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B Atmospheric turbulence limits the ability of ground-based telescopes to form
images of astronomical or orbiting objects. Turbulence effects also decrease the
on-axis intensity of laser beams propagated from ground to space. Conventional
adaptive optics systems typically compensate for the deleterious effects of the
atmosphere by sensing the wavefront of light originating at or near the object of
interest, and correcting for it in real time. If the object is dim, however,
conventional adaptive optics techniques fail. Recent experiments at the Lincoln
Laboratory Maui Field Site have shown that Rayleigh backscatter from laser
beams focused at altitudes up to 8 km can be used to generate beacons for an
adaptive optics system; this process relaxes the requirements on object
brightness. Synthetic-beacon adaptive optics technology can be applied to space
surveillance, ballistic-missile defense, anti-satellite systems, and ground-based

astronomy.

FUNDAMENTAL PROBLEM in an adaptive op-
A tics system is measuring the distortion caused

by atmospheric turbulence [1]. To accom-
plish this measurement, a source of light called a
beacon must be located above the turbulent layers of
the atmosphere and along the line of sight of the
telescope. Sometimes light from the object being
viewed can act as the beacon, such as with bright
astronomical objects, sun-illuminated satellites, satel-
lites that carry an on-board light source, or satellites
with retroreflectors that can be illuminated from the
ground by a laser. Frequently, however, the specific
object of interest is not bright enough to serve as a
beacon. In this case a bright star located in the same
part of the sky as the object of interest can be used as a
beacon. This guide star must lie within the isoplanatic
angle of the object; that is, the star and the object of
interest must be close enough in angle so that their
rays experience essentially the same turbulence dis-
tortion through the atmosphere. At visible wave-
lengths the isoplanatic angle is only 10 to 20 purad

(2 to 4 arc sec). Thus the probability that a suitably
bright guide star will be found within an isoplanatic
angle of an arbitrary object is quite low.

How then can we “use adaptive optics for atmo-
spheric compensation when a suitable beacon is not
available? The answer is to produce a synthetic bea-
con that can be created at will and placed as close as
desired to the object of interest [2, 3]. The synthetic
beacon is produced by projecting a laser beam into
the atmosphere and using the backscatter from atoms
or molecules as the source of beacon light for the
adaptive optics system.

Our group at Lincoln Laboratory recently com-
pleted a series of atmospheric-compensation experi-
ments with a synthetic-beacon adaptive optics system
[4]. These experiments, called Short-Wavelength Adap-
tive Techniques (SWAT), were conducted at the Air
Force Maui Optical Site (AMOS) atop Mount
Haleakala on the Hawaiian island of Maui, where we
used Rayleigh backscatter from a pulsed laser to mea-
sure distortion induced by atmospheric turbulence.
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SWAT demonstrated what we believe to be the first
use of a synthetic beacon to compensate a stellar
image for atmospheric turbulence. We also performed
the first experiments demonstrating atmospheric com-
pensation of a stellar image by using multiple syn-
thetic beacons.

One of the major objectives of the SWAT program
was to develop and then demonstrate the technology
necessary for compensating for the effects of atmo-
spheric turbulence on laser beams originating from a
ground transmitter and propagating to low-earth-
orbit satellites. In fulfilling this objective, we demon-
strated the first use of synthetic beacons to compen-
sate a laser-beam uplink to a low-earth-orbit satellite.
The laser-beam compensation was demonstrated by
using a detector array on the Low-Power Atmospheric
Compensation Experiment (LACE) satellite to mea-
sure the quality of the correction directly [5].

These atmospheric-compensation techniques were
originally developed for use in the Strategic Defense
Initiative ballistic-missile defense system, but are
equally applicable to the imaging of astronomical
objects with ground-based telescopes. An adaptive
optics system like SWAT installed on a ground-based
telescope has the potential to produce images in the
visible part of the spectrum with angular resolution
approaching the diffraction limit of the instrument.
In addition, synthetic beacons greatly increase sky
coverage by significantly easing the requirement for
relatively bright guide stars close to the object of
interest [6].

In this article, I describe what synthetic beacons
are, how they are used to measure atmospheric dis-
tortion, and how they were implemented in the SWAT
adaptive optics system. Because the results of the
propagation experiments to the LACE satellite re-
main classified, this article emphasizes the results
from the stellar-imaging experiments.

Synthetic Beacons

There are currently two approaches for the creation
of a synthetic beacon. The first approach uses Rayleigh
backscatter of laser light from the molecular constitu-
ents of the atmosphere [7]. The small cross section
for this process, however, and the exponential de-
crease of atmospheric density with altitude combine

68  THE LINCOLN LABORATORY JOURNAL ~ VOLUME 5, NUMBER 1, 1992

to limit the practical altitude of synthetic Rayleigh
beacons to 10 to 15 km (see the box entitled “Rayleigh
Beacon Laser Requirements”). The Rayleigh approach
is the one we used in the SWAT experiments.

The second approach uses resonant backscatter of
laser light from the tenuous layer of atomic sodium
located in the mesosphere at an altitude of 90 km
(3, 7]. A beacon produced at this high altitude is
advantageous because it reduces two major errors
associated with a synthetic-beacon adaptive optics
system. One error results from different paths through
the atmosphere followed by rays from a beacon fo-
cused at a finite altitude and the collimated rays from
an object farther out in space. The second error re-
sults from an inability to measure turbulence above
the beacon altitude. These two errors are referred to
together as focal anisoplanatism. Figure 1 illustrates
how focal anisoplanatism arises.

Many measurements have been made of laser back-
scatter from the sodium layer [8, 9]. Nevertheless, in
spite of the altitude advantage, a synthetic beacon
based on sodium backscatter has not yet provided
phase measurements for adaptive optics. The major
challenge has been the need for a laser with relatively
high pulse energy (a few Joules), a long pulse length
(about 100 usec), good beam quality, and precise
spectral tailoring. Recent advances in solid state laser
technology (most notably laser diode pumping) should
make it easier to construct a laser with the necessary
characteristics for use as a sodium-beacon source [10].

For the SWAT experiments, we chose Rayleigh
beacons as the option with the lower risk, even though
the energy requirements for the lasers necessary to
produce Rayleigh and sodium beacons are of the
same magnitude. Because Rayleigh scattering is
nonresonant, spectral and temporal requirements did
not drive the design of the beacon laser. In addition,
when we planned the experiment the literature con-
tained reports of lasers with energies in the 5-to-10-]
range appropriate for use as Rayleigh beacon lasers
[11], and commercial manufacturers were able to
supply the components.

The SWAT Adaptive Optics System

The AMOS facility where the SWAT experiments
took place is 3000 m above sea level and enjoys
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RAYLEIGH BEACON-LASER

FOR A FIXED telescope diameter,
a specific number of wavefront-
sensor subapertures, and a given
Rayleigh backscatter signal level,
the quality of atmospheric com-
pensation in a synthetic-beacon
adaptive optics system improves
with a higher beacon altitude. To
achieve a desired return signal,
expressed as the number of de-
tected photons per subaperture,
we use the standard laser radar
equation to compute the energy-
per-pulse requirement for the
Rayleigh beacon laser. This equa-

tion is
e yn*R*N
nD*t 1,72 (R)p,(R)o, AR

where R is beacon altitude, /V is
the desired number of returned
photons (per subaperture) at
wavefront sensor, yis the photon
energy (equal to Ad/A), n is the
detector quantum efficiency, Dis
the telescope diameter, 7 is the
number of subapertures across the
aperture diameter, 7, is the opti-
cal transmission from beacon la-
ser to atmosphere, 7, is the opti-
cal transmission from telescope
to wavefront-sensor entrance,
7,(R) is the one-way atmospheric
transmission, p,(R) is the atmo-
spheric number density, o, is the
Rayleigh backscatter cross section,
and ARis the range gate distance.

The SWAT adaptive optics

REQUIREMENTS

system requires approximately
N = 3000 photons per subaper-
ture [1] to make wavefront mea-
surements with an accuracy of
A/15. By using typical values of
the other parameters (n = 0.7,
n= 16, D= 60 cm, z.= 0.3,
7,= 0.4, AR=0.1R), we can com-
pute the laser energy required as a
function of beacon altitude. Fig-
ure A shows a plot of this energy.
Note that the energy required
from the beacon laser grows ex-
ponentially with increasing alti-
tude. The difficulty of obtaining
suitable lasers with tens of Joules
of output energy limits the prac-

tical use of synthetic beacons
formed by Rayleigh backscatter
to altitudes below 20 km. A laser
operating at A = 0.589 um, how-
ever, with an appropriate spectral
envelope, can excite sodium
atoms in the mesosphere at an
altitude of 90 km. A synthetic
beacon formed by resonant back-
scatter from the sodium layer uses
laser energy more efficiently than

a Rayleigh beacon above 10 km.
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FIGURE A. Plot of beacon-laser energy needed to
supply 3000 detected photons per subaperture to an
adaptive optics system, as a function of beacon alti-
tude. The graph assumes an adaptive optics system
similar to SWAT, with a subaperture size of 3.75 cm,
receiver transmission of 0.4, transmitter transmission
of 0.3, detector quantum efficiency of 0.7, and range
depth equal to 10% of the range.
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FIGURE 1. Focal-anisoplanatism error arises not only
from the unsampled turbulence above the beacon alti-
tude, but also from the portion of the turbulence below
the beacon altitude that is sampled incorrectly because
of the difference between the ray paths of the radiation
from the beacon and the star.

frequent clear weather and good atmospheric seeing.
Figure 2 shows a photograph of the facility. The main
function of the facility is to perform precision optical
tracking of satellites to determine their orbital param-
eters. To support this task, the site contractor main-
tains several optical telescopes and beam directors.
For our experiments, we installed the adaptive optics
system on one of the smaller telescopes, the Laser-
Beam Director (LBD), which is shown in Figure 3.
The LBD is a 60-cm-diameter stationary Cassegrain
telescope with a 1-m-diameter pointing mirror
mounted on an altazimuth bearing.

Figure 4 is a schematic representation of the system
as configured for an astronomical imaging experi-
ment using a synthetic beacon. The major adaptive
optics components are a 24 1-actuator continuous-
surface deformable mirror [12], a fast-steering mirror,
a Hartmann wavefront sensor [13], and a digital
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wavefront reconstructor [14, 15]. These components
are described in detail elsewhere [5]. With the excep-
tion of the deformable mirror, which was built by
Itek, all of these components were built by Lincoln
Laboratory. A photograph of the optical bench, with
all of the adaptive optics components, appears in
Figure 5.

The synthetic beacon is produced by a flashlamp-
pumped pulsed dye laser (A= 0.512 um), which is de-
scribed later in this article. The linearly polarized out-
put from the dye laser first passes through an adjustable
lens that adds to the beam the amount of wavefront
curvature necessary to cause it to focus at the correct
altitude in the atmosphere. The laser beam is then
injected into the optical train by transmission through
a polarizing beam splitter. A quarter-wave retardation
plate circularly polarizes the outgoing radiation. After
propagating out from the telescope, the beam inter-
acts with molecular nitrogen and oxygen in the atmo-
sphere. The resulting Rayleigh backscatter, as it propa-
gates downward from the backscatter altitude, picks
up information about the turbulence-induced distor-
tion and is collected by the telescope.

The backscattered beacon radiation reflects from
the deformable mirror and the fast-steering mirror,
then passes through the quarter-wave retarder. Be-
cause Rayleigh backscatter preserves polarization, the
beacon light is still circularly polarized, and the quar-
ter-wave plate transforms it to linearly polarized light
with an orientation perpendicular to that of the out-
going laser radiation. With this orientation the re-
turning radiation is reflected from the polarizing beam
splitter. From there, the narrowband radiation passes
through the dichroic mirror and a second adjustable
lens. The lens removes the static focus on the beacon
wavefront due to the wavefront’s origination from a
finite altitude. The focus-corrected beacon radiation
then enters the wavefront sensor. The wavefront sen-
sor measures phase gradients (i.e., local wavefront
tilts) in both the x and y directions, at 218 locations
over the aperture. The gradient measurements are
made on a 16 X 16 rectangular grid, with the corners
removed to conform to the round aperture. In the
pupil plane of the telescope, the grid spacing corre-
sponds to 3.75 cm.

The gradients measured by the wavefront sensor
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FIGURE 2. Photograph of the Air Force Maui Optical Site (AMOS) facility atop Mount
Haleakala on the island of Maui. The facility is 10,000 ft above sea level. The numerous
telescopes at the site are used for the facility’s primary mission, which is the measure-
ment of satellite orbital parameters.

are used by the phase reconstructor to calculate the bination of all gradients. To yield a vector of phases,
distorted beacon wavefront. The phase at each posi- the reconstructor performs a digital multiplication of
tion in the aperture can be expressed as a linear com- a matrix of precalculated coefficients by a vector of

FIGURE 3. Photograph of the Laser-Beam Director, which is a 60-cm-diameter fixed
Cassegrain telescope with a 1-m tracking flat. The tracking flat is mounted on a steerable
altazimuth gimbal and is used to direct light into the telescope.
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FIGURE 4. Schematic representation of the Short-Wavelength Adaptive Techniques (SWAT) adaptive optics system
as configured for atmospheric-compensation experiments using a synthetic beacon.

the x and y gradients. Signals proportional to these
phases are then sent to the deformable-mirror drivers,
which in turn provide 241 voltages to drive the actua-
tors on the deformable mirror. At this point, the
deformable mirror takes on the proper figure needed
to compensate the distortions in the atmosphere.
Light from the star, on entering the telescope, re-
flects from the deformable mirror and fast-steering
mirror. It is then directed by the dichroic mirror to a
focusing lens. A portion of the focused starlight is
split off by a beam splitter and sent to a 64 X 64-pixel
charge-coupled device (CCD) camera, whose field of
view is 19 urad. This camera records images of the
star before and after we apply the phase correction to
the deformable mirror. The measured on-axis inten-
sity of the corrected image gives a measure of the
quality of the phase compensation. Various optical
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coatings in the beam path limit the wavelengths reach-
ing the star camera to two ranges, 0.40 to 0.50 um
and 0.55 to 0.60 um.

Part of the starlight falls onto a precision tracker
that uses a multiple-anode photomultiplier tube made
by Hamamatsu. The tracker provides a direct mea-
surement of the motion of the star image caused by
the atmosphere and the telescope pointing error. This
measurement is sent to a servo whose output drives
the two-axis fast-steering mirror to keep the image of
the star centered and stationary in the imaging cam-
era. The closed-loop bandwidth of the tracking servo
is selectable at 50, 225, or 600 Hz. When we compen-
sate for tilt (i.e., image motion) separately with the
fast-steering mirror, the phase dynamic range required
of the wavefront sensor is reduced considerably, and
the stroke of the deformable mirror is more effectively
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FIGURE 5. Photograph of the SWAT optical bench. The multitude of optical components
mainly combine and magnify the beam. The deformable mirror is in the middle of the
bench (with cables descending from the ceiling).

utilized for those aberrations of higher order than tilt.
The beacon laser is pulsed at a repetition rate (2 to
5 Hz) that is low compared to the rate at which the
atmospheric distortion changes. Consequently, the
adaptive optics system cannot use information from
previous pulses in its determination of the phase cor-
rection. For an accurate correction in a single mea-
surement cycle, the servo components (wavefront sen-
sor, phase reconstructor, and deformable mirror) must
all be absolutely calibrated (see the box entitled “Ab-
solute Calibration of Adaptive Optics Components”).
The go-to operation of the SWAT adaptive optics
system, in which the deformable mirror must assume
the correct phase-conjugate figure based on only one
beacon wavefront measurement, differs from most
systems that use a more conventional continuous-
wave null-seeking servo. While calibration of the com-
ponents makes the adaptive optics system more com-
plex, it relaxes requirements on the repetition rate,
and hence on the average power of the beacon laser.

The SWAT Dye-Laser System
The laser used in the SWAT synthetic-beacon experi-

ments is a flashlamp-pumped pulsed dye laser. It is
capable of a total energy of 6 ] per pulse at repetition
rates up to 5 Hz, with slightly lower energies at repeti-
tion rates up to 10 Hz. The beam quality of the dye
laser, which is far from diffraction limited, is such
that the total usable energy per pulse, defined for our
purposes as the energy transmitted through a 20-A4/D
spatial filter, is about 3 ] per pulse. The lasing wave-
length, which is selected by a dual-plate birefringent
filter, is 0.512 um, and the pulse duration is 2 usec,
measured at half maximum.

The dye laser is composed of two identical laser
heads contained within the same optical resonator,
as shown schematically in Figure 6. Each laser head
is constructed from a tubular quartz dye cell, which
is 60 cm in length and 1.2 cm in diameter. The
dye solution that flows through this tube—50
umoles/liter of Coumarin 504 dye in a solvent of
30% acetic acid amide in water—is excited by a pair
of linear flashlamps in a close-coupled configuration.
The flashlamps are mounted alongside the dye cell in
a barium-sulfate-coated reflector housing. The four
flashlamps together support an electrical discharge of
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ABSOLUTE CALIBRATION OF
ADAPTIVE OPTICS COMPONENTS

THE MAIN COMPONENTS of the
SWAT adaptive optics system,
which are used to compensate for
the higher-order (above tilt) at-
mospheric aberrations, are the
wavefront sensor, phase recon-
structor, and deformable mirror.
Because the atmospheric-compen-
sation system operates in a pulsed
mode, the components get only a
single opportunity to make a
wavefront measurement and ap-
ply the correct phase to the sur-
face of the deformable mirror.
Therefore, these components
must be absolutely calibrated.

The wavefront sensor is cali-
brated by using a reference laser
beam with a high-quality wave-
front to which known amounts
of tilt are added. The phase re-
constructor is inherently calibrat-
ed by virtue of its digital compu-
tations. The deformable mirror,
which consists of 241 discrete
actuators (each with an analog
driver), is the most difficult of
the three components to calibrate;
the stroke of each individual ac-
tuator must be linearized.

For calibrating the stroke of
each actuator, the surface of the
deformable mirror is measured
with a Zygo interferometer inter-
faced to a host computer. Figure
A is a diagram of the equipment
setup for the calibration proce-
dure. The surface figure measure-
ments made by the interferome-

ter are used for adjusting the volt-
age of each actuator to drive the
surface of the deformable mirror
toward flatness. This loop con-
tinues in an iterative fashion, un-
til the mirror surface exceeds a
flatness of /50 rms, or until some
predetermined number of itera-
tions have been completed. Fig-
ure B shows a representation of
the surface profile after comple-
tion of the flattening procedure.
The small-scale corrugation of the
surface is due to the regular grid

of actuators; the major contribu-

tion to the residual surface varia-
tion comes, however, from four
actuators, just to the lower left of
the center of the mirror. These
actuators are slightly damaged and
have a limited stroke, which pre-
vents them from moving by the
amount necessary to flatten the
mirror completely.

After the flattening procedure,
the voltage present on each actu-
ator is recorded by the computer.
The entire process is then repeat-
ed at several different values of
the overall mirror piston. A poly-

Zygo
Interferometer

Mirror

— Surface
Profile ‘l,

Deformable
Mirror

| Actuator

Voltages

Masscomp
Computer

Actuator
Commands

{

Deformable-Mirror
Driver
Electronics

FIGURE A. Schematic diagram of the equipment setup
used to calibrate the SWAT deformable mirror. Surface
figure measurements made by the Zygo interferometer
are used iteratively to flatten the mirror, and the voltage
on each deformable-mirror actuator is then measured.
Measurements over a range of mirror piston values yield
the response function for each actuator.
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nomial is fitted to the voltage-
versus-stroke data for each of the
241 actuators, and these curve fits
are then inverted and scaled to
create the deformable-mirror cal-
ibration lookup table, which gives
the digital command (proportion-
al to the voltage) necessary to
drive an actuator to a given abso-
lute position within its stroke
range. Figure C shows the stroke
response data and polynomial
fit for the central actuator in
the SWAT deformable mirror.
The calibration lookup table is
loaded into the deformable-
mirror drive electronics from the
host computer prior to opera-
tion of the adaptive optics
system.

1.5
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Actuator Stroke (um)

-1.0

-1.5

-300

FIGURE B. Interferogram showing the profile of the
deformable-mirror surface. The circle encloses the
active area of the deformable mirror. In this photo-
graph, the mirror has been flattened to a surface
figure of approximately A/50 rms.

1

-200
Commanded Stroke (Arbitrary Units)

-100

0
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FIGURE C. Plot of the stroke response curve for the central
actuator in the SWAT deformable mirror. This curve repre-
sents the motion of the actuator as a function of the applied
voltage, which is directly proportional to the digital com-
mand given by the computer. The mirror calibration proce-
dure results in a lookup table that, when loaded into the
mirror-driver hardware, linearizes the stroke response curve
for all actuators in the mirror.
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FIGURE 6. Schematic illustration of how a dye-laser head is constructed, and how two heads are combined to
make up a single laser. Both laser heads are contained within an unstable optical resonator.
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FIGURE 7. The vertical optical bench holds optics and diagnostics for six independent flashlamp-
pumped dye lasers and their beam-steering optics. The laser diagnostics include measurements of
pulse energy, spectral width, center wavelength, resonator alignment, and beam shape in the far
field.
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2000 J per pulse. A positive-branch confocal unstable
resonator is used to allow efficient extraction of the
energy contained within the relatively large lasing
volume [16]. Water cooling is provided for the reflec-
tor housing by channels running the length of the
head, and for the flashlamps by a coaxial Pyrex water
jacket. The dye solution is pumped through the laser
heads at a rate sufficient to ensure at least one replen-
ishment of the dye cell volume between pulses, which
minimizes residual thermal and photochemical ef-
fects. The flow rates of deionized cooling water and
dye solution are 20 and 30 gallons per minute, re-
spectively, for each laser head.

We built six of the dye lasers because, under some
conditions, multiple synthetic beacons are needed to
achieve good atmospheric correction. Our multiple-
beacon experiments are described later in this paper.
The lasers were installed together on a large vertical
optical bench, along with their beam-steering oprtics.
Figure 7 shows the layout of the lasers and the optics

on the vertical bench. Holes in the vertical bench
allow pipes to feed cooling water and dye solution to
each laser head; other sets of holes carry the cables
that supply high voltage to the flashlamps from the
pulse-forming networks.

To prevent electromagnetic interference caused by
the flashlamp discharge from affecting sensitive elec-
tronics throughout the facility, the lasers are housed
in a shield room. All signals to and from this room,
with the exception of the high-voltage power supply
cables, are carried via optical fiber. The photograph in
Figure 8 shows the shield room; visible in the back of
the room is the vertical optical bench with the myriad
pipes and cables for supplying dye solution and power
to the individual laser heads. The blue boxes house
the storage capacitors and pulse-forming networks for
the flashlamps.

Combining this number of lasers presented many
challenges. For example, the electrical power con-
sumed by the flashlamps alone is 250 kW, which is

FIGURE 8. The dye-laser shield room protects sensitive equipment within the facility from
electromagnetic emissions from the 2000-J flashlamp discharges. All electrical signals to
and from the equipment in the shield room are carried by fiber optic cables, with the
exception of the high-voltage power feed.
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FIGURE 9. Photograph of the dye circulation pumps and main dye solvent reservoir. The
vessel on the left is used for raw-solvent preparation and storage. This room is below
ground level and all fluids drain by gravity into these vessels in the event of an

emergency.

mostly dissipated as heat. Because exhausting this
much heat into the air around the site would severely
increase the local turbulence, all waste heat is dumped
to an underground heat sink, a tank containing 10,000
gallons of chilled water. The water is cooled down
during the day, and gradually warmed during night-
time experiments as heat is added.

The system dye flow capability is 360 gallons per
minute, and the cooling-water flow capability is 240
gallons per minute. We used organic laser dye in
kilogram quantities and designed special process equip-
ment to facilitate its handling. Each batch of dye
solution is approximately 1200 gallons, which is too
much liquid to dispose of and replace on any regular
basis. Instead, vessels holding activated charcoal car-
tridges stripped used dye and photodecomposition
products from the solvent, allowing it to be recycled.
Figures 9 and 10 show some of the equipment used
for pumping, filtering, and cleaning the dye solution.

Figure 11 shows the major subsystems of the over-
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all dye-laser system. We assembled the system from
custom-built equipment supplied by different ven-
dors. The laser heads are a heavily modified version of
a commercial Candela Laser Corporation LFDL-20
flashlamp-pumped dye laser. Candela also supplied
the basic circuitry for the pulse-forming networks
that delivered energy to the flashlamps, although Max-
well Laboratories supplied important components such
as the capacitors and spark-gap switches. ALE Sys-
tems supplied the high-voltage capacitor-charging
power supplies and the DC simmer-discharge power
supplies. Stone and Webster Engineering Corpora-
tion supplied the entire fluid-handling system, con-
sisting of pressure vessels, piping, valves, pumps, and
heat exchangers. A process/safety controller, designed
and built at Lincoln Laboratory, tied the individual
pieces of the system together, simplified the operation
of the lasers significantly, and allowed for automated
shutdown of all equipment in the event of an emer-
gency. Interested readers can find more specific infor-
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mation about the laser system elsewhere [17].

As with anything that advances the state of the
art, the SWAT dye-laser system was not without
problems. For example, we had difficulty procu-
ring optical coatings that could withstand the
10 J/em? intracavity fluence. We also had problems
with arcing in the high-voltage sections of the
flashlamp energy-storage modules (40 kV at 10,000
ft above sea level!). These problems were solved, but
we could never significantly improve the beam
quality of the lasers. The poor beam quality reduced
the usable laser energy and restricted the synthe-
tic beacons to lower altitudes than we would have
preferred.

Over the past few years, great advances have been
made in solid state laser technology. A synthetic-
beacon system based on Rayleigh scattering could
now use frequency-doubled Nd:YAG lasers in place
of dye lasers, with better performance, lower cost, and

higher reliability.

Experimental Procedure

Prior to an atmospheric-compensation experiment, a
star is selected and acquired with the telescope. Star-
light passes through the telescope, is reflected off the
(flattened) deformable mirror and the fast-steering
mirror, and is directed into the Hamamatsu precision
tracker. The angle of the fast-steering mirror is then
adjusted continuously to keep the image centered in
the tracker. To keep the fast-steering mirror from ex-
ceeding its range of travel, its average position is mea-
sured and used for dynamically biasing the pointing
servo of the main telescope. Thus pointing errors
with frequencies lower than 2 Hz are removed by the
main telescope and errors with frequencies from 2 to
600 Hz are removed by the fast-steering mirror.
Once the precision tracker servo is engaged, and
the star image is centered in the star camera, the
compensation sequence is started. Figure 12 illus-
trates the sequence of events. First, the deformable

FIGURE 10. Photograph of the activated charcoal and filter vessels for stripping dye and
decomposition products from the used solvent. Cleaning the dye solvent allows it to be

used for subsequent experiments.
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FIGURE 11. Block diagram of major dye-laser subsystems. A single computer controls all of the pumps, valves, and
power supplies to ensure safe operation and quick shutdown of the entire system in the event of an accident.

mirror is commanded to be flat. About 150 usec later,
the deformable mirror has settled, and the star camera
begins to integrate an uncompensated image of the
star. This integration time is typically 1 msec but can
be varied depending upon the brightness of the
star. After the star camera data have been read out,

the dye laser is fired. Because the telescope is focused
at infinity to view the star, and the beacon must be
focused at a finite distance from the telescope, an ad-
justable lens is used to add focus to the transmitted
dye-laser beam. The altitude of the beacon focus
varies between 6 and 8 km.

Beginning
of
Experiment
l Wavefront-
Flatten Sensor Update
Deformable ye- Gate Deformable
Mirror iser (10 ysec)  Mirror
2 Star-Camera Gate i \ Star-Camera Gate
(Uncompensated) (Compensated)

e————1.0
—».15 [*—

\
A
1

-35 1 —————>
15 ja—

FIGURE 12. Event timeline for atmospheric-compensation experiments using a single synthetic beacon. This timeline
is repeated at a repetition rate of 5 Hz during data collection.
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FIGURE 13. For most of the single-beacon experiments, the beacon was focused at a range of 6 km, with a range
gate spanning 750 m below and above the region of focus.

After a time delay corresponding to the round-trip
travel of light to the beacon altitude, the wavefront
sensor is shuttered open with a Pockels cell, and the
backscattered beacon radiation is collected to make
the atmospheric distortion measurement. An adjust-
able lens in front of the wavefront sensor removes the
focus on the received beacon radiation. The wavefront
sensor typically integrates the backscattered syn-
thetic-beacon radiation for 10 usec, with the timing
chosen such that the gate interval is centered
on the beacon altitude range-delay time, as depicted
in Figure 13. The resulting 218 xand 218 y measured
wavefront gradients are then sent to the phase
reconstructor as a digital data stream.

The phase value calculated for each of the 241
deformable-mirror actuators is sent directly to the
deformable-mirror drive electronics. A 350-usec de-
lay is necessary to reconstruct the phase and apply it
to the surface of the mirror.

After another 150-usec delay to allow the de-
formable mirror to settle to the commanded figure,

the star camera again integrates an image of the star,
but now the image has been compensated for the
atmospheric distortion. The above process, in which
each cycle is an independent compensation experi-
ment, is repeated at 2 to 5 Hz during a given run.
Data are recorded as a pulse-code-modulated data
stream on analog tape for long runs, or directly to
computer disk for shorter runs.

Measurements of several important atmospheric
parameters are made during experiments. Routine
meteorological data such as wind speed and direction,
temperature, and dewpoint are collected continuously
by the AMOS contractor. We are also supplied peri-
odically with measurements of the atmospheric co-
herence length 7, [18] from one of the larger tele-
scopes at the site. The 7, parameter is a measure of the
strength of the atmospheric turbulence; it represents
the distance in the telescope aperture at which two
measurements of phase become essentially uncor-
related. Smaller values indicate stronger turbulence.
For a given turbulence distribution, 7, varies as the
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(b)

FIGURE 14. Images of the star Vega (o-Lyra), (a) un-
compensated and (b) compensated for atmospheric distor-
tion in experiments using a synthetic beacon. The data
were taken on 25 August 1988, and are the first atmos-
pheric-compensation results using a synthetic beacon.
The field of view spans an angle of 19 urad (4 arc sec).

6/5-power of the wavelength. For visible wavelengths,
typical 7, values at AMOS are from 5 to 12 cm.

The isoplanatic angle 6, represents the angle be-
yond which measurements of phase become uncor-
related. This angle, which also varies as the 6/5-power
of the wavelength, is sensitive to turbulence at high
altitudes. Typical values of 6, are between 5 and 20
urad in the visible. We use a stellar scintillometer
[19], supplied by the Naval Postgraduate School, for
routine measurements of the atmospheric isoplanatic
angle 6.
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Experimental Results

Although the SWAT equipment was not designed
with astronomy in mind, star-imaging experiments
with one or more synthetic beacons were frequently
conducted to assess the performance of the adaptive
optics system. This section presents the results of
some of these experiments. Although limited to bright
objects because of the relatively small telescope aper-
ture and narrowband optical coatings, our experi-
ments demonstrated angular resolutions that could
significantly benefit the astronomy community.

Compensation of Stellar Images

On 25 August 1988, we recorded the first stellar
image ever compensated for atmospheric turbulence
with a synthetic beacon. The object was Vega
(a-Lyra), a bright star of visual magnitude 0.04. Fig-
ure 14 shows that the degree of compensation was
relatively poor, corresponding to an increase of only a
factor of two in peak brightness. Subsequent to the
first experiments, improved equipment and accumu-
lated experience allowed substantial improvements in
the quality of the compensated images.

Figure 15 shows the compensated and un-
compensated images of the star Procyon (a-Canis
Minor), with a visual magnitude of 0.36, taken under
measured turbulence conditions of 7, equal to 9 cm
and 6, equal to 19 prad. The zenith angle of the star
during these experiments was 20°. The wavefront-
sensor gate duration corresponded to 1.5 km, and was
centered on the beacon altitude of 6 km.

A common measure of the quality of an image is
the Strehl ratio, which is defined as the ratio of the
peak intensity to the diffraction-limited peak inten-
sity. The Strehl ratio for the compensated image in
Figure 15 is approximately 0.4, which is close to the
best compensation expected for the adaptive optics
system, in view of known error sources (see the box
entitled “Sources of Error in Synthetic-Beacon Adap-
tive Optics”). As Figure 16 shows, a high degree of
compensation was sustained for many beacon-laser
pulses. The long-term average Strehl ratio is 0.32,
compared with 0.02 for the uncompensated images.
Figure 17 shows the long-term average compensated
and uncompensated images of Procyon.
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SOURCES OF ERROR IN SYNTHETIC-BEACON
ADAPTIVE OPTICS

SYNTHETIC-BEACON adaptive op-
tics systems have several sources
of error that degrade the quality
of the atmospheric correction.
The major sources of error are
listed here with a brief explana-
tion of their origin. Table A gives
an estimate of the size of each
error for the SWAT system. The
error sources denoted with a
star (*) are those specific to syn-
thetic-beacon adaptive optics
systems.

Fitting Error is due to the in-
ability of the wavefront sensor to
measure, and the deformable mir-
ror to correct for, distortions with
spatial wavelengths smaller than
twice the subaperture spacing.
This error also includes effects
due to the aperture edges and

central obscuration.

Calibration error*is due to im-
perfect calibration of the adaptive
optics components. Typically the
largest contribution is from the
deformable mirror.

Time-delay error* results from
atmospheric changes that take
place between the measurement
and correction cycles. This error
depends on winds aloft. The time
delay is analogous to the servo
response time in a continuous-
wave adaptive optics system.

Scintillation error is the de-
gradation of the compensated
image due to a nonuniform in-
tensity distribution arising from
scintillation.

Non-common-path error is due
to optical aberrations measured by

the wavefront sensor from a part
of the system not common to the
imaging optics.

Focal anisoplanatic error*results
from the adaptive optics beacon
originating at a finite altitude.
This includes not only unmea-
sured turbulence above the bea-
con altitude, but also the error
due to the improperly measured
distortion below the beacon alti-
tude, resulting from the focused
beacon geometry.

Wavefront-sensor noise error
results from the finite number
of synthetic-beacon photons de-
tected by the wavefront sensor.
Also included in this noise
term is the readout noise from
the cameras in the wavefront
Sensor.

Table A. Synthetic-Beacon Compensation Errors

Error Type

Fitting error (subaperture spacing = 3.75 cm, ry = 10 cm)
Calibration error (deformable-mirror surface ~ 1/25)
Time-delay error (wind = 10 m/sec, T = 500 usec, ry = 10 cm)
Scintillation error (cf , g =10 cm)

Non-common-path error (~ A/20)

Focal anisoplanatic error (beacon altitude = 6 km )

Error Variance ¢ (rad 2)

0.02
0.25
0.05
0.03
0.01
0.50

Wavefront-sensor noise error (~ A/15)

Total error variance
Strehl ratio = exp(-0?)

Angular Anisoplanatism

An angular offset between the synthetic beacon and
the object being viewed introduces an additional source
of error because the atmospheric turbulence being

0.18

1.04
0.35

sampled by the beacon is not the same as the turbu-
lence traversed by the light that arrives at the tele-
scope from the object. As might be expected, high-
altitude turbulence affects the angular anisoplanatic
error more than turbulence at lower altitudes, because
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(b)

FIGURE 15. (a) Uncompensated and (b) compensated
images of the star Procyon (a~Canis Major) on 6 Febru-
ary 1991. The compensated image has a Strehl ratio of
0.4. The measured atmospheric coherence length was 10
cm, and the measured isoplanatic angle was 20 urad
during acquisition of these data. The zenith angle of the
star was 20°; the field of view is 19 urad.

the displacement between the beacon and object ray
paths is greatest at higher altitudes. Figure 18 shows
the measured effects of angular anisoplanatism for
atmospheric compensation with a synthetic beacon.
The decrease in Strehl ratio with a larger beacon offset
angle is apparent, although it is not a rapid decrease
because of the finite beacon altitude used (in this case
6 km). For a 6-km beacon, even at offset angles as
large as 50 prad, the beacon focal spot has moved only
to the edge of the column defined by the telescope
aperture. Higher-altitude synthetic beacons are more
sensitive to angular anisoplanatism, but of course they
reduce the error from turbulence above the beacon

altitude.
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Temporal Phase Decorrelation

Because the atmosphere is dynamic, a wavefront cor-
rection based on a measurement made at one instant
becomes less valid as time passes. At visible wave-
lengths, a phase measurement typically begins to lose

Lo T T
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FIGURE 16. Uncompensated and compensated Strehl
ratios for 150 consecutive synthetic-beacon experiments
with the star Procyon, taken at a repetition rate of 2.5 Hz.

its usefulness within a few milliseconds. Figure 19
shows the decay of image brightness with time, after a
correction has been applied, based on a phase mea-
surement using a single synthetic-beacon pulse. The
data were taken by gating the star camera repetitively
after the application of the phase correction to the
deformable mirror. Exposures were separated by 2
msec, with each exposure lasting 1 msec. The Strehl
ratio for each image was then calculated. Note that
the Strehl ratio asymptotically approaches a value that
is higher than when no adaptive optics compensation
is applied. In the absence of any correction, the image
of the star is degraded not only by the atmosphere but
also by static aberrations in the optical train. The
instantaneous correction made by the adaptive optics
compensates for both these sources of aberration. As
time passes, the correction corresponding to the static
aberration remains valid; it determines the asymptote
to which the Strehl ratio falls. With the asymptote as
a baseline, Figure 19 shows the Strehl ratio falling to
1/e of its initial value in approximately 15 msec.
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(b)

FIGURE 17. Long-term average images of the (a)
uncompensated and (b) compensated images of the star
Procyon. The field of view is 19 urad. These images are
the result of averaging the compensated and
uncompensated images from the 150 Procyon compen-
sation pulses (shown in Figure 15).

Multiple Synthetic-Beacon Experiments
For the 60-cm telescope used in the SWAT experi-

ments, the turbulence measurement error associated
with the ray geometry of a finite-altitude synthetic
beacon is small. The error can be significant, however,
when synthetic-beacon adaptive optics systems are
used with apertures of much larger diameter. A way to
reduce the error in a large-aperture system is to dis-
tribute an array of synthetic beacons in a regular
pattern above the telescope, as shown in Figure 20.
Then, for phase correction, the full-aperture gradient
information from all of the beacons must be assembled,
or stitched together, by the reconstructor hardware
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FIGURE 18. Decrease in the Strehl ratio with synthetic-
beacon offset angle for the star Arcturus (o-Boodtes).
The Strehl ratio decreases with angle because the bea-
con starts to sample turbulence over paths different from
those taken by the starlight.

into one overall phase that can be applied to the
deformable mirror [20]. The reconstructor accom-
plishes this by first removing the average gradient
(overall tilt) from the gradient data obtained from
each beacon. Then the array of gradient data for each
beacon is modified by discarding all gradients that lie
outside the section of the aperture above which that
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FIGURE 19. Decrease in the Strehl ratio with time after
compensation due to the dynamic changes in atmo-
spheric distortion. These changes result primarily from
winds aloft moving the distortion through the path taken
by the starlight to the telescope. The characteristic time
for the atmospheric relaxation on this night was 15 msec.
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FIGURE 20. Measuring the atmospheric distortion with an
array of synthetic beacons reduces the wavefront error
due to focal anisoplanatism because of the more accu-
rate sampling of turbulence close to the edges of the
aperture.

beacon is placed. Next, the sections of gradient data
are abutted to form a single set of gradients extending
over the full aperture. These gradients are reconstructed
into the phase correction and applied to the deformable
mirror. The end result is a correction whose phase in a
particular section of the aperture comes mainly from
the gradient measurements of the beacon above that
section. This method has the advantage of eliminat-
ing phase discontinuities at the boundaries between
sections.

The SWAT system was designed to test the con-
cept of using multiple synthetic beacons. Besides the
additional reconstructor features, experiments with
multiple beacons required components to multiplex
the beacon laser beams and to place the beacons with
precision relative to the line of sight of the telescope.
For SWAT, we separated the beacon pulses in time so
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that returns from beacons in different locations could
be distinguished and processed sequentially. (The in-
terval between pulses had to be kept small, of course,
so that the entire sequence occurred well before the
atmosphere changed.)

Although the adaptive optics system was capable of
using up to six synthetic beacons, we used only two in
our experiments. Because of our small telescope aper-
ture, the benefit of using more than one synthetic
beacon to reduce focal anisoplanatism was small. Thus
our two-beam tests were carried out not to show
dramatic improvements in correction but to demon-
strate a technical approach to multiple-beacon adap-
tive optics and the utility of the stitching concept.

Figure 21 shows a diagram of our approach with
two lasers. The beams from the dye lasers converged
at a well-defined angle to a point on the corner of the
main optical bench, where a switching mirror, which
could be rapidly switched in angle from one fixed
position to another, was used to introduce a particular
laser beam onto the system optical axis. Once on axis,
two tilt mirrors imparted a selectable amount of tilt to
the laser beam to place the beacon focal spot in the
desired location above the telescope aperture. A sec-
ond identical set of tilt mirrors, located in front of the
wavefront sensor, was used to remove the tilt from the
backscattered beacon radiation before the wavefront
measurement. Figure 22 shows the overall system
timing diagram for a two-beacon stitching experi-
ment, and Figure 23 is a photograph of the switching
mirrors and the tilt mirrors. The switching mirrors
and both sets of tilt mirrors are commanded to the
desired position approximately 200 usec before the
beacon laser is fired to ensure that they have settled.

Figure 24 compares the compensated image from a
single-beacon experiment with an image taken by
stitching together the wavefronts of two offset syn-
thetic beacons. These images were taken a few min-
utes apart, under atmospheric conditions with 7, equal
to 5 cm and 6, equal to 13 urad. The star used on this
occasion was Pollux (8-Gemini), with a visual magni-
tude of 1.2; the zenith angle was 16°. The beacons
were offset by 25 urad, which corresponds to 15
cm at the beacon altitude of 6 km. The range depth
for these experiments was 1.5 km. Figure 25 shows
how the beacons were oriented relative to each other.
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FIGURE 21. System schematic for compensation experiments using two synthetic beacons. These experiments require
more components than the single-beacon experiments, primarily to multiplex the multiple beacon-laser pulses and to

place the beacons at the appropriate positions above the telescope aperture.
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FIGURE 22. Event timeline for compensation experiments using two synthetic beacons. These experiments are more
complex than their single-beacon counterparts because of the special phase reconstruction for stitching the in-
dividual beacons together and the need for switching and tilt mirrors. This timeline is repeated at a rate of 5 Hz.
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FIGURE 23. Photograph of switching and tilt mirrors. The
mirrors are piezoelectrically actuated and are able to
respond in 200 usec. These mirrors bring the individual
beacon lasers onto the optical axis of the adaptive optics
system, then point the lasers slightly off axis to place
each beam above the correct section of the telescope
aperture.

As we expected, the differences in compensation
between the two images are small, and are within the
variability normally seen from one experimental run
to the next. For these data, the compensated Strehl
ratios were approximately 0.2 and the short-exposure
uncompensated Strehl ratio was 0.02. This experi-
ment demonstrates a feasible approach to creating
multiple synthetic beacons and shows that good com-
pensation can be obtained by combining the mea-
surements made from beacons that are spatially sepa-
rated. The techniques used are scalable to larger
apertures and larger numbers of beacons.

Astrometry

Figure 26 shows compensated and uncompensated
images of the multiple star system Yale 3482 (e-Hy-
dra). These data were acquired at a zenith angle of
40°, during atmospheric conditions with 7, equal to
9.8 cm and 6, equal to 16 urad (normalized to ze-
nith). The star system is reported to have three main
components [21], including two with visual magni-
tudes 3.8 and 4.7 that orbit each other with a separa-
tion of approximately 0.2 arc sec (1 urad). These two
components have an orbital period of 15 years. The
third component has a visual magnitude of 6.8 and
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FIGURE 24. Comparison of compensated images of Pol-
lux (B-Gemini), showing (a) an uncompensated image,
(b) compensation using a single synthetic beacon, and
(c) compensation using stitched data from two synthetic
beacons. The field of view is 19 urad.
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FIGURE 25. Multiple-beacon geometry for the Pollux data shown in Figure 24. The beacon range was 6 km, with a
gate depth of 1.5 km, centered on the range. The beacons were offset from the optical axis by 25 urad, which
separated the beacon spots by approximately 30 cm at the beacon altitude.

orbits the close pair at a separation of 2.8 arc sec (13
urad), which is outside the field of view of our star
camera. The compensated image clearly shows the
close components. Analysis of the image gives a mea-
sured separation of 0.21 arc sec, or 1.0 prad, in
agreement with the value reported in the literature.
This angle is smaller than the usual seeing at all but
the best astronomical sites under the best observing
conditions. Thus most ground-based telescopes with-
out adaptive optics are unable to resolve the individual
components of this binary system because of the ef-
fects of atmospheric turbulence.

A computer-generated image of the same binary
pair with the relative magnitudes, separation, and
orientation reported in Reference 19 appears in Fig-
ure 27 for comparison. This image takes into account
our 60-cm telescope’s finite resolution, which is due
to diffraction, as well as our imaging camera’s mea-
sured point-spread-function, and represents what we

would measure in the absence of atmospheric turbu-
lence. Even though the measured star image has a
Strehl ratio of only 0.2, and a fair amount of energy in
broad shoulders, the width of the central peak is close
to that of the diffraction-limited peak. This character-
istic, which we see throughout our data, is one of the
features of adaptive optics that make astrometry pos-
sible even with images of modest Strehl ratio.

As a final note, astrometry of stars such as e-Hydra
is usually done by using speckle-imaging techniques
[22], which typically require hours of data acquisition
and many more hours of offline processing of the
data. In addition, the end result of the speckle-imag-
ing processing is not an image of the object, but
rather its autocorrelation. In contrast, the data pre-
sented here were selected from a set of images taken
over a total time span of two minutes. Little process-
ing other than simple background subtraction and
frame averaging was required.
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(b)

FIGURE 26. (a) Uncompensated and (b) compensated
images of the star Yale 3482 (e-Hydra), using a single
synthetic beacon. This star system has two components
in orbit around each other, with visual magnitudes of 3.8
and 4.7, separated by 1 urad (0.2 arc sec). This separation
angle is smaller than the atmospheric seeing at all but
the best optical sites under the best observing condi-
tions. The field of view is 19 urad.
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FIGURE 27. A computer-generated image of the binary
star Yale 3482 (e-Hydra), using the visual magnitudes,
separation, and orientation found in Reference 19, and
taking into account the effects of diffraction and optical
transfer function for the SWAT imaging camera.

Summary

Compensation for the deleterious effects of atmo-
spheric-turbulence-induced distortion can be achieved
by using synthetic beacons in an adaptive optics sys-
tem. Synthetic beacons allow us to compensate the
images of dim astronomical objects, when a nearby
bright guide star is not available. Compensation using
both single and multiple synthetic beacons was dem-
onstrated for the first time in SWAT experiments.
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