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The rates A,,, ( T )  of resonant formation of ddp muonic molecules in collisions between d p  
muonic atoms and D,, HD, and D T  molecules at temperatures 10 5 T 5  1000 K are calculated. 
The calculated rates Add, ( T )  for the d p  + D, + [ (ddp )dee] reaction agree well with the 
measured ones in the entire range of the deuterium temperature. 

1. INTRODUCTION the de-excitation" in the ddp  molecule were also found. In 
Resonant production of ddp muonic molecules was addition, new more accurate expressions were obtained in 

first observed in experiment by Dzhelepov and coworkers.' Refs. 11-13 for the rate Add, ( T )  (see also Refs. 14 and 15 1. 
In contrast to ordinary nonresonant of ddp molecule pro- On the basis of the foregoing results, we have theoretically 

duction, in which the binding energy of the produced calculated in the present paper the rates Add,, (TI  for the 
muonic molecules is carried away by the conversion electron reactions 

dp+D,-+ [ (ddp) de] + f e ,  (1 )  

the mechanism proposed in 1967 by Vesman2 for resonant 
production of ddp molecules is essentially the following. As 
the d p  muonic atom with kinetic energy E, approaches one 
of the nuclei of the D2  molecule, it joins it to form the mole- 
cule ddp (more accurately the muon-molecular ion 
( d d p ) ) )  in a weakly bound rotational-vibrational state 
(J= u = 1) ;  this molecule becomes then the "heavy nu- 
cleus" of the muonic-molecular complex [ (ddp)dee] : 

The released binding energy I&,, / = /&,, I  of the muonic 
molecule ddp goes then to excitation of the rotational-vibra- 
tional states (vK) of the muon-molecular complex 
[ (ddp)dee] ,, (see Fig. 1 ) . 

If l ~ , , l - 2  eV, the reaction (2 )  has at deuterium tem- 
pertures T>, 100 K a rate Add, - lo6 s-I, which is several 
times ten larger than the rate of the nonresonant process ( 1 ) . 

The existence of a weakly bound state (J = u = 1 ) of 
the ddp molecule was reliably established in theoretical pa- 
pers in 1973-1983 (Ref. 3 ) .  This made it possible to carry 
out in 1977 the first sufficiently corroborated calculation of 
the dependence Add, ( T) of the rate of production of the ddp  
molecule on the temperature Tof the medium. On the whole, 
however, this calculation was only by way of a demonstra- 
tion, since the value of E ,  , was known at that time only accu- 
rate to -0.1 eV, and was itself determined by comparing the 
theoretical Add, ( T) curve with experimenthat T Z  300 K. 
Moreover, the calculation of Ref. 4 did not take into account 
the spin structure of the d p  atoms in the ddp  molecules, of 
the rotational structures of the D2  molecule and of the 
[(ddp)dee] complexes, or of the features of the kinetic 
muonic-molecular processes in deuterium, viz., decay and 
stabilization of the muonic-molecular complexes 
[ (ddp )dee] , the nuclear reaction and the cascade transition 
in the ddp muonic molecule, the spin flip of the d p  atom in 
collisions, and others. 

All these effects are taken into account in the present 
paper.'' The energy of the (J = u = 1 ) state of the ddp  mole- 
cule was recently calculated with high accuracy ( - lo-' 
eV) ,'.' and the rates A of the nuclear reaction9 and A ::, of 

whereA = D, H, T; a = d,p,  t ,  without using any adjustment 
parameters or additional hypotheses. The calculated 
Add, ( T )  dependence describes well all the known experi- 
mental data on the reaction ( 2 ) ,  which we use hereafter as 
the example to demonstrate the calculation procedure. 

2. PLAN OF CALCULATING THE RATES A,, (T) 

When muonic atoms (dp) ,  in the spin state F collide 
with a molecule (D,) t' in vibrational-rotational state 
(vIK,  ), excited muon-molecular complexes [ (ddp)dee] 
are produced in a vibrational-rotational state (v,Kf) are 
produced in accordance with the reaction 

at a rate A,,,,,,, where S is the total spin of the ddp mole- 
cule. 

The complex produced either decays with a rate T,,. 
into the initial fragments (in the general case F 1 # F ,  vj#vi 
and K :  #Ki ), or is stabilized at a rate A ,,, by the de-excita- 
tion ( J u )  - ( J ' u ' )  of the ddp molecules: 

FIG. 1. Resonant formation of muonic molecules ddp: the reaction is 
possible if the resonance condition E, + E ,  , /  = AE, is met. 
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The decay of the complexes is hindered also by the nuclear 
fusion reactions 

which proceed at a rateAf and with corresponding probabili- 
ties p = 0.58 and 1 - P = 0.42,'"'7 while p - sticks to the 
helium in the first channel with probability w, = 0.122.'7*'R 

The rate of the reaction (3  ) is2' (Refs. 1 1 and 13 ) 

where No = 4-25,  1OZ2 cm-3 is the liquid-hydrogen density, 
p = N/No is the relative density of the deuterium, p is the 
momentum of the relative motion of the dp  atom and the 
molecule D,, f ( ~ ,  T) = ~ ( E , / T T ~ ) " ~  exp( - E, /T) is the 
Maxwellian distribution in the relative collision energy E, at 
a given temperature3' T, Vfi is the coordinate matrix element 
of the transition from the initial state i to the final o n e j  

M,,, M,,, and M j  are the third projections of the orbital 
momenta K, , Kf, and J. 

The overlap of the spin functions of the initial ( F )  and 
final (S) states, with allowance for the identity of the nuclei 
in the ddp molecule, is taken into account by the factor'' 

where 

is the Wigner 6j symbol, and I = 1 is the total spin of the two 
deuterium nuclei in the ddp molecule. 

The coordinate parts of the wave functions and the 
transition operator are given by 

Here r ,  and p, are the internal coordinates of the dp  atom 
and of the D, molecule, p, is the relative coordinate, r and R 
are the Jacobi coordinates of the ddp niolecule, p is the inter- 
nuclear coordinates of the muonic-molecule complex 
MD = [(ddp)dee], d the dipole moment of the ddp mole- 
cule, and W ( p )  the '2, term of the H, molecule. (The 
grounds for choosing expressions (6)-(9 ) are given in Refs. 
11-15.) 

The initial and final energies Ei and Ef for the reaction 
(3)  are respectively 

where E ,, ( d p )  and AEF are the nonrelativistic energy and 
the relativistic hyperfine splitting of the 1s state of the dp  
atom, corresponding to the total spin F, Ej, (ddp) and 
are the corresponding values for the ( J u )  state of the ddp 
molecule with total spin s .~ ' ,~* The resonance condition 
Ef = E, can be represented in the form E, - E,.,., where 

Here E, = + AE,, is the resonance defect, 

= E l l ( d d p )  - E 1 , ( d p )  i s theenergyof the(J=v= 1) 
of the ddp molecule without allowance for the spin splitting, 

= A E ~  - is the spin splitting of the energy level 
El ' 9  

A E v , , ~ i , v f ~ j = E v , K f ( M D )  - E v i K i  (D2) =AEv+AEf j ,  

The energies E,,, (D,) and EVFr (MD)  of the rota- 
tional-vibrational states of the molecblk D, and of the com- 
plexes MD were calculated in Ref. 23 accurate to - eV. 

The energy-level splitting schemes of the initial and fi- 
nal states are shown in Figs. 2 and 3. We used in the calcula- 
tion the values4' E,, = - 1.964 eV and A&, and AE,.,. ob- 
tained on the basis of the results of Refs. 8 and 21-25. For the 
reaction (3)  at vi = 0 and v,- = 7 the resonance defect is 
E~ = 0.0337 eV, while the values of AE, are 

The rate A, of formation of the muonic molecules 
(ddp ). from the initial state the muonic atoms (dp)., aver- 
aged over the .rotational states of the molecule (D,),i and 
summed over the final states of the complex (MD),, is 
equal to 

FIG. 2. Hyperfine and fine splitting of the energy level of the atoms (dp). 
and of the muonic molecules (ddp ) s 4 ,  F = S, + S, is the total spin of 
thedpatom, S = S, + Sd + Sd andf = S + Jarerespectively thetotal 
spin and the total angular momentum of the ddp molecule. The transition 
energies for the reaction ( 3 )  are marked on the vertical arrows of the 
( F - S )  transitions, their resonant energies e, + AFFs at the start of the 
arrows, and the corresponding weights WFs at their ends. 

657 Sov. Phys. JETP 65 (4), April 1987 Man'shikov etal. 657 



FIG. 3. Resonant transitions in reaction ( 3 )  with allowance for the rota- 
tional level splitting of the ( D , ) , , , ,  molecule and the [ ( ddp )dee ]  , j ,K ,  

complex. On the left are marked the values of I E ,  , + AE,  I + E ,  , on the 
right the values of ( 1  1 )  and ( l l a ) ,  and all values are referred to the 
ground state of the molecule (D?) , . ,  = ,, , 

where 

0 ( x )  = I  if x>0, 0 ( x )  =0 if x<O, 

.s,=EViKi (D2) -Ev io  (DZ) (1%) 

is the rotational energy of the D, molecule, 

is the Boltzmann distribution of the D, molecules over the 
rotational degrees of freedom. Here Z, is the partition func- 
tion over the rotational states of the D, molecule at a given 
temperature T, 

E (Ki) =Z/3 for even K,, 

( K )  = I  for odd K i  ( l 3 d )  

(for the case of equal populations of the ortho and para 
states of the D, molecule). 

The resonance process ( 2 )  is possible only if E , ~  > 0. At 
temperatures T 5  lo3 K the rotational states Ki < 10 are ex- 
cited, i.e., at the resonance ( 11) it is possible to have - 100 
different values of AE$ corresponding to different (Ki,  Kf)  
combinations, and 209 terms in the sum ( 13) that is bound- 
ed by the condition E$ > 0. Actually, at a given temperature 
T, a substantial contribution to the sum ( 13 ) is made only by 
2-3 terms, for which E$ - T. 

The rate T,,, of the decay of the complex (4 )  is equal 
to5) 

a,, 706s-I 

FIG. 4. Temperature dependence of the partial rates AFs of the process 
( d ~ ) ~  + D2- [ ( d d p ) , d e e ] ,  which correspond to the transition scheme 
of Fig. 2. The sharp peak of the rates A,/, ,/, at T = 46 K corresponds to 
the resonance energy E~ = 5.9 meV of the dipole transition (F= 9 ,  
K, = O ) - ( S = f , K f = l ) .  

where SKf ,FK, is defined by the e x p r e ~ i o n ' ~ ~ ~ ~ ~ ~ '  

wherep; ' = mG' + m,' is the reduced mass of the system 
d p  + D,, and the spin factor WFs is defined by Eq. (8 ) .  

The details of the calculations of the rates ilFs and TsF 
are given in Refs. 11-13, and their dependences on the tem- 
perature Tare shown in Figs. 4 and 5. The observed rateil,,, 
of formation of ddp molecules is expressed in terms of the 
quantities A, and rsF,  the rate il y' of the nuclear fusion 
(5 ) ,  the rate (4b) ofthe Auger transitions, the rateil,, of the 
nonresonant formation of ddp moleculesZX in the reaction 
( I ) ,  and the rates A,. of the spin flip of the d p  atom in 
collisions with deuterium nuclei. To find the corresponding 

FIG. 5. Temperature dependence of the rate T,, of the inverse decay of 
the complexes in the reaction [ ( d d p ) ,  dee] - ( d p ) ,  + D2. The valid ap- 

proximations are r,,,,,, - 2 r, ,,, ,, =.const. 
P F 
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expressions for A,,,, it is necessary to examine the kinetics of 
the muon-catalysis processes in deuterium. 

3. KINETICS OF p-CATALYSIS PROCESSES IN DEUTERIUM 

Muons of energy - 10 keV produce with deuterium, 
within a time to- 1 0 " p  - '  s (Ref. 29), d p  atoms in highly 
excitedstatesn > 14 (Ref. 30). Aftera timet, - lo- ' '  p ' s 
they go over to the ground 1s state of the d p  atom3' and 
populate statistically the sublevels F = 4 and F = + of its 
hyperfine structure" (these sublevels will hereafter by la- 
beled 1 and 2)  with weights 7, = f and 7, = +. This is fol- 
lowed by processes (1 )  and ( 2 )  of ddp-molecule formation 
and by spin-flip processes3"34 

with the rates of the direct and inverse processes ( 16) con- 
nected by the detailed-balancing relation 

The general case of kinetics ofp-catalysis proceses in a 
mixture of hydrogen isotopes is quite complicated and is 
considered in Refs. 35 and 36. The sequence of the processes 
in pure deuterium is shown in Fig. 6, and the corresponding 
set of equations is 

with initial conditions 

Our notation here is: N, is the number of (dp) ,  
muonic atoms; N is the number of (ddp)  muonic molecules 
in a stateu = {s, JV}, and for the resonant state J = u = 1 we 
put hereafter u = S; N, is the number of neutrons emitted in 
the reaction ( 5 ) ;  w =flu, is the probability of muon stick- 
ing in reactions (5);A, = 0.455.10 's '  is thep-  decay rate; 
A:"' is the rate of the nuclear reaction in the state of the 
muonic molecule (ddp), ;  A,, is the total rate of nonreson- 
ant formation of ddp molecules in reaction ( 1 )  in all the 
states a = ( S ,  J u )  [with exception of the state (J = v = 1 ) 1, 
for which r,, = 0; A,,. is the rate of the Auger transitions 
(4b);  A,. is the rate of the spin flip in reactions ( 16). All the 
rates A,, A,,. , A, and A,, are normalized to the liquid- 
hydrogen density No = 4.25.10" cmP3. In the calculations 
that follow we have used the following numerical values of 
the characteristics of the process: 

k ~ ~ ' ~ 4 . 7 ' 1 0 '  S- '  [Ref. 341, h,,=0.4.105 s- '  [Refs. 4, 281, 
( - 1  

h, =0.431OY s- '  [Ref. 91, k, =1.5109s- '  [Ref. 91, 
?.sa=0.08. lo9 S - '  [Ref. 101, 0=0.071 [Refs. 17, 181. 

(20) 

TheratesA, ( T )  --, 10'-lo7 s- '  and I-,, =: 10'-109s-' were 
calculated in the present paper (see Figs. 4 and 5) .  

With the inequalities {r,,Af("' )${A,, A,} taken 
into account, it follows from Eqs. (18) that at 
t$  (& + r, ) -'--,0.5.10-'s there is established in the sys- 
tem a qusistationary regime in which the conditions dN, / 
d t z O  are met and the following relations hold: 

In this regime, the system (18) takes, accurate to 
{AFs,A,}/{AF5,Af'"'}z 10-5 the simpler form 

which corresponds to the scheme of the processes in Fig. 7, 
with effective rates 

FIG. 6. Kinetics of thep-catalysis processes in deuterium. The rates A,. 
r,,, and j , .  aredetermined by Eqs. (13a),  (14) and ( 2 1 )  withg. = 1.  

FIG. 7 .  Skeleton diagram, valid for r )  (j, + T, ) - I .  of the p-catalysis 
processes in deuterium. 
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wherelf  =A?' accurate to -A,,/;iF. 
I t  can be seen from (23) that allowance for the inverse 

decay (4a) oftheddp molecules at the rates (20) decrease to 
about one-third the rates A, calculated from Eqs. ( 13) in 
which this process is not taken into account. (The impor- 
tance of process (4a)  was first pointed out in Refs. 26 and 27; 
see also Ref. 37. ) 

For the same reason, the effective rate A,, of spin flip 
differs from the rate A,, of the reaction ( 16), since the com- 
plex-decay process (4a)  alters the populations of the (dp). 
states and leads to an additional depolarization whose rate is 
determined by the second term of Eq. (23) for ,IFF,. (This 
question is treated in greater detail in Ref. 38.) 

In the stationary regime at  t )  ( 4 , ~ )  - I ,  when the pop- 
ulation PF of the (dp ), spin states reaches equilibrium be- 
cause of the dynamic equilibrium of the processes ( 16), the 
time dependence of the populations NF takes the universal 
form 

When (24) is taken into account, it follows from (22) 
that 

where the populations PF are given by 

In the quasistationary regime, neglecting the terms 
-w2,  the solutions of (22) can be expressed in analytic form 

N ,  ( t )  =~,e-".'+Q~e--", (26) 

where 

With allowance for (22)-(25), the neutron distribu- 
tion in time becomes 

yielding for the integrated neutron yield per muon 

At low deuterium temperatures T S  100 K, when the rela- - - 
t i o n s ~ , 1 2 ~ ~ , 1 2 ) ~ 2 1 ) { ~ , 2 , A l , ~ 2 } ,  P , z ~ ,  P ,~O,a resa t i s -  
fied, the neutron distribution in time becomes 

4. DISCUSSION OF RESULTS 

I t  follows from the foregoing that the calculated values 
ofRddp ( T )  depend, within the framework of the calculation 
method used, only on two parameters: the binding energy 

I E ,  I I of the state (J = v = 1)  of the ddp  molecule and the 
effective rate ,If of the nuclear fusion reaction in the ddp 
molecule. 

Figure 8 shows the theoretical values of I & , ,  I 6&, , and 

FIG. 8. Region, which follows from the experiments of Refs. 17 and 39 
(shaded), in which the values of E ,  , I + !E,, and A, ~f: 61,. are defined. 
Cross-theoretical values of E ,  , and A, wtth their probable errors. 

Xf * 6Xf, and also the corridors of their allowed values, 
which follow from the most accurate experiments of Refs. 17 
and 39. The lower corridor corresponds to the pair of values 
I&, I I a n d 4  at which theAdd, calculated from the theoretical 
equations (23)-(26) land on the boundary of the interval of 
the measured values" 

The upper corridor corresponds to the measured ratio" 

of the rates of formation of the ddp molecules from the states 
F = 3 and F = $ of the muonic atom ( d , ~ ) ~ .  It is easily seen 
that the shaded region of values of I E , ,  1 and l f ,  which is 
compatible with the experimental results of both Refs. 17 
and 39, does not go beyond the error limits of the theoretical 
values: 

Figure 9 shows the e ~ p e r i m e n t a l ~ " . ~ ~ ' - ~ '  values of 
Ad,, ( T).  (The data of Ref. 5 were multiplied by the norma- 
lization ratio B = 3.6 of the rates A,,,, measured in Refs. 17 
and 5 at T =  293 K. )  The solid line shows the calculated 
A,,, (T)  for the values 

FIG. 9. Dependence of the rate A,,,, ( T )  of the reaction ( 2 )  on the tem- 
perature T. Experimental points: A-Dubna,' 0-Gatchina," 0-Los 
Alamos4" (the Dubna data are renormalized to the value A,,,, ( T  = 293 
K) measured in Gatchina). Dashed curve-our calculation for 
E , ,  = - 1.964 eV, A, = 0.51.10V sec I ,  solid curve-calculation at 
E ~ ,  = - 1.964eVandA, = 0 . 4 1 ~ 1 O V s  I. 
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taken from the shaded region of Fig. 8. It is easily seen that at 
these values of I E ,  I I and /if the calculated values ofAddp ( T )  
are in good agreement with the entire aggregate of th experi- 
ments of Refs. 5, 17, and 40 (see also Table I ) .  An additional 
x2 test confirms that the best agreement between theory and 
experiment is reached just at these values of I E ,  , I and A,-. 

Figure 9 shows also the calculatedAdd, ( T)  dependence 
(dashed curve) for the theoretical values 

Source 

[391 
Present paper 
hj=0.41~10~ s- ' 
~f=0.51.10~ s ' 

IelrI =1.964 eV and Xf=0.51.109 s-I. (30) 

It can be seen that the deviations of the dashed curve from 
the solid one does not exceed - 20% in the entire range of T. 
Since the accuracy of the calculation in Ref. 13 is estimated 
at 1%, the errors are due mainly to the inaccuracy of &, 
which amounts at present to 20-30% (Ref. 9 ) .  

The foregoing calculation of Add,, ( T)  was carried out 
for an equilibrium mixture of ortho- and para-states of the 
D, molecules, corresponding to values g(Ki  ) ( 13c). The 
curves for the pure ortho (odd K t ,  {(Ki ) = 1) and para 
(even K,, {(Ki ) = 1 ) states of D, differ by not more than 
- 5%. (See also Ref. 43, which deals with the question ex- 
clusively. ) 

It follows from our calculations4 that at T = 34 K 

X 2 / X ,  

79.518.0 

73.3 
87.7 

which differs quite appreciably from the experimental values 
(0.76 f 0.15).105 s-'  (Ref. 41) and (1.03 + 0.04).105 s- '  
(Ref. 42). One of the possible cases of such a difference is the 
method of reducing the experimental data. In particular, 
both exponentials must be taken into account in the distribu- 
tion (27) of the neutrons in time, etc. More up-to-date mea- 
surements of Add, in liquid deuterium, as well as the tem- 
perature dependences of A,/, ( T) and 2, /, ( T) , are therefore 
necessary under these conditions. (See Fig. 10, where the 
results of our calculations are shown. ) The absolute value fo 
A,/, is extremely sensitive to the value of E , ,  (see Fig. 8 ) ,  so 
that measurement of A,/, can yield / e l ,  / with high accuracy - l op4  eV. 

&,,loh s-I 

37.4k1.5 

48.6 
48.1 

FIG. 1 1 .  Dependencepf the shape of the A,,,, ( T) curve for reaction ( 2 )  
on ihe value of P ,  , at A, = 0.41.10' s I .  

At low deuterium densities and temperatures, a contri- 
bution to the sum ( 13) for the partial rates A, is made in 
practice by only one term corresponding to the dipole transi- 
tion (F = 4, K, = 0 )  - (F = $, K, = 1 ) with resonant ener- 

gy = 5.9 meV, corresponding to a resonant temperature 
T = 69 K. 

In this case w (Ki ) =: 1 and expressions ( 6 )  and ( 13) for 
A,,, , / , (T)  at T S  100 K can berepresented in analytic form: 

(T) =4x'"N0 W.I,n,, I Vfil 2~;f'hT-3h 

x exp{-iif/T} =2.5.10i0 T-" exp{-69/T} [s-'1, (32) 

where W , / ,  ,/, = $,I Vfi 1 ,  = 4 . 6 3 . 1 0 "  a.u. 
The form of the Add, ( T )  plot is quite sensitive to the 

value of E,  ,, therefore highly accurate measurement of the 
temperature dependence of the rate of resonant formation of 
ddp molecules will make possible, for the first time, experi- 
mental study of relativistic effect in a three-body system.44 
The degree of sensitivity ofAdd, ( T )  the value of E , ,  is dem- 
onstrated in Fig. 11: when E , ,  changes by 10 meV the rate 
Add, ( T )  at T S  100 K is approximately doubled. 

Figure 12 shows the rates of the spin flip (F= f )  - (F = I )  of ( d , ~ ) ~  atoms without allowance for formation 
and decay of ddp molecules (A, , )  and with allowance for 
these processes (A,,). It can be seen that the values of A Z ,  at 
low temperatures (see Table I )  are -20% higher than the 
values of A,, (Ref. 34) and their agreement with experi- 
ment39 is worse than that of A,,. The cause of this fact is not 
yet clear (see Ref. 45 on this subject). 

XF, 106s-' 
- 

FIG. 10. Temperature dependence of the rates 2,. (T) of formation 
of the complexes [ (ddp)dee] . 

0 100 zoo 
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FIG. 12. Rates A,. and A,. ( 2 3 )  of the spin flip in the direct reaction 
( 16) and with allowance for the inverse decay ( 4 a ) .  The contribution of 
the latter process reaches - 30% at T <  34 K. 

5. RESONANT FORMATION OF ddp MOLECULES IN dp +DT 
AND dp+HD COLLISIONS 

The calculation procedure of Ref. 13 can be used direct- 
ly also to calculate the rates A, of resonant formation of ddp 
molecules in the reactions 

( d p ) p + D T - + [  ( d d p ) s t e e I ,  (33) 

( d p )  a+HD+ [ ( d d p )  spee I .  (34) 

The resonance defects of these reactions for the reaction 
(33) are 

eo=-0.1789 eV for vf=7, 

eo= 0.0478 eV for v,=8, 

and for the reaction (34) 

EO=- 0.1078 eV for vf=5, 

eo= 0.215 1 eV for vf=6. 

The temperature dependencesil, ( T) for reactions (33) and 
(34) are shown in Figs. 13 and 14, respectively. It must be 
borne in mind, however, that they represent only certain 
peculiarities and the scale of the rates of resonant formation 
of the ddp molecules in reactions ( 33 ) and ( 34). To calcu- 
late the observed values ofA,, ( T )  it is necessary to consid- 
er the kinetics ofddp formation in the mixtures D, + T, and 
Hz + D,. 

In particular, attention must be paid in the H, + D, 
mixture to the deep maximum in the cross section for d p  + p 
elastic scattering at E=: 16 eV (Ref. 46), owing to which the 
thermalization time of the d p  atoms increases substantially. 
This in turn influences the processes of resonant ddp mole- 

FIG. 13. Partial rates A, ( T )  of the reaction d p  + DT- [ ( d d p )  tee] of 
formation of the [ (ddp) tee]  complexes in the state v,  = 8. 

FIG. 14. Partial rates A,(T) of the reaction d p  + DH- [ (ddp)pee ]  of 
formation of the [ (ddp)pee]  complexes in the states vf = 5 and 6 assum- 
ing complete thermalization of the d p  atom. 

cule formation in reaction (34) and the spin flip of the d p  
atoms in the reaction chain 

A detailed examination of the mechanism of dp-atom de- 
polarization in the H, + D, mixture may turn out to be nec- 
essary for a consistent description of the experimental re- 
sults4' of the characteristic of the nuclear reaction in thepdp 
molecule, and also for the understanding of the measured4' 
rate o f p  capture by deuterium in an H, + D, mixture. 

6. CONCLUSION 

The foregoing calculation of the rates of resonant for- 
mation of ddp molecules completes the research program 
planned in Ref. 35. Numerous characteristics of muonic 
molecules and muon-molecular complexes, which are need- 
ed for the calculations (e.g., the nonrelativistic energy of the 
level (J = u = 1) of the ddp molecule, its relativistic shifts 
due to polarization of vacuum, to recoil of the nuclei, and to 
other effects, the influence of the form factors of the nuclei, 
spin, and other relativistic effects, energy levels of muonic- 
molecule complexes, allowance for the finite dimensions of 
the ddp molecule in the complexes, rates of cascade transi- 
tions in the ddp molecule and of the nonresonant formation 
ofddp molecule, and others, were calculated without the use 
of adjustment parameters. An exception is the rate of the 
nuclear reaction of the ddp molecule, which was calculated 
from the measured cross section of the reaction d (d ,  3He)n. 
Apart from these exceptions, ours is an ab initio calculation. 

The agreement between the theoretical and experimen- 
tal values of A,,, ( T )  is evidence both of use of a correct 
computation scheme as a whole (choice of wave functions, 
ofthe transition operator, of the averaging method, etc. ) and 
of high accuracy of the theoretical calculations of the ener- 
gy-level structure of the muonic molecules and muon-mole- 
cule complexes. 

Our investigation demonstrates the feasibility of princi- 
ple of precision measurements and can serve as a theoretical 
basis for them. The binding energy of the (J = v = 1 ) state 
of the ddp molecule can be measured accurate to - 10W4 eV, 
i.e., with relative accuracy - l o 7  (Ref. 44). Analysis of the 
available experimental data (Fig. 8 )  outlines the corridor of 
the admissible values of the binding energy of the state 
(J = 1, v = 1 ) of the ddp molecule: 
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which is in very good agreement with the theoretical value 
(see Sec. 2) .  Since, however, no account is taken in this anal- 
ysis of the fine structure of the ddp molecules (splitting 
-0.5 meV) and since the theoretical value ofilz& was used, 
the cited value of lcll 1 cannot be regarded as final. The val- 
ues in (36) can be made more precise by measurements of 
Add, (T) in wider ranges of q, and T. Particular interest at- 
taches to precision measurements of A,,, a t  low deuterium 
densities and temperatures. 

The present calculation is a numerical realization of a 
theoretical scheme developed in Refs. 11-13 for the general 
case of resonant formation of ddp  and dtp molecules. The 
attained agreement between theory and experiment for the 
dd.u molecules allows it to be used with confidence for the 
more complicated case ofdtp molecules. The corresponding 
calculations are about to be completed. 

In conclusion, we take pleasure in thanking S. I. Vin- 
itskii, V. S. Melezhik, I. V. Puzynin, T. P. Puzinina, and L. 
B. Somov for all-around help during various stages of the 
work, S. S. Gershtein and Yu. V. Petrov for helpful discus- 
sions, and V. M. Bystritskii, A. A. Vorob'ev, V. P. Dzhele- 
pov, V. G. Zinov, G. G. Semenchuk, V. V. Fil'chenkov, and 
B. A. Khomenko for numerous consultations. 

*I. V. Kurchatov Atomic Energy Institute. 
"The first attempt to take into account the hyperfine structure of the 
levels ( d ~ ) ~  and (ddp ), was made in Ref. 6. 

 nothe her expression for (6)  with6(E, - E,), replaced by a Breit-Wigner 
factor was proposed in Ref. 19. For a discussion of this question see Refs. 

* 

13 and 20. 
3'The cross section u., ~ 2 . 1 0 -  "' cm2 (Ref. 34) for db + d elastic scatter- 

ing is large enough ;'o permit a ~ a x i e l l i a n  distribution to set in within a 
time -3.10-' p - '  s (see, however, Ref. 45, where the kinetics in the 
D, + T, mixture is considered at small p . )  

4'This value of e l  , = E;;" + + he;';"' is made up of the nonrelativistic 
energy e;;' = 1.9750 eV for pointlike nuclei,' the sum of the relativistic 
corrections he;': = 0.0097 eV," and the corrections he;';" = 0.0010 eV 
for the finite dimensions of the ddp molecule in the muon-molecular 
c o m p l e ~ . ~ ~ ~ ~ ~  This yields e l l  = - 1.9643 eV with a probable error 
&E, ,  = f 0.0005 eV,',Z5 which is comparable with the fine splitting 
(0.0006 eV) of the E , ,  level of the ddp moleculeZ2 (see Fig. 2) ,  which is 
not taken into account in the present calculation. 

"Theratesof the rotational relaxation of the produced complex ( - 10" p 
s- ' (Ref. 26) exceed substantially the rates Af, A ,,, , and T,, so that a 
Boltzmann distribution in the rotational states K, is established in the 
complex [ (ddp)dee] during its lifetime. 

'V. P. Dzhelopov, P. F. Ermolov, V. I. Moskalev, and V. V. Fil'chenkov, 
Zh. Eksp. Teor. Fiz. 50,1235 (1966) [Sov. Phys. JETP23,820 (1966)l. 
V. M. Bystritskii, V. P. Dzhelepov, K. 0 .  Oganesyan, et al., ibid. 66, 61 
( 1974) [39,27 1974) 1. S. S. Gerstein and L. I. Ponomarev, Muon Phys- 
ics, V. Hughes and C. S. Wu, eds., Academic, 1976, Vol. 111. L. Bracci 
and G. Fiorentini, Phys. Rep. 86, 170 (1982). 

ZE. A. Vesman, Pis'ma Zh. Eksp. Teor. Fiz. 5, 113 ( 1967) [JETP Lett. 5, 
91 (1967). Tomet. Esti NSV Teaduste Acad. 18,429 (1969). 

'L. I. Ponomarev, I. V. Puzynin, and T. P. Puzynina, J. Comp. Phys. 13, 1 
(1973). L. I. Ponomarev, I. V. Puzynin, and T. P. Puzynina, Zh. Eksp. 
Teor. Fiz. 65, 28 (1973) [Sov. Phys. JETP 38, 14 (1974)l. S. I. Vin- 
itskii, L. I. Ponomarev, I. V. Puzynin, etal., ibid. 79,698 ( 1980) [52,353 
(1980)l. 

4S. I. Vinitskii, L. I. Ponomarev, V. V. Puzynin, et al., Zh. Eksp. Teor. 
Fiz. 74,849 (1978) [Sov. Phys. JETP 47,444 (1978) 1. 

5V. M. Bystritskii, V. P. Dzhelepov, V. I. Petrukhin, et al., ibid. 76, 460 
(1979) [49,232 (1979)). 
T. N. Somov, JINR Communication (soobshchenie) R4-8185 1 ( 198 1 ). 
'A. D. Gocheva, V. V. Gusev, V. S. Melezhik,etal., Phys. Lett. 153B, 349 

(1985). A.M.  Frolovand V. L. Efros, Yad. Fiz. 41,828 (1985) [Sov. J. 
Nucl. Phys. 41, 528 (1985)l. J. Phys. Bl8, L265 (1985). 

'S. I. Vinitskii, V. I. Korobov, and I. V. Puzynin, Zh. Eksp. Teor. Fiz. 91, 
705 ( 1986) [Sov. Phys. JETP 64,417 ( 1986) 1. 

'L. N. Bogdanova, V. E. Markushin, V. S. Melezhik, and L. I. Pono- 
marev, Phys. Lett. 115B, 171 (1982); Errata, Phys. Lett. 167B, 485 
(1986). 

"ID. D. Bakalov, M. P. Faifman, V. S. Melezhik, and L. I. Menshikov, 
JINR Preprint E4-96-2 17, 1986. 

"L. I. Menshikov, Yad. Fiz. 42, 1184 (1985) [Sov. J. Nucl. Phys. 42,750 
(1985)l. 

"L. I. Men'shikov and M. P. Faifman, ibid. 43, 650 (1986) [43, 414 
(1986). 

"M. P. Faifman, L. I. Menshikov, L. I. Ponomarev, and T. A. Strizh, 
JINR Preprint E4-86-235, Dubna, 1986. 

' 9 .  S. Cohen and R. L. Martin, Phys. Rev. 53, 738 (1984). 
ISM. P. Leon, Phys. Rev. Lett. 42, 605 (1984). 
IhV. P. Ad'yasevich, V. G. Antonenko, and V. G. Bragin, Yad. Fiz. 33, 

1167 (1967) [Sov. J. Nucl. Phys. 33,619 (1981)l. 
I'D. V. Balin, A. A. Vorob'ev, An. A. Vorob'ev, et al., Pis'ma Zh. Eksp. 

Teor. Fiz. 40, 318 (1984) [JETP Lett. 40, 11 12 (1984) 1. Phys. Lett. 
141B, 173 (1984). 

"L. N. Bogdanova, V. E. Markushin, V. S. Melezhik, L. I. Menshikov, 
and L. I. Ponomarev, Phys. Lett. 161B, 1 (1985). 

"Yu. V. Petrov, ibid. 163B, 28 (1985). 
"'L. I. Menshkov and L. I. Ponomarev, ibid. 167B, 141 (1986). 
"D. D. Bakalov, S. I. Vinitskii, and V. S. Melezhik, Zh. Eksp. Teor. Fiz. 

79, 1629 (1980) [Sov. Phys. JETP 52, 820 (1980)l. 
"D. D. Bakalov, V. S. Melezhik, L. I. Menshikov, and S. I. Vinitsky, 

Phys. Lett. 161B. 5 ( 1985). 
"M. P. Faifman, L. I. Menshikov, L. I. Ponomarev, etal., Z. Phys. 2D, 79 

(1986). 
24L. I. Men'shikov, Yad. Fiz. 42, 1449 ( 1985) [Sov. J. Nucl. Phys. 42,918 

(1985). 
*'D. D. Bakalov and V. S. Melezhik, JINR Preprint R4-85-952, 1985. 
,('V. N. Ostrovskii and V. I. Ustimov, Zh. Eksp. Teor. Fiz. 79, 1228 

(1980) [Sov. Phys. JETP 52,620 (1980)l. 
27A. M. Lane, Phys. Lett. 98A, 337 (1983). 
"L. I. Ponomarev and M. P. Faifman, Zh. Eksp. Teor. Fiz. 71, 1689 

( 1976) [Sov. Phys. JETP 44, 886 (1976)l. 
"H. Anderhub, J. Bocklin, M. Devereux, et al. Phys. Lett. 101B, 151 

(1981). J. S. Cohen, R. L. Martin, and W. R. Wadt, Phys. Rev. A24, 33 
(1981). J. S. Cohen, Phys. Rev. A27, 167 (1983). 

'"G. Ya. Korenman, Yad. Fiz. 32,916 ( 1980) [Sov. J. Nucl. Phys. 32,472 
(1980)l. 

"M. Leon and H. A. Bethe, Phys. Rev. 127,636 ( 1962). V. E. Markushin, 
Zh. Eksp. Teor. Fiz. 80, 35 (1981) [Sov. Phys. JETP 53, 16 (1981 ) ] .  

"A. P. Bukhvostov and N. P. Popov, Zh. Eksp. Teor. Fiza. 82,23 ( 1982) 
[Sov. Phys. JETP 55, 13 (1982)l. 

-A. V. Matveenko and L. I. Ponomarev, ibid. 59,1952 (1970) [32, 1056 
( 1971)l. S. S. Gershtein, ibid. 40, 698 ( 1961 ) [13, 488 ( 1961)l. 

34V. S. Melezhik and J. Wozniak, Phys. Lett. A116, 370 (1986). 
"S. S. Gershtein, Yu. V. Petrov, L. I. Ponomarev, L. N. Somov, and M. P. 

Faifman, Zh. Eksp. Teor. Fiz. 78, 2099 (1980) [Sov. Phys. JETP 51, 
1053 ( 1980)l. 

"L. I. Men'shikov, L. P. Somov, and M. P. Faifman, JINR Preprint R4- 
87-82, 1987. 

"A. Gula, A. Adamczak, and M. Bubak, Phys. Lett. 109A, 224 (1987). 
"M. Leon, Phys. Rev. A33,4434 ( 1986). 
39P. Mammel. W. Breunlich, M. Cargnelli, et al. Phys. Lett. 112B, 319 

(1982). 
40S. E. Jones. A. N. Anderson, A. J. Caffrey, etal., Phys. Rev. Lett. 56,588 

(1986). 
41J. Fetkovich, T. Fields, G. Yodh, and M. Derrick, Phys. Rev. Lett. 4, 

570 (1960). 
42J. H. Doede, Phys. Rev. 132, 1782 (1963). 
43M. Leon and J. S. Cohen, Phys. Rev. A31,2680 (1985). 
44L. I. Ponomarev and A. A. Vorobyov, Talk at X-th European Conf. on 

Few-Body Problem, Tbilisi, 1984. 
45P. Mammel, Lett. Nouvo Cim. 43, 349 (1985). 
4bV. S, Melezhik, L. I. Ponomarev, and M. P. Faifman, Zh. Eksp. Teor. 

Fiz. 85,434 (1983) [Sov. Phys. JETP 58,254 (1983)l. 
47H. BOSSV. H. Daniel, F. J. Hartmann, et al., Phys. Rev. Lett. 55, 1870 . . 

(1985). 
4HA. Berlin. A. Vitale. A. Placci, and E. Zavttini, Phys. Rev. D8, 3774 

Translated by J. G. Adashko 

663 Sov. Phys. JETP 65 (4), April 1987 Man'shikov etal. 663 


