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ABSTRACT

Field-resolved measurements of few-cycle laser waveforms allow access to ultrafast electron dynamics in light-matter interactions and are key
to future lightwave electronics. Recently, sub-cycle gating based on nonlinear excitation in active pixel sensors has allowed the first single-
shot measurements of mid-infrared optical fields. Extending the techniques to shorter wavelengths, however, is not feasible using silicon-based
detectors with bandgaps in the near-infrared. Here, we demonstrate an all-optical sampling technique for near-infrared laser fields, wherein
an intense fundamental field generates a sub-cycle gate through nonlinear excitation of a wide-bandgap crystal, in this case, ZnO, which
can sample the electric field of a weak perturbing pulse. By using a crossed-beam geometry, the temporal evolution of the perturbing field
is mapped onto a transverse spatial axis of the nonlinear medium, and the waveform is captured in a single measurement of the spatially
resolved fluorescence emission from the crystal. The technique is demonstrated through field-resolved measurements of the field reshaping
during nonlinear propagation in the ZnO detection crystal.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/).

I. INTRODUCTION major advances in diverse fields ranging from nanophotonics to

therapeutic medicine.
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The development of ultrafast laser technology has pro-
vided powerful tools for measuring and controlling strong-field
light-matter interactions with unprecedented time resolution. In
particular, the emergence of intense, few-cycle laser waveforms
with well-controlled electric fields has allowed the transition of
measurements from the perturbative regime, where the intensity
envelope controls the evolution of nonlinear processes, to the
strong-field regime, where dynamics are driven by sub-cycle elec-
tric fields on the attosecond time scale. With the recent development
of advanced, field-resolved metrology tools, it has been shown
that rich dynamics of optical excitation, material polarization, and
light-matter energy transfer are imprinted on the light pulse itself
and can be extracted from minute changes in the measured elec-
tric field."! Now, field-resolved techniques are providing novel
approaches to spectroscopy ~~ and microscopy and promise
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The primary requirement for sampling an arbitrary laser field
is a fast temporal gate, whose duration is less than half-cycle of the
measured electric field. This can be implemented by using a few-
cycle sampling pulse with a shorter wavelength than that of the
field to be measured. The full characterization of terahertz (THz)
fields was first demonstrated in this manner by electro-optic sam-
pling" with near-infrared probe pulses, and the technique was later
adapted to allow sampling of mid- and near-infrared fields through
the use of few-cycle UV probes.” " Further pushing waveform sam-
pling into the visible spectrum is more challenging, as it requires
sub-femtosecond gate fields to resolve the field oscillations. The
generation of isolated attosecond pulses via high-order harmonic
generation (HHG) provided such a short gate for direct wave-
form measurement throughout the near-infrared and visible spectral
regions by attosecond streaking.

10, 016101-1
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Advances in our understanding of strong-field processes have
led to novel techniques through which a few-cycle field can be
used to sample itself, analogous to widely used pulse measurement
techniques based on perturbative nonlinear optics. These tech-
niques all satisfy the requirement of a sub-cycle gate, such as sub-
cycle electron trajectories in HHG,” tunneling ionization in gases,
and strong-field excitation in solids. In the last decade,
numerous field sampling techniques have been demonstrated to
be capable of providing complete waveform measurements across
the electromagnetic spectrum from the mid-infrared (mid-IR) to
ultraviolet and with sensitivity down to the nanojoule level.
However, unlike conventional pulse characterization methods, these
sampling techniques have all been based on scanning geometry
measurements, which require identical laser pulses with excellent
energy and carrier-envelope phase stability over extended measure-
ment periods. Recently, a novel approach based on the nonlinear
excitation of a Si-based CMOS image sensor, combined with time-
to-space mapping in a crossed-beam geometry, allowed for the first
single-shot field sampling measurements in the mid-IR.”* However,
the reliance on nonlinear interactions in silicon, with an indirect
bandgap of ~1 eV, does not allow sampling measurements in the
near-infrared or shorter wavelength regions.

In this work, we use multiphoton excitation, driven by few-
cycle near-infrared pulses in a wide-bandgap ZnO crystal, and
spatially resolved measurements of the resulting fluorescence emis-
sion to demonstrate sampling of near-infrared laser waveforms in a
scanning-free geometry. As in our previous work, the sub-cycle gate
is generated by multiphoton excitation in ZnO (3.3 eV bandgap),
allowing the measurement of a spectrum of above 950 nm.” How-
ever, here, the scanning-free measurement geometry is implemented
by introducing a small crossing angle between the intense funda-
mental and weak perturbing pulses, which maps the time delay axis
onto a transverse spatial axis in the surface plane of the crystal.
The spatially resolved fluorescence emission, obtained by imag-
ing the spatially and spectrally filtered band fluorescence emission
onto a camera sensor, encodes the laser electric field. We further
show that a single measurement encodes two distinct waveforms—at
the entrance and exit planes of the ZnO crystal—from which
we can extract information about the nonlinear reshaping of the
laser during propagation in the crystal. This technique provides a
unique platform for waveform characterization and field-resolved
spectroscopy in the near-infrared.

Il. EXPERIMENTAL SETUP AND FIELD SAMPLING

The single-shot waveform measurement is an adaptation of the
TIPTOE (tunneling ionization with a perturbation for the time-
domain observation of an electric field) technique.” In TIPTOE,
tunneling or multiphoton ionization in gases, driven by an intense
few-cycle “fundamental” field, was used as the sub-cycle temporal
gate for sampling the electric field of a weaker “perturbing” pulse.
The coherent addition of the fundamental and perturbation pulses
leads to a delay-dependent modulation of the ionization probability,
which could be directed by measuring the ionization yield between
two electrodes. Finally, the laser waveform is sampled by measuring
the ionization yield while varying the time delay between the two
pulses. Later, it was shown that tunneling and multiphoton excita-
tion in a solid could likewise be used to produce a sub-cycle gate
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and that the waveform was similarly encoded in the intensity of the
band fluorescence emitted from a crystal exposed to the combined
fundamental and perturbing fields. Following this, the solid-state
TIPTOE was adapted to a single-shot geometry,” using a Si-based
CMOS image sensor as both the nonlinear medium and the detec-
tor, which allows the waveform measurement for mid-IR and longer
wavelengths.

Extending the waveform measurement into near-IR can, in
principle, be achieved by using solids with larger bandgaps. Our pre-
vious work’ shows the potential of measuring near-infrared laser
fields using nonlinear excitation and band fluorescence emission
in ZnO. In this case, the sub-cycle temporal gate is generated via
multiphoton excitation of electrons from the valence band to the
conduction band, and the subsequent radiative relaxation leads to
the emission of incoherent band fluorescence on sub-nanosecond
time scales. This multiphoton excitation is modulated by the coher-
ent addition of the perturbation pulse, depending on the time delay
between the two fields, and the perturbing pulse waveform is thereby
encoded in the delay-resolved fluorescence intensity.

We adapt the solid-state TIPTOE technique, using multiphoton
excitation in ZnO as the sub-cycle gate, to a scanning-free geometry
by introducing a small crossing angle between the fundamental and
perturbation fields and by using an imaging setup to spatially resolve
the modulated fluorescence signal. The experimental setup is shown
in . Here, the incoming beam is separated into fundamental
and perturbative arms of a Mach-Zehnder-type interferometer by
a pair of CaF, wedges working as a beam splitter. In TIPTOE, the
intensity of the fundamental pulse should be ~1000 times stronger
than that of the perturbation, and so the perturbation pulse is fur-
ther attenuated by a variable neutral density filter. An equivalent
amount of glass is included in the fundamental arm to balance the
dispersion. The two beams are then focused on a 0.5 mm thick, c-cut
ZnO crystal by a cylindrical mirror (f = 100 mm). A small crossing
angle of ~3° is used to map the time delay axis onto a transverse spa-
tial axis of the crystal, which provides sufficient temporal resolution
to resolve the electric field waveform as discussed in Note 1 of the

. Finally, the band fluorescence emission is
collected by imaging the signal onto a Si-based camera using a lens of
50 mm focal length and a narrow-linewidth bandpass filter to select
the fluorescence emission line. To avoid contributions from the fun-
damental and perturbation pulses, as well as their third harmonics,
the optical axis of the imaging setup is oriented at an angle of ~15°
with respect to the plane of propagation. The pure band fluorescence
signal is confirmed by the insertion of a rotatable polarizer in the
imaging setup, which shows that the measured light is unpolarized.

In our experiment, the few-cycle laser pulses are derived from
multidimensional solitary states generated in an N,O-filled hollow-
core fiber, which are compressed using bulk glass to a duration
of ~13 fs at a central wavelength of 1170 nm.”* The laser pulses with
400 pJ pulse energy, 280 fs pulse duration, and 1.03 um center wave-
length from a commercial Yb:KGW amplifier (Light Conversion
PHAROS) are sent through an N,O gas-filled hollow-core capil-
lary fiber (1.4 m length and 400 ym inner diameter) for spectral
broadening. The rotational Raman-enhanced self-phase modula-
tion results in a red-shifted supercontinuum spectrum, from which
the spectral region between ~1000 and 1500 nm is selected using
dichroic mirrors. The rotational nonlinearity of molecular gases
imposes a negative chirp on the broadened laser pulse, which allows
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for pulse compression by propagation in normally dispersive bulk
materials,”” in this case, CaF, and fused silica windows. A detailed
discussion about the laser source is provided in Note 2 of the
supplementary material. Due to spectral narrowing at high repeti-
tion rates,” we restricted the repetition rate of the laser to 0.25 kHz
for all measurements. We also note that the carrier-envelope phase
(CEP) of the laser was not stabilized during the experiments, and
therefore, the measurements reflect the relative CEP between the
fundamental and perturbing pulses, rather than the absolute CEP of
the perturbing pulse. The pulse characterization was implemented
by our technique and a single-shot home-built SHG FROG.

The band fluorescence images spatial lineouts for fundamental-
only excitation and with the addition of the perturbating pulse are
shown in Fig. 2. All recorded images were averaged over 20 000 laser
shots to have a sufficient signal-to-noise ratio. As expected, the band
fluorescence emission is observed with the fundamental pulse and
from the combination of the fundamental and perturbing pulses, but
not from the weak perturbing pulse alone. The excitation rate S, and
thus the band fluorescence emission intensity, depends on the laser
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FIG. 2. Waveform extraction. Top: Single-image measurements of band fluo-
rescence signals with fundamental pulse only (F) and with both fundamental
and perturbing pulses (F + P). Bottom: Lineouts show the modulation of band
fluorescence signal induced by the perturbing pulses.
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FIG. 1. Experimental setup of single-
image optical waveform measurement.
BS: beam splitter, CCM: concave cylin-
drical mirror, and L: plano—convex lens.

intensity and the multiphoton number g as S o< I%. By measuring the
band fluorescence intensity as a function of the fundamental inten-
sity, the effective multiphoton scaling parameter g can be calculated,
which is found to be ~3.25 for our experimental conditions. The
addition of the perturbing pulse imprints a modulation on the mul-
tiphoton excitation probability, which enhances and suppresses the
conduction band population, depending on the time delay between
the two fields. As a result, the spatially resolved band fluorescence
emission encodes the waveform of the few-cycle pulses.

The extraction of the laser waveform from the fluorescence
image follows the same process described in Ref. 28. First, the modu-
lation amplitude imposed by the perturbing field is obtained by sub-
tracting the spatially resolved band fluorescence intensity obtained
with the fundamental pulse only from the modulated fluorescence
intensity obtained with both fields. Converting this modulation
amplitude to an electric field further requires a normalization pro-
cess, in which the spatial dependence of the excitation probability,
which is caused by the spatial intensity variation of the fundamental
laser pulse, must be accounted for. This spatial effect can be straight-
forwardly removed by a simple normalization process, in which the
electric field is calculated according to E = S”gn_ S¢ where Sp+p and

;
Sr are the fluorescence signals for fundamental plus perturbation

. . 2g-1 .
and for fundamental only, as shown in Fig. 2; and n = *= is a scal-

ing factor for normalization calculated from the value of effective
multiphoton scaling parameter g. The value of g depends primarily
on the bandgap AEg, of the crystal and the central frequency w of

the laser pulse and can be approximated as g ~ Ai—i"" without signif-
icant loss of accuracy in the measured waveform.”® The mapping of
time delay to the horizontal spatial axis of the pixelated detector is
estimated from the measurement geometry and confirmed through a
calibration measurement in which the time delay between the funda-
mental and perturbation beams is shifted using a manual translation
stage in the fundamental arm, which yields a linear space-to-time
mapping coefficient of 0.48 fs/pixel.

The time-domain waveform obtained from the single-image
TIPTOE measurement, along with its field envelope and the pulse
envelope retrieved from the second harmonic generation frequency-
resolved optical gating technique (SHG FROG), are shown in
Fig. 3(a). While the SHG FROG inherently has time-axis ambiguity,

10, 016101-3
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FIG. 3. Pulse characterization. (a) Measured optical waveform (red) after subtraction of fundamental signal only and doing normalization process with its standard deviation
(gray area) and optical pulse envelope retrieved from FROG technique (blue) under similar conditions. (b) Measured spectra from a spectrometer (purple); calculated

spectral intensities (solid line) and spectral phases (dashed line) from two techniques.

our measurement allows for the determination of absolute time
due to the directional information provided by the camera and the
imaging apparatus. We find that the TIPTOE and FROG measure-
ments yield nearly identical envelopes with the same pulse duration
(intensity full-width at half-maximum) of 12.5 fs. Furthermore, the
spectral intensities and phases, obtained from the Fourier transform
of the TIPTOE waveform and the FROG retrieval, are in excel-
lent agreement with one another, as shown in . There are,
however, discrepancies between the spectra obtained from the time-
domain measurements and the measured spectrum of the pulses
after the dichroic mirrors, which we attribute to strong spectral
phase variation near the edges of the mirror reflectivity windows,
as well as the inability to compress the full spectrum using bulk
materials. These effects will lead to spectral components that are
delayed in time with respect to the main pulse and that are not cap-
tured within the finite time window of the FROG and single-image
TIPTOE measurements.

As indicated above, the TIPTOE measurement was performed
using a few-cycle laser source with unstable CEP. In principle, the
absolute CEP measurement of the perturbing pulse could be imple-
mented by setting the fundamental pulse’s CEP equal to zero, for
example, by adding a second-harmonic waveform to the perturba-
tion arm of the interferometer”™" or by simultaneous measurement
of the TIPTOE waveform and the above-threshold ionization signal
or high-order harmonic spectrum.”” In general, these techniques all
require sub-two-cycle waveforms to unambiguously determine the
absolute CEP, and therefore, they could not be realized with our
laser source. In addition, while the experimental waveforms were
obtained from a single image of the band fluorescence emission,
a true single-shot measurement could not be realized. We believe
that it may be possible to overcome this restriction in the future:
We use an optical imaging setup with an estimated collection effi-
ciency below 0.15% for band emission emitted in a 4m solid angle
and operate at peak intensities below both the multiphoton lasing
threshold™ and the damage threshold of ZnO. Increasing the laser
peak power, therefore, would provide a dramatic signal enhance-
ment due to both the nonlinearity of the excitation process and the
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transition to directed laser emission, while a well-designed imag-
ing system could provide substantial improvements to the photon
collection efficiency.

Ill. NONLINEAR PROPAGATION IN ZNO

While the above measurements were based on fluorescence
emission from the entrance plane of the ZnO crystal, the finite thick-
ness of the crystal allows us also to record the reshaping of the
optical waveform due to linear and nonlinear propagation effects.
In these experiments, the vertical inclination of the optical imaging
axis allowed us to simultaneously record distinct band fluorescence
signals from the entrance and exit surfaces of the crystal in a single
image. As shown in , the TIPTOE waveform at the exit surface
exhibits a noticeable phase shift and a reduction in amplitude. Fur-
thermore, the spectrum of the laser is significantly reshaped, most
evident from an overall spectral broadening and the formation of a
new spectral peak on the long-wavelength side of the spectrum.

To better understand the source of these phenomena, we com-
pare the measured waveform and spectrum to simulations based
on numerical solutions to the carrier-resolved unidirectional pulse
propagation equations (UPPEs), including the linear, nonlinear, and
plasma responses of the medium. A table of parameters used in
the UPPE simulation is provided in Note 3 of the

. Since it is computationally expensive to perform fully 3D
simulations considering spatial ellipticity, we perform spatiotempo-
ral simulations assuming a circular beam with the input intensities
used for the experiment but the radius for the minor axis. How-
ever, for spatial cylindrical beams, the critical power for self-focusing
is larger than that for circular beams, resulting in the decrease
in the effective optical Kerr nonlinearity (e.g., self-focusing).
Therefore, we empirically decrease n, from the known value
(5 x 107 m?/W)* to match the experiment. In our simulations,
we use the full Keldysh model” for plasma generation, which
incorporates both multiphoton and tunneling ionization. Although
collisional ionization is considered, its effect is not significant for
our experimental parameters. We carry out simulations in the

10, 016101-4
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at the exit of ZnO with different input intensities. The output amplitudes are scaled with the normalized input intensity at the entrance; and (e) output temporal peak intensity

shift compared to the entrance from measurement (blue) and simulation (purple).

moving frame with the group velocity of the center wavelength (i.e.,
1170 nm) in ZnO. The best agreement with experiments is obtained
for the propagation of pulses with n, = 2.5 x 107" m?/W and
an incident intensity of 0.3 TW/cm® through a ZnO thickness of
0.5 mm, as shown in Fig. 4(b). In both measured and simulated
data, the spectral phase is flat across the spectrum, and there is large
spectral broadening, in particular, at long wavelengths. We further
investigate the sources of temporal reshaping of the pulse during
propagation. As shown in Fig. 4(c), the experiments reveal a tem-
poral shift of the peak of the laser pulse by ~0.5 fs accompanied by
a reduction in the amplitude. The simulation results for different
input intensities show that the presence of dispersion alone causes
the opposite temporal shift, which is toward the leading edge of
the pulse [green line in Fig. 4(d)], although the output intensity is
decreased due to dispersion. However, the temporal peak intensity
is shifted toward the trailing edge of the pulse, and the intensity is
reduced more when including the effects of nonlinear propagation
and plasma generation. As shown in Fig. 4(e), the observed tempo-
ral shifts in the measurement are consistent with a simulated input
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peak intensity of ~0.3 and ~0.4 TW/cm?. This shows the potential
aspect of this technique for probing the nonlinear propagation in
materials.

IV. CONCLUSION

In conclusion, we demonstrate a simple, all-optical method
for scanning-free measurements of near-infrared electric fields
using multiphoton-induced fluorescence as the nonlinear signal and
demonstrate the technique through single-image of few-cycle pulses
centered near 1200 nm. The validity is confirmed through compar-
ison with independent measurements of the field envelope using
FROG. Furthermore, we show that the technique using ZnO crystal
provides a versatile tool not only for complete temporal characteri-
zation of few-cycle laser pulses with a spectrum of above 950 nm but
also for detecting the changes to optical fields through field-resolved
spectroscopy.

The demonstrations of TIPTOE measurements with a crossed
beam geometry using both electro-optic’® and fluorescence imaging

10, 016101-5
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detection (this work) suggest a near-universal approach to single-
image, and in some cases single-shot, measurement of optical elec-
tric fields. To fully realize these capabilities, further investigations
into appropriate detection methods for different wavelength ranges
are needed. Our preliminary investigations have identified ZnO as
a good candidate for near-infrared detection due to its reasonably
wide bandgap and high fluorescence yield, as well as the commercial
availability of high-quality bulk crystals. While other semiconduc-
tors with higher fluorescence yield (e.g., thin films of semiconductor
quantum dots) may provide increased signal levels for some applica-
tions, such materials tend to suffer from issues such as photobleach-
ing and color center formation. On the other hand, bulk crystals
with higher bandgaps (e.g., AlGaN and CVD-grown diamond) may
provide enhanced detection bandwidth, but they have very low flu-
orescence yields. Further developments, such as the use of arrays
of solar-blind UV photodetectors*® or improvements to the optical
imaging system to enable the efficient detection of low-flux fluores-
cence signals from wide-bandgap insulators or gas-phase “sheets,”
could enable the extension of single-shot field measurements of few-
cycle pulses extending further into the short-wavelength regions of
the electromagnetic spectrum.

SUPPLEMENTARY MATERIAL

See the for the information on the laser
source, time window and time resolution of the scanless waveform
measurement, and parameters for UPPE simulation.
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