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ABSTRACT  

An achromatic and high-resolution hard X-ray microscope was developed, in which advanced Kirkpatrick-Baez mirror 
optics with four total-reflection mirrors was employed as an objective. A fine test pattern with a 100 nm feature size 
could successfully be resolved. Full-field imaging, in combination with X-ray absorption near edge structure (XANES) 
spectroscopy, was used to characterize tungsten particles. XANES spectra were obtained over the entire observation 
area, showing good agreement with the XANES spectrum of pure tungsten. 
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1. INTRODUCTION  
X-rays have the potential for use in non-destructive elemental and structural analysis. Because of the high penetration 
depth of hard X-rays, they are also used to analyze the interior of objects and samples in aqueous and/or gaseous 
environments. Additionally, given their short wavelength, X-ray microscopy can overcome the resolution limit of 
conventional visible light microscopy. Thus, analytical hard X-ray microscopes that can analyze objects, especially thick 
objects, at high resolution are useful and can become complementary tools to visible light or electron microscopes, 
amongst others. From an analytical point of view, a microscope exhibiting achromatism is desirable. However, there are 
few reports on such achromatic and high-resolution microscopes. 

We aim at the realization of an achromatic and high-resolution full-field hard X-ray microscope based on four total 
reflection mirrors. This design employs advanced Kirkpatrick-Baez (KB) mirror optics1 and comprises two pairs of 
elliptical mirrors and hyperbolic mirrors. The optical imaging system is advantageous because the mirror fabrication is 
possible with a figure error better than 2 nm and a wide field of view (FOV) can be obtained. In contrast, despite 
enabling a wide FOV, a Wolter mirror2,3 is extremely difficult to fabricate. Furthermore, a KB mirror4,5, the fabrication 
difficulty of which is comparable to that of an advanced KB mirror, does not allow for a wide FOV.  

Our approach towards such a microscope is described by the following steps: (I) development of a precise simulator of 
the imaging system to investigate influences of figure errors and mirror misalignments6, (II) mirror fabrication with 
highest possible accuracy7,8, (III) development of a mirror manipulator to precisely align the mirrors8, and (IV) 
development of a microscope system that includes a condenser and positioner for samples9,10. Currently, these steps have 
already been completed. In 2013, we started the performance tests of the microscope and observations of practical 
samples. The details of the performance tests are described elsewhere11. In this study, we observe micron-size particles 
while characterizing their chemical state by X-ray absorption near edge structure (XANES) spectroscopy12,13. 
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2. X-RAY MICROSCOPE 
Table 1 lists parameters and specifications of the developed advanced KB mirror optics. A magnification of 658 × 214 
(V × H) is obtained in the BL29XUL14 of SPring-8 owing to the long distance between the first and third experimental 
hutches. The achievable minimum spatial resolution, defined as the smallest half-period that can be resolved with a 
contrast of 26.5% (the Rayleigh criterion15 for a circular aperture), is found to be 49 nm and 40 nm for partial coherence 
factors15 (σ = NAcondenser/NAobjective) of 0 and 1, respectively, by considering only the NA of the objective and σ. 

 

Table 1. Parameters and specifications of the developed advanced KB mirror optics 

 M1 M2 M3 M4 
 Vertical imaging Horizontal imaging 
Shape Hyperbola Ellipse Hyperbola Ellipse
Coating material Pt Pt Pt Pt 
a* (m) 20.51 × 10–3 22.57 68.57 × 10–3 22.66 
b* (m) 0.3111 × 10–3 13.34 × 10–3 1.044 × 10–3 23.60 × 10–3

Average incident glancing 
angle (mrad) 

5.0 5.5 5.1 5.5 

Distance from object 
(mm)** 

50 90 161 268 

Mirror length (mm) 30 38 92 111 
Magnification factor 658 214 
Numerical aperture 1.51 × 10–3 1.46 × 10–3 
Field of view*** (μm) 12 24 
Depth of focus*** (μm) 50
Working distance (mm) 35

* Ellipse x2/a2+y2/b2 = 1 or hyperbola x2/a2–y2/b2 = 1.
** At the center of the mirror. 
*** The values required to obtain 50 nm resolution 

 

A schematic representation of the whole system is shown in Fig. 1. A diffuser consisting of a fine sand paper and a 
motorized rotational stage is placed most upstream of the microscope system to reduce coherence of incident X-rays and 
speckle noises. Two plane mirrors in KB configuration are used to adjust the X-ray trajectory, using a grazing-incidence 
angle of  ~3 mrad. This is done to assure that the beam direction reflected on the objective mirrors is parallel to the 
beamline, in order to successfully deliver the X-rays to the image plane, which is placed deep within a long (~40 m) and 
narrow (~40 mm as minimum diameter) vacuum duct. Two elliptical mirrors in KB configuration are used to collect X-
rays on a sample. The NAs are 2.1 × 10-3 and 1.5 × 10-3 in the vertical and horizontal direction, respectively. The visible 
light microscope placed just upstream of the sample holder is used to position a sample inside the area of illumination 
and within the FOV of the objective. This microscope contains a tilted mirror with a hole (diameter of 2 mm) to observe 
samples without blocking X-rays. The sample holder can hold 6 samples with dimensions (length × width × thickness) of 
10 × 10 × 0.5 mm3. A fine test pattern (XRESO-100, NTT Advanced Technology Corporation), a cross gold wire with a 
diameter of 200 μm, a scintillator (YAG:Ce ceramic), as well as samples for XANES spectroscopy were used to adjust 
the condenser and the objective. To complete the four-mirror alignment, two pairs of laser displacement meters and 
autocollimators were installed. The adjustment, whose detailed procedure is described in elsewhere8, was done with an 
accuracy of 1 μm and 10 μrad just before beam time. The used X-ray camera system (AA20MOD, Hamamatsu 
Photonics) consists of a thin scintillator (P43 with a thickness of 10 μm), a relay lens (×2), and a CCD (ORCA-R2, 
Hamamatsu Photonics). The CCD has 1344 × 1024 pixels, each with a size of 6.45 μm. The actual resolution of the 
camera system is limited to ~10 μm due to blurring effects occurring at the scintillator. 
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Figure 1. Schematic representation of the X-ray microscope system. 

 

3. EXPERIMENTS AND RESULTS 
Before starting the observation and spectroscopic measurements of tungsten particles, the condenser and the objective 
were carefully adjusted. To facilitate adjustments related to sample positioning and the determination of the FOV center, 
the condenser was used in a defocused state. The obtained illumination area was approximately 30 × 160 μm2 (V × H). 
The focus and FOV center were adjusted observing the test pattern. Fig. 2 shows a bright-field image of this test pattern, 
which is made of tantalum, and has its finest 100 nm feature at its innermost side, where the thickness is 1 μm. The used 
energy is 9.881 keV, which corresponds to an energy just above the absorption edge of tantalum. The data analysis 
includes a flat field correction, in which the obtained image data are normalized by image data taken in the absence of a 
sample, and a magnification correction, in which an image distorted by mismatched magnifications is corrected in order 
to have a real aspect ratio. As can be seen in Fig. 2, 100 nm features can be resolved. 

 

2μm

HighLow Intensity (a.u.)
 

 

Figure 2. Bright-field image of the test pattern. The innermost side has a 100 nm line width. The used energy is 9.881 
keV and the exposure time is 30 s. 
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Figure 3. Bright-field image of tungsten particles. The used energy is 10.204 keV and the exposure time is 30 s. 
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Figure 4. Overview of a series of images used for XANES spectra. The image labeled “01” is the first image taken at an 
energy of 10230 eV, while the one labeled “26” corresponds to the last image taken at an energy of 10180 eV. The 
exposure time for every image is 30 s. 
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As a first test of a practical observation, imaging XANES spectroscopy on fine particles was carried out. The analyzed 
sample consisted of tungsten particles (W-1K, JAPAN NEW METALS CO., LTD) with diameters of 0.60 – 0.99 μm and 
a purity of >99.9%, which were sprayed on a 270 nm thick SiN membrane (MEM-N020027/10M, NTT Advanced 
Technology Corporation). Approximately one million XANES spectra were acquired using the following procedure. 
First, 26 images were taken at different energies ranging from 10230 to 10180 eV. During these measurements, images 
without samples were taken once every 5 shots for the flat field correction. After all measurements, the data were 
corrected by the methods discussed above. The flat field correction was done using the reference image data without 
samples that were captured nearest in time. The obtained X-ray intensity data were converted to an absorption parameter 
expressed as μt, in which μ is the linear absorption coefficient and t is the thickness of the sample. The XANES spectra 
of interest were then plotted as a function of the X-ray energy. At this point, the spectra showed much data variation, 
since the motorized XZ stage supporting the samples, which is used for sample selection and to take images without 
samples, had a positioning error of ~200 nm even after removal of the backlash. This positioning error was corrected 
with the phase correlation method16, which is a kind of image registration method. Fig. 3 shows the image taken at 10204 
eV, which corresponds to an energy just above the absorption edge of tungsten, while Fig. 4 is an overview of all the 
images after the correction. Fig. 5 shows experimental XANES spectra of certain particles. The spectra were averaged 
over a 145 × 145 nm2 square area. The dashed line represents a reference spectrum of pure tungsten, which was obtained 
from Fig. 2 of the article published by Uo et al.17. The comparison shows that the experimental spectra are in good 
agreement with the spectrum of pure tungsten. 
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Figure 5. XANES spectra of tungsten particles. The spectra labeled #1 to #4 correspond to spectra taken at the particle 
centers.  The spectra were averaged over a 145 × 145 nm2 square area. The spectrum named “Reference” is a reference 
spectrum of pure tungsten, which was obtained from Fig. 2 of the article published by Uo et al.17. 

 

4. SUMMARY AND OUTLOOK 
We developed an achromatic and high-resolution hard X-ray microscope based on total-reflection mirrors. Observation 
of the test pattern demonstrated that 100 nm features could be visualized. Full-field imaging combined with XANES 
spectroscopy was used to characterize tungsten particles, showing that approximately one million XANES spectra could 
successfully be obtained over the entire observation area. Although this first test was successful, some problems remain 
to be overcome. One of them is related to the stability of both the objective and the condenser consisting of multiple 
mirrors. In this regard, the relative alignment between the elliptical mirror and the hyperbolic mirror in the objective 
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suffered gradual changes, resulting in blurred images. Besides, also the intensity distribution of the illumination, which is 
produced by the condenser, showed gradual changes. Therefore, the stability of the entire optical system should be 
improved. The other problem relates to the accuracy of the translation stage that supports the samples, which caused data 
variation in the XANES spectra. To overcome this problem, a closed-loop positioning system based on a linear encoder 
should be installed on this stage. Next to the full-field XANES spectromicroscope, we have also developed a full-field 
X-ray fluorescence microscope that can create colorful images of X-rays emitted from an object using a photon-counting 
area detector. Such a microscope would become a powerful tool for the observation of elemental distributions in samples. 
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