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ABSTRACT

The development of new modes at x-ray free electron lasers has inspired novel methods for studying fluctuations at different energies and
timescales. For closely spaced x-ray pulses that can be varied on ultrafast time scales, we have constructed a pair of advanced instruments
to conduct studies targeting quantum materials. We first describe a prototype instrument built to test the proof-of-principle of resonant
magnetic scattering using ultrafast pulse pairs. This is followed by a description of a new endstation, the so-called fluctuation-dissipation
measurement instrument, which was used to carry out studies with a fast area detector. In addition, we describe various types of diagnostics
for single-shot contrast measurements, which can be used to normalize data on a pulse-by-pulse basis and calibrate pulse amplitude ratios,
both of which are important for the study of fluctuations in materials. Furthermore, we present some new results using the instrument that

demonstrates access to higher momentum resolution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0091297

I. INTRODUCTION

The fluctuation-dissipation theorem describes a general rela-
tionship between the response of a system to an external field and
the internal fluctuations of the system in the absence of the field
at thermal equilibrium.! These fluctuations are characterized by a
correlation function of relevant physical quantities of the system
fluctuating in thermal equilibrium, also known as the fluctuation

spectra. This theorem provides a way to measure the microscopic
interactions responsible for short-ranged ordering through these
spectra if fluctuations can be measured in equilibrium.

While understanding ground state fluctuations is fundamen-
tal to comprehending the underlying physics of a system, it is
considerably more challenging in quantum materials. This is espe-
cially true of states that are electronic in origin and that depend on
strong electron correlations, both from an experimental as well as a
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theoretical perspective, because the Hamiltonian cannot be repre-
sented with a small-valued, perturbative parameter. For instance,
in a magnetic system, the observation of the spin fluctuation spec-
trum can be related back to the microscopic interactions and even
shed light on the macroscopic properties of the material as well. For
instance, in the quantum critical region, the system can be viewed as
a perfect fluid, and the system will exhibit a relaxation time given
kBiT.l Outside of this region,
however, the fluctuation time will slow and can depend on other
energies, such as the exchange interaction of the Hamiltonian (see
Fig. 1). Fluctuation measurements then provide a direct method of
measuring microscopic interactions.

X-ray photon correlation spectroscopy (XPCS) is a primary
technique to study fluctuations in materials, made possible by
the construction of high-brightness synchrotron radiation sources.
XPCS and other related methods allow for studying both dynam-
ics and memory effects. For example, coherent radiation can be
used to compare domain structure for different control parameters,
such as magnetic thin films,”* cuprate superconductors,” and stripe
ordered nickelates.” In the realm of temporal fluctuations, since
the first XPCS experiments performed almost 30 years ago’ using
coherent x rays,” the field has made remarkable success in looking
into slow fluctuations in alloys, thin films, colloidal systems, and
antiferromagnets.” '’ Resonant x-ray scattering has also made an
impact due to the ability to resonantly tune to important elements
and directly study order parameters, such as insulators exhibiting
orbital ordering,'""” spiral antiferromagnets,'® charge order,'” and
thermally driven spin-reorientation transitions.'® This is especially

purely by quantum mechanics, 7 =

Thermal breakdown

Quantum critical
region

Ordered phase Disordered phase

h= hc h

FIG. 1. A schematic demonstrating the quantum critical region, based on stud-
ies from Sachdev and Ye.'® The phase diagram shows temperature vs a control
parameter, h, such as pressure or magnetic field. The blue represents the ordered
phase outside of which thermal fluctuations cause the destruction of the ordered
phase. The orange region is quantum disordered, where no long range order
is detected, and a region where excitations can, like the ordered phase, be
described quasi-classically. The central, white region represents regions of the
phase diagram heavily influenced by the quantum critical point found at h = he.
Here, the fluctuations can display nontrivial, strongly coupled dynamics or entan-
gled excitations and can occur on fast timescales, bound to a minimum speed of
7= R(kgT)~". At some higher temperature cutoff, the fluctuations will depend on
the specifics of the problem, such as the exchange interaction between spins on
the lattice.
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critical in the soft x-ray regime, where the x-ray energy resonances
occur for important elements, and remarkable success has occurred
for the study of electronic and magnetic phenomena.

However, the shortest timescales that can be probed with even
the best x-ray sources are still limited by the available coherent flux
and the detector readout rate. The advent of fourth-generation x-ray
free-electron laser (XFEL) sources based on self-amplified sponta-
neous emission (SASE) provides spatially coherent and ultrashort
pulses with extremely high peak-brightness and points to the detec-
tor development as the highest priority. Even with the best state-
of-the-art detectors that have come over the years with improved
dynamic range and the detector readout rate,”’ ' the shortest
timescales that can be achieved is at the level of the microsecond
timescale, although recent work has reported 192 ns pulse separation
using the intrinsic bunch structure the storage ring at PETRA IIL.*
For this reason, access to dynamics in materials at faster timescales
is being carried out by implementing approaches at pulsed XFEL
sources that add x-ray pulses,”® and the time dependence of the fluc-
tuations at the level of this time separation time can be recovered
by studying the distribution of the photon fluctuations, which we
refer to from this point as x-ray Photon Fluctuation Spectroscopy
(XPES).”” This is typically carried out using split-and-delay optical
setups”® *' and two-bucket modes,”* *” which can span the picosec-
onds and nanoseconds timescales, respectively. This opens a new
avenue to probe ultrafast dynamics in materials, yet the instrumen-
tation has been lacking to take full advantage of this goal based on
these XFEL developments, especially as applied to resonant coherent
scattering, which can be important in the field of quantum materials
discussed above.

At the Linac Coherent Light Source (LCLS), we have devel-
oped a new instrument, the fluctuation-dissipation measurement
(FDM) machine, to achieve this goal. We demonstrate its utility by
investigating spontaneous fluctuations through the illumination of
a material system with ultrashort pairs of x-ray pulses generated
in the electron accelerator.” ** The construction of this instrument
was shown to be capable of capturing about 1500 times more infor-
mation per single x-ray shot to understand the skyrmion physics
through the fluctuation spectrum. This was made possible by design-
ing an instrument with a larger high-speed detector, an ability
to place it farther from the sample, and the option to produce
larger speckle sizes. Taken together, this provides the potential to
measure ~1200 times more speckle coherence areas at the detec-
tor plane and the ability to access a solid angle of about ~1500
times larger than the prototype instrument. We used it to probe
not only the pure skyrmion lattice’™ but also the mixed skyrmion-
stripe state,”* where the new setup could measure the full skyrmion
speckle diffraction pattern in a single shot. We found evidence of
both highly dynamic skyrmion fluctuations that slow down at the
critical point in the former™ as well as slower jamming behavior near
the boundary of the skyrmion lattice phase in the latter phase.’* This
technique allows one to probe dynamics from hundreds of picosec-
onds to several nanoseconds range,”’ and it is equally possible to
use the technique in a wide-angle diffraction geometry to investi-
gate electronic order fluctuations in strongly correlated quantum
materials.

In this article, we report the comprehensive progression of
instrumentation advancement by first discussing a prototype instru-
ment, followed by a more sophisticated apparatus that can capture
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substantially more data per shot. We describe the pair of instru-
ments in detail, followed by two different types of novel diagnostics
that were developed for this effort. Finally, we present original data
on a skyrmion lattice of the correlation function measured at the
second-order skyrmion lattice peak. This high momentum scatter-
ing is made possible with the enhanced instrumentation discussed
here, enabling data collection using a large-area detector placed far
from the sample in an ultra-high vacuum environment to formulate
ultrafast coherent soft x-ray speckle.

Il. INSTRUMENTS

X-ray Photon Fluctuation Spectroscopy (XPFS) experiments
were carried out by constructing a prototype instrument for con-
ducting a proof-of-principle study. This was followed by a new
instrument specifically designed to study topological chiral magnetic
fluctuations in a thin film. We describe both of these instruments
below in Secs. IT A and II B, respectively.

A. The XPFS prototype instrument

The first XPFS prototype instrument consists of a sample
manipulator and in-house built electro-magnet enclosed in a UHV
sample chamber, a guard aperture, and an Andor (Newton SO)
CCD detector mounted in transmission geometry. This provided
direct x-ray detection, high efficiency, single photon sensitivity, and
2D imaging at 120 Hz. The detector was mounted on a transla-
tion motion that added the ability to change the sample to detector
distance, allowing for the tuning of the optimum speckle size on
the detector. By masking a portion of the chip from detecting
any x-ray photons, these commercially available “slow” detectors
can run at higher repetition rates. We tested a number of differ-
ent configurations, where smaller active areas can be read out at
higher speeds (see Appendix A). We chose to run the soft x-ray
detector in a read-out mode to collect data at 120 Hz, the max-
imum repetition rate of the LCLS at the time of measurement,
by reducing the data collection array to 90 x 90 pixels. This only
gives reliable results if the active area is the only region being illu-
minated with photons. We built a remote motorized mask on a
two-dimensional stage to move in the two orthogonal directions
to the beam. This masking device was used to block x-ray illumi-
nation to the rest of the CCD chip while collecting data over the
small region of interest, allowing us to increase the data readout
rates. Results from the first use of this instrument were published in
Seaberg et al.*’

One diagnostic tool, which is critical for operation in this mode,
is a pulse-sorting amplitude detector. For this, we used a Hama-
matsu microchannel plate (MCP) detector, which is typically used
as an Ip monitor for the incoming intensity after the monochro-
mator. This consisted of an annulus model, where the incoming
beam travels through the hole in the center and strikes a transpar-
ent membrane, such as SiNy, which is inserted into the beamline
directly after the detector. The absorbed signal is re-radiated from
the membrane into the MCP and ran through a home-built, AC
de-coupling box and then into a fast digitizer. At nanosecond time
delays, a high-frequency digitizer with a 3 GHz bandwidth and an
8 GS/s sampling rate is fast enough to resolve the pulse height of each
individual pulse for pulse sorting. This is typically processed through

ARTICLE scitation.org/journal/rsi

singular value decomposition (SVD) pulse analysis, as discussed in
Sec. [11 B.

The main motivation for this diagnostic is not to monitor the
incoming flux but to record the relative amplitude of each pulse
within the pulse pair. As the amplitude fluctuations can be sub-
stantial due to the SASE process and because the beam travels
through a narrow band monochromator,*’ this information is crit-
ical for the measurement. A typical speckle pattern generated from
the pulse pair using the prototype instrument was about 100-1000
total photons (see Fig. 2 for an example). Given that the photons
illuminating the sample numbered about 10'° per pulse, it is clear
that significant sensitivity is needed. In order to achieve a reason-
able signal to noise ratio per data point, we have to acquire about
100000 images, almost 15 min of continuous data collection at
120 Hz. In XPFS, however, the overall incoming intensity is impor-
tant not only for signal to noise considerations but also must be
low enough to not produce unwanted excitations in the system. To
address this, additional attenuation was used, such as solid filters,
but was placed after this monitor to ensure that enough signals were
present to illuminate the MCP for high performance, enable appro-
priate amplitude sorting, and also set the proper x-ray fluence on
the sample. In the case above, aluminum filters with a thickness
of ~24 ym were used to attenuate about 91% of the beam at this
wavelength.

Finally, the above instrumentation advancements as well as
the FDM machine described in Sec. II B were all developed
for integration at the soft x-ray materials instrument** at the
Linac Coherent Light Source.” This instrument consists of timing
tool diagnostics,’” "’ a varied line space monochromator,” and a
Kirpatrick-Baez mirror system. The latter is a pair of orthogonal
cylindrical mirrors coated with B4C to reduce heat load,” which
can bend the mirror surface elliptically to create an x-ray focal spot
between 1 mm and a couple of microns at the sample position.”’
This system images the source horizontally and the monochromator
exit slit vertically’® and uses a gas monitor detector to characterize
the x-ray transmission with wavelength.”* A number of endstations

e

0.336 0.672 1.008
gy (107 nmr')

FIG. 2. A single shot speckle pattern for data collected with the XPFS prototype
instrument. The region of the detector used was 90 x 90 pixels, the largest area
to readout for the repetition rate of 120 Hz using the fastest ADC speed (see
Appendix A). The units are converted to single photon events for this image.

1.008

g, (102 nm'!)
0.336 0.672

0
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have been integrated to make use of this soft x-ray system.”” *’ More
information can be found in the work by Schlotter et al®’ on the
details of this system. A next generation soft x-ray beamline is cur-
rently under commissioning at the LCLS-II, and the integration of
this XPFS prototype instrument was used for recent experiments at
this beamline. This development will be described in a forthcoming
article.

B. Fluctuation-dissipation instrument

For the latest XPFS experiments, we have constructed a new
portable instrument that was also coupled to the soft x-ray research
(SXR) beamline (shown in Fig. 3). The purpose of this instrument
design, the fluctuation-dissipation measurement (FDM) machine,
was two-fold: to capture the full diffraction pattern instead of a
limited region of interest at the magnetic skyrmion peak that was
provided with the XPFS prototype instrument, and to increase the
signal.

The first goal was carried out by designing a chamber cen-
tered around a large megapixel area detector that can be read out
at the full 120 Hz repetition rate of the LCLS, although this would
also be adaptable to future high-repetition rate detectors as well.
The detector used here is a custom-designed system built around
a pn-junction CCD sensor developed at the Halbleiterlabor (HLL,
Germany) and is an imaging detector consisting of an array of
1024 x 1024 pixels of 75 ym pitch with single photon sensitivity. The
camera has two half-plane sensors that can be moved independently
to maximize angular acceptance and was previously used in another
instrument at the LCLS known as the LAMP.®! Notches allow the
beam to pass when there is no gap between the sensors. The detector
was gain- and energy-calibrated during the experiment. See Striider
et al. for more details on the detector.®”

The second goal was to increase the signal, but this cannot sim-
ply be achieved by increasing the photon flux on the sample, since
we must work in the perturbative regime for XPFS.”* For a given
repetition rate, by increasing the spot size on the sample, one can
increase the pulse energy on the sample while keeping the inci-
dent fluence below the desired threshold. This is coupled with an
upper limit constraint on the spot size to keep in mind for designing
XPFS experiments, which is based on the average speckle size. This is
more generally a volume in reciprocal space and has been computed
previously,” " but this can be approximated in two dimensions
for a forward scattering geometry by the diameter of the speckle s,
given by

zA

= 1
s 27R W

where z is the sample to detector distance, A is the wavelength of the
radiation, and R is the diameter of the x-ray spot size on the sample.
The factor of 277 comes from the fact that we usually use the elliptical
mirror system to focus the beam (Sec. II A), which serves to define
the coherence length at the sample, since the beam is nearly fully
coherent.®” Equation (1) assumes a Gaussian intensity distribution
at the focal point, which has been shown to be a good approxima-
tion in x-ray ablation studies of high-Z elements performed at the
LCLS."!

To maximize the available signal impinging on the sample, we
expand the x-ray spot size as much as possible while holding to the
constraints governed by Eq. (1), which requires the detector to be
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placed as far as possible from the sample. Since the SXR hutch is
10 m, and the distance from the vertical, second Kirkpatrick-Baez
(KB) mirror to the back wall is 4.8 m, we designed the endstation to
optimize the entire space between the nominal focal position and the
back wall of the SXR experimental hutch,®” making the final instru-
ment length 3.454 m with a spot size of about 30 ym. The maximum
sample-to-detector distance z was measured to be 2.35 m as a result
of this design. With the addition of the large area detector and the
increased distance of it to the sample, this new instrument has the
ability to capture about 1500 times more information per x-ray pulse
pair than the XPFS prototype instrument described in Sec. IT A.

To mount a heavy detector at such a large distance from
the sample chamber under UHV conditions, we installed a sec-
ond chamber to support the detector and connected it with a large
5 in. diameter stainless steel drift tube. This secondary chamber
was also used to support additional pumping for the detector, two
700 1/s turbo pumps, to keep the detector in an ultraclean state.
Both vacuum systems had independent motor control and were
connected through UHV edge-welded bellows. The first results
using this instrument were published in Esposito et al’* and in
Seaberg et al.”

lll. DIAGNOSTICS

For completeness, we discuss two important diagnostics we
have developed below which are important for successful XPFS
experiments. This is an in situ monitor, which captures the contrast
measurement from the sample for each shot of the measurement and
acts as a diagnostic on the x-ray pulse properties. The second device
records the pulse amplitude for each pulse. This can both serve as a
real-time monitor for tuning the beam properties during a measure-
ment as well as allow for a grouping of the data based on the pulse
amplitude ratio for finer contrast analysis. We discuss methods for
analyzing these pulse amplitudes further in Appendix B.

A. Contrast monitor

An additional diagnostic included in the FDM instrument was
what we call a “contrast monitor.” The purpose of this was to
monitor the contrast from an independent sample in situ on a
shot-by-shot basis to remove any ambiguities from sources, such
as machine parameter changes, transverse coherence fluctuations,
or other undesired experimental subtleties. We tested multiple ver-
sions of this new tool, and it consisted of a thin membrane sprinkled
with micro-sized porous glass or gold particles that had been char-
acterized previously by coherent x rays.”” By inserting this into
the chamber together with the magnetic sample, scattering from
the glass could be monitored continuously to understand if the
beam properties were changing during the experiment. The glass
particle size was chosen to be about ~500 nm such that the maxi-
mum momentum transfer vector from the nanoparticle distribution
q, was less than the skyrmion momentum, making it possible to
be measured simultaneously during the experiment, i.e., 4 =0 < g,
< g,, as shown in Fig. 4(a). The inner bright disk of small-angle scat-
tering is due to the glass structure, which was mounted behind the
poles of a custom-built electromagnet due to the small space con-
straints within the electromagnet itself. The outer ring, two bright
peaks together with four weaker peaks at the same radius from
q = 0, shows the skyrmion lattice scattering,”” which scatters to the
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FIG. 3. The Fluctuation-Dissipation Measurement (FDM) machine. The instrument design was engineered for the purposes of carrying out XPFS in a forward scattering
geometry at the soft x-ray branchline* of the LCLS.* It includes two different UHV chambers, each with its own support stand. The first houses the sample environment (left
side), including an electromagnet, sample manipulator, spot size and timing diagnostics, as well as a contrast monitor. The second chamber (right side) was built to house the
pnCCD detector, a one megapixel detector that runs at 120 Hz, although future detectors can be adapted as well. The adjoining components were designed to maximize the
distance of the sample to the detector as well as to include additional diagnostics to insert into the beam between the sample environment and the detector. The orientation
of the bottom view shows the sample chamber (left), detailing the sample and field motion, different sets of filers on the adjoining drift tube (middle), and the detector vacuum

chamber (right). All dimensions are given in mm.
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FIG. 4. The contrast monitor. (a) The combined scattering pattern of the
nanoporous glass particle scattering, shown as the bright disk around the q = 0
position, acts as the contrast monitor, together with the higher-q scattering of
the skyrmion lattice. (b) The skyrmion lattice scattering pattern collected after the
removal of the contrast monitor.

higher g, designated as gq,. For comparison, shows the
skyrmion lattice without the contrast monitor.

When the speckle size is comparable to or smaller than the
detector pixel size, the effective contrast can artificially decrease. For
instance, Sandy et al.*® showed that the contrast C(g,t) should be

multiplied by a multiplicative factor to take this into account,

2

. A,
Clgot) = C(gp t) ———,
\/ A2+ AD

where we have adopted their notation for speckle width in cylin-
drical coordinates A, and detector pixel width A; and where the
reduction in contrast due to the speckle width in the z-direction
is negligible.”” As a result, by starting with full speckle contrast,
one can take Eq. and use the contrast monitor to indirectly
measure the speckle size and hence the approximate beam size at
the sample. This diagnostic can additionally be used as a method
to indirectly measure the focus while adjusting it with the KB
mirror system by translating the focal point through the sample
position. An example of a focal scan using the contrast monitor is
shown in . Similar ideas have also been proposed with trans-
missive gratings.”” Recent developments have furthermore been
exploring the use of single-shot wavefront sensors to character-
ize the distribution of both the intensity and local electric field at
the sample plane.”” These are based on Talbot interferometry and
are very robust and sensitive, but they cannot be used in parallel
with a transmission geometry experiment such as that demonstrated
here.

B. Two-pulse amplitude detection

In order to reliably extract the contrast of the summed speckle
pattern, it is crucial to determine the ratio of the incoming pulse
intensities within each pulse pair. This is particularly challenging
for sub-nanosecond timescales. We achieved this by fabricating a
device to handle sensitivity to soft x rays and using a microchannel
plate (MCP) to measure the fluorescence from a transparent SiNy
membrane placed in the beam. A custom-built aluminum paddle
was designed to insert into the beam path with multiple window
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FIG. 5. Focal contrast scan. Using the contrast monitor fabricated with nanoporous
glass, we observed a roughly linear trend in contrast as a function of focal posi-
tion, indicating that the contrast was artificially reduced due to under-sampling
of the speckle pattern for the position of the monitor. Assuming maximum con-
trast, the speckle size and hence the approximate beam size at the sample can
be estimated. This corresponds to a 55-65 um spot size at the sample, which is
consistent with the YAG-based microscope measurement we observed of ~50 ym
FWHM.

positions and offer different thickness membranes to optimize the
transmission of the x rays and strength of the scattered signal. How-
ever, the digitized waveforms present a multi-peak structure with
long-lived effects, such as ringing. These effects often overlap when
measuring two pulses, especially at shorter delays. Consequently, a
simple integration of the peak intensity does not provide a reliable
measurement. There are three sources of variance in the arrival of
the waveforms. The overall timing jitter of the bunch (70 fs rms)
and the difference in timing of each electron bunch within the pair,
which depends on the separation distance between each pulse (20 fs
rms, for a pulse separation of 200 ns), are each fairly small, but each
is swamped by the trigger jitter in this mode (265 ps rms). To handle
this, an approach based on singular value decomposition (SVD) is
well suited here.

First, an orthonormal single-pulse basis is constructed based
on a set of single-pulse reference waveforms using SVD. The sin-
gle pulse waveforms are stacked in a matrix A, and its SVD is
computed via

A=UsV", (3)

with X being a diagonal matrix containing the eigenvalues and U
and V being unitary matrices. The columns of the matrix V form an
orthonormal basis of the row space of A and can be used to recon-
struct the reference waveforms. By creating an appropriate basis, this
approach allows for an approximation of the waveforms using only
a few coefficients. In fact, the component with the largest eigenvalue
often already largely reproduces the main features of the waveform.
The second coefficient is related to the first derivative and cap-
tures shifts in the timing of the amplitude pulse that was mentioned
earlier. In the top panel of , an example dataset of a single-
pulse waveform is shown together with the first three components
from the SVD using 500 waveforms. Here, it is clear that the third
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FIG. 6. Singular value decomposition analysis of the double pulse waveforms.
Top: A single pulse waveform as measured by an MCP and the first three compo-
nents from the SVD on 500 such waveforms, offset for clarity. In order to highlight
the importance of each component, each vector is multiplied by its correspond-
ing eigenvalue. The SVD components are offset vertically for the sake of clarity.
The inset shows the ratio of explained variance as a function of the number of
components. Middle: Construction of the double pulse basis achieved by shifting
two single pulse basis vectors with respect to each other to match the time delay
between them. The different sets of curves are offset vertically for clarity. Bottom:
Examples of reconstructed waveforms for two different time delays showing both
the data and the reconstructed SVD waveforms. The intensity of each individual
pulse is indicated in the legend. The residual of the reconstructions is near zero but
offset here for clarity, demonstrating how well this method performs for extracting
the amplitudes of each pulse.

component contains fairly small corrections. A good way to quantify
this is the amount of explained data variance as successive compo-
nents are added to describe the data. As shown in the inset of Fig. 6,
the explained variance ratio increases dramatically for the first few
components, passing the 95% mark for the second component. The
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FIG. 7. Correlation histograms of the reconstructed intensities for about 140 000
shots at the LCLS free-electron laser. Left: sum of the reconstructed intensity
py + P, as a function of the average intensity on the detector k. Right: correlation
between the two pulses, p; and p,.

shot-to-shot variation of the pulse intensity can thus be accounted
for by only a small number of eigenwaveforms.

Using the selected components, a two-pulse basis W is then
constructed by shifting one single pulse basis set to the position of
the second pulse. The two-pulse basis vectors are shown in the mid-
dle panel of Fig. 6. Two components are used for each pulse here,
shifted with respect to each other by the known delay between the
pulses, 8.75 ns in this case. However, it should be noted here that
the basis is then no longer orthonormal (see Appendix B for more
details). The sum of all basis vectors is shown in the top curve.

Examples of two different delays are shown at the bottom of
Fig. 6. In the first case, with a delay of 8.75 ns, the two pulses are
indistinguishable. To demonstrate the validity of the pulse ampli-
tude identification procedure, we plot the residual of the recon-
structed waveforms below the curves. These verify the quality of the
reconstruction procedure and give confidence in using this to sort
the amplitude ratios.

To validate this procedure, results from 140 000 two-pulse shots
measured at the LCLS are summarized in Fig. 7. The summed pulse
amplitude correlates linearly with the scattered intensity measured
on a CCD soft x-ray detector. The second histogram on the right
shows the correlation between the first and the second pulses. On
average, the intensity of the first pulse was often higher than that of
the second pulse for this dataset.

IV. RESULTS

To demonstrate the advantage of this instrument, we eval-
uated original data that had never been analyzed previously for
a magnetic skyrmion system. Magnetic skyrmions are vortex-like
spin-swirling structures that are topologically protected’! with a
typical dimension of a few tens to one hundred nanometers,””
formed in the presence of an applied magnetic field. Under particu-
lar conditions, skyrmions form stable spin textures with long-range
ordering, a skyrmion lattice. Understanding the temperature- and
magnetic-field dependency of the skyrmion lattice structure can play
a significant role in advancing the fundamental understanding of
topological spin solitons and in achieving the technological poten-
tial of novel spintronics.”* Primarily, identifying and characterizing
magnetic skyrmion lattices have occurred using small-angle neu-
tron scattering, which can detect magnetic lattice parameters in the
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range of 0.5-300 nm.”" * Equally, Lorentz transmission electron

microscopy’"’* and spin-resolved scanning tunneling microscopy’”
have further established the existence of these phases in different
magnetic systems. X rays have also played an important role by tun-
ing to the resonance of the magnetic atom to directly probe the
skyrmion structure as well.”””**" Although we previously reported
the first results using this instrument on both a damped oscilla-
tion and a slow down observed in the time correlation function
of the skyrmion lattice,” with further development of XPFS using
ultrashort x-ray pulses, we are poised to make additional contribu-
tions using x rays by measuring the spin fluctuation spectrum on
nanosecond timescales using the FDM described here.
Measurement of the time correlation of the first-order peak
in a mixed phase state was also carried out between the ferro-
magnetic stripe domains and the skyrmion lattice phase.”* With
the FDM instrument, we illustrate here that we can capture the
second-order scattering from this magnetic system. This higher

0.00
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Ag, (nm™1)
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1.2
104k k1.0
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£ 0.6 0.8 =
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FIG. 8. (Top panel) One quarter of the pnCCD detector image measured from a
FeGd sample in the stripe-skyrmion phase. The regions of interest (ROI) displayed
in the image are used for the data shown in the right panel of the figure, with colors
designating the two different peaks. (Bottom panel) Normalized two-pulse contrast
from the first order peak (green diamonds) reported in Esposito et al.>* and second
order peak (blue squares) reported here from the same data collected in the stripe-
skyrmion mixed phase. The fit shows compressed exponential dynamics with an
exponent of 3.5, which shows quite different behavior from the exponential decay
reported in the middle of the skyrmion phase.>°

ARTICLE scitation.orgljournal/rsi

order scattering, when strong enough to analyze, provides higher
g-resolution data—something which will become important as
XFELs move toward a high repetition rate. We use a similar pro-
cedure as reported previously™ to analyze the data here, in search
of fluctuations in the stripe-skyrmion mixed phase. Here, a photon
map was produced from the photon.det code developed at LCLS," and
single photon counting was used to extract the contrast.

We report the results in Fig. 8, which shows the time correlation
function of the second-order peak in the skyrmion lattice system.
For comparison, this is shown with the first order peak results and
follows a similar dynamics, but with larger error bars due to the
weaker intensity. The compressed exponential fit to the new data
shows a larger drop compared to the first order peak, in addition
to the larger error bar. Although studying higher order peaks with
soft x rays will need high-repetition to become effective, it gives a
higher momentum resolution and will be more sensitive to struc-
tural changes. With the higher repetition rate of LCLS-II on the
horizon, for instance, we will be able to use an instrument such as
the FDM to record data for experiments in a much shorter data
collection time, about 10 000 times faster.

V. CONCLUSION

We describe the design and detail the operation of the
fluctuation-dissipation measurement (FDM) instrument, which
allows for the study of spontaneous fluctuations in magnetic or elec-
tronically ordered materials. We first describe a prototype instru-
ment, which preceded the FDM instrument although it is still in use
for special cases, before outlining the latest machine. The FDM was
specifically designed for these types of measurements and is capable
of capturing about 1500 times more information than its predeces-
sor. In addition, we describe diagnostics developed as part of this
work and show new results that are only made possible by the new
capabilities offered by this innovation.
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APPENDIX A: READOUT ELECTRONICS

This appendix describes the different maximum frame readout
speeds used for the detector in the prototype instrument. This is also
known as the analog-to-digital converter (ADC) speed or readout
noise per electron. The table gives some examples of the maximum
region of interest that can be measured for different repetition rates
and readout noise rates of the detector. These can be chosen to match
a given experiment based on the distribution of the scattering signal
(TableI).

ARTICLE scitation.orgljournal/rsi

TABLE I. An example of different detector readout frame rates as a function of the
active area in pixels for both ADC speeds of 3 and 1 MHz, the readout noise per
electron. This running condition is only possible when the detector chip is blocked
from the light outside the region of interest, as described in the main text. The ADC
speed allows one to use the trade-off of readout noise vs readout speed.

Trigger rate (Hz) 3 MHz 1 MHz
120 90 x 90 50 x 50
60 155 x 155 85 x 85
30 255 x 255 140 x 140
10 470 x 470 275 x 275

APPENDIX B: TWO-PULSE SVD

By reconstructing two-pulse configurations to analyze the
data, the constructed basis described in Sec. III B is no longer
fully orthogonal, especially for shorter delays when the two pulses
present a larger overlap. The vector representing the coefficients ¢ in
the two-pulse basis is found by solving the over-determined least-
squares problem j = W& for the waveform j. This can be solved
numerically using the Moore-Penrose inverse of W,

W= (Ww)'w, (B1)
to retrieve the value of €,
E=w'y, (B2)

where the intensity of each pulse is given by taking the Euclidean
norm of their respective coefficients. It should be noted that the
pulse intensities are defined with respect to the basis constructed
from the single-pulse data. Although the SVD on different sets of
single-pulse waveforms generally provides very similar results, the
total pulse amplitude distribution is optimally reconstructed when
computed using the basis from single-pulses collected in the same
run. This is important to keep in mind when averaging different
datasets.

The reconstructed waveform is found by applying the projector
WWT to the original waveform,

y=WW', (B3)

which is then used to fit the data with the two pulse amplitudes.
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