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Towards isolated attosecond pulses at megahertz
repetition rates
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Luke Chipperfield4, Jens Limpert1,2 and Andreas Tünnermann1,2,5

The strong-field process of high-harmonic generation is the
foundation for generating isolated attosecond pulses1, which
are the fastest controllable events ever induced. This coherent
extreme-ultraviolet radiation has become an indispensable tool
for resolving ultrafast motion in atoms and molecules2,3.
Despite numerous spectacular developments in the new field
of attoscience2–4, the low data-acquisition rates imposed by
low-repetition-rate (maximum of 3 kHz) laser systems5

hamper the advancement of these sophisticated experiments.
Consequently, the availability of high-repetition-rate sources
will overcome a major obstacle in this young field. Here, we
present the first megahertz-level source of extreme-ultraviolet
continua with evidence of isolated attosecond pulses using a
fibre laser-pumped optical parametric amplifier6 for high-har-
monic generation at 0.6 MHz. This 200-fold increase in rep-
etition rate will enable and promote a vast variety of new
applications, such as attosecond-resolution coincidence and
photoelectron spectroscopy7, or even video-rate acquisition
for spatially resolved pump–probe measurements.

It was realized early on that the process of high-harmonic gener-
ation (HHG) could give rise to subfemtosecond bursts of coherent
extreme-ultraviolet (XUV) radiation8–10. This potential was demon-
strated over a decade ago1,11, and the process of HHG has since been
used in a wide range of applications, including atomic and molecu-
lar physics12,13, surface science14 and imaging15. The emission of
XUV radiation results from the interaction of an intense laser
field with atoms or molecules. The strong field bends the
Coulomb barrier, enabling a bound electronic wave packet to
tunnel out of the barrier and move away from the parent ion.
When the laser electrical field reverses, the wave packet is accelerated
back to the parent ion and can recombine, emitting an XUV photon.
This process occurs twice per laser cycle, resulting in the emission of
an attosecond pulse train. For laser pulse durations of only a few
cycles the emission of the highest energetic photons can be confined
to a single event, leading to the generation of an isolated attosecond
pulse (IAP)9,16. This technique, referred to as amplitude gating, is
traditionally performed using post-compressed Ti:sapphire ampli-
fier systems17. Alternative gating techniques have also been devel-
oped to circumvent the strict requirement on pulse duration4,18.
However, all such schemes rely on a laser architecture limited in rep-
etition rate due to thermo-optical constraints. Although sources for
high-repetition-rate HHG and other strong-field processes emerged
early19–21, IAP generation has not exceeded a repetition rate of a few
kilohertz3,5. This has severely limited, or hindered, a multitude of
applications, in particular in terms of signal-to-noise ratio or stat-
istics in the detection of photoelectrons or ionization fragments3.

In recent years, optical parametric amplification has been
regarded as a promising concept for advancing attosecond laser
physics. Optical parametric amplifiers can offer an extremely large
gain bandwidth, supporting few-cycle pulses with a great variety
of wavelengths, and also have potential as high-repetition-rate
sources of intense few-cycle pulses because of their outstanding
thermo-optical properties.

In this work, we demonstrate a megahertz-level source of XUV
continua showing evidence of isolated attosecond pulses, which
overcomes the limitations of the current technology in attosecond
science. A fibre laser-pumped two-stage optical parametric
chirped pulse amplification (OPCPA) system6 (Fig. 1a, see
Methods) delivering carrier-envelope phase (CEP) stable 14 mJ
pulses at a central wavelength of 918 nm (Fig. 1b), with a duration
of 2.1 cycles (6.6 fs, Fig. 1c), was used to drive HHG in an argon
gas jet (see Methods). After elimination of the fundamental radi-
ation using a 200 nm aluminium filter, the resulting radiation was
characterized spectrally and spatially using a flat-field grating spec-
trometer (see Methods). The CEP and chirp of the driving laser
pulses were controlled by a pair of fused silica wedges. An adjustable
iris can also be used to reduce the intensity in the interaction region
to shift the cutoff photon energy below the L-absorption edge
(73 eV, ref. 22) of aluminium.

In a first experiment, the OPCPA system was operated at
150 kHz. The HHG process was optimized in terms of gas pressure
and jet position to achieve the highest XUV intensity in the cutoff,
indicating phase-matched conversion to high photon energies. To
obtain the best XUV continuum, a gas jet position behind the
focus was chosen to select emissions arising due to short electron
trajectories and to suppress those from long trajectories23,24.

Figure 2a shows the behaviour of the HHG spectra for different
relative CEP values. For certain values w0 of the CEP, the spectra are
strongly modulated in the cutoff region, with a period of 2.71 eV
(Fig. 2b), which is exactly twice the centre photon energy of the
driving laser (1.36 eV). In the time domain, these modulations cor-
respond to the interference of at least two XUV emission events sep-
arated by half of the laser optical cycle. This occurs when the
electrical field of the generating few-cycle pulse is nearly sine
shaped, leading to two laser field maxima separated by a half-
cycle, with each generating an XUV pulse with a similar spectrum.
The exact position of these harmonics in the spectrum strongly
depends on the CEP of the incident pulses due to non-adiabatic
effects in the rapidly changing electrical field of few-cycle pulses25.
The latter effect also explains the shift in the harmonic position
observed when scanning the CEP (Fig. 2a). In contrast, when the
relative CEP is shifted to w0þ p/2, the interference in the cutoff
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region vanishes and a spectral continuum is formed (Fig. 2c). In this
case, the laser electrical field is nearly cosine shaped, and only one
half-cycle has enough intensity to generate the highest-energy
photons. These photons form a single XUV pulse that shows no

spectral interference. As expected by theory, the HHG spectra
show a p-periodic behaviour2. The spatial structure of the highest
harmonic orders is clean (Fig. 2d,e), indicating phase-matching
between fundamental and short-trajectory generated harmonic
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Figure 1 | Experimental set-up of the XUV source. a, An OPCPA system (see Methods) delivers CEP-stabilized laser pulses with a pulse energy of 14mJ and

a pulse duration of 6.6 fs at a central wavelength of 918 nm. The repetition rate can be varied between 150 kHz and 600 kHz. The pulses are steered to a

vacuum chamber by silver mirrors and pass a pair of fused silica wedges under Brewster’s angle for dispersion fine control and for variation of the CEP (see

Methods). b, Spectral intensity (blue line) and phase (red line) of the few-cycle pulses generated by the OPCPA, as measured by SPIDER. c, Temporal

envelope of the few-cycle pulses. d, A 1 mm fused silica substrate with a dispersion-optimized antireflection coating is used as the entrance window for the

chamber. Focusing onto the argon gas jet is achieved by an f¼ 75 mm off-axis parabolic mirror, leading to a spot size of 35 mm × 30 mm. The resulting

spectrum is recorded with a flat-field grating spectrometer (see Methods).
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Figure 2 | HHG at 150 kHz repetition rate. a, Variation of the HHG spectrum in the cutoff region with respect to the CEP. For certain CEP values w0, there

are strong spectral modulations, but these modulations disappear for the highest harmonics at w0þp/2. The disappearance of the modulations indicates

that there is only one strong emission event, that is, an isolated attosecond pulse. b,c, Corresponding lineouts for the relative CEP values, w0 and w0þp/2,

respectively. Insets: spectra on a logarithmic scale. d,e, Images taken with the CCD camera attached to the flat-field grating spectrometer (see Methods) for

relative CEP values of w0 (d) and w0þp/2 (e). The horizontal axis shows the spectrum and the vertical axis the divergence of the individual harmonics. The

panels adjacent to each image show a spatial lineout (black dots) taken at a photon energy of 60 eV (indicated by the white dashed lines) together with a

Gaussian fit (red lines).
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radiation, which is particularly important for achieving well-defined
and compressible spectral phase terms. Additionally, the generation
conditions described here can be expected to lead to good
spatial coherence23.

Although the XUV emission is chirped, the XUV photons in
the spectral continuum are generated within less than one quarter
of the driving laser cycle, corresponding to an attosecond-timescale
pulse duration. Selecting this part of the spectrum with a spectral
filter suppresses the contributions from the adjacent laser cycles

with lower intensity, and finally reveals an IAP2. In our experiment,
an additional 200 nm zirconium filter was used to filter photon
energies below 56 eV, and a similar behaviour of the harmonic
spectra with respect to the CEP was observed (Fig. 3a–c). As a
result of spectral filtering, the measurement shows the necessary
clear signature for the formation of IAPs at a relative CEP of
w0þ p/2 (Fig. 3c).

A simulation of the HHG process supports our experimental
findings. It calculates the XUV field generated by an atomic gas
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Figure 3 | Spectral selection of cutoff harmonics. An additional 200-nm-thick zirconium filter is placed before the spectrometer to spectrally select cutoff

harmonics. The experiment was performed under slightly different conditions than in Fig. 2, leading to higher cutoff photon energies more suitable to the

zirconium transmission. a, Scan showing the variation of the normalized harmonic spectrum with respect to the relative CEP. As already observed in Fig. 2a,

there are certain relative CEP values that show strong modulations in the spectrum (w0), and shifting the CEP by p/2 results in a complete disappearance of

the modulation and a continuous XUV spectrum corresponding to an isolated attosecond pulse. b, Lineout of the scan in a for a CEP of w0, with strong

modulation (blue curve). c, Lineout of the scan in a for a CEP of w0þp/2, with no modulation (blue curve).
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Figure 4 | Numerical simulation of the HHG process. The results of simulations of the HHG process are shown, the parameters of which have been adapted

to the experimental conditions (see Methods). a, CEP dependence of the high harmonics, as observed in the experiments (Fig. 2a). The basic features of the

experiment are reproduced by the simulation, such as the shift of the harmonic with respect to the CEP, the p-periodic behaviour and the continuum-like

cutoff region for certain CEP values. b,c, Simulations also reproduce the spatial structure of the harmonics very well (Fig. 2d,e). d, CEP-dependent behaviour

of the high-harmonic spectrum with an additional 200 nm zirconium filter to select the cutoff region. This completely agrees with the experimental data

presented in Fig. 3a. e,f, Lineouts of the harmonic spectra show an excellent match between simulation (blue line) and experiment (red line). In conclusion,

it is possible to reproduce our experimental findings with sufficient accuracy. This allows extraction of the basic temporal characteristics of the spectrally

selected pulse, as shown in the inset of f. The simulations suggest that we have generated an isolated attosecond pulse (contrast ratio of 6.1:1) with a

duration of 338 as.
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when driven by an intense infrared laser field. This is achieved by
solving the Maxwell wave equation coupled to the time-dependent
Schrödinger equation (see Methods). The conditions in the simu-
lation were adapted to those in our experiment. Comparing the
simulation results (Fig. 4) with our measurements (Figs 2 and 3),
we find that the simulation reproduces the experimental results
both spectrally and spatially. As a consequence, although the spec-
tral phase of the XUV radiation has not been measured directly, it
seems valid to assume that the simulated phase matches the exper-
iment with sufficient accuracy to characterize the generated pulses
as IAPs. Furthermore, similar experimental observations of the
high harmonic spectra26 were later verified to produce IAPs27, sub-
stantiating our statement. The temporal shape of the calculated
pulse was characterized by a full-width at half-maximum
(FWHM) duration of 338 as and a contrast ratio of 6.1:1 between
the main pulse and the neighbouring pulses (Fig. 4f, inset).

So far, the generation of XUV continua has been demonstrated at
150 kHz, which already constitutes an enormous improvement over
current low-kilohertz systems. The OPCPA system can be operated
at even higher repetition rates while still preserving similar pulse
parameters (see Methods). The resulting HHG spectra, scanned
over different relative CEP values, are shown in Fig. 5a for the
highest repetition rate of 0.6 MHz. In agreement with our earlier
measurement, the p-periodicity and vanishing modulations for
certain CEP values are clearly visible (Fig. 5b,c). The small variation
in the spectral shape when compared to the lower repetition rate can
be attributed to slightly different generation conditions (see
Methods). Nevertheless, the scan shows a clear signature of isolated
attosecond pulses in the cutoff region, and also demonstrates the
scalability of our approach to megahertz-level repetition rates. An
estimate of the photon flux (see Methods) contained in the conti-
nuum region (62–72 eV) yields 5.8 × 109 photons s21. As expected,
this is roughly four times the flux obtained at a repetition rate of
150 kHz (1.3 × 109 photons s21 in the 53–70 eV range).

In conclusion, we have demonstrated a megahertz-level rep-
etition-rate source of XUV continua showing evidence of IAPs,
which constitutes a 200-fold increase over conventional systems.
Using our source, the detrimental space-charge effects of photoe-
mission experiments such as photoemission spectroscopy7, photoe-
mission electron microscopy28 or angle-resolved photoemission
spectroscopy can be mitigated effectively because of the high
photon flux, despite the moderate pulse energies. Hence, attosecond
surface-science experiments, which have emerged as a key topic in
attosecond physics, will benefit significantly. For the same reason,
coincidence measurements with attosecond resolution, as well as
reasonable acquisition times, become feasible. This paves the way
for advanced attosecond-resolution experiments. Additionally,

raising the repetition rate has the potential to dramatically
improve most existing applications that are hindered by the low
photon flux of conventional sources, by speeding up acquisition
times and increasing the signal-to-noise ratio. Future development
of fibre laser technology, which aims to achieve higher-pulse-
energy OPCPA systems, will allow further enhancement of
photon flux in the IAP generation process. Consequently, the enor-
mous repetition rate enabled by fibre laser-pumped optical para-
metric amplification is a major milestone in the advancement of
attosecond physics.

Methods
Two-cycle optical parametric amplification. Optical parametric amplification,
which allows the amplification of exceptionally large bandwidths to high pulse
energies, formed the basis of the driving laser system. Its principle design is
described elsewhere6. Major modifications of this system were focused on achieving
the best control of the electrical field of the pulses by proper spectral phase
compensation and CEP stability. The seed pulses were delivered by a few-cycle
Ti:sapphire oscillator (Femtolasers Rainbow), spectrally broadened, and temporally
dispersed in an all-normal-dispersive photonic crystal fibre, sent through a
spatial light modulator-based phase shaper (Biophotonic Solutions, 128 pixel,
600–1,230 nm) and subsequently amplified in two beta barium borate crystals with
lengths of 2 mm and 1 mm, respectively. The pump laser, based on Yb-fibre laser
technology, delivered frequency-doubled 100 mJ, 500 fs pulses at a wavelength of
515 nm, and variable repetition rate. It was optically synchronized to the master
oscillator by means of soliton frequency shift in a photonic crystal fibre specially
selected to have the lowest amplitude and timing jitter6. The two optical parametric
amplification stages were optimized to generate a smooth output spectrum spanning
from 750 nm to 1,250 nm, supporting a pulse duration of 6.4 fs. A chirped mirror
compressor was used to compensate the second-order dispersion. Fourier-limited
pulses were then achieved by measuring the residual spectral phase, including
nonlinear contributions from the amplifiers29, with the SPIDER pulse
characterization technique30 and compensation of the aforementioned phase
utilizing the phase shaper. The compressed pulses were measured to be as short
as 6.6 fs, which corresponds to only 2.1 optical cycles at a central wavelength of
918 nm. The compressed pulse energy was 14 mJ, resulting in a pulse peak
power of 1.7 GW.

The system was operated at various repetition rates between 0.15 MHz and
0.6 MHz, with similar spectral and temporal characteristics of the output pulses.
However, minor changes in beam divergence and diameter were observed at high
repetition rates. Owing to the high nonlinearity of HHG, this slightly affects the
generation conditions, as is obvious from Figs 2 and 4.

CEP stability. CEP stability is essential for the generation of IAPs as only this allows
the control of the light fields required for this process2. In our laser system the
carrier-envelope offset frequency of the seed oscillator was stabilized to one-quarter
of its repetition rate. By selecting the repetition rate of the pump laser to be an
integer fraction of this frequency, the seed pulses being amplified in the OPCPA had
the same CEP. Although optical parametric amplification, in principle, preserves the
CEP31, attention has to be paid to the relative timing between pump and signal pulse.
In our set-up it has to be stable within a few percent of the pump pulse duration to
circumvent spectral distortions, which translate to CEP jitter via dispersion32. By
isolating the beam path from mechanical vibrations and the housing of the laser
system, and through active stabilization of the slow relative timing drifts, excellent
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Figure 5 | HHG at 0.6 MHz repetition rate. In analogy to the results in Figs 2 and 3, the HHG process was investigated with the OPCPA system operated
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modulations, but these modulations disappear for the highest harmonics at w0þp/2. The disappearance of the modulations indicates that there is only one

strong emission event, that is, an IAP. b, Lineout of the scan in a for a CEP value of w0 with strong modulation. Inset: spectrum for w0 on a logarithmic scale.

c, Lineout of the scan in a for a CEP value of w0þp/2 with no modulation (blue curve). Inset: spectrum for w0þp/2 on a logarithmic scale. The vanishing

modulation indicates the generation of an isolated attosecond pulse.
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CEP stability was achieved. Integrating over 15 successive pulses (100 ms integration
time), an r.m.s. jitter of 86 mrad was measured during 40 min of operation of the
150 kHz OPCPA system.

HHG. HHG was achieved by focusing the pulses from the OPCPA system into an
argon gas jet formed by a 150-mm-diameter cylindrical nozzle. Applying an off-axis
parabola as the focusing element avoided chromatic and spherical aberrations
and allowed a focal spot size of 30 mm × 35 mm (1/e2 intensity) to be achieved,
as well as peak intensities up to �4 × 1014 W cm22 (Fig. 1d).

Characterization of the generated XUV radiation. A spectrometer (Ultrafast
Innovations) with a gold-coated variable line spacing flat-field grating (nominal
grating constant of 1,200 lines mm21) was used to image the high harmonic
spectrum onto an XUV-sensitive charge-coupled device (CCD) camera. Imaging
only took place in the spatial dimension perpendicular to the grating lines, so the
beam propagated freely in the other dimension, enabling spectrally resolved one-
dimensional beam profiles to be recorded. The spectrometer resolution was
measured, using narrow line radiation, to be better than 100 meV FWHM around
60 eV. The CEP scans were measured by recording HHG spectra at a fixed rate while
adjusting the wedge pair at a constant speed using a motorized translation stage. The
appropriate relative CEP corresponding to each spectrum was calculated from the
group and phase velocity of fused silica at the centre wavelength of 918 nm, as well as
the total optical path length through the wedge pair. Based on a radiation power
calibration of the CCD camera in the XUV range, the photon flux behind the gas jet
was estimated by dividing the measured power at the CCD by the grating diffraction
efficiency of 17% (value supplied by the manufacturer), the transmission coefficient
of the aluminium filter22 and the photon energy for each individual spectral
component, then summing over the considered energy range.

Simulation. Propagation of the infrared field through the gas jet was simulated
by solving the Maxwell wave equation after applying the slowly evolving wave
approximation33, including the time-dependent free-electron density as a source
term34. Generation of the macroscopic XUV field occurs due to cooperative
spontaneous emission from the ensemble of atoms within the gas jet. To simulate
this, the single-atom dipole moment was calculated at each point on a spatial grid
within the interaction region by solving the time-dependent Schrödinger equation
after applying the strong field approximation35. The effect of the iris was
implemented using a Hankel transform to propagate the laser pulse, which was
initially given a Gaussian radial profile, from the beginning of the gas jet back to the
iris, where it was radially clipped, and then forward to the gas jet again. A Hankel
transform was again used to propagate the XUV field to the far field after it had
exited from the gas jet. To mimic the experimental measurement, the spatial profiles
shown in Fig. 4 were then calculated by taking an Abel transform of the XUV field.

The simulation parameters were adapted to best match the experimental data. To
this end, the spectrum of the infrared laser field, on-axis at the focus with no iris, was
set to the measured spectrum given in Fig. 1c, and the total pulse energy was set to
the measured value of 14 mJ. For the gas jet, a parabolic density profile (peak density
of 1 × 1019 cm23 and an FWHM of 150 mm) was used. The focal geometry was then
controlled by adjusting the diameter of the iris and the gas jet position.

The spectra plotted in Fig. 4a–c were generated using an iris aperture of
23.4 mrad with the gas jet positioned 1.27 mm after the focus. The XUV spectrum
was then filtered by 200 nm of aluminium, taking account of dispersion22. The
measurements recorded with the applied zirconium filter were simulated using a
larger aperture of 27.3 mrad, a gas jet position 1.21 mm after the focus and two XUV
filters (200 nm of aluminium and 200 nm of zirconium) (Fig. 4d–f).
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