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WaveGate: a versatile tool for temporal shaping
of synchrotron beams
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Abstract: We present a full performance characterization of a solid state pulse picker for hard
x-ray pulses at synchrotrons. The device is called WaveGate. Specifically, we quantify its
efficiency (>30 %), timing capabilities (switching times between 100 ns and ms), on-off contrast
(>10*) and influence on the coherence properties of the incident x-ray beam. In addition, we
discuss the implementation of the WaveGate in an optical pump - x-ray probe setup. Even if
single pulse selection is performed by external detector gating, the WaveGate drastically increases
the efficiency of a measurement. Finally, we introduce advanced timing schemes that can be
realized by modulating the time structure of the synchrotron beam.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Users of synchrotron radiation have become accustomed to a certain temporal pulse structure
emitted by the storage ring. Typical parameters are temporal gaps between x-ray pulses of 10ns -
1000 ns [1-4] and an x-ray pulse duration of approximately 100 ps [5,6]. Due to the architecture
of a synchrotron, any time structure set by the machine affects all beamlines and experimental
stations connected to the storage ring. A given time structure sets limitations on the feasibility of
an experiment. To mitigate these constraints and address the divers and sometimes conflicting
requirements of different user communities, almost all synchrotron facilities provide changing
operation modes. This adds additional planning and organization effort while many user requests
still cannot be completely fulfilled. A real solution overcoming the constraints imposed by the
synchrotron operation mode consists in tailoring the time structure of the synchrotron radiation
at the level of the beamline using optical elements. Such optics enable beam conditioning
specifically for each experiment, similar to e.g. selecting the beams energy with a monochromator.
In this article, we introduce so-called Active X-Ray Optics (AXOs) for exactly that purpose.

The capabilities of AXOs are schematically shown in Fig. 1. Panel a) depicts a typical pulse
train emitted from a synchrotron storage ring with the characteristic parameters pulse separation
and pulse duration. Panel 1(b) illustrates the operation of two different AXOs, namely the
WaveGate pulse picker and the PicoSwitch [7,8]. The former is used to block impinging x-ray
pulses over a highly flexible temporal range. The latter acts as switchable mirror to slice the
central part of the x-ray pulse, thus reducing the duration and increasing the temporal resolution
accordingly. In this article we solely focus on the capabilities of the WaveGate pulse picker.
The working principle of our device is described in detail elsewhere [9]. Here, we specify
and demonstrate the main performance parameters of the device, such as the gating times, the
efficiency of transmitted pulses and the on-off contrast. We also characterize the impact on the
x-ray beam coherence and provide first examples for user cases, e.g., the generation of arbitrary
pulse sequences which can be used for advanced timing schemes [10]. An example of such an
arbitrary pulse sequence is shown in Fig. 1(c).
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Fig. 1. Time structure of synchrotron beams: a) Time structure of the synchrotron pulse
train determined by pulse duration and pulse separation. b) Reduction of the x-ray pulse
repetition rate by picking every 5th pulse with the WaveGate. The suppressed pulses are
shown in light blue. The zoom on the transmitted pulse in the center depicts pulse shortening
by the PicoSwitch [8]. c). Generation of a variable pulse pattern for advanced timing
schemes. Similar measured pulse pattern are depicted in Fig. 6.
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2. WaveGate pulse picker characterization

Figure 2(a) depicts a schematic of the WaveGate pulse picker. The setup consists of two crystals
from the same piezoelectric substrate, referred to as active and analyzer crystal, respectively.
The crystals are mounted in a double crystal monochromator (DCM) geometry. We fabricate
interdigitated transducers (IDTs) on the surface of the active, piezoelectric crystal to convert a
high-frequency electric field into a surface acoustic wave (SAW). The RF signal is generated by
the WaveGate signal generator connected to the IDT.
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Fig. 2. WaveGate gating tool: a) Sketch of the WaveGate pulse picker setup. The active
and analyzer crystal are mounted in a double crystal monochromator (DCM) geometry.
Transmission and suppression of incident pules is controlled by the WaveGate signal
generator. Its RF output is fed to the interdigital transducer (IDT) on the active crystal. b)
Sketch of the active crystal and necessary electronics for synchronization to a synchrotron
bunch marker and for the generation of surface acoustic waves (SAWs) in the piezoelectric
substrate. The IDT is shown in light gray with a period A and an aperture size D. The SAW
propagates along the crystal surface through the footprint of an impinging x-ray pulse (dark
gray) with length L. c¢) Grafical representation of the performance parameters efficiency (1),
contrast (C), gate opening time (T) and switching time.

A propagating SAW alters the diffraction condition
G + Gsaw = Kous = Kin, (1)

where G is the reciprocal lattice vector of the substrate and %ow s E,, are the wavevectors of the
incident and diffracted x-ray beam, respectively. By tuning the incidence angle of the x-ray
beam accordingly, x-ray pulses impinging on the active crystal are either diffracted towards the
analyzer crystal or penetrate into the active crystal along their original trajectory, depending on
the deformation of the substrate induced by propagating SAWs. The analyzer crystal diffracts all
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incident pulses following G = I;OL,, - zi,,. Thus, transmission of x-ray pulses can be controlled
with the external RF signal.

A closer view on the active crystal is shown in Fig. 2(b). The IDT structure is shown in
gray on the surface of the piezoelectric substrate which is depicted in blue. The IDT spatial

period A determines the wavevector qsaw = 27/A of the generated SAW. The SAW frequency
VSAW

fsaw = for a given qsaw depends on the wave velocity vsaw in the substrate. A signal
generator delivers high-frequency (RF) voltage bursts to generate SAWs at the eigenfrequency of
the IDT. It is synchronized to the x-ray pulses emitted by the storage ring via the synchrotron
bunch marker. An additional frequency divider / delay generator unit allows to select the repetition
rate as well as the opening time and the delay of the temporal gate.

Figure 3(b) also depicts the footprint of an incident x-ray pulse shaded in dark gray with an
extension L in direction of the SAW propagation. As soon as the SAW has propagated through
the whole length of the footprint, the beam can be fully diffracted [c.f. Eq. (1)]. We call this
propagation time top/off = L/vsaw the switching time. The WaveGate remains in the on-state as
long as the SAW fully overlaps with the x-ray footprint on the active crystal. The duration of the
on-state directly follows the duration of the RF burst set by the delay generator.

The temporal gate is sketched in Fig. 2(c) with the main performance parameters highlighted
in dark red. These parameters are the temporal gate width T, the diffraction efficiency in the
on-state n and the on-off contrast C. The latter quantity is the ratio of integrated photon counts
while the WaveGate is turned on and off. Measurement of the contrast requires gating of the
x-ray detector as discussed in section 3.

A measurement of these quantities is depicted in Fig. 2(a)-(c). We employed lithium niobate
(LiNDbO3) as piezoelectric substrate for the active and analyzer crystal, respectively. The crystals
were oriented in the rotated Y-cut or 128° Y-X configuration. The crystal surface is parallel to
the (104) lattice plane and the IDT wavevector points along the x-direction of the crystal with a
SAW velocity vsaw = 3.5 7¢. The IDT excites so-called acoustic Rayleigh modes [11] with a
period of A=4 um. The acoustic deformation extends about A/2 into the substrate, i.e., two times
the extinction length of the incident x-ray pulse [12]. Measurements were performed at the XPP
instrumental station of the KMC3 beamline at the BESSY II synchrotron source [13] and at the
situ x-ray diffraction beamline P23 at the Petra III synchrotron at DESY. At KMC3 we set the
energy of the monochromatic (AE/Ey = 107%) x-ray beam to 8 keV. At P23 we choose a photon
energy of 14.4keV at a relative bandwidth AE/Ey = 107,

First we discuss measurements of temporal gates with opening times from 100 ns to 100 us
depicted in Fig. 3(a). Note the logarithmic time axis in the figure to accommodate the timescales
of the temporal gates which differ by orders of magnitude. The x-ray beam size was set to 50 um
and the Bragg angle of the (104) plane of the active crystal was 14.578 °. This results in an
x-ray beam footprint of L = 200 pm and in a minimal switching time tyn/0 = 57 ns. The shortest
gate of 100 ns duration shown in Fig. 3(a) is about the fastest gate that can be realized in this
configuration. Note that our device can produce even faster gates with opening times of less
than 10 ns at the cost of a reduced switching contrast [14]. The flexibility of the WaveGate is
demonstrated by gating times of 1 s, 10 us and 100 us (from dark to light blue), respectively.
We like to point out that any gate opening time can be selected by simply changing the duration
of the RF burst without additional alignment of the WaveGate. Once the WaveGate is integrated
in a setup, the gate opening time can be selected by entering a single command in the software
control.

Second we discuss the efficiency of the WaveGate pulse picker in the on-state. Figure 3(b)
depicts a rocking scan of the active crystal in the on- and off-state (dark and light blue curve,
respectively). The measurements were performed in the standard DCM configuration shown in
Fig. 2(a). For easy evaluation we normalized the diffracted intensity to the intensity incident on
the active crystal. The propagating SAW generates side bands of the (104) reflex as derived in



Research Article Vol. 32, No. 5/26 Feb 2024 / Optics Express 7477

Optics EXPRESS

1.0 4 /-\
> 0.8 1
‘B
=
£ 061
S 041
— 100 ns
0.2 — 1Us
| — 10 Us
0.0 A-JJ 100ps
—6 -5
10 10
delay [s]
801 b) — during switching
704 —— before switching
S
>
Q
=
2
2
i
[3)

-150  -100 50 0 50 100 150
A incidence angle [prad]

intensity [arb. u.]

—-200  —100 0 100 200 300 400
delay [ns]

Fig. 3. Measurement of key performance parameters: a) Temporal gates with a duration
of 100 ns, 1 us, 10 us and 100 us (from dark to light blue), respectively. Note the logarithmic
timescale to accommodate the large variation of gating times. b) Diffraction efficiency in %,
i.e. normalized to the intensity incident on the WaveGate. c) Measurement of the on-off
contrast of 10%. The result may be biased by the limited dynamic range of the measurement.
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Equ. (1). They appear in the dark blue curve in Fig. 3(b) and reach a diffraction efficiency of
30% of the incident beam.

Third we discuss the on-off contrast of the WaveGate pulse picker, which is shown in Fig. 3(c).
The measurement is similar to the gate scans shown in Fig. 3(a), however, we use a longer
integration time to accumulate better statistics, especially in the off-state. We measure an on-off
contrast of better than 10%, however, the measurement is still limited by photon statistics.

To conclude the device characterization, we now discuss how the WaveGate active crystal
influences the coherence properties of an impinging x-ray beam. To determine the lateral
coherence length we introduce an aperture with variable opening size in the diffracted beam. For
opening sizes within the lateral coherence length, we observe diffraction satellites due to coherent
scattering at the apertures boundaries. Figure 4(a) sketches the experimental setup which was
implemented at the IDO1 beamline at the European Synchrotron ESRF. The x-ray beam had a
photon energy of 9keV and an area of 100 um x 100 um. As a variable aperture we used a pair of
vertical and horizontal slits which we mounted on the detector arm 0.3 m away from the rotation
center. Images of the coherent beam were recorded with a high resolution CMOS detector (Andor
Zyla) with pixel size of 7 um X 7 um at a distance of 6.5 m from the rotation center.
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Fig. 4. Impact of the WaveGate on the beam coherence: a) Experimental setup to
determine the lateral coherence of the diffracted beam after the active crystal of the
WaveGate. A pair of variable slits is used as aperture to generate coherent diffraction
satellites on the detector. b) detector image recorded at an opening of 50 um. The vertical
and horizontal dashed lines indicate the positions of the line cuts shown below. ¢) and d)
intensity plots along the line cuts indicated in b) at aperture openings of 50 ym, 75 um and
100 um, respectively.

Figure 4(b) depicts a typical detector image. The aperture size was 50 um. Figure 4(c) and
(d) show diffracted intensity on a vertical and horizontal cut, indicated by the dashed lines in
Fig. 4(b), for 50 um (dark blue), 75 um (light blue) and 100 um (red) aperture sizes. Modulations
of the diffracted intensity appear for all measurements with an aperture size smaller than the beam
size. These coherent diffraction features become stronger if the aperture size is reduced. Note
that due to the large slit opening, the observed features do not constitute a simple slit diffraction
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pattern but rather a complicated superposition of diffraction at the slit and limited resolution of
the detector. Due to the limited beamtime available we could not repeat these measurements
in the direct beam to quantify absolute changes of the coherence properties. However, our
observation of coherent scattering features in the diffracted beam even at large aperture sizes
indicate that the WaveGate active crystal does not noticeably deteriorate the coherence properties
of an x-ray beam.

3. WaveGate pulse picker application examples

In this section we employ the WaveGate pulse picker in real experimental setups and present
a few application examples. The first measurement example was performed at the Petra III
beamline P23. Our experimental setup is shown in Fig. 5(a). The synchrotron operated in 40
bunch mode with a temporal x-ray pulse spacing of 192 ns. We installed the WaveGate setup in
the experimental hutch approximately 2 m upstream of the sample position in the slightly focused
X-ray beam.

For time-dependent studies we employ a pulsed laser source (Ekspla NL202) to excite crystalline
solids and nanostructures. Here, we only briefly summarize our experimental studies. A more
thorough description can be found elsewhere [15—17]. Our laser delivers optical pulses with
a duration of 7 ns, a pulse energy of 2mJ at a wavelength of 1064 nm at a repetition rate of
1 kHz. To synchronize the arrival of optical and x-ray pulses, a prerequisite to set the pump-probe
delay, we feed a bunch marker signal to a pulse and delay generator (Stanford Research DG654).
This device generates the necessary trigger signals, namely the pump-probe delay, the external
detector gate and the WaveGate timing signal. We control all timing signals through a Tango
device server via the beamline control software spock [18].

In the first example we demonstrate the timing capabilities of our setup and of the WaveGate
pulse picker in particular. Thus, the measurement is performed without a sample so that the
direct beam impinges the detector. The blue line in Fig. 5(b) depicts a scan of the relative delay
between the detector gate signal and the synchrotron bunch marker. The measurement features
individual x-ray pulses with a separation of 192 ns. Here, the WaveGate pulse picker was set
in transmission mode, i.e., the x-ray beam is diffracted from the (104) substrate reflex on both
the active and analyzer crystal. To set the WaveGate in timing mode, we tilt the active crystal
to fulfill the diffraction condition in Eq. (1). The x-ray beam footprint on the WaveGate was
300-400 wm in the diffraction plane. In this geometry the shortest temporal gate possible has a
duration of 100 ns. To highlight the SAW propagation through the x-ray footprint, we select five
x-ray pulses as shown in the light blue curve in Fig. 5(b). The bunches are modulated in intensity
due to the changing overlap of the x-ray beam and the propagating SAW.

This example illustrates that even without single pulse picking the WaveGate enables faster
measurement and more efficient use of beamtime. In the direct beam, x-ray pulses impinge the
sample with a rate of 5.2 MHz, i.e., much higher than the repetition rate of the laser of 1 kHz. The
reduced repetition rate of the time-dependent experiment translates into a reduction of measured
intensity of the same ratio, i.e., Iy, /Irg; = 5,200. Considering the linear dynamic range of
standard hybrid pixel detectors of 80,000 counts/sec/pixel the reduction of the repetition rate
poses a serious limitation. Even if the detector records counts only every millisecond in external
gating mode all impinging pulses are absorbed. Thus, in external gating mode with repetition
rates of 1kHz, the effective dynamic range is reduced by a factor 80,000/5,200 ~ 15. In order
to not exceed this dynamic range, the x-ray beam must be attenuated by additional absorbers.
As a result, the rate mismatch leads to a significant prolongation of the measurement time. A
better solution is to match the rate of the measurement and the incident x-ray pulses by installing
the WaveGate pulse picker to conserve the full dynamic range of the detector. For our own
measurements [17] we used a 10-times shorter integration time due to the WaveGate while
maintaining the same number of counts per second on the detector.
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Fig. 5. Optical pump - x-ray probe setup: a) Sketch of the experimental setup. Details
are given in the main text or elsewhere [15-17]. The WaveGate pulse picker is used to match
the repetition rate of the x-ray probe pulses to the laser pump pulses, thus preserving the
full dynamic range of the experiment, as explained in the main text. b) Scan of the external
detector gate relative to the synchrotron bunch marker with (light blue) and without (blue)
pulse picking by the WaveGate.
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We now discuss a second application of the WaveGate pulse picker, namely the generation of
complex pulse sequences for advanced timing schemes [10]. In layman’s terms, these concepts
consist in probing an excited system with a series of predefined pulse sequences and retrieving
the transient state at a certain delay through a linear combination of all measurements. Such
concepts are well established for optical [19] applications. However, since the fast temporal
modulation of x-ray beams has not been achieved so far, such timing schemes are barely used in
the x-ray community.

In Fig. 6(a) and 6(b) we depict two exemplary pulse sequences which were generated with
the WaveGate pulse picker. The x-ray beam is modulated on millisecond and microsecond
timescales with a constant and variable window size, respectively. Adjacent temporal windows are
highlighted in the graph by an alternating gray and white background. For this demonstration we
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Fig. 6. Pulse sequences for advanced timing schemes: Generation of x-ray probe pulses
with a complex time structure. The delay axis is divided into seven windows which are
distinguished by the white and grey background. The windows are filled with sequences
[1,1,0,1,0,0,1] (sequence 1) and [1,0,1,0,0,1,1] (sequence 2), i.e., the same sequence but
shifted by one window to the left. a) The modulation occurs on a ms timescale, the temporal
windows have uniform size and the duty cycle within one window is 50%. b) The modulation
occurs on a us timescale, the temporal window size is non-uniform and increases with the
delay. The duty cycle of the filling is 100%.
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chose sequences with seven time windows, however, the device does not impose any limits on the
length. Sequence 1 is [1,1,0,1,0,0,1] with a duty cycle of 50 % and Sequence 2 is [1,0,1,0,0,1,1]
with 100 % duty cycle. In fact, Sequence 2 corresponds to Sequence 1 but translated one time
window to the left.

To retrieve information on the dynamics of a system under study, one needs to repeat the
measurement with seven different translations of the pulse sequence. The transient state in
each temporal window can be retrieved through a linear combination of all measurements. The
description of such an experiment is beyond the scope of this article. We will report on a
structural dynamics measurement using the Hadamard transform [19], from which these pulse
sequences are borrowed, elsewhere.

4. Conclusion

In this article we present a full characterization of the WaveGate pulse picker for hard x-rays at
synchrotrons. The device employs propagating SAWs to modulate the diffraction efficiency of
an active, piezoelectric substrate. A second analyzer crystal is used to diffract the x-ray beam
parallel to its original trajectory towards the experiment. The WaveGate reaches a total efficiency
of >30 % of the incident beam, gate opening times as short as 100 ns and an on-off contrast
>107%. A main asset of the WaveGate is its enormous flexibility allowing adaptation to various
experimental conditions. We also discussed implementation of the WaveGate in a real optical
pump - x-ray probe setup and the generation of arbitrary x-ray pulse sequences which enable
advanced timing schemes in the hard x-ray regime.
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