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ABSTRACT

The Unl SIS adaptive optics system is now completed and ready for science observations. We describe the experience
we have gained in building and using the system, and we give a preview of one new science goal: the use of Gaussian
aperture pupil masks for high-contrast imaging of companion objects near bright stars. A key aspect of the UnlSIS
design is the simultaneous use of two wavefront sensors, one for natural stars and the other for the laser guide star. We
demonstrate the performance of this calibration system with results from on-the-bench tests. We describe severa
practical aspects of observing at Mt. Wilson including our ability to predict the nights of best seeing with weather data
available on-line. We also show how the laser guide star return signal is enhanced by observing at large zenith angles
and compare this to Rayleigh scattering models.
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1. INTRODUCTION

The University of Illinois Seeing Improvement System — UnISIS -- is a laser guided adaptive optics (AO) system
installed at the Coude focus of the 2.5-m telescope at Mt. Wilson Observatory. The design of the system and reports of
its progress have been given previously in other S.P.I.E. Proceedings' "°. Detailed design information has been published
elsewhere® ’. The key design facts that are relevant to the topics discussed in this paper include the following. UniSIS
contains a single deformable mirror (DM) that provides one of the highest-order wavefront corrections -- in terms of
actuator spacing across the primary mirror -- when compared to other systems now in operation. The UnlSIS DM has
177 actuators on a 7 mm pitch, and with the 2.5-m primary mirror projected onto the surface of the DM with an 88.9 mm
pupil diameter, there are approximately 12.7 actuators with separations of 20 cm across the primary mirror. This spacing
is afactor of 2 smaller than most other astronomical AO systems, a point that will be significant below when discussing
high-contrast imaging. In Unl SIS, the perturbed wavefront from the atmosphere is measured by monitoring alaser guide
star projected 18 km above the telescope (20 km above msl). The laser source is a ~30 Watt Excimer laser that emits
light at 351 nm wavelength. UnlISIS can run closed-loop with both natural stars and its 351 nm laser guide star. The
system optical design is “open” with a mgjority of the AO components situated on a large optics table at the f/30 Coude
focus of the 2.5-m telescope.

Approximately 36 man-years have been invested to date in the design and construction of UnlSIS with a total project
budget for both hardware and manpower ~ $4.8M. Theses numbers are likely to be lower than any other existing laser
guided AO system. The low initial cost of the Excimer laser is one key reason that the project cost was so reasonable.
When the Excimer laser was first purchased, it was commercially available and in production at Questek, Inc. Astime
passed the laser went out of production, and today it is best described as a standard scientific laser system. Occasionally
it does need to be repaired, but the system is sufficiently ssmple that a well-trained physicist can handle all maintenance
tasks. We estimated that ~ 10% of the project manpower and resources have been spent maintaining the Excimer laser.
It was a reasonably good choice for laser guide star work at Mt. Wilson, and by far its best property is its invisibility to
the human eye, afact that led the FAA to place no restrictions on its use in the airspace above Los Angeles..
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2. DUAL WAVEFRONT SYSTEM CALLIBRATION

Unl SIS has two wavefront sensors that can independently control the deformable mirror. Of course, both are never run
simultaneoudly in closed loop. One wavefront sensor is designed exclusively to detect the laser guide star (LGS) signal
at 351 nm, and the other is designed to detect light from a natural guide star (NGS) in the broadband optical wavelength
range (600 nm - 900 nm). The basic design concept behind this dual wavefront sensor system -- a concept first used in
the laser guided AO system at Starfire Optical Range® -- is as follows. Because the laser guide star is not located at
infinity, images formed on individual subapertures of the wavefront sensor, of the somewhat linearly extended laser
guide star, are not necessarily round over all points in the telescope pupil plane. Furthermore, the size and shape of the
LGS depend on peculiarities that exist at the time of any observation: the focus setting on the outgoing converging laser
beam and the focus setting on the main telescope system that sends the return laser light to the wavefront sensor. Rather
than trying to predict by analytic calculation the shape of the LGS, and rather than trying to compensate for all focus
effects, it is best to perform the real-time calibration procedure described here. Note that this procedure is also useful for
eliminating non-common path errors that exist between the LGS and the NGS sides of the adaptive optics system. The
light path used for the LGS is quite separate from the science imaging light path, but the latter is shared with the light
path for the NGS calibration system. A schematic diagram showing the optical layout is giveninref. 3. [Fig. 1inref. 3
shows a the optical layout with the LGS wavefront containing a single Pockel's cell switch whereas the current
configuration has two Pockel's cells as described in refs. 5 and 7. This has no impact on the current discussion.]

The full calibration process works as follows. First, the NGS wavefront sensor is calibrated with light that has its origin
at a20 m pinhole precisely positioned at the focal point of the NGS wavefront sensor. The wavefront signal from this
point source is recorded as the reference NGS gradient offset vector. When the AO system is run in closed-loop, it is
asked to drive each subimage to the quadrant centroid as defined by this gradient offset vector. Following the 20 m
pinhole calibration, the NGS system is placed in closed-loop operation either on a bright natural star (in preparation for
collecting science images) or on a test source on the bench (for the test described here). While the system is running
closed-loop on the NGS, a series of LGS calibration Shack-Hartmann image frames are captured. Note that the LGS
wavefront datais itself open-loop, because the NGS wavefront sensor is controlling the deformable mirror and holding it
in a near-perfect shape to give a diffraction limited image. The data frames from the LGS wavefront sensor are co-added
and thereby averaged to define the subaperture wavefront zero-point reference for LGS operation, which we call the LGS
gradient offset vector. In the UnISIS procedure, the calibration frame is derived from a set of 45 LGS images collected
asynchronously (i.e. the LGS wavefront data is recorded at the laser frequency, which is set at 17 Hz during the
calibration step, while the NGS AO system is closing the feedback loop at its much higher operating frequency).

In ref. 5 we showed an example of UnlISIS closed-loop operation in the NGS mode. Immediately after agood 20 m
pinhole calibration has been performed, the NGS side of UnISIS gives excellent diffraction-limited performance both on
the sky and on the optics bench. We aso showed in ref. 5 an image of LGS closed-loop performance from January 2003
where the calibration procedure as described above was not implemented correctly. During summer 2003 we discovered
aflaw in the data pipeline that carries wavefront information from the LGS calibration image sequence into the gradient
offset vector file. This flaw arose because additional mirrors were added to the LGS wavefront sensor system when the
wavefront sensor was altered from the single Pockel's cell version (ref. 3) to the two Pockel's cell version (ref. 5). One
additional reflection (in the image of the LGS wavefront as referenced to the NGS wavefront) was present in the new
system. Infig. 1 below we show an on the bench proof of concept for the fully operating proper calibration procedure.

Of key interest in thistest is whether the wavefront calibration is sufficiently accurate to preserve high Strehl ratios from
start to finish. This question can only be partially answered with the data sequence shown in fig. 1 because,
unfortunately, the test was made with the test source illuminating the full 105.4 mm clear aperture of the deformable
mirror whereas AO correction controls only the 88.9 mm central region. In other words, 71% of the light was under AO
control and 29% was free to scatter in any random direction. This 29% is likely to have been scattered out of the beam
from the start of the calibration process, so is seems fair to judge the relative NGS versus LGS image peaks for a rough
estimate of the calibration efficiency. The ratio of these peak valuesis 1639/1935 = 0.85. It islikely that the top number
can be increased further when the LGS wavefront operation is further optimized. Extremely small displacements
between the relative positions of the wavefront sensor quad cells and the DM actuators make a very big differencein the
AO performance. Thiswas done very carefully for the NGS test, but there is room to further improve LGS operation.
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Figure 1. The three on-the bench images above show (top to bottom) the Unl SIS NGS test source with the deformable
mirror (DM) off, the NGS test source with the AO system running closed-loop on the light from the test source itself,
and the NGS test source with the AO system running closed-loop on a 351 nm LGS test source but imaging the NGS test
source. Prior to running in the latter mode, the LGS wavefront sensor was calibrated in the way described in the text:
NGS running closed-loop with a LGS gradient offset vector collected in open-loop. The test source isa 635 nm laser
diode transmitted through a spatia filter consisting of a microscope lens and an aperture stop. This source produces a
diffraction limited image at the Unl SIS input focal plane. With the DM powered off (top frame), system aberrations are
quite large because the DM is not flat. The image scale in the photos on the left can be judged from the 2.11 arcsec hole
of the Unl SIS coronagraph. For the plots on the right, the scale is 0.030 arcsec/pixel. The 2 pixel width of the corrected
images is consistent with the expected diffraction limited image scale at 635 nm with FWHM ~ 0.052 arcsec.



2. PREDICTING THE SEEING AT MT. WILSON OBSERVATORY & ELSEWHERE

The seeing at every observatory is variable on all timescales: hour to hour and day to day. The UnlSIS devel opment
effort at Mt. Wilson Observatory has been rather unique because competition for tel escope time has been essentially
nonexistent during the instrument development period. Because a nightly fee in the range of $1500 to $1800 has been
charged for the use of the 2.5-m telescope, and because there is a high time-overhead in preparing Unl SIS for a night of
observation, there is a big premium for successfully predicting in advance when the best nights will occur. Based on
experience gained especially over the past two years, it is abundantly clear that the wind velocity over the observatory at
the 300 mb level in the atmosphere -- the level where the jet stream dominates -- is an excellent predictor of the seeing.
But how do we predict the jet stream wind velocity several days in advance?

Infig. 2 we show animage from http://weather.unisys.com/. This site alows the user to select from computer models
called Eta, NGM, MRF, AVN, RUC. The user can also choose to display different atmospheric layers by pressure:

300, 500, 700, 850, 1000 mb. All models display the predicted 300 mb wind veloctiy up to 48 hoursin advance; the Eta
model gives a 60 hour advance prediction. The MRF model presents makes predictions as far as 9 days in advance. Our
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Figure 2. Thisimage shows the predicted 300 mb jet stream wind velocity over North America 60 hours in advance as
down loaded in early May, 2004 (credit: Unisys Weather). Color coding on the bottom bar shows that pink (when seen
in color) corresponds to low jet stream velocities. Here the Texas-to-Tennessee area has the lowest 300 mb winds.



experience has shown that the 60 hour advance prediction is relatively accurate, and any prediction further into the future
has diminished value. If the observatory happensto sit near aregion where there is a strong gradient in the jet stream
winds, the predicted seeing remains uncertain. When the observatory sitsin an extended region of low 300 mb winds (at
Dallas-Ft. Worth in fig. 2), the prediction for good seeing is ~ 85% - 90% accurate. Real-time operating characteristics
of the UnlSIS AO system when the 300 mb winds are low shows atmospheric turbulence that is dominated by low
frequency turbulence. With this as a primer, the seasonal behavior of the Mt. Wilson seeing, as reported by Teare et al.’
and Teare and Thompson™ is probably best understood as a seasonal variation in the location of the jet stream. During
the summer months the 300 mb winds diminish over Mt. Wilson. Those who want to select the best sites for future
observatories could easily collect long term statistics on the frequency of low 300 mb winds at sites that have otherwise
excellent local characteristics and thereby optimize the diffraction-limited performance of further telescopes (with the
caveat that the Earth's atmosphere might show variations on decadal time-scales'® ). While the Unisys web site generally
features predictions for North America, they are expanding their coverage worldwide. For example, the MRF models
now provide worldwide coverage for 300 mb winds while the other models do not.

3. OFF-ZENITH ENHANCEMENT OF THE RAYLEIGH LASER RETURN SIGNAL

If a Rayleigh laser guide star is projected from a tel escope pointed towards the zenith and the return flux measured at that
location, pointing the telescope to an off-zenith distance will aways enhance the return signal. This statement is true
under the assumption that the laser guide star is not refocused to a different distance from the telescope. Because thisis
by far the simplest design scheme, virtualy all Rayleigh laser guide star systems will possess this characteristic. The
return signal brightens because, for a fixed focus distance (and therefore for a fixed range-gate for the timed return
signal), moving off-zenith means that the effective altitude of the air doing the Rayleigh scattering is lower than it is at
the zenith. The Rayleigh scattering properties of the Earth's atmosphere, based on standard atmospheric properties, were
published long ago.™* Using these models and a 1 km long range gate, the brightening effect for off-zenith observing is
easy to calculate. Figure 3 shows this effect along with an attempt to measure it at Mt. Wilson with the UnISIS LGS
system. The observations are not perfect, but they generally follow the trend established by the theory. The observations
have low quality because they were collected in morning twilight. The off-zenith LGS flux measurements had the
highest and the on-zenith measurements the lowest signal-to-noise (S/N) ratio. The fact that the data are all normalized
to a low S/N on-zenith measurement can easily explains the flux offset from the theory at high zenith angles. It is
worthwhile to point out the difference between Rayleigh and sodium-layer laser guide starsin this regard. Because the
sodium-layer is at a fixed altitude, the laser guide star system must be refocused to keep the LGS image sharp. At the
same time, moving off-zenith increases the distance between the telescope and the sodium layer, and because of the 1/ r?
effect, sodium LGSs becomes fainter off-zenith.
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Figure 3. The diamonds (connected with the smooth line) show the predicted brightening of a Rayleigh laser guide star
as it is projected to off-zenith angles. The squares show an attempt to measure this effect at 351 nm with the UnlSIS
laser guide star system. Further explanation is given in the text.



4. ANEW OBSEVATIONAL PROJECT FOR UNISIS

One of the more popular applications of adaptive optics systems is the attempt to detect faint companion sources near
bright stars. References to this topic are extensive, and no attempt to review these references is made here. What we do
address is the specific topic of how useful UnISIS will be in making such observations. Briefly, the key advantages of
Unl SIS include the following:

(1) Among existing AO systems, Unl SIS has one of the smallest actuator-to-actuator spacings within the telescope pupil
at 20 cm. A more common spacing is ~50 cm.

(2) The UnlISIS deformable mirror provides reasonably high order correction with approximately 123 actuators within
the illuminated pupil area.

(3) All optics in the Mt. Wilson Observatory 2.5-m telescope, and especialy the 2.5-m primary mirror, are extremely
smooth on small scales because of the excellent polishing work of George Ritchey and his assistants.™

(4) We have identified an ideal location for inserting a pupil mask. This position sits in the re-imaging optical system
between the pinhole or coronagraphic mirror and the two science cameras.

(5) UnISIS can work over a wide wavelength range from 750 nm out to 2 m. At the longer wavelengths, there is no
doubt that the system will deliver the high Strehl ratio performance that is necessary for successin high contrast imaging.

The design of a Gaussian aperture pupil mask was undertaken by one of us (AC). The goal is to select the largest clear
aperture possible but still maintain a shape that scatters a large fraction of the diffracted light preferentially into wide
sectors thereby leaving other sectors open for the detection of faint nearby sources. After selecting a reasonable pupil
mask design and determining the exact pupil diameter, this information was forwarded to the Nanofabriction Laboratory
at Penn State University for photolithographic deposition on a high quality optical window. The use of nanofabrication
methods is necessary to get a sufficiently smooth edge at the boundary between the clear and opaque areas of the mask.
One example of possible Gaussian aperture pupil masks (GAPM) is shown in figure 4 along with its Fourier transform to
show the predicted performance in the focal plane. The success of this effort is very much dependent on achieving the
highest Strehl ratios possible. Thiswill be our goal.

We recognize that this effort is experimental. One concern is how the secondary and tertiary mirror support arms will
influence the brightness distribution in the image plane. These support arms on the Mt. Wilson 2.5-m telescope are not
perfectly symmetric and will be difficult to hide at the 100% level with a symmetric pupil mask. Four narrow
symmetrically placed vanes are located every 90 degrees to support the secondary and tertiary mirror cells, but a fifth
arm of larger diameter extends from the edge of the pupil to the tertiary mirror (to actuate the tertiary to keep the Coude
beam aligned along the south polar axis). Thislarger arm has a 20 degree offset relative to the narrower vanes. We plan
to do our best to orient a symmetric mask keep the scattered light intensity as low as possible in the "empty" sectors.

Figure 4. This particular design of a Gaussian aperture pupil mask (left) and its Fourier transform (right) were created by
one of us (AC) as one possible deign to use with the UnlSIS AO system. Note the effect of the partially obscured pupil
mask in selectively redistributing the diffracted light into the upper and lower sectors thereby opening the two sectors on
the left and right hand sides for the detection of faint companions.



For Strehl ratios greater than 0.5 the expected contrast levels using the GAPM aone could reach up to 10 at distances
greater than 4 /D. Higher contrast ratios will be attempted by combining the GAPM with a focal plane coronagraph.
Depending upon the success of these experiments, we may attempt alternate methods of high contrast imaging .
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