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X-ray science has greatly benefited from the progress in X-ray optics. Advances

in the design and the manufacturing techniques of X-ray optics are key to the

success of various microscopic and spectroscopic techniques practiced today.

Here the generation of apodized X-ray illumination using a two-stage

deformable Kirkpatrick–Baez mirror system is presented. Such apodized

illumination is marked by the suppression of the side-lobe intensities of the

focused beam. Thus generated apodized illumination was employed to improve

the image quality in scanning X-ray fluorescence microscopy. Imaging of a non-

isolated object by coherent X-ray diffractive imaging with apodized illumination

in a non-scanning mode is also presented.

1. Introduction

Nano-scale X-ray imaging has undergone an enormous

development largely due to the progress made in X-ray

focusing optics as well as light sources (Sakdinawat &

Attwood, 2010; Ice et al., 2011). The utilization of focused

X-ray illumination in various forms of X-ray microscopic

techniques, such as scanning X-ray fluorescence microscopy

(SXFM) (Fahrni, 2007; De Jonge & Vogt, 2010; Fittschen &

Falkenberg, 2011; Majumdar et al., 2012; Matsuyama et al.,

2010) and coherent diffractive imaging (CDI) (Miao et al.,

1999, 2015; Robinson & Harder, 2009), has become routine

and has served to improve the performance of these techni-

ques (Schroer et al., 2008; Takahashi et al., 2009). The focused

beam profile is usually accompanied by the side-lobes in

addition to the main lobe, and the spatially extended nature

of focused illumination due to the side-lobes either decline

or limit their performances. For instance, the presence of the

side-lobes in the focused illumination declines the practically

obtainable resolution of the images in SXFM. Also, in the

realisation of CDI of extended objects, both in the scanning

and non-scanning mode, localized illumination is indis-

pensable. For the extension of the applications of these tech-

niques, elimination or substantial suppression of side-lobe

intensities in the focused illumination is a must. Recently, the

authors have proposed an optical design to generate spatially

localized focused illumination, where side-lobe intensities are

largely suppressed, and have presented a numerical simulation

on the use of such apodized illumination in imaging non-

isolated objects by non-scanning CDI (Kimura et al., 2013). In
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this article, we present the realisation of such an optical setup

employing a two-stage deformable Kirkpatrick–Baez (KB)

mirror system to generate the apodized illumination. As

proof-of-principle experiments, we also demonstrate the

enhancement of the resolution in SXFM and the imaging of an

extended test object by apodized-illumination CDI.

In scanning microscopy, such as SXFM, the probe size limits

the resolution. The adverse effect of the extended spatial

illumination on scanning microscopy and the benefit of the

apodized illumination to improve the image quality has been

widely discussed in visible-light microscopy (Webb, 1996;

Gauderon et al., 1999). Though the image formation

mechanism in SXFM differs from that of its optical counter-

part, the amelioration of the image quality by apodized illu-

mination is expected.

CDI is a lensless imaging technique, in which the image

formation is computationally performed from the coherent

diffraction pattern by employing phase retrieval algorithms

(Fienup, 1982). Practically, only isolated samples can be

measured owing to the necessity of the satisfaction of the

oversampling condition (Miao et al., 1998). Ptychography, a

scanning diffractive imaging method, routinely performs the

imaging of extended objects across various wavelengths

(Rodenburg et al., 2007; Thibault et al., 2008; Maiden et al.,

2010; Marrison et al., 2013; Thibault & Menzel, 2013; Shapiro

et al., 2014). However, a non-scanning method is preferred to

capture fast dynamics. In addition, scanning methods also fall

short in imaging extended objects with intense ultra-short

pulses from X-ray free-electron lasers (XFELs), where the

sample is destroyed immediately after the scattered pulse

leaves the sample. Apodized-illumination CDI can potentially

overcome these challenges and image the extended object

with the focused illumination avoiding the necessity of

multiple recording of coherent diffraction patterns. Apodized-

illumination CDI of extended objects has recently been

demonstrated with visible light (Khakurel et al., 2015). Here

we present an approach to extend the method to X-ray

wavelengths.

2. Experimental setup

We performed an experiment to generate a focused illumi-

nation with suppressed side-lobe intensities at the experi-

mental hutch 3 (EH3) of BL29XU, an undulator beamline

with an overall length of 1 km, at SPring-8 (Tamasaku et al.,

2001). A schematic of the optical system is shown in Fig. 1. The

optical system comprises two pairs of deformable mirrors

(Kimura et al., 2009), each aligned in the KB geometry

(Kirkpatrick & Baez, 1948). All of the mirrors were fabricated

in an ultra-precise manner such that the wavefront distortion

by the surface roughness is smaller than that required by the

Rayleigh criterion for ideal focusing. For the mirrors used

in the system, the Rayleigh criterion requires the surface

roughness to be less than 4 nm while the measured value is

�2 nm (Matsuyama et al., 2016). It is known that a single

elliptical KB mirror system causes comatic aberration. In our

optical system, two sets of KB mirror systems are placed in the

(+, +) configuration [both vertical and horizontal mirrors are

in the (+, +) configuration] for easier handling. In this case,

geometrical optics considerations show that the amount of

comatic aberration increases additively. However, when using

two sets of KB mirror systems in the (+, �) configuration, the

Abbe sine condition is satisfied and the comatic aberration can

be removed. A detailed explanation of the alignment and

deformation process of the two-stage deformable KB mirror

system is discussed elsewhere (Matsuyama et al., 2016).

A slit in the transport channel of the beamline, the TC1 slit,

defines the beam shape and size. The beam defined by the TC1

slit behaves as the virtual source for the constructed optical

system. The coherence area at the entrance of the two-stage

deformable KB mirror system, which is located �50 m

downstream of the TC1 slit, can be adjusted by varying the

aperture size of the TC1 slit. For diffraction-limited focusing,

the coherence area larger than the entrance aperture of a

focusing optics is required. A numerical-aperture-defining slit

was installed just before the two-stage deformable KB mirror

system to regulate the entrance aperture. An ionization

chamber immediately behind the numerical-aperture-defining

slit provides the incident photon flux.

The deformable KB mirror system closer to the TC1 slit will

be referred to as the upstream mirror system and the farther

one as the downstream mirror system. The upstream mirror

system with a one-dimensional elliptical shape is designed

such that its front focus is at the TC1 slit. At the back focal

plane of the upstream mirror system, we placed an apodizing

slit. The apodizing slit functions to remove the side-lobe
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Figure 1
Schematic of the experimental setup.



intensities of the beam focused with the upstream mirror

system. A detailed discussion on the design, construction and

the alignment procedure of the apodizing slit will be presented

later in this article.

The front focus of the downstream mirror system was

designed to coincide with the back focal plane of the upstream

mirror system, and the common focus is hereafter called the

first focus. The image of the beam profile in the first focal

plane is then formed at the back focal plane of the down-

stream mirror system, the second focal plane. The side-lobe

intensities at the second focus can be suppressed by optimizing

the aperture size and position of the apodizing slit. The illu-

mination with suppressed side-lobe intensities at the second

focus will be hereinafter termed as apodized illumination. At

the second focal plane, we installed xz translation stages with

a positional precision of 1 nm (the 1 nm-precision stages), on

which the samples and the gold cross-wire of 200 mm diameter

for focused-beam profile measurement are mounted.

The optical system realises variable focal spot size at the

fixed sample position by changing the first focal position with

the deformable mirrors. We set a limit on the range of the first

focal position so that the convergence angle of the upstream

mirror does not exceed the angular acceptance of the down-

stream mirror. The convergence angle of the upstream mirror

and the angular acceptance of the downstream mirror are

given by au=fub and ad=fdf, respectively. Here, fub is the back

focal length of the upstream mirror, and fdf is the front focal

length of the downstream mirror. au and ad are the aperture

sizes of the upstream and downstream mirrors, respectively,

and are expressed as au ’ lu�ura and ad ’ ld�d, where lu and ld

are the lengths and �u and �d are the glancing angles of the

upstream and downstream mirrors, respectively. ra is the

aperture ratio set by the numerical-aperture-defining slit.

Since the length and the glancing angle are the same for all

four mirrors in our system, lu = ld = 100 mm and �u = �d =

4 mrad, the optical system was so designed to keep fdf equal to

or shorter than fub. Different focal spot sizes at the sample

position were used for the SXFM and CDI experiments. The

parameters of the mirror systems for both cases are summar-

ized in Table 1.

The optical system also contains retractable beam monitors

at the first and second focuses used in the alignment and

deformation of the mirrors. These beam monitors also facil-

itate the alignment of the apodizing slit and coarse determi-

nation of the sample positions. An escapable PIN photodiode

is placed 0.4 m downstream of the sample plane and is used to

measure the beam profiles at the back focal planes of both the

mirror systems by the knife-edge scan. A silicon drift detector

(SDD), for the detection of fluorescent X-rays, was placed off-

axis and physically close (�15 mm) to the sample. In the CDI

mode, a charge-coupled device (CCD) is placed at 2.51 m

downstream of the sample plane in the Fraunhofer regime to

satisfy the oversampling condition and is used to record the

coherent X-ray diffraction (CXD) patterns. A beam-stop is

placed immediately in front of the detector to prevent the

detector from potential damage due to the intense direct

X-ray beam reflected from the optical system. The path in

between the sample and the detector was evacuated to a

pressure of the order of 10�3 Pa. The PIN photodiode and the

SDD were moved out of the X-ray path during the CDI

measurement.

3. Design of the apodizing slit system and the
apodization experiment

In designing the apodizing slit, a precision substantially

smaller than the focused beam size is required. Additionally,

all the blades of the apodizing slit need to be within the depth

of focus of the upstream mirror system and the depth of field

of the downstream mirror system. The depth of focus of

the upstream mirror is given by � �=ð2NA2
uÞ, where � is

the wavelength and NAu is the numerical aperture of the

upstream mirror. As for the depth of field of the downstream

mirror, a straightforward calculation in geometrical optics

gives �ð f 2
dfxÞ=ðNAd f 2

dbÞ. Here, fdf and fdb represent the front

and back focal lengths of the downstream mirror, respectively.

NAd is the numerical aperture of the downstream mirror and

x is the size of the circle of confusion. When using the spot

size ��=ð2NAdÞ of the second focus as x, we obtain

ð� f 2
dfÞ=ð2NA2

d f 2
dbÞ as the depth of field of the downstream

mirror. The smallest depth of focus of the upstream mirror and

the smallest depth of field of the downstream mirror are

obtained when the first focus is at the middle of the two KB

mirror systems (the first focus is farthest from the downstream

mirror system) as in our CDI experiment described below. In

this case, the mathematical expressions of the depth of focus of

the upstream mirror and the depth of field of the downstream

mirror coincide. The smallest depth in our experiment (the

CDI experiment) is given by 1.84 mm.

Fig. 2 shows a drawing of the entire structure of the

apodizing slit system we designed. The apodizing slit rests

on the aluminium support, which is mounted on a two-axis

translation stages with a positional precision of 5 nm. Four

gold wires with a diameter of 200 mm are used as the blades of

the apodizing slit and are installed as two pairs of a perpen-

dicular cross-wire to define the rectangular aperture. One of
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Table 1
Optical parameters of the mirrors.

SXFM measurement CDI measurement

Glancing angle Front focal length Back focal length Front focal length Back focal length

Upstream mirror system (horizontal) 4 mrad �50 m 1250 mm �50 m 750 mm
Upstream mirror system (vertical) 4 mrad �50 m 1120 mm �50 m 620 mm
Downstream mirror system (horizontal) 4 mrad 250 mm 300 mm 750 mm 300 mm
Downstream mirror system (vertical) 4 mrad 120 mm 430 mm 620 mm 430 mm



the cross-wires is fixed to the aluminium support. The aperture

size can be changed by translating the other pair of cross-wires

attached to xz piezo stages (Physik Instrumente), which is

connected to the aluminium support through a flexure hinge.

The travel range of both the piezo stages is 100 mm. There are

also three micrometer-heads for coarse adjustment of the slit

aperture and the parallelism of the two cross-wires.

The aperture size of the apodizing slit was optimized in two

steps. In the first step, the aperture size was coarse-tuned by

using the micrometer heads before installing the apodizing slit

system in EH3. The coarse tuning involved the reduction of

the aperture size to less than 100 mm � 100 mm, a constraint

set by the travel range of the xz piezo stages used. In addition,

the parallelism of the two cross-wires was optimized with a

precision of better than 2 mrad by using two micrometer-

heads beneath the xz piezo stage. All four gold wires were

placed within 800 mm along the X-ray path as confirmed by

using the beam monitor at the first focus, which is smaller than

the depth of focus of the upstream mirror system and the

depth of field of the downstream mirror system.

In the second step, the aperture size and the position of the

apodizing slit were adjusted on-line using the piezo stages by

measuring the beam profile at the first and the second focuses.

The beam profiles at the first and the second focuses were

measured by employing the bright-field and dark-field knife-

edge scanning method (Suzuki et al., 2005), respectively, using

the PIN photodiode. Determination of the rough positions

of the apodizing slit was carried out by observing the first

minimum in the illumination profiles measured at the first

focus. The apodizing slit size was then optimized by observing

the dark-field knife-edge scanning profiles measured at the

second focus.

For apodization and SXFM experiments, X-rays with a

photon energy of 10 keV and a virtual source (TC1 slit) size of

10 mm � 10 mm were used. The measured focal spot sizes (full

width at half-maximum) at the back focal plane of the

upstream and downstream mirror system were 650 nm �

1500 nm and 1000 nm � 1800 nm, respectively. The aperture

size and position of the apodizing slits were optimized with an

accuracy of �200 nm. A comparison of the horizontal inten-

sity profile at the second focus with and without the apodizing

slit is shown in Fig. 3. The profiles were measured by dark-field

knife-edge scanning method with a scan step size of 100 nm. It

is apparent from the graph that the use of the apodizing slit

made the illumination profiles smoother and the side-lobe

intensities were suppressed.

4. SXFM with apodized illumination

SXFM provides elemental maps by detecting characteristic

fluorescent X-rays at different sample positions. We

performed SXFM measurement for a chromium mesh pattern

by using the focused apodized illumination.

An optical micrograph of the chromium mesh pattern is

shown in Fig. 4(a). The mesh pattern is composed of 5 mm half-

pitch line and space patterns in both directions and fabricated

on a 200 nm-thick silicon nitride (SiN) membrane substrate

using electron beam lithography. We employed the lift-off

process, which involves spin-coating of the photo-resist (ZEP

520A), electron beam writing (ELIONIX ELS-F125), devel-

opment, deposition of the chromium, and finally the wet-

etching using dimethylacetamide (ZDMAC). The chromium

was deposited by a compact sputter system (ULVAC ACS-

4000-C3-HS) and the thickness of the deposited layer is

�5 nm. The patterned area on the SiN membrane was

500 mm � 500 mm.

The fabricated test pattern was mounted on the 1 nm-

precision stage in the sample plane. The X-ray fluorescence

from the chromium was measured by the SDD (X-Flash

Detector type 1201, Röntec Co. Ltd). The sample was scanned

with the focused beam with a step size of 200 nm. At each

position the sample was exposed for 5 s, which was found to

be long enough to collect adequate signals to generate the

contrast in the image. The line profiles of Cr K� fluorescence

along the horizontal direction of the sample with and without

the apodizing slit are shown in Fig. 4(b). With the employment

of the apodizing slit, the background noise was significantly

reduced. This means that the side-lobe intensities caused the

enhancement of the background intensity. Also, the image

measured with the optimized apodizing slit has slightly

sharper edges than the image without the apodizing slit,
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Figure 3
Comparison of the experimental profiles at the back-focal plane of the
downstream mirror system with and without the apodizing slit.

Figure 2
Drawing of the apodizing slit system. The zoomed image shows the
arrangement of the four gold wires used as the slit blades.



providing an indication of improvement in the resolution

of the image with the apodized illumination. Defining the

contrast as the ratio of the maximum to the minimum inten-

sities of the line profiles, we obtained contrast values of 5.2

and 2.1 with and without apodization, respectively. Hence, an

enhancement of the contrast by a factor of �2.5 was achieved

by apodization.

We also performed a numerical simulation of SXFM and

show the results in Fig. 5. We used the focused beam profiles

shown in Figs. 5(a) and 5(b) with and without apodization,

respectively, obtained by wave-optical simulation in our

previous work (Kimura et al., 2013) with an appropriate

scaling. A binary mesh pattern shown in Fig. 5(c) was taken as

the sample. It is obvious from the line profiles in Fig. 5(d) that

apodized illumination helps to suppress the background

intensity significantly. This observation is consistent with our

experimental result.

5. Coherent diffractive imaging with apodized
illumination

We performed a CDI experiment for a 1 mm grid pattern in

the NTTAT-test chart (NTT-AT XRESO-50HC) shown in

Fig. 6(a). In the grid pattern, the width of each line is 250 nm

and the distance between two adjacent lines is 750 nm. The

X-ray photon energy was 9 keV, and the virtual source size

was 20 mm � 20 mm. The mirror parameters used for the CDI

experiment as shown in Table 1 produces the narrowest X-ray

beam for the designed optical system. The scattering from the

edge of the mirror can deteriorate the quality of the apodized

illumination. In order to avoid such circumstances, the

numerical-aperture-defining slit was adjusted such that only

60% of the total effective aperture of the mirror is illuminated.
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Figure 5
Numerical simulation of SXFM. Illumination at the sample plane
obtained by wave-optical simulation (a) with and (b) without apodizing
slit. (c) Binary mesh pattern used as a sample. (d) Horizontal line profiles
of simulated SXFM data obtained using illuminations (a) and (b).

Figure 4
SXFM experiment. (a) Optical micrograph of the chromium mesh pattern
used as a test object in SXFM measurement. (b) One-dimensional map of
Cr K� fluorescence of the test object measured by SXFM.



For the optical configuration used for the CDI experiment, the

measured spot size (full width at half-maximum) at the first

and second focuses are 600 nm � 400 nm and 400 nm �

650 nm, respectively. In the measurement of CXD patterns, a

pair of X-ray cross slits was placed immediately before the

sample in order to cut off the parasitic scattering from the

optical system.

CXD patterns were recorded with an X-ray CCD (Prin-

ceton Instruments PI-LCX: 1300) consisting of 1340 � 1300

pixels, each of area 20 mm � 20 mm. The CCD, operated in

vacuum, was cooled to a temperature of 173 K with liquid

nitrogen in order to reduce the dark-current noise. The

sample–detector distance (l) in the experimental results

presented below was 2.51 m. With this optical configuration

the minimum oversampling ratio, given by � = �l /�a, is �13,

where � is the X-ray wavelength, � is the pixel size and a is the

largest dimension of the incident illumination at the sample

plane. We used the CXD data in the central 1200 � 1200 pixel

of the CCD. The CXD patterns shown in this article are those

after subtraction of the background noise and binning by a

factor of two in each direction. The pixel size of reconstructed

images is �14 nm as determined from the experimental

geometry.

The CXD patterns with and without the apodizing slit are

shown in Figs. 6(b) and 6(c), respectively. The total exposure

time for each CXD pattern was 600 s. The line profile shown

in Fig. 6(d) is plotted along the vertical fringe in the CXD

patterns. The profiles clearly show an improvement in the

visibility of the CXD pattern with apodized illumination. In

general, CXD patterns contain speckles, and the minimum

speckle size for extended objects is inversely proportional

to the illumination size. When using apodized confined illu-

mination, the CCD can resolve each speckle. However, for

non-apodized extended illumination, the speckle can be too

small to be resolved by CCD which can cause deterioration of

the visibility of the CXD patterns.

We performed a numerical simulation to verify the effect of

apodization on the fringe visibility of CXD patterns. We again

used focused beam profiles with and without apodization

obtained by wave-optical simulation in our previous work

(Kimura et al., 2013) with an appropriate scaling. The grid

pattern shown in Fig. 7(a) was used as the sample. Figs. 7(b)

and 7(c) show the exit wave with and without apodization. The

simulated CXD patterns with and without apodization are

shown in Figs. 7(d) and 7(e), respectively. The line profiles

along the vertical fringe of the CXD patterns in Fig. 7( f)

apparently show that the visibility of the CXD pattern

improves significantly with apodized illumination, and

supports well our experimental observation.

We used a combination of shrink-wrap hybrid input–output

algorithm (HIO) (Marchesini et al., 2003) and error reduction

(ER) algorithm for image reconstruction from the CXD

pattern. The support size was initially set to be slightly larger

than the illumination size. The support was then gradually

updated by convoluting the reconstructed image with a

Gaussian function. The width of the Gaussian function was

initially set to be 2.0 pixels and was reduced by 1% every 50

iterations. The threshold for the dynamic support was set to

8% of the maximum of the reconstruction. The reconstructed

image in Fig. 6(e) was obtained after a total of 10000 iterations,
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Figure 6
CDI experiment. (a) The 1 mm grid pattern in the NTTAT-test chart used
as a sample in the CDI experiment. CXD patterns (b) with the apodizing
slit at the optimized aperture size and position and (c) without the
apodizing slit. (d) Comparison of the visibility of the fringes in the CXD
patterns (b) and (c). The axes Qx and Qy in the graphs are defined as Qx =
ð4�=�Þ sinð�x=2Þ and Qy = ð4�=�Þ sinð�y=2Þ, respectively. Here, � is the
wavelength and �x and �y are the scattering angles along the x and y
direction, respectively. (e) Reconstructed image from the CXD pattern
shown in (b) with apodizing slit.



of which the first 5000 were performed with the shrink-wrap

HIO and the last 5000 with the shrink-wrap ER. The line

pattern in the reconstructed image is in agreement with the

line in the 1 mm grid pattern as shown in Fig. 6(a). The dotted

line in Fig. 6(a) represents the position of the focused illumi-

nation. The experimental results of apodized-illumination

CDI presented in the present paper and the previous work for

visible light (Khakurel et al., 2015) demonstrate that one can

obtain images of extended objects of reasonable quality with

apodized illumination and conventional phase-retrieval algo-

rithms. For the determination of the true density distribution

in the sample, reconstructed images should be normalized by

the amplitude of the apodized illumination.

6. Conclusions

In summary, we have constructed a two-stage deformable

KB mirror system to generate apodized illumination. The

apodized illumination thus generated has a smoother profile

compared with the one without the apodizing slit. In the

process, we have designed, constructed and tested a compact

X-ray cross-slit with precisely controllable aperture size.

SXFM measurement was performed with a test object using

the apodized illumination and a distinct indication of

improvement in the resolution has been observed. We expect

that the effect of apodized illumination on SXFM results will

be more pronounced and meritorious when the focal spot size

is much smaller than that used in the current experiment. The

effect of apodization has also been observed in the CXD

patterns of the non-isolated object. An improvement in the

visibility of the fringe in the CXD pattern with apodized

illumination has been observed. We have also presented the

coherent X-ray diffractive imaging of a non-isolated object in

a non-scanning mode.

In SXFM and CDI experiments, we realised different focal

spot sizes at a fixed sample position by using a two-stage

deformable KB mirror system. In this way, a unique feature of

the optical system to generate variable focal spot size at a fixed

focal point has been demonstrated. We expect that the optical

system discussed here will find wide applications in various

spectroscopic and microscopic techniques operated at the

synchrotron light sources. The use of apodized illumination in

SXFM can be extended to the biologically important speci-

mens. Apodized-illumination CDI of non-isolated objects can

be usefully applied to various samples of material and biolo-

gical importance with synchrotron X-rays (Miao et al., 2003;

Nishino et al., 2009) and X-ray free-electron lasers (Seibert et

al., 2011; Kimura et al., 2014).
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obtained from (b), and (e) obtained from (c). ( f ) Line plot along the
vertical fringe through the center in the diffraction patterns (d) and (e).
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Westphal, D., Hantke, M., DePonte, D. P., Barty, A., Schulz, J.,
Gumprecht, L., Coppola, N., Aquila, A., Liang, M., White, T. A.,
Martin, A., Caleman, C., Stern, S., Abergel, C., Seltzer, V., Claverie,
J. M., Bostedt, C., Bozek, J. D., Boutet, S., Miahnahri, A. A.,
Messerschmidt, M., Krzywinski, J., Williams, G., Hodgson, K. O.,
Bogan, M. J., Hampton, C. Y., Sierra, R. G., Starodub, D.,
Andersson, I., Bajt, S., Barthelmess, M., Spence, J. C. H., Fromme,
P., Weierstall, U., Kirian, R., Hunter, M., Doak, R. B., Marchesini,
S., Hau-Riege, S. P., Frank, M., Shoeman, R. L., Lomb, L., Epp,
S. W., Hartmann, R., Rolles, D., Rudenko, A., Schmidt, C., Foucar,
L., Kimmel, N., Holl, P., Rudek, B., Erk, B., Hömke, A., Reich, C.,
Pietschner, D., Weidenspointner, G., Strüder, L., Hauser, G.,
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