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Self-synchronized and cost-effective time-resolved measurements at x-ray free-electron lasers with
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X-ray free-electron lasers (XFELs), with pulse durations of a few tens of femtoseconds or shorter, are
cutting-edge instruments capable of observing structure and dynamics at the atomic scale. Temporal diagnostics
are challenging but of fundamental importance for XFEL performance and experiments. In this paper, we
demonstrate a method to characterize on a single-shot basis the temporal profile of both the electron beam
and the XFEL radiation with femtosecond resolution. The approach consists in streaking the electron beam
after the undulator using the wakefields of a corrugated structure. Its merits are arrival time stability and
cost-effectiveness. Our method allows access to self-synchronized femtosecond diagnostics to any XFEL facility
at low cost.
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I. INTRODUCTION

Exploration of matter and its dynamics on subnanometer
space and subfemtosecond timescales has become possible by
recent progress in x-ray free-electron lasers (XFELs) [1–10].
Identifying the temporal power profile of the XFEL radiation
on a shot-to-shot basis is of great importance for user experi-
ments as well as for setup and optimization purposes.

There are different approaches to characterize the
XFEL temporal properties. Direct methods based on
terahertz/infrared streaking have successfully been demon-
strated [11–15] but are extremely challenging, especially for
hard x rays due to their weak interaction with matter. Other
direct techniques using an optical laser are cross-correlation
[16,17] and interferometry [18,19]. A simpler option is to
reconstruct the pulse duration from FEL spectral information
[20,21]. This indirect method estimates the pulse duration but
does not reveal detailed time-resolved information.

Another indirect approach is based on measuring the elec-
tron beam. The FEL process results in an average energy loss
and an energy spread increase of the lasing parts or slices of
the beam. Therefore, comparing the longitudinal phase space
of the electrons (i.e., the energy properties as a function of
time) with and without lasing condition allows the retrieval
of the temporal profile of the x rays. The longitudinal phase
space is reconstructed by measuring the transverse beam dis-
tribution: the time information is obtained by streaking the
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beam (i.e., imposing a time-dependent kick) in one trans-
verse plane after the undulator, while the energy properties
are accessible via dispersion in the other transverse direction.
This method has been demonstrated at the Linac Coherent
Light Source (LCLS) [22] using an X -band (∼12 GHz) radio-
frequency (rf) transverse deflector (TD) for streaking. TDs are
routinely used in linear accelerators for temporal diagnostics
of electron beams [22–31].

In this paper, we demonstrate the single-shot temporal
power profile measurement of XFEL pulses with femtosec-
ond resolution by using a post-undulator passive wakefield
streaker instead of a TD. An electron beam traveling off axis
through such a device excites transverse wakefields, resulting
in a time-dependent kick that streaks the electron beam. We
use a metallic corrugated structure [32,33], but one could
also employ a dielectric structure [34,35] for this task. The
experiments were carried out at SwissFEL [10].

Our procedure based on passive streaking has two main ad-
vantages in comparison to the TD approach. First, the passive
streaking method is self-synchronized, thus stable in terms of
arrival time jitter. By contrast, the time jitter is an important
limitation of TD-based measurements and requires exquisite
synchronization between the beam arrival time and the driving
rf phase. Second, the passive system is much less complex and
the hardware and operational costs are substantially reduced.
As an example, the C-band (∼6 GHz) system used at Swiss-
FEL [28] costs ∼2.4 one million (1e6) Swiss Franc and its
maximum power consumption is 75 kW, while the corrugated
structure used for the experiments presented here cost ∼110
one thousand (1e3) Swiss Francs and consumes no power.

The passive streaking method has, however, some draw-
backs in comparison to the TD. The streaking is nonlinear,
resulting in a nonconstant resolution along the bunch, where
the bunch head cannot be fully resolved. The nonlinear streak-
ing requires a complex algorithm to retrieve the relation

2643-1564/2022/4(1)/013017(7) 013017-1 Published by the American Physical Society

https://orcid.org/0000-0003-3200-7824
https://orcid.org/0000-0001-8195-6773
https://orcid.org/0000-0002-2701-538X
https://orcid.org/0000-0003-4174-1924
https://orcid.org/0000-0002-7065-7417
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.4.013017&domain=pdf&date_stamp=2022-01-07
https://doi.org/10.1103/PhysRevResearch.4.013017
https://creativecommons.org/licenses/by/4.0/


PHILIPP DIJKSTAL et al. PHYSICAL REVIEW RESEARCH 4, 013017 (2022)

Undulator 

Passive 
streaker 

Vertical
dipole 

YAG
 screen

Beam 
dump

X rays

Electron
beam 

(a) (b)

FIG. 1. (a) Layout of the post-undulator electron and photon
beam diagnostics with a corrugated passive structure. (b) Schematic
of the geometry of the structure (not to scale) with parameters total
length L = 1 m, plate width w = 40 mm, corrugation depth δ = 250
μm, and period p = 500 μm, longitudinal gap b = 250 μm, and
variable gap g � 28 mm. The horizontal position of the streaker cen-
ter (relative to the beam) c and the gap define the distance between
the beam and the plate: d = g/2 − c.

between the time and transverse coordinates of the beam.
Furthermore, the streaking strength is sensitive to structure
tilts and orbit jitter [36], although the latter can be accounted
for by measuring the electron beam trajectory with standard
diagnostics.

The utilization of passive structures to reconstruct the
temporal properties of electron beams was proposed and
demonstrated with a dielectric device at a relatively low beam
energy (140 MeV) and ∼10 fs resolution [37], and later with
a corrugated structure with a similar beam energy (70 MeV)
[38]. Here we further advance the method, demonstrating
its capability to measure electron beams at higher energies
(6 GeV) with femtosecond resolution, and, most importantly,
showing that it can be used to obtain the temporal profile
of XFEL pulses. The wakefields of passive structures have
found other applications in XFEL facilities, such as tailoring
the energy chirp of electron beams [35,39,40], streaking the
electron beam upstream of the undulator to produce short and
high-power XFEL radiation [41], and generating two-color
XFEL pulses [42].

Figure 1 shows a sketch of the experimental setup and the
geometry of the corrugated structure. The 1-m aluminum de-
vice consists of two horizontally movable plates with vertical
corrugation. Stepper motors (one for each plate) control the
gap and the relative offset of the streaker with submicrome-
ter precision. For the measurements presented here, the gap
g was set to 10 mm. After being streaked horizontally, the
electron beam is observed with a scintillator screen [43] at the
dump, a location with vertical dispersion, thus allowing the
measurement of the longitudinal phase space of the electrons.
A C-band TD located upstream of the undulator is used to
benchmark the current profile reconstruction with the passive
streaker.

II. RECONSTRUCTION OF THE ELECTRON BEAM
CURRENT PROFILE

The single-particle wakefields [33] describe the action of a
leading particle on a trailing electron through interaction with
the streaker plates. They can be computed from the param-
eters shown in Fig. 1(b). Longitudinal wakefields affect the
beam energy, whereas transverse wakefields change the beam
trajectory. The transverse wakefield model includes dipole and

quadrupole components, resulting in streaking and defocusing
effects, respectively.

The time-dependent kick �x′(t ) imposed by the pas-
sive streaker is found numerically as a convolution of the
single-particle wakefield and the electron beam current dis-
tribution I (t ). After the streaker, �x′(t ) is converted to a
time-dependent horizontal position change on the screen
�x(t ) = R12�x′(t ), where R12 is the linear beam transport
matrix element between the streaker and the screen.

The reconstruction of the current profile, I (t ), from the hor-
izontal distribution at the screen, ρ(x), is an implicit problem,
as the streaking depends on I (t ) itself, and calls for a multistep
procedure. We apply the following algorithm:

(1) Calculate �x′(t ) assuming a Gaussian current profile
with rms (root mean square) duration σ .

(2) Obtain �x(t ), invert it to get t (x), and transform ρ(x)
to obtain an intermediate reconstructed current I∗

R (t ).
(3) Repeat steps 1 and 2 using I∗

R (t ) for an improved wake-
field estimation, and obtain the final reconstructed current
IR(t ) (for a given σ ).

(4) Forward propagate IR(t ) to get the final reconstructed
horizontal projection ρR(x):

(a) Randomly generate three-dimensional macroparticles
(x, x′, t), where the t distribution follows IR, and where the
x, x′ distributions are Gaussian and follow the assumed trans-
verse beam optics and emittance.

(b) Apply �x′(t ) at the streaker and propagate the beam
to the screen to obtain the reconstructed screen distribution
ρR(x).

(5) Repeat steps 1–4 for different σ , and select IR(t ) for
which the weighted average 〈x〉ρR (the reconstructed beam
centroid) is in best agreement with the measured 〈x〉ρ .

For the forward propagation [step (4)], the beam is rep-
resented as a distribution with 105 macroparticles in x, x′, t
coordinates. The streaker is modeled as two drift spaces of
half length, with the x′ coordinates being changed in between
according to the transverse dipole wake potential. Linear
beam transport matrices are used to represent all other el-
ements between the passive streaker and the beam screen.
For backward propagation, only the horizontal coordinate x
is used, which is then converted to t . The current profile
(after backward propagation) and transverse charge distri-
butions (after forward propagation) are obtained by taking
the histograms in the respective coordinates, t or x. For the
procedure, only the linear beam transport matrix between the
passive streaker and the screen is required.

The beam orbit and bunch duration jitters at the streaker
location cause a difference in streaking strength between
shots. In our case, according to our TD measurements, the
orbit variation is dominant over the bunch duration jitter. To
overcome this jitter effect we take multiple images for the
same streaking configuration and perform the analysis only
for the image with the median value of 〈x〉ρ . A better way
to correct for jitter (not yet attempted) would be based on
measuring the electron beam trajectory on a shot-to-shot basis
with beam-position monitors. The calculations only include
the dipole wakefield component, since the quadrupole term
depends on the horizontal particle coordinates at the streaker
location, and thus cannot easily be accounted for in the second
step of the above procedure.
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FIG. 2. Reconstruction of electron beam current profile. (a),(b) Single-shot images of unstreaked and streaked electron beams. (c) TD
measured profile (black) and reconstructed profiles for different initial Gaussian distributions IR (color). The current profile reconstruction
algorithm converges at the orange profile. (d) Measured horizontal image projection ρ (black) and forward propagated ρR (color) corresponding
to the profiles IR in (c). (e) Measured (solid) and reconstructed (dashed) image projections for different positions of the passive streaker. (f)
Reconstructed current profiles corresponding to the horizontal projections in (e). For comparison, the TD measured profile is shown in black.
(g) Reconstructed electron bunch durations for different streaker positions (horizontal axis) and under different gap corrections (solid), with
linear fits (dashed). (h) Calculated time resolution of the passive streaker, using the TD measured time profile (black, arb. units), for two
different gaps, with (solid) and without (dotted) quadrupole field effects. See text for further details.

Our algorithm is very sensitive to the distance between the
beam and the plate d . A wrong assumption on d will result
in a reconstructed current profile of wrong duration despite
good agreement in the horizontal projections. Therefore, the
gap and the structure center position need to be well known.
We find the structure center by measuring the electron beam
centroids at the screen for different streaker positions [44].
To calibrate the gap we exploit the condition that the recon-
structed current profile should not significantly change when
the streaker center position is varied within certain limits.

Following the above strategy, we have demonstrated the
current profile reconstruction of bunches with 180 pC charge
and 6 GeV beam energy at SwissFEL (see Fig. 2). The hor-
izontal phase advance between the streaker center and the
screen was set to 62◦. Single-shot images are shown without
(a) and with (b) streaking. The transverse streaker wakefields
spread the beam horizontally, while the longitudinal wake-
fields cause an energy loss along the bunch, manifest on the
vertical screen axis. The unstreaked and streaked horizontal
rms beam sizes are ∼75 and ∼700 μm, respectively, cor-
responding to a streaking factor of about 10. The distance
between the beam and the streaker plate is 231 μm in the
example of Fig. 2(b).

Plots (c) and (d) illustrate the current profile reconstruction
for the image in (b). Some current profiles (IR) and screen
projections (ρR) of the algorithm discussed above are shown
for values of σ ranging between 7 and 75 fs. The algorithm
converges to a current profile with an rms pulse duration of 18
fs, which is very similar to the profile obtained from an inde-

pendent TD measurement performed immediately afterwards
under the same machine settings (c). The measured screen
projection agrees well with the final computed distribution (d).

The following plots contain screen distributions (e) and
current profiles (f) for three different distances between beam
and plate (231, 263, 294 μm). Again we find good agreement
between the measured and forward propagated horizontal
beam projections at the screen, as well as between the current
profiles measured with the TD and with the passive streaker.

The streaker gap calibration is shown in Fig. 2(g): After
measuring current profiles at eight different streaker positions,
giving streaking factors between 2.8 and 9.0, and reconstruct-
ing the corresponding bunch durations assuming different gap
values, we identify the most probable gap value as the one
that minimizes the linear correlation between rms bunch du-
rations and streaker positions. If no gap correction is applied
(�g = 0) the measurements indicate a clear correlation be-
tween reconstructed bunch durations and streaker positions, as
well as an overestimation of the bunch duration in comparison
to the TD measurement. Our calibration procedure indicates a
gap reduction of 57 μm, which is used for all other results pre-
sented here. (A reduction of the geometrical gap by ∼100 μm
was found in previous studies for similar corrugated structures
[44].) The statistical error in rms duration of the reconstructed
profiles for different streaker positions (using the corrected
gap) is ∼1 fs.

Figure 2(h) shows the estimated time resolution [45] of the
reconstructed current profiles for two distances to the plate
(294 and 231 μm), with and without quadrupole field effects.
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FIG. 3. FEL power profile reconstruction. Top and middle row: Longitudinal electron beam phase-space distributions with lasing off (top)
and lasing on (middle) for different machine configurations: standard mode (a),(d), two-pulse mode (b),(e) and short-pulse mode (c),(f). The
average pulse energies (E ) and the distances between beam and streaker plate (d) are indicated at the top. The rms widths around the slice
centroids are shown in blue. The projections onto both axes are shown in green. Bottom row: reconstructed average FEL power profiles (black)
and single-shot examples (color) for standard mode (g), two-pulse mode (h), and short-pulse mode (i).

The resolution is calculated from a forward propagation of the
TD measured profile [see step (4) of the algorithm above]. The
quadrupole effects are highly sensitive to the transverse beam
size at the passive streaker location. We estimate the beam size
to be 11 μm at the streaker from design optics and assuming
an emittance of 200 nm, consistent with the measurements
presented in [46]. The estimated resolution is below 2 fs for
most of the bunch when only considering the dipole field com-
ponent, and between 2 and 3 fs when including quadrupole
wakefield effects. Future studies to improve the resolution will
focus on optimizing the beam optics, as suggested in [45].

III. RECONSTRUCTION OF THE FEL POWER PROFILE

Having demonstrated the ability to retrieve the electron
beam current profile, we proceed with the reconstruction of
the FEL power profile P(t ). It can be obtained from lon-
gitudinal electron beam phase-space measurements in two
different ways. First using P(t ) = �E (t )I (t )/e, where �E is
the slice energy loss due to lasing, and e the electron charge.
Second from the changes in the slice energy spread between
lasing-on (σon) and lasing-off conditions (σoff), according to
P(t ) ∝ [σon(t )2 − σoff(t )2]I (t )2/3 [22,47]. The absolute pulse
energy calibration required for the second method can be
obtained by integration of the power profile using the first
approach, or by an independent photon pulse energy mea-

surement. The first method is sensitive to central beam energy
and energy chirp jitter, significant in our setup, hence we only
show the relatively more robust approach based on the slice
energy spread. We suppress lasing by slightly detuning the
field strengths of the undulator modules, which is sufficient to
stop the FEL process while maintaining equivalent optics and
impact of the undulator wakefields on the electron beam.

The longitudinal phase space is obtained from camera im-
ages by inversion of the nonlinear x(t ) relation as described
above, and by using the dispersion function to convert the
vertical coordinate y to beam energy �E . We then divide
the phase space into temporal slices, and calculate the rms
energy spread for those slices with sufficient contrast for a
stable result (typical cutoff at around 20% of the maximum
intensity). Single-shot power profiles are calculated using the
corresponding lasing-on phase space and the average phase-
space properties of the lasing-off configuration.

As mentioned earlier, horizontal trajectory jitter at the
streaker location causes a significant difference in streaking
strength between shots, and needs correction. We perform
a current profile reconstruction for each horizontal image
projection ρ(x) and define the profile I (t ) belonging to the
median value of 〈x〉ρ as being valid for all shots. The differ-
ences in 〈x〉ρ between shots are attributed to orbit jitter, and
are used to fit corrections of the beam position. The wakefields
required for the transformation of x to t are obtained using
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the updated beam positions. The corrections for the examples
shown later are usually between ±10 μm and compensate
differences in measured rms beam size of about ±10% (full
width in both cases).

We demonstrate the FEL power profile reconstruction for
three different operation modes achieved at a photon energy of
11.3 keV: (1) standard mode with maximum pulse energy; (2)
double-pulse operation using a second-order horizontal beam
tilt induced with a sextupole magnet [48]; and (3) short-pulse
operation using a vertical beam tilt induced with a passive
wakefield device installed upstream of the undulator [41]. In
our analysis of cases 2 and 3 we assume that the wakefield
model [33] holds for transversely tilted electron beams.

The results are displayed in Fig. 3. The upper and middle
plots depict reconstructed single-shot longitudinal phase-
space distributions for lasing-off and lasing-on conditions. A
visual comparison of the images clearly shows that lasing
slices lose energy and exhibit an increased energy spread.
The average FEL power profile over 20 measurements and
a few single-shot examples are shown for each setting. The
error bars of the average power profile correspond to the
statistical uncertainties from all corresponding single-shot
power profiles. We determine the calibration factor required
for Pσ (t ) from the average power profile for the full lasing
configuration, and the corresponding average pulse energy
measured with a gas detector monitor [49]. This calibra-
tion is then applied to the individual power profiles for all
configurations.

The standard mode (Fig. 3, left) exhibits an average pulse
energy of approximately 625 μJ, and an rms pulse duration
of 13 fs, as measured with our method. In the double-pulse
mode the rms pulse durations, obtained from Gaussian fits,
are about 3.3 fs and 3.6 fs, with a separation of about 35 fs
in between. The duration of the FEL pulse in the short-pulse
mode (Fig. 3 right) is about 2.8 fs. The reconstructed pulse

durations for the double- and short-pulse cases are close to
the calculated resolution shown in Fig. 2(h). In both special
modes, undesired lasing from other parts of the bunch is well
suppressed.

IV. CONCLUSIONS

In conclusion, we have demonstrated a method to measure
the electron beam current distribution and the FEL radiation
power profile with femtosecond resolution and single-shot ca-
pability. The approach is based on streaking the electron beam
after the undulator beam line using the wakefields of a corru-
gated structure, and does not require calibration by means of
an independent bunch-profile measurement. In comparison to
the established method based on a TD, the advantages of our
approach are robustness against arrival-time jitter and cost.
The method can readily be implemented at any XFEL beam
line by installing a corrugated or dielectric streaker down-
stream from the undulator section. The acquired shot-to-shot
information on the FEL power profile not only expedites setup
and optimization of the FEL performance, but may also be of
considerable benefit to user experiments.

The raw data used for Figs. 2 and 3 is provided in Ref. [50].
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