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With each single X-ray pulse having its own characteristics, understanding the
individual property of each X-ray free-electron laser (XFEL) pulse is essential
for its applications in probing and manipulating specimens as well as in
diagnosing the lasing performance. Intensive research using XFEL radiation
over the last several years has introduced techniques to characterize the
femtosecond XFEL pulses, but a simple characterization scheme, while not
requiring ad hoc assumptions, to address multiple aspects of XFEL radiation via
a single data collection process is scant. Here, it is shown that single-particle
diffraction patterns collected using single XFEL pulses can provide information
about the incident photon flux and coherence property simultaneously, and the
X-ray beam profile is inferred. The proposed scheme is highly adaptable to
most experimental configurations, and will become an essential approach to
understanding single X-ray pulses.

1. Introduction

Intense and coherent X-ray radiation with femtosecond (fs)
pulse-width has become available with the advent of the X-ray
free-electron lasers (XFELs) (Kang et al., 2017; Milne et al.,
2017; Ishikawa et al., 2012; Altarelli, 2011; Ackermann et al.,
2007; Emma et al., 2010). By providing these new types of
X-rays that have characteristics that are distinct from
previously known types of electromagnetic radiation, the
XFEL has enabled access to unexplored areas of science and
technology. The data collection schemes with single femto-
second X-ray laser pulses have introduced new modalities to
investigate specimens in environments that are close to their
native conditions. Use of X-rays with fs pulse-width can avoid
recording unwanted signals contaminated by sample damage
caused by the absorption of X-ray energy during the
measurements (Neutze et al, 2000; Chapman et al., 2014;
Kimura et al., 2014; Oroguchi & Nakasako, 2013). Intense
radiation delivered in fs durations with a high degree of
photon degeneracy has further invigorated research on the
nonlinear interactions of X-rays with matter, to expand the
exploitation of the quantum nature of X-rays (Tamasaku et al.,
2014; Young et al., 2010; Singer et al., 2013). The XFEL has
facilitated applications in a wide range of research areas, and
the interest to understand the very nature of XFEL radiation
keeps increasing accordingly.
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Radiation from XFELs, however, has a stochastic nature
originating inherently from the peculiar lasing process of self-
amplification spontaneous emission (SASE), and this makes
each individual X-ray pulse unique (Saldin et al, 1999). As
such, characterizing XFEL radiation via single X-ray pulses is
essential, and several types of experiment have been intro-
duced to accomplish this task (Liu et al., 2018; Nagler et al.,
2017; Sala et al., 2017; Schropp et al., 2013). Notwithstanding
the successful demonstrations to measure the X-ray pulse
energy (Tanaka et al., 2017; Schneider et al., 2018) and the
coherence property (Gutt et al., 2012; Jacques et al., 2012;
Vartanyants & Singer, 2010; Vartanyants et al., 2011), often the
characterizations of those properties have relied on indepen-
dent experiments. This hinders us acquiring comprehensive
information on individual X-ray pulses such as the correlation
between coherence and total pulse energy delivered by the
photons contained in a single-pulse wave packet.

Here we introduce a highly adaptable experimental scheme
to characterize various physical properties of XFEL pulses
from a single data-collection process. We have demonstrated
that the single-shot coherent X-ray diffraction technique is
a simple yet effective method to investigate both incident
photon flux density and the coherence properties of each
single X-ray pulse simultaneously. One can also estimate the
average photon flux of the X-ray source and deduce the spatial
beam profile from the analysis of the total pulse energy
without additional instruments or separate experiments.
Similar research has been introduced before to infer the pulse
energy and beam profile (Daurer et al., 2017; Loh et al., 2013).
Our approach, however, does not require ad hoc assumptions
using standard nanoparticles as specimens and mounting them
on flat membranes to allow precise investigation of the two-
dimensional beam cross-section. This experiment is adaptable
to most XFEL beamlines, and may have immediate applica-
tions in single-pulse characterizations. The results from two
XFEL facilities — Pohang Accelerator Laboratory X-ray Free
Electron Laser (PAL-XFEL) and SPring-8 Angstrom
Compact X-ray free-electron Laser (SACLA) — are presented
to demonstrate the adaptability and also the reliability of
measurements.

2. Experiments

We have conducted single-pulse diffraction experiments both
at BL3 of SACLA and the Nanocrystallography and Imaging
(NCI) station at PAL-XFEL, and compared the characteristics
of the two XFEL light sources. The experimental setup is
the same as for those employed for single-pulse coherent
diffraction imaging experiments in transmission geometry
(Fig. 1). For both experiments, the X-ray energy was tuned
to 5 keV without using a monochromator to take a natural
energy bandwidth of AE/E >~ 0.3% (Tono et al., 2013). X-ray
photons were delivered in pulses at a repetition rate of 10 Hz,
and the pulse duration is shorter than 50 fs for SACLA and
PAL-XFEL (Inubushi et al, 2012). The X-ray beam was
focused by a pair of Kirkpatrick—-Baez mirrors manufactured
by the same company (Yumoto et al., 2013; Kim et al., 2018).

The two beamlines have different focusing specifications to
achieve 1.5 um (H) x 1.5 pm (V) beam size at SACLA, and
Sum (H) x 5Spm (V) at PAL-XFEL [full width at half-
maximum (FWHM) values]. The size of the focused X-ray
beam was measured by knife-edge scans using tungsten wires
of diameter 100 pm. The pointing stability of the focused
X-ray beam was found to be smaller than the beam size. This
positional fluctuation did not have a meaningful influence on
this analysis.

The Multiple Application X-ray Imaging Chamber
(MAXIC) (Song et al., 2014) was used to record single-pulse
coherent diffraction patterns at SACLA, and also a similarly
designed chamber at PAL-XFEL. The intensity fluctuation of
PAL-XFEL was smaller than 5% (Kang et al., 2019), and this
intensity variation was ignored in this analysis; the degree of
sensitivity from the present analysis scheme is ~10%, worse
than this fluctuation.

Spherical Au nanoparticles of diameter 100 nm (Nanopartz
Inc.) were used as specimens. Homogeneity of the nano-
particles in size and shape is important for the fidelity of the
data analysis, and we have only used diffraction patterns from
single nanoparticles of the same sizes and shapes in the
analysis. Specimens were mounted using multiple-window
SisN,; membranes with a membrane thickness of 100 nm
(Silson Ltd). The single-pulse XFEL diffraction experiments
were performed by raster scanning the sample stages with
respect to the X-ray interaction spot (Park et al., 2013; Nam et
al., 2016). The diffraction patterns were recorded by multi-
port readout charge coupled device (MPCCD) of pixel size
50 pm x 50 pm located 1.5 m downstream from the sample
both at SACLA and PAL-XFEL (Kameshima et al., 2014).

Figure 1

XFEL pulse characterization using single-particle diffraction. Schematics
of the single-particle diffraction experiments using focused single XFEL
pulses employing the fixed target sample loading scheme are shown. Au
nanospheres of diameter 100 nm are randomly located with respect to the
focused XFEL beam with the intensity reflecting on the X-ray beam
profile. Each single nanoparticle receives different photon flux depending
on its location within the X-ray footprint.
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3. Results and discussion
3.1. X-ray pulse energy

Characterizing the total pulse energy of the XFEL is an
important task not only for carrying out experiments but also
for designing the optical components required for X-ray
transportation while withstanding the heat load, for instance.
With the large number of photons passing in an ultrashort
pulse duration, measuring the pulse energy via conventional
approach of either direct detection using photodiode, CCD
detector or indirect monitoring via gas ionization becomes
inaccurate. The X-ray pulse energy can also be implied by
analyzing the back-scattered XFEL photons from amorphous
material in a quadrant beam position monitor (QBPM) as
often employed in various beamlines. However, quantitative
measurements of the absolute X-ray pulse-energy require
more elaborate calibrations. The absolute pulse energy of
XFELs has been characterized through a thermodynamic
method using a calibrated X-ray calorimetry (Tanaka et al.,
2017). The calorimetric measurements provide a quantitative
estimation of the pulse energy with high accuracy (~0.1%),
but the available information is confined to average energy
and the single pulse characterization is not a viable option yet.

Here, we employ single-particle diffraction to measure the
incident photon flux density of single XFEL pulses. From
the single-pulse diffraction of single particles, we can estimate
the X-ray peak flux using the relation,

1(Q) = IyNZISN(Q)PA? /22, with the 4
detector having a finite pixel size (A)
located at a distance z from the sample.
The normalized structure factor Sy(Q)
was employed reflecting the nanosphere
of radius R as S(Q)  (4/3)7R*®(QR),
with ®(x) = 3f(Q)[sin(x) — x cos(x)]/x?
(Kirz et al., 1995; Shen et al., 2004; Loh
et al., 2013). The momentum transfer
between the incoming (k;) and outgoing
photon (k) is O = |k; — k;|. The classical
electron radius is denoted as r,, and N, c
gives the total number of electrons
contained in the specimen. The atomic
form factor, f(Q), is taken as constant
for the diffraction over the ultra-small
angle ranges considered here, and
similarly the polarization factor is also
ignored. Often this relation is employed
to calculate the mass density of the

sample by knowing the incident photon 04 06 08

flux (I,) (Gallagher-Jones et al., 2014).
Conversely, one can also estimate the
incident flux using specimens with
known mass, as done in the present
analysis.

A single-pulse XFEL diffraction
pattern of a spherical Au nanoparticle
of diameter 100 nm was obtained
[Fig. 2(a)]. The radial intensity was

Figure 2

obtained from the measured 2D speckle pattern after aver-
aging over azimuthal angles, and the resulting intensity was fit
to the expected structure factor of a solid sphere aforemen-
tioned [Fig. 2(b)]. In experiments, the diffraction intensity at
the center (Q = 0) was not directly measured. While blocking
the direct XFEL beam with a piece of thick solid metal in front
of the CCD detector to protect the CCD chip from intense
radiation, the information delivering the diffraction intensity
at the center was not measured directly. Instead, we obtained
the intensity at Q = 0 from the fit. The total electron number,
N2, was estimated for the standard Au nanoparticles. With
these, we estimated the flux density of the incident X-ray (/)
impinged on the specimen. As the X-ray beam has a spatial
variation in the intensity profile and the specimen is smaller
than the beam size, estimated [, denotes the flux density at the
position of the specimen [I,(r)] with respect to the beam
center (Fig. 1). The total flux is then estimated as [ =
I 1y(r) 2mr dr.

We have considered the focused beam profile as a Gaussian
shape. The stable beam condition of PAL-XFEL with a low-
intensity fluctuation of less than 5% and a position stability of
smaller than 10% of the beam size support our presumption of
the Gaussian beam shape. The total flux of the X-ray photons
contained in the Gaussian beam was extracted by knowing the
maximum flux density at the center [[,(r = 0)] and the full
width at half-maximum (FWHM) of the focused X-ray beam.

0
02 06 10 14

1.8 22 26 32
Flux density ( x 10" ph/um?)

1.0 1.2 14
Flux density ( x 10" ph/um?)

Characterizing the incident photon flux from diffraction intensities of single nanoparticles. (a)
Single-pulse diffraction pattern measured using a spherical Au nanoparticle of diameter 100 nm. (b)
The radial intensity (yellow circles) is fitted to the square of the form factor of an ideal sphere of the
same size made of Au (solid line). (¢) A histogram of incident flux densities, 1,(r;), estimated from
452 single-pulse diffraction patterns is drawn. The black dashed line represents the expected
intensity distribution from a 2D Gaussian beam profile with a beam size of 5 pm x 5 um FWHM.
Best fit was obtained using a double-Gaussian beam profile with 2 um x 2 pm and 6 pum x 6 pm
beam sizes in a 4:1 intensity ratio (red dashed line). (d) An intensity histogram from 55 single-pulse
diffraction patterns from SACLA is displayed with a single-Gaussian beam profile (dashed line).
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To accommodate accurate estimation, we used the informa-
tion on the focused X-ray beam size from a knife-edge
measurement. The maximum photon flux density at the center
of the incident X-ray beam was obtained using a statistical
approach described as follows. First, the single-pulse diffrac-
tion patterns were taken from a single nanosphere located
randomly in the X-ray beam. Then we plotted the measured
I,(r) as a histogram, which displayed the population density of
the intensity distribution in the spatial profile of the X-rays
at the focal plane. Diffraction patterns from multiple particles
were discarded.

Considering the random position of the particle in the X-ray
focal spot with a spatial profile of the flux distribution, the
probability of the particle receiving the given flux density is
related to the cross-sectional intensity profile of the incident
X-ray beam. Therefore, the histogram plot of the intensity
I,(r) distribution represents the probability that the nano-
particle is located in the region of measured flux density. This
occupation probability is proportional to the area of equal
intensity equivalent to the X-ray beam profile. Eventually, by
comparing this histogram with a beam profile, one can deter-
mine the maximum flux density at the center. After obtaining
the two values [[,(r = 0) and FHWM], we can perform the
integration and obtain the total flux, or the total pulse energy.

The accuracy of this histogram analysis requires acquisition
of diffraction patterns from single particles sitting on a well
defined single plane oriented perpendicular to the X-ray. This
requisite was fulfilled using our fixed-target sample loading
method. Any deviation of the sample hit location from the
single plane implies three-dimensional probing of the XFEL
beam intensities, which then requires a 3D model of a focused
XFEL beam to estimate the flux and the 2D beam profile.

We used 452 single-pulse coherent diffraction patterns of
single spherical nanoparticles collected at PAL-XFEL. The
radial plot was obtained for each single particle diffraction
pattern and fit to the structure factor to obtain 7(r;). We then
obtained the intensity histogram [Fig. 2(c)] using all /,(r;) with
1 < i < 452. The intensity histogram was compared with a
Gaussian beam profile. The dashed line in Fig. 2(c) shows a
single Gaussian beam with maximum flux density /,(r = 0) of
1.4 x 10" photons pm 2. Using the intensity histogram of all
452 pulses, the total flux contained in a single pulse was esti-
mated to be 4.0 x 10" photons. This provided the average
number of photons actually delivered to the interaction point
where the specimens were loaded.

We refined this estimate by considering a beam composed
of a double Gaussian [Fig. 2(c), red dashed line]. We found
a decent fit to the histogram using a double Gaussian with
widths of 2 pm X 2 pum and 6 pm X 6 pm and an intensity ratio
of 4:1. Those values were also consistent with the measured
beam size. The total flux estimated using the double Gaussian
remained at a similar level of ~5.0 x 10" photons pm™>
showing that the estimated total flux was not too sensitive to a
specific beam profile. The corresponding increase of the beam
cross-section was ~23% from the single to the double Gaus-
sian distribution leading to increased total flux by ~25%. Our
choice of parameters was empirical, and the total flux esti-

mation did not show a keen dependence on it. The obtained
X-ray pulse energy is consistent with the recent calorimetry
measurements to be published elsewhere.

This histogram analysis is similar to X-ray footprint
measurements performed using X-ray damage experiments on
a polymer-coated surface or on Si wafers (Rosner et al., 2017,
Hau-Riege et al., 2010). However, the histogram analysis of
single-particle diffraction patterns proposed here promoted
accurate estimation owing to the improved linearity of the
X-ray flux to the signals, as the intensity distribution is
obtained quantitatively.

We also note that the double Gaussian beam profile can be
more consistent than the single Gaussian with its spatial
coherence property. It is shown by the contributions of higher-
order Gaussian modes as reported recently and the observa-
tion of interference from specimens separated by more than
several micrometres. This result suggests that XFEL beam
profiles can be acquired from the intensity histogram of the
single-particle diffraction patterns.

Similar analysis was performed for the single-particle
diffraction data collected at SACLA. We have filtered out
collected data to use only single-particle diffraction patterns of
the same size and shape. Diffraction patterns from multiple
particles displayed interference fringes, which were also
excluded. A total of 55 single-pulse diffraction patterns were
used to obtain the intensity histogram [Fig. 2(d)]. A single
Gaussian profile showed good agreement with the histogram
[Fig. 2(d), dashed line]. A larger number of diffraction
patterns would help to perform more accurate analysis, but the
current estimation still provided reasonable estimation about
the total flux. Overall, these results verify that the proposed
scheme is appropriate to characterize the XFEL pulse energy,
independent of experimental platforms.

3.2. Coherence property of micrometre-focused X-rays

The degree of spatial coherence is one of the important
parameters to guide XFEL usage in many important appli-
cations including the single-particle 3D imaging (Song, 2018;
Ekeberg et al., 2015). It has often been characterized using
Young’s double-slit experiment, statistical speckle analysis
and other methods (Vartanyants et al., 2011; Lee et al., 2013;
Lehmkiihler et al., 2014; Inoue et al., 2015; Kobayashi et al.,
2018; Cho et al., 2019). These experiments provide quantitative
measures of the spatial coherence using well customized
experimental configurations, but often those approaches are
exclusive to the purposed experiment only.

Speckle visibility of diffraction patterns is directly related to
the coherence, so the degree of spatial coherence can be
estimated from single-particle diffraction patterns as follows.
We incorporated the finite degree of coherence using the
Gaussian Schell-model (GSM), for which the spatial degree of
mutual coherence w(Ax, Ay) on the (x, y) plane is approxi-
mated as wu(Ax, Ay) = exp[—lz/(ZaM)z]. Here, (Ax, Ay) =
(x; — x5,y — ¥,), and 0, is the spatial coherence length in the
root-mean-square (RMS) value. The spatial separation of the
photons impinging onto two separated points is considered
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only for the relative distance between them as [ =
[(Ax)* 4+ (Ay)*]"*. The diffraction intensity, taking into
account the finite degree of spatial coherence, is obtained
from the Fourier transform (FT) as [I(k,k) =
FT{A[p(x, y)] u(Ax, Ay)} (Goodman, 2015). Here p(x,y) is
the electron density projected along the plane perpendicular
to the X-ray and A[p(x, y)] is the autocorrelation of the
projected density map.

We have fit the radial intensity to a theoretical structure
factor of a solid sphere, and have attributed the smearing of
the oscillating fringe to a limited degree of spatial coherence
in incoming X-rays [Fig. 3(a)]. The spatial coherence length
was estimated for each single-pulse diffraction pattern using
the relation above. The fringe visibility of the diffraction
pattern may also be degraded caused by other experimental
sources such as a finite pixel size of the detector to have
unintended integration of X-rays over the detector pixel area,
shot noise, parasitic scatterings from various components
in the X-rays other than specimens efc. We have carefully
controlled those sources. The high sampling rate was main-
tained to have more than 70 points for one fringe oscillation,
with which the integration effect is avoided practically. The
noise was filtered out by inspecting the distribution of CCD
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Figure 3

Characterization of the spatial coherence. (a) The radial intensity is fit
to the structure factor of an ideal sphere by incorporating the spatial
coherence with details described in the text. Best fit to the data is
obtained for the coherence length of 1.16 pm (blue solid line). Others for
the spatial coherence lengths of 0.6 pm (magenta) and 2.5 um (dark
brown) are compared. (b) The spatial coherence lengths for single X-ray
pulses from SACLA are obtained. The average value was 0.94 £ 0.11 pm
(red dashed line).

counts. CCD counts of less than 20 were ignored with one
X-ray photon producing ~88 counts (see Fig. S1 of the
supporting information).

The best fit to the data gave a spatial coherence length of
1.16 + 0.07 um. A comparison with different values of
coherence lengths (0.6 and 2.5 pm) demonstrates the sensi-
tivity of the spatial coherence on fringe visibility [Fig. 3(a)].
Single-pulse diffraction patterns of single nanospheres
collected at SACLA were fit following the same procedure
[Fig. 3(b)]. Here we used the results from 22 diffraction
patterns out of 55 to maintain the fidelity of the estimation.
Fitting the diffraction data with weak signals was often
vulnerable to background noise that reduced the fit accuracy,
so we filtered these out in the coherence analysis (see Fig. S2
of the supporting information). The average value of the
spatial coherence length was 0.94 £ 0.11 pm, which agrees
with the reported values from other experiments (Inoue ez al.,
2015; Cho et al., 2019).

We noticed a subtle dependence of coherence on pulse
energy (see Fig. S3 of the supporting information). Additional
investigation should be conducted to determine whether this
correlation is real.

3.3. Temporal coherence

We use simulation to propose that the temporal coherence
length can be deduced from the single-particle pattern if the
signals are discernible at high enough momentum transfer
values and the angular resolution of the detector is fine
enough. The temporal coherence of the X-rays is determined
by its spectral bandwidth as given by & =~ A*/AAX This
deviation in the wavelength, hence, would smear out the fringe
oscillations along the longitudinal momentum transfer direc-
tion as

qy, = (4m/))sin(260/2) ~ 2n/1)(nA/z), D

where the diffraction angle between the incident and the
diffracted X-ray beam is noted as 20, and # is the integer index
in units of detector pixel size (A) from the direct X-ray beam
position. The sample-to-detector distance is z.

The resolving power to distinguish such a spectral deviation
(8X) depends on the available angular resolution of the
detector employed, which is determined from the detector
pixel resolution. Using equation (1), one can obtain

P ©)

‘8)»‘ B
= o

T

L [4(29) _ 1
tan(ZQ/Z)‘ <2> - '2tan(29/2)

For a small diffraction angle [2tan(20/2) >~ Np/z], the
maximum spectral resolution becomes 1/N, where N is the
maximum number of detector pixels from the beam center. To
assess the validity of this proposal, we numerically simulated
the radial intensity distribution from the same spherical
particle by considering the spectral broadening for a typical
SASE bandwidth of AE/E = 107 compared with AE/E =
1072 and AE/E = 0 (Fig. 4). The result suggests that the
information on the degree of longitudinal coherence can be
resolved if the detector has sufficiently fine angular resolution,
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Figure 4

Deviation in the fringe oscillation due to spectral broadening. Radial
intensity is calculated for the 100 nm Au nanosphere, and the results are
compared for different spectral bandwidths of AE/E = 1072 in (a) and
AE/E =102 in (b) relative to AE/E = 0 (black solid line with square).
The shift in the fringe oscillation period due to the spectral broadening
becomes discernible after the mth pixel with m >~ E/AFE.

which is related to the maximum diffraction angle and to the
size of the detector pixel. For instance, in an ordinary detector
that is composed of a mega-pixel array, a spectral distribution
of 1072 results in a one-pixel shift in the fringe oscillation at
the detector edge. This simulation assumes that the signal is
clearly detectable out of the noise, which implies that the
incident photon flux is high enough to sustain diffraction
signal up to ~10° scale. The bandwidth was not actually
resolved in the present experiments hindered by weak
diffraction signals.

4. Summary

We have demonstrated that single-pulse coherent diffraction
is a useful technique to probe the fundamental characteristics
of individual X-ray pulses from free-electron lasers. Both
the X-ray flux density and the degree of spatial coherence
were estimated simultaneously from single-pulse diffraction
patterns of single Au nanoparticles. Information on the X-ray
beam profile was deduced by analyzing the intensity histo-
gram. The feasibility to evaluate the temporal coherence of
the radiation was demonstrated through numerical simula-

tions. This simultaneous characterization scheme enables us to
gain insight into any correlation between the coherence and
peak flux, which helps to diagnose the X-ray lasing efficiency.
Implementation of this measurement scheme to any experi-
mental stations of XFELs is straightforward, and we believe
it will invigorate research that exploits utilizing the unique
characteristics of XFELs.
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