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Theory and experimental consequences of generation of a pair of photon-dressed discrete states
by external electromagnetic fields in the atomic or molecular continuum
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It is shown theoretically that double resonance through the continuum can be utilized to produce two
photon-dressed discrete states embedded in the continuum. The significance of creating such a pair of
states is discussed, along with its experimental consequences. Especially important are quantum beats of
population, which offer novel spectroscopic opportunities.

The purpose of this Rapid Communication is to demon-
strate that it is possible to create a pair of photon dressed-
bound states in the continuum of atoms (or molecules) in-
duced by external electromagnetic fields and then observe
quantum beating between them. The importance of such
generation of a pair of bound states lies not only on the
often-raised question regarding the creation of bound states
in the continuum, but equally on the prospect of an entirely
new class of quantum beat spectroscopy, ' enlarging from
the beam-foil technique, single-photon beam or crossed
electrons and photon beams to two-photon beams (either
two lasers or a laser along with synchrotron radiation).

The point we wish to emphasize is the permanence of a
bound state in the continuum of a system. The first effort
in this direction is due to von Neumann and signer. ' This
pioneering work, which was to be corrected and extended, '
has been a constructive approach to see under what condi-
tions a bound state may be embedded in the continuum.
(The literature is filled with models akin to that of
Friedrichs, in which a bound state embedded in the contin-
uum becomes unstable due to the interaction with the con-
tinuum and dissolves into it. References 7 and 8, along
with this contribution, are the antithesis of this phe-
nomenon. ) The creation of a bound state through the in-
teraction of a discrete state with continuum by an external
electromagnetic field was envisaged separately, ' ~here the
coupling of a discrete state to the continuum was taken to
be the main parameter of the problem. Later, there had
been a surge of interest in the possibility of modifying the
structure of the continuum, where a structure was present,
such as an autoionizing or a predissociating state. " '

Closely related are the efforts in which two fields are uti-
lized to couple two bound states via the continuum, causing
population trapping" and consequent harmonic genera-
tion, '6 as well as a double-resonance scheme of three levels
interacting with both continuum and external electromag-
netic fields. " '

In many of these later works it was seen that a stable
state can be formed in the continuum, induced by the exter-
nal field and therefore present only when the interaction is
on. Investigations have also been made on the stability of

the discrete state in the presence of spontaneous emission. 2

A two-level system interacting with two electromagnetic
fields through a resonance (see Fig. 1) offers a further in-
teresting feature, namely, the creation of two bound states
in the dressed continuum. The way it comes about is seen
transparently by examining the poles of the resolvent, which
can be obtained as eigenvalues of the effective Hamiltonian
obtained by projecting onto the discrete states '"

FIG. 1. The level scheme discussed in this Rapid Cornmunica-
tion. It involves two bound states, a continuum supporting a reso-
nance, and two frequencies col and ~2. The broken lines from state
I2) to the continuum signify internal coupling giving rise to au-
toionization or predissociation.
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The shifts are contained in the detunings (see also Fig. 1).
Shifts and widths induced by the fields are defined as usu-
al. '

%e shall focus exclusively on the parameters of the exter-
nal fields (the two detunings and the two field strengths) as
variables of the problem; therefore, what follows will hold
universally for all atoms and molecules which have reso-
nances. Let us keep the field strengths arbitrary. The gen-
eralized Fano parameters q~ and q3 are the ones that one
would normally need to parametrize photoionization data
from the atomic states corresponding to the ground and ex-
cited state of any atom, respectively. The introduction of
qt3 is necessitated by the fact that there is in general a real
part in the interaction between the states ~1) and ~3) inter-
mediated by the continuum.

Diagonalization of the matrix given in (I) produces the
dressed resonances of the system as well as the eigenvalues.
Given an atom or a molecule, we have four laser variables
at our disposal, the two detunings and the two field
strengths. We look for a real eigenvalue (for arbitrary y~

and y3) by varying 8 and 8'. Typical results are shown in

g'= g'= e3(y~ —y3) —yi(ei —ei3)
(2)

This is precisely where the crossing point lies. The two
real eigenvalues at this crossing point are (I'~ y~+yq+y3)

Fig. 2, which shows two of such three-branched curves.
For fixed values of all the atomic parameters and field

strengths, a real eigenvalue is obtained only on the points of
the three-branched curves given in Fig. 2. To make it clear
that the topology is very sensitive to the exact values of all

the quantities involved, two (three-branched) curves for
two different values of q» are shown. It should, however,
be clear that for any two levels of a given atom and laser
frequencies q» is fixed ~v, Is

The crossing point of two branches corresponds to two
bound states. This can be further checked by numerical di-

agonalization of H'" [Eq. (1)]. Since the imaginary part of0" [Eq. (I)] has two zero eigenvalues, one finds that there
are two real eigenvalues only when
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A remarkable aspect of this crossing of curves signifying
the generation of two dressed bound states is that no
stringent condition is imposed either on the atomic variables
or the external field strengths. One can perform an experi-
ment at the required detunings [Eq. (2)], say 5„5,' com-
mensurate with the rest of the parameters. The obvious
analogy is that of coherence trapping in the A configuration
of three-level systems, ""where specific linear combination
of states may be decoupled from the field by choosing the
appropriate detunings.

In our case, by choosing to do an experiment at h„h,' we

can bring the question of generation of stable states to the
domain of usual spectroscopy such as double-resonance
spectroscopy and need not concern ourselves with the23

question of high field strengths at all.
If the system is in state ~1) initially (see Fig. 1) and no

bound states are created, the populations of states ~1) and

~3) decay to zero, due to the flow of the entire population
into the continuum [Fig. 3(a)]. With a single bound state
created, ionization is partially "frozen" and a part of the
population remains indefinitely in the discrete part of the
field-free spectrum [Fig. 3(b)]. With the generation of two
bound states, we expect that the ionization will also freeze,
but will additionally show oscillations. This is explicitly seen

FIG. 2. The locus of points in the 5, 5' plane, in which there is a

real eigenvalue (at least). Here y& =0.4, y3=0.6 (5, 5', y&, and y3
are all in units of y2), q&

——2, and q3=4. The two three-branched
curves differ for the value of the parameter q&3 (see the text). Bro-
ken line: q&3

——l; full line: q]3 5.
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in Fig. 3(c).
A detailed view of the populations of the two bound

states ~1) and ~3), as well as that which has gone into the
continuum is shown as function of time in Fig. 4. After an
initial rise (fall) time, both the populations of ~1) and ~3)
manifest clear evidence of oscillations, which is nothing but
the quantum beating of the two field-generated bound
states. Apart from the initial transients, these are pure os-
cillations with frequency equal to the difference of the two
real eigenvalues, which in turn depends on the atom and
the field parameters. (Figures 3 and 4 are two illustrations
of such dependence. )

We next come to the specific systems and methods that
may be applied to generate these discrete states and exam-
ine their quantum beats. The simplest manner to observe
them is to examine the fluorescence of the upper level of
the atom (molecule). The existence of the fluorescence will

show the population of the initially empty state, while oscil-
lations of the fluorescence will be the signature of the quan-
tum beat of the field-generated discrete states. The other
method may be the examination of the ionization (dissocia-
tion) yield, which will not show saturation, and the yield
will oscillate with the duration (length of the pulse) of the
external field.

What kind of external field should be suitable for such
experiments? We tentatively suggest synchrotron radiation
and a laser. The synchrotron radiation has the right fre-
quency range to couple a ground state to a resonance, while

lasers will be suitable for coupling the excited state to the
same resonance. Notice that experiments that involve both
lasers and synchrotron are already state of the art. 24 The al-

ternative is to use two different lasers with an appropriate
atomic system. With the development of the lasers in the
uv region, the prospects of such experiments are indeed on
the rise. One may also expect to see variants of the scheme
discussed in this Rapid Communication, in which one of the
fields cause a multiphoton transition, or an alternate scheme
involving a larger number of levels and field frequencies. "
This will add a certain richness to the processes involved,

(c)
FIG. 3. (a), (h), and (c) show the popuiations of state

~ 1) (P t),
of state ~3) (P3), and the continuum yield (P, ) as a function of
time (in units of li'y2). The darkened areas are due to oscillations
which are unresolved in the chosen time scale. y&, y3, q&, and q3
are as in Fig. 2 and q~3=1. (a} 5= —0.4, 5'= l. l; no dressed
hound states are formed. (b} 5= —0.256, 5'=1.964; one dressed
state is formed. (c) 8= —0.6, 5'=1.2; two dressed bound states are
formed and the populations exhibit quantum beats between them.

F16. 4. Populations as functions of time when two bound states
coexist. Here the time scale is enlarged and the oscillations (which
persist indefinitely) are dearly resolved. The widths y& and y3 are
as in Figs. 2 and 3 and q&=2, q3 4 q/3 5.
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keeping intact the central issue of this Rapid Communication.
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