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: Reaching light intensities above 10°> W/cm? and up to the Schwinger limit

2 of the order of 10 W/ecm? would enable testing fundamental predictions of
3 quantum electrodynamics. A promising — yet challenging — approach to
4 achieve such extreme fields consists in reflecting a high-power femtosecond
5 laser pulse off a curved relativistic mirror. This enhances the intensity of
6 the reflected beam by simultaneously compressing it in time down to the at-
7 tosecond range, and focusing it to sub-micrometre focal spots. Here we show
8 that such curved relativistic mirrors can be produced when an ultra-intense
9 laser pulse ionizes a solid target and creates a dense plasma that specularly
10 reflects the incident light. This is evidenced by measuring the temporal and

1 spatial effects induced on the reflected beam by this so-called ’plasma mirror’.

12 The all-optical measurement technique demonstrated here will be instrumen-
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tal for the use of relativistic plasma mirrors with the upcoming generation of
Petawatt lasers that recently reached intensities of 5 x 10> W/em?, and there-

fore constitutes a viable experimental path to the Schwinger limit.

Quantum field theory predicts that even the most perfect vacuum has a complex structure,
characterized by a jostling of so-called virtual particles. Probing the non-linear optical proper-
ties of vacuum, resulting from the coupling of light with these virtual particles, would enable un-
precedented tests of these predictions (/—3). The typical amplitude of the electromagnetic fields
required to do so corresponds to the onset of the Sauter-Schwinger effect (4-6), where charged
particle-antiparticle pairs are predicted to spontaneously appear from a vacuum in which a suf-
ficiently strong electric field is applied. For electron-positron pairs, this is expected for field
amplitudes exceeding E, = m2c®/eh = 1.32 x 10'8V/m, corresponding to electromagnetic
waves with an intensity I, > cegE?/2 ~ 4.7 x 10* W /cm?. Due to these considerable values,
this so-called Schwinger limit has never been reached or even approached in experiments (7).

The concentration of light energy allowed by ultrashort lasers (8, 9) has raised the hope
of approaching such intensities by focusing near-visible laser light (/0). The critical value I
however still far exceeds the present record of laser intensity of ~ 5.10%2 1¥//cm?, recently
achieved with a tightly-focused Petawatt (1 PW=10'> W) femtosecond (1 fs=10"1° s) laser
(11). Further increasing the laser pulse energy appears as a technologically hopeless path to
close this gap of about seven orders of magnitude. A more realistic approach would consist
in considerably increasing the concentration of this light energy. This requires a conversion to
electromagnetic waves of shorter wavelengths, which can be more tightly focused in space and
compressed in time.

A promising path to implement such a frequency conversion for high-power laser pulses is
the concept of curved relativistic mirror (12, 13). Upon reflection on a mirror moving at v < ¢,

an ultraintense laser pulse gets compressed in time and down-converted in wavelength by a
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factor ~ 4~2 (with v = 1/ m the mirror’s Lorentz factor) due to the Doppler effect.
For large v, the reflected pulse can be compressed down to the attosecond (1 as=1071% s) time
range, and can now converge to a sub-micron focal spot, thus boosting the intensity of the initial
laser by orders of magnitude. Although appealing, the major and so-far unsolved challenge of
this approach is the experimental generation of such curved relativistic mirrors.

Different implementations have been proposed (/3—16) and debated (/7) to achieve this
goal. Experimentally, significant advances have already been made in the last 15 years, using
so-called plasma mirrors: these are dense plasmas produced at the surface of initially-solid
targets, ionized by intense fs laser pulses (/8, 19). They have the ability to specularly reflect
high-power ultrashort laser pulses, just like ordinary mirrors do for ordinary light. At intensities
exceeding 1018 w/ cm?, the laser-driven oscillation of the plasma surface becomes relativistic,
and thus induces a periodic Doppler effect on the reflected beam (15, 20—23). This results in the
generation of a train of attosecond light pulses -with one pulse every laser period- associated
in the frequency domain to a comb of harmonics of the laser frequency. In addition to these
temporal effects, the surface of plasma mirrors can get strongly curved under the effect of the
radiation pressure exerted by the incident laser field, which can provide a way to focus these
attosecond pulses right after their generation. Implemented with the emerging generation of
PW lasers, this scheme appears as one of the few viable paths towards the Schwinger limit (/6).

Pursuing this path requires the accurate measurement of the spatio-temporal properties of
the reflected beam, down to the attosecond scale in time and nanometric scale in space, to
be able to both assess and optimize the properties of the relativistic mirror. Despite the de-
velopment of attosecond metrology in the last 20 years (24-26), attosecond pulses generated
from plasma mirrors have never been accurately characterized in time, due to the challenge
of implementing such advanced techniques in the extremely harsh conditions of laser-plasma

experiments (27, 28). In this article, we report the spatio-temporal characterization of attosec-
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ond pulses generated from relativistic plasma mirrors with a 100 TW-class fs laser, using an
all-optical technique. We thus get direct evidence for the effects that compress the light energy
of the reflected beam in time and space. The measurement method that we demonstrate can be
realistically scaled to the most powerful fs laser systems available to date, and thus constitutes

a milestone in the quest for the Schwinger limit.

Principle of dynamical ptychography

The measurement method implemented in our experiment is an extension of a powerful lensless
imaging technique known as ptychography (29). This technique consists in illuminating a mi-
croscopic object, described by a transmission or reflection function O(z — z), with a focused
beam of coherent light of wavevector kg, described by a field F(z). The angular diffraction
pattern S(0, o) o< | [ dz O(x — o) E(x)e s Pkor ‘2 produced as the beam diverges away from
the object is measured as a function of the position x of the object with respect to the beam.
As an example, we consider the simple case of a sinusoidual surface as an object Fig.1a. This
object is illuminated by a probe beam whose size at focus is smaller than the surface oscillation
period D. The resulting ptychographic trace S(f, xy) is displayed in Fig.1b. As the position
xo is scanned, the peaks and dips of the surface are alternatively probed, and both the angular
width and direction of the diffracted beam oscillate. The power of ptychography lies in the fact
that iterative phase retrieval algorithms can be applied to such a trace, to reconstruct the spatial
structures O(z) of the object and E'(x) of the illuminating beam, in amplitude and phase. Pty-
chography is thus an advanced spatial measurement method for both microscopic objects and
coherent beams of light or particles (30).

We now consider an illuminating probe consisting of an ultrashort pulse of light, and aim
at adding temporal resolution to ptychography, in order to obtain both spatial and temporal

information on this beam. We show that this is possible by using an object O(z,t) which
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evolves in time in a known manner. The measurement then consists in spectrally-resolving the
diffraction pattern of the probe beam on this evolving object as the offset position x is scanned.
This provides a 3D dataset S(f, x¢,w), where w is frequency within the spectral width of the
probe pulse. To illustrate this measurement scheme, we now assume that the object of Fig.1
drifts in time with a known and constant velocity v (Fig.1).

An ultrashort pulse of light is formed by the superposition of multiple frequencies. For a
given spectrum, the shortest pulse is formed if all frequencies are all perfectly synchronized in
time (i.e., group delay is constant). In such a case, all these frequencies will probe the evolving
object at the same instant (Fig.1a). The multiple ptychographic traces measured at different
frequencies w would then be observed to oscillate in phase (Fig.1b).

We now consider a probe pulse with the same spectrum, but with the frequencies arriving at
different times ﬂ This corresponds to a chirped pulse whose duration is longer than the mini-
mum allowed by the pulse spectral bandwidth. Different frequencies w within the pulsed beam
will now probe the object at different instants of its motion, and will get diffracted differently
(Fig.1c). The oscillations of the multiple ptychographic traces measured at different frequen-
cies would then be observed to be dephased (Fig.1d), i.e. to present a maximal deflection for
different values z,,,(w) of zy. If the object velocity v is known, this dephasing directly encodes

the chirp of the probe pulse, through the following straightforward relationship:
T(w) = Tpm(w) /v (1)

where 7(w) is the group delay of frequency w within the probe spectrum. Combined with
the spatial information provided by each ptychographic trace, we can thus get access to the
complete spatio-temporal structure of the illuminating beam.

This measurement scheme, which we call dynamical ptychography, is very general and can

The arrival time of frequency w here refers to the group delay at this frequency, i.e. it corresponds to the
temporal position of the pulse formed by the superposition of frequencies within a small interval centered at w.

5
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in principle be applied to very different types of objects and probes, over a broad range of time
scales, to determine the temporal properties of the probe if the evolution of the object is known,

or vice versa.

Application to attosecond pulses
from plasma mirrors

Here we apply this general measurement scheme to determine the spatio-temporal structure of
attosecond pulses generated from plasma mirrors. This calls for a diffracting object evolving
very quickly in time, i.e. typically moving by a fraction of its spatial period on an attosecond
time scale. We fulfill this condition by using a transient optical grating as the diffracting struc-
ture: this consists in an evolving spatial interference pattern, applied on the ultraintense laser
beam that drives the interaction with the plasma mirror and generates the attosecond pulses. The
spatio-temporal structure of this driving field is imprinted on the dynamics of the plasma mirror
and hence on the generated attosecond pulses. This acts as the evolving diffracting object for
the dynamical ptychographic measurement of this light source (see Supplementary Information
section 2).

Such a fast transient optical grating can be generated by perturbing the main driving laser
field, of frequency w;, with a much weaker secondary beam of frequency 2w;, arriving at a
small angle 6, with the main beam (Fig.2a). At any given time ¢, the crossing of these two fields
generates a sinusoidal spatial interference pattern -exactly as the object of Fig.1. Since the two
waves have different frequencies, the relative phase of the two beams changes as time evolves,
and the resulting interference pattern therefore drifts spatially along the plasma mirror surface
- again, like in the example of Fig.1. The spatio-temporal structure of this transient optical
grating can be easily calculated analytically (see Supplementary Information section 2), and is

displayed in the inset of Fig.2a. Its temporal period is that of the main driving field (7, = 2.7
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fs): the methods of attosecond metrology developed in the last 20 years have shown that such
a modulation at Petahertz frequency indeed enables temporal measurements with attosecond
resolution (24, 25).

A ptychographic measurement requires scanning the position x of the diffracting structure
with respect to that of the harmonic source -imposed by the spatial profile of the main driving
beam. This can be achieved with high accuracy by changing the relative delay ¢ between the
two beams, by small fractions of the laser optical period. At any given time ¢, this shifts the
spatial interference pattern formed by their superposition, while the position of the harmonic
source remains fixed. To ensure the required interferometric delay stability, we generate the
perturbing 2w;, beam from a fraction of the main beam, thanks to an all-solid in-line optical set-
up (see Supplementary Information section 1), and vary its delay with attosecond accuracy by
tiny rotations of a glass plate used in transmission. Using an angularly-resolved spectrometer
(Fig.2a), we then measure in a single delay scan the ptychographic trace of each individual
harmonic in the spectrum of the attosecond pulse train.

We have performed such dynamical ptychographic measurements in different interaction
regimes (see Supplementary Information section 1) (/9, 31), from laser intensities exceeding
10 W/em?, where the Doppler effect described in the introduction is the main source of har-
monic generation (Relativistic Oscillating Mirror regime - ROM), down to much lower intensi-
ties of ~ 10'7 W /cm?, where attosecond pulses are produced by collective plasma oscillations,
periodically triggered into the dense plasma by fast electron bunches (Coherent Wake Emission
regime -CWE) (32). The comparison of the results obtained in these two regimes will provide
stringent tests of the measurement method, as explained below.

We note that different measurement schemes based on the perturbation of a laser field by its
second harmonic have been demonstrated in the last decade (33-35), for the characterization

of attosecond pulses generated in gases or solids at laser intensities of ~ 10 W/cm?2. In
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particular, the method implemented in (34) for the spatio-temporal characterization of isolated
attosecond pulses from gases is similar to the one used here. The justification of these schemes
was so far based on a quantum picture. The present work provides a different perspective, which
suggests that dynamical ptychography can equally apply to some other systems where quantum
effects do not play a role, such as plasmas exposed to laser intensities 10° times higher than in

all previous attosecond measurement.

Spatio-temporal field reconstructions

Figure 2b-d displays two experimental ptychographic traces obtained for harmonic 9, in the
CWE and ROM interaction regimes. These traces are then processed by a ptychographic phase
retrieval algorithm (see Supplementary Information section 3), which converges to the recon-
structions displayed below the measured data.

The first information obtained from the reconstruction of a single ptychographic trace is the
spatial structure of the harmonic beam in the plane of the plasma mirror -along one spatial axis
only, although an extension of the method to the two transverse spatial dimensions is in prin-
ciple possible. The amplitude and phase profiles of harmonic 9 retrieved in the two interaction
regimes are displayed in Fig.2 c-e. These spatial properties, and more particularly the phase
profile, carry rich information on the physics of the harmonic generation process (36, 37), and
are consistent with analytical models (38, 39) (black dotted lines in Fig.2 c-e) as well as previous
spatial-only measurements (40, 41).

In both cases, the observed curvature of the spatial wavefront is due to the spatial variation
of the laser intensity across focus. In the CWE regime, the intensity dependence of the electron
dynamics at the plasma surface results in a diverging beam (217, 36). The opposite curvature
observed in the ROM regime is that of a converging harmonic beam, and has a very different

physical origin. At the ultrahigh laser intensities involved in this regime, the radiation pressure
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exerted by the incident field on the plasma mirror surface reaches the Gigabar range, and leads
to a recession of this surface typically by a few tens of nanometers (37, 38). Due to the varying
laser intensity, this recession is stronger at the center of the focal spot than on the edges, and the
plasma mirror surface thus gets dented, acquiring a parabolic shape: this is precisely the type
of curved relativistic mirror that is needed to boost the reflected light intensity.

The intensity boost that will be achieved at the plasma mirror focus is not only determined
by the spatial properties of individual harmonics, obtained in Fig.2: it critically depends on the
attosecond temporal compression of the reflected field. This is precisely the second type of
information provided by dynamical ptychography. For each individual harmonic of frequency
w, = nuwp, the ptychographic algorithm provides a reconstruction of the diffracting object.
According to the previous sections, the emission time 7(w,,) of this harmonic is encoded in the
measured position offset of this object, following Eq.(1). We now experimentally validate this
key feature of the measurement method.

The optical gratings retrieved from the two ptychographic traces of Fig.2 are displayed in
Fig.3a. While these two measurements have been performed in different laser-plasma interac-
tion conditions, the moving grating used for dynamical ptychography remained the same in the
two cases (see Supplementary Information section 1). As expected, it is sinusoidal in space,
with a spatial period D = 11.5 pm determined by the angle between the main and perturbing
beams. More importantly, we observe that the overall position of the object retrieved for the 9"
harmonic differs by Az = 7.5 um in the two regimes. This position shift should be related to
different times of emission (within the laser optical cycle) of the attosecond pulses produced in
these two measurements carried out in different regimes. Converted in time using Eq.(1) with
v = 14.3c, this corresponds to a delay At, = 1.8 fs between these attosecond pulses (Fig.3c).

Such a difference is indeed what is expected physically (32): in the ROM regime, attosec-

ond pulses are emitted in the part of the optical cycle where plasma surface electrons are pulled
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outward by the incident laser field (Fig.3d, lower panel). Later in the laser optical cycle, these
surface electrons are pushed back into the plasma, where they trigger the emission of CWE
attosecond pulses (Fig.3d, upper panel). The measured delay quantitatively matches the one
observed in Particle-In-Cell (PIC) simulations of the laser-plasma interaction (Aty, = 1.75
fs, Fig.3d): this provides a striking validation of the temporal sensitivity of the measurement
method.

We can now use the position offset x,,(w,,) of the multiple objects retrieved from the pty-
chographic traces measured for different harmonics, to determine the group delay 7(w,,) of the
associated attosecond pulses (see Supplementary Information section 3.2). These results are
plotted in Fig.3b, for both the CWE and ROM regimes. In the CWE regime, we observe that
the harmonics are emitted at different times, with a total delay of ~ 150 as between the emission
of harmonics 9 and 14, leading to pulses slightly longer than the Fourier-transform limited dura-
tion (Fig.3c, upper panel). This varying group delay results from the fact that higher harmonics
are emitted from denser parts of the plasma, which are located deeper into the target (32): they
are therefore emitted later in the laser optical cycle. In contrast, all harmonics are found to
be synchronized in the ROM regime, leading to attosecond pulses with the minimum duration
allowed by the spectral bandwidth of the beam (Fig.3c, lower panel). This is because all har-
monics are emitted at the same time, when the plasma mirror moves outward at relativistic
velocity (Fig.3d, lower panel). These results constitute an accurate temporal measurements of
attosecond pulses generated from plasma mirrors. Although we do not access the group delay
for all harmonic orders generated in this experiment, the measured range is sufficient to validate
a key prediction of simulations, i.e. the fact that harmonics should be in phase in the relativistic
regime.

Combining the spatial and temporal information obtained from our ptychographic measure-

ments, we can reconstruct the spatio-temporal field of the attosecond pulses formed by the

10
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superposition of harmonics 9 to 14. This field is displayed in Fig.4a for the ROM regime. Due
to the spatial curvature of the wavefronts imprinted by the curved plasma mirror surface, this
optimally-compressed attosecond pulse will get focused ~ 150 pm away from this surface. The
combination of these temporal and spatial compressions leads to an intensity gain compared to
the incident laser field. Determining the effective gain requires considering the field produced
by the entire harmonic spectrum, and knowing the conversion efficiency of the laser energy to
these harmonics. To this end, we use PIC simulations validated by our experimental results
(Fig.4a, side and bottom panels), and estimate that the intensity gain induced by the plasma

mirror can reach a value of up to 8 in the physical conditions of our experiments.

A path to the Schwinger limit

The excellent spatio-temporal compression measured in our experiment suggests that consider-
ably higher gains should be possible using incident laser fields with peak intensities of the order
of 10%2 W/cm?, now available from the emerging generation of PW lasers. As these much
higher intensities, the involved physical processes -temporal compression and tight focusing-
qualitatively remain the same as the ones observed in our experiment, but their effect can be
made much stronger (/6). As illustrated by the simulations results of Fig.4b, shorter attosecond
pulses (=~ 100 as), associated to broader harmonic spectra, are generated with much higher con-
version efficiencies, reaching 40 % for the cumulation of all harmonic orders > 2 in the physical
conditions of Fig.4b. Due to a larger size of the harmonic source, converging harmonic beams
with larger numerical apertures are produced, which thus get focused to tighter focal spots. In
the case of Fig.4b, a 300 nm focal spot is produced 60 pm away from the plasma mirror surface,
resulting in a total intensity gain of 103 that brings the light intensity in the 105 W /cm? range.
Different approaches can be used to further enhance the focusing by these highly-controllable

plasmas (42—48) and thus make the Schwinger limit within reach (49) -such as creating the
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plasma mirror on a micro-fabricated curved target, using optically-shaped plasmas (44, 45), or
tailoring the laser wavefronts to control the harmonic beam divergence (38, 50).

In all of these cases, the advanced measurement method described here will equally apply,
enabling the accurate characterization and optimization of the spatio-temporal effects induced
by relativistic plasma mirrors on the reflected field. All key experimental concepts and tools are
available to pursue this challenging yet realistic path to the Schwinger limit based on plasma
mirrors, which our results set as a new type of attosecond light source (24, 57) of high spatio-
temporal quality. These results are also highly relevant for the field of ultrafast science, by
confirming experimentally that plasma mirrors can provide attosecond pulses for time-resolved

experiments on electronic dynamics in matter.
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List of Figures

(1

Principle of dynamical ptychography. This figure presents an example of dy-

namical ptychography, in a case where the diffracting object (grey area 1n a and

¢) 1s a sinusoidal reflective surface with a spatial period 1. The ptychographic

measurement consists in measuring the diffraction pattern of the illuminating

beam (Gaussian profiles in a and c¢) as a function of the propagation angle ¢

(upper 1nsets 1n a and c¢) while scanning the position offset x, of this oscillating

surface with respect to the beam position (from left to right in panels a-c). In

pr— pr— p— —— —————— -

dynamical ptychography, the probe results from the superposition of multiple

frequencies w represented by the different colored Gaussian profiles. Ptycho-

graphic traces S(f, z,w) are measured for several of these frequencies, and

such traces are displayed 1n panels b and d for two of these frequencies w; and

wo. In this example, the object 1s assumed to drift with time ¢ at constant veloc-

1ty v. The temporal information on the probe pulse 1s encoded in the frequency

dependence of the phase of the oscillating ptychographic traces, as illustrated

here for the case of an optimally-compressed probe (panels a-b) and a chirped

probe (panels c-d). The black dashed lines in b-d are guides for the eye. | . . . .
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[2

Applications of dynamical ptychography to attosecond pulses generated

on plasma mirrors. Panel a presents the principle of the experiment, where

attosecond pulses (purple cone) are generated on a plasma mirror by a spatio-

temporally shaped laser field resulting from the superposition of a main beam at

pr— pr— pr— p—— -

frequency wy, (red cone) and a perturbation beam at frequency 2wy, (blue cone),

crossing at an angle ¢, on the target. The delay 0t between the two beams 1s

controlled on the attosecond time scale. The inset sketches the transient optical

grating resulting from the superposition of the two beams at focus, as a func-

tion of time ¢ and position x along the modulation direction of the object in

the surface plane of the plasma mirror, for ¢, = 35 mrad (see Supplementary

Information section 2). This is the “object’ used for the dynamical ptychog-

raphy measurement, which here has a velocity v = ¢/(2sinf,) = 14.3c (¢

vacuum velocity of light) along x. By scanning 0t = x( /v, frequency-resolved

ptychographic traces S(6, xo) are measured in the far-field using an XUV spec-

trometer that resolves the beam in frequency w and angle . Two such traces are

displayed 1n the lower row, measured in the CWE (panel b) and ROM (panel

d) regimes, for harmonic 9 of the fundamental beam. The reconstructions pro-

vided by the iterative phase-retrieval algorithm are displayed below the mea-

sured traces. In both cases, the reconstruction error 1s of the order of 12 %.

The retrieved spatial amplitude and phase (¢q, axis indicated by black horizon-

tal arrows) profiles of harmonic 9 1n the surface plane of the plasma mirror are

displayed 1n the central graphs (panels ¢ and e, amplitude profile in full line,

phase profile in dashed line, prediction of theoretical models (4/) as black dot-

ted line). To determine error bars on the final reconstruction, the reconstruction

algorithm was applied several times to the same trace, starting each time from a

different iitial random guess. In panels ¢ and e, the shaded color curves display

the results obtained after different applications of the algorithm, and the dark

ey P p— — r— r— r— r— —— r— — r— pr— p——

color ones are the average over all reconstructions.] . . . .. .. ... ... ..
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[3 Temporal reconstruction of attosecond pulses from plasma mirrors. Panel

a displays the reconstruction of the spatial phase gbg) ) (x) of the transient optical

grating obtained from the two ptychographic traces of Fig.2 for harmonic 9.

The position of this grating encodes the emission time (group delay 7) of the

harmonic, according to Eq.(1). By measuring the position of this grating as a

function of frequency, we determine the group delay of the harmonics making

up the attosecond pulses generated in the CWE (upper row) and ROM (lower

row) regimes, for harmonic orders 9 to 14 (panel b - wy, 1s the laser angular

frequency - black dotted lines are guides for the eye - the error bars are standard

deviations that result from the procedure described in part 3.2 of the Supple-

pr— pr—] p— ———— p—— p—— ————

mentary Information). Knowing the spectral intensity (provided by the XUV

spectrometer, see shaded plots in panel b), we can then reconstruct the tem-

poral intensity profile /(¢) of these attosecond pulses (panel c) by a Fourier

transformation (noted as .% between b and ¢). The deduced full-width at half-

maximum durations of the CWE and ROM attosecond pulses are respectively

560 and 450as. The temporal resolution of the technique 1s validated by the

measurement of the difference in emission times, within the laser optical pe-

p— ] p—

riod, of the CWE and ROM attosecond pulses (panel c¢), which amounts to 1.8

fs. This m I 1fference matches th 1 f 1.75f rmined from PI

stmulations, shown 1n panel d that illustrates the plasma dynamics leading to

attosecond pulse emission (electron density as grey color map, intensity of at-

tosecond pulses as purple color map, 2 1s the spatial coordinate along the target

normal, shown 1n units of the laser wavelength A;). Experimentally, this time

difference 1s encoded 1n the spatial shift Az, between the two gratings recon-

structed from the ptychographic traces measured in the CWE and ROM regime.

et pr— pr— — —— —— p——

(see vertical linesmmpanela).|. . . . .. ... ... ... ... ..

4 Spatio-temporal field of an attosecond pulse produced by a relativistic plasma

mirror. Panel a displays the experimental spatio-temporal reconstruction of the

FE-field E(x,t) of an attosecond pulse generated in the ROM regime, resulting

from the superposition of harmonics 9 to 14, in the plane of the plasma mirror

surface. Panel b displays the F-field £(x,t) now obtained from a PIC simu-

lation where the laser intensity on target is 10** W /cm?* -nowadays achievable

with a PW laser. In this second case, the displayed attosecond pulse 1s produced

by the superposition of all generated harmonics (orders n > 2). The color lines

1n the bottom and side panels respectively show lineouts of the temporal profile

of the field amplitude |£/(x, )|, and projections of the spatial profile in the two

cases (with wy the laser beam waist on target, and A, the laser wavelength). In

case a, the dotted black lines in these panels show results from PIC simulations

carried out 1n the physical conditions of the experiment (see Supplementary In-

formation section 4). The dashed black lines 1n the main panels a and b are

ey pr— pr— —— p—

guides fortheeye. | . . . . . . . . ..
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Figure 1: Principle of dynamical ptychography. This figure presents an example of dynam-
ical ptychography, in a case where the diffracting object (grey area in a and c) is a sinusoidal
reflective surface with a spatial period D. The ptychographic measurement consists in measur-
ing the diffraction pattern of the illuminating beam (Gaussian profiles in a and c) as a function
of the propagation angle 6 (upper insets in a and c) while scanning the position offset z, of
this oscillating surface with respect to the beam position (from left to right in panels a-c). In
dynamical ptychography, the probe results from the superposition of multiple frequencies w
represented by the different colored Gaussian profiles. Ptychographic traces S(0, x,w) are
measured for several of these frequencies, and such traces are displayed in panels b and d for
two of these frequencies w; and w». In this example, the object is assumed to drift with time ¢ at
constant velocity v. The temporal information on the probe pulse is encoded in the frequency
dependence of the phase of the oscillating ptychographic traces, as illustrated here for the case
of an optimally-compressed probe (panels a-b) and a chirped probe (panels c-d). The black
dashed lines in b-d are guides for the eye.
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Figure 2: Applications of dynamical ptychography to attosecond pulses generated on
plasma mirrors. Panel a presents the principle of the experiment, where attosecond pulses
(purple cone) are generated on a plasma mirror by a spatio-temporally shaped laser field result-
ing from the superposition of a main beam at frequency w;, (red cone) and a perturbation beam
at frequency 2wy, (blue cone), crossing at an angle 6, on the target. The delay 6¢ between the
two beams is controlled on the attosecond time scale. The inset sketches the transient optical
grating resulting from the superposition of the two beams at focus, as a function of time ¢ and
position x along the modulation direction of the object in the surface plane of the plasma mirror,
for 6, = 35 mrad (see Supplementary Information section 2). This is the "object’ used for the
dynamical ptychography measurement, which here has a velocity v = ¢/(2sinf,) = 14.3¢ (c
vacuum velocity of light) along x. By scanning 6t = xy/v, frequency-resolved ptychographic
traces S(6, x() are measured in the far-field using an XUV spectrometer that resolves the beam
in frequency w and angle #. Two such traces are displayed in the lower row, measured in
the CWE (panel b) and ROM (panel d) regimes, for harmonic 9 of the fundamental beam. The
reconstructions provided by the iterative phase-retrieval algorithm are displayed below the mea-
sured traces. In both cases, the reconstruction error is of the order of 12 %. The retrieved spatial
amplitude and phase (¢y, axis indicated by black horizontal arrows) profiles of harmonic 9 in the
surface plane of the plasma mirror are displayed in the central graphs (panels c and e, amplitude
profile in full line, phase profile in dashed line, prediction of theoretical models (47) as black
dotted line). To determine error bars on the final reconstruction, the reconstruction algorithm
was applied several times to the same trace, starting each time from a different initial random
guess. In panels ¢ and e, the shaded color curves display the results obtained after different
applications of the algorithm, and the dark color ones are the average over all reconstructions.
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Figure 3: Temporal reconstruction of attosecond pulses from plasma mirrors. Panel a dis-
plays the reconstruction of the spatial phase ¢S’) (x) of the transient optical grating obtained
from the two ptychographic traces of Fig.2 for harmonic 9. The position of this grating encodes
the emission time (group delay 7) of the harmonic, according to Eq.(1). By measuring the
position of this grating as a function of frequency, we determine the group delay of the harmon-
ics making up the attosecond pulses generated in the CWE (upper row) and ROM (lower row)
regimes, for harmonic orders 9 to 14 (panel b - wy, is the laser angular frequency - black dotted
lines are guides for the eye - the error bars are standard deviations that result from the proce-
dure described in part 3.2 of the Supplementary Information). Knowing the spectral intensity
(provided by the XUV spectrometer, see shaded plots in panel b), we can then reconstruct the
temporal intensity profile /(¢) of these attosecond pulses (panel c¢) by a Fourier transformation
(noted as .# between b and ¢). The deduced full-width at half-maximum durations of the CWE
and ROM attosecond pulses are respectively 560 and 450as. The temporal resolution of the
technique is validated by the measurement of the difference in emission times, within the laser
optical period, of the CWE and ROM attosecond pulses (panel c), which amounts to 1.8 fs.
This measured difference matches the value of 1.75fs determined from PIC simulations, shown
in panel d that illustrates the plasma dynamics leading to attosecond pulse emission (electron
density as grey color map, intensity of attosecond pulses as purple color map, z is the spatial
coordinate along the target normal, shown in units of the laser wavelength \). Experimentally,
this time difference is encoded in the spatial shift Ax, between the two gratings reconstructed
from the ptychographic traces measured in the CWE and ROM regime. (see vertical lines in
panel a).
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Figure 4: Spatio-temporal field of an attosecond pulse produced by a relativistic plasma
mirror. Panel a displays the experimental spatio-temporal reconstruction of the E-field E(x, t)
of an attosecond pulse generated in the ROM regime, resulting from the superposition of har-
monics 9 to 14, in the plane of the plasma mirror surface. Panel b displays the F-field F(x,t)
now obtained from a PIC simulation where the laser intensity on target is 10*? W/cm? -
nowadays achievable with a PW laser. In this second case, the displayed attosecond pulse is
produced by the superposition of all generated harmonics (orders n > 2). The color lines in
the bottom and side panels respectively show lineouts of the temporal profile of the field am-
plitude | E'(x,t)|, and projections of the spatial profile in the two cases (with wy the laser beam
waist on target, and A, the laser wavelength). In case a, the dotted black lines in these panels
show results from PIC simulations carried out in the physical conditions of the experiment (see
Supplementary Information section 4). The dashed black lines in the main panels a and b are
guides for the eye.
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