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Terawatt-attosecond hard X-ray 
free-electron laser at high repetition rate
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Philipp Dijkstal    2,5, Marc Guetg    2, Ichiro Inoue3,4, Naresh Kujala    1, 
Shan Liu    2, Tianyun Long    2, Najmeh Mirian    2 & Gianluca Geloni    1

Ångstrom and attosecond are the fundamental spatiotemporal scales for 
electron dynamics in various materials. Although attosecond pulses with 
wavelengths comparable to the atomic scales are expected to be a key 
tool in advancing attosecond science, producing high-power hard X-ray 
attosecond pulses at ångstrom wavelengths remains a formidable challenge. 
Here, we report the generation of terawatt-scale attosecond hard X-ray 
pulses using a free-electron laser in a special operation mode. We achieved 
9 keV single-spike X-ray pulses with a mean pulse energy of around 180 μJ, 
exceeding previous reports by more than an order of magnitude, and an 
estimated average pulse duration of 200 as at full-width at half-maximum. 
Exploiting the unique capability of the European XFEL, which can deliver 
ten pulse trains per second with each containing hundreds of pulses 
at megahertz repetition rates, this study demonstrates the generation 
of attosecond X-ray pulses at a 2.25 MHz repetition rate. These intense 
high-repetition-rate attosecond X-ray pulses present transformative 
prospects for structural and electronic damage-free X-ray measurements 
and attosecond time-resolved X-ray methodologies, heralding a new era in 
ultrafast X-ray science.

Since the discovery of X-rays in 1895, scientists have continuously 
endeavoured to increase the brilliance of X-ray sources to facilitate 
X-ray techniques, such as atomic-scale structure determination of mat-
ter by diffraction measurement, characterization of electronic struc-
tures in complex compounds by spectroscopy, and three-dimensional 
visualization of opaque samples by imaging techniques1. The recent 
advent and development of hard X-ray free-electron lasers (FELs)2–6 has 
opened up unprecedented opportunities for X-ray science. The work-
ing principle of X-ray FELs7,8 lies in the strong interaction between an 
electromagnetic field and a relativistic electron beam within an undu-
lator consisting of a sequence of periodic dipole magnetic fields. Pre-
dominantly, modern X-ray FEL facilities worldwide utilize self-amplified 
spontaneous emission (SASE) to generate femtosecond X-ray pulses 
with gigawatt peak power9. This process exponentially amplifies radia-
tion from electron beam shot noise through an undulator, achieving 

peak power levels several orders of magnitude higher than those of 
synchrotron radiation and tabletop X-ray sources.

The short pulse duration of hard X-ray FELs enables captur-
ing signals from a sample before notable X-ray-induced changes in 
atomic configurations. This concept, often termed ‘measurement- 
before-destruction’10,11, opens a path for X-ray analysis of radiation- 
sensitive samples and environments, such as protein crystals at bio-
logically relevant temperatures12–14. One remaining challenge for meas-
urements with X-ray FELs is mitigating electronic damage. When an 
X-ray pulse irradiates matter, a large number of electrons are excited 
via a cascade of collisional ionization, triggered by the emission of 
photoelectrons and Auger electrons15,16. Since typical timescale of 
the electron excitation is a few femtoseconds17–19, these excitations 
are not negligible when using femtosecond X-ray pulses for experi-
ments. In fact, severe electronic damage in samples during X-ray FEL 
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current peak and generate a sub-femtosecond soft X-ray pulse41–46. In 
the hard X-ray regime, the generation of attosecond pulses is achieved 
through the use of electron bunches with reduced charge (tens of 
picocoulombs)47–49 or electron bunches with a large transverse tilt50. 
The pulse energy of the attosecond pulses produced by these methods 
is a few to 10 μJ, which is more than two orders of magnitude lower than 
that of SASE XFEL pulses in normal operation, limiting the practical 
applications for the experiments. Furthermore, the attosecond XFEL 
has only been demonstrated at low repetition rates up to about 100 Hz. 
High-repetition-rate attosecond XFELs on the order of kilohertz to 
megahertz (MHz) will greatly shorten data collection time, offering 
substantial advantages for small cross-sectional experiments51.

We here demonstrate the generation of high-power and 
high-repetition-rate attosecond hard X-ray pulses at the European 
XFEL5,52. The schematic layout of our experimental set-up, named 
self-chirping enabled attosecond X-ray pulse generation, is shown in 
Fig. 1. Figure 1a–e shows the simulated longitudinal phase spaces of the 
electron beam at different locations of the linear accelerator and the 
corresponding FEL performance. First, the relativistic electrons are 
accelerated in the off-peak phase of radio frequency (rf) structures to 
obtain an energy chirp along the electron beam. Then, we adjust the 
current distribution of the electron beam to form a ramped profile47,53 
with a prominent peak at the leading edge of the beam. This is achieved 
by controlling the phase and voltage of the high-harmonic rf structure 
before the bunch compressor, which longitudinally compresses the 
energy-chirped electron beam. As the beam passes through the linear 
accelerator after the last bunch compressor, the high current spike 
of the electron beam is energy modulated by the strong longitudinal 
space-charge field54. As a result, those electrons in the front portion of 
the high-current part gain energy and the back portion of the electrons 
lose energy, leading to the energy chirp in the high-current part of the 
electron beam. The energy chirp is further increased by the coherent 
radiation emitted by the electron beam when passing through bending 

pulse irradiation has been reported in diffraction20–22 and spectroscopy 
experiments23,24.

The use of high-power sub-femtosecond hard X-ray pulses with 
1011 to 1012 photons per pulse holds the promise of truly (structural 
and electronic) damage-free measurement, greatly enhancing the 
capabilities of measurements with X-ray FEL pulses. One intriguing 
topic is the structure determination of single protein molecules. To 
determine the orientation of these tiny samples, one may need to use 
X-ray pulses with high photon densities on the order of 1020 photons 
per mm2 (refs. 25,26). Although focusing femtosecond X-ray pulses 
from existing XFEL facilities using state-of-the-art X-ray optics27 can 
satisfy this requirement for photon density, severe changes in atomic 
scattering factors owing to electron excitation17,19 may hinder precise 
structure determination. Sub-femtosecond X-ray pulses will pave the 
way for atomic-scale X-ray imaging of protein molecules, which would 
be a breakthrough in structural biology. Another promising application 
of sub-femtosecond X-ray pulses is nonlinear spectroscopy. Femtosec-
ond X-ray FEL pulses now provide opportunities to access nonlinear 
processes involving multiple incident X-ray photons28–32, which were 
not accessible with conventional X-ray sources. However, the applica-
tion of nonlinear processes for material characterization has been 
quite limited23,33 because X-ray intensity needs to be suppressed to the 
extent that electronic damage is negligible, resulting in small nonlinear 
signals. High-power sub-femtosecond pulses remove the limitation of 
X-ray intensity and allow efficient measurements of nonlinear signals.

Attosecond optical pulses have been generated by the 
high-harmonic generation process over the past two decades34. 
Although this technique can generate attosecond soft X-ray pulses35–37, 
shortening the wavelengths to the hard X-ray region poses substantial 
difficulties owing to a marked decline in conversion efficiency with 
increasing photon energy. Meanwhile, there are continuous devel-
opments to shorten the duration of the XFEL pulse9,38–40. Multiple 
techniques are proposed to create an electron beam with a narrow 
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Fig. 1 | Schematic representation of the self-chirping operation mode at the 
European XFEL. The layout includes a photocathode electron gun, a 1.3 GHz 
superconducting booster, a 3.9 GHz third harmonic linearizer, a laser heater  
(not shown), three bunch compressors (BC0, BC1 and BC2), three 
superconducting linac sections (L1, L2 and L3), a collimation section and an arc 
section for transporting the electron beam to the SASE2 undulator. The European 
XFEL offers the ability to deliver ten bursts (trains) of electron beams every 
second. Each train is characterized by its flexibility in the number of electron 
bunches it contains, which can vary from a single bunch to a maximum of  

2,700 bunches. The generated X-ray pulse, shown in purple, is analysed by the 
X-ray gas monitor66,67 and the HIREX single-shot spectrometer68, both depicted in 
grey and situated downstream from the undulator. a–c, Simulated longitudinal 
phase spaces of the electron beam at the exits of BC2 (a), the collimation section 
(b) and the arc section (c), with the beam head to the left. d,e, Simulated XFEL 
performance at 9 keV including the temporal profile (d) with an FWHM duration 
of around 110 as and a peak power of 1 TW and the corresponding spectrum (e) 
with an FWHM bandwidth of about 16 eV.
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dipole magnets55,56. We can further compress the electron beam with 
energy chirp induced by these self-chirping processes (energy modula-
tion by space-charge and coherent synchrotron radiation effects) by 
using the arc section located before the undulator. The arc section was 
originally designed to deliver the electron beam to different undulator 
lines, and its longitudinal dispersion strength (R56) can be controlled by 
tuning the quadrupoles inside. To compress the electron beam, the R56 
of the arc section is set to a positive value, such that electrons of higher 
energy pass through the arc on longer trajectories than electrons of 
lower energy57. In addition, controlling the longitudinal dispersion 
within the arc simultaneously introduces transverse dispersion, which 
consequently imparts a transverse kick to the self-chirped electron 
beam. By controlling the orbit of the electron beam in the undulator, 
the high-peak current portion is kept on the axis for continuous FEL 
interaction, whereas the remaining portion of the beam undergoes 
consistent oscillation58,59. This helps to suppress radiation from the 
lower current parts of the beam and produces shorter XFEL pulses 
without side peaks.

Experiments were conducted at the SASE2 undulator line of the 
European XFEL utilizing an electron beam with a charge of 250 pC and 
an energy of 16.2 GeV. Figure 2a,b shows 100 consecutive measure-
ments and a single representative spectrum of XFEL pulses gener-
ated at 9 keV under standard SASE operation with a repetition rate of 
10 Hz. Figure 2c shows the histogram of the number of spikes, which 
are computed based on 800 consecutive spectra. The spectrum of 
the standard SASE pulse typically has more than 20 spikes. The mean 
pulse energy of the pulses, as measured by the X-ray gas monitor, is 
2,170 ± 84 μJ. Figure 2d,e shows the measured spectra when the phase 
and voltage of the high-harmonic rf structure are optimized for the 
self-chirping process while the arc remains unchanged. Most of the 
XFEL pulses generated after self-chirping exhibit four or five spikes 
in the spectrum, as shown in Fig. 2f, with a measured pulse energy of 

124 ± 26 μJ. These results indicate a reduction in XFEL pulse duration 
following the optimization of the high-harmonic rf structure. After 
optimization of R56 of the arc (R56 = 260 μm), most of the spectra have 
one or two SASE spikes (Fig. 2g–i); 31% (37%) of the pulses exhibit a 
single-spike (two-spike) spectrum. The measured pulse energy of all 
events is 174 ± 23 μJ.

We analysed 1,044 single-spike spectra out of 3,500 total consecu-
tive spectra for the optimized condition of the arc. Figure 3a shows 
examples of spectra for XFEL pulses with a single spike. The 
shot-by-shot fluctuation of the pulse energy for the single-spike events 
is very small (Fig. 3b); the average and standard derivation of the pulse 
energy is 184 μJ and 22 μJ, respectively. Remarkably, over 90% of these 
single-spike pulses exhibit pulse energy exceeding 150 μJ. The histo-
gram of the spectral width (full-width at half-maximum (FWHM)) of 
the single-spike events, which are computed based on the Gaussian 
fitting of the spectrum, is presented in Fig. 3c. The FWHM bandwidth 
for XFEL pulses with a single spike is 13.8 ± 3.4 eV. The bandwidth of the 
single-spike events is typically used to characterize the length of a hard 
X-ray FEL pulse in the temporal domain44,47–49. Assuming that these 
pulses follow Gaussian distributions constrained by the Fourier limit, 
the corresponding FWHM duration is 139 ± 37 as. Although the phase 
of the radiation pulse can lead to an underestimation of the duration 
of the XFEL pulses, the temporal duration of a hard X-ray FEL pulse can 
be estimated as a factor of √2 times its Fourier-limit duration47, denoted 
as τf, assuming the pulse reaches the maximum possible absolute linear 
frequency chirp for a given spectral width (see Methods for details). 
When adopting this assumption, the duration of the single-spike events 
is estimated to be 197 ± 52 as, corresponding to an average peak power 
of around 0.9 TW. Figure 3d shows the pulse energy and √2τf  of the 
single-spike events.

Since the self-chirping scheme depends only on the collective 
effects induced by the electron beam itself, it can be used to produce 
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Fig. 2 | Spectral analysis under different operation modes. a–i, Spectral 
measurements and corresponding histograms for the number of spikes under 
the regular operation (a–c), after self-chirping (d–f) and arc compression (g–i) at 

a 10 Hz repetition rate. The left panels show 100 consecutive single-shot spectral 
measurements, the centre panels show a typical single-shot spectrum, and the 
right panels depict histograms based on 800 consecutive spectra.

http://www.nature.com/naturephotonics


Nature Photonics | Volume 18 | December 2024 | 1293–1298 1296

Article https://doi.org/10.1038/s41566-024-01566-0

high-repetition-rate attosecond X-ray pulses. Here, we demonstrated 
the feasibility of generating high-repetition-rate attosecond hard 
X-ray pulses by utilizing multi-bunch trains. Each train comprised 
200 electron bunches at an intra-train repetition rate of 2.25 MHz, 
corresponding to a continuous average rate of 2 kHz. Figure 4 presents 
the high-repetition-rate performance of the self-chirping mode at 

a central photon energy of around 9 keV. At this working point, the 
high-resolution hard X-ray (HIREX) single-shot spectrometer samples 
the single-shot spectrum of every fourth pulse, resulting in a total of 
50 spectra from each train. Figure 4a shows a sequence of ten con-
secutively sampled spectra within one pulse train. Figure 4b presents 
the distribution of pulse energies across 1,000 trains, with an average 
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measured pulse energy of 159 ± 26 μJ. Furthermore, Fig. 4c presents the 
measured bandwidth for those single-spike events across 1,000 pulse 
trains. The average bandwidth for all single-spike events is 13.3 ± 3.6 eV, 
corresponding to an estimated pulse duration of 207 ± 62 as. Spectral 
analysis of the 50,000 pulses (spanning 1,000 trains) indicates that 
15% of the spectra are single spikes and 37% exhibited a two-spike 
structure. Compared with the pulses achieved at a 10 Hz repetition 
rate, the pulse energy and bandwidth of the high-repetition-rate pulses 
remained consistent, while the average number of spectrum spikes 
increased from 2.05 to 2.51. The observed increase in the average 
spectrum spikes is primarily attributed to imperfect trajectory cor-
rection along the pulse train60. Incorporating spectral quality into the 
orbit correction process is expected to enhance performance at high 
repetition rates further.

In summary, we have successfully generated single-spike X-ray 
pulses with energy levels in the hundreds of microjoules range at 
9 keV photon energy. Our approach involves electron beam energy 
modulation through a self-chirping process in an accelerator driving 
the FEL, complemented by the application of an arc for further beam 
compression. The resulting single-spike XFEL pulses have an average 
duration at the 200 as level and an average pulse energy of 184 μJ. 
Moreover, we have demonstrated the generation of attosecond hard 
X-ray pulses at MHz repetition rates. The intensity of the hard X-ray 
attosecond pulse obtained in this experiment was more than an order 
of magnitude higher than previously reported at other hard X-ray FEL 
facilities, reaching 1011 photons per pulse. The high-intensity attosec-
ond pulses with high stability and MHz repetition rate demonstrated in 
this study will open a door for various novel experimental techniques, 
such as atomic-scale X-ray imaging of protein molecules10,61, nonlinear 
X-ray spectroscopy of functional materials23,33, capturing attosecond 
electron motions in action62,63 and demonstration of X-ray quantum 
imaging64,65.
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Methods
Simulation
The particle distribution with a charge of 250 pC and a beam energy 
of 6 MeV is generated using ASTRA69. Further acceleration, compres-
sion and electron beam transport are simulated using Ocelot70. At 
the entrance of the undulator, the electron beam energy is acceler-
ated to 16.2 GeV and the FWHM width of the current spike is ~1 fs. 
The three-dimensional FEL simulation is performed with Genesis 1.3  
(ref. 71). The FEL simulation with 500 random seeds shows that 22% 
of events exhibit a single frequency spike, while 53% present two fre-
quency spikes. The FWHM bandwidth and pulse duration of the single 
frequency spike events are 14 ± 4.5 eV and 177 ± 79 as, respectively, indi-
cating that the pulse duration is about 1.38 times the Fourier-transform 
limit. The average peak power of the single-spike events (all events) is 
0.7 TW (0.75 TW).

X-ray spectrum diagnostics
The X-ray spectra were measured with the high-resolution hard 
X-ray single-shot spectrometer-II (HIREX-II spectrometer)68, which is 
installed in the photon tunnel XTD6 of the SASE2 undulator line. Two 
detection systems are installed for train-to-train observations: the first 
one is an optical system for a low repetition rate of 10 Hz with a resolu-
tion of 0.2 eV px−1 using the Si(440) reflection, and the other contains a 
GOTTHARD detector72 for MHz repetition rate to resolve pulses within 
trains with a resolution of around 0.3 eV px−1 using diamond C(220).

XFEL pulse duration estimation
The undulator magnetic field causes a forward slippage of the X-rays 
relative to the electrons. Together with the inherent stochastic nature 
of SASE, this leads to the formation of independent coherent radiation 
spikes73. The average spike length is given by the slippage over one 
gain length and is referred to as the cooperation length lc = λr × Lg/λu, 
where λr is the radiation wavelength, Lg is the gain length and λu is the 
undulator period. Assuming a linear chirped Gaussian pulse with a 
given bandwidth and frequency chirp, there are two possible solutions 
for its duration47:

τp =
2√2 ln 2/π

√Δf 2p ±√Δf 4p − (4 ln 2αf0/π)
2

(1)

where Δfp is the FWHM frequency width, f0 is the central frequency and 
α is the frequency chirp parameter. While f0 and Δfp can be measured, 
α can only be estimated either from FEL simulations or from the empiri-
cally optimized undulator taper value49. When |α| = πΔf 2p / (4 ln 2f0) , 
representing the maximum achievable absolute frequency chirp for a 
specific spectral width and central frequency, both solutions of equa-
tion (1) are equal to √2τf , where τf is the transform-limited pulse dura-
tion. For smaller ∣α∣, two distinct solutions are obtained, one smaller 
and one larger than √2τf . On the basis of FEL simulations, it is possible 
to exclude the larger solution. The peak power of the pulse can be 
estimated using the expression 0.94 × Ep/τp, where Ep is the pulse 
energy.

Data availability
The data that support the plots in Figs. 1–4 are available via figshare 
at https://doi.org/10.6084/m9.figshare.27068008 (ref. 74). All other 
data used in this study are available from the corresponding author 
on reasonable request.
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