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Abstract

:

End-plate surface distance is important for length value dissemination in the field of metrology. For the measurement of distance of two surfaces, the positioning method is the key for realizing high precision. A practical method with nanometer positioning precision is introduced in consideration of the complexity of positioning laser sources of the traditional methods and new methods. The surface positioning is realized by the combination of laser interference and white light interference. In order to verify the method, a 0.1 mm height step is made, and an experiment system based on the method is established. The principle and the basic theory of the method are analyzed, and the measures to enhance the repeatability from optical and mechanical factors and signal processing methods are presented. The experimental result shows that the surface positioning repeatability is in the order of 10 nm. The measurement uncertainty evaluation shows that the standard uncertainty is 21 nm for a 0.1 mm step. It is concluded that the method is suitable to be applied to the length measurement standard of the lab.
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1. Introduction


End-plate surface distance is one of the important geometric parameters that are widely used in industry and science. The end-plate surface distance objective standards such as gauge block, step master or step height gauge, and step gauge are extensively applied to the calibration of length instruments. Besides, the end-plate surface distance such as the length of glass cavity is one of important parameters for the frequency stabilization of the laser and the performance of the F–P interferometer, so accurately measuring the end-plate surface distance measurement is needed. The end-plate surface distance of objective length standards is in the range from a few tens of nanometers to one meter. Different sizes of objective length standards have respective calibration applications. For example, the step gauge with nanometer size is generally used for calibration of relevant measurement instruments such as AFM(Atomic Force Microscope) and SPM(Scanning Probe Microscope) [1,2,3]. The step master with micrometer size is generally used for the z-axis (vertical direction) calibration of optical instruments. No matter what size of gauge block it is, the positioning of surface is the key to realizing high precision. Generally, interference methods are used for the measurement of end-plate surface distance with high precision. The traditional interference method is the excess fraction method [4], known from the CMCs(Calibration and Measurement Capabilities) published at the website of BIPM (International Bureau of Weights and Measures Metre Convention signatories); this method has about 20 nm positioning expansion uncertainty for end surface distance measurement of the gauge block. Although the positioning precision is very high for the excess fraction method, it needs at least two kinds of frequency stabilized lasers with different wavelength. Nowadays new methods using a femtosecond mode-locked pulse laser have appeared with the development of laser technology; researchers in [5] gave a description of this method and showed a measurement repeatability of 19 nm. Due to use of the femtosecond mode-locked pulse laser, the system is very complex. The common shortfall of both methods is that they are not easy to popularize because of their high cost and the complexity. For these reasons, a practical method realized by the combination of white light interference and laser interference is presented in this paper. The feature of this method is that it takes advantage of the positioning function of white light interference and good coherence of the laser. An experimental system was created to verify this method, by optimizing the different parts of the system such as the signal processing part, and by using dynamic measurement, 10 nm measurement repeatability was obtained in ordinary laboratory conditions. The measurement repeatability should be better if using this method to the standard device.




2. System Description


The system block diagram is shown in Figure 1. The system is mainly composed of two parts that realize positioning and measuring function. The positioning part is the key of the system. The measured 0.1 mm step is made first, as shown in Figure 1, where A, B, and C are the standard gauge blocks. The optical path of positioning interference is the simple Michelson type. The laser beam and white light beam are polarized first by polarizer and then separated by PBS and NPBS (PBS is polarizing beam splitter, NPBS is non-polarizing beam splitter) to transmit to each receiver. Three photoelectric receivers are used for receiving three interference signals, i.e., the positioning signals of white light interference and laser interference as well as laser interference signal. The positioning laser and displacement measurement laser use the same laser source of semiconductor laser. The positioning laser and displacement measurement laser are separated by a splitter and transmitted into each optical path. The light beam collimating and expanding unit is used for reducing the error caused by the diffraction of the Gaussian laser beam. The signal processing system can simultaneously sample and record the position interference signal and laser interference displacement signal, and then process these signals to get the value of the height of the step. There are two design features. The first feature is the position optical path, which is designed to be suitable for the cooperation of laser and white light interference, and the other feature is the signal processing system designed for dynamic measurement.




3. Positioning Principle


White light interferometry is used to position the surface. In order to describe the process clearly, it is necessary to give a theoretical introduction about white interference. For single wavelength interference, the interference pattern can be expressed as Equation (1), where  γ  is the contrast ratio of the interference pattern,    I 0    is the background intensity of light, and  d  is the difference between the measurement surface and the reference surface in the interferometer.


   I   λ     ( d ) =  I 0  ( 1 + γ cos   2 π d    λ     )  



(1)







The interference pattern of white light is considered as the incoherent superposition of three colors of lights. Assuming that  γ  and    I 0    are the same, the RGB light interference pattern can then be expressed as Equation (2).


   {     I   λ r     ( d ) =  I 0  ( 1 + γ cos   2 π d    λ r    )      I   λ g    ( d ) =  I 0  ( 1 + γ cos   2 π d    λ g    )      I   λ b    ( d ) =  I 0  ( 1 + γ cos   2 π d    λ b    )      



(2)






  I ( d ) =  I m  { 1 + sin c [   2 ( d −  d 0  )    λ 2  / Δ λ   ) ] ⋅ cos [ 2 π ( d −  d 0  ) /  λ 0  +  ϕ 0  ] }  



(3)




where   I ( d )   is the intensity of white light interference; Im is the maximum intensity of the interference signal; d0 is the position of maximum intensity of interference signal; d is the position of the surface of measured; λ0 is the average wavelength of white light; ϕ0 is the initial phase; and   Δ λ   is the wavelength range above half intensity of light.



The intensity of white light interference is expressed with Equation (3), which can be derived from Equation (2). From Equations (2) and (3), the interference patterns of three colors of lights and white light are shown in Figure 2, and the white light interference intensity signal is shown in Figure 3. As seen from the curve of Figure 3, a maximum point represents the surface position, i.e., the zero optical path difference position. Then by scanning to find the zero order interference fringe of white light, the position of the surface can be assured rapidly. Figure 3 shows two positioning signals of the 0.1 mm step surface obtained by the white light interference.



In fact, the noise and error are inevitable, and actual white interference signal is shown in Figure 4; the noises and shape defection is obvious by comparison with the theoretical signal shown in Figure 5. The noise and shape defection are the main factors that reduce the positioning repeatability of measurement. How to reduce the error caused by the noise and the defection is to be studied. The basic measure is to enhance the signal to noise ratio of the interference signal by optimizing the system and filtering the signal. For this purpose, the surface is positioned by the combination of laser interference and white light interference, the rough position is obtained by the white light interference signal, and the accurate position is obtained from the laser interference positioning signal.




4. Accuracy Enhancing Methods


Known from experience of the length measurement, as for a small space of 0.1 mm of length, the measurement repeatability component is the main part of measurement uncertainty. Thus, the measurement to improve the measurement repeatability is important. The two aspects of optical and mechanical factors and electronic factors to improve measurement repeatability are mainly studied in this paper.



4.1. Optical and Mechanical Aspects


The relevant errors generated from optical and mechanical parts of the experiment system include the mechanical vibration and the stability of moving table, the quality of optics, and the laser wavelength stability.



4.1.1. Vibration


Among the mechanical error sources, the vibration is a leading factor that affects the repeatability. The vibration isolation is a necessary step that is relatively easy to do. Generally, it is effective to eliminate the vibration coming from outside the system when the measurement system is mounted in a whole on the isolation platform. For the vibration generated from inside the system, it is not easy to eliminate vibration by isolating only. The vibration elimination in this case is studied. Figure 6 is the layout of experiment system.



A kinetic characteristic of the system is expressed by Equation (4).


  M  φ ¨  + C  φ ˙  + K φ = Q  



(4)




where C is the system damping matrix; K is the system stiffness matrix; Q is the systematic general force matrix; M is the mass matrix;  ϕ  is the modal coordinates describing the flexible deformation of the system; and    ϕ •    is the first derivative and second derivative of  ϕ .



Based on Equation (4), the equation for solving the natural frequency of the system can be obtained as Equation (5).


  det (  p 2  I −  M  − 1   K ) = 0  



(5)




where p is the natural frequency of the system and I is the unit matrix.



As seen from Equation (5), the natural frequency of the system is determined by the mass matrix M and the stiffness matrix K. M and K are related to the structural and motion parameters of the system, respectively. For structural parameters, if the height of the light beam (the height of step mounting) is decreased, the stiffness of the system will increase, and the same goes for natural frequency of the corresponding system. The repeatability experimental results confirmed that when the height of step mounting was decreased from 50 mm to 30 mm, the repeatability was better than 20 nm. For motion parameters, the moving speed V is one of the adjustable parameters to obtain the better signal. The experiment result showed that when the moving speed V was 50 μm/s, the best signal was obtained. The positioning signal at different moving speeds is presented in Figure 7, Figure 8 and Figure 9. In the case of a relative lower speed at 30 μm/s, it was easy to be affected by different frequencies of vibration. In case of a relative higher speed at 80 μm/s, although the signal SNR was good, the symmetrical characteristics of the signal were poor, which also affected the signal to reduce the positioning repeatability.



The moving stability of table is another factor to affect repeatability. Figure 10 shows the length interference signals of different motion tables. Automatic interference comparator (AIC) is a specialized length measurement with a high precision. The uniformity and smoothness of the interference signal are very good because the motion slide is driven by hydraulics [6,7]. The vibration from the driven unit is negligible. The motion driven part used in this paper is a step motor, and the vibration from the motor is inevitable. Then, if the driven mode changes, the uniformity and smoothness of the motion will be improved. Estimating from the measurement experience of AIC, at least 5 nm of repeatability will be reduced.




4.1.2. Laser Wavelength


The laser wavelength is an important parameter for length measurement with a high precision. In order to ensure the length measurement accuracy, the length measurement system should use the frequency stabilized laser. Furthermore, the interference system should be placed in vacuum environment for length measurement with nanometer precision [8,9,10,11]. The experiment measurement repeatability was affected by laser wavelength stability. Both an ordinary semiconductor laser and HP5517 frequency stabilized laser as input light sources were experienced, respectively. The results show that the measurement repeatability was better than 5 nm when using the HP5517 frequency stabilized laser. The wavelength of the semiconductor laser was monitored by the laser wavelength meter with a precision of 2 × 10‒8. The result is shown in Figure 11 that there was about a maximum of 0.06 nm variation for about 40 min of continuously monitoring. It was indicated that for the average wavelength of 634.286 nm, the correspondent relative variation was 9 × 10‒5, and for about 15 min of repeatability measurement, the relative variation of the wavelength was 4 × 10‒5. For the length of 0.1 mm, the correspondent variation was about 4 nm. Analytical results are consistent with the experiment results.




4.1.3. Combination of Laser Interference and White Light Interference


As described in Section 3, the laser interference and white light interference have respective advantages. The white light interference has surface positioning advantages for its incoherence and the laser interference has a good interference fringe because of its good coherence. The combination of two ways of interference has advantages for improving measurement results. The signal obtained by the combination of two ways of interference is shown in Figure 12.



The signal center of zero-order interference fringes of white light represents the position of surface. It is easy to ensure the rough position by processing the white light interference signal first. Then according to the rough position obtained from white light interference signal, accurate position is further calculated from the laser interference signal. The processing method for signal is critical to obtaining good repeatability. The methods include center strategy, the signal filtering, etc., which will be described in the following section.





4.2. Signal Processing System


Signal processing system is also import for measurement repeatability. As seem in Figure 13, the feature of the system has both manual and automatic signal processing functions in the soft layer of the system. Every unit realizes its corresponding function. Among them, signal shaping is the basic function causing the trigging signal for synchronous sampling. Its working principle is shown in Figure 14. The white light interference fringes generate a group of pulse outputs. The rising edge of first pulse is used to start signal sampling, and the falling edge of the last pulse is used to stop signal sampling. The signal processing methods are also critical to obtain good measurement repeatability. The signal processing methods include signal smooth filtering, the positioning strategy, bidirectional measurement, and averaging the multiple measurement results, etc.



4.2.1. Signal Processing Methods


The center of the zero-order fringe in white light interference means the position of the surface. The methods to obtain the center from the positioning signal are studied. There are many kinds of methods for line scale signal processing. Generally, they are classified as two classes. One is determined by a few points to the left and right edges of the signal [12], and the other is determined by multiple points to the left and right edges of the line scale signal [13]. Since the positioning signal of the surface is familiar to the positioning signal of the line scale, the signal processing method used for line scale is suitable for surface positioning. Due to the advantage of reliability, the multiple point method was adopted in this paper. For the multiple point method, one important step is to ensure the section of signal for processing in an appropriate section, beneficial to enhance the positioning accuracy Figure 15 and Figure 16 show the positioning signal of the first and second surface of the step tested, respectively. The section of signal to be processed was the rectangular area below the peak of signal, determined by the value V1 and V2. As showed in Figure 16, when V1 and V2 were appropriate, the area A1 was a good area, and when V1 and V2 were not appropriate, the area was the bad area A2. In the case of A1, the computed result was accurate to the center, while in the case of A2, the computed result was left to the center, causing the positioning error. In fact, there are many cases that were worse than the case of A2, so the parameters V1 and V2 should be automatically adjusted to fit different poor positioning signals. Furthermore, for more complex cases, when it is difficult to select automatically, the processing section should be decided by the system operator. After confirming the processing section of signal, the result is automatically computed as Equation (6).


  C ( l ) =      ∫   l 1     l 2     s ( l ) l d l         ∫   l 1     l 2     s ( l ) d l       



(6)




where l is the length; C(l) is the center computed; l1 is the length l when s(l) is V1; and l12 is the length l when s(l) is V2.



Considering the importance of the values V1 and V2, the measurement repeatability affected with value V1 and V2 were also done. The experiment result was that if the signal was good in uniformity, the optimal values of V1 and V2 were 20% and 40% of the peak-to-peak value, respectively. However, if the signal was bad in uniformity, the suitable value of V1 and V2 were those as close as possible to the peak value of the signals.




4.2.2. Measurements


Besides the signal processing methods, the bidirectional measurement and averaging multiple measurement were adopted. The measurement experiment for the same step in two measurement directions was done in two days. In Figure 17, it is obvious that when the measurement direction was different, the result was relatively changed. On the first day, the measurement results were unsymmetrical to the direction in an approximate stair shape. On the second day, the measurement result was symmetrical to the direction in an approximate triangle shape. A system error was coupled into the measurement result, and it was changed with the time and the measurement direction. If there was no averaging, the measurement result difference was divergent and the maximum different was more than 0.7 μm. If averaging, the final result was convergent, and the difference was less than 0.03 μm.






5. Measurement Uncertainty Evaluation


Acquiring optimal measurement uncertainty is the target of a measurement system. In this paper, the methods to decrease every possible error were the emphasis. Limited by the experiment condition and hardware of the system, the measurement uncertainty was a few tens of nanometers, obtained by estimation. The analysis on measurement uncertainty of the system is given in this section.



Firstly, the mathematical model is given in Equation (7):


  l =   N  λ 0    2 n ( p ,  t  a i r   , f )   + α L ( 20 −  t s  ) + δ  l  d i f   + δ  l  A b b e   + δ h + δ  l  cos    



(7)




where λ0 is vacuum wavelength of laser, n(p, tair, f) is air refractive index obtained by Edlen’s formula (1998 Version), p is air pressure, f is air humidity, tair is air temperature, a is the linear thermal expansion coefficient, ts is the material temperature, δldif is the correction for the laser beam diffraction, δlAbbe is the correction for the Abbe error, δh is the correction for the flatness derivative of the step, and δlcos is the correction for the cosine error.



In Equation (7), δldif is expressed as follows:


  δ  l  d i f   =    λ 2    4  π 2   ω 0 2    L  



(8)




where, L is the measured length, λ is laser wavelength, and ω0 is the radius of waist of laser beam.



Since the laser source used for length measurement was a semiconductor laser and the laser beam directly output without any collimation, the beam waist radius of the laser is estimated to be 0.1 mm, δldif 0.1 nm for L 0.1 mm was obtained by Equation (8).



Table 1 gives the information used for the measurement uncertainty evaluation. As a whole, error sources can be classified into two types: random errors and system errors. For random errors, the Type A evaluation method based on statistics is used. For example, the measurement uncertainty component caused by the repeatability is obtained by Type A method. For system errors, the Type B evaluation method is used [14,15,16]. The detailed evaluation information and combined standard uncertainty are also given in Table 1. Since the length value was 0.1 mm, the length-dependent components were so small to be negligible, so the length-independent components were the main contributions to total measurement uncertainty. These components included repeatability, resolution, Abbe error, and the surface flatness of the step measured.




6. Conclusions


The length value disseminated in the way of end-plate surface distance is widely used in industry and science. Surface positioning is an important step for end-plate surface distance measurement. In this paper, a practical method is introduced for realizing the surface positioning with nano-meter precision. The method was used experimentally by making 0.1 mm step sizes in the measurement system. The measurement uncertainty analysis shows that the measurement uncertainty is 21 nm. Since the 0.1 mm length is relatively small, the main contribution of measurement uncertainty is the repeatability, and the measures to enhance repeatability are studied as the emphasis of the paper. The measures include the optimization of optical and mechanical parts of the system, using appropriate signal processing methods, and the appropriate measurement methods, etc. In conclusion, the combination of laser interference and white light interference for positioning of the surface is the effective measure to obtain good measurement repeatability. The method is verified to be effective. It will be applied to the length measurement primary standard (AIC) of NIM(National Institute of Metrology of China) in future studies.
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Figure 1. Block diagram of the system. 
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Figure 2. The interference pattern of white light and RGB light interference components. (a) White light interference pattern; (b) red light interference pattern; (c) green light interference pattern; (d) blue light interference pattern. 
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Figure 3. Positioning signal of 0.1 mm step surface. 
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Figure 4. Actual white light positioning signal for surface. 
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Figure 5. Theoretical white light interference signal. 
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Figure 6. The layout of positioning unit. 
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Figure 7. Positioning signal at moving speed of 30 μm/s. 
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Figure 8. Positioning signal at moving speed of 50 μm/s. 
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Figure 9. Positioning signal at moving speed of 80 μm/s. 
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Figure 10. Signal difference in different driving modes. AIC is automatic interference comparator. 
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Figure 11. The semiconductor laser wavelength stability monitoring. 
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Figure 12. The signal of the combination of laser interference and white light interference. 
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Figure 13. Block diagram of signal processing system. 
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Figure 14. The shaping of white light interference signal. 
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Figure 15. Positioning signal of first surface. 
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Figure 16. Positioning signal of second surface. 
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Figure 17. Bidirectional measurement results and the convergence of average result. 
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Table 1. Measurement uncertainty evaluation.
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Error Sources

	
     x i     

	
    u (  x i  )    

	
Prob.

	
     c i  = δ l / δ  x i     

	
Unit

	
     u i  ( l )    






	
Repeatability

	
S

	
10.0 nm

	
N

	
1.0

	

	
10.0 nm




	
Resolution

	
N

	
0.58 nm

	
R

	
10

	

	
5.8 nm




	
Laser wavelength

	
    λ 0    

	
2.3 × 10‒5 ×    λ 0   

	
R

	
   L /  λ 0    

	

	
(2.3 × 10‒5) × L




	
Diffraction of laser

	
   δ  l  d i f     

	
0.1 nm

	
R

	
1.0 × 10‒6

	
L/nm

	
(1.0 × 10‒7) × L




	
Edlen formula

	
  n  

	
1.0 × 10‒8

	
R

	
1.0

	
L

	
(1.0 × 10‒8) × L




	
Air pressure

	
  p  

	
10 Pa

	

	
2.70 × 10‒9

	
L/Pa

	
(2.7 × 10‒9) × L




	
Air temperature

	
    t  a i r     

	
0.5 ℃

	
R

	
0.923 × 10‒6

	
L/°C

	
(0.5 ×10‒6) × L




	
Air humidity

	
  f  

	
30 Pa

	
R

	
0.367 × 10‒9

	
L/Pa

	
(11 × 10‒9) × L




	
Thermal linear expansion coefficient

	
  α  

	
2.0 × 10‒6 ℃

	
R

	
0.5

	
L/°C

	
(1.0 × 10‒6) × L




	
Material temperature

	
    t s    

	
0.5 ℃

	
R

	
11.5 × 10‒6

	
L/°C

	
(5.8 × 10‒6) × L




	
Abbe error

	
   δ  l  A b b e     

	
17.3 nm

	
R

	
1.0

	

	
17.3




	
Flatness of surface

	
   δ h   

	
5 nm

	
R

	
1.0

	

	
5




	
Cosine error

	
   δ  l  cos     

	
29 × 10‒6 rad

	
R

	
50 × 10‒6

	
L/rad

	
(1.45 × 10‒9) × L




	
Standard uncertainty (when L is 0.1 mm)

	
21
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