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Abstract
The possibility of decreasing the random spatial error of distance measurement by polarization separation of scattered radiation is investigated. The physical reasons of the effect of polarization state on measurements of radiation scattered from rough surface are discussed. Results of an experimental investigation of the error of triangulation measurements as a function of the scattered radiation structure are presented.
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1.
Introduction
At present, the problem of high-precision measurement of geometrical parameters becomes more and more important. Dimensional inspection systems are widely used in industry to measure the parameters of finished products and technological processes. The main requirements to the inspection systems are high accuracy and speed, reliability, flexibility, and compatibility with the control systems of technological equipment.

Optoelectronic inspection systems meet the stringent and often contradictory requirements listed above. The triangulation method of measurement is among the most widely used optoelectronic methods [1]. Triangulation systems are relatively simple to realize. They have a potentially high accuracy (the error is at a level of 10 (m and lower) and efficiency (1000 measurements per second and more). These systems allow one to measure distances directly up to the surface of the object under inspection, and the object may have a complex shape.

However, while inspecting objects with traces of mechanical treatment (technical surfaces), the presence of a specular component in the scattered radiation leads to an abrupt increase in the measurement error. In contrast to the method of decreasing the spatial component of the measurement error by using a binocular triangulation scheme described in [2], in this paper a method of increasing the accuracy by using polarization filtering of scattered radiation is proposed. An analysis of the components of the radiation scattered from the surface of an object under study is carried out below. Based on this analysis, the method of decreasing the spatial measurement error by polarization filtering of scattered radiation is proposed. An experimental investigation procedure of the method proposed is described, and the results obtained are analyzed. 

2.
Analysis of scattered radiation components
As noted above, the increase in the error spatial component is due to the presence of a specular component in the scattered signal. For further consideration, let us represent the radiation scattered from the surface of an object under inspection in the form of a scattering diagram [2]. 

The surface of the object under inspection can be represented as a set of tiny zones oriented in a random fashion. It should be noted that orientation means the direction of the normal to the surface. When radiation impinges on the specimen, there occurs reflection from each of these surfaces. The scattering, which consists of multiple reflections, is uniform (diffuse) in the entire solid angle of the space separated by the specimen surface plane. Let us call this part diffuse scattering, and represent it as diffuse lobe (Fig. 1). 

The random microstructure of the surface has roughness zones whose direction of the normal differs from the normal of surface by a small angle. The reflection from this part of roughness zones is shown in the scattering diagram as specular lobe.

And, finally, the reflection from a smooth specular surface whose normal coincides with the direction of the normal is represented as a specular spike. Thus, the surface scattering, on the whole, has three main components: the diffuse lobe, the specular lobe, and the specular spike. The energy distribution between these three components depends on the material and microprofile of the surface. The radiation incident on the photodetector is the sum of the three components described, which are observed at the triangulation angle. 
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Fig. 1. Scattering diagram of the radiation.

Most real objects inspected with the help of triangulation measurers are metal specimens. It is well known that the equations for nonconducting media can be used to describe the physical characteristics of metals [3]. However, whereas the refraction index of transparent substances can be easily measured by using the refraction angle, it is, as a rule, extremely difficult to perform such measurements for metals, because the metal specimen under study, which transmits a great portion of the incident radiation, must be rather thin. In such cases, the optical constants of metals are determined by studying the changes that take place at the reflection of light from the specimen. 

The main equations to describe the propagation of a plane harmonic wave in a conducting medium differ from the corresponding equations for a transparent dielectric in that real constants are replaced by complex ones. The boundary conditions and, hence, the formulas of refraction and reflection remain valid. 

It is well known that the refraction law for a plane wave that propagates from a dielectric into a conductor has the following form: 
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where 
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Since 
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 is complex, 
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is also complex. Thus, this quantity has no longer the meaning of a simple angle of refraction. Longitudinal (
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of the reflected wave are related as 
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Since the angle 
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 is complex, the ratios 
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 are also complex. That is, some typical phase changes take place during reflection. Hence, in the general case a linearly polarized incident light beam becomes elliptically polarized when it is reflected from a metal surface.

As noted above, when linearly polarized light impinges on a metal surface, the light reflected from the surface becomes elliptically polarized. The azimuth angle 
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for the specular reflected light is written as follows:
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where Ŕ is the amplitude of the reflected light, 
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 is the amplitude of reflectivity (the subscripts s and p denote the light components polarized accordingly), 
[image: image18.wmf]i

t

 is the azimuth angle for the descending light, and 
[image: image19.wmf]p

s

d

d

d

-

=

D

 is the phase difference due to reflection. At 
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=1. Therefore, the initial polarization of incident radiation in the specular components of scattered light does not change. Hence, the specularly reflected light that is present in the scattered light may be eliminated by polarization filtration.

On the other hand, the polarization of incident radiation changes in the diffuse lobe, which is caused by the reflection of light from the randomly oriented metal surface zones. In this case the initial polarization goes into an orthogonal state. 

Thus, the specular component and, hence, the measurement error of the triangulation procedure can be decreased by using polarization filtration of the radiation. 

3.
Experimental investigations
The following experiment was performed to verify the method of decreasing the measurement error based on polarization filtration of scattered light (Fig. 2). 

Experimental investigations are fulfilled using the standard triangulation scheme [1] with polarizer and analyzer included in it. Polaroid (2) is placed in the path of semiconductor laser beam (1) with power 
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=10 mW. The polaroid is located so that the light incident on specimen surface (4) is linearly polarized. The light that falls on the receiving lens aperture of triangulator (6) passes through receiving analyzer (5). Then it is recorded by photodiode linear sensor (7). 

The specimen is fixed on a two-coordinate mechanical base. The base moves along the Y-axis. The distance to the surface being inspected remains constant, Z=const. The measurements were made at 20 points with spacing of 0.5 mm. The corresponding photodetector signal was recorded for each displacement Sy. Then, the spot image coordinate Xy and the surface coordinate Zy were calculated. The random spatial error of distance measurement, (y, was determined as the root-mean-square deviation (=<(Zy-<Z>)2>½.
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Fig. 2. Schematic diagram of experimental unit.

A triangulation scheme with signal recording in the specular regime (
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) was used for the experiments. To record the initial light polarization, the measurements were made with polaroids oriented in parallel and perpendicularly to each other so that only light polarized perpendicularly to the incident radiation be transmitted. Two specimens with roughness zones Ra=1.0 (m (specimen No. 1) and Ra =0.32 (m (specimen No. 2) were used as objects of measurement.

A comparison of the values of spatial errors for specimen No. 1 and specimen No. 2 under parallel (
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) and perpendicular (
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) orientations of the polaroids relative to the traces of mechanical processing is given below in the form of a table. As an illustration in this table there is the value of special measurement error change, normalized on value 
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Table 1. Measurement error in the specular regime.
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	specimen No.1
	14.81
	7.13
	51.89

	specimen No.2
	5.86
	2.46
	58.02


4.
Analysis of experimental data
One can see from Table 1 that for specimen No. 1 the measurement error decreased from 14.81 to 7.13 (m. For specimen No. 2, it decreased from 5.86 to 2.46 (m. To consider this effect in more detail, let us look at the scattering diagram in Fig. 1. In the specular regime of light incidence, specular scattering with the initial radiation polarization constitutes the greater part of the optical signal. However, the diffuse component of scattering is also present because of microroughness zones. At crossed polaroids, the specular component is filtered out. The radiation scattered from small inclined surface zones whose polarization is orthogonal to the initial one (that is, the diffuse lobe of the scattering diagram) comes to the photodetector. In this case the intensity depends but slightly on the scattering angle 
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. Hence, the spot coordinate on the photodetector practically does not depend on the surface orientation. Thus, the spatial component of the measurement error of the triangulation method decreases. 

5.
Conclusion
In this paper, a method for decreasing the spatial component of the measurement error of the triangulation scheme has been described. The method is based on polarization filtration of the radiation scattered from the surface. The experimental investigations performed have given an increase in the accuracy of measurements by a factor of more than two. 

It has been shown that using this method for decreasing the triangulation measurement error is more advantages under inspection the smooth surfaces of high class surface processing. 
The technical solutions described in this paper were used in the development of a unit to measure the geometrical parameters of cylindrical products for atomic applications.
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