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We report on investigations of how fast changes of the refractive index influence the uncertainty of interferometric displacement 

measurements. Measurement of position within a limited range is typical for precise positioning of coordinate measuring systems, 

such as nanometrology standards combined with scanning probe microscopy (SPM). The varying refractive index of air 

contributes significantly to the overall uncertainty; it plays a role especially in case of longer-range systems. In our experiments we 

have observed that its fast variations, seen as length noise, are not linearly proportional to the measuring beam path and play a 

significant role only over distances longer than 50 mm. Thus, we found that over longer distances the length noise rises 

proportionally. The measurements were performed under conditions typical for metrology SPM systems. 
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1.  INTRODUCTION 

IMENSIONAL METROLOGY on the macroscale as well 

as the nanoscale is a domain of interferometric techniques. 

The concept of instrumentation for nanometrology has 

resulted in the combination of a microscope with a measuring 

system capable of delivering the accuracy and precision needed on 

the nanoscale with traceability to the primary length standard. The 

standard configuration consists of a scanning probe microscope 

(SPM) and a coordinate multiaxis positioning system which moves 

the stage with a sample with interferometric measurement of 

displacement [1], [2]. 

The demand for resolution of the positioning on the nanometer or 

even sub-nanometer level led to the development of systems 

operating only within a limited scanning range. This so-called 

short-range metrological SPM employs a piezo-driven stage held 

on flexure joints with virtually no backlash, and with high 

sensitivity [3], [4]. Here, the positioning range is below 1 mm. 

Recently, the need to investigate larger samples, such as wafers for 

semiconductor industry, motivated development of long-range 

metrological SPMs with range in the horizontal plane up to several 

cm. Long-range nanopositioning stages represent a mechanical 

challenge requiring designs with sophisticated flexure lever 

systems [5 - 9] or high-quality guidance reducing the backlash 

[10], [11]. Monitoring and control of the position through multiaxis 

interferometry shares the same problems with micro coordinate 

measuring machines (CMMs). Uncertainty budget of displacement 

measurement over a limited range includes laser frequency 

stability, laser and electronic noise, geometrical errors, resolution 

and linearity of the subdivision of one interferometric fringe, and 

contribution of the varying refractive index of air when the system 

operates under atmospheric conditions. 

Commercial interferometric systems rely on indirect evaluation 

of the refractive index of air with measurement of air temperature, 

pressure, and humidity. Data obtained from system evaluation are 

consequently used for calculation of the wavelength correction 

with the help of the empirical Edlen formula [12] which has been 

gradually improved [9], [13 - 15]. Updated formulas include also 

the influence of the content of carbon dioxide in air. This technique 

is able to follow drifts of the refractive index of air with sufficient 

precision. However, this technique relies on measurement of the 

parameters of atmosphere (especially temperature) in one, or only 

in a few isolated places which do not give a possibility to get the 

information about the distribution of the refractive index within the 

beam path. Moreover, due to limited response time of the sensors it 

is not possible to follow fast changes that appear as a length noise.  

Previously we proposed an interferometer designed in a way to 

operate within a specified measuring range, which compensates or 

at least significantly reduces the refractive index changes caused by 

length noise. We have proven the concept in a regime of 

stabilization of wavelength [16]. Moreover, in our recent work 

[17], [18] we reported an improved design of the interferometric 

setup which was tested also in a regime of tracking refractometer 

with in-line monitoring of the refractive index capability. During 

these experiments we observed the nature of the fluctuating 

refractive index of air through the recorded length noise over a 

measuring range (beam path) between 10 and 20 cm. Note that 

even under laboratory conditions when the experimental setup was 

covered with an enclosure, a limited air flow inside cannot be 

avoided. The enclosure helped to control temperature through 

water filled walls reducing thermal gradients. 

Opening of the interferometric setup to air flow determines the 

nature of the refractive index induced length noise. The enclosure 

opening raises not only amplitude, but also the speed of the 

variations and, thus, broadens the bandwidth of the noise towards 

higher frequencies. Slow changes of the refractive index of air 

could be interpreted as drift mostly due to temperature drift. This 

cannot be fully separated from the drift caused by thermal 

expansion of the mechanics of the positioning stage. Here we 

focused mainly on the question whether this length noise is simply 

proportional to the air beam path (measuring range of the 

interferometer when the dead length is minimized). If so, it could 

be seen as a random multiplicative contribution to the overall 

uncertainty. From the previous experiments we expected some 

kind of non-linear nature of the noise with a very limited 

contribution below some specific volume of air (beam path in air). 
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2.  RANDOM NATURE OF THE PROPERTIES OF ATMOSPHERE 

When a laser beam propagates through the atmosphere, its 

properties are affected. The air cannot be considered as a 

homogeneous environment - it is a mixture of various gasses 

and there is always a transfer, or exchange of heat takes 

place. This results in a motion of air cells producing a 

turbulent behavior. From the optical point of view this 

means inhomogeneous and dynamically changing refractive 

index. The optical properties and dynamic behavior of the 

atmosphere have been studied widely on the large scale, 

primarily for applications in free-space optical (FSO) 

communications [19], Here, the communication distances 

and beam diameters are several orders larger compared to 

the dimensions considered in interferometry. The key 

problem in FSO communications is an effect called 

scintillations which is also a product of the varying 

refractive index of air. They produce random temporal and 

spatial irradiance fluctuations of the beam. Consequently, 

inhomogeneous refractive index over the beam path 

produces varying focusing and defocusing effects at the 

receiver [20], [21]. 

In case of interferometry, in the small scale, we can 

consider the scintillation effects negligible due to the 

diameter of the laser beam which we expect to be smaller 

compared to the size of the air cells involved in the turbulent 

behavior of air. The key process that influences the 

measurement uncertainty is the varying integral value of the 

refractive index over the beam path which produces 

variations of the optical length. In open-air conditions, under 

presence of an air flow, the velocity field in a turbulent state 

splits into a set of eddies of various sizes exchanging energy 

with one another. This process can be scaled to fit into a 

range limited by the largest and smallest turbulent eddy 

[22], where on the bottom of the scale the energy transfer 

occurring among the eddies ends up as dissipation of heat 

through viscosity. The scale can be expressed by sizes 

(lengths l) ranging between L0 and l0, where L0 > l > l0. The 

length l represents the length of an elementary air cell 

involved in the turbulent behavior of air which fits into a 

range given by the maximum and minimum size (L0 and l0). 

Random behavior of the parameters of atmosphere seen 

through the variations of the refractive index can be 

expressed as a random field in time and space and the 

refractive index at one specific point as a random variable in 

time. The index of refraction fluctuations caused by 

inhomogeneous and time-changing properties of the 

atmosphere can be expressed as: 

 

( ) ( )trnntrn ,, 10 +=                            (1) 

 
where r represents spatial position of the point of interest 

and t the time variable. n0 is the mean value of the index of 

refraction within the considered volume and over the time of 

interest and n1 ( r, t ) represents the random deviation from 

the mean value at the point r and moment t. In our case, 

when we look at the laser beam in interferometry measuring 

the mechanical length being randomly affected by the 

varying optical length, the 3D position vector r can be 

reduced to 2D because we evaluate the refractive index as 

one integral value over the whole beam path. With a fixed 

position of r we concentrate on the time evolution of the 

random process over time. In this contribution we 

investigate the bottom end of the scale l0 mentioned above 

and its influence on the varying optical length measured by 

a one-dimensional interferometer depending on the length of 

the beam path.  
 

3.  EXPERIMENTAL CONFIGURATION 

Our experimental arrangement is shown in Fig.1. We 

combined a Michelson interferometer with the reference arm 

placed in an evacuated cell. The length of the air path varied 

from nearly zero up to several centimeters. The beam 

diameter was 3.5 mm. Length of the reference arm was set 

to the middle of the translation range to reduce the influence 

of the laser frequency noise. The evacuated reference cell 

limited the sensitivity to the air flow only into the measuring 

arm. The plane-mirror configuration with an identical beam 

path in both directions was used. 

The interferometer operates in a simple fringe-counting 

regime with λ/2 resolution. Detection principle is homodyne 

with optical introduction of the λ/4 delay. Quadrature analog 

signals are digitized (12-bit analog-to-digital conversion) 

and processed in a digital signal processor (DSP) unit with 

fringe counting embedded in the hardware and actual phase 

is calculated in a DSP processor. Hardware as well as 

software routines have been designed and developed at our 

institute. After the evaluation of the interference phase, the 

wavelength resolution of λ/2048 results in a resolution of 

260 pm for 532 nm wavelength. The linearization technique 

implemented here reduces the linearity error to the level of a 

single discrete LSB (least significant bit)—the resolution of 

the interferometer [23], [24]. The operating wavelength is λ 

= 532 nm, and the laser source is a high-stability and low-

noise, metrology grade frequency-doubled Nd:YAG laser. 

The laser was designed for multiaxis measuring systems for 

nanometrology and its stability ranges between 10
-8

 and 10
-9

 

level. Together with stability recording it is described in 

more detail in [25]. 

 

 
 

Fig.1.  Interferometer setup for monitoring of the refractive index 

induced length noise with the reference arm placed in an evacuated 

cell. C: fiber collimator, DU: detection unit, E: enclosure, EC: 

evacuated cell, L: beam path on air, M: mirror, PBS: polarizing 

beam splitter, λ/4: retardation plate. 
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The setup was placed in an enclosure with the intention to 

emulate operating conditions of most coordinate positioning 

systems for small-range CMMs and metrological long-range 

SPMs. The volume of the enclosure surely plays a role 

determining the level of air flow. As shown in [26], 

covering the laser beams in tubing reduces the length noise. 

We used a box with water filled walls reducing thermal 

gradients of the air inside. Internal air volume was 40 liters. 

The arrangement was placed on an antivibration table in an 

underground laboratory eliminating the influence of acoustic 

interference. Light delivery was fiber optic (polarization 

maintaining single-mode fiber) which allowed keeping the 

laser - representing a significant heat source – safely away 

from the experiment. 

 

4.  EXPERIMENTAL RESULTS 

We have performed a series of measurements in order to 

investigate the amplitude of the refractive index induced 

length noise to the output from the length 

measuring/monitoring interferometer. The plane mirror was 

gradually moved over 2 mm from nearly zero air path up to 

80 mm distance. At each position we recorded 20 min data 

sets with 100 samples per second acquisition rate and 

evaluated the root mean square (RMS) value of the length 

noise. 

With the mirror in the measuring arm fixed during each 

recording there is a contribution of several sources of 

drift/noise. We focused on the refractive index induced 

noise by limiting the frequency bandwidth. Thus, all slow, 

long-term drifts with frequencies below 5 mHz were 

removed from the recordings. They combine contributions 

from refractive index drift (primarily due to temperature) 

and mechanical thermal expansion. Dilatation of the 

metrology frame is a question of the design and proper 

thermal control and slow drift of the refractive index can be 

compensated the traditional way through the Edlen formula 

with acceptable precision. Upper limit of the frequency 

bandwidth of interest was 1 Hz. Due to the low-noise laser 

and a good isolation of the setup from acoustic interference, 

over this frequency limit only the quantization noise of the 

analog-to-digital conversion dominates. In Fig.2. there is an 

example of one recording of the length noise with short 

(10 mm) beam path in the air. Fig.3. shows longer path 

(80 mm) with selected frequency bandwidth ranging from 

5 mHz up to 1 Hz. 

In Fig.2. and Fig.3. the original recordings including the 

quantization noise of the A/D conversion are marked black 

and the low-pass filtered signals used for calculation of the 

RMS value are marked red.  

The resulting RMS value of the length noise with respect 

to the length of the measuring beam in air is shown at Fig.4. 

It is clearly visible that the dependency is not linear and thus 

the air does not behave proportionally the same way within 

different distance. Within the measuring range below 50 mm 

the fluctuations of length due to variations of the refractive 

index keep low and constant. In fact they can be considered 

as negligible. It is clearly visible that above 50 mm the noise 

starts to rise and is approximately proportional with the 

monitored distance (red line). 

 
 

Fig.2.  Recording of the length noise within 10 mm beam path on 

air, Black line: original recording, red line: quantization noise 

filtered away. 

 

 
 

Fig.3.  Recording of the length noise within 80 mm beam path on 

air, Black line: original recording, red line: quantization noise 

filtered away. 

 

 
 

Fig.4.  The resulting RMS values of the length noise with respect 

to the length of the measuring beam on air. Red line: approximated 

linear rise of the noise with the measured distance. 

 

From the above mentioned findings we can conclude that 

the fast variations of the refractive index of air occur within 

some limited elementary volumes of air. The behavior of air 

even in an enclosed and steady environment shows a certain 

level of spontaneous air mixing/flow that cannot be 

completely avoided. Its influence on the noise of the 

measured value – displacement and overall uncertainty of 

the positioning and measuring system - is significant and has 

to be considered. 

This investigation was motivated by application of high-

resolution interferometric techniques into multiaxis 

measuring systems in nanometrology and micro CMMs. 

This means measurement within a limited length range and 

an effort to reduce all sources of uncertainty. The 

configuration of the setup follows the conditions of these 

systems (laboratory conditions, enclosure, measuring range, 
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beam diameter, etc.). The question we wanted to answer is 

whether it is useful to introduce relatively complex 

techniques of active compensation of the fluctuations of the 

refractive index of air we proposed before [17], [18]. The 

observed threshold length of about 50 mm refers under these 

conditions to the value l0 of the air cells. It seems that below 

this threshold the compensation technique would not bring a 

useful improvement. 

 

5.  DISCUSSION / CONCLUSIONS 

In this paper we have shown that when performing 

interferometric displacement measurements there is a 

limiting length (measuring range, beam path on air). When 

operating below this limit the length noise associated with 

refractive index of air is very small and is not linearly 

proportional to the measured displacement. On the contrary, 

when measuring above this limit the noise starts to rise 

linearly with the measured value. Note that there are 

relatively fast changes, not the slow drift. Absolute (mean) 

value of the refractive index of air can be evaluated the 

traditional way through the Edlen formula and contributes 

directly and linearly to the uncertainty. With the help of 

precise sensors to measure the fundamental parameters of 

atmosphere and new, improved versions of the formula, this 

value can be set quite precisely. 

The case we presented here is a measurement with a single 

beam, one axis measurement. Differential measurement with 

two, or four parallel beams would make things different, 

depending on the beam spacing. Correlation of the length 

noise observed by parallel beams was presented in [27] and 

shows that closely spaced beams in differential 

configuration could produce a compensative effect.   

Our observation can be exploited using the design of 

medium and small-range CMMs and metrological medium 

or long-range SPMs. When properly covered and shielded 

from the outer air flow and interference systems with range 

below our limit, the system can perform well with refractive 

index evaluated indirectly through the Edlen formula. In 

case of longer-range systems the refractive index noise 

contribution in the specific bandwidth has to be considered. 

To suppress these fast fluctuations it is necessary to measure 

the refractive index of air in real time directly in the beam 

path and to use it for compensation of the measured 

displacement, again in real time. With the bandwidth of this 

length noise below 1 Hz, the demand for speed of 

processing is not high. 

One of the concepts that could solve the problem of longer 

range positioning was proposed in [17], [18]. The best 

combination could be precise measurement of the 

parameters of the atmosphere, calculation of the wavelength 

correction through the Edlen formula following the slow 

drift and compensation of the faster length noise by the 

technique of in-beam tracking refractometry or active 

stabilization of the wavelength on air through servo-control 

of the laser optical frequency. 
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