ll.a.rree 11Me6M - -0 ~ -0 'RK = 'R.II + ('It , r~e 'R.K OnHCNBB_!T noJIOlKeHI1e K-OrO 

MOH8 np!tl OTCYTCTBHH ~eqJOpMaUH~ p6lli6TKI1, a ~It - CM6IU6HI16 STOrO 

~· " . HOHa OTHOCHT6JlhHO paBHOBeCHOrO nOJIOE6HI1H C yqeTOM 
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M8AOCTH 8UITAHTY~ KOAe6aHH~ H COOTHOW6HHH 

Rem (I') :::. ~ Oe,., (R~o -~:) (8) 
I I+I' 

rronyqaeM 

Ff (r')= R (I')TL(K-~.)·~i·-i~Jot, .. (i;-iz~)~..<9). 
t,m f,, I*I' _ I I 

PaccMaTpHBSH CM81118HIDI fo K B ITp.I!ClAHlK6HHH TeAa O~HOpO,llHO~ 
~erpopM8l.IHH1 .I!Ueew [IO] . .. .. , .. 

~ =""" ( _!__) 11-t ~(f) fa .. ,.ei.,·'R\. a.~ e·;.t:\ 
rk L ZM ( ( ... ) )..,~ ~ '' '•' }, .,.,f Ct>r , 

{IO) 

-r~e 1" : I,2,3 - HOWep a.KYCTH'i6CKO~ B6TB.II KOA6Cl8H.II~, ~ 
+ 

BOAHOBOM B6KTOp, 0.;, t H 0.;,t - COOTBeTCTB6HHO orrepaTOp!i 

YHH'iTOlKeH.IIH H poJK~BHHH tPOHOHa C 'i8CTOTO~ G:>.,.(f) t 8 et(f) 
COClCTBeHH!ie BeKTOpH STHX KOAe68HH~. lloMe~BH H81i8AO KOOP~HHST B !.16HTp -. 
paccMaTpHB86MOro HOH8 ( 'R1 , = 0), ITpH ITOYO~H (9) H (IQ) ITOJIY'i86Y ......... 
B ,n;JIHHHOBOJIHOBOY rrpH6JIH:&:eHMH ( <J · 'Rx << I) 

Re,m = Re,m T i (2 ~ rz f; ( W:( f>) ~~ ~ ( e;( f). Vi; Ot,lfl (~;» X , •' 
x (f.'R;)(a;,,.-af.,)= Rt,,. +f= t:t,•(f,r)(~,,-~,)_<II) ,,.,. . 

raYHADTOHHBH, CBH38HH~~ C BTOpO~ li8CTD~ ypaBHeHHH (II) 

N 

J./1 =L L. Le.(f,t)(a;,.,.-af,t)L Jt, .. (a,)~ <12 ) 
t,m f,t ' p•"' 

o6na~aeT c yqeTOM (7) CTPYKTypo~, cxo~HoA co CTPYKTypoA onepaTopa(2). 

Mez,n;y (2) H (12) cy~eCTByeT e~e PH~ OTAH'iH~, KOTOpHe HeJID8H ycTp8HHTD 
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I 

I 
J 

C ITOWO~D~ npOCTHX rrpH6AHlKeHHH, He TepHH ITpH STOW HHtPOPMSI.I.IIH 0 BAHH

HHM C~6A8HHHX yrrpo~eH.II~ HS OKOH'iSTeALH!iM peayALTBT. nnH paccMaTpH

Baewo~ 38~8'iH, 0AH8KO, HHTepec npe,n;CT8BAH6T He CTOADKO TO'iHN~ BH~ 

raM.IIADTOH.118H8 (I2), CKOADKO ero BKAS~ B WMp.IIHY 
/10/ 

I. -oro 3A6KTpOHHOrO 

ypOBHH, t.e. B BHpaxeH.IIH 

A Ei =21' ~ .f=.J<n(w(;',t)), ~I U.l n(c;,{;,rJ), lL > f2 6(E,(t6>{t~ (IJ) 
t*' ,,.,. ' ...., 

r,n;e n H n - KB8HTOBb16 'iHCAS 38ITOAH6HHH tPOHOHHOrO ITOAH COOT-

BeTCTB6HHO B HaliaJie H B KOHI.Ie npHWoro npouecca, a ycpe.n;HeHHe ocy

~ecTBJIHeTcH ITO BC6M H81i8JIDH!iM COCTOHHHHW CHCT6Wii. 8TO ycpe,n;HeHH6 
.... - .., 

Mti y'iHTHBaeM Teu, 'iTO .n;JIH n. ( Cl' (t,.,.)) H n. (c, (,,.,.)) 6e-

peTCH pacnpe,n;eJieHHe Bose. B npe.nnoJioJKeHHH o6 HaoTponHocTH pacrrpo

CTpaHeHHH 3ByKa H C yqeTOM np.116JIHlK6HHOrO 38KOH8 ,llHCnepCHH AJ!fl 

aKyCTH'i6CKHX \(JOHOHOB ( (.:> <f,.;) = ~·1)" ), COOTH01116HHe (!3) rrpH

H.IIJ.!86T BH,ll 

Afi=~(;;::i)f("'iJ) [P.("'•j)+ 8(f&-fj)J · 5 . (14) 
J•i ' 

s. 3 .. ~Jr y f<Jl) 
T,; H 

6' ... J <l·JL (€,(0'>-Vi. Oe, .. (i;J)(Q·i;)L)ei0 r)/li>r, <Is) 
J I,t,rn t y•4 ' 

Q = 6 ( X ~ 0 ) = 0. 

5 
Bcx>O )=IH c; /~ Ta-' a r.n;e 

KHM o6paaow BoaHHKaeT aa~aqa onpe~eJieHHH cyuMu B KOTOPYIO 

BXO~HT Bblp8lK6HHH THIT8 

B. Jdn;r± (a·iJ(e:(QJ-v.P(iJ){a·~')(e;(a)·vi. Ji·(fJ). 
t•4 -- -. i\t ... -, 

Bti6HpaH C06CTB6HHbl6 BeKtOpii e.,.(a) B B.ll~e ef = IJ(; \e,·er'J= 

(I6) 

= bt f'' H B!iiTOJIHHH B (I6) IIIHTerpHpOB8Hire:il CYMMHpOB8HH6, ITOJiyqaeM , 
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ITOCR6 ;liOBORbHO ~R~HHb~ B~RRS~OK 

1> ltr {..... ... J f -· ,..._ tt -J .o .. 3 i. vrR('2) : 1. vi. R (R'), 
(17) 

r;lie B~pa~eHMH B WHrypH~ CK06K8X HBRHDTCH T6H30p8MH BTOporo paHra, 

a ,llB06TOqMe 03HaqaeT CR8RHpH06 rrpOH3B6;li6HH6 3TMX T6H30p0Bo 

C yqeTOM (I?) WOpMyRa (14) I1pHHHM86T BM;li (4), 6CRH K~ B~6Hpaeu 
" onepaTop C H3(2) B BHAe TeHaopa 

, - . c · !. L. .L 2: 'R; Vi· at, .. (i;J "Yt,,<o.,>. 
3 pa4 l Jll I l 

(IS) 

I 

H B~p8lK6H116 

I < :tj I c I 'ri > I :l (19) 

BKRDqaeT B C66H IT OM liMO o6pa 30E8Hifl MO;llyJIH T8KlK6 Orrep8UHD CKSJIHpHoro 

rrpOH3B6,ll6HHH T6H30pOB. ., 

TaKHM o6paaoM, onepaTop {2) c C BH;I\8 (IS) MOJKHO pacCMSTpH

BSTb KSK H6KOTOp~~ 3WW6KTHBHU~ raYHJihiOHHaH. Ero T6H30pHu~ xapaK

Tep HBJIH6TCH CJI6,llCTBH6M yqeTa CBO~CTB OPTOrOHSRbHOCTH Co6CT:B6HHUX 

B6KTOPOB e., (a) • KaK 6URO OTMeqeHO B pa60T6 {II] 
1 

rrpeHet'5pelKe

HH6 3THMH CBO~CTBSMH MOlK6T rrpH:B6CTH K cymeCTB6HHO~ rrep60U6HK6 3HSqe-

HH~ mHpHH. 

llpOB6,ll6M CeHqac 8HSJIH3 B~pa~eHHH -at,.< 'R; > 
' 

Hoi MO;ll6RH, r;lle WYHKUHH 
y 

(IS) H (I9). B cyneprr03HUHOH

,llSH~ COOTHOW6HH6K (6) 1 onepa-

TOp ( 1!3 (IS) MOJKHO Ollp6,ll6Rl!Tb ,llRH 38~8HHOrO KOMTIJI6KCS JIHrSH,llOB 

6ea OC06UX TPYAHOCTe~. ~JIH 3TOH U6RH CJI6,llY6T Rl!Wh rrpe,llCTS~HTb c~e

peqeCKH6 ~YHKUHH 'Ye1• ( Of; )B BHA6 noneHouoB, :aupaxeHHUX :a ,lleKap

To:a~x KOOp,llHHSTSX [!SJ B6KTOpa ~; • B TO~ Kepe, B KOTOpOA cynep

ll03HUHOHHSR MO,llSJI» ABeT npaBHJI»Hue 3HaqeHHH ARH napaueTpoB R,,. 
I 

H B KOTOpOH C;li6RSHHN6 rrpH6JIHlK6HHH (DAHOpO;liHOCTb ;li6~0pMSUHH (10), 

1130Tp0llHOCTb CKOpOCTH 3.BYKS,,ll~HHHOBO~HOB06 llpB0~KK6HHe) H6 CHRbHO 

12 

BJIHHDT Ha KOHeqHHK peayn»TaT, cne,llyeT OJKHAST», qTo wopMyn~ (4) H 

(I8) ;liSDT npaBHJI»HYD OU6HKY mHpHH ypOBH6H, CBH38HHHX C npHM~M rrpo

U6CCOK CITHH-pemeTOqHoro B38HYO;li6HCTBHHo 

HeKOTOpHM H6;1\0CT8TKOU cyneprr03HUHOH~OA MO;li6JIH HBJIH6TCH H6o6XOAH

MOC'l'I> 3HSHHH napaueTpoB Rt H t,_ ea (6) H MOAeJiwpoBaHHe oKpyJKeHHH 

p6;liK036U6JibHOrO HOHS orrp6,ll6JI6HHHM KOUllJI6KCOK JIHrSH;liOB, qTQ CBH38HO 

C ,llOllOJIHHT6JibH~MH npH6JIHlK6HHRMH H rpOM03,llKKMH pacqeTaYH.TI03TOMY 

HM66T CUNCJI llOllNTSTbCH BH,ll6JIHTb B (I9) BNp8lK6HHH, CO,ll6pJKamHe CTSTH-

qecKHe napaueTpbl KpHcTaJIJIHqecKoro rroJIR R r,. , KOTOpbie wo•no 
I 

Ollp6;li6JIHTb H3 3KCll6pHM6HT8JibHNX 3HaqeHHH 3H6prHH 3JI6KTpOHH~ ypoD" 

H6A [ 2 ,?). nJIH 3TOA U6JIH MH C0Xp8HR6K OCHO.BH06 COOTHOill6HH6 cyrrep

ll03HUHOHHOA UO;li6Jllll (6), He orpaHHqlfiB8RCb, O,llHSKO, rrpH BN60p6 11 KOMI1-

JI6KC811 H8H60JI66 6JIH3KHMH COC6,llHMH pe,llK036M6JibHOro HOHSo 

B OCHOB6 H8WHX ~8JlbH6RWHX BbiKJIS,llOK JI6XIIIT CI16UHS~bH06 rrpe,llCTSB-
[16] 

JI6HH6 CK8JIHpHOrO rrpOH3B6~6HHH T6H30p0B BTOporo panra 

"'" ...,-y'· u~ = ! ...... , u· -t-" r:(A} u~4, .. +, T(S) u~s)• (20) 
L_ lK lK 3 ~ tK LJ( 4-- lK U~ J 
i., K L ,IC. a.,IC 

~ ~ ,...,... ,..,...., to) i { T.J T IS) 4 (""" T. ) T f: 
r,lle I -=4- Iii. , ''" =2 'ii"- r· H iK = 2 li,_+ l'i - 3 iK 

' v ~ 
TIOACTSBJIHH :a (20) B KSliecTBe T6H3opoB T H U TeHaopHbiH orrepaTop . C: 1113 (!S),YOXHO rrpeo6p830B8Tb Bbip8lK6HH6 (I9) K BH;I\Y 

., :as Ntt :t 

l<~lcllL>I·L l<lj/2:Ct.•~ ~!,.(n,.)Jl,>J . c2r> 
..... t,.. p=4 

r;n;e 

i -1 ~ 'i>. r 0 (i ·J tt fl 
Ct,• = 1n'T- "r S~i t,• 1 •lz."'' t,m > 

z -1 Ar -ct,· = ft'i';; L'l at,• c~;> 
{22) 

- IWl R 
- l'f8 I f,ta ) 
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~ 1 A 1 -~ 'f 1 I 

Ce
1
m = -, ~ L. at

1
m ('~.;) = r (l+m)(t-•+4) Rt

1
•-t 

~ 

C :. .. = -,• f L: llt,• ('~;) = t 1 (t-m)(l+m +1)' Re,•+! . 

- o [I?] llp:H 3TOM :HCITOJI:h30BBJI:HClo COO.!HO!lleH:HH (6), ( 'R·V;) = 1( ['R., 

onpe,l.leJieH:He r:J t1m = i= O.c,J&t ( 'R;) , a T8Kllte CBO~CTBa onepa-

TopoB L [ f._ fiSJ : 
~~ ., - ,.. r r ,. . &" 6) 

Lx=-i(!it-~~); L:r=-i(~l"-x,r~);L~=-t(xJl-:IJx; 
AL 'll = m ~. . [_ 'lj. = {[ + i [.,) '!Jh, •1{t-tn)(l+,., •4) '!it m+l. 

l J £, .,_ .. ,rn > • .. ,,. " _, ' ' ' 

l ~t"'- = (C-iL:J)'Yt,"' ·1(lut)(t-•+4) 'Je,•-t. 
- I 

"" IIapaMeTpLI Ct.,. ,1!JIH M = 5,6,7,8,9, CBH3BHH!ie c nocJie,l.l-
' He~ CyMMO~ yp8BH6H:HH (20), HeJilo3H CB6CT:H K KOM0MH8~HM napaMe~pOB 

R t m , TaR KaK BliPBlKSHMH ,l.IJIH 3THX C t""' co,11epxaT CYMMLI 
I t ~ I 

no I c '!JieHaM:H T:Hna F/t(t'o/12i) t '!itt2,rrt+j't{.f2ij) (f=-2, -I, 

•••t 2), OTJI:H'!BIDm:HM:HCH OT BH,l.IB (6). Y'leT 3TOM '!BCT:H (2I) MOJICHO npo

:H3B6CT:H B pBMKBX cyrrepnoa:H~:HOHHO~ M0,1!6JI:H ,1!JIH 38,1!8HHOrO KOMTIJI8KCB 

JI:Hr8H,1!0B llpH ITOMOm:H CITOC008 1 YITOMHHYTOrO B HB'!BJ!e 8H8JIM38 BLipBll8H:HH 

(I9). 

4. 8aKJIID'!eH:He. 

UeHHOCTlo ypaBHeH:HH (2I) cocTOHT B TOM, '!TO BLipaxeHHe (I9) y,l.la

JIOClo llp6,1lCT8B:HTlo B B:H,1!6 CYMMLI ITOJIOXHTeJiloHiiX qJISHOB, '!BCTlo KOTOpiiX, 

COrJIBCHO (22),Henocpe,1!CTB6HHO CBH38H8 CO CTBTH'!SCKMMM napaMeTpSMM 

KPHCTBJIJI14'!ecKoro noJIH Rt m • Y'leT B (2I) TOJiloKO qJj8HOB c II = I, 
I 

2,3,4 Y.1l00HO H83B8Tlo 11 B6KTOPHLIM npM0JIMllt6HH6M 11 01.16HKH BKJI8,l.l8 npHMoro 

npo~ecca Clli4H-pemeTO'!HOro B38MMO,l.I6~CTBMH B ill14PMHii YPOBHeM •. H3B6CTH0
1 
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'ITO 8HTI4CMMMeTp14'1HLI" T6H30p BTOporo paHra 3KBI4B8JI6HT6H 8KCI48JiloHOMY 
/ffi/ BSKTOpy .•qJISHLI C Y = 2,3,4 ITOHBJIHIDTCH B (2I) 38 C'!ST CBepTKM 8HT:H-

CMMUeTpi4'!HOrO T6H30pa, BXO,l.llllllero B (20). 

KaK CJI6AY6T Henocpe,1!CTB6HHO 143 (22), '!MCJIO OTJII4'!HLIX OT HYJIH 

napaMeTpOB C:t,m 60JI:hlll6 MJII4 paBHO '!MCJIY OTJIM'!HhlX OT HYJIH napaMeT

pOB At,m , TBK '!TO, KBK npaBMJIO, BepOHTHOCTM nepexO,l.IOB (I9) 

Mellt,l.IY ypOBHHMM l 14 j He HCqeaaDt. IT03TOMy MOlKHO Ollt:H,1!8Tlo, 'ITO 

BBKTOpHOe npi40JII4~HMe ,1!8eT paayMHYID HMlKHIDID Ol.leHKY lllMpMH ypOBHeH, 

CBH38HHiiX C TipliMhlM npo~eCCOM CTII4H-peilleTO'!HOrO 

rJiaCHO (22) 
1

MOlKHO T8KlKe OlKM,li8Tlo, 'qTO c f,wt C 

BaawMo,l.lewcTBMH. Co

l = 6 ,l.IBIDT OCHOBHO~ 

BKJI8,l.l B 'q14CJieHHOB 3HB'!eHMe BLip8llt6HI4ll (I9) 14 qTO HSTO'qHOCTM B IT0,1!0o-

pe 3H8'!eHMH ,1!Jill e,ll;MHCTBeHHOrO 11 0CT8TKB 11 cynepll03141.1MOHHOH M0,1leJIH 

napaMeTpOB tr."" l+{ He CMJiloHO Clt83blB8IDTCH H8 KOHe'!HOM peayJII>TBTe. 

lipMM6H6HM6 COOTHOIDeHI4~ (4), (2I) H (22) ,l.lnfl MHTepnpeTBU>l>l KOH

KpeTHLIX cneKTpO~ Tpe6yeT, O,l.IHBKO, eme HeKOTOporo AOITOJIH:HTBJil>HOrO 

8H8JII438 B CBH3H C TipM6JIMEeHI4HMH1 C,l.lenaHHhlMM npM BNBO,l.le 3TMX WOPMYJI• 

8THM BOllpOC8M ITOCBHmBHB qaCTlo il H8CT0lllll6~ ny0JIMK81.1MH, B KDTOpo« 
11J r.lH 

TBKlK6 0~6HHB8IDTCH IIIHPMHbl ypOBHe~ HI43Wero MYJiloTHITJieTa n~- f1' B 

1Pt~ , 143BeCTHbl6 143 3KCnepMMeHT8 ITO HeynpyroMy p8CC6HHHID 

Hei.1TpOHOB(2). 
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