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nOCTAHOBKA 3A.nAQH 

IhBeCTHO /1/ (CM. TaK)I(e /2/), tITO npa HaJIRtrnR 603e-KOH)l;eHCaTa 

q; -oneparop (nanee MH Y)l;06cTBa 0603HatmM ero sepes ri) aTOMOB rasa 

MO)l(eT 6bITb npencrannea B BI1)l;e 

"-+ -. ""-+ 
cp ( r) = CPo (r) + t ( r ) ,	 (1) 

'" 
rne ~o (;) - BOJIHOaaa cPYHK~Hfl (B'<1» 603e-KOH)l;eHCaTa (C-ttHCJIér), t ',
oneparop, orracsraaiomaâ MaJIble xaaaroasre cPJIYKTyauRH. " 

B03HRKaeT aorrpoc o HaXO)K,ll;eHHH BOJIHOBOH epYHKIJ;RR cf> o' npa KOTOpOH 

nocraraerca MRHHMaJIhHOe saaseaae 3HeprHR rasa. H3 MHOI::OtlliCJIeHHbIX 

3KcnepRMeHTOB co CBepXTeKY1ffiM reJIReM H3BeCTHO, QTO MHIUIMaJIbHOH 

3HepnUI 06bltIHOrO rpexsrepaoro õose-rasa COOTBeTcTByeT O)l;HOPO)l;HbIH 

603e-KOH,D;eHCaT CPo (1) = const . B )l;~HOH: paôore HCCJIe)l;yeTCR: B'orrpOC o 

nane CPo (1) Mfl )l;BYMepHoro õose-rasa, ~pHMepoM xoroporo MO)l(eT CJIY

)!(HTb raa aTOMOB, ancopõaponaaasrx aa nOBepXHocTR aeinecraa. ,ILrrfl npOCTO

TbI paCCMOTpeH crrysaá ayrreaoü TeMnepaTyphI (1' = O), xorrta )l;BYMepHbltí 

603e-KOH,D;eHCaT ne paspyuraerca TerrnOBbIMR cPJIYKTY~HflMR. 

OCHOBHoe rrpezmonosceaae )l;aHHOH pa60TbI, OCHOBaHHoe aa cPR3RtIeCKRX 

COo õpaxceaaax, xoropsre rrpHBO)l;R:TCR: HH)Ke, 3aKJTIOtIaeTCH B TOM, QTO B 

)l;BYMepHOM cnysae )l;JIfl nexoropsrx 3aBHcn:MOCTeH <jJo Cf) I: const npenno

JIO)l(eHHe o MaJIOCTH KBaHTOBblX epnYKTYaIJ;RH ae asmonaaerca, JIOKaJIbHble 

HeO,D;HopO,D;HOCTH KOH)l;eHCaTa 3KBRBaneHTHbI B03HHKHOBeHHIÓ rroremtaans

HhIX flM lJ,JUI aTOMOB rasa /CMOTpR <poPMyJIY (32». B )l;BYMepHoH nOTeH': 

~HaJIbHOH flMe, B OTJIHtIRe 01' rpexsrepaoâ, acerzia RMeeTCJI XOTJI 6hl O)l;HO 

CBJI3aHHOe COCTOHHHe /3/. Bsrarpsnu B 3HeprHR, B03HRKaIDllUití npa nepe

xone aTOMa H3 KOMeHcaTa B 31'0 CBR:3aHHOe COCTOJIHRe, :tyIO)l(eT CKOMneHCH

posars aaeprmo, aarpasaaaereyro na C03)l;aHRe HeO)l;HopO)l;HOCTH KDH,D;eHCaTa. 

B 3TOM CJIYtIae O,D;HOPO)l;HhIH KoH)l;eHCaT Y)I(e ne 6Y)l;eT COOTBeTCTBOBaTb 

aam-reasuieã 3HeprRR raaa. 

B ,D;aHHOM paõore 06CY)I()l;aIDTCJI OCHOBHhle THIlhI HeO)l;HOpOAHOCTeH 

xoaneacara nayvrepnor-o õose-rasa H .nOJIyqeHO asrpaaceaae nna 3HeprHR 

HeO,D;HOp0)l;HOCTelí c yserora KBaHTOBhIX nOnpaB.OK, TO ecrr, yxasaaaoro 

nsnue asrarpsnua B 3HeprHH. 

OCHOBHhIE THTIhI HEO,UHOPO,UHOCTEI1
 
,llBYMEPHOrO B03E-KüH,llEHCATA
 

raMHJIbTOHHaH )l;BYMepHoro õose-raaa RMeeT BR)]; /4 / ffi =1) : 

2 "+ V 2 .... À" + 2 '" 2H [d r[cp (-2M-r-t)<jJ + 2(<jJ ) (<jJ) ],	 (2) 

© 061>en,HHeHHbIH mffiiri;=I'Q fI,IJ;,eDllb,Ix RC,CJI~r'.. ,ny6Ha. 1987 ....,.... ,)'. ~lllooiillr.rl~.im;aYI 

g}j{--:;Jji~,U;: ~U .~f,lJ.ORa{~aij 
... r. J_ __ 
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rne M- MaCCa aTOMOB, 

411 AÀ --., o Ih ( ..1_ ) ., (3)
2MA nao 

n (CM -2) - rmOTHOCTb rasa, a - panayc Aêi1CTBH.fI MeiKaToMlIoro noreanaana, 

Il = À no - (4) 

XHMHqeCKHH rrOT~HU;Han rasa /1, 2 1 ,no - rrJIOTHOCTb KOH,ueHcaTHbIX aTO

~OB. <1>opMYJIa (2) cnpasezmaaa rrpa YCJIOBHHX 

MIu o I a2 Ao » 1, Ao » 1, (5) 

rne U o - xapaxrepaaa BeJIHtIHHa noreanaana MeiKaTOMHorO asaasroneãcr

BHH. 

OTMeTHM, tITO npa YCJIOBR.flX; (5) KOHcTaÍlTa À ne 3aBHCHT OT u ' tITOo 
HBJIHeTC.fI cnenarpaxoã ,uBYMepHoro pacceanaa Me,uJIeHHhIX aTOMOB 14f .. 

<1>opMYJIa (2) ,uJIH raMHJIbTOHHaHa BMeCTe c KOMMYTaIJ;HOHHblM COOT

aoureaaesr 

[~ (t), ;+ (r' )] = s(r - r') (6) 

B rrpnanane nOJIHOCTblO onpenenaior noaeneaae KBaHTOBoro rasa. O,uHaKO 

B TaKOM nane sanasa OCTaeTCH aepaapennoaoü, n03TOMY, CJIe,uyH 1 1 f, MbI 

npHMeHHM npR6JIHiKeHHble MeTo,ubI.· '" 

ITocJIe rrO)J,CTaHOBKH (1) B (2) c TOqHOCTbIO _ g2 nonysaera 

,. ,. 
H = Eo (eP o ) + H ( g ) , (7)K B 

2 * V 
2

À 4s, (eP o ) fd r[eP (-- - ll)eP + -Ic;bol ], (8)o 2M o 2 

'" '" 
rne H (g) -~aMHJIbTOHHaH BorOJI106oBa KBaHTOBbIX q)JIYKTyaU;Hi1, tcaanpa-KB 
THqHbli1 no g (KOHKpeTHblH BR,u ero B )J,aHlioi1 paõore HaM ae noaanoõar

CH). Jlaaeãnsre no g qJIeHbl asmaziaror H3 H , eCJIH eP o(r) Y)J,oBJIeTBOpHeT 

ypaBHeHHIO 

2
'1 2 

- 2M cP o + À I cP cP Il. cp o ' (9')o 1 o 

xoropoe HBJIHeTCH TaKJKe YCJIOBHeM MHHHMYMa <PYHKt1;HOHana 

2 

ôEo(ePo )/ôcP~ (r) = O. 

AJIH CJIyqa.fl oAHqpO,IJ,HorO KOHAeHcaTa 

(10)
eP = - Til = consto v o 

n Ha.IJ;KOH
no MeToAY BOrOJII06oBa 11/ nonysaer-t ouenxy AJIH IlJIOTHOCTH H 

AeHcaTHblx aTOMOB, TO ecrs aTOMOB c HYJIeBbIMH RMrrYJIbca:MH: 

(11) 
UH ~ U / A «n .

'0 o o 

HaH60JIee HHTepeCHblMH 1I3 HeOAHopoAHblX pemeHlIi1 ypaBHeHRfl (9) HBJIH

IOTCH KBaHTOBble BRXpR I1HTaeBcKoro 121 • ITpeACTaBHM cPo B BH,IT,e 

(12) .
eP o (r) = F ( r) exp [ i <fJ (r) ], 

rne F H <1> - ,uei1cTBHTeJIbHble <PYHKIJ;RH.
 

1'13 (9) H (12) norryuaer-t
 

(13)1 v2F + _1_( V<fJ)2 F + ÀF 3 ~ À no-F o,
 
2M
 2M 

(14) 
V (F

2 
V <fJ) O. 

)J,.nH O)J,HHOqHOrO BHXpH 

(15) 
F Cr) = F (r), <fJ := z cp ,o 

rzte r - paCCTOHHHe OT IJ;eHTpa BlIXPH, cp - a31IMYTaJIbHbli1 yrOJI, Z = ± 1, 
:t 2, ... - 3apH,IJ, BHXpH. <!>YHKUHH F (r) npanenena B /2/. B6JIH3H uenrpaa
 

BHXpH (r ~ O)
 

1 z \ F (r) _ r ~ O. (16) 
a 

3HeprHH O)J,I1HOqHorO BHXpH pacxonarca na 60JIblllHX paccToHHHHX 11 nos

TOMY 3aBHCHT OT paar-repa raaa L : 

2 . 
F 2 17 na Z L (17)E :::< [d2 r __ (V<!»2. ---In (--) 

a M r o2M 

I- • 
~ 

1 A (18)_,y __o 
r o no y À Mna 
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li	 xapaxrepasrá pasraep BHXPR:. .na
rree MhI 6Y,IJ;eM paCCMaTpHBaTh 

BHXpH C Z == ± 1, snepraa 1<:01'0
psrx MHHHMaJIhHa. 

3HepnuI CHCTeMhI "MOJleKy
l-Ir "1 r! r :'ç" 1 J 'x nsr" H3 ,IJ;BYX aaxpeü c rrporaao1 

nOJlO)KHhIMM: Z 0l<:a3hIBaeTCH 1<:0

HetJHOH, n03ToMY raxaa HeO,lJ;HO-

pO,IJ;HOCTh 1<:0H,IJ;eHcaTa HY'IQJ;aeTCR: 
B ,lJ;eTaJIhHOM HCCJle,IJ;OBaHHH. 

Ilorcaxcera, 1fI'0 Y anxpeã, pacnOJlO)KeHHhIX na 1<:0HetJHOM paccroanaa 

npyr 01' npyra, cymecrayior IJ;eHTphI co CBoHcTBaMH (15) H (16), TO ecrs 

qTO cepnueaaasr aaxpeá npa HX C6JlH)KeHHH ne "pa3MbIBaIDTCH". Ha PHCYH
xe aaoõpazceao l<:aqeCTBeHHO rrorre CI<:OpOCTen 1<:0H,IJ;eHCaTa 

4 

V <I>V
S	 (19) 

MH paccraarpaaaexsoro cnysaa.
 
,UnH 1<:0HTypa C HMeeM
 

2 4 4
 

~ d r Vs = ~ <I> c > O,
 (20) . 
C 

rarc reate aanpaaneaaa V H dr BO acex rosxax 1<:0HTypa coananaior. H3s
 
Tpe60BaHHH 0,IJ;H03HatJHOCTH cp o (r) npa oõxozre 1<:0HTypa nonysaer-r (CM.
 
(12) ) 

exp ( i ~ <I> ) = 1, ~ <I> 217Z 217 (z 1) . (21)c c 

110 <popMYJIe CTOI<:Ca 

2 44 4 -+ -+ 2 A 

.~ d r Vs = rd s ro t V ' d s = d r k , (22)s 
C 

A 2 
rne k -HOPMaJIh I<: nnOCI<:OCTH pHCYHl<:a, HHTerpHpOBaHHe no d r npOBO,IJ;HT
CH no 06JlaCTH, OXBaThIBaeMOH KOHTypOM C. 

B necaar-ynapasrx TOtIKaX, rne I V <I> 11= 00, rot Vs = O, n03TOMY H3 (20)
(22) aaxmosaexr, xro BHYTPH 1<:0HTypa cymecrayer cHHrYJlHpHaH r : 

o 

rot lis == 217 k oCf - ;0 ), (23) 

B· npoTHBHoM crrysae HHTerpaJI no noaepxnocra oõpamaerca B' HYJlh. H3 (19) 
H (23) CJle,IJ;yeT, qTO B6JlH3H 3TOH TOql<:H rpasa H3MeHHeTCH no saxoay (15). 
Ilpa 3TOM BTOpOH lJJIeH B ypaBHeHHH (13) CTaHOBHTCH CIDIrYJlHpHhIM H 
coxpautaerca c nepasn-r, eCJlH BhInOJlHHeTCH (16). 

Paccxrorpaxs caasana npenensnsrã cnyxaã 

R »ro' (24) 

4 

rne R - paccrormae Me:>K.nY IJ;eHTpaMH aaxpeã. B,IJ;aJIH 01' aaxpeã 

r »r,	 (25)1,2 o 

rzte r 1,2 - paCCTOHHHe 01' paCCMaTpHBaeMOH T(jqI<:H ,IJ;O nepsoro (z = +1) 
H aroporo (z =-1) BHXPH' cooraercraeaao, ypaBHeHHH (13) H (14) ynpo
W;aIOTCH: 

(V<I»2
F v[Ç (1 - 1]), 1] « 1. (26)

2ÀMn o 

B6JlH3H aaxpeã HMeeM 

CP1 + const, r 1 « R, 
<I>	 (27){ -CP2 + const , r 2 « R, 

rne CP1 H CP2 - a3HMYTaJIhHhIe yrJlhI (CM. PHCYHOI<:). 1'13 ypaBHeHHH (26) 
H rpaaasaoro YCJlOBHH (27) aarcmovaer-r, lfI'0 B 06JlaCTH (25) 

<V "" CP1 - cp 2 .	 (28) 

11pH r -.. 00 <l> -+ O, n03ToMY paCXO,IJ;HMOCTh B 3HeprHH (17) MOJleI<:YJlhI, xapax

TepHaJI,IJ;JlH O,IJ;HHoqHorO BHXPH, OTCYTCTByeT: 

217n R )E (R » r _~o	 ln(- . o o)	 (29)M ro 

OTMeTHM, srro npn yr-reasureaaa R 3HeprHH E yr-reasuraerca, n03ToMYo 
B03HHI<:aeT He06xo,IJ;HMOCTh B pacxeré 3HeprHH MOJlel<:YJlhI npa R .... r •.o 

BbIPA)l(EHI1E llJIH 3HEPrI1I1 MOJIEKYJIbI 

)lJlH BhIqHCJleHHH 3HeprHH MOJlel<:YJlhI HCnOJlb3yeM npH6JlH)KeHHhIH 

r-reron, aHaJIOrHqHbIH MeTO,IJ;Y XapTpH-<l>Ol<:a / 31 . 

cp - oneparop aTOMOB pa3JlO)KHM no nOJlHOMY OpTOHOpMHpOBaHHOMY 

Ha60PY cPYHI<:IJ;HH cp n (r) , BI<:JllOqaroIIJ;eMY H cPYHI<:IJ;HlO cpoCr): 
,.. -+- ....... -+
 

cp (r) = La cp (r),	 (30)
n n n 

<CP leP ' > = o " L cp Cf)cp*(1') oCr - ?').n n nn n n	 (31)
n 

5 



-+ .Yz -+ .... 
H3 eP0pMyn (6), (30) H (31) CJIenYeT 4>0 (r) = (s - (3 ) qJo (r), '1'0 (r) .... l(r .... oe), (36) 

0 

'" "'+ "2 "+ '" '" 
[an ' an'J = a " N == f d r cp cp == IN, N ~+ ; r,rt,e s - IUIOII.J;Mb rroaepxaocra, 3aHHMaeMOH ra30M,nn n n n n n 

TO ecrs B 6a3HCe (31) oneparopsr â H Nn HMelOT 06bltrnblH CMbICJI onepa f3 
0 

= f d 2 r ( t - I 'I'
0 

12 ) . 
n 

TOpOB YHHlITO)KeHIDI 1J8.CTHUbI H trnCJIa 1J8.CTHI.lB n-M COCTO.R:HHH. 

YCJIOBIDI (31) aBTOMaTHqecKH BblrrOJIHHIOTC.R:, ecJIH lPYHKIJ;HH y,n;OBJIeT Xapaxrepasrã paasrep MOJIeKYJIbl COCTaBJI.R:eT ..... r ,n03TOMY H3 (11)o 
aopmor YpaBHelUUO Illpenaarepa: H (18) 3aKJIlOlJaeM, 'lT0 HM ".R:MOH", 06pa30BaHHOH MOJIeKYJIOH, HaxO,lUlTC.R: 

1 N H n H ro
2
 

~ V 24> + À I cp 1
2 cp 

- - 1
 
E n CPn ' (32) 1
'2M n o n 

H8,lJ;KOH,IJ;eHCaTHbIX aTOMOB H 

xoropoe rrpa n = OH NK-nOr~-Ao (37) 

Eo = Àno (33) KOMeHcaTHbIX. TaK KaK NK » N H ' TO BKJIa,n;OM HMKOH,n;eHCaTHbIX aTO


MOB B saepraro MOJIeKYJIbl ~0:iKH0 npeaeõpevs H ytrnTblBaTb' B ,u;aJIbHeHIIIeM
 

coananaer c (9). Ilpa 3TOM TOJIbKO xoaneacaraoe (4)0) H nacxperasre (cpn ) = (4)1' CP2 , ••• <p ) Co
s 
CTORHH.A:: 

4>0 .... Vno (r .... (0) (34) 
"'-.." " 

cP (r) = a o 4>0 + I a CPn ' (38) 
n 

B COOTBeTCTBHH C (10»)H c yseroxr aepaneacraa 
snecs H nanee ~eKc"n" qTHOCHTC.R: TOJIbKO K ,n;HCKpeTHbIM COCTORHIDiM. 

-+ 
u(r.) = À!4> 1

2 > O TaKHM 06Pa30M, BMeCTO nOJIHOrO rHJIb6epTOBa rrpOCTpaHCTBa COCTOHHHH 
o 

paCCMaTpHBaeM TOJIbKO ero rronnpocrpaacrao: 

3aKJIlOlIaeM, qTO E > O. npH 3TOM COCTO.R:HH.A: c saepraeã 0.< E < E .R:BJI.R:- s 
n n o 

lOTC.R:,n;HCKpeTHbIMH: 'I' = I No' N1 ' N2' .: .. N s >, No + I Nn = N, (39) 
n = 1 

4>n (1) .... O(r .... oe ) , .rI 4>n 12d 2r = 1, rne N =const -trnCJIO aTOMOB .. 

Ilpennonaraesr (CM. (37», qTO Nn - Ao» 1" rr03TOMY MOjKHO npeae

a COCTO.R:HIDI C E n >E o ofipaayror aerrpepsrsasrã cnexrp, B KOTOpoM aaxo- 6pe~ ePJIYKTyan;IDiMH trnCeJI 3arrOJIHeHIDI Nn H B rcasecrae 3HeprHH MOJIeKY

,n;.R:TCH HMKOH,n;eHCaTHble arosrsr. 1 JIbl õpars cpenaae 3HaqeHHH rro \li : 
B ,n;aJIbHeHIIIeM 6y,n;eM JlBHhlM 06pa30M ytrnTbIBaTh rrOCTO.R:HCTBO trnClIa 

aTOMOB na rrOBepXHOCTH, n03TOMY B lPopMYJIe (2) onycxaesr crraraesroe - " ÀN 
2- oE ('l'o ; No, N ) = < 'I' IH I 'I' > == To no + I T Nn + + c XHMHqeCKHM rrOTeHIJ;HaJIOM: n n 

n 28 

2 
'" À 2 À 2H .r d 2 r [ri + ( _ ->V~ ); + ~ ( ; + )2 (ri )2 ] • (35) + - n a + ~ 2: B N + 2Àn I B N + À 2: B N N ,2 o o 2 nn n o n n I n n "z2M 2 n n n 1n 2 1 (40)n1r 2 

COrJIaCHO (31) BOJIHOBa.R: ePYHKIJ;IDI xoanencara ,n;OJI)KHa 6blTb HOpMHpOBa
T = f d 2 r '1'.* (-~ ) 'I' T = r d 2 r 4> * ( -~ ) cp ,na YCJIOBHeM o o 2M o' n, n 2M ní' 

2 2 

2r 2fd ICPo 1 = 1, 

r d2 2 2ao = r( 1 - I '11
0 

1 ) 2, Bn,= rd r I qJo 1
2 

14> n 12
, 

orrcyna cnenyer 

6 7 



2r\cP 4	 21cP 2
B = Jd 1 , B = [d2rlcP 1 1 ,

nn n n 1 "e '. "i n2 

snecs 11 nanee MhI OT6pOCIDIl1 cnaraerasre B E , I1Cqe3aIOI..IJ;l1e B npenerre 8 -+ ~, 

NO /8 = nO= const . YtrreM rrOCToHHCTBO QI1CJIa aTOMOB N , nsrpasaa No sepes 
N 11~ (39) :n 

ÀN2 
E('I' ,N) + EIl ( 'I'o ' N n ) ,	 (41)o n 28 

rne nepnsrã qneH ecrs eaepraa rasa c O,n;HOpO,n;HhIM KOH,n;eHCaTOM, 

= E o ('1'0) + ('1'0 ,N ) - (42)E Il E K B n 

aneprna HeO,n;HOpO,n;HOCTI1 (MOJIeKYJIhI), 

Àn2 Àn2 
E ('I' ) T n + -~o	 (43)o o	 -2- Yoo 2 o 

KJIaCCI1QeCKI1H BKJIa,n; B eaeprmo Heo,n;Hopo,n;HOCTI1, 

yo=[d 
2 
r(l-l'I'o l 

4 ) , 

(44) 
('V ' N ) - l + 2À 

l c N NE KB o n f n N n n n n
n 1n 2 1 2n 1·n2. 

KBaHTOBOMeXaHl11-leCKI1H asrarpsnu B aaepraa, B03HI1KalOI.I.U1H nI>H paaraeme
HI1I1 aToMOB no CBH3aHHhIM COCTOHHI1HM, 

f n = xn -Tn - 2ÀnBn, 

Cnn" 2B nn" Bnn"onn'" 

Ilpa asrsone Bhlpa)KeHI1H MH E Il MhI. IlOJIO)KI1JII1 no ~ n , tffO BHOCl1T necy

mecTBeHHYIO norpeuraocrs ( - l/A o ) B E --)
Il

· 
Baeziei-r ôespaar-repasre nepexreaasre 11 <PYHKIJ;l1li R, 'l'n li Xn: 
~ 1;2 -4 

R = (ÀnM) r, epn ( À n M (h~ 'V. X 417N n/Ao. n " n 

rorna nonyuaer-r 

E (\V X) E...- [(bo t 'V ) + eKB (X n ' 'V )] ,	 (45)11 o' n o	 oM 
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1	 2R(1 4fi, ('I' ) = 
o r d	 (46)

o o "4 Ya Y == 1'Po I ),' 

~B ('1'0 ,Xn) = - 417	 ~ gnXn + 16 rr 
2 ~ f3nn X~ + 3217 

2 ~ f3nm x n X m• (~7) 
n n n=/m 

g =1-"-f3 
n n n ' 

2 2 2	 2 2 2
f3 n == .r d R I 'I'a \ I '11n l", f3 nm = [d R I'lin I 1'11 I	 (48)•	 m 

--) --) 

rne cPYHKUHH 'lIo (R )11 'I'n( R) ynoaneraopstor YPaBHeHMro 

• 2 2 
-'\I 'Pn + 1'1'01' 'l'n = "n 'l'n' 

"0= 1, O < "n < 1, 

2R 2 --)
 

.r d I 'l'n = 1. 'I' o ( R) --) 1.( R --) oc).
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8Hepnrn: MoneKYJIhI nOJIyqaeTCH rrOCJIe MHHI1MH3a~HI1 EIl ( 'Po • Nn ) no sa
CeJIeHHOcTHM.N : 

n 

E ('1'0) E...[&,	 ('I' ) + &, ('I' )],Il M o o KB o	 (49) 

fi, ('lia) = mín [~ ('P ,X ) ] (X > O) ,
KB KB o n n -	 (50) 

epOPMYJIhI (45) - (50) 6hilll1 npasreaeasr MH pacxera aaepraa MOJIeKynhI 
li3 BI1XpeH. 
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