Homework #2:
Problem 1
Determine the focal length of a ¼” diameter lens using reciprocal magnification.  The track length is set to 150 mm using a machinist scale.  The lens is moved 57.9 mm between position 1, where the magnification is -2.35 and position 2 where the magnification is -0.45.  What is the focal length of the lens?  What is the distance between the principal planes?
[image: image1.emf]
From lecture 2, part 2, slide 8 - 
There are two magnifications, m1 = -2.35 and m2 = -.45.  They are not quite reciprocals.  Could use first value
f1 = (57.9mm) / (2.35 – 1/2.35) = 30.086 mm
Both values
f2 = (57.9mm) / (2.35 – 0.45) = 30.474 mm
Note that 1/.455 = 2.222, and 1/2.35 = 0.425 – so the numbers are not perfect.  The conclusion is that the quality control on my measurements (performed in simulation with Zemax) was not so good, and I should have checked those reciprocals sooner.
It also suggests that I have excess precision in my focal lengths since the uncertainty is much larger than 0.001 mm.  One could take an average of the calculated values (30.28).  Another estimate could be formed by using 0.45 and its reciprocal to do the calculation.
For reference, the lens used in the simulation was a Newport KPX021 with a catalog focal length of 31.80 mm.

The setup used two reticles (same part number and manufacturer) with 0.1 mm divisions are used in the setup, one as the object and the other in a 10x microscope to view the image and measure magnification.  The microscope has a 10x eyepiece.  The object to image spacing and lens motion were measured with a ruler.  

List the sources of focal length measurement uncertainty in this setup.
1. Lens motion measurement has low precision.

2. Determination of the best focus position is a source of error and nonrepeatability when performed by a person, even with a microscope.

3. Accuracy of the microscope magnification. 
a. However, an error in the eyepiece magnification does not matter since it views the image of both the object reticle and measuring reticle.

4. The accuracy of the reticles is probably high.  Their errors do not cancel since they have different magnifications (sizes) at the image plane of the microscope objective.

Extra / graduate required
For each source of measurement uncertainty that was listed: estimate the uncertainty, provide a reason for the estimated value, and describe how you could reduce the estimated uncertainty by a factor of two or more.  
1. Ruler – perhaps +/- 0.5 mm, maybe optimistically +/- 0.25 mm.  Improvement is easy – use a micrometer driven stage with a micrometer to measure the motion to better than 10 microns pretty easily over a range of 50 mm

2. Depth of focus is a primary limit.  Assume about 5 mm aperture is used on the lens.  The total track is 150 mm.   At a magnification of 2.35 the image distance = 2.35*object distance.  We can treat the lens as thin for this estimate of working F/#.  Total track = image + object = 3.35*object = 150 mm for an object distance of about 45 mm and image distance of about 100 mm ( F/20 lens (working F/#).  Depth-of-focus ~+/-(20)2 um = +/-.4 mm

a. Could move the lens to both sides of focus and estimate the position where focus begins to change – split the difference and call that best focus.  Given two measurements, can probably reduce uncertain by sqrt(2).

b. The microscope NA must be at least as large as the lens (image space).  Increasing it further will not help since the lens will act as the aperture stop.

3. Microscope magnification – most catalog doublets and singlets have a 2% tolerance on focal length.  A good microscope objective is probably better, perhaps <1%.  Specifications can be found on some such items – would probably have to contact the vendor.  

a. If the microscope magnification is part of a critical measurement it should be calibrated.   How?  Use a reticle as an object and a reticle in the eyepiece and measure it.

4. Reticle accuracy – it probably is high – does it at least have a certificate of conformance?
Problem 2

A Cassegrain telescope is to be used as a compact decollimator (collimator used backwards) to focus light for a red HeNe laser.  Input the design into the lens design program of choice.  The prescription data is from Zemax.  A conic of -1 is a parabola.  Units are mm.  The primary is the aperture stop, the secondary is an obscuration so add a surface for it, and the primary has a hole in it.  The focal length of the system is 300 mm.

SURFACE DATA SUMMARY:

Surf     Type         Radius      Thickness                Glass      Diameter          Conic   Comment

 OBJ STANDARD       Infinity       Infinity                                  0              0   

   1 STANDARD       Infinity             50                           200.0524              0   Dummy

   2 STANDARD       Infinity            100                           200.0349              0   Obscuration

 STO STANDARD           -300           -100               MIRROR           200             -1   Primary

   4 STANDARD           -200            100               MIRROR          70.8             -9   Secondary

 IMA STANDARD       Infinity                                         0.1138008              0   

SURFACE DATA DETAIL:

Surface OBJ     : STANDARD 

Surface   1     : STANDARD Dummy

Surface   2     : STANDARD Obscuration

 Aperture       : Circular Obscuration

 Minimum Radius :             0

 Maximum Radius :          35.4

Surface STO     : STANDARD Primary

 Mirror Substrate : Curved, Thickness = 4.00000E+000

 Aperture       : Floating Aperture

 Maximum Radius :           100

Surface   4     : STANDARD Secondary

 Mirror Substrate : Curved, Thickness = 1.41600E+000

 Aperture       : Floating Aperture

 Maximum Radius :          35.4

Surface IMA     : STANDARD 
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Figure 1 Layout
Produce an easy to read table with the following information.  The ability for your program manager (teaching assistant) to easily interpret the information you present is as important in practice as the answers.

a) What is the Strehl ratio of the nominal design?  How much image plane shift is necessary to reduce the Strehl ratio to 0.8 and 0.5?  Show spot diagrams with the Airy disk size indicated on the graph for the three configurations (nominal design, and two displaced).

What is Strehl?  From “More Image quality metrics slide 25”
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 If you use the index in Zemax you can find lots of references to Strehl, including the preceding equation where σ is in waves, or in Modern Optical Engineering, or …

· Nominal design Strehl  = 1.

· Working F/# is 1.54, so SR = 0.8 implies ¼ wave defocus, which would be +/-2*.633 um * (1.54)2 = +/-3.00 um.
· Can confirm answer in Zemax by adding a dummy surface in front of the image plane that has a thickness of 3um.  Go to the Zemax manual to see where the Strehl ratio can be found, for instance on Analysis menu ( Aberrations ( Zernike Standard.

· Examination of the displayed results will show that there are two different values (0.805 and 0.85) based upon two ways of computing the SR.  An answer of 3 um is acceptable for this problem.

· Why is there a difference?  If the obscuration is removed (size set to zero) and the calculation is repeated the two values are practically equal to each other.  The difference is a result of the fact that Zernike standard polynomials are orthogonal over an unobscured circular pupil and we have an obscuration. 

· Since there is an obscuration, the ray based calculation is more accurate. 

· Alternatively, could go to Analysis menu ( Aberrations ( Zernike Annular coefficients, set the obscuration size for this analysis and obtain results that match the ray based calculation above.

· Remember that an obscuration appears to sharpen the PSF, and this is why the obscured telescope SR would actually be about 0.85 when the focus shift indicated it should be 0.8.

What about SR 0.5?  Use the equation above to calculate WRMS for SR = 0.5.  The equation has a first approximation as an exponential, for SR < 0.8 and > 0.1 it is much better than the “1-(…)2” form.  WRMS = 0.13λ.  
From slide 31 of “More image …” 
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Δz = 8.54 λ = 5.4 um for SR = 0.5.
Checking in Zemax reveals the same discrepancy as above between the various calculation methods.  An answer of 5.4 um is adequately correct, but a better answer would include the effects of the obscuration.
One could also just adjust the last air space until the SR is the desired value.

There is also a nice function Analysis(RMS vs. Focus, and then select Strehl on the settings tab.  It takes a couple minutes to find this plot by going through the references in the index to Strehl ratio since there are several entries.
[image: image5.emf]
b) How far off-axis can the incoming light be and maintain a Strehl ratio of 0.8?  peak-to-valley wavefront error of ½ wave relative to the centroid? RMS wavefront 1/10 wave relative to the centroid?

Could play with the field angle and evaluate SR using the Zernike Aberrations analysis above, or plot Analysis(RMS vs. Field.  Reset the field so that the curve covers a sufficient range of SR and find that about 0.0085 degrees yields an SR = 0.8.  (This telescope has an extremely small usable field of view.)
[image: image6.emf]
PV and RMS are displayed on the Zernike Standard Coefficients tab along with SR and RMS.  A field angle of about 0.01 deg results in a PV OPD of 0.47 waves referenced to the centroid and a field of about 0.012 deg yields an RMS of 0.105 waves relative to the centroid.
c) Manually determine alignment sensitivity (not a Monte Carlo analysis) by translating the secondary mirror to produce ½ PV error.  How much translation is required?  Repeat for tilt of the secondary.  Measure the wavefront error relative to the centroid. 

If you look up translate in the Zemax index you won’t find it.  “Tilts” has the subtopics of on surfaces and via coordinate breaks.  You want coordinate breaks.  Insert one on each side of the secondary and put a pickup on the second one to undo the first.  Move the thickness of the secondary air space to the second coordinate break.
About 10 um of translation of the secondary or 0.01 deg (really 0.012) tilt of the secondary.

[image: image7.emf]
Figure 2 Spot diagrams on-axis and off-axis for a tilted secondary.  Coma is observed on axis.
d) In all cases look at spot diagrams, FFT PSF surface / image / cross section, MTF curves, distortion curves and a few other things so that you know where to find them.  Do this for different misaligned conditions. 

An example is shown above of a spot diagram.  “Look” was emphasized so that you would go find some of these plots for future reference.

Problem 3 

The Cassegrain telescope above is comprised of two conic mirrors: a paraboloid and a hyperboloid (often called a parabola and hyperbola).  A parabola perfectly focuses collimated light.  A hyperbola has two foci, one on each side of the mirror.  A parabola can be tested in autocollimation against a flat.

a) Setup an autocollimation test of the parabola from the previous problem in a lens design program starting with the object at the focus of the parabola.  The order of the surfaces should be object ( parabola ( flat (parabola ( image.  Provide the prescription in a format similar to the one provided above for the telescope (make it easy to read) and a layout diagram of the system.

System/Prescription Data

File : C:\Documents and Settings\wpkuhn\My Documents\Work\Opti 415 - 515\Lens Designs\Cassegrain - parabola in autocollimation.zmx

Title: 

Date : WED SEP 9 2009

1       0.632800       1.000000

SURFACE DATA SUMMARY:

Surf     Type         Radius      Thickness        Glass      Diameter          Conic   Comment

 OBJ STANDARD       Infinity            150                          0              0   Focus

 STO STANDARD           -300           -150       MIRROR           200             -1   Primary

   2 STANDARD       Infinity            150       MIRROR      181.6654              0   Flat

   3 STANDARD           -300           -150       MIRROR           200             -1   Primary-pass 2

 IMA STANDARD       Infinity                             2.842171e-014              0   

[image: image8.emf]
It is worth noting that in the setup shown that the flat needs to have a hole in it.  An interferometer would be on the left side with its spherical wavefront converging to the focus of the parabola (and going through the flat).

How much OPD error is there for a 0.1 um surface error on the parabola?  It is not just 0.2 um because wavefront interacts with the parabola twice, so it would be 2*2*0.1 um = 0.4 um.  
b) A hyperbola differs from a parabola in that both points are at a finite distance, rather than one being at infinity.  The two foci of a hyperbola are on opposite sides of the hyperbola.  A parabola uses a flat mirror in an autostigmatic (autocollimation) test setup.  A hyperbola would use a sphere in place of the flat mirror in an autostigmatic test setup.  Provide a prescription and layout diagram for the setup.  What is this test setup called?  Where are the two foci of the hyperbola relative to the vertex of the hyperbola?

Go to Malacara and look up hyperbola.  It is not in the index, but hyperboloid is listed.  Go to the first referenced page and find “Hindle type” tests.
System/Prescription Data

File : C:\Documents and Settings\wpkuhn\My Documents\Work\Opti 415 - 515\Lens Designs\Cassegrain - hyperbola test - step 2.zmx

Title: 

Date : WED SEP 9 2009

SURFACE DATA SUMMARY:

Surf     Type         Radius      Thickness        Glass      Diameter          Conic   Comment

 OBJ STANDARD       Infinity            100                          0              0   

 STO STANDARD            200           -100       MIRROR          70.8             -9   Secondary

   2 STANDARD            150            100       MIRROR      184.3713              0   Hindle sphere

   3 STANDARD            200           -100       MIRROR      73.02015             -9   

 IMA STANDARD       Infinity                             3.352625e-010              0   

SURFACE DATA DETAIL:

Surface OBJ     : STANDARD 

Surface STO     : STANDARD Secondary

 Mirror Substrate : Curved, Thickness = 1.41600E+000

 Aperture       : Floating Aperture

 Maximum Radius :          35.4

Surface   2     : STANDARD Hindle sphere

 Mirror Substrate : Curved, Thickness = 3.68743E+000

Surface   3     : STANDARD 

 Mirror Substrate : Curved, Thickness = 1.46040E+000

Surface IMA     : STANDARD 

COATING DEFINITIONS:

Start by turning the secondary around.  Object ( secondary ( concave spherical mirror ( secondary image point (at same location as object).  Put the stop on the secondary (float by stop size is one way to do it since the secondary size has been defined in the telescope design.)  How far from object to secondary?  Look up equations and calculate the locations of the foci of a hyperbola, or let Zemax figure it out.  Of course a hyperbola paraxially is like a spherical mirror, its radius is 200 mm, so let’s pick 100 mm for object to hyperbola and lets put the spherical mirror at the same location (-100 mm from secondary).

What radius primary?  Don’t know.  Make it a variable.  What about the object distance?  Make it a variable too.  Use a default merit function.  Optimize, surprise, the object distance does not change,  a merit function of essentially zero is obtained.

[image: image9.emf]
extra credit / graduate required (c)
c) An ellipse has two foci like a hyperbola, but they are both on the same side of the mirror.  Redesign the telescope replacing the convex hyperbola with a concave ellipse.  The spacing between the primary and secondary should be 170 mm.  Show a prescription and layout.  Design an autostigmatic imaging setup for the ellipse and provide its prescription and layout.  What kind of telescope is this?  This telescope design is longer than a Cassegrain, why would someone build this kind of telescope?  What is the Strehl ratio of your design?  Where are the two foci of the ellipse relative to its vertex?

Change the spacing between the primary and secondary.  Make the radius and conic of the secondary variable.  Optimize using default merit function.  A single, on-axis field point is appropriate for this problem and 3b.
System/Prescription Data

File : C:\Documents and Settings\wpkuhn\My Documents\Work\Opti 415 - 515\Lens Designs\Gregorian 1.zmx

Title: 

Date : WED SEP 9 2009

SURFACE DATA SUMMARY:

Surf     Type         Radius      Thickness                Glass      Diameter          Conic   Comment

 OBJ STANDARD       Infinity       Infinity                                  0              0   

 STO STANDARD           -300           -170               MIRROR           200             -1   

   2 STANDARD       35.78947            170               MIRROR      26.32258     -0.6232687   

 IMA STANDARD       Infinity                                     5.729106e-010              0   
[image: image10.emf]
Autostigmatic layout for an ellipse would be to put object at focus far from ellipse and a small, say 2.50 mm radius convex sphere at second focus. Where are the foci? Uses Zemax or CodeV to find them. Layout would be object --> ellipse --> convex sphere --> ellipse --> image at object location. 

Start by reversing the ellipse.  If you are on the ball you can look at the prescription for the telescope and know where the two foci of the ellipse are located: one is at the focus of the parabola, and one at the focal of the telescope.  There is a 170 mm distance between the two mirrors, 170 mm from secondary to image and a 150 mm distance from parabola to its focus.  So, the foci of the ellipse are 20 mm and 170 mm from the vertex of the ellipse.
System/Prescription Data

File : C:\Documents and Settings\wpkuhn\My Documents\Work\Opti 415 - 515\Lens Designs\Gregorian - ellipse - autostigmatic 1.zmx

Title: 

Date : WED SEP 9 2009

SURFACE DATA SUMMARY:

Surf     Type         Radius      Thickness         Glass      Diameter          Conic   Comment

 OBJ STANDARD       Infinity            170                          0              0   

 STO STANDARD      -35.78947          -17.5       MIRROR      26.32258     -0.6232687   

   2 STANDARD           -2.5           17.5       MIRROR            10              0   

   3 STANDARD      -35.78947           -170       MIRROR      26.32258     -0.6232687   

   4 STANDARD       Infinity              0              6.001786e-008              0   

   5 STANDARD       Infinity              0              6.001786e-008              0   

 IMA STANDARD       Infinity                             6.001786e-008              0   
[image: image11.emf]
It is a Gregorian.  The Large Binocular Telescope on Mt. Graham is a modified version (I believe the primary is also slightly elliptical to balance aberrations over the field).   One reason is that the elliptical secondary can be tested without the use of a much larger Hindle sphere.
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