Dunlap Summer School: Wavefront Sensing Lab

1. Objectives

Wavefront measurement is an essential step toward ensuring the delivery of high-quality images
in astronomical instruments. There are several types of wavefront sensors. Some measure the phase
directly, e.g. through interferometric effects, while others measure gradients of the phase, like Shack-
Hartmann or curvature sensors. In this lab we will focus on the Shack-Hartmann sensor, which is
commonly used in adaptive optical systems in astronomy.

This laboratory exercise has several objectives:

e Understand the operating principle of a Shack-Hartmann wavefront sensor.

e Understand the purpose and design of a relay system for reimaging the lenslet spots onto the
detector.

e Assemble and align a working Shack-Hartmann sensor.

e Measure spot displacements and translate those displacements into wavefront slopes.

This laboratory activity mixes written work in this worksheet with hardware assembly and
experimentation. You will be working in small groups; be sure to engage your entire group in
discussion, and be respectful of others’ learning. Ask for assistance from the facilitators — but
don’t expect to be given answers!

Do not touch the optical surfaces directly. Never look directly into the optical fiber tips!

While you are free to adjust the placement of the components used in the lab, please do not adjust
the post collars without consulting a facilitator first.
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2. Sensing Phase Gradients: Tip and Tilt

Lenses act to alter the wavefronts of electromagnetic waves. In the ray optics approximation,
lenses can act to bring ray bundles to a focus. For example, rays emanating from a point in the
object plane will converge to a point in the image plane. Rays that are parallel upon entering a
lens will converge at a point a distance f from a thin lens, its focal length. In the wave optics
view, initially flat wavefronts are converted to spherical waves which converge at a point in the
focal plane (Fig. 1). Remember that rays are perpendicular to phase fronts in the geometric optics

P

approximation.

Fig. 1.— A thin lens brings initially parallel rays into convergence at the focus (dotted). It acts to
convert flat wavefronts into spherically converging ones (solid).

If a wavefront is tilted relative to the optical axis, after the lens the light will converge at a
point that is displaced in the focal plane (Fig. 2).

Fig. 2.— Tilted wavefronts converge at displaced points in the focal plane.



-3 -

Q1: By what distance d is the focus displaced for a lens with focal length f given a wavefront tilt

angle 67 (see Figure 2.) In the small angle approximation?
A:

More complicated wavefronts can be decomposed into a superposition of modes. One dimensional
functions might be described by a Fourier series of sines and cosines. In optics, it is more common
to use a two-dimensional basis of modes, for example the so-called Zernike modes. The average
incidence angle of the wavefront is described by the “tip” and “tilt” Zernike modes, and they result in
a displacement of the focused wavefront in the focal plane of the lens. If we monitor the displacement

of the image in the focal plane, we can sense the tip and tilt modes. A lens is a tip/tilt wavefront
sensor.
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Fig. 3.— (left) The Point Grey Flea sensor. The light gray area at the center is the CMOS detector
array. (right) The 25 mm camera lens. The lens has a C-mount which screws into the image body.
This component has a built-in aperture stop, which can be adjusted by a ring on the body. The C
designation means closed. There is also an adjustable focus barrel.
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Experiment 1: You have a 25 mm lens in a C-mount attached to a CMOS detector, and a collimated
light source (see Figure 4.) The goal of this experiment is to verify the expected displacement of
the spot image on the detector given a measured change in the angle of the input phase front.
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Fig. 4.— Initial setup of the future Shack-Hartmann wavefront sensor.

1. Adjust the iris aperture internal to the 25 mm lens to the fully open position, f/1.4.

2. Form an image of the source on the detector in the focal plane of the lens (use FlyCap). You
may find it useful to diminish the intensity (either by tilting the fibre mount closest to the
laser or by placing a small piece of paper in front of the laser).

3. The collimated source baseplate is bolted flush to baseplate with no post. Note the position of
the source baseplate and then unbolt it. Observe that translation of the source perpendicular
to the detector does not displace the focused image spot.

4. Re-bolt the source to its initial position and record the position of the image on the detector.
5. Change the angle of the incoming wavefront by a measured amount (hint: protractor).

6. Measure the displacement of the image on the detector, and compare it to your expectation.
If they aren’t in good agreement discuss what could have caused this discrepancy. The pixel
size of the detector is 6.0 pm.
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3. Shack-Hartmann Basic Principles

Ideally we would like to sense the phase of the incoming wavefront directly. This is often for
the purpose of sensing aberrations, which astronomers may want to correct in an adaptive optics
system, for example. It may be possible to instead recover the useful information in the phase front
(i.e. its aberrations) using spatial derivatives of the phase front. A lens can sense the gradient,
or slope, of the phase across its entrance aperture. More generally, an array of slope sensors can
therefore recover first-order derivatives of the wavefront.

A Shack-Hartmann sensor is an array of individual slope sensors. It is often implemented using
a microlens array. The focused spots from each lenslet are imaged onto a CMOS detector. The
displacement of the spots on the CMOS detector can then be easily measured (Figs. 5 and 6). The
microlens array senses the average slope of the phase across each lenslet. It can therefore sense
phase gradient information down to scales comparable to the size of the lenslets, known as the
lenslet pitch.

Fig. 5.— A lenslet-based Shack-Hartmann device translates local phase gradients to spot
displacements. For a flat incoming wavefront as shown in the left panel, the lenslets focus the
light to a regular array of spots. The spot locations are shown in two dimensions on the right panel.
The positions of the spots given a flat incoming wavefront are the “reference positions.”

While the Shack-Hartmann sensor is sensitive to phase gradients, it is possible to use this
information to identify low-order modes of the wavefront phase (excepting piston). For example,
the tip and tilt modes discussed earlier have well-defined spot displacement patterns (Fig. 7).
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Fig. 6.— A lenslet-based Shack-Hartmann device senses wavefront slopes across each subaperture
via the displacement of spots focused on a detector. The wiggly line on the left represents an
aberrated phase front. This is approximated by the average gradient in small patches, which is
overlaid in the middle wavefront, and shown alone just before the entrance to the microlens array.
These local tilts result in displacements in the detector plane. On the figure at right, open circles
represent the reference positions of the spots in the absence of aberrations.
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Fig. 7.— Displacement of spots for tip and tilt modes. The spot displacements are all the same,
since the phase gradients across each subaperture are equivalent.
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Q2: What would the displacement pattern look like if a positive lens were placed in the collimated
beam entering the sensor?

A:(The open circles represent the reference spot positions for a flat incoming wavefront. Owverlay
this figure with the expected dot pattern.)

o o o o o

o o o o o

You have a microlens array in a rectangular mount (Fig. 8). The array is a ThorLabs MLA300-
14AR, which is a 10 mmx10mm array with a square grid of microlenses, having a 300 ym pitch.
Each lenslet has a 14 mm focal length.

F

Fig. 8.— (left) ThorLabs MLA300-14AR microlens array inside mount. (right) unknown focal
length lens (to be determined) inside mount.
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Q3: You also have a CMOS detector, which has a 752x480 pixel array with 6.0 um square pixels.
Also note the lenslet array is blocked slightly by the mount in the vertical direction.

(a) If the spots were focused directly on the detector, how many pixels between each spot and how
many spots will be imaged?

(b) Will the detector be able to capture the entirely illuminated lenslet array? Use the long
dimension of the detector as this corresponds to the unblocked dimension of the lenslet array. If
not, what nearest integer ratio would you have to reduce the beam size by in order to fit on the
detector? (note: round up - can you think why?)

A:
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4. Shack-Hartmann Sensor Design

As you have seen, it is clearly desirable to resize the beam such that we can form a suitable
spot pattern on the detector. To do this resizing we can use what is known as an optical relay. Our
relay system uses a pair of lenses to reimage the microlens array’s focused spots onto the detector.
The ratio between the original and reimaged beam width is simply the magnification computed
between the two lenses (i.e. for a Keplerian telescope); M = f1/ fa, where fo is the reimaging lens.
Figure 9 shows a schematic raytrace of the microlens array and the optical relay.

Q4: You know the camera lens is 25 mm; what size lens do you need to build a relay system with
this lens to match the (rounded) ratio determined in the last question?
A:

lens stop

lenslet

Pl =

detector

f, f, f; f; f;

Fig. 9.— A raytrace of a Shack-Hartmann sensor that uses an optical relay to image the spots onto
the detector. The image is demagnified to more densely pack the spots onto the CMOS detector.

Values for the various length scales are given in Table. 1.
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Follow the raytrace in the diagram. Note the chief and bounding (marginal) rays for each
lenslet (solid, dashed, and dotted lines). Between the lenslets and the first relay lens, these rays
are parallel. Note that parallel rays come to a focus one focal length (f2) after the first relay lens.
These positions are also one focal length away (f3) from the second relay lens, and therefore emerge
as parallel rays upon exiting that lens. The chief and bounding rays again come to a focus on the
detector, successfully reimaging the lenslet spots onto the CMOS detector.

component | quantity symbol | value
lenslet array | pitch P 300 um
lenslet array | focal length f1 14 mm
lens | focal length fo 77 mm
lens | focal length f3 25 mm
detector | pixel scale Az 6.0 pm

Table 1: Summary of size scales in the optical system.

Q5: With this relay system introduced, what do you expect the physical spacing between spots to
be on the detector, in microns? In pixels?
A:

Q6: You calculated the physical displacement of a spot in the lenslet’s focal plane for a beam
deviation of angle #. What will this displacement be in the detector plane, in pixels?
A:

Q7: What will this displacement be as a fraction of the spacing between spots? Note: spots should
never ‘leak’ over into adjacent subapertures; what does this tell you about the dynamic range of
your wavefront sensor?

A:
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Experiment 2: Agsemble the Shack-Hartmann sensor laid out in Fig. 9 using the components at
hand. Tell your instructor the size of the lens you calculated that you would need in Q4; you will
then be given this lens. Use a ruler to assist you in placing the optics at the appropriate distances.

Fig. 10.— Adjustable aperture stop inside mount (Edmund Optics NT53-914).

Q8: What is the purpose of the aperture stop? Verify your hypothesis by removing and replacing
the stop from its post holder and examining the effects on the detected image.
A:

Q9: How big should the aperture stop be?
A:
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Experiment 3: Obtain an image of the focused spots on the CMOS detector. Measure the distance
between the spots in pixels, and compare to your previous theoretical calculation. If they disagree,
what might be the cause(s)?

5. Exploring the Sensor

Now that you have a working sensor, you can perform some quantitative measurements, sensing

aberrations from a variety of sources.

Experiment 4: Can you observe displacements from fluctuations the optical path through a
transparent material, like plastic? Zoom in to the spot diagram by scrolling on the track pad.

Experiment 5: Locate some sources of fixed aberration, for example trial lenses from an optician’s
kit (if you have glasses and roughly know your perscription, you could find a trial lens representing
your glasses here). Use the sensor to both qualitatively and quantitatively examine spot displacements.

1. Save an unaberrated image of the spots as a TIFF file. (Save in Documents/DunlapSummerSchool/).
2. Open the unaberrated image (using GIMP) as an external reference.

3. Place a cylindrical lens in the beam, and examine the spot displacements across the detector
with respect to the reference image. Rotate the lens.

4. Place a trial lens (convex or concave) in the beam, and try to qualitatively measure the spot
deviations (again using the reference image as a baseline).

5. Qualitatively compare the field dependence of the spot displacements with what you expect.
For a positive lens, you may recall your answer to question 2.

6. Measure the field dependence of the spot deviation across the detector. Comparison between
TIFF files may be useful.

7. Compare the displacements you measure with those that you quantitatively expect.
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Experiment 6: If you were to insert a beam splitter into the beam, what would it do? Insert a
beam splitter into your beam such that you can take advantage of your science camera.

Experiment 7: Using the beam splitter repeat experiments 5 & 6. Using the results you got
earlier, predict what you expect to see in the imaging plane before you insert the individual optical
distortion lenses in the beam. Draw what you expect to see below, then insert and optical distortion
and see if what you expected to see matches what you see.

Fig. 11.— An example of an assembled Shack-Hartmann wavefront sensor.



