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Abstract. Free-electron lasers (FELs) provide unique possibilities in investigating matter
down to femtosecond time and nanometer length scales, as well as in the regime of non-
linear light—matter interaction. Due to the nature of FEL sources, the produced beam is
significantly more unstable than beams produced by 3™ generation synchrotrons. As a result,
pulse-resolved normalization of measurement data becomes essential and can be challenging.
The intensity monitors permanently installed at a facility might indeed accurately measure the
pulse intensities at a certain point of the beamline, but cannot precisely normalize experimental
data. For example the impact of pointing instabilities and hence different clipping of the beam
downstream on the way to the actual experiment is not reflected in the intensity measurement.
Here, we show how the integral intensity of the FEL beam transmitted through the sample can
be measured by photodiodes providing a proper normalization of measurement data.

1. Introduction
Free-electron lasers (FELs) have brought about exciting new possibilities in investigating
structural and electronic properties, particularly dynamics, in a wide variety of systems [1].
With their gain in peak photon flux as compared to state-of-the-art storage-ring sources they also
allow for entirely new experiments including the study of X-ray induced non-linear effects [2—4].
Yet, the increase in peak power comes at the price of losing the stability that is readily available
nowadays at synchrotron sources. While at synchrotrons the beam position and intensity may
easily be stable over hours, at an FEL, the pulse intensity inherently fluctuates and might be
accompanied by a considerable pointing jitter. This may, by clipping at pinholes, add to the
pulse-to-pulse power fluctuation at the sample position. For experiments looking purely at
structure, like in bioimaging, pulse-intensity fluctuations might be of secondary importance, as
a large data set containing tens of thousands of images has to be filtered considering a number
of criteria, of which pulse intensity is just one. Other techniques, however, rely on measuring
consecutive frames and conclusions are drawn from relative changes between single exposures.
For such techniques a reliable normalization of the data is essential.

While usually at FEL sources devices exist that can measure the intensity pulse by pulse, in
some cases, their data is not usable in certain experiments. For example, FLASH at DESY
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Figure 1. Beam-stop assembly used at BL3 at
FLASH. A bare XUV-sensitive photodiode (P)
(an SXUV5H chip obtained as custom product
from OptoDiode) was bonded to a vacuum-
compatible circuit board.  This beam-stop
photo-diode was attached via an insulating
adapter piece to a two-axis piezo stage (Mot)
that allows accurate positioning millimeters
away from a 100nm thin aluminum filter (Al)
shielding the CCD chip from any residual light.

uses gas monitor detectors (GMD) to determine the pulse intensity way upstream of the
experiment [5]. However, due to the upstream location, the GMD cannot account for intensity
losses that occur during beam transport due to pointing instabilities leading to clipping at
apertures. Even larger fluctuations of the pulse intensity at the sample position that cannot be
measured by upstream intensity monitors are produced if a monochromator is used after the
intensity monitor. Due to the fluctuating central photon energy that naturally occurs especially
in all SASE FEL sources [6], the monochromator transmission varies from pulse to pulse which
leads to only a weak correlation of pulse intensities before and after a monochromator.

Here, we show two solutions how the beam stop, that protects an area detector from the
direct FEL beam in a small-angle scattering (SAXS) experiment, can be used to reliably extract
the intensity of the beam transmitted through the sample, therewith providing a proper means
of normalizing the data. First, for experiments in the extreme ultraviolet (XUV) regime at beam
line BL3 [5] at FLASH at DESY, Hamburg, we used a fast XUV-sensitive photodiode as beam
stop mounted directly in front of the CCD detector. Second, in the hard X-ray regime, in an
experiment at the MID instrument [7] at European XFEL, Schenefeld, we used a photodiode
detecting stray radiation from a slanted tantalum beam stop mounted on the exit window of the
beamline, centimeters in front of the detector. We note here that measuring the intensity of the
transmitted beam might be problematic in certain cases. For example, if the sample scatters
strongly, such that a significant portion of the beam might or might not be scattered depending
on other non-constant experimental parameters, or if the incoming FEL intensity is so high that
the absorption of the sample is altered by non-linear effects [8,9]. These restrictions do not
apply for the experiments in which we tested our intensity monitors.

2. Experimental

The first implementation of the beam-stop intensity monitor was realized for an experiment at
FLASH beam line BL3 [5], where we installed a custom-made end station. The FEL photon
energy was tuned to ~ 60eV, resonant to the Co My3 edge in order to measure resonant
magnetic small-angle scattering (mSAXS). For the experiment, we used the unmonochromatized
beam that was strongly attenuated so that the pulse energy at the sample did not exceed 1 uJ
such that the sample was not altered by the FEL beam. Due to the small penetration depth
of photons at E,, = 60eV we used a fast XUV sensitive photodiode as beam stop. The bare
chip with an active area of 5 mm in diameter was bonded to a vacuum-compatible circuit board
to extract the signal. This assembly was used as beam stop (Fig. 1). The beam-stop assembly
(photodiode and circuit board) was mounted on a two-axis piezo stage attached directly to
the CCD detector, allowing accurate positioning of the beam stop in the detector plane. Only
millimeters downstream of the beamstop an aluminum filter was mounted to protect the CCD
sensor from any residual visible light and, importantly, from the infra-red (IR) stray radiation
of the pump laser used to excite the sample. For the beam-stop photodiode no shielding was
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Figure 2. Pulse structure measured by the beam-stop photodiode. top panel: The IR laser
pumps the sample at a repetition rate of 10 Hz, while the FEL repetition rate is 5 Hz. bottom
panel: Subtracting the consecutive IR-laser signal (at n+ 1, n+ 3, ...) from the combined IR~
laser and FEL signal (at n, n + 2, ...) provides a measure for the relative intensity fluctuations
of the FEL at the sample position that can be used for normalization of the scattering data.
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possible as any filter holder would have increased the effective size of the beam stop, cutting
the scattering signal on the detector in the low-q region around the beam stop. Hence, the
beam-stop photodiode records a summed signal containing the contributions of the IR pump
laser and the FEL signal. From this combined signal the FEL signal has to be extracted. From
a measurement of the signal generated by the IR laser alone it turns out that its intensity is
very stable (£1% around the mean), such that it was possible to subtract it from the combined
signal. In the experiment, we reduced the FEL repetition rate to 5 Hz using the FLASH fast
shutter [5] while the IR laser repetition rate was 10 Hz. Hence, the signal, recorded by the
FLASH 100 MHz analogue-to-digital converter (ADC), contains alternating combined and IR-
only transients (Fig. 2, upper panel). Subtracting subsequent transients as indicated yields the
FEL intensity that can be used for normalization (Fig. 2, lower panel).

To demonstrate the performance of the beam-stop photodiode as a normalization device,
we show data from an mSAXS experiment studying ultrafast demagnetization [10] in Co/Pt
multilayer systems, a research topic that has greatly benefited from the advent of FELs [11]. In
short, nanoscopic magnetic domains in a Co/Pt multilayer system give rise to mSAXS and the
resulting scattering pattern contains information on the magnetization of the sample. This is
related to the square root of the scattering intensity I, as well as on the distribution of length
scales encoded in the scattering pattern’s form and position in ¢ space. Scientific results of the
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Figure 4. Beam stop and photodiode assembly
used at the MID instrument at European
XFEL. The beam stop is cut from tantalum
with a 30° slanted surface to increase the
footprint of the beam on its surface and
at the same time increase the signal in the
two photodiodes (AXUVHS11 and SXUV20HS1
from Opto Diode) taking also into account the
polarization of the X-rays which is horizontal.
The tantalum beam stop is welded to a disc
made of a highly magnetic 49% cobalt-iron alloy
that, in turn, is glued to the exit window made
from 80 um thick black Kapton that in turn
is glued to a custom made CF63 flange using
two-component epoxy glue. The beam stop’s
magnetic base allows a permanent magnet to be
attached from the air side as counterbalance so
that the beam stop is straight.

measurement campaign will be published elsewhere [12].

The measurements were done in a multi-shot mode, collecting the scattering signal from
100 FEL pulses in one exposure of the CCD detector and, consequently, the corresponding
100 FEL transients measured from the beam-stop photodiode were averaged to generate the
normalization signal (Fig. 3). The top panel shows the FEL intensity as measured upstream in
the end of the undulator tunnel by the GMD as well as measured by the beam-stop photodiode.
The photodiode indicates larger variations than the GMD signal. Note that even after summing
up the intensity transients of 100 individual FEL pulses, as it is done here, a considerable
fluctuation in the average pulse intensity remains.

Indeed, normalizing the scattering data to the signal from the beam stop photodiode is
superior to normalization to the GMD signal (Fig. 3 lower panel). Residual intensity variations
are a factor 2 smaller in case of normalization to the photodiode. We note that raw data points
with particularly high or low intensity still are outliers when normalizing to the GMD data,
which is clearly reduced when normalizing to the beam-stop photodiode signal.

In a different approach, designed for hard X-ray energies in the range of 8 keV for use at the
MID instrument [7] of the European XFEL, we use photodiodes to detect stray radiation from
a slanted tantalum beam stop glued onto a black Kapton window, shielding the photodiodes
from visible light entering the vacuum chamber from the outside (Fig. 4). A detector (ePix)
was placed in air behind the Kapton window to detect scattering at very low q. However, for
this demonstration, data from the AGIPD detector installed upstream of the beamstop is used.
We used a AXUVHS11 and a SXUV20HS1 photodiode from Opto Diode mounted on an SMA
feedthrough or a PEEK holder, respectively, inside the CF63 flange assembly =~ 40 mm away
from the beam stop. The FEL was set to deliver single pulses at a repetition rate of 10Hz at
a photon energy of 7.79keV and the beam was monochromatized by the MID monochromator
using Si(111) crystals. As only photons scattered by the beam stop are detected, the signal
from the AXUV diode with an active area of only 0.28 mm? was too noisy to be reliable for
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normalization. Instead, the signal from the SXUVH20HS1 diode with an active area of 25 mm?
was amplified and fed into a slow ADC of the MID beamline. In order to check the performance
of the assembly we used a diamond detector [13] upstream of the sample position as another
source of normalization. To demonstrate the validity of these normalization signals, we used a
calibration sample, LisTi5O12 enclosed in Kapton. This sample produced a pronounced, broad
small-angle scattering ring around ¢ = 0.4 A~! and a Debye-Scherrer ring at ¢ ~ 1.3 A7!, close
to the maximum ¢ observable in the used configuration.

As a proof of principle, we plot the integrated scattered intensity, integrated over the whole
area of the AGIPD detector [14], against both normalization signals (Fig. 5). First, it is evident
that either of the signals is valid for normalization as the integrated detector intensity I;,;
is linearly related to both with correlation coefficients of 0.99 and 0.98 for the diamond and
photodiode detector, respectively. This holds for the observed range of incoming intensities
that varied stochastically by about one order of magnitude. Normalization to the diamond
signal leads to approximately a factor of 2 lower spread as compared to normalization to
the signal from the photodiode. Hence, normalization by the former signal might be seen as
superior. While this is evidently true for the situation shown here, this does not hold for every
situation. Upon transmission through the diamond detector located upstream of the sample
small-angle scattering is produced, especially at smaller ¢ than was accessible here, using the
AGIPD detector. In low-count-rate experiments, this can obscure the actual signal, making the
measurements impossible.

3. Conclusion

We have presented a simple and reliable way to normalize scattering data taken at FEL
sources by measuring signals from the beam transmitted through the sample using photodiodes.
Fluctuations in the FEL intensity at the sample position including those produced by pointing
instabilities or by using a monochromator upstream are monitored to a large extent. In
an experiment at FLASH, using the signal from the transmitted beam leads to superior
normalization of the data compared to using the FLASH GMD data. At European XFEL,
normalization by means of a diamond intensity monitor upstream or the photodiode downstream
of the sample led to comparable results. However, the upstream intensity monitor produces stray
radiation around the direct beam that can be stronger than the actual measurement signal in
SAXS experiments, such that monitoring intensity downstream of the sample may be preferable
here as well. Note that all measurements have been conducted using single bunches per train at a
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low repetition rate of 10 Hz, and an attenuated or monochromatized beam. In this configurations
no indication of non-linearity was found. However, limitations when using megahertz repetition
rates or high-intensity beams are expected due to saturation effects or signal build-up during a
bunch train.
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