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ABSTRACT

The Long Trace Profiler (LTP) is in use at a number of locations throughout the world for the measurement of
the figure and mid-frequency roughness of x-ray mirrors. The standard configuration requires that the surface tested lie
in a horizontal plane as the optical head is scanned along a horizontal line. For applications where gravity-induced
sag of the surface cannot be tolerated, such as in x-ray telescope mirror metrology, it is desirable to measure the
mirror as it is mounted in a vertical configuration. By making simple modifications to the standard LTP system, we
have demonstrated that it is possible to use the LTP principle to measure the surface of x-ray mirrors and mandrels
mounted in the vertical orientation. The major change in the LTP system is the use of a penta prism on a vertical
translation stage to direct the probe beam onto the surface and the addition of a precision rotation stage to hold the
test object. A 3-D map of the surface topography of the complete cylindrical asphere can be generated quite easily
with this technique. Measurements with a prototype system indicate a slope error accuracy of better than 1
microradian is possible, with a figure error repeatability of better than 50 nm.
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TEST REQUIREMENTS OF GRAZING INCIDENCE SPACE OPTICS

Interest in x-ray astronomy has been growing throughout the world in recent yearsl. The number of space-borne
x-ray telescope missions that have recently been launched or will be launched in the near future, are increasing. Some
examples are ROSAT, SXO, SAX, AXAF, and XMM. The optical systems used to focus x-rays in these telescopes
are all based upon the use of grazing incidence optics in various configurations. Wolter Type I systems use a
combination of paraboloidal and hyperboloidal surfaces; a Wolter-Schwarzchild Type I system consists of a small
figure modification of a Wolter I system; the foil cone is an approximation of a Wolter I system, and the
Kirkpatrick-Baez (K-B) system consists of two sets of orthogonal spheres or parabolic cylinders, produced by bending
thin plates. All of these systems fall into the category of aspheric optics. The surface figures are generally conical in
shape with very small sag deviations, on the order of microns, from the best-fit conical surface.

As the angular resolution of x-ray telescopes has improved in recent years from a few arc minutes to a few arc
seconds, the requirements on the metrology for testing the surface figure and finish have become more stringent. In
order to produce clear images and minimize scattered light at photon energies in the kilovolt range, surface roughness
on the optics needs to be no greater than a few Angstroms. A number of commercial instruments are available for
measuring the microroughness on optical surfaces with accuracy and repeatability below 1 A. This aspect of surface
metrology will not be addressed here. The more challenging problem is to measure the surface figure on these large
cylindrical aspheres with the required accuracy.

In order to appreciate the test requirements of mirror surface figure, some specifications and test results of
previously manufactured mirrors are quoted as follows:

a). The ROSAT high resolution x-ray telescope2 (Wolter type I, four nested mirrors, average grazing angle of
about 2 degrees, maximum diameter of §35mm) produced by Carl Zeiss has an axial slope error of about 0.8 arc sec
mms, a differential out of roundness of about 0.8 arc sec rms, and a telescope resolution of 20 arc sec.




b) A wide field camera/telescope, WFC, on the ROSAT satellite3 is a Wolter-Schwarzchild Type I grazing
incldere-e system with an angle of incidence of 7.5 degrees, a 576 mm diameter and a nest of 3 co-axial, confocal
miizor: produced by NPL. The specifications require that the profile of any mirror should not deviate from the
require + form by more than 1 pm over its axial length or depart from circularity by more than 12 pm across its
dimmnetr 7. What was achieved was: a 0.6 pm (P-V) deviation from the theoretical surface, a slope error of 5 arc sec
and e} scope resolution of 2 arc min.

c). A thin-foil, high-throughput x-ray telescope, XSPECT/SODARTY, produced by the Danish Space Research
Institut~, is an approximation of a Wolter I with an outer diameter of 600mm and contains 154 nested mirrors. The
resolution achieved is 2 arc min.

Surface figure requirements differ between high resolution telescopes and high throughput telescopes. For new
high quality imaging x-ray optics, mirror figure errors must not exceed 0.5 pm within the whole length, and slope
errors must not exceed 0.5 arc sec. On the other hand, high throughput x-ray telescopes do not need surfaces with
such high figure.accuracy: they need instead a low cost and versatile metrology instrument to test a large number of
shells or foils at different manufacturing stages. Since these mirrors are conical aspheres, they are impossible to test
with conventional interferometers. Consequently, high-quality x-ray telescope mirrors are manufactured only by a
few large companies or advanced laboratories because most optical fabricators lack the precision measuring
instruments and polishing machines to produce these surfaces. The penta prism LTP (PPLTP) offers the possibility
for a metrology instrument that is optimized for measuring x-ray telescope mirrors and mandrels and that is
accessible to all.

Some machines currently used in the testing of grazing incidence aspheres, and their characteristics, are as follows:

a) M400 co-ordinate measuring machine?
Contact method - a mechanical probe contacts the surface under test. An interferometer measures the distance
between the probe and a reference surface.

Developed by Carl Zeiss

Slope accuracy 0.1 -0.2 arc sec

Test range 3-D 400x600x200 mm
Slope range relatively large

Cost high

b) Laser Autocollimation Profilometer(LAP)0
Non-contact method - a single collimated laser beam is scanned across a surface by a penta-prism. The
reflected beam is detected by a position sensitive detector which measures the slope of the surface .

Developed by NPL

Repeatability 1 nm (80 mm scan)/10 mins
Test range 200 x 200 mm(plane)

Slope range moderate

Cost low

¢) Long-Truce-Profiler (LTP)
Non-contact pencil-beam interferometer

Developed by BNL/ALS/ELETTRA

Repeatability 0.04 arc sec rms/ 60 mins

Slope accuracy 0.1- 0.2 arc sec rms(400 mm scan)
Test range 1-D 1000-2000 mm ; 3-D extendible
Siope range small, 10 mrad

Cost lIow

d) Other methods,

An‘"m&" method for the assessment of the quality of thin foil mirrors was used by Kunieda and Serlemitsos’ and
the Danish Space Research Institute4. It involves scanning a laser beam over the surface and looking for departures
from the Predicted laser beam position measured by a CCD camera produced by surface "orange peel”. The system
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has a resolution of 2.4 arc sec. For the test of radius variation, a point source is put at the center of the cylinder in
order to monitor the image position . In this way it is possible to know the surface figure and slope error partly.

PENTA-PRISM LONG TRACE PROFILER (PPLTP)

The LTP is a precision surface slope angle measurement instrument. The measurement technique is based on the
pencil-beam interferometer developed by von Bieren8 which was adapted by Takacs, Qian, et al. at BNL for
measuring synchrotron oplics.g'11 The LTP scans an unfocused laser beam across a surface without the need for
auxiliary reference surfaces or null lenses. As such, it is a very versatile measurement system and can easily adapt to
the measurement of most cylindrical spheres or aspheres, either concave or convex. The commercial version, LTP II,
incorporates improvements suggested by Irick and McKinney at the ALS to use an internally-generated reference
beam to correct for errors in the optical head during the scan motion.12-13, Both the LTP and the LTP II utilize an
air bearing translation stage to scan the optical head over the surface under test. To minimize dynamic errors and
improve instrument performance, Qian, et al.16-17 moved the optical head off the translation stage onto a stationary
mount and replaced it with a simple penta prism, as in the original concept of von Bieren8 This is the so-called
penta-prism LTP (PPLTP) configuration. The LTPs at ELETTRA and at Continental Optical Corp. are now using
the PPLTP configuration for routine operation.

When the LTP Il is changed to the PPLTP, a number of new applications for the system become evident: it is
now possible to test a mirror in sity under actual operating conditions, even in ultra-high vacuum,18 and it is now
possible to scan the small penta-prism into the internal surface of conical cylinders, such as those used to make x-ray
telescope optics.

The PPLTP schematic is shown in Fig.1. A polarized He-Ne laser and polarization-preserving optical fiber
(POF) are used to deliver the laser pencil beam to the optical head. Collimated light from the fiber is sent into a non
polarizing beamsplitter(BS) and then into two right-angle prisms (RP1 and RP2), which produce a pair of collinear
beams with an adjustable separation distance. This beam splitting arrangement produces two exactly parallel beams
with zero optical path difference. The beam pair is then split further into two pairs of beams, a test beam pair and a
reference pair, by a polarizing beamsplitter (PBS). The set polarized parallel to the y axis is reflected by the PBS,
while the other set, polarized parallel to the x axis, passes through the PBS. Each set is reflected by either the mirror
under test or the reference, then they retrace their paths through the system back to the PBS. The quarter-wave plates
(QWP1,QWP2) swithch the polarization direction of each beam pair, and they are both sent through the PBS into
the Fourier-transform lens system (FT). The detector array (DET) is placed at the focus of the lens so that the
position of the focal spot is linearly related to the angle of the incident beam. A linear polarizer assembly (P) is used
to adjust the total intensity in the beams. A half-wave plate (HWP) between the non polarizing BS and the PBS is
used to adjust the relative intensity between the test and reference beams. The test beam can be scanned by using a
penta-prism (PT) mounted on a linear translation device. As the surface is scanned, the angle of the reflected test
beam depends on the local slope of the surface, which is measured by analyzing the interference pattern in the image
formed on the detector array. This is the slope profile which can be converted into height data by integration.

The PPLTP profits from the fact that the deflection angle at the penta-prism remains unaltered even though the
prism may tilt slightly during scanning. This eliminates the need to correct the data for pitch angle errors in the
motion of the optical head along the slide, as in the standard LTP II configuration. With these improvements, the
remaining systematic errors in the PPLTP are reduced to below 0.5 prad rmms (or 0.1 arc sec) for plane or almost
plane mirrors and to below 1 prad rms (or 0.2 arc sec) for mirrors with smaller axial curvature that deflect the test
beam over the entire system angular acceptance range of -4 mrad to +4 mrad. This accuracy is sufficient to meet the
requirements of most grazing incidence space optics today and into the near future.

TELESCOPE MIRROR TEST WITH A VSLTP PROTOTYPE

The standard LTP II measures surfaces in the horizontal plane. The ideal configuration for measuring x-ray
telescope optics is to measure the object while it is oriented with its symmetry axis in the vertical direction. This
minimizes the effects of gravity-induced distortion on the surface figure, especially on thin shells or foil surfaces.
Utilizing the PPLTP principle, a prototype for a vertical scanning LTP (VSLTP) was developed by Continental
Optical Corpotation under a Phase I SBIR program from NASA Marshall Space Flight Center. 19 A standard LTP II




system was modified to incorporate a vertical-scanning penta prism, and a precision rotation stage was added to
provide the capability to produce a complete 3D map of the entire surface.

A schematic of the VSLTP prototype system is shown in Fig. 2. A telescope mandrel external surface and a
shell interior surface are shown as they would each be set up for testing, although only one would be tested at a
time. The shell is shown standing with its axis vertical. A small penta-prism is scanned into the shell on a vertical
slide. A series of axial scans is made at equally-spaced azimuthal angles, and then a set of azimuthal scans is made at
selected axial height positions. The axial and azimuthal slope scans can then be combined to generate a slope angle
map of the surface, which can then be integrated to produce a 3D height map of the surface.

A set of measurements with the VSLTP prototype was made on a NAS A-supplied Wolter I telescope mandrel.
Results of the measurements on the paraboloidal segment are shown in Figs. 3 and 4. The axial slope profiles are
shown in Fig. 3. Each line consists of 36 data points measured at 1 mm intervals along the axial direction. The
mandrel was rotated 10 degrees between each axial scan. Following completion of the axial scans, a set of azimuthal
scans was made (not shown). The slope profiles were converted into height and the endpoints of each axial scan were
fixed to the corresponding points on the appropriate azimuthal scans. The ideal paraboloidal surface was subtracted
from the measured surface and the residual points are plotted in Fig. 4. The maximum peak-to-valley excursion in
the residual surface is about 0.3 um. The repeatability of the prototype measurements is estimated to be about 50
nm RMS in height and about 1 ptrad in slope for this set of measurements. Significant improvement in performance
is expected in the next generation VSLTP which is being produced under a Phase 1I SBIR award from NASA MSFC
to Continental Optical Corp.

SUMMARY

A number of measuring instruments and techniques are available for measuring the figure of x-ray telescope
optics. We have demonstrated that simple modifications to the standard LTP II configuration produce a more stable
and repeatable scan and enable the uses of the LTP to be expanded to encompass in situ measurements and vertical
scan measurements. The test requirements for current x-ray telescope fabrication projects want a slope error in the
range of 0.5 to 1 arc second, but the PPLTP has the potential for measurement accuracy of (.2 arc second (1 prad) or
less. A new 3-D VSLTP will be suitable for the testing of space x-ray optics.
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Fig. 1. Schematic of the Penta Prism LTP (PPLTP) configuration. The penta prism (PT) is the only moving part in
this configuration. All other components of the optical head are mounted on a stationary platform.
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Fig. 2. Schematic of the Vertical Scan LTP (VSLTP) prototype instrument showing how measurements are made on
telescope shells and mandrels mounted in a vertical configuration on a rotary stage. The optical head is mounted
on a stationary platform off to the side.
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File Name: HLIVB.INE Comments: yertical w/o dove Imm/10deg

Data Type: Slope History: I2S-RSE
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Fig. 3. Axial slope profiles on a Wolter I telescope mandrel made with the VSLTP prototype instrument. A total of
37 scans were made at 10 deg increments in azimuth. Each scan consists of 35 points sampled at 1 mm
intervals. The P-V slope change is about 0.65 mrad over this data set and indicates the convex nature of the

paraboloidal segment measured.
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Fig. 4. Residual height of the mandrel surface after fixing the endpoints with azimuthal scans, converting to height,
and subtracting the prescribed surface. Maximum P-V deviation is about 0.3 microns from the ideal
paraboloidal surface.




