Optical/IR Observational Astronomy

Telescopes Il: observing sites, the atmosphere & a  daptive optics

"I just don't feel focussed or grounded these days."”

David Buckley, SALT
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Observatory Sites

Regquirements
« Dark: no light pollution
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SAAO Observatory Sites
%;g?ce Free atmosphere
» High: above inversion Planstary S Qgggggp;“c
Iayer %‘;"é?dary P ) \x\f layer Inversion layer
— lower water vapour - -
content

— Less aerosols, so less
absorption & scattering

— Less turbulence, so
better seeing

* Dry: less cloud cover
and lower water
vapour content

Shaded areas: >2/8ths cloud cover for 50% of theti me;
Arrows indicate cold ocean currents
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ISCCP Total Cloud Amount
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Mountain Top sites: Mauna Kea in Hawali LT in Paranal (Chile)
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— These ensembles have slightly varying refractive in dex, n(4)

— Because n(4) is non-uniform, plane parallel wavefronts passing th rough
the atmosphere undergo phase changes (velocity of | ight changes)

— Degrades the image (the Point Spread Function )
— Akin to small lenses moving across the telescope ap erture

— Air parcels move like a turbulent viscous compressi ble fluid, resulting in
eddies, or vortices.

— A wide range of physical sizes of the “parcel”, fro m mm to m in size

— Characterized mathematically by a spectrum of sizes obeying certain
statistical properties: Kolmogorov theory (1941)

5 March 2012 NASSP OT1: Telescopes II-2 7



Optical/IR Observational Astronomy

Telescopes Il: observing sites, the atmosphere & a  daptive optics
-~ Wavefront Perturbations

the point spread function (PSF) it citancs
Earth's atmosphere

aberratlons ¢ l l plane wavefronts
;’J\,\_{—\/T corrugated wavefronts
« Inthe pupil plane (‘far field’), phase
variations can be deconvolved into . S

the Zernlke termS- small aperture large aperture
Ideal pupil aberrated pupil pupil deconvolved into Zernike terms

— ,‘ = ‘+‘ ’+© f ’.+
aberrations \':-' | Zv . - N ’ -
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Turbulence arises in several places

stratosphere

tropopause — = ' ——

I >
10-12 km

—

boundary layer
I —  wind flow around dome
~1k

P ane
C——

Heat sources in dome

A 4

Wind speed = zero at ground; =v ;,q at H =several hundred m (in the “free” atmosphere).

The “boundary layer” is where this adjustment takes place and where atmosphere feels
strong influence of surface

* Quite different between day and night

— Daytime: boundary layer is thick (up to a km), domi nated by convective plumes rising from hot
ground. Quite turbulent.

— Night-time: boundary layer collapses to a few hundr ed meters, is stably stratified. Perturbed if
winds are high.
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Atmospheric Kolmogorov turbulence

9uter seelleEe Inner scale |,

. /
o
Wind shear \— . “
N D .
Mground

 Assume energy is added to system at largest scales - “outer scale” L

 Then energy cascades from larger to smaller scales (turbulent eddies “break

down” into smaller and smaller structures).
o Size scales where this takes place is termed the “i  nertial range”.

* Finally, eddy size becomes so small that it is subj ect to dissipation from
viscosity, at the “inner scale” |

* Inregimel,<r<L,, turbulence is homogeneous & isotropic (Kolmogorov
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Laminar flow occurs at R <2000, when viscous forces
dominate.

For typical atmospheric valuesof V(1 ms 1), L (15 m)
& v (1.5 x 10-%), R ~108, implying a fully turbulent
medium.

KE of larger scale motions is transferred to smalle r
scale motions — Kolmogorov theory.  Kolmogorov
envisioned a process in which mixing occurs over a
range of wave numbers, say fromk . tok. .. The
turbulent mixing transfers energy to the higher wav e
numbers.
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Lab experiments agree with theory

[—
)

[

" [

Power (arbitrary un

(LRI AL A L
20

1073 102 107! 100 10! 102

-1 I
I—0 K(Cm ) 0 Credit: Gary Chanan, UCI
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c2r2/37

g~ val 23
Structure functions (tensors) can be defined in S
terms of velocity, temperature and refractive e ,
index (Tartarski 1961) o | b
+“—> < >
Kolmogorov theory holds for linear part of laminar Non-isotropic

structure or energy dissipation functions, i.e.
for 1, <r <L,

|, = inner (E dissipation) scale length ; laminar flow forr <1, (ranges from mm
or less near ground level to ~1 cm at troposphere-s  tratosphere boundary)

L, = outer (E injection) scale length; 10s to 100’'s me  tres
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= What about temperature and index of refraction fluc  tuations?

D (r)=<[TX)-T(x+r)]?>=C;2 r?23
Dy(r)=<[NX)-N(x+r)]?2>=C2 r?3

* Night-time boundary layer:  C\?~ 1013- 101 m-23

5 5:‘ 10 14 Date : 12.06.99
- | — Am .
Em— Im \
23— 2Mm !
Bltir 2l wl ||’ _
E

nbd.ﬂ \, L1
1 f J
0.5 W

U“MHH A — - ! I
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Time {UT)
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Atmospheric Turbulence: Main Points

» All else will follow from these points!, plus:

— Index of refraction:
-6 T=t ,P=ai
= 77_610 (1 +7.5210°3) -2{ P + 4810 E) e= v(:arl?gr Vapoalljl: 2:2223:2
T

A = wavelength

n-1

Assuming constant pressure and humidity, n varies o nly due to
temperature fluctuations, with the same structure f unction

— Conversion from C 2 to C,2

2
C2= (80-10'6 P j C2at A=0.5um

-I-_z
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2M )2 2 7
r,(A) = {0.423 (Tj sec( c)jcf(h)dh

FWHM (A) = 0.98ri =y
0
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Kolmogorov Turbulence

Big whorls have little whorls, Energy

which feed on their velocity;
Little whorls have smaller

e
$E
2

L
Energy
Transfer
Lewis Fry Richardson (1881-1953; ;;:? %
L #N

FRS, mathematician, physicist & #‘# # ~
#i Dissipation

meteorologist, who pioneered
weather forecasting.

According to an apocryphal story, Werner Heisenberg said on his deathbed

“When | meet God, | am going to ask him two questio  ns:

1. Why relativity?

2. Why turbulence?

| really believe he will have an answer for the fir  st.”
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Atmospheric “Seeing”

[Graphlcs copled from Nick Strobel’'s Astronomy Notes: Go to www.astronomynotes.com for updates & corrections]

Sibte A view Site B view

-

Laminar, stable air flow from the Ocean

> »-
> >

Turbulent Flow

telescope view
(high magnification)

atmosphere refracts starlight
in random directions very
quickly—stars “twinkle”.

5 March 2012

multiple images
created

on mountain tops there is
less atmosphere to look
through—Iess distortion.

NASSP OT1: Telescopes II-2

telescope view
(high magnification)
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What does all of this mean in practice?

 The atmosphere causes phase changes in wavefronts ove  r the telescope’s
aperture: atmospheric ‘seeing’ effects
 The Point Spread Function (PSF) of an image produced b vy the telescope is perturbed

— PSF in convolved with atmopheric aberrations such that i ts Fourier power spectrum (the
Optical Transfer Function) looses high frequency (fine structure) information

Shorter exposures allow to freeze some atmospheric effect s and reveal the spatial
structure of the wavefront corrugation

” ¥ < "4

Sequential 5s exposure images in the K band on the ESO 3.6m telescope
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What does all of this mean in practice?

o) LONG EXPOSURE b) SHORT EXPOSURE
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SEEING DISK SPECKLES
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sdin0 0000

PSF variations [ e

 Wavefront perturbed by a Kolmogorov
distribution of turbulent air cells of
varying index of refraction

 Phase variations distorts the PSF

— The telescope PSF is itself the convolution of
the telescope’s OTF with the ideal point source
(Dirac delta function)
* Final observed PSF is a convolution of
the OTFs of the telescope and
atmosphere

 PSF is the modulus squared of the
Fourier transform of the complex

wavefront at the telescope pupil

Instantaneous speckles

FT
ﬁ

o,

. '

SF with seeing | Telescope PSE
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| .
Tip&tilt

IQ N
“l -

ZO,O

Astigmatism

Eernike 11 Eernike 1F Iernike 13 Lernike 19 Eernike 15

Defocus
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More on wavefront aberrations and Zernike terms
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— These will be convolved with the PSF to form
an aberrated image

NOMINALLY FLAT
BUT ABERRATED
WAVEFRONT

PP

-penﬂscl'/
LENS

5 March 2012 NASSP OT1: Te

(a)

(b)

()

@

Telescopes Il: observing sites, the atmosphere & a
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Point Spread Functions (PSFs) and Optical Transfer Func tions (OTFs

Diffraction limited PSF Diffraction limited OTF

-
b —
W
c
D
il
c

0
AlD Al ryl A D/A
Seeing limited PSF Seeing limited OTF

Intensity
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Modulation Transfer Function (MTF)

» The degree to which details of contrast, or =~ modulation , in an
Image Is preserved in the image is governed by the MTF

 If MTF =1 = perfect transfer with no loss of detall
» Linear Fourier optics theory says:

— Total MTF of an optical system (e.g. a telescope + eye) is the product of
the individual MTFs for all of the optics in the total sytem

» I.e. all the telescope optics & the lens in the eye
— Cannot improve things since MTF <1

— But A-O can remove the source of poor MTF in the at mosphere

5 March 2012 NASSP OT1: Telescopes II-2
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Modulation Transfer Function (MTF)

1.0

Spatial Frequency ——» 1.0 Spatial Frequency ——»

MTFs for telescopes of D/r ;= 2 (left) and D/r , = 7 (right) with the following corrections:
A = no correction (fully blurred image)

B = tip/tilt correction

C = tip/tilt + focus correction

D = tip/tilt, focus & astigmatism correction
E = perfect correction to diffraction limit

Applying high order Zernike
corrections
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Figure 1.4. Scintillation traces for various apertures: (a) 24-in, (b) 18-in, (c) 15-
in, (d) 12-in, (€) 9-in, (f) 6-in, (g) 3-in. From Warner (1962).
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wavefront perturbations are uncorrelated

So, if a reference staris used to  determine the
nature of the atmospheric wavefront
perturbations, these will apply to  all objects
within the isoplanatic angle of the reference star.

Adaptive Optics is a technique which uses a
reference star (real or artificial) to determine
wavefront corrections
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ro=[0.423 K sec B ] C 2(z) dz ]

-3/5
6, = [2.91 K sec* B [ Clz) 27 (z) dz}

Path
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_ 40 1
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Science object Refarence star

Turbulence
— e.g. Using a shack-Hartmann “wavefront

sensor”

[~—— Telescope
Collimating aperture
optics
f .
Phase Science
corrector [a— Camera
Wave-front
| Comrector
control
J signal W avefront
( Sansor
\ -
Contral YWavefront
) algorithm signzl
F4
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How Adaptive Optics (A-O) works

o

» Determine the Zernike terms of the .
wavefront perturbations

— Fast exposures & fast analysis

« Use these terms to perturb a deformable b 4
mirror in the opposite sense

 Remove the phase variations

¥ r
— Fully corrected image - -
phage ™= T
349 Actuators 146 mm diameter b L E
P S = ; Deformable . ;
Rear View on 7 mm spacing Front View clear aperture mirror Letimiandie mor
te foreherec bRl e A
e
5 ! Computer
Tip-tilt
miror < | 8
TRt s
fevhered el et .
Wavefront
| Sensor
L) : ; P ] . !'A :
i 3 E Chatput
i : Ny B ¥ e phase
“I‘mll -: 7 .A Focal_plane
. - q image
L B
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Long exposure seeing limited:

|deal Telescope: Does not i
exist; not even in space! ] i High spatial frequency info lost!

Diffraction Limited OTF

ooL e e e e T 0.0 L L L L L | L L L | L 1 L | L 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Normalized Spatial Frequency (D/% units) Normalized Spatial Frequency (D/% units)

10 T T T T T T T

* This produces a narrower PSF '
* More energy moved in the “core” of the PSF
from the “wings” i

With AO correction — high spatial
frequency info recovered!

0.6

cted OTF

Corre

0.4

0.2—

0.0 L L L 1 1 L L | L L L |
0.0 0.2 0.4 0.6
Nermalized Spatial Frequency (D/% units)

0.8 1.0
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Visible
550 nm

MTF ldeal

Corrected

Uncorrected

1.0

Spatial Frequency

daptive optics

IR
3600 nm

MTF Ideal

Corrected

Uncorrected

(b)

Spatial Frequency ——

1.0

Predicted A-O correction for 2.2-m telescope with 1
(@ ro=10cm @ A =550nm

9 actuator deformable mirror:
(b)ro=95cm @ A= 3.6pm
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diffraction-limited PSF
(with no aberrations)
pa———————

actual PSF (with aberrations)
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Diffraction limit

Short exposure NGS(Strehl ratio=0.64)

Short exposure LGS
(Streht ratio=0.48)

Long exposure LGS

MTE (Stréhi rafio=0.25)

adaptive
oplics

~
---------

Normalized spatial frequency
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Sodium laser guide star
589 nm Na

Area density of bright enough stars too low
— Need to create artificial guide stars
— Excite atmosphere with Na laser (~90 km)

* r,decreases with wavelength

80 km

60 km

« # of actuators for deformable mirror O D?/r?
— ForD=10-m (SALT)and rO =15cm = 4,400 40 km Rayleigh guide star
actuators! ‘
Sodium
beacom .
| 206m |
Volcanic
aerosol .
scatter
Rayleigh
backscatter
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Apparent
position
of LGS

Actual position
of LGS

Atmospﬁérid “wedge”

Adaptive optics system
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S 0 New Adaptive Optics Approaches

 Need combination of Laser Guide Stars (LGS)
and Natural Guide Stars (NGS) -

e Multiple LGS over wider field
— “stitch together” adjoining isoplanatic

patches N0 A (See text)
— Multi-conjugate adaptive optics (MCAO)

 A-O systems used to correct dominant :
boundary layer R

— ground layer A-O (GLAO) o
— Wider field of correction . N

Cirssical A0

MEAC ! |
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Adaptive Optice Bench Light from Telemeope
for Keck IO Left Nasmyth Flatform

Solence Path

Rotator

. Tip-Hlt Nirror

OH-Arin Paraholic Mirmar

. Deformable Mitrar

Of=krle Parabellc Mirror

IE Tramsmlesiwe Dichmole

. Norcisun Mirror/1HE Dewnr

. Nirepee Fald Mirror

hierfsrometee Fold Wirror

. IR Atrooepherie Isperelon Compenszator

Wavefrend Senslng
11. Vimhle Atmpspheric Difpersion Compensator

12, Zpdlnm Diphrale
13. Fleld Steering Wireeta
14, Revetront Sensor Optlen

-
=R ECF WL R O

16, Worefrool Seosor Camera
16, Inktarmediate Fold Mirror
1%, Anqudsition Peld

18 Tp=Tit Ssnpar 3
19, Acquisiton Camers @

Allgnment Cslbestian & Tlegnestine i) :

2. ACD Stegm
2l. Telepcope Simulstor
2. Deformeds Mirror Interferometar

Interfercmatar

&, Tugl Eiar Mednle Fiald Zeparator
A4, Duel Star Modnle Ssocndary Fold Mirear
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Adaptive Optics Results

Uranus on 9 July 2004

The Power of Keck's Adaptive Optics
AD System OFF AO System ON

1.6 um
zoom x2
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Adaptive Optics Results

Galactic Center / 2.2 microns
13"x13" Field. 15 minutes sxposure. -

¥ithout Adaptive Oplices compensation

0.5%" Seeing

With Adaptive Optice compensation
0.13" Full Width st Half Maxitoum

Copyright CFHT. 1996
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