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SUMMARY 

4 new accunte interference refractometer. without pumping device. has been developed. The refractometer is based on a commercially 
available laser measurement system and uses a prismatic measuring cell, containing a permanent vacuum chamber. Measurements of the 

refractive index of air can be camed out accurately, easily and quickly with this instrument. For this instrument also a new arrangement of a 
double pass, plane mirmr interferometer with high stability was developed. The accuncy of the interference refractometer is analytically and 

experimentally determined and appeared to be better as 1 part in 10'. 
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1. Introduction 

Laserinterferometry is widely used for accurate measurement of length. 
The laser interferometer is a basic instrument for the calibration of 

measuring devices and machine tools and is also used as measuring 
system in very accurate production- and measuring machines. The 
accuracy of a laser interferometer is mainly determined by the 

uncertainties in the light frequency and the refractive index of the 
environmental air in which the measurement is carried out. The 
frequency of the laser light can be determined very accurately as 
described in (31. Thus the accuracy mainly depends an the accurate 
determination of rhe refractive index of air. 

This refractive index (N), can be determined basically in two 

different ways. With the first method, N is calculated from the 
measured values of pressure, temperature, humidity and Cowontent 
using the Edltn formula [Z]. Somewhat modified. this equation .for the 
refractive index of air can be written as: 

N-l = ~ . 0 . 1 0 4 1 2 7 . 1 0 - ' ~  . 0,42063.10-9.F 
1 + 0.3671.10 '.T 

with - D = 0.27651756~103(1 + 0.54~1O41C-3O0)) 

- P the pressure of the air in Pa 
- T the air temperature in "C 
- F the water vapour pressure in Pa 

- C the C o x o n t e n t  in ppm 

Most of the commercially available laser interferometers use an 
electronic compensation for changes in N, the so called automatic 
compensation. based on the above mentioned Edlen formula. The accuracy 

of this method is at first limited by the model accuracy of the EX]& 
formula (% 5 5.10") and the measuring errors in the determination of 
P. T, F. and C (E.g. an error in the temperature measurement of 0.1 K 
introduces a relative error in the calculated refractive index of 
about An other important contribution to the inaccuracy of this 

method is caused by the contributions of non-modelled constituents in 
the air. About the effects of these non-modelled constituents we have 

published earlier in these annals 141. Taking this all  into 
consideration we may conclude that it will be very difficult to reach 

a relative accuracy of 1 part in lo7 with this method. 

The second method to determine N is measuring it with an interference 

refractometer. With this method N is calculated from the measured 
optical path length (OPL = N * mechanical path length). so the 
refractive index including the contribution of all  constituents is 

measured. As can be expected this method yields a higher accuracy than 

Edlen's method. We have proved that it is possible to determine N with 
a maximum uncertainty of 5 parts in 10' [51. A disadvantage of this 
method is the difficult application of most of these instruments. Most 
of the accurate refroctometers (T I lo-') use a sample chamber which dN 

has to be evacuated before the measurement can be camed out. So the 
use of a vacuum pump is necessary. Due to the closed structure of most 
of these instruments, the environmental air has to be pumped smwthly 
through the sample chamber. this requires a correction for a 

difference in temperature between the air in the sample chamber and 
the environmental air and a correction for layers of water molecules 
on the optical windows. The measurement of this temperature difference 
and the calculations of the correction will introduce an additional 
inaccuracy of the refractometer and requires special equipment. 

Our goal was to develop a interference refractometer based on a 

commercially available laser interferometer, which is easy to use, and 
with a maximum uncertainty of 1 part in lo7. Therefore the 
refractometer has to work without vacuum pump and without temperature 
sensors. For this application we developed a laser interferometer with 

high stability and a high resolution. 

2. The Plane Mirror Interferometer 

The refractometer is based on a new arrangement of a double-pass plane 

mirror interferometer, as shown in figure 1. The interferometer is 
based on a commercially available laser measuring system using 
standard optical components. Since a heterodyne two-frequency laser 
source is used it is necessary to use a polarizing beam-splitter in 
combination with two quarter-wave plates to obtain the desired beam 
pattern. The entrance beam which is polarized parallel to the plane of 
drawing, is depicted as a solid line, while the entrance beam which is 

polarized perpendicular to the the plane of drawing is depicted as a 
dashed line. The double-pass principle doubles the resolution of the 

system compared to a single-pass interferometer. In our configuration 
this interferometer has a resolution of NS00 (where A is the 

wavelength of the laser light (633 nm)). this corresponds to a 
displacement resolution of about 0.8 nm. The reflection surface of the 

bending prism and the beam splitting surface should be parallel within 
a few arcseconds. The plane mirrors and the comer cube are easy to 

reference measurement 
mirror mirror 

Figure 1. Plane Mirror Interferometer (PS: Polarizing Beams-plitter: 
BP: Bending Prism: CC: comer cube) 
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align. Due to the symmetric beam pattern of this arrangement, the 

interferometer is insensitive for small rotations (up to a few 
arcminutes) of the plane mirrors. The interferometer has also a 
relative low sensitivity for other external influences such as changes 
in the thermal situation and vibrations. To prove this. several 
stability measurements have been carried out. For these stab~lity 

measurements and also in the application with the refractometer, the 
measurement arm and the reference arm of the interferometer were both 

reflected on the same plane mirror. The results of one of these 
measurenients are presented in figure 2, which shows a stability within 
a few counts of hi800. 

8 10 12 14 

lune ~lnuruler) 

Figure 2. Stability Measurement 

3. The Interference Refractometer. 

The refractometer uses a prismatic chamber with a permanent vacuum 
inside (.see figure 3). Displacing this vacuum chamber perpendicular to 
the direction of the laser beam causes a change in the path length 

through the chamber. 

Figure 3. The interference Refractometer 

The refractive index can be calculated from the measured optical path 

length difference, using the following formuh: 

with: - A L =  2Stan(a /2)  
- S displacement of the vacuum chamber perpendicular to the 

beams plane [ml 

- a apex angle of the vacuum chamber 

- p the number of pulses counted by the laser measuring system 
- 1" the vacuum wavelength of the laser source [nil 
- r a resolution factor (in our case r = 800) 

The beams of the measuring arm as well as the reference anii of the 

interferometer pass through the windows of the vacuuni chamber. So 
uniform temperature changes of the windows or linear gradients in the 
temperature of the windows will not affect the measurement results. In 

order to minimize the effect of non-linear temperature gradients in 

the windows. a special optical glass is used, which has a low 
thermo-optical coefficient. This coefficient gives an indication about 

the change of the optical path length through the glass caused by a 

change in the temperature of the glass [61. 

However, local variations in the optical path length through the 

windows will introduce unacceptable errors. These local variations c m  
be caused by thickness variations, local variations in the refractive 
index of the glass due to inhomogeneities in the glass or due to local 

stress concentrations in the glass. Therefore it is necessary to carry 
out a correction for these errors. In order to determine the magnitude 
of this correction the influence of these effects has to be measured. 
The first method to do this, is to measure the local variations of the 

optical paths through the windows. This can be realized by measuring 
the optical path length as a function of the displacement of the 
vacuum chamber, before the chamber is evacuated. In this case one must 

be sure that the refractive index inside and outside the chamber will 
be exactly the same. An other limitation of this method is that the 
effect of local stress concentrations in the glass. caused by the 

vacuum pressure can not be included in the correction. The analysis of 

Birch et al. [l] shows that the absorption of water vapour on a 
polished glass window has a minor effect on the optical path length 
through a window. Therefore the influence of vapour absorption on the 

local variations of the optical path length through the windows will 
be negligible. A second method to determine the con-ection is to 

calibrate the refractometer against another refractometer which has 
proved to have an higher accuracy. Due to the permanent character of 
these errors the calibration has to camed out only once. Under 
laboratory circumstances the method of calculating the refractive 
index by the Edlen formula can also be used to calibrate the the 
refractometer. These last two methods more systematic errors can be 

included in the correction. In our experiments we applied all these 
methods, as expected the second method yields the highest accuracy. 
Therefore this method will be applied for the comparison measurements. 

The maximum accuracy as well as the resolution of the refractive index 
measurement are partly limited by the magnitude of the measured 

optical path length difference. This optical path length difference is 
mainly determined by the magnitudes of the displacement and the apex 
angle of the vacuum chamber. As the apex angle of the chamber 
increases the reflection of laser light on the window surfaces will 

increases too. The laser measurement system runs out of signal if the 
apex angle exceeds 85". In the prototype an apex angle of 70' and a 
displacement of the chamher of 50 mm were chosen. This yields a 
resolution in the measurement of the refractive index of 10'. The 
separate components of the vacuum chamber are made with high precision 
and are glued together. 

To reach the desired accuracy of the refractometer without calibration 
measurement, some preconditions have (0 be fulfilled: The apes angle 

has to be determined with an uncenainty less then 10 arcseconds. 
Changes of the shape of the chamber caused by the vacuum pressure are 
negligible. The displacement of the vacuum cell has to be known with 

an  accuracy of 5 pm. The vacuum chamber has to be well aligned with 

respect to the laser beams. The alignment error has to be smaller than 
0.5". the rotations of the vacuum cell during the displacement must be 
smaller than a few arcminutes. An accurate determination of the 

correction for local variations in the opticai path length through the 
windows is essential. In order to reach the highest possible accuracy 

we determined the correction by one calibration measurement using the 
TUE-refractometer. After an elaborate analysis of the error sources, 
the maximum inaccuracy of the refractometer is estimated as 8 pans in 

108. 
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If the refractometer is calibrated. the refractive index can also be 
calculated by the following formula: 

2.735 

where: Nc = Value of the refractive index during the calibration 
measurement 

p = Number of registered counts during the calibration 
measurenienf 

To apply this calculation method. only the following precondition has 
to be fulfilled: The change in the mechanical path length through the 
vacuum chamber must be constant for every measurement and the same 
part of the vacuum chamber has to be used. Consequently a high 
repeatability of the displacement of the vacuum chamber (S) is 
required. 

4. Measurements and results 

To evaluate the accuracy of the refractometer, the refractive index of 
the air is calculated with the Edlen formula and also measured with an 
other high accuracy interference refractometer, n e d  called the 
TUE-refractometer [4]. In the comparison set-up the vacuum chamber and 
the optical components, except the laser source, are placed in an 
isolated volume. next called the sample volume. The displacement of 
the vacuum chamber is generated and measured by an Abbe length 
measuring instrument. The temperature measurement in the sample volume 
is carried out by resistance thennometers, of the pt-100 type. For the 
pressure measuement a calibrated high performance quartz crystal 
pressure transducer is used. The humidity is determined by a wet and 
dry bulb psychrometer. The COz-content is measured by an  infrared gas 
analyzer. In our labontory no other constituents are relevant. Under 
these laboratory circumstances the refractive index can be calculated 
with a relative accuracy better than 1 part in 10’. The 
TUE-refractometer is connected to the sample volume. The air from the 
sample volume is circulated smoothly through the TUE-refnctometer by 
a pumping system. The uncertainty of the TUE-refractometer is less 
than 5 parts in 10’. The results of these comparisons are presented in 
figure 4. From these results we can conclude that the maximum 

7 
uncertainty of the new refractometer is 1 part in 10 . 

I 

1 2 3 4 5 6 7 8  

me~lymncnt number 

2.715‘ 

Figure 4. Results of the coinparisson measurements 

5. Discussion 

laboratories. It is based on a glass tube with an oval cross-section. 
sealed by optical windows, as depicted i n  figure 5 ,  Due to the 
symmetric arrangement we expect better khaviour and e.g. less 
influence from local stress effects as a result of glueing the 
windows. Also the circulation of the air outside the cell is expected 
to be more realistic with respect to our first concept Due to time 
limits it was not possible to present results already in this paper, 

s lde  vieuw top vieuw with beam arrangement 

Figure 5. New design of the vacuum chamber 
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It may be concluded that the new refractometer concept shows good 
behaviour and can be used for accurate determination of the refractive 
index of air under industrial conditions. The concept is easy to 
handle and there is no need for very expensive equipment, especially 
when the calibration method is used. The concept can probably be 
improved by using another chamber type, which is in preparation in our 
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