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Resonant ionization of atoms in two fields-an exciting (weak) and an ionizing (strong) field- 
under resonant conditions in the region of the Rydberg levels, whose spectrum is restructured 
under the action of a strong ionizing field, is considered. The photoelectron energy spectrum and 
the dispersion dependence of the ionization rate on the frequency of the exciting field are found. I t  
is shown that under certain conditions these functions have narrow minima in the vicinity of 
values of the electron energy and the exciting field frequency corresponding to resonances on the 
quasi-energy atomic levels. The nature of the effect is elucidated and it is shown that it is due to 
interference between the direct resonant and cascade ionization processes. On this basis a physical 
interpretation of the stabilization of multiphoton ionization of atoms in the ground state, located 
in a very strong field, is presented. The case of short laser pulses with a smooth envelope and the 
specific features of the excitation and interference stabilization of the Rydberg levels which thus 
arise are considered. 

1. INTRODUCTION 

The phenomenon of resonant multiphoton ionization of 
atoms has been studied in great detail both theoretically and 
experimentally [see also the literature cited in Refs. 3 and 
4 (review articles) and Ref. 51.  In the description of this 
phenomenon it is usually assumed that only one isolated dis- 
crete level of the atom or a very small number of close-lying 
levels take part in the resonance. The situation is qualitative- 
ly changed if some number k of the quanta of a strong laser 
field k h  ( w  is the frequency) produce a resonant transition 
from the ground state of the atom (with energy E,,) to the 
region of Rydberg levels E,, (n  is the principal quantum 
number, n > 1 ) : 

If the interaction energy of the atom with the field is suffi- 
ciently large, then a large number of Rydberg levels can take 
part simultaneously in the resonance, which can bring about 
qualitative changes in the character of the process of reso- 
nant ionization compared to the case of an isolated level. 
This prediction is based on the recent theoretical discovery 
and description of a class of interference effects which arise 
in the photoionization of Rydberg atoms in a strong 
field. &'(' In particular, the question of the single-photon ion- 
ization of an atom was considered, in which the atom at the 
initial instant of time is found at some highly excited level 
E,, , n>) 1. It was shown that at a high enough intensity of the 
ionizing field, when the energy of its interaction with the 
atom becomes greater than the distance between neighbor- 
ing Rydberg levels, the following unusual phenomena arise: 

1) In a strong field the quasi-energy spectrum of the 
atom is redistributed. The quasi-energy levels E " I '  are local- 
ized at the midpoints between the neighboring Rydberg lev- 
els of the free atom 

E'n'=' /2(E,+E,+l) .  (1) 

2)  The width r of the quasi-energy levels ( 1 ) in a strong 

field becomes a decreasing function of the field strength E, 

and becomes smaller than the distance between neighboring 
levels. In other words, the quasi-energy levels E '"' ( 1)  are 
narrow and are narrowed by the field instead of broadened. 

3 )  The energy spectrum of the photoelectrons in a 
strong field acquires a multi-peaked appearance. These 
peaks are localized near E '"' + h. If no is the number of 
the solitary initially populated level, then the two main 
maxima, which are of equal height, are localized near 
E ( n , , )  + ha,,dE'",, 1 )  + Ziw. The heights of the remaining 
maxima fall off as (n - n,, + 1/2) '. The widths of the 
maxima are equal to the width of the quasi-energy levels l- 
and decay as the field E, grows, at the same time that the 
heights of all the maxima grow. 

4 )  Depending on the time t ,  the total photoionization 
probability is characterized by an ionization time t ,  = 1/T, 
which in a strong field becomes an increasing function of E,, 

i.e., there takes place a strong-field-induced stabilization of 
the atom, or  a slowing down of the ionization process, or 
trapping of the populations to discrete levels. Qualitatively 
similar phenomena also take place during the initial coher- 
ent population of many Rydberg levels. For example, as be- 
fore, the photoelectron energy spectrum has a multi-peaked 
character with maxima localized near E '""' + h. But the 
envelope of these maxima is different from that described 
above: it has a dip in the center, i.e., near E '""' + h, where 
the level number no corresponds to the center of the zone of 
the initially populated Rydberg levels. 

It is of unquestioned interest to study the question of 
how these properties of the Rydberg levels are manifested in 
a strong ionizing field during multiphoton resonant ioniza- 
tion of an atom initially located in the ground state. Some 
aspects of this problem were considered in Ref. 10. However, 
many questions which are key for the theory of resonant 
ionization still remain unanswered. These include the ener- 
gy spectrum of the photoelectrons formed during resonant 
multiphoton ionization, the dynamics of the processes of 
ionization and excitation of Rydberg levels, the dispersion 
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dependence of these probabilities on the field frequency, etc. 
A determination and an analysis of these characteristics of 
the multiphoton resonant ionization process constitute the 
contents of the present work. 

Note that in the literature there exist some indications 
that such an unusual effect as the slowing down of the ioniza- 
tion of an atom can appear in a very strong electromagnetic 
field. First of all, such a result follows from a consideration 
based on averaging the Hamiltonian in the asymptotic limit 
of very high field frequency." Second, lowering of the ioni- 
zation level in a very strong field was also detected in nu- 
merical modeling  calculation^.'^ In our opinion, under cer- 
tain conditions the suppression of the ionization can be 
connected with the multiphoton excitation of the Rydberg 
levels and their interference ~tabilization"*'~ (see also Sec. 5 
below). 

We now formulate some basic approximations and as- 
sumptions which will be used below. For the matrix ele- 
ments of the transitions between the Rydberg states and the 
gates of the continuum under the action of the operator 
V = - ( 1/2) d . ~ ,  (d  is the dipole moment) we will use the 
quasiclassical e x p r e s s i ~ n s l ~ - ' ~  

where E > 0 is the energy of the electron in the continuum; 
the atomic system of units is used and in the second equality 
we have applied the energy conservation law E - E,, z w ,  
which assumes > ( 1/2) n2 (single-photon transitions 
E,, -E are possible). Replacing E by E,, + w in expression 
(2)  for V,,, is justified because V,,, is a sufficiently smooth 
function of the energy E and the characteristic interval SE of 
continuum energy levels in the vicinity of E,, + w which are 
effectively populated during the ionization process is much 
less than w. The above strong-field criterion has the form 
V> 1 or E, > w5". 

Within the framework of the approximation (2) ,  for 
V> 1 (i.e., in a strong field) the width r of the narrow quasi- 
energy levels E '"' ( 1 ) is equal to6.7 

We will formulate the problem of multiphoton resonant 
ionization as a problem of two-photon ionization in two 
fields-an exciting field and an ionizing field (Fig. 1) .  If the 
ionizing field has frequency w and intensity E,,  then for the 
exciting field the corresponding parameters are equal to w' 
and E ; .  We will assume that the interaction with both fields 
is turned on simultaneously and instantaneously at t = 0. If 
the duration of the interaction with both fields is identical, 
then there is a complete correspondence of the problem as 
posed with the multiphoton ionization in one stlong mono- 
chromatic field. To carry over to the solution of the latter it is 
sufficient to replace w' by kw and the matrix elements 
V;, = ( - d .~&/2) , ,  by the component matrix elements of 
order k, i.e., by V Lk' - ( - d.  ~ , / 2 )  hk'. However, we will 
also consider another formulation of the problem, in which 
the ionizing and exciting fields are different and can have not 
only different frequencies and intensities, but also act for 
different times. This formulation of the problem is complete- 
ly realistic and, as will be shown below, is very interesting 

FIG. 1. Diagram of the process of two-photon resonant ionization of an 
atom in the presence of a resonance at the Rydberg levels. 

from the point of view of an understanding of the physics of 
the results obtained. 

Section 5 gives a qualitative description of the smooth 
switching-on of a strong field which both excites and ionizes 
the atom. 

We will restrict the discussion in the present article to 
the case in which the exciting field can be assumed to be 
weak and it is not necessary to take into account the deple- 
tion of the ground state. This assumption allows us to use 
perturbation theory in the first step of the process, the exci- 
tation of the Rydberg levels. At the same time, the interac- 
tion of the Rydberg levels with the continuum is described 
without assuming anything about the weakness of the ioniz- 
ing field, i.e., the parameter V in Eq. ( 2 )  can be arbitrary: 
v? 1. 

Note that for V> 1 it is necessary to allow for transi- 
tions not only from the Rydberg levels to the continuum, but 
also between the states of the continuum. In Refs. 6 and 7 
such transitions were taken into account by means of the 
model of significant states." The main result of such a gen- 
eralization of the theory is the renormalization of the con- 
stant V: V- ( V/T) "' for V>) 1. This substitution has no ef- 
fect on the qualitative conclusions of the theory. We will 
therefore not dwell on this problem of taking account of 
transitions within the continuum, nor on the question of the 
applicability of the model of essential states (see in regard to 
this Refs. 19 and 20). 

In the present work we will limit the discussion to the 
model of the one-dimensional spectrum of the Rydberg lev- 
els, neglecting the degeneracy in the orbital momentum in a 
three-dimensional Coulomb potential. According to Refs. 6 
and 7, an account of this degeneracy, and also of the Stark 
level splitting, does not alter the qualitative conclusions ob- 
tained in the one-dimensional model, although it compli- 
cates the theory and the details of the behavior of the investi- 
gated quantities considerably. 

Some other approximations which we will use will be 
described below within the body of the exposition of the 
main material. 

Finally, to close out this section, we cite some numerical 
estimates of the main parameters which affect the formula- 
tion of the problem. If the atom is found initially in the 
ground state, and an exciting field with parameters E:, and w' 
creates a resonance with the highly excited states with prin- 
cipal quantum number n z 20, then the frequency satisfies 
w ' z  I E,, 1 - 10 eV, where JE,, / is the ionization potential of 
the atom. The binding energy of the states with n z 2 0  is 
IE,, 1 ~ 0 . 0 3 4  eV, so that the frequency of the ionizing field 
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should satisfy the condition o > 0.034 eV. In particular, the 
discussion may be about CO, -laser radiation (w =: 0.1 eV) . 
The strong-ionizing-field criterion V >  1 in this case has the 
form E~ > lo6 V/cm, whereas the inverse criterion E, 4 lo6 
V/cm corresponds to the case of a weak field. Finally, the 
characteristic time scale for the resonant states is deter- 
mined by the Kepler period 2m3 and for n =: 20 is equal to 1 
PS. 

2. RESONANT IONIZATION IN THE CASE OF IDENTICAL 
EXCITING AND IONIZING PULSE LENGTHS (GENERAL 
EQUATIONS) 

Let us now consider the process of two-photon ioniza- 
tion, a diagram of which is shown in Fig. 1. We write the 
wave function of the atom in a field in the form of a superpo- 
sition of wave functions of the free atom po (the ground 
state), p,, (the Rydberg levels), and p, (the continuous 
spectrum) 

where Eo is the energy of the ground state of the atom, A,  ( t )  
and A ,  ( t )  are the unknown amplitudes of the probability of 
finding the atom in the states p, and p,. In line with the 
assumption that depletion is absent from the ground state, 
the coefficient of the term poexp( - iEo t) in the expansion 
(4) is set equal to unity. The equations for A,, ( t )  and A ,  ( t )  
follow directly from the Schrijdinger equation: 

iAn- (En-En-01)An=2Vno' cos ( o l t ) e x p  ( i o ' t )  

+ 2 3 d E  A= ( 1 )  VnE cos ( a t )  exp ( - io i )  , ( 5 )  

ldE- ( E - ~ ~ - o - w ' ) ~ ~ = 2  A. ( t )  V,. oos(ot )exp  ( i o t ) .  

In what follows we will use the resonant approximation 
or the so-called rotating wave approximation, in which the 
terms 2 cos(of t)  exp(iwl t)  and 2 cos(wt) exp( + iwt) are 
replaced by unity. The meaning of this approximation is that 
the energy regions in the vicinity of Eo + w' and 
Eo + w + o', where the amplitudes A,  ( t )  and A ,  ( t )  are dif- 
ferent from zero, are assumed to be small in comparison with 
o and o'. Taking into account the initial conditions 
A,  (0) = A,  (0) = 0, we solve the resulting system of equa- 
tions by the Laplace transform method. As a result, for ex- 
ample, we find the equations which are satisfied by the La- 
place transforms 2, (p) of the functions A,  ( t )  : 

Here 

After taking the inverse Laplace transform, the functions 
A,  ( t )  and A,  ( t )  are represented in the form of integrals 
over the variablep to the right of the branch cut in the com- 

plex p plane extending from the point i(E, + w + of) to 
- ~ C O . ~ . ' . ' ~  On this contour we have p = - iz + 0 with 
- (Eo + w + w') <z< W ,  and the integral over E in the sec- 

ond term on the left side of Eqs. (6 )  is equal to 

Further simplification of Eqs. (6)  is based on the so- 
called pole approximation.'* In this approximation, in rela- 
tions of the above type the principal value of the integral is 
neglected in comparison with the "pole" term [the second 
term on the right side of Eq. (8)  1. Questions concerning the 
possibility of justifying the pole approximation and the con- 
ditions of its applicability are discussed in detail in Refs. 6,7, 
and 19. Without dwelling on this problem, we note that, on 
the one hand, at the present time it has not been analyzed 
exhaustively, nor is there an absolutely convincing proof of 
the validity of the pole approximation. On the other hand, 
the results of numerical calculations are available2' in which 
the contributions of the pole term and the principal value of 
the integral in the two-photon matrix element of the bound- 
free transition 

are compared under the condition that the intermediate 
states E '=: En + w are located in the continuum. The results 
of these calculations show that for n =: 20 and w - 10 - ' eV 
the contribution of the principal value of the integral is a few 
percent of that of the pole term. Therefore there are grounds 
for assuming that the condition for the applicability of the 
pole approximation is the smallness of the field frequency w 
and the energy of the electrons in the E con t in~um. '~  Note 
also that although the parameter z stands in the denominator 
of expression (8 )  in linear combination with w, formally 
varying within infinite limits, in fact in Eq. (6)  only the 
values z-AE4w are important, where AE<w is the effec- 
tively populated energy region in the continuum. 

In the pole approximation the solution of Eq. (6) is 
easily found. It has the form 

In the calculation of by means of Eq. (7)  we 
make one more approximation: we neglect the difference be- 
tween the matrix elements V,, and Vn,z + ,(, + 

+ 

which is 

justified by the relatively slow dependence of V,,, (2)  on E 
and the smallness of the region SE of energies E in the vicini- 
ty of E, + w + w', where the terms2, (p) are different from 
zero, and SE<w, E holds. In this approximation we find 
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The time-dependent functions A, ( t )  and A, ( t )  are ex- 
pressed in terms of 2, (z) and 2, (z) by means of the equa- 
tions 

+ - 
1 

An,E ( t )  = - Jdz exp ( - i tz)  X , .  ( - i z )  . (11) 
2n-_ 

The extension of the integration region over z to the entire 
axis ( - UJ, co ) [instead of the half-axis 
( - (E, + w + w'), w ) ]  is justified in essence by the pre- 
viously used assumption of the smallness of the energy inter- 
vals SE in which A, ( t )  and A, ( t )  [or 2, ( p )  and 2, ( t )  ] are 
different from zero in comparison with E-w. Indeed, the 
main contribution to A,,, ( t )  in Eq. ( 1 1 ) comes from the 
poles of the integrand function, which are located in the re- 
gion z z 0 ,  or more precisely, the intervals - SE in the region 
of small z. By virtue of the condition 
6E<E- E, + w - En + w + w'-w, this region in z is locat- 
ed far from the lower boundary of the integration region 
z,,, = - (Eo + w + w'), which allows us to extend the 
lower limit of integration in ( 11 ) to - m .  

In the calculation of the ionization probability density 
over the energy 

w(E,t) = IAE(t)12 

let us consider the case Tt% 1, where r is the ionization 
width, which in a weak field ( V <  1 ) is equal to 

and in a strong field ( V >  1 ) is given by Eq. (3) .  In this 
approximation only two poles of the function 2, ( - iz) giv- 
en in Eq. ( 10) contribute to the integral ( 1 1 ) : z = - iO and 
z = E + Eo + w + w' - iO. The poles at the points 
En - i r / 2  (for V g  1) or E '"' - i r /2  (for V >  1) give an 
exponentially small contribution which can be neglected. 
The result of the calculation has the form 

w (E, t )  = 
1 

(E-Eo-0-0')  
1 v E n v n O t  

The total ionization probability after a time t is given by 

w ,  it) = j d ~ l o  (E, t). 

In the approximation r t s l  the probability wi ( t )  ( 13 ) can 
be calculated not only using Eq. ( 12 ) , but also as a result of 
an initial integration over E in the general formulas obtained 
with the help of Eqs. ( 10) and ( 11 ), in which it is then 
necessary to make use of the condition Tt> 1. The result has 
the form wi ( t )  -- twi, where 

In the calculation of A, ( t )  using Eqs. (9) and ( 11 ) it must 
be borne in mind that the point z = E, - En - w' is not a 

pole of the function z,, ( - iz). Therefore the only pole con- 
tributing to A,, ( t )  in the approximation r t %  1 is the pole at 
the point z = - iO, which gives 

Note that in contrast to w(E, t)  and w, ( t ) ,  the probabilities 
w, ( t )  ( 15) do not depend on the time. This result is easily 
understood: in the case Tt> 1 a steady flow of particles 
through the Rydberg levels takes place. The number of parti- 
cles arriving at the Rydberg levels from the ground state is 
equal to the number of particles departing from it for the 
continuum. Such a regime, obviously, does not contradict 
the presence at the Rydberg levels of the stationary popula- 
tion given by Eq. ( 15). 

3. DISPERSION DEPENDENCE WHEN THE EXCITING AND 
IONIZING RADIATION PULSE LENGTHS ARE EQUAL 

Let us begin a description of the dispersion dependence 
with a description of the energy spectrum of the photoelec- 
trons. It can beeasily seen that, dependingon E, the function 
w(E, t)  ( 12) has the form which is qualitatively depicted in 
Fig. 2. By virtue of the condition Tt> 1, the curve in Fig. 2 
has one high and narrow principal maximum at 
E = Eo + w + a'. The width of the maximum is of the order 
of l/t. For E = En + w + w', the height of the main peak in 
the dependence of w( E, t )  on E according to Eq. ( 12) is 
equal to 

where w, is given by Eq. ( 14). Hence the rate of ionization of 
the atom w, to within a factor of t '/25i- coincides with the 
maximum value of expression (16) for the photoelectron 
energy probability density distribution (12). Both of these 
expressions are functions of the frequency of the exciting 
field w' .  Before going on to a study of the dispersion depend- 
ence w, (w'), note that the photoelectron spectrum depicted 
in Fig. 2 differs significantly from that which arises in the 
photoionization of an atom initially found in the high Ryd- 
berg levels.637 

FIG. 2. Energy spectrum of the photoelectrons formed in the process of 
resonant ionization in two fields (diagram in Fig. 1 ) for long duration of 
the exciting and ionizing radiation pulses rt, 1 .  
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Let us now find an explicit form of the dependence 
w ,  (w') in the asymptotic limit of a strong ionizing field 
( V >  1 ) in the vicinity of the values w' = E '"' - Eo . We note 
that under these conditions",' 

and, in addition, 

With the help of these approximate relations Eq. ( 14) can be 
put in the form 

where 

x=2 (w' i-6,-E'" ' ) / l ' ,  

(20) 
The symbolsx and q in (20), used in the last form of writing 
the dependence w ,  (w') ( 191, are the dimensionless reso- 
nance detuning on the quasi-energy level E '"' and the di- 
mensionless Fano parameter, which characterizes the de- 
gree of asymmetry w ,  (w') [or w, (x)  ] about the point 
W 1  = E (II) - E(j (or x = 0 ) .  In the calculation of q in expres- 

sion (20) we have noted that the sum standing in the de- 
nominator converges rapidly and is approximately equal to 
l r zn6d , , ,d , ,  , and in place of r we have substituted the explic- 
it expression ( 3 ) . 

The behavior of the curve w, (o') given by ( 19) is com- 
pletely determined by the magnitude of the Fano parameter 
q. From the definitions (20) it can be seen that q = V2a, 
where a is a constant independent of the field strength E,,  

determined only by the spectrum of the atom. In essence, q 
and a are determined by the principal value of the integral 
over En, of the product of matrix elements dEn,dnr0 divided 
by El , ,  - E '"' (20). The magnitude of this integral is deter- 
mined by the behavior of the matrix elements over a wide 
range of values E n , ,  including also the continuous spectrum, 
where simple quasiclassical formulas of type (2) can already 
be applied. 

Without addressing the problem of actually calculating 
a, we note only that a = 0 in the approximation of equidis- 
tant Rydberg levels and constant matrix elements d,,, and 
d,,,  independent of n'.  This fact, which is due to the cancel- 
lation of many of the terms in the definition of q (and by 
implication, a) [Eq. (20) I ,  indicates that a may be small, 
although, strictly speaking, a#O. In light of the indicated 
calculational difficulties, we will treat the two cases a( 1 
and a- 1 on an equal footing. Since we have q = V2u, for 
fixed a 4  1 the Fano parameter q in a strong field V >  1 can 
take on values both 4 1 and B 1. For a- 1, values of q % 1 are 
attained almost at once upon entering the strong field region. 
We will consider both cases: q 4 1 and q% 1 (under the condi- 
tion V> 1 ), which completely exhaust both possibilities 
a 4  1 and a- 1. 

The dependence w ,  (a') in ( 19) is qualitatively depict- 
ed in Fig. 3 for small ( a )  and large ( 6 )  values of the Fano 
parameter q given by (20). The asymmetric dependence 
15, (a') from ( 19) is similar to the Fano curves that charac- 
terize the processes of excitation and decay of auto-ionized 
states4 According to Eq. ( 19), we have w, = 0 for x = - q 
or w' = E '"I - Eo - (1/2)qI'. The maximum of the func- 
tion w, (a') is attained at x = l/q or w' = E '"' - Eo + T/q. 
Far from these singular points (1x1 % 1, q, 1/q) 

FIG. 3. Dispersional dependence o f  the rate o f  reso- 
nant ionization on the frequency o f  the ionizing field o' 
for small ( a )  and large (b) values o f  the parameter q 
( 20 )  for the case o f a  strong ( V >  1 ) ionizing field. The 
dashed line 1 corresponds to  the value w, ( w ), and 2- 
to the value ( 1  + q 2 ) w , ( w ) ;  
o' - ( & " " I  

I - - E,, - q r / 2 ) ,  a; = Elu' - E,, , 
U ;  = ( E ' " '  - E,, - I-12~). O; = E [ ~ ~  I J  - E'l. 
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zbi (o') =ai (-) =n21'Vno'ns. (21) 

The maximum value of w, (w') is equal to 

ai -= (l+qZ)ai(-). (22) 

The condition for the applicability of expansions ( 17) 
and (18) near w' = E '"' - E,, ( x  = 0 )  has the form 
10' + E,, - E '"'I g n  - or 1x1 <7r3VZ. By virtue of this con- 
straint, the singular points x = - q and x = - l/q, where 
we have w, = 0 and wi = wj,,,, , respectively, are not found 
within the domain of applicability of the approximate for- 
mulas (17)-(19) for all q and V. 

A comparison of the curves in Figs. 3a and b shows that 
the dispersion dependence w, (w') has a substantially differ- 
ent form for q < 1 and q)  1. In the first of these two cases 
(small q, but, as before, a strong field, V >  1 ) the curve 
wi ( a ' )  has narrow dips near the resonances on the narrow 
quasi-energy levels E '"' ( I ) ,  i.e., w, ( a ' )  = 0 for 
w ' z  E '"' - Eo . The width of each of the dips is equal to the 
width of the quasi-energy levels r (3) .  The maxima of the 
curve w, ( a ' )  at 9-4 1 are weakly expressed and located a 
distance much greater than r from the resonance points 
w' = E ( " )  - Eo. 

On the contrary, at 9 %  1 the function wi (w') has high 
and narrow maxima with width equal to r ( 3  ) near the reso- 
nance values of the frequency w ' ~  E '"' - Eo. The minima 
of the curve wj (w'), where wi = 0, are located far from the 
resonance values of w'. 

A physical interpretation of this behavior of the disper- 
sion curve wi ( a ' )  in the case q %  1 (Fig. 3b) does not cause 
any difficulties. The strong ionizing field redistributes the 
quasi-energy spectrum of the atom, leading to the formation 
of narrow quasi-energy levels E '"' of Eq. ( 1 ). The weak 
exciting field is a probe field, it "feels its way" through the 
quasi-energy spectrum of the atom arising in the strong ion- 
izing field. The photoelectron yield attains its maximum 
when the exciting field is in resonance with the quasi-energy 
levels E '"' given by ( 1 ) . As usual,4s' there are at the interre- 
sonance minima located between neighboring resonance 
maxima where the rate of ionization of the atom vanishes. 

On the other hand, the behavior of the dispersion curve 
w, (w') in the case of small q (q < 1, V >  1, see Fig. 3a) is quite 
unexpected and requires explanation. The appearance of 
dips in the vicinity of the resonances at  the quasi-energy lev- 
els (instead of maxima) is associated with a specific kind of 
interference. In  the case under consideration two resonant 
ionization channels are interfering: the direct and the cas- 
cade. The Fano parameter, in essence, is equal to the ratio of 
the component matrix elements of these transitions. For q> 1 
the direct process of resonant ionization predominates over 
the cascade process, the interference is suppressed, and there 
appears a dispersion curve wj ( a ' )  with maxima near the 
resonance values w = E '"' - Eo (Fig. 3b). For q ( 1, on the 
other hand, the interference of the direct and cascade pro- 
cesses is very important and leads to the formation of dips in 
the dependence wi ( a ' )  near the resonance values w' (Fig. 
3a). This interference effect is most clearly manifested in the 
different durations of the exciting and ionizing radiation 
pulses. Such a formulation of the problem will be considered 
below in Sec. 4. 

Besides this dispersion dependence, which character- 
izes the probability of ionization of the atom, it is of interest 

to investigate the resonance structure of the probabilities of 
excitation of the discrete levels. 

A general expression for the excitation probability w,, 
of the nth Rydberg level E,, of the free atom in the approxi- 
mation Tt)  1 is given by Eq. ( 15). Considering the case of a 
strong field V >  1 and using the approximate relations ( 17) 
and (18) neartheresonance (Iwl- E ' " ' + E , I < n - ' ) , w e  
reduce Eq. ( 15) to the form 

where q as before is defined by Eq. (20).  
Here the index n' denotes the number of the exciting 

level E,,, of the free atom, and the index n, the number of the 
quasi-energy level E '"' ( 1  ), at which the resonance takes 
place. The total probability of excitation of all the Rydberg 
levels is obtained from Eq. (23 ) by summing over n': 

where it has been taken into account that the matrix ele- 
ments V,',,, vary little when n varies by f 1. 

Equation (24) demonstrates that excitation of the dis- 
crete Rydberg levels proceeds more efficiently under condi- 
tions of exact resonance at the redistributed quasi-energy 
levels E '"' of Eq. ( 1 ). The dependence w, (w') given by Eq. 
(24) is described by the usual Lorentz curve with width T 
[Eq. (3 )  I .  The distribution over n' of the excitation proba- 
bilities ofthe levels of the free atom w,,, [Eq. (23) ] are deter- 
mined by the weights with which the corresponding wave 
functions p,, enter into the quasi-energy functions corre- 
sponding to the quasi-energy values E '"I; the values w,,, fall 
off increasing In' - n - 1/21 as (n '  - n - 1/2) '. The fact 
that the efficiency of excitation of the discrete levels at 
w~ = E (11) - Eo is at  its maximum is found to be in agree- 

ment with the idea that narrow redistributed quasi-energy 
levels, E '"' - ( 1 /2 ) r ,  form in a strong field. The smallness 
of their width r indicates that the quasi-energy levels are 
stable with respect to photoionization and is found to be in 
agreement with the vanishing of the ionization rate of the 
atom w, ( a ' )  [Eq. ( 19) ] near w' = E '"' - E,, . 

4. DISPERSION CURVES FOR SHORT EXCITING PULSE 
LENGTH AND SOME OTHER AUXILIARY PROBLEMS 

As noted above, the energy spectrum of the photoelec- 
trons formed in the process of resonant ionization (Fig. 2)  
differs substantially from the spectrum that arises in the case 
of photoionization of an already excited atom, i.e., with an 
initial population of one or a few Rydberg In con- 
nection with this the question arises, do  the results vary qual- 
itatively when one goes over to a different formulation of the 
problem, specifically, to the case in which the exciting and 
ionizing radiation pulses are turned on simultaneously and 
instantaneously at t = 0, but under the condition that after a 
short time r ( r < n 7 ,  l / r )  the exciting pulse is turned off, 
while the ionizing field continues to act over a time t ) l /T?  

At first glance, such a statement of the problem is very 
close to the statement of the problem with initial population 
of the Rydberg levels.6s7 Therefore one might also expect 
qualitative variations, e.g., the appearance in the photoelec- 
tron spectra of narrow maxima at  the points E '"' + o with a 
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smooth envelope determined by the short-lived excitation 
process. ¢ ow ever, in reality the results obtained for small T 

turn out to be much closer to the previous results of the 
solution of the problem with long-acting excitation than to 
the results of the solution of the problem with initial coher- 
ent population of the Rydberg 

General formulas for w ( E ,  t )  and w,, ( t )  in the formula- 
tion of the problem with short exciting pulse length T are 
obtained in analogy with the preceding. Therefore, not 
dwelling on the details of their derivation, we present the 
results: 

where the function w, is defined by the earlier equation ( 14) .  
Here by virtue of the approximation T t $ 1  and the fact that 
outside the limits of the interval [O, T ]  no excitation of the 
Rydberg levels takes place, we have w,, ( t )  = 0. 

Equation ( 2 5 )  shows that as in the case of long-acting 
excitation the function w ( E )  has its main maximum at 
E  = E,, + (d = w'. However, now the width of this maxi- 
mum is - 1 / r  greater than r, and can be greater than n - > 

(Fig. 4 ) .  
Furthermore, from the properties of the function 

w, (a') given by Eqs. ( 14) and ( 19), described in the pre- 
vious section, it follows that in a strong field ( V >  1 ) for q < 1 
the dependence w ( E )  of Eq. ( 2 5 )  vanishes in the vicinity of 
the points E  '"' + w .  The dips in the dependence w ( E )  (Fig. 
4 )  for q< 1 ,  V >  1 are narrow and have width r [Eq. ( 3 )  1. 
These conclusions differ radically from the results of the so- 
lution of the problem of initial population of the Rydberg 
levels, for which w ( E )  has maxima at the points E"" 
+ w.f'.7 

This difference shows that the simultaneous action of a 
weak exciting field and a strong ionizing field, even if their 
combined action lasts a very short time T, is not equivalent to 
initial coherent population of the Rydberg levels. Since the 
ionizing field is strong, over the time T not only the Rydberg 
levels, but also the levels of the continuum are populated. 
After the exciting field is turned on, an additional popula- 
tion of the continuum levels takes place due to the ionization 
of the Rydberg levels. Interference of the probability ampli- 
tudes of the population of the continuum states over the time 
interval [O, T ]  and over the remaining time interval [ T ,  t ]  
also determines the resultant photoelectron spectrum, 
which has been described above. 

FIG. 4. Photoelectron spectrum for short duration r o f  the exciting pulse, 
I-t<l, V >  1 ,  g e l .  

One can convince oneself of the validity of such an in- 
terpretation directly by considering first the auxiliary initial 
problem of the ionization of a Rydberg atom, assuming that 
only the ionizing field is turned on instantaneously at t  = 0 
and that at the instant t = 0 the atom has been prepared in 
the state 

where C,, and C, are the probability amplitudes of the initial 
coherent populations of the Rydberg levels and the levels of 
the continuum. This problem is a generalization of problems 
that have been considered earlier6,' in which it was assumed 
that C, = 0. The solution of this initial value problem is 
found in analogy with the previous problem. The energy 
probability density of ionization of the atom at times t $ l / T  
can be represented in the form 

w ( E )  = I CE + z CnvEn 
E-En-o 

where 

For C, = 0 Eq. ( 2 7 )  coincides with known results6 which 
pertain to the case of initial coherent population of the Ryd- 
berg levels. In a strong field ( V >  1 ) for C,  = 0 the probabil- 
ity density w ( E )  given by Eq. ( 2 7 )  has a number of maxima 
in the vicinity of the values E  = E'"'  + w. The sum 
2,,C,, ( E  - E,, + w )  determines the envelope of the maxi- 
ma. For the curve w ( E )  to have minima at the points 
E  = E  '"' + w  instead of maxima, in the vicinity of these val- 
ues of E  the contributions from the initial amplitudes C,, and 
C, of the probability of finding the atom in the levels E,, and 
in the continuum must cancel substantially. Below it will be 
clearly shown that for q <  1 and V >  1 such a cancellation 
indeed takes place. 

Noting that the integrand function in Eq. ( 2 8 )  has no 
singularity at E  ' = E, we replace 1 / ( E  - E  ' )  by 
1 / ( E  + i~ - E ' ) ,  where E-0, and integrate by parts. As a 
result, J ( E )  [Eq. ( 2 8 ) ]  acquires the form 
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By virtue of the assumption Tt)  1, the second term on 
the right side of Eq. (29) is exponentially small and can be 
dropped. As for the first term, generally speaking, it does not 
vanish for arbitrary form of the function CE. However, as 
will be shown below, if C, (and C,, ) result from the com- 
bined action of the exciting and ionizing pulses during a very 
short time 7, then in this case the first term on the right side 
of Eq. (29) will also be equal to zero, and, hence, so will their 
sum, J (  E )  . 

Indeed, let CE and C,, be the probability amplitudes of 
coherent population of the continuum and Rydberg levels 
under the action of two fields acting over the time 7, T r &  1. 
In their general form these amplitudes are given by Eqs. 
(9)-(11) (see Sec. 2).  By virtue of the smallness of 7, the 
contributions from the poles of the integrand function at the 
pointsz, = E "' - E,, - w' - ( 1/2 )ir, which are solutions 
of the equation 

can no longer be neglected, since I Im z, I r & 1. 
Taking into account the obvious condition C,<(r) ,  

C,, (TI -0 as r+O, we represent the resultant expressions for 
C, = C, ( r) and C,, = C,, (7)  in the form 

Cn-  c exp (-itz,) -I VnEvEn'Vn'o 
(I,-E,,+E,+o') 2,-fn#+Eo+w1 ' 

Substituting C, ( 3  1 ) in the first term on the right side of Eq. 
(29), in which we assume that V,,, zconst,  and calculating 
the integral over E'  by the method of residues, we find that 
for the given form of C, 

and hence, in Eqs. (27)-(29) we have J ( E )  0 ,  as claimed. 
We now show that the substitution of C, from ( 3  1 ) and 

C,, from (32) in Eq. (27) [with J ( E )  GO] actually leads t o a  
significant cancellation of the first and second terms inside 
the squared absolute value on the right side of Eq. (27), 
which in the end result leads to the appearance of dips in the 
dispersional dependence w ( E )  for q -4 1. 

Assuming V >  1, IE- E '" '  - - ~ l & n - ~ ,  and q & l ,  us- 
ing the approximation of equidistant levels and constant ma- 
trix elements independent of n, we find from Eqs. ( 3  1 ) and 
(32) 

It can be easily seen that in the sum of expressions (33) 
and (34) the terms that do not vanish as E-E '"' + cc, do 
indeed cancel. The substitution of expressions (33) and 
(34) in Eq. (27) brings w(E)  into a form which coincides 
with expressions (25) and (19) as a = q = 0, i.e., in the ap- 
proximation of equidistant levels and constant matrix ele- 
ments. 

Thus, we have shown that cancellation does take place 
of the probability amplitudes of the populations of the con- 
tinuum levels, built up, on the one hand, during the short 
time T ( r &  l / r )  of the combined action of the exciting and 
ionizing fields, and, on the other hand, during the long ioni- 
zation time t ( t >  1/T) after the exciting field has been 
turned off. This effect can be interpreted as the manifestation 
of interference between a direct resonance ionization process 
(taking place during the time T) and a cascade ionization 
process (taking place during the time t ) .  The obtained re- 
sults show that in the strict sense of the word no separation 
into direct and cascade processes takes place despite the sig- 
nificant difference in the lengths of the exciting and ionizing 
pulses. To produce a purely cascade process, one would need 
a complete separation in time between the excitation and 
ionization processes: first only the exciting pulse should be 
turned on to populate the Rydberg levels, and only after it 
has been turned off should the ionizing pulse be turned on. 
Only in such a formulation of the problem do we arrive at the 
previously considered problem of ionization by a strong field 
of an already excited atom.'.' In such a formulation, in con- 
trast with the situation considered in the present work, the 
photoelectron spectrum in a strong field acquires a multi- 
peaked structure with maxima localized at the points 
EzE(," + w. 

The difference between this result and the above regu- 
larities of the process of resonant ionization with resonance 
at the Rydberg levels is most clearly manifested in the photo- 
electron spectrum in the case of short duration of the excit- 
ing pulse (Fig. 4 ) .  In this case the dependence w(E, t )  has 
dips rather than maxima in the vicinity of E = E '"' + w. 
When the pulse lengths of both fields (the exciting and the 
ionizing field) are long, this peculiarity of the resonant ioni- 
zation process is manifested in dips in the dispersion curve 
w, ( w )  at w ' z E ' " '  - E,,, q &  1 (Fig. 3a).  We note, however, 
that since, as was shown above, these peculiarities of the 
behavior of w(E, t )  and w, (w) are connected with the inter- 
ference of the direct and cascade ionization processes, even 
small changes in the two-field ionization scheme can yield 
qualitatively different results. To illustrate this point, in con- 
trast with the scheme depicted in Fig. 1 and the one consid- 
ered so far, let us consider the case in which a weak exciting 
field of frequency w' directly excites the levels of the contin- 
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uum in the energy region E-Eo + w', which are coupled 
with the Rydberg levels by a strong field of frequency w (Fig. 
5) .  The solution of this problem is similar to that of the 
problem of resonant ionization (Sec. 2). Therefore, not 
dwelling on details, we display the final expression for the 
energy probability density of ionization of the atom w(E, t)  
with r t )  1, similar to expression ( 12) : 

again w(E, t)  as a function of E has one high and narrow 
principal maximum (Fig. 2) with width - l / t  at the point 
E = Eo + a ' ,  and 

where wi (w') is the total rate of ionization of the atom (anal- 
ogous to Eq. (14)):  

The total probability of ionization of the atom after the time t 
is equal to wi ( t )  = twi. 

Despite the apparently minimal differences between 
Eqs. (12) and (35), (14) and (37) [theabsence ofthe factor 
1/(E - En - w) in Eq. (37) 1, it is precisely these minimal 
differences that dictate the completely different nature of the 
resonant dependence wi (w') : at arbitrary q [Eq. (20) 1 as a 
function of w' the function wi (w') [Eq. (37) ] in a strong 
field ( V >  1) has maxima in the vicinity of the values 
w 'z  En + w - Eo. The width of these maxima is equal to I?, 
given by Eq. (3).  

FIG. 5. Diagram of the process of direct excitation of the continuum levels 
by a weak field of frequency a' in the presence of coupling of the contin- 
uous spectrum with the Rydberg levels, realized by a strong field of fre- 
quency o. 

5. CONTINUOUSSWITCHING ON OFTHE INTERACTION 

We now present a qualitative treatment of the process of 
multiphoton resonant ionization of an atom under the action 
of a short pulse of strong laser radiation of frequency w,  
having a continuous amplitude envelope f ( t ) .  We note two 
main peculiarities of the case of continuous switching on of 
the interaction of the atom with the field.49'3~'4 First of all, in 
a strong field with a variable amplitude &J(t) there arises a 
time-dependent quadratic dynamic Stark shift of all the lev- 
els 

where a, (w) is the dynamic polarizability of the level En .  
For the high levels (n $1 ) for w > 1 En I = 1/2n2 we have 
a, =: - 1/m2 and the level shift 

is equal to the mean energy of oscillation of a free electron in 
the laser field. Equation (38) also describes the shift of the 
ionization threshold of the atom. The shift of the ground 
level E, for w < 1 is usually small in comparison with AE 
given by (38), and therefore Eq. (38) also determines the 
time-dependent variation of the binding energy of the unex- 
cited electron in the atom. 

Second, the presence of the time-dependent level shift 
(38) leads to the appearance at specified times of the so- 
called dynamic  resonance^.^.'^^^^ In particular, if k is the 
minimum number of photons necessary for the ionization of 
the atom in a weak field (w > Eo + kw > O), then for 

there arise dynamic k-photon resonances at the Rydberg lev- 
els. The time t, at which a resonance appears at the level En 
is found from the equation 

~,+ko=E,+bE(t,) .  (40) 

The appearance of dynamic resonances governs the 
possibility of fast and efficient population of the Rydberg 
levels. The interference effects described above and in Refs. 6 
and 7 govern the stabilization of the population of the Ryd- 
berg levels, i.e., the stability of these levels with respect to 
photoionization. We think that the stabilization of the pro- 
cess of ionization of an atom in a strong field, which has been 
demonstrated, for example, in the numerical calculations 
carried out in Ref. 12, may be connected with this. We will 
indicate here the possibility of a somewhat different inter- 
pretation of this same result. 

In a strong field (39) the difference t, + , - t, between 
the times of appearance of the dynamic resonances at neigh- 
boring Rydberg levels En +, and En can become very small 
(less than l / r ) .  Under these conditions the discrete struc- 
ture of the Rydberg levels "smears out" and for a short pulse 
length r < 2 m 3  the band of Rydberg levels excited in the 
process of k-photon absorption can be considered as a quasi- 
continuous spectrum. From this point of view the difference 
between excitation of the high Rydberg levels and excitation 
of the continuum levels during the process of subthreshold 
ionization falls away. The meaning of condition (39) is that 
at least part of the lower band of levels excited in the process 
of "subthreshold" ionization turns out in fact to be below the 
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threshold, i.e., in the region of the discrete spectrum. By 
virtue of the stabilization of the Rydberg levels against pho- 
toionization in a strong this fraction of the popula- 
tions remains in the discrete spectrum even after the laser 
pulse is turned off and therefore does not contribute to the 
free electron yield. 

6. CONCLUSION 

Let us briefly sum up the results of this work. We have 
investigated the photoelectron energy spectrum and the dis- 
persional dependence of the total probability of resonant 
ionization on the frequency of the exciting field w' in the 
presence of resonance at the Rydberg levels (Fig. 1 )  in the 
instantaneous switching-on approximation for identical and 
different exciting and ionizing pulse lengths. I t  has been 
shown that the dependences have an unusual shape: they 
have narrow dips at the Rydberg quasi-energy levels E '"' 
given by Eq. ( 1 ) in a strong ionizing field (Figs. 3 and 4) .  
We have elucidated the physical nature of this effect. We 
have shown that it is due to the interference of the direct and 
the cascade process of resonant ionization. 

We have shown that in the alternative scheme (Fig. 5)  
with direct excitation of the continuum levels coupled by a 
strong field with the Rydberg levels, the following qualita- 
tively distinct results arise: the ionization rate of the atom as 
a function of the frequency of the exciting field has maxima 
in the vicinity of the values of the frequencies w' correspond- 
ing to Raman resonances at the quasi-energy levels E '"' of 
Eq. ( 1 ). We have shown that under conditions which mini- 
mize the rate of resonant ionization in the scheme depicted 
in Fig. 1, the probability of exciting the discrete Rydberg 
levels, on the other hand, has maxima. This result suggests 
that the Rydberg levels can be excited efficiently under reso- 
nance conditions at the quasi-energy levels E '"' of Eq. ( 1 ) , 
and, thanks to the interference effects, the resulting popula- 
tion of the discrete levels is found to be stable against pho- 
toionization. This effect, it seems to us, may be the reason for 
the limitation of the electron yield in a very strong ionizing 
field, i.e., stabilization of the process of multiphoton ioniza- 
tion of the atom in a strong laser field. A similar result was 
obtained recently in numerical model  calculation^.'^ 

In the last section we gave a qualitative analysis of the 
peculiarities and physics of stabilization of the process of 
multiphoton ionization of an atom which takes account of 

the smooth time-dependence of the envelope of the laser 
pulse and such effects as the time-dependent dynamic Stark 
shift of the levels and the ionization threshold and the ap- 
pearance in connection with this of dynamic multiphoton 
resonances at the Rydberg levels. This analysis confirms the 
applicability of the model of stabilization of the atom based 
on the idea of efficient excitation of stable Rydberg quasi- 
energy levels of the atom in a strong field. 
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