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Compensation of extended (deep) turbulence effects is one of the most challenging problems in adaptive
optics (AO). In the AO approach described, the deep turbulence wave propagation regime was achieved by
imaging stars at low elevation angles when image quality improvement with conventional AO was poor.
These experiments were conducted at the U.S. Air Force Maui Optical and Supercomputing Site (AMOS)
by using the 3.63 m telescope located on Haleakala, Maui. To enhance compensation performance we
used a cascaded AO system composed of a conventional AO system based on a Shack—-Hartmann wave-
front sensor and a deformable mirror with 941 actuators, and an AO system based on stochastic parallel
gradient descent optimization with four deformable mirrors (75 control channels). This first-time field
demonstration of a cascaded AO system achieved considerably improved performance of wavefront phase
aberration compensation. Image quality was improved in a repeatable way in the presence of stressing

atmospheric conditions obtained by using stars at elevation angles as low as 15°. © 2009 Optical Society

of America
OCIS codes:

1. Introduction

In imaging of astronomical or space objects located at
high elevation angles, atmospheric turbulence can be
considered to be a thin pupil-plane distorting layer
that affects only the received wave phase—the so-
called low-scintillation optical wave propagation re-
gime [1]. The phase aberrations introduced by this
pupil-plane turbulence layer can be mitigated by
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using conventional (astronomical) adaptive optics
(AO) compensation techniques based on wavefront
sensor measurements that are used for computation
of the control signals applied to wavefront corrector
(deformable or segmented mirror) actuators [2,3].
For propagation through volume (deep) turbulence
typical for observation of low-elevation-angle space
objects and near-ground atmospheric optics applica-
tions, such as laser beam projection, free-space laser
communication, imaging, and tracking, this conven-
tional AO (C_AO) approach can be inefficient [4].
Several well-known factors contribute to the
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degradation of AO system performance under deep
turbulence conditions.

First, wave propagation in volume turbulence com-
monly results in strong intensity scintillations at the
telescope aperture, leading to an increase of the noise
level in wavefront sensor measurements in regions of
low intensity. In turn this results in the appearance
of errors in control signal computation [5,6]. Second,
these intensity scintillations are commonly accompa-
nied by discontinuities in the received wavefront
phase known as wavefront dislocations (branch
points) [7-9]. These phase singularities are difficult
to approximate and hence compensate by using
conventional wavefront correctors—continuously de-
formable or segmented adaptive mirrors. Finally,
turbulence-induced optical inhomogeneities that are
distributed along the propagation path result in the
dependence of phase aberrations on the input wave
angle of arrival—an effect known as anisoplanatism
—and the narrowing of the AO system field of view
associated with this effect [10,11]. These factors
make compensation of deep turbulence effects one
of the most challenging problems in AO [4].

In the AO experiments described in this paper,
the deep turbulence wave propagation regime was
achieved by imaging stars at low elevation angles be-
low 45°-50° when image quality improvement with
the C_AO system was poor. To enhance the compen-
sation performance we combined in a cascade both a
C_AO system based on a Shack—Hartmann wave-
front sensor, and an AO technique that does not
require measurements of wavefront phase character-
istics (slopes, local curvatures, etc.), known as the
stochastic parallel gradient descent optimization
technique (SPGD_AO) [12,13]. These experiments
were performed by using the 3.63 m telescope located
on Haleakala on the island of Maui [14].

The SPGD_AO technique was proved to be more
resilient to intensity scintillations than the C_AO
technique but requires significantly higher opera-
tional bandwidth owing to the iterative nature of
the control algorithm [4,15,16].

Note that in all experiments performed by using
stars at high elevation angles (commonly exceeding
45°-50°, dependent on atmospheric conditions), the
C_AO system provided near-diffraction-limited
image quality, which could not be achieved with
the SPGD_AO system alone. However, in the experi-
ments with the low-elevation stars (elevation angles
between 15° and 45°) the SPGD_AO system was able
to demonstrate a significant improvement in image
quality. The results presented provide a direct com-
parison of these two wavefront control approaches
under various atmospheric conditions with the main
emphasis on compensation of volume turbulence
effects.

The most general conclusion derived from these
experiments is that under the deep turbulence con-
ditions there is a significant benefit to using both
C_AO and SPGD_AO techniques operating simulta-
neously in a cascade. From this viewpoint the experi-
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mental results presented provide the first arguments
for the future development of a new generation of
cascaded AO systems.

2. Cascaded Adaptive Optics System: Experimental
Setup

A. Experimental Setup and Major Subsystems

The experiments were performed using the U.S. Air
Force Maui Optical and Supercomputing Site
(AMOS) facilities at Mount Haleakala. A simplified
(notional) block diagram of the experimental setup
is shown in Fig. 1. The system is composed of the
3.63m telescope equipped with the C_AO system
described in [17], also referred to as the Advanced
Electro-Optical System (AEOS), and the adaptive
system based on SPGD_AO located on an optical
table in one of the AMOS Coude rooms. For conveni-
ence of graphical representation in Fig. 1, wavefront
correctors in both C_AO and SPGD_AO systems are
shown as transmissive optical elements (DMgao and
DMgpgp), while in the actual system only reflective
optical elements were used.

The C_AO system is composed of the deformable
mirror DMcpo with 941 actuators, the Shack—
Hartmann wavefront sensor (WFS) and its control
electronics (C_AO controller) [17]. The conventional
AO system operated in the visible wavelength band,
while compensation of the residual phase aberra-
tions by the SPGD AO system was performed in
the near-infrared (NIR) band (0.9—-1.7 ym).

The phase of the input optical wave was corrected
by the C_AO system. The corrected output wave was
divided by the dichroic beam splitter (DBS) in Fig. 1
into visible and NIR components. The visible light
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Fig. 1. Notional schematic of the cascaded AO imaging system
composed of the conventional adaptive system (C_AO) and the
SPGD system (SPGD_AO). The residual wavefront phase 4 in
the C_AO system is analyzed by the Shack—-Hartmann wavefront
sensor (WFS), and the sensor’s output signals {S;} are sent to the
controller (C_AO controller) that provides control voltages {c;} ap-
plied to the actuators of the deformable mirror DMggs. In the
SPGD_AO system the corrected optical wave with residual phase
aberration 5g is focused into a pinhole. The SPGD controller
(SPGD_AO controller) uses the measurement of the signal </ re-
ceived through the pinhole as an input to compute control voltages
{a;} applied to the deformable mirrors shown as a single transmis-
sive optical element DMgpgp. The perturbation generator (PG)
supplies small amplitude control voltages {éa;} to both deformable
mirrors DMgpgp and the SPGD controller.



component reflected by the beam splitter entered the
wavefront sensor of the C_AO system used to control
the deformable mirror DMcpo. The NIR optical wave
component entered the Coude port and was used as
the SPGD_AO system input beam as shown in Fig. 1.
This input beam passed through the set of four con-
trollable mirrors of the SPGD_AO system indicated
in Fig. 1 as a single phase correcting element
(DMgpgp)- The corrected wave then entered a beam
splitter (BS). The portion of the light transmitted by
the beam splitter (~50%) was used to record short-
exposure (integration time 4 ms) corrected images
of the star by using a NIR camera. The light reflected
from the beam splitter entered the metric sensor.
The metric sensor was composed of a lens with a
small pinhole located in its focal plane. The output
voltage of the photodetector, JJ, was used as a mea-
sure of the SPGD_AO system performance (perfor-
mance metric). The signal J was sent to the SPGD_
AO controller and was used to compute the control
voltages {a;},j = 1,...,N applied to all wavefront cor-
rector electrodes (total N = 75 control channels).

B. SPGD Adaptive Optics System

The SPGD_AO system schematic is shown in Fig. 2.
The input optical beam of diameter 100 mm was re-
flected from two flat mirrors (not shown) used for
alignment of the SPGD_AO system optical axis
and then from the pocket deformable mirror (PM) lo-
cated approximately in an image plane of the tele-
scope pupil. An optical reducer composed of the
off-axis parabolic mirror pair (OAP; and OAP;) reim-
aged the plane of the pocket mirror onto the first
deformable mirror (DM;) with fourfold demagnifica-
tion. The optical beam, reduced to diameter 25 mm,
propagated to the second deformable mirror (DMs)

PM Input beam from OAP,
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Fig. 2. Schematic of the SPGD adaptive system. The system is
composed of the pocket mirror PM, two deformable mirrors
DM, and DM,, tip—tilt (beam steering) mirror TTM, off-axis para-
bolic mirrors OAP;—OAP;3, beam splitter BS, pinhole D, photode-
tector PD, and a NIR CCD camera. The SPGD control system
includes personal computers PC;—PCs and high-voltage amplifiers
HVA (number of control channels is indicated in parentheses).

and after reflection from its surface entered the
off-axis parabolic mirror (OAP;3) with a focal distance
equal to 350 mm.

The reflected converging optical wave was directed
onto a flat mirror mounted on a tip-tilt platform
(TTM) located 33 mm from the OAP5; mirror. The
tip—tilt mirror was used for automated steering of
the focal spot for alignment purposes as well as for
compensation of the turbulence-induced tip—tilt
wavefront phase aberration components. The beam
reflected from the tip—tilt mirror was equally divided
by the beam splitter (BS) to form an image of the ob-
served star at both the photoarray of the NIR camera
and the pinhole as shown in Fig. 2. The star images
were recorded with a frame rate of 220 frames/s and
spatial resolution of 256 x 256. The camera pixel
size was 25 ym, and the fill factor was 100%. The dif-
fraction-limited focal spot size (Airy spot diameter)
was 90 ym.

The photodetector was located approximately
3mm behind the pinhole. In the experiments we
used pinholes of three different diameters: 100,
150, and 200 ym.

A single-pixel photodetector with an active area of
1mm x 1 mm was used to measure the optical power
P that passed through the pinhole. The output vol-
tage J of the photodetector used is proportional to
the logarithm of received power P, so that J = ¢ log
(aP + Py), where ¢, a, and P, are parameters of the
photodetector (bias voltage and signal amplification
coefficients).

C. Wauvefront Correctors

In the SPGD_AO system, the following three wave-
front correctors were used: a single pocket deform-
able mirror (PM) of diameter 100mm and two
deformable mirrors (DM; and DM,) of diameter
25 mm. The operational bandwidth was 15 KHz for
the pocket mirror and 12 KHz for both deformable
mirrors. All three wavefront correctors are based
on semipassive piezo-ceramic bimorph elements
and were designed and manufactured at the Army
Research Laboratory Intelligent Optics Laboratory
[18,19].

The pocket deformable mirror (PM) in Fig. 3 was
used for compensation of low-order aberrations in-
side seven densely packed hexagonal regions (pock-
ets) machined into a 25 mm thick glass blank [18]. A
photograph of the back (machined) side of the pocket
mirror is shown in Fig. 3(a). The front surface of the
mirror had a reflective layer of deposited silver. De-
formation of the deformable mirror surface inside
each pocket resulted from voltages applied to seven
electrodes patterned on one side of a thin piezo-
ceramic disk attached to the back side of the mirror.
The pattern of the pocket mirror electrodes is shown
in Fig. 3(b). An example of the pocket mirror surface
deformation in response to equal control voltages
(70V) applied to a single electrode in each pocket
(marked by stars in Fig. 3(b)) is illustrated in Fig. 3
(c) as the mirror surface interference pattern and in
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Fig. 3. Pocket deformable mirror (PM): (a) photograph of the back
side of PM with seven machined pockets, (b) geometry of seven
electrodes inside each pocket, (c) an interference pattern, (d) the
3D phase pattern reconstructed from the interferogram in (c).
In (¢) and (d) static control signals with the amplitude 90V were
applied to the electrodes indicated by the stars in (b), and zero con-
trol signals to the remaining electrodes.

Fig. 3(d) as a 3D phase function. The pocket mirror
maximum stroke was approximately equal to 8 yum
when 90V was applied to all the electrodes of a pock-
et and approximately 5um when an equal control
voltage was applied to only a single electrode.

Low-order phase aberrations were compensated by
using two identical deformable mirrors (DM; and
DM,), also based on semipassive bimorph piezo-
ceramic elements [2]. One of the mirrors is shown
in Fig. 4(a). The mirrors were rotated with respect
to each other by 30° about the optical axis to mini-
mize overlapping of their response functions. The
geometry of 13 electrodes patterned on the back of
the piezo-ceramic disk attached to the glass plate
and the example of the mirror surface deformation
are shown in Figs. 4(b)-4(d). The stroke of surface de-
formation for the deformable mirrors was nearly
identical to the pocket mirror.

D. Compensation of Static and Atmospheric-Averaged
Aberrations

The deformable mirror DM; was used for compensa-
tion of atmospheric turbulence-induced large-scale
aberrations. The second deformable mirror (DM,)
was included for compensation of static phase aber-
rations originating from imperfect alignment of
optical elements in the entire optical train. Such
compensation of the static phase aberrations is
needed to preserve the full dynamical range of the
first deformable mirror for compensation of solely at-
mospheric turbulence-induced phase distortions.
The static phase aberration in the SPGD_AO system
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Fig. 4. Deformable mirror (DM): (a) photograph of the front side
of DM with aperture 25 mm, (b) geometry of 13 electrodes, (c) an
interference pattern, (d) the 3D phase pattern reconstructed from
the interferogram in (c). The patterns in (c¢) and (d) illustrate the
phase aberration introduced by the deformable mirror correspond-
ing to a static control signal with an amplitude of 90V applied to
the electrode indicated by the star in (b), and zero control signals to
the remaining electrodes.

(composed mostly of defocus and astigmatisms) was
of the order of 0.6 um (peak-to-valley value). The sta-
tic aberration was precompensated by using an opti-
cal beam from the Zygo interferometer as an input
for the SPGD_AO system. During static aberration
compensation we set to zero the control voltages
on the first deformable mirror (DM;) while both
DM, and the pocket mirrors were included in the
SPGD adaptation process leading to the metric JJ
maximization. The voltages obtained at the end of
the optimization process were used as a reference.
In the course of the experiments we observed the
presence of an additional slowly varying (quasi-
static) phase aberration (in the range near 10 ym) re-
lated to the rotation of the telescope during star
tracking and related to wind pressure on the dome.
To compensate for this quasi-static aberration we
used an additional SPGD control loop, referred to
here as the atmospheric-averaged SPGD control.
The atmospheric-averaged control was based on
measurements and averaging of a large number
(~100) of metric J values performed with the time
delay A# =0.1s, which significantly exceeds the
characteristic time 7, of atmospheric turbulence
change. The atmospheric-averaging control was used
to find the shape of the deformable mirror DM, prior
to turning on the main (fast) SPGD control by max-
imizing the averaged value of the performance me-
tric (J). After metric (J) was optimized, the
corresponding control voltages on the deformable
mirror DM, were fixed and used as initial conditions



for the fast SPGD control loop. This technique
allowed us accurately to estimate the image quality
improvement associated solely with atmospheric tur-
bulence compensation.

The second function of the deformable mirror DM,
was to add more capabilities in the spatial resolution
and dynamical range for atmospheric turbulence
compensation. In this regime both DM; and DM,
were used for atmospheric aberration compensation
with maximum possible speed. Both mirrors were
driven by two independent and asynchronously oper-
ated SPGD controllers using the single metric J. The
asynchronous SPGD control approach is described
in [20].

E. Feedback Control: System and Algorithms

The control system consisted of four SPGD control-
lers driving one pocket mirror, two deformable
mirrors, and one tip—tilt mirror (see Fig. 2). The con-
trol system was implemented by using 2.2 Ghz perso-
nal computers (PC; and PC,;), each equipped with
analog input and output cards. One computer
(PC;) was used to control only the deformable mirror
DM, (13 control channels), while the second compu-
ter (PC;) controlled both the pocket mirror (49 con-
trol channels), the second deformable mirror DM,
(13 channels) and the tip—tilt mirror (2 channels).
These three mirrors operated as part of a single
64-channel SPGD_AO control system (or a 13-, 49-,
or 2-channel SPGD_AO system when only one of
these correctors was used). The operational speed
was dependent on the control system configuration.
A set of high-voltage amplifiers was used to amplify
control signals to the range [-100v, 100v]. The SPGD
control systems based on PC; and PC, controllers op-
erated asynchronously, using the same metric signal.

In both SPGD_AO systems the control voltage up-
date was performed by using the following iterative
update rule [4,15]:

a}’Hl) = aJ(-n) + y(”>5aj(~n)5J(”>
n=1,..., (1)

where N is the number of control channels, 5aJ(-n) =

K<”)5Pf,") is a small amplitude voltage perturbation
applied to the deformable mirror (DM;, DM,, PM,
or TTM) jth actuator at the nth iteration, ™ is
the perturbation amplitude, y™® is the gain coeffi-
cient, and &y is the metric perturbation. Here
{§p(-” } are a precalculated set of random numbers
with zero mean and Bernoulli (coin-type) probability
distribution. A second option for the perturbations
was the use of a set of random numbers with zero
mean and probability distribution corresponding to
an approximation of Kolmogorov phase screen reali-
zations using Zernike coefficients [20]. For either
SPGD_AO system, the control voltage perturbations
were simultaneously applied to all wavefront correc-
tor actuators. The voltage perturbations are used to
calculate the metric perturbation 6J ™.

In the version of the SPGD algorithm implemen-
ted, the gain coefficient ™ and the perturbation am-
plitude k) were functions of the current metric value
JM[14]:

) — e (JOPt) K = kg <Jopt>q
Jopt +J ™ S opt +J

(2)

where o/ is a predetermined (expected) maximum
metric value, yo and kxy are gain and perturbation
amplitude coefficients, and p and ¢ are numbers con-
trolling the rate of the metric change. Functional de-
pendences (2) scale the gain and perturbation
amplitude so that the SPGD controller uses larger
amplitude perturbations and gain coefficient when
the metric is smaller than J,,; and smaller ones
when it is near its expected optimum value .
The four parameters p, q, 7o, and kq in control rule
(2) were selected separately for each wavefront cor-
rector used.

The maximum iteration rate for the SPGD control-
ler PC; operating with the single 13-electrode de-
formable mirror (DM;) was approximately 9000
iterations per second, while the iteration rate of
the second SPGD control system (controller PCs)
was 6000 iterations per second.

3. Atmospheric Compensation with Cascaded AO
System

A. Operational Regimes

The experiments with the cascaded AO system were
performed from 17 May until 30 May 2007 between
8:30 p.m. and midnight. As light sources for imaging
we used several bright stars in the near infrared
bandwidth: the first magnitude stars Antares (HR
6134) and Arcturus (HR 5340) observed, respectively,
at elevation angles between 8° and 30° and between
50° and 80° and the third magnitude star Delta
Ophiuchi (HR 6056) near 45° elevation.

Viewing conditions were changing from night to
night and during the observation time. The compen-
sation performance was very much dependent on
these conditions as well as on the elevation of the
imaging star. For this reason the parameters of the
SPGD_AO were optimized several times during the
night to achieve the best possible image quality im-
provement. Clouds and strong wind during several
observation nights resulted in poor performance of
both AO systems. The data presented were collected
under good observation conditions (clear nights with
relatively low wind speed).

It was possible to turn on and off both the C_AO
and the SPGD_AO systems during experiments
and thus proceed with measurements corresponding
to the following operational regimes:

1. OFF/OFF regime. Both C_AO and the
SPGD_AO controllers are off.
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2. ON/OFF regime. The C_AO system is on and
the SPGD_AO controllers are off.

3. OFF/PC, regime. The C_AO is off, and the
SPGD_AO subsystem PCy that includes the deform-
able mirror DMy and the pocket mirror PM is on.

4. ON/ON regime. Both the C_AO and all the
SPGD_AO controllers are on.

Note that prior to the SPGD system operation
(OFF/PC, and ON/ON regimes) we used the atmo-
spheric-average SPGD optimization of the metric
(J) as described in Section 2.D. This allowed us to
find control voltages {a?"*'} (j = 1,...,13) for the de-
formable mirror DM; corresponding to precompensa-
tion of static phase aberrations. These voltages were
fixed during the SPGD system operation.

B. Adaptation Trials and Data Analysis

Adaptive system performance estimation and control
parameter optimization were based on the following
procedure referred to here as the adaptation trial.
The adaptation trial was composed of a large number
M of SPGD iterations (M = 4 x 10* — 8 x 10) that
lasted about 4 or 8°s and included the following se-
quential phases (M /4 iterations each):

a. SPGD_OFF phase. During this phase the
SPGD controllers were off and the voltages on both
the pocket mirror and both deformable mirrors were
fixed. These control voltages are referred to as initial
conditions.

b. DM_ONLY phase. In this phase the control
voltages on the pocket mirror were fixed and the
SPGD controller updated only 13 control voltages
of the deformable mirror DMs.

c. PM&DM. During this phase the SPGD con-
troller updated voltages on both the DM, and PM
wavefront correctors.

d. PM_ONLY phase. In this phase the SPGD
controller (PCy) updated only the control voltages ap-
plied to the pocket mirror and the voltages on both
deformable mirrors were fixed.

During the adaptation trial the metric values J(m)
measured at each SPGD iteration (m =1,...,M),
were recorded. Because the actual adaptation rate
was also recorded, the temporal behavior of the op-
timized metric J(¢) can be easily obtained from the
measured dependence J(m). A typical time depen-
dence of metric J(¢) during a single adaptation trial
is shown in Fig. 5(a). Continuous changes in the at-
mospheric turbulence conditions resulted in strong
variations in the adaptation trials.

To decrease the dependence of the compensation
performance on varying atmospheric conditions, a
large number (typically ~30-50) of sequential adap-
tation trials were recorded and averaged.

An example of the averaged adaptation curve
(J(¢)) obtained in the cascaded AO system is shown
in Fig. 5(b). The averaged curve shows noticeable im-
provement achieved by using the additional SPGD-
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based AO system. Note that the metric ¢/ is logarith-
mically dependent on the received power inside the
pinhole.

As seen in Fig. 5, the best performance was
achieved when the SPGD controller was used to
drive solely the deformable mirror DM, with static
voltages applied to the pocket mirror (DM_ONLY
phase). This compensation efficiency decrease with
the closing of an additional feedback loop with the
pocket mirror was quite typical and can be partially
explained by a 15%—20% decrease in the adaptation
rate observed when the additional 49 channels of the
pocket mirror were included in the SPGD feedback
loop, since a single computer (PC, in Fig. 2) was used
to drive both the deformable and pocket mirrors.

This problem can be resolved by having indepen-
dent asynchronously operating SPGD processors
for the deformable and pocket mirrors. Unfortu-
nately, we did not have the opportunity to rearrange
control loops directly during the experimental cam-
paign. Nevertheless, in some cases (low-wind and
weak-turbulence conditions) we did observe notice-
able improvement when the pocket mirror was
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Fig. 5. Characteristic examples of metric J time dependence cor-
responding to single (a) and averaged (b) adaptation trials com-
posed of the following four adaptation phases: the SPGD AO
system turned off (SPGD_OFF), the SPGD system operating with
only deformable mirror DM, active (DM_ONLY), with the corre-
sponding system operating with both the PM and DM, mirrors ac-
tive (PM&DM), and with only the PM (PM_ONLY) active. The
pinhole size is equal to 150 yum. The light source was Antares at
elevation angle 16°. The C_AO system (AEOS) was on for all cases.
In all four adaptation phases the control voltages applied to the
deformable mirror DM; were fixed.




included in the SPGD feedback loop together with
the deformable mirror.

During the adaptation trials we computed metric
histograms () corresponding to each of the four op-
erational phases. Here A is the number of events that
occurred during the corresponding adaptation phase
for which the measured metric value belonged to the
interval [J,J + AJ]. The metric interval AJ (metric
bin) corresponded to (1/512)th of the entire dynami-
cal range in metric signal measurements. Averaged
over the large number of adaptation trials, these his-
tograms characterize the probability distribution of
metric values. The averaged histograms p;(J)=
(h(J)) were typically computed using about 10® me-
tric measurements.

For comparison of compensation efficiency using
either the cascaded or one of the two AO systems
(conventional or SPGD) alone under nearly identical
atmospheric conditions, the metric histograms were
recorded for the four subsequent feedback ON and
OFF regimes for both conventional and SPGD sys-
tems as described in Section 3.A. Still, because the
duration of data collection lasted about 3—6 min
for each histogram—long enough on the time scale
of atmospheric conditions change—an accurate effi-
ciency analysis can be made only by repeating the
same set of experiments many times. Unfortunately
several other factors, such as changing weather con-
ditions and elevation of the star, further complicate
this comparison. For this reason the data obtained
can only provide a ballpark comparison of the com-
pensation efficiency between cascaded and one of
the two (conventional and SPGD) AO systems.

C. Analysis of Compensation Efficiency Based on Metric
Data

Examples of the metric histograms corresponding to
the four adaptation trial phases with the inactive
C_AO system are presented in Figs. 6(a) and 6(b).
To mitigate the effect of the quasi-static aberrations
emerging during data collection, we used the follow-
ing procedure to reset the control voltages for both
the pocket and deformable mirror DM, at the begin-
ning of each of the four phases of each adaptation
trial. At the end of each trial we calculated averaged
control voltages for each phase separately and used
these averaged voltages at the beginning of the cor-
responding phases for the next adaptation trial.

During the entire time of data collection, the con-
trol voltages applied to the deformable mirror DM;
were fixed. These voltages (initial conditions) were
obtained prior to data collection by optimizing either
metric J, using a reference source (light beam from a
Zygo interferometer) in Fig. 6(a) or the atmospheric
average metric (J) using the star as the light source
in Fig 6(b).

The histograms with the preset [Fig. 6(a)] and the
atmospheric-averaged [Fig. 6(b)] initial conditions
show clearly that the initial conditions play an im-
portant role in the true estimation of the atmospheric
compensation efficiency. Indeed, in Fig. 6 compare

J(auw)3

Fig. 6. Probability distributions p; versus metric J in arbitrary
units (a.u.) obtained by averaging 50 adaptation trials for different
adaptation phases: (a) without and (b) with quasi-static (atmo-
spheric averaged) phase aberration compensation. The corre-
sponding data were recorded with the C_AO system off, using
Antares as a light source at an elevation angle between 16° and
18°. The SPGD adaptation rate was about 6000 iterations per sec-
ond. The pinhole size for metric measurements was 200 um. Note
that compensation of quasi-static aberration in (b) resulted in a
noticeable shift toward bigger metric values (to the right) in
the probability distribution curve, corresponding to the SPGD
OFF regime.

both the averaged metric values (J)opr (SPGD
OFF phase) and (J)on (PM&DM phase) that corre-
spond to the histogram (probability density) curve
maximum and the histogram curve width that
characterizes the standard deviation of metric fluc-
tuations. In both cases in Fig. 6 adaptive compensa-
tion results in the increase of the corresponding
averaged metric value (J)ony and the decrease of
the metric fluctuations. Nevertheless, when the
quasi-static aberrations are precompensated by
using the atmospheric-averaged initial conditions,
the obtained averaged metric values (J)opp in
Fig. 6(b) are significantly bigger than the correspond-
ing metric value in Fig. 6(a) obtained with the preset
initial conditions. Correspondingly the true gain in
the metric value increase related solely to the atmo-
spheric turbulence effects compensation, as mea-
sured by the ratio g = ({(J)on — (J)orr)/(J)on, 18
evidently smaller when quasi-static aberrations
are removed by using atmospheric-average initial
conditions in Fig. 6(b). Note also that the histograms
in Fig. 6 show that the use of both the deformable and
pocket mirror resulted in a decrease of the compen-
sation performance that had been achieved with
SPGD control of the deformable mirror only. This
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result can be explained by taking into account two
factors: the decrease of the iteration rate when the
pocket mirror was included in the SPGD controller
operation, as discussed in Section 2.E, and competi-
tion in compensating large-scale aberrations (wave-
front tilts, defocus, astigmatisms, etc.) between
control channels driving the deformable and pocket
mirrors. These aberrations can be better (more accu-
rately) mitigated by the deformable mirror than by
the pocket mirror. Correspondingly, operation of both
mirrors is more likely to lead to the appearance of
metric local extrema and performance degradation.
This unwanted effect can potentially be mitigated
by a faster operating control system for the deform-
able mirror so that low-order aberrations are primar-
ily compensated by the deformable mirror before the
pocket mirror can respond. As already mentioned, we
also observed adaptation trials for which operation
with both the deformable and the pocket mirrors
resulted in better compensation as illustrated in
Fig. 7(a). The general observation is that the compen-
sation efficiency when all three mirrors are used si-
multaneously was quite sensitive to the chosen
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Fig. 7. Probability distributions p; versus metric J/ in arbitrary
units (a.u.) obtained by averaging 50 adaptation trials with one
(a) and with two (b) SPGD controllers. In (a) the SPGD controller
PC; was used to control the deformable mirror DM; (DM ONLY),
or PM (PM ONLY), or DM, and PM (DM&PM) with the iteration
rate 6000 iterations per second. In (b) the SPGD controller PC,
was used to control the deformable mirror DMy with the iteration
rate 8000 iterations per second (DM ONLY), and both PC, and PC;
SPGD controllers were used to asynchronously control two deform-
able mirrors DM, and DM; with the iteration rates 8000 and 6000
iterations per second, correspondingly (2DMs). The corresponding
data were recorded with the C_AO system off, using Antares as a
light source at an elevation angle between 16° and 18° (between
9:09 p.m. and 9:30 p.m.) on (a) 18 May and (b) 17 May 2007.
The pinhole size for metric measurements was 200 ym.

A54 APPLIED OPTICS / Vol. 48, No. 1/ 1 January 2009

parameters of the SPGD controllers and the turbu-
lence strength.

A characteristic example of the SPGD compensa-
tion performance using the two SPGD control sys-
tems with three wavefront correctors (DM;, DMy,
and pocket mirror) is shown in Fig. 7(b). Both SPGD
control systems PC; and PC, in Fig. 2 were operating
asynchronously with the iteration rates of 9000 and
6000 iterations per second, respectively. As is seen
from these histograms, the use of two deformable
mirrors (curve 2DMs) resulted in the average metric
increase and decrease of the metric fluctuations.

D. Analysis of Compensation Efficiency Based on

Imaging Data

Consider now the results obtained with the fast-
framing NIR camera located in the image plane of
the SPGD_AO system in Fig. 2. The imaging data
(movies that contain a set of 500 short-exposure
images recorded at a frame rate of 220 frames/s) is
an independent information source for adaptive sys-
tem performance evaluation. The movies were re-
corded in the different (ON and OFF) operational
regimes for the C_AO and SPGD_AO systems de-
scribed in Section 3.A. Postprocessing of the movies
allowed us analysis of the following image-based
quality metrics that are independent of the metric
J used for adaptive systems operation:

a. Sharpness function /o, defined as the integral
of the squared intensity over imaging chip area [21].
b. Image width w, defined as

1
2 _ _r |2 2
w 7P0/|r r.|*I(r)d®r,

is the image centroid vector and P, is the integral of
image plane intensity over sensor area S, referred to
here as received light power;

c. Power-in-the-bucket metric Jpp(d)—received
power at the camera sensor inside a circular area
of diameter d centered with the image centroid;

d. Point-source image maximum intensity I, ...

Note that in the case when the diameter d equals
the diameter of the pinhole in Fig. 2, the metric
Jpe(d) is similar to the metric J actually measured
and used for adaptive control. The difference is that
the metric Jp;g(d) was linearly proportional to power
inside the circular area (bucket), but the metric J
used for SPGD control depended on this power loga-
rithmically.

An example of the temporal dynamics of the image
quality metrics obtained by processing a short-expo-
sure image stream (movie) for the third magnitude
star Delta Ophiuchi (HR 6056) near 45° elevation
for different adaptation regimes is presented in



Fig. 8. Note that the use of either the C_AO or
SPGD_AO system alone resulted on average in a re-
latively small (near 30%) improvement of the image
quality as measured by the sharpness function /5 in
Fig. 8(a), while use of both adaptive systems in a cas-
cade (ON/ON regime) led to nearly three times the
increase of the sharpness function value, a decrease
of the image width from near 425 ymto near 380 ym
(Fig. 8(b)), a twofold increase of the power in
the bucket metric and in peak intensity value
(Fig. 8(c) and 8(d)).

Typical examples of short-exposure images of the
star Antares at elevation angles between 11°-13° are
shown in Fig. 9, and between 22°-25° in Fig. 10. Ob-
servation at these elevation angles resulted in highly
distorted star images that can be only partially cor-
rected by using either conventional- or SPGD-based
AO systems. The characteristic size of the uncompen-
sated star in Figs. 9(a) and 10(a) is significantly
larger than the diffraction-limited size (Airy disc dia-
meter) shown by the white circle. Adaptive compen-
sation resulted in a nearly threefold decrease in the
image size in the horizontal direction and did not
significantly change the image size in the orthogonal
direction.

Analysis of the recorded imagery data at low ele-
vation angles shows that images of stars were dis-
torted nonuniformly, exhibiting highly pronounced
cigar-type shapes as seen in Figs. 9(a) and 10(a). This
type of image distortion is related to an atmospheric
refraction effect [22]. Since the nonfluctuating com-
ponent of the refractive index in the atmosphere is

a function of altitude, the atmospheric layers refract
wave components with different wavelengths at
slightly different angles. As a result these wave com-
ponents are angularly separated at the telescope
pupil, which in turn leads to an elongation of the cor-
responding star image. Note that this refraction ef-
fect also leads to dependence of phase distortions
on the arrival angle (wavelength anisoplanatism),
since wave components with different wavelengths
do not propagate exactly through the same atmo-
sphere path. Because an adaptive system operates
in a relatively narrow wavelength band, compensa-
tion efficiency can be highly nonuniform along the
axis of the star image elongation (along the long axis
of the cigar-shaped star image). This effect is seen
clearly in the compensated images in Figs. 9(c)
and 10(b)-10(d), where the cigar-shaped star images
are noticeably narrower on the left-hand side.

With the use of a narrowband filter this effect can
be effectively mitigated. Nevertheless, in our experi-
ments with adaptive compensation we did not use
such a filter, since its installation resulted in nearly
a 50% decrease in the received optical power and a
corresponding undesirable decrease in the signal-
to-noise level.

4. Conclusion

The AO experiments over extended atmospheric pro-
pagation paths conducted at the 3.63 m telescope in
May 2007 resulted in a considerable amount of data.
This data shows that the efficiency of adaptive com-
pensation under deep turbulence conditions using
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Fig. 8. Temporal dependences of the image quality metrics calculated based on postprocessing of a video-sequence (movie) containing 500
short-exposure NIR images of the third magnitude star Delta Ophiuchi at an ~45° elevation angle for the following operational regimes:
ON/ON, feedback control is on for both the C_AO system and SPGD AO system with DM; and PM deformable mirrors both operating;
OFF/ON, feedback control is on for only the SPGD AO system; and OFF/ON, feedback control is on for only the C_AO system. The image
quality metrics are: (a) sharpness function J5, (b) star image width w in micrometers; (c) power-in-the-bucket metric Jprg (received light
power inside a circular area of 200 um) in arbitrary units (a.u.), and (d) maximum focal plane intensity /... The SPGD adaptation rate was

4600 iterations per second. The pinhole size was 200 ym.
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Fig.9. Short exposure images of the star Antares at low elevation
angles (between 11° and 13°) obtained on 18 May 2007 in the cas-
caded adaptive optical system with the operational regimes
(a) OFF/OFF (no AO control, (b) ON/OFF (control is on for only
C_AO), and (c) OFF/ON (control is on for only SPGD AO with
DM,;). The diffraction-limited image and the pinhole sizes are
shown in the bottom left by the white circle and ring, respectively.

either C_AO or SPGD_AO systems, or both (cascaded
AQO), is highly dependent on a number of factors,
such as type, elevation, and magnitude of the stars
imaged; atmospheric and weather conditions; control
algorithm parameters; metric sensor parameters
(pinhole size, photodetector sensitivity); SPGD itera-
tion rate; and efficiency of static and quasi-static
aberration precompensation. For this reason rigor-
ous evaluation of the adaptation techniques used
cannot be performed without taking into considera-
tion all of these factors. Nevertheless, analysis of
the experimental results supports the following
observations.

At very low elevation angles (<10°) the SPGD
adaptive system with one or two deformable mirrors
(13 and 26 control channels) performed noticeably
better than the C_AO system (941 control channels).

OFF/OFF (a) ON/OFF (b)

-

OFF/ON ON/ON (d)

-

Fig. 10. Short exposure images of the star Antares at low eleva-
tion angles (between 22° and 25°) obtained on 18 May 2007 in the
cascade adaptive optical system with the operational regimes
(a) OFF/OFF (no AO control), (b) ON/OFF (control of only
C_AO), (c) OFF/ON (control of only SPGD AO with DM,),
(d) ON/ON (cascaded AO).
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Still, the compensation achieved was very poor. Un-
der these atmospheric conditions cascaded compen-
sation with both the C_AO and SPGD_AO systems
did not result in performance improvement. Further-
more, activation of the C_AO system while the
SPGD_AO system was operating often resulted in
adaptation performance degradation.

With observation of a star at higher elevation an-
gles between approximately 15° and 40° aberration
compensation performance achieved with either
the C_AO or SPGD_AO systems was nearly the
same, while the use of both systems in a cascade re-
sulted in a significant improvement of the computed
image quality metrics (nearly a threefold improve-
ment for J,).

With further increases of the elevation angle
(above 40°-45°) compensation with the C_AO system
resulted in a better-quality image than was achieved
with the SPGD system. Still, the use of the cascaded
AO system always resulted in some degree of perfor-
mance improvement that decreased when the eleva-
tion angle was increased.

Preliminary results of an ongoing numerical ana-
lysis of cascaded AO systems (not discussed here)
show that under severe turbulence conditions typical
for wave propagation through distributed turbu-
lence, there are several compelling reasons to reverse
the order of adaptive compensation and consider first
mitigation of large-scale phase aberrations by using
a SPGD feedback control system.
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