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ABSTRACT

A recently-developed long-trace surface profiling instrument (LTP) is now in operation in our laboratory measuring
surface profiles on grazing incidence aspheres and also conventional optical surfaces. The LTP characterizes surface
height profiles in a non-contact manner over spatial periods ranging from 1 meter (the maximum scan length) to 2 mm
(the Nyquist period for 1 mm sampling period) and complements the range of our WYKO NCP-1000 2SX surface
roughness profiler (5 mm to 9.8 /un). Using these two instruments, we can fully characterize both figure and finish of
an optical surface in the same way that we normally characterize surface finish, e.g., by means of the power spectral
density function in the spatial frequency domain. A great deal of information about the distribution of figure errors over
various spatial frequency ranges is available from this data, which is useful for process control and predicting performance
at the desired wavelength and incidence angle. In addition, the LTP is able to measure the absolute radius of curvature
on long-radius optics with high precision and accuracy. Angular errors in the optical head are measured in real time by
an electronic autocollimator as the head traverses the linear air bearing slide. Measurements of kilometer radius optics
can be made very quickly and the data analyzed in a format that is very easy to understand.

1. INTRODUCTION

The quality of aspheric optics has been of great concern to users of synchrotron radiation (SR) especially since the
proliferation of dedicated storage ring sources in the early 1980's. The difficulties in manufacturing and measuring the
figure and finish of large cylindrical aspheres used to collect and focus soft x-rays from SR and also from astronomical
sources are well documented.1"4 The procurement of suitable grazing incidence optical components from small and large
shops has been hindered by the lack of suitable standards and testing methods for these unconventional surfaces.
Conventional full-aperture interferometric figure testing is totally inadequate to handle off-axis cylinders, toroids, and
ellipses.i- found in highly-decentered grazing incidence SR beamlines. Initial attempts by NSLS users to procure suitable
components were not successful: the poor quality of the optical components compromised the quality of the
high-brightness sources and prevented the optical systems from reaching their full design potential.

2. SURFACE FINISH

In order to investigate problems related to the manufacture of x-ray optics, a research program was initiated to develop
metrology techniques suitable for the characterization of full-size SR mirrors. Our initial goal was to improve the finish
of grazing incidence optics to reduce the amount of light scattered out of the specular direction at short x-ray and EUV
wavelengths. We were fortunate in that, at that time, a commercial micro-interferometer system was developed which
was ideally suited for making surface roughness measurements on full-size optical components over the spatial bandwidth
region of interest to us.5 A significant effort was made to understand the performance characteristics of the WYKO
optical profiler instrument and to develop a practical measurement technique that could be used as the basis for a surface
roughness specification. The success of our program is evidenced by a significant improvement in the quality of optical
surfaces now delivered for use at the NSLS6 and by a recent proposal to develop an ISO surface roughness standard based
on the power spectrum of the roughness.7
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3. SURFACE FIGURE

Although we were successful in employing the microinterferometer in measuring the roughness of smooth surfaces, there
still remained the problem of measuring the overall shape, or figure, of cylindrical aspheres. In order to utilize the small
source size (vertical height < 150 micrometers) and take advantage of the inherent high brightness of the NSLS sources,
the image formation properties of the mirrors needed improvement. As no commercial instrumentation was available
to make figure measurements on cylindrical aspheres, we embarked on a development program to produce an instrument
that would allow us to measure the figure on cylinders up to one meter in length. Since we already had a quick and
reliable method for measuring microroughness with scale lengths ranging from several micrometers up to several
millimeters, we decided to build a separate instrument to cover the complementary spatial period range, from one
millimeter up to 1 meter, rather than try to build a new instrument that encompassed the entire spatial frequency range.
Our approach to cylindrical figure measurement was to employ a pencil beam interferometer* to make profile
measurements down the length of the mirror in a non-contact manner and use the same techniques to analyze the figure
data as we use to analyze the finish data.9

The power spectral density of the surface profile has proved to be a very useful analytic tool for understanding the nature
of polished surfaces and for predicting the performance of grazing incidence optics. The Fourier spectrum of the axial
profile of cylindrical mirrors over the composite spatial frequency range of the two complementary profiling instruments
can be used to predict the complete imaging and scattering performance of the component10 and can be used as a
specification to the manufacturer for the production of the desired surface. It serves as the point of commonality between
the functional performance of grazing incidence systems at x-ray wavelength and the metrology made at visible wavelengths
in the laboratory. The power spectral density approach to surface specification is not widely used, mainly because it is
an unfamiliar concept to most traditional fabricators and because commercial interferometer analysis software does not
support the calculation. One finds it used in specialized projects involving the development of sophisticated optical
systems, such as x-ray telescope projects," but with the new measurement techniques now available, it should become a
more common specification technique.

4. SURFACE FIGURE MEASUREMENT

Measurement of microroughness over the 5 mm to 10 /xm spatial period bandwidth has been adequately covered in
numerous earlier publications.6*12"15 The remainder of this paper will be concerned with extending the range of surface
profile measurements to 1 meter distances. The instrument that we have developed in our laboratory to achieve that goal
is the Long Trace Profiler (LTP). This instrument has been described in detail elsewhere,16"17 so only a brief discussion
of its operation is in order now. The LTP consists of an optical head mounted on an air bearing slide driven by a
stepping motor lead screw drive with a free travel range of almost one meter. The optical head consists of a HeNe laser
source, beamsplitting optics to produce two collinear but otherwise unaltered probe beams, and a lens and linear array
detector assembly to record the interference pattern produced by the two beams after reflection from the test surface.
Data collection and analysis are controlled by an HP320 computer system.

The LTP is a slope measuring interferometer. The measured parameter is the local axial surface slope between the two
adjacent regions of the surface illuminated by the probe beams. The optical head is stepped along the surface in
increments of one laser beam diameter (1 mm), and the measured slope values form the pixel function, which is surface
slope in units of detector pixel number. The pixel function is converted into trie slope by application of the calibration
factor, which is 10.1 microradians per pixel. The slope function is then converted into height by a Fourier filtering
technique,*17 and the power spectral density function can be generated through further processing.

An important design criterion cf the LTP is that it be able to measure absolute radius of curvature. This is accomplished
by monitoring the pitch angle of the optical head in real time as it moves along the air bearing rail. We use a sensitive
electronic autocollimator to measure the change in angle of the optical head as a function of position along the rail. By
subtracting the optical head pitch angle from the raw slope function, we effectively remove all slope errors introduced
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by static and dynamic deflection of the air bearing beam. We do not need to rely on a precisely-calibrated special
reference flat or straightedge in order to make absolute surface radius measurements: the nature of the LTP system is
self-calibrating.

Two major sources of systematic error in LTP measurements are fluctuations in the local thermal environment and
stability of the laser pointing direction. We are investigating the directional stability of several laser sources, including
HeNe and diode lasers, to determine those which are best suited for the LTP. Noise in the laser beam pointing direction
in the order of fractions of a microradian translates directly into apparent surface slope errors. The local thermal
environment in our laboratory is not well suited for sub-microradian precision angle measurement: the room temperature
usually fluctuates several degrees Fahrenheit three times an hour, especially in summer. A shroud over the instrument
reduces the thermal fluctuations by about an order of magnitude, but thermal equilibrium is never achieved. The HeNe
laser is also a significant heat source within the local environment. The effect of slow thermal drift on the measurement
can be reduced by speeding up the data acquisition process. Our present system is rather slow, taking 3 to 4 seconds to
acquire a data point with a noise level of about 500 nanoradians per point. Our goal is to reduce the acquisition time
to less than one second per point by taking data on the fly, rather than starting and stopping the translation slide for each
point as is done now.

5. TYPICAL MEASUREMENTS

A large number of mirrors have been measured on the LTP over the past year. Most have been cylindrical aspheres,
either in the shape of a partial right cylinder with a minor radius on the order of tens of millimeters (see Fig. 1), or in
the shape of a toroid with a major radius on the order of kilometers or hundreds of meters. Some cylinders have been
designed to be bent in the axial direction to approximate a toroid. The LTP has proven to be an extremely useful device
for analyzing the performance of mirror bending mechanisms, allowing one to compare the actual shape of the bent
mirror to the predicted shape as a function of applied load. Most cylinder mirrors that have been measured on the LTP
suffer from common manufacturing defects. It is a useful exercise to review these problems in order to make them
known to potential users of cylindrical aspheres and to feed back the metrology information to the manufacturer. The
goal of this exercise is to stimulate improved production techniques for aspheric optics.

A schematic diagram of a typical grazing incidence cylinder mirror is shown in Fig. 1. Most cylinders in use at the NSLS
are 60 to 70 cm in length. Most suffer from figure errors in common with the following example. The raw slope
function measured on a diamond-machined and polished single crystal silicon mirror is shown in Fig. 2. Several features
of interest are evident in this plot. The overall tilt of the curve from upper left to lower right indicates that this surface
has a large non-zero curvature. (The derivative of an ideal surface with curvature is a sloping straight line.) Something
is wrong at each end of the mirror because the slope function departs from the average tilt and becomes steeper at each
end. And most obvious is a uniform periodicity in the center segment with an amplitude of several microradians and a
period of exactly 20 millimeters.

The surface height profile computed from the raw slope function is shown in Fig. 3. One can see immediately that the
non-zero slope is the result of a large convex curvature in the surface with a sag of about 20 fixa. Such a surface will not
function well as a focusing element! Our analysis software allows us to remove the tilt from the slope function over the
central region of the surface, which is equivalent to removing the curvature from the height profile. If we perform these
steps and calculate the height from the detrended slope function, we, see the residual surface profile in Fig. 4. This curve
is the departure of the surface from the radius best-fit to the central 300 mm of the surface. One notes immediately that
the steep slope regions near each end are a result of edge roll-off in the finished surface. Presumably the quality of the
diamond-machined surface was compromised by the polishing techniques as evidenced in the edge roll-off region and in
the overall convex curvature along the axis. Convex curvature and edge roll-off are common problems seen in most
cylindrical surfaces in varying degrees. This is a rather extreme example of overall curvature but is a typical example of
edge roll-off. The most unusual aspect of this surface does not show up well in the height profiles, except at higher
magnification of the vertical scale, but is readily apparent in the slope function plots, that being the 20 mm periodicity
in the central region of the surface. If we compute the power spectrum of the residual height profile of Fig. 4 and plot
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the result in Fig. 5, we can see the signature of the 20 mm periodicity standing out from the continuum background as
a sharp spectral line. The area under the spectral line implies that the surface has an RMS roughness of 22 A at the
20 mm period, which is equivalent to a 20 mm period sinusoid with a peak-to-valley amplitude of 63 A extending over
the length of the surface. The maximum slope error produced by this idealized sinusoid is ± 1 prad, or about 0.2
arcseconds. This happens to be well within the specifications for this mirror surface, which allow several arcseconds of
error at these spatial frequencies. If the 20 mm periodicity were the only error source on this mirror, it would be
acceptable. However, the 20 //.m convex sag renders the mirror unusable, even though it is intended to be used in a
bending apparatus. The bender is designed to produce a concave sag of about 17 pm. If this mirror were installed, the
bender would first have to unbend the 20 pm convex curvature, which would require large forces outside the desired range
of operation. This mirror was returned to the manufacturer for additional figuring.

Also shown in Fig. 5 at the higher spatial frequencies (greater than 2x10"*) is the power spectrum of the silicon mirror
surface measured with a WYKO NCP 1000 Digital Optical Profiler with a 2.5X objective. This is a result our standard
measurement method and analysis technique to quantify the roughness characteristics of surfaces over the 5 mm to 10 fim
spatial period range. The WYKO-range spectrum is an average over several spectra calculated from profile measurements
made at random locations along the length of the cylindrical surface. The most outstanding feature of the composite
spectrum is the smooth transition between the two measurement techniques: the magnitude of the two spectra in the
region of overlap is the same, although the profiles were measured by two completely different techniques, and the slope
of the composite spectrum is constant over an enormous range of spatial frequencies, corresponding to periods from
100 mm down to 10 jum. The composite spectrum has a 1/f" power law shape with a spectral index of about n = -1.33.

The surface spectrum can be used to compute the RMS roughness statistics of the surface by integrating the area under
the curve over selected bandwidth regions. If we integrate over the WYKO region from S mm down to 10 jim, we get
an RMS roughness value of 10.95 A, which is a reasonably good finish for this type of mirror. The corresponding RMS
roughness number for the LTP region over the 100 mm to 4 mm bandwidth is 57.5 A, which includes the 22 A
contribution from the spectral line at 20 mm. The high frequency cutoff, e.g. Nyquist frequency, for the LTP data occurs
at the 4 mm period because the sampling interval in this data set is 2 mm per data point. The large amplitude of the
LTP spectrum at the longest spatial periods, between 500 mm and 100 mm, results in an RMS roughness value of 934
A. The source of this large low frequency component is readily apparent in the residual height profile as the height
difference between the left and right halves of the mirror. By eye, the peak-to-valley height difference appears to be
somewhat less than 1 pm, which is, in agreement with the computed RMS value of nearly 0.1 /xm. Surface profile errors
in this spatial period range are usually classified as figure errors and are usually expressed in units of waves or wavelengths
of light. But there is usually some ambiguity in the meaning expressed in those terms as to whether the error refers to
wavefront error or actual surface error. With the RMS error expressed in real distance units (tun, run, or Angstroms),
there is no ambiguity in the meaning of residual surface height error.

A second example of an LTP measurement on another type of cylindrical asphere, a 300 mm long fused silica toroid, is
shown in Fig. 6. The design parameters of this mirror are a major radius of 1500 meters and a minor radius of 13.0 cm.
As is typical with most cylindrical aspheres, the raw slope function is comprised of three distinct regions: a uniform-slope
central zone and irregular zones at each end. The height profile computed from the slope function is shown in Fig. 7
and the residual height profile, after removal of the central radius of curvature, is shown in Fig. 8. The edge roll-off of
several micrometers is clearly visible in the residual height profile and is typical of most long, narrow cylinder mirrors.

This mirror is unusual in that the manufacturer supplied us with his own metrology data which allowed us to confirm
the validity of our absolute curvature measurement. The manufacturer measured the sag along the length of the toroid
with a 10" bar spherometer. His measured sag was 250 microinches (6.35 /Jin) with an uncertainty in the range of 10-20
microinches. The computed radius of curvature for this sag value is 1270 m. If we make the same measurement using
the height profile in Fig. 7, our measured sag is 6.47 pm (254.7 microinch), which results in a major radius of 1246 m.
The sag and radius values measured by the two different techniques are in excellent agreement.



- 5 -

Unfortunately, one measurement of the sag along a fixed baseline does not tell the whole story of this mirror. Notice
from Fig. 7 that the bar spherometer measurement is made with the contact points in the roll-off regions at each end of
the mirror. If we shorten our baseline to 200 mm instead of 254 nun to exclude the edge roll-off regions, and then
measure the sag, we measure 5.04 /im of sag and compute a major radius of 992 m, which is significantly different from
the 1246 m radius computed over the larger baseline and is not even close to the 1500 m design parameter. The ability
to measure and see the entire axial profile of this mirror has allowed us to compare and confirm our metrology techniques
against an independent method and has allowed us to identify a potential source of systematic error in a common shop
metrology technique.

The LTP offers a rapid and accurate means to measure the performance of mirror bending apparatus. A common
technique for producing axial curvature in a cylindrical or plane surface is to bend it with appropriately-placed force
couples near each end of the mirror. Often the performance of the bending mechanism does not follow its design criteria
and a period of debugging and modification is necessary to understand the behavior of the mechanism. The LTP allows
one to assess the performance of the bending system off-line in a controlled laboratory environment. Examples of profile
measurements on mirrors installed in two different bending'mechanisms are shown in Figs. 9 and 10. Measurements on
a thin fused silica cylinder bent into the shape of a toroid are shown in Fig. 9. The thin cross section (about 8 mm thick)
is easily bent into the 100-200 meter radius range. The total sag over the 500 mm clear aperture is over 300 /ira for the
R = 100 m case. Measurements over this sag depth range are difficult for most other optical profiling systems. The
limitation on the measurement range of the LTP is not one of total sag, but rather depends on the maximum slope of
the surface. In the present configuration the aperture of the Fourier transform lens limits the maximum surface slope
to be ±5 mrads. The above example has a maximum slope of only ±2.5 mrads. The last example in Fig. 10 is for a
single-crystal silicon mirror in a different bending mechanism. The mirror is a sister minor to the one featured in Fig.
4 but does not exhibit the 20 mm periodicity error. It is, however, slightly more irregular than the first one. After a
period of debugging problems with the bending mechanism, the mirror was successfully bent into the desired radii in the
range from 4.9 km to 12.2 km. This mirror is designed for use at extreme grazing incidence angles to focus kilovolt
energy x-rays. The curvature on the silicon mirror is much shallower than the other mirror which is designed to focus
much lower energy EUV photons at a shorter focal distance.

6. CONCLUSION

The measurement of the surface quality of large cylindrical aspheres is now a routine procedure in our laboratory. Profile
measurements over the length of the mirror allow one to quickly and easily characterize the quality of the surface. The
Long Trace Profiler allows us to measure the figure quality of large mirrors, and the WYKO profiler allows us to measure
the finish. We have demonstrated that, at least in the case of the silicon mirror surface, the power spectral density
function follows a power law curve over a wide range of spatial frequencies. Further work is necessary to characterize
the spectra of other surfaces over the LTP range. We have also shown that certain manufacturing errors are common
to cylindrical aspheres and that we have the metrology capability to provide the necessary feedback to the manufacturers
so that they might improve their production techniques.
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Fig. 1 Schematic of a typical x-ray cylinder mirror used
to reflect synchrotron radiation at a grazing incidence
angle of 3 mrads. Dimensions are in millimeters.

Fig. 2 Raw slope function for a 700 mm long single-
crystal cylinder mirror measured by the LTP. Vertical
axis units are in microradians. The 20 mm periodicity in
the surface is clearly visible.
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Fig. 3 Axial height profile of the single-crystal silicon
mirror computed directly from the slope function in
Fig. 2. The convex curvature with a sag of about -20 fim
would require application of excessive force in the mirror
bender to produce a concave curvature with the desired
+12 pm sag.

Fig. 4. Detrended axial height profile: average radius
of curvature of center section of Fig. 3 has been
subtracted. Edge roll-off is clearly visible in the residual
profile. The 20 mm periodicity is barely visible at this
vertical scale.
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Fig. 5 Composite power spectrum of surface roughness for the silicon mirror. Lower right curve is an average from
several WYKO profiler measurements, covering the spatial frequency range corresponding to periods between
5 mm and 10 /un. Upper left curve is from the central 500 mm of the Fig. 4 height profile and covers spatial
periods between 500 mm and 4 mm. The composite spectrum follows a power law shape with spectral index
n = -133 over the 100 mm to 10 /im period range. The 20 mm periodicity stands out clearly above the
underlying continuum and is equivalent to a 63 A P-V sinusoid on the surface. The large increase in PSD at
the longest spatial periods arises from the step height discontinuity between the two halves of the mirror.
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Fig. 6 Raw slope function for a fused silica toroidal
mirror 300 mm long. Irregular regions at each end
indicate problems with the polishing method.

Fig. 7 Height profile computed from the Fig. 6 data.
Design radius was 1500 meters. Dotted lines indicate
sags and radii computed over two baselines. Upper line
corresponds to manufacturer's measurement with a 10"
ball spherometcr, which falls in the roll-off region; lower
line excludes the edge roll-off. Computed radii are
significantly different between the two measurements.



- 9

Height Cum]

Fig. 8 Detrended height profile of the fused
silica toroid with the 992 meter radius subtracted.
Edge roll-off is quite severe.
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Fig. 9 Profiles of a thin fused silica cylinder bent into
short radius toroidal shapes in a bending mechanism.
The large sag illustrates the large depth of field
capability of the LTP. Upper curve with small applied
load has a non-circular shape, indicate a problem with
the bending apparatus.

Fig. 10 Mirror bender measurements on a single-
crystal silicon mirror similar to the one in the above
discussion. The bending mechanism needs only produce
a small amount of curvature to achieve vertical focusing
at the 3 mrad grazing incidence angle. Accurate
absolute curvature measurements are possible because
of real-time angular measurement head error correction
from an electronic autocollimator.


