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Measurement of Ultrafast Ionization Dynamics of Gases by Multipulse Interferometric
Frequency-Resolved Optical Gating
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Ultrafast ionization dynamics of femtosecond laser-irradiated noble and simple diatomic gases were
studied using a novel two-color time-domain technique which eliminated significant complications seen
in past experiments. Ultrafast depletion of the probing laser pulse was observed strictly coincident
with the ionization front and attributed to a previously unobserved nonlinear frequency mixing via the
transverse plasma current [F. Brunel, J. Opt. Soc. Am. B 7, 52 (1990)]. Good quantitative agreement of
the measured single-atom ionization rates with Ammosov-Delone-Krainov rates was found, except for
O2 which showed a 2003 smaller rate.
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The ultrafast dynamics of an atom illuminated by a
superstrong laser field is rich in both interesting physics
and potential applications. A source of both ionization-
based tunable radiation [1–4] and high-harmonic
UV-VUV-XUV radiation [5], successful “mode locking”
of ultrafast ionization may yield the first attosecond pulses
[6]. Previous optical studies [1–4] of ultrafast ionization
have relied on spectral power density measurements using
100 fs pulses. In such experiments, rapid ionization of
the gas leads to an increase in plasma electron density
ne�t� and a reduction in the optical phase f�t� impressed
upon light copropagating with the ionization front. A
time-dependent shift in the frequency of these photons,
given by
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results. Here v0 is the central frequency of the optical
pulse, n�t� �

p
1 2 ne�t��ncr is the refractive index of

the plasma [7] with critical density ncr , z is the length of
plasma the pulse has traversed, and t is the time coordinate
in a speed-of-light frame. While a photon interacting with
the ionization front will experience an increase in its fre-
quency and energy (i.e., a blueshift), the detailed structure
of the power spectra of an ionization-front blueshifted light
pulse depends upon a complicated interplay of the input
pulse intensity/phase structure and the ionization dynam-
ics [8]. Moreover, these experiments could not identify and
compensate for contributions from cross-phase modulation
in the neutral gas, from effects of defocusing from the
plasma density profile, and from pump depletion [3,4,8].
Hence, the conclusions made from such experiments have
been, at best, well-thought-out and limited inferences.

Modern ultrashort-pulse measurement techniques such
as FROG (frequency resolved optical gating [9,10]) and
MI-FROG (multipulse interferometric FROG [11,12]) can
provide complete measurement of the time-domain inten-
sity and phase of an ultrashort optical pulse, including
the constant and linear terms (i.e., a simple shift of the
pulse in time) of the spectral phase which are dominant
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in laser-matter interaction. By using a two-color geome-
try, we can accurately time resolve the full intensity and
phase, clearly identify defocusing effects, and eliminate
signal loss in a pump depleted regime.

In addition, a two-color experiment permits the unique
opportunity to observe “Brunel mixing” via the transverse
plasma current J� � enev, where e is the electron charge
and v is the electron velocity [13]. Briefly summarized,
for a linearly polarized field oscillating at v1, ionization
takes place twice per cycle— at the peak and valley of
the optical wave— and thus ne predominantly oscillates
at 2v1. A probe field at v2 provides a component of
the electron quiver motion at this same frequency v2 and
thus this mixing process produces harmonics at frequencies
v3 � 2v1 6 v2. Similar mixing also occurs via x �3�

processes in the neutral gas surrounding the plasma [1,2].
However, Brunel mixing should be rigorously confined to
the ionization front and should, like ne, be independent of
the relative orientation of the two linearly polarized beams.

The objectives of this paper are, therefore, to directly
observe the effects of Brunel mixing in an ultrafast ion-
ization front and measure single-atom ionization rates of
gases by time-resolved blueshift measurements [Eq. (1)].

By using an experimental setup described previously
[11], data was taken with 1–1000 Torr gas pressure
[�3.3 3300� 3 1016 cm23 neutral gas densities, Ngas], of
He �Ip � 24.59 eV�, Ne (21.56 eV), Ar (15.76 eV), Kr
(14.00 eV), Xe (12.13 eV), H2 (15.43 eV), N2 (15.58 eV),
O2 (12.07 eV), and air at pump-probe increments of 12 fs.
The polarization of the 124-fs, 400-nm pump was ori-
ented either parallel (p polarization) or orthogonal (s
polarization) to that of the 1003 weaker 800-nm, 175-fs,
multipulse probe [14].

Figure 1a, the doubly time-resolved probe pulse fre-
quency shift for above-threshold ionization of xenon
�Ipump � 1.5 3 1014 W�cm2�, illustrates not only the
ionization front itself but also the contributions from
neutral-gas cross-phase modulation, defocusing from the
plasma density profile, and from pump depletion. For
© 2001 The American Physical Society 263002-1
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FIG. 1 (color). (a) Doubly time-resolved frequency shift of
an 800-nm probe laser pulse in 600 T xenon, with pump and
probe orthogonally �s� polarized. Peak pump intensity: �2 3
1014 W�cm2 (in vacuum). The large dark diagonal corresponds
to a strong blueshift, while the upper, lighter diagonal corre-
sponds to a weak redshift. The area of the figure below the
blue diagonal corresponds to plasma (i.e., the probe trails the
pump); the area above corresponds to preionized neutral gas
(the probe leads the pump). (b) Time-resolved probe intensity
profile. (c) Time-resolved power spectra.

comparison, Fig. 1c contains the time-resolved power
spectra of the same probe pulse. Note that a simple
power-spectrum analysis would conclude that only
blueshifting was occurring.

The upper, redshifted, diagonal in Fig. 1a was observed
even when the pump intensity was reduced to below the
ionization threshold and no visual evidence of a plasma
was seen. The magnitude of the shift was independent
of pump-probe time delay. It was not observed when s
polarization was used. Hence, we attribute it to cross-
phase modulation via the neutral gas. This feature was
strongest when the pump trailed the probe through the fo-
cus, an asymmetry suggesting that pump depletion from
plasma formation and probe pulse defocusing from the ra-
dial plasma density gradient are significant [15]. Defo-
cusing of the probe pulse was independently confirmed by
the observed time-resolved drop in transmitted probe pulse
energy [16]. Importantly, this reduction persisted for all
negative time delays (probe trailing the pump), as would
be expected for defocusing from the radial plasma density
gradient.

The lower, blueshifted, diagonal in Fig. 1a is predomi-
nantly due to the ultrafast ionization front, though com-
parison of the p- and s-polarized cases indicated that
neutral gas contributions were not negligible. As men-
tioned above, at below-ionization-threshold intensities and
for p polarization, both leading red and trailing blue diag-
onals were seen with frequency shifts of equal magnitude.
At higher intensities, the blueshift became much stronger
relative to the red. With s polarization the blueshift per-
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sisted, though with slightly less magnitude. The time-
resolved frequency shift, then, provides a clear and distinct
method to identify and account for nonionization-based
contributions to the data.

Figure 1b likewise illustrates the corresponding probe
pulse intensity profile. It should be stressed that by using
MI-FROG a zero of time is well defined, and the presence
and apparent motion of the “hole” in the pulse profile is
genuine. This feature, seen with both polarizations, oc-
curred strictly coincident with the portions of the doubly
time-resolved frequency shift that corresponded to the ion-
ization front. Loss due to defocusing from the plasma den-
sity would persist after the ionization front. Hence we
attribute this observation to Brunel mixing within the ion-
ization front.

We used a 1D numerical model to better compare our
results with theoretical predictions. Our model, based on
that of Penetrante et al. [17], solved Maxwell’s equations
for the fields and the continuity equations for the electron
density and current. A linearly polarized electromagnetic
wave, consisting of a linear superposition of two Gauss-
ian pulses representing the intense 400-nm pump and the
�1003 weaker 800-nm probe propagating in the z direc-
tion, is incident upon a slab of gas of length L. The num-
ber density Nj�z, t� of ions with charge state j is followed
by a stepwise ionization process in which the probability
of an ion being ionized from charge state j to j 1 1 is cal-
culated according to standard Ammosov-Delone-Krainov
(ADK) field-ionization rates [18]. At the relatively low
gas densities for the data used for comparison, collisional
ionization [19] was not found to contribute significantly to
the overall ionization rate.

For the conditions of Fig. 1 the 1D model (see Fig. 2)
did indeed effectively reproduce the strong hole in the

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

-0.2 -0.1 0 0.1 0.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Input Probe

Output Probe
Ionization Front

Time [ps]

In
te

ns
it

y 
[x

10
-5

 a
to

m
ic

 u
ni

ts
]

Ionization N

FIG. 2. Calculated 800-nm probe pulse intensity profiles.
Solid line: Gaussian input pulse. Dashed line: probe pulse
after copropagating with a 1003 more intense �Ipump �
1.5 3 1014 W�cm2� 400-nm pump pulse (not shown) in
Xe with a gas density 3 interaction length product rz �
8.5 3 1017 cm22.
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intensity profile of the probe pulse (Fig. 1b). As well, we
found numerically that the third harmonic was saturated
and, through cascaded mixing in the plasma current, light
at a great many harmonics, both odd and even, was pro-
duced (see Fig. 3). Some of these approached 1% of the
probe energy [20]. In total, the energy of the harmonics
generated was sufficient to deplete the probe pulse on an
ultrafast time scale. Although it was clearly accompanied
by 2D effects not in our model, the experimentally ob-
served ultrafast depletion, as it occurred only within the
ionization front and for both polarizations, cannot be due
to defocusing or neutral-gas effects. We conclude, then,
that this work represents the first direct, ultrafast-time-
resolved observation of this phenomenon.

For the second objective of this paper, the comparison
of the measured ionization-front blueshifts with existing
models of ionization, we used a reduced frequency-shift
parameter dn given by Dn�rezlNgas, where Dn is the
measured shift, re � 2.8 3 10213 cm, z is the interaction
length, and l is the laser wavelength. Thus, dn is deter-
mined solely by the single-atom ionization rate. Figure 4
presents the measured dn, obtained by using the confocal
parameter of the focus as the interaction length, as well as
the results of the numerical model.

For those data sets where the confocal parameter ap-
proximated the plasma length (evidenced by no pump or
time-resolved probe absorption and by neutral-gas cross-
phase modulation features in the frequency shifts.), we
found good agreement between the measured ionization
rates with those calculated using the 1D plasma fluid model
and Ammosov ionization rates [18]. Using Keldysh rates
[21] yielded �103 smaller predicted rates.

In the case of the homonuclear diatomic gases H2 and
N2 (Fig. 5), we found good agreement with the model,
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FIG. 3. Calculated output power spectrum (solid line) for an
input pulse pair (pump and probe, dashed line) corresponding
to the conditions of Fig. 2. For the focal geometry used in the
experiment, the 400-nm pump pulse had approximately 100 mJ
integrated energy.
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using published molecular ionization potentials (15.43 eV
for H2 and 15.58 eV for N2, both close to that of ar-
gon, 15.76 eV). Thus molecular H2 and N2 behave very
much like monoatomic argon. However, in the case of O2
(12.07 eV, close to that of xenon, 12.13 eV), we find a
2 order of magnitude disagreement between experimental
data for O2 and Xe, as well as with the model predic-
tion. Similar results have been seen in ion-yield experi-
ments [22] and their explanation is presently a source of
debate [22–25]. Further examination of this discrepancy
in homonuclear diatomics, using the techniques of this Let-
ter, will be the subject of a future publication.

Finally, as a potential application of this work, we note
that the mixing via the transverse plasma current also pro-
duces light near zero frequency (i.e., terahertz pulses).
When the ratio of 400-nm light to 800-nm light is closer
to unity or even reversed, the primary (not cascaded) mix-
ing process produces �kV�cm THz pulses directly. This
may very well be the origin of the intense THz fields re-
cently seen by Cook and Hochstrasser [26] emerging from
copropagating 400-nm and 800-nm femtosecond pulses fo-
cused in air, but for which no microscopic origin has been
conclusively determined.

In summary, a state-of-the-art time-gated frequency-
domain interferometric optical pulse measurement tech-
nique was used to study ultrafast field ionization of both
noble and homonuclear diatomic gases. The measured
single-atom ionization rates were in good agreement with
1D plasma fluid codes based on ADK ionization rates.
Ionization dynamics in the homonuclear diatomic gases
H2 �Ip � 15.43 eV� and N2 (15.58 eV) were quantita-
tively much like that of monoatomic argon (15.76 eV).
However, O2 �Ip � 12.07 eV� was found to have an ion-
ization rate 2 orders of magnitude smaller than that of
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FIG. 4. Measured �≤� and modeled (lines) single-atom ioniza-
tion rates dn for the noble gases, obtained by assuming an in-
teraction length of two Rayleigh lengths. Horizontal error bars
are primarily systematic (interaction length and peak intensity),
while vertical error bars are on the order of the symbol size.
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FIG. 5. Measured and modeled (lines) ionization rates for
three homonuclear diatomic gases, N2 ���, O2 �≤�, and H2 ���.

xenon (12.13 eV). The techniques used in this Letter to
accurately measure ultrafast ionization rates can also be
used to monitor and provide feedback control for future
laser-plasma-based particle accelerators [27,28], as well as
other pump-probe studies of ultrafast dynamics. Finally,
we have observed, for the first time to our knowledge, the
direct effects of Brunel mixing in the transverse current
of the ionization front. Such ultrafast time-domain pulse
shaping may be useful for the nonlinear design of sculpted
pulses impossible to achieve with traditional pulse shaping
techniques [29].
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