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The generation of coherent light pulses in the extreme ultraviolet (XUV) spectral region with

attosecond pulse durations constitutes the foundation of the field of attosecond science 1.

Twenty years after the first demonstration of isolated attosecond pulses 2, they continue to be

a unique tool enabling the observation and control of electron dynamics in atoms, molecules

and solids 3, 4. It has long been identified that an increase in the repetition rate of attosecond

light sources is necessary for many applications in atomic and molecular physics 5, 6, sur-

face science 7, and imaging 8. Although high harmonic generation (HHG) at repetition rates

exceeding 100 kHz, showing a continuum in the cut-off region of the XUV spectrum was al-

ready demonstrated in 2013 9, the number of photons per pulse was insufficient to perform
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pulse characterisation via attosecond streaking 10, let alone to perform a pump-probe exper-

iment. Here we report on the generation and full characterisation of XUV attosecond pulses

via HHG driven by near-single-cycle pulses at a repetition rate of 100 kHz. The high number

of 106 XUV photons per pulse on target enables attosecond electron streaking experiments

through which the XUV pulses are determined to consist of a dominant single attosecond

pulse. These results open the door for attosecond pump-probe spectroscopy studies at a rep-

etition rate one or two orders of magnitude above current implementations.

Extreme ultraviolet (XUV) light pulses generated via high-order harmonic generation (HHG) 11,

consisting of attosecond pulse trains 12, 13 or isolated attosecond pulses 2, have led to the establish-

ment of the field of attosecond science 1. The HHG process can be described by a very intuitive

three-step model 14, in which the strong electric field of the laser interacting with a gas of atoms

first induces tunnel ionisation. The created electron wave packet is accelerated by the electric field

of the laser, first away and then back towards its parent ion, and then recombines with the parent

ion, releasing the gained kinetic energy in the form of high energy photons at odd multiples of

the driving laser frequency. Since the process is repeated every half-cycle of the laser for which

the peak intensity is sufficient to ionise the atom, HHG naturally gives rise to a train of attosec-

ond pulses. As the duration of the driving pulse is reduced, the number of pulses in the attosecond

pulse train (APT) also decreases. If the driving pulse duration approaches a single oscillation of the

optical field, and if it is possible to control the carrier-envelope phase (CEP) of the driving pulses,

the XUV emission can be confined to a single half-cycle 2, 15–17. Isolated attosecond pulses (IAPs)

generated in this manner have been successfully implemented to observe light-induced electron
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tunneling in atoms in real time 18, to follow the valence electron motion in an excited ion 19, and to

control electron localisation in a dissociating molecule with attosecond precision 20, among many

other outstanding examples.

In all the aforementioned examples, and in the majority of experimental setups used for at-

tosecond science, the driving pulses for HHG are produced by a Ti:Sapphire chirped pulse amplifi-

cation (CPA) system followed by non-linear post-compression in a gas-filled hollow-core fibre 21,

which allows reaching pulse durations near a single optical cycle (2.67fs at 800 nm) with pulse

energies of at least a few hundred µJ. Typical observables in attosecond pump-probe experiments

are either the XUV absorption spectrum, or the kinetic energy and/or angular distributions of ions

or electrons. While these schemes provide valuable information, many research questions call for

more sophisticated experimental approaches. In particular, in experiments with atomic and molec-

ular targets in the gas phase it is highly attractive to implement electron-ion coincidence detection

schemes 5, which give access to the fully correlated three-dimensional momentum distributions of

all charged particles produced during a photoionisation experiment. The technique requires that

only one photoionisation event is produced per laser pulse in order to avoid the detection of false

coincidences; i.e. ions and electrons that are measured in coincidence, but that originate from

different parent atoms/molecules. In practice, this requires working at a maximum event rate of

approximately 0.2 times the repetition rate of the light source. It follows that high repetition rate

light sources are required for these types of experiments to keep data acquisition times manageable.

So far, the implementation of coincidence detection in attosecond experiments has been limited to

setups working with Ti:Sapphire CPAs running at ≤ 10kHz 22, where the technique has been suc-
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cessfully applied to the study of small molecular systems 23, 24. However, more complex problems

involving the study of low probability ionisation or dissociation channels require higher repeti-

tion rates. Furthermore condensed phase experiments such as photoelectron emission microscopy

(PEEM) 25 and attosecond photoelectron streaking 7, 26 at surfaces would also benefit from high

repetition rate attosecond XUV sources. Since a high number of photoelectrons removed from

a surface with a single laser shot has detrimental effects on the energy resolution through space-

charge effects, it is advantageous to keep the number of photoelectrons generated per shot low. To

achieve high signal-to-noise ratio measurements that go beyond proof of principle experiments,

increasing the laser repetition rate is the only viable route.

Ti:Sapphire CPAs, delivering CEP-stable, ultrashort pulses with the necessary pulse energies

for attosecond pulse generation (typically up to a few mJ) are not scalable beyond 10 kHz. Optical

parametric chirped pulse amplifiers (OPCPA) 27–32 and direct post-compression of high repetition

rate ytterbium based CPAs 33–35 are viable alternatives capable of generating CEP-stable, few-cycle

pulses with multi-µJ-level energy, at hundreds of kHz repetition rate. Moreover, OPCPAs have

extended the range of CEP-stable, ultrashort pulses with moderate energy and high repetition rate

towards the mid-IR region 36–40. Some high repetition rate OPCPAs operating at 800 nm have been

utilised to generate high-order harmonics with a spectrum in the XUV range showing sensitivity

to the value of the CEP of the driving pulse 9, 41. Krebs et al. 9 demonstrated a continuous XUV

spectrum in the cut-off region using 6.6 fs 918 nm pulses from an OPCPA, suggesting the existence

of an isolated pulse in this region of the XUV spectrum. However, the number of XUV photons per

pulse was not sufficient to carry out pulse characterisation with the attosecond streaking technique
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to determine the temporal structure and pulse duration.

Here we present, to the best of our knowledge, the first demonstration of an attosecond elec-

tron streaking experiment driven by XUV pulses operating at 100 kHz repetition rate, i.e. at least

an order of magnitude higher than any previous implementation. The ability to do so stems from

the available high number of 106 XUV photons per pulse on target, which is comparable to typ-

ical attosecond light sources driven by post-compressed Ti:Sapphire CPA systems. The temporal

structure of the pulse is dominated by a single XUV pulse with sub-140 as duration, demonstrating

the suitability of our source for attosecond pump-probe experiments.

A sketch of the experimental setup is shown in Fig. 1. An OPCPA delivered CEP-stable 7 fs

pulses at a central wavelength of 790 nm with up to 190 µJ of energy per pulse and at a repetition

rate of 100 kHz 31, 42, 43. In HHG the 7 fs pulses from the OPCPA system, containing 2.6 optical

cycles, lead to the generation of short APTs containing 7 pulses with varying intensity 44. To

enable efficient amplitude gating of IAPs, the 7 fs OPCPA pulses were compressed to near-single

cycle pulse durations, using hollow fibre pulse compression in a 1 m long fibre filled with neon gas

in gradient pressure configuration. Spectra spanning more than one octave supporting 3 fs pulses

were achieved. Fig. 2 summarises the spatio-temporal characterisation performed with the SEA-F-

SPIDER technique 45, which measures the spatially dependent field in one spatial plane, i.e. either

E(x,y0, t) or E(x0,y, t). As the non-collinear angle of the OPCPA system lies in the horizontal

x-plane, eventual spatio-temporal couplings would be expected in this plane 42. In Fig. 2(a) the

spatio-spectral intensity distribution |E(ω,x,y0)|
2 is shown. Apart form small spatial variations
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(e.g. a frequency-dependent spot size), no significant space-time couplings were observed. In

Fig. 2(c) the spatially integrated spectral intensity (red line) and spectral phase (green line) are

shown for a series of five measurements acquired over the space of one minute, demonstrating

the excellent short term stability of the source. The central wavelength is 760 nm. The spectral

phase is flat within the compression range of the chirped mirrors form 500 to 1050 nm and shows

small oscillations caused by the chirped mirror compressor. Fig. 2(b) shows the spatio-temporal

intensity profile and (d) the spatially integrated temporal intensity. The pulse duration is 3.3±

0.1fs, corresponding to only 1.3 optical cycles. The inset of Fig. 2(d) shows the near-field spatial

profile of the beam after the HCF and chirped mirror compressor measured by a CMOS camera.

The near-single-cycle near-infrared (NIR) pulses were sent to an attosecond beamline sketched

in Fig. 1 and described in detail in 44. The pulses were split with the majority of the pulse energy

used for HHG. For this, the near-single-cycle pulses were focused to an approximate intensity of

2× 1014 W/cm2 inside a cylindrical gas cell with a diameter of 2 mm, filled with krypton at a

backing pressure of 70 mbar. The optimum CEP was chosen by fine tuning the compression (see

supplementary information). After HHG the XUV and remaining NIR radiation were separated

utilising a dielectric filter mirror and an Al filter. The smaller portion of the NIR energy was used

as probe beam. A piezo translation stage in the probe arm was used to provide a variable delay.

XUV and NIR pulses were recombined with a holey mirror. Both beams were focused into the

experimental chamber by a gold-coated toroidal mirror. The spectrally integrated photon flux on

target for the experiment was measured with an XUV photodiode and amounted to 106 photons per

shot (comparable to typical Ti:Sapphire laser driven attosecond setups), which amounted to an un-
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precedented flux of 1011 photons per second on target. In the experimental chamber the attosecond

XUV pulse ionised neon atoms in the presence of a strong NIR probe pulse (I ≈ 4.6TW/cm2) and

the resulting photoelectron momentum distributions were measured with a velocity map imaging

spectrometer (VMI) 46.

For the characterisation of the attosecond XUV pulses the attosecond streaking technique 10

was employed. Single photon ionisation by the XUV pulses launches a photoelectron wave packet

into the continuum. In the absence of the NIR pulse, the photoelectron wave packet reproduces the

amplitude and phase of the XUV pulses, re-shaped by the photoionisation cross section, and shifted

in energy by the ionisation potential of the target atom. The low photon energy limit of the XUV

spectrum, given by the transmission window of the aluminium filter at approximately 15.5 eV lies

a few eV below the ionisation threshold of neon (21.56 eV). Therefore, information about the low

energy end of the XUV pulse spectrum is lost during photoionisation and the XUV pulse that can

be retrieved corresponds to the portion of the spectrum above the ionisation potential of neon. The

presence of the NIR pulse modulates the photoelectron kinetic energy distribution depending on the

value of the NIR field vector potential at the moment of ionisation giving rise to a streaking effect.

Measurements of the photoelectron kinetic energy distribution at a particular observation angle

as a function of XUV-NIR delay (i.e., the electron streaking trace) contain amplitude and phase

information on both, the NIR and the XUV fields. Within the strong field approximation (SFA),

the probability amplitude for producing photoelectrons in the continuum with final momentum ~p

is given by 10, 47, 48:

a(~p,τ) =−i

∫
∞

−∞

dt d~p+~A(t)EXUV(t − τ)ei[(W+IP)t−
∫

∞

t dt ′(~p·~A(t ′)+A(t ′)2/2)] (1)
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where τ is the time-delay between the NIR and XUV fields, EXUV is the complex amplitude of the

electric field of the XUV pulse, ~A(t) is the vector potential of the NIR field, d~p+~A(t) is the complex

dipole transition matrix element from the ground state to the continuum, IP is the ionisation po-

tential of the ionised atom, ~p+~A(t) is the instantaneous kinetic momentum, and W = p2/2 is the

measured photoelectron kinetic energy. Atomic units are used. The measured electron yield in a

streaking trace is proportional to |a(~p,τ)|2.

Streaking traces for a range of angles with respect to the polarisation vector were constructed

from the measured photoelectron momentum distributions (see methods section). Figs. 3 (a)-(d)

show the photoelectron kinetic energy distributions as a function of XUV-NIR delay, taken at

observation angles of 0 ◦, 15 ◦, 30 ◦, and 45 ◦, respectively. The electron streaking traces clearly

show the modulation of the photoelectron kinetic energy distributions as a result of the presence of

the NIR field during ionisation. The spectral modulations with an energy spacing of approximately

twice the NIR photon energy ωNIR at photon energies below ≈ 20eV indicates the presence of

satellite pulses at a delay of ±TNIR/2 from the main XUV pulse. At the same time, the smooth

spectrum above ≈ 20eV kinetic energy suggests that a clean isolated attosecond pulse exists in this

portion of the XUV spectrum.

In order to retrieve the XUV and NIR pulses from the experimental trace, most retrieval

methods replace the product ~p ·~A(t) in equation (1) by ~po ·~A(t), with ~po, the central momentum of

the kinetic energy distribution. This central momentum approximation (CMA), leads to an over-

estimation of the strength of the streaking effect at low kinetic energies. Validity of the CMA
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requires the central momentum of the kinetic energy distribution to be considerably larger than

its bandwidth (|~po| >> ∆p), a condition that is certainly not met in the measurements shown in

Fig. 3. Therefore, the Volkov-transform generalized projection algorithm (VTGPA) 49 was chosen

as retrieval method to analyse the experimental data. The VTGPA method determines an explicit

solution for EXUV(t) by finding a local minimum of an error function (or a figure of merit ex-

pression) 49. If the error function for a particular streaking trace contains many local minima,

the solution of the VTGPA may converge to any of those minima. Therefore, to complement the

analysis of our data sets by the VTGPA, an alternative method was developed, based on a global

optimisation routine. This method, which we call streaking global optimisation (SGO) guesses the

XUV spectrum from a weakly streaked region of the experimental trace, and utilises equation (1)

and standard global optimisation routines to fit the spectral phase. The attosecond pulse retrieval

algorithms and the data processing are discussed in detail in the supplementary information.

Note that equation (1) assumes that the effect of the attractive Coulomb field on the escaping

photoelectron can be neglected, and furthermore, that the only ionisation pathway is single photon

ionisation by the XUV field. As a result of the second assumption and due to the phase term ~p ·~A(t),

it is expected that electron streaking traces at different observation angles differ in the strength of

the streaking effect, as observed in the traces shown in Figs. 3 (a) to (d). Additional differences

in the shape of the photoelectron spectra arise due to the angle-dependence of the dipole transition

matrix element. In Figs. 3 (a) to (d) the relative spectral amplitude at lower photoelectron energies

increases with angle. In addition, inspection of the energy-integrated electron yield as a function

of the XUV-NIR delay shows a strong modulation of the yield in the regions where the streaking
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field is strongest. This modulation has an opposite sign in the top and bottom portions of the

streaking trace. Due to the strong NIR field and very short pulse duration one can expect a high

degree of ground state polarisation by the strong NIR field, which in turn strongly changes the

photoionisation probability.

In order to asses the validity of the VTGPA and the SGO in the presence of the afore-

mentioned effects in the experimental data, the algorithms were first applied to simulated streak-

ing traces, that where obtained by numerically solving the time-sependent Schrödinger equation

(TDSE) in the single-active electron approximation, with an effective potential for neon 50. Anal-

ysis of the simulated results shows that both methods are able to satisfactorily retrieve the input

XUV field with a relative pulse field error for normalised fields 51 on the order of 0.1 . Further

details can be found in the supplementary information.

The VTGPA and SGO methods were applied to a set of experimental traces at different obser-

vation angles. In total, 32 different experimental traces were analysed with each retrieval method.

More details about the data processing and the analysis are presented in the supplementary in-

formation. Fig. 4 shows a summary of the results. Figs. 4 (a) and (c) show the absolute value

squared of the average XUV pulse envelope retrieved with the VTGPA and the SGO algorithms,

respectively. A confidence region of ±1σ is indicated by the light blue shaded area, which is not

visible on a linear scale. The pulse retrievals by the VTGPA result in an average pulse duration of

132± 5as FWHM, while the SGO algorithm retrieves XUV pulses with a FWHM of 124± 3as.

The insets in (a) and (c) show the temporal intensity profiles on a logarithmic scale. The pre-pulse
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satellite located at ≈−1.35fs (approximately one half of the NIR laser period) has a relative inten-

sity of 0.7×10−3, and 1.0×10−3 for the VTGPA and SGO retrievals respectively. The post-pulse

satellite located at ≈+1.35fs has a relative intensity of 4×10−4, and 6×10−4 for the VTGPA and

SGO retrievals respectively. The satellite pre- and post-pulses stem from XUV emission from the

two weaker neighbouring half-cycles of the NIR field and are not unexpected for purely amplitude

gated HHG. Their extremely low relative intensity underscores the usefulness of our source for

attosecond pump-probe experiments. Figs. 4 (b) and (d) show the retrieval results in the spectral

domain. The mean of the retrieved spectral intensities is plotted as a dark green line with the

confidence region of ±1σ indicated by the light green shaded area. Similarly, the means of the

spectral phases are plotted as dark red dashed lines, with the ±1σ confidence intervals as light

red shaded areas. In both cases the phases are essentially flat with a residual negative third order

component, as is expected for XUV pulses near the cut-off region with phase-matching favouring

the short trajectories 52. Individual reconstructed streaking traces are shown in the supplementary

information.

In summary, we have demonstrated the generation and characterisation of high flux isolated

attosecond XUV pulses at an unprecedented repetition rate of 100 kHz. This was achieved by

direct amplitude gating of HHG using near-single-cycle (3.3 fs) driving pulses obtained by hollow

fibre compression of pulses from an OPCPA laser system. The high XUV photon flux of our

source allowed performing attosecond electron streaking experiments. The measured streaking

traces clearly indicate the presence of isolated XUV pulses, which have been retrieved utilising two

different retrieval algorithms, previously tested by analysing simulated streaking traces generated
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by numerically solving the time-dependent Schrödinger equation. It is envisioned that this high

repetition rate source of attosecond pulses will enable attosecond pump-probe spectroscopy studies

with electron-ion coincidence detection, allowing data collection speeds one order of magnitude

higher than currently operating systems.

Methods

High repetition rate near single-cycle laser. The pulses from the OPCPA system 31, 42, 43 were

sent into a 1 m long 340 µm diameter hollow-core fibre (HCF). The HCF was operated in differen-

tial pumping configuration 45, 53, 54, i.e. the entrance side was kept at a ≈ 1× 10−1 mbar vacuum,

whilst the exit volume was filled with neon gas at a pressure of 2.5 bar. Dispersion compensation

was achieved using chirped mirrors (Ultrafast Innovations, PC70) with a negative group delay dis-

persion in the range of 500 to 1050 nm. A pair of ultra-thin fused silica wedges was employed

for fine tuning of the dispersion to achieve optimal compression inside the HHG target. The pulse

energy after losses in the chirped mirror compressor and the ultra-thin wedges was 95 µJ.

Streaking traces. For each delay between the XUV and NIR pulses, a VMI image was acquired

with an integration time of approximately 15 seconds. Three-dimensional momentum distribu-

tions were retrieved from the experimental images by applying an Abel inversion 55 based on the

rBASEX algorithm 56, 57. This results in angular distributions described by an expansion in terms

of Legendre polynomials. Legendre terms up to order 14 were used to account for the maximum

number of photons involved in the strong NIR field dressed photoionisation process. The Legendre

expansion allows building streaking traces at any particular angle with respect to the polarisation
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axis. For further analysis, streaking traces at angles of 0, 15, 30, 45, 135, 150, 165, and 180 degrees

with respect to the laser polarisation axis were constructed. A separate experimental image of pho-

toionisation of neon by harmonics produced with narrowband XUV pulses obtained by evacuating

the hollow fibre was used to calibrate the kinetic energy axis of the VMI spectrometer.

13



1. Krausz, F. & Ivanov, M. Attosecond physics. Rev. Mod. Phys. 81, 163 (2009). URL http:

//link.aps.org/abstract/RMP/v81/p163.

2. Hentschel, M. et al. Attosecond metrology. Nature 414, 509–513 (2001). URL https:

//www.nature.com/articles/35107000.

3. Krausz, F. & Stockman, M. I. Attosecond metrology: from electron capture to future signal

processing. Nature Photonics 8, 205–213 (2014). URL https://www.nature.com/

articles/nphoton.2014.28.
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OPCPA

Fig. 1 | Schematic view of the experimental setup. Pulses from an OPCPA laser system are compressed in

a hollow-core fibre (HCF). The pulses are split by a beam splitter (BS). HHG takes place in one arm of the

interferometer. The pulses are recombined with a variable delay and focused into the velocity map imaging

spectrometer (VMI). CM: Chirped mirrors; W: fused silica wedges; DS: delay stage; FM: filter mirror; AF:

aluminium filter; HM: holey mirror; TM: toroidal mirror; XUVS: XUV spectrometer.
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Fig. 2 | Spatio-temporal characterisation of the near-single cycle pulses. (a) Spatio-spectral intensity

distribution |E(x,y0,ω)|2. (b) Spatio-temporal intensity distribution |E(x,y0, t)|
2. (c) Spatially integrated

spectral intensity (red line), and spatially integrated spectral phase (green line). Results from 5 consecutive

measurements are shown. (d) Spatially integrated temporal intensity profile (blue line); results from 5

consecutive measurements are plotted. The inset in (d) shows the spatial near-field beam profile on a CMOS

camera.
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Fig. 3 | Attosecond electron streaking traces. Streaking traces from photoelectron kinetic energy distri-

butions at different observation angles θ with respect to the laser polarisation. (a) θ = 0 ◦, (b) θ = 15 ◦, (c)

θ = 30 ◦, and (d) θ = 45 ◦. In all cases the colour scale indicates the electron yield and it is normalised to

the maximum of the trace. (e) and (f) show normalised electron yields as a function of delay for observation

angles of 0 ◦ and 45 ◦ respectively, and computed in the top and bottom parts of the detector.
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Fig. 4 | Retrieval of the XUV IAPs. (a) Retrieved XUV pulse intensity envelope normalised to its maximum

value. The blue line corresponds to the average over all VTGPA retrievals and the shaded area corresponds

to 1 standard deviation around the mean (not visible on the linear scale). The inset shows the intensity

envelope on a logarithmic scale. (b) Retrieved average spectrum (green) and spectral phase (red dashed

line) corresponding to the pulse in (a). The shaded areas correspond to 1 standard deviation around the

means. (c) and (d) show the corresponding results found with the SGO retrievals.
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