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A lifetime of T=: lo-'' sec is calculated for the mesic molecule dtp produced resonantly in the 
excitated rotational-vibrational state J = v = 1. 

PACS numbers: 36.10.Dr, 33.70.Fd 

1. INTRODUCTION 

It is known that in a dense mixture ( p  -4X cmP3) 
of deuterium and tritium p- mesons with energy - 10 keV 
are captured after a time - 10- l2  sec by highly excited states 
of the mesic atoms dp and tp,' go over after a time T ,  

2 2 x lo-" sec to the ground state,' and finally, after a time 
r d ,  =: 3 x lop9 sec, all mesons reach the ground state of the 
atom tp via the isotopic exchange process dp + t+tp + d.3.4 
The fraction of muons that decay during the formation of the 
mesic atoms tp is - r d , / r 0 z  1.5 X where r0 = l /  
A ,  = 2.2 X lop6 sec is the lifetime of the free muon. 

In collisions of the mesic atoms tp with the molecules 
D, and DT, the mesic molecules dtp are formed4s5 during a 
time T,, < lo-' sec in the resonance reactions 

tp+D?+ [ ( d l p )  , ,d2e] *. ( la)  

tp+L)T--t [ ( d t p )  J , t2e ] '  (lb) 

in the excited rotational-vibrational ( J v )  state with quantum 
numbers J = u = The produced mesic molecules are de- 
excited by the Auger transitions6 

[ ( d t p )  J,d2e] + [ ( d t p ) , . , , d e ]  '+e. (2) 
In each of the (Jv) states of the mesic molecule dtp the 

nuclear fusion reactions 

take place with rate A 5" (Refs. 7 and 8) and the muons decay: 
p+- + Y, + Ce. 

In the present paper, we consider the de-excitation cas- 
cade of the mesic molecule dtp with allowance for nuclear 
absorption and we calculate the lifetime T ,  of the mesic mol- 
ecule (the corresponding probability of muon decay during 
the cascade time is w, = rm/r0). The value of w, is needed 
for detailed description of the kinetics of muon cataly~is.~ 

2. CHARACTERISTICS OF THE BASIC PROCESSES 

The nonrelativistic level J = v = 1 of the mesic mole- 
culedtp with energy &,, = - 0.64 eV (Ref. 10) is split by the 
spin-spin and spin-orbit interaction of the muon and the nu- 
clei into 10 suJblevels of the fine and hyperfine struc- 
ture. " Here, 9' = S + J is the total angular momentum, J is 
the orbital angular momentum, S = S ,  + S d  + S, is the to- 
tal spin of the particles, and the index N labels the sublevels 

in a multiplet with given 9' (which are degenerate in 
the nonrelativistic limit). 

In contrast to ordinary atoms and molecules, the spin- 
spin interaction in the mesic molecule dtp, as in the atom tp, 
is much stronger than the spin-orbit interaction, and there- 
fore the structure of the multiplet is largely determined by 
the interaction of the spins of the particles (Fig. 1). The split- 
ting of the levels (9 'N ) that differ in the value of F = S ,  + S t  
is greatest and is -0.2 eV, which is comparable with the 
splitting of the ortho- and para-states of the mesic atom tp.12 
The S splitting for given F is an order of magnitude less 
( 2 lop2  eV) and, finally, the fine splitting with respect to 9 
for given FandS does not exceed 10-3eV (Table I). Thus, the 
relativistic structure of the levels of the dtp molecule is to a 
large degree dictated by the hyperfine splitting of the levels 
of the tp atom, and therefore each of the sublevels ( T N )  of 
the multiplet (Jv)  can be classified with respect to the values 
of F, and also with respect to the values of S and 9. With 
allowance for the relativistic structure of the levels of the 
mesic atom tp and the mesic molecule dtp (see Fig. 1) the 
scheme (1) of resonance formation of dtp mesic molecules in 
the state J = v = 1 takes the form 

( t ~ )  fi+Dz+ [ ( d t ~ )  psud2el', (4) 
where Fa is the spin of the mesic atom tp. Only the levels 
(FS9) for which the value of F is equal to the spin Fa are 

FIG. 1.  Scheme of the hyperfine structure of the levels of the atom tp and 
the molecule dtp. The spins F, of the mesic atom tp, the deuteron, and the 
total orbital angular momentum J of the system dtp are added successive- 
lyto the total spin S = F + S, and the total angular momentum 
B = S + J of the mesic molecule. 
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TABLE I. Relativistic structure of the multiplet ( F S f )  of the level 
J  = v = 1 of the mesic molecule dtp. 

Note. The table is based on the data of Ref. 11 .  The energies of the sublev- 
els of the multiplet are measured from the nonrelativistic energy 

I = - 0.64 eV of the level J =  v = 1 .  

populated, since the electric dipole transition (4) leading to 
the production of mesic molecules does not affect the spins of 
the particles to accuracy -a2. 

According to the theoretical5 and experimental4 esti- 
mates, the rate of resonance production of dtp molecules is 
A,, > 10' sec. The mesic atoms tp are produced in the states 
with total spin Fa = 1 and Fa = 0 with probabilities 3/4 and 
1/4, respectively. From the state Fa = 1 there is an irrevers- 
ible spin flip reaction: 

whose rate A, = lo9 sec-I (Ref. 13) is comparable with the 
rate A,, of resonance production (4) of the mesic molecules. 
The competition between these processes determines the 
populations P, of the multiplet (FSS) of the level (Ju)  = (1 1) 
with given F: 

where A,, (F = 1) is the rate of production of dtp molecules 
in the reaction (4) for F = Fa = 1. 

The sublevels (FSLZ) of the level (Jv) = (1 1) of the mesic 
molecule dtp for given F are populated, with probabilities 
P,, proportional to their statistical weights, already at 
temperatures T >  300 K, since the width of the Maxwellian 
distribution with respect to the energies of the atoms tp at 
this temperature exceeds the splitting of the level F with re- 
spect toS, which, as can be seen from Table I, is of order 0.01 
eV. Note that sublevels (FSS) with different 9 for given F 
and S are populated statistically even at the liquid hydrogen 
temperature T z  30 K. The populations P, of the compo- 
nents (FS ) of the hyperfine structure are determined by 

The populations P, depend on the particular conditions of 
the experiment, in particular, the temperature and density of 

the D, + T, mixture, variation of which can change the rela- 
tionship between the rates A,, (F = 1) and A,. 

The rate A {,, of the nuclear reaction (3) from the state 
(JvFS) is equal to the sum of the rates A{um(jT) from the 
states of the relative motion of the nuclei d and t with total 
angular momentum j and parity n: 

~ : s F s = ~ : ~ F s  (3/z+) + ~ : . F s  ('/z+) + ~ ; " F s  ( j - ) .  (8) 
By virtue of the resonance nuclear interaction of d and t 

in the state jT= 3/2+ near the dt threshold, the rate 
A {,,,(3/2+) is dominant for the states (FS) of the mesic mol- 
ecule that admit parallel orientations of the spins I = 3/2 of 
the nuclei. The quantities A f,,(3/2+) are related to the pre- 
viously calculated7.' ratesA,<(3/2+) of the reactions (3) from 
the states (Jv) of the mesic molecule dtp with zero orbital 
angular momentum, L = 0, of the relative motion of the nu- 
clei d and t and total spin I = 3/2 of the nuclei as follows: 

~ ; , F S  (3/2') = a ~ ~ h . ! ~  ('12'). (9) 

Here, a, are the weights of the configurations with total 
spin I = 3/2 of the nuclei in the hyperfine structure states 
(FS)": a,, = 2/3, a,, = 1, a,, = 1/3, a,, = 0. 

In the state (FS) = (lo), the rate (8) of the nuclear reac- 
tion (3) is determined by the value of A {u,o (1/2'), which can 
be obtained by using the experimental data14 on elastic and 
inelastic dt scattering at energies E 5 3.4 MeV: 

A:,,, =3,6.10-~h: . (~/~+) .  ( 10) 

Note that the estimate (10) is based essentially on the as- 
sumption of Ref. 14 that there exists a broad 1/2+ resonance 
in the cross sections of the reactions dt+n4He and d t 4 t .  
The errors in the estimate we have given depend on the accu- 
racy in the determination of the parameters of this reso- 
nance. 

As was noted in Refs. 7 and 8, the rates A ,<( j-) of the 
nuclear reaction (3) form the state of relative motion of the 
nuclei d and t with orbital angular momentum L = 1 can be 
appreciable only for the states of the mesic molecule with 
angular momenta J = 1 and J = 2. To estimate A ,<( j-), we 
have used the data of Ref. 15, according to which thep-wave 
cross section up of the reaction (3)  at energy E,,, = 240 keV 
is - 1% of the total cross section. Taking the value up = 8 
mb, for the constant A, of the nuclear reaction (3) we obtain 

A, = lim (vo,/9kZCi2) =l,2.1024 F5/sec. 
Y - 0  

(11) 

Here, v is the relative velocity, k is the relative momentum of 
the d and the t, and 

C,2=2/,nq (1+q2) (e2""l) -' 
is the Gamow factor for the p wave (7 = ac/v). The rate 
A ,<( j-) of the nuclear reaction is related to the reaction con- 
stant A, by an equation that can be obtained by the method 
explained in Ref. 16 for the s wave: 

where PJ,,(r, R) is the wave function of the mesic mole- 
~ u l e ' ~ . ' ~  in the state (J, v). In the following calculations, we 
set 
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TABLE 11. Binding energies - E,, of the states Jv of the mesic molecule dtp, Auger transition rates A,,. , and the nuclear reaction rates /1$(3/2+) 
and A!,(j-). 

f f 
~ J " F S  ( j-1 =hJv(j-) . 

In Table 11, we give the energies E, of the states n = ( Ju)  
of the dtp mesic m~lecule , '~  to ratesAJ{(3/2+) ofthe nuclear 
rea~tion,'.~ and the rates A,{( j - )  calculated in accordance 
with Eq. (12). In calculating the rates A,,., we used the values 
of the Auger transition rates il f:. (Ref. 6) in the molecule 
dtp, which is the "core" of the molecular complex 
[(dtp)+d 2e], and we also took into account the results of Ref. 
18, in which a study was made of the molecular-ion reactions 
accompanying the investigated cascade in the molecule dtp. 
The molecular ion [(dtp)+de]+ formed during the first tran- 
sition (2) of the cascade in the molecule dtp participates with 
rate A 2 lOI3 sec-' in the reaction 

with probabilities 3/4 and 1/4, respectively. These reactions 
are, respectively, analogs of the molecular reactions19 

D H + f  H2+DHzff  H, DH++H,--H3+tD. 

According to Ref. 18, the rates of the Auger transitions from 
the final states are, respectively, A (,A. = 0.78A and A !A. 
= 0.66A F,!. , i.e., the second transition of the cascade takes 

place with rate 

A,,.=~/,AY,', +3/,~,!:! =O.~SL;:! . 
The sequence of molecular-ion reactions accompanying the 
Auger transitions in the systems [(dtp)+2d 2e] and (dtp)+e 
has the consequence that the final (third) transition of the 
cascade in the molecule dtp occurs in the molecular com- 
plexes [(dtp)+2d 2e] and (dtp)+e with probabilities 7/8 and 
1/8, respe~tively,'~ i.e., with rate 

I,,, = (7/8.~.78+'/8,~.66) h,':! =0.77~:,,. 

The calculated values of the rates A,,, are given in Table 11. 

3. DE-EXCITATION CASCADE IN THE MESIC MOLECULE dtp 

The de-excitation cascade in the mesic molecule dtp 
(Fig. 2) begins from the state J = v = 1, in which it is pro- 
duced in accordance with (1). 

In electromagnetic transitions, the quantum numbers F 
and S are conserved with accuracy -a2, and therefore the 
cascades from the different states (FS ) develop independent- 
ly. (At the same time, the statistical population with respect 
to 2? of the sublevels (FSf) is conserved during the cas- 

cade.) Knowing the characteristics of the cascade for unit 
initial populations P, = 1, we can calculate the cascade 
time for the real P, (6) determined by the experimental con- 
ditions. 

Introducing abbreviated notation for the states n = (Ju) 
(see Table 11) and omitting the indices (FS ), we determine the 
populations P, = P,, of the states n = (Jv) of the mesic 
molecule, the probabilities r, of the nuclear reactions (3) 
from these states, and the intensities y,,. of the Auger transi- 
tions from the states n to n' < n by means of the following 
formulas: 

FIG. 2. Scheme of cascade processes in the mesic molecule dtp. 
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The lifetime T ,  = T, ,  of the molecule dtp in the state n and 
the total time T ,  of the cascade from the state ( F S )  of the 
level n = 5 are 

The results of the calculations are given in Table 111. 
For (FS  ) = (O l ) ,  ( 12 ) ,  ( 1  1) thecascade develops as follows (see 
Fig. 2 ) .  From the initial state n = 5 ,  the mesic molecule dtp 
goes over with probability 0 . 9  to the state n = 4 ,  where the 
probability 0.80-0 .86  the nuclear fusion reactions ( 3 )  take 
place. The ground state (n = 1) is populated with probabili- 
ties 0.20-0.14 mainly through the intermediate state n = 2 ,  
the rate of the nuclear reaction from this state being much 
less than the rate of Auger de-excitation. Thus, for popula- 
tion of the hyperfine structure states (FS) = ( O l ) ,  ( 12 ) ,  and 
( 1  1 )  the nuclear fusion reaction takes place with probability 
effectively equal to 1 from the mesic-molecular states n = 1 
and n = 4 with J = 0, and the rates A {,, z i l  { , , (3 /2+)  of 
the nuclear reaction significantly exceed the rates A,,, of the 
Auger transitions. The total cascade time in this case is de- 
termined basically by the de-excitation rates A,,, and is T,, 

5 l o -"  sec. 
For (FS  ) = ( l o ) ,  the rates of de-excitation are large com- 

pared with the rates of the nuclear reaction ( 3 ) ,  and it there- 
fore takes place with probability 0 .60  from the ground state 
n = 1 of the mesic molecule dtp and only with probability 
0 . 4 0  from the state n = 4 .  The lifetime of the mesic molecule 
in this case is determined not only by the de-excitation rates 
A,,, but also by the nuclear reaction rates i l { , , , ( 1 / 2 + )  and is 
T~~ = 4~ lo - ' '  sec. 

The lifetime T ,  of the mesic molecule is calculated in 

TABLE 111. Characteristics of  cascades in the mesic molecule dtp. 

accordance with 

where P, and rFS are determined by Eqs. (6),  (7), and ( 1 4 ) .  111 

the limiting cases, we find: 

a) A d t p ( F =  1)%At,  

T,=% ( ' ls~l~+11~~l l+~s~12) +i/4~01=l.l~ 10-It sec; 

b) Ad, ( F  = l ) < R t ,  T ,  = T ~ ,  = 0 .8 .10 - l1  sec. 

Thus, the lifetime of the molecule dtp is in the range 

0 . 8 . 1 0 - " < ~ ~ 1 1 . ~  lo-", ( 1 6 )  

and the probability ofdecay of thep- meson during the time 
of the cascade in the molecule dtp does not exceed 

o",=~~/.c~=5. 10-@. ( 1 7 )  

To determine T ,  and w, more accurately, we need to 
know the ratesil,, ( F  = 1 )  and A,",, ( 1 / 2 + )  more accurately. 

4. CONCLUSIONS 

The muon, released in the reaction ( 3 a )  with energy - 10 keV, returns after the chain of muon catalysis reactions 
a rdl(? rm 

p--tp-dtp-p-, ( 1 8 )  

to the start of the muon catalysis cycle2' after times T = T ,  

+ T d w  + 7 ,  and 7 = 7, + Tdt + Tdfp  + 7, .  

Our investigation shows that at liquid hydrogen density 
in the mixture D, + T, the lifetime T ,  z 10-I sec of the 
mesic molecule dtp (like the cascade time T ,  < 2 X 10- '' sec 

934 Sov. Phys. JETP 56 (5) .  November 1982 Bogdanova etal. 934 

rn 

3.1.10-5 

0.84 
1.3.10-' 
3.7.10-4 
0.16 

4.1.10-5 

0.86 
1.9.10-7 
4.3.10-4 
0.14 

2.1.10-5 

0.80 
6.9.10-8 
3.1.10-4 

r01=7 7 psec 

F = l  

1 

5 

4 

rn,  psec 

0.8 

1.2 
1.8 
3.7 
0.2 

0.8 

0.9 
1.8 
3.3 
0.1 

0.8 

2.2 
1.8 
4 8  
0.5 

1 

0.90 
0.10 
0.16 
0.16 

1 

0.90 
0.10 
0.14 
0.14 

1 

0.90 
0.10 
0.20 
0.20 

n+n' 

np I Vnn 

TIO =40 psec 

2 
2 
1 - 

1 

0.90 
0.10 
0.60 
0.60 

0.90 
0.10 

1.6.10-a 
0.055 
0.10 
0.16 - 

0.8 

11.3 
1.8 

14.3 
13.9 

1.1.10-5 0.10 
1.6.10-8 

2 
2 
1 - 

0.40 
1.0.10-8 
4.9.10-h 
0.60 

0.037 
0.10 
0.14 - 

2 
2 
1 
- 

1.6.10-5 

0.50 
0.10 
0.60 - 

2 
2 
1 

0.10 
0.10 
0.20 



in the atoms dp and tp) is negligibly small compared with the 
times T,, and T,,, of the isotopic exchange dp-tp and pro- 
duction of the dtp molecules. Therefore, in a study of the 
kinetics of muon catalysis in the mixture D, + T, the prob- 
ability w, + om of muon decay during the time of the me- 
soatomic and mesomolecular cascades can be ignored com- 
pared with the probability o, = 0.009 of "poisoning of the 
catalyst" in the process (3b).2'v22 

In this paper, we have shown that the nuclear reaction 
(3)  in the mesic molecule d tp  takes place with overwhelming 
probability from states with total angular momentum J = 0. 
This fact was used earlier in Refs. 2 1 and 22 without justifi- 
cation in the calculation of the sticking probability 0,. 
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