Effect of Air Turbulence on Straightness Measurement Techniques

For comparison, the existing techniques, laser interferometry and the alignment laser are briefly described.  Basically, the interferometer splits the laser beam into two component parts, with each part leaving the interferometer along a specific, precisely-controlled path by a Wollaston prism.  Each beam from the straightness reflector consists of a pair of front-surface plane mirrors, rigidly mounted such that they reflect each beam back along its incoming path to the interferometer. Initially, the two paths from the interferometer to the reflector have some length relative to each other.  If the straightness reflector is moved laterally, the relative length of the two beams will change.  This change indicates a non-straightness.  The alignment laser technique is based on the fact that a HeNe laser produces an intense beam of red light which is a straight line of the greatest accuracy in vacuum.  Attach a target with a quad-detector, which is a large area photodetector cut into four quadrants.  If a laser beam shines at the center of the quad-detector, the output from the 4 detectors should be the same.  However when the quad-detector is moved toward the left, the detectors on the right should have higher output than the detectors on the left.  The difference in the detector output is proportional to the lateral displacement of the quad-detector.  This is also true in the case where the quad-detector is moved up and down.  Hence the laser beam center position can be determined.

The Laser Doppler Displacement Meter consists of a dual-beam laser head, a dual-retroreflector and a 2-axis processor module.  It can be used to measure both the linear position and pitch or yaw angle of the dual-retroreflector.  Using a notebook computer, local slopes at each increment can be collected automatically.  The straightness can be determined by integrating the measured local slopes.

All of the above three techniques are extremely accurate in a vacuum.  However, in atmospheric conditions, the speed of light changes with air density (or pressure) and humidity.  Particularly, the air turbulence and the temperature gradient will affect the measurement accuracy.  Detailed analysis on the effect of air turbulence is very complex.  For illustration purpose, discussed here is a simple model based on Komogrov's turbulence model.  Assume the turbulence is generated by shear flows with temperature gradients.  Various sizes of vortex are generated by the shear flow.  You may imagine vortices as glass beads of various sizes and density gradients.  When a laser beam passes through these glass beads, it may bend in various different directions like a random walk process. 

For order of magnitude estimation, assume the dominate effect is due to vortex of the size of the laser beam diameter.  Assume the temperature difference is 5°C, the diameter of the vortex is 5 mm.  If the total beam path is 1 m, the diffraction by each vortex is about 5 rad  and the total diffraction over one meter is about 70 rad.  Assume a temperature gradient of 5°C/m, the deflection is about 5 rad.  Hence, the accuracy of the alignment laser technique is limited to 70 rad over one meter.  Of course, statistical averaging can be used to improve the accuracy.  As compared to the laser interferometer technique and LDDM™, beam deflection only causes a cosine error and the actual measurement is the difference in displacement divided by the beam separation.  Hence, for the same atmospheric condition above, the angular error is only 7 rad instead of the 70 rad shown above. 

In conclusion, comparing these three techniques, the laser interferometer technique provides high resolution and accuracy, but it is extremely difficult to use and very expensive.  The alignment laser technique is relative easy to use, but the resolution and accuracy may not be enough.  Only the LDDM™ technique provides both high resolution and easy use.
