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In coherent diffraction experiments, knowledge of the incident field is important to extract pure sample-induced data
from measured diffraction patterns. However, this becomes challenging in x-ray free-electron lasers (XFELs), as inci-
dent fields vary from pulse to pulse due to the stochastic nature of self-amplified stimulated emission. Despite various
proposed field retrieval methods, single-shot characterization of each pulse remains elusive. To address this, we propose
the speckle-correlation scattering matrix as a solution. Our method directly reconstructs the complex field without
sample constraints or multiple acquisitions by introducing a designed diffuser before the detector. We demonstrate the
robustness of our approach through successful field reconstructions in various experimental configurations. Based on
the retrieved field results, pulse-to-pulse variations in pulse intensity, position, illumination angle, and shape were ana-
lyzed. We believe our method can readily serve as an on-field and real-time pulse diagnostic tool at XFELs and improve
the overall quality of all experiments performed at XFELs. ©2023Optica PublishingGroup under the terms of theOpticaOpen

Access Publishing Agreement

https://doi.org/10.1364/OPTICA.483836

1. INTRODUCTION

Incident field characterization is important in most imaging
systems, as it is closely related to achievable image quality [1],
spatial resolution [2,3], and sample information [4,5]. Coherent
diffractive imaging (CDI) is no exception. Rather, the significance
becomes greater in CDI because the incident field (or probe) can-
not be independently acquired by measuring the “background”
signal without samples. Therefore, various probe decoupling
strategies have been introduced, including the known-probe
assumption [6,7], pre-calibration of probes [8], and simultaneous
reconstruction of probes and objects based on scanning measure-
ments [9,10], to retrieve the correct object image from diffraction
patterns. The last strategy is called ptychography and is one of the
most popular probe characterization techniques at synchrotron
sources [8,11–14].

Single-particle imaging (SPI) is a type of CDI, but exploits
femtosecond x-ray pulses generated by an x-ray free-electron laser
(XFEL) to overcome the radiation damage limit of biomaterials
[15–18]. By introducing the “diffraction before destruction”
scheme, the incident x-ray photon flux may be the only remain-
ing theoretical constraint that bounds the spatial resolution
of SPI [19]. Therefore, the size and quality of the x-ray focus

become the major parameters governing the overall quality of SPI.
Subsequently, the demand for focus diagnosis routines for XFELs
grows [20–22].

However, the field characterization in XFELs is more chal-
lenging than in synchrotron sources. XFELs suffer from intrinsic
pulse-to-pulse fluctuations in pulse intensity, position, and wave-
front due to the stochastic nature of self-amplified stimulated
emission (SASE) [23]. This instability hinders the direct applica-
tion of ptychography that originally assumes a stable incident field.
Although several ptychographic efforts have successfully addressed
the position and wavefront fluctuations [22,24–26], the need for
multiple acquisitions (or sufficient oversampling) is still a challenge
to on-field and real-time focus diagnosis of SASE pulses.

Various single-shot field characterization methods have been
introduced for XFELs based on a Hartmann sensor [27], grating-
based shearing interferometry [20,21,28,29], and speckle tracking
[21,30]. These single-shot methods are primarily based on local
phase gradient measurements followed by two-dimensional
integration, which is useful for partially coherent illuminations
[31,32]. Nonetheless, due to the integration process, they are often
vulnerable to local phase ambiguities (at low-intensity points),
slowly varying phases (in small shearing cases), singularities on
inverse filters (in large shearing cases) [33,34], and integration
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Fig. 1. Field characterization setup. A designed x-ray diffuser is placed
to generate a speckle pattern on a detection plane. Appropriate spacing
(200 mm) is required for the detector to resolve speckle grains. (a) The
diffuser is composed of 300-nm holes located in pseudorandom positions
within the diffuser with a diameter of 25µm. A scanning electron micros-
copy (SEM) image of the fabricated diffuser is overlaid on the diffuser
design. The transmission coefficient of a tungsten part is designed to be a
negative real value (−0.565) to maximize the diffraction efficiency of the
diffuser.

path dependency (due to phase residues) [35,36]. As such vulner-
abilities decrease their versatility, the single-shot methods have
been of limited use in slightly misaligned or aberrated situations
[21,27,30].

In this study, we propose a versatile single-shot field charac-
terization method using a speckle-correlation scattering matrix
(SSM). SSM is a recently proposed field retrieval method that
extracts the complex-valued incident field information from an
intensity speckle pattern by exploiting the pseudorandom statisti-
cal property of the speckle [37]. To utilize the SSM, we transform
arbitrary incident fields into speckle patterns by placing a designed
x-ray diffuser before a detector, as shown in Fig. 1. Successful
pulse characterizations are demonstrated in various experimen-
tal configurations at the Pohang Accelerator Laboratory XFEL
(PAL-XFEL).

2. PRINCIPLE

A. Designed X-Ray Diffuser

The designed diffuser concept is akin to a disorder-engineered
metasurface [38] in fluorescence imaging, a geometric phase dif-
fuser in optical microscopy [39], and a modulator in coherent x-ray
modulation imaging (CMI) [40].

The x-ray diffuser is made of a tungsten layer on a silicon nitride
substrate. The diffuser is composed of pseudorandomly located
etched holes within the diffuser diameter (25 µm), as shown in
Fig. 1(a). The psudorandom hole positions were generated by
the numerical free diffusion of holes within the boundary. The
hole diameter (300 nm) and the minimum hole-to-hole distance
(30 nm) are determined regarding the fabrication reproducibil-
ity of the manufacturer (ZonePlates Ltd., UK). The number of
holes (2507) and thickness of the tungsten layer (1100 nm) were
determined by maximizing the diffraction efficiency of the dif-
fuser for a given x ray (5.456 keV). The transmission coefficient
of the tungsten area was designed to −0.565, which is equal to
32% (= 0.5652) transmittance with the π phase delay [Fig. 1(a)].
The fabricated hole diameters and positions were confirmed

by the lobe sizes and speckle shapes of observed diffraction pat-
terns, respectively (Fig. 1). Details of the diffuser design are in
Supplement 1.

We calculated the transmission matrix (TM) from the known
hole size, hole positions, and propagation length after the diffuser.
Potential experimental errors in the diffuser roll angle and propaga-
tion length (200 mm) were numerically fine-tuned by maximizing
the field retrieval fidelity. It is worth noting that the incident field
cannot be directly retrieved from the known TM because of the
phase loss during speckle pattern acquisition. This should not be
confused with spatially incoherent systems having a positive and
real-valued TM [41,42].

B. Speckle-Correlation Scattering Matrix

The SSM is a matrix calculated from an intensity image and the
TM of the optical system. Because the principle of SSM is pro-
foundly discussed in previous research [37,39,43] and a review
[44], we will not go through all the detailed equations here.
Instead, we introduce two main ideas of the SSM: oversampling
and pseudorandomness.

At least two (real and imaginary) independent measurements
are required to acquire a complex-valued variable. This is called
oversampling, and is the fundamental principle of most field
retrieval methods [45,46]. Increasing the degree of oversampling
(i.e., oversampling ratio) is generally beneficial for phase problems,
as it provides more evidence for a solution, thereby improving the
robustness of iterative field retrieval algorithms [46–48]. If the
oversampling is large enough, there could be a unique solution that
satisfies all measurements simultaneously [45,49].

In the SSM method, oversampling is introduced by a diffuser, as
shown in Fig. 1. The diffuser generates numerous speckle grains on
the detector plane and inflates the number of acquirable independ-
ent sampling points. In terms of oversampling, this is identical to
ptychography, while the diffuser is introduced here as an oversam-
pling solution instead of sample scanning. Therefore, the iterative
field retrieval algorithms used in diffractive imaging can also be
applied here as demonstrated in CMI [40].

However, even though the uniqueness of the solution may be
ensured by the oversampling, it does not directly mean the conver-
gence of iterative algorithms to the solution. This is important in
phase problems that are generally known to be non-deterministic
polynomial-time (NP)-hard [50]. Global convergence of field
retrieval would largely depend on the landscape of the loss func-
tion, initial point, and used algorithms because their loss functions
are nonlinear and nonconvex and have many stationary points.
This is the origin of sample-dependent phase retrieval feasibility in
CDI [49], CMI [51], and even ptychography [10].

The innovation of SSM is that it provides direct and
non-iterative access to the global solution by exploiting the
pseudorandomness of speckle patterns [37]. The SSM can be
interpreted as the coherency matrix of incident field through the
Wick’s (or Isserlis’) theorem of Gaussian random vectors [43]. The
solution is retrieved by taking the eigenvector of SSM that gives
the largest eigenvalue. An additional iterative algorithm is usually
required to minimize errors, as the fidelity of SSM also relates to the
oversampling ratio and practical noise level.

Our field retrieval method is shown in Fig. 2. It proceeds in
the following order: (i) speckle pattern measurement [Fig. 2(a)];
(ii) SSM calculation from the measured image [Fig. 2(b)]; (iii) ini-
tial guess estimation from the eigen-decomposition of SSM

https://doi.org/10.6084/m9.figshare.22144274
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Fig. 2. Field retrieval sequence. (a) A speckle pattern is measured
experimentally. (b) The speckle-correlation scattering matrix (SSM) is
calculated from the speckle pattern and the transmission matrix (TM) of
optical system. The SSM is an N − by− N Hermitian matrix, where N is
the number of reconstruction modes [Eq. (S15)]. (c) The initial guess is
retrieved from the eigen-decomposition of SSM. (d) The final solution
is converged from the initial guess via an iterative algorithm. (c), (d) The
field results are shown in both real (above) and reciprocal (below) spaces.
FT and iFT are the Fourier and inverse Fourier transforms, respectively.
The lightness and hue signify the amplitude (A) and phase (ϕ) of retrieved
fields, respectively.

[Fig. 2(c)]; and (iv) convergences to the nearest solution from the
initial guess through the amplitude flow [Fig. 2(d)] [48]. A detailed
description of the field reconstruction sequence is in Supplement
1. Detailed principles and equations are described in a recent work
with visible light that shares the identical field reconstruction
flow [39].

3. RESULTS AND DISCUSSION

A. Experimental Configurations

We demonstrated our idea in various setups at both experimental
hutches of hard x-ray beamlines (EH1 and EH2) of PAL-XFEL
to prove its versatility, as shown in Fig. 3. The x-ray pulses with
photon energy centered at 5.456 keV were generated from the
undulator hall (UH) throughout the experiments. First, we utilized
the Kirkpatrick–Baez (KB) mirror system in EH2 as a focusing
optics, as shown in Fig. 3(a). The vertical and horizontal focusing
mirrors (VFM and HFM) have focal lengths of 5.995 and 5.365 m,
respectively [52]. Subsequently, we utilized a compound refractive
lens (CRL) in EH1 as a focusing optics, as shown in Fig. 3(b).
The CRL consists of four beryllium lenses providing an effective
focal length of 8.2 m. Finally, we bypassed the offset mirrors in the
optical hutch (OH) and used a double-crystal monochromator
(DCM) to investigate the chromatic effect of the CRL, as shown in
Fig. 3(c). The detailed distances between the optical components
are provided in Fig. 3.

Based on the three setups in Fig. 3, we characterized the x-ray
pulses in seven different configurations, as summarized in Table 1.
Configurations KB0, CRL0, and mCRL represent the normal con-
dition of the setups of Figs. 3(a), 3(b), and 3(c), respectively. Other
configurations are abnormal conditions in which misalignment
(KB1, KB2, and KB3), aberration (KB2 and CRL1), or additional
filtering (KB3) were introduced. An adequate thickness of attenua-
tors (silicon or aluminum) was used to prevent radiation damage to
the diffuser, as presented in Table 1.

Fig. 3. Experimental setups. (a) The KB mirror system in EH2 was
used as a focusing optics. (b) The CRL in EH1 was used as a focusing
optics. (c) The DCM in OH was used instead of the offset mirrors
(M1 and M2), while the CRL in EH1 was used as a focusing optics.
(d) Diffuser-based field characterization unit. UH, undulator hall; OH,
optical hutch; EH1, EH2, experimental hutches 1 and 2, respectively;
M1, M2, offset mirrors 1 and 2, respectively; KB, Kirkpatrick–Baez
mirror system; CRL, compound refractive lens; DCM, double-crystal
monochromator; A, aperture; SC, scintillator. Distances between optical
components are shown below the millimeter unit.

Table 1. Characteristics of Experimental
Configurations

Identifier
Setup

(Fig. 3) Attenuator 1E/E Remarks

KB0 a Si 100µm 0.3% Normal condition
KB1 a Si 50µm 0.3% Not aligned KB
KB2 a Al 53µm 0.3% Aberrated, not

aligned KB
KB3 a Si 50µm 0.3% Reduced slit, not

aligned KB
CRL0 b Si 50µm 0.3% Normal condition
CRL1 b Al 45µm 0.3% Aberrated
mCRL c No attenuator <0.01% Normal condition

Pink beams (1E/E = 0.3%, Fig. S3) were used throughout
the experiments except for the mCRL configuration, which utilizes
a monochromatic beam (1E/E < 0.01%). Despite the difference
in spectral bandwidths, both pink and monochromatic beams can
be considered as single-frequency in our measurements, because
their spectral bandwidths are much narrower than the spectral
resolution of the used diffuser (1E/E = 5%; see Supplement 1
for details). Potential pulse-to-pulse peak frequency fluctuations
would not affect the measurements similarly.

In every configuration, the diffuser-based field characterization
unit is installed near the focal plane [Fig. 3(d)]. The unit is com-
posed of an aperture, a diffuser, and an image sensor. The aperture
blocks the x rays reaching outside the diffuser. It is made of a gold
film with a thickness of 50 µm, and has the same diameter as that
of the diffuser (25 µm). The aperture is an optional component if
the pulse does not exceed the diffuser diameter, but we found that
it significantly enhances the robustness of the system especially
in misaligned or aberrated situations. The used image sensor is a
Tb:LSO (Tb3+

: Lu2SiO5) scintillator equipped with an optical
microscope (×10) and an sCMOS camera (6.5µm, C11440-22C,
Hamamatsu Photonics K.K.). The effective pixel size is 650 nm,
while the finest speckle grain size is 2.2 µm based on the aperture
diameter and diffuser–scintillator distance (200 mm). The camera
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shutter was synchronized to the pulse generation triggers (10 Hz)
to ensure the acquired image was generated from a single pulse.

We found that the radiation damage of a diffuser could be a
practical issue. In this study, we mitigated the issue by introducing
additional attenuators and preparing 100 identical diffusers on the
same substrate. The diffuser was replaced in cases of radiation dam-
age. However, for a longer durability, placing the diffuser off the
focal plane is recommended, requiring a diffuser with a large diam-
eter. We expect that the semi-permanent use of a diffuser is also
possible if the diffuser could be made of radiation-damage-resistant
materials, such as diamond [53,54]

B. Pulse Characterization Results

The measured speckle patterns are shown in the first row of Fig. 4.
From the intensity fraction of the unmodulated term at the center,
the diffraction efficiency of the used diffuser was estimated to
be >90% as intended from the diffuser design. We excluded the
remaining unmodulated term in the field retrieval sequences by
introducing a 62.5-µm-diameter numerical beam stop. Notably, a
lower signal is observed in KB0 and KB3 configurations. In the KB0

configuration, due to the tighter focus, a thicker (100 µm) silicon
attenuator was required to prevent diffuser damage. In the KB3

configuration, the low fluence resulted from the reduced slit size.
The corresponding field retrieval results in real and reciprocal

(or Fourier) spaces are shown in the second and third rows of Fig. 4,
respectively. First, we brought the retrieved fields to the focal plane
by numerical propagation, which is equivalent to quadratic phase
compensation in reciprocal space, to compare the results in the
same condition. Subsequently, the linear phase ramps in both real
and reciprocal spaces are removed, which is also equivalent to beam
centering in reciprocal and real spaces. The single field retrieval
operation took 4 to 5 s using MATLAB software with a single GPU
(GeForce RTX 3090, NVIDIA Corp.).

In the KB0 configuration [Fig. 3(a)], we observe a tight focus
having FWHMs of 1.24 and 1.55 µm for horizontal and verti-
cal directions, respectively. Measured values are smaller than the
previously reported values at PAL-XFEL, which are 1.94 and
2.08 µm for horizontal and vertical directions, respectively [52].
The previous wire-scanned values may have been overestimated
from the practical roughness of the wire and the pulse-to-pulse
position fluctuation. Slight imperfection on the VFM alignment is

found from the non-uniform phase along the vertical direction in
reciprocal space.

In the CRL0 configuration [Fig. 3(b)], we observe an asymmet-
ric focus. The retrieved focus shows FWHMs of 5.90 and 2.73µm
along horizontal and vertical directions, respectively. The size in
reciprocal space (i.e., spatial bandwidth) is smaller than that of the
KB mirror system, indicating the smaller numerical aperture (NA).

In the mCRL configuration [Fig. 3(c)], we observe a more
symmetric focus than in the CRL0 configuration. The retrieved
focus shows FWHMs of 2.92 and 3.23 µm along horizontal and
vertical directions, respectively. By comparing CRL0 to mCRL,
we infer that the asymmetric focus in the CRL0 configuration can
be derived from slight misalignment on the horizontal position of
CRL. Due to the chromatic property of CRL, the positional offset
induces a prism-like spectroscopic effect and elongates the focus
along the offset direction for pink beams.

The KB1 configuration is based on KB0, but before the fine
alignment of the KB mirror system. We observe significant deterio-
rations in the size, shape, and wavefront of the focus. From the clear
aperture reduction and strong phase variation along the horizontal
direction in reciprocal space, we infer that the non-mirror surface
of HFM is applied.

KB2 and CRL1 configurations are based on KB1 and CRL0,
respectively, but aluminum foil was introduced as an attenuator
instead of silicon. Because of the uneven surface of the aluminum
foil, significant aberration was introduced, and it can be observed
as the phase variation in reciprocal space. These results demon-
strate the robustness of our method even for complex-shaped
incident fields.

Although the KB3 configuration is based on KB1, the slits
before the KB mirror system are reduced. The reduced slits
can directly be observed as a rectangular aperture in recipro-
cal space. The phase values within the rectangular window are
mostly preserved. This result agrees well with the expectation and
demonstrates the fidelity of our field characterization method.

C. Spatial Resolution

Compared to the reconstruction field of view (FOV), which is
a constant determined by the diffuser diameter (25 µm), the
reconstruction bandwidth (B) is a tunable variable determined
by the numerically generated TM [39]. Nonetheless, B cannot
be set indefinitely large to secure a sufficient oversampling ratio.

Fig. 4. Experimental field characterization results. The first row shows the raw speckle patterns independently measured in the configurations summa-
rized in Table 1. The identifier of the configuration is displayed at the top. The second row shows the corresponding field retrieval results in real space. The
third row shows the same results in reciprocal space. The lightness and hue signify the amplitude (A) and phase (ϕ) of retrieved fields, respectively.
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The oversampling ratio (λ) of our measurements is expressed in
Eq. (1) based on the space–bandwidth product (SBP) calculations
(see Supplement 1):

γ =

(
1+

Bd

B

)2

, (1)

where Bd is the spatial bandwidth of the diffuser. According
to Eq. (1), increasing B is inefficient in terms of oversampling
and noise handling. Thus, we set B adaptively to the NA of the
used focusing optics to maximize the reconstruction fidelity.
Reconstruction bandwidths of 1.22 and 0.813 µm−1 are used
for the high-NA (KB0, KB1, and KB2) and low-NA (KB3, CRL0,
CRL1, and mCRL) configurations, respectively. Based on the
Rayleigh criterion (1.22/B), the corresponding spatial resolutions
are 1.0 and 1.5µm, respectively.

The spatial resolution limit is also related to the oversampling
ratio. Based on previous studies, γ ≥ 4 is an empirically known
condition for robust field reconstruction even in noiseless situ-
ations [37,43,48,50]. We found that Bd is the upper bound of
achievable bandwidth (B ≤ Bd ) by applying the lower bound of γ
to Eq. (1). Based on the central circular plateau of speckle patterns
in Fig. 4, Bd can be estimated from the first zero of a sombrero
function, 2.44/Dh , where Dh is the hole diameter. Then, the theo-
retical resolution limit (1.22/Bd ) becomes Dh/2, which is 150 nm
in this study. Note that the practical resolution limit is greater than
the theoretical value depending on experimental noise level.

D. Pulse-to-Pulse Fluctuations

Based on the SSM-based pulse characterization results, we explored
the pulse-to-pulse fluctuations of PAL-XFEL. The fluctuations
in pulse intensity, position, illumination angle, and shapes are
analyzed for all configurations in Table 1. The results from the
KB0 configuration are shown as a representative in Fig. 5. The fluc-
tuation results in other configurations can be found in Supplement
1. Summarized standard deviations (SDs) of fluctuations are
presented in Table 2.

As denoted in Table 2, an uneven number of pulses was utilized
between configurations for the fluctuation analyses. This is because
we excluded the speckle patterns from the radiation-damaged
diffuser before the processing steps for credibility. Accordingly,
relatively smaller pulses were used for the configurations with
optimized foci (KB0 and mCRL).

The normalized pulse intensity was quantified by the intensity
sum of the measured speckle pattern [Fig. 5(a)]. The measured SDs
of normalized pulse energies are 0.078–0.103 and 0.51 for pink
and mono beams, respectively, which is comparable to previously
reported values (0.106 and 0.42) at PAL-XFEL [55].

The pulse positions and illumination angles were quantified
by the center-of-intensity of retrieved pulses in real and reciprocal
spaces, respectively [Figs. 5(b) and 5(c)]. Similar fluctuation results
were found between configurations that share the optical setup in
Fig. 3.

For the pulse positions, asymmetric fluctuation pulse positions
are generally observed (Fig. S5). The KB-mirror-based configu-
rations [Fig. 3(a); KB0, KB1, KB2, and KB3] present relatively
lower fluctuations in horizontal direction (0.29–0.49 µm), while

Fig. 5. Experimental pulse-to-pulse fluctuation of KB0 configuration. (a) Pulse energy fluctuation. Pulse energies are normalized by dividing the mean
value. (b) Pulse position fluctuation. (c) Pulse illumination angle fluctuation. The intensity images of six pulses (i)–(vi) are displayed in both real and recip-
rocal spaces. The fluctuation results in other configurations can be found in Supplement 1.
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Table 2. Pulse-to-Pulse Fluctuation Results
a

Position (µm) Illumination Angle (µrad)

Config. Number of Pulses Normalized Intensity Horizontal Vertical Horizontal Vertical

KB0 161 0.078 0.49 1.30 0.63 1.15
KB1 600 0.091 0.33 0.92 0.24 0.36
KB2 581 0.103 0.36 0.81 0.24 0.37
KB3 499 0.082 0.29 0.80 0.33 0.12
CRL0 1000 0.087 1.43 1.01 0.79 0.23
CRL1 1000 0.098 0.72 1.20 0.65 0.36
mCRL 102 0.510 0.92 2.09 0.48 0.51

aAll fluctuation values are presented in standard deviations.

similar in vertical direction (0.80–1.3 µm). The mCRL configu-
ration presents relatively higher fluctuation in the vertical position
(2.09 µm). The overall measured fluctuation level is significantly
lower than the reported values (14 and 6.4 µm, respectively) at
the x-ray pump probe endstation of Linac Coherent Light Source
using 9 keV photons [28].

Asymmetric fluctuations are generally observed for the pulse
illumination angles as well (Fig. S6). We found that fluctuations
are not completely stochastic. For instance, the first 10–20 pulses
in KB0 configurations consistently show significantly higher
illumination angles. Other than the sudden shift in KB0, the
KB-mirror-based configurations also present relatively lower fluc-
tuations in horizontal direction (0.24–0.33 µrad), while similar in
vertical direction (0.12–0.36 µrad). Notable reduction in vertical
illumination angle fluctuation is observed for KB3 (0.12µrad).

To show the fluctuation on the pulse shape, the intensity images
of six selected pulses in the KB0 configuration are displayed in
Fig. 5, in both real and reciprocal spaces. Significant focus shape
variation is observed as shown in pulses (iv) and (v) of Fig. 5. Since
the corresponding level of variations is not observed in their recip-
rocal space, we expect such a beam shape change is oriented from
the intrinsic phase profile fluctuation of SASE pulses.

4. CONCLUSION

We proposed and demonstrated the SSM-based single-pulse
characterization method for XFEL. By introducing a pulse charac-
terization unit consisting of an aperture, a diffuser, and an imaging
sensor, we successfully obtained the intensity, position, shape,
and phase profile of individual SASE pulses in a single shot. The
practical robustness of our method has been verified by the pulse
characterization results in various experimental configurations.
Such versatility is based on the general field reconstruction ability
of SSM, which does not rely on a priori constraints or approxima-
tions. The pulse fluctuations in intensity, position, illumination
angle, and shape were explored based on the pulse-to-pulse
characterizations.

Though we focused on SPI in the Introduction for brevity, the
precise field characterization of XFEL pulses is important in most
coherence-based XFEL experiments. For instance, x-ray photon
correlation spectroscopy [56–58] and x-ray speckle visibility spec-
troscopy [59,60] measure the far-field diffractions of samples that
are actually convoluted with the reciprocal space of incident fields.
Thus, the knowledge of pulse-to-pulse incident fields would help
to deconvolute the incident fields from the measurements and to

retrieve pure sample-induced data. We believe simultaneous inci-
dent field characterization is also possible by utilizing additional
settings such as parasitic geometry [22].

We believe our method can be utilized as a standard pulse char-
acterization tool for XFELs. Real-time pulse characterization will
readily be possible with further hardware and software optimiza-
tions. It would also be advantageous for the precise alignment of
optical components [21,27,61]. Further, since our field charac-
terization method measures speckle patterns, other speckle-based
pulse characterization methods may be integrable without dif-
ficulty. For instance, the transverse coherence of pulses could be
characterized based on speckle visibility [55,62].
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