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The time-energy information of ultrashort X-ray free-electron laser pulses generated by the Linac Coherent Light Source is 
measured with attosecond resolution via angular streaking of neon 1s photoelectrons. The X-ray pulses promote electrons from 
the neon core level into an ionization continuum, where they are dressed with the electric field of a circularly polarized infrared 
laser. This induces characteristic modulations of the resulting photoelectron energy and angular distribution. From these modu­
lations we recover the single-shot attosecond intensity structure and chirp of arbitrary X-ray pulses based on self-amplified 
spontaneous emission, which have eluded direct measurement so far. We characterize individual attosecond pulses, including 
their instantaneous frequency, and identify double pulses with well-defined delays and spectral properties, thus paving the way 
for X-ray pump/X-ray probe attosecond free-electron laser science. 

Attosecond science based on high-harmonic generation (HH G) 
of optical lasers1-3 has led to new insights into fundamental 
quantum-mechanical dynamics. It provides previously inac- 

cessible knowledge and control of processes such as atomic electron 
tunnelling' and photoemission delay

S, transport delay times in sol­
ids6·7, coherent electron dynamics in both atoms8 and molecules9

, 

proton dynamics in molecules10 and light-field-controlled reversible
phase transitions in dielectrics11

• At the same time, novel ultrabright 

X-ray free-electron laser (XFEL) facilities have been developed12
-
17,

which have opened the door to high-intensity X-ray experiments in
the physical18, chemical19

, life20 and material sciences21, with inlpli­
cations to state-of-the-art technology and modern medicine. In 
spite of pioneering results of coherent control with seeded FELs22

, 

most of these XFEL sources rely on the principle of self-amplifi­
cation of spontaneous emission (SASE) by relativistic electrons in 
the periodically varying magnetic field of an undulator23

• This pro­
duces ultrashort bursts of X-rays with energies of up to tens of mil­
lijoules at wavelengths down to the angstrom level, corresponding 
to approximately 1012 photons per pulse in the photon energy range
from O.SkeV to SkeV. Thus, XFELs extend ultrafast science to the 
X-ray reginle, complementing state-of-the-art HHG sources, which
have only just recently demonstrated unprecedented 53-attosecond
pulses at the carbon K-edge (284 e V)24, albeit at a comparatively low
flux of 105 photons per pulse. However, combining attosecond tem­
poral resolution with high-brilliance sub-nanometre-scale coherent
X-rays at XFELs has eluded researchers, largely due to the stochastic
nature of their generation and an according lack of knowledge about
the temporal structure and instantaneous frequency of individual

SASE pulses, which can up to now not be provided by other estab­
lished methods for characterization25-29.

Here, we report the measurement of attosecond time-energy 
information of individual XFEL pulses through angular streak­
ing of X-ray-generated photoelectrons with a circularly polarized 
infrared (IR) laser pulse, where the time axis is mapped onto the 
angular axis. From this, we reconstruct the streaking field amplitude 
and phase as well as the intensity structure and chirp of the XFEL 
pulses on a single-shot basis with attosecond resolution. We find 
that the reconstructed substructure of the XFEL pulses is consistent 
with lower-resolution, indirect X band transverse cavity (XTCAV) 
measurements28 as well as with theoretical predictions of the SASE
process30. Not only confirming fundamental aspects of X-ray
pulse generation in XFELs, this allows for sophisticated sorting of 
experinlental data. We detect individual attosecond pulses, includ­
ing their instantaneous frequency, and identify double attosecond 
X-ray pulses with a range of well-defined relative delays to recover
attosecond-resolved X-ray pump/X-ray probe results. Together with
recent proposals for attosecond X-ray pulse generation at XFELs31-33

in combination with new XFEL pulse-shaping techniques34
-

36 and
synchronized IR lasers, this brings the full arsenal of lab-based 
attoscience to the high-intensity regime ofXFELs. 

Results 
Experimental set-up-angular streaking spectroscopy. Previous 
streaking measurements of XFEL pulses37-39 used a linearly polar­
ized streaking field to encode their temporal profile onto the kinetic 
energy of photoelectrons. Depending on the amplitude and phase of 
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