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High-flux coherent x rays are necessary for the improvement of the spatial resolution in coherent
x-ray diffraction microscopy �CXDM�. In this study, high-resolution CXDM using Kirkpatrick–
Baez �KB� mirrors is proposed, and the mirrors are designed for experiments of the transmission
scheme at SPring-8. Both the photon density and spatial coherence of synchrotron x rays focused by
the KB mirrors are investigated by wave optical simulation. The KB mirrors can produce nearly
diffraction-limited two-dimensional focusing x rays of �1 �m in size at 8 keV. When the sample
size is less than �1 �m, the sample can be illuminated with full coherent x rays by adjusting the
cross-slit size set between the source and the mirrors. From the estimated photon density at the
sample position, the feasibility of CXDM with a sub-1-nm spatial resolution is suggested. The
present ultraprecise figuring process enables us to fabricate mirrors for carrying out high-resolution
CXDM experiments. © 2009 American Institute of Physics. �DOI: 10.1063/1.3108997�

I. INTRODUCTION

Coherent x-ray diffraction microscopy1,2 �CXDM� is a
lensless x-ray imaging technique using coherent x-ray scat-
tering. The sample is illuminated with coherent x rays, and
its far-field diffraction pattern is recorded. The wave field
behind the sample is reconstructed by applying a phase re-
trieval algorithm, e.g., Fienup’s hybrid input-output
algorithm,3 to the diffraction pattern. CXDM was experimen-
tally demonstrated by Miao et al.1 in 1999 and, since then,
various CXDM studies have been performed using synchro-
tron radiation,4–11 tabletop high-harmonic soft x rays,12 and a
vacuum ultraviolet free-electron laser.13–15 In principle,
CXDM can provide us images with a spatial resolution down
to one-half the wavelength of the incident x ray. To recon-
struct high-resolution images, high-Q diffraction data must
be experimentally obtained16 or mathematically estimated
from the measured low-Q data,17 where Q is the magnitude
of the scattering vector. Since the diffraction intensity decays
with the power law Q−� ���4�, the sample must be illumi-
nated with high-flux coherent x rays to collect high-Q dif-
fraction data. The high-flux coherent x rays are important not
only for the improvement of the spatial resolution but also
for quick measurements. The quick measurements enable us
to trace a fast process in dynamical samples. An effective
method for obtaining the high-flux coherent x rays is to
highly focus x rays using optical devices. In 2006, Quiney et
al. proposed the use of highly focused x-ray fields in CXDM
and imaged the complex field at the focus of a Fresnel zone

plate �FZP�.18 Until now, Fresnel coherent diffractive
imaging,7 keyhole coherent diffractive imaging,10 and pty-
chographic imaging11 have been performed in CXDM ex-
periments using FZP. Very recently, by using focusing x rays
with a refractive lens, a CXDM experiment has achieved a
resolution of about 5 nm in 600 s exposure time.19 The im-
portance of focusing devices in CXDM has been increasing.
In this study, we propose high-resolution CXDM using syn-
chrotron x rays focused by total reflection mirrors.

Kirkpatrick–Baez �KB� mirrors,20 which consist of two
elliptical mirrors, are a promising x-ray focusing device. Re-
cently, x rays of 15 keV have been two-dimensionally fo-
cused to a 36�48 nm2 spot21 by KB mirrors and one-
dimensionally focused to a 25-nm-wide line22 by an elliptical
mirror. A scanning x-ray fluorescence microscope equipped
with KB mirrors has been developed23 and used for biologi-
cal imaging.24 X-ray free-electron lasers �XFELs�, which are
next-generation x-ray sources, are constructed at several fa-
cilities around the world. XFELs are predicted to provide
extremely intense femtosecond-pulse x rays with an almost
full spatial coherence that is convenient for high-resolution
and/or time-resolved CXDM experiments. Total reflection
mirrors are considered to be the best focusing optics for
XFELs because of their high efficiency and radiation hard-
ness. Recently, x rays of 15 keV have been one-
dimensionally focused to a 75-nm-wide line by a
400-mm-long elliptical mirror that was developed for use in
XFEL facilities.25 The use of KB mirrors in CXDM was first
reported in an experiment using Bragg reflection in a syn-
chrotron facility.26 In this study, KB mirrors are designed for
typical CXDM experiments of the transmission scheme at
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BL29XUL in SPring-8. The properties of the synchrotron x
rays focused by the mirrors are investigated by wave optical
simulation. The feasibility of high-resolution CXDM using
KB focusing x rays is discussed.

II. DESIGN OF ELLIPTICAL MIRRORS

In CXDM experiments, a sample must be illuminated
with x rays with a well-defined wavefront, such as a plane
wave. The diffraction-limited focusing x rays produced by an
ultraprecisely figured mirror can almost be regarded as a
plane wave.27 If the sample size is less than the focused
beam size, ideal coherent x-ray diffraction measurements are
realized in principle. The typical sample size and x-ray en-
ergy range in previous CXDM experiments of the transmis-
sion scheme are �1 �m and 5–15 keV, respectively. There-
fore, KB mirrors were designed to produce diffraction-
limited focused x rays of �1 �m size at an incident x-ray
energy of 8 keV. In addition, to obtain a high photon density
at the focus, a large geometrical demagnification of the
source was considered. Table I shows a summary of the pa-
rameters of the elliptical mirrors designed for the CXDM
experiments at BL29XUL �Ref. 28� in SPring-8. The mate-
rial of the mirrors is fused silica. The maximum glancing
angles of the first and second mirrors are 1.30 and
1.05 mrad, respectively. More than 99% of the x rays at
8 keV reflect on the mirror surface when the surface is ideal.
The mirror length and width are 90 and 4 mm, respectively.
The synchrotron x rays are vertically focused by the first
mirror and horizontally focused by the second mirror.

III. SIMULATIONS

The properties of synchrotron x rays focused by the de-
signed mirrors were evaluated by numerical simulation. Syn-
chrotron x rays are regarded as partially coherent x rays
emitted by a chaos light source. The partial coherence is
separately treated by considering the temporal and spatial
coherence concepts. In the present simulation, completely
monochromatic x rays of 8 keV, i.e., the temporal coherence
length is infinitely large, were considered. The spatial coher-
ence was considered by calculating the propagation of x rays
from a finite source. Figure 1 shows the schematic view of
the source, mirror, and slit arrangement for the present simu-
lation that considers the experiment at BL29XUL in
SPring-8. The size of the light source in the synchrotron
radiation is given by that of the electron beam. The size,
which is defined as the width of the Gaussian distribution, is
determined to be 301 �m in the vertical direction and 6 �m
in the horizontal direction when all of the gaps of insertion

devices are opened.29 The above value was used as the size
of the light source in the simulation. The propagation of
x-ray spherical waves emitted by each point of the source
was calculated. The mirror reflectivity was assumed to be
100%. At observation points, the sum of the intensity distri-
butions of the x rays propagating from all points of the
source was calculated. A cross slit was additionally set 52 m
downstream of the source to control the x-ray coherence
length downstream of the slit. The cross-slit size was defined
as Cx and Cz in the horizontal and vertical directions, respec-
tively. Previous CXDM measurements, using x rays going
through a pinhole, have been carried out at a space just after
the slit, i.e., experimental hutch 1 �EH1� at BL29XUL. The
present simulation assumes that coherent x-ray diffraction
measurements using KB mirrors are carried out in experi-
mental hutch 2 �EH2� at BL29XUL. The first mirror was set
48 m downstream of the cross slit in EH2. The focal profiles
in the horizontal and vertical directions were calculated. To
evaluate the spatial coherence of x rays in the focal plane,
interference fringes from Young’s double slit were calcu-
lated. The interval of the double slit and the amount of dis-
placement from the optical axis were defined as Y and �Y,
respectively. Fringe visibility, defined as �Imax− Imin� / �Imax

+ Imin�, was derived from the interference pattern, where Imax

and Imin are the maximum and minimum intensities of the
interference pattern, respectively.

A. Focal profile and photon density

Figures 2�a� and 2�b� show the density profiles of the x
rays focused by the first and second mirrors with ideal sur-
faces, respectively. The photon density was normalized by
the averaged density of x-ray photons immediately after
passing through the cross slit. The photon density at the focal
point in the horizontal direction is on the order of magnitude
smaller than that in the vertical direction, owing to the dif-
ference in the spatial coherence of x rays between both di-
rections. Figures 2�c� and 2�d� show the C dependences of
both the peak-top value and full width at half maximum
�FWHM� of the profile in the vertical and horizontal direc-
tions, respectively. The FWHM increases with increasing C,
which is a typical feature of focusing x rays observed also in
previous experiments,23 and approaches a constant value
with decreasing C. This implies that the focused beam ap-
proaches the diffraction limit as the slit size decreases. In the

TABLE I. Parameters of designed elliptical mirrors.

First mirror Second mirror

Maximum glancing angle �mrad� 1.30 1.05
Acceptance width ��m� 113 90
Focal length �mm� 600 495
Length of major axis �m� 48.600 48.600
Length of minor axis �mm� 6.708 4.880

FIG. 1. Schematic view of source, elliptical mirror, and slit arrangement in
the present simulation. x and z correspond to the horizontal and vertical
directions, respectively.

083106-2 Takahashi et al. J. Appl. Phys. 105, 083106 �2009�
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vertical direction, the photon density decreases when Cz is
more than 131 �m, owing to the reduction in focusing effi-
ciency.

B. Spatial coherence

Figures 3�a� and 3�b� show the Y dependences of the
fringe visibility in the vertical and horizontal directions, re-
spectively. Here, the mirror surface is assumed to be ideal. In
both directions, when C is 10 �m, a visibility of more than
0.88, which is sometimes regarded as coherent illumination,
is obtained within the main peak. The visibility decreases
rapidly at Y =1.65 �m, which is almost consistent with the
interval between the first minimum points of the focal pro-
file. This is because the phase difference for the first mini-
mum points markedly changes, depending on the emitting
points in the source. As C increases, i.e., the spatial coher-
ence length decreases, the area of the visibility of more than
0.88 within the main peak decreases and the variation in
visibility at Y �1.5 �m becomes complex. The visibility in
the horizontal direction markedly decreases compared to that
in the vertical direction. To illuminate samples with fully
coherent x rays, the sample size must be less than �1 �m.
The cross-slit size must be adjusted in accordance with the
sample size.

Figure 3�c� shows the relationship between Yx and Cx

when the visibility becomes 0.88, and the photon density of
two-dimensionally focusing x rays at each Cx. The normal-
ized photon density was averaged within each double-slit
interval. Cz is fixed at 131 �m to obtain the visibility of
more than 0.88 in the vertical direction when Yz is less than
1 �m. When Yx is 100 nm, coherent x rays with a photon
density �900 times larger than that of x rays immediately

after passing through the cross slit can be produced. In the
previous CXDM measurement, a pinhole of 20 �m diameter
is set immediately after the cross slit. The sample is posi-
tioned �1 m downstream of the pinhole. The photon density
of x rays at the sample position decreases by �15% com-
pared to that of x rays immediately after passing through the
cross slit, which was estimated by simulation. Therefore, if
the sample size is 100 nm, the sample can be illuminated
with coherent x rays with a photon density �1000 times
larger than that in a previous CXDM measurement. By con-
sidering that a 7 nm resolution in 50 min exposure time is
achieved in the previous measurement at EH1 of BL29XUL
in SPring-8,16 it can be considered that a sub-1-nm resolution
for an exposure time of more than 120��74 /1000�50� min
is realized.

The distribution of the spatial coherence in the focal
plane was also examined. Figure 4 shows the �Y depen-
dences of the visibility at Y values of 0.1 and 1.0 �m. When
Y =1.0 �m in both directions, the area of the visibility of
more than 0.88 is smaller than that obtained when Y
=0.1 �m. As the center of the double slit separates from the
focus, the visibility once decreases and increases again. From
these plots, the accuracy required for the sample alignment
can be estimated. When the sample size is 0.1 �m, the
sample must be aligned within less than �0.5 �m from the
focus. When the sample size is 1.0 �m, the sample must be
aligned within less than �50 nm from the focus. Therefore,
when the sample size is close to the width of the focal pro-
file, both the accurate alignment and high stability of the
position are required.

FIG. 2. �Color online� ��a� and �b�� Photon density profiles of x rays focused
by �a� first and �b� second mirrors in Table I, which are calculated one
dimensionally in the vertical and horizontal directions when cross-slit sizes
�C� are 10, 50, 80, and 120 �m in arrangement drawn in Fig. 1. The photon
density is normalized by the averaged photon density of x rays immediately
after passing through the cross slit. ��c� and �d�� C dependences of both
peak-top value and FWHM of profiles in the �c� vertical and �d� horizontal
directions.

FIG. 3. �Color online� ��a� and �b�� Double-slit interval �Y� dependences of
visibility calculated in the �a� vertical and �b� horizontal directions. The
center of the double slit is on the optical axis. �c� Relationship between Yx

and Cx when visibility becomes 0.88, and photon density of two-
dimensionally focusing x rays at each Cx. Cz is fixed at 131 �m.

083106-3 Takahashi et al. J. Appl. Phys. 105, 083106 �2009�
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C. Effects of figure errors of mirror

The effects of figure errors of the designed mirror on
both the focal profile and spatial coherence were examined.
Figure 5�a� shows the figure error profiles characterized in
short and long spatial wavelength ranges in the longitudinal
direction of the first mirror. When the peak-to-valley �PV�
figure error heights were 5.0, 10.0, 20.0, and 40.0 nm, both
the photon density profile and fringe visibility of x rays fo-
cused by the first mirror were calculated. The root mean
square �rms� figure errors are 1.5, 3.0, 6.0, and 12.0 nm for
the surfaces with PV figure error heights of 5.0, 10.0, 20.0,
and 40.0 nm error, respectively. It is well known that the
mirror reflectivity decreases owing to the rms figure error.
Under the present condition, i.e., the glancing angle is less
than 1.3 mrad and the incident x-ray energy is 8 keV, the
decrease in reflectivity due to the rms figure errors is less
than 5.0%.30

Figures 5�b� and 5�c� show the density profiles of the x
rays focused by the first mirror with figure errors in short and
long spatial wavelength ranges, respectively. Cz was fixed at
120 �m. According to Rayleigh’s quarter wavelength rule,31

if the wavefront aberration error of an optical device is less
than 1 /4�, where � is the wavelength, the focal profile does
not change markedly. In the present case, 1 /4� for the PV
phase error height corresponds to a PV figure error of
�15 nm. The density profile of x rays focused by the mirror
with a 5 nm PV figure error is nearly equal to that of x rays
focused by the ideal mirror. As the PV figure error increases,
the photon density within the main peak decreases. The fig-
ure error in the short spatial wavelength range causes the
increase in the photon density of higher order satellite peaks,
while that in the long spatial wavelength range causes both
the peak shifts and the increase in the photon density near the
main peak.

Figures 5�d� and 5�e� show the Yz dependences of the
fringe visibility for the focused x rays shown in Figs. 5�b�
and 5�c�, respectively. Even if the photon density at the focus
becomes below half or the focal position shifts owing to the
figure errors, the fringe visibility hardly changes within the
main peak. It is understood that the spatial coherence is en-
sured within the main peak even if the focal profile is not
ideal. Now, the fabrication of x-ray mirrors with PV figure
errors less than 1 nm and rms figure errors less than 0.5 nm
is realized by ultraprecise figuring processes, such as elastic
emission machining32–34 �EEM�. Thus, by using the mirrors
fabricated by EEM, CXDM experiments can be performed.

IV. CONCLUSION

We proposed the use of KB mirrors in CXDM experi-
ments of the transmission scheme and designed the KB mir-
rors for the experiments at BL29XUL in SPring-8. As a re-
sult of wave optical simulation, the designed KB mirrors can
produce nearly diffraction-limited two-dimensional focused
x rays of �1 �m size at 8 keV. The spatial coherence of the
focusing x rays can be controlled by adjusting the size of the

FIG. 4. �Color online� Double-slit shift ��Y� dependences of visibility in the
vertical and horizontal directions when double-slit intervals are 0.1 and
1.0 �m.

FIG. 5. �Color online� �a� Figure error profiles characterized in short and
long spatial wavelength ranges. The PV figure error height is 5 nm. ��b� and
�c�� Photon density profiles of x rays focused by first mirror with PV figure
errors of 5.0, 10.0, 20.0, and 40.0 nm in short and long spatial wavelength
ranges. ��d� and �e�� Double-slit interval �Y� dependences of fringe visibility
for focused x rays of �b� and �c�. The center of the double slit is aligned to
make it equal to the center of each main peak.
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cross slit set between the source and the first mirror. When
the sample size is less than 100 nm, the photon density of the
x rays irradiated to the sample becomes �1000 times larger
than that in previous experiments at BL29XUL, and hence,
CXDM with a sub-1-nm spatial resolution can possibly be
realized. By using the mirrors fabricated by the present ul-
traprecise figuring process, CXDM experiments using syn-
chrotron x rays focused by KB mirrors can be conducted.

In this paper, the feasibility of using KB mirrors to focus
coherent x rays to a spot size of �1 �m was investigated.
However, there are also interesting samples more than 1 �m
such as biological cells and cellular organelles. Even if the
spot size is �1 �m, images of bigger samples than 1 �m
can be reconstructed by using the ptychographic method.11 In
CXDM studies using XFEL, it is estimated that a sample is
broken by illumination of a single pulse x ray. In this case,
some KB mirrors to focus coherent x rays to different spot
size should be prepared. According to the sample size, it is
necessary to use the optimal setup. We believe that high-
resolution CXDM using KB focusing x rays can open up
new frontiers of structural studies with an x-ray microscope.
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