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Abstract: We demonstrate experimentally that frequency resolved optical switching (FROSt)
can be used to characterize ultra-broadband pulses at high repetition rates up to 500 kHz.
Specifically, we present the complete temporal characterization of an optical parametric amplifier
(OPA), from the supercontinuum (SC) to the second stage of amplification. Simultaneous
characterization of co-propagating signal and idler pulses enables retrieval of their group delay,
as well as their temporal phase and intensity. Our study focuses on an extensive frequency range
spanning the infrared region (1.2 to 2.4 µm) and confirms the strength and convenience of FROSt
as a single tool for characterizing a wide range of pulses at high repetition rates.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Over recent years, major developments have resulted in advanced high repetition rate laser sources
based on the ytterbium (Yb) gain media. Different Yb-based technologies have emerged such
as thin-disk, InnoSlab, and fiber lasers [1–3] which are crucial for a wide range of applications
(scientific and industrial), e.g. increasing the flux of extreme ultraviolet (EUV) and soft X-ray
radiations from the process of high harmonic generation [4,5] and accessing attosecond pulse
duration [6]. Yb lasers have the advantage to provide up to kilowatts of average power, paving
the way to the third-generation femtosecond technology [7]. In contrast, the titanium-sapphire
(Ti:Sa) technology is limited to ∼20 W of average power (e.g. 10 kHz, 2 mJ). However, Ti:Sa
lasers can provide ∼40-fs pulses, while Yb-based lasers tend to have longer pulse durations (250
fs to 1 ps). Indeed, they require higher compression factors to reach few-cycle pulse duration.

Yttberbium technology, combined with optical parametric amplification, has led to the
development of high-repetition rate optical parametric chirped-pulse amplifiers (OPCPA) [8,9]
that achieve unprecedented peak power at high average power for tabletop systems. Major
efforts have been made to reach the mid-infrared (MIR) spectral range [10–13], which is of
great importance for experimental investigations in strong-field physics that are currently carried
out at lower repetition rate, including time- and angle-resolved photoemission spectroscopy
(TR-ARPES) [14–17], cold target recoil-ion momentum spectroscopy (COLTRIMS) [18,19],
Coulomb explosion imaging (CEI) [20,21], and high harmonic generation (HHG) [22,23].
Nevertheless, characterizing such systems with ultrashort and broadband pulses at high repetition
rate remains a challenging and intricate task.
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The characterization and control of the spectral phase of such short pulses is a key step in
the progress of the above-mentioned techniques. In fact, the spectral phase directly impacts
the temporal shape of the pulse, and its control enables access to higher peak power. For
most Yb-based optical parametric amplifier (OPA) systems, only the output signal and idler
are characterized using well-established techniques such as dispersion scan (D-scan) [24,25] or
frequency resolved optical gating (FROG) [8,10]. This is primarily because the low energy at the
supercontinuum (SC) stage presents a major technical challenge. Yet, the characterization of
the SC grants a thorough control of the dispersion across all OPA stages, thus ensuring a higher
efficiency.

In this work, we present a complete characterization of an Yb-based OPA using frequency
resolved optical switching (FROSt). Our characterization spans from the supercontinuum pulses
to the simultaneous characterization of the signal and idler output pulses. We also investigated the
relaxation dynamics of silicon (Si) – the semiconductor used throughout these FROSt experiments
– to estimate the repetition rate at which FROSt can still work for the current setup conditions.
The relaxation time of photoexcited semiconductors is a complex phenomenon that depends on
multiple parameters and can vary from nanoseconds to microseconds [26–28].

Based on transient absorption in solids, the FROSt technique is free of phase-matching
constraints (i.e. nonlinear conversion is not required) and polarization-independent [29,30]. By
using a pump pulse to switch the optical transmission of a solid, FROSt allows the characterization
of a pulse (the probe) by analyzing its resulting transmission through the material as a function
of pump-probe time delay. In principle, FROSt is spectrally limited only by the sensitivity of the
spectrometer and the transparency range of the material used to perform the measurement. It
enables the characterization of multi-octave pulses [31] and simultaneous characterization of
pulses with different polarizations [32]. As previously mentioned, the FROSt technique relies
on the use of a pump pulse to switch the optical transmission of a solid, and this pump must
be synchronized with the probe beam being characterized. While this requirement may be a
drawback in certain configurations, it is worth noting that in the case of an OPA, the pump and
seed beams are synchronized throughout the amplification process, making the implementation
of the FROSt technique straightforward. FROSt was first demonstrated at low repetition rates
with Ti:Sa technology. The aim of this study is to demonstrate that FROSt works even at high
repetition rate, up to 500 kHz, to precisely characterize ultrashort few-cycle pulses from an
Yb-based OPA system.

2. Methods

All the experiments were performed at the Advanced Laser Light Source (ALLS) user facility,
using an industrial-grade Yb-doped fiber amplifier laser (Tangerine, Amplitude). This laser
delivers pulses around 150-fs duration with 200 µJ per pulse for a maximum average power of 50
W (at a repetition rate of 250 kHz). A controllable grating inside the laser allows the user to
change the pulse duration. The repetition rate of the laser is also adjustable from few Hz up to 2
MHz.

In the near future, this laser will be used to generate ultrashort tunable light pulses to perform
TR-ARPES measurements. Hence, this source is divided into two beamlines. One beam will be
used to derive a probe in the EUV region (i.e. 6 eV up to 42 eV) and the second beam will serve
as a pump for an ultrashort tunable OPA in the MIR region (i.e. 4 to 8 µm). These amplified
pulses will then be employed to photoexcite a wide variety of quantum materials, spanning from
topologically-protected systems to unconventional superconductors. For this reason, we use a
beam splitter (BS) with 75 % transmission and 25 % reflection at the output of the laser, as shown
on the left in Fig. 1.

Our approach to reach the MIR region involves a commonly used scheme of difference
frequency generation (DFG) between the signal and idler at the output of an OPA. Both of these
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Fig. 1. Schematic of the experimental setup of the two-stage OPA (from left to right)
followed by the FROSt (bottom) implemented to characterize the signal and the idler. Starting
from the left, the Yb laser output is separated into two beams with a beam splitter (BS
75-25). The reflected beam will be an EUV probe. The transmitted beam is used to generate
a supercontinuum (SC). That SC goes through a MgO:PPLN crystal in the first-stage OPA
(OPA1) and the output signal is amplified in another MgO:PPLN in the second-stage OPA
(OPA2). The idler generated in this process is kept. For the FROSt, the collinear signal and
idler transmitted through a Si sample are collected in a spectrometer. The FROSt pump
beam is picked up after the initial BS 75-25 and focused on the Si sample after going through
a delay line.

beams are in the short wavelength infrared (SWIR) range, with wavelengths between 1.75 and
2.45 µm. The focus of this work is to characterize the signal and idler to enhance conversion
efficiency towards longer wavelengths.

Throughout this work, the Yb-based laser is chirped to 300 fs, which has been determined
experimentally to be the optimal duration in our conditions to maximize the conversion of
the pump into the signal and idler. The experimental setup is depicted in Fig. 1. The seed
is generated in a 10-mm-long YAG crystal through white light generation (WLG) by tightly
focusing few microjoules of the pump laser. A wide spectrum from the visible to the SWIR – the
supercontinuum (SC) – is generated. The bandwidth of interest is between 1750 nm and 1950
nm. The seed is then stretched in time with a 2-mm-thick Si plate in order to reach the best
trade-off between gain and bandwidth in the first amplification stage (see SC in Fig. 1). Both
stages of amplification (OPA1 and OPA2 in Fig. 1) are in collinear geometry and are identically
composed of 1-mm-long MgO:Periodically Poled Lithium Niobate (PPLN) crystals with 10
discrete periods from 27.58 to 31.59 µm along the transverse direction of the crystal. The most
efficient period is chosen according to the wavelength to amplify by translating the crystal in the
transverse direction of the pump beam. 8 µJ are used to pump the first stage, and the pump and
the idler produced during the amplification stage are dumped. The signal is refocused, and 25 µJ
are used to pump the second amplification stage, resulting in a total of 200 mW for the signal and
idler combined.

Using the FROSt technique, we characterize three components of the OPA: the seed generated
via SC as well as the amplified signal and idler. The SC beam is characterized first. The collinear
signal and idler are simultaneously characterized at the output of the two amplification stages.
The implementation of the FROSt measurement is the same for all the beams to be characterized
[29] and is depicted in Fig. 1, in the FROSt frame. The remaining pump is delayed to temporally
and spatially overlap with the probe onto a Si plate of 0.5 mm. We purposely used Si as a medium
for our FROSt measurements because of its 1.12 eV bandgap, which is below the pump photon
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energy (1.2 eV), and it has a good transmission up to 6.5 µm. The beam is subsequently collected
into a spectrometer (NIRQuest+2.5, Ocean Insight) to acquire the FROSt spectrogram.

3. Semiconductor relaxation dynamics

When looking at the way FROSt works, the element that could potentially limit the maximum
achievable repetition rate is the semiconductor material. Even if the pump fluence is high enough
to photoexcite the material, the pulse-to-pulse interval must be sufficiently long to allow the
sample to relax and thus the transmission to recover to obtain exploitable spectrograms, without
pulse-to-pulse cumulative effects.

In an effort to find the maximum possible repetition rate for FROSt measurements, we
performed a simplified pump-probe experiment to extract the relaxation time of the Si sample
used for the pulse characterization technique, under the FROSt conditions.

We focused on the relaxation time of silicon here because it is the ideal switch material for our
experiment as mentioned previously. Since we expect the timescale of the relaxation dynamics
to be in the range of tens of nanoseconds to tens of microseconds [26–28], photodiodes are
sufficiently fast for such measurements. It is important to note that the free carrier lifetime in
semiconductors depends on several parameters, including material quality, sample thickness,
as well as excitation wavelength and fluence [33–35]. The goal of our experiment is simply to
estimate the relaxation time of our sample under the FROSt conditions.

In practice, we used a commercial continuous-wave (CW) laser diode centered at 1550 nm
that we focused to probe the semiconductor sample – the same 0.5-mm-thick Si wafer used for
all measurements. 40-fs pulses centered at 800 nm delivered by a 50 Hz Ti:Sa laser system were
used to pump the Si sample, thus inducing the ultrafast switch of the material. Measurements
were performed for different pump energies while keeping the same pump spot size to observe
the effect of changing pump fluence. The spot size of the pump laser beam was more than
twice that of the probe to ensure uniform excitation of the material in the probed area. The
probe transmission through the switch was monitored using an InGaAs detector (DET10D2
Thorlabs photodiode) with a ∼25 ns rise time. A mechanical laser shutter (Uniblitz) was placed
in the pump beam path to isolate single pulses, thus ensuring that the sample was always at its
equilibrium state for each measurement.

The data was acquired over a timeframe of hundreds of microseconds by connecting the
photodiode to a digital oscilloscope (Tektronix TDS5054B) and synchronizing the acquisition
with the arrival of the pump pulse using a trigger.

Figure 2 shows the intensity of the transmitted probe on the photodiode as a function of time
(red curve) when the sample is pumped with 750 µJ pulses. Time zero coincides with the moment
the pump pulse reaches the sample, where we observe an abrupt decrease of the transmissivity.
Yet, the transmission drop does not represent the true timescale of the physical phenomena
since the photodiode response time is too slow. The recovery part we are interested in, however,
corresponds to the real dynamics as it is much slower. The recovery curve was fitted with a
bi-exponential function (black dashed line) and a relaxation time (at 1/e2) of ∼4 µs was obtained.
The inset of Fig. 2 presents the zoomed-in transmission curve for 750-µJ pump pulses in red,
along with the curves for different pump energies – 125 µJ, 250 µJ, and 500 µJ, respectively in
yellow, blue, and green. As expected, the relaxation time slightly increases with fluence, from 1
µs to 4 µs.

These results highlight the trade-off between fluence and repetition rate for FROSt measure-
ments. Fluence must be increased to sufficiently reduce transmission and obtain a good contrast
in the FROSt spectrograms. However, at higher fluences, the relaxation time of Si increases,
limiting the repetition rate we can measure. Based on these initial findings, we anticipate that the
maximum possible repetition rate to measure FROSt spectrograms will be between 250 kHz and
1 MHz, which correspond to pulse-to-pulse intervals between 4 µs and 1 µs.
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Fig. 2. Relaxation time of silicon: transmission curve of the probe as a function of delay
following photoexcitation from a 750-µJ pump and bi-exponential curve fit. The inset shows
the zoomed-in relaxation curves of Si for different pump energies.

4. Supercontinuum characterization

We first characterized the OPA SC seed pulses using the FROSt technique described previously.
Characterizing such low energy broadband pulses is tedious using other conventional pulse
characterization techniques. Thanks to the energy tunability of the Yb laser, we were able
to generate and characterize pulses at 50 kHz, 250 kHz, and 500 kHz at energies down to
nanojoules. We managed to perform FROSt measurements up to 500 kHz, which is in the
expected threshold range determined from the Si relaxation time. Figure 3(a) shows the
experimental FROSt spectrogram obtained at the maximum repetition rate of 500 kHz for the
nanojoule supercontinuum pulses extending from 1.2 to 1.8 µm. Negative delays correspond
to the time before the pump reaches the semiconductor sample. The ∼23% contrast between
the transmitted signal before and after the pump is quite low in Fig. 3(a), but still sufficient for
the ptychographic pulse retrieval algorithm used to converge [29]. The numerically retrieved
spectrogram is illustrated in Fig. 3(b) and reproduces all the essential features of the measured
FROSt trace. Figures 3(c) and 3(d) show the intensity (red line) and phase (green line) of the
reconstructed spectrum and temporal pulse, respectively. We obtain a pulse duration of ∼18 fs
(FWHM) with significant third-order dispersion [36].

We attempted FROSt characterization of pulses above 500 kHz repetition rate, but the absorption
contrast in the spectrogram decreased significantly, making it impossible to reconstruct the traces.
In other words, when measuring the transmitted spectrum at negative delays, before the pump
pulse supposedly reached the sample, residual effects from previous pump pulses were sizable.
As discussed in the above section, even if the pump fluence is high enough to photoexcite the
sample, the pulse-to-pulse interval must be sufficiently long to allow the sample to relax and thus
the transmission to recover.

It is noteworthy that the contrast between the transmitted signal before and after the pump
was lower than expected for all the spectrograms measured. Even at 50 kHz, the impact of
consecutive pulses on the measurements is still noticeable, leading to a decrease in contrast. One
hypothesis is that this could be due to the incubation effect, where the material accumulates
some laser energy with each pulse instead of dissipating it completely. This mechanism has been
extensively studied in metals and semiconductors for laser ablation, yet there is no consensus
on the exact physical processes involved [37–40]. These effects take place even when the delay
between consecutive laser pulses is longer than the thermal diffusion time, which could explain
why there is a reduced contrast even at 50 kHz repetition rate.
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Fig. 3. FROSt characterization at 500 kHz of nanojoule broadband SC pulses centered
at 1.5 µm. (a) Experimental FROSt trace, (b) retrieved FROSt trace, and retrieved pulse
intensity (red) and phase (green) (c) in the spectral domain and (d) in the temporal domain.

5. Signal and idler characterization

To complete the characterization of the home-built OPA, we measured simultaneously the collinear
signal and idler output at 250 kHz after two amplification stages seeded by the supercontinuum
(see OPA2 and FROSt in Fig. 1). This OPA is designed to work at 250 kHz, and any change
in the repetition rate would affect thermal dynamics in the system and considerably reduce the
efficiency. For this reason, all measurements for the signal and the idler were done at 250 kHz.
In Fig. 4, we show the results obtained for two signal-idler pairs, respectively (I) 1.78 µm-2.36
µm, plotted in orange, and (II) 1.9 µm-2.25 µm, plotted in blue. Figures 4(a) and 4(c) present
the experimental FROSt traces measured for pair I and pair II, respectively. The group delay
between the generated signal and idler can be inferred from the FROSt spectrograms, as the
spectral transmission drop does not occur at the same time for both pulses. This delay is related
to the wavelength-dependent group velocity in nonlinear crystals. Hence, as observed in Fig. 4,
the delay between the signal and idler pulses is smaller for signal-idler pair II compared to I,
because the signal and idler wavelengths are closer.

The corresponding retrieved FROSt traces are shown in Figs. 4(b) and 4(d). Both signal
and idler pulses are retrieved simultaneously using a ptychographic algorithm [29]. Figure 4(e)
highlights the spectral tunability of the OPA source in the SWIR, with the spectra calibrated
according to the measured power for each central wavelength. All the retrieved spectral phases
are also displayed on Fig. 4(e) in dotted lines. Figure 4(f) shows the retrieved intensity profile
(solid line) and phase (dotted line) of the corresponding signal-idler pairs with both signal pulses,
at 1.78 µm (in orange) and 1.9 µm (in blue), centered at 0 fs. The exact temporal delay between
the signal and idler is also retrieved. For visualization purposes, the intensity of both idler
pulses is multiplied by a factor 4. The duration measured and the Fourier transform limit (FTL)
calculated for each pulse are listed in Table 1.
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Table 1. Pulse duration of each signal and idler pulse with the
corresponding Fourier transform limit (FTL)

Wavelength (µm) Pulse duration (fs) FTL (fs)

Signal 1.78 60 48

1.9 78 60

Idler 2.36 108 80

2.25 106 85
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6. Conclusion

To conclude, we have demonstrated that the FROSt technique can be extended to characterize
laser sources at high repetition rates, up to 500 kHz. The free carrier relaxation time of the
semiconductor used for FROSt, in the range of 1 µs to 4 µs for silicon, limits the maximum
repetition rate we can reach. Above 500 kHz, the transmission contrast in the spectrogram was
not sufficient for our pulse retrieval algorithm to converge. Advances in materials science make
it possible to reduce the relaxation time of materials and could potentially enable the use of the
FROSt technique at even higher repetition rates through the development of short-carrier-lifetime
semiconductors [33,34] or using higher purity materials [35].

We have presented the first instance of full temporal and spectral characterization of an OPA
from the supercontinuum to the second stage of amplification. The supercontinuum characterized
extended from 1.2 µm to 1.8 µm and we measured a pulse duration of ∼18 fs. The signal and
idler generated in the second stage of amplification were also characterized between 1.78 µm and
1.9 µm for the signal, and 2.25 µm and 2.36 µm for the idler.

The integration of this characterization technique into certain commercial OPCPA systems,
given their intrinsic pump-probe synchronization, could enable real-time monitoring of the pulse
duration, providing an important diagnostic tool. Furthermore, certain OPCPAs incorporate a
pulse shaper or an acousto-optic programmable dispersive filter to adjust the spectral phase, and
the addition of FROSt to this setup could enable to fine-tune and customize the control of the
spectral phase.

In addition, the FROSt technique can be used in the MIR range [29], even at low signal energy,
which is crucial for high repetition rate experimental studies in strong-field physics, including
high harmonic generation, TR-ARPES, and COLTRIMS, that require precise control over spectral
phase and pulse duration.
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