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The rates of direct and molecular charge exchange between excited mesic atoms of hydrogen 
isotopes and helium nuclei are calculated. It is shown that direct charge exchange is decisive for 
the capture of muons form mesic-hydrogen states with principal quantum numbers 2 and 3. The 
calculation results are compared with available experimental data on mesoprotium charge 
exchange with 4He nuclei. 

1. INTRODUCTION 

The behavior of mesic hydrogen in hydrogen-isotope 
mixtures is of considerable interest for both weak-interac- 
tion physics' and mesic-atom physics.2 Of particular interest 
at present is muon-catalyzed fusion, which is most effective 
in a d-t m i ~ t u r e . ~  Since hydrogen mixtures can contain im- 
purities, it is very important to study muon transfer from 
mesic hydrogen to other nuclei.'.2s4 In connection with 
muon catalysis, an important role is played by charge ex- 
change of hydrogen-isotope mesic atoms with helium nuclei 
that accumulate in a hydrogen mixture via nuclear fusion 
and via tritium d e ~ a y . ~ , ~ - '  

Muon transfer from hydrogen-isotope mesic atoms in 
the ground state to helium nuclei has been investigated theo- 
retically"I3 as well as e~~er imenta l ly . '~ - '~  Account must be 
taken, however, of the charge exchange of excited mesic hy- 
drogen with helium nuclei in the course of de-excitation 
stager of the m e ~ i c - a t o m ' ~ ' ~ ~ ' ~ ~ ~ ~  In connection with muon 
catalysis, allowance for this process (just as for charge ex- 
change of mesic hydrogen in the ground state with helium 
nuclei) should decrease the number of catalysis cycles per 
muon. Calculated rates of charge exchange of hydrogen-iso- 
tope mesic atoms in the metastable 2 s  state with helium nu- 
clei, obtained for a molecular charge-exchange mechanism 
via formation of a quasistationary molecular state, are given 
in Refs. 21 and 22. 

We consider here direct charge exchange of hydrogen- 
isotope mesic atoms in the metastable 2 s  state with helium 
nuclei, and also direct and molecular transfer of a muon to 
helium from mesic hydrogen with principal quantum num- 
ber n = 3. 

2. MOLECULAR CHARGE EXCHANGE 

It is known that the molecular mechanism dominates in 
the charge exchange of ground-state mesic hydrogen with 
helium nuclei.'O-~%olecular charge exchange is possible 
also for excited mesic hydrogen with helium if the molecular 
term that describes the initial state of the system contains an 
attractive region. Such a region, as follows from Fig. 1 of 
Ref. 2 1, exists at a distance R - 20 a, (a, is the Bohr radius 
of mesic hydrogen) for charge exchange of mesic hydrogen 
in a metastable 2S state with helium nuclei in a 5gu term 
describing the initial state. As for the 8ku term that corre- 
sponds asymptotically to a mesic-hydrogen excited state 
with n = 3 and to a helium nucleus (see Fig. l ) ,  the attrac- 
tive region is characterized by an energy minimum at 
R - 50a,. A mesic molecule can be formed in two ways: by 
Auger conversion of the helium atom electron ( 1) and by a 

resonance process with formation of a final complex similar 
to an excited helium atom (2)'"21,22: 

Here H=p, d, or t; n' is the principal quantum number of the 
final excited complex (2) .  The rate of the nonresonant reac- 
tion ( I ) ,  referred to the liquid-hydrogen density 
No = 4.25 X cm-" is given by23 

nrsa 16n2 
Am = N ~ ~ ~ T - '  1 Z ( q )  1 ' 1 d 1 q - c -  ( 3 

where a, is the Bohr radius of the hydrogen atom, < = me / 
m*, me is the electron mass, m* the reduced mass of mesic 
hydrogen: (m*)-' = m i  ' + M <  ', m, is the muon mass, 
M, the mass of the hydrogen-isotope nucleus, and re = fi3/ 
(mee4) the atomic unit of time. The momentum of the con- 
version electron is 

where E = k 2/2M is the collision energy, E,, is the binding 
energy of a mesic molecule in a state with total orbital mo- 
mentum Jo f  the three particles and with a vibrational quan- 
tum number v, /E ,  I = 24.58 eV is the helium-atom ioniza- 
tion potential, M is the reduced mass of the mesic atom and 
the target atom: 

and M,, is the mass of the helium-isotope nucleus. 
The quantity I ( q ,  ) given in Eq. (3)  in atomic units, has 

been determined in Ref. 12, where Hartree-Fock wave func- 
tions in the frozen-core model were used. 

The quantities (d, ), calculated in units f i  = m* = e 
= 1, are determined by the overlap integral of the wave 

functions corresponding to the initial (continuous spec- 
trum) and final (mesic-molecule) states of the nuclei and of 
the muon. We use for (d, ) an expression similar to that in 
Ref. 10, except that the wave functions of the 2pu term are 
replaced by those of the 8k term that corresponds asymptoti- 
cally to the ( H p )  z , ,  + He2+ state. 

The radial wave functions X''.f' (R ) contained in (d, ) 
satisfy the equation 

with boundary conditions 
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FIG. 1. The 8ku term corresponding asymptotically to the ( p p ) :  , 
+ He system. 

x"' " (0) =o, 
x"' ( R ) C  sin (kR-nJ/2+6,) as ! R+w, ( 6 )  

x(*) (R) .rexp[- (2MI &,,I ) "'R] as R 3 w .  

The effective potential is 

V=E,, , fd  (E  (R) -Z/RZ), (7)  

where E,,, is the potential of the 8ku term (see Fig. I ) ,  
d, = 3nA/2 is the dipole moment of the excited mesic hy- 
drogen, Z is  the charge of the target nucleus (Z = 2 for heli- 
um), A = n, - n,, and n, and n, are the mesic-atom para- 
bolic quantum numbers. For the 8ku term we have here 
n = 3 and A = - 2; n, = 0, n, = 2. The asymptote of the 
8ko term E,,, a d,Z/R = - 18/R corresponds as 
R + oo to the linear Stark effect for the (Hp) :=, mesic atom 
in the field of a helium nucleus, and E(R)  is the field strength 
of an atom at an internuclear distance R (assuming the me- 
sic atom to be pointlike on the atomic scale). 

In first-order perturbation theory, E(R ) obtained using 
Hartree-Fock wave functions is of the form24 

where the parameters y, and A, are given for Z = 2 in Ref. 
25. 

It follows from Fig. 1 that the effective interaction is 
characterized by rather large distances, so that the choice of 
a potential in the form (7)  is justified. We solve Eq. (5 )  with 
boundary conditions (6)  numerically. Tables I and I1 list the 
binding energies, which we calculated with and without 
allowance for screening, of the quasimolecules formed by 
helium nuclei and excited mesic hydrogen in the n = 3 state. 

Assuming a Maxwellian mesic-atom energy distribu- 

tion with temperature T, we average the rates A ~nre:'"calculat- 
ed from Eq. (3)  for the reaction (1)  with the function 
y ( ~ ,  E, ) given, for example in Ref. 2 1 (E, = 3/2k,,T and k, 
is the Boltzmann constant). Tables I11 and IV contain the 
averaged charge-exchange rates calculated without and with 
allowance for screening. It can be seen that allowance for 
screening is most significant in scattering of mesoprotium in 
state n = 3 by 'He nuclei. The lesser role of screening in 
scattering of mesic hydrogen in the 2Sstate by helium nuclei 
is due in part to the smaller effective-interaction range. 

Resonant charge exchange is possible under the condi- 
tion 

where E , , ~  is the binding energy of an electron in the excited 
p-state of the final complex (2) ,  with principal quantum 
number n'. The energy levels of the mesic molecules for 
which the resonance condition (9)  is met are underlined in 
Table I. The rate of resonant formation of a mesic molecule 
in reaction (2)  is given by2' 

amrea = s / , n 2 ~ o a , S ~ ~ 2  (9,) I (d,) I 'y (e,, e,) ~.-~c-l ,  ( 10) 

where E, is defined in (9) .  The rate of resonant formation of 
mesic molecules reaches a maximum at energies E* zz E, (ac- 
tually at lower energy, in view of the factor l/k in (d, ) ). 

The value of I ( q ,  ) (in atomic units) was determined in 
Ref. 21. 

Resonant formation of mesic molecules is accompanied 
by excitation of He-atom levels with principal quantum 
numbers n' = 2,3, and 4 (see Table I ) .  The binding energies 
of these levels, calculated with the program described in Ref. 
27, are E ~ ,  = - 3.499 eV, E,, = - 1.543 eV, and E ~ ,  

= - 0.864 eV. The corresponding overlap integrals are 
equal to 0.239, 0.137, and 0.0902. 

The rates of resonant formation of mesic molecules, cal- 
culated without allowance for screening, are shown in Fig. 2. 
It can be seen that at room temperature the most substantial 
is charge exchange of mesodeuterium with ,He atoms. 

Comparing the rates of resonant formation of mesic 
molecules for various isotope mixtures (Fig. 2), we see that 
A T(dp3He) is smaller than A T (pp  He) since n' = 3 for the 
case (dp)  X =  , + 3 ~ e ,  as against n' = 2 for (pp) :=, + He. 
This decrease is even more noticeable for the system 
(dp)  :=, + 4He, where n' = 4. The rates of resonant forma- 
tion of mesic molecules for the system (tp):-, + He are 
smaller than for (pp) :, , + He because in the former case 
the mesic-molecule level that enters into resonance is the one 
with v = 3, which oscillates faster than the level with v = 2 
for (pp X = ,  + He. 

TABLE I. Binding energies (eV) of mesic molecules with J = 1, formed by excited mesic hydro- 
gen with n = 3 (8ku term) and helium nuclei. The levels responsible for resonant charge ex- 
change are underlined. 
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v 
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-44.1 
-33.9 
-25.8 
- -19.6 

0 
1 
2 

3 
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-39,O 
-26.5 
- 18.0 - 
- 12.2 

-42.7 
-31.7 
-23.4 

-17.2 

-43,7 
-32.9 
-24,6 

-18.3 - 

-39.2 
-27.1 
-18,G - 
-12.8 

-42.4 
-30.9 
-22.4 - 
-16.2 



TABLE 11. The same as in Table I, but with allowance for screening. 

TABLE 111. Rates of nonresonant molecular charge exchange ( 1 0 ' s  ' )  without allowance for 
screenine. 8ku term. 

TABLE IV. The same as in Table I11 with allowance for screening. 

TABLE V. Rates of direct charge exchange ( 10" s- ' ) of excited mesic hydrogen with n = 2 and 
3 with helium nuclei for a thermal energy E = 0.04 eV. Screening is disregarded. 

I I 

TABLE VI. The same as Table V but with allowance for screening. 
I I I I 
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The resonant charge-exchange rate is inversely propor- 
tional to the resonance energy E, .  Therefore the shift of the 
mesic-molecule level (and accordingly of E,  ) owing, say, to 
allowance for screening or to adiabatic corrections, can 
change this rate substantially. For example, if a level shift 
displaces the resonance energy of the system (pp) :=, + He 
into the room-temperature region, the resonant charge-ex- 
change rate increases by a factor of 50, reaching - lo9 s-I. 
In our present calculation of the resonant charge exchange 
rates we disregard screening and adiabatic or other correc- 
tions, including, for example, coupling with other channels, 
since the given upper bound of the resonant molecular 
charge exchange is substantially lower than the rates of me- 
sic-hydrogen de-excitation and direct charge exchange (as 
shown below). 

Note that the mesic molecules formed in reactions ( 1 ) 
and (2)  dissociate and transfer a muon to the helium atom 

(Hy) .*He- (Hey) .,,+H. (11) 

Analysis of the term structure indicates the existence of a 
dipole transition to the 7iu term in reaction ( 11 ). The rate of 
this transition is high,' so that the charge-exchange rate is 
determined by the quasimolecule-formation rate (see 
above). At the same time, the rate of de-excitation of the 
(Hp):= state as high ( - 10" s - ' ) . ~ ' , ' ~  It follows there- 
fore from our results (see Tables I11 and IV) that molecular 
charge exchange of mesic hydrogen with helium nuclei can- 
not play a significant role in the kinetics of the excited mole- 
cules. 

3. DIRECT CHARGE EXCHANGE 

Direct charge exchange of ground-state hydrogen-iso- 
tope mesic atoms with helium nuclei is strongly suppressed 
by the absence of pseudocrossing of the molecular terms cor- 
responding to the initial and final states of the reaction.' At 
the same time, as noted in Ref. 8, the rate of transfer of a 
muon from excited mesic hydogen can be high ( - 10" s- I )  

because of the large number of term crossings in this case. As 
regards transfer of a muon to helium, it is shown in Ref. 30 
that direct charge exchange of mesic hydrogen in states with 
nG4 is expected to be suppressed by the absence of term 
crossing. However, our calculations, based on an analy- 
sis~.32 of nonadiabatic transitions in the complex R plane, 

show that the suppression predicted in Ref. 30 for the rates 
of the charge-exchange reaction does not take place at n ) 2 .  

Using the analyticity of the terms in the complex R 
plane, we obtain quasicrossing of terms corresponding to the 
initial and final states of the reaction at a branch point R, 
determined by the condition 

AE (R)  =const (R-R,)'"=O. (12) 

The inter-term transition probability connected with the 
branch point R, is determined by the Massey parameter 

wherep(R) is the relative radial momentum along the con- 
tour C with the point R, bypassed at Re R = Re R,; 

p (R)=Mu ( I - E / E -  (p /R)2)"'  

( v  is the collision velocity as R - andp is the impact pa- 
rameter). The transition cross section 

o=n j P dp2 
0 

is determined here by the ~ r o b a b i l i t y ~ ~  

The transition rate referred to the liquid-hydrogen density 
No is 

The total cross section 0 was obtained, as in Ref. 34, with 
account taken of the statistical weight of the states corre- 
sponding to motion on the attracting term. 

In the calculation of the charge-exchange rates, just as 
in the isotopic exchange reactions,34 the value of P depended 
little on p in the effective integration region. The quantity 
p,,, is defined here as the largest impact parameter for 
which the term crossing point R, is located in the classically 
allowed region. For the values of n considered here it suffices 
to take screening into account only in the entry channel. 

Allowance for screening in the semiclassical approach 
leads to the appearance at distances R-a, of a potential 
barrier that decreases p,,, . In addition, transfer of a muon 
to the helium restructures the electron shell of the helium: 
one electron leaves the helium atom, and the other changes 
its state, since the compact complex (Hep)+ is similar to a 
nucleus with unit charge. The minimum energy needed for 
this restructuring is - 52 eV (the electron leaving the helium 
is trapped in this case in the ground state of the hydrogen 
atom). Charge exchange is therefore possible only if the dif- 
ference between the binding energies of mesic helium and 
mesic hydrogen exceeds this value. Since the screening does 
not alter noticeably the terms in the region of their crossing, 
its contribution is ignored when R, is calculated (Re R, 
<a, 1. 

We consider now direct charge exchange of mesic 
atoms of hydrogen-isotopes in the metastable 2 s  state with 
helium nuclei 

FIG. 2. Temperature dependence of the charge-exchange rates. Screening 
is disregarded: I-pp + 'He, 2-pp + 4He, 3-dp + 'He, 4-dp + 4He, 
5-tp + 3He, 6-tp + 4He. 
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We have calculated the branch points that correspond, 
for the energy-allowed [5gu-3du] and [5gu+] transi- 
tions, to the considered charge-exchange reaction ( 16).  

For the charge exchange of mesic atoms of hydrogen 
isotopes in the state with n = 3 

two transitions are energetically allowed: [8ku-7ia] and 
[ 7 i ~ - 6 h n l .  

The calculated rates of charge exchange of excited hy- 
drogen-isotope mesic atoms with helium nuclei are listed in 
Tables V and VI. Comparison with the experimental data on 
the scattering of mesoprotium and mesodeuterium by 4He 
nuclei7, 14.20 attests to the importance of direct charge ex- 

change of excited mesic hydrogen and of allowance for 
screening. It must be borne in mind at the same time that 
charge exchange of mesodeuterium and mesotritium with 
He, Hef and He2+ can be observed in investigations of 
muon catalysis in a d-t mixture. 

CONCLUSION 

As shown by our analysis, direct charge exchange of 
excited hydrogen-isotope mesic atoms with helium nuclei is 
quite appreciable and should, in contrast with molecular 
charge exchange from these states, be taken into account in 
the analysis of the kinetics of mesic-atom processes in a hy- 
drogen-helium mixture. 
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