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Megahertz-compatible angular streaking with few-femtosecond resolution at x-ray
free-electron lasers
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Highly brilliant, coherent, femtosecond x-ray pulses delivered by free-electron lasers (FELs) constitute one
of the pillars of modern ultrafast science. Next generation FEL facilities provide up to megahertz repetition
rates and pulse durations down to the attosecond regime utilizing self-amplification of spontaneous emission.
However, the stochastic nature of this generation mechanism demands single-shot pulse characterization to
perform meaningful experiments. Here we demonstrate a fast yet robust online analysis technique capable
of megahertz-rate mapping of the temporal intensity structure and arrival time of x-ray FEL pulses with
few-femtosecond resolution. We performed angular streaking measurements of both neon photo- and Auger
electrons and show their applicability for a direct time-domain feedback system during ongoing experiments.
The fidelity of the real-time pulse characterization algorithm is corroborated by resolving isolated x-ray pulses
and double pulse trains with few-femtosecond substructure, thus paving the way for x-ray-pump—x-ray-probe
FEL science at repetition rates compatible with the demands of LCLS-II and European XFEL.
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I. INTRODUCTION

Modern high-brightness free-electron lasers (FELs) with a
wide range of tunable photon energies up to the hard x-ray
regime and pulse durations on the femtosecond timescale
offer the possibility of time-resolved studies addressing a
large variety of element-specific and chemical-state-selective
processes [1-3]. Therefore, x-ray pump—probe experiments
have become a powerful tool for time-resolved atomic and
molecular physics [4-6], biology [7], chemistry [8], and
materials science [9]. As the time resolution of these stud-
ies is already approaching the attosecond regime [10-12],
a reliable and noninvasive technique for directly measuring
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the temporal structure of these ultrashort FEL pulses is cru-
cial [13]. Especially at machines using self-amplification of
spontaneous emission (SASE) this has been a long-standing
diagnostic goal [14]. Indirect methods, like the pulse duration
measurement based on electron energy losses in the undulator
using a transverse deflection cavity (XTCAV) [15], often fail
to give relevant information on the pulse structure, due to
slippage effects [16] or because in novel methods of FEL
generation different parts of the electron bunch are used to
build up the same single x-ray pulse [17] or multiple pulses
with variable delay [18]. Photoelectron streaking with few-
cycle, carrier—envelope-stabilized, mid-infrared (MIR) pulses
generating isolated attosecond pulses via high harmonic gen-
eration [19,20] has revealed electron dynamics in various
gaseous [21,22] and solid-state samples [23], but is also an
important tool to characterize the electric field of the pulses
involved [24]. Streaking with linearly polarized optical or
terahertz pulses has already been used for the single-shot
determination of an upper length limit of soft x-ray FEL
pulses [25] or for the measurement of their durations [26—28]
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in the femtosecond regime. Recently, terahertz streaking was
also implemented for time stamping of a relativistic elec-
tron beam [29], as used for example in ultrafast electron
diffraction measurements. Finally, the concept of angular
streaking was applied to unravel the time—energy structure
of x-ray pulses using an iterative retrieval algorithm [30].
Nevertheless, this full reconstruction is only suitable for pulse
sorting after the experiment due to its high computational
demands.

Here we demonstrate the single-shot pulse characteriza-
tion of the temporal intensity structure of x-ray pulses with
few-femtosecond resolution based on a fast algorithm, which
enables online data processing at modern XFEL facilities
operating at up to MHz repetition rates [31,32]. The approach
is simple, straightforward, and intuitive in view of the classical
concept of angular streaking. The algorithm is based on an
angle-dependent measurement of the circularly streaked pho-
toelectron intensity distribution [33,34]. This angle-dependent
signal is mapped to a representation of the temporal intensity
profile of the x-ray pulse via the attoclock principle [35,36].
Either photoelectrons or Auger electrons from a dilute gas
target can be used to measure the profile of x-ray SASE
FEL pulses of different durations with negligible x-ray beam
intensity losses and independent from simultaneously ongoing
experiments with a resolution of about 3.5 fs. In addition,
we validate this fast approach by comparing retrieved pulse
structures with the results of the recently published attosecond
time—energy reconstruction [30] mentioned above.

The typical substructure of an x-ray FEL pulse operated
on the SASE principle is complicated due to shot-to-shot
fluctuations of the electron accelerator and the stochastic
nature of the generation process [37]. Due to the exponen-
tial amplification of spontaneous emission in the undulator,
subsections of the electron bunch have no fixed phase relation
and act as essentially independent radiation sources [14]. This
yields a train of multiple SASE spikes, each stemming from
a coherent emission process, with random carrier—envelope
phase jumps in between and a temporal intensity substructure
varying from shot to shot [38,39].

The principle of photoelectron streaking as a measurement
of the momentum change of extreme ultraviolet (XUV)- or x-
ray-generated electrons caused by a linearly polarized optical
laser [24,40] can be applied to x-ray FEL pulses. However,
an accurate time overlap with a certain phase of the streaking
field is not guaranteed due to a significant arrival time jitter
between the optical and x-ray pulses [41—43]. Therefore, up to
now linear streaking experiments are not capable of resolving
the temporal substructure of FEL pulses based on the prin-
ciple of self-amplification of spontaneous emission. Angular
streaking addresses this issue using a circularly polarized
streaking laser and an angle-dependent detection method for
the photoelectrons (see Appendix A). Since the magnitude of
the streaking field is nearly constant within one rotation period
a particular phase relation of the x-ray pulse with respect to
the streaking field is not required. Thus, the photoelectrons
are accelerated in different radial directions by the rotating
electric field of the streaking laser, depending on the instant of
ionization [35]. The temporal intensity structure of the x-ray
pulse can be retrieved, as it is mapped to angle-dependent
energy shifts of photoelectron spectra [36].

II. EXPERIMENT

At the Atomic, Molecular, and Optical Science (AMO)
end station of the Linac Coherent Light Source (LCLS), we
conducted ionization experiments of a dilute neon gas target.
The x-ray pulses had estimated average root-mean-squared
(rms) pulse durations of 3.5, 6.5, and 10.5 fs [44] at a photon
energy of 1180 eV (see Appendix B). Hereby, electrons
stemming from two different generation processes have been
deployed as measuring probes: Ne 1s core electrons (Eping =
870eV, Exin =310eV) as well as K-LL Auger electrons
(EX"® ~ 803.5 eV) [45]. They were streaked angularly by a
MIR laser with A = 10.6 um (see Appendix C), resulting in
a 35.3 fs rotation period of the electric field vector [30,35].
The time- and angle-dependent electron yield is measured
by a circular assembly of 16 individually operated time-
of-flight detectors, evenly distributed around the interaction
region in steps of 22.5° in the plane perpendicular to the
x-ray propagation axis (see Appendices D and E) [46,47].
The FEL pulses are focused in a dilute neon gas target
(interaction region) centered in the acceptance volume of the
spectrometer array. The energy resolution of a single time-
of-flight detector is experimentally determined to lie between
0.75to 1 eV.

The main principle of an angular streaking experiment
can be clarified by the comparison of the angle-dependent
spectral photoelectron distributions S(E,¢) for the unstreaked
and streaked cases in Fig. 1, where E is the kinetic energy and
¢ is the detection angle. The angle-dependent photoelectron
energy shift due to the orientation of the streaking field vector
at the instant of ionization is clearly visible. For a specific
detector, the spectrum experiences a shift to higher energies
only if the electric field vector of the MIR streaking field is
pointing in the angular direction of the detector during the
presence of the x-ray pulse. The highest photoelectron energy
recorded in each detector [cutoff energy E..(¢)] serves as a
single-shot measure for the relative temporal overlap between
the x-ray and MIR pulses, and is determined by the respective
energy value where the signal intensity drops below 10% of
its maximum value [see Figs. 1(c) and 1(d)].

III. THE INTEGRATION PULSE CHARACTERIZATION
ALGORITHM

A. Determination of the MIR elliptical polarization

Due to the elliptical, thus noncircular polarization of the
infrared streaking laser, its amplitude shows a sinusoidal
characteristic depending on the direction of the streaking field
vector potential in the polarization plane. Consequently, the
extent of the shift of the electron energy distribution to lower
or higher energies induced by the streaking field is inherently
dependent on the angular position of the respective detector.
Thus, it is indispensable to consider these differences in the
maximum potential streaking shift for every flight tube and
to correct this deviation from a perfectly circularly polarized
streaking field.

For this purpose, the polarization ellipse is determined
in the following way: First, for each detector and each
FEL shot, the maximum streaking shift to higher energies
is identified by the energy value in the spectrum where the
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FIG. 1. Visualization of the effect of angular steaking based on experimental data in the spectral domain. The upper panels show single-

shot, normalized, and energy-calibrated Ne 1s photoelectron spectrogramlike polar images S(E, ¢) recorded by the e-TOF spectrometer array
in the plane perpendicular to the FEL beam propagation direction in the absence (a) and in the presence (b) of the MIR streaking laser field.
In the nonstreaking situation (a), the kinetic energy of the Ne 1s photoelectrons excited by an FEL photon energy of 1180 eV is constant over
all angles, whereas the close-to-circularly polarized streaking field (b) modulates the spectra depending on the x-ray pulse substructure and
the detection angle, according to the principle of angular streaking. The horizontal linear polarization direction of the FEL beam is indicated
by the white, dashed arrow in (a). (c) The streaked spectrum recorded by the detector at 270° [blue line, also highlighted in (b)] is shown in
comparison to an unstreaked spectrum (green line). The energy values E,,, (vertical black dashed line), E., (vertical red full line), and E,;
(vertical yellow dashed line), relevant for the integration pulse retrieval algorithm, are marked for this specific shot and detector. In (d), these

angle-dependent energy values are shown in a polar plot, where the maximum energy is observed at 292.5°.

signal intensity drops below 10% of its maximum value,
representing the single-shot cutoff energy E.y(¢). Then we
set the overall streaking limit E.;(¢) of each detector to
the energy value where the respective distribution of these
cutoff energies E.u(¢) over all shots has dropped below
2% of its maximum on the high-energy side of the dis-
tribution. This ensures that the actual maximum streaking
shift is independently determined for each detector, while
mostly eliminating the influence of shot noise. All shots
where the cutoff energy E(¢) is detected to be apparently
higher than this overall streaking limit Eg,;(¢) for at least
one detector are discarded. Eventually, orientation, shape, and
size of the polarization ellipse of the MIR streaking field
are reflected by the resulting, detector-related energy values
for the overall streaking limit, as shown in Fig. 2 for the
analyzed data sets. For the further analysis, a normalized po-
larization ellipse Eqorm (@) is calculated by dividing the angle-
dependent, overall streaking limits E.j(¢) by their maximum
value.

B. Correction of the measured cutoff energy for the elliptical
polarization of the MIR laser

Subsequently, the cutoff energy E..(¢) measured by each
detector for every FEL shot can now be corrected for the
elliptical polarization of the MIR laser on a single-shot basis.
First, the angle-dependent, maximum energy shift to higher
energies caused by the streaking field in each TOF detector is
determined to

Ecut((P) - EO
Eshlft (‘P) gnorm ((p) s
where E (@) is the single-shot cutoff energy, Eiom (@) is
the normalized polarization ellipse, and Ej is the unstreaked
energy of the Ne 1s photoline or the main Auger line, respec-
tively. Then, the ellipse-corrected, maximum energy shift of
all flight tubes ae) for the respective shot is ascertained to

D

2

ael = max [Egir (@)].
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FIG. 2. Illustration of the ascertained polarization ellipse. The polarization ellipse illustrated by the angle-dependent overall streaking limit
E. (p) is depicted in a polar plot for (a) the three Auger electron and (b) the three photoelectron data sets, respectively. The slight deviation
from an elliptical shape in (a) might be introduced by a small nonlinearity for the high retardation voltage settings (770 V) used in these
measurements for the streaking of the high-energy Ne K—LL Auger electrons.

The scaling factor ac, the so-called streaking kick, varies
from shot to shot, as the actual amplitude of the streaking
field envelope depends on the relative x-ray—optical arrival
time. Eventually, by multiplying the current streaking kick as
a scaling factor and adding the unstreaked energy Ej again,
one obtains an (ellipse-corrected), single-shot upper energy
limit for the shifted electron signal in each detector:

Eup(w) = aellgnorm (‘P) + Ep. 3)

The values of E,(¢) for each detector shape a single-shot,
streaking kick ellipse that indicates the maximal possible elec-
tron energy that could be detected by the respective detector
with respect to the current magnitude of the streaking kick, if
the streaking vector potential pointed in the direction of this
detector at the instant of ionization.

C. Characterization of the temporal structure of the x-ray pulse
by spectral integration

The x-ray intensity at a given time is directly propor-
tional to the number of generated electrons [48], corrected
for the detector transmission and for the different emission
characteristics of Ne 1s and Auger electrons. For eventually
obtaining a meaningful measure of the x-ray pulse shape,
the spectral intensity signal of each individual spectrometer
is integrated over an energy range below the corresponding
cutoff energy as theoretically derived and discussed in [34].
Below its cutoff energy range, a detector at a given angular
position additionally records to some degree energy-shifted
electrons from projections of the streaking vector potential,
pointing at angles close to the direction of the detector under
consideration during the presence of the ionizing x-ray pulse.
Thus, we choose a carefully selected narrow integration win-
dow for achieving the highest possible temporal resolution

regarding the retrieval of the intensity structure of the x-ray
pulses.

By our definitions (see above), the single-shot values of
E, (@) given by the streaking kick ellipse constitute an upper
limit of the streaking shift for each detector. For the determi-
nation of the lower bound for the integral

Elow((p) = Eup((p) — Wint, 4

an integration window

wipe = [ 1 = cos (%)]aen 5)

must be defined, which is adjusted from shot to shot depend-
ing on the actual streaking kick a);. By doing this, one ensures
that always the same, relative number of photoelectrons is in-
tegrated for each FEL shot, independent of the streaking kick.
For a constant integration width, a small streaking kick would
imply that a much more electron signal is situated within the
integration window with respect to a larger streaking kick,
which spreads the electron distribution over a broader energy
range. The cosine prefactor sets a finite integration width and
thus the lower bound of integration Ej,,, corresponding to a
projection angle coverage of % rad or 36° in the polarization
plane. This can be interpreted as an angular resolution of
roughly one and a half times the angular separation between
neighboring detectors in each direction. This integration width
represents a compromise between a sufficiently broad, thus
well-defined integral and a best possible temporal resolution
resulting from a narrow integration window.

Eventually, the spectral photoelectron distribution S(E, ¢)
is integrated over the range determined by the lower integra-
tion bound Ejow(¢) and the cutoff energy E..(¢) as the upper
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bound. In case that the cutoff energy is situated below the
lower bound of integration the integral is set to zero:

Ecu (@)
Ieray (@) = / S(E.)E.  Eau() > Eon(@). (6)
Eiow (@)

Ix—ray(‘p) =0, Ecur(9) < Elow(9). (7N

For a specific detector, the integration result is therefore
nonzero only if any electrons are energetically up-shifted into
the integration window due to the streaking field. Finally,
we sort out less reliable reconstructions by discarding those
where the summed-up intensity over all detectors is lower than
a threshold, empirically defined at 50% of the maximum value
of all shots for that run.

At this point the idea of the “attoclock” (see Appendix A)
is applied. The angle-dependent electron intensity I(¢) is
referred to the angular position of the respective detector and
converted into a time dependence of the x-ray pulse intensity
with a time axis defined by ¢ = %CA—O For this, one translates
the 360° detection plane into a kind of a chronometer. Using
the rotation period of the streaking vector potential as the
clock face that amounts to 35.3 fs in our case for a streaking
laser wavelength of A = 10.6 um. The integration results of
all spectrometers can be plotted versus the generated time
axis. Thus, one obtains a replica of the x-ray pulse shape in
the time regime or, more precisely, a reconstruction of the
temporal intensity profile of the x-ray pulse [34]. The pulse
duration is determined by calculating the root-mean-squared
(rms) widths of the reconstructed intensity profiles instead of
a full width at half maximum (FWHM), since the assumption
of a Gaussian shape is not necessarily fulfilled for SASE
pulses [47]. According to the detector spacing of 22.5° and
the 35.3 fs rotation period of the electric field vector, the
best achievable temporal resolution is 2.2 fs. However, the
actual resolution of the presented integration algorithm is
derived to 3.5 fs owing to the smearing of the reconstructed
pulse profiles, induced by the streaking field projections from
neighboring detectors as discussed above. This value is ad-
ditionally corroborated by the comparison with the iterative,
high-resolution time—energy retrieval [30], which is presented
further below.

As a summary, the entire retrieval procedure presented so
far is illustrated in Fig. 3 for a single shot from an Auger
data set. The single spectra of the independent detectors are
presented, where the respective cutoff energy E, as well
as the upper limit for the streaking shift £, and the lower
integration bound E),, are distinctly marked. Furthermore,
a combined depiction of the three characteristic energy val-
ues for all detectors in a polar view and the final recon-
structed temporal intensity structure of the x-ray pulse are
displayed.

IV. RESULTS
A. Single-shot x-ray pulse characterization

Polar depictions for three FEL shots of different pulse
durations, showing the radially shifted cutoff energy values
E.i(¢), the calculated integration window for all detectors
and the corresponding temporal intensity profiles of the x-ray

pulses are displayed in Fig. 4, together with the retrieved
pulse durations. The integration algorithm applied on angular
streaking measurements unambiguously resolves variations
in the intensity substructure of SASE x-ray pulses and thus
determines the pulse duration.

A few tens of thousands of shots for each of the three
independent FEL settings, providing estimated averaged pulse
durations of 3.5, 6.5, and 10.5 fs have been evaluated, utilizing
both Ne 1s photoelectrons and Ne Auger electrons as a mea-
suring probe. The resulting histograms of the pulse durations
and their mean values derived by the integration algorithm
for the different FEL settings are displayed in Fig. 5. The
Gaussian-like distributions of the pulse durations for each
setting match the expectations and both probe settings yield
consistent results, proving the robustness and versatility of
the algorithm. The retrieved temporal profiles of x-ray FEL
pulses discloses the expected variation of the SASE intensity
substructure within the pulse, providing fundamental and
urgently needed information for time-resolved experiments on
the femtosecond timescale.

As a demonstration of the huge variety of the pulse shapes
and the substructures of SASE FEL pulses revealed within
the data analysis, a selection of distinct shots with different
pulse durations from Ne 1s and Auger data sets is presented
in Fig. 6. As one can see from the irregular pulse shape
structures, the specification of an rms pulse duration makes
much more sense than a full width at half maximum definition,
usually applied to ultrashort Gaussian-like pulses.

B. Arrival time determination

The x-ray—optical synchronization at FEL facilities is lim-
ited by an inherent arrival time jitter on the order of 50 fs
(FWHM) or larger, deteriorating the time resolution of x-
ray-pump—optical-probe experiments [14]. Within the frame
of the angular streaking experiments, the x-ray pulses are
overlapped with the trailing ramp of the streaking pulse en-
velope. Therefore, in addition to the pulse structure retrieval,
the presented algorithm is also capable of simultaneously
measuring the inherent single-shot arrival time jitter of the
x-ray pulses with femtosecond resolution. Provided that the
envelope of the MIR streaking pulse is initially characterized,
this is done by converting the ellipticity-corrected maximum
energy shift of all detectors, the streaking kick a.y;, into arrival
time information for each shot as displayed in Fig. 7.

As mentioned earlier, the streaking kick ae; is a shot-
dependent variable due to the inherent arrival time jitter of
the x-ray pulses with respect to the MIR field envelope. The
latter is Gaussian shaped and has a FWHM duration of tyr =
480 fs. Therefore, the amplitude of the streaking field can be
mapped to a Gaussian distribution of the streaking shift, which
is described by

Lartival >
Aell = Epax €Xp (_&eﬂf) , (8

2(3%

where E.,x is the maximum possible streaking shift
corresponding to the maximum of the MIR amplitude. For
even more accuracy, de; and Ey. are corrected for the shot-to-
shot power fluctuations of the MIR laser, which were logged
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FIG. 3. Compact overview of the integration x-ray pulse retrieval algorithm. Demonstration of the FEL pulse retrieval working principle
using one exemplary shot from an Auger data set. The top panels show the streaked spectra (blue lines) of the 14 individual detectors that
have been recorded simultaneously for this shot (two detectors at 22.5° and 45° had to be excluded from the analysis for this data set due
to an electronic shortcut in their retardation voltage wiring). The calculated, angle-dependent energy values E . (¢) (vertical red full line),
E, (@) (vertical yellow dashed line), and Ej,,, (¢) (vertical black dashed line) are marked. These values are displayed additionally in the panel
at the bottom, right position in form of a polar plot. The maximum streaking shift at a detection angle of 135° is clearly visible. The resulting
x-ray intensity I,y (¢) is then obtained by integrating the spectral intensity S(E, ¢) in the range between Ejo(¢) and E.(¢), as long as
E..(¢) > Ebw (@), whereas it is set to zero in the opposite case. By employing the angular streaking principle, the angle axis is mapped to a
temporal axis. The resulting FEL pulse structure /,_,y(¢) is shown in the bottom, left panel. This shot is made up from two main features and
its rms duration is determined to 3 fs.

during the experiment. E,. is determined by evaluating time overlap, the maximum streaking shift is reached
an overlap scan, where the temporal delay of the MIR and at En.x = 58eV. As the integration retrieval algorithm
x-ray pulses has deliberately been varied. For the optimum  determines the streaking kick on a single shot basis, the
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FIG. 4. Retrieval of the pulse substructure and duration for three different pulse duration settings. In the upper panels, the cutoff energy
E..(¢) (red full line), as well as the maximum integration window delimited by the lower integration limit Eo, (¢) (black dashed line) and
the maximal upper border E.,(¢) (yellow dashed line), which are deduced from the close-to-circular polarization and the strength of the MIR
streaking field, are shown in a polar plot. The spectral intensity S(E, ¢) between Ej, (¢) and E.,(¢) is integrated, as it is proportional to the
x-ray pulse profile. The corresponding intensity profiles of the x-ray pulses are derived by converting the angular axis to a time axis and are
shown in the lower panels. The expected rms pulse durations for the three cases were set to (from left to right) 3.5, 6.5, and 10.5 fs, respectively.
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FIG. 5. Histograms of the determined pulse durations. Histograms of the pulse durations and the related mean values derived by the pulse
retrieval algorithm for different FEL and detection settings. The upper panels show the results from neon Auger data sets with LCLS pulse
duration estimates (rms) of 3.5 (left), 6.5 (middle), and 10.5 fs (right). The lower panels show the corresponding histograms for Ne 1s data sets
with the same FEL settings as above.
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arrival time can thus be calculated by

Qell TMIR \ 2
Tarrival = \/_ZIH(Emax ) (235> . (9)

The average jitter is then determined by the FWHM of the
distribution of 7y, looking at many thousand shots. For the
Auger runs evaluated, one obtains an average arrival time jitter
of 59 fs FWHM, with an rms resolution of 2.2 fs.

C. Femtosecond online timing unit

For the single-shot evaluation, we achieve a runtime of
approximately 0.5 us (£ 2 MHz) on a quad-core work-
station, which can be further reduced by using larger-scale
computer clusters. Thus, the angular streaking spectrometer
in combination with our fast algorithm can be used as an
online noninvasive timing unit with few-femtosecond resolu-
tion. In corroboration of the fidelity and the capabilities of
our fast integration pulse characterization routine, we applied
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FIG. 7. Determination of the relative x-ray—optical arrival time and the arrival time jitter. (a) The distribution of the retrieved streaking kick
an, corrected for the MIR power fluctuations, is shown for many thousand shots at two different time overlap positions. The shift to lower
energies can be clearly observed while moving out of the optimum temporal overlap. The streaking kick can be converted to the arrival time
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for a series of consecutive single shots.

both our algorithm and the recently published, iterative and
CPU-intensive algorithm achieving a precise attosecond time—
frequency characterization of x-ray pulses [30] to an identical
angular streaking data set containing a random selection of
shots. The benchmark against the iterative algorithm (see
Appendix H) further proves the high confidence level of the
integration algorithm at orders of magnitude lower compu-
tation time and, hence, its applicability as an online tool for
pulse characterization.

D. X-ray double pulses

In addition to the measurements of isolated x-ray pulses,
we also performed angular streaking measurements on x-ray
double-pulse trains, generated by the insertion of a double-
slotted foil [49] into the electron bunch of the accelerator
before the undulator. X-ray double pulses have already been
characterized using terahertz streaking with a lower limit for
the resolvable pulse delay of 38 fs [26,50]. For our measure-
ments, the average pulse duration was set to 3.5 fs (rms) for
both pulses with a temporal delay of about 20 fs between the
individual pulses. Additionally to the individual pulse dura-
tions and shapes, the separation between the two pulses shall

be hereby determined. The integration pulse characterization
algorithm is adapted concerning the calculation of the rms
widths for the pulse durations of two individual pulses and
extended by an additional part for the determination of the
separation between the two pulses. A detailed description of
the procedure is given in Appendix F.

The results of the extended retrieval algorithm for double-
pulse trains applied to many thousand shots are collectively
presented for the Ne 1s and Ne Auger electron detection
schemes in Fig. 8, showing a shorter mean pulse separa-
tion than ever measured before. The substructure of the two
individual pulses and their separation are clearly resolved
on a single-shot basis [Figs. 8(a) and 8(b)]. The retrieved
relative double-pulse separation fits very well to the estimated
average value provided by LCLS, revealing a mean pulse
separation of 23 fs [Fig. 8(c)]. Smaller pulse separations can
straightforwardly be determined by the presented technique
through a variation of the streaking laser rotation period.

V. DISCUSSION

Within the scope of this work, we present an approach
for online FEL pulse characterization with few-femtosecond
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FIG. 8. Temporal characterization of x-ray FEL double-pulse trains. Results of the pulse retrieval algorithm for Ne Auger and Ne 1s
double-pulse data sets with an LCLS-estimated pulse separation of 20 fs. (a) and (b) The retrieved signals for two exemplary, well-separated
double pulses are given in blue and green. (c) The distributions of the relative separations between the two individual peaks of the double

pulses for a few thousand shots and both data sets, respectively.

resolution. It provides the possibility to retrieve the temporal
intensity profile, including variations in the stochastically
changing substructure, and the relative arrival time of single
SASE x-ray FEL pulses noninvasively on a single-shot basis.
Either Auger electrons or photoelectrons, producing remark-
ably consistent results, can be used to measure the profile of
single FEL pulses with a resolution of about 3.5 fs, without
substantial x-ray beam intensity losses and independent from
simultaneously ongoing experiments. The kinetic energy of
the Auger electrons is largely independent of the ionizing
photon energy when working well above the respective bind-
ing energy threshold, and their emission is approximately
isotropic, mostly unsusceptible to the x-ray polarization. In
essence this allows for a standardized yet very flexible timing
unit regardless of the actual XFEL parameters, working over a
broad range of photon energies, polarization states, and pulse
durations.

In comparison to the recently presented powerful method
for attosecond time—energy reconstruction of FEL pulses, the
presented technique requires orders of magnitude less com-
putation time. With its actual repetition rate of 2 MHz', the
applicability of this approach as a fast, yet reliable, online tool
for pulse characterization is demonstrated. Furthermore, it is
feasible to use the presented technique as a pulse vetoing tool
allowing us to restrict the data acquisition to measurements
with x-ray pulses of specific, desired characteristics. Such

'Executed on a 3.6 GHz quad-core workstation, see Appendix G.

a smart veto logic is urgently required for the implemen-
tation of real-time pulse tagging not only at every modern
XFEL facility currently existing worldwide, but even at the
next-generation XFEL facilities such as the European XFEL
or LCLS-II [31,32], which promise to operate at higher repe-
tition rates up to 1 MHz. Thus, by only recording data when
a few-femtosecond x-ray pulse with desired pulse shape and
duration is detected, the shot sorting simultaneously alleviates
the need for full-rate detector and data systems. In this respect,
this technique is the only one currently available.

Usage of a streaking field with smaller rotation period
and/or enhancement of angular resolution can advance this
technique’s resolution to the attosecond timescale. With exact
profiling of SASE pulses available during ongoing measure-
ments, the significance and precision of few-femtosecond x-
ray imaging experiments can be substantially improved by
incorporating the x-ray substructure intensity distribution into
the analysis process. In addition, the characterization of x-ray
FEL double-pulse trains clearly reveals the substructure of
the two individual pulses on a single-shot basis. Therefore,
single-shot knowledge of the separation and the single-peak
pulse duration of x-ray double pulses paves the way for high-
repetition rate studies of correlation dynamics on the fem-
tosecond time scale by x-ray-pump—x-ray-probe experiments
with an adjustable delay.
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APPENDIX A: ANGULAR STREAKING

Using ultrashort FEL pulses neon atoms are ionized and
thus electrons are generated in the target region. The rotat-
ing electric field of the close-to-circularly polarized infrared
streaking laser is used to deflect the emitted electrons in the
angular spatial direction. Within a 360° rotation of the field its
amplitude is nearly constant due to the shallow slope of the
field envelope for the long IR streaking pulse. The moment
of ionization is translated into the angle-dependent kinetic
energy shift of the streaked electrons in the IR polarization
plane. The rotating electric field can be seen as the hand of
clock and the time for one revolution is determined by the
carrier period of the infrared laser. In our case, this “attoclock”
is set to a 35.3 fs rotation period corresponding to the streak-
ing laser wavelength of 10.6 pm, in order to be longer than
the expected pulse durations of the FEL pulses and to avoid
ambiguity from multiple revolutions of the clock within one
FEL pulse. The kinetic energy of the photoionized electrons
W (W, @, t;) is a function of the initial electron energy W off-
set by the streaking kick a in the direction of the vector poten-
tial at the instant of ionization #; and the observation angle ¢:

1
WWy, @, t;) x Wy + acos(go — 27‘[%).

Chirp and spectral bandwidth of the x rays determine
the primary electron energy distribution. The photoelectron
counts are directly proportional to the actual x-ray intensity.

APPENDIX B: FEL MACHINE SETTINGS AND
PARAMETERS

The FEL is operated at 120 Hz with an average electron
beam energy of 5087 MeV and a peak current of ~1500 A
in a low charge mode with a charge of roughly 120 pC.
The length of the electron bunch is 85 fs, but due to the
insertion of the emittance spoiler (slotted foil) the effective
lasing part of the bunch is distinctly shorter. For the angular
streaking of Ne 1s core and K—LL Auger electrons the nominal
root-mean-squared (rms) pulse duration of the FEL is set to
3.5, 6.5, and 10.5 fs by tuning the slotted foil position. These
specifications on the mean pulse durations have been provided
by LCLS and are indirectly determined using a transverse
deflection cavity (XTCAV). The emitted x-ray pulses have an
average pulse energy of 60, 140, and 180 wJ, respectively,
corresponding to the three above mentioned positions of the
slotted foil, at a photon energy of 1180 eV. To achieve a
double pulse mode with a pulse duration of roughly 3.5 fs
(rms) and an average, estimated pulse separation of 20 fs,
the double-slotted foil was used. For all measurements the
IR laser pulse energy is measured on a single-shot basis, on
average it is adjusted to 38 uJ. For the angular streaking data
sets of Ne ls core electrons (single pulse and double pulse
data) the maximum retardation voltage of the time-of-flight
spectrometers is set to 270 V, and for resolving the neon
Auger electrons the maximum voltage is set to 770 V. For
more details see the description of the TOF spectrometer in
Appendix D. Similarly, for the energy calibration runs of the
Ne 1s data the FEL is operated in the low charge mode with
a charge of about 130 pC, an average electron beam energy
of 5087 MeV, and a peak current of ~1460 A. The estimated
photon energy is tuned to four calibration points by a Vernier
scan to 1166, 1180, 1193, and 1214 eV.

APPENDIX C: OPTICAL LASER SETUP

The optical (IR) laser setup comprises an ultrafast
Ti:sapphire amplifier providing pulses at 800 nm with 30 mJ
pulse energy and 100 fs pulse duration (FWHM) at 120 Hz
repetition rate and a commercial OPA (optical parametric
amplifier) system. In the latter, 10.6 wm output pulses with
a pulse duration of 340 fs (FWHM) and 38 uJ average pulse
energy on target are generated out of the 800 nm input via
difference frequency generation (DFG) of signal and idler.
The linear polarization of that output pulses is converted to
a close-to-circular polarization with an ellipticity of 0.73 +
0.2 by means of a reflective phase retarder (known from CO,
lasers). The carrier—envelope phase of the IR laser pulses was
not stabilized. Regarding the vertical detector orientation, the
major axis of the ellipse is tilted by 22.5° &+ 5°. Using a ZnSe
lens (focal length of 150 mm) with a 2-mm central aperture
the mid-IR beam is focused in the interaction region to a spot
size (1/ e¢? diameter) of 500 pm.
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APPENDIX D: TIME-OF-FLIGHT SPECTROMETER

The spectrometer array is assembled from 16 indepen-
dently working time-of-flight detectors installed and evenly
distributed in steps of 22.5° in the plane perpendicular to the
beam propagation axis. The FEL pulses are focused in a dilute
neon gas target (interaction region) centered in the acceptance
volume of the spectrometer array. The travel range for the
electrons is quite short and only amounts to about 14 cm.
In order to cover the whole 27 angular detection region by
simultaneously observing photoemission spectra at 16 equally
spaced angles over a full circle, the acceptance volumes of
the single flight tubes are overlapping with each other and
the x-ray—IR beam. Resulting from the size of the circular
entrance aperture and depending on the adjusted deceleration
voltage (ranging from 270 to 770 V in the present experiment)
the angular acceptance of each detector has an upper limit
of 3.8 x 1072 sr, in accordance with a full aperture angle
of 12.6°. Consequently, the detected signal corresponds to
an integral over that aperture. In the detectors, a stack of
three multichannel plate (MCP) amplifiers with a capacitive
outcoupling are assembled. The detector signal is processed
via Acqiris DC282 digitizers run at 4 GS/s in an interleaved
mode and at 2 GS/s in a noninterleaved mode, respectively.
A single electron impinging the MCP amplifiers engenders
a measurable narrow voltage spike with a FWHM duration
shorter than 1 ns. The spectrometer’s energy resolution of the
method directly depends on the resolvable pulse width and on
the obtained time—energy window due to the fact that the time-
of-flight of every arriving photoelectron is equivalent to its
kinetic energy. The detected streaking signal is mostly spread
over roughly 50 ns. Within this time interval several hundreds
of hits in the relevant energy range can be recorded without
leaving the linear amplification regime, ensuring single-shot
spectroscopy. Thus, the number of detected electrons per
unit of time—namely 0.25 ns in bridged Acqiris mode—
acquired in each channel is translated to the recorded voltage.
Under these terms the energy resolution of a single time-of-
flight detector is experimentally determined to lie between
0.75to 1 eV.

APPENDIX E: NORMALIZATION AND TRANSMISSION
CALIBRATION

Since we compare spectra measured by independent detec-
tors, we have to carefully adjust the relative signal strengths.
In case of the normalization of the Auger spectra with respect
to each other, an isotropic emission characteristic of the Auger
electrons is assumed. The most prominent K-LL Auger peak
in unstreaked time-of-flight traces is used as a measure for
the normalization level. For each spectrometer the traces of
2.000 shots from a calibration run are averaged and inte-
grated over a 6 ns-broad time interval around the maximum
of the Auger peak. All spectra of the single TOF detectors
are then normalized to each other by dividing the spectra
by the respective integral values as weighting factors. These
once determined normalization factors are equally applied to
all Auger data sets. A potential energy dependence of the
transmission has been checked, it shows to be flat within
the spectral range of interest. Thus, the usage of one single

45 1000 315
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90 —o 270

135 225

180
e Ne 1s photopeak integral

— fitted angular emission characteristic

FIG. 9. Correction for the angular emission distribution of Ne
1s photoelectrons. Ne 1s peak integral values [blue (gray) dots] for
the individual e-TOF detectors are fitted [green (gray) line] with
the expected dumbbell-shaped angular emission characteristic for
ionization with horizontally polarized x-ray pulses from the Ne 1s
shell. Note the slight tilt of the detector axes with respect to the x-ray
polarization plane, leading to a nonzero signal in the 0° and 180°
TOF detectors.

factor for the whole spectrum for each detector is justified.
For the normalization of the photoelectron data sets one uses
the Ne ls peak for the integration of the signal to get the
normalization weighting factors. The integration window has
a width of 4 ns. The angular distribution of the detected Ne
Is electron counts is dumbbell-shaped with minima at 0°
and 180° and maxima at 90° and 270°. This 8 = 2 emission
anisotropy results from the horizontal, linear polarization of
the FEL beam and the spherical symmetry of the atomic ls
orbital [51]. The emission characteristic of the Ne 1s core
electrons is thus reflected by the scaling factors, as can be seen
in Fig. 9. This is verified by fitting these normalization factors,
calculated via averaged integration over the main photopeak
for each individual e-TOF detector, with the differential cross
section for the angular emission characteristic

B®O) = %{1 —cos[2(60 — B)]} +C,

where 0 is the detection angle and A = 883.7, B = 3.2°, and
C =41.9 are the fitted parameters for amplitude, an angle
offset, and a directional emission shift. Due to good agreement
of the fit to the data, the single detectors are normalized
to each other by division of the single-shot spectra by the
experimentally determined normalization factors in the energy
domain. In the same way as for the Auger data, the determined
normalization factors are equally applied to all Ne 1s data sets.
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APPENDIX F: EXTENDED PROCEDURE FOR THE
DOUBLE-PULSE CHARACTERIZATION

The following procedure is equally applied to both the
Ne 1s and the Auger data sets. As a first step, a standard
peak finding routine using first and second derivatives of
the intensity signal is applied. For a clear division into two
prominent pulses, it is assumed that the signal between two
intensity peaks must drop to at least 5% of its maximum for
at least 2 fs, corresponding to the time covered by the angular
range of one detector. All FEL shots, where more or less than
two prominent peaks are found by the routine, are discarded to
select only those shots that would be most suitable for typical
pump—probe experiments. Nevertheless, the routine indeed
allows shots where one or both pulses consist of more than
a single intensity spike, as long as they are clearly separated.
The edges of both individual pulses must be determined to
reasonably calculate the pulse durations within these bounds
for each pulse. We define the outer edges (rising edge of
the first pulse and the falling edge of the second pulse) of
the double pulses by the value where the peak intensity of
the respective pulse has dropped to less than 5% on each
side of the pulse. Instead of the inner edges of the pulses the
separation position determined is set to the center of the range
between the two pulses, where the intensity stays below 5%
of its maximum for at least 2 fs. The separation between the
individual pulses is defined as the temporal distance of the
centers of mass of both pulses, which is calculated within the
defined bounds of the pulses.

APPENDIX G: REQUIRED COMPUTING TIME AND
COMPUTATIONAL POWER

Initially, the source code for the integration algorithm was
written in MATLAB and optimized concerning performance.
Using the internal MATLAB stopwatch timer for chronom-
etry, the MATLAB routine exhibits a runtime of 58 us per
shot (£ 17 kHz repetition rate) on a standard quad-core
(3.6 GHz) workstation. The runtime measurement basically
comprises solely the single-shot pulse retrieval part of the
algorithm. The coefficients for the energy calibration and the
polarization ellipse as well as the normalization factors for
the detectors have to be statistically determined by averaging
thousands of shots in a calibration run a priori. Therefore,
these parameters are considered as prerequisites for the pulse
shape retrieval and their determination is not included in the
runtime measurement. For obtaining a meaningful value for
an online, single-shot runtime, these calibration parameters
together with the raw time-of-flight data are preloaded in the
main memory. Eventually, the runtime of the routine has been
even further reduced by a translation from MATLAB to a
C code. This C version of the retrieval algorithm achieves
a runtime of 0.47 us per shot, corresponding to a repetition
rate of roughly 2.1 MHz. As a stopwatch for the execution
of the C code the CPU time has been used. Additionally, for
a cross check, the single-shot runtime has been determined
by measuring the runtime for a few thousand shots through
the real-time clock. Both methods delivered comparable
results.

APPENDIX H: PROOF OF CONCEPT—COMPARISON
WITH RESULTS FROM AN ITERATIVE RETRIEVAL

Our here presented fast integration algorithm as well as
the recently published time—energy characterization [30] are
applied to an identical angular streaking Ne 1s data set,
containing a random selection of recorded FEL shots, in order
to provide the single-shot pulse duration and to reconstruct
the temporal pulse substructure. The nominal, averaged pulse
duration of the x-ray FEL pulses is set to about 3.5 fs (rms)
for all the selected shots. The data set contains only FEL
shots that overcome all filter routines mentioned before. Both
algorithms are applied independently to raw data of about
46500 FEL shots. Then, the reconstructed pulse intensity
profiles of the SASE XFEL pulses, as well as the calculated
pulse durations, are comparatively evaluated. For four exem-
plary x-ray pulses, the reconstructions of the integration pulse
characterization algorithm and the established, iterative time—
energy characterization algorithm are comparatively shown
in Figs. 10(a)-10(d). For an even better, more reasonable
comparability, the high-resolution retrieval of the established
time—energy characterization algorithm has been additionally
convoluted with a Gaussian response function corresponding
to a temporal resolution of 3.5 fs. This convolution is applied
in order to reflect the temporal resolution of the integration al-
gorithm. Overall, these results verify our time resolution once
again. Both algorithms reveal very consistent results on the
reconstructed substructure of the individual x-ray pulses com-
posed of SASE spikes of varying number and shape. Also the
respectively calculated pulse durations are very similar. The
good agreement proves the validity of the described fast inte-
gration procedure. For a more detailed evaluation of the simi-
larity of the pulse substructures retrieved by both routines for
the same SASE pulse, additional statistical methods are ap-
plied. The reconstructed intensity profiles from the integration
algorithm have been cross correlated with the convoluted tem-
poral reconstruction of the iterative time—energy retrieval for
each shot in order to optimize the overlap of both pulse shapes
on the time axis within an interval of £ 2.2 fs, corresponding
to the detector spacing. The Pearson correlation coefficient

P(A.B) = 1 i <Ai—MA)<Bi—MB>
N-—-1 P os op

of the two reconstructed intensity profiles A (integration
algorithm) and B (iterative algorithm) is determined for each
shot of the data set. Here 14 and 0,4 are the mean and standard
deviation of A and up and op are the mean and standard
deviation of B, respectively. The according distribution
is displayed in Fig. 10(f). The median of the correlation
coefficient amounts to 0.75, constituting a strong correlation
between the reconstructed pulse shapes. Furthermore, the
distributions of the calculated rms pulse durations, delivered
from both algorithms, are comparatively displayed for all
shots of the data set in Fig. 10(e). Regarding the integration
algorithm, the mean of the rms pulse duration distribution
amounts to 4.4 fs, while the mean value for the iterative
time—energy characterization algorithm is calculated to 3.4 fs.
Both results are close to the nominal, averaged pulse duration
of 3.5 fs, provided by LCLS. The constraints of the temporal
resolution of the integration algorithm are visualized by the
shift of the two distributions to each other.
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