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Interference between nonresonant three-photon absorption and third-harmonic
generation and the cancellation of four-photon resonances
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We investigate the theory of cancellation by interference between the absorption of three fundamen-
tal laser photons and one third-harmonic photon. The theory is formulated in terms of the density ma-
trix so as to take detunings, dephasing, and laser bandwidth into account. The result is a theory of
cancellation for finite detuning that explains how four-photon resonances can be canceled by a three-
photon mechanism, if there is an atomic level at near three-photon resonance. We obtain explicit con-
ditions for this to happen, and perform calculations pertaining to a recent experiment [D. Charalam-
bidis et al. , Phys. Rev. A (to be published)] where cancellation of 4+1 resonantly enhanced multipho-
ton ionization has been observed.

It is by now well established [1-4] that the enhance-
ment of three-photon-resonant five-photon ionization
through the 6s(J =1) state of Xe will diminish and even-
tually disappear into the nonresonant background, if the
gas pressure is raised to a certain value. The accepted ex-
planation relies on the interference between the reabsorp-
tion of the resonantly generated third harmonic (TH) and
the absorption of three pump-laser photons (Fig. 1). If
the magnitude and phase of the TH are appropriate, the
interference can be destructive, hence the term "cancella-
tion. " It can be properly thought of as cancellation of the
excitation of the resonant (6s) state. The effect has been
observed in a number of other cases. The papers of
Glownia and Sander [1], Miller et al. [2], Jackson and
Wynne [3,4], Normand, Morellec, and Reif [5], Payne
and Garret [6], and of Agarwal and Tewari [7] have pro-
vided much insight into the physics of cancellation on res-
onance.

Recent experiments [8] have posed a broader question:
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FIG. 1. The involved processes. Ionization through absorp-
tion of either (a) three-laser photons or (b) one-harmonic pho-
ton and subsequent ionization. Absorption of either (c) three-
laser photons or (d) one-harmonic photon and subsequent
coherent reemission at c03. (c) Yields TH generation and (d)
causes a refractive index at co3.

Can this type of cancellation be responsible for the de-
enhancement (partial cancellation) of certain four-photon
resonances? The context of the question is depicted in
Fig. 1 where the frequency of the laser necessary for
four-photon resonance with some state (say 4f) in Xe is
such that three photons are also at near resonance but not
on resonance with the 6s state. Can the deenhancement of
the four-photon resonance then be attributed to cancella-
tion of the three-photon (absorption) process, even though
no three-photon state exists at 3hco? If yes, how does the
phenomenon depend on the detuning from three-photon
resonance, and what determines the maximum range of
detunings allowing this deenhancement?

It is the purpose of this paper to answer these questions,
which have led us to a reexamination and generalization
of the theory of these (interference) phenomena. This
generalization is more than formal because, as we show
below, without a quantitative calculation of all atomic pa-
rameters one cannot even assert if the effect will exist at
any pressure. For cancellation on three-photon resonance,
on the other hand, once the qualitative physics has been
established, one knows that cancellation will occur at
some pressure. This important difference between cancel-
lation on resonance and off resonance explains why it has
been possible until now to sidestep the details of atomic
structure in reported theoretical discussions. It goes
without saying, of course, that, even on resonance,
knowledge of the atomic parameters becomes necessary if
the theory is to predict the pressure at which cancellation
will occur.

We have performed the analysis in the density-matrix
formalism for the atomic response, coupled to a plane
wave with a slowly varying amplitude governed by the
Maxwell equations. The density matrix is chosen since it
offers a natural way to handle detunings, the laser band-
width as well as the decay of the coherence and of the
population. At the same time it carries no intrinsic as-
sumptions; whether or not the problem can be analyzed by
means of a simple susceptibility approach will depend on
the various parameters involved in the problem.

The approach taken was to eliminate the density matrix
from the wave equation, solve it, and substitute it back
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into the density matrix to see if the obtained third-
harmonic field actually caused cancellation. This elimina-
tion will not always be valid, but for parameters from the
experiment at hand [8], it turns out that the decay of
coherence, I, is roughly 2 orders of magnitude larger than
the three-photon Rabi frequency, 03, from the ground
state to 6s. Under this condition, the elimination (via the
rate equation approximation) is valid. When in addition
the single-rate approximation is valid, one regains a pic-
ture in which the field equations can be handled by means
of susceptibilities. The decay rate y of the 6s state due to
two-photon ionization is 1 order of magnitude smaller
than 03, and the very large I is entirely due to the laser
bandwidth (=2 cm '). Thus for a much smaller laser
bandwidth, the approximation would break down.

If we define the fields of the pump laser and the har-
monic as E1 and E3, respectively, we have

E1 =8 exp [i (cot —kz )]+c.c.

sure, not low. At the same time, the way h, enters the
equation shows that the pressure must be increased qua-
dratically in the detuning for off-resonance cancellation.
However, this condition, seemingly, has no limit to how
far off-resonance cancellation works relative to the 6s.

This is not the case for the conditions connected to the
neglect of the nonresonant part of the g's, mentioned
above. These conditions, which we shall call single-state
conditions, require the following. (I) g

' =g" ', i.e.,
R(l ) )) NR(1) (2) (3) R(3)

1 e R(3) )) NR(3) (3)
Nonresonant ionization has to be negligible; recall that
the ionization process considered is only the doubly reso-
nant path using the 6s to reach the four-photon states. If
the background (all paths to the four-photon state not us-
ing the 6s) is dominant, the cancellation might take place,
but it will cance1 a pathway that is below the background
anyway. The condition can be stated (l3) denoting a
four-photon state and p]3 the four-photon matrix element
to l3)) as

and

E3 83exp[i(c03t k3z)]+C.C. ,

(3)
(4) p]2 P23

~+ ir/2
(7)

while the total field is

E =Et,+E3. (3)

For the amplitude of the harmonic, the result is

(3)
X g3 iak "~z t '2 g3 izkw~z

3 (4)z"' P]2

Here g and g ' are third- and first-order susceptibili-
ties at e3., p |2, p ~2 are three- and one-photon matrix ele-
ments between the ground state and the 6s, and Ak is
the nonresonant phasemismatch at m3. The last = comes
from the assumption that only the resonant g's contribute.
The approximations in obtaining this result will be dis-
cussed shortly.

The above field can easily be fed back into the density-
matrix equations, where it is seen that the coupling be-
tween the ground state and 6s vanishes, i.e.,

g '"z +@3 i3kz (3) ()— (s)

n3c Q +I- /4z»
2~~3 1~121'Nr/2

(6)

This will be called the pressure condition, since it natu-
rally shows that cancellation will take place at high pres-

This is cancellation —the coupling to 6s is gone; the path
via the 6s near resonant to the four-photon states gives no
ionization.

To investigate exactly where the detuning (or nonreso-
nance) of the 6s state becomes important, one must look
at the approximations made in obtaining Eq. (5) for the
third-harmonic field, 83. First, one has to justify ignoring
some of the solution for C3 containing a decaying ex-
ponential in z (where the laser beam propagates in the z
direction). The decay is caused by an imaginary part in
the refractive index at co3, and the condition for this decay
to have the exponential removed is (with N denoting the
number of atoms per volume, i.e., pressure, and 5 the de-
tuning from three-photon resonance)

~kb= —2,
and the pressure condition can be written

(8)

llm(ak) lb» I . (9)

Since h, k is proportional to the pressure, and since
llm(hk)l« lhkl for any detuning out of the 6s line
shape, the pressure needed for cancellation is much higher
than the pressure giving phase matching at any given de-
tuning from the 6s. Formulated more sharply, for cancel-
lation to work, one has to have a pressure where TH gen-
eration is almost gone due to very bad phase matching.
Thus the role of pressure is not to generate enough har-
monic. At the same time, the pressure condition for a fo-
cused beam is symmetric in h, , so that cancellation is
equally possible for a detuning below the 6s as for a de-
tuning above. Phase-matching considerations require a
detuning to the blue of the resonance for macroscopic

It is important to note how the previous three single-
state conditions clearly show that cancellation of a four-
photon resonance by means of a three-photon mechanism
is only conceivable if three photons are so close to reso-
nance with a three-photon state that it is the only relevant
state at that level. In the end of the paper, we present cal-
culations investigating these conditions. Here we must
emphasize that nonresonant cancellation (in contrast to
resonant cancellation) demands a quantitative calculation
to assess whether it can occur at any pressure. The reason
is clear from the above conditions which, when exactly on
resonance, are automatically satisfied.

Since experiments are usually done in a focused laser
beam rather than a plane wave, we have also solved the
problem in a Gaussian beam. It turns out that all the
above conditions stay unchanged, except that the pressure
condition will have the confocal parameter b taking the
role of z. It is interesting to compare the pressure condi-
tion with the phase-matching condition for a tightly fo-
cused beam. The latter reads [9]
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gests that we do not have as good matrix elements as
would be desired. Since the comparison is between four-
photon resonant and nonresonant matrix elements, an er-
ror of a factor of 2 in some crucial matrix element could
give an error of an order of magnitude in the four-photon
matrix elements. This would be adequate to make the res-
onant path dominant.

The last two paragraphs above encapsulate a remark-
able and unexpected interplay between cancellation of
four-photon resonances and atomic structure. The appli-
cation of our theory to the interpretation of the experi-
mental data has revealed delicate inadequacies in some of
our MQDT parameters. These are effects that one nor-
mally expects to detect through energy and angular distri-
butions of photoelectrons and not in harmonic generation.

In summary, we have developed a generalized theory of
cancellation between nonresonant harmonic generation
and three-photon absorption. We have derived quantita-
tive conditions for the existence of the effect and have
demonstrated its applicability to the interpretation of re-
cent observations and its strong and demanding connec-
tion with the underlying atomic structure. With respect to

the experiment of Charalambidis et al. [8],we have shown
that even for fairly large detunings, three-photon cancel-
lation (in the sense that all cancellation can be discussed
at the three-photon absorption) is responsible for the ob-
served cancellation of 4+1 resonantly enhanced multi-
phonon ionization peaks. At the same time, the results for
focused beams will lead to a much more detailed under-
standing of the interplay between phase-matching,
enhancement and cancellation in experiments where TH
generation plays a role. We will elaborate on all of these
points and derivations in a longer paper.
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