Opti 415/515 Homework #3

#1) – For tables of Zernike polynomials in rms normalized, doubly indexed form, see for example ISO24157, annex E.

a) A surface is measured by a Fizeau interferometer having a known reference wavefront error specified by the Zernike coefficients rnm.  The measured wavefront is described by the set of Zernike coefficients wnm.  The surface is represented by a set of Zernike coefficients snm.  Express snm in terms of rnm and wnm and explain your answer in one sentence.

The main point is that an interferometer measures in comparison to a reference surface and you may not have a reference surface good enough to ignore.

So measurement = wavefront of interest + reference imperfections.  Could be + or –

If a reflection measurement surface produces an opd = 2s

w = 2s + r ( s = (w-r)/2

b) A wavefront has tilt in both the x and y directions specified by the Zernike coefficients b1-1 = 3 and b11 = 4. What is the magnitude and direction of the tilt? You should not need a calculator to do this problem.

You could have converted these coefficients to Seidel aberrations using Wyant’s notes.  

You could also simply determine the magnitude and direction of the tilt, which in essence is the same as rotating the coordinate system.  If you look in a rotated coordinate system where tilt is in the x’ direction and use the same set of polynomials, then it really does not matter if you are working with PV or RMS normalized Zernike polynomials.  In either case you have tilt coefficients in the x-direction of b11 = 4, and in the y-direction of b1-1 = 3.  This is just a pair of orthogonal vectors that need to be added.

The magnitude of the combination is sqrt(3*3+4*4) = 5 in which ever normalization is being used.  

The direction is atan(y/x) = atan(3/4).
c) A wavefront has astigmatism described by the Zernike coefficients a2-2 = 1 and a22 = 1. What is the magnitude and direction (angle) of the astigmatism? 

Again, you could use Wyant’s notes and convert to Seidel’s, and using those notes and doing so is useful to understand.

The key point is to recognize that there is a double angle and so now the vector addition needs to be a bit more thoughtful than for tip/tilt.  

The cos form of astigmatism is at 45 deg and sin is at 0 deg.  They are orthogonal surfaces.

If you stay in the same set of Zernikes then the magnitude is sqrt(2) and the orientation is half-way between the two patterns or 22.5 deg.

You could experiment with these items by using Zemax and setting up an object at infinity, a coordinate break, a Zernike phase surface, a coordinate break, a paraxial lens and image plane.  The paraxial lens would be the stop and the Zernike normalization radius in the extra data editor would be set to radius of the stop.  Open up an analysis window (Zernike standard coefficients), put coefficients into the extra data editor.  Then, look at the coefficients as you rotate the Zernike surface about the z axis, remember to put a pickup in the second coordinate break to undo the z rotation done by the first coordinate break.
This is similar to b); however, there is a double angle argument for the terms.  We can again ignore the normalization and note that a2-2  goes with sin(2θ) and a22 goes with cos(2θ).
#2) Design a shear plate for use in collimating a 50 mm diameter beam of Green HeNe light.  Use N-BK7 for the plate.  Choose a plate thickness and wedge angle to optimize the performance of the shear plate for collimation testing.  How sensitive is your design to focus error.  Justify your answer.

A shear plate was shown in the video to the class.  It is a visual instrument.  How much shear?  Increasing the shear increases the sensitivity but reduces the amount of data available.  A shear distance of 100% of the aperture means you have no data, while zero shear has not sensitivity.  Any number between 5% and 20% is reasonable.  

How much wedge? Having no fringes at collimation is hard to interpret.  A few fringes are needed, 5 is a good number.  The aperture is large so as many as 10 is fine.  Hundreds of fringes would be unreasonable.
Since the fringes only provide a reference direction, the exact number does not matter.  Similarly, thickness affects sensitivity, but the exact number does not matter.  So do not specify any of these constructional parameters with excessive precision for you would pay for what you don’t need.  If you did need precision in your calculations, then you could measure the values to calibrate the tool, which is seldom done.
#3) You are building a fixture to be used in an alignment process.  A spherical mirror must be positioned so that its center-of-curvature is coincident with the center of a ½” tooling ball. 

a) Describe the procedure for doing this with an autostigmatic microscope.  

The spherical mirror is to be positioned so that its center-of-curvature is coincident with the ball’s.  Sometimes the reverse might be true.
1 – align autostigmatic microscope to a ball, this requires a 3-axis translation stage,

2 – remove ball

3 – align mirror CC coincident with ball.  This requires 3 adjustments, a translation and two tilts or 3 translations.
b) Select an objective from Edmund Optics for use on your autostigmatic microscope.  Assume your autostigmatic microscope is an infinite conjugate design with a uniformly illuminated, 7 mm diameter beam, 635 nm light source, 100 mm focal length tube lens and a camera with 4.65 μm square pixels.

Make sure you have more than ¼” (6.35 mm) of working distance or the objective will not fit.  Ideally the exit pupil of the objective is about the same size as the beam size so that you do not buy more microscope than you use (very large pupil) or use less than you could and give up sensitivity (small pupil).  Pupil size calculations are not really expected, but do matter.
Since there is a tube lens, it should be an infinity corrected objective that is purchased, other wise you will introduce spherical aberration in the system with a finite conjugate objective and limit your ability to do the alignment.
I would go with Nikon objectives (CFI60) series.  Anything from the 5x to 50x has enough working distance.  The 10x has a lot more NA than the 5x, the 20x is still better and the 50x has a lot, which helps with axial sensitivity.  Practically the 10x is a great choice.  The higher power objectives would probably overfill the mirror, which does not help, cost more and have more magnification (lateral sensitivity) than is practically necessary.

c) How well can you locate the center of the tooling ball (estimate the uncertainty in all directions)?

Axially +/-2 λ (F/#)2, where F/# = 1/(2NA) of the objective.

Transverse direction need to consider mag of microscope and ability to sense spot movement.  Spot is 4-5 pixels across.  It is easy to sense a ½ pixel change and not too hard with averaging to sense 1/10 pixel.  If you think you can only sense a 1 pixel change of spot position you are too conservative, and if you think you can sense 1/100th of a pixel motion you are too optimistic.
d) How well can you locate the center-of-curvature of the mirror (estimate the uncertainty in all directions)?

Same as the ball as long as the mirror does NOT limit the aperture of the objective.
e) Look at the Newport catalog and identify a set of stages and actuators for positioning the PSM consistent with the performance you have described.

The point was to go look at a source of equipment.  Manual stages are appropriate.  They should not be cheap ones if you want to do precision alignment.  Ball bearing stages are questionable for this application. Something like the Ultralign 562 series is appropriate.  You need 3 axes – XYZ – that matters.  Micrometers are nice to measure shifts, adjusting screws can be ok.  Differential micrometers or motors are not always needed, but can be useful.
f) You have access to a phase shifting Fizeau interferometer (Zygo XP/D) operating at 632.8 nm with an F/3.3 transmission sphere that can be used in place of the autostigmatic microscope. Estimate the uncertainty in locating the center-of-curvature of the tooling ball and mirror with the Fizeau interferometer

If you looked up the Zygo ZP/D spec sheet (http://www.zygo.com/met/interferometers/verifire/xpd/verifire_xp-d_spec.pdf) you would have found λ/10000 rms repeatability (2 sigma, i.e. 2 standard deviations) with some averaging described in a foot note.  If the only aberrations you are watching is focus, tip and tilt (axial and transverse positioning) an interferometer is incredibly sensitive and accurate since the Zernike coefficients, of a the appropriate form are rms coefficients.

You might have guessed (oops, estimated) λ/100 for aberrations sensitivity. It is fair to say it is vastly more sensitive than an autostigmatic microscope with any reasonable calculation.

However, it is more sensitive to the environment, larger and more cumbersome.
g) Pick an instrument for the task and justify your choice.
Autostigmatic microscope is preferred by me for any application that does not absolutely require an interferometer.  There are plenty of applications that are fine with an autostigmatic microscope, and many that require an interferometer.   For this application, the microscope is the probably the better choice.
4) undergrads one of 4a, 4b, or 4c req’d, additional for extra credit / grad all reg’d
a) Sketch the layout and describe the operating principle of a scatterplate interferometer.  What is the critical property of the scatterplate?  What are the pros and cons of this instrument?  What is its best application?

Many sources to look up – Optical Shop Testing, Malacara, Field Guide to Interferometric Optical Testing, Wyant’s notes.  

Main point is that it is common path interferometer which vastly reduces environmental sensitivity.
b) Sketch the layout and describe the operating principle of a point diffraction interferometer.    What are the pros and cons of this instrument?  What is its best application?

See a).
c) Most commercial interferometers use linearly polarized light, but the new “instantaneous” phase measuring interferometers typically use circularly polarized light.  Under what circumstances does an instantaneous phase measuring interferometer make sense to use?  Under what circumstances does a more classical instrument make sense (i.e. one that does temporal phase shifting rather than spatial)?

One must be careful when evaluating optics that manipulates the polarization state of the light.  For instance, a linear polarizer in transmission could be tested with an interferometer using linearly polarized light as long as it was not oriented to block too much light.  On the other hand, if circularly polarized light is used to accomplish the phase shifting, a polarizer by itself would prevent the instrument from capturing data.
5) Shack cubes were originally designed in the era of film cameras, and were typically used with 35 mm film cameras which have a 24 mm x 36 mm image plane and the cubes were typically about 1” on a side.
Where is the point source located in a Shack cube interferometer, and why?

Historically it is on the surface of the cube to avoid introducing aberrations.  This is not a rigorous requirement.
Is it always necessary to use a lens between the cube and detector?

No, since the Shack surface is a lens that can image the part onto a detector.  However, the image may not fit the detector requiring a lens to accomplish this.
Sketch the first order layout for your interferometer, with dimensions, to test a 200 mm diameter, 400 mm vertex radius spherical mirror from its center of curvature.

Plenty of examples, see references mentioned in 4 for example.
Can you phase shift this interferometer?  If yes, describe briefly how to do so.

Yes, move the part or move the cube.  Could also consider a source with a tunable wavelength, which can be used for phase shifting in an unequal path instrument.
