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Abstract
This report present the first characterization of the photon

beam properties from SASE1 FEL at the European XFEL.
Development of the amplification process has been traced
from the level of the radiation pulse energy in sub-µJ level
(beginning of high gain linear regime) up to mJ level (satura-
tion regime). Experimental method is based on the analysis
of single shot photon beam images allowing to derive spatial
properties of the FEL radiation mode. An important con-
clusion is that experimental results demonstrate reasonable
agreement with baseline parameters. Developed techniques
of the photon beam characterization also provided solid base
for identification of the problems and means for improving
SASE FEL tuning and operation.

INTRODUCTION
First light from the European XFEL [1] has been detected

on May 3rd, 2017 at the photon energy of 1.3 keV and elec-
tron beam energy of 6.4 GeV [2]. Start-up phase of the
European XFEL included a lot of tasks performed in par-
allel such as gradual increase of electron energy, tests of
hardware, electron beam diagnostics, electron beam forma-
tion system, electron beam optics, test and tuning of the
undulator, commissioning of photon beam diagnostics and
photon beam transport system. Two months after the event
of the ”first light”, operation of all systems improved signifi-
cantly, and detected radiation pulse energies reached design
values in a mJ range. First characterization of the photon
beam has been performed in July 2017, a month before an
official starting date of user experiments (September 1st,
2017). Energy of the electron beam was 13.5 GeV, bunch
charge was 500 pC, radiation wavelength 0.15 nm. Two
photon diagnostic systems (FEL imager and X-ray gas mon-
itor (XGM) detector) were available at that time which was
sufficient for basic characterization of the radiation. This
allowed us to measure the gain curve and trace evolution
of the FEL radiation mode along significant part of the am-
plification regime, from almost beginning of the high gain
exponential regime to saturation. Analysis of the FEL ra-
diation modes have shown that in the whole range of the
radiation pulse energies (from µJ to mJ level) they are sur-
prisingly close to those predicted ten years ago at the design
stage of the project [3]. Measured properties of the electron
beam in the accelerator were also in agreement with design
parameters [2, 4]. Thus, both results of the electron beam
and photon beam measurements provide strong argument in

favor of conclusion that physical parameters of the machine
are close to design values.

It turned out that analysis of the spatial properties of FEL
radiation modes demonstrated to be a powerful tool for char-
acterization physical parameters of SASE FEL process. As
an extension of this experimental method we plan to imple-
ment correlations of FEL images with machine parameters
which will allow to apply statistical techniques for determi-
nation of important parameters of SASE FEL such as gain
length, saturation length, coherence time, radiation pulse du-
ration, number of radiation modes in the pulse (longitudinal
and transverse), degree of transverse coherence [5–8].

EXPERIMENTAL RESULTS
Measurements have been performed at the North branch

of the European XFEL, SASE1 FEL. It is equipped with
planar, variable gap undulator with 4 cm period length. It
consists of 35 modules, each of 5 meter long. Machine
operated at the energy of 13.5 GeV, bunch charge 500 pC,
and the radiation wavelength was 0.15 nm. Special efforts
have been taken for tuning machine to design parameters of
the electron beam [2,4].

By the time of described experiment only two photon di-
agnostics tools were in operation: FEL imager and XGM
detector [9–13]. FEL imager is equipped with scintillating
Ce:YaG screen and a scientific CMOS camera, and is located
at a distance of 230 meters downstream the undulator end.
XGM detector, located at 185 m behind the undulator, is cal-
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Figure 1: Gain curve of the European XFEL. The inset shows
a single photon beam image. Electron energy is 13.5 GeV,
bunch charge is 500 pC, radiation wavelength is 0.15 nm.
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Figure 2: Single shot transverse profiles of the radiation
pulses. Thin colored lines show 10 shots of the European
XFEL. Left column: raw results. Right column: spatial
jitter is subtracted. Bold blue lines on the right hand side
are numerical simulations with code FAST [14] for baseline
parameters of the electron beam [4]. Average radiation en-
ergy in the pulse is 20 µJ (upper row), 230 µJ (middle row),
and 800 µJ (bottom row).

ibrated ionization chamber allowing precise measurements
of average radiation energy over several pulse trains. XGM
is also capable to resolve the shot-to-shot pulse energies at
4.5 MHz repetition rate within trains. However, at pulse
energies below 50 µJ the XGM sensitivity is not sufficient to
perform absolute measurements, but relative changes can be
monitored down to the low level of spontaneous radiation
of a single undulator segments.

Machine operated with one bunch per train with
macropulse repetition rate 10 Hz, and FEL imager is used
for single shot measurements of the photon beam images.
Radiation pulse energy is derived by means of calculating
the integrated intensity. XGM signal is used for calibration
of FEL imager in the trusted dynamic range. A set of solid
attenuators is used to keep x-ray flux on a scintillator at a
level preventing saturation effects. Also, sCMOS camera
is equipped with a set of neutral filters for controlling light
intensity coming from scintillator.

Experimental procedure is organized in the following way.
We tune SASE FEL to maximum signal at full undulator
length (35 undulator modules). Then, keeping fixed all ma-
chine parameters, we gradually open undulator sections from
the downstream end and record XGM readings and about
200 photon beam images at each step. Plots in Fig. 1 show ex-
perimental results for the gain curve. Both results are shown
here, XGM and FEL imager. With FEL imager we can detect
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Figure 3: Dependence of the FWHM angular divergence
on the radiation pulse energy. Bold blue line shows results
of numerical simulations with code FAST [14] for baseline
parameters of the electron beam [4]. Full radiation profiles
are shown in Fig. 2.

lower, by about an order of magnitude, radiation intensities.
The measured gain curve clearly demonstrates a stage of
exponential amplification and a saturation regime after 25th
module. Measurements at the radiation energies below a
fraction of µJ suffer from high noise and background, so
amplification process in 1/3rd of the undulator length could
not be traced.

Analysis of the photon beam images allows to derive sin-
gle shot angular distributions of the radiation intensity shown
in Fig. 2. Plots in the left column show raw results. Strong
pointing jitter takes place which is caused by sporadic elec-
tron beam orbit jitter. Subtraction of the spatial jitter allows
us to select pure FEL radiation mode (see right column of
Fig. 2) and trace its evolution along significant part of the
amplification regime, from almost beginning of the high
gain exponential regime to saturation (from µJ to mJ level).
Bold grey curves on these plots show FEL mode calculated
with code FAST [14] for design parameters of the electron
beam [3]. Surprisingly good agreement takes place. Angu-
lar divergence of the FEL radiation is not a constant value,
but it changes in the amplification process. SASE FEL radi-
ation has wider cone at small radiation energies (beginning
of the amplification). Then it passes plateau in the high
gain exponential regime, and finally shrinks in the nonlinear
regime. Signature of this physical behavior is clearly demon-
strated when we plot angular divergence as a function of the
energy in the radiation pulse. Blue line in Fig. 3 presents
simulations with code FAST for baseline parameters, and
circles are the results of measurements. Good agreement
with predictions for baseline parameters takes place in the
whole range. As we already mentioned in the introduction,
measured electron parameters were also close to design val-
ues. These observations are strong arguments in favor of the
statement that physical parameters of the machine are close
to design parameters.

Contour plots in Fig. 4 allow to trace SASE FEL parame-
ters in saturation versus emittance and peak current. Base-
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Figure 4: Overview of SASE1 saturation parameters in emit-
tance - peak current parameter space. Calculations are per-
formed with code FAST [14]. Top left: average energy in the
radiation pulse (mJ). Top right: saturation length (meters).
Bottom left: FWHM angular divergence of the radiation
(µrad). Red circles denote operating point with baseline pa-
rameters [4]. Arrows directed to scale bars show measured
parameters.
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Figure 5: Drift of the photon beam angular pointing along
the undulator measured in the experiment.

line parameters are shown as red points on the plots. We see
that there is good agreement between measured and design
parameters for the values of the radiation pulse, while there
is pretty big overhead in the saturation length of about 70%.
Note that stability of the machine operation during experi-
ment was far from ideal, and has been disturbed by many
sporadic jitters of orbit and beam formation system. In par-
ticular, jitter of electron orbit resulted in 30% of the photon
beam pointing jitter. Lack of tuning experience also took
place, and one of the problems was found during post pro-
cessing of photon beam images. Figure 5 shows drift of the
photon beam angular pointing as function of the undulator
length. Since angle is derivative of the transverse displace-
ment of the trajectory, we find that trajectory of the electron
beam in the last 15 modules is nearly parabolic with maxi-
mum deviation in the end of about 180 µm. Such a strong
deviation of the orbit from a straight line results in much

longer saturation length. Also, a problematic region has
been identified with large local trajectory kick. So, analysis
of the amplification process with screens provides us reliable
way for controlling electron beam trajectory imperfections.

DISCUSSION
In this paper we described the first photon beam charac-

terization from the European XFEL. By now similar studies
are performed on a regular basis to check physical parameter
space and stability of the machine operation. General result
of these studies is that physical parameter space of SASE
FEL is close to baseline parameters when special efforts are
applied for control of the electron beam parameters. Sta-
bility of machine operation and quality of tuning improved
significantly such that there is only some 20% overhead of
the saturation length [2]. However, we still observe that the
fluctuation of the radiation pulse energy is mainly driven by
jittering accelerators parameters. The nature and source of
jittering is under study, and we believe that proper tuning
of all systems of the superconducting accelerator will allow
reducing fluctuations to the level of fundamental fluctuations
as it has been demonstrated at FLASH [5–8].
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