
OE"bEll11HEHHbiM 
11HCTI1TYT 
RllEPHbJX 

11CCnEllOBAHI1H 

lly6aa 

• • 

~ • -•• • ·• s = ::r s ... ... 
A. • ... .... 
G: s 
A. 

! 
2 • lA 

~ 

.. • 
• . 

• • P4 · 3794 

• 

lc . B. TH6JIHKo~l, r . KoHBeHT 
' . 

Cfil1H-<POHOHHOE B3Al1MO~EtiCTBl1E 

B <PEPPOMArHHTHWX KPHCTARRAX 

1968 



P4 · 3794 

jC .B.Tli6JJHKOBL r .KoHBeHT 

cmm-q,OHOHHOE B3M1MO,aEACTBHE 

B q,EPPOMArHHTHHX KPHCI' AJIJIAX 



06~HO B TeOpHK rel3eH0eprOBCKOli UO)lCJIH ~eppouarHeTKKa npCAUOJiaraeTCH, q TQ 8TOUW , 

H8XO;l!I!IIIH¢Cll B yaJiax pemeTKH, H6UO;IIBI'!lltHW. TaK06 npe;IIUOJ!Ollt6HHC He COOTBCTCTByeT pea i!:&HOCTH , 

T8K K8X BTOKH yqacTBymT B TCUJIOBOU ;IIBHX6HI'!H, B peayH»TBTC qero B6JII'!qKHH, 38BKC~He OT 

pacCTOliHHII JlllKAY BT0118UH ueafii)Tca. B qaCTHOCTK, R3U8Hlr6TC!I 3Heprllll 0611CHHOro D381ll.!OA8liCTBIIH, 

qTQ npKBOli!T K B381'!KO;l!6UcTB!Im cUKHOB C KOJI668HKHIIH pemeTKHo C ;llpyroli CTOpOHH,KOJIC68HI'!H 

aTOMOB He HBJIIIDTCH C'I!,POrO rapuOHijq6CltiOIH, ~KTH aurapuOHH3U8 npoBBJ!llll'l'Cll Kalt B38WIO:.. 

ACtCTBHe ue~ HOpii~HUH KOJIC68HIIftUH K 06~80 BC;IIYT It YCTBHOBJI8HHD H8JIHH8lHHX CB!I3Cli 

K8SA7 HCKOTOPHUH B6JiijqHH81tH. YqeT 3TKX ;uyx acj)cj;CK'l'OB, 'l'.e. aHrapuOHK3118 KOJIC68HKl\ peme'l'KH 

R B38RIIOA6lCTBIIH ue~ CUHHOBHUH H KOJIC68'1'6JI:bHHUH B036YKACHHHUH B ~eppOJ18rHIITHOU KpHCT&n-

llO DpHliO~T K H3U6H8HHD PIQIB BeJinHH ( ~HOHHHII CUCKTp, TCWiepaTypa KlOpil), xapaK't8pii3Y»-

IIUIX H8B38WIO)lCIIC'l'BYJlliii!C CUIIHOBym It I}IOHOHHym CHC'l'CUHo YqeT 14 IICCJIC;IIOB8RII6 H83B8HHHX Bb1!118 

~KTOB HBJIRC'l'Cll UCJI:&m 3TOli pa60'l'H. 

2~ rBIIHJI:bTOHHSH CHCTCUH 

PaCciiOTpHU l}leppouarHHTHHH KPHC'l'&nJI, HUCD~illi UpOc'l'ym . pemeTKY BpaB3. ilpC)IUOJIOlltiiU, qTQ 

CUHH-cUHJIOB08 B3811UO)lCliCTBHC Olli'!CHDBCTCH rBUIIJI:bTOIIKBHOII reilaea6epra, 8 CHJIH B381!MO;lleilcTBHll 

U6llt;l!y 8TOUBIIII KPHCT8JIJI8 !IBJI!IlOTCH napHHUH H UCHTpBJI:bHHUH. rauHJI:&TOl!I'!BH T8KOil CHCTCUH UOZIIO 

38UHC8'l':b B BH)le: 

dt =. dt, \- ~t I 

df~=-ttf>H2:.~:- i_L.. J(IR,-R,\)(St S ) 
' l f,, ta. I ll 'I fll I 

(2 .I) 

~t= ~M~(Pt·Pr)~ i i; {>(\Ry,-R,J) I 

r)le Pr - Hl4nym.c aroua, 1'\ - ero uacca, '1 - noJioxeaMe ~ - oro aToua, KOTopoe uoxHo aa-

nHcan B BH)le: 

Rf (2.2) 

r,lle R"f= f o6oaauqaeT paBHODecaoe nonoliteaue aTo11a, a il((}uanoe cLtelileHHe; ~ (IRr.-~ • .\) 
- noTeliUHaJI B38HUO)leHcTBIIH f, H v2. 8TOUOB, u - uarHeTOH Bopa, H - BHemaeo 

- ! 6 

uarHHTHOe none, ·~f - cmtH aneKTpoaa, npHHa)lJ!elia~ero '-ouy atouy, )(IR.y;-ity,l) - o6uea-

llblli IIHTerpaJI, KOTOpblii ,ltJIH OJipe;llCJICHHOCTH 6y,ltell C'IMT8T:b UOJIOli!H'l'CJI:bHHU. 3aueTIIU, 'iTO IIH)leKC 
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r y onepaTopa Sf 060 3H8'18eT TOnDKO UpHB8AJieZHOCTD cnHB8 K 8TOMy , HSXOA~eUyCD B ys

ne f 1 H KBK TBKOBOa He HBJIHeTCH nepeueBBOi • . lloaTOIIY 111i 6yAell yq MTblB8TD TOnDKO H3lleHe

HM e o6ueHHOro HHTerpalla 38 cq eT ClleiJieHMH aTOIIOB /I/ . B (2 .1 ) H ABJiee(A , \?>) - CK8l!HpBOe 

npoMaBeAeHHe BeKTOpOB A 11 'E; 
qT06bl HBHO yqeCTD 38BMCIIIIOCTD r aliHJ!DTOBH8B8 CHCTellli OT ClleiJieHH~ 8TOIIOB , UOTeHqllan 

ueJ~AyaTOIIHblX cHJI ~ ( IRf,- R,_l) H o6ueHHHl! IIHTerp8ll paanoKHII B PHA 4\ypDe : 

~ ( I Ry~- RyJ)= ~ ~¢l'~) e:-lv, ~~-~.- ~~.) = 112:.~h) it", ~.-~.) Q_q.,.<f• ~t) 
y ~ (2 .3) 

· J(\Rf~-Rf._l), ~'>;gl-t)i-\", ~~. - R~)= 1!~dt-v)il"',~.-P i-~vCf, f._) 
(2.4) 

rAe 

~ v ( f~ ~ .. ) = ( y) 1.t ( ~.) - 'lL ( p ) (2.5) 

llOACTa BnDD TOr Aa (2 . 3) M (2.4) B ( 2 . I), nonyqaeu 

d{ = df. t. + de" ' 

dt = -~ >'.( p~ ~Pf) + .LI:L.<N")e~c ... v.-?.) e:_~"tr.~.) 
t 2 M f 1 2.N f~ f, " , (2 .6) 

'tl9 = - IL :ZS-z. - -~ .2:2: "1(-..)e'-l"' ,V,-P (S S )i~v (y.~. ) 
Ol-'-' 1 B f f 2 N f, ~. y 0 . f• > f~ 

B A8l!DHenmeu cuemeHHH ii (O 6yAeU C'IIITaTD uanwH 11 AnD nonyqeHHD onpeAeneuuor o npM6lili

J:eH IIH 6yAeu pasnarau ~"'P [t 3v (f, j,) 1 !l PHA no . ~v ( f• ?.) : 

e,~sv c~.p = f ~~ ~;(f. Y~ ) (2 . 7) 
"' ' 0 

B qac THO CTM raM II liDTOH IIaH peweTKII ~t. UO~HO npeACT8JHTD B BIIAe cyUMbl r apMOHIIqecKOn '18CTII 
'>JO l' l ,~ 1 
dl.L 11 au ra puou11qecxoro BOsuymeHIID u : 

"{2 = ~(.t) + '\)'' 
(Jl, l l I 

~~> = ~M~ ( Pv•\'!) ._ i_N2:,2>f>c'V)i"'·V·-P ~~ ~~ (~.~. ) f f,t~ "i I 

U'' = ...L ~ Z f:. <?h) 1!.."~"'·~·-P ;_"' f '' coo) 
zN r. t. " .... ~ m. ~ "' '' ,, 

(2.8) 

4 

) 

06~BO B KS'IeCTBe HyneBOrO npM6nMK6HMR AnD r aUMnDTOHH8H8 ~L MCnOnDsyeTC 
'ID'~) 

'18CTD d\.(. 1 KOTOp8D onpeAeJIDeT '18CT0 Tbl M C06C TBeHHble BeKTOpbl HOpllanDHblX KC 

HH'IeCKOU npH6nM&eHHM . 0AH8KO SAeCD H811 YA06Hee 6yAeT BOCnOnD30B8TDCD nc 

1CH11 npM6nMKeHMeU/2/, KOTOpoe yqMTHBSeT HeKO TOpble eqxpeKTH 8Hr8p110HM3118 K01 

llpH STOll YA06HO nepe~TH OT Clle~eHH~ K OnepaTOpall pO&AeHHH H YHMqTOXeHHR ~ 

u. ... (n = ..f-N 2:.(2.M~J(() }x eJ(k) e.'-lk,f) \a.:" . ... o..". ) 
"'a d a • 

P"' = ~ V ( W.;,J(E) )¥-l- e": (k) \. lit, f) ( a..• . - a. . ) 
f V"N t" \ l_; d Q.. \ -kd ltd I 

- d -) 
rAe '18CT0Tbl .:;)j (k.) l A .,t,1 ,?) M BeKTOpbl ed (k. onpeAenHIOTCD HS ypaJ 

HHe 3H8'1 eHMD 

~ -
W·t. e_": (k) = ~ JJ .. Jk) e.". tk) I 

A A (>• 4 I d 
lc( = \,2. ,;) I 

rAe J) .. i" (k )_ nc eBAOrapNOHr!qeCit8D AHH81H!qecKSH uaT pHqa, BRA KOTOpoi.! 6yAeT 

cornacoBaHHblll cnoco<iou nosAaee. Co6CTBeBHHe BeitTOPH e:d (k) o6pasyllT m 

poBaHHblli <ia311C ! 

L: e:"'.· li) e.\ (k: ) 
"" d d 

b. I 

dd 

"" .... 1- ) " lk: ) - 6 L. e:. \k eJ - "'f'> . . 4 
A 

e ..... (k) =- e ..... (-k:) 
d 6 I 

B A8nDuenmeu YA06HO B KaqeCTBe llOl!HOU CIICTeUH 11Cll0l!D30B8TD BeKT Opu nceB~t 

CIICTei.IU. TorAa, llOACTaBnHH (2 . 9 ) B (2 .6) M yqHTUBaD (2.5), rau MnDTOHHaH t 

Tel.lbl J.IO~HO npeACTSBII TD B BHAe ! 

'1.!9 = .1_ " ~. (k)~a_" . Q - .!..(o.. a. t-0: Q ) A(. 
6L !L ~ d l kA kJ .t -kd kj kJ -k& + T J + 

+- 1NL.2:, tC"Y) il"',y,-y .. ) e.~\ .... (~.~ .. ) -
~. y. "'( 

- u.H ).':J'L - -~~. 2,L: 't(")e~ l..,,f,- ~.) (5o SP )e~~vCf,fJ 
r f f 2.•" (• f, "' Q I' l I"' J 

r;lle 

~vC~'l~l)=-~~(v,CJ("-;~.r .. ))(O..:k~ ..- Q~<d )) 
A 
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06uqao ~ aaqecT~e ayne~oro npM6nM&eHMH ~na rauMnhTOHaaaa ~L McnonhayeTcH rapuoHMqecwaa 
'\lo•~1 

qacThdl~, KOTopaa onpe~enaeT qacTOT~ M co6cTBeHH~e BeKTop~ aopuanhH~ aone6aHM~ ~ rapuo-

HI!qecaou npn6nMllteHMM. O~aao s~ech aau y~o6aee 6y~eT ~ocnonh30~aThCH nce~~orapuOHI!'!ec

KMU np116JIKK6HM6K/2/, KOTOpoe yqMT~~aeT HeKOTOp~e ~eKT~ 8HrapUOHM3M8 KOJI668HM~ peceTKII . 

r~e IJ ... ,., ( k )_ nce~~orapuoHr!'!eC tlaH ~MHallll'!ecKSH uaTplll\8, ~~ KOTopol! 6y~eT onpe~enea cauo

cornaco~aHH~ cnoco6ou noa~aee. Co6cTBeaa~e BettTOPH Q:d (~) o6paayRJT nona~l! opTOHOpua

poBaHH~ll 6a3MC: 

L. e_":•(i) e."'-d., (k) 
... d 

~ . I 

H 
e""." (k) =- e.'. (-k) 

d d I 

(2 .II) 

B ~aJihHenweu y~o6Ho B Ka'!eCTBe nonao~ CllCTeM~ Mcnonh30B8Th B6KTOp~ nceB~orapuoaaqecKoA 

m1cTeu~. 'l'or~a, no~cTaBnHH (2 .9) ~ (2.6) 11 y'!llT~MR (2 .s), raMilllhTOHMaH cnHH-4iOHOHHiilt Cilc

Teu~ I!O~HO npe~CT8BIITh B Bll~e: 

'49 - .1_ L. cs. (k) ~a_'" ... . o.""k" --l- (Q k" a. .... +- ctk. Q k") + ~} + 
6L- ~ k! d l A <1 - 4 d d - d 

+- 1NL.2: ~('1) i:t..,,~,-~,_) i'\v(~,~.) -
~. ~. ..., 

(2.12) 

-LLH ).)-z.- iN2::.L: d(..,)e~l..,,V.-~.) (Sf.,Sf...)e~~ .. tM.) 
I f f ~·h "V I 

(2.13) 
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~ 

CJ(k;f.f.)= l'lMwd(~<.))Yt e.~(k)(e.~tk,f.) _ e.;.tk,p.1) . 
(2 .14) 

B Cl!BAYD~Bil pa3ABliB llU pacCUOTpKu HBKOTopue ~KTU 8Hr8pllOHH3K8 K0l!B68HHI! pemeTKH 

K BllllliHHB COHH-{jJOHOHHOrO B38HKOABHCTBHH H8 X8P8KTepHCTHKH {jJoBOHHOI! OO,!IC HCTBUU. fi pH STOll 

llU npeAOOliOXHK, qro B38Hil0ABIICTB~e llBSAY COHHOBOH H (jJOHOHHOH OOACHCTBilallH liBllliBTCll Cli86Hil. 

Anll pacqeTOB 6yAeT npHilBHBH llBTOA AByXBpeueBBHX TeunepaTypHHX (jJyHKQHI! rpHBS. 

3. ~OHOHHSH OO,!ICKCT61l8 

PaccuoTpBK OAB~HOHHUe (jJyHKQHH rpHBa: 

r r k.i . t- t') = << Q." · lt) I~" . (t' ) ~ = 8(t-t')( [ a."i lt) ct". (t')1 ) \Y~ \ I I ~ ~ 0 I j lj I 

(,.2. (kJ ·, t- t') = «C.\ lt)\ ~vA \t'))) .... E) (t--t:)<. [ 0 \ (t), O:k/t)l). 
(3.1) 

llo:n:&ayliC::& ypaBBBHllllllH ,!IBI!SBHHR ,!~Jill 00Bp8TOpOB a.. . H 0.
4

,, . B rell36H6eprOBCKOil npe,!ICT8Bli6HKH, 
~~ -Lj 

nonyql!» CliB,liYKlmJil uenoqKy ypaBHBHHH Al!H (jJyHKUHI! rpzHa (3.1): 

L ~. <<a." I ~ ... . )) = ._ &tt- t') 
o.<. j I 

,.. 1: wJ (k)<.< a."i - ~-kd I O:"i >>.,. 

+ ..L 2: L q:>t") ~~-~.V.·f,) (i. N-Y~)( ...... CA Hif,r.)}f: ~~ <.<~~(f,f,)\ctk. >>-
.lN f•f• " o..o I (3 .2) 

- iN :z. L. "{(_, )e•t-~. ~.-t.) (i. N-") (_,I C/lt. if· f.) )I,~~ <<. (~f.'~,.)~: (f.Y.) I cllc.. »I 
Ml 'f a .... 0 .~ 

i. ~t «~"A I o:ki >>::.- i .:::5J (lc.) « o..~kJ - o.;k~ I ~ki »-

- iN 2:, L. ~l'l )e_'-t-~,y.-p l'- N-v.) ('Y I ci (-k; r.p)f ~~ << \: (f,f,)\o\ >> ... 
p o ~~ A ,. ~. 'f (3.3) 

+ _i_ L L. 1("/) ~·t-~ , y. - ~.) (;.N-Ih )('V, Cd· l-k ·,~~.)) f: ~~ « cs~ . .S~J~~ lf.f&)l c:tlck ~. 
lN f! ... <0 ' .... 

Yp8BH6HKH (3.2) H (3.3) HBli~TCH TOqHuu H, HO B HKX O,!IH~HHH6 ~YHKUKH rpHHa 38U6011H~TCH 38 

6 

KHOr~HOHHUe H COMn~OHOHHU~. An~ nonyqeHHR 38WKHYTOH CHCTBKU yp8BH68: 

(jJyHI;nHI! BOcnon:&ayellCll cne;ztylli!IJW npH6nHliteHHell. B 1(8qecTBe HyneBoro np116n: 

HBB38aYO,liBI!CTBYil~e KB&AY C06oH ~OHOHHYD II COIIHOBYD DOACKCT BKU. TOrAa , 

(jJOHOHHOe B38KUO,li51!CTBHB Cli86UU, COftH~OHOHHYil ~YHK~D rpHH8 p8CQBOHK C. 

<.<.. \Sr .. SrJ1:'(f.~1) \Q""J ~~ ((Sf,.'\))<.<.\:(f.f.)l 

KoppenHQHOHHYKl ~YHK~ <. (Sf,,SI<)ll!OlltHO Bllqll cnKT:& K8lt c p&AHI!e aHa qeHHH 

TOHI!8H01l ~_., (2.1). 

llpK paccllorpeHHll llHOro(jJoHOHHHX QYHKQHI! r pHHa Bocnon:&ayeuca nce».z~• 

seaHew/2/, cornacuo KOTOpolly 

« C (f.t • .)lc.~". ') ~ "\'\, < 3:-· l{,f.)><.<. t ({.~ .. )I a.'"".>> . 
d A 

llpl!»ell STO pSCUBIIJIBHHe II B H8CTORIII6~ pa6o:re. TOrAS, yqliTUBSH (3.4) I! 

f ~~ << l sf·• s,J 1: (t. f,.) I <i >> __..., " <lsi·· s,J >< ~~ \ .... tt.t 
ot•O 

f. ._~ <<- r: t~.~.)lo.~k . >> 
"' · ~ 

..._, < ~> ~ .... {t.t.) >« ~ .. (y.f.)\d'"d 
'l•O 

BenllqKHa <..e.' ~ .. (t.!.)) Buqi!CliRBTCH TaKXe D nceB,liOrapMOHllqecKOil np1 

(2.!3), IIOl!\HO OOK838TJ3/, q.TO D <!TOll OpK6lll!lit6HHII BHA 3 .. \f.f1 ) 

(eq .. (f,p) _ e::t< ~~(f,,,)) ,.., e l.V.,.(f,t,) 

llpi!HllllBR BO DHKUaHKB (3.6), ·(3. 7) II COB6pW8R 1iJyp:&e-npeo6p830B8HHI 

(jlopllyne 
00 

(,. (k · · t-t') =- {olE i~EU:-t') Cr (k · . E) 
(<,~) d I J (4,•) J ' I --
~ ll<i . E) !: « Q. I a.;+ ),""'> I G ( k i .I E) ~ <<. 0:: • I a.;+ 

' ~ I kj k.j r/ E l. 0 - ~d k j 
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MHOI'CW0HOHHU6 ~ CD»n-wOHOHHUc. An~ nonyqeH~H 38MKHYTOH C~CT6MU ypaBH6HKH AnH OAHO~HOHHUX 

<lJYHltnKH BOcnom.syeuca cneiiJDllliW npw6n~aeuweu. B KaQeCTBe HyneBoro npH6nwxeHHH paccuorpi!M 

HeB38:1UO;llellcTByllllllle uell;lly co6oH rpoHOHHYil 11 cn~HOBYD no,ncKcreuu. Tor.na, npe.nnoilaraH cnHH

<!JoHOHHoe B38HUO;li5HCTBH6 cna6uu, CDHH-<lJOHOHHYil ~YHKUHD rpHH8 pacqenHM cne,nyD~HLI o6pasou: 

KoppenHqiiOHHYBl ~YHKUHD ( (Sf••')j.))uolKHO BUQ~CnHTI> Kal( cpe,nHHe 3H8Q6HHH OT (Sf•' Sf) c raUH11:&-

TOHH8HOII ~_., (2.I). 

llp~ paccuorpeHim uHoro<!JoHoHHWC ~'yHuqiiU rpHHa Bocnon:&syeucH nceB;~~orapuoHHQeCKIIM npu6l!H

aeuweul2/, cornacao KOTopouy 

(3.5) 

llpi!Meu aro pacqeruteHHe H B HaCTOHille:l pa6ore. Tor;~~a, yQJITI>IBBH (3.4) H (3.5), nonyqaeu: 

..., 
L. ~~ <.<. t sf·· s,.n: (f. U I Q .. kj » ____., " < t st .. s,J ><. ~~ \ .... {t.t.> )<.< \-- (y,p ~~~- >> 
Nl•O A I 

(3.6) 

/ .,< ~v(l.f.)) 
BenHQHHa ...._ ..... BUQIICnHeTCH T8~6 B nC6B;ll01'8pMOHHQ6CKOU npii61!HK6HHHo YQHTI>IB8H 

(2.13), IIOli\110 DOK838Tl>/3/ t Q_TO D STOll npH6JIHlit6HIIH BH;ll ~.., (f,f,) 

(3. 7) 

llpiiHHLI8H BO DHIIU8HIIe (3.6) t ·(3. 7) H COD6PW8H 1J!yp:&e-npeo6p830B8HH6 no Bp6116HH, COI'Jl8CHO 

IJ!Opuyne 

G 1 kiE)~<.<..C:.k . lo.."" ~ 1 2.\o> - d kj'/, 
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B3 (3.2) K (3 . 3) nonyqHw cne~y~y~ aauKHYTY~ cKcrewy npH6nH&eBHHX ypaBHeHHU ~H wyp~e

-Ko»noHeHT no BpeYeHK o~HO{flOHOHHHX WYIIKI.IMll rpMHa : 

E<::...::.a.k. \a.'" ... . ~= ~:;;- .. T ;:)J(k.) << a. ... j . • _ a.~ ... . l~ ... i >> -
~ ~ j • 

- ~N L 2::, ¢l-..) e"tv,f,-t .. ) _zl.U'., (~.~.) N- y._ (v, (d (-k ·, f,f.) )« ~ ... (f,p \ O:"'.i >> +-

f.! .. 'Y 
(3.8) 

~ ~N 2:. L )'--~) e.~~ ... ~~.-t.> e.-l.v,. \M.) < t~, .. ~,.)> N-Y .. ( ... IS t-k; r. f.))« ~ ... <f.t.)\ o:-"J ~, 
f,t .. y 

E +I+ ~-) .. .. <.< o..._,.J a. ... ~>>~ - -;:: ~J <"- « a._ k,i - a. ... j I o.. "'J >> .. 

'"~ L 2:: ~b) e.dv ,f,-f.) il.V.,(~,t.) NY" (v, (/k.;Y,f,)) « ~ ... (f,f.)IO:k.j )/-
f,t, y (3.9) 

- .L )1 L }<v) e.~ (v, f,- f,) e.- 2. V.,.(f,f,) <. (sf • .Sr.)> N-'r'. ('J, CJ (-k;f,f,) )<< ~y (f,y,_)\ ~ ... ~ )) . 
2111 "f.!: ...., 

B ypaBHeHBl!X (3.8) H (3.9) »!I He nMmew HH~eKca E np• << .. -1 .. · >>e , TaK KaK B ;~~anaei!

mew 3TO COKpa~eHHe He B!I30BeT HHK8KHX He~opaayweHHM . 

llpHBe~ew cHcreYy ypeBHeHK~ (3.8), (3 .9) K 6onee y~o6uowy BH~y. llpe&;~~e Bcero saweTHM, 

qTO yqKT!IB8H (2.13), (2.14) H HCll0Rb3YH CBO~CTB8 BeKTOpDB OpTOHOpYBpOB8HHOrO 6a3MC8 

~/k) (2.II),»Ollllo noKaaan, qTo 

2.V ({.f.)= t< 3~\~~~.)) ~ ~ ~ ~~~Bk)i~~ (i+1N .. j)U- ~(k, f.-f .. )]: 
v l<.j J 

=~ L 1 ~·~J~~~~; e-tb_ ~~~1 - L1 -c.Y.>tll,f,-t.)J ~ 11t.({.-f.), 
kj J 

(3.10) 

r~e 

N < 
+ r .:;a~) - i. 

kd = CL- k · CLk . ) = \ 12.. - 0 A A · 
(3.II) 

llpMHHB BO BHHY8HKe (2.1!), (2. 13 ), (2.14) K (3.10) nerKO y6e~HT~CH 1 qtO HWeOT YeCtO 

paBeHCTBa: 

8 

~2::.L¢(v)e'-lv,f,-f.) elll.,.(f,- f,) N -V.r. (v,(J(-1<. .,f,f.))«1 ... (f,f,)la\ ·>> 
l. f,! .. 'Y ~ 

= ~N LL~ 4><-•) e~~ .... ~) ci'l.V.,.(~) <:·~j~~l..))(v:er(k)-2:= (~- e.~lk,~)- 12.-•lk,-a 

, .., l' 

A"'"' 'i() dvlf, -f.) -2..'U.,(V,f,)((S S ) ) N-v"(y ( ~l-oP))«-e 
l.N L.J L.. d V Q. Q. f, I f, I J I 1' 11 5· 

f·f· y 

= l_ LLL J(v) e~l-v, ~) e.-l.V.,('A)<(~ S )) (v,~(-k))(Y,e4,(k)) ..._ 
1.N ~ ..., ~I OJ -a 1. VU5d(k)U5ci,(li.) 

\ ~ ~<..~<,1 ) - ~t~<.-A)) .... .-- + I ~ ...... -e. -e. ,,a_ +Q. Cl 
- kJ• kJ' 1 

llO~CT8BRHH (3.12) H (3.13) B (3.8) H (3.9),nonyqKM: 

E <<. a.k . I a.+k . >> = .~:;; .. .;._ .::5; ("-)<<a." . - o.. ... · I a.+ · >.' -
~ d ~ ~ D d - kd "d '/ 

-}N LL~ (¢>(-..) - "'j(-.)<.V>o,Sa)>)Q:l'l}v(a). €-;_~v . -a>"' 
y ~ ~· 

f'l _ ~lie.,~ ) -~lk,1)) <.,y,eA(-k))tv,t.;.(lli <<~ +a. \C 
"\"- e.. - Q. 2M -f::;s,;lk)\Oj,lk) -k~· "d' 

E << o.~ti I o.\_J » = - -!- .::;;.i l k.) « o..~~<.i- a. "'.i I a.\ >> + 

~.J..... L.LL{cP('f)- 'f(v)<.'S c...))) _ 2.Vv(~) ;. l,v 1 ~) 
2.N \ /J ' o , J.a. e. e. "-

v ~ f 0 

CKCTe»a ypaBHeHHl! (3.14), (3.!5) ~RH O~HOWDHOHH!IX ~YHKI.IBl! rpwHa HBnl 

cnoaHo~. llpKqKHO~ ycnoaHeHHl! HBnHeTCH tor WSK!, qro cyuwHpOBaHKe no ~ (< 
pOD8HHe no BCeU COCe~HY yana, KOOp~KHST!I KO!OpOrO npKBKYaeY yCROBHO p8BHb 

9 



(3.13) 

llO~CTaBRHH (3.12) H (3.!3) B (3.8) H (3.9),nony11HM: 

E <<. <>y I a.\ . >> "' ~Jr .. X QiJ. (I<.)<.<. o.. ... . - 0.. ... I Q . >> -
6 A d - kd "A 

(3.14) 

(3.!4) 

C~cTeua ypaBHeHH~ (3.!4), (3.15) ~nH O~H~HOHHHX ~yHKUHn rpHHa HBnHeTCH ~OBOnbHO 

CROXHO~. llpii•H!RO~ yCl!OllHeHH~ HBRHeTCH TOT \t!IK'I' 1 liTO CyUIII!pOBaHI!e 00 't ( ~ 'i'O) eC'J'D CyKIIH

pODaHIIe no nceu coce~HM yJlla, KOOp~I!HaTY KO'I'oporo npHHHMaeu ycnoBHO paBHHMH Hynu. Mozuo, 

9 



OAHSKO,nony'l HTh 6onee npOCTYD CHCTeuy YP8BHeHH~, Ae»SH HeKOTOp~e npeAnono~eHHH 0 nOBeAeHKB 

ljiSKTOpOB vy (,) H KOppe»l!llHOHHO~ ljiyHK!lKB < (S., I S~)) t a Taae orpaHII'lHB8HCh paCCMOT

peHKeu KPHCT8n»OB Ky6wqecKOH CMMKeTplle~. 

n»a ay6H'lecKoro apHcTanna ljiopua i(Y,~J(k)\~ HBnaeTcH KBSApaTaq~oa ljiopuoa oT ~ , o6-

JI8Aa.DIItell Ky6H'leCiiOll CKWieTpKell t H DOSTOMY 

i(y,e_.(k))\~= ~y<y/'>~ ... (-k)l!..~ (k) = ~ (Y,v)= .y3 z. 

,j "·~ d d . 

TaKKM o6paaou, Y'l HT~aH onpeAeJieaue (3.10), ~ 1Yv(1) WOIRO aanucaTh B BRAe 

rAe 

2, vy < ~) = z v.r .. < o) - z w y ( <J-) I 

1 w. ('}') = 3y~fv\ f. EJ (k) u:>-b(k,~) I 

A 

lW., (o) ~~EJ(k) , 
d 

E lk) --\ L L .::,S ·(k) 
j - 1 Q) \k) c.:c_n .:2..6-'J- • 

d 

(3.!6) 

(3.!7) 

(3.!8) 

(3.!9) 

(3.20) 

2. W.,to) HliJ!HeTcH !)JaKTOpOM J{e6aa-Bannepa. B ASJihHellmew 6yAew C'lMTau, 'lTO 2.\o.lv (~) HBJIBeTcH 

M8JIOll BeJIK'lMHOll no Cp8BHeHH~ C 1~.(0) t T,e. 'lTO !)}SKTOp J{e68H- Bannepa A8eT OCHOBHO~ 
BKJISA B BblpazeHHe AJIH 1. 1)'v ( ~) • 

n»11 060CHOB8HHH STOrO npeADOJIOSeHHH H rpy6b!X OUeHOK BOCDOllh3yeucH MOAellhD J{e6aH II 

npHMeM AJIH npOCTOTbl, 'lTO 

.:;:). (k) - (. k 
d 

(3.2!) 

rAe C. - CI\OpOCTD 3ByKa, H nepel!AeM B (3,!8), (3.!9) OT CyMWHpOB8HHH no nepBO~ 30He 

EpH»JID3H8 K HHTerpKpOB8HmD no c!)Jepe J{e6aH C P8AHYCOM 

k = ( ~)Y> 
"'1. \ \.'r I 

(3 .22) 

r~e U - OOneM 3JieMeHT8pHO U R'l6 HKH. 

IO 

rAe 

Tor~a B cnyqae Bb!COKIIX TeunepaTyp, J ~ .o t nOllj"lllll: 

'LW (o)""' ::t ...... ~,.. k.._ 
v Me. .. (2Ji)'-

Wv(~) ~ 
Wv(O) 

< i ~ - 1~1+0 } 

" 
Si.x = J !>O.ft dt 

B cnyqae HH3KJIX TeunepaTyp, J-., 0 

-y2.'\)' l... 
'vJv (o) ~ Me.. (.:tX.Y-

w .. <a) ~ r !,~v:z.<1:k-<aL) < 1 w .. ~o) . '\ 11: I<,..~ · 

Ha (3,24) H (3.26) Bll,lUIO, 'lTO np11 AOCT8TO'lHO 60JihWI!X ~ t :viii.(~) 6yAeT : 

Cp8BHeUI!D C 1~.(0) • 3aMeTHU 1 'lTO DOA06Hoe lite npeADOJIOaeHHe A6li86TCH 

peHTreHOBCKI!X llj"lell/3/ • 

Tamru o6paaou, 6yAew npH6nHxeaao C'lMTau: 

e.-l.'\iv('A) ~ e.-~W .. lo) l ~ t- ZW.(~) . .. ] 

B 3TOM p83Aene .AJIH HCCJieAOB8HHH CBOllCTJl ljiOHOHHOll nOACilCTellbl Ubi orpaHHQI11 

-:tv. l-a) 
e. 

-2.Wv\o) 
e. 

llO-DII,li;Huouy, oro npaOJIH:oeaMe ~aer )(oc ·raro qHo Y.liOBJie~·BopMT&lll>Hble peaynhT8' 

A811hHOAellcTBYIOIIIlll4 :S381'l!.IO,lleilcTBI!ell , KOr,lla npOI'ICXO,liMT CBOel'O pOAa ycpeAH• 

Ka paAI!yca AellcT:eiiR can ana no qHcny aTouo:e JiehaJIIMX B aroll c!)Jepe. T~Ko: 

Hlle ;e l! eTaJIJiax, 6 CJiyqae tpeppO)(HOlleKTpiiKOB .ltllll DOliY'l6HHll Ci 011ee TO'l HilX 0 

B8Tb J<Oppenll ~IIO HHyn tjJyHK!\Iot D UllllliU JillHX COC e.Jteil 'W'y(~) . 
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Tor;'ta B cny<~ae Bl>ICOKHX Teunep aTyp 1 J ~ .o 1 nony•n111 : 

(3.23) 

Wv(~) ;::;:. s .. (k..,~) < i ~ - 1~1+0 J 
Wvlo) 1<..., 'J (3.24) 

r;lle 

" 
Si..x."' ~ ~rt dt 

0 

B CJ!y<l8e HH3KHX reunepaTyp 1 ~~o 

--{2.'\)' L.. 
Wv (o) ~ Me. (:l..X:f (3.25) 

(3.26) 

l1a (3.24) 11 

Cp8BH6HHil C 

peHTreHOBCKI!X 

(3.26) Bli,JUI0 1 'ITO npH ,ll0CT8TO'IHO 60lll>mi!X <J 1 .tW.(~) 6y,lleT 118l!Ol! BeJIH'IHHOil no 

l~.(O) • 3aueTHM 1 'ITO DO,ll00HOe &e npe,llDOJIOaeHHe ,ll6ll86TCH B TeOpHH pacceHHHH 

ny<~ev/3/ • 

Tarc11u oOpaaou 1 Oy,11e11 npH6llHllte HHO C'IIITau: 

(3.27) 

(3.28 ) 

!IO-DII,I(IIII011y , 3TO npHOID!:.CHlle )(UCT ,llOCTUTO'IHOY.IIOMeTBOpHTClll>Hhle pe3yJI:&T8Tlll ,llllll CI'IC TeU C 

,ll8JI:OHO,llel!cT.ByiOIJIHM B38HUO,IIel!cTDHell, ItOr,lla npOJ/iCXO,IIHT CBOei'O p0,118 ycpe,llHeHI'Ie no c\l)epe nop fl,li.

K8 P8.IIHYC8 ,llel!CT!lHH Cl'lll IIlli'! DO 'IIICII Y 8 TOI.IOB lleh 8 111HX D STOll ci)}epe • TaKOBO , llii,IIIIMO , DOllOllte

HI'!e ll M6T8Jill8Xo 8 CJiyYae rjJepp 0)(113Jie!(Tpi!KOB )(Ji ll OOJI YY BHIIH OO Jiee TO'IHUX 0!16HOK CJJB,l\y eT Y'!IIThi

BaTb J<O pp e JIHljliOII IIYtl ~JYHKl\ l'l il UllllliU,illiliX COCC.I\CI1 'W'y ('j') . 
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BBO;llll Tenep:& nepeHOplll!p01!8HHYil 4Jyp:&e-KOIIDOH6HTy DOT6Hlll!8118 l!3811MO;llel!CTl!Hll ql ( Y) 
B BH;ne: 

¢)(v ) =- ~(-v) Q.2W~(o) 
) 

(3 . 29) 

onpe;nenKU nceB;norapuoHMqecKYIJ ;nHHauHqecKyll uaTpHny cne;nyll~HII oOpaaou: 

j)o<IO (k) = 2~N L, 4)(-v) ya. y~ ~\.t-v , <J)- e.'-t-v+ k,'3)- d'(v- 1<.,~) ~ -
I v,~ J 

= ~ ~ 1 ~n:. K.J< ~c..+ K"'.J< k, .. K"'rJ- ~<R,..) 1<,.,.. K,.~) , 
"' (3.30) 

r;ne cyuuHpoBaHHe Be;neTCll no BBKTopau oOpaTHOl! peweTKH K~ . KaK BH;nBO, oHa OTnHqaeTCll OT 

rapMOHHqeCKOli ;lll!l!SIII!qecKOil MaTpi!Ulol 

J).._f'>(l()= i-L: l<t>Ck:t-K,)(k_.•K,..)(\y.+K.,,.,) - ~(KM)K,., .. K,.,(' 1 
K,.,. j 

(3. 3I) 

H81IV.'ll!ell IIH0l!IHT6116ll Q.>(r i-2. w ... (0) ~ npl! 4Jyp:&e-KOIIDOH6HTSX DOT6Hllll8118 napHOrO B3SI!I!O;llell-

CTl!llllo noaTouy B ;nan:&Heilweu )!Jill oneHOK llbl orpaHI!qi!J!cfl cne;nyll~llll npHOnl!llteHIIel! )!Jill nceB;no

rapuoRH'lecKHX 4JoRORHI>IX 'l8CTOT: 

c;:,~(k) S .. , = L e.~ (-k)J)<(,.,(k)e.~. (k)~ v.J""(k)ezw ... <o) f. 
A Ad "'·!"' 0 , - J d dd I ) 

(3.32) 

r;ne wd lk) - rapiiOHI!qecKHe qacTOTI>I. 

nceB;nOrapiiO~l!qecKH6 qaCTOT!i 38Bl!CHT OT TeMnepaTyp!i qepe3 qJSKTOp ne6ali- Ba111!6pa . 

npi!Hl!ll8fi BO BHHMSKII6 (3.28), (3.30) II (3.32), Cl!CT611Y ypaBH6HIIli (3.14), (3.15) IIOKHO 

Dpl!B6CTH K BH;ny: 

(E-wj(k))G-,(k.j;E) = ~K + 

+- ~N L L 2;:: "t(v) e ZWv!O) e.: lv,3) (2. - ~_'-lk,'3) - €:"~ tl<,'3) )<.(So , Sll)) ~ 
"Y d d1 J 

"\Y·-"~~--~""'-f'~'L, {G. (kj'; E)+ G.._ (kJ'; E)} J 

I2 

(3.33) 

~

·f 

(E + C:5d· (It)) G-.._ (kd ; E) = - tN I:~ 2: i(v) i 2. \1\Jy(o) e.~~..,.,~) 
v 'i\ j' il " 

( ., \. lk ,~) -'-ti<.,'J)) / (S s ) > .. <-- e. - e. '- o, 'il ... 

tv, e. (.-k)) (v, €.J• (k}) l G (k.i'; E)+ GJ kJ' ; E 
"' 4M'fwj(k) GSJ,(1<.) l ~ 0 

nepel!;neu Tenep:& K HeKOTOpHY ynpo~all~l!M npe;nnonozeHHHII o noBe;neHHH R 

l!iYHKlll!l! <_ (so ,S~) > • npllll611 BO l!H IIIISHH6, qTO ycpe;nHBHHe l!I>ID011Hli6TCll C 

(2.I). ~~~ ynpo~eHHll ;nan:&Hel!mHX pacqeTOB npe;nnonoallll, qTo B ypal!H6Hl!HX ( 

nepl!OII npH61111JteHI!l! IIOKHO 38116HI!Tl> KOppe1i~HOHIIYIJ 4JyHKllilll < ( S. 1 S~ )) a a < 

( (So ,S~ )) ~ < s; -;",_ = S .. ():t, 

r;ne S - Ben~llll8 CDHHS, cr - OTHOCHT61Il>H811 HSMarHHqeRHOCTl>o 

~~~ 060CHOB8Hllfi <lTOrO npH0nHKBHHfi paCCIIOTpl!M .211111 npOCTOT!i cnyqal! t> 
KOppe1Illl.liiOHHyll qJyHKI.lilll <:(So,~)) B paiiKSX npH01IHZ6Hl!ll XaOT~BCKHX qJ83 o 

BHKII8Hll6 TO&;n6CTBO: 

( 
I f c..- c..+ + - l ..,_ ..,_ 

So,S'3) = Tl.Jo --'~ + S"' S~ j + So S~, 

nonyqaeu cne;ny~~Y~ oneHKy: 

((So,S~));;: ~>;;<S~S~)ii.<J<·~) + <S:>l\(~) +<.s;f.=:: 

;;: ~ L: N ei.{,.,~) + <s~ )6{~) + <.s; f r - ~ , 

r;neN~- cpe;nHee ql!C110 sneii6HTapHHX B036y&;neHHK B CDHHOBO~ no;ncHCT6116 np~ 
PaccuoTpl!ll B!ipa&eHHe 

A= NL.N e-~l,..,~) ,.... ,.. 

I3 



(3.34) 

fiepea~eK Tenep~ K HeKOTOpHW ynpo~an~HK npe~OHOZeHHHK 0 nOBe~eHHH KOppeHHUHOHHOH 

ljiyHKI\IIH <_ (So,S~)> • ilpl!lleK BO BHHli8HHe, 'ITO ycpe~HeHile BhlnOHHfleTCll C raKHH~TOHH8HOKdt, 
(2.!). AnH ynpo~eHIIH ~8H~HeHmHX pac'ieTOB npe~nOHOZHII, 'ITO B ypaBHeHIIHX (3.33) H (3.34) B 

nepBOK npll6HI!JteHIIII KOZHO 3aK6HilT» KOppeHffUilOHHyn ljiyHKI\llD < ( S., Sl! )) H8 <_ S~ >"' 

(3.35) 

r~e S - Belllf'lllH8 Cni!H8, CJ - OTHOCHTeH~H8H H8118rBI!'ieHHOCT~. 

AnH o6ocaoBaHHH &Toro np116lii!ZeHHH paccuoTplllol ~Hll npocTOTH cnyqaD S= I H oueHIDl 

KOppeH!II\IIOBHyD ljiyHKI\HD <_(So,~)) B paiiKSX npH6nKZeHI!ll X80TII'i6CKHX ljiaa. fipwHHli8H BO 

BHIIK8HIIe TOEA6CTBO: 

(3.36) 

r~:N~- cpe~Hee qi!CHO 8H6116HT8pHHX B036YEA6HIIH B cnHHOBOH no~CIICTeKe npll TellnepaType ~ 
PaCCIIOTpiiK BHpa&eHI!e 

(3.37) 
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llpH HH3KBX TeunepaTypax ( uan~e ~ ) » CHCTeue »036y~aDTCH CDHHOB~e »OXHH C Yan~H~ K 

cy~eCT»eBHHM »Kn~ » CyYYy (3,3?) ~BDT '!ReB~ C YS~K fL , ll03TOYY B 3TO~ 06RBCTB 

A:; --ir ~ ~ ~ .n << cr-, 
(3.38) 

r~e ;n: - c pe,ztHee 'IHCRO CDHHO»b!X OTKnOH6HH~ t 8 <r- »6RJ!lliiB8 DOpH.ztKa e~I!BIIIUi, llpB B~COKIIX 

Tet.mepaTypax ( s~ "'"- - T6MnepaTypa KllpK) ~ - 11e~n6HBO 116HHiliiiBHCH cf1YHKitiiH )A- t H 

IIOllt!IO 3TY DJ!alHIYI> ljJyHKitllll 3aJI6HHTb ee cpe~llll 3HB'I6HII61l NF • Tor~a ARB (3.37) DOllyqllll: 

A ~ ~ 1: ~e- q,...,~) . FL = cr- N;: 6. (<a ) . 
}'- }'- (3.39) 

C ,ztpyro~ CTOpOH~ 1 38116THII, 'ITO 'IR6H~ C ~l~) Jl~YT ayne»O~ »KnHJl » npa»~e CTOpoHH ypa»

H6HHa (3,33) il (3,34), TBK KSK 

~\~) \1- e."l"·-J)- e-"llc.,~)) = o. 
(3.40) 

TaKHY 06pa30il, HS (3,36)- (3,40) cne~yeT, 'ITO YOXHO » ypa»H6HKHX (3,33) II (3,34) nplllle

HHTD npH6RHS6HH6 (3.35), 

Y'!Teu npH6nHseaae (3.35) H npo»eAeY cy~~Yapo»aHHe no ~ » (3.33) 11 (3.34) . TorAa 

npeae6peraa npoqeccauil nepe6poca H np~HHYaH »O »HIIliSHHe (3.30), (3.32), nonyqHK cneAYO

~YD npocTyD CIICTeuy ypa»H6BH~ ARB OAHOcf10HOHHb!X cf1YHKitHa rpHHB: 

l E- GSA tk) [ 1 ~ D(k;<r)] 1 (;.~ (kj; E)+- wJ tk)D(k·,cr )~ (kA; E)= ~ l._Jf I 

;:::,J (k.) D(k;cr )GJkJ; E)- {E +- w/k) [1- D(k;cr)}) G:/kj ·,E) == 0 ) 

!4 

(3.4!) 

(3.42) 

rAe 

rAe 

~(lc.) 
D(k;o) =- i ~:/6'"- $(k) 

RerKo y6e,ztiiTDCR, 'ITO . CiiCTeua (3.4!), (3.42) lllleeT cne.nyD~He pemeHHR: 

r(k ·· E)=~ \1;; d I .l_.A 

E +- wd(k)[1- Dlk;cr)] 

E.t: - E:~ (I<..) 
d 

G-Jkji E)=_<. '1(k) D(k;<f") 
.vr E - cj' (1<..) 

tJ (lc.) { r".\. 
WJ (k) 1 - 2 D(k·,<f") J 

onpe.nenaeT nepeaopllr.po»aHH~e aa cqeT cnr.a-woaoaaoro »3BHYOAencTBliR nceBAOr; 

HOHH~e 'IBCTOTH, llORIOCB ljly!IK!IIIa rpHHB 6YAYT ll6lKBTD Ha B611(6CTB6HHOH OCH, i1 T• 

;o.ztcllcTella 6y,zteT ycl'Oli 'IIIBol!, ecna, Kpolole »ell(eCTBeHHOCTH .:)d (I<..), . 6y,zteT Bbll 

2D(k;<f) < i . 

llpHUeHRR CTB!I,ztBpTHHe loleTOAH TeOpi!H ljJyHK!llll! rpiiHB ( cu., Hanplllolep,/lf), 

11(116 »HPBX6HHR JtnR ljJoHOHHb!X KOppeliR!IIIOHHNX ljJYHKitiiJ!: 

r ,11e 

.. C3 ·lk)H- D(k;.r)] - t-.j (k) w~(k)[~- Dtk ;<l')] N"d 
/ a,. . Q >= d + • I 
" "d l<j .2. t.i (k) E::j (k) 

.. .. 
<. Qk ' a. k >"" d - d 

C3/k)D(k,cr) 
.2. E:<l (k.) ( i ~ 2 N"J) ) 

I5 



r;Jte 

RerKO y6e;JtMT»CH 1 qTO CMCTeMa (3,41) 1 (3,42) HUeeT cne;JtyO~He pemeHMH: 

. wi (k) D(k;Cf') G (ki. E) = -" ---4!...:,_:__ __ _ 
1. Ol .:ur E - E:J' (k.) 

E: . (k) 
& 

(3.43) 

(3.44) 

(3.45) 

(3,46) 

On pe;JtenHeT nepeHOpUV.pOBSHH~e 38 cqeT CnV.H~OHOHHOrO B~BHMO;JteacTBMH nceB;JtOra pMOHM4eCKV.e QO

HOHH~e qaCTOTH, Uonoca ~YllKQM" rpv.Ha 6y;JtyT negaTh I!H BemeCTBeHHO" OCH 1 M TeM CBMNM ~OI!OHHSH 

;O;IlCMCTeMa 6y;JteT yCTOHqMB0" 1 eCnH 1 KpOMe Beme CTBeHHOCTM ~d(k.), . 6y;JteT B~OnHeHO ycnOBMe: 

(3.47) 

UpMIIeHHH CT8l!;ll8pTHHe UeTO;Illl TeO pHil iflYHKIXM" rpHHS ( CJI, 1 HanpMIIep,II/ ), no11y4MII cne;JtyD

mv.e BllpaseHHH ;ll1IH ~HOHHilX KOppenHUMOHHilX iflYHKUII": 

(3.48) 

I5 



r 

~ ~ -1 
Nkj == ( e, - i ) (3.49) 

3aueTau, qTO H3 HamHX pacqeTOB cne~ymT npaBHn~H~e peayn~TaT~ ~H aHrapuoH~ecnoro KPHCTan

na. nonaraH, Ha npHIIep, B (3.46), (3.48) H (3.49) D = 0 (T.e. J(k.) ~ 0 ), nonyq1r111: 

E .(I<.) = .::;:; . ( k.) 
J J 

<. ~~<j ~~<A> = o, 

+ >-< o..ic.A Q~<J -
N - ( ~ )--1 ~o..· - \ Q. - i A . 

llepe~~ev Tenep~ K KpaTKOYY o6cyx~eHHD nonyqeHHHX peaynhT8TOB. YqHT~aH onpe~eneHHe 

(3.43), 38DHIDBY B~pa~eHHe ~H nepeHOpYHpOB8HHHX ~HOHHHX 3HeprHM tA(k) (3.46) B HBHOY 

Bil~e 

cjlkJ-C5.lklf1- ~·,, :\<•l l."' 
d l ~J 

B~qi!CXHII C!WpoCTD 3BYK8. ECXil CKOpoCTh 3BYK8 ~H 'li!CTO 8Hr8jJli0HilqecKOrO KPHCTanna 

onpe;IJ.enHTD Kart 

( . 
~ 

~ .£_ ~ . (k.) 
· ole. J I 

k....,o 

(3.50) 

{3.51) 

TO CKOpoCT~ 3BYK8 npH y'leTB CDi!H~HOHHOrO B38HKO~enCTBi!H Cj 6y~eT B~pBiaT~CH ~pwynol 

~ ( i c ... ~: 2.1:}(0) \1 ¥:a. 
Gj = c.J l t- v <J l>fonJ , 

r~e v~ yt~nil , 'ITO 

¢Co)~ 2:¥\f) 
f 

<. () 

)'0 

(3.52) 

1to) ~ f:lU) 
DOCKOX~KY CT8Til'leCK8H 3HeprHH CBH3il Kpi!CT8XX8 OTpi!U8TBXhH8, a 06MBHHall HHTerpan J(f) 
~eppovarHe~i!K8 nonoXHTeneH. U~ y'lnH TaKze, qTo B paccwa TpHBaevow HSVil npH6ni!ZeHHH 

~nH 

j(k) -
<f)(k) -
~ 
cp(k) 

(3. 53) 

I6 

Ecxe ~H oueHOK orpaHii'IHIICH npH6nHZeHKew 6n11xa~mHX coce~ea , nonara1 

1lk.) = 'J~ )\. 

cp(k) =- <t>z. } .. 
-i 'V ~ lk,S) 

"\=-.L....e_ 
/k Z. 0 . I 

':1 > 0 

<P<. 0 I 

r~e r - BBKTOp1 COB;IIBBHJ)IIHI! ;IIB8 6l!Hia~IIH6 Y3l18, Z - qHCliO 6nH&a~mHX COCe 

-DOCTOHHHHB BBliH'IHHH, TO ~PKYJIH (3.50) H (3.52) DPHVYT OC06eHHO DpOCTO~ 

E:.(k);;; c;5 . (k.) 11 + ~:l64 ,_"J_I Y'2. 
d d t <P ' 

cj = C:J { i + S\r7. \ -t-"\ J ~ 
B 3TOK Cllyqae nepeBOpKHpoBOq&He KO~RUHBBTH t c6yCl10BliBHBHB CDHH~OBOHH~ 

38BHCHT OT TeKnepaTypH TOllhKO 38 C'IBT cr 

PaCCKOTpHK TBKnepaTypHyD 38BHCHKOCT~ DODpBBKil K CKOpOCTH 3BYK8. 

fipH BHSKHX TBKD6paTypax ( ~- 0 ) OTHOCi!TBXhH8H H81l8rHH'lBHHOC' 

'l8BTCH OT B~HHIIUH : 0""£" 1 • B 8TOII Cl1Yll8B H3 (3.56) DOliY'IHV: 

~~ == 11 + s ~ , ~ \ r~ 
B 06l!aCTH BHCOKHX TeunepaTyp, KOr;~ta TBIIDepaTypa 6l!H3K8 K TBIID6paTyp1 

HBliHBTCH KSXOII BBJIHqi!HOll(<r<< ~) t II 113 (3.56) DOnyqJrlll: 

~ = 1 + J..... S2.c:r2. 11 I 
C· ~ ~ . 
d 

B 3TOI! 06l18CTH TBKnepaTyp ~H rpy6HX OUBHOK IIOKHO BOCDOl1~30B8T~CH D~H6l!K1 

uoro nonH. Tor;~~a, cornacHofi/ 

(}~ ~ Jl ( i - *) 1 

r;~~e Jt aaBIICHT OT BBnllqi!Hb! cn11na, o6ueuuoro IIHTerpuna 11 reoMeTpl!l! pemeTH 

(3.59) nonyqaeu, qTo B OKpeCTHOCTH cjle ppouar HI! THOM TO'lKI! •OOPH ~c. 

I ? 



Ecna AnH o~euou orpauwqHKcH npa6nazeu11eu 6n11xanmHX coce~en, nona raa 

1l"-) = 'J~ } ... 

cj:>(k) =- <\>z. } ... 
1. = _i_ 2: e.~ lk,&) 
lk z. 0 . ' 

<P<.o (3.54) 

r~e r - BeR'l'Op1 COe;II.BHIIDJIIHn ~Ba 6JIHSanmHe Y3JI8 1 Z - 'IHCHO 6nazan111HX COCe;ll.en, ':_j H <t> 
-nOCTOHHHae BeJIHqHBH 1 TO ~puyJia (3.50) II (3.52) DPHMYT OC06eHHO npOCTOn BH;II.: 

E:d (k) ~ .:::SJ (k) t 1 + '::f o-z.l+l J "'~ 

cA = cJ l i + s"" <r' \ -t-\ Y'~ 
(3.55) 

(3.56) 

B 3TOM cnyqae nepeBOpMHpoBOquae KO~HUHeHTa 1 06ycnoBneuuae CDRH~OHOHHaM B38KMO~encTBH6M, 

38BHCHT OT TeunepaTypa TOH~KO 38 cqeT cr 

PaCCMOTpKM TeunepaTypHyD 38BIICHMOCT~ DODpaBKII K CKOpOCTH 3BYK8. 

llpll BRSKHX TeMnepaTypax ( ~- 0 ) OTHOCHTei!~H8ft H8U8rHII'IeHHOCTD 6 M8110 OTJIH-

qaeTCH OT e~HHHQU : ();;;' 1 • B 3TOM cnyqae H3 (3.56) nonyqau: 

~ = 11 + s~ I~ \ Y',_. 
c.d l (3.57) 

B o6naCTil BHCOKHX TeunepaTyp, uor;~~.a 'l'eunepaTypa 6JIII3K8 K TeunepaType Kllpa ( J ~ ~ t () 
R»naeTcll uanon BeJIH'IIlHOn(o-<.<. ~), 11 us (3.56) nony'IHM: 

B STOn 06/l&CTH TeMnepaTyp Ani! rpy6ax OQeHOK MOZHO BOCDOH~30B8T~CH D~H6HHSeBII6M MOJleKyJIHp

HOro nona. Tor~a, cornacuofl/ 

(3.59) 

r;~~.e Jl saBI!CIIT OT Benll'li!Hbl cn11ua, o6uennoro HHTerpana 11 reo1.1eTp1111 peilleTKII. l1a (3.58), 

(3.59) DOJiy'laeu, 'ITO B OKpCCTHOCTII <jJe ppouarH IITHOii TO'IKI1 ,;IOpll {Jc. 
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r 

~ 
<:J 

- 1 + ~ S\A 11 \ ( 1 - ~, ) 
1 

T.e. nonpaBK8 K C!WpoCT I1 3ByKa npll j ~ J.._ JIHH6MHO CTpC!AIITCH K HYllll o 

(3.60) 

TaKIIIol o6pa30U, !13 nami!X paC'16TOB Cll6.llY6T , 'ITO CDIIH-4>0HOHH06 B38¥!110.ll6i1CTBI!6 B lj)eppollar

HIITHOil KPIICT8llll6 B paccuaTpiiB861l011 H8MII n pHCillll~eHIIII npiiBO.lliiT K ne peHOPIIHPOBKe ~HOHHHX '18C

TOT II 1131l6HHeT CKOpoCTb 3ByKa. ilonpaBK8 K CKOpoCT I! 3BYK8 , OCiyCBOBli6HH8H C0¥1H-4>0HOHH~ 

B381!l.IO.lJ.6~CTBII61l, .lJ.OC TiiraeT CBOero 118KCIIII8llbHOrO 3H8'16HIIH npll j ~ Q , 8 npH j _,. ~ .._ 
JIHR6IHO CTp6MIITCH K Hyllll. 

B 38KliD4eHI! e 3TOro p83.ll6ll8 OCiCY.llllll e~e KP8TKO BOnpoc 06 yCTO~'IIIBOCTII KPIICT8JIB8 no OT

BOW6HIIIl K ~OHOHHOil CIICT6116o ST8 Op06Jie118 IICCll6.llOB8li8Cb TBKSe B pa6oTef4/ .llBH O.lJ.HOIIepHOil 

pemeTKII. 

CornacHo ( 3 . 32 ), nce B.D.OrapiiOHII'IecKI!e ~HOHHNe 'laCTOTN ~d lk) BNpa~allTCH 'lepea rapuo

HH'IeCKHe WJ (1<.) npl! OOMO~II ypaBH6l!IIH: 

~j (lc.) ~l.W~o.lo) wJ (k) . 

C .lJ.pyr~ cTopoHu, IDaKTop ~eCiaH-BaliBepa, cornacHo tj.LH) ~ ( 3 .20 hHIIeeT B~: 

L" ~ ... ..t:h. ~·(k'> 
2W~..to) = ~NM ~· l ~p') ~ 

(3.61) 

(3.62) 

Cll6.ll0B8T61!1>H0 1 (3.61) II (3.62) o6pa3yll'l' CliC'I'eUy C8110COrllaCOBB!IHHX ypaBII6HIII!, 113 KOTOpOI! 

IIOKHO B npHHUII06 Onpe.lJ.6liiiT1> DC6B.lJ.OrapiiOHII'I6CKII6 '18CTOTN1 6Cllll 113B6CTHN r apMOHII'IeCKHe 'IBCTO

Tiio TaKIIII o6pa30II 1 UN 110ll611 onpe.D.eliHT:& TeMnepaTypH yll 38BIICI!IIOCTb nceB.D.OrapiiOHII'IeCKIIX 'IBC

TOT. 0.D.H8KO 110ll6T C1!YQIIT:&CH, '1'1'0 BNW6 HeKO'I'OpOil Teune pa'l'ypN peweHIIH 3'1'0~ CIICTeMN CiY.llY'I' KOU

nlleKCHIIDII!1 'ITO 6y.D.e'l' YKa31iB8U H8 noTePIJ yCTOii'IIIBOCTII pemeTKHo Ho T8 i< K8 i( OOliY'I6HIIe pewe

HIIH B 8H8JIIITII'16CKOM BH.lle B U61!0M HH'I'6pB8ll6 T611nepa'l'yp He np6.lJ.CT8BJIHeTCH B03UO&HNU 1 TO Cll6-

.llY6T BOCnOli1>30B8Tl>CH HeKOTOplillll npH6JII!Z6HI!HIIIIo 

UO:UO 01H.ll8'1'1> 1 'ITO noTepH YCTOM'iiiBOC'I'I! pemeTKII npOIICXO.lJ.IIT B 06J13CTII BNCOKIIX T611nepa

Typ. ll03TOIIY BOCnOl!:&3yeiiCH pa3liOX6HIIeU: 

c.t:h. ... ~ ..L .. J!,._ - ••• " ;) 

B np11Mell 1 '1'1'0 B Hy1!eBOII np1!61!KX6HI!H (3.62) 110130 38DIIC8Tl> B BH.D.e : 

IS 

(3.63) 

k2.j ·~ -1 
1.W"- lo) ;;;;; ~NM t t:;J,(k•) -

k2.c~..>.(J) . 

llO.llC'I'8BJIHH CD.ll8 (3.61) , DOlly'laell Clle.lJ.Y~ee YP8BHeHHe .llJIH onpe.lJ.elleHIIH Of 

ol:. (~) = _J __ .2: ~p [k.2.oe..2.(~)] 
· 3 N fv\ lc.'J' '-"t (k') 

~H rpy6ux OUeHOK pemeHIIA yp8BHeHHH (3.65) BOCnon:r,ayeiiCH IIO.lJ.ell:&ll ~e6aa. 
npOCTO'I'U 1 '1'1'0 wd ~C. k , II n~p6XO.lJ.H 0'1' CYIIJfHpoBaHHB K HHTerpHpoBaHI!Il 

C P8.ll11YCOII k,.."' ("~'/"IT)'V~ HS (3.65) OOliY'IHll: 

k_ 

ex'- (J) = --. ,~, -~ ) (/."'r [~,_c{ .. <J)] dk 
0 

IIlii! BBO.llH HOBHe nepeueauue: 

x.- k 
k .... 

z.- k.., cl (~) 

~ 

zl.. = o.. e. dl( J 
z."-,_4 

0 

33 
0..=~ 

MHTerp8ll B 3lleUeHTapHUX ~YHKUIIHX He 6epeTCH. 0CHOBHO~ BKlla.lJ. B 3TOT IIHTerp 

OO.lJ.HHTerpan:&HOll ~YHICUIIII np11 "- , 6JIH3KIIX K e.D.IIHliUe • ll03TOIIy npllloleu, 'I TO 

z"-Z:t ~ o.. <2.. 

Onpe.lJ.ellllll npe)len:r.uoe aHa'leHHe Cl..kp , np11 ICOTopo11 ypaBHeHI!e (3 .69) 1111eeT · 

pemeHMe. ~H aToro npO.lJ.M~epeHUHpyeu (3 .69) no ~ 11 pemHM nony'leHHoe ypaBJ 

c (3.69). B peayn~TaTe nony'lllll: 

- ~ 

.a.. .. P = e z .. i 

19 



(3.64) 

llO.llCTSllJillll CD.lla (3.61), nonyqae11 cJie]lyD!IIee ypa»HeHHe .llJill onpe;~~eneHHll napalleTpa cC.1 (~) 

(3.65) 

~~~ rpy~HX OQ6HOK pemeHH~ yp8llH6HHll (3.65) llOCnOJib3Y611CB IIO]l6JibD ~e~aB. fipi!Hi1118B .llJIH 

npOCTO'rli 1 'l'rO '-"j ~ C. k, t H n c peXOJlll O'r CY1411Hpoll8HIIIH K i!H'rerplllpoll8Hi!D no C(iiepe ~eCiaH 
C pa;!!IIYCOII k "'= ('-.511/'IT) '(~ liS (3 .65) nony'IIUI: 

lc_ 

~ ~--r [k .. ot'"<J)} dk (3.66) 

0 

i!Jiil llllOJlH H0llli6 nepeMeHHUe: 

(3.67) 

j n z."-,_'- d..~ 
z:t.. = o.. "'- " 

(3.68) 
0 

MHTerpan » aneu eHTapHHX WYHKQH!IX 11e ~epeTcH. OcHOllHOH BKJIS.ll B STOT IIHTerpSJI .llSDT aHa'leHIIB 

nO~UD~TerpaJibHOI! WYHKQHII np11 x., ~H3KHX K e]liiHIIQe. noaTOIIY nplll.! eu, 'ITO npii~JU!llteHHO 

(3.69) 

Onpe)leJII!II n pe,lleJI:&HOe 3Ha'leHHe O..kp t npH ICOTOpOII y pallHeHIIe (3.69) !llleeT e111e BellleC TBeHHOe 

peweHHe. ~~~ STOrO npOl!;H~epeHQHpyeu (3.69) nO L II pemHM noJiy'leHHOe ypaBH6llll6 COBIIeCTHO 

c (3.69). B peayn:&TaTe nony'lllll: 

-~ 

.Q"-P = e.. Z 0 = i 
1 (3.70) 
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r11e zD - peweu11e ypallHeHII H (3.69) np11 o..= o..._l' • llp11 a.> a.._, ypaBHeHI!e (3.69) I!KeeT 

TOnbKO KOUDn8KCHH8 pemeHIIf!o 

llp11HI!II8f! llO llRIII!SHI!e (3 .67) II (3. 70 ) 1 OKOH'IaTenbRO nony'lllll cneiiYIIIIIYll OQ8HKY II»H KPII-

T1!'!8CHOi! Tet.me paTypH s"-f' 11 K!JIITII'!8CKOrO 3HS'!eHIIH napaueTpa ol. (J"f) 

~ - Me.::. 
kf =-:se 

01. t ~ .. ) ;;;_ _1_ = l_jL )'Y~ 
f k..., <;51"' . 

(3. ?I) 

TaKI!k o6paaou, Hall y11anocb nony'!HTD rpy6yJJ oueHHY TeunepaTypu, llWDe HOTopol! pemeTK8 

c•raHOBIITCII HeycTOii'!IIBOil . ilOIIOCiHHe :&e peaynbT8TH 6Hn~l nonyqeHH ll pa6oTel
4

/ II»H OIIHOUepHOii 

pemeTKI! . 

4. CDIIROB8ll fi01\CI!CT8118 

B 3TO!.! pa3.nene IICCne11ye11 BmiHH l!8 CfiiiH-<P<lHOHHOrO B3811!.!01\8KCTllllll H8 

CBO ACT Ba CfiH hOBO d fiO.li.CIICTeMU, Anll pac'leTO B no-npexHeuy Kcnonbayeu ueTOII IIBYXllpeMeH-

HHX TeunepaTypHHX WYHKI.III~ rpi!Ha. 

PaccuoTpllll ~YHKI.IIIII rpi!Ha 

<< s~ ( t:) 1 s-~ (t') >> = Gtt- t') < l s; t t), ~;<e)]> . 
(4.I) 

~ . 
llonb3Yl1Cb ypallHeHI!811 Alll!&eHI!ll A»ll onepaTOpa sf ll rellaeu6eprODCKOII DP8.li.CTaDneHIIII C ralll!nb-

TOHIIQHO!.! (2.6) 1 nonyqlll! cneAY~IIe yp8llH8HI!ll ll»ll ~YHKI.IIIII (4,!): 

<. ~ << S~ \ ~-1 )) = '- <.l. ~~ > b.(f- ~) &lt·- t') ~ }'- H « S~ ISS/;+ 

(4.2) 

~ "'" 1( ) ~h.f-P // ;. ~.,(ff.) t s+ s7. - c.::~ )IS" /:> 
+- N L..f L... ...., e. "" e \ f f· f f• % '/ · 

• 'V 

PacQenllll cnHH-<P<lHOHHNe ~YHKI.IIIII rp11Ha no Hynellouy npH6nl!:&eHIIJJ: 

« .. ~ .. lft,) ~ :> 1 s- ~ ___, < '- ~ .. (ff,) > <<. s+ ~:>'"' \ s- ~ 
Q.. f f< ~ 7 e. f f1 'A J 

<< <.\,(ff.) sz. s• I~- 4> ~<.e .. ~vltP)<<. s7. ~IS-~ 
e. r t• ~ r f· 1 , 

(4.3) 

rle, cornacHo (3.7) 11 (3.17), 

20 

<._ e." ~.,(ff.) ) = e 2.Wv(O)<- 2Wv ~~ - f,) 

TaKHII o6paaou,B paccuaTpllllaeuou np1!6nllxeHIIII ypaBHeHIIe .nnH ~ypbe-KounoHeH ~ 

llHX ~YHKQIIl! rpi!Ha (4.!) nplllleT llii.Zl! 

E« ~;Is;~ = .:l~ <2Sf' ) 6.(~- <J) + fH«~'f \S~ ~ + 

-1 "'"' 61 ) ~t ..... ~. - ~.) _2. w.,to)t-2W.,(V-P + 
+ - L.. L. \.... e. e... << s '.:> - sz. "J.. \ "J-

N .., ~. ~ f, f f• ~ 

~3 llll~8 (4.4) cne11yeT 1 qTQ ll DpiiHHTOII H81111 np1!6ni!ZeHI!II npOIICXOI\IIT D 

Ka 06118HHOrO B38IIIIO~eUCTllllll! 

r~e 

J ( ~- f,) ---7 '3 (~ - V,) = "N L, d(") il .. ,H.) i" 2W.,\o) '"2. wy <~- r. 
'( 

;: .1_ ~ ;q(\1) e...dY, ~- V< ) 
N .., () 

j(J4-): L l(-a) IL;_t-v,~) 
'J 

= ~ "\(-v)i 2W..,(o) _L L', e:-t"-f'-,~) e...l.W..,(~) 
.., a N ~ 

JlnH OQeHI(II nepeHOpllllpOBSHHOU ~ypbe-KOIIDOHeHTN 0611eHHOrO IIHTerpana J( f 
Tell &e lleTOI\011 1 qTO H DpH IICCne~OB&HMII ~OHOHHOU DOI\CIICTeiiN , ilpi!HIIIISH BO llH 

11 (3.27) 11 npeae6peraH ~ononHIITenbHO npoQeccaul! nepe6poca ( npH npeo6pa30l 

uy k .....,. - k ) , nony'!l!ll A»H J (.I'-) cne.ny~11e lliipazeHI!H: 

;q ( j.l) ~ "t.(J<) i" z. w~ (o) + .L 2::, i.(,..- k) \ ( .... - k, ~-./"-)L.t Lth. ~~~ 
J I J N I<' 0 :ttv\w,j(~) .:1.. 

A 
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• 

TaKHK o6paaou,B paccuaTpHBaeuou npH6nHseHHH ypaBHeHHe ~nH wypbe-xounoaeHT no BpeueHH cnHHO

BHX ~yHKUHa rpHHa (4,!) npHYeT BHA: 

~3 BH~a (4,4) cne~yeT, qTO B npHHHTOY H8MH npH6nHZ6HHH npOHCXO~HT npOCTO nepeHOpUHpoB

Ka 06Y6HHOPO B38HYO~eUCTBHH: 

- 1 "'~()~h.~-~.) -2Wv\O)t-2.Wv(~-r.) 
:J(~-f,)---" 'J(V-V.)="N~ c:l" e. e. = 

= ~ 2; 1(~) e_<_ly,~-~,) 
(4.5) 

' 

(4.6) 

.llnH oneHICH nepeaopuapoBaHHOli illYPbe-xounoneHTbl o6~o~enaoro HHTerpana J(!'-) nocnonbayeucH 

T614 ze 146TO~OY, qTO H npH HCCne~OB6HHH WOHOHHOa DO~CHCT6Mbl, flpHHHYaH BO BHHMBHH6 (3,!0) 

H (3,27) H npene6peraH ~ononHHTenbHO npoueccauH nepe6poca ( npH npeo6paaoBaHHHX ~enaeu aaue

Hy k -"' - k ) , nonyqHu ~nH 1 (JL) cne~yllllll!e BblpallteHHH: 

(4.7) 

2! 



Btopoa qxea B (4 .7) ~aeT ~ononaeTenAB~ paa6poc Kownoaeat ~yp~e o6xeaaoro HBTerpa~a 

sa cqeT TennoBoro ~BKeHHH STOKOB. Uanoro napaxetpa a~ec~ ueT , uo no~o6uo paccy.KAeHKRK 

npe~ero paa~exa, r~e eccne~oBaao ypaDueuee ~a ~W) woK&o ~yxat~, qto ato cnarae.oe 

qecneHBO xano. Doatoxy AIR ~anDHelalx pacqeTOB npHKe», qto 

)Cv) :=: ]h) e-2W,.lO). 
(4.8) 

Tor~ ypaBaeu•e (4.4) 6yAeT BK6T~ BRA: 

(E- JLsH )« t>; ts; >/ = ~ <.:tSf">A(~- -a) +-

..L "~ 9:() <-lv,f-f•) <.< ~· ~z. - sx. s+ Is- >-"' 
+- N L. ~ d .., ~ f f• f f• ') ~ · .., ,. (4.9) 

PaCCKO!piK 8!0 ypaBH6BRe B DpR611&6B .. CXyqa~ ~83. fiOCXe DpHK6H6BRB CT8HAapTHKX K6TOAOB 

• npeo6paao:aaBd ( c•., aanpiKepfii) ypa»aene (4.9) np1weT Bll,lt: 

t E- .1'-r. H - 6to><.~~>) << ~r I~~>> = ~ <l.~f > A~f-a)
<.?f7 ""''i.(.,)e:-lv,f-f•) « 5+ \S- >:> 

- N ~ t.- I f• ll . 

IK RCD0n~30B&IB AODO&HRT6X~BO TOT WSKT , qTO 

W0 (0)=0 j<o) = )(o) . 

Jlu pe1161U1B ypaBHeHRB (4.!0) C~eJI861l npeo6pa30B8HHe 

s~ ~ -"' .z= ';:)~ ~--(,..·1> r 'fN ~'- ~"- e. 

Do~CT8BllRJI (4.II) B (4.!0) t nocxe HBCJIO&IIHX Dpe06pa30li8KIIa OJ:Oftq8T6UIIO DO.tyqBK; 

ne 

<< s: Is:»= 
.. <l.~z.,) 

.l.S 

.4 
E- E<-w) 

f:(v)= f-,.H + <. ~) ['Jlo)-)(v)1 = 

= p.l!) H + So- 'Jlo) [ 1 -)vi 2.W-.(O) 1 

22 

(4.!0) 

(4.II) 

(4.!2) 

(4.13) 

BCT~ DepeBOpllHpOB8HH8H 38 CqeT CDHB-toHOBBOrO B38HKO~eacTBHH 3Beprea an~ 

~eali ll CDBBOliOU no~cRcTewe, a }• onpe~eJIBeTca cne~yo~HK cnoco6ow: 

J(v) 
)v = 1lO) 

B cnyqae S=-1: , KOr~a . (t;'Z·)~ t6 , (4.!2) H (4 . !3) DPIIBHKSJ 

" « 2t 1 s- ~ = ~~ 
. ..... ~ ..2..11 E- ~(v) 

E(v)=fle.l-1 +~cr-'J(o)8 -)"ve2.Wv(O)} . 

fipHKeHBH CTSK~apTBKe K6TO~I/ , H3 (4.!5) DOJiyqHK ypa:aaeaee ~JIB OTHO 
•eHHOCTH: 

_1 = -~ .2: t~ Ec'WJ 
<J N -v c.. -:rJ 

IOERO OK~&T~, q:ro nepeHOpKI!pOBKa 3HeprBH CDIIHOBKX B036y~eHHH BU30BE 

IITBOA TeKnepaTypu K~pl! , AnH HCCne~OB8BHH 3TOrO BODpoca orpSHHqHKCH cnyqae~ 
aai'HHTHoe none H- 0 a npHKell npe6nH.teHee 6nuaHmax coce)lea, Kor~a /l(< 
JJo~a o6oaaaqeaea, no~yq11w: 

T- 4~ --z-:r-
' Ev = 1- Jvi'2Wv{O) 

YpasaeHH~ A~a HawaraeqeaaocTH wozuo nepenecar~ B B~e: 

j__ ~"' -() - N L.. d:b. CT E)( 
~ '(:' 

B o6nacu liHCOKBX Tewnepa:ryp ~ <<. i , B rBnep6oneqecJteA KOTaareac Moxuo 

no ~ r.. . B a:rox cnyqae ypaBKBHIIe (4.20) ll nepBOK npe6JIHll6HHH npHKeT BH;lt 
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aCT~ nepeaopMHp0BaHH8H 38 cqeT CIIHB~HOHHOro B38KMO~e~CTBHH aaeprHH 8X6M6HT8PHHX B036y&

;n;eaJdl B cnBBOBO~ no~cBcTeue, 8 }v onpe;n;exHeTCH cxe;D;yDIIIKM cnoco6ou: 

J'(v) 
)v =- )lu) (4.14) 

B cxyq8e S =- 1: , aor~8 . <~::?· )~ 1:6 , (4.12) H (4.13) npHHHIIBilT Bll~: 

E - 'ECv) 
(4.15) 

(4.16) 

llpKIIeHHH CT8H~8pTHHe 116TO~/l/, B3 (4.15) noxyqHII ypaBH6HH6 ~XH OTHOCHTeX~HO~ H8118rHH

•eHHOCTH: 

(4 .I?) 

YO&HO OK~8T~ 1 qTO nepeHOplli!pOBK8 BHeprB~ Clli!HOBHX B036y~eHH~ BH30B6T C~Hr ~eppOMar

IITBOR TellnepaTypy KllpH. Ann HCCXe~OBBHHH 3TOrO BOnpOCB orpaH~HIICH cxyqaeu, KOr~a BHemHee 

KlrHHTHOe noxe H- 0 H npHMeM npa6xHaeaae 6naaaAmi!X coce;D;ell, KOr,lla d(o) -z.J • Tor~a. 
IBO~H 0603HaqeBHH1 noJiyqHu: 

T = ~~ 
(4.18) 

(4.19) 

(4.20) 

B 06JI8CTH BHCOKIIX T611n6p8T)'p ~ <<. i 1 H rHnep60JII!qecKH~ KOTa HreHC MO l!! HO p<l 3liOliCI!Tb B pll,ll 

no ~F.. . B STOll cnyqae ypaBHeHBe (4 . 20) B nepBOM npH6XH&eHHII npHueT BH~: 
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(J 1 ,_ ~1: ( 1 - c \: ) ' 
• (4.2I) 

r;n;e 

t =-L L.t , N ., .., 
~ 'I " ~ C = -L·T:-N ..., v (4.22) 

Bhl;n;eJil!M B llliHOII Bl!Jte 38BIICIIIIOC'r:b C II C~ 0'1' T811Depa'l'ypH. JlJill STOrO 6y;n;e11 C'IIIT8U
1 

'1!0 

TellnepaTypa mop11 L~ /l:Xft ~ppowarHeTHKa Dpll yqeTe CDIIH~HOHBOrO B3811110il:e~C'I'BHit BHae 

Iqli!TII'i8CKO~ ( Dpll KO'I'OpO~ pemerxa TeplteT yCTO~'IIIBOC'I'I>) II 'i!O Dpll 1:-1: .. , 2.W..,(0)<<1_ • 
MH orpaHI!'IIIIICit Dpll6niiEeHII811 

.1 - e.-2Wv(o);:: 2W..,(o) a- --,-tcc.. .. (J) 

II DpiD!ell ,liJlft o~.(J) cneJlYI)IIIYJl OQeHKy: 

c\.t(~) ==: ,. k... j = 0 . .L -.ura. Mc.2. - 4Mc..1 k';_, = 
'L 

X--.r -
k<¥1 

c(2.(1:) 

(4.23) 

/ (4.24) 

BHTeK8JOIIIYil 113 YP8llli8HBit (3,66) 11 CDpaBe,liiiHBYJl B 06ll8CTI1 BHCOKIIX TeiiUepaTyp. Y'IIITHBBR 

(4.23 ), (4.24) 11 ;n;onoJIHIITeJiloBO paanaraR C B PI!Jt no ()v/A-jv}2W-y, OKOH'IaTeJI:LBo 

DOJIY'IIIII 

r;D;e 

L1 

t-
~ 

1 .. XL. 'l:' 

(- ~ L - xl-c 
- 'Lc. 

kl N 2: ....,2. ,..., 
"' ..., 0 

" v~J=v 
) L = ::.N ~· (~-)vY. ) 

I -I "' A 
~ = NL.. ~-"--

c. y " • 

(4.25) 

(4.26) 

(4 . 27) 

'LC.. - TeMnepaTypa Kllpll /l:Xl! 1130TpODHOrO i))epOII8r HeTIIKa r Bhll!IICJieHH8JI 6e 3 y'leTa Cnlll!-\!JOII OHHO- • 
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ro B3811110/l:8gCTBI1l! , llpll npeo6pa30B8HH8X (4.25) K1i DpHHBnB BO BBliii8Hll8 1 'l'I'O 

~ ~ (~ - -;}v) = i. 

ilOEBO 0El!Jt8Tlo 1 'ITO 

L. < o L > 0 1 

IL.I <. ~ L <. i 

qliCJieHBHe pac'leTH, DhlnOnHeHHHe ;n;JIR cnyqalt npoc!O~ Ky6eqecaon pemeTKII,;n;aD! pe 

l. ~- O,f!> , L = 0, ~ • J!JIR ocran:LHhiX tHnoB Ky<lll'lecKBX pe11etoK L, 11 L 
lllleTlo 1 Bl!Jtllll0 1 T8KOg Ee DOpR;n;OK BeJIII'lHHhl, C ;n;pyroA CTOpoBH, ll:Jlft i))eppoMarHIITB 

:x.s ~~~ .. - l~O-'--:- ~o-.t) • Cne;n;oBaren:~oao, A,=xiL.I.t..<.i. , Aa-xl<.· 
Bli;n;HIIO, YKa 31>1B8eT Ha CDp8B8,liJJHBOCTlo HHmHX Dpi16JIHaeBidl, 

rro;n;cTaBJIItl! (4.25) B (4.21),~~~>~ noJiyqHII cne;n;y~e YPSBHeHHR AJIR H811arall'l 

Hl>le B OKpeCTBOCTII TO'lKII Kllpll L~ 

a-2.==: Yt: (1-
-i-A,-r 

1: + 
'Lc. 

A-cl.). 

TeunepaTypy Kllpll L~ ll:Jllt i))eppoll&rB8'1'HK8 C yqeTOII CDHH-~HOHHOrO B38HIIOAI 

Jlllll 113 yCJIOBI'IIt (J2. "'- Q 

1 - L~ .. A'tl. .... 0 
"t 1<. c. 

IlpliHHIIaH Bo BH11118HIIe , 'ITO A.(.<.~ 11 pemall ypaBaea11e (4.29) llaTO.ztOM HTepaii!U 

DOJiy'IHII CJie,liYJllllllg peayJiloT8!: 

'i::' = 'L r ;j + AT..t ) 
IC.. c..\ c. . 

CJie,liOB8TeJihH0 9 CDIIB-woHOHHOe B38IIIIO,lle~CTBI!e BH3aBaeT Clle~eHI!e TO'lKH KDpH B C~ 

BhiCOKHX T8KnepaTyp, 3811eTRII 1 'ITO 

~~~L~"t~ oQ 

TSKHII ·06paSOII, Kli DOK838JIH, 'ITO y~eT CDIIH-woHOHHOro B38liiiOAe~CTBHH ll:Jllt en 

npliBo~uT K IJ:ODORHIITeJiloHO~ nepeHOpKHpOBKe CDIIBOBHX B036y~eHil~ H yBeJII!q CHCTeMI>I ~ 

Typu KDpll . 
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(4.21) 

(4.22) 

•e1meparypu. Jlna aroro 6y~e11 cqi!Tau, qro 

;ere CDHH~HOHBOrO B88HIIO~eUCTBHR BB&e ~ 

IBOCTI>) H q'l'o npK t:-1:~ , 2.Wv(0}<<.1_ • 

(4.23) 

(4.24) 

06JI8CTH BliCOKKX Tellnepa'l'yp. YQH'l'HBBR 

PllJl DO ( }v /A-)v) 2W.,. • OKOHqaTeJil>l!O 

(4.25) 

(4.26) 

(4 . 27) 

ieTI!K8 0 Bbll!H CJ! eHH8H Ciea yqeTa CDHH-ij)oiiOHHu-

ro BBSHKO~eUcTBHR, llpH npeo6pasoBauKax (4.25) KH npuuanH BO BBHHaHne, qro 

L < o • 
L <. i 

qncneuHiie pacqeru, nunonueHBHe ~na cnyqaa npoc'l'OI Ky6aqecKol pemerKH,~aD'l' peaynbTS'l'H: 

l.~- o,r!> L= o.~ . Jlna ocranbHHX 'l'llnOB Ky6sqecKJIX pelle'l'OK L, H L 6y~y'l' 

KMeTb 0 BH~HII0 0 TBKOI &e DOp~OK BeDKQHHH, C ~pyrol CTOpoBii, ~H ~epp0118rHH'l'HOrO KpHCTanna 

:x..: ~~~ .. ~ (~0-'-;-- ~0- %.) • Cne~onaren~ouo, A;o x.IL.I4-<.i Aa-x.L<< :i. , qr o, 

BH~HIIO,yK8 31iB8eT H8 cnpane~HBOC'l'b HamKX npH6JIB&8HHI. 

llO~CT8BDRR (4,25) B (4.2I),IIIi DOJiyqHK CJie~~e ypanueHKR ~R H8118rBHQ6HHOCTH 0 rOA

Hiie B OKpeCTHOCTH TOqKH KDpH L~ 

( 1- 'i: - + 
'Cc. 

(4.28) 

Teuneparypy KDpH L~ ~R ~eppollarBe'l'HK8 C yqeTOII CDHH-~HOHHOrO BS8HKO~eiCTBHR ODpeAe

JIHII 113 yCJIOBHR cr2 = Q 

1 - T.. A~L.1. 0 -- +- ... "'" 'tc. 
(4 . 29) 

llpHBHKaa no BHI!IIaHHe , no A<.<.~ H pemaa ypanHeHHe (4 . 29) 11e ro~o11 HTepa~HU , OKOHqar enbHO 

nonyqHH cne~yD~~ peaynbTaT: 

t = 'L (~+AT%.) 
t(.. c.. c. . (4.30) 

Cne~OB8'1'6JlloH0 0 CD IIH~HOHHOe B38HIIO~eUCTBIIe Bli3HBaeT Clle~eHI!e TOqKH KDpll B C'l'OpOBy 60Jiee 

BYCOKKX re11neparyp. 3811eTilll, qro 

~~ /1: : 'L ._ = o() 

TaKHII ·06paaOII 0 llli DOK838JIII 0 qro yqer CDHH~HOHHOro B38IIIIO~elcTBHH ~R CDHHOBOI DO~

CHCTeM!i npHBO~IIT K ~ODODHIITeJiloHOI nepeHOpMHpOBKe CDHHOBiiX B036y~eHHU H yBeJIIIQ6HHD Texnepa

Typbl KllpH . 
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5. BHBO,ltH 

B pa6oTe MH paCCKOTpe~H BBHRHHe CUHH-¢oBOBBO!'O B38HKOAe~CTBHH HB UOB6A6HHe P83HHX ~H
awqeCKBX CBODCTB ~eppouarBHTBOI'O KpHCT~a. B PBCCMOTpeHBOM HSMH npH6BKI6HHH cna6o~ CBH3H 

Ke&ny ~HOBHOH H CUHBOBOA UOACHCT6KBMH 3TO B38HKOA6DCTBHe npHBOAHT K nepeHOpUHpOBKe ~0-
BOHBHX qaCTOT 38 cqeT CUOHTSHHOH HBKS!'HHqeBHOCTH H K nepeHOpKHpOBKe 3HeprH~ CUHHOB~ B03-

6y!A6HHA 38 cqeT T8UBOBHX KOBe6aBHA 8TOMOB. CneACTBHeU 3TOI'O HBBH6TCH nepeaopuHpOBK8 CKO

pocTU 3Byaa, KOTOpaa HaqeaaeT B TOqKe KDpH, H,C APYI'O~ CTOpOBH, CABHI' ~eppOUBI'HHTBO~ T6KUe

paTypH KDpH B CTOpoay 6o~ee BHCOKHX TeunepaTyp. MH yqHH B H6HOTOpO~ CTeneHH aHrapMOHH3U 

KOne6BHHA 8TOKOB 0 TBK K8K MH nonD30BBnHCD nceBAOrapKOBHqecKHU npH6nHaeHH6K B aaq eCTBe Hyne

"l!O!'O UpH6nHX8HHH AHR ~HOHHOH UOACHCT6MH. HamH qHcneHHHe O~eHHH HUena aaqeCTBeHHUR XapaaTep 
H Tpe6YDT ABHDBe~mero YTOqHeHHH. 

YqeT 38Tyx8HHH H npH6~HZ6BHe CHnDBOH CBHSH 0YAYT paCCMOTp~HU B Cl16AYD~HX paOOTax . 
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