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Abstract: In the precise displacement measurement based on laser interferometry, the measurement
technology for the refractive index of air is widely used to improve the measurement accuracy.
However, the existing measurement method of the refractive index of air based on direct measurement
is not easy to realize in practical work because of its complex measurement principle and the huge
volume of the measurement device; while the measurement accuracy and speed based on the indirect
method cannot adapt to the real-time, fast and accurate measurement requirements of industrially
changing environments, resulting in distortion of the results. In this study, a measurement method of
the refractive index of air based on a special material etalon is proposed. The method enables rapid
and direct measurement of the air refractive index when the environment changes and it is given the
realization process. Finally, the experimental results show that the deviation between this method
and the modified Edlen formula is about 2.5 x 10~7, and that this method can quickly reflect the
changes of the environment, which prove the correctness of this method and its ability manage rapid
environmental responses. This method is worth popularizing in industrial measurement.
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1. Introduction

During the displacement measurement based on the principle of laser interferometry, the refractive
index of air in the optical path is often changed because of the change of ambient atmosphere, but it is
difficult to measure the refractive index of air rapidly and accurately because of the limitation of the
conditions or measurement schemes [1]. According to the principle of laser interference:

K A
L=
2n

)

where L is the length of the measurement, K is the interference level, n is the refractive index of air,
and Ay is the vacuum wavelength.

It is known that the variation (AL) of the displacement measurement L, caused by the variation
(An) of air refractive index #, is as follows:

KA

AL = ——
2 n?

An 2
Therefore, for precise measurement, the change in the air refractive index n, caused by the change

in environmental factors and the inaccuracy of its measurement, become one of the main reasons for
the limitation on the improvement of the accuracy of the measurement results. How to measure the
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air refractive index accurately and quickly in order to compensate for the limitation is the primary
consideration in the scheme design of measurement.

At present, there are two ways to obtain a measurement of the air refractive index: The direct
method and the indirect method. The direct method is to calculate the air refractive index by directly
comparing the optical path difference between the air cavity and the same-length vacuum cavity with
the refractive index measuring instrument or laser interference technology [2,3], which can reach a
1078 level of measurement accuracy. However, its design and fabrication is complex and the vacuum
required by the experiment is very high. At the same time, the atmospheric pressure makes the
vacuum system easy to deform and re-introduce the error source, so it is seldom used in engineering.
The indirect method is to measure the parameters of the air composition through various sensors,
such as ambient temperature, humidity, air pressure and so on. The refractive index value is calculated
in order to obtain the air refractive index formula [4-12]. The important characteristic of the indirect
measurement method is that it is convenient and easy to use. The measurement accuracy is 10~
level but because of the delay of the sensor itself, the air refractive index value calculated after the
measurement is not the true value at that time. The measurement system accuracy is also low and is
prone to produce errors in fact. Some errors are up to a 10° level in some measurement systems.

In order to synthesize the advantages of the above two methods and avoid their disadvantages,
this paper presents a new measurement method for the refractive index of air based on a special
material etalon.

2. Theory

2.1. Principle of Measurement

From Equation (2), it can be derived that:

n
An:nl—nozALfO 3)
where 1 is the initial measurement value of the air refractive index and 7 is the current measurement
value of the air refractive index.
So, the current value 1, of refractive index of air can be calculated as:

n1:n0+An:n0+AL”L°:n0-(1+ALL) @

According to this principle, a type of zero-expansion quartz material with the known coefficient
of thermal expansion and its value close to zero, was selected to design and manufacture a standard
etalon work-piece (as shown in Figure 1) with length L. It was placed in the measuring light path in
order to monitor the variation of the wavelength of the light path caused by the fluctuation of the
environment during the measurement.

Figure 1. Standard etalon work-piece for measuring the refractive index of air.

The front-end face of the standard etalon was coated with reflective film as a reference arm,
and the back end of the standard etalon was coated with reflective film as a measuring arm. The layout
of the reference light path and the measured light path based on the etalon are shown in Figure 2 [13].
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Figure 2. The layout of light path based on the etalon. (a) Description of the layout of the reference

light path based on the etalon. (b) Description of the layout of the measurement light path based on
the etalon.

In Figure 2a, the beam is emitted from laser one, reflected from the reflector mirror two to beam
bender mirror three, passed through the quarter wave plate eight, which is incident to measuring
mirror four fixed on the front face of the tested piece six, returned from four and passed through two,
reflected from two to four again through cube corner mirror five, and returned from four to form a
reference beam through two. The measurement optical path in Figure 2b can be analyzed similarly.

As shown in Figure 2, the measured beam and the reference beam pass through the same optical
path in the interferometer. They are designed based on the concept of the common light path and
symmetrical distribution of the interferometer. So, the measurement system has a heat balance function,
that is to say, when the size of the interferometer varies with the temperature effect, the influence on
the length measurements of the two light paths are cancelled out one another.

2.2. Measurement Model

In order to obtain an accurate initial ng, the indirect measurement method of the air refractive
index should be used first. Therefore, some high-sensitivity temperature, pressure and humidity
sensors, and CO, water vapor sensors were arranged in the measuring optical path in order to measure
the air temperature, pressure and humidity, and then the initial refractive index ny was calculated and
obtained by the refractive index correction formula.

Because the conventional Edlen formula for calculating the air refractive index does not include
the modified item of the CO, error [14,15], the improved Edlen formula is as follows:

(n—1),=10"%-[A+ B/(130 — 0%) + C/(38.9 — ¢?)] (5)

(n—1), = [1+0.540 - (x — 0.0003)] - (n — 1), (6)
npp=1+P-(n—1),/D-1+108 - (E~F-T)-P]/(1+G-T) @)

Y =—J-[1—(T/273.16) ] + K- [1 — (T/273.16) '] (8)

nryf —nrp = —(f/100-611.657 - ¥) - (292.75/T) - [3.7345 — 0.0401 - ¢*] - 10~ 1° )

Here, the constants can be defined as follows [11]:

A = 8342.54; B = 2,406,147, C = 15,998; D = 96,095.43; E = 0.601; F = 0.00972; G = 0.003661;
J=13.928169; K = 34.7078238;, c =1/A; T =t + 273.15.

Here (n—1), is the refractive index of air in the standard state, o is the wave number in the
vacuum, expressed in the unit of um™1, (n — 1), is the refractive index of air with the molar content
of carbon dioxide, where the unit is (x107°), nry is the refractive index of air under the conditions
of temperature, air pressure and carbon dioxide, and 77, is the refractive index of air under the
conditions of temperature, humidity, air pressure and carbon dioxide.
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After obtaining the initial value of the air refractive index, the etalon can be utilized to calculate
the real-time wavelength compensation. The compensation factor C is:

10°
C=——— 10
i’lTp f + 106 ( )
Suppose that the number P, of preset wavelengths at the moment of measurement is:
LR
PG n

where L is the effective length between the two mirrors of the etalon of the air refractive index, R is
the electrical resolution of the interferometer, and f is the fold factor of the laser interference in the
light path.

The value of the compensation Cj, is therefore:

LRf
Ch= 75—+ 12
" Pt P "
where P4 is cumulative count.
The dead-path count Cp,, is:
DRf
Con = —=7~ (13)
where D is the dead-path length in the interferometer optical path.
Then the initial actual displacement Py after compensation is:
o Cn(PA + CDn))\
Po=—"%F (14)
Finally, the current value 7 of the reflective index of air is:
AL
Pso

3. Experiments and Results

In order to verify the correctness of the above formulae of the air refractive index based on the
etalon, the verification scheme of measurement of the optical path of the air refractive index was
constructed as follows (see Figure 3).

The light from the laser passes through the beam splitter (BS) mirror and divides into two paths.
One path passes through the beam bender mirror and the first interferometer to the air refractive
index standard (etalon). The returned light passes through the first interferometer and returns to the
electronic signal subdivision circuit (SPC). The processed signal data is collected by the computer.
The other light path passes through the second interferometer to the cube corner reflector. It is reflected
back to the second interferometer and back to the SPC. The processed signal data is collected by the
computer. At the same time, the environmental sensors are arranged on a second path in order to
calculate the initial value 1 of the refractive index of the air. In particular, these two light paths can be
placed close to each other, so it can be thought that the two light paths have the same environmental
conditions and the same refractive index of the air.
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Figure 3. The verification scheme for the measurement optical path of the air refractive index. BS:
beam splitter, SPC: signal subdivision circuit, PC: personal computer.

In the experiment, a Renishaw RLE10 was selected as the laser source, which has a laser signal with
64 times electronic subdivision. The actual measurement value of the thermal expansion coefficient of
the Etalon used in the air refractive index standard tool is 6.1 x 1078 /K (see Figure 4). The variation
of the thermal expansion coefficient of the Etalon in the range of 20 °C £ 5 °C is not more than
1.0x 10~8/K, which guarantees the outstanding thermal stability of the length.

The Measurement Value of the Thermal Expansion
Coefficient of the Etalon
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Figure 4. The measurement value of the thermal expansion coefficient of the Etalon.

The diagram comparing the variation between the measured values of the air refractive index
obtained from the Etalon in the first light path and the calculated value of the air refractive index from
the ambient atmosphere sensors in the second path are shown in the following figure (see Figure 5).
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Figure 5. The compared variation diagram between the two methods.

It can be seen from Figure 5 that the change in the air refractive index calculated by the modified
Edlen formula is relatively gentle because of the hysteresis of the sensors, which cannot fully reflect
the effect of air fluctuation on the actual air refractive index. However, the method proposed in this
paper can obtain the real-time changes in the air refractive index easily and quickly, and perform the
further modification and compensation in the subsequent length measurement. From Figure 6, it can
be seen that the maximum difference between the two measurement methods is up to 2.5 x 10~7.
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Figure 6. The maximum difference between the two measurements.

4. Conclusions

From the above analysis it can be seen that the requirement for length measurement accuracy
becomes higher and higher in the precision measurement. However, the current measurement methods
for the air refractive index based on Edlen formula cannot provide real-time measurement results
because of the ambient atmosphere sensors it requires. In this paper, a new method for air refractive
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index measurement is proposed, which can rapidly measure a changing air refractive index in real
time, and provides real-time wavelength correction data for high-precision length measurement.
Finally, the correctness of the method is proven by the experimental results. In future we will attempt
to analyze and describe the high-frequency noise problem which might have been present in the
described method, although the noise may have been very small.

There is hope that this measurement method can provide a reference for others who need to
improve the accuracy of laser interferometry in the precision manufacturing industry.

Author Contributions: G.-Y.R. conceived the method, improved the experiments and wrote the paper; X.-H.Q.
conducted the experiments; S.D. curated the data.

Funding: This research was funded by the National Key Research and Development Program of China, grant
number: 2018YFF0212702.

Acknowledgments: This study was supported by the National Key Research and Development Program of China
(Grant No.: 2018YFF0212702). The authors would like to thank the other members of the research team for their
contributions to this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Minoshima, K.; Arai, K.; Inaba, H. High-accuracy self-correction of refractive index of air using two-color
interferometry of optical frequency combs. Opt. Express 2011, 19, 26095-26105. [CrossRef] [PubMed]

2. Li, D.G.; Zhang, G.X. Measurement and compensation for refractive index of air using a pre-evacuated
airtight sealed cavity. Opt. Precis. Eng. 2001, 9, 80-84.

3. Li, D.G.; Zhang, G.X. Measuring refractive index of air by using a pre-evacuated airtight sealed cavity and
its accuracy analysis. Opt. Tech. 2000, 26, 499-501.

4. Ciddor, PE. Refractive index of air: New equations for the visible and near infrared. Appl. Opt. 1996, 35,
1566-1573. [CrossRef] [PubMed]

5. Edlén, B. The refractive index of air. Metrologia 1966, 2, 71-80. [CrossRef]

6.  Birch, K.P; Downs, M.]. Correction to the Updated Edlén Equation for the Refractive Index of Air. Metrologia
2005, 31, 315-316. [CrossRef]

7. Bonsch, G.; Potulski, E. Measurement of the refractive index of air and comparison with modified Edlen’s
formulae. Metrologia 2003, 35, 133-139. [CrossRef]

8.  Giacomo, P. Equation for the Determination of the Density of Moist Air (1981). Metrologia 2005, 18, 33—40.
[CrossRef]

9. Beers, J.; Doiron, T. Short Communication: Verification of Revised Water Vapor Correction to the Index of
Refraction of Air. Metrologia 1992, 29, 315-316. [CrossRef]

10. Birch, K.P; Reinboth, F; Ward, R.E.; Wilkening, G. The Effect of Variations in the Refractive Index of Industrial
Air upon the Uncertainty of Precision Length Measurement. Metrologia 1993, 30, 7-14. [CrossRef]

11. Stone, J.A.; Zimmerman, ].H. Index of Refraction of Air. Available online: https://emtoolbox.nist.gov/
Wavelength /Documentation.asp#IndexofRefractionofAir (accessed on 29 October 2018).

12.  Cui,]J,; Liu, X.B.; Kang, YH.; Zhang, H.; Li, J.S. Calibration on Measurement System for the Refractive Index
of Air Based on Edlen Formula. Acta Metrol. Sin. 2014, 35, 210-215.

13.  Zhang, X.D.; Su, Y.C.; Ye, X.Y. Thermal Expansion Coefficient Measurement with Precision Interferometer.
Acta Metrol. Sin. 2012, 33, 1-4.

14.  Ren, G.Y. Precision Measurement for Feature Length of Cylinder Acoustic Resonator Cavity. Acta Metrol. Sin.
2012, 33, 212-214.

15. Ren, G.Y.; Wang, W.N.; Wang, Z.]J. Uncertainty Analysis for Measurement of Step Gauges Based on
Coordinate Measuring Machine. Acta Metrol. Sin. 2008, 29 (Suppl. S1), 151-153.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1364/OE.19.026095
http://www.ncbi.nlm.nih.gov/pubmed/22274198
http://dx.doi.org/10.1364/AO.35.001566
http://www.ncbi.nlm.nih.gov/pubmed/21085275
http://dx.doi.org/10.1088/0026-1394/2/2/002
http://dx.doi.org/10.1088/0026-1394/31/4/006
http://dx.doi.org/10.1088/0026-1394/35/2/8
http://dx.doi.org/10.1088/0026-1394/18/1/006
http://dx.doi.org/10.1088/0026-1394/29/4/008
http://dx.doi.org/10.1088/0026-1394/30/1/003
https://emtoolbox.nist.gov/Wavelength/Documentation.asp#IndexofRefractionofAir
https://emtoolbox.nist.gov/Wavelength/Documentation.asp#IndexofRefractionofAir
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory 
	Principle of Measurement 
	Measurement Model 

	Experiments and Results 
	Conclusions 
	References

