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We present a unified theory of laser-induced autoionizinglike behavior in single-photon and
multiphoton processes. We incorporate processes assumed unimportant in previous theories and
on the basis of realistic calculations we interpret existing experimental results.

Beginning with the work of Heller and Popov,' the
last ten years have seen a number of papers’~’ devoted
to what is referred to as autoionizinglike behavior, when
two bound atomic states of a one-electron atom are cou-
pled to the same continuum state by two independent
lasers. Let |g) be a ground and |a) an excited state
below threshold, with respective energies E, and E,.
One laser of frequency o, is chosen so that E, +#iw, is
above the ionization threshold, while the frequency w, of
a second laser is such that E, +%w,=E, +fiw, as in Fig.
1(a). The atom, being initially in state |g ), will simply
ionize if only laser w, is turned on. With both lasers on,
a number of interference effects may be manifested as
the frequencies and intensities of the two sources are
varied. One much discussed®* such effect, for example,
may lead to trapping atomic population in the excited
state |a ). A related quantity is the line shape of ioniza-
tion' (or equivalently absorption® of the radiation at w,)
as ®; is tuned around the resonance value fiw,=E,
—E, +#iw, with o, held fixed. An asymmetric line
shape has been predicted"? (hence the characterization
autoionizinglike) and its implication on other processes,
such as harmonic generation, has been contemplated.>®
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FIG. 1. (a) Schematic representation of processes coupling
two discrete states to each other and to the same continuum.
Two separate lasers with frequencies w, and w, are assumed, as
in the experiment of Ref. 2. (b) Same as in (a) except that it
takes three photons to couple one of the states with the contin-
uum as in the experiment of Ref. 7.

In recent experiments, however, Feldman et al.” found
no such asymmetry and pointed out that Raman pro-
cesses made the dominant contribution. As shown
below, this is to be expected under the conditions of
their experiment.

In this paper we present a theory and the results of
realistic calculations that (a) demonstrate that certain
important aspects assumed unimportant in previous
theories introduce qualitative changes and drastically
modify expectations on population trapping, (b) unify
apparently different processes, (c) interpret existing ex-
perimental results, and (d) demonstrate that theoretical
modeling of these processes with free parameters not de-
rived from atomic calculations can lead to quite mislead-
ing conclusions and expectations.

The simplest autoionizinglike process as described
above is depicted in Fig. 1(a). The state |g) and |a)
are coupled to the same continuum |c) by separate
lasers. Denoting by D the dipole interaction between
atom and radiation, the respective coupling matrix ele-
ments are D, and D,. Thus states |g) and |a) are
indirectly coupled to each other via the continuum.
There is, however, another coupling between |g) and
|a) through the nonresonant Raman process also
shown in Fig. 1(a) by dashed lines. This process, which
has been left out of most previous theories,'® will be
shown to be of crucial importance. Although Alber and
Zoller® have noted its significance under conditions of
near resonance with an atomic state, it has generally
been neglected in most previous theories.!® As we show
below, it can be of crucial importance even when it is
nonresonant. The formal analogy® with autoionization is
now complete. Two discrete states are coupled to each
other by radiation while each of them is coupled to the
continuum. If instead of D,, we had a matrix element
V., of configuration interaction, which is independent of
radiation, we would have proper autoionization found in
atoms with more than one electron. The difference be-
tween the two is quite significant, since ¥, cannot be
controlled while D, is proportional to the strength of
the laser field.

We formulate the theory in terms of the resolvent
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operator’ G(z)=(z —H)~!, where H=H*4+HR4+D
=HO 4D is the total Hamiltonian consisting of a sum of
the free atomic H“ and radiation HR parts coupled
through the interaction D. A quantized H® with two
discrete modes and a representation in photon-number
states |n ) are assumed and sufficient for our purposes.
At ¢ =0 the system is in state |g)=|g) |n,+1,n,—1)

whose energy is E,=E,+(n,+1)fio,+(n,— 1)fio,.
Other states entering the problem are
|a)=|a)|n;,ny), |&€y)=|c)|n,—1,n,), and |&,)
=le)|n,ny,—1) with respective energies

E,=E,+n fiw,+n,fw,, Efl =E.+(n, —fiw,+n,fw,,

and ECZ=E0—+—n1ﬁa)1 +(n,—1)fiw,. The matrix ele-

ments Ggg, Gag’

sidered explicitly. Through the standard algebraic pro-

cedure,” we eliminate G, , and G, , obtaining the equa-
1

G, ,, and G, , of G(z) must be con-
12 8

tions ¢ €28
Iom 5 (2) - _
(z+27/g )G, —D S,(1-i/9)G, =1, (1a)
s (2) . o, i @ _
—D ;,(1-i/q)G, , +(z+5+ > Va +37%a )G =0,
(1b)
where
D__D
p 2 _p@ 5 _geea
Dgﬁ—Dga+PdeC Eg—Ec ’
p=3 2
g ! E,—E,
(n_ 2
Yg —#‘DZZ‘?'EcZ:Eg 3

y{'=m|D,, |’E;=E, (j=1,2)
J

and 8=#w,+E,+S, —#iw,—E,—S,. Both states |g)
and |a) are Stark shifted by the amounts S, and S,
which are linear in the intensity of all radiation present.
These shifts are included in all calculations reported in
this paper but, in order to keep the equations as simple
as possible, are not shown explicitly. All dipole matrix
elements are proportional to the amplitude of the elec-
tric field or the square root of the photon number. The
two-photon matrix element D(za) represents the Raman
process that couples | g) with |a ). The principal-value
integral

_ DD
P [dE -
E,—E,

represents the absorption of @, followed by the emission
of w,. It refers to atomic continuum states. It also im-
plicitly includes the sum over bound states. What ap-
pears in Egs. (1a) and (1b), however, is an effective two-
photon matrix element D ;.2; modified by the couplings
to the continuum, very much as in autoionization. The
quantities y represent ionization widths (rates) of the
respective atomic states and are proportional to the ap-

BO-NIAN DAI AND P. LAMBROPOULOS 36

propriate laser intensity. State |a ), being higher than
|g), can always be ionized by both lasers; a fact that
has been noted by Feldman et al.” and will be shown to
play a critical role in population trapping. Its total ion-
ization width is therefore the sum of two widths .’ and
re

From the solution of Egs. (la) and (1b) we obtain
G'gg(z) and Gdg(z), which give the amplitudes U, (¢) and
U,(t) through the inverse Laplace transform
fG(z)eiZ’dz on the appropriate contour®!! of the com-
plex z plane. For times ¢ >0, the probability of ioniza-
tion (total ionization up to that time) is given by
Pin()=1— | U, (1) | *— | U, (1) | *, while the total ab-
sorption of radiation from laser ; is given by
Pu(t)=1—|U,(t)| % In general, these probabilities
can be nontrivial functions of time, especially for higher
laser intensities, say, above 10° W/cm?. For not so high
intensity, P(t) increases linearly with ¢, the constant of
proportionality (dP /dt) being the transition probability
per unit time. The profile of dP /dt as a function of w,
can in that case be written as (g +€)?/(1+¢€?), where
€=28/(y " +y?) is the detuning in units of the half-
width of |a ) (which plays here the role of the autoioni-
zation width) and ¢ is a shape parameter given by

p»+P [ dE.D,,D,,/E,~E.)
q:

a
ﬂ(DgEDEE )EC=E'

(2)

g

The tildes simply remind us that |Z,) and |&,) differ
only in the photon states. As a consequence, Dgz
=61y and D, ~ 6,1, where & is the respective laser
fields and r,.,r., the corresponding atomic dipole matrix
elements. Thus the principal-value integral in the
numerator as well as the product in the denominator are
proportional to &,6,. Similarly, D;{Za) is proportional to
&,6,, because the Raman process it represents involves
the stimulated emission of a photon w, followed by the
absorption of a photon w;. The quantity g of Eq. (2) is
therefore an atomic parameter independent of the fields,
and cannot be changed by varying the laser intensities.
The presence of Dé? has also been assumed unimpor-
tant in much of the literature on the subject.'”®
Perhaps the best way to demonstrate here its importance
is to apply our results to the interpretation of experimen-
tal data reported by Heller et al.> In that experiment,
| g ) was the 6s ground state of Cs and |a ) the 8s state;
the photon frequencies were w;=33715 cm~! and
®,=9397.83 cm~!, while the intensities of both lasers
were quoted as I, ~1, ~10% W/cm?. After having calcu-
lated all of the atomic parameters entering the problem
(using quantum-defect theory with a Green’s-function
technique10 for the infinite summation involved in Dg(,za)),
we have calculated absorption of @, as well as ioniza-
tion, as a function of w, around #iw,=%w,+Egz —E;
with w, kept fixed at the above value. The line profile
for two different values of the intensity 7/, under 5-ns
pulse duration (square shape) is shown in Fig. 2(a). Both
profiles correspond to g = —4.3 as obtained in our calcu-
lations. Obviously the change of the shape is not due to



36 LASER-INDUCED AUTOIONIZINGLIKE BEHAVIOR, . ..

a change of g; which brings us to another point whose
significance has often been overlooked in the literature.
The change is due to the time dependence’ (time satura-
tion) of the whole process combined with power
broadening and Rabi oscillations. In their analysis of
the data, Heller et al.? obtain a value of g =6 by fitting
to the usual autoionization profile (g +€)*/(1+¢€*). We
assume they mean the absolute value of g, because if it
were positive the asymmetry of the line would be the re-
verse of that obtained in the experiment.? The difference
between their 6 and our 4.3 can be attributed to their
fitting to an expression which can be only approximately
valid owing to the above-mentioned time effects. The
authors of the experiment appear to have relied on a
rough theoretical estimate! of their ¢ based on an expres-
sion for g without Dg‘za’. That such an expression leads

to results which disagree with the experiment is also
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FIG. 2. (a) Ionization line shape for various combinations of
laser intensities with and without the Raman process indicated.
The states 6s and 8s of Cs are coupled to the p continuum by
two lasers of intensities I, and I, and frequencies w,=33715
cm™!, ©,=9397.83 cm™!, as in the experiment of Ref. 2. The
pulse duration is 5 ns. (b) Population of state |a)=8s as a
function of pulse duration for §=0 and the indicated intensi-

ties. , calculation includes all decays for |a) and |g),
ie., yL";&O,y‘aZ);&O,Dgza’io; — — —, calculation with V=0
but with the Raman included; —-—-, calculation with ‘! and

D) set equal to zero. (c) Population of state |g)=6s as a
function of pulse duration for §=0 and the indicated intensi-
ties. The various lines correspond to the conditions of (b)

above.
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shown in our Fig. 2(a) where we plot the profile obtained
by setting Dg‘z;zo. It is qualitatively different from what
was seen in the experiment and the resulting value of ¢ is
+ 0.22. We have thus a dramatic demonstration of the
importance of the nonresonant Raman process.

What about population trapping in state |a)? Since
both fields lead to ionization of |a ), while only the
transition induced by w, interferes with that of
|g)+w,— |c,), state |a) decays constantly into the
continuum because of the transition |a)+w,— |c;).
And since |g) is coupled to |a ), it also decays. As a
result, there can be no long-term trapping. How much
trapping is possible and for how long depends on the
laser intensities, the atomic parameters, and where o, is
tuned. For the Cs experiment,? for example, our calcu-
lations show that, if w, is tuned to §=0, the maximum
of | U, |? is about 0.55 for a pulse of 3.5 ns [Fig. 2(b)].
For pulses longer than 15 ns the population trapping is
much smaller [Figs. 2(b) and 2(c)]. Two competing fac-
tors enter in attempting to achieve large population trap-
ping in |a ). Large intensities I, and I, help by bring-
ing population into |a ), but large I, also removes pop-
ulation from |a@) into the continuum. Clearly, an op-
timum requires a choice of energy E'g =E, +#iw, such
that E, +fiw, falls into a minimum of the ionization
cross section of |a). A not unlikely complication may
arise, however, if Eg is so high that the #iw, necessary
for resonance can also cause ionization of |g) (see also
related discussion below). In any case, it is irrelevant
to predict** population trapping by calculating
lim, , | U,(t)|?. Whatever trapping occurs will be
done at some optimum time which will in fact be short,
in the sense vt < 1. .

We turn now to another type of process®~’ and exper-
iment where it takes three w,; photons to ionize |g),
while a second laser w, is such that E, +3fio,=E,
+ #iw,, as depicted in Fig. 1(b). Again, there exists a Ra-
man process involving the absorption of three w, and the
emission of one w, in all possible orders, as shown in
Fig. 1(b) by dashed lines. In other words, there are three
distinct Feynman diagrams contributing to the Raman
coupling. The calculation is now much more complex,
but formally similar to the previous case. Assuming o,
to be such that there are neither one-photon nor two-
photon resonances with real atomic intermediate states
(which has been the case in the experiments®~7) an ex-
tremely lengthy derivation, which need not be repro-
duced here, leads to a set of equations similar to Egs.
(1a) and (1b) with D% replaced by a four-photon Raman
matrix element Dg‘,“a’, D,, replaced by a three-photon
ionization matrix element Dg(?, while D, remains a
single-photon matrix element as before. Now y! is a

g
three-photon ionization width, y!?’ remains a single-

photon ionization width, while !’ may be a single- or
two-photon ionization width, depending on the choice of
lg), |a), o, and w,. An additional width of |g),
namely y(gz), representing its multiphoton ionization by
@,, as well as combinations of ®; with w,, must now be
included if both lasers are to be allowed the same inten-
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sity. In principle, it is always present, but it was 6—7 or-
ders of magnitude smaller than y‘g” in the previous case
since the latter was a single-photon process.

A shape parameter ¢(;, can again be written for the
line profile of either ionization or absorption as a func-
tion of w; and w, fixed. It is given by

(4) I (3) % I
D\ +P [ dE.(DPD, ,/E,~E,)

(3)
W(DgEDza )EC:E‘g

q9i3)=

It can be easily verified [with the aid of Fig. 1(b)] that all
terms in the numerator and denominator of Eq. (3) are
proportional to 636,. As a result, g3, is again an atom-
ic parameter independent of the laser intensities. Exper-
iments of this type have been reported®~’ for Na where
lg)=|3s), with |a)=|4d) in one experiment’ and
|a)=5s) in the other.® No autoionizinglike behavior,
i.e., no asymmetry was observed in either and the matter
has remained a bit of a mystery. The explanation fol-
lows directly from our results. First of all, the term Da(“g’
had been neglected. Including this term in a realistic
calculation, we find g to be very large in both cases, be-
ing equal to 1.8 10* in one case® and 2.4 10% in the
other.” A completely symmetric profile is thus to be ex-

BO-NIAN DAI AND P. LAMBROPOULOS 36

pected and that is exactly what was observed by Feld-
man et al.” who report the absence of autoionizinglike
behavior, recognizing at the same time that Raman pro-
cesses have contributed to ionization. This is surprising
only if the Raman contribution is viewed as separate
from or insignificant compared to the autoionizinglike
coupling. If we leave them out of our calculation, the
resulting g;;=5.1 predicts a very asymmetric line
shape. As we have shown above, D;‘g is just one of the
couplings that connect the states under consideration
and can not be regarded as a separate process. Thus
what is commonly referred to as autoionizinglike behav-
ior simply corresponds to the case in which the Raman
coupling does not dominate the principal value integral.
This leads to a reduced value of ¢ which entails a more
or less asymmetric profile; but the physics remains the
same. The three diagrams do not contribute equally to
the coupling of |g) with |a ). Depending on proximity
to near-resonances with intermediate atomic states one
or two may dominate. All three, however, are insepar-
able parts of a coherent process.
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