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Ptychographic coherent diffraction imaging (CDI) allows the visualization of

both the structure and chemical state of materials on the nanoscale, and has

been developed for use in the soft and hard X-ray regions. In this study, a

ptychographic CDI system with pinhole or Fresnel zone-plate optics for use in

the tender X-ray region (2–5 keV) was developed on beamline BL27SU at

SPring-8, in which high-precision pinholes optimized for the tender energy

range were used to obtain diffraction intensity patterns with a low background,

and a temperature stabilization system was developed to reduce the drift of the

sample position. A ptychography measurement of a 200 nm thick tantalum test

chart was performed at an incident X-ray energy of 2.500 keV, and the phase

image of the test chart was successfully reconstructed with approximately 50 nm

resolution. As an application to practical materials, a sulfur polymer material

was measured in the range of 2.465 to 2.500 keV including the sulfur K

absorption edge, and the phase and absorption images were successfully

reconstructed and the nanoscale absorption/phase spectra were derived from

images at multiple energies. In 3 GeV synchrotron radiation facilities with a low-

emittance storage ring, the use of the present system will allow the visualization

on the nanoscale of the chemical states of various light elements that play

important roles in materials science, biology and environmental science.

1. Introduction

The tender energy range of 2 to 5 keV, between the energy

ranges of soft and hard X-rays, covers the K absorption edge

of 3p elements, such as sulfur (S) and phosphorus (P), which

play important roles in materials science, biology and envir-

onmental science, such as MoS2 catalysts (Jaramillo et al.,

2007), Li–S batteries (Kim et al., 2013) and phosphorus

compounds in living organisms. Many of these practical

materials and biological specimens are heterogeneous and

complex systems, and hence it is necessary to observe their

structures and chemical states over a wide range of several

micrometres with nanoscale spatial resolution and to under-

stand their functions. Lens-based X-ray microscopy techni-

ques such as scanning transmission X-ray microscopy (STXM)

(Xiao et al., 2017), full-field transmission X-ray microscopy

(TXM) (Salomé et al., 2000) and micro X-ray fluorescence

(Tamenori et al., 2011) in the tender energy range are
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promising tools for observing structures and analyzing

chemical states on the submicrometre scale. In recent years,

there has been a growing demand for observation with even

higher spatial resolution. For example, elemental zoning in

an alumina-supported cobalt molybdenum sulfide catalyst has

been visualized at sub-50 nm resolution by STXM (Samarai et

al., 2015). Currently, the spatial resolution is approaching the

limit due to the fabrication accuracy of the lens.

Coherent diffraction imaging (CDI) is a lensless microscopy

technique that can achieve a spatial resolution beyond the

performance limit of a lens (Chapman & Nugent, 2010; Miao

et al., 2015). In CDI, a sample is illuminated with coherent

light and the sample image is reconstructed by performing

phase-retrieval calculations on the diffraction intensity

pattern. In particular, scanning CDI, i.e. ptychographic CDI,

with both a wide field of view and a high spatial resolution, is

applicable to various samples (Rodenburg et al., 2007; Pfeiffer,

2018). Thus far, ptychographic CDI measurement systems

have been developed at synchrotron radiation facilities,

especially for use in the soft (Shapiro et al., 2020) and hard

(Takahashi et al., 2011; Holler et al., 2014; Deng et al., 2019;

Schropp et al., 2020) X-ray regions, and have been applied to

the structural imaging of biological specimens (Deng et al.,

2015) and functional materials (Ihli et al., 2020). Ptychographic

CDI has also been extended to the visualization of chemical

states using X-ray absorption edges (Shapiro et al., 2014;

Hirose et al., 2018), which is called spectro-ptychography or

the ptychographic X-ray absorption fine structure (XAFS)

method. Ptychographic CDI could also be applied to the

observation of various samples in the tender energy range, but

there are no reports of this yet because there are only a few

synchrotron radiation beamlines that can use high-brilliance

tender X-rays.

The BL27SU beamline (Ohashi et al., 2001) at SPring-8 is

one of the few synchrotron radiation beamlines that provide

high-brilliance tender X-rays, in which a quasi-monochromatic

beam emitted from a figure-8 undulator is monochromated by

high-order harmonic removal mirrors and an Si111 channel-

cut monochromator, and tender X-rays between 2.1 and

3.3 keVare available in the B branch. In addition, the BL27SU

beamline is equipped with a differential pumping system, and

hence windowless experiments can be performed under

normal atmospheric conditions (Tamenori, 2010). In this

study, a tender X-ray ptychographic CDI system is developed

on the BL27SU beamline, in which a high-precision pinhole

fabrication technique and a temperature stabilization system

are developed, and pinhole optics or Fresnel zone-plate (FZP)

optics are installed with a low-vacuum chamber. The perfor-

mance of the system is evaluated by measuring a test sample

and a practical material.

2. Development of a ptychographic CDI measurement
system for use in the tender X-ray region

2.1. Design of ptychographic CDI optics

Figs. 1(a) and 1(b) show schematic diagrams of pinhole

optics and FZP optics for tender X-ray ptychographic CDI

developed on the BL27SU beamline at SPring-8. In the

pinhole optics, X-rays are irradiated through a pinhole of 1 mm

diameter and the X-rays passing through the pinhole are

irradiated onto a sample to measure the far-field diffraction

intensity pattern. Diffraction patterns were acquired using

a direct-detection X-ray SOI-CMOS imaging detector,

SOPHIAS-L (1.9 Mpixels, 30 mm square pixels, imaging area

of 26.7 mm � 64.8 mm). The detector consists of a sensor that

is a lower-noise circuitry version of the previously reported

sensor, SOPHIAS (Hatsui et al., 2013). The detector system

showed a system noise of 67 e r.m.s. The sensor has an inte-

grating-type pixel (Hatsui & Graafsma, 2015) and was oper-

ated at 30 frames s�1 at �20�C with a bias voltage of 200 V.

The sensor has a silicon photodiode with a thickness of

500 mm, made from an n-type floating-zone silicon ingot with a

resistivity of 5.2 to 6.2 k�. Flat-field and dark corrections were

carried out. Flat-field images were measured before the

synchrotron radiation experiments using an X-ray source with

a copper target (Hamamatsu Photonics KK, L9631-33). The

pre-sampled point-spread function of the signal charge was

evaluated to be about 20 mm FWHM using an optical method

described elsewhere (Nakajima et al., 2021). The spread of the

signal charge, comparable with the physical pixel size, means

the majority of single-photon events are shared by at most

3 � 3 pixels. In order to achieve single-photon sensitivity and

a linear response of the detector, such events were processed

so that the nearby charges were moved to the pixel with the

most intense signal in a 3 � 3 pixel matrix. Other weak events

with all pixels in the 3 � 3 pixel matrix showing a signal less

than 300 e were considered detector noise and suppressed to
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Figure 1
Schematic diagrams of tender X-ray ptychographic CDI optics developed
on the BL27SU beamline at SPring-8. (a) Pinhole optics. (b) Fresnel
zone-plate optics.



zeros. The above data processing provided a photon energy

resolution of 1.07 keV FWHM for 2.5 keV photons, success-

fully distinguishing 2.5 keV photons from the noise floor of the

detector. The distance between the pinhole and the sample

was 0.8 mm, and the distance between the sample and the

detector was 1.31 m.

In the FZP optics, in order to optimize the number of

scanning points with respect to the sample size, the beam size

at the sample position was designed to be �1 mm, the same as

the pinhole optics. A pinhole of 10 mm diameter was reduced

to a tenth of its original size by an FZP with a nickel thickness

of 900 nm, a minimum zone width of 50 nm and an outer

diameter of 180 mm (Applied Nanotools Inc.). The focal

length of the FZP was 18.15 mm at 2.500 keV. The distance

between the pinhole and the FZP was 199.64 mm and the

distance between the FZP and the sample surface was

19.96 mm. The diffraction efficiency of the first-order focus at

2.500 keV is estimated to be �28%. The FZP optics can be

expected to have a more than ten times larger incident flux

than the pinhole optics. The FZP was located 50 mm off-axis

laterally to the aperture beam so that the pinhole illumination

was incident outside the optics to separate the first-order focus

from the direct beam. A 20 mm square aperture in 200 mm

thick silicon was used as the order-sorting aperture, which was

placed immediately in front of the sample. The sample was

attached to piezo stages (PI GmbH Co., P-621.ZLC and

P-621.1CL) which are capable of translation movement in

two axes (vertical/horizontal) in a plane perpendicular to

the optical axis. In this system, the sample and all optical

elements were placed in a vacuum chamber evacuated to

approximately 1 Pa.

2.2. Fabrication and evaluation of the high-precision pinhole

In ptychography measurements, it is crucial to suppress

parasitic scattering from the illumination optics to obtain

diffraction intensity patterns with a low background. For

pinhole optics, a high-precision pinhole is required in order to

reduce the parasitic scattering from the pinhole inner wall.

The material of the pinhole should be as thin as possible so

that the transmission of X-rays outside the aperture is negli-

gible, and the surface roughness of the inner wall of the

aperture should be small. The high-precision pinhole for this

work was fabricated as follows. A platinum (Pt) foil was

polished on both sides to a thickness of 4 mm (TDC Co. Ltd,

Miyagi, Japan) which is sufficiently thick to block tender

X-rays. The transmittance of 2.500 keV X-rays to the Pt foil

is estimated to be �4.7 � 10�11. The Pt foils were fixed with

aluminium jigs, and pinhole slits of 1 and 10 mm diameter were

fabricated on the Pt films using a focused ion beam (FIB).

Fig. 2(a) shows a scanning electron microscopy (SEM) image

of the 1 mm pinhole. On the BL27SU beamline, the pinhole

slits were irradiated with X-rays monochromated to 2.5 keV,

and the diffraction intensity pattern [Fig. 2(b)] was measured

1.31 m downstream. A clear concentric pattern is observed to

very high orders, indicating that the coherence of the X-rays

irradiated through the pinhole is high and the pinhole has

been processed with a low roughness on the inner wall and

sharp edges. The anisotropic scattering on the right-hand side

of the diffraction intensity pattern is due to the slight deviation

of the pinhole shape from a perfect circle. The flux of

X-rays after passing through the 1 mm pinhole was

�1.7 � 107 photons s�1.

2.3. Evaluation of the temperature stabilization system

Thermal stability of the optics is another critical factor

for ptychography measurements. A temperature stabilization

system for the optics of ptychographic CDI was constructed on

the BL27SU beamline and Fig. 3(a) shows a photograph of

the optical system. A high-order harmonic removal mirror,

a monochromator, a sample chamber and a detector are

surrounded by a vinyl booth, with the internal atmosphere

temperature-controlled by precision air processors (ORION

Co. Ltd, PAP03C). The air delivered by the air processors is

set at 25�C and is stable within a range of �0.1�C inside the

vinyl booth. To evaluate the positional stability of the X-ray

beam in the sample plane, the amount of drift was measured

by the dark-field knife-edge scanning method with the edge of

a test chart (Takahashi et al., 2011).

Fig. 3(b) shows the time dependence of the beam position

along the horizontal and vertical directions for the pinhole

optics with and without temperature control, and for the FZP

optics with temperature control. The amount of drift is

significantly reduced by the temperature stabilization system.

The amounts of drift for the pinhole optics without and with

temperature control were, respectively, 4.3 mm and 920 nm in

the horizontal direction and 8.9 mm and 2.9 mm in the vertical

direction in 3 h. Using FZP optics, the drift was even smaller,

330 nm in the horizontal direction and 960 nm in the vertical

direction. In the present FZP optical system, since the pinhole

shape at the sample position is reduced in size, the beam drift

at the imaging plane (sample position) is also expected to be

reduced. However, the drift was still observed after 3 h of

measurement. A stepping motor-driven translation stage was

used in the coarse-positioning stage of the sample before the

dark-field knife-edge scan, and the heat generated by the

motor is thought to be the cause of the residual drift. To

compensate for this drift, a system that uses laser inter-
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Figure 2
(a) An SEM image of the 1 mm pinhole fabricated by FIB processing on a
Pt foil. (b) A coherent X-ray diffraction pattern from the pinhole.



ferometry to compensate for the relative position of the

sample and pinhole is being investigated (Nazaretski et al.,

2014).

3. Ptychography measurement and reconstruction

3.1. Ta test chart

X-ray ptychography measurements of a 200 nm thick

tantalum (Ta) Siemens star pattern were carried out using

2.500 keV X-rays with the pinhole and FZP optics. The test

chart was raster-scanned in 17 � 17 points for the pinhole

optics and in 15 � 15 points for the FZP optics with a 500 nm

step size. The sample position was corrected every two points

in the pinhole optics and every 15 points in the FZP optics. The

exposure times at each position were 25 s for the pinhole

optics and 5 s for the FZP optics. Coherent X-ray diffraction

patterns were captured by the SOPHIAS detector. The sample

and probe images were reconstructed by the mixed-state

reconstruction method (Thibault & Menzel, 2013). Figs. 4(a)

and 4(b) show the reconstructed phase images of the test chart

and amplitude images of the illumination field, respectively.

The 50 nm minimum structures of the sample are clearly

reconstructed for both optics. The illumination function was

separated into three orthogonal modes for the pinhole optics

and nine orthogonal modes for the FZP optics. The illumi-

nation fields of the FZP optics in Fig. 4(b) are the four most

populated of the nine probe modes.

3.2. Sulfur polymer material

X-ray ptychography measurements of a sulfur polymer

material were then performed. The sulfur polymer particles

were prepared by mixing and sintering a polymer composed

of carbon, oxygen and hydrogen with sulfur, and were then

dispersed on an SiN membrane. Fig. 5(a) shows an SEM image

of the measured particle. Ptychographic diffraction patterns

were measured at eight energies, i.e. 2.465, 2.4692, 2.471,

2.4718, 2.4732, 2.4776, 2.481 and 2.500 keV, around the S K

absorption edge with the FZP optics. For the energy calibra-

tion, the spectrum of CaSO4 was used as a standard, setting

the white-line maximum at 2.4819 keV (Michael, 2005). The

sample was raster-scanned in 20 � 20 points with a 400 nm

step size, and the position of the sample was corrected every
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Figure 3
(a) A photograph of a tender X-ray ptychography measurement system
installed with a temperature stabilization system on the BL27SU
beamline at SPring-8. (b) The time dependence of the amount of drift
of the beam position in the sample plane in the horizontal and vertical
directions for pinhole optics with and without temperature control and
for FZP optics with temperature control.

Figure 4
Images reconstructed from the ptychographic diffraction patterns
measured using the pinhole optics and the FZP optics at 2.500 keV.
(a) Phase images of the Ta test chart. (b) Amplitude images of the
illumination field.



20 points. The exposure time at each position was 5 s. Figs. 5(b)

and 5(c) show the reconstructed phase and absorption images

at 2.4732 keV above the S K absorption edge, respectively,

where the absorption image, i.e. the �t image, is derived based

on �t = �2log |T |, where T is the amplitude of the complex

transmission function of the sample. The shapes of the parti-

cles are in good agreement with the SEM image. The intensity

distributions in the phase and �t images do not match. Edge

jumps (��t), the differences in �t between 2.465 and

2.500 keV, for three arbitrary positions (average of 2 � 2

pixels) and a selected area (average of 25 � 25 pixels) of

Fig. 5(c) were estimated as 0.253, 0.247, 0.193 and 0.419,

respectively. The selected white areas in the �t image are

considered to be localized sulfur, as its ��t value is larger than

those at the other three points. The intensities of the �t image

normalized by ��t for the three positions and the selected

area were then plotted together with the reference XAFS

spectrum, as shown in Fig. 5(d), in which the reference XAFS

spectrum was obtained by the total electron yield method for

powder samples. The peak at 2.4718 keV is from the S—S

bond, the peak at 2.4732 keV is from the S—C bond and the

peak at 2.481 keV is from sulfate. The peak at an energy lower

than 2.470 keV is considered to be attributable to the

(S)1s(C S)�* transition, associated with the �-bonding of

the C S linkage (Yu et al., 2001). The intensities of the �t

images show a similar energy dependence to that of the XAFS

spectrum. However, the quality of the reconstructed images

is insufficient, making it difficult to analyze more detailed

information such as the distribution of chemical species. In

addition, the phase spectra normalized by ��t at the three

positions were calculated, as shown in Fig. 5(e). The larger

value of �(Phase shift)/��t at position 3 compared with

positions 1 and 2 suggests that the composition of position 3 is

different from that of positions 1 and 2, and that it has more

carbon. The mismatch between the intensity distributions of

the phase and �t images can be considered to be due to the

inhomogeneity of the composition.

4. Conclusions

We have developed a tender X-ray ptychographic CDI system

with pinhole or FZP optics on the BL27SU beamline at

SPring-8, in which we used a high-precision pinhole optimized

for the tender energy range and introduced a temperature

stabilization system. Using this system, we achieved a reso-

lution of approximately 50 nm in ptychographic CDI of a

200 nm thick Ta test chart. In addition, a sulfur polymer

material was measured at the S K edge, and the particle

morphology and ptychographic XAFS spectra were success-

fully obtained.

At present, the spatial resolution of tender X-ray ptycho-

graphic CDI is limited by the fluence of incident coherent

X-rays. In 3 GeV synchrotron radiation facilities with a low-

emittance storage ring, which have been built or are under

construction at several locations around the world, tender

X-rays with higher brightness are or will be provided. For

example, an advanced synchrotron radiation facility with a

low-emittance 3 GeV synchrotron storage ring is being

constructed in Japan (Takata et al., 2019), where a few

beamlines will provide tender X-rays that are tens of times

brighter than those of the BL27SU beamline. In the near

future, we will be able to achieve a higher spatial resolution

than that of STXM with tender X-ray ptychographic CDI. We

believe that tender X-ray ptychographic CDI will be a tool for

elucidating the function of various elements that play impor-

tant roles in materials science, biology and environmental

science.
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Figure 5
(a) An SEM image of the sulfur polymer material. (b), (c) Reconstructed
images of the sulfur polymer material at 2.4732 keV, (b) phase image,
(c) �t image. (d) Ptychographic XAFS spectra at positions 1, 2 and 3 and
area average (25 � 25 pixels) in panel (c) and reference XAFS spectrum.
(e) Phase spectrum normalized by ��t at positions 1, 2 and 3.
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