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X-ray waves in the center of the beam waist of nearly diffraction limited focused x-ray beams can be
considered to have amplitude and phase that are both almost uniform, i.e., they are x-ray plane waves. Here we
report the results of an experimental demonstration of high-resolution diffraction microscopy using the x-ray
plane wave of the synchrotron x-ray beam focused using Kirkpatrik-Baez mirrors. A silver nanocube with an
edge length of ~100 nm is illuminated with the x-ray beam focused to a ~1 um spot at 12 keV. A high-
contrast symmetric diffraction pattern of the nanocube is observed in the forward far field. An image of the
nanocube is successfully reconstructed by an iterative phasing method and its half-period resolution is 3.0 nm.
This method does not only dramatically improve the spatial resolution of x-ray microscopy but also is a key
technology for realizing single-pulse diffractive imaging using x-ray free-electron lasers.
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I. INTRODUCTION

Microscopy has contributed greatly to our knowledge of
the structure and function not only in physics but also
various other fields and is an indispensable tool in recent
nanoscience and nanotechnology. The recent progress in
microscopy techniques is extraordinary. Surface atomic ar-
rangements can be observed by scanning tunneling micros-
copy or atomic force microscopy, and atomic-scale structures
of thin films can be evaluated by transmission electron mi-
croscopy (TEM) while x-ray microscopy has lagged behind
with respect to resolution compared with the above mi-
croscopies because of the difficulty of fabricating x-ray
lenses. To avoid this difficulty, a lensless x-ray microscopy
combining coherent x-ray scattering and the iterative phasing
method, i.e., coherent x-ray diffraction microscopy (CXDM)
was proposed by Sayre! in 1980 and demonstrated by Miao
et al.? in 1999. In principle, CXDM provides a spatial reso-
lution close to the x-ray wavelength. Realistic resolution de-
pends on both the quality of x-ray diffraction data over a
wide-¢g region and the uniqueness of phase-retrieval calcula-
tions, where ¢ is the magnitude of the scattering vector. Re-
cently, the spatial resolution of CXDM has reached the sub-
10-nm scale®* for two-dimensional images and the sub-
50-nm scale for three-dimensional images>S and is steadily
approaching that of electron or probe microscopy. However,
it is still not easy to improve the resolution less than 10 nm
since diffraction intensities rapidly decay in the high-g re-
gion. In this paper, we propose a method for dramatically
improving the spatial resolution of CXDM and report its first
demonstration experiment.

Until now, CXDM has been applied to various
biological’-'” and material''~!* imaging tasks because of the
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interest in the static structure. Promising applications of
CXDM in the near future are the single-particle imaging of
biomolecules and pump-probe imaging for dynamical struc-
ture studies using a single-pulse illumination of x-ray free-
electron lasers (XFELs), which are the next-generation light
sources under development in the U.S., Europe, and Japan.
These applications have been demonstrated in experiments at
a vacuum-ultraviolet free-electron laser facility.'*'% In order
to realize these challenging applications using XFELs, the
XFEL beam must be focused to increase the x-ray photon
density to ensure an adequate signal in the high-¢g region of
the diffraction pattern. Focusing devices are necessary to
produce a high-density XFEL single pulse. Total-reflection
focusing mirrors are considered to be the best device for
XFELs because of their high efficiency and radiation
hardness.!” Therefore, CXDM, in combination with the x-ray
beam focused by total-reflection mirrors, is the most prom-
ising system for realizing single-pulse XFEL imaging. In this
study, high-resolution CXDM with a total-reflection mirror-
focusing device, i.e., Kirkpatrik-Baez (KB) mirrors,'® is de-
veloped and demonstrated in an experiment at a third-
generation synchrotron facility.

II. CONCEPT OF HIGH-RESOLUTION DIFFRACTION
MICROSCOPY USING FOCUSED X-RAY BEAM

For CXDM using highly focused x-ray beams,*! it is

very important not only to increase the incident coherent
x-ray flux but also to decrease the parasitic scattering x rays,
which cause noise from the focusing optics. To meet this
demand, KB mirrors were specially designed by wave
optical simulation?® and fabricated by elastic emission

©2009 The American Physical Society
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FIG. 1. (Color) (a) Experimental setup for coherent x-ray dif-
fraction pattern measurements of silver nanocube using x rays fo-
cused by KB mirrors. The nanocube was placed at the center of the
beam waist. (b) Intensity distribution profile along vertical and hori-
zontal directions of the focused beam. The profile was derived by
differentiating the x-ray absorption distribution of the gold wires at
250 nm intervals. (c) SEM image of silver nanocubes.

machining.?!~?3 The figure error of the fabricated mirrors was
less than 1.0 nm for peak-to-valley error and less than 0.15
nm for root-mean-square error. The use of these mirrors pro-
vided a speckle-free and nearly diffraction limited focused
x-ray beam. In the present method, an isolated sample was
placed at the center in the waist of the focused x-ray beam.
When the sample size is much smaller than the focal spot
size, both the amplitude and the phase of the wave field of
the x-ray beam illuminated onto the sample are almost
uniform,? i.e., x-ray plane wave. Then, if the x-ray absorp-
tion by the sample is sufficiently small, a symmetric diffrac-
tion pattern is observed in the forward far field. The numeri-
cal data symmetrization results in the reduction in photon
shot noise. Furthermore, the missing data due to a beamstop
are confined within the centrospeckle in this configuration
and hence, a part of the centrospeckle can be measured. This
is very important for reconstructing a unique image from the
diffraction pattern alone.”> On the basis of such a concept, a
coherent x-ray diffraction pattern of a nanoparticle was mea-
sured using the nearly diffraction limited x-ray beam focused
by KB mirrors.

III. EXPERIMENTAL DETAIL

Figure 1(a) shows a schematic drawing of the CXDM
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apparatus equipped with a KB mirrors focusing system. The
experiment was carried out at BL29XUL in SPring-8.%
When the light source is considered to be the electron beam
in the vicinity of the undulator exit. The source size, which is
defined as the width of the Gaussian distribution, is deter-
mined to be 301 wum in the vertical direction and 6 um in
the horizontal direction when all of the gaps of insertion
devices are opened.?” The x-ray energy was tuned to 12 keV
with the undulator gap and a Si (111) double crystal mono-
chromator. The monochromatic x rays passed through the
first cross slit, which was placed at ~50 m downstream of
the source, of 100 wum opening for both directions. The KB
mirrors were placed at ~100 m downstream of the source.
The second cross slit was placed immediately before the KB
mirrors to control the x-ray illumination area to the mirrors.
The size of the second slit was adjusted to 100 wm for both
directions. The x-ray beam was two dimensionally focused at
445 mm downstream of the second mirror by the KB mirrors
that were controlled by a specially designed manipulation
system.?® The higher-order harmonics of the undulator radia-
tion were cut down to 1% by double reflections. Intensity of
the reflected x rays was ~2 X 10'! photons/s which was al-
most equal to that immediately after the second slit. The
x-ray reflectivity was close to 100%. The sample or the gold
wire of 200 wm in the diameter can be inserted in the focus.
When the focal profile was measured by the wire scanning
method, a Si-PIN photodiode was inserted after the wire.
Figure 1(b) shows the measured focal profiles for vertical
and horizontal directions. The full width at half maximum of
the focal profiles was ~1 um along both directions. In order
to interrupt scattering x rays from the mirrors, two guard slits
were placed between the mirrors and the focal point.

Silver nanocubes with an edge length of ~100 nm were
prepared as samples. The amount of x-ray absorption of the
single nanocube was less than 1%. Figure 1(c) shows a scan-
ning electron microscope (SEM) image of the nanocubes.
The nanocubes were single crystals characterized by a
slightly truncated shape bounded by {100}, {110}, and {111}
facets.?? The nanocubes were mounted on a 100-nm-thick
SiN membrane. In order to prevent x-ray-induced charge up,
a carbon film a few nm thick was deposited beforehand on
the SiN membrane chip. An isolated nanocube was selected
and illuminated with the focused x-ray beam. The forward
diffracted x-ray photons were detected by an in-vacuum
front-illuminated charge-coupled device (CCD) detector with
a pixel size of 20X 20 um? placed at 999 mm downstream
of the sample. A beamstop was placed in front of the CCD
detector. In order to cover a wide dynamic range, the low-
and high-g diffraction data were separately collected by
changing the beamstop position. The exposure time of x rays
for the low- and high-g diffraction data was 100 and 800 s,
respectively.

IV. RESULTS AND DISCUSSION
A. Diffraction pattern

Figure 2(a) shows the measured coherent diffraction pat-
tern of a silver nanocube, where low- and high-g data are
combined and symmetrized. Interference fringes with a high
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FIG. 2. (Color) (a) Coherent diffraction pattern of silver
nanocube in 12511251 pixels. ¢ is defined as |q|
=2 sin(®/2)/\, where O is the scattering angle and \ is the x-ray
wavelength. (b) Expanded image of the area inside the square in (a).
(c) g dependence, along the white line indicated in (a), of photon
numbers detected at one pixel of the CCD detector for the high-¢
diffraction measurement.

visibility are observed over a wide-g range, which means
that the degree of coherence of the focused beam was high
and the nanocube was appropriately set up in the vicinity of
the focus.’* Clear speckle patterns extending crosswise re-
flects the cubic shape of the particle. The central black region
is an unmeasured region owing to the beamstop. The black
region extending vertically and horizontally from the center
is an unmeasurable region owing to the scattering of x rays
by the mirrors. Figure 2(b) shows the enlarged image of the
low-¢ region surrounding the white square in Fig. 2(a). A
part of the red-colored central speckle can be seen, which is
important in reconstructing a unique image by the iterative
phasing method.?> Figure 2(c) shows the g dependence of
photon numbers detected in the high-g region along the
white line indicated in Fig. 2(a). Approximately five photons
were detected at 145 ,um‘l, which means that structures
with 3 nm were resolved by the x-ray diffraction.
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FIG. 3. (a) Five projection images of the silver nanocube recon-
structed from the diffraction pattern in Fig. 2(a), which were started
from different electron-density maps. (b) Final image derived by
averaging the five images of (a) in which a line scan through an
edge shown in the inset demonstrates the resolution of ~3 nm. The
reconstructed images are normalized by the maximum value of im-
age intensities and are displayed in gray scale. (c) PRTF for the
reconstructed image of (b). The half-period resolution of the image
of (b) is 3.0 nm, where the PRTF drops to a value of 1/e. (d) SEM
image of the silver nanocube.

B. Reconstructed image

The image of the silver nanocube was reconstructed by
the hybrid input-output method?®3! with Shrink-Wrap
algorithm.3> The iterative process started from a random
electron-density map in a square support and the support was
revised iteratively every 1000 iterations using immediately
reconstructed images. Here, the support is a nonzero region
in real space. In the iterative process, the electron density
outside the support is forced to decrease gradually in real
space and the measured coherent diffraction data is used in
reciprocal space. The iterative process was continued for up
to 2 X 10° iterations. Two-dimensional images of the silver
nanocube were reconstructed starting from ten different ran-
dom electron-density maps and the five most similar result-
ant images were averaged to obtain the final reconstruction.

Figure 3(a) shows the selected five reconstructions which
are displayed in gray scale. Although the square shape of the
nanocube is clearly reconstructed, the intensity distributions
of five image intensities are not unique. This is due to both
the lack of a part of the diffraction data around the centro-
speckle and photon shot noise. Figure 3(b) shows the aver-
aged image for the final reconstruction. The spatial reso-
lution of the final reconstruction was estimated by computing
the phase-retrieval transfer function (PRTF) (Refs. 5 and 8)
shown in Fig. 3(c). The value of the resolution was defined
by the position where the PRTF drops to 1/e.53 According
to this manner, the present image achieves a 3.0 nm half-
period resolution. It is understood that the nonunique distri-
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bution of the images intensity causes to be PRTF <1 and the
3.0-nm resolution results from the sharp edge structure of the
cubic side due to {100} facet.

Figure 3(d) shows the SEM image of the identical
nanocube before irradiating x rays. SEM images reflect the
surface structure while the CXDM image reflects the
electron-density distribution of the sample. Image intensities
of Fig. 3(b) are proportional to the projection of the electron
density in the direction of the incident x-ray beam. A small
convex structure was observed in both images, which is in-
dicated by an arrow. In the CXDM image, the image inten-
sity of the small convex structure is small. It is guessed that
this convex structure is thin and/or includes low-electron-
density regions.

C. Possibility of single-pulse diffraction microscopy using
focused XFEL beams

From the viewpoint of the number of x-ray photons, the
possibility of single-pulse CXDM using focused XFEL
beams is discussed. The number of x-ray photons illumi-
nated onto the silver nanocube can be estimated from the
product of the x-ray photon flux and the irradiation area
of the silver nanocube. The x-ray photon flux per second
within 100X 100 nm? around the focal point was ~1.0
X 10* photons/nm?, which was estimated using both the
shape of the focal profiles and the x-ray intensities measured
with the Si-PIN photodiode. From the reconstructed images
in Fig. 3(b), the irradiation area of the nanocube was found
to be 1.68 X 10* nm?. The number of x-ray photons illumi-
nated onto the silver nanocube in low- and high-g measure-
ments was ~1.5X 10'! photons. The peak photon flux ob-
tained at the Japanese XFEL facility is estimated to be ~2
X 10" photons/pulse.’* If the single-pulse photons are suit-
ably focused and illuminated onto the same nanocube,
equivalent diffraction data to that of the present experiment
should be collected.

V. CONCLUSION

In the near future, various nanoparticles and biological
samples will be two or three dimensionally observed by the
present technique. Similar observations can be performed
also by the well-established TEM techniques, such as high-

PHYSICAL REVIEW B 80, 054103 (2009)

resolution TEM and TEM tomography. Compared with
TEM, CXDM is excellent in the point of the quantitative
evaluation of the electron-density distribution.? In addition,
element-specific CXDM (Refs. 36-38) using the x-ray ab-
sorption edge will be easily realized since the focal position
changes negligibly even if incident x-ray energies are
changed. By complementarily using CXDM and TEM, it will
become possible to understand the nanostructure directly
linked with those properties in detail. When the samples are
illuminated with high-flux x rays, note that the radiation
damage to the samples, particularly biological samples, be-
comes serious. Cryogenetic systems will be required to alle-
viate the radiation damage problem.’® The present mirror-
focusing system can be applied to keyhole coherent
diffractive imaging®® and ptychographic imaging*' which
make possible the imaging of extended objects. In these
methods, it is necessary to exactly determine the x-ray illu-
mination function. Theoretical understanding and experimen-
tal determination of the wave field of x-ray beams focused
by KB mirrors will be required, as has been carried out for a
Fresnel zone plate.*> We believe that CXDM in combination
with KB mirror-focusing opens up a new frontier of x-ray
microscopy science using synchrotron x rays and will be-
come a key technology in realizing single-pulse CXDM us-
ing XFELs in the near future.
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