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Abstract

By measuring a linear response function directly, such as the dynamic susceptibility, one can understand fundamental mate-
rial properties. However, a fresh perspective can be offered by studying fluctuations. This can be related back to the dynamic
susceptibility through the fluctuation—dissipation theorem, which relates the fluctuations in a system to its response, an
alternate route to access the physics of a material. Here, we describe a new X-ray tool for material characterization that will
offer an opportunity to uncover new physics in quantum materials using this theorem. We provide details of the method and
discuss the requisite analysis techniques in order to capitalize on the potential to explore an uncharted region of phase space.
This is followed by recent results on a topological chiral magnet, together with a discussion of current work in progress. We

provide a perspective on future measurements planned for work in unconventional superconductivity.

Introduction

An important effort in material science is to continue to
develop advanced characterization techniques to push the
envelope of deciphering material function from microscopic
properties. This is typically carried out in a myriad of ways
through direct measurement of a linear response function,
such as y(Q, ). Another option exists for materials which
is to measure spontaneous fluctuations in equilibrium, and
access the linear response by making use of the fluctua-
tion—dissipation theorem [1]. This is a relation, first stud-
ied in relation to voltage fluctuations in circuits [2], which
relates a generalized force to properties in equilibrium.
This has been utilized at high-brightness X-ray sources to
access atomic resolution, most notably using X-ray photon
correlation spectroscopy (XPCS) [3-5], but has remained
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challenging for timescales fast enough to connect to the rel-
evant features in the dynamic susceptibility.

With the development of next-generation light sources
such as X-ray free-electron lasers (XFELs) [6], new meth-
ods using coherent X-rays are becoming available at time-
scales of interest to the quantum materials community.
X-ray Photon Fluctuation Spectroscopy (XPFS) is one such
method which targets the measurement of fluctuations of
some underlying order parameter in a system. It is based on
using pairs of spatially coherent X-ray pulses, each acting as
an independent data point, rather than a long pulse train as
commonly used, such as in sequential XPCS. Scattering of
coherent X-ray pulses from the sample generates ‘speckle’,
a complex fingerprint of structure in the sample [7], which
is then measured and studied to monitor the dynamics. This
can occur with any type of system that contains heteroge-
neity, such as orbital ordering domain texture for instance
(see Fig. 1).

In its most general form, the scattering process is used
in XPFS to determine the spontaneous dynamics in a sys-
tem through X-ray photon fluctuations via single photon
counting. XFELs provide (1) fully coherent X-rays, (2)
femtosecond-level X-ray pulses, and (3) a large number
of photons per pulse. While these three characteristics are
most well-known, there is a fourth capability required for
XPFS to be achievable: the ability to create a variable
two-pulse X-ray operation with a well-defined time sepa-
ration. Emerging accelerator capabilities will now allow
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Fig. 1 Speckle pattern of the
orbital domains in a mangan-
ite single crystal seen at the
wavevector for orbital order-
ing. This was observed at soft
X-ray wavelengths tuned to
the L;-edge of Mn. The broad
width of the peak is due to the
short-range ordering of the
orbital domains, at the level of
~ 300A. Images are reproduced
from [12]

development of new tools important for the material sci-
ence community. With these new capabilities [8—10],
changes down to the level of the fs timescale will be acces-
sible, far outpacing the state-of-the-art in XPCS at the
ps timescale. This also compares favorably with inelastic
neutron scattering methods, which cover the range from
ps (through energy-resolved measurements) to 100 s of
ns and, in some cases, ps through neutron spin echo spec-
troscopy [11].

In this paper, we describe this new X-ray tool that takes
advantage of the requirements above for novel materials
characterization. It has the potential to extract important
material parameters useful for modern condensed matter
theory in solids. We outline the XPFS method, complete
with a discussion on how to perform the experiments, and
delve into the analysis methods to carry out this technique
on new types of quantum materials. We describe some
examples with recent results on topological chiral mag-
nets, and discuss current work in progress. We conclude
with a perspective on future measurements planned for
work in unconventional superconductivity.

Experimental

We discuss the apparatus for XPFS experiments in the fol-
lowing section. We first give a general overview, followed
by two more specific areas important for executing these
types of experiments. In the first, we derive an analytic
solution for the contrast function C(g, t), based on the fluc-
tuations of the scattered X-ray photons. This solution can
have computational advantages for high-repetition facili-
ties. This is followed by a general introduction to the drop-
let algorithm, a solution to handling large electron clouds
which are created by single X-ray photons at the detector.
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XPFS: overview

When measuring dynamics, the key quantity to access,
both theoretically and experimentally, is the dynamical
susceptibility, y(Q,w), and in particular the imaginary
component of this, which is known as the dynamical struc-
ture factor S(Q, w) [13]. In XPFS, information is extracted
from the time domain, rather than the frequency domain,
which is equally described by the intermediate scatter-
ing function S(Q, #). The measured quantity in XPFS is
the variance of coherent areas in the diffraction pattern,
also known as the contrast function C(Q, 7). Importantly,
this contrast function C(Q, ?) is related to the well-known
intensity—intensity autocorrelation function g@?(Q, ¢) [14]
and hence the intermediate scattering function S(Q, 7). As
these are related to the frequency domain by Fourier trans-
formation, these type of measurements effectively allow
direct measurement of y(Q, w).

The large number of photons per pulse produced at
XFELs is necessary to collect sufficient statistics from
scattering at such short timescales. The key to the study of
fluctuations in this realm is to take advantage of this, while
also ensuring that the system is only weakly perturbed.
The weak perturbation limit can pose a serious challenge
to perform these types of experiments, while still supply-
ing enough photons per pulse to conduct an XPFS experi-
ment. However, this is possible due to the unique ability to
incorporate large pulse energies over a short-pulse dura-
tion, the prevalent theme at XFEL sources [15]. In this
range, the number of photons per pulse scattered from a
typical sample can be only a few hundred or so, possibly
a thousand, rather than many thousands or millions. This
means the way to perform this type of experiment must
change [16]. A new approach is required to calculate the
contrast function, defined for the intensity /(Q, t) as:
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Also known as the visibility, this describes the variance of
coherent areas in the diffraction pattern. The contrast has
a fundamental connection to the dynamic susceptibility
x(Q, w), which can be calculated for a given material from
first principles [17]. In the single photon limit, Eq. 1 breaks
down and instead, the XPFS method practiced in its current
form involves counting X-ray photons and calculating prob-
abilities which are related back to the requisite correlation
function.

Coherence

By starting with two fully coherent X-ray pulses, separated
by some time interval f, we can extract a contrast from the
summed speckle pattern after interaction with the sample.
For negligible changes in the system during ¢, each pulse
will produce an exact replica speckle pattern, while if there
are significant fluctuations within #, the contrast of the sum
will decrease. For the short timescales of interest here, both
scattering patterns from each pulse of the pair need to be
captured in one image. However, unraveling this is tractable
since it follows an established formalism [18].

The main challenge is that in the non-perturbative limit,
a small number of photons need to be used to extract an
accurate contrast level C(Q, f) in a single shot. To measure
C(Q, 1), we turn to the probability distribution of measuring
k photons per speckle with coherent X-rays.

Photon fluctuations

The probability distribution when using a fully coherent
beam follows the Bose-Einstein distribution, the well-known
probability relation for the fluctuation of bosons in a given
region of phase space from statistical mechanics. Interaction
with a fluctuating sample is analogous to imparting partial
coherence to the beam, since the fluctuations will affect the
detected contrast. For a partially coherent beam, the Bose-
Einstein distribution is modified to approximate the negative
binomial distribution. For the parameters of the experiment,
the probability of detecting k photons in a given speckle P(k)
is given by

1 k—1 E k M M
P<k>=5;'[_O(M+f)<_ > <—> )

k+M/) \k+M

where M is the degrees of freedom in the speckle pattern
and k is the average number of photons per speckle [18]. M
characterizes the amount of this effective partial coherence
mentioned above or can also be thought of as the number
of coherent spatial modes contributing to the speckle, as
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Fig.2 Separate plots of C,(Q, 1) for k=1-3, where each C, is based
on only one probability function P(k). The absolute amplitudes are
slightly different for these curves but they are normalized to each
other and offset, both vertically and horizontally, for comparative pur-
poses

described by Goodman [19]. Using this formalism, M can
be extracted as a fit parameter for the measured distribution,
where M = 1/C(Q, 1)*.

This is equivalent to measuring k-photon events for a
given Q, and computing the statistics for a given ¢, to extract
C(Q, 1). We can formulate a linear combination:

CQ.0) = D, 4, C(Q.1) 3)

k

to extract the information from each distribution to retrieve
the final C(Q, f) for k € N. This amounts to solving for the
coefficients a;. Using measurements across a range of count
rates k, Eq. 2 is utilized to fit the measured distribution to
obtain the resultant number of modes M, and finally Eq. 3
to obtain the resultant contrast.

For example, in Fig. 2, we plot three different C,(Q, t)
values. This demonstrates that each probability P,(Q, ) has
a similar time structure. These are normalized to each other
and offset for comparison. This indicates that different por-
tions of the data can be used separately to retrieve the same
physics.

Analyticity

Given the involved procedure above, we have identified a
simpler approach which we outline here. Because of the
large number of fitting routines that need to be employed
above, we can instead derive an analytic solution to extract
C(Q, t) from the probability distribution itself using prob-
ability distributions ratios.

While it is clear from Eq. 2 that no analytic solu-
tion for M exists, we can derive an analytical solution
if more than one k-event is reliably measured. We start
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by taking the ratio of P(k) for two different k-values that
differ by one integer value. For example, by taking the
ratio between P(k+ 1) and P(k), which we define here
as R, = P(k+ 1)/P(k), the equation can be simplified by
removing terms not dependent on k. Using the identity
I'(z+ 1) = zI'(z), the result is

-1
k+M M
R, = 1+—= 4

k k+1< +;> @

This simplification can be leveraged to solve for M analyti-
cally. The result is

_ R+ D -k
k—Ry(k+1)

M Q)

It should be noted that a singularity exists for R, = z/ (k+1),
but this is not very probable, since R, is in general a small
number, for reasonable values of k. This will diverge only
in cases with large numbers for k which are currently out of
the range of the experimental conditions used for the sys-
tems discussed in this paper. This may need to be revis-
ited for XPFS experiments on more robust ordered systems
[20], or in an area such as high-energy density sciences. For
example, phase separation under dynamic compression in
planetary science studies [21], or phase boundary mapping
under shock compression [22], are areas where there would
be less constraints on k as sample damage is not a concern.

Equivalently, we can express this as the contrast C(Q, t)
which is bounded on the interval [0, 1] as

Ry(k+1)—k

CO.D=|z7——
klk — R (k+ 1)]

(6)

This last result, Eq. 6, allows us to perform single-shot
contrast computations. This turns the data handling into a
simple problem which can be computed in real time, a sub-
stantial advantage for high-repetition rate experiments as
this development could largely speed the processing times
of these types of experiments in the future.

To illustrate the behavior of the analytic solution, we
display an example of this in Fig. 3. Here, we plot R, as a
function of &, plotted for different values of the contrast.
Note that for k = 1, and R = 1/2, a singularity exists at
k = 1. This represents an intractable solution, where all
curves intersect and no reliable value of C(Q, t) can be
obtained.

In conclusion, by mapping the contrast function in time
and momentum space, we can extract the coefficients g,
from Eq. 3 above to get C(Q, t) and directly compare them
to theory. The analytic solution derived here will allow for
single-shot measurements which could be vital for future
work at next-generation light sources.
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Fig.3 Contrast plot for the analytical solution derived in Eq. 6. This
shows R, as a function of k, for given contrast values. The pinch point
R, =1/2 and k =1 in the graph represents a singularity. This will
hide the information of the contrast at this point for data collected for
these parameters

Droplet algorithm

The first step in the data analysis in XPFS is to produce a
photon map from the raw data. Because of the point-spread
function which occurs with any charge-coupled detector,
each photon creates an electron charge cloud. The cloud
characteristics depend on the specific detector properties
as well as the pixel size. For X-ray detectors with smaller
pixel sizes, such as that found in the Andor system we
will discuss here, the pitch can be as small as 13 pm. As a
consequence, a single charge cloud can cover many pixels,
even for soft X-ray energies. Complications arise when
clouds merge to form droplets. It is a non-trivial exercise
to quantify the precise charge cloud parameters from a
droplet, especially when the intensity is such that the drop-
let structure becomes connected. The ability of the droplet
algorithm to separate the electron charge cloud within a
droplet, and eventually to retrieve the photon events per
speckle, is an additional constraint on limiting the pulse
energy for an experiment.

As an example, in Fig. 4, we outline this procedure.
For each X-ray pulse pair, one coherent, summed image
is collected (upper right panel in Fig. 4). By studying
the topology of the resultant structure, droplets can be
defined which exist as isolated structures, with no bounda-
ries shared with other droplets (upper left panel in Fig. 4).
Each droplet is assigned a number of photons based on the
total analog-to-digital units (ADUs) summed across all
pixels within the droplet, each of which produces its own
charge cloud. The charge clouds can be modeled as a 2D
Gaussian ADU distribution, of the form:
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Fig.4 Droplet algorithm outline, counter clockwise starting from the
upper right: the raw detector image of a pair of coherent X-ray pulses
scattered from a chiral magnet; The raw data showing the droplet des-
ignation for all intensity in the image, with the white circle demon-
strating one single droplet; the single droplet together with it photon
designation—these are fit with multiple 2D Gaussians (Eq. 7), one for

N,
D(x,y) = Mph
)

X exp

where N, is the expected number of ADU/photon, and o,
and o, are the expected charge cloud widths in the hori-
zontal and vertical direction, respectively. A first guess
for the charge cloud locations can be made by recursively
subtracting this distribution from the location of the global
maximum within the droplet, until all photons have been
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each charge cloud, until the droplet is reconstructed; the full photon
map of the starting image. From the Gaussian fits, the measured pho-
tons per speckle can finally be resolved, recovered from the photon
numbers per droplet. This is repeated for each droplet to retrieve the
final photon map of the image

accounted for. The charge cloud locations are then refined
using an optimization routine, again using the Gaussian
model, but allowing for the charge clouds to be centered at
arbitrary locations within a pixel.

As a result, each droplet can be constructed from an inte-
ger grouping of photons (lower left panel in Fig. 4). This
procedure is repeated until all droplets are solved for in the
diffraction image. The final result is a photon map for each
speckle pattern image (lower right panel in Fig. 4). With
photon maps generated for each X-ray pulse pair, we can
carry out the XPFS analysis in “XPFS: overview” and “Ana-
lyticity” sections to recover C(Q, t).
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Fig.5 Left: Fluctuations measured in a thin film multilayer structure
of FeGd, where a skyrmion lattice forms. The long range order of the
skyrmions enable detection of the lattice through soft X-ray resonant
scattering with wavelength tuned to the absorption edge of the mag-
netic atom. Evidence of an oscillation exists, but this is being stud-
ied further. Right: an example of the probability of measuring three

Discussion

With the overview completed of the XPFS method above,
we will now review some recent results. Though this method
is still in its infancy, the progress on directly accessing mag-
netic fluctuations is being used to address a number of cur-
rent questions in topological magnetism.

Chiral magnets

Recent work has demonstrated the XPFS method discussed
above to the field of chiral magnetism [23]. The first example
is with the FeGd thin multilayered magnet system which has
been shown to produce a skyrmion lattice. These systems
are interesting because they have been shown to support
skyrmion states in thin films at room temperature [24]. The
lattice properties and functionality can be tuned through the
growth process [25, 26].

A prototype instrument was built to execute XPES experi-
ments while also being able to apply a magnetic field per-
pendicular to the sample plane using an in-vacuum electro-
magnet. By stabilizing the skyrmion lattice with the field,
the two-pulse data was collected on a CCD camera. The
sample was measured in a forward scattering geometry and
resonant X-rays were used to probe the magnetic struc-
ture. All measurements were carried out at the soft X-ray
branchline (SXR) [27] of the Linac Coherent Light Source
[28], which provides monochromatic, femtosecond X-ray
pulses[29-35].

The data revealed pure exponential relaxation on the
order of a couple of nanoseconds shown in Fig. 5, potentially
indicating an oscillation, but this needs further investigation.
These represent the spontaneous fluctuations inherent to the
skyrmion lattice, and yield new insight into y(Q, @) for these
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Photons per speckle

photons per speckle, P(k = 3), for the skyrmion lattice system. The
fit (red line) to the data (black points) shows a contrast of 90%, with
each shade of green giving 20% increments in contrast. This function
only has one fit parameter, the number of modes M discussed in the
text. Reproduced from Seaberg et al. [23] with permission

types of topological systems. The strength of this measure-
ment is not only the observation of the fluctuation spectrum,
but the information it yields on the skyrmion—-skyrmion
interaction, as well as the dynamic fraction of the skyrmion
lattice. The contrast curve in Fig. 5 indicates that only about
one-third of the lattice structure is fluctuating on this time-
scale. The theoretical work in this area is ongoing.
Furthermore, future work that involves randomly coded
masks and numerical convex relaxation routines [37-39]
may be able to produce single-shot images of systems such
as this, in this geometry [40]. This direction would neces-
sitate more photons and would be in the perturbative regime,
usually at the cost of sample damage. This area is still under
investigation for future high-repetition rate XFEL machines.

The biskyrmion lattice

Another area which has been explored by XPFS is in the
study of biskyrmion lattice structures, or skyrmion bound
pairs. The sample was again a FeGd chiral magnet, but with
certain field geometry and ramping procedure [41], a biskyr-
mion lattice state can be created. These objects consist of
two bound skyrmion objects, which can act together as a
separate quasiparticle.! They have been the focus of recent
work which has shown that they can be controlled with
small magnetic fields, and with many orders of magnitude
of smaller fields, for advanced technologies [44].

For this study, we constructed a more advanced instru-
ment, installed a pixelated large-area detector, and added a

! Although the exact topological nature of these objects is still being
debated [42, 43], our X-ray measurements demonstrate the preferen-
tial and orientational pairing of these objects.
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Fig.6 FeGd thin film het-
erostructure phases at room
temperature. Top: Sketch of the
stripe, mixed, and skyrmion
lattice phases in real space,
based on simulations from
previous work [25, 26]. Bottom:
Measured soft XFEL data of the
diffraction patterns at the Gd M
-edge showing the concomitant
phases in reciprocal space.

Data reproduced from Esposito
et al. [36], with the permission
of AIP Publishing

Stripes
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contrast monitor, which can monitor the single pulse contrast
for normalization. This instrument also had the UHV elec-
tromagnet for perpendicular magnetic field stabilization in
situ during the X-ray measurement and was installed at the
SXR instrument [27].

In this example, we explored the fluctuations near the
first-order phase transition. In Fig. 6, images of the real space
figuration are shown for the ferromagnetic stripe phase, the
skyrmion lattice phase, and the mixed phase at the boundary
between the two, with each point in the diagram represent-
ing one biskyrmion object. Below these images in the figure
are the respective diffraction patterns which indicate which
phase is under study. These are all room temperature phases
that are accessed through magnetic field application. The
scattering used for detection is resonant soft X-ray scattering
from the Gd atoms at the Ms-edge.

Skyrmion glass

We used XPFS to search for fluctuations at the first-order
boundary. In contrast to the behavior in the example
found above, we observed the dynamics to exhibit a Kohl-
rausch—Williams—Watt-type decay:

C(Q» t) = CO + Cl eXp_[t(Q)/T]ﬁ (8)

with significant stretching, given by the parameter S [36].
This direct measurement of the magnetic fluctuations, near

Mixed phase Skyrmion lattice
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the coexistence region of the discontinuous phase transition,
was interpreted as indicative of jamming or ‘glassiness’. For
the former, the theory is that the limited available volume
for the biskyrmion lattice phase is set by the ferromagnetic
stripe phase in the phase coexistence region which causes
limited, i.e., non-Gaussian dynamics, which would indicate
jamming. Stretched exponential dynamical behavior has also
been seen in different types of glasses [45], but further meas-
urements are needed to provide definitive proof on whether
this phase represents a true ‘skyrmion glass’ or not.

Perspective

In this section, we discuss ongoing work and future devel-
opments. We will first discuss the scientific topics currently
being addressed with XPFS followed by an outlook on
important developments that will be key to the success of
XPFS: advanced instruments and detectors.

Fluctuating order in unconventional
superconductors

One of the interesting topics in high-temperature supercon-
ductivity is in the observation of density wave order, both
charge (CDW) and spin (SDW), and its relationship to the
mechanism of superconductivity. This was first discovered
using elastic neutron scattering in superconducting La,_,
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Sr,CuO, [46] and after a series of recent X-ray measure-
ments [47-49], is now understood to be a ubiquitous fea-
ture of these systems. This has led to a revitalized focus on
these materials for understanding how CDWs and SDWs,
sometimes generally referred to as ‘stripes’, relate to the
mechanism of high-temperature superconductivity [50].
Closely related to the CDW state is the pseudogap phase
[51], which refers to an energy scale at the Fermi level which
has a decrease in density of states associated with it [52].

A myriad of papers have now been devoted to reveal-
ing the stripe fluctuations in cuprate superconductors, using
inelastic neutron scattering (INS) [53, 54], resonant inelas-
tic X-ray scattering (RIXS) [55-58], and pump-probe spec-
troscopy [59-63]. Among these techniques, INS and RIXS
are most powerful in measuring the coherent excitations in
solids, while pump-probe methods normally evaluate the
non-equilibrium states transiently created by a femtosecond
optical pulse.

One piece of missing information, however, is the meas-
urement of fluctuations in equilibrium over the full range of
timescales. It is the essence of these quantum stripes that
could be relevant for understanding the superconducting
mechanism [64, 65], and which may even enhance the super-
conducting state. Theoretically, it has been shown that the
stripe instability vanishes and superconductivity becomes
stronger when transverse stripe fluctuations have a sizable
amplitude [66].

The stripe fluctuations have been extensively searched for
in experiment. Taking the canonical cuprate La,  Ba,CuO,
(x = 1/8) for instance, a recent femtosecond time-resolved
resonant soft X-ray scattering (pump-probe) investigation at
the LCLS reported the absence of a photoinduced coherent
mode [62]. This observation rules out the static charge stripe
scenario in this system and indicates that the fluctuations
must be gapless, i.e., relaxational in the time domain. RIXS
has also been utilized to explore stripe fluctuations therein,
which revealed that the fluctuations are slower than 100 fs
[56]. The time window of interest has been further narrowed
down by XPCS, in which static charge stripes at the second
to hour timescale have been established [67]. Consequently,
the ps to ms regime is the ‘sweet spot’ to finally unravel the
fluctuations in this compound. Interestingly, this ‘sweet spot’
appears to coincide with a very recent study on this com-
pound, which reports possible fluctuations at the NMR time-
scale: ~ 1 peV or 5 ns [68]. All these results taken together
imply that nanosecond XPFS will be a unique tool to explore
the relevant physics in this area.

The description of the XPFS method outlined earlier pro-
vides a solution uniquely matched to this problem. Taking
advantage of the spatial coherence of the X-ray beam avail-
able at XFELs, speckle measurements will be sensitive to
the stripe fluctuations in equilibrium. Current work is ongo-
ing and aimed at shedding new light on high-temperature
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superconductivity by studying these dynamic stripe fluctua-
tions in the time domain.

Additionally, because the recently discovered CDW
peak in the bulk is short-range ordered, the state could pro-
duce ‘liquid crystal-like’ fluctuations, which has also been
described with recent theoretical work [69]. Here, it was
shown that a smectic-nematic phase could be described by
a CDW coupled to strain, analogous to measurements which
have used coherent X-rays to capture over-damped liquid
crystal fluctuations [70]. Because electronic liquid crystal
phases can also be shown to be analogous to the stripe phase
[50], focusing on measurements to unravel potential new
physics via pure CDW dynamics is also promising. Further-
more, another approach is to treat the electronic correla-
tions with an intermediate coupling model. A framework for
obtaining properties using a correction for the self-energy
which incorporates correlation effects is also a reassuring
formalism that might address these types of measurements
[71].

Advanced instruments

Currently under development at the LCLS-II facility is the
so-called qRIXS endstation. This is under construction and
will take advantage of the high-repetition rate of the LCLS-
II machine in the soft X-ray range (See Fig. 7). The design
of this advanced instrument will make it the ideal location
to perform future XPFS measurements.

This machine is being built for time- and momentum-
resolved resonant inelastic X-ray scattering measurements
and includes a sample environment chamber to cool and
orient the sample together with a spectrometer and detector
arm which has a motion covering scattering angles from 40°
to 150°. This will detect the scattered X-ray spectrum on a
movable detector, including polarization analysis.

Future XPFS

To conduct XPFS measurements, an advanced detector
(see “Advanced X-ray detectors” section) will be located
at a given distance from the sample chamber and can be
positioned at an arbitrary scattering angle within this range
using the RIXS mechanical infrastructure. This detector
will directly capture the speckle diffraction for the XPFS
measurement. The detector will be placed in the scattering
plane and needs to have the characteristics to resolve the
speckle structure, while also being able to be read out at
high-repetition rates.

Advanced X-ray detectors

Given the discussion above, there are a few critical needs
for XPFS that we have discussed: short bursts of high pulse
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Fig.7 So-called qRIXS instrument design, planned for installation
at the LCLS-II facility. This instrument is being built for time- and
momentum-resolved resonant inelastic X-ray scattering measure-
ments in the soft X-ray regime, but will be ideally suited for XPFS.
The circular sample chamber holds the sample and both the spec-
trometer and detector arm is capable of moving through a scattering

energy X-rays, with a capability to adjust the timing between
pulses on the requisite timescale, and spatial coherence.
Technically, another key element is development of next-
generation detectors for XPFS. Since this infrastructure is
critical to the needs of the materials community, we outline
some points on this development here. Noteworthy issues, in
no particular order, are the following: (1) Repetition rate, (2)
pixel size, (3) a photon counting mode, (4) charge-sharing
characteristics, and (5) array size. We also describe the lat-
est development on promising candidates for the next XPFS
detector.

Repetition rate

With LCLS-II capabilities reaching MHz repetition rates, the
readout rate of the detector is critical to take advantage of
this progress. Because XPFS is based on statistics of a small
number of photons in a given shot, it is perfectly suited for
high-repetition rate data collection. XPFS will immensely
benefit from high-repetition rates of the machine, and so any
deficiency in detector repetition rate capability will directly
translate to a loss of X-ray data.

We can estimate the pulse pair image conditions at
1 MHz. Starting with a maximum of 120 kW of electron
beam power from the accelerator, with 4 GeV at 1 MHz
gives 30 pC, or about 15 pC for each pulse of the pulse
pair. Under typical LCLS conditions, a ~ 2 mJ/pulse is
generated for a 250 pC bunch pulse, or for 15 pC per pulse,
we expect more like ~ 0.1 mJ/pulse. Assuming similar

angle from 40° to 150° A detector will be placed at a given distance
from the sample chamber and can be placed at an arbitrary scatter-
ing angle within this range using the RIXS mechanical infrastructure.
This detector will directly capture the speckle for the XPFS measure-
ment (Image provided by Jim Defever and Frank O’Dowd; SLAC
National Accelerator Laboratory)

performance of the optics used at the SXR branchline at
LCLS [72, 73], we expect about ~ 0.2% efficiency, depend-
ing on bandwidth [31], or about 200 nJ/pulse on the sam-
ple. In the previous conditions for the chiral magnetic
films, we applied about ~ 1 nJ/pulse to the sample, after
heavy attenuation for a 30 pm spot. For this particular
case, we saw unwanted changes at around 50 nJ/pulse,
which means under a similar experimental configuration,
experiments would need to use attenuation on the order of
about a factor of ~ 200.

Pixel size

XPFS is based on formulating a speckle pattern (see Fig. 1).
This is formed from interference due to scattering from a
strongly heterogeneous sample as a result of a spatially
coherent X-ray beam illumination together with a hetero-
geneous length scale which is smaller than the coherence
length of the beam and larger than the wavelength of X-rays
being used [74]. This technique works best by detecting a
given speckle, which sets the limit on the pixel size of the
detector: ideally, the pixel must be smaller than or equal
to one speckle, where there may be added benefit to hav-
ing multiple pixels per speckle. Since XPFS is based on
measuring statistics within a speckle, resolving a speckle is
important and with it, having a small pixel size. This size
directly sets the geometry of the experiment, and hence, the
size of the instrument to measure it.

) springer



230

L.Shen et al.

Single photon counting mode

XPFS is based on photon counting, and hence needs a detec-
tor that counts single photons reliably above the noise level.
Additionally, by definition, 2-photon and 3-photon events are
needed as well. This means that sensitive, high-gain detec-
tors which can differentiate a 2-photon and a 3-photon event
per speckle are vital.

Charge sharing characteristics

Because XPFS is dependent on counting photons, each pho-
ton event must be able to be reliably recognized. This means
that charge sharing between pixels needs to be corrected
for. Currently, to account for this, droplet algorithms [75]
need to be implemented, which provide a way of fitting the
distribution of intensity measurements on the detector and
extrapolating the photon events that occur for each pixel (see
“Droplet algorithm” section). This can be time-consuming,
and challenging, and can greatly hinder these types of meas-
urements going into the future, so new XPFS detectors will
need to minimize this.

Array size

Maximizing the full array size is always beneficial, but this
is also particularly tied to the specific experiment. This is
important both for the scattered signal characteristics and
the geometry, the latter setting the speckle size, and hence
the distance of the detector from the sample. In other words,
the pixels should be designed to be small enough to resolve
the speckle structure, while allowing the full array size to
be optimized to collect the maximum speckle number for a
given diffraction distribution.

Detector development

The long-term development plan at the SLAC National
Accelerator Laboratory is to build experiment specific X-ray
cameras, the so-called ‘SparkPix’ family. This is centered
around the idea that for some class of experiments, one can
use the structure or the characteristics of the data to extract
efficiently the information in real time inside the detector
itself. This family is built as an extension of the ePix family
[76], reusing all ePix core circuit modules combined with
different kinds of information extraction engines. These are
set to extract information at the full repetition rate of the
LCLS-II at 1 MHz, or in burst mode at 3 GHz and includes
advanced extraction features such as sophisticated triggering
and zero suppression.

Most critical for XPFS is the idea of sparsification. Given
the discussion above, it is clear that a typical XPFS experi-
ment will only have a small number of pixels illuminated on

4 Springer

a given shot. To produce a full-frame readout is unnecessary.
The sparsification engine would be a layer in these type of
advanced detectors which would only read out pixels which
detect an event. This will allow extremely high-repetition
rates, while collecting the full available data. These types of
developments are what will make the XPFS method valuable
in the materials science community looking forward.

Conclusion

With the latest state-of-the-art developments at XFELSs, new
characterization tools are becoming available which could
have a dramatic impact on understanding the properties of
matter. XPFS is a new method which allows access to a
region of phase space that so far is uncharted territory in
the X-ray regime. While work has started in chiral magnetic
systems, the future is bright with technical developments,
such as in next-generation X-ray facilities and instruments,
as well as in new technological advances in fast, large-area
detectors. With these in mind, new classes of experiments
to comprehend fluctuating order and how this is related to
unconventional superconductivity is at our fingertips.
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