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X-ray ptychography is a lensless imaging method in which spatial resolution
is determined by both the highest spatial frequency in diffraction intensity
patterns and sample scanning precision. Tender X-rays (2-5 keV) provide a
useful balance of penetration depth, strong phase and absorption contrast, and
access to elemental absorption edges. However, high-resolution imaging in this

supporting information at journals.iucr.org/s energy range remains challenging because of limited access to high-brightness

sources, high-performance monochromators, and sufficiently sensitive detectors.
The radiation dose also becomes an important consideration at high resolution.
In this study, we extended the spatial-resolution capability of tender X-ray
ptychography at 4.5 keV. Experiments were conducted at the BL10U beamline
of NanoTerasu, a 3 GeV synchrotron radiation facility, using advanced Kirk-
patrick—-Baez focusing mirrors and a CITIUS detector. Diffraction patterns
collected at multiple detector positions were jointly used for image recon-
struction to increase the accessible spatial-frequency range. Edge-response
analysis of the reconstructed phase projection of Au-nanocubes yielded a
projection spatial resolution of approximately 7.4 nm. These results demon-
strate high-resolution imaging in the tender X-ray region and expand the
spatial-resolution capability of the NanoTerasu BL10U ptychography system.

1. Introduction

Coherent X-ray diffraction imaging (CXDI) is a lensless
imaging technique that reconstructs sample images from far-
field diffraction intensity patterns generated by coherent
X-ray illumination (Chapman & Nugent, 2010; Miao, 2025).
X-ray ptychography is a scanning CXDI method in which
overlapping illuminated regions and phase-retrieval calcula-
tions enable simultaneous reconstruction of the projected
sample image and the incident wavefield (Rodenburg et al.,
2007; Pfeiffer, 2018). The achievable spatial resolution
depends on the maximum spatial frequency recorded in the
diffraction patterns and the sample scanning precision.
Selecting an appropriate photon energy allows enhanced
o ! phase or absorption contrast (Gorecki et al., 2023) and
d ’ chemical-state imaging based on resonant dispersion
(Giewekemeyer et al., 2011; Hirose et al., 2019; Hitchcock et
al.,, 2024; Kulow et al., 2024; Takeo et al., 2026). Flexible
photon-energy control is therefore essential for imaging
diverse samples (Da Silva et al., 2019; Schropp et al., 2020;
Johansson et al., 2021; Xu et al., 2024).

Advances in ptychographic systems have enabled single-
digit-nanometre full-period resolution in two-dimensional
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imaging in both the soft X-ray region (<2 keV) (Shapiro et al.,
2014; Butcher et al., 2025) and the hard X-ray region (>5 keV)
(Deng et al, 2019). Furthermore, three-dimensional hard
X-ray ptychographic imaging has achieved a half-pitch reso-
lution of 4.2 nm, corresponding to a full-period scale of 8.4 nm
(Aidukas et al., 2024). In contrast, high-resolution ptycho-
graphy in the tender X-ray regime (2-5 keV) has been limited
by source flux, monochromator performance, and detector
efficiency (Abe et al., 2021). Among these, the source flux is
one of the most fundamental factors for high resolution
because a high flux can help compensate for photon losses in
the monochromator and detector. Another limitation is the
high radiation dose required to record weak high-spatial-
frequency signals. The tender X-ray regime combines stronger
sample interactions than hard X-rays with greater penetration
than soft X-rays, enabling high-contrast imaging at practical
sample thicknesses. Improving spatial resolution in this regime
would broaden the applicability of tender X-ray ptychography
for nanoscale structural and chemical analysis.

In previous work, we developed a broadband ptychographic
system spanning the tender-to-hard X-ray range at BL10U of
NanoTerasu, a 3 GeV synchrotron radiation facility, using
advanced Kirkpatrick-Baez (AKB) mirrors and the high-
speed CITIUS detector (Sasaki et al, 2026a). That study
achieved imaging and spectromicroscopy with spatial resolu-
tions better than 50 nm at multiple photon energies. Here,
we extend the spatial-resolution capability of this system
in the tender X-ray region at 4.5 keV under operation of the
NanoTerasu storage ring at its maximum current. Au nano-
cubes with sharp edge structures served as the test sample.
Diffraction patterns were collected at multiple detector posi-
tions to expand the measurable spatial-frequency range, and
spatial resolution was evaluated from edge structures in the
reconstructed image. The results demonstrate substantially
improved resolution in the tender X-ray region and establish a
foundation for further high-resolution ptychography at lower
photon energies.

2. Experimental methods

Ptychographic measurements were performed using the AKB
mirror focusing optics at the BL10U beamline of NanoTerasu.
Fig. 1 presents a schematic of the system. During operation,
the storage-ring current was 400 mA, corresponding to the
maximum operating value. Synchrotron radiation from an

in-vacuum undulator was tuned to 4.5 keV using a Si(111)
double-crystal monochromator (Okui et al, 2026). The
downstream transport channel (TC) slits were set to 10 pm
(horizontal) x 50 pm (vertical). The emerging beam was
focused by the AKB mirrors (Matsuyama et al., 2017), which
also suppressed higher-order harmonics. Their critical energy
is approximately 10 keV, determined by the Si material of the
reflecting surface and a grazing-incidence angle of ~3 mrad
(Tiwari et al., 2002; Hirose et al., 2020a). The sample was
positioned at the focal point, and diffraction intensity patterns
were recorded using a CITIUS 840k detector located roughly
1.87 m downstream of the sample.

The AKB focusing mirrors were aligned by adjusting the
mirror angles and the distance between the mirrors and the
sample. The focusing beam was evaluated by ptychographic
measurements of a 100 nm-thick Ta test chart (XRESO-20,
NTT Advanced Technology Corp.), using its known structures
to verify the imaging performance after alignment. The sample
was raster scanned over a 17 x 17 grid with a 300 nm step and
a5 s exposure per point. The incident X-ray flux at the sample
plane was approximately 2.95 x 10° photons s~'. The wave-
field and sample image were reconstructed using a three-mode
mixed-state extended ptychographic iterative engine (ePIE)
algorithm with X-ray illumination-position correction
(Maiden & Rodenburg, 2009; Thibault & Menzel, 2013;
Dwivedi et al., 2018). Reconstruction proceeded for 800
iterations. The initial probe guess was defined by a 1 um-
diameter pinhole, and the initial sample estimate was uniform
with unit amplitude and zero phase. The reconstructed-image
pixel size was 5.765 nm. This reconstruction used a single
dataset, without the lateral detector shifts used in the
following measurement scheme.

Au nanocubes (Nanocube-90, NanoSeedz Ltd) deposited
on a silicon nitride membrane (NX7150E, Norcada) served
as the high-resolution test sample. Measurements were
performed over a 15 x 15 raster grid with a 300 nm step and a
6.9 s exposure per point. Diffraction patterns were continu-
ously recorded with the CITIUS 840k detector at 0.01 s per
frame, yielding 690 frames per point. Before the first scan
point in each row, beam-position drift was corrected using a
dark-field knife-edge scan (Takahashi et al., 2011), corre-
sponding to a correction interval of approximately 132s.
A single ptychographic scan took approximately 41 min.
Following each ptychographic scan, the detector was shifted
laterally within 30 mm, and the same field of view was
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Figure 1
Optical layout for X-ray ptychography at NanoTerasu BL10U.
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rescanned after stabilization. This procedure was repeated for
five detector positions to extend the accessible spatial-
frequency range. The combined scans covered spatial-
frequency ranges of approximately —0.0925 to 0.0929 nm ™"
vertically and —0.146 to 0.118 nm™ ' horizontally. Details of
the five in-plane detector positions are provided in Section S1
of the supporting information. The total radiation dose
delivered to the Au nanocubes over all measurements was
approximately 9.1 x 10° Gy (Howells ez al., 2009). Measure-
ment time could be reduced while maintaining spatial reso-
lution by increasing the TC slit size, using higher-numerical-
aperture focusing optics, and implementing either on-the-fly
scanning or a multi-beam approach (Pelz et al., 2014; Hirose et
al., 2020b).

Reconstruction proceeded in three steps using a mixed-
state ePIE algorithm (Maiden & Rodenburg, 2009; Thibault &
Menzel, 2013), with a total of 650 iterations. First, a low-
resolution image (20 nm pixel size) was reconstructed for 300
iterations from a single dataset using a unity object and the
probe recovered from the Ta test chart. Second, the lower-
resolution sample image and probe from the first step were
resized to a 10 nm pixel size and used as initial estimates
(Maiden et al., 2011). All five detector-position datasets were
used in a joint reconstruction for 250 iterations. The sample
image was shared across datasets, while each dataset had an
independent three-mode mixed-state probe. Five independent
probe functions allowed small field-of-view shifts between the
datasets by using different probe center positions. Third, the
sample image and probe functions were resized to a 3.43 nm
pixel size and used as initial estimates for 100 iterations. In
these steps, we applied a reciprocal-space probe constraint
(Gardner et al., 2017) and phase-guided image filtering (Abe et
al., 2024) with guide-image updates along the isotropic total
variation (TV) norm descent direction. Position correction
was also applied for individual scan-position shifts (Dwivedi et
al., 2018). Additional details of the phase-retrieval procedure
and reconstruction results without TV regularization are
provided in Section S2 of the supporting information.

3. Results and discussion

3.1. Performance evaluation of the AKB-focused beam
using a Ta test chart

Fig. 2(a) shows the diffraction intensity pattern recorded
from the 100 nm-thick Ta test chart. Scattered signals were
detected at spatial frequencies above 0.060 nm™'. Fig. 2(b)
presents the amplitude image of the reconstructed incident
wavefield. The beam size, evaluated as the full width at half-
maximum, was approximately 0.8 um (horizontal) x 1.0 pm
(vertical). Fig. 2(c) shows the reconstructed phase image,
where the smallest ~20 nm features were clearly resolved. A
point-like structure to the right of the central circle is due to a
fabrication defect rather than a reconstruction artifact. This
structure is also visible in the scanning electron microscopy
image shown in Fig. S3. Fig. 2(d) displays a line profile across
an edge structure. The edge-spread function was fitted with an
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Figure 2

(a) Diffraction pattern of a 100 nm-thick Ta test chart at 4.5 keV.
(b) Amplitude image of the reconstructed probe function. (¢) Recon-
structed phase image of the test chart (left) and magnified view of finest
structures (right). (d) Line profile across an edge in the reconstructed
phase image and corresponding error-function fit.

error function, and the spatial resolution was estimated from
the full width at half-maximum of the corresponding line-
spread function, yielding approximately 13.2 nm on average.
These measurements confirmed the focusing performance and
the 10 nm-scale imaging capability of the system. Longer
exposures were also tested to access the high-frequency scat-
tering. However, signals above 0.10 nm ™' remained insuffi-
ciently distinct, likely because the test chart lacked sharp sub-
10 nm features.

3.2. High-resolution ptychographic imaging of Au nanocubes

Metal nanocubes with sharp edge structures are commonly
used to evaluate high spatial resolution performance (Yama-
guchi et al, 2026). Fig. 3(a) shows a diffraction intensity
pattern of the Au nanocubes accumulated over 6.9s at a
representative scan point. Speckles were recorded beyond
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0.10 nm™', indicating that spatial-frequency information
relevant to ~10 nm features was captured. Supplementary
Videos S1 and S2 present diffraction patterns recorded at the
same scan point with a 10 ms exposure per frame. Although
the overall pattern shape remained similar, slight speckle
fluctuations at low spatial frequencies were observed. Fluc-
tuations at higher spatial frequencies were likely dominated
by Poisson noise, whereas those at lower spatial frequencies
may reflect temporal instabilities in the experimental system.
Such instabilities could have caused wavefront-tilt variations
and intensity fluctuations, resulting in the observed speckle
fluctuations.

To evaluate wavefront-tilt variations that can blur the
diffraction pattern during exposure, the displacement of the
intensity centroid of the transmitted beam was analyzed. As
shown schematically in Fig. 3(b), the centroid displacement in
each frame relative to its time-averaged position was calcu-
lated with subpixel precision. The wavefront-tilt change, A6,
was then obtained using the geometrical relation in equa-
tion (1),

AB() = arctan{% [Cc,(0) -] } )

where p is the detector pixel size, L is the camera length, C, is
the vertical or horizontal centroid position at time frame ¢, and
C, is its time-averaged value of C,(¢) at the same scan point.
Fig. 3(c) shows a histogram of Af evaluated from 690 frames
at each of the 1125 scan points. Angular changes were on the
microradian scale, indicating that variations in mean wave-
front tilt were small. Gaussian fits to the histograms gave
standard deviations of 0.729 prad vertically and 0.089 prad
horizontally. For such small variations, focal-position shifts are
also expected to be suppressed because the AKB mirrors are
coma-free (Matsuyama et al., 2017;Yamada et al., 2020). The
anisotropy in the wavefront-tilt variation may originate from
mechanical or thermal instability of upstream optics, such as
the double-crystal monochromator. However, identifying the
origin of this anisotropy is difficult because the observed
fluctuations include contributions from several components,
such as the source and stages. Section S4 of the supporting
information provides a frequency-domain analysis of the low-
angle scattering intensity, which suggests multiple frequency
components. For future measurements, evaluating displace-
ments and vibrations of the experimental components will be
important for clarifying the origins of both the wavefront-tilt
anisotropy and the temporal intensity fluctuations. The effects
of thermal loads induced by X-ray irradiation on individual
optical components should also be considered to improve
system stability. Burst-mode techniques may also offer a more
rigorous treatment of such temporal variations (Aidukas et al.,
2024; Cheng et al., 2026). Applying burst-frame selection could
improve the resolution, particularly in the vertical direction,
where the positional fluctuations were larger than in the
horizontal direction. This approach may therefore improve
the resolution for a given radiation dose. However, in this
study, illumination was assumed to be sufficiently stable during

each exposure, and diffraction patterns accumulated over 690
frames were used for reconstruction.

Fig. 3(d) shows the phase image obtained by multi-dataset
reconstruction. The Au particles were approximately 100 nm
in size, and both cubic and rod-like morphologies were
observed. Tender X-rays provided strong phase contrast
because the phase shift of Au is larger at 4.5 keV than at hard-
X-ray energies. The enlarged view of the boxed region clearly
resolves the particle outlines, edge structures, and narrow gaps
between adjacent particles. Fig. 3(e) shows an edge profile
along the blue line in Fig. 3(d) and the corresponding error-
function fit. The phase shift relative to the silicon nitride
membrane was approximately 0.391 rad, corresponding to an
Au thickness of approximately 116 nm (Henke et al, 1993).
The spatial resolution, estimated from the full width at half-
maximum of the line-spread function, was approximately
7.4 nm. At this resolution, the depth of field was roughly
258 nm (Tsai et al, 2016), indicating that the projection
approximation was valid for the measured Au nanocubes.
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Figure 3

(a) Diffraction pattern of Au nanocubes recorded at 4.5 keV. (b) Sche-
matic of calculation of the wavefront-tilt change from the beam-centroid
displacement. (c) Histogram of the wavefront tilt changes, A0, evaluated
from centroid fluctuations in diffraction intensity patterns. o is the stan-
dard deviation obtained by Gaussian fitting. (d) Reconstructed phase
image of Au nanocubes (left) and enlarged view of the boxed region
(right). (e) Line profile across an edge in the reconstructed Au-nanocube
phase image and corresponding error-function fit.
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3.3. Toward high-resolution ptychography at lower
X-ray energies

In this study, signals above 0.10 nm ' were recorded at
4.5keV, yielding a real-space resolution of approximately
7.4 nm. Achieving high resolution requires speckles with
sufficient photon counts, so we consider conditions that
increase the photon count rate per speckle. When a sample is
illuminated with a coherent beam of wavelength A and beam
size a, the photon count rate N(q), reaching a detector within a
solid angle A(2, at a scattering angle 6, can be expressed as in
equation (2) (Dreiss et al., 20006),

dx
V@ = hserd(5g) @ @

where I, is the incident photon flux in units of photons s~ ', 7 is
the detector quantum efficiency, 7 is the sample transmit-
tance, dj is the sample thickness, (dX/d2)g is the differential
scattering cross section, and ¢ is the magnitude of the scat-
tering vector, defined as ¢ = (4n/1)sin(6/2). The corre-
sponding spatial frequency is denoted by f = g/2m. The
transverse spatial frequency is given by f, = (1/A)sin#, where
fe = fcos(/2). The beam area A can be written as A = Ca?,
where C depends on the beam shape. For a sample larger than
the illuminated beam, the speckle width is given by A/a. The
solid angle of a speckle A2, can therefore be approximated
as in equation (3),
2Moca?

AQ, = 2= A 3)
Combining these expressions yields the scaling relation in
equation (4),

InTsdA? (dX
Nspeckle(Q) (&8 T difz s(q) (4)

This relationship shows that the photon count rate per speckle
scales with A” and the incident photon-flux density, I,/A. For a
fixed exposure time ¢, the photon count scales with the inci-
dent fluence, Iyt/A. Thus, focused low-energy X-rays can
facilitate detection of high-spatial-frequency speckles through
their longer wavelength and high fluence. The effects of
photon energy and fluence on spatial resolution and signal-to-
noise ratio have also been discussed using simplified models
(Du & Jacobsen, 2018; Du et al., 2021). Using the dose-reso-
lution relationship given in equation (3) of Howells et al.
(2009), the dose required to image a 7.4 nm-sized Au voxel
with statistical accuracy defined by the Rose criterion was
estimated to be approximately 4.39 x 10’ Gy at 4.5 keV and
6.26 x 10’ Gy at 9 keV. Thus, the required dose at 4.5 keV is
about 70% of that at 9 keV. Howells et al. also showed in
Fig. 2(D) that, for a 10 nm protein feature, the required dose is
lower at 2 keV than at 8 keV. These values suggest that tender
X-rays can achieve a given resolution with a lower dose than
hard X-rays under some conditions. However, this advantage
depends on the sample. Lower photon energies can provide
stronger scattering signals for relatively transparent samples.
In thicker or more strongly absorbing samples, lower trans-

mission can reduce the detected speckle intensity, and higher
photon energies may provide better dose efficiency. Other
factors must also be considered, including detector efficiency
and the maximum measurable spatial frequency for a finite
detector area and scanning range. At lower photon energies,
stronger X-ray—matter interactions can also increase the risk
of sample damage and carbon contamination at high doses
(Mille et al., 2022; Vijayakumar et al., 2023). Photon energy
should therefore be selected by balancing spatial resolution,
sample transmission, detector efficiency, and acceptable
radiation dose. Previous demonstrations of single-nanometre
resolution have been restricted to soft or hard X-ray regimes;
extending such performance into the tender X-ray region
would bridge this gap and increase flexibility in photon-energy
selection and sample preparation.

Expanding the present system’s high-resolution capability
to lower energies, such as 2.5 keV, requires alleviating limits
on the maximum measurable spatial frequency imposed by
detector area, detector-scanning range, and sample-to-
detector distance. A straightforward approach is to shorten
the sample-to-detector distance. This geometry allows higher-
frequency scattering signals to fall within the detector area
while maintaining the high efficiency of the CITIUS detector
at low energies. However, a shorter distance reduces the probe
reconstruction window, and probe intensity extending beyond
this window can introduce artifacts. To mitigate this issue,
illumination should be confined within the reconstruction area
using a high-efficiency, large-numerical-aperture focusing
optic designed for low-energy X-rays (Shimamura et al., 2024).
When illumination extends outside the reconstruction area,
the sPIE algorithm can help suppress artifacts (Batey et al.,
2014; Li et al., 2026).

4. Conclusions

In this study, we demonstrated high-resolution X-ray ptycho-
graphy in the tender X-ray region at the BL10U beamline of
NanoTerasu, a 3 GeV synchrotron radiation facility operating
at its design maximum current. Measurements were
performed using the AKB mirror focusing optics and the
CITIUS detector. After characterizing the beam with a Ta test
chart, we evaluated the high-resolution imaging performance
using Au nanocubes with sharp edge structures. Scattering
signals from the Au nanocubes were recorded at spatial
frequencies above 0.10 nm ™', and a clear phase image was
obtained by multi-dataset reconstruction. Edge-response
analysis of the reconstructed image yielded a projection
spatial resolution of approximately 7.4 nm. These results
demonstrate a substantial extension of the spatial-resolution
capability of tender-X-ray ptychography at NanoTerasu
BL10U.

High-resolution tender X-ray ptychography offers a favor-
able balance of penetration depth, image contrast, and
radiation dose between the soft- and hard-X-ray regimes. In
addition, the tender X-ray region also includes the K-edges of
light elements such as sulfur and phosphorus and the L-edges
of 4d transition metals. Therefore, phase or absorption
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imaging near these edges could enable high-resolution
analysis of elemental distributions and chemical states in
functional materials, such as sulfur speciation in lithium-sulfur
battery materials (Sasaki et al., 2026b) and the chemical states
of Ru- or Rh-based catalysts (Kawaguchi ef al., 2019; Li et al.,
2023). The present results provide a basis for extending high-
resolution ptychographic imaging across the tender-X-ray
energy range, thereby broadening the applicability of high-
resolution X-ray microscopy to a wider range of samples.
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