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Metrology plays an important role in surface figuring with subnanometer accuracy. We have
developed relative angle determinable stitching interferometry for the surface figuring of elliptical
mirrors, in order to realize hard x-ray nanofocusing. In a stitching system, stitching angles are
determined not by the general method using a common area between neighboring shots, but by the
new method using the mirror’s tilt angles measured at times when profile data are acquired. The high
measurement accuracy of approximately 4 (peak-to-valley was achieved in the measurement of

a cylindrical surface having the same curvature as the elliptically designed shape to enable hard
x-ray nanofocusing© 2005 American Institute of PhysickDOI: 10.1063/1.1868472

I. INTRODUCTION two-dimensional focusing:* However, a major obstacle to
the use of the K-B mirror system is the need to create ellip-
Recently, by utilizing hard x rays obtained by third- tical surfaces having nanometer-level accuracy.
generation synchrotron radiation facilities, the performances A large variety of fabrication methods for highly accu-
of various applications have been advanced significantlytate figuring, such as ion beam figuring and differential depo-
Hard x-ray imaging techniques, such as holography, phassition, have been developdd.We have also established a
contrast imaging and refraction contrast imaging, are poweffabrication system constructed by plasma chemical vaporiza-
ful methods for nondestructive analysis of the inner struc+jgn machining (PCVM) and elastic emission machining
tures of materials and are used in various fields inCIUding th%EEM)G'7 This System can create mirror surfaces with peak-
medical, biological, and material sciences. In scanning har@o-valley(PV) accuracies as high as 1 nm and a lateral reso-
x-ray microscopy with high lateral resolution, a focusedytion close to 0.1 mm, when the thickness to be removed is
x-ray beam is often employed. The techniques presentlynown with a required degree of accurdcyherefore, the
available for generating a small spot size are based on tOt‘ﬁanrovement in the performance of a metrology technique
reflection or diffraction. Total reflection mirrors are attractive plays the most important role in the advancement of figure

optics because of the absence of chromatic aberration and t'&%curacy not only at x-ray mirror surfaces but also at other
use of a high-brightness beam. The Kirkpatrick—BéeB) optical surfaces.

mirror system consisting of two elliptical mirrors is used for Yamauchiet al. developed microstitching interferometry
(MSI), in which microscopic and large-area phase-shifting
¥Electronic mail: mimura@prec.eng.osaka-u.ac.jp interferometers are compositely utilized, to measure the sur-
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20 TABLE I. Parameters of the mirror designed to enable nanofocusing.
16 N / Substrate material Crt11)Si single crystal
\ / Surface coating Pt
i 12 Effective mirror size 100 mm
<z in longitudinal direction
% 8 Length of ellipse 500.075 m
T

Breadth of ellipse 44.7 mm
\ / Focus length 128 mm
4 Glancing angle on optical axis 3.65 mrad
. \ / . Maximum glancing angle 4.47 mrad
00 20 40 60 80 100
Position (mm>

more steeply curved than previously fabricated elliptical mir-
rors. In the stitching system, stitching angles are determined
not by the general method using a common area between
neighboring shots, but by the method using the mirror’s tilt
angles measured at times when profile data are acquired.

A cylindrical mirror surface having the same curvature
he designed profile was used to evaluate the performance.

FIG. 1. Surface profile of x-ray nanofocusing mirror having large numerical
aperture. The parameters of this profile are shown in Table I.

face profiles of x-ray mirrors with a PV accuracy higher than
1 nm and with a spatial resolution close to /201.9 Total-
reflection mirrors have such steep rectangular shapes that tl&gt
number of stitches in the longitudinal direction exceeds 30 i

. X : . comparing the two surface profiles measured by settin
the case of measuring the entire area using the m|croscop{ﬁye parnng P y 9

interferometer. The Fi_zegu interferomgter, which can mea@rofirlnelrgoert\;gg:?:)é ?vr\‘/g g‘r\g?ﬁ:l)\/lbgea;\]/i ec:je?izodgfge;egtlnfl.l
sure a large-area profile in one shot, is used to compensate

for the stitching angles. Flat and elliptical mirrors have been

fabricated by computer-controlled machining using PCVMIl. DESIGN OF ELLIPTICAL PROFILE AND

and EEM on the basis of surface profiles obtained by MSI/NVESTIGATION OF REQUIRED FIGURE ACCURACY

The flat mirror has been confirmed to have an efficiently flatfOR NANOMETER HARD X-RAY FOCUSING

intensity distribution in a totally reflected beam having a  we designed the shape of an elliptical mirror of 200 mm
wavelength of 0.06 nm at the 1-km-long beamline ofjength and 150 nm focal length in order to realize a
SPring-8:° The focusing mirror having an elliptical shape nanometer-size focused hard x-ray beam at the 1-km-long
has been confirmed to have a diffraction-limited focusingbeam line (BL29XUL) of SPring-8"%*2 The figure profile
performance at the same beamlfﬁélfhe full width at half and emp|oyed e||ip5e parameters are shown in F|g 1 and
maximum (FWHM) of the focal beam profile was 180 nm. Taple I, respectively. The incident x-ray energy and glancing
In addition, the focal beam profile has been confirmed toangle were set at 15 keV and 3.65 mrad, respectively. Figure
agree well with the beam profiles predicted by calculating? shows the wave-optically calculated intensity profile of the
the Fresnel—Kirchhoff integral while taking the measuredpeam focused by the ideally shaped ellipse for the case that
surface profile into account, not only in terms of focal sizethe incident slit width is 10um and the transverse coher-
but also in terms of the shape of the intensity distribution.ence length is 5g:m. The FWHM and the interval between
including the satellite peak structures. A K-B mirror systemthe first two minima are found to be 28 and 50 nm, respec-
using fabricated mirrors has been constructed and confirmqq,e|y_ To inves[igate the mutual re|ationship between the de-
to enable 206 200 nm focusing of 15 keV x rays’ These  gree of figure errors and the focusing performances, we cal-
results indicate the effectiveness of the fabrication systergulated the focused beam profiles using three ellipse profiles
using MSI. having three figure errors as mirror surfaces. The figure er-
To realize a smaller focal size, more steeply curved elrors are characterized in short, middle, and long spatial

liptical mirrors having a larger glancing angle should be dewavelength ranges relevant to 2-5, 10-20, and 20—50 mm,
signed and fabricated, taking the numerical aperture into ac-

count. As described later, we designed an elliptical 50
nanofocusing mirror with a performance in which the
FWHM of the focal profile is approximately 30 nm at dif- 40

A
[
[

fraction limited focusing. However, in the measurement us-
ing the Fizeau interferometer, when the angle between a
tested surface and a flat reference plate surface exceeds ap-
proximately 1x 1074 rad, the density of the interference

Intensity (arb. unit)

fringes is so high that the tested surface profile cannot be 10

measured. This denotes that the designed profile cannot be A/ \/\

obtained by one-shot measurement with high accuracy in 0 o 0 o o 100 150
long spatial wavelength ranges. Position (nm)

In FhIS.Stu.dy’ we developed the re_latlve an_gle de_termm-FlG. 2. Intensity profile of ideally focused x-ray beam at 15 keV. This
able stitching 'nterferometr@RADSl) using the Fizeau 'nte_r' profile is calculated by a wave optical simulator based on the Fresnel-
ferometer, for the measurement of an elliptical x-ray mirrorkirchhoff integral.
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FIG. 3. Figure error profiles characterized in short, middle, and long spatiaf /G- 5. Interference fringe pattern of the cylindrical mirror having the same
wavelength ranges to be used in the investigation of the relation between tHirvature as the designed elliptical mirror as shown in FigalInterfer-
nature of figure errors and the uniformity of focusing x-ray beams. ence fringe patterrib) Measured surface profile.

respectively. The PV heights of the figure errors are 4 and ) i o
6 nm in each profile. Figure 3 shows the employed ﬁgurete_chnologles using an optical m_te_rferometer have_ been ap-
error profiles having 4 nniPV). Figure 4a) shows the cal- plied for the measurement of elliptical surface profiles.

culated intensity profiles on the focal plane when the height Figure a) shows an int(_arference fringe pattern in the
error is 4 nm. Figure @) shows the intensity profiles when measurement of the cylindrical surface having almost the

the height error is 6 nm. These figures indicate that tgame curvature as the designed elliptical profile shown in

achieve the ideal FWHM, the degree of figure accurac;Fig' 1. F_igure %) _shows_ the surface profile measured in one
should be under 4 nrfPV). In particular, the figure errors in SOt using the Fizeau interferomet@YGO GPI-XP HR.

the middle spatial wavelength ranges deform the shape of th@n the mirror surface except for the central part, the density
focal beam profiles. of the interference fringes is so high that the surface profile

The results of these analyses indicate that a measuremefNNot be acquired, and that the length of the measurable

accuracy of at least 4 niiPV) is necessary for the employed area in the longitudinal direction of the mirror surface is only
metrology approximately 30 mm. In the measurement using the em-

ployed Fizeau interferometer, it is impossible to measure the

IIl. HIGHLY ACCURATE STITCHING TECHNOLOGY surface profile if the angle between the tested surface and the

reference plate surface exceeds 10 rad. When we at-

. tempted to measure this profile using the Fizeau interferom-
There are many types of surface testing methods for asster, the only way to create the surface profile of the entire

pheric optics:**°In this study, as mentioned above, stitching area is stitching as many partial surface profiles as required

to cover the entire area, which are obtained by shifting the

A. Stitching concept

50 | . position of the measurable area.
—long ~— middle == short R . R . .
— 40 In the conventional stitching method, each profile is
§ stitched by minimizing the root mean square of the superpo-
£ 30 sition error between neighboring shots. The following plane
\5 /)\\ functions are calculated and used to minimize the superposi-
g 20 tion error:
i
0 /, f(x,y) =ax+by+c. (1)
00 LS . o .
-200 -100 0 100 200 This function is calculated at every superposition area. When
(a) Position (nm) x andy are positional coordinates in the longitudinal and
5.0 transverse directions on the mirrarandb correspond to the
—long ~middle =short stitching angles between the neighboring surface profiles in
2 D the longitudinal and transverse directions, respectively. On
_g 30 the other hand; corresponds to the difference in the position
\E in the vertical direction between neighboring shots. As men-
2 20 A tioned in the previous article concerning the development of
é )\\ MSI,° the problem associated with creating the surface pro-
- 10 7 file by the conventional stitching method is that the inclusion
»\/A/ \k \ of low-frequency error is unavoidable in the finally stitched
0.0 . . . .
-200 -100 0 100 200 surface profile. The reason behind this problem is that each
®) Position (nm) stitching angle error is integrated in continuously stitching

FIG. 4. Calculated intensity profiles of focused x-ray beams using the eIIip-each megsured 'pI’OfI|eS. ,EaCh StItChlng an,gle error originates
tical mirror having figure errors characterized in short, middle, and long'OM @ slight mismatch in the superposition area between

spatial wavelength range&) Height error: 4 nm(b) height error: 6 nm. neighboring shots.
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Flat mirror ; 0.4
Curved mirror = | Tilted by=1310""rad
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Onlyﬂat mirror =t " ..:,' ...................
can be tilted §= 0o ‘_FH_._.,.,'—G-l—.--r“-‘.-n—n—r‘—'
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8 ¢ stage 2: Both a8z 0.2
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FIG. 7. Repeatability of the measured angles between flat mirror surfaces
placed on two stages. Relative angles are calculated by using surface pro-
files without plane correction.

angles obtained in the consecutive measurements, the obtain-
able angles were confirmed to have a repeatability of 1
%X 1078 rad level.
(b) In this study, the system using a flat mirror to measure
the differences in tilt angles between before and after the
FIG. 6. Schematic drawing of mirrors inclining stages and interferencetested mirror is tilted, at the accuracy ok1078 rad, is pro-
fringe patterns in surface figure measuremeak.Schematic drawing(b) posed and installed in the Fizeau interferometer. In the sys-
Interference fringe pattern. tem, the angles are calculated on the basis of the surface
profiles, without plane correction, of the flat mirror tilted

In this case, since the density of the interference fringgogether with the curved mirror. Figurée® shows the sche-
pattern is high, as shown in Fig(e&, the measurement error matic illustration of the newly installed stage. This stage is
is so large in the short spatial wavelength ranges that coeffimade up of two mirror holders and twe ¢z piezoelectric
cients having a large degree of error are calculated. To evalistageqPI-Polytec. Co., P-528, TCDused to incline the two
ate the reproducibility ofa, b, and c calculated using the mirrors. This construction enables the lower piezoelectric
superposition area between two neighboring profiles partiallgtage to incline the two mirrors together, and the upper stage
measured on a steeply curved mirror, as shown in Fig. 50 incline only the flat mirror. Figure(6) shows the interfer-
three sets of neighboring surface profiles were measured irence fringe patterns in the measurement of surface profiles.
dividually and three sets of each calculated coefficient werdhis figure indicates that both surface profiles of the two
compared. Even if the length of the superposition area wamirrors can be acquired simultaneously. The relative angle
two-thirds that of the measured area, the PVs of the calcubetween the two mirrors’ surfaces should be kept constant
lated a and b were 2.1X107 and 1.9x10 ' rad, respec- during the measurement of the required number of surface
tively. On the other hand, the degree of repeatability in theprofiles to cover an entire area, even if the two mirrors are
calculation ofc was confirmed to be less than 1 niAV). tilted simultaneously by using the lower stage. To investigate
Since unidirectional stitching is necessary to create the suthe fluctuation of the relative posture between the two mir-
face profiles of x-ray mirrors, it is necessary to improve therors’ surfaces on the two stages, flat mirrors were set on both
accuracy of the calculateal a must have a high accuracy of tables. Figure 7 shows the relationship between the measured
1x108rad to achieve the above-mentioned measuremerelative angles and time. After 30 min from the start of the
accuracy, considering that stitching errors are integrated imeasurement, both mirrors were tilted b 10°* rad using
the creation of the entire surface profile. the lower piezoelectric stage, and after 60 min, they were

tilted inversely back by the same angle. The measured rela-
) ) o tive angles between the two surfaces are found to be stably
B. Relative angle determinable stitching system kept within the 3< 1078 rad level over a period of approxi-

To measure the partial surface profile of each part on thenately 90 min, despite both mirrors being tilted by 1
elliptical mirror surface continuously, the mirror needs to bex 10* rad for 30 min during this period. As many partial
tilted by a constant angle in the interval between each measurface figure profiles as required to cover the entire area of
surement. Because coefficiemtn function (1) corresponds an elliptical mirror are acquired by carrying out the proce-
to the angle by which the mirror is tilted, obtaining each dure hereinafter described. In the preparatory stage, the in-
with an accuracy of X 1078 rad can be equated to measur- terference fringe pattern between two surfaces of the curved
ing each tilt angle with an accuracy of<110°® rad. When mirror and the reference plate is formed by adjusting the tilt
the figure of a tested surface is nearly flat, the angle betweeangle of the tested mirror using the lower piezoelectric stage
the tested surface and the reference plate surface can be d®- that the surface profile on the edge area of the mirror
termined directly from the measured surface profile withoutsurface can be measured. The tilt angle of the flat mirror
the process of plane correction. By comparing with thesurface is also adjusted using the upper piezoelectric stage so
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FIG. 8. Measured surface profile of cylindrical mirror having the same |G, 10. Differential profile between two measured surface figure profiles of
curvature as designed elliptical surface profile. This profile is the result ofhe cylindrical mirror in the normal and inverted mirror positions. High-
stitching many partial profiles using the relative angles determined at surfrequency error was climinated using the surface profile obtained using MSI.
face profile acquisition.

that the surface profile of the flat mirror can be measuredgeveloped system was placed on the vibration isolation stage
The measurement data, in which both the partial surface prqn the room, where the temperature was maintained constant
file of the tested mirror and the entire surface profile of theyithin +0.5 deg centigrade. The number of stitches was ap-
flat mirror are included, is thus acquired. To render theproximately 30 and the length of each superposition area was
neighboring area readily measurable, both mirrors are tiltedet 15 pe at least two-thirds that of each measured area. Fig-
using the lower pmz_oeleptnc stage, in WhICh the tilt angle Syres 8 and 9 show the measured surface profiles of the cy-
determined by considering the area size of each SUPerpoSjpqrical mirror and the differential profile between the two
tion area between the neighboring profiles. The ftilting ofg,  tace profiles, respectively. On the basis of these resuilts,
both mirrors and the measurement of surface profiles arg o developed system was confirmed to have a performance

repeated alternately until the angle between the two surface& 2 nm(PV) in the measurement repeatability at wavelength

of the flat mirror and the reference plate becomes approxi- .
mately 1x 107 rad. When the angle reaches<10° rad, ranges longer than approximately 20 mm. To evaluate the

. . . . measurement performance in greater detail, the two profiles
the flat mirror alone is tilted inversely by>210™* rad, using P 9 P

) . X m?asured under the normal and inverted positional condi-
the upper piezoelectric stage. These processes are carried |%ns were compared. The reference plate surface profile de-
continuously. Each partial surface profile is digitally stitched P ' P P

using the newly coded program. In this code, caliy func- termined by the three-surface method is subtracted from both
tion (1) is determined using the tilt angles of,the tested mir_profiles. Since a relatively short frequency measurement er-

ror estimated on the basis of the surface profiles of the flator 1S unavoidable in the measurement using the Fl_zgau In-
mirror, andb andc are determined using each Superpositionterferometer, the error profiles are removed by combining the

area between neighboring shots. same-area profiles obtained using the MSI. The cqmbination

method is the same as that mentioned in the previous report
regarding development of M§IFigure 10 shows the differ-
ential profile of the two profiles. The PV of the profile is
found to be 4 nm.

The cylindrical mirror shown in Fig. 5 was employed to These evaluation results indicate that the designed ellip-
demonstrate the RADSI. To evaluate the measurement reical figure profile having the same curvature as that of the
peatability in the obtained stitched profiles, two sets of meatested mirror can also be measured at the same accuracy as
surements were carried out continuously at the same mirrahe figure accuracy required to realize nanofocusing having a
position and the two obtained profiles were compared. Th@erformance of approximately 30 nm as the FWHM of the

intensity profile.

10 In this study, we propose the concept of stitching tech-
nology. In stitching technologies, to determine highly accu-
rate relative angles between neighboring shots is most impor-

tant for increasing the low-frequency measurement accuracy
—*WMWM— in the stitched profiles. As reported earlier, when more
steeply curved mirrors are measured, it becomes more diffi-
cult to accurately determine the relative angles by using only
the superposition areas. In this case, the relative angles
20 20 50 20 100 should be determined at times when profile data are ac-
Pasition (mm) quired. Although the system developed in this study is spe-
cialized for unidirectional stitching measurements of hard

FIG. 9.. D|f_ferent|_al profile between twq 'measured surfacg figure profiles og(_ray focusing mirror surfaces, the concept of RADSI can be
the cylindrical mirror at the same position. The two profiles are measure

continuously. Degree of measurement reproducibility is less than 2 nrﬁNidely applied to the surface _figurg teSting of various types
(PV). of steeply curved and large-size mirrors.

IV. EVALUATION OF PERFORMANCES AND
DISCUSSION

[&)]

]
[4)]

Difference between two
profiles (nm)
o

—_
o
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