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We consider the selection of atoms in the autoionization state under the influence of laser 
radiation. It is shown in the case of a simple atomic system that the degree of monochromatization, 
defined by the ratio of the width of the initial to the final velocity distribution, can reach 
values on the order of lo2. O 1995 American Institute of Physics. 

1. INTRODUCTION ionize in the laser field, while the remaining atoms will 
strongly ionize. In the present paper, by considering atomic 

Obtaining monochromatic atomic beams is of great sig- transitions in the presence of autoionization states, we inves- 
nificance for precision experiments in laser physics and tigate the possibility of velocity selection of atoms in the 
quantum electrodynamics. Studies carried out in recent years presence of a laser field. 
on the influence of an intense external electromagnetic field 
on the autoionization states of atoms open up new possibili- 
ties for the velocity selection of atomic beams.' The theory 
of autoionization resonances has been given by ~ a n o . ~  Addi- 2. EFFECTS OF NARROWING OF AUTOIONIZATION 

tional studies of the autoionization states of atoms in a strong 
RESONANCES 

electromagnetic field have been carried out by many workers 
(for example, see Refs. 3-7). 

The presence of a discrete level in the continuum leads 
to interference between the states of the continuum with the 
discrete state. As a result of such interference, the shape of 
the autoionization resonance is altered, and new resonances 
arise, similar to the autoionization resonance. In Ref. 4 it was 
shown that under certain conditions depending on the 
strength and frequency of the external field an abrupt change 
in the photoelectron spectrum is observed near the Fano 
minimum. This phenomenon is connected with destructive 
interference of different ionization channels. When the nar- 
rowing condition is satisfied, one of the "dressed" states 
does not decay. This phenomenon is known as "population 
trapping" and is analogous to the phenomenon of coherent 
population trapping in a three-level atomic system in a 
bichromatic laser field and was used in Ref. 8 for laser cool- 
ing of atoms. Coherent population trapping in transitions 
through autoionization states has generated great interest also 
from the point of view of creating lasers with an uninverted 
population? 

Reference 6 presents a general study of the influence of 
an external intense electromagnetic field on the autoioniza- 
tion states of atoms. For simple systems (see Fig. 1) the 
condition for narrowing of the photoelectron spectrum has 
the following form: 

We consider an atom moving with velocity v in an in- 
tense electromagnetic field. For simplicity we assume that 
kv= -ku, where k is the wave vector of the electromagnetic 
field, i.e., the atomic beam and the photon beam are collin- 
ear. For atoms moving in response to electromagnetic radia- 
tion, it is necessary to replace the frequency of the field o by 
o - k v .  

In what follows we consider the simple system shown in 
the figure. Under the action of an external laser field, transi- 
tions from the discrete state to the autoionization state and to 
the first continuum (the elastic channel) take place. The fre- 
quency of the laser radiation is chosen so that the transition 
from the autoionization state into the second continuum (the 
inelastic channel) is energetically forbidden. Ionization from 
the autoionization state to the first continuum always takes 
place via a two-electron dipole transition. since the autoion- 
ization states belong to a mixed term (one in which two or 
more electrons are simultaneously excited). The oscillator 
strengths of two-electron transitions are usually of order 

(Ref. 10). This transition can be neglected in 
comparison with the single-electron transition from the dis- 
crete state to the first continuum. The degeneracy of the con- 
tinuum in the orbital quantum number 1 is removed if the 
lower discrete state is an s-state. 

As the basis wave functions for the discrete state of the 
atom in a field we choose the quasi-energy wave functions in 
the resonance approximation. For adiabatic switching-on of 
the periodic perturbation 

where r, and T i  are respectively the autoionization width 
these functions have the following form: 

and the ionization width, q is the Fano parameter: and E is 
the resonance detuning. The resonance narrowing condition 
depends on the frequency of the external electromagnetic @,(t)=exp - -h l t  (c r , I ,b ,+~~@~e-~"") ,  

field and, consequently, on the velocity of the atom, due to 
( t t  1 

the Doppler effect. Depending on the velocity, the narrowing (2) 
condition is fulfilled for some atoms. Such atoms do not 
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FIG. 1. 

where A',' are the quasi-energies of the atom in the electro- 
magnetic field, and cjl l  and *2 are the unperturbed wave 
functions of the free atom, 

When the interaction is switched off, i.e., when 
V(t)+O, the quasi-energies A 1  and A2 go ove1 to the energy 
levels El and E2 of the free atom, and the functions @ , ( t )  
and G 2 ( t )  go over to the wave functions of the free atom: 

The energy levels of the states I$, and ~ , b ~  respectively lie 
below and above the first ionization threshold. 

The Schrodinger equation for this problem has the form 

where Ho is the Hamiltonian of the free atom and U is the 
Fano "configurational" interaction. We represent the com- 
plete solution of Eq. (4) in the form of an expansion 

where #E( t )  = exp(-iEtlh)$E(bfr) is the unperturbed wave 
function of the continuous spectrum of the atom with energy 
E. Substituting expansion (5) in the Schrodi~nger equation 
(4),  we obtain a system of differential equations for the co- 
efficients ~ , , ~ ( r )  and b E ( t ) ,  which after the .Fourier trans- 
form 

reduce to the following system of algebraic equations for the 
Fourier coefficients a , , , ( t)  and b E ( t ) :  

where 

This system of equations was studied in the general case 
in Ref. 6. Here we only give the final expressions for the 
probability amplitudes for finding the system in the states 
* I  and *2: 

l i \  

C , ( t ) =  
i ( i; 

x  + - exp - -x l t  
X I  -x2 

where 

The probabilities of finding the system in the discrete 
state and the autoionization state are I C l  (t)12 and I C 2 ( t )  1 2 ,  
respectively. 

It follows from Eqs. (9)  and (10) that C1,2-+0 as 
T+m, with the exception of the case 

When condition (11) holds, one of the roots x l  and x2 
becomes real, and then the probabilities I C ~ ( C ) ~ ~  and 
I c ~ ( ~ ) I ~  do not tend to zero as t j w .  Consequently, when 
condition (1 1) is fulfilled the total probability of ionization 
satisfies P ( T ) <  1 in the limit t j m .  This phenomenon is 
known as population trapping. Thus, if the frequency and 
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intensity of the external electromagnetic radiation satisfy 
condition (I I), then a discrete state is formed in the continu- 
ous spectrum and the resonance narrows. 

3. MONOCHROMATIZATION OF ATOMIC BEAMS 

When electromagnetic radiation interacts with an atom 
moving with velocity v, the resonance detuning e  will de- 
pend on the velocity of the atom due to the Doppler shift of 
the frequency of the field: 

Hence it follows that the condition for narrowing of the 
resonance [Eq. (ll)] for given frequency and intensity of the 
external electromagnetic radiation will be satisfied only for 
atoms with a certain velocity. 

Near the point E - e O ,  when the interaction time satisfies 
the condition t 9  h l ( ra  + ri ), the expressions for the "sur- 
vival" probability of the atom will have the form 

where 

and 

It is clear from expressions (13) and (14) that the main 
dependence of the probabilities on the atom's velocity is ex- 
ponential. 

After substituting expression (12) in (13), we see that the 
expressions for the survival probabilities, as functions of 
thevelocity of the atom take the form 

where W 1 , 2 ( ~ O )  is the survival probability of an atom mov- 
ing with velocity vo and 1 = u t is the interaction length of the 
atom with the radiation. The velocity vo  is found from ex- 
pression (1 2) at v  = vo and the resonance narrowing condi- 
tion (1 I): 

It follows from expressions (12) and (14) that the sur- 
vival probability of the atom has a maximum at v  = uo and 
falls off exponentially as the velocity of the atom differs 
from the value uo. Such a dependence of the probability on 
the velocity of the atom makes it effectively possible to ob- 

tain monochron~atic atomic beams. The width of the velocity 
distribution (full width at half-maximum of the probability) 
is given by 

4. DISCUSSION OF RESULTS 

In what follows we assume that the width of the velocity 
distribution of the initial atomic beam satisfies Av - vo  . 
Then the atomic beam ( A v 4 v o )  becomes monochromatic 
under the condition 

Hence, taking expression (18) for the width of the velocity 
distribution of the atomic beam into account, we obtain 

In very strong and very weak fields condition (19) is 
violated, since in these cases the parameter P becomes very 
small. Physically, this means that in very strong fields, when 
we have r i 9 T a ,  processes in which the system decays di- 
rectly prevail over the other processes between the discrete 
levels, which leads to a breakdown of interference. In weak 
fields, when T i e r a  holds, the ionization time ~ ~ = h l r ;  be- 
comes larger than the transit time r= llvo of the atom across 
the laser beam, and all the atoms leave the interaction region 
without ionization. 

Let us find the critical value of the laser field for which 
velocity selection of the atomic beam is possible, i.e., for 
which condition (19) is fulfilled. 

In the case of weak fields, when Ti<Ta holds, for the 
parameter f l  we have (see expression (15)) 

Substituting this value of P in condition (19), we obtain 

For vo- ldcmls, I -  102cm, r a / h w -  and q- 1, 
taking into account the condition (22) and the estimate 
r i -~y (ZL12?a t )2 ,  where gL and gat are the field strengths 
of the laser field and the atomic field, respectively, we obtain 
the following value for the critical field: 

In order to obtain near- 100% probability of ionization of 
the atoms not satisfying the resonance conditions, one must 
use strong laser fields or increase the interaction time. The 
second approach is preferable to the first since the parameter 
p decreases in stronger fields and transitions to the con- 
tinuum (subthreshold ionization7), which can join continuum 
states with energies close to the energy of the autoionization 
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state, become important and destroy interference. This takes 
place in the presence of the following shift of the ionization 
threshold: 

where E l  is the energy of the first ionization tl~reshold. Since 
we have E2 - E - no, it is thus possible to obtain an upper 
bound on the laser field strength: 

As was noted in Ref. 7, the relation 2Tcr-(w/~at)3'2 is 
valid for a short-range interaction of the electron with the 
remaining ion. If this interaction has a Coulonlbic nature, the 
value of the critical field is determined not by the dynamic 
Stark effect, but by the quasiclassical nature of'the transitions 
near the threshold, which gives a smaller value of the critical 
field 8 c r - ( ~ / ~ , ) 5 ' 3 .  However, it should be noted that the 
numerical values of the estimates in both cases are of the 
same order of magnitude. 

Thus, for velocity selection in a laser field it is necessary 
that the condition 

1 0 - ~ 8 ~ > 8 ~ z  lo-%&. 

be fulfilled. 
Depending on the intensity of the laser field, the quantity 

p takes its maximum at T i =  r, 12. For the sane numerical 
values of the parameters we obtain Av-103cm/s for the 
width of the velocity distribution of the atomic beam, and for 
its monochromatization, Av/vO- i.e., the distribution 
narrows by a factor of 100. 

The degree of monochromatization of atomic beams 
grows as the interaction length 1 increases. However, for our 
considerations this length is limited by noninterfering pro- 
cesses: I <  7V0, where 7 is a time determined by noninterfer- 
ing processes such as the transition from the autoionization 
state to the second continuum, spontaneous transitions, etc. 

If the narrowing condition (1 1) is fulfilled, then the mini- 

mal width is determined by radiative processes. These pro- 
cesses limit the interaction time of an atomic beam in a laser 
field. 

Regarding highly excited atomic states, their lifetimes 
increase with the principal quantum number n as n3 (Ref. 
11). For example, for n - 30 we obtain T , ~ -  1 0 ~ ~ s .  Hence it 
follows that in the case of beams of highly excited atoms this 
method can be used for efficient velocity selection of atoms 
with vo- 105cm/s. 

In conclusion, we note that in the presence of an external 
electromagnetic field autoionization-like resonances are 
formed in the continuous spectrum of one-electron 

The present method of monochromatization can 
also be applied to such atomic beams. 
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