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The spatial resolution of scanning x-ray microscopy depends on the beam size of focused x rays.
Recently, nearly diffraction-limited line focusing has been achieved using elliptical mirror optics at
the 100 nm level. To realize such focusing two-dimensionally in a Kirkpatrick-Baez system, the
required accuracies of the mirror aligners in this system were estimated using optical simulators
based on geometrical or wave-optical theories. A focusing unit fulfilling the required adjustment
accuracies was constructed. The relationships between alignment errors and focused beam profiles
were quantitatively examined at the 1 km long beamline (BL29XUL) of SPring-8 to be in good
agreement with the simulation results. © 2005 American Institute of Physics.

[DOI: 10.1063/1.2005427]

. INTRODUCTION In this study, a simulation code was developed, by which

the necessary accuracy in a mirror alignment in a K—B—type7
hard-x-ray focusing unit is estimated. The simulator was
based on two theories of geometrical and wave optics ac-
cording to the required accuracy. Geometrical optics was
mainly employed in the estimation of the necessary accura-
cies in the alignments of the in-plane rotation, which is de-
fined as the rotation around the normal of the surface at the
center of the mirror, and the perpendicularity between the
normals of two mirrors. Wave optics was utilized to estimate
the required accuracy in the glancing angle adjustment. The
calculated results showed that the glancing angle adjuster

In third-generation synchrotron radiation facilities such
as SPring-8, ESRF, and APS, bright and coherent x-ray
beams with low emittances are available. To utilize an x-ray
beam preserving such excellent properties, x-ray optical de-
vices having an unprecedently high degree of accuracy are
required. For focusing x-ray beams, an X-ray mirror is a good
device due to achromatic and efficient focusing. Recently,
focusing performance using X-ray mirrors has improved
significantly. I

In total-reflection mirror systems for hard x rays, ray-
trace methods based on geometrical optics are mainly used to

evaluate steered beam properties.5 However, in such meth-
ods, the wavelength is assumed to be infinitely small so that
focused beam profiles at nearly diffraction-limited operation
cannot be evaluated. Recently, such focusing has been real-
ized in hard x rays by mirror optics,l’2 and new simulation
methods based on wave optics6 are highly demanded to
evaluate the details of the beam performances.
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requires a microradian-level resolution. The accuracies in
other alignments are indicated to be not significantly high;
thus, to fulfill such a requirement is not so difficult. A focus-
ing unit having the required alignment resolutions was
actually developed and set at the 1 km long beamline
(BL29XUL)® of SPring-8, and the relationships between the
alignment errors and focused beam profiles were investi-

© 2005 American Institute of Physics
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FIG. 1. Configuration of the optical system. The employed system is fitted
to BL29XUL of Spring-8.

gated. The obtained results were in good agreement with the
calculated results. Beam waist structures were also examined
to understand the field depth as a probe in scanning x-ray
microscopy.

Il. OPTICAL CONFIGURATIONS

The optical configuration of a K-B-type focusing system
in this study is shown in Fig. 1. The optical parameters are
shown in Table I. The mirror M, placed upstream is an el-
liptical mirror having a longitudinal length of 100 mm and a
focal length of 300 mm for vertical focusing. The mirror Mg
placed downstream is also an elliptical mirror having the
same longitudinal length and a focal length of 150 mm for
horizontal focusing. The distance between the centers of M,
and Mp is 150 mm. The principal dimensions employed are
those of BL29XUL. The incident aperture of 100 um
X100 pm is located 950 m upstream from the center of M.
The work distance in this case is 100 mm, which is sufficient
for various applications such as scanning Xx-ray microscopy
or projection microscopy. The surface material of the mirrors
is single crystal silicon. Figures of the mirror surface are
designed to be effective for x rays with a photon energy
smaller than 20 keV.

lll. ALIGNMENT ACCURACIES OF
PERPENDICULARITY OF TWO MIRRORS
AND IN-PLANE ROTATIONS

The relationship between the adjustment error in the per-
pendicularity of two mirrors and the beam size broadening
was investigated using the simulator based on geometrical
optics. The arrival points of X rays on the screen under ideal
alignment conditions are shown in Fig. 2. The influence of
alignment error in the perpendicularity on beam size is
shown in Fig. 3(a). Beam size is defined as the full width in
the horizontal or vertical direction. The dotted lines indicate

TABLE I. Parameters of the elliptical mirrors.

M, mirror M g mirror

Glancing angle® 1.40 mrad 1.48 mrad
Focal length 300 mm 150 mm
Mirror length 100 mm 100 mm

Mirror width 5 mm 5 mm

Length of ellipse 1000.30 m 1000.30 m
Breadth of ellipse 48.50 mm 36.18 mm
Incident slit size 100 pwm 100 wm

Glancing angles are defined at the centers of the mirrors.
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FIG. 2. Typical result of the arrival points of rays on the screen.

the predicted beam sizes in the diffraction-limited focusing
of M, and Mp. They are determined using the following
equation, which is effective for the rectangular aperture:g

d=2.0-\-fID, (1)

where d is the beam size defined as the distance between the
first minimums, f is the focal length, A is the wavelength of
the x rays, and D is the aperture size of the relevant mirror,
given by the product of the mirror length and the glancing
angle. As understood from the intersecting points between
the solid and dotted lines in Fig. 3(a), the acceptable range of
the angle error is 0.4 mrad for the realization of diffraction-
limited focusing.

The relationship between the in-plane rotation error of
each mirror and the beam is shown in Fig. 3(b). The hori-
zontal and vertical axes denote the error angle and beam size,
respectively. Beam size is defined as the maximum width
also in this figure. The dotted lines in the graph indicate the
predicted beam sizes in the diffraction-limited focusing. For
the achievement of such focusing, the acceptable ranges of
the angle errors in M, and My are indicated to be +65 mrad
and +40 mrad, respectively.
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FIG. 3. Relationships between the beam size defined as the maximum width
and mirror alignment errors of (a) the perpendicularity and (b) in-plane
rotation of M, and M. The dotted lines in the graph indicate the predicted
beam sizes, which are defined as the distance between the first minimum
points, in diffraction-limited focusing. (a) Perpendicularity of M, and M.
(b) In-plane rotation of M, and M.
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FIG. 4. Geometrical relationships among the x-ray source, mirrors, and
screen in the simulator.

IV. GLANCING ANGLE ACCURACIES IN MIRROR
ALIGNMENTS

A. Wave-optical simulation model

In the glancing angle alignment, a high accuracy is re-
quired; thus a wave-optical simulator is employed to esti-
mate the accuracy criteria. In simulation using the ray-trace
method, the full width of the focal image was employed as
the beam size to avoid ambiguities of intensity distribution
on the image plane. In this section, the beam sizes obtained
by wave optics are discussed using full width at half maxi-
mum (FWHM) for the ease of comparison between the cal-
culated and experimentally obtained beam sizes. The geo-
metrical relationships among the x-ray source, mirrors, and
screen in the simulator are set, as shown in Fig. 4. To deter-
mine the intensity distribution of the focused x rays, the
Fresnel-Kirchhoff integrals9 shown in Eq. (2) are calculated.
In this code, the degree of coherence of the x-ray beam at the
incident aperture can be taken into account:

Ng Ny

Io(k) = 2 X |ali,j b PIs(i)

i=1 j=1
Ny Ng Ny Ny

+ 2 2 2 2 2alinjik)alisy k)| mliyi)
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FIG. 5. Beam profiles at every 1 urad error from the optimum angle in the
x-ray energy of 15 keV. (a) Vertical focusing; (b) horizontal focusing.
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+—t t
| | I | | | | | | | | |
| | I | | | | | I | | |
Y S | | S | | I

A
°

Here, I,(k) and I4(i) are the x-ray intensities at point k on the
screen and at point i on the aperture, and S(i,j,k) and
ali,j, k) are the distance and inclination factor from point i
on the aperture to point k on the screen via point j on the
mirror, respectively. w(i;,i,) is the degree of coherency be-
tween points i; and i, on the aperture. In this simulation,
wu(iy,i,) =1, which means that a full coherent illumination is
realized at the aperture of 100 um X 100 um placed 50 m
downstream from an x-ray source, is predicted to be effective
using the high-performance undulator of SPring-8 as an
x-ray source. In a total reflection, the reflectivity at each
point on the mirror surface is approximately constant. The
phase change due to an evanescent wave field at each point
on the mirror surface is already considered in the design of
the mirror shape.
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FIG. 7. Calculated beam waist structures in vertical and horizontal direc-
tions.
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TABLE II. Summary of acceptable ranges of mirror alignments for realizing
diffraction-limited focusing two-dimensionally at an x-ray energy of
15 keV.

Glancing angle Perpendicularity In-plane rotation Focal depth

Mirror A
Mirror B

+1.2 mm
+0.2 mm

+65 mrad
+40 mrad

+7 umrad +0.4 mrad

+2 urad

B. Simulation results

Various glancing angle errors were given, and focused
beam profiles were calculated wave optically. Figure 5 shows
the beam profiles independently obtained in the vertical and
horizontal directions. The relationship between beam size
and glancing angle is shown in Fig. 6, where the beam size is
FWHM. When the acceptable beam size broadening is
within 20% of the ideal beam size, the angle errors should be
smaller than +7 urad and +2 urad in the vertical and hori-
zontal focusings, respectively.

In scanning x-ray microscopy, the displacement from the
focal point along the beam axis should be smaller than the
focal depth of the optical system. On the basis of the as-
sumption that the mirror angles are perfectly adjusted, the
focused beam profiles were investigated every 1 mm along
the beam axis near the ideal focal point. As shown in Fig. 7,
when the range of error tolerance in the focal length is de-
fined as that in which the beam size broadening is smaller
than 20% of the ideal beam size, the acceptable ranges in M,
and My are £1.2 mm and +0.2 mm, respectively. Such focal
depths are sufficiently large for relatively thick samples to be
observed. This advantage originates in the mirror design with
the small glancing angle and the small numerical aparture
(N.A.). The photon flux and the theoretical beam size are
sacrificed. Because of such tradeoff relations, we should ap-
propriately select mirror parameters for the application ob-
jectives.

V. COMPACT TWO-DIMENSIONAL FOCUSING UNIT

Accuracies to be realized in the mirror alignments are
summarized in Table II. An x-ray focusing unit fulfilling the
criteria was designed and actually constructed. The photo-
graph of the unit is shown in Fig. 8(a). The glancing angle
adjustment requires a higher accuracy than those of other
alignment parameters; thus, the flexure hinges and the pulse-
motor-based linear actuators are employed for the alignment

(@ ®

FIG. 8. Schematic views of the K-B focusing unit. (a) Photograph of the
focusing unit. (b) Schematic drawing of the glancing angle adjuster.
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FIG. 9. Residual figure error profile of the M,. The peak-to-valley and rms
figure error are 26 and 0.2 nm.

of the glancing angle, as shown in Fig. 8(b). The mechanism
adjusts the angles without any mechanical sliding and fric-
tion. The angular resolutions realized in the unit are 1 urad
in both M, and M. The adjuster for the perpendicularity of
the mirrors consists of two sets of linear actuators located
under the vertical focusing mirror, and has an angular reso-
lution of 0.2 mrad. In the in-plane rotation adjustment, mi-
crometer heads are employed because the acceptable range is
+50 mrad. To minimize the elastic deformation of the mir-
rors by gravitational force, the mirrors are placed on mirror
stages using three support balls arranged at Airy points. The
elastic deformation was estimated using the finite element
method, and a maximum deformation of less than 1 nm was
confirmed.

VI. EXPERIMENTS ON FOCUSING PROPERTIES

The K-B focusing unit equipped with ultraprecise
mirrors'®'* fabricated by EEM,” " P-cVM'"* and mi-
crostitching interferometry11 was installed at BL29XUL, and
tested in terms of two-dimensional focusing performance at
an x-ray energy of 15 keV. The figure error of the M, is
shown in Fig. 9. Figure accuracy of My is in the same level
of M,. These accuracies are confirmed to be enough to real-
ize diffraction-limited focusing.6 The beam profile was mea-
sured by a wire scan method using a gold wire with a diam-
eter of 200 wm. The perpendicularity of the two mirrors and
the in-plane rotations were preadjusted to within acceptable
errors. Figure 10 shows the tuning process of the glancing
angle of M, using a series of beam profiles at different
glancing angle errors. The horizontal axis denotes the wire
position, and the subscripts in the graph show the error val-
ues (in 107 rad) from the optimum glancing angle. The cal-
culated beam profiles are shown in the same graph by solid
lines, together with the measured profiles shown by dots. The
measured results were in good agreement with the calculated
ones.

Intensity (arb. units)
T

Position (um)

FIG. 10. Tuning process of the glancing angle of M, using a series of beam
profiles. The measured and wave-optically calculated profiles are shown by
dots and solid lines, respectively.
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FIG. 11. Two-dimensional intensity profile experimentally obtained at the
x-ray energy of 15 keV. (a) Vertical focusing (50 nm step); (b) horizontal
focusing (25 nm step).

After adjusting the glancing angle, the two-
dimensionally focused beam profile was measured and is
shown in Fig. 11 together with the solid line of the beam
profile calculated using the ideal mirror profile. A beam size
of 180 nm(V) X 90 nm(H) in FWHM was achieved. The ob-
tained results in the vertical and horizontal focusings are
consistent with the calculated results and show that two-
dimensional diffraction-limited focusing is realized. The
measured profile is completely raw data without any com-
pensation to take the transmission effect at the gold wire
edge into account, because such influences only appear at the
edge of focused profile with the width of smaller than 10 nm.
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