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1 Ill.tro d uction ,-....:.. 

·The determine stabilit'y_region of the three-body Coulomb systems with unit charges arid 
~·arbitrary masses is one of the basic problems in understanding thefor~ation dynamics of 

·few-body Coulof!Ib systems (see, for example, [1], [2]). The dependence of the background 
energy on the illassesof particles has been· considered in [3]and numerical calculatiQns 
have been made in [4] to establish stability boundary for the three-body Coulomb systems 

' with total momentum J=O. More d'ef.ailed studies on the stability boundaries of the three
-; body Coulomb system hav~ been performed in ref.[ I]. However, for the systems with J ;:::1 

this type of investigation.s have not been carried out yet and they were limited only to 
calculatiohs of bound state of the energy separate molecules in the framework of deferent .· 

. 'methods (see,for example, [5]). . ·. ·· . • . 
. . :The main p~rpose of these)nvestigations is mainly the construction of highly accurate 
,numerical solutions of the Schrodinger equation for the Coulomb three-body systems 
with given values of masses ~nd charges. However, the three-body Coulomb systemsfor 

----

. arbitrary values of the masses and charges descriped in the framewo~k.of the numerical 
methods·were unsuccessful so far; . . ' 

. ,· The determination of~igenvalues of the Hamiltonian for. the three-body. Coulomb sys-, 
tern by means of numerical methods to a high accuracy is certainly important. However; 
for und~rstand_irig the formation dynamiCs of three-body bound states one needs tostudy 

· qualitatively the dependence of eigenvalues of the H~iltoriiati on the masses-and charges · • 
of particles; Th!!refore, the development of analytical tools permitting the study ofthese 
depe~dencies with an accuracy of a few per cent .is justified. · ·--- · · · • · 

The Oscill~tor Representation Method developed in the papers ([6],[7]) gives the pos-· 
sibility.to defi.u'e the stability region as afunctiori'of masses ~rid charges of the'particles 
for the Coulomb'three-body systems. In the paper [6], the Oscillator Representation 

i Meth~d"based on the ideas ana methods ofquantum field'the~~y h~ been proposed to 
investigate the stability region established fur the three-body Coulomb system with the 
angular UlOmentum J::=O. . . . . . . . .... - /. 

In this paper, the O~cillator Representati~n Method ;;ll be applied·to calculate the~ 
energy spectrum of three-body Coulomb systems with the J total anguiar momentum. · 
By defining the depe-~dence of the. bourid st~te ·eriergy' of the system on the masses of 
particles, the stability boundaries with respect to the particle masses of the systems are 
determined. For the systems (D+e-:e+), (pB-e'·'), (A+A-e-) and (pe-e+), the.values of 
critical masses of·the A-, B- ,C- and D-particles are calculated. ' 

This paper is ·organized as follows. In sections 2 and 3, the method of oscillator 
representation for the three:,body Coulomb systems with the total angular momentum J is 
formulated.· In section 4, the bound state energies of the three-body Coulomb systems with 
J=:=O and J=l are calculated. In section 5, boundarieil with respect to the particle masses of 
the three, body systems are determined. For the systems(D+e-e+), (pB.:..e-:) ·, (A +A:-e-). 
and (pe-e+); the values for the critical masses of A~. B-, C- and D-particles are calcUlated. . ' . ' ., . : ~ '' . ' . .. . . . . 

""-



. 2 ·~Three.;. body Hamil~onian 

Formulation of the problem. Let· us consider a three-body Coulomb .. system in 3 
dimensions, with the masses m17 m2, m3 and charges Z1e, Z2eJ· -Z3 e. As it is well known,. 
a hydrogen me~ic ~olecularion is a system of three particles: a negatively charged muon 

. 1'- or electron e-, and two nuclei 1 and 2 of hydrogen isotopes (1, 2=p, d or t). The 
Hamiltonian for this system has the form: - · 

. ·1· 3 ·• 1.. .z·z 2. · z·z; ··~zz. 2. 

H=c-"'_::_ft~- 1 3e :_ 2 3e . 2 1 e .. 
' L-J J - - • - - + - - . •~2 i=I mi ·· .. lr1- r3l h...,. r3l lr2- r1l 

After some simplification, this Hamiltonian can .. be express~d in the center of mass systerri 
by (see refs. [6], [7]) '· ., .. • I 

. .. m. Iffi3~4 • [;p_2·_· lp-2 · .. ZtZ3.' z2zl~ .. -. ' z .. 2Z3c.] H =. · · - R + - r ·- -- + - - -
. (m1+m3) 2 2 _,· If: ·lf'+'Rc1l· jr-Rc31 

(2.1). i 

' . ~ -, -

with 

1 
c3 =·m;j.' 

1 
· 'ct·= -.- · 

· m1 
c=ct+c3·· 

Here k(R -~ IRI)is the. po~ition vector of.(nucle:s) 1 r;iativ~- t~ (muon~) 3 andris t]le 
. position vector of (nucleus) 2 relative to the 'ceiltf!r of mass system (1,3).. .. 

The Schrodinger. equati~n ·looks. Fke . 

·.! Hifl=O, 

· ·:-1 -2 f -<2 ' ·ZtZ3 Z2Zic· 
H = -PR + -Pr :- --.+ -

2 : . 2 R If'+ Rc11 

where the en~rgy parameter U is introduced 
,. ' . - .' 

.· 1' Z2Z3c + -U 
-.I. 2 li-.Rc3 · · 

(2.2) 

/ .. 4 .' ' 

E·=·~=- ~ mtm3 . U . . . - (2;3) 
. . . . . ·. . 2 ... m 1 +m~ , : ... ~. . . · .... ·-. 

Our problem is to calCulate the energy values·E of the three-body Coulomb systexp.: The 
wave function for thethree-body Coulomb system with the total angular. momentum J 
can be written in the standard forin . . .. · 

t '. ~ 

'. . J· . • . ' . . '· . 

-' . w1M = E v~~(<fl, e, «P)·· w!,J(~. ,R~ O) , (2.4) 
m=O -. 

where <fl and E> are.th~ polar a'nd azim~thal· ~gles.for tli~ ve~tor R in thespac~~fi~ed ·· 
coor~inates, t~ vari~bles F= (r,O;<P).repre~ent spherical~oordiriates o(the nucl~us 2, 'V. 

-are the symmetriCal repr~sentation'Of tlie Wigner'D~fu~ctioiis and s~tisfy'the relations. -

. jiv~~ = J(J +.1)V~t .. \ 
-· J). . J). ,.J). 

J,'VmM = M'VmM .= mv;,.M ' 

.i2 

I 
' 

r 
l 

(· 

l 

---~ .> 

and have the form · 

]). . . [ 2J+ 1 ·] 1/2 
'VmM =. 87r(1 +Com) (2.5) 

:[(-IY"eim</J D_J (<fl ~ o)'+ (-1)JAe.:..im</J ]JJ -(<i> 0 o)] ,· 
__ '2=- mM ' ' , /) -mM ' ' · 

>VL.~ . . ..._ .- - ·- . y-1r -_\,~ ..... - , 

<These fun~tions form the complete orthonormal set (st;mdard Wigner D-function D~M 
are defined according to [8]). The parity of states is denoted by.A. The states with the 
parity X =/(,:-1)J ·and A = -( -1)J are.call~d, respectively, the· states ~ith normal and 
anomalous parity. . . . · . · . . ' · . 

Let us consider the_ kinetic part of the Hamiltonian (2.2) 

1 -> 1 ~2 1.[ a; 2 a i 2
.] ,, 1 [·a2

- 2 a . i.2 ] 

.}.PR + 2pr = -2 aR2+ R8R- R2. - 2 ~r2 + ~ar ~ r 2_ 
(2~6) . 

and introduce the total angular momentum 
~ > ,. ' 

l=l+i. 
... •. . . . , , .. ·. I 

The operator L 2 is defined in the following way:_ · 
• > ,_ • , j f ' 

i/ = P + ~.(hL +Li+) ~1.;,~!3, (2.7)-
' '. . ' . 

where th~ operator iJ is connected wi~h the Coriolis interact_ions [9] ifid h.as the forrn 
' " . ·- .· / . . 

• • • . 02·' ·: • • •.. 
B = 2(£J)..., 2£z = £:tJ- +£-;-J'f' . (2.8) 

faking into. aceount the. follo~ving representatio~s for the pperators i..r: .. and i.±: 

· • _ ±i</J [ . a · i a · . · a ] · 
J± - e •. ± ae + sinE> a~ ~ 'cot 0 a«P ' 
• · · . ±i</J [ · a · . · 8 ]. · ./ 
£± == e . ± ae + 'c~t oa«P 

;.,e obtain 

~ •• J>. ..; ( . ) . . . J). . ( ) l±'Dm,M = J J + 1 -m(m ± 1)'Dm±I,M, 2.9 

1 · · · · [ ·a2 a · · · ]. · . • • . • • . ). . . 2 2 J). . 
2 ( £+L. + £-:£+) ~.M ::= - ()82 -:-cot 0 aO + ~ cot 0 'Dm,M ·, 

~et us substitute the representation (2.4) into the SchrOdinger eqp.atio~-(2.2), and after ... 
;orne· transformations. 'using. the orthogonality of the 'D-func~ions (2.5), we obtain· the · 
;ystem ofequations .. · ' · 

--i { [- ~ (a~2+ ~a~~ J(~T:+ ~~- m
2
) --~ (!2 + ~!- ~22) 

' ' . ~ . 

(2.10) 

........ 3 



;.1 

1 (. 1 1 ) . ( {)2 . . · a.~ . 2 2 .) _· Z1 Za .... : I· . 
-- -+~ -+cot8--m cot 8 _.---+-U . 2 R2 . r 2 . a02 au ·· · · R · 2 

. . . . . ] 
. Z1Z2c . · Z2Zac . . ·A · c • 

+ - lmJ • Um,m' 
y'r2 + c'fW + 2c1Rrcos8 jr2 +4R2 -2c3 Rrcos8 .. . . 

- 2~2 [v(J -m:1~(J + ~)(! --~m~ 1) ~ot o) · o~'.m-1 . 

+v'(~ h + l)(J ~ m) ( cc! - (m+ l)ft 0) '·'c+• Ja'.:~.y~) .. (R1 ,;~) co 0 , 

where 

.. >. 1 [ .. J] • 
lmJ ~ 2 1 + OmoA( -1) , 

:a;,.~: =· ~ [1 + ( omo -Fom•o)A( -1 )J) [1 + Omoo~'l + o:·1om•o] 
~ - ..... 

(2.11) 

Our problem is -to determine the eigenval~es and eigenfunctfons of the Hamiltonian 
represented in_Eq.(2.10). We ~hall use the Oscillator Repres'entation Method: First of 
all, we have to repre.sent this Hamiltonian in the hermitian form. Secondly; we have to 

· change radial variables R and r to get the Gaussian asymptotic behaviour· of the wave 
functio~s at large distances~ For this aim let us· make same transformations .. The wave 
functions wjm depend only on the. variables R,·r and 8. Let us·multiplyequatiou:(2.10) 
by sin2 

(} and introduce the new v?-riable · · 

·-·. (. (}) .. 
u =In tan2 . • 

so that one gets . 

. -;[Jl'- . . ···oa]>··(·· od)2 . J2 
sm.O d(}2+cot dO = sm d(} ~du2 • 

Th~ Schrodinger equation (2.10) becomes· ·-
C" !" ... ~") C") Tti'1 Lu · · · Tu Wu 

(2.12a) .. .• . ·. . =0' . . . . . . . . . . . -

t;J. TiJ ·.:·. LJJ WJJ • 

where -

-[~- -. ·1· ··( a2 
·· + !~ ;_J(J +.1) ~2m2.+v(v+1)) 

2cosh2u aR2 .RaR · ·. R2 . · 

. r . ·( a2 
. 2_ a. v(v + 1)) .. W. (R. .. . ) ...... -- --+--- + r u 

2 cosh2
. u ar2 r ar . r2.. · ' '. . . 

LmJ (2.12) 

4 

i 
·I 

- ... .--· 

. _, 

\ 

1 ( 1' 1)' '(82 
· 2 v(v+1))] >. 

-i R2 +r2 , au2 -m + cosh2u 'lmJ' ..... 

t~, + f~, ~ { -,~[v(J- m+.'l<J +m> (!- <m :..:,l,~hu) ~-· .. L .. 

.+ J(J+~.+~)~J-m)·(·~·a?J ~(m+1)tanhu) ·o.n:.~HJ}: _c;,.>;,.; . 
. . · u . . .. · cosh u 

• •. "" ' A ' ' 

·and 1 

W(R,r,u) . 1 r· . · Z1 Z2c . -

cosh
2 

u Jr2 + ciR2 + 2c1Rrtanhu 

. ·. . Z2Zac . · •.· . Z1Zj . 1 u] 
~:o==~~~~~=--+- . 
jr2:+ c5~2 -:- 2c3 Rr tanh u · R 2 ··· 

,: (2.13) 

Here a new pa:rameter v is introduced a:nd we consider it as a'variational parameter. In 
the case of the two-body systems the parameter v is the orbital momentum of the system. ' 

. In the ca.Seof thethree-body Coul~mb systems this parameter v can be equaltothetotal 
'ar;gular-momentum J 'with small d~flection connected with the axiallity of the system. 

Let us modify the variables Rand r_ in· ~quation (2.12) and the wave functions 
w},.(R, r;tanhu) to get a modifiedSchroding~requation having the solution with the. 
Gaussian asymptotic behaviour (see details in refs. [6], [7]).· These substitutions for the 

· Coulomb systems are · . . · · ' 

'R'"=Q. 2 
' . ' r = q

2 
,. . w},;(R,r, tanh u) = Q2vlv · «PmJ(Q,q, uf, 

-which provide the Gaussian asymptotic beha~iour of t.he wav; function at large distances. 
The Schriidinger equation tah!S·th~ form · · 

.. 
H(EJ)<I>mJ(Q,q,u)~ 0,. {2.14) 

where 

r~ f,. : ~;,.; J 
:._ 

:;.,.~. 
To1 Lu · · ,, Tu . 

H( EJ) = • : . . ; . ; . : 

· t;J i'tJ · · · LJJ 

,.._ 

·and 

. . ~ (·. «PoJ) .. ·.' ·. cplJ. 
,, • «PmJ(Q,q~u)= cp; ;. 

. . . JJ ... 

The.ope;ators ~epres~nted in Eq.(2.12) and Eq.(2.13) can be rewritten as 

·.• . · [. · 4q
2 

' ' 4Q2 .. · .. J(J + 1)- 2m_ 2 16q2 
·· LmJ · = . - tl.q - D.q -. · ' --

. , 2cosh2u 2cosh2u. · cosh2u · .Q~ {2.15) 
·\ . 

·-. 

"'' 
..... 

5 
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' • ' 16 (' ~l . . Q2
) ( a2 

. i ;(v + 1))' •] ). 
+.W(Q,q,u)--2 'Q2+2 -a 2-m+ h2 'YmJ• 

.. · c{' 8~2 [' .-~·~- q 'u c . (.a c~s u -·-_ ') ·, ',. 

-TmJ + '1;';,.1= +uft vf{J-.m+l)(J+m) ~u_-(m~J)tanhu om~,m-~~ 

- - _ -( a " --~ < _-)- - - ] } aJ>-
+ .y(J+m+l)(J-=m) -auc...(m+1)t~nhu ·Om',m+~ .· co;h:,' 

Here· D = 4 + 4v, · _.,i:-

_ . .. 16q2Q2_ [ : • · · · Z1Zic - , · · . 
W(Q;q,u) = u.12/L) vfq4+ciQ4+2clQ2q2tanhu· .. 

. · Z2Zjc · ,_ --'~+-U . '- . zz _l] 
' . 2 . 2 ', ~ - V q4 + c~Q4_ -: 2c3 Q2q2 tanh u Q · 

·• ··( ·;p.. D~l d.) 
~Q = 19~ + ~ :dQ • 

(2.16) 

(2.17) 

We have the Schrodinger equ~tion (2.14) in the D-dim~nsional auxiliary space RD a~d . 
look for the solution <I>mi(Q, q, u) der)ending on Q2,'q2 and uonly, i.e,; for the ground 
state in the spa~e-Rv. Thus, we can identify the operator (2,17) with.the radi<iJ part of . 
the Laplacian D.Q in the space RD and can consider Qj and qi as veCtors in .this space. 
The Hamiltonian; corresponding to the:Schrodingerequation (2.14), is he~mitian: 

· O~rproblem is forrimlated in the following way. We have tne Hamiltonian H ',;, H(U1 ), • 

and we.have to sol vet he S~h~iidinger equation · · -

H(UJ)<I>m(Q,q,u) = t:(UJ)<I>.;;J(Q,q,u), (2.18) . 

i.e. we have to find .the ground state energy ~(UJ ).' According to (2.14),.th~ desir~d energy _.;...,, 
EJ or the-energy pararri.eter.U1 is determined by the equation· -, · 

-,/ 
£(UJ) = 0. (2.19) 

Hamiltonians i~ the ·correct form. The correct f~rm of a Hami.ltoni~n is defined 
(see .(10]) a,;, follows. Let the Hamilt~nian H begiven.a,ndtheSchrodinger equation' 

HiJ!::::: t:iJ! . . . 

can not b~ solved analytically. Let us introduce an auxiliary Hamiltonian H(~) dep~nding 
on a set of parameters~- This Hamiltonian should be chosen in such a way•that, first, 
it could be close as mu~h a:s possible. to the initial Hamiltonian H and, second, the 
Schrooinger equatio~ .· · . . . . 

H(~)iJ!(O= c(OiJ!(O . (2.20) 

------· \" 

6.~ 

,. 

• 1 

:1 

l 
I 

l 
J 

• -I 

·r 
.... J 
~ -r 

", 
could be solved analytically; i:e., the wave function iJ!(~) could be f~und in an explicit 

. form. Now let ~s d;; the ~ariational estimation of the iri.itiai total Hamilto'n.ia:n over the 
wave function iJ!(() 

.- J -

co= min (iJ!(~)HiJ!(e)). e ,. (2.21) 

. . . 
· This minimization gives us the energy co in the lowest approximation, the values of the 

paramet;s (=to and thewa~e function ·in the zeroth app~oximation iJ!0 ~-iJ!(~0).'Let 
··us rept:esent the initial Hamiltonian in the form ·· ' -.'-

where 

H 

Ho' 

.HI 
.I 

Ho +~~+co, 
H((o)- t:(~o) =: !f((o) :; 
H- H(~o) + i((o)- £o =: H- H((o) :, 

~oiJ!o = 0 , 

(2.22) 

and the normal product of operator'F with resp~ct tothe Hamiltonian Ho is. defined as 

•:F :=P..;;. (iJ!o'FiJ!o). 
. \ 

(2.23) 

.· In what fqllow_s we shall call the representation (2.22) the c'orrectform of the Hamiltonian 
H with . .respect to the Hamiltonian H 0 • .. • _... . 

If the Hamiltonian i~ the zeroth approximation equais the pure oscillator Harillltoniim 
in the space R~,-i.e. . ' · . , ,· ,,: ·,' .. : · :. · ·" ' · · · · · 

'·. ·.1 2 - '; 2 . d -- .· ·. ·. . 
_ Ho:;= 2 (PQ+!1Q)- 2 :n=-n(~jai), ;J=l, ... ,d 

the correct _form is equivalent to th~ oscillator representation (see (6H: . 
The ground state energy c can be.calculated by'the_perturbation method over the 

interaction Hamiltonian H1 and turns out to be . . . . 

.. · '(. 1 ') 
£_-::==.co+ c1 + c2 + .. : = co-:-· iJ!oHI Ho H1iJ!o + ... , (2.24) 

;. ,. 
because 

. .. 
. H~iJ!0 = 0.' · and £1.==:' (iJ!oHJiJ!o)' = 0 .. (2.25)· 

The accuracy of this approximation can be evaluated as. 

0 r"" IC21· ' .. 
co . - . 

(2.26) 

. The ne~t steps sho~ld be done according to the rules ~o~~ulated above. 
I'' . 

·'--
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3 The correct form of the-thre~body Hamiltonian · 
withJ.-1 

In the pre5ent paper we consider t~e st~tes J ·= 0 and J = 1 with normal parity ,\ =-( -1 )1. 
In this_case_ Eq.(2.14) is re~ritten as · · 

··( ~~~ fot~) ·(·eliot') ~-~(u_· ) ( %1 ). 
. T01 Ln <lin . _ . <lin 

·. (3.la) 

where 

• · . 8q2 [. ( 1 . -~ ). . . sinh u ] 
Tot = - Z · -·--Pu + Pu-- + --- y-

--~- . Q2 . co~h u . • cos~ u . cosh2 u _· 
(3.1) 

,;_nd Pu =_--'-idfdu .. The opesators Lo11 arid L11are repres~nted in (2:15) and we rewrite_' 
them in the form · · · · · · ·-· 

. 1 · .. ·. ' · .. l· ·. . ·. - -
Lm1 =- (PJ +Q2!12

,'-.:. Dn) +-(Pi+ lw2 -,·Dw) (3.2) ·· 
. ' 2KQ ' · -·· ' - · • 2K~ . ·. , . . · 

~--·(p2. __ m2- v(v + 1)). -. W(Q. -_-·. _u)- n2.Q; ·JZ_n. 
+ 2 u + • ·h2 + 'q,_ 2 m.. + 2 m Ku · . COS U . · . · . Kq Kq 

· w2 · • D · l . · .(· 4 ~ • . ·· 1 ·). · 1 · ( 4Q2 ( )' -· --q2+---w+'-p2. __ q ___ +-Pz . . -·-·----
2K~ , 2':'~ 2 Q · cosh

2
u : "Q · 2_ q •. ~osh2 u K~ •. ·. 

1 (P2. . 2 . v(v -H)).(. 16q2 · ·. l6Q2• . .1 ) Bq2
_. ·. 2 ·(·

1
-· ··.· 2) ·· +- +m·- "---"--+---- +---- ·-m. 

. . 2 . u Cosh2u. · Q7 . q2 Ku .. _·Q2 Cosh2 u . 
- ' . .. - ; .._ 

This Hamiltonian contains six free par~meters ~. w_, n, . "Q' K;'' and Ku: 
According to (2.22), let us represent the H~rniltonian in' the form 

.H = 'Ho+HI+co, - .(3.3) 

( 
H 00 · 0 ·) 

Ho =. ··o· .. Hn ' 
'•""'-,, 

and choose 
. .. .. 1 . . . . ' 1 . . . . 

Hmm. = · -
2

- (PJ + Q2!12
--: D!1) +-(Pi+ q2w2- Dw) KQ ·· • •.. •. . . ·. 2K~-. . · . 

. (3.4). 

so that 

i (. ~ . 
2 

.. v(v+ 1)) . . 
+ 2 Pu+m -. 2 . (m=O, 1) 

~u · . o-cosh u · ~ 

--; 

<limt(Q,q,u) 

N,;.(v) 

(eli, cP) 

_:__- P.;"(tanhu): (·wn)D/4
.. ·{· •• 1 · .. ·; ·} .. 

-. 0 - exp . . nQ2 2 
· J2Nm(v) 11'2 • -:-2 . - 2wq ' 

·1-~·- ·.dhu2. (P.;"(t~h u))2 ~11dx~ (P;,;(~))2 · 
-(X) cos _u --. _ __ 1 ·"- '· 

= (<lioh eliot)+ (<lin, ci>n) = 1. • -

'8 

. {3.5) 

'· 

r 
.:1 
"'1 

I 

i. 
l 
1.' 

. , 
1' 

r 
l 
1 

The oscillator canonical variable~ (Pq} Q), (Pq, q) can be written in the fonn 

Q· = 1 . ~ 
.. 1 y'2IT. (~; + Aj) ' P._.Q· =fin A;- At J -. . J 

. 2 ·. i 
(3.6)- . 

. . 1 .. + . .. . . '.fw a;- aj 
. q; = ..,fiW ·(a;+ a;), _.Pq1 = V'2.' --i-•, 

·:-. (A;, Aj) = h;; ,' (a;, atJ = h;; , (i,~:: 1:2, ... D) 

and we obtain 

---
1
- (P2 + n2Q2 

- Dn) = E- (At A-)· 
. 2KQ Q . KQ 1 1 

~>-~,· 

- 1- (P2 +.w2q2 -~·Dw) =.!:!__(ata-) 
2Km q . . . Km 1 1 

q . . q 

Th~. oper~tors A; ' a; and Aj' a fare a~nihilation ~nd creati~n operators~ The-ground-~ 
or vacuum oscillator· state ' · 

. (·n)D/4 ·{1···.--1} WH· · '2 2 
IO) = - exp --nQ - _-w_ q 

11'2 • • 2 . 2 

satisfies the conditions . 
7 

1-

. ·(OIO) =;= 1, A;Jo) :=:o', a;IO)=,O•, • (j =:= 1,2, ... D). 
-' ·- . " ;' . 

The function-P,:"(z) is the solid sP.h~~ical harmonk s~tisfying the equation 

(
JZ_. _ 2 ',/(~'+ 1 ))· pm(tanh~)'=O, · 
--m + h2 v_ ,. • : du2_ ·. · _ cos u '. · • 

' (3.7) 

whe~e m ~ 0, ±1, ±2,~ .. a~e the azimuthal q~antum-miinbers and vis a parall!eter which . 
can take. any values: According to (2.21) -the parameter v .·will he .determined by the 
minimiz~tion ~f the e~ergy in the zeroth approximation. . . . . .. 

.. The positive parameters "Q, K;' and Ku are defined by-~he ~ondition that the interac
. tion Hamiltonian does not contain the'quadraticterms with : PJ :, : P;_: and : P; :. We 
h~-- ~ 

- 4q2 4q2 1 • . .· .•. i . ( . • . I 4q~ ·I· ~-). D ; ' 
: -,--h2 :=---.---h2 --, '"";;;'_ = <liml -h2 <liml = -Am(v),, 

COS U COS . U KQ · . Kq ·- COS U , . W 

4Q2 4Q7
. / 1 . . 1 . ( 'I 4Q2 'I )'' D . .... 

: -. h2 ·:= -:::---h2 ---, -;;;:.= <liml -:--h2 <liml = n Am(v}, 
~OS U - COS · U . Kq Kq COS U •• · 

~L(v)_~·~.'- 1( .. )·1"';. -~~() (P;(tanh~))2 = ,., 
1
(- ).1· 1 

dx (P;(x))Z, ~. •/-
. 1Ym V _ 00 COS . U . . Hm V -l _ ' 

_l ~·(- . 116q
2

. 16Q
2

1 . )' == _E!_: (~ ~) , <limt Q2 + 2- <limt D _:_ 2 . • n + . 
K'!'.. . .' , .. _. • q , . - . -W . .. 

The rcpl'esendtion\>f the funCtions Am(v) .and Nm(v) are given in the Appendix. 

,...:...,' 

' 

_,.. ~- - ' --:-~ 
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'· 

Let 'Us determine the-ground state energy in the ;e~oth app;oximation. From (3.la) 
we get . .• . .... . . 

· (U n - ) .(· . _/ ·) (Lot . Tot ). ·( «l>o1 ) ·. 
c; , .. ,w,v_ = «l>o1 «~> __ .i1 . • • ..:.· «<> · _ . _T01 L11 11 
-., ' ,.--- -- ' . :: 

The para~eters v ., w, and n .are determined by the minimum of energy in the zeroth 
approximation, i;e .. 

... ,..,,n . ...,..,,n 4 · 2 . w ,. 
(3.9) c;0 (U) = minc:W,n~w;v) =:·mi~{£D2 _.(A0(v)+~A~(v)) .-:(~+ ~): 

_·( ·_. ·;_· .)··:[·~D2 --"4ZtZ3D] .. /8D n .. •.( . ·· .. _.(N;. ·) 
+ Ao(v) + 2A1(v) ·. _wn ~ w_ . - ~ _ 2 ;Ao(v) 2v(v:~I)y M-:- 1 

+ _, ~ ,., ( Wn)n'' [ ijJX( P.( ~ ))'+ 2~,jdx ( ;~( x) )' llldt,d~, 
· .. D/2 ·.. --· ·· [- _ • ··i;z2c • · ',··Z2Z~~ .·· ]··}_.· ' 
· (t 1t2) exp ( -!1t1 - wt2) . . -. . . · . 

. .; · yft~+cit;+2c1t1t~x. Jt~+c5ti..:...2c3t1t2x . 
• ' . --:,~· • . '· . . J 

The iilteraction.Hamiltonian has the form 

.where 

1·. 
"[ 
Lm1 

·~ 

. _· (··-L·I ··r."'1.)· · . H · _;_· m · o1 · I- ·-r.···--·L"I ·.-.- • 01 • ' 11 . ·. ~ 

... 

·. 

[
·_ .··_ · ·. __ : m.·- - ·w2 · ]·--.· ·{·(· ... nn)·· -~q2 

;• W(Q;u, __ E_m.)-2-_m_·Q;_-2 m··l :+-2: PJ+:--2 .. · -::·=_--h2· .= .• 
. .. . . . . . -· "Q • . . "-q . . ' cos u 

.. >.!:.··(··P~2 nw)· . .. :_4Q2; . . r_-~-(p-·2 . .. ·2_;(;+-J)):· · .. · · :·· 
+ · + ·· ·2 ·+ · u+m · 2· · • 2 • q. ·2 _. cosh u. 2 ·. ··. cosh u 

. (16q2 .. i6Q2) .. : . 2 ' 14q2 : .• 
·· ··: -+--. :+(1-m)·: :_. ·· 

Q2 · q2 : .. • · · . · Q2 cosh2 u · ·· · / · 

· From Eq.(2.Hlf'and Eq.(3.9) one caii see that we have -the possibiiity 'of defining the 
energy·parameter U as a function of masses and ~harges of t.lie particles for the Coulomb 
three-body syste~s with J; · - - .. 

. ~ -../ -:- . 

·4 The- bound stat~ en~rgy . three-h~dy Couloni.b _ 
·system· 

' 
Let us cal~ulate the binding energy of the three~ body Coulomb systems ~ith J = 0, '1. I~ · · · 
thepaper [6] we have determined the bo~ndstate energy arid the stability'regio.n for the 
Coulomb three-body systems with J=O. In thctt c;u;e, the difi.lensions ofthe auxiliary spa.Ce 
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)' 

J 

I 
... 

. have been considered as additional variationa1 parameter: .In ref.(lO] the oscillator repre
sentation method is extended to calculation of the energy of the· systems described by the 
Schrodinger equation with axially symmetrical potentials. In the this case, the dimensions 
of the auxiliary space define~ .i.s functions of the parameter are connected with axiallity. 
of the system. The Coulomb three-body systems are also described .by the SchrOdinger 
~quation with axially symm~trical potentials. Most· quantum systems described by the 
Schrodinger ~qriation with an axially symmetrical p~tential cannot be solved analytically, . 

~ Thus, the solutio~. of the Schrodinger equation. with suffici~ntly a~bitrary. potential~ of. 
this· type represents th~ main mathematical problem. ··· - . · · 

Binding energy of the three-body Coulomb systems with J=O. First of all 
calculate the ground state energy: According to-(3.1a) and (3.9) the ground state energy 

.in the zeroth approxil!lationcan be rewritten in the form .. ' 

'~ ··· · c:ci(U)::! min(«<>~~()()«<>oo) . ·, (4:1) 
~ v,w,!l - . . 

v,w,O · W ·· ' · !1 . W !1w !1 · 

,· ·{ · n · _: ~ · 4Z z u iJ · i } ... · 
=min A(v)-+B(v)--,-~+-· +-_Fo(Y) .. , 

where A(il) = B(v) = D/4 ~ f+~, Y";= ~jn; tiiefunction.P0 (y) and calculatio~al detail 
are represented in Appendix.: .. · . · · . , .· , . ·_ . . . -- · 
' ·· -The numei:Lcal results fo~ the binding e;;ergies of the grouri<l state. are shown in Table 
1. . . ' . . . 

Table L :Bindfng energy (in ev) ofthe hydrogen isotopes with .J ~ 0. 
I systems II u I v ' I n · .. I w . I E8r I Eex I 

(ppJ.t) ' .1..1001 -0.370 0.2241 _2~0856 253.10. 253.1523 
(ddj.t) ' 1.1222 -0.289 0.1497 2.1137 324.97. 325.0735 
:(ttj.t)."7 1.1336 '-0.201 0.1204 2.1253 362.23 362.9097 

(pdj.t) 1'.1390 -0.287' 0.2722 2.U79 220.73 ' 221.5494 

(ptJ.t) . 1.1566 -0.245 0.2929 2:1333 213.22 213.8402· 

(dtj.t) ' 1.1395 .-0.226 0.1669 2.1293 318.955 319.1396 
(ddp). 1.0585 '-0.243 0.7956 1.8979 965.15 966.691 

(ttp) ' 1.0672 .:.0.384 DA580 2 .. 0149 1258.7 1260.787 
... 

Binding energy of the three-body Coulomb sy!ltems with J=l. The bound 
stat~ energy of the three~ body Coulomb systems with J=l is defined by · · ..... · 

.._. · -(U) . , . {A( )n (.)w '4z1Za UD 1 . (. )·}, · ( -) 
: co = ~.B · v ; + B v 0: -::-._---;:;- + nw +:o;F1 y . . 4.2 

. whe~~ B(v) ~ D/4 . ·. 

·1 ' 8 . ·.. · Ao(v) · . . · · No .• . . . [ . 

A(v) = 4D- D:.. 2 · A
0
(v) + 0.5A

1
(v). 2v(v + 1)[W; ~ 1] 

J 

u· 



J 

\"- . -, 

The function P1(y) and details o~ the calculation are given in Appendix: Our results ·are 
represented in Table 2 .. ; 

·The· background energies of the three-body Coulomb systems have been: calculated .. 
by many authors and via different methods (see, for exampl~, refs.(1],(5J and(ll]). The· 
accuracy of these calculations reached a very high level with the perfection of computers. 
Therefore, these results can be. considered as exact ones. 

Table -- - -----~ro ----o.J ,-- - · t. -- ........ _. ...... J _..._.._..0 ................ ... OJ'-'"'"'Y"'...., ·"" .au.1..1. 

I systems II u I n I w I Egr 'I Eex . I 
J=l: 

(ppp) 1:0424 5~1011 1.2711 107.212 107.2658 
(ddp) 1.0851 7.4742 ·1.3673 226.642 226.6815 
( ttp) 1.1066 9.4447 1:4469 289.023 289.1419 
(pdp) 1:0918 5.9718 1:3012 97.409 ·. 97.4980 
(ptp) 1.1115 6.4149 ·1.3231 99;119. 99.1262 
'(dtj.t) 1:1053 .8.3320 1.4956 232:398 232.4714 

... ' 

In Tables 1 and:i wedenoted our results·by'E8'.and the corr~sponding exact'va.Iues 
.. by E"'', ~espectively. . -·~: · ·' - ;.., ·· · 

.· \ 

'I' he' stability 5 c 

In ref.(6] the stability b~undary for the three-body Coulomb s;stems with J=O was.es
.tablished .. Now we consider :the three-body C~ulorrib systems with the. total angular 
momentum'J=l. . . . . . . . .·. . . ' . . . 

In this section the. binding of thethree~bodj':Coulomb systems with unit chil.rgesand 
. various constituent masses for the total ~omentum J=1 will be discussed:' The calculation 
of the ~tib~lity regionas a function of masses and charges ofparticl~ is o~~. of tile. basic" 
objects in theCoulomb three-body problem (.see, for examples, [1], (2]). The dependence 
of the backg~ound energy on masses of particles has be~n considered in '[3] and numerical 
calcul~tions have been' made in (4J to establish the stability boundary. Jn refs.([1], (3]) 
only the.~hree~bodyCoulomb systems wlth:J:=O ~ere_considei:ed. · .· .. , ' . _. -

Let us formulate the problem. We consider a three-body Coulomb system (A±, B'~', C±) 
with unit charges±, =t=; ± ~d various masses rnA, m8 ( me. We shall look ·for the stability 
threshold accqrding to the d~cay . . . -

. '\,_ . 
(A,B,G)-+ (A, B)+ C, (5.1) 

' where (A, B) is a two-body atom and C is a free particle. 
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It is more co_nvenient to use the following v~riables instea.d of masses mj (see. (1]): .. 

. 1 . 1 1 . 1 .. 
Oj=-/(-+-. +-)' 

mi mA -. _ms .. me 
ciA+ as + ae ,; '1 . 

(j = A,B,C), (5.2) 

Any three-body system ca1,1 be represented by a point 'in an equilateral triangle for 
· which_~ the altitude equals 1 so that th!! identity (5.2) can be interpreted as a sum of 

altitudes from a point at three sides of this triangle ( see picture 1 ). Let us call it -the 
stability triangle; :.· , · · · . · . · 

Our problem is ·to find on the stability triangle the }joundary separating stable and 
unstable states' of three-body systems. The stability of a three-body system (A,B, C) 
is defined,relative to the decay (5.1). Without loss of generality,· one can consider that 
mA-2: me. The binding energy.can be calculated by the'formula 

D.E = -..:~e4 ·( mcmB U _ .. mAmB .) . 
2 . m(; + miJ mA + miJ ' 

(5.3) 

.. where the pa;ameter Ucas.a f~:ncti~n: of ma.Sses mi or ai i~ ·det-ermined _by(3.9). The· 
- condition D.E ,::, 0 ·defines the sought boundary. We shall call the masses for which this 
.~ c'Ondition is fulfilled the critic~l·'masse;. · . . · .· 

First of all, let us place:on the triangle the points corresponding to the. well-known 
sy~tems · - . · · -- · . ' . 

H2 = (ppe-), n- = (pe_e_), (e+e-e-),. (pe-p-), (pe-e+), 
. - . . . . . . . . . 

The ;;;tein (e+ec.e-:) is studied in '([i2],[1i]) and it is-stable. The. molecules (ppe-) = H{ 
imd (pe:..e_) = H;_ are weli-k~owri hydrogen ions and they are stable ((12],(13]). The . 
'sy~tem (pe_p.:_) i~ unst~ble (14]. . . . •. • . . 

In the oscillator r~presentationc the' critical masses will be calculated according- to 
. formula (5.3). We shalf proceed in the following way. · 

Tile molecules (pe-e+) and (pe-p) are distinguished by the masses of positron and 
proton::.. Let us' consider the.,binding energy of the system (pe-:C+) as a function of the 
mass me of the C-particle in the. limits me ~me::; mP/ Thus, the mass ofthe C.-particle 

_me= 2.11m. is a critical one for the system (ptf""CT.)with J=:=L . . .: · 
The molecules (pe--=e+) and (e+~-e+) are distinguished by the m~ses of positron and 

,proton, too. Let us consider the system (D+e-e+). When mo:::, mp the.system is unstable 
·and for m0 =· m. it is ~table. Decreasing the mass of the D-particle to mo = 4.15m~ one 
can get t::..E = O_and for mo~ 4.15m. this system becomes stable. . ·. . '· 
. ·For the systems (pe-e+) and (D+e-e+) the critical masses of the 'particl~ D and C 

:·are found to equal me= 2.1lm. and mo = 4.15m •. These systems have been considered 
· in ((1],(15]- (l7])wher~ the rcstrictionon the critical mas~es is estahlished. 

·Now let'us·consider the molecule (pB_e_) w~ich contains the molecule (pp_e_) and 
the hyd~ogen_.atom (pe-e-). These systems differ by the masses of m~on and electron . 
Our calculation gives the ~ritical mass of the B~particle t? be ms = 1.49m •. · . 

. In the system (A+ A -e-) which c~ariges from the ion H-, formA:::: m~ to the proto~
alitiproton ionJppe) formA= mP the critical mass equais mA = 2.22m.~ 
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Fig.l. The stability triangle: The stability boundary for the 
three-body Coulomb systems with J:::O;l. -
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Thus, for th~ systems (pB~e-) arid (A+ A-e"') the ~;itical masses,are ~B = 1.49m. 
and ·mA = 2.22me: ; -- _ - -

Our results (four points) are shown in Table 3 and can be approximated by equation 
' (5.4). ' -

Table_ 3.RCsults for stability bound-aries. 

---· 
' -

aA ' as · -- 1 
'( )' .92' '( ') .92 

:403 + . .68 . - /. 
(5.4) 

The vertic~l~altitude on which every mole~uie is stable is the axis ~f charge symmetry 
of thtdhree-body system .. Therefore; th~ stabllityboundarie; are symmetrical relative to 
this altitude. T~us, the inside part of the stability triangle bounded by_ these li~cis. the 
stability region of three-body Coulomb systems withJ=l. - · 

. : . . . . 
ACKNOWLEDGMENTS. 

- .The authors would like to thank Prof.' V .B.Belyaev ,. L.LPono~arev and f~r instructive-
-and enjoyable discu~sions. - · . - · . .· - · 

This pa;e; is supported by the Rus~ian Foun~~tion f~r Fundamental Re9earch (grant 
· N 94-02-03463-a) · · · · · - , -

"' 
I; 

_Appendix, ---: 

· Let us consider the equation 

·.(d2 · 2 v(v+l))• m .. - · · , · 
·- -d 2 - m + __ h2 P,.. (tanh u) = 0 , 

u cosu. ,' 
(A.1) 

-which; is defined in t~e interval_( -oo < u < oo ):_Let u~ introduce_ the new .variable 

. ~ x ;=.tanh(u) ; 

arid after s~me sirriplificati~ns th~ equ~~iori (A.l) looks llke. 
' ' . 

,.c ·.- .'[(1- x?)dd22-~ 2dd ~ m
2 

2 
.:_ v(v + 1)] P;'(x) = 0. 

X X 1-X . ~ . . . 

-- (A.2) -

---._ 16 
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0~~ ~a~ see that P;'(~) is the solid spheriCal harmonic, m =-0, ±1, ±2, .;. are th~ ~-
- imuthal quantum numbers and v is a: parameter which can take any values. . / 

· For the calculations ofthe bound"state energy,.i.~., the functions Am(v), N,;.(v) arid 
F(y) we used the representation for the solid spherical harmonic [18]:. · 

· ·. {1 '2)m/2 
pm(x) = (-l)m • . -X --

v . . . . 2m 

f f(~:,:.. v +n)r(i;t- v+ m + n) (1....:. x)n 
. - r(m-v)f(v....:m+l)(m+n)!n! -2- . 

n-0 .. · --
, - '> ' • _.;;; 

Used this representation !rom (3.5) and (3.8) we get 

00 . . • ' -_ 2 . . .. _1 
Na(v) ~ L hj(v,O) ;· f2(1 + j)f2(I + k) · 1 + 

• ' ·-i<,j=O . -·- . ·. : . ' . . ~ 
":. 00 .. >2 :< t' f(2+j+k) 

·N1(v) = --4=• hj(v,l) ··Jl(l + j)! "k!(l + k)! · f{4 +,i +k) ' -
k,J=O. • 

2 "'00 . . • . i} . . . 1. ~ 

Ao(v) = Na(v) ~ h;(v, O) · f2(1 + j)f2(1 + k). 1 + j+k . 

-(A.3) · 

(A.4) 

. . .k,}-0 ' ' . . . . 

I . , oo_ -·, .1 -· · 1 · _f(2fj_+k) 

A1(v) = N1~v)k~~k;(v,l)· j!f(2+_j) · k!f(2+k). f(4+j+:k)' ·' 

where: 

h(v,m) ~T(m- v + k)f{m-' v +j) f(m + I+"v+k)f(m + 1-f- v -fi)_ ~ (A.
5
f 

1 
·• ._ .. _ f2(m-v) · _ f2(v-,m+l) .• ____ · --

Let us calcula~ethe integr;u ;epresented in Eqs. (4.1) and (4:2). We used' the following 
relations: · · · · · 

--/ 

oo';,., . . 1 

'J ld!;dt2 (t1 ~ t2)~12 . exp{ .c.!lt~ ~ wti}. Jt~+a2t~ + 2a.t1t2x. 
0. 0 .· . ·. . ' .. . • . • . 

· . . __ . • • 00 D/2 . 1 
f(l +D) D/2 j·d t ' . --,::::·====;~~ 

-= ~V+D ~a _ t(t + ya)l+D: vi+ t2 + 2tx 
. ' . • 0 

.' 

and 

. . 1 _ -~{-- ePn(x) at ltl ~ 1 
~II_+t2 -;-:2tx --::~- t,-l-npn(x) ~t _ltl?:f'' 

where y = wjf! and P~(x)·are the Legendre polynomial. Now consider the int~gral 
' - • . ~ [ . . ' 1 . ' '• . ' .. _ : ' : . . l~ . _- . , .. ']_ 

8 · (f!w )Df2 . 1 _- ' . -. :i _ }.I' i 1 - 1 2 

f! · F1(y) =. r 2 r n ,..,, Na(v)j dx (P~(x)) + 2Ni(v) 1 dx_ (Pv(x)) 
1 - . . 

·- -· -- I 
' 

/ 

. 00 00 . -·! j dt1d~2 ( t1 · t2)
012 ~ exp{-rlt1 -~;<~t 2} (A.6) 

0 0 . . . --- ' . . 

[
. ·. Z1Z2 · c · -- Z2Z3. c __ . ] 

- Jt~ + citi+2c1t1t2x ~ _Jt~ + ~t~- 2c~t1t2x · 

Taking into a~count the relati~ns defiii~d above and after si~ple transformati~n, from 
(A~6) we have · · - · -

- F (:) - T(l +D) D/2 ~ . {. ·v· J_t . . . 
1Y.-T2(D/2)Y .. c·~Rn(v)· (~I)"c1 ~ dz;zD/2+n 

.. -. . . . - 0 ' 

• [ . .1 : -· . . 1 - '] '. . :
1 

. 
. - ' D/2 -- D 2 n 

. _· (z+_yc1)DH -- (1 + zycJ)DH - CJ. I dz. z I + 

[

. 1 .• -. ·_ : I.- .·._]-}. -.o. 
1 

(z+ yc3~+1: (l +zy~~)D+I _; · 
(A.7)-

wliere ...:.· 

R,(v) =. [,V,~v)1dx(P.(x))'+ 2,V:(v)l'"' (P;(;))'] ~~(v) (A.8) -

Taking into accoun(th~ r~presentation"(A.l) f~r the solid spherical harmonic and the 
relations(A.2-5), from (A.7)-~e get - · · - ·- ' 

--. > ' T 

-. J{.(vF= [Ri0l(~) + ~ · ~i1>(v)] · Ro~v), · (A.9) 

where 
\. ·., . . 1-

Ro(v) = Ao(v) + 2A1(zl) 

and 

R~ml(v) d:. N. 1( ) . t\-It:)~~ t;~~! .. f Ik;(v, m);. '1( + :)1~1( + k)l 
m v . n z . z. k. J. m J .. m . 

_. •.=0 · · _.J=O . · · 

. [r(l + m)f(m + k +].+ i+ 1) - (--Itf(l +m+ i)f(l .f.m + k + j)] 
· f(2 + i + 2m + k + j) + . · f(2 + i + 2m + k + j) . 
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. IlpHHHMaeTCSI llO)l;llHCKa Ha npenpHHTbl, coo6 
. x.o;epHhiX iiccne.o;osaHHii H «KpaTKHe coo6meHHSI ( 
· · · ·YCTaHOiineHa cne.o;yromax- cT<~HMOCTh no.o;nH 

0115111, BKJIIO'laSI nepeChiDKy,_ JlO O~)l;eJibHbiM TeMa· 

11H.o;eKC TeMaTHKa 

1; 3KcnepHMeHTaJibHaSI ij:>H~HKa BbiCOKHX ::meprn 

2.-TeopeTH'leCKaSI !pH3HKa Bb!COKHX 3Heprnii 

3. 3KcnepHMeHTaJibHaSI HeiiTpOHHaSI $H3HKa 

4. Teop.eTH'leCKaSI !pH3HKa HH3KHX 3iieprHii 

5. MaTeMaTHKa 

7. !l>ld3HKaTSIJKeJibiX HOHOB 

8. KpHoreHHKa 

9. YcKopHTe.riH 

10. AsToMilTH3aUHSI o6pa6oTKH 3KcnepHMeHTaJihH 

H .. Bhi'lHcJiiiTeni>Hax MaTeMaTHKa H TeXHHKa 

12. XHMHsl 

14. 11ccne.o;osaHHSI Tsep.o;hiX TenH JKH.o;KocTeii SIJ];e 

15. 3KCnepHMeHTaJibHaSI lpli3HKa SI)l;epHbiX peaKUli 
npH HH3KHX 3HeprHSIX. 

16. JJ:o3HMeTpHSI H !pH3HKa 3all{HTbl .. 

17. TeopHSI KOHJJ;eHCHpOBaHHOfO COCTOSIHHSI 

18. 11Cll01Ib30BaHHe pe3yJibTaTOB 
. H MeTOJJ;OB $YHJJ;aMeHTaJibHbiX !pH3H'leCKHX HC 

. . . B CMe:licHhiX o6JIClCTSIX' HaJKH H TeXHHiCH 

19. Euo!pH3HKa · 
«KpaTKHe coo6meHHSI 0115111» (5-6 shlnycKc 

Ilo.o;nHcKa MOJKeT 6b1Th o!popMJieHa c JII060I 
OpraHH3aUHSIM n ni:tuaM, 3aHHTepecosaHHhl 

CJ!e.o;yeT nepeBeCTH (H1IH OTnpaBHT,h no llO'lTe) HC 
cqeT 000608905 JJ:y6HeHcKoro I!Jwmana MMKI 

· niHH.o;. 141980 M!l>O 211844, JKa3aB: «3a no.o;nH 
· Bo m6eJKaHHe He.o;opa3YMeHHii Heo6xo.o;HM'o 

npoHJBe.o;eimoii orinaTe H sepHyrb «KapTO'lKY no; 
H,,-Ha3BaHlUI TeMaTH'leCKHX Kl!-TeropHH, Ha KOTC 
ll,llpecy: 

_141980r. JJ:y6Ha MocKOBCI 
yn.)l{onuo KIOpH, _6 
01151H, H3JJ;aTeJibCKHH OTJJ;€ 


