Initial observations of the femtosecond timing
jitter at the European XFEL
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Intense, ultrashort, and high-repetition-rate X-ray pulses,
combined with a femtosecond optical laser, allow pump-
probe experiments with fast data acquisition and femtosec-
ond time resolution. However, the relative timing of the
X-ray pulses and the optical laser pulses can be controlled
only to a level of the intrinsic error of the instrument which,
without characterization, limits the time resolution of ex-
periments. This limitation inevitably calls for a precise de-
termination of the relative arrival time, which can be used
after measurement for sorting and tagging the experimental
data to a much finer resolution than it can be controlled to.
The observed root-mean-square timing jitter between the
X-ray and the optical laser at the SPB/SFX instrument at
European XFEL was 308 fs. This first measurement of timing
jitter at the European XFEL provides an important step in
realizing ultrafast experiments at this novel X-ray source.
A method for determining the change in the complex refrac-
tive index of samples is also presented.

Ultrashort, ultrabright X-ray pulses provided by novel X-ray free
electron laser (XFEL) facilities are enabling new studies in the
chemical, physical, and biological sciences. The ultrabright
pulses allow the study of weakly scattering objects such as single
particles [1-3] and sub-micrometer sized crystals [4] free of ra-
diation damage [5] from the nanometer down to the atomic
scale. Very recently, megahertz data collection became feasible
[6,7]. The ultrashort pulse duration also allows time-resolved

experiments on the timescale of atomic motions [8,9], one of
the primary motivations for XFELs. The time-resolved optical
laser pump/X-ray probe technique is a well-established experi-
mental method and is becoming a common tool for investigating
ultrafast dynamics of protein molecules [10—14]. For this class of
experiments, femtosecond timing accuracy over the whole
period of data collection is crucial to their success. Current
XFEL sources generate pulses with durations down to a few fem-
toseconds [15,16]. However, the shot-to-shot timing jitter of the
pump-probe (PP) delay of a few tens to hundreds of femtosec-
onds can corrupt any benefit of using ultrashort pulse durations
if this jitter is not correctly characterized for each pulse. At hard
XFEL facilities, this timing jitter has been thoroughly investi-
gated, the Linac Coherent Light Source reports timing jitter bet-
ter than 118.9 fs root-mean-square (RMS) [280 fs in full width
at half-maximum (FWHM)] [17], the SPring-8 Angstrom
Compact Free Electron Laser (SACLA) measured a timing jitter
0f256 fs RMS (603 fs FWHM) [18], and the X-ray free-electron
laser at the Pohang Accelerator Laboratory reports timing jitter
0f24.7 s RMS (58.2 fs FWHM) [19]. The intrinsic timing jitter
of the X-ray beam is mainly due to the nature of non-seeded self-
amplified spontaneous emission (SASE) in the accelerator
[20,21]. Accelerator sub-components and synchronization sys-
tems also contribute to the timing jitter and can introduce long-
term drift [18,22]. Therefore, the major experimental challenge
in achieving femtosecond timing resolution is to remove the
effects of timing jitter over multiple timescales [23-25].

The most promising solution is the development of in situ
methods to measure the relative delays [26-29] and “time tag”
each pulse. This method is becoming a key part of time-resolved
experiments and uses a “measure-and-sort” approach, where the



relative delay time of each pulse is measured and used to sort the
data in time with demonstrated sub-femtosecond accuracy [30].

This Letter reports on the first measurement of the PP timing
jitter of the SASE-1 branch of the European XFEL (EuXFEL)
[31] using the spectral encoding method [26,32]. The results
show a timing jitter of 308 fs RMS with uncertaintdes of 36 fs
accuracy with the current RF synchronization system. We fur-
ther demonstrate that the X-ray induced modulation in the
complex refractive index of a material can be determined using
a space-shifted implementation of spectral interferometry [33] by
inserting a Mach—Zehnder interferometer (MZI) into the spec-
tral encoding setup.

These measurements were conducted at the Single Par-
ticles, Clusters, and Biomolecules and Serial Femtosecond
Crystallography (SPB/SFX) instrument [34], at the SASE-1
branch at the EuXFEL. The spectral encoding setup (Fig. 1)
was mounted downstream of the primary SPB/SFX interaction
region. The spectral encoding technique uses a linearly chirped
optical laser pulse which spatially and temporally overlaps the
XFEL pulse at the sample position. Different spectral compo-
nents of the chirped optical pulse arrive at the sample at different
times, providing a direct mapping of wavelength to time. The
interaction of an X-ray pulse with the sample leads to a change
of its optical properties, a sharp jump in the optical spectrum at
the relative time of arrival. The XFEL beam was operated at a
photon energy of 10.5 keV with a pulse energy of approximately
800 pJ and duration of 50 fs. The beam was focused by a stack of
beryllium compound refractive lenses after passing through a
1 mm thick silicon attenuator. The sample for the spectral encod-
ing was positioned downstream of the focus where the X-ray
beam diameter was 200 pm. The 800 nm, 15 fs pulse provided
by the EuXFEL central PP laser system [35] was chirped by a
200 mm Schwerflintglas 57 (SF57) rod to obtain a total time
window of 12.7 ps in 1/¢* and wavelength envelope of 765—
845 nm in FWHM. The diameter of the optical laser beam
on the sample was 400 pm in FWHM and was nearly collinear
with the X-ray beam. By using a probe with a larger footprint on
the sample than that of the X-ray pump, the measurement is in-
sensitive to the pointing jitter of the XFEL beam. The change
in probe transmission through the sample was measured by a
Shamrock 193i imaging spectrometer (Andor Technology Ltd.)
with a 600 line/mm diffraction grating that was equipped with a
6.5 pm pixel, cooled sCMOS 16 bit camera (Photonic Science
Ltd.). The spectrometer was measured to have a wavelength cal-
ibration of 0.043 nm per pixel corresponding to a pixel to time
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Fig. 1.  Spectral encoding setup with the MZI. The optical laser pulse
was chirped using 200 mm of Schwerflintglas 57 (SF57), and temporally
and spatially overlapped with the X-ray pulse at the sample position.

mapping of 6.6 fs/pixel. The width of the camera sensor, 1920
pixels, yielded a total time window of approximately 13 ps.
Throughout the experiment, the train rate of both the XFEL
and the optical laser were set to 10 Hz with a single pulse per
train. The PP laser seed oscillator was synchronized to the
EuXFEL mode-locked master laser oscillator (MLO), which is
again phase-locked to the RF Master Oscillator. The synchroni-
zation of the PP laser to the optical reference is based on a phase-
locked loop type phase-detection scheme at the 25th harmonic
(1354 MHz) of the oscillator repetition rate with a measured in-
loop jitter of <30 fs RMS. Once combined with the all-optical
two-color balanced optical cross-correlational scheme to precisely
measure the timing error between the seed oscillator and the
MLO, the relative timing jitter and drift will be reduced substan-
tially with a goal of 10 fs RMS [36] in the near future.

Spectral interferometry is a well-known optical technique
for retrieving the phase and amplitude of an unknown electric
field in the femtosecond time domain [33]. An MZI was in-
serted into the spectral encoding path after the sample. The
two arms of the MZI were shifted and tilted to obtain fringes
in the spatial domain such that two different regions of the in-
cident optical pulse were interfered, one region from the un-
perturbed part of the sample and one from the perturbed
part. The resulting two-dimensional interferogram consists
of one spatial dimension and one spectral dimension. As de-
scribed by Geindre ez al. [33], the spectral power (and, hence,
the amplitude) is obtained along the spectral dimension and the
probe phase from the spatial dimension. Hence, the change in
the amplitude of the optical probe is still encoded in the spec-
tral domain, as with the spectral encoding method, but now the
change in phase is additionally encoded in the spatial domain
by using the MZI. The spectral encoding method requires a
reference measurement from the unperturbed sample to calcu-
late the relative change in transmission; in contrast to using
spectral interferometry, the change in phase is a single shot mea-
surement, and no reference is required. Hence, the change in
the sample’s complex refractive index induced by each individ-
ual XFEL shot is observed as a modulation in both the ampli-
tude and phase of the optical probe.

The sample was 10 pm thick Gd, gLag,FesO1, gadolinium
iron garnet (GIG) on a (GdCa);(GaMgZr)sO1, gadolinium
gallium garnet (GGG) substrate. The GIG sample has a large
(~74%) X-ray absorption at the photon energy of 10.5 keV.

First, the spectral encoding method (without the MZI) was
used to measure the PP timing jitter. The relative change in op-
tical transmission, A 7°(¢), of the sample, as a function of time, ¢,
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spectral intensities at the X-ray pumped and unpumped areas,
respectively. These one-dimensional spectra were obtained by
summing across a region of 60 pixels through the center of
the X-ray pumped region (with constant time, #). To account
for shot-to-shot variation in optical pulse intensity and spectrum,
large numbers of reference pulses were measured. The cross-
correlation between each individual S, and S, was calculated

is defined as and S, are the transmitted

Slg
from a region of the spectra that was unpumped by the X-ray
beam. The transmission change, A 7°(#), was calculated using the
reference signal S,.¢ which had the highest cross-correlation with
a given Sg,. To determine the relative arrival time of each pulse,
the change in sample transmission was modeled in terms of the
maximum transmission change A7, the effective Gaussian



pulse shape centered at time 7, with width 7; and exponential
decay of 7, [30]:

AT t -t t -t
AT(z) = 5 {erf(rlﬁ>+l] exp <— - >, (1)

where erf is the error function. The relative time of arrival,
change in transmission, width, and decay were determined by
the fitting equation (1) to the transmission change calculated
for 2045 individual X-ray pulses. To eliminate abnormal shots
in the pump or probe beams or misfits from the subsequent
analysis, the pulses with a change in transmission of less than
10% were excluded. This resulted in a subset of 2028 individual
pulses. Figure 2(a) shows an example of the measured reference
and signal spectra. The relative transmission change is also shown
with the corresponding model fit. After determining the relative
arrival time (#;) of each X-ray pulse with respect to the corre-
sponding optical probe, the data were sorted by the relative delay,
as shown in Fig. 2(b). The arrival-time jitter measured with the
spectral encoding method was 308 fs in RMS (724 fs FWHM)
with an uncertainty of 36 fs, calculated from the variance of the
fic parameters. The change in transmission was relatively unaf-
fected by pulse energy fluctuations of the incident X-ray beam, as
shown in Fig. 2(c).

The MZI was then inserted into the optical path downstream
of the sample, as shown in Fig. 1; the spatial fringes obtained can
be seen in Fig. 3(b). The resulting two-dimensional interfero-
gram consists of one spatial dimension [vertical in Fig. 3(b)]
and one spectral dimension [horizontal in Fig. 3(b)]. The
method to determine the relative change in transmission of
the sample has been described above and follows the same pro-
cess (in the spectral domain). The change in phase of the broad-
band spectrum was determined by taking the one-dimensional
Fourier transform of the interferogram for each wavelength (i.e.,
of the spatial domain) and isolating one of the lateral peaks that
lie around #=27/d, where d is the unperturbed interfringe dis-
tance, then calculating the phase of this frequency component.
The result is a vector of phase angles as a function of probe
wavelength (time).

For the GIG sample, the phase (as a function of wavelength)
shows similar behavior to the change in transmission where there
is a large step-like change induced by the XFEL pulse. Figure 4
shows an example of the transmission and phase change for a
single pulse, as well as the phase measured without X-rays.
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Fig. 2. (a) Example of transmitted single shot spectra. The signal
(with X-rays), reference (no X-rays), and the relative transmission
and corresponding fit are all shown. The black circle indicates the arrival
time. (b) Spectra for 2028 single shots ordered by #j. The black trace
indicates the arrival time, #;. (c) Transmission change with X-ray inten-
sity; the left abscissa shows the number of occurrences in each given
X-ray shot energy range. The data points correspond to the right abscissa
and show the mean change in sample transmission as a function of shot
energy (measured upstream of the Si attenuator by an X-ray gas mon-
itor). The error bars are given as a standard deviation.

a) & 200 10
=)
g 0.8
g 100 =
E 06 &
a9} 0 R=1
b E
) % 200 04
g =
Z 100 0.2
2
£ 0 0.0

6 -3 0 3
Nominal delay (ps)

Fig. 3. (a) Single shot image from the spectral encoding which
shows the amplitude only. (b) Image from the spectral encoding with
MZI, which shows both the amplitude and phase shift (by fringes).
In both images, the change induced by the XFEL pulse can be found
at the nominal delay of 0 ps.

The phase measured without X-rays is approximately constant
in this region of the optical spectrum. The same fitting pro-
cedure was applied to the phase shift and used to determine
to. Figure 4 also shows the difference in 7, as determined from
the amplitude and phase. In all cases, #, is defined as the time
when the signal has changed by a factor of 1 /¢? of the edge height
(AT ). For the setup without the MZI, the edge width, 7;,
had a mean value of 341 fs with a standard deviation of
45 fs. For the MZI setup, 7, for the intensity had a mean of
311 fs and a standard deviation of 41 fs and, for the phase
change, the edge width was 149 fs with a standard deviation
of 37 fs. The faster response of the phase with respect to the
intensity can be utilized to increase the accuracy of the jitter mea-
surement by using an MZI with the spectral encoding method.

The MZI setup provides a more thorough measurement of
the change in the refractive index of the sample. Shown in
Fig. 4(e) is a comparison of the arrival time determined by
the change in transmission and phase of the optical probe.
There is a varying difference between the two, up to 150 fs
in some cases, though we expect that this method will be more
robust to mechanical instabilities than the standard spectral
encoding method, and further testing is required. The unique
intensity distribution of each XFEL pulse could be partially
responsible for the difference in response time on timescales
smaller than the XFEL pulse duration (i.e., 1-10 fs) and is cur-
rently under investigation.
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Fig. 4. (a) Relative transmission change for a single shot measured
with the MZI setup. The data in (a) and (d) correspond to the same
XFEL pulse. The spectra for 450 single shots ordered by time-
of-arrival, 7, using the change in (b) transmission and (c) phase.
(d) Phase determined from the interferogram; shown is the phase mea-
sured without X-rays and the phase change induced by an XFEL pulse
and the corresponding fit. (e) Histogram of the difference in the arrival
time determined with both methods. The black circle in (a) and (d) in-
dicates the arrival time, #y, as determined from the fitting analysis.



This initial jitter measurement with time resolution of
36 fs is not an intrinsic limit and can be improved by increasing
the spectrometer magnification and decreasing the temporal
chirp of the optical pulse (i.e., shorter pulse duration). Future
planned experiments aim to collect higher time resolution data
and develop a femtosecond-scale timing tool at the EuXFEL.
Stabilization of optical beam transport components and the up-
grade from RF to active optical synchronization in the near fu-
ture is expected to significantly improve the timing jitter.

We have measured the PP timing jitter at the SASE 1 branch
of the EuXFEL using the spectral encoding method. The tim-
ing jitter was measured to be 308 fs RMS, and with 724 fs
FWHM with 36 fs uncertainty, which is comparable to other
XFEL facilities using RF synchronization. The jitter between
optical and X-ray pulses originates from multiple sources,
particularly the 30 m long optical path, vibration in the instru-
ments, temperature, and humidity instability in the SPB/SEX
X-ray hutch. Optical synchronization of the PP laser will
be available shortly, and the instrument timing jitter will be
re-evaluated using the methods described in this Letter.
Similarly, other potential jitter sources will be investigated.
Future work will explore the timing jitter using multiple pulses
per train and the development of a megahertz timing tool. We
demonstrated that the detrimental effects of timing jitter at the
EuXFEL can be mitigated by using a “measure and sort” ap-
proach. We further demonstrated how incorporating an MZI
within the spectral encoding setup can be used to determine the
change in the complex refractive index of a sample induced by
an XFEL pulse on femtosecond timescales. This provides a
complementary way to measure the relative delay time by si-
multaneously measuring the change in the amplitude and phase
of the optical probe. This method also provides more flexibility
in terms of sample choice, as now the complete change in the
complex refractive index can be determined without needing a
reference measurement. In principle, a material could be se-
lected where two different properties of each XFEL shot are
encoded in the phase and amplitude such as time of arrival
and intensity distribution. With higher magnification and,
by using a shorter time-of-arrival window, femtosecond-scale
timing monitoring will be possible and provided for future ex-
periments as a timing correction tool. We also expect this
method to provide useful validation for theoretical studies of
the response of materials to XFEL pulses using the known
amplitude and phase information.
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