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Abstract. Pair distribution functions from individual femtosecond X-ray pulses
have the potential to elucidate the structure of transient states in matter, such as
those found in liquid systems. To demonstrate this possibility an experiment was
conducted at the Materials Imaging and Dynamics instrument of European X-ray
Free Electron Laser Facility. We utilized the large field of view detector
configuration, exploiting single high-flux X-ray pulses of femtosecond duration at
23 keV photon energy. After deconvolution from the pattern termination function,
we show here pair distribution functions of liquid water at approximately 260 K.
These results demonstrate that current X-ray free electron laser methods can
acquire pair distribution functions on the femtosecond timescale that have
potential to capture transient state of liquids.

1. Introduction

The pair distribution function (PDF) method, developed in 1930 by Debye and Menke [1], is a
useful tool to retrieve real space atomic distances from scattering experiments. PDFs describe the
interatomic distance in a material. Specifically, for scattering experiments the atomic structure
factor of the scattering sample is transformed through a sine Fourier transform to retrieve the
pair spacing [2-4]. Recent developments in X-ray free electron lasers (XFEL), provide the potential
to measure PDFs in femtosecond snapshots of systems that used to be averaged over hour long
acquisitions [5-10]. Probing the transient properties of bulk structures is challenging within
standard X-ray studies as the nature of the sample is typically averaged during a measurement,
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due to the large sampled volume and long-time scale of the measurement. The rapid acquisition
time of XFELs offers a way to obtain PDFs, facilitating the understanding of the structure of
transient states in matter. The high photon density of XFEL radiation poses additional
considerations in terms of sample environment. Specifically, to avoid probing beam induced
effects, the sample must be refreshed for every pulse to exploit the full potential of this method.
Hence, liquids are ideal samples for such experiments. Liquid jet sample environments have
become a standard for rapid sample delivery, that enable one to measure samples free of
container background while maintaining small sample volumes [11].

This investigation strives to provide a method to conduct PDF analysis at the Materials
Imaging and Dynamics (MID) instrument of European XFEL using femtosecond X-ray pulses. We
focus on X-ray diffraction in a “large field of view” (LFOV) configuration to enable the use of PDF
analysis [12], which require a large range of momentum transfer (g-range) to be covered. We
demonstrate the capability of collecting single-pulse scattering patterns suitable for PDF analysis
if proper detector calibrations are applied.

2. Method

The experiment was conducted at MID [12, 13], using the multipurpose chamber with the liquid
jet system mounted on a hexapod. The liquid jet utilized a glass Rayleigh nozzle with an exit orifice
of 11 pm diameter [11]. For demonstration purposes a sample of ultrapure Millipore water
(18.2 MQ:cm) was measured. Additional shielding and differential pumping apparatus were
installed to improve the chamber vacuum to reach 10-> mbar pressure. This specific vacuum
requirement is due to the high voltage components of the Adaptive Gain Integrating Pixel Detector
(AGIPD) that is connected directly to the sample chamber. Additional Kapton foils were used for
separation of the AGIPD and sample chamber serving to further improve the detector vacuum and
mitigate pressure spikes inherent in liquid jet experiments. The sample interaction point was
positioned at z=17.7 cm upstream the detector, with the European XFEL supplying 23 keV
photons in femtosecond pulses (<50 fs) at pulse energies of 120 p] and a repetition rate of
2.2 MHzin 10 Hz bursts. The beam was focused to a spot size of ~ 5 um (FWHM) at the interaction
point using compound refractive lenses.

2.1 Detector calibration

AGIPD at MID works in a 1M configuration with the ability to move the four detector quadrants
independently depending on the experiment requirements [14, 15]. Typical experiments so far
have primarily used the detector in a small angle configuration with sample-detector distances of
~ 8 m. Recently Moller et al. have reported the results of an experiment using the LFOV
configuration at MID studying nucleation in liquid cryo-jets at 9 keV [16]. Here, we report the
first experiment at MID using a high photon energy of 23 keV, together with the short sample to
detector distance. This allows the capture of scattering momentum transfer up to ~ 9 A on the
detector. Thus, refinements of the detector quadrant positions are required for precise
measurements. Figure 1a) shows a photograph of the AGIPD before it is mounted to the vacuum
chamber. When tracing the mirrored images of the MID hutch on the individual detector modules
one can see that the detector module surfaces are not perfectly aligned in a plane relative to each
other. Figure 1b) depicts the detector geometry assuming a fixed distance between the sample
and detector planes, i.e. no tilts or rotations of the detector quadrants. The PyFAI graphic user
interface [17] was used to calibrate the modules using a LaBes reference sample. The LaBs
reference measurements were averaged over the sample movement perpendicular to the beam to
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Figure 1. AGIPD 1M Calibration a) photograph of detector modules, b) initial assumption with
single plane of detector quadrants, c) final calibration of individual modules, indicating inwards
tilting by ~ 10 mrad. Parts b) and c) use cartesian coordinates centered at the sample, with the z-
axis parallel to the beam direction, with the x-axis horizontal and y-axis vertical perpendicular to
the beam.

capture full powder diffraction rings. The individual module calibration was possible due to the
large number of Bragg reflections observed from edge to edge of the modules in this configuration.
Subsequent integration utilized the PyFAI multi-geometry algorithm to normalize the solid angle
contribution from detected photons. Figure 1c visualizes the corrected geometry for the detector
considering each of the 16 modules independently. An azimuthal integration of a measured LaB6
reference is shown in Figure 2a) highlighting the impact of including the previously described tilt
of each detector module for the resulting g-calibration. Compared to the planar assumption g-
values are shifted up 0.046 A1 for low g-values and down 0.010 A1 at high g-values in our
measurement geometry. The full width half maximum reduced by approximately half due to the
refinement of detector calibration, for the 1.512 A feature it changed from ~ 0.044 A1 to
~ 0.024 A-1. Several approaches were attempted when calibrating the detector surface, including
calibrating the separate quadrants of the detector. However, variability on the module level
necessitated the individual module method.

3. Results and Discussion

Figure 2 (b-c) illustrate the PDF analysis of single pulse scattering from water at a distance of
3.9 mm from the nozzle yielding an estimated temperature of ~ 260 K. The part b) of Figure 2
shows a scattering pattern collected from a single XFEL pulse at 23 keV. Integrating the azimuthal
component of the sample pattern of Figure 2b) and considering the g-calibration of Figure 2a),
we obtain the I(q) distribution depicted in part c) of Figure 2. The outermost fringes of the
diffraction pattern are captured by a reduced number of pixels due to the geometry of the detector
decreasing the signal to noise ratio. This increase in noise at large g, necessitates further
truncation than that of the physical area of the detector modules. Figure 2d) shows the
corresponding PDF of the Figure 2c). The blue PDF G, was computed using the pdfgetx3 software
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Figure 2. a) Comparison between (blue) initial detector geometry assumption and (orange)
individual module calibration of LaBe calibrant with (dashed red) reference LaBs reflections.
Femtosecond single pulse scattering from water and respective analysis in parts b), ¢) and d); b)
raw detector image; c) 1D integration; d) resulting PDF G from 1D integration, blue, and sample

PDF G resulting from the deconvolution with termination function, orange, rescaled for
comparison.

written and maintained by Billinge’s group [18] and is referred to as PDF G.. Due to the truncation
of the g-range to between 1.08 A-1 and 6.38 A-1 there is a significant contribution from the
termination function.

The termination function

1 imein < q < Imax (1)

O(T, Gmin» Gmax) = {0 otherwise

is one in the region of the pattern where there is signal and zero otherwise, where q,,,;,, and ;45
are the respective termination values of the momentum transfer g-range covered by AGIPD.
Consider the formulation by Peterson et al. [19] of the Fourier transform of the termination
function

Amax Amin

G(r, Qmin Qmax) = T]O (Qmaxr) - T]O (qminr) (2)

where the zeroth order Bessel function is denoted by j,. Figure 3 depicts the impact of
termination: a) no termination, b) truncation of the q,,,4, and c) truncation of both q,,;;;, and g, -
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Figure 3. Fourier transform of termination function demonstrating the response function to be
convolved with the sample pair distribution function, normalized for comparison; a) no
termination b) terminated at qmax = 7 A1 ¢) terminated at gmin = 1 A1, gmax = 7 A1

Note that in the absence of termination the function is essentially a delta function. Truncation of
the maximum q introduces high frequency fringes; a truncation of minimum g adds a low
frequency component.

Following this concept, the resulting convoluted PDF (G.) from the I(g) data can be seen
as the convolution of the true sample PDF (G) with 8 the Fourier transform of the termination
function which depends on the experiment geometry as

Ge(r) = G(r) * 0(7, Gmin) Gmax) (3)

Thus, by performing the deconvolution of the G. PDF with the Fourier transformed termination
function we retrieve G, the samples PDF which is depicted in Figure 2d) by the orange PDF. One
can see a shift of the first peak position to lower r for ¢ and a variation in the shape of the second
feature. The G PDF shown in figure 2d) does not oscillate about zero as Gc, this is being
investigated as a need to correct for an incorrect high-q asymptote [19]. There are other
treatments of the termination function and truncation errors in literature such as that of Skinner
et al. [20] where they use a modified Lorch function building upon the work of Soper and Barney
[21]. Naberukhin [22] comments on the results of Skinner et al. noting that further consideration
is needed, specifically likening the approach to that of Narten et al. [23]. The modified Lorch
function of Skinner et al. is specifically adapted to water to smoothing impact on the first peak.
Here we focus only on the experimental constraints when addressing the termination function in
a general way independent of the sample.

5. Conclusion

We show the feasibility PDF analysis on femtosecond diffraction patterns of a liquid sample. We
found that for the small sample to detector distance in the LFOV configuration at MID the pixel
geometry of AGIPD 1M requires further calibration, specifically considering the tilt of each
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quadrant and individual modules. Refinement of the detector calibration eliminated artefacts
which interfered with PDF analysis. The termination function is inherent in scattering
experiments with a limited g-range, and must be considered when comparing results from
different experiments. Thanks to understanding the termination function, direct comparison of
PDFs covering a g-region with ones that sample larger regions is possible. However, increasing
the sampled g-region is the best method to improve the quality of the results. Standard methods
of increased photon energy or increased sampling area, are required with additional
consideration of the individual detector design. Further progress is planned for XFEL facilities
which would see higher photon energy and density, enabling higher q sampling with comparable
detector areas and increased scattering signal. There is a need for high-Z detector to facilitate
higher photon energies that would further extend the measurable momentum transfer region.
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