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Abstract: With the advent of modern synchrotron sources, X-ray microscopy was developed as a
vigorous tool for imaging material structures with element-specific, structural, chemical and magnetic
sensitivity at resolutions down to 25 nm and below. Moreover, the X-ray time structure emitted
from the synchrotron source (short bunches of less than 100 ps width) provides a unique possibility
to combine high spatial resolution with high temporal resolution for periodic processes by means
of pump-and-probe measurements. To that end, TimeMaxyne was developed as a time-resolved
acquisition setup for the scanning X-ray microscope MAXYMUS at the BESSY II synchrotron in order
to perform high precision, high throughput pump-and-probe imaging. The setup combines a highly
sensitive single photon detector, a real time photon sorting system and a dedicated synchronization
scheme for aligning various types of sample excitations of up to 50 GHz bandwidth to the photon probe.
Hence, TimeMaxyne has been demonstrated to be capable of shot-noise limited, time-resolved imaging,
at time resolutions of 50 ps and below, only limited by the X-ray pulse widths of the synchrotron.

Keywords: time-resolve X-ray microscopy; pump-probe data acquisition; magnetic imaging

1. Introduction

Fundamental research on ordered spin systems such as topological skyrmion tex-
tures [1] or magnonic excitations [2] created a strong demand for magnetic probes with a
high combined spatial and temporal resolution. The same holds true for the implemen-
tation and development of spintronic applications as in hard disk drives [3], GMR/TMR
sensors and oscillators [4], as well as MRAM [5], or in view of future concepts such as
racetrack data storage [6] or spin-wave computing [7]. While optical magnetic microscopy
methods using visible light offer ultra-fast time resolutions [8], their spatial resolution
is often insufficient for nanoscale systems. Alternately, electron and scanning probe mi-
croscopies [9,10] provide very high spatial magnetic resolution but typically suffer from
limited time resolution. Addressing this gap in combined spatial and temporal magnetic
resolutions, soft X-ray microscopies were established as powerful methods for quantitative,
element specific and highly sensitive investigations of magnetic systems at length scales
down to tens of nm and time scales down to tens of picoseconds. Currently, these methods
are typically operated at synchrotron sources due to their requirements for highly brilliant
and monochromatic X-ray radiation.

An important step for magnetic microscopy was the discovery of the X-ray magnetic
circular dichroism effect (XMCD) in 1987 [11], which provided a contrast mechanism
for magnetic X-ray microscopy. Based on this contrast mechanism, static magnetic X-
ray microscopy was successively realized as X-ray photoemission electron microscopy
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(XPEEM) (X-ray illumination, emitted photo-electron imaging) [12], full field transmission
X-ray microscopy [TXM] (X-ray illumination, transmitted X-ray imaging) [13] and scanning
transmission X-ray microscopy [STXM] (X-ray focus, transmitted X-ray detection) [14] (see
Figure 1). All these techniques can utilize the pulsed nature of the synchrotron light as
a stroboscopic probe for time resolved (TR) imaging. This was demonstrated in seminal
magneto-dynamic studies in 2004 using TR-TXM [15] and TR-XPEEM [16] at the Advanced
Light Source (ALS) in Berkeley. However, both TXM and XPEEM utilize two-dimensional
detectors for imaging, whereas STXM only requires a point detector that, advantageously,
can be read out at rates above the typical synchrotron frequency (Fs) of 500 MHz (repetition
rate of the X-ray probes). Therefore, TR-STXM allows for the exploitation of the full photon
flux of the synchrotron for multiphase acquisition without any need for dedicated timing
operation modes of the storage ring. This was demonstrated by an impressive series of
TR-STXM works on dynamic magnetic imaging, for example at the ALS [17-22], at the
Stanford Synchrotron Radiation Lightsource (SSRL) [23,24], at the Canadian Light Source
(CLS) in Saskatoon [21,25] and at the Swiss Light Source (SLS) in Villigen PSI [26-29]. We
want to note that, besides these TR-STXM works, there are also more recent reports of
TR-PEEM and TR-TXM, e.g., [30] and [31], respectively, as well as first examples of lensless
TR X-ray holography [32], TR magnetic tomography using hard [33] and soft [34] X-rays,
and TR X-ray ptychography [33,35].
0sA

Synchrotron (50-120 um)

Beamline Pinhole Zone Plate Photon
{80-240 um) Sample Detector

Coherent monochromatic X-rays . ﬁ 0
XY

meters mm

Raster Scan

Figure 1. STXM operation principle (adapted from [36]): A FZP is illuminated by monochromatic,
coherent X-ray light provided by a synchrotron beamline. The light is focused through an OSA (which
blocks unwanted diffraction orders of the FZP) onto a focal spot on the sample. The transmitted
photons are recorded by an X-ray photon detector, which allows probing of the local absorption of the
sample, and therefore, usage of contrast mechanisms such as XAS (X-ray absorption spectroscopy),
NEXAFS (Near edge X-ray absorption fine structure) and XMCD for elemental, chemical or magnetic
contrast, respectively. The image is generated by raster scanning the sample through the stationary
beam, with the lateral resolution being given by the size of the X-ray spot (which under fully coherent
illumination is about 1.2 times the outermost zone width of the FZP).

Here, we describe the implementation of a shot-noise limited, multichannel acqui-
sition system for pump-and-probe TR-STXM measurements, which was realized at the
MAXYMUS endstation [36] situated at the BESSY II electron storage ring operated by
the Helmholtz-Zentrum Berlin fiir Materialien und Energie. This system is referred to as
TimeMaxyne: Time-resolved Maxymus data acquisition system (\"tim mo-'shén\). The
goal of the development of TimeMaxyne was to improve TR-STXM imaging respective to
the existing solutions of the time, providing higher fidelity detection and a more flexible
pump-and-probe scheme. The core of this system is a fast signal discriminator for the de-
tection of single X-ray photons and a coupled FPGA board that is capable of sorting photon
events into a maximum of 2048 time channels based on the photon arrival time relative
to the excitation of the sample system. The dedicated synchronization methods discussed
later ensure that these time channels are sampled interleaved and unbiased, eliminating
most noise sources with frequencies below 1 MHz for shot-noise limited imaging, even on
synchrotrons with complex operation modes.
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As for the outline of the paper, following this introduction, there is a methods section
covering general STXM imaging, the synchrotron as a stroboscopic X-ray source, single
photon detection and the pump-and-probe excitation/detection scheme. Following that, a
section presenting exemplary results acquired using TimeMaxyne will be presented. Finally,
conclusions will be drawn together with a discussion of possible future developments for
time-resolved X-ray microscopy.

2. Methods
2.1. STXM Imaging

STXM allows for the measurement of images with elemental, chemical or magnetic
contrast by probing the local X-ray transmission of a sample, corresponding to an effective
absorption cross-section over the sample thickness. For that purpose, monochromatic
X-rays are focused by a Fresnel zone plate (FZP), i.e., a diffractive lens, to a spot of ~25 nm
diameter on the sample (see Figure 1). Unwanted diffraction orders of the FZP are blocked
by using an order-selecting aperture (OSA) in front of the sample. The sample itself is raster
scanned in the focal plane of the FZP, and the transmission signal from a point detector
behind the sample is recorded to yield a two-dimensional transmission image. For this
technique, samples require sufficient X-ray transparency, which, in the soft X-ray range,
limits their thickness (with few exceptions) to 10 s or 100 s of nm.

STXM provides spatially resolved access to a wide range of information about a
sample system, exploiting the coherent X-rays with selectable polarization and photon
energy from the synchrotron. Aside from resonant photon absorption energies, there is
a strong contrast from the atomic number of the involved atoms and the local sample
thickness. Moreover, by acquiring images below and above a known absorption edge, it
is possible to gain quantitative maps of the corresponding element, while a hyperspectral
image series across a particular absorption edge allows for the analysis of the chemical
binding state of the investigated element for each pixel. Finally, when using circular
polarized X-rays at resonant absorption edges, XMCD enables an element selective and
quantitative determination of both spin and orbital magnetic moments, which can be used
as magnetic contrast mechanism revealing the local magnetic orientation of the sample.

2.2. The Synchrotron as a Stroboscopic Light Source

In general, all time-resolved synchrotron methods exploit the stroboscopic X-ray
illumination created by the time structure of the synchrotron storage ring: As the electrons
are forced together into discrete bunches along the perimeter by the accelerating radio-
frequency (RF) field, the emitted photon beams also have a pulsed time structure. In a
typical soft X-ray synchrotron (e.g., BESSY II, ALS, SLS, CLS, etc., yet with the exception
of SSRL), the RF frequency (Fs) is approximately 500 MHz, such that the X-ray photon
flashes occur every 2 ns, thereby defining the repetition rate for a conventional pump-and-
probe experiment. Many magnetic systems, however, will not have recovered from an
excitation pump after this short time scale, creating the problematic situation where an
integrating detector would average samples of different magnetic states. In order to avoid
this signal corrupting effect, it is possible to reduce the repetition rate by discarding the
vast majority of photon flux either by using only the so-called camshaft pulse or by using
special operation modes of limited availability where gaps are left in the filling pattern
between pulses to create a lower probe rate down to the MHz range. Neither of these
methods is desirable, as they both come at the cost of a strongly reduced effect photon flux,
and therefore, reduced signal-to-noise ratio.

TR-STXM measurements can overcome this restriction by making use of fast detectors:
if one is able to tell apart the signals from two adjacent X-ray pulses, there is no longer
a need for the sample to recover between successive pulses. Instead, one can sort the
result from each pulse into an appropriate time channel with respect to a synchronized
external stimulus (typically an electric pump). For the MAXYMUS endstation at BESSY I,
this method provides a combined spatial and temporal resolution of ~25 nm and ~100 ps,
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respectively [36]. The time resolution can be increased to ~50 ps when disregarding parts of
the photon flux (filling pattern), and even to ~10 ps when exploiting the so-called low-alpha
operation mode of BESSY II, which allows for much shorter X-ray pulses. However, note
that as the pump-probe cycle needs to be repeatedly measured many times in order to gain
a sufficient signal level (pixel integration 2 100 ms), TR-STXM is only sensitive to (at least
on average) periodic/reproducible processes.

2.3. Single Photon Detection

A vital part of the pump-and-probe scheme is the capability to detect X-ray photons
with sufficient time resolution to accurately attribute them to a certain electron bunch of the
synchrotron, which at BESSY II are spaced 2 ns apart. In general, there is a lack of commer-
cially available dedicated soft X-ray single photon detectors, however, as shown in [17,19,36],
avalanche photodiodes (APDs) designed for the optical or infrared range are usable as X-ray
detectors down to 500 eV when stripped of their original casings/glass windows.

For sufficient speed, a small APD (ideally 0.5 mm, or maximum 1 mm diameter of
sensitive area) needs to be used, as larger APDs tend to be too slow due to their internal
capacitance. Also, operation voltages must be adapted to the use of X-rays, as breakdown
events need to be avoided in order to have the APD ready to detect photons every 2 ns,
which requires lowering the APD reverse bias voltage for having a smaller gain compared
to the specifications referring to infrared photon detection.

2.4. Pump-and-Probe Scheme

The general excitation scheme logic will be discussed below in terms of two different
representations (which are in principle equivalent): Time domain and frequency domain.

2.4.1. Time-Domain

A straightforward stroboscopic illumination with a pump period (Tp) synchronized
to the probe period (Ts = 1/Fs = 2ns) will only result in the sample being probed every
2 ns. In order to achieve a denser temporal sampling, the pumping period is selected to
induce a time shift T with regard to the synchrotron clock after each pumping event. If
this 7 is an integer (M) fraction of the period between synchrotron flashes (7 = 2ns/M), the
original time relation will be restored after M pumping cycles, yielding a uniform temporal
sampling of the excitation period with the time step T between time channels (compare
Figure 2). This is true for pumping periods that adhere to the rule of:

Tp=Ts x (N/M), 1)

where N is the total number of time channels in the acquisition, with M and N being coprime
in order to avoid time step degeneration. Note that the time step T here is equivalent to
time-resolution as long as it is longer than the native pulse width of the X-ray flashes.

As the time delay between pump and probe is constantly shifting during the acquisi-
tion, we refer to this scheme as asynchronous excitation even though both pump and probe
are still synchronized to the synchrotron clock, just not with the same ratio. One notable
consequence of the asynchronous excitation is the fact that there is no fixed assignment be-
tween time channels and synchrotron bunches; every time the original time delay between
pump and probe is regained after M excitation cycles, a different synchrotron bunch will
provide the light for each time channel.

Deliberation shows that if the number of buckets (fillable bunches in one orbit) of the
synchrotron Ny and the number of time channels to be acquired N do not share any prime
factors, all synchrotron buckets will equally contribute to each time channel. For the case of
BESSY II with 400 (2* x 52) buckets, this means all values of N endingin1,3,7 and 9 fulfill
this condition. In case of such equal distribution, all filling pattern irregularities, both
constant (gap, camshaft, special bunches) and fluctuating (distortions of the relative bunch
intensities due to top-up operation or the non-uniform decay of bunch currents), do not
affect the quality of the dynamic results. This is because for each pixel of a TR-STXM image,
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all time channels are acquired quasi-simultaneously, i.e., interlaced on a nanosecond to
microsecond scale, which means that distortions in a wide spectral range will affect all time
channels equally and thus can be normalized out. Therefore, TR-STXM using asynchronous
excitation allows for shot-noise limited dynamic imaging, as demonstrated in Figure 3.
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Figure 2. Illustration of the asynchronous pump-and-probe scheme used: The sample is probed every
2 ns by synchrotron flashes (probe period Ts). The pump period is a fractional multiple of the probe
period, creating a shift of T after each pump cycle between pump and probe. This delay adds up to
the full 2 ns probe period after an integer number M of pump cycles (as shown in the inset), resulting
in a time resolution of T for the acquisition. In this example N =24, M =5, Tp =9.6 ns, T = 0.4 ns.
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Figure 3. Example image of a pump-and-probe measurement showing the advantages of the syn-
chronization scheme used, see also Ref. [37]. A snapshot of rotating domains in a NigjFejg ring
(top right) highlighting that, despite using the full filling pattern of the synchrotron with gap and
camshaft pulses, the dynamic imaging is shot-noise limited in fidelity: In the right graph, the raw
absorption data is plotted for a single point (indicated by the red cross), thereby not only directly
showing the passing of a domain wall, but also having a noise figure that compares well with the
gray bar, indicating a noise level of (N )2,

2.4.2. Frequency Domain

Another way to excite the sample for the pump-and-probe detection is to use con-
tinuous periodic signals, such as an alternating sinusoidal radio frequency. In that case,
the sample is not assumed to relax into the equilibrium state at the end of each pumping
period, but rather exhibits a periodic dynamic steady-state, typically mainly of the same
frequency as the excitation. Depending on the specific choice of N, and equivalently to
Equation (1), the following frequency grid can be probed, and thus used for the excitation
frequency (Fp):

Fp =Fs x (M/N), (2)

where the Fg in case of BESSY Il is approximately 499.65 MHz. Figure 4 further illustrates
the frequency domain excitation concept. Note that also here, M and N must be coprime in
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order to avoid phase degeneration of time channels, and that the temporal width of the
X-ray probe flashes sets a limit to the maximum probe frequency.

Time (ns)

Figure 4. Illustration of the interleaved sampling of time channels using RF excitation of different
frequencies in an example system with N = 7. Vertical lines represent the probe pulses, with markers
representing the probed sample state. The black curve (M = 1) represents the lowest possible frequency
to be probed with this number of channels, at M x 500/N MHz 71.42 MHz. In this case there is
no interleaving, and the time channels are samples sequentially. The is not the case in the higher
frequency red curve (M = 3), where 3 periods fit in the time needed to get 7 probe pulses, which
means the samples need to be sorted in chronological order. The green curve (M = 7) represents a
degenerate case (as M = N). All pulses sample the same phase of the excitation, leaving only a static
stroboscopic image. This is equivalent to the limited dynamics possible using a time integrating
detector. The blue curve (M = 13) is an example for a pumping frequency higher than the sample rate.
Despite more than one period of excitation between sample points, the interleaved acquisition still
yields the complete waveform (after the necessary sorting).

2.5. X-ray Probing

The TimeMaxyne pump-and-probe system was implemented using a combination
of commercially available hardware and self-developed components, as schematically
shown in Figure 5. Soft X-ray single photon detection is performed via a Hamamatsu 52381
Si-APD with a sensitive area of 500 um diameter. This APD was originally designed for
IR detection, nevertheless, it was found to be also suitable for soft X-rays when stripped
of its optical glass cap. The APD output signal is amplified using a FEMTO HSA-X-2-60
amplifier, yielding single pulses of about 500 ps length (limited by amplifier bandwidth)
and amplitudes of up to 500 mV amplitude, depending on the photon energy and APD bias
voltage. The latter is set empirically by increasing the bias while observing count rates with
and without X-ray illumination, and selecting the one resulting in the best combination of
signal to noise ratio and quantum efficiency; a value that is typically around 10 V below
the rated breakthrough voltage of the APD.

Detection and sorting of the photons is done on a customized FGPA-based counting
board clocked at 499.65 MHz by directly synchronizing it to the RF clock of the storage ring.
On this board, incoming photons are detected via the amplified pulses from the APD using
a fast-gate discriminator, which compares the AC coupled input signal to a programmable
reference value (500 uV resolution) and registers a photon arrival if the threshold is crossed
within an approximately 25 ps wide time-window at the edge of every clock cycle. The
threshold voltage has to be set high enough to not be triggered by amplifier noise and
RF crosstalk between pump and detector wires, but low enough to have high detection
efficiency (typically around 50 mV).
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Figure 5. Simplified schematic overview of the TimeMaxyne setup. The storage ring frequency
is used as a time base of both excitation and detection branch of the pump-and-probe setup. The
APD bias voltage is applied using a precision high voltage power supply, while pulses from the
APD induced by X-ray photons are amplified by 60 dB and recorded by the FPGA board, which
communicates via USB with the control computer. Multiple excitation setups can be switched in, and
the transmitted signal is analyzed on real time oscilloscopes or high bandwidth power meters.

To ensure optimal lock-in on the photon arrival time, the clock of the whole FGPA
board and thereby the registration time-window can be shifted over a 2.5 ns range in 5 ps
steps, using an integrated digital delay-line, which ensures that a correct alignment with
the 2 ns spaced light pulses is always possible.

The total detection efficiency of the system is photon energy dependent and was
measured to be about 50% at the Mn L edges (~650 eV) while increasing to about 80%
at and above the Ni L3 edge (~850 eV). Applying binary discrimination, the system will
decide between registering a single event or not, for every probe cycle. This leads to a
theoretical absolute maximum photon rate of 500 MPhotons/s, while for typical BESSY II
filling patterns where about 100 buckets are unfilled, the maximum realistically achievable
photon rate will be about 375 MPhotons/s. While the coherent flux typically does not reach
these levels, being more in the 50-250 MPhotons/s range prior to the absorption in the
sample, effects of non-linear detector response can affect measurements even at those rates
as multi-photon events are only detected as single photons. This is particularly noticeable
in samples with a large dynamic range of absorption, as non-linearities negatively affect
the performance of the normalization algorithms.

The actual sorting of the photon counts happens in an ALTERA Cyclone III FPGA,
which is running at 1/8th of the board frequency. The 500 Mbit/s stream from the discrimi-
nator indicating photon detection is deserialized by a factor of 8 and read into the FPGA with
1 byte/cycle. The first processing step in the FPGA is a logical AND operation with a ring
buffer containing a gating bit for each bucket of the synchrotron, which allows preselection
of certain bunches or gating out of parts of the filling pattern for special operation modes.
At the same time the input stream also increments a photon counting register, of which a
selectable bit can be linked to general purpose TTL outputs of the FPGA, where it creates
a pulse signal with a rate proportional to a power of 2 fraction of the photon rate (as the
full photon rate is too high to be compatible with common pulse counting hardware). This
pulse signal can be used as real-time photon intensity signal for both calibration purposes
and for feeding it into a counting card as data source for non-dynamic imaging.

The gated signals are fed into 8 histogram engines running in parallel, each operating
on its own copy of a histogram buffer with a specific number of channels (N). Changing
this number of accumulation channels is done by upload of specific FPGA code images.
As each histogram engine only gets 1/8th of the input stream, the accumulation target is
forwarded by 8 each cycle, i.e., histogram engine 0 writes to channel [0,8,16, ... ], wrapping
around at the end of the array, while histogram engine 1 writes to [1,9,17, ... ], and so forth.
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In the present revision, the maximum number of N is limited to 2048 given by the on-board
memory restrictions of the used FPGA.

For each pixel, this accumulation continues as long as a trigger signal is high. When a
pixel is finished, the engine completes the last excitation cycle, ensuring that each channel
has the same number of possible photon events being accumulated. Afterwards, all 8 copies
of the time channel array are being summed up, yielding one vector of N 22-bit numbers
of counted photons as the time-dependent absorption signal from that particular pixel
(corresponding to a maximum photon count of 222 per channel and image pixel). The data
is then sent via a USB interface to the LABVIEW control software where the individual
pixels are composed to a series of 2D images, including options for video playback, filtering
and normalization to better visualize small effects [38].

In its raw form, the collected time arrays are filled with photon counts in the order
of photon arrival times. In most cases this order is not equivalent to chronological order
relative to the excitation signal as a result of the asynchronous excitation and interlaced
sampling. In order to resort the data to match chronological order, one needs to know the
integer M selected for the pump frequency. Then, the sorted array S can be derived from
the unsorted array U by the following operation, with i being an integer running from 1 to
N (see also Figure 4):

S[i] = Ulmodulo(i x M,N)]. (3)

2.6. Electric Pumping

The synchronization of the pumping system to the rigid timing of the X-ray probes re-
quires the pumping frequency to adhere to Equation (2) in order to ensure an asynchronous
stroboscopic excitation of the device under test. To achieve this kind of synchronization is
challenging, mainly for two reasons: First, the ring frequency is typically far enough from
500 MHz (BESSY II: 499.65 MHz) that a typically 10 MHz reference frequency input (via
quartz tuning) of standard high frequency equipment will not accept it after a division by
50. Second, even when synchronized to the ring frequency, the pumping frequency will be
an odd fraction of the ring clock which commercially available devices can typically not
provide for the general case. Instead, the pump frequency (or frequency base when using
an arbitrary wave form generator) is generated via a custom setup based on direct digital
synthesis (DDS) which is extremely flexible in its capabilities.

2.6.1. Frequency and Pulse Generators

We used an Analog Devices AD9914 DDS, operating at 3.5 GHz with the synchrotron
RF-clock multiplied by a factor of 7 as direct clock source. This allows phase stable M/N
multiplication with M and N being arbitrary 32-bit integers, while also providing very fine
control of both the output amplitude and phase (12-bit and 16-bit precision, respectively).

The output of the AD9914 DDS cover a frequency range of 50 kHz and 1.6 GHz, and
the output signal can be used either as direct/amplified RF excitation of the device under
test or as a trigger for an Agilent 81134A Pulse Pattern Generator. This generator can
provide excitation pulses with rise and fall times down to 70 ps and a jitter of less than
8 ps. Furthermore, it has the ability to synchronize to arbitrary frequencies while producing
pulse lengths that are independent of the synchronizing frequencies. By combining the
pulse pattern generator output with the RF output using frequency mixers, excitation
schemes of higher complexity can be achieved.

For frequencies above 1.6 GHz, an Analog Devices ADF5355 PLL was used. This device
is a fractional-N synthesizer with programmable modulus (required for the asynchronous
excitation criteria) and an integrated voltage-controlled oscillator. While this device is much
more limited in terms of frequency ratios (i.e., only 8 bits for the divider, limiting the number
of channels N to 256), it allows to apply output frequencies between 3.4 GHz and 6.8 GHz
directly, down to 1.7 GHz with a divided (1/2) output and up to 13.6 GHz with a frequency
doubled output. By using an additional external frequency doubler, frequencies of over
25 GHz have been achieved while still fulfilling the criteria for the asynchronous pump-and-
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probe scheme. To ensure spectral purity this required the use of band-pass filters outside of
the 3.4 to 6.8 GHz range. For low frequencies, this was done with different passive bandpass
filters, while above 6.8 GHz an RF-Lambda MLBFP-42026 YIG filter was used.

2.6.2. Arbitrary Waveform Generators

While the original setup described above allowed for a wide range of frequencies
and pulsed excitations, it suffered from having to use different pieces of equipment to
cover the whole parameter space available for the pump-and-probe measurements. In
addition, outside of the direct frequency ranges provided by the DDSs, signal fidelity
both in power levels and spectral purity was non-optimal and non-consistent across the
accessible frequency range.

The setup was thus recently upgraded by means of an arbitrary waveform generator
(AWG) to serve as a universal pump source for both RF and pulsed pump signals, as
well as to generate more complex signals such as multi-tone excitation or sinc pulses for
broadband excitation [39]. The AWG in use is a Keysight M8195A, which has a sample
rate of 65 GS/s and more than 25 GHz analog bandwidth. While the device provides
internal pre-scalers for the synchronization input, their accuracy is not sufficient to allow
phase locking with the storage ring (aside from limits in the resulting time resolution and
possible channel numbers). To ensure a stable and synchronized operation of the AWG, an
Arduino controlled AD9914 is used to dynamically pre-scale an AWG reference frequency,
depending on the desired pump-and-probe parameters. This combination allows for an
RF excitation of the device under test from about 250 kHz to above 30 GHz and it also
allows to apply pulses and patterned excitations with excitation periods from 4 ps down to
the sub-ns range; all on up to four independent output channels [39]. The applicable RF
frequencies can be extended up to 50 GHz when an external frequency doubler is used.

3. Exemplary Results

There have been many examples for the usage of TimeMaxyne at MAXYMUS/BESSY 11
for TR-STXM over the course of more than a decade. Among these examples is the direct
observation of domain wall propagation in a magnetic ring [37], the data of which already
was analyzed to an additional extent in Figure 3, revealing shot-noise limited data acquisition.
A review, addressing partially results acquired by TimeMaxyne, is given by Ref. [22].

In particular, some exemplary works focused on the dynamics of spin textures, such
as fast vortex core switching [40,41] and direct observation of skyrmion motion [42]. Other
works address the spin texture driven excitation and direct observation of spin waves with
wavelengths below the visible light detection limit [43-48]. Moreover, in the corresponding
field of magnonics, spin-wave diffraction optics [49], a quantitative determination of the
precession angle [50], efficient wavelength conversion [51], high-frequency spin-wave
dynamics [52] and spin-wave self-scattering [53] were reported.

Figure 6 shows a TimeMaxyne TR-STXM spin-wave observation at 7.4 GHz fre-
quency [45] using the BESSY II low-alpha operation mode. A magnetic vortex is formed
in a ferromagnetic disk of ~3 pm diameter, made of 80 nm thick permalloy (Nig;Feig)
(Figure 6a). Upon uniform alternating magnetic field excitation short-wavelength spin
waves (wavelength ~140 nm) are emitted from the central vortex core as can be seen in
snapshots of both absolute contrast (Figure 6b) (perpendicular magnetic and non-magnetic
absorption) and normalized contrast (Figure 6¢) (sensitive only to perpendicular magnetic
changes); center regions are shown as a zoom-in at the respective bottom left corners.
Figure 6d highlights the spin-wave propagation by means of line profiles at different delay
times along the green arrow in Figure 6¢. Thereby, these measurements demonstrate some
of the unique capabilities of TR-STXM and TimeMaxyne in terms of combined spatial and
temporal resolution.
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Figure 6. Example of spin-wave dynamics recorded using TimeMaxyne TR-STXM at MAXY-
MUS/BESSY II. (a) Magnetic vortex (red arrow) imaged with in-plane magnetic sensitivity (mxy).
(b,c) Snapshots with perpendicular magnetic sensitivity of the response to a 7.4 GHz homogeneous
alternating magnetic field excitation (grey arrow), zoom-ins of center regions in the bottom left corner.
(b) Absolute contrast containing magnetic and non-magnetic absorption, (c) normalized contrast
revealing only the magnetic changes. (d) Line profiles at different delay times along the green arrow
in (c). Reprinted with permission from [45]. Copyright 2019 American Physical Society.

Many of the above examples make use of an in-situ magnet system providing magnetic
fields up to 250 mT collinear or normal (horizontal) to the X-ray beam [54]. Future works
may involve the application of a liquid helium cryostat with a minimum temperature of
25 K [55] and a picosecond laser system [56] for TR-STXM available at MAXYMUS.

4. Discussion and Outlook

The TimeMaxyne pump-and-probe technique has proven over the years to be a highly
powerful and reliable tool for TR-STXM at MAXYMUS/BESSY II. The ability to utilize
photon rates of more than 10® /s while having shot-noise limited performance allows for
interactive investigations with short acquisition times, as well as for systematic exploration
of samples with excitation parameter scans in reasonable timeframes while maintaining
high data quality. The versatility of the number of time channels in combination with
the asynchronous excitation scheme means that imaging is possible over several orders
of magnitude of frequencies and time resolution, providing optimum opportunities to
investigate a sample system in a wide range of excitation environments. Nevertheless,
there are a few drawbacks and challenges that are beyond the scope of the current hard-
and software solution that remain to be solved.

At first, the concept of TimeMaxyne is based on the idea of single photon detection
and processing of a Boolean data for photon arrival, which is just still enough for the
coherent flux available at undulator beamlines of 3rd generation synchrotrons. However,
there is no headroom for single-photon-counting-based solutions to benefit from higher
flux beamlines, for example at 4th generation synchrotrons. This is a vital flaw considering
that time-resolved imaging is starved for photon flux in most usage cases, and as such,
is a prime candidate to benefit from high brilliance sources. While it would be possible
to rebuild the system using a high-speed analog-to-digital converter instead of a binary
discriminator together with a more powerful FPGA setup being able to deal with the
increased data rates, the level in complexity involved in such a high-speed system makes it
difficult to develop the customized soft- and hardware.

The second problem is the reliance of the method on the idea that photon arrival time
perfectly correlates to the ring frequency. Therefore, any random or systematic deviations of
photon pulse times from the ring clock will directly increase the effective pulse length and
thus reduce the time resolution, as all bunches contribute to each time channel. The use of
higher harmonic cavities for beam conditioning at synchrotron sources can introduce such
deviations of the local timing of bunches. A slight detuning of the real bunch frequency
causes the bunches to build up an increasing phase shift along the filled bunches of the ring,
which recovers over the unfilled gap. In case of BESSY I, this effect increases the effective
pulse width in standard operation mode from about 45 ps to about 110 ps, which is more
than a factor of two. This deteriorating effect can be partially countered by discarding
large parts of the filling pattern (which is possible with the integrated gating function of
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the FPGA) at the cost of the majority of photon flux. An improved solution would employ
real-time correction of the photon histogramming, depending on the actual photon phase
shift, which is beyond the capabilities of the system presented here.

As a third point, future acquisition systems should also allow an increase of the max-
imum possible number of channels N to significantly beyond 2048 in order to extend the
maximum observation period while simultaneously allowing for a decrease of the time step.

An interesting concept for a slightly different way to perform TR-STXM experiments is
given by time taggers that record the arrival time of individual photons. While such devices
are currently still somewhat limited in their maximum count rate (~100 MPhotons/s), they
could, in principle, allow for probing events/dynamics independent of the probe frequency
(free operation mode), although such signals would be rather sparse in the data flow. In
combination with a constant fraction discriminator on the other hand, time taggers allow
for the improvement of the time resolution of TR-STXM [57] compared to that given by
the synchrotron pulse distribution, as ideally the individual arrival time of each photon is
recorded. Thereby, the time resolution potentially could be improved to the level of the
timing precision of the time tagger (~10 ps).

It should be noted that the present TimeMaxyne system is not inherently limited to
TR-STXM, and could be transferred to any other time-resolved soft X-ray measurement
technique that utilizes a point detector. Likewise, the improved X-ray probe length dis-
tribution from a future upgrade of the BESSY II synchrotron to a variable pulse length
storage ring (VSR) can be fully exploited for a higher time-resolution using TimeMaxyne.
Finally, TimeMaxyne is not limited to XMCD as contrast mechanism; it can be used for
time-resolved X-ray magnetic linear dichroism studies in the light of antiferromagnetic
spintronics or for 3D magnetic imaging. Furthermore TR-STXM could be extended to
other ordering parameters of condensed matter (polarization or mechanics) as well as to
time-resolved chemistry.
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