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We report the observation of transverse intensity fluctuations—spikes—in synchrotron radiation from a
single undulator cell at the European XFEL after monochromatization. Autocorrelation analysis of the
recorded events confirms that these fluctuations originate from the partial transverse coherence of the
radiation. By calculating the second-order autocorrelation function, we determined the averaged transverse
slice size of the electron beam along the SASE1 undulator. The measurements were performed with
5.49 keV x-ray photons using a commissioning silicon monochromator with (111) Bragg reflection and an
x-ray imager. This technique enables undulator cell-by-cell diagnostics of the transverse electron beam size
at free-electron laser facilities.
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Stochastic radiation sources produce randomly fluctuat-
ing field distributions, with fluctuation scales set by
coherence length and time. However, the direct observation
of these fluctuations is often challenging. For example, the
extremely short coherence time of broadband visible
thermal radiation makes direct detection of these field
fluctuations virtually impossible. Even for well-studied
sources like sunlight, coherence properties remain not
completely explored [1], with significant advances only
recently achieved, such as for example the first direct
measurement of sunlight spatial coherence [2]. These
studies emphasize the difficulty of characterizing stochastic
radiation, even for ubiquitous sources.
A particularly notable case of stochastic radiation is

found in free-electron lasers (FELs), where self-amplified
spontaneous emission (SASE) exhibits thermal-source-like
behavior in the linear regime of FEL operation [3,4]. SASE
radiation is characterized by stochastic “spikes” originating
from shot noise in the electron beam [4–6]. However, due to

the transverse mode selection mechanism during the FEL
process, these spikes are only associated to the time-
frequency domain. These spikes are routinely observed
with spectrometers of SASE FEL facilities, for example
[7,8], as well as simulated numerically [9].
Fundamentally, SASE originates from synchrotron radi-

ation and inherits its statistical properties while undergoing
amplification and bandwidth narrowing. Synchrotron radi-
ation, despite its apparent “stability,” also exhibits fluctu-
ating fields, both temporally and transversely across the
radiation pulse. In storage rings, the longer electron
bunches—compared to those in linear accelerators—make
the direct measurement of intensity fluctuations particularly
challenging, requiring high-resolution monochromators
[10,11]. However, at linear accelerators, the bunch duration
is shorter by an order of magnitude, so one may expect to
observe fluctuating field distributions (spikes) in synchro-
tron radiation in the transverse domain, even when using
conventional monochromators.
Typically, the coherence time of radiation from a single

electron and its transverse virtual source size are smaller
than the corresponding electron beam dimensions. In this
case, synchrotron radiation at its source—the undulator—
effectively imprints the six-dimensional phase-space dis-
tribution of the electron beam to the synchrotron radiation.
The transformation of the coherence properties between
Fourier domains are governed by the generalized Wiener-
Khinchin theorem [12,13] for quasistationary sources in the
longitudinal domain and by the generalized [14,15] Van
Cittert–Zernike theorem [16,17] in the transverse domain.
So, these field fluctuations—spikes—encode information
about the electron beam transverse size and duration
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following these theorems. Namely this was used in the
iconical experiment [18,19] and then widely applied in
various areas of research [20–23] including FEL physics
[24–26] but for the longitudinal domain. Consequently,
measuring the transverse coherence length or spectral
coherence length allows one to infer the beam size or
duration, respectively.
Many works were dedicated to measuring the transverse

profile of the electron beam at storage rings [27,28] using
the correlation analysis, for example [10], and related
techniques [29–31]. Notably, in pioneering work at the
Spring-8 facility authors resolved the spectral spikes using
a monochromator with 5.5 meV bandwidth at 14.41 keV
[11] photon energy and so measured the electron beam
duration. With this setup the authors also measured the
transverse coherence length [10], which was used to
determine the electron beam size. However, direct non-
interferometric observation of transverse spikes in synchro-
tron radiation on a shot-to-shot basis has remained elusive
to the best of our knowledge.
In this Letter, we present a direct observation of the spatial

distribution of monochromatized synchrotron radiation,
which exhibits, shot to shot, visually discernible spike
structures. To confirm this observation, we proceed with a
noninterferometric autocorrelation analysis of the detected
events. This analysis enables us to verify the typical trans-
verse spike distribution, with the width corresponding to the
transverse coherence length of the radiation. Using this
information, we retrieved the electron beam transverse size
based on the generalized Van Cittert–Zernike theorem.
Moreover, this method makes it possible to differentiate

between two types of beam sizes in the presence of
spatiotemporal tilts: the averaged transverse size of slices
along the electron beam (hereafter referred to as the
“averaged transverse slice size”) can be measured using
a monochromator with a bandwidth broader than a single
spectral spike, while narrowing the bandwidth down to a
single spike and less yields the projected transverse size.
By contrast, wire scanners—commonly used at FEL
facilities to measure the electron beam [32,33] size—can
only measure the projected size. We study this effect in
detail in our companion paper [34].
The results reported in this Letter highlight the potential

of this method for diagnosing the averaged transverse slice
size of the electron beam on a cell-by-cell basis along
SASE undulators for advancing FEL performance. This
capability is particularly critical for advanced schemes such
as self-seeding [35–45], two-color generation [46–50], and
ultrashort pulse generation [26,50–57] at sub-fs levels,
especially in scenarios involving complex electron beam
phase-space configurations such as tilted [50] or chirped
beams [25]. At the same time, in this Letter we directly
demonstrate that synchrotron radiation exhibits spiky
intensity distributions, as described in [58,59], which are
of academic interest.

We conducted the experiment at the SASE1 undulator of
the European XFEL facility using the existing beamline
devices: the commissioning silicon monochromator
(K-mono) [60] and the synchrotron radiation imager (SR
imager) [61]. These measurements did not require any
specific configuration or modification to the hardware. The
experimental setup is shown in Fig. 1. In the experiment,
we used the Si (111) reflection for the K-mono, providing a
relative spectral resolution of ΔETω

=ETω
¼ 2 × 10−4 [60]

at full width at half maximum (FWHM). For the SR imager,
we utilized a yttrium-aluminum garnet (YAG) screen.
Although it is an order of magnitude less sensitive,
0.54 lsb/ph (least significant bit per photon) compared to
the gadolinium oxysulfide screen (6.3 lsb/ph), the YAG
screen offers 2 times better spatial resolution, achieving
30 μm (FWHM).
As Fig. 1 illustrates, a monochromator transmits only a

few spectral spikes, which amount to

1

ML
¼ ℏffiffiffi

2
p

ΔETω
σT

; ð1Þ

where ΔETω
is the monochromator bandwidth, σT is the

electron beam duration (both measures are given in
standard deviation), and ℏ is the reduced Planck constant.
The resulting image at the SR imager consists of a

distribution averaged over ML longitudinal spikes. Such
averaging leads to a reduction in the contrast of the
intensity distribution, as shown in Fig. 1, quantitatively
manifested as a decrease in the maximum value of the
correlation function by this factor ML,

hI1I2i
hI1ihI2i

≈ 1þ ℏffiffiffi
2

p
ΔETω

σT
jgð1Þðz;Δr⃗; ⃗r̄; ω̄0Þj2: ð2Þ

For brevity, I1;2 denotes a pair of intensity values at points
separated by jΔr⃗j, and ω̄ is the central frequency of
the radiation within the monochromator bandwidth ETω

.
The variable Δr⃗ is defined as Δr⃗ ¼ r⃗2 − r⃗1, and
⃗r̄ ¼ ðr⃗1 þ r⃗2Þ=2, where r⃗1;2 denote the transverse positions.
gð1Þðz;Δr⃗; ω̄0Þ is the cross-spectral density function at the
detector position.
To estimate ML, we measured the duration of the

electron beam using noninvasive THz spectroscopy for
bunch current profile reconstruction at the European XFEL
[62]. This corresponds to the SR pulse duration and is equal
to δτ ¼ 37� 3 fs (FWHM). Using Eq. (1), we estimated
that there are ML ¼ 16� 2 longitudinal spikes. This result
demonstrates the feasibility of extracting a reasonably
small number of spikes within the bandwidth of a conven-
tional monochromator, made possible thanks to the short
electron bunches delivered by a linear accelerator.
In practice, the resulting distribution at the detector is

significantly affected by the detector shot noise and, to our
experience, detecting radiation from passage of only one
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electron bunch per 10 Hz train is not enough to see the
signal. To ensure acceptable photon flux levels at the SR
imager, we recorded radiation from several successive
electron bunches per 10 Hz train per one recorded event.
This approach is justified, as explained before, by the fact
that the spikes are statistically independent, making this
averaging equivalent to averaging over ML ¼ 16� 2
spikes multiplied by the number of electron bunches
(Ne ¼ 13). Such averaging results in a corresponding drop
in the maximum value of cross-spectral density function in
Eq. (2) by a factor of MLNe.
We present the typical signal observed on the SR imager

from a 5.49 keV photon beam in Fig. 2(a). For comparison,
the result of a simulation based on the algorithm described
in [59] is shown in Fig. 2(b). Essential aspects of the
simulation, as well as the numerical reproduction of the
experimental results, are discussed in detail in [34]. An
animated version of Fig. 2(a), showing the recorded events,
is provided in Supplemental Material (SM) [63]; one can
observe event-to-event variations with features comparable
in size to the correlation function [depicted for reference in
the upper left corner in Fig. 2(a)]. To the best of our
knowledge, this is the first direct observation of synchro-
tron radiation spikes in the transverse domain.
We then performed an autocorrelation analysis of the

ensemble of recorded events to confirm that the features
observed in Fig. 2 are statistically significant and originate

from the coherence properties of the radiation. Prior to
performing the correlation analysis, we subtracted the signal
bias, calculated from dark images as the mean value for each
pixel. The detector countsK include both the signal counts I
and the detector noise N∶K ¼ I þ N. Therefore, by auto-
correlating the detected counts, we obtain

hK1K2i
hK1ihK2i

¼ hI1I2i
hI1ihI2i

þ hN1N2i
hI1ihI2i

; ð3Þ

FIG. 2. Single event detected in the experiment is shown in (a),
and the corresponding simulated signal is presented in (b). Spiky
features can be distinguished by comparing their size with respect
to the measured correlation function shown in the upper-left
corner of (a).

FIG. 1. A schematic representation of the experimental setup is shown. Radiation is emitted from cell 37 at SASE1. The blue
distribution, located after the monochromator, represents a simulation of the averaged transverse distribution from different longitudinal
spikes following monochromatization. The black-and-white spatial distribution near the spectrum illustrates the monochromatic
intensity distribution from the various spikes.
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where N1;2 are noise counts, which cannot be directly
determined from the signal data. In order to recover the
actual signal autocorrelation hI1I2i=hI1ihI2i, we used “dark”
images and calculated the noise correlation, which we
normalized by the signal intensities. We assumed that
detector noise statistical properties did not change during
the experiment. Additionally, we suppose there is no corre-
lation between the photon counts and noise counts, such that
hI1;2N2;1i ¼ 0. This assumption is justified by the very low
useful signal level, which we believe could not induce
crosstalk between detector pixels.
As we mentioned, during the experiment we encountered

signal-to-noise ratios around unity or lower. To mitigate the
impact of noise, we leveraged the fact that synchrotron
radiation is quasihomogeneous in the sense of statistical
optics [64], meaning that gð1Þðz;Δr⃗; ⃗r̄; ω̄0Þ does not depend
on ⃗r̄, and we averaged the correlation over the ⃗r̄ variable.
This averaging suppressed the influence of noise on the
correlation function effectively increasing collected statis-
tics. The same averaging was done for noise autocorrela-
tion. We present the detail on this procedure in [34].
Then by subtracting the noise correlation level we obtain

the signal autocorrelation hI1I2i=hI1ihI2i, presented
in Fig. 3.
The presented uncertainties are challenging to express in

the usual form, typically used for coincidence circuits,
where exact true and false actions of the detector are
known. In our case, we could not separate these two types
of counts. Instead, we calculated the standard deviation
across the initially measured correlations over the detector
area, as described in Eq. (4),

δK ¼
�
σ

� hK1K2i
hK1ihK2i

�
2

þ σ

�hN1N2i
hI1ihI2i

�
2

þ σ

�
1ffiffiffiffi
B

p σ

� hK1K2ib
hK1ibhK2ib

��
2
�

1=2
: ð4Þ

Additionally, we accounted for variations in the signal
standard deviation by batching the data into smaller

ensembles to capture any temporal variations. A more
detailed discussion on uncertainty estimations is provided
in [34].
Here, the subscript b in h…ib denotes ensemble averag-

ing over random subsets sampled from the initially
recorded ensemble, B represents the size ratio between
the initial ensemble and the subset, and σð·Þ denotes the
standard deviation operation.
The cross-spectral function is related to the intensity

distribution of a radiation source via a Fourier transform, as
described by the generalized Van Cittert–Zernike theorem
[15–17]. Then, the electron beam width is connected to the
width of the distribution shown in Fig. 3 through the
following relationship [58]:

σx;y ¼
zλ

2
ffiffiffi
2

p
πσcx;cy

; ð5Þ

where σcx;cy is the width of jgð1Þj2 under the assumption that
it follows a Gaussian distribution. This equation can be
derived from Eq. (92) in [58]. The data was fitted using the
least mean square method, applying a Gaussian distribution
plus bias. From this fit, we retrieved the standard deviation
(σcx;cy) of the distribution, with the uncertainties arising
from the fitting process. For the specific measurement
presented in Fig. 3 (for cell 25 along SASE1), we
determined the electron beam transverse size to be σx ¼
16.8� 0.4 μm and σy ¼ 26� 0.3 μm.
The maximum values of the measured correlation

functions are 0.0048(2) for the x dimension and 0.0044(2)
for the y dimension, both obtained from curve fitting. These
values closely agree with the estimation based on the
number of spikes falling within the K-mono bandwidth,
averaged over the number of electron bunches,

1

MLNe
¼ 1

ð16� 2Þ × 13
¼ 0.0049ð6Þ: ð6Þ

To confirm that the measured autocorrelation function
distributions are indeed related to the electron beam size,
we intentionally varied it. This was done by adjusting the
magnetic field strength of one of the quadrupoles located
upstream of the SASE1 undulator lattice. Such an adjust-
ment is expected to introduce a sinusoidal variation in the
electron beam size along the undulator, effectively creating
a mismatch with respect to the nominal conditions, in
which the transverse size of the electron beam remains
nearly constant along SASE1. Successive measurements
were performed under this magnetic lattice configuration,
starting from the last undulator cell 37 and moving
upstream to cell 21. The resulting dependence is shown
in Fig. 4.
For reference, we also computed the expected electron-

beam size using the European XFEL lattice model. This
model incorporates the actual quadrupole readouts, design

FIG. 3. Measured gð2Þ function for both horizontal and vertical
directions, presented with blue dots (x) and orange triangles (y),
respectively, along with their fitting results represented by the
solid lines of the corresponding color.
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Courant-Snyder parameters, and assuming normalized
emittance values in the range of ϵx ¼ 0.37 to 0.7 mm mrad
and ϵy ¼ 0.46 to 0.7 mm mrad. The lower estimate is
derived from emittance measurements that were conducted
at the injector location immediately after our electron beam
size measurement shift. The upper estimate, 0.7 mm mrad,
is chosen as a conservative boundary.
The expected range of transverse electron-beam sizes is

illustrated in Fig. 4 as a dash-dotted line and a shaded area.
The dash-dotted line represents an estimate based on the
quadrupole readouts during the experiment. To avoid
overloading the figure, the assumed emittance was aver-
aged between its upper and lower bounds. To plot the
shaded area, which represents the full assumed emittance
range, we applied a small correction to the quadrupole
current (see Ref. [34]) in our model. This adjustment brings
the model into closer agreement with the measured data,
shown as the shaded area in Fig. 4. The residual amplitude
discrepancy of the dash-dotted curve in Fig. 4 likely
originates from uncertainties in the upstream beam param-
eters, whereas the modulation period and node positions
match well, confirming that the expected variation is
reproduced. This we discuss more extensively in [34].
The experiment presented here is the last in a series of

four conducted over the past year. After using a gadolinium
oxysulfide scintillator in the first test, we switched to a
YAG crystal in the following experiments because of its
better spatial resolution. The results were consistent across
different conditions, and each time we observed a strong
level of correlation. In the final beam time, we managed to
take measurements along the SASE1 undulator, which
allowed us to collect the full dataset shown in this Letter.
This series of experiments confirms that the method gives
reproducible results.
In this Letter, we reported the first direct observation of

the transversely spiky structure of synchrotron radiation

and demonstrated averaged transverse slice size measure-
ments of the electron beam using a simple, noninterfero-
metric setup at the European XFEL. The setup combines a
Bragg reflection monochromator with an x-ray imager
optimized for synchrotron radiation. An autocorrelation
analysis of the measured ensemble enabled retrieval of the
second-order correlation function, whose width is related to
the transverse size of the electron beam, in accordance with
the Van Cittert–Zernike theorem. The method was vali-
dated for beam sizes ranging from 16 to 32 μm along the
mismatched FODO lattice of the SASE1 undulator, in
agreement with beam dynamics predictions. This approach
offers a practical diagnostic tool for FELs and other
accelerators with comparable beam parameters.
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