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Abstract: A well known method for compensation of the refractive index of air for length measurements based on the speed of light is a measurement with two different wavelengths and using the dispersion relation. However, this method is valid only for dry air and is practically not used. In moist air the method leads to systematic deviations if the environmental parameters change. We investigated a modified compensation method where the air pressure and the humidity are measured conventionally. The effective temperature in the measurement path which is necessary to calculate the refractive index is derived from the length results for both wavelengths. In this paper recent results for length measurements up to 50 m are presented.
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1. INTRODUCTION
Length measurements in air which are based on the speed of light, e.g. interferometric measurements, are affected by the refractive index of air and its variations with temperature, pressure, humidity, and to a small degree the CO2 content. For practical measurements these air parameters are usually measured and the refractive index is calculated with one of the improved versions of the empirical Edlen formula [1-4]. Especially the measurement of the air temperature can be difficult due to temperature gradients and the response time of temperature sensors, if the environment is not well air conditioned. 

An alternative approach known since some 40 years is a length measurement with two different wavelengths. If the refractive indices are ignored, both measured length values differ due to the dispersion in air. In dry air the mechanical length can be calculated from these length using a parameter which depends only on both wavelengths and not on air temperature and pressure (e.g. [5]). In moist air, however, this two wavelength compensation method leads to systematic deviations if the environmental parameters change. Recently we published an improved method which requires the conventional measurement of air humidity and pressure [6].
2. TWO COLOUR INTERFEROMETRY
2.1. Standard two colour interferometry

The principle of the refractive index compensation by two colour interferometry is based on the Edlen formula [4] with its variables wavelength , temperature t (in °C) pressure p, CO2 content of air x, and partial pressure of water vapour pw. The Edlen equation can be grouped in functions depending on the wavelength only and other depending on the air parameters only:
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In the two colour interferometry a length L is measured with two different wavelengths 1,2,. If the corresponding refractive indices n(1,2, …), in short denoted as n1,2, are ignored, both measured length values L1 and L2 differ due to the dispersion in air. For conventional interferometry there would be two results for the length:
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In dry air (pw = 0), the mechanical length can be calculated as [5]
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where the parameter
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(4)
depends only on both wavelengths and not on air temperature, pressure, and CO2 content. Therefore it is possible to make interferometric length measurements in dry air without measuring the temperature, pressure, or CO2 content of the air. In moist air, however, the dependence on the environment does not cancel out in eq. 3 and 4 and A depends not on the wavelengths only.
One side effect of the two colour interferometry is the scaling of measurement uncertainties in the length difference (L2 ‑ L1) by the factor A in eq. 3. For the wavelength pair of 1064 nm and 532 nm used in our experiments this factor is approx. 65.
2.2. Improved two colour interferometry
The method of our improved two colour interferometry is explained in detail in [6]. 
For the improved two colour interferometry eq. 2 is considered as an equation set. Using the Edlen equation from Bösch and Potulski [4] the equation set can be solved for the length:


[image: image6.wmf]))

(

)

(

)

(

)

(

(

/

)

(

)

(

)

(

)

(

1

2

2

1

1

2

1

2

2

1

l

l

l

l

l

l

l

l

K

g

K

g

Pa

p

K

K

L

K

L

K

w

L

-

+

-

-

=

.
(5)

The functions K( and g() are from eq. 1. It turns out that the dependence on the air parameters cancel out except for the water vapour pressure pw. Therefore it would be sufficient to measure pw. In practice, however, it is not possible to directly measure the partial pressure of water vapour in air. Standard hygrometers indicate the relative humidity RH. For the calculation of the partial pressure from the relative humidity the air temperature T (in Kelvin) has to be known [4]:
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with numerical constants a, b, c, and d. Since the number of relative humidity sensors along the measurement path is practically limited, an assumption about the humidity distribution between the sensors is necessary. The further calculation depends on this assumption. Two special cases are considered here: a constant relative humidity or a constant partial pressure, respectively. A constant partial pressure of water vapour would be the case in a closed room without air exchange. Then it is sufficient to measure the temperature at the position of the humidity sensor, calculate pw using eq. 6, and the length with eq. 5.
A constant relative humidity would be the case in an air conditioned room with a relative humidity control. Here an effective temperature along the measurement path is necessary for calculating pw. The effective temperature can be derived from the length results of the two-colour interferometer.


The equation system eq. 2 can be solved for the temperature t (in °C):
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with
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and

[image: image10.wmf].

003661

.

0

10

009876

.

0

10

5953

.

0

6

.

93214

10

)

400

(

5327

.

0

1

8

8

6

=

´

=

´

=

´

-

+

=

-

-

-

d

g

b

a

x


Since pw has to be known for calculating t, and in return t is necessary for calculating pw, an iterative procedure has to be applied. Furthermore, it turns out that the air pressure and the CO2 content are required for calculating t. The CO2 content x has only a little influence and can be safely set to a constant value. The air pressure has to be measured conventionally.
This improved two colour method scales measurement uncertainties in the length difference (L2 ‑ L1) in the same manner like the standard two colour method according to eq. 3, though a factor like A is not explicitly visible in eq. 5. In the limit pw ( 0 eq. 5 is equal to equations 3,4.
First measurements with a frequency doubled Nd:YVO4 laser indicated that there is an inaccuracy in the dispersion term of the Edlen equations [7]. If the length results for the 532 nm and the 1064 nm wavelengths are calculated classically using the refractive index from the Edlen equation and conventional sensor data (t, p, RH) a linear deviation between both lengths of ~7(10-9 L was observed. The results of nine different measurements showed no systematic effects of the air parameters. Between the nine measurements the temperature varied from 19.9 °C to 20.2 °C, the pressure from 993.7 hPa to 1010.8 hPa, and the relative humidity from 42.2 % to 54.4 %. Therefore we decided to correct the raw length values for the 1064 nm wavelength by 7(10-9 L.
3. EXPERIMENTAL SET-UP AND RESULTS
A commercial frequency doubled Nd:YVO4 laser which emits both wavelengths of 1064 nm and 532 nm was used as the light source for a homodyne interferometer. The laser frequency was not further stabilised and had a long term stability over three months of approx. / ( 1(10-6 and a short term stability during a measurement (up to 24 hours) of / < 2(10-7 which was sufficient for our experiments. The interferometer was mounted at the geodetic base of the PTB, shown in figure 1. The geodetic base is a length comparator for up to 50 m. The comparator consist of a 53 m long comparator bed, on which measuring tapes or line scales can be placed, and a trolley with an optical and photoelectrical microscope. The length is measured with a HeNe laser interferometer whose moveable reflector is attached to the trolley. For the calibration of interferometers a large triple mirror can be placed in front of the trolley which can be used as the reflector both for the reference HeNe interferometer and the instrument under test simultaneously or it can be used for folding both beams.

[image: image11]
Fig. 1. View of the geodetic base of the PTB
For the reference interferometer the refractive index of air is calculated from the air temperature, pressure, and humidity using the Edlen formula [4]. The environmental parameters are measured with the following sensors:
· 21 air temperature sensors (PT100) placed every 2,5 m along the comparator bed 

· one barometer for measuring the air pressure 

· one hygrometer for measuring the relative humidity of air
The length dependent part of the measurement uncertainty for the reference laser interferometer in the total measuring range is approx. 2x10‑7 L, limited by the measurement of the air temperature. For short distances up to 5 m eight additional temperature sensors can be placed along the path leading to an uncertainty of 6x10‑8 L.

The result of three measurements is shown in figure 2. as the difference between the reference interferometer and the two colour interferometer. A constant relative humidity was assumed for these measurements. 
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Fig. 2. Length difference between the reference interferometer and the two colour interferometer for three measurements up to 50 m length
Except some single points the deviations are < (5 µm for short lengths <10 m and increase to below (10 µm at 50 m length. The relatively large deviations at shorter lengths are caused by the scaling of uncertainties in the length difference between the measurements for the 532 nm and the 1064 nm wavelength by the factor (65 and the limited straightness of the 50 m bench. Although both interferometers (reference and two colour) share the same large tripel mirror which is moved along the bench lateral movements and tilt of the reflector are not fully compensated.
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Fig. 3. Temperature in the measurement path as derived from Eq. 6 (open circles) and the measured temperature (filled squares)
Figure 3 show the temperature derived from one of the two colour length measurements from figure 2 as described in section 2. The scatter and the deviations between the calculated and measured temperature decreases with increasing length. The temperature is effectively calculated from the dispersion term (L2 ‑ L1), which is small for short distances. Therefore the constant part of the measurement uncertainty leads to large variations of the calculated temperature in this range. For L > 10 m the maximum deviation is below 0.25 °C. If this temperature is used for the calculation of the refractive index of air this would lead to a length deviation of (2.5(10-7 L.
3. CONCLUSION

The improved air refractive index compensation by two colour interferometry gives a reasonable accuracy for long range applications, where controlling and measuring of the air temperature gets difficult. For short distances in an air conditioned laboratory, however, the standard interferometry is still more accurate and easier to handle.
Since the number of sensors for relative humidity along the measurement path is practically limited, it is necessary to make assumptions about the humidity distribution. The assumptions affect the calculation of the partial pressure of water vapour from the relative humidity. In the air conditioned comparator room we used only one humidity sensor. Due to the uniform temperature and humidity distribution in the room there is only a small difference below the uncertainty level between both assumptions. For outdoor applications this may be not the case.
An improvement of this method would be the measurement of the effective humidity in the measurement path by spectroscopic methods. If a suitable uncertainty for the humidity is attainable, precise length measurements under arbitrary environmental conditions within the validity of the Edlen equation would be possible.
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