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ABSTRACT 

The International standard of length is realised through interferometry 

and in order to identify the limitations to the accuracy and resolution 

achievable by interferometric techniques in this application, a high 

precision length measuring system for use in the free atmosphere has 

been developed. The apparatus, including a Helium-Neon laser reversible 

fringe counting length interferometer and interference refractometer, is 

fully described, together with the instrumentation and techniques 

developed to achieve the optimum performance from this equipment. 

The results of the research have identified all of the fundamental 

limitations in the physics in this application, and the lengths of 

optical scales have been measured in the free atmosphere to an absolute 

accuracy of better than 1 part in 10^ with a resolution of 0.02 jam. A 

major achievement of the research has been the development of a 

refractometer and cell capable of measuring the refractive index of the 

atmosphere in a typical laboratory environment to an accuracy of 1 part 
Q 

in 10 . This instrument has enabled a significant error in the water 
7 

term in the Edlen's equation of up to 1.3 parts in 10 to be identified, 

Edlen's formula being the most widely used method for correcting optical 

length measuring systems for atmospheric variations by calculating a 

refractive index value from measurements of pressure, temperature and 

humidity. 

By accurately measuring the required atmospheric parameters and 

employing the modified Edlen's equation, the refractive index of the 
g 

atmosphere can be calculated to an absolute accuracy of ±3 parts in 10 . 

The interference refractometer and cell further improve this accuracy to 
O 

±1 part in 10 , an order of magnitude more precise than the values 



currently achieved by compensation techniques in length measuring 

systems. 

All the results and recommendations in this thesis are directly 

applicable to precision length measuring interferometers and atmospheric 

refractometers enabling the ultimate accuracy and precision to be 

achieved from these systems. 
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C H A P T E R 

1.1 INTRODUCTION 

Optical interferometry has been increasingly applied to precision length 

measurement since Michelson (1852-1931) determined the number of 

wavelengths of the cadmium line which were equivalent to the length of 

the standard metre bar, and over the years improvements in optics and 

electronics have resulted in the development of a number of instruments 

suitable for use in a wide variety of length measuring applications. The 

precision and accuracy achievable by interferometric measurement were 

endorsed by the definition in 196O of the primary standard of length 

(the metre) in terms of the wavelength of an optical radiation of 

Krypton 86, and the development of frequency stabilised lasers with 

their narrow bandwidths, coherence and brightness led to the 

redefinition of this metre at the Conference Generale des Poids et 

Mesures in 1983 as the length travelled by light in free space during 

( 299792458 ^ second. 

This standard is only realisable through interferometry [Rowley, 1972], 

which will continue to play an essential role in all precision length 

measurement. 

The most commonly used interferometric length measuring systems 

currently employed are based on the Michelson interferometer and use 

bi-directional fringe counting techniques to automatically correct for 

vibration and retraced motion, ensuring that the fringe count truly 

represents the displacement of the moving reflector. 

These instruments measure length in terms of wavelength of the radiation 

from the light source, the most widely employed source being a 

helium-neon laser. The frequency of a typical frequency stabilised 
g 

helium-neon laser can be calibrated and maintained to a few parts in 10 

over the lifetime of the laser. This would readily satisfy the accuracy 

required for precision length measurement; however invariably these 

interferometers are used for measurement in the free atmosphere and to 

realise the full potential accuracy of these systems not only must they 

be carefully aligned but the wavelength of the radiation must be 
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corrected for variations in the refractive index of the air. 

The interferometric length measurement system developed in this thesis 

uses a bi-directional fringe counting interferometer in conjunction with 

an interference gas refractometer to enable the length of optical scales 
7 

to be measured with an absolute accuracy of 1 part in 10 in the free 

atmosphere and with a resolution of 0.02 pm. 

1.2 OBJECTIVES 

The objectives of the research in this thesis were to develop a 

helium-neon interferometer length measuring system and to identify the 

limitations to both the accuracy and resolution achievable in precision 

length measurement by these systems, in particular when they are used 

for measurement applications in the free atmosphere. The completed 

apparatus comprised a Helium Neon laser reversible fringe counting 

length measuring interferometer, an interference refractometer, an 

optical system for precision positional setting on the boundaries of the 

object being measured, and a stepping motor driven specimen stage. The 

completed system will then be used to check measurements taken on 

similar interferometer systems at the National Physical Laboratory 

Teddington, used in a controlled environment for disseminating the 

international standard of length. 

A second objective was 

investigate the correctness of the universally used equation due to 

Edlen by comparison of refractive index values calculated from this 

equation with those obtained directly with an instrument constructed to 

give the highest possible accuracy. This was done by using suitable 

sensors to measure the atmospheric pressure, temperature and humidity 

which are the parameters used in the Edlen equation. Using these 

sensors, a study was carried out of the variations of these parameters 

throughout a typical laboratory environment. The information obtained 

from this study provided an indication of the significance these 

parameters play in the physics of interferometric measurement. The 

development of the complete length measuring apparatus involved the 

following inves tigations: 

(a) The configuration and tracking of the length measuring 

interferometer system, so that the errors arising from both the 

optical and mechanical alignment were at a minimum. 
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(b) A study of the variation in the atmospheric refractive index in a 

typical laboratory environment by measuring the parameters of 

pressure, temperature and humidity throughout the laboratory and 

using Edlen's equation (Appendix I). 

(c) A comparison of air refractive index values measured by the 

refractometer with those calculated using Edlen's equation. 

(d) To investigate the highest positional setting accuracy achievable 

in practice on the markings on a typical optical scale, a major 

limiting factor in the resolution achievable by length measuring 

systems in this particular application. 

The results of the research are intended to cover all the major aspects 

of the physics of interferometry when applied to the precision 

measurement of length, enabling the ultimate performance to be achieved 

from these systems in terms of absolute accuracy and resolution by 

identifying the limitations imposed by the physics and making 

recommendations on both the design and use of these instruments. 
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C H A P T E R II 

THEORY AND DESIGN 

2.1 Principles 

Interferometers are widely used for precision length calibration by 

measuring the displacement of a reflector in terms of the wavelength of 

light. 

When these systems are used in the free atmosphere they measure 

displacements in terms of the wavelength in air rather than the vacuum 

wavelength of the radiation concerned, and it is common practice to make 

the appropriate corrections for changes in the refractive index of the 

air using Edlen's equation which involves measuring the parameters such 

as pressure, temperature and humidity. This technique, however, is 

expensive and has been shown to be in error due to the instability of 

the sensors and variations in the composition of the atmosphere and, in 

addition, it is difficult to maintain the calibration of the sensors to 

the required accuracy. 

The interference refractometer and gas cell used in the length system 

described were developed to provide a direct measurement for the 

refractive index of the atmosphere, using this instrument and the 

appropriate measurement technique, the only calibration required to 

achieve and maintain an accurate value for the refractive index of the 

atmosphere is the relatively crude one of the length of the gas cell 

employed in the refractometer. 

Experience has shown that the laser frequency, once calibrated, is 
o 

unlikely to change by more than 2 parts in 10 over the lifetime of the 

tube. The technique of using an interference refractometer with an 
Q 

accuracy of ±1 part in 10 in conjunction with a length measuring 

interferometer enable,ju the absolute accuracy of the complete measuring 
7 

system to be maintained to better than 1 part in 10 . 

The performance of any length measuring system can of course be 

monitored by the periodic measurement of a calibrated standard, and the 

optical scale described in this thesis would be suited for this purpose. 



2.2 Theory 

The general equation for two-beam interferometry is; 

a _ +3Ci^a^cos2T * 

(P1-P2) 

M 
+ Pi 

where a is the amplitude 

f is the frequency 

p is the optical path 
X is the wavelength 

In single frequency interferometry f̂  = ^ = f and Xj 

Then the general equation reduces to 

a^ + + 2a^a^cos 
2T(PI-P2) 

— X2 — X. 

As or changes, the output intensity varies between (a, + 

and (a^ - a^) the signal varying sinusoidally with path difference. 

The resulting number of fringes is counted and the change in p^ or p^ 

calculated from the wavelength. [Downs and Raine 1979]-

On the other hand in dual frequency interferometry when f^ ^ f^ 

(^2 ^ ) • 

The two-frequency beam laser beam is split into the components of f^ and 

by the polarising beam splitter. These are incident on the reference 

and probe comer-cube reflectors, respectively. The reflected beams 

interfere at the beam splitter, so that the beat signal from (f^ - f^) 

is generated. If the probe comer-cube reflector approaches the beam 

splitter at a velocity of v, the frequency of f^ shifts by Af = 2vf^/c 

because of the Doppler effect (where c is the speed of light). 

Subtracting the reference beat signal from (f^ - fg + Af), the frequency 

Af due to the Doppler effect is finally obtained and counted. From this 

count, the length under test is determined from the relationship 

2vtf^/c = 2dX^, where the reflector moves over the length d for the 

time t. 

Interferometers employing fringe counting are not suited to all length 

measurement applications as they require a moving carriage and impose 

the condition that the light beam cannot be interrupted during the 
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measurement, and some applications are more suited to the method of 

excess fractions. This technique requires the use of a multiple 

wavelength source and a system for scanning the Interference fringes to 

obtain fringe fractions at the various wavelengths employed. [Tllford 

1977, Matsvunoto 1984, Lyubomudrov et al 1984]. 

Consider two beam Interference with wavelengths and X^, the following 

equation applies; 

2D = (m̂ ^ + <t>̂) \^ = * <t>̂) (2) 

where D is the length under test, m^ and are the integer numbers of 

the interference orders, and <l>̂  and are the fractions of the 

interference orders. The beat frequency f^ = f^ - f^ where f^ and f^ are 

the two frequencies employed. Using 

= X -

C C 
f_ = IT- and f_ = where C = the speed of light 

"2 J 

^1^2 

The synthetic wavelength X_ = 

^l"^2 • 

In this technique only 0^ and &re measured by scanning a few fringes 

and applying a phasemeter. If a rough value of D is known to an 

accuracy of 
± X^Xg 

by another method, then m^ and m^ can be uniquely determined. The value 

of D is then determined using equation (2). If a light source with 

several wavelengths is used, D can be uniquely determined, even when 

the accuracy with which D is known beforehand is poor. However it 

should be appreciated that the application of this technique over larger 

ranges requires either the use of an extremely accurate measurement of 

the fringe fraction which will be limited by the quality of the 

components in the optical system, or the application of an Increasing 

number of wavelengths from the source. 

As lasers have Improved in their capabilities and techniques for 

frequency measurement developed, another method for length measurement 

has emerged; that of scanning frequency interferometry. With this 
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technique the radiation source is not frequency stabilised but is 

scanned between two known frequency points and any fringes or fractions 

of fringes occurring during the scan are counted and measured, the 

length is then calculated from the fringe count and the two known 

frequencies. The technique is effectively a hybrid of fringe counting 

and multiple wavelength interferometry. 

The interferometric measuring technique chosen for both length measuring 

interferometer and the interference refractometer in this thesis employs 

a Helium-Neon laser (X 633 n®) and reversible fringe counting, the 

length interferometer requiring the laser to be frequency stabilised. 

This method was chosen as extremely practical and relatively inexpensive 

instruments could be readily developed to meet the performance required 

from the complete length measuring system. 

2.3 Optical design of length measuring interferometer 

The optical configuration of the original Michelson interferometer, on 

which most length measuring interferometer systems are based, is shown 

in Figure 1. The interferometer has been made easier to align and 

insensitive to tilt of the reflecting units by replacing the original 

plane mirrors with cube corner retro-reflectors as shown in the Figure. 

This has the advantages of preventing problems from light being 

reflected back into the cavity when a laser source is employed and also 

of making the second interferogram produced by the interferometer more 

accessible. The measurement direction of this system is along a line 

through the apex of the corner cube retro-reflector, and the tolerance 

to the alignment of this direction through the point in the system 

satisfying the Abbe measurement principle, and along the tracking 

direction of the sample stage is described in Section 3-1. The 

coefficients for the interfering intensities of the two beams are shown 

for each of the interferograms and polarising beamsplitters have been 

incorporated to separate two orthogonally polarised components from each 

of the interferograms, making four electrical signals available from the 

two optical outputs of the interferometer. 

To obtain optimum performance from single frequency length measuring 

interferometers, the bi-directional fringe counting electronics require 

two signals with constant dc levels and sinusoidal components related to 

the optical path difference in the interferometer, that are in phase 
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quadrature. Normally in unmodulated dc coupled interferometer systems 

(the dc coupling being required to achieve zero count rate), any fringe 

contrast variations cause the mean dc level of the path length signals 

to change as shown in Figure 2(a), and indeed if the contrast falls 

below a certain level see Figure 2(b), the counter electronics will fail 

to count. The interferometer system built was based on a design 

developed at the National Physical Laboratory by [Downs and Raine 1979] 

and in this interferometer the required counting signals are obtained by 

viewing the two interferograms produced by a Michelson interferometer in 

orthogonal polarisations, and then subjecting 3 of the 4 signals 

available to an electronic subtraction process. By this means it is 

possible to generate two sinusoidal optical path difference signals 90° 

out of phase, with an average signal level of 0 volts and free of dc 

components unrelated to the optical path difference. For this to be 

achieved several conditions must be fulfilled. The ratios of the 

sinusoidal amplitude and the average signal level must be the same for 

the 3 selected signals, so that after suitable amplification and 

appropriate subtraction only the sinusoidal signal related to the 

optical path difference remains. Also, if for example the signals (1), 

(2) and (3) as shown in Figure 1 are selected, then signals (1) and (2) 

should be in antiphase and ideally separated in phase by ± 90° from 

signal (3) (see Figure 3)- A dielectric beamsplitter will provide the 

required antiphase relationship between signals (1) and (2), while an 

appropriately orientated X/8 plate in one arm of the interferometer will 

secure the correct phase for signal (3) • It can also be shown that the 

signal ratios previously described can be obtained from an all 

dielectric thin film beamsplitter design that equalises the beamsplitter 

transmittance and reflectance for one state of polarisation; this can be 

achieved more readily for the S polarisation and therefore 

signals (1), (2) and (3) are used. 

Three signals like those shown in Figure 3 can then be produced. 

Electronic subtraction of the appropriate pairs of these signals 

(ie (3)-(l) and (3)-(2))as shown in the Figure then gives two outputs in 

phase quadrature with zero average levels, which are consequently free 

of components unrelated to the optical path difference; although their 

amplitudes are dependent on the light source intensity and fringe 

contrast, the positions at which the signals cross the zero voltage 

level have a fixed relationship to the optical path difference and are 

unaffected by the presence of dc components in the original 
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interferogram signals. 

An interferometer based on the system described was constructed with two 

major modifications (Figure 4). a dual plate beamsplitter and an 

additional reflector to enable the interferograms to be examined 

remotely from the interferometer. A Spectra-Physics 117 frequency 

stabilised helium neon laser (output 1.0 mW) was used as a radiation 

source together with United Detector Technology silicon photodiodes with 

a frequency response of 1 MHz. However, it is worth noting that this 

interferometer will function with any source of radiation provided that 

the measurement range is within the coherence length of the source. 

Narrow-band interference filters and high quality Kasemann Ks-MIK grade 

sheet polarisers with an extinction ratio of 1 part in 10^ (King et al 

1971)) and about 5 nm in diameter were cemented together and placed 

immediately in front of the detectors eliminating problems from 

extraneous light. A polarising beamsplitter designed by Downs and 

McGivem (I983) was used to separate the two orthogonally polarised 

interferograms, while the sheet polarisers effectively rejected any 

unwanted leakage from the polarising beamsplitter. This particular 

beamsplitter design uses the phase inversion of the reflected parallel 

polarised component at the Brewster angle to achieve an extinction ratio 

for the device of 1000:1. 

In theory if the two corner cubes are in identical orientations in the 

arms of the interferometer their depolarisation effects are cancelled 

out; in practice these effects are almost totally eliminated by 

metalising the total internally reflecting surfaces and, although it is 

still preferable for the corner cubes to be in the same orientation, the 

angular tolerance to this is extremely low. The corner cubes were 

aluminised so that their polarising properties were acceptable [Peck 

1962] and the remaining optical surfaces, with the exception of the beam 

splitter interface, were anti-reflection coated a double passed 3/8 X 

mica waveplate provided the phase shift. The additional thickness 

(ie compared to a 1/8 plate) made the device more robust and allowed, by 

tilting, phase errors in the plate and phase differences arising from 

the beamsplitter to be corrected more readily (Appendix II). One of the 

axes of the waveplate needs to be aligned with the plane of incidence of 

the beamsplitter to an accuracy of a few degrees. Unmounted mica phase 

plates were employed as they were significantly cheaper than both quartz 

phase plates and glass mounted mica. However, the surfaces need to be 

anti-reflection coated to less than 0.2% to avoid the problems due to 
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multiple reflections and the coherence of the radiation source (Holmes, 

Sept 1964. Jerrard, March 1962). 

The details of the thin film coatings used in the length interferometer 

are given below: 

The length interferometer beamsplitter coating specification was 

for an all electric 30% reflectance 50% transmittance coating for 

the S polarisation component. (Wavelength 633 nm at a 45° angle of 

incidence). These requirements were met by a X/4 thick Zirconium 

Dioxide film (n = 1.95). 

The polarising beamsplitters were made to a design by Downs and 

McGivern (NPL Report 1983) with an extinction ratio approaching 

1000 to 1. 

The corner-cube retroreflectors were aluminised to minimise their 

depolarisation effects. 

The anti-reflection coatings applied to all normal incidence 

surfaces were standard 2-layer V-coatings. 

The anti-reflection coating on the rear surface of the 

beamsplitter plate was a 3-layer design by Downs involving 

neodymium and magnesium fluoride films. The reflectances for both 

P and S components are less than 0.23% at 45° angle of incidence. 

2.4 Mechanical Design of the length measuring interferometer system 

Interferometer measurement and calibration techniques are widely used 

m machine tools [Wuerz et al 1983, Baldwin et al 19833- The schematic 

layout of the components of the length measuring interferometer system 

in this thesis is shown in Figure 3- The optical scale being measured 

was placed on the Unimatics stepping motor driven positioning stage 

shown in Figure 6. This stage provided a total range of movement of 

150 mm in 1 micron steps and a range of switches could be selected to 

address the position of the scale within 1 micron of any required point 

within its range of travel. A substrate holder capable of moving the 

scale over a limited range of movement with extremely fine control using 

differential screw adjusters, shown in Figure 7 was mounted on the 
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positioning stage, together with a corner cube retroreflector. The 

optical setting head incorporating an inverting eyepiece, television 

camera and fibre optic illumination system, shown in Figure 8, was 

mounted above the specimen with the focal point of the 0.5 numerical 

aperture 50x magnification telephoto microscope objective arranged to be 

intersected by the measurement direction of the interferometer system (a 

line through the apex of the corner cube retroreflector and parallel to 

the laser beam). An intensity profile obtained from the television 

camera was displayed on the monitor as shown in Figure 9. 

The optical setting head was mounted over the specimen on the bridge 

structure shown to provide the high mechanical stability required, and 

this structure was then enclosed with aluminium sheeting to provide a 

relatively stable temperature enclosure for the interferometer path and 

measurement area. This enclosure also minimises the problems caused by 

air turbulence or inhomogeneity of the air in the optical measuring 

path. These variations in the atmosphere not only result in noise in the 

system due to changes in optical path, but also from fluctuations in the 

wavefront causing the contrast in the interferometer to vary. When these 

systems are used over ranges of 30 metres or more atmospheric variations 

in the optical path can cause up to 1 fringe of tilt across the 

wavefront of the light beam causing a complete loss of contrast in an 

interferometer and total failure of a single frequency system. 

The unwanted effects of heating from the laser were minimised by 

thermally isolating the laser tube using Nylatron V-blocks and mounting 

it outside the measurement enclosure. Heating effects from the 

illumination required for the optical setting heat were eliminated by 

the use of an optical fibre allowing the 100 watt quartz halogen light 

source to be remote from the system. 

2.5 Radiation source and frequency calibration 

Frequency stabilised helium-neon laser sources are now readily available 

commercially - their intense collimated beams being ideally suited to 

laser interferometry and their narrow bandwidths providing, in theory, 

an interferometric measurement range of hundreds of metres. In practice 

however, the inhomogeneity of the media in the optical paths traversed 

by the two beams restricts this measurement range. 

The helium-neon laser does however have three main limitations when used 
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in interferometric applications; the possibility of multiple modes of 

oscillation, frequency instability and sensitivity to optical back 

coupling into the cavity. [Duardo et al 1976]. 

By careful optical design, helium-neon lasers can be restricted to axial 

modes and off-axis modes prevented. The axial modes have a frequency 

spacing of (where c is the speed of light and L is the cavity 

length) and the number of modes can be directly controlled by the 

separation of the laser mirrors. By making the mirror spacing 

sufficiently short for example, the axial mode spacing is made larger 

than the Doppler width of the transition, shown in Figure 10a, and only 

a single axial mode is then emitted. 

The general shape and width of the emission spectrum at 632.8 nm is 

determined by the Doppler effect caused by thermal motion of the neon 

atoms in the high temperature plasma discharge. This shape is Gaussian 

and the intensity of the profile is given by:-

- Mc^uf 
I(w) = I EXP 

° 2RTw 
o 

where is the intensity at line centre, c is the speed of light, 

M is the molecular weight, R is the universal gas constant, T is 

the absolute temperature and w is the frequency deviation from the 

line centre, frequency For the 632.8 nm line, the line-width 

(frequency separation of points where amplitude is 1/2 maximum) is 

approximately 1500 MHz (or 0.002 nm in wavelength terms). In practice 

this would be dependent upon the laser threshold level. 

The 3 main types of frequency stabilised laser commercially available 

are shown schematically in Figure 10. The Lamb dip [Javan and Szoke 

1983] and Zeeman split types [Baer et al I98O, and Takasaki et al I98O] 

shown in Figure 10(a) and Figure 10(b) respectively, use short tubes 

supporting only a single frequency, and the two mode type shown in 

Figure 10(c) employs a tube length capable of supporting two axial 

modes. 

The frequency stabilisation of all these lasers is achieved by 

maintaining a constant distance between the mirrors employed for the 

cavity, automatically correcting for any thermal expansion changes that 

may occur. The mirrors may be separated from the discharge tube or, as 

is now more usual, form an integral part of the tube providing a durable 
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permanently aligned structure. In the case of the mirrors separated from 

the discharge tube, their positions may be readily controlled using 

piezo-electric devices. When the mirrors are an integral part of the 

tube, a number of techniques are employed for cavity length control and 

these include the mechanical stretching of the tube with piezo-electric 

devices and several thermal techniques including the following:-

(1) Using a fan for controlled cooling of the tube. 

(2) Heaters to regulate the tube length by thermal expansion. 

(3) Varying the electrical power in the discharge to control the 

expansion of the tube. 

All these techniques normally involve small acceptable variations in the 

output power of the laser. 

CAVITY LENGTH SERVO-SYSTEMS 

Lamb dip 

At the centre of the Doppler profile less power is obtainable within 

approximately one natural line width of the Doppler line centre than is 

possible towards the edges of the line as shown in Figure 10(a). This 

effect was first described by Lamb and more recently by Javan and Szoke. 

By examining the power output of the cavity and applying a small length 

modulation the laser can be frequency locked to the "Lamb dip". In 

practice the Lamb dip in the visible Helium Neon laser is about 200 MHz 

wide and 5 to 10% deep. A commercial example of this type of laser is 

the Spectra Physics 119 model. 

Measurements at the International Bureau of Weights and Measures (BIPM 

Baer et al 1980) show the stabilised vacuum wavelength of a new Lamb dip 

laser device to be 632.991410 nm, drifting to 632.991^30 nm 3 years 

later near the end of the plasma tube life. (ISOTOPE NEON-20) 

Zeeman Split 

Zeeman split lasers use either axial or transverse magnetic fields to 

split the emission into two polarised components. In the case of the 

axial field (shown in Figure 10(b)) these components are orthogonal 

circularly polarised components, the Doppler profile of each being 
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frequency shifted. The components have equal Intensities only when they 

are s-rnnetrically disposed about the central frequency of the laser and 

by using a polarising beam splitter and photodetectors to measure their 

relative-amplitudes, a servo signal can be obtained to control the 

cavity length. 

The two components from such a Zeeman split laser, due to refractive 

index differences, have slightly different optical frequencies shown in 

Figure 10(b) and are ideally suited as sources for the dual frequency 

heterodyne interferometer systems previously described. 

A commercially available example of this type of laser is produced by 

Hewlett Packard in America. 

Two-mode 

The "two-mode" method of stabilisation [Balhorn et al 1972, Bennett 

et al 1970 and Ciddor et al 19833 is shown schematically in 

Figure 10(c). The relative intensity of adjacent, linear, 

orthogonally-polarised modes is measured. The cavity length is then 

controlled to maintain a fixed intensity ratio between the two modes. 

The control system is continuous and there is no frequency modulation of 

the laser output. One or both of the modes can then be selected using a 

polariser or polarising beam splitter. It is worth noting that in 
y 

practice the two frequencies sit approximately +250MHz (+5 parts in 10 ] 

on either side of the laser frequency at the centre of the Doppler 

profile. All three types of frequency stabilised laser sources described 

have long term frequency stabilities of better than a few parts in 
g 

10 and, when calibrated, can be used in precision length measurement 

applications requiring an absolute accuracy of 1 part in 10^. A 

frequency calibration curve shown in Figure 11 was produced by the 

wavelength standards group at the NPL for the two-mode 117 Spectra 

Physics laser used as a radiation source for the length interferometer. 

This curve was obtained by beating the laser with an absorption 

stabilised Helium-Neon laser specifically developed as a wavelength 

standard. The saturated absorption iodine stabilised Helium-Neon laser 

used for this calibration employed an inter-cavity iodine cell, the 

frequency stability and reproducibility of this type of laser being 

better than 1 part in 10^^ [Wallard, 1973]• 
Q 

In order to calibrate the frequency to 1 part in 10 it is essential to 
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measure 'two-mode' stabilised radiation sources, as variations in the 

constituents of the gas and the pressure can cause significant 

variations in the laser frequency. However, in practice, measurements 

have shown that once the frequency has been calibrated for a typical 
g 

laser, it will not vary by more than 1 part in 10 over a period of a 

year. 

It is vitally important that no light is reflected back into the laser 

cavity as reflections of the order of 0.01% of the original laser 

intensity can severely disturb the frequency stabilisation of the laser 

and can even prevent the stabilisation mechanism from functioning. Some 

manufacturers deal with this problem, not only by antireflection coating 

the outer surface of the ouput mirror but also by wedging the mirror 

approximately 1.5°, accepting the slight deviation of the output beam 

this causes. 

The orientation of the plane of polarisation of the laser beam was 

controlled by rotating a X/2 mica phase retardation plate, slightly 

inclined to the beam to prevent stray light being reflected back into 

the cavity, rather than rotating the laser tube itself. 

The laser was mounted in Nylatron V-blocks both to thermally isolate the 

tube from the system and to allow the frequency stabilising system to 

function correctly. Vertical and horizontal micrometer adjusters were 

fitted at the front and rear of the tube in order to control both the 

position and direction of the laser beam. 

2.6 Fringe counting and fractioning techniques 

Analog Devices integrated circuits were used throughout the electronics 

and were chosen for their frequency responses (at least 1 MHz was 

required for the length interferometer) and low dc drift 

characteristics. A unimetrics bi-directional electronic counter with a 

maximum count rate of 1 MHz was arranged to display a count every time 

one of the signals crossed the zero voltage level and thus each count 

represented a movement of the retro-reflector by one-eighth of a 

wavelength (ie approximately 0.08 pm). It was also possible to arrange 

for one count to correspond to a displacement of one-quarter ofV, one-half 

of a wavelength. This was achieved by the selection of the appropriate 

counter input logic by a switch on the unit. 
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The United Detector Technology silicon photo-diodes used in the length 

measuring interferometer were run in a voltage biased mode, minimising 

the effect of their internal capacitance and allowing a frequency 

response of 1 MHz (retro-reflector velocity of 0.3 metres/sec) to be 

achieved from the circuit shown in Figure 12. 

The two counting signals from these electronics, eachvap-ViKCrsinusoidally 

with path difference and in phase quadrature with one another, were fed 

to both the inputs of the electronic fringe counter and to the Y-axis 

and timebase of the oscilloscope. The iLissajous figure obtain in this 

way (ideally a circle) was used to continuously check the performance of 

the interferometer system and by attaching the grid shown in Figure 13 

to the face of the oscilloscope display, a sensitivity of better than 

0.01 pm was achieved (X/80). One complete revolution of the t-issajous 

figure being equivalent to 0.32 um displacement of the retro reflector 

(X/2). 

An electronic unit capable of reading the fringe fraction into an IEEE 

interface was also developed in collaboration with FT Technologies Ltd 

(Teddington, Middlesex). 

The electronic circuitry was based on an arc tangent function block 

manufactured by Analog Devices (Molesey, Surrey) and is capable of 

measuring to a precision of 0.001 of a fringe at a frequency of 100 Hz. 

The fringe fraction provided electronically by this unit was used to 

check the value obtained visually by displaying the signals as a 

Lissajous's figure on the oscilloscope. It is also possible to fringe 

fraction by digitising the counting signals and analysing them on a 

computer. This technique [Heydemann, I98I] would have had the advantage 

that the quality of both the sine and cosine counting signals can be 

examined and corrections made for any imperfections, enabling an 

extremely accurate fringe fraction to be made. However, this approach is 

really only required when an absolute accuracy of 0.001 of a fringe is 

needed and would have taken considerable time to effect. 

An accuracy of better than one hundredth of a fringe was readily 

obtedned visually from the oscilloscope display and this was confirmed 

by the values obtained electronically by the FT Technologies unit. 



- 17 -

2.7 Optical Setting Microscope 

In order to achieve precision length measurements on optical scales up 

to 1507nm long with an absolute accuracy of 1 part in 10^ it was 

necessary to develop a position location technique capable of setting on 

a feature on a scale to 0.01 pm. The optical system devised involved the 

use of a low cost inverting eyepiece in conjunction with a television 

camera. This system was further improved by the use of a television 

scanning system enabling photo-electric setting to be achieved. The 

inverting eyepiece produces two images of any line in the field of view 

of the microscope. These images are related in that they are inversions 

of each other projected through the centre of the eyepiece. Thus as a 

line is moved away from the centre of the field of view its two images 

separate and conversely as the object is brought closer the images move 

together as shown in Figure l4. By setting at the point where the 30% 

intensity levels of each of the images coincide (Figure 14(d)) a uniform 

illumination ocurs across the two images of the edge of a line. With 

lines produced in lOOOA thick chromium using photo lithographic 

techniques this 'edge setting' method enables em edge setting accuracy 

of 0.01 vun to be readily achieved. This setting accuracy is essential 

for the achievement of precision length measurements on optical scales. 

The ease of setting was then improved using the television scanning 

technique shown in Figure 9- The image intensity profile of the line on 

a scale is extracted from the TV line scan and displayed on the monitor. 

The intensity information required is achieved by aligning the length of 

the line being examined parallel to the scanning direction on the TV 

tube. 

The intensity profile across the line is then generated by examining a 

suitable sample length of each of the TV scan lines using a sample and 

hold technique. The system has the advantage that the sample length can 

be chosen to integrate out any irregularities in either the specimen or 

the camera tube. Although the resolution is limited to the line spacing 

and camera type, the technique of setting at the overlapping 50% 

intensity points in the two images of an edge is almost completely 

Insensitive to these parameters. The method is not dependent on the 

linearity or uniformity of the camera tube; nor, as the position is 

located using the inverting optics in the eyepiece rather than the 

position of the TV scan line, is the technique dependent upon the 

stability of the raster scan of the camera tube. 



- l 8 

The achievement of accurate feature position location when measuring the 

lengths of scales necessitates the use of reasonably high magnification 

in the optical system, in order to increase the sensitivity to setting 

on the intensity profile of the diffraction broadened image of the 

feature. The choice of setting is further complicated by the 'ringing' 

effects that occur with the typically partially coherent illumination 

found in microscopes. [King et al 1981, Martin 1966]. Theoretical curves 

for a diffraction broadened edge with incoherent and coherent 

illumination as shown below; 

NUMERICAL APERTURE 0.9 

Incoherent Coherent 

Ideal edge shown dotted 

The 50x magnification telephoto microscope objective employed for the 

optical setting system had a numerical aperture of 0.5 and a working 

distance of 12.5 mm. When used for setting on features in reflected 

light the contrast ratio was measured to be approximately 12:1 rather 

than the near infinite contrast ratio with transmitted illumination. In 

reflected light the edge setting criteria is extremely close to that for 

incoherent light making the 30% setting technique extremely insensitive 

to focus as shown in Figure 15. This was confirmed in practice and 

although focus would not have been a problem with the distance between 

two points, the system would be quite capable of measuring the distance 

between several points on the scale without incurring any length errors 
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due to variations in the focus causing an optical offset from the true 

edge position. 

2.8 Design of Interference Refractometer 

As previously described interferometer systems measure length in terms 

of the wavelength of the radiation from the light source, which for 

frequency stabilised Helium-Neon lasers can be maintained to a few parts g 

in 10 over a period of a year. When these systems are used for 

measurement applications in the free atmosphere, the wavelength of the 

radiation depends upon the refractive index of the air; which varies 

with temperature, pressure, humidity and gas content. In order to make 

accurate interferometric measurements it is essential to correct the 

wavelength used in the calculation of the linear measurement, for 

variations in these parameters. The sensitivity of the refractive index 

or the air to these parameters is shown in Appendix I. 

A number of techniques are currently used to minimise the problems 

caused by the media in which these interferometer are measuring and 

these include: 

(1) Measurement in an atmosphere of helium 

(2) Measurement in a vacuum 

(3) Using suitable sensors and electronics to measure the various 

parameters involved and to calculate corrections for the 

atmospheric variations 

The approach taken in this thesis is to use an interference 

refractometer to provide directly an extremely accurate measurement of 

the refractive index of the atmosphere and to use this to maintain the 

accuracy of the length measuring interferometer. 

In order to realise the high measurement sensitivity of which this type 

of refractometer is capable, a common-path optical configuration was 

employed for the interferometer, involving a double passed Jamin beam 

splitter and cat's eye retroflector, shown in Figures 16 and 17. This 

interferometer has the advantages of being insensitive to mechanical 

vibration and does not require the laser source to be frequency 

stabilised. The interferometer provides two optical outputs, one derived 
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from two interfering beams and the second from a single beam. Two photo 

detectors are used to examine orthogonally polarised components of the 

interference output and a third detector to examine the non-interfering 

output. The three electrical signals are then subjected to an electronic 

subtraction process shown in Figure 18, similar to that used in the 

length measuring interferometer. The two electronic counting signals 

produced by this technique maintain the performance of the instrument 

even in the presence of variations in the fringe contrast and 

fluctuations in the light source intensity. The low frequency circuit 

used in the refractometer is shown in Figure 19. 

The refractometer beamsplitter coating was a 42A thick aluminium film 

(+ 30A of oxide), providing a match between the intensities of the two 

orthogonally polarised interferograms. All the aluminium reflectors used 

at non-normal incidence were coated with magnesium fluoride to minimise 

the depolarisation effects (Figure 20). 

Normally the refractometer measures the refractive index of the 

atmosphere by evacuating the air from both compartments of the cell and 

then admitting a sample of the atmosphere to be measured into one of 

these compartments, whilst counting the fringes produced in the system. 

However, the poor thermal control of the measurement environment used 

for the research work in this thesis made it necessary to employ a 

single compartment cell as described in Chapter 3.5. Direct comparison 

of different types of air refractometers existing in Europe 

[Schellekens et al I986] ha previously indicated that in a closely 
g 

controlled environment a measurement accuracy of parts in 10 can be 

achieved from these instruments, and one of the objectives of this work 

was to achieve the optimum performance in a typical metrology 

environment. 
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