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Recent developments in ultrafast laser technology have resulted in novel few-cycle sources in the mid-infrared.
Accurately characterizing the time-dependent intensities and electric field waveforms of such laser pulses is es-
sential to their applications in strong-field physics and attosecond pulse generation, but this remains a challenge.
Recently, it was shown that tunnel ionization can provide an ultrafast temporal “gate” for characterizing high-
energy few-cycle laser waveforms capable of ionizing air. Here, we show that tunneling and multiphoton exci-
tation in a dielectric solid can provide a means to measure lower-energy and longer-wavelength pulses, and we
apply the technique to characterize microjoule-level near- and mid-infrared pulses. The method lends itself to
both all-optical and on-chip detection of laser waveforms, as well as single-shot detection geometries. © 2021
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1. INTRODUCTION

The development of novel sources of intense, ultrashort light
pulses with controlled electric field waveforms has enabled
studies of strong-field light–matter interactions in new physical
regimes [1]. In particular, few-cycle femtosecond sources in the
mid-infrared have allowed the extension of attosecond science
[2], both into the soft X-ray spectral range [3] and into solid-
state targets [4], and promise to provide a new means for
strong-field control over quantum material properties [5].
Naturally, these applications demand accurate characterization
of the time-dependent intensity profile, and in some cases the
electric field waveform, of the pulse. While a multitude of char-
acterization techniques based on perturbative nonlinear optics
[6–8] or strong-field processes [9–12] have been demonstrated,
challenges arise when applying these to the mid-infrared.

Recently, a characterization technique called tunneling ion-
ization with a perturbation for the time-domain observation of
an electric field (TIPTOE) was demonstrated, which is based
on tunnel ionization in gases [13]. TIPTOE directly samples
the electric field waveform of a weak “signal” pulse, spatially
and temporally synchronized with an intense “fundamental”
pulse, by measuring its influence on the ionization yield in
air or other suitable gas targets. The measurement is performed
by collecting either the ion current or the plasma fluorescence
intensity as a function of the time delay between the two pulses
[13,14]. Since TIPTOE relies on field ionization, it is a com-
pletely phase-matching-free technique, and the same signal can

be used to characterize pulses with different central wave-
lengths, ranging from the ultraviolet to the mid-infrared [15],
and to characterize extremely broad bandwidths. Furthermore,
when implemented using laser pulses with stable carrier-
envelope phase (CEP), TIPTOE is sensitive to the electric field
waveform of the signal pulse, and is thus capable of measuring
the absolute CEP and Gouy phase, as well as pulses with com-
plex polarization states [14]. While these benefits suggest wide
applicability of TIPTOE, the intensity required to tunnel ion-
ize air is quite high, typically around 10–100 TW∕cm2 in the
near- to mid-infrared. This high intensity limits the applicabil-
ity of TIPTOE technique to sources with relatively high pulse
energies.

Here, we show that tunneling and multiphoton excitation in
a dielectric solid can also act as an ultrafast temporal gate for
pulse characterization and can likewise allow the direct mea-
surement of electric field waveforms. The measurement is fa-
cilitated by all-optical detection of the visible band fluorescence
emission from a crystal surface. In comparison to techniques
based on perturbative nonlinear optics, the measurement
is not limited by phase matching, does not require a
reconstruction algorithm, and allows complete characterization
of mid-infrared waveforms using inexpensive Si-based photo-
detectors. Moreover, adapting the TIPTOE technique to solids
(hereafter denoted “solid-state TIPTOE”) significantly lowers
the required intensity of strong-field techniques, while offering
the potential for single-shot and “on-chip” detection schemes.
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For ZnO with a bandgap energy of 3.2 eV, the required inten-
sity is less than 1 TW∕cm2. We demonstrate the effectiveness
of the solid-state TIPTOE technique by characterizing micro-
joule-level, multicycle mid-infrared (covering ∼2.9 to 4.0 μm
central wavelengths) pulses from an optical parametric ampli-
fier, for which the excitation is in the tunneling regime, as well
as few-cycle pulses (centered near 1.1 μm) compressed from
Raman-enhanced supercontinuum generation in a N2O-filled
hollow capillary fiber [16,17], for which multiphoton excita-
tion is expected to be dominant. The reliability of solid-state
TIPTOE is established both by characterizing the dispersion of
Si and YAG windows in the mid-infrared and by revealing the
dynamics associated with the delayed rotational nonlinearity in
N2O, and is supported by numerical simulations in both the
tunneling and multiphoton regimes.

2. EXPERIMENTAL SETUP

The solid-state TIPTOE technique is based on tunnel or multi-
photon excitation of valence band electrons into the conduc-
tion band of a dielectric solid, induced by moderately intense
fundamental pulses with central frequency well below the
bandgap energy, as illustrated in Fig. 1(a). The excitation frac-
tion is perturbed by a weak signal pulse and measured as a func-
tion of the time delay between the fundamental and signal.
Here, we monitor the relative changes in the excitation fraction
by detecting the intensity of band fluorescence emission, cor-
responding to relaxation of conduction band carriers excited by
the laser field back to the valence band on sub-nanosecond time
scales [18,19]. As the band fluorescence consists of a narrow
spectral peak and is emitted into a 4π solid angle, it provides
an easy-to-detect and nonintrusive signal used to monitor the
excitation fraction.

We apply the solid-state TIPTOE technique to characterize
two different sources, operating in the mid- and near-infrared,
respectively. First, microjoule-level mid-infrared pulses are pro-
duced using a two-stage optical parametric amplifier (OPA,
Light Conversion ORPHEUS-ONE). The OPA is pumped
by a moderately high-power Yb:KGW amplifier (Light
Conversion CARBIDE), which emits 0.4 mJ, 250 fs pulses
centered at 1025 nm. During the solid-state TIPTOE experi-
ments, the laser repetition rate was set to 10 kHz. The OPA

idler output is tunable from 2.2 to 4.5 μm, providing pulse
durations below 100 fs and pulse energies of ∼10 μJ. For
the measurements presented here, OPA idler wavelengths of
2.95, 3.35, and 3.9 μm were chosen. In addition, two-cycle
near-infrared pulses are generated by nonlinear propagation
of 280 fs driving pulses with 1.03 μm central wavelength from
an Yb:KGW amplifier (Light Conversion PHAROS) in aN2O-
filled hollow-core capillary fiber (few-cycle Inc.) to broaden
the spectrum, followed by chirped mirrors (Ultrafast
Innovations PC1632) and bulk CaF2 and NaCl windows
for dispersion compensation. In all cases, the carrier-envelope
phase of the driving laser pulses was not actively stabilized.
While this fact prevents us from characterizing the electric field
waveform, which varies from shot to shot, the technique retains
sensitivity to the electric field envelope [15]. The CEP influ-
ence on the TIPTOE measurements and the capability of solid-
state TIPTOE to characterize the waveform of pulses with
stable CEP will be discussed in more detail below.

The solid-state TIPTOE measurements were performed us-
ing a pump–probe setup, as shown schematically in Fig. 1(b).
In TIPTOE, the intensity of the fundamental pulse should be
approximately 103 times larger than that of the signal pulse. To
meet this requirement, the signal pulse was split from the fun-
damental using uncoated wedged windows. The incidence an-
gle of the wedges was 15°, and the transmitted and reflected
beams after the two wedges contained approximately 85%
and 0.1% of the incident energy, respectively. An equal amount
of glass was placed in the reflected signal path in order to bal-
ance the dispersion. For characterizing mid-infrared pulses, 5-
mm-thick CaF2 wedges, with a wedge angle of 0.5°, were used
as the beam splitting elements, while for near-infrared pulses,
fused silica wedges with a minimum thickness of 0.2 mm and a
wedge angle of 2.8° were used. We note that this two-wedge
geometry will induce a small spatial chirp in the fundamental
arm. However, under our experimental conditions, this was
found to have a negligible effect on the spatiotemporal profile
of the pump pulse. After the wedges, the spatially overlapped
fundamental and signal beams were directed and focused by a
lens onto the front surface of a 0.3-mm-thick c-cut ZnO crys-
tal, and the generated band fluorescence was collected at
oblique incidence by a fiber-coupled spectrometer (Ocean
Optics HR 2000+). The intensity in the ZnO was optimized

Fig. 1. (a) Mechanism of solid-state TIPTOE, in which electrons are excited by multiphoton absorption or field-induced tunneling (not shown)
from the valence band to the conduction band, followed by relaxation on picosecond to nanosecond time scales and band fluorescence emission.
(b) Schematic of the experimental setup for solid-state TIPTOE. The inset shows a typical band fluorescence spectrum.
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for each source, by choosing the lens focal length
(f � 100 mm for 2.95 and 3.35 μm, f � 50 mm for
3.9 μm, and f � 150 mm for the broadband near-infrared
pulses) and using a variable aperture, to be approximately
1 TW∕cm2. The time delay between the fundamental and sig-
nal pulses was controlled by a piezoelectric stage installed in the
fundamental arm and calibrated using the interference signal
from a 532 nm pilot laser which propagated in both the fun-
damental and signal arms.

3. SOLID-STATE TIPTOE MEASUREMENTS

A. Mid-Infrared Pulse Characterization
To demonstrate the solid-state TIPTOE technique, we first
characterized mid-IR pulses with central wavelengths of
2.95, 3.35, and 3.9 μm. In this case, the photon energy is
far below the ZnO bandgap, and the Keldysh parameter is be-
low unity [20]. Thus, the excitation of conduction band elec-
trons is expected to proceed primarily through tunneling.
Figures 2(a), 2(c), and 2(e) display the normalized modulation
of the band fluorescence signal at each of the three wavelengths.
While the TIPTOE technique is in principle capable of
obtaining the electric field waveform from this modulation
when the fundamental CEP is locked to zero, the CEP was
not stabilized in these measurements and therefore the modu-
lation is not sensitive to the absolute CEP of the signal pulse.
Instead, the measurement reflects the electric field envelope and
the time-varying frequency of the signal pulse, provided that
the fundamental pulse is nearly chirp-free [15],
and therefore the spectrum and spectral phase of the signal
pulse can be directly obtained from the Fourier transform of
the modulated signals. In Figs. 2(b), 2(d), and 2(f ), the spec-
trum (solid line) and phase (dashed line) retrieved from each of

the solid-state TIPTOE measurements are plotted together
with an independently measured spectrum (shaded area) ob-
tained using a PbSe detector-based spectrometer (Spectral
Products SM301-EX). The good agreement between the mea-
sured and retrieved spectrum suggests that the solid-state
TIPTOE technique is reliable for characterizing mid-infrared
pulses.

To further establish the reliability of solid-state TIPTOE for
mid-infrared pulse characterization, we next show that the mea-
surement is sensitive to the addition of both positive and neg-
ative dispersion to the signal pulse, as illustrated in Fig. 3. This
was done by performing additional measurements in which Si
or YAG windows (total thickness = 8 mm) were added in the
signal arm, and comparing the spectral phases retrieved with
and without the additional dispersion. We chose Si and
YAG for these measurements as they exhibit normal and
anomalous dispersion, respectively, for the mid-infrared wave-
lengths. The results of the measurements are summarized in
Fig. 3. The retrieved spectra are displayed in Fig. 3(a), while
the measured phase (dashed line) and calculated spectral phase
(solid line) added by the Si and YAG windows are displayed,
respectively, in Figs. 3(b) and 3(c). We find that the measured
phase agrees well with that predicted by the Sellmeier equation
[21–23]. We note that the retrieved spectra in Fig. 3 are slightly
different from those in Fig. 2. This is due to day-to-day var-
iations in the OPA spectrum, and not instability in the inter-
ferometric measurement.

B. Near-Infrared Pulse Characterization
Next, we investigate the potential of the solid-state TIPTOE
technique for characterizing shorter-wavelength, few-cycle
pulses in the near-infrared. In this case, the Keldysh parameter
is calculated to be 1.1, and three-photon excitation is expected

Fig. 2. Mid-infrared pulse characterization by solid-state TIPTOE. (a), (c), (e) Modulation of band fluorescence signal obtained with a delay step
size of 0.4 fs; (b), (d), (f ) measured spectrum (shaded area), retrieved spectrum (solid line), and retrieved spectral phase (dashed line). The four
spectra in panel (d) were obtained from four solid-state TIPTOE scans recorded consecutively under similar experimental conditions, and show the
reproducibility of the retrieved spectrum.
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to be the dominant mechanism for exciting carriers. In the ex-
periments, driving laser pulses (0.4 mJ, 280 fs) centered at
1025 nm were used to generate a supercontinuum spectrum,
covering 800–1400 nm, after nonlinear propagation in aN2O-
filled hollow-core capillary fiber. After collimating, the spec-
trally broadened pulses were compressed using chirped mirrors
and glass to a duration of 6.9 fs, corresponding to 1.8 cycles
at the shifted central wavelength of 1148 nm. The
compressed pulses were characterized using both a home-built
single-shot frequency-resolved optical gating (FROG) device,
using second-harmonic generation (SHG) in a 10-μm-thick
BBO crystal as the nonlinear signal, and the ZnO-based
solid-state TIPTOE setup.

The normalized modulation of the band fluorescence signal
is shown in Fig. 4(a). The delay dependence of the modulation
signal reflects the unusual temporal structure of the pulses com-
pressed using the molecular gas. Close to zero time delay, the
most intense portion of the pulse consists of only two cycles of
the electric field [inset of Fig. 4(a)]. However, for negative
time delays, a weak tail persists for approximately 600 fs, which
results from the delayed nature of the rotational Raman
nonlinearity.

The spectral intensity, obtained from the Fourier transform
of the modulation signal, is shown in Fig. 4(b). By comparing
the spectrum retrieved from the solid-state TIPTOE (red line)
with the independently measured spectrum (blue line, obtained
using Ocean Optics HR2000+ and Ocean Optics FLAME-
NIR spectrometers), we find that there are two significant
differences. First, we observe strong modulations in the
long-wavelength side of the retrieved spectrum, while the mea-
sured spectrum is comparatively flat. This discrepancy stems
largely from the limited resolution of the InGaAs spectrometer
used to measure the long-wavelength side of the spectrum, and

the strong modulation on the long-wavelength side of the spec-
trum is in good agreement with simulations of the Raman-
enhanced spectral broadening in N2O (Figs. 5 and 6).
Additionally, for the short-wavelength components between
800 and 960 nm, the retrieved spectrum is substantially weaker
than the measured spectrum. To understand this, we simulated
the TIPTOE signal using the multiphoton model of excitation
[24], with a multiphoton parameter q � 3 and multiphoton
excitation cross section σ � 1 × 10−3 cm3∕GW2 [25]. The
simulations were performed using the independently measured
spectrum and a flat spectral phase for both the fundamental and
signal pulses, calculating the excitation probability as a function
of the time delay and performing the Fourier transform in order
to obtain the spectrum. The spectrum retrieved from the simu-
lated TIPTOE data is shown as the black line in Fig. 4(b). We
find that the short-wavelength component of the simulated
spectrum is weaker than in the measured spectrum, in good
agreement with the spectrum retrieved from the solid-state
TIPTOE measurements. Additional simulations conducted
under different conditions and using the ADK (Ammosov-
Delone-Krainov) [26] and Yudin-Ivanov [27] formalisms to
model the excitation process, suggest that the underestimation
of the short-wavelength components stems from the multipho-
ton excitation mechanism, which fails to adequately sample the
highest-frequency oscillations of the electric field. We further
note that the spectrum reconstructed from TIPTOE depends
on the time window of the measurement, and therefore can
differ from a spectrum measured by a grating spectrometer.

We further validate the solid-state TIPTOE measurement
by comparing it to an independent measurement of the
near-infrared pulses using FROG, as shown in Fig. 5. To
do this, we have numerically simulated the SHG FROG
spectrogram corresponding to the pulse retrieved from solid-
state TIPTOE [Fig. 5(a)] and compared it to the spectrogram

Fig. 3. Sensitivity of solid-state TIPTOE to dispersion. (a) Spectra
retrieved from the TIPTOE measurements. (b) Measured (dashed
line) and calculated (solid line) spectral phase change induced by
the addition of 8 mm Si. (c) Measured (dashed line) and calculated
(solid line) spectral phase change induced by the addition of 8 mm
YAG. In both (b) and (c), the spectral phase change is calculated from
comparison of TIPTOE measurements with and without additional
dispersive material in the signal arm.

Fig. 4. NIR pulse characterization by solid-state TIPTOE.
(a) TIPTOE modulation signal obtained with a delay step size of
0.27 fs. (b) Measured spectrum (blue line), simulated spectrum (black
line), and TIPTOE retrieved spectrum (red line) on a logarithmic
scale. (c) Same as (b) but using a linear scale. The peak at
1030 nm in the measured spectrum is due to amplified spontaneous
emission.
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measured using our SHG FROG device [Fig. 5(b)]. The spec-
tral broadening in N2O results in a characteristic “Raman
chirp” [17] which is evident in the long-wavelength side of the
FROG spectrogram, even after compression using chirped mir-
rors. This behavior is in good agreement with one-dimensional
nonlinear propagation simulations, in which the time-
dependent nonlinear phase is modeled using a density matrix
model, as shown in Fig. 5(c). In the simulations, a constant

value of group delay dispersion (GDD) was subtracted from
the spectral phase after propagation to model the effects of
chirped mirror compression. As is evident in the figure, the
three FROG traces are qualitatively similar. Specifically, each
of the three traces shows a strong, narrow peak near zero delay
covering the short-wavelength portions of the spectrogram,
while the long wavelengths exhibit a broad, curved feature as-
sociated with the Raman chirp (Fig. 6).

Fig. 5. Measured and calculated SHG-FROG traces. (a) FROG trace calculated using the pulse retrieved from solid-state TIPTOE.
(b) Independently measured SHG-FROG trace. (c) FROG trace calculated using pulses obtained from nonlinear propagation simulations including
delayed rotational nonlinearity, after subtracting a quadratic phase.

Fig. 6. Spectral phase of the compressed Raman-enhanced supercontinuum. Spectral intensity (red line) and phase (blue line) obtained from
(a) the solid-state TIPTOE measurement and (b) one-dimensional simulations. The vertical dotted lines correspond to the spectral minima, where
discrete phase steps are observed. Panels (c) and (d) show a magnified view of the spectral phase in the long-wavelength region of the spectrum, where
a linear phase has been added in order to emphasize the discrete phase steps.
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The measurements of few-cycle pulses compressed from the
Raman-enhanced supercontinuum reveal several interesting
properties, such as the long tail in the leading edge of the pulse,
the strong modulation in the long-wavelength side of the spec-
trum, and the curved feature in the FROG spectrogram. It is
interesting to investigate underlying physics behind the
Raman-enhanced supercontinuum, and it also provides a useful
test of whether solid-state TIPTOE can characterize complex
pulses. In Fig. 6, we compare the TIPTOE measurement with
simulations of spectral broadening based on a one-dimensional
density matrix model [16]. As is the case in Fig. 5, a constant
GDD is subtracted from the simulations in order to model the
effects of the chirped mirror compressor. The spectral intensity
and phase retrieved from the TIPTOE measurements and sim-
ulations are displayed in Figs. 6(a) and 6(b), respectively. We
find that the spectral phase between ∼890 and 1025 nm is
nearly constant, which agrees well with FROG measurements.
Below 890 nm, the phase retrieved from the experiments be-
comes unreliable due to the low signal level and zeroes in the
retrieved spectrum. Beyond 1025 nm, however, we observe
strong oscillations in the spectrum, and the phase increases
from 0 to ∼120 rad. This occurs due to discrete steps in the
phase occurring at spectral amplitude minima. Between spec-
tral amplitude minima, the spectral phase variation is approx-
imately linear, which is a hallmark of self-phase modulation. To
clearly show this behavior, the group delay and the constant
phase offset are adjusted to better show the phase variation
in the long-wavelength side of the spectrum, and the phases
are re-plotted in Figs. 6(c) and 6(d). The spectral phase re-
trieved from the solid-state TIPTOE measurement, including
both the magnitudes of the discrete steps and the intervals of
linear phase, is quantitatively similar to the one-dimensional
simulation. The results showcase the ability of the solid-state
TIPTOE technique to characterize complex pulses.

The intensity profile of the near-infrared pulse obtained us-
ing solid-state TIPTOE is compared with the corresponding
Fourier-transform-limited pulse in Fig. 7. The peak of the pulse

obtained from TIPTOE has been moved to time zero for com-
parison with the transform-limited pulse, by subtracting a lin-
ear phase from the phase presented in Fig. 6. As shown in the
inset, the retrieved pulse duration of 7.9 fs is nearly identical to
the transform-limited pulse duration. This suggests that the dis-
crete phase steps shown in Fig. 6 do not significantly impact the
formation of the shortest pulse. However, the complex phase
associated with the Raman-enhanced supercontinuum does re-
sult in the long tail on the leading edge of the pulse, which
reduces the peak intensity in comparison to the transform-
limited pulse. The peak intensity of the measured pulse is cal-
culated to be 45% that of the transform-limited pulse. We note
that the pulse duration obtained from the TIPTOE measure-
ment (7.9 fs) is slightly longer than the pulse duration mea-
sured with FROG (6.9 fs). This discrepancy results from
the inability of the solid-state TIPTOE to resolve the short-
est-wavelength components of the spectrum when the excita-
tion occurs in the multiphoton regime, as discussed in the main
text and shown in Fig. 4.

4. CEP INFLUENCE ON CHARACTERIZING A
TWO-CYCLE PULSE USING TIPTOE

While the gas-phase TIPTOE technique is known to be sensi-
tive to the absolute carrier-envelope phase when using few-cycle
pulses, our solid-state TIPTOE measurements were performed
without CEP stabilization. Previously, it has been shown that
TIPTOE can effectively retrieve the pulse envelope for multi-
cycle pulses, and that for few-cycle pulses the oscillation
phase is determined by the difference in CEP between the
fundamental and signal arms. However, the effects of CEP
on the TIPTOE retrieval of few-cycle pulses have not been
established.

The electric fields of the fundamental and signal pulses can
be expressed as EF �t� � EF0�t� cos�ω0t � φF � and ES�t� �
ES0�t� cos�ω0t � φS�, respectively, where EF0�t� and ES0�t�
are the envelopes of the respective waveforms, and φF and
φS are their absolute carrier-envelope phases. In our case,
the CEP is unlocked and thus we can assume that the CEPs
both contain a constant term, associated with propagation
through their respective optical paths, and a time-dependent
variation associated with the unstable laser CEP. Then, φF
and φS can be expressed as φF � φF ,C � φF ,V �t� and φS �
φS,C � φS,V �t�, where C and V denote the constant and
time-varying terms, respectively. Since the fundamental and
signal pulses are derived from the same laser source, φF ,V �t�
and φS,V �t� are expected to vary identically. Therefore, the
modulated excitation probability can be expressed, using
lowest-order perturbation theory, as P�t� ∝ ES0�t� cos�ω0t �
φS − φF � � ES0�t� cos�ω0t � φS,C − φF ,C � [14]. This means
that even if the CEP is not locked, the measured modulation
has a constant oscillation phase which is related to the relative
CEP difference between the fundamental and signal fields.
Because the variation of the absolute CEP value does not affect
the pulse envelope, the TIPTOE signal accurately encodes the
pulse envelope, and thus the spectrum and spectral phase, even
without CEP stabilization. To confirm this, we have simulated
the TIPTOE signal corresponding to the 6.9 fs pulses retrieved
from the experimental FROG trace in Fig. 5(b), with varying

Fig. 7. Near-infrared pulse retrieved using solid-state TIPTOE.
The time-dependent intensity retrieved from the solid-state
TIPTOE measurement (red line) is similar in duration to the trans-
form-limited pulse (blue line), despite the long tail in the leading edge
of the pulse arising from the Raman-enhanced supercontinuum
generation.
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signal and fundamental CEP. The intensity envelope of the
near-infrared pulse is displayed in Fig. 8(a). The TIPTOE sim-
ulations were performed using both the ADK model, to sim-
ulate tunneling excitation, and the multiphoton model with the
same multiphoton parameter and cross section as in Fig. 4, and
are displayed in the left and right panels of Fig. 8, respectively.
The retrieved pulses are consistent with the envelope of the
input pulse (black line) regardless of the CEP values used, while
the modulation phase depends only on the relative CEP differ-
ence φS − φF . For pulses with the same relative CEP, as indi-
cated by the red line and the dotted blue line in Figs. 8(b) and
8(c), the retrieved oscillations are identical. However, if the rel-
ative CEP changes, as is the case for the gray line, the modu-
lation will also change. The simulations thus agree well with the
analytical theory based on perturbation theory.

While the discussion above confirms that the CEP variation
of the laser source does not impact the oscillation phase of the
TIPTOE signal, the CEP variation can also induce fluctuations
in the excitation probability. These variations can lead to insta-
bility in the TIPTOE signal, and therefore must also be con-
sidered. We therefore simulate the TIPTOE process with
different CEPs, again using both the ADK and multiphoton
models. We assume that the CEP difference between the fun-
damental and signal pulses is fixed and vary the absolute CEP of
both pulses from 0 to 2π. The peak of the modulated ionization
probability is plotted for varying CEP in Figs. 8(d) and 8(e).
We find that the fluctuation of the modulation peak is approx-
imately 0.5% and 0.3% for the ADK and multiphoton models,
respectively. This is considerably smaller than the observed

fluctuations in the experimental TIPTOE signal, which likely
arise from source and path length instabilities. We conclude
that the measured TIPTOE modulation is affected only by
the relative CEP difference between the fundamental and signal
pulses, and therefore that TIPTOE can directly characterize a
two-cycle pulse without CEP stabilization.

5. CONCLUSIONS

In conclusion, we have demonstrated that multiphoton and
tunneling excitation in a solid can provide an ultrafast temporal
gate for pulse characterization, and therefore that the TIPTOE
technique, previously established for ionization in gases, can be
applied in dielectric solids. The solid-state TIPTOE technique
significantly lowers the required intensity in comparison to
gases, and allows phase matching-free measurements of pulses
spanning the near- to mid-infrared using detectors sensitive to
visible light. We have established the reliability of solid-state
TIPTOE by characterizing microjoule-level mid-infrared
pulses from an OPA and few-cycle near-infrared pulses com-
pressed from redshifted supercontinuum generated from a
N2O-filled hollow-core capillary fiber. By stabilizing the
CEP of the driving laser pulses, full characterization of the elec-
tric field waveform, including the absolute phase, can be
achieved. While the measurements presented here rely upon
spectrally resolving the band fluorescence from ZnO crystals,
the solid-state TIPTOE technique can be applied using other
crystals and detection geometries to extend the range of appli-
cations. For example, crystals with larger bandgap energies and

Fig. 8. CEP influence on TIPTOE measurement of the two-cycle pulse. Panels (b) and (d), ADK model; panels (c) and (e), multiphoton model.
(a) Time-dependent intensity of the input pulse measured by FROG. (b), (c) Simulated TIPTOE modulation for different CEP values, showing the
sensitivity of TIPTOE to the relative CEP difference between the fundamental and signal. (d), (e) Normalized peak excitation probability, showing
insensitivity to the CEP variation.
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higher damage thresholds can be chosen to extend the detection
range to shorter wavelengths, while detection using multipho-
ton photoconductivity in a photodiode or charge-coupled de-
vice can be used to simplify the detection scheme. Importantly,
the use of image or active pixel sensors, such as CCD or CMOS
detectors, for the detection of the TIPTOE signal has the po-
tential to enable single-shot detection of optical wave-
forms [28].
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