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The analysis of chemical states and morphology in nanomaterials is central to many areas of science. We address
this need with an ultrahigh-resolution scanning transmission soft x-ray microscope. Our instrument provides multiple
analysis tools in a compact assembly and can achieve few-nanometer spatial resolution and high chemical sensitivity
via x-ray ptychography and conventional scanning microscopy. A novel scanning mechanism, coupled to advanced
x-ray detectors, a high-brightness x-ray source, and high-performance computing for analysis provide a revolu-
tionary step forward in terms of imaging speed and resolution. We present x-ray microscopy with 8-nm full-period
spatial resolution and use this capability in conjunction with operando sample environments and cryogenicimaging,
which are now routinely available. Our multimodal approach will find wide use across many fields of science and

facilitate correlative analysis of materials with other types of probes.

INTRODUCTION

Scanning transmission x-ray microscopy (STXM) is a key analytical
tool enabled by high-brightness x-ray synchrotrons, which can pro-
vide a wide variety of contrast mechanisms for studying material
properties (1—4). High-energy (hard) x-rays give access to atomic
fluorescence for quantifying elemental composition and also crystal
lattice structure and strain through Bragg diffraction. Meanwhile,
lower-energy (soft) x-rays are sensitive to more complex chemistries,
magnetic states, and bond orientation. Regardless of the contrast
mechanism in use, the spatial resolution has, until recently, been
limited by the nature of x-ray focusing optics, which, in general, im-
age at resolutions many times the x-ray wavelength. This has limited
the application of scanning x-ray microscopes to a certain extent but
they still find very broad use in the materials, environmental, and
life sciences.

The performance of scanning microscopes, as characterized by
speed, sensitivity, and achievable resolution, is determined largely
by the x-ray source brightness, numerical aperture (NA) and efficiency
of the nanofocusing x-ray optics, instrument stability, detection ef-
ficiency, sample contrast, and its tolerance of radiation dose. Because
of the difficulty in producing optics, which efficiently focuses x-rays
to very small spots (sub-10 nm) with practical working distance, it
is advantageous to develop imaging schemes that are not limited by
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the available NA. Conventional x-ray microscopy has developed
into a high-throughput tool with around 30-nm spatial resolution.
A 10-nm half-period resolution has been reported (5-7), in both
tull-field and scanning modes, but microscopy at such high resolu-
tion is particularly challenging at longer wavelengths (>1 nm) where
focal lengths become impractically small. X-ray ptychography, on
the other hand, has seen rapid development as a coherent x-ray
scattering—based imaging scheme, which holds great promise for
surpassing the challenges associated with the development of high-
resolution x-ray optics (8-13). For the case of ptychography, the only
limitation on achievable resolution beyond instrument precision is
scattering from the sample, which is a function of x-ray source
brightness (coherent flux), wavelength, detection efficiency, and
sample contrast. Hence, optimized instruments can, in fact, operate
as x-ray wavelength-limited microscopes given adequate x-ray sources
and detectors. The development of ptychographic microscopy is
particularly important, as the synchrotron community invests in
upgraded accelerator lattices that will deliver unprecedented coherent
x-ray photon flux (14). The revolutionary brightness that will be
enabled by these new x-ray synchrotron sources argues strongly for
the development of ptychographic microscopes that will reduce the
problem of high-resolution x-ray microscopy to one of the detection
and analysis of scattered x-rays.

Ptychographic microscopes are developed by researchers at most
synchrotrons around the world, and they are applied to a variety of
scientific problems (15-17). However, routine use is still challenging
because of the high-speed diffraction data acquisition and analysis
pipeline, which is needed for convenient operation. We present
here a user-friendly, multimodal microscope at the Advanced Light
Source, which can transparently switch between conventional and
ptychographic microscopy. Our instrument leverages a dedicated
high-brightness x-ray source with broad tunable energy and polar-
ization control, a high-performance scanning instrument in an actively
controlled environment, a fast—frame rate charge-coupled device
(CCD) detector, fully integrated high-performance computing for
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transparent ptychographic analysis, and a suite of sample environ-
ments, compatible with transmission electron microscopy (TEM),
for operando and cryogenic microscopy. The key achievement pre-
sented here is the tight integration of several advanced technologies
into a unified scientific tool that fundamentally advances the capa-
bilities of x-ray microscopy.

In the following sections, we quantify the performance of our
microscope and describe various scientific applications. We present
the highest-resolution x-ray images ever recorded, at 8-nm full-period
oscillation, both from known test structures and from real nano-
materials using multiple sample environments including cryogenic
samples and a high-temperature gaseous environment. We address
one of the fundamental problems of spectromicroscopy, the inability
to accurately quantify chemical composition in heterogeneous ma-
terials when the size of the chemical phases approaches the width of
the microscope point spread function (PSF). An observed mixing of
chemical composition at the interface of two phases can result from
the tails of an imaging system’s PSF and is exacerbated for micro-
scopes with partially obstructed pupil functions, as is often the case
for x-ray microscopes. Spectral mixing can occur over length scales
a few times the Rayleigh resolution of the optic and can lead to sub-
stantial distortion when the phases are asymmetric in size or optical
density. In the extreme case of biphasic systems with chemical phases
smaller than the width of the PSF, the measured chemical phase
distribution appears uniform or mixed. Thus, data interpretation must
proceed carefully within the context of correlated measurements.
X-ray ptychographic microscopy can be considered a noise-robust
means of deconvolving the x-ray probe at length scales considerably
smaller than the PSF of the illumination. We demonstrate how
ptychographic imaging can extract accurate spectra from chemical
phases with size near the x-ray spot, while conventional x-ray
imaging cannot.

RESULTS

Resolution analysis

In the absence of mechanical limitations, the greatest obstacle to
achieve high—spatial resolution (below 10 nm) ptychographic micros-
copy at modern synchrotrons is the contrast of the sample. Material
contrast against vacuurm, i.e., scattering cross section, increases rapidly
with wavelength, so achieving high resolution with lighter elements
becomes feasible with soft x-rays (below 2-keV photon energy).
High resolution has been quantitatively demonstrated previously but
never without the use of heavy metals such as Au or Pt (9, I8, 19).
Here, we present a quantitative analysis of achieved spatial resolu-
tion using both idealized test structures with heavy elements as well
as real nanomaterials made of lighter transition metals. We quantify
the achieved spatial resolution of our microscope by measuring both
one-dimensional and two-dimensional objects of known structure
and composition. First, we study a binary pseudorandom multilayer
pattern made of alternating layers of WSiz and Si with a minimum
layer width of 3 nm (20, 21). We image the structure with 10-ms
exposures of 1300-eV x-rays and 0.95-nm wavelength. The detector
geometry, described in the Supplementary Materials, allows for re-
cording x-ray scattering to a full period of 7.7 nm, but the data were
padded to provide a half-period pixel size of 3 nm in the recon-
structed image. The roughly 100-nm-thick structure scatters the x-rays
exclusively in the direction orthogonal to the lines (horizontally), and
because of the high contrast and large bandwidth of the pseudorandom
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structure, the scattered intensity extends to the edge of the measur-
able NA (fig. $9). The binary linear pattern scatters very strongly in
only one direction, but it allows for quantitative analysis of the max-
imum achievable spatial resolution in that direction. We analyze the
achieved spatial resolution using two methods, Fourier ring correla-
tion (FRC), which is now standard in the diffractive imaging com-
munity, as well as through the power spectral density (PSD) of the
recovered image. For each case, the quantity is calculated for a single
horizontal image line and then averaged for all lines in reciprocal
space. The FRC calculation is explained in detail in the Supple-
mentary Materials. The quantity analyzed is the scattering contrast,

s(@)=1s (.17})2 + B(.?)z, where 3(x) and B(X) are the reconstructed

maps of the optical density and phase and is similarly linear with
material thickness (22). Figure 1B shows that the FRC maintains a
high value out to the full NA, which reaches a full-period spatial
frequency of 0.17 nm™, corresponding to 6-nm oscillation periods.
Meanwhile, the PSD drops several decades at a full-period spatial
frequency corresponding to about 8-nm periods, which is the max-
imum spatial frequency measured. The pseudorandom pattern has
a flat power spectrum out to a cutoff frequency beyond our mea-
surement, so the roll-off of the reconstructed PSD is a good measure
of achieved spatial resolution. We show in figs. S1 and S2 that the
FRC can overestimate the achieved spatial resolution, which must
be oversampled by at least a factor of 2 by the reconstructed pixel
size for high-fidelity imaging.

We further analyze a two-dimensional structure made of
30-nm-diameter nanoparticles of FesO4 that scatters isotropically but
still exhibits high contrast when imaged on the Fe L3 edge at 710 eV
and 1.75-nm wavelength. We image the object using the low-resolution
mode, single short exposure, and high-resolution, double-exposure
mode (described in the “Data Acquisition and Analysis” section) to com-
pare the achieved resolution in both modes. In both cases, the short
exposures are 5 ms and the long exposure is 50 ms. Figure 1C shows
a split image of a collection of particles where the top half is mea-
sured using single exposure and the bottom half is measured using
double exposure. Using single exposures, the particles are just visi-
ble, while with double exposure, they are well resolved. The Fourier
correlation (FC) analysis (Fig. 1D) indicates that the achieved reso-
lutions for single- and double-exposure modes are 18- and 7.6-nm
full period, respectively. Here, a spatial resolution of 7.6 nm is just
4.3 times the wavelength of the x-ray illumination.

Spectromicroscopy

One of the key analytical capabilities of x-ray microscopy is the
quantification of chemical states through imaging around molecular
resonances (23, 24). Soft x-rays, in particular, offer very high chem-
ical contrast in the near-edge region and are sensitive to chemical
bonding states in addition to atomic species. Scanning microscopy
also offers the advantage, versus full-field imaging, of a uniform and
constant illumination, which improves quantification but is neces-
sarily slower because of the need for mechanical scanning. It also
makes possible methods based on coherent scattering like ptychog-
raphy. Quantitative spectromicroscopy requires imaging a material
at several energies below, through, and above the relevant bond res-
onant energies. This provides an energy spectrum at each point in
the sample, which can be normalized and fit with a linear combina-
tion of independently measured reference spectra for composition
analysis. When reference spectra are not available, the measured
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Fig. 1. Analysis of the microscope imaging resolution. (A) Ptychographic scattering contrast image of a linear test pattern with 3-nm smallest features. The inset image
is 1 um wide. (B) FC and PSD analysis of the reconstructed image, averaged by horizontal line. The FC shows high correlation to a full-period resolution of 6 nm (recon-
structed pixel size of 3 nm), while the PSD shows a roll-off at 8-nm full-period resolution. (C) Ptychographic optical density of a collection of Fe;0s nanoparticles. The top
half image uses a 5-ms x-ray exposure time, while the bottom half uses 50-ms exposure. Scale bar, 1 um; pixel size, 3 nm. (D) FC analysis of the two exposure times, which

indicate full-period spatial resolutions of 18 and 7.6 nm for the 5- and 50-ms exposure times, respectively.

spectra can simply be interpreted for qualitative analysis. Here, we
demonstrate chemical mapping in both conventional scanning and
ptychographic modes and show how qualitative interpretation of the
measured spectra can be improved by the high spatial resolution
provided by ptychographic imaging.

As a model system, we image chemically delithiated particles of
Li,FePO, (x ~ 0.5), which is a battery cathode material in which the pres-
ence of lithium can be identified by the oxidation state of iron, which
is reduced by the introduction of a lithium ion into the crystal unit cell.
When partially delithiated, microplates of Li,FePO, (x ~ 0.5) exhibit a
core-shell structure where the shell is fully delithiated FePO, and
the particle interior may contain a more mixed state with regions
around morphological defects being more delithiated (25). Figure 2
shows results obtained in both imaging modes available in our
microscope. Conventional STXM visualizes the large-scale structure
and chemical features, whereas ptychographic mode can readily
visualize the smallest nanoscale structures. The overall chemical maps
are in qualitative agreement, but the ptychographic chemical map
displays nanoscale chemical phases in the particle interior, which
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are not visible in conventional imaging mode. In this case, the chem-
ical maps are obtained with a linear combination of reference spectra
measured from nanoparticles of pure materials (22); thus, they
represent quantitative composition with red being FePO, and green
being LiFePO,. The radiation dose delivered to the sample is esti-
mated in fig. S8.

Figure 2E shows a comparison of extracted point spectra with the
reference spectra where the points are chosen from the fully delithiated
shell and the partially delithiated interior. The conventional spectrum
trom the shell region seems to show a more mixed content than
should be present. This is apparent from the reduced peak height at
710 eV (highest absorption feature of FePQ,) relative to the peak at
708 eV (highest absorption feature of LiFePO,). It is already known
that the shell region should be pure FePO, except for a small per-
centage because of miscibility of the two phases (26). This is not
apparent from the conventional spectra since the spectra of neigh-
boring chemical phases tend to be mixed because of the finite spatial
resolution. What is unexpected is the long length scale over which
this spectral mixing occurs. The region in question here is several
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Fig. 2. Spectromicroscopy of a Li,FePO4 microplatelet. Conventional (A and B) and ptychographic (C and D) spectromicroscopy of Li,FePO, microplatelets. Shown are the
average optical density (A and C) and the chemical composition map (B and D) where the two chemical components (LiFePO4 and FePOy) are presented in green and red, respec-
tively. Scale bar, 1 pm; reconstructed pixel size, 5 nm. Point spectra from conventional scanning (dashed lines) and ptychographic modes (dotted lines with circles) are shown in
(E). Reference spectra from pure materials (LiFePO.,, green solid line; FePO,, red solid line) are also shown for comparison. The conventional STXM spectra show distortions that
favor the physically larger chemical phase, whereas the ptychographic spectra more closely match the references. The reference and STXM spectra use a 0.5-eV energy step

from 706 to 712 eV and a 1-eV energy step otherwise.

times larger than the Rayleigh resolution of the focusing optic or about
150 nm compared to 55 nm. This indicates that the tails of the PSF
contribute significantly to spectral features extracted from conven-
tional data and that pure spectra can only be obtained from very large
chemical phases, at least three times the Rayleigh resolution. The
extracted ptychographic spectra, on the other hand, match closely the
structure of the reference spectra, as we would expect for this particu-
lar material. This indicates that ptychographic imaging does effectively
deconvolve the effect of the probe, thus providing purer spectra, and
that conventional spectromicroscopy data must be carefully inter-
preted, usually within the context of correlative measurements.

Operando microscopy

A central design goal for our microscope is compatibility with com-
mercial sample environments that will accelerate the implementation
of operando imaging of active materials and will facilitate correla-
tive measurements with electrons. To this end, we make available
two sample holders designed by Hummingbird Scientific for TEM:
one for fluid flow with biasing for electrochemical measurements or
with liquid heating and one for gas flow with sample heating. We briefly
demonstrate the use of sample heating by imaging a temperature-
induced chemical transformation in collection of nanoparticles of
Li,FePO, (overall size of 100 nm by 80 nm by 20 nm and composi-
tion, LipsFePO,), which have been predicted to show a transition
from a two-phase distribution to a solid solution phase at high tem-
peratures (27). Figure 3 shows images of a collection of particles at
room temperature (left) and at 300°C (right). Each chemical map is
generated from three images (the pre-edge energy 705 eV and the
two peak energies 708 and 710 eV) and were collected about 10 min
after temperature change to reduce the effects of sample drift. Al-
though the integrated state of charge of the ensemble is preserved,
there is a tendency toward a more intermediate state of charge, i.e.,
green changing to reddish yellow. Although properly interpreting
data of this sort requires many measurements, controls to identify
radiation damage as well as theoretical analysis, it is now routine to
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execute these measurements at high spatial resolution and chemical
sensitivity.

Cryogenic microscopy

Imaging at low temperatures is critical for the preservation of soft
matter systems when exposed to high doses of ionizing radiation
(11, 28-33). This is particularly important when studying hydrated
biological samples such as cells and tissues and is finding increased
usage with engineered materials such as polymer blends, hybrid bio-
materials, and even with battery materials. For this type of research, we
provide access to a cryogenic sample stage from Gatan (Elsa),
customized from their standard TEM model for a rotated geometry,
which provides cryo-sample transfer capability and temperature con-
trol above 100 K. Figure 4 shows images of a frozen hydrated yeast
cell, Saccharomyces cerevisiae, in both conventional and ptychographic
imaging modes. The sample was drop-cast on a TEM grid, plunge-
frozen in liquid nitrogen, preserving an ice layer thickness of about
5 um, transferred to the microscope cold, and imaged with 520-eV
x-rays while maintained at 100 K temperature. The conventional
image is normalized to optical density, whereas the ptychographic
image displays scattering contrast. For off-resonant imaging, the
inclusion of the phase component in the scattering quantity mark-
edly improves overall contrast, as is apparent from the right image
of Fig. 4 and which is well known from hard x-ray ptychographic
imaging. A complex internal structure is apparent, which calls for
proper preparation by rapid freezing in liquid ethane and tomographic
imaging for quantitative analysis (11, 28-33). Using single-exposure-
mode ptychography, with 10-ms exposures, the achieved spatial reso-
lution is not substantially higher than conventional imaging mode.

DISCUSSION

The spatial resolution of an imaging system is detined as the mini-
mum distance between two resolved structures and not the size of
those structures, as is often implied. In a diffraction-based imaging
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Fig. 3. Operando spectromicroscopy of a collection of Li,FePO, nanoplatelets.
The distribution of the chemical components, red (FePO.) and green (LiFePOy), is
changed when the sample is heated to 300°C. 5cale bar, 1 um; pixel size, 5 nm.

—— Servo on
Servo off 4001 — X
¥

_5 g —_—
5 §
L = 200
23] &
s =
£ _10-
& 04
[
u T T T T
B 0 50 100 150
@ —15 Time (min)
=%
Vi
]
=
o
o

_20 -

0 100 200 300 400 500
Frequency (Hz)

Fig. 4. Cryogenic microscopy of a frozen hydrated yeast cell. Conventional (left)
and ptychographic (right) imaging of a frozen hydrated yeast cell using 520-eV
x-rays. The ptychographic image shows scattering contrast and demonstrates im-
proved contrast and resolution compared to conventional imaging. Scale bar, 1 um;
reconstructed pixel size, 5 nm.
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Fig. 5. Mechanical performance of the microscope. (Left) PSD of zone plate vibrations and sample drift (inset). The servo loop reduces mechanical drift but increases
high-frequency vibrations slightly, while drift due to thermal effects is less than 2 nm/min. (Right) System bandwidth measurement of the new instrument and a conven-
tional STXM design. The —1-dB oscillation amplitude is achieved at three times higher frequency, showing improved mechanical performance. The inset shows the step

response for a 40-nm step, which is achieved in less than 10 ms.

system, the minimum period measured is A/NA, which is given by
the grating equation. For the case of ptychography, the detector
geometry limits the NA and, hence, the sampling in the real space
image with a pixel size, given by the Abbe equation, of A/2NA. Faith-
ful reproduction of structures in a discreet image requires more than
two samples per full period, according to the Nyquist theorem.
Although the achieved resolution in a ptychographic measurement
depends on the statistics in the diffraction measurement (and other
factors), the maximum achievable resolution is simply twice the
pixel size, or 6 nm in our case, although the data are truncated at
7.7 nm because of padding beyond the detector width. We note that
the FRC analysis consistently estimates the resolution to be finer than
the maximum full period measured and that it has been proposed to
use synthetic aperture methods to increase the reconstructed band-
width (34, 35). It is common in the x-ray microscopy community to
quote the half-period distance as spatial resolution, but this is not
technically accurate. Here, we only refer to full-period distances and
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note that our achieved resolution of 8 nm is only the second reported
tull-period value below 10 nm, both having been achieved with x-ray
energies below 2 keV (10).

We have described a new microscope for ultrahigh-resolution
coherent soft x-ray imaging at the Advanced Light Source, which
provides routine access to conventional STXM and advanced imag-
ing modes such as ptychographic microscopy with complex sample
environments. The combination of our high-brightness x-ray source,
environmental control, ultrastable scanning system, advanced de-
tectors, and fully integrated high-performance computing provides
an easy-to-use platform for scientists to study materials with very
high spatial resolution and chemical sensitivity. For the case of
resonant imaging, our microscope routinely achieves sub-10-nm
full-period spatial resolution and, while imaging off resonance, can
improve the resolution and contrast over conventional STXM. Con-
ventional STXM is integrated as a fast and robust method of sample
precharacterization, while both imaging modes can readily make use
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of commercial sample environments for studying electrochemical
or catalytic reactions. As the brightness of synchrotron x-ray sources
continues to rise, particularly with the development of diffraction-
limited storage rings, these technologies will push x-ray microscopy
toward wavelength-limited spatial resolution with ptychographic
imaging and nanosecond time resolution with conventional imaging.
These capabilities will revolutionize the study of chemical phases in
active nanomaterials.

MATERIALS AND METHODS

Mechanical performance

The microscope uses a compact design that resides entirely within
an 8-inch-diameter cylindrical vacuum chamber that provides opti-
mum stability with regards to vibrations and thermal expansion,
similar to the geometry used by TEM (fig. S3). The x-ray optical sys-
tem, sample stage, and detectors are all mounted directly to a central
cylindrical block that is aligned in its entirety to the x-ray beam. The
optical system, described below, is modular in that it contains all
degrees of freedom required for zone plate imaging; thus, it can
readily be replaced or repurposed in other instruments. A central
design decision was to place all coarse sample motions outside of
vacuum and to limit their range and speed to maximize system stiff-
ness and minimize thermal effects due to vacuum stepper motors.
This is accomplished through the use of the CompuStage sample
manipulator from Thermo Fisher Scientific (www.thermofisher.com).
This stage has four degrees of sample motion (three translations
and one rotation) with specifications for vibration and drift that are
commensurate with the ultimate resolution goal for this x-ray
microscope (angstrom-level vibration and drift rate of 1 nm/min).
Besides a high degree of sample position stability, the primary im-
pact of this design choice is that the sample must remain stationary
while the x-ray focusing element (in this case, a zone plate) is
scanned instead. The external coarse sample positions are used for
global sample alignment, while all precision microscopy is accom-
plished with the integrated zone plate scanning mechanism with an
imaging range of 100 pm by 100 pm.

The main imaging mechanism is a compact zone plate scanner
that incorporates six motions [three for the zone plate and three for
the order sorting aperture (OSA)] within a piezo flexure stage (fig.
S4, right). The two axes of the piezo flexure stage correspond with
the two image coordinates, and they carry the other four degrees of
freedom along while scanning. The OSA stages and the zone plate
focus stage are scanned along with the zone plate during imaging.
The position of the zone plate relative to the cylinder axis is encoded
by two interferometer beams, whose optics are mounted to the cen-
tral block and which provide quadrature data to the piezo controller
for closed-loop positioning. This positioning scheme relies on the
inherent stability of the central cylindrical block and of the compo-
nents mounted to it, i.e., sample stage and piezo flexure. Figure 5
(left) shows the spectrum of static position data measured at 20-kHz
sampling frequency. In open loop, servo off, there is a peak at low
frequency due to system drift; however, when the servo loop is turned
on, the drift is compensated whereas the vibrations at higher fre-
quency increase slightly to a root mean square value of 2.5 nm. The
spectrum indicates a few sharp peaks at lower frequency in the
vicinity of 60 Hz due to environmental excitation and a broad peak
at 320 Hz, which is the natural resonant frequency of the scanning
stage relative to the central block. Although the interferometer can
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sample the stage positions at up to 2 MHz and the piezo controller
teedback loop updates at 1 kHz, the bandwidth of the entire control
system, which limits the maximum achievable scanning speed, is
dominated by the mechanical characteristics of the stages under
closed-loop control. The bandwidth of the control system, including
stage mechanics, can be measured directly by comparing the achieved
oscillation amplitude to the commanded amplitude as a function of
oscillation frequency. The system bandwidth is the frequency at
which the achieved amplitude has dropped by 1 dB (about 30%).
Figure 5 (right) shows a comparison between the current design and
a conventional system, which includes in-vacuum stepper motors
that carry the piezo scanner (36). These conventional systems are
inherently less stable because of the massive stages and only achieve
a bandwidth of 22 Hz, whereas our design has more than three times
the bandwidth at 70 Hz. This higher bandwidth results in fast step
scanning, as shown in the inset where a typical scan step is achieved
in about 8 ms, which is comparable to the total system overhead per
scan point and is 10 times smaller than the x-ray exposure time for
very high resolution ptychographic imaging. For this reason, it is
not advantageous to do fly scanning ptychography, which increases
the computational overhead. On the other hand, conventional STXM
is routinely executed in fly-scan mode and with 70-Hz bandwidth,
and a 1-um” area can be imaged at 14 frames per second with a 50-us
x-ray exposure per 50-nm pixel. The planned diffraction-limited
storage ring upgrade at the Advanced Light Source will provide this
x-ray flux from each 100-ps-long electron bunch.

The x-ray focusing element is a 360-um-diameter Fresnel zone
plate with 45-nm outer zone width and 300-nm-thick Au zones that
provide an optimum efficiency of 18% at 1500-eV x-ray energy.
This optic has a Rayleigh resolution of about 55 nm, which is still
quite useful for conventional microscopy, and requires a 40-nm step
for ptychographic imaging while operating in focus. The ptycho-
graphic step size can be larger than one-half of the Rayleigh resolu-
tion because of the strong contribution from the tails of the focus,
which is enhanced by the use of a central stop with a diameter of
95 um. The focal length is also long enough across the spectral range
to allow use of complex environments and sample rotation.

Microscope infrastructure

The x-ray microscope is situated at beamline 7.0.1.2 [Coherent
Scattering and Microscopy (COSMIC)] of the Advanced Light Source,
which uses an elliptically polarizing undulator x-ray source that
provides full x-ray polarization control from 250 eV to 2.5 keV. The
beamline design is described in detail elsewhere; however, we re-
view it briefly for clarity (37). The optical system makes use of a
collimated plane grating monochromator, which provides an energy-
resolving power (E/AE) of about 2500, and rhodium-coated optics
for high efficiency at the high end of the energy spectrum. Overall,
the beamline efficiency is such that it provides 3 x 10"’ coherent
photons per second to the imaging zone plate at 1 keV and about
one order of magnitude lower flux at 2.5-keV x-ray energy.

An environmental enclosure serves to isolate the microscope
from temperature drift and ambient mechanical excitation. Closed-
loop temperature control maintains the air and equipment with below
0.1°C variation over 24 hours (fig. S5). A massive support structure
was designed to both isolate the microscope from floor vibrations
and prevent deflections of the secondary source aperture (exit slit)
with respect to the microscope due to elastic deformation of the
concrete floor under transient load, which could induce distortions
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and intensity changes. A base frame made of steel tube filled with
polymer composite, for high thermal stability, supports all equipment
(fig. S4). The elevated portion of the frame extends outside of the
environmental enclosure. The exit slit is elevated off the concrete
floor since it is in proximity to work areas, which may induce elastic
deformation of the floor, thereby shifting slightly the source position.
Inside the enclosure, a large composite table is suspended within the
steel frame, resting on several polymer foam pads, which passively damp
vibrations with frequencies above 13 Hz. Although the area surround-
ing the microscope enclosure is exposed to groups of people and mov-
ing equipment, the microscope itself sees little disturbance (fig. S6).

Data acquisition and analysis
The microscope uses two independent detectors for the two basic
modes of operation: STXM and ptychography. A silicon photodiode
with active area of 2 mm by 5 mm is used for total transmission
measurements during conventional imaging, while a high—frame rate
CCD detector (fastCCD) is used for ptychographic measurements
(38). Figure S7 shows a schematic of the system controls and data
acquisition pipeline. A PC (STXM control computer) communicates
with a timer/counter card via the PCI Express (peripheral compo-
nent interconnect) bus and the piezo controller via USB. The timer
card synchronizes the triggering of the x-ray shutter and both detec-
tors with microsecond accuracy while also counting pulsed data from
the d;ode The diode detector chain uses a current amplifier (typical
gain, 10° V/A) and subsequent voltage-to-frequency converter
operating at 25 MHz to generate pulses with a digitized photon flux
resolutlon of 50 photons per count at 1000 eV. With a total flux of
1x10° photons per second, typical dwell times for STXM imaging are
50 us, which yield 1000 detector counts and typically about 10 noise
counts per pixel, giving a total signal-to-noise ratio of 24, including
photon noise. Highly absorbing samples or those that require low flux
can use higher gain on the amplifier and frequency converter to improve
the flux resolution by a factor of 10. Alternatively, a single photon-
counting avalanche photodiode could be used at higher energies.
For ptychographic measurements, the diode detector is automat-
ically translated to the side, thus exposing the fastCCD sensor while
both detectors are triggered by the same timing pulse. The detector
frame rate is limited by the x-ray exposure time to about 40 frames
per second but is capable of 100 frames per second. For each diffrac-
tion frame, the fastCCD generates a stream of user datagram protocol
packets, which are assembled on a local server into complete dif-
fraction patterns (960 x 960 pixels) before being saved into TIFF
files on a remote cluster with a data transfer node (DTN) over a
dedicated 10-Gbps network. The metadata that relates all TIFF files
as a scan is saved separately by the STXM control PC onto the same
DTN via a separate 1-Gbps control network. Three data acquisition
modes are possible: single frame at each point, multiple identical
frames at each point, or a single short and a single long exposure at
each point (called double-exposure mode, typically 5 and 50 ms).
The third option is the most common, as it achieves high resolution
with few datasets that are assembled into single diffraction patterns
during postprocessing in a manner similar to high dynamic range
photography. Once the first few TIFF files are saved, the computa-
tional steps begin with a preprocessor that is CPU-bound code running
on a node with 44 CPU cores, the preprocessor node. The pre-
processor subtracts the fastCCD dark frame, measured at the start
of each scan, crops or pads the data to the requested spatial frequency
range around the optical axis, and reduces the sampling to typically
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256 x 256 pixels for faster reconstruction when working with the
microscope in focus (39). This computational step proceeds in batches
during the scan and readily keeps pace with the data acquisition.
Optionally, the preprocessor can save each processed batch in the
open-ended .ptyd format (HDF5) of PtyPy (40) and transfer it to
any computation end point in the wider Science DMZ network
of ESnet (41). For the more common case of local reconstruction,
once all TTFF files are processed, the results are saved into a single
HDF5 file formatted according to the Coherent X-ray Imaging
Data Bank standard and submitted for reconstruction using the
SHARP GPU (graphics processing unit) code (42, 43). Typical recon-
structions span eight GPUs (NVIDIA Titan RTX) and use the following
configuration: 500 iterations of either relaxed averaged alternating
reflections (RAAR) or alternating direction method of multipliers
algorithms, probe and background refinement every other iteration,
and a beta value of 0.5 when using RAAR (12). Reconstruction time is
about 5 s/um’, which compares well with the data acquisition
time of about 60 s/um? in double- exposure mode. Reconstructed
image pixels are routinely 5 nm in size; thus, we record over
600 pixels per second including high-resolution data acquisition
and reconstruction.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at httpz//advances.sciencemag.org/cgi/
content/full/6/51/eabc4904/DC1
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