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ABSTRACT

We discuss the possibility of narrowing the atomic auto-ionization states via their reso-
nance mixing in a field. The results of Ref. 1 show that, in contrast to the mixing of isolated states
[2 J, with mixing of multiplets one may expect substantial narrowing of auto-ionization states owing
to their intersection with bound electron states.
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1. INTRODUCTION

In this paper we discuss the mechanism of laser-induced narrowing of auto-ionization
atomic states as a means of creating the inverse population of these states and obtaining short-wave
amplification. This mechanism is based on the mixing of auto-ionization states with those of the
discrete spectrum that are resonant to the frequency of the laser radiation. A consistent theoretical
examination of the mixing of multiplet terms in alkaline earth atoms has been made in Refs.l and
3. Here we will consider the principles of the calculation method and the concrete schemes of
realization for the mixing of multiple resonances in the barium atom spectrum.

The first suggestion to use multiple resonances between discrete and auto-ionization
states for narrowing the latter in a field of laser radiation has been made by Geller and Popov
[2]. This mechanism of narrowing is based on the interference between the decay channels of an
ionization state associated with a spontaneous decay into continuum and with an induced transition
to a discrete level with subsequent transition into continuum. In this representation, the width of
the auto-ionization state has the form [2]

(i)

where Vi and WA are the matrix elements of the photo-and auto-ionization transitions, respectively
(Fig.l) and £ is the electromagnetic field strength. It is evident that, according to (1), the substantial
narrowing of the level can be achieved at approximately the same values of \Vt£\ and \WA\ and
opposite signs of VJ and WA- It is important that there be only one channel of spontaneous decay,
since the existence of two such channels will lead to additional broadening effects. We would like
to emphasize that the above conditions are quite difficult to realize in concrete atomic systems.

Besides the interference effects, the state narrowing mechanism we propose also includes
a change in the configuration composition of the levels owing to their mixing by the electromagnetic
field. This approach is presented in Section 2 in more detail.

The mixing of two states belonging to the auto-ionization and the discrete spectra under
the action of a resonance field has also been examined in a series of studies made by Andryushin,
Kazakov and Fedorov (see e.g. Ref.4). It was found that the maximum possible narrowing of an
auto-ionization state is only half of its initial width. At the same time, as is well known, in order to
create inverse population one has to reduce the probability of the auto-ionization decay by several
orders of magnitude.

In contrast to Ref.4, we have considered the mixing of two groups of levels with different
parity belonging to the discrete and auto-ionization spectra. As a rule, the terms of alkaline earth
atoms have a multiplet structure owing to the fine-structure splitting induced by spin-orbital inter-
action. As will be shown in the next section, owing to the field-induced mixing of multiplet terms
there appear states with zero dipole moment. However, some of the levels in these multiplets may
have an admixture of states of the discrete spectrum whose life time is determined by the radiation
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decay processes only. As concerns the creation of inverse population, it is the latter levels that are
of interest. The fact that the quasi-energies of states He in the high-energy auto-ionization region,
while the widths of these levels are mainly determined by the radiation decay processes, gives one
a basis for creating laser amplification for short-wave transitions.

In this study, the numerical calculations of the multiplet term mixing and of the auto-
ionization state narrowing in the field of laser radiation have been made using the strong-coupling
method taking into account of the hyper-fine splitting of levels in the field.

Since in the process of excitation of an auto-ionization resonance there usually appears a
whole series of possible decay channels, we have calculated the populations for the whole system
of levels (Fig. 1) and for ionizan'on, auto-ionization and spontaneous relaxation channels. The data
on the distribution of level population and on its dependence on time and on the strength of the
external field enable one to select the most efficient regime of exciting the atom for creating the
inversion.

For making concrete calculations of the state mixing and of the population distribution
in an atom Ba we have used the MHFD method to obtain the necessary matrix elements of the
Coulomb, exchange and dipole interactions.

2. THE THEORETICAL MODEL OF AUTO-IONIZATION STATE NARROWING

Let us now give a theoretical description to the narrowing of auto-ionization states of an
atom under the action of a laser field. In our description, we have used the real system of terms
of the Ba atom that has two groups of multiplet terms 5d6d abd 6p6d configurations belonging
to the discrete and the auto-ionization spectra, respectively (Fig.l). For efficient narrowing of the
auto-ionization stales the excitation scheme should include the so-called multipole resonances [3],
which means that (i) the radiation is resonant or quasi-resonant to the levels of both multiplets, and
(ii) the levels of the multiplets have opposite parity and are connected by one-photon transitions.
These conditions ensure the greatest mixing of levels with substantially different widths, which
may lead to stabilization of the short-living levels of the auto-ionization spectrum.

In the resonance approximation, the wave function of an atomic state taking into account
of laser radiation reads as

(2)

Here a sums up the states of the discrete spectrum and the discrete Components of the auto-
ionization spectrum; <pa, <p* and yv are the wave functions of an isolated atom; the integral terms
in (1) are associated with the wave functions of the continuum spectrum with energies E and E + ui
(Fig.l) also taken into consideration; and n^ tv and fl^ are the numbers of absorbed photons
necessary for excitation of the corresponding state.

By substituting (1) into the wave equation, multiplying it by the basis functions, and
integrating over f [3], we obtain a system of different equations for the resonance case, whose
solution gives us the energy structure of the atom and the widths of the resonance states in a field,
as well as the coefficients of state mixing and the probabilities of ionization processes for different
channels:

dCa(t)
l-dT

f

w)

J
(3)

tai

Jde'bAVW^ + J dt"bAt)Vc.-/)e

.dbs(t)
' dt + b E i t ) E •

Eo ,Ea,Ep and E are the energies of the unperturbed states of the main, discrete, auto-ionization
and continuous spectra, respectively; Vap and WE$ are the matrix elements of the dipole a —> 0
and auto-ionization 0 —> E transitions calculated according to Refs.l and 5. Waa, W^-matrix
elements of correlation interaction.

~

where C^JilJjmi-Klebsh-Gordan coefficient;
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By making a Laplace transformation of (3):

Ct(p) = f exp(-pt)Ct(i)eit
Jo

we obtain a system of algebraic equations, whose coefficient matrix., after diagonalization, gives

the energies and widths of atomic levels in an external field. Omitting in (3) the terms with £3 and

£4 , which are small enough in region £ < 1 a.u., we write (3) into view:

tp Ca(P) -
diet

pifi

- f ds'W,'ffbAp) - I'dE"V(»p£bAv) = (6)

where

ip-ef

(7)

Coefficients Co (0) , Ca( 0) , Cp( 0) describe the populations of atomic states 0 , a, 0 at the initial

moment of the switching-on of the perturbation. We assume that Co (0) = l , C a ( 0 ) = Cp(,0) = 0 .

According to Kramer's formula
n. rni

(8)D '
where D and /^-determinants of coefficient matrix (6). Considering the analytical properties of
the functions (8), we obtain

(9)

Here JC^,..., Xj are complex quasi-energies of the resonant states. As is known the complex en-

ergies X may be represented as Xj = E{ + iT,-. Then

(10)

where

s^

y^ o exp(- iE2t )

i E2 +

?(-iXit)
u

rm.$£

The dependence of complex quasi-energies upon the field strength obtained by numerical

calculations is presented in Fig.2. Here we solve the problem of mixing of atomic multiplets by

an oscillatory held for different relationships between the dipole moment matrix element V and

detuning A, allowing for the multilevel nature of interaction. It is known that field splits the atomic

levels and mixes the states of opposite parity, characterized by different quantum numbers. The

problem can be simplified by selecting a specific polarization of field. Using for instance the circular

polarization with specific direction A m = +1 we obtain several groups states interacting in the field,

characterized by m^ — ma = 1. We shall consider the specific case of one of these groups when

- 2 and ms^d = 3 . Table 1 gives the notation used for such states.

Fig. 2a shows the quasi-energy structure of multiplet terms Ba, where the spacing be-
tween the levels are actually the resonance detuning. In a field £ > 10 "3 a.u. the levels cross one
another, which is accompanied by strong interaction. There are several interaction points in the
middle of the multiplet that result in states with unusual properties.

Fig.2b represents the widths of the levels in the versus log £. The strong interaction

stabilizes some of the states whose widths get nearer to the radiation widths. In the limit £ —» £at

the widths of majority of levels tend to a specific limit (in our case F ^ = 10 — 15cm). Fig. 2b

does not include the ionization widths, which are growing mostly by the field £ > 5 107 V/cm

(seeRef.l).

The behaviour of squares of coefficients Ca and C^ in a field was considered in Fig.3 for

different variables of the 5d6d and 6p6d configurations of Ba. Fig.3a contains the configuration

compositions of the strong-interacting levels. With the increase of the field the admixture of states

of opposite parity may change considerably. As £ approaches 107 V/cm there appear states that

have the admixture only 5d6d configurations, whose properties are characterized by the states of

the discrete spectrum. It is these levels that may have the property of being stable and thus are of

special interest to us. The mechanism of creating of zero-dipole moment states induced by the laser

field will be considered in further detail in the next publication.
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Fig.3b shows the configuration compositions of the weak-interacting levels. The admix-
tures of these levels tend to the half with increasing field. This behaviour is identical to the solution
for the two-level system.

3. INVERSE POPULATION OF AUTO-IONIZATION STATES

Let us now examine the population of atomic states Ba, which become highly stable
with the increase of the laser field strength and for which the probabilities of spontaneous decays
into continuum and of decays down to discrete levels become comparable in magnitude. Fig.lb
shows the diagram of Bo excitations that we have used when calculating the populations, Since
the process of level occupation is nonstauonary, let us write down the system of kinetic equations
for time-dependent characteristics:

Mod

dt

dt

dt

~dT

where MJD <2) = •ny/2\V<e)\
2£4Aw"1;

ftd, rmi: - probabilities of d —» k and fc -+ m transitions;

Pi - ionization probability of it state.

Top, - is the probability of the spontaneous m —» 0 transition.

The solution of (6) can be presented in the form:

nt(t) = V B . Z / t . ^ " 1 ' (12)

where flt are obtained from the initial perturbation switching-on conditions and Z^, tjt are the
eigenvectors and eigenvalues of the coefficient matrix of system (6). By changing the field strength,
we obtain the dependencies n*( £) for certain moments of recording time. Fort = r (pulse duration
30 ns) the corresponding diagrams are shown in Figs.4a-4e. Each of the latter figures corresponds
to a certain width of the auto-ionization state. We see that for unstable states (Figs. 4a-4c), the prin-
cipal channel along which the population of the ground state is transported is the auto-ionization

. m. w «r . « , * • •

decay nE. In the case 4c (TA = 0 .02 cm~l), there appears an additimui channel of ionization up-
wards to the £72 state of the continuous spectrum. For narrow auto-ionization resonances (Figs.4d,
4e), the low-lying discrete levels Hn and the auto-ionization state n* are also substantially occu-
pied. These populations reach their maximum at £ = lO"4 a.u. or 5 • 10s W/cm. The fact
that Tim > nit indicates that the process of spontaneous k —» m decay ends by the time T. In
order to record the population inversion of the a-state in our calculations, let us analyze the time-
dependence of the occupation process (Fig.5). The results of calculations show that within the time
interval 0 < t < 4 ns we can obtain the population inversion in the auto-ionization state.

4. CONCLUSION

The present study has shown that it is possible to create the population inversion for
auto-ionization atomic states under the action of a resonance laser field.

It was not our aim to develop a unique scheme for producing short-wave laser radiation,
The problem was to make a detailed examination of the state narrowing and population inversion
processes in the case of barium atoms widely used in experiments. Calculations have shown that
with resonance excitation and the mixing of terms with a multiplet structure one may expect to
obtain a special class of states with unusual properties. In particular, these states are stable and are
located in the continuous region of the spectrum. It is these states that are occupied inversely under
the action of a trial field with strength £= 105 V/cm. Their decay downward, after amplification,
may give short-wave radiation.

The particular case of inverse occupation of the auto-ionization states of the Ba atom
we considered in this paper is nonetheless of sufficiently general character. The narrowing of these
states is not an accidental manifestation of the complicated process of state mixing. The principal
condition necessary for this process to occur is that the field should mix not two resonance levels
but a whole group of levels to produce intersections and quasi-intersections. As was shown, in the
process of strong interactions there are formed states that have the property of stability and contain
the admixture of discrete configurations only.

In the case of the barium atom excitation we have considered, there is probably not
enough short-wave radiation to be of practical interest. Radiation with shorter wavelength can
be produced, for example, by using noble-gas atoms as well as the near-threshold spectra of mul-
ticharge ions.

One should also pay attention to the fact that the mixing may compensate only the auto-
ionization width of the level, whereas the ionization broadening still remains. However, as was
shown in Ref.l this type of broadening becomes essential only in the fields with £ > 107 V/cm.

Another important problem is the width of the laser radiation. To produce multilevel
interaction, the field strength should be of the order of or greater than the resonance detunings:
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£ • ti > A. In view of the limits on £ from above (£ < 107 V/cro), one can use wide-band

radiation to reduce the resonance detunings.

Finally, in our opinion, the optimal scheme for this problem is the one with two lasers.
The first laser excites the atoms or ions to sufficiently high-lying states of the discrete spectrum.
The intensity of this radiation does not have to be high: around 106 W/cm2. The second laser,
in resonance with the transition between the discrete and the auto-ionization terms, mixes and
narrows the states, leading to spontaneous emission.
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Level No

1

2

3

4

5

The notation of Bo

Principal
component
without
field

6Pl/26ds/2

5d3/2<)d3/2

5d3/2 6dj/2

6p3/2^d5/2

5dsy2^d5^2

J

3

3

2

3

3

Table
states

m

3

2

2

3

2

1
included in our model.

Level No

6

7

8

9

10

Principal
component
without
field

6pVi6d5/2

5ds/26d5/2

J

4

5

4

2

3

m

3

2

2

2

3

FIGURE CAPTIONS

Fig.l Level diagram of barium atom.

Fig.2a Quasi-energy structure of fla atom plotted as a function of an external field strength.

Fig.2b Widths of levels in field plotted as functions of field strength.

Fig.3 Squares of the coefficients representing of admixture of states of different parity plotted
as a function of field strength, a) Strong interaction of levels, b) Weak interaction.

Fig.4 Populations of levels are plotted as function of log£ for different widths of auto-ionizing
level.

Fig.5 Dependence of auto-ionization (k) and discrete (m) states on the time of excitation.
£ = S • 10s V/cm, r / = 10-4 cm'1.
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