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Phase-shifting birefringent scatterplate 
interferometer

Michael B. North-Morris, Jay VanDelden, and James C. Wyant

This paper was written, based on some work done at the Optical Sciences Center, University of Arizona in 2001 and was presented in the following year to the Optical Society of America.  The authors feel that the combination of a phase-shifting scatterplate interferometer and a birefringent scatterplate is a new and promising method of measurement.  The advantages of its design and techniques of manufacture are discussed and some experimental results are also presented.
1. Introduction

With the development of computers over the past few decades, phase-shifting interferometry has also advanced considerably.  Phase-shifting interferometery is accomplished by measuring the irradiance distribution of fringe patterns and using computers to recover the phase by using point-by-point calculations.  Interferometers that use phase shifting are typically limited by fringe movement caused by vibrations and index variations in the optical path.  One way to circumvent these problems is the use of common-path interferometers.  However, it can be difficult to separate test and reference beams in common-path interferometers, making phase shifting challenging.  Several researchers have experimented with point-diffraction interferometers (PDI) that uses a pin hole between the test mirror and the illumination source.  The diffracted beam is used as the reference beam while the straight through beam, that passes through a larger aperture, forms the test beam.  Variations on the basic design have been studied.
The scatterplate interferometer along with polarization control has been successfully used to separate the test and reference beams by using an auxiliary optic in close proximity with the test mirror.  Different designs using a quarterwave plate and electro-optic light modulator or similar device to create a 90o separation between the test and reference beams.  The subject scatterplate interferometer design, however, does not require use of additional optics, but rather utilizes a birefringent scatterplate to separate the test and reference beams.  

2. Conventional Scatterplate Interferometer

The conventional design of scatterplate interferometer is a common-path interferometer, where the test and reference beams share the same path.  Common-path interferometers are desirable because they have reduced sensitivity for vibrations and air turbulence, require no precision auxiliary optics and may use a variety of light sources including a white light source.  There are, however, limitations on the size and spectral distribution of the source that will affect fringe visibility.  In addition, common-path interferometers do not suffer from piston error, the longitudinal motion between the interferometer and test optic that introduces defocus.  The scatterplate interferometer is unique in that it averages many measurements at one time.  Each point on the scatterplate has inverse symmetry and scatters light statistically independent of other points resulting in an interferogram that is the average of all points measured.
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Generally, the scatterplate interferometer is comprised of a source, laser or broadband, that illuminates a small aperture that is imaged onto a test mirror, after reflecting off a beam-splitter and scatterplate and then reflects back through the system to a focusing lens that images interference fringes onto a screen or detector.  As the light passes through the scatterplate, four different possibilities exist for the incident and reflected light.  The four terms are noted in Fig. 1, above.  The two important terms are scattered-direct and direct-scattered light.  The direct-direct light forms a hot spot at the image plane and the scattered-scattered light simply produces diffuse illumination at the image plane that does not form fringes.  
The two reflected light terms that do interact and form interference fringes, do so because of an important quality of the scatterplate; inversion symmetry.  Inversion symmetry means that the scatterplate is made so that every point has symmetric point about the center of the scatterplate.  Also, the scatterplate is located at the center of curvature of the test mirror so that any point is imaged back to its conjugate on the scatterplate.  With inversion symmetry and proper alignment, a point and its’ surrogate are scattered in the same manner and the test and reference beams both appear as point sources located at the surrogate point.  The phase change due to scattering is same for both beams.  Two important alignment concerns are lateral movement of the scatterplate and longitudinal misalignment of the scatterplate.  The lateral movement will result in tilt in the fringe pattern and longitudinal motion will result in defocus in the fringes.
3. Phase-shifting Scatterplate Interferometer

The key component in the phase-shifting scatterplate interferometer is the birefringent scatterplate.  The aperiodic, inversion symmetric pattern (Fig. 2) is etched into a calcite retarder by a chemical process.  A piece of glass and index matching oil chosen to match the ordinary index of the calcite are added to form the scatterplate (Fig. 5).  This construction allows light polarized along the ordinary axis to pass right through the scatterplate while the light polarized along the extraordinary axis is scattered by the etched pattern.
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It is fairly straight forward to select appropriate oil, but there is a formulaic dependence on wavelength.  It is important to match the oil with the ordinary index instead of the extraordinary index because the ordinary index does not change under oblique illumination.  This quality is important because the scatterplate is typically located in a converging beam.
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From figure 6, above, a polarizer passes linearly polarized light at 45o with respect to the optical axis of the scatterplate that delivers equal amplitudes of light polarized along the axis and orthogonal to the axis.  The perpendicular component reacts with the ordinary crystal axis and the parallel component reacts with the extraordinary axis.  A liquid crystal retarder yields a variable phase shift between the two polarization states of the incident beam and the rotating ground glass reduces speckle and extends the appearance of the source.  The system has incoherent, extended source illumination that is adjustable with shifts of the rotating glass.  The light that passes through the scatterplate also passes through a quarterwave plate twice resulting in 90o rotation of polarization states.  On the second pass through the scatterplate, the beams change roles.  The direct beam of light is scattered and the scattered beam of light passes directly through the scatterplate.  The result is two beams with orthogonal polarization, one scattered-direct and the other direct-scattered.  The beams will not be exactly 90o rotated with respect to each other and therefore both polarization components will contain small amounts of direct-direct and scattered-scattered light.  The light is then imaged from the test mirror to the image plane where interference fringes are observed.
4. Scatterplate Manufacture

The scatterplate is fabricated through a six step process using semi-conductor processing techniques.  The calcite is first cleaned with acetone, isoproponol and de-ionized water.  After a baking process, photoresist is spun onto the crystal and it is exposed to a speckle pattern or photomask and illumination source.  After exposure, the scatterplate has developer fluid spun onto it, followed by a de-ionized water rinse to cease the chemical interaction.  Another bake process follows to drive off all of the moisture.  The next step is etching the substrate with hydrochloric acid and mild agitation.  A water rinse is used to stop the etch process and the final step is a cleaning process to remove the remaining photoresist.
Often the pattern is created using double exposure of a speckle pattern and rotating the scatterplate by 180o between exposures to create inversion symmetry.  The speckle pattern produces features of a given size that will limit the f/number of the mirror that can be tested.  The radius of the smallest feature may be found by determining the first interference minimum off the optical axis.  The radius equation is r = (zλ)/D, where z is the distance from the ground glass to the film plane and D is the diameter of the beam incident on the glass plate.  By similar analysis the f/number = z/2D.  If minimum f/number is half the f/number of the test mirror, the irradiance will drop to a half of the maximum at the outside edge of the mirror.  This double exposure of a speckle pattern is referred to as the holographic method and produces small features easily but comes with complications of method in taking two exposures and risk of incurring position error of the scatterplate.
A better method of creating a scatterplate is the photomask technique.  A photomask is a glass substrate with a metallic layer of etched pattern, similar to those used in the manufacture of silicon wafers undergoing photo-lithography.  The irradiance pattern is the square of the modulus of the Fraunhofer diffraction pattern of the scatterplate.  The limiting size of the pattern feature can be found by taking the Fourier transform of the smallest feature of the photomask.  The spatial frequency is defined as, ξ = x/λf, in the x-direction.  If we solve for the width of the smallest feature, a, we find the expression that relates the x coordinate of the mask to the scatterplate feature, x = λf/a and re-writing in terms of minimum f/number, we get the expression, (f/number)min = a/2λ.
As a rule of thumb, the scatterplate should be designed so that the minimum f/number is one half the f/number of the test mirror.  The authors’ measured an f/6 mirror with a focal length of 90.93 cm with an 8 mm x 8 mm scatterplate made from a photomask with 4 μm pixels.  The source was 633 nm light and the minimum f/number was 3.16.
5. Experimental Results

Measurements were taken and compared to a commercial Fizeau interferometer, shown in figure 13.  Peak-to-valley difference in measurement tools is less than 0.035 waves.  A second measurement was taken and rms difference was 0.0025 waves.




[image: image5.png]\
—

|-

Fie. 13. (@) Surface measurement taken with o phace-<hiing
ceatterphte intorfrometer. (b Surfacs measurement taken with
 Wyko 6000 phase-shifting Fizeau iterferomeler.





6. Discussion
The paper reviewed the design of a new phase-shifting scatterplate interferometer design.  The interferometer separates test and reference beams by use of a birefringent scatterplate and intrinsic polarization characteristics therein.  Only the light polarized along the extraordinary axis is scattered and together with the polarizers and a quarterwave plate, test and reference beams were formed with orthogonal polarizations.  A variable phase shift is created between the beams by the liquid crystal retarder.
The method of precision measurement described in the paper may be very helpful for those who are attempting to make interferometric measurements in a vibration intensive environment.  The use of a birefringent scatterplate is further refinement of an existing interferometer design.  Murty describes a similar concept of interferometry over 40 years ago using Fresnel zone plates with the desired effect of achieving common path fringes, thus eliminating the effects of vibration and air turbulence. 
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