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LlllH 6onee .H8I"'l15l.llHOI"'O BbiHCHeHHH OCHOBHbiX OC06eHHOCT.el1 HBlleHHH npe.u

CT8Bl1HeTCH .uenecod6pa3HbiM' flaqa1'b ero' pacc~oTpeHHe c KnaccnqecKoii ToqKn 

3peiiHH, npe.unOllOlliHM;· qTo HeKOTOp8H Cll:c·TeMa /aTOM 1 H.llpO ll: T,n./ 1 BXO.llSllll8H 

ibdcT~B Ka~oro-nR6o'MaKpocK~nRqec~oro Tena,·n3nyqaeT sneKTpoMarHRTHhle aon

Hbi iracTOTbi CAJ0 ~·Tor a a .a· cncTeMe, · CBH38HHoii c H3nyqaTeneM, sneKTpoMarHRT-

Hoe none npu t .'7 Q MOlliHO 38UHC8Tb. B BII,lle 

r.ue 
1 /;t_ 

fl 
•: e '~ (wo t:.:. dle.Z)-· ..l -t/z. 

1 /1/ 
.. I . 

- BOllHQBoe qncno. Bcne.ucTane Tenno-

~oro .ll Bll:llieHRH J:!,ll,H HeUO.llBll.lliHOI"'O H86lliO.ll8TellH ll:MeeT MeCTO, ScpcpeKT Llormriepa, 

O~b~qHo npe.unonara~rr.c9:, qTo nan :-: eHR~ c ny<J;eBoii cKopocTbiO. V ~pnao.unT K 

ll3MeHeHRIO qaCTOThl H8 BennqRHy 

/2/ 

B CBH31l: C qeM, npn npeHe6pemeHRR 38TyXaHHeM, cpopMa llllHHll ll:3llyqeHIIH llpOCTO 

.. UOBTOpHeT 38KOH pacnpe.ueneHIIH CKOpOcTeii, T,e, omi:CbiB8STCH cpyHKUIIeil raycca, 

TaKHM o6pa3oM .uiiH aenRqHHbi cpa3y M·o>KHo nonyqHTb Bbrpame-

HHe .. 

J (~2) 1 
/3/ 

52..-<. 

r.ue 

u 
C yqeTOM 38TYX8HHH BMeCTO /3/ UOllyqaeTCH 1.K8K H3BeCTH0 1 HeCKOllbKO 6onee .. ,· 

13' I 

(Z:rt)~ u; 
npnBe,lleHHOe paccy:>K,lleHHe K8:>KeTCH 6eccnopHbiM TOllbKO H8 nepBbiH B3I"'l1Sl,ll, 

tJ.eil:CTBIITellbH0 1 HCXO.llHOe COOTHOWeHHe. _/2 .' CnpaBe.llllHBO Upll: YC110Bil:ll: 1 qTo H3ny

qaTe.Tib Bee BpeMSI .llBil:llieTCfl npHMOllHHeHHO ll: paBHOMepHO , HO K8K pa3 STO Tpe-

60BBHRe B o6meM cnyqae COBepweHHO He Bb!UOllRHeTCSl, T8K K8K cpaKTRqecKR ll:3lly-· 

qaTellb itBR)KeTCH no CllOlliHOH 31l:I"'38I"'006 p83HOH TpdeKTOpll:H, 
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0Tcro.aa cne.ayroT ocnomHeHHSI .aaostKoro po.aa. Bo-nepBhiX1 a Te'JeHHe Ii:aiKllO-

x/ . 
ro II3 ynapoa MO:>KeT H3MeHSITbGSI":BHyTpeHHee COCTOSIHHe H31IylfaTenSJ 1 'ITO npHBO-

llHT1 P KOHelfHOM ClfeTe 1 K UOSIB.TIBHIIIO TaK Ha:3biBa9MOrO .,y.aapHOrO yWilpeHHH"' 1 npH

pona KoToporo a HacToHwee apeMSI x_opowo H3y'IeHa /cM.,HanpaMep, t 1} I. B ll81Ib

aefiweM, ecnH ae oroaopeao npoTHBHOB 1 Mhl 5yneM npennonaraTb 1 'ITo "'y.llapHoe 

ywnpean:e" oTcyTcTayeT. 3To 6eaycnonao nepHo npaKTH'IBCKH ll1ISJ acex HHTepecyro · 

WHX HaC H.llBpHbiX H31IY'IBHHH 1 UOCKOllbKY npOUBCCbi CT01IKHOB9HHSI OTHOCHTCSI T01IbKO 

K 8TOMHhiM 0001IOlfK aMo BMecTe C T9M 1 ·aTO BepHO If ll1JSI HBKOTOpblX THUOB aTOMHhiX 

H31Iy'IBHHH 1 B lfaCTHOCTR1 .ll1ISI nepeXO.llOB1 CBSJ3aHHhlX C nepeopH9HTaUil9H MarHHTHOro 

MOMBHT~ aTOMOB
1

.ll1ISI peneBBCKOro paCCBSIHHSI H ~OKOTOphlX .llpyrHX npOUBCCOB [ll , 

Bo-aTophiX 1 nsn:meaHe no cno)!OfOil: TpaeKTOpHH npHBO!lHT K TOMy, 'ITO c Ka>K

llhiM OT!le1IbHhiM H31Iy'IaT01I9M CBSI38HO H31IY'IBHHO He OllHOH lf8CTOTbl1 onpenemte

MOH- n, COOTBBTCTBHH C /2/, a H31IylfeHne aenpepbiBHOrO cneKTpa lfaCTOTo !lpH 9TOM 

n· 06 D..IeM cny'tae, He1Ib3S1: i:Iame ronopHTb 1 'ITO 'l8CTb npeMBHH- H31Iy'taTB1Ib nsri>KeT

CSI c ny'lenoii cKopocTbiO Z!f H Hany'IaeT qacToTy <-V, 1 a aaieM llBHIKBTCst co 

CKOpOCTblO ~ n: HanyqaeT 'lacToTy ~.z H T.n. TaKast TO'IKa apenHst a Koneq-

HOM c<ieTe CHOB8 npHBena Ob!K COOTHOWeHHJIM /3/ H /3'/ 1 OlJ.llllKO ll.TISI ee capanen-

1IHBOCTH H900XO.llHM01 lfTOObl H8 KaiK.UOM H3 OOC119.llOB8T91IbllbiX npmviOJJHHBHHbiX y•JacT

KOB nononnHTB1lbH8SI paaaocTb cpaa, caSJ3BHHBSI c aqJC!JeKTOM Llormnepa, 6uma 6hr 

BBJIHK8 no Cp8BH9HHIO C 9LlHHMUBll [ 1] • npu 9TOM H31IY'IBIIH9 p83JIJ-f'lHhlX npstMO-

JIRHBHHhlX Y'IBCTKOB npaKTH'JBCYX HBKOrepeHTHO H Ha Ka*llOM H3 HHX llC~YCKOBTCSl 

TOllhKO KaKast-TO O.llHa BU011He onpene119HHaSJ~8CTOT8. YKa3aHHOB YCJJOBHB HMBBT 

BH.ll 

Wo ~ 'to >') 1 ~ 
rne 'io - apeMSJ cao6o.aHoro npo6era. 3To ycnoane MO>KHO TaK '"e npencTilBUTb 

B fionee Y.ll06HOM BH.ll9 

~ >>1, . /4/ 

L = v;, tz""., - .anHHa cao6onnoro npo6era 1 A rne - illiHHa BO.TIHbi, EcnH /4/ uo 

Bhln01II!OH0 1 TO H COOTHOW9HHSI /3/ H /3'/ TI1Kil\8 OK83bJBa!~TCH HecnpaBe.ll,.TIIH\hJiV~HX/ 
x/ B uenSJx ynpoweaiHt nocnenyrowue paccy>K•fimHI npoae.t~eHt:.I JVISl ra3a, 'ITo, 

KOH9'JH0 1 He OOSJ3aTe1IhHO. 

xx/npH aToM npe.llnonaranocb, 'ITO 'f/.:t "»ceo j n npoTHBHOJV cnylfae BhiCBe•mBa· 

HHe aaKaHlfHBaeTcst·no ~cywecTaneaHSJ o'lepenaoro ynapa If cooTaowenHe /3/ cnpa

ne.anHno• .aame ecnH ycnoaHe /4/ ae Bhmonaeao • 

._~----~~~ ~~~------~----~~ 
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PaccMoTpHM Tenepb Bonpoc o ¢opMe nHHHH ':1 ( SZ) BHe cBSI3II c ycnoBneM 

/4/, Ecnu npoeKuiiSI pannyca-BeKTopa H3nyqaTenSI Ha nyq '3peHHSI H3MeHSieTcSI no 

38KOHY X-=" X(t) ·, TO anSI ytteTa a¢¢eKTa' L{onnnepa B Bblp8)K8HHH /1/ cnenye~ 

npocTo uoncTaBHTb yKa3aHHYIO ¢yHKUHIO X (t) . 3To naeT ></ 

e 11'1 

CooTBeTCTBYIOlllaSI KOMnoHeHTa ct>ypbe 

oo oa 

B . j iu.J0 t- iu;-{,-L3t!x(t)-A. ~ }'t '-t...·.f2t-i2exf-tl-A."% 
<:....0 dt e · = C{.- e . ) 

0 0 . 

8 cneKTpanbH8SI HHT8HCHBHOCTb ,. T.e. 

d(S2) <../.) j(::X ct-t:' e- d2(t-£V- ';_ !HJ [ e- iae["x(t}-x!t1-JJ. 

o o r -i.'Jt::LJ<ttJ-~rt'IJJ 
npn BhJqucneHHH BenuqHHhl L e J cnenyeT yqecTb, qTo CMemeHHe 

X (t)- )\ (t') onnHaKoso qacTo npHHHMaeT KaK noJio*HTeJibHhie,. TaK H o.Tpnua

TeJibHbie 3HaqeHHSI, noaToMy B p8B8HCTB8 · 

-i:Je ["x(t)- x(-t')] e . -1- LJ::{x(t)-X(t:J}- 7-/ [xft.)-X(i'J]R+ 

' . 3 ' 3 lf 

+ ~ ~ [ ;r( t)- /( t! ;J J -t - a;T [X (t) - X ( -t J] 'I- . . . 

BCe aeqeTHbl8 MOM8HTbi 00p8lll810TCSI B HY1lb 0 L{anee BO BC8X npaKTHq.ecKH HHTepec-
. 

HbiX cnyqaSJX UBH)K8HH8 H3JiyqaTeJISI ¢opMHpyeTCSI B pe3yJibT8Te OOnbWOI'O qucna 

9118M8HT8pHbiX B38HMoneiicTBHH. no. 9TOH npuqnHe cnyqafiaaSI. Bem{qnHa· X (-t):... X (t· ') 

pacnpeneneHa no 38KOHY raycca. 

0D03HaqHM cpenHee 3H8'll'8HH8 KBanpaTa CM9lll9HHSI 38 Bp8MSI t- t 1 

qepe3 

1 w{lt-t'l). Toi'na HMeeM: 
t 

x/ /7 r ~ e i.Wo t- -1 tj-2 -i. de .f V('l')d<[ 
06bxquo none 3anHCbiB8IOT B. ¢opMe JL --~ , 

KOTOpaSI BnOnHe SKBHBaneaTa /1'/• 



noaTOMy 
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[ x;ri)- x(t)}
2 ~ 

I 

~ [lrZ 

2 

[ x(rt)- x(t)r = 1·3 J.ilt 
4 

[ 
I '}t; 6 

X{i)-x(t') = f-3·5 vV_-
1 ·. 8 W.r..a,. 

I 
- ~Lx(tj- x(-t;JJ ! z~~ 

~ 1- (-;;e.Z.ut:-21+ (:;e-<~<J~-~<;3!+~ .. == .e --_" 
I lf J 'i I:?/ \ .. 4 j, . . ' 

I 

e 
a .llJ1SI, cneKTpanhHOli _IIH·TCCH:BHOCTII nony'IaeM . . , 

!'-( · ?/!_ . 
1 

· - t_ Q. (L--c')- ··Y~ (-t+-t'}- -a:;:z w_Yr_t_ -t'J) 
c.J(9).~Jj.\dtcU e . . .. ~:.< ...•. --.· 

. o o I 
nocne Hecno:iKHhtx· npep6pa3oaaHIIli nocne.oHee Bhipa:>KeHH:e Mo:>Kao npH:BecTII 

K BII.llY 

:1(9) 
0.0 

Re { di£ e -i Sl'£-A. "i'r ~'w'NJ 
/5/ c_....,-::::> 

HbnOJ1b30BaHO B .OaJ1bHelirueM. 
: . 
I ~ 

8TO Bhipa:>KeHIIe oy.oeT 

CooTHoweaiie /5/ x
1
'flpaK:TepH:3yeT II cPOPMY niiHIIH nornomeHH:SI. B IIHTepecyro-

meM HaC KJlaCCII"!eCKOM 

x/ 
K Ilp·xrocPa • 

1 . 
c'ny'Iae _aTo Henocpe.ocTBeHHO cne.oyeT TaK:>Ke Il3 TeopeMhi 

npii peneeBCKOM pacceSIHHll MOHOXpOM8TH:'!eCKOI'O CBeTa .llBll:>KYlllllMCSI aneMeH-
.. , ·. xx/ 

TapH~M pacceH:BaTeneM pacceSIHHaSI BOJ1H8 IIMeeT BH.ll 

x/ 
npii KB8HTOBOM pacCMOTpeHH:H HeOOXO.llllMO Y'IH:Th!B8Th, 'ITO npii 113J1y'!e-

HIII1 cPOTOHa~ BOOOllle I'OBOpSI 1 IIMeeT MeCTO OT.llo)l'I8, II3MeHSIIOlll8SI COCTOHHHe .llBH:

:>KeHHSI I13J1y'IaiOllleH CIICTeMhl II HapyruaiOlU8SI TeM C8Mh!M TepMO.llllH8MH"!eCKOe paBHO-

BeCIIe. B a·THX ycnoBIISIX TeopeMa KI1pxrocPa y:>Ke IiecnpaBe.onHBa /cM.cTp.l2/. 

xx/ - . . 
npii peneeBCKOM pacceSIHH:H: Mhl H:MeeM .oeno C Bh!Hy:>K.oeHHh!Mil KOJ1eoa-

HH:SIMH:1 B CH:ny· '!ero 8TOMHhle CTOJ1KHOBeHHSI H:3MeHSIIOT TOJlbKO HanpaBne~H:e .llBH:

:>KeHH:SI pacceH:Ba.TenSI. He H:3MeHSISI 8MllJ1IITY.llY II cPa3y KOJleoaHH:ll (1] • 
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Jl 161 

uaMeaeaue eonaoeoro eeKTopa B npouecce pacceHHHSJ !C{!= 2CJes.-{_n f, -r.ue Cf 
(} - yron paccesmu.s~/. 

Yra conocTaeneHH.H ~ /1' I cne.uyeT, 'ITO ct>opMa nHHHH pacce.HHIHI orrHcbmaeTcSJ 

Bbipa:>KeHHeMX/ = . 2 . 26' ~ ) 

f t.. QCZ:- ae s-<-n- ~ · w y.:c o6 
;J(Q) C./::) Re 

0 

e -· _ · Y:. 111 

CooTHOllleHH.H Tnua /5/ 171 MO:>KHO HCIIOnb30B8Tb He TOnbKO . .an.H OIJHC8HHH 

H3nyqeHH.sl 1 IIOrnomeHH.H H pacce.HHH.H qJO'l'OHOB 1 HO H IIpHMeHHTenbHO K .apyrHM 
· xx/ 

qacTHUaM, aarrpHMep, aei\TpoaaM • O.uHaKo B aToM nyHKTe Ka:>KeTc.H 6onee yMecT-

HbiM nepei\TH K CTporoMy KB8HTOBOMy pacCMOTpeHHIO BOIJpoca, KOTOpOe Mbi 1 .Un.H 
xxx/ 

onpe.ueneHHOCTH, npoee.ueM .un.s~ cnyqa.H nornomeHH.H 

Bepo.HTHOCTh peaoHaHcHoro nornomeau.H Me.uneHHoro HeiiTpoaa llmH ;:r -KBaH

Ta/, oTHeceHHa.H K o.uHoMy .s~.upy, KaK uasecTHO [ 3) , Mo:>KeT ObiTh aarrHcaHa 

e cne.uyromeM en.ue: 

/8/ 

p~ 
3.uecb f :::. /fJ m - aHeprH.H na.uaromero HeiiTpOHil, r - 9HeprH.H H lliM:pH· 

aa peaoHaHCHoro ypoBH.H nornoma romero .s~.upa, V - onepaTop saaHMo.ueiicTBHSJ 

ci.. H c,..+£ HeiiTpoaa c .s~.upoM, c. c. o Ha'IanhHasr H KOHe'IHaSJ aHeprnsr nornomaro-

mei\ cncTeM hi, LfepTa eeepxy oaHa'IaeT ycpe.uHeaue no cTaTHCTH'IecKoMy pacnpe.uene

HHIO HaqanbHbiX cocTosrani\ nornomaromeii cpe.abr. 
\,_ 

M aTpH'IHbiii aneMeHT 

x/ npH Bb!Bo.ue /7 I npe.unonaraeTCSJ, 'ITO pa~nH'IHbie aTOMbl .UBH:>KyTCSJ Heaa
BHCHMO .upyr OT .upyra. no 9TOMy IIOBO.UY CM, 1 HaiipHMep, [2] o 

xx/ 
YfHTepeCHO OTMeTHTb 1 'ITO .anSI HeKorepeHTHOrO pacceSJHHSJ Hei\TPOHOB Bbipa:>Ke-

HHe THIJa /7 I cnpaee.unuao H B cny'Iae , Kor.ua .UBH:>KeHHSJ paanH'IHhiX SJ.aep ·He He
a~BHCHMhi. STo o6cTosrTenbCTBO _ceSJaaHo c TeM, 'ITO B cuny HeKorepeHTHOCTH MO:>KIIO 
CKna.UblB8Tb He 8MIInHTY.llbl 0 a HHTeHCHBHOCTH BOnH 1 pacceHBaeMblX paanH'IHbiMH SI.U
paMH, 

xu/ · 
YfcnycKaHHe Mo:>KeT 6hiTb paccMoTpeHo aaanorH'IHbiM o6paaoM. 
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{m/V/L) ==face;. d~ V('i -7;) e 
_, 

i i?f., 
~ 

• ~ if -+ 

1{; ( fl,} ~n { R p ) 
- ~ 

rae j II H "{.., - paaHyCbi-BSKTOpbi HefiTpOHa H stapa COOTBeTCTBOHHO I 

a d r{H H vl"t;o - a.neMeHTbl o6'beMa cpa30Boro IIpOCTpaHCTBa HefiTpOHa H 

nornoma10mefi CHCTOMbij ?..J{ (Rr} = ~ (l} lft (i;)~ ?J/m (ii;)=c/:;(I)lfr.,(i;)-
BO.IlHOBbie cpyHKUHH' IIOrliOll!aiOll!OH CI!CT':!Mbl B Ha'lallbHOM H KOHO'IHOM COCTOstHHH. 

¢yHKUHH cp(I) OIIHCbiBaiOT aail:meHHe B IIpOCTpaHCTBe BHyTpeH'IHX KOOpaHHaT 

IIOr.llOll!aiOll!ero stapa, a lf(~) OIIpeae.nstiOT 
11

M0.11eKy1lstpHOe" COCTOstHHO CHCTeMbi. 

YfHaeKC 11 A" COOTB9TCTBY9T OCHOBHOMY COCTOstHHIO, "C" - B036ymaeHHOMy. npea

IIOJiaraeTCSI TaKme, 'ITO r He 3aBHCHT OT B3aHMoaefiCTBHst Memay aTOMaMH 

B nornomaiOm,eM semecTse. 

BbipameaHe anst MaTpHtiHoro aneMeHTa B3aHMoaeiicTBHSI HeiiTpoHa c nornomaiO

ll!HM stapoM MomeT 6biTb npeo6paaoaaHo cneayiOll!HM o6paaoM: 

( m /VI L) = {d'f a cz; ••• ,;. e '"' ,-ic/; ( 1) cf? *(I)v eo , 

)(f· fer_. None~c. (f.. ( _; u; ""(· -) i 5e ?"; 
( p L Zf') 7 m lr e I 

*~ ~ ---"? ~ __,. 

rae /l CJe ::: p H L : l11 - ?.R 
nbacTaB.IlSISI /9/ B /8/ H HCII01lb3Yst H3BeCTHhl9 CBOfiCTBa 6 

I( f_;P) J (/-Ct.)~~ =/(a) H 

+oa 

6( p} =&.!- / dt e 'ft 
v Z.fr 

-0.0 

no.ny'IHM cneayiOmee BbipameHHe anst aepostTHOCTH nornomeHIHI 

cpyHKUHH 

/9/ 

~
t-<O<.J ft+oa ·tr l"'!.e• 

_ - _f c/p 1- tJH-r-] W (£) -A?1·~ 271:~r·-•··lifit+f _fie /[ e 1

2 -- ,., i.><?,] /10/ 

' 
rae 

. ,lH"rP ~·Pe ~ if . . . '7 1 -- ' /.( /l =canst/ dT·d?; ·e c/J(I)cf:? (I)V(?/, 

[ .---.,lm f e t.al!.'l;:r i =:) d~Mr;net(. 
. - _.., 

, _, ,If' _.,. G qe.~ ... 

l(, (?!') Cfm (t{J}' e 

l: 

r: 

1: 
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-?"CJt· cooTBeTcTayeT ycpe.!:{HeHHIO no pacnpe.!:{eneHHIO EonbuMaHa c aecoM <pt·. 
npeoopaayeM Bbipa)!{eHHe /10/. BepOBTHOCTb nornomeHHB 

a cne.n.yromeM BH.n.e: 

0KOH'iaTenbHO 

E' -d-· n. 

Mbi 38UHW9M 

/11/ 

npH BbiBO.ll9 /11 I Mbi HCnOnb30BanH H3B9CTH09 Bblp8)!{9HH9 .n.nB MaTpH'iHOro 

aneMeHTa onepaTopa a rattaeH6eproacKoM npe.n.cTaaneHHH [ 4] H npaBHnO M8TpH'I-

Horo yMHomeHRB, 11 " 

BenH'iHHa 

aae.n. C'HHyro BaH 

< e- i ie"':;(o/ e i.til:"t.-:(t) > 
Xoae [5] cPYHKUHIO 

MomeT 6.biTb BbipameHa qepea 
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. . x/ 
KOTOpag HMeeT CMhiCli cpyHKUHH CaMO.llHcpcpy3HH • YJMeHHO 

r. II 

( e-<ie~(o} e'"''t:r~J>= jd;;C; (~ t) e --iae'"t 
/12/ 

CnpaaeanHBOCTb /12/ HeTpyaHo npoaepHTh, Hcnonoayg HHTerpanhHOe npeacTaane

HHe d - cpyHKUHH. 

K aK noKaaaHo BaH'bHpaoM [ 6] , cpyHKUHSJ c; ('i;t) 
1 Bhl'IHC1I9HH8SJ .llliSJ 

H,ll981IbHOrO raaa, H30TpOUHOrO rapMOHH'I9CKoro OCUHllliSJTOpa H aTOMa B KpHCTan-

1IH'I9CKOii peweTKe C KyOH'I9CKOii CHMMeTpHeii 1 HMeeT BH.ll rayCCOBCKOii KpHBOii 

c aHcnepcHeii, aaBHCSJUleii OT speMeHH. EcTeCTBeHHO npeanono:>KHTh, 'ITO TaKaS! 

cpopMa C-s (~f) Oy,lleT HM9Tb M9CTO H B Clly'lae UpOH3B01Ib!lOii H30TpOUHOii 

cHcTeMhi. Toraa 

(J:-'iil-i;M e '"i': rtJ) = -~ -3 I --. - ·cy...,rf) +ioe? - ;;:~rtJ 
71 Vtl(t/.Jd~ e = e 1131 

H 

+oo +oo 

\A! · A ( v1, ! 
VV (E) = u) (H .• i(;J'.f dt e 

. . .z 
c. f./' - df w'Yt/ /14/ 

-<::>0 
- ..,.0 

KaK HeTpyaHo nposepHTh 1 W
2
( t) = J f-z~ C~ (i, t) c{ ?.' . 

· Bhi'IHCliSJSJ HHTerpan no H HCU01Ib3YSJ COOTHOW9HH9 \IV(-t/ = w(t) 

KOTOpoe 

nony'IHM: 

..P 
o6ecne'IHB89T ,ll9i\CTBHT91IbHOCTb Bbipa:>KeHHSJ ,llliSJ 

[ 5] 
' Vi!(f), OKOH'IaTellbHO 

~ 

VV(E) :0 

,....0 

2AR. f £-r;· 
-- L). It _i.f-=..:.=-li r . r.., . w. e ' ~ 

0 

r%tz - ~.lw-YtJ 
/15/ 

B Cllyqae H31Iy'leHHSJ HMeeT Me<;::TO 8H81IOrH'IH8SJ cpopMyria, B KOTOpoii BM9CTO 

W1.( tf CTOHT [ W:Z( t)j * • npH r =: 0 Bhip8:>K9HHe, aHanorH'IHOe cpopMyne 

/15/, onpeaenSJeT TaK>Ke yrnoaoe H aHepreTH'IecKoe pacnpeaeneHHe pacceSJHHhiX 

H9iiTpOHOB [6] • cl>H3H'I9CKHii CMbiCli STOii- aHanorHH 38K1IIO'J:aeTCSJ B TOM, 'ITO H 

x/ ~ 
CneayeT UOMHHTb 1 q~ B apryMeHTbi 0 - cpyHKUHii BXO,llSJT KBaHTOBO-

M9XBHH'I9CKHe onepaTopbi ~ .. (t) B npe.llCTBB1I9HHH raaaeHoepra, KOTOpbie, 6yay• 

'IH B3SJThiMH B pa31IH'IHbie MOM9HThi BpeMeHH, He KOMMyTHpyiOT .llpyr C .llpyroM. 

i 

j 
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IIOT8HUH8JlhH08 paCC8SIHH8 MO:>KHO paCCM8TplfB8Tb KaK Obi IIpOT8K8IOIUHM B aBe CTa-

.lllllf: YHR'ITO)i{8Hlf8 '18CTlfUbi B H8'18JlbHOM COCTO.HHlflf H 'po:>KaeJi:rre 

H8KOTOpoe BpeM.H B KOH8'1HOM COCTO.HHlflf [7] . 
'18CTHUbi qepe3 

YfHcpOpMaUlf.H 0 XapaKTepe .llBlf:>KeHH.H IIOrJIOIU8IOIUHX .H.a;ep. CO.ll8p:>KHTCSI B 

B8JlH'IlfH8 w:?.(t/ ' KOTopa.H MC>:>KeT ObiTb orrpe.ueneHa 1:13 aKcrrepHM8HT8JlhHbiX 

.0:8HHhlX IIO·yrJIOBOMy H SHepreTH'I8CKOMY paciip8.ll8Jl8HHIO paCC8SIHHhlX HefiTpOHOB 

IIpli H8JIH'IHH TOJlbKO IIOT8HUlf8JlhHOrO p~CC8.HHlf~ If IIO cp~pMe JlHHHlf ~830H8HCHOro 
rrorJIOIU~HH,SI HetiTpOHOB If - r, ~KB8HTOB. Bbi'IHCJI.HSI BepO.HTHOCTb \!V(E) B rrony

KJ18CCH'18CKOM IIpliOJIH:>K8HHlf 1 T~e. paCCMaTpiiBa.H .llBlf:>K8Hlf8 8TOMOB B8lll8CTB8 B 

"' 
p8MK8X KJIBCClf'18CKOH MeXaFHKtt, MO:>KHO JierKO y6eaHTbC.H B TO:>K.ll8CTBCHHOCTH 

cpOpMyJibi /15/ H pe3yJihT8T8 IIOCJ19.llOB8T8JlbHOro KJ18CCH'I8CKOrO p8C'ICT8 /5/ • 

H eTpy .llHO TaK:>Ke Bbi'IRCJIRTh 

B8IU8CTB8 [6] t [8] 
. .llJl.H HeKOTOpbiX IIpOCTbiX _MO.a;eJieii: 

!::.IA eaJihH biH ra3 

WYtJ = ~i[ t;l.- i h-t;;7·] /16/ 

k T .- rrocTO.HHHa.H BonbuMaHa, TeMnepaTypa, 11 Macca aToMa. 

rapMOliH'18CKlfH OCUHJIJISITOp '18CTOTbl 5Z 

/17 I 

AToM B KprrcTaJIJIHtJecKoii: perueTKe c KyorrtJecKoii: CHMMeTpHeii: · 

/18/ 

)} (52)- CII8KTp '18CTOT COOCTB8HHbiX KOJieoaHRH KpHCT8JlJI8 1 HOpMRpOB8HHbiH K e.a;rr-

HHue. 

¢opMyJibi 1161-1 18/ IIOJiy'IeHbl KB8HTOM:8X8HH'I8CKH. ·KJI8CCH'18CKIIH pactJeT 

[ 6] .a;aeT HecKOJihKO HHoii: peayJihTaT. A HMeHHo: 

~:~.a:eaJihHbiii: raa 

IAr~(t) =(if.t):l 
VVKn J /16' I 
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rapMOHH'IeCKHfi OCUHnnHTOp '18CTOThl 

lV"lt) == 2
52
·7!f:(!:..,co-1 52i) , 

~:n 

li1' I 

aToM B · KpndTannnqecKofi' p~weTKe c Ky6Jiq.ecKofi cnyMeTpnen 
I 
• .. 

00 

w.: {-t/ ~ zV;ffv~152(!-c<>< ><t) . 
0 ~, 

il8' I 

OcHoBHoe pasnH'IHe KBaaToMexaaH'IE:lCKHX H Knaccifqe~KHX · cpopMyn ·- nos;~aneaHe 

B nepBb!X MHHMO~ "qacTH. KnaccH'IeCKoe BblplUKeime. w~(t} no cao!3~y cPHSH-. 

qeCKOMV CMhiCny ( WZ.(f) ~- < ( ~.;.._ -t:;_);~.. /" .llOn:>KHO. 6b!Tb BeruecTBeHHbiM .• 

, npn. BbiCOKHX TeMnepaTypax nornoruaroruefi cpe.llbi MHHMaH 'I~CTb W:l{tj
1 

sa HCKniOtieHHeM o6naCTH oqeHb ManbiX BpeMeH ( t <..< ~rlsHatlHTeJlbH~ MeHb-

we ,lle~CTBHTenbHOCTH 'i8CTH H 

-t-im. w{i) = w-'!-" (tj. 
'["'-'>ex::> . . fz 

j\1\HUMaSI '18CTb w~'(tj '>TaK:>Ke Mait,a H B,,o6n~?T.H 6onbWI{X t : It~ /;.-7' 
,llnH H.ll eanbHOro rasa, "l '>> Ysi. .llnst ~cunnnsiTo.pa H. t » y )2c.re9N. 

a cnyqa~ KpHcTanna I. Cne.uyeT OTMe'I'HTb, 'ITO npH t.-b<:> a.cnyqae ocunnnst-

TOpa H KpHCTanna KBaHTOBbie s¢¢eKThl nonHOCTbl!l) ae HC'I~S810To .Qe~CTBHTenbH01 

HanpiiMep, ,llnst aToMa· B KpHcTannn:qecKofi peweTKe 
' ' ~, 

00 
. ., • (./'.J 

tim w.t(t) ==· 2 ;t, -j-v (52) ol Q 

t-== M . .52 

fiSJ.jKt e +1_ 
e~/'. Slfr_r 1 -

'I j v{.S2J d ·"'..:... ,,...,---. 
1'1 . . 52 z I "If 

r.lle 

T; 

0 

_nSL 
-. 2 

. "S2./K7' 
e . +1 
ehSlfK! 1· 

0 

TonbKO npn: K T '?"'7 t; SL ocyruecTBnsteTcst nepexoh K npe.llenbHOMY Knaccnqe-

.:::lKOMY Bb!pa:>KeHHIO oO 

/) . :t;t) == t.; t< Tf v (52) d 52.. 
r.A..-m -~ c M . 52.4 • 
t-~ . . .. 0 . ..· 'h ·. ' 

B o6nacTn: ManhiX apeMeH /a cnyqae rasa t ~.c.. Yk'r I B · w 2(tl 

npeo6na,llaeT MHHMaSI ·qacTbo ¢>opManbH.O OHa BOSHH~aeT Bcne,llCTBHe H9KOMMyTaTHB• 

HOCTH KBaHTOM exaHH'IeCKHX on epa TOpoB, OllHChiBa IOIUH~ .ll BH:>K9HHe. nor no ruaroruero 
·- ~ 
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Sl.llpa. ¢H3R'IeCKHr K8K HeTpy.llHO y6e.oRTbCSI Ha npRMepe 1"838 1 MHRM8SI '18CTb Y'IH

x/ 
TbiBaeT OT.lla'ly 8TOM8, T.e • .oeiiCTBRe H31ly'leHHSI Ha eemecTBO • 

no.nCTlmllSISI B I 15/lJrl-{t,J.nnH H,lleanbHOT'O 1"838 H KpHCTanna, npHXOllHM K H3BecT

HbiM Bblp8~K9HHSJM ,llllSI B9pOSJTHOCTH DOI'llOI..I.leHHSI Me.ll11~HHbiX HeiiTpOHOB 1 KOTOpbie 

6btnR nony'leHbl BeTe H nna'leKoM [ 9} H nsM6oM [ 10] • 3TH :me cpopMynhi npR

ro.oHhl R .llllSI ODHC8HHSI p930H8HCHOT'O DOT'1IOI..I.leHHSJ r -KB8HTOB B T'83006pa3HbiX H 

KpHCT81111H'I9~KRX o6p83U8X [11] • 

PaccMOTpHM Tenepb ,nornom8IOI..I.lyiO cHcTeMy, .oHcpcpyH.oHpyromy'JO eayTpH 

xx/ 
c>K8Toro 1"838 HnH :mH.nKocTH • Bc~e.ocTBHe cno~KHOCTH nocne.ooeaTenbHoro 

KB8HTOM9X,aHH'I9CKOT'O paCCMOTp9HHSJ 1 Be11H'IHHY W:t(-tj 6y.oeM Bbi'IHC11SITb 

'IIICTO Kll8CCfPJ9CKH. npH 9TOM cne.oyeT Y'IRTbiBaTb cymecTBOB8HHe .neyx coeepwea-. 

ao pa3llH'IHhiX o6nacTefi. .QnSI Manhrx epeMea, Kor.o8 i ~<! tf;.""' Yv; , cpyHKUHH 

trrtt/ .!l0ll/KH8 HMeTb BH.ll /16'/ t T.e. T8KOii me, K8K .llllSI H,lle81lbHOT'O 1"838 

B npoTHBonono/KHOM npe.oe!IbHOM cny'l8e .o.eH:meaHe HMeaT .oHcpcpyaHOHHhi' .. t.,..lKTep 

H 

/19/. 

r.a.e 

LlllH Bbl"JHCneHHR 

yp8BHeHU9M n8HIKeBeH8 

'vV
2
(t/ B npoMe~KyTO'IHOH 00ll8CTH MO)KHO BOCD01lb30B8TbCSJ 

;~,.~~~- ?, /20/ 

rae - cny~8fiHaSI cuna, 

K7' 
1(1 = ./N<JJ. 

npl! 9TOM 1 K8K DOK838H0 1 H8l1pHMep, B [12] , .ll11SI Be11H'IHHbl 

/21/ 

x/ B · 6 K118CCR 1IeCKOM npH llH>KeHHH M hi MO)K9M y'leCTb TOllbKO B11HSIHHe .llBH:me-

HHSI 8TOMOB Ha H3llY 1IeHHe, T.e. acpcpeKT .Qonnnepa. 

xx/ B cny~xae :>KH.llKOcTn npe.ocT8B11eHHe o .llHcpcpyaHH oTeeqaeT rpy6oii Mo.oenH, 

CDOCOOHOM .ll8Tb TOJlbKO K8'1eCTB9HHOe ODHC8HHe .llBH:meHHSJ DOT'110IU8IOI..I.lero 8TOM8. 
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. L 
C Y"I9TOM COOTHOlll9HH:SI V~iv-; BblllOJIH 9HO ·T8K :>Ke E cmt t <.::: ~ , To 

HepaneHcTBo 1 vfyx:> .:::.c i H: cpopMyna' 121 I riepexo.nH:T n /16' 1. ·s· i:IpoTrino-·· ,. 

nono:>KHOM npe.nenhHOM cnyqae BTopbiM "IneHoM tmyTpH cpliryp'HbiX cKo6oK Momito 

rrpeHe6peqh H 1211 .nepexo.nHT B 1191. flo.ncTaB1tSISI 121/,.·· B 151, nonyqaeM 

{-
00 

.. -l.S2.t- At/;t -;;ez;(J[t- f-e7zt_j 

J(_g_J.~ /i~ J cite · · ?j 
/22_/, 0 . 

· ·~ L<. 'L.. /"'\... ·~v;"" ~~ • flocKOJlhKY no.nHHTerpa1thl.JOe Bbipa}.Ke--A% . , flpe.nnono:>KHM, qTo 

Hlf9 co.nep:>KIIT MHOJKH:T91th e t TO B aTOM; cnyqae OCHOBHYJO ,p01lh H:I'paeT , 

o6nacTh t <::< ~u.z u /22/ nepexo.nH:T B 

](.S2)C/J !?ej'7t e 
-i. S). t- ). t/,., ~ ~ ~ l:t. ~-.; v;'¥~ 

1231 

• 
KaK H cne.nonano omH.naTh, nonyqeHHOe Bbip~:>KeiiHe conna.naeT c /3' I, nocKoni:.'Ky 

B paccMaTpHB89MbiX YCJIOBHSIX 'cTOliKHOB9HHSI He B11HSIIDT Ha npouecC nornorueHHSI~ 

B .nanhHefillle.M Mhi 6y.neM paccMaTpH:BaTh MeHee TpHBHanhHhiii cnyqafi, Kor.na 3aTy..: 
4 Vf 
/A '>> I v;~ .• ,.HaJIH:SHe OCUH1111HpyiDruero MHO>KH-X8HH9 HaCTOJlbKO Mano,.qTo 

- i..Qt 
T.911SI e . npHBO.llHT K TOMY t qTo npH cpHKCIIpOB8HHOii B911HqHHe .52 OCHOB-

- . . ' ' ' .. . . ' ' 

. . ·~ . 
HOfi BK118.ll B HHTerpa11 CBSI38H C o6naCTblO' t ~ /J2.. • floaTOMy, 9CJ1II 

. .z 2) 
52 ~7 :;"" c...-:::> v,"lv" TO t .:::.::. ;?"r,z H Mb} CHOBa npiiXO.llHM K Bbipa:>Ke• 

HHID /31. TaKHM o6pa30M, Kpbl1thSI JIHHHH norno rueHHSI HMeiDT TaKyiD me cpopMy, 

KaK u npu oTcyTcTBHH cTonKHOBeHuii. B cny~ae, Kor.na S2. <.::. 1/. 
/'t,. 

o6naCTIIr cyrueCTB9HHOfi npu· HHTerpHpOB8HIIII 1 ·CBSI38Hbl C M'10:>K.HT9J19M 

, pa3Mepbi 
-ae 27Jt e 

t 1 . 
. T.e. onpe.nen5JIDTC5J ycnonueM L«-h. Ecnu, KpoMe Toro, BhmonHeHo He_pa-. 

B9.Hf"TBO v; < fj 
~ . /Je2 2l 

I£ 

.C:..L.. l ' 
COBn8.ll8lOIU99 1 K8K 119I'KO BH.ll9Tb 1 ·c yC110BH9M /4 It TO .ll11SI :J ( S2) onSITb-T8KI1 

HMee.T MecTo BbipameHHe 13' I. ¢H~HqecKIIil: CMbiC11 aToro pe3yJihTaTa Obtn yme 

pa3~SICH9H paHee B CBSI3H C 8H811H30M yCJIOBIIfi KOI'Ap9HTHOCTH H3nyqeHH5J Ha pa3-

JIH:qHhlX npSIM011HH9fiHhlX yqaCTK8X TpaeKTOpH:H H3nyqaTeJISI. 

PaccMoTpHM, HaKoHeu, nocne.nHHil: 11 H8II6onee HHTepecHbiii cnyqafi, Kor.na 

v;~ ·~(A_r 1. 
j.Je< 2) ~ Tj >'> • 

1241 

.J 
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/ 

BTopoe cnaraeMoe B cl:mrypHbiX CKOOK<!:!X Bbipa:>KeHIHI 121 I MO:>KeT ObiTb npii aToM 

aa'iepKHyTo II 1221 nepexoaiiT B 

J (52) C/C' R e .{dt 
x/ 

'IT0 1 K8K JierKO BIIaeTb 1 COOTBeTCTByeT AIICnepCIIOHHOfi cpopMe mfHIIII 

1 ( S2) c_/-) 
.f 

1251 

1261 

WHpiiHa JIHHIIII npn cnaooM aaTyxaHnH onpeaenSieTcSI Benii'iiiHoii de.z7J , KoTopaH 

M8Jlb!M MHO:>KHTeJieM ~ • 
. Pe3KOe yMeHbllleHue wiipiiHbi CBSI3aHo c TeM oocTOSITeJibCTBOM 1 'iTo aucpcpyHanpyiO

IUIIH llOI"JlOTHTe.Tib II3Me.HSieT CBOe llOJIO:>K€HIIe B llpOCTpaHCTBe 3H8'iiiTeJibHO MeaJieH

Hee, 'ieM llpii CBOOOAHOM ABIOKeHIIII. Y13 cpopMyJihl, Ill BIIAH0 1 'ITO 8TO llpiiBOAIIT K 

yMeHbiUeHH!O BeJIII'iiiHbl aonnnepOBCKOI"O CMeiUeHIISio 

. PaccMOTpnr.: Tenepb oTaaqy, nMeiOruyro MecTo npii ~ornorueHIIII. B ycnoBIISIX.\ 

KOraa CTOJIKHOBeHHSI He Ilrpa!OT pOJIH 1 llOI"JlOIU8IOIUHfi aTOM l\10:>KHO c<IHT8Tb c·soooa-

HbiM n aKT nornorueHUSI y 

LJW --Wo 127 I 

noaTOMY BMeCTO 131 I I CTporo roBopSI, cneayeT 38lliiC8Tb 

](n)= dv 13"1 

EcnH nornouteHIIe npoucxoan:T npu Haniiqnu B3anMoaeiicTBHSI Me:>Kay nornoruaiOrueii 

cn:cTeMoii II KaKn:M-nn:6o apyrnM TenoM, npouecc oTaaqn: pacnpeae.ruieTcSI y:>Ke Ha 

yMeHblll eH HeM CMerueHHSI 

aBa Tena, qTQ CBSI38ll0 -C acpcpeKTHBHb!M yBellH'iefJIIeM M8CCbl II, CJiei:lOB8TeJibH0 1 

J../ J 
/ ../L pOJib Ll CA) • no Mepe yMeHbllleHUSI OTHOIUeHH.H 

' . 

CTOllKHOBenn:ii B03pacTaeT, nornoruaeMhiH cpoTOH B3an:MoaeiicTByeT co Bee 6onbmn:M 

'IIICJIOM 8TOMOB aemeCTBa, 'ITO npHBOAHT K AllJlbHeHWeMy yBeJIII'ieHIIIO acjJcpeKTHBHOfi 

x/ .Ll JlSI Clly<IaSI A = 0 yKaaaHHaH rpopMy.Tia npHBea~Ha 6ea BbiBoaa B pa-

6oTe [13] . · 



16 

MaCChi +19{! • nocJI8L(Hee 7 B CBOIO O'Iepenb,CBH3aHO C yMeHbilleHUeM nommepoB-

CKOH WHpHHhi JIHHHH, KOTOpaH nponopuUOHaJibHa, Ia~~ 
Mo)KHO noaToMy o:>KunaTb, 'ITO npn BhinOJIHeHH:U ycJIOBHH 

npaKTH'!eCKR He npHBODHT K CMerueHHIO UeHTpa JIHHHR. 

]lJIH r nyqeit ycnoBrre /24 I MO )KeT 6btTb BhmOJIHeHo B :>KHnKoCTHx, 

eCJIU C'IHTaTb, 'ITO nucpcf>y3ROHHaSI Monerrb XOTb B ~aKOH-TO CTeneHH OTBe'!aeT cy

rileCTBy Terra /eM. [14} I. OTciOna BhtTeKaeT, 'ITo ~pu pa6oTe c >KrrnKHM uanyqa

TeneM H ITOr1IOTUTe1IeM 6biTb MO:>KeT B03MO>KHO Henocpe -,CTBeHHOe Ha6niOneHHe pe-

aoHaHcHoro nornorueHnH. o -nyqeit. M O)f{HO o:>Kn:naTb 1 'ITO yc.TIOBRH Ha6niOneHnH 

peaoHaHcHoro nornorueHuH 6ynyT B aToM crryqae no cyruecTBy 3Ha'In:TenbHO 6onee 

6naronpuHTHhlMU, '18M B raae, He rOBOpH y:>Ke 0 B03MO;KHOCTU HCIT01Ib30BaHRH 

6_011ee HHTeHCUBHbiX RCTO'IHHKOBo. npe:>Kne Bcero npn Ha6niOneHHII pe30HaHCHOro 

ITOr1IOLUeHIIH B raae He06XODIIMO TaK UJIU HHa'Ie KOMITeHCUpOBaTb OTnaqy 1 'ITO 

cnnbHO aaTp·rnHH~T nponenemre aKcnepiiMeHTa. 3Toro lie .Hy:>KHO nenaTb B :>KIInKo

CTSIX. Bo-BTOpbiX, IIHTeHCUBHOCTb pe30H8HCHOrO TIOrliOLUeHHSI B :>KHDKOCTHX DOJI>KHa 

6btTb cyruecTBeHHO 6onbweit, '!eM n raaax, TaK KaK wnprrHa JIIIHRII B aToM cny'Iae 

3H8'IHTe1IbHC MeHbwe. BMecTe c TeM, ycnonnH Ha6niOneHIIH pe3oHaHcHoro norno-

rueHrrH B :>KrrnKoCTHX He TaKoBbi, KaK B oxna:>KneHHbiX KpncTannax. B :>KnnKocTu 

Bee H31Iy'IeHue OTHOCUTCH K ODHOH HeCMerueHHOH .TIHHRH 60JibWOH Wlip!IHbi. BepoHT-

HOCTb pe30HaHCHOro nornorueHUH .~ponopUHOHaJibHa Be1IU'IHHe OTHOWGHIHI ecTeCTBBH-

HOH wupHHbi nuHrru .A K nonnneponcKoit wuprrHe J{_.:z ZJ. B TBepnoM Tene 

nepoSITHOCTb pe30HaCHOrO ITOrliOLU8HHH DP?ITOpUHOHallbHa OTHOCHT8JibHOH HHTBHCIIBHO 

CTU HeCMerueHHOH 1IIIHIIH, KOTOpaH. 06bt'IHO. Mana, HO C npyroit CTOp0Hbi 1 HecMerueHH8H 

' . 
1IHHIISI IIMeeT ecTeCTBeHHYIO WIIpiiHY II BepOHTHOCTb norrrorueHIIH HB 38BHCHT ITOaTOMy 

OT Bellli'IHHhl A 

PeaoHaHcaoe .nornorueHne ( -KB8HTOB H MenneHHhiX HeitTpOHOB MO:>KeT 

obiTb ncnonb30BaHo anSI uccne.a:onaHuH M exaHH3Ma nepeHoca B :>KIInKocTrr. B. ·a To it 

CBSI3H npenCT8B1ISI·IOT, B 'ISCTHOCTH, HHTepec OITbiTbl TIIna li3y'IeHUSI pe30H8HCHOrO 

K ss . M 7~ . o 
nornorueHIISI .. I -KB8HTOB B G I £1' =9,3 Ksn, N eG/_,10, IKun::=-161 C; 

Tnn. =- 167°C I. To o6CTOSITe1lbCTBO, 'ITO T:.n ~ ~Hn r, IT03B01ISieT ycTpaHIITb · 

TeMnepaTypHbie scpcf>eKTbi n nccnenonaTb aannciiMOCTb pe3oHaHcnoro nornorueHIISI 

OT arperaTHOrO COCTOHHHSI neruecTna. 

.• 
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. ABTOpbl onaronapgT ct>.n.wamrpo 38 CTHMYJIHpyrouure .llRCKyccuu, a TaK>Ke 
I 

JV\,B,Ka38pHoBcKoro u M.Yf.Co5enhMaH8 38 noMoruh B p8ooTe, 

PyKonHCh nocTynuna B R3.llaTeJihCKHi!: oTnen 
30 HIOJISI I 960 rona. 
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