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Abstract: In this paper, we introduce a pulse characterization technique that is free of phase-
matching constraints, exploiting transient absorption in solids as an ultrafast optical switch. Based
on a pump-probe setup, this technique uses pump pulses of sufficient intensity to induce the switch,
while the pulses to characterize are probing the transmissivity drop of the photoexcited material.
This enables the characterization of low-intensity ultra-broadband pulses at the detection limit
of the spectrometer and within the transparency range of the solid. For example, by using zinc
selenide (ZnSe), pulses with wavelengths from 0.5 to 20 µm can be characterized, denoting five
octaves of spectral range. Using ptychography, we retrieve the temporal profiles of both the
probe pulse and the switch. To demonstrate this approach, we measure ultrashort pulses from a
titanium-sapphire (Ti-Sa) amplifier, which are compressed using a hollow core fiber setup, as
well as infrared to mid-infrared pulses generated from an optical parametric amplifier (OPA).
The characterized pulses are centered at wavelengths of 0.77, 1.53, 1.75, 4, and 10 µm, down to
sub-two optical cycles duration, exceeding an octave of bandwidth, and with energy as low as a
few nanojoules.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the advance of ultrafast laser technologies and nonlinear optics, ultrashort pulses from the
UV to the mid-infrared are widely available [1–4]. Pulses over a broad spectral range are often
simultaneously combined in pump-probe experiments. The characterization of such a variety of
pulses requires different metrology techniques, depending on their specifications (i.e. energy,
central wavelength, bandwidth). Moreover, cutting-edge technologies enable the generation of
pulses with spectra exceeding one octave [5–7], which are even more challenging to characterize
with conventional approaches.

For the complete characterization of ultrashort pulses, multiple techniques based on nonlinear
optical (NLO) processes are exploited. For example, with self-referenced spectral interferometric
techniques, the phase information is encoded in the interference pattern [8,9]. Other techniques
use frequency conversion in order to couple the amplitude and phase of different frequencies
contained in the optical pulses. This is the principle of frequency resolved optical gating (FROG)
where an optical gate is created via a copy of the pulse [10], and of cross-correlation FROG (or
X-FROG) where the gate is a second pulse [11]. In FROG, the spectral amplitude and phase
of the pulses are encoded in the intensity of the recorded spectrogram consisting of spectra
measured for various time delays between the two pulses. From the redundancy contained in the
spectrogram, this technique allows the extraction of the pulse’s temporal profile with advanced
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algorithms. As a summary of more than two decades of intense research activities on pulse
characterization, we suggest the following literature for review on this topic: [11,12].
Approaches based on frequency conversion have proven reliable in pulse reconstruction;

however, the underlying nonlinear parametric interaction requires fulfillment of the phase
matching condition. In the case of frequency conversion based techniques, such as second
harmonic generation (SHG) FROG, this is the limiting factor for the addressable pulse bandwidth.
For instance, measuring few-cycle pulses at 0.8 µm by SHG FROG requires a Beta Barium Borate
(BBO) crystal of only a few-µm thickness. To circumvent this difficulty, the phase-matching
condition can be greatly relaxed [13] by using third order nonlinearities such as transient grating
and polarization gating FROG.
Over the recent years, NLO-based techniques have been refined and extended to enable the

characterization of single and sub-cycle pulses [14,15]. For example, the trigger of sub-cycle
tunnel ionization in air was used to characterize near single cycle pulses [16]. Furthermore,
electro-optical sampling [17] has been extended to the near-IR region with the requirement of a
sampling pulse which has a duration shorter than the optical cycle of the pulses to be characterized,
which is required to be carrier-to-envelop phase stable for multi-shot measurements.

Here, we present an alternative pulse retrieval technique based on transient absorption in solids.
The pulse to be characterized probes the ultrafast switch of the transient optical transmission of a
solid triggered by a pump pulse. The switch originates from the photoexcited carrier dynamics
and acts as a temporal knife-edge, slicing the probe pulse waveform whose transmitted spectrum
is then recorded as a function of the pump-probe delay. From this spectrogram, we extract the
temporal profiles of both the probe pulse and the switch using ptychographic algorithms. This
approach does not rely on nonlinear frequency conversion, and therefore is neither limited by the
phase matching constraint nor the intensity of the pulse (as long as they are above the noise floor
of the detector). The pulses to be characterized are synchronized to pump pulses whose intensity
is sufficient to induce the photoexcitation. This metrology is therefore well-suited to characterize
the output pulses from optical parametric amplifiers, which are a key technology to extend the
central frequency of ultrafast lasers to the infrared and mid-infrared spectral range.

Frequency resolved optical switching enables the characterization of ultra-broadband pulses at
the detection limit of the spectrometer, and within the transparency range of the employed solid.
To demonstrate the capability of this technique, we have characterized ultrashort pulses with
central wavelengths from 0.77 to 10 µm, with a duration down to sub-two optical cycles, and
energies down to few nanojoules.

2. Principle of frequency resolved optical switching

Using transient absorption in solids, well-known spatial ptychography can be transposed to the
time-domain. Coming from microscopy, ptychography consists of measuring the pattern I(k) of
a probe P(r) diffracted out on an object O(r) for many relative positions r0. The measured 3D
dataset is described by the following equation:

I(k, r0) =
����
∫

r
P(r)O(r − r0)eikrd r

����
2
. (1)

Phase retrieval algorithms were developed to exploit the redundancy of information in the dataset
to extract the spatial profiles of the probe and the object [18].
Here, transient absorption is described as a ptychographic experiment in the time-domain.

This process creates an ultrafast switch S(t) that is the temporal equivalent to the object in spatial
ptychography. It is probed by the pulses to be characterized P(t). As shown in Fig. 1, under our
experimental conditions, by illuminating an ultrashort pump Is(t) onto a low bandgap material,
electrons are promoted from the valence to the conduction band, switching its optical transmission
on the timescale of the pump pulse. Typically, this drop of transmission occurs on a timescale of
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a few tens of femtoseconds and acts as a semiconductor switch on the transmitted probe P(t)
[19], and remains for more than tens of picoseconds [20,21] (see Fig. 15 in the appendix). By
measuring the transmitted spectrum of the probe as a function of the pump-probe delay τ, the
resulting transient absorption spectrogram is described by :

I(ω, τ) =
����
∫
t
P(t)S(t − τ)eiωtd t

����
2
. (2)

timescale of a few tens of femtoseconds and acts as a semiconductor switch on the transmitted
probe P(t) [19], and remains for more than tens of picoseconds [20, 21] (see Fig. 15 in the
appendix). By measuring the transmitted spectrum of the probe as a function of the pump-probe
delay τ, the resulting transient absorption spectrogram is described by :

I(ω, τ) =
����
∫
t

P(t)S(t − τ)eiωtdt
����
2
. (2)

The spectrogram is processed with a ptychographic algorithm (see appendix) allowing the
retrieval of the temporal profiles of both the probe P(t) and the optical switch S(t).
In the measured spectrogram, the delay-dependent information of the optical switch S(t) is

encoded in the transmissivity drop, and that of the spectral phase of P(t) is contained in the
cut-off delay of each frequency. In the extreme case of a highly chirped probe pulse, the cut-off
delay as a function of frequency directly maps the group delay. This particular case was observed
for a highly chirped supercontinuum with a picosecond duration [22]. In addition, transient
absorption in solids and plasmas was previously proposed to estimate [23] and measure sub-ps
pulses [24].
Here, we combine the transient absorption approach with the strength of ptychography

providing a powerful and robust method to retrieve the spectral phase of ultrashort pulses leading
to complete temporal characterization.

Photoexcited
sample

Initial
spectrum

τ1

at τ1

at τ2

τ2

Output
spectrum

Fig. 1. Principle of the frequency resolved optical switching – The solid sample is
photoexcited by a pump pulse IS(t) at variable pump-probe delays. Here, two different
delays (τ1 and τ2) are illustrated. This acts as a transmission filter S(t) for a probe pulse P(t)
(chirped in this the example) that changes its transmitted waveform and whose spectrum is
measured.

It should be noted that Eq. (2) is identical to the equation describing FROGmeasurements [10].
Recently, ptychographic algorithms were adapted to reconstruct FROG spectrograms and led
to so-called ’time-domain ptychography’ [25, 26]. A strong improvement in the reconstruction
procedure was further demonstrated [27–29]. However, in all these time-domain ptychography
studies to date, the reconstructed spectrograms result from conventional FROG measurements.
In other words, while significant enhancement of the retrieval procedure is made using these
algorithms, the nature of the measurement is unchanged, and these time-domain ptychography
studies are computational improvements of FROG measurements. Here, the process at the core
of the measurement is changed in order to eliminate the necessity of frequency conversion. The
temporal profiles of the probe pulse P(t) and of the optical switch S(t) are extracted from the
spectrogram with a ptychographic procedure, as described in the appendix.

3. Experimental setup

The experiments were carried out at the Advanced Laser Light Source (ALLS) laboratory. The
measurement scheme for frequency resolved optical switching is illustrated in Fig. 2. A pump

Fig. 1. Principle of the frequency resolved optical switching – The solid sample is
photoexcited by a pump pulse IS(t) at variable pump-probe delays. Here, two different
delays (τ1 and τ2) are illustrated. This acts as a transmission filter S(t) for a probe pulse P(t)
(chirped in this the example) that changes its transmitted waveform and whose spectrum is
measured.

The spectrogram is processed with a ptychographic algorithm (see appendix) allowing the
retrieval of the temporal profiles of both the probe P(t) and the optical switch S(t).
In the measured spectrogram, the delay-dependent information of the optical switch S(t) is

encoded in the transmissivity drop, and that of the spectral phase of P(t) is contained in the cut-off
delay of each frequency. In the extreme case of a highly chirped probe pulse, the cut-off delay as
a function of frequency directly maps the group delay. This particular case was observed for a
highly chirped supercontinuum with a picosecond duration [22]. In addition, transient absorption
in solids and plasmas was previously proposed to estimate [23] and measure sub-ps pulses [24].
Here, we combine the transient absorption approach with the strength of ptychography

providing a powerful and robust method to retrieve the spectral phase of ultrashort pulses leading
to complete temporal characterization.

It should be noted that Eq. (2) is identical to the equation describing FROG measurements [10].
Recently, ptychographic algorithms were adapted to reconstruct FROG spectrograms and led
to so-called ’time-domain ptychography’ [25,26]. A strong improvement in the reconstruction
procedure was further demonstrated [27–29]. However, in all these time-domain ptychography
studies to date, the reconstructed spectrograms result from conventional FROG measurements.
In other words, while significant enhancement of the retrieval procedure is made using these
algorithms, the nature of the measurement is unchanged, and these time-domain ptychography
studies are computational improvements of FROG measurements. Here, the process at the core
of the measurement is changed in order to eliminate the necessity of frequency conversion. The
temporal profiles of the probe pulse P(t) and of the optical switch S(t) are extracted from the
spectrogram with a ptychographic procedure, as described in the appendix.

3. Experimental setup

The experiments were carried out at the Advanced Laser Light Source (ALLS) laboratory. The
measurement scheme for frequency resolved optical switching is illustrated in Fig. 2. A pump
and a probe beam are focused on a thin solid sample. The pulse to be characterized (or probe
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in the ptychographic procedure) is focused by an off-axis parabolic mirror. The pump pulse is
focused through a hole in the parabola. The relative angle is 3◦ between both beams. The pump
wavelength is chosen such that the pulse is absorbed at the surface of the sample. The focus of
the pump beam is set a few-cm after the sample to excite the material on a large surface compared
to the probe spot size. After the sample, the probe is re-imaged into a spectrometer. A delay
line controls the delay (τ) between the pump and the probe. Different dispersive media can be
introduced in the probe beam path in front of the focusing parabola in order to add group velocity
dispersion to test the robustness of the technique by retrieving the dispersion of materials (see
Fig. 5).

and a probe beam are focused on a thin solid sample. The pulse to be characterized (or probe
in the ptychographic procedure) is focused by an off-axis parabolic mirror. The pump pulse is
focused through a hole in the parabola. The relative angle is 3◦ between both beams. The pump
wavelength is chosen such that the pulse is absorbed at the surface of the sample. The focus of
the pump beam is set a few-cm after the sample to excite the material on a large surface compared
to the probe spot size. After the sample, the probe is re-imaged into a spectrometer. A delay
line controls the delay (τ) between the pump and the probe. Different dispersive media can be
introduced in the probe beam path in front of the focusing parabola in order to add group velocity
dispersion to test the robustness of the technique by retrieving the dispersion of materials (see
Fig. 5).
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Fig. 2. Experimental setup – (a) – To characterize short pulses at 0.77 µm, the pump pulses
at 0.4 µm are obtained by frequency doubling 0.8 µm-pulses in a BBO crystal followed by
two dichroic mirrors to filter the remaining 0.8 µm. – (b) – To generate mid-IR pulses by
difference frequency generation (DFG) between the signal and the idler at the output of an
optical parametric amplifier (OPA), a nonlinear crystal is inserted together with a long pass
filter that transmits only the DFG output (4 or 10 microns). – Different dispersive media are
used to validate the technique (see Fig. 5).

We have characterized ultrashort pulses at five different central wavelengths, from the near-
infrared to the mid-infrared, and with duration down to sub-two cycles. Here are the experimental
details for pulse characterization in each spectral range.

3.1. Setup for the characterization of near-infrared pulses

The experimental scheme for the characterization of near-infrared pulses corresponds to Fig. 2(a).
This experiment was performed on the ALLS kHz beamline delivering (for this case) 0.7 mJ
45 fs-pulses centered at 0.8 µm. The beam is divided in two arms by a 50-50 beam splitter. In the
pump arm, the pulse is frequency doubled by a 1mm-thick Beta Barium Borate (BBO) crystal
and the remaining 0.8 µm is filtered by two dichroic mirrors. It results in pulses with duration
of 55 fs full width at half maximum (FWHM) in intensity centered at 0.4 µm (see TG FROG
measurements of the pump pulses in the appendix - Fig. 13). These 50 µJ pulses are focused a
few millimeters after the solid sample so that the beam diameter is ∼200 µm on its surface. At
this position, the fluence on the solid is evaluated to be 160 mJ/cm2. As this fluence is above the
ablation threshold, the sample is slightly moved out of focus to avoid ablation while keeping
a high absorption contrast. In the probe arm, the beam of 350 µJ pulses is focused into a 2 m
stretched hollow-core fiber filled with R152a with a differential pressure whose maximum is
620 torr [30]. The spectral broadening provides 6 fs Fourier-limited pulses centered at 0.77 µm
with 220 µJ energy. Ten chirped mirrors whose group velocity dispersion (GVD) is -50 fs2 per

Fig. 2. Experimental setup – (a) – To characterize short pulses at 0.77 µm, the pump pulses
at 0.4 µm are obtained by frequency doubling 0.8 µm-pulses in a BBO crystal followed by
two dichroic mirrors to filter the remaining 0.8 µm. – (b) – To generate mid-IR pulses by
difference frequency generation (DFG) between the signal and the idler at the output of an
optical parametric amplifier (OPA), a nonlinear crystal is inserted together with a long pass
filter that transmits only the DFG output (4 or 10 microns). – Different dispersive media are
used to validate the technique (see Fig. 5).

We have characterized ultrashort pulses at five different central wavelengths, from the near-
infrared to the mid-infrared, and with duration down to sub-two cycles. Here are the experimental
details for pulse characterization in each spectral range.

3.1. Setup for the characterization of near-infrared pulses

The experimental scheme for the characterization of near-infrared pulses corresponds to Fig. 2(a).
This experiment was performed on the ALLS kHz beamline delivering (for this case) 0.7 mJ 45
fs-pulses centered at 0.8 µm. The beam is divided in two arms by a 50-50 beam splitter. In the
pump arm, the pulse is frequency doubled by a 1mm-thick Beta Barium Borate (BBO) crystal
and the remaining 0.8 µm is filtered by two dichroic mirrors. It results in pulses with duration
of 55 fs full width at half maximum (FWHM) in intensity centered at 0.4 µm (see TG FROG
measurements of the pump pulses in the appendix - Fig. 13). These 50 µJ pulses are focused a
few millimeters after the solid sample so that the beam diameter is ∼200 µm on its surface. At
this position, the fluence on the solid is evaluated to be 160 mJ/cm2. As this fluence is above the
ablation threshold, the sample is slightly moved out of focus to avoid ablation while keeping
a high absorption contrast. In the probe arm, the beam of 350 µJ pulses is focused into a 2 m
stretched hollow-core fiber filled with R152a with a differential pressure whose maximum is 620
torr [30]. The spectral broadening provides 6 fs Fourier-limited pulses centered at 0.77 µm with
220 µJ energy. Ten chirped mirrors whose group velocity dispersion (GVD) is −50 fs2 per pair
(total of −250 fs2 GVD) together with two thin wedges (3◦ angle) are used to post-compress the
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pulses. Pulses of 80 µJ are obtained with a duration of ∼8 fs (characterized with a home-built
SHG FROG for comparison with frequency resolved optical switching). Using the reflection
of two wedges, the pulse energy is reduced to less than 10 nJ. An iris and an off-axis parabolic
mirror (10 cm-focal length) are used to focus the beam with a spot diameter of 25 µm at the
solid surface. Its fluence is estimated to less than 0.5 mJ/cm2. The solid sample used for the
measurements is a 500 µm-thick zinc selenide (ZnSe) plate that transmits the probe and absorbs
the pump. The spectrometer measuring the probe spectrum is a HR4000 spectrometer from
Ocean Optics.

3.2. Setup for the characterization of infrared pulses

The experimental scheme for the characterization of infrared pulses corresponds to Fig. 2. This
experiment was performed on the 50 Hz high energy beamline in ALLS. Pulses of 20 mJ and 65
fs at 0.8 µm are delivered. For the pump pulses, a 90-10 beam splitter in the path of the 0.8 µm
line selects 10% of the 20 mJ beam. Then, an iris selects a 5 mm-diameter beam with ∼600 µJ
energy per pulse which is focused a few centimeters after the solid sample. The pump diameter
is larger than 500 µm and the fluence on sample is evaluated to 300 mJ/cm2. As before, this
is above the ablation threshold and the sample is slightly moved out of focus in order to avoid
ablation while keeping a high absorption contrast. In the probe arm, an OPA (Light Conversion,
TOPAS) converts 1.2 mJ into a 300 µJ signal and idler. The idler is then further amplified by
a high energy OPA stage pumped by 18 mJ pulses at 0.8 µm. At the output, we obtain two
co-propagating beams with orthogonal polarization centered at 1.53 and 1.75 µm, with a total
energy of 4 mJ. They are 32.7 and 28.9 fs Fourier-transform limited, respectively. Either the
1.53 or 1.75 µm pulse is selected for characterization by blocking one arm of an interferometer
(placed at the output of the OPA to control the relative delay between the signal and idler). The
reflection from two wedges is reducing the energy down to less than 0.2 µJ. An iris and a 5 cm
off-axis parabola are used to focus the beam to a spot with a diameter of 30 µm on the solid
sample. Its fluence is estimated to be less than 1.5 mJ/cm2.

The solid sample for the measurements is a 500 µm-thick silicon (Si) plate which transmits the
signal and idler and absorbs the 0.8 µm pump. The spectrograms are acquired using a NIR256
spectrometer from Ocean Optics. To compare the frequency resolved optical switching technique,
the pulses are also characterized with a home built SHG-FROG.

3.3. Setup for the characterization of mid-infrared pulses

The optical setup used to characterize the pulses at 1.53 and 1.75 µm was also used to measure
pulses centered at 4 and 10 µm. The experimental scheme corresponds to Fig. 2(b). The pump
arm is identical to the previous section.

For the 4 µm probe pulses, the OPA is tuned to generate 1.35 and 2 µm signal and idler pulses
with a total energy of ∼4 mJ. Pulses with 30 µJ at 4 µm are generated by difference frequency
generation (DFG) in a 180 µm-thick LiGaSe2 crystal. The pulses are 30.6 fs Fourier-transform
limited. A 2 mm-diameter iris selects ∼1 µJ per pulse and the beam is focused on a ∼100 µm
focal spot. The fluence on the solid is estimated to less than 10 mJ/cm2. The different solid
samples used are a 500 µm-thick Si sample and a 300 µm-thick germanium (Ge) sample. In
addition, the 4 µm-pulses were also characterized with a 500 µm-thick ZnSe sample to compare
the pulse reconstruction with different optical switches. In this case, the 0.8 µm pump pulses
were frequency doubled in a 1 mm-thick BBO crystal. Two dichroic mirrors filter the remaining
0.8 µm. The whole beam of 500 µJ pulses is focused after the sample by 0.8 mm to set its
diameter to 500 µm. The fluence on the solid is here estimated to be 200 mJ/cm2. Above this
fluence, we observe ablation of the ZnSe.
For the 10 µm probe pulses, the OPA is tuned to generate 1.53 and 1.75 µm signal and idler

pulses with a total energy of ∼4 mJ. 18 µJ pulses centered at 10 µm are generated by DFG in a
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180 µm-thick GaSe crystal. The pulses are 43.6 fs Fourier-transform limited. A 3.5 mm-diameter
iris selects ∼1.5 µJ per pulse focused on a 300 µm-thick Ge plate with a ∼140 µm focal spot.
The fluence on the solid is estimated to less than 8 mJ/cm2.

The spectrograms at 4 and 10 µm are measured using a spectrometer based on the CM110
monochromator from Spectral Products, with the HgCdTe (MCT) bolometric detector from
Infrared Associates Inc. cooled with liquid nitrogen.
It is important to highlight that these measurements are a proof of principle of the frequency

resolved optical switching technique, therefore, we took advantage of the rather high energy
pump pulses that were available. This way the pump beam on the solid sample was far larger
than the probe beam. Consequently, the alignment was an easy procedure, and the contrasts of
the spectrograms were high and far above the measurement noise. However, these measurements
could have been performed with pump pulses whose energy is much lower, as shown in Fig. 7.

4. Experimental results

In order to demonstrate the capability and robustness of the frequency resolved optical switching
method, we have (i) characterized ultrashort pulses, with a duration down to sub-two cycles,
for five central wavelengths: 0.77, 1.53, 1.75, 4, and 10 µm and compared to SHG FROG
measurements for the case of 0.77, 1.53 and 1.75 µm; (ii) measured the dispersion introduced by
a variety of known dispersive media between 0.6 and 14.5 µm and compared it to the dispersion
predicted from Sellmeier equations of the different materials; (iii) demonstrated that the technique
is independent of the optical switch by characterizing identical few-cycle pulses at 0.77 µm with
two different switch durations, and at 4 µm with three different solids; (iv) and characterized
ultrashort pulses from 1.75 to 9.5 µm using a single setup, i.e. the same pump pulses at constant
fluence and the same material to induce the optical switch.
In all our experiments, the solid is photoexcited only near its surface on a sub-µm to 10

µm-scale by using pump pulses with a photon energy above the band gap. At 0.4 µm, the
absorption coefficient for ZnSe is ∼150000 cm−1 [31]. For Si and Ge at 0.8 µm, the absorption
coefficients are ∼850 cm−1 [32] and ∼50000 cm−1 [33] respectively. In these cases, 80% of the
pump energy is absorbed in the first 0.1, 18, and 0.3 µm at the surfaces of ZnSe, Si, and Ge
respectively. This precaution avoids the contribution of both group velocity mismatch and group
delay dispersion due to propagation in the solid. In addition, a uniform excitation of the solid is
provided by setting the pump spot size significantly larger than that of the probe.

Figure 3 presents the frequency resolved optical switching measurements of the pulses centered
at 0.77, 1.53 and 1.75 µm, and the comparison with the SHG FROG measurements. Note that the
temporal phase of S(t) is not shown here as it barely varies with time, but it can be found in the
appendix. This confirms that the pumping of the solid samples acts mostly on their transmission
as an amplitude non-stationary filter.

As can be observed by comparing the red and black curves on the right panels of Fig. 3, both
the frequency resolved optical switching and SHG FROG measurements retrieve almost the same
temporal structure. The ultrashort pulses at 0.77 µm, Fig. 3(a), have durations of 8.5 and 7.8
fs FWHM respectively measured by frequency resolved optical switching and SHG FROG. It
should be noted that such a difference is typical for the characterization of few-cycle pulses. The
pulse durations at 1.53 µm are measured to 41 or 40fs FWHM by frequency resolved optical
switching or SHG FROG, and 37 or 34fs for the pulses at 1.75 µm.

Figure 4 presents the frequency resolved optical switching measurements of the pulses centered
at 4 and 10 µm whose respective durations are 50 and 53fs FWHM. Note that at 10 µm, the
duration corresponds to sub-two optical cycles with spectra spanning over more than one octave,
from 6 to 14.5 µm.

To further validate the frequency resolved optical switching capability, the addition of spectral
phases due to the linear propagation in different dispersive media with various thicknesses



Research Article Vol. 27, No. 20 / 30 September 2019 / Optics Express 29004

φ
 (rad)

φ
 (rad)

φ
 (rad)

1.4

1.3

1.2

1.1
1.3

1.2

1.1

1

5

5

0

0

-5

-5

0 1

ω
 (P

H
z)

ω
 (P

H
z)

ω
 (P

H
z)

0

1

I (
no

rm
.)

0

1

I (
no

rm
.)

0

1

I (
no

rm
.)

3

2.5

2

0
10

-10
-20

4.0%

4.0%

t (fs)
-200 -100 2001000

t (fs)
-100 -50 100500

t (fs)
-100 2001000

5.3%a

b

c

Fig. 3. Frequency resolved optical switching characterization of near-IR pulses – For
pulses whose wavelengths are centered at (a) 0.77, (b) 1.53, and (c) 1.75 µm. Left panels,
experimental spectrograms in intensity. Middle panels, reconstructed spectrograms with the
reconstruction error as defined in the appendix, see Eq. (6). Right panels, in red, retrieved
probe pulses P(t) in intensity (solid line) and phase (dash line), in blue, retrieved switch
profiles S(t) in intensity, and in black, retrieved pulse profiles (intensity and phase) with
SHG FROG measurements.
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To further validate the frequency resolved optical switching capability, the addition of spectral
phases due to the linear propagation in different dispersive media with various thicknesses (see
experimental scheme in Fig. 2) was characterized for the five spectral ranges of the pulses
presented in Fig. 3 and 4. As shown in Fig. 5, the agreement with the phase shift calculated using
the Sellmeier equations is excellent at all wavelengths and for all dispersive media. Furthermore,
our technique is sensitive to the sign of the dispersion as demonstrated in Fig. 5(b).

To demonstrate the robustness of the technique, we compare the characterization of identical
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(see experimental scheme in Fig. 2) was characterized for the five spectral ranges of the pulses
presented in Fig. 3 and 4. As shown in Fig. 5, the agreement with the phase shift calculated using
the Sellmeier equations is excellent at all wavelengths and for all dispersive media. Furthermore,
our technique is sensitive to the sign of the dispersion as demonstrated in Fig. 5(b).

To demonstrate the robustness of the technique, we compare the characterization of identical
pulses by inducing the optical switch (i) with two different pump pulse durations, (ii) with
different pump fluences, (iii) by pumping different solids, and (iv) by fixing the pump and
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different pump fluences, (iii) by pumping different solids, and (iv) by fixing the pump and
the solid but changing the central wavelength of the characterized pulses from 1.75 to 9.5 µm
covering more than 3 octaves of spectral bandwidth.

(i) In Fig. 6, few-cycle pulses at 0.77 µm are characterized with two different switch durations
created by pumping a ZnSe sample with 0.4 µm pulses. The pulses presented in panel (e) are
almost identical, with pulse durations of 8.5 and 8.2 fs, while the optical switch profiles in panel
(f) are different, as induced by pump pulse durations of 55 and 101 fs respectively (see TG FROG
measurements of the pump pulses in the appendix - Fig. 13). The 101 fs pump pulses have been
obtained by inserting fused silica in the beam path of the 55 fs pulses.
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(ii) In Fig. 7, pulses at 1.75 µm are characterized with photoexcited Si sample at different
pump pulse fluences. The maximum fluence is close to the ablation threshold, evaluated to be
lower than 300 mJ/cm2 for 100% of the laser energy (see alignment procedure in the experimental
setup section). The pump pulse energy is reduced down to 10% of this maximum. As can
be observed on panel (f), the retrieved profiles of the probe pulse are almost identical for all
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(i) In Fig. 6, few-cycle pulses at 0.77 µm are characterized with two different switch durations
created by pumping a ZnSe sample with 0.4 µm pulses. The pulses presented in panel (e) are
almost identical, with pulse durations of 8.5 and 8.2 fs, while the optical switch profiles in panel
(f) are different, as induced by pump pulse durations of 55 and 101 fs respectively (see TG FROG
measurements of the pump pulses in the appendix - Fig. 13). The 101 fs pump pulses have been
obtained by inserting fused silica in the beam path of the 55 fs pulses.
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(ii) In Fig. 7, pulses at 1.75 µm are characterized with photoexcited Si sample at different
pump pulse fluences. The maximum fluence is close to the ablation threshold, evaluated to be
lower than 300 mJ/cm2 for 100% of the laser energy (see alignment procedure in the experimental
setup section). The pump pulse energy is reduced down to 10% of this maximum. As can
be observed on panel (f), the retrieved profiles of the probe pulse are almost identical for all
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(ii) In Fig. 7, pulses at 1.75 µm are characterized with photoexcited Si sample at different pump
pulse fluences. The maximum fluence is close to the ablation threshold, evaluated to be lower
than 300 mJ/cm2 for 100% of the laser energy (see alignment procedure in the experimental
setup section). The pump pulse energy is reduced down to 10% of this maximum. As can
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be observed on panel (f), the retrieved profiles of the probe pulse are almost identical for all
measurements except for the one with the lowest contrast (10% pump energy). Moreover, the
normalized profiles (between 0 to 1) of the retrieved switch in panel (h) exhibit the same slope.
These results demonstrate that the frequency resolved optical switching technique is valid as long
as the spectrogram contrast is sufficient (near 25%). Under our experimental conditions, this was
the case for a pump energy in the range of 150 to 600 µJ.

measurements except for the one with the lowest contrast (10% pump energy). Moreover, the
normalized profiles (between 0 to 1) of the retrieved switch in panel (h) exhibit the same slope.
These results demonstrate that the frequency resolved optical switching technique is valid as long
as the spectrogram contrast is sufficient (near 25%). Under our experimental conditions, this was
the case for a pump energy in the range of 150 to 600 µJ.

It is important to note that here, as pump pulses of hundreds of microjoules were available, the
pump beam on the sample was set far larger than the probe one : more than 500 µm-diameter
compared with 30 µm. If such a high energy is not available, the pump beam size can be adjusted
to have a fluence of a few tens of millijoules per centimeter square for the spectrogram contrast to
be above the measurement noise. For instance, here to keep the same pump fluence on sample
(case 25% of Fig. 7), if the beam size is divided by a factor of two (to be 250 µm), its energy per
pulse could be only 150/4 = 37.5 µJ to perform the same measurement.
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Fig. 7. Frequency resolved optical switching characterization of 1.75 µm pulses using
different pump energies. – (a) to (e) – Measured and reconstructed traces for 0.8 µm pump
pulses with respective energy of 10, 25, 45, 65, and 100% of 600 µJ, photoexciting a Si
sample. – (f)/(g) – Retrieved profiles of the probe pulse and of the optical switch. – (h) –
Normalized profiles of the optical switch (minimum at zero, maximum at one).

(iii) In Fig. 8, pulses centered at 4 µm are measured using three different solids and two
different pump wavelengths – Ge pumped at 0.8 µm, Si at 0.8 µm, and ZnSe at 0.4 µm. While
the temporal profiles of the three optical switches are different, the retrieved pulses are almost
identical, with durations of 51, 49, and 53 fs respectively.
(iv) In Fig. 9, pulses centered at 1.75, 4.5, and 9.5 µm are measured using Si pumped with a

constant pump fluence (∼ 240 mJ/cm2) at 0.8 µm. Here, it is interesting to note that we retrieve
almost the same temporal profile for the gate for each characterized central wavelength. It is
important to note that all the measurements are performed over several hours and the laser has
intrinsic fluctuations that could easily explain the minor differences between the retrieved optical
switches.

The results obtained in Fig. 6, 7, 8, and 9 further confirm that under the conditions explored in
this work, propagation in the solid does not play a significant role on frequency resolved optical
switching.

Fig. 7. Frequency resolved optical switching characterization of 1.75 µm pulses using
different pump energies. – (a) to (e) – Measured and reconstructed traces for 0.8 µm pump
pulses with respective energy of 10, 25, 45, 65, and 100% of 600 µJ, photoexciting a Si
sample. – (f)/(g) – Retrieved profiles of the probe pulse and of the optical switch. – (h) –
Normalized profiles of the optical switch (minimum at zero, maximum at one).

It is important to note that here, as pump pulses of hundreds of microjoules were available, the
pump beam on the sample was set far larger than the probe one : more than 500 µm-diameter
compared with 30 µm. If such a high energy is not available, the pump beam size can be adjusted
to have a fluence of a few tens of millijoules per centimeter square for the spectrogram contrast to
be above the measurement noise. For instance, here to keep the same pump fluence on sample
(case 25% of Fig. 7), if the beam size is divided by a factor of two (to be 250 µm), its energy per
pulse could be only 150/4 = 37.5 µJ to perform the same measurement.
(iii) In Fig. 8, pulses centered at 4 µm are measured using three different solids and two

different pump wavelengths – Ge pumped at 0.8 µm, Si at 0.8 µm, and ZnSe at 0.4 µm. While
the temporal profiles of the three optical switches are different, the retrieved pulses are almost
identical, with durations of 51, 49, and 53 fs respectively.
(iv) In Fig. 9, pulses centered at 1.75, 4.5, and 9.5 µm are measured using Si pumped with a

constant pump fluence (∼240 mJ/cm2) at 0.8 µm. Here, it is interesting to note that we retrieve
almost the same temporal profile for the gate for each characterized central wavelength. It is
important to note that all the measurements are performed over several hours and the laser has
intrinsic fluctuations that could easily explain the minor differences between the retrieved optical
switches.

The results obtained in Fig. 6, 7, 8, and 9 further confirm that under the conditions explored in
this work, propagation in the solid does not play a significant role on frequency resolved optical
switching.
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5. Conclusion

We introduce the frequency resolved optical switching technique capable of measuring femtosec-
ond pulses from the visible to the mid-IR spectral range. Using transient absorption in solids, an
ultrafast optical switch is generated to characterize ultrashort pulses. The temporal profiles of
both the switch and the pulse are retrieved from the spectrogram with a ptychographic algorithm.
To demonstrate the strength of this approach, that is free of phase-matching, ultrashort pulses
centered at 0.77, 1.53, 1.75, 4, and 10 µm were measured, with sub-two cycle duration for the
latter. The technique, cross-checked with FROG measurements, was proven to be robust against
changes in the optical switch. Note that this technique is easy to implement and enables the
characterization of ultrashort pulses from the near to mid-IR spectral range.

As the spectral limitation of this metrology is given by the optical transmissivity of the solid,
pulses with a spectrum extending from the visible to the mid-IR, either tunable or continuous,
can be characterized. For instance, ZnSe is transparent from ∼0.5 to 20 µm and can be pumped
at 0.4 µm as demonstrated in this paper. In most cases, these pulses are obtained from an OPA
pumped at a short wavelength, providing the pump pulses required for photoexcitation in the
frequency resolved optical switching procedure. Thus, this technique is particularly convenient
to characterize OPA output pulses as well as their extension to the long wavelength range via
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profiles, for pulses centered at 1.75 (blue), 4.5 (green), and 9.5 µm (red). – (d) – Retrieved
profiles of the optical switch (corresponding colors of the panels (a) to (c)).
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ultrafast optical switch is generated to characterize ultrashort pulses. The temporal profiles of
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To demonstrate the strength of this approach, that is free of phase-matching, ultrashort pulses
centered at 0.77, 1.53, 1.75, 4, and 10 µm were measured, with sub-two cycle duration for the
latter. The technique, cross-checked with FROG measurements, was proven to be robust against
changes in the optical switch. Note that this technique is easy to implement and enables the
characterization of ultrashort pulses from the near to mid-IR spectral range.

As the spectral limitation of this metrology is given by the optical transmissivity of the solid,
pulses with a spectrum extending from the visible to the mid-IR, either tunable or continuous,
can be characterized. For instance, ZnSe is transparent from ∼0.5 to 20 µm and can be pumped
at 0.4 µm as demonstrated in this paper. In most cases, these pulses are obtained from an OPA
pumped at a short wavelength, providing the pump pulses required for photoexcitation in the
frequency resolved optical switching procedure. Thus, this technique is particularly convenient
to characterize OPA output pulses as well as their extension to the long wavelength range via

Fig. 9. Frequency resolved optical switching characterization with different pulses with a
single setup – (a)/(b)/(c) – Measured and reconstructed spectrograms, and retrieved pulse
profiles, for pulses centered at 1.75 (blue), 4.5 (green), and 9.5 µm (red). – (d) – Retrieved
profiles of the optical switch (corresponding colors of the panels (a) to (c)).

5. Conclusion

We introduce the frequency resolved optical switching technique capable of measuring femtosec-
ond pulses from the visible to the mid-IR spectral range. Using transient absorption in solids, an
ultrafast optical switch is generated to characterize ultrashort pulses. The temporal profiles of
both the switch and the pulse are retrieved from the spectrogram with a ptychographic algorithm.
To demonstrate the strength of this approach, that is free of phase-matching, ultrashort pulses
centered at 0.77, 1.53, 1.75, 4, and 10 µm were measured, with sub-two cycle duration for the
latter. The technique, cross-checked with FROG measurements, was proven to be robust against
changes in the optical switch. Note that this technique is easy to implement and enables the
characterization of ultrashort pulses from the near to mid-IR spectral range.

As the spectral limitation of this metrology is given by the optical transmissivity of the solid,
pulses with a spectrum extending from the visible to the mid-IR, either tunable or continuous,
can be characterized. For instance, ZnSe is transparent from ∼0.5 to 20 µm and can be pumped
at 0.4 µm as demonstrated in this paper. In most cases, these pulses are obtained from an OPA
pumped at a short wavelength, providing the pump pulses required for photoexcitation in the
frequency resolved optical switching procedure. Thus, this technique is particularly convenient
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to characterize OPA output pulses as well as their extension to the long wavelength range via
nonlinear processes [1,34].

The other limitation of this technique is the requirement of an intense pulse for the pump beam.
Here, pump pulses of a few hundred microjoules were available and used to demonstrate a proof
of concept. As mentioned previously, the pump beam can be focused more tightly on the sample
thus enabling measurements with a few tens of microjoules for the pump pulses.
We characterized pulses with spectra extending from 0.6 to 5 µm with ZnSe, 3 to 15 µm

with Ge, and 1.4 to 14.5 µm with Si. Therefore, with such a device, many pulses generated
in a laser laboratory can be measured with a single optical setup, as demonstrated by Fig. 9.
As a perspective, this technique paves the way to temporally characterize pulses at the frontier
of current technologies, covering multi-octaves of spectral bandwidth even at nJ energy levels,
which remains extremely challenging by any other means.

6. Appendix

6.1. Frequency resolved optical switching characterization of pulses in the spectral
range from 0.6 to 15 µm

Figure 10 shows the reconstructed profiles of the measurements illustrated in Fig. 3 and 4 of the
main text for the characterization of pulses centered at 0.77, column (a), 1.53, (b), 4, (c), and 10
micrometers, (d). The first and second rows show the retrieved temporal profiles of the probe
pulse P(t) and the switch S(t) (in intensity and phase). Superimposed with thin blue lines are the
retrieved profiles from multiple independent reconstructions – 5 for panels (a) to (c) and 10 for
panels (d). The final reconstructions correspond to the average of the multiple reconstructions,
and are shown with thick red lines (for more information, see the appendix section called “The
reconstruction procedure”).
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6.2. SHG FROG characterization of the probe pulses at 0.77, 1.53, and 1.75 µm

To compare the frequency resolved optical switching technique with a conventional characteri-
zation technique, the pulses centered at 0.77, 1.53, and 1.75 µm of Fig. 3 of the main text are
characterized by SHG FROG with a 10 µm-thick BBO crystal, as illustrated in Fig. 11. These
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6.2. SHG FROG characterization of the probe pulses at 0.77, 1.53, and 1.75 µm

To compare the frequency resolved optical switching technique with a conventional characteri-
zation technique, the pulses centered at 0.77, 1.53, and 1.75 µm of Fig. 3 of the main text are
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characterized by SHG FROG with a 10 µm-thick BBO crystal, as illustrated in Fig. 11. These
SHG FROG reconstructions are superimposed with those from the frequency resolved optical
switching in the right panels of Fig. 3 of the main text.
SHG FROG reconstructions are superimposed with those from the frequency resolved optical
switching in the right panels of Fig. 3 of the main text.
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6.3. SHG FROG characterization of the pump pulses at 0.8 µm

For the frequency resolved optical switching measurements of the pulses centered at 1.53, 1.75, 4,
and 10 µm, the same pump pulse centered at 0.8 µmwas used. This pump pulse was characterized
by SHG FROG as presented in Fig. 12. The pulse duration is 65fs FWHM in intensity.

Fig. 12. SHG FROG characterization of the pump pulse centered at 0.8 µm – Measured
and reconstructed SHG FROG spectrograms on panels (a) and (b) – Retrieved profile of the
pump pulse intensity (solid line) and phase (dash line).

6.4. Testing the independence from the switch function

In order to test the robustness of the frequency resolved optical switching technique, identical
pulses centered at 0.77 and 4 µm were characterized with different switches, see Fig. 6 and 8 of
the main text.

6.4.1. TG FROG characterization of the 0.4 µm pump pulses

Pulses whose durations are 8 fs and centered at 0.77 µm were characterized with switches
induced by pump pulses with two different durations. This was made by stretching the pump
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Characterization of pulses centered at 0.77 µm, first row, at 1.53 µm, second row, and at
1.75 µm, third row. – SHG FROG spectrograms measured, first column, and reconstructed,
second column. Retrieved pulse temporal profiles in intensity and phase, last column.

6.3. SHG FROG characterization of the pump pulses at 0.8 µm

For the frequency resolved optical switching measurements of the pulses centered at 1.53, 1.75, 4,
and 10 µm, the same pump pulse centered at 0.8 µmwas used. This pump pulse was characterized
by SHG FROG as presented in Fig. 12. The pulse duration is 65fs FWHM in intensity.

SHG FROG reconstructions are superimposed with those from the frequency resolved optical
switching in the right panels of Fig. 3 of the main text.
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6.3. SHG FROG characterization of the pump pulses at 0.8 µm

For the frequency resolved optical switching measurements of the pulses centered at 1.53, 1.75, 4,
and 10 µm, the same pump pulse centered at 0.8 µmwas used. This pump pulse was characterized
by SHG FROG as presented in Fig. 12. The pulse duration is 65fs FWHM in intensity.
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pump pulse intensity (solid line) and phase (dash line).
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In order to test the robustness of the frequency resolved optical switching technique, identical
pulses centered at 0.77 and 4 µm were characterized with different switches, see Fig. 6 and 8 of
the main text.

6.4.1. TG FROG characterization of the 0.4 µm pump pulses
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Fig. 12. SHG FROG characterization of the pump pulse centered at 0.8 µm – Measured
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6.4. Testing the independence from the switch function

In order to test the robustness of the frequency resolved optical switching technique, identical
pulses centered at 0.77 and 4 µm were characterized with different switches, see Fig. 6 and 8 of
the main text.
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6.4.1. TG FROG characterization of the 0.4 µm pump pulses

Pulses whose durations are 8 fs and centered at 0.77 µm were characterized with switches
induced by pump pulses with two different durations. This was made by stretching the pump
pulse duration at 0.4 µm from 55 fs to 101 fs with a 10 mm-thick fused silica window. The pump
pulses are measured by TG FROG as illustrated in Fig. 13.
pulse duration at 0.4 µm from 55 fs to 101 fs with a 10 mm-thick fused silica window. The pump
pulses are measured by TG FROG as illustrated in Fig. 13.

Fig. 13. TG FROG characterization of the pump pulses centered at 0.4µm – On the second
row, the pulse of the first row is chirped by a 10 mm-thick fused silica window. – TG FROG
spectrograms measured, first column, and reconstructed, second column. – Reconstructed
pulses in intensity and phase, last column.

6.4.2. Pulse characterization of the 4 µm pulses with different photoexcited materials

For identical 4 µm-probe pulses, three frequency resolved optical switching measurements are
recorded by using samples of Ge (300 µm thick) and Si (500 µm thick) pumped with 0.8 µm
pulses and of ZnSe (500 µm thick) pumped with 0.4 µm pulses, see Fig. 14. The retrieved
temporal profiles of the pulses P(t) and the switch S(t) are superimposed in Fig. 8(d) and (e) of
the main text.

Fig. 14. Frequency resolved optical switching characterization of identical 4 µm-pulses with
different solid samples – For a sample of Ge, column (a), Si, (b), and ZnSe, (c) : first and
second rows, measured and reconstructed spectrograms; third and last rows, retrieved pulse
and switch temporal profiles in intensity and phase.

Fig. 13. TG FROG characterization of the pump pulses centered at 0.4µm – On the second
row, the pulse of the first row is chirped by a 10 mm-thick fused silica window. – TG FROG
spectrograms measured, first column, and reconstructed, second column. – Reconstructed
pulses in intensity and phase, last column.

6.4.2. Pulse characterization of the 4 µm pulses with different photoexcited materials

For identical 4 µm-probe pulses, three frequency resolved optical switching measurements are
recorded by using samples of Ge (300 µm thick) and Si (500 µm thick) pumped with 0.8 µm
pulses and of ZnSe (500 µm thick) pumped with 0.4 µm pulses, see Fig. 14. The retrieved
temporal profiles of the pulses P(t) and the switch S(t) are superimposed in Fig. 8(d) and (e) of
the main text.

6.5. Transmission of the photoexcited Si sample up to 80ps pump-probe delay

Figure 15 presents the measured transmission of the Si sample, pumped at 0.8 µm (fluence close
to the ablation threshold) and probed at 4 µm, up to 80 ps delay after the photoexcitation. The
transmission drops by more than 90% at 0 delay, and remains low for several tens of ps.

6.6. Reconstruction procedure

6.6.1. Retrieval algorithm

The phase retrieval procedure aims to retrieve the temporal functions of the pulse P(t) and switch
S(t) of Eq. (2) of the main text, which better describe the experimental spectrogram. We use a
ptychographic phase retrieval algorithm that is usually applied to spatial measurements [18,35].
For this temporal scheme, the probe and object in ptychography correspond to the pulse and the
switch.

Defining Q(t, t0) = P(t)S(t − t0) as the product of the pulse and switch functions delayed by t0,
Eq. (2) can be rewritten in :

I(ω, t0) =
��F [Q(t, t0)] ��2 , (3)

where F and F −1 are the direct and inverse Fourier transform respectively from time domain to
frequency domain t→ ω or opposite ω→ t.
The reconstruction strategy consists of combining two projections, either in the temporal or

frequency domain, to iteratively update Q(t, t0).
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pulse duration at 0.4 µm from 55 fs to 101 fs with a 10 mm-thick fused silica window. The pump
pulses are measured by TG FROG as illustrated in Fig. 13.
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For identical 4 µm-probe pulses, three frequency resolved optical switching measurements are
recorded by using samples of Ge (300 µm thick) and Si (500 µm thick) pumped with 0.8 µm
pulses and of ZnSe (500 µm thick) pumped with 0.4 µm pulses, see Fig. 14. The retrieved
temporal profiles of the pulses P(t) and the switch S(t) are superimposed in Fig. 8(d) and (e) of
the main text.

Fig. 14. Frequency resolved optical switching characterization of identical 4 µm-pulses with
different solid samples – For a sample of Ge, column (a), Si, (b), and ZnSe, (c) : first and
second rows, measured and reconstructed spectrograms; third and last rows, retrieved pulse
and switch temporal profiles in intensity and phase.

Fig. 14. Frequency resolved optical switching characterization of identical 4 µm-pulses
with different solid samples – For a sample of Ge, column (a), Si, (b), and ZnSe, (c) : first
and second rows, measured and reconstructed spectrograms; third and last rows, retrieved
pulse and switch temporal profiles in intensity and phase.

6.5. Transmission of the photoexcited Si sample up to 80ps pump-probe delay

Fig. 15 presents the measured transmission of the Si sample, pumped at 0.8 µm (fluence close
to the ablation threshold) and probed at 4 µm, up to 80 ps delay after the photoexcitation. The
transmission drops by more than 90% at 0 delay, and remains low for several tens of ps.
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Fig. 15. Transmission of the photoexcited Si sample up to 80ps pump-probe delay. –
Transmission of the Si sample pumped at 0.8 µm, probed at 4 µm.

6.6. Reconstruction procedure

6.6.1. Retrieval algorithm

The phase retrieval procedure aims to retrieve the temporal functions of the pulse P(t) and switch
S(t) of Eq. (2) of the main text, which better describe the experimental spectrogram. We use a pty-
chographic phase retrieval algorithm that is usually applied to spatial measurements [18,35]. For
this temporal scheme, the probe and object in ptychography correspond to the pulse and the switch.

Defining Q(t, t0) = P(t)S(t − t0) as the product of the pulse and switch functions delayed by t0,
Eq. (2) can be rewritten in :

I(ω, t0) =
��F [Q(t, t0)] ��2 , (3)

where F and F −1 are the direct and inverse Fourier transform respectively from time domain to
frequency domain t → ω or opposite ω→ t.

The reconstruction strategy consists of combining two projections, either in the temporal or
frequency domain, to iteratively update Q(t, t0).

• In the frequency domain, the experimental projection ΠXP aims at constraining the Fourier
magnitude of Q to the measured spectrogram IXP(ω, t0). It can be mathematically written
as:

ΠXP

[Q(t, t0)] = F −1

F [Q(t, t0)]���F [Q(t, t0)] ���

√
IXP(ω, t0)


. (4)

• The second projection, termed here the product projection, consists of fitting Q(t, t0) by a
product of two functions.

Πprod

[Q(t, t0)] = Pg(t)Sg(t − t0) , (5)

where the two guessed functions Pg(t) and Sg(t) are obtained byminimizing the least-square
error given by:

ε =
∑
t,t0

��Q(t, t0) − Pg(t)Sg(t − t0)
��2. (6)

Fig. 15. Transmission of the photoexcited Si sample up to 80ps pump-probe delay. –
Transmission of the Si sample pumped at 0.8 µm, probed at 4 µm.

• In the frequency domain, the experimental projection ΠXP aims at constraining the Fourier
magnitude of Q to the measured spectrogram IXP(ω, t0). It can be mathematically written
as:

ΠXP
[Q(t, t0)] = F −1


F [Q(t, t0)]���F [Q(t, t0)] ���

√
IXP(ω, t0)


. (4)

• The second projection, termed here the product projection, consists of fitting Q(t, t0) by a
product of two functions.

Πprod
[Q(t, t0)] = Pg(t)Sg(t − t0) , (5)

where the two guessed functions Pg(t) and Sg(t) are obtained by minimizing the least-square
error given by:

ε =
∑
t,t0

��Q(t, t0) − Pg(t)Sg(t − t0)
��2. (6)
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It is at minimum if the (complex) gradient of ε with respect to Pg and to Sg are both equal
to 0 : ∂ε/∂Pg = ∂ε/∂Sg = 0, which gives the following set of equations :

Pg(t) =
∫
Q(t, t0) · S∗g(t − t0)dt0∫

|Sg(t0)|2dt0
, (7)

Sg(t) =
∫
Q(t + t0, t0) · P∗g(t + t0)dt0∫

|Pg(t + t0)|2dt0
. (8)

This system can be numerically solved by iterations starting from a random complex
function Sg. Then, Pg is estimated by Eq. (7), and Sg re-evaluated by Eq. (8). Repeating
this procedure approaches the solution very rapidly (less than 10 iterations).

These two projections can be combined in different ways, exhibiting different converging behaviors
to retrieve the two functions P(t) and S(t) that satisfy the two constraints : Q(n+1) = Πprod

[Q(n)] =
ΠXP

[Q(n)] = Q(n). Here, two types of combination are used. The Error Reduction (ER) scheme
[35] can be described mathematically, at iteration n, by:

QER
(n+1) = ΠXP

[
Πprod

[Q(n)] ] , (9)

and the Hybrid Input-Output (HIO) scheme [35] (that is a particular case of the difference map
scheme [36]) by:

QHIO
(n+1) = Q(n) + ΠXP

[
2Πprod

[Q(n)] − Q(n)] − Πprod
[Q(n)] . (10)

The accuracy of the reconstruction is evaluated by an error factor (or R-factor) that is defined by
calculating the difference between the reconstructed spectrogram to the experimental one [18]:

Err =

√√√√√√√
1 −

��� ∬ F [Q(t, t0)] · IXP(ω, t0)dωdt0���2∬ ���F [Q(t, t0)] ���2dωdt0 · ∬ ���IXP(ω, t0)���2dωdt0
. (11)

Each algorithmic scheme exhibits a different converging behavior [35]. The ER slowly converges
to the closest local solution to the initial guess as the error factor can only decrease from one
iteration to the other. The HIO rapidly converges to a steady-state regime where it keeps exploring
an area where all possible approximate solutions lie. In general, due to noise in the measurements
it does not converge to one particular solution. It is practical to drop to an approximated solution
after a few iterations, but not to converge to a local optimum as the error factor is not optimized.

6.6.2. Application to the measured spectrograms

The retrieval procedure to reconstruct the experimental spectrograms is applied as described:

• At iteration step n = 0, an initial delayed product is calculated with two random complex
functions for the pulse and switch :

Q(0)(t, t0) = Prand(t)Srand(t − t0) .

• TheHIO algorithm is applied for the first 15 iteration steps to drop rapidly to an approximated
solution. Then the ER algorithm is used to optimize the local solution.
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• To optimize the converging behavior of the algorithm, as the switch is expected to be
mostly an intensity function, the switch phase is set to zero for the first two thirds of the
iteration steps. This corresponds to only considering the module of the guessed switch
|Sg | in Eq. (8). Finally for the last third of the iterations, this constraint is released. As
shown in Fig. 16, releasing this constraint barely improves the reconstruction accuracy
which confirms the switch mostly acts as an intensity filter.
Other reconstructions were made without this constraint for the first two thirds of the
iterations and the same pulse and switch functions were retrieved but after many more
iteration steps, further confirming the switch is mostly an intensity filter. This procedure is
used here only to accelerate the algorithm convergence.

• Each experimental spectrogram is reconstructed multiple times starting from different
random functions at iteration step n = 0. For all reconstructions, the initial guess at step
n = 0 and the first guess of Sg in Eq. (7) (for the Πprod projection) at each iterative step n are
random and different. Therefore, all reconstructions are totally independent at each of their
steps. The final considered reconstruction results from the average of all the independent
ones.

• To optimize the converging behavior of the algorithm, as the switch is expected to be
mostly an intensity function, the switch phase is set to zero for the first two thirds of the
iteration steps. This corresponds to only considering the module of the guessed switch
|Sg | in Eq. (8). Finally for the last third of the iterations, this constraint is released. As
shown in Fig. 16, releasing this constraint barely improves the reconstruction accuracy
which confirms the switch mostly acts as an intensity filter.
Other reconstructions were made without this constraint for the first two thirds of the
iterations and the same pulse and switch functions were retrieved but after many more
iteration steps, further confirming the switch is mostly an intensity filter. This procedure is
used here only to accelerate the algorithm convergence.

• Each experimental spectrogram is reconstructed multiple times starting from different
random functions at iteration step n = 0. For all reconstructions, the initial guess at step
n = 0 and the first guess of Sg in Eq. (7) (for the Πprod projection) at each iterative
step n are random and different. Therefore, all reconstructions are totally independent at
each of their steps. The final considered reconstruction results from the average of all the
independent ones.
Fig. 16 shows the reconstruction error, defined by Eq. (11), with the iteration step for
the ten independent reconstructions superimposed in Fig. 10(d) (two lower panels). The
experimental and reconstructed spectrograms are on the two higher panels.

Fig. 16. Reconstruction error, defined by Eq. (11), as a function of the iteration step for ten
independent reconstructions, see Fig. 10(d), of the spectrogram illustrated in the first panel
of Fig. 4(b).
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Figure 16 shows the reconstruction error, defined by Eq. (11), with the iteration step for
the ten independent reconstructions superimposed in Fig. 10(d) (two lower panels). The
experimental and reconstructed spectrograms are on the two higher panels.
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