
the electron is in a o state). 

There a re  two ranges of values for the distance R 
between the nuclei of the interacting systems in which 
the exchange-interaction potential A(R) is represented 
by different functions of R. Thus, when R >> 22, Eq. 
(20) for the exchange interaction reduces to the limiting 
expression (22), which can be derived within the frame- 
work of the known asymptotic theory. '' When 42'' 
< R  <22, the asymptotic theory is inapplicable, owing 
to the fact that when 2>4 the asymptotic expression for 
the wave function for the electron centered on the ion 
cannot be used a t  these distances. At the same time, 
the calculations show that the quasiclassical method 
worked out here correctly gives the interaction both in 
the intermediate range 42'" <R < 22 and in the asy- 
mptotic limit R >22. In addition, the quasiclassical 
approach allows the results to be easily generalized 
to the case in which the electron's orbital angular mo- 
mentum I ceases to be zero when the electron makes a 
transition from the atom to the MCI. 

The authors thank B. M. Smirnov for useful advice 
and valuable critical remarks. 
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Stimulated photoassociation in the field of an intense 
electromagnetic wave 
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The quantum-mechanical problem of the stimulated transition of a system in the field of an intense 
electromagnetic wave from the continuous spectrum to a bound state having a finite lifetime is 
considered. The formulas derived are used to calculate the stimulated production of mesic atoms and the 
mesic molecule ddp. It is shown that the probability for the production of such systems may be 
considerably enhanced in the presence of an external electromagnetic field. 

PACS numbers: 03.65.Ge, 36.10.Dr 

1. Transitions from the continuous spectrum to a ity for such transitions in atomic collisions may be con- 

bound state with spontaneous emission of a photon a re  siderably enhanced in the field of an intense electro- 
possible in particle collisions. A s  a rule, however, the magnetic wave, however, on account of stimulated pho- 
probability for  such transitions is small. The probabil- ton emission.13 
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The stimulated transitions that arise in collisions of 
ordinary atoms or ions were considered in the papers 
cited above. However, induced transitions in the field 
of an intense electromagnetic wave may also arise in 
the production of mesic atoms, muonium, positroniumP 
antiprotonium, mesic molecules, etc. In these cases 
the stimulated photoassociation process has a number 
of specific features that must be taken into account in 
calculating the corresponding probabilities. 

In particular, in the production of the "exotic" atoms 
and molecules mentioned above at thermal energies, the 
wavelength of the colliding particles considerably ex- 
ceeds the size of the system in the bound state. More- 
over, electronic terms may be excited in collisions of 
ordinary atoms, but internal degrees of freedom are 
not excited in the production of exotic atoms (or mole- 
cules). 

In this paper we consider the quantum-mechanical 
problem of the stimulated transition of a system from 
the continuous spectrum to a bound state that has a fi- 
nite lifetime against spontaneous transitions to lower 
states (gamma-ray emission, the Auger effect, etc.). 
The resulting formulas will be used to calculate proba- 
bilities for stimulated production of mesic atoms in 
states with large principal quantum numbers and for the 
production of mesic molecule ddp in collisions of mesic 
deuterium with deuterium in the field of an intense elec- 
tromagnetic wave. The second process is possible in 
principle since the ddp system has several bound 
states, including one with a binding energy of -2 eV.5 

2. Let the energy of the particles before collision be 
El = cp + &, + $, where &, is the kinetic energy of the rel- 
ative motion of the particles, and c, and 6,  are the in- 
ternal energies of the colliding particles. We shall 
write the potential for the interaction of the system of 
particles with the external electromagnetic field in the 
dipole approximation: 

V ( t )  =PE, eos at, (1) 

where w and E, are the frequency and electric field 
strength, _respectively, of the external electromagnetic 
field and d is the operator for the transition dipole mo- 
ment. 

We shall seek the wave function of the system in the 
external electromagnetic field in the form (E=c =1) 

where a,, is  the wave function of the system with energy 
E ,  in the continuous spectrum (the initial state), @in, is 
the wave function of the bound quasistationary state of 
energy En produced from the initial state of momentum 
p0,+@ is  the continuum wave function of the system of 
energy E' that results from the breakup of the bound 
quasistationary state @&,Do, and is  the wave function 
for the bound state to which the spontaneous transition 
from the state goes. We shall use Heitler's 
method6 to solve the time dependent Schriidinger equa- 
tion with interaction (1). We subject the amplitudes 
A(t),  BDOn(t), D,,(t), and Cx(t) to Fourier transforma- 
tions: 

etc. After substituting (3) into the time dependent 
Schrijdinger equation we obtain the following set of 
equations for the amplitudes (fi = c = 1): 

where H, is the matrix element for the transition from 
the bound state to another bound state of the sy- 
stem with the emission, for example, of a photon, and 
x is the set of quantum numbers specifying the new 
bound state of the system and the emitted photon (k and 
p are the wave vector and polarization of the emitted 
photon). Equations (4) were derived in the resonance 
approximation, i.e . under the assumption that o >> &,, 

+ IZo(- a, where I, is the energy of the bound state reck- 
oned from the energy of the atoms at infinite separation 
( R  - -) . The solution of Eqs. (4) for the amplitude C,(E) 
can be expressed in the form 

C, (E)=HAVp0 , [ (E-E , -o+ ie )  (E-En,-o+ir /Z)  (E-E,+iI ' , /2) ] -L,  

(5) 

P 

where y is the width of the bound level due to the spon- 
taneous decay with photon emission and r,, is the width 
associated with the transition of the system from the 
bound state to the continuum under the action of the ex- 
ternal electromagnetic field. 

3. As is shown in Heitler's book: the transition prob- 
ability per unit time to the state 9, can be obtained with 
the aid of Eq. (5): 

On summing (5) over X and dividing (6) by the particle 
flux, we obtain the cross section for the process at a 
fixed value of energy c,,: 

where g is the statistical weight and p, is the momen- 
tum of the particles. We shall obtain expressions for 
r, for two cases: a) systems with Coulomb interaction 
(mesic atoms, muonium, positronium, antiprotonium, 
etc.) and b) the ddp system. For the systems listed 
under case a),  resonant transitions in the optical range 
are possible only to excited levels with n >> 1. Hence 
to evaluate r,, we may use the asymptotic expression 
for the radial wave function of the quasistationary level 
(in atomic units of length): 
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A s  a result we obtain the following estimate for I', (for 
n >> 1 and kna, << 1): 

hrnpmz/fi-'hn'%(eEQaB) 'as" 1 po 1 mlh (9) 
where a, is the Bohr radius. In deriving (9) it was as- 
sumed that the transition to the bound state takes place 
from an S state of the continuum. 

For mesic atoms, binding energies in the optical 
range correspond to n S O .  In this case we obtain 

fir-10-"(eEQ)'(kT)'" eV. (10) 

for thermalized muons. The reaction rate A ,  averaged 
over the Maxwell distribution of the colliding particles, 
is given by 

where n, is the particle density, x = E ~ , / ~ T ,  A =(w - 11, I )  
/kT, and b = r/kT. For A >> 1 and b << A,  we obtain 

from Eq. ( l l ) ,  while for b >>I and A I 1, we obtain 

Thus, the reaction rate for the production of bound sys- 
tems with Coulomb interaction in  the field of an intense 
electromagnetic wave ceases to be temperature depen- 
dent when the fieldstrength is high enough. 

Let us obtain numerical estimates ot the reaction rate 
for the production of mesic hydrogen atoms. Using (l2), 
we find 

At the temperature and density of liquid hydrogen we 
have kT - 10" eV and no =4.25 x loza cmJ; then assuming 
an electromagnetic fieldstrength of E, - 3 x lo4 V/cm and 
using the values n - 30 and y - lo4 eV, we obtain EX - l W 5  
eV. This estimate shows that the time for spontaneous 
production at very moderate strengths of the electro- 
magnetic field. 

4. Now let us consider the production of mesic deu- 
terium molecules in the field of an intense electromag- 
netic wave. In this case we must find the matrix ele- 
ment V ,  for the transition from the continuous spec- 
trum of the a+dp system to a weakly bound state of the 
ddpm~lecule.~ The cross section for this process is 
given by Eq. (7), and the reaction rate, averaged over 
the Maxwell distribution, is given by Eq. ( l l ) ,  in which 
the matrix element is taken from Ref. 5. According to 
Ref. 5, the level of the mesic molecule ddp with quan- 
tum numbers J = 1 and v = 1 has the binding energy (I, I 
=2.196 eV and the corresponding matrix element is V, 
=400 mesic atomic units. We accordingly obtain the 
following estimate for the stimulated photoassociation 
width r,, (at liquid-hydrogen density): 

fir,,pO1O-zO (eE,)' ( k T )  '" eV (15) 

If r ,sy,  then y / r -1 ,  and Eq. (12) therefore gives 
the following estimate of 1 (using A - 1 and n, =4.25 
x 10aa cm9): 

At liquid hydrogen temperature with an electric field of 
strength E - lo6 V/cm, (16) yields A - 10" eV or x - 10' 
secd. This is an order of magnitude larger than the 
measured probability for spontaneous production of 
mesic molecules in liquid hydr~gen .~  

5. The production in the field of an intense electro- 
magnetic wave of bound states in positronium and muon- 
ium atoms, mesic atoms, and mesic molecules at nor- 
mal temperatures takes place from an S state of the 
continuum. Hence the formulas derived above are not 
directly applicable to these cases. Several partial 
waves of the continuum wave function may take part in 
the production of molecules in collisions of ordinary 
atoms. This case therefore requires some refinement. 

We also note that the case of elastic scattering in the 
field of an electromagnetic wave requires special treat- 
ment. Thus, the negative level leads to the appearance 
in the elastic scattering amplitude of a pole term that 
may interfere with the potential-scattering amplitude. 
Interference in the inelastic channel may be neglected 
if the condition eEov/fid << 1 is satisfied. 

The above estimates of the probabilities for the pro- 
duction of mesic atoms in the field of an intense elec- 
tromagnetic wave are valid provided the muons are 
thermalized. If the capture of a muon to form a mesic 
atom as a result of the Auger effect on bound electrons 
takes place from continuum states with energies E,>> 1 
eV and the muon has not been thermalized, then one will 
not be able to significantly alter the probability for the 
production of mesic atoms by the use of optical lasers. 
But if the muons are thermalized, one can considerably 
affect the production of mesic atoms (and of other exot- 
ic atoms) by the use of lasers, and in particular, it be- 
comes possible to control the cascade of mesic x rays 
and the populations of the states of the mesic atoms. 

The stimulated enhancement of the probability for the 
production of the mesic molecule ddp can be observed 
via the neutron yield from the nuclear reaction 

d+dp+ (Heap) +n. 

In concluding, the authors thank S. T. Belyaev, D. P. 
Grechukhin, and S. I. Yakovlenko for discussions. 

APPENDIX 

Let us find the explicit form of C,(t). Using Eqs. (3) 
and (5), we obtain 

The probability that the system will be found in the state 
a, is IC,(t) l a .  If we are interested in the probability 
without regard for the quantum numbers of the emitted 
photon, we must sum over the wave vector k and polar- 
ization p of the photon. There results 
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where 

K=l-exp(-'/,(r+T,)t) [cos(e,+ J I o I - ~ ) t  
-2(e,+ II.1 -0)  sin (e,+ 11. I -o)t] .  
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Quasiclassical theory of direct chemical reactions in rapid 
collisions 
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The amplitude of the rearrangement reactions that accompany fast molecule collisions is analyzed within 
the framework of the eikonal approximation. Calculation of the eikonal integral by the stationary-phase 
method establishes the presence of diierent process mechanisms, each connected with a region of 
scattering angles and energies in which the mechanism makes the decisive contribution to the cross 
section. For the diierential cross section in the vicinity of the principal directions connected with these 
mechanisms, simple analytic formulas are obtained and connect the angular distribution with the 
parameters of the binary potentials between the atoms. The rate constants of the chemical reactions are 
estimated on the basis of the obtained approximate expressions. 

PACS numbers. 82.20.Hf, 82.30.Eh 

The development of effective analytic methods for the 
estimate of the c ros s  sections, and also of the constants 
of chemical reactions in the energy interval from sev- 
e r a l  electron volts and upwards is of grea t  interest  for 
a large number of gas dynamic problems a t  high tem- 
peratures. 

It is known that a t  such energies the dominant mech- 
anism i s  in many cases  the mechanism of direct  reac- 
tions,' which means both the absence of an intermediate 
complex and a decrease of the role of the nonadiabatic 
transitions between the potential surfaces. These reac- 
tions were investigated most consistently in the impulse 
approximation2 under the conditions. 

where w is the characteristic frequency of the vibrations 
of the nuclei, T is the collision time, F is  the amplitude 
of the pair scattering, and p, is the average distance 
between atoms. In addition, an additive model of inter- 
action potentials was used. I t  must  be  stated that the 
second condition of (1) is too stringent, a s  is incidental- 

ly a l so  the f irst .  

Much more  accurate is the eikonal approximation de- 
veloped for  the rearrangement reactions in our preced- 
ing  paper^.^" It is not connected with the second condi- 
tion of (1) and makes it possible to relax the f i r s t  some- 
what. The eikonal formulas take fuller account of the 
interaction between the particles and make i t  possible, 
as we shall  show below, to describe correct ly within the 
frameworkof a single expression the "stripping," "pick- 
up," and "knock-out" mechanisms. In the present paper 
we obtain from the eikonal expression a general formu- 
la  of quasiclassical character  for  the amplitude of the 
stripping and pickup reactions, which yields the contri- 
bution to the small-angle scattering. This. formula a t  
lower energies than in the impulse approximation. Next, 
for  a l l  three mechanisms a t  higher energies, we obtain 
simple analytic formulas for the scat tering amplitudes, 
applicable for  mass  calculations of the c r o s s  sections 
and of the r a t e  constants of reactions a t  high tempera- 
tures. We obtain for  the r a t e  constants of the reactions 
analytic expressions that depend on the principal pa- 
rameters  of the colliding partners. 
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