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Abstract We report on the implementation of a laser-dressed photoionization method aimed at measuring
the temporal structure of high-order harmonics generated from plasma mirrors at the attosecond timescale.
Using numerical simulations, we show that the infrared dressing pulse induces up-down asymmetry on
the angular distribution of photoelectrons. Experimentally single-shot photoelectron spectra with angular
resolution were successfully detected with a velocity-map imaging spectrometer. However, the impact of
the infrared dressing field in the photoelectron spectra could not be observed. We discuss several issues
that potentially hampered these observations and suggest corresponding setup improvements.

1 Introduction

The recent emergence of intense ultrashort radiation
sources in the extreme ultraviolet (XUV) spectral
range, namely free-electron lasers [1, 2], high-order har-
monics (HH) generated from gases [3, 4] or from plasma
mirrors [4, 5], and seeded XUV lasers generated from
hot plasmas [6, 7], drives an important effort to develop
reliable, accurate, and versatile tools to characterize
their main properties. In particular, the question of
the temporal pulse structure and duration is of out-
most importance. It is an essential piece of information
for a better understanding of the underlying physics
of the source. It is also required for a proper interpre-
tation of experiments involving their interaction with
solid, plasma or gaseous matter in the linear and non-
linear regime, at ultrashort, picosecond to attosecond
timescales.

In parallel with the development of these sources,
innovative instrumentation and methods adapted to
their specific characteristics have been developed and
implemented. Considerable progress has been notably
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achieved for attosecond pulses based on high-order har-
monic generation (HH) from gas [8] and for femtosec-
ond XUV and X-ray free-electron lasers [9, 10] in both
the self-amplification of spontaneous emission (SASE)
mode or seeded mode. Among the different techniques
which have been considered for temporal character-
ization, those based on photoionization of atoms by
the XUV pulse in a laser-dressing field have become
the most extensively explored, both theoretically and
experimentally. This approach consists in focusing the
XUV pulse to be characterized along with the dressing
field into a gas jet, inducing two-color ionization of the
(usually noble-gas) atoms in the volume of interaction.
Measuring the kinetic energy distribution of the photo-
electrons released in the presence of the dressing field
then allows one to recover the temporal structure of the
XUV pulse.

For attosecond pulses based on HH generated from
gas, different variants of this concept have led to sev-
eral well-established methods: the Reconstruction of
Attosecond Beatings By Interference of Two-photon
transitions (RABBIT) [11], attosecond streaking [12],
or Frequency-Resolved Optical Gating for Complete
Reconstruction of Attosecond Bursts (FROG-CRAB)
[13]. For XUV free-electron lasers involving fs to as
pulses, THz streaking [14, 15] and techniques based on
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infrared (IR) laser dressing [16, 17] have been success-
fully implemented.

Compared to these attosecond pulse sources, high-
order harmonics generated from plasma mirrors offer
the potential of a large number of photons per pulse at
a high photon energy, with a table-top setup [18]. How-
ever, their temporal properties have remained largely
unexplored, mainly due to their low repetition rate and
shot-to-shot fluctuations making these studies challeng-
ing. The first attempt to directly measure the tem-
poral structure of the harmonic emission from plasma
mirrors was reported in 2009 by Nomura [19] and dis-
cussed in deeper details in [20]. The measurement was
based on XUV autocorrelation using two-photon ion-
ization of helium as the non-linear process. By detect-
ing the generated He+ ions as a function of the delay
between two replicas of the XUV pulse, evidence of
sub-femtosecond structures in the XUV emission was
demonstrated. More recently, some of the authors of the
present paper (F.Q., L.C., LYDIL, France) reported an
all-optical measurement technique, based on dynamical
ptychography, from which a temporal width of ˜ 500 as
was deduced [21]. Other all-optical techniques were pro-
posed and discussed in [22, 23] but not experimentally
attempted, to the best of our knowledge.

In this paper, we discuss the possibility to use laser-
dressed photoionization for the temporal characteri-
zation of HH generated from plasma mirrors. Com-
pared to HH generated from gas, not only odd but
also even harmonics are generated in the emitted XUV
pulse. As a result, harmonics and sidebands are no
longer well separated, as in the RABBIT process, but
instead overlap with each other, making their observa-
tion and characterization more challenging. In Sect. 2,
using numerical simulations, based on the widely used
strong-field approximation, we show how the tempo-
ral structure of the XUV pulse could be encoded in
the angle-resolved laser-dressed photoelectron spectra.
In Sect. 3, we describe the experimental implementa-
tion of the method with a particular emphasis on the
specific beamlines developed for the IR dressing beam
and the XUV harmonic beam. The angular resolution
required for the measurement of the laser-dressed pho-
toionization spectra was obtained with a velocity-map
imaging spectrometer. Finally in Sect. 4, we present
the obtained experimental results. As the impact of the
dressing pulse could not be observed in the obtained
photoelectron spectra, we discuss potential reasons and
suggest several setup improvements, hoping that shar-
ing the experience will benefit future experiments.

2 Laser-dressed photoionization using
harmonics generated from plasma mirrors

Generating HH from a plasma mirror in a controlled
way requires two successive steps. First, an intense pre-
pulse with a duration of a few tens of fs is focused on

a solid target and creates a dense plasma on its sur-
face. At the femtosecond timescale, plasma expansion is
very limited during the interaction. An extremely steep
plasma interface with vacuum is formed that acts as a
mirror for a second ultrashort pulse with an intensity in
the 1016–1020 W/cm2 range. Due to the laser/plasma
interaction, part of the pulse energy is converted to gen-
erate HH of the driving laser frequency in the XUV
spectral range. As the interaction medium is not cen-
trosymmetric, the obtained HH spectrum consists of
both odd and even harmonics. The emission of these
HH can be explained through two dominant generation
mechanisms [5]: Coherent Wake Emission (CWE) and
the Relativistic Oscillating Mirror (ROM) process. In
the CWE mechanism, the driving laser (intensities from
1016 to 1018 W/cm2) periodically pulls out and pushes
back electrons in the plasma. Doing so, they trigger
collective oscillations of electrons in their wake, which
in turn emit XUV light. The CWE spectrum usually
consists of an harmonic comb ranging from order 2 of
the driving laser frequency to a maximum order (typi-
cally 15–30), which increases with the plasma electron
density. At higher intensities, up to 1020 W/cm2, the
electrons oscillate at the plasma surface with relativis-
tic velocities. This plasma then behaves as an oscil-
lating mirror giving rise to a periodic Doppler shift
of the reflected beam that takes the form of HH of
the incident frequency. Both CWE and ROM can con-
tribute to the harmonic signal, and their relative weight
depends notably on the controlled scale length of the
plasma density gradient, as well as on the laser intensity
(Fig. 1).

In the time domain, this XUV radiation theoreti-
cally takes the form of a train of attosecond pulses
[5]. To characterize the time structure of these HH, we
have chosen to rely on the physical phenomenon called
laser-dressed photoionization. The principle consists in
measuring the momentum distribution of the photo-
electrons freed by the XUV pulse in the presence of an
external laser pulse called the dressing field synchro-
nized with the XUV pulse. The spectral phase infor-
mation, essential for a complete temporal reconstruc-
tion of the XUV pulse, is encoded in the photoelectron
spectrum through the influence of this dressing pulse.

Fig. 1 Schematic representation of the generation of XUV
HH radiation from the interaction of ultra-intense laser
pulse with a surface plasma
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Within the strong-field approximation [24], the photo-
electron spectrum S (p) is given in atomic units by:

S(−→p ) =
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with p the final photoelectron momentum, d the dipole
matrix element for the transition from the atomic
ground state to the state p in the continuum, EXUV

(t) the XUV electric field, A(t) the dressing laser vec-
tor potential, and τ the laser/XUV delay. The phase
ϕ(t) accumulated by an electron freed at time t in the
laser field is given by the quasi-classical action:
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with θ the angle between the laser polarization axis and
the direction of emission of the photoelectron, and I p
the ionization potential of the gas. In historical tech-
niques, such as RABBIT or FROG-CRAB, the spec-
tral phase information is encoded in a two-dimensional
trace showing the evolution of the photoelectron spec-
trum with τ . Changing the delay implies repeating the
measurement with another XUV pulse. In the present
case, we ultimately seek obtaining as much information
as possible on the XUV pulse in a single-shot, taking
advantage of the angular distribution of the photoelec-
trons. When photoionization occurs, electrons are emit-
ted in all directions, forming an expanding sphere of
photoelectrons. According to Eq. (2), the influence of
the laser-dressing field on these electrons can be split
in two contributions: (1) the ponderomotive term in
A2 induces a small shift in energy on the photoelec-
trons that is independent of their direction of emission;
(2) the second term in p·A·cosθ has potentially a much
stronger influence on the electron spectrum and varies
with θ.

In other words, if a photoelectron is emitted per-
pendicularly to the laser polarization axis (θ = ±
π/2), it will feel only a weak ponderomotive shift. So,
we can consider that measuring its energy spectrum
in this direction will provide the laser-free spectrum.
As θ tends toward zero, the influence of the laser-
dressing pulse will become stronger. Measuring the pho-
toelectron kinetic energy distribution in various direc-
tions, therefore, amounts to scanning the laser inten-
sity, which encodes the XUV spectral phase. As opposed
to the regular laser/XUV delay scan, such an angular
scan could be acquired in one shot using a velocity-map
imaging spectrometer (VMIS), which provides angle-
resolved photoelectron spectra. Even if used in combi-
nation with a delay scan, this instrument is particularly
suited for the present problem as will be illustrated from
the numerical simulations presented below.

Figure 2 shows the influence of the IR dressing field
on the angle-resolved photoelectron spectra, calculated

from numerical simulations based on Eqs. (1) and (2).
The ionizing XUV field is composed of harmonics H11
to H16 of the fundamental IR field (hνIR = 1.55 eV),
with a zero spectral phase. The target gas is argon (I p
= 15.76 eV). For the photoelectron angular distribu-
tion, contained in the dipole matrix element of Eq. (1),
an asymmetry parameter β with a typical value of 0.5
was used, as obtained from an average of the pub-
lished data over the considered photon energy range
(17–25 eV) [25]. The dressing field consists of a gaus-
sian pulse with a duration of 30 fs full-width at half
maximum (FWHM), a central photon energy of 1.55 eV
(corresponding to a period T 0 = 2.67 fs), a zero spec-
tral phase and a field intensity of 4 TW/cm2. Both XUV
and IR fields are linearly polarized in the same direc-
tion shown by the purple (Fig. 2a) and red (Fig. 2b)
arrows, respectively.

In Fig. 2a, only the XUV ionizing pulse is present.
The photoelectron spectrum is composed of six concen-
tric rings, the radius of which equals the square root of
the electron kinetic energy Ek for each harmonic (Ek(q)
= × 1.55 − I p, for q ∈ [11–16]). The modulation of
the spectrum in the presence of the IR dressing field is
shown in Fig. 2b, c for two different XUV–IR delays, τ1

= T 0/4 = 0.67 fs and τ2 = 3 T 0/4 = 2.0 fs, respectively.
For each spectrum, the left half of the panel shows the
projected 3D distribution of the sphere of photoelec-
trons, while the right half shows the retrieved 2D distri-
bution of the central slice. For both delays, the dressing
field induces a strong up-down asymmetry, albeit with
opposite directions.

Figure 2d shows that this asymmetry effect would
still be visible after integrating angularly the top and
bottom parts in the retrieved central slice for each delay.
The case without dressing field is also shown (grey
peaks in Fig. 2d). For both delays, all harmonic peaks
are slightly shifted (ΔEpond = 0.24 eV) toward lower
kinetic energies through the ponderomotive effect. For a
delay of τ1 = T 0/4 = 0.67 fs, the intensity of the higher
energy peaks is stronger for the bottom-part integrated
spectrum (in blue), while it is weaker for the top-part
integrated spectrum (in red). At a larger delay of τ2 =
3 T 0/4 = 2.0 fs, the opposite trend is observed.

We note that a similar up-down asymmetry effect in
the photoelectron angular distribution was previously
reported and discussed by Loriot et al. [26], while using
an HH XUV source generated from a rare gas as the ion-
izing pulse and the second harmonic of the fundamental
laser as the dressing pulse. As in our case, such a con-
figuration results in the superposition of the dressing-
induced sidebands of the neighboring harmonic.

Figure 3 shows that, in the presence of the dressing
field, the photoelectron spectrum is also sensitive to the
spectral phase of the XUV ionizing pulse. In Fig. 3a, the
calculated spectrum is obtained for the same XUV and
IR pulse parameters as in Fig. 2, but for an intermedi-
ate delay τ3 = T 0/2 = 1.34 fs, for which the temporal
peaks of the XUV pulse train coincide with the maxima
of the IR dressing field, that is the so-called streaking
regime. For this particular delay, one can see that there
is no up-down asymmetry when the attosecond XUV
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Fig. 2 Calculated angular
distribution of the
photoelectron momenta
(left: projected sphere,
right: central slice).
a Without, dressing field;
b, c with the IR dressing
field (4TW/cm2), for two
different IR–XUV delays:
τ1 = T 0/4 = 0.67 fs and τ2

= 3 T 0/4 = 2.0 fs. A strong
up-down asymmetry is
observed for both delays.
This asymmetry is still
visible in d after angularly
integrating the top and
bottom parts of the
retrieved central slice for
both delays. Both XUV and
IR field are linearly
polarized in the vertical
direction, as shown by the
purple (resp. red) arrow

Fig. 3 Calculated angular distribution of the photoelectron momenta (left: projected sphere, right: central slice) at time
delay τ3 = T 0/2 = 1.34 fs. a Fourier-limited XUV pulse; c chirped XUV pulse. b Spectrograms taken at px = 0 for the
Fourier-limited (left) and the chirped (right) XUV pulse

pulses are Fourier-limited. Conversely, a small chirp is
introduced in the XUV pulses in Fig. 3c. Although this
barely affects their time profile, it is sufficient to intro-
duce a clear up-down asymmetry on the angle-resolved
spectrum. This demonstrates the strong sensitivity of
this arrangement to the XUV spectral phase.

Finally, Fig. 3b displays the spectrograms composed
of the juxtaposition of the central slice spectra at px

= 0, over an XUV–IR delay range of 2•T 0 for the
Fourier-limited pulse (left) and for the chirped pulse
(right). One can see that the up-down asymmetry oscil-
lates with a period that corresponds to the IR laser

period T 0. The presence of the chirp slightly distorts
the oscillatory trends in the spectrogram compared to
the Fourier-limited pulse case.

This numerical example illustrates that the spectral
phase, and thus the time structure, of the attosec-
ond pulse train (APT) is fundamentally encoded in
the single-shot angular spectrum at delay τ3. The next
step is the extraction of this temporal information from
the spectrum, which can be achieved with the help of
a phase-retrieval algorithm. Together with the experi-
mental arrangement, the numerical inversion algorithm
would form the complete temporal metrology tool. This
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has proven to be a robust strategy as demonstrated by
the historical success of the FROG-CRAB technique,
and of more recent variants [16]. The details of this
inversion algorithm will be published in an upcom-
ing article. For the sake of completeness, we exemplify
briefly its capabilities below. Similarly to FROG-CRAB
where both the XUV pulse and the laser gate can be
recovered from the spectrogram, this algorithm allows
the reconstruction of both the attosecond pulse and the
temporal phase φpA defined as:

φpA(t) = pmax
y

∫ +∞

t

A(t′)dt′.

This phase corresponds to the momentum-dependent
contribution in the phase ϕ(t) given by Eq. (2), where
pmax

y is the upper bound of the py scale in the VMI
image. From φpA(t), it is then possible to obtain the
time structure of the dressing pulse electric field, its
peak intensity, and its relative synchronization with
respect to the XUV pulse during the interaction.

As an illustration, the algorithm is used to process
the central slice of the angular distribution at delay
τ3 shown in the right half of Fig. 3a (Fourier lim-
ited case) and Fig. 3c (chirped case). After 600 iter-
ations of the Hybrid-Input–Output algorithm followed
by 500 iterations of the Error Reduction algorithm [27],
the quantities shown in Fig. 4 are reconstructed. The
temporal intensity and phase of the APT are prop-
erly reconstructed (only the intensity is shown) both
in the Fourier-limited case (Fig. 4a) and in the chirped
case (Fig. 4b). The phase φpA(t) is also retrieved cor-
rectly, its relative timing with respect to the attosecond
pulses confirms that the APT is synchronized with an
extremum of dressing pulse electric field, as is expected
from the interaction at delay τ3. Finally, this confirms
that the angular distribution of photoelectron contains
sufficient information to reconstruct quantitatively and
unambiguously the temporal structure of the attosec-
ond pulses.

The above numerical study also indicates that the
ponderomotive shift of the harmonic peaks and the up-
down asymmetry in the angular distribution of pho-
toelectrons are, thus, the two major effects that were
expected to be observed in the VMI spectra obtained
in the experimental campaign described below.

3 Experimental implementation

The experiment was performed at the UHI100 laser
facility hosted at LIDYL, CEA-Saclay (France). The
CPA-based Ti–Sapphire laser system is able to deliver
25 fs pulses with a peak power of 100 TW and a focused
intensity up to 1020 W/cm2 on target. A double-plasma
mirror device [28] is used to improve the temporal con-
trast (better then 1010) of the pulse and an adaptive
optics system is used to optimize the focal spot by

reducing the wavefront aberrations of the laser beam
prior to focusing.

3.1 Experimental setup

The temporal characterization of ultrashort XUV
pulses using the laser-dressed photoionization technique
requires to fulfill three imperative conditions at the
position where the measurement is made: (1) tempo-
ral synchronization of the IR and XUV pulses with
accurate control of their relative delay at the IR sub-
cycle timescale; (2) spatial overlap of the corresponding
focal spots, and (3) controlled intensity of IR dressing
laser pulse. Applying those challenging constraints to
the specificities of the plasma-mirror XUV HH source
led us to opt for a full co-propagative beamline design
shown in Fig. 5, where the main IR beam, the dress-
ing beam, and the XUV beam are all reflected off the
same optical elements. Doing so, one limits the influ-
ence of the mechanical instabilities in optical mounts on
the IR/XUV delay, while both IR and XUV pulses are
naturally overlapped and synchronized into the VMI
spectrometer. Importantly, the fact that the IR dress-
ing beam is reflected on the target at the same position
where the HH XUV source is generated is a requirement
to ensure that the temporal overlap between the both
pulses is maintained while the target is refreshed at
each shot by translating it along its surface. The other
requirement of the designed beamline is to transport
both the XUV and the IR dressing beams to the inter-
action zone in the VMIS, while eliminating the high-
intensity IR driving laser beam downwards the target.

After entering the first experimental chamber, the
main IR laser beam (diameter 60 mm), which is p-
polarized, is split into two parts, using a 5 mm diam-
eter mask (see (2) in Fig. 5) with a central hole (vari-
able diameter 1.75, 2.75, and 3.4 mm). This leads to
an annular driving beam for the generation of the XUV
HH source and a central dressing beam with a variable
diameter. A 1/2′′ mirror (not shown in Fig. 5), placed
at a variable distance in front of mirror (1) and close to
its outer edge, is used to generate a low-energy prepulse
with a controlled delay [16]. Mirror (1) was manufac-
tured with a step in its center to delay the outer part of
the beam relative to the central part (see bottom inset
in Fig. 5), so as to compensate for the delay acquired
by the dressing beam when traversing the CaF2 plate
(3) and the bandpass filter (9). The CaF2 plate can
be slightly tilted to allow a fine adjustment and a con-
trolled variation of the delay between the driving and
dressing pulses (see top inset in Fig. 5). Both driving
and dressing beams are then focused with 45z incidence
angle onto the SiO2 solid target (5) with the help of an
off-axis parabola (f = 304 mm) (4).

An iris (6) was then used to block the reflected annu-
lar IR beam while transmitting the produced high-order
harmonic XUV beam. A 100 nm thick, mesh-supported
aluminum filter (7) was used to filter out any remain-
ing scattered IR light, while a 5 mm hole in the filter
allowed the transmission of the central laser-dressing
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Fig. 4 Reconstruction of attosecond pulse trains from the angular distribution of photoelectrons in the case of a Fourier-
transform limited XUV pulses and b chirped XUV pulses. Only the intensity (squared modulus) of the attosecond pulses
is shown. In the lower panels, the phase φpA(t) is shown. In each panel, the black continuous curve and the red dashed
line with circles indicate the exact quantity and the reconstructed one, respectively. The vertical dotted lines highlight
the relative synchronization between the attosecond pulse train and the dressing pulse electric field at the moment of the
interaction in the gas jet

Fig. 5 Experimental setup showing the IR (red) and XUV (purple) beamlines. Insets: (bottom) generation of an annular
driving laser beam and a central dressing beam; (top) the delay of the dressing pulse relative to the driving pulse is controlled
by slightly tilting the CaF2 plate

beam. The transmission of the Al filter was of typically
0.7–0.8 for harmonics orders 11 < q < 16.

A flat-field XUV spectrometer (not shown in Fig. 5)
could be inserted in the beam path to optimize the
XUV harmonic emission spectrum with respect to the
main driving parameters, notably the delay between
the prepulse and the main pulse. For the photoelec-
tron spectra measurements, the XUV beam and the
IR dressing beam were sent to a second vacuum cham-
ber in which they were reflected under 11.5° grazing
incidence by a combination of an ellipsoidal mirror (8)
with f = 1 m and a flat mirror (10), both made of
fused silica with a 40 nm Au surface coating. The ellip-
soidal mirror imaged the target surface position where
the IR (main and dressing) beams are focused and the
XUV harmonic emission is generated. A 2f –2f config-
uration (magnification M = 1) was used to minimize

aberrations. Since the IR dressing beam and the gen-
erated XUV harmonics beam originate from the same
position at the target, they are naturally overlapped in
space and synchronized in time (or delayed by a con-
trolled amount) at the image plane. Both focii were
accurately positioned at the center of the VMIS interac-
tion zone, using tilt adjustment with the planar mirror.
Additional controls of the position and relative timing
of the beams focal spots in the interaction zone are
described in Sect. 3.3.

Finally, to filter out the lowest harmonic orders and
to avoid their potential contribution to the dressing
field, a 5 mm diameter longpass filter (9) was accurately
positioned between the two grazing incidence mirrors
on the path of the central IR beam dressing beam, thus
also intercepting a small central part of the XUV beam.
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Fig. 6 Schematic (left)
and photo (right) of the
velocity-map imaging
spectrometer

3.2 Velocity-map imaging (VMI) spectrometer

Our VMI spectrometer (see Fig. 6), designed and built
at ISMO (Orsay, France), includes a 11 electrode assem-
bly mounted in a “thick lens” configuration [29]. This
configuration was shown to maintain a good energy res-
olution over a broad kinetic energy range Ek ∼ 0 to
100 eV. The XUV beam and the IR dressing beam were
focused into a gas jet placed between the repeller and
the extractor electrodes of the VMIS, as schematically
shown in Fig. 6. The gas is injected by a polarized nee-
dle going through a 3 mm hole in the repeller. When
photoionization occurs in the gas jet, the sphere of pho-
toelectrons is projected by the intense electrostatic field
onto a position sensitive detector, providing an image
of the photoelectrons angular distribution. The detec-
tor is composed of a single microchannel plate (MCP),
or a stack of two MCPs of 80 mm diameter, coupled
to a P43 phosphor screen, which is finally imaged by a
cooled CCD camera.

This instrument was designed to become a mobile
diagnostic that can be mounted on existing XUV beam-
lines to characterize the temporal properties of their
pulses. The VMI spectrometer was commissioned prior
to the experiment with two different XUV sources:
a cw-helium discharge lamp with photon energy of
21.21 eV, and a pulsed plasma-based XUV laser with
photon energy of 38 eV (LASERIX facility, IJC-Lab,
Université Paris-Saclay). The energy resolution ΔE/E
measured for the kinetic energy region Ek between 5
and 23 eV was typically of 4% (FWHM). The calibra-
tion curve of the VMIS was also obtained, relating the
outer radius R of the projected sphere of photoelec-
trons to its kinetic energy Ek, for different values of the
repeller voltage V rep. The measured data were found to
fit well with the expected VMI calibration law: Ek/V rep

= R2/C 2 [30], yielding a value of C = 25.9 cm for the
VMI constant.

For alignment purpose, which will be further dis-
cussed in Sect. 3.3, the VMI spectrometer was also oper-
ated in the spatial map imaging mode (SMI). In this
mode, the image of the interaction zone is obtained by
projecting the photoions on the detector plane with a
positive electrostatic field. For a ratio V rep/V ext = 0.95

(V ext is the voltage applied to the extractor), numeri-
cal simulations performed using the SIMION code with
our electrode geometry predict a spatial magnification
of 1 in the center of the image.

3.3 Control of the XUV and dressing beams
in the VMIS

An optical imaging system including a CCD detector,
see (12) in Fig. 5, was positioned at the VMI exit port
to obtain a magnified image of the IR laser focal spot at
the position of the interaction region inside the VMIS.
During the measurement part of the experiment, it was
used either to monitor shot-by-shot the size and posi-
tion of the focused dressing beam, or to check that no
IR beam was incident in the interaction zone when the
dressing beam was blocked. For the alignment part of
the experiment, the aluminium filter being temporar-
ily removed, the imaging system was used to control
the spatial overlap between the main IR beam and the
dressing beam, as well as their precise temporal over-
lap and relative delay by observing the position of their
interference fringes. With this technique, it was esti-
mated that the relative delay could be controlled with
an accuracy of the order of 100 as. It should be noted
that the spatial and temporal overlap of the XUV and
IR pulses using this method relies on the assumption
that the main IR pulse and the XUV harmonic pulse
perfectly coincide both in time and space in the inter-
action zone, with the required accuracy (namely 10 μm
and 10 fs). This will be further discussed in the last
part of the paper.

Using the VMI spectrometer in the SMI mode, the
transverse position of the focii for the XUV ionizing
pulse and the IR dressing pulse, with respect to the gas
jet in the interaction region, was adjusted by tilting
the grazing incidence planar mirror. Figure 7 shows an
example of an image obtained in a single shot when the
XUV beam alone was sent into the gas jet. The bright
zone of the signal corresponds to the intersection of the
focused beam with the gas jet, while the weaker signal
on each side is due to the ionization of the lower density
residual gas in the spectrometer (p = 10−5 mbar).
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Fig. 7 Single-shot detector image in the spatial map imag-
ing mode using the XUV beam (direction of propagation
shown by the purple arrow) focused in the Ar gas jet

Figure 8 displays single-shot detector images
obtained in the SMI mode when only the IR dress-
ing beam was sent into the VMIS. The intensity of the
focused IR beam was varied between 2 TW/cm2 and 90
TW/cm2, by adjusting both the incident laser energy
and the diameter of the hole in mask (2) (Fig. 5). To
evaluate the intensity, a calorimeter positioned at the
output port of the VMIS was used to measure the IR
transmitted energy, while (in a subsequent shot) the
diameter of the IR focal spot was obtained from the
IR optical imaging system. One can see in Fig. 8 that
the presence of traces of ionization of the gas target
is observed for intensities above ˜ 20 TW/cm2. This
is consistent with the typical minimum intensity (˜ 10
TW/cm2) required to achieve above-threshold ioniza-
tion (ATI) processes with a 800 nm laser pulse. This
result was used to assess that more than sufficient inten-
sity was available to induce laser-dressed photoioniza-
tion processes in our experiment.

4 4. Experimental results and discussion

4.1 Without dressing

First, using the XUV flat-field spectrometer, the delay
between the prepulse and the main pulse was adjusted

so as to optimize the generated HH spectrum in the
ROM regime [31]. Then the XUV beam was sent into
the interaction zone of the VMIS to ionize the gas tar-
get. We used two rare gases with different ionisation
potential I p and asymmetry parameter β: argon with
I p = 15.76 eV and β ranging from 0.1 to 1 in the
[17–25] eV photon energy range [25]; and neon with
I p = 21.56 eV and β ranging from − 0.5 to 0.3 in the
[23–30] eV photon energy range [32].

Figure 9 displays single-shot detector images
obtained in the velocity-map imaging mode showing
the projection of the photoelectron angular distribution
generated from argon (Fig. 9a), and neon (Fig. 9b). In
each panel, the left image is the raw projected sphere,
while the right image shows the 2D distribution of the
central slice retrieved from inverse-Abel transformation
with the pBasex algorithm [33], taking the direction
of polarization of the XUV harmonics radiation as the
symmetry axis. In both images, one can clearly observe
the concentric rings corresponding to photoionization
by the successive high-order harmonics at kinetic ener-
gies Ek(q) = q × 1.55 − I p, with q being the harmonic
(odd and even) order.

Another interesting feature, which can be seen in the
inversed spectra (right image in Fig. 9a, b), is that the
angular distribution of photoelectrons varies with the
HH order and with the target gas. The observed varia-
tion is qualitatively consistent with the corresponding
values of the asymmetry parameter β available from the
literature [25, 32] for single-photon ionization by a lin-
early polarized XUV radiation. For example, in argon
(Fig. 9a), the angular distribution is almost uniform for
H11 (hν = 17 eV, β = 0.1), while it is more peaked in
the polarization direction (see purple arrow) for HH15
(hν = 23.2 eV, β = 1.1). In neon, the angular distri-
bution at the HH15 photoline is slightly peaked in the
horizontal (perpendicular to polarization) direction (hν
= 23.2 eV, β = − 0.5), while it is almost uniform for

Fig. 8 Single-shot detector images of photoions obtained in the spatial map imaging mode using the IR dressing laser
beam only (direction of propagation shown by the red arrow), at increasing values of focused intensity. In each image, the
values of the measured IR transmitted energy and focal spot diameter are indicated along with the corresponding focused
intensity. Traces of photoionization start to be observed when the IR intensity is above 20 TW/cm2, as expected from ATI
processes
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Fig. 9 Single-shot experimental VMI images obtained in argon (a) and neon (b). In each panel, the left image shows the
raw spectrum and the right image is the retrieved central slice of the sphere of photoelectrons using the pBasex inversion
software, taking the XUV polarization direction (purple arrow) as the symmetry axis. The concentric rings correspond to
the successive orders of the HH pulse, while the lowest observed order is indicated by an arrow. c, d Angularly integrated
photoelectron spectra obtained from the inverted images

the HH17 photoline (hν = 26.3 eV, β = 0). We men-
tion, however, that the measured β values were found to
be systematically smaller by a factor ˜ 2 compared to
the corresponding values from the literature. This dis-
crepancy is not fully understood yet. We believe that it
could be due to the contribution of photoionization by
unpolarized thermal incoherent plasma emission, which
will be discussed further in Sect. 4.

Remarkably, the experimental images presented in
Fig. 9 were obtained in single shot. Single-shot pho-
toelectron spectra obtained from a relativistic plasma
surface XUV source were first reported by Heissler
et al. [34], using a magnetic-bottle electron spectrome-
ter. Here, we show that angular distributions can also
be obtained in a single shot, using a VMI spectrometer,
which represents an achievement in itself.

4.2 With dressing

Photoelectron spectra were then obtained with both
the XUV pulse and the IR dressing pulse focused in
the VMIS, while varying their relative delay over a
period with ˜ 500 as steps. The IR intensity at focus was
of the order of 20 TW/cm2. According to the simula-
tions presented in Figs. 2 and 3, this should in principle
lead to an unambiguous influence of the dressing pulse
on the photoelectrons angular distribution. Examples
of obtained experimental images without and with IR
dressing are shown in Fig. 10. The left panels show the
raw detector images (averaged over 3 shots), while the

right panels show the spectra after angularly integrat-
ing the top and bottom parts of the retrieved central
slice, without IR laser (top), and with dressing laser for
5 different XUV–IR delays ranging between 0 and 0.8
T 0 = 2.14 fs. One can see that no evidence of up-down
asymmetry is observed at any delay. More surprisingly,
we do not observe any ponderomotive shift of the photo-
lines toward lower momenta, whereas the expected shift
(ΔEpond = 1.2 eV for I = 20 TW/cm2 at l = 800 nm)
is significant compared to the separation between two
successive harmonics (ΔE = 1.55 eV). A second delay
scan was also achieved at a lower IR dressing intensity
of 9 TW/cm2, which did not reveal any effect of the
laser-dressing field.

4.3 Discussion

In this section, we review the potential reasons that
could explain the absence of any observable impact of
the dressing field in the photoelectron spectra. We then
suggest several setup improvements for future exper-
iments. Especially as mentioned earlier, the technique
of laser-dressed photoionization demands to fulfill three
important practical conditions: (1) temporal overlap of
the XUV and dressing pulses, (2) spatial overlap of the
XUV and dressing beams in the VMI interaction region,
and (3) control of the dressing pulse intensity.

Regarding condition (3), the energy of the dressing
pulse was measured with a calorimeter at the output
flange of the VMIS. It proved to be more than sufficient
in theory to induce a visible impact on the spectra. This
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Fig. 10 Experimental VMI
image (averaged over three
shots) a without and
b with IR dressing laser
(I IR = 2 • 1013 W/cm2) in
argon gas. After inversion,
each half image is averaged
angularly, resulting in the
red and blue spectra in
c where p denotes the
radial moment. No evidence
of a laser-dressing effect is
observed in the spectra
obtained at different
XUV–IR delays, compared
to the case without IR laser
shown at the top

was confirmed by the observation of above-threshold
ionization (ATI) as mentioned before. The spatial over-
lap condition was in principle guaranteed by our setup.
The imaging of the VMI interaction region also seemed
to confirm that the spatial overlap condition was ful-
filled, see Figs. 7, 8.

We estimate that temporal overlap was the most
critical condition to achieve and maintain. Interference
fringes were observed when overlapping the driving and
dressing beams after the VMI near the zero delay. This,
however, does not ensure that the IR dressing pulse and
the XUV pulse could remain synchronized until they
reach the VMI. If the two pulses experience slightly dif-
ferent beam paths (with lengths differing by more than
a few microns), this might vary their relative delay by
a few tens of fs. Such desynchronization would be suffi-
cient to lose the temporal overlap, which would prevent
any modulation of the photoelectron spectrum by the
dressing pulse. Moreover, optical path distortions can
also cause transverse variations of the dressing-XUV
delay across the beam. Indeed, given the large diver-
gence of plasma-mirror harmonics, it is certain that the
XUV beam illuminated almost entirely the ellipsoidal
grazing incidence mirror. In these conditions, misalign-
ments or surface defects of the mirror can rapidly cause

spatio-temporal stretching of attosecond and femtosec-
ond pulses upon reflection [35, 36]. Therefore, even if
the temporal overlap could be maintained, such trans-
verse delay variations would wash out the spectrograms
shown in Fig. 3, preventing from observing variations
of the photoelectron spectrum with the delay.

To diagnose the presence of such optical path distor-
tions in our experiment, we opened the iris and removed
the Al filter (elements 6 and 7 in Fig. 5) to illuminate
almost completely the ellipsoidal mirror with the main
IR laser beam, and we imaged the focal spot obtained in
the VMI. In our setup, this 500-mm-focal-length mir-
ror was used to refocus the XUV source in the VMI
with a magnification of 1. When perfectly aligned, this
optical geometry should lead to a diffraction-limited
focal spot. However, the obtained spot turns out to be
slightly asymmetric, a bounce is present on one side of
the spot, see Fig. 11a, b. This suggests the presence
of residual coma aberration, which could be explained
by an effective magnification slightly different from 1.
This was confirmed by simulating this focusing geom-
etry using the numerical code described in Ref. [35].
When decreasing the magnification down to 0.98, sim-
ulations reproduce very well the bounce observed in the
focal spot. Moreover, this magnification corresponds to
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Fig. 11 a Measured (top) and simulated (bottom) focal spot for the IR beam illuminating the ellipsoidal mirror completely.
The experimental image is well reproduced while assuming a magnification of 0.98 instead of 1. b Lineout along the dotted
line in a. c Relative delays accumulated by optical rays as a function of their point of reflection on the mirror. The shaded
area shows the dressing beam reflection area when the Al filter and iris limit are in place

deviations of the source-mirror and mirror-focus dis-
tances of ∼ 1 cm over 1 m, which is within the alignment
accuracy. Although apparently negligible, these resid-
ual aberrations lead to significant delays at the fem-
tosecond timescale. Figure 11c shows the relative delays
accumulated by optical rays as a function of their point
of reflection on the ellipsoidal mirror. These delays are
computed for rays emitted by a HH source point and
reaching the paraxial focal plane in the VMI interaction
region.

When the magnification is 1, no delay occurs between
the rays and the beam remains diffraction limited. For
a magnification of 0.98 as described in Fig. 11, the accu-
mulated delay can reach ± 8 fs at the edges of the mirror
with respect to its center. In the grey-shaded area rep-
resenting the area of reflection of the dressing beam, the
delay range is restricted to ± 1 fs. We estimate that the
± 8 fs delay range obtained in simulations is a best-case
scenario. Indeed, we emphasize that these simulations
do not account for the surface’s defects due to imperfect
manufacturing, which were yet present. These defects
can increase further this delay range without necessar-
ily having a strong impact on the IR focal spot. Addi-
tionally, we here considered one of the nicest IR focal
spot. In practice, it was observed that the spot could
vary on a shot-to-shot basis in the experiment. Finally,
while an accurate control of the reproducibility of the
XUV beam pointing and of its far-field intensity profile
was achieved with the same source in the experiment
reported in [21], significant shot-to-shot variations were
observed in our experiment, likely due to the added
complexity of the conditions of HH generation.

Although indirect, this semi-quantitative study does
suggest the presence of optical path distortions strong
enough to degrade the dressing-XUV temporal overlap
in our experiment. Therefore, we consider that such
effects should be treated seriously in future experi-
ments, for instance by utilizing careful optical align-
ment procedures combined with imaging at focus of the
XUV beam or XUV wavefront characterization.

Although not as critical as the temporal overlap con-
dition, we estimate that thermal plasma emission might
have played a detrimental role in the experiment. As the
plasma is driven by the intense femtosecond laser pulse,
high harmonics are produced. At longer timescales, the
expanding plasma then emits continuum and line radi-
ation over a broad energy range. Figure 12a shows
the emission spectrum from a dense, highly ionized Si
plasma as calculated from a collisional-radiative code
[37]. The plasma electron density N e and temperature
T e values considered in this calculation are taken from
a 1D-hydrocode simulation using laser parameters sim-
ilar to the experimental ones. They correspond to the
position where the maximum temperature is reached
soon after the interaction with the main driving pulse.
One can see that strong line emission is visible up to
2.5 keV.

Figure 12b shows the calculated overall transmission
of the XUV beamline used in our experiment, using
reflection and transmission values from tabulated data.
One can see that photons energies above ˜ 200 eV are
efficiently suppressed by the two Au-coated mirrors, as
they do not satisfy the total-reflection condition at graz-
ing incidence. However, it turns out that plasma emis-
sion below 200 eV is not sufficiently filtered out and is,
therefore, transmitted to the VMIS where it can signif-
icantly contribute to the photoelectron signal. Indeed,
the spectral lines in this energy range belong to various
Si ionic species between Si11+ and Si4+ [38]. These ions
will, thus, emit not only close to the maximum of the
plasma temperature, close to the peak of the main laser
pulse, but also on a much longer time after the laser
interaction during the plasma cooling and recombina-
tion phase. These high photon energies will photoion-
ize the gas jet in the VMIS and produce photoelectron
spheres with large radii which, when projected onto
the detector, will build up an intense noise background
on the VMI images. Such a background was actually
observed in our experimental images, in particular in
shots where the emission of high-order harmonics was
intentionally supressed by adjusting the prepulse level.
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Fig. 12 a Emission spectrum in the [0–2500 eV] range cal-
culated for a Si plasma at N e = 2.5•1022 cm−3 and T e

= 600 eV. These plasma conditions were calculated from a
1D-hydrosimulation using laser parameters similar to the
experimental ones. b Overall transmission (black) of the
XUV beamline including reflection (blue) from the ellip-
soidal and flat mirrors and transmission (red) through the
Al filter

To filter out the unwanted contribution of thermal
plasma emission, we, thus, recommend to adopt further
filtration of the ionizing radiation, for example, using
extra metallic filters, and to gate the high voltage of the
micro-channel plates to restrict the signal contributions
to the narrow time window of the high-harmonics.

5 Conclusion

In conclusion, we have presented what we believe to be
the first and yet almost unique experimental attempt to
implement a laser-dressed photoionization technique to
high-order harmonics generated from plasma mirrors,
with the aim of characterizing its temporal structure at
the attosecond timescale. Numerical simulations show
that the IR dressing field should induce an up-down
asymmetry in the angular distribution of photoelec-
trons, oscillating at the IR field period with respect to
the delay between the XUV and IR pulses.

Using a home-made velocity-map imaging spectrom-
eter, angular photoelectrons distributions were success-
fully measured in argon and neon in a single XUV shot.
However, in spite of a carefully designed beamline to
transport and focus both the IR and the XUV beams
to the VMIS interaction zone with high spatial and tem-
poral accuracy, the influence of the laser-dressing pulse
could not be observed in the photoelectron spectra. We
discuss two main potential reasons, namely the mix-
ing of delays in the interaction zone due to residual
aberration in the beam foci, and the contribution of
thermal plasma emission to the photoelectron signal.
Although they do not completely explain the absence
of any observable laser-dressing impact in our detected
VMI spectra, they definitely contribute to hamper the
targeted, yet challenging, measurement of oscillation of
an up-down asymmetry in the spectrogram. Finally, we
suggested several setup improvements that should be
included in future experiments.
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G. Celep, C. Bordas, E. Constant, F. Lépine, J. Opt.
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