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1 • BBE/lEHHE 

KaK H3BeCTHol1,21, a ~rMe30MOJleKy.nax npovtCXOART peaKL..~HH CHH

Teaa RAeP, a TaK)I{e aaxsaT p.- -·MeaoHa npoToHaMI-1 RAep, np~t~l..leM 

CKOpOCTio1 3TJ.1X npOL-4eCCOB Cy~eCTBeHHbiM 06pa30M 3aBHCRT OT KSaH

TOBOfO COCTORHHR Me30MOJ1eKy11 /3,4/. 

MeaoMo.neKY!lbt PP~£ , pdjl. , ptp. 1o1 ttp. o5paaytoTC.R a peaK41-1RX 
nma /1,5,6/ 

/1/ 

C KOHBepCvteH Ha OAHOM Yl3 3JleKTpOHOB MOJ1eKyl1RpHoro KOMnJ1eKca 

( (pdf<)p2e), a MOneKynbl ddf< H dlj< - B pe30HaHCH~X peaK~H"X/?.8/ 

/2/ 

C B036Y>KAeHHeM KOJ1e6aTeJlbHbiX ypOBHei:i KOMnJleKCOB ( (ddfi) d2e) 

H [ (df¥) d2e]. MeaoMoneKynbl pp~ , tpdf< H PI¥ o6paaytOTc" npeH-

MYil.\eCTBeHHO B COCTORHHRX C nOJlHbiM op61o1TaJ1bHbiM MOMeHTOM J ""1 
H KOI1e6aTeJ1bHbiM KBaHTOBbiM 4HCilOM Ve0, a Me30MO!leKyi1bl ddj.t, 

dtp_ H ttp_ - B COCTORHH.RX C J = 1 1 V"" 1. 
,ll.nR Me30MOJleKyll C OAJ.1HaKOBbiMH fiApaMH (ppf.l, ddj.t, tt.J.t) CKO-

POCTb nepexOAa (J= 1) .... (J=0) 8 OCHOBHO€ COCTORHI-1€ 3a Bp€M..R H<I·13-

HI-1 p.- -Me30Ha KpaHHe Mana /HanpV!Mep, B CJ1y4ae M€30MOJl€KYJlbt ppp. 

A~1 0 4 
c -

1 191 I, nocKOJlbKY TaKoH nepexOA conpR}!(eH c I-13MeHeHH€M 

CYMMapHOro CnVIHa R,Qep MOJl€KYJlbt VI o6yCilOBil€H pemni-1BVICTCKI-1MVI 

3$¢l€KTaMVI. 

Me30MOJl€KYJlb1 pe\u , ptp 1-1 dtp. nepexO,Q.RT B OCHOBHO€ COCTO.RHI-1€ 

nyTeM El -nepeXOAOB C KOH8epc1-1eH Ha 3Jl€KTPOHe K- MOJ1€KY11.RpHbiX 

KOMnneKCOB THna J (((pdf<)pe]+, ((pljl)pe] + H ((d~j<)de]+) Hn~ 
II (((pdf<)p2e], ((pf¥)p2e] H ((dlj<)d2e]) - B 3aBHCHMOCTH 

OT COOTHOW€HI-1.R M€}!(AY CKOp0cTRMI-1 .\A O}!(e-nepeXOAOB 1-1 CKO-

*CKOpOCTH paAHa~HOHH~X nepeXOAOB COCTaBJlR~T 8€11H4HHY ,\R ~ 
6 6 -1 

~ 1 0 - - 1 0 c "" MaJlbt no cpaeHeHH~ co CKOPOCTRMH ome-nepexo-

AOB B M€30MOJ1€KYJ1aX 11 •61 • 
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Ta6JIHI~a I 

CKOPOCTH ,D;HIIOJibHOI'O OJKe nepexo,o;a B Me30MOJieKynax pdji H plft 

MoneKyn 

pdf< 

Pit< 

5 

4 

3 

2 

1 

-. (i) I sB/ 
10 

97,4 

99,0 

_, (r) /3B/ 
00 

221,5 

214,0 

0,28 

0,38 

I , 2 

2,2 

2,7 

5, I 

(T=1 V=1) 
' 

(J=0,V=1) 

(J=2 V=O) , 

( T=1 V=O) , 

(l=O, V=Ol 

CxeMa KaCKa,n;HblX El-nepexo,n;oB Me7K,D;Y cocTOHHHHMH ( Jv) 

Me30MOJieKyJibt dtp. C 3HeprHHMH CBH9H: ( OO =319, 2 9B, 

e10 =232,4 9B,£ 20 =102,5 9B,e 01 =34,9 9B,e 11 =0,64 sB1101• 

poCTb~ Aex peaK~HH nepeaapRAKH THna 

+ Aex + 
[(pdf<)pe] + H

2 
- [(pdf<) p2e] + H2 , /3/ 

B pe3y11bTaTe KOTOpoall o6pa3086BWHIIICR nepBOH646JlbHO J..10H [(p<\u)pe]+ 

aaxsaT~saeT 3neKTPOH. 

B MeaoMoneKynax pdjl H ~ soaMo*eH eAHHCTBeHH~III nepexoA 

(J = 1, V = 0)- (J =0, V=O) ,noCKOJlbKY OHH CYUleCTBYKJT JlHWb B 3THX ABYX 

COCTORHHRxl101fcM. T66!1. 1/. Me30MOJleKy!1~ dtp. CylQeCTByMJT B nRTH 

COCTORHYIRX
1101 

/ CM. pY!CYHOK/. Hx AeB036y)I(AeH~tte Yl3 COCTORHHR 

(J = 1, V=l) B OCHOBHOe COCTORHHe (J =0, v::O) npOHCXOAHT npeHMy

IQeCTBeHHO nyTeM KSCKSAHbiX El -nepeXOAOB. 

B A-aHHOIII pa6oTe Bb14HCJ1eHbl CKOPOCTH A (i_) H A <x> O)l(e-nepexo-

AOS B Me30MOJleKy!1aX pdf! , plft H dtp,. RB11RIOIQHXCR 11RAP6MH 11 MOJle-

KYilRPHbiX• KOMnJleKCOB THna l H ll COOTBeTCTBeHHO. 
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2. )lEB036YJI{)lEH~E nYTEM El-nEPEXO)lA 

BepoRTHOCTb nepexo.Qa Me3oMoneKYilb1 1-13 Ha"--aJlbHoro (i) e KoHe4-
HOe (Q COCTOFIH~e C WCnycKaHW€M 0*€-3Jl€KTpoHa 8 WHTepsane WM
nyJlbCOB q 1-1 Ci+ dq_,. paeHa/S/ 

/4/ 

3.Q€Cb: E i 1-1 E f - nOilHble 3Heprlt1111 KOH€1..1HOro H HallaflbHOrO COCTQFI-

Hltl~ KOMnneKca /I 1-1111-1 II I, E."" c 0) + ( E "" ( (f) + q2/2m E (i) 
1 Jv I ' f .Jv e' Jv 

Ill E ~f) - 3HeprvtH CBR31-1 M€30MOJ1€KYI1bl 8 Hal...laJlbHOM 1-1 KOH€llHOM 

COCTO~HI-1FIX C nOJlHbiMIII Op61.1TaJ1bHbiMVI MOM€HTaMI-1 J(i,f) lt1 KOJle6a

T€JlbHbiMio1 KBaHTOBbiMI-1 4HCJlaMVI V (i,f) , E I - 3Heprl-1fl CBF131-1 3Jl€KT-
4 

poHa B OCHOBHOM COCTOFIHHH KOMnfl€KCa, q - HMnyJlbC 3Jl€KTpOHa 

KOHB€PCI-1111, me - Macca 3I1€KTPOHa. 

HaTpVIl.IHbr~ 3JleMeHT nepexo.Qa paseH: 

- BOJlHOBbl€ ¢YHKLJ,VH1 3Jl€KTpOHa KOH8€PCII1V1 

B Ha"--aJlbHOM H KOH€4HOM COCTORHHAX, p - KOOp.QHHaTa 3neKTpOHa, 

OTCI..IIo1TaHHaR OT U,eHTpa MaCC Me30MOneKynbl, \jJ(l) (t , ii) 1.1 'J! (f)(t ,R)-
; I' f. 80nHOBbl€ ¢YHKU,I-11-1 M€~0MOneKynbl, R - paA1-1YC-8eKTOp, CO€AHH 10~1.11:1 

RAPa Me30MoneKynbl, r IL - KOOPAI-1HaTa /L- -MeaoHa, OTCI..II-1TaHHaR OT 

cepeAI.1Hbl oTpe3Ka R, 1.1 npo8eAeHo ycpeAHeHI-1e no npoeKU.I-1HM m ~) 
op61.1TanbHOro MOM€HTa J(i) 8 Hal.lanbHOM H CYMMI-1p08aHI-1€ no npoeKU,I-1-

HM m(7 8 KOH€'-IHOM COCTOJ3_HL-1RX. 

OnepaTop eoaMy~eHL-1H Hint 8 A1-1nonbHOM np1.16n1-1meHI-1L-1 1.1MeeT 81-1A 

d--'p -e---
1'3 

A. 
lnt !61 

rAe AL-1nonbHbli:1 MoMeHT d = dc;'
1
l. Fb MeaoMoneKynbl paeeH ,' 6 / 

4 M 4 

d = -e [ -".(!- -~-) R 
2 M tot 

l ' 
171 

"=(Mb-Ma)/(Mb+Ma). M,0,=M.+Mb+M~ 

3AeCb MP.- Macca p. -MeaoHa, Ma>Mb - MaCCbl RA€P MeaoMoneKynbl, 

M tot - nonHafl Macca MeaoMoneKynbl. 

BonH08bl€ ¢YHKU.L-11-1 3neKTPOHa 8 Hal.lanbHOM 1-1 KOH€'-IHOM COCTOfi

Hi-1fiX /a aTOMHbiX eAV!HI.1L\aX e = h =me= 1 I Bbl6paHbl cooT8eTCTBeHHO 

8 BillA€ /5,6/ 

z 3 v. -z p -z lp4 -R I 
o ] (e o + e o P ) 

2rr (1 +~'>) 
/8a/ 

3 



co -.. 3i -iu, 
'I' (p1- -e Rq1 (p)cosBqp, 

4rrq 

R () _.&. 2[ u(1+u2)]14 F(2 . 4 2. ) q 1 p - 3 q -2~ p + lry. ; lqp • 1-e ... , 

R 1(p)- v'g_.!... sin(qp +uln2qp 
Q Q-H><l Tf p 

Z* --· 
/86/ 

q 

3,QeCb Z O 1-1 Z *- 3$¢eKTJ.1BHbte aapR,Qbl, 8 none KOTOpbtX .e81-1)1{eTCR 
3JleKTPOH B HS4SJlbHOM J.1 KOHe4HOM COCTORHHRX KOMnneKca, Rp - pa
,QJ.1yc-aeKTOp Me~AY ~eHTpOM Mace Me30MOJ1eKy11~ H ,QpyrHM RAPOM 
KOMnJleKCa, 8 qp - yron Me>K,QY BeKTOpaMI-1 q J.1 p; a 1 "" argr(2-iry)
KYJlOHOBCKSfl ¢a3a 8 COCTO.AHI-11-1 C MOMeHTOM e = 1 . 

B ASHHO~ pa6oTe HCnOJlb30BaHbl CJleAYIOLI.IHe 3Ha\..leHlo1fl napaMeT
poa/12/, xapaKTepJ.13yiOtqlo1X MOJleKyllRPHble KOMnJleKCbt nma I /aHSJlo
nt4Hbte Mo.neKynRPHOMY HOHY H~ I "' II /aHanon14Hble MoneKyne H 2 I: 

AI1fl KOMnneKCOB I 

AllR KOMnneKcoe II 

80J1H08bte ¢YHKJ..tlo1J.1 Me30MOJleKy11 Bbi4J.1CJleHbl B S,QJ.1a6an14eCKOM 
npe,QCTSBJ1eHJ.1Itl 3S,Qa4J.1 Tpex Tell /13/ 

. ...,. -Jo J(i,f) (i,f) ..... 1 c· n 
'I'(I.f) (r R)- l: l: FJ (r·R 9 <1>)-x -'•''(R) 

fl , m=O j jm , ' ' R Jm , 

/9a/ 

/96/ 

J ..... -% ..... J ( F (r;R.EJ,<1>)=[2(1+o
0
m)] l¢. (r;R)D <1>,9,0) + 

jm Jm mmJ /10/ 

rAe D~mJ(~.8,0) - HOPMHpoaaHHbre D -q,yHKU.HH BHrHepa, ¢ (r""!R) -
no.nHblti Ha6op peWeHH'1 3a.Qa4V1 ABYX Ky.noHOBCKIIIX L,teHTPOB;f.fl, f

4 

KOOP.QVIHdTbl Me3oHa 80 spaw,aKlll.le _ _i1c.R CVICTeMe KOOP.QHHaT, OCb Z KO
TOpOti Hanpas.neHa no seKTopy R. Cs.R3b Me*AY KOMnoHeHTaMH aeK
Topa ~=(X ,yfl,zfl) B na6opaTOPHO~ CVICTeMe KOOp.QVIHaT Ill KOMno
HeHTdMH Bel,.opa r =(X, y, Z) onpe.Qe/1eHa COOTHOWeHl-1.RMV1 /13/: 
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-sin ¢1 

y~ ~ cos®sm<l> 

( 

x~) ( cos®cos<l> 
cos'i> sm8sm<ll y 

sm®cos<l>) ( x ) 
/11 I 

z -sinS 
~ 

0 cosS z 

3HaK Is $opMynax /10/ 03Ha4aeT CYMMHposaHHe no AHCKpeTH~M 
j 

H HHTerp~pOBaH~e no Henpep~BHOMY cneKTpy 3a,qa4H ABYX ~eHT-
poB /13/ , j = [ n 1 n 2 p] - Ha6op napa60ilY14eCKHX KBaHTOB~X 4YICeJl, 
COOTBeTCTBYIOutHH 4eTHOMY (p =g) H He4eTI-iOMy (p=U) peweHHRM aa
,qa4H ,qsyx ~eHTpos/14/ 

BonHoa~e ¢1YHK~YIH ¢ jm (;; R) opTOHOPMHpoaaHbl ycnoaHeM 

Jdr¢. cr:RJ<~>.*,,(r:RJ~s .. ,s ,. 1121 JID J m JJ rom 

C!>yHK~HYI X(~,f) (R) '=-:.\: ~Jv) (R) npe,qCTSBJlRIOT OTHOCHTeJlbHOe ABH>Ke-JID _ _ Jffi 
HHe RAeP Me30MOJ1eKyJ1bl B H.34SilbHOM (i) H KOHe4HOM (f) COCTORHYIRX 
C 3HeprHRMH E g~ Y1 E ~fJ COOTBeTCTBeHHO H YAOB.neTBOPRIOT COOTHO
weHHIO OpTorOHSJ1bHOCTI4 

J Jv Jv' :!: :!: f dR X . (R) X ·m (R) ~ 8 , • /13/ m=O j JID J vv 

BbiAeilRFI pa3MepH~e MHO)I<HTeJ1H BCeX BeilH4HH, BXOARU4YIX B Bblpa
lKeHHe ,qnR Tfi B ¢opMyJ1e /5/rr, H npOBOAR YIHTerpl-lpOBSHHe no KO
OPAHHaTaM p ' r , R H HMnyJlbCaM q 3J1eKTPOHa B KOHe4HOM COCTQR
HI-114, nony4HM c.ne,qyiOIJ.Iee Bblpa>KeHHe AilR CKOPOCTeH k1~2}(E1) = W fi 
El -nepexo,qa e Me3oMoneKyne: 

(1,2) 4 2 Z 3 1 2 2 m e 4 
A. (El) ~fl._:::_(~) -

1 
~ -II(q) I l<d> I -:•:-:--c-1. A 3 m a + o q tiS /14/ 

*' Bem14HHa .l.]I(q) ]2 Bbi4HCileHa a aToMHbiX e,qYIHHL.tax, senYI4MHa 
\<d>\ 2 - a eAH'l,YIL.tax aa,qa4Vl (e=1l=ma =1). PaaMepHOCTYI eonHOBbiX 
<IJYHK~"C1 /Sa/, /86/, /10/ paBHbl COOTBeTCTBeHHO a-3/2 , 1, a-3/2, 
rAe a ~li 2;rn e 2 a ~b 2/m e 2 . • rn e e • m a 
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Ben"""Ha I< d> I 2 A!lR nepeXOAOB (J <0 ~ 1) ~ (J'f) ~O) " (J (i)~l)~(.J (f)~2) 
pasHa COOTBeTCTBeHHO 

(2J (i)+ I) I< d> I 2 ~I ..:.(1-
2 

M = 
- 1-' -) f dR · RD (O) + 
M tot 0 °0 

M oo 

+(I+ ....:::L.) J dR(D(l) 1-2 o<ll )] 2 
M oo -v 01 ' 

tot 0 

D (O) ,, D(O) (R) ~ ~ x'_f) (R) X(i) (R), m~ 0,1 . 
mm nun Jm Jnl 

/16a/ 

/166/ 

o<}J ,or;) (R)~:L <j'm'lr lirn>x\') _<R)x<i) (R). m~0.1.2. /17/ 
m m m m jj" k J m J m 

r.Qe <.i"m"l rk i jm> - ,Qll1nOllbHble MOMeHTbl ft-Me30Ha, ,QBl<HKYLl..leroc.A 

a none .QByx ¢li1KCl-1poeaHHbiX KYilOHOBCKI-!X L\eHTpoe /lL': 

<j'm'lr lim> ~fctr",p* rC: R) r <h (r; R) 
· k j'm' k jm 

m' =m. k ~ 0' /18/ 

r ~ 
k 

{ 

Z, 

;
2 

(x ±iy), m'=m + 1, k ~ ± I. 

Ane nepexo11o• (J(i) ~o)~(J(f)~l)" (J(i)~2)~(J (f) ~I) B BbiPa><eH"Rx /16a,6/ 
cne,QyeT C.QeilaTb 3aMeHy l-1HAeKcoe D~l~ t+ D ~~,. 

np111 CKOpOCT.AX ,QeB036ym,QeHHR Me30MOJleKyll, 60llbWli1X CKOPOCTH 

peaKL.\1-11-1 nepeaap.A.QKI-1 /3/, T. e. np111 A A (El) >,\ex ,Qeaoa6y)I(,Qe-
HI-1e MeaoMoneKyil npm'ICXOAIIIT e KOMnlleKcax nma I I (3 =l e ¢opMyne 

I 14/ I, np~--1 i\ A (El) <A ex KoMn!leKc nma I ycneeaeT aaxeaTHTb 
3IleKTpoH, 11 El-nepexoA· a MeaoMoneKyne ocyw.ecTBI1f4eTc.A s KOMn
neKce T"na II ((3 ~ 2) . 
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3. 05CY~aEHHE PE3YnbTATOB 

8 Ta6n.1 npeACTSBileH~ CKOPOCTH El:nepeXOAOB B Me30MOJ1eKy

JlSX p~ 111 ptft. 1-13 COCTORHHR (J = 1, V = 0) C 3Heprlo1eil! CBR3\.1 E ~~ 
8 COCTORHI-1e (J=0, V=0) C 3Heprlo1e!7i CBfl31o1 f(9v Ill se.nYI~Io1Hbl j<d>l, 
onpeAeneHHble ¢iopMyilaM~ /16/-/18/ e eA~H~~ax (e="li=m,= 1). 
CKOpOCTH A.(}._) lo1 .\(~ COOTBeTCTBYIOT El -nepeXOASM C KOHBepc1o1eei 

Ha 3neKTPOHax MoneKYllRPHbiX KOMnneKcos nma I a.·t" II. OrMeTHM, 4TO 

Bbi4HCJ1eHHaR HaMH CKOpOCTb nepeXOAa 8 Me30MOileKyJle p~no nopRA

Ky senH4HHbl cornacyercR c o~eHKaMH fa6orbl 111 111 cosnaAaer c pe
aynbraraMH HaWHX npe*HHX pSC4eTOB/l ~OAHaKO OTJlH4aeTCR OT se

IU141r1Hbl 0,25. 10 11 c -t, nony4eHHot1 a pa6ore 151 • 

B ra6n. 2 npY1BeAeHbl cKopocn1 KaCKSAHbiX El-nepexoAOB .\(~ 
H ,\(~ B Me30MOJleKy!1e d~. 6 3TO~ Ta6m1l"e OTCYTCTBYIOT 3HS4eHVIR 

CKOpOCTeH >.,_(l? nepeXOAOB Vl3 COCTORHHR (J = 1, V= 1), nOCKOJ1bKY Me30-

MO!leKy!lbl dtjl B 3TOM COCTORHHH 06pa3yiOTCR J1VIWb B peaK4VIRX TVIna 

/2/, VI nepeXOAbl Vl3 Hero ecerAa npoHCXOART C KOHBePCHeH Ha oA

HOM 143 ABYX 3!leKTpOHOB KOMnJleKCa [ (dtjl) d2e), HyMepal.lHR COCTOA

HVIH BMeCTe CO CXeMOH KaCKaAHbiX nepeXOAOB npeACTaB!leHa Ha pVI-

cyHKe. 

Ta6JIHlla 2 

CKOPOCTH OT,r:t;eJibHbiX oJKe-nepexo,o;oB B Me30MOJieKyne d!i' 

N-+ N' 5 ~ 4 5 ~ 3 5 ~ I 4 ~ 2 3 ~ 2 2 ~I 

[<d>[ 0,52 0,27 0,03 0,24 0,16 0, II 

>Pl 10 11/c-1 / 
A' 

0,28 0,33 0,20 

>.<~,10 11 /c-1 I 1 I , 4 I , 3 0,02 0,58 0,74 0,49 

npH Bbi4HCileHHRX VICn011b30BaHbl BOJlHOBble 4>YHKLJ,HH X 1~(R) 
H 3HeprVIH fJ Me30MOJ1eKyJ1, HaHAeHHble 8 pa6oTe /10/, a TaK)f(e AVI

nOJ1bHble MOM;HTbl /18/, npVIBeAeHHble B pa6oTe/1t(g BblpameHHRX /17/ 
HcnonbaoeaHbl AVtnonbHble MOMeHTbl <j'm'! r k\ jm>, caR3biBaiO~VIe nep

Bble 26 COCTORHHH AHCKpeTHoro cneKTpa 3aAa4H ABYX LleHTpOB. KaK 

noKa3a!lJ.1 4VIC11eHHble paC4eTbl, BK11aA BbiCWVIX COCTORHHH COCTaBJ1ReT 

-10-2 ,no3TOMY A11R Bbi4HCileHHR \<d>\ C 3TOH T04HOCTbiO A0CTaT04HO 

y4eCTb JU1Wb BKJlaA oT MaTp-V14Horo 3neMeHTa <OOOg \ r 0 [ OOOu>. 
0CHOBHaR norpeWHOCTb 8 Bb14HCJ1eHHbiX HaMH CKOpOCTRX Ae8036ym

AeHHR o6ycnoaneHa HeAOCTaT04HbiM aHaHVteM aonHoBblx 4>YHK4HH 311eKT

poHa KOHBepCVIH 8 Ha4aJ1bHOM VI KOHe4HOM COCTORHHRX. 8bi4VIC!leHHR 

noKa3biBaiOT, 4TO sapbVtpoaaHHe 3Ha4eHif111 Z * a npeAenax 1 < Z * < 2 
npHBO~HT K H3MeHeHVIIO CKOpOCTe~ AeB036ymAeHHR Ha 5-10%-oT ~pH
BeAeHHOrO 3Ha4eHHR. 

7 
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4. 3AKni04EH~E 

8bl4HCileHHble B A6HHO~ pa6oTe CKOpOCTH ,qeB036y>K,qeHHR B Meao

MOJleKy!laX He06XOAVIMbl npM paCL4eTe KJ.1Hen1KH npOL\eCCOB MIOOHHOro 

KaranHaa a cMeCH H3oronoa so,qopo,qa 1161 . 
np~t~ He06XOAHMOCTH AOCTHrHyTyiO B H6CTOR~eH pa6ore T04HOCTb 

Bbi4HCileHHi1 MO)f(HO nOBbiCHTb, YICnO!lb3YR 6onee TOLlHble BOJlHOBble 

¢YHKL\HH 3JleKTPOHa KOHBepCHH, a T6K>Ke BKJ11046R 60JlbWee 4HCJ10 
cnaraeMblx a pasno>KeHHe /10~ 

B aaKJ1104eHJ.~~e aeropbl Bblpa>KaiOT 6.naro,qapHOCTb 8. C .Mene)l{lo1KY 
H Jl. H. CoMosy a a noMOll.lb e npose,qeHI-11-1 4HcneHHbiX pac4eros. 
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