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(57) ABSTRACT

An automated adaptive optics and laser projection system 1s
described. The automated adaptive optics and laser projection
system includes an adaptive optics system and a compact
laser projection system with related laser guidance program-
ming used to correct atmospheric distortion induced on light
received by a telescope. Control of the automated adaptive
optics and laser projection system 1s designed 1n a modular
manner 1n order to facilitate replication of the system to be
used with a variety of different telescopes. Related methods
are also described.
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ROBOTIC ADAPTIVE OPTICS AND LASER
SYSTEMS AND METHODS FOR
CORRECTING ATMOSPHERIC DISTORTION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Application No. 61/622,319 filed on Apr. 10, 2012
and incorporated herein by reference 1n 1ts entirety.

[0002] Thepresentapplicationisrelatedto U.S. application
Ser. No. entitled “Compact Laser Projection Systems
and Methods” (Attorney Docket No. P1196-US) filed on even
date herewith and incorporated herein by reference 1n 1ts
entirety. The present application 1s also related to U.S. appli-
cation Ser. No. entitled “Systems and Methods for
Modularized Control of Robotic Adaptive Optics and Laser
Systems” (Attorney Docket No. P1199-US) filed on even date
herewith and incorporated herein by reference 1n 1ts entirety.
The present application 1s also related to U.S. application Ser.
No. entitled “Laser Beam Guidance Systems and
Methods™ (Attorney Docket No. P1200-US) filed on even
date herewith and incorporated herein by reference 1n 1ts
entirety.

STATEMENT OF GOVERNMENT GRAN'T

[0003] This mnvention was made with government support
under AST0906060 & AST0960343 awarded by the National
Science Foundation. The government has certain rights 1n the
invention

FIELD

[0004] Thepresentapplication is directed to adaptive optics

laser systems and related devices and software control meth-
ods.

BACKGROUND

[0005] Images of astronomical objects produced by
ground-based telescopes are limited by degrading effects of
turbulent atmosphere. Light from distant objects arrives at
Earth as plane waves. In the absence of atmosphere, the
theoretical angular resolution of a telescope 1s limited only by
diffraction. Such diffraction 1s measurable by noting the
observing wavelength (A) and dividing the observing wave-
length by the size of the telescope’s primary mirror or aper-
ture (D).

[0006] However, 1n reality, one must account for atmo-
sphere. The atmosphere contains cells of air at different tem-
peratures with resulting different indices of refraction. The
presence of such atmosphere causes the light to become non-
planar. This causes the ground-based telescopes, when they
try to focus on these light waves, to obtain 1images which
appear distorted and blurry. Such 1images also change as a
function of time as the atmosphere the light waves travel
through also change over time.

[0007] Inorder to compensate for distortions caused by the
atmosphere, laser adaptive optics systems have been used.
Such systems are capable of measuring the atmospheric dis-
tortions induced onto a laser projected into the sky and then
apply compensating eifects accordingly to the light recerved
by the ground-based telescope since the light would have
similar distortions as the laser.

[0008] Laser adaptive optics systems can compensate for
elfects of atmospheric turbulence. A high-powered laser 1s
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projected 1n the direction the telescope 1s pointed and 1s used
as a probe of the atmosphere. A tiny fraction of the laser light
from the high-power laser returns back towards the telescope
which has similar non-planar optical distortions as the light
being observed. Internal measurements and calculations done
by the laser adaptive optics system on the shape of the laser
light recerved can then be used to shape the incoming light
waves being observed to be flat (planar) again.

SUMMARY

[0009] According to a first aspect of the present disclosure
a system 1s provided, the system comprising: a telescope
configured to observe one or more objects, a laser projection
system associated with the telescope and adapted to project a
laser beam, wherein a portion of the projected laser beam 1s
returned by the atmosphere to be measured by an adaptive
optics system, the adaptive optics system configured to cor-
rect distortions impressed on light from the astronomical
object based on the portion of projected laser beam from the
laser projection system returned by the atmosphere, the adap-
tive optics system, and a control umit communicatively con-
nected to the telescope, the laser projection system and the
adaptive optics system, and configured to operate the tele-
scope, laser projection system and adaptive optics system.
[0010] According to a second aspect of the present disclo-
sure a method for automatic operation of a telescope 1s pro-
vided, the method comprising: providing a telescope config-
ured to observe one or more objects, providing a laser
projection system associated with the telescope whereby, in
use, the laser projection system projects a laser beam and a
portion of the projected laser beam 1s returned by the atmo-
sphere to be measured by an adaptive optics system, config-
uring the adaptive optics system to correct distortions
impressed on light from the one or more objects based on the
portion of projected laser beam from the laser projection
system returned by the atmosphere, communicatively con-
necting a control unit to the telescope, the laser projection
system, and the adaptive optics system, and configuring the
control unit to operate the telescope, laser projection system
and adaptive optics system, and instructing the control unat,
via an external computer, to begin operation of the telescope,
laser projection system and the adaptive optics system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 1s a top schematic view showing a robotic
adaptive optics laser system with a telescope 1n accordance
with the present disclosure.

[0012] FIGS.2A-C show acompactlaser projection system
used 1n the robotic adaptive optics laser system of FIG. 1.

[0013] FIGS. 3A-B show 1n more detail internal compo-
nents and light paths of the adaptive optics system. In par-
ticular, FIG. 3A shows the internal components and light
paths of the adaptive optics system. FIG. 3B shows the inter-
nal components and light paths of the internal light source
used during a calibration mode of the adaptive optics system.

[0014] FIG. 4 shows an adapter bracket used to attach the
compact laser projection system to the telescope.

[0015] FIG. 5 shows the compact laser projection system
being attached to the telescope via the adapter bracket.

[0016] FIG. 6 shows a system adapted for naked-eye obser-
vation whereby a visible light path within the adaptive optics
system 1s reflected to an eyepiece through the use of a beam

splitter.
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[0017] FIG. 7 shows an architectural layout of the control
software used 1n the system according to the disclosure.
[0018] FIG. 8 shows a high level flow chart for one of the
subsystem daemons used 1n the system of the disclosure. In
particular, FIG. 8 shows a tlow chart for a weather monitoring,
control subsystem daemon.

[0019] FIG. 9 shows a soltware architecture of a telescope
status control subsystem daemon.

[0020] FIG. 10 shows a software architecture of a telescope
control system control subsystem daemon.

[0021] FIG. 11 shows a software architecture of an atmo-
spheric dispersion corrector control subsystem daemon.

[0022] FIGS.12-1and12-2 show a software architecture of
a ‘visible mstrument camera’ control subsystem daemon.
[0023] FIGS. 13-1and13-2 show a software architecture of
an inirared camera control subsystem daemon.

[0024] FIGS. 14-1and 14-2 show a software architecture of
an adaptive optics control subsystem daemon.

[0025] FIGS. 15-1and 15-2 show a software architecture of
a laser guide star control subsystem daemon.

[0026] FIGS. 16-1 and 16-2 show a basic architecture of a
robotic control system subsystem daemon.

[0027] FIGS. 17-1 and 17-2 show a detailed flow chart of a
robotic system control observation thread.

[0028] FIG. 18 shows aflow chart for an operation of a laser
beam guidance system.

[0029] FIG. 19 shows a computer system that may be used
to implement the robotic adaptive optics laser system of the
present mvention

DETAILED DESCRIPTION

[0030] Embodiments of the present disclosure aim to fully
automatize calibration and operation of a telescope, e.g. a
ground based robotic telescope, with its adaptive optics and
laser projection system. This 1s achieved in two ways: 1)
modularization within the adaptive optics and laser projection
systems so that the adaptive optics and laser systems can
casily be replicated and customized for any telescope and 2)
implementation of corresponding software to automate the
entire process, the software being implemented 1n a way that
facilitates the modularization of the adaptive optics and laser
projection system. The detailed description of the present
application will first describe 1n detail the apparatus and hard-
ware pertaining to the robotic adaptive optics laser system
(Robo-AQ). Afterwards, a detailed explanation of the corre-
sponding soitware and methods used to operate the Robo-AO
will be provided.

Hardware/ Apparatus

[0031] FIG. 1 1s a top schematic view showing a robotic
adaptive optics laser (Robo-AQO) system (2, 3, 4) being asso-
ciated with a telescope (1). The Robo-AO system includes a
container mounted at a focus of the telescope that houses an
adaptive optics (AQO) system and respective science instru-
ments (2), a set of support electronics and computers (3) and
a compact laser projection system (4).

[0032] The set of support electronics and computers (3)
includes at least one processor used to oversee the entire
Robo-AQO system. It will be understood that the word “pro-
cessor’” as used herein 1n this disclosure, can be interpreted 1n
some embodiments as referring to a single device (such as a
microprocessor chip), and 1n other embodiments as referring,
to a computer unit containing multiple elements (such as a

Oct. 10, 2013

controller device incorporating a microprocessor chip and
input-output circuits). Such variations 1n terminology will be
understood 1n the context of usage, by persons of ordinary
skill 1n the art.

[0033] Additionally, the compact laser projection system
(4) ol the Robo-AO provides a laser beam (5) used to measure
(or probe) for optical distortions caused by atmospheric tur-
bulence which would be induced onto observed light that the
telescope (1) would receive from an object to be observed
(such as an astronomical object 1n the sky).

[0034] Although FIG. 1 and the related text of the present
application describe embodiments using a telescope, the per-
son skilled 1n the art will understand that the present applica-
tion 1s also applicable 1n other embodiments. The benefit of
using the Robo-AQO with respect to a telescope 1s to provide a
process of acquiring 1images from objects to be observed 1n a
more eificient manner as well as without the use of a human
operator.

[0035] Without the use of the AO system (2), 1mages
obtained by the telescope (1) are distorted and unclear. Such
distortion and clarity 1ssues with the 1mages are caused by
atmospheric turbulence induced on the light traveling from
the target or object to be observed (e.g., an astronomical
object) to the telescope (1). Calibrations to the telescope (1)
and accompanying systems are provided to compensate for
the given presence of atmospheric turbulence. A general
description of the process 1s provided below.

[0036] Adfter the telescope (1) 1s pointed at a selected object
to be observed, a compact laser projection system (4) 1s
turned on. The compact laser projection system (4) emits a
laser beam (5) 1n the same direction as the robotic telescope
(1) towards the selected object.

[0037] A wavelront sensor (not shown 1n the figure) within
the AO system (2) obtains Rayleigh scattered light from the
laser beam (5) returning back from the atmosphere from
around ten kilometers away. The retlected laser beam (5) 1s
used to measure a dynamic wavelront error mnduced by the
atmosphere. A control computer within the set of support
clectronics and computers (3) calculates a compensatory
shape for a deformable mirror (42) within the AO system (2)
to correct for the measured dynamic wavelront error
obtained. The AO system (2) then applies the correction to the
incoming light from the object being observed by the tele-
scope (1). This correction 1s possible because the Rayleigh
scattered light from the laser beam (3) should contain similar
non-planar optical distortions caused by the atmosphere as
the light from the object being observed.

[0038] The control computer described above sends com-
mands and receives feedback from the telescope (1) and the
AQ system (2). The same control computer also commands
other support electronics (2) used to control a sub set of
components of the AO system (2) and the compact laser
projection system (4).

[0039] Focus will now turn to the compact laser projection
system (4) used 1n the Robo-AO system as seen 1n FIGS.
2A-2C. The compact laser projection system (4) includes a
high-powered laser source (6), a redundant external safety
shutter (7), a half-wave plate (8), a beam steering mirror (9)
and a positive lens (10). The control computer described
above 1s capable of controlling all the above elements (6, 7, 8,
9 and 10) within the compact laser projection system (4).

[0040] Generally observatories have laser projection sys-
tems which are much larger and cannot be attached to the side
of the ground-based telescope. These laser projection systems
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can have multiple parts (e.g. the laser may be physically
separate from the projection optics), may be housed in sepa-
rate rooms and custom built for a particular or specific type of
telescope. The concept of mimaturizing and standardizing a
laser projection system to be used across a plurality of differ-
ent types of telescopes has not been previously undertaken,
and will be described 1n detail below. The outcome 1n accor-
dance with the present disclosure 1s that a single laser projec-
tion system can be easily replicated to be used over a number
of different telescopes.

[0041] The embodiments of FIGS. 2A-2C of the present

disclosure describe a compact laser projection system (4)
which 1s not only compact but also modular 1n design. This
tacilitates replication and use of such laser projection system
among numerous different ground-based telescopes. With the
exception of the drive electronics and laser chiller which can
be ten or more meters away, all the elements associated with
the compact laser projection system (4) 1s contained 1n a
housing element (which 1s, for example, 1.5 m long, 0.25 m
high and 0.5 m wide). The housing element can be attached
and detached from a telescope. The housing (e.g. a box)1s, for
example, approximately 70 kg in weight. Such compact pack-
age, compared to prior implementations of the laser projec-
tion system, makes the present design of the compact laser
projection system (4) easier to replicate. Furthermore, attach-
ment platforms or adaptor brackets (later described below)
are provided so that the compact laser projection system (4)
can be attached to several different types of telescopes.

[0042] With reference to FIG. 2A, a cross-sectional view
from the top of the compact laser projection system (4) 1s
provided. This view illustrates components as well as an
internal arrangement of the compact laser projection system
(4). The compact laser projection system (4) contains a high-
powered laser source (6), a redundant external safety shutter
(7), a half-wave plate (8), a moveable beam steering mirror
(9), positive lens (10) and a fold mirror (11). All the above
clements of the compact laser projection system (4) are
mounted on a lightweight and stiff honeycomb breadboard
(14). The compact laser projection system (4) also contains an
output aperture and lens (12) connected to the stiff honey-
comb breadboard (14) by two substantially perpendicular
light weighted cantilever lens mounts (16).

[0043] The output aperture and lens (12) are not directly
connected to the external enclosure of the compact laser
projection system (4). Instead, the output aperture and lens
(12) are mounted at a free-standing end of the cantilever lens
mount (16) that 1s projected beyond the honeycomb bread-
board (14). The cantilever lens mount (16) has the other end
attached to the honeycomb bread board (14).

[0044] With respect to the high-powered laser source (6),
the laser source 1s used to generate a laser beam for the
compact laser projection system (4) to be used. By way of
example, the high-powered laser source (6) 1s capable of
firing a 10 W beam. The beam diameter and divergence 1s not
critical and can be changed via the positive lens (10). The
wavelength of the high-powered laser source (6) 1s between
340 nm and 390 nm. Typical commercial wavelengths for
laser sources can be between 351 nm and 355 nm. Addition-
ally, by way of example, pulse laser length can be below 100
ns. In several embodiments, the laser pulse repetition rate 1s
desired to be at least 1.2 kHz to operate the AO control
system. Such a rate corresponds to one pulse per measure-
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ment. At most, the laser repetition rate should be 15 kHz to
avold having more than one returning laser beam 1n the atmo-
sphere at the same time.

[0045] Relerence 1s now made to the redundant external
satety shutter (7) of FIG. 2A. The redundant external safety
shutter (7) 1s provided as an extra layer of safety. Although
these shutters have been included in the embodiment shown
in FIG. 2A, there may be embodiments which do not utilize
them. This 1s possible because the high-powered laser source
(6) has i1ts own 1nternal shutter.

[0046] Next, focus will be placed on the half-wave plate (8).
The half-wave plate (8) 1s located inside a motorized rotatable
stage which 1s used by the compact laser projection system (4)
to rotate the linear polarization of the projected laser beam
corresponding to the beam of laser light (5) of FIG. 1. By
rotating the half-wave plate (8), the polarization of the lin-
carly polarized light source can be rotated. The magnitude by
which the polarization can be rotated 1s twice an angle of
rotation of the halt-wave plate (8).

[0047] The above application of the halt-wave plate (8) 1s
significant because the first and second linear polarizers (60,
62) and the Pockels cell (61) of the AO system (2) (as seen 1n
FIG. 3 below) desire laser light polarization orientation to be
in a particular direction. The above process of Rayleigh scat-
tering of the laser light preserves a particular polarization.
Therefore, a matching arrangement to match the polarization
produced by the compact laser projection system (4 ) to match
the polarization needed by the first and second linear polar-
1zers (60, 62) 1s desired.

[0048] In alternative embodiments, the half-wave plate (8)
could be omitted 11 the AO system (2) were rotated with
respect to an optical axis of the telescope. Rotating the AO
system (2) 1n such a way would match the polarization of the
returning laser beam and the first and second linear polarizers
(60, 62). Alternatively, one could engineer a mount for the AO
system (2) to provide a proper orientation.

[0049] Rotation of the half-wave plate (8) 1s performed
through a motorized rotation stage to which the half-wave
plate (8) 1s mounted to. The motorized rotation stage 1s used
so that the half-wave plate (8) can be rotated without opening
the housing of the compact laser projection system (4). Once
a proper orientation 1s found for a given telescope and AO
system setup, the position of the halt-wave plate (8) usually
does not need to be changed unless the same laser projector
(4) 1s used 1n different telescope setups. However, there may
be situations where, for example, an nstrument field de-
rotator 1s used with an Alt-Az type telescope, motorization of
the half-wave plate may be necessary.

[0050] The next element 1n the compact laser projection
system (4) 1s the moveable beam steering mirror (9). The
moveable beam steering mirror (9) operates to reposition the
laser beam from the high-powered laser source (6), thereby
repointing the laser beam (5) being projected out of the com-
pact laser projection system (4). The moveable beam steering,
mirror (9) 1s optically conjugated to the output aperture and
lens (12). In other words, the positive lens (10) creates an
image of the moveable beam steering mirror (9) at the same
physical location as the output aperture and lens (12). Addi-
tionally, the positive lens (10) also can create an image of the
output aperture and lens (12) at the same physical location as
the moveable beam steering mirror (9).

[0051] Because of the relationship between the moveable
beam steering mirror (9) and the output aperture and lens
(12), the laser beam from the high-powered laser source (6)
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does not shift at the output aperture and lens (12) as the
moveable beam steering mirror (9) 1s tilted 1n different direc-
tions. Additionally, such arrangement allows the laser beam
from the high-powered laser source (6) to pivot about the
output aperture and lens (12).

[0052] As discussed later, the moveable beam steering mir-
ror (9) 1s controlled by wavelront sensor using tip and tilt
signals. When commanded by the wavelront sensor, the
moveable beam steering mirror (9) executes an outward spiral
pointing procedure.

[0053] According to an embodiment of the disclosure, the
moveable beam steering mirror (9) can repoint the laser beam
(5) at rates of several hundreds Hertz and over a total useable
range of 160 by 228 arcseconds. In particular, there may be
situations where the telescope (1) readjusts 1ts direction and
angle to acquire a target. In such situations, the moveable
beam steering mirror (9) 1s able to repoint the laser beam (35)
in order to realign the laser along the same optical axis as the
telescope (1). Modes of operation pertaining to how the com-
pact laser projection system (4) compensates for changes in
the direction and angle of the telescope (1) will be further
described below with reference to the software and methods
used to control the compact laser projection system (4).

[0054] The total usable range (e.g. 160 by 228 arcseconds)
1s determined by how parallel the optical axis of the telescope
and the optical axis of the compact laser projection system (4)
can be maintained as the telescope points to different areas, as
the overall system may experience different gravity vectors.
Additionally, individual mechanical structures of the tele-
scope as well as the ngidity of the telescope may also 1nflu-
ence the total usable range.

[0055] With respect to the update rates (e.g. several hun-
dred Hz) by which the moveable beam steering mirror (9) can
repoint the laser beam (5), a slower update rate will tend to
increase the amount of time 1t takes the system to find the laser
beam (5). Generally, the update rate should be fast enough
(e.g. 100 Hz) 1n order to keep up with vibrations in the
telescope (1) and the compact laser projection system (4)
structure so that accurate corrections can be made.

[0056] With continued reference to FIG. 2A, thelaser beam
from the high-powered laser source (6) then encounters the
positive lens (10). The positive lens (10) 1s on a motorized
positioning stage and 1s used to refocus the laser beam
(thereby creating a beam waist) as discussed above.

[0057] With reference to the beam waist, situations may
arise with prior art designs where the creation of intermediate
foci1 of the laser beam with very high fluence levels can 1onize
air and disrupt propagation of the laser beam. This occurs
because a mixture of super-heated gas and plasma 1s created
at the beam waist thereby creating a chaotic lens 1n the air
(turbulence) which would affect the laser beam passing
through 1t. Such an occurrence tends to reduce overall trans-
mission and results 1n a much larger projected laser spot, such
as, ¢.g. a projected laser spot on the sky. The larger spot could
negatively impact the performance of the AO system and
could potentially prevent the AO system from working. How-
ever, such problem 1s not present 1n the structure according to
the present disclosure, as such structure does not contain
fluence levels high enough to 10nize the surrounding air
within the laser projection system.

[0058] A benefit of using the positive lens (10) instead of an
alternative negative lens 1s that the moveable beam steering
mirror (9) and the output aperture and lens (12) can be made
optically conjugated as discussed above. This prevents the
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laser beam from the high-powered laser source (6) from shift-
ing at the output aperture and lens (12) as the moveable beam
steering mirror (9) 1s tilted 1n different directions. Therefore,
one can maintain maximum throughput of the laser beam
through the output aperture and lens (12).

[0059] If the positive lens (10) 1s not used and a negative
lens 1s used instead, the effect would be that the moveable
beam steering mirror (9) and the output aperture and lens (12)
would not be optically conjugate. This would result 1n an
outcome where the moveable beam steering mirror (9) 1s
moved to different angles (such as in processes for re-acquir-
ing the laser beam) and the laser beam from the high-powered
laser source (6) would wander on the output lens (12) result-
ing 1n a transmission loss. Therefore, although use of a lens
that 1s not a positive lens 1s possible, doing so will result at a
cost of reduced performance.

[0060] An additional feature of the positive lens (10)1s now
described. By moving the positive lens (10) forwards and
backwards, an 1image of the laser waist can be projected over
a range of several kilometers. The distance from the positive
lens (10)to a reitmaged beam waist 1s a function of the forward
and backward movement of the positive lens (10). Therefore,
by moving the positive lens (10), one can move the location of
the beam waist with respect to the output lens (12) (corre-
sponding to the laser beam (5) being projected out of the
compact laser projection system (4)).

[0061] By nature of a location of the beam waist being near
the front focal distance of the output aperture and lens (12), a
small change 1n the forward or backward motion of the posi-
tive lens (10) can cause very large changes 1n the distance the
laser beam (3) 1s ultimately focused. For example, by moving
the positive lens (10) thereby extending the retmaged beam
waist by about 50 um, the laser beam focus distance on the sky

can be changed by 2 km.

[0062] The compact laser projection system (4) also uses
the fold mirror (11) for the purpose of redirecting the laser
beam from the positive lens (10) to the output aperture and
lens (12). The fold mirror (11) 1s stationary and mounted to
the honeycomb breadboard (14). The fold mirror (11) folds an
optical path of the laser beam to keep the compact laser
projection system (4) more compact compared to situations
where the fold mirror (11) 1s not used. Therefore, the fold
mirror (11) can be omitted 11 compactness of the laser pro-
jector box 1s not an 1ssue.

[0063] The laser beam from the high-powered laser source
(6) travels through the output aperture and lens (12) to create
an almost collimated beam, corresponding to the laser beam
(5) of FIG. 1. As stated above, the relationship of the positive
lens (10) and the output aperture lens (12) influences the
image ol the beam waist (and the distance the laser beam (5)
1s projected) out of the compact laser projection system (4).
According to an embodiment of the present application, an
image of the beam waist corresponding to a distance of 10 km
1s used, although larger or shorter distances (e.g. 12 km and 6
km respectively) are also possible. Alternative distances from
the 1mage of the beam waist can also be implemented by
changing a radius of curvature and conic constant on the
powered side of the output lens (12).

[0064] The above elements, 1n particular the high-powered
laser source (6), moveable beam steering mirror (9), positive
lens (10), output aperture and lens (12) and fold mirror (11) all
form a compact loopback arrangement. Such compact loop-
back arrangement assists 1in and provides the compact laser
projection system (4) with the “minmiaturization™ or compact-
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ness features. Details will now be provided below regarding
the non-optical elements of the compact laser projection sys-
tem (4).

[0065] The high powered laser source (6), the redundant
external safety shutter (7), the halt-wave plate (8), the move-
able beam steering mirror (9), the positive lens (10) and the
fold mirror (11) are all mounted on a lightweight and stiff
honeycomb breadboard (14). As shown in the cross-sectional
side view of FIG. 2B, the use of the stiff honeycomb bread-
board (14) provides an improved alignment for all optical
clements of the compact laser projection system (4).

[0066] Although stiff alignment 1s also desired for the out-
put aperture and lens (12), the output aperture and lens (12)
are not directly connected to the honeycomb breadboard (14)
because such a connection would block part of the expanding
laser beam. To overcome the problem, the output aperture and
lens (12) 1s connected to the honeycomb breadboard (14)
through two perpendicular and substantially light-weighted
cantilever lens mounts (16) as described above.

[0067] Additionally, the output aperture and lens (12) 1s not
directly connected to the external enclosure of the compact
laser projection system (4). Rather, a small gap 1s provided.,
for example around 1.5 mm wide, which 1s filled by a com-
plhant gasket material. Such small gap mechanically
decouples the above referenced optical elements (e.g. the
high-powered laser source, the moveable beam steering mir-
ror, etc. . . . ) from the external enclosure of the housing. This
1s significant because the external enclosure can shiit and flex
under 1ts own weight influenced by different gravity vectors.
The above referenced arrangement with the honeycomb
bread board (14) allows the external enclosure to shift and tlex
without affecting any of the optical elements 1inside the com-
pact laser projection system (4) mounted to the honeycomb

breadboard (14).

[0068] The gap itself 1s filled to keep the enclosure of the
compact laser projection system (4) sealed against dust and
other particles which may enter the system and provide inter-
terence. The use of a compliant gasket material to seal the gap
maintains the seal with negligible contact force between the
enclosure and the output aperture and lens (12) and 1s able to
adapt as the gap changes size over different gravity vectors.

[0069] As stated above, FIG. 2B shows a cross-sectional
view of the compact laser projection system (4) of F1G. 2A. In
particular, the honeycomb breadboard (14) 1s shown mounted
to two crosswise mounted ribs (15). The two crosswise
mounted ribs (15) have attachment points (15.5, two which
are shown and two which are hidden by the positioning of the
high-powered laser source (6)) to the honeycomb breadboard
(14) and a base of the enclosure (17) of the compact laser
projection system (4). The above configuration keeps the
attachment points (15.5) 1 very close proximity (e.g. 3
inches) to the mounting points (18) of a laser projector adap-
tor later described below. In general, by mimimizing a dis-
tance between the attachment points (135.5), a pointing stabil-
ity of the honeycomb breadboard can be tied more directly to
the laser projector adaptor (later described).

[0070] As stated above, all of the optical elements of the
compact laser projection system (4) are connected to the
honeycomb breadboard (14) 1n one manner and are therefore
mechanically decoupled from the external enclosure (17) of
the compact laser projection system (4). This allows the com-
pact laser projection system (4) to be used over a full range of
angles. In particular, as different angles are used, changing
gravity vectors induce mechanical sag to the external enclo-
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sure (17). Such mechanical sag could then directly affect the
optical elements 11 the optical elements were attached to the
external enclosure (17). However, because the honeycomb
breadboard (14) 1s decoupled from the external enclosure
(17), the mechanical sag of the external enclosure (17) caused
by changing gravity vectors does not affect the optical ele-
ments. This arrangement improves alignment of all optical
clements within the compact laser projection system (4) over
the range of angles used.

[0071] FIG. 2C shows electrical connections to compo-
nents within the compact laser projection system (4). As
shown 1n the figure, all the electrical connections to compo-
nents within the compact laser projection system (4) go
through an electrical interface panel (13). The electrical inter-
face panel (13) 1s a removable panel that 1s on the side of and

1s attached to the laser projection system (4) as seen 1n FIG.
2A.

[0072] The redundant external safety shutter (7) uses shut-
ter connection (13.1). A temperature sensor 1s attached nside
via temperature connection (13.2). The high powered laser
(6) uses ground connection (13.3) for ground, laser connec-
tion (13.4) for power and control and trigger connection (13.
5) for a laser trigger. AC power lfor an internal heater is
supplied through power connection (13.6). A focus stage for
the positive lens (10) 1s controlled through focus connection
(13.7). Additionally, the beam steering mirror (9) 1s con-
trolled through mirror connection (13.8). Although not
directly part of the electrical interface panel (13), two plumb-
ing connections (13.9) provide liquid cooling to the high
powered laser (6).

[0073] As stated above, the compact laser projection sys-
tem (4) operates by providing a probe for the AO system (2)
so that the AO system (2), described 1n detail next, can deter-
mine an atmospheric distortion and apply a correction or
compensation to the light coming from a desired object to be
observed because such light from the object and light from the
returned laser beam contains similar atmospheric distortions.

[0074] Relerence will now be made to FIG. 3A, which

shows 1n detail internal components and light paths of the AO
system (2) enclosed 1n a container or casing mounted at a
focus of the telescope (1), as previously shown with reference
to FIG. 1. The AO system (2) 1s used to compensate for
atmospheric distortion on the observed light by measuring the
distortion observed 1n the returned laser beam (5) and apply-
ing a correction to the observed light from the desired target
(e.g. an astronomical object). Typically, the AO system (2)
takes thousands of measurements per second although more
or less can be taken, as long as a sufficient number of mea-
surements are taken in order to constantly and accurately
compensate for the atmospheric distortion being induced
onto light coming from the observed object.

[0075] In the embodiment shown 1n FIG. 3A, all the com-
ponents described below can be attached to a light weight
plate (39) on a three-point mount (to avoid deforming the
plate) which attaches directly to the telescope (1).

[0076] During operation of the telescope (1) and the com-
pact laser projection system (4), light enters the AO system
(2) through a small aperture (not shown) in the center of the
light weight plate (39). The light entering the AO system (2)
includes light both from the selected object to be observed
(e.g. astronomical objects) as well as Rayleigh scattered light
from the laser beam (5) coming from the compact laser pro-

jection system (4) combined by the telescope (1).
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[0077] The light entering the AO system (2) 1s then
reflected by a fold mirror (40) with an ultraviolet (UV)-
enhanced silver coating on a retractable stage. The fold mirror
(40) 15 used to direct the light from the telescope into the AO
system (2). Without the use of the fold mirror (40), the light
would just pass through the AO system. The fold mirror (40)
changes the light’s direction from being perpendicular to
being parallel with reference to the light weight plate (39) of
the AO system (2). As stated above with reference to the fold
mirror 1 the compact laser projection system (4), the fold
mirror (40) in the AO system (2) can likewise be removed in
alternative embodiments. However, since the fold mirror (40)
here 1s being used to assist in the packaging of the AO system
(2), implementation of the AO system (2) without the fold
mirror (40) would potentially increase an area the AO system
(2) would take up.

[0078] The fold mirror (40) of the AO system uses a silver
coating because silver 1s a superior retlecting material for
optical and near inifrared wavelengths which are the wave-
lengths which the AO system according to the present disclo-
sure typically observes at. However, since silver 1s a poor
reflector of UV light, a UV enhanced coating 1s also provided,
to extend the reflectivity down to UV wavelengths. Alterna-
tively aluminum could be used as a replacement, but this
would result 1n a loss of about 10% 1n reflectivity per surface.

[0079] Altematively, the fold mirror (40) can be retracted
via 1ts motorized linear stage. Instead of directing the light
from the telescope (1) 1into the AO system (2), the fold mirror
(40) reveals light from an internal light source which optically
mimics on-sky operation with a black body optically conju-
gate to infinity and a UV source at 10 km to mimic the laser.

[0080] Reference 1s now made to FIG. 3B which shows
internal components and light paths of the internal light
source within the AO system (2). Such internal light source
and arrangement 1s utilized to calibrate the AO system (2)
when the telescope (1) and compact laser projection system
(4) are not being operated. The calibration provides the AO
system (2) with calibration sources that mimic the light
sources that would be seen through the telescope (1) without
any (or mimmal) optical aberration. In particular, the arrange-
ment of FIG. 3B 1s used to 1) optically calibrate the deform-
able mirror (42) to null out any alignment errors 1n the visible
light (53) and infrared camera (66) light path and 2) optically
calibrate the non-common path errors that may exist between
the optical paths of the visible light (53) and infrared (66)

cameras and the wavetront sensor.

[0081] With continued reference to FIG. 3B, the arrange-
ment has a blackbody point-source radiator (70) that 1s opti-
cally conjugate to infinity, having the same f-ratio and exit
pupil position as a star would have if 1t was 1maged by the
telescope (1). In an example embodiment, the blackbody

point-source radiator (70) can be an incandescent lamp with a
port to attach an optical fiber (71).

[0082] Visible and near-infrared light produced by the
blackbody point-source radiator (70) travels down the optical
fiber (71) until 1t exats the optical fiber (71). A fiber mount 1s
provided at the end the optical fiber (71). In an alternative
embodiment, the blackbody point-source radiator (70) may

be a laser diode with a fiber output connected to a single mode
fiber adapted to the wavelength of the laser diode.

[0083] A 1 um pinhole (72) 1s ailixed to the end of the fiber

tip thereby reducing the effective size of the point source from
the radiator from about 5 um to about 1 um. The pinhole (72)
also sigmificantly reduces throughput. In an alternative
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embodiment, the 1 1 um pinhole (72) could be fed by a
microscope objective with greater optical throughput than the
optical fiber (71) and blackbody point-source radiator (70).
However, this alternative takes up more physical space.

[0084] As the light from the blackbody point-source radia-
tor (70) leaves either the fiber end or the pinhole (72), the light
passes mnto a 50/50 optical beam splitter cube (73 ). Half of the
light 1s retlected oil of the internal surface of the beam splitter
and propagates to a spherical mirror (74). The spherical mir-
ror (74) then collimates the light which then passes through

the beam splitter cube (73) again to a simulator stop (73).

[0085] The simulator stop (75) defines a pupil size of the
simulator, which ultimately defines the final reimaged f-ratio.
As the light continues to propagate, it passes through a second
beam splitter cube (76) and to a second spherical mirror (77).
The second spherical mirror (77) focuses the light 1n retlec-
tion which passes back through the second beam splitter cube
(76). With the second beam splitter cube (76), half of the light
1s reflected off of an internal surface and comes to a focus at
a point (78).

[0086] The second part of the calibration system usesa UV
light source (79). The UV light source (79) can be eithera UV
light emitting diode or a low power UV laser. In either case,

only afew mW of total power 1s used from the UV light source
(79).

[0087] The UV lightsource(79)1s coupled toa 100 um core
diameter multi-mode fiber connected to a fixed fiber end
holder. When reimaged, this approximates the size of the
Rayleigh scattered laser beam as seen by the telescope (1).
Light exiting from the fiber tip 1s expanding and 1s then almost
collimated by a lens (81). This light then propagates to the
beam splitter cube (73) where the light reflects off of the
internal surface towards the simulator stop (75).

[0088] The UV light 1s then forced to have the same foot-
print as the light from the blackbody point-source radiator
(70). This 1s achueved by having the UV light propagate
through the second beam splitter cube (76) and to the second
spherical mirror (77) like with the light from the blackbody
point-source radiator (70). The second spherical mirror (77)
focuses the UV light in a reflection which passes back through
the second beam splitter cube (76). The second beam splitter
cube (76) retlects roughly half off of the internal surface. This
UV light then comes to a focus at a second point (82). The two
points (78, 82) are used to calibrate the AO system.

[0089] When the fold mirror (40) (seen in FI1G. 3A) 1s 1n the
way ol the light coming from the telescope (1), the fold mirror
(40) of the AO system (2) intercepts the light and directs 1t to
the first off-axis parabolic mirror (41). When the fold mirror
(40) 1s moved out of the way, the two focus points of the
blackbody point-source radiator and UV light (78 and 82)
coincide with the same points 1n space as the focus of a star
and of the 10 km UV laser focus respectively (while also
matching the f-ratio and exit pupil of the telescope).

[0090] Returning to FIG. 3A, for the situation where the
internal light source 1s not used (and the fold mirror (40) 1s 1n
the position to itercept the light coming from the telescope
(1)), the light entering the AO system (2) then passes to an
olf-axis parabolic mirror (41) which images the pupil of the
telescope onto a deformable mirror (42). The off-axis para-
bolic mirror (41) also has a UV-enhanced silver coating. The
positioning oi the off-axis parabolic mirror (41) 1s provided in
order to minimize aberrations while simultaneously reflect-
ing the light off at an angle. If the light was to be reflected back
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on itself, the light would not be as useful because subsequent
optical elements would block the light.

[0091] Thedeformable mirror (42)1s an active optical com-
ponent which 1s used to apply spatially resolved phase delays
in retlection across a light beam that 1s incident upon the
surface of the deformable mirror (42). The application of the
spatially resolved phase delays 1s provided through the use of
a grid of small actuators, which can push and pull a retlective
face sheet of the deformable mirror (42).

[0092] The deformable mirror1s controlled via a USB con-
nection from the control computer 1n the box that contains
other support electronics (3). Furthermore, the shape of the
reflective surface of the deformable mirror can be updated at
a rate ol over 3000 Hz. Practically, the deformable mirror (42)
1s updated after a measurement 1s made with the wavefront
sensor and a new shape 1s calculated by the control computer.
[0093] The deformable mirror (42) 1s typically located 1n a
position that 1s optically conjugate to the pupil of the tele-
scope (1). Such a position also corresponds to the image of the
primary mirror of the telescope (1). This location 1s signifi-
cant because it represents the location where the footprint
from the returning laser beam (3) and the light from the object
being viewed exactly overlap.

[0094] The deformable mirror (42) uses a low-refractive-
index material coated with an anti-reflection coating to pro-
tect the mirror from humidity. An example of an applicable
low-refractive-index material that can be used 1s magnesium
fluoride (MgF,). Alternatively, CaF, and BaF, could also be
used but may have problems with humidity. Additionally, the
deformable mirror (42) could be replaced with other glasses,
with or without anti-reflection coatings at the cost of
decreased optical transmission.

[0095] The low-refractive-index material coated with the
anti-reflection coating can operate from a wavelength of 350
nm to 2200 nm. The lower wavelength end allows maintain-
ing high transmission for returning UV laser light. On the
other hand, the upper wavelength end covers the maximum
range of scientific light that 1s expected to be imaged by the
science cameras (e.g. visible light camera (53)).

[0096] Alternatively, 1t 1s possible to utilize coatings which
provide a narrower range. For example, 1f a system 1s only
desired to work 1n visible light, a coating operating from 350
nm to 1000 nm 1s sufficient. Such a range 1s a typical of the

long wavelength cutofl for silicon-based detectors like CCDs
or CMOS.

[0097] With continued reference to FIG. 3A, after reflec-
tion from the deformable mirror (42), an UV dichroic (43)
reflects light with a wavelength under 390 nm, corresponding,
to UV light, to a condenser lens (35) and transmits light with
a wavelength over 390 nm, corresponding to visible and near-
inirared light, to an oif-axis parabolic mirror coated with
protected silver (44).

[0098] The UV dichroic (43), as stated above, splits the UV
light from the visible and infrared light. The location of the
UV dichroic (43) 1s relevant, as the light of the observed
object (e.g., starlight) coming from the off-axis parabolic
mirror (41) 1s perfectly collimated with no additional optical
error while the light from the returned laser beam 1s still
diverging and can pick up significant amount of coma optical
aberration. The above stated deformable mirror (42) 1s eflec-
tively a flat surface so 1t does not cause any additional 1ssues
with either the light sources ({rom the observed object or the
laser beam). On the other hand, the UV dichroic (43) should

be 1n the path of the laser beam (5) so that the waveiront
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sensor can measure the optical errors caused by the atmo-
spheric turbulence after the deformable mirror (42) has
attempted to correct the errors.

[0099] By placing the UV dichroic (43) immediately after
the deformable mirror (42), the deformable mirror (42) 1s in
the path of the laser beam and no other optics have to deal with
objects at different distances (which could cause additional
optical errors 1n one or both of the light paths).

[0100] Withrespect to the visible and near-infrared light, a
second off-axis parabolic mirror (44) coated with protected
silver refocuses the visible and near-infrared light to an inter-
mediate focus before 1t 1s re-collimated by another off-axis
parabolic mirror (43) coated with protected silver.

[0101] In accordance with an embodiment of the present
disclosure, there are two optical relays between a focus of the
telescope (1) and the 1mage plane of scientific cameras (e.g.
the visible light camera (53) and inifrared camera (66)) in the
AQO system (2). Each optical relay includes a first off-axis
parabolic mirror which collimates the light and a second
which refocuses 1t. Normally, having two relays 1s avoided it
possible because the two relays could create extra retlections
thereby reducing overall throughput. However, the imple-
mentation of the deformable mirror (42) 1s small enough that
it would be harder to include all the functionalities of the
dispersion corrector (47), fast steering mirror (48), visible
dichroic mirror (50), visible light filter wheels (52) and the
cyepiece (93) all into a single optical relay. Therefore, two
relays are used in such embodiment, although embodiments
which use more or less than two relays are also possible.
[0102] Next, a fixed fold mirror (46) directs the visible and
near-infrared light to an atmospheric dispersion corrector
(ADC) (47) located at a reimaged pupil of the telescope. The
ADC (47) comprises two motorized rotating prisms. The
ADC (47) works independently of the AO system (2). How-
ever, the ADC (47) 1s used because 1t solves an 1ssue relating
to observing objects through the atmosphere that are not
directly overhead.

[0103] In particular, the atmosphere acts as a prism and
refracts light as a function of wavelength. As the telescope
points lower in 1mages, the overall effect of the refraction
becomes stronger. This causes the images to appear elongated
in a direction normal to the horizon, especially those images
which have been sharpened by AO system corrections. The
ADC (47) can add an opposite amount of dispersion to the
incoming light which effectively negates the effect of the
prismatic dispersion caused by the atmosphere.

[0104] While other embodiments may not place the ADC
(47) at the reimaged pupil of the telescope, doing so mini-
mizes the size of the prisms used by the ADC. This 1s due to
the fact that all the light received by the telescope (1) passes
through a very well defined aperture at the retmaged pupil.

[0105] Alternatively, there may be situations where the
ADC (47) 1s not beneficial. In particular, such situations arise
if objects are viewed that are close to and directly overhead
(within ~20 degrees) of the telescope (1). Additionally, the
ADC (47) may not be used 1f narrowband scientific filters are
used 1n front of the visible light (33) or infrared cameras (66).

[0106] After the wvisible and near-infrared light passes
through the ADC (47), a fast steering mirror (48) retlects the
visible and near-infrared light to a thuird off-axis parabolic
mirror coated in protected silver (49) which refocuses the
visible and near-infrared light one more time. The fast-steer-
ing mirror (48) 1s used 1n embodiments, such as the one seen
in FIG. 3A, where more than one science camera (e.g. visible
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light camera (53) and infrared camera (66)) 1s used in the
system and then only 11 one of those two cameras 1s used to
make high-speed image motion measurements.

[0107] Withrespecttothe science cameras, the fast steering
mirror (48) can be used 1n one of two ways. In a first way, the
fast steering mirror (48) can be set to a fixed position. If this
1s the case, the science cameras take fast images of the objects
being viewed and correct for image motion 1n the software
alter the 1mages are taken. Alternatively, the fast steering
mirror (48) can be commanded to stabilize an image on either
the visible light camera (53) or infrared camera (66) while the
other camera (not being stabilized by the fast steering mirror
(48)) 1s used to take long exposure images.

[0108] A wvisible dichroic (50)1s used to interrupt the visible
and near-infrared light reflected by the third off-axis para-
bolic mirror (49) and reflects light with a wavelength under
950 nm, corresponding to visible light, through a series of
visible light filter wheels (52) and ultimately to a visible light
camera (53). The visible dichroic (50) 1s generally used when
embodiment (such as the one 1n FIG. 3A) includes both a
visible light and infrared camera. In the embodiment of FIG.
3 A, both the visible dichroic (50) and the visible light filter
wheels (52) are 1 fixed mounts.

[0109] The visible filter wheels (52) each have a position
for each of six different optical filters. The different optical
filters allow the visible light camera to access different parts
of the transmitted visible spectrum as each filter has a differ-
ent upper and lower wavelength cut off. The visible filter
wheels (52) are optional and 1n other embodiments for the AO
system (2), the AO system (2) can operate without the visible
filter wheels (52). However, the filter wheels (52) do provide

scientific benefit and therefore have been implemented as
seen 1n FIG. 3A.

[0110] The wvisible light camera (53) captures the final
images produced by the telescope (1) and the AO system (2).
The visible light camera (53) can also be used to measure the
image motion of a viewed object which can then be stabilized
with the fast steering mirror (48). If the 1mage motion 1s

stabilized 1n this way, long exposures can then be taken with
the infrared camera (66).

[0111] The visible dichroic (50) also transmits light with a
wavelength over 950 nm, corresponding to near-infrared
light, to a gold-coated fold mirror (34). The fold mirror (54)
uses a gold coating because gold 1s one of the best near-
infrared reflecting materials. The near-infrared light 1s then
directed perpendicular to the light weight plate (39) and to the
inirared camera (66).

[0112] Theinirared camera (66) functions in the same man-
ner as the visible light camera (53) but instead works at longer
wavelengths (from about 9350 nm to about 2200 nm). The
inirared camera (66) captures final 1mages produced by the
telescope (1) and can also be used to measure the 1mage
motion of a viewed object which can then be stabilized with
the fast steering mirror (48). Stmilarly to the situation with the
visible light camera (53), if the viewed object 1s stabilized
using the fast steering mirror (48) with reference to the infra-
red camera (66), long exposures can be taken with the visible
light camera (53).

[0113] Withrespectto the UV light, corresponding to light
under the wavelength of 390 nm reflected by the ultraviolet
dichroic (43) to the condenser lens (55), the UV light 1s folded
by a flat laser mirror (36) before coming to a 10 km focus at
an adjustable diameter field stop (87). The adjustable diam-
cter 1s nominally 5 arcseconds. The flat laser mirror (56) 1s
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used to maintain the compactness of the overall instrument as
similar structures have been described above. Meanwhile, the
10 km focus 1s provided to be optically conjugate to the 10 km
distance the laser beam 1s being propagated.

[0114] The adjustable diameter field stop (57) 1s an adjust-
able size ir1s 1n a fixed optical mount, but 1s usually only
adjusted during assembly of the instrument. The adjustable
diameter field stop (57) 1s used to restrict the field of view of
the wavelront sensor to a narrow angle (e.g., 5 arcseconds). In
this way, the grid of 1images on the wavetront sensor 1s con-
fined to specific pre-determined pixels.

[0115] In an alternative embodiment, one may provide an
AQ system without the adjustable diameter field stop (57). In
such an embodiment, the AO system would have a different
pixel readout from the wavelront detector (65), software to
compensate for a shifting of the Shack-Hartmann pattern of
images and different shuttering techniques. The benefit of not
implementing the adjustable diameter field stop (57) would
be that 1t could potentially speed up laser acquisition process
given that the wavelront sensor detector (65) would have a
larger field of view. Additionally fewer steps would be needed
in the spiral search algorithm which would also provide a
speed up 1n laser acquisition.

[0116] Returning to FIG. 3A, the UV light then expands
and 1s folded by a second flat laser mirror (58) before being
collimated by an off-axis parabolic mirror (59). The off-axis
parabolic mirror (59) 1s used to optically null out the coma
induced by reflection off of the first off-axis parabolic mirror
(41). If the coma 1s not removed, the coma will cause a large
static error to be seen 1n the wavetront sensor. Alternatively, 1n
other embodiments, one can use a Schmidt plate or a spherical
correcting plate (of which are commercially available) with
reference to a collimated beam to remove spherical aberra-
tions which may arise.

[0117] Such coma 1s mnduced because the laser focus was
not at the radius of curvature of the first off-axis parabolic
mirror (41). This can occur because light from the viewed
object 1s at the center of the radius of curvature of the first
olf-axis parabolic mirror (41). Generally, one can pick either
or neither of the two 1images (corresponding to infinity focus
or 10 km focus) to be at the center of the radius of curvature
but not both. The present embodiment, shown in FIG. 3A, 1s
arranged such that i1t can separately {ix the coma 1n the wave-
front sensor detector (65) easily.

[0118] The collimated UV light then passes through a first
linear polarizer (60), a Pockels cell (61) and a second linear
polarizer (62) oriented orthogonal to the first linear polarizer
(60). The first linear polarizer (60) 1s used to match the polar-
ization of the returning laser beam after 1t has been set by
adjusting the halt-wave plate (8) as described above. The first
linear polarizer (60) rejects any laser light that 1s not linearly
polarized 1n the proper direction corresponding possibly to
reflection off of dust 1n the atmosphere.

[0119] The Pockels cell (61) 1s a dielectric crystal. If left
alone, the polarized light that passes through the first linear
polarizer (60) will pass through the Pockels cell (61). After-
wards, the light will come to an orthogonally oriented second
linear polarizer (62). The second linear polarizer (62) will
then stop the light from propagating further into the wave-
front sensor detector (65). On the other hand, 1f a potential
voltage 1s applied across the Pockels cell (e.g. about 3500 V),
the Pockels cell will act as a half wave plate and rotate the
polarization of the linearly polarized returning laser beam
that passes through 1t. Once the laser beam 1s rotated, 1t wall
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transmit through the orthogonally oriented second linear
polarizer (62) to the wavelront sensor detector (65).

[0120] In other embodiments, the Pockels cell (61) as well
as the first and second linear polarizers (60, 62) may be
removed 11 some other way of shuttering the returned laser
beam 1s 1implemented to replicate the functionality of the
above elements. For example, such embodiments may
include the use of electronically gated CCD detectors.
[0121] As previously stated above, Rayleigh scattered light
from the laser beam (3) 1s used to measure (or probe) atmo-
spheric distortion. With respect to the above mentioned Ray-
leigh scattered light from the beam of laser light (5) used to
measure (or probe) the atmospheric distortion, the AO system
(2) 15 able to 1dentily Rayleigh scattered light obtained from
the laser beam (8) about ten kilometers away through the use
of a signal delay generator. The signal delay generator trig-
gers a Pockels cell electro-optic shutter to open after a calcu-
lated round-trip time for the laser beam to travel 10 km and
return back. In other embodiments, the AO system (2) can be
reprogrammed to allow the laser beam from different dis-
tances (other than 10 km) to be measured.

[0122] The wavelront sensor detector (63) can potentially
obtain other sources of light (1.e. not of the laser beam (5))
which the wavetront sensor detector (65) can mistake as
coming from the laser beam (35). Such undesired situations
can arise, for example, when light 1s being obtained from
some very bright stars. To mitigate or mimimize the effect of
receiving contaminating light at the wavetfront sensor detec-
tor (65), broadband metallic mirrors within the wavefront
sensor detector can be replaced with mirrors with a laser-line
dielectric coating (like the flat laser mirror (56)).

[0123] With reference back to FIG. 3A, after the light
passes through the second linear polarizer (62), a lenslet array
(63) 1s placed at the retmaged pupil of the telescope (1) which
spatially subdivides the returning laser beam that entered the
telescope (1) thereby creating a Shack-Hartmann set of
images of the laser. The Shack-Hartmann set of images allows
the system to measure the local gradient of the light wave at
the retmaged pupil. The lenslet array (63) 1s a refractive
optical element which 1s flat on one side and with a grid of
square-shaped convex lenses on the other side. The lenslet
array (63) 1s located at a position optically conjugate to the
entrance pupil of the telescope (1). When non-planar light
from the laser beam (5) passes through the lenslet array (63),
images of the laser are created at a focus of each of the lenses
in the lenslet array (63).

[0124] The pattern of laser images 1s then optically relayed
to a UV optimized charged-coupled device (CCD) camera by
an optical relay (64). Lateral x-y positions of each laser image
give a measure of a local gradient or slope of the non-planar
light wave through each lens of the lenslet array (63). In other
embodiments, the optical relay (64) may be removed 11 the
wavelront sensor detector (65) were matched 1n size to the
lenslet array (63).

[0125] The overall shape of the non-planar light wave 1s
then calculated by multiplying the measured slopes by a
wavelront reconstructor matrix. The reconstructor matrix
converts the relative positions of the Shack-Hartmann set of
images to a set of correcting displacements for the actuators in
the deformable mirror (42).

[0126] The adaptive optical system (42) uses a reconstruc-
tor matrix that 1s calculated by first making a model of the
pupil geometry that 1s sub-divided by the lenslet array (63).
Individual ortho-normal basis functions are realized over the
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model of the pupil geometry and a 2-D least-squares solution
to the best fit plane for each lens in the lenslet array (63) 1s
calculated. An influence matrix 1s thus derived that converts
unmit amplitudes for each basis function with the slope offset
for every lens. The reconstructor matrix 1s then created by
taking the pseudo-inverse of the influence matrix using Sin-
gular Value Decomposition. The person skilled in the art will
understand that the above description represent one possible
embodiment to allow use of the reconstructor matrices 1n the
AQ system (2), and that other embodiments are also possible.

[0127] Once the shape of the non-planar wave 1s known 1n
terms of coellicients of the basis set, an inverse shape can be
commanded on the high-order wavelront corrector. This pro-
cess then provides the corrections necessary to compensate
for the distortion caused by the atmosphere. The process of
making a measurement, then applying a correction is repeated
many times. As described above, such measurements may be
performed at a rate of 1.2 kHz 1n order to keep up with the
dynamics of the atmosphere.

[0128] Attention is now drawn to a laser adaptor bracket, as
seen 1 FIGS. 4 and 5. The laser adaptor bracket allows
attachment of the compact laser projector system (4) to any
telescope (1). One benefit for attaching the compact laser
projector system (4) to the telescope (1) 1s that 1t ensures that
the compact laser projector system (4) and the telescope (1)
are always pointed 1n the same direction within the mechani-
cal tolerances of the telescope (1) and the laser adaptor
bracket for the compact laser projection system (4). This
obviates the need to have a separate pointing mechanism for
the compact laser projection system (4).

[0129] FIG. 4 illustrates an example of an outlined laser
adapter bracket that can be used to attach the compact laser
projection system (4) to the telescope (1). FIG. 5 shows the
compact laser projection system (4) physically attached to the
telescope (1) via the laser adapter bracket. The laser adaptor
bracket 1s designed to adjust a crude pointing of the compact
laser projector system (4) i two directions.

[0130] With continued reference to FIGS. 4 and 5, the com-

pact laser projector system (4) attaches to the telescope (1)
through the mounting points (18) to a top plate (19) of the
laser adaptor bracket via corresponding points (20) of the
laser adaptor bracket. A pivot pin (21) in the top plate (19)
allows the compact laser projector system (4) to be manually
tilted 1n one direction by adjusting positions of push bolts
(22). Furthermore, the compact laser projector system (4) can
also be fixed mto location by tightening bolts (23) of the laser
adaptor bracket.

[0131] To adjust the rough pointing of the laser adaptor
bracket orthogonal to the pointing provided by the pivot pin
(21) of the laser adaptor bracket, preload bolts (24) are used to
push against the structure of the telescope (1). By adjusting
the amount of compression on the preload bolts (24) of the
laser adaptor bracket, an angle that the laser adaptor bracket
makes with the structure of the telescope (1) can be adjusted.
Additional bars (25) can be used 1n the laser adaptor bracket
to match a normal direction of a telescope tube of the tele-
scope (1) with respect to the preload bolts (24).

[0132] The laser adaptor bracket attaches to the telescope
(1) via bolt holes (28) in the two platiorms (26 and 27).
Typically, observatory telescopes that are greater than 1 m 1n
s1ze have some way of mounting instruments and electronics
on them. However, mounting holes and platforms are differ-
ent from telescope to telescope, thereby requiring a different
laser adaptor bracket for each different telescope.
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[0133] Typically, the laser projection system has a very
limited ability to repoint the laser beam (e.g. 160 by 228
arcseconds). The laser adaptor bracket shown 1n FIGS. 4 and
5 allows the change to be applied to the compact laser pro-
jection system (4) by several degrees. This results 1n a very
large manual pointing adjustment which can be done to facili-
tate the laser beam (5) to be close to the alignment of the
telescope (1). Alterwards, the robotic controls can provide
fine adjustments to fix the rest of the alignment. Furthermore,
the laser adaptor bracket can also compensate for differential
pointing as detailed 1n the software laser acquisition section.
[0134] Retference will now be made to an additional
embodiment of the present disclosure, shown 1 FIG. 6. The
embodiment, to be described below, 1s used 1f a user desires
naked-eye viewing of the images being obtained by the AO
system (2). Such additional elements are notnecessary for the
operation of the AO system (2).

[0135] TTypically, an individual 1s unable to see 1mages
being obtained by the AO system (2) except through a display
(such as a computer console) where the image being obtained
1s transmitted. According to the present disclosure, a further
embodiment 1s provided, which enables an individual to
directly view an image being observed. In particular, the
individual would be able to view the visible light image
within the AO system (2), through an eyepiece (93). Such
light 1s the same visible light which 1s being reflected to the
visible light camera (53).

[0136] As already noted before, visible light 1s normally
reflected by the visible dichroic (50) through visible filter
wheels (52) and to the visible light camera (53 ), as now shown
in FIG. 6. However, it 1s possible to allow an individual to
view the 1mage being transmitted via visible light by adding
additional components to the AO system (2).

[0137] In order to allow the individual to view the visible
light transmitted within the AO system (2), first a beam split-
ter block (91) 1s used. In particular, the beam splitter block
(91) comprises a visible beam splitter (90) and 1s placed
between the path of the visible light coming from the visible
dichroic (50) and the visible light camera (53). The beam
splitter block (91) 1s attached to the light weight plate (39)
through magnetic bases (51) and (92), as shown 1n FIG. 6, to
allow for easy installation and removal of the beam splitter

block (91).

[0138] Because of the presence of the beam splitter block
(91), there 1s a variable amount of light that 1s sent to the
eyepiece (93) and to the visible light camera (53). The quality
of the images 1s negligibly impacted but the amount of inten-
sity can be reduced. Additionally, different types of visible
beam splitters (90) may be used to change the amount of light
split between the eyepiece (93) and the visible light camera
(53). Alternatively to the beam splitter, a regular mirror can be
used, to maximize the light sent to the eyepiece (93) at the
expense ol being able to also use the visible light camera (53)
simultaneously, since the regular mirror will prevent light
from reaching the visible light camera (33).

[0139] The visible beam splitter (90), attached to the beam
splitter block (91), reflects visible light out of the mnstrument,
perpendicular to the plane of the light weight plate (39). The
beam splitter block (91) also has a hole which allows the
visible light not reflected off the visible beam splitter (90) to
pass through to the visible filter wheels (52) and the visible
light camera (33).

[0140] To view the visible light which has been reflected by
the visible beam splitter (90), the eyepiece (93) 1s attached to
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an external structure (94) of the mstrument enclosure of the
AQO system (2). Such external structure (94) can be realized
through an eyepiece holder or a tube with a set-screw to
securely hold the eyepiece (93) 1n place. Additionally, filters
can be added to the eyepiece (93), if desired.

[0141] With the use of the eyepiece (93) without filters, a
person 1s able to see the 1mages received by the visible light
camera (53) in full color. The visible light camera, on the
other hand, generally only records monochrome images
regardless of the visible filter used. These 1mages viewed
correspond to the 1mages being recerved by the telescope (1).
[0142] Altematively, in other embodiments, one can also
use an adaptor to put a digital SLR camera 1in the same port as
the eyepiece (93). This would allow a person to take full color
adaptive optics corrected images.

[0143] Following the above description of the compact
laser projection system (4) and the AO system (2), the present
disclosure will now describe in detail the overall software and
programming used to control the Robo-AO system.

Software/Methods

[0144] As introduced earlier 1n the present application, an
aim of the present disclosure 1s to provide a system that 1s
tully automatized and easily replicated. In other words, the
Robo-AQO system would be able to automatically perform any
calibration, correction and operational procedure necessary
to obtain scientific measurements from a particular telescope
and that such a system would be useable with a wide variety
of different telescopes. This 1s achieved by modularizing the
various subsystems within the Robo-AO control system to
allow greater interchangeability between the Robo-AO and
the software/hardware that the Robo-AO manages. Although
full automation 1s achieved 1n accordance with the teachings
of the present disclosure, the person skilled 1n the art will
understand that manual intervention 1s still allowed, when-
ever desired, e.g. for maintenance purposes. In the following
paragraphs, a detailed description will be provided as to
implementations of a plurality of subsystems and their con-
trol system designs which are used to control the respective
subsystems of the Robo-AO control system.

[0145] According to several embodiments of the present
disclosure, the control software used to run the Robo-AO 1s
based on a client-server architecture. By way of example, the
software for the control can be C++ based. Furthermore, the
client-server architecture can be implemented over TCP/IP
using a Linux® operating system. Although 1t would be pos-
sible to incorporate the entire Robo-AO system (in other
words the robotic control system and the various subsystems)
into a single program, an advantage of the current implemen-
tation 1s that 1t 1s more robust. In particular, 1t any single
subsystem of the Robo-AQO system crashes, the rest of Robo-
AQ system would not be immediately terminated.

[0146] FIG. 7 shows an exemplary architectural layout for
a control software of the Robo-AQO system 1n accordance with
the disclosure. The Robo-AO control software includes a
number of subsystem daemons and communication paths
between the subsystems. The term ‘daemon’ as used through-
out the present disclosure indicates a program, €.g. a control
program, running as a background process, rather than being
under control of a user. Alternatively, embodiments can be
provided where the user has direct control of the subsystems
of the Robo-AO system, or even over the operation of the
Robo-AQO system. In such embodiments, however, the system
would not be fully automatized.
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[0147] Arobotic control system (100) (e.g. a daemon ) man-
ages the entire Robo-AO system. After being instructed to
observe a particular object (or by selecting a particular object
to be viewed based on a queue), scientific data will next be
acquired from the object. Such scientific data includes images
of the object which are used to calculate measurements for the
object. For example, in one embodiment, the objects being
viewed could be astronomical objects while the measure-
ments being taken could be astrometric, photometric or spec-
troscopic. A more detailed disclosure pertaining to how the
robotic control subsystem (100) selects the object to be
viewed will be described later below.

[0148] Also present in the control software are a number of
sub-systems (101-108) that directly interface with different
hardware or software intertaces. Such subsystems, together
with the robotic control system (100), accept commands and
provide output subsystem statuses using a communication
system for control (114) and status monitoring (115).

[0149] According to an embodiment of the disclosure, the
communication system 1s a C++ based software that 1s devel-
oped to handle communications over TCP/IP connections.
During operation, a server 1s started first. Next, a client opens
a connection and passes a message that the client 1s connect-
ing with the server. The server responds with a welcome
message and information about the particular server process
1s provided. If the connection i1s successiul, communication
between the client and server 1s established. The client and
server then send ASCII text strings back and forth to each
other as appropriate to execute commands, share state infor-
mation and otherwise operate the Robo-AQO.

[0150] A list of the Robo-AO subsystems (101-108) will
now be provided. Details relating to such system daemons

will be provided later 1n the disclosure, also with reference to
the figures. Although the eight subsystem daemons below are
provided 1n detail, embodiments of the Robo-AO can have
any number of subsystem daemons, more or less than the
number being described throughout the present disclosure.

[0151] Telescope control subsystem daemon (101): used
to send commands to the telescope (1) for operations.

[0152] Laser beam guidance subsystem daemon (102):
controls operation of the laser beam guidance hardware.

[0153] ADC subsystem daemon (103): controls opera-
tion of the ADC (47).

[0154] AO subsystem daemon (104): controls operation
of the AO system (2).

[0155] Visible mmstrument camera (VIC) subsystem dae-
mon (105): controls operation of the visible light camera
(53) and visible light filter wheels (52) used to gather
visible wavelength science data.

[0156] Infrared camera (IRC) subsystem daemon (106):
controls operation of the infrared camera (66) and inira-
red filter wheels.

[0157] Telescope status control subsystem daemon
(107): interfaces with the telescope control system to
monitor operational status of the telescope (1).

[0158] Weather monitor control subsystem daemon
(108): monitors a state of observatory weather system
and checks for safe environmental operating parameters.

[0159] In this present embodiment, the above listed sub-
system daemons, as well as other potential subsystem dae-
mons, are provided in such a way that particular processes are
separate. However, 1n other embodiments, 1t 1s possible to
turther separate operations of particular processes into mul-
tiple different subsystems. Furthermore, 1t may be provided
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that multiple processes be combined 1nto a single subsystem.
As stated above, additional processes (or subsystems) could
be added to the Robo-AO system as the above listing 1s not
meant to limit the possible subsystems incorporated by the
Robo-AO system. However, all the above embodiments
maintain the goal that particular functions can be modular-
1zed. Furthermore, such control structures would be imple-
mented as a compromise between the operational capability
of the system and 1ts modularization.

[0160] Returning back to FIG. 7, the robotic control system
(100), by using the communication system for control (114),
1s configured to automatically detect situations when a sub-
system has disconnected or has crashed. If a disconnection 1s
detected, the robotic control system (100) assumes that the
connected subsystem has crashed and kills related processes
tied to the crashed subsystem. The robotic control system
(100) then restarts the subsystem through the use of a restart
command. If the subsystem cannot restart after a predefined
set of attempts, the robotic system control (100) logs the
server failure and then shuts down.

[0161] TheRobo-AO system control software also contains
a system momnitoring thread (109). The system monitoring
thread (109) recerves a status from each of the subsystem
daemons (101-108) and sets flags for the operation of the
robotic control system (100) based on the status. The system
monitoring thread (109) 1s represented differently from the
subsystems in FIG. 7 because it 1s currently a separate thread
inside the robotic control system (100). However, embodi-
ments are also possible in which the system monitoring
thread (109) can be a separate subsystem.

[0162] FIG. 7 also shows a watchdog control system (112)

which 1s used by the robotic system control (100) to monitor
the status of the entire Robo-AQO system and 1ts operation. IT
an error 1s detected by the watchdog control system (112) or
if the robotic control system (100) crashes, the watchdog
control system (112) automatically takes over operational
control of the robotic control system (100).

[0163] In the above situation when the watchdog control
system (112) takes over operational control of the robotic
control system (100) when the robotic control system (100)
crashes, the watchdog control system (112) first puts the
robotic control system (100) into a safe state. Afterwards, the
watchdog control system (112) will attempt to restart normal
operations. If a situation arises where the watchdog control
system (112) 1s unable to restart after a predefined set of
attempts, the watchdog control system (112) may log the
failure and then shut down the Robo-AO system.

[0164] The watchdog control system (112) contains all
information from the system monitoring thread (109). In fact,
the software used for the watchdog status system in the
watchdog control system (112) i1s the software as in the
robotic control system (100). If the robotic control system
(100) fails at something, the watchdog control system (112)
sends signals to the robotic control system (100) to pause.
Furthermore, the watchdog control system (112) will attempt
to execute programmed operations to fix the experienced
failure. These programmed operations include the same
operations the robotic control system (100) runs as well as
more draconian measures to stop the robotic control system
from continued operation immediately (e.g., cutting the
power). Once the robotic control system (100) has been
placed 1n a safe state, the watchdog control system (112) wall
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take individual subsystems through an 1nitialization process.
The entire Robo-AO system 1s stopped 11 any of the sub-
systems continue to fail.

[0165] All components of the Robo-AO system control
soltware continually output telemetry and logging informa-
tion to allow examination of the operation of the system via
communication line (113). If desired, a multi-threaded
method can be used to write log file statements. Such log file
statements are stored in hard drives (110). Throughout the
present disclosure, the term ‘multi-threaded’, a technique
where a program has more than one function executing in
parallel, will be used to indicate multiple threads existing,
within a same process during the execution of a task. In the
Robo-AQO system, multi-threading allows an efficient func-
tioming of the system.

[0166] Additionally, the outputted telemetry can also be
written to memory using a multi-threaded method, similar to
the logging system described above. With respect to the
telemetry, such can have both high and low speed capabilities.
The system telemetry outputs state values for each of the
subsystems as they operate. State values may include weather
parameters (such as temperature or humidity), camera param-
eters (such as temperature, cooler state and current nstruc-
tions ), motor parameters (such as position and motion state)
and telescope status, among other information. According to
an embodiment of the disclosure, everything that can be
recorded 1s done so 1nto one or more hard drives (110).

[0167] The system telemetry 1s generally taken at 1 Hz
although some systems (such as the AO system (2)) may
desire telemetry at higher rates. Depending on a speed at
which the system telemetry 1s taken at, the information 1s
recorded in different locations. The low speed telemetry
writes 1ts data to a file on the hard disk directly when gathered.
On the other hand, the high speed telemetry writes its data
into memory and generates a thread to write the telemetry to
a file on the hard disk as necessary. The high speed telemetry
also makes new files automatically when the file grows too
large. In contrast, the low speed telemetry does not grow large
enough to require additional space from a new file.
[0168] Additionally, image data can be saved, if desired, 1n
a Flexible Image Transport System (FITS) format via link
(116). The image data can also have low and high speed
capabilities, as similarly provided for the above described
telemetry data. Such capabilities are provided since some
camera images are taken as long exposures while other
images require a rapid readout from the camera system. The
high speed FITS data 1s able to create FITS data cubes (1.¢.
three-dimensional arrays of image data) at a camera rate
continuously. Additionally creation of new data cubes can
also be done on-the-fly, 11 desired.

[0169] All image data (e.g., astronomy 1mage data) can be
saved 1n a standard FITS format. Camera systems generally
gather data from their respective cameras and write the cam-
era data, corresponding to pixels of mnformation, into FITS
data files. An information header 1s added to the image that
contains information on the state of the Robo-AQO system at
the time the observation was taken.

[0170] With respect to long exposures, the camera image
can be written to a disk directly when the exposure 1s finished.
However, when rapid readout 1s used, the camera system
gathers images one after another so fast that writing a single
FITS file for each may be too slow. In such a case, a FITS data
cube (which constitutes a stack of FITS images) 1s created and
written to as each image 1s gathered. Once the FITS data cube
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1s full, the FITS data cube 1s closed and another 1s created 1f
more camera 1mages are to be taken.

[0171] Daiscussion of the Robo-AO subsystem daemons
(101-108) listed above will now be provided 1n detail below.
Reference 1s first made to FIG. 8, which shows a high level
flow chart for the weather monitor control subsystem daemon
(108) used to monitor the observatory weather system and to
check for sale environmental operating parameters. The
weather monitor control subsystem daemon (108) 1s the sim-
plest of all the subsystem daemons (101-108) previously
described and will be used to describe the general behavior of
all other subsystems used within the Robo AO control system.
[0172] According to an embodiment of the present disclo-
sure, all subsystems (including the weather monitor control
subsystem daemon (108) 1llustrated 1n FIG. 8) of the Robo-
AQO system feature multi-threaded architecture. The use of
multi-threaded architecture covers the implementation where
several threads are provided 1n a same process. As shown, for
example 1n FIG. 8, the multi-threaded architecture of the
weather monitor control subsystem (108) has five main
threads (command (116), control (117), status (118), error
monitor (119) and watchdog (120)), which are used to moni-
tor and control the operation of the subsystem’s respective
hardware and software interfaces. Furthermore, 1n accor-
dance with an embodiment of the disclosure, the subsystems
can inherit their respective properties from a base C++ class
where some functions are defined 1n the base class to enhance
performance and modularity of the subsystem.

[0173] Whena subsystem daemon 1s launched, four threads
are 1nitially created: the control (117), status (118), error
monitor (119) and watchdog (120) threads. All threads start
with their own initialization procedure (121) that 1s used to set
variable states and prepare the respective thread for operation.
Such threads will also undergo a shut-down procedure (122)
in order to terminate the thread in a proper manner, either
naturally during operations or when the operation of the dae-
mon ends.

[0174] The control thread (117) 1s the main management
thread in the operation of each subsystem. The control thread
(117) receives commands from clients (e.g. other sub-

systems) connected to the particular subsystem (accept com-
mand (130)) and launches a fifth thread (the command thread
(116)) (start command thread (131)) that executes the

received commands from external clients separately.

[0175] The command thread (116) undergoes 1ts own 1ni-
tialization procedure (121) and then executes the recerved
commands (execute command (133)), outputting a result
(output result (134)) to a state vanable that 1s read by the
control thread (117). The control thread (117) then transmits
(transmit result (132)) the results of the command to the
external client that provided the instructions to the command
thread (116). Since the command thread (116) 1s independent
from the other threads of the multi-threaded architecture, 1t 1s
able to execute operations while the control thread (117)
continues to operate and communicate with attached external
clients.

[0176] Although subsystem daemons (through the com-
mand thread (116)) usually accept only one command at a
time, commands can be queued for later execution if multiple
commands are provided to the system. Such feature can apply
to all subsystem daemons described throughout the present
disclosure.

[0177] With continued reference to FIG. 8, a status thread
(118) 15 also provided. In the specific case of the weather
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monitor control subsystem daemon (108), the status thread
(118) polls 1ts respective hardware and then writes a state to a
weather state class container (get weather data (127)). The
associated hardware for the weather monitor control sub-
system (108) can be, for example, an observatory weather
station and 1nternal thermal and humidity sensors.

[0178] The state stored 1n the weather state class container
(127) 1s then shared with the control thread (117). The control
thread (117) transmuits the state (129) to the clients at a rate of,
c.g., 1 Hz. With reference to the weather daecmon (108),
information 1s sent to the robotic system daemon (100) and
the watchdog daemon (112) through the system monitor
thread (109).

[0179] The fourth thread in a subsystem daemon 1s an error
monitor thread (119), which 1s used to examine the operation
of the subsystem daemon for any anomalies (check for errors
(125)). This operation includes executing functions that may
help the subsystem daemon to provide correct instrument
operation (such as a hardware control interface, purely sofit-
ware functions, etc.). In the specific case of the weather moni-
tor control subsystem daemon (108), the error monitor thread
(119) looks at parameters such as wind speed and temperature
to see 11 any conditions are outside the safe operating param-
cters of the observatory. The error monitor thread (119) can
also monitor the connection to the observatory weather sta-
tion and flags an error in situations where there are lost com-
munications.

[0180] Additionally, the error monitor thread (119) can be
used to change an operating state of the subsystem for safety,
or to start an automated error control operation (correct errors
(126)) to fix the error. In the case of the weather monitor
control subsystem daemon (108), this could entail restarting
the weather station communications.

[0181] The fifth thread of the multi-threaded architecture 1s
the watchdog thread (120). According to an embodiment of
the disclosure, the Watchdog thread (120) 1s defined 1n the
base class and 1s the same 1n all subsystem daemons. The
watchdog thread (120) monitors operation of the other
threads (e.g. 116-119) to make sure that the other threads
continue to operate properly (check for system failure (123)).
In particular, the watchdog thread (120) tracks execution
times of the other threads. This can be performed by requiring,
that the other threads write their respective current execution
time 1nto a variable that 1s tracked by the watchdog thread
(120). If one thread stops executing 1ts control loop, the
watchdog thread (120) steps 1n.

[0182] The watchdog thread (120) can also examine vari-
able settings or other parameters to make sure they do not drift
out of a set boundary. In a further embodiment, the watchdog
thread (120) 1s also able to monitor memory leaks or issues,
processor usage of the other threads and other operating sys-
tem parameters. The watchdog thread (120) 1s also able to
adjust operation of the subsystem daemon accordingly.

[0183] The following are some exemplary cases where the
watchdog daemon (120) undergoes ditferent procedures to fix
1ssues that arise in the subsystem daemon. In one situation
where one of the threads freeze, the watchdog thread (120)
attempts to take over action of the frozen thread to fix the
situation. In another situation, the watchdog thread (120) can
try to stop the frozen thread and then restart the same thread.
Where vanable settings are drifting outside a set boundary,
the watchdog thread (120) can provide a flag and reset the
variable settings. The watchdog thread (120) can also change
operational parameters such as updating the rate of the status
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or control threads. Lastly, the watchdog thread (120) can even
stop the entire subsystem daemon process, 1 necessary.
[0184] In a situation where a problem cannot be resolved
(for example, 11 a frozen thread cannot be unlocked by the
watchdog thread (120)), the watchdog thread (120) can shut
down the entire subsystem daemon (fix failure or shutdown
system (124)). Furthermore, all attached clients to the par-
ticular subsystem daemon are alerted. Each client attached to
the subsystem daemon can then attempt to restart the shut-
down subsystem daemon.

[0185] When several clients attempt to restart a subsystem
daemon, more than one 1nstance of the subsystem daemon
can be created in the process. However, having multiple
instances of the subsystem daemons to control the same piece
of hardware 1s undesired. To avoid this, a subroutine 1n a client
may use a random number generator to set a delay time before
attempting to restart a subsystem. Once a subsystem daemon
has started, another client that attempts to start the subsystem
can 1dentily from the operating system that the subsystem
daemon 1s already running and may abort the attempt to
restart the subsystem. Additionally, even 1n situations where
two or more instances ol subsystem daemons are somehow
started, the Robo-AO system can stop all the subsystem dae-
mons and attempt to restart the subsystems again.

[0186] Retference 1s now made to FIG. 9, which shows an
architecture for the telescope status control subsystem dae-
mon (107). The telescope status control subsystem daemon
(107) 1s similar to the weather monitor control subsystem
daemon (108) discussed above. The only difference between
the telescope status control subsystem daemon (107) and the
weather monitor control subsystem daemon (108) 1s that the
telescope status control subsystem daemon (107) accesses a
status of the telescope system, executes a different command
set, and has different error control procedures.

[0187] In particular, the status of the telescope 1s accessed
by sending commands over TCP/IP to a telescope control
system (137). The status of the telescope (1) can also be
determined by directly querying the hardware of the tele-
scope (1).

[0188] With respect to the query action, the telescope (1)
can have1ts own control computer that can recerve commands
over a TCP/IP connection. The connection returns status and
controls information over the same connection. The TCP/IP
connection to the telescope has three separate ports: one for
weather, telescope status and telescope control subsystem
daemons. Alternatively, direct control of the telescope (1) 1s
also possible but would require new 1nterface soitware to be
implemented.

[0189] As stated above, the telescope status control sub-
system daemon (107) and the weather monitor control sub-
system daemon (108) have different command sets and error
control procedures between the two, which are based on the
respective subsystem daemon’s functionalities. In fact, gen-
erally speaking, all the subsystem daemons (101-108) have
theirr own set of commands and error control procedures,
which are based on their functionalities. However, the pro-
grammatic operation of the subsystem daemons (101-108)
are all the same.

[0190] Reference will now be made to FIG. 10, which
shows a software architecture of the telescope control sub-
system daemon (101). The telescope control subsystem dae-
mon (101) manages operation of the telescope by sending
sends commands to move the telescope (1) and operates the
hardware of the telescope (1). The telescope control sub-
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system daemon (101) sends commands over TCP/IP to the
telescope control system (137) that operates the robotic tele-
scope.

[0191] Additionally, the telescope control subsystem dae-
mon (101) can also directly control the hardware of the
robotic telescope. Through an implementation of another sys-
tem that connects the telescope (1) directly to the Robo-AO
control computer (and associated software), one can use the
telescope control subsystem daemon (101) to directly control
the telescope hardware.

[0192] Because the Robo-AO system can layer the direct
hardware interfaces in modules that are then compiled 1nto
the subsystem daemons (101-108), generally these interfaces
can be exchanged for new modules that talk to a different kind
of hardware that do the same thing. For example, a new
camera can be used to replace an existing camera. In the
present application, 1t will be shown that the new camera only
requires writing a new module pertaining to the direct con-
nection for the camera to the Robo-AQ. This allows the rest of
the Robo-AQO system that controls the camera to remain the
same.

[0193] With reference back to FIG. 10, the telescope con-
trol subsystem daemon status (136) indicates the status of the
telescope control subsystem daemon (101) and 1ts operational
state. On the other hand, the status of the telescope 1itself 1s
monitored through the separate telescope status subsystem
daemon (107) described above.

[0194] FIG. 11 shows a software architecture for the ADC
control subsystem daemon (103). As discussed above, the
ADC (47) corrects the effects of dispersion of light that passes
through the atmosphere. The ADC control subsystem daemon
(103) monitors the status of the ADC hardware (138). When
a command 1s sent into the ADC control subsystem daemon
(103), 1t executes the command by sending signals to a motor
control system hardware (139). These commands move
motors connected to prisms that are used to do the optical
correction to compensate for the dispersion of light caused by
the atmosphere.

[0195] Theposition of anobject(e.g. a starinthe sky)1sone
factor which influences the dispersion of light caused by the
atmosphere which the telescope (1) recerves because the posi-
tion of the object defines a path for which light travels through
the atmosphere. Therefore, the ADC (47) constantly changes
the position of optics to compensate for the dispersion as the
telescope (1) tracks the object. Calculating the dispersion 1s a
known math equation that depends on an angle of the tele-
scope above the horizon and 1s then used to provide angles for
the prisms used to correct for the dispersion.

[0196] The above correction 1s performed 1n a motor posi-
tion thread (140), which 1s launched when the ADC control
subsystem daemon (103) starts. In particular, the motor posi-
tion thread (140) takes input from the telescope status control
subsystem daemon (107) and uses the information obtained
to calculate a dispersion correction (141). The motor position
thread (140) 1s unique to the ADC control subsystem daemon
(103).

[0197] After the dispersion correction 1s obtained, the
prisms are then commanded to move accordingly (142) to
compensate for the dispersion caused by the atmosphere. The
motor position thread (140) runs at a rate of, e.g., 1 Hz and
continually updates the position of the prisms based on the
position of the telescope (1).

[0198] Parameters for and limits on the update position of
the prisms are usually controlled through a configuration file.
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The configuration file 1s created by a user and includes 1nfor-
mation that affects the operation of the ADC. This informa-
tion can include limits to operation from zenith, connection
information for the motor controller and information about
the ADC design that sets the axes of rotation. The configura-
tion file 1s located 1n a standard configuration directory, along
with configuration files for all Robo-AO systems. For
example, standard directories for telemetry, data and configu-
ration files can be provided. The location of such files 1s

included 1n the lowest level C++ class common to all Robo-
AQ software.

[0199] Next, FIGS. 12-1 and 12-2 show the software archi-
tecture for a visible mstrument camera (VIC) control sub-
system daemon (1035). As with the other subsystem daemons,
such as the ones discussed above, the VIC control subsystem
daemon (1035) monitors the status of the hardware it controls
(e.g. the VIC). In the embodiment shown 1n FIGS. 12-1 and
12-2, the VIC control subsystem daemon (105) controls a VIC
CCD (144) and any attached filter wheels (143). The commu-
nication protocol can depend on a camera-hardware connec-
tion. By way of example, the Robo-AO VIC can use Camer-
alink®. Alternatively, USB®, Firewire®, TCP/IP as well as
other hardware protocols can also be used instead.

[0200] According to an embodiment of the disclosure, the
VIC camera system can have three modes that are used to take
images: regular camera 1images, rapid readout image sets, and
tip talt control 1mages. The tip t1lt control 1mages are used to
correct a positioning of the telescope (1) to properly acquire
an object (e.g. target 1n the sky).

[0201] Inthe situation where the VIC camera system wants
to take regular camera 1mages, such command 1s sent first to
the VIC control subsystem daemon (105). The command 1s
accepted by the control thread (130) within the VIC control
subsystem daemon (105). Then the control thread (117) starts
a command thread (131). The command thread (116)
executes the command and takes a single exposure of the VIC.
The filter wheel position 1s similarly controlled by the VIC
control subsystem daemon (105).

[0202] On the other hand, when the VIC camera system
wants to take a rapid readout set of 1images, a separate rapid
image readout thread (150) 1s generated. After initializing the
rapid 1mage readout thread (121), the rapid readout thread
(150) waits for a signal from the VIC control subsystem
daemon (103) to start operations.

[0203] Once the VIC CCD (144) 1s configured properly for
operation, the signal to start operations 1s sent and the rapid
readout thread (150) starts to gather images (151). Com-
mands are sent to the VIC CCD (144) using the camera
interface soltware to set up its operational parameters accord-
ing to an observing mode. That includes setting cooler tem-
peratures, configuring the camera readout amplifiers and set-
ting gain values. A filter wheel position 1s set 1I necessary
(147) by the rapid readout thread (150). Filter wheel setup 1s
typically done betfore starting the rapid readout thread (150)
by a separate command that goes through the control thread.

[0204] Afterwards, the camera system starts a loop that
takes an 1mage off the VIC CCD (152) and writes the images
to a disk (153) or a local system hard drive. This ensures that
the images are not lost 1f an error arises during operation. The
rapid readout thread (150) gathers 1mages by requesting an
image from the camera and then waits for the camera to return
an 1mage or an error. The operation of the camera is the same
as for the command thread (116) when setting up and observ-
ing a single image, except that the setup 1s done once and the
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imaging 1s repeated 1n a loop (with respect to the rapid readout
thread (150)) instead of waiting for an external command to
execute each observation.

[0205] The loop continues to operate until a stop signal 1s
sent (stop (154)). After the stop signal 1s recerved, the rapid
readout thread (150) returns to waiting for the next signal to
start.

[0206] Withreference to the third mode, taking tip tilt con-
trol 1images, a tip t1lt image thread 1s launched as a separate
thread (146) when a tip t1lt command 1s sent to the AO system
(2). As discussed above, the tip tilt images are used to correct
the positioming of the telescope (1) i order to properly
acquire an object.

[0207] Adfter imtializing the tip tilt image thread (146), the
filter wheel position 1s set (147), 1f required. Afterwards, the
tip tilt image thread starts a sequence of taking an 1image (148)
and measuring a centroid position of the target star in the
image (149). Images are acquired constantly during operation
of the tip t1lt image thread (146) until the tip tilt system 1s
stopped. Measurements of the centroid position of the target
start 1n the 1mages acquired are made for every acquired
1mage.

[0208] The centroid position is saved 1n a state variable that
the control thread (117) picks up when the centroid position
value has changed. In particular, the centroid position values
for the current measurement are held 1n memory until the
correction 1s completed. The centroid position values are then
replaced by the next centroid measurement. Centroid position
values are also included 1n telemetry.

[0209] The control thread transmits (155) the centroid posi-
tion value to the AO system (2) which then uses the centroid
position value to correct the position of the telescope so that
it can properly observe the object (e.g. a star 1n the sky). The
control thread (117) also monitors the update time of the tip
t1lt thread (146). When the time changes, the control thread
(117) outputs new centroid values over client-server TCP/IP
connections to all clients. The AO system (2) 1s a client of the
VIC control subsystem daemon (105), so the tip tilt centroids
are automatically sent to the AO system (2), which calculates
new tip t1lt motor position and moves the tip tilt motor accord-
ingly.

[0210] All VIC CCD data obtained above 1s recorded 1nto
FITS data files. The regular images are recorded 1n a single
two-dimensional image. Rapid readout and tip tilt images are
recorded 1n data cubes by recording, for example, the data on
demand, and creating new data cubes once the current cube
reaches a set size (e.g. 1 GB).

[0211] Image headers are provided for the images using a
status of all the other Robo-AO subsystems at the time of
observation. The purpose of such detailed image headers 1s to
create a complete picture of the state of the Robo-AO system
at the time the 1mage was taken.

[0212] Next, FIGS. 13-1 and 13-2 show the software archi-
tecture of the IRC subsystem daemon (106). The IRC sub-
system daecmon (106) 1s constructed 1n a similar way to the
VIC subsystem daemon (105) discussed above. Therefore, all
functions of the IRC subsystem daemon (106) operate 1n a
comparable way to the functions of the VIC subsystem dae-
mon (105), with the exception that the IRC subsystem dae-
mon (106) connects to an infrared (IR) detector (157).

[0213] The IRC subsystem daemon (106) and the VIC sub-

system daemon (103) are interchangeable, as they both per-
form the same functions. As discussed above for the VIC

subsystem daemon (103), the IRC subsystem daemon (106)
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also gathers image data 1n regular and rapid readout modes as
well as acquires and calculates tip tilt image centroids for the
AQO system (2) 1 a stmilar manner.

[0214] FIGS. 14-1 and 14-2 shows a software architecture
of the AO subsystem daemon (104). In the embodiment of the
figure, the AO subsystem daemon (104) directly controls
several pieces of hardware: the wavelront sensor detector
(65), the deformable mirror (42) and the fast steering mirror
(48) ol the AO system, and the moveable beam steering mirror
(9) of the compact laser projection system (4).

[0215] As discussed above, the point of modularizing the
Robo-AQO system 1s that the AO subsystem daemon will not
change, but different hardware/interface software can be
plugged into the AO subsystem daemon to control different
pieces ol hardware. For example, a different waveiront sensor
detector can be used in place of a current wavelront sensor
detector without significant (if not any) changes to the AO
subsystem daemon.

[0216] The hardware that can be controlled by the Robo-
AQ software mcludes motor motion controllers, camera sys-
tems, electronic systems and data collection systems. The
Robo-AQO software accesses these various hardware through
the hardware link to the computer (e.g. USB, Firewire, TCP/
IP) and through the Linux operating system drivers that con-
nect programs 1n the operating system to the hardware.
[0217] Thelowerlevel hardware each have a software inter-
tace created for 1t within the Robo-AQ software. The software
interfaces (modules) can be plugged into the Robo-AQO soft-
ware as necessary to connect the command interface of the
subsystem daemons to the hardware that the subsystem dae-
mon controls.

[0218] Returning to FIGS. 14-1 and 14-2, the status of the
AQ system 1s monitored in the status thread (118) of the AO
subsystem daemon (104). The AO performance 1s monitored
at a rate of 1 Hz. In a stmilar manner as described for other
subsystem daemons above, 1f an error 1s observed, the watch-
dog thread (120) steps 1n and attempts to correct the error as
well as sends a message to clients that an error has been
detected.

[0219] The AO subsystem daemon (104) has the five stan-
dard threads described above (command, control, status, error
monitor and watchdog) but also has two extra threads, which
are launched when the AO subsystem daemon (104) starts:
the tip tilt image thread (171) and the wavelront sensor (WES)
thread (178).

[0220] The tip t1lt image thread (171) 1s used to stabilize
X-Y positioning of an object (e.g. target star) on the science
camera (either VIC or IRC, depending on the operating
mode). The stabilization corrects for atmospheric distortions
and telescope and mstrument motions that move the object
around on the camera.

[0221] Adter the tip t1lt image thread (171) 1s mitialized
(121), the tip t1lt image thread (171) waits for a start signal to
be sent to begin the correction process (172). The tip tlt
image thread (171) waits for a centroid measurement (173)
from the current camera. Although FIG. 14 shows that the
camera used 1s VIC (105), 1t should be noted that IRC (106)
can be used instead.

[0222] Once the centroid measurement 1s recerved from
either the VIC or IRC, a corrected position 1s calculated (174)

by comparing the new centroid measurement and previous

centroid measurements and applying a gain value. The cor-
rection 1s then sent from the tip tilt image thread (171) to a AO
tip tilt motor mtertace (177). The AO tip t1lt motor 1s given a
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value that tells the motor a position to move to. The exact
method of communication depends on the interface to the AO
tip tilt motor.

[0223] The loop of acquiring centroid measurements, cal-
culating a corrected position and providing the correction to
the AO tip tilt motor interface 1s continued until the tip tlt
image thread (171) 1s signaled to stop the correction. At this
point, the tip tilt image thread (171) terminates the loop (176)
and waits for the start signal.

[0224] Turming now to the description of the WFES thread
(178). The WES thread (178) 1s the heart of the AO system (2)
because 1t does the correction for the atmospheric turbulence/
distortion of the light from the object (e.g. star in the sky) for
the AO system.

[0225] Adterinitialization, the WE'S thread (178) waits until
a start signal 1s sent to begin the correction process (179). The
signal to start the correction process (179) used with the WES

thread (178) 1s not necessarily the same signal sent to the tip
t1lt image thread (171) because the two threads (the WES

thread (178) and the tip t1lt image thread (171)) operate inde-
pendently.

[0226] Once the WES thread (178) recerves the signal to
start, the WES thread (178) initiates a correction loop. The
correction loop for the WES thread (178) runs at a rate of at
least 1.2 kHz. Clients attached to the AO subsystem daemon
(104) sends start commands for the WFS thread (178) thereby
changing a state of a variable signitying whether the WES
control loop 1s paused or 1n an operational loop.

[0227] The AO system (2) commands the WEFS CCD (185)
to take an 1mage to measure the wavetront (180) of the laser
beam (5). The WFS 1mage 1s a set of subapertures created by
a lenslet array (63) in the AO system (2). Each subaperture 1s
generally a square of Tour pixels. The centroid of each of these
pixels 1s measured where generally the subaperatures do not
all have the same centroid. The difference 1n centroids 1s due
to the turbulence of the atmosphere plus the optical distor-
tions of the telescope (1) and the AO system (2).

[0228] The WEFS thread (178) then uses the frame to mea-
sure the distortion of the 1image and reconstructs the image to
remove the effects of atmospheric turbulence (181). To recon-
struct the 1mage, the measured centroids are converted to
slopes adjusted for static distortions in the AO system (2) and
then converted to deformable mirror movement positions by
using a previously constructed matrix that converts slopes to
deformable mirror movements. The static distortions in the
AQ system (2) were previously measured as part of the AO
system calibration.

[0229] With respect to deformable mirror movements, the
commands are sent to the deformable mirror (42) through a
hardware interface. The deformable mirror does not actively
transmit 1ts position to the AO subsystem daemon (104).
However, determination of how successful the deformable
mirror movements have been implement 1s determined by
measuring the next WEFS CCD image. Depending on the
results, another correction can be applied. Alternatively, 1 the
deformable mirror 1s not operating properly (e.g. deformable
mirror should be moving but 1t 1s readily apparent that it does
not), the status and error control threads will note the prob-
lem, step 1n and attempt to fix the situation.

[0230] The above reference describes how a particular
deformable mirror works in the present embodiment. As with
all hardware interfacing, other deformable mirror may work
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differently. However, the overall Robo-AO system will still
be operational 1n a similar manner regardless of which
deformable mirror 1s used.

[0231] The X-Y position of the laser beam (35) 1s also mea-
sured 1n the WEFS CCD image. The corrections for the laser
beam (8) are obtained from the measurements so that the laser
beam remains centered in the WES CCD field of view. The

commands to implement the corrections for the laser are sent
to the tip talt motor interface (187).

[0232] With reference to the corrections for the laser beam
(5), tip and tilt measurements 1n the centroids of the WES
CCD 1mages are due to movements of the laser across the sky.
Measuring the tip and tilt values allows corrections of the
laser position. This 1s similar to how the AO system correc-
tions are measured and calculated. Instead of the tip and talt
measurements being sent to the deformable mirror as
described above, the measurements are provided to a laser
motor instead. Each measurement of the tip and tilt provides
new correction for the laser through the tip t1lt motor position.
This constant correction allows the laser position to be con-
tinually updated.

[0233] In an embodiment of the present disclosure, the tip
t1lt motor commands (for the laser and the AO system) are
sent through the deformable mirror command interface cor-
responding to a particular feature of the deformable mirror
clectronics system, which facilitates the corrections. How-
ever, as stated above, this particular hardware interface may
be unique to Robo-AQO based on particular hardware present.
Other embodiments can utilize different lasers and/or
deformable mirror hardware interfaces but essentially the
same software of the Robo-AO can be used. Again the sig-
nificance 1s to allow replication of the Robo-AQO control sys-
tem and increased modularity of the different subsystems
controlled by the Robo-AO.

[0234] With reference back to FIGS. 14-1 and 14-2, the

above loop for laser position correction 1s continued until the
AQ subsystem daemon (104) 1s signaled to stop the correc-
tion. At this point, the WES thread (178) terminates the loop

(184) and waits for a future start signal to resume corrections.

[0235] Now discussion will turn to FIGS. 15-1 and 15-2
which show the software architecture of the laser beam guid-
ance subsystem daemon (102). The laser beam guidance sub-
system daemon (102) controls all operations of the compact
laser projection system (4). The status thread communicates
with the compact laser projection system (4) to read the laser
status (188). The laser beam guidance subsystem daemon
(102) also directly operates the laser hardware (189) when a
command thread (116) 1s executed.

[0236] The laser safety shutter (7) i1s also controllable
through the command thread (116) of the laser beam guid-
ance subsystem daemon (102). The laser safety shutter (7) 1s
used to stop the laser beam from propagating out of the
compact laser projection system (4) as an additional safety
measure as stated above.

[0237] Aside from the five threads that all subsystem dae-
mons contain, as described above, the laser beam guidance
subsystem daemon (102) also has a laser satety thread (191)
that 1s launched when the laser beam guidance subsystem
daemon (102) starts. The laser satety thread (191) monitors
operation of the laser to 1nsure that the laser only operates
when 1t 1s safe to do so.

[0238] Adter imtializing the laser safety thread (191), the
laser safety thread (191) goes 1nto a continuous loop that has
several safety checks that are done. First, the laser safety
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thread (191) checks the status of the telescope (192) and 1f the
telescope 1s communicating properly. The latter 1s obtained
by reading the telescope status control subsystem daemon
(107). If communications with the telescope status control
subsystem daemon (107) fail, or if the telescope has a safety
1ssue, the laser satety thread (191) throws a flag to indicate the
occurrence of the failure.

[0239] Next, the laser satety thread (191) checks that the
laser closure windows are open for firing. Typically, the
Robo-AQ system clears operations with USSTRATCOM®,
which sends open windows to laser operators to avoid lasing,
of satellites. In situations where there exists a laser closure
window, which 1s generated by USSTRATCOM®), the clo-
sure windows are handled automatically by the Robo-AO
system.

[0240] The last check made by the laser safety thread (191)
1s regarding sale operation of the laser hardware (194). If
there are any 1ssues with the laser firing, the laser system
operations are stopped (195), and operations are not allowed
to restart until 1t 1s again safe to do so.

[0241] Discussion has been provided relating to the sub-
system daemons (101-108) as shown 1n FIG. 7. Additionally,
the Robo-AQO system can also be provided with two additional
subsystem daemons: a queue scheduler and a power system.

[0242] The current observing system 1s embedded inside
the robotic control system (100). The robotic control system
(100) takes a predetermined list of objects (e.g. astronomical
objects) and observes them in order. A simple facility 1s 1n
place to skip observations for unavailable targets (concerning,
laser closure windows) or objects that are not observed suc-
cessiully (due to system errors). Furthermore, these observa-
tions can be repeated 11 necessary.

[0243] This 1s contrasted with the queue scheduler sub-
system daemon, which has a library of available objects to
observe. The observation information for the available
objects 1s stored, for example, in an XML format file. The
queue scheduler daemon 1s able to check a number of differ-
ent functions or parameters such as current conditions (such
as telescope position, weather, atmospheric seeing), laser
closure window times, target access and observation param-
cters. The queue scheduler daemon then ranks the observa-
tion targets based on functions or parameters. The observa-
tion target that 1s ranked first after these checks performed by
the queue scheduler daemon 1s passed to the robotic observ-
ing system (100) to be observed. After the observation of the
target 1s complete, the object 1s taken out of the list of avail-
able observations. The queue scheduler daemon allows the
robotic observing system (100) to select from thousands of
targets at a time but also increase observing efliciency and
scientific output over the current method.

[0244] The other additional daemon mentioned above
which could also be implemented in the layout of F1G. 7 1s the
power system subsystem daemon. All the hardware for the
robotic control system (100) 1s plugged into a network power
switch (NPS), which can be controlled by computer com-
mands. In the current embodiment, power switching 1s
handled by each subsystem daemon separately as necessary.
This can cause 1ssues 1f two subsystem daemons attempt to
command the NPS at the same time.

[0245] Alternatively, a central power system can be imple-
mented to solve the above 1ssue. In particular, the power
system subsystem daemon can monitor the state of the power
system and handle switching in an intelligent manner. Clients
(which can include all Robo-AQO subsystems) will send com-
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mands to turn the power on or off and to check the state of the
power switch. The power system subsystem daemon will be
able to monitor the state of the power switch, and if there 1s a
tailure, signal the clients that there 1s an error. This signal can
be used by the robotic control system (100) to stop operations.
Furthermore, queued power switching, or sending a signal to
switch multiple systems at one time are possible implemen-
tations to increase etficiency relating to the operation of the
system. Additionally, the queued power switching and simul-
taneous switching of multiple systems can also enhance
safety especially in emergency conditions where all power
can be 1nstantly switched oif at once.

[0246] Relerence 1s now made to FIGS. 16-1 and 61-2,
which shows the basic architecture of the subsystem daemon
of the robotic control system (100) as seen, for example, 1n
FIG. 7. As the central control system for the Robo-AO syste,
the robotic control system (100) can access information from
all the other subsystem daemons (e.g. 101-108). Furthermore,
the robotic control system (100) can also send commands to
the other subsystem daemons (101-108) for the other sub-
system daemons (101-108) to execute scientific observations.

[0247] The robotic control system (100) has a multi-
threaded structure similar to the other subsystem daemons.
After imitialization of the threads, the watchdog thread (120)
monitors operations of the robotic control system (100).
Similarly, 11 the robotic control system (100) experiences a
failure, the watchdog thread (120) either fixes the error or
shuts the daemon down.

[0248] Typically, inaccordance with the present disclosure,
if a subsystem has a failure (such as a camera cooling shutting
oil or the laser not starting properly), the error monitor thread
of the subsystem that has an error passes an error message to
clients connected to 1t.

[0249] The error monitoring thread (119) receives errors
from the subsystems that occur during operations (as opposed
to errors that occur during execution of a command). The
error monitoring thread (119) of the robotic control system
(100) also recerves the error message provided above. In most
cases, the error monitoring thread (119) makes a determina-
tion 11 the error identified requires the robotic control system
(100) to stop operations.

[0250] It should be noted here (as similarly stated above)
that aside from the robotic control system (100), all connected
clients receive error messages from any connected subsystem
daemon so that such clients can take appropriate action. Each
of the subsystems of the Robo-AO system 1s individually
responsible for i1ts operations, so that errors aifecting the
various subsystems are handled locally. Additionally, the
robotic control system (100) sends commands to back up the
operations done at the local level or to monitor the subsystems
to ensure that the subsystems perform the right action in
response to the error. The end result 1s that such a system
allows for better flexibility because each client subsystem
does not necessarily take the same action when the same error
1s encountered.

[0251] For example, with respect to an laser beam guidance
subsystem, a situation may arise when dealing with a closure.
In a situation where the telescope commumnications show an
error that 1s communicated to both the robotic control system
(100) and the laser beam guidance subsystem daemon (102),
the latter can immediately stop laser operations for safety
reasons to handle the problem at a local level. Alternatively, if
the error 1s provided just to the robotic system (100), which
would then command the laser beam guidance subsystem
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daemon (102) to stop the laser, it 1s possible that the error
signal and/or the command provided to the laser beam guid-
ance subsystem daemon (102) could be delayed or missed
thereby causing the laser not to shut down properly. However,
once the error has been cleared, the robotic control system
(100) will continue normal operations.
[0252] As seen 1n FIG. 16, a system monitor thread (109)
has been created as a thread inside the robotic control system
(100). However, the system monitor thread (109) could also
be a separate subsystem daemon as well.
[0253] After mitialization, the system monitor thread (109)
reads the state of each of the subsystem daemons (101-108)
through the client-server connections. All the subsystem dae-
mons (101-108) send their state continuously to their respec-
tive clients.
[0254] As each subsystem daemon state 1s checked, flags
are set to indicate the status. For example, a weather state flag
1s set when the weather monitor control subsystem daemon
(108) 1s checked. If any of the weather parameters are outside
of a predefined safe operational limit, the flag 1s set to indicate
to the robotic control system (100) that the robotic control
system (100) should stop operations and wait until the
weather 1s safe for operations. In fact, each check of a sub-
system daemon sets flags that indicate to the robotic control
system (100) 11 operations should pause, continue, or com-
pletely stop.
[0255] The above operation of checking status/states and
setting flags continues the entire time the robotic control
system (100) 1s 1n operation. Any failure of the system moni-
tor thread (109) can be caught by the watchdog thread (120).
Without proper operation of the system monitor thread (109),
the entire robotic control system (100) may not operate sately.
[0256] Returning to FIG. 16, discussion now turns to the
observation thread (209). The observation thread (209) con-
trols the scientific operation of the robotic control system
(100). The observation thread (209) undergoes imitialization
(121). The mitialization (121) includes additional steps such
as mitializing all subsystem daemons, preparing the telescope
for operation, waiting for cooling systems to cool instrumen-
tation, taking calibration frames and then waiting for the
system monitor thread (109) to clear the observing thread
(209) for operations.
[0257] Once operation of the observation thread (209)
starts, the observation thread (209) goes through a sequence
to gather scientific observations:

[0258] Select the next object (e.g. an astronomical

object) from the observing queue (211).
[0259] Configure the Robo-AO system (1.e. all sub-
system daemons) for observations (212).

[0260] Point the telescope (213) towards the targeted
object (213).

[0261] Start the laser beam guidance system (214).

[0262] Start the AO system (215).

[0263] Take appropriate scientific observations (216).

[0264] Stop the AO system (217).

[0265] Stop the laser beam guidance system (218).
[0266] The above sequence continues until the robotic sys-

tem (100) 1s paused due to weather or other instrument 1ssues.

The system then continues when it 1s safe to operate again. At
the end of the might, the observation thread (209) shuts down
all subsystem daemons and terminates all operations (219) of

the robotic control system (100).
[0267] As discussed above, the watchdog control system
(112) (as seen 1n FIG. 7) monitors operation of the entire
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system with 1ts own embedded system momnitor. If the robotic
control system (100) has a failure, or any other subsystem
daemon has an error to which the robotic control system (100)
does not react, the watchdog control system (112) can take
over and handle the error.

[0268] For example, 11 the observation thread (209) of the
robotic control system (100) experiences an error, the watch-
dog control system (112) will attempt to restart the observa-
tion thread (209). If the watchdog control system (112) 1s
unable to restart the robotic control system (100) success-
tully, the robotic control system (100) 1s shut down. A subse-
quent email message 1s provided requesting human interven-
tion.

[0269] Reference 1s now made to FIGS. 17-1 and 17-2,
which show a detailed flow chart of the observation thread
(209) of the robotic control system (100). The flow chart
shows execution of the observing loop during each 1teration
for obtaining scientific observations when made for the
robotic control system (100).

[0270] In the first step of the observing loop, the observa-
tion thread (209) determines the next target to observe (220).
The target for observation 1s defined as a set of objects (e.g.
astronomical objects) that together creates a scientific obser-
vation as part of an observation program. Targets can also be
composed of multiple astronomical objects. Once a target 1s
selected, the next object to be observed s selected (221). Then
the next observation for that object 1s selected (222).

[0271] The observation thread (209) can execute filter
changes, dither observations, or other operations for the astro-
nomical objects that require multiple exposures as part of an
observation. The observation setups to be executed by the
observation thread (209) are configured by the scientists
responsible for the observations and provide the desired
parameter.

[0272] Once the target 1s selected, the robotic control sys-
tem (100) starts the observing sequence. In parallel opera-
tions, commands are sent to move the telescope (223), to
configure the AO system, to configure the science camera
(227) and move the filter wheel 1f necessary (228). When
configuring the AO system, the robotic control system (100)
controls both the tip t1lt (225) and WFS (226) systems.

[0273] The robotic control system (100) 1s capable of
checking if the above operations running in parallel with the
observing sequence are completed successiully (224, 229).
Once the systems and hardware are configured, the observa-
tion thread (209) moves to the next step. However, 11 a com-
mand failure occurs, the error monitor thread (119) of the
robotic control system (100) takes over and attempts to deter-
mine the error and fix 1t. Command errors are communicated
back to the robotic control system (100) from the subsystem
daemons. In the event that the command failure results 1 an
error, which 1s unrecoverable, the robotic control system
(100) will shut down and send an email for human interven-
tion. As similarly discussed above, this error control para-
digm 1s used for all Robo-AO functions.

[0274] The next step of the observation thread (220) 1s to

propagate the laser (230) and check that the laser 1s operating
properly (231). If 1t 1s found that the laser 1s operating prop-
erly, the laser beam guidance system to acquire the laser 1s
started (232). The system then waits until the laser 1s acquired

on the WFS CCD (223).

[0275] Once the laser 1s acquired on the WES CCD (223),
the AO system 1s started and the loop relating to the laser 1s
closed. The loop relating to the laser aims to keep the laser 1n
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position and starts the active wavelront correction with the
deformable mirror (234). If there are no errors (235), the
robotic control system (100) starts setting up for science
observation of the targeted object. The tip tilt system sets the

reference object to a particular spot on the science CCD
(236). Once 1n place, the AO system 1s calibrated (238).

[0276] In parallel to the calibration of the AO system, a
reference seeing measurement 1s made (240). This measure-
ment 1s used to measure the performance of the system. IT
there are no errors (237, 239), the tip t1lt loop 1s started (241).
Afterwards, once the tip t1lt loop begins operation, science
observation 1s executed.

[0277] Adter a science observation 1s finished, the observa-
tion thread (209) checks to see 1f the observation was suc-
cessiul. If an error happens during the science observation
(244), the observation 1s attempted again.

[0278] Adlter completion of the science observation, the
observation thread (209) steps through any other exposures
associated with the observation. Some observations are
repeated multiple times so a check for a repeat 1s made (246).
If a repeat 1s required, the science observation 1s executed
again for the same target.

[0279] Furthermore 11 the same object 1s observed in mul-
tiple filters (247), a filter change 1s made (228, 248) and the
science observation completed for the object. I a dither
observation 1s required (249), 1n other words situations where
the telescope position 1s shifted, then the entire observing
sequence 1s repeated with the new telescope alignment.
[0280] If after all of the above steps, there are still expo-
sures to execute for the science observation (250), the
required reconfiguration of the science camera (227) and the
subsequent scientific observation are executed.

[0281] Once the science observations for the object are all
complete, the observation thread (209) 1s ready to move to a
new astronomical object for the next set of observations. The
tip t1lt system 1s stopped (251, 252), followed by the stopping,
of the WF'S system (253, 254) as well. The laser beam guid-
ance system 1s stopped next (2535, 256). Afterwards, a check
on queue targets 1s made (257). If the queue target still has
objects available for observation, the object 1s selected. Oth-
erwise, the current target 1s marked completed and a new
queue target 15 selected (220). After the selection of a new
object, the sequence starts again.

[0282] Earlier, the application described the operations of
the laser beam guidance system. FIG. 18 shows a flow chart
for the operation of the laser beam guidance subsystem. The
laser beam guidance subsystem uses the WEFS CCD and laser
steering mirror in concert to find the spot the laser creates 1n
the sky and center the spot on the WES CCD.

[0283] The laser beam guidance subsystem is built into the
AQ system (2), but uses the compact laser projection system
(4) to propagate the laser beam into the atmosphere. Gener-
ally the AO system (2) 1s calibrated before operating.

[0284] The robotic control system (100) first checks for a
sale operating state of the AO system (2359) through the sys-
tem monitor thread (109). Next, the compact laser projection
system (4) propagates a laser beam (5) with a command from
the laser beam guidance subsystem daemon (102). If the laser

propagation 1s successiul, the AO system 1s calibrated (261).

[0285] With respect to the WFS CCD, when the back-

ground 1mage 1s taken (261), Pockels cell (61) stops allowing
light from the laser beam through (except for a slight
amount). This slight amount allows measurement of the back-
ground 1n UV light. That background measurement 1is
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removed from every image taken with the WES CCD during
AQO operations (both during the automated laser search and
AQO correction). The laser beam 1s then measured by the WFES
CCD mmages to capture, align and center the laser beam.
Leftover light 1s due to the laser light being scattered. Very
little UV light from astronomical objects can reach the
ground.

[0286] Calibration using the laser beam 1s accomplished by
taking a background image, which increases the performance
of the WFS CCD. Once these steps are accomplished, the
automated laser acquisition function 1s run (262) by sending
a command to the AO subsystem daecmon (104).

[0287] The automated laser acquisition function then starts
out by mitializing variable and array values to 1nitial states
(263). The automated laser acquisition function also resets
the moveable beam steering mirror (9) to 1ts center position,
and 1nitializes the operation of the WEFS CCD. Once the
initialization 1s complete, an 1nitial image 1s taken with the
WES CCD (265).

[0288] A WEFS CCD image 1s divided into several sub-
apertures. In each sub-aperture of the WEFS CCD 1mages, a
total brightness and centroid are measured (266). For laser
centering automation, the measuring of brightness i each
sub-aperture allows to mark a sub-aperture as “acquired”
when the sub-aperture brightness 1s greater than a preset
threshold.

[0289] When the mitial WEFS CCD image 1s taken, the
number of acquired sub-apertures are counted. If the number
ol acquires sub-apertures exceed a preset percentage of the
total number of sub-apertures, then the search i1s stopped
(268). 1T the number of acquired sub-apertures 1s below the
acquisition threshold, then the moveable beam steering mir-
ror (9) 1s moved one step 1n a set direction (271) and another

WEFS CCD mmage 1s taken and analyzed (266, 267).

[0290] The moveable beam steering mirror (9) 1s moved a
preset angle corresponding to a physical motion of the motor
associated with the moveable beam steering mirror (9). The
physical motion for moving the moveable beam steering mir-
ror (9) 1s done 1n a spiraling pattern from the center of the
motor range to its limit of travel.

[0291] Theabove procedure 1s repeated for each position of
the laser steering mirror (270) until the number of acquired
apertures exceeds the set percentage. I the search fails to
acquire the laser beam (269), an error 1s sent to the robotic
observing system (100). Failure states can include (but are not
limited to): poor WEFS CCD backgrounding, laser shutoft,
clouds or atmospheric phenomena, or an extremely bright
background source.

[0292] The adaptive optics handles failures by re-measur-
ing the background and attempting the centering procedure
again. However, iI the AO system fails enough times the
robotic control system (100) skips to another observing tar-
get.

[0293] When the acquisition 1s successtul (268), the spiral
search 1s stopped at that position. Continued searching after
acquisition 1s inetficient and unnecessary. However, a second,
finer search can be run at this point (273), using the same
procedure as the first spiral search but with a higher threshold
for the percentage of acquired sub-apertures and a smaller
step size.

[0294] Once the search for the laser beam 1s finished, a log
message of the results of the search 1s produced that details
what happened during the automated search process (272). A
success or failure message 1s sent to the robotic control sys-
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tem (100). If the search was successtul, the robotic control
system (100) takes another AO system background image
(261) and then starts operation (274). This additional step 1s
used to increase the performance of the AO system opera-
tions.

[0295] The laser beam guidance subsystem position 1s then
measured by first centroiding the sub-apertures. Afterwards,
the laser beam 1s steered until 1t 1s centered in the sub-aper-
tures. This sub-aperture centering continues throughout the
time the adaptive optics system 1s operating, automatically
keeping the laser aligned on the sky with respect to the target.

[0296] Successiul operation of the laser beam may require
several steps. Although commands to the laser beam guidance
subsystem daemon are sent through a connected client con-
nection and can be done manually, when the robotic control
system (100) 1s operational, the following operations are done
automatically.

[0297] Withrespect to the laser beam guidance subsystem,
after installation of the laser, laser chiller and all hardware
connections, the laser beam guidance subsystem 1s powered
on with a command sent to the laser beam guidance sub-
system daemon that powers the laser on using the NPS sys-
tem. For example, an embodiment might use a laser which
requires 90 seconds to power up and start communications
with the control computer. Therefore, the laser beam guid-
ance subsystem daemon waits until communications have
started. Furthermore, such communications can be provided
through the use of serial port communications.

[0298] Once laser connection 1s established, the laser beam
guidance subsystem daemon 1s commanded to initialize
operations, which starts the compact laser projection system
operations, activates the laser chuller system and reports the
initial state of the laser. The laser chiller system begins opera-
tion immediately but takes some time to properly chill the
laser head to operating temperatures. The robotic control
system (100) waits until the laser temperature has stabilized
before continuing operations.

[0299] Once the laser 1s ready to be propagated, the robotic
control system operations (described above) can start. The
telescope (1) 1s pointed at an object. Then the laser beam
guidance subsystem safety system checks 11t 1s safe to propa-
gate the laser at that time. If 1t 1s not, another object is selected.
Alternatively 11 1t 1s safe, the laser beam guidance subsystem
1s commanded to start. This command propagates the laser
inside of the compact laser projection system (4). The laser
safety shutter 1s then opened which allows the laser to propa-
gate out of the compact laser projection system (4) and, for
example, ito the sky.

[0300] The laser beam 1s focused by the output lens (12) at
a height of 10 km above the end of the telescope tube 1n the
direction of the telescope (1). The laser beam 1s automatically
positioned at the center range of the tip talt mirror at the start
of laser operation. This imitial positioning 1s performed by the
AQO system control anytime AO operations has started or
stopped.

[0301] The robotic control system (100) then takes a back-
ground 1image ol the AO system. This background measures
the laser background signal at a current position with any
background due to objects. The robotic control system (100)
then sends the measurements through the laser beam guid-
ance subsystem daemon routine explained above. Once an
appropriate alignment 1s acquired, the laser beam 1s left in that
position until the AO system starts operations. At that point,
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the tip t1lt signal due to the laser motions 1s measured by the
WFES CCD and signals are sent by the AO system to keep the
laser 1n position.

[0302] The above process 1s continued until the present
observation 1s complete, at which point the laser beam guid-
ance subsystem daemon 1s commanded to stop propagation of
the laser beam from the compact laser projection system and
the laser safety shutter closed. If there 1s an error during
operations, the laser beam guidance subsystem 1s automati-
cally stopped, the safety shutter closed and a signal sent to the
robotic control system (100). The robotic control system
(100) would then stop the current scientific observation and
attempt to fix the problem and move to another observation.

[0303] The observing procedure continues, going through
other objects, until the end of the night or when all objects
have been viewed. At that point, the laser safety shutter 1s
closed. The laser beam guidance subsystem 1s then com-
manded to stop operations and then shut down. Once laser
beam guidance subsystem shut down has been completed, the
power to the laser and laser chiller are turned off with the
NPS. Furthermore, the laser beam guidance subsystem dae-
mon 1s then shut down as well.

[0304] The above description pertaining to the operation of
the laser beam guidance subsystem daemon, as shown 1n FIG.
18, corresponds to 214 (starting the LGS system) and 218
(stopping the LGS system) of FIG. 16 when incorporated into
the overall Robo-AQO system.

[0305] Withreference again to FIG. 16, after the shutdown
of the LGS system (218), the Robo-AQO subsystems are com-
manded to shutdown (219). This occurs, for example, at the
end of the night, when all objects have been observed or i1 a
system error forces a shutdown. Following the command to
shutdown (219), the Robo-AQO ensures that all threads have
been closed properly (122) otherwise any active threads could
hang the robotic system control (100) up.

[0306] The following morning aiter observation has been
completed, housekeeping and archiving activities are done.
Such activities are performed by separate soltware not asso-
ciated with the robotic control system (100).

[0307] The examples set forth above are provided to give
those of ordinary skill in the art a complete disclosure and
description of how to make and use the embodiments of the
robotic adaptive optics laser system, and are not intended to
limit the scope of what the mventors regard as their disclo-
sure. The skilled person may find other suitable implementa-
tions of the presented embodiments.

[0308] Discussion will now proceed to FIG. 19 which
shows a computer system that may be used in combination
with the control software described above. It should be under-
stood that certain elements may be additionally incorporated
into computer system (300) and that the figure only shows
certain basic elements (1llustrated 1n the form of functional
blocks). These functional blocks include a processor (310),
memory (320), and one or more mput and/or output (I/0O)
devices (360) (or peripherals) that are communicatively
coupled via a local interface (350). The local interface (350)
can be, for example, metal tracks on a printed circuit board, or
any other forms of wired, wireless, and/or optical connection
media. Furthermore, the local mterface (350) 1s a symbolic
representation of several elements such as controllers, butlers
(caches), drivers, repeaters, and recervers that are generally
directed at providing address, control, and/or data connec-
tions between multiple elements.
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[0309] Theprocessor (310)1sahardware device for execut-
ing software, more particularly, software stored 1n memory
(320). The processor (310) can be any commercially available
processor or a custom-built device. Examples of suitable
commercially available microprocessors mclude processors
manufactured by companies such as Intel®, AMD®, and

Motorola®.

[0310] The memory (320) can include any type of one or
more volatile memory elements (e.g., random access memory
(RAM, such as DRAM, SRAM, SDRAM, etc.)) and nonvola-
tile memory elements (e.g., ROM, hard drive, tape, CDROM,
etc.). The memory elements may incorporate electronic, mag-
netic, optical, and/or other types of storage technology. It
must be understood that the memory (320) can be 1mple-
mented as a single device or as a number of devices arranged
in a distributed structure, wherein various memory compo-
nents are situated remote from one another, but each acces-
sible, directly or indirectly, by the processor (310).

[0311] The software in memory (320) may include one or
more separate programs, each of which comprises an ordered
listing of executable instructions for implementing logical
functions. In the example of FIG. 10, the software 1in the
memory (320) includes an executable program (340) that can
be executed to launch the various subsystem daemons in
accordance with the present invention. Memory (320) further
includes a suitable operating system (OS) (330). The OS
(330) can be an operating system that 1s used in various types
of commercially-available devices such as, for example, a
personal computer running a Windows® OS, an Apple®
product running an Apple-related OS, or an Android OS
running in a smart phone. The operating system (330) essen-
tially controls the execution of executable program (340) and
also the execution of other computer programs, such as those
providing scheduling, input-output control, file and data man-
agement, memory management, and communication control
and related services.

[0312] Executable program (340) 1s a source program,
executable program (object code), script, or any other entity
comprising a set ol instructions to be executed 1n order to
perform a functionality. When a source program, then the
program may be translated via a compiler, assembler, inter-
preter, or the like, and may or may not also be included within
the memory (320), so as to operate properly in connection

with the OS (330).

[0313] Thel/Odevices (360)mayinclude mnputdevices, for
example but not limited to, a keyboard, mouse, scanner,
microphone, etc. Furthermore, the I/O devices (360) may also
include output devices, for example but not limited to, a
printer and/or a display. Finally, the I/O devices (36) may
turther include devices that communicate both mputs and
outputs, for instance but not limited to, a modulator/demodu-
lator (modem; for accessing another device, system, or net-
work), a radio frequency (RF) or other transceiver, a tele-
phonic interface, a bridge, a router, eftc.

[0314] Ifthecomputersystem (300)1saPC, workstation, or
the like, the software 1n the memory (320) may further include
a basic mput output system (BIOS) (omitted for simplicity).
The BIOS 1s a set of essential software routines that initialize
and test hardware at startup, start the OS (330), and support
the transfer of data among the hardware devices. The BIOS 1s
stored 1n ROM so that the BIOS can be executed when the
computer system (300) 1s activated.

[0315] When the computer system (300) 1s in operation, the
processor (310) 1s configured to execute software stored
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within the memory (320), to communicate data to and from
the memory (320), and to generally control operations of the
computer system (300) pursuant to the software. The control
system and the OS (330), 1n whole or in part, but typically the
latter, are read by the processor (310), perhaps butlered
within the processor (310), and then executed.

[0316] When the subsystem deamons are implemented, as
1s shown 1n F1G. 10, 1t should be noted that they can be stored
on any computer readable storage medium for use by, or 1n
connection with, any computer related system or method. In
the context of this document, a computer readable storage
medium 1s an electronic, magnetic, optical, or other physical
device or means that can contain or store a computer program
for use by, or 1n connection with, a computer related system or
method.

[0317] The control system can be embodied 1n any com-
puter-readable storage medium for use by or 1n connection
with an instruction execution system, apparatus, or device,
such as a computer-based system, processor-containing sys-
tem, or other system that can fetch the instructions from the
istruction execution system, apparatus, or device and
execute the instructions. In the context of this document, a
“computer-readable storage medium” can be any means that
can store, communicate, propagate, or transport the program
for use by or 1n connection with the istruction execution
system, apparatus, or device. The computer readable storage
medium can be, for example but not limited to, an electronic,
magnetic, optical, electromagnetic, infrared, or semiconduc-
tor system, apparatus, or device. More specific examples (a
non-exhaustive list) of the computer-readable storage
medium would include the following: a portable computer
diskette, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only

memory (EPROM, EEPROM, or Flash memory) an optical
disk such as a DVD or a CD.

[0318] In an alternative embodiment, where the control
system 1s 1implemented in hardware, the audio data spread
spectrum embedding and detection system can implemented
with any one, or acombination, of the following technologies,
which are each well known 1n the art: a discrete logic circuit
(s) having logic gates for implementing logic functions upon
data signals, an application specific integrated circuit (ASIC)
having appropriate combinational logic gates, a program-
mable gate array(s) (PGA), a field programmable gate array
(FPGA), eftc.

[0319] Modifications of the above-described modes for
carrying out the methods and systems herein disclosed that
are obvious to persons of skill i the art are intended to be
within the scope of the following claims. All patents and
publications mentioned 1n the specification are indicative of
the levels of skill of those skilled in the art to which the
disclosure pertains. All references cited in this disclosure are
incorporated by reference to the same extent as 11 each refer-
ence had been incorporated by reference 1n 1its entirety indi-
vidually.

[0320] It 1s to be understood that the disclosure 1s not lim-
ited to particular methods or systems, which can, of course,
vary. It 1s also to be understood that the terminology used
herein 1s for the purpose of describing particular embodi-
ments only, and 1s not mtended to be limiting. As used 1n this
specification and the appended claims, the singular forms “a”,
“an”, and “the” include plural referents unless the content
clearly dictates otherwise. The term “plurality” includes two

or more referents unless the content clearly dictates other-
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wise. Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure pertains.

[0321] A number of embodiments of the disclosure have
been described. Nevertheless, 1t will be understood that vari-
ous modifications can be made without departing from the
spirit and scope of the present disclosure. Accordingly, other
embodiments are within the scope of the following claims.

1. A system, comprising:

a telescope configured to observe one or more objects,

a laser projection system associated with the telescope and
adapted to project a laser beam, wherein a portion of the
projected laser beam i1s returned by the atmosphere to be
measured by an adaptive optics system,

the adaptive optics system configured to correct distortions
impressed on light from the astronomaical object based
on the portion of projected laser beam from the laser
projection system returned by the atmosphere, the adap-
tive optics system, and

a control unit communicatively connected to the telescope,
the laser projection system and the adaptive optics sys-
tem, and configured to operate the telescope, laser pro-
jection system and adaptive optics system.

2. The system of claim 1, wherein the control unit 1s further
configured to modily operating characteristics of at least one
optical component 1n the adaptive optics system, the modity-
ing directed at compensating for atmospheric distortion
impressed upon light entering the telescope.

3. The system of claim 1, wherein the control unit auto-
matically operates the telescope, laser projection system and
adaptive optics system.

4. The system of claim 3, wherein the control unit auto-
matically operates the telescope, laser projection system and
adaptive optics system upon recerving instructions to do so.

5. The system of claim 4, wherein the instructions are
provided to the control unmit via an external computer.

6. The system of claim 1, wherein the control unit 1s manu-
ally controlled by an external computer thereby providing
manual control of operations over one or more of the tele-
scope, laser projection system and adaptive optics system.

7. The system of claim 2, wherein modification of the
operating characteristic of the at least one optical component
comprises moditying a deformable mirror located at a first
position that 1s optically conjugate to a pupil of the telescope,
the pupil corresponding to an 1image of a primary mirror of the
telescope.

8. The system of claim 1, wherein the adaptive optics
system, which 1s communicatively coupled to the control
unit, 1s configured to execute a calibration operation for modi-
tying the operating characteristic of the at least one optical
component within the adaptive optics system.

9. The system of claim 8, wherein the calibration operation
executed by the adaptive optics system comprises:

a light source having the same wavelength as an internal
laser source used by the laser projection system for
generating a first beam of light;

a blackbody point-source radiator for generating a second
beam of light at a combination of visible and infrared
wavelengths; and

a movable fold mirror movable to at least a first position
wherein light entering the telescope 1s directed towards
a first parabolic mirror corresponding to a non-calibra-
tion operation, and a second position wherein light cor-
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responding to at least one the first or the second beam of
light 1s directed towards the first parabolic mirror for
calibrating the telescope during the calibration opera-
tion.

10. The system of claim 9, wherein the light source having
the same wavelength as the internal laser source used by the
laser projection system 1s an ultraviolet light source.

11. The system of claim 9, wherein the moveable fold
mirror has a reflective coating corresponding to a wave front
sensing and observational wavelength being used.

12. The system of claim 9, wherein the blackbody point-
source radiator comprises an mcandescent lamp or a laser

diode.

13. The system of claim 9, wherein the blackbody point-
source radiator 1s optically conjugate to infinity and the light
source having the same wavelength as the internal laser
source used by the laser projection system mimics light from
the laser beam reflected back from a predetermined distance.

14. The system of claim 13, wherein the predetermined
distance 1s about 10 kilometers.

15. The system of claim 9, wherein the light directed
towards the first parabolic mirror 1s reflected by the first

parabolic mirror towards the deformable mirror.

16. The system of claim 15, wherein the deformable mirror
uses a low-refractive-index matenal coated with an anti-re-
flection coating.

17. The system of claim 16, wherein the low-refractive-
index material 1s magnesium fluoride (MgF,).

18. The system of claim 15, wherein the deformable mirror
1s located at a first position that 1s optically conjugate to a
pupil of the telescope, the pupil corresponding to an image of
a primary mirror of the telescope.

19. The system of claim 18, wherein the deformable mirror
1s an active optical component configured to apply spatially
resolved phase delays upon the at least one the first or the
second beam of light incident upon the deformable mirror.

20. The system of claim 18, further comprising at least one
actuator for deforming a reflective face sheet of the deform-
able mirror.

21. The system of claim 18, wherein the deformable mirror
1s configurable to null out an alignment error 1n the telescope.

22. The system of claim 18, further comprising a visible
light camera, an infrared camera, and a waveliront sensor, and
wherein the deformable mirror 1s configurable to calibrate a
non-common path error between at least two of a) a first
optical path associated with the visible light camera, b) a
second optical path associated with the infrared camera, and
¢) a third optical path associated with the wavelront sensor.

23. The system of claim 22, further comprising a beam
splitter block and an eyepiece, the beam splitter block con-
figured to redirect towards the eyepiece, a portion of light
directed towards the visible light camera.

24. The system of claim 23, wherein the beam splitter block
comprises a beam splitter, the beam splitter adapted to pro-
vide to the eyepiece and visible camera a predetermined
amount of visible light from the telescope.

25. The system of claim 24, wherein the beam splitter
provides 50% of the visible light to the eyepiece and 50% of
the visible light to the visible camera.

26. The system of claim 24, wherein the beam splitter 1s a
mirror adapted to direct all the visible light sent to the eye-
piece thereby blocking the visible camera from receiving any
visible light.
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27. The system of claim 1, wherein the one or more objects
being viewed by the telescope are astronomical objects.

28. The system of claim 22, further comprising a tip tilt
mirror adapted to provide images for the adaptive optics
system, from the visible light camera or the infrared camera,
to be used to correct positioning of the telescope relative to the
one or more objects being observed or compensate for atmo-
spheric effects received by the telescope.

29. The system of claim 22, further comprising atmo-
spheric dispersion correction that 1s controllable by the con-
trol unit, the atmospheric dispersion correction 1s configured
to provide a plurality of angle and amplitude corrections
based on the direction the telescope 1s pointed.

30. The system of claim 29, wherein the atmospheric dis-
persion correction further uses iformation about the local
temperature and pressure to determine the correction to apply.

31. The system of claim 29, wherein the atmospheric dis-
persion correction 1s configured to apply corrections to the
adaptive optics system by using two independently rotating
prisms.

32. A method for automatic operation of a telescope, com-
prising:

providing a telescope configured to observe one or more

objects,

providing a laser projection system associated with the

telescope whereby, 1 use, the laser projection system
projects a laser beam and a portion of the projected laser
beam 1s returned by the atmosphere to be measured by an
adaptive optics system,

configuring the adaptive optics system to correct distor-

tions impressed on light from the one or more objects

based on the portion of projected laser beam from the
laser projection system returned by the atmosphere,

communicatively connecting a control unit to the tele-
scope, the laser projection system, and the adaptive
optics system, and configuring the control unit to operate
the telescope, laser projection system and adaptive
optics system, and

instructing the control unit, via an external computer, to

begin operation of the telescope, laser projection system
and the adaptive optics system.

33. The method of claim 32, wherein the control unit 1s
turther configured to modily operating characteristics of at
least one optical component contained 1n the adaptive optics
system using light, the moditying directed at compensating
for atmospheric distortion impressed upon light entering the
telescope.

34. The method of claim 32, wherein the control unit can
automatically begin and control operation of the telescope,
laser projection system and the adaptive optics system.

35. The method of claim 34, wherein the control unit can
begin and control operation of the telescope, laser projection
system and the adaptive optics system upon recerving mnstruc-
tions.

36. The method of claim 35, wherein the 1nstructions pro-
vided to the control unit are from an external computer.

37. The method of claim 32, wherein the control unit can be
manually controlled thereby providing manual control of
operations over one or more of the telescope, laser projection
system and adaptive optics system.

38. The method of claim 33, wherein modifying operating,
characteristics of at least one optical component contained 1n
the adaptive optics systems comprises:
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moving a movable fold mirror to a second position wherein
light provided by a calibration system within the adap-
tive optics system 1s directed towards a first parabolic
mirror of the telescope; and

using the light provided by the calibration system to
dynamically calibrate the telescope to compensate for
the effects of atmospheric distortion upon light entering
the telescope when viewing an astronomical object.

39. The method of claim 38, wherein the movable fold
mirror can also be moved to a {first position to allow light

entering the telescope to be directed towards the first para-
bolic mirror for viewing the astronomical object.

40. The method of claim 38, wherein light provided by the
calibration system comprises a first beam of light at ultravio-
let wavelengths and a second beam of light at a combination
of visible and infrared wavelengths.

41. The method of claim 38, further comprising:

configuring the first parabolic mirror to reflect light
towards a deformable mirror (42).

42 . The method of claim 41, wherein the deformable mirror
1s located at a first position that 1s optically conjugate to a

pupil of the telescope, the pupil corresponding to an 1image of
a primary mirror of the telescope.

43. The method of claim 42, comprising deforming the
deformable mirror for applying one or more spatially
resolved phase delays upon the light incident upon the
deformable mirror.

44. The method of claim 43, wherein deforming the
deformable mirror comprises operating at least one actuator
to deform a reflective face sheet of the deformable mirror.

45. The method of claam 44, wherein deforming the
deformable mirror 1s directed at nulling out an alignment
error 1n the telescope.

46. The method of claim 41, further comprising deforming,
the deformable mirror for calibrating a non-common path
error between at least two of a) a first optical path associated
with a visible light camera, b) a second optical path associated
with an infrared camera, and c¢) a third optical path associated
with a wavefront sensor.

4'7. The method of claim 46, further comprising:

using a beam splitter block, comprising a beam splitter,
configured to redirect a predetermined amount of visible
towards an eyepiece.

48. The method of claim 47, wherein the beam splitter
redirects 50% of the visible light to the eyepiece.

49. The method of claim 47, wherein the beam splitter
re-directs 100% of the visible light to the eyepiece.

50. The method of claim 32, wherein the one or more
objects viewed by the telescope are astronomical objects.

51. The method of claim 46, further comprising using a tip
t1lt mirror to provide information to the adaptive optics sys-
tem 1n order to correct positioning of the telescope with
respect to the one or more objects being viewed.

52. The method of claim 46, further comprising providing
a plurality of angle and amplitude corrections, based on a
direction the telescope 1s pointed, to the adaptive optics sys-
tem via an atmospheric dispersion correction system, the
atmospheric dispersion correction system 1s controllable by
the control unat.

53. The method of claim 352, wherein the atmospheric
dispersion correction further uses information about the local
temperature and pressure to determine the correctionto apply.
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54. The method of claim 52, wherein the atmospheric
dispersion correction 1s configured to apply corrections to the

adaptive optics system by using two imndependently rotating
prisms.
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