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A well-characterized wavefront is important for many x-ray free-electron laser (XFEL) experiments, especially for single-
particle imaging (SPI), where individual biomolecules randomly sample a nanometer region of highly focused femtosec-
ond pulses. We demonstrate high-resolution multiple-plane wavefront imaging of an ensemble of XFEL pulses, focused
by Kirkpatrick–Baez mirrors, based on mixed-state ptychography, an approach letting us infer and reduce experimental
sources of instability. From the recovered wavefront profiles, we show that while local photon fluence correction is crucial
and possible for SPI, a small diversity of phase tilts likely has no impact. Our detailed characterization will aid interpreta-
tion of data from past and future SPI experiments and provides a basis for further improvements to experimental design
and reconstruction algorithms. ©2021Optical Society of America under the terms of theOSAOpenAccess Publishing Agreement

https://doi.org/10.1364/OPTICA.416655

1. INTRODUCTION

The prediction that short, intense, and coherent x-ray pulses could
be used to determine structures based on single-shot diffraction
data from isolated particles [1] has been a major driving force in
the realization of x-ray free-electron lasers (XFELs). Over the past
decade, a large number of such single-particle imaging (SPI) exper-
iments were performed at XFELs, including structural studies
on soot particles [2], silver particles [3], helium droplets [4], cell
organelles [5], whole living cells [6], and virus particles via classical
coherent diffractive imaging (CDI) [7–16], in-flight holography
[17], and fluctuation scattering [18,19].

These XFEL experiments depend on highly focused and
spatially coherent x-ray pulses. Furthermore, knowing how the
intensities and phases of these pulses develop through the opti-
cal focus at high resolution is helpful for SPI. This knowledge
helps us determine where the nanometer-sized particles should be
injected to reproducibly give bright diffraction patterns. The phase

and intensity profiles differ between individual pulses because of
the self-amplified stimulated emission (SASE) pulse-generation
mechanism. While pulse-to-pulse intensity fluctuations are typ-
ically monitored by upstream gas detectors, the complex-valued
beam profiles of the focused pulses are much less well studied.
Without well-characterized beam profiles experimental design,
instrument alignment, and data interpretation can be delayed or
severely handicapped.

There are different approaches to x-ray wavefront charac-
terization at XFELs, including Shack–Hartmann sensors [20],
ablative imprints [21], Young’s double slit experiment [22], grating
interferometry [23–25], diffraction from aerosols [10,26], and
coherent scattering speckle analysis [27]. Ptychography, an imag-
ing technique that is actively developed at synchrotron radiation
facilities, has been used successfully for “at wavelength” metrology
[28–30]. Its potential has also been demonstrated for wavefront
characterization at XFELs [31–33].
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Many of these wavefront characterization experiments indicate
that variations between pulses are significant, and they are even
speculated to adversely impact SPI. To study this impact defini-
tively requires an experiment that directly measures both the spatial
and temporal variations of the XFEL pulses at the foci used for
SPI imaging. Here we describe a ptychographic wavefront-sensing
experiment designed specifically to study this impact. To image
these intense foci with ptychography, the pulses must be attenuated
to keep the target undamaged, which leads to dimmer diffraction
in a single pulse exposure. To obtain a stable ptychographic recon-
struction, we must signal average many dim patterns together.
However, the intrinsic variations between pulses or submicrometer
mechanical vibrations anywhere along the beam path can reduce
the speckle contrast in these averaged patterns and thus jeopardize
the ptychographic reconstruction.

These issues with beam diversity could be overcome with a
mixed-state approach [34] to account for unavoidable experi-
mental variations encoded in the diffraction data. Furthermore,
we describe a single-pulse fitting procedure that infers hidden
sources of variation, e.g., sample stage vibrations. A similar strategy
could also be applied to related imaging methods such as electron
ptychography, which often face similar important but hidden
experimental variations (e.g., drift, aberrations) [35].

This mixed-state reconstruction strategy allowed us to char-
acterize the full spatial intensity and phase profile of a focused
XFEL beam and study their implications for SPI experiments,
in particular the expected shot-by-shot variations in fluence and
phase tilt. Through numerical propagation along the beam axis, we

quantified the phases and intensities at different defocus positions
and computed their effect on SPI data collection efficiency (i.e., hit
rate). Using this quantitative reconstruction of the complex-valued
beam profile, we simulated a large SPI data set under realistic exper-
imental conditions. A unique insight from this is the importance of
a photon fluence correction in SPI reconstruction pipelines.

2. WAVEFRONT SENSING AT THE LCLS

A. Data Collection

A ptychographic wavefront sensing experiment, with its setup
shown in Fig. 1(a), has been performed inside the LAMP end-
station of the Atomic, Molecular, and Optical Science (AMO)
instrument [36] at the Linac Coherent Light Source (LCLS) under
beam conditions similar to SPI experiments. A 200 nm thick
Siemens star test pattern, made by depositing gold (X30-30-2,
www.zeiss.com) on a 110 nm Si3N4 membrane, was used as a
fixed target. To limit damage to the target, the full and unfocused
LCLS beam with a photon energy of 1.26 keV and an average
pulse energy of 2.76± 0.16 mJ (as measured by an upstream gas
monitor detector) was attenuated using a 4.26 m long nitrogen
gas attenuator at an average pressure of 14.23 Torr, resulting in a
transmission of about 10−7.

The attenuated beam was collimated using a pair of slits and
focused onto the test pattern by a pair of Kirkpatrick–Baez (KB)
mirrors that were located 1.1 and 1.6 m upstream of the interaction
region. We expect the attenuator to mostly impart an overall phase
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Fig. 1. (a) Experimental setup of the ptychographic wavefront sensing experiment. (b) The attenuated AMO beam was focused onto a test pattern, scan-
ning the beam in the transversal plane, and for each scan position around 900 diffraction patterns were recorded with a few examples shown in (c) on a log
scale. For the ptychographic reconstruction, the data has been prepared in three different ways: using the nominal positions (black circles) averaging 300
patterns, using combined corrected positions (gray dots) averaging at least 15 patterns per position, and using single corrected positions (red dots) without
any averaging of the diffraction data. The ptychographic reconstructions for the three types of data are shown in Fig. 2.
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shift on the x-ray pulses that should not vary significantly between
different x-ray pulses (Section 5 in Supplement 1).

The test pattern was scanned by moving the sample using a
motorized piezo stage in a 10× 10 “snake” pattern [black circles
in Fig. 1(b)], while single-pulse diffraction images were taken with
a p − n junction charge-coupled device (pnCCD) detector [37]
placed 0.73 m downstream of the test pattern. The pnCCD was
moved off center to place the diffraction pattern on a 192× 192
pixel area without any dead area. Due to using an upstream gas
attenuator, no beamstop was necessary, and the signal on the
detector covered the complete dynamic range of diffraction from
the sample. The scanning pattern was designed such that each
position was given a randomized offset from a regular raster grid
position to avoid raster grid pathology [28,38]. To reduce sample
vibrations, the cryochillers of the pnCCDs were switched off tem-
porarily during data acquisition. At each of the 100 scan positions
x j = (x j , y j ), a total of 900 single-shot data frames was recorded,
distributed over three separate data collections (each with 300
frames per position). A selection of diffraction patterns is shown in
Fig. 1(c).

B. Data Preprocessing

For each diffraction frame, a running dark subtraction was per-
formed based on the average of the closest 100 dark frames. Dark
frames were recorded every 2 s using BYKIK, the upstream undu-
lator beam kicker magnet. This dynamic thermal dark correction
was necessary to account for changes in the readout of the pnCCD
as it was slowly heating up. The detector was in gain mode 3, where
a photon at the given energy is equivalent to 25 analog-to-digital
units (ADUs). For all detector pixels, dark-corrected ADU values
were converted to units of photons, and values smaller than 0.8
photons were rounded down to zero with all other values rounded
to the closest integer value.

3. MIXED-STATE RECONSTRUCTION

A. Averaged Data Set with Nominal Positions

For each of the three data collections, all 300 frames sharing the
same nominal scanning position were averaged together to form
a new set of ptychographic diffraction patterns Îjq, where j is the
position index and q is the reciprocal space coordinate. These aver-
aged diffraction patterns have a much higher signal-to-noise ratio
compared to individual frames but also a reduced speckle visibility
due to pulse-to-pulse variations. This reduction step effectively
produces a virtual data set, encoding any form of shot-to-shot
variation in a “blurred” diffraction pattern. The mixed-state
approach to ptychography [34] was designed precisely for such
cases where one or more sources of partial coherence are present. In
the mixed-state formalism, the diffracted intensity pattern at scan
position x j can be written as

I j q =

M−1∑
m=0

∣∣∣Fx→q

[
P (m)

x−x j
Ox

]∣∣∣2, (1)

where M is a given number of probe modes (components) P (m)
x

in which the partially coherent illumination is decomposed, Ox

is the transmission function of the object, and Fx→q[·] is the 2D
Fourier transform. The iterative reconstruction algorithm adapted
for this problem, as described in [34] and implemented in P ty P y
[39], inverts Eq. (1) and simultaneously retrieves the object Ox and
the M probe modes P (m)

x from the measured intensities Î j q and
positions x j . At the end of each reconstruction, probe modes were
orthogonalized, and we calculated their relative powerwm .

We performed mixed-state ptychography reconstructions
for each of the three averaged virtual data sets and obtained the
M = 5 most dominant probe modes, along with a high-resolution
complex-valued image of the Siemens star test pattern [Fig. 2(a)].
We used 2000 iterations of the difference map (DM) algorithm
[38] followed by 1000 iterations of the maximum-likelihood (ML)
algorithm with a relaxed intensity constraint [40]. As an initial
guess of the probe, we used an idealized illumination model based

Fig. 2. Three ptychographic reconstructions of a Siemens star test object together with five incoherent probe modes. (a) One of the three original vir-
tual data sets with 300 frames averaged per scan position. (b) Corrected virtual data set with at least 15 frames averaged per updated scan position and a total
of 2642 positions. (c) Single-frame data set with 2000 updated scan positions. All images are complex valued with phase mapped to color and amplitude
mapped to hue. Scale bars are 2 µm. Probe modes are orthogonal and scaled differently such that their full range of intensity is shown with the relative power
wm of each mode written on top.

https://doi.org/10.6084/m9.figshare.14192756
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on the average 1.35 m focal distance between the two KB mirrors
that gave a nominal focal size of 2× 2 µm2.

Reconstructions with more than five probe modes did not
significantly change the relative power of the probe modes shown
in Fig. 2(a). Furthermore, the weakest reconstructed mode has dis-
tinct features forming toward the edges of the field of view. These
features do not correspond to regions where the reconstruction
has converged to the expected structure of the test patterns, and
they are attributed to possible detector readout artefacts in our
measurement, an effect that had been previously observed [41].

B. Checking for Hidden Sources of Pulse-to-Pulse
Variation

Even though we have experimentally minimized vibrations on the
sample stage, we still expected minor variations in the positions,
either due to dynamic changes in the beam or the sample’s location.
XFELs are known to show some beam pointing instabilities that
can lead to changes in the focused wavefront [42]. In order to check
for these types of pulse-to-pulse variations, we introduced a list of
free parameters and defined a model for a single-shot diffraction
pattern n as the incoherent sum

Inq = c n0

∣∣∣Fx→q

[
P (0)

x−xn−1xn
Ox Axn

]∣∣∣2
+

M−1∑
m=1

c nm

∣∣∣Fx→q

[
P (m)

x−xn Ox Bxn

]∣∣∣2, (2)

where P (m)
x are the orthogonalized probe modes, c nm are positive

real-valued coefficients,1xn = (1xn, 1yn) is an additional trans-
lation of the main probe mode with respect to the object, and Axn ,
Bxn are additional phase terms for the main and all other probe
modes, respectively. These phase terms are defined as

Axn = e i(αnxx+αny y ) (3)

and

Bxn = e i(βnxx+βny y ) (4)

with the phase differences αnx, αny, βnx, and βny, which are related
to phase tilt angles (see Section 6.C in Methods) and further cor-
respond to center shifts on the detector (and in the source plane).
Altogether we have defined M + 6 scalars for a single pulse and
treat them as fitting parameters in an optimization scheme, min-
imizing the quadratic distance between the measured intensity
pattern Înq and the model Inq . We used Powell’s method, a conju-
gate direction approach without a need to calculate any derivatives,
to obtain these single-shot parameters, and we cropped the model
and data to a 72× 72 pixel area for improved computational
efficiency.

Given the reconstructed object and probe modes [Fig. 2(a)],
we performed this single-pulse fitting analysis on all three data
collections, with a total of 90 k single-shot events, and discovered
substantial variations in the positions with a root-mean-square
deviation (RMSD) from the nominal positions of 0.34 µm in the
horizontal and 0.33 µm in the vertical direction. Interestingly, the
changing positions follow well-defined oscillations with a dom-
inant frequency at around 30 Hz, which can likely be attributed
to electrical equipment in the vicinity of the sample chamber. We
have also observed variations in the phase tilts and the coefficients;
both are further discussed in Section 4, Results.

C. Averaged Data Set with Corrected Positions

With the corrected scan positions, we defined a new averaged
virtual data set, which combined the diffraction patterns from
all three data collections sampled on a newly generated 60× 60
grid with a spacing of 93.3 nm. We have included all grid points
that could average at least 15 patterns, giving a total of 2642 scan
positions [gray dots in Fig. 1(b)]. Thereby, we have reduced the
positional variation for each data point at the cost of lower signal-
to-noise ratios. We performed another mixed-state reconstruction,
again with a simulated initial guess for the probe, using 1000 itera-
tions of DM and 1000 iterations of ML, resulting in an improved
reconstruction of the Siemens star together with the five most
dominant probe modes [Fig. 2(b)]. The two weakest modes exhibit
similar corner artefacts attributed to detector artefacts as described
above. We performed a second round of single-pulse fitting again
on the full set of 90 k single-hit events but with the updated recon-
struction, and we found that variations in the positions were
reduced to a RMSD of 0.24 µm in the horizontal and 0.14 µm in
the vertical direction compared to the first round. Further rounds
of single-pulse fitting did not significantly improve the corrected
positions.

D. Single-Frame Data Set with Corrected Positions

For the final ptychographic reconstruction, we selected 20 single-
shot events per nominal position, giving a total of 2000 events each
with corrected positions [red dots in Fig. 1(b)]. We then performed
a mixed-state reconstruction using 2000 iterations of the ML algo-
rithm with an iteration-dependent smoothing operation on the
object. Starting with 20 pixels, the size of the Gaussian smoothing
kernel was reduced exponentially with a decay rate of 1/200 per
iteration. As the initial guess for the illumination, we used the
five probe modes from the previous reconstruction [Fig. 2(b)]
and started updating the probe modes after 500 iterations. The
final reconstruction of the Siemens star, along with the five most
dominant modes, is presented in Fig. 2(c). Based on the given
geometry of the experiment, the half-period resolution (pixel size)
was 50.3 nm.

4. RESULTS

After two rounds of data averaging and single-pulse fitting, we
identified the five reconstructed modes [Fig. 2(c)] as the best
approximation of the partially coherent average AMO beam, with
65.7% of the total power in its most dominant mode [Fig. 3(a)].
We note that partial coherence in this context describes all sources
of “effective” decoherence, including unresolved fringes and speck-
les produced by scatterers along the optical path as well as detector
point spread function. However, back-propagating each orthogo-
nal probe mode into the secondary source plane and inspecting
its intensity [Figs. 3(d)–3(h)] suggests that all five modes, inco-
herently summed together [Fig. 3(i)], are necessary to describe
the features in the recorded direct beam intensity of a single LCLS
pulse focused by the KB optics at AMO [Fig. 3(c)]. The direct
beam intensity profile was measured in the far-field detector plane,
equivalent to the secondary source plane in the given experimen-
tal setup [Fig. 1(a)]. Therefore, we present the average intensity
profile at AMO as the incoherent sum of the five probe modes
(Fig. 3) measured by mixed-stated ptychography 0.5 mm upstream
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Fig. 3. Ptychographic wavefront reconstruction of the average AMO
beam. (a) The most dominant probe mode with a power of 65.7%. Phase
is mapped to color and amplitude mapped to hue. (b) The incoherent sum
of all five probe modes estimating the average fluence profile at AMO.
(c) The recorded direct beam intensity of a single pulse on a log scale in the
same configuration as the ptychographic experiment. (d)–(h) Intensity
of the probe modes from Fig. 2(c) back-propagated into the secondary
source plane shown on a log scale with their relative powers wm given as
percentages. (i) Incoherent sum of the back-propagated probe modes on a
log scale. Images (d)–(i) share the same gray scale as (c).

of the focal plane with the strongest intensity (as determined by
numerical propagation).

The most intense region of the focus has an estimated full
width at half-maximum (FWHM) of 2 µm in the horizontal and
0.5 µm in the vertical direction with a large tail extending several
micrometers toward the upper left corner. In the same intense focus
region, the phase in the average wavefront appears to be flat with
small changes toward the edges as the intensity gets weaker and
large changes in the tails of the beam. These tails (or “wings”) in
a KB-focused beam are often attributed to mid-spatial frequency
roughness of the mirror [43,44].

In the following sections, we derive multiple properties of the
reconstructed intensity and phase profiles numerically propagated
into different defocus planes (see Section 6.A in Methods for
details) and describe their implications on single-particle imaging.

A. Beam Intensity Profile Seen by Single Particles

Our recovered attenuated photon fluence distribution, when
properly rescaled (Fig. 4), is comparable to an independent study
performed at the same beamline with sucrose particles [45]. For
upscaling the recovered intensity profile at different defocus planes,
we used an unattenuated pulse energy of 2.76 mJ (equivalent to
1.38× 1013 photons) and an estimated transmission through the
optics of 4.8± 0.4% (see Section 1 in Supplement 1 for details).
This transmission efficiency is reasonable when compared to more
recent power measurements [46] given the additional apertures
used in our experiment [see Fig. 3(i)]. The upscaling approximates
the fluence distributions as observed by a single particle in a regular
SPI experiment at AMO. While 2D profiles as shown in Fig. 4(a)
are typically unknown in such experiments, it is possible to map
out their 1D distributions [Fig. 4(b)] based on a fitting analysis of
single-shot diffraction from particles randomly sampling the beam
[5,10,16,26,45]. Figure 4(b) shows that the distributions obtained
from this ptychographic experiment (red curves) agree with the
fluence histograms (shown in gray) from sucrose cluster diffraction
obtained at a slightly lower photon energy (1140 eV) and pulse
energy (1.1 mJ) but otherwise similar conditions at the AMO
endstation [45,47]. The sucrose data has been rescaled to match
the average pulse energy of the ptychography data and adjusted to
consider the 70% dynamic scattering efficiency reported in [45].
The agreement between the two measurements persists within
±3 mm of the nominal focus.

B. “Optimal” Defocus Position for Single-Particle
Imaging

One of the most time-consuming challenges in SPI is to adjust the
overlap between the particle beam and the x-ray pulses to maximize
the fluence and the ratio of detected single-particle events (hit
ratio) [5,48]. With the reconstructed 2D fluence profile, we can
also define this hit ratio as the area of all spots with a fluence larger
than a certain detection limit multiplied by the particle density

Fig. 4. Fluence profiles at different defocus±3 mm from the plane with the strongest observed peak fluence. (a) Estimated full beam fluence at 2.76 mJ
average pulse energy and 4.8% transmission. The white-dotted contour indicates 5× 109 ph/µm2. (b) Fluence distributions, comparing the histogram of
(a) to the distribution obtained from single-particle sucrose diffraction data. The distributions obtained by ptychography (red curve) are normalized such
that their integral equals 1. The distribution obtained by sucrose SPI is rescaled to match the average pulse energy of 2.76 mJ and normalized such that the
integral is equal to the ptychography distribution for fluences above 5× 109 ph/µm2. The bin width is 2× 109 ph/µm2.

https://doi.org/10.6084/m9.figshare.14192756


Research Article Vol. 8, No. 4 / April 2021 / Optica 556

(a)

(b)

(c)

Fig. 5. Beam properties in a wide range of defocus1f from−20 mm
to 20 mm. (a) Peak fluence as obtained from the propagated AMO flu-
ence distributions (solid) compared to the peak fluence expected from
a Gaussian beam matching the peak fluence at 1f = 0 mm and with a
Rayleigh length of 2.4 mm. (b) Expected single-particle hit ratios derived
from the propagated fluence distributions assuming a particle density of
0.001 particles/µm2 and shown for detection limits at different fractions
of the peak fluence at 1f = 0 mm. (c) Expected single-particle hit ratios
for a Gaussian beam under the same conditions as described in (b).

(particles per area). This particle density is dependent on particle
delivery conditions; here we assume 0.001 particles/µm2, which
seems like a reasonable choice for commonly used particle injectors
[49]. When defining the detection limit in SPI, one has to take
into account the incident fluence, the particle size, the particle
composition, and the ability to discriminate scattered photons on
the detector [10]. For simplicity, we have chosen here to define the
detection limit as a fraction of the peak fluence.

In practice, one has to find the optimal possible trade-off
between these two quantities (fluence and hit ratio), as the focal
plane with the highest peak fluence (the focus) usually also mini-
mizes the achievable hit ratio (Fig. 5). Similarly, going further away
from the focus increases the hit ratio while decreasing the peak
fluence. This is always the case in Gaussian beam optics no matter
which level of fluence is used for defining the single-particle hit
detection limit [Figs. 5(a) and 5(c)].

Looking at how the peak fluence changes with defocus
[Fig. 5(a)], we can see that the KB-focused beam at AMO is
similar to a Gaussian beam with Rayleigh length 2.4 mm but
with highly asymmetric features downstream of the focus. Similar
effects have been found in ablation studies of the same KB-focused

beam [21]. Furthermore, we also see a similar trend in the expected
hit ratios compared to a Gaussian beam, but crucially as the hit
detection limit increases, which is equivalent to imaging smaller
and smaller particles, the situation is different, and the position
along the beam axis with the minimal hit ratio is no longer found at
the focus [Figs. 5(b) and 5(c)]. This also means that measuring the
hit ratio as the particle stream is scanned along the x-ray beam axis
is likely to give a biased estimate of the focal plane.

Concerning the best choice of defocal plane for SPI in the given
KB-focused beam at AMO (or other similar KB-focused beams),
there is no obvious answer because it highly depends on the size
and detectability of the particles. At a given particle density of
0.001 particles/µm2, larger particles that can be detected as low as
only 1% of the maximum achievable peak fluence might still give
rise to reasonable diffraction intensities at −10 mm defocus with
much smaller peak fluence but also a much higher hit ratio. Smaller
particles that are only detectable above 10% of the maximum
achievable peak fluence should probably be imaged closer to the
focus where both fluence and hit ratio can be maximized [Figs. 5(a)
and 5(b)].

C. Strong Fluence Variations Impact Structural
Inference

To reconstruct the 3D Fourier intensity in SPI is equivalent to
inferring each particle’s unknown orientation [50] and the local
incident photon fluence [8,51] from only their respective diffrac-
tion measurements. Our pulse profile in Fig. 4 reconstructed by
ptychography clearly demonstrates how this local fluence can vary
by orders of magnitude depending on where injected particles
randomly intercept the focused pulse, rather than pulse-to-pulse
variations from the SASE lasing process. While such fluence varia-
tion between patterns is sometimes corrected as a preprocessing
step in SPI by normalizing the number of photons per pattern,
this is challenging when the patterns are severely photon limited
Fig. 6(b).

Here we used the reconstructed average pulse profile to study
if the variations in local photon fluences for different illuminated
particles can be correctly inferred and the impact of such varia-
tions on structure determination. With the Dragonfly package
[53], we simulated 1 million single-particle diffraction patterns
of 1.4 MDa particles [Figs. 6(a) and 6(b)] randomly placed in the
expected beam profile at 1f = 0 mm (Fig. 4). For this simula-
tion, we used relevant AMO parameters with a photon energy of
1.26 keV and the pnCCD detector placed at 130 mm behind the
interaction region with a pixel pitch of 75 µm and a circular beam-
stop of radius 30 px. A “hit” detection limit of 1× 1010 ph/µm2,
corresponding to around 50 scattered photons per pattern, was
assumed.

For a single structural class, we found that the expand-
maximize-compress (EMC) [50] SPI reconstruction algorithm
(see Section 6.B in Methods for details) adequately recovers the
ground-truth photon fluences of each particle/pattern [Fig. 6(c)].

Surprisingly, if the patterns were instead randomly generated
from two different 1.4 MDa structures [Fig. 6(a)], Fig. 6(d) shows
that the correct structural class cannot be determined without
also inferring (and hence correcting for) the fluence variations.
Furthermore, the structural classes are only correctly inferred for
particles illuminated by sufficiently high local photon fluences
('5× 1010 ph/µm2). This dependence on fluence supports the
importance of the few photons scattered to sufficiently high angles,
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Fig. 6. Simulated single-particle reconstructions using EMC. (a) 1FFK and 1Y69, two similar but different 1.4 MDa structures from the Protein Data
Base (PDB) with their electron densities at 1.5 nm resolution rendered in gray using Chimera [52]. (b) Example diffraction from 1FFK in a random orien-
tation at low (1× 1010 ph/µm2) and high (16× 1010 ph/µm2) fluence. (c) Comparison of the recovered and true fluence when running regular (single-
model) EMC with 1 million patterns generated from structure 1FFK at relevant AMO parameters and using the expected in-focus fluence distribution
(Fig. 4a). The black line indicates equal values for true and recovered fluence. (d) Two-model (binary) EMC with 500 k 1FFK patterns and 500 k 1Y69
patterns, highlighting the importance of fluence correction in multimodel single-particle reconstructions. The correctness score is defined as the fraction of
patterns correctly classified into the two models for 1FFK and 1Y69. The underlying fluence distribution with a bin size of 5× 109 ph/µm2 is provided for
reference in gray on a log scale.

which are important for distinguishing structural classes through
their higher-resolution difference.

D. Impact of Phase Tilts on Single-Particle Diffraction

Besides the optimization for fluence and hit ratios, in SPI it is also
desired to inject the particles into a flat wavefront [48]. Several
single-particle studies have observed displacements in the cen-
ter of diffraction attributed to differences in phase tilts between
local regions of different pulse wavefronts intersected by different
particles [10,16,26]. These variations in the phase tilt can either
be due to shot-to-shot fluctuations of the wavefront (e.g., beam
pointing) or because of local variations in the phase profile of the
beam sampled by the randomly positioned particles. These two
sources of variations, unfortunately, are indistinguishable in an
SPI experiment. Our ptychographic pulse profiling allows us to
directly measure these two sources of phase tilt variations and study
their independent impact on SPI.

When fitting our ptychographic model to single-pulse diffrac-
tion data, we found that the changes in the overall phase tilt
between pulses for the dominant mode have a small standard
deviation of 87 µrad and 32 µrad for the horizontal and vertical

components, respectively. For all other modes combined, these
standard deviations shrunk to 8 µrad and 6 µrad, respectively.
For a detector distance of 130 mm (typical for SPI experiments at
AMO), this would translate into displacements of the center of
diffraction up to 11 µm, which are much smaller than the pixel
pitch of the pnCCD detector. This suggests that the overall pulse-
to-pulse wavefront fluctuations in the LCLS wavefront should only
cause negligible displacements in the center of diffraction often
observed in SPI.

Since the differences in overall phase tilts between pulses are
small, the random shifts observed in SPI diffraction patterns
of different particles might be due to where each particle inter-
sects a curved (and possibly irregular) pulse wavefront. To study
this second source of local phase tilt variation, we computed the
gradient in the horizontal and vertical directions of the most dom-
inant pulse mode in our ptychographic reconstruction [shown at
different defocus planes in Fig. 7(a)]. We again converted those
pixel-to-pixel phase differences to a distribution of phase tilts (see
Section 6.C in Methods for details) that a single particle would
observe in an SPI experiment [Fig. 7(b)] with the average fluence
mapped in color. The white-dotted contour lines indicate an
average fluence of 5× 109 ph/µm2.
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Fig. 7. Phase profiles at different defocus±3 mm from the plane with the strongest observed peak fluence. (a) Most dominant probe mode; phases are
mapped to color, and amplitudes are mapped to hue. The scale bar is 2 µm. (b) A mapping of the local phase tilts based on the profile in (a) with 40× 40
bins of size 0.05 mrad. The color refers to the average fluence in each bin (2.7 mJ average pulse energy, 4.8% transmission). The white-dotted contour indi-
cates 5× 109 ph/µm2.

The fluence-phase tilt distribution that we reconstructed here at
3 mm defocus resembles that reported earlier {Fig. 4(a) of ref. [26]}.
Considering all defocus planes shown in Fig. 7, the expected devi-
ation is less than 1 mrad, translating to a 130 µm displacement at
130 mm detector distance.

Overall, local variations in phase tilts on a single pulse’s wave-
front are larger than variations in overall phase tilts between pulses.
Nevertheless, for sufficiently small particles whose diffraction
speckles are well sampled at low scattering angles, this larger source
of phase tilt variations is unlikely to have a big impact on SPI exper-
iments at AMO. Furthermore, these small displacements in the
center of diffraction can be inferred and corrected when individual
patterns contain sufficiently many photons [10].

E. Correlation with Electron Bunch and Pulse
Properties

Each of the 90 k pulses used in this ptychographic experiment
includes a set of diagnostic electron beam (EBEAM) parameters
that measure the properties of each electron bunch and photon
pulse along their trajectory in the accelerator tunnel and inside the
optics hutches, respectively. A comprehensive description of these
parameters can be found in [54].

We correlated these EBEAM parameters with the parameters
fitted for individual pulses in our ptychographic reconstruction
pipeline. For this purpose, we have chosen the robust nonpara-
metric Spearman’s rank correlation. Most notably, we found that
only the equatorial angular “wobble” of individual pulses (αx )
that was inferred from our ptychographic reconstructions seems
to follow fluctuations in a subset of upstream electron bunch
properties. Although other reconstructed parameters, such as c 0

and c 2, also showed significant correlations with EBEAM param-
eters (see Section 3 and Table S1 in Supplement 1), their physical
significance is less obvious.

Importantly, inferred simple translations of individual pulses
(e.g., 1x and 1y ) show little to no correlation with EBEAM
parameters. Hence, it seems plausible that most of these transla-
tional variations might be attributed to vibrations of the sample
stage, the KB optics, or the offset mirror rather than beam pointing
instabilities further upstream. Coincidentally, the translational
variations in our reconstructions (see Supplement 1 Fig. S2) have
characteristic frequencies that are most likely caused by equipment
close to the sample stage.

We anticipate that future beam optimization experiments
at XFELs in combination with machine-learning approaches
[54] where the focused beam under relevant SPI conditions is
monitored (e.g., using single-pulse ptychography [33]), while
adjusting the upstream beam parameters would allow for smart
pulse-picking strategies that could potentially improve the data
quality for SPI.

5. DISCUSSION

In addition to their high brilliance, XFEL pulses are prized for
SPI because of their high spatiotemporal coherence. Naturally,
several prior experiments were dedicated to measuring this degree
of coherence [22,55]. While these measurements relied on the
assumption that the pulses comprised a few low-order Hermite–
Gaussian modes, our mixed-state ptychographic wavefront sensing
directly decomposes the ensemble of XFEL pulses into a set of
orthogonal wavefront modes without such assumptions (Fig. 3).
The power distribution of our recovered modes gives a useful
quantification of the coherence properties of the beam. We have
found that on average 65.7% of the total power was present in the
dominant mode of the beam, which means that a hypothetical
ideal spatial filter could create a fully coherent beam with about
65% of the pulse fluence. This relative power of the dominant
mode is lower than the 78% previously reported for the neighbor-
ing SXR endstation at the LCLS [22], though the widely differing
experimental settings prevent a direct comparison of these num-
bers. Another metric is the degree of coherence [56], which can
simply be computed by summing the squares of the mode relative
powerswm :

ξ =

M−1∑
m=0

w2
m . (5)

We find a degree of coherence of ξ = 46.8%, again lower than
the value of 56% previously reported for the SXR endstation.
While our method does not discriminate between the possible
sources of coherence loss, it is likely that SASE variations, scatter-
ing from upstream optics, residual uncertainties in the positions,
and detector point spread function are the main factors.

Unlike fixed target experiments, the random injection of small
particles into the stream of XFEL pulses in SPI has a decided ele-
ment of chance and uncertainty. Our mode decomposition of

https://doi.org/10.6084/m9.figshare.14192756
https://doi.org/10.6084/m9.figshare.14192756
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these pulses provides a unique window to efficiently explore how
random samples of different regions of many pulses can impact
SPI.

To first order, we found that previously reported random trans-
lations in the diffraction centers of individual diffraction patterns
[10,26] can be largely explained by particles randomly sampling
different regions of pulses with irregular local phase tilts (Fig. 7).
Such irregularity is primarily determined by the surface finish
of the KB-focusing mirrors [57]. Our pulse-to-pulse regressions
showed that the variations in overall phase tilt between pulses
played a lesser role here. Within a few millimeters of the pulses’
foci, we found the maximum observed phase tilt was only around
1 mrad, which in most scenarios only has a minimal influence on
SPI data analysis.

In contrast, the variations in local photon fluence as particles
randomly sample different spots in the focused LCLS beam have
a much larger impact on SPI. These variations were previously
observed indirectly from randomly injected particles at both
the AMO [5,26,45] and CXI beamlines [10] at the LCLS, and
recently also at the SPB instrument at the European XFEL [16].
Ptychographic reconstructions, however, allowed us to directly
observe how these spatial intensities distributions develop near
the pulses’ nominal foci (Fig. 4). Depending on where the particle
beam intersects the x-ray beam along its propagation axis, the
intensity profile also has interesting and nonintuitive implications
on the expected hit ratio (Fig. 5).

Comprehensive beam profiling experiments help us better
anticipate, measure, and plan and/or correct for uncertainties in
an SPI experiment that may degrade imaging resolution. In this
capacity, ptychographic wavefront sensing using a mixed-state
approach will be useful for complex SPI experiments where perfect
knowledge of all parameters is practically impossible (e.g., sources
of vibrations in Fig. 2). The importance of robust photon fluence
correction for 3D SPI reconstruction algorithms and the struc-
tural inference that is demonstrated in Fig. 6 is one such example.
Also, when scanning the injector along the beam axis during SPI
alignment procedures while monitoring the hit ratio of detected
particles, it should now be possible to map the location of the
injector to a specific defocus plane of the x-ray beam measured by
ptychography (Fig. 5).

Rapidly profiling the foci of tens of thousands of pulses during
an SPI beamtime using ptychography can also help save precious
experiment time. In principle, collecting and reconstructing the
wavefront modes of 10,000 pulses at 120 Hz repetition rate may
only take minutes, which gives timely feedback for tuning opti-
cal elements to maximize photon transmission, changing focus
conditions, and/or reducing background scattering. Currently,
such tuning because of limited fast feedback can take several hours,
if such tuning is at all successful. A routine and well-optimized
ptychographic pulse profiling instrument can substantially reduce
such optical tuning times. Furthermore, such profiles can rapidly
form estimates of ideal and target hit rates (Fig. 3), which in turn
allow experimenters to efficiently diagnose potential issues with
particle injectors (e.g., clogging).

Overall, we are confident that live pulse profiling will be impor-
tant for efficient SPI experiments. This paper demonstrates that
mixed-state ptychography can serve this key role. Other XFEL
experiments that assemble insights from many partial measure-
ments of an ensemble of pulses may also benefit from such detailed
profiling.

6. METHODS

A. Numerical Wavefront and Intensity Propagation

Based on the orthogonalized probe modes P (m)
x and the wave-

length λ, we can define the propagated probe at a near distance
z as

P (m)
x (z)=F−1

q→x

[
Fx→q

[
P (m)

x

]
exp

[
i2πz
λ

(√
1− q2λ2 − 1

)]]
, (6)

using the numerically stable and convenient angular spectrum
method, neglecting the plane wave term. This allows us to further
define fluence maps 8x (z)=

∑
m |P

(m)
x (z)|2 as the incoherent

sum of the M propagated probe modes.

B. Binary-Model EMC Algorithm

The single-model EMC reconstruction in Fig. 6(c) iteratively max-
imizes the target log-likelihood function in [50,51,53]

Q(W ′, φ′,W, ϕ)=
∑
d ,r ,t

Pdr(K d |Wrϕd )[K dt log(W ′

rtϕd ′)−W ′

rtϕd ′ ],

(7)
where the current model for the diffraction intensities W is
updated to W ′, and the likely local photon fluence (ϕd ) that illumi-
nated the particle that resulted in diffraction pattern K d is updated
to ϕd ′ . Here the set of diffraction patterns are denoted K dt , where
the d subscript denotes the pattern index and the t subscript defines
the pixel index on each pattern. The maximization of Eq. (7) runs
over a set of discrete samples of the 3D rotation group, indexed r ,
based on a linear refinement scheme of the unit quaternions that
correspond to the 4D 600-cell [50]. The likelihood function in
Eq. (7) is

Pdr(K d |Wrϕd )=
∏

t

exp(−Wrtϕd )(Wrtϕd )
Kdt/K dt! , (8)

where Wrt is the Ewald sphere section of the diffraction volume
W at orientation r that is sampled by detector pixels labeled t . We
maximize the log-likelihood in Eq. (7) by solving d Q/d Wx = 0
and d Q/dϕd = 0 alternately, where x is the voxel index of the
Fourier intensity volume. This gives the typical update of the
intensity volume and local photon fluence:

W ′x =

∑
d

∑
{r t;x }

Pdr K dt∑
d

∑
{r t;x }

Pdrϕd
, (9)

ϕ′d =

∑
t

K dt∑
x

∑
{r t;x }

PdrWx
=

∑
t

K dt∑
r ,t

PdrWrt
, (10)

where {r t; x } indicates all pairs of r and t that rotate to a given
voxel x .

In anticipation of the high-throughput XFEL-SPI experiments
at LCLS-II, we simulated three one-million diffraction patterns
using only elastic scattering [53]. The consequential EMC recon-
struction is both memory and compute intensive. Hence, the
implementation of Eq. (10) is efficiently distributed over GPUs
(NVIDIA GTX 1080Ti) that are distributed over several compute
nodes.

When two latent structural models (labeled m) give rise to the
diffraction patterns [Figs. 6(a) and 6(d)], the above equations could
be modified by substituting r with m, r :
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W ′mx =

∑
d ,m

∑
{r t;x }

Pdmr K dt∑
d ,m

∑
{r t;x }

Pdmrϕd
, (11)

ϕ′d =

∑
t

K dt∑
m,x

∑
{r t;x }

PdmrWx
=

∑
t

K dt∑
m,r ,t

PdrWmrt
. (12)

C. Conversion from Phase Differences to Phase Tilts

For any given phase difference α, i.e., between two neighboring
pixels or the same pixel at different time points, it is possible to
calculate a phase tilt angle

θ =
αλ

2πδ
, (13)

where λ is the wavelength and δ the size of a pixel in the recon-
structed wavefront. A more complete derivation for this simple
relationship is given in Section 4 of Supplement 1.

Funding. National Research Foundation Singapore (NRF-CRP16-2015-05);
National University of Singapore (R-154-000-B35-133, R-154-000-A09-133);
Vetenskapsrådet (2018-00234); U.S. Department of Energy (DE-AC02-
76SF00515); European Research Council via the European Union’s Seventh
Framework Programme (279753) and Horizon 2020 research and innovation
programme (866026).

Acknowledgment. We thank Peter Walter for helpful discussions. We thank
Björn Enders and Aaron Parsons for maintaining and developing the P ty P y
software. Use of the Linac Coherent Light Source, SLAC National Accelerator
Laboratory, is supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences under Contract No. DE-AC02-76SF00515. We
thank the LCLS staff for their assistance. We thank Bai Chang for maintaining
the CBIS compute cluster. F.R.N.C.M acknowledges support from the Swedish
Research Council. N.D.L recognizes the support of National University of
Singapore (NUS) and the Singapore National Research Foundation.

Disclosures. The authors declare no conflicts of interest.

Data Availability. The ptychographic data sets used for the reconstruc-
tions (Fig. 2) and the orthogonalized probe modes (Fig. 3) are available at [58]
https://www.cxidb.org/id-178.html. Other data underlying the results presented
in this paper are not publicly available at this time but may be obtained from the
authors upon reasonable request.

Supplemental document. See Supplement 1 for supporting content.

REFERENCES
1. R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, and J. Hajdu,

“Potential for biomolecular imaging with femtosecond X-ray pulses,”
Nature 406, 752–757 (2000).

2. N. D. Loh, C. Y. Hampton, A. V. Martin, D. Starodub, R. G. Sierra,
A. Barty, A. Aquila, J. Schulz, L. Lomb, J. Steinbrener, R. L.
Shoeman, S. Kassemeyer, C. Bostedt, J. Bozek, S. W. Epp, B. Erk,
R. Hartmann, D. Rolles, A. Rudenko, B. Rudek, L. Foucar, N. Kimmel,
G. Weidenspointner, G. Hauser, P. Holl, E. Pedersoli, M. Liang, M. M.
Hunter, L. Gumprecht, N. Coppola, C. Wunderer, H. Graafsma, F. R.
N. C. Maia, T. Ekeberg, M. Hantke, H. Fleckenstein, H. Hirsemann, K.
Nass, T. A. White, H. J. Tobias, G. R. Farquar, W. H. Benner, S. P. Hau-
Riege, C. Reich, A. Hartmann, H. Soltau, S. Marchesini, S. Bajt, M.
Barthelmess, P. Bucksbaum, K. O. Hodgson, L. Strüder, J. Ullrich, M.
Frank, I. Schlichting, H. N. Chapman, and M. J. Bogan, “Fractal mor-
phology, imaging and mass spectrometry of single aerosol particles in
flight,” Nature 486, 513–517 (2012).

3. I. Barke, H. Hartmann, D. Rupp, L. Flückiger, M. Sauppe, M. Adolph,
S. Schorb, C. Bostedt, R. Treusch, C. Peltz, S. Bartling, T. Fennel, K.-H.

Meiwes-Broer, and T. Möller, “The 3D-architecture of individual free sil-
ver nanoparticles captured by X-ray scattering,” Nat. Commun. 6, 6187
(2015).

4. C. Bernando, R. M. P. Tanyag, C. Jones, C. Bacellar, M. Bucher, K. R.
Ferguson, D. Rupp, M. P. Ziemkiewicz, L. F. Gomez, A. S. Chatterley,
T. Gorkhover, M. Müller, J. Bozek, S. Carron, J. Kwok, S. L. Butler, T.
Möller, C. Bostedt, O. Gessner, and A. F. Vilesov, “Shapes of rotating
superfluid helium nanodroplets,” Phys. Rev. B 95, 064510 (2017).

5. M. F. Hantke, D. Hasse, F. R. N. C. Maia, T. Ekeberg, K. John, M. Svenda,
N. D. Loh, A. V. Martin, N. Timneanu, D. S. D. Larsson, G. van der Schot,
G. H. Carlsson, M. Ingelman, J. Andreasson, D. Westphal, M. Liang,
F. Stellato, D. P. DePonte, R. Hartmann, N. Kimmel, R. A. Kirian, M. M.
Seibert, K. Mühlig, S. Schorb, K. Ferguson, C. Bostedt, S. Carron, J.
D. Bozek, D. Rolles, A. Rudenko, S. Epp, H. N. Chapman, A. Barty, J.
Hajdu, and I. Andersson, “High-throughput imaging of heterogeneous
cell organelles with an X-ray laser,” Nat. Photonics 8, 943–949 (2014).

6. G. van der Schot, M. Svenda, F. R. N. C. Maia, M. Hantke, D. P. DePonte,
M. M. Seibert, A. Aquila, J. Schulz, R. Kirian, M. Liang, F. Stellato, B.
Iwan, J. Andreasson, N. Timneanu, D. Westphal, F. N. Almeida, D. Odic,
D. Hasse, G. H. Carlsson, D. S. D. Larsson, A. Barty, A. V. Martin, S.
Schorb, C. Bostedt, J. D. Bozek, D. Rolles, A. Rudenko, S. Epp, L.
Foucar, B. Rudek, R. Hartmann, N. Kimmel, P. Holl, L. Englert, N.-T.
Duane Loh, H. N. Chapman, I. Andersson, J. Hajdu, and T. Ekeberg,
“Imaging single cells in a beam of live cyanobacteria with an X-ray laser,”
Nat. Commun. 6, 5704 (2015).

7. M. M. Seibert, T. Ekeberg, F. R. N. C. Maia, M. Svenda, J. Andreasson,
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