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Introduction

We currently have three sets of data to evaluate tip-tilt correction with the MMT secondaries. They
are 1) Data taken with an accelerometer mounted on the secondary of mirror E; 2) IR and topbox
images taken simultaneously at 30Hz; and 3) IR images taken while trying to correct for motion of
the image centroid. These 3 data sets suggest that it will be possible to produce 0.37-0.4” FWHM
combined images at 2 microns using only the secondaries for correction.

Accelerometer data

This data was acquired during the day on 3 October 1990 with the assistance of Steve Groff.
An accelerometer borrowed from Bob Nagel was attached to a specially made collar around the
secondary housing for telescope E. The output of the accelerometer preamp was fed into the Steward
HP Logic Analyzer. The preamp was configured to do a double integration of the acceleration,
yielding a position. Pulses were sent to the external inputs of the secondary control chassis at a
rate of 700Hz. The secondary responded within 0-5msec of the beginning of the pulse train and
reached its final value with a similar delay. The exact delay did not seem consistent. See Fig. 1 for
examples.

Topbox vs. IR positions

These tests were done 7 Jan 1991. An unintensified Pulnix CCD operating at 60Hz in non-interlaced
mode was mounted in the MMT topbox to record the visible light images. The six images were
spread out using the wedge prisms in the top box. The 2.2um images were taken with Don Mec-
Carthy’s IR Speckle camera. For this experiment we used only mirrors C,D, and F. The MMT’s
Framegrabber computer triggered the IR camera to take frames at a rate of 30Hz. The IR image
scale was 0.040 arcsec/pixel. The centroids of the IR images were determined using the IRAF “im-
cntr” task. Because the IR images were essentially single speckles, the iterative “imcntr” effectively
located the peak of the diffration limited image. The visible centroids were computed using the
MMT seeing software centroiding algorithm developed by Ian Scott-Fleming. The average of the
ratios of the IR vs. visible centroid postions is close to unity, i.e. the amplitude of the image motion
is the same at the two wavelengths. The RMS difference between the IR and top-box centroids is
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on the order of 0.07”. This suggests that tilt measurements do not need to be made at the primary
wavelength of observation. The details of the measurements are in Table 1.

Another test done with these data was to measure the time-correlation of the centroid motion.
Figure 2 shows the mean changes of the centroids of frames taken at various separations of time.
After 1/30 second the RMS difference for the IR data is 0.05”. After 2/30 second the difference is
0.07”. It appears that video rate sampling will be adequate for producing 0.3” images.

Attempted secondary correction

On 7 Jan 1991 we also tried using a secondary to do tip/tilt correction on the centroid of the
IR image. Images were taken at 30Hz and pulses were sent to the secondary at 500Hz. The net
result was that the integrated corrected image had the same size as that of the uncorrected image,
although it was much better centered in the 20x 20 pixel field. The FWHM of the integrated images
(15 seconds worth) was 0.36” — quite respectable in itself! By comparison a single 30ms frame had
a FWHM of .28”. The diffraction limit is 0.24” so the seeing was clearly quite good. The lack
of improvement in the FWHM of the corrected image can be attributed to at least 2 factors that
can be fixed in the future. First, the centroiding algorithm simply computed the moments over
the 20x20 box. Any non-zero background or tendency for the image to extend outside the box
would cause the centroid position to be placed closer to the center than actually desired. A better
method would be simply to use the brightest pixel location (given high enough signal to noise), or
to subtract the background or eliminate pixels below a threshold in the centroid calculation. The
second, and perhaps more important factor, was the time delay between the integration of an image
and the application of the correction. By the time a correction had been applied the next image
had already been integrated. This delay induces an an oscillation in the secondary motion that can
clearly be seen in Figure 3. Thus the longer term variations seen in the uncorrected right hand plots
are replaced by the rapid oscillation on the left. By accounting for the delay it should be possible
to get rid of this oscillation and subtantially reduce the amount of image motion.

Present status

The MMT Active Optics Interface, designed by Tom Trebisky, can be used to control all 6 secon-
daries simultanously in AZ,EL, and focus as well as to control the 6 facets of the articulated beam
combiner in piston. The AOI is commanded though an 8-bit parallel port plus 2 handshaking bits.
The secondaries can be driven at a rate of 500 steps per second where 34 steps equal one arcsecond.

Future work

There are several scenarios for taking images at 30Hz or higher and computing centroids. The
first would use the IR Speckle camera using a plate scale of 0.15” /pixel. The six images would
be spread apart using lenslets or prisms. The image centers would be determined by computing
a moment or doing a fit over a few pixels surrounding the brightest pixel. The advantage of this
method is that it operates at the same wavelength as the integrating science camera. The limiting
magnitude for guide stars should be around K=7. Disadvantages include the cumbersomeness and
added complexity of the IR Speckle camera.
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Ratio of RMS difference of Peak-to-peak
centroid positions centroid postions difference
(IR / Topbox)
Telescope AZ EL AZ EL AZ EL
C 0.941 0.908 0.050 0.039 0.332 0.212
D 1.067 0.935 0.062 0.057 0.485 0.591
F 1.020 0.983 0.048 0.028 0.269 0.164
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Figure 1. Examples of accelerometer output showing the
response of secondary E to 700Hz pulses. Data
acquired 4 Oct 90.



Mean difference (arcsec)

.14

A2

.08

.06

.04

.02

llIIIIIIlllll'l‘llllllllllll

lllllll

lllllllllllllllllllll

Time (seconds)

Figure 2. Mean change in image position between frames
separated by the time shown.
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Figure 3. Plots of IR centroid position vs. frame number for 4
sets of data. The vertical axis is in units of 0.04" pixels.
The plots on the left are with tip/tilt correction on; those on
the right have no correction. The upper plots are for elevation;

the bottom, azimuth. Data acquired 7 Jan 91.



MMT Adaptive Optics: Tilt and Piston Wavefront Sensing
Peter Wizinowich and Roger Angel
August, 1991

This report describes a hybrid approach to wavefront sensing, which is particularly
applicable to multiple telescope arrays. The tilt and piston are measured with separate
systems and at different wavelengths. The tilt sensing is based on the Shack-Hartmann
technique and the piston sensing follows from shearing interferometry. Although this
approach does require a more complex optical implementation than the neural network
approachi1 it does have a significant advantage in that substantially fewer detector pixels are
required.

1. An Adaptive MMT Beam
Combiner System

Beam combiner |—<¢

Figure 1 is an example of
how a tilt and piston wavefront Ome of six
sensor could be incorporated into a Telescope beams
MMT adaptive system. We are
more likely, however, to incorporate
such a sensor into our existing
adaptive instrument.> The tilt and
piston of each telescope beam are
controlled via the six MMT beam | PZT drivers |
combiner mirrors. Each beam
combiner mirror is mounted on

™

three piezo-electric actuators \ =

. . | D/As |
arranged in a triangular pattern.
The combined image from all six Tit % Piston N

telescopes is reimaged by a lens Sensor | ]
onto two near-infrared imaging
detectors. One IR camera is
labelled as the neural network
detector. The second camera, the

==
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Neural Network
Lens Transputer

g : . Beamsplitter ‘1
science imaging array, has a larger
field and is used to integrate on the \
object of interest. In general, the Seience & Neural Network 1,
two wavefront sensing systems will Imaging array [~
not be used simultaneously, except ' Defocus

. . Mirror device

for calibration purposes.

Appropriately aluminized (small

spot or hole) or dichroic Figure 1 An adaptive MMT beam combiner control

system.
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beamsplitters can be used to feed the light from the reference star to these sensors.

2. Tilt and Piston Wavefront Sensor

A potential tilt and piston wavefront sensor system is shown in figure 2. An
achromatic lens, or mirror, is used to collimate the beam. A dichroic beamsplitter reflects
the visible light to the tilt sensor, while the K band light is transmitted. Since the pupil is
essentially at infinity it will be reimaged near the focal point of the collimating lens. A
wedge prism placed at this reimaged pupil will then diverge the six beams. A single lens
or multiple lenses can be used to refocus the six beams onto six small CCD detector arrays.
The six images are centroided to determine the wavefront tilt for each telescope.

With tilt removed the job of the piston sensor is to determine the overall piston
difference between pairs of telescopes. The rather complex piston sensor optical scheme
is a cross between the rotational shearing interferometer of Murty and Hagerott (1966) and
the instantaneous phase measuring interferometer of Smythe and Moore (1984). A
polarizing cube reflects the s-polarization and transmits the p-polarization and ensures that
the two beams do not interfere when they are rejoined at the beamplitter cube. Between
the two cubes are a pair of dove prisms providing the rotational shear of the pupil with
respect to itself. By rotating one of the dove prisms by 30° the beam is rotated by 60° so
that the beams from adjacent telescopes are overlapped. Total internal reflection is used
within the right-angle prisms and the dove prisms. Linear polarization is maintained by
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Figure 2 MMT tilt and piston sensor.



keeping the polarization axis either parallel or perpendicular to the plane of incidence in
these prisms. A half-wave plate before the rotated dove prism performs this task. The two
polarizations are kept orthogonal and the two pathlengths are matched by a half-wave plate
after the upper dove prism. A beamsplitter combines the light from the two beams. The
combination of a half-wave plate and a polarizing cube allows the two sheared beams to
interfere. A wedge prism and a lens, or lenses, in each beam separates and reimages each
sheared mirror pair onto a single detector at a pupil plane.

The interference pattern reflected and transmitted by a polarizing cube are
necessarily 180° out of phase. A quarter-waveplate before one of the polarizing cubes adds
a 90° phase shift so that the resultant four interferograms have relative phases of o; = 0°,
90°, 180° and 270°. The accuracy of this piston calculation will depend on a number of
factors including variations in the DC level between the four detectors, phase shift errors
and detector non-linearities. Systematic errors can be minimized by calibrating the tilt and
piston sensor against the neural network wavefront sensor on bright stars, since the net
examines the final product of adaptive correction (ie. the image). Accurate adaptive
correction can then be performed with the tilt and piston sensor on fainter reference stars.

Note that this approach could also be used for a monolithic primary mirror. A wedge
prism at a reimaged pupil plane could separate the beams from each segment and a lens
could reimage each beam onto its own detector array for sensing tilt. Each segment could
be rotationally sheared to overlap its neighbour for piston sensing.

3. Tilt and Phase Determination

The tilt for each telescope is measured independently by separating the six beams at
a reimaged pupil plane. Each beam is imaged onto its own visible detector array, or portion
of an array, and the image centroid (x.y,) is used to determine the tilt for that segment of
wavefront. The measured image centroid is simply

x. = 2(Ix) / 2(x) , (1)

where I; and x; are the intensity and x coordinate for pixel i and the sum is taken over all
pixels.

The piston difference, ¢, between telescopes can be determined by interfering the
light from pairs of telescopes and measuring the phase. The intensity at a given detector
will then be

L =1 + I + 2(LL,)"cos(¢p+ ) , 2)

where I, and I, are the intensities of the beams from telescopes a and b, respectively, and
; is a known phase shift. Consider the case of four detectors with respective phase shifts
of ¢; = 0, 90, 180 and 270°. The phase difference between any two telescopes can then be
calculated using the standard four bucket phase shifting algorithm,



