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ABSTRACT

The emergence of the new generation of Extremely Large Telescopes (ELTs) with primary mirror diameters
of 30 m to 42 m requires the production of hundreds of high quality aspherical mirror segments with
diameters up to 1.5 m. Mass production of such aspherical optics is only possible if the mirror grinding and
polishing process is accompanied by fast and accurate metrology. Although mirror grinding and polishing
can meet the requirement for ELT segment manufacture, the metrology of such large aspherical optics is still
insufficient and poses the main restriction in realizing the new generation of astronomical telescopes.

In order to address the problem of ELT segment metrology the National Physical Laboratory and University
College London collaborated in a joint project to construct a prototype Swing-Arm Profilometer (SAP). The
new instrument is capable of measuring spherical and aspherical optics up to 1 m in diameter with a
minimum radius of curvature of 1.75 m for concave and 1.25 m for convex surfaces. The swing-arm
profilometer is now located at the National Facility for Ultra-Precision Surfaces, at OpTIC Technium in
North Wales where it complements the existing polishing and metrology instruments.

This paper describes the general principles of swing-arm profilometry and provides an overview of the
design of the new SAP. The performance of the instrument is assessed through the measurement of a /4.8
concave mirror verified spherical to A/6 RMS by an interferometric measurement. The SAP was able to
measure surface profiles down to 28 nm RMS.
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1. INTRODUCTION

The last decade was dominated by telescopes with primary mirror diameters in the range of 8 m to 10 m.
The advantages of using large reflecting telescopes have been demonstrated through numerous projects such
as the twin Keck telescopes which have been in operation since1993 [1]. The next generation of telescopes
will be 30 m to 100 m in diameter and will make use of adaptive optics. A case of particular interest for
Europe is that of the ESO E-ELT adaptive optics telescope with a proposed primary mirror diameter of
42 m. A diameter of 8 m to 9 m is considered to be the practical limit for monolithic mirror manufacture and
telescopes with diameters larger than 8 m make use of segmented primary mirrors.

As an example, the ESO E-ELT project requires 1148 off-axis segments with a hexagonal outline, 1.45 m
across the points. Overall, the 42 m diameter segmented primary mirror has an ellipsoidal form with a base
radius of curvature of 84 + 0.2 m. The E-ELT concept is illustrated in fig 1.
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Fig.1 The E-ELT proposal.

2. PRODUCTION AND METROLOGY OF ASPHERIC OPTICS

The use of aspheric mirrors in a telescope offers significant advantages over spherical mirrors such as the
minimisation of spherical and field aberrations, and it implies a simpler telescope design with fewer optical
elements. Although grinding and polishing techniques for large aspheric optics are now considered to be
satisfactory the corresponding metrology techniques are still an area of intensive research. The main
problems associated with the measurement of ELT segments are the requirements for increased accuracy and
fast measurement times. For example the maximum allowed RMS surface form error for the ESO E-ELT
individual segments is 50 nm. In addition, considering the number of segments that needs to be measured,
the metrology has to be fast and efficient and common measurement techniques are difficult to apply. Full
field interferometric techniques usually fail to measure aspheric optics due to high density of the interference
fringes as a result of the intense local slopes. For example the aspheric deviation from the best fit sphere in
such ELT primaries can reach to up to 300 um. In this case null compensators are used to reduce the number
of fringes [2,3], through the interferometric test. Nevertheless these are often as difficult to construct as the
segments themselves and setting-up the test also poses problems.

Alternative to full field measurements are optical profiling techniques. Optical profilometry is based on
scanning of the test surface by means of an optical probe. Optical scanning systems have a field of view at
the focus of an optical system and do not need an external reference to operate. The measurement of the
surface profile is achieved using coherent light sources. A widely used optical profiling technique is
autocollimation. The principle of operation is based on the measurement of the variations in the angle of a
laser beam as it is being reflected by the test surface [4]. Nevertheless this method cannot easily cope with
aspheres due to the large reflection angles. Other techniques are based on the direct measurement of the local
slope [5] however they are very sensitive to errors caused by small motions of the scanning head and to
environmental variations. A relatively recent method, is based on the direct measurement of the optic
curvature, a property that is intrinsic to the surface, and hence less affected by motion errors [6].

Large aspheric optics can also be measured using traditional contact probe instruments such as CMMs. For
example a ZEISS 3D-CMM has been used in the past for the measurement of the GEMINI 1 m secondary
mirrors [7]. However the use of CMMs for large surfaces in the region of 2 m diameter is not recommended
due to the measurement times required. The commonly used step-and-repeat measurement proves slow,
especially when it comes to large volume production of ELT segments, and the accuracy is scarcely better
than 1 pm.



To address the need for measurements on 1 m to 2 m telescope segments the National Physical Laboratory
(NPL) and University College London (UCL) have been working jointly on a project to construct a new
measurement instrument based on the mechanical platform of a swing-arm profilometer with the potential to
carry a wavefront sensor to perform sub-aperture testing.

3. SAP PRINCIPLE OF OPERATION

In order to describe the function of the SAP it is first necessary to understand the principles governing cup-
wheel grinding which is commonly used in optics manufacturing [8] and from which the SAP principle
originated. Given a parent sphere of radius of curvature (RoC), R a circle of radius, / where 0 </ < R, can be
orientated such that its periphery lies on the surface of the sphere. The circle (specific circle) will lie on the
surface of the parent sphere as long as the axis of the circle (fig 2) intersects the centre of curvature of the
sphere [9]. In order to achieve the required orientation the specific circle should be tilted at an angle

6 =sin"'(I/R) (1)

with respect to the y-z plane.

Fig.2 Principle of operation of the SAP

In cup-wheel grinders the specific circle is a circular saw which will cut concave or convex spherical optics
of RoC, R, as the work rotates about the z-axis. A SAP is based on the same principle, however, in place of
the saw there is a probe. The specific circle in this case represents the path of the probe in space as it is
scanned across a spherical optic of RoC, R.

On a SAP, the parent sphere plays the role of a virtual measurement reference which corresponds to the
nominal spherical test surface. This spherical reference is determined by the relative alignment of the
instrument’s axes and an ideal SAP with perfectly aligned axes would result in a perfect measurement
reference. This is shown in fig 3, where the specific circle is tilted according to equation 1.



Fig.3 When correctly aligned, the specific circle lies on the surface of the test optic. The effective arm length
corresponds to / in equation 1. The mechanical arm length is the physical length of the profilometer arm.

The first SAP was constructed at the Steward Observatory Mirror Lab (SOML) of the University of Arizona
[10]. A typical SAP such as the original SOML instrument (fig 4) consists of four major components,
namely, the profilometer arm, a rotary bearing that is used to rotate the arm, a second rotary bearing that is
used to mount and rotate the optic under test and a probing system. The major part of the probing assembly
is a displacement transducer, such as a linear variable differential transformer (LVDT), which is mounted at
the end of the arm and positioned to be normal to the local curvature. Additional mechanisms, such as tilting
and translational stages, are used to align the probe and the arm to the required positions. An adjustable
counterweight is used to balance the arm at its pivot point.

Fig.4 The original SOML profilometer

The distinct geometry of the SAP and the rotary motion of the profilometer arm mean that the probe is
always normal to the local surface. As a result the aspheric measurement range of the instrument increases
since the probe directly measures the aspheric departure. Furthermore, errors associated with the use of long
probe extensions, such as stylus bending, are minimised since a short length stylus can be used universally.
In bridge profilometers the performance of the probe is impaired due to an increasing cosine error towards
the edges of the optic as the probe deviates from the normal orientation: large surface sag results in large
cosine error. This problem is minimised in a SAP since the probe is always maintained normal to the SUT.



It is very important to note that a SAP will essentially have fewer errors and of smaller magnitude compared
to typical three-axis measurement instruments, such as coordinate measurement machines (CMMs). In a
CMM the parametric errors are a result of the non-perfect motion of the CMM frame along its linear
guideways. On the contrary in the SAP the only axis responsible for the probe’s motion is defined as the
centroid of the arm’s bearing rotor. Since the primary bearing motion is rotational it is inherently more
accurate than the motion of linear bearings present on linear three-axis machines. It is known for example
that the accuracy of CMM linear guideways is scarcely better than 1 um but the error motion of rotary air
bearings can be better than a few tenths of nanometres.

The SAP can be used equally well for the measurement of convex and concave aspherical optics and the
same principle applies as in the case of spherical optics. The main difference is that the variable R in
equation 1 now refers to the RoC of the aspheric’s osculating sphere at the aspheres vertex. The SAP is set
to follow the curvature of the osculating sphere but in reality it physically has to follow the surface of the
actual aspheric. The resulting height difference between the two is measured directly by the probe. However,
this height difference is actually the radial difference between the osculating sphere and the aspheric SUT, in
other words the probe displacement provides a direct measurement of the asphericity of the test optic. The
distinct geometry of the SAP allows the measurement of spherical and aspherical optics, concave convex
and plano forms, large surface slopes, large asphericities, optics of different diameters and radii of curvature
ranging from spheres to hemispheres.

4. THE NPL/UCL SWING-ARM PROFILOMETER

THE NEED FOR OPTICAL PROBING

The main drawback of a typical mechanical probe SAP is the long overall measurement time. For a typical
SAP, with a contact probe, several arcuate line scans have to be performed in order to construct a three-
dimensional surface map. This is a time consuming process and the accuracy of the measured form depends,
amongst other things, on the density of the scans. In order to provide a viable measurement technique for
ELT segments, it was decided that the contact probe should be replaced by an optical sensor. The
introduction of the optical sensor can reduce the measurement time by increasing the coverage over a single
scan. As an example, an optical sensor with an aperture of 75 mm would provide an estimated 70% coverage
over a 1000 mm diameter part after sixteen scans, based on consecutive scans that are separated by 22.5" as
shown in fig 5. This would reduce the measurement time by orders of magnitude since in order to approach
similar levels of surface coverage with a stylus probe, several hundred line scans would be necessary. Work
is proceeding at UCL on the stitching of optical metrology data to facilitate this measurement strategy.
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Fig.5 Scaled diagram showing a 1000 mm optic scanned by a stylus probe (a) and by a 75 mm aperture
optical sensor (b). In the latter case 16 scans result to approximately 70% surface area coverage



The mechanical platform for the NPL/UCL profilometer was based on a decommissioned CMM
manufactured by the Cranfield Unit for Precision Engineering. The z-axis column of the CMM was removed
to make way for building the SAP structure while the x-y translation stage was retained. The stage offers
motion control at a resolution of 100 nm. In addition to the main bridge, there is a large 750 mm rotary air
bearing table manufactured by Horstmann Gauge and Metrology Ltd. The optic under test is placed on top
of the bearing and is rotated in between scans. Contrary to the SOML profilometer the NPL/UCL
profilometer has the arm mounted underneath the main air-bearing. The completed instrument is shown in
fig 6.

Fig.6 The NPL/UCL Swing-arm profilometer with a hexagonal mirror blank (1 m across points)

An alumina beam, provided by Coorstek, was used for the profilometer arm. The beam has a Young’s
modulus of 370 GPa and a comparatively low density of 3.9 g cm™ resulting to a high stiffness-to-weight
ratio. The natural frequency of the arm beam was calculated as
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where L in the length of the beam, E is the Young’s modulus, / is the second moment of area, p is the density
and A is the cross sectional area of the beam. The quantity M represents the mass at the free end
corresponding to the mass of the probing system. The projected mass for the probing system was set to
approximately 10 kg and the resulting frequency of the arm was found to be 7.46 kHz. The high natural
frequency of the beam means that the arm is unlikely to be affected by environmental noise at its resonant
frequency since the typical sources of noise in a laboratory have frequencies between 4 Hz and 100 Hz.

The rotational motion of the arm is provided by a high precision PI BLOCK-HEAD® 10R bearing obtained
from Professional Instruments. The bearing has a runout of 25 nm and a radial stiffness of 350 N um™. The
rotation of the bearing is achieved with the aid of a direct drive DC servo motor. An integrated Heidenhain
ERP 880 rotary encoder, with a resolution of 0.36 arc sec, is used in order to track the motion of the bearing.
The motion of the DC motor is transmitted onto the bearing through a harmonic drive gearing system of
high output torque and a reduction ratio of 200:1. All the bearings are operated using the mains pressurized
air supply at OpTIC. This is classified as “medical grade” and provides air at a pressure of 7.5 bar.

At the first stage of the development the SAP will be used a proof-of-principle for the measurement of
industrial optics up to 1000 mm in diameter. The SAP condition (equation 1) can also be expressed in terms
of the physical profilometer arm length, L, and in this case the required tilt angle is given by



0=tan" = (3)
R+ H

where L is the physical arm length and H is the vertical distance between the tilt pivot point and the vertex of
the mirror. The location of the arm rotation axis pivot was chosen so as to allow the measurement of
1000 mm diameter optics. The negative sign for H implies measurement of concave parts while a positive H
refers to measurement of convex optics as shown in fig 7. It is apparent from fig. 7 that the SAP can be
easily adapted to the measurement of concave optics simply by tilting the rotary axis in the opposite
direction. For the NPL/UCL SAP the minimum measurable radii of curvature are 1.75 m for concave and
1.25 m for convex parts. The SAP can also be adjusted to measure flats by using a tilt angle of 0°.

_ARBEARING
PIVOTPOINT
\L 1 CENTRE OF CURVATURE
[ 7 | 1N SwinGARM
H
L
\ SURFACE UNDER TEST ‘
SR
CONVEX SURFACES CONCAVE SURFACES
L R
ARBEARNG
AXIS OF ROTATION o e R
PIVOTPOINT
[ ] swnGARm T
H
CENTRE OF CURVATURE AXIS OF ROTATION SURFACE UNDER TE §T |

Fig.7 Schema of the NPL/UCL SAP geometry

MECHANICAL PROBING

A Solartron LE12 linear encoder was chosen for the probing. The probe has a range of 13 mm and a
resolution of 12.5 nm. The measurement is achieved by the photoelectric scanning of two graduated scales
situtated inside the transducer. The pitch of the probe’s scale is 10 um, however, interpolation of X800
ensures that the effective resolution is increased to 12.5 nm. The probe was calibrated using a differential
plane mirror interferometer and was found to be linear to 1.4 parts per million (ppm). The linearity was

calculated using the formula N =100N,,, /L% where N, represents the root mean square (RMS)

deviation of n probe measurements from the regression line of the data in fig 8 and L is the travel range of
the probe.
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Fig. 8 Calibration plot for the Solartron LE12



OPTICAL SENSORS FOR THE SAP

Several optical sensors can be used to extend the SAP’s capabilities. Different classes of sensors include the
ones based on differential height measurement and slope measurement. Another type of sensor relies on the
measurement of curvature. In general, the curvature of a function, y = f (x), at a given point, can be

described by the reciprocal of the radius of the osculating sphere at this point and it is a vector pointing at
the sphere’s centre. Curvature sensors can directly measure the curvature of a test surface by comparing the
intensity deviations between a reference wavefront and the wavefront reflected from the test surface.

Two options have been considered for the future. The first option is based on the use of an Arden Photonics
AWS-50 wavefront curvature sensor. The principle of operation is based on the use of a distorted diffraction
grating which allows the imaging of multiple layers onto a single plane. The different layers correspond to in
and out-of-focus images, the intensity differences between them can reveal the form of the reflected
wavefront. The other option is based on the use of a Fisba p-phase interferometer which is a compact
Twyman-Green phase stepping interferometer ideally suited to mounting on the arm.

5. EVALUATION
NOISE MEASUREMENTS

The operation and performance of the SAP was verified in a series of experiments at NPL, using a spherical
concave f/4.8 mirror, which was immediately available at NPL. The mirror shape was verified to be
spherical to within /6 RMS using a Fizeau laser interferometer operating at 632.8 nm. The pyrex mirror has
a diameter of 640 mm and a RoC of 6098 mm corresponding to a maximum surface slope of 3°. Before
conducting any measurement various tests were performed in order to establish the noise of the SAP. Fig 9
shows the noise levels when the air supply on all the bearings was turned on. The test was performed at a
sampling frequency of 20 Hz and the RMS noise was found to be 37 nm (measurement duration three
minutes). Another test was performed at 5 Hz and yielded the same value for the RMS. Finally a
measurement was carried out when all bearings were turned off in order to asses the levels of ambient noise.
The resulting measurement gave a PV error of 12.5 nm which indicates that the noise was less than the
resolution of the Solartron probe.
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Fig.9 Noise when all bearings are on (sampling frequency 20 Hz)



RESULTS

The first SAP measurements performed on the /4.8 optic were in good agreement with the interferometric
measurement and revealed a surface form error of 26.8 nm over single direction scans. In order to asses the
repeatability of the SAP, ten scans were performed across the same scan path and under the same conditions.
The ten traces are shown superimposed in fig 10.
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Fig 10 Ten repeat scans along the same scan path. A ten point moving average filter has been
applied to the data

A ten point moving average was applied to the data as a way to filter out some of the variations. In order to
calculate the repeatability of the measurement the RMS deviation of each scan from the best fit sphere was
first calculated. Then the standard deviation of the ten calculated RMS values was estimated and found to be
3.5 nm. The calculated value represents the repeatability of the SAP measurement. It is important to note
that the repeatability test was performed using only one of the instrument’s axes, that is, the PI bearing axis.
A complete SAP measurement would require multiple scans on the test optic in several directions and this
can only be achieved by rotating the optic. Currently, due to the low stiffness of the rotary table bearing, the
rotation of the optic results to random errors of several micrometres. In future this bearing will be replaced
by one with an accuracy comparable to that of the PI bearing.

CONCLUSIONS AND FUTURE WORK

The NPL/UCL is a prototype, “proof-of-concept” instrument and constitutes the first stage of development
towards a solution for ELT segment metrology. The accuracy of the measurement was found to be better
than 30 nm RMS, although this included the errors from the test surface. In the future it will be necessary to
perform measurements on calibrated artefacts in order to obtain the true accuracy of the instrument. In order
to employ the emerging technology to ELT segment metrology it will be necessary to construct a SAP with
sufficient measurement range. The main requirement for this would be the scaling up of the SAP
sub-components according to the measurement requirements. The major components that will need
replacing are the profilometer arm and the two air bearings. Coorstek offers the same type of beam used in
the SAP in lengths of 1950 mm, 2825 mm and 3835 mm. The measurement of segments up to 2.4 m in
diameter could be achieved with the use of a 2825 mm beam. The main issue regarding the arm bearing has
to do with the increased radial loading due to the heavier arm beam. Bearings specifically designed for high
radial load capacity are readily available. Further modifications will be required, such as the use of a larger
translation stage with the same functionality as the existing stage and a larger granite base. These could be
made to order.

Finally an important step will be the incorporation of the wavefront sensor. As a conclusion, it is believed
that the construction of the NPL/UCL SAP will offer a practical platform for experimentation into the
measurement of large aspheric optics and the provision of the new generation of ELTs
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