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Abstract. We show the results of speckle contrast analysis at the MID instrument of European
XFEL in the hard X-ray regime. Speckle patterns measured from static colloidal samples
are compared to results previously obtained at the SPB/SFX instrument. A high degree
of coherence of 0.79 is obtained by modelling the g-dependence of the speckle contrast, that
corresponds to a number of coherent modes of M = 1.7. Furthermore, the variation of contrast
over many pulse trains is exceptional low, resulting in a degree of coherence with a relative
standard deviation below 0.1. Our results demonstrate the high stability of coherence properties
at European XFEL over many X-ray pulses and pulse trains which is a prerequisite for coherence-
based techniques such as MHz X-ray photon correlation spectroscopy.

1. Introduction
New X-ray facilities such as free-electron lasers (FEL) and the next-generation of synchrotron
radiation sources provide high-intensity hard X-rays with a high degree of coherence [1, 2,
3, 4]. This enables coherent scattering and imaging experiments such as coherent diffractive
imaging (CDI), ptychography as well as X-ray photon correlation spectroscopy (XPCS) with
unprecedented spatial and temporal resolution. The successful application of these techniques
depends critically on the coherence properties of the X-ray beam. When a (partially) coherent
X-ray beam is scattered by a sample, a speckle pattern, i.e. a grainy diffraction pattern, is
obtained. As the positions of all scattering objects are encoded in this speckle pattern, the
structure of the sample can be obtained in many cases by CDI and ptychography [5, 6, 7, 8, 9].
On the other hand, if the sample structure changes, the speckle pattern will change accordingly
and the sample dynamics can be accessed by intensity-intensity correlations in the framework
of XPCS [10, 11, 12].

The coherence properties of the X-ray beam can be described by the mutual coherence
function of the electromagnetic field [7]. The measured quantity is intensity I, hence the lowest
order coherence function experimentally accessible is of second order. The second-order degree
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of coherence is given by the normalized variance of intensity on the detector as

1 I?) —(I)?
L ><I>2< > O

V2

with the number of coherent modes M. Following the Siegert relation, the first-order degree of
coherence is given by [7]
n= Vi @

The degree of coherence can be obtained from coherent scattering experiments by calculating
the speckle contrast 5. This is done either following Eq. 1 for different wave vector transfers q,
with modulus ¢ = |q| = 47” sin(f/2), where \ is the photon wavelength and 6 the scattering angle,
or by analysing the intensity distribution [13]. At low count rates, the intensity distribution
follows a negative binomial function [13, 14], and the momentum analysis of the negative-
binomial distribution results in [15]

(P(a) — (@) 1 .
(I(q))? (I(q))

for the speckle contrast. Besides the degree of coherence, the experimental speckle contrast Bexp

depends on further properties, such as scattering geometry, beam size and detector pixels size

[14, 16]. It can be written as

/Bexp (Q) =

ﬁexp(Q) = BtrBradBdet- (4)

Following [14], Braq considers the non-zero radial resolution and depends on the energy band
width, sample dimensions and beam geometry, while Bq4et describes the contrast reduction due
to the detector resolution. Thus, [, is a measure of the transverse coherence. The degree of

coherence is thus given by
7=V /Btr- (5)

Previous experiments at FEL sources measured the speckle contrast and thus the degree
of coherence by means of analysing speckle patterns from static scatterers [2, 16, 17, 18]. At
the SPB/SFX instrument of European XFEL [19], we found a high degree of coherence with
low pulse-to-pulse fluctuations [20]. Furthermore, speckle contrasts obtained from single-pulse
patterns matched the ones from correlating a series of speckle patterns, demonstrating a high
stability of the beam parameters. Here we will extend and compare this study to recent results
obtained at the Materials Imaging and Dynamics (MID) instrument [21] which is particularly
dedicated to coherence-based techniques such as imaging and XPCS.

2. Experimental
Speckle patterns were measured at the MID instrument at the European XFEL [21]. The photon
energy was 9 keV. The Adaptive Gain Integrating Pixel Detector (AGIPD) was placed 7.3 m
downstream the sample in small-angle scattering geometry. Using the compound refractive
lenses close to the sample position [21] the SASE beam was focused to 10 x 10 um? at the
sample position. As sample we used a dried powder of commercially-available spherical silica
particles (Ludox, Sigma-Aldrich) of 15 nm radius filled to quartz capillaries of 1.5 mm thickness.
Speckle patterns were measured from 400 X-ray pulse trains with 200 X-ray pulses each.
The pulse repetition rate was 2.256 MHz within the train, whereas the train repetition rate was
10 Hz. The sample was moved between the trains in order to avoid radiation damage. More
experimental details can be found in [22], further details on the data processing with AGIPD
are given in [23].
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Figure 1. (a) Pedestal and common-mode corrected [23] single-pulse speckle pattern. The
intensity is given in logscale of ADU (analog-digital unit) as detector output. (b) Intensity
I(q) averaged over all patterns. (c) g-dependence of speckle contrast fexp averaged over 79300
speckle patterns. The error bars represent the standard deviation of Beyp. Continuous, dashed
and dash-dotted lines are calculated following [14] with different values of fi;.

3. Results

The speckle contrast was determined for single pulse patterns following Eq. 3. An exemplary
single-pulse speckle pattern measured by the AGIPD is shown in Fig. 1 (a), the mean integrated
intensity I(q) is shown in Fig. 1 (b) of all 79300 speckle patterns analyzed. The grey area
marks the g-region for which the speckle contrast was calculated. Here, the intensity is almost
constant so that its varying influence on the speckle contrast can be neglected. The average
contrast from 79300 pulses is shown in Fig. 1 (¢) as a function of ¢. Taking beam geometry,
wave length, bandwidth and the experimental setup into account [14] using Eq. 4, we find a very
good match for the ¢g-dependence with g, = 0.623, corresponding to v2 = 0.79. For comparison,
at SPB/SFX we found a slightly lower degree of coherence of v = 0.70 [20]. Notably, the
MID instrument is optimized for coherence applications which may explain its higher degree of
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Figure 2. (a) Speckle contrast for ¢ = 0.23 nm~! from SPB/SFX [20] and MID averaged over
all pulses from a train. The error bars represent the standard deviation. Black lines are theory
values [14] as described in the text. (b) Degree of coherence from data shown in (a). For better
visibilty the error bars are omitted.

coherence. This difference can also be attributed to different FEL operation modes as well as
the different optics, e.g., different focussing schemes, used at both instruments.

Fig. 2 (a) compares speckle contrast values averaged over the pulse trains from SPB/SFX
[20] and MID. At both instruments, the contrast is stable over all trains, and the standard
deviation o, representing the variation of contrast within a train, does not vary much. Due
to the smaller beam size of about 4 um used in the experiment at SPB/SFX [20], the speckle
contrast is larger than for the MID experiment. As the setup and beam properties differ between
the two instruments, we extract the degree of coherence 1 using Eq. 4. The results are shown
in Fig. 2 (b). As discussed above, we find a slightly higher degree of coherence at MID around
0.79, with some outliers exceeding even 0.9.

The variation of speckle contrast on a pulse-to-pulse basis is further investigated in Fig. 3.
Therein, histograms of single pulse speckle contrast measured at ¢ = 0.23 nm~! are compared
again for both instruments, SPB/SFX and MID. The distribution of contrast was then modelled
by both a Gaussian and a Gamma distribution. The two models describe the contrast
distribution well for the SPB/SFX data, however the tails are better matched by the Gamma
distribution. We obtain root mean squared errors (rmse) R of Rspp,Gauss = 0.415 and
RspB,Gamma = 0.242. The MID data could be best described by a Gaussian (Rmip,Gauss = 0.415)
except for Bexp > 0.14 where the high-coherence outliers can be found. The Gamma distribution
can model these values (RMID,Gamma = 0.499), but does not describe the overall shape of the
distribution.

We find average values (8)spg = 0.213 and (S)mip = 0.108. Remarkably, the widths of
the distribution is similar for both instruments. This may suggest that this variation is an
intrinsic property of the European XFEL. In general, such pulse-to-pulse variations of speckle
contrast are expected because of the SASE nature of the FEL radiation and have been reported
from other FEL facilities as well [2, 16, 17, 18, 24]. However, the data discussed here show a
very small pulse-to-pulse variation compared to other facilities [16, 18, 24]. With respect to
the degree of coherence we find mean and standard variations of (y;)spg = 0.685 + 0.034 and
{(y1)mip = 0.771 4 0.068, respectively, for the studied wave vector transfer ¢ = 0.23 nm~'. This
corresponds to average mode numbers of Mgpg = 2.1 4+0.2 and Myp = 1.7+ 0.3. Furthermore,
the degree of coherence varies less than 10% over many X-ray pulses. Note that the width of
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Figure 3. Histogram of speckle contrasts measured at ¢ = 0.23 nm~! from 22400 pulses at
SPB/SFX (a) and 79300 pulses at MID (b). For comparison, 7; and M-axes are given on top
and both Gaussian and Gamma distributions are fitted to the data. The values p (mean) and
o (standard deviation) are given for a Gaussian distribution.

the distribution for this data set does not change with more pulses, thus representing its real
value without significant influence from counting statistics.

4. Conclusion

We have shown a speckle contrast analysis at the MID instrument of European XFEL. The
results have been compared to data we took previously in a similar experiment at the SPB/SFX
instrument [20]. We found a high degree of coherence of 0.79 by modelling the g-dependence
of the speckle contrast. The variation of contrast over many pulses is exceptional low (< 8 %).
This high stability of coherence properties is crucial for MHz XPCS and X-ray speckle visibility
experiments that rely on low pulse-to-pulse variations [12, 20, 22]. The remaining width in the
distribution of speckle contrasts can be attributed to the SASE nature of the FEL radiation,
resulting in spikes in the X-ray energy spectrum which is unique for each pulse. Therefore, it
will be interesting to perform such studies using other operation modes such as self-seeded [25]
or monochromatized radiation where maximum a few spikes hit the sample, thus minimizing
the impact of the energy bandwidth on the speckle contrast and its variance.
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