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ABSTRACT: We present time-resolved X-ray diffraction measure-
ments using advanced timing schemes that provide high temporal
resolution while also maintaining a high flux in the X-ray probe
beam. The method employs on—off patterned probe pulse
sequences that are generated with the WaveGate solid-state pulse
picker. We demonstrate the feasibility of our method at two
different beamlines on millisecond and microsecond time scales.

B INTRODUCTION

Next-generation synchrotrons1 present exciting opportunities
for researchers across various fields, including biology,
chemistry, life sciences, materials science, and engineering.2
A key advantage of these new sources is their improved ability
to observe samples in situ within their natural environments
and monitor their dynamics in operando. The relevant time
scales for detecting structural dynamics typically range from
picoseconds to milliseconds. Different methods exist at
synchrotrons that can resolve these transient effects, e.g. X-
ray photon correlation spectroscopy (XPCS). The highest
temporal resolution can be reached with the pump—probe
method where a short stimulus, such as a laser pulse, excites
the sample, and a subsequent probe pulse detects the transient
state at a specific pump—probe delay. Usually, each delay point
is measured multiple times to ensure reliability of the measured
data. The temporal resolution of this scheme is generally
limited by the duration of the probe pulse, typically around
100 ps at a synchrotron source.”” At a synchrotron, using the
X-rays from only a single electron bunch is usually the shortest
possible probe, but in many cases does not deliver sufficient
signal. The most common method to isolate single pulses from
the emitted synchrotron pulse train is external gating of the X-
ray detector.” However, sample and measurement equipment
are still exposed to the X-ray beam throughout the whole
excitation cycle, which may cause saturation effects or even
damage to the sample or to the measurement equipment.’
Thus, when using the pump—probe method, researchers face a
trade-off between temporal resolution and the sensitivity of
their experiments.

In this article, we discuss advanced timing schemes that
overcome these limitations to some degree. Specifically, we
present a method that employs patterned probe sequences
derived from a Hadamard transform. The Hadamard transform
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is already applied in spectroscopy”® and microscopy”'® to
maintain spectral or spatial resolution while increasing a
measurement’s sensitivity.'"'> Researchers have already
adapted the Hadamard method to the time domain
successfully by imaging a rotating disc with an X-ray beam,"
capturing protein structural changes by time-resolved X-ray
diffraction'* and pump—probe photothermal deflection."
These results demonstrate the potential to significantly
improve time-resolution, however, Hadamard time-domain
measurements are not commonly performed due to the lack of
flexibility in patterning the time structure of the X-ray beam.
We employ a solid-state pulse picker (WaveGate, TXproducts)
to overcome this constraint.

B EMPLOYING A HADAMARD TRANSFORM FOR
TIME-DOMAIN MEASUREMENTS

In this section we will briefly describe the working principle of
the Hadamard transform specifically in the context of time-
domain measurements. We compare our method to pump—
probe time-resolved measurements and show that it can yield
the same temporal resolution even when patterned pulse
sequences are used. Let ¢ denote the pump—probe delay axis.
The pump—probe measurement divides this axis in n discrete
time windows called delays t,. For simplicity, assume that all £,
have the same duration 6t, although this is not a necessary
condition. In the pump—probe scheme, each time window is
filled with a probe pulse and a measurement, e.g., a detector
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image W is recorded for each delay. The duration of the time
window determines the temporal resolution. In a real
experiment, the window could be filled either with only one
or with several synchrotron pulses. We only require a unique
pulse shape in all time windows. The full data set contains W,
measurements or detector images which represent the
transient response R(t,) = R, of the sample. Figure 1a depicts
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Figure 1. Time-resolved measurement schemes: (a) standard pump—
probe method: the delay axis is divided into time windows which are
filled with probe pulses in consecutive measurements. Each
measurement captures the transient state at one delay. (b) Hadamard
method: multiple windows on the delay axis are recorded with each
probe sequence. The transient state at each individual delay time
(only t, is shown) can be retrieved during post processing by
combining all measurements.

the pump—probe scheme in a simple scenario where the delay
axis t is split into n = 3 time windows. Each column in Figure
la depicts a probe sequence, which in turn contains only one
probe pulse. This means that only one time window is probed
in each measurement. These probe sequences are represented
by the following delay or M-matrix

M =

o o =
o = O
= o O

(1)

This measurement matrix (which is an identity matrix)
represents the time-points in a traditional pump—probe
experiment. Each detector image is obtained by multiplying a
row of the M-matrix with the transient sample response R, and
W =M X R. The transient sample response is given by the
inverse operation R = M™' X W.

Consider now a different scheme for time-resolved measure-
ments that employs probe sequences with more than one time
window used. The scheme is sketched in Figure 1b. Intuitively,
it may seem that this measurement cannot yield the same
temporal resolution as the previously described pump—probe
method. This is however not the case.

To demonstrate this, we define a S-matrix which contains
the probe sequences. Again, we choose a simple example with
n = 3 time windows. The S-matrix is derived from a Hadamard

matrix'*'*'” and has the form
110
S=|1 01
011 ()

The first measurement yields W; = §; X R= (1-R;) + (1-R,)
+ (0-Ry), i.e, it is a summation over a total of two probe pulses
in windows 1 and 2. Again, we want to obtain the sample

response R, thus we perform the inverse operation R = §7! X
W, where

1 1 -1
s'=05|1 -—-11
-11 1 (3)

For the first time window of the transient response we find
R, = ST' X W = 0.5 (W, + W, — W,). Tt is immediately
evident that full measurement of all probe sequences is
necessary to retrieve the transient state R;. The same is true for
any other transient state at any other delay. Figure 1b depicts
graphically how the first delay point can be retrieved.

To conclude this section, we want to point out the following
general remarks on time-domain Hadamard measurements:
first, the Hadamard method can provide the same time
resolution as the pump—probe method. Second, to retrieve the
time-resolved response in a measurement one must first
measure a full data set of probe sequences and extract the
dynamic response through the inverse operation R = §™! X W.

The advantage of the Hadamard method is the increased
sensitivity while maintaining the temporal resolution. Specif-
ically, it allows the probing of fast processes with intense probe
pulses that encompass multiple delay windows. A necessary
requirement for using the Hadamard method is the ability to
encode the complex sequences into the probe beam. We will
present a solution to this challenge in the following section.

B RESULTS AND DISCUSSION

Generating Hadamard Sequences in the Time
Domain. Advanced timing schemes like the one discussed
in the previous section are not commonly used in X-ray
science. The reason is the lack of methods to easily modulate
the time structure of synchrotron beams to deliver the
complex, irregular Hadamard time sequences. We have
recently presented a full characterization of a programmable
solid state pulse picker that can achieve exactly this."® The
device is called WaveGate. Here, we will only briefly introduce
its working principle and list the main performance parameters.

The WaveGate consists of two crystalline piezoelectric
substrates that are mounted in a double monochromator
configuration, as shown in Figure 2a. The first, so-called active
crystal is depicted in Figure 2b. An interdigitated transducer
(IDT) connected to a signal generator is the active
component. The time-dependent electric field which is applied
to the crystal via the IDT is converted to a time-dependent
strain field. The shape and the characteristic dynamics of the
strain field are determined by the geometry of the IDT and by
the external control signal from the signal generator.
Converting electronic signals into sound waves in piezoelectric
crystals is an important application of such materials, e.g., in
mobile communications'”*” or in sensors.”"**

The WaveGate adapts this technology to realize novel
functionalities in X-ray photonics by using the generated strain
fields for manipulation of the diffraction efliciency of structural
Bragg reflexes. In short, the strain field propagates as a bulk
acoustic wave (BAW)' below the IDT and as a surface
acoustic wave (SAW)™” in lateral direction along the surface of
the crystal. The WaveGate can use both configurations. The

-

wavevector associated with the periodic strain is k. In
combination with the structural Bragg reflex of the piezo-
electric substrate with a reciprocal lattice vector G the X-ray
beam diffracts into artificial satellites. The corresponding Laue
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Figure 2. Experimental technique: (a) general beamline setup for
synchrotron-based experiments using the WaveGate pulse picker. X-
ray pulses are emitted from a synchrotron storage ring and impinge on
the WaveGate setup.'® The subsequent two crystals compensate for
the change in beam height introduced by the WaveGate and were used
in the experiment discussed in section but not in the one in section.
(b) Top view on the active crystal of the WaveGate pulse picker. The
interdigital transducer (IDT) is exposed to a RF signal which is
converted into a surface acoustic wave (SAW) by the piezoelectric
substrate. The SAW modulates the diffraction efficiency of a structural
Bragg reflex, thus enabling the transmission or suppression of the
incident X-ray pulses. (c) Laue condition of the active crystal. The
device is discussed in detail elsewhere.'® (d) Exemplary probe pulse
sequence with 7 time windows of variable duration: 700 ns, 1000 ns,
2000 ns, 3000 ns, 4000 ns, 8000 ns, 10,000 ns. The individual
windows are separated by a red dashed line, and the binary value of
each matrix element is indicated. (e) Isolation of single bunches from
the S X 9 bunch pattern at CHESS by scanning with a 10 ns
WaveGate window.

— — — >
condition k, — k_, = k; + G is depicted in Figure 2c where

zn and —k_o)ut denote the wave vector of the incident and
diffracted X-ray beam, respectively.

A detailed explanation of the functionalitz and specification
of the WaveGate are presented elsewhere.'® To manipulate a
train of X-ray pulses into Hadamard sequences, the WaveGate
must be synchronized to the bunch marker signal of the
synchrotron storage ring. The timing jitter of the relevant
signals is typically 100 ps,”*** ie, much smaller than the
fastest switching time of the WaveGate. We have performed an
extensive characterization of the WaveGate device:'® The peak
diffraction efficiency is 30% of the incident beam. The on—off
switching time can be as short as 2 ns and the suppression of
photons in the off-state lies between 10~ and 107%, depending
on the configuration of the WaveGate. Admittedly, there is only
few data on the long-term stability of the device. We have
performed overnight loops of rocking curve scans of Bragg
reflexes which show no variation in the position or the

intensity of the measured reflex. In our experience, the device
needs quick realignment every 1—2 days. However, it is unclear
if drifts in the WaveGate setup or changes in the pointing of the
incident synchrotron beam make the realignment necessary. So
far, we have not observed a degradation of the active crystals in
the X-ray beam.

We demonstrate the capabilities of the WaveGate by
isolating single bunches from the 9 X S bunch pattern at the
CHESS 7B2 beamline as shown in Figure 2e. We used an
Eiger2 detector with a 100 ns gate to isolate a whole bunch
train with S pulses separated by 14 ns. To isolate a single pulse
we scanned a 10 ns temporal window spanned by the
WaveGate with respect to the bunch marker.

An exemplary Hadamard sequence generated by the
WaveGate with n = 7 time windows is plotted in Figure 2c.
Note that, in this example, the duration of, of the time
windows # is variable, i.e., the duration of t; = 0 is 6, = 700 ns
and the duration 0t is 10 us. Each time window is separated
from its adjacent window by vertical dashed lines. The full
Hadamard sequence reads 1010011. To modulate the time-
dependent transmission of the X-ray beam through the
WaveGate, we trigger the WaveGate signal generator with the
same sequence and modulate each element n with its
appropriate duration 6t,. The active trigger generates an
output at the signal generator which translates into diffraction
satellites as previously described. We provide TANGO™ and
EPICS”’ servers to incorporate the necessary hardware into
BLISS*® or BlueSky”” or similar beamline control environ-
ments.

Figure 2a shows a schematic of the WaveGate installed in a
beamline. The experiments presented in the next section were
performed at beamlines P14-EH2 (T-REXX)® and P23 at
PETRA III (DESY, Hamburg). We used a bunchmarker signal
to synchronize the WaveGate to the bunches in the storage
ring. However, for time windows much larger than the bunch
separation, the synchronization can be omitted. In this case,
the WaveGate delivers a trigger signal to synchronize the rest of
the experiment to the Hadamard time sequence.

Monitoring Mechanical Motion with Hadamard Time
Domain Measurements. In the following we demonstrate
the ability to resolve transient dynamics using the advanced
timing scheme discussed in the previous sections. We
performed two measurements to exemplify the method: first,
we monitor the back-and-forth motion along the X-ray beam
axis of a translation stage using Debye—Scherrer diffraction
from a powder sample and second, we monitor the
micromechanical oscillation of a 500 nm thin SiN membrane
after absorption of a laser pulse by Laue diffraction.

In both cases we employ a 7 X 7 S-matrix that is displayed in
eq 4.

1 11 01 0 0]
1101001
1010011
S;={01 00111
1001110
0011101
01 1101 0] (4)

For completeness, the inverse matrix $™' is generated by eq
12

S.
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s =2028" —))/(n+ 1) (s)

where J is an all-ones matrix and the superscript T denotes the
transpose.

Back-and-Forth Motion of a Linear Translation Stage
along the X-ray Beam Axis Monitored by Debye—
Scherrer Diffraction. This first demonstration measurement
was performed at the T-REXX endstation on beamline P14 at
the PETRA III storage ring and the experimental setup is
depicted in Figure 3a. The general beamline layout with the
installed WaveGate pulse picker was already discussed in the
previous section. The X-ray beam with the modulated pulse
sequences impinges a Cr,O; Eskolaite powder sandwiched
between two Mylar foils. The sample was mounted on a linear
translation stage (SmarAct) that performed a repetitive back-
and-forth motion along the X-ray beam axis AD. The incident
beam had a photon energy of 12.7 keV. It diffracted into
several Debye—Scherrer rings that were captured by an area
detector (Eiger 4M, Dectris). Figure 3b depicts a section of a
sum of 100 detector images. The area around the (110) ring
marked by the red square is magnified in Figure 3c.

The synchronization and timing scheme that was
implemented for this measurement was as follows. The n =
7 time windows had an equal duration of 100 ms. For this
demonstration we choose a duty cycle of 50% to be able to
distinguish consecutive filled time windows visibly on the
detector [cf. Figure 3b,c]. Hence, a logical 1 is represented by a
50 ms X-ray pulse followed by a 50 ms dark period. A logical 0
is represented by a 100 ms dark period. The translation stage
provided a trigger signal that was used to synchronize the
probe pulse sequence generated by the WaveGate. After the 7-
window sequence completed, the WaveGate blocked the
incident X-ray beam from the storage ring. Images were
synchronized to always start at the same stage position, with an
overall exposure time of 1000 ms.

Figure 3b displays a blurring”" of the Debye—Scherrer rings
that stems from the mechanical motion of the Eskolaite
powder sample mounted on the translation stage. In the
magnified area displayed in Figure 3c we recognize the
temporal probe sequence 1010011 (right to left). This
sequence corresponds to the third column of the S-matrix
displayed in eq 4 and the image represents measurement W,
according to the formalism laid out in section. With the full set
of images W, to W4 we perform the inverse transformation R =
S7' X W to find the position of the powder ring on the
detector and thereby the transient position of the translation
stage in each time window ¢,. The result is depicted in Figure
3d, where early delay windows are coded in blue and later
delays are coded in red.

By employing the inverse transformation we can determine
the individual transient positions of the stage even though the
measured detector images are blurred due to the moving
sample. The measured intensity at the different positions is
reduced at later delays and we observe a smearing of the
position in the corresponding traces. We suspect that the speed
of the translation stage varied due to friction, which translates
into slight position errors in the inverse transformation. This is
a good example to point out the challenges and intricacies of
this method. Because the probe pulses are distributed across
many time windows, it is impossible to repeat a measurement
of a single delay. Any errors spread to all delay times and if in
doubt, the full series must be repeated.

a)

Detector AD
—

Foil clamp Synchrotron

Mylar foil 1010011 WaveGate '
Eskolaite
powder

Linear stage Trigger output
Beamstop

norm. intensity [a.u

AD [mm]

Figure 3. First advanced timing measurement: (a) experimental
setup: an Eskolaite powder sample is attached to a linear stage that
performs a periodic back-and-forth motion along the X-ray beam axis.
Incident X-rays diffract from the sample in Debye—Scherrer rings with
a radius depending on the transient position of the translation stage as
the sample to detector distance was varied. The sample was probed
with a probe sequence generated by the WaveGate pulse picker. (b)
Sum of 100 detector images depicting multiple Debye—Scherrer
diffraction rings from the sample. The rings display a motion blur with
a modulated intensity. (c) Detailed view of the (110) Debye—
Scherrer ring. The intensity modulation displays the inverted (from
right to left) probe sequence 1010011. (d) Transient stage position,
obtained after azimuthal integration and the inverse transform with
the full data set.
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Micromechanical Motion of a 500 nm Thin Mem-
brane Monitored by Laue Diffraction. We now discuss a
second, more realistic demonstration measurement, where the
transient response of the sample was not known in advance.
The sample was a 500 nm thin SiN membrane which was
coated with an amorphous 40 nm thin Pt film by magnetron
sputtering. The experimental setup was very similar to the
scheme depicted in Figure 2a. We performed this experiment
at beamline P23 at the PETRA III storage ring and a schematic
is given in Figure 4a. The sample was mounted in the direct

a)
- Membrane
oscillation

Detector \!/.
|

SiN membrane

External Detector Gate

Synchrotron

1010011 WaveGate

Laser Trigger

b)
-e- 1 5 ~9--—9
-e- 2 6 -e- 10
- 7
8
540
S,
235
2]
5
£ 3.01
2.5
2.0
0 1 2 3 4
Delay [us]

Figure 4. Second advanced timing measurement: (a) experimental
setup: the WaveGate pulse picker was synchronized to the
bunchmarker signal from the storage ring and generated trigger
signals for the excitation laser and area detector. The sample (SiN
membrane with 40 nm Pt coating) was excited by 7 ns laser pulses
with a wavelength of 1064 nm. The subsequent dynamics were
probed by alternating sequences of probe pulses generated by the
WaveGate pulse picker. Incident X-rays were diffracted in Debye—
Scherrer rings of which only a small fraction was captured by the area
detector. (b) Transient sample dynamics obtained from the inverse
transformation using all recorded probe sequences. Each sequence
was recorded ten times (bullets, dashed) to demonstrate the reliability
of the measurement. The average response is depicted in the red solid
line. Laser-induced degradation of the sample leads to a decay of the
signal as the measurement progresses.

beam diffracted from the second WaveGate crystal. The X-ray
beam was moderately focused to a spot size of 30 ym X 160
um by a set of Be compound refracting lenses located 30 m
upstream from the sample position. We captured the (100)
diffraction ring in Laue geometry with an area detector
(Lambda 750k, X-Spectrum). The distance between sample
and detector was 1 m and the diffracted beam from the sample
covered the entire detector area of 28 X 85 mm” With the
available detector area we captured only a small fraction of the
total radiation diffracted from the sample.

To elicit a transient response, we exposed the sample to laser
pulses with a duration of 7 ns, a wavelength of 1064 nm and a
maximum pulse energy of 1 mJ. The laser footprint at the
sample position was almost circular, with a radius of 500 yum.
The sample was excited at a repetition rate of 1 kHz with an
incident fluence of 40.7 mJ/cm?

The storage ring operated in 40 bunch mode, ie,
subsequent X-ray pulses were separated by a gap of 192 ns.
By reducing the repetition rate of the experiment to the 1 kHz
repetition frequency of the laser we reduced the X-ray flux by a
factor of 5200.%* Again, we used the 7 X 7 S-matrix given in eq
4, this time with a duration 6t of each time window of 700 ns.
The WaveGate was synchronized to the bunchmarker signal. A
trigger signal for the laser and an external gating signal for the
area detector were generated by the WaveGate electronic
hardware. The external gating was active for the total duration
of the probe pulse sequence. We tuned the delay axis such that
the first delay point t, coincided with the arrival of the laser
pump pulse at the sample. Therefore, no negative delay times
were measured. For every probe pulse sequence we captured
ten redundant images. Thus, for each of the 7 Hadamard
sequences we performed a total of 10 delay scans over a delay
range of 4.9 us.

The transient sample response for the ten independent
measurements was obtained through the inverse transform R =
§™! X W. Results are depicted in Figure 4b in the colored
dashed lines. The dark red solid line shows the average of all
measurements. We observe a continuous decay from the first
to the last measurement, which indicates a laser-induced
degradation of the sample. Otherwise, all ten measurements
show a qualitatively identical temporal response. At this point
we refrain from speculating about the underlying physical
mechanism responsible for the observed dynamics. The only
purpose of this measurement is to demonstrate the reliability
of the advanced timing scheme.

Use Cases for the Hadamard Timing Scheme. In this
section, we explore the application of the Hadamard timing
scheme in time-resolved X-ray experiments. We begin by
estimating the signal-to-noise ratio (SNR) in an idealized
scenario, where a Poisson-distributed stream of X-ray photons
is detected by an ideal detector. For a given signal intensity I,
the expected measured pump—probe signal level is I, + \/IT) )

where the latter term represents the standard deviation due to
photon counting statistics.

Quantifying the measurement error in a Hadamard-based
acquisition is less straightforward. The total intensity for a
single Hadamard illumination is given by Iy; = I X (n/2 + 0.5),
with an associated uncertainty of ,/I;;. This measurement is

repeated n times, and the resulting errors are distributed across
n time windows via the inverse Hadamard transform.

To compare the SNR of both measurement schemes we
simulated an idealized sampling experiment. The input signal
was set to a constant amplitude I = 100. The relative
measurement error in each time window was then computed
either directly (pump—probe) or after applying the inverse
Hadamard transform. Simulations were performed for all valid
Hadamard sequences with window sizes n < 100, i.e., all prime
numbers between 3 and 97. The average measurement error of
each simulation is shown in Figure Sa. The pump—probe
measurement (blue diamonds) yields a consistent relative error
of ~5%, independent of the number of time windows. In
contrast, the Hadamard method (red squares) exhibits higher
error for small n, but converges to a similar error level as the
pump—probe method for n > 20. Under ideal conditions, the
Hadamard scheme is therefore slightly inferior in terms of
SNR.

We next compare both timing schemes under nonideal
conditions, including low photon flux, experimental drift, and
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Figure S. Application examples for the Hadamard timing scheme: (a) comparison of the signal-to-noise ratio of pump—probe (blue diamonds) and
Hadamard (red squares) time-resolved measurements. The pump—probe method proves slightly superior to Hadamard timing. (b) Serial protein
crystallography measurement: a sample carrier contains multiple crystals with random orientation which are sequentially put into the X-ray beam.
The measurement cannot be performed in a direct pump—probe scheme due to the insufficient photon count for orientation indexing. The
Hadamard method can mitigate these limitations (see main text for details). (c,d) influence of experimental instabilities, e.g. thermal drift of the
spatial overlap between pump and probe beam (c) or additional readout noise from the charge-integrating detector (d). The Hadamard
measurement (red squares) reproduces the original dynamics while the pump—probe measurement (blue diamonds) produces false results.

read-out noise in charge-integrating X-ray detectors. The first
case study involves time-resolved serial protein crystallography
(Figure Sb), as detailed in ref 14. Due to the limited lifetime of
protein crystals in the X-ray beam, data must be collected from
multiple crystals, each randomly oriented and sequentially
introduced into the beam. The pump—probe method suffers
from two major limitations at high temporal resolution: (1)
time resolution is achieved via external gating of the detector,
meaning that most of the X-ray exposure does not contribute
to useable data, thereby reducing the effective sample lifetime;
and (2) insufficient photon counts for reliable orientation
determination and indexing, preventing structural reconstruc-
tion. This limitation is mitigated in the Hadamard scheme,
which maintains effective sample lifetime and enables indexing
due to higher photon counts per recorded image.

The second case considers a laser-pump—X-ray-probe
experiment affected by alignment drift of optical components,
such as those caused by thermal fluctuations. We assume that
the drift occurs on a time scale slower than the integration time
of a single delay point. In the pump—probe method, such drifts
alter the excitation conditions within the probe volume,
leading to distorted dynamics. This scenario is simulated in
Figure Sc. The original signal (light blue line) is distorted in
the pump—probe measurement (blue diamonds) due to spatial
drift (gray dashed line), potentially resulting in an over-
estimation of the system’s equilibration time. In contrast, the
Hadamard method is robust against such drift and accurately
reproduces the original signal.

A similar scenario is presented in Figure 5d, where the probe
measurement is degraded by read-out noise from a charge-
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integrating X-ray detector.””** This noise manifests as both an
apparent delay in equilibration and additional random
fluctuations. Again, the Hadamard method demonstrates
superior fidelity in recovering the true signal dynamics and
may, therefore, be suitable for application to a wide-range of
pump—probe experiments where it is possible to modulate the
probe according to sequences defined by the S-matrix.
WaveGate modulation is particularly suitable for serial
synchrotron X-ray crystallography®>*® or X-ray absorption
spectroscopy’’ experiments investigating irreversible and dose
sensitive processes in chemistry and biology, where averaging
the signal from repeated measurement of the same sample
volume is not possible.

In summary, our simulations show that the Hadamard
timing scheme can outperform the pump—probe method in
terms of accuracy and sensitivity under realistic experimental
conditions. Its advantages become particularly evident in the
presence of experimental instabilities such as thermal drift,
electronic or mechanical noise, or nonlinearities in beamline
components. Conversely, the pump—probe method remains
optimal when photon shot noise is the dominant source of
uncertainty.

B SUMMARY AND CONCLUSION

In conclusion we have demonstrated the implementation of
advanced timing schemes for synchrotron-based time-resolved
measurements by encoding of the incident X-ray beam. The
new method employs sequences of probe pulses which are
distributed along a delay axis according to a predefined rule
derived from a Hadamard transform. By performing the inverse
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transform on the recorded data the transient response of a
sample at each delay can be obtained. The main advantage of
this timing scheme is its increased sensitivity and the increased
photon flux during the measurement.

A prerequisite to employ the new timing scheme is the
ability to generate different probe sequences with high
accuracy and variability. Our solution to this challenge is the
WaveGate pulse picker. It is a versatile device that integrates
easily in different beamline environments and allows the
generation of probe patterns at the beamline control interface.

We demonstrated the feasibility of our method with two
exemplary measurements that were performed at different
beamlines at the PETRA III storage ring at DESY, Hamburg.
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