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A new stitching interferometry based on a microscopic interferometer having peak-to-valley height
accuracy of subnanometer order and lateral resolution higher tham2@as developed to measure
surface figures of large-size x-ray mirror optics. Cumulative errors of the stitching angle in a long
spatial wavelength range were effectively reduced to bel@ ' rad levels using another
interferometer having a large cross section in the optical cavity. Some optical performances of
ultraprecise x-ray mirrors, such as submicrofocused beam profile, were wave optically calculated
from the measured surface figure profiles and observed at the 1 km long beéBhl#8XUL) of
SPring-8. Observed and wave optically calculated results were in good agreement with a high
degree of accuracy. @003 American Institute of Physic§DOI: 10.1063/1.1569405

I. INTRODUCTION methods having height accuracy and lateral resolution satis-
fying the criteria are currently availabfe® Plasma chemical

In third- and coming fourth-generation synchrotron ra-yaporization machining=*°and elastic emission machining
diation facilities, x-ray beams having laserlike coherency(EEM)7—11have demonstrated highly accurate figuring with a
strongly encourage new instrumentation utilizing diffraction-spatia| resolution close to 0.1 mm. Meanwhile, the measure-
limited focused x-ray beams or coherent x-ray imaging suchnent of the figure with the required accuracy has become
as nanospec_troscopy or phase-contrast tomograptjow- one of the strongest demands. A large variety of highly ac-
ever, such highly coherent x-ray sources demand an unpregy, ate figure measurement methods having a height accuracy
edented degree of accuracy in reflective optics to suppresmgher than 1 nm g—v), such as long trace profilers
the interference-fringe noises in the reflected x-ray behms. (LTPs)Y laser interfero;netr or contact-brobe three-
The accuracy criteria to be satisfied in total.—reflec_tion mirrors imens,ional figure testin® aﬁa currently givgn as figure
;onr dC?ohuenrgr:i)Xt_)[ea>s/ust?nua[rigfngz:epvgglio?\?gﬁ:;){q;nr\i:isg;[lrﬂateéj%tmg methods for x-ray reflective optics. However, a lateral

. resolution as high as 0.1 mm has not yet been established in

accuracy over the spatial wavelength range longer than O. lqure testers for entire areas of mirror surfaces

mm."” In particular, surface pits and bumps having widths of ) : . . . .
around 1 mm were verified to give rise to the interference The figure testing technique studied here is a stitching

0,21 ; PR )
fringes destructively. Some ultraprecise figure correctior{nethO& ) based.or) microscopic interferometry. Th_e em
ployed microscopic interferometer he@dYGO, New view

) 200 HR)has a view area of 5.1%8 mnt and a spatial reso-
#Electronic mail: yamauchi@prec.eng.osaka-u.ac.jp luti ; i iofi i
ution higher than 2Qum, which satisfies the required lateral
PAlso at: Research Center for Ultra-Precision Science and Technology, .g L W d . .
Graduate School of Engineering, Osaka University, Yamada-oka 2-1, Suitd€S0lution in figure measurements of total-reflection mirrors

Osaka 565-0871, Japan. for coherent hard x rays. Generally, total-reflection mirrors

0034-6748/2003/74(5)/2894/5/$20.00 2894 © 2003 American Institute of Physics
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FIG. 2. Relationship between the focus distance error and stitching angle

FIG. 1. Measured profiles of an optical flat under various focus distanceerror A@ estimated by differentiating the profiles shown in Fig. 1.
errors.

between neighboring shots, were evaluated by differentiating
have such steep rectangular shapes that the number gf

’ . TeLt al s e error profiles in Fig. 1 and plotted against focus distance
stitches in the longitudinal direction often exceeds one hungors in Fig. 2. The relation shows that a focus distance

dred. The relative angle between neighboring shots in stitchs .o smaller than Jum is necessary to realize angle accu-
ing is actually decided by minimizing the root-mean-squarg ey higher than X 10~ rad in stitching. In the present in-
(rms) superposition error in the common area in each shot s ferometer, a feedback system, the configuration of which
that the accuracy of the stitched profile is nearly equal to thaj schematically shown in Fig. 3, is installed to maintain a

realized in each shot so long as the number of stitches is Nynstant focus distance during microscopic imaging of the
excessive. However, the angle errap included in each gntire surface of the mirror. Mirrors are placed on €

stitching is accumulated and causes problematic error in thgcanning stage with three piezoelectric displacement devices
long spatial Wavelength range When _the nu.mbe_r of stitches 81, P-733)which can enable two-dimensional tilting and
as large as those in the longitudinal direction of total-g|eyating, and is aligned automatically to maintain the focus
reflection hard x-ray mirrors. _distance within one dark or bright fringe intervé:0.15

In this study, we improved the measurement accuracy iN;m) and to keep the null fringe setup using interference

each shot Of_TiCVOS_COPi(? interferometry to realize an acCuginge patterns simultaneously monitored by an image pro-
racy of 1x10"‘ rad in neighboring stitches by developing a ¢egsing system. The null fringe setup is not essential to the

posture control system of the optical head both to keep thgeasurement accuracy but is effective for realizing highly
focal distance constant and to maintain a null fringe SetRccyrate measurement under environmental instabilities such
throughout measuring over the entire mirror surface. In adag the vibration of the instrument or index fluctuations
dition, we proposed, in order to remove angle-error integragased by airflow turbulence in the optical path. Using such
tion in long-range stitching, a novel compensation method, feedback system, reproducibility higher thar 207 rad

using another interferometer which does not have sufficiengs iha slope at the periphery of the view area was obtained in
lateral resolution but can measure a large-area profile in N2 dependently measured profiles of the same surface.

shot. _ _ . On the other hand, system error, including imperfection
In this measurement system, which was named microssf the reference plate and lens aberrations, which corre-

titching interferometetMSI), a subnanometeipt-v) height 5,445 to absolute accuracy in figure testing, was compen-
accuracy and a I.ateral resoluuon_ higher than 20 was  gaied for to be less than 1 nm<v) and 0.1 nm(rms) by a
realized and confirmed by evaluating the mutual agreemenfq|_known statistical compensation method of averaging 20

between the optical performances of hard x-ray mirrors acgeis of profiles measured at the different points on the optical
tually measured at the 1 km long beamlif®.29XUL) of g5t having a sufficiently random profile in roughn@8ghe
SPring-8 and wave optically predicted from the measured
figure profiles.

Interference fringe
monitor

Microscopic interferometer head
IIl. MICROSCOPIC INTERFEROMETRY FOR LARGE- S

AREA STITCHING : M\

The focus distance error in microscopic interferometry Image processing

using imaging optics seriously affects the measurement ac- ‘ ] Plezoelectric C]
curacy because it generates spherically distributed wave M":m‘ focis andii _

front phase errord ¢, which correspond to the height error = - {

Az through the relationAz=Ap\/2, where \ is light e i&aesmmn Computer
wavelengttf! Typical error profiles having a spherical shape o °
obtained by profile measurements of an optical flat under X-Y stage for stitching

various focus distance errors are shown in Fig. 1. Maximu IG. 3. Schematic of microscopic interferometer in which the mirror tilt

measur?ment errors in the slope, which appear at the peripQng; position can be adjusted to maintain the null-fringe setup and constant
ery of view areas and directly affect the stitching accuracyfocus distance by simultaneously monitoring the interference fringe image.
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tem errors. . j )
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absolute reliability of the system error can be confirmed at (0) Position (mm)

every measurement by evaluating the difference profile be-

t the t ts of t btained ind d tIFIG. 5. (a) Interference fringe image of the measured afbaDifference
ween the two sets of Sysiem errors obtained Independen Xrofile between independently measured surface profiles of a cylindrical

A typical difference profile is shown in Fig. 4, and the dif- surface. Bold and fine lines are raw and 20 mm cutoff low-pass-filtered data.
ference is seen to be small enough to confirm the high abso-

lute reliability of the obtained system error profiles. filtered profile obtained using the Fizeau interferometer. An

evaluation width, which corresponds to the cutoff length in
Ill. STITCHING ERROR COMPENSATION the low-pass filtering of the Fizeau interferometer image and

in which the angle error of each microscopic interferometer

'!'he accuracy of the S.tltCh.ed figure profile in the long shot is evaluated and corrected to fit the Fizeau interferom-
spatial wavelength range is still doubtful because the anglé

error A9 has some possibility of being integrated to an un_eter image, is employed as an adjustable parameter to

. .. _achieve the maximum accuracy in the stitched profile con-
acceptable value even when each shot of microscopic imag- y P

ing has a sufficient slope accuracy such as1D~7 rad. The idering the following relationships. When the evaluation

ambiguity can be removed by employing another interferomywdth is too narrow, the_ estimated stitching angle erxérat
ach superposed area is affected by the measurement error of

eter which has a large cross section in the optical cavity anﬁ] ) . ) .
o : . e Fizeau interferometer in the short spatial wavelength
has sufficient accuracy in the long spatial wavelength range.

For this purpose, a Fizeau interferometY GO, GPI XP- range. Under sucﬁ?a cond|t|qm9 is estimated to be a_value
. . larger than X 10"’ rad that is a guaranteed value in each
HR) with a large reference plate of 200 mm diameter, of

. . . microscopic interferometer imaging as just mentioned. In
which the absolute profiles along several lines near the cen- P ging J

terline were proven to have the accuracy of 1 np-¢) contrast, when the evaluation width is too wide, the esti-

using a three-flat te&?* generally adopted to measure the matedA# becomes smaller than the guaranteed value. How-

absolute shape of a nearly flat surface. The lateral resolution' o "M this case, the figure profile obtained using the Fizeau

(0.4 mm), which corresponds to the pixel size of the imagemterferometer is not utilized effectively because some parts

. . (%I the real surface profile included in the measured data are
detector and zooming parameter, is small enough compare o . .
emoved by the too strong low-pass filtering. In Fig. 6, esti-

to the view area size of the microscopic interferometer thal

the stitching angle erroAd at each common area can be matedAgs of the surface shown in Fig. 5 are plotted for

estimated using a sufficient number of height data in eacf V'Y common area in stitching. The evaluation widths com-
ared here are 10 mm, 15 mm, 20 mm, and 25 mm. The

shot. However, the Fizeau interferometer does not have Suﬁmximum value of the estimatekd is seen to decrease with
ficient reproducibility of the measured profiles in the rela-

. . 77
tively short spatial wavelength range, such as shorter than asl eater evaluation width and becomes 10 ‘ rad at the

mm, because of environmental instability, against which theevaluatlon width of 25 mm in this case. They continue to

large optical cavity has some disadvantages concerning mea-

surement accuracy. The difference profile between the inde- 10 Evalontion width

pendently measured profiles of a cylindrical surface is shown £ C 10mm O 15mm & 20mm ® 25mm

in Fig. 5. Height differences are distributed around a few 2 3

nanometers f—v) in the relatively short wavelength range 5,88 o — o S g
such as 1-20 mm with a notable relationship with the inter- E o 45 gt Segpd POSTL § thegats
ference fringe pattern. In contrast, a slope accuracy of 1 o oo g

x 10" rad and height accuracy of around 1 npp) are o o -

obtained in the spatial wavelength range longer than 20 mm, g ::

as understood from the low-pass-filtered profile having a cut- “ 10 A S —
off length of 20 mm also shown in Fig. 5. Based on the 0 10 20 30 40 5 60 70 80 90
results, the stitching angle errdré can be estimated from Position (mm)

the diffe're'nce between the simply stitched prpfile of the Mi-gig_ 6. Relationship between evaluation width and stitching angle ekr@rs
croscopic interferometer images and appropriately low-passt each common area.
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FIG. 7. Figure error profiles measured using microscopic, Fizeau, and com- X-ray image reflected at figure corrected area

- = )
bined interferometers. The target figure in this case was an ellipse having(15 % of the total area on each side is not figure-corrected)
maximum depth of about agm.

become smaller with a further increase of evaluation widths. (b)
Then, the optimum width in this case can be determined to
be 25 mm. In other words, the expected slope accuracy ifl!G. 8. (a) Premachined, precalculated and actually corrected surface pro-
this figure measurement is preset to be10~ 7 rad over the flles_ of total reflection flat mirror(b) Intensity images of the x ray reflected

. . t figure-corrected and noncorrected areas on the flat mirror. Images are
spatlgl Wavele.ng'th range longer than the Iateral reso'““qn btained at the 1 km long beamline of SPring-8 by an x-ray camera
the microscopic interferometer, unless the height fluctuationSsHAMAMATSU, C5333). X-ray wavelength and glancing angle are 0.06
of 0.1 mm (p—v) order randomly appearing in the interfer- nm and 1.2 mrad, and the distance between the mirror and the x-ray camera
ometer are a dominant factor against the obtainable accurad{s 166 mm-

in the relatively high spatial wavelength range. Such proce-

dures to determine the best evaluation widths are done sepgimilar to the predicted one, and the intensity flatness of the
rately in suitably sectioned areas in the case that the interfeg-ray beam reflected by the mirror surface is better than 5%,
ence fringe pattern density in the Fizeau interferometeghow sufficient reproducibility and absolute accuracy of the
image is widely changed on the area to be measured. MSI for it to be used as a figure testing method of total-
Surface profiles measured by the conventional stitchingseflection flat mirrors for coherent hard x rays.
Fizeau, and improved stitching interferometers are compared Figure 9(a)shows the x-ray beam profile focused by an
in Fig. 7. The dotted line in Fig. 7 is the figure profile di- elliptically figured mirror together with the wave optically
rectly obtained using the large-area Fizeau interferometegalculated beam profile from the surface figure profile shown
The fine and bold solid lines in Fig. 7 are those obtainedn Fig. 9(b) which was measured by the MSI. The focused
using the present interferometer with a simple stitching antdheam profile was actually observed at the 1 km long beam-
improved stitching methods, respectively. Measurement ettine of SPring-8° The subpeak on the left-hand side was
rors in the short spatial wavelength range of the Fizeau inanalyzed to originate in a period of sinusoidlike height error
terferometer are removed in the optimally compensated pronear the center of the mirror, which is clearly seen in the
file obtained by the improved method of the MSI. In figure profile shown in Fig. 9(b). The amplitude and spatial
addition, those in the long spatial range in the simply stitchegeriod of the sinusoidlike curve are about 5 nm and 40 mm,
profile of the microscopic interferometer are also removed. respectively. Good agreement between the measured and re-
produced beam profiles is obtained despite the influence of
slope errors as small asx110™’ rad. This means that the
figure measurement system has sufficient absolute accuracy
We here show some examples of estimating the absoluti® fabricate and evaluate ultraprecise focusing mirrors for
accuracy of the MSI. Figure 8 shows the figure profiles ofhard x rays of aspherical shape.
the flat mirror before and after numerically controlled flat- The most important points to realize high measurement
tening by EEM, together with a profile precalculated in theaccuracies in MSIs are how to guarantee the slope accuracy
figure correction procedures in which the stitching methodn microscopic interferometer images and the reliability of
was utilized to obtain the surface figure profiles. A photo-the employed large-area profiler in a relatively low spatial
graph of the x-ray beam reflected by the figure-collected mirfrequency range. Concerning the latter, Fizeau interferometer
ror, indicating that an intensity flatness better than 5% isemployed in this study has a 200 mm diameter optical cavity,
realized, is also presented in Fig. 8. The interference fringewhich is rather small for large x-ray optics having longitudi-
in totally reflected coherent hard x-ray beams are investinal sizes more than several 100 mm. However, in the con-
gated in detail and verified to fade upon removingceptual viewpoint, many kinds of other large-area profilers
nanometer-order pits and bumps in the spatial wavelengthre applicable in principle; larger cavity interferometers,
range from submillimeter to a few decades of millimeter. Theglancing angle interferometers, LTPs, and three-dimensional
findings, shown in Fig. 8, i.e., that the thickness to be re-contact-probe profilers are suitable examples so far as the
moved from the premachined surface was measured by thequired height accuracy is guaranteed in the long spatial
stitching method, the corrected surface has a profile veryavelength range.

X-ray image reflected at noncorrected area

IV. ABSOLUTE ACCURACY AND DISCUSSION
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