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generated in a gas medium
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The fifth harmonic of a 60-fs 10-Hz terawatt titanium:sapphire laser generated in Xe gas is used to ionize Xe
and Kr atoms by nonresonant two-photon absorption and Ar atoms through a quasiresonant three-photon
process. At relatively low harmonic yields, the variation of the number of Kr and Xe ions with the number of
harmonic photons is quadratic. At high harmonic yields, it deviates from a quadratic behavior, which we
attribute to the influence of ionization in the harmonic process distorting the harmonic wave front. The
two-photon ionization cross sections in Xe and Kr at 160 nm are found to be comparable.

DOI: 10.1103/PhysRevA.64.031404 PACS number~s!: 32.80.Rm, 42.65.Ky

Though theoretically predicted in the 1930’s at the begin-
ning of quantum mechanics@1#, multiphoton processes were
not observed experimentally until 30 years later, thanks to
the masers in the radio-frequency domain@2#, and to the
lasers in the optical range@3#, which were able to achieve a
sufficiently high intensity. It is only 40 years later that the
extension of these nonlinear processes to the vacuum and
extreme ultraviolet~vuv-xuv! range is becoming experimen-
tally accessible. The development of x-ray lasers, high-order
harmonic sources, and self-amplified spontaneous emission
free-electron lasers@4# has made considerable progress dur-
ing the last few years. The demonstrated~or predicted! speci-
fications for the number of photons, pulse duration, and spa-
tial coherence for these advanced light sources now allow the
scientific community to tackle the problem of inducing non-
linear processes in the xuv range, in spite of the low cross
sections in that spectral region@5#.

Among the above-mentioned light sources, high-order
harmonic radiation has the advantage of being simple and
easily produced by table-top devices, and also to provide
short pulse durations, of the order of the pulse duration of the
generating laser pulse@6–9#, which can be in the few fem-
tosecond range. The number of photons per pulse and per
harmonic reaches up to a few 109, corresponding to efficien-
cies ~defined as the ratio between the output and input ener-
gies! of the order of 1026 @10–12#. In addition, the radiation
exhibits good spatial coherence properties@13,14#, allowing
it to be focused to a small spot@15#. Simple calculations
predict that the intensity of the xuv harmonic beam should be
sufficient to put low-order nonlinear processes, e.g., two-
photon ionization in a gas, within experimental reach@16#.

However, the successful attempts to observe nonlinear
processes using high-order harmonics have been scarce. Xe-
nakiset al. observed resonant (111) two-photon ionization
in Ar, using the third harmonic~15 eV! of a KrF laser@17#.
Watanabe and co-workers report the observation in He of
two-photon ionization using the ninth harmonic of a
titanium-sapphire~Ti:sapphire! laser and four-photon ioniza-
tion using the fifth harmonic@8,9#. One difficulty is to obtain
a short-pulse duration, a high number of photons, and a small
focal spot simultaneously. Another major difficulty is to
eliminate the influence of other ionization processes, such as
multiphoton ionization due to the fundamental laser field,

one-photon ionization due to higher-order harmonics, and
ionization processes involving mixing of several harmonic or
fundamental frequencies@6#.

In this Rapid Communication, we report experimental
evidence for nonresonant two-photon ionization in xenon
and krypton using the fifth harmonic~7.7 eV! of a Ti:sap-
phire laser. A quasiresonant three-photon ionization is also
observed in argon at the highest harmonic yield. A particular
effort is devoted to eliminate unambiguously the influence of
the fundamental laser pulse, the third harmonic, as well as of
the higher-order harmonics. At moderate harmonic yields,
the number of Kr and Xe ions varies quadratically with the
number of photons. The deviation from the quadratic depen-
dence at higher harmonic yields is attributed to the influence
of ionization in the harmonic generation process affecting the
spatial profile of the harmonic pulse.

Our experimental setup, which resembles that of
Sekikawaet al. @9# is shown in Fig. 1. The laser is an am-
plified Ti:sapphire 10-Hz system delivering 60-fs pulses
around 800 nm with an energy up to 200 mJ. Most of the
results presented here are obtained with only a fraction of
this energy, 20 mJ. Furthermore, the beam is apertured down
by an 11-mm-diameter diaphragm, so that only about 3-mJ
infrared energy is actually sent into our experimental setup.
The beam is focused by a 2-m focal-length lens into a win-
dowless Xe gas cell. The Xe gas is injected into the cell
through a 10-Hz-pulsed nozzle. The interaction length is es-
timated to be about 3 mm~1 mm inside the cell and 1 mm on
each side!. The gas cell is placed 4 cm before the laser focus
in order to obtain a high photon number. A 500-mm-thick
high-quality uv-grade fused silica plate is used to absorb
harmonics higher than fifth order. Its transmission is mea-
sured to be 0.6 for the fifth harmonic, below 1026 for the
seventh harmonic, and drops very rapidly for higher har-
monic orders. Used with a 45° incidence angle in
p-polarization, the fused silica plate reflects 1% of the beam
into an xuv spectrometer. This spectrometer, operated with-
out entrance slit and with a wide~6-mm! exit slit, records the
fifth harmonic flux without cutting part of the beam. Using a
more conventional vuv-spectrometer with narrow entrance
and exit slits, we also measure the spectral width of the fifth
harmonic to be 1.4 nm full width at half maximum.

The fundamental field is eliminated by two beam splitters
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used in s-polarization at an incidence angle of 70°@18#.
These beam splitters are antireflection coated at 800 nm,
with a reflectivity less than 1% at the fundamental wave-
length and about 40% at the fifth harmonic frequency. A
second diaphragm~8 mm diameter!, 2.2 m after the source
allows us to further reduce the remaining fundamental beam,
without affecting the less divergent harmonic beam. The har-
monic beam is focused by a normal incidence 10-cm focal-
length spherical mirror, with MgF2-protected aluminum
coating. The Al-MgF2 coating ensures a high reflectivity
(R575%) at 160 nm~fifth harmonic!. The gas medium in
the interaction region is provided by a pulsed gas jet,
equipped with a 3.5-mm-thick and 3-cm-long capillary, filled
to 1 bar backing pressure~see inset, Fig. 1!. The valve
mechanism is placed at the end of the capillary to ensure
high pressure at the ouput. We estimate the atomic density in
the interaction region to about 1014 atoms/cm3. The pro-
duced ions are detected in a time-of-flight spectrometer:
They are extracted between two plates providing a homoge-
neous electrostatic field of 500 V/m, are separated in time in
a 30-cm-long field-free region, and finally recorded by an
electron multiplier tube. Since the gas-jet capillary is placed
between the two time-of-flight plates it is equipped with a
conducting layer and biased with a voltage adjusted to mini-
mize its influence on the homogeneous extraction field. The
dispersion of the thin fused silica plate introduces a positive
frequency modulation~chirp! of the fifth harmonic. In Fig. 2,
we show the number of fifth harmonic photons, as well as
the number of Kr ions as a function of the distance between
the gratings of the laser compressor~varying this distance
allows us to induce a chirp in the laser pulse, and hence in
the harmonic pulse!. We also indicate the corresponding
pulse duration of the fundamental pulse. As expected, the
number of fifth harmonic photons reaches a maximum at the
shortest pulse duration~60 fs!. The number of ions, however,
reaches its maximum when the fundamental pulse is slightly
negatively chirped. This induces a negative chirp also in the
fifth harmonic pulse, which is needed to compensate the
positive chirp due to group velocity dispersion in the fused
silica plate. We see no evidence for a large intrinsic dipole
chirp of the fifth harmonic@9#.

As pointed out previously, it is important to eliminate

other ionization processes: these are~i! multiphoton ioniza-
tion due to the remaining fundamental field;~ii ! one-photon
ionization due to higher-order harmonics;~iii ! mixing pro-
cesses involving harmonic and fundamental fields; and~iv!
multiphoton ionization due to the third harmonic.~i! The
fundamental field is eliminated essentially by the two beam
splitters which decrease the infrared intensity by at least a
factor 104. To confirm that the remaining laser pulse does not
perturb our measurements, we checked that there is no ion
signal without harmonics, by inserting an absorbing glass
plate in the vuv-beam path or alternatively by emptying the
gas cell used to generate harmonics. In addition, we mea-
sured 831011 photons per pulse at 800 nm after the beam
splitters, using a calibrated photodiode in the same condi-
tions as for the fifth harmonic~see below!. Assuming a
diffraction-limited beam, we obtain an upper limit for the
intensity of 1012 W/cm2, which is not high enough to induce
significant multiphoton ionization for a 60-fs 800-nm pulse
@19#. ~ii ! The higher-order harmonics are absorbed by the
thin fused silica plate, which has a huge absorption coeffi-
cient for wavelengths shorter than 160 nm.~iii ! The group-
velocity dispersion in the fused silica plate allows us to sepa-

FIG. 1. Experimental setup.

FIG. 2. Number of fifth harmonic photons~closed circles! and
number of Kr ions~open circles! as a function of the grating posi-
tion of the compressor. The pulse duration of the fundamental is
indicated in open triangles together with a parabolic fit~solid line!.
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rate in time the fundamental, third, and fifth harmonic pulses.
The fundamental pulse comes first, then after 0.3 ps the third
harmonic, and after 1.5 ps the fifth harmonic. This ensures
that no mixing processes take place in the interaction region.
Even in the case of 211-photon ionization in Ar, the ioniza-
tion of the excited state can only be from the fifth harmonic.
~iv! Finally, ionization with third harmonic photons occurs
via absorption of three photons in Xe, and four photons in Kr
and Ar. It requires therefore a higher intensity than for two-
photon ionization~or quasiresonant three-photon ionization!.
However, accounting for the higher number of photons at the
third harmonic frequency@20#, but lower reflectivity on the
beam splitters as well as larger focal spot, we estimate the
third harmonic intensity in the interaction region to be one
order of magnitude less than that of the fifth harmonic, and
therefore not high enough to induce a higher-order multipho-
ton process. In addition, we checked that the ion signal dis-
appears when a~thick! fused silica window, absorbing the
fifth harmonic, but not the third, is placed in the beam.

The main result of the present paper is shown in Fig. 3.
The number of ions detected in Xe~a! and in Kr ~b! is plot-
ted as a function of the number of fifth harmonic photons.

~Accounting for the losses in the three grids used in the time-
of-flight spectrometer, the number of ions created is approxi-
mately a factor of 2 higher!. The number of photons is varied
by changing the pressure in the gas cell where the harmonics
are generated~see Fig. 1!, keeping all other experimental
parameters constant. We measure a slope of 2.060.2 in Xe
and 1.860.2 in Kr, over more than two orders of magnitude.
Each point is obtained by counting all the ions arriving at the
detector within a given time gate at each laser shot, for a
given harmonic signal~fixed within 615%). This technique
allows us to detect less than 1 ion per 100 shots. The number
of fifth harmonic photons after the two beam splitters is mea-
sured by using a LiF prism and a calibrated xuv photodiode.
The LiF prism is used to separate the fifth harmonic from the
fundamental and third harmonic. We measure 1.23109 pho-
tons per pulse at the fifth harmonic frequency, at the highest
backing pressure used in these measurements@note that the
number of photons really used, indicated as the highest value
in Fig. 3~b!, is a factor 0.75 less, owing to the reflectivity of
the focusing mirror#. Our measurements also show that the
cross sections for Xe and Kr are comparable.

These results provide the clearest evidence that the ob-
served signal is due to a two-photon ionization process in Kr
and Xe. At higher harmonic yield, we observe also an ion
signal in Ar. In this case the harmonic intensity is not simply
proportional to the photon number~see below!, which pre-
vents us to measure the intensity dependence of the three-
photon ionization process. A three-photon ionization process
in Ar could occur via a quasiresonance on the 8p, 9p, and
7 f states.

To estimate the fifth harmonic intensity, we measure the
diameter of the beam before the spherical mirror, by record-
ing the total pulse energy after a knife edge mounted onto a
translation stage. Assuming a Gaussian intensity distribution,
the diameter is measured to be 4 mm~at 1/e2), leading to a
focal spot of 5-mm diameter. The pulse duration of a
Fourier-transform limited pulse with a 1.4-nm spectral width
at 160 nm ist530 fs. This leads to anupper limit for the
photon fluxF5331029 photons/(cm2 s) ~i.e., an intensity of
431011 W/cm2). Using an atomic density in the interaction
region r51014 atoms/cm3, an interaction volumeV55
31029 cm3, and N'10 created ions per pulse, we get an
experimental two-photon cross sections5N/rVtF2 of the
order of a few times 10251 cm4 s. This is about an order of
magnitude less than the calculated values@21,22# in krypton
or xenon. This probably means that our estimated intensity
and/or atomic density in the interaction region are higher
than those actually achieved in the experiment.

By increasing further the pressure in the Xe cell, it is
possible to increase the ion signal by almost a factor of 3.
The number of harmonic photons, however, remains approxi-
mately constant. An example of this behavior in Kr is shown
in Fig. 4. The dependence of the number of ions on the
number of harmonic photons is quadratic up to about 600
mbar. The ion dependence is more rapid at higher backing
pressures, where the number of harmonic photons is approxi-
mately constant. We attribute this effect to the influence of
ionization, introducing a significant defocusing of the laser
beam due to the transversal variation of the induced free

FIG. 3. Number of ions in Xe~a! and Kr ~b! as a function of
number of fifth harmonic photons.
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electron density. The diameter of the harmonic beam onto the
spherical mirror increases from 4 mm at 400 mbar to 5 mm
at 1500 mbar, which leads to a reduced focal spot and hence
to an increased harmonic intensity for the same photon num-
ber.

Higher ion signals could also be obtained by increasing
the laser energy. We detected up to about 60 ions in Kr and in
Xe, and 10 in Ar at a laser energy of 40 mJ. However, in
these conditions, the fundamental pulse intensity is higher in
the Xe gas cell and ionization effects appear at even lower
gas pressures. This reduces the region where the intensity
depends linearly on the photon number. Another problem is
the increase of nonlinear effects occurring during the propa-
gation of the laser beam through air and glass materials,
leading to an increase of the bandwidth, a chirp, and a dis-

tortion of the fundamental wavefront. In this case, small fluc-
tuations in energy or pulse duration of the fundamental beam
strongly affect the harmonic yield making accurate measure-
ments difficult.

In conclusion, we have observed two-photon ionization in
Xe and Kr, as well as three-photon ionization in Ar using the
fifth harmonic of a Ti:sapphire laser. We have showed that it
is possible to obtain a substantial number of ions per shot
~120!. We believe that it should be possible to multiphoton
ionize rare gases also with higher-order harmonics, since the
number of photons that can be obtained in the 7th, 9th, or
11th harmonics, for example, are very close to the number of
photons in the fifth harmonic@20#. However, the separation
of the different ionization processes that can take place dur-
ing the interaction is more difficult. One way is to use an
electron spectrometer to identify these processes.

Our result is of great importance for two reasons:~i! It
opens up the field of multiphoton processes and nonlinear
optics in general to the vuv and xuv regions. Using higher
harmonics, it should be possible, for example, to ionize
inner-shell electrons by multiphoton processes.~ii ! It pro-
vides a way to measure ultrashort, femtosecond, and even
attosecond pulse durations in the vuv and xuv regions by
autocorrelation.
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