


1l, Introduction

The reactlion of A -gapture by hydrogen nuclel

M +,D — n + );“ &8
13 importanmt for determining the weak lateractlon constants ( see

reviews /1’?/'1‘1113 fact has first been indiocated 1n refs./3'4/ .

These papers also pointed out a strong dependence of remotion (1)
on mutual muon and nuclear spln orlentation, whlch was then
thoroughly investigated 1n refs. /5/ .

1t 1s well known that the M -mesic atom is formed 1n the
singlet {total spin F=0 ) and triplet ( F=4 ) 415 —states with
the probabllities 1/4 and 3/4, respeotively. The caloulated rates
of A —capture (1) in these two staites are strongly different
18/ 3 A= 659s%, A, = 14.6 s  and much lesser than the
decay rate of a free muon A, = 0:435 10% s-4.

The observed rate of At —capture A/A in hydrogen depends
on the rates of aifferent mesic atomlo and meglic molecular
processes (their scheme is shown in fig.l) and on the experimental

Nn

Fig.l. Scheme of mesic atomic and meslo molecular prooesses
acoompanying M- capture by hydrogen nuoleli.



conditions, in particular on the relative hydrogen density
o= N/N, y where N, = 4.25 1022 om™2 14 the density of
1igquid hydrogen, and /V is the experimentgl density of hydrogen.
A1l the ore;t:es of measic moleculaa.z- processesoa:e proportional to ¥:
Ha = >\q ¥ 5 )‘szf' ?, kffﬂ-:)‘rf,«\f'here Mo ® 10 11 -1
>_\; % 474072 Mppa ® 2,220 IR 8/
The observed rates vary comsiderably with ¢
a) At ¥< 10"5, when ., >‘P<< »o ,the statistical population
of the hyperfine structure of levels (hefesas) of the P —meslc
atoms is conserved and the rate of /A —capture is given by

2

A = e+ g0y = LA, @)

) Te 10 %< < 107% tnen Jp>>%s  and Pppa<M.. Under these
conditions as has first been shown in ref, ’;the process
pM(F=f)ep— pa(F=0)+p leads to the total depolarization of spins
of the PFAM —meslc atoms, but one can still reglect the forma.-
tion of the Fj,g*‘-molecules; therefore the rate of X =capture
13 squal to .A,M ﬁAs, l.e.,four times as large as the value 4in
(2a), which corresponds to the statistlcal population of levels
of the hyperfine structure of M atoms 19/ +« The experiments
10,11/ onfirm this prediotion in accordance with the (V-A)
theory of weak interaction /4/

¢) At ¢~ 1 the hppu>>ocondition is fulfilled and reace
tion (1) proceeds from the bound state of the PP« mesio molecule,
A2 has been shown in ref, 12/, the PPM mesic molecule is for-
med in the rotational excited orthostate with orbital momentum
F=4 oand total nuclear spin I = 1. In the nonrelativistic
approximation the electromagnetlc ortho-para transitions (r=4 ,

I=4) — ( T=0, I=0 ) from the excited orthostate of the
PPAM —mesic molecule to the ground parastate are striotly
forbidden by the selection rule al=0 712/ + In the absence of
the oribo-para transitions, l.e.,when ),,P“"-)o, the rate Ao
of At~ capture in the PPM -mesic moleoule 1s three times as
large as the rate (2a) 1%/ : A, = Z A, . Taring 1ato
account also the difference in the wave functions of the PPt
mesic molecule and pM meslo atomy the rate Ao,,,, in the



orthostate - of the PPpu mesic molecule can be represented in the
form /13/ '

A/K‘:Aom:z’x" (%AS'*- i—A{'> ’ (2‘)

where Yo is the ratio of the «~ meson density im the proton
in the orthostate of the PpM meslc moleoule to the u~ density
in the pm  atom, The experiment s performed in liquld hydrogen
714515/ ana 1n bubble chambersfle/ on the whole confirm formula
(20).

Obviously, the validity of fomsula {20) depends on the
value of >°P . It follows from the recent experiments 1/
that dop £ 5-10% 57 in accordance with the previous sstimates
/145157, )\of, %o Ao, 1.€., equation Aﬂ'—m’\m is true with the
acouracy 0(«\«;/},)-—0-1 orly. Hence, fer a preclse determination of
the rates A, and A; from the measurements o Au in
1iquid hydrogen, ome should first ocaloulate the values of >

ad Y. o F

In thia paper we present the caloulations of the rate
of the ortho-para transition in the ppa mesio molecule on the
basis of a relativistio treatment of the three~body system
as in refs. /18518/ « The paper also gives the precise caloula~
tions of the factors Yo and Yp and considers the kinetics
of M- capture at different hydrogen densities.

2. Emergy Levels and Wave Funoctions of the ppmM
Masic Moleoule

In the noarelativistlo approximatlion the bound states of the

ppM molecule are specified by the set of quantum nunbers
&)
Il"z"zm p, v Iy, )75 ,

where [W;n,MP] are the parabolis gquantum numbers characteri~
ging the motlon of M~ -meson arcund the protons, <V is the
vibratlonal guantum number speoifying the relative motion of
protons, J 18 the total orbital momentum ¢f the three-body
system, my 418 its Z-~ axls projection, X =+(—i)3 is the to-



tal parity of the three~body system, and P is the parity
with respect to the inversion of M” =-meson coordlnates. Most
interesting are the states of the PpA mesic molecule which
correspond to motion of 4t~ —meson with zero quantum npumbers
[nan,mp]=loco 9] and positive parity P=9 (L.e., ground state ),
Then mesic molecule can be formed either in {T=0, v=0)
or (T:i,r=o) states with binding energles ~Eg {reckoned
from the energy level £, = -2528,52 eV of the ground state of
the ps mesic atom) €0 ~ 253 eV and £, = =107 eV ,
respectively /20 - -
The 1nter§£=tion of proton spins Sa , Se and of _w”
meson spin ,S/',4 with each other and with the orbital momentum
of the system results in a fine and hyperfine splitting
of the nonrelativistic energy levsls E; ©f the mesic molecule
PPM /18'19{ which is schematloaslly represented in flg. 2.
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Fig.2. Scheme of h.f.3. energy levels of Pf/“ tiolecule
and ortho~para transitions between them. From the state
F=0 of the pa —atom the ppAs —moleoules are
formed only in the states n<l and ns3,
The rate XQP 1s.practically determined by the ortho—
para transitions from these states ( ses eqs. (33)-(35)).



Main characteristlcs

Table 1

of statiomary states |n> of the h.f. structure of

FF/“ mesic molecule
¥ (m ) (n (n) o0
E-'.‘NJ' (cV) n J N Ty 8 I X En (CV) W i Wt- ﬁ‘}io p‘&i p—%gi
Eooa-?jj o 1/2 1 o 1/2 0 «+ 0 1 1 1 0 0

510 =207 1 1/2 1 i 1/2 1 - -0, 0905 0.3330 0,0371 0 0.9996 - «0,0286
2 172 2 1 32 1 -~ 0.0427 0.0002 0.1481 © 0.0286 0.9996
3 3/2 1 1 1/2 1 = -0, 0924 0,6667 0.0741 0 0.9999 =0, 0095
4 3/2 2 1 32 1 = 0.0468  0,000% 0.2963 0 0,005 0.,9999

5 5/2 1 1 3/2 1 - 0.0463 0 0.4444 0 0 1

*) Numeratlon of states

introduced in ref. 719/ .



In this case the states of the PPt meslc molecule are specified
by the set of gquantum numbers

" ={h,namg)1r3'5'r, J]zA}, My=n,sm=vzo (4

where [ , ¢ ang d  are the quantum numbers of the total
spln of nuclel, total spim and total momentum of the FPMm mesic
molecule, Tespectively,
—- - — - — = - - - (5)
T=845, S=I+8% J=S5+3
(the quantum numbers J ang Jd from the set (4) wil1 be
sometimes denoted by the state index J= J(™ , 7=3°). Accor-
ding to the Pauls pringiple the following relation takes plage

p=arcol o 0’ ©

In what follows it 1s comvenient to introduce a new numera-—
tien ¥l . of the states (4), which is given in tabl. 1 with the
energies £, of these states (sse also fig.2), This table also
glves the populations W, (F) of these states, which correspond
to the formation of the mesio molecule in the state p in
collisiomof protons of H, molecules with ‘pPM mesio atoms
in states with 4 total spin F 718,19/

(Prog + Hy — [(PF/‘)HP&]+ +e. N

In the relativistic oase the quantities J ’ ]3 end )
are conserved, while the quantum numbers n4) Mg, p,T, 8
and T are “good* only approximately, since the operators
corresponding to them do not commute with the Hamiltonian of the
system. Acoordingly, the wave funotion Y, (2,8) = ¢£ FIn> _
of the ppu mesic moleoule in the state [n> ocan be represen~
ted as an expansion over the adiabatic basis /27/

- _ d7a) ()
f‘if” ('_Z')R ) =R 1Z (FHAHZMPCE:QJK)meSI (dj’s’((>jn=hszISI (E)
niﬂsz )

TSI



(with summation indices p,T,1  obeying eq. (6) ),

dde T "
Yprer (8002 2 <5 (o) mal D707 2 o9,
#ry=-

e
A %
a(b oY) = _&L_. mad
mmj.(‘b, ,'0 1672 (14 B o) - Dmmr(ﬁ G}.?) +

7 g/
Faen’ DL, (weol”

51 .
€ =§ SLENTRATCEREI SR
JIRT

PERXNCEW N ICENEIEERNS

Su S Se
€., Cs €, , 3 % 5

[Fhosenles = [T2-10+0)] efl-(g-esx0

T =3+, +
Here we use the followlng notation:
Cuyngmp (%5 R) are the z}utions of the Coulomb two~center
problem of quantum mechanics s whose dependence on the
angle of rotatlon ¥  around the axls F is inocluded in the

T
Wigner D-furction /22/ Do, (£,6,) 3, @ and ¢ are the
H

spherical coorq:l.natea of the vector K conneoting the nuclel
of the ppa molecule; T = Z-A_}EL and b= 2“":" s where Zq
and Z¢ are the distances between A~ meson and protons a

3.

5,
and & 3 e.s;,: ’ e;‘: and 6:: are constant spinors



of spin L. 5 S, amd £ ; e”m 1s a spinor of
F I

spln & » conatruoted gocording te the oocupling scheme (5);.

<5 f?ﬂ‘m:)ImJl(SI)}?z> , etc., ares the Clebsch—
~Gordan ocafflicients; all the splnors refer to the laboratery
-y

system of coordinates in which the veotor K 1s determined.
The wave functions '}’n (7, fé') satisfy the Sohrddinger
equation

need 4] -
(H"™ % v E)Y (2 F)=0,
nrel nred

where the nonrelativistio Hamiltondan H' «H (7,2) has beem
3 ] —
determined in ref, 72/ s Vs‘a”'_.-_- VU R is the operator
of the spin interactlion 718/ and Eh is the statiomr; state
In> energy level reckoned from the nonrelativistic value of

£y, (see tabl. 1),
Ian what follows all the values will be given in units
e=h=me=1 e mite ij‘ » Where M, = 206,769 mga

(9

and MP = 483¢. 452 m, are the M~ .gmeson and proton masses
and ™ 15 the electron mass 24/ |, et us lntroduce also an
abreviated index of summation d = (namamp 78Ty , Henoe,
eguation (9), upon substituting into 1t expansien (8) and avera-
&lng over the coordinates ;) ‘Z) ‘p, 9) ¢ , gets the form

n, N 7 ot 10
; {H;,jf (R) + ’\C.J., (R) - gn 5;_(}.,} R “f//" (®) = 0,
¢

The effective potentials of this system of egquation
> § e St 6, S G
HJJ_, CK) = rr! SS’ Ir’ s 1

Y

el - = ) T,
(FR) Y, nlmp (;; b R)i)mr(et;e,v)

1

-

dt = 7‘??(552‘)4;% , 40 =swedodd



TA P PR
V;'J’ (R) = S.lp. uld jmm((b’e’(") leniwzmr’(_{?; R -

P 772
V CZJR)(FV‘;K; M/FICE,?3R) ym.’-"'s-’]:’ C¢,f @; {e)

have been oalculated 1n refs. 125/ and 718,19/ .
Expansion (8) contatns *lgrge® and "small® components. Large
componsnta are specified by the values of quantum numbers

= T = T = 1
) ; 1 I ’ F“? (12
and 1n the nonrslatirvistic 1imit have the form
() G o (12a) -
}(valnz"""i .P Ts$I () = ‘)(nlhzmg (R> F)SI g{’j 5]’]"“) S;I"")
The functions )((") (R)are Jdetermineda from the system of

H, M

equations {10) with th? ponrelativistic Hamiltonlan H;,, (R
at T=7(Y , and the ampllitudes p‘;} are calculated from the
asgular equation arising after averaging of eq. (10) over the funct-
tons -Xu(:.-:;m (&) 719/ ( see tabl.l). '

Small components arise due to relativistic corrections v Spem
to the Hamiltomian H "™  in the nomrelativistic 1imit they
vanish., At lesst one of the conditions (12a) 1s not fulfilled
for them.

In further calculations we shall keep in expansion (8) only
two functions of the adlabatic basls: ¥, = chw’ (;'2.),2) )
ard Y, = Capou (3, 2; KD x) ., omitting {n this expansion the
indices wn ;=wn,=m -_-o’we get the expression

x) Such an approximation provides an acouracy of the calculation of
the functions XJF"’(g)not worse than 10% in the whole interval

of varylng Ry that 1is suffiecient for evaluating the ortho-para
transitions rate in the ppA mesic molecule with the same
ascuracys To calculate Yo and ¥p With an accuracy of

1073, it is sutficient to use ~ 20 funotlons O6R) -



- - Flad )
V(7R =R 1% @ (3, 5; R) ”; (%S_,V)XPIHCR) (e8)
©p

Omltting also the arguments of {the funotions

s expansion (8a) can
explleitly be written as follows { 7.

==, )

for =0 (dT=0, gmo4%)
Y det

P (4]
ry/"" - R {(ngo‘/zo S +

30‘/20

izt o Kt | om ]
+
(P‘*[ ot1 ‘Xuo‘/gi + yz%i 'Xuz%i

for M=d 2 2 4 ., [C)) } )
SR (Imayq g =3V %, 30 %) (ee

fy: - qu{‘fg-[yfhdfm 4 3332"_)((") ] .

%1 T§1%1 1%1 "94%1
132= ,(m .
+ (P“ [Hﬂéo wi% o + (fcrms wctl’n 523)]} .
R CACER LN

Vo= K QYRS ¢ (foms wth 1o5)]

(8w}

for

1341

Large components /(% _ _)(o‘:‘; (R) are caloulated from
the equation 3 ¢
¢ J‘ B J{T+4) _ IF (w
'{—J}:‘ + 2MéEg, TxE eM Vé (R) Jg (R) =@ a»

" () (n}
3':]'()) _X/g (ojz-xa (Km)-'_'-o) Rmzz,o

which 13 the one-level approximation of the system (10)%),
Small components are caloulated from inhomegeneous equations

which are obtalned from system (10) in the first perturbation order
m—'—

e funotions determined from this equation differ by

enly from the corresponding functions cslculated from
system of equstions (10) st n.=zo 725/

vistic corrections to large components (

~ 1%

the complete
+ Note, that the relati-
12) do not excgeed 0,1% ,



14)

4% n
{Igz +20 (8t E,) — T—%Z—‘l ~2MV, (-a>})(;;sr<m

: (€] "
= Vu:sr(@)(; ()
)(f::s; ) = XU (Ra)=0 . Ra=10-

In eguations (13) and (14) the potentlals '\g(K) end Wﬁ4(g)
represent the well-known symmetric and antisymmetric terms of the
molecular lon with the diagonal adiabatio oorrections to motion of
nuclel )

Tne affective potentlals

VO, O = \[foﬁ/ﬂ’gmo (&= Vv,

V:ﬂz%icg) - sz%i»go*xzo (%) :Vz(ﬂ 15 )

V:n:‘/zo (R} = Vii\‘/ga,gik/_licg) P«Z; +V:i::olji%i(ﬁ)f5;:; = 'Vna)
aad the fumstions T (R n= 42,34

)(f:: RO J(im, )(:; b (R) = J(sz) (160)

D) <)
Ao (B = da”, g2, 3k
are plotted 1n figs. 3-5, For comparison we also plot the "large"

ocomponents

. ) " )
PN OIENAGNIN A G A Y (16w

The solution of egs. (13) and (14) was obtalned by means of
the algorithms /217 construoted on the basis of the continuous
analog of the Newton meathod /28/ . The corresponiing boundary
value problems were solved in the interval R=[o¢, k] with step AR=0.1
with boundary comditlons X V(o) = X7(RM)=0 at R =20

The functlons B and x5 ¢ thus obtalned are then used
to ocaloulate the rate )op of ortho-para traneition in the PEA

mesic molecule.
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Flg+3. Dipole momaent D(r) and effactive potentials in eqs,
(13) w02 (24) for the nonrelstivistic (Vy=Vy(r) ,
Yo =V, (R) ) and relativistie ( V‘fl“) ‘V'kf‘-“) )
three-body problanm,

3+ Calculation of the Rates )o'p CF) of the Orthe-Para
Transitien in the PEA Mesic Melsoule

The mesic molecules pPru«  are formed in reaoction (7) in
ortho T={ I=4 )} and para—( =0, I1=0 ) statea with the rates
/2,307 x) ( at the density N, of liquid hydrogen nuolei)

ovbho o < . pora 10_4 -2
Pf’/* ‘—'2-2'1 K3 s Aff/“ = 0.2 £
respeotively.

Followlag reaotlon (7) with the rate )., there acours the
charge exohsnge

I)The rate )\.ﬁ;r is caloulated aocording to the algorithm of
ret, /2% | 1t 1s determined by the EO-transition from the - §
scattering atmtes of the system P +P  to the bound state

(:r=o,w.—o) of the ppu  mesic moleoule,

2



>
[Copotpe]” + H, 25 [epee] o+ Hy .

An estimate )\g,,‘fvioﬂs'* s Lle€ssden>? A2 2op Follows from the results
of paper 1/ sor the analogous reaction MH,* +H, = H, + HY .
Thus, the ortho-para transitlon proceeds in the system [(Pfﬂ)’fpze].
In the nonrelativistlc limit dipole ortho-para transitlions in the
ppu meslc molecule from any of the orthostates r= 132;3,4,5 to
the ground parastate n=0 are forbidden by the selectlion rule

M

8 {1} =(Tm1,0 =0)

a6

0é
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)
B Ol
o8 ]

(1y=(F=0, v =0)
J,‘,'()H
i3 i

04

0z

1]

5 0 R
Figedo 5. "Large" and wamall® components of the wave
funoctions (16) desorlbing the relative motion
of nuclel in the imitial (i) and final (£) states of
p At ~molecule.



AXl=0. However, as one can see from expansion (8) the valuelof small
ocmponents of the exoited atates ne4-+4 coinolidea with the value J
of the large componant of the ground state h=0and the valuea of
their orbital momentum T differ by unity (according te formulag
(6) thelr parities P and )\ also differ). The same reletion
exists bstween amall components of the ground state N=¢ and large
componsuts of the exoited states 11 = 1,243,4 of the FFPA meaio
moleaule */ , Just thege %oross® ocombinations betwsen largs and
aaall components of the relativistio wave fungtions of the PR
mesio moleculs allow intense Kl-transitions ( ¥ =4, I=4 —
—» (ruo, I=O) with comversion of an eleotren acoording to the
scheme in fig,2,

Xe
o LooYm.pze]l = [(pomf,  pe]* ve. @

The initisl population £ of the atatess In% of the hyper~
fine struoturs of the PP mesic molascule '

On = CsW 4+ ¢ W
1s expressed in terms of the concentration C, and C* of pM mesic
atoms in the singlet ( F=0 ) and triplet ( F=4 ) states, respecti-
vely, (Cs+C.=1) and by the quantities W= W, (F20) ana
Wé"’=Wn(F*i)’ whose numerical values are given in tabl.l. Hexe

w,.(F) are nothing but the initig] bopulations of the pPfM mole-
oule states |nS  whan the latter are formed in collisions of H,
zuclel with PM «atoms in singlet (F=0 ) or triplet (F=4 )

15 ~ states
The rate >‘op of the ortho-~para transition is determinsd by the

(18)

partisl rates )f:; o1 transitions from the init1sl ( () states
(n=1,2,3,4) to the final one (£) n=¢
= 4 A (39)
hop = 35 9u2S)
k=g '

X pna dipole transitlon from the state n= 5 to = 0 1s
i‘ozjbidgen by the selection rulas Az = 0,t4; therefore we shall
not consider it in what follows,

4



{n)
The probability d )\or- of the ortho-para transition (17) with
the emlssion of an eleotron with momentus in the lmterval (?:,‘}:*Jf:)
1s equal to

1

o _ 2 e, e E E .
J}\QP = ""%E' S(Ef' E’L) Ji 2—7‘")‘\"1- g;"} 7(‘) (20)
&

- - *(£) ~ - ]
L5 S | JaRIRIE Y e Y e e YOO Y 0|
J& s '
where Y"”(é’,i’)ﬂ{«ﬁm 'Yfm(z'; R)=Y; () axe the wave
funotions of the ground n=0 and excited n # O
states of the ppu mesic moleouls, detarmined dy relatlons (8), £,
and F, are thelr energles reckoned from the nonrelativistioc
values of the energy £, of states iny> 3 Ef=E40 + E” + 5:,
Eg= oo+ & t 9%/2me , and  — Ep = 13.4 eV is the electron
vinding energy in the H, molecule, f,’ is the momentum of
the ocomversion alectron

.
3= [ome (18t Bl = 160+ & —1e:) %
%

a)
% [amg (100l - 150l ~1E1)]

?’ is the vactor comneoting the center of mass of the Fﬁ/u
moleocule anl the eleotron,

Thae wixre functions of thes slsotron in the inftial and finsl
states have the following form, (in units & = #zmezj)/:’o/

pOFy = [ Ea]R (e 4 e PR @0

2T (1+A)
pO5) = 25 € R () o Gy (22
h(1e0%) 1% _ _
R,}, (¢) = _21,1;2[_1._—%2;;] ."‘?F(z*bk, 4,2i40), (220

wheze Zo and Z°  are the affective charges ef the Coulemb
centers in tke moleculsr oomplex [Cprp2e], whioh detsrmine the



electron wave funotions in the initial and final states, respecti-
vely; RP is the vector comnecting the ppu center of mass with
the other nucleus of the molecula.r complex, @;f 1s the angls .
between the vectors 7, and g? « In thils paper we use the follo-
wing values of the electron wave function parameters (22) /30/

Fo=1.13 , R, =440  A=06rF, Z¥={. (23)

The interaction operator desocribing dipole ortho-para transitions
has the form
(24)

f:f\ap.t = - et (1 + ) z;: .

mﬂ-¢-2MF

-
After integrating over the variables f" s Z 3 R and
mome ot um ri" s we got the following expression for the rates x)

" Rid z oz} o4 & 2««'3—9-9-&—
Nop = T (+ )( " +2.M)'}T§$ ol ) B (29)

= C&‘IT”“IZ? Ci = 13940 " %1 .
Here o - ~Z, tf’ Rp]
I(g)= {deR, (®)e i %QJPRV (9>§4m%a e 26)

g T I b
]Tho\ g(")+i % Juv)

M,, = [dRd47 r‘fﬂ(i*ﬂ;“ﬂCi“ » (27%)
where X (28)

Ts = ‘5}’2 w8 - ;‘% N(24)(-17) simB e ®

-q 2
x)The value of Cf’ II(?)[ is caloulated in atomio units, and 'T,,olz
is in units e = § = m, =4. :

(27a)

X%)phe ssoond term in the r.h. side of eq. (28) can be neglected
in the two~level approximation adopted here, as far as 1ts matrix
elements between the basis functlons (8) vanish for m=m'=o.

6




Using the Wigner-Kckart theorem, we have

M =< 77710 (g(h)i)]{e) 96, o Jﬁm

and upon substituting this expression into relation (273.); we get

z _ 2394 77170\ =
Tno, = 'E?&;E;‘Z ( ¢} o - g(n.)> la”wnolz =

(29)

J;") (30)
Y e NNy R L
= 29“”’1‘1 3 ’Mhu‘ = 5 zg(.‘) w ‘ano '
where (Jm 1 g™ ) is 3J -~ Wigner coefficlent /3,
17 0-737
Using explicit expressions (8b) and {8¢) for the functions
wa get
for m=a2 (77 4)
_ O]
M. = fJRDCﬂ{%,yo( )){go‘/‘9 (31)
o o) > (@
R NCENICE M Lo ®f=

AR PR Y
for H=3,§ (J“) 57)
r SJRD(R){ i?o( )-Xia;a

(m) ¢ny (e
131?1(2)‘1“0}510{) + F'Xﬁi’zéi()'juz’/i _;'_'

o) =
*—F{D +P D+V3'0F3’2‘D2'}°
Here we introduce the notation

()

= fJK)( (R)D(R)«Y“(R) , n=1,2,3,4. (32)

. j,m LEmp@X(®) | k=4,2.
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DRy = Jdr Rt e R,

The dipole moment .D(R) presented in fig.> has been calouwlated _
in refs. /2°/ ana tabulates in ref.”>” . The values of D, and D,

caleulated by formulae (32) with the wave functions given in figs.4
and 5, are equal to

- = : -4
D =-2510" ) = = 2.0:40
e -¢
~€ = -40 (23
D= 5040 n = 154
D, = -2.5-40
D& = —2.3'40—‘
Using the values of the coefficlents P.(;I) y glven in tabl.l,
we finglly get
’ — -
J]—,{ = 2.6 -iD"& My =~ 1.0-10 (34
10
— -6
— -4 = L2-40
.,Mac = 3.%-40 m&o 224 *
Then in accordance with formulae (18),(19),(25) and (30) we get
‘ 4 . (@ ) 2 -1
)f:; a A?; = 3210 Si 5 )\oF = >or ~ Jo s R (34&)

The Tate >\0p averaged over the initial distribution §, 1s
equal to

4
>\oP = Z £ >‘(o; = (CS'3.2"10 + Ct‘0.35"10 )5“‘ (35)
n=4

4., Rates Aom  and Afm of Muon—Capture from Ortho- and

Parastates of the PR Mesic Molecule

The A ~capture rates -Aorn and Apm from oxrtho— and
parastates of the ppa mesic_ molacule are usually expressed in

terms of the rates A_, and A—* of t —ocapture from the singlet
and triplet states of the PAt mesic atom

6
-A.;=A-Pa_, A5=A+fc\. s ‘ 8



where A'::As‘ are the reaction constantas, corresponding to the
slnglet (-7 and triplet (+) states of the pia meslc atom

and .Pa, 1s the nmuon density in the proton in the Io/w. -
atom ( in units e=Fh =my =4 )
2 n
l LKiso‘z (c) I =

T
The rates A/q of M —capture from the state (r¥) of the
L
PP mesic molecula: Aom .A'w and APM= /\/uo- are expressedln termas
of the constants .As- by the formulae
5

Sb VR o>
AP"“ = Z-PDZ'AEPOG' . 39)
&

where ©,, are defined in eq, (18) and

p s yvennTy,en  “0

are the muon densities in the proton of the PPt mesic molecule

in the state [N in the case of parallel ( Fp= Fp = S,+S, i)
or antiparallel ( Fe = = Sa = Su= o) spins and
FS
ne = Z er@ey )
Fp=-Fs
is the projector onto states with a fixed value }%. = Sq+6‘,$/',_\=,$‘q+g..
Here
% S Ry
g q
= <5 (a8 (s gIREY e et @D
g/u_ /z e A

>
By substituting expansion (8) for the funotions ’yc. (z) k)

into (40), neglecting small components and replacing in {8) the
coupling scheme (5) by the scheme

PR, §eFed, JoF0T «



ne are led to the following expression:

m  Tv (n oy 8 N2 (44)
P = FUs ¥, QG>=§.<§FSIO<IF5>.

Here " I+
( .S'I qu = (-1)’51‘ 1" -+
Y (g o I (45)
2 a I
- + +1
{(21 02k )} ¢ S R

S Sel
are the coeffiolents reooupling of schemes (5) and (43) S S F
are the fy -sym'bols /32/ or Wigner, el

RY
SFF Zf SFe (530S Sl (RS S TH 63 Te e; e

Z
The ratio ‘3”‘ of 4~ -meson densities in the proton in the pou-
molecule and in the pr—aton (the so~called y ~factors of the
states |n > = |r1r>) may be expressed in the followlng way:

JJR{L nno?( )Xnnog( )} 4

where Nn,_.:z_ag( )are the normalization coafficients of the two—center
functions, determined dy the relations

Bromeog (5,25 K) = Mooq (03 [lon (55 )u%( 53 R) (48)

-n-(:m1 (1;R) = ::—raonzﬂ (ti)g) :i

v [ Cuyugmp (5205 =
When calculating Bfﬁr from (47),M, <3 , 1, ¢ 3,4.e.,1n expansion
(8) for the function %(i’)f) s 20 states of the discrete spectrum
of the two-center problem have been used. The contribution of the

highest states of the disorete spectrum and of the continuous
- 1
speotrum of the two-center problem does not exoceed 5.10 4 /‘8/.
According to our calecuwlatlons

i
b

o
i

2 Yo = 1.009 % 0ooq (47a)

2¥p = 2r°° = 1443 % c.cod,
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Table 2

Source Z X; . Z X%
Weinberg (1960) /13 %) 1.165 1.308
E’alp;;n (1964) 74/ o | 1.01+0.005 -
Wessel an;:hillipson (1964) /357 1.000 1.146
Kabir (1966) /7% 1.01 + 0.01 -
Carter (L966) /377 - ' l.lBé
Patterson and Becker (1967) /38/ 1.124 1.255
Xolos (1969) 743/ - 1,147
Ferrante et al. (1976):/46/ - | 1.161
This paper | 2e009 £0-001 1 ,143,0.001
X) Calculated on the basis of the results of ref. /3% .

In tabl.2 our values of ¥ —factors are compared with the results
of previous papers /24-39/
Taking into acocount the relatlons (36)-{40) and (44)

5 () ) ) ‘
Anm = HZ'___:I Pn./\om s Aam = ZB/o—A (49)
APM = 2 bfp A"’?

where

() (rn) ) (50)
N = A ;f-AbQ{_ , n=04,. 5

QS(“)+ Qéu) =:£ .
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Using the values of FS‘}’ glven in table 1 ard the coefficients
(45) we get

(=) (2

s = Q2500 QS = 0?’!{95

(51)
Qs = 0.7494 QY - 00001
Q¥ = 0.0006 ol - o.

_ Taking into acoount that the rate of formation of PEM -
molecules (k;ﬁu = 2.2 10° s ) is negligibly small in comparison
with the rate of transitlon of M -~atom into the singlet state
( )x‘;,, = 1,7 1010 51 ) one can assume with an acouracy of ~ 10
that C;=4 , C, =0 .

Bearing thls in mind, we finally have

Ao = 0756 Ag + 0.253 Ay 52

Apm = 0.286 A, + 085F N\,

Our formulae ceincide with an accuraocy of ~10"2 with the results of
Halpem/ﬁf .
At the values of As = 659 s ana A, = 14,6 57* 7%/ we

have from (52)
Aom = 5‘02’5-1 , AFIM = 201 S,—i . (53)

Now let us take into account the effect of the ortho~para transi-

tions on the observed value of the 4 —capture rate A/q in the
FF/A-moleoule.

5+« Eilnetics of A -Capture in Hydrogen

The system of equatlons describlrg the kinetlos of the processes
which are schematlcally given 1n fig.l, has the form

- th-/; = )1 N,: » -_ J—d:_’—s = A3N3 —_ AP.F/“ CNJ+/V2)
Aﬁ/\q - Aof N3

o IV . dM
- g = M, Fra
- e AN AN A My A g My
with the initial conditions

(%4a)

it

5
2 =1 Ln, MNM)=N ()=, @=0,
ACES A.,:).,,_’ Melod= g Xowaa 72 4t
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Here N, and /M: are the numbers of mesic atoms in the singlet

and triplet s -states, respectively; /V:a and /V& are the

numbers of mesio molecules PP in the ortho— and para—-states x y
N, 1is the number of neutrons formed in reaction (1), and the

following notations are used:
A= Aot Ap t dppu + AL (54v)
M = et dppu + A
Ay = Ae t AOP"'AOM, >‘5=>‘°+AP""‘
The solutlon of system (54a) oan be represented in an analyti-
eal form at any value of ¥Y=AN/M,. The general solution, however,
is given by cumbersome formulae, so let us treat some partioular
cases.
If 42 ¢ %2-10—,31.&, at hydrogen pressurs P> 1 atm. the
following relations are valid:

Co=4 , C, =0

.

(55)
Mp >3 Mppua , No Ao 2> Ao

A"F: ;‘PP/‘l >> ‘A.S)A-é) Anm)-APm

and the general sclution ls esasentially simplified. The time
distribution of neutrons in reactiocn (1) in this case has the form

d No -2t >\f‘l’/"l (Aom —-Apm) _Acpt
Fpp = Aep

N : Mo Ao NT  ~Appact
R s Llia
Pppa Aop Apps

x)strq.otly speaking, lnstead of one equation for /V3 = N (4)
it iu"necessary ta comsider five equations (n=4,., 5)
- éa"_:_a‘_)__. (A°+>~f,?+Ag',',:)/\gf“’_ £, >‘PF/4 (M+ ) | where AR NV
However, according to definitions (19) end (49) and to the
normalization relation 2; fn =1 this set is equivalent to the

given equation for Ny (E)

23



and the integral yleld of neutrons is equal to 0

As Nom _ Appm + Npm >‘P.w. Aop
Do+ dppm Aot Rop Aatdppm Ao AgFdppu Xotdg,

N, (=) = (56%)

The observed capture rate is equal to
(560)

A A
= MM (e) = A 22 20 .
A,M. L] s A,-!—AN/“ +A +>‘Pr/“ .\ +>‘ (j\om'!‘Arm

At the density of liguid hydrogen (¥=1) when )”,ﬂ > ,\,
the time distribution of neutrons from reaction (1) has the form/ of

d M l")o'b “Aﬂrt}
e © & {Arm + (AOMHAI”") = . O

Using the rates (35(,{53) and the value )\PWA = 2,5 10 S"
azgraged over the data of different experiments ( Xp?’“— 2,55+0.18
132 Ny = 2.74s0.25 /4 N = 2:3430.17 74/), we obtatn
at the densit.v of liquid hydrogen:

J\/,,t = 509 g%,

6. Concluslon

The results obtained 1n this paper can bs used for planming
different types of experiments /40/  on M ~capture by hydrogen
nuclel and for their theoretical analysis /41 /

¥hen oalculnting the rate )uo the maln sources of errors
are the cholece of the simplest expression (22) for the wave functlons
desoribing motion of the bound and comverslon electrons and the
use of the two-level approximation in expansion (8) over the adlabatic
basis. 411 these errors do not exceed 10% of the obtalned value

vEho -~
xT:ane ,\qu ';’Pﬂ 2340 3 y, Within the accepted approximations
(55), we negleoted the production of the Pp/v\ molecules 1n ths

parastate in the reaotlon (7).
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Non = 3.2-10% 5'and can be removed if necessary. Whean caloulating

—factors (47a), an expansion over 20 states of the discrete
spectrum of the two—center problem was used, that allowed one to
£ind the values of Yo and §p with an accuraoy 0£~10"" . Note,
that the relativistic correctlons to the wave functions of the
meslc molecule may be ~ 10" and should be taken into account
_in further more precise calculations of 5" ~factors.

The mgin sources of errors in determinatlon of the value /\5
from Eqe (56¢) 1s the uncertalnty of the ppp ~formation rate
’Ar‘r‘r“ , whioh 1s known now with the acouracy of about 10%.

The authors are grateful to Prse.Ve3.Melezhik and T.P.Puzynina
for help anl to Professors A.Bertln, G.Bardin, J.Duclos, Red.
Eramzhyan, Se.S.Gershtein, A.Vitale, J.Martine and EeZavattiod
for stimulating discussionse
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