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We investigate the dynamics of the excitation of multiphoton resonances in molecules of the spherical top 
type, whose spectrum has a fine structure due to the lifting of the K degeneracy of the vibrational- 
rotational states. It is shown that the excitation of these molecules resembles an irreversible process. The 
effect of the width of a laser radiation spectrum on the efficiency of the process is discussed. It is shown 
that study of the absorption of laser radiation by gases at finite temperatures may reveal anomalous 
dependences of the accumulated energy on the laser field intensity which do not correspond to the degree 
of photonicity of the resonance. 

PACS numbers: 33.80.Kx1, 33.10.J~ 

Processes of selective laser action on the vibrational 
degrees of freedom of molecules have beenunder studyte2 
since 2964. At present the collisionless dissociation of 
polyatomic molecules in an intense infrared field is the 
most widely studied process.?' This effect is made use 
of in experiments on the laser separation of 
It is  customary to divide this phenomenon into three 
stages6* 7: resonant multiphoton absorption of quanta in 
lower vibrational-rotational levels, the subsequent ac- 
cumulation of energy in the region where the density of 
vibrational states is high, i.e., the quasicontinuum, and 
the decay of the molecule due to predissociation. The 
first  stage of the process practically completely ensures 
the selectivity of the effect a s  a whole and is therefore 
of particular interest from the viewpoint of the laser 
separation of isotopes. Resonance processes in the low- 
e r  levels of symmetric polyatomic molecules have been 
investigated in a number of ~tudies ,~ '"  where the spec- 
tral dependences of the laser quantum absorption prob- 
ability have been obtained. In addition, the dependence 
of the lower-level populations on the time and on the 
parameters of the laser pulse a r e  not unimportant char- 
acteristics of the processes. 

In Ref. 9 the dynamics of the excitation of the lower 
levels were analyzed taking into account the specific fea- 
tures of the spectrum of polyatomic molecules; in addi- 
tion, the effect of the excitation of molecules irrespec- 
tive of the dependence on the rotational quantum number 
J, due to the existence of two- and three-photon reso- 
nances, was explained. In a rigorous analysis of the 
dynamics of the excitation of multiphoton resonances i t  
is necessary to keep in mind the effect of the nonmono- 
chromatic laser fieldi2 and the presence of the fine struc- 
ture of excited vibrational-rotational  state^.'^-'^ The 
present study is mainly devoted to the role of the fine 
splitting and also touches on the question of the effect of 
the nonmonoc hromaticity of the laser pulse. 

Molecules of the spherical top type have a unique vi- 
brational-rotational spectrum. The essence of the situ- 
ation i s  a s  follows. In the rigid top approximation each 
vibrational-rotational level i s  degenerate in the projec- 
tions M of the angular momentum on the axis of the lab 
frame and in the projection K of this angular momentum 

on the axis of the molecule. In the ground vibrational 
state this approximation is completely justified. How- 
ever, the vibrationally excited molecule partially loses 
its rigidity-when it rotates, Coriolis forces can s t i r  up 
modes which were not excited earlier. There a re  two 
consequences of this: 1) the projection of the angular 
momentum on the axis of the molecule is no longer con- 
served, that is ,  the quantum numbers K cease to corre- 
spond to states of definite energy, and 2) the degenera- 
cy i s  partially lifted and a band of levels is produced, 
whose width r i s  considerably less than the distance to 
the adjacent vibrational-rotational level. We shall num- 
ber the levels in these bands by the index m. In a cir- 
cularly polarized field the degeneracy in the quantum 
number M is not important. 

It should be noted that the lifting of the K degeneracy 
and the appearance of the fine structure can occur in dif- 
ferent ways in different molecules. A situation is possi- 
ble where the main effect is due to the violation of the 
spherical-top symmetry because of vibrational excita- 
tion of the molecule. If as a result of vibrational excita- 
tion the molecule becomes a symmetric top, then states 
of definite energy a r e  close to states of definite K and -- 
approximate selection rules hold for transitions between 
fine structure states.t5b In the more general case when 
the effect of rotational symmetry violation in the mole- 
cules is of the order of the effect of the loss of rigidity, 
states of definite energy differ considerably from states 
with definite K.'~' In this case all the transitions allow- 
ed by symmetry have matrix elements of the same or- 
der of magnitude. I t  is just such molecules that we con- 
sider in the present study. 

In fields of moderate intensity the excited-level split- 
ting due to the polarizability (the quadratic Stark effect) 
of molecules is less than the fine splitting, and the 
ground vibrational state is not split because of its sym- 
metry. This means that an external field E induces lit- 
tle more than multiphoton transitions between resonance 
levels. The matrix element of such a transition is de- 
termined by the degree n of photonicity of the resonance, 
by the values of the matrix elements dp l  of the dipole 
moment operator, by the values At  of the detunings of 
the intermediate levels, and by the values K and m of 
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the quantum numbers in the ground and in the excited 
state: 

here a and a re  the geometric means of the dipole mo- 
ment of the vibrational transition and of the detuning of 
the intermediate levels from the resonances, and r; is 
a factor that determines the role of the initial and final 
states. 

At large laser field intensities, when the characteris- 
tic Rabi frequency V, which according to the sum rule 
is equal to the value of the root mean square matrix ele- 
ment of the transition-multiplied by the square root of 
the number of levels N in the f i rs t  band, v = ( ~ ~ ) ' / ~ f i ' ~ ~ ,  
exceeds the width of the band r, the fine splitting of the 
level is not important and the dynamics of the excitation 
of the resonance can be described using a simple two- 
level model. On the other hand, for weak fields when 
the width of the multiphoton resonances (v2)'I2 is  less 
than the characteristic spacing between levels, only that 
fine structure component for which the resonance con- 
dition is satisfied can be excited in a band. 

In this study we consider intermediate intensities, 
when the Rabi frequency is less than the band width and 
the width of the multiphoton resonance i s  larger than the 
characteristic spacing between levels in the bands: 

(for example, for the SF, molecule this inequality holds 
for radiation iatensities in the range l ~ ~ - l O ~  ~ / c m ) .  In 
fields of such intensity not all the fine structure compo- 
nents a re  excited from the lower, degenerate, state, 
but only a relatively small part of the band which, how- 
ever, contains a large number of levels." Consequently, 
the behavior of the system is determined by a large 
number of constants-the detunings and the matrix ele- 
ments VIIf. Present-day methods of high-resolution 
laser spectroscopy make it  possible in principle to find 
the values of the detunings and dipole-moment matrix 
elements for the fine structure components of a number 
of polyatomic molecules. However, i t  is  obvious from 
physical considerations that the total population of the 
upper and lower vibrational-rotational levels in a given 
range of laser field intensities is determined by certain 
averaged characteristics of the spectrum and of the op- 
erator for the interaction with the field. 

It seems advisable therefore to describe the excitation 
of a molecule not by exact numerical solution of the 
SchrGdinger equation for this multilevel system, but 
rather by using a model approach which permits an an- 
alytic solution of the problem. For this approach i t  i s  
necessary to choose the form of the distribution function 
for the vakues of the matrix elements of the transition 
operator V. I t  was noted earliert6 that for the matrix 
elements of transitions between states produced as a re- 
sult of a complex interaction like the fine splitting of the 
levels in a molecule, ib is  most natural to choose the 
Wigner distribution function 

where c2 is the square of the Rabi frequency or ,  in other 
words, the sum of the squares of the matrix elements of 
the operator for the transition from the state K to all the 
fine structure components, fi is the number of such 
components, and = (V2). The use of the Wigner dis- 
tribution function reflects the fact that the matrix ele- 
ments of transitions between different pairs of fine 
structure components can differ considerably both in 
value and in sign. This constitutes the fundamental dif- 
ference between our problem and the problem of the co- 
herent excitation of the preionization states of an atom,'' 
where the matrix elements vary smoothly. 

The next stop in solving the problem of the behavior of 
a molecule in an external field is to write down and solve 
the Schradinger equation. For almost-resonant systems 
it is traditional to use the quasi-energy representation 
of the resonance approximation. The system of equa- 
tions for the 4 functions i s  of the form 

we have set  R E  1. Here the index K refers to the com- 
ponents of the lower, degenerate, level and the index m 
refers to the fine structure components of the upper lev- 
el. If a t  the initial instant of time only one of the com- 
ponents of the lower level is pcpulated, for example, 
that with K =0, the population of the components with K 
and m at  a time t is given by the expressions 

where i? is the matrix on the right-hand side of (3), that 
i s ,  the effective Hamiltonian of the system. It is con- 
venient to use the expansion 

and a similar expansion for 5. After substituting (5) in 
(4) and averaging by means of the function (2), the prin- 
cipal sequence of the ser ies  is summedi6 and, using the 
Fourier representation in the time, we obtain the follow- 
ing expressions for the populations of the levels: 

where X ,  and X ,  a r e  found from the relations 

where the solutions (7) must be chosen with account 
taken of the signs of the imaginary parts of the variables 
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t and 5. We shall be interested in the behavior of the 
system at  t>>r" ,  assuming that the characteristic Rabi 
frequency i s  small compared to l?. Then we can let the 
width r of the band tend to infinity, having fixed the 
mean level density at ( 2 ~ 6 ) " .  In this case the solutions 
of Eqs. (7) take the form 

Substituting the solutions (7) in ( 6 )  and taking the inverse 
of the Fourier transform (4), we find the following ex- 
pressions for the total populations: 

where N is the degree of degeneracy of the lower level 
and 6 ~ 2 7 ~ 8  is the mean spacing between adjacent compo- 
nents of the upper band. In addition, i t  should be noted 
that only those fine structure levels in the upper band 
lying in the vicinity (N (V2)  + ( ~ ~ ) ~ 6 - ~ ) " '  of the resonance 
a re  populated significantly. 

We note that our result is not valid at all times. In 
fact, expressions ( 8 )  a r e  irreversible in time, while the 
original equations ( 3 )  a r e  reversible. The reason for 
this is the incomplete summation of the series for  the 
populations in going from (4) and (5) to ( 6 ) .  However, 
significant differences between the exact expression for 
the population and expression ( 6 )  begin to show up only 
for very large times, which a re  clearly much larger 
than the relaxation times existing in a real  situation. 

If the upper and lower states have the same number 
of components and the system ( 3 )  permits diagonaliza- 
tion in the indices m and K, the solutions ( 8 )  can be ob- 
tained by yet another method. In this case the multi- 
level, two-band structure can be represented a s  a set  of 
two-level systems. The problem of the excitation of this 
structure reduces to averaging the populations over the 
Rabi frequencies: 

which agrees with ( 8 )  up to quantities - ( v 2 ) N / r 2 < < 1 .  
Moreover, in contrast to the above expression, formula 
( 8 )  is also valid in the case where the number of compo- 
nents in the upper and lower bands is not the same: 6N 
< I' and the smallness of ( v 2 ) N / r 2  << 1 does not imply the 
smallness of (V2)N6'<< 1.  In this situation the exponen- 
tial in ( 8 )  no longer gives a small contribution, which 
means that the dynamics of the excitation of the upper 
band has a different nature. 

It is interesting to consider the asymptotic behavior of 
the populations a t  large times, since under experiment- 
a l  conditions the duration of the laser pulse significantly 
exceeds the characteristic times for resonance satura- 
tion. After integrating from zero to infinity in Eqs. ( 8 ) ,  

we find (27~; = 6) 

Expressions ( 9 )  admit of a clear physical interpreta- 
tion. Actually, i f  the matrix element of the transition 
between fine structure components is of order V ,  the 
total matrix element of the transition between the upper 
and lower bands, that is, the characteristic Rabi fre- 
quency, is ?=vN'/' because of the sum rule. When 
V N " ~  >> v 2 / 6 ,  g e f f  3 V N ' / ~ / ~  levels of the upper band land 
in the Stark capture width and a r e  populated up to a val- 
ue of the order of the mean populations N-'. This means 
that the total population of the upper band is of order 
N'lgeff 3 V N ' / ~ / N ~ .  As the intensity of the laser field in- 
creases the effective statistical weight of the upper band 
g e f f  also grows, since an even larger number of its com- 
ponents begins to satisfy the resonance condition A, 

VN'". If the total number of levels in the upper band 
is I'/6=N" >>N, then as V- 03 the population of the upper 
band tends toward unity. The asymptotic ratio of the 
populations of the upper and lower bands is therefore 
equal to the ratio of the effective statistical weight of 
the upper band to that of the lower. 

Up to now the excitation dynamics have been studied 
for the case of a field of constant amplitude switched on 
a t  t=O. I t  is, however, of interest to generalize the re- 
sults to the case of a slowly varying laser field. In the 
case of a slowly increasing field the result is a priori 
clear: formula ( 9 )  with the instantaneous value of (V2)  
is valid for the total population of the upper band com- 
ponents a t  the time t .  In the case of a slowly decreasing 
field i t  is  necessary to determine whether o r  not a com- 
plete return of the system to the ground state occurs 
when the matrix element ( v ' ) ~ / ~  tends to zero. The ans- 
wer to this question depends considerably on how possi- 
ble i t  is  to represent the system a s  a se t  of pairs of in- 
terrelated levels. If this represen tation is possible, 
then i t  is necessary to study the dynamics of the excita- 
tion of a two-level system with a detuning A2 and a ma- 
trix element of the transition between states 1 and 2 V , ,  
" ( (V ' )N) ' /~  in a slowly varying field and then average 
over A2. 

An analytic solution to this type of problem can be 
found for  certain specially selected profiles of the de- 
pendence Vl , ' ( t ) .  In particular, fo r  V, ,  2 ( t )  = V,, cosh-let 
the solution to the problem can be expressed in terms of 
a hypergeometric function: 

from which i t  is possible to find the probability of ex- 
citing the two-level system by an adiabatic pulse: 

which significantly differs from zero for only the de- 
tunings A 2 s  a and V o 2  a .  In other words, such a sys- 
tem appears after the removal of the adiabatically slow- 
ly varying field in the ground state if only the spectral 
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width of the laser pulse does not cover the resonance. 

If the system cannot be represented as a se t  of pairs 
of levels, that i s ,  i f  it is not possible to simultaneously 
diagonalize the submatrix of the transition amplitudes 
and the Hamiltonian of the upper band, the adiabaticity 
condition becomes much stronger. In fact, the values 
of the quasienergy E, of the system vary with V in such 
a way that there is no intersection of the levels, &,(V) 
+ &,(V). However, for an adiabatically slow but finite 
ra te  of variation of V, Landau- Zener transitions be- 
tween the levels E, and &,, which move fairly close to 
each other, a r e  possible. The probability w of such 
transitions is exponentially small, but their number p i s  
large. Therefore, the system returns to the ground 
state only when the following condition is satisfied: 

If the characteristic value of the nondiagonal matrix ele- 
ment of the Hamiltonian of the upper band is g- (r6/3)' ', 
the probability w can be estimated using the familiar 
formula1' 

where 7 is  the duration of the smooth pulse V(t) and a, 
is the Rabi frequency. The number of transitions can be  
estimated from the ratio vN1I2/6. The adiabaticity con- 
dition is written in the form 

The spectral width of an adiabatic pulse must therefore 
be ( ~ / V N ~ ~ ~ ) I ~ ( V N ' ~ ~ / ~ )  times narrower than the dis- 
tance 6 between adjacent levels. 

The different behavior, in a varying field, of systems 
which can and cannot be represented as a se t  of two- 
level systems is due to the difference of the population 
oscillation frequencies in their spectra. Whereas in the 
first  case there is a finite minimum oscillation f re-  
quency a,,,- 8= vN1I2, in the second case, because of 
the complex nature of the interaction, there a re  many 
oscillations with differential and therefore small f re-  
quencies a < <  V. As a result, the adiabaticity require- 
ment, that is, that the variation be slow compared to 
the characteristic frequencies of the system, is con- 
siderably more stringent in the second case. 

We note that a similar estimate can be made for a 
slowly varying laser frequency. In this case i t  is nec- 
essary to replace in (14) the characteristic Rabi fre- 
quency by the characteris tic value of the detuning change. 

Therefore, if a multilevel two-band system can be 
represented a s  a se t  of two-level systems, then under 
the action of a laser pulse of spectral width AwL such 
that 

VN" VN' 
l'BAaL> -6 ln-I- r 6 '  

the upper band of the system is populated to values pz2 
- A W ~ / ~ N .  In the opposite case the population of the up- 
per band will be  considerably larger: pZ2 = ( ( v Z ) ~ ) ' l 2  

Until now we have considered the behavior of a two- 
band system acted on by a resonant field. This system 
imitates the resonant multiphoton absorption of laser 
radiation by a molecule with fixed quantum numbers J 
and M. To obtain the dependences characteristic of the 
gas as  a whole, the answer must be averaged over the 
rotational Boltzmann distribution. We shall restrict  
ourselves to the case where the Q branches of the two- 
photon transitions a r e  excited and shall neglect the in- 
fluence of absorption from excited states. In addition, 
we shall consider the case when of a transition from the 
ground vibrational s ta te  to the fine structure components 
of a degenerate vibrational state. 

Let us use formula (9), in which the quantities Va 
(v2)'I2 and N depend on the quantum number J. It is ob- 
vious that N =2J+1  and the value of vNil2 for transi- 
tions in the Q branches is given by the expression 

E Z ~  IJd ~~d::+'d,f:+~ 
',+7'/> - "' "' f ~~d;;- 'd f : : - ,  

A A+BJ * A-BJ 

where B is a rotational constant and A i s  the detuning of 
the Q branch of the ground state transition from the res- 
onance. For J>>  1 ,  (15) is approximately equal to 

where coscp =M/J. We shall neglect the dependence of 
V N " ~  on the direction cosines and average (9) over the 
distribution of J: 

here T is the temperature of the gas, d (d@:)ll2, and Z 
is the rotational partition function. The mean population 
therefore depends on the following three dimensionless 
parameters: 

the physical meaning of which is the following: r is the 
characteristic number of rotational states participating 
in the process, s i s  the number of fine structure compo- 
nents landing in the Stark capture region, and a is the 
number J for which there i s  rotational cancellation of 
the intermediate detuning. The dependence of jTz2 on s 
actually determines the dependence of the energy E, ab- 
sorbed in the gas on the laser field intensity. This de- 
pendence is different for different relations between the 
parameters: 

1) for  a < < r 2  and s2>>a  

(K, is the MacDonald function); 

2) for s2<<a  

p22-s; 

3) for a > > r 2  
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S for s'<r2 
p*.- ( 

C O I I S ~  for s2>rZ' 
Zdt. Our calculation does not give such a dependence. 

(I8" Consequently, under experimental conditions processes 

From (18) we see that the accumulated energy as a 
function of the laser field intensity I - s  has a region with 
a cubic dependence E, = I 3  in addition to regions of lin- 
ear growth and saturation. The existence of this region 
is due to the rapid increase of the number of saturated 
transitions with J lying in the region where the Boltz- 
mann distribution function grows quadratically. In fact, 
in the ca se  a<< r2, that is, A/B << ( k ~  /B)'I2 there is a 
range of J 

in which, on the one hand, the total transition probabil- 
ity amplitude VN"~ does not depend on J, while, on the 
other hand, the distribution function increases like J2. 
The maximum value J=J,, for which there i s  satura- 
tion is determined by the condition 6(2J + 1) VN'", that 
is, J,,-vN'/~. The total number of saturated transi- 
tions is proportional to the integral of the distribution 
function from ze ro  to J,,, that is, ~oJi, , .  Consequently, 
for  an n-photon transition, when V N ' / ~ = ~ " / ~  there is a 
relation for the accumulated energy: 

The dependences given here  were  obtained by u s  for  
molecules with fixed orientation. It i s  obvious, however, 
that averaging over the orientations does not significant- 
ly change these dependences outside the transition re- 
gions. 

Therefore, the presence of a fine s t ruc ture  in the en- 
ergy spectrum of molecules of the spherical top type 
significantly changes the nature of the coherent excita- 
tion of single-photon and multiphoton resonances in a 
laser field. The behavior of the molecule acquires the 
features of an irreversible process and the value of the 
accumulated energy reaches a stationary value propor- 
tional to the effective statistical weight of the excited 
state. The physical meaning of the effective statistical 
weight is the number of fine structure components which 
land in the Stark width of the multiphoton resonance. If 
the system i s  not a collection of pairs  of levels, then 
radiation with a spectral  width exceeding the product of 
the characteristic spacing between fine s t ruc ture  com- 
ponents and the rat io of the effective statistical weight 
to the actual weight leads to resonance excitation. Ra- 
diation with a smal ler  spectral  width excites practically 
no multiphoton resonance. Its saturation occurs a t  a 
laser field intensity such that the effective stat is t ical  
weight of the excited state reaches the s ame  order of 
magnitude a s  the statistical weight of the ground state. 
For  molecules with different J this intensity, generally 
speaking, i s  different. Therefore, in the excitation of a 
gas of molecules in thermodynamic equilibrium the de- 
pendence of the accumulated energy on the value of the 
statistical weight g,,, may no longer b e  linear. Thus, in 
particular, for a two-photon resonance wheng,,, 4 
there can b e  a cubic dependence of the absorbed energy 
on the laser  pulse intensity. I t  should be noted that 
numerous experimental data indicate that the degree of 
excitation of the lower levels of multiatomic molecules 
is determined by the value of the transmitted energy 

occur which distort  the picture of coherent multiphoton 
excitation of vibrational-rotational levels possessing a 
fine structure. Among such processes are the collision- 
a1 redistribution of the populations among the fine struc- 
ture components and the radiative decay of levels due to 
the removal of molecules to higher s t a t e s  of the vibra- 
tional quasicontinuum. 

The author is grateful to N. V. Karlov and S. S. Alim- 
piev for  discussion of the results  and to A. M. Dykhne 
for  a discussion of the study. 

"Here the field intensity determines the number of components 
that are a t  resonance with the radiation. Such problems 
were studied in Ref. 16. 

'G. A. Askar'yan, Zh. Eksp. Teor. Fiz. 46, 403 (1964) [Sov. 
Phys. JETP 19, 273 (1964)l; 48, 666 (1965) [21, 439 (1965)l. 

2 ~ .  V. Bunkin, R. V. Karapetyan, and A. M. Prokhorov, Zh. 
Eksp. Teor. Fiz. 47, 216 (1964) [Sov. Phys. JETP 20, 145 
(196511. 

3 ~ .  R. Isenor, V. Merchant, R. S. Hallsworth, and M. C. 
Richardson, Can. J. Phys. 51, 1281 (1973). 

4 ~ .  V. Karlov and A. M. Prokhorov, Usp. Fiz. Nauk 1l8, 583 
(1976) kov. Phys. Uspekhi 19, 285 (1976)l. 

5 ~ .  S. Letokhov and C. B. Moore, Kvantovaya Elektron. 
(Moscow) 3, 248, 485 (1976) [Sov. J. Quantum Electron. 6, 
129, 259 (1976)l. 

%. M. Akulin, S. S. Alimpiev, N. V. Karlov, and B. G. 
Sartakov, Zh. Eksp. Teor. Fiz. 72, 88 (1977) [Sov. Phys. 
JETP45, 47 (1977)l; V. M. Akulin, S. S. Alimpiev, N. V. 
Karlov, and L. A. Shelepin, Zh. Eksp. Teor. Fiz. 69, 836 
(1975) Bov. Phys. JETP 42, 427 (1975)l. 

7 V. M. Akulin, S. S. Alimpiev, N. Y. Karlov, A. M. 
Prokhorov, B. G. Sartakov, and E. M. Khokhlov, ZhETF 
Pis. Red. 25, 428 (1977) [JETP Letters 25, 400 (197711. 

'T. F. Deutsch, Optics Lett. 1 ,  25 (1977). 
'v. M. Akulin, S. S. Alimpiev, and N. V. Karlov, Zh. Eksp. 

Teor. Fiz. 74, 490 (1978) [Sov. Phys. JETP 47, 257 (1978)l. 
'OS. S. Alimpiev: N. V. Karlov, A. M. Prokhorov, B. G. 

Sartakov, a 9  E. M. Khokhlov, Tezisy dokladov na VIII 
Vsesoyuznoi konferentsii po nelinehor i kogerentnor optike 
(Abstracts of reports presented at the Eighth All-Union 
Conference on Nonlinear and Coherent Optics), Leningrad, 
1978; S. S. Alimpiev, N. V. Karlov, B. G. Sartakov, and 
E. M. Khokhlov, Opt. Commun. 26, 45 (1978). 

"J. H. Birely, Tezisy dovadov na VIII y~sesoyuznoy 
konferentsii po ne~inehoi i cogerentnoi optike (Abstracts of 
reports presented at the Eighth All-Union Conference on 
Nonlinear and Coherent Optics), Leningrad, 1978. 

"v. Yu. ~inkel'shtek, Zh. Eksp. Teor. Fiz. 76, 91 (1979) 
[Sov. Phys. JETP 49, 46 (1979)l. 

1 3 ~ .  S. McDowell, H. W. Galbraith, B. J. Krohn, C. D. 
Cantrell, and E. D. Hinkley, Opt. Commun. 17, 178 (1976). 
'9. Fox, H. W. Galbraith, B. J. Krohn, and J. D. Louck, 

Phys. Rev. A15, 1367 (1977). 
I5a) A. J. Dorney and J ,  K. G. Watson, J. Mol. Spectrosc. 

42,  1 (1972); b) I. N. Knyazev, V. S. Letokhov, and V. V. 
Lobko, Opt. Commun. 25, 337 (1978); c) W. Harter and 
C. W. Patterson, J. Chem. Phys. 66, 4872 (1977). 

I6v. M. Akulin and A. M. Dukhne, Zh. Eksp. Teor. Fiz. 73, 
2098 (1977) kov. Phys. JETP 46, 1099 (1977)l. 

"u. Fano, Phys. Rev. 124, 1866 (1961). 
"L. D. Landau and E. M. Lifshitz, Kvantovaya mekhanika, 

Nauka, 1975 (Eng. transl. Quantum Mechanics: Nonrelativ- 
istic Theory, Oxford, Pergamon, 1977). 

Translated by P. Millard 

984 Sov. Phys. JETP 49(6), June 1979 V. M. Akulin 984 


