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In this Letter, we focused on the precise and rapid char-
acterization of infrared (IR) ultrashort laser pulses. We
mapped the time delay between the strong excitation IR laser
pulse and the perturbation IR laser pulse onto the trans-
verse spatial coordinates of the ZnS crystal, a wide-bandgap
material, where the modulated fluorescence signal was gen-
erated from strong-field multiphoton excitation with the
perturbation. Under single-shot measurement, the temporal
profile of IR laser pulses was reconstructed by recording and
analyzing the modulated fluorescence signal. Furthermore,
the presented scheme not only possessed the characteristic
of single-shot measurement for high-power, low-repetition
laser pulses but also had the measurement bandwidth range
that fully covered the near-IR to IR bands, which provides
the potential for characterization of single-cycle (even sub-
cycle) IR laser pulses. © 2025 Optica Publishing Group. All
rights, including for text and data mining (TDM), Artificial Intelligence
(AI) training, and similar technologies, are reserved.
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Precisely characterizing the temporal profile of an ultrashort
laser pulse is essential for advancing studies in laser–matter
interaction. Such precision is necessary for understanding the
underlying mechanisms and optimization of experimental con-
ditions, ultimately enhancing the efficacy of various applications
in this field. Over the past few decades, several techniques
have been developed to characterize laser pulses based on
nonlinear frequency conversion, such as auto-correlator [1,2],
frequency-resolved optical gating (FROG) [3], spectral phase
interferometry for direct electric-field reconstruction (SPIDER)
[4,5], and dispersion scan (D-scan) [6–8]. However, these tech-
niques were challenging to achieve precise characterization of
few-cycle, and even single-cycle, laser pulses due to the lim-
itation of bandwidth imposed by phase-matching in nonlinear
crystals. In recent years, a new technique called tunneling ion-
ization with a perturbation for the time-domain observation
of an electric field (TIPTOE) [9–12] has been proposed for
complete measurement of laser pulses, where a sub-cycle gate
generated by strong-field ionization is used to sample the laser

waveform. Since TIPTOE relied on tunneling ionization, it was
not constrained by phase-matching condition in the nonlin-
ear crystals and suitable for characterizing laser pulses with
broad spectral bandwidths [9]. Nevertheless, the original TIP-
TOE technique needed to scan delay between the main beam
and the perturbation beam therefore cannot perform single-shot
measurements. To accurately characterize high-power, low-
repetition laser pulses [13,14], several single-shot measurement
techniques have been proposed, such as single-shot D-scan [15],
self-referenced spectral interferometry (SRSI) [16–18] and Wiz-
zler [19]. Notably, the optical polarization elements employed in
these techniques above limited the spectral range in the measure-
ment simultaneously. Recently, a single-shot technique, which
is a variant of the TIPTOE scheme, has successfully achieved
the characterization of a broadband mid-infrared (mid-IR) laser
pulse by recording the photoelectron currents, which was excited
by a multiphoton process in a silicon-based image sensor chip
[20]. Unfortunately, the spectral range based on silicon detectors
cannot reach the near-IR wavelength band (e.g., the wavelength
region of most common Ti:sapphire lasers is around 800 nm),
since the bandgap of the silicon-based chip (1.12 eV) was not
wide enough to support multiphoton excitation of photon energy
at 800 nm (1.55 eV). To tackle this issue, we used the wide-
bandgap material ZnS (3.65 eV) [21,22] instead of silicon to
cover the near-IR spectral range. Thus, the single-shot charac-
terization not only retained the capability for IR laser pulses but
also extended the measurement range to few-cycle Ti:sapphire
laser pulses.

For our design of a single-shot scheme, the laser pulse was
spatially divided into two parts and then overlapped at a small
angle on the ZnS crystal surface to generate a fluorescence sig-
nal. After analyzing the modulated fluorescence imaged onto
a sensor, the temporal profile of the laser pulse was recon-
structed and characterized precisely. In this Letter, thanks to
the bandgap energy of ZnS up to 3.65 eV [21,22], our designed
scheme was experimentally demonstrated to effectively cover
the measurement of ultra-broadband from IR to near-IR. The
wide spectral range of this scheme was verified by the accu-
rate experimental measurement of laser pulse with few-cycle
pulse duration. Meanwhile, the precise reconstruction of the
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Fig. 1. (a) Experimental setup for our design of a single-shot
scheme. BS, fused silica thin plate; M, mirror; CCM, concave cylin-
drical mirror. (b) Fluorescence spectrum under the excitation from
the laser pulse with a central wavelength of 800 nm. (c) Intensities
of fluorescence emission measured at different laser energies. The
red line showed the linear fit of the data in a log–log scale. The exci-
tation rate was expressed as w ∝ Iq, where I is the laser intensity
and q is the effective multiphoton scaling parameter.

dispersion of the measured chirped laser pulse fully demon-
strated the ability to guide the dispersion compensation of the
laser pulse in experiments. Moreover, the intensity of the laser
pulse, which was used for photoluminescence in the experimen-
tal measurement, was less than 0.5 TW/cm2. In comparison to
the single-shot measurement in air [23], this scheme significantly
reduced the required intensity of the measured laser pulse.

The experimental setup was shown in Fig. 1(a), and the input
laser pulse was split into a strong fundamental pulse and a weak
perturbation pulse by using a fused silica thin plate. After being
reflected by the second fused silica plate, the energy of the per-
turbation laser pulse was approximately 0.8% of the fundamental
laser pulse. Then, the two pulses were simultaneously focused by
a concave cylindrical mirror onto the 200-µm-thick ZnS surface
at a small angle of 2.6° to generate the modulated fluorescence
signal. Finally, the fluorescence signal was imaged by using a
lens with a focal length of 50 mm and subsequently recorded
with a CMOS camera (DAHENG IMAGING, 2856 * 2848 pix-
els, 2.74 um pixel size). In this scheme, both the fundamental
laser and the perturbation laser originated from the same laser
pulse, and through a single imaging of the modulated fluores-
cence signal, the complete time-domain waveform of the laser
pulse was recorded, which had the characteristics of concise and
effective single-shot measurement.

Firstly, the fluorescence spectrum of ZnS under the excita-
tion derived from the laser pulse with a central wavelength of
800 nm was measured (Fig. 1(b)), and the fluorescence emis-
sion intensities at different excitation energies were recorded
(Fig. 1(c)). Specifically, the laser pulse with a central wave-
length of 800 nm (1 kHz) was focused onto ZnS by using a
concave mirror with a focal length of 100 mm to generate flu-
orescence. The fluorescence signal was collected by using a
plano–convex spherical lens with a focal length of 50 mm and
measured with a fiber-optic spectrometer (Avantes Ltd.). As
shown in Fig. 1(b), the central wavelength of the obtained fluo-
rescence was around 340 nm. Subsequently, by using a CMOS
camera, the relative intensity changes of the fluorescence sig-
nal under different excitation energies were recorded, which
was shown in Fig. 1(c). The results demonstrated a nonlinear
relationship between the intensity of the fluorescence emission
and the excitation energy. The estimated effective multiphoton
scaling parameter (q) was 2.8, close to 3 as expected, indicating

Fig. 2. Single-shot characterization of the multi-cycle laser pulse.
(a) Fluorescence emission imaged by a CMOS camera. (b) The mod-
ulated intensities obtained from the fluorescence. EF , fundamental
pulse; EP, perturbation pulse. (c) Spectrum measured by a spec-
trometer (gray shaded area). The reconstructed spectral intensity
(blue solid line) and phase (blue dashed line) were attained from
Wizzler. The retrieved spectral intensity (red solid line) and phase
(red dashed line) were acquired from the single-shot measurement.
(d) Normalized energy modulation after filtering the spectrum in
the range of 720–880 nm. (e) Pulse envelopes were obtained from
Wizzler (blue dashed line) and single-shot measurement (red solid
line).

that significant changes in the fluorescence excitation rate can be
attained through perturbation of the fundamental pulse intensity.
The measurement results of the photoluminescence properties
of ZnS demonstrated the experimental feasibility of our design
of a single-shot measurement scheme (Fig. 1(a)).

Then, the single-shot scheme was employed to measure the
multi-cycle laser pulse from the Ti:sapphire amplifier (800 nm,
1 kHz, 6 mJ), and the results were compared with those obtained
from the commercial Wizzler to validate the effectiveness of the
presented single-shot scheme. In the experiment, the filter with
a transmission range of 330–350 nm was used to eliminate the
fundamental laser pulse from the fluorescence signal, which
was subsequently imaged onto a CMOS camera. As shown
in Fig. 2(a), the distinct modulation signal was observed on
the camera when the energy of the fundamental pulse reached
16 µJ. The red line in Fig. 2(b) indicated the modulated inten-
sity obtained from the fluorescence emission with perturbation
pulse, while the black line in Fig. 2(b) represented the fluo-
rescence emission intensity from the fundamental laser only.
Afterward, the modulation waveform of the perturbation pulse
was extracted from the modulated signal by subtracting the
fundamental-only signal, followed by normalization [21]. After
performing the Fourier transform to the frequency domain and
filtering the spectrum in the range of 720–880 nm, we acquired
the spectral intensity and phase, as depicted by the red solid
line and red dashed line, respectively, in Fig. 2(c). These results
showed good agreement with those from the commercial Wiz-
zler (blue line in Fig. 2(c)). In addition, the improved modulation
waveform was obtained by an inverse Fourier transform after
frequency filtering [24], as shown in Fig. 2(d). The temporal
intensity profile of the pulse was attained from the improved
modulation waveform, with a duration of 40.7 fs (FWHM), as
shown in Fig. 2(e). The envelopes of the laser pulse were almost
identical for both the presented single-shot measurement and
Wizzler.
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Fig. 3. Single-shot characterization of the few-cycle laser pulses.
(a) Normalized energy modulation of measurement. (b) Spectrum
measured by a spectrometer (gray shaded area). The reconstructed
spectral intensity (blue solid line) and phase (blue dashed line) were
obtained from the home-built FROG, respectively. The retrieved
spectral intensity (red solid line) and phase (red dashed line) were
attained from the single-shot scheme, respectively. (c) Normal-
ized energy modulation after filtering the spectrum in the range
of 650–950 nm. (d) Pulse envelopes acquired from the home-built
FROG (blue dashed line) and the single-shot scheme (red solid line),
respectively.

Moreover, the capacity of this presented single-shot scheme
for characterizing the few-cycle laser pulse was demonstrated.
Before measurement, the spectrum of the laser pulse with a cen-
tral wavelength of 800 nm was broadened to 700–900 nm using a
hollow-core fiber, followed by compression with chirp mirrors to
achieve the few-cycle laser pulse. The modulation waveform of
the perturbation pulse was extracted from the modulated signal
by subtracting the fundamental-only signal, followed by nor-
malization, as shown in Fig. 3(a). After performing the Fourier
transform to the frequency domain and filtering the spectrum in
the range of 650–950 nm, we obtained the spectrum and spec-
tral phase, as depicted by the red solid line and red dashed
line, respectively, in Fig. 3(b). The reconstructed spectral inten-
sity (blue solid line in Fig. 3(b)) and phase (blue dashed line
in Fig. 3(b)) from the home-built FROG closely matched the
results from the single-shot measurement scheme, respectively.
Then, the improved modulation waveform was obtained by the
inverse Fourier transform after frequency filtering [24], as shown
in Fig. 3(c). As shown in Fig. 3(d), the temporal intensity profile
of the pulse using the presented single-shot scheme (red solid
line) (approximately 11 fs, FWHM) was in good agreement with
the home-built FROG (blue dashed line).

As is well-known, precise dispersion compensation of the
laser pulse in the actual laser system determined the time-
domain characteristics of the final output laser pulse (such as
pulse duration and pre- or post-pulses). Undoubtedly, accurate
measurement of the dispersion of the laser pulse was the first
step in dispersion compensation. Initially, the grating compres-
sor (groove density of 1500 lines/mm and incident angle of
50°) of the Ti:sapphire laser was adjusted to compress the laser
pulse close to transform-limited condition, where the meas-
ured spectral phase from the Wizzler remained nearly flat.
Subsequently, the different group delay dispersion (GDD) was
controlled by varying the distance between the internal grat-
ings of the compressor. Figures 4(a) and 4(b) presented the
results of the single-shot scheme after reducing the distance
between the internal gratings by 40 µm to provide a GDD of
+222 fs2. By analyzing the reconstructed spectral phase (red

Fig. 4. Normalized energy modulation measured by the single-
shot scheme with positive (a) and negative (c) dispersion, respec-
tively. The reconstructed spectrum (red solid lines) and spectral
phase (red dashed lines) were shown in (b) and (d), respectively,
compared with the spectrum measured by a spectrometer (gray
shaded area).

dashed line in Fig. 4(b)), the GDD was estimated to be around
+218 fs2. Similarly, Figs. 4(c) and 4(d) displayed the single-shot
measurement results after increasing the distance between the
internal gratings by 45 µm to provide a GDD of −250 fs2. By
analyzing the reconstructed spectral phase (red dashed line in
Fig. 4(d)), the GDD was estimated to be around−262 fs2. Conse-
quently, the GDD values estimated from the single-shot scheme
closely matched the GDD values introduced from the grating
compressor, demonstrating the effectiveness of this single-shot
measurement in characterizing the laser pulse with different
dispersion conditions. Notably, in the grating compressor used
here, as the distance between gratings increased, the diffraction
spot projected onto the gratings became larger, exceeding the
optimal efficiency area of the gratings. Therefore, the transmis-
sion efficiency of the edge portion of the laser spectrum after
compression decreased significantly, resulting in narrowing of
the output spectral bandwidth (Fig. 4(d)).

To further expand the wavelength range measurable by the
presented single-shot scheme, we conducted the characteriza-
tion of the laser pulse in the short-wave IR (SWIR) region.
Specifically, laser pulses with central wavelengths of 1800 and
2200 nm were generated using an optical parametric amplifier
(OPA). After measurement by the single-shot scheme, the recon-
structed spectral intensity and phase were shown in Figs. 5(a) and
5(b), respectively. The reconstructed spectral intensity (depicted
by the red solid lines) was compared with the spectrum measured
through a fiber-optic spectrometer (Ocean Optics Ltd.) repre-
sented by the gray shaded areas. The comparison demonstrated
a good consistency between the reconstructed spectrum and the
independently measured spectrum. Additionally, the estimated
GDD from the spectral phase in Figs. 5(a) and 5(b) were −808

Fig. 5. Measurement results of the SWIR laser pulse. Spectrum
(red solid lines) and spectral phase (red dashed lines) were obtained
from the presented single-shot measurement scheme, respectively,
compared with the spectrum measured by a spectrometer (gray
shaded areas).
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and −1165 fs2, respectively. Correspondingly, the laser pulse
passed through two 2-mm-thick BBO crystals and two 1-mm-
thick beam splitters made of fused silica within the OPA system.
The GDD introduced by the OPA at wavelengths of 1800 and
2200 nm approximately was −450 and −1140 fs2, respectively.
Moreover, during the measurement of the laser pulse with a
wavelength of 1800 nm, one 3.5-mm-thick filter and one 2-mm-
thick rotating neutral density filter, both made of UV-fused silica,
were inserted. These two filters collectively contributed a GDD
of−345 fs2. Consequently, the total introduced GDD values were
consistent with the results estimated from the presented single-
shot scheme. It indicated that the proposed scheme could also
achieve accurate measurement of SWIR laser pulses, thus pos-
sessing the potential for the measurement of single-cycle and
even sub-cycle IR laser pulses with a bandwidth covering from
the near-IR to SWIR and even long-wave IR (LWIR) region [25].

In conclusion, a single-shot scheme based on the wide-
bandgap solid material was demonstrated. The measurement
results in experiments were presented in both multi-cycle and
few-cycle laser pulses, and the effectiveness was validated by
comparison with results obtained from a commercial Wizzler
and a home-built FROG, respectively. This measurement scheme
also demonstrated excellent performance in characterizing laser
pulses under varying dispersion conditions. The wide-bandgap
energy of ZnS and the concise and effective structure of this
measurement scheme provided the potential for characterizing
the laser waveform from the near-IR to mid-IR region. Moreover,
the development of linear photocurrent excitation in photode-
tectors based on ultra-bandgap substrates showed significant
potential for detecting visible laser pulses.
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