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Abstract: Ultrashort laser pulse sources in the wavelength range of 1.8 to 2 µm have many
potential applications including medicine, materials processing, and sensing. In the use of such
lasers, a crucial task is to measure their pulse’s temporal intensity and phase. Such measurement
devices are most useful when they are simple to build and operate and also have high speed and
high sensitivity. The GRENOUILLE measurement device with few components, no moving
parts, sensitivity of hundreds of picojoules, and measurement speed of hundreds of milliseconds,
is commonly used to solve this problem at other wavelengths. In this paper, the measurement
of ultrashort pulses by a GRENOUILLE device, developed using a silicon matrix sensor, for
pulses in the wavelength range of 1.8 to 2 µm has been demonstrated. It is shown that ultrashort
pulses with durations of 74 to 900 fs and a maximum spectral FWHM of 85 nm can be measured
with this device. The recently developed ultra-reliable RANA approach was used for pulse
retrieval from the measured traces. The device’s performance was validated by comparing its
measurements with those obtained by the robust FROG technique.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Thulium-doped ultrafast fiber lasers are capable of operating over a wide spectral range from 1.7
to 2 µm [1–3], which accounts for the wide range of potential applications of such sources in
various areas of life [4]. For example, the intense water absorption peak at 1.93 µm [5] makes the
femtosecond thulium-doped fiber laser a good candidate for use as a precision surgical instrument
with minimal damage to surrounding tissues [6]. At the same time, there is a biological window
of transparency in the wavelength range from 1.6 to 1.87 µm, which makes it possible to study
biological tissues by optical coherence tomography and to diagnose diseases [7]. Using an
ultrafast thulium-doped fiber laser and highly nonlinear media, it is possible to obtain radiation
in the mid-IR range (2-20 µm) characterized by a large number of absorption lines of various
substances, which can be used for their detection [8–14]. Other applications include polymer
processing [15], in-volume processing of IR materials (silicon, germanium) [16], high frequency
generation [17,18], and sensing [19].

Unfortunately, pulses from ultrafast fiber lasers can vary in undesirable ways due to fluctuations
in temperature, pump power, and the polarization properties of the fiber. Moreover, fiber
amplifiers often produce ultrashort pulses (USPs) with short duration, and high energy, but in
addition, a set of low-intensity satellite pulses with longer durations and significantly spaced in
time. This considerably complicates their use. It also complicates their measurement using robust
methods such as FROG due to the need to obtain high temporal and spectral resolution, varying
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a delay between two pulse replicas interacting in a second harmonic generation (SHG) crystal
[20,21]. As a result, most intensity and phase measurement methods are time-consuming [22].
In addition, the vast majority of such methods also require moving parts in the delay line and are
difficult to assemble, align and maintain aligned. Also, these methods have low sensitivities due
to the required use of very thin SHG crystals, which imposes limitations on measurements of
low energy pulses, and measurement times of potentially minutes, which prevents measuring
short-term fluctuations of pulse generation regimes.

The GRENOUILLE device for measuring USPs is an elegant variation on the FROG technique
that was introduced more than 30 years ago [23,24]. Its primary distinguishing feature is a thick
SHG crystal that generates second harmonic radiation with power orders of magnitude higher
than that generated in thin crystals. This leads to significantly increased sensitivity. As a result,
it can use crossed, less intense line-focused beams to map delay onto transverse position and
hence achieve single-shot operation. Consequently, GRENOUILLE allows the measurement
of the pulse characteristics of unstable pulse generation regimes, as its speed is only limited by
the exposure time of a camera (typically milliseconds). In addition, while the measured trace
is an intuitive measure of the pulse, additional time can be invested in retrieving the precise
pulse intensity and phase, but this occurs after the measurement is made and has "frozen the
action". Finally, the absence of moving parts in GRENOUILLE, in general, makes it quite easy
to assemble, align, and operate.

The measurement of sub-20 fs to 1 ps pulses from a Ti:Sapphire laser [24] using the
GRENOUILLE device and its extension to pulses with center wavelengths of 1.5 µm and 1.7 µm
[25] have been demonstrated previously. However, current commercially available systems that
can measure the temporal intensity and phase of a pulse at a wavelength of 1.9 µm have a thin
crystal and limited sensitivity, which makes fast measurement of such mid-IR laser sources with
pulse energies of about hundreds of picojoules impossible.

Fortunately, it was previously shown that the phase-matching curve of Ag3AsS3 crystals is
ideal for GRENOUILLE pulse measurement devices in the range of 1.8 to 2 µm [25], but the
measurement of pulses in this range was demonstrated experimentally only for pulses of 200 fs
duration [26] (by our group), and shorter pulses could not be measured in that experiment due to
the limited spectral range of that GRENOUILLE setup. Thus, the goal of the present research is
to develop a GRENOUILLE device for measuring pulses of a thulium-doped fiber laser system
with durations from 70 fs to 1 ps in the wavelength range of 1.8 to 2 µm. Specifically, this work
demonstrates the results of the development of a measurement system that allows fast, sensitive,
and reliable measurement of pulses with durations from 74 to 900 fs with a pulse energy of about
500 pJ a center wavelength of about 1.9 µm, and a maximum spectrum width at half-maximum
of about 85 nm, which has been validated using the well-established FROG method, as well as a
spectrometer and autocorrelator.

2. Experimental setup

Figure 1 shows three-dimensional, top, and side views of the developed GRENOUILLE device.
The operating principle of GRENOUILLE has been described in great detail previously [22–24,27],
so only the detailed characteristics of the components used in the setup are presented below.

An N-BK7 CL1 cylindrical lens with a 100 mm focal length focuses the laser beam into the
Ag3AsS3 (proustite) type I (ooe) SHG crystal with a thickness in the beam direction of 3.5 mm.
An N-BK7 Fresnel biprism FB with an apex angle of 160◦ splits the input beam into two beams
that cross in space and time in the SHG crystal and provides the SHG of the USP at different
pulse delays relative to itself. The apex angle of the biprism is chosen so that, for an input 20-mm
beam diameter, the delay range at the full overlap of two converging beams is 6 ps.

The crystal is cut for SHG at 1.9 µm (θ = 33.7◦) and it has antireflection coatings with
reflectance intensities less than 2 % on the entrance face at 1800 to 2000 nm and on the exit
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Fig. 1. Schematic of the GRENOUILLE setup for measuring the intensity and phase of
USP, a) a three-dimensional view of the device, b) top and side views.

spectrum [27]. On the one hand, GRENOUILLE uses the group velocity mismatch (GVM) of
the fundamental and second harmonic in the crystal for spectral resolution. GVM is calculated
by using the equation:

GVM =
1
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g - are the group velocities for ordinary and extraordinary rays, respectively, in m/s.
For pulses with a center wavelength 𝜆0 of 1.9 µm, it is 5.54 · 103 fs/cm. On the other hand,
the pulse’s group velocity dispersion (GVD) determined for the full width at half maximum
(FWHM) bandwidth Δ𝜆0.5, nm should not cause the pulse to spread in time (not to be confused
with usual crystal group velocity dispersion 𝛽2, s2/m). The pulse’s GVD can be calculated using
the following equation:

GVD =
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For unchirped Gaussian pulses with a time–bandwidth product (TBP) of 0.44, a duration of 70 fs,
and a center wavelength of 1.9 µm, the pulse’s GVD in proustite is 200.14 fs/cm. Considering a
crystal length L of 3.5 mm, the range of measurable pulse widths Δ𝜏 can be calculated as follows:

31 fs = L · GVD · TBP < Δ𝜏 < L · GVM = 1938 fs. (3)

This condition is met to ensure accurate pulse duration measurements in the range of 70 fs to
1 ps. The 3.5 mm Ag3AsS3 crystal provides a spectral resolution, calculated from the equation:
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where n′ (𝜆) = 𝑑𝑛
𝑑𝜆

, and indices o and e refer to ordinary and extraordinary rays, respectively. The
estimated spectral resolution 𝛿𝜆calc is 2.7 nm at 1.9 µm, which allows accurate measurements of
one picosecond duration pulse. A full beam divergence angle of 4.2◦ in the crystal yields 194 nm
of spectral range. Thus, the selected crystal thickness allows the measurement of pulses with
durations from 70 fs to 1 ps with wavelengths of 1.9 µm.

When accounting for the impact of pulse dispersion broadening during the propagation of
USP, it’s important to consider the group delay dispersion (GDD) introduced by the cylindrical

Fig. 1. Schematic of the GRENOUILLE setup for measuring the intensity and phase of
USP, a) a three-dimensional view of the device, b) top and side views.

face at 900 to 1000 nm. Due to the use of a thick nonlinear crystal, the radiation of the second
harmonic is spectrally spread out by angle, which provides measurement of the second harmonic
spectrum [27]. On the one hand, GRENOUILLE uses the group velocity mismatch (GVM) of
the fundamental and second harmonic in the crystal for spectral resolution. GVM is calculated
by using the equation:

GVM =
1
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, (1)

where vo
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g - are the group velocities for ordinary and extraordinary rays, respectively, in m/s.
For pulses with a center wavelength λ0 of 1.9 µm, it is 5.54 · 103 fs/cm. On the other hand,
the pulse’s group velocity dispersion (GVD) determined for the full width at half maximum
(FWHM) bandwidth ∆λ0.5, nm should not cause the pulse to spread in time (not to be confused
with usual crystal group velocity dispersion β2, s2/m). The pulse’s GVD can be calculated using
the following equation:

GVD =
1
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For unchirped Gaussian pulses with a time–bandwidth product (TBP) of 0.44, a duration
of 70 fs, and a center wavelength of 1.9 µm, the pulse’s GVD in proustite is 200.14 fs/cm.
Considering a crystal length L of 3.5 mm, the range of measurable pulse widths ∆τ can be
calculated as follows:

31 fs = L · GVD · TBP<∆τ<L · GVM = 1938 fs. (3)

This condition is met to ensure accurate pulse duration measurements in the range of 70 fs to
1 ps. The 3.5 mm Ag3AsS3 crystal provides a spectral resolution, calculated from the equation:
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0.44λ0
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where n′(λ) = dn
dλ , and indices o and e refer to ordinary and extraordinary rays, respectively. The

estimated spectral resolution δλcalc is 2.7 nm at 1.9 µm, which allows accurate measurements of
one picosecond duration pulse. A full beam divergence angle of 4.2◦ in the crystal yields 194 nm
of spectral range. Thus, the selected crystal thickness allows the measurement of pulses with
durations from 70 fs to 1 ps with wavelengths of 1.9 µm.
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When accounting for the impact of pulse dispersion broadening during the propagation of
USP, it’s important to consider the group delay dispersion (GDD) introduced by the cylindrical
lens and, biprism, in addition to that of the crystal. The maximum calculated GDD of the
CL1 lens and Fresnel biprism is −624.8 fs2, and the GDD of the SHG crystal when passing
half of the crystal length is 893.9 fs2. The total GDD is 269.1 fs2, which introduces negligible
changes in the characteristics of the measured pulse with a duration of about 70 fs. Thus, when
a bandwidth-limited Gaussian pulse of 70 fs duration propagates through a medium with such
a GDD, the output pulse duration will be 70.8 fs. However, this is only a rough estimate of
the broadening of the unchirped Gaussian pulse, which does not take into account the complex
spatial propagation through the optical components. Numerical modeling of the spatio-temporal
propagation through the lens, biprism, and crystal will allow the effects of dispersion to be
accurately determined.

A pair of cylindrical N-BK7 lenses CL2 and CL3 with focal lengths of 50 and 25 mm form a
trace along the wavelength, and delay axis, respectively. At the rear focal plane of the CL3 lens is
a filtering slit S which removes the collinear second harmonic component. A CS2100M-USB
camera (Thorlabs Inc., USA) is used to record the traces, which has a sCMOS 2.1 MP silicon
monochrome image sensor with a high dynamic range of up to 87 dB and 16-bit digital output.

The schematic of the experimental setup for validation of SHG trace measurements from
FROG and GRENOUILLE, as well as autocorrelation and spectral traces, is shown in Fig. 2. A
previously developed all-fiber thulium laser with an amplifier at 1.9 µm [28,29] is used as an
ultrashort pulse source. The pulse repetition rate was 23.8 MHz and the pulse duration could be
varied from 70 fs to 1 ps by tuning the polarization controller in the laser source. A reflective
collimator RC08APC (Thorlabs Inc., USA) with a focal length of 33 mm was used for collimation
of the radiation emitted from the laser fiber with a mode field diameter of about 20 µm. The
diameter of the collimated laser beam was approximately 2 mm (yielding a total beam divergence
2θ ≈ 0.035◦). The use of an RC02APC reflective collimator (Thorlabs Inc, USA) with a 7 mm
focal length, which provides a larger divergence (2θ ≈ 0.152◦), resulted in some discrepancies
between the FROG and GRENOUILLE traces of a complex pulse (see Appendix A), but simple
Gaussian-shaped pulses were measured quite well [26].
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2𝜃 ≈ 0.035◦). The use of an RC02APC reflective collimator (Thorlabs Inc, USA) with a 7 mm
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between the FROG and GRENOUILLE traces of a complex pulse (see Appendix A), but simple
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from FROG and GRENOUILLE and autocorrelation and spectral traces. AT – variable
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mirror. OSA1 – Fourier spectrometer OSA207C (Thorlabs, USA). ACR – autocorrelator
pulseCheck (APE Gmbh., Germany). CM – concave mirror. OSA2 – spectrometer
AQ6370C (Yokogawa Ltd., Japan). CAM – camera CS2100M-USB (Thorlabs Inc.,
USA). PC – personal computer.

An attenuator AT was used to attenuate the signal in front of a linear polarizer LP due to
its laser-induced damage threshold. The LP was used to extract only the vertical polarization
because the output radiation of the laser system has random polarization. Most of the radiation
(85 %) passed through the CaF2 wedge W and entered the homemade SHG-based FROG setup

Fig. 2. Schematic of the experimental setup for simultaneous measurement of SHG traces
from FROG and GRENOUILLE and autocorrelation and spectral traces. AT – variable
attenuator. LP – linear polarizer. W – wedge. PR – polarization rotator. FM – flip mirror.
OSA1 – Fourier spectrometer OSA207C (Thorlabs, USA). ACR – autocorrelator pulseCheck
(APE Gmbh., Germany). CM – concave mirror. OSA2 – spectrometer AQ6370C (Yokogawa
Ltd., Japan). CAM – camera CS2100M-USB (Thorlabs Inc., USA). PC – personal computer.

An attenuator AT was used to attenuate the signal in front of a linear polarizer LP due to
its laser-induced damage threshold. The LP was used to extract only the vertical polarization
because the output radiation of the laser system has random polarization. Most of the radiation
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(85 %) passed through the CaF2 wedge W and entered the homemade SHG-based FROG setup
with a 0.6 mm thin BBO crystal. The GDD of the CaF2 wedge is about −95 fs2, which does not
introduce significant dispersion broadening in a 70 fs bandwidth-limited pulse (it broadens to
70.1 fs, i.e., by only 0.1%.). The FROG setup uses an AQ6370C spectrometer OSA2 (Yokogawa
Ltd., Japan) together with a multimode silica fiber with a 105 µm core diameter to record the
spectrum. The CaF2 wedge W taps 15 % of the radiation for pulse characterization measurements
using the GRENOUILLE device, autocorrelator ACR pulseCheck (APE Gmbh., Germany),
OSA207C Fourier-transform spectrometer OSA1 (Thorlabs Inc., USA). The polarization of the
radiation becomes horizontal after passing the polarization rotator PR, which is necessary for
measurements on the autocorrelator and on the GRENOUILLE device due to the orientation of
the crystal axes of these devices. Measurement on the spectrometer or autocorrelator is possible
using flip mirrors FM, which prevents simultaneous measurement on the GRENOUILLE device.

Before reaching the GRENOUILLE device, the laser beam passes through a 5x beam expander
consisting of two concave mirrors CM with focal lengths of 100 and 500 mm. The beam expander
is necessary both to ensure the maximum possible delay between two overlapping pulses in the
SHG crystal (see top view in Fig. 1(b)) and to fulfill the condition that the phase matching angle
for the entire spectrum of incident pulses should be within the incidence angle of the focused
beam (see side view in Fig. 1(b)). The calculated diameter of the laser beam at the entrance to
the GRENOUILLE device is 20 mm at the 1/e2 level.

The paper presents the measurement results for three pulse generation regimes of the laser
system by tuning the polarization controller and obtaining different pulse durations: 74.5 fs,
93.5 fs, 896.1 fs.

Calibration for GRENOUILLE was conducted prior to measuring each pulse generation
regime. This process consists of determining the parameters of the wavelength-time grid on the
sensor using an etalon distance [27,30]. Instead of an etalon, a double pulse obtained by the
adjustment of the polarization controller of the laser system is used. The temporal and spectral
characteristics of this pulse are determined using an autocorrelator and a spectrometer, which
are used to calibrate the delay and wavelength axes of the device according to the procedure
described in [30]. Since between the measurements of the two regimes with pulse durations of
74.5 and 93.5 fs and the 896.1 fs regime, the camera was removed from the experimental setup for
another experiment and then returned back, the calibration results for these regimes are slightly
different. The calibration results, the input power values to the devices, and the signal-to-noise
ratios for the measured traces are presented in Table 1.

Table 1. The calibration results, the input power values to the devices, and the
signal-to-noise ratios for the measured traces. Nt – number of time points, Nλ – number

of wavelength points, δτ – time step, δλ – wavelength step, λc – central wavelength, Ein –
input pulse energy, SNR – signal-to-noise ratio.

Regime Device Nt Nλ δτ, fs δλ, nm λc, nm Ein, nJ SNR, dB

896.1 fs
GRENOUILLE 1920 1080 2.1138 0.057 950.72 0.5 14

FROG 3000 201 1.3343 0.34826 950 2.6 38

93.5 fs
GRENOUILLE 1920 1080 2.4429 0.0536 946.88 1.1 23

FROG 2048 201 1.3343 0.34826 950 5.5 38

74.5 fs
GRENOUILLE 1920 1080 2.4429 0.052 947.03 1.1 22

FROG 2048 201 1.3343 0.39801 950 5.6 33

When all components of the GRENOUILLE device are aligned, a slight asymmetry in the
measured trace becomes noticeable when the pulse generation regime is changed. Since the
GRENOUILLE device can be used for measuring spatial chirp [31], this trace asymmetry is
presumably due to different spatial chirp due to the angled end of the fiber in the output of the
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amplifier (FC/APC connector). GRENOUILLE measures spatial chirp by such trace asymmetry,
and it can be used to re-align the laser setup to remove it [31]. Therefore, when changing the
pulse generation regime, it was necessary to slightly adjust the input beam to the GRENOUILLE
device to eliminate the asymmetry in the trace.

The single-shot measurement time for the GRENOUILLE trace is determined by the camera’s
exposure time and was set at 600 milliseconds. The (multi-shot) FROG measurement time
depends on the number of delay points and the spectrum measurement time at each step. To
obtain a delay span of about 4 ps without loss of temporal resolution in FROG requires more than
2000 spectra measurements, which at the resolution and sensitivity of the OSA2 spectrometer
requires more than 20 minutes of FROG trace measurements, far exceeding the time required
to measure the GRENOUILLE trace with the same span. It should be noted that the pulse
generation regime strongly depends on the environmental parameters: temperature, vibration,
and polarization controller settings. So during the time-consuming trace measurement with the
FROG device, it was important to ensure that the regime does not change, which was done by
monitoring the GRENOUILLE device trace.

3. Experimental results

Obtaining the intensity-and-phase curves from measured traces requires a retrieval algorithm. In
this work, the RANA approach is used for this procedure, which allows the retrieval of complex
pulses with high accuracy and reliability [32]. Before retrieving the pulses from the traces, the
measured GRENOUILLE and FROG traces were linearly interpolated into a grid of 4096 by
4096 points with a frequency step of ≈ 48.7 GHz and a time step of ≈ 5 fs to achieve a sufficiently
high resolution in the frequency and time domains. Interpolation was performed in such a way
that, in the time and frequency domains outside the measurement limits all values of the traces
were set to zero, as usual. The retrieving time for such large traces is on the order of 30 min. To
estimate the results of retrieval by the RANA approach, both the G error and G′ error were used.
The G error is defined as the root mean square between measured and retrieved traces, while
the G′ error is normalized by the trace area, rather than the number of points [27,32]. Table 2
summarizes the retrieving errors of FROG and GRENOUILLE traces obtained by the RANA
algorithm. The pulse generation regime name was determined from the pulse duration obtained
from the FROG trace pulse-retrieval results and will be used as such hereafter. In the case of the
74.5 fs pulse duration, an intensity mask was used for the GRENOUILLE trace, which will be
described in the corresponding subsection.

Table 2. Retrieved pulse durations ∆τ and spectrum widths ∆λ0.1, G and G′ errors from the
FROG and GRENOUILLE traces. ∆λOSA1

0.1 is the spectrum width at 0.1 of the maximum
measured by OSA1. RE - relative error of the pulse duration from the GRENOUILLE trace with
respect to the pulse duration from the FROG trace. The asterisk, *, indicates results obtained
with the applied mask. Note that all results indicate excellent convergence of the algorithm,

as well as highly stable pulses in the case of the multi-shot FROG measurements.

∆λOSA1
0.1 , nm

FROG GRENOUILLE

∆τ, fs ∆λ0.1, nm G error G′ error ∆τ, fs ∆λ0.1, nm G error G′ error RE, %

72.2 896.1 73.4 0.00344 0.151 892.1 75.7 0.00275 0.146 0.4

85.4 93.5 89.6 0.0006 0.068 94 89.5 0.00121 0.136 0.5

115.4 74.5 105.7 0.00168 0.148
80.6 119.9 0.00239 0.248 8.2

77.5* 110.2* 0.0020* 0.189* 4*

In all cases, the GRENOUILLE retrieval error is approximately the same and indicative of
good retrieval and a good measurement. For a pulse duration of 896.1 fs, the FROG recovery
error closely matches that of GRENOUILLE, while for 93.5 fs, the FROG recovery error is
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half as much. There were minimal power and polarization fluctuations in the measurement of
the generation regime characteristics with a duration of 93.5 fs, expressed in the smoothness
of the trace measurement. This indicates that GRENOUILLE complements FROG in yielding
short-term or even single-shot pulse measurements, whereas FROG (when scanned) averages
over more pulses and so reveals pulse-train instability by a somewhat smeared trace, as has been
shown previously [33].

In order to quantitatively compare the retrieval results from the FROG and GRENOUILLE
traces, Pearson correlation coefficients were calculated and are presented in Table 3.

Table 3. Pearson correlation coefficients for spectral and temporal intensities retrieved from
the FROG and GRENOUILLE traces.

Data 896.1 fs 93.5 fs 74.5 fs w/o
mask

74.5 fs w.
mask

Temp. intensity from GREN. & Temp. intensity from FROG 0.967 0.999 0.992 0.996

Sp. intensity from GREN. & Meas. sp. 0.962 0.845 0.894 0.949

Sp. intensity from FROG & Meas. sp. 0.946 0.845 0.932 0.932

Sp. intensity from GREN. & Sp. intensity from FROG 0.967 0.904 0.921 0.954

3.1. 896.1 fs pulse

Figure 3 shows the results of measured GRENOUILLE and FROG traces of the pulse with a
duration of about 896.1 fs. Figures 3(a), (b), and (c) show the measured GRENOUILLE trace,
the retrieved trace, and the difference between the measured and retrieved traces, respectively. In
general, the recovery result is excellent, and the structures of the measured and recovered traces
are similar. The pulse has a significant chirp and broad spectral width and is not bandwidth
limited (Fig. 3(e)), so some difference in the measured and retrieved GRENOUILLE traces can be
attributed to the limitation of the spectral range of the GRENOUILLE device. Nevertheless, the
measurement results are in good agreement with the results obtained by the FROG setup which
is shown in Table 3. The error of the GRENOUILLE pulse duration measurement with respect
to the FROG is 0.4%, which is generally considered excellent agreement for such a complex
pulse. Finally, the FROG measurement shows some smearing, indicative of some drift in the
pulse shape over the measurement, and effect not present in the GRENOUILLE trace, which was
much faster. Comparison of the spectra measured by the spectrometer and those obtained from
FROG and GRENOUILLE measurements also shows good agreement (Fig. 3(f)).

3.2. 93.5 fs pulse

Figure 4 shows the results for measuring a pulse with a duration of 93.5 fs, in the same form
as for an 896.1 fs pulse. The intensity and phase characteristics obtained by the two devices
agree well (as shown in Fig. 4(e)), as validated by high Pearson correlation coefficients. The
spectral characteristics are also close (Fig. 4(f)). The error of the pulse duration obtained by the
GRENOUILLE method with respect to the FROG method is 0.5%. The different slope of the
pulse phase in the spectral and time domains is due to the slightly different displacement of the
central wavelength of the pulses from the center of the spectral window in the GRENOUILLE and
FROG measurement traces (Fig. 4(e),(f)). It can be seen that the intensity of the GRENOUILLE
trace at the spectral edges is somewhat less than that of the FROG trace (Fig. 4(a),(d)), which is
due to the limitation of the spectral width of the GRENOUILLE measurements, likely due to
insufficiently tight focusing into the nonlinear crystal, but the RANA pulse-retrieval algorithm
realizes this due to information elsewhere in the measured trace (specifically, at small delays) and
appropriately enhances these components (Fig. 4(b),(c)).
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obtained with the OSA1.
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3.3. 74.5 fs pulse

In this section, we summarize the measurement results of the shortest pulse with a duration
of 74.5 fs. The pulse has a spectral FWHM of 85.2 nm that is wider than the previous ones,
and obtaining the GRENOUILLE trace without special processing leads to a large error in the
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pulse duration of about 8 %. By comparing the measured traces of GRENOUILLE (Fig. 5(a))
and FROG (Fig. 5(d)), it can be clearly seen that the intensity of spectral components in the
wavelength region below 940 and above 960 nm in GRENOUILLE is less than that in FROG.
To increase the intensity in these areas, a special mask can be applied that takes into account
the intensity distribution of the input laser beam, the thickness of the crystal, and the beam
crossing angle ≈ 5◦ [34]. For the thick crystal used in GRENOUILLE, the mask is defined as the
convolution of the spatial profile with itself over the beam region. The spatial distribution of the
beam at the entrance to GRENOUILLE was determined by solving the equations in the paraxial
approximation starting from the fiber. The spatial distribution of the beam is given by a Gaussian
function with a diameter of 20 mm at the 1/e2 level. Applying the mask consists of dividing the
values of the measured trace by the values of the resulting mask.

pulse phase in the spectral and time domains is due to the slightly different displacement of the
central wavelength of the pulses from the center of the spectral window in the GRENOUILLE
and FROG measurement traces (Fig. 4e,f). It can be seen that the intensity of the GRENOUILLE
trace at the spectral edges is somewhat less than that of the FROG trace (Fig. 4a,d), which is
due to the limitation of the spectral width of the GRENOUILLE measurements, likely due to
insufficiently tight focusing into the nonlinear crystal, but the RANA pulse-retrieval algorithm
realizes this due to information elsewhere in the measured trace (specifically, at small delays) and
appropriately enhances these components (Fig. 4b,c).

3.3. 74.5 fs pulse

In this section, we summarize the measurement results of the shortest pulse with a duration
of 74.5 fs. The pulse has a spectral FWHM of 85.2 nm that is wider than the previous ones,
and obtaining the GRENOUILLE trace without special processing leads to a large error in the
pulse duration of about 8 %. By comparing the measured traces of GRENOUILLE (Fig. 5a)
and FROG (Fig. 5d), it can be clearly seen that the intensity of spectral components in the
wavelength region below 940 and above 960 nm in GRENOUILLE is less than that in FROG.
To increase the intensity in these areas, a special mask can be applied that takes into account
the intensity distribution of the input laser beam, the thickness of the crystal, and the beam
crossing angle ≈ 5◦ [34]. For the thick crystal used in GRENOUILLE, the mask is defined as the
convolution of the spatial profile with itself over the beam region. The spatial distribution of the
beam at the entrance to GRENOUILLE was determined by solving the equations in the paraxial
approximation starting from the fiber. The spatial distribution of the beam is given by a Gaussian
function with a diameter of 20 mm at the 1/e2 level. Applying the mask consists of dividing the
values of the measured trace by the values of the resulting mask.
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Fig. 5. Traces of 74.5 fs pulse with GRENOUILLE and FROG device: (a) measured
GRENOUILLE trace, (b) measured GRENOUILLE trace with mask application,
(c) retrieved trace for the measured GRENOUIILE trace with mask application, (d)
measured FROG trace; (e) intensity mask for a 20 mm Gaussian beam; (f) difference
between measured b) and retrieved c) traces.

After low-pass filtering of the measured GRENOUILLE trace, necessary to remove high-
frequency digital noise from it, and applying the mask shown in Fig. 5e, the GRENOUILLE trace
has the appearance shown in Fig. 5b. The trace intensities in the wavelength region longer than

Fig. 5. Traces of 74.5 fs pulse with GRENOUILLE and FROG device: (a) measured
GRENOUILLE trace, (b) measured GRENOUILLE trace with mask application, (c) retrieved
trace for the measured GRENOUIILE trace with mask application, (d) measured FROG
trace; (e) intensity mask for a 20 mm Gaussian beam; (f) difference between measured b)
and retrieved c) traces.

After low-pass filtering of the measured GRENOUILLE trace, necessary to remove high-
frequency digital noise from it, and applying the mask shown in Fig. 5(e), the GRENOUILLE
trace has the appearance shown in Fig. 5(b). The trace intensities in the wavelength region
longer than 960 and shorter than 940 nm increased, resulting in a decrease in the extracted pulse
duration as well as a decrease in the retrieval error. This resulted in the trace becoming closer
to the FROG trace. Figure 5(f) shows the difference between the trace with the applied mask
Fig. 5(b) and the retrieved trace Fig. 5(c).

Figure 6(a) shows the retrieved temporal intensity and phase of 74.5 fs pulse by using FROG
trace, GRENOUILLE trace, and GRENOUILLE trace with the mask. Without applying the mask,
the pulse duration was 80.6 fs. The total error of pulse duration determined by the GRENOUILLE
trace with the mask (77.5 fs) compared with the FROG trace is 4%.

The spectral intensities and phases for the FROG, GRENOUILLE, and GRENOUILLE with
the mask measurements are shown in Fig. 6(b). The application of the mask caused the intensity
of the spectrum to be closer to the measured spectrum. This is verified by the increase in the
Pearson correlation coefficient of the measured spectrum and the spectral intensity obtained by
retrieving the GRENOUILLE trace with the applied mask, see the second row in Table 3. Thus,
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960 and shorter than 940 nm increased, resulting in a decrease in the extracted pulse duration as
well as a decrease in the retrieval error. This resulted in the trace becoming closer to the FROG
trace. Figure 5f shows the difference between the trace with the applied mask Fig. 5b and the
retrieved trace Fig. 5c.

Figure 6a shows the retrieved temporal intensity and phase of 74.5 fs pulse by using FROG
trace, GRENOUILLE trace, and GRENOUILLE trace with the mask. Without applying the mask,
the pulse duration was 80.6 fs. The total error of pulse duration determined by the GRENOUILLE
trace with the mask (77.5 fs) compared with the FROG trace is 4%.
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Fig. 6. Retrieved temporal (a) and spectral (b) intensity/phase profiles from the FROG,
GRENOUILLE, and GRENOUILLE with mask traces, represented in blue/pink. The
gray dotted curve shows the measured spectrum obtained with the OSA1.

The spectral intensities and phases for the FROG, GRENOUILLE, and GRENOUILLE with
the mask measurements are shown in Fig. 6b. The application of the mask caused the intensity
of the spectrum to be closer to the measured spectrum. This is verified by the increase in the
Pearson correlation coefficient of the measured spectrum and the spectral intensity obtained by
retrieving the GRENOUILLE trace with the applied mask, see the second row in Table 3. Thus,
the application of the mask reduced the pulse duration and brought the spectral intensity closer
to the measured one, making the GRENOUILLE trace closer to the FROG trace.

4. Discussion

One of the estimates of trace measurement accuracy is the retrieval error. The retrieval error
in GRENOUILLE is slightly larger than in FROG, so it can be argued that GRENOUILLE is
less accurate than FROG. This is because, since GRENOUILLE uses a thick nonlinear crystal
as a dispersing element, its spectral resolution is lower than that of FROG, which uses a thin
crystal and spectrometer (ones of nm vs. tenths of nm). However, even the resolution in ones
of nanometers is sufficient to characterize USP after applying modern approaches (RANA) to
the trace reconstruction [32], so this is not a significant source of error in the results. This is
confirmed by the Pearson correlation coefficients, which are close to one in all cases.

Some of the discrepancies in the measured FROG and GRENOUILLE traces may also be due
to the instability of the pulse generation regime since the FROG trace was measured for more
than 20 min, while the GRENOUILLE trace was measured for only 600 ms. The undoubted
advantage of the GRENOUILLE system is its measurement speed, which allows it to monitor
changes in the pulse generation regime of ultrafast fiber lasers. The slightly insufficient efficiency
of SHG at the sides of the GRENOUILLE trace can be further reduced by changing the optical
system, including, increasing the beam diameter at the input and decreasing the focal length of
the cylindrical lens focusing the radiation into the nonlinear crystal. This would negate the need

Fig. 6. Retrieved temporal (a) and spectral (b) intensity/phase profiles from the FROG,
GRENOUILLE, and GRENOUILLE with mask traces, represented in blue/pink. The gray
dotted curve shows the measured spectrum obtained with the OSA1.

the application of the mask reduced the pulse duration and brought the spectral intensity closer
to the measured one, making the GRENOUILLE trace closer to the FROG trace.

4. Discussion

One of the estimates of trace measurement accuracy is the retrieval error. The retrieval error
in GRENOUILLE is slightly larger than in FROG, so it can be argued that GRENOUILLE is
less accurate than FROG. This is because, since GRENOUILLE uses a thick nonlinear crystal
as a dispersing element, its spectral resolution is lower than that of FROG, which uses a thin
crystal and spectrometer (ones of nm vs. tenths of nm). However, even the resolution in ones
of nanometers is sufficient to characterize USP after applying modern approaches (RANA) to
the trace reconstruction [32], so this is not a significant source of error in the results. This is
confirmed by the Pearson correlation coefficients, which are close to one in all cases.

Some of the discrepancies in the measured FROG and GRENOUILLE traces may also be due
to the instability of the pulse generation regime since the FROG trace was measured for more
than 20 min, while the GRENOUILLE trace was measured for only 600 ms. The undoubted
advantage of the GRENOUILLE system is its measurement speed, which allows it to monitor
changes in the pulse generation regime of ultrafast fiber lasers. The slightly insufficient efficiency
of SHG at the sides of the GRENOUILLE trace can be further reduced by changing the optical
system, including, increasing the beam diameter at the input and decreasing the focal length of
the cylindrical lens focusing the radiation into the nonlinear crystal. This would negate the need
for a mask for broad-spectrum pulses.

SHG trace in GRENOUILLE can be distorted by aberrations as well as spatial chirp and
pulse front tilt, and the nature of the distortions can be misidentified [35]. In our study, the
SHG trace obtained with the GRENOUILLE device was validated with the SHG trace from
multi-shot FROG, and for our experimental setup, no influence of possible aberrations on the
trace was observed because the traces were very close. Furthermore, as shown in our study, beam
divergence can affect the SHG trace, and numerical modelling of the spatio-temporal propagation
of the pulse in the GRENOUILLE instrument is required to fully determine the optimal beam
parameters as well as the influence of aberrations.

Regarding device sensitivity, the quantum efficiency of the silicon sCMOS sensors used in the
research decreases by a factor of 7 from the maximum in the 950 nm region, which makes the
sensitivity in measuring the traces of SHG pulses with a wavelength of 1.9 µm very important.
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Nevertheless, even without the use of special mathematical methods, we were able to measure
pulses with an energy of 500 pJ with a signal-to-noise ratio of 14 dB.

The LP at the output of the amplifier was used (see Fig. 2), so in this study, the characteristics
of the USPs were measured only for linearly polarized pulses, as the autocorrelator and FROG
usually do. GRENOUILLE can be used to measure the polarization-shaped pulses in our
experimental setup by taking three SHG trace measurements at different positions of the LP
(typically 0◦, 45◦, and 90◦) and obtaining the characteristics of the pulses with time-varying
polarization using the TURTLE method [36,37].

5. Conclusion

The developed GRENOUILLE system successfully measured USP from 74 to 900 fs at 1.8 to
2 µm with high speed (600 ms, not including the pulse retrieval procedure). It was shown that
a mask was necessary for 74 fs pulse measurements due to the broad spectral bandwidth of
the pulse. The GRENOUILLE measurement results were validated with the multi-shot FROG
measurements and are in good agreement, as indicated by correlation coefficients close to one.
Comparing the pulse durations obtained from the GRENOUILLE and FROG SHG traces, the
error for the shorter pulses increased from 0.4 % for 896.1 fs to 4% for 74.5 fs in accordance
with the increase in spectrum bandwidth. The effect of the laser beam divergence on the quality
of the GRENOUILLE SHG trace was also shown. It was found that at an input beam divergence
of 0.035◦ the SHG trace is close to the SHG trace of the multi-shot FROG. In order to analyse
in more detail the requirements for beam characteristics at the input as well as the influence of
aberrations, numerical simulations of the spatio-temporal propagation of the GRENOUILLE
device could be performed in the future. In addition, further research could be directed towards
the high speed measurement of polarisation-shaped pulses using the developed GRENOUILLE
device and TURTLE method.

Appendix A: GRENOUILLE trace measurements of the complex pulse with the
7 mm focal length collimator

In [26], it was shown the measurement results with a reflective collimator RC02APC with a
focal length of 7 mm to input USPs into the developed GRENOUILLE device. The spectrum
and autocorrelation trace obtained by the GRENOUILLE device were in good agreement for
Gaussian-shaped pulses with the data measured by OSA1 and ACR, respectively, [26]. However,
the measured results of the complex pulses were slightly different. This raised a hypothesis
about the laser divergence requirements at the input to the GRENOUILLE device for measuring
complex-shaped pulses.

Figure 7 shows the measured and retrieved FROG and GRENOUILLE traces of the complex
pulse with a 58.8 nm spectral FWHM and 62 fs duration with the RC02APC reflective collimator
and a camera with a Sony ICX-829AL sensor (Sony Inc., Japan). As can be seen, there is a
mismatch between the sides of the measured FROG (Fig. 7(a)) and GRENOUILLE (Fig. 7(b))
traces. Despite the relatively large error in the FROG trace reconstruction due to the instability
of the pulse generation regime during measurement, the structure of the reconstructed FROG
trace (Fig. 7(c)) is close to that of the measured trace. The side and central parts of the resulting
GRENOUILLE (Fig. 7(d)) have different intensity and structure compared to the measured trace.
Presumably, these discrepancies are due to the large beam divergence (2θ ≈ 0.152◦) after the
collimator and correspondingly small radius of curvature of the wavefront at the entrance to the
GRENOUILLE device.

So, in order to increase the validity of the GRENOUILLE device, it was necessary to reduce the
radiation divergence by using a reflective collimator with a larger focal length. With the installation
of a reflective collimator providing a total beam divergence of 2θ ≈ 0.035◦, the FROG and
GRENOUILLE traces became close. Thus, a 4.3-fold decrease in the radiation divergence (from
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Fig. 7. Measured (a,b) and retrieved (c,d) FROG and GRENOUILLE traces, respectively.

mismatch between the sides of the measured FROG (Fig. 7a) and GRENOUILLE (Fig. 7b)
traces. Despite the relatively large error in the FROG trace reconstruction due to the instability
of the pulse generation regime during measurement, the structure of the reconstructed FROG
trace (Fig 7c) is close to that of the measured trace. The side and central parts of the resulting
GRENOUILLE (Fig. 7d) have different intensity and structure compared to the measured trace.
Presumably, these discrepancies are due to the large beam divergence (2𝜃 ≈ 0.152◦) after the
collimator and correspondingly small radius of curvature of the wavefront at the entrance to the
GRENOUILLE device.

So, in order to increase the validity of the GRENOUILLE device, it was necessary to reduce the
radiation divergence by using a reflective collimator with a larger focal length. With the installation
of a reflective collimator providing a total beam divergence of 2𝜃 ≈ 0.035◦, the FROG and
GRENOUILLE traces became close. Thus, a 4.3-fold decrease in the radiation divergence (from
0.152◦ to 0.035◦) was sufficient to bring the results of FROG and GRENOUILLE measurements
closer to each other, but a detailed modeling of the radiation propagation is necessary for a more
accurate assessment.
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