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Abstract: The complete characterization of an ultrashort laser beam ultimately requires the
determination of its spatio-temporal electric field E(x, y, t), or its spatio-spectral counterpart
E(x,y,w). We describe a new measurement technique called INSIGHT, which determines
E(x,y, w), up to an unknown spatially-homogeneous spectral phase. Combining this information
with a temporal measurement at a single point of the beam then enables the determination of the
spatio-temporal field E(x, y, t). This technique is based on the combination of spatially-resolved
Fourier-transform spectroscopy with an alternate-projection phase-retrieval algorithm. It can be
applied to any reproducible laser source with a repetition rate higher than about 0.1 Hz, relies
on a very simple device, does not require any reference beam, and circumvents the difficulty
associated with the manipulation of large beam diameters by working in the vicinity of the beam
focus. We demonstrate INSIGHT on a 100 TW-25 fs laser, and use the measurement results to
introduce new representations for the analysis of spatio-temporal/spectral couplings of ultrashort
lasers.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (320.7090) Ultrafast lasers; (120.3180) Interferometry; (320.7100) Ultrafast measurements.
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1.

Introduction

Ultrashort laser sources have now become major scientific tools, used in very different research
fields ranging from femtochemistry to material science, high-precision frequency metrology, or

pl

asma physics [1]. The development of these advanced light sources has been intimately coupled
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with progress in optical metrology. In particular, the ability, since the late 90’s, to accurately
measure the temporal evolution of the local electric field E(¢) of ultrashort pulses [2] has played
a crucial role in the optimization and applications of these lasers. Such measurements, once at
the forefront of optical metrology, can be now routinely achieved thanks to a variety of elegant
techniques [3-6].

Yet, all laser beams unavoidably have a transverse spatial extent in the (x, y) plane normal to
the propagation direction z. Variations of the temporal/spectral properties of the pulse across this
plane are called spatio-temporal/spectral couplings, and can be induced by even the simplest
optical elements such as lenses, prisms or gratings [7]. Thus, the complete characterization
of ultrashort laser beams actually requires measurement of the complex-valued electric field
E(x, y,1) in space-time, or equivalently of its counterpart E(x, y, w) in space-frequency [8].

Fully determining this spatio-temporal/spectral electric field is crucial from several respects.
First, by providing comprehensive information on the laser beam, it opens the way to unprecedented
optimizations of its properties in 3D, which is essential for applications requiring the most
advanced performances, e.g. in terms of peak intensity at focus [9] (for laser-driven particle
acceleration [10, 11]) or of pulse duration (for single attosecond pulse generation [12]). Second,
the interaction of these beams with matter often involves a collective response of the medium to
the laser field, as well as a transverse and/or longitudinal ’coherent’ build-up of the resulting
secondary emissions (such as high-order harmonics or high-energy electrons), both ultimately
determined by the full spatio-temporal field E(x, y, ¢) and its evolution along z. Measuring this
field and using this information as an input for simulation codes would thus open the way to a
finer understanding of laser-matter interaction experiments. Finally, spatio-temporal metrology
is a prerequisite to spatio-temporal shaping of laser beams, which has recently been identified
as a powerful way to tailor the beam properties, and thus to achieve advanced control of these
interactions [13-18].

Research on spatio-temporal/spectral measurement techniques for ultrashort lasers has become
increasingly active in the last ten years, and several techniques have now been demonstrated
[9,19-24], based on different concepts such as spatially-resolved spectral interferometry [19,22],
spectrally-resolved spatial interferometry [20] or wavefront sensing [23]. Many of these should
actually rather be considered as spatio-spectral techniques, which determine E(x, y, ) up to an
unknown spatially-homogeneous spectral phase. An additional temporal measurement, either of a
reference beam (e.g. in SEA TADPOLE [19], its variant STARFISH [22], or STRIPED FISH [20]),
or of the field at a single point of the beam to be characterized (e.g. in TERMITES [9, 24] or
HAMSTER [23]), is then required to lift this unknown, after which the spatio-temporal field can
be calculated by a Fourier-transform with respect to frequency.

Itis a fact though that none of these techniques has become widespread yet, probably due to their
complexity and the difficulty of implementing them on advanced laser systems. A less obvious,
yet major difficulty is that analyzing and understanding the structure of spatio-temporal/spectral
fields (3D complex-valued matrices) provided by such techniques is far from trivial [25]- much
more challenging for instance than getting insight into the temporal structure of a pulse. This has
also significantly contributed to keep this advanced metrology so far accessible to specialists
only.

In this article, we present two advances on spatio-temporal/spectral metrology of ultrashort
laser beams, which should contribute to make it accessible to a broader community of users.
First, we introduce a new spatio-spectral measurement technique, called INSIGHT, applicable
to any reproducible ultrafast laser source with a repetition rate higher than typically 0.1 Hz:
this technique does not use any reference beam, is based on a measurement device of extreme
simplicity, and measures the spatio-spectral E-field directly at laser focus, precisely where most
laser-matter interactions take place. INSIGHT provides the laser spatio-spectral field E(x, y, w),
up to an unknown spatially-homogeneous spectral phase. Combining the information with a
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temporal measurement at a single point of the beam, the complete spatio-temporal field E(x, y, t)
can then be obtained.

We demonstrate this technique on a high-power femtosecond laser, and use the measurement
results to introduce new and simple tools for the analysis of the spatio-temporal/spectral structure
of ultrashort beams. In particular, we transpose one of the essential concepts of standard wavefront
analysis, the Zernike polynomial decomposition of the spatial phase [26], to broadband laser
sources. This representation provides a clear understanding of the nature of spatio-spectral
couplings affecting broadband beams, and hence should prove very useful for the optimization of
ultrashort lasers.

2. Principle

Let E(Z)(x, »w) = Ap)(x,y, w) €'9(%y-@) be the complex electric field of the laser beam
(assumed to be linearly-polarized) in the spatio-spectral domain at longitudinal position z,
described by its spatio-spectral amplitude A,)(x, y, w) (a real quantity) and spatio-spectral phase
#(z)(x, y, w). The INSIGHT technique proceeds by first measuring A(x, y, w) at different z near
focus, and then exploiting this information to numerically retrieve ¢,)(x, y, w) (see Fig. 1).

An essential ingredient of the technique is thus the phase-retrieval procedure used in the second
step. This is based on an adapted version of the well-known Gerchberg-Saxton (GS) iterative
algorithm [27], which exploits the information encoded in the evolution of the spatial amplitude
profile A(;)(x, y) of a monochromatic beam along the propagation axis z, to extract its spatial
phase profile ¢,)(x, y). The original GS algorithm uses amplitude profiles A ,,)(x, y) measured in
two planes related one to the other by a 2D spatial Fourier transformation: it retrieves the spatial
phase by Fourier-transforming back and forth the complex field between these two planes, and
imposing the measured amplitudes at each iteration step. In the present work, we use a variant
where the spatial amplitudes are rather measured at and around the best focus of the beam, with
typical distances between the measurement planes of several Rayleigh lengths zg [28]. In the
iterative algorithm, the field is then propagated back and forth between these planes, using a
plane wave decomposition in our case.

Although in principle strictly valid for monochromatic beams only, such algorithms are also
commonly applied to broadband lasers, using as inputs the spectrally-integrated spatial profiles
that are provided by cameras. This method is however doomed to fail for beams exhibiting
significant spatio-spectral couplings: in such cases, the measured image is the incoherent sum
over w of different intensity profiles A,)(x, y, ), and its evolution along z can generally not
be properly accounted for by the propagation of a single combination of spatial amplitude and
phase profiles. The retrieval algorithm will then either converge to unphysical solutions, or not
converge at all. The general idea can nonetheless be transposed to such beams by measuring the
spectrally-resolved spatial amplitudes in different planes and then applying the retrieval algorithm
separately at each frequency of the spectrum [21]. This is the first key idea of INSIGHT.

Different techniques can be considered to obtain the spectrally-resolved spatial amplitude
profiles required for this phase retrieval procedure. One possibility is to use an imaging
spectrometer with a 2D-detector, as in [21]. This however provides A(,)(x, y, w) along one
spatial axis only, and thus restricts the approach to beams with cylindrical symmetry, or
exhibiting STC in one spatial direction only, hence severely limiting its scope. Here, we avoid
any assumption or limitation of this kind, by rather using spatially-resolved Fourier-transform
spectroscopy. Widely used in different spectral ranges, this spectroscopic technique [29] relies
on the Wiener-Khintchine theorem [30,31], which states that the spectral intensity of a light
source is given by the Fourier transform of its linear autocorrelation function with respect to the
delay, A%(w) = FT™ { / dtE(t)E*(t - T)}. In the visible or near-visible range, this technique is
readily implemented with a 2D spatial resolution by using cameras for the measurement [9,24].
This gives access to the local spectrum everywhere across the beam: the spectrally-resolved
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Fig. 1. Principle and implementation of INSIGHT. (a) The laser beam to be characterized
is focused onto a 2D sensor placed at the output of a simple Michelson or Mach-Zehnder
interferometer. A piezoelectric stage in one arm (stage 1 in (a)) is used to scan the delay with
sub-optical-period accuracy, and thus measure the spatially-resolved linear autocorrelation
of the beam at best focus (longitudinal position zg), shown on (b). The Fourier transform of
this signal with respect to delay (c) is then calculated, in order to filter out (white dashed
box) the spatially-resolved spectrum A(,(x, y, w). This 3D dataset provides the amplitude
profiles at each frequency, shown in (d). This process is repeated at two other longitudinal
positions near focus zg + dz by shifting the interferometer (stage 2 in (a)), or equivalently
the focusing or imaging optics, in the direction of the incoming beam, thus providing the
spectrally-resolved spatial amplitudes A +57)(X, ¥, ) at zo + 6z. For illustration, panel
(e) displays A(z,+57)(%, y, w) only. A GS-like phase retrieval algorithm is then applied on
each group of amplitudes in order to extract the spatial phase at each frequency, examples
of which are shown in (f). INSIGHT provides the spatio-spectral field up to an unknown
spatially-homogeneous spectral phase, since the measurement is blind to the evolution of
phase with frequency. This unknown can be lifted by an independent measurement of the
spectral phase at one position in the beam. Once this is done, a Fourier transformation with
respect to w is performed to obtain the field E(x, y, t) in space-time, the real part of which is
shown on (g).

Xm) g 50 0
t(fs)

spatial amplitude profiles are then directly obtained by taking spatial slices of this 3D dataset at
each frequency.

The measurement device is very simple and easy to implement. It consists of a simple
Michelson or Mach-Zender interferometer (see Fig. 1(a)) inserted between the focusing optic
and the focal area [32]. The interferometer creates two replicas which recombine and overlap
spatially with a controllable delay 7 on a camera chip, leading a total signal given by S(x, y,7) =
/ dt|E(x,y,t) + E(x,y,t — 7)|>. The delay is then scanned with sub-optical-cycle precision
until the two replicas no longer overlap temporally, while images of the interference pattern are
recorded on the camera. The resulting 3D signal (see Fig. 1(b)) contains the spatially-resolved
linear-autocorrelation c¢(x, y, 7) = f dt E(x,y,t) E*(x, y,t — 7) of the laser beam. This signal is
selected by a Fourier-transformation of S(x, y, 7) with respect to 7, followed by a filtering of
the positive side peak (see Fig. 1(c)). This directly leads to the spectral intensity Az(x, v, w) for
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each position (x, y) across the laser beam, with a spectral resolution inversely proportional to
the temporal width of the delay scan. Examples of spectrally-resolved spatial amplitude profiles
obtained in this way are shown in Fig. 1(d), for three frequencies in the laser bandwidth. The
processing time required to extract this information from the raw images is of the order of a few
minutes (one minute for each measurement plane in our case, using a standard laptop equipped
with an Intel I7 2.7 GHz processor).

This measurement, first performed at or close to the best focus position z, is repeated at two
other positions zg + 0z and zg — dz before and after focus, for instance by shifting the measurement
device along the laser propagation direction. This provides a triplet of spatio-spectral amplitudes
at different longitudinal positions, A.)(x,y,w) and A .57 (%, y, w) (see Fig. 1(d) and Fig.
1(e), where only two positions are shown for illustration). From these three 3D-matrices, we
extract three spatial profiles at a single frequency w, that we use to seed our alternate projection
phase-retrieval algorithm in order to determine the spatial phase ¢, (x, y, w) at this frequency.
Using three spatial profiles rather than two greatly improves the stability and accuracy of the
convergence [28]. The process is then repeated for each frequency within the laser spectral
bandwidth, leading to a collection of spectrally-resolved spatial phase profiles, examples of which
are shown in Fig. 1(f). The processing time required for this phase-retrieval algorithm to converge
was about 5 minutes in our case, using the same laptop as before.

Since it provides all information on the spectral dependance of the spatial properties of the
field, this procedure is sufficient to obtain all information on spatio-spectral couplings of the
beam. However, since INSIGHT is totally insensitive to the relative phase between different
frequencies, ¢(x,y,w) is only retrieved up to a spatially-uniform spectral phase, which in
particular prevents reconstructing the E-field in space-time. This missing information can be
obtained through a single additional measurement, using a temporal measurement technique such
as FROG [4] or SPIDER [3]. Such measurement is only required at one spatial position (xo, yo) in
the beam (provided all frequencies are present at this position [21]): once the local spectral phase
@(x0, yo, w) is known, the complete spatio-spectral phase ¢(x, y, w) is obtained by imposing its
spectral variation at (xg, yo) -a process called frequency stitching. Temporal reconstruction is
then possible by a Fourier-transform with respect to frequency.

This additional temporal measurement can in principle be done at focus, where the INSIGHT
technique is applied, in which case performing frequency stitching is immediate. In practice,
it is generally easier to perform a local temporal measurement on the collimated beam, before
focusing. In this case, the spectrally-resolved fields provided by INSIGHT are first numerically
propagated to this measurement plane. Frequency stitching is then achieved by imposing the
spectral phase at position (xp, yp) in this plane to match the value measured at this position. If
needed, the beam can finally be propagated back to focus, so that the complete spatio-temporal
electric-field at focus can be obtained, as shown in Fig. 1(g).

3. Results and analysis

In this section, we present the results of INSIGHT measurements performed on a high-power
femtosecond laser, and use these results to address one of the difficulties that has hindered the
development of spatio-temporal/spectral beam analysis so far: while the complex 3D matrix
retrieved with techniques such as INSIGHT in principle contains all possible information on
the laser E-field, in its raw form it does not readily shed light on the nature of the couplings
affecting the beam. Deciphering this information requires the development of new specific
representations associated to suitable visualization tools (see e.g. [25]). We will describe different
such representations, which should at least partially cover the needs of both laser users and
developers.

We applied the INSIGHT technique to the UHI100 laser system at CEA, delivering 100TW
pulses of 25 fs duration with a spectrum centered at 800 nm, at a repetition rate of 10 Hz,
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Fig. 2. Frequency-resolved spatial properties of the beam at best focus position zg. Four
frequencies w; are selected in the spatially-integrated spectrum (a), and the corresponding
spatial intensities A(ZZO)(x, ¥, w;) (c-f) and phases ¢,)(x, y, w;) profiles (g-j) are shown.
Panel (b) displays the frequency-integrated intensity profile (i.e. the focal spot), and the
white lines in panels (c-j) its 1/e contour as a spatial reference.

in a beam of about 7 cm diameter. This laser was recently characterized in space-time, by
implementing the self-referencing TERMITES technique [9] on the collimated beam (so-called
near field). The beam was attenuated using neutral optical densities and/or uncoated wedges
prior to the compressor. This attenuated beam was focused in the experimental chamber with
the off-axis parabola used for the laser-plasma interaction experiments usually carried out with
this laser, down to a focal spot of less than Sum diameter (so-called far field). This focal spot
was relay-imaged and magnified onto the camera of the INSIGHT device, outside of the vacuum
chamber, with the same aberration-free microscope objective as used for focus optimization in
usual experiments. The focal spot size was minimized using a deformable mirror [33], and the
pulse duration was optimized on a small portion of the collimated beam using an acousto-optical
modulator [34] (DAZZLER by FASTLITE). The feedback signals for these optimizations were
respectively provided by frequency-integrated spatial measurements (a camera on the magnified
focus and a wavefront sensor in the near-field) and spatially-localized temporal measurements
(here carried out using self-referenced spectral interferometry [5] in the near field, i.e. WIZZLER
by FASTLITE). The later also provided the phase information for frequency stitching of the
INSIGHT data, required to then compute the field in the time domain.

3.1. Analysis of the beam properties in the far-field

The measurement of the spatio-spectral amplitude A, (x, y, w) at best focus - the very first step
of INSIGHT measurements- already provides on its own highly valuable information on the beam
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Fig. 3. Spatially-resolved spectral and temporal properties of the beam at focus. The
frequency-integrated intensity profile (i.e. the focal spot) is shown in (a). The local spectral
intensities A2(x,~, vi, w) and phases ¢(x;, y;, w) are shown in (b), for three positions (x;, y;)
across focus. The corresponding local temporal profiles are displayed in (c).

couplings. This is illustrated on Fig. 2(c)-2(f), which show the intensity profiles A(zzo)(x, Y, w)
for different laser frequencies w; (i = 1 : 4). On each of these profiles, we indicated the 1/e
contour of the frequency-integrated focal spot (shown in Fig. 2(b)) as a spatial reference. To first
order, we observe a linear spatial drift of these spatial profiles from the bottom left to the top
right for wy < w < wq4, with only slight changes in the beam profile -i.e. a linear spatial chirp
resulting from angular dispersion in the near-field (see next subsection). In contrast, for the lowest
frequencies around wq, it gets distorted and moves back to the bottom right. This reveals that
the beam experiences a combination of low order couplings, leading to the linear drift of focus
position with frequency, and high order couplings, associated to the complex distortions of the
beam profile.

The very same data can be analyzed from a different perspective, by now considering the
local spectrum of the pulse as a function of position across focus. This is illustrated in Fig.
3(b), which displays this local spectrum at three positions along an horizontal line across focus,
indicated on the frequency-integrated focal spot shown in Fig. 3(a) (same data as in Fig. 2(b)).
An obvious consequence of the drift of the focal spot with frequency is that the spectrum suffers
from significant spatial inhomogeneities. The spectrum at the center of the beam (blue) is broad
and smooth, while the spectra on the sides (red and orange) are either narrow (top) or strongly
structured (bottom). This will unavoidably results in spatial variations of the pulse duration.
Determining these variations however requires the knowledge of the phase properties of the
beam.

These phase properties are provided by the second step of the INSIGHT measurement procedure:
the spatial phase profiles retrieved at four different frequencies are displayed in Fig. 2(g)-2(j).
Such profiles at focus actually provide little intuitive insight into the beam properties. But by
rather performing linouts of ¢,(x, y, w) along the frequency axis (after appropriate frequency
stitching), we obtain the local spectral phase at each position in the beam, plotted in Fig. 3(b). The
local pulse temporal profiles can then be calculated by a Fourier-transformation, as illustrated in
Fig. 3(c). Important spatial variations of the temporal properties are observed, with the pulse
duration changing from 23 to 47 f's. Therefore, in the present case, the widely-used assumption
of a homogeneous temporal structure across focus is clearly inaccurate.

The knowledge of the spectrally-resolved spatial phase profiles at focus has another major
interest: combined with the spectrally-resolved spatial amplitude profiles, this can be used to
numerically propagate each frequency of the pulse in any z plane before or after focus (e.g. using
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Fig. 4. Frequency-resolved spatial properties of the collimated laser beam. Four frequencies
w; are selected in the spatially-integrated spectrum (a) and the corresponding spatial
intensities A%m)(x, ¥, w;) (c-f) and phases ¢(0)(x, y, w;) (g-j) are shown. The vertical white
dashed lines in panels (e-f) highlight the clipping of the beam at high frequencies. In (b) we
show the calculated near-field spatial intensity at w, assuming a flat spatial phase at focus, to
emphasize the importance of taking into account the actual spatial phase retrieved at focus.

plane wave decomposition), and then calculate the spatio-temporal E-field in this plane. The
movie of the UHI100 laser pulse propagating through focus obtained in this way is provided in
Visualization 1. This representation, as well as the ones of Fig.2 and 3, are of prime interest
to analyze the potential consequences of spatio-temporal/spectral couplings on laser-matter
interaction experiments - for instance by using these data as inputs for simulation codes.

3.2.  Analysis of the beam properties in the near-field

Based on this analysis in the far-field, it is however difficult to identify the physical nature and
origin of the couplings affecting the beam. To this end, studying the structure of the beam in the
near-field is more suitable. By now calculating the 2D spatial Fourier-transform of E(Z0>(x, Y, w)
for each w, the field structure E(m)(x, ¥, w) right after the focusing optics can be numerically
deduced from the data of Fig. 2(c)-2(j). Here again, knowledge of the spatial phase (Fig. 2(g)-2(j))
is absolutely crucial. We illustrate this point by showing in Fig. 4(b) the near-field intensity profile
obtained at frequency w, when assuming a flat spatial phase at focus. This profile is then totally
different from what is expected: it is dominated by a very bright central spot of very small size,
surrounded by a broader faint halo that matches the known diameter of the collimated beam.
This ’coherent artefact’ obviously disappears when the actual spatial phase profiles measured at
focus are taken into account: the reconstructed intensity profiles obtained at different frequencies
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(Fig. 4(c)-4(f)) are now round and show the modulated super-gaussian shape typical of such
lasers in the near-field, with the expected diameter. But much finer features are also recovered:
for w3 and wy, the intensity profiles suffer from a vertical clip on the right edge of the beam,
which drifts towards the center of the beam when frequency increases (see white dashed lines in
Fig. 4(e) and 4(f)). As far as near-field phase profiles are concerned (Fig. 4(g)-4(j)), the most
striking effect is the appearance of a localized aberration on the bottom right edge of the beam
at frequency w;, which qualitatively explains the observed degradation of the focal spot in this
frequency range (Fig. 2(c)).

These amplitude and phase couplings are similar to the ones previously observed on UHI100
with TERMITES [9], which had been attributed to faulty optical elements and accidental beam
clipping in the section of the compressor where the beam is spatially chirped -issues that have
now been solved thanks to these new diagnostics. This provides a first qualitative validation
of the INSIGHT technique, indicating that even subtle information on spectrally-dependent
structures of the collimated beam is properly retrieved by INSIGHT, through its imprint on the
frequency-resolved amplitude profiles around focus.

In this specific case, the comparison between the results provided by these two techniques
can however not be quantitative. Indeed, for practical reasons, they had to be implemented
at very different locations of the laser beam line, and were separated by more than a year.
The TERMITES measurements were carried out right at the compressor output, while for the
INSIGHT measurements, the beam had to further propagate over several meters, go through a
double plasma mirror, a deformable mirror system, and reflect on all the optics of the experimental
chamber, thus making a direct comparison both difficult and irrelevant. More straightforward and
quantitative tests of INSIGHT will be described later in this section. Furthermore, a more recent
measurement campaign performed with these two techniques around the same location of the
BELLA laser beamline at LBNL (USA) demonstrated an excellent agreement [35].

We will now show that, beyond the peculiar high-order phase aberration observed at frequency
w1, the beam also suffers from lower-order chromatic aberrations, which are not as readily
identified on the spatial phase profiles of Fig. 4(g)-4(j). Revealing these couplings requires the use
of more advanced analysis tools. In standard wavefront analysis for monochromatic beams, spatial
aberrations are usually identified by decomposing the phase profile as a linear superposition
of Zernike polynomials, where each term of the superposition can be associated to a specific
type of wavefront distortion, often resulting from known optical effects (e.g. misalignment of a
lens). Here, we extend this analysis to broadband laser beams, by performing this decomposition
independently at each frequency, and then plotting the obtained coefficients as a function of
frequency, to get an immediate insight into the chromatic aberrations affecting a beam. We note
that, in a similar way, time-resolved Zernike decompositions can also be carried out, in order to
analyze the spatio-temporal phase properties of complex beams.

The results of this analysis for the UHI100 laser beam are presented in Fig. 5, for the five lowest
aberration orders (from wavefront tilt to astigmatism), and illustrate its potential to reveal the
nature and identify the origin of the chromatic abberations affecting broadband beams. The most
striking feature is a quasi-linear change of the Zernike coefficients for 2.35 PHz < w < 2.5 PHz.
The strongest variation is for the horizontal wavefront tilt (green): this corresponds to a well-
identified space-frequency phase-coupling known as angular dispersion [7], that leads to the
horizontal spatial chirp observed at focus [13]. It can easily be compensated by adjusting the
relative angle between gratings in the compressor. At the next order, we observe a linear variation
of the wavefront curvature (white), another known coupling leading to pulse front curvature in
space-time, and to longitudinal chromatism around focus [15,36]. This typically results from the
use of chromatic lenses in the laser system. The beam also has a non-zero frequency-averaged
astigmatism with a slight dependence in frequency (orange and red): such coupling has never
been reported to date to the best of our knowledge, and its origin is more difficult to identify.
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Fig. 5. Decomposition of the near-field spectrally-resolved spatial phase ¢(o)(%, ¥, w) onto
the basis of Zernike polynomials. The five first polynomial coefficients (horizontal and
vertical tilts, defocus, 45° and 0° astigmatisms) are showed, apart from the spectrally-resolved
piston, which corresponds to the spatially-averaged spectral phase.

Much faster changes of the Zernike coefficients occur for 2.25 PHz < w < 2.35 PHz. These are
most likely due to the high-frequency distortion of the spatial phase occurring in this frequency
range (see Fig. 4(g)), which cannot be properly described by a low-order Zernike polynomial
decomposition.

3.3. Validation test and measurement of shaped beams

This frequency-resolved wavefront analysis is also useful to display a basic validation test of the
measurement technique. In Fig. 6, we plot the variation with frequency of one of these Zernike
coefficients, the horizontal tilt, obtained from two different INSIGHT measurements performed
on UHI100. Between these two measurements, one of the gratings of the compressor was rotated
by a small angle (16 x 1073deg) around its vertical axis, in order to induce an angular dispersion
in the horizontal plane, with an expected value of 3.3 x 103 deg/nm, which adds up to the small
residual angular dispersion the beam already had. Subtracting these two curves, we indeed find a
linear variation of this horizontal tilt with frequency, with a value of 3.4 x 107 deg/nm very
close to the expected one. The spatial wavefronts retrieved by INSIGHT at different frequencies
in these two cases, as well as their differences, are presented in the supplementary material.
Finally, as emphasized in the introduction, one of the ultimate interests of spatio-temporal
metrology is to characterize structured laser beams, that have been intentionally shaped to get
specific physical effects, as was recently achieved in [37]. To test the capability of INSIGHT
to measure more complex beams, we have introduced a stepped spiral phase plate (8 levels)
in the UHI100 laser beam, in order to create a Laguerre-Gaussian beam of index £ = 1 at
800 nm [38,39]. The reconstructed spatio-temporal E-field at focus is presented in Fig. 7, and
clearly shows the expected helical wavefronts of the field. The measurement reveals that this is
combined with a slight temporal wavefront rotation along y (see back panel in Fig. 7), indicating
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Fig. 6. Horizontal tilt as a function of frequency for UHI100, before and after a small
rotation of one of the compressor gratings around its vertical axis. The rotation angle of
16x 1073 degrees is expected to lead to a change in angular dispersion of 3.3 x 1073 deg/nm.
Subtracting the two curves leads to a measured value of 3.4 X 10~ deg /nm, very close to
the expected one.

the presence of a residual spatial chirp at focus, as observed in the previous measurements.
Because of this undesired additional coupling, the doughnut beam profiles formed at focus by
different frequencies are not perfectly overlapped transversely: this will result in a blurring of
the frequency-integrated intensity ring formed by the broadband Laguerre-Gaussian beam. This
illustrates the level of insight and ultimately optimization that can be provided by complete
spatio-temporal/spectral metrology.

4. Discussion and comparison with TERMITES

The INSIGHT technique has many advantages. First, the experimental setup is very basic since
it consists of a simple interferometer. Second, by working at focus, it avoids the considerable
difficulties associated with the manipulation of very large beam diameters, such as those provided
by high-power laser systems: a compact measurement device can be placed at the focal point
used for laser-matter experiments, or in a corresponding image plane. This will facilitate the
future characterization of PetaWatt femtosecond lasers, which have beam diameters of several
tens of centimeters prior to focusing. Third, it does not require a reference beam, which is often
difficult to produce, especially for high-power or ultrabroadband beams.

The proper implementation of INSIGHT however requires careful attention on several points,
which are further detailed in the appendices. First, measurements of autocorrelation functions rely
on a very accurate control of the position of the delay stage (typically better than /80, where A is
the central wavelength, see Appendix A). This is achieved here by using high-quality piezoelectric
stages, and also ensuring a good mechanical stability of the interferometer. The second difficulty
is to handle the beam pointing instability, especially on high-power lasers where shot-to-shot
displacements of the focal spot can easily get comparable to the spot size [40]: in such cases,
each camera pixel will see a different part of the beam on different laser shots, thus potentially
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Fig. 7. Measured spatio-temporal E-field of the UHI100 laser when a £ = 1 helical phase
plate is introduced into the beam. See Visualization 2 for multiple perspectives. The carrier
frequency has been numerically reduced by 50 % for the sake of visibility. This is why two
intertwined helices are observed on the wavefront, although ¢ = 1.

distorting the measured auto-correlation function and corrupting the retrieved spatio-spectral
amplitudes. Different methods can be used to numerically eliminate these pointing fluctuations
by post-processing of the images (see Appendix B). Finally, since the method requires many laser
shots (typically a thousand for the measurements presented below), it of course applies to laser
sources that are reproducible from shot-to-shot, and its implementation remains tractable only
for repetition rates higher than 0.1 Hz typically, .

It is instructive to compare INSIGHT to the recently-introduced TERMITES technique [9, 24].
Both techniques use simple interferometers and rely on the general principle of Fourier-transform
spectroscopy, and might thus appear similar at first sight. However, their principles are actually
extremely different. As explained above, in INSIGHT, the interfering beams are identical replicas
of the unknown beam, and the delay scan thus provides the spatially-resolved linear autocorrelation
function of the beam, from which the spatially-resolved spectral intensity is derived. This is
different in TERMITES, where the interfering beams are, on the one hand, the unknown beam, and
on the other hand, a radially-stretched version of this beam, used as a self-reference: the temporal
scan then provides the spatially-resolved linear cross-correlation function between these two
beams, from which their spatially-resolved cross-spectral density function is obtained. The key
difference between the two techniques lies in the way in which the spatio-spectral phase properties
of the unknown beam are then deduced from these interferometric measurements. In TERMITES,
this phase information is directly contained in the phase of the measured cross-spectral density
function. In contrast, in INSIGHT, it is rather encoded in the evolution of the spatio-spectral
amplitude profile of the beam along the propagation direction, from which it is extracted through
the phase-retrieval procedure explained earlier.

These two techniques also have major practical differences, which make them complementary
for the characterization of ultrashort lasers. Since TERMITES applies to collimated beams, it
can easily be implemented at any point of complex laser systems, to track the origin of chromatic
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aberrations. On the other hand, implementing TERMITES on beams of very large diameter
(typically > 10 cm) gets very challenging because of the size of the optics, the size and resolution
of the required sensor, and the involved propagation distance after the interferometer. In contrast,
INSIGHT is best implemented near a focus, such that the beam spatial profile has a fast enough
evolution along the propagation direction. As a result, it totally avoids the issues associated to
large beam diameters, and can be based on a much more compact device than TERMITES. As will
be explained in a future publication, the spatial resolution on the near-field spatio-spectral beam
profiles numerically reconstructed from INSIGHT measurements however tends to be weaker
than those obtained from TERMITES -which intrinsically have extremely high spatial-resolution.
Of course, neither of these techniques are restricted to high-power laser systems, and we have
already used them to perform measurement campaigns on less powerful lasers, which also
revealed significant spatio-temporal couplings. Like several previous techniques [24,37,41,42]
as well as TERMITES, applying INSIGHT to few-cycles pulses is possible. In this case though,
the final complementary phase stitching procedure will require special care, due to the extreme
sensitivity of these pulses to even very small amounts of dispersion.

5. Conclusion

In conclusion, we have introduced a new technique for the complete spatio-temporal/spectral
characterization of ultrashort lasers, where the measurement is performed near a focus, and the
phase information is retrieved by a phase-retrieval approach. We have demonstrated this technique
on a 100 TW laser, and used the measurement results to introduce different representations and
analysis tools that can be exploited to shed light on the properties of ultrashort beams, from the
perspective of both laser users and laser developers. A variety of techniques are now available
for spatio-temporal/spectral measurements of ultrafast lasers, and more will very likely emerge
in the coming years. Finding appropriate data analysis tools to get a clear understanding of the
properties of the retrieved 3D complex fields is essential: the new ideas that have been introduced
here on this issue can be applied whatever measurement technique is implemented, and will thus
be of general use in ultrafast optics.

6. Appendix A: Importance of the delay step resolution in the interferometric
scan

Spectral measurements using Fourier transform spectroscopy are known to require a precise
control and diagnostic on the step size of the interferometric scan. To quantify this requirement,
we consider a laser pulse with a spectrum centered at wg = 2.35 PHz (1 = 800 nm) and spanning
over 0.4 PHz, and we simulate the autocorrelation function of this pulse obtained delay steps
exhibiting different amounts of noise. Figure 8 presents a comparison between the actual spectral
intensity of the simulated pulse (red curve), and the spectral intensities (right column) retrieved
by Fourier transformed spectroscopy (blue curve) for different amounts of noise on the step
size. On top, we simulate a precise scan, with almost constant steps of 1 f's over 800 fs and a
standard deviation of 0.04 fs on the step size, which correspond to precision on the piezo stage
of about 6 nm. The retrieved spectrum maps well the spectrum of the simulated light source.
In the middle, we simulate a scan with steps exhibiting a standard deviation of 0.2 fs (30 nm
precision on the stage): the retrieved spectrum already shows an important deviation from the
source spectrum. Finally we simulate a scan with steps with standard deviation of 0.4 fs (60 nm
precision on the stage), and we retrieve a strongly distorted spectrum. We therefore conclude that
for measurements at 800 nm, a precision of the order of 5 nm on the step size of the scan is ideal,
and 10 nm is satisfactory. For our experimental set-up and in our measurement conditions, we
measured that the accuracy on the step size was of the order of 10 nm.
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Fig. 8. Effect of the step size precision on the retrieved spectrum in Fourier-transform
spectroscopy. We show here the results of simulations for different amounts of noise on the
step size of the interferometric scan. The laser is centered at 800 nm (optical period 2.7 fs).
On the left column is the step size variation along the scan (RMS deviation of 0.04 f's,
0.2 f's and 0.4 f's from top to bottom), and on the right the original spectrum in red, and the
spectra deduced from the autocorrelations in blue.

7. Appendix B: Numerical correction of the laser pointing jitter

Fourier-transform spectroscopy consists in retrieving the spectrum of a light source by calculating
the Fourier transformation of its autocorrelation function. In the INSIGHT setup, this spatially-
resolved autocorrelation function is experimentally obtained at and around focus by creating
two replicas of the laser beam with an interferometer, and measuring their interference pattern
on a camera sensor as a function of the delay. However, if the beam pointing exhibits strong
shot-to-shot instabilities, the laser focal spot moves from one shot to the next, and the measured
function is no longer the "pure" autocorrelation function, since any given camera pixel sees
different parts of the beam for different delays. In Fig. 9(a), we show the spatially-resolved
autocorrelation function (only the horizontal spatial direction is shown, the graph is taken for
y = 0) recorded at focus of UHI100. We see that the fluctuations of the focal spot position are
rather large, of the order of the spot size. Figure 9(b) shows the signal measured at (x = 0, y = 0),
i.e. at the center of the beam: due to the beam position variation, the signal is strongly distorted,
so that it is even difficult to distinguish the temporal overlap of the two replicas. As a result, the
retrieved spectrum at (x = 0, y = 0), shown in Fig. 9(c), is noisy and slightly distorted due to a
significant amount of white noise.

In order to improve the quality of the retrieved spatially-resolved spectrum, the fluctuations
of the beam position on the sensor, resulting from the laser pointing jitter, can be numerically
corrected after acquisition, by simply re-centering the consecutive acquired images. In the present
case, this simple numerical processing however requires special care: it cannot be performed
directly on the measured interference patterns, especially around the zero-delay between the
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Fig. 9. Effect of the beam pointing jitter on the quality of the spectrum retrieved by spatially-
resolved Fourier spectroscopy. The data shown here are taken on the UHI100 laser system
and the results presented in the paper are extracted from these. Panel (a) presents a raw
spatially-resolved interferometric scan (for readability purpose, only a cut at (x,y = 0,7) is
shown). The significant beam pointing jitter leads to a noisy and distorted autocorrelation
function (see panel (b), which shows the signal at (x = 0, y = 0) and a function of 7). As a
consequence, the corresponding retrieved spectrum (panel (c)) is affected by noise. Panel
(d) presents the spatially-resolved interferometric scan after numerical correction of the
beam position fluctuations, obtained from (a). The interferometric scan is then much cleaner,
symmetric and contrasted (e) and the retrieved spectrum now presents a good signal-to-noise
ratio (f).

replicas (which is where the useful signal lies). Indeed, the shape of the interference pattern might
vary with the delay, making the numerical re-centering by image comparison unreliable. Different
methods can be used to overcome this difficulty. A basic one is to collect a small fraction of the
beam with a beam splitter prior to the interferometer, and to measure the position fluctuations at
focus on this beam, with a second camera. Another option, which only requires one camera and
that we have used in the present work, consists in introducing high-frequency spatial fringes in
the interferograms (i.e. many spatial fringes within the beam focal spot), in such a way that the
effect of interferences can be Fourier-filtered before numerical correction of the beam position.
We detail the principle of this method in the next paragraph.

For this purpose, we use a Mach-Zehnder interferometer rather than a Michelson interferomer,
in order to introduce a small angle in between the two replicas (see Fig. 10(a)) while maintaining
a perfect spatial overlap on the camera (i.e. no spatial shearing between the replicas). The angle
is introduced on the fixed arm, in order to avoid a walk-off of the replicas on the detector during
the scan. This new configuration creates parallel interference fringes (see Fig. 10(b)) on top of
the beam intensity profile. We then perform a 2D Fourier transformation of the beam intensity
profile. The amplitude of the Fourier-transform, shown in Fig. 10(c), exhibits three patterns: the
central one corresponds to the Fourier transform of the beam profile without interference fringes,
and the two side patterns are its replicas centered at the spatial frequency of the spatial fringes.
We see here that if the spatial frequency of the spatial fringes is higher than the maximum spatial
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Fig. 10. Beam pointing numerical stabilization using a Mach-Zehnder interferometer (panel
(a)). The two replicas spatially overlap on the camera with an angle. As a result, the intensity
profile exhibits parallel spatial fringes (b). If the spatial period of the fringes is smaller
than the shortest spatial pattern within the beam profile, the 2D-spatial Fourier transform
(c) has three well separated peaks, the central one corresponding to the incoherent sum
of the replicas’ intensity profile. After filtering this central peak and Fourier-transforming
back to the real space, the intensity profile is now free from spatial fringes (d), and its drift
due to beam pointing jitter can be accurately calculated (e). This measured drift is then
used to numerically correct the spatial position of the total interferometric signal (f), before
performing the numerical processing described in the main text.

frequency of the beam intensity profile, then we can select only the central peak, and perform an
inverse Fourier transformation back to the initial space. The intensity profile is then free from
spatial interference fringes, as show in Fig. 10(d), and corresponds to incoherent sum of the
intensity profiles of the two replicas -a signal that is totally independent of the delay between
the replicas. It is then very easy to calculate the amount of spatial drift with respect a reference
position, for instance the center of the image (see Fig. 10(e)), which we can then compensate on
the measured intensity profiles with inferferences (see Fig. 10(f)). The resulting interferogram
with numerical correction of the position fluctuations is shown on Fig. 9(d). The signal taken at
the center of the image (Fig. 9(e)) now shows a much cleaner and symmetric autocorrelation
function, and the retrieved spectrum is now almost noise-free, and identical to what can be
measured with a spectrometer.

8. Appendix C: Measurement of induced controlled angular dispersion

Figure 11 displays the frequency-resolved wavefronts of the collimated UHI100 laser beam at
four different frequencies, measured with INSIGHT before (upper line) and after (middle line) a
rotation of a compressor grating by 16 x 107> degrees. For these measurements, the deformable
mirror located before the experimental chamber was intendedly not optimized, resulting in the
distorted wavefronts observed on these measurements. Such distorted wavefronts are known
to make it very difficult to detect residual angular dispersion on a beam by traditional simple
methods. For instance, at focus, this makes the focal spot bigger, hence preventing the detection
of tiny deformations due to chromatic effects.

Yet, the effect is very clear on the INSIGHT results. By subtracting the wavefront profiles
obtained at each frequency, we indeed observe the additional frequency-dependent horizontal
wavefront tilt resulting from the grating rotation (lower line). From one measurement to the next,
all wavefront defects almost perfectly cancel out, leaving only the additional effect originating
from the grating rotation. The quantitative analysis provided in the main text show that this
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angular dispersion corresponds to the theoretically expected value. This not only demonstrates
the validity and reliability of INSIGHT, but also tests its reproducibility from one measurement
to the next.
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Fig. 11. Color maps of frequency-resolved wavefronts of the collimated UHI100 laser beam
at four different frequencies, measured with INSIGHT before (upper line) and after (middle
line) a rotation of a compressor grating by 16 x 10~3 degrees. The lower line shows the
difference between the two cases for each frequency, and clearly reveals the additional
frequency-dependent wavefront tilt induced on the beam by the grating rotation.
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