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Ellipsoidal mirrors, which can efficiently produce a two-dimensional focusing beam with a single
mirror, are superior x-ray focusing optics, especially when compared to elliptical-cylinder mirrors in
the Kirkpatrick–Baez geometry. However, nano-focusing ellipsoidal mirrors are not commonly used
for x-ray optics because achieving the accuracy required for the surface metrology of nano-focusing
ellipsoidal mirrors is difficult due to their small radius of curvature along the short ellipsoidal axis.
Here, we developed a surface metrology system for nano-focusing ellipsoidal mirrors using stitching
interferometric techniques. The developed system simultaneously measures sub-aperture shapes with
a microscopic interferometer and the tilt angles of the sub-aperture shapes with a large Fizeau inter-
ferometer. After correcting the systematic errors included in the sub-aperture shapes, the entire mirror
shape is calculated by stitching the sub-aperture shapes based on the obtained relative angles between
partially overlapped sub-apertures. In this study, we developed correction methods for systematic
errors in sub-aperture shapes that originated from off-axis aberrations produced in the optics of
the microscopic interferometer. The systematic errors on an ellipsoidal mirror were estimated by
measuring a series of tilted plane substrates and the ellipsoidal substrate. From measurements of an
ellipsoidal mirror with a 3.6-mm radius of curvature at the mirror center, we obtained a measurement
repeatability of 0.51 nm (root-mean-square) in an assessment area of 0.5 mm × 99.18 mm. This value
satisfies the requirements for surface metrology of nano-focusing x-ray mirrors. Thus, the developed
metrology system should be applicable for fabricating nano-focusing ellipsoidal mirrors. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4950714]

I. INTRODUCTION

Precision focusing devices are powerful tools for x-
ray microscopic analyses conducted in synchrotron radiation
facilities. In particular, mirror optics, which have unique
characteristics such as achromaticity and high efficiency,
are widely utilized as x-ray focusing devices. Precision
mirror optics are manufactured using deterministic fabrication
processes.1–4 These processes use computer-controlled surface
machining with nanometer accuracy for figure correction
based on the surface profile. Thus, determining the surface
figure of x-ray mirrors with nanometer-level accuracy is
indispensable for fabricating nano-focusing x-ray mirrors.5,6

Slope measuring profilers, as typified by long trace profilers,7,8

and stitching interferometers9,10 have been developed as
surface profilers for x-ray mirrors. These methods have the
ability to measure x-ray mirrors, including plane mirrors and
elliptical-cylinder mirrors, with nanometer-level accuracy.

Two elliptical-cylinder mirrors in the crossed geom-
etry, the so-called Kirkpatrick–Baez (K–B) geometry,11 are
generally used as two-dimensional focusing devices in x-
ray microscopic analyses. Replacing the elliptical-cylinder
focusing mirrors in the K–B geometry with an ellipsoidal

a)Electronic mail: yumoto@spring8.or.jp

focusing mirror, which requires only one reflection to produce
a two-dimensional focusing beam, has many advantages
in terms of focusing efficiency, simple alignment, and the
stability of the focusing beam size and position. In particular,
ellipsoidal focusing mirrors can have a larger numerical
aperture in the direction of sagittal focusing than what is
possible with line-focusing mirrors in the K–B geometry.
However, nano-focusing ellipsoidal mirrors have not been
developed because of difficulties in the fabrication processes
of two-dimensional aspherical shapes.

We have been developing nano-focusing elliptical-cylin-
der mirrors using stitching interferometric techniques9,10,12,13

and ultra-precision surface finishing methods.1,6 Compared
with elliptical-cylinder mirrors, producing ellipsoidal mir-
rors has three major challenges: (1) metrology must be
sophisticated to accurately quantify a highly sloped surface;
(2) ultra-precision finishing methods must be provided to
process a sloped aspheric surface; and (3) huge amounts of
substrate material must be efficiently removed to form a deep
concave shape. The second and third challenges regarding
processing techniques have been addressed14 in parallel with
the first challenge of surface metrology addressed in this
article. We refined interferometric technologies based on
relative angle determinable stitching interferometry (RADSI)
for measuring nano-focusing ellipsoidal mirrors in the present
study. The stitching interferometric techniques developed in
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our previous study for measuring elliptical-cylinder mirrors
have inadequate accuracy for nano-focusing ellipsoidal shapes
due to the radius of curvature of a few millimeters in the
short axis direction of the nano-focusing ellipsoidal mirrors.
The main obstacle was that the difference profiles in the
overlap area between adjacent sub-aperture shapes are too
large for measuring nano-focusing ellipsoidal mirrors. Sub-
aperture shapes measured using a microscopic interferometer
were found to include systematic errors that originated from
the small radius of curvature in the short axis direction.

The purpose of this study was to establish a surface
metrology system for nano-focusing ellipsoidal mirrors. We
developed correction methods for the systematic shape errors
in sub-aperture measurements of nano-focusing ellipsoidal
mirrors using observation results that contributed to the
systematic shape errors. When the flat test surface was
tilted by several milli-radians in the measurement of the
microscopic interferometer, we observed that the generated
systematic shape errors corresponded to the tilt angle (local
slope) of a test surface with respect to the reference flat of a
microscopic interferometer. This type of systematic error can
be attributed to the off-axis aberrations of optical elements
in the microscopic interferometer. We assumed that these
errors are generated in the sub-aperture measurements of
nano-focusing ellipsoidal mirrors with slope distributions of
several milli-radians in the short axis direction. On the basis
of the systematic shape errors evaluated by the flat surface
measurement, we invented correction methods for the errors
in sub-aperture measurements of nano-focusing ellipsoidal
mirrors. We confirmed that a shape height of 0.42-nm
root-mean-square (RMS) in a sub-aperture measurement
was required for correcting the designed nano-focusing
ellipsoidal mirror with a 3.6-mm radius of curvature and
slope distributions of ±74 mrad at the mirror center. A
repeatability of 0.51 nm (RMS) was achieved in an assessment
area of 0.5 mm × 99.18 mm with the ellipsoidal mirror; this
repeatability value meets the requirements for the surface
metrology of nano-focusing mirrors (<1 nm (RMS)).

II. MEASUREMENT TARGET; NANO-FOCUSING
ELLIPSOIDAL MIRROR

The ellipsoidal mirror shown in Fig. 1 was designed for
producing a nano-focusing beam in the hard x-ray region,
which is the measurement target of the present study. The focal
lengths of the mirror from the mirror center to the light source
and from the mirror center to the focal point are 50 m and
0.2 m, respectively. The incidence angle at the mirror center
is 9 mrad. When the reflective area on the mirror surface
is 100 mm × 0.5 mm in the long and short axis directions

FIG. 1. Diagram of an ellipsoidal focusing mirror.

of the ellipsoid, respectively, a diffraction-limited focusing
beam size of 35 nm × 60 nm full width at half maximum
(FWHM) is expected at an x-ray energy of 7 keV under
total reflection conditions with a platinum-coated surface. The
spatial acceptance is 0.9 mm × 0.5 mm. A previous study
indicated that a figure accuracy of 1 nm (RMS) is required for
a nano-focusing ellipsoidal mirror to produce a diffraction-
limited focusing beam using a wave-optical simulator.15 Note
that the figure error height, which generates wavefront errors
corresponding to quarter wavelengths,16 is 2.5 nm at the
mirror center in these optics. Surface profilers must satisfy
the measurement repeatability of less than 1 nm (RMS).

III. MEASUREMENT INSTRUMENT

A stitching interferometric technique of RADSI was
applied for measuring the designed ellipsoidal mirror in
this study. In the RADSI process for calculating the entire
mirror shape, sub-aperture shapes are stitched based on
the measured relative angles between adjacent sub-aperture
shapes. The tilt angles of the sub-aperture shapes and the sub-
aperture shapes are measured simultaneously. Relative angles
between adjacent sub-apertures corresponding to stitching
angles are calculated by the obtained tilt angles of sub-
aperture shapes. This method can efficiently reduce the
accumulation of stitching angle errors. The measurement
instrument used in this study has approximately the same
equipment layout as that developed in our previous study
for measuring nano-focusing elliptical-cylinder mirrors.12,13

Fig. 2 shows the measurement instrument. In the present
system, sub-aperture shapes are measured using a white-light
microscopic interferometer (ZYGO, NewView 7300), and the
tilt angles of the sub-aperture shapes are measured using a 6-in.
Fizeau interferometer (ZYGO, VeriFire XP/D). Test mirrors
are scanned and measured along the same stitching direction
in the longitudinal direction of the x-ray mirrors. Every sub-
aperture shape is measured at the same focus position based on
white-light interference conditions in order to prevent changes
in the systematic errors due to defocus errors. Compared to
the previous study, the instrument for measuring ellipsoidal
mirrors in the present study has several major changes,
including new interferometers, improved stiffness of the stages

FIG. 2. Photograph of the measurement instrument.
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under the microscopic interferometer, and the addition of a
rotation stage around the long axis of the ellipsoidal mirrors.

In the designedmirror, sub-aperture shapes weremeasured
with a Mirau objective (20×) and a zoom lens (0.5×). The field
of view was 707 µm × 530 µm. The spatial sampling using a
camera with 640 × 480 array was 1.1 µm. The objective had
a spatial resolution of 0.87 µm, which is calculated by the
Rayleigh criterion of 0.61λ/N.A.,17 where λ is the wavelength
of light (570 nm) and N.A. is the numerical aperture (0.4).

IV. ESTIMATION OF SYSTEMATIC SHAPE ERRORS

A. Surface profile and slope distribution
in the sub-aperture shape

The designed ellipsoidal mirror was used for the assess-
ment in this study. This mirror had a figure error height of
several hundred nanometers along the long axis direction
after fabrication with a computer-controlled grinding pro-
cess.14 The surface profile of the mirror was measured with the
microscopic interferometer. Fig. 3(a) shows the obtained sub-
aperture shape, and an interference fringe pattern was observed
as shown in Fig. 3(b). At the edge in the short axis direction,
the height difference between adjacent pixels was 80 nm. At
this point, the surface had a slope of 70 mrad. This slope was
comparable to the maximum slope, which is measurable with
the mentioned interferometer’s configuration. The designed
mirror has a radius of curvature from 29 to 62 m and from 3.1 to
4.0 mm in the long and short axis directions, respectively. The
depth of the mirror along 100 mm in the long axis direction
is 29 µm. The incident angle distribution is ±1.1 mrad along
100 mm in the long axis direction. In the sub-aperture area at the
mirror center, the depth along 700 µm in the long axis direction
is 1.4 nm, whereas the depth along 500 µm in the short axis
direction is 9 µm. As described above, the designed mirror has
a large slope distribution in the short axis direction compared to
that in the long axis direction. In this study, we mainly consider

FIG. 3. Surface profile (a) and interference fringe pattern (b) of an ellip-
soidal object measured with a microscopic interferometer. The scale bars are
100 µm.

the systematic errors generated in the measurement condition
in which a test surface is tilted in the short axis direction toward
the reference flat of the interferometer. Off-axis illumination
by a reflected light from the tilted surface will produce off-axis
aberrations such as coma and astigmatism.

B. Observation of systematic shape errors using
a flat surface

We observed the systematic errors caused by off-axis
aberrations using a test substrate with a flat surface. The
above-mentioned measurement conditions were used with
an assessment area of 707 µm × 530 µm by the optical
elements. The test substrate was measured under conditions
with different tilt angles around the long axis direction. This
angle corresponded to the slope of an ellipsoidal mirror in
the short axis direction. In this case, a 0-mrad condition
corresponds to a null fringe condition in which the test
substrate was measured in parallel with the reference flat of
the interferometer. The measured profiles were compared to
the 0-mrad condition. Difference profiles, which show the
systematic shape errors, were calculated. Fig. 4(a) shows the
difference profiles against the tilt angles. Fig. 4(b) shows a

FIG. 4. Observed systematic errors in measurements of tilted flat surface. (a)
Difference profiles against the tilt angles. Difference profiles were calculated
by subtracting a profile measured in the 0-mrad condition from a profile
measured at each tilt angle. (b) Relationship between the tilt angle and the
RMS error height of the difference profiles.

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  133.1.116.104 On: Fri, 17 Jun

2016 04:11:31



051905-4 Yumoto et al. Rev. Sci. Instrum. 87, 051905 (2016)

relationship between the tilt angle and the RMS error height
of the difference profiles. A measurement repeatability of
0.2 nm (RMS) was obtained at each tilt angle. As shown
in Fig. 4, the RMS error height increased with the increasing
tilt angle, while the shape of the difference profiles remained
almost unchanged. We confirmed that the systematic errors
are generated corresponding to the tilt angle.

C. Approximate representation of systematic shape
errors in the measurement of the tilted flat surface

On the basis of the observed results, we considered a
method for expressing the systematic shape errors generated in
the measurement of the tilted flat object. Zernike polynomials18

were used for fitting the difference profiles. We expected that
the systematic shape errors caused by the off-axis aberrations
could be expressed using a few low-order Zernike polynomial
terms, which are commonly applied for expressing optical
aberrations. However, many terms were required for represent-
ing the errors as described below. For the difference profile
measured in the−60-mrad condition, Fig. 5 shows the relation-
ship between the residual height of the difference profile after
the polynomial fitting and term numbers of used polynomials.
About 70 terms were required for fitting the difference profile
to reduce the residual height to less than 0.3 nm (RMS).

Fittings using Zernike polynomials were conducted for
difference profiles obtained at each tilt angle condition. Fig. 6
shows a relationship between the tilt angle and the Zernike
expansion coefficients. Only the term numbers from 3 to 11
are shown in Fig. 6, while about 70 terms were calculated. The
coefficient of each term is continuously distributed against the
tilt angle. The systematic shape errors for a tilted flat surface
can be calculated by interpolating the results for any tilt angle.

D. Expression of systematic shape errors
in the ellipsoidal surface measurement

The purpose in correcting the sub-aperture shape is
to minimize the difference shape, which is systematically
caused by the measurement of a curved surface, between
stitching sub-aperture shapes in the measurement of ellipsoidal
mirrors. We developed a method for calculating plausible
systematic shape errors in the sub-aperture shapes. Calculation
procedures are explained in detail below. The procedures

FIG. 5. Relationship between the residual height of the difference profile
after the polynomial fitting and term numbers of used polynomials. The
difference profile was measured in the −60 mrad condition. Residual height
in RMS was calculated in an area of 707 µm×508 µm.

FIG. 6. Relationship between tilt angles and Zernike expansion coefficients.

can be summarized as follows. Systematic shape errors on
a curved shape C(i, j) (to be described) were estimated based
on the observed systematic shape errors on the tilted flat
shape F(i, j, S(i, j)) (to be described). Moreover, adequate
corrections for C(i, j) were introduced. Then, the systematic
shape errors on the ellipsoidal mirror E(i, j) (to be described)
were finally expressed.

In the measurement of a microscopic interferometer,
the difference of the wave front, which is an optical path
difference, between the reflected light from the reference flat
and the reflected light from the test surface is eventually
observed as a shape. When the reflected light from the
tilted surface is returned to the optics of the interferometer,
it passes through a different optical path than the incident
light. This results in the generation of an optical path
difference and is measured as systematic shape errors. Wave-
front errors generated by off-axis illumination are due to
inherent imperfections of an optical system of interferometers.
By expressing the systematic shape errors included in the
measurement of the tilted test surface as described below, the
expression of the systematic shape errors in the profile of a
tilted flat surface is expanded to systematic shape errors in the
profiles of the ellipsoidal surface.

In measurements of the tilted flat object, the height of the
observed systematic shape error is expressed as F(i, j, S(i, j))
with variables of position (i, j) (pixel number) along the short
and long axis directions, respectively, and a local slope S(i, j)
at the measurement position (i, j). When a tilted flat surface is
measured, the local slope S(i, j) corresponds to the tilt angle
of the substrate at every position (i, j). In this case, S(i, j) is
constant. As mentioned before, F(i, j, S(i, j)) is a measurable
value and was expressed using Zernike polynomials. When
∆F(i, j, S(i, j)) is defined as half of the difference between the
height of the systematic shape error at the next position (i, j),
∆F(i, j, S(i, j)) is expressed as follows:

∆F (i, j,S (i, j)) = 0.5[F(i + 1, j,S (i + 1, j))
− F(i − 1, j,S (i − 1, j))]. (1)

Then, F(i, j, S(i, j)) can be approximately expressed with a
summation operation:

F (i, j,S (i, j)) =
i−1

k=0
∆F (k, j,S (k, j)) . (2)

In this expression, it can be assumed that the systematic
shape errors are the result of integrated local wave-front errors
(systematic shape errors) produced by a local slope.
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As a basic assumption in the measurement of an
ellipsoidal mirror, we assumed that systematic shape errors
for curved surfaces are also a result of integrated local wave-
front errors produced by the local slope. When an ellipsoidal
surface is measured, S(i, j) is not constant for every position
(i, j). The slope changes along the short axis direction of an
ellipsoidal mirror. At first, we assumed that the height of the
systematic shape error in the sub-aperture shapes is zero at
the lowest point of an ellipsoidal shape along the short axis
direction. Note that this is not a reasonable assumption as
described later. (See the last sentence of Section IV D.) Then,
the height of the systematic shape error for a curved substrate
C(i, j) is similarly calculated using Equation (2). In this case,
S(i, j) was calculated from a measured surface profile and is
not an independent variable in C(i, j).

The systematic shape error, E(i, j), in the sub-aperture
shape of the ellipsoidal mirror was approximately expressed
using simple mathematical formulas to minimize overlap
errors with utilizing the above calculated error, C(i, j),
because C(i, j) required additional corrections. As a result, the
following equation was employed for the ellipsoidal mirror:

E (i, j) = C (i, j) · (1 + Pr/R) + ξ (i, j) , (3)

where R (m) is the radius of curvature of the measured
shape, Pr is a constant calculated as −2.219 × 10−3, and
ξ(i, j) is a two-dimensional height map. Fig. 7 shows the
calculated E(i, j) (Fig. 7(a)) at the center of the designed
ellipsoidal mirror and an estimated ξ(i, j) (Fig. 7(b)). Here,
E(i, j) has RMS height of 0.42 nm, which depends on a
radius of curvature and slope distributions of the measured
shape. Several nanometer heights were required to correct the
systematic error in the sub-aperture area with a depth of 9 µm
and slope distributions of ±74 mrad in the short axis direction.
As shown in Fig. 7(a), the calculated systematic shape error in

FIG. 7. Estimated systematic shape errors in a sub-aperture shape at the
center of the designed ellipsoidal mirror measured with a microscopic inter-
ferometer. Height map (a) depends on a radius of curvature of the measured
shape. Height map (b) is independent of a radius of curvature of the measured
shape. The scale bars are 100 µm.

the sub-aperture shape has nonzero values at the lowest point
of the ellipsoidal shape along the short axis direction.

V. STITCHING PROCEDURES

Before stitching the sub-aperture shapes, the measured
sub-aperture shapes were corrected to reduce systematic errors
according to the following processes. First, the shape of the
reference flat was subtracted from the sub-aperture shapes.
This shape was evaluated by averaging the profiles of a
smooth and flat object. Second, a correction was performed
for eliminating the systematic shape errors caused by the
tilted shape along the long axis direction. These errors were
expressed as a parabolic curve as a function of the tilt angle
along the long axis of the measured surface based on evaluated
results. At the maximum tilt angle of 1 mrad, the correction
shape had a depth of 0.3 nm along a length of 700 µm.
Third, the above described corrections were performed for
eliminating systematic shape errors caused by the curved
shaped in the short axis direction. Fourth, the in-plane rotation
error in alignment between the position of the interferometer
head and the stitching direction (the direction of scanning
stage movement) was corrected as a constant value. Finally,
the pixel length was adjusted to the need of measurements. In
this study, a central area of 700 µm × 500 µm was selected
with a pixel length of 10 µm. Then, the sub-aperture shapes
were stitched based on the measured relative angles between
sub-aperture shapes for both the long and short axis directions.
The stitching height was calculated to minimize overlap errors
between sub-aperture shapes.

VI. MEASUREMENT REPEATABILITY

The designed ellipsoidal mirror was measured with the
developed instrument under the following conditions. The
mirror substrate was made of synthetic silica glass and was
initially uncoated. The substrate size was 100 mm × 50 mm
× 30 mm (thickness). The evaluated area of the mirror was
99.18 mm × 0.5 mm in the long and short axis directions,
respectively. The measured interval of the sub-aperture shapes
was 0.5 mm in the stitching direction, which is the same as
the long axis direction of the ellipsoid. The field of view of
the microscopic interferometer was 707 µm × 530 µm in the
long and short axis directions, respectively. A total of 198
sub-aperture shapes were stitched. The measurement time for
198 sub-apertures was 2 h. As a result of the above-mentioned
stitching procedures, the obtained overlap errors were less than
0.2 nm (RMS) on average, which is sufficient for fabricating
x-ray mirrors. At the time of the evaluation, this mirror was
estimated to have a figure error height of 3 nm (RMS). This
mirror was fabricated using a computer-controlled process14

with an area of 0.5 mm × 95 mm.
To assess the measurement repeatability, four measure-

ments were performed 30 h after placing the substrate on
the instrument. Fig. 8 shows the obtained repeatability, which
was evaluated using a difference shape from the averaged
shape. Fig. 8(a) shows one of the two-dimensional mea-
surement repeatability evaluation results. Fig. 8(b) shows a
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FIG. 8. Measurement repeatability. (a) One of the two-dimensional evalua-
tion results. (b) A cross-sectional profile of the two-dimensional evaluation
results in the long axis direction along the mirror center.

FIG. 9. Difference profile of the results obtained before and after platinum
coating.

cross-sectional profile of the two-dimensional evaluation
results in the long axis direction along the mirror center. We
achieved an average measurement repeatability of 0.51 nm
(RMS) at the two-dimensional area and 0.28 nm (RMS) along
the center line.

In addition, the surface shape was compared to the
surface after platinum coating of 50 nm in thickness. Four
measurement results were averaged to determine the surface
profiles. Fig. 9 shows a difference profile between the results
obtained before and after platinum coating. A difference height
of 0.98 nm (RMS) was reproduced in an assessment area
of 0.5 mm × 94 mm. This low difference height indicates
measurement precision after resetting the substrate, which
included coating errors of platinum. Under the existing condi-
tions, the main factor in measurement errors is considered to
be a result of minute position errors occurring between sub-
aperture shapes, which are associated with motion errors of the
translation stage in the stitching direction. The pitching motion
error of the stage generates rotation errors in the surface plane
of the test mirror.

VII. SUMMARY AND CONCLUSION

We described a surface profiler developed based on a
precision stitching interferometer for the purpose of fabri-
cating nano-focusing ellipsoidal mirrors. Correction methods
for systematic shape errors in the sub-aperture shapes were
invented for measuring ellipsoidal mirrors with the micro-
scopic interferometer. The evaluated results of the measure-
ment repeatability of 0.51 nm (RMS) meet the targeted
measurement requirement of less than 1 nm (RMS) for the
surface profiler of the ellipsoidal mirror. Thus, the developed
metrology system should be applicable for fabricating nano-
focusing ellipsoidal mirrors. The results of fabrications of
the nano-focusing ellipsoidal mirror with the developed
metrology system will be reported in the near future.
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