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Competition between third-harmonic generation and multiphoton ionization in xenon is
confirmed in a direct experiment using counterpropagating circularly polarized laser
beams to suppress third-harmonic emission. Three-photon resonantly enhanced multi-
photon ionization through the 6s and 6s' levels in xenon, previously reported to disappear
at pressures above a few Torr, gives rise to sharp intense ionization signals under these
conditions.

PACS numbers: 32.80.Kf, 32.20.Jc, 32.80.Fb, 42.65.Cq

With the advent of high-power lasers, gas-
phase multiphoton excitation has been extensive-
ly studied in recent years. In particular, xenon
atoms have been investigated by three-photon
excited fluorescence and resonantly enhanced
multiphoton ionization (MPI). In these studies,
the signal due to the three-photon allowed 'S, -
5p'('P, t, ')6s transition was observed to be strong-
ly pressure dependent. The disappearance of
fluorescence signal' from the Gs level above 8
mTorr was ascribed to radiation trapping, while
Aron and Johnson' have reported the complete
absence of any MPI signal due to this transition,
and attributed the anomalous pressure effects to
xenon dimers. In that MPI study, ' 4f four-photon
atomic resonances were observed in the wave-
length region of the expected three-photon 6s
resonance. Compton et al. ' reported that under
collision-free conditions, three-photon resonant-
ly enhanced MPI signals through the Gs level dom-
inate the ionization spectrum of xenon. More re-
cently, Miller et al."have shown that the strong
6s and 6s' ionization signal shifts to the blue (in
excess of the ac Stark effect) and disappears as
pressure is increased above a few Torr. This is

accompanied by the production of intense third-
harmonic radiation, and it is suggested that
third-harmonic generation (THG) and MPI are
competitive processes. In a theoretical model,
Payne, Garrett, and Baker' have attributed the
loss of right-angle fluorescence and ionization
signals to resonantly enhanced THG following a
coherent, collective excitation of an ensemble
of xenon atoms. A competition between the third-
harmonic field and the laser field (or the one-
photon Rabi frequency and the three-photon Rabi
frequency) produces these effects. ' Coherent
loss mechanisms are generally excluded in rate
equation models of MPI. In this work we report
the first direct experimental evidence that xenon
MPI through the 6s and 6s' levels is quenched by
THG. This is accomplished by observing xenon
MPI under conditions for which THG is forbidden.

To achieve an unambiguous experiment in which
three-photon resonantly enhanced MPI through
the 6s and 6s' intermediate states is allowed but
THG is forbidden, it is necessary to consider
the selection rules for MPI and THG with respect
to excitation laser polarization. The polarization
constraints on THG arise from angular momen-
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turn conservation and wave-vector phase-match-
ing considerations. ' They are the following: for
linearly polarized light THG is allowed, for cir-
cularly polarized light THG is forbidden (re-
quirement of angular momentum conservation),
and for counterpropagating circularly polarized
(CPCP) light THG is forbidden (wave-vector
phase-matching requirement). Identical polari-
zation constraints arise when treated in the
formalism of the two-level collective-emission
model. ' Neglecting hyperfine interactions, the
electric dipole selection rules for xenon atoms,
which follow (j,j) coupling, are 64=0, ~1; 0
+0 for each single-photon transition. ' If cir-
cularly polarized photons are used, the addition-
al one-photon selection rule is 4M =+1 where (+)
refers to right-hand circular (RHC) and (-)
refers to left-hand circular (LHC) polarized light.
In a three-photon transition circularly polarized
light gives ~=+3. Thus, three-photon resonant
transitions to the 6s[ 2] ' 8=1 or 6s'[ —,'J' 4=1
states of xenon are allowed for linearly polarized
light, but forbidden for either RHC or LHC po-
larized light. The use of CPCP light beams is
an experimental condition in which three-photon
excitation to the 6s or 6s' level is allowed. If
the counterpropagating photons are both RHC or
both LHC, they have opposite senses of rotation
in the atom-fixed reference frame. Consequent-
ly, three-photon transitions to a J= 1 state are
allowed if the atom absorbs two photons from one
laser beam and one photon from the other yielding
a net 4M=+1, and 44=+1. Competition between
MPI and THG may be observed by comparing the
three-photon resonant MPI signal produced by
linearly polarized and CPCP laser beams.

The experimental apparatus, shown in the upper
panel of Fig. 1, consists of' a parallel-plate ion-
ization cell and polarizing optics. The lower
panel of Fig. 1 displays the polarization of the
light beam as it propagates through the apparatus
and reflects back upon itself. The light source
is a frequency-tripled Nd-doped yttrium 3lumi-
num garnet laser-pumped tunable dye laser
(Quanta Ray). The Gian-air polarizing prisms
ensure the polarization purity, Bnd the BK-7
Fresnel rhombs (Karl Lambrecht) are mounted
to act as achromatic quarter-wave plates. The
10-ns laser pulses are focused by 150-mm focal
length Suprasil lenses. The MPI cell which con-
sists of a four-way cross, fitted with BK-7 en-
trance and exit windows, is connected to a vacu-
um system. Photoelectrons resulting from the
MPI process are monitored by a grounded flat-
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Ft.o. 1. Schematic diagram of the apparatus used to
measure the MPI spectra (upper panel) and the polar-
ization of the CPCP laser beams (lower panel).

plate platinum collector. A negative bias of 10-
50 V applied to the other platinum plate allows
operation in a linear-counting regime. The sig-
nal is amplified (PAR 115) and averaged in a box-
car integrator (PAR 164/160) before being re-
corded on an x-y plotter.

Figure 2 shows the MPI spectrum in the region
of the 6s[ & ]' J= 1 and the' 4f intermediate reso-
nances as a function of pressure and laser polar-
ization. The former is a three-photon resonant,
five-photon ionization process, and the latter are
four -photon resonant, five -photon ionization
processes. The 4f states have J's ranging in
value from 0 to 5; signals due to various 4f states
are observed for the three laser polarizations.
As a result of the short duration of the laser
pulses, temporal as well as spatial overlap of
the two laser beams is less than 100'fp in the
CPCP case, and, since the signal in some of the
4f levels may be produced independently by each
beam, the observed 6s to 4f ratios in the CPCP
experiments represent lower bounds. Comparing
the 6s to 4f signal intensities for each of the
three laser polarizations, it is clear that in the
case of CPCP light, the 6s line dominates the
MPI spectrum in this wavelength region for all
xenon pressures. This observation, in light of
the selection rules for resonantly enhanced MPI
and THG, is strong evidence for the quenching
of the MPI by the third-harmonic field. The low
pressure (&10 ' Torr) atomic-beam study of
Compton et al. ' and similar studies in this labora-
tory show that with linearly polarized light the
6s five-photon ionization signal is large. In those
experiments the number density is insufficient
for THG. However, unlike the CPCP experi-
ment, the low-pressure results do not rule out
the possibility that other collisional effects are
responsible for the disappearance of the 6s MPI.
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FIG. 2. A portion of the MPI spectrum showing the 6s and 4f resonances taken with linearly polarized light
(LIN), circularly polarized light (CIRC), and CPCP light as a function of xenon pressure. The Coumarin 440 dye-
laser energy is 0.7 mJ for the CPCP case, and 1.4 mJ for both linear and circular polarization.

In separate experiments using an apparatus
described elsewhere, "we observe THG using
linearly polarized light and the laser conditions
and optics described here. As expected, no
third-harmonic emission could be detected by
using circularly polarized light. The broadening
to the red of the 6s line for CPCP light at 100
Torr is thought to be due to xenon dimer absorp-
tion. "

Further evidence for the competition between
MPI and THG is given in Fig. 3, which displays
the MPI spectrum of xenon in the three-photon
wavelength region of the 6s'[-,']' J= I state taken
with CPCP laser photons. Also shown is the
data of Miller and Compton for a xenon pressure
of 100 Torr and linearly polarized light. Ioniza-
tion through the 6s' level is a three-photon reso-
nantly enhanced four-photon ionization process.
Miller and Compton reported, ' as in the 6s case,
that for pressures above a few Torr no ioniza-
tion could be detected at the resonance position.
However, unlike the 6s case, the MPI signal
does not disappear but continues to broaden and
blue shift in a manner similar to the THG signal.
With CPCP light, we detect only sharp intense
MPI signal at the Gs' resonance frequency at all
xenon pressures investigated. In fact, the mag-
nitude of the MPI signal obtained with CPCP

light is of interest. In contrast to the relatively
weak signal observed from linearly polarized
light, at 5 Torr the CPCP laser beam experi-
ment yields on the order of 10"-10"photoelec-
trons per pulse, which is near volume saturation
within the laser-beam waist. This observation is
consistent with the large single-photon oscilla-
tor strength" of 0.27 measured for the 6s' tran-
sition.

The origin of the broad ionization reported in
previous work was associated in part with mo-
lecular bands due to xenon dimers" and excita-
tion-ionization processes involving both the third-
harmonic and dye-laser photons. This explana-
tion, suggested by Miller and Compton, ' is con-
sistent with the pressure dependencies first ob-
served by Aron and Johnson. ' Other detailed
MPI-THG studies ' arrive at a similar conclu-
sion. In the present work where third-harmonic
emission is suppressed, we do not observe the
broad ionization. This result supports excitation-
ionization mechanisms involving third-harmonic
photons.

In summary, use of CPCP light is a method of
suppressing third-harmonic emission while pre-
serving three-photon resonantly enhanced MPI
through the 6s and 6s' intermediate states in
xenon gas. The previously reported disappear-
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laser-intensity spectroscopic studies, and sug-
gest that such effects be included in MPI theo-
retical modeling.
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their results prior to publication. This work was
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FIQ. 3. A portion of the MPI spectrum showing the
6s' resonance taken with CPCP laser light as a function
of xenon pressure. Also shown in dashed lines is the
MPI data of Miller and Compton taken with linearly
polarized light at a xenon pressure of 100 Torr. The
dye-laser energy is 0.7 mJ for the CPCP experiment.
(Adapted, with permission, from Ref. 5.)

ance of the 6s and 6s' resonant MPI signal at
xenon pressures of a few Torr does not occur in
the CPCP experiment. The large increase in the
MPI signal at the resonance frequencies that oc-
curs in the absence of THG at all xenon pressures
investigated is direct experimental evidence that
MPI and THG are competing processes. The
present study confirms the suggestion of such a
phenomenon by Miller et al.4' and is consistent
with the two-level collective-emission model. '
These results demonstrate the important role
that coherent loss mechanisms may play in high-
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