Adaptive Optics Overview

Adapted from presentations by
Prof. Claire Max, UC Santa Cruz
Director, Center for Adaptive Optics

With additional material from the MPE Garching AO group, ESO
AOQO group, UCLA AO group, and GBT surface adjustment program
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LN
Imaging through a perfect telescope -/,,.»;«-%\

With no turbulence,
FWHM is diffraction limit
of telescope, 3~ A/D

Example:

A1 D=0.02 arc sec for
A=1um,D=10m

Intensity
o
al

With turbulence, image
S RIS AL size gets much larger

Point Spread Function (PSF): (typically 0.5 - 2 arc sec)
intensity profile from point source

Why iIs adaptive optics needed?

Star
' Turbulence in earth’s
atmosphere makes stars twinkle
&

Turbulence .
More importantly, turbulence

spreads out light; makes it a

blob rather than a point
Telescope

; Fuzzy Blob
Even the largest ground-based astronomical
telescopes have no better resolution than an 8" telescope!
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No atmosphere, no twinkle

Neptune at 1.6 gm: Keck AO exceeds
resolution of Hubble Space Telescope

HST - NICMOS Keck AO

J99S JdJe g2~

2.4 meter telescope 10 meter telescope

(Two different dates and times)
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Uranus with Hubble Space
Telescope and Keck AO

L. Sromovsky

HST, Visible Keck AO, IR

Lesson: Keck in near IR has same resolution as Hubble in visible

Neptune in infra-red light (1.65 microns)

With Keck

Without adaptive optics adaptive optics

2.3 arc sec

v

May 24, 1999 June 27, 1999
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VLT NAOS AO first light LN

Cluster NGC 3603: IR AO on 8m ground-based telescope
achieves same resolution as HST at 1/3 the wavelength

‘ .,

. e e TRSE W
Hubble Space Telescope NAOS AO on VLT
WFPC2, A =800 nm A = 2.3 microns

Adaptive optics makes it possible to find
faint companions around bright stars

Two images from Palomar of a
brown dwarf companion to GL 105

Palomar Adaptive Optics/PHARO
200 telescope

Palomar 60" Coro g p
Discovery Image: 1 Band 1994 K Band Image Tuly 1999

Credit: David Golimowski
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Images of a bright star, Arcturus

Lick Observatory, 1 m telescope

3 ~1 arc sec

® =

Long exposure Short exposure Image with
image image adaptive optics

Speckles (each is at diffraction limit of telescope)

What does it really look like?

Speckles and the With AO
“Seeing disk”

Images from the MPE Garching AO group
http://www.mpe.mpg.de/ir/ALFA
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Atmospheric perturbations
cause distorted wavefronts

Rays not paraliel

Index of refraction _
variations Distorted

Wavefront

Plane Wave

Optical consequences of turbulence

Temperature fluctuations in small patches of air cause
changes in index of refraction (like many little lenses)

Light rays are refracted many times (by small amounts)
When they reach telescope they are no longer parallel

Hence rays can’t be focused to a point:

[\\ Point \A\

—_— D

: focus }bl‘"

/

Parallel light rays Light rays affected by turbulence
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Turbulence arises In several

stratosphere

-
{rOPOP AUSE s ——
10-12 km

e — wind flow around dome
ary layer

bIound y __/\____,

~1 km
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Local “Seeing” -
Flow pattern around atelescope dome

LATERAL AN
/ lL:\rnluwmt Wrain

Cartoon (M. Sarazin): wind is from
left, strongest turbulence on right
side of dome

Computational fluid dynamics
simulation (D. de Young)
reproduces features of cartoon
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How does adaptive optics help?
(cartoon approximation)

Measure details of
blurring from
“guide star” near
the object you
want to observe

Calculate (on a Light from both guide
computer) the star and astronomical
shape to apply to object is reflected from
deformable mirror deformable mirror;

to correct blurring distortions are removed

Star
Galaxy

L) Star ¥
Galaxy »

Turbulence

Turbulence V
Deformable

> Mirror
Telescope \ Telescope

y
\i-. Detector

Detector
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Schematic of adaptive optics system

Light From
Telescope

Adaptive % Distorted

Mirror Wavefront

.y Beamsplitter
Feedback loop: ( _
next cycle Corrected
< Wavefront
corrects the :
(small) errors ¢
of the last cycle
High-resolution

s Wavefront Camera
Sensor




How a deformable mirror works / p
(idealization) =

BEFORE

Incoming Deformable Corrected
Wave with Mirror Wavefront
Aberration

Deformable Mirror for real wavefronts
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Characterize turbulence strength £ N\
by quantity r, s

Wavefront ot
oflight ~ """ N
— I, “Fried’s parameter”

Primary mirror of telescope

- “Coherence Length” r,: distance over which optical
phase distortion has mean square value of 1 rad?
(ro ~ 15 - 30 cm at good observing sites)

- Easy to remember: r,=10cm < FWHM =1” at A = 0.5um

Real deformable mirrors have
continuous surfaces

m
Piecewise
linear fit— N/ s~ Phase ®

I\ ///“ Primary mirro

* In practice, a small deformable mirror with
a thin bendable face sheet is used

* Placed after the main telescope mirror
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Most deformable mirrors today £ N\
have thin glass face-sheets A

/ Glass face-sheet

% Cables leading to
x mirror’s power
¥ supply (where
= === voltage is applied)
PZT or PMN actuators:
get longer and shorter

as voltage is changed
Anti-reflection coating

LN

Deformable mirrors come in many sizes <A

 Range from 13 to > 900 actuators (degrees of freedom)

11/2/2016
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Schematic of adaptive optics system A

Light From
Telescope

Vi

Adaptive SR pistorted
Mirror Wavefront

’ Beamsplitter

: I Control Corrected
next cycle System Wavefront
corrects the

(small) errors
of the last cycle

Feedback loop:

Wavefront Camera
Sensor

Shack-Hartmann wavefront sensor  [JERN

concept - measure subaperture tilts Iz

Wave-front Lenslets Detector

< @%

/

Pupil plane Image plane
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Shack-Hartmann wavefront sensor
measures local “tilt” of wavefront

Divide pupil into subapertures of size ~ r,
— Number of subapertures o (D / rg)?

Lenslet in each subaperture focuses incoming light to
a spot on the wavefront sensor’s CCD detector

Deviation of spot position from a perfectly square grid
measures shape of incoming wavefront

Wavefront reconstructor computer uses positions of
spots to calculate voltages to send to deformable
mirror

Page 27
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Reinhold Dern A CCD based curvature wavefront sensor ES +*
“ 0
. . %
Curvature sensing (1)
Intrafocal Focal Fxrrafocal .
plane plane plane + A flat wavefront focused by
\ | a lens, showing the
— //f’/ intrafocal and extrafocal
/\J:\ image planes on either side
] “"ﬂ-\-__\_\__ -
: — of the focal plane.
|
|
|

* Propagation of a flat but
tilted wavefront and the

_/"/
/
S
|
: resulting curvature signal.
|
L — " . .
>L< — B * QGrey 1s a curvature signal
| \ i
I . ’
| - Y
I Sy o

of zero, white 1s positive

and black 1s negative.

*  The dashed line shows
the outline of the pupil.

7/2/01 6
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Reinhold Dorn A CCD based curvature wavefront sensor N ES +*
O
Curvature sensing = Computer simulation of curvature wavefront sensing M
+  AO loop open:
(a) wavefront distortion,
(b) intrafocal image.
(c)

(¢) extrafocal image

(d) curvature signal at
high resolution,

(e) curvature signal

*  Simulation parameters: 0.66 arc sec seeing (at 500 nm). sensing binned into 60
wavelength = 700 nm (monochromatic). infrared image wavelength subapertures.
= 2.2 um. out of focus distance = 25 cm. telescope focal length = 400
m, telescope diameter = § m with 14% obscuration from 1.12 m
diameter secondary. Photon noise has not been simulated — all
signals are “infinite™ light level.
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Schematic of adaptive optics system

Light From
Telescope

NV

Adaptive Distorted
Mirror Wavefront

_y Beamsplitter
Feedbacl; Iooyla. Control Corrected
next cycle System Wavefront
corrects the

(small) errors
of the last cycle

Wavefront Camera
Sensor

11/2/2016
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Typical optical design of AO system [&Es

c:fAn

telescope
primary Deformable

mirror mirror

I co\\\m
/ A Wavefront

I I «—— sensor

Science camera (plus
optics)

Pair of matched off-
axis parabola mirrors

ated

Beamsplitter

Page 31

Adaptive optics system is usually
behind main telescope mirror

« Example: AO system at Lick Observatory’s 3 m
telescope

Support for
main
telescope
mirror

Adaptive optics
package below
main mirror
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Adaptive optics increases peak /\\
Intensity of a point source c¥A

Lick
Observatory

With AO
Intensity

With AO

AQO produces point spread functions / \\\
with a “core” and “halo” &/ag
Definition of “Strehl”:
Ratio of peak intensity to
that of “perfect” optical
system

Intensity

X

- When AO system performs well, more energy in core

« When AO system is stressed (poor seeing), halo
contains larger fraction of energy (diameter ~ r,)

- Ratio between core and halo varies during night

17
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Classical AO in the isoplanatic
patch

Anisoplanatism

Reference Star Off-axis

Star

L . Residual
¥ Turbulence
P

Atmosphere

Telescope

' WFC

If there’s no close-by “real”
star, create one with a laser

 Use a laser beam to
create artificial Galaxy
“star” at altitude of Star %
100 km in
atmosphere Turbulence

A
Deformable
Mirror
\ l elescope

A
\V-. Detector
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Laser “guide star” (or, here, guide stars)

Twin beams toward the Galactic center for AO Photo credit Dan Birchall, UCLA

with the Keck Interferometer Pane 37
age
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AQ in the isoplanatic patch

Anisoplanatism

Reference Star Off-axis

Star

i . Residual
N Turbulence
P

Telescope
DM
WFC
i

D E. Marchetti, ES0, 2005

Atmosphere

Turbulence arises In several
_places

stratosphere

e
tI'Op“Opause e
10-12 km

e — wind flow around dome
ary layer

bIound y ——/\__»

~1 km
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Multi-conjugate AO (MCAOQO)

Star Oriented MCAQ

Reference

Stars i E %

High Altitude Layer b

Ground Layer

Telescope

Ground Conj. DM
Altitude Conj. DM

WES 108

© E. Marchetti, EBO, 2005

Active optics: reflector surface
errors

Many telescopes have segmented surfaces: Keck,
NGST, and radio telescopes are familiar examples

Now deform the aperture to correct the phase errors

Fhame/gbtdata /AGET1 Ga_084_G
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Zernike polynomials

* The Zernike polynomials
are orthogonal on a unit
disk

First, piston (up-down)
Then tilts (R-L, up-down)
Then bends with one half
cycle across aperture

Then more and more
cycles

« Orthogonality simplifies
computations; Zernike
for circular apertures

Image from Rocchini, Wikipedia commons

Black = thermal + gravitational Zernike terms
Red = gravitational Zernike terms only
e 1=
. FWHM 19"
Q—band scan 48
i 3C273 scan 37

r 22 Jul 2008
- 6:30 PM EDT
b Solar elev=20°

Daytime Q-band aperture phase
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