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Abstract: We present a novel method of temporal modulation of X-ray radiation for time
resolved experiments. To control the intensity of the X-ray beam, the Bragg reflection of a
piezoelectric crystal is modified using comb-shaped electrodes deposited on the crystal surface.
Voltage applied to the electrodes induces a periodic deformation of the crystal that acts as a
diffraction grating, splitting the original Bragg reflection into several satellites. A pulse of X-rays
can be created by rapidly switching the voltage on and off. In our prototype device the duty cycle
was limited to ∼1 ns by the driving electronics. The prototype can be used to generate X-ray
pulses from a continuous source. It can also be electrically correlated to a synchrotron light
source and be activated to transmit only selected synchrotron pulses. Since the device operates in
a non-resonant mode, different activation patterns and pulse durations can be achieved.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Recent interests in (ultra)fast X-ray processes have triggered new frontiers in X-ray science
[1]. Time resolved experiments investigate non-equilibrium states, for example during chemical
reactions [2,3], the transient structural response as result of a ultrashort laser excitation [4] and
phonon dynamics driven by longitudinal acoustic phonons [5,6], the magnetization dynamics
[7], thermal transport [8], and ferroelectric switching dynamics [9]. The change of the domain
structure by the movement of domain walls of ferroelectric samples has been investigated with
time-resolved X-ray diffraction [10]. To study the temporal dependency of the process, the action
in the sample is triggered by a pumping signal, and measured at different time delays using the
X-ray probe. Processes on a slower scale than several seconds can be studied by a continuous
measurement after the excitation. As a pumping signal, different types of excitation can be used,
e.g. laser pulses, electric or magnetic field pulses or similar. On shorter scales, the intensity of the
probing signal is too low to provide a good statistics after just one measurement. However, if the
process is reversible, this shortcoming can be solved by continuously triggering the process, and
waiting to relax between two consequent excitations. The probe measures only once at a certain
delay from the pumping pulse and the process is repeated for different delays until the sufficient
statistics at all interesting delay times is acquired. The time resolution here is limited only by the
duration of the pumping and probing pulses [11]. Therefore, the acquisition electronics does
not need high time resolution. Except for the pulse duration, important parameter for these
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experiments is the repetition rate of the experiment, which should not be shorter that the time the
system requires to relax into the original state.

A useful property of the synchrotron radiation is, beside the unprecedented stability, brilliance
and coherence, that the electrons are circulating in the storage ring in bunches, which inherently
produce pulses of radiation [1]. In the third generation of synchrotron sources, the duration of
the emitted X-ray pulses is on the 100 ps timescale, the repetition rate is in the order of several
nanoseconds. Both these parameters depend on the construction properties of the light source.
Efforts are made to modify these parameters for different experiments, to match them to the time
scales of the studied process.

By alternating the momentum compaction factor (alpha) of the electron orbits in the storage
ring, it is possible to shorten the pulses down to 5 ps. The so-called low-α mode is currently
offered at most synchrotron light sources around the world [12–14]. Since the injection effectivity
is much lower for shorter pulses, this is not suitable for a standard mode of the operation of
the synchrotron light sources. Additionally, some insertion devices influence the length of the
electron bunch, and have to be switched off in this mode of operation. A femtosecond short laser
pulse is used to increase the momentum of a short slice of the electron bunch, sending them
to a path slightly offset from the rest of the bunch. The beamline is aligned to accept only the
radiation from the altered path, effecting in femtosecond x-Ray pulses [15–17].

Repetition rate can be modified on different stages of the light generation. The most frequent
method is the alteration of the filling pattern of the storage ring. Most synchrotron light sources
implement "multibunch" mode, where several hundred electron bunches orbit in the ring, and
"single bunch" mode, where only one bunch is circulating, or variations of these, designated
as "hybrid mode". Repetition rate can also be made slower than the ring period by sending
electron bunches to an orbit which closes only after several revolutions around the ring [18–20].
Ultimately, the repetition rate of any kind of pattern is a function of the storage ring circumference.
Another disadvantage is that all experiments at the storage ring receive the same bunch pattern.

For the reduction of the repetition rate at a specific experiment, it is more convenient to modulate
the X-ray beam instead of the electrons in the storage ring. Different technical implementations
exist or have been proposed. The most straight-forward approach is a chopper wheel rotating
at high speed. At the rim of the rotating wheel, many small slits are mounted. The rotation of
the wheel is correlated to the storage ring, so that the radiation from only one selected bunch
passes through the slit, and the res is absorbed. The chopper used at BESSY II rotates with the
frequency of 1 kHz and has slits at the rim [21]. Similar solutions were developed at SPring-8,
at Petra III and at the ESRF synchrotron radiation facilities [22–25]. In the last few years,
microelectromechanical systems (MEMS)-based x-ray optics were proposed as an alternative
method to manipulate x-ray beams [26–30]. A fast vibrating Si-monocrystal is Bragg-diffracting
only when the orientation is matching the Bragg condition. Both these methods are synchronized
to the synchrotron frequency and select typically only the emitted X-ray pulse from the same
designated electron bunch of the filling pattern of the storage ring. Furthermore, the construction
and mechanical properties are tuned for one special pattern for a specific storage ring. While
MEMS can select any bunch in multibunch mode, the filling pattern for the mechanical chopper
must be modified by leaving a gap of about 100 ns before and after the selected bunch. Recently,
the temporal shortening of an x-ray pulse using a photoacoustic Bragg switch has been published
[31,32]. Tucoulou et al. employed surface acoustic waves excited on a crystal surface to pick a
single pulse in the middle of a gap of 1.8 µs [33]. We have previously reported a pulse picker
based on this method but operating in a different geometry that is able to discriminate pulses that
are separated by at least 120 ns [34].

These methods are fundamentally limited by the beam size they can accept. The mass and the
size of the MEMS device determine its resonant frequency, which is tuned to the circumference
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of the storage ring. In case of the chopper wheel and of the surface acoustic wave pulse picker
the accepted beam size is inversely proportional to the time resolution that can be achieved.

In this work we report the first experiments of a new method for selecting single x-ray pulses
that are separated by 2 ns [35]. Therefore, comb-shaped metal electrodes with opposite polarity
were deposited on single-crystalline lithium niobate, LiNbO3, and langasite, La3Ga5SiO14, both
materials with excellent piezoelectric properties. When an external voltage is applied to these
electrodes, the material below the electrodes expands and respectively compresses due to the
converse piezoelectric effect. The result is a modulation of the crystal that creates a periodic
modulation of the crystal surface and few unit cells below that acts as a diffraction grating for
X-rays. The deformation forms on a sub-nanosecond timescale so that these devices can be
used to switch on the grating only when X-ray pulses arrive at the pulse picker, which are then
reflected and can be used for a time-resolved experiment. An aperture after the device is used
to block the not-diffracted X-ray pulses when no voltage is applied, which generates a constant
background. We experimentally verify that the synchronized activation of the grating with the
incoming X-ray pulses can be used to select single X-ray pulses that are separated by 2 ns.

2. Methods and materials

2.1. Description and production of the samples

We report results from two different samples: the first sample has been produced on a 128 Y′-cut
of black lithium niobate substrate, polished to 5 Å surface roughness. Black lithium niobate,
compared to the normal lithium niobate, has a lower electrical resistivity (higher electrical
conductivity) [36] that avoids the charge accumulation in the sample while still preserving the
piezoelectric properties. Comb-shaped aluminium electrodes were deposited on the surface
by vapor deposition by JSC Avangarde. The second sample was produced at the Institute of
Microelectronics Technology and High Purity Materials, using an XY-cut of a langasite single
crystal as a substrate, also polished to 5 Å surface roughness and comb-shaped aluminium
electrodes were deposited on the surface by magnetron sputtering. In Fig. 1 we show schematically
the structure of the deposited electrodes and in Table 1 we summarize the dimensions of the
electrodes used in this work.

Table 1. Dimensions of the comb-shaped electrodes of the two investigated
samples.

Sample Substrate Grating Electr. Finger Gap Electr. Electr.

Period Period Width Width Aperture Length

PG PAL

LNB LiNbO3 4 µm 2 µm 1 µm 1 µm 200 µm 1.2 mm

LGS La3Ga5SiO14 2.8 µm 1.4 µm 0.7 µm 0.7 µm 200 µm 1.2 mm

2.2. Principle of the pulse picking device

We first discuss the working principle of the proposed pulse picking device. The single crystalline
piezolectric optical element is oriented in a geometry close to the Bragg reflection. By temporary
creating a grating on the surface of the crystal, the Bragg reflection splits into several satellites.
Since the crystal is tilted from the Bragg condition, the diffraction appears only when the Bragg
reflection is split, i.e. when the grating is activated. In a non-activated state the Bragg condition
is given by the expression:

mλ = 2d sin (θB) , (1)
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Fig. 1. Schematic of the samples used for the realization of the. X-ray pulse picking device:
The piezoelectric substrate is in yellow, the Al electrodes in light grey, and the X-ray beam
footprint in red. The picture is not to scale and the dimensions are summarized for both
samples in Tab. 1.

where m is the diffraction order, λ is the wavelength of the incident radiation, d is the lattice
spacing of the diffracting crystal planes, and θB the incident angle of the radiation on the
diffraction planes for constructive interference.

To generate the grating at the surface, thin Al comb-shaped electrodes are deposited on the
surface. The electrodes themselves are very thin (∼ 100 nm), but they nevertheless act as a grating
with the period PAl. This is a parasitic effect that we tend to minimize. If the electrodes are
alternately connected to a different electric potential, the electric field from positive and negative
electrodes generates opposite strains in the piezoelectric crystal due to the converse piezoelectric
effect. The surface of the crystal lowers or raises below the electrodes of the different potential.
In our experiments, we had significant results with single-crystalline lithium niobate, LiNbO3,
and langasite, La3Ga5SiO14. The Bragg-reflected signal from the regions of different heights is
going to have a relative phase shift, so the distorted surface acts as a phase grating with the period
PG = PAl/2. Both the Al and the phase grating split the Bragg intensity into to the satellites
separated by [37]

δθ ∝
d
P

, (2)

from the Bragg reflection. Here P stands for either PAl or PG. Since the period of the aluminum
grating PAl is half of the diffraction grating period PG, all even order diffraction satellites have an
additional contribution from the diffraction from the Al electrodes. A small aperture around the
exit beam improves the signal-to-noise ratio. The electrode arrays do not have to be straight, they
can be shaped into zone plates, and the period may vary along the structure creating additional
focusing effects.

The size of the optical element does not limit the reaction time, since there is no time needed to
spread the deformation across the optical element. The deformation forms on a sub-nanosecond
timescale so that these devices can be used to switch on the grating only when an X-ray pulse
arrives at the pulse picker, which is then reflected and can be used for a time-resolved experiment.
However, the activation of the diffraction grating for the selection of X-ray pulses requires
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electronic equipment, which can be synchronized to a reference frequency derived from the
storage ring or accelerator of the electron bunches at the synchrotron light source. See section 3.3
for a description of the grating activation circuits. We experimentally verify that the synchronized
activation of the grating with the incoming X-ray pulses can be used to select single X-ray pulses
that are separated by 2 ns.

3. Experimental setup

3.1. Time structure of BESSY II

The measurements presented in this article were performed at the BESSY II synchrotron radiation
facility in Berlin, Germany. BESSY II is operated most of the time in the so-called "hybrid
mode" in top-up operation where the number of the circulating charges is kept constant and, if
necessary, charges are refilled. BESSY II operates at an electron energy of 1.7 GeV at 1.25 MHz
repetition rate that is given by the circumference of the storage ring. This yields in total 400
bunches with 2 ns separation that can store electrons or are kept empty. The filling pattern in
hybrid mode, see Fig. 2, offers an isolated bunch, the so-called single or camshaft bunch, whose
charge corresponds to 4 mA and is in the center of a 200 ns wide gap followed by another isolated
bunch of transverse excitation corresponding to 3 mA. Altogether 302 of the 400 available bins
are filled and form the multibunch train with ∼1 mA charge equivalent. Three additional "slicing"
bunches are added on top of the multibunch train [38].

Fig. 2. Hybrid mode fill pattern at BESSY II at the time of the experiment.

3.2. XPP-KMC3 beamline at BESSYII

The pulse picking device was investigated at the XPP-KMC3 beamline at BESSY II [39]. A
schematic view of the beamline is shown in Fig. 3. The double crystal monochromator is
equipped with two Si 111 crystals and the energy used for the experiments was set to 8 keV, with
an energy resolution of E/∆E = 4500. The sample was mounted on a four circle goniometer
equipped with three translation axes. The X-ray beam is focused with a multilayer X-ray mirror to
150× 400 µm2 at the sample position and the footprint has been further reduced using a circular
Pt pinhole with 100 µm diameter positioned 10 cm before the sample. This ensured that the
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X-ray beam footprint was smaller than the active area of the electrodes so they were overlapped
as indicated in Fig. 1. For the presented experiments two different detectors have been used
and both have been mounted ∼50 cm behind the sample. The first detector is a scintillation
detector (Cyberstar X2000, FMB Oxford) equipped with motorized horizontal aperture. The
second detector used is a fast scintillator (Scionix) with an effective conversion efficiency of 10
photons/keV and a decay time of approximately 1 ns attached to a commercial photomultiplier
assembly (PicoQuant PMA). All the time-resolved measurements of the samples were done in
the Bragg diffraction geometry where the detector was set to 2θ with θ being the incidence angle
of the X-rays onto the diffraction planes. For the LNB sample the 104 reflection at θB = 16.45◦
was used while for the LGS sample the 020 reflection at θB = 12.55◦ was investigated.

Fig. 3. Optical layout (side view) of the experiment at the XPP-KMC3 beamline at BESSY
II. The picture is not to scale.

3.3. Grating activation circuits

Our aim is to use readily available electronics for the standard operation of the pulse picking
device. To activate the grating, three different electronic circuits were used. The first circuit
was used for the static characterization of the voltage response of the LNB sample. The sample
electrodes were connected to a DC power supply (ES300, DeltaElektronika) and the applied
voltage was varied between 0 − 10 V. The sample was rotated around the θ axis, a geometry
often referred to as "rocking curve". The second circuit was used for the experiments with an
effective time-resolution of 5 ns. The sample was connected to the output of a pulse and delay
generator (DG645, Stanford Research System) that was synchronized to the 1.25 MHz timing
signal of the storage ring of BESSY II and indicates the occurrence of one of the 400 bunches in
the storage ring. The delay generator produces electrical voltage pulses as short as 2 ns with an
output voltage of 5 V. The pulses have a rise and fall time of ∼ 2 ns, hence the pulse does not
reach the desired voltage of 5 V for pulses shorter than ∼5 ns. The third circuit was used in order
to be able to distinguish the different X-ray pulses that are only 2 ns apart, the signal of the delay
generator was fed to an ultra-fast SiGe voltage comparator (ADCMP580, Analog Devices) that
has a state transition time of 0.3 ns. Since the voltage comparator generates an output signal of
only 0.4 V, it had to be amplified, which was achieved by connecting the output to a wide-band
radio-frequency amplifier with 5 W power (KAW1020, AR Modular RF) connected to the sample
electrodes.

4. Results

In the first part of the measurement, the crystal was rocked around the Bragg reflection while
keeping the grating activation constant, to study the intensity of the satellites for different static
conditions. In the second part, the activation of the grating was modulated to measure the time
resolution and the stability of the device across several hours.

Static measurements The symmetric 104 reflection of LNB was aligned and the intensity of
the reflected intensity of this Bragg reflection was measured to be approximately 68% of the
incident x-ray beam. Rocking curves were recorded for different voltages applied to the electrodes,
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as shown in Fig. 4. We observe that as the voltage is applied and increased, diffraction satellites
at both sides of the Bragg reflection appear, as expected. The amplitude of the deformation
depends on the applied voltage as given by the converse piezoelectric effect. At voltages larger
than 3 V, higher interference maxima can be observed and at 10 V the ±4 order is clearly visible.
The intensity of the first diffraction satellite reaches the maximum for a voltage of 9 V whereas
there is still a noticeable increase between 9 V and 10 V for higher diffraction orders.The highest
efficiency of the pulse picker is achieved by using the m=-1 diffraction order, that has an intensity
of approximately 50% of the Bragg peak, that accounts for ∼ 34% of the direct beam intensity.

Fig. 4. Left: rocking curves around the Bragg peak of LNB for different excitation voltages,
normalized to the measurement at 0 V. ∆Θ is the deviation from the Bragg angle. Right:
rocking curves for the grating excitation voltage of 0 V and 9 V, in logarithmic scale. This
illustrates that the satellites and the accompanying background on both sides of the Bragg
reflection relatively gain intensity as the voltage increases, especially for the tilt angle
matching the m = ±1 satellite.

Time-resolved measurements In the following, we investigate the isolated single bunch of
the BESSY II hybrid mode filling pattern for the characterization of the pulse picking device
characteristics. The selected electron bunch is separated by 50 ns from other bunches, giving
us the opportunity to study the resolution of the switching device. As a trigger for the grating
activation, the so-called beam marker signal from the storage ring was used, and a variable
delay was added to it. We expect that when the grating is activated during the clearing gap, a
few photons are going to be reflected and low intensity is going to be measured by the detector.
On the other hand, if the grating is activated when the photons from the selected bunch pulse
reach the surface, the diffracted intensity should increase. In Fig. 5 we show measurements of
the diffracted intensity of the m = −1 diffraction satellite for different duration of the grating
activation as a function of the delay between the trigger signal and the activation of the grating.
By varying the delay we can measure how fast the grating is activated, and how long it stays
this way. For each delay, we measured a rocking curve. Intensities at the position of the m = −1
diffraction satellite were collected and plotted. For the 10 ns long grating activation period, the
diffracted intensity shown by the blue-filled circles is highest, and the time-resolution given by
the FWHM∼9.9 ns of the peak essentially reflects the duration of the grating activation. For
the activation duration of 5 ns FWHM∼5.5 ns was measured, however, the reflected intensity
was slightly reduced. For the duration of 2 ns the intensity was reduced to about 50%. Further
reduction of the activation time was not possible, because the signal generator (DG645, Stanford
Research System) had the transition time of 2 ns. A FWHM∼2.7 ns was measured.

To provide an electric signal shorter than 2 ns, a special SiGe voltage comparator was used,
however without the option to modify the pulse height, so that the amplitude is not to scale with
other time resolution measurements. The single bunch was scanned in 0.1 ns increments using
the m = −2 diffraction order. The result is shown in Fig. 6 by the blue filled symbols. We fit the
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time trace with a linear combination of a Gaussian function and a linear function representing

Fig. 5. Dependency of the reflected intensity on the delay time for the activation duration
of 10 ns, 5 ns, and 2 ns. The experimental data are shown as filled dots and the lines are a
guide for the eye. The delay-times refer to the fill pattern showed in Fig. 2.

Fig. 6. Delay scans of the activation time t0 of the grating with a duration of 1 ns. The
experimental data are represented by the filled dots, the red solid line a the fit with a Gaussian
line shape and additional linear background. The delay-times refer to the fill pattern showed
in Fig. 2.
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the background, which is shown in Fig. 6 as solid red line. The decreasing intensity background
is attributed to the fact that the angle between incident radiation and the sample was slightly
drifting during the measurements. The FWHM of the peak is 1.1 ns as expected for the activation
of the grating with a pulse duration of 1 ns.

Since the measured time resolution was comparable with the delay in two bunches in a
multibunch pattern (2 ns, we attempted separation of a single bunch from the multibunch pattern.
In the following, we present data obtained activating the grating for 1 ns and sampling the
multibunch train. The time delay between the synchronization signal from the storage ring
and the grating activation was increased in 0.1 ns steps while still being tuned to the m = −2
diffraction order. As shown in Fig. 7, we can clearly separate the individual bunches. The
measured diffracted intensity as a function of delay is shown by the filled blue symbols, the
red solid line is a fit with three Gaussian functions that serve as guide-to-the-eye. For these
measurements, the background level is higher than seen for the single bunch case presented in
Fig. 6 before, because the electron bunches are densely packed and separated by only 2 ns, and
the grating activation duration had a FWHM of 1 ns. In contrast, the isolated single bunch is
surrounded by the clearing gap, which improves the signal-to-noise ratio drastically.

Fig. 7. Delay scan of the activation time t0 of the grating with an activation duration of 1 ns
where the grating is activated within the multibunch train. The experimental data represent
the diffracted intensity and is shown as filled circles, the red line is a guide to the eye. The
different bunches are clearly identified and they are separated by 2 ns. The delay-times refer
to the fill pattern showed in Fig. 2.

The rejection ratio can be defined as the ratio of the diffracted intensity of the X-ray single
bunch measured when the grating is activated with respect to the measured background generated
by other 400 X-ray pulses when the grating is not activated. In Fig. 8 the rejection ratio for
different angles, for a grating activation for 10 ns, is shown. In this figure, it is visible that the
rejection ratio is higher for the negative diffraction orders. One also notes that the rejection ratio
of the ±2 order diffraction order is roughly a factor of 2 larger than for the ±1 order. For higher
X-ray photon flux, the ±1 order is preferable with a however slightly reduced rejection ratio. The
best rejection ratio is obtained for the ±2 diffraction orders.
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Fig. 8. In blue the rejection ratio as function of the deviation ∆θ from the Bragg angle θB
for an activation duration of the grating of 10 ns calculated from the rocking curves for time
395 ns and 370 ns. The red dotted line is a rocking curve obtained synchronizing the grating
activation with the single bunch and serves as an indication of the position of the diffraction
satellites.

Stability measurements The long-time stability of the LGS sample was carefully tested over
several hours. The grating was a activated using the delay generator, with a grating activation

Fig. 9. Stability measurements: variance of the intensity of the m=±1 diffraction satellites
vs time.
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period of 20 ns. Every 15 minutes, a full rocking curve of the sample was measured and
normalized to the maximum intensity of the Bragg reflection. In Fig. 9 we plot the variance
of the intensity of the m=±1 diffraction satellite against time. The variance of the measured
diffraction intensity of the first and second diffraction orders as function of time is better than
±0.5% over an extended period of 7 hours.

5. Discussion

We propose the design of a pulse picking device for hard X-ray radiation at synchrotron light
sources. Our experiment characterize test devices at BESSY II during hybride mode operation
where X-ray pulses are separated by 2 ns, that is, our device has a time-resolution of 1 ns. We
use in our approach for the design and operation of the pulse picking device a simple setup
that does not rely on high precision mechanical rotation and translation stages or high-speed
electronics. Our device consists of a commercially available piezoelectric substrate with thermally
evaporated metallic comb-shaped electrodes, which can easily be produced by established standard
evaporation processes or similar coating techniques. The excitation of the grating relies on
standard and at most synchrotrons readily available electronics.

At the XPP-KMC3 beamline at the BESSY II synchrotron light source, we have shown that it
is possible to activate the diffraction grating quickly and reliably to extract the isolated X-ray
single bunch, see Fig. 6. We note that on the left-hand side of each of the peaks in Fig. 5 a small
structure is visible, which we attribute to a reflection of the electric signal due to the impedance
mismatch between the electrodes, the cable, and the pulse generator. Of course, this parameter
can be improved using a design of the comb-shaped electrodes that matches the impedance of the
RF cables used, or a different pulse generator. However, we decided during the design process of
the device that parameters like the total area covered of the active grating are more important for
the daily operation of such a device at a synchrotron beamline, which will reduce the alignment
and maintenance effort significantly. In this experimental work the active area of the device was
1.2 × 0.2 mm2, and it can be further extended without loss of time-resolution.

The observed background in the measurements originates from the main Bragg reflection of
the substrate. From the total 300 mA current circulating in the storage ring, the single bunch
carries only 4 mA and thus the majority of the filling pattern contributes to the background,
which mostly is produced by the multibunch train. Nevertheless, we obtain a rejection ratio
of about 50 as can be seen in Fig. 8, even though during this experiment we did not apply the
optimum voltage of 9 V for the excitation of the grating. This can be optimized with a different
pulse generator.

In the introduction, we have discussed the processes that are important for the functionality of
the device as a pulse picker. One of the main contributions to the noise comes from the electrodes
that form the diffraction grating in the piezoelectric substrate. However, the electrodes themselves
form an additional grating with twice the period of the grating generated by the externally applied
electric field. This contribution could be reduced using a different geometry for the design of
the electrodes. The so-called split geometry [40] could be used where two positive electrode
fingers are followed by two negative electrode fingers. The period of the absorption grating
would be one-quarter of the period of the diffraction grating and thus move the contribution of
the absorption grating further away from the main diffraction grating response, i.e to the satellite
m = ±4. The rejection ratio could be further improved using a smaller period of the grating,
which would increase the angular separation of the diffraction satellites given by Eq. (2). Using
thicker high-quality substrates reduces the Darwin width of the Bragg reflection, which in turn
results in improved separation of the diffraction satellites and thus improves the rejection ratio as
well.
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We find from the statistical analysis of the diffracted intensity that the device efficiency
is constant within a variation of ±0.5% over at least 7 hours. Comb-shaped electrodes are
commonly used in the industry. Such structures also referred to as interdigital transducers, are
well established and used for example to produce sensors and delay lines. These are proven
to reliably work over many years [40,41]. Our experimental results give no indication of any
beam degradation effects. Nevertheless, this cannot be excluded for longer time periods. It is
important to note that the device is not designed to be exposed directly to a white or pink beam
of a beamline but is intended to be placed downstream of a monochromator, as sketched in Fig. 3.
The simple design ensures in the eventuality of severe device degradation the fast and cheap
replacement of the pulse picker.

6. Comparison with other pulse picking methods

Several methods of the time structure manipulation of the X-ray signal are mentioned in the
introduction. Each of these methods has its own strong and weak sides, rendering it more or less
compatible with a specific experiment and experimental station. In the following section, we
would like to emphasize the differences between the methods, as well as to point out the specific
advantages of the novel method presented here.

The advantage of the rotating chopper wheels is that they work independently from the X-ray
energy and its bandwidth [21]. However, the chopper wheel rotates in ultrahigh vacuum and
is levitated on magnetic bearings, which requires a certain extended level of maintenance and
infrastructure. Pulses at the kHz chopper installed at BESSY are picked by 1252 high-precision
slits of 70 µm width placed on the outer rim of the wheel, which correspond to a temporal
opening window of the chopper of 70 ns. This working principle guarantees an efficiency of
100% and an excellent rejection ratio of unwanted X-rays.

Contrary to rotating mechanical choppers, MEMS devices are tailored for a certain wavelength,
hence require well-defined experimental conditions [28,29]. As the MEMS consists of a thin,
single-crystalline piece of silicon, such devices diffract or transmit X-rays by changing their
orientation relative to the incident X-ray beam. The mass of the MEMS structure is tuned such
that its resonant frequency matches the storage ring frequency, and they managed to achieve a
time resolution of 300 ps.

The SAW-based pulse picker proposed by Tucoulou et al. [33] works by generating an acoustic
wave that propagates parallel to the surface of the crystalline substrate and acts as a diffraction
grating for the illuminating x-rays. In this case, the time resolution is given by the time that
is required from the surface acoustic wave to cross the X-ray beam footprint on the device.
Changing the geometry from meridional to sagittal, which means that the X-ray beam crosses
the X-ray footprint on the device in the transverse direction, we were able to improve the time
resolution down to 120 ns [34]. Of course, this method relies on a monochromatic beam and an
efficiency as high as 40% of the incoming X-ray beam intensity has been achieved [34].

In general, another limitation of most pulse picking devices arises from the maximum accepted
beam-size. In the case of the rotating chopper wheel, it is limited by the size of the slits or
channels in the outer part of the wheel. The aperture size can be reduced at the cost of the
transmitted intensity as the channel will be closed before the full X-ray pulse will have passed
through the groove. In MEMS devices the limitation originates from the finite area of the
reflecting element: the mass of the reflector for MEMS system has to be chosen such that its
oscillation frequency matches the revolution frequency of the electrons in the storage ring, which
is in the MHz range, and thus requires tiny structures. In the case of the SAW-driven pulse
pickers, the X-ray beam footprint limits the time resolution and efficiency.

Our new design combines a time resolution on the order of 1 ns with the flexibility to select
X-ray pulses from the available time structure of the storage ring with a large beam diameter
acceptance. Therefore this technique is also attractive for beamlines with lower X-ray flux
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because this depends on the area covered by the comb-shaped electrodes, which can easily be
increased up to several square millimeters. The device itself relies on motors only for alignment.
For the pulse selection no moving parts are necessary, thus simplifies the required infrastructure
and reduces the maintenance during the operation. Additionally, due to the grating activation
mechanism, the method presented here is not limited to periodical pulse picking patterns but can
generally be used for non periodical (arbitrary) selection patterns that are tailored to the needs of
the experiment.

7. Conclusions

We reported for the first time the proposal and successful characterization of a simple and yet
affordable method for temporal modulation of an X-ray beam. The modulation is achieved by
modifying the Bragg reflection of a piezoelectric crystal by an electrode that induces a periodic
deformation of the crystal surface that acts as a diffraction grating for X-rays. We show that
in the present configuration its efficiency reaches up to 34% of the incoming beam intensity,
and we experimentally demonstrate a time-resolution of 1 ns independent of the accepted beam
size, and limited only by the driving electronics. The grating is activated using an electrical
signal, and different activation patterns and pulse duration can be achieved without any hardware
modification. This device could be used to generate X-ray pulses from a continuous source or to
reduce the repetition rate of the synchrotron light source. By correlating the device to the storage
ring, individual x-pulses can be selected. This can be implemented in a wide range of beamlines,
and flexibly adapted to the needs of individual users.
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