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Abstract: The investigation of spatio-temporal couplings (STCs) of broadband light beams is
becoming a key topic for the optimization as well as applications of ultrashort laser systems.
This calls for accurate measurements of STCs. Yet, it is only recently that such complete
spatio-temporal or spatio-spectral characterization has become possible, and it has so far mostly
been implemented at the output of the laser systems, where experiments take place. In this survey,
we present for the first time STC measurements at different stages of a collection of high-power
ultrashort laser systems, all based on the chirped-pulse amplification (CPA) technique, but with
very different output characteristics. This measurement campaign reveals spatio-temporal effects
with various sources, and motivates the expanded use of STC characterization throughout CPA
laser chains, as well as in a wider range of types of ultrafast laser systems. In this way knowledge
will be gained not only about potential defects, but also about the fundamental dynamics and
operating regimes of advanced ultrashort laser systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrashort laser sources are nowadays used in many different fields ranging from basic research
to large-scale industrial applications. They can arguably be considered as some of the most
advanced laser sources ever developed, as their proper operation and use call for very special
care compared to other types of sources. Indeed, for the vast majority of applications, both their
spatial and temporal degrees of freedom need to be accurately controlled and tailored: at focus,
where these beams are generally used, the concentration of light energy is determined by the
interference of many transverse (spatial) and longitudinal (frequency) modes, and thus ultimately
by the relative phases of all these modes. Optimizing this energy concentration implies knowing
and controlling this relative phase in a 3D space—two transverse positions, and time or frequency.
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Very advanced methods have been available for years to accurately measure both the amplitude
and phase of these beams in the spatial domain (transverse modes) on the one hand, and in the
time/frequency domain (longitudinal modes) on the other hand. These measurement capabilities
have been absolutely instrumental in the development and optimization of ultrashort laser
sources. Yet, this metrology approach that treats spatial and temporal properties independently
is inappropriate to characterize ultrashort pulses with arbitrary structures, such that the spatial
and temporal properties are correlated—i.e., beams with so-called spatio-temporal couplings
(STCs) [1]. This is a serious limitation, especially since Chirped Pulse Amplification (CPA), the
enabling technology of high-power ultrashort lasers, intrinsically makes use of massive STC,
induced when broadband beams are diffracted by gratings or refracted by prisms, to be stretched
or compressed in time. A complete understanding and optimization of high-power ultrashort
lasers thus calls for complete characterization in the space-time or space-frequency domains,
ideally at different key stages of laser systems.

Such a complete insight into these laser systems has remained out-of-reach so far, due to the
lack of suitable measurement techniques. Research work on STC metrology already started
about 20 years ago. But it is only recently that tractable techniques providing full amplitude
and phase information on the laser field in 3D have become available and are in common
use [7-12]. Complete spatio-temporal characterization of ultrashort beams is thus about to
be a routine metrology procedure, especially with commercial instruments now available [13].
Thanks to these recent developements, it is now becoming possible to fully examine high-power
ultrafast lasers, not only at the system output but also from the inside, to achieve unprecedented
developments, understanding, and optimization.

In this article, we present the first systematic experimental investigation of the spatio-
temporal—or equivalently spatio-spectral—properties of ultrashort laser beams, at different
stages of a variety of high-power laser systems. Our study reveals different types of complex
effects that can be observed within these lasers, and that can affect their final performance. These
clearly do not represent a comprehensive list of the spatio-temporal effects that can occur in
all types of ultrashort lasers, and conversely we do not claim that these effects systematically
occur in all such lasers. Yet, this provides for the first time a glimpse of the full spatio-temporal
properties of high-power ultrashort laser pulses while they are being produced, and illustrates
the potential of applying the latest generation of ultrafast diagnostics not only at the output
of but also inside ultrashort laser systems. We hope that this will help open new trends in
the development, control, and optimization of ultrashort light sources—especially the most
sophisticated ones, such as systems based on Optical Parametric Chirped-pulse Amplification [14]
or Frequency-domain Optical Parametric Amplification [15], systems with coherent combination
[16,17], compressors based on tiled gratings [18—20], or even more exotic scenarios to go
beyond the Petawatt power range in future generations [21]. We note that we consider only
linearly-polarized pulses—partially due to limitations of the devices used but also because
standard CPA systems produce mainly linear polarization—even though recent advances in
measuring polarization-resolved STCs [22,23] would allow for additional sophistication.

To carry out this investigation, we used two spatio-temporal measurement methods developed
in the last 5 years, TERMITES and INSIGHT. The principle and main features of these methods
are summarized in appendix A. The key point here is that these two techniques can provide the
complex (i.e., amplitude and phase) 3D spatio-temporal field, E(x, y, t), or spatio-spectral field,
E(x,y, w), in any arbitrary plane along the propagation axis. In this article, we will always display
this information in the near-field, corresponding to a collimated beam far from a focus, and
typically in the frequency domain rather than in time, because this is generally the representation
that lends itself most easily to interpretation. Representations in space-time will also be provided
when this proves useful.
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These methods, which do not require temporally-compressed beams, were implemented at
different stages of six high-power laser systems, operated in different laboratories/companies
worldwide and listed in Table 1. Although these lasers have very different output characteristics,
they all use Titanium-Sapphire as the amplifying medium, and are all based on the CPA technology,
and hence have the same overall architecture, sketched in Fig. 1: the beam from a broadband
oscillator is stretched in time, before being amplified in a series of amplifiers and transversally
expanded, and finally compressed temporally. Note that the way this technology is implemented
can actually strongly differ from one system to the other. We will present, discuss, and analyze
the results of spatio-temporal measurements carried out at a few locations and linked to all stages
of these systems (see Fig. 1). Although still most of the measurements were done at the final
output of each system, we reveal spatio-temporal effects coming into play from the output of
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Fig. 1. Summary of our STC survey. All lasers measured in this study (see Table 1) are
based on the CPA technique, and hence share the same overall architecture, summarized
by the central line of this sketch. The upper line indicates where we performed STC
measurements on these different systems. The lower line shows the sources of STC that we
have been able to identify through these measurements.

Table 1. Main characteristics of the CPA lasers used for the measurement campaign, sorted by
increasing peak power. All lasers have their spectrum centered around a wavelength of 800 nm.

Characteristics Measurement Location of Main application
technique measurements
ARCO M [2] 0.1 TW, 20 fs, 1 kHz TERMITES After stretcher, HHG, spectroscopy
(Amplitude, after 1%" amplifier
FR)
Salle Noire [3] 1 TW, <4 fs, 1 kHz TERMITES & Before and after Few-cycle
(LOA, FR) INSIGHT post-compression laser-plasma
interactions
UHI-100 100 TW, 20 fs, 10 Hz TERMITES & Laser output Particle acceleration,
(LIDYL, FR) INSIGHT harmonic generation
from plasmas
LASERIX [4] 40 TW, 40 fs, 10 Hz TERMITES Laser output Generation of X-ray
(LAL, FR) lasers
Salle Jaune 150 TW, 30 fs, 10 Hz TERMITES & Laser output Laser wakefield
(LOA, FR) INSIGHT acceleration
DRACO [5] 150 TW, 30 fs, 1 Hz, INSIGHT Laser outputs Particle acceleration
(HZDR, DE) and 1 PW, 30 fs, 1 Hz
BELLA [6] 1PW, 40 fs, 1 Hz TERMITES & Laser output Laser wakefield
(LBNL, USA) INSIGHT acceleration
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the pulse stretcher (Section 2), to the output of the different amplifiers (Section 3), along relay
imaging lines inside or after the laser system (Section 4), after the compressor (i.e., laser output,
Section 5), and after a hollow-core fiber post-compression stage (Section 6).

2. Effects of pulse stretching

The pulse stretcher is a key component of any CPA laser chain. It is used to stretch femtosecond
pulses in time up to the 100’s of picoseconds scale, thus reducing the laser peak power by
orders of magnitude before the subsequent amplification steps. This is ideally achieved without
affecting the spectral content of the pulse, by adding strong amounts of spectral dispersion [24].
Because multiple components of pulse stretchers induce massive amounts of STC (namely
angular dispersion and spatial chirp), these systems have to be very carefully designed and
aligned, such that these multiple sources of STC compensate each other as accurately as possible
at the output and the net effect of this device is to introduce a phase which is purely spectral, free
of any spatio-spectral couplings.

In this first section, we illustrate how spatio-spectral diagnostics can provide information on
the potential misalignments of stretchers and their resulting effects on the laser beam when
sent to amplifiers. This measurement was performed with TERMITES on a medium size laser
chain under construction in Amplitude Laser laboratories (first line in Table 1), which uses a
standard single-grating Offner stretcher. This stretcher was prepared using the standard alignment
procedure used in most laboratories, which did not reveal any significant misalignment.

Fig. 2 displays the results of a measurement that was done immediately after this Offner
stretcher. The output beam exhibits transverse spatial chirp: panels (a)—(c) show that different
wavelengths produce beams that are centered at different transverse positions. The spatial shape
of the beam does not vary significantly with wavelength, indicating the absence of higher-order
amplitude couplings. Furthermore, since the measurement also provides the beam wavefront at
each frequency, we have been able to check that the beam has a negligible angular dispersion,
i.e., the different frequencies, although sheared spatially, all propagate in the same direction at
the stretcher’s output.

Fluence (arb. units) Central frequency (rad/fs)
0.5 1 23 2.4 2.5

| ——

o

y (mm)

-25 0.0 25 -25 00 25 -25 00 25 -2.5 0.0 2.5
X (mm) X (mm) X (mm) X (mm)

Fig. 2. Spatial Chirp measured at the output of an Offner stretcher. (a)-(c) Spectrally-
resolved spatial profiles of the beam at 2.5, 2.375 and 2.25 rad/fs (respectively corresponding
to wavelengths of 754, 793 and 837 nm). Centroids are computed for each profile, and
represented as white crosses. (d) Color map of the central angular frequency of the pulse
as a function of the transverse position in the beam. This is determined by computing the
centroid of the spectrum at each transverse spatial position. The angular dispersion of the
stretcher’s gratings is along the x-axis.
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These spectrally-resolved spatial profiles provide a very intuitive way of visualizing the spatial
dispersion of the pulse frequency components, which amounts here to 10 mm/(rad/fs). This
is relatively strong, considering the diameter (~ 3mm) and the spectral bandwidth (100 nm or
0.3 (rad/fs)) of the beam at this point of the laser system. Panel (d) of Fig. 2 displays the same
information in a different, more synthetic way: it shows, in color code, the spatial dependence
of the central angular frequency of the measured beam. This clearly reveals that the measured
spatial chirp is monotonous and oblique (i.e., not along the vertical or horizontal axis only).

In the case of single-grating Offner stretchers, as considered here, a small non-linear horizontal
spatial chirp on the output beam is expected even for a perfectly aligned system. However, the
linear spatial chirp observed here in the horizontal direction is much stronger than this residual
defect of an ideal system. This fact, as well as the observation of a spatial chirp in the vertical
direction, rather point to a misalignments of the stretcher. We used ray-tracing simulations of an
Offner stretcher with Zemax to check this interpretation and quantify the involved misalignment.
We were indeed able to reproduce spatial chirps of magnitudes comparable to the measured ones
in both directions (Fig. 3), by considering slight misalignments of the stretcher’s convex mirror
(see Table 2), well within the accuracy of standard alignment procedures.

Table 2. Parameters of the Zemax simulation of a slightly-misaligned
single-grating Offner stretcher, and main resulits.

Component Characteristics
Grating 1200 lines/mm Angle of incidence 37°
Concave mirror Radius of curvature 1 m
Distance grating-concave mirror 0.75m
Convex mirror Radius of curvature 0.5 m Deviations from perfect alignment:

Horizontal shift by 1 mm Rotation around horizontal axis by
0.25° Rotation around vertical axis by —1°

Main results Spatial chirp 9.5 mm/(rad/fs) Negligible angular dispersion
(<1 purad/nm)

y (mm) B 754nm
+2 794 nm
A 838 nm

-2 0 +2 X (mm)

Fig. 3. Simulated spot diagrams at the output of a misaligned Offner stretcher These
spots diagrams were calculated with Zemax, at three different frequencies (blue: 754 nm,
green: 794 nm, red: 838 nm), considering a misaligned Oftner stretcher with the parameters
provided in Table 2. The results are quantitatively consistent with the experimental results
displayed in Fig. 2.
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In the next section, we will follow the evolution of the spatially-chirped beam produced by
this slightly-misaligned stretcher as it passes through the first amplifier of the laser system, of
regenerative type.

3. Effects of pulse amplification

This section is dedicated to the effects of the different amplification stages of high-power
femtosecond lasers on the spatio-spectral properties of the beam. We will start by presenting the
results obtained at the output of the first high-gain low-energy amplification stage of the laser
system already considered in the previous section. We will then consider the very different case
of a PW laser beam, where a significant amplitude spatio-spectral coupling is observed on the
final beam, induced by the last high-energy low-gain multipass amplification stage used in this
type of system.

3.1.  Spatio-spectral filtering by amplification

The characterization done in section 2 was immediately followed by measurements at the output
of the regenerative amplifier, located directly after the Offner stretcher. Both sets of measurements
were performed on the same day, in identical conditions, such that the beam injected in the
amplifier was affected by the spatial chirp induced by the slightly-misaligned stretcher, described
in Section 2.

Fig. 4 displays the measurement data in the same manner as the one we used previously to show
the spatial chirp generated by the Offner stretcher. Comparing this figure to Fig. 2 immediately
shows that spatial chirp has been almost totally suppressed by the regenerative amplifier. Another
striking effect is the significant spectral narrowing induced by the amplifier, shown in the left
panel of Fig. 5(a). A spectral narrowing by amplifiers is always expected, and is generally
attributed to the finite spectral width of the amplifying medium’s gain—the so-called spectral
gain narrowing. Using the support of numerical simulations, we are now going to show that
spatio-spectral effects actually also play a very significant role in the observed spectral narrowing:
more precisely, the initial spatial chirp is suppressed because the regenerative cavity acts as a
non-linear spatial filter, but the price to pay for this filtering is an increased reduction of the pulse
spectral width after amplification.

The numerical simulation framework used to describe the regenerative amplifier is summarized
in Appendix B. By injecting a beam in the cavity with a spatial chirp close to the one measured
at the stretcher output, these simulations can satisfactorily reproduce the large spectral narrowing
seen in the experiments (compare right and left graphs of Fig. 5(a)). The slight blueshift
of the central frequency observed experimentally is also reproduced. We note that saturated
amplification of stretched pulses are rather expected to cause a redshift in the spectra. But
here the combination of an initial spatial chirp of 6 mm/(rad/fs) and a slight transverse spatial
offset of the beam with respect to the cavity axis (which we have adjusted to 6x = 0.45 mm to
fit the experimental results) cause preferential amplification of the blue part of the spectrum.
Remarkably, we also observe in these simulations that the significant initial spatial chirp of the
beam (first panel of Fig. 5(b) is progressively reduced with each pass until there is effectively
zero residual spatial chirp after 15 passes (last panel of Fig. 5(b)). The two effects observed
experimentally are thus reproduced, therefore we can now exploit the simulations to analyze their
causes.

The combination of the amplifier geometry, visualized in Fig. 6(a), with a spatio-spectrally
aberrated seed pulse has two interrelated consequences on the amplified pulse. The first
consequence is purely spectral. In the presence of transverse spatial chirp in the beam, only a
fraction of the seed spectrum efficiently couples to the amplifying optical cavity, and this thus
introduces a spectrally-dependant gain in the system. This effect results in the narrowing of the
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Fluence (arb. units) Central frequency (rad/fs)
0 0.5 1 2.38 2.40 2.42

y (mm)

-2.5 0.0 2.5 -2.5 0.0 2.5 -2.5 0.0 2.5 -2.5 0.0 2.5
x (mm) X (mm) x (mm) x (mm)

Fig. 4. Spatial Chirp measured at the output of a regenerative amplifier seeded by
a misaligned stretcher. (a)-(c) Spectrally-resolved spatial profiles of the beam at 2.47,
2.41 and 2.35 rad/fs (respectively corresponding to wavelengths of 763, 782 and 802 nm).
Centroids are computed for each profile and represented as white crosses. Because of the
spectral narrowing occurring in the amplifier (see Fig. 5(a)), the displayed frequencies are
different from those in Fig. 2. (d) Color map of the central angular frequency of the pulse as
a function of the transverse position in the beam. The spatial chirp is clearly weaker than at
the stretcher output (note that the color scale is different from that of Fig. 2(d)).
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Fig. 5. Output of a regenerative amplifier for a given input spatial chirp. When spatial
chirp and an additional constant spatial offset of the seed beam are included (a) both
the spectral narrowing and slight blueshift of the output spectrum seen in measurements
(left) can be reproduced via simulations (right). The central wavelength as a function of
transverse position is shown after different number of passes (b) for an initial spatial chirp of
6 mm/(rad/fs) from the simulations.
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beam spectrum, and should not be confused with spectral gain narrowing, which is linked to the
gain bandwidth of the amplifier crystal.

(a) cavity (b) # roundtrips
waist

) ) )

gain

medium

@

@

@
yi3usjonem

-
out of focus

longitudinal plane transverse plane
(. S/

Fig. 6. Amplification of a spatially chirped beam in a regenerative amplifier. Panel (a)
features a simplified regenerative amplifier cavity, wherein Pockels cells and polarizers are
omitted. Because gain medium is positioned slightly out-of-focus, some residual spatial
chirp affects the amplified pulses when they propagate through the crystal. Panel (b) is a
simple sketch of the spatial chirp filtering occurring at each pass in this configuration. In
both panels, locations colored in yellow represent the pumped section of the crystal.

The second effect, and the reason for the decreasing spatial-chirp at the output of the amplifier,
shown in Fig. 5(b) and measured in the experiment, is the fact that not only is the loss spectrally-
dependent when the input is spatially-chirped, but the eventual mode that each wavelength settles
on is related to the single transverse cavity mode. As visualized in Fig. 6(b), the colors that are
originally off-center (i.e. not overlapping with the cavity mode) will tend towards the cavity mode
after a few passes. This effect clearly appears in Visualization 1 (see Supplementary Material)
of the spatial profile of the beam over multiple passes, obtained from the simulations, where
all frequencies are observed to gradually collapse to the same transverse spatial profile as the
number of passes increases.

To investigate more quantitatively the impact of an initial spatial chirp on the output of a
regenerative amplifier, we have also performed simulations pass-by-pass for different values of
initial spatial chirp, shown in Fig. 7. The first result in Fig. 7(top) is that even with different values
of initial spatial chirp the output energy of the amplifier after each pass is relatively constant.
This means that in experimental conditions where the output energy is the first figure of merit for
optimizing the amplifier, these effects would not be seen, as the same energy is always extracted
from the cavity whatever the initial spatial chirp.

However, the spectral width decreases much more significantly as the initial spatial chirp is
increased. This narrowing mostly increases with the first few passes, which is fully consistent
with the interpretation of the previous paragraphs. Fig. 7(bottom) shows that with an initial
spectral width of 43 nm and no initial spatial chirp, the spectral width decreases to 35 nm, entirely
due to spectral gain narrowing. With an initial spatial chirp of 6 mm/(rad/fs), the spectral width
reduces to 23 nm, 35 % smaller than the case with no initial spatial chirp. This demonstrates the
very significant impact of initial transverse spatial chirp on spectral narrowing in regenerative
amplifiers.
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Fig. 7. Performance of a regenerative amplifier with a spatially-chirped seed. The
pulse energy (top) and spectral bandwidth (bottom) are shown after each pass of a simulated
regenerative amplifier for different values of the initial spatial chirp (colorbar on the right).
While the final energy is relatively insensitive to the initial spatial chirp, the final bandwidth
gets strongly reduced as the initial spatial chirp increases, beyond the reduction due to only
gain-narrowing.

3.2.  @Gain depletion in high-energy chirped pulse amplifiers

The next defect that will be studied in this survey is a spatio-spectral amplitude coupling induced
during the amplification process, specifically related to the last, highest energy amplification
stages of a Petawatt laser system [25].

Fig. 8(a) illustrates the spectrally-resolved spatial intensity profile of the BELLA laser beam
operating at full power. This picture shows that the beam profile is not spectrally constant, but
evolves smoothly with laser frequency. In particular, it should be noted that the beam is top-hat
around 820 nm (red side of the spectrum), and evolves to a ring shape around 780 nm (blue side of
the spectrum). Furthermore, the diameter is also smaller for larger wavelengths before increasing
for lower wavelengths. Fig. 8(b) shows similar data at the same four frequencies for the DRACO
PW system, where 4 out of 5 multi-pass amplifiers were pumped (2.5 J output energy), showing
as well the increase in beam size with frequency.

As this effect could not be explained by well-known sources of spatio-spectral couplings—Ilike
a stretcher/compressor or lenses—we looked for the culprit elsewhere in the laser chain, by
studying in details the amplification process taking place in the successive Ti:Sapphire amplifiers
of the BELLA laser. This analysis relied on the Frantz-Nodvik equations [26], which model the
energy transfer from the population inversion of the medium (pumped by frequency-doubled
Nd:YLF and Nd:YAG) to the amplified beam. They were used to compute numerically the
profiles of the gain medium and of the amplified beam at each passage through the amplifier.

Fig. 9 shows two x — w slices of BELLA spectral fluence side-by-side. The one in panel (a)
is a slice of the quantity obtained experimentally with INSIGHT, while the one in panel (b)
was generated from the amplification simulations. This figure shows that the simulation is
qualitatively very close to the experimental measurement. Both slices feature top-hat modes for
low frequencies and ring shape for high frequencies, while the overall beam diameter evolves
linearly from 170 to 200 mm. Note that no such amplitude coupling is predicted via simulations
in earlier amplifiers (consistent with the spatio-spectral filtering effect described in the previous
subsection), implying that it is probably only present in the highest energy CPA systems. Although
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Fig. 8. Spectrally-resolved spatial profile of the full power BELLA and DRACO PW
beams. Spectrally-resolved spatial intensity profiles, taken at respectively 830, 820, 800
and 785 nm from left to right, with the BELLA beam in (a) and the DRACO PW beam in
(b). The upper panel in (a) shows the spatially-integrated spectrum of the measured BELLA
pulse. The dashed white circle has a constant diameter for each laser system, and provides a
scale reference. To clearly highlight the spectral evolution of the beam spatial profile, all
spatial profiles have been normalized so that the energy is the same for each spectral sample.
The data in (a) is from Ref. [25] ©IOP Publishing.

in the case of DRACO PW, Fig. 8(b), there is no ring shape at the highest frequency, this depends
on the exact state of the laser system.

This spatio-spectral amplitude coupling is a direct side-effect of the Chirped Pulse Amplification
technique (Fig. 10). The beam profile after amplification is a function of the seed profile and of
the population inversion (or stored energy) profile in the gain medium. Considering that both
quantities have radial Gaussian distributions at the beginning of the laser chain is a reasonable
approximation that was used for the numerical simulations (panel (a) in Fig. 10). When a chirped
pulse is amplified and the amplifier is in a saturated regime, its leading edge (red part of the
spectrum) depletes a fraction of the energy stored in the amplification medium (panels (a)—(b)
in Fig. 10). This depletion effect is stronger at the center of the beam than on its edges, due
to the stronger seed fluence. This thus affects the spatial distribution of population inversion
seen by lower wavelengths arriving at later times (panels (b)—(c)) and hence modifies the spatial
profile of those components. This spatio-spectral amplitude coupling is thus strongly linked to
the CPA scheme: it would not happen if all frequencies were amplified at the same time. It can be
considered as a spatio-spectral extension to the traditional CPA-specific red-shift effect [27,28].
Red-shift in CPA lasers is indeed well-understood, but associated spatio-spectral amplitude and
phase couplings [29] have not been studied in depth to the best of our knowledge.

Due to Kramers-Kronig relations between the real and imaginary parts of the amplifying
medium dielectric constant, the spatio-spectral amplitude couplings reported here are expected to
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Fig. 9. Spatio-spectral intensity of the full power BELLA beam. (a) (x, w) slice of
the spatio-spectral intensity as measured by INSIGHT, taken across the horizontal plane
and vertically centered. (b) Same quantity, now deduced from simulations of the CPA
process based on the Frantz—Nodvik equations [26]. Panel (c¢) shows the spatio-spectral
phase induced by the amplification process, as predicted by simulations. It is related to the
spatio-temporal intensity perturbation of panel (b) through Kramers-Kronig relations. Note
that the term linear in frequency (corresponding to a temporal delay) has been removed to
make the more relevant spectrally-dependent curvature clearly visible. The data in (a) and

(b) is from Ref. [25] ©IOP Publishing.
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Fig. 10. Sketch of a chirped pulse going through the gain medium of a laser amplifier
operated in a saturated regime. This drawing shows a chirped pulse in the process of
being amplified by a pumped Ti:Sapphire crystal. (a) Because the input beam is positively
chirped, red components of the laser spectrum are amplified ahead. (b)-(c) As shorter
wavelengths go through the amplifying medium, the population inversion profile (transverse
gain profile) is more depleted at the center than on the edges. Output fluence profiles at
those shorter wavelengths are therefore not Gaussian anymore.

be unavoidably coupled to phase couplings [29], also induced in the amplification process. The
corresponding spatio-spectral phase profile predicted by simulations is shown in Fig. 9(c) (see
Appendix B for details on the simulations, based on the same code as those of the regenerative
amplifier in Section 3.1). The main effect is a chromatic curvature (leading to pulse front curvature
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in the time domain, see next section), whose magnitude was too weak for its contribution to be
clearly isolated in the total measured phase.

4. Effects of beam imaging

In all high-power ultrashort lasers, the beam needs to be expanded in diameter as it gets amplified
along the system. In some lasers, relay imaging systems are also used between sub-modules, to
avoid the build-up of strong fluence modulations on the beam, which could lead to damage of
some optical elements. All these operations are very often implemented using telescopes based
on lenses. In this section, we present multiple measurements of STC typically induced by such
systems, which most often consist of Pulse Front Curvature (PFC) induced by chromatic lenses.

PFC is a spatio-temporal amplitude coupling which adds a delay between the phase front and
the pulse front of the beam. This delay depends quadratically on the distance from the center
of the beam, curving the pulse front spatio-temporally relative to the wavefront. PFC is the
temporal consequence of chromatic curvature, whereby the wavefront curvature depends linearly
on angular frequency. The most straightforward way to add PFC to an ultrashort pulse is to use
uncompensated singlet lenses [30,31]. Because of the widespread use of large singlet lenses in
beam expanding telescopes, and since chromatic curvature and PFC are equivalent in ultrashort
pulses, beam imaging in broadband laser systems can significantly affect the spatio-temporal
properties.

The infrared laser beam of LASERIX was characterized in a setup which is illustrated in
panel (a) of Fig. 11. In this laser system, the telescope L1—Lj is placed after the last Ti:Sapphire
amplifier to reduce the fluence on compressor optics and avoid optical damage. These large
singlet lenses are inherently slightly chromatic, and the large diameter of the beam on the lenses
results in an overall significant effect. We performed characterization after the pulse compressor
with a TERMITES device, using a telescope composed of achromatic lenses to reduce the
diameter of the beam prior to the measurement device. We verified by numerical ray-tracing that
this second telescope adds a negligible amount of PFC in the characterized beam [32].

Panel (b) of Fig. 11 features vertical lineouts of the spatial phase of the LASERIX beam at
different frequencies, as measured by TERMITES. Visually, the phase plots are clearly curved for
the outer spectral components (2.27 and 2.35 rad/fs), and the curvature evolves smoothly while
its sign changes at the central frequency. Of course, curvature is not the only phase component
because some other aberrations are visible in the spatial phase, albeit smaller in magnitude.
To characterize quantitatively the chromatic curvature, we projected the spectrally-resolved
wavefront on Zernike polynomials in order to compute the beam curvature as a function of
optical frequency (See Ref. [12] for more details on such a procedure). This data—plotted in
panel (c)—definitively shows that the chromatic curvature observed on panel (b) generates PFC
in the time domain, because the curvature evolves linearly with frequency. For the considered
beam diameter of 50 mm, this linear evolution of the curvature corresponds to a delay of 41 fs
between the center and the edges of the laser beam.

We can confirm the source of this significant spatio-temporal coupling by investigating the
properties of the optics in use. As mentioned earlier, PFC is generally added to a laser beam by
Keplerian telescopes composed of singlet lenses [30,33-35]. The telescope used in LASERIX is
made of plain fused-silica singlets. The PFC induced by such a simple system can be computed
using a model obtained by Z. Bor [30] (equation (43)) and does not require any complex
ray-tracing. At transverse position r, the delay A7(r) associated to PFC is:

At(r) = #U:—D (— /l()g—Z)(l + ziv[) (1

with ¢ the speed of light, f, the focal length of lens Ly, n and dd—ﬁ the refractive parameters of
fused-silica [36], Ay the central wavelength of the laser beam, and M = fi/f>. Eq. 1 predicts
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Fig. 11. PFC measurement at LASERIX. (a) L; and L, are converging singlets forming
a magnifying telescope that is used to avoid optical damages in the compressor, but result in a
net chromatism. (b) Line-outs of the measured spatial phase at different optical frequencies,
resolved along the vertical dimension and taken at the center of the beam. (¢) Second order
coefficients of polynomial fit done on the line-outs in panel (b). The linear fit of these
curvatures is shown as a red dashed line and its computed slope is 0.067 fs/mm?.

delay of 58 fs between the center and the edge of the beam, when computed with the parameters
of the system. Considering that there might be other sources of weaker PFC in the system,
this compares relatively well with the 41 fs measured with TERMITES, thus confirming our
hypothesis about the main origin of this STC.

The consequences of this STC for the LASERIX system are very limited due to the particular
applications for this laser. Indeed, the main use so far of the high-energy beam delivered by this
system is to create plasmas at the surface of solid targets, which are then used as amplification
media for the generation of coherent extreme ultraviolet beams. Because the laser is routinely
stretched in time and used in the picosecond regime, the delay of ~40 fs that we measured on the
edges of the beam is insignificant. Contrary to the case of LASERIX, for laser systems requiring
the highest possible intensity, a minimum pulse duration or a designed electric field, even a small
amount of PFC could be a significant and unwanted distortion.

PFC was also measured on the 150 TW laser beam of Salle Jaune. The left panel of Fig. 12
shows that the measured pulse front was noticeably curved. The delay value is approximately
40fs at the edge of the beam (y = 25mm), which equals approximately to a PFC of 0.064 fs/mm?.
This amount of PFC significantly affects the spatio-temporal Strehl ratio of the laser pulse at
focus (introduced for instance in [9]): we evaluated numerically that it reduces the peak intensity
at focus by about 40% for this specific system. Similarly to the case of LASERIX, it was found
that the magnifying telescope before the compressor was responsible for this PFC. Due to the
more stringent requirements of the experiments done using Salle Jaune, this aberration was fixed
later by inserting a custom compensating afocal doublet [37-39], and there are other proposed
methods for such compensation [40—43]. The compensation at Salle Jaune is demonstrated in the
right panel of Fig. 12, where the chromatic curvature has been significantly reduced with the
addition of this specifically-designed doublet. Note that most of the measured residual PFC after
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correction was actually induced by the slightly chromatic lens used to focus the beam into the
INSIGHT device.
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Fig. 12. Pulse-front curvature on the Salle Jaune system. Slice (left) of the spatio-
temporal intensity profile, obtained from a TERMITES measurement. The spectrally-
dependent focusing power (inverse of wavefront curvature, in km™! (right), was mostly
removed (green curve versus red one) when a purposefully designed chromatic doublet
was inserted at the end of the laser chain. These two curves are obtained from INSIGHT
measurements carried out using the SourceLAB commercial device [13].

5. Effects of pulse compression

One of the main outcomes of the measurement campaigns we carried out on the different
ultrashort lasers of Table 1 is that the optical compressor often significantly contributes to STCs
on the final output beam. In this section, we will review some of these couplings, starting with
the trivial case of Pulse Front Tilt. We will then turn to more sophisticated couplings induced
by compressors, in both phase and amplitude, which are extremely difficult to detect with more
traditional measurement approaches.

5.1.  Pulse front tilt from a tilted grating

Pulse Front Tilt (PFT) is one of the simplest low-order STCs. It is also probably the most
common, since it can be induced by any optical system exhibiting angular dispersion (AD), such
as a simple prism or grating—but also a pulse stretcher or compressor misaligned in such a way
that the AD of the individual components do not exactly compensate each other at the output.
In the most common situations encountered with ultrafast lasers, there is actually a one-to-one
relationship between PFT and AD [44], which both describe the same coupling in different
spaces (respectively, space-time and space-frequency). When a beam affected by such a PFT/AD
is focused, the different frequency components of the beam obviously get focused at different
transverse positions, and this then results in transverse spatial chirp at focus.

The most common source of PFT/AD on ultrashort lasers is a compressor misalignment
where the gratings are not parallel to each other in the horizontal plane. This source of STC is
well-known by all users of ultrafast lasers, who typically make sure that it is minimized. This can
be achieved e.g. by measuring the residual transverse spatial chirp at the beam focus (for instance
using bandpass spectral filters), but the most current practice simply consists in minimizing
the residual AD by checking for any elongation of the beam focal spot along the compressor
dispersion direction. For this reason, PFT/AD was small—but generally not strictly zero—on
most systems we characterized.

The situation is different on LASERIX (see Table 1), as mentioned earlier: the particular
application of LASERIX does not require the laser pulse to be fully compressed, nor to have a
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minimized PFT. This is why we observed a significant amount of residual PFT at the compressor
output of LASERIX (Fig. 13), and these measurements provide an instructive direct visualization
of this well-known effect. Fig. 13 displays the spatio-temporal intensity profile of LASERIX.
PFT manifests itself as a delay on the time of arrival of the pulse, which depends linearly on the
transverse position (in the present case, x): panels (a)—(d) show distinctly how the light intensity
is located on the left of the beam at early times, and on its right at later times. When such a beam
is focused, this temporal streaking of the beam aperture in the near field leads to an ultrafast
rotation of the light propagation direction at focus—an effect called ultrafast wavefront rotation,
exploited for instance for the generation of isolated attosecond pulses in the attosecond lighthouse
scheme [45-47]. The measured PFT amounts to 3.6 fs/mm, leading to a total delay of 180 fs over
the 50 mm width of the beam. This residual PFT was easily eliminated by rotating one of the
compressor’s gratings around the vertical axis.
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Fig. 13. Measurement of Pulse Front Tilt on the LASERIX laser. (a)-(d) Temporally-
resolved spatial intensity profiles of the measured beam, at different times throughout the
pulse (see white labels on the images). (e) Spatio-temporal slice of the beam along the
horizontal position. In order to better see the delay added by PFT, we imposed a flat spectral
phase to simulate a perfect compression of the pulse in time.

Measuring this simple coupling obviously does not require methods as advanced as the
ones considered here, but diagnostics such as INSIGHT and TERMITES allow for a very
accurate determination of the residual PFT, and are thus very helpful for its minimization. The
enhanced sensitivity enabled by these techniques compared by the standard minimization routine
is illustrated by the results shown in Fig. 14, obtained from measurements on the DRACO TW
laser system. Empirically, we found that a residual angular chirp of below ca. 0.2 urad/nm leads
to no disturbing effect on particle beam deflection like observed in past work [48,49]. We note
that recent results which measured PFT from a misaligned chromatic doublet have also confirmed
the high accuracy of complete measurement techniques [50].

5.2. Distortions caused by defects of compressor optics

Pulse Front Tilt, discussed in the previous subsection, is actually a very peculiar type of aberration,
because it is purely chromatic: in a beam affected only by PFT, all individual frequencies are
totally free from spatial aberrations, but their combination forms an aberrated beam because of
the frequency dependence of the wavefront tilt. We will now discuss a more complex type of
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Fig. 14. Fine tuning of the final residual angular dispersion on DRACO TW beamline.
These measurements were obtained by rotating in small steps one of the compressor gratings
in the dispersion plane. Upper panels show the angular dispersion in the horizontal and
vertical directions, expressed here as the phase shift between the center and edges of the
beam for each frequency (deduced from INSIGHT measurements). Bottom images show the
spectrally-integrated profile of the beam obtained at focus with a camera, for each step of
the scan. The latter is routinely used in most laboratories as a diagnostic for compressor
alignment, but has a low accuracy compared to a complete STC characterization: while the
horizontal angular dispersion resulting from a 71 urad misalignment of the gratings is clearly
detected by INSIGHT, the spectrally-integrated focal spot appears to have no distortion.

STC where all frequencies are affected by the same type of spatial aberrations (e.g. astigmatism
or coma), and these aberrations also vary with frequency—i.e., they are chromatic.

Such couplings can typically be induced in compressors (as well as stretchers, potentially)
through the scheme illustrated in Fig. 15(a)—(b): an optical element induces spatial aberrations
on the beam, while this beam has a transverse spatial chirp in the compressor (panel (a)). After
the compressor, when the frequency components are again overlapped in space (i.e., spatial chirp
has been eliminated), the resulting spatial aberrations then occur at different positions in the
beam for different frequencies (panel (b)).

Before presenting measurements of such aberrations on different lasers, we illustrate this beam
degradation scheme by a simple experiment. A custom-made glass slab was inserted into the
compressor of the UHI100 laser, at a location where the beam is spatially chirped. This slab has
an anti-reflection (AR) coating on both faces, except for a small 10x10 mm rectangle on the front
face. This local absence of AR coating induces a phase shift of about 7 rad between the part of
the beam that propagates through this rectangular section and the rest of the beam, as well as a
small amplitude modulation on the spatial profile.

Figure 15(c) shows spectrally-resolved spatial intensity and phase profiles of the beam
outcoming from the compressor in such a configuration, measured with INSIGHT. The spatial
phase aberration induced on the beam by the tailored glass plate is clearly visible. This aberration
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Fig. 15. How compressors can induce chromatic aberrations on ultrashort laser
beams. Panel (a) displays the typical optical layout of a grating optical compressor (here
unfolded for convenience). To demonstrate the effect, we voluntarily placed a custom optical
element in the UHI100 laser beam, at a location where it is spatially chirped in the transverse
direction. This optical element (glass plate with a partial AR coating, shown on the right)
is designed to induce phase aberrations, and to a lesser extent intensity modulations, upon
transmission. Panel (b) illustrates the effect of this custom optical element on the beam
within the compressor (upper line), and then at the compressor output once all frequencies
are recombined together (lower line) . Panel (c) displays the measured spectrally-resolved
spatial intensity and phase profiles of the beam at the output of the compressor sketched in
(a), at three different frequencies. The induced chromatic aberrations are clearly observed
on these experimental results.

is chromatic: it drifts spatially as frequency changes. The same frequency dependence is observed
on the intensity profile. In this case, the modulation originates both from the local variation in
plate transmission, and from diffraction resulting from the spatial phase modulation.

In practice, optical elements used inside optical compressors are never perfect—especially
as these are large and often state-of-the-art optical elements, such as high-efficiency gratings.
As we will now see, this then unavoidably leads to the type of complex STC illustrated by the
experiment of Fig. 15.

5.2.1. Chromatic phase aberrations

The first complete spatio-temporal characterization of a high-power ultrashort laser beam [9]
carried out on the UHI100 laser (see Table 1) provided a clear example of a complex chromatic
spatial phase aberration, induced by defects of compressor optics through the process illustrated
in Fig. 15. Figure 16 displays the spectrally-resolved spatial phase profile of UHI100 deduced
from this measurement, at three different frequencies. A crescent-shape distortion clearly
appears on these phase profiles, and it moves from the right to the left of the beam as frequency
increases. This frequency-dependence of the phase defect appears as a ’phase streak’ on the
spatio-spectral view of panel (b) (left plot). We emphasize that before this complete spatio-
spectral characterization, this very significant phase aberration remained totally undetected with
standard (spectrally-integrating) wavefront measurement techniques, due to its highly chromatic
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character. It was successfully eliminated (see right plot in Fig. 16(b)) by changing the two 20x20
cm mirrors of the compressor periscope that reflect the beam while it is spatially-chirped. This
strongly suggests the origin as a faulty surface or coating of at least one of these periscope
mirrors, resulting in an effect similar to that in Fig. 15.

Phase (rad.) n

S Coracicn
T

Fig. 16. Chromatic phase aberrations on the UHI100 laser beam. (a) Spectrally-
resolved wavefronts of the collimated UHI100 beam at 2.32, 2.35 and 2.39 rad/fs (respectively
corresponding to wavelengths of 812, 800 and 788 nm). (b) Spatio-spectral phase profile
along the horizontal line indicated by the red dashed line in panel (a), before (left) and after
(right) changing the periscope mirrors in the compressor. Data before correction are from
the same measurements as presented in Ref. [9] ©Nature Publishing, but were processed
using an improved algorithm. The small localized defect observed on the phase profile after
correction is most likely a measurement artifact.

A similar "phase streak’ effect was measured on the BELLA petawatt laser beam [25], as
shown in Fig. 17 (note that some residual ring artefacts can be seen in these results, due to slight
delay instabilities that occurred in TERMITES interferometer during the measurement [32]).
Compared to the crescent-shaped defect previously affecting the UHI-100 beam, the ’phase
streak’ modulations observed on the spatio-spectral phase of the BELLA beam have a higher
spatial frequency, and are distributed more uniformly across the beam profile. They are however
much smaller in magnitude (~ 7/4rad peak-to-valley) than the defect observed on UHI-100.
These linear streak patterns are only visible in the horizontal (x, w) space (panel (b)) and not
in the (y, w) space (panel (c))—i.e., the frequency-dependent spatial drift exclusively occurs
in the dispersion plane of the compressor. These spatio-spectral phase patterns can thus again
clearly be attributed to defects of the compressor optical elements, most likely the gratings in this
case [25,51,52], and can potentially be eliminated with the use of a second compressor and a
deformable mirror [53]. The consequences of such spatio-spectral phase patterns in the near-field
on the beam focus and in the temporal domain were also discussed in Ref. [25].
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Fig. 17. Spatio-spectral phase of the collimated BELLA beam. (a) BELLA wavefront
observed at central wavelength 1g = 810nm. (b) Spatio-spectral view of the phase in the
(x, w) space taken along the horizontal black line in panel (a). Oblique red line represents
the expected slope of the streak that would be induced by spatial defects of optical elements
located within the compressor, given BELLA compressor characteristics. The origin of this
line is arbitrary. (c¢) Spatio-spectral view of the phase in the (y, w) space taken along the
vertical black line in panel (a). The spectrally-averaged wavefront was removed from all
panels in order to see exclusively components of the phase that depend on wavelength. This
data is from Ref. [25] ©IOP Publishing.

5.2.2. Chromatic effects in intensity

Additionally to couplings in phase, compressors (as well as stretchers, in principle) can also induce
amplitude couplings on ultrashort laser beams. As it is clear from the previous explanations,
such couplings can arise whenever the reflectivity of a mirror or the diffraction efficiency of
a grating varies spatially, but it can also result from propagation effects initiated by spatial
phase modulations induced within the compressor (such as those described in the previous
subsection). Finally, a really trivial way to induce such amplitude couplings is when a mechanical
or optical element clips the beam while it is spatially chirped in the compressor. Throughout the
characterization of different laser systems carried out during this work, we found out that this
last case was actually rather common, simply because it can easily be overlooked when standard
spatial-only beam diagnostics are used.

Fig. 18 illustrates such a spatio-spectral profile masking, as observed on the LASERIX beam.
A vertical shade starts to appear on the right hand side of the beam at 815 nm, and slides into the
beam for lower wavelengths, until 800 nm where it masks 5 mm of the beam. The issue is very
hard to detect without any spatio-spectral diagnostic tool: as shown in the rightmost panel of
Fig. 18, the spectrally-integrated fluence profile in the near-field, which is typically measured
with simple cameras and used as an alignment diagnostic on most lasers, looks normal and would
not raise suspicion. In the temporal domain the pulse would be significantly lengthened in the
clipped region due to the locally narrower spectrum. The much more complete measurement
presented here allowed the LASERIX team to locate the misalignment in the compressor and fix
the issue by re-centering the beam on compressor optics.

Similar issues were observed on different lasers, either due to coating degradation on some of
the compressor mirrors, or simple clipping by mechanical elements. In all cases, these issues
remained undetected with the usual spectrally-integrated diagnostics, but were revealed with the
type of measurements presented here.
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Fig. 18. Spatio-spectral profile masking caused by misalignment of LASERIX com-
pressor. The three panels on the left display the spectrally-resolved spatial profile of
LASERIX, at 820, 810 and 800 nm. The rightmost panel shows the spatial profile obtained
by spectrally integrating these spatio-spectral data. This image could also be obtained using
a simple CCD camera.

6. Effects of hollow-core fiber compression

Hollow-Core Fiber (HCF) compressors are increasingly used at the end of high-power laser
systems to further compress ultrashort pulses in time, either to push the pulse duration to the
single-cycle regime with established femtosecond lasers up to kHz repetition rates [3,54,55], or
to compress pulses from 10-100 kHz rep-rate technologies from hundreds of femtoseconds or
a few picoseconds to tens of femtoseconds [56,57]. This is done by taking advantage of Self
Phase Modulation (SPM) which reduces the Fourier-transform limited duration of the pulse
by broadening its spectrum. The method essentially relies on focusing pulses in a meter-scale
hollow fiber, filled with noble gas at a controlled pressure. Compression in HCF typically results
in millijoule-level few-cycle pulses, produced by medium scale facilities such as the Salle Noire
laser [3].

Some spatio-temporal characterization studies of HCF compressed beams [58—60] have already
been conducted using the SEA-SPIDER and STARFISH techniques, resolving only one transverse
spatial dimension. They did not show any strong aberration generated by this non-linear technique
under optimal operating conditions. We used TERMITES and INSIGHT to characterize the HCF
compression set-up installed in Salle Noire, and thus obtained the complete amplitude and phase
information on the broadband beam in 3D. We note that for practical experimental reasons, all
measurements were carried out right at the fiber output, before the spectral chirp compensation
optics used for the final compression of the pulse to few-cycle durations.

Fig. 19(a) shows slices of the spatio-spectral amplitude and phase measured before the HCF,
and after the HCF with different levels of gas pressure (and after propagation away from the fiber
exit). Amplitude profiles show that the spectral broadening is correctly measured, and that the
spectral width significantly increases with helium pressure in the fiber. The phase information is
correctly obtained for frequencies where the signal is sufficiently high, and becomes dominated
by noise for frequencies with lower intensity. Although the spatio-spectral phase is certainly not
perfect, no strong or clearly identified STC can be observed on the beam. Spectral modulations
essentially affect all positions in space identically. The quality of the spatial phase can be seen
more clearly in Fig. 19(b) where we show 2D spatial phase profiles at three strongly present
frequencies on the broadest spectrum (800 mbar He). This view is enabled by the use of a full 3-D
characterization device and shows very clearly the high quality of the phase even for very different
frequencies. Note however that we do see a small spatial drift of the spatial profile with frequency
(i.e., transverse spatial chirp), most visible in the case with the broadest bandwidth. This small
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spatial chirp could be due to slight fiber misalignment, leading to the different frequencies leaving
the fiber at different angles.

A conclusion that we can draw from these basic measurements is that the technique of using a
hollow-core fiber to broaden the spectrum of an ultrashort laser pulse has the potential to be robust
and free from spatio-temporal couplings. Indeed, this requires a more detailed investigation
to be a general conclusion for all systems, but it is important for CPA laser technology as
post-compression techniques are becoming ubiquitous and STCs become more important as the
bandwidth becomes so large. This tentative conclusion is consistent with previous amplitude-
only or partial measurements made on a range of systems [61-63] and full spatio-spectral
measurements made on a gas-filled multi-pass cell system [64].
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Fig. 19. Spatio-spectral properties of the Salle Noire laser beam, before and after a
HCEF, for different gas pressures. Panel (a) features spatio-spectral slices of the amplitude
and phase profiles mesured by TERMITES. Panel (b) shows spectrally-resolved spatial
wavefronts measured after the fully pressurized fiber, at three particular frequencies.
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7. Conclusion

In this survey, we have shown that spatio-temporal couplings are present in the multiple
stages of CPA-based laser systems and arise for very different reasons. Spatio-temporal pulse
characterization not only allows the optimization of ultrafast light sources, but also offers a deeper
understanding of their operation and has the potential to provide new insights about fundamental
mechanisms in such cutting-edge laser systems.

Couplings were sorted depending on the optical component or fundamental process responsible
for each of them. We started the survey by confirming that Offner stretchers can introduce
significant amounts of spatial chirp even for slight misalignments (Section 2). The resulting
STCs were observed to be efficiently mitigated by subsequent regenerative amplifiers, at the
expense of very significant spectral narrowing of the beam (Section 3). Then, we showed
the spatio-spectral effect that can be induced by saturated high-energy amplifiers. We also
showed that magnification telescopes based on singlet lenses can induce a noticeable quantity
of chromatic curvature, associated to Pulse Front Curvature in the temporal domain (Section
4). Ubiquitous couplings originating from compressors were presented (Section 5), which
were either simple STCs caused through misalignment, or complex ones resulting from poor
surface quality of constituent optics. Finally, we evaluated the quality of broadband beams
generated by Hollow-Core-Fiber post-compression (Section 6). This survey focused on relatively
standard chirped-pulse amplification systems, showing the interest of understanding and therefore
characterizing the spatio-temporal effects within the amplifier chain rather than solely at the
output of the system. Our results provide strong motivation to extend such spatio-temporal
characterization to a wider range of broadband laser sources, such as OPCPA-based systems
where frequency-dependent phase mismatch could induce complex STCs [65].

We conclude this survey with two important points related to ultrafast metrology. First,
although some of the observed couplings could have been measured with simpler means, i.e. not
necessarily in full 3D, our understanding of the spatio-temporal beam properties in all the cases
was greatly improved through the access to all three dimensions, both in amplitude and phase,
which is enabled by the measurement tools used in this work. Second, we emphasize that all
measurements presented here were carried out using multi-shots techniques, i.e., requiring many
individual laser shots for a single STC determination. This contrasts with conventional wisdom
in ultrafast metrology, whereby single-shot measurement are preferable. Developing a reliable,
accurate and tractable single-shot technique for STC measurements is actually very challenging,
although there are some promising developments in that direction [7]—yet with rather limited
spatial and/or spectral samplings— that have only recently been applied to high-power systems
[66—68]. Fortunately, our results show that it is actually not at all a prerequisite to an in-depth
analysis of the spatio-temporal properties of ultrashort light sources.

Actually, single-shot STC measurement techniques will mostly be useful for iterative alignment
procedures, in particular of stretchers or compressors, which clearly benefit from very fast
measurements of simple and low-order couplings. For more advanced insight into the spatio-
temporal properties of ultrashort laser beams, they will probably be truly necessary only in a
limited number of very specific cases. The first one is the spatio-temporal characterization of
systems with very low repetition rates (i.e., below 1 shot/min)—typically the most powerful laser
systems (>1 PW). In such a case, the requirement of a large number of shots for a measurement
implies very long acquisition times, which can be very inconvenient or imply a significant risk of
a drift in the light source properties during the measurement itself. The second case corresponds
to light sources that are intrinsically unstable from shot to shot. This is unlikely to occur for
well-controlled laser sources, but could for instance arise once STC measurement techniques are
used to investigate non-linear optical effects with a strong sensitivity to the input beam properties.
But, in more common cases, our results indicate that STC are stable enough to get a reasonable
measurement with multi-shot techniques.
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Appendix A: Brief summary of measurement techniques—TERMITES and IN-
SIGHT

TERMITES and INSIGHT are two techniques for the complete 3D spatio-temporal/spatio-spectral
characterization on ultrashort laser beams. They have already been described in details in previous
publications [9,10,32,69,70], so we only provide a summary of their principles here. A common
point to both techniques is that they rely on spatially-resolved Fourier transform spectroscopy
(FTS): a camera is used to resolve the beam along the two spatial coordinates transverse to its
propagation direction, while the frequency resolution is provided by a delay scan. The two
techniques however strongly differ in the way in which phase information is extracted from the
measured data.

TERMITES has been developed independently and simultaneously at CEA-Saclay [9,69,70]
and Lund [8], in slightly different implementations. In both cases, FTS is used to determine a
set of cross spectral density functions, and thus compare each point of the unknown beam to a
unique reference. In the Saclay version, we compare the spectral phase at any point of the beam,
to the spectral phase of a reference taken from its central part. TERMITES can thus be viewed as
a self-referenced interferometric technique. It is typically applied to collimated beams, and does
not require these beams to be temporally compressed.

In contrast, INSIGHT [10] is typically applied to focused beams—but just like TERMITES
it can also work on chirped beams. Spatially-resolved FTS is used to measure the local pulse
spectrum at each point of the beam—i.e., using a Michelson interferometer as a multi-shot
hyperspectral camera. From this information, one can directly determine the spectrally-resolved
beam spatial profile. This profile is successively measured in multiple planes (minimum two,
more typically three) along the beam propagation direction, close to the beam best focus. Knowing
the evolution of the beam intensity profile along this propagation axis for each frequency w,
the spatial phase at each of these frequencies is then determined by applying an iterative phase
retrieval algorithm of Gerchberg-Saxton type, separately at each w.

In this work, measurement campaigns were performed on different lasers with these two
techniques, although all lasers could not be systematically be characterized with both techniques.
Which technique was used in each case was partly arbitrary, depending on the measurement
opportunity we had and on the availability of the devices and trained scientists. We note that
the goal of the present work was not a detailed comparison of the two techniques, although this
would definitely be of interest. Such a comparison has been done on the BELLA laser [25], and
we observed that TERMITES was able to resolve spatial modulations of higher frequency than
INSIGHT. On the other hand, TERMITES is generally less compact, more difficult to operate,
and the data analysis is more challenging. A typical measurement with either INSIGHT or
TERMITES can be achieved in typically less than 10 minutes for lasers with a repetition rate of 1
Hz or more.

While TERMITES typically provides a reconstruction of the complex field E(x, y, ) in the
near-field, INSIGHT provides the spatio-spectral field at or around laser focus, i.e., in the far
field. However, once the field is known in both amplitude and phase, it can be numerically
propagated to any arbitrary plane. Therefore, all results presented in this article are represented
in the near-field, whether the measurement was performed with TERMITES or INSIGHT. Once
the field E(x, y, ) is known in amplitude and phase, it only requires a Fourier transformation
with respect to w to calculate the field E(x, y, f) [12]. For most of our measurements done with
TERMITES or INSIGHT, we also propagated numerically the electric field back to the optical
plane of the suspected STC source, which brings additional precision for the analysis. This
numerical imaging was performed using plane-wave decomposition, as explained with more
details in Ref. [32].
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APPENDIX B: Numerical simulations of a regenerative amplifier

We performed simulations of a representative regenerative amplifier with parameters similar to
those of the measured amplifier. The simulated regenerative amplifier is built on a Z-shaped cavity
folded in-plane thanks to two tilted concave spherical mirrors (radius of curvature 500 mm) in a
confocal geometry. Injection and extraction occur on the same leg using a two-step 20 mm KDP
Pockels cell. The mirror tilt angle is adjusted to 6.15° to compensate [71] for astigmatism induced
by the 15 mm-long titanium-sapphire laser active medium at 60.4° Brewster angle. This tilted
parallel slab is positioned 10 mm off-focus along the cavity axis, close to the actual configuration
of the measured amplifier. Titanium-doped sapphire is considered as a four-level laser medium
with anisotropic wavelength-dependent emission cross-sections modelled by a vibronic Poisson
distribution [72]. Kramers-Kronig spectral phase is deduced by MacLaurin integration [73].
It adds to undoped-material dispersion effects accounted for by undoped sapphire Sellmeier
equations [74]. Refraction through interfaces, reflexion on mirrors, and beam propagation in
anisotropic KDP and sapphire relies on a vectorial non-paraxial Fourier method [75]. Broadband
pulse amplification with gain saturation is numerically calculated by a Fourier split-step method
similar to [76,77] with adaptive step-size and adaptive time slices.

A typical energy of 1 nJ is injected in the cavity with a near-field described in the x, y, w space by
a standard Gaussian profile with a spatial chirp in the x-direction and with a central wavelength of
Ao = 27 /wy = 793 nm. A quadratic temporal phase ¢, = 3.723 rad/ps? is applied, corresponding
to the stretch of a 21.5 fs Fourier-transformed pulse to 7 = 35 ps full-width at half-maximum (the
stretched pulse duration is scaled-down by one order of magnitude compared to experimental
value to speed-up calculations). Nonlinear effects related to peak power such as optical Kerr
effects and two-photon absorption are therefore turned off in these simulations. Un-aberrated
Gaussian beam waist radius wyp = FWHM/4/2 log 2 is adjusted to match cavity-mode diameter
FWHM = 0.360 mm. The collimated, spatially-chirped field is Fourier-transformed in time and
imaged on the cavity first flat mirror. The small-signal gain is adjusted through excited-state
fraction of Ti** ions to saturate amplification after 12 to 15 round-trips (24 to 30 passes) while
extracting a typical energy of 2 mJ.
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