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Ultrafast X-ray pulse characterization at
free-electron lasers

l. Grguras', A. R. Maier?>3, C. Behrens*, T. Mazza®, T. J. Kelly®, P. Radcliffe®, S. Diisterer?,
A. K. Kazansky’#°, N. M. Kabachnik>°, Th. Tschentscher®, J. T. Costello®, M. Meyer>,
M. C. Hoffmann", H. Schlarb* and A. L. Cavalieri'™

The ability to fully characterize ultrashort, ultra-intense X-ray pulses at free-electron lasers (FELs) will be crucial in
experiments ranging from single-molecule imaging to extreme-timescale X-ray science. This issue is especially important
at current-generation FELs, which are primarily based on self-amplified spontaneous emission and radiate with parameters
that fluctuate strongly from pulse to pulse. Using single-cycle terahertz pulses from an optical laser, we have extended the
streaking techniques of attosecond metrology to measure the temporal profile of individual FEL pulses with 5 fs full-width
at half-maximum accuracy, as well as their arrival on a time base synchronized to the external laser to within 6 fs rm.s.
Optical laser-driven terahertz streaking can be utilized at any X-ray photon energy and is non-invasive, allowing it to be
incorporated into any pump-probe experiment, eventually characterizing pulses before and after interaction with most

sample environments.

violet (XUV) and soft X-ray free-electron laser in Hamburg

(FLASH)!, at the hard X-ray Linac Coherent Light Source at
the SLAC National Accelerator Laboratory? and at the SPring-8
Angstrom Compact Free Electron Laser at RIKEN Harima
Institute®® indicate that free-electron lasers (FELs) can deliver
pulses with durations in the range of tens of femtoseconds to
less than a femtosecond with ~10''-10"> photons per pulse>®.
The unique combination of unprecedented brightness and ultra-
short pulse duration ensures new possibilities for high-resolution
time-resolved X-ray studies”®, for experiments involving high-
intensity X-ray-matter interaction®!!, and will allow for a new
class of biomolecular imaging experiments'-14,

However, at present, X-ray FELs rely primarily on the stochastic
process of self-amplified spontaneous emission (SASE) and emit
pulses without a well-defined temporal profile. SASE FEL pulses
are composed of independent, temporally coherent emission
spikes. The duration of these spikes can range from hundreds of
attoseconds to several femtoseconds depending on the coherence
length of the FEL process'®. The full length of the intensity envelope
formed by the stochastically distributed emission spikes is expected
to be 100 fs or less, and it may fluctuate dramatically from shot
to shot as a result of phase space density variations across
the driving electron bunch. Therefore, in experiments where
dynamic processes are expected to occur during FEL exposure,
such as in biological imaging where the onset of radiation damage
is expected to occur within the first few femtoseconds, the FEL
pulse profile must be measured with femtosecond accuracy on a
single-shot basis.

| heoretical studies and user operations at the extreme ultra-

In two-colour, time-resolved experiments using an optical laser
and a FEL, significant temporal jitter and drift exist between the
two distinct sources of pump and probe. Without additional infor-
mation, the exact delay between excitation and observation is
unknown and the time resolution is reduced to the level of the
timing jitter. The largest contribution to timing jitter is caused by
insufficient synchronization between the optical laser pulse and
the FEL-driving electron bunch. When timing is required with a
resolution equivalent to or better than the FEL pulse duration,
shot-to-shot fluctuation in the regions or portion of the electron
bunch that generate SASE-amplified radiation become a significant
source of additional jitter.

Insufficient synchronization can be mitigated by simple time-
of-arrival measurements of the electron bunch with respect to the
pump laser pulse!®-!3. However, these measurements cannot be
used to address fluctuations in SASE amplification over the length
of the electron bunch and they introduce an internal source of unac-
counted timing jitter that accumulates in the long optical paths
between the bunch measurement and experiment endstation.
More recently, arrival-time measurements based on transient
X-ray fluence-dependent effects have been made directly on the
FEL photon pulse!®-?%. However, because the FEL intensity and
pulse shape change from shot to shot, these effects can be triggered
at different points within the FEL emission envelope. This source of
error will still be present in seeded FEL operation, where the pulse
shape is expected to remain stable, but its intensity can still fluctuate
significantly?>. As a result, a timestamp of the FEL pulse arrival,
regardless of accuracy, may not provide enough information to
achieve sub-X-ray pulse duration time resolution in pump-probe
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Figure 1| Schematic of single-shot, single-cycle terahertz streaking measurement. a-c, Blue and red curves represent the electric field and corresponding
vector potential of a single-cycle terahertz pulse. The vertical axis corresponds to the kinetic energy of the photoelectron emission, which is equivalent to
time in streaking measurements, as depicted in b and c. In the single-shot measurement in a, the FEL pulse does not overlap in time with the terahertz pulse
and the kinetic energy distribution of photoelectrons ejected by the FEL pulse is unaffected. In this case the measured photoelectron spectrum reveals the
intrinsic bandwidth o of the FEL pulse. In the single-shot measurements depicted in b and ¢, the FEL-induced photoemission overlaps with the streaking
terahertz field and the photoelectron spectra are broadened and shifted—'streaked’'—depending on their instant of release. In b, the FEL pulse overlaps with
an extreme of the terahertz vector potential, leading to a maximally downshifted photoelectron spectrum with minimized spectral broadening. As a result,
the temporal structure of the pulse is not observed in the measured spectrum. In ¢, the temporal overlap occurs near the zero crossing of the terahertz
vector potential where the time of arrival as well as the temporal profile and duration, 7 , can be accessed with the highest resolution. The temporal
dynamic range of the measurement is given by the length of the terahertz vector potential half-cycle (At).

experiments. To ensure that the highest time resolution can be
reached at FELs, it is essential to achieve full shot-to-shot temporal
characterization of the X-ray pulse profile on a time base synchro-
nized to the pump laser that drives the experiment dynamics.

We have now achieved this full temporal characterization
using independent optical laser-driven single-cycle terahertz pulses
for femtosecond time-resolved photoelectron spectroscopy. This
unique method is implemented in a transparent inline geometry,
can accommodate fluctuating X-ray pulse intensity, is applicable
over the full range of photon energies produced by FELs (from
the XUV to hard X-ray regime), and can be applied to pulses
ranging from less than 10 fs to ~100 fs.

Ultrashort XUV pulse characterization

The measurement is adapted from attosecond metrology, where
fully coherent XUV pulses generated through high-harmonic gener-
ation?® have been characterized with attosecond precision®”?%. In
these measurements, a few-cycle laser pulse at a central wavelength
of 750 nm is used to broaden and shift the initial kinetic energy dis-
tribution of photoelectrons ejected from a noble gas target by the
XUV pulse. When the photoemission process that replicates the
temporal structure of the ionizing XUV pulse? is confined to
within one half-cycle of the laser field (1.25 fs for 750 nm carrier
wavelength), the detected photoelectron spectrum is said to be
streaked. In the classical model®, the shift in kinetic energy of the
streaked photoemission peak is governed by the amplitude of the
vector potential of the streaking pulse at the instant of ionization.
The degree of spectral broadening depends on both the temporal
extent of the ionizing pulse and the variation of the streaking field
over its duration.

Retrieval of the ionizing XUV pulse profile from the streaked
spectrum requires characterization of the streaking field. For per-
fectly synchronized identical pulses from the same source, the
streaking field is accessed through a set of sequential measurements
over the full range of delays between optical and XUV pulse. As all
parameters remain constant throughout the multi-shot acqui-
sition®!, a spectrogram constructed from the series of measurements
reveals the precise streaking field parameters, and the XUV
pulse characteristics can subsequently be obtained for streaked
spectra averaged at fixed delays with demonstrated sub-100
attosecond resolution?*2,

Although attosecond XUV pulses produced by high-harmonic
generation are confined to the half-cycle of an optical laser field,
SASE FEL pulses are expected to be as long as ~100 fs. Therefore,
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longer streaking fields in the terahertz regime must be used for
the application of streaking techniques. Direct extension of atto-
second streaking to the femtosecond regime has been achieved at
FLASH by using the FEL-driving electron bunch in an additional
dedicated undulator structure to generate multi-cycle, phase-stable
terahertz fields for streaking®. The terahertz pulse is intrinsically
synchronized to the electron bunch, which allows the streaking
field parameters to be accessed by traditional attosecond methods.
However, this synchronization does not permit access to any
timing information relative to an external pump laser system.
Furthermore, as the electron bunch generates the streaking field,
the terahertz characteristics change as the electron beam is tuned,
limiting the utility of this technique to FEL studies where beam par-
ameters are varied systematically. In the worst case, when the accel-
erator is tuned for the shortest FEL pulses using very low charge and
highly compressed bunches, the beam-based terahertz generation
will not be strong enough for streaking. Application of this tech-
nique is complicated further, as the FEL pulse, and subsequently
the terahertz streaking pulse, are generated sequentially and the
FEL pulse must be delayed with respect to the terahertz pulse to
allow for temporal overlap. While this is accomplished at FLASH
using normal-incidence multilayer optics, these optics cannot be
produced at arbitrary wavelengths or with arbitrary bandwidths,
and currently cannot be produced for photon energies above
~400 eV (ref. 34).

Optical laser-driven terahertz streaking spectroscopy
FEL pulse characterization by an independent laser-driven terahertz
source overcomes the limitations of streaking with accelerator-based
terahertz sources, while maintaining the capability to sample 100 fs
pulses. Furthermore, as laser-driven terahertz fields are locked to
the external laser, the resulting FEL pulse profile measurements are
given on a time base that is synchronized to the pump-probe exper-
iment environment. To accommodate the full range of photon ener-
gies, appropriate target atoms can be chosen according to the kinetic
energy spectrum of their emitted Auger electrons or photoelectrons,
allowing extension of terahertz streaking into the hard X-ray regime.
In contrast to standard attosecond streaking spectroscopy, in the
measurements presented here, retrieval of the calibrated FEL tem-
poral profile is achieved without intrinsic synchronization between
the ionizing pulse and the streaking field. This is enabled by using
single-cycle terahertz pulses that are characterized independently
by electro-optic sampling (EOS). Single-cycle terahertz pulses gen-
erated by optical rectification of femtosecond Ti:sapphire laser
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Figure 2 | Terahertz streaking experiment set-up. A Ti:sapphire NIR laser pulse, appropriately delayed with respect to the FEL pulse, is split into two parts.
Most of the pulse energy is used for tilted-wavefront terahertz generation in LiNbO3; the remaining part can be used for EOS of the terahertz pulse in zinc
telluride (ZnTe) for in situ characterization. In the streaking measurement, the collinear FEL photon pulse ejects a burst of photoelectrons from the gas, with
a temporal profile identical to the incident soft X-ray FEL pulse. The terahertz pulse is used to streak the photoelectron burst and consequently characterize

the FEL pulse.

pulses have a streaking field half-cycle or ramp of ~600 fs (ref. 35
and Supplementary Information), significantly longer than the
maximum expected FEL pulse duration and timing jitter. As a
result, once the streaking pulse and FEL pulse have been overlapped
temporally, all single-shot acquisitions occur on a uniquely defined,
nearly linear portion of the streaking ramp.

As illustrated in Fig. 1, overlap with the terahertz streaking ramp
leads to spectral broadening, as photoelectrons ejected by the FEL
pulse are subject to different streaking strengths depending on
their instant of emission. Broader streaked spectra are observed by
increasing the variation in streaking field strength over the FEL
pulse envelope, either by increasing the temporal extent of the
photoelectron emission, that is, introducing longer X-ray pulses,
or by using stronger terahertz fields with steeper gradients. To
take advantage of this mutual dependence and retrieve a calibrated
FEL temporal profile, a streaking map is created from the terahertz
electric field, measured independently by EOS, and the classical
equation that governs streaking®:

00

E(tdt. (1)

)

A’(ty)

Ein'(tg) = —piA(ty) ——

, where A(t)) = —J

Here E;f refers to the kinetic energy shift of the photoelectron, p, is
the initial undressed momentum, A(%,) is the terahertz vector poten-
tial and E the terahertz electric field. Using this relationship, a
unique transformation between the streaked kinetic energy spec-
trum and pump-probe experiment time base is established. When
the streaked photoelectron spectra are significantly broader than
the initial spectral bandwidth of the FEL photon pulse, the temporal
profile of the FEL pulse can be recovered directly.

The layout of the terahertz streaking experiment at FLASH is
shown in Fig. 2. An ~3m]J, ~50fs Tissapphire near-infrared
(NIR) laser pulse is split into two parts, with 99% of the pulse
used for terahertz generation and the remainder used for in situ
EOS characterization of the terahertz pulse. To phase-match the
optical rectification process, the pulse front of the driving NIR
pulse is tilted with a diffraction grating and then imaged onto the
LiNbO; crystal®®. The resultant single-cycle terahertz pulse is
~2 ps in duration, with a frequency spectrum centred at ~0.6 THz
and energy of ~4 wJ (see Supplementary Figs S3 and S4 for details).

Undressed 2p and 2s photoemission peaks from neon were used to
calibrate the time-of-flight (TOF) photoelectron spectrometer, as they
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lie in the spectral region of interest. However, helium was used for the
streaking measurement because it has an isolated photoemission line,
which avoids the possibility of photoelectrons from different binding
energies overlapping with each other when they are broadened during
streaking. Approximately 10 pJ soft X-ray FEL pulses® at 4.8 nm
(258 eV) with an independently measured average bandwidth of
~2.5 ¢V full-width at half-maximum (FWHM; ref. 38) were used
to eject the He 1s electrons with an initial kinetic energy of
~233 eV. The terahertz and FEL pulses were polarized along the
direction of detection such that the streaking effect coupled directly
to the observed photoelectron kinetic energy.

For short periods of time, during which thermal and other
environmental drifts are negligible, the optical laser and terahertz
streaking pulse that it produces (as well as the FEL pulse) are elec-
tronically synchronized to a common radiofrequency distribution
network®#% at the accelerator facility to within ~100 fs r.m.s. By
taking advantage of this coarse electronic synchronization, spectra
were recorded as the desired delay between terahertz and soft
X-ray pulses was varied in 100 fs steps. Approximately 400
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Figure 3 | Averaged spectrogram. Streaked photoelectron spectra of He as

a function of set delay between the terahertz streaking pulse and ionizing

FEL pulse at FLASH. Coarse synchronization between the FEL pulse and
streaking pulse was maintained electronically during the scan to ~100 fs rm.s.
Each time slice is an average of ~400 single-shot measurements.
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single-shot spectra were collected at each delay step and combined
to generate the averaged spectrogram shown in Fig. 3. For large
delays, where the terahertz field is weak, the He 1s photoemission
peak is nearly unaffected and located near its undressed, field-free
kinetic energy. Around the zero crossing of the vector potential,
the kinetic energy of the photoelectrons is shifted and broadened
depending on the terahertz streaking field parameters.

The streaking map was constructed using equation (1) and the
terahertz electric field measured by EOS. Although the shape of the
measured electric field is exact, measurement of the absolute peak
electric field strength is less precise due to imperfect orientation
and impurities in the electro-optic crystal that result in a
reduced effective electro-optic coefficient. Therefore, the single-
shot photoelectron spectra from the full time scan that experience
the greatest positive or negative kinetic energy shift are used to
scale the amplitude of the streaking map. This additional measure-
ment allows us to determine the absolute electric field strength
with much greater accuracy than by EOS alone. The streaking
map used in our measurements spans the maximum observed
single-shot shift of the photoemission peak of +23/—37 eV, cor-
responding to a peak terahertz electric field strength of
165 kV cm ™.

The resolution of the timing measurements is limited by both the
strength of the terahertz streaking field, or degree of spectral

broadening, and the energy resolution of the photoelectron spec-
trometer. In these experiments, the energy resolution of the photo-
electron spectrometer can be determined by comparing the
bandwidth of the average field-free photoelectron spectrum of the
He 1s line to an independent measurement of the average FEL
photon bandwidth. The unstreaked, field-free photoelectron spec-
trum is nearly Gaussian with an observed bandwidth of 7.2 eV
FWHM, which is a convolution of the energy resolution with the
FEL bandwidth. Because the independently measured FEL band-
width is 2.5 eV FWHM, the photoelectron spectrometer resolution
is 6.8 eV FWHM. The energy resolution of the photoelectron spec-
trometer in conjunction with the terahertz streaking map is used to
determine the minimum separation between two distinguishable
features in the FEL pulse temporal profile. In these measurements,
the minimum separation is ~40 fs. It is expected that this resolution
limit can be improved to better than 10 fs.

Complete single-shot FEL temporal pulse characterization

Characteristic streaking measurements made at FLASH are shown
in Fig. 4. Figure 4a,c shows the streaked single-shot spectra of two
different FEL pulses. The statistical error in the single-shot spectrum
is calculated according to the number of electrons collected within
the energy resolution window of the detector. Because the photo-
electron spectrum is heavily oversampled, boxcar integration is
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Figure 4 | Single-shot FEL pulse power profile on the pump-probe laser time base. a,c, Two distinct single-shot streaked photoelectron spectra. Shaded
error envelopes are calculated by boxcar integration based on the number of electrons collected within the 6.8 eV FWHM resolution window of the time-of-
flight spectrometer. Blue dots are raw data points in the measured streaked spectra. Red curves show the spectra after Fourier filtering to remove high-
frequency noise. Blue curves are filtered streaked spectra following deconvolution of the photoelectron spectrometer resolution. b,d, Retrieved FEL pulse
profiles on the pump-probe laser time base using the single-valued streaking map (black dashed curve). Scales on the right correspond to the streaking map;
scales on the left correspond to the FEL power that is obtained by assuming 10 pJ of pulse energy for the single-shot measurement shown in a. A 53+5fs
FWHM substructure is observed in the first single-shot measurement and a ~40+5 fs FWHM substructure in the second.
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Figure 5 | Measured arrival time jitter. a, False-colour plot of 50 consecutive single-shot measurements made near time zero. The centre of mass of the
individual profiles (black points) is used to evaluate the arrival time of each pulse. b, Distribution of arrival times collected over ~450 consecutive shots.
The Gaussian fit to the distribution (red curve) has a corresponding width of ~87 fs rm.s., which is a measure of the short-term timing jitter between the

pump-probe laser and the FEL.

performed across the spectrum, resulting in a smooth error envelope
that bounds the measured spectrum.

To recover the FEL pulse profile, the energy resolution of the
TOF spectrometer is first deconvolved from the measured streaked
photoelectron spectra as shown in Fig. 4. Figure 4b,d show the cor-
responding transformation of the measured and deconvolved
spectra to time. In the temporal profile plots, positive time corre-
sponds to the leading edge of the soft X-ray pulse. The FEL pulse
in Fig. 4b exhibits a dominant central feature at 53 +5 fs FWHM,
with weaker satellite features at ~100 fs from the main peak. In con-
trast, the other displayed FEL pulse exhibits nearly equal peaks with
individual durations of ~40+5 fs FWHM separated by ~85 fs in
time. The accuracy of these measurements is determined from the
upper and lower statistical error bounds on the streaked photo-
electron spectrum (for details see Methods).

The structure observed in these FEL pulses is not caused by indi-
vidual longitudinal FEL emission modes, which would typically
have a duration of ~5 fs for the operating parameters at FLASH.
Rather, the structure is due to uneven soft X-ray amplification
over the length of the electron bunch caused by small variations
in its composition and inherent instability in the highly nonlinear
SASE process. During these particular measurements, the FEL
was operating in the exponential gain regime, where it is particularly
sensitive to electron beam parameters**2. This mode of operation
serves as an ideal test of the utility of these streaking measurements,
as the pulse-to-pulse FEL fluctuations are more severe and the FEL
flux is relatively low. Under normal saturated user operation with
higher flux, the measurement is expected to be even more reliable,
as the number of detected photoelectrons will increase.

The accuracy of the pulse arrival information is governed by the
stability of the terahertz streaking field and fluctuation in the mean
FEL photon energy, which results in a photoelectron kinetic energy
offset and corresponding temporal offset. The stability of the tera-
hertz pulse is a function of the driving optical laser. In these exper-
iments, the optical laser pulse energy was measured to be stable to
within 1% r.m.s. For saturated terahertz generation, as was the
case in these measurements, the terahertz field scales with the
square root of the driving laser pulse energy. As a result, the tera-
hertz field is stable to within 0.5% r.m.s. and its fluctuation can be
neglected when considering the stability of the transformed time
base. However, the FEL photon energy during these measurements
fluctuated from shot to shot at a level of 1 eV r.m.s. (ref. 38); this
constitutes the main source of uncertainty in the time base of the
retrieved FEL pulse profile of ~6 fs r.m.s. Using existing technology,
this uncertainty can be significantly reduced with online
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measurement of the single-shot FEL photon spectrum. It should
also be noted that fluctuation in the FEL photon energy has a
minimal effect on the retrieved pulse profile, as the streaking map
transformation is nearly linear at the zero crossing, and a small
offset in the kinetic energy does not affect the spectral broadening
due to streaking.

These streaking measurements can be used at FLASH to assess
the timing jitter between the external pump-probe laser and the
FEL pulse. For this particular purpose, we ignore fluctuations in
the pulse shape, and the arrival of the FEL pulse is clocked by cal-
culating the centre-of-mass of the retrieved FEL pulse temporal
profile. The arrival times of ~450 consecutive FEL pulses measured
near time zero in the delay scan shown in Fig. 3 are calculated and
displayed in Fig. 5. The distribution of arrival times has a width of
87 fs r.m.s., which is consistent with the expected performance of

the electronic laser synchronization’.

Discussion and outlook

In the future, laser-based terahertz streaking measurements may be
improved to allow the characterization of a fundamental FEL pulse
substructure separated by only several femtoseconds, by increasing
the energy resolution of the photoelectron spectrometer and also
by increasing the terahertz streaking strength. A number of
advances in terahertz generation43 and photoelectron spectroscopy
currently indicate that significant improvements in our measure-
ment technique could be realized in the near future. Single-shot
photoelectron detection at FELs has recently been demonstrated
at an energy resolution of AE/E = 0.4% (ref. 44), an improvement
of nearly an order of magnitude in comparison to the energy resol-
ution achieved in these experiments. Stronger, steeper streaking
fields can be achieved by decreasing the rise time of the streaking
ramp® or by scaling up the terahertz field strength with stronger
driving optical laser pulses. Using the tilted pulse-front method
and advanced focusing, fields exceeding 1MV cm™' have
been achieved®.

Optical laser-driven terahertz streaking is currently the only
method that can provide full temporal characterization of FEL
photon pulses, which is crucial for their most effective and complete
utilization. This technique is implemented with standard laser tech-
nology and the apparatus does not require dedicated accelerator
infrastructure. Furthermore, this method is ideally suited for use
as a diagnostic for machine studies and FEL optimization for
specific lasing parameters and pulse shapes, as it is completely
decoupled from all other FEL parameters. Because the measurement
is made in transmission geometry and does not affect the FEL pulse,
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it can be used as a standard diagnostic between the FEL source and
user experiments. As a result, it will be possible to perform exper-
iments with sub-pulse duration time resolution, and also to post-
process arbitrary experimental data based on the true single-shot
FEL intensity profile.

Methods

Error analysis. The statistical error in the single-shot photoelectron spectra was
evaluated by counting the number of detected photoelectrons within the 6.8 eV
energy resolution window of the detector by boxcar integration centred at each
collected data point. As the spectra were heavily oversampled (275 data points were
collected within the ~60 eV streaked kinetic energy range), an error envelope was
generated rather than discrete points with individual error bars.

The 6.8 eV photoelectron spectrometer energy resolution was deconvolved from
the upper and lower bound of the error envelope in addition to the measured
spectrum and mapped to time. Mapping the error envelope provides an upper and
lower bound of the pulse temporal profile. Following this procedure, the width of the
central peak in the measurement shown in the main text (Fig. 4b)—53 fs FWHM—
was found to have upper and lower bounds of 58 and 48 fs FWHM, respectively.
Based on this analysis, we conclude that the temporal profile was measured with an
accuracy of +5 fs FWHM. This procedure is illustrated in Supplementary Fig. S2.
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