
quenching i s  written in Eq. (8) in model form. Correct allow- 
ance for the quenching would lead to an additional difference 
between the transport frequencies of the collisions in the ex- 
cited and the unexcited states, which can only enhance the 
considered effect. 

' ) ~ t  is precisely this case which is  considered in Ref. 1, but 
in the numerical example formula (4) of Ref. 1 was used a t  
a 1/6. 
')In a number of cases i t  may turn out to be convenient to use 

Knudsen flow through a capillary, if the indicated difference 
in the degree of diffuse reflection is not small, and the 
quenching of the vibrational excitation is  produced by colli- 
sion with the wall. 

')If the source has a broad spectrum that overlaps several 
vibrational-rotational transitions, it is  necessary to take 
into account in the hydrodynamic equations the evolution of 
the spectral distribution of the intensity. In this case a 
self-consistent problem arises, in which the velocity depends 
on the spectral distribution of the radiation (see the Appen- 
dix), and this distribution changes in the course of absorption 
in the medium in which the drift  fluxes a re  excited. 

'')If the velocity uo is  directed opposite to the wave vector of 
the radiation (against the beam), then it is  necessary to make 
in (39) the substitutions & -4, Pe -- Pe. We have then C 
-Pe/(Pe +(nhL) -1(Pe >u(n)L);no-uO/uD >>n(L) (n). 
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Rotational relaxation of isotope-substituted molecules and 
excited complexes produced in muon catalysis 
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The cross sections of electron-rotatonal transitions produced in collisions of isotope-substituted molecules 
with atomic particles are expressed within the framework of the adiabatic approximation in terms of the cross 
sections of the transitions in the corresponding homonuclear reactions. The general formulas are used to 
calculate the rates of rotational relaxation of the excited complexes produced in muon catalysis of nuclear 
reactions. The relaxation rate is determined mainly by transitions with odd change of the rotational quantum 
number, which are forbidden in homonuclear molecules. It is shown that under experimental conditions the 
relaxation de-excitation of the complexes is much faster than their breakup into the initial products, thus 
producing favorable conditions for the nuclear fusion reaction. 

PACS numbers: 31.70.Hq, 34.50.H~ 

1. INTRODUCTION tally ,' calculated theoretically ,2 and u s e d  to r e g i s t e r  
HD molecules  in  planetary a t m o s p h e r e s  a n d  in in te r  - 

Replacement of one of the  nuclei in a homonuclear stellar medium. 
molecule bv i t s  isotope leads  to  a number of new ef- 
fects.  The  appearance of a dipole moment  and of a vi- An analogous effect is presen t  in the  physics  of a tom-  
brational-rotational emiss ion  spec t rum h a s  been f r e -  ic collisions, namely rotat ional  t rans i t ions  with odd 

quently investigated (for homonuclear molecules ,  the  change of t h e  rotational quantum number,  which are 
corresponding t ransi t ions are forbidden by the selec- s t r i c t ly  forbidden i n  a homonuclear molecule (if we  

tion r u l e s  in the dipole approximation). For the  HD d is regard  the  low-probability p r o c e s s e s  accompanied 

molecule such  a spec t rum w a s  observed experimen- by a change of the  nuclear  sp in  of the molecule).  Col-  
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lisions with allowance for isotope-substituted mole- 
cules have recently attracted attention: but the indicat- 
ed new effect was not considered. 

An interesting (both from the fundamental point of 
view and for possible applications) system of the type 
of isotope-substituted molecule ar ises  in the problem 
of muon catalysis of nuclear fusion reactions. Leaving 
out some details, which a r e  discussed in the original 
and in the review  article^,^*^ we recall that the reson- 
ant capture 

(1. l a )  
(1. lb) 

results in systems that can be regarded as isotope- 
substituted molecules of deuterium o r  tritium, with the 
role of one of the nuclei played by the mesic molecule 
(tdp). The complexes [(tdp)d .2e] o r  [(tdp)t 2e] a r e  
produced in excited vibrational-rotational states. If 
the excitation of the complexis liftedby some addition- 
a l  process, then the resonance conditions a r e  violated, 
the breakup of the complex into the initial products be- 
comes unlikely, and the nuclear fusion reaction in the 
mesic molecule (tdk) can proceed effectively enough. 
Since the initial energy of the collision (1.1) i s  therm- 
al, the required lifting of the excitation ensures rota- 
tional transitions in the complex, e. g. , in collisions 
with the molecules of the medium 

[ ( tdp)d.2el  ( l a ) + D z - [  ( tdp )d -2e l  (I)+&, (I. 2a) 
[ ( tdp )  t .  2e]  ( I0 )  +DT+ [ ( tdp )  t .  2e] ( I )  +DT, (1.2b) 

where J, and J a r e  the rotational quantum numbers. 

In the present paper we obtain the characteristic rates 
of these processes and show that the principal role is  
played precisely by those transitions whose possibility 
is  due to the "isotopic" substitution of one of the nuclei 
(Sec. 3). It turns out that under the conditions of the 
experiments of Bystritskii e t  al.  the rotational relaxa- 
tion i s  much faster than the breakup into the initial 
products, whereas the radiational relaxation plays no 
role (Sec. 4). It i s  thus possible to demonstrate satis- 
faction of a necessary premise for the realization of the 
fusion reaction. 

The proposed theory (Sec. 2) i s  based on the adiabatic 
approximation for the description of the rotation of the 
molecule during the collision, including also the non- 
adiabatic correction. With account taken of the small- 
ness of the ratio (MI - M,)/2(M1 + M2)(M1 and M,) a r e  
the masses of the nuclei], which characterizes the 
asymmetry of the distribution of the mass in the mole- 
cule, it becomes possible to express the cross sections 
of the various rotational-inelastic collisions in terms 
of the cross sections for the corresponding homonuclear 
molecule. This avoids special calculations o r  experi- 
ments for the isotope-substituted molecules, by making 
simple use of the extensive theoretical and empirical 
material accumulated by now for processes with homo- 
nuclear reactions. Thus, the theory is much simpler 
here than for the calculation of the dipole moment and 
of the probability of the radiative transitions, which 
have a much smaller smallness parameter m,(Ml - M,)/ 
(MIM,) (me and which call for special complicated cal- 

culations with allowance for the nonadiabatic connection 
between the electron and nuclear motions in the mole- 
cule. 

2. SCATTERING BY ISOTOPE-SUBSTITUTED 
MOLECULES 

In a homonuclear diatomic molecule,, the selection 
rules forbid various collisional rotational transitions, 
depending on the accompanying change in the electronic 
state. In investigations of the lifting of such hindrances 
on account of isotopic substitution, the concrete formu- 
las for the cross  sections depend on the electronic tran- 
sition and on the type of connection between the elec- 
tronic, spin, and rotational angular momenta of the 
molecule in the initial and final states (collisions with 
change of the electronic state a r e  of interest, e. g. , 
because the produced electron-excited molecules a re  
in many cases easier to register). The method used 
for the theoretical analysis is  illustrated below by one 
of the simplest examples, namely the transition 
'Z:9u,) -'A: (U, or  'c;$,, -'A: k,, where q0 and q take on 
values + or  - (A i s  the projection of the mechanical 
angular momentum of the electrons on the molecule 
axis). This includes also a s  a particular case, 
scattering without an electronic transition for a mole- 
cule in the state h, ; the corresponding formulas 
a r e  used later in Sec. 3 (we recall that most molecules 
in the ground electronic state have a symmetry 'z). 

In the considered case,  the angular momenta in the 
initial and final states a r e  usually connected by a type- 
b Hund rule. For applications, it i s  convenient to con- 
sider transitions between states with definite * sym- 
metry ," whose wave functions take in the Born-Oppen- 
heimer approximation the form 

where q,,,(R) and J i ,  are  respectively the vibrational 
and electronic wave functions, and v i s  the vibrational 
quantum number. The rotational and total angular mo- 
menta of the molecule coincide in this case and a r e  
equal to J ;  M, i s  its projection on the Z axis of an im- 
mobile coordinate system, and D<,-,(cu,P,O) is  a Wig- 
ner function describing the rotation of the axis connect- 
ing the nuclei. The angles o! and f i  coincide with the 
two first  Euler angles that determine the orientation of 
the system 5175 connected with the molecule (the f axis 
passes through the nuclei), relative to the immobile . 
coordinate system XYZ. The third Euler angle vanish- 
es ,  since the 17 axis i s  chosen to lie in the XY plane. 

In the adiabatic approximation (see, e. g. , Refs. 8 
and 9)Aone calculates first  the scattering amplitude 
Fv0-. ($, k, E , R )  with a given electronic transition v, - v for the initial momentum k, and the final mome>tum 
k of the relative motion of the colliding particles (k, 
and k are  unit vectors directed along $ and k, and E 
is the initial energy of the relative motion). The mole- 
cule in question can collide with an electron, atom, or  
another molecule; the state of the latter, to simplify 
the formulas, i s  assumed to be unchanged by the col- 
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lision (for a more general case see Ref. 10). The pos- 
ition of the nuclei of the molecule in the immobile coor- 
dinate frame i s  characterized in this case by the inter- 
nuclear vector R. 

The amplitude of scattering with the molecule transi- 
tion 

'D, uolo+'A~, u l  

(v, and v a r e  the initial and final vibrational quantum 
numbers) i s  determined by a matrix element of Fvo,v 
x (lq,,k,E,R): 

where the integration i s  with respect to R. In accor- 
dance with the adiabatic approximation, we neglect 
throughout the change of the rotational energy in the 
collision compared with the initial and final energies 
of the collision and with the energy of the electronic 
transition. 

If the vectors k, and k of the initial and final momen- 
ta a r e  turned simultaneously around the R axis through 
a certain-angle w, then the scattering amplitude 
~~ , , ,@, ,k ,  E,R)  acquires a phase factor exp(ipw), where 
the quantity p =  A - 4 determines the transfer of the 
angular momentum to the electron shell when the latter 
is excited. The scattering amplitude must be expanded 
in the Wigner functions Df,,((~,j3,0), where p takes on 
the values *(A - A,) and *(A + A,) (in our case A, = 0): 

Integrating in (2.2) over the angles, we express the 
differential scattering cross  sections in t e rms  of the 
coefficients alm,. Summing the cross sections over M, 
and averaging over M,,, we obtain 

- -  k 
UJ.+J('B~, uo + 'A", U; ko, k, E) = -(2J+1) [ l+qoqk(-1) 'o+'] 

ko ( I + ~ o A )  

0 

(2.5) 
where the usual notation i s  used for the 3j-symbols, 
5 = +1 if the initial and final electronic states have the 
same parity (u or  g) relative to reversal  of the sign of 
the electron coordinates, and 5 = -1 in the opposite 
case. 

It i s  necessary to substitute in the adiabatic-approxi- 
mation formulas (2.2) and (2.3) the amplitude of the 
scattering by immobile charges, calculated relative 
to the mass center cm of the molecule. For a homo- 
nuclear molecule this amplitude Pm becomes simultan- 
eously also the amplitude FC determined relative to the 
center c of the internuclear segment, and for isotope- 
substituted molecules the foregoing quantities a r e  con- 
nected by a translational phase factor (Ref. 11)'' 

where the vectorAR= (R, + q ) / 2  i s  directed from the 

point cm to the point c;  R, and R, a r e  vectors directed 
from the center of gravity of the isotope-substituted 
molecule to the corresponding nuclei; a= k, - k is the 
momentum transfer. As indicated by Takayanagi," 
the idea of a calculation based on formula (2.6) was 
suggested to him by G. F. Drukarev. 

The amplitudes FC., and F . h o m ,  which describe scat- 
tering by isotope-substituted and homonuclear mole- 
cules, a r e  different because of the difference between 
the reduced masses p,  and p , of the colliding par- 
ticles in these two cases. In the Born approximation, 
the following relation is valid 

.. A 

FC," (k, k, E, R) = CL'. F*.b," 
- pi. 

p.hom (L.k.-E.R). ~ l h ~ , "  (2.7) 
and will be assumed approximately satisfied also in the 
more general case. We finally obtain thus the relation 

.. - PI. P""(k0, k, E, R) = -exp(iARq)PPham (COO ik E, R) . (2.8) 
Pm" phom 

We note that for scattering of an electron by a molecule, 
the ratio p,/ph0, i s  quite close to unity. 

We substitute (2.8) and (2.3) in (2.2) and expand the 
translational exponential in bipolar harmonics, after 
which it becomes possible to integrate over the direc- 
tions of R and express the differential cross section 
for scattering by an isotope-substituted molecule in 
terms of the parameters a,,,, determined in accor- 
dance with Eq. (2.3) for the homonuclear molecule. 
Averaging over the direction of the vector q,  we ob- 
tain 

- A ' k  
a,*, (12*, uo -+ 'An, 0; ko, k, E) = (21i-1) (E) - 

CLha ko .z r, ( 2 ~ + 1 )  (2L.+1) (Y+1)-' (; =" -; :) 
U' I," 

[ i+q0,t (-1) '*+'+'I 
I , L , , - A I ~ , E ,  (2.9) 

1+6u 

where j, (2) a r e  spherical Bessel functions, 

In the theory of molecular spectra, the dependence of 
vibrational wave functions q,, on the rotational num- 
ber J leads to the so-called vibrational-rotational inter- 
action. If this relatively weak effect i s  neglected, then 
the coefficients 

do not depend on J ,  and J .  We shall henceforth omit for 
simplicity the symbol for the electron-vibrational tran- 
sition 

'2*, uU.+'Aq, u. 

The next important simplification i s  obtained if, as- 
suming the Franck-Condon approximation to be satis- 
fied, we replace R by a certain characteristic constant 
R, in the product j,a,,-, in (2.10). Comparing the for- 
mula for the cross sections obtained in this manner 
with the formula (2.4) for the homonuclear molecule, 
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we express all  the differential cross sections u" of the 
rotational transitions for the isotope-substituted mole- 
cule, in terms of the cross  sections uhom for scatter- 
ing by the homonuclear molecule, calculated at one and 
the same initial relative collision velocity: 

The cross section u/_021(io,k, plsE/phOm.) can pertain both 
to the state A+ and to the state A', depending on which 
of the transitions i s  allowed by the selection rule a t  
given 1 and L .  

The ratio AR/(R, + R,) = ( M ,  - M,)/~(M, + M,) can 
serve a s  a small parameter, since i ts  value i s  1/6 
even for one of the most asymmetrical isotope-substit- 
uted molecules HD [actually the expansion (2.11) con- 
tains only even powers of (AR)']. Therefore, being in- 
terested in momentum transfers that a r e  not too large, 
we can expand the spherical Bessel function j, in a se r -  
ies. For transitions allowed in a homonuclear mole- 
cule, I takes on in (2.11) even values, and in the low- 
est order of the expansion we obtain 

For a heteronuclear molecule the factor ;[I 
+qgo((-l)Jo+J] in the second part of (2.12) must be re -  
placed by unity. The cross section u,","'(k,,k, p i s ~ / p h o m )  
pertains to a transition into the state 'A', where ?j =q 
if L + J, + J is an even number, and G= -7 in the op- 
posite case. The first  equality in (2.12) follows direct- 
ly from (2.8) with AR - 0. Thus, formula (2.12) ex- 
presses simultaneously the cross  sections of different 
collisional rotational transitions in a homonuclear 
molecule in terms of the cross sections of the transi- 
tions from the ground rotational ~ t a t e ' ~ . ' ~  (the last r e -  
sult was obtained recently by a number of workers for 
the case of scattering without an electronic transi- 
tion13. 14 ). 

In the case of transitions that a r e  forbidden in a homo- 
nuclear molecule, I takes on only odd values and the 
cross sections for the isotope-substituted molecules a r e  
of the order of smallness (AR)2:  

If we confine ourselves to collisions without a change 
in the electronic state, then for transitions with odd 
AJ, which a re  forbidden in a homonuclear molecule, 
we obtain, integrating (2.13) over the angles, the total 
cross sections for scattering by an isotope-substituted 
molecule in terms of the momentum-transport cross  
section u ~ ' ~ ~ ~  for scattering by a homonuclear mole- 
cule : 

2 
u ~ ~ ~ ~ . + ~ ,  (E) = -(AR)' k2(2Jo+2A1+1) 

3 
lo L ],,+A1 
0 0  0 )za"l("~). Phm (2.14) 

We indicate in conclusion that the formulas derived 
here for transitions between single states a re  valid also 
for states with arbitrary multiplicity, if the multiplet 
splitting is small and i s  not resolved e ~ p e r i m e n t a l l y . ' ~ ~ ~  

3. ROTATIONAL RELAXATION OF EXCITED 
COMPLEXES I N  MUON CATALYSIS 

The rate A(:,) of departure of molecules from the j,- 
the rotational state on account of the collisions (1.21, 
with allowance for processes with AJ= J- J,=*l; *2, 
i s  

where n i s  the concentration of the molecules of the 
medium, a ,O_, = ((vuJo- i s  the rate constant of the 
collision processes (1.21, and the averaging ((. . . )) 
i s  carried out over the Maxwellian distribution for the 
collision velocity v. Collisions with change of rotation- 
a l  states of both molecules make a negligible contribu- 
tion to the departure rate,  as do also processes with 
AJ> 2 (cf. e.g. , the results of numerical calculations 
for Hz-H,  collision^'^^'^ and HD-Hz collisions17). 

The detailed balancing relations make it possible to 
express all the in terms of rate constants of col- 
lisions of the second kind (i. e. , with Jo > J). We re-  
duce the latter, in turn, to the rate constants a,,., 
(k i s  the Boltzmann constant): 

where T is the temperature of the medium. At c = 0 
this formula is exact within the framework of the adia- 
batic approximation and neglecting transitions with 4J 

2 [the corresponding formula for the cross sections is 
obtained from the second equation of (2.12) in the par- 
ticular case of scattering without an electronic transi- 
tion]. The exponential dependence on the energy defect 
of the process 

( J =  J, if 41> 0, and J o +  4 7  in the opposite case; B is 
the rotational constant of the molecule) serves in (3.2) 
for a semi-empirical allowance for deviations from 
adiabaticity ,I8 since it corresponds to the Massey adia- 
batic criterion for the cross  sections of slow collisions 
[o- exp(-const~E/v)], and can be obtained also in the 
approximation of two states and in an estimate by per- 
turbation theory. A similar dependence was proposed 
on the basis of other considerations by otherslg (cf. Ref. 
14). The parameter c can be determined, for example, 
from experimental data, a s  was done previ~usly , '~  or  
by approximating the results of other calculations (see 
below). At high temperature expression (3.2) goes 
over into the result of the adiabatic theory. 

When (3.2) and the explicit expressions for the 3j 
symbols a r e  taken into account, formula (3.1) takes 
the form 
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B + + )  + )  - 4 ~  
BJ,  - 2 -(2J0+3) )] a,..]. (3. 3) 

(2Jo+3) (2kT)"'  kT 

We turn now to the calculation of the independent rate 
constants a,, and a,_,, and consider first  the transi- 
tions 1-0,  which a r e  forbidden in the corresponding 
homonuclear molecule. Equation (2.14) takes in this 
case the form (we leave out the electron-vibrational 
transition labels) 

Many calculations have been made of the total scatter- 
ing cross sections a,_, for Hz-H, collisions, using 
methods of the strong-coupling type (see Refs. 15 and 
16 and the bibliography therein), but no momentum- 
transfer cross sections have been reported although 
they could be calculated without difficulty. The data 
available to us on the differential and partial cross 
 section^'^.^^^^^ a r e  insufficient for a reliable calcula- 
tion of the momentum-transfer cross section. We in- 
dicate finally, that it i s  possible in principle to use the 
transport cross sections obtained from diffusion ex- 
per iments . 

Consider two molecules, in which one of the nuclei i s  
replaced by various isotopes. Denoting the pertinent 
quantities by the indices 1 and 2, we obtain, with the 
aid of (3.4) the scaling law for the cross sections of the 
1 - 0 transitions in these molecules: 

o r  for the rate constants a,,(T) 

where pi,, a r e  the reduced masses of the colliding par- 
ticles. Thus, the rate constants of interest to us dif- 
fer only by a factor from those calculated by Chu17 by 
the effective-potential method for the process HD(J=O) 
+ H, - HD(J = 1) + Hz. In our case this allows us to use 
in the simplest manner the available published data. 

To calculate the rate constant aj:, we retain in (2.11) 
two terms with I = 0 and 2, and retain in the spherical 
Bessel functions j , (ARq) only the principal terms of 
their expansion in the small AR: 

Pi. O ~ : ~ ( E )  = ( k ) ' [ a Z  (ko,  C,-E) 
Phon phom 

16 - .. + - ( d R ) .  P , . z ~ z ( i - k . k ) z a 2 ( L ,  i.V-31 . , 
225 p12.n 

(3.7) 

The second term turns out to be comparable with the 
first  because i t  contains an elastic-scattering cross  
section u,h_q that i s  large compared with u$srn. TO ob- 
viate the need for knowing the differential cross sec- , 
tion uj$rn, we exclude it by using the results of calcula- 

tions in the similar approximations used by Green" 
for the H,-H, collision and by Chu17 for the Hd-H, col- 
lision. We then obtain for the rate constants 

$., (T) = (2) ' ai20 (E T )  

where the indices 1 and 2 pertain respectively to the 
scattering (1.2) and to the Hd-H, system. 

The rate constant at; was taken from the paper by 
Chu." Inasmuch a s  Green1' gives no rate constants, 
akrn was calculated from the data of his paper for the 
cross sections uo:_ozm, which were approximated by the 
analytic formula 

where a=2.264.10-l7 cm" a=l.0421, and Eo=0.0441 
eV a r e  in fair agreement with the results of the calcul- 
ations by Allison and ~algarno."  We prefer Green's 
data," since the interaction potential used by him is 
analogous to the potential assumed in Ref. 17. 

The figure shows the results of a calculation of AZ 
by the described method for the process (1.2) a t  Jo 
= 1,2, . . . , 5  and for liquid-hydrogen density (no = 4.2 5 

loz2 ern-') a s  a function of temperature. The non-adia- 
baticity parameter c was determined by least squares, 
with the results of Chu17 approximated with the aid of 
formula (3.2) (c = 6.45 - 10'' sec/cm-g). 3 '  We note that 
neglect of transitions with &I= 2 underestimates the 
departure rate $: by approximately 10-150/,, i. e. , the 
principal role i s  played by transitions with W =  1. 

The actual method for practical applications (Sec. 3) 
of the general results (Sec. 2) was dictated by the ten- 
dency to make the simplest possible use of the available 
published data. If the transport cross  sections a r e  sim- 
ultaneously calculated with the scattering cross sections 
of the homonuclear molecules, then the determination 

FIG.  1 .  Rate AX' of rotational relaxation of excited complexes 
as a function of temperature at a material densityno= 4.25 loz2 
~ m - ~ :  a-the complex l ( t&)d*2el  (Jo), process ( 1 . 2 a ) ;  b-the 
complex [ ( t @ ) t  - 2 e l  W o ) ,  process ( 1 . 2 b ) .  The numbers on the 
curves indicate the values of the initial rotational quantum 
number Jo.  
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of the cross sections for the isotope-substituted mole- over a time sufficient for the nuclear reaction to take 
cules becomes quite simple. The accuracy of the ob- place. 
tained rate constants a,, and a,., can apparently be re -  
garded as comparable with the accuracy of Chu's cal- 
culations. l7 Extrapolation of the data to other transi- 
tions entails additional neglect of the transitions with 
W >  2, which leads to e r r o r s  of several percent, and 
also requires a semi-empirical allowance for the non- 
adiabaticity of the collisions, which can introduce under 
the most unfavorable conditions (low temperatures, 
high levels) an e r ro r  of several dozen percent. This 
accuracy i s  fully sufficient for an estimate of the role 
of the collisional rotational relaxation in muon catalysis. 

For a rough estimate of the role of radiative transi- 
tions one can assume that the matrix elements of the 
dipole-moment operator for transitions in the complex 
[tdpfd2e] a r e  the same as for the HD molecule, i. e. ,  
-lo4 D.' Since the last quantity i s  small (cf. Sec. 11, 
the characteristic rate of radiative relaxation 
sec-') i s  smaller by many orders of magnitude than that 
of the collisional relaxation, so that a t  matter concen- 
trations corresponding to a liquid o r  a solid, the form- 
er process can be neglected. The density of the med- 
ium does not influence the radiative relaxation, where- 
a s  the rate of collisional relaxation is proportional ac- 
cording to (3.1) to the density). 

The capture rate (1.1) An' was calculated by ~ i n i t s k i i  
e t  a1. ,5 where it i s  given for a material density no 
=4.25 . loz2 cm-3 and for a Maxwellian distribution 
y(E, T) in the collision energy E for the temperature 
T: 

The rate A, of the inverse process-the breakup of the 
excited complex into the initial products-can be ob- 
tained with the aid of the detailed-balancing relation, 
which in this case takes the form 

The authors a r e  deeply grateful to L. I. Ponomarev, 
who called their attention to the problem of rotational 
relaxation in muon catalysis and for making many help- 
ful remarks during the discussion of the work. 

 or the states Z, the electronic wave functions IpA already 
have a definite symmetry, + or  -. Therefore, i t  suffices 
in this case to put formally in (2.1) and (2.2) 7 = 1 for both 
the + and the - states. 

2 ) ~ n l e s s  otherwise indicated, we use atomic units throughout. 
3)Another and apparently less  accurate value c=3.3 0.4). loi9 

sec/cm-g was deduced in Ref. 18 from the experimental data 
under certain assumptions concerning the mechanisms of 
population of the rotational levels in a low-temperature plas- 
ma. 
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