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Anaa6aTH'IeCKoe rrpencrasneHHe a aanaqe rpex ren c KynouoaCKHM 
B3BHMOAeiicraaeM. I. Bbi6op a¢M;eKTHBHOf"O raMHnL.TOHHBHa 

B ann:a6aTR'IeCKOM npeacrasneaua sana'IH Tpex Ten ( a, b, c ) nony'leH 
ITpBBHJJbHbi.ii fiPSI.Qen JlHCCOilHBUHH JlJIH peaK.UHA C 06MeHOM (~c)+ b...., a+ (b,c). 
IB Ka'!eCTBe npHMepa npHaeaeH pac'!eT ypaaeeJ! aeepl'HB Me3oMoneKyn PPI' H 
ddj.£. 06cy.>K.uaercsr asaoMOCBSI3b paanu'tfHbiX TPY.O.HOCT-eA a.nua6aTH'IeCKOro 
MeTO.lla H nyTH HX npeo.noneHHSJ. 
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Adiabatic Representation of the Three-Body Problem with 
the Coulomb Interaction, I, The Choice of the Effective 
Hamiltonian 

A correct dissociation limit for the exchange reaction (a, c)+ b 4 

4 a +(b. c) has been obtained in the adiabatic representation of the 
three-body problem (a, b,c),As an example, the calculation of the 
energy levels of mesic molecules PPI' and ddf< is presented, 

Relation of various difficulties of the adiabatic method is 
discussed as well as the ways of their overcoming. 

The investigation has been performed at the Laboratory of 
Theoretical Physics, JINR. 
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I.BB8,IJ;8HH6 

HeCMO'l'JlR aa O'iSBH,JI,RHe npeHMYtUSC'l'Ba a,naa6a'l'H'i6CI<Oro npe;u

c'l'aaneHRR npH OUHC8HHR M8;un6HHHX CTOARHOBSHRI B CRCT8M8 Tp6X 

'l'SA (aanpHMep, ;usa H~ + aneR'l'poH KAH ~--Meson), a TaRse 

npa BH'JRCA6HRH aaeprza HX CB83H a,naa68TR'i8CRHH M8'l'O:U ;upnroe 

Bp61UJ H8XO;uHJIC.fl B H86pe.ll6HHR, H ;up HS,nBBHero Bp6M8HR npaR'l'R'i8CRH 

BO BC8X y'i86HHR8X ero paCCM8'l'pHB8AH CROp68 R8R T80p6TH'i6CRYD 

B03MOZHOCTh, H8&8AH R8R S~8RTHBH06 Cp6~TBO ;unR p6ill8HHR npaR

TH'i8CRHX sa,na'J, 0T'i8CTR '1'8R08 CR8UTH'i6CR08 OTHOID6HH6 R B03MOE

HOCT.f!M M8TO,nB 6HJIO CB.fi98HO C H6:uPCT8TO~HHM 3H8HH6M a,naa6aTK'J6-

CROro 683HC8, '1',8, pemeaaft sa;ua'JH ;uBYX U6HTpOB RB8HTOBOA M6X8-

HHRH, 8 T8R&8 a¢~6RTHBHHX UOT6HUH8JIOB 38:U8'JH Tp6X T6JI, T,S, 

M8TPH'JHHX 8JI6M6HTOB onepa'l'OPOB HMUYAbC8 H RHH8TH'i8CROH aaeprHH 

O'l'HOCR'l'6JibROro ;uBHSSHRR .fl;uap no BOJIHOBHM ¢YHRURRM 38,nB~H ;uBYX 

USH'l'poB, B H8C'l'O.fllll68 Bp6M.fl 8TH Tpy ;uHOCTH B 3H8'il1T6JihROH M8p6 

npeo;upJISRH (CM., aanpHMep,II-9/), 'i'l'O U09BOJIHJIO peillHTh p.fl;u 38-

;uaq 8TOMHOH H M8308'l'OMHOH ~R3ZRzli0-I4/, 
0cHOBR06 B03p8E6HH6 n~OTRB 8;uH868TR'i6CROro M6TO,nB CB.fi38HO 

C Tpy;uHOCT.f!MH UOCT8HOBRH rpaHR'iHHX ycJIOBKft E 8;uH868TR'i6CROM 

683HC8, 3TH Tpy;uHOCTR MOERO CB6CTH R CJIS;ny~ OCHOBHHM: 

I. HeBSpHHH npe;ueJI ,IJ,lliCCOUR8Ui!H B CHCT6M8 Tp6X 'l'8Jl npH 86 

pacna;ue 88 8TOM H .fi,I!JlO H, R8R CJI6:UCTBH6 STOrO, H8B8pH08 Onpe;ue

A8HH8 aaepraa CB.fi3H CHC'l'SMH, 

2. He:Bepaoe onpe;ueJieaze HMfiYJibCOB B KaaaJiax peaRuaa H, 

R8R CA8~TBH6 STOro, H8B8p808 onpe;neJI6HH8 ~83 H ceqeflHA paCCS.fl-

HRa. 
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3. Koae-qaocn ae.n;Haroaam,a:wr a¢¢enea:wr D0'1'6HllHSJIOB aa~

'q.lf DPH 66CROH6'qHOM pE!3BEI~HKH .R~p, '1' .e • CHJ.ll>HS.R CB.R3!> RSHHJIOB 

B 80HMD'l'O'f.lfli60ROI 06JI80'1'H, 'q'!'Q D:PO'l'li!BOpeti.H'l' 0,11,HOMy 1!3 OCHOBHHX 

'fpe60B8HHI ROppeR'l'HOI MHOrOR8H8Jll>HOI 38,11,Hti.H paOC6.RHKR. 

4. HaJIH'ize .naJII>Ho~Ac'!':synqrur a@eR'fHBHsx DO'l'EIHilHSJlOB, no

po~eu:wr ROp.HOJli!COBHM B38HMO~IO'l'BHIM 3Jl8R'fpoHHOrD H .R,nepaoro 

,n;mntead. 

B ~aaoft pa6o'!'e yO'l'paHeHH 'i'Jzy;u.aoc'!'H I) H -qac'!'.~AHO 3), 

np.H aTOM yc'!'aao:aneao, liTO DHH Teoao OB.Rsaas ue~ co6ol. KpoM8 

'!'Oro, IlORS38BO, 'i'fO Dpil Bll'mOJ18HBH 3H6PrHH OB.R3.11 .If BOJlHOBHX 

<fY HRiijljl ,ll;HORpe'l'HOrD OD61't'fpa 38,11,HTiH 'l'peX '1'6Jl 'l'py ,11,HOG'f.ll 3) -4) 

aeoymeoT:aeaas. llpe~araeMa.R oxeua HKJlDO'l'p~eTc.R aa npKMepe BH

TiHCJ16RH.R 3Hepru CB.RSH M630MOJ16RYJ1 HSO'l'ODOB BO,nopo,na ff,/'< 

II c/ d)"-· 

GJie.Izye'f D'l'MS'l'.H'l':&, Ti'l'O B Jl.H'l'e PB'l'YP6 .no cax nop ae yo'!'saoB.a

noc:o OROH'iS'l'eJll>ao aaa:aaaae o6cy~euoro Me'l'o,na. tiaiQe ooero ero 

H83HB817'1' 
11

M6'l'O.nDM B03JlY1.116HHHX C'l'SJ:lHOHSp!IHX OOC'l'O.RHI!Ift •/15( HO 

BO'l'pe'liaD'.l'c.R 'l'SRES 'l'6PMHHH-uoneRyJI.Rpaoe npe.noTaBneHHe"l16(•ueTo,n 

Eopaa-Onnearebe pa· ./3(•a,IJ;Ha6au-qecRoe npe~TSBJieHHe ./17' 18/H 

T.,n. B ,IJ,8Jll>H6Im6M MH 6y,neM HCROJ11>30B8'1'1> '1.'6p.!.HH "8.n;H868TH"J6CR06 

DP6,IJP'1'8BJ16HH6 B 38,IJ,8'q6 'l'pe.X: '1'611", R8R HSH60JI66 'l'OTiHO O'!'p8llt8Dild 

cy'l':& H oco6eaaoc'!'H HSJ18raeuoro Me'l'o,na. 

2. lloC'1'8HOBR8 3BnaTiB 

YpaBH6HH6 illpe,IJ;HHrepa CH0'1'6MH 'fpex '1'6JI 1 COC'l'OHIQ61 HS 7I1JYX 

.R,nep c uacoau Na ~ t1 1 H SSJlH.JUUIH Z ct H Z 1 H anenpoaa 

WIK ;'(-~630H8 C MSCCOI n1c , ll0CJI6 O'l'~Jl6HHH HOOp,IJ;HHS'f IlElH'l'pa 

HH6p!lHH CHC'l'6MH JIM66'1' BH,n 

( H - £ .. ?:') 'K:r: ( r-: R) = 0. (I) 

4 

3,nec:& "Y:, t" ( v, R) - EOJIHOBS.R c}:yHRJ:lH,R CHCT6MH Tp6X 

'1'6Jl B COCTO.flHID! C RB8HTOBJ1MH 'lHCJl8MH n = ( Nern) SJl6J<TpOHHO-

ro .IJ:BHI!t6HH.fl u t: = ( v J m 1 ~) .A,nepHoro .II.BHllteHH.fl, r.ne v -
ROJI668T6JlbH06 RB8HTOBO€ 'IJIICJJO OTHOCI'T6JlbHOrO .II.BHIK6HVI.fl .fl,nep, J 
H vYI J - llOJJHIDl: MOM6H'l' C1CT6MH TpeX T6JJ H ero np06RUH.fl, ). 

noJJHa.R '16'1'HOCTI> cucTeMt/19- 221; R - BeRTop, coe,ll;HH.flD.Jlll:t\ .A.upa 

f1A .a M 1 , a ; - BGRTOp, coe,ll;HH.RHXJUUt SJIGRTpoH (Meaoa) c 

[(6HTpOM 0Tp63R8 R. (eM. pHC, I), faMHJ!b'l'OHHSH CHCT6MH B 6,ll;HHH-

[(8X e = f;, = 1 ID.I66T Ell.D: 

H =- (2Hof· (V; +- ~ Vrr )z- (zmo)16~ - ~ - ~+ 2oft= 

.... " ZC\Z; 
1;, -+- ho + R ' 

r,ne BB6~HH 0603H8'16HH.R 

-1 -1 -1. -1 

Ho = f1 0. +- !1 e . l'n D 

~ = ( M; - Ha.) I ( M, + t1 ... ) 

-1 
= me 

(2) 

+ (.t1q,+t1,)-t 
' 

(3) 

..... -i (, 2. .... 1 

T. =- (Zt1o) \.V; + i \lr) h =-~rnoJL\-- Z, -~(4) 
o , • r ~ r;. 

3~Cb h. - raMHJlb'l'OHH8H sa,n,a'IH )JllyX [(6H'l'poB, RO'l'Op~ npe,ncTaB-

Jl.R6T ,nBH~6HH6 "SJI6RTpoHa" C S~g6RTHBHOt\ MSCCOft Yn
0 

B llOJJ6 .nBYX 

saRpenJJeHHHX .R,nep c aap:I,n,aMH Ztt H Z t , yJI.aJieaa:wr .npyr OT 

.npyra aa pacc'!'o.Raae R . 
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A~a6aTwqecBH! 683HC onpe~BB6TCH BSB noAHHA aa6op peme

HHI ypaBH6HHH llipe~repa c raMHnbTOHHaaoM sa~~H ~x ~aTpoB 

(B ,naJII>H6ImeM DOJIOI!t6HO 1110 = 1. ) 

""' z. z h -- i..A- - ~- ::L , - ~ r t;. ..-, (5) 

"" COOTBBTCTBY~ ~CBp6THDMY H HBUp6puBHDMY CD6RTpaM OD8p6TOpa h.: 

""' h ~- (r; R) = Ei(") ~· c~ R), (6a) 

~ k2 
h <Pe (~ k,R)= 7: cp~ (rj I<,R). (6B) 

Tep.tH ~· (10 H COO'l'B8TO'fBYDIIH8 HM B011HOBH8 ~HRilHH 
</} ( rj R) ~CRp6THOro cnenpa sa,u.a~H ~X U6H'l'poB y~o6ao fiYM8-

poB8T:& aa6opoM napa60Jtwq6CBHX RB8HTOBHX ~H06JI j = [ 111. 11~ ~] , 

xapa:aTapHSYJOOlHX cooTOHHHB zsoJIHpo:aaRHoro STOMa m,. Ho. (HJIH 

me:. M1 ) DJ>l! 6ec:aoae~aoM y,u.aJieHHH H~P· BoJIROBHe WYHR~H 

<Pc:. ( r; k, R) COOTB8TC'Uyllr aenpepm3HOMY cneRTpy sa,na~H ~X 

UBH'l'pOB H xapaBT6pH3Yil'l'OH HMOYJI:&OOM k H R860poM napa60Jiwq6-

CBHX BB8R'l'OBHX ~H08JI C = [ t'l% J'l1] • 
B OJIY~ae pa:aam: sapJJ,nDB, Z 4 = Z t (ao aeo6HsaTaJI:&ao pa:a

am: MSOC, .1'1
4 

=1: f1t ) DOJ!BM6'1'CH ,nDDOJIRHT6Jli,H06 BB8H'l'OB08 'I!HC-

JI0-~6'1'HOCT:& P
1
,u=(-)e , r~ l=2n,_-rrn HJIH l=Zn~.+-m+J 

B 38BHCHMOCTH 0'1' CHMM8'1'pw! pemem DO O'l'HOWBRHD B DJIOCROO'l'H .... 
i!= 0 OPToroaaJI:&aol :ae:aTopy R H npoxO,ItJJlllel ~apes ero 

' cepe~y18/. B oooTBe'l'CTBHH o S'l'HM ~6'1'aoa ( FJ .= 1 ) H ae~e'l'-
aoe ( Pu = -1 ) pemeaHH ypa:aaeHHI ~~ ( P; R) H ~u. (~ R) 
COO'l'B6TC'l'BY•'l' H860paM BB8H'l'OBHX ~HC8Jl j = [ 1'1:1 t'l.z. t'H] 

3 
H 

J = [ Yli l'lz. f11 1 r..t H O.IlHOA H TOI ll6 aaeprHH npa: R- oo: 

E. (oo) = EJ·"' (oo) = - _i_, 
J3 zn• rl = 111 + 11z.k111 + i . 

(7) 

6 

B ~aelmeM MH orpaawqHMcH paccMoTpeHHeM CJIY~M Z 4=Z1:1, 
J1 :1:: N 1 Ba:a HSH6oJiee cJioERoro H BBEROro B npuo~~teHHHx. B 

"' ' STOM CJIY~86 H3B6CTRO, ~TO Dp8BHJII>HYMH ~HB~MH HYJI6BOro UpH-

6JIU:6HHH, npe.ncTaBBBDqHMH zsoJIHpoBaRHHe aTOMH ~"~c. M(L H tn,;11, 
npz R-. co , H BBBIJ'l'CH (b RRnHH 

4>;~>- (r_ R) = * [ 4~i3 (r; R) - ~·u (r, R)] , 

<P;t cr; R) = ~ [ <P;, (r; R) + ~·u (r; R)} • <a> 

B011HOB8J! (bHBIUJH 'Y!;,t ( r::l l) sa~~ 'l'p6X T6JI, co-

OTB6TCTBYDII8H D011HOI 'll6THOCTH CHCT6Mbl ~ = + (-) J'' p63J18-

raeTCH no a~a6aTwqecROMY 6aszcy cJie~DqHM o6pasoM/I9- 22/: 

'V;,t' cr, "R) = ~ ~ [ ~-~ Cf, 2; R) ~.:\R) + 
J 

j 11t' ] (9) 
-t <fji (E::~ z; R) Jl (~) ~ ( <P, e, If) , 

r~ ~ = ( ta. + r;) / R , 
BOOp~8'1'yii,S/ 1 8 ~HB~H 

lz = (vo_-or,)jR 

<f;· (f., i; R) 

- CWB po H,IT.8Jli,Rbl6 

0Dp6~6Jl6HH COOT-

HOm&HHHMH 

e (-) npH 
i,ytt'( { ...,., 

~.(~R)= ~(f..lz;R) V27r. 1 npH 
111 > 0 , (IO) 

I'YI <. 0 • 

YrAOBBH ~acT:& pasJIOIIt6HHH (9) HM&e'l' BH~ (11) 

,,-~ r . " 'I -irn 1(1 'I t'. :\1 
~(4>,e,'f)=[~r(1+-00 ...,11 L(-)...,e~'" .D..., .... 1(~~D)+e Dtnm}~.e,o1, 

r.I1.8 
J 

D111 ,.,,. ( «P, e,o) - ROp&HpoB8HHll6 ]) -WY HRUHH 
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BHrHepa/
23

-
241, e .1!: • .P - yrJIOBH€ nepeM6!lHH6 B6KTOpa R 

B H€ilD,ll,B1I!KHO~ CHCT6M6 R::>Op_nnHaT. 

B ooosaa"<Jemmx .IlMpaRa pa3JIDKeHne (9) npno6peTaeT Bn.n 

I V1 -c) = k I ~><\fIn '1::> F = R-f L llf'.) < lf'. I 1-tt') F. = 
j J J J 

= ~ r I \{jo. \fig> <iij·« \ F. • <9a> 
J J8 J 

3H8R 2: BRJID'l86T B CSOR CYMMHpDB8HR6 no _nHCKpeTHDMY II HHT6-
J 

rpnpoB8HH6 no HenpepHBHDMy CllSKTpy sa_ns-qu .nBYX U6HTpDB: 

t = t. t c ~. + rJk) . (12) 

ilDCJI6 no_nCTBHOBKR p83JIO!K6H.IUl (9) B ypaBH6HH6 (I) R ycpe.n

HSH.IUl no KDDp_nHH8T8M P", e, 4> npH_n6M R 06CROH6'lHOM6pHO~ 
CHCTSM6 HHT6rpO_naq¢epeHUH8JlbHI:lX ypaBHSHHJ ~ B6KTDp-cTOJI6~ 

j "~ 
tlJYHRUHti j = < If'; lwt'> = ~- (R): 

tV 

d~j. (R) r [ZN El'lf:- u,i (R)] ii.(R.) = L (/,;;(R.)~. (R.)' (13) 

dR ' j# o 

r.ne 

( 1-~U·)) ~- (R) = ~-~ (R) U .. (R) = 
' 'J 

( 
U,11,jo. (R) ~q,J t (R)) 

(14) 
Uc:t,jo. (R) Uc:i,jt (R) 

BSJ!KqHHB ~8B'l'KBBOI M800H J1 H BH~ a~~R~KBHHX D0~6H~8-

JIOB u~i CR) 3aBJ!Cn" 0'1.' cnoco6a pa36H8HM HCXO.nHOTO TBMI'IJTh-

'I.'OHnaaa aa cyMMy "EHHe~H"<Jeci<oA" 

aaeprd. 

8 

"' r 
~ 

H "no~eHUHBJibHOI" h 

Pas6HSHHS (2} npHHRTD npaRT~SCRH BD BCSX paOOTBX no a_naa-

6a'I.'H'i6CROMy M6TO.D3. B aTOM cn:y-qae t1 = 11 jm a cnoco6 
.. 0 0 , 

nOC'l'pDSH.IUl a¢ifSR'l'HBHI:lX nD'I.'6HUl'I8JIOB U.~· (R.) no.u;po6HD H3JIO-

KSH B npe~mzx pa60T8X 8B'l'OpD~l3,22, 5/. 

Pa36HSRH6 

-" A ~ 

H = ~ + htf' 
1 

+ If' (15) 

r.ne 
"' -1. [ ~ ( ] ~ = -(ZMo) b."R + y VKVr-'"+Vr--VR") 

..... 1. i. 1 =-(Zm)-~~-.L-
h* * y ~ "' ' 

(_rn.yi = m;1 + 'tle'l~f'1o = m~1 + (~MoJ-
1 

(16) 

llpnHR'l'O B pa6DT8X/l3 / H /!9•21/. YpaBHSH>Ul (13) ED BCSX CJIY'l8RX 

COXpaHJJIO'I.' CEDI BH.n, HO e,nruunm H3M6p6HHR B HHX, RDHS"IIHD, pa3JI~-

HS: e = f:; :. YY/0 =:1 B CJIY'I86 pas6R6H>Ul (2) H € = 1f = Yl1.,. = 1 

B CJIY'l86 pa36HSHHR (15). 

B CJiy'l86 pas6HSH>Ul (2) a!MSR'l'HBHHS nD'l'6HUH8~ ijiJ'JR) 
BSp8KBJO'I.'CR 'l6p63 MBTP~HSS 3Jl6M6H'l'H Oll6p8'l'DpDB 1', H h. no 

BOJIHOBHM WHIU:tHBM 'f;~ (f, i; K) H ~·L< (.f, ~; R) no ifop

MYJlaM 

( Vjo. I(J 1) = ( ~-, <fj .. ) A,.. , U.,; = A V.i A+ , 

~ (f -.1) A=fi 11, v"J = (v~9.J~ v~3,i.u. ) 
V .. u.,J' V .. u~IA. 

(l'i) 

Hanpl'!Mep/13 I: 
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~<t,jGI. (R) = 1 [ ( ~3,i1 + Y.u,j .. ) - (V:j,ju + \(u,j:l)] , 
(I? a) 

r,Ite 

a J [ J(rTi)-z~.t zN ] 'VzJ = t>tm' l ~'i Rz + R + ZN E.:rn (R) + 

+ Hi,/R) + dd~J (fl.) + z O,;.i (R) jR.} + B,:,jt>t' (R). (IS) 

lvlaTplf'qHbl6 9Jl6M6HTbl 

Q,i - Q(+) Q (-} - .. +X. .. 
"J "J ' 

H <+-> H c-> z. H (*> H .. = .. + z . . + ';£ .. 
•J •J 'J '-J ' 

7 Y> 0 
B . . I = BC:I"f h•t' + ~ B.:m J'f11 1 

t.I"'.)J l't1 >o ' 

(I9) 

H H (+> H(-J 
(,ltJlR pas6K6HHB (2))H ii = ''i +;K <'.f 
onpe,neJieHbl B pa6oTaxl13•251. 

(,nng pa36R6HH.II (!5)) 

B aaeTO.II!Il66 BpeM.H OHM Bbl'IHeJieHbl e TO'IHOeT:&IO N IO-? H BWI16 

aa HHTSpEaJie 0,1 ~ R ~ 60 ,ltJlR nap eoeTO.IIHd i = [ n
1 

t1
2 
~] 

• I I I .) 
J = [ n:s nz m ] npH Beex 11:s , 11.z. , m , Y.ItOBJieTBOP.fiDIIKX 

yeJIOBH.RM Vl = "':s + 112. +.,., + 1. ~ 3 11' = "'.1' + 11 I+ 1'111 + .. < 3/26/ 
, .2. 4 - • 

AaaJiorK'!Hble MSTPH'IHHS 3JI6M6HTH Q ,·c. ( R ) H. ( R) 
J ) LC ) 

Be:,.. c '"' ( R.) eB.HSJmaJOOtRe oeaoBaoe eocTO.HHHe i = [ o o 0 1 
' ' 

,ItHeHpeTaoro enenpa sa,na'!H .llllYX neaTpoB e eoeTOHHH.HMH c = [ k n ... ,.,] 

aenpep~maoro eneRTpa npH saa'!eHH.Hx n
2 

= 0,!,2,3 , ..., = O,I 

H k = 0,2(0,I)I,2(0,2)2(I)5 BblqHCJ16HY B pa6ore/27/. 
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3. T])amJqHbl6 yeJIOBHB B 8lQ!:a6aTH'J6CROM M6TO,U8 

CKeT6M8 ypaBHSHHl (13) - TO'IH8.1I H B o6!1leM BH,ne Bll6psb18 

noJiy'!eaa B pa6oTax Eopga/I? I. II pH ee BJmo.ne ae c,neJiaao HHHSRIU 

YlliX>'liSDIIKX npe,nnoJiozead,H nosTOMY TO'IHOCT:& Bbl'IHCJISHIDJ saepmH 

E..,t' CHCT6MH Tp6X '1'6JI SaB.HeHT .1ll!lll:& OT llPH6JIHllt6HHl, ,nOny!llSH

Hb!X npH pemSHJiiH eKCT6Mbl ypaBHe.ad (I3). 0TM6THM epasy !:6, 'ITO 

IIOJIH8.1I saepriDI E,.'t' cReTeMH Tpex TSJI ecT:& HRBap.HaHT H ee 

3R8'16HK6 R6 38BKeHT 0'1' enoco6a pas6H6RK.II HCXO,nHOrO raMRJI:&TOHH8-

H8 RS RHH8TR"q6CRYIO H llOT6HnH8JI:&HyiO 9H6prRH. 

~ ~Jl:&Relmero Y.It06HO pa60TaT:& B eHeTeMe 8~Rn 

e : t; : n1c. = i K B .IIBHOM Bi1,U8 Bbl,I(6Jl.IIT:& 38BHCHMOCT:& B6JlK'IHH 

0'1' 9!}it6RTRBHBX Mace, BXO,ItRIJtKX B ypaBH8HH6 • Tor~ .nJ1.1I CJIY'IS.II 

eTS~SP'!'HOro pa36R6HHB (2) raMRJl:&TOHH8H8 (I) eHCT6M8 ypaBH6HRA 

(I3) llp!!M6T BR,n 

~:z. oJ}j·i. (ttr.R) + [?..M Enr -1Ji,(rnoR)] j. (MoR.) = 
of.R2. rtfo {, (20) 

= L. u,;,.(t>t.R)~-(I'f.,R). 
d# , 

YpaBaeHHB, onpe,neJl.IID!IlHS a,nRa6aT!f'qeeRHA 6asHe, HSMeH.HTen 

eJIS.IJYIO!llRM o6pasoM . : 

...... 

h ¢. (tn. ~ r-r.,t<) = tw., ~.(m.R) fl?(m.,r. r>'l,R), 
0 J J 0 J .) 

" k2 h., if>c. (mo~ tH;~k~moR)= Zttto ~("-'o"Y; nr.-1k,tJt.,f{), (2I) 

8 Bee eOOTHOW6HH.II (S)-(IO), (I3), (IS) eoxpaH.HIOT eBOA BR,n noeJie 

- _.. -+ -+ /c -1L 1 
38M8R y .... I'H. y~ !< ..... t>t.,R ~ - ""· ~, E"t ...... YH.,- £,..7: . 

II 



Ilp11 f< -oo 11M6D'l' M 60'1'0 Ope,n6JI:bRbl6 COOTHOW6HH.R 

<P (~'tt~ v. 00) = ~ ( ttt., -; ... ) 
j"- ' r} } """ £. (oo) =- l't'!.,jz P z (22a) 

J ' 

(22B) ~·I (~'tt., "0 00) = Y':t(ttt~r ... ) m £.~(-)=-l't'! .. jZn'.z 
d • ~ .. J ' 

r.n.e <lj (m. ;::) H Y./ 1 (1-11.~) - BOJlHOBbl6 fbHRIUfH COC-

T05JHI!tit i = [ 1'1:1 "'z """] H j 1 = [ 11/ n/ ""'] H 8TOMOB 1'>1.,. Ha.. 

H ~c Mi COOTB6TCTB6HHO B napa60.1J.I{q6CRHX ROOp)J.I'IH8T8X 

( 11 = 113 + 112 + rn + i H 

~TO Sq¢6RTI1EH85i M8CC8 

·t I / I ) JI n = n:1 + n2 + m + :1. • erno BH.nElT:b, 

~0 STHX 8TOMOB H ~HeprHH COCTOHHH~ (22) 

H6 COB08)J.810T HC'l'I1HHb!MH OpHB6)J.6HHb!MPI M8CC8MJ1 Yl'I<L PI 1'H I' PI 

aaeprMMH 

£ = - ma. /Zn 2 
~ . -1 -:1. -~ 

rna. = me + M ... 
' 

E ;: tz. -:t -:1. M-:t 
C = - m~ Z n ;) Yl1 ( = me + I' • 

(23) 

KaR H3B6CTHO, BOJlHOBh!e ~YHRIUfl'I (22) npe.n.cTSBJI5iDT SJl6RTpoa

aoe )J.BHmaHH6 B .n.BYX Ope)J.6JlbHh!X CHCT6M8X ROOp)J.RHST, ROTOphle B03-

HHR810T HS ROOp)J.I'IH8T pHC.2 npH f< ~ 00 (pHC. I H 3). 

me 
.... 
Ro. 

Mq R M1 

m.:.Ho. + Ht 
PHc. I 

Mo. R 11.t 
(Mo. +Mt) +"'c. 

PHc. 2 

12 

~ f --
Ha. K H, 

Mo.+ I'Hc 1'11 
PHc. J 

B STHX ROOp~aTax rJI8BHH6 qneabl 8011MOTOTKRH pemeazft 

rur (l'lf.r 1'11 R) COOTB6'I'CTBY!liiUIX CMS8HHOMY COCT05JRHIO CHCT6Mbl 
Iwr ' • ' 

TP6X T6Jl,np11 pas.n.eJieRHH ee Ha no,IJPHCT6Mhl l'tlc Ma. +Mt H Ha. +tttc/11 

HM61DT BH)J.: 

{

IV( -. J ~ 
- .... Tl1 l'lf.,':t) D -:Je,. .. R. "1':-r: (111., v-, m., R) ""' '"l'tlj C 4>, e, o) e , 

R -+oo <f.. ;: .... T -~ \.''"o!i) .D,...,..j ( ~ ~ o) e -~ .. t R 
' 

(24) 

r.ne 
~ .. a..=I~N E I~ " M't' 

,-v 

Z,.c I ( ~ - ~ 
= ZM. t,.~ +t.E.,)I ~ 

' a 

,..., -
E .. t - E .. t: - E,.,a 

(25) 
~ 

oaeprHH CM3H £.,'t' CHCT6Mb! TpeX T6Jl B STOM cnyqae OTC~HTb!-

B86'1'C.If OT SHe pro £ "'Q. PI30.11PipOB8HHOro STOMa l't'lc H4.. B 8)J.Ha-

6aT~6CROM OP6.U.CT8BJI6H~28/: 

,..., l'tfo V: ) 
E 114.. = z H ,.. ... , 114.. ( oo = 

-{ ] (26) = ~" [E., (oo) + ZH H.u/oo) = - 1111., [i - (i+(](;)z.] 
Zn 2 ~;tN , 

,-v ,..., ~ 1 ~ 

A E = E - E , = - . - • (27) 
"' .,"'- "' Z nz. 11., 

/V 

saaqeHHe E.,1 o'!'~aeTcn oT Bb!pallteHH5i (26) saaxoM ~ • .llJtJ1 

pas6H6HH.R rBM11JI:bi'OHH8H8 (15) COOTB6TCTBy~e Bhlpa~6HKH npHHHMa-

J)T Bl<I.U. 

'""' m ( E =-~ 1-
"'a. Zn/t 

,...., rn ( 
El1t = - z:z 1-

,...., 

1+Z:~e) 
l.iM ' 

1-Z~) 
-':J.M ' 

a BHPB lite HHe ,IJJlH fl. E"' COB08)J.86T C (27). 

13 
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llepsHS ~H6HH B DpBBOft ~8CTH pBBSHCTB (26) H (28) pBBHH 

aaepriDJM H30nHpDB8HHIDC 8TOMOB l'tfc. Mli RI tttc./11 DpRI 66CROH8~HO! 

uacce R,nep Ha. H M f , BTOpHe ~neaH y~HTHBaDT nepsHe a;lijfa-

6aT~ecRRie DODpBBRH H8 naH~6RH6 R,n6p, TSR ~TO 

E --- 1--+-+ ... ,.-.; -1 ( 1 A ) 
~t~:~. - zne. HtA. M: • (29) 

BHpallteaKR (26) H (28) pasJIH~amcR BS~H.RoA R03\PfHUHeHTa A, 

DPH~SM p83HO!K6HH6 (28) HSCROH:&RO 6nRllt6 R TO~HOMy 3H8~6HHIO £ 11 4.. 

aaepnm: HSOHHpoBraaoro aTOMS ""'c: Mt.t. : 

E 11a. =- mo../Zn2 =- tl'tc (1 + 1"11c. )-1. 
Z112. Ho.. • (30) 

"" 
YR838HH06 O'!'~Ii6 3H8~6HHA £. 11 o.. .H £11"- - nepsaa 

'l'py,nH.OC'!':& 8.n;H868'!'~6CROrO M6TO~, H3B6CTH8H R8R H6B8PR~ npe,nen 

~HCCOUH~HH/J,cB-Ju/.3Ta tpy~aoCTb ae HOCHT,o~aaxo,nPHHUHnHanb
aoro X8paRT6pa H, R8R MH B ,D;8H:&HeAmeM DOR8llt8M, MOllt6'1' 6HT:& ycTpa

H6H8 llpDCTHM npeo6pa30B8HH8M HCXO.nHOrO raMHR:&TOHH8H8. 

BTopaa Tpy,naocu - aeBepaaa acHMnTOTHRa (24) ¢yHRUHI 

~T: ( ~ R) - o~eBa,JJ,Ha yllte npH npOCTOM cpaBaeau c HCTHH

HOH 8CHMDTOTHROA: 

rv 

{ 

J 

If., (nra.~) D~m ( ~ ~ o) e -~ .. tA.. ~"-
:r > J ' 

~ (tttt ~) ]):"":r ( <t>,, e,, 0) e -z:' Ke 

y (~i) 
l-It' R._,oo 

(31) 

3,nec:&: 

-;;~e ... 'l = l2,cMo. E,.t;' I~ 
> I ~ 

'£.,( = 2J\1, Ct~~ +A £11) I ~ 
' 

Cl1t: = E,.t: - E.,tA.., A £11 = £11o..- E"'t 
' 

(32) 

3H8~8HWI 

14 

-1 
JY1(4 -

-:1 -1 
( 1"1c +.M.a.) + Me , 

-1 

JVf, = 11-1 
c:t 

-1 
+ (me+ N1 ) (33) 

p8BHH DPHB8,n6HHHM M8CC8M CHCTSM 1"11c Mtt +Mf H M~~. +meMt 
) 

-+ -a BSRTOPH R~~. H - R1 coe;lijfMD'l' neat>pH Mace aTOMOB t'ffc. M"-

11 """ M1 c R.JlPaMH Me H 11 o.. COOTB8TCTB6HHO (CM. pHC. 2) • 

llpH H8X0~8HHH ;lijfCRpeTHOrO CD6RTpa 38~~ TpeX T6R 3'1'8 BT0p8H 

Tpy ,nH.OCT:b H6CY!II6C'l'B6HH8, DOCROR:&RY B 060RX cny~aax:, ( 24) H ( 31), 

Yl1f: c~. r: ""· iO- a DPH ,D;OCT8TO~HO 60R:&IDHX R • 31'0'1' 

06~HA BHBO,D; DO~Bep~86'1'CH ROHRpeTHHMH ~HCR6HHHMH paC~6'1'8MH 

(eM. n. 5). 

0,nH.8RO DpH ODHC8HKa DPOUSCCOB p8CC6RHHH B CHCT6M8 '!'pax 

Ten, aanpHMep, ynpyroro pacceHHH.R aTOMS ~"~c /'1"- B ocaoBHOM co

C'!'OHHHH , 11 = :1, 

l'hcMa. +He 

c aaeprHel e < fl. E1 

B6HHOI. 

-- ~ /"(Q. + !11 ' (34) 

OTM8~6HH8H TP,Y,JJ,HOCT:& CT3HOBHTCR cy~eCT-

B 3TOM cny~ae 8CHMDTOTHR8 pemeailft, CR6,D;yJOmaR H3 CHCTSMH 

ypaBH6HHA (20) 

t't' > ')' 
~ (n..r rt~.R) cv 1~ c ..... ~)D~tM:r(~e,o)s;., (k~~:~.R + S:r(k1r..)\ 

R,-.oo ..... '1 ,.., ~c ..... r,)D (<Pe o\ e-~:~.,R. 
,.. .... j ) ) ') • (35) 

,...., ,..., ):1~ rv ~ 
r.ne '"£.u=[ZM.,(E+IAE1 11J., k1o..=(~M.,E.)

2 -

15 



- MMnyJII>CR, a ~r ((.) - ¢838 pa006RHRB, OTJIH'l86TOR OT HO-

THHHO~ 8CHMTITOTHRH: 

'(t'ct'l.~l'l1 .. n (\.) 
~ (m4 r;:)])~,..~ ( 'P.._, ell, o)siH (kj,. R"' -r'i>ikj~), 

R~oo ,u ( .- r ( - ce:tt R ( 
-rj t"1,~,).D,...,I'I1 c:P( e, o\ e 

r > ,') ' 

(36) 

r.n;e 

,~ 1~ k:1o. = (~JYt~cJ , <£"" = [ZJY!1 (f+/AE':tl) ~ 
' 

E = E 1-r: - E-:10.. • 

B pe30H8HCHHX O£fTY8IU'15IX, ROr,lla ,IJ;811t6 H660Jlbill06 H3M6H6H!Il6 HMllYJII>-

oa k M0~6T p63RO 113M6HHTb 3H8'l6HI16 ¢a3H s;- (k) OTJIJ1q!ll6 
/"\/ 

onpe.n;6JI6HHH k H k nprro6peTaeT pernaromrrH xapaRrep rr .n;on~Ho 

6HTb YCTp3H6HO, 

0TM6'l6HH85I TP,Y.n;ROCTb a.n;rra68Tffq6CROrO M6TO,ll8 H3B6CTH8 R8R 

H6B6pHH~ HMTIYJII>C B R8H8JI6 paCC65IH!IIR. EJI.fi 66 ycTpaHBHHR npe.n;JIO

geHO H6CROJibRO CllOC06oal3I-:36/, ROTOpae, 0~8RO, ,IJ;O C!IIX nop H6 

npi1B6JIH R yonexy. llepaa5I ll0ll!:lTR8 T8Roro po.n;a - BB6,IJ;6HH6 T.H. 

Tp8HOJI5I~OHHO~ 3RCTIOH6HTH, ll03BOJIRIDm6H JIKRBH,IJ;HpOB8Tb p83JirrqH6 

M6X~y~ IT k, Tipe,IJ;JI0~6H8 EeaTOOM H .n;p./3l/, H8H60JI66 ,IJ;8Jl6RO B 

3TOM H8llp8BJI6HI111 npO~HHYJIHCb ~eH V! ~p./34/. 

YR838HH!:l6 TP,Y~OOTH 8,IJ;Ha6aTrrqeoROro M6TO,IJ;8 B MHOrOR8H8Jlb

HOH 3a,naqe pao065IHHR ycyry6JIRIDTOH TSM, qTo Ol'IOT6M8 ypaEH6HI1H 

(20) He y.n;OEJ16TBOPfi6T 06JlllHI:lM Tp660B8HRRM pa3pemrrMOCTH, llOOROJib

RY llOT6HnH8Jlhl u~j (F-) nprr i * J y6HB8IDT B 8011MllTOTH'l6-

CRO:it 06JI80Tl1 M6.n;JI6HH66, 'l6M -v ~ -z • .ll6HOTBHT6JlbH0,/ 25/ 80HMll-

16 

I 
~ 

1 
J 

TOTHR8 M8TpffqHHX 8Jl6M6HTOB nprr R-oo HM66T BFI,IJ;: 

H,i (~) /V Cortd -t- R-: 
(37) 

Q .. (/<.) "V COI'Is:f ) 
•J 

B . . I (R)"" <l'k,J ... 
R-:t 

B CBH3H 0 STHM .n;JIH ROppeRTHOW TIOCT8HOBRH rpaHH'lHI:lX YCJIOBFIH 

38,IJ;8'lH p8006HHHR B 8.n;H86aTrrqeOROM 683H06 H606XO.n;HM!:l ,IJ;OTIOJIHHT6Jlb

H!:l6 npeo6pa30B8HHR CI10T6M!:l (2U). 

II pH BJllll'ICJISHHH aHeprHH OBR3H E"' 7: C!IIOTSMR Tpax Ten yno

MRHyTae Orp8Hffq6H!IIR H8 llOT6Hnki8JI!:l MO~O OOJI86HTb, llOCROJibRY npa

B8R 'l80Tb CHCTBM!:l (20) BCer.n;a CTpaMMTOH R HYJI~ BOJI6,IJ;OTBH6 8RCTIO-

H6Hnki8JlbHOrO y6HB8HM5I p6lU6HH~ _j. ( J<) 
'd 

np11 R..--+ oo 

4. IIpeo6pasoBaHrre rrcxongoro raMrrJII>TOHrraaa 

06t!18H nprrq:1Ha nepe'lHOJISHHI:lX TPY ~ocTefi saRnroqaeroH B TOM, 

qTO 11 RI1H6Tffq60R8.R" ~ H 11 llOT6HIU18JlbH85I 11 ~ qaoTH i10XO~OrO 
"\ 

raMrrJibTOHl'laHa H He MOryT 6an ,IJ;>!sronaMsoBaHa o~oapeMenno 

IT B O~!IIX !II T6X 11t6 ROOp,IJ;HH8T8X, B STOM OM!:l0Jl6 EC6 Tpy~OCTH a.n;rra

ClaTHqecKoro M6TO,na B3alllMOCBll3aHH lll,B npHHUHile,,nrJJilKH!i yCTpaHllTbCJl 

O~HOBp8M6HHO,UKa3UBa6TCJl,O~HaKO,qTQ lilX MOXHO pa3Clli1Tb Ha ~Be rpyllll!i 

IT ycTp8HHTb no qaoT.RM. B ,IJ;8HHDR pa60T8 MH llOR8~6M, qTo DPDOTHM 

npeo6p830B8HH6M HCXO,IJ;HOrO raMITJlbTOHI18H8 MO~O BOCOT8HOBF!Tb B 

a~a6aTrrqeoROM npencTaBJieHHrr npaBrrJI:nH~ npe.n;en .n;rrcoouaarwrr 11 o.n;

HOBpeMenno 0 STHM .n;o6HTbC5I ycJIOE!IIR Hii (e) ..... 0 llPil R - 00 

W 3TOrO H8DOMHHM, '!TO np11 i< _..... t>O oneparop 'V;t nprr 

,IJ;6HC'1'1JHIT H8 ¢yHRLUIH ¢. (?. R) 
J J 

nepexo.n;rrT B 

{ 
.i. v~ 

v.~ --+ ;2, ~ ' 
t fl~oo - ..i. v-. 

~ " 
(38) 

H B OOOTB6TCTBHH C STm/28/ 
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A 2 2 :h~ A { ( )~ T = (v-9 t- ~ v ... ) - (i:t~)A- = T i7: ' 
o K z r \.:: ~ " (1.--x)2 

/{~oo ~ A-.:; • 
ll03TOMy, ~068BnRR R B~RTBR npe~~l>HHi Ofl6p8TOp (39), 

c~e~mmeMy pas6zeHRD acxo~oro r~TOHHaaa: 

A A A 

H = T+h + ... 0. 

1 
R 

A ""' 

=7;.+~, 

r~e 

=- (ZMo)-j [ (V; + ~V;:)2 - (~;'1 2.1 r 1 A 

7:. 
"' k. = -.1 .:L - .:L • - (Zh-1,.) 4~ - ~-;,. 1-t 

Be~KtiRaa f11.._ , c~e~mmaR as 3Toro pas6zeHRR, 

_j_= 
~ ... 

1 

1'11o 
+ 

2. 
(:1. +'X) - _j_ + 

!J. Ho - Ync 
_i_ 
Mo.. 

(39) 

npH~SM R 

(40a) 

(4Ia) 

(42) 

COBTI8~6T C RCTHHHOH TIPRB6~6HHO! M8CCOI STOMa 

BnOARS 8H8~0rKtiHO HM66M BTOpoe pa36HSRH6 : 

f11cMo..... 

A A A 1 A. A 

H == 7; + h 1 + R = 'rc + wt 

A -::t rc z ~)z 1 r, = - c~ H.) 1 vl + ~ v;) - ~ tt.; , 

" ht = -(zm8Y~Il; _.L_..i... 
"""' ~ ' 

r.ne Be JIH"'.II!Ha 

j_=j_+ 
(.1-~)z - _j_+_j_ 

1'11c Mt • f'Wt rno I:J.M. -

18 

(4GB) 

(4IB) 

(42B) 

~6BH~O, pa36H6HHR (40a) R (40B) p8BHOI1p8BHll H Bll60p 0~-

HOrO H3 RHX ~Ty6TCR nHml> C006pa~SHHRMH y~6cTB8. B ,ne~l.H6Hm6M 

6y,neM pa60T8Tb B CRCT6M6 6~HI:( e = t1 :::: YJ-10.. = j (3TO 

ae6o~moe aapymemre CRMMeTpHH Raaa~oB q H C ORynaeTCH 

npOCTOTOi OROH~8T6~1>HllX ~OPMy~). BBe~eM qyHR~H: 

V:a .,;,. <e .. J Cf.,2;R), lf,L( = <f~(.( Cr,z;K), 
(43) 

lflJ = ~: (f~ z;rR), ce .... = ~(.( c~_, 2; 6'K.), 
A A 

ROTOpble RBnRDTCR C06cTB6HHllMH ~HRI:(HRMH raMR~l>TOHH8HOB t,q H h,-A 

h ... '(~~ L( = E,3,U. (R) 'f',J,Lt ' 
A. 

h, <e.-3, (,( = o Ei3,1( (r~) <e.-
3
, v. 

rn, 
'I = I'Yl(L ' 

(44) 

a Tans qyHR~H <f..,.. H 'f.. A ~. H .... '.. , ~, ... 
6HHbl6 no i.POPMYJI8M (8). Ilpz /( - 00 i.PYHRI:(RH 

<e,., , DOCT~
'fc·... H ·~., 

nepexo,n;aT B rrpaBH~l>Hlle HOPMHPOBaHHHe q'yHRIUfR R30JIRpOB<mHllX aTe-

MOB Vltc Mo.. H 114c M1 (c yl!eto:u onpe,lleJiean.H (IO)) 
3 - - z( ) .1 f ( r. .c.) <lf.:llfl> =Sa If, r,'z;YR. = :.~., ttz= 8 r-z oltJ2, 

lf. -- cp, ( ~) 
LGI. ft_~oo t- ' 

If.· --- Yj ( r~) I lt .... oo 
(45) 

0~6BH~O, MOZHO flOCTpoRTl> npeo6pa30B8HH6 B6RT0p-cTpoRH 683HCHllX 

qyHRI:(RI 

I <e> = lte> s-t 
' (46) 

HJIH, 6o.11ee no~o6ao: 

<rl= ~<lfl <e.·li s.-q,dq siq,j( ~1\ 
( 

'( y )( ) , (.J 0 .s:;;. s,~J' "e.·• 
(4?) 

r~ ~«. ; 'f',.Gt . 
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OJ16M6H'l'R M8Tp~u~ sii = < ~ I ~ > BbNl1C.ll.lm'l'C.I1 no lfopr.ty-

Jl8M 

(It -

f) i«.,i"-

( 

$ C:q,j& = 
'( s i&j4. = 

< ~.:GI. I teia.. > = s .. 
'J ' 

< te,c-. I ~-, > = o , 

< ((Jil 1 ~-.. > = 1 [ s,~j~ c~)- s~ c~)1, 
'1(><~... i4s} 

r - I - 1 [ t 6' ] 
S,t,Jl = < 'f,, ~' > = z Sc:a,;; (R) 1- ~-t.t,J/4 (e) . 

3necb BBeneaR o6osaa~eaRR: 

0 _r · (R) = r ol..'t lf,4 (f 2· r~)lf-~ (~ 2· !Z.) 
,..> 'J,Jd j d ;, > do > , 

Q .
0 

... (R) = s~ <(..,. (~ lz. YR) <f..,. (f 2· !Z.) 
"""I.(,J~ ·~ > } d~ > ,} ' 

(48a) 

H BO BCSM ~J!DH6~6M H3Jl0~6HHH CJ16~6T ITOMHH'l'b, ~TO nspsHft HR

neRC M8TpH~ BCerna OTROCHTCR H mYHR~H, CO~pEa~eA M8CrnT86HHft 

MHOMT6Jlb 0 • 
B OTJ1H'l~1e OT 6asHca I If> 6asHc I~> aeo:P'l'oroaaJiea, H 

BM6CTO COOTHOin6HR.11 < '(I~ llf<t' > = b .;J HM66M '1'6IT6 pb: 

< <e-1~-> = G .. = (S s+) .. 
L d <J 'd • (49) 

BHpaxeHu (4?), (48) onpe,ll;eJIJIDT BH.It nrpH~:~ecxoro reHsopa 

G,. =(G··tt~·" c,«,j() = (b•; sjf,i.:.) <5o> 
J c.iC)" G .. ,,.i( s,(,JC... };,i 

H TIOJ163H06 COOTHOinSRH6, ROTOpOS MO~ST C~~Tb ~ TI~DB6PRH BH-

~l1CJ16H.Il:A: 
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2. [ s,,)h ~t:k<\ + s.~ tf ~'f,tel = ~d- • 
k 

(5I) 

WcnoJib3yeM HOBIDi 6aazc I~ > ~ paaJiolltsHRR (9a) BOJI

HOBoa ¢YRI<UiUI 1 ~'t'> aana~H Tpsx TeJI: 

IVtt-> R-
1 I ~ > < 'f I ¥t ~> F == 

-1. ~ I - - < i. I F = R. ~ <el" ~-~> ~" i 
J ~-~ 0 

(52) 

rne HOBRs tfYHHUMH < j I = ( S +Y1<:i / · y,n:oBJieTBOPJliOT cooT-

HDill6HffiD HOpMHpOBRH 

~<(.iiI G c:)_xj )= S' 1111
1 S'cz-t, (53) 

")J 
ROTOpoe CR6~6T R3 COOTR0ill6H.Il:A (49), (52) H YCJIOBHR TIOJIHO~ HOp-

MHpoBRH <vz.?:'/11 1
C'

1 > = 'S 11 ..,t ~7:~1. 

IToncT8BJI.I1R pa3J10~6HH6 (52) B HCXO~Oe ypaBH6HH6 (I), 

ycpe,IUUJ.R ITO yrJIOBhlM D6P6M6HHhlM ¢) 8, 'f H Cl83RCY 

np~M R CHCT6MS ypaBH6HHi ~ ~YHRUM~ .x;- : 

~ [ < '( ! T + ~ I \fl) - E 11 '(; G-•i] ~- = 0 . 
d 

I~> 
/ 

(54) 

~DMHOma.R T8Hllt6 ypaBHSRHS {54) CJ16B8 H8 

TIOJIY~HM: 

G
-1 

OROH~8T6JibRO 

' 

~ ( 1;i + W:i - E"c:-) ~- = 0' 
J 

(55) 

r.ne 

r = cs-f-r1 r s+ w = c-:lw. 
) {56) 
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rV 

MaTp~HHe aneMeHTH MBTPH~ 

BZ)l;: 

w,i DOT6HURSnbROA SReprHH HK6DT 

W• 141i"- = i [ ~3 (~) + V\ju (R)] 'S•i ' 

w~,.}Jf = r I~·~ (tR) ~~'id - VvJ .. (r~) ~.:,·w] 
rv 1 [ /{ '6 w~~it<. = z ~·3 (R) ~"3.d~ - 1\;11( (R) s,14,J1t J, 
wit,j( = ~I W;~ (~R) T Y\jw c ¥f-) J ~ij • 

(5?) 

IlpH nony~6RHH BHP8~6RKft (5?) HCDOnL30BSHH 06a pas6H6RKR,(40a) H 
A. 

(4GB), nonaoro rBMMLTORHaaa H H BB6.Il6HH o6osaa~eHKR 

~J, '< = E ,·a,'< ...,. ~ • (58) 

MaTpHI48 7',;i RIW6T~6CROA aaeprHH BHPEllt86TC$J ~epes M8'1'-

p~HH6 a.neMeHTH H,,. Q.. H B,·1114 • .,.t, BB6.D.6HHHe paaee (IB), 
" > 'J ) 

one~~ o6pasoM: 

ZM~i = [-
J.z 
~2. + 

J(r+.:t) - Z Vl1z J d'. S , + 
'' ........ Rz. " 

[ (") H (:1) 2 Q J ] B + H.:i -t ~ <i + 'ioU?. 5;~ ... ' T '""',j""'' ~ 
(59) 

H(o) (:1) 
IlpH nocTpoeRHH MSTIJH~RHX aneMeRTOB onepaTOpoB H H HC-

nonLSYDTCB ~OPMYnH (I?), (l?a) H, RpoMe TOro, COOTHOm6HHB (40)

-(42) H (44), (4?): 

H(O) = K(+)- H (ll<) ' 

(:t) 
K (:1:) =- H (±> + J Q 

dR. 
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(60) 

H c~> = [ K (-> - Z H (:~<)] . . , 
i.C(J 'l <C(,J4.. 

H ~1> . = [ K (-) + 2 H ("'>]. . 
'"-,J I t~, Jf t 

H :1
> • = [ K (-) - Z H (*>]. . 

i.I,JO.. £{
1 
J4- , 

H c1> [ K (-> Z H (;t•)] 
.:t,ig = + ~i,j( • 

(6I) 

ORoa~a'!'eJIDao CRCTeMa ypaBaemrtt .JWI ~HRUR1.!: X DPHHHMae'l' 
'd 

BH,D; 

[
( ~l· .J(J+.i)-2"" ) - ~-

~ \:;uz.- R_2. + 211£117: 'S',J. - u,/~)j~· = 0' (62) 

J - • 
r)!e Bltl,l! uaTPHU!l V aqxpeKTHBH!lX IlOT6HilHaJIOB ODpe,ll;eJIJieTCJI $OMJiaMH 

(17), (19), (48), (56)-(61). 
- - - (0) - (~) - - J 
U = Z/1 W + H + ~ H + B + 2 Q JR + 

+ (s+)-1ZQ J$+ -z(s+ytJs+ -(.s+"-:1. J2.s+. 
cJ /?.. J t.. ) d KZ (63) 

KaR cne~eT as onpe,IJ;ensaHf.!: (48a), B nps,D;sne f!. -1> oo cnpa

B8.IJ.nHBH COOTHOmGHKR 

~ .r . (oo) = 
~ 'J~JJ 

(( 

$if) a. (oo) = 0 ~ 

K" 
s..l.(.)i"« ( 00) t 

'( -'6' 
Su u (e><:>) = S.; ., = co~st. 

}0 I i)J 
(64) 

(HSDPHU&p, ,D;JIB OCROBHOrO COCTORHHB 
-l{ %/1!)3 s::l.( 1.( = o ,-::1r-.r >. , 
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KpoMe Toro, c y'leTOM aci'IMnTOTH'IecRax P£BSHCTB 

G .. (~>a ) = s .. ' 
•J "d 

V/j~(oo) = ~"'(oo) = E"i (oo) = _ (2r/)-~ (65) 

M8TpiU8 llOT6HI.U!I8Jl:CHOii SH6prJm W TIIJH f.. -+oo nprti06peT86T 

Bll:,IJ; 

W,J (oo) = ( ~ ~) £d(oo) ~.:d • 

3H8'16HWl ( t't e = 1) 

~·~,Jr-.. ( oo) ::: Ed (oo) = 

wie,J, c oo ) = r Eci { oo) = _ 

~ 
Z n 2 

Y"''.f 
z .,z 

(66) 

(6?) 

coBna,nalO'l' B TO'IHOCTK c aaeprH.RMH H30Jlll:poBaHHwc aTOMOB tl-tc Mo... H 

11-1.: Mt B RB!t,nDM .H3 R8H8JIOB pe8RI.U!!H 0.. H C , COO'l'B6'1'CTBYD

~ CHCT6MaM ROOp,nKHBT H8 PHC. I H J. 
Mcll0Jl:C3YH T8R!t6 8CKMTITOTH'I6CRH6 p8B6HCTB8/25,26/ 

(+> H (+) H (*> ("'> 
H.·a,J3 (oo) = ,·'<)J't.< (oo) = i~,i3 (oo) = H,.£(JJ'u. (oo) = 

1 H(-) .i H(-) ) =--. (oo)=- (oo (68) z ·a,JL< z 'csl3 ) 
~OpMYJIH npeo6pa30B8HKH (I?) H onpe,neJISHWl (60) .If (6I), JI6rRO 

noRasaT:c, 'ITO npH R -+ oo 

(<>) 
H .. (oo) = 0 

'd > 
H~~)( oo) = 0 

'tl 

(69) 
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B pasyJI:cTaTe MaTpnua IIOT6HW.8JI:CHOii ::mepr!!n B ac!lMIITOTWie

CROH 06JI8CTI! paEHa 

- ) - - d LJ:J' (oo = Z/1 ~J' (co) -t Z Q,i (oo) d R. • (70) 

!1s paBeHCTEa Q,3,j<i (R.)=- q.w_,,.
3 
(~) I! npe.nen:cawc cooT-

aorneHHii (64) EHT6R86T p8B6HCTBO Q .. (oo) = Q OTRy,na 
,, ? 

CJie~yeT C yqeTOM(66) H (67),~TO B rrre~eJie g ~DO B CHCT6M6 

ypaBH6HHii (62) B RB!it,IJ;OM H.3 R8118JlOE Q H i H8'18Jl0 OTC'l6T8 

aaeprmt (2M)-I Uu Coo) onpe,neJISHO npaEHJI:cao, T.e. coBna-

.naeT c aaeprlffiMM Ei<~. H Eif (23). 

5. tl:!ICJI6HHHit npi'IMep 

B R8'16CTB6 HJlJl!OCTpa!.U!!H ll:3JIO'!t6HHOH CX6Mbl paCCMOTp.HM BH'IHCJl6-

HH6 ypOBHSii aaepr.HH /'( -M630MOJ16RYJI BO,nopo,na ff~ H J ~ 
B COCTOHHWlX C llOJIHHM MOMSHTOM J = 0 . B STOM CJly'lae t'WGI. = 1M f 

t ) 
S:i :: 'fi,i H ypaBH6HH.fl H6CROJI:CRO ynpOIJ{810'l'CH, XO'l'.FI 061!1aJI CX6M8 

OCT86TC.FI H6H3M6HHOii. llapaMeTp p83JIO!it6HWl (2M)-I, RO'l'OpliA ll0.FIB

JI.FI6TC.FI B a~a68TH'I6CROM llO,nxo,ne, B CJIY~86 M830M0Jl6RYJI He M8Jl H 

paBSH 0,IOI2I2 H 0,053329 COOTB6TCTB6HHO ,nJI.FI MOJISRYJI f f/l H 

d J~ . B6Jlll:'IHH8 STOrO napaMeTpa Onpe,n6JlH8T nop.F!~R B~AH'IH

Hbl BRJI8~ H6a~a6aTH'I6CR.HX M8Tp.H'IHHX SA6M8HTOB B llOJIHYD SHeprHD 

E 11 t' czcTeYH Tpax TeA npH BH'IRCJISHHH ee B a.ItHa6aT.H'IecRoM 

6asHce. MeTo,n BH'IHCASHH.FI, llPHH.fiTHI B pa6oTe/I3/, nosBOAReT aaa

TH BRAB,n R8JI,nDro HS COCTOJJHd j : [ 11:f H& 1'11] S8.JI,8U JISYX 

Il8H!'poB, no l!IOJIHOBIBII ~HRUHJJII ROTOpol Jl8S.18I'88TCJJ TIOUSJJ ~HR

Ulffi C HC TSYH ( 9) • 

llOJIH8JJ 8H8prKR CHCT8MH PftBH8 
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E~'t' = £~q_ + E.nr = E~.._ + ETY" (7I) 

np.1!1:1eM 

E. - t_ (o) + E. (2.) 
yy- - rr 'JY 

E (2.) (2) EC2> = t.~IA-C.ICf· + Jll" t<e-p. 

E (2.) = .L t. (2) - 2.. 2: c5 (2..) 
3(,(.C,"P· · i - L 11~11&WI 

J """'0 .., ... =0 11,=0 

& 0.) ~0 ?;0 Sotk c.;:~ck). = ~· (?2) 

3~c~> 
(o) 

E.rlf" - 3H6pl'RR CBSSH M830MOH6~YH B COCTOflHHH C non-

HHM MON6HTOM J H I<OH668i'6Hl>HiiM I<B8Hi'OBHM ~HCJlOM 'lr , BH1UIC

Jl6HHM B .II.BYXYIJOBH6BOM npH6JIHll6Rlm, T.e. HS CHCT8Nli ypaBH8HHI 
(It) 

(62) npH l. = i = i 
7 

a c nr - nonpa~r.t B'l'Oporo npr.t-

6.nmteHr.tfl, 06yCJIOBJI6RHli6 CMSbJ) OCHOBHOro COCTO.SHHH i. =:1.. 38-

,na~H .IJ.BYX D;6HTpDB C B:SCID.IWH COCi'OHHlUIMH J :f; 1. • 
B Ta6rum,ax I-3 npne~HB pesynuaT:s B~HCJieaHI ,It1IJI mx 

CH;y~88B p&36H8Hr.tfl I'8MHJIUOHH8H8 :(15) H (40a) • '118CTH~06 Cp8BB6-

HH6 pas6r.teRHI (15) H (2) npr.tB6~HO B pa6oTe/3?/. Hs 8H8HH38 pe

SYXLi'STOB p8C~6i'OB CB6~6T, ~TO npr.t B~HCH6HHH 3B8pl'HH CMSH 

CHCT6Mli Tp6X T6.11 p83HOE6HHH (15) H (40a) 9RBHB8JI6HTBH, 0,1!,R8RO 

CXO~OCTb p83Jl0ll6HHH (40a) 3H~HT6Jll>HO ny~me, ~6M_p83.110E6HBB 

(15). oi'Oi' ~aRT B6CbM8 B8ll8H, DOCROXLRY fi03B0.11fl6T Oy~6CTB6HHO 

orpaa.1!1:1H'l'b pasMepaocn NBTPHD;B v,.i ( R) a!MeRTHBHBX nottea-

~anoB H, CH6~B8T6Hl.RO, p83M6paOCTb CHCT6M:S ypaBaeHBI (62). 
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6 • 38RJIIJII6HH6 

B .naaaol pa6otte npennollea H peaAHaoBaa nocne~oBaTe.11I>~ 

M6TO~ B li,li,8H6HRR R8H8JIOB peaRIJ;Hil C nepecTpobo:l! B CHCT6M6 Tp6X 

~8CTHD; npi! Olll!CSHHI! HX B 8~86aT~6CROM 683.1!06 • C UOMOll!l>IO aey

HHT8pBOI'O npeo6p830B8HHH $ y,naeTCfl BOCCT8HOBHT1> npaBH.11bH:sit 

npe~H ,li,HCCO~S~H B 060HX R8H8.118X ~ Q H f, H O,li,R0Bp6M6HHO C 

BTHM o6paTHTb B HYXL H6~8I'OB8.11bHli6 M8TP~HH6 3.118M6HT:S ff~· (~) 
B acHMDTOT~ecRol o6nacT.a. IIo,ntiePRHeM, ~To ycnoBHe H,d· (.() -o 
npH ~- 00 Blm0.11Hfl6'l'Cfi B OU6p8'l'OpHOM CMHC.116, T.6 • ,It1IJI BC6X 

MaTpgqa:sx a.11eueaTOB O;ItHOBpeMeaao, H noaTOMY MBTPH!J;8 H,i ( oo) 
H6 Tpe6yeT ~U0.11HHT6XLHOft ~8I'OH8.11H38D;KH, I<BR STO npennaraHOCJ., 

aanpi!Mep, B pa6oTel281. Ms npe~mero cne~eT, ~To TP.Y;ItHOCTH 

I H 3 BB8,1!,RHRR B38HM006y0.110BJI6Hli H BC.116~TBH6 STOI'O YCTp8H6HH6 

O;ItHOI HS HHX SBTOM8TR1:160I<H npHBO~T I< ycTpaaeHHID ~rol. 

0UHP8fl0b H8 STOT pesyJibTBT, BU0.11H6 .110I'~HO npe,nnOJIOlKHTb, 

~TO TP,Y,1!,R0Ci'H 2, 3 H 4 T8RE8 B38HM006ycJIOB.118Bli H __ ~TO, fiOCTpDHB 

npeo6paSOB8HH6, y6HpaDq86 M8Tp~Hli8 3.116M8BT:S Q,J' ( 00) :> 

Mli T6M CBMBM BOCCTSHOBHM Up8BH.11bBH6 HMny.11bC:S B R8ll~M HS R8H8-

.110B peaR~H. O.naoBpeNeaao c STHM ycTpaaeaze ,n,anbao,nelcTBYianHX 

{}-:t 
~Jl8HOB ,..,. ,.. B UOT9H~8.118X XOPHO.IlHCOlla B38HM0~6itCTBIDl: 

s,,..,J,..' 0.) H H~j}C'-) ~.11EBO H8~6E8!11HM o6pasoM HC-

npaBH~l> D;8HTpo6eESHI ~.116H B a!MeRTHBHHX DOT9B~8JI8X CHCT6Mli 

ypSBaeHHI (62). MHHMH CROBBMH, HCROM06 npeo6paSOB8HH6 OC,.eCTBna-

6'1' nepexo~ 0~ ~<f.e:RTHBHOI MSCC:S /1 B CHCT6M8 ypaBH6HHI (62) I< 

npaun:&HBM npne~eaaYM MaccBM .M"' a J)i t B RSUOM zs RaaanoB 

p88Rll;HH Q II g • KaR Mli UOR8E6M B UOCH6~JJ1161 pa60T6, T8-

R06 npeo6p8SOB8HH6,~1Ci'BHT6.11bRO,MOEHO nOCTpoaTb H T6M CBMliM UO

C.116~B8T6.11bHO ~OPMY.11HpDB8Tb sa,na~ p8CC6fiHRR B 8~868TH~6CROM 

68SHC8. 

27 



lJ 3a.KJIKl'l6HJ.16 BHpa.JKaeM dJiaro,napHOCTh T. rr. Tly3llHJ.1HOJ.l 'J:.B .lly3H

HJ.1HY, ,J. H. lOllOBY 3il IIOMO!!\h J.1 COTPYJWJ.l'l6CTBO. 

Ta6;mua I 

CDCT8EJI.H!Oiql!e IIOJIHOfi 3H6 priHl E j '!:"" M63 DMDJ!BRY]! f r A 

il d d;-t E CDCTO.f!HaRX C llOJIHb!M MOM6HTOM J" 1i ROJI668T6JIJ,HOM 

COCTD.f!Hilli V' X) 

P P.-A (:r=o~ v-=o) 
. ..J 

dcYt ( J=O, lT=O de/A (J=O, 11"=1..) 
--·---· ... 

E 
f_ 

l'l 
0) 

·v-' ::a.) 
,IU'!CRp ~ 

(:l) 

H6llp. 
• :Tlr 

:: :l"t' 
lit<.p· 

E j(;" 

111* 

-2521,25 

-249,35 

-7,42 

-4,39 

-26I,I6 

-:2782,41 

WI<\. Vl1* 

-2528,43 1-2661,14 

-247,31 -323,09 

-3,99 -2,44 

-1,49 -1,45 

-252,79 -326,98 

-2781,22 -2988,12 

-278I,5~x) 

1'11.'l 111* Wt<l. 

-2663,14 -2661,14 -2663,1 

-322,69 -33,09 -33,1 

-1,65 -3,0! -1,8 

-0,65 -1,51 -0,6 

-324,99 -37,61 -35,6 

-2988,13 -2G98,75 -2698,8 

-2~"8'7 ,4Ixx) -2695,9 on> 

x) Bee 3Ha~eHMR IIPMEe~eHH B 3JI6RTPDH-BDJII>Tax. 3Ha~eHI'l.fl sHaprHH 
~ (~ 

CBR3M E. r..r B ~yxypDBHSBDM IIpM6JIMIKSH!!H, IIDnpaBRI'l E r--r·;o 
~C~- EO BTDPOM llOP.fl~6 T60PI'!il E03MymeHHM I'! 3H8~6HI'!6 

(0) (Z.) (2) 
C r-.r : f.. + £ 3W>tc.f. + C t-<e...p. B~IWJI6HH COrJI8CHO 

8JirOp!!TMY pa6oTuli3/. 3H8~6HI'l.fl ERJI8~0E, llPME6~6HHH6 B RO

JI0HR8X f-11_,.. H h1c:t. 1 COOTB6TCTByiOT Bbl60py p8361'!6RHfi (15) 
" H (40a) raMHJII>ToHHaaa H • llpH B~MCJISHHRX HCllOJih3DBaHhl 

3H8'l6HHR Mace ~acTHU ~ = 206,769, M f = 1836, I 52, 

Md = 3670,481 M aHa~eHI'!e R :J = 13,60535 sB/38/. 

xx) Pe3yJII>T8Thl BaPH~MOHHHX pacqetoB, npMBe,neHHH6 B padot~/391. 
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Ta6.nau11 2 
(£) 

BRJia,v; E i (aB) pa3JlH'JRYX COCTOSJRd j = [ 11:1 112 ..,_,] 

.JniCI<paTaoro cnai<Tpa aa.v;a~K ~yx IlEIHTpoB :a aHeprmo CBSJ3H E rv-

M630MOJ16l<YJ1 P PA. Jl J ~_,4{ - -

J p~ (:r=o, v=o) d1A ( :r=o, 11"=0 

[n~~~J 111.- ...,"- m~ rn"-

[1ooj -1,80 -1,53 -0,76 -0,69 

[om] -4,25 -1,74 -1,19 -0,63 

[zoo] -0,30 -0,32 -0,13 -0,14 

[no} -0,70 -0,21 -0,22 -O,IO 

[020] -0,00 -0,00 0,00 0,00 

[300] -O,II -0,12 -0,05 -0,05 

[zro} -0,26 -0,07 -0,09 -0,04 
(Z) 

E ,II;HCKp. -? ,42 -3,99 -2,44 -1,6!5 

BRJIS,II; 
(&.) 

E ll.zm (aB) pas.na~RHX COCTO.RHd 

J~ (:r=o, -v-=1) 

h1* 11-1<\.. 

-0,83 -0,72 

-1,66 -0,78 

-0,15 -0,14 

-0,23 -0,10 

-O,OI -O,OI 

-0,05 -0,05 

-0,08 -0,04 

-3,01 -1,84 

Ta6JIHna 3 
C =- [ l'lz 1'11] 

HSllpepYBHOrD CD6KTp8 sa,v;gqH ~YX U6HTpoB B 3H6prHD CB.R3H 

f. Jll" M830MOJ1GKY Jl f f _;C1 J1. J ~. 

c pp.A(r=o, v=o) dc!f<(l=~ ?r=O) dc:{A (r=o, v-=i) 

[Kz.l'll] 1'11* 1'\1'1. ~it ...,~ Wilt 1'11'1.. 

[oo] -0~84 -0,90 -0,3? -0,40 -0,34 -0,32 

[IO] -2,65 -0,40 -0,88 -0,20 -0,58 -0,25 

[20] -0,?9 
-

-0,17 -0,18 -0,05 -0,47 -0,09 

[30] -O,II -0,02 -0,02 -0,00 -0,12 -0,02 
(2.) 

E aenp. -4,39 -1,49 -1,45 -0,65 -1,51 -0,69 
- -- -- - ---
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