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Abstract

As astronomy advances, bigger telescopes on the ground are demanded as well as space 

telescopes. The mirrors of modem large telescopes are generally aspheric, which are 

difficult to test with conventional interferometric methods. Even null tests, which are 

most widely used in testing aspheric, sometimes lead to incorrect test results, for 

example, the primary mirror of the Hubble Space Telescope. Two complementary 

methods - interferometry and an independent test -  are therefore imperative. Stylus 

profîlometry can be a very useful candidate for the independent test as it does not 

require any additional optics and it can be applied to the convex as well as concave 

form. Previous studies at Optical Science Laboratory o f University College London 

have taken some steps towards a new method. This consists of a low-contact force type 

of probe system and a laser reference system, to achieve the capability of testing a large 

aspheric mirror. In this thesis, the author indicates the weak aspects in previous 

developments and describes improvements he implemented. By hardware and software 

modifications o f the probe system, the repeatability is better than 10 run for at least 8 

degrees slope surface. Also, the author develops the pulley and belt system as a 

motorised horizontal drive system. For the laser reference system, the hardware based 

closed loop system is developed, and the whole instrument is enclosed by the polythene 

curtain to reduce the fluctuation o f the reference beam. Test results o f the optical flat 

and spherical mirror are presented, which validates the potential usefulness of the laser 

reference system and opens the possibility of measuring the form of the large asphere 

accurately. Finally, the thesis concludes with suggestions o f further works for meeting 

ambitious target accuracy for the instrument.
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chapter 1

Introduction

1.1 Astronomical background

Up to the end of the Middle Ages, the most important means o f observation in 

astronomy was the human eye. The telescope was invented in Holland at the beginning 

of the 17̂ *’ century, and in 1609, Galileo Galilei made his first astronomical 

observations with his new telescope of a converging objective lens and a diverging 

eyelens.

With advances in astronomy, astronomers needed larger telescopes since the light 

collecting power is a function of the telescope diameter D as 7iD^/4, and according to 

Lord Rayleigh’s criterion (Smith 1990), the diffraction limited angular resolution is 

also increased by increasing the diameter, or

0 = 1.22X/D (radians), (1.1)

where X is the wavelength of light.

As the diameter o f the telescope was increased, mirrors were mainly used to collect the 

light (reflector type) instead of objective lens (refractor type) since it makes the length 

of the telescope shorter and reduces surface distortion due to its own weight. Also, 

they did not require extremely high quality glass and did not have chromatic aberration.

When the shape o f mirror was aspheric, there were additional advantages. In general, 

an aspheric surface in an optical system is very useful in eliminating primary 

aberrations (Smith 1990) which would yield to reduce the number of necessary surfaces 

to achieve a given specification. This, in turn, creates many additional system-level 

advantages including reduction of weight, size, and losses caused by unwanted surface 

reflections (and absorption).
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Reflecting telescopes Primary mirror Secondary mirror

Newtonian Concave paraboloid Flat

Gregorian Concave paraboloid Concave ellipsoid

Cassegrain Concave paraboloid Convex hyperboloid

Ritchey-Chretien Concave hyperboloid Convex hyperboloid

Table 1.1: The primary and secondary mirror types o f reflecting telescopes.

Telescopes Gemini VLT Subaru LET Keck

Number 2 4 1 1 2

Diameter 8 m 8 m 8.3 m 2x8.4 m 10 m

Type RC RC RC Cassegrain RC

F/# primary 1.8 1.8 1.8 1.14 1.75

Conic const. -1.003756 -1.004616 -1.0

Table 1.2: Characteristics of very large telescopes (Kim 1998).

Therefore, all the modem large telescopes are reflectors with aspheric surfaces. Table

1.1 shows the mirror types of several kinds of reflecting telescope and Table 1.2 lists 

characteristics of very large telescopes (8 m class).

However, aspherics are not easy to make as well as test. While a spherical mirror can 

be polished with tools of the same radius of curvature, an aspheric surface should be 

polished with tools of various diameters and radii of curvature according to the 

polished zonal area o f surface. It takes much time to make, compared to the same 

diameter of spherical mirror.

Testing an aspheric is even more problematic. The most commonly used testing 

method for spherical mirror, interferometry, would fail in testing even a mild aspheric 

mirror since it would generate too many fringes to analyse in the resulting
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interferogram. Using null correctors is one of the most frequent methods to reduce the 

fringe number without losing the measurement accuracy. However, this method 

sometimes led to the wrong result. One significant example of those errors occurred at 

the testing of the primary of the Hubble Space Telescope (HST) (L. Allen 1990). It 

was tested with a reflective null corrector consisting of a field lens and two spherical 

mirrors. Two spherical mirrors compensated the spherical aberration of the primary 

mirror so that the interferometric set-up was possible. However, the null corrector used 

was not a correct one due to a measurement error in its manufacture. It resulted in the 

form error o f the primary mirror.

The secondary mirrors for large telescopes are often convex, highly aspheric, and large 

(up to 1.7 m in diameter). Since the convex surface reflects the incident beams to be 

divergent, to test the secondary mirror is sometimes more difficult than to test the 

primary one, even though the size of the secondary mirror is smaller than that o f the 

primary one.

In conclusion, in spite of many advantages of using aspherics in the large telescopes, 

the difficulty in testing aspherics increases the cost and risk of telescope projects.

1.2 Technical background

1.2.1 Conventional Fizeau Interferometry

Conventional testing methods of large optics are mainly to use the interferometry. The 

interferometry generates the interferogram, the optical phase difference (OPD) between 

the test surface and the reference surface. The image device digitises the fringes, and 

the fringe analysis system finds the phase information from them. The recent fringe 

analysis system such as WYKO 6000 (WYKO ) uses the phase shifting interferometry 

(PSI) (J. H. Bruning 1974; J. E. Greivenkamp 1992), which measures the phase to 

7t/25~tc/250. Several algorithms used in PSI techniques are well explained in Optical 

Shop Testing (Malacara 1992). The deviation of the test surface from the reference 

surface is then given by.

I n  I

where X. is the wavelength of the light and ^  the phase.
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Reference surface
Phase shifter

▼ r
Laser

BS Collim ator

Imaging lens ^
Test surface

CCD camera

Figure 1.1: Layout o f a conventional Fizeau interferom eter with the phase shifter, 

reproduced from Burge (Burge 1995).

Flowever, when the surface is severely aspheric, the conventional direct interferom etric 

testings fail due to many fringes in one pixel o f the detector. One example is shown 

here for the secondary m irror o f the Gemini telescope, which is the main case study 

throughout this thesis. Its diam eter is 1.022 m, the conic constant is -1 .612898, and the 

paraxial radius o f  curvature is -4193.0685 mm (Hansen 1994). Let us suppose that it is 

tested using the He-Ne laser and a detector with 512x512 pixels in a Fizeau 

interferom etry set-up o f  which layout is shown in Figure 1.1.

Figure 1.2 shows the theoretical fringe num ber per pixels o f  the detector along the 

centre line with respect to the best-fit sphere. The fringe num ber per pixel is m axim um

5.3 at the periphery o f the mirror. This is ten times beyond the N yquist frequency o f  

the detector (two detector elements per fringe), which degrades the m odulation o f  the 

fringe. Also, since conventional PSI assumes that the phase difference betw een pixels 

is less than ti (or half fringe) due to 27t ambiguity (J. E. G reivenkam p 1992), a surface 

generating fringes more than the Nyquist frequency cannot be correctly reconstructed. 

Therefore, m ost o f the area o f the Gemini secondary m irror cannot be tested with the 

conventional Fizeau interferometry with PSI teclinique.

To test the optics with large asphericity, various methods have been developed such as 

null testing (Hindle 1931; F. A. Simpson 1974; Offner 1978), Sub-Nyquist 

Interferom etry (SNI) (Greivenkamp 1987; J. E. Greivenkam p 1992; G reivenkam p 

1996), two-wavelength phase shifting interferom etry (TW PSI) (Y. Y. Cheng 1984; K. 

Creath 1985), sub-aperture testing, etc. B rief descriptions o f these m ethods are 

followed.
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Figure 1.2: Theoretical calculation o f  fringe num ber per pixel o f detector along the 

centre line with respect to the best-fit sphere, when the Gemini secondary m irror 

(convex) is tested w ith Fizeau interferometry. The pixel num ber o f  detector is 

512x512. The dotted line is at half fringe, under w hich the phase o f  the fringe can be 

unwrapped correctly by PSI techniques.

1.2.2 Null testing

The most frequently used method in highly accurate aspheric testing would be to use 

null optics. The null corrector can be lenses, m irrors, or a com bination. They 

introduce into the test wavefront an equal and opposite aberration produced by the 

asphere, resulting in a spherical wavefront that is easy to measure. D epending on the 

type o f  the surface, concave or convex, the configuration o f testing set-up is different. 

Figure 1.3 is the optical layouts o f various null testing set-ups.

However, this null testing has at least three drawbacks:

• The null correctors should be verified very accurately. Also, when the surface is the 

large convex aspheric m irror, it requires larger size o f  very high quality spherical 

m irror (Hindle test) or the sim ilar size o f the m eniscus lens (m odified H indle test). 

Therefore, it generally requires high cost to be employed.
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H in d le  sp h e re

O ffrier null lens

C l C2

Concave
M irro r2

(c)
M irro r l

Meniscus lens

C2C l

Figure 1.3: The optical layouts o f  various null configurations, (a) Offner null test, (b) 

Offner two-m irror test, (c) Hindle test, and (d) m odified H indle test. Ci and C2 are 

conjugate points o f convex hyperboloid. C2 is also coincident to the centre o f  curvature 

o f  Hindle sphere in (c) and the reference surface o f  the m eniscus lens in (d).

• A different null corrector should be constructed for each different aspheric surface. 

Also, very precise alignm ent is required.

• Some aspherics have no convenient null test (e.g. saddle shape).

Recently, the method using the Com puter Generated Hologram  (CGH) was developed 

to verify the null correctors and test the large convex aspherics (Burge 1993; J. H. 

Burge 1994; Burge 1995; Burge 1997). The aspheric departure o f the surface is 

com pensated by diffraction from a CGH. However, this m ethod has also a verification 

problem  and each CGH is useful for testing only one aspheric surface as the null 

correctors (S. M. Arnold 1995).

1.2.3 Sub-Nyquist Interferometry (SNI)

SNI is an extended m ethod o f  PSI, using a sparse-array sensors (pitch-to-w idth ratio 

(G) o f  pixel is on the order o f 0.1). The sparse-array sensor is accom plished by 

incorporating a separated m ask into the CCD fabrication, with pinhole apertures placed 

over each pixel. This sensor can record the high frequency o f  fringe, 10 tim es higher 

than normal array sensors, w ithout suffering from averaging. In addition to this, if  a 

priori inform ation about the surface (e.g. slope o f  surface is continuous) is used to 

reconstruct a fringe pattern, then the wavefront w ith several hundred w aves o f 

departure could be recorded and analysed.
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Further reduction of G value increases the Nyquist frequency o f the sensor, so that the 

larger departure of aspherics may be correctly tested. Nevertheless, due to the small 

active area o f pixels, it requires more light than the conventional interferometry. Also, 

the smaller the value G, the more sensitive the construction o f the wavefront to the 

stray interference patterns such as reflections from the interferometer optics or the 

cover glass on the sensor, which can generate the phase shift and noise in the 

wavefront. Those reasons may provide the limitation in the reduction of G value.

1.2.4 Two-wavelength phase shifting interferometry 

(TWPSI)

TWPSI is a combined technique of PSI and two-wavelength interferometry. Figure 1.4 

explains the principle of TWPSI. The ‘+ ’ and ‘o’ marks are possible OPDs with each 

wavelength intervals (phase modulo 2n), measured with standard PSI technique. The 

possible solutions at each pixel would be the points at which ‘+’ and ‘o’ marks are 

overlapped. These possible solutions are spaced with the equivalent wavelength

Since the equivalent wavelength is much longer than each wavelength, the 

OPD difference between pixels would be less than Xeq/2 and the phase can be correctly 

unwrapped using standard PSI techniques. The 2n ambiguity of the measurement using 

each wavelength can be corrected by using the equivalent wavelength phase data. In 

this way, the repeatability o f measuring a surface having a sag of ~ 100 pm was better 

than 2.5 nm rms (Y. Y. Cheng 1984).

However, this method suffers from chromatic aberration in the reference optics and the 

interferometer. This problem becomes more serious as the difference o f two 

wavelengths is large. These optics should be very carefully achromatized at both 

wavelengths. Also, to increase the fringe modulation, this method also requires the 

high resolution or sparse-array sensor as the case of the SNI.
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Figure 1.4: OPD construction o f  TW PSI technique, reproduced from  O ptical Shop  

Testing  (M alacara 1992). The circles are spaced X\ and the crosses I 2 .

1.2.5 Sub-aperture testing

Sub-aperture testing (O. Y. Kwon 1981; S. C. Jensen 1984) is a m ethod to analyse large 

optical wavefronts using a set o f  sm aller section and pieced together to provide the full 

aperture aberrations. The w avefront departure in each section is w ithin the 

m easurem ent range o f  the instrument. As the later version o f  this m ethod, m ultiple 

annular interferogram s (M AI) (M auro M elozzi 1993) divides the aspheric surface into 

several overlapping annular sections (rings). Each section can be tested w ith the 

standard PSI, and overlapping o f the sections makes it possible to stitch them  together 

to give a profile o f the full aperture. It does not require high resolution o f  sensor or 

sparse-array sensor.

However, the more rings the optics requires to be tested, the worse the m easurem ent 

accuracy is, because o f  several sources o f  error, e.g. uncertainty in the m easurem ent o f 

the radius o f  curvature, interferom eter enlargem ent factor, translator m isalignm ent, 

ring-to-ring sewing error, etc (M auro M elozzi 1993). For example, w ere the Gem ini 

secondary m irror tested with this m ethod, the num ber o f  rings w ould be m ore than 10, 

since m aximum  fringe num ber per pixel is 5 at periphery, as shown in Figure 1.2. 

Therefore, the accurate m easurem ent cannot be expected w ith this m ethod. It was 

suggested in the same paper that this m ethod might be used in conjunction w ith some 

simple compensating elem ent to reduce the num ber o f  rings, which m ight broaden its 

applicability to very steep aspheres.
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1.2.6 Alternative method for interferometry

Reviewing the interferometric testing methods developed to overcome the conventional 

interferometry showed their own advantages and disadvantages. As indicated by 

Wyant, there is no one solution applicable to all aspheric testing problems. In this 

situation, the stylus profilometry can be a very effective candidate for the wide 

application since it has following advantages:

• Since the stylus directly contacts the surface tested and measures the height, it does 

not require making null correctors, which can reduce the testing cost and eliminate 

a source o f error.

• It does not require the precise alignment for the measurement.

• It can measure a spheric as well as an aspheric, a rough surface as well as a smooth 

surface, and a convex surface as easily as a concave surface. Also, it can measure 

the special shape such as a saddle, which cannot be measured by the null testing.

However, the conventional stylus profilometry was also known to have several 

drawbacks.

• Since the stylus contacts directly the surface and moves along with gravitational 

force, it can damage the surface.

• The geometrical shape and size of the tip may distort the profile of the surface.

• When a rough surface is scanned with a low contact force established, the 

frequency spectrum of the vertical motion of the stylus can overlap the resonance 

frequencies of the stylus structure and cause erroneous readings of the surface 

profile.

• Two-dimensional profile cannot reveal the whole picture of the sample.

These disadvantages have been investigated for a long time, and there have been some 

efforts in reducing these effects. Such activities are explained in chapter 2.

Even though the stylus profilometry gives only two-dimensional profile, this profile 

would be satisfactory to represent the features of the surfaces used in the astronomical 

telescopes since they are generally point-symmetry due to the polishing process. This 

two-dimensional profile can also be used as a cross-check of the result from the 

interferometry, which would greatly reduce the risk of telescope projects.
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However, unfortunately, the stylus profilometry applicable to measure the form of large 

optics for astronomy was seldom found in the world. Hence, Optical Science 

Laboratory (OSL) in University College London (UCL) initiated the long-term project 

in 1992, to develop the stylus profilometry for measuring the large optics very 

accurately.

1.3 OSL background in developing Profilometry

1.3.1 Testing methods employed in OSL

Since OSL was established in 1984 by Dr. David Walker and Dr. Richard Bingham, it 

has undertaken numerous projects, particularly in astronomical optical instrumentation, 

but also in the general area of optical systems for industry. OSL has a capability of 

producing large optics. The 1-metre polishing machine and the 8 ft (2.4 m) diamond 

milling and polishing machine have been in operation since they were bought from the 

NEI Parson Ltd in 1987.

With these machines, OSL has tried to have several independent testing methods to 

eliminate measurement errors that might be generated from applying a method that has 

some critical errors in its set-up or theory. At present stage, there are three different 

testing methods employed in OSL: interferometric system, knife-edge test, and 

profilometric test.

• There are four kinds of interferometric system in OSL: WYKO 6000, WYKO IR3, 

shearing interferometer, and scatter plate interferometer. The shearing and scatter 

plate interferometers (J. M. Burch 1953; Murty 1964) have been used for several 

years in OSL to test the optics. Their interferograms are captured by CCD camera 

and analysed using the fringe analysis system, WYKO 4000(WYKO). More 

advanced fringe analysis systems, WYKO IR3 and WYKO 6000, have been 

employed in OSL since 1998. WYKO IR3 uses the 00% laser (^=10.6 pm), so that 

it is very useful in testing aspheric mirrors without any null optics and grinding 

surface. WYKO 6000 phase shifting interferometer has very high accuracy, which 

is known to be better than 6 nm. The spheric can be tested by using a supplied 

reference spherical optics with X/20 quality. Since its performance has been well 

verified and certified, the performance of the new technology for measuring optics 

can be evaluated with respect to this instrument. One disadvantage is that this 

system requires null correctors to test the aspheric.
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Figure 1.5: Schematic diagram of a quantitative knife-edge testing, reproduced by the 

kind permission of Kim (Kim 1998).

• The OSL has two types of knife-edge testing method: conventional knife-edge test 

and an experimental quantitative knife-edge test. The conventional knife-edge test 

(Foucault 1858) (Platzeck 1939) determines the form of mirror qualitatively by a 

shadow pattern emerging from the knife-edge located on the centre o f curvature. A 

quantitative knife-edge test was developed by Kim (Kim 1998) in OSL, to enable a 

quantitative measurement o f the form. It measures the slope of point on the mirror 

by using the image at intra and extra focal planes, as can be seen in Figure 1.5. The 

height distribution of the mirror is then quantified by the integration of the slope 

data. Kim claimed that the Gemini primary mirror, o f which conic constant is -  

1.0038, could be measured with this method. Also, he added that the only 

limitation to measure the aspheric surface came from the limited travel length of 

positioners, not from the measurement principle itself. However, this method can 

not test the convex aspheres without auxiliary optics.

• The last is the profilometry. OSL has especially focused on developing the stylus 

profilometry because of its versatility and easy of use. Since the stylus physically 

contacts the surface, it does not require any extra optics to test the aspheres. Also, 

it can measure the convex as easily as the concave. While it is employed in the 

laboratory, it can be applicable to many projects related to the large optics 

generation, without developing other measurement techniques. Three different 

types of profilometry have been developed or are being developed in OSL. The 

former two types are called Mark 1 and Mark 2, and the latest type is named as
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Stylus Profilometry for Large Optics Testing (SPLOT). Mark 1 and Mark 2 were 

designed to test the grinding and lapped surface of which P-V is about ± 4 pm, 

whereas SPLOT was developed primarily to test the polished surface. The detailed 

descriptions of Mark 1 and Mark 2 are shown in the Kim’s thesis (Kim 1993). The 

brief description of SPLOT is as follows.

1.3.2 SPLOT

SPLOT was initiated in 1992, with the goal of testing the polished secondary mirror of 

the Gemini telescope. The Gemini telescopes are twin telescopes, which are located at 

Hawaii and Chile each, so that both north and south hemispheres are covered by the 

almost identical telescopes. The telescopes are being made by an international 

partnership of the U.S.A., U.K., Canada, Chile, Argentina, Brazil, and Australia.

Since the surface figure was required to be less than 100 nm RMS (root-mean-square) 

(Hansen 1994), very precision profilometry was necessary. A number of OSL 

members had been involved in this project. In particular, Hubbard won his Ph.D. 

degree by taking some steps to new methods in SPLOT.

Figure 1.6 is the schematic diagram of SPLOT in 1996, just when the author joined this 

project. This consists of a low-contact force type of probe system, a laser reference 

system, and an interferometric distance measuring system. Most components are 

loaded on the air bearing carriage, including a vertical slide-way for the probe system, 

the laser reference system, and the vertical interferometer.

The horizontal interferometer and the beam splitter for generating the reference beam 

are on a separate Cervit block, which is installed on the granite beam. The reference 

line is defined by the laser beam that is propagated in the air, not by the granite beam. 

The position of the vertical interferometer maintains constant with respect to this 

reference beam by some feedback system, so that the height of the surface is measured 

with respect to this reference line. The probe system is moved down on the target 

position of the surface, lifted up after the height measurement and moved to the next 

position. This gives us two-dimensional profile of the surface. More details about the 

system are described in chapter 3.
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Figure 1.6: The schematic diagram of the old SPLOT (1996).

1.4 Author’s contribution
The author joined this project (SPLOT) on January 1996 as a part of international 

collaboration between Korea Advanced Institute of Science and Technology (KAIST) 

and University College London (UCL). A Ph.D. student in OSL, Hubbard, constructed 

a prototype of SPLOT and carried out some tests. The author is fully responsible for 

the development of this project since Hubbard left the project in 1996.

The author has contributed to the project in the following areas:

• Analysis of previous works related to SPLOT, which revealed many sources of 

error and unreliability and which defined the direction for this thesis.

• Movement of SPLOT to a new metrology room and refurbishment.

• Design and installation of Cervit pillar for the stable reference beam with respect to 

the tabletop.

• Improvement of the probe system to increase repeatability and accuracy.

• Developments of a motorised horizontal drive system to displace the air bearing 

and instrument.
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Development of a closed loop system for the laser reference system and its 

performance testing.

Investigation on the sources of measurement error.

1.5 Summary of the thesis

This thesis details the author’s contribution to the profilometry project (SPLOT). This

is a continuing research project at OSL, and as such this thesis does not encompass the

entire R&D process. The contents of the thesis are as follows.

• Chapter 2 introduces the general concepts of stylus profilometry and application to 

the large optics testing.

• Chapter 3 describes the principle of operation o f SPLOT in detail, as it was when 

the author joined the project (1996).

• Chapter 4 describes the performance test o f the old probe system and development 

of new probe system to improve the repeatability and accuracy o f measurement.

• Chapter 5 describes the development of the motorised horizontal drive system.

• Chapter 6 describes the development of the laser reference system based on only 

hardware and its performance testing.

• Chapter 7 identifies the sources o f error through the measurements on the nominal 

flat and checks how accurately SPLOT can measure the aspherics.

• Chapter 8 briefly summarises the results of this work and suggests future works 

necessary to meet the ambitious target of accuracy.
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chapter 2 

Stylus Profilometry

2.1 Introduction

The stylus profilometry has been dominant in measuring the profile since the first 

surface texture recorder was described by Schmaltz in 1929 (Schmaltz 1929). The 

“Profilometer” was the commercially registered name of the instrument developed by 

Ernest Abbott (E. Abbott 1933) in the USA.

In the early stage of stylus profilometry, several methods were used in order to magnify 

the vertical movement of the stylus tip on the surface: light reflection, mechanical lever 

and optical projector, or simple moving-coil transducer. The information of the surface 

was displayed on the photographic paper, smoked glass disc, or the screen of cathode- 

ray tube, etc. The vertical magnification in these ways was about maximum 10,000X 

(Dagnall 1986), which might correspond to 50 nm, supposing that the resolution of the 

line displayed be 0.5 mm.

The development of a light source with the long coherence length, the advances in the 

modem electronics, and the use of microcomputers led to the great changes in its 

performance. The vertical measurement resolution was improved to the scale of 

angstroms, and the lateral measurement resolution to the order o f 0.1 pm. Also, any 

mathematically defined parameters could be easily calculated, as the surface 

information is digitised and stored in the computer. As can be seen in Figure 2.1 

(Bennett 1985), these performances were highly competitive to other non-contact 

profiling instruments such as several types of interferometry or electron microscope.
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Figure 2.1: The comparison of the surface profiling techniques in terms of spatial 

wavelength range, reproduced from Bennett (Bennett 1985). Numbers in parentheses 

are the range of heights. The wavelength used in TIS (total integrated scattering) 

technique is 632.8 nm.

In this chapter, the general structure and principles of operation of main parts in the 

stylus profilometry (stylus, transducer, and reference systems) are described in detail. 

Also, reviewed are aspects of the conventional stylus profilometry that should be 

modified in order to apply this method to measure the large optics.

2.2 Principle of the Stylus Profilometry
Figure 2.2 is the conceptual diagram of a typical modern stylus profilometry. It mainly 

consists of 6 parts: stylus, transducer, traverse unit, reference plane, digitisation circuit, 

and computer. The stylus directly contacts the surface and is moved across the surface 

by the traverse unit. The vertical displacement of the stylus is measured with respect to 

the reference line. The transducer converts its vertical movements into an electrical 

signal. This signal is filtered and digitised by the electrical circuit. The microcomputer 

converts the number into the height information and calculates wanted surface 

parameters.
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Figure 2.2: The conceptual diagram of a modem stylus profilometry.
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Figure 2.3: Schematic diagram of Form Talysurf traverse unit with the laser 

interferometric transducer, reproduced from Dagnall (Dagnall 1986).

Figure 2.3 is an example of a modern stylus profilometry with a long history, the Form 

Talysurf, manufactured by RTH (Rank Talyor Hobson Ltd ) in 1986. The main feature 

of this instrument is the use of a laser interferometer as a transducer. The corner cube 

prism that is attached on one end of a pivot lever, acts as a moving arm of the 

interferometer. The fringe variation is detected by a photo-detector and is interpolated 

to obtain the high resolution (lOnm). In this system, the carriageway of the traverse 

unit is used as a reference line.
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2.3 Stylus system

It is not exaggerating to say that the probe system is one of the most important parts in 

stylus profilometer because it contacts the surface directly and measures the heights of 

the contacting point. The properties of the stylus system are mainly determined by 

three factors: structure, geometry of stylus tip (shape and size), and contact force.

2.3.1 Structure

Generally, stylus systems have two generic types of structure: a pivot (cantilever) 

system or a plunger system (Leadbeater 1990; Mike Keamy 1998). In a pivot system, 

an arm supports a stylus tip and the vertical movement of the tip is detected by the 

transducer that is attached to the other end of the arm. A typical structure o f this type 

can be seen in Figure 2.4. This is a very simple structure and has an advantage in 

measuring inside of holes, such as in hollow cylinders. However, due to the 

dimensions of its structure (H, Li, and L2 in Figure 2.4), the pivot system generates two 

kinds of non-linear effect, which requires a calibration or compensation process after 

the measurement:

• The arc motion of the stylus generates a non-linear variation between the vertical 

displacement of the stylus tip (yi) and the value measured by the sensor (yo) 

(Dobosz 1994), or,

• The arc motion of the stylus also generates horizontal positional error, which is the 

difference between the positions o f the stylus tip on the workpiece (x/) and the 

horizontal position of the stylus system measured by the sensor (Xo) (Dobosz 1994), 

or,

= ^ o ~  = A f “  [1 “  (To / ̂ 2 Ÿ  I }“  / 2̂

Another disadvantage of this type is that the measurement range of the transducer limits 

the vertical range of measurement. Even though the long-range transducer such as an 

interferometric transducer is adopted, the arc motion of the stylus will move the retro- 

reflector out of the beam path, which considerably reduces the vertical measurement 

range.
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Figure 2.4: Typical structure of the pivot type stylus system.
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Figure 2.5: I'he typical plunger type stylus system, reproduced from Leadbeater 

(Leadbeater 1990).

In a plunger system, however, the tip is connected to an actuator or sensor directly 

without lever so that straight-line motion is possible. It can intrinsically have a larger 

vertical range than pivot type. Another advantage of this type is that it does not require 

the compensation process (equation (2.1) and (2.2)), which is necessary in the pivot 

type. However, it has generally complicated structure, as can be seen in Figure 2.5. 

This is because it requires the precise mounting for ensuring the straight and 

frictionless motion of the stylus system and constant and very low contact force. 

Therefore, it costs much more than the pivot type.

2.3.2 Shape and size of the tip

The stylus is nominally either conical with a spherical tip or a four-sided pyramid with 

a truncated flat tip (chisel stylus). Conical styli have a cone angle of 60° or 90° with a 

tip radius 1-10 pm range, although sharper styli having a radius as small as 0.1 pm 

have been available (Rank Talyor Hobson Ltd ). A chisel stylus has a typical width in
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the traverse direction of 2 |am, and 3 |xm in the direction at right angle to the traverse 

direction, although 0.1 jim width tip is also available. It is mounted so that the 

direction of travel is perpendicular to the longer dimension o f the stylus, making it ideal 

for measuring surfaces having a unidirectional lay such as gratings or single point 

diamond-machined surfaces (J. M. Bennett 1981).

Many researchers have been investigating the effects of finite size of the stylus on the 

profiling experimentally and theoretically. Bennett (J. M. Bennett 1981) studied the 

effect of stylus radius to the diffraction grating (grating space 3.6 p.m) with respect to 

the lateral resolution, using two different radius of styli, 8 p.m and 1 pm. The 

experiment showed that the 8 pm radius stylus gave only a hint of the grooved nature 

of the surface, whereas the 1 pm radius stylus gave nearly complete lateral resolution 

of the V-shaped grooves. Bennett derived the condition, with which the feature of the 

sinusoidal component is accurately represented as follow:

d > 27r>fhr ,

where r is the stylus radius, d  the period and h the amplitude of the sinusoidal 

component.

Song et al (J. F. Song 1991) measured the random profile with two different radii tips,

0.5 and 12.5 pm, and found that the peaks and valleys are distorted for the bigger tip. 

The peaks were wider and the valleys were narrower and shallower and some valleys 

disappeared from the result, compared to the sharper tip.

Kratz et al (F. ICratz 1996) simulated the effect of the stylus tip size on the rms 

roughness measurement and correlation length of the profile and compared it with the 

experimental result. It was found that the simulation matches well with the experiment 

in roughness measurement but some deviations occurred in the correlation length, 

probably due to the surface-prohe interaction such as friction or distortion by the 

contact force.

Mendeleyev (Mendeleyev 1997) investigated the effect o f three factors (rms 

roughness(a) and stylus tip radius (r) and correlation length of profile (p)) on the rms 

roughness measurement error, by means of computer simulation. He found that 

fractional measuring error (a = (a -a ’)/cj where a ’ is the rms roughness of traced profile) 

does depend not on individual factors, but on the ratios, a /r and a/p , while a /r were in 

the range of 0.005-0.05 and a /p  were equal to 0.028 and 0.048. That is, if  the ratio a /r 

is the same, a  is the same even though different radius tip is used.
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2.3.3 Contact force

Since the probe is urged to follow the surface by gravity, the contact force always 

exists. This contact force can sometimes damage the surface. Poon (Chin Y. Poon 

1995) demonstrated that even Img load could damage the glass-ceramic disk substrate 

if a 0.1 pm radius of tip was used. A larger radius tip with less load (0.2pm, 0.5 mg) 

considerably reduced the damage. However, if  soft material such as KCl (Mob 

hardness<2) was measured, this amount of contact force was found to damage the 

sample according to Bennett (J. M. Bennett 1981). It was found that 1 pm radius with

0.5 mg load could be used non-destructively on soft material.

Nevertheless, the use of very low contact force could cause problems in accurate 

measurement. That is, the system can be affected by the noise generated from 

roughness surface when measured as well as environmental sources of vibration. To 

reduce this effect, Wheeler (Wheeler 1994, US patent No.5309755) used air damping 

by inserting a paddle between narrow capacitive sensor plates. This is effective when 

the overall mass of the stylus assembly (tip, arm and wire) remains minimal, for 

example, less than 50 mg.

There are several mechanisms to control the contact force. In U.S. patent No. 

4103542(Wheeler 1978), Wheeler used a counterbalanced stylus arm, in which contact 

force may be adjusted by moving the counterbalance. Dobosz(Dobosz 1994) used 

spring force to achieve a balance between the stylus part and transducer part of the 

stylus arm. However, in this method, only 1 gf of the contact force was achieved. 

Chetwynd et al. (D. G. Chetwynd 1996) adopted a magnetic coil and a moving magnet. 

Since a moving magnet was attached to the stylus probe, the contact force could be 

adjusted by changing the current to the magnetic coil. This method could also provide 

a constant contact force using a feedback system whilst monitoring the change o f the 

vertical displacement with a capacitive sensor. In this method, the contact force was 

electronically selectable in the range of O.Ol-lOmN. In another U.S. patent No. 

5705741 (Wheeler 1998), Wheeler also adopted the similar principle with Chetwynd to 

make constant contact force, but in different structure. The stylus structure was a pivot 

type and the stylus arm connected to a moving magnet that was shielded from other 

ferromagnetic materials. Tencor (Tenco Co.) developed a stylus assembly using this 

method and obtained as low as 0.05 mgf or 0.5 pN in the contact force (Narain 1999).
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2.4 Transducer system

The function o f the transducer is to convert the height variation of the stylus on the 

surface into proportionate electrical or digital signal. There are various principles in 

existence. These may use the change of electrical properties such as the inductance or 

capacitance according to the deflection of stylus tip. Or it may use change of 

interference fringe or the change of resonant frequency in an optical resonator. In this 

section, the author reviews the performance and the technical characteristics of 

transducer systems for highly accurate measurement.

2.4.1 Capacitance and inductance sensors

Capacitance sensors detect the variation of a capacitor due to displacements of the 

electrodes. In normal configurations, this consists o f three electrodes; two outer ones 

are fixed and the middle one is attached to the stylus. The differential capacitance is 

varied as the tip is vertically deflected. By arranging the sensors into a capacitance 

bridge, the differential change in capacitance unbalances the bridge and produces an 

AC output voltage. If the bridge is driven by a sinusoidal signal with amplitude Vo, the 

corresponding output is (R. Loxton 1986),

where x  is the moving distance from the middle position between outer electrodes. In 

this way, the accuracy achievable is usually 0.02% of the travel.

Another way o f using three electrodes is to pick up the electric field potential through 

the middle electrode (Mike Keamy 1998), instead of using a capacitance. The outer 

electrodes are driven by AC signals in which the polarities o f electric field potential are 

opposite but the amplitudes are the same at the outer electrodes. The middle electrode 

takes on the electric potential at its location: it produces zero voltage at the middle 

position between outer plates and drive voltage at maximum deflection. The 

displacement of the stylus is measured by demodulating or integrating the voltage 

measured. Its resolution was not published; however, the target o f this method was set 

to 0.2 nm (Mike Keamy 1998).

Similar to capacitance sensors, the variation of inductance has been also used as a 

transducer system. A ferromagnetic armature is fixed to the other end of the stylus arm 

and moves between two coils. The differential inductance is varied as the tip is
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vertically deflected, which unbalances the bridge and generates an output proportional 

to the deflection. Linear Variable Differential Transformers (LYDT) use this method 

as well. Its resolution reaches 10 nm over travel bigger than 1 mm, Physik Instrumente 

(Physik Instrumente GmbH ). The drawbacks are a relatively low frequency response 

(upper limit of is approximately 100 Hz) and large non-linearity (D'Arrigo 1996).

2.4.2 Interferometer

Interferometry methods are one o f the most widely used for transducers. Especially, 

this method is useful in measuring the large distances because o f the coherent 

properties of the source (laser). The principle of distance measurement depends on 

how fringes are generated. However, irrespective o f the principle, this method requires 

a quadrature signal to determine the movement direction.

There are two basic approaches to generate fringes: optical path difference and 

frequency difference. The use of optical path difference is the conventional method. 

The retro-reflector is attached to the stylus. As the stylus moves, the optical path length 

from the beam splitter to the retro-reflector is changed. Then, the distance moved is the 

fringe number times half-wavelength due to the double path of the light.

Alternatively, fringes can be generated by the frequency difference of two beams. This 

can be accomplished using a grating, so it is called a grating interferometer. It uses the 

Doppler shift of the beam frequency. The grating is attached to the stylus in which the 

motion of stylus is perpendicular to the line of grating, which is illuminated by the 

laser. The diffracted +1 and -1 order beams suffer the Doppler shift due to the motion 

of the grating. Since the velocity o f the grating in the direction of +1 order beam 

differs from that in the direction of -1 order beam, there is the frequency difference 

between two reflected beams as follows (Dobosz 1992),

2v. (2.4)
Av = - g

nd

where Vg is the velocity o f the grating, n is the refractive index of air, and d  is the 

grating constant. The above equation is valid under the assumption that Vg « c .

Therefore, the superposition of +1 and -1 order beams creates the interference fringes 

(beating phenomenon), of which frequency is the same as Av. As a result, the 

movement of one grating pitch generates two periods o f sinusoidal signal i f  n = \ .  Its 

resolution was 20 nm and non-linearity error was 50 nm in 4.5 mm travel (Dobosz 

1992).
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2.4.3 Fabry-Perot cavity

A Fabry-Perot cavity can be also used as a precise transducer system, US patent 

No.5565987 (Jain Kanti 1996). It consists of two parallel mirrors, o f which one moves 

together with the tip. As the tip traverses the surface, it is vertically deflected, and the 

length of cavity is changed. Since the resonant frequency o f a Fabry-Perot cavity has a 

narrow bandwidth, very small deviations of the cavity can be detected by monitoring 

the laser beam incident on the cavity. The feedback system modulates the frequency of 

the laser beam so that the resonance is maintained. The displacement of the tip can be 

measured by monitoring the modulation of the frequency. A simple calculation shows 

that 0.5 nm change of cavity length can be compensated with 5 MHz of modulation, 

which is easily obtainable with a commercial acousto-optical frequency modulator.

2.5 The métrologie reference for Profilometry
Measuring the surface height accurately is one key element of profilometry. Since the 

height is measured with respect to the reference surface, errors in the reference 

propagate into errors in the height measurement. Therefore, the reference system is 

very critical part for the high precision profilometry.

The transducer system must move along a reference line so that the output represents 

only the stylus movement on the surface being scanned. There are two ways of 

generating a reference line: a skid and a separate reference surface (absolute reference 

surface).

1. A skid is a curved surface, of which radius is considerably greater than the spacing 

of the peaks of the sample surface. It basically supplies the local flatness and it is 

well known that it modifies the profile. The effects o f skid-stylus separation on the 

measurement and skid configurations in several situations are well explained by 

Whitehouse (Whitehouse 1994).

2. The alternative way is to use a separate reference surface (optical flat), scanned by a 

second large-radius probe in a fixed relationship to the stylus. A separate reference 

can be very accurate but limit the scan ranges due to the difficulty of manufacture 

and installation of the large reference with high accuracy.
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Figure 2.6: Diagrams of two different referenee types: (a) a skid reference (b) a 

separate reference.

Figure 2.6 shows the difference of two reference systems, on which the movement of 

the transducer relies.

Most of modern stylus profilometry use a separate reference surface. To compensate 

the systematic errors such as the figure error of the reference surface or the straightness 

error motion of a machine carriage, a reversal method can be used (Estler 1985; 

Whitehouse 1994). Figure 2.7 shows the principle of this method. If the figure of the 

reference surface is S{x) and the straightness error motion of carriage is A/(x), the 

measurements of displacement between the carriage and reference surface in normal 

orientation {N{x)) and in reversal orientation (^(x)) are given by,

N{x)  = - M { x ) -  S{x)

R{x) = M( x ) - S { x )  (2-5)

From the above two measurements, M{x) and S{x) can be determined, and the profile 

measurement is compensated by subtracting these systematic errors from the original 

data.

However, this method is only possible when the reference system is placed on the table 

so that its position can be rotated 180° about the carriageway, which is not the 

configuration the most two-dimensional stylus profilometry have.

Indeed, the generation of the large and high quality reference is one of the most 

difficult problems to overcome for enlarging the regime o f stylus profilometry to large 

optics testing with high accuracy.
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Figure 2.7: The principle of reversal method, reproduced from Estler (Estler 1985). (a) 

normal orientation and (b) reversed orientation: reference is rotated 180° about its long 

axis.

One promising solution for this problem is to use the laser beam propagated freely in 

the air. Because the narrow intense laser beam follows a straight path (at least in a 

vacuum), it provides a ready means for the reference line, assuming that it is possible to 

overcome the difficulties caused by the air turbulence.

One important instrument using a laser reference system appeared in an optical 

profilometer called the long trace profiler (FTP). It was originally developed at 

Brookhaven National Laboratory (Brookhaven National Laboratory ) to measure the 

surface figure of cylindrical aspheres used to reflect X-rays in synchrotron radiation 

beam lines (P. Z. Takaes 1987; P. Z. Takacs 1989; P. Z. Takacs 1989). Figure 2.8 

shows the schematic diagram of the optical system in LTP.

This instrument measures the slope of the target by finding the phase of the interference 

pattern generated at the detector array. It produces the information of SUT slopes and 

REF slopes. Since the REF mirror is fixed with respect to the SUT mounting, any 

variation in the SUT slope due to beam pointing changes or optical carriage pitch will 

show up in variation in the REF slopes separately. Thus, the actual slope of the SUT 

can be determined by subtraction of the REF slope from the SUT slope.

The current version of the LTP, the LTP II, used a Dove prism in the reference beam 

path to correct phase matching problems and used a precision air conditioner to 

increase the stability and repeatability of the system (Takacs 1996). With these 

modifications, the repeated measurements on the flat, whose length was 500mm, 

showed that the estimation of l a  (standard deviation) was 1.1 nm.
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Figure 2.8; The schematic diagram of the optical system in LTP, reproduced from Irick 

(S. C. Irick 1992).

Using a laser beam as a reference line can also be found in another application. Lee et 

al (Neville K. S. Lee 1997; Neville K. S. Lee 1997) used quad-detectors and a laser 

beam for a high resolution position-monitoring system. With the noise cancellation 

technique, this method showed the possibility of high resolution (less than 2nm).

2.6 Stylus Profilometry for large optics testing
In order for the stylus profilometry to measure the large optics with high accuracy, two 

special requirements should be satisfied:

• The range of vertical movement of the stylus should be enough to cover the 

maximum height or depth of the large optics, sometimes more than 30 mm.

• The range of horizontal movement should be more than 1 m, depending on the size 

of the target. It requires a high quality of large reference surface.

Some commercially available stylus profilometry has relatively long profile scanning 

capability; however, their vertical ranges are only few millimetres. For example, the 

Veeco Dektak OSP-1100 (Veeco Instruments Inc ) can take profiles up to 1100 mm, 

whereas its vertical range is only 1mm. The Form Talysurf (Rank Talyor Hobson Ltd ) 

can measure profiles up to 120 mm, and its vertical range is only 6 mm. This is 

because their main targets are not on the large optics for astronomy, but on the flat-like
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objects such as wafers or LCD panels, or small components such as bearings, screws, 

or gear teeth.

Stylus profilometry for large optics testing for astronomy is rare. In this situation, there 

is an interesting instrument called the swing-arm profilometry, which is used in the 

Steward Observatory (D. S. Anderson 1995). Figure 2.9 shows the geometry of its test 

configuration. The probe was mounted at the end of an arm that swings across the test 

optic. If the axis of rotation arm and SUT intersected at the centre of curvature of the 

spheroid, the trace of the probe would lie on the surface of the spheroid. Therefore, the 

displacement of probe was only as long as the amount of asphericity in the surface. 

This structure intrinsically removed two problems stated above in applying the 

profilometric test to the large optics. Moreover, it had a capability of performing in- 

situ measurements on the polishing machine.

rotation axis

probe

rotary stage

testmirror urn

optical axis
probe trajectory

Centre o f curvature

Figure 2.9: Geometry for the swing arm profilometer (Burge 1997).
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However, error sources existed in determining the radius o f curvature of SUT and the 

arm length. Another method should be employed together to define those values more 

precisely. Another disadvantage of this profilometry was that it did not have enough 

accuracy for final testing due to various misalignments (error in defining the mirror 

vertex, tilt error of rotation axis, etc). Therefore, this profilometry was used for rapid 

measurements of grinding aspherizing and rough figuring (Burge 1997), only 

applicable to the surface prior to the final polishing.

Until today there seems to be no stylus profilometry that can measure the large optics 

with the accuracy comparable to the null test. This kind o f stylus profilometry is a big 

challenge for current technology.
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chapter 3

Description of SPLOT

3.1 Primary requirements for SPLOT
The SPLOT was designed to measure the form of the large aspheric optics. We take 

the secondary mirror of the Gemini telescope as a case study. UCL may be in the 

future bid for the production of an adaptive secondary for Gemini north, so the example 

is not merely academic. This case study can give us important information that is used 

to define what a useful profilometer would accomplish.

The target profile (Gemini secondary mirror) was defined by the following equation 

(Hansen 1994),

Z = Y V 2 R  + (1 + K)Y‘' / 8 R ’ +3(1 + K )2Y *'/48R ' , (3-1)

where Z = sagitta of the optical surface, R = paraxial radius of curvature, K = conic 

constant and Y = distance from the optical axis.

The values for several parameters related to this target surface were as follows (Hansen 

1994):

• Diameter=1022 mm

• K=-1.612898± 0.001

• R =-4193.0685 ± 5 mm

The difficulties in testing this large convex asphere with the interferometric methods 

were explained in chapter 1. In this situation, SPLOT can be a very useful instrument if 

it is successfully developed.
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The primary requirements for SPLOT are basic specifications decided to measure the 

target surface within the target accuracy. The secondary requirements are the 

performance requirements of each subsystem (e.g. probe system, horizontal driving 

system, reference system, etc.). The combination o f each performance should meet the 

primary requirements.

First of all, the simple considerations on the shape o f the target surface generated the 

dimensional requirements of SPLOT as follows:

• Horizontal dynamic range > 1.022 m

• Vertical dynamic range >31 mm

The more difficult requirement was to set the target accuracy. From the design report 

of the Gemini telescope (Hansen 1994), it was required that the Gemini secondary 

mirror should be tested to an accuracy of ±0.0005 for K and ±1 mm for R. Hubbard 

(Hubbard 1996) calculated the deviation in profile caused by ±0.0005 for K or ±1 mm 

for R. The maximum vertical deviations in profile were ±57 nm for K variation and 

±7.4 pm for R variation. He chose ±57 nm, as the target accuracy of the vertical 

measurement.

The accuracy of the horizontal measurement was determined with the idea that ±57 nm 

of vertical error corresponds to ±471nm of horizontal error at the periphery of the 

mirror, based on the maximum slope (0.1204 rad) at the periphery.

As a result, the accuracy required is shown below:

• Horizontal measurement accuracy: better than ±471 nm

• Vertical measurement accuracy: better than ± 57 nm

Even though Hubbard did not mention it in his thesis, the determination of the sampling 

distance or data number is important as well. The more points are measured, the better 

the surface is known. However, taking too many data points requires a long time to 

measure. On the contrary, too little data points would lose the important features of the 

surface. One idea to determine the data number is that the number of data taken by 

SPLOT should be similar to that of WYKO 6000 to crosscheck both results. Then, the 

number of data point is about 300, which means that the sampling distance is about 3 

mm at the mirror.

• sampling distance » 3mm (or data number » 300 points)
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3.2 Principle of SPLOT
SPLOT will measure the profile along the centre line and this data will be curve fitted 

and compared with the target asphere, in order to produce an error profile. This would 

be used to determine where preferential removal is required during polishing in order to 

improve the form. Finally, it would be used for quality assurance o f the finished optic.

Since the primary interest is the form measurement, it is not necessary to scan the 

surface with the stylus, as the conventional stylus profilometer does. Instead, a point- 

by-point measurement is the principle of the SPLOT. The stylus is lowered on the 

measured point and picked up after measuring the height and moved to another point 

for the next height measurement. This point-by-point measurement also reduces the 

size of the data set for the large optics.

In the construction o f SPLOT, OSL developed two challenging concepts:

• OSL developed the hybrid type of probe system, combining the pivot and plunger 

types. The overall structure was the pivot type since its structure was simpler and it 

was cheaper to make than the plunger type. To enable measurement of the large- 

scale form, the whole probe system moved vertically like the plunger type. Another 

feature in the probe system was that the torsion wire was adopted as a pivot to 

remove the friction in the pivot, which was the major obstacle to reduce the contact 

force.

• SPLOT used the laser beam, which was propagated freely in the air, as a reference 

line. The position of the reference beam was detected by the quadrant diode (QD) 

and any deviation of the beam position on the QD was compensated by means of 

the feedback system. The transducer (interferometer) of the stylus movement was 

installed in the reference system, so that its height was supposed to maintain 

constant with respect to the reference beam. This method removed difficulties of 

manufacturing and installing the large optical flat or a precise carriageway as a 

reference and resulted in the considerable cost reduction.

3.3 Main structure of old SPLOT
The experiments on the old SPLOT started with the understanding of its principle of 

operation. Here, the “old” SPLOT is referred to the instrument that was constructed 

before the author joined the project and without any modifications made on it.

The SPLOT consists of four main sub-systems:
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1. Contact probe system

2. Interferometric distance measuring system

3. Horizontal system

4. Laser reference system

Figure 3.1 is the block diagram of the SPLOT. The height is measured by the vertical 

interferometer, and the horizontal distance by the horizontal interferometer. The time- 

varying fringe intensity of each interferometer is converted to voltage in the 

photodiode, amplified, and digitised by the analogue to digital converter (ADC). The 

phase of the fringe is calculated and interpolated for increasing the measurement 

resolution in the Digital Signal Processor (DSP). The Personal Computer (PC) with 

Pentium 166 MHz processor collects the data from the DSP and converts the fringe 

number to the displacement length. The height level of the vertical interferometer is 

maintained constant with respect to the reference beam by means of the feedback 

system, which is the combination of the hardware and software.

The light source for the vertical interferometer, horizontal interferometer and the 

reference beam is a single He-Ne laser. The beam emitted from the laser cavity is 

divided into two by a beam splitter, and coupled to two optical fibres. These transmit 

the laser beam to the vertical and horizontal interferometers. The laser beam for the 

reference system is derived from the horizontal interferometer by a beam splitter, which 

is shown in section 3.5.

3.4 Probe system
In the point by point measurement, the whole probe system is moved down on the 

surface to be measured and its motion is stopped when the probe tip contacts the 

surface. It is lifted up after the measurement and moved to the next measurement 

position.
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Figure 3.2: The probe system for SPLOT (Hubbard 1996).

Figure 3.2 is a schematic diagram of the contact probe system developed by Hubbard, 

from D. Walker’s original concept (Hubbard 1996). Its main components are the probe 

tip, torsion wire, optical switch, etc. The probe tip is attached perpendicular to the 

probe arm and a retro-reflector is located on the top of the probe tip. The retro-reflector 

on the probe tip is the moving arm of the vertical interferometer, so that movement of 

the probe system is detected by the interferometer. The torsion wire is used as a pivot. 

In principle it has no static friction, so that it is possible to generate a very low contact 

force. The contact force can be controlled by rotating the torque adjuster. The damper 

is immersed in the oil pot so that it provides some damping force to the motion of the 

probe tip, which is important to reduce the oscillatory motion of the probe when the 

low contact force is established.

The optical switch has the very important role of stopping the downward movement of 

the probe system when the probe tip touches the surface. When the tip touches the 

surface, the probe arm starts to tilt and a paddle attached to the arm eventually blocks 

the beam path in the slot of the optical switch. Then, this optical switch generates a 

triggering signal to cut the power to the actuator of the system, and the movement of 

the probe system is stopped. Due to this operation, it allowed a little further 

displacement (it is called “pre-travel” (F. M. M. Chan 1997)) of the probe system after 

it hits the surface.

The height of the position is recorded when the motion of the probe system is totally 

stopped. This measurement method is named as “final state measurement” by the 

author, which should be distinguished from another measurement method called 

“contact point finding measurement”, introduced in chapter 4. Some height error (i.e. 

difference between the heights when the tip contacted the surface and when the motion
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Figure 3.3: The guidance system of probe system in SPLOT (Hubbard 1996).

of probe system was totally stopped) occurs with the final state measurement due to the 

time taken for the motor to stop and the corresponding angular motion in the pivot 

system.

Figure 3.3 is the schematic diagram of the guiding system developed by Hubbard 

(Hubbard 1996). It consisted of an aluminium plate carriage, two stainless steel rails, 

two round glacier bearings, and one PTFE-U bearing. The glacier bearing is a cylinder 

type bearing with the PTFE layer inside. The U bearing had a compression adjustment 

screw as a pre-loading for the straight motion. A DC Motor Mike™(MM) (ORIEL Co.) 

was fixed on the main frame of the instrument to displace the probe system vertically. 

A spring was also attached to the carriage, which supplies the restoring force (upward 

direction) as well as reducing the backlash of the MM.

The guiding system is an important part to provide the linear pick and poke motion of 

the probe system. Especially, the straightness of the stainless steel rod limits the 

measurement precision of curved surfaces. In the previous research, its characteristic 

was examined by measuring the inclined high quality optical flat for the full dynamic 

range of the MM (Hubbard 1996). If there were no other errors intervened with the 

height measurement, any deviation from the straight line would be due to the 

straightness error of the probe carriageway. However, this measurement result 

included the straightness error of the granite beam, which made it difficult to isolate the
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straightness error of the probe system carriage from the result. This problem occurs 

again in the measurement of the curved surface, which is explained in section 7.4. It is 

thought that the estimation of this source of error is possible after the straightness error 

o f the granite beam is corrected.

3.5 Interferometric distance measuring system

3.5.1 Interferometer

The SPLOT adopted an interferometric system for measuring distance. The difference 

in optical path lengths of the split beams generates fringes. The moving distance can be 

calculated by multiplying the half wavelength to the fringe number generated during 

the motion. By using a frequency-stabilised He-Ne laser (± 2MHz during 15 hours), 

the wavelength of the laser is intrinsically stabilised within ±6x10'^ nm. However, the 

wavelength of the laser in the air is varied according to the changes of temperature, 

humidity, and atmospheric pressure. For high accurate measurement, the wavelength 

of the laser should be calibrated.

Figure 3.4 shows the optical layout of the horizontal interferometer used in SPLOT. 

The only difference with the vertical interferometer is that there are two additional 

beam splitters B1 and B2 used for generating the reference beam. The polariser PI 

linearly polarises the beam at 45 degrees to the principal azimuth of the polarising 

beam splitter B3. B3 transmits the p-polarisation and reflects s-polarisation. The 

optical path length of reflected beam and transmitted beam are the static arm and 

moving arm of the interferometer. The beam splitter B4 and B5 splits each beam to 

generate two pairs of p- and s-polarisation beams. One of the two axes o f the quarter- 

wave plate P2 (slow and fast) in front of B5 is aligned to p- or s- polarisation, so that 

the phase difference between p- and s-polarization beams is 90 degrees. The polariser 

P3 is used to generate interference between two orthogonal beams. The interference 

from B4 forms the cosine wave with the phase proportional to the path difference 

between two orthogonal beams, whereas the interference from B5 forms the sine wave 

due to an additional 90 degrees in the phase term.
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Figure 3.4: The optical layout of interferometric distance measurement system adapted 

in SPLOT.

Two photodiodes convert the intensity of the interferogram into a voltage, and produce 

quadrature signals. Their offsets and gains are controlled by the pre-amplifier so that 

the two outputs have nearly equal DC offsets and amplitudes. A full analysis can be 

carried out using Jones matrices (Hecht 1987).

3.5.2 Fringe Interpolation

One of the conventional fringe counting methods is to detect the zero-crossing of the 

sinusoidal signal (Malacara 1978). For quadrature signals, the zero-crossing occurs 

four times in one period. That means the resolution of distance measurement by this 

method is 1/8 or 79nm for the ITe-Ne laser. To increase the resolution, some fringe 

interpolating method is required. OSL developed a program that could find the phase 

of the quadrature signals and direction of movement simultaneously. This programme 

operated on the DSP for the fast calculation.

The method for finding the phase (0i) of the quadrature signal is to use simple 

trigonometric equation:
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^sin0i sin02+^cos0i cos02 =y4cos(0i-02), (3.2)

where ^sin0i and ^cos0i are the quadrature signals and 0 2 (AO (t TTI\2 ^ x N )  are the 

reference angles, where N  is the index from 0 to 127. Values of sin02(V) and cos02(V) 

are pre-calculated and stored in the memory of the DSP. Then, there are 256 points per 

cycle to find the phase of input signals.

The main algorithm of the program is to find out the index m among Ns which makes 

the value of |^sin0] sin02(w)+ ^cos0i cos02(m)| maximum. Then, 02(m) is the closest 

value to 0 1 , among the set of reference angles 02(77).

A different level of interpolation can be easily accomplished in this method. If 256- 

interpolation is selected, the values corresponding to three indices m -\ ,m ,  and m+1 are 

compared to find the index giving the bigger value than the old one. On the other hand, 

if  16-interpolation is selected, the values corresponding to m-16, m, and m+16 are 

compared. Therefore, the higher level of interpolation finds the closer phase to 0i. 

Currently, the SPLOT has five choices o f interpolation: 16, 32, 64, 128 and 256. The 

maximum resolution is 1.2 nm for 256-interpolation selection and the minimum 

resolution is 19.7 nm for 16-interpolation.

The direction of motion can be decided by the new index. Depending on whether the 

new index is m-1, m, or m+1, the direction of motion is the reverse, rest, or forward.

3.5.3 Limitation of performance

The author investigated the theoretical limitation of performance of this interferometric 

measurement system. It was found that this system provided some measurement errors 

due to two reasons: inaccuracy in the orientation of the quarter wave plate and different 

amplitudes of the quadrature signals. Also, due to the limit o f sampling time (i.e. time 

required for one loop cycle in the programme) in DSP, the speed of fringe movement or 

driving velocity of the moving arm has limitation. These are considered further below.

3.5.3.1 Orientation of the quarter-wave plate

According to Hubbard (Hubbard 1996), the phase difference between quadrature 

signals was measured about 87 degrees, not 90 degrees. This was due to the axis of 

quarter-wave plate not being precisely coincident with the p- or s- polarisation. It was
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Figure 3.5: Simulated phase error between the calculated phase in the interpolation 

programme and input phase, when the phase difference of two output signals from 

interferometry is about 87 degrees. 256 interpolation was selected. The dotted line is 

the resolution of phase calculation.

not easy to align it precisely since its orientation was manually adjusted. The effect of 

3 degrees deviation from the perfect quadrature signals on the distance measurement 

was not mentioned in his thesis.

To simulate this effect, the input phases and the phases found by the interpolation 

program was compared. In this case, the calculated quantity was |sin0isin02+ 

sin(0i+87°)cos02|. The only difference with equation (3.2) was to use sin(0i+87°) 

instead of cos0| due to the error in orientation of the quarter-wave plate.

Figure 3.5 shows the theoretical phase error between the calculated phase 02 and the 

input phase 0i for 256-interpolation selection as 0i varied from 0 to 7i. The band of the 

curve is the phase resolution of 256 interpolation. The maximum phase error is 0.065 

rad around 1.6 rad of 0], which corresponds to 3.3 nm distance error (ti radians means 

X/4 distance variation). Fortunately, this error is not cumulative. The calculated phase
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recovers the input phase every n interval. Even though the measured distance is long, 

the measurement error from this source is within 3.3 nm for 256-interpolation.

3.5.3.2 Signal amplitude

The amplitudes o f quadrature signals also affected the measurement accuracy. To 

investigate this effect, the same procedure in the previous section was used.

The calculated quantity was |v4 sin6 isin0 2 + 5 cos0 icos0 2 |, instead of equation (3.3), and 

B was set to l.W  (10% bigger than A). Considering that the nominal amplitude of 

quadrature signal is 3-4  V, it is easy to maintain the difference of amplitudes of two 

signals within 1 0 %.

Figure 3.6 shows the phase error between the calculated phase 0 2  and the input phase 

0 1 , for 256-interpolation selection. The maximum phase error of ±0.06 radian means 

±3 nm of the distance error, twice the error from 3 degrees deviation from the perfect 

quadrature signals. However, this error was also not cumulative. The calculated phase 

recovered the input phase every 7i/ 2  interval. This amount of error was maiilained 

until the difference of amplitude was up to 50%. That means that the fringe 

interpolation method adopted in the SPLOT is not very sensitive to the amplitude 

differences of quadrature signals.

In the same way, it was theoretically found that the offset of the quadrature signals did 

not affect the measurement accuracy.

3.5.3.3 Speed limitation

According to Jamshidi (Jamshidi 1996), the sampling time of the DSP is -14  psec at 

16-interpolation and it slightly increase for higher level of interpolation. The variation 

of the signal phase should not exceed the resolution of the phase during the sampling 

time. Since only three values corresponding to indices m-16, m, and m+16 (16- 

interpolation) are compared in the program, it would fail to find the new index anong 

three indices, giving a bigger value than the old one. Experimentally, this iailure 

sometimes resulted in generation of an extraordinary big number.

Therefore, the maximum fringe frequency depends on the level of interpolation. In the 

case o f 16-interpolation, the phase resolution is 0.3927 rad. If  the phase of the signal is 

changed by this amount for 14 psec, the total phase elapsed for 1 second is about 28000 

radians, which corresponds to the 4456 Hz of the frequency o f the fringe intensity.
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Figure 3.6: Sim ulated phase error between the calculated phase by the interpolation 

program m e and input phase, when one output signal from the interferom eter u 10% 

bigger than the other. 256-interpolation was selected. The dotted line is the resolution 

o f the phase calculation.

This m eans that the m axim um  velocity o f the m oving arm is 1.4 nm /sec 

(=4456H zxhalf-w avelength). Table 3.1 tabulates the m axim um  frequency o f  signal 

allowed in the level o f  interpolation and corresponding m axim um  velocity )f the 

m oving arm.

3.6 H orizontal system

W hen a large optic is tested, it is not desirable to move the optic because it is gererally 

very heavy and dangerous. SPLOT was designed as a m easurem ent system  to be 

carried across above the optics on a carriage, supported by a beam. A 1.5 m length o f 

the granite beam  was used as a carriageway and the m easurem ent system  was mounted 

on an air bearing. Both ends o f the granite beam  were placed on the kinematic 

m ounting at a height o f 19 cm. This enables m easurem ent o f  optics up to 15 cm in 

height.
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Fringe

interpolation

Resolution

(nm)

Maximum frequency 

(Hz)

Maximum veocity 

(mm/sec)

16 19.75 4456 1.4

32 9.87 2228 0.7

64 4.94 1114 0.35

128 2.47 557 0.17

256 1.23 286 0.09

Table 3.1: Theoretical maximum frequency of signal and maximum velocity of

moving arm for the different level of interpolation.

The drive system was not installed when the author joined this project. Since the 

maximum drive speed was limited to about 1.4 mm/sec, manual pushing or pullhg did 

not guarantee that the instrument moves smoothly within this speed. The acton of 

touching the instrument can generate some vibration and change of environmental 

conditions, which would degrade the measurement accuracy. Therefore, t  was 

necessary to develop a motorised drive system, which was assigned to the author and 

described in chapter 5.

3.7 Laser reference system

3.7.1 The principle

As Stated already, SPLOT uses a laser beam, propagated in free air, as a reference 

datum. To maintain the position of the vertical interferometer constant with respect to 

this beam, a special structure was developed in OSL (Hubbard 1996), as shewn in 

Figure 3.7. It has two features: two-axis flexure system and hybrid actuator:

• The flexure system used a pair of flexing elements, which merely constrahs the 

motion so that the resulting stage moves in the desired direction, all relying m  the 

elastic deformation of the solid material. Since it does not have static frction, 

friction, or hysteresis, it is suitable for extremely high precision positioning The 

reference beam sensor was located in the Cervit holder that was glued :o the 

horizontal flexure frame. Another Cervit block for the vertical interferometer was
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also glued to the sensor holder. Then, the position o f vertical interferom eter could 

be m aintained constant with respect to the reference beam, if  the flexure system 

operated well to align the beam onto the centre o f sensor.

• The hybrid actuator (a pair o f  the PZT and M M) was used in each direction o f  

m ovem ent. The PZT contacted the tip o f the MM in line. The M M  has the long 

travel length (25 mm), whereas the accurate positioning w ith it is not possible due 

to its backlash, internal friction and inertia force. On the contrary, the travel length 

o f  the PZT was relatively short (10 pm ), even though the high accurate positioning 

was possible. In the hybrid type, the MM roughly com pensated the error, and the 

residual error was accurately compensated by the PZT. This m ethod m akes the 

precise compensation o f the large amount o f error possible with relatively low cost.

A quadrant diode (QD) was used as a beam sensor. Since it has four photodiode cells,

the vertical and horizontal error signals could be generated with a sim ple m anipulation

o f  four signals:

•  Vertical error = (A+D) - (C+B)

• Horizontal error = (A+B) - (C+D)

where A, B,C and D are voltages from each cell, which can be seen in Figure 3.8.

D C  M otor Mike

Vertical P Z T

Vertical compression spring

Horizontal flexure

Flexure frame

Horizontal compression spring 

Quadrant diode

1 Vertical flexure

D C  M otor Mike 

Horizontal PZ T

Cervit block for vertical interferometer 

Figure 3.7: The diagram  o f  flexure system  o f  SPLOT.
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Vertical output

Horiaon output

Figure 3.8: Error signal generation of quadrant diode.

The error signals were digitised and fed into the personal computer (PC) which 

calculated the duration of applied voltage to the MM movement for rough 

compensation and applied voltage required for the PZT to compensate the expected 

residual error. Then, the MM and PZT were sequentially used to compensate the error. 

After this procedure was finished, the error signal from the quadrant diode was read out 

again at the PC and the same compensating procedure was repeated.

3.8 Preliminary modifications

3.8.1 Movement of the profilometer room

When the author joined the project, SPLOT was placed in the Assembly area in OSL. 

There are two polishing machines in that room, one is a 2.5 m capacity 

grinding/polishing machine and the other is a 60 cm computer controlled polishing 

machine (CCPM). These polishing machines generate much noise and vibration that 

can affect the experiments on the profilometer. Moreover, the profilometer needs a 

dark room or dim room to avoid the interference between the room illumination and the 

interferometer signals. For these reasons, SPLOT was moved to a small room in April 

1997. The space of the new metrology room was 3 m x 2.5 m x 2.5m. Two high- 

pressure sodium ramps were attached to the wall. They are much more effective than 

tungsten bulbs, and emit much less heat than an ordinary bulb with the same brightness. 

They also provide a diffuse illumination minimising shadows. In addition, one low 

wattage tungsten bulb was installed for use when the main lights were off.
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However, an important decision was how to handle many cables attached to the air 

bearing carriage. These cables are listed below:

• Optical fibre for vertical interferometer

• Signal cables from the vertical interferometer

• Signal cables from reference system

• Power cables for laser reference system actuators

• Power cables for optical switch and actuator for probe system

• Nitrogen gas tube

These cables can obstruct or impede the motion of the air bearing, which can cause 

difficulty in producing a smooth horizontal motion. Therefore, the combination of 

strong plastic cable and three wheels suspension system was introduced. Wheels have 

low friction on the plastic cable so that they can carry many cables freely according to 

the position of the air bearing. As a result of this set-up, the horizontal sliding o f the air 

bearing was improved.

However, it was found later that this room was not free from the vibration. Since this 

room was located on a mezzanine floor half a level above the basement, the building 

vibration could be a more serious problem in this room than at the previous room 

(located in the basement). This problem is described in detail in chapter 5.

3.8.2 Cervit pillar for reference system

Since the optics are placed on the tabletop to be measured, the height of the reference 

line should be constant with the time with respect to the tabletop. However, the old 

reference system did not supply this constancy due to its fundamental design flaw. As 

can be seen in Figure 1.6, the Cervit block for mounting the optics of the horizontal 

interferometer and laser reference system was installed on one end of the granite beam. 

The height of the reference beam from the tabletop could vary according to the 

temperature changes, as the granite beam is also mounted on the kinematic mounting 

made of steel. Considering that the steel has 11.2xlO'^/K of thermal expansion(G. W. 

C. Kaye 1986) and its height is approximately 210mm, thermal expansion of the 

kinematic mounting is 2.352 pm per one degree increment in temperature. Therefore, 

this set-up can seriously affect the profile measurement.
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In order to m aintain its level against the tabletop, a new Cervit block directly m ounted 

on the tabletop was necessary. Figure 3.9 is the new Cervit support designed by the 

author. Its dim ension is 80mmx 80mm x355.5m m . The optics for the interferom eter 

and reference system  were placed on the flat top o f  the support. The centre hole among 

three holes is the path for the laser from the fibre and other two holes used for 

installation o f the optical fibre coupler. Figure 3.10 is the schem atic diagram  when the 

fibre coupler and optics were assem bled on the new cervit pillar.

Figure 3.9: N ew  Cervit pillar for laser reference system.

Reference beam 
►

Cervit pillar
Retro-reflector

Fibre coupler

Figure 3.10: Side view o f  the layout for generating reference beam and horizontal 

interferom eter, installed on the new cervit pillar.
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3.8.3 Air bag as a vibration isolator

Since the SPLOT intends to achieve very low contact force probe system, it can be very 

sensitive to the external vibration. W ith vibration, it is difficult to m easure the surface 

precisely. To reduce the vibration transm ission from the floor to the table, four air bags 

were installed under the legs o f  the working table. This is a cost-effective low 

frequency filter. Since the natural frequency o f  the air bag is inversely proportional to 

the square root o f  the volume o f the bag, a change in natural frequency can be effected 

sim ply by a change in volume (Beards 1995). N atural frequencies o f 0.5 Hz are 

obtainable.

However, some swaying m otion o f the supported system  is inevitable. M ore detailed 

descriptions about the swaying m otion o f the table due to the air bag are shown in 

chapter 5.

Figure 3.11 shows the schematic diagram  o f SPLOT after the prelim inary 

m odifications. Com pared to the Figure 1.6, the Cervit pillar for m ounting optics o f 

horizontal interferom eter and reference system, and air bags as a vibration isolator were 

added.

, \ k  j' Granite beam

Cervit pillar

Air bag

Figure 3.11 : Schematic diagram  o f  SPLOT after som e prelim inary m odifications.
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chapter 4 

Probe system

4.1 Introduction

The probe system is very important for highly accurate measurement, as it represents 

the active contact between the surface and instrument. Its performance critically affects 

the measurement accuracy.

In this chapter, the probe system in the SPLOT, which was made by Hubbard (Hubbard 

1996), is investigated. This system is referred as the old probe system through this 

thesis to distinguish it from the new improved probe system developed by the author. 

The error sources for height measurement are discussed through the repeatability test 

and considerations of the characteristics of the old probe system. On the basis of this 

preliminary investigation, hardware and software systems of the old probe system are 

modified for better repeatability and smaller height measurement error.

4.2 Experiments with old probe system

4.2.1 Repeatability test

Since the principle of measurement with SPLOT basically relies on the pick and poke 

motion of the probe system at the position to be measured, the highly repeatable 

stopping position of the probe system is a very important factor for the accurate 

measurement. This property can be checked with repeatability tests.
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Operating conditions such as tem perature, hum idity and air pressure should be constant 

during the repeatability test. Changes o f  these conditions may significantly affect the 

perform ance o f  the system. However, m aintaining these conditions constant was not 

easy since the current metrology room was not tem perature controlled and the presence 

o f the observer o f  the experiment could change the operating conditions. Therefore, 

tests were finished within a short period o f time, before the change o f  conditions 

significantly affected the performance o f  the system.

This testing tim e was determined by experim ents on the system drift. The probe tip 

was static on the sample and all other sub-system s such as air bearing and laser 

reference system  were turned off. W ith these conditions, the drift (height variation) 

was measured. Figure 4.1 shows the typical result o f  this experiment. It could be seen 

that the overall height drift was about 1 pm  for 1 hour. There were also at least four 

stable regions: for 250 seconds around A, B, and C, and for 500 seconds around D. 

W hen considering these stable regions, the repeatability test should not take m ore than 

4 m inutes, or 20 -3 0  cycles m easurem ents. However, in practice, it is not certain 

whether the system  drifting is in the stable region or not. Therefore, the repeatability 

tests were carried out several tim es and the case o f the least system drift was selected.

I 0.6  -

cn
CD

%
0 .4  -

0.2  -

0.0  -

- 0.2
1000 20000 500 1500 2500 3000 3500

Time (seconds)

Figure 4.1: The typical drifting trend o f  the height m easurem ent.
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A series of surface height measurements for a single point on an optical flat were made, 

and heights were recorded on the PC. Each measurement was carried out by the simple 

pick and poke motion of the probe system and 1 0 0  successive readings were stored 

after the probe touched the surface. Averaging these successive readings reduced the 

random errors from external vibration or electrical noise. Also, the driving speed of the 

MM was controlled by adjusting the resistance in the MM controller. Since this test 

was for checking the basic motion of the probe system, other sub-systems (air bearing 

and reference system) in SPLOT were turned off.

Figure 4.2 shows the result o f the repeatability tests with three settings o f probe 

up/down driving speed: (a) 290 pm/sec, (b) 200 pm/sec and (c) 100 pm/sec. The error 

bar o f each point represents the standard deviation (a) o f the 1 0 0  successive readings in 

one measurement. Below 100 pm/sec, the measurement was not easy because the MM 

was sometimes not responsive due to the internal stiction.

The repeatability of the system can be represented as the l a  o f the measurement set. 

Table 4.1 tabulates a  of each measurement set (different driving speeds). It showed the 

trend that the higher the driving speed, the lower the repeatability. The best 

repeatability was 0.11 pm at 100 pm/sec of driving speed. However, this repeatability 

is not satisfactory for the target accuracy of ±57nm.

There can be several reasons for the low repeatability:

• Firstly, there is an uncertainty problem in the triggering position o f the optical 

switch. The previous researcher showed the uncertainty on the switch was less than 

1 pm (Hubbard 1996), which was translated to the uncertainty of 74 nm for the 

height measurement o f zero slope surface (see Appendix A).

Average drive speed (pm/sec) l a  of repeatability (pm)

(a) 290 0.19

(b) 2 0 0 0 . 1 2

(c) 1 0 0 0 . 1 1

Table 4.1 : The SD of repeatability test at three different driving speed.
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Figure 4.2: The repeatability test with several probe up/down driving speeds: (a) 290 

pm/sec, (b) 2 0 0  pm/sec, and (c) 1 0 0  pm/sec.
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• Secondly, the MM overshoots. Even though power to the MM is electrically shut 

down, the inertia force o f the gears moves it further. This generates the additional 

tilt motion of the probe arm, which results in the change of the contact point and the 

height. The distance of overshooting is unpredictable, and so can also coniribute 

uncertainty to the height measurement.

• And finally, the friction generated between the probe tip and the surface can deflect 

the probe or the torsion wire. Since this friction is also unpredictable, different 

amounts of deflection of the probe or the torsion wire can contribute to the 

uncertainty in the height measurement.

Substantial effort was needed to improve the repeatability of the probe system, 

including hardware and software modification related to above sources of error.

4.2.2 Height error due to the measurement method and 

geometry of the probe system

In addition to the limited repeatability o f the system, there was another problem in the 

old probe system; a height error was introduced due to the final state measurement and 

geometry of the probe system. The final state measurement, as explained in Chapter 3, 

is to record the height of the measured point after all the probe motion are finished and 

the output from the DSP is stable (constant).

This problem was observable by monitoring the height variation o f the probe. First, the 

probe was in the air, and as it moved down, the probe touched the surface and the MM 

was finally stopped. For more detailed investigation, the high temporal resolution was 

required. In the present system, the maximum sampling frequency o f the data 

collection programme written in BASIC is 833 Hz, which is mainly limited by the 

interface between the DSP an PC and the clock speed o f the PC (Pentium 166MHz).

Figure 4.3 shows the result of this experiment. Three different speeds were set, as in 

the repeatability test in section 4.2.1. The graph (1) is a display of the stored data in the 

PC and the graph (2) is the speed variation of each curve in the graph (1). Here the 

speed was calculated by subtraction of two successive height readings divided by the 

sampling time.

The most interesting feature o f the figure is that each curve of the graph (1) reaches a 

minimum, and then rises and becomes stable. The minimum point is the height when 

the probe tip touches the surface, thereby the height of the measurement point.
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However, when the final state measurement is applied, the heights recorded wo ild be 

different from that of the instant when the probe tip touches the surface, which is the 

height error.

Of course, if the height did not change after the probe hits the surface, the fma. state 

measurement would not introduce a height error. The phenomenon of height rising 

after the probe hits the surface was found to be related to the geometry of the old probe 

system.

1 2 0 - -
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Figure 4.3: Fast recording of the height variation (graph (1)) and its derivative (graph 

(2)) during the movement of the probe system. The speeds of case (a), (b) and(c) are 

the same as the Figure 4.2.
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Figure 4.4: The conceptual picture of explaining why the height apparently rises after 

the probe hits the surface. The solid configuration is just when the probe 

hits the surface and the dotted one is when the motion of probe stops.

Figure 4.4 shows how the height could rise after the probe hits the surface. In the old 

probe system, the position of the retro-reflector is about 2  mm from the top of the 

probe. Even when the probe tip contacts the surface, the MM pushes the probe system 

until the paddle blocks the slot of the optical switch. Since the torsion wire is fixed on 

the body of the probe system, it also goes down along with the probe system. 

Therefore, the probe tip slides on the surface and the centre part of the retro-reflector 

rises. Since the vertical measurement is the distance between the vertical 

interferometer and retro-reflector, the height is also risen even though the MM is still 

pushing the probe system down.

If the retro-reflector were repositioned on the top of the probe, this effect world be 

much reduced.

4.2.3 Height error related to the driving speed

Another important feature in Figure 4.3 is that the amount of height error differs as the 

driving speed of the MM is changed. Figure 4.5 is the graph of the change of height 

error appeared in Figure 4.3. The point (0,0) is not an experimental result but a 

probable expectation.
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Figure 4.5: Experimental result of height error variation according to the different 

driving speed.

The height error was increased as the driving speed was increased. This finding 

implies that if the speed of the MM varies during the travel, it can result in the var ation 

of the height error according to the height of the measurement point.

Unfortunately, the speed of the MM was experimentally found to vary during its ‘.ravel 

length. Figure 4.6 shows the speed variation of MM. The speed was reduced from 

110pm/sec to 60 pm/sec, while the probe system moved down 17 mm. If this amount 

of speed variation converted to the variation of the height error as in Figure 4.5 by the 

interpolation, the height error would be changed from 24.7 pm to 15.4 pm. Th:s 9.3 

pm of variation in the height error is beyond the target accuracy and would give 

unacceptable form error.
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Figure 4.6: The speed variation of the MM when it travels from top to bottom of its 

travel length.

The speed variation of the motor is mainly due to the change in the internal friction 

between the lead screw and threaded nut of the MM. Also, the reason why the driving 

speed of the motor affects the amount of height error is thought to be the different 

inertia force of the gear train in the motor for the different speed. Therefore, the 

variation of the height error seems to be inevitable unless the drive motor speed is 

controlled.

However, this effect generated from the driving system can be greatly reduced if the 

geometry of the probe system is well designed. Furthermore, if a method to find the 

contacting point is developed, the height recorded will not be much dependent on 

driving speed as the final state measurement.

4.2.4 Height error due to the surface slope

While the old probe system and recording method (final state measurement) were 

sources of the height error, the surface slope of SUT can also contribute another type of 

the height error. Since the probe tends to slide on the surface, the amount of the surface 

slope on the measurement point can affect the stopping position of the probe system.
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Figure 4.7: The conceptual picture to show how the stopping position of probe system 

varies according to the surface slope to be measured: (a) upward slope (b) downward 

slope.

Figure 4.7 shows how the probe system stops at different position according to the 

surface slope. Since they are fixed on the probe system, the torsion wire and the optical 

switch moves downward along with the probe system until the paddle reaches the 

triggering position in the optical switch. Hence, the tilted angle (0) of the probe arm in 

the final state of motion is the same at both cases. However, to reach the same tilt 

angle, the probe system should move down further at the downward slope (case (b)), 

compared to the upward surface slope. This results in the different height recordings at 

both cases.

This error is also related to the principle of final state measurement. If the height were 

recorded when the probe tip touches the surface, this error would be removed.

4.3 Hardware m odification

To reduce the effect of the overshooting of the probe system, several hardware 

modifications were developed and implemented.

The most important aspect was to change the physical size and the position of the 

components of the probe system. For example, moving the retro-reflector to the top of 

the probe was an obvious way to reduce the height error. Also, if the length of the 

probe arm (from the torsion wire to the retro-reflector) were increased, the effect of the 

overshooting on the physical movement of the retro-reflector could be much reduced 

according to the simple lever principle.
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Figure 4.8: The assembly of the probe using a Ruby ball.

The probe system was disassembled into five parts (i.e. probe tip, probe arm, torsion 

wire, optical switch and probe system controller) and modified separately. The 

quantitative analyses of the effect of the modifications are based on the mathematical 

modelling, which is described in Appendix A.

4.3.1 Probe tip

It is very important to know the shape and the size of the probe tip exactly, because the 

errors coming from the geometry of the tip can then in principle be compensated. 

However, since the probe tip that has been used in the old probe system was made by 

drawing out a tip of a quartz rod, its shape was not accurately round and it was not 

possible to find out the diameter of the tip exactly.

Normally, when we measure the surface roughness, a very sharp stylus tip such as 

diamond of few micrometers in diameter is used. However, when the surface form is 

measured, the sharp tip has a disadvantage in that it detects unwanted surface 

information like scratches or dust. Its effect on the surface form is even worse with a 

point by point measurement than in a continuous scan measurement. Therefore, using a 

ball tip is more advantageous than the diamond tip in measuring the surface form.

For above reasons, the old probe tip was changed to a commercial spherical ruby tip of 

1mm ± 0.5 um in diameter and of ± 0.25 um in roundness, supplied by Talyor Hobson 

Pneumo (Talyor Hobson Pneumo ). Figure 4.8 is the diagram for assembly of the 

probe. The ruby tip was assembled to a spigot, using the small pin (2 mm length) and 

the overall length is 10.5 mm.
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Figure 4.9: Drawing of the new probe arm.
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Figure 4.10: The assembly of the probe, retro-reflector and counterweight on the probe 

arm.

4.3.2 Probe arm and its assembly

Figure 4.9 is the drawing of the new probe arm and Figure 4.10 shows the assembly of 

the probe, retro-reflector and counterweight on the probe arm. The new arm was made 

of Cervit to reduce the thermal expansion. The probe was positioned in a groove in the 

head of the probe arm and clamped. This structure made it possible to change the probe 

tip easily, compared to the old probe that was glued to the probe arm.

The retro-reflector was fixed on the top of probe arm with epoxy. Due to the position 

of the retro-reflector, the contact force of the SPLOT probe system could be 

considerably larger than the conventional stylus system. To reduce the contact force, 

the counterweight was positioned at the opposite side to the retro-reflector. The 

counterweight approximately compensated the torque difference and more precise 

balancing was done by twisting the torsion wire. Therefore, it did not require very 

careful selection of the counterweight. The selection of the torsion wire was more 

important to reduce the contact force.
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The reason for the step shape in the head part o f the probe arm is to reduce the length of 

the probe without sacrificing the maximum measurable slope (18°). This maximum 

measurable slope is much steeper than the maximum slope o f the secondary mirror of 

Gemini telescope, 6.97°. Therefore, this high slope capability is considered to be a 

significant advantage of the new system in ensuring maximum flexibility for the 

profilometer.

The flexing part o f the probe was only about 5 mm due to the clamping at the middle 

part o f the probe, which was one sixth of the length of the old probe. This reduction of 

the flexing part has an effect on reduction o f the deflection of the probe due lo the 

friction between the tip and the surface.

However, in spite of dimensional changes of the probe system, the most critical change 

to reduce the effect of the overshooting of the MM is the re-position o f the retro- 

reflector.

Table 4.2 tabulates changes o f dimensions o f the probe system and the theoietical 

estimation of the effect of the overshooting. The parameters and the calculations are 

followed according to Appendix A. Even though there was no dimensional changes in 

the old system, the effects on the height error (yo) were reduced to the similar level of 

the new system only by moving the retro-reflector on the top o f the probe tip. 

Positioning the retro-reflector on the top of the probe tip is the most important factor 

for a substantial improvement in the system repeatability.

Parameters Pi

(mm)

hi

(mm)

P2

(mm)

hz

(mm)

e

(mm)

yo for 1pm of MM 

overshooting

New system 30.0 11.5 8 . 0 15.7 0 0 . 1  A

Old system 15.0 30.0 6 . 0 26.0 2 (0 ) 133 nm (0.7 A)

Table 4.2; Comparison o f dimensions of each parameters o f the probe system and 

theoretical estimation of the effect o f the overshooting o f the MM. In parenthesis is the 

result when the position o f retro-reflector is on the top o f the probe tip and other 

dimensions are not changed in the old system.
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4.3.3 Optical switch

Even though the tip touches the surface, the MM keeps moving the probe system 

dovmwards until the optical switch generates the triggering signal. If the time to 

generate the triggering signal is long, the twisted angle of the torsion wire is increased, 

which results in an increase o f the contact force. Therefore, the optical switch must 

detect the contact event as quickly as possible.

To do it, the position of the paddle should be placed very close to the triggering 

position of the optical switch. This was implemented by installing the optical switch on 

the movable pod, which is shown in Figure 4.11. This structure also has an advantage 

in that the position change of the optical switch does not affect the alignment of the 

vertical interferometer, as it did in the old probe system.

The position of the paddle in the slot o f the optical switch can be checked by 

monitoring the height variation and the output signal from the optical switch 

simultaneously. Figure 4.12 is the result o f this experiment when the driving speed of 

motor is 32 pm/sec. The signal from the optical switch changed at around 0.013 

seconds after the probe touches the surface. It implies that the position o f the paddle is 

0.244 pm away from the triggering position, according to Appendix A.

However, if this distance is very short, the triggering event may occur during the 

vertical movement due to vibration transferred from environment or MM, which results 

in stopping the motion of the probe system. Therefore, the distance between the paddle 

and the triggering position in the non-contacting state should be a compromise between 

increasing the stability and reducing the twisted angle of the torsion wire. It was found 

by experiment that the proper distance of the paddle from the triggering position was 

around 1.6 pm. This distance requires 91 prad in twist angle o f the torsion wire to 

generate the triggering signal.
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Figure 4.11: The optical switch and movable pod on the body of the probe system.
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Figure 4.12: Experimental result of monitoring the probe motion (boxed points) ard the 

signal from the optical switch (circled points)

4.3.4 Torsion wire

The torsion wire is used as a pivot without friction, as well as compensating the torque 

difference that can not be fully compensated by adjusting a counterweight. The thin 

wire is more advantageous than the thick wire to obtain a low contact force. Hovever, 

it should have enough rotational stiffness to compensate the residual torque difference.
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4.3.4.1 Considerations on the clamping of the thin wire

Generally, a very thin wire is not easily clamped between the metal plates because of 

the small clamped area. It is especially difficult to clamp a thin wire to the probe arm 

since it is made of cervit, a brittle material. If the torsion wire is not clamped properly, 

it generates two problems:

• Torsion wire can not provide a torque to the probe arm so that the contact force of 

the probe tip can not be adjusted.

• Since the probe arm is not fixed with torsion wire, its motion is not confined to 

tilting motion with respect to the wire. This may degrade the repeatability and 

accuracy of the measurement.

It is therefore necessary to develop a new method to clamp a thin wire.

Figure 4.13 shows the schematic diagram of proposed clamping method in :he new 

probe system. The key feature of the proposed method is to fix the thin wire to 

grooved copper pins of 0.5 mm in diameter. The wire is soldered into the pin and the 

pin is clamped on the body of probe system and probe arm. In this way, :he area 

clamped can be increased and clamping is carried out more easily.

4.3.4.2 Selection of the torsion wire:

The author tried with two types of metal wire as a torsion wire: Nickel/Chrome of 50 

pm in diameter and Beryllium/Copper of 200 pm in diameter.

Body o f  probe 
system

o o

1 , r

Pod for optical 
switch

^Torque adjuster

G rooved pin
Solder

Figure 4.13: Proposed clamping method for the thin wire in the new probe system.
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The Nickel/Chrome wire was also used by the previous researcher in the old system 

(Hubbard 1996). By experiments carried out by the author, this material showed two 

problems:

• It was not fixed to the grooved pin by ordinary low temperature solder. It needed

special flux solder as well as a high temperature soldering iron or gas burner to be 

fixed. This process damaged the wire and the wire was then easy to break.

• It was very difficult to compensate for torque difference by twisting this wire, due

to its low rotational stiffness. For an extreme twist, the wire was easily deformed

out of the elastic region and not recovered.

To overcome the above difficulties, Beryllium/Copper wire (Be2%/Cu98%) was tried. 

It was soldered with normal soldering iron. Due to its thickness (200 jam in diameter), 

it was possible to compensate the torque difference with the twist within the elastic 

region. However, experimentally, this wire was found to be very difficult to clamp to 

the probe system. Due to a narrow area (<0.5 mm) of unsoldered wire, the localised 

clamping frequently resulted in deformation of wire beyond the elastic region.

4.3.4.3 Alternative choice

For the above reasons, the author searched for another candidate and a strong fibre of 

Polyester and cotton was selected after testing several fibres.

It was easily clamped between the metal plates and there was not the permanent 

deformation during the clamping process or rotation of the torque adjuster as it was 

very flexible.

However, the use of a thread revealed two problems:

• Firstly, this strong thread could not obtain very low contact force (less than 1 mgf). 

70 m gf was the minimum contact force to achieve. This force is the similar amount 

to that of Form Talysurf (Rank Talyor Hobson Ltd. ). The contact force could not 

be lowered below this value due to internal friction within the thread. It was a 

braided thread, and did not recover its original position after the probe tip departs 

from the surface, as the restoring torque was too small.
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(a> (b>

Figure 4.14: Pictures of the new probe system assembled on the SPLOT: (a) front view, 

(b) side view.

• Secondly, material properties for the thread are very sensitive to the temperature 

and relative humidity changes. Furthermore, it is not easy to quantify their effects 

on the thread as it is made of the composition of two different materials.

To overcome these problems, a more careful selection of the torsion wire and/or 

structural modification is necessary, which will be left as a further work.

In spite of these problems, it showed very good performance in the repeatability test, 

which is shown in section 4.5. Also, even though 70 mgf of contact force may damage 

the SUT, its effect can be ignored since it is localised on one point and it does not make 

a line trace of damage, like other stylus-based profilometers. Therefore, using a strong 

fibre would be the best choice for the torsion wire in the new developed probe system 

at the moment. Figure 4.14 is the pictures of the new probe system assembled on the 

SPLOT after installing the strong thread as a torsion wire.

4.3.5 Motor Mike controller

Basically, the MM controller controls the speed as well as the direction of movement of 

the MM. There were two problems, both related to the motor speed:

• The speed of the MM changed during the driving, as indicated in section 4.2.3.

• When the direction of the motion of the probe system was changed and started 

moving from rest, some instant high speed o f motion was observed. This 

occasionally resulted in inaccuracies of the phase calculation in the DSP.
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The main reason for above two problems was because a continuous DC signal was 

supplied to the MM by the controller. Since the amplitude of the input signal is not 

large enough to ignore the internal friction, the speed o f MM is varied as the friction is 

changed. Also, when the MM starts to move in the reverse direction, the input of the 

continuous DC signal may produce rapid motion of the gears, which results in erratic 

motion of the probe system.

As an alternative method to overcome those problems. Walker suggested the use of 

high amplitude of pulsed signal. The principle was that the high amplitude of a signal 

could overcome the internal friction and the adjustment of the frequency of a pulsed 

signal controlled the speed.

For the generation of the high amplitude of a pulsed signal, a new MM controller was 

developed. The key part of a new controller was a frequency-voltage converter, which 

generated the frequency proportional to the amplitude of the continuous input voltage. 

By connection with the RC circuit (serial connection of the resistance and capacitor), 

the slow increment of the speed was achieved. The amplification of a pulsed signal 

(12V) was done by using an electrical switch, DG419 chip (DG419 ).

In this way, a very constant driving speed could be achieved. Figure 4.15 shows how 

the speed of the motor was constant during 16 mm o f travelling downwards, supplied 

with high amplitude of pulsed signal. There was no significant decrement in speed as it 

moved. This is the contrast of the Figure 4.6, where the speed dropped from 110 

qm/sec to 60 fj,m/sec when continuous DC signal was supplied to the MM. Also, the 

slow increment of MM speed helped the probe system to move smoothly at the start of 

the motion, which removed the inaccuracy of the phase calculation of the DSP.

The new MM controller added clearly a substantial improvement in stabilising the 

speed and reducing the error source. The success of this method encouraged the author 

to use this method to control the other MMs that were used in the reference system. 

This is explained in chapter 6 .
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Figure 4.15: The speed variation of the MM with a new controller.

4.4 Software m odification

4.4.1 Concept of Contact-Point-Finding (CPF) 
measurement

As stated earlier, if the height is recorded when the probe tip contacts the surface, it can 

give several advantages: the accuracy of the height measurement does not affected by 

the consistency of the triggering position of the optical switch or the overshooting of 

MM and the repeatability also can be much improved.

To find out the height when the probe tip just touches the surface, S. Kim (Personal 

communication) suggested a new method. The principle of this method is that the data 

collected from the DSP is compared to the previous data, and if the difference is 

smaller than the resolution of the interpolation, the computer judges that the probe 

contacts the surface and records the data as a height for the point measured. This 

method required the modification of an existing programme running on the PC for data 

collecting from the DSP. The name of this new developed programme is CPF.exe.

87



No

Yes

Yes
n=l ?

No

No
n=4?

Yes

New-01d< resolution?

01d=New

n = 0

Touch = Old

Save Touch

n=n+l

01d=New

New = height

Collecting height 
data from DSP

Figure 4.16: The flowchart for the CPF measurement.

Figure 4.16 is the flowchart of key part of CPF.exe. The height information is 

collected from the DSP by personal computer and it is stored with the name of ‘New’. 

This value is compared to previous value ‘Old’. If the difference of two values is 

within the measurement resolution (i.e. 2 0  nm if 16-interpolation is selected), the safety 

number ‘n’ is increased and the value ‘Old’ is replaced with ‘New’. Otherwise, ‘n’ is 

set to zero. If the safety number is one, the value ‘Old’ is stored with the name of 

‘Touch’. If this safety number is four, then the value ‘Touch’ is saved as the height 

information of that point. The reason for inserting the safety number is to discard the 

noise in the height information and make sure that the probe touches the surface.



4.4.2 Feasibility of the CPF measurement

4.4.2.1 The sampling time and vertical driving speed

The key to success o f this method is related to how distinctive the height variation is 

between before and after the probe hits the surface. According to the principle of CPF 

measurement, the contact point is determined when the differences o f successive data 

are equal to or less than the resolution at least four successive times. Since the 

differences of successive data are determined by the sampling time of the PC, the 

determination of the sampling time related to the probe system driving speed is very 

important. For example, if the sampling time is too long compared to the driving 

speed, it may lose the contact event and generate the height errors. Also, if  the 

sampling time is too short, it may generate the differences o f successive data close to 

the measurement resolution, and the principle of CPF measurement cannot be used in 

this case.

Many combinations of the sampling time and the probe system driving speed would be 

possible to produce the correct height by the CPF measurement. In practice, the 

sampling time of the PC has a limitation, so does the driving speed. It was found that 

the fastest sampling time of the current system was measured to be 1.4 msec. The 

simple calculation shows that at this sampling time the slowest drive speed should be 

about 30 p,m/sec, in order for the differences between two successive readings to be 

average 40 nm while the probe tip does not touch the surface.

Figure 4.17 shows the typical height variations (graph (a)) and the differences between 

two successive readings (graph (b)) at 30 pm/sec of driving speed, when the probe 

contacts the zero slope surface. The 32-interpolation (lOnm resolution) was selected in 

the DSP operation software for the close investigation of the variation. The differences 

of successive data points were located around 40 nm before the arrow and then 

dropping rapidly to zero. Even though the difference was sometimes 10 nm before the 

probe tip contacted the surface, it could be recognised as a noise in CPF.exe and 

discarded since it occurred only once. Therefore, the contact point (indicated by the 

arrow) is manifest and CPF.exe is applicable at 30 pm/sec drive speed with 1.4 msec 

sampling time.
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Figure 4.17: Monitoring the height variation when the probe contacts the optical flat 

with zero slope. Graph (a) is the continuous recording of the probe motion and graph 

(b) is the difference between two successive data in graph (a).

For higher speed than 30 pm/sec, the accuracy of the height measured may be different 

at varying speed. To find out the effect of driving speed on the performance of CPF 

measurement, four different speeds were made and the height variation was monitored 

in each case.
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Figure 4.18: The height variations at four different speeds: 30 pm /sec (■), 120 pm /sec 

(•), 170 pm /sec ( ^  ), and 260 pm /sec ( ).

Speed

(pm/sec)

Heights by CPF.exe 

(pm)

Heights by final state 

measurement (pm)

Difference (pm)

30 -21.673 -21.851 0.178

1 2 0 -21.733 -21.871 0T38

170 -21.753 -21.911 0T58

260 -21.772 -21.950 0.178

Table 4.3: The comparison of heights measured by CPF.exe and the final state 

measurement at four different driving speeds.

Figure 4.18 shows the vertical displacements at four different speeds (30, 120, 170, and 

260pm/sec). Table 4.3 shows the comparison of the heights measured by the CPF.exe 

and final value measurement. The heights measured were varied at the different speeds 

in both methods. In case of the CPF measurement, the height measured by CPF.exe 

was -21.673 pm at 30 pm/sec drive speed, while it was changed to -21.733 pm at 120

91



|Lim/sec drive speed. Also, as the drive speed increased from 30 pm/sec to 260 pm/sec, 

the height was also varied by -0.1 pm.

As can be seen in Figure 4.18, the vertical displacements are more densely sampled at 

lower speed, so the height measured at 30 pm/sec drive speed must be the closest to the 

correct height of measured position. At this speed, the height error must be within 40 

nm, considering that the sampling distance of the vertical displacement is about 40 nm. 

Therefore, the optimum drive speed is around 30 pm/sec for the sampling time of 1.4 

msec. If the sampling time were increased by upgrade o f the PC or interface card, the 

optimum drive speed could be increased.

As shovm in Table 4.3, if  the final state measurement were applied, the height 

measured would be 0.178 pm lower than the CPF.exe result for 30 pm/sec drive speed. 

Also, the similar differences between the heights by the final state measurement and the 

CPF.exe occurred for other drive speeds. Therefore, the principle of CPF measurement 

is an effective way to reduce the height error caused by the overshooting of the MM.

4.4.2.2 Consideration on the surface slope

The principle of CPF measurement also proved to be very effective in finding the 

contact point on a sloping surface. Figure 4.19 shows the height variations when the 

probe contacts the 8.1 degrees slope of an optical flat. The differences of successive 

data points were clearly dropped to zero at the arrow position. Also, after the arrow 

position the differences maintained within 0 ± 9.9 nm. Therefore, the CPF 

measurement can find the contact point even on the 8 . 1  degrees slope surface.

It is evident from above experiments that the CPF measurement does not generate the 

significant height errors depending on the slope, at least up to 8 . 1  degrees of slope. 

Since it was distinctive between before and after the contact event, CPF.exe could give 

the correct heights of the positions. It will be a useful information to estimate the 

maximum slope for CPF.exe to find the correct heights, which will be left as a further 

work.
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Figure 4.19: Monitoring the vertical displacements when the probe contacts the optical 

flat with 8.1 degree of slopes. Graph (a) is the continuous recording of the probe 

motion and graph (b) is the differences between two successive data in graph (a).
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4.5 Repeatability test of New probe system
As a performance test o f the new probe system after hardware and software 

modifications, the repeatability tests were again carried out on the optical flat. In this 

time, the two different slopes of the optical flat were made (zero or 8 . 1  degrees) to 

check the performance of the new probe system in terms of the slope. The probe 

system was lifted 300 pm from the surface and moved down on the same position of 

the surface, to measure the height. The interval of each measurement was nearly 

constant (30 seconds).

Figure 4.20 and Figure 4.21 are the results of repeatability tests on zero and 8.1 degrees 

slopes respectively. For comparison, two values from each measurement method (CPF 

and final state) were recorded together. It can be seen that the height measurement 

with CPF.exe was highly stable in both cases. The height with the final value 

measurement was also stable on the zero slope surface, whereas it showed a little 

fluctuation ( 2 1  nm of la )  on the 8 . 1  degrees slope.

Table 4.4 shows the comparison of the l a  of repeatability test with the CPF 

measurements and final state measurement on two different slopes and the result o f the 

old probe system. The CPF measurement gave the best results in both slopes. At 8.1 

degrees slope, the CPF measurement was five times better than that of the final state 

measurement. This indicates that the CPF measurement provides a very stable method 

to record heights for surface slopes of zero to at least 8 . 1  degrees.

However, some test results clearly showed the drifting problem. This was thought to 

be due to the change in the environmental conditions, not from the dynamical motion of 

the system. To prove this, the drifting trend of the new system was investigated, just 

before the repeatability test was carried out. The heights were continuously measured 

with the probe tip left in contact with the surface. The time for drifting test was set 

similar to that of the repeatability test.

Figure 4.22 is a set of results that shows a strong drifting trend during the repeatability 

test. The solid line represents the drifting test and the boxed points the repeatability 

test. Both curves followed the same trend. If the drifting trend were removed from the 

original repeatability test, l a  o f the repeatability could be reduced to 1 0  nm, the similar 

level of Figure 4.20. This leads us to believe that the drifting trend in repeatability test 

is not from any dynamical motion, but from the change o f the environmental 

conditions.
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Figure 4.20: The repeatability test on the zero slope surface. The boxed points come 
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Slope

New probe system Old probe system

CPF measurement Final state measurement Final state measurement

Zero 1 0  nm 15 nm 106 nm

8 . 1  ” 4 nm 2 1  nm Not available

Table 4.4: Comparison of the l a  of the repeatability test with CPF.exe and the final 

value measurement for the new probe system and the old probe system. The result of 

the old probe system came from Figure 4.2.
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Figure 4.22: The repeatability test on zero slope surface (square points) and the drifting 

measurement (solid line).

The result of the final state measurement with the new probe system was 7 times better 

than that of the old probe system on zero slope. This means that the hardware 

modification of the probe system was successful to reduce the effect of the error 

sources from the MM or optical switch.

In most measurements, there is more or less a drifting problem since the current 

metrology room is not temperature controlled. In order to compensate the drifting of 

the system, more investigations are necessary, including the monitoring the 

environmental conditions such as the temperature, humidity, and air pressure. Their 

effects modify the refractive index of the air and hence the interferometric unit of
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length. The relationships are well established (Edlen 1966) and can be used to 

compensated for the error, which is explained in Appendix C.

4.6 C onclusion

The old probe system in SPLOT was investigated and modified for improving the 

repeatability and reducing the height error. By hardware modification, the new probe 

system showed greatly improved repeatability performance, on the order of 7 times 

better than the old system. In addition to this, the contact point detection programme, 

CPF.exe, was proven to be extremely useful to reduce the height error caused by the 

slope and overshooting of MM and improve the repeatability on the slope.

After hardware and software modification, the l a  of repeatability test was less than 10 

nm, which was on the order of 1 / 1 0  the old one and 6  times better than the target 

accuracy. Therefore, this new probe system has substantially improved in repeatability 

and accuracy.
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Chapter 5 

Horizontal drive system

5.1 Introduction
The horizontal drive system is very important since it moves the measuring probe to the 

lateral position to he measured. However, when the author joined this project, there 

were an air bearing carriage and a granite beam, but the driving system was not 

installed. The development o f a motorised drive system was assigned to the author.

As described in chapter 3, SPLOT is based on the point-by-point measurement, not the 

continuous scan measurement. According to the primary requirements, the distance 

between the measurement points was very approximately 3 mm. Depending on the 

application, the sampling distances need not be exactly the same; the more important 

thing required for a horizontal drive system is to measure the horizontal position of the 

instrument precisely. That is, the horizontal drive system does not have to be a precise 

positional system, but has to generate the smooth motion without excessive 

acceleration in order not to disturb the fringe interpolation of the DSP.

In this chapter, several potential drive systems are shortly reviewed and a belt and 

pulley system is selected as a horizontal drive system for SPLOT due to its easy 

installation, low cost and flexibility. Also, the investigations to reduce the oscillatory 

motion of the selected system are described. Finally, several tests for the repeatability, 

performance, and effect on the probe system are carried out to check whether a belt and 

pulley system satisfies the requirements or not.
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5.2 Requirements

• Travel length > 1 m according to the specification of target optics (Gemini 

secondary mirror)

• Velocity :

According to Chapter 3, the maximum speed should be less than 1.4 mm/sec for 

16-interpolation. Also, assuming that a reasonable time for scanning the central 

line of the target optics is 1 hour, the minimum drive speed is 0.27 mm/sec, only 

when considering the horizontal movement. When including the time for moving 

up and down the probe system, the minimum speed should be faster than that. In 

summary,

0.27 mm/sec < drive speed <1.4 mm/sec (for 16-interpolation)

• Parallelism :

If the horizontal driving system requires another carriageway, the parallelism 

between the two carriageways (one the granite beam and the other the driving 

system) is very important. Since the air gap of the air bearing is typically 5~20 pm 

(Dover Instrument Corporation 1995), two carriageways should be parallel enough 

for the air bearing not to contact the granite beam during its whole travel length. 

This also requires the similar straightness at both carriageways.

• M inim um  distance between stopping positions (resolution) < 3 mm

• Positional repeatability <1.5 mm (half of minimum distance)

• M easurement accuracy o f  position: better than 0.471 pm from Chapter 3.

5.3 Horizontal drive system for SPLOT

5.3.1 Selection of the drive system

There are several ways of providing a linear motion, e.g. rotary motor (servomotor or 

stepper motor) combined with lead screw, linear motor, and pneumatic or hydraulic 

cylinder. They all have their own advantages and disadvantages. For example, rotary 

motors coupled with lead screws are capable of generating high forces at the expense of 

the positional accuracy due to the manufacturing process of lead screws. The linear
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motor is easily controlled by the computer and can obtain highly accurate speed and 

positioning, but is generally very expensive. The cylinders are capable of generating 

high forces but are not good for smooth motion (‘inching’) due to the friction, the 

compressibility and leakage from the cylinder (Sands 1995).

All those systems have their own carriageways and shows the common difficulty in 

installation on the granite beam since the parallelism between two carriageways needs 

to maintain within 5 pm along the travel length. Some companies (Dover Instrument 

Corporation 1995; Anorad Corporation 1999) supplied the air bearing slides with a 

brushless linear servo motor drive. However, they were also very expensive to 

purchase, beyond the budget and it was thought to waste money to buy another air 

bearing slides similar to the already existing one in OSL.

As a result of an internal meeting (OSL) held in December 1996 for selecting a proper 

horizontal drive system, the simple combination of motor, cord, and pulley was 

suggested. Since the drive system for SPLOT did not require the precise positioning 

system but smooth motion, this simple and cheap system was thought to be possible to 

be attractive. It has two main advantages, compared to other systems mentioned above:

• It does not have a carriageway. Therefore, it does not require precise mounting and 

can use the existing granite beam as a carriageway. Most of the tension of the cord 

is longitudinal so that the air bearing clearance can be maintained and not touch the 

granite beam.

• The cost is very cheap and does not much depend on the travel length. In most 

cases, it is very easy to adjust the length of cord according to the travel length.

5.3.2 Structure of the drive system

Figure 5.1 is the schematic drawing of the horizontal drive system adopted for SPLOT. 

It consists o f a DC motor, cord, a pulley, DC motor and pulley mounting blocks, a cord 

adapter. A cord adapter is used for connecting the cord to the air bearing. The motor 

was inserted into a hole in the L shape aluminium block and clamped by screw. This 

block was attached to another aluminium block that was fixed on the granite beam by 

plastic screws. The pulley was also fixed on another L shape aluminium block; 

however, it had a slot so that the height position of the pulley could be changed.
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Figure 5.1 : Schematic diagram of horizontal motion system for SPLOT.
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cord

motor

Figure 5.2: Schematic diagram of winding of the cord around the motor shaft.

The cord selected for the preliminary testing of the drive system was a bundle of 

polyethylene strands, wrapped in a PVC sheath. It was flexible and strong and easily 

obtainable, so that it was adequate for the preliminary experiment. The diameter of the 

cord was 1.2 mm and 2860 mm of the length was used. This cord was wound around 

the shaft of DC motor, of which configuration is shown in Figure 5.2. To give more 

friction at the contact of the shaft and a cord, a thin rubber band was put on the motor 

shaft. If the cord selected is found to be useful in the drive system, the further careful 

consideration is necessary in the interface between the cord and motor shaft because 

just winding the cord around the shaft may cause the slippery and deviation from the 

motor shaft during the movement.
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The DC motor was supplied by FauIhaber.schonich.GMBH. It included a gearbox 

inside to generate a low rotation speed (gear ratio was 5490:1). The diameter of shaft 

was around 4.5 mm. A 12 V supply voltage gave a rotational speed of the motor shaft 

of 0.07 rev/sec in angular velocity or 1 mm/sec in linear velocity, which is below the 

allowed maximum speed (1.4 mm/sec).

Due to the motion of its gears, the motor generated more vibration as the speed was 

increased. Since the motor was directly coupled to the granite beam, this noise might 

cause malfunctions of other systems such as a probe system and laser reference system. 

Reducing the speed was an effective way of reducing the noise problem, which is 

discussed in section 5.5.3.3.

5.4 Oscillation of the system

Unfortunately, this system suffered from a significant oscillation at the stationary state 

and speed variation at the driving state. Since the height measurements are carried out 

at the stationary state, the oscillatory motion of the air bearing can affect the accuracy 

o f the height measurements. Also, the large amount o f the speed variation may prevent 

the DSP from calculating the distance accurately due to the instant high speed. The 

oscillation problem at the stationary state is tackled first and the investigation on the 

speed variation is discussed later (section 5.5.3).

5.4.1 Experiments

To investigate this problem, three positions of the air bearing were selected on the 

Granite beam: (a) 110 cm (b) 70 cm and (c) 30 cm away from the motor. The 

horizontal distance was measured by the horizontal interferometer in the same way of 

the height measurement. The sampling time of the PC was about 10 ms.

Figure 5.3 shows the oscillation of the horizontal distance at varying position (a), (b) 

and (c). This was the result after a drifting trend in the raw data was removed. This 

drifting occurred due to the slippage between the motor shaft and cord and the creep of 

the cord. Figure 5.4 is the Fourier transform of Figure 5.3, using the scientific software 

MATLAB 4.0 (MATLAB ).

The amplitude of the oscillatory motion was the biggest in the middle part (b) and the 

smallest near the motor (c). For example, the peak to valley amplitude in (b) is about 

10 |um, five times bigger than in (c) 2 p,m. The main resonant frequencies were around
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2 Hz and 3.5 Hz, which appeared irrespective of the position change of the air bearing. 

In case (b), the 2 Hz resonant frequency was so dominant that 3.5 Hz resonant 

frequency was indiscernible from the background noise, and its power was less than 

one fifth of that of 2Hz in case (a) and (c).

m

T i m e  ( s e c o n d s )

Figure 5.3: The oscillatory motion of the horizontal system at various positions on the 

granite beam: (a) 110 cm, (b) 70 cm and (c) 30 cm away from the motor.

103



=!<

o
CL

i .4

3
< 0-.6 -

O
CL

3
<

O
CL » jOO 1 a Æ6

0 1 0 2 U
F r e q u e n c y  ( H z  )

Figure 5.4; The Fourier transform of Figure 5.3.

The fact that 2 Hz and 3.5 FIz resonant frequencies always appeared implies that they 

are frequencies of the external driving force. The natural frequency of the driving 

system may vary according to the position of the air bearing, so that its response to the 

external force depends on its position on the granite beam. Detailed description of the 

resonant frequency is in following section.
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A 10 |Lim of oscillatory motion of the air bearing also generates the vertical motion of 

the probe tip along the slope when it contacts the surface. This additional motion of the 

probe tip may degrade the height measurement accuracy and repeatability in two ways:

• Due to the friction between the probe tip and surface, vertical and horizontal 

measurements may not be in phase, or the vertical displacement o f the probe would 

not follow the horizontal displacement of the air bearing. In the worst case, the 

motion of the tip may be 180” out of phase with that o f the air bearing. The 

maximum height error in this case would be 1 . 2  pm (=tan(6 .9 ”)x l 0  pm), which 

occurs at the periphery of the Gemini secondary mirror. Also, the torsion wire or 

the probe tip can be deflected, which could cause the measurement error.

• Even with vertical and horizontal measurements in phase, the CPF measurement 

may fail in finding the correct contact point. The vertical oscillation of the probe 

tip may be sometimes interfered with the downward motion of the probe system 

and prevent CPF.exe from detecting the contact event of the probe tip.

5.4.2 Resonant frequency of the horizontal system

The motion of the horizontal system in the stationary state can be regarded as a spring- 

mass system as long as the extension of the cord is within the elastic region. Its 

equation of motion is described in Appendix B in detail. As a result, the resonant 

frequency of the mass (air bearing) is given by.

(o„ = JAE-
"“ 1 ,(4  - ^ 1, )  (5.1)

where xio is the unloaded cord length between the motor and the mass, Lq is the whole 

length of the cord (one round of cord from the motor to the pulley), A the area o f the 

cord, and E  Young’s modulus of the cord.

For the calculation of the equation (5.1), following quantities were measured:

• m=\ 1.5 Kg (air bearing 6  Kg, measuring instrument 5.5 Kg)

• r=0 . 6  mm, or ^=1.131 mm^.
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Figure 5.5: Theoretical variation of the resonant frequency of the horizontal system.

• £'=0.735 Gpa; this result came from the experiment. A load of 8.89 N applied to

the length of 1430 mm resulted in an extension of the cord of 22 mm. Then, the 

spring constant of this length of cord is 404 N/m and Young’s modulus can be 

calculated from the following relation (D. H. Bacon 1990),

£  = £ / /^ x  = ^ / / ^  , (5.2)

where F  is applied force, / the original length of cord, A the cross sectional area of 

the cord, x the extension due to the load, and k the spring constant.

• To=2860 mm.

Figure 5.5 shows the calculated variation of the resonant frequency as the air bearing 

moves along the Granite beam. The position of the air bearing (x,o) ranged 0.3 m to 

1.13 m from the motor. The resonant frequency was changed from a minimum 1.6 Hz 

near the pulley to maximum 2.6 Hz near the motor. These frequencies were very close 

to the resonant frequencies observed in Figure 5.4. This finding explains the large 

oscillation of the horizontal drive system.

Especially, the resonant frequency at 0.6 m from the motor was exactly the same as 2 

Hz. That is the reason why the largest amplitude of the oscillation occurred around the
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middle part of the granite beam. However, the author could not observe the resonance 

around 0.6 m from the motor. This is thought to be due to the friction between the 

pulley and shaft, or hysteresis o f the cord, or interference with different phase o f the 

external force.

5.4.3 Vibration mode of the table

The working table of the SPLOT used four rubber air bags under the legs as vibration 

isolators, one of which is shown in Figure 5.6. The diameter of the air bag was 28 cm, 

and nominal height was 12 cm. Each air bag was filled with nitrogen gas and could be 

individually pressurised or de-pressurised by valves attached to each air bag.

The air bags are often used as very low-frequency filters. Natural frequencies o f 0.5 

Hz, or even less, are obtainable (Beards 1995). However, they cause some swaying 

motion (vibration) of the supported system. This swaying motion applies the external 

force to the air bearing. Due to its weight (11.5 Kg), the air bearing suffers a large 

inertia force.

Assuming that the air springs are fixed on the ground and their twisted motion are 

negligible, the degree of freedom of the working table is reduced to three normal modes 

of vibration. The three normal modes are translation, pitch, and roll mode. Each mode 

is briefly illustrated in Figure 5.7.

Manually pressing and releasing the edge of the table enabled an estimation of the 

frequencies of each mode. For example, if  the position A in Figure 5.7 is pressed and 

released, the dominant response motion of the table would be the pitch motion. In a 

similar way, if the positions B and G are pressed and released, the dominant motion 

would be the roll and translation motion respectively. In this method, the frequencies 

of the pitch, roll and translation motion of the table could be seen to be close to 2 Hz, 1 

Hz, and 3.5 Hz respectively. These frequencies were so distinctive that their 

estimations were possible simply by counting the oscillations during a given period. 

More accurate measurement of frequencies of the table motion may be carried out 

using a seismograph.
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Figure 5.6: The picture of the air bag used in SPLOT.
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Figure 5.7: Translation, pitch and roll mode of the system.

From this simple method, it was found that the resonant frequencies of 2 Hz and 3.5 Hz 

appeared in Figure 5.4 were from the pitch and translation modes of the table. The roll 

mode had very little effect on the oscillatory motion. Since the direction of the 

oscillatory motion and the pitch mode is the same, it is natural that the pitch mode of 

the working table be the main source of the oscillatory motion of the horizontal system 

and the effect of the roll mode can be ignored. However, the fact that the translation 

mode also causes the oscillation seems to be a little unusual. This can be explained by
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the fact that the table becomes inclined as the air bearing moves to the side of the 

granite beam. When the air bearing (total weight 11.5 kg) was placed at the side of the 

granite beam, it provided additional 0.0029 radians o f tilt angle to the table. This 

amount of tilt can supply 0.326 N (=11.5kgx9.8m/s^xsin(0.0029)) of driving force to 

the air bearing along the granite beam, and it induces oscillatory motion of the air 

bearing with 3.5 Hz frequency. This is a reason why the translation mode did not 

appear when the air bearing was placed on the centre of the granite beam.

Actually, if  the table vibration were due to a short-duration disturbance such as a lorry 

or train passing over an expansion joint in a road or hump, the induced oscillatory 

motion should die out eventually because of the friction between the pulley and axle or 

hysteresis in the cord. However, the fact that the continuous large oscillatory motion 

exists at any time of the day indicates that there are external sources of steady-state 

vibration.

There are many sources that can generate a steady-state vibration: continually running 

machines such as engines, air-conditioning, and generators. Among them, the vibration 

source whose frequency is close to the vibration modes of the table is mainly traffic 

noise or upper-floor building vibration (see Figure 5.8). There are three underground 

stations within 50 m from the OSL and it is located in Central London. Indeed, 

considering the traffic noise the present location of the metrology room is not a good 

place for a high precision measurement. Also, since the location o f the metrology room 

is on the mezzanine floor half a level above the basement, the room floor can sway 

according to the building vibration induced by traffic or building services or winds.

As a result, to reduce the oscillatory motion of the air bearing, the location of the 

metrology room should be moved to the basement of the building and/or a damping 

system should be considered.
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Figure 5.8: Environmental vibrations of various frequencies, reproducetJ from Melles 

Griot (Melles Griot ).

5.4.4 Reduction of the amplitude of oscillation

D. Walker (personal communication 1997) suggestc(d the use of viscous (damping to 

recduce the oscillation. Viscous damping is a common form of damping that is found in 

many engineering systems such as instruments and shock absorbers. The viscous 

damping force is proportional to the first power of the velocity across the damper, and 

it always opposes the motion. Therefore, this method can in principle effectively 

reduce the oscillation.

The author performed some experiments about this method. For this purpose, the oil 

bath and the paddle, of which sizes were 30cmx5cmx9.5cm and 1.3cmx4.8cmxl3cm 

respectively, were made using polyethylene plates. The paddle also had holes of 3.5 

mm diameter at every 6  mm interval vertically and horizontally, to increase the 

damping force and help to move the oil from one side of the paddle to the other side 

during the motion. The paddle was attached to the back of the air bearing by a steel 

plate, which gave high rigidity to the direction of movement of air bearing. Figure 5.9 

shows the experimental set-up of this experiment.
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Figure 5.9: The experimental set-up (backside view) of viscous damping for the air 

bearing motion.

Glycerin was selected as a viscous oil and the oscillation amplitude was observed as the 

length of the paddle immersed in the oil was varied ( l~ 8 cm). Much damping force and 

thus the reduction of the oscillation was expected due to its high viscosity (0.936 PaS 

or Kg m"' s '’ at 293K in case of 98%, normally 1000 times larger than water). 

Nevertheless, the oscillation amplitude was not significantly varied but similar to that 

of the oscillation without the viscous damping. It implied that the damping force was 

not large enough to prevent the oscillatory motion. One possible explanation for this 

was that the oscillatory velocity of the air bearing at rest was not so large that the 

damping force generated by glycerin was negligible compared to the inertia force of the 

air bearing. In order to obtain enough damping force, many parameters (e.g. the 

viscosity of oil, paddle size, hole size, number of holes in the paddle, etc.) must be 

considered together. Indeed, it was thought that it needed substantial efforts, so an 

alternative solution was explored.

This was to use a cord with the higher stiffness, so that the resonant frequency of the 

horizontal system should be far from the frequency of the external force. This method 

was preferable to viscous damping since it was simple and did not have difficulty in 

installing the oil container and paddle so as not to obstruct the placement of large optics 

on the table.

The author selected another belt system (stock number 33GBF) from Winfred M.Berg, 

Inc. (Winfred M.Berg Inc.). The material of this belt was stainless steel. The resonant 

frequency of the system using this belt was calculated to be 20.57 Hz, about 10 times 

bigger than polyethylene cord. The gear fitted to this belt was also supplied by the
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Figure 5.10: The structure of the belt used in the horizontal system.

same company. It had 4 mm bore size (=diameter of the shaft of motor) and 12.70 mm 

pitch diameter. The gear was useful to transfer the power to the belt without slipping. 

Figure 5.10 shows the structure of the belt and gear system.

Using the stainless belt, the motion of horizontal system in stationary state was 

monitored with 10 ms of sampling time. Figure 5.11 is the result of this experiment. 

The amplitude of oscillation was 0.4 pm peak-to-valley. This amplitude is 1/25 of that 

for the Polyethylene cord. Also, the amplitude of oscillation was not much affected by 

the position of the air bearing; the amplitude was varied only within ± 0 .1 - 0 . 2  pm 

across the granite beam. Therefore, replacing the polyethylene cord with a stainless 

steel belt was found to be very effective in reducing the amplitude of oscillatory 

motion.

5.5 System Testing

5.5.1 Introduction

As indicated in section 5.4.1, the oscillatory motion of the horizontal system may cause 

the problems in the accurate height measurement. Even though the amplitude of 

oscillatory motion of the horizontal system could be reduced to a nominal 0.4 pm P-V 

value at stationary state by changing the cord with a stainless steel belt, it is not obvious 

whether this amplitude of oscillation is acceptable for accurate measurement or not. 

This can be verified through repeatability tests on sloped surfaces, similar to that of the 

probe system in Chapter 3.
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Figure 5.11: The oscillatory motion of the horizontal system when the stainless steel 

belt is used instead of the polyethylene cord. Graph (a) is the sampling data from DSP 

(1.23nm resolution), (b) power spectrum of (a).
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Figure 5.12: The repeatability test on 15.6 degrees sloped surface at stationary state of 

horizontal drive system. The square points are the height measurement and the circled 

ones are the horizontal measurement.

Also, two other points should be checked when the air bearing is driven by a DC motor. 

Firstly, the horizontal motion should be smooth enough for the DSP not to lose some 

fringes. Secondly, it is very important that the horizontal motion of the air bearing 

should not disturb the vertical measurement system.

5.5.2 Repeatability test on slope

The repeatability test was carried out with the CPF measurement and the horizontal 

drive system installed. At this time the target flat was tilted about 15.6 degrees (0.273 

radians). The use of this steep slope can clearly reveal the effect of the oscillatory 

motion of the horizontal system on the height measurement with CPF.exe.

Figure 5.12 shows the result of the repeatability test. The l a  of the vertical and 

horizontal measurements were 53 nm and 69 nm respectively. The repeatability itself 

was not as good as before the horizontal drive system was installed ( 1 0  nm at 8 .1 ° 

slope). The deterioration of the repeatability is due to the horizontal oscillation of the 

measurement system and the drifting trend. If the drifting trend is removed, the 1 a  of
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the vertical and horizontal measurements were improved to 30 nm and 53 nm 

respectively; however, they are still worse than before the horizontal drive system was 

installed.

If the height measured was in phase with the horizontal distance measured, the 

degradation of repeatability would not be critical to the accurate measurement. To 

check it, the variation o f the horizontal position was converted to the expected variation 

o f vertical position. That is, if  the difference between two successive horizontal 

positions recorded is 0 . 1  pm, the expected difference between two successive vertical 

positions would be -28  nm (=0.1 pmx -tan(0.273)). The minus sign was assigned due 

to the direction of the slope. Then, the expected vertical differences derived from the 

horizontal measurement are compared to the measured vertical differences. This 

method makes it possible to determine how accurately the CPF method finds the 

contacting point under the oscillatory motion of the air bearing, and whether the 

horizontal and vertical measurements are in phase or not.

Figure 5.13 is the plot of the differences o f two successive vertical positions and 

expected vertical differences derived from the horizontal measurement. Figure 5.14 is 

the error between two differences at each sampling point. It is evident that the 

horizontal and vertical measurements are in phase in most trials. However, their 

measurements sometimes were not in phase, which generated the errors of ± 40 nm 

between two measurements. Since ± 20 nm of error was observed in the repeatability 

test without the horizontal drive system, another ± 2 0  nm of error is likely to come 

from the oscillatory motion of the horizontal system. As indicated in section 5.4.1, the 

horizontal oscillation induces the vertical oscillation of the probe tip when it touches 

the surface, which may sometimes prevent CPF.exe from detecting the contact event of 

the probe tip. Nevertheless, this amount o f error is still within the target accuracy and 

can be considered to be tolerable. Furthermore, since the maximum slope of the target 

surface is about one third o f the slope used in this repeatability test, the measurement 

error with the target surface is expected to be less than this result.

This experiment implies that the suppression of the oscillatory motion succeeded in 

adopting the belt and pulley system as a horizontal drive system, with the CPF 

measurement. O f course, more suppression of the oscillatory motion will increase the 

measurement accuracy and the repeatability.
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Figure 5.13: Differences of two successive vertical measurements (square points) and 

expected vertical differences derived from the difference of two successive horizontal 

measurements (circled points).
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Figure 5.14: The error of two differences at each sampling point in Figure 5.13.
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5.5.3 Performance of the Driving mode

In previous section, it was found that the belt system gave a satisfactory performance in 

the stationary state. In addition to this, it is also important that the moving distance 

should be accurately calculated in the DSP during the traverse moving. It is related to 

the driving speed. Also, the overshooting motion of the horizontal system may result in 

the measurement

5.5.3.1 Driving speed

In order for the DSP not to lose some fringes, it is critical that the speed of motion 

should be always lower than the maximum allowable speed (=1.4 mm/sec in case of 16 

interpolation). Therefore, to measure the driving speed is one method to check whether 

the DSP may lose some fringes or not.

Figure 5.15 is the speed variation of the horizontal system driven at two different 

speeds. It was derived from the original position recording on the PC by 

differentiating. The sampling frequency was 670 Hz (or, sampling time is about 1.5 

ms). The motor was driven while the horizontal system moved 2 mm in travel length. 

After some transient performance, the horizontal system reached the average speeds: 

400 pm/sec in graph (a) and 570 pm/sec in graph (b).

Comparing the two graphs, it is evident that as the driving speed is increased, the 

velocity ripple is also increased. For instance, at 400 pm/sec of average speed, the l a  

of the velocity ripple was 82.7 pm/sec, whereas it was 279.5 pm/sec at 570 pm/sec. 

The ratio of the velocity ripple to the average speed is 20.7 % at 400 pm/sec, but it is 

much increased to 49% at 570 pm/sec.

Since the velocity ripple in graph (b) is so large, the velocity sometimes approached 

very close to the maximum allowed speed (1.4 mm/sec). Therefore, it is very likely 

that if  the speed of horizontal motion is 570 pm/sec or faster, the DSP may lose some 

fringes and some error in distance measurement may occur. The 400 pm/sec of driving 

speed, however, was safer for the DSP not to lose fringes.
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Figure 5.15: Speed fluctuation of the horizontal motion driven with two different 

speeds: (a) 400 pm/sec and (b) 570 pm/sec.

5.5.3.2 Overshooting of the drive system

In order for CPF.exe not to fail in finding the contact point, height measurement should 

be carried out after finishing the overshooting motion of the horizontal system.
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From Figure 5.15, the velocity dropped to zero within 1 second in both cases. 

Therefore, the height measurement should be taken 1 second after the DC motor is 

turned off.

However, with real measurements, this time interval is automatically included because 

it is shorter than the time (at least 5 seconds) required for the probe to move down to 

the surface. Therefore, the overshooting of the present horizontal system is acceptable 

for point by point measurements.

5.5.3.3 Vibration effect on the probe system

Since the motor of the horizontal drive system was directly installed on the granite 

beam, the vibration transfer from the motor to the probe system can be serious in the 

highly accurate measurement. The best horizontal drive system would not disturb the 

probe system at all during the movement, when the probe tip is in the air. However, 

even though the vibration from the motor disturbs the probe system, it would be 

acceptable if  the height reading does not change during the driving.

Experimentally, when the drive speed was 400 pm/sec, the probe was very stable. A 

2 0  nm variation of the position of the probe was observed at the start o f the motion; 

however, it returned to the stable state in the original value. When the drive speed 

increased to 570 pm/sec, more vibration of the probe could be observed as expected. 

Figure 5.16 shows the vibration of the probe during the horizontal motion at this speed. 

The motor turned on at zero second in time and turned off at 4.5 second. The 

amplitude of a distinctive vibration arising from the noise o f the motor was 80 nm. 

However, this vibration would not affect the height measurement o f the surface because 

the DSP output returned to the starting value after the motor was turned off. Therefore, 

the effect of the vibration of the motor on the probe system can be ignored during the 

driving, if  the drive speed is less than 570 pm/sec.

119



4 . 3 4 1 ' I ' I ' I ' I ' r

OFF

0 1 2 3 4 5 6 7

Time (Seconds)

resolution

4 . 2 4  -I 1------1----- 1------1------1----- 1----- 1------1------1------1----- 1------1------1----- 1------1------1------1------1------1------1------1------1------r

10 11 12

Figure 5.16: The vibration of the probe during the horizontal motion at the speed of 570 

pm/sec. The motor was turned on at zero in time and off at 4.5 seconds.

This result, of course, will be different if the probe system has a different contact force. 

If the very low contact force (< 1 mgf) were established, the vibration from the motor 

would be much more detrimental to the probe system. Therefore, in future, it is 

necessary to consider the new structure or another isolating system for reducing the 

vibration from the actuator of the horizontal system to the probe system.

5.6 Conclusion
A horizontal drive system that consisted of a DC motor and belt was satisfactorily 

developed. The oscillatory motion, which was the major problem in use of the belt 

system as a drive system for the precise measurement, was much reduced (±0 . 1  - 0 . 2  

pm) by selecting a stiff belt. The horizontal and vertical measurements were in phase 

generally and the measurement error was within ± 40nm on the 15.6 degrees of slope 

surface. This amount of error is acceptable, considering that the target accuracy is ± 57 

nm and the maximum slope of target surface is just 6.9 degrees. The maximum drive 

speed was allowed to be about 0.4 mm/sec, at which the probe system was not affected 

by the vibration from the motor and the velocity ripple was tolerable.
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However, this horizontal system showed at least two problems:

• A significant velocity ripple during the drive, and the vibration from the motor 

limited the horizontal drive speed less than 400 pm/sec, which was one thirds o f the 

maximum speed the DSP can afford.

• The current drive system using a belt was very sensitive to the external vibration. 

The accurate measurements usually carried out in the midnight or weekends.

To solve these problems, the horizontal system may have to be changed to a system 

that has a higher stiffness, such as with a lead screw with DC servo motor. This 

requires careful design of the installation along with the granite beam. This will be left 

as a future work.
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Chapter 6 

Laser reference system

6.1 Introduction
Profilometiy has two main requirements: the measurement of vertical and horizontal 

displacement, and the provision of a reference o f straightness with respect to which the 

vertical displacement is determined. One of the main features o f SPLOT is to use a 

laser beam, propagating freely in the air, to define a reference straight line. Since the 

height of the surface is measured with respect to the reference line, the quality of the 

reference system is the critical factor in determination of the measurement accuracy.

When the author joined the profilometer project, the reference system adopted the 

flexure system (see figure 3.7) for high precision positioning and the hybrid actuator (a 

pair of the PZT and MM). As explained in section 3.7 in detail, the hybrid actuator was 

useful in the precise compensation of the large amount o f error as the MM roughly 

compensated the large error and the residual error was accurately compensated by the 

PZT. The compensation signal was generated in a PC, which calculated the required 

voltage duration and voltage for the MM and PZT respectively according to the error 

signals from the quadrant diode (QD). Therefore, the old reference system was the 

software control system.

However, the old reference system did not produce a very good result. For 1 pm of 

displacement o f the reference beam, the compensated position was fluctuated around 

the target position within ±0.3 pm, and it did not converge on the target position. As 

indicated by Hubbard (Hubbard 1996), one o f the main reasons for the limited 

performance was due to the air fluctuation. However, the more basic reason is that the 

software algorithm in the old reference system tried to go to the target position in one 

step. Due to the non-linear motion (hysteresis) o f the PZT, the PC could not supply the
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precise voltage for the PZT to compensate the error in one step. Even though one-step 

compensation may have the very fast response time, its accuracy is not expected to be 

high. If the software control generated the compensation signal proportional to the 

error signal, it could have converged on the optimum values after many iterations of the 

loop.

However, several reasons prevented the author from continuing more investigations on 

the software control system. Firstly, the MM had difficulty in being controlled only by 

the software, as it has stiction, friction, backlash and overshooting problems. Secondly, 

the software used in the control system was not easy to be interpreted due to the 

absence o f the software developer and poor quality of documentation, and so it was not 

easy to improve the performance of software control system. Thirdly, in order to 

improve the accuracy, the PC and interface cards (ADC and DAC) should have high 

performance (fast sampling and high resolution), as indicated by Hubbard (Hubbard 

1996), and budgetary constraints made this option less attractive.

Therefore, it was decided to develop a new and simplified control system, based on 

only hardware. The author replaced the PC and ADC and DAC cards in the feedback 

loop with a hard-wired servo circuit board. This circuit board consisted of few simple 

chips and was both inexpensive and effective. Besides, the new reference system has 

another two different features, compared to the old one:

• The MM is driven by a pulsed signal in the new system instead o f a continuous 

signal. Its amplitude is high (12 V) so that it can overcome the stiction and friction 

of the MM, which make the MM approach closer to the null position. The drive 

speed is controlled by the frequency, which is proportional to the error signal.

• The whole SPLOT is enclosed in sheets of polythene to reduce the air turbulence 

around the instrument.

These activities are described in detail in this chapter and its performance are simulated 

and tested, in conjunction with the flexure system. The effect of the air turbulence on 

the reference system is investigated. And finally, the error compensating accuracy is 

measured and a repeatability test is carried out.

123



N ew  part Old part

PZT

Relay
electronics

Motor
Mike

Pre
amplifier

High voltage 
amplifier

PZT
amplifier

Quadrant diode 
and electronics

Motor
driving
electronics

Figure 6.1 : Conceptual diagram of the new laser reference system for one channel. The 

other channel is the replica of this one.

6.2New circuit for laser reference system

6.2.1 General descriptions of the circuit

Figure 6.1 is the conceptual block diagram of the new reference system, for only one 

channel (vertical or horizontal). Both channels are identical. The new part is the 

substitution of the PC in the old system. Since the new reference system also uses the 

PZT, the high voltage amplifier was necessary, which was used in the old system.

The new part is divided into five sub-parts: quadrant diode (QD) and its electronics, 

pre-amplifier, relay and relay amplifier, PZT amplifier, motor driving electronics. The 

principle of operation of the new part is as follows:

The quadrant diode (QD) electronics generates error signals proportional to the 

deviation of the reference laser beam from the centre of the quadrant diode. These 

error signals are amplified at the pre-amplifier before the relay amplifier. The relay 

amplifier and relay select one of actuators (MM or PZT), depending on the amplitude 

of the signal from the first amplifier. If the signal is large, the MM is selected and if it 

is small, the PZT is selected. As mentioned in section 3.7, the MM roughly 

compensates the error, and the residual error is accurately compensated by the PZT. 

The MM driving electronics convert the continuous signal from the first amplifier to a 

pulsed signal and transmit it to the MM. If the PZT is selected, a signal is amplified at 

the PZT amplifier and fed to the high voltage amplifier to activate the PZT.
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Figure 6.2; The circuit diagram of QD electronics.

It is a closed loop system since any deviation of the beam from the null position makes 

the QD to generate error signals, which are fed to the actuators to reach the null 

position again.

More detailed descriptions of each subpart are provided in next few sections.

6.2.2 QD electronics

Since each cell of the QD generates the current proportional to the intensity of the 

illuminated light, some amplifier (called trans-impedance amplifier) is necessary to 

convert it to voltage. Also, four signals from each cell of the QD should be 

manipulated to generate the vertical and horizontal error signals. These two functions 

were implemented in one circuit board, which is shown in Figure 6.2.

The technical specifications of the quadrant diode supplied by Centronic are as follows 

(RS catalogue): active diameter 3mm, total active area 7 mm^, dead space 0.2 mm, 

responsivity 0.5 A/W, and the dark current 0.03 nA typically at IV bias voltage. Each 

cell of the QD was named as A, B, C, and D in Figure 6.2.

The electronics consists of one quad OP amplifier (four channels amplifier in one chip, 

OPA404KP, Burr Brown) and six identical differential amplifiers with unity gain 

(INA105K, Burr Brown). The currents generated from four channels of the QD were
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converted to voltages at the quad OP amp. Due to the very high input impedance of the 

FET-type OP amp (~10^^Q), most current flows through the resistance that is used for 

negative feedback of the amp, even though there is very little leakage current (typically 

IpA). The voltage at the output port o f the amp is then given by,

V=IR, (6.1)

where I  is the output current from one of the QD cells and R resistance in the negative 

feedback. These voltages were subtracted by six identical differential amps, to 

generate the horizontal and vertical error signals in a simple way.

The selection of R is important in the performance of the system: if it were too low, the 

differential signal would be also small, and if it were too high, the output signal from 

quad OP amp would be saturated and differential signals could not be obtained. By 

trials and errors, R was determined to 100 MQ. With this value, the output voltages 

from each channel of quad amp were nearly 10 V, when the centre of the QD was 

illuminated by the reference beam. The vertical and horizontal error signals changed 

approximately 40 mV for 1 pm vertical and horizontal displacement of the QD. The 

noise levels in the error signals were found to be less than 20mV for several MHz, 

which was translated to 0.5 pm of displacement. This noise was filtered out at the next 

stage of the amplifier to improve the signal to noise ratio (S/N), at the expense of 

frequency response.

6.2.3 Pre-amplifier

The pre-amplifier was used to improve the signal to noise ratio as well as amplify the 

error signal. Figure 6.3 is the drawing of the first amplifier. The transfer function of 

the OP amp in this figure is given by (Arpad Bama 1989),

V Â 
G { f )  = - ^ =

1 + ; / / / .  ’ (6 .2 )

where Adc=Af=o = R2/R 1 is the amplification of the OP amp at zero frequency, and

/ ,  = \ I 2 kR^C . Here, / i  is called a corner frequency or cut-offfrequency where the

gain, defined in decibels, is down by 3 dB at /  = f \  from its value at /  =0 Hz. This 

results in 70.7 % gain in voltage, or 50 % gain in power.
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Figure 6.3: The circuit diagram of pre-amplifier.

Therefore, this kind of amplifier has another role as a low-pass filtering. 

Experimentally, Ri, R], and Cn were determined to IK, 39K, and = lpF  respectively. 

In this c a s e , / , is calculated to be about 4 Hz. Then, the high frequency noise in the 

signal from the QD can be much reduced. The resultant noise level was found to be 

about 1 mV, one twentieth of the signal from the QD electronics. Considering that the 

steady-state gain of this amplifier is 39, the S/N was improved 780 times that of the QD 

electronics. This cut-off frequency is large enough to compensate the error occurring 

from the deflection of the carriageway (granite beam) and small enough to reject other 

error sources such as electrical noise (mainly 50 Hz main power noise) and acoustic 

noise.

6.2.4 Relay and relay amplifier

The purpose of the relay electronics and relay is to select the actuator between the PZT 

and MM, depending on the amplitude of the amplified error signal. If the centre of the 

QD is positioned near the centre of the laser beam, the error signal would be small and 

the PZT should be selected to compensate the error. Otherwise, the MM should be 

selected.

Figure 6.4 shows the schematic diagram of relay electronics and relay. The relay 

electronics is essentially a comparator. If V is within ±Vr, V feeds into the PZT pre

amplifier. Otherwise, V feeds into the MM driving electronics. The reference voltage 

Vr can be adjusted between OV ~ ± 2.4V, which is translated to the distance of 1.22 pm 

from the centre of the QD.
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Figure 6.4: Schematic diagram of the relay and relay electronics.
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Figure 6.5: The circuit diagram of PZT amplifier.

6.2.5 PZT amplifier

In order for the PZT to compensate the position error of the QD, the extension of the 

PZT should be about half of its full extension, before the PZT is selected by the relay. 

To do this, the PZT amplifier provides a 4V offset voltage to the high voltage amplifier. 

This gives an extension of the PZT of around 5.8 pm, considering that the gain of high 

voltage amplifier is 11 and the extension of the PZT is 10 pm when 80 V is applied.

Figure 6.5 shows the circuit diagram of the PZT amplifier. R4  and R5 are used to 

provide the offset voltage at the output port and R3 and R5 determine the DC gain of the 

amplifier. By choosing different value of capacitor Co, connected parallel to R 5, the 

frequency response of the electronics can be controlled.

By setting R3 =1.5 KQ, R4  = 820 KQ, and R5 = 270 KQ and Co -  5pF, the cut-off 

frequency, defined in equation (6.2), is about 0.12 Hz. Experimentally, when using a 

lower capacitance than this one, the system was unstable and easily oscillated. The use
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of a lower capacitance means the increment of the response time o f the PZT. 

Therefore, with the above choices o f resistances, the system has some limitation in the 

response time. This result may be explained quantitatively by the feedback control 

theory; however, it is out o f the scope of this thesis.

Also, the system has some limitation in decreasing the response time. If the response 

of the PZT were slower than the MM, the MM would try to compensate the error 

before the PZT returns to the offset length when the MM was selected by the realy. 

This slow action of the PZT may result in the decrease in the available length of the 

PZT and increase the number o f switches between the PZT and the MM during the 

travel.

Therefore, the determination o f Cn was determined experimentally.

6.2.6 MM driving electronics

When the MM is selected by the relay, the amplified error signal is fed into the MM 

driving electronics. Then, the MM electronics converts this signal to high amplitude 

(12V) of pulsed signal whose frequency is proportional to the input voltage and 

transmits it to the MM. The MM driving speed can be controlled by the frequency and 

the high amplitude signal is helpful to overcome stiction and friction. This method was 

successfully implemented in the probe system, where the speed of the probe system 

movement was very constant during the travel. With this method, the MM could 

operate properly around the null position, even though the error signal from the first 

amplifier is small. It was experimentally confirmed that the minimum deviation of the 

reference beam from the null position was less than 1 pm by the MM operation with a 

pulsed signal.

6.2.7 High voltage amplifier

The high voltage amplifier was designed to amplify the voltage from the PZT 

amplifier, to supply high voltages to the PZT, which required 0-80V for the full 

extension. This part had been assembled and tested by the previous researcher. 

However, the gain curve of this amp against the frequency of input signal was not 

shown in the previous study. Since the frequency characteristic o f the system was very 

important in determining the behaviour o f the closed loop operation, it was investigated 

by the author.
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Figure 6 .6 : Experimental result of gain curve of high voltage amplifier against the 

frequency of input voltage. The dotted line is the 3dB line.

The gain curve of the high voltage amplifier could be obtained by measuring the output 

voltage for the fixed input voltage, while the frequency of the input voltage was varied 

using a function generator. Figure 6 . 6  shows the experimental result of the gain curve 

against the frequency of the input voltage. The gain stayed at 10.5 at low frequencies 

until it started to drop at 8  Hz. In this figure, the cut-off frequency was at 18.3 Hz.

6,3 Performance of the Q D  and its electronics

The performance of the QD and its electronics is important since it detects the position 

of the reference beam and generates the error signals. Two things should be checked 

for the performance. One is the value of sensitivity of the QD electronics. It is the 

variation of the error signals (vertical and horizontal) from the QD electronics in terms 

of the position change of the reference beam on the QD. The gains of other amplifiers 

are determined according to this value. The other is to check whether the error signal is 

proportional to the displacement of the reference beam on the QD. Especially, if there 

were some dead zones around the null position, it would not be possible to achieve the 

accurate positioning of the system.
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Figure 6.7: Two-axis flexure system developed by Hubbard (Hubbard 1996).

To change the reference beam position on the QD vertically or horizontally, one cycle 

of OV ~ 80 V was applied to the vertical or horizontal PZT. Since the QD was installed 

in the two-axis flexure system, the extension of each PZT made the same amount of 

displacement of the QD in the direction of each PZT movement, as shown in Figure

6.7. The displacement of the QD and the error signal were recorded at every lOV.

As the vertical interferometer was assembled together with the housing of the QD, the 

vertical motion of the QD can be measured by the vertical interferometer. However, 

another positioning sensor was necessary to measure the horizontal movement of the 

QD. For this purpose, the eddy current sensor was used. This sensor uses the principle 

of impedance variation caused by eddy currents that are induced in a conductive target 

(usually aluminium) by a sensor coil. The coil is driven by a high frequency oscillator 

so as to generate an electromagnetic field that couples with the target. The gap 

between the sensor and target affects the strength of this coupling, thus changing the 

coil impedance. According to the information from Kaman Instrumentation (Kaman 

Scientific Co. ), a well-calibrated sensor produces 0-5V in the range of 50 pm with 

very high linearity.
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Figure 6 .8 : Experimental set-up of eddy current sensors for measuring the displacement 

of the QD.

Figure 6 . 8  shows the configuration of installation of two eddy sensors on the Cervit 

block for the vertical interferometer. Eddy current sensor (1) monitors the vertical 

movement of the QD and (2) the horizontal movement. However, since the vertical 

movement of the QD is monitored by the vertical interferometer, only eddy current 

sensor (2 ) is used for monitoring of the horizontal movement. Signals from eddy 

current sensor (2) and the QD electronics were collected by a 12-bit ADC card to the 

PC. To reduce the random noise error in the signals, 100 successive readings were 

averaged.

Figure 6.9 shows the relation between the vertical error signal from the QD electronics 

and the vertical interferometer when the voltage was applied to the vertical PZT. The 

vertical error bar means l a  of 100 readings at each measurement. The vertical error 

signal was proportional to the displacement of the QD without significant dead-hand. 

The sensitivity of the vertical channel was the slope of the linear fitting line, -0.044 

V/gm.

In a similar way, the relation between the horizontal differential signal from the QD 

electronics and the horizontal displacement is shown in Figure 6.10. The horizontal 

error signal was also proportional to the displacement of the QD horizontally. The 

sensitivity of horizontal channel was 0.042 V/|im, 4.5 % difference with the vertical 

sensitivity, which is not significant in the two independent closed loop systems.
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Figure 6.11 : Block diagram of the reference system when the PZT operates.

This difference seems to come from the tolerance of the high resistance (~100MQ) 

used in the QD electronics.

Also, there is no significant hysteresis in the outputs of the QD in both channels. The 

slight difference of the cycling curves in both channels is thought to be from air 

turbulence, which is described in section 6 .6 . The more accurate experiment can be 

done with the suppression of the air turbulence.

6.4 System simulation

Figure 6.11 is the block diagram of the reference system when the PZT actuates to 

compensate the error in closed loop operation. Since the target of the reference system 

is to make the null signal from the QD, the input voltage to the reference system is OV. 

E(s) is the error function, which is negative of the output from the QD and electronics. 

That means the system is negatively feedback. Kl(s), K2(s) and K3(s) are the transfer 

functions of each stage of amplifiers, p is the sensitivity coefficient (output voltage of 

the horizontal/vertical channel of the QD per horizontal/vertical displacement of the 

reference beam) of the QD and electronics, and a  is the expansion of the PZT per unit 

voltage. Y(s) is the output function, which is the reference beam deviation from the 

null position of the QD as a result of the perturbation P(s) and compensation motion of 

the PZT. This perturbation represents the straightness error of the granite beam or the 

deflection of the reference beam.

By the simple calculation, the transfer function of the whole system is given by.
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P{s)
\ + G(s) (6.3)

where G=a-p-Kl-K2-K3 is the system loop gain.

The system characteristic was simulated by the commercial software package Simulink 

o f  MAT LAB 5.0 (MATLAB ). In this simulation, the PZT was assumed to have no 

hysteresis and be perfectly linear with coefficient (a) being 0.14 pm/V (Hubbard 1996) 

for simplicity. The actual PZT has a significant hysteresis (normally 15 % of the 

travel) and this simplification may degrade the accuracy of the simulation of the 

compensation process, p was found to be 0.044 V/pm in section 6.3. The form of 

Kl(s) and K2(s) followed equation (6.2), with corresponding values of each parameter. 

Since the high voltage amplifier consists of several transistors and capacitors, it was not 

easy to obtain the exact transfer function. Instead, K3(s) was approximated to equation 

(6.2), using the information from the gain curve of Figure 6 .6 . With these values, the 

loop gain in steady state, G(0), is calculated to be about 476.

Figure 6.12 shows the simulation of the system response to the step function. The most 

remarkable feature was that it reached a stable state after some oscillatory motion. This
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Figure 6.12: The simulation of transient responses of the PZT (circle points) to the step 

perturbation (sold line).
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means that the system is under-damped, of which settling time is about 0.8 second. It is 

well known that the critical damping is advantageous in making a short settling time. It 

can be achieved by increasing the damping ratio, which corresponds to the increment of 

the capacitance electrically. For example, when the capacitance C c in the PZT amp 

was increased from 5 pF to 25 p,F, the simulation showed that the system was close to 

the critical damping and the settling time was reduced to less than 0 . 2  second. 

However, the increment o f Cq has a disadvantage in that it prevents the PZT from 

returning to the offset status when the MM is selected by the relay, as explained in 

section 6.2.5.

The error between the height of step function and the PZT compensation was about 3 

nm. Therefore, this simulation confirmed that the error compensation o f the new 

reference system is accomplished with the satisfactory accuracy.

The deviation of the simulation from the experiment result (see Figure 6.23) was 

thought to be due to the imperfect modelling of the PZT and K3(s).

6.5 T esting o f the flexure system

6.5.1 Problems in the flexure system

The flexing element merely constrains the motion so that the stage moves in the desired 

direction, all relying on the elastic deformation of a solid material. Since it does not 

have stiction, friction, or significant hysteresis, it is suitable for extremely high 

precision positioning. To achieve high performance from a flexure system, however, 

care is required in the precise mounting and clamping of the flexure elements. Since 

SPLOT uses a two-axis (vertical and horizontal) flexure system, as shown in Figure

6.7, more careful consideration is necessary.

One o f the significant requirements for the two-axis flexure system is that the motions 

o f two axes should be independent o f each other. It is the most desirable that the 

vertical error should be corrected by moving only the vertical flexure and the horizontal 

error by only the horizontal flexure. I f  there is a cross-talk between two axes motions, 

it is expected that the compensation process in the closed loop operation is more 

complicated. In the worst case, this system may not reach a stable null position.
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Figure 6.13: The horizontal (square points)/vertical (circle points) displacement of the 

QD for the vertical (bottom x-axis)/horizontal (top x-axis) flexure movement.

However, it was found during the sensitivity measurement that there was the significant 

cross-talk between two-axis movements. When the vertical PZT is activated, the 

horizontal position of the QD was detected to move and vice versa. Figure 6.13 shows 

the cross talk problem of the two-axis flexure system: horizontal/vertical displacements 

of the QD for the vertical/horizontal flexure movement. Left and bottom axes are for 

the square points and right and top axes are for circle points. At every measurement 

point, 100 successive readings were averaged to reduce the high frequency noise. The 

error bars represented Ic  of this noise. The error bars of two measurements were at a 

similar level (about 2 0  nm).

This figure clearly shows the cross-talk and hysteresis of the two-axis motions. The 

displacement of the horizontal flexure was 6.7% of the corresponding movement of the 

vertical flexure, whereas the displacement of the vertical flexure was about 3.7 % of 

the corresponding movement of the horizontal flexure. Also, the movement of the 

vertical PZT added a significant hysteresis to the horizontal displacement (-30 % of the 

travel). The horizontal PZT produced very little hysteresis in vertical displacement 

(<0.1 %).
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Figure 6.14: The conceptual diagram to show the arcuate motion according to the 

longitudinal displacement (Ax) in a single-axis flexure system.

There are two reasons for the cross-talk between the two-axis motion and hysteresis: 

arcuate motion of the flexure, and a design error in the original flexure system.

6.5.1.1 Arcuate motion of the flexure system

A certain amount of cross-talk between two axes is unavoidable because the flexure 

moves with a circular path, not a straight-line, which is shown in Figure 6.14.

According to the longitudinal movement (Ax) of flexure, the moving platform also

moves towards the fixed block (Ay) with the following relation.

Ay % /(I -c o s ^ )  , (6.3)

where 6 = s i n ( A x / / )  and / is the length of flexing element. For an existing flexure

system, /s of vertical and horizontal flexure are 87 mm and 29 mm respectively.

Typically, Ay is a very small amount. For example, when Ax is 1 pm. Ay is 

theoretically 5x10’'  ̂ m for vertical flexure deflection and 2 x 1 0 ’*' m for horizontal 

flexure deflection. However, under the situation where the substantial amount of 

deflection was already formed. Ay can be no longer ignored for a small value of Ax. 

For example, the amount of the horizontal displacement of the flexure for the vertical 

PZT movement, as shown in Figure 6.13, is possible when the existing deflection of 

vertical flexure is about 4.4 mm. In a similar way, the vertical displacement for the 

horizontal PZT movement can be explained with arc motion if the existing deflection of 

horizontal flexure is about 1 mm.
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Unfortunately, this large deflection of the flexure is very likely during the alignment 

process. Since the reference beam height is fixed on the Cervit pillar, as shown in 

Figure 3.9, the easiest (but not only) way o f reference beam alignment on the QD 

would be by deflection of the flexure system.

Also, this arc motion can generate some amount o f friction between the PZT and the tip 

o f the MM. This friction may cause the deflection of the PZT and mechanical play of 

the MM, which result in the hysteresis o f the motion. With some friction, a small error 

may not be compensated. This effect cannot be removed in this structure. Instead, 

very careful alignment o f the flexure system with respect to the reference beam will 

reduce the deflection of each flexure, which results in the reduction of the amount of 

the cross-talk.

6.5.1.2 Design error in the flexure system

Another source for cross-talk and the hysteresis was the design error in the original 

flexure system. As shown in Figure 6.7, the horizontal PZT moves with the vertical 

flexure, whereas the horizontal MM is fixed on the outer frame. This structure can 

generate the horizontal movement o f the QD and some amount o f friction between the 

horizontal PZT and the tip of the MM by the motion of the vertical flexure. However, 

there is no relative motion between the vertical PZT and tip of the MM for the motion 

of the horizontal flexure, as can be seen in Figure 6.7. This finding explains why the 

motion of vertical PZT generated the significant hysteresis in the horizontal 

displacement, compared to the effect of the horizontal PZT on the vertical 

displacement.

This problem can be removed by the slight system modification, as described in the 

next section.

6.5.2 Modification

To reduce the cross-talk and hysteresis motion of the flexure system, the horizontal 

MM was re-mounted on the moving platform, so that the MM moves together with the 

vertical movement of flexure. Then, there is no slip between the horizontal PZT and tip 

of MM according to the movement of vertical flexure. Also, The re-alignment o f the 

flexure system was necessary to reduce the deflections o f the horizontal and vertical 

flexure.
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Fixed to vertical flexure

Figure 6.15: New bracket for removing the slip between the horizontal PZT and MM. 

The centre part of the bracket is not a material.
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Figure 6.16: The cross-talk of the flexure system after modification.

Figure 6.15 is the drawing of the new bracket for the horizontal MM. Part B was 

glued to the vertical flexure and part A was attached to part B by screws. The centre 

hole in part A was for assembling MM. Since the horizontal MM coupled to the new 

bracket, which was glued to the vertical flexure, there was no relative motion between 

the tip of MM and the horizontal PZT for the motion of the vertical flexure.

After modification and re-alignment, the cross-talk tests of the flexure system were re

determined. Figure 6.16 shows the result of experiment. The cross-talk of
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horizontal/vertical displacements were reduced to 1.1 % and 1.7 % of corresponding 

vertical/horizontal flexure movements. Also, the hysteresis of each curve was less than 

20 nm. The modifications successfully improved performance.

The residual cross-talk and hysteresis might be reduced further if  the alignment were 

performed more precisely. However, in closed loop operation, this amount o f cross

talk is not significant and the system can reach the null position. This is demonstrated 

experimentally as shown in the section 6.7.

6.6 The effect of air turbulence

6.6.1 The air turbulence and stratification

Since the laser reference system relies on the laser beam propagated in the air, the 

straightness of the laser beam determines the quality o f the reference surface generated. 

Unfortunately, a beam of light through the air is generally not straight. The heat 

shimmering and mirages in the dessert are good examples. These phenomena are due 

to the air turbulence and stratification respectively. In a closed room, this phenomenon 

would not occur as much as outdoors. However, since there is some air movement in 

the room, some seeing effect can be expected.

The air turbulence in a closed room, especially in the current metrology room, has 

many sources: air flow through the gap between the doors, heating sources like power 

supplies, lights, laser, or observer, the movement of the observer, the rotation o f the fan 

in the computer, the leaked air from the air bearing, etc. Some of them may contribute 

to the air turbulence and others may generate air stratification vertically or horizontally.

The air turbulence is critical in defining a stable line and the stratification is critical in 

defining a straight line o f the reference beam. A stablility of the reference beam is 

related to the random error and the straightness to the systematic error in defining a 

reference line. These two problems should be considered separately. In this chapter, 

only random error related to the air turbulence is considered and the systematic error 

related to the stratification is tackled later.

6.6.2 The air turbulence without the air bearing activated

To find out the effect of the air turbulence in the room, the displacement o f the 

reference beam on the QD was monitored, as the amount o f the air flow around the
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instrument was controlled by some sheets of polythene. To eliminate the effect of the 

air bearing, it was turned off. The displacement of the reference beam can be detected 

by monitoring the output voltage from the QD in open loop operation. The measured 

voltage can be converted to the displacement of the reference beam pointing from the 

centre o f QD by means of sensitivity measurement, Figure 6.9 and Figure 6.10.

Figure 6.17 shows the vertical and horizontal reference beam displacement on the QD. 

Graph (a) is when there was no polythene sheet covering the profilometer table and 

graph (b) is when there was a single polythene sheet, draped like a curtain in front of 

the table. Graph (c) is when there was a second polythene sheet that covered only the 

instrument and Cervit pillar fully. In the set-up (c), the polythene sheet covered the 

instrument very closely, so there was not much space for air to move.

Clearly, the fluctuation of the reference beam on the QD was reduced as the air current 

around the instrument was reduced. Under the single polythene curtain, the p-v of 

vertical and horizontal displacements were 0.17 p,m, about 60 % of that without 

polythene curtain. By putting another polythene cover close to the instrument, the 

reference beam fluctuation was further reduced to within 20 nm vertically and 40 nm 

horizontally.

Some spikes in graph (b) were not observed after the open top was covered. These 

spikes are thought to be due to the rapid motion of the air. From these experiments, it 

was found that the enclosure of the table with the polythene sheets effectively reduced 

the air current around the instrument. Also, in order to obtain more stable situation, the 

reduction in volume of the enclosed air seemed to be useful as it decreased the air 

current.

6.6.3 The air turbulence with air bearing turned on

The effect of the leaked air from the air bearing was determined when the air bearing 

was turned on with the same conditions as in the previous experiment. Figure 6.18 

shows the vertical and horizontal displacement of the reference beam with the air 

bearing on when (a) there was a single curtain and (b) there were a single curtain and a 

cover on the instrument.

142



r  t

11
il

«î.iO

020 

0.1 S 

0.10 

005
ooo
005
0.10

0.15

020

025

0.30

- I

Time (seconds)

(a)

l î

03 OOO - 

Œ ^ 3̂J5̂
I  t  ^

020  -

0 0 5  -

Time (seconds)

(b)

.042
(/) .GA4

0 0 5

- 0.10

-0 .1 6

- 0 .1 5

Time (seconds)

(c)

Figure 6.17: The vertical (upper lines) and horizontal (lower lines) displacement of the 

reference beam on the QD, when the air bearing is off. (a) there was no polythene 

curtain, (b) there was a single polythene curtain, and (c) there was a single polythene 

curtain and a second polythene cover on the instrument.
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Figure 6.18: The typical vertical (upper lines) and horizontal (lower lines) of the 

reference beam displacement from the centre of the QD when the air bearing is on, with 

conditions (a) there was a single polythene curtain and (b) there was a single polythene 

curtain and cover on the instrument.

Surprisingly, the p-v displacement of the reference beam with a double covering was 

50 % larger than with a single curtain. Also, the p-v displacement with the air bearing 

on was twice in a single curtain and thirty times bigger in a double covering than 

without the air bearing on. This implies that the leaked air from the air bearing 

seriously affected the surrounding air. If the volume of enclosed air was less, the effect 

of the leaked air became more significant. Therefore, the double covering was not 

useful with the air bearing operation.

This kind of air turbulence seems to be unavoidable if the air bearing system is used for 

the horizontal movement. The air bearing must always be turned on during the
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measurement, whereas other turbulence sources could be isolated by wrapping around 

the instrument table thoroughly. This limits the quality of the reference line.

The air bearing leakage seems to cause not only a disturbance in the surrounding air but 

also a thermal fluctuation, since its temperature is generally different from the 

surrounding air. By experiment, the leaked air was found to be 0.4 lower in 

temperature than the ambient temperature. This amount of temperature difference can 

result in thermal fluctuations of refractive index of the air, which can affect the stability 

of the reference beam propagation.

However, it was found experimentally that placing some polythene shielding between 

the laser beam path and granite beam (see Figure 6.19) could reduce the direct effect of 

the leaked air on the laser beam propagation. Figure 6.20 shows the reference beam 

fluctuation with this shielding and a single curtain. The p-v of displacement was 

typically less than 0.15 pm, which was one third of that without the polythene sheet 

and the similar level of that without the air bearing on. This method is very easy and 

effective way to reduce the effect of the leaked air and applicable to measure the small 

optics.

Polythene sh ield in g

I

Figure 6.19; The picture of experimental set-up to prevent the direct effect of leaked air 

from the air bearing to reference beam path.
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Figure 6.20: The typical variation of height in open loop operation, when the probe 

system was stationary in the air and the polythene shielding was used.

Figure 6.21 shows the height variation in closed loop operation with the polythene 

shielding used. As the probe system was stationary in the air, the height variation was 

mainly the result of the compensation activity of the reference system for the reference 

beam fluctuation on the QD. The resultant p-v of height variation was typically about

0.1 pm, ignoring the peak noise in central part of figure. This was the similar level of 

the reference beam fluctuation that was monitored in open loop operation.

If this height variation continues over the travel length, it would imply that the laser 

reference system is equivalent to a quarter wavelength quality of optical flat over 1 m 

in length. However, in order to achieve it in the present reference system, there are two 

problems to overcome:

• Using the polythene shielding as a reduction method of the leaked air effect has a 

difficulty in application over the whole range of granite beam. Since the length of 

polythene sheet should be varied as the instrument is moved, it requires some 

special devices to control its length without disturbing the smooth horizontal 

motion.
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Figure 6.21: The typical variation of height in closed loop operation, when the probe 

system was stationary in the air and the polythene shielding was used.

• The leaked air from the air bearing is not only the source of the air turbulence. The 

non-uniform of the temperature surrounding the instrument also can generate the air 

turbulence. Even in very stable state, the air stratification due to the thermal 

gradient of the air can generate the deflection of the reference beam. This effect 

becomes more serious as a measuring probe is moved away from the source of the 

reference beam (fibre tip). To reduce this effect, the environmental conditions of 

the metrology room should be controlled by the precision air conditioner to obtain 

the uniform distribution of the temperature.

D. Walker (personal communication) suggested some method to remove the 

temperature difference between the leaked air and the surrounding air. It is to pre-heat 

the supply air by some heating system (e.g. copper tube in a heating coil) before it 

reach the air bearing. The temperature difference is sensed by thermostats and it is 

used to control the current to the heating coil, to reach zero temperature difference.

These works cannot accomplish in the near future due to the limited time, so that it will 

be left as further works.
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6.7 Compensation accuracy

It is important to check how accurately the reference system compensates the position 

error. In order to do that, some positional error should be generated artificially and the 

final positions after completing the compensation of this error should be compared to 

the initial positions.

6.7.1 Experiment

To achieve a step error close to the ideal case, a procedure was developed by the 

author. This procedure is explained with one experimental example (see Figure 6.22), 

in which the vertical step error was generated in a vertical flexure. The horizontal step 

error in a horizontal flexure was also generated in a similar way.

1. Start ~ ‘A ’: The closed loop system is operated with the two PZTs activated. The 

vertical MM is disabled by disconnection the power line. The horizontal and 

vertical positions in this situation are the target positions of the QD.

2. ‘A ’: By the manual control of the relay amplifier, the relay selects the MM instead 

of the PZT. Since the vertical MM was disconnected, the positional error is not 

compensated by this MM.

3. ‘A ’ ~ ’B ’: The length of the vertical PZT returns to the offset length (about 4 pm) 

and the vertical position is away from the original position.

4. ‘B ’: By the manual control of the relay amplifier again, the relay selects the PZT. 

Now, the PZT starts to compensate the positional error.

5. ‘B ’ ~ end: After some oscillatory motion, positions are stabilised. These final 

positions are compared to the original positions to check the compensation 

accuracy.

The amount of vertical step error can be adjusted by applying the isolated power to the 

vertical MM before the event ‘A ’. While the movement of the MM is within the range 

of the PZT compensation, the length of PZT from the offset length can be varied and 

thus the amount of vertical step error can be adjusted.
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Figure 6.22: The generation of step error function to the vertical flexure of reference 

system. The vertical PZT loses control at point ‘A’ and regains it at point ‘B’ 

manually.
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Figure 6.23: The m agnified picture o f Figure 6.22 around event ‘B ’. The dotted line is 

the original height value.

All experim ents about compensation accuracy were carried out using a single polythene 

curtain, and with air bearing off, in order not to be disturbed by the air turbulence. The 

vertical and horizontal displacem ents o f the flexure were m easured by the vertical 

interferom eter and the eddy current sensor respectively. The air bearing was placed 20 

cm away from the fibre tip, to reduce the effect o f the air turbulence.

6.7.2 Compensation accuracy

It was shown in Figure 6.22 that the vertical and horizontal positions o f  the QD were 

precisely recovered within 20 nm  and 30 nm respectively, for 0.7 pm  o f  vertical step 

error. This difference seems to be related to the reference beam  fluctuation, w hich is 

explained in the previous section. Since the time gap betw een the events ‘A ’ and ‘B ’ is 

about 15 seconds, the reference beam position on the QD may be different betw een the 

two events due to the air turbulence, referring to Figure 6.20.

Figure 6.23 shows details o f the vertical displacem ent around event ‘B ’ in Figure 6.22. 

The am plitude o f the PZT overshooting was 1.4 pm , 2 tim es the step error. A ctually, 

the am ount o f overshooting is reduced if  the capacitor in the PZT am plifier is
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increased. For example, it was found experim entally that the overshooting was reduced 

to 0.5 pm  and oscillatory m otion was also reduced, when a 25 pF was used instead o f  5 

pF. N evertheless, this characteristic does not seem to affect the com pensation 

accuracy. Also, to use a low capacitance is advantageous in reducing the num ber o f  

switches betw een the PZT and M M  during the travel as explained in section 6.2.5.

To reduce the effect o f the reference beam fluctuation during the com pensation 

accuracy test, the time gap between the events ‘A ’ and ‘B ’ was set to 2 -3  seconds and 

the vertical displacem ents were monitored. In this case, the am ount o f  step errors were 

about 0.5 -0 .6  pm. This process was carried out thirteen tim es, and it took 70 seconds 

to finish the experiment. This experim ent is sim ilar to the repeatability test o f  reference 

system.

Figure 6.24 shows the height differences o f each com pensation process. All 

differences were within ±10 nm. The reason why there is more positive difference than 

negative is thought to be due to the reference beam  fluctuation over a relatively long

term  scale.
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Figure 6.24: The difference betw een the original heights and final heights after the 

com pensation completed. The time interval betw een two events was about 2 seconds, 

so that the amount o f  step error is about 0.5 pm.
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Therefore, the compensation accuracy can be thought to be less than 10 nm. Also, this 

experiment proves that the residual hysteresis and cross-talk of the flexure system after 

the modification is not a significant problem in the closed loop operation.

6.8 Repeatability test
A repeatability test was carried out using the same method as in chapters 4 and 5. The 

only difference condition was that the reference system was turned on at this time. 

Figure 6.25 shows the result of this repeatability test on the zero-slope surface. This 

result was generated by subtracting a least square fitting line from the original 

measurements. The range of height is about 0.17 pm, a similar level of the 

displacement of reference beam on the QD. The l a  of this test was 37 nm, about 4 

times larger than the repeatability in the probe system testing (see figure 4.20 in chapter 

4). This repeatability is not acceptable to meet the target accuracy.
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Figure 6.25: The repeatability test on the flat surface with zero slope when the laser 

reference system is operated.
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To confirm that the main source o f  this limited repeatability is the air turbulence, the 

movement o f the flexure during the measurement was eliminated from the original 

height measurement. It could be done by measuring the vertical motion o f  the flexure 

with an eddy current sensor (1) in the configuration o f Figure 6.8. The eddy sensor 

detects only the variation o f the position o f flexure, not the position o f  the probe tip. 

That is, it reflects the variation o f flexure due to the movement o f  the reference beam. 

Figure 6.26 shows the result o f  subtraction o f  the height variation o f the flexure from 

the original measurements. The maximum deviation was much reduced to about ± 40 

nm and l a  was 22 nm.

Flowever, it is still twice larger than the repeatability test carried out in the new probe 

system testing. The most probable explanation o f degrading the repeatability with the 

reference system is related to the principle o f the CPF measurement. In a similar way 

o f  the repeatability test on the slope surface with the horizontal drive system installed 

(carried out in chapter 5), the vertical variation o f  the flexure due to the reference beam 

fluctuation seems to prevent from finding the contact event o f  the probe tip. Even 

though this amount o f repeatability is tolerable, it is emphasised again that the further 

suppression o f the air turbulence will make it possible to measure the optics more 

accurately.
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Figure 6.26: The repeatability test after the movement o f  vertical flexure was 

compensated.
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6.9 C onclusion

A high quality of laser reference system is very important for the highly accurate 

measurement o f the surface. To obtain this, a hardware based feedback system was 

developed and tested. In the computer simulation, the compensation accuracy of this 

system was estimated to 3 nm. However, the air turbulence due to the leaked air from 

the air bearing and the air current in the metrology room generated the significant 

reference beam fluctuation. By the polythene curtain draped around the table and the 

shielding between the reference beam path and the air bearing, the reference beam 

fluctuation was reduced to 0.15 pm typically in p-v error.

With those efforts, the error compensation accuracy o f the reference system was better 

than 10 nm experimentally and the repeatability was 37 nm of standard deviation. The 

more the air turbulence is suppressed, the better the repeatability is expected to obtain.

Pre-heating the supplied air before the air bearing to minimise the exhaust AT is an 

obvious way to reduce the effect of leaked air, but has not been progressed in this 

thesis. Moreover, even 0.15 pm of the reference beam fluctuation is not acceptable for 

the high accurate measurement. Further investigation to reduce the reference beam 

fluctuation is also necessary.
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chapter 7

Measurements and error analysis

7.1 Introduction

Most experiments related to improvement of the sub-systems of SPLOT were carried 

out with the horizontal position of the carriage (air bearing) fixed, except the testing of 

the horizontal driving system. In this chapter, some optics are measured by moving the 

carriage. The system performance of SPLOT is evaluated by comparing this result 

with measurements made by a WYKO 6000 phase shifting interferometer.

At this stage, it was very important to check whether the reference system could 

compensate the motion errors of the air bearing carriage and supply the stable straight 

reference line for the highly accurate measurement. The existence o f the air turbulence 

was found to generate some amount of random disturbances on the beam pointing, as 

explained in chapter 6 . Since this is the random error, its effect can be reduced if 

several measurements on the same surface are averaged. However, if there are some 

systematic errors related to the reference system, their effects on the profile 

measurement cannot be reduced without compensating it.

The first part of this chapter concentrates firstly on the nominal flat measurement, and 

secondly an investigation of the sources of measurement error in the reference system, 

especially focused on the motional errors of the air bearing carriage. In the later part, 

the differential height measurement method is introduced to test the aspheric with the 

large asphericity, and the measurement accuracy is evaluated.
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7.2 Flat measurement

7.2.1 Preparations

Ideally, the straightness of the reference system can be checked by measuring a 

perfectly flat surface. Any deviation from the flatness would be due to the imperfection 

of the reference system. However, it was not practical to obtain an adequate flatness 

standard of reasonable size (more than 100 mm). Instead, the method used was to 

compare the measurement results on a nominal flat from two instruments, one was 

SPLOT and the other was a high quality commercial product: the WYKO 6000 phase 

shifting interferometer.

The sample was a 150 mm diameter and 25 mm thickness Zerodur nominal flat. It had 

been polished to 400 nm P-V nominal flat, plus some subsequent polishing experiments 

on this surface by D. Kim in OSL. Figure 7.1 shows the contour of the resulting 

deformed surface, measured with the WYKO 6000. Since the interferogram in the 

Fizeau configuration is formed by the inclination of the target surface with respect to 

the reference one, the contour of the surface can be obtained by removing the tilting 

term from the original OPD data. Several signatures o f the polishing experiments 

could easily be seen. Overall P-V error of the surface was shown as about 700 nm. 

Figure 7.2 shows a two-dimensional profile, along a centre line selected for the probe 

tip of SPLOT to trace. Both ends of this line were marked on the sides of the sample. 

This profile showed the particular features of the polished surface.

7.2.2 Measurements

Figure 7.3 illustrates a series of measurements on the sample flat with the laser 

reference system enabled. Two scans were made along the selected centre line. Each 

scan consisted of 22 points at 7 mm intervals. Each graph was generated by subtracting 

a least square linear fitting from the original measurements to remove the tilt term. The 

solid line was the result from the WYKO 6000.
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Figure 7.1: The picture of surface contour of sample flat using WYKO 6000.
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Figure 7.2: Two-dimensional profile of the sample flat along the line which SPLOT 

traces to measure.
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Figure 7.3: Profile measurements of the sample flat with the reference system enabled. 

Square and circle points are results by SPLOT and the solid line is the profile produced 

by the WYKO 6000.

The results of the two scans by SPLOT satisfactorily replicated the features of the 

surface observed by the WYKO 6000. The 0.5 pm of valleys at the sides were clearly 

seen, and the slopes at marginal areas were similar between the two types of 

instrument. However, due to the sampling distance, the detailed description of the 

complex central part was simplified.

The two SPLOT scans were within ±0.2 pm. This difference is quite similar to the P-V 

error of the repeatability at the single point measurement due to the air turbulence, as 

shown in the chapter 6 . Without more suppression of the air turbulence, this difference 

is unlikely to be reduced further. However, the differences between the average of two 

SPLOT scans and one WYKO 6000 scan are the systematic measurement errors. One 

of the clear example of systematic errors was shown in the region of 90-120 mm, 

where the successive errors of -0 . 2  pm were visible.
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Figure 7.4: Profiles of two scans of the sample flat without the reference system 

enabled. The solid line is the profile produced from the WYKO 6000.

The systematic measurement errors may come from the reference system, or other 

sources of error. The distinction of the effect of the reference system from other source 

of error can be possible by comparing the two measurements, one with the reference 

system enabled and the other without the reference system. For this purpose, the 

sample flat was measured again but without the reference system enabled (i.e. with 

open loop operation). Figure 7.4 illustrates a series of measurements on the same

sample flat in this situation. The two scans were made along the same line as for the

measurements with the reference system. Each graph was generated by removing the 

tilt error from the original data.

These measurements also showed features of the sample surface similar to 

measurements with the reference system enabled. However, successive errors of -0.2 

pm were not visible in the region of 90-120 mm. Therefore, the systematic errors 

occurred in this region are due to the reference system.

Except the region of 90-120 mm, the measurements without the reference system

enabled were generally worse than with the reference system enabled. For example.

159



the errors without the reference system enabled were - 0 . 1  |im in the range of 0-60 mm 

and maximum +0.2 p.m in the region of 80 m m -100 mm and -0.3 |j,m in the region of 

130 mm -  end. On the other hand, the errors with the reference system enabled 

remained within ±0.1 fim in the same regions. These findings imply that the reference 

system compensated systematic errors from the air bearing carriage efficiently although 

not completely.

As a result, the RMS errors of a SPLOT scan with respect to the WYKO 6000 scan 

were average 0 . 1 0  pm and 0 . 1 2  pm for the measurements with and without the 

reference system enabled respectively. The reason why RMS errors of both 

measurements are similar is due to the random error and incomplete error 

compensation of the reference system.

The reasons for the imperfection of the reference system are investigated with regard to 

the motion errors of the air bearing carriage in the following section.

7.3 Motion errors of the air bearing carriage

7.3.1 General concepts

Figure 7.5 shows schematic diagram of an air bearing carriage loaded on the granite 

beam. The air bearing has six degrees of freedom. Three of them are displacement 

errors, which can be denoted as ô%(x), ôy(x), and ôz(x) for displacements along each 

axis. The positional error ô%(x) is the difference between the actual longitudinal 

position of the air bearing and the commanded position. ôy(x) and ôz(x) are called 

horizontal and vertical straightness error. Here, the straightness errors are defined as 

the residuals obtained from the subtraction of the best-fit line from the measurement 

data (Estler 1985). The other three terms of motion errors of the air bearing are angular 

errors about the axes, which are denoted as 0x(x), 0y(x), and 0z(x). They are also 

referred to as roll, pitch, and yaw respectively.

Since the air bearing is separated from the granite beam by a thin layer of gas, the 

motion errors of the air bearing carriage are mainly determined by the distortion of the 

granite beam. For example, the motion of the carriage due to the sag o f the granite 

beam can be expressed as the combination of the pitch and vertical straightness error.
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Figure 7.5: An air bearing carriage loaded on the granite beam. The direction of 

motion is along the x-axis. The air bearing has error motions related to each of the six 

degrees of freedom. The centre of the rotational motion is placed on the centre of the 

air bearing.

7.3.2 Effects of the displacement errors

The direct effect of the displacement errors of the carriage is to change the position of 

the quadrant diode (QD) as well as the probe tip on the surface. The position change of 

the QD due to ôx(x) does not affect the measurement accuracy, as the position change 

of the probe tip in the X-axis direction is defined by the horizontal interferometer. The 

position change of the QD due to ô y ( x )  can be recovered by the reference system; 

however, the height error induced by the displacement of the probe tip in Y-axis can 

not be compensated with the reference system. While this problem is not very 

significant in the measurement of the flat, it can be very serious when the target surface 

is steep. In order to compensate this error, ô y ( x )  should be monitored.

ôz(x) is one of the main source of the error in the measurement without the reference 

system enabled. Most of ô%(x) is generated by the gravitational force. For accurate 

estimation of ô z ( x ) ,  a theoretical analysis using the Finite Element Analysis (FEA) is 

useful; however, it is beyond the scope of this Thesis. Instead, an approximate 

estimation of the gravitational deflection of the granite beam is possible by measuring 

the slopes (pitch error) of it at regular intervals and integrating them.

Figure 7.6 shows the experimental result of the deflection of the granite beam. The 

slope was measured using the Talyvel 4 (Rank Talyor Fiobson Ltd ). It is basically a 

pendulum used in conjunction with an electronic detecting system to sense precisely 

the attitude of the pendulum with respect to its housing. Its measurement range is ± 

600 arcseconds, and the accuracy is 3% of the reading. It was placed on the air
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bearing. The slope measurements were carried out at 5 cm interval for 105 cm travel. 

The uncertainty of the pitch error measurement was about ±1 arcsecond due to the 

oscillatory motion of the table.

As a result, the sag of the deflection of the granite beam was about 5.7 pm. That means 

that if the deflection of the granite beam were not corrected, it could provide a huge 

error to the measurement of the large optics. The variation of the pitch error from the 

best-fit linear line in the upper graph of Figure 7.6 can generate very significant 

measurement error, which is explained in the next section.
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Figure 7.6: The pitch angle of the granite beam (upper) and its integration (lower) to 

show the deflection.
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7.3.3 Effects of the angular m otion errors

The angular errors have similar effects as the displacement errors. They change the

angular orientation of the carriage, resulting in displacement of the probe tip on the

surface as well as the position of the QD. The lateral displacement of the probe tip on 

the surface is called ‘Abbe’ error (Nakazawa 1994). Figure 7.7 shows the conceptual 

diagram of this error. Due to the rotation of the carriage, the position of the tip was 

laterally displaced Ax, as given by.

Ax = / tan 6) , (7.1)

where / is the distance between the measuring instrument and the tip and called ‘Abbe’s 

offset’. If the curved surface is measured, this error disturbs the effective accuracy of 

the vertical measurement, of which significance depends on the slope of the surface. 

Unfortunately, the reference system implemented in SPLOT can not correct this error.

Another source of error called the ‘cosine’ error is also shown in the same figure. It is 

the height error between the real distance (/) and the measured distance (/'), of which 

amount is given by,

/’- /  = / '( l - c o s 0 ) (7.2)

For small 0, the Abbe error is proportional to 0, whereas the cosine error proportional 

to 0 .̂ Therefore, the Abbe error is more significant for small 0 than the cosine error. 

However, when the length of / is large, the cosine error becomes also significant.

position of
measuring
instrument

carnage

I 1 probe

sam ple

Figure 7.7: The effect of the angular error. The dotted line is the original configuration 

and the solid line is the configuration after the rotation of the carriage.
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Figure 7.8: The schematic diagrams of the roll error of the air bearing (end view), (a) 

configuration (b) simplified diagram of (a). The short dotted line and the solid line 

represent situations without and with the roll error (0x). The long dotted line in (b) 

represents the situation when the reference system operates. The circle, square and 

triangle points represent centres of the roll motion, the beam splitter, and the QD 

respectively.

More detailed descriptions and estimation of the measurement error from each 

rotational motion are described in following sections.

7.5.3.1 Roll error

Figure 7.8 shows the effect of the roll error of the air bearing. Among the several 

components of the instrument, the QD, beam splitter in the vertical interferometer, and 

the centre of rotation are the most important in order to estimate the error. Here, the 

beam splitter mentioned is used to divide the laser beam between the interferometric 

test beam and the reference beam. These three points are shown in Figure 7.8 (b). Li is 

the distance between the rotation axis and the QD. The surface is assumed to be 

absolutely flat and have no tilt error with respect to the granite beam.

If the closed loop system were operated, the position errors of the QD would be 

corrected, whereas the roll error of the vertical interferometer and the displacement of 

the probe tip would no be recovered. Therefore, after the reference system is operated 

to correct the position of the QD, there is still the residual errors related to the Abbe 

error and cosine error.

164



According to equation(7.1), the Abbe error due to the roll motion (Ay in Figure 7.8) is 

given by,

^y  = 10^,

if 6 >x is so small that it satisfies sin(9x=^x- 

Also, the cosine error, Ahr, is given by.

(7.3)

AA. = /
(7.4)

To estimate the Abbe and cosine errors, the roll error of the carriage was measured. In 

a similar way to measure the pitch error in section 7.3.2, the Talyvel 4 measured the 

variation of the roll error with 5 cm interval for 100 cm travel. Figure 7.9 shows the 

result of the roll error measurement along the granite beam. The uncertainty of the roll 

error measurement was about ±0.5 arcsecond due to the oscillatory motion of the table. 

The roll error changed by about 50 arcseconds during the 100 cm travel. The 

anomalous feature shown in the centre part is thought to be an intrinsic defect of the 

granite beam, produced during the manufaeture.

3 0 -

2 0 -

- 2 0

0 2 0 40 60 80 1 0 0

Distance (cm)

Figure 7.9: The roll error of the carriage along the granite beam.

165



As expected, the roll error was found to affect very little on the sample flat 

measurement when the current reference system was operated. Supposing that I be 26 

cm and 0 changes about 10 arcseconds for 15 cm travel, the maximum Abbe error and 

cosine error were estimated 13 pm and 3.2 Â respectively. Since the target surface is 

nominal flat, the height error induced from the Abbe error is ignored. O f course, if  the 

curved surface were measured, the Abbe error from the roll motion of the air bearing 

would be significant.

7.3.3.2 Pitch error

Figure 7.10 is the configuration of key parts affecting the measurement accuracy by the 

pitch motion. Figure 7.11 shows the effect of the pitch error of the air bearing. L2 and 

L3 are distances between the y-axis and the centres of the beam splitter and the QD 

respectively when there is no pitch error. The reference system can correct only the Z- 

axis displacement of the QD. The small displacement in X-axis and tilt o f the QD is 

assumed not to affect the performance of the reference system.

The current configuration of the QD and the beam splitter can result in the significant 

compensating problem of the reference system. As can be seen in Figure 7.11 (b), the 

moving direction of the QD and the beam splitter is opposite to each other for the pitch 

motion. In this situation, the correction of the QD position (recovery of the height of 

the QD) deteriorates the position error of the beam splitter. In other words, the height 

measurement with the reference system enabled becomes worse than without it.

The expression of the Abbe error due to the pitch error (Ax) is a little complicated, 

compared to that of the roll error because the horizontal position measured by the 

horizontal interferometer is also changed. In this case, the Abbe error is the 

combination of the displacements of the retro-reflector (Ax]) and the probe tip (Axi) 

with respect to the configuration before the pitch error occurs, or

Ax = —A%2 "t" Axj , (7 '5)

where the sign o f displacement is considered according the co-ordinate system in 

Figure 7.5. For small 6>y, each displacement is given by,

Axj « - /
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Figure 7.10: Picture of key components of SPLOT (side view).
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Figure 7.11: The schematic diagrams of the pitch error of the air bearing (side view), 

(a) simplified configuration, (b) geometrical configuration, and (c) the motion of the 

retro-reflector (★) in the horizontal interferometer. The long dashed line in (b) is the 

final configuration after the reference system compensated the QD position error.
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The height error due to the pitch error is also more complicated than that of the roll 

error. Using simple trigonometric relations and the co-ordinate transformation, the 

height error, A/ẑ , is given by;

(7.7)
0 (Z,2 cos 9  + T3 cos V |/)  ,

which is not the cosine error. Because the current reference system does not 

compensate the position error of the beam splitter induced by the pitch error, but 

deteriorates it, Ishp is more significant than the cosine error.

Table 7.1 lists the current dimensions of variables shown in Figure 7.11. In the case of 

the sample flat measurement, I was 23 cm and By changed about 10 arcseconds during 

the travel, according to Figure 7.6. Then, the maximum Abbe error (lateral 

displacement of the probe tip) and àhp are -16.247 pm and 4.5 pm respectively. Even 

though the maximum Abbe error is large, the height error induced from Abbe error is 

ignored due to the nominally zero slope. Therefore, A/ẑ  is the most significant in the 

measurement of the flat.

This result leads us to believe that àhp is the main source of the measurement error with 

the reference system enabled. The only ±0 .5  arcsecond variation of the pitch error can 

generate ± 0.224 pm of A/ẑ , which is similar to the measurement error with the 

reference system enabled. This amount of variation of the pitch error is very likely, 

when considering the upper graph of Figure 7.6, and is typical specification of the 

carriageway, provided by the manufacturer (Dover Instrument). A more accurate 

demonstration of this supposition was not possible because the measurement 

uncertainty o f the pitch error was ± 1 arcsecond, two times larger than the required 

resolution.

It was calculated theoretically that if the QD were positioned on the top of the beam 

splitter, âshp would be reduced to less than 1 nm, as the position error o f the beam 

splitter due to the pitch error could be corrected by the reference system.

Variables U L3 U 9 ¥ n

Dimensions 8.9cm 1 2 .0 cm 10.3cm l.lOrad l.M rad 1.17rad

Table 7.1 : The dimensions of variables of Figure 7.11,
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7.3.3.3 Yaw error

Figure 7.12 shows the effect of the yaw error of the carriage. L$ and Le are distances 

from the centre of the yaw error to the beam splitter and retro-reflector respectively. 

Different from other angular errors, the yaw error induces the Abbe error, but not the 

cosine error since the carriage does not tilt with respect to the surface. The 

compensation of the position change of the QD does not compensate the height error 

induced by the Abbe error.

The Abbe error due to the yaw motion is the combination of the displacements of the 

retro-reflector (AX2) and the probe tip (AxQ, or the same relationship as equation (7.5). 

For small each displacement is given by.

Ax, = L^O, sin«

A%2 = sin (3

Therefore, the Abbe error. Ax is.

Ax = 6, ( I 5 sin a - L ^  sin /?)

(7.8)

(7A0

carriage

granite beam

centre o f 
yaw motion

(a)

A  X 2  A  X I

Figure 7.12: The schematic diagrams of the yaw error of the carriage (top view), (a) 

simplified configuration, (b) geometrical configuration (only beam splitter (")and retro- 

reflector (★) were considered).
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Unfortunately, the yaw error of the carriageway could not be measured using the 

Talyvel 4. However, assuming that the amount of the yaw error is similar to the pitch 

error or roll error, its variation during the 15 cm travel can be thought to be about 1 0  

arcseconds. The geometrical dimensions of L5 , Lô, a , and (3 were measured to be 15.5 

cm, 18.0 cm, 0.26 rad, and 0.59 rad respectively. Then, the Abbe error due to the yaw 

error during the 15 cm travel is estimated to be maximum -3.015 pm; however, the 

corresponding height error can be ignored due to the zero slope o f the surface. 

Nevertheless, it can be significant in the curved surface measurement, and should be 

corrected for highly accurate measurement.

7 .3.4 Summary

Table 7.2 shows the theoretical calculations of the effects o f the rotational motions of 

the air bearing carriage on the height measurements of two kinds of surface, the 

nominal flat (sample flat measured in this chapter) and the curved surface (Gemini 

secondary mirror), when the reference system is in operation. The variations o f pitch, 

roll, and yaw errors are assumed equally to have maximum ±5 arcseconds for the 

nominal flat, or ± 40 arcseconds for the Gemini secondary mirror, based on the 

measurement results. The height error due to the Abbe error is the maximum slope 

times Abbe error. The sample flat has nominally zero slope and the Gemini secondary 

mirror has the maximum of 0.1204 rad slope at periphery. The number in parenthesis 

is the original Abbe error (lateral displacement of the probe tip on the surface).

In the case of the flat, most o f the error can be ignored, except for the cosine error due 

to the pitch error. In case of curved surface, the cosine error due to the pitch error is the 

most significant error among the sources. However, this is due to the non-optimal 

position o f the QD. If it were corrected, the Abbe error due to the pitch error would 

become the most significant source of error on the curved surface measurement. 

Actually, in the case of the curved surface, the height errors induced from Abbe errors 

are not acceptable to achieve the target accuracy (±57 nm) defined in chapter 3. 

Therefore, the rotational errors of the air bearing should be corrected to meet the target 

accuracy for large optics testing.
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Sources of error Flat Secondary mirror

Cosine error due to the pitch error 2.237 pm 17.9 pm

Abbe error due to the pitch error 0 (8.871pm) 8.545pm (70.97pm)

Cosine error due to the roll error 0 . 8  Â 5.2 nm

Abbe error due to the roll error 0 (6.5 pm) 6.261 pm (52 pm)

Cosine error due to the yaw error 0 0

Abbe error due to the yaw error 0 (1.507 pm) 1.452 pm (12.06 pm)

Table 7.2: Comparison of the estimatec height errors due to rotational errors o f the air

bearing carriage. Target surfaces are the nominal flat and curved surface (Gemini 

secondary mirror). The numbers in parenthesis are the original Abbe errors (lateral 

displacement of the probe tip on the surface).

7.4 Differential Height Measurement of Curved 

surfaces

7.4.1 Concept

Most of angular errors of the carriage were not important in the measurements of the 

nominal flat. However, when the curved surface is measured, angular errors o f the 

carriage become very significant due to the slope of the surface. Also, straightness 

error of rails in the probe system guide system can limit the accuracy o f curved surface 

measurement, even though it was not quantified in this thesis. In this situation, the 

absolute height measurements cannot give the accurate profiles of the curved surface.

One promising method to use SPLOT in measuring an aspheric or a curved surface 

accurately is to use the differential height of two surfaces: the target asphere and the 

best-fit sphere to this target. The procedure of this method is as follows:

1. The deviation of the best-fit sphere from the reference sphere in the WYKO 6000: 

W(x)

2. The profile of the same spherical surface is measured with SPLOT (absolute height 

measurement) and the residuals from the best-fit circle is obtained: S(x)
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3. The measurement error of SPLOT is the difference between two profiles, or 

E(x)=S(x)-W(x)

4. The curved surface is measured with SPLOT: T(x)

5. The measurement error in T(x) can be eliminated by the subtraction of the E(x), or 

the final profile of the curved surface F(x)=T(x)-E(x).

Since the deviation between two surfaces is very small (e.g. <40 pm for the Gemini 

secondary mirror) compared to the deviation from the flat, the measurement errors 

(systematic error) of each measurement are similar and they can be eliminated by 

subtraction. Since only systematic errors in the measurements can be effectively 

compensated in this method, it is advantageous to measure the optics without the 

reference system enabled.

7.4.2 Experimental method

In order to evaluate the result o f differential height measurement by SPLOT, two 

difficulties should be overcome in the preparation stage. It requires two surfaces (one 

the target aspheric and the other the best-fit sphere), and the target aspheric should be 

tested with other method such as the null testing for comparison. D. Walker (personal 

communication 1999) suggested one simple method to overcome these difficulties. 

Figure 7.13(b) shows the conceptual diagram of this idea. It requires only one sphere; 

however, it should be measured two times, one with no-tilt and the other with some tilt.

best-fit sphere

target asphere

tilted sphere

no-tilt sphere

(a) (b)

Figure 7.13: Conceptual diagrams of differential height measurement method, (a) the 

original differential height measurement and (b) the simplified method for evaluating 

the differential height measurement with only one sphere.
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The maximum deviation between no-tilt and tilted surface can be thought o f the 

asphericity of the asphere. The systematic error in the measurement o f the tilted 

surface can be removed by the procedure explained in the previous section. Since the 

sphere can be easily characterised by the interferometry, the evaluation o f the 

measurement result is very easy. This evaluation can reveal the capability o f SPLOT in 

measuring the curved surface. Also, since the deviation between two surfaces (no-tilt 

and tilt surface) is expressed as a linear line, any deviation from the linear line would 

be considered as the measurement error.

Table 7.3 lists the notations and definitions used in the demonstration o f the differential 

height measurements with only one sphere, which applies in next section for the clear 

understanding.

Notation Definition

SI Original measurement of no-tilt sphere with SPLOT

S2 Original measurement of tilted sphere with SPLOT

CFl Circle fitting of SI

CF2 Circle fitting of S2

El Residuals of no-tilt sphere (=S1-CF1)

E2 Residuals of tilted sphere (=S2-CF2)

CSIl Cubic spline interpolation of E l

CSI2 Cubic spline interpolation of E2

BSl Best-fit curve of SI (=CF1+CSI1)

BS2 Best-fit curve of S2 (=CF2+CSI2)

D BS1-BS2

R Residuals of D from its linear fit

Table 7.3: Notations and their definitions used in the demonstration o f the differential 

height measurement method with one sphere.
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7.4.3 M easurements

The sample sphere was a concave, 157 mm diameter, and 30 mm thickness made of 

BK7, whose size was similar to the sample flat measured in the previous section. 

Figure 7.14 shows the contour map of the spherical surface measured with WYKO 

6000. Since WYKO uses the reference sphere for the measurement of sphere, this 

contour map is related to the residual errors of the sample sphere from the reference 

sphere. The only tilt and curvature errors were removed from the original OPD data. 

Figure 7.15 shows the 2-D profile of Figure 7.14, along a centre line selected for the 

probe tip of SPLOT to trace. Both ends of this line were marked on the sides of the 

sample. The maximum P-V was about 95 nm. It is noted that the edge on the mirror 

drops rapidly, so that the phase shifting interferometer may not properly measure the 

edge part.

M f S P H E R E I .O P D  O a l a S e l  S u m m a iy
Title
Note:

Date: 09/27/99^"' 
Time: 16:33:30 
WL 632.800 nm 
Wedc^: 0.50 wv# 
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Pupil: 100 0 %
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RMS: 26.541 nm 
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Figure 7.14: The picture of surface contour of the sample sphere using WYKO 6000.
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Figure 7.15: The 2-D profile of the residual errors of the sample sphere from the 

reference sphere, along the line which SPLOT traces to measure.

When the curved surface is measured with SPLOT, there are two things to be 

compensated: the size of the probe tip and the wavelength of the laser. Due to the slope 

of the surface and the relatively large sag, these two factors become more significant 

than in the measurements on the nominal flat surface. The deviation of the height (Ay) 

due to the size of the probe tip (radius R) is given by (Gauler 1982),

1 (7.10)
Ay = ^ (------ - 1) ,

cos#

where 9 is the slope of the profile. The light wavelength depending on the 

environmental conditions is well explained in tables o f  physical and chemical constants 

(G. W. C. Kaye 1986), and summarised in Appendix C in this thesis.

Figure 7.16 illustrates a series of measurements on the sample sphere at zero slope after 

the compensation of the size of the probe tip and the wavelength of the laser. The 

measurements consist of 23 points at 7 mm intervals. The radius of the probe tip was 

0.5 mm and the corrected wavelength of the He-Ne laser (Xvacuum=0.63299142 pm) was 

0.6328212 pm at 23.1°C and 1 atm (1013 mbar). The temperature variation was within
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Figure 7.16: Profile measurement of the sample sphere.

±0.1 °C during the measurement. The sag of the nominal sphere was about 1.26 mm. 

The radius of curvature (ROC) of the spherical mirror was about 2434.7 mm. The 

simple calculation showed that the maximum slope of this surface was about 0.032 rad 

at periphery.

Also, the same measurement was carried out on the sample sphere at the chosen 

inclination (l.lm rad). Tilting the spherical mirror was performed by inserting a thin 

shim (thickness -0.1 mm) under one side of the sample. The tilt depended on the 

length of the shim inserted under the sample.

Figure 7.17 shows residuals (El and E2) generated by subtractions of each best-fit 

sphere from the two measurement sets. The square and circle points are related to no

tilt and tilted surface measurement respectively. The solid line was the result from the 

WYKO 6000. The deviations of the residuals from the profile from the WYKO 6000 

were within ± 0.2 pm. This deviation is the error of the absolute height measurement 

without the reference system enabled on the spherical mirror.
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Figure 7.17: Residual errors of the sample sphere, which were generated by subtraction 

of the best-fit sphere from the original data. Square and circle points are measurements 

on the no-tilt surface and tilted surface by SPLOT respectively. The solid line is the 

deviation from the reference sphere produced by WYKO 6000.

The most remarkable feature appeared in the absolute height measurements is the 

periodic variation of the residuals around the solid line. The locations of the residuals 

were periodically changed approximately at every three points (or 2 1  mm interval) with 

regard to the profile from the WYKO 6000. This interval is one tenth of the length of 

the air bearing carriage, so that it is very unlikely that the main source of this periodic 

result comes from the motion errors of the air bearing carriage. The straightness error 

of the rails in the probe system guide system is more likely to generate the short spatial 

wavelength of periodic errors, as the width of one Grazier bearing is 12 mm and the 

distance between two Grazier bearings is 55 mm (see Figure 3.3 for the structure of 

probe system guidance). This periodic variation was not visible in the flat 

measurement because the position of the probe system carriage was nearly the same on 

the rails during the measurement. More close investigation on this source of error is 

necessary, which will be left as a further work.
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Also, first points of each measurement shows the rapid dropping at edge part of the 

sample, which is steeper than the measurement by WYKO 6000. Due to its steep 

slope, WYKO 6000 phase shift interferometer may fail in the calculation o f the phase 

correctly.

7.4.4 Accuracy of differential height measurement

As stated in the previous section, the main target of this experiment is to check how 

accurately SPLOT can measure the curved surfaces. Any deviation from the linearity 

o f the line generated by subtracting the two series of original measurements (on no-tilt 

and tilted surface) is the measurement error, which cannot be cancelled out by the 

differential height measurement.

Unfortunately, it was not easy to subtract the two series o f original measurements 

directly, as the sampling positions were different at each measurement due to the low 

positional repeatability (but high measurement accuracy) of the horizontal drive system 

(< ± 0.1 mm). Because of the slope of the surface, the maximum height variation from 

this low positional repeatability was about ± 3 . 2  pm. To produce the significant 

difference o f two sparse-sampled measurement sets, each set was curve-fitted and then 

differentiated. Each best-fit curve was obtained by two successive fitting processes: the 

circle fitting to the original data (CFl and CF2) and the cubic spline interpolation 

(CSIl and CSI2) to the residual errors generated by the subtraction of the best-fit circle 

from the original data. The best-fit curve is then the combination of the best-fit sphere 

and the cubic spline interpolation. Figure 7.18 shows the example of the cubic spline 

interpolation to the residuals (E l) o f the no-tilt surface measurement, using MATLAB.

Figure 7.19 illustrates the differences (D) of two best-fit curves for the no-tilt and tilted 

series of measurement sets (upper graph), and residuals (R) from the linear fit (lower 

graph). From the upper graph, the maximum deviation between the two curves is about 

170 pm, which effectively simulates the differential measurement of an asphere with 

170 pm departure with respect to its least-fit spherical surface. This simulated 

asphericity corresponds to some four times the asphericity of the Gemini secondary 

mirror.
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Figure 7.18: The cubic spline interpolation to the residual errors of no-tilt 

measurement.

From the lower graph of Figure 7.19, the P-V error of differences was about 0.16 pm, 

which is one third of P-V error by the absolute height measurement. Except around 

120 cm in the horizontal position, the P-V error was about 0.12 pm. This means that 

the systematic errors seen in the absolute height measurement can be effectively 

reduced by the differential height measurement method. This result indicates that 

asphere with 170 pm departure from the best-fit sphere can be measured with the 

accuracy of ± 60 nm. Therefore, the differential height measurement is a highly 

promising method to measure the aspherics with high accuracy.

The source of the exceptional area around 120 cm in the horizontal position was still in 

doubt. The repeated measurements on the same surface with the similar conditions 

always showed the same problem in that position. Hence, it is not a random error. 

More investigation on this problem is on the way in OSL.
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Figure 7.19: Differences of best-fit curves of two measurements (upper) and residuals 

generated by the subtraction of the best-fit linear line from the differences (lower).

7.5 Conclusion

The measurement on the nominal flat surface showed that the reference system 

effectively compensated the motion errors of the air bearing carriage, but there were 

some residual errors left. It was found that the pitch error of the air bearing cannot be 

compensated by the current reference system, but exacerbated it due to the incorrect 

position of the QD. Also, when large optics with steep slopes are measured, the Abbe 

errors due to the rotational motion of the air bearing carriage become highly significant, 

which cannot be compensated by the reference system.

In this circumstance, differential height measurement showed a promising result for the 

accurate testing of aspherics with high curvature. One drawback of this method is that 

it requires the two optics: the target asphere and the best-fit sphere. When the target 

asphere is large such as the Gemini secondary mirror, making the best-fit sphere with
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moderate quality will result in increasing the cost. To avoid this problem, the absolute 

height measurement is preferred. For this purpose, the rotational motion of the air 

bearing carriage should be monitored, and the Abbe errors should be compensated, in 

conjunction with the modification of the reference system itself.
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Chapter 8 

Conclusion and Future works

The work in this thesis was to improve the stylus based profilometer (SPLOT) 

developed in OSL to measure the forms of large optics for the astronomical telescope. 

The main areas of the investigation in this thesis are summarised as follows:

• Improvement of the probe system:

The probe system is one of the most important parts in stylus based profilometry 

since it represents the only active contact between the surface and instrument. 

Since the height measurement of the surface relied on the successive pick and poke 

motion of the probe system on the measurement positions, a highly repeatable and 

accurate height reading was a critical factor in the development of a high precision 

instrument. The re-design of the probe system and the development of the contact- 

point-finding algorithm reduced the standard deviation of repeatability of the 

height measurement to less than 10 nm. Also, it was demonstrated by the real 

measurement on the curved surface in chapter 7 that the new probe system 

effectively reduced the height error caused by the slope of the surface and the 

driving speed of the actuator for the probe system.

However, the strong fibre used as a torsion wire had a limitation in reducing the 

contact force (minimum 70 mgf) and was susceptible to the environmental 

conditions such as the temperature and humidity. For long-term stability and 

reduction o f the constant force, more careful selection of torsion wire is necessary.

• Development of the horizontal drive system:

The horizontal drive system is essential to move the probe system to the position 

where the height is measured. One of the most significant problems in selecting 

the motorised drive system was that it should be installed exactly parallel with the
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granite beam (the carriageway of the instrument). This problem was solved by 

selecting a system consisting of belt and pulleys and DC motor with the high gear 

reduction ratio. By careful selection of the belt, the drive system showed a smooth 

motion allowing the DSP to calculate its displacement accurately, and this 

performance was maintained during 1 m in travel.

However, it was found that this drive system was very sensitive to external 

vibrations, and required very quiet environment for the accurate measurement. 

Also, it limited the drive speed to less than 0.4 mm/sec due to the large velocity 

ripple, which was the main obstacle in reducing the measurement time. One 

promising method to overcome those difficulties is to use the stiff drive system 

such as the lead screw with the servo motor, even though it has difficulty in 

installation exactly parallel to the granite beam. This substitution will also enable 

the automatic control of the measurement process, which is essential in reducing 

the change of the environmental condition by the existence o f the observer stood 

close to the instrument.

• Laser reference system:

The use of the laser beam as the reference line is a prime feature of the SPLOT. 

The development of the reference system that detects the centre of the reference 

beam and maintains the position of the vertical interferometer constant with respect 

to this reference beam is the fundamental requirement for the reference system. In 

parallel to this, the maintenance of the straightness and stability o f the beam 

pointing are other important issues. The closed loop system was newly developed 

and successfully implemented (<10nm compensation error). The stability o f the 

beam pointing was enhanced to within ± 0 . 1  pm typically by enclosing the whole 

SPLOT with polythene sheets. Measurements on the nominal flat, o f which 

diameter was 15 cm, showed the potential usefulness of the reference system to 

remove the motion error of the carriage and application to the large optics testing.

However, to apply the laser reference system to the accurate measurements o f the 

large optics, several problems should be overcome. Firstly, the maintenance o f the 

straightness of the laser beam requires a room with temperature control since the 

air stratification due to the different temperature layers can generate a deflection of 

the reference beam. Secondly, the current reference system cannot compensate the 

pitch error o f the air bearing carriage due to the non-optimal position of the 

quadrant diode. And finally, even though above problems are corrected, the Abbe 

errors induced by the rotational motion (pitch, roll, and yaw) of the air bearing still
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exist and prevent measuring large curved optics accurately, if  it is not compensated 

by monitoring each angular error and performing software corrections.

Under the circumstance that the Abbe correction was not implemented, the differential 

height measurement was found to be a very useful method to measure the curved 

aspheric surface with the large asphericity (>170 pm) accurately (less than ±55nm). 

This measurement method successfully opened the possibility of measuring the form of 

the target asphere (Gemini secondary mirror) within the target accuracy. Reported in 

this thesis, this success would not be achievable without the improvements of the probe 

system in terms of the repeatability and accuracy and the developments o f horizontal 

drive system with long travel.

The theoretical and technical investigations described in this thesis provide a solid 

foundation for further developments. The next step in this work will be to monitor the 

motion errors of the carriage and compensate the Abbe’s errors, in conjunction with the 

modification of the reference system itself. These works will provide the potential 

capability to measure the absolute height o f the large asphere accurately, which would 

remove the need to supply the best-fit sphere for the differential height measurement. 

This work would also enable measurement of large optical flats precisely. This is not 

possible with the differential height measurement, unless a large reference flat were 

prepared.

In addition to these, the work reported shows that the location o f SPLOT should be 

considered further. When a large optic is measured using SPLOT, it should be moved 

from the polishing machine to the table of the profilometer, which is currently located 

in the mezzanine floor away from the large polishing machine. This transportation can 

be very dangerous. The optics can be dropped or scratched during the movement. This 

risk factor is increased as the testing and polishing are an iterative processes during the 

manufacture. Also, this reason may in practice inhibit the user from using SPLOT as 

frequently as the manufacturing would ideally require.

The proposed new building (Centre for Optical Science) to be located next to the Dept, 

o f Physics and Astronomy of UCL will, if  constructed, have a room for SPLOT in the 

basement next to the large polishing machine. It will be equipped with the temperature 

controller as well. The construction of this building would be greatly beneficial to the 

improvement of the performance and the frequent use of SPLOT in the large optics 

manufacturing and testing. The work of this thesis has played a significant role in the 

detailed specification of the building’s environment for surface metrology, and has 

therefore proved timely.
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Finally, the momentum is gathering for an extremely large telescope o f perhaps 50-100 

m aperture, comprised of many segments of 1.5 -  2m size. The success of such a 

project will depend at least in part on effective surface metrology, and it is hoped that 

this thesis has taken some steps towards developing a relevant technology.
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Appendix A

Geometry of the probe system

Figure A .l shows a simplified model of the motion of probe system. Figure A. 1(a) 

shows the geometry of the probe system. The geometry o f the tilt motion of the probe 

system is shown in Figure A. 1(b). The solid configuration is just when the probe tip 

contacts the surface and the dashed one is when the probe motion ends, (p, h) are the 

co-ordinates of the paddle when the probe motion ends.

Yi is the travel length of the MM required until all the motion of probe system stops 

after the probe tip touches the surface, yo is a value measured by the interferometer. e% 

is the positional error of the probe tip due to the tilt motion.

To induce the useful equations for the interested quantities such as the positional error 

o f the probe tip, height error, twist angle of the torsion wire, and the displacement of 

the paddle, the following two assumptions were necessary:

• There is no friction between the probe and the surface, so that no defections are 

occurred at the torsion wire and probe.

• The slope of surface under test is zero.
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Figure A.l : The effect of the tilt motion of the probe system, (a) geometry of the probe 

system and (b) geometry of the tilt motion.

Positional error of the probe tip:

The deviation of the probe tip from the target point, ô, is

, where Xo is given by;

-(& ! - y i Ÿ

= ylp^^ +2h^y.  - y ^

(VI. 1)

(A.2)

Height error:
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Using Ucos^Xo  and h s \n ^ h \- y i ,  the height error measured by the interferometer is, 

y . = (P i + e )s in (a -« S )-y , 

f i + e Q hx^-h^p^+  p ^ y , ) - y ,  (A.3)

Twisted angle of the torsion wire:

Since the twisted angle of the torsion wire is the tilted angle of the probe arm, 0 is 

0  = a  -  (|)

= t a n - A ) - s i n - ' ( ^ )  (A.4 )

Displacement of the paddle:

The arc motion of the paddle is related to the twist motion of the torsion wire. If twist 

angle (0 ) is small, the displacement of the paddle in the slot of the optical switch is 

given by,

d = I2O

= (A.5)
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Appendix B

Equation of motion of the 

horizontal drive system

The SPLOT adopted the pulley and belt system as a horizontal drive system. Its 

schematic diagram is shown in Figure B.l(a). To investigate the motion of the 

horizontal system, the following assumptions are necessary:

• Friction between the string and motor shaft is so large that no slip is occurred 

between them.

• Friction between the pulley and shaft, and the moment of inertia of the pulley are 

ignored.

• The extension of the string by tension applied is within its elastic region, so that it is 

governed by the Hook’s law.

By the first and second assumptions, the string can be divided into two parts according 

to their tensions: the string from the motor shaft to the air bearing (xi) and the string 

from the air bearing to the motor shaft by way of the pulley (X2). By third assumptions, 

two parts of string can be expressed as two mechanical springs with spring constants k\ 

and ki. Then, the horizontal drive system can be simplified as a mass and two springs 

system, as shown in Figure B.l(b). The mass m represents the air bearing and its 

motion is frictionless since the air bearing has no friction.

However, one thing to be careful in expressing a string as a spring is that the spring 

constants, kj and k2, change as the lengths of corresponding strings are varied. The 

spring constant of the string can be expressed as a function of the Young’s modulus {E)
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Figure B .l: (a) Schematic diagram of the horizontal drive system, (b) The simplified 

modelling of the horizontal driving system.

of the material, the cross section (A) and the length (x), from the definition of Young’s 

modulus (D. H. Bacon 1990);

k = AE / X (B .l)

That is, the spring constant of the string is inversely proportional to its length.

With the existence of a sinusoidal driving force, the equation of motion of the system 

can be given by,

mx^ = - k ^ { x ^ - x ^ J  + k 2 { x 2 - X 2 j  + F^s'mvt , (B.2)

where x/o, X2o are the unloaded spring lengths, v is the angular frequency of the external 

force and Fq is the amplitude of the external force in the longitudinal direction.

If xi+X2=L and xio+X2o=Lo, equation (B.2) becomes,

mx 1 = -k^x  j + ^ 2  (^ “  ^ 1 ) + lo “  ^ 2^ 2o + fo sin vt 

= -K(xjo)xi + «  + sin vt ,
( B . i )

where
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  (B -O

If we consider the dynamic motion, a  can be ignored because it is just a shift of 

equilibrium position of the motion.

The solution of the equation (B.3) is well known (Beards 1995). It consists o f two 

terms: one is related to driving force (particular solution) and the other is not 

(homogeneous solution).

The homogeneous solution is given by,

Xf, =  B c o s ( cdJ - ( ^ ) , (B -5 )

where B and ^  are determined by initial conditions and a>n is the resonant frequency 

which is given by;

0)̂  = -/KVm (B-6)

The particular solution is given by,

F
= ------- -— — sinrf

\ K - m v ^ \

F J K
smv^

(B.7)

Then, the total solution of equation (B.3) is

F IK
x^(t) = B sm {o }J -<!>) + - — — j - s i nvf

\ \ - V  icù^ I ( B . 5 )

Since cOn is dependent on the length of the string, the amplitude of the oscillatory 

motion varies for the different position of the air bearing. Especially, when the 

resonant frequency of the horizontal system is close to the frequency o f the external 

driving force, the amplitude of the particular solution is dominant in the response 

motion of the system. The variation of the amplitude of the particular solution for the 

different resonant frequency of the system can be expressed in a convenient form if  we 

put Xs =Fq/K. This Xs is the static deflection of the system under a steady force Fq. 

Then,
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1 (B.9)

where X is the dynamic amplitude. This quantity A7Â  is known as the dynamic 

magnification factor.

Figure B.2 plots X/X^ for the different values of the frequency ratio v/con- As it 

approaches to unity, XJX^ becomes dramatically increased. That means that a small 

sinusoidal force can generate large amplitude of vibration. If v/cOn=l, then AZYs 

becomes infinity, which is known as ‘resonance’. Therefore, to reduce the amplitude 

of vibration, the resonant frequency of the system should be far from the frequency of 

the external force.
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Figure B.2: The dynamic magnification of the system.
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Appendix C

Environmental effects on the laser 

wavelength

C.l Introduction

It is well known that the wavelength of the laser varies with changing the 

environmental conditions such as temperature, air pressure, and humidity. This is 

because the refractive index of the air through which the laser propagates changes 

according to the environmental conditions. If the refractive index of the air, n, is 

known, the wavelength of the laser is given by,

4 .  (C.l)

where lyac is the wavelength in vacuum.

The refractive index of air according to the change of environmental conditions is well 

formalised in Tables o f  physical and chemical constants (G. W. C. Kaye 1986). The 

conditions for determining the refractive index can be mainly divided into four factors: 

dispersion effect, temperature, air pressure, and relative humidity.

C.2 Dispersion effect

The dispersion effect is that the refractive index of the medium is changed according to 

the light frequency. The dispersion effect of the air in the visible region (405-705 nm) 

is given by,

tis -1 = 0.0472300(173.3 - , (C.2)

194



where is the refractive index o f standard air (dry air at 15 °C and 101325 Pa, 

containing 0.03% by volume of carbon dioxide), a=l/A.vac and Xvac is the wavelength in 

vacuum expressed in pm.

Assuming that the environmental condition o f the laboratory is not much different from 

the standard condition and referring to =0.63299142 pm (Virdee 1998), the value 

of Us for the He-Ne laser is 1.0002765154. Then, the wavelength of He-Ne laser in the 

standard air is 0.63281644 pm.

C.3 Temperature effect

For air at a temperature t °C and a pressure p  Pa, the refractive index is given by,

/C l+ p (6 1 .3 -r)x lQ -'° ]
« t p  -1 =  (M s-1 )  X

96095.4(1 +0.00366 fr)

Figure C.l shows the variation of refractive index of air during the temperature changes 

at a constant air pressure of 1013 mbar (or 101300 Pa). The slope of this variation is 

approximately -9x10'^ /°C.

C.4 Air pressure effect

From equation (C.3), if temperature is constant and air pressure is changed, the 

refractive index of air can be expressed in air pressure variation. Figure C.2 is the graph 

of the variation of refractive index versus air pressure change. The slopes o f the line is 

2.68x10'^/kPa or 2.68 xlO'Vmbar.

C.5 Humidity effect

The refractivity of water vapour is less than that of air, so that if  the air is moist its 

refractive index will be smaller than the value calculated for dry air. This water vapour 

term is dependent on wavelength. In the visible region (405-644 nm) the relationship is 

given by,

«tpf-ntp = -/(4.2918-0.0342a^)xl0-"’ , (C.4)

195



0 )uc

?

0 )

1.000273

1.000272

1.000271

1.000270

1.000269

1.000268

1.000267

1.000266
21 22 24 2520 23

Temperature (°C)

Figure C .l: Calculated variation of the refractive index o f the air for typical laboratory 

temperature changes (20-25 °C) at 1013 mbar of the air pressure.

CD

"o
0TDc
0>

0

1.00029

1.00028

1.00027

1.00026

1.00025

1.00024

980 1040900 920 940 960 1000 1020

Atmospheric pressure (mbar)

Figure C.2: Calculated variation of the refractive index of the air as air pressure 

changes at 20 °C.

196



1.0002718

1 .0 002716-

1 .0 002714-

1.0002712 -

1 .0002710-

(0 1.0002708 -

1.0002706
30 40 50 60 9070 80

Relative humidity (%)

Figure C.3: Calculated variation of the refractive index of air as relative humidity 

changes, when temperature is 20 °C and air pressure is 1000 mbar.

where Mtpf is the refractive index of air containing water vapour at a partial pressure o f /  

Pa, the total pressure still being p. The relative humidity expressed as a percentage is 

1 OOp/ps, where ps is the saturation water vapour pressure at temperature t. At 20 °C, the 

saturation pressure is 2338.3Pa (G. W. C. Kaye 1986). If the relative humidity is 65%, 

then the water vapour pressure is 1519.9Pa.

Figure C.3 shows the variation of refractive index of air during relative humidity 

changing. The slope is approximately -1x10’̂  /%.

C.6 The accuracy of the distance measurement

The wavelength of the laser affects the accuracy of the distance measurement in two 

aspects: the variation of the wavelength according to the environmental conditions and 

the precision of the wavelength.
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Environmental Conditions An Measurement errors

+ 1  °C -9 x10 '/°C -270 nm

+ 1  mbar -t-2 .6 8 x 1 0  ' /mbar +80 nm

+ 1 0 % -lxlO 'V % -30 nm

Table C .l : Measurement errors for the variations of the environmental conditions.

The variation of the wavelength can contribute to the measurement error considerably 

even when everything is stationary. This can be one source of drifting problem of the 

system.

Table C.l tabulates the measurement errors for the variations of the environmental 

conditions. It was assumed that the temperature, atmospheric pressure, and the relative 

humidity are thought to be varied less than ±1°C, Imbar, and 10 % respectively under 

the typical laboratory condition in one hour. The distance between the target and the 

interferometer was set to 15 cm (the typical distance of the probe system from the 

vertical interferometry in SPLOT). The measurement error is the variation of the OPD, 

or given by.

A(0PD)=A(2nD) 

=2DAn, (C .5)

where D  is the distance between the target and the interferometer and n is the refractive 

index of air. Since everything is stationary, D  is not changed. The signs o f + and -  in 

measurement errors of Table C .l mean the distance increase and decrease respectively.

From this table, it is evident that the variation of the wavelength can significantly affect 

the measurement accuracy and it strongly suggests that the variation of the 

environmental conditions be one of the main sources to generate the system drifting. 

To reduce this error, the room should be controlled environmentally or the 

environmental conditions should be monitored and their effect on the wavelength must 

be compensated. However, while the environmental conditioner can control the 

temperature and humidity, the air pressure is still uncontrollable and should be 

monitored anyway.

In parallel with this, the precision of the laser wavelength is very important for the 

accurate measurement. For example, if the sag o f the surface is about 31 mm, the
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number of fringe counted for this range using the He-Ne laser is on the order o f 10 .̂ 

This means that even lO'^X error in the wavelength can result in the distance error of 

the half wavelength. In order words, if  we want X/10 accuracy for this range, we 

should know the wavelength up to 2xlO'^A. or on the order of 0.01Â. Moreover, if  we 

think about the horizontal position measurement, more accurate number o f wavelength 

is required. Since the distance is up to 1.5 m, the wavelength should be accurate up to 

0 . 0 0 0 2  Â for the same target accuracy (1 / 1 0 ).
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