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Ptychographic measurements of
ultrahigh-intensity laser–plasma interactions
A. Leblanc1, S. Monchocé1, C. Bourassin-Bouchet2, S. Kahaly1† and F. Quéré1*
The extreme intensities now delivered by femtosecond lasers
make it possible to drive and control relativistic motion of
chargedparticleswith light1, openingapath tocompactparticle
accelerators2,3 and coherent X-ray sources4,5. Accurately char-
acterizing the dynamics of ultrahigh-intensity laser–plasma
interactions aswell as the resulting light andparticle emissions
is an essential step towards such achievements. This remains
a considerable challenge, as the relevant scales typically range
from picoseconds to attoseconds in time, and from microme-
tres to nanometres in space. In these experiments, owing
to the extreme prevalent physical conditions, measurements
can be performed only at macroscopic distances from the
targets, yielding only partial information at these microscopic
scales. This letter presents a major advance by applying the
concepts of ptychography6,7 to such measurements, and thus
retrievingmicroscopic information hardly accessible until now.
This paves the way to a general approach for the metrology
of extreme laser–plasma interactions on very small spatial and
temporal scales.

Ptychography is a general lensless imaging technique, used
with both light6,7 and electron beams8, to reconstruct images with
simultaneous amplitude and phase contrast. It consists inmeasuring
the intensity of the diffraction pattern produced by a probe beam
diffracted out by an object to be imaged, typically placed at or
around the beam focus, for different relative positions r0 between
the probe and object. With E(r) the complex field of the probe in
the object plane, and O(r) the complex transmission of the object
at the probe wavelength (where r is the position vector transverse
to the propagation direction), the obtained data set is described
mathematically as:

I(k,r0)=
∣∣∣∣∫∫ E(r)O(r−r0)eik·rd2r

∣∣∣∣2 (1)

with k the two-dimensional (2D) wavevector component transverse
to the propagation direction. Iterative phase-retrieval algorithms
can then be applied to this data set to reconstruct not only the
object O(r), but also the probe field E(r) (refs 7,9). In this letter,
we present a conceptual advance by showing that the general
principles of ptychography can be adapted to ultrahigh-intensity
laser–plasma interactions, up to the relativistic regime, to obtain
microscopic physical quantities that would be extremely difficult
to measure by other means. Using this new measurement scheme,
we simultaneously retrieve the complex field spatial profile, in the
target plane, of coherent extreme-ultraviolet light beams emitted
by laser-driven plasmas (probe field E(r)) in different interaction

regimes, and the spatial profile of a microstructured plasma surface
(object O(r)).

We apply this measurement technique to dense plasmas
generated by ultrahigh-intensity femtosecond laser pulses focused
at the surface of initially solid targets. Owing to their high
density and sharp interface with the vacuum, such plasmas
specularly reflect the incident laser beam, and are therefore called
plasma mirrors10. At ultrahigh light intensities (>1016 Wcm−2), the
temporal response of these mirrors to the incident field becomes
nonlinear, leading through different mechanisms to the generation
in the reflected beam of trains of attosecond pulses, associated in
the frequency domain with combs of high-order harmonics of the
laser frequency11,12, which can extend up to the X-ray range13,14. This
scheme is considered as one of the most promising paths to obtain
intense attosecond light sources for ultrafast science15–17.

Spatially, each harmonic is described by a complex
field hn(r)=|hn(r)|eiϕn(r), where r is the transverse spatial position
in the target plane and n the harmonic order. Owing to the
nonlinearity of the generation process, the amplitude |hn(r)| is
expected to cover a fraction of the laser focal spot, and its size is
thus typically in themicrometre range. As far as the harmonic phase
ϕn is concerned, it typically varies with the driving laser intensity
IL, whatever the generation process18,19. The spatial variation IL(r)
of this intensity at focus therefore leads to a spatially curved
harmonic phase ϕn(r), which can strongly affect the divergence
of the produced harmonic beam. Accurately determining these
amplitude and phase profiles is essential for further applications
of these light sources, and is precisely one of the outcomes of our
ptychographic measurements.

The key idea is to generate the harmonics on a spatially
modulated plasma mirror surface, which acts as the object O(r) by
introducing a small phase perturbation on the harmonic beam hn(r)
(Fig. 1). This harmonic beam constitutes the probe E(r), which is
here directly generated on the object, instead of being provided by
an external source as in usual ptychography.

Experimentally, themodulated plasmamirror surface is obtained
in situ by optically microstructuring an initially flat solid target20.
As illustrated in Fig. 1a, two non-collinear prepulses (dark red)
ionize the target at a delay τ before the ultrahigh-intensity pulse
which generates the harmonics. Their spatial interference pattern
modulates the prepulse fluence along one spatial dimension x
(Fig. 1b,c, grey scale), leading to a corresponding modulation of
the expansion velocity of the plasma into the vacuum. A spatial
modulation g (x) of the plasma surface position then grows from
the initially flat surface (Fig. 1d), in the time interval τ between
target ionization and the arrival of the main laser pulse. These
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Figure 1 | Measurement scheme. a–d, Sketch of the experiment (a). Two prepulse beams (I≈ 1016 Wcm−2) cross at the surface of an initially solid target,
which they strongly ionize. This initiates a plasma expansion with a velocity modulated in space owing to the prepulse interference (grey images in b and
c). This leads to the growth of a transient plasma surface modulation, as illustrated by the hydrodynamic simulations20,21 shown in d, for a delay τ=2.5 ps
after the prepulses (grey scale: electron density ne, blue curve: isodensity surface g(x) corresponding to the critical plasma density nc). An
ultrahigh-intensity main laser pulse (25 fs pulse centred at 800nm, intensity up to 7× 1018 Wcm−2, focal spot shown by the coloured spots in b and c)
then interacts with this modulated plasma, and generates a beam of high-order harmonics in the specular direction. This harmonic beam is spectrally
resolved with a 2D spectrometer that measures for each harmonic the 1D di�raction pattern along the direction of surface modulation. This spectrally
resolved di�raction profile is measured as a function of the relative position x0 between the surface modulation and the main pulse focus, scanned by
changing the delay δτ=τ2−τ1 between the two prepulse beams by fractions of the laser period, leading to a shift of the interference fringes (compare b
and c). All experiments were performed with UHI100, the 100-TW, 25-fs Ti–Sa laser at CEA Saclay. See Supplementary Methods for more information.

so-called transient plasma gratings evolve on a timescale of
hundreds of femtoseconds to picoseconds (typical expansion
velocity of 10−4 c=30 nmps−1), and thus appear as static objects to
the 25-fs-long main laser pulse. We spectrally resolve the harmonic
beam produced by the main pulse on this plasma grating, and
measure the 1D diffraction pattern of each harmonic along the
direction of the surface modulation (Fig. 1a).

For a relative position x0 between this shaped surface and the
laser focal spot that generates the harmonics (Fig. 1b,c, colour
scale), a phase modulation eiφn(x−x0) is induced on the harmonic
beam hn(x), where φn(x − x0)= 2π cos θ g (x − x0)/λn, with λn
the harmonic wavelength and θ the laser incidence angle on
target. After diffraction, taking into account the geometry of the
spectrally and angularly resolved measurement system, the beam
profile of the nth harmonic in the detector plane is given by (see
Supplementary Methods):

In(kx ,x0)=
∣∣∣∣∫ hn(x)eiφn(x−x0)eikx ·xdx

∣∣∣∣2 (2)

This is the 1D equivalent of the generic equation for ptychography,
equation (1), with a phase-only probe. This suggests that, using
one of the algorithms of ptychography, both the complex harmonic
field hn(x) and the plasma surface shape g (x) can be retrieved from
measurements of the harmonic diffraction pattern as a function
of x0.

We thus perform our ptychographic measurements using
optically induced plasma structures as diffracting objects. In
principle, these could also be performed using pre-structured solid
targets (for example, grating targets), but this can be demanding
on the pointing stability of the laser beam, which then needs to be
matched to the spatial scale of the target modulations. In contrast,

with the all-optical scheme used here, all beams have the same
spatial jitter: the transient plasma grating and the main laser focal
spot are thus spatially locked on target. For the ptychographic
measurements, the relative position x0 of the fringe pattern with
respect to the main pulse focal spot is scanned simply by changing
the relative delay δτ=τ2−τ1 between the two prepulse beamlets by
small fractions of the laser optical period (Fig. 1b,c).

The spatial period lg of the surface modulation can be controlled
through the lateral distance between the two beamlets before
focusing. In the case shown in Fig. 1b,c, we chose this distance
such that lg'22 µm is larger than the main beam waist w0'6.2 µm
(half-width at 1/e in amplitude). In these conditions, the harmonics
are generated from a slowly modulated plasma surface, whose
tilt and curvature depend on the relative position x0. Using the
set-up described in the Supplementary Methods, we were able to
sample this shaped surface with the main laser focal spot with an
average spatial step of δx0 = 220 nm on x0, corresponding to an
average time step of 26 attoseconds on δτ . For one ptychographic
trace, we typically measure more than 100 diffraction patterns for
different values of x0 covering one full spatial period of the transient
plasma grating.

We first performed measurements at the highest intensity
achievable with the main beam, I = 7 × 1018 Wcm−2. In these
conditions, the harmonics result from the periodic Doppler shift
induced on the reflected field by the laser-driven relativistic
oscillation of the plasma surface10—the so-called relativistic
oscillating mirror (ROM) mechanism. Typical spectrally resolved
harmonic diffraction patterns In(kx ,x0), for harmonic orders 11 to
∼25, are shown in Fig. 2 for four different relative positions x0 (see
Supplementary Movie 1 for a complete scan). These reveal how
information on the harmonic beam and plasma surface modulation
is encoded into the measured data. As x0 varies, the local tilt of the
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Figure 2 | Harmonic beams generated at di�erent positions on a transient plasma grating. a–d, Four spectrally resolved harmonic beams, generated for
di�erent positions x0 of the main laser focal spot on the modulated plasma surface, as indicated in the lower panels (harmonic source sketched as the blue
Gaussian, rippled surface sketched as the grey area). These harmonics have been generated in the relativistic oscillating mirror (ROM) regime, at a peak
intensity of 7× 1018 Wcm−2, with a main beam focal spot smaller than the spatial period of the transient grating (see Fig. 1a,b). In b and d, the surface
modulation seen by the harmonic source is quasi-linear, thus mostly leading to a deflection of the harmonic beam. In a and c, the local surface curvatures
lead to changes in beam divergence, as is particularly noticeable in c. These two e�ects respectively encode information on the plasma surface shape g(x)
and on the complex harmonic field hn(x).

shaped plasma surface changes. This leads to the global angular
deflection of the harmonic beam observed in the experiment
(Fig. 2b,d). The average direction θn(x0) of this beam thus oscillates
with x0, and this oscillation directly maps the derivative dg/dx of
the plasma surface shape, as in deflectometry25.

In contrast, information on the harmonic source hn(x) is rather
encoded in the variations of the divergence1θn(x0) of the harmonic
beam, induced by the variable local curvature of the shaped plasma
surface (Fig. 2a–c). For a given surface curvature, for obvious
geometric reasons, the larger the harmonic source |hn(x)| in the
target plane, the stronger the effect on1θn. This change in1θn also
carries information on the phase ϕn(x) of hn(x). For instance, in
Fig. 2,1θn strongly increases for a concave plasma surface (compare
panel c to panels b and d), but is slightly reduced when the surface is
convex (panel a). This asymmetry reveals that the harmonic field has
converging wavefronts in the source plane, which gets compensated
by the opposite surface curvature in the case of panel a, whereas their
curvature is enhanced in the case of panel c.

Having described how information is encoded into themeasured
diffraction patterns in this particular measurement regime, we now
extract it by using one of the iterative phase-retrieval algorithms
developed for ptychography (see SupplementaryMethods). For each
harmonic order n measured in Fig. 2, this algorithm is separately
applied to the ptychographic data set In(kx ,x0). An example of such
a data set is shown in Fig. 3a, for the 12th harmonic generated by
the ROM mechanism at a prepulse delay τ = 2.5 ps. The quality
of these data, involving more than 100 shots, provides one of the
most striking pieces of evidence so far of the possibility of achieving
excellent shot-to-shot reproducibility in ultrahigh-intensity laser–
plasma experiments—a prerequisite for the application of the
present measurement technique. The phase-retrieval procedure
converges to the reconstructed trace shown in Fig. 3b.

The amplitude (full line) and phase (dashed line) of the harmonic
field h12(x) in the target plane retrieved from this data set are
shown in Fig. 3c. Similar reconstructions are obtained for all
measured harmonic orders, from a single experimental scan of x0.
The width of the 12th harmonic source is 2.2 µm (half-width at
1/e in amplitude), corresponding to 35% of the main laser focal
spot size, and like in particle-in-cell simulations18, a decrease is
observed for increasing harmonic orders. This source exhibits a

positive parabolic spatial phase ϕn(x), corresponding to converging
wavefronts in the target plane. Theory shows that this phase results
from the deformation δz(x) of the plasma surface induced by the
spatially varying pressure (typically several Gbar) exerted by the
laser field as it reflects, leading to ϕn(x)=kn cosθδz(x) (refs 18,26).
These measurements thus provide direct access to the nanometre-
scale plasma surface deformation induced by the ultrahigh-intensity
laser field.

To demonstrate the versatility of this ptychographic
measurement scheme, we now apply it to another regime of
laser–plasma interactions, involving a totally different mechanism
of harmonic generation. To this end, we reduce the peak intensity
of the main laser pulse by more than one order of magnitude, down
to 3.1017 Wcm−2, by aperturing the main beam before focusing. In
this regime, ROM becomes inefficient owing to the non-relativistic
velocity of the plasma surface. Harmonics are instead emitted
by collective electronic plasma oscillations periodically excited
by electron bunches injected in the dense part of the plasma by
the incident laser field—a mechanism known as coherent wake
emission (CWE; refs 12,27). In addition, we decrease the grating
period lg down to 14.3 µm, such that it now becomes comparable
to the main beam waist (w0 = 14.5 µm). In these conditions, the
information encoded in the beam diffraction pattern is no longer
that previously described for w0� lg, and we are thus able to test
our ptychographic scheme in a different measurement regime.

Figure 3g shows the ptychographic tracemeasured in this regime,
from which we retrieve the complex harmonic field (12th order)
shown in Fig. 3e, using the same reconstruction procedure as before.
The properties of the harmonic field are now totally different from
those measured in the ROM regime. Its amplitude profile has a size
that is much closer to the main beam waist w0 than in the ROM
regime (see upper axis in Fig. 3c–e), owing to the lower intrinsic
nonlinearity of the CWEmechanism12,27. The spatial phase ϕ12(x) is
now negative, corresponding to diverging wavefronts on target, and
has a stronger curvature than in the ROM regime. Theory shows
that this is due to the totally different physical origin of this phase28,
which is induced by the variation with laser intensity of the arrival
time of the laser-injected electron bunches to the dense part of the
plasma28. Although such differences between CWE and ROM had
been previously observed in simulations and inferred from indirect
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Figure 3 | Ptychographic measurements of di�erent harmonic sources and plasma surface shapes. a,g, Two examples of ptychographic data sets for the
12th harmonic, measured in di�erent regimes of harmonic generation. In a, the peak intensity on target is 7× 1018 Wcm−2 (main beam waist w0=6.2 µm)
and the prepulse delay τ=2.5 ps, so that the harmonics are generated by the ROMmechanism. In g, the intensity is reduced to 3× 1017 Wcm−2 (main
beam waist w0= 14.5 µm) and the prepulse delay to τ=0.25 ps, and the harmonics are then produced by coherent wake emission22. The grating period lg
was also changed between these two measurements (lg=22 µm in a, 14.3 µm in g), to test di�erent measurement regimes. b,h, Corresponding traces
reconstructed by the phase-retrieval algorithm. c,e, Corresponding amplitude (full lines) and phase (dashed lines) profiles of the harmonic source h12(x)
respectively retrieved in each case. d,f, Retrieved plasma surface shape g(x). Note that the measurement of a can be qualitatively understood as a spatial
analogue of the temporal measurements of attosecond light pulses in the streaking regime23,24.

experimental evidence27,28, they had never been observed in such a
direct way.

In addition to the complex harmonic field, these ptychographic
measurements also provide information on the plasma surface
profile g (x). The retrieved profiles corresponding to the data sets
of Fig. 3a and g are respectively shown in Fig. 3d and f, and are
oscillating functions with nanometric amplitudes, as expected. The
clear change in modulation depth between the two cases shows
how the temporal dynamics of this evolving plasma structure can
also be resolved, simply by changing the delay τ between the
prepulses and the main pulse. These measurements demonstrate
that our experimental scheme can be exploited both to induce
spatial structures on initially plain targets, and to measure these
structures and their temporal evolution. This is of great interest
for high-field science, where structured plasma surfaces provide a
promising avenue, for example, for new ion acceleration processes29
and ultrahigh-intensity plasmonics30–32.

These results show that it is possible to transpose the concepts
and tools of ptychography, and more generally of coherent
diffraction imaging, to different regimes of ultrahigh-intensity
laser–plasma interactions. By adding time resolution to the in situ
ptychographic scheme demonstrated here (for example, through
the use of rapidly evolving diffracting objects33,34), extreme laser–
matter interactions might eventually be resolved not only in space,
but also in time, down to the attosecond timescale. This work thus
opens a new conceptual framework for metrology in ultrahigh-
intensity physics, extendable to X-rays and, potentially, particle
beams generated by laser–plasma interactions. Such measurements
will be essential for the accurate characterization of these unique
light and particle sources, and will provide access to microscopic
information on ultrahigh-intensity physics that can otherwise be
derived only by very indirect means.
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