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We report on continuous high-harmonic generation at 1 kHz repetition rate from a liquid-sheet
plasma mirror driven by relativistic-intensity near-single-cycle light transients. Through precise
control of both the surface plasma density gradient and the driving light waveform, we can produce
highly stable and reproducible extreme ultraviolet spectral quasi-continua, corresponding to the
generation of stable kHz-trains of isolated attosecond pulses in the time domain. This confirms the
exciting potential of liquid sheet targets as one of the building blocks of future high-power attosecond
lasers.

High-Harmonic Generation (HHG) from plasma mir-
rors driven by relativistic-intensity few-cycle lasers con-
stitutes a promising way of generating intense isolated
attosecond light pulses in the extreme ultraviolet (XUV)
spectral region [1–5] with high (predicted) conversion ef-
ficiencies [6–8] (although measured efficiencies reported
so far are ∼ 10−4 [3, 9]) and high spatio-temporal qual-
ity [10–12]. Despite these credentials, the blossoming of
plasma mirror-based attosecond light sources has been
hampered by the almost exclusive use of moving finite-
size solid targets that offer simply too low shot num-
bers for applications requiring high flux or high repe-
tition rate. However, recent years have witnessed the
emergence of liquid sheet targets with the required op-
tical flatness and mechanical stability at high flow rates
to drive intense light-matter interactions at multi-kHz
repetition rates [13–16]. More recently, Kim and col-
leagues successfully utilized flat liquid sheet technology
to demonstrate continuous HHG at 1 kHz in the sub-
relativistic regime and single shot operation in the rel-
ativistic regime [17]. This milestone experiment con-
firms that liquid-sheet plasma mirrors can indeed be op-
erated continuously at high intensity while achieving the
sharp surface plasma density gradients required for effi-
cient HHG [18, 19] (although not measured in this ex-
periment), which has remained an open question until
now.

In this Letter, we report on the first measurement of
the density gradient scale length at the surface of a liquid
plasma mirror and on continuous HHG in the relativistic
regime at kHz repetition rate using waveform-controlled
near-single-cycle laser pulses. Precise control of the den-
sity gradient enables relativistic HHG at 1 kHz with un-
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FIG. 1. Spatio-spectral detection setup for relativistic HHG
from a liquid sheet plasma mirror. Inset (a) shows the ex-
perimentally measured focused beam profiles on target for
both prepulse (gray-color scale) and main-pulse (multi-color
scale). Inset (b) shows a typical angle-resolved XUV spectro-
gram with a vertically integrated HHG spectrum indicated on
top.

precedented stability. Precise control of the 1.5-cycle
laser driver yields highly reproducible quasi-continuous
HHG spectra [5], a prerequisite for the controlled gener-
ation of isolated attosecond pulses.

A schematic layout of our experimental setup is shown
in Figure 1. The liquid plasma mirror target was driven
under vacuum by the Salle Noire laser system delivering
sub-4 fs pulses (1.5 cycle at 780 nm central wavelength)
with sub-200 mrad RMS carrier-envelope-phase (CEP)
stability at 1 kHz repetition rate and temporal contrast
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> 1010 @ =10 ps [20]. A 4% pick-off from the main driv-
ing pulse, henceforth called prepulse, is used to trigger
spatially homogeneous plasma expansion at the liquid
sheet surface before the arrival of the main pulse. Due
to chromatic dispersion in its beam path, the prepulse
duration on target is estimated to be ∼ 200 fs. Both
p-polarized prepulse and main pulse are jointly focused
onto the target at 55◦ with respect to the target normal
using an f/1.3, 28◦ off-axis parabola (OAP) with effec-
tive focal length f = 54.4mm, yielding focal spot sizes of
10 µm and 1.8 µm (FWHM), respectively. With respec-
tive pulse energies of 0.1mJ and 2.5mJ reaching the tar-
get, the corresponding peak interaction intensities on tar-
get are around 6Ö 1014 W cm=2 and 1Ö 1019 W cm=2.
The plasma density gradient, Lg ≈ L0+csτ , is controlled
by varying the lead time τ of the prepulse with respect
to the arrival of the main pulse on target, where L0 is the
minimum (not measured) achievable plasma scale length
due to the finite temporal contrast of the main pulse and
cs is the plasma expansion velocity, measured in-situ us-
ing Spatial Domain Interferometry (SDI) [21, 22].

Flat liquid-sheet targets were produced in a collid-
ing liquid jet geometry [13, 14] using two 75-µm inner-
diameter capillaries oriented at a 60° angle with respect
to each other. Oval-shaped liquid sheets were produced
roughly 3 mm×1 mm in size and of 2.5 µm thickness at
the center, as measured using a commercial white light
interferometer (Filmetrics). These target dimensions
were achieved using two syringe pumps (Teledyne ISCO),
each delivering a constant flow rate of 2.4 mL/min per
capillary. Ethylene glycol was selected as the medium
for forming the liquid sheet due to its low vapor pres-
sure (Pvap = 1× 10−1 mbar) and ability to sustain high-
velocity turbulence-free laminar jets. For 75-µm capil-
laries, the expected Reynolds number is Re = 45 at
a flow velocity of 8.7m/s, well below the threshold of
Re ≈ 2000 separating laminar from turbulent flow. A
custom-designed 5-axis positioner (Smaract) allows ac-
curate alignment of the liquid sheet target with respect
to the laser focus and precise steering of the specular
HHG beam into a home-made XUV imaging spectrome-
ter downstream [22], in much the same way it would be
done with a conventional mirror.

The XUV spectrometer features an aberration-
corrected, flat-field concave grating (Hitachi 001–0639)
that lets the beam diverge in the vertical dimension
while producing a spectrally dispersed image of the HHG
source in the horizontal dimension on a single-stack
micro-channel plate (MCP) coupled to a fast phosphor
screen (≈ 300 ns decay time). An imaging CCD cam-
era (PCO Pixelfly VGA) then records the HHG spatio-
spectral content for photon energies ranging from 10 to
40 eV. A typically measured XUV spectrogram is shown
in Figure 1. The MCP is time-gated for 50 ns and trig-
gered at 1 kHz for every laser shot, thereby suppressing
most of the background plasma emission. All data points
presented below were acquired by integrating the signal
over 100 successive laser shots at 1 kHz. The XUV spec-

FIG. 2. SDI measurement of the plasma expansion ve-
locity [21] at the surface of the liquid sheet target: ex-
perimental SDI contrast curve with circles/line representing
raw/smoothed data (a) and computed dephasing ∆ϕ(τ) and
corresponding gradient scale length Lg − L0 with circles/line
representing extracted data/linear fit (b).

trometer is shielded from stray light and open towards
the HHG source through a ≈ (25 × 3) mm2 rectangu-
lar aperture transmitting light within the angular accep-
tance of the grating. The resulting differential pumping
keeps the background pressure around the MCP detector
at ∼ 10−5 mbar, while that in the interaction chamber
reaches a few 10−3mbar when shooting on a continuously
running target at 1 kHz.

Figure 2 shows the result of the SDI measurement for
the liquid plasma mirror. The linearly increasing phase
of the SDI contrast oscillation yields a plasma expansion
velocity of cs = 26 nm/ps through eq. 4 in ref. [22],
with a bulk plasma density of n0 = 223nc corresponding
to a fully ionized ethylene glycol molecule C2H6O2. Note
that the contrast of the final inversion from 25 ps to 30 ps
being incomplete, it is not taken into account in the linear
retrieval of the phase. This velocity is very similar, if
not slightly higher, than that measured for a solid SiO2-
target under the same conditions [5, 22]. What remains
to be seen is whether the value of L0, given by the main
pulse temporal contrast, also remains sufficiently small
so that a clear optimum for relativistic HHG is found in
a gradient scan, where HHG spectra are recorded as a
function of the prepulse lead time τ before arrival of the
main pulse.

Figure 3 shows such a typical gradient scan under the
aforementioned experimental conditions, with τ varied
in 500 fs time steps, using the plasma scale length ob-
tained from the SDI measurement shown in Figure 2.
The recorded HHG spectrograms were angularly inte-
grated over the full detection range of [−35, 35] mrad.
The spectral modulations resulting from the temporal
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FIG. 3. Angularly-integrated HHG spectrum as a function
of plasma density gradient scale length for 4 fs driving laser
pulses with randomly varying CEP (100-shot average per
spectrum). The dotted red line marks the plasma cutoff pho-
ton energy around 22.5 eV.

structure of the HHG emission are known to shift with
the CEP of driving pulses as short as ours [2, 3, 5] and
thus get partly washed out by the randomly varying
CEP in these measurements. Distinctive spectral fea-
tures can nonetheless be identified and associated with
the two well-known regimes for plasma mirror HHG:
dominant coherent wake emission (CWE) at steep gradi-
ents [19, 23], Lg−L0 < 0.025λ0, and relativistic HHG at
softer gradients [9, 24, 25], 0.025λ0 < Lg − L0 < 0.2λ0.
For the steepest gradients, the temporal aperiodicity of
the CWE process broadens the harmonic peaks, which
in addition appear to have a dominant 2ω0-periodicity in
the spectral domain. This suggests a half-period tempo-
ral periodicity, consistent with a simultaneous emission
of CWE and relativistic harmonics, whose different emis-
sion times during the laser cycle indeed lead to two emis-
sion events per laser period [5, 10, 23]. As the gradient
softens, CWE vanishes and relativistic HHG gets opti-
mized, leading to a clear ω0-periodicity of the spectral
modulation with the typical narrower harmonic peaks
of relativistic HHG. Figure 3 also clearly shows that for
optimal plasma gradients, Lg − L0 ≈ λ0/20, the HHG
spectral extension far exceeds the maximum CWE cut-
off at the plasma frequency [23], which is ≈ 22.5 eV for
a fully ionized ethylene glycol target. This structure of
the gradient scan is the same as that typically observed
for solid targets [19, 24, 25], and the observation of a
clear optimum for relativistic HHG is evidence for the
same fine control over the steep plasma density gradients
on liquid-sheet targets as that achieved before on solid
targets, even at relativistic laser intensities [17].

Having established that liquid sheet targets can essen-
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FIG. 4. (a): Long-term stability of relativistic HHG over
4 × 104 shots driven by 4-fs pulses with locked CEP, which
was changed by π at 18 s [acquired frame 237] and again at
29s [acquired frame 384]. (b): Modulated (blue line) and con-
tinuous (red line) HHG spectra, obtained by averaging over
the first 18k shots before the first CEP change and over the
following 11k shots from the first to the second CEP change.
The grey-shaded area behind the lines mark ±1 standard de-
viations. Zoom-in around the plasma cutoff.

tially equivalently replace a solid target for relativistic
HHG, we now move on to demonstrating a critical ad-
vancement they afford over the previously used solid-
target technology through their ability to regenerate and
sustain high repetition rate operation [13, 14] over ex-
tended time periods. We thus fix the gradient scale
length to an optimal value of Lg − L0 ≈ λ/20, which
was found to maximize both the spectral extent and ef-
ficiency of the relativistic HHG signal, and shoot contin-
uously at 1 kHz in order to assess its stability over time.
Figure 4 shows the continuous acquisition of relativis-
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tic HHG spectra over 41 seconds while locking the laser
CEP at 1 kHz repetition rate (41k shots in total). The
camera acquired 13.3 frames per second with a 75 ms
exposure time and a < 1 ms dead-time between each
frame (545 frames in total). Consequently, the camera
acquired at least 98.7% of the laser shots the target was
exposed to. The angularly-integrated HHG spectra dis-
played in Figure 4(a) were corrected in intensity for the
XUV spectrometer response (grating and MCP) and the
rebinning from position (mm) to energy (eV). During this
acquisition sequence, the relative CEP was changed by π,
transforming the modulated relativistic HHG spectrum
into to a quasi-continuum over the full detected photon
energy range (10, 35)eV, indicating the generation of iso-
lated attosecond pulses [2–5]. The CEP change was then
reverted back 11 s later, recreating the exact same mod-
ulated HHG spectra as before. Figure 4(b) shows the av-
erage spectrum and typical standard deviation for both
modulated and quasi-continuum regimes. Calculating at
each photon energy the coefficients of variation, that is
the ratio of the standard deviation to the mean, and av-
eraging them over the spectrum weighted by the mean,
we quantify the high stability of our measured spectra,
with 6 % rms and 4.5 % rms variations for the modu-
lated and quasi-continuum regimes, respectively. Such
minimal fluctuations are unprecedented [26], and reflect
the reproducibility and consistency of attosecond pulse
generation from a liquid plasma mirror in the relativistic
regime, when driven by a laser with < 1 % rms pulse-
energy stability.

The continuous kHz operation mode afforded by the
liquid-sheet target is very different from our previous
experiments with a rotating SiO2 solid disk target [27],
which was used with short kHz bursts of ∼ 100 pulses,
synchronized to the experimental diagnostics, so as to
most economically use the available target surface [22].
With the 0.1 mm shot spacing adapted to our few-mJ
driving pulse energy, the solid target offered space for
a maximum of ≈ 1.2million shots, i.e. an accumulated
≈ 20 min at 1 kHz. In practice, pollution of the fresh tar-
get surface by debris and degrading mechanical stability
with increasing rotation speed as shots got closer to the
target center made target replacement necessary before
maximum theoretical shot capacity. A more powerful
laser driver would require a wider shot spacing, quadrat-
ically reducing the number of potential laser shots, and
the debris issue would likely worsen. The available shot
number on a solid target of a size that can be moved with
a sub-Rayleigh-range (few µm) stability thus rapidly be-
comes prohibitively low when scaling up the pulse en-
ergy of a high-repetition rate laser driver. Furthermore,

the burst-mode operation limits the effective acquisition
time to only ∼ 1% of the kHz laser capacity: in prac-
tice, a day of experimentation typically resulted in about
1,000 acquisitions of 100-shot bursts (105 laser pulses).
Finally, while the rotating solid target surface remained
within the few-µm Rayleigh range of the tightly focused
laser, the regular translations required after completing
a full circle of shots would lead to drifting interaction
conditions, requiring regular realignment, which further
limited the reproducibility of the HHG signal. Relativis-
tic plasma-mirror HHG has also been demonstrated on
a spooling tape target over a few 1000 shots at up to
10 Hz repetition rate, but instabilities of the tape sur-
face lead to a 75% rms fluctuation of the HHG signal [28].
Sufficiently stable and fast tape targets have since been
built for laser-driven proton acceleration [29], but avail-
able tape lengths would still limit continuous operation
to a few 100 s at kHz repetition rate.
As demonstrated in this Letter, the practical limita-

tions of previously used solid targets are overcome with
the liquid-sheet target, which enables acquiring in 2 min-
utes the same number of shots as a full day of experimen-
tation with a solid target, with drastically improved sta-
bility and reproducibility. The target can be upgraded
to a continuous flow operation in a closed-loop setup for
an uninterrupted quasi-infinite operation time, enabling
intensive usage or heavy duty measurement or alignment
procedures. In the current implementation, our liquid-
sheet target offers a continuous run-time of 1 hour before
a refill of the syringe pumps, which only takes a few min-
utes. After an accumulated operation time of 7 hours, we
observed very little debris or pollution on the surrounding
optics and no significant drop in pulse energy delivered
on target. Hitherto completely inaccessible applications
thus now become feasible with plasma mirror-based HHG
sources, such as quantum-optical spectroscopy based on
large-number photon statistics [30, 31] and the challeng-
ing task of refocusing the generated attosecond pulses to
high intensity for temporal characterization and nonlin-
ear attosecond spectroscopy experiments.
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