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ABSTRACT 

A number of atomic and mesic molecular processes in the medium of 
hydrflt5en isrtopes are considt¥ed (molecular ion famation: 
'{; +lffZ ~ (Hf'' H'~~ elastic collisions and charge exchange 

of mesic atoms: + -1. 

/{ ('' 1/t.zJ+ 11(1} 11'""'-~. H ftJ Hr.z) H''' f(r.zJ 
'/'+ --- ../"+ i /"+ ~ + /' 

Energy levels of mesfc. molecules are calculated. The numerical calcula· 
ti ms were carried out on, BESM computer. Corrections due to the motion 
of nuclei up to the first order with respect to ..!!!:! are taken intc 
account. ' /'1 

A special property of mesic hydrogen atoms is their neutrality since at distances larger com~ 
pared to the radius of Bohr mesic atom orbit (2.56~lo-11 em) the nucleus charge is almost comple

tely screened by the meson charge. This;circum~tance provides a number of mesic molecular pro

cesses in hydrogen (or in the mixture of hydrogen isotopes) such as jU -meson exchange bet

ween various nuclei (charge exchange), formation of mesic molecules etc. These processes define 

to a large extent the catalysis of nuclear reactions in hydrogen predicted by Frantl1/, Zeldovich2 

and Sacharov3 and investigated experimentally in papers4,5. On 'the other hand as it was pointed 

out in6·8, mesic molecular processes in hydrogen are important in the e~perimental determination 

of the law of interaction _;e.(+ P- n + Jl (in particular, in order to distingujsh experimentally 

V- .I and V + .II forms B). 
Some mesic molecular processes in hydrogen have been studied in 
In the paperll the levels of mesic molecular ions (pp)! ; (pd t [ /'f. 

sections of the processes 

~+P-fPP~i ~+p-fpc!J},· ~+p-.. <?+P 

earlier papers. 
+ 

; (dd?r ; and cross 

have been calculated. There is a great discrepancy with ·our data for the upper level of ( dd ~ 
with L = 0. Our cross section of the scattering of '} by protons does not tend to zero with 

energy decrease. 
In 12 the probability of the change exchange 1}1 +d-.. cJt.,. P has been calculated by the me-

thod similar to that used in the present paper. However, for the potentials £, and Eu and 
for the corrections 119~ and Kun more rough functions than those given inl4,15 has been ta

ken. ~1oreover, the authors12 have expected that for R ~ 6 the exact solutions of the system 

coincide with their asymptotic values, what is not quite correct. 
In paper 18 the ground state ·levels in mesic molecular ions have been calculated. The cor· 

rections to the potential energy of order ::r have been neglected. Besides, this in order to 
find the eigenvalues for mesic molecules with different nuclei we need to solve a system of two 
equations (owing to the presence of a dipole mom.entum which provides transitions between the 

states H and 'Y ). 
In .20 the levels in mesic molecular ions (pp~ ; (pd~ and(d~~ are determined (the 
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corrections due to the motion of nuclei are neglected). The equation for the mesic function is less 

accurate than in 14 . 

In paper 19 the estimates of basic levels for mesic molecular ions and reactions 

d+ f}u -~,+Pic!/P -rpdjuare given.· ') 
Let us consider a system involving.the two nuclei of hydrogen isotopes with masses N, 
. - _.,. 

and · Ht and the ;u- -meson. Let z; Jl,; 'll.,_ be the coordinates of J'l- meson 

and nuclei*. The Hamiltonian of the system (spin interactions are neglected) is of the form: 

"' I .I I -.. I I I H==--fJ. ---Ill[ --IJR .::.._:..__- +-
.2 ~ oZH, , oZ#J- .1.- e, 13 !?. ( 1 ) 

where 

z =/'i -lf /· I I ) 2 =j'i -W /· ;z. . :.l. ) 
-1?= I 11..1- tl,/ 

Believing that the .)A -meson is on the 

the system in the form: 

!( -orbit we shall seek for the wave function of 

!f·~UJ (if) Ec;; (R,z)+ H{R}l:n · (R,1) 
( 2 ) 

where tllj(R} and H (If} describe the relati~e motion of nuclei, and I z9 and Zn 
represent the wave functions of fl~ meson in the field of fixed nuclei which are from one 

other at the distance' R **. When R - c;;r0 

...... i re- 't - z J i k~-- r;:;;;:::; e '+e. "J. ; %::--re-: e- ?..z..J 
1/ Ztfl 1 n .tf.z'li' ~"' 

and when fl.- 0 !~ 
states 1 5 and 2 p 

Substituting ( 2 ) 

and I.. tt transform into the wave functions of the He ,. 
correspondingly. ' 

into the Schrodinger equation 
... 
H<p=E'f 

and having in mind that the wave functions ~~ ~nd L n satisfy the equation: 

(- !..A--!_-.!... ~ _!_)L..=[.(R}L. (f R) 
2 'l. ~' Z;t. . R { ( ( I 

we shall obtain after multiplying by Z9 a~ L n 

coordinates the system of equations for o/ (It) and 

and integrating over the 

I{ fR): 

( 3 ) 

ion 

( 4 ) 

( 5 ) 

.JU -meson 

* Further we shall use the mesic atom units j; = I I l = f I 171u: 201m~= 1 The mesic atom unit of 
~_:z.t 2. 6 -ff ./- " length Is rr ;mMf =.), 5 ·/0 Gm. while the mesic atom unit of energy ! 
/", jJ .2. 3/ 

mf' en fIt = 5, 6 ·10 ev , 

**Let us note that since the wave function (2) depends only on the differences of particle coordinates In the 

center-of mass system the chosen coordinate system Is at rest, 
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( 6) 

-~ __,. 
where 11'1,,_ = 1H, + 'lH,_i R=RJ.-/l., and the functions .,~ tli~i ~ ~ i9- are 

~ "- ll.. . n 1:z_ 
the matrix elements between the functions l.~ and L.. u of operators 

~ ~ :: - _!.. (.!_ !l. 7( + -' !J. 7i ) ( 7 ) 
2.1-1,1- a. M, I fl-la. . a. 

1 a""' ( f ,.; 1 rr- ) - = - - v-- ·+ - v R. < B·) 
H,2. H R '· M:z_ 2.. 

It is easy to show thatjue to the normalization conditions of L..9. and E. u the matrix ele-
ments of the operator Q are equal zero while the non-diagonal ones are opposite in sign in 

view of the orthogonality of Z.9 and Z:~ 

( 9 ) 

If we use the property of symmetry of .z
9 

and Lu with respect to the exchange of nuclei we 

can separate the dependence on masses in matrix elements 

( 10) 

( 11) 

( 12) 

Thus, if the nuclei are identical N 1 = f/.,_ the system of equations ( 6 ) breaks up into 

two independent equations. This result is quite clear since the wave function ( 2 } for identical 

nuclei in virtue of the symmetry can include only one term (either L~ or Zu ). The terms 
el~ ~y{fl J; ~ Q (fl) · represent themselves the corrections to the adiabatic potentials due 
t~~he motion ~1 nuclei (with the accuracy up to the first order with respect to "'1" /}-1,1- ). Since 

the ratio m.P/M tL for the meson is not so small as for the electron the above terms ·contribute 
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essentially. For R- 00 the value Q- 0 and the terms ,;z.~,2.. Kij (oo) represent 
the corrections which take into account the reduced masses of the separated mesic atoms with the 

accuracy ( ~~ ) 1
. { m_p} 2. • Noting that the energy of separated mesic atoms (in mesic atom 

rt1 I M 2. 
units) is ' 

0 . I H, f I 
[, =-z M,+t ~ -z- + ;u-1,' 

o I fl~ 1 
£ =---~ --

:L Z Ha_+t Z 
I . +-, 

;l.!ofa.. 

(13) 

and taking into account that the matrix elements of the operator {- AR,) for R- oo equal 
% (Appendix) we can write: 

{r~H • 2~,. 1!99( =+ {E..I-J • .J.~,/uu I ~J }0 ~ ( F,'' () ( 14 l 

~~~ 119u (ao) .. ,~ ~<;jufep);-j{£,0-[;J=~ 4£ (-
1
S) 

~ 12. 0' /J,. . 

Separating in the quantities f 9 (R.}; Eu ( R) and ~ 1/ij (R} 
t2.. ll. 

their values for R = oo 

E9,u ·(ll)~E9,u ( oo) -r £9~n ( R) 

ft,i { !l) = ll,i ( oo) ..,. 1/ ij m) 
( 16) 

we rewrite the system of equations ( 6 ) in the form 

-~. Afl <lJ+ (£ 1+ _j_ ~9~,}~ T(-' Af.,. _!_ ~9u}H- !__ q c/H = 
:ln12. 2,H.., :L J..~2. H,z. dR 

I H r. I I J ( I I ,, ' ) U1 I dC!I I 
<- -jjf i!AR +(fu + - Ruu 'H + 'i_ Llf +- t<.LID 7 _,.- Q-::. £H 

12.. · d.H41 JYI,z. o ~;_ clR 

( 6a ) 

0 0 I . 

where A£=£,- E 1- and the energy E is calculated from the middle between the le-
veis of separated mesic atoms: 

I I. 0 OJ 
E = E - 2. ( £, + E .2. · ( 17) 

I 
(When the nuclei are identical E is calculated simply from 'the level of separate mesic atom) . 

. Separa'ting the ~ngular dependence '!/ (ij') and H (1/) · · 
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~Rti(ii J = ~ ;}i (1l JY ... M~. r~ r) 
H"(iJ = f h~- ( R) Y~., ~t. (e, Cf) ( 18 ) 

(where '(,MJe,fQ} is the spherical function) we obtain for~('R} an:d for h('R.} the equations: 

. ( 19 ) 

The potentials £9{1.) and fu ('Jl} were determined by solving the Eqs. (5) by many ~uthors, 
starting with the paper/17/, In the present paper the values fg (7?.} and fu ('R.) taken 

from/14/ have been used. The values of the functions· Kg~ ('R) a?d K~c.t ~'R.} may be 
got by means of the recalculation from/15/ and the values QtR), l!.u9 (1<..), 1!91.1 ('R.} 
are calculated in the approximation of 'united atom' (UA) and 'linear combination of atomic or

bits' (LCAO) respectively for small and large values of R ( for details see'Appendix). For in-

vestigating the asymptotic' behaviour of the solution for 1l ~ .::e it is convenient to intro-

duce the functions 

( 20) 

Comparing ( 2 ) and ( 3 ) it is easy to see that the functions 4 {'R} and ~ ('R) for 

'R-+ oo describe a radial motion ofthe nucleus with mass !12.. with respect to mesic atom 
/vi, and of the nucleus with mass f/1 with respect to mesic atom with mass respective-

ly M~. 
The functions ( 20 ) . satisfy the equations: 
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, 1 I "' ) tn-~-tJ A£'} f, rf{ ( ') /,, , }J . 
+ 1;!1,~ ( Su + ~u3 + 2..t4,}.,'l.1. + -;:- o,(''{.[ l( ';7 + .2."1,~ K.JS - (E~.~ +el."".!.. ~~~l/ . -

- _1 lj/ I -11' )' J D + O'R :!_(t)- , . 
J;N,1.''9u l/~ fbL U,l..dR 'R. -fa~. 

·.!_ ~-~-[.!_rf,~~iu )+!{+~)11 __ 1 ft<.' -//.J,..h{l-tt} _11E}D 
c2H,2. ci'R a. l1L() J. H,;~. ll u 2H,2. ~ 4H12.F' su LI:J 2.H,a.1<.3.. i.. b[, + 

.!.. '+ 1{~9 - I Kuu .,._' t/ -11.' - QR !._ a~, I. . I )~ 
+ ( l [(E_, ) N,.) {E, ';_}/1~ ftH) 9" u.?J}a. H,, d,/11.) = ftt 

( 2la) 

and the boundary condition for R = 0 

a (o) = g(o) =0 ( 22 ) 

Eqs. (21) for 'R -- ca are of the form: 

1 c:l2..a ( ' ' .E) __ ~ = f - 2. A • a 
:2. fl,~,. d R. . 

I d2. g ( 1 1 ) /) --·-z:= £+-Af •0 2N,l.. eft?. 2. 
( 23 ) 

!• 

Let N, ~ M~ so that for definiteness !J.£ > 0 . Then three types of motion are possible 
depending on the value of E '. 

a) E 
1 

~ ~ . .4 f , i, e. the energy is higher than the K -level of lighter mesic 

atom. The meson mar. be near the nucleus 11, as well as near nucleus fl;,. • If at first the 

meson was near the nucleus M I and there is charge exchange to the nucleus M;.. then it is 

necessary that the wave functions would obey the following condition: that B ( il) for fl- tP 

must include only a divergent wave 

(/()) iII, 'N - i !<( 1l 
a ·I\ ~ C 1 e + C.z. e .. 1 

( 24) ' 
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elf= o ( 25) 

b) ~ f Ll £ ~ £'~ ~ d £ i.e. the energy lies between separated mesic atoms. When 

R- o0. the meson cannot be near the separated lighter nucleus became of lack of energy. 

This case corresponds to the scattering of mesic atom with nucleus Mj_ · by the nucleus Mt 
without the possibility of charge exchange. The wave functions should obey the condition in accor· 

dance to which the function a ('R) for 'R.- cP should not contain an exponentially increas-

ing term: 

-£,'R £, 1l 
a (1/) ~ CZ>, ~ + C02. R 

"'" 

( 26) 

t. 2. ( , ' ) £ 1 =-K, =-2H ~- 2 ~£ 
( 27) 

It is obvious that the conditions (22) and ( 26) (as well as the conditions (22) and (24) ) can 

be satisfied at any energy, taken from the considered energy region and determine the solution of 

the system of equations (21) with the accuracy up to the normalization. 
c) .E' <- ~ 11 £ is a region of the discret spectrum corresponding to the bound states 

of mesic molecules. For 'R - oo two conditions are imposed to the solution of the system: 

the absenc~ of the increasing exponents in both functions a (1l) and .!, ( 1?} 

) 
_£.,11. q, 1i} 

(
11) ~ e • e«·rn a "' ~ """, + ... ll 

(28 ) 

~ (E') =0, rJ4 (E')=O 
( 29 ) 
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The conditions (28) and (22) may be satisfied only for definite values of E 
1 

,being energy 

levels of the mesic molecule. In order ,to find ·solutions satisfying conditions (22) for 11 = 0 

and assymptotic conditions of the type (24), (26) and 28) when R - oo we can find two line

arly independent solutions satisfying the condition( 22) and construct a linear combination sa

tisfying asymptotic conditions for R- oo . Note that between two any solutions of the system · 
. of li~ear equations of the second order (16) there exists a connection which can be easily es-

' tablished if we take·into 'account that 
. . \ 

I, ---~ K I 

r~·'' 

Indeed, if f <IJ,, H,} and { ~ {J.Iz \ are the solutions of the system (16), then: 

, 
~ J(u9 =- 2dwfl ( 30) 

di,h v<9, ~ ~" ~.._)•{1-1." H, -H, "H.)•2Q (N, "'_,_- H• It/,)}= 0 ( 31 ) 

For the functions (20), satisfying the condition (22) the indentity (31) takes the form: 

( 
da, da.z..) ro dg, g cl.g~) ( n g) 

a.Lcl'R -a,d1{ + u.a;tR_- 'd'R. +2Q a,6.z.-a.z. I =O 
(32) 

The relation (32) may be used for testing the corrections of the numerical integration. As linear

ly independent solutions for the Eqs. (21) we may choose, for example, the solutions determin~d 

for R = 0* by the conditions: . 

(
a{o)== BroJ = o 

a '(oJ = B'roJ = 1 

(

a(o}= gco)=O · 

a'roJ =- 8roJ=t 

~= h=O 
fJ'=ff; f: 0 

9·==- h = 0 

g'::: o; 1r '=vi' 

( 33 ) 

( 34) 

CHARGE EXCHA~GE CROSS SECTION 

I 

Let iri the energy region £ ~ l't A E the solutions (20) determined by the conditions 

(24) and (25) respectively be of the form 

* Sinoe the functions a (1/.) and g ('fl) ·vanish exponentially inside the potential barriers 'for R ... 0 
the conditions (88), (84) may be given for numerical Integration without essential error for some small 1/0 'I= 0: 
In our paper 1l0 = 01 2_ • This oorresponds to the replaoement of potentials Eg +j;J /199- and £1.1 .,...L. flU 14 
by the infinite wall at 'R, := 'llo • 'l. · ;.~J... 
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(35) 

rlJ oro . . . . 
where constants a 

0 
, 0 

0 
. are determmed by numencal mtegratl<~n o£ (21). According to 

· (32) there is a connection between the coefficients and the phases o£ (35) 

( 36) 

where 

( 37) 

Forming a linear combination £rom (35) which satisfies the conditions (33), (34) and the nor-

lllalization £or 1l _. -ao we obtain · . i]{J. 

i(JI 'R- '!!-) - i (II,·'R.- ;:-) 
de· ' :. - e . 

a~ ..:.:.....,...... ___ __;,. __ __,...-,. 
,J.i~ 

. . i(l!l-1(- ~k + 6;.) . e t:>.o 

where 

• In accordance with the general theory o£ inelasiic collisions 
change cross section corresponding to the partial wave 1.. 

( 38) 

( 39) 

the effective charge ex-

( 40) 
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i/2. N z -n;n2. ~ Kz. 
I ;! . -

= 1 ill- (2. /.,+f) . .1'1~+- .Nz..- 2. N, .Nz. · C4"J (d:t,- ~) !{: 
1 Z 

( 40) 

and the elastic scattering cross section: 

6'; eR ... ~ {2.L +I} fi -J-J2-· = 4({(2.L +t). 

JV,2 
;..;,,/· t;_ + 11} ri.n 2J'( -}.tv, lit- SinO: 'ltrf2_. cqj cb..1 ( 41 ) 

l. 2. . r-
1{, +Nz. -JJY,.!V4 CAJ{t;.,-:-o~,J 

Sin~e the collisions occur at a very low energy the scattering in the S state is the most essen- . 
tial. In the region I(.( '7/. « k, the solutions (35) for L, = 0 take the form : ·; .. r f'J(,} .. (1}1/) CftJ [a rJ.}"' C (~)tn +Cf2.) . a ,... ~" f\+ ~ o - 1 I'( 2. T . 0 I J.. !!. 

. -.. '{I' ~c(!~ . (Ko"'+SMJ . g(J.J ~cc.z.~{J/oR.+J:.r~;, 
. 0 0 "" 0 ~ J. /'{ 2. ) 0 J l. . . /J.. / { 42 ) 

t; = ,fz11 ll £' 

.and the condition {36) gives: 

,,, rz.> (1} r;.) ·,~o r') t2.). (S'r.z} g-r1J)=O 
sc2.-cl,.c, +lf2.s C.3&ut .. 2.- I 

Th.e linear combination (38) whkh satisfies the condition· (42) and accordingly normalized has 
the form:· 

where 

Q ~ 1?. +- (3,t;_- O,f!J3- p ,-s;_l 
o;. -0: e ,· s;_, 

fi) (t'J 

C.,a CA 
ftt ., c (i} j Oi =--e-m- i 
, I I 

0:::£ -f, 
~I 2. 

f• 

i(t!;_otf(.f. ~} 
p 

. The charge exchange cross section is: 

:t 1!. .. 
0 ·2.('-

.. · J/ o, '01- , hn o .. v . · _ J. :-r 2. Vo 
. . = di"' --.k.. ...; ,.,(Jf;- a -
e;.X f . !/, .. O,z +'Oz.'._ 2 'f, "!;_ ('OS ~I J" V 

and the elastic scattering cross section is 

2. 2. z ' ('-' 
~ _ '· n:- .}, t; + r, }.z -2 o; a;_ }3, ./>2: CiJ1 ou 

0
2. 

oel - 7 ..,, . . 2. 2. I" 
0 1 -t 02..- 2 0, h COO ~I 

( 43) 

( 44) 

(45) 
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If 1Y, is the relative velocity of particles, .ft2 - the number of nuclei of the isotope with 

mass 11:z. then the' probability. of the charge exchange is, 
- 2. 2. 2. s-, 

W=Nt~-Oelf IJ:=4(JI': 0 ~ a2. fin ~' a~ N~ ( 46) 
I . _2. '>(\. 2. r-2. - 2. y- -(" ClJ-S 0: j ~ 

U 1 _. · U 2. 0 ' 0 2. . 21 

.,,_o- rr;:E, a tt2. 
·V2.-v~, 'f'=trljJRa.; 

The values of V'j Oe.J. j f and o ef for the system~ of proton~deuteron, system proton~tritium 
and deuteron-tritium are given in Table 1. 

SCATTERING OF HEAVY MESJ,C ATOMS BY LIGHT ISOTOPE NUCLEI' 

. CROSS SECTIONS AND WAVf. FUNCTIONS . 

1 ' 1 I 
In the energy region - 2. tlE ~ E ~ 2 A_£ when the concentration of the heavy hydrogen 

isotope is small the most.essential process is an elastic scattering of heavy me~:>ic atoms by light 

isotope nuclei and fuither after me~ic atom slowing down -formation of mesic molecules. 

Let the solutions obtained by numerical integration of (21) with boundary conditions. (33) 

and (34) respectively for R- co take the form: 

oJ(tri) ,...,d(IJ e-£/R d oJ -~ 'll c2J( ) d- (2.} -1( 1l -d . H/R 
a[., J\ ,..., "' • + lt2. e .. _ ; a~. 'R. ::::: "'' e . + L,L e 

B~·~r flh <)·sm. {t/,11-~ +{J'1; t/2.1 (11.) .. dt
1 nn(l/, fl- ·~+Iii OJ) 

( 47 ) 

Forming the linear combination from ( 4 7 ) satisfying the condition (26) we obtain within 

the accuracy of constant factor 
li 

( 48) 

where . 

. ' 
J 

( 49 ) 

Partial cross section corresponding to the L wave is 
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. rr~{IJ cl r2.J . (1) d raJd (1) • ··lZJ.l 2. 47! · L'-' J1.nlJ Jinw .J ~ = _;_ ~ l +l)Jtin2tJ = VIJi (J.L +I) /.,J L.;t - I.:J t,& ( 50 ) 
~ ~~~ p rL 

It is very important to know wave functions and effective scattering cross section when the ki-. 

netic. energy of mesic atom is small ( .f.2. 1.< I ). In the region ~0 «f<< ~2. the. solutions 
(47) for the wave may be represented in the form: 

{I) . d(l} -~o'/l d. (11 JP,otfl. 
Oo ~ 1 .e + :.! e 

I (I) ll) 
v R: tR .,_ 1J 

0 
£~ Y2HAt' 

I 

. { 
The linear combination (51) satisfying the condition (26) in the region 1lo ~< 'R << !(, 

~ 
is of the form: 

~(~)- ~(1} 

a R: --__,.,--z,... (clz~ df'JJ 
~ 2. J. 

{£,~11 
~:::. f?+ 

,,, I2J 91 raJ_~.l'J 
,2) rJ3.. - N Cl:z 

d'2
'- d/'' 

J. 

J 

( 51) 

(52) 

The normalization of the functions (52) is chosen so that for 1<- 00 · it corresponds to a 

plane wave of the relative motion of' nuclei (with coefficient 1) and to a meson that is near a 

heavier nucleus. In Table V the w~ve functions a ('f<) and Brf?) for the systems proton .. 

deuteron, proton-tritium and deuteron-tritium are given. The effective cross section of scattering 

of the mesic atom with a heavier isotope by neuclei of lighter ones at small kinetic energy of 
mesic atoms is : 

6'· Jt1T / 

J · (I) ;· t 2. (/) (2 (2.} _/ 2. . 

~. cl "- - 1:J r.t.~, = 'fiJi .A a fl( 
(I} . / d'l.) c/ 

I. - t!. 
(53). 

The values for 0" and .A are given in Table II. Note that in the case of the process 

~ *P ·-... d.J,. -~-p 6' elastic is not anomalously small as it is indicated in /11/. 
Free path { of the atom df' which was. produced as a result of the charge exchange may 
be determined by mea,ns of the formula 

(54) 
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where II= M,2.+H;,: = ; is the mean value of the. energy transmitted in~+ P col-

lision JV == 4 . 1022 £:: 45 ev is the energy acq~ired by the mesic atom d.fl while 

charge exchanging E 'Z""" 2.10-4 .ev is the final energy~ .On thi.s case we make the rough app

roximation that d p · is believed to move along a str~ight line since the deviation of c(;u in 

collision with proton can not exceed 30° in the laboratory· systein of cobrdinates). The value of 

the free path accordi~g to (54) is f /\... 0.1 mm, (The free path owing to the diffusion of ctu 
with the thermal energy is also of order of 0.1 mm) which is. appiying less than the experimental 

'hole' of about 1 mm. 

MESIC MOLECULE ENERGY LEVELS 

. . I I .,; 

Let in the energy region E <- 2. L\ E 
ditions (33) and (34) correspondingly have for 

the solutions of Eq. (21) under the initial con
I/? ~· .. oa ·.· the following form: 

a;{'R) ~ (j", ,,.1(£ ') e- £. 11 + ~ ,,.1 ( E ')e ce, '1( 

6,.(1?) ~ ~m(£')e-£:l'fl.+ ~riJ(t')e£2.'1l. 
( 55) 

Then, forming the linear combinati_on the increasing exponents c~ri be excluded only under the 
condition: 

I q;_'"-' ( Ej 1;_ ftJ { E1 

g-_/'' (£1 
2. =0 

'.fv ( EJ . ·. 
( 56 ) 

The condition (56) determines mesic molecule energy levels. By means of the numerical integra

tion of the system (21) for various E' we can choose the values Of £' satisfying the con

dition (56). The mesic molecule energy levels obtained in such a way are given in Table III. In 

Fig. 1 the values of the functions a ( '1l ) and b ( '/l. ) are given for the bound state of the 

mesic molecule ( pt ) .fl normalized by the condition 

j (JaM/'.,. f~J r1lJrd1ld ( 57 ) 
0 
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. .?./ 
(taking into account that for f- 0 J! o{t} :..--... fn It - C 

. I . where C .. 0.577 is the Euler cons-

tant) we obtain 

Au·~ [e+fn J2r1ri] 
~ # ( 65 ) 

Taking into account that the mesonic. function· l1J (l; 1lJ is symmetrical with respect to the nuc

leus exchange and Lu fi, R} is antisymmetrical, it may be concluded that in the S- wave the re-

lative motion of identical nuclei will be des~ribed by the function [j(1l) , if the summary 

spin of nuclei is even and by the function /r ('!l} , if the summa.cy spin of nuclei is odd. The 

effective cross section of the hydrogen mesic atom scattering by protons (and mesic atoms of triti

um by tritium nuclei) at small energies is to be of the form: 
e. !.. 

//{. A 9 + ~ ~IT ) ( 66 ) 
0 = !2 (Jf l 1 t{ 1 + JIZ. AZ-a Lt I + k'z. N~·u 

while for the scattering of mesic atoms of deuterium by deuterons: 
. 2.. \2. 

(2.. . )l.g + f j\ w ) 
o==2~(3 I+Hz.Az.CJ 3 J+J/~A~..u 

. (67 ) 

The formula (66) . is analogous to that describing the scattering of neutrons by protons. For large 

A a in accordance with (66) there will be a resonance in the scattering when · J.l...;.._. 0. 
d 2. :t 

(The terms If ..1 u in (66) are written for better analogy with the well-known deuteron formula, 

the consideration of these terms. represents essentially the exceeding of the accuracy since A L.t 

corresponds to the repulsion and must coincide in magnitude with the radius of action of forces: 

Au ~ 1l0 ). This takes place just in the scatte~i.ng IJu +P --p.JU + p since the mesic 

molecule (pp)fl .have a virtual level with the energy close to 0. The effective scattering cross 

section fl'l + p calculated according to (66) coincides well with the cross section given in/7 /. 

In the scattering d_;, + d the cross section calculated according to (67) turns out to be twice 
the value given in/7 /. . 

MESIC MOLECULE FO.~MA TION 

\1oving in the matter the hydrogen mesic atoms in virtue of their neutrality can go easily 

through the electronic shells of the hydrogen molecules and approaching the nuclei they can form 

mesic molecules (more exactly, mesic molecular ions) (p P }! (p dl+ etc. Oike the 
· + r 1 l.JI 

well-known molecular.ions H2 , liD+ etc.). The binding energy of the mesic molecule, 

j /J principle, may be transmitted' to the radiation, electron shell and to the nucleus coupled by 
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chemical forces with that which forms the mesic molecule. 

The last transition, however, may have some meaning only in the case when the mesic mo-

lecule forms itself in the state with very smali coupling energy (of order of the coupling ener-

gy of the ordinary molecule). As we can see from Table III this condition can not be fulfilled for 
. + . 

any of the molecules (perhaps, except for (dd~ ). Since the size of the mesic molecule i"s 

less than the atomic one the relations between the probabilities of formation of a mesic molecule 

in a radiation way and by means of the recoil of the energy to the electron ,f the shell may be ex

pressed using the standard theory of intrinsic conversion of electrons under nuclear transitions. 

In the considered region of transmitted energies (tens -hundreds of ev) the coeffiCients of intrin

sic conversion are very large; therefore the probability of the radiative formation of mesic mole

cules is less incomparably than the conversional one. Because the forl}lation of mesic molecules 

takes place at small relative energies of mesic atoms an electric dipole transition from the S -

wave of continuous spectrum with the conversion on electron will be the most important one. Let 

P, , P;. 1 ~ be distances from the nuclei M, J 1'12.. and }1- meson 

respectively from an arbitrary point; then the Coulomb field of the system at large distances has the 

form 

where .1' 
the system 

e 1 e R cfJ' ~+ ___ _..._._..,..._ 

.J, }J.. J}f '"'"' .P J3 ( 68) 

is the distance from the center of mass of nuclei, and d is the dipole momentum of 

- p 1'1l. -11,-;:;; e r- ---. ) d = - - 1\ ,.... - 'l +" 'l 
2. M,_+M, . ~ I 2.. 

-#' ~ ~ 

z ="l-11.. 
I I 1 

'( 69) 

If the precise Coulomb functions of the hydrogen atom are taken as wave functions of-elec

tron then in analogy with the. probability of conversion under the nuclear transition we obtain for 

the probability of mesic molecule formation by means of dipole conversion: 

( 70) 

Here 

( me, v; are mass and velocity), N is the number of nuclei in cm3, < d) is the matrix 
element of the dipole momentum between the wave functions of the mesic molecule related to the 
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continuous and the discrete spectrum respectively. 
. . f., ' . ' 
<d) ={<rmoe dVJ~oe { d'!l){ dy) ( 71) 

( the intelsration in (71) is performed over the coordinates of fil-e. -meson and of nu~lei). The inte

gration over the mes.onic' coordinates in (71) leads to the integral: 
. ~ ' ' 

1~ =(l9'/z. (l, + 7;_ )Z.u {dz;). ' ( 72) 

From the ~esons of symmetry it is dear that d9u is directed along R: diu= ((R)R, where 

d- (R) is a function R • In the approximation (LCAO) 

o(1<)=~.!_ I . . .. I 

· · '"'· •'·~·R'hY 2..' ot.<>5 <73> 2.. {; -2.11./ , . I ~- - J tf} 

The approximation LCAO fails for small R 
1 

however, it is clear that since the function 

H(R) c;::orresponding to the repulsion state Zu for small values of R vanishes exponentially 

the small values of R contributes insignificantly to the matrix element <d). Note that the 

a:pproximation T=- 'l'.2. iswell fulfilled for ~mall R too, if th~ calculation of cigll is made 

with the precise functions L0 1... 11 • The summation in (70) is made over all possible final states 
<II , 

of the mesic molecule. In calculating thenormaJization of the wave function of the continuos spect-

rum is assumed to. be chosen so that at the infinity there a plan~ wavewith the coeffiCient one, and 

the wave function of the discrete spectrum is, normaiized to unity. In this case the matrix element 

< d "> will have the dimension ofeap o/<y.,. ~ el.) Separating out dimensioh factor it is con-
venient to rewrite the formula ( 70 ) in the form 

. . . - ~ . ·2. a. -" atci~;{; } VI- /6 M 3 .· mt. s e. J.'li? I! 'I d . I d 2.. 
- :3 (, a.){ 11!/J l a,(I+7'J(I-f~"' r) M) < > /· , ' ( 74) 

where the. matrix element < d)' is calculated in dimensionless emesic atom~) units. lt.is easy to 
see that the first term in the dipole momentum (69) has non-zero matrix elements only for transi

tions with mesonic functions of identical parity J:s- ZJ. ; Zu-- Zl./ while the second 

term gives transitions only between mesonic functions of different parity ( Lq- ,E. t;J • 

.E. iJ ___.. Z::.w ). The dipole transitions from the S-wa ve of the continuous spectrum ~a y occur 
onlyirito the rotation state With l :: 1. From the table III. onecan see that for all mesic molecu
les (ex~ept /ttf.p ' ) the transition is performed into the ground rotation state ( ~ r;: 1; H ::: 0). 

For mesic molecules /tt~ ) the transition into the vibration-rotational state is possible too. 
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The probability of formation of mesic molecules with identical nuClei : ~ = 1; n·:. 1 may be cal· 

culated analogously as it was made for mesic molecules in (ddY, . The probabilities of formation of 

these molecules are given in the Table 4. In the case of mesic molecules with different nuclei of 

greatest interest is the calculatio~ of probability of mesi~ molec~le formation when the collision 

' of the mesic atom of heavier isotope with lighter nucleus occurs, for example ~ +P _,;. (dp};t. 
(in the collision p l"'i + d · the charge exchange is the most. probable process 1';'1 ~. d -,d_t. + p ). 
The wave fr.mction ofthe inftial state has the form: 

(i) ' 
yJ111of = CR/,{'1(}~9 + Ho ('R}Zu? ( 75) 

where the functions llJ 0 , 1/o are connected with the functions . Oa (f!} , ~ (~} by the 

. relation (20). The wave function of the final stat~corresponding to the rotation level of the mesic 

molecule with L = 1 has the £orin:, 

(p (f) " rlj, ('I.) L.:J.,. lr, ( 'l)f.u} = ~ y~ /'1 ( e, 1/) ' 
htof l; . , ( 76) 

Performing the integration over the angle and the· summation over M , we get in mesic atom units: 

xI ui>l\ iff t'flr'l,a. (iJa.f~J- n._ t. ~J~ r~) 11 d"' • < 11 > 
N ,f1,+t1z. /;, .1' I 

The integrals in (77) are calculated numerically. The probability of formation of mesic molecules 

{ p d~ 1 -( p iJ ,{ df ~ .found in accordance with (77) and (74) are given in the 

Table 4. 

AP·PENDIX 

The functions J/9 '} and Kuu {'R} are calculated in/15/ by·means of precise wave func-

tion{and L.l,.(. given jn/14/. We ~ive for c?mparison.the values 113'} (1() and/{1../Ldf.l.) 

calcu1ated in the approximation LCAO consistent for large R. 

', L.3 = r J 1i ( 1 + o) r ~ ( f- ?., + e ~ 'll.) 
Lu = {z!# {1-S) ]'13- ( f -?,_ e-lz.) ( L. c 11 o) 

S = ( 1 + 11. -t- 1</z,) e _fl 

D.I. 

0.2. 

and in the approximation ( U,.A ) consistent for small R, when Z.g and Zu transform res-
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ls and 2p . levels of He. . . 
. j - ('l, .,. 'l;:.) Z: ~-e . . 
'3 .!V:J 

·· L = - ...!;. e- t/2. ( 'l, + 7 2 )( z eo-:J e -12. un 'e) 
U )/,_, . I I . . . 

A'9t-= 1i/s e-2R (1-1 ;:_ 1l .,.Jft 1<.:?.) 

AIJ.. / . 9 .a. f 3 I . ) - 'R_ 
;vu. -;; 411 {I + 1<. ..,. - fl. .,. - ~ + - 1l. e ;<o 6o 6o , 

In the approximation (LCAO): 

0.3 

0.4 

0.4' 

. $ · I :!(_2 (!+l<.)z -2 r, 
;(99=-f..--J.{I+l)- 36 (!-S)z. ·e 0.5 

ll~.~u=_!_+ J _!_ :R2.(i+~JIL -2~ 
tZ ~(!-l) 36. (1- $)2. . e . 0.5' 

In the approximation (U • A h 

. ·· . ( .!YiJ)' 2. I 6 2.. Rg9 =I- - ~ . 1- - :R 
. Kt;~ R --·tJ 9 

0.6 

· 2./ 1/ {;Y~)~· ~ I 
lluu = /'1.: +/If - p, i(~ o f.;..+ lj 

0.6' 

For comp~rison in Fig. 2,3 are given the values K gg and K uu , calculated in/15/ and accord!". 

ing to the awroximation ( LCAO). and (U • A) . For the value Q(R) we ·get: 

( L U o) Q = "l'l..- 1"1. • 1U 'R +I) e -1< 
11J. + !1, 6/. =~' ' I-S 
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( Uli)Q= _ fYI.z -IV, . JGJi. 
M;. + M

1 
·. !{ 

We note that Q calculated \n accordance with (LCAO) for R-- 0 coincide well with the. 
I -

values of Q, calculated in accordance with _ __..--. 

I -
I r n-l/ m f<.) :Rti~of)2._J~~ /?2. -M, 

~ ___,.=- !+ t:. (fr.tt-- - e 
(

LCJlo) gu-:1. /t -s ..3 . 9(t-.s) Ma -f'l, 

I ( -'J '£2. 
KQa = ---:==:-- 1- e (1+ 'R.- _:_;·)-

cf t?.. [, -lt. 3 . 

:R 2
{tt-1?)z... _f!.t!} !'1z.- M, 

- e 
- 9 (!•S) ~.+ /'1, 

Thus, in the all region '/( the approximation Q == Q LCAO may be taken. 

The quantities K ff" ('R.) and Kug(R) in the approximation (LCAO) and 

respondingly 
-3~i > !. 

(U A) 

. " = l'1a.- M, . 6lltf!_ e l;+ -%_ 1?. -~-XtJ/ J~ _ .! A'~} 1. 
~u f'l~ r M, 81 KgK~ ( 1 ~ o/ J{' ~ .!Y,; 1( 

Ku = NJ. -!1, . 6lf11. e - f .J. (!+ -%_1l-r j~t1. I+ 
. -.3{(/L { IV I 1/ .:2 J 

9 1'1~+M 1 8/ .JislVLt · JYg 

+ P. rfi + _t G{J~) . 
8 . /6 J~ 

Show the behaviour of the function for 1?. -- 0 • 
J(, . /! ( A 0) 1'1;,_- M, .2 /.15 I /1.,_- f1 

. :!"' ""( u .tt - 1'1z.+M,. {3-'R z ~ 1? ~~ j 

I d 11;. -M, 6lffi'..., . ..i 1'1:z. -/'1, 
/\9LI:(l/JIJ -/'1.J.rM

1
• e/'R .-.-/,!2. R. l'fa+M, 

x= rtr.lloJ- !'1-r.-1'1,. ?vt,:::=o 6'1·1< 1'1J_-H, 
":/ M,_.,..M, II 1\ • MJ..~<f1, 

kfJO (UJI)-+ M.z-f1, . aVJ: 'R.~ 0,32~ M;z.-Mt 
tJ 1'12.. +1'1, 35 M.z. tH, 

(U A) equal cor~ 
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Table I 
charge exchange cross section 

~+d~~+p P +t__. t +P 
-"" fi 

2.1 0.84 

~-~-f_,. ~+d 

0.0067 

cSu·V" 3.42 . 10-13 ~r:: 1.49 • 10-13 ;:L 1.15 • 10~15 Ct173 
{ec 

Dee 

A 

~~(o) 

.,. 
( PP ~ 

-
(dd ~ 

( tt >; 
(pd )+ 

.M 

( pt >;. 
( dt >; 

1.98 . 10-19 cm2 1.53 . 1019 cm2 2.41 . 10-19 cm3 

Tablel! 
mesic atom elastic scattering cross section 

~+p-~ +p ~+P-- ~ +P t +d __;... t + d 
:;,11 ~ 

2.03 2.66* 6.7 

3.39 . 10-20 cm2 5.84 . 10-20 cm2** 36.9 . 10-20 cm2 

Table ill 
mesic molecule levels ( ev ) (for mesic molecules with various nuclei the energy 

levels are calculated from the level of heavier isotope ) 
,. 

L=O L=O L. =2. L=.5 

n = 0 n= 1 n=-0 n==' 1 n~ 0 n:=- 0 

252 109 

330 40 227 7? 88 

367 86 288 45 170 50 

220 90 

213 98 

318 32 232 102 

* ** These values are derived for Kgg: 0, Calculations with correct value of Kgg give for )\. the 

value ~ 10, what seems to be doubtful, 
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T a b 1 e IV 

probabilities of mesic molecule formation in units 106 sec-1 in liquid hydrogen 

+ 
( pp )~ 

+ 
( tt ~ ( d).,. 

p "' 

+ 
( dt ) "' 

+ 
( pt ) J'l 

1.53 0.006 0.38 0.7 -0.001. 0.25 

In the present paper the probabilities of the mesic molecule formation schould be considered 

to be correct only in order of value, since the bindipg of hydrogen imclei in molecules of 112 has 
been neglected in our calculations what leads app-:retly to the increase of W. 

·In the case of the mesic molecular ion (dd) and (dt) 0-0 transitions may contribute to 

,.the molecul~ formation probability, due to the oscillation level close to zero (L = 0). 

We have just reseived preprints by Cohen; Judd and Riddell. They calkulate the probability 

of the formation of mesic molecules with identical nuclei. using th~ wave functions .normalised to 

'{f , but not to unity, what doubles the value of W. 

We wish to thank Y .B. Zeldovich for initiating this investigation and for many useful 

.discussions. 
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Table V 

Wave functions of mesic molecular ions (unnormalized) in state L = 1 

----------------------------------------------~--------------------------------------
{!3dJ; (f't}; {dt~+ 

Level 90 ev Level 98 ev Level 2J2 ev 

·-
R a(R) D(.R) a(R) b(R) a(R) b(R) R 

o,3 0,114 10-2 o,11o 10-l! 0,116 10-2 0,109 10-2 +0,772 10-J +0,82J io-3 o,3 

0,5 o,530 10-2 0,516 10-2 0,554 10-2 o,5Jl 10-2 0,427 10-2 0,420 10-2 0,5 

0,7 0,132 10-l o,13o 10-1 0,141 10-1 0,137 10-1 0,122 lo-1 0,121 10-l 0,7 

0,9 0,256 10-1 0,254 10~1 0,277 10-1 0,273 10-1 0,246 10-1 0,260 10-1 0,9 

1,1 0,423 10-1 0,424 10-1 0,462 10-1 0,462 10-1 0,464 10-1 0,462 10-1 1,1 

1,3 0,625 10-1 o,6J2 10-1 0,687 10-1 0,697 10-1 0,718 10-l 0,719 lo-1 1,3 

1,5 0,849 10-1 0,869 10-1 0,936 10-1 0,964 10-1 0,100 0,101 1,5 

1,7 0,108 0,112 o, 119 0,125 0,129 0,131 1,7 

1,9 o,13o 0,137 0,144 0,153 0,156 0,159 1,9 

2,1 0,151 0,160 0,165 0,179 . 0,179 0,183 2,1 

2,3. 0,168 0,181 0,183 0,202 0,196 0,202 2,3 

2,5 0,182 0,198 0,197 0,221 0,207 0,214 2,5 

2,7 0,191 0,211 0,206 0,235 0,213 0,219 2,7 

2,9 0,197 0,221 0,210 0,245' 0,210 0;219 2,9 

3,1 0,198 0,226 0,210 0,250 0,203 0,213 3,1 

3,3 0,196 0,228 0,205 0,251 0,193· 0,204 3,3 

3,5 0,191 0,226 0,198 0,249 0,179 0,191 J,5 

3,7 0,184 0,221 0,189 0,243 0,164 0,176 3,7 

3,9 0,175 0,215 0,177 J,?J4 0,148 0,160 J,9 

4,1 0,164 0,206 0,164 0,224 o,131 o,143 4,1 

4,3 0,152 0,196 0,151 0,212 0,115 . 0,127 4,3 

4,5 0,140 0,184 0,137 0,200 0,100 0,111 4,5 

4,7 0,128 0,173 0,124 .o,187 0,866 10-1 0,969 10-1 4,7 

4,9 0,116 0,161 o,111 0,173 0,741 10-l 0,838 10-l 4,9 

5,1 0,104 0,149 0,,989 10-l 0,161 o,6JO 10-1 0,719 10-1 5,1 

5,3 0,935 10-l 0,137 0,875 10-1 .0,148 0,532. 10-1 0,614 10-1 5,3 

5,5 o,8J3 10-1 0,126 o,77o io-1 tr, 136 0,447 10-1 0,521 10-1 5,5 

5,7 0,738 10-1 0,115 o,673 10-1 0,125 o,373 10-1 0,440 10-1 5,7 

5,9 0,650 lo-1 0,105 0,586 10-1 0,114 o,31o 10-1 0,371 10-1 5,9 

6,0 0,609 10-1 0,100 0,546 10-1 0,109 0,283 10-1 o,340 10-1 6,0 

6,2 0,534 10-1 0,908 10-1 . 0,471 10-1 0,99J 10-1 0,2JJ 10-1 0,279 10-1 6,2 

6,4 0,465 10-1 0,822 10-1 0,404 10-l 0,905 10-1 0,193 10-1 0,2J7 10-1 6,4 

6,6 o,4o3 10-1 0,742 10-1 o,344 10-1 0,823 10-l 0,158 lo-1 0,197 10-1 6,6 

&,a 0,348 lo-1 0,669 10-1 0,290 10-1 0,749 10-.l 0,129 10-l 0,164 10-.L 6,8 

7,0 0,299 10-1 0,60J, 10-1 0,242 10-1 o, 681 1o-1· 0,106 10-1 o,1J5 10-1 7,0 

7,2 0,255 10-1 0,539 10-1 0,198 10-1 0,618 10-1 0,865 10-2 0,111 10-1 7,2 

7,4 0,216 10-1 0,483 10-1 0,158 10-1 0,562 10-l 0,701 10-2 0,910 10-1 7,4 

7,6 0,181 10-1 o,4J2 10-1 0,122 10-1 0,511 10~1 0,569 10-2 0,738 10-2 7,6 

7,8 0,150 10-1 o,385 10-1 0,880 10-2 0,464 10-1 0,451 10-2 0,596 10-2 7,8 

s,o 0,122 10-1 0,342 10-1 0,557 10-2 . -1 o,J81 10-2 0,478 10-2 8,0 0,422 10 

8,5 0,677 10-2 o,253 10-1 0,136 10-2 o,3J3 10-1 0,212 10-2 0,253 10-2 8,5 
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~able V (continuation) 
Wave functions. Scattering of menic atom with a haV'ier isotope by nuclei of lighter one 

a.t ZE,9 en~y 

d_,. .. I' 

R a(R) b(H) a(R) b(R) a(R) b(R) R 
01 3 -0,469 10-2 -0 1 454 10-2 -0,110 10-l -0,104 10-l -0,824 10-2 -0,808 10-2 O,J 
01 5 -0 1 181 10-l -0,178 10-l -0 1 435 10-l -0 1 423 10-l -0 1 382 10-l -0 1 377 10-l 0 1 5 
0,7 -0,386 10-1 -0,382 10-1 -0,950 lo-1 -0,935 io-1 -0,946 10-1 -0,939 10-1 o,7 
0,9 -0,655 lo-1 -0,655 10-l -0,164 -0,164 -0,178 -0,178 0,9 
1,1 -0;965 lo-1 -0,974 10-l -0,245 -0,248 -0,281 -0,281 1,1 
1 1 3 -0 1129 -0 1 131 -0 1 329 -0 1 337 -0 1 387 -0 1 390 1 1 3 
1,5 -0,159 -0,163 -0,407 -0,423 -0,477 -0,487 1,5 
1,7 -0,183 -0,190 -0,470 -0,4?6 -0,540 -0,550 1,7 
1,9 -o,2o1 .:.o,210 -0,51J -0,549 -0 1 560 -0,573 1 19 
2,1 -0,210 -0,221 -0,532 -0,576 -0,533 -0,55 2,1 
2,3 -0,210 ~0,222 -0,526 -0,577 -0,462 -0,480 ,2,3 
21 5 -0 1 202 -0 1 213 -0 1 498 -0 1 5~9 -0 1 35) -0 1 )71 21 5 
2,7 -0,186 -0,195 -0,449 -0,496 -0,217 ... o,233 2,7 
2,9 -0,163 -0,168 -0,385. -0,420 -0,661 10-1 -0,772 10-1 2,9 
3,1 -0,137 -0,135 -o,j1o -0,325 +0,892 10-1 +0,847 10-1 J,l 
3)3 -0,107 -0,948 lo-1 -0,229 -0,215' 0,239 0,242 ),3 
J,5 -0,754 lo-1 -0,508 1o-1 -0,145 ~0,940 lo-1 o,J74 o,J85 3,5 
3,7 -0,440 10-1 -0,378 1o-:-2 -0,6Jl 10-1 +0,341 lo-1 o,491 o,51o 3,7 
J,9 -0 1 136 10-1 +0 1 451 10-1 +0 1i42 10-1 01166 01 585 0 1 610 31 9 
4,1 +0,148 10-1 o,948 10-1 o,8491o-1 o,~99 o,655 o,685 4,1 
~ 1 3 01 407 10-1 .Oj145 0,147' G1 431 0 1 70J 0,7j4 41 3 
4,5 o,636 10-1 0,194 0,201 o,561 0,729 o,757 5,3 
4,7 o,8J2 1o-1 o,242 o,245 o;687. 0,737 o,757 4,7 
4,9 o,996 1o-1 0 1 289 . o,280 o,808 o,729. 01 7J7 4,9 
5,1 0,113 0,334 0,306 (),925 0,709 0,698 5,1 
5,J 01123 o,378 o,n5 1,o4 o,679 o,644 5,3 
5,5 o,130 o,420 o,3J7 1,15 o,642. 0 1 577 5,5 
51 7 01 135 0,461 0,342 1 1 25 0,600 01 499 51 7 
51 9 01 1.38 0 1 500 O,J4J 1 1 35 01 556 0 1 413 5 19 
61 0 01 1.39 01 519. 01 .341 1 1 40 0 1 5JJ 01 .367 61 0 
6,2 o,139 o,556 o,3J5 1 149 01487 0,270 6,2 
6,4 01 1.37 0,59.3 01 .326 1,58 0 1 44.3 01 170 61 4 
6;6 . o,D4 o,628 o,314 1,67 o,J99 o,65J 10-1 6,6 
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function~; Ill- in (UA) -approximation. 
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