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The advancement of laser technology, producing increasingly shorter and more intricate optical pulses,
has elevated the significance of precise characterization of a transient electric field, including the carrier-
envelope phase. This characterization must cover progressively larger spectral bands and be performed as
close as possible to the experimental site to enable a detailed understanding of the coherent light-matter
interaction. Furthermore, in many experiments, two (or more) different ultrashort pulses are used, calling
for a technique capable of characterizing multiple electric fields simultaneously. Here, we introduce the
TREX (third-order reconstruction of electric fields via cross(X)-correlation) method, which allows the all-
optical, insitu characterization of the complete electric fields of 2 broadband pulses with different central
wavelengths. The method relies on the measurement of the perturbative third-order nonlinear response
generated in a noble gas target while varying the delay between 2 pulses. The resulting spectrograms can
be reconstructed using a custom evolutionary algorithm. The technique is demonstrated by retrieving
the complete electric field, including the carrier-envelope phase, generated by the coherent synthesis
of 2 ultrashort pulses. These synthesized waveforms reach time durations below a single optical cycle,
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demonstrating the ability of TREX to characterize complex multioctave-spanning electric fields.

Introduction

Advances in ultrafast physics experiments have largely been
enabled by the implementation of numerous pulse characteriza-
tion techniques suitable for different experimental conditions.
The most widely used all-optical techniques are based on the
measurement of parameterized nonlinear process spectra and
iterative reconstruction [1], the most prominent of which are
frequency-resolved optical gating (FROG) [2,3] and dispersion
scan (d-scan) [4,5]. Alternatively, spectral phase interferometry
techniques, such as spectral phase interferometry for direct
electric-field reconstruction [6,7] and 2-dimensional spec-
tral shearing interferometry [8,9], allow directly accessing
the group delay.

These characterization techniques return the spectrum and
spectral phase but typically do not allow access to the carrier-
envelope phase (CEP), an extremely important parameter in
pulses with few optical cycles. However, when the pulse pres-
ents an octave-spanning spectrum, interference between the
fundamental and the second harmonic can be observed and
used to reconstruct the CEP, as demonstrated using the d-scan
technique [10]. Yet, this opportunity is limited to spectral
regions where the phase matching of nonlinear crystals—essential
for obtaining the second-order signal—is such that conver-
sion of octave-spanning spectra is possible. Since the CEP is
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often a crucial parameter, it is typically determined using a
separate setup based on either spectral interference [11] or
above-threshold ionization [12]. The separation of spectral
phase and CEP measurement has the disadvantage that the
actual optical waveform at the point of interest can be inferred
only by numerical propagation of the results obtained from the
distinct measurements and, thus, with high uncertainty.

Several field sampling techniques have been developed in
recent years to tackle this problem [13]. These methods are
based either on highly nonlinear processes, such as ionization
[14-19], carrier injection [20-23], and high-harmonic genera-
tion [18], or on perturbative nonlinearities, such as electro-
optic sampling [24]. Although these methods resolve the
ambiguity related to the CEP by returning the electric field in
the time domain, they require sophisticated modeling of the
nonlinear interaction, susceptible to quantitative errors, and/
or a complex experimental apparatus, and/or a shorter sam-
pling pulse, which is not always available.

A common limitation is that the pulse characterization often
takes place under conditions different from those used in the
experiment, e.g., at a different position or using a pulse replica.
An important step to circumvent this limitation was taken by
Crespo et al. [25], who demonstrated in situ pulse characteriza-
tion simultaneous to the generation of high harmonics by per-
forming a third-harmonic d-scan (THIS:d-scan). In their case,
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access to the CEP and, thus, to the complete optical waveform
was not possible, although the authors suggest that it would have
been possible for pulses with a bandwidth greater than one octave.
Another recent publication by Awad et al. [26] demonstrated
amethod combining the principle of TIPTOE (tunneling ion-
ization with a perturbation for the time-domain observation
of an electric field) with high-harmonic generation from
solids to perform in situ pulse characterization.

The scenario in which 2 (or more) spectrally different pulses
interact with a sample is common in ultrafast science, such as
in nondegenerate pump-probe spectroscopy [27] or in the wide
variety of @ — 2w [28,29] and @ — 3w experiments [30,31]. In
these experiments, a precise characterization of the relative
delay between the pulses is also crucial. Multiple techniques
capable of characterizing 2 pulses of different colors have been
demonstrated including very advanced method for phase
and intensity retrieval of e-fields [32] and double-blind FROG
[33]. So far, none of these techniques have allowed the complete
reconstruction of 2 spectrally different electric fields, including
both CEPs.

In this article, we introduce a technique called TREX, which
stands for third-order reconstruction of electric fields via
cross(X)-correlation. It allows the in situ reconstruction of
2 spectrally different pulses, as well as their relative delay,
without needing any additional reference pulse. Importantly,
if the pulses are ultrabroadband, their CEPs can also be deter-
mined, allowing for a complete field reconstruction.

TREX is implemented by focusing 2 collinearly propagating
pulses into a gas target (see the top of Fig. 1). The spectrum
generated by the gas nonlinearity (predominantly third order
[TO]) is recorded while varying the delay between the pulses,
generating a spectrogram as depicted in Fig. 1C. The collinear
geometry gives rise to interference fringes that are sensitive to
the phase difference between the pulses (including the relative
phase ¢,), similarly to interferometric FROG [34] (see the ¢,
arrows in Fig. 1C). When dealing with CEP-stable few-cycle
pulses (CEP; = ¢, and CEP, = ¢, + ¢,), additional fringes
appear in the spectrogram (indicated in Fig. 1C by the ¢,
arrow) that are sensitive to the common phase ¢ of the pulses,
allowing the TREX reconstruction algorithm to determine the
full electric fields of both pulses including their CEPs.

We demonstrate the TREX technique by characterizing
2 CEP-stable few-cycle pulses generated by a multistage optical
parametric amplifier (OPA) system [35]. The spectra of the
2 pulses span 700 to 1,000 nm (near-infrared [NIR] pulse) and
1,200 to 2,200 nm (infrared [IR] pulse). These pulses can be
coherently combined to produce synthesized waveforms with
an intensity full width at half maximum duration down to
2.8 fs, corresponding to a half-cycle pulse. Due to the extreme
sensitivity of the synthesized waveforms on the relative delay,
the CEPs, and the precise envelope shapes of the 2 constituent
pulses, our synthesizer is an ideal test case for the TREX tech-
nique. Knowledge of the electric field waveform is crucial for
strong-field interactions, such as high-harmonic generation,
which is an important application of our synthesized pulses.

Methods

Simple model

The TO nonlinear polarization of a gas medium generates new
frequencies over multiple spectral regions via different 4-wave-
mixing channels, shown in Fig. 1C. For the experimental TREX
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Fig. 1. Top: Experimental geometry of the TREX (third-order reconstruction of electric
fields via cross(X)-correlation) method. Two collinearly propagating pulses are
focused into a gas target and the spectrum of the third-order (TO) nonlinear signal
is recorded for varying delay . Bottom: Simulated TO spectrogram (C) for 2 Fourier-
limited Gaussian pulses with central wavelengths of (A) 1,700 nm (f; ~ 0.18 PHz)
and (B) 800 nm (f, ~ 0.37 PHz). The TO-mixing terms are indicated at the right side
of (C). The arrows indicate ¢,- and g¢-sensitive regions. Note that this simulation
shows only the nonlinear part of the signal. The shaded region is experimentally
not observed due to the copropagating fundamentals and is not shown in the next
figures. E-field, electric field.

measurements presented in this paper, we detect the TO signal
over the ultraviolet (UV)-to-NIR range (enabled by silicon-
based detectors). When considering a helium gas target with a
pressure of 1 bar, the wave vector mismatch with the funda-
mental is at most in the 10~°-nm ™" range, corresponding to a
coherence length of several centimeters (see supplementary
document Section S1). Since the medium length of about 1 mm
is much shorter than the coherence length, we neglect phase
matching in our simple theoretical description. The frequency
dependence of the nonlinear susceptibility is neglected since a
noble gas medium with a high ionization potential is used.
Additionally, if we assume an ionization fraction of the gas
of <0.1%, the plasma-induced reshaping of the fundamental
pulses can be neglected. Under these assumptions, the TO
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polarization, including all mixing signals, can be calculated in
the time domain using the following equation:

Pus(t,7)  [Ey(t =)+ Ex(0)], (1)

whereby E, (t) and E,(t) are the real-valued electric fields of the
2 pulses and 7 is the delay between them. We will later refer to
the sum of the individual electric fields as the total field:

Eip(t,7) = Ey(t—7) + Ex(8). (2)
The individual fields are described by

E\(t) = A (t)cos (2xfit + @y +O(t2)) (3)

Ey(t) = Ay(t)cos(2afyt + @y + @, +O(t2) ) (4)

where (9(t2 ) include all higher-order dispersions of each pulse.
It is important to note that in this description, a variation of
the common phase @, leads to an equal variation of the CEP
of E,,,.

To describe the actual measured frequency domain signal

§(f.7) we take into account the transfer function T(f) of the
optical setup. The measured signal is then given by

S(f.7) | f FT Pt} T(). (5)

In the frequency domain, the signal S contains contributions
from all 4-wave-mixing terms of the 2 spectra.

To verify the validity of this simple model under realistic
conditions, we performed 2-dimensional (radial symmetry)
nonlinear propagation simulations using the Luna.jl package
[36] and compared the corresponding spectrograms (see
supplementary document Section S2).

Figure 1C shows a TO spectrogram calculated using Eq. 5
for 2 Gaussian pulses with central wavelengths of 1,700 and
800 nm, respectively (Fig. 1A and B), which are close to those
of the pulses characterized in the experiments. The horizontal
lines in this plot correspond to the delay-independent contribu-
tions, which are the third-harmonic (3f, and 3f,) and self-phase
modulation (SPM) (f; + f; — fiand f, + f, — f,) of the 2 pulses.
During the temporal overlap, the delay-dependent terms
appear. These are the cross-phase modulation (XPM) terms
(fi +f, —f, and f, +f; —f)) and the mixing terms 2f, — f,,
2f; + f»and f; + 2f,. In principle, additional mixing terms can
appear at lower frequencies than the fundamentals. For the
2 central frequencies analyzed here, these mixing terms fall
into the mid- to far-IR region and are thus experimentally not
observable in our setup. Nevertheless, they can be easily observed
for pulses in the UV and visible range.

Chirp sensitivity

As for FROG or d-scan, the mixing signals encode the spectral
phase of the 2 pulses. Figure 2 illustrates the effects of second-
(group delay dispersion [GDD]) and third-order dispersion
(TOD) on the spectrogram. GDD leads to a tilting of the mixing
signals due to the change in the instantaneous frequency of the
pulses. TOD, on the other hand, leads to an asymmetric defor-
mation of the signals stemming from the typical pre- or post-
pulses generated by TOD. It is important to note that chirping
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1 of the 2 pulses does not simply produce the opposite behavior
of chirping the other one. As shown in Fig. 2A and C, the spec-
trograms resulting from chirping one pulse or the other are
qualitatively different. This allows the TREX technique to
unambiguously determine the chirp of each pulse.

To demonstrate that the chirp can be accurately recon-
structed from the spectrograms, we performed 2 measure-
ments, before and after inserting a fused silica window into
the beam path of both pulses. The material phase was deter-
mined by subtracting the reconstructed spectral phases of the
2 measurements, as shown in Fig. 3 alongside the expected
phase shift calculated from the Sellmeier equation [37]. The
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Fig. 2. Simulated spectrograms for the same pulses as in Fig. 1C, when group delay
dispersion (GDD) (A and C) or third-order dispersion (TOD) (B and D) are applied to
1 of the 2 pulses, showing the typical tilting or asymmetric broadening.
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Fig. 3. Green line: Expected phase shift due to propagation through 1.9 mm of
fused silica. Black dots: Phase shift obtained by subtracting the spectral phases
reconstructed through 2 consecutive TREX measurements, made before and after
adding (2.0 + 0.1) mm of fused silica in the beam path of both pulses.
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phase shift agrees well with the expected one. We attribute
the slight deviation of the phase around 1,400 nm to the small
O-H absorption line of the UV-fused silica substrate used
for the measurement. The measured and retrieved spectro-
grams underlying the shown result can be found in supple-
mentary document Section S12.

Common- and relative-phase sensitivity

When the 2 pulses have broad spectra and different central
frequencies, the various mixing terms spectrally overlap. This
leads to beatings along the delay axis, which are sensitive to the
relative phase ¢, between the 2 pulses. Furthermore, the fringes
arising from the interference of [SPM/XPM and 3f}], [2f, — f;
and 3f}], and [2f, — f; and 2f; + f,] show also a dependence on
the common phase ¢,. In the absence of ¢, stability, these
fringes will disappear when averaged over multiple shots, even
if @, is stable. However, other fringes, such as those arising from
the interference between f; + 2f,and 2f; + f,, will still be visible
even if only @, is stable. In this case, one can still determine the
spectral phase of both pulses and the intensity envelope of the
total field, which is generated by summing the 2 pulses coher-
ently. In the absence of relative-phase stability, all fringes will
be washed out, and only the individual envelopes and chirps,
but not the envelope and chirp of the total field, can be deter-
mined (see supplementary document Sections S3 and S4).

In the presence of phase stability, the fringes allow the recon-
struction of the total field, including the CEP, up to an unknown
global sign of the total electric field, since these phase-dependent
fringes are referenced to the envelope-dependent signals (as
they both appear on the same spectrogram). This remaining
ambiguity stems from the inherent inversion symmetry of
the atomic system and manifests itself in a z periodicity of
the ¢y-dependent fringes when scanning @,. The dynamics
of the fringes during a ¢, and a ¢, scan are presented in Movies
S1 and S2.

One should note that for different bandwidths and ratios
between the central frequencies of the 2 pulses, the ¢,-dependent
fringes might arise from a different combination of interfering
mixing terms or might not be present at all for narrowband
pulses. The dependency of the 4-wave mixing signals on the
fi /f, ratio is shown in supplementary document Section S6,
both in the case of 2 “long” (8-cycle) pulses and in the case of
2 “short” (2-cycle) pulses. Fringes depending on ¢, (and on
@,) are expected at each crossing point. For 2-cycle and
shorter pulses, ¢,-dependent fringes appear for practically
any ratio f, /f;, given the broad bandwidth. In general, ¢,
-dependent fringes arise from the interference of two 4-wave
mixing signals that exhibit a different dependence on ¢,,. For
example, shifting @, by Ag, leads to a phase shift of 3A¢, for
the 3f, signal, while the phase of the — f; + 2f, term changes by
Agy, giving @, sensitivity to the interference signal among
the 2 terms, which occurs for f, / f; ~ 2.

Figure 4A shows the evolution of the measured spectrum
for a fixed delay, close to time zero, while linearly scanning ¢,
This experiment was performed by utilizing the control system
of the waveform synthesizer that allows the independent con-
trol of ¢ and @, [38]. In particular, the f — 2f signal measured
in the multiphase meter of the control system returns the phase
®pm = @q + const.Initially, the constant is not known. The data
presented in Fig. 4A were acquired while locking ¢, to a fixed
value and linearly scanning ¢, over a 3z range multiple times.
The in-loop f — 2f data of the control system as well as all
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Fig. 4. Carrier-envelope phase (CEP) (o) dependence of the TREX signal. (A) Measured
TREX spectrogram while varying ¢, at a fixed delay and ¢,. The expected =
periodicity is visible. (B) Simulated ¢, scan using the pulses characterized before
acquiring the data in (A). (C) E,,; for 3 different positions in the ¢ scan. The dashed
line indicates the electric field envelope.

acquired TO spectra are shown in supplementary document
Section S5. The measured single-shot ¢,,,, values allow us to
assign a phase axis to the measured spectra. In order to deter-
mine the unknown constant (¢,,,, — @), we performed a TREX
measurement directly before tﬁe ¢ scan, ata known fixed ¢,,,,
value. The electric fields retrieved from this TREX measure-
ment provide an absolute value of ¢ and therefore allow us to
determine the constant offset between ¢, and ¢,,,.. This enables
the unambiguous determination of the complete E,,, for each
acquired spectrum and corresponding ¢, value. In particular
the fringe maximum (¢, = 0 + nx) corresponds to the field
shape E,, that maximizes the instantaneous intensity (dark
green line in Fig. 4C).

The experimental data are compared to a simulation (see
Fig. 4B), based on the simple model presented earlier, obtained
by numerically varying the ¢, of E,,, retrieved from the TREX
measurement. The very good agreement, which extends to the
substructure of the beatings, showcases the accuracy of the
retrieved optical waveforms. Please note that the scale of
the ¢, axis is provided by the single-shot ¢, data, measured
independently by the f — 2f phase meter, and was not further
adjusted to fit the expected # periodicity. This measurement
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shows that TREX is sensitive also to the common phase g, and
can thus reconstruct the complete electric fields of both pulses,
including their CEPs (CEP; = ¢y CEP, = ¢, + ¢,).

It is worth noting that for the experimentally used condition
(frequency ratio ~ 2.1), the interference of the XPM/SPM sig-
nal of f, and the third harmonic of f; generates a beating signal
that oscillates along the delay axis with a period corresponding
exactly to the optical frequency at which it is observed. This
allows a precise calibration of the delay axis, thus a self-
referenced measurement, provided that the frequency axis
of the spectrometer is calibrated (for more details, see supple-
mentary document Section S7).

It is also important to observe that the TREX TO signal is
generated in a region around the focus that extends only across
a fraction of the Rayleigh length, given its proportionality to
(E,o;)’. This ensures that the Gouy phase assumes a well-defined
mean value during the TO-signal generation. Nevertheless, in
order to achieve CEP sensitivity, it is important that the nonlin-
ear medium provides a sufficiently low dispersion such that the
waveforms do not change drastically during propagation.

High-intensity effects

A key requirement for the simple model to be valid is that the
peak intensity of E,,, does not exceed about 0.5 PW cm ™ for a
nonlinear interaction length of ~1 mm, in helium with a back-
ing pressure of about 1 bar, if few-cycle pulses are assumed. For
higher intensities (or longer interaction lengths), the generated
TO signal can itself undergo another TO interaction with the
copropagating fundamentals. The resulting radiation generated
through this cascaded effect reaches the fifth harmonic spectral
region (and beyond) and, importantly, overlaps spectrally with
the initial TO signal, forming additional fringes, which distort
the spectrogram around time zero, where the peak intensity
is the highest.

Furthermore, a high peak intensity can lead to substantial
ionization [39]. The resulting plasma not only creates additional
signals (such as blueshift [40] or Brunel harmonics [41]), not
taken into account by our simple model, but can also dramati-
cally change the total field as it propagates through the gas
target, preventing an accurate reconstruction of the 2 electric
fields. Due to the highly nonlinear process, ionization-induced
distortions are stronger close to time zero, where the peak field
increases dramatically if the 2 constituent pulses are phase
stable and, therefore, coherently combined.

Since the retrieval algorithm introduced in the following sec-
tion relies on the simple model to be computationally efficient,
care has to be taken to avoid ionization and cascaded effects.
This can be easily achieved either by keeping the pulse intensities
low enough or by decreasing the gas target pressure/length.

Waveform Reconstruction

Similarly to FROG and d-scan techniques, the pulse shape is
not directly accessible from the measured spectrogram but has
to be reconstructed using an iterative algorithm. The param-
eters that need to be retrieved from a measured TREX spec-
trogram are the following:

« the spectral phases of both pulses, including the CEPs
o the spectral intensities (based on an initial guess)

o the ratio between the pulse fluences

o the spectral transfer function of the optical setup
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A retrieval algorithm needs to cope with a very large param-
eter space. It is also not possible to optimize each parameter
independently; the algorithm thus needs to perform an opti-
mization on the complete parameter space.

Thanks to their versatility and robustness, various flavors of
evolutionary algorithms have become very popular in recent
years for such black-box optimization problems [42]. Among
many other things, they have been used for the retrieval of
pulses from FROG [43] and d-scan measurements [44], for
optimizing the driving pulses for coherent control experiments
[45], and for retrieval of molecular information in high-har-
monic spectroscopy [46]. These evolutionary algorithms can
be seen as the precursors of the currently very active field of
machine learning techniques developed for physical studies.

To reconstruct the waveforms from the measured spectro-
grams, we employ a custom evolutionary algorithm imple-
mented in Julia [47]. Starting from a set of random initial
guesses, called individuals, it optimizes the parameters of each
individual by iteratively applying the following steps:

1. calculation of the fitness score for each individual

2. selection of the best individuals, called survivors, based
on the fitness score

3. replacement of excluded individuals with new ones,
obtained from the survivors via child generation rules

4. random mutation of a portion of individuals

During the optimization process, the resolution of the fre-
quency axis, and correspondingly the length of the delay axis,
is gradually increased from an initially low value (and short
length) to the desired value, in order to decrease the retrieval
time. Simultaneously, the population size is gradually decreased
to reduce the computational cost. For more strongly chirped
pulses, it has been proven beneficial to first perform a preop-
timization step, where the spectral phase is described by a poly-
nomial. Once a rough estimate of the spectral phase is obtained,
it is used as the initial guess for the main retrieval. In this pre-
optimization step, the solver also optimizes the fluence ratio
but does not yet change the spectral shape and transfer func-
tion. For the highest CEP and relative delay accuracy, a post-
optimization step is implemented, where the solver exclusively
optimizes those 2 parameters based on the result of the main
retrieval. All 3 solver steps work on the same principle of
evolutionary optimization described above. The implemented
algorithm can retrieve a typical TREX measurement within
30 s to a few minutes on a standard personal computer, depend-
ing on the desired accuracy of the retrieval. More details on the
retrieval algorithm implementation can be found in supple-
mentary document Section S9.

Experimental setup

In our setup, the TO signal is generated in the same gas cell
used to generate high-harmonics (1 mm long filled with helium
at a backing pressure of 1 bar), thus allowing an in situ charac-
terization of synthesized waveforms at the interaction position
inside the vacuum chamber. The TO signal is then guided out
of the chamber, spectrally filtered, and recorded. The vacuum
chamber is needed only for the high-harmonic experiments
and would not be necessary for the TREX measurements.

For the pulses used in this study, the TO signal extends down
to 230 nm. UV-enhanced aluminum mirrors are necessary in
order to preserve the short-wavelength part of the signal during
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its propagation to the spectrometer. Since the copropagating
fundamental spectra need to be attenuated before recording, it
is necessary to use a filter with a cut-on wavelength of about
700 nm and a cut-off wavelength ideally below 230 nm. Typical
color glass or thin-film filters do not allow such a broad trans-
mission window while maintaining a sufficiently strong attenu-
ation for the complete fundamental spectral region (700 to
2,200 nm). Therefore, we implemented the spatial filtering
setup shown in Fig. 5. In this setup, the beam diameter is ini-
tially reduced through a telescope and then spatially dispersed

[

Collimating

Gas cell mirror

R—

mirror Vacuum chamber
| < 1ris Knife
f=100 mm Iris f=200 mm edge
I O Prism
/ﬂ —_ UVFS
A7 Prism
~ " UVFS O Spectroter
f=150 mm

Fig. 5. Experimental setup used for the TREX measurements. Inside the vacuum
chamber, the beam, consisting of 2 pulses, is focused into the gas cell where the TO
signal is generated. After collimation, the beam exits the vacuum chamber and enters
the spatial filtering setup used to remove the copropagating fundamentals. Here, after
reducing the beam diameter with a telescope, the TO signal is spectrally dispersed
by an ultraviolet (UV)-fused silica prism (UVFS). After collimation by a second prism,
the fundamentals are removed with an adjustable knife edge. The signal propagates
backward and is collected with a commercial spectrometer.

with 2 UV-fused silica prisms. A sharp beam block is placed
after the second prism in front of the back reflection mirror,
providing a variable filter capable of completely removing the
fundamentals. The reduced beam diameter allows for a sharper
spectral cut. The filtered light is then spectrally recombined by
back-propagating through the prism pair with a slight vertical
tilt and focused into a commercial grating spectrometer (Ocean
Optics USB2000+) via a CaF, lens.

This setup allows simple implementations of custom-shaped
spectral filters that might be needed for different combinations
of fundamental spectra. In our case, we record the spectra from
a cut-on wavelength set around 650 nm down to 250 nm, lim-
ited by the reflectivity of the Al mirrors. An improved version
of the spatial filtering setup was recently implemented utilizing
only a single prism in a 4-f geometry (supplementary document
Section S11).

Results and Discussion

To showcase the full potential of the TREX technique, we char-
acterized 2 CEP-stable few-cycle pulses, centered at 1,727 nm
(IR pulse) and 804 nm (NIR pulse), respectively. Since these
pulses are mutually coherent (stable ¢, and ¢,), the total electric
field, which we want to determine, has a duration of less than
a single optical cycle if the pulses are close to temporal overlap.
Initially, the pulse energies on target were about 200 pJ for the
IR and 25 pJ for the NIR pulse. At these energies, we noticed
the onset of the previously discussed high-intensity effects
around time zero, which distorted the measured spectrogram.
Therefore, the presented measurements were carried out after
reducing the pulse energy by about a factor of 2. The mea-
sured spectrogram is shown in Fig. 6A. In order to avoid the
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Fig. 6. Retrieval result of (A) a measured nonlinear spectrogram. (B) Retrieved spectrogram. (C and D) Reconstructed infrared (IR) and near-infrared (NIR) electric fields,
intensity envelopes (shaded), and their intensity full width at half maximum pulse lengths T (and Fourier-limited T). (E) Synthesized waveform for a relative delay of ry = 1.35 fs
between the 2 constituent pulses. At a central wavelength of 1,560 nm, the pulse length of 2.8 fs corresponds to only 0.5 optical cycles. (F) Their spectral intensity (solid line)
and retrieved spectral phases (dashed). The corresponding input spectra and transfer function are shown in supplementary document Section S10.
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introduction of additional dispersion during attenuation, this
is achieved through a set of interchangeable neutral density
filters (ND 0.0 to ND 0.3). So as not to alter the dispersion, one
of the filters is always present along the propagation path of the
2 pulses. The small thickness difference among the filter sub-
strates, on the order of a few tens of microns, was precisely
characterized via an interferometer.

During the TREX measurement, the delay between the 2
pulses was varied from —100 to 100 fs using the control system
of the synthesizer [38]. This control system allows locking the
CEP of both pulses and performing an interferometrically
stable delay scan, meaning that random fluctuations of the
delay are removed by the system. The high visibility of the fringe
patterns, emerging from the interference of different nonlinear
mixing signals, shows that interferometric stability is achieved
during the scans. In particular, the ¢ -dependent fringes situ-
ated in the lower part of the spectrogram around 500 nm are
clearly visible.

Similarly to FROG and d-scan, the quality of the pulse com-
pression (of both pulses) can already be estimated reasonably
well from the TREX spectrogram itself, even before running
the retrieval algorithm. In general, the presence of dispersion
leads to an asymmetric trace and, in particular, to tilted sig-
nals (e.g., second order) and/or signals present exclusively on one
side of the trace (e.g., third order), as shown in Fig. 2 and Fig. S19.
The fact that the highest-intensity peaks of the different mixing
terms are reached at almost identical delays suggests that the
pulses in this measurement are well compressed. This is con-
firmed by the retrieved pulse durations shown in Fig. 6C and
D, which are very close to the Fourier limit. The appearance of
a second bright spot next to the most intense central one sug-
gests that 1 of the 2 pulses shows a noticeable pre- or postpulse.
From the Fourier limit of the M-shaped spectrum, one would
expect symmetric pre- and postpulses. The asymmetry in the
brightness of the side signals thus indicates some remaining
higher-order dispersion. This interpretation is confirmed by the
retrieved NIR pulse, shown in Fig. 6D, that exhibits a noticeable
prepulse. We also notice that the retrieved spectrogram shows
a remarkable agreement with the measurement, indicating a
successful convergence of the algorithm. As expected, the NIR
pulse has substantially lower fluence than the IR pulse (see Fig.
6F), showing that the method can also be used to reconstruct
pulses with different intensities accurately. Since this method
enables us to characterize not only E, (t) and E, () but also the
delay between them and the relative intensity, we can also accu-
rately determine E, ,(t), as shown in Fig. 6E. This results in a
full width at half maximum pulse duration of 2.8 s, which cor-
responds to approximately half an optical cycle at a central
wavelength of 1,560 nm. It is important to emphasize that the
presented technique implicitly delivers the full set of synthesized
waveforms that can be obtained by controlling the CEPs and
relative delay between the pulses in a single measurement, since
it retrieves both the individual constituent pulses as well as their
relative arrival time difference with sub-cycle accuracy. This
feature is of enormous use in multipulse waveform synthesizers
as it greatly reduces the time spent characterizing the different
synthesized waveforms. For this reason, we believe that the
TREX technique represents a big step forward in the realization
of waveform-controlled experiments [48].

In Fig. 7, we show simulated spectrograms corresponding
to different pulse combinations that were inspired by experi-
ments found in the literature [49,50]. The left panel shows
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the spectrogram obtained by interacting a few-cycle pulse from
a Ti:sapphire-based system with a few-cycle pulse at 1,350 nm,
which can be obtained via OPA. The right panel shows instead
a mid-IR pulse at 2.7 pm interacting with a narrower second
harmonic. Notice that in all these cases, ¢,-dependent signals
are present in the spectrograms. Further simulations shown
in supplementary document Section S8 suggest that the tech-
nique can as well be used when the durations of the 2 pulses
differ significantly.

Conclusion

We have presented an all-optical measurement technique for
the simultaneous complete electric field characterization of
2 synchronized pulses with different central wavelengths,
including their CEPs. This technique can find application in
various multicolor experiments, in particular those based
on OPA sources. As shown, the TREX technique is applicable
over a wide spectral region and with different pulse dura-
tions. Demonstrated here by exploiting the nonlinear response
of a noble gas, this technique is likely applicable even in air at
ambient pressure or using a glass plate with a few-micron thick-
ness as a nonlinear medium.

The precise relative arrival time characterization offered by
TREX, together with the complete knowledge of the interacting
fields in situ, can be very useful for pump-probe spectroscopy
as well as for strong-field experiments. The fast retrieval allows
quick optimization of the compression and CEP at the inter-
action point, which is, for example, extremely important for
attosecond pulse production via high-harmonic generation.
Moreover, we believe that TREX represents a remarkable step
toward waveform-controlled experiments, i.e., where different
well-characterized optical waveforms are used to excite or
probe a system. Detailed knowledge of the electric field is
extremely important for modeling light-matter interaction,
since fewer parameters need to be fitted in simulations.
Furthermore, the exact determination of E(f) allows precisely
benchmarking the accuracy of the theoretical models involved.
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