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Outline

¥ WhatOspecialaboutAO instruments?

¥ Spatialinformationin AO correcteddata
P Pixels, Aliasing & the Sampling Theorem

¥ AO cameras

b Focal reducers: coupling instruments to
telescopes

b Spectrographs
b Polarimetry
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Cameras, Spectrographsilarimeters

¥ Astronomical instruments quantify the intensity of
radiation from distant sources:

=1/, ", # 1)
b Where did the photon come from (direction)?
¥ OSpatialO informatiait!, ") is recordedby acamera
b What is the photon energy (wavelength)?
¥ Energyinformation,i(#), E = h#, is recordedoy spectroscopy
b When did the photon arrivet)

b What is the polarization state 6

¥ Light is avectorwavecharacterizetby two complexnumbers
E°,, E°, or four realrealones(l, Q, U, V)



Whait® Special About AO Instruments?

¥ AO-equippedcsystemsleliverincreased
spatial information content

P AO instrumentsnust capture this information

b Spectroscopic, polarization & time-domain
Information of AO corrected data is not unique

¥ AO instruments record this conventionally

b AO spectrographaredistinctfrom seeingimited
iInstrumentdecauseheycanbediffraction limited

¥ AO enables new modalities
b Extremelyhigh contrast



SPATIAL INFORMATION
N
AO IMAGES



Imaging as Filtering

¥ An imagei(X) Is the spatial convolution of the
scenes(X) with the PSH(X)

1(X) = S(X) # 1(X) + N(X)
or in the spectral domain as

I(v) =S(v)-T(v) + N(v)

The recorded image Is the original scene
multiplied by theFourier transform of the

PSFNtheoptical transfer function T(#)

b T(#) is the filter function
b The image Is corrupted by noise,



Optical Transfer Function

¥ Typical OTF
T#HS$ las#$ O
T#H S Oast$ #,

b Low spatial frequencies are

preserved (T Cut-off

: : 1 frequency
Db High spatial

frequencies /

are suppressed




Optical Transfer Function

¥ Thesharpetthe PSFthe broaderfrequency
extentof T(#)

T(v) = FT{#(x)}
D T(#) tells us how much information fro8{#)
ends up I (#)

(1) =S(!)"T(!)+N()

¥ The functional form off (#) tells us how hard our
astronomical camera has to work
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Square Telescope
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Telescope OTF

¥ Fourier optics shows tha(#) is the autocorrelation of the
pupil function at lag = &# = D #,
b Thenaturalunit of spatialfrequencyis 1/F&

¥ OTF for a circular pupil is the overlap area

T, (r/D)= %pos '(r/D)" r/D\/l r/D

# = DIf&
=1F&
T(#) =0

/

Circular Pupil OTF

Normalized spatial frequency v,

# = &f#D,, = F&#

tel
13



SystemOTF

¥ Convolution Is associative

f*(g*h)=(*g*h
¥ The convolution theorem lets us write

Tsvs= Tatm T1eL Tao Team

b Instead of performing multiple convolutions we can just
multiply OTFs

¥ Limitations
b Applies to linear systems
b PSF must be spatially invariant
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System OTF for Keck AO
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TATI\/I TAO ?

Takeadeepbreatte




Atmospheric OTF anfl ()]

¥ Fried showed how to calculate the OTF from the structure
function,D,, for a random phase errojsr)

D, (r) = (lo() - o(r) )
wherer =r, -r,
T, (r)=exp|! 1D.(r)]

¥ Multiply out D, into the covariance function ) *+ which
forms a Fourier pair with the phase error power spectrum

%11 *+: r |2 Sothat

D,(r) = 47rj-: ‘(D(K')‘Z[l— Jo(2mxr) | dr
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Simplified AO OTF

¥ AO filters the power spectrum of atmospheric phase errors
within its spatial frequency bandwidth
b AO boostsOTF athigh frequencies

¥ Wavefront sensor measures the atmospheric wavefont
with error, ) (r) and based on this the DM preseljs(r)

B Thecorrectedvavefrontis ) ,o(r)

¢A0(r) = ¢(r)_¢DM(r)

¥ The phase presented by the DM jg,(r) is found by
convolving the measured wavefront with ihfluence
function, h(r)

Fom () =G/ (r)+# (r)|h(r %r")dr
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Simplified AO OTF

¥ The power spectrum of the residual phase errors is found

from
Faolr) =1(r)" 1 oy ()

by substituting fop 5,,(r) and taking the FT to fintl' *+

b o =L HOOL () + (S,

H is the transfer function for the DM aﬂé) IS the
variance of the wavefront measurement error

b Theatmospheripowerspectrumis filtered by (1-H)?
¥ If we knowH, | [ and- % we can findD o and Ty Tao
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Whatabouttheinstrument?

TCAI\/I



Camera OTF

¥ OTF for a perfect camera the is the pixel OTF

b A singleperfectpixel, width, x, convolves the image
with a top hat (x/, X)
b The pixel OTF is a sinc function

Team(#) = Tp(#) = sinc &, X)

Need! 1
pixel per
F& but
moreis
better!
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System OTF for Keck AO
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GoodNews/BadNews

¥ AO delivers sharper images
b Must be sampled more finely than non-AO

b AO instruments need more samples per object to record
the spatial information

¥ Sampling is done withixels (picture elements)

b How do we choosex?
b Pixels are expensive (noise and $)

b If we want fine sampling with a given array means
trading sampling for field of view
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But that3 not the end of the
story

Takeaanotherdeep
breatlc




ALIASING
&
THE SAMPLING THEOREM



The GoodNews: TheSamplingTheorem

¥ Sofar only we only describedhe actionof
onepixel andits OTF

D To construct an image we need to sample an
array of points

D TheSampling Theorem tells us how close
together those points have to be to record the
signal with no loss of information
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Detectordor Visible Light

¥ Most astronomicalnstrumentsisearraysof
pixelsto samplemages

b Detectors based on the photoelectric effect

P Si Is used for optical;, band gap at furh
¥ SI CCD (refers to how the photodiodes are read)

by o e

hwm b
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Detectors for Infrared

¥ Semiconductormaterialswith smaller
bandgapsreusedfor longerwavelengths

bGe (1.6 pm), In.Ga ,As (1.68D2.6m),
Hg, . Cd Te: (2.9910um), InSh 4.6 um

Rockwell AVIRAUE)
HgCdTe Arrays ; =————,

’»
1024 x 1024 &
128 x 128 | 256 x 256 ;
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Aliasing 2-d

¥ Target consisting of
radial spokes

b
¥ Low spatial frequence=E=

—_— —
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The Bad News: Aliasing: 1-d

¥ A signal with a spatial wavelength &&= 1 (solid)
IS sampled (dots) at an intenéal= 1.1

b The reconstructed signal (dashed) appears at the wrong
wavelength o, = (&'D &1 )* =11
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Sampling in Fourier Space

¥ Samplingin imagespacadas describedy
multiplicationwith the bed-of-nailsor
Shah function

I (x)=

=#
j="

j

H(x )
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Sampling of a Continuous Function

¥ A continuous functiom(x) iIs sampled by
multiplication withlll (X/, X)

b The sampled function I8l (X/, X) f(X)
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Sampling in Fourier Space

¥ In Fourier space the effect of sampling is to convolve the
Fourier spectrum with the FT df

FT{ ) T (X/, X) } = F(V) * FT{ Il (X/, X) }
but

FT{ 11 (X) } =11l (#)
¥ Thus

FT{ f(x) Il (x/, X) } =, xF(V) * Il (#, X)

Sampling replicates the Fourier spectrum at a spatial
frequency intervals equal to the sampling frequency
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Continuous
function

Sampling
function

Over
sampled

Critically
sampled

Under
sampled

Sampling in Fourier Space

f(x) F(#) Band-limited
/\ Fourier
spectrum
B
11 (X, X) Xz, X
ARRRRRRN RRRARAN t o+
(X, X) f(X) XA (#, X)*F(A)
Spectrum
|||\HH Hmln N\ /N A\ Replicated by
| #. convolution
1/, x = 2#,
II|HHM||L\V’\/’\/"\/’\
7 B
Aliased
1 ‘ ‘ ‘ || ‘3(‘ S spectrum
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The Sampling Theorem

¥ Torecordaband-limitedsignalwith
spectrum

(A" O; | # #
~(#) = 0, | > #
Thesamplingfrequencymustbe

1/,x! 2#,

P Corollary: a fully sampled, band-limited
signal can be reconstructed perfectly at any
intermediate point by interpolation
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Sampling Theorem for AO Images

¥ Foradiffraction-limited systenmthetelescope
pupll definesthe band-limit(slide 13)

Linear units | Angular units

Critical

frequency, # | Def/f&= 1F& D,./&

Pixel size,, x # F&I2 # &l2D,,




Keck AO Observations with NIRC?2

¥ NIRC2/LGS
AO Image
of IC 10

b Narrow
camera (10
mas pixels)

P I/H/KO

x (arcsec)
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Observed Power Spectra for Keck AO

¥ Observegower W — e
F M Power Spectrum

spectrunD |OTFf 10 Beat i NTF
Diffraction limited ;

thelongerwavelength
b Only detector & sky

10
information is evident ! - 1.6pum
¥ Correction is better at W( \\ ]
! -
r

noise at#> 0.8 # g 0 .
. n a - X' Power Spectrum '
b 25mas pixels woulc w0y, Dest F2 NTF 1
have been fine O .0 ™., 11
and 19mas pixelH : e g
P 0| .., 2.2um |
B Could have greater : Jaaey =Y !
FOV & if the noise i 107 ke |
detector noise bette 5/ iy R O
SNR with coarser , _
pixels 2.0 0.2 04 08 0.8 1.0
Vn
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[ELESOPES
&
FOCAL REDUCERS:

Coupling Instruments To Telescopes



AQO Cameras

¥ Relayall light collectedby thetelescopdo
the detector

¥ Samplethefocal planeat a spatial
frequencysatisfyingthe samplingtheorem

¥ Providea collimatedbeamfor filters or
otheropticalelements

b Conventional cameras may correct residual
telescope aberrations & thereby increase the
field of view, e.g., prime focus corrector

¥ Controlbackground straylight

a7



Design Problems

¥ Avallablepixel sizesmaynotbeideal
P CCD's& IR detectors have 10-&m pixels

P Detector noise depends on pixel size
¥ Small pixels have less dark current & read noise

¥ Arrayshavelimited numberof pixels

P Typically 10241 1024 for IR & 4096l 4096
for CCDs
b Over-sampling Is expensive
¥ Trade spatial sampling & field of view

48



Diffraction Limited Sampling

¥ Cutoff frequencys 1/F&
b Critical sampling Is twice this: B&
b Spatial sampling interval ix = F& /2
b Typical telescopes ha¥e= /D, %15
¥ Require, X = 15 um wide pixels a& =2 um

P A camera that is well sampled at 2 will be
severely under-sampled affn

¥ Need variable magnification or suffeversampling
at long wavelengths

49



Two-Mirror Telescope

m=1 s'/s, magnificatior
I k, ratio mirror diameter
nght ent gperlure X
\‘ pil oo [#=mk/(m+k! 1)

Primary

Cassegrain two-mirror telescope with primary mirror
focal lengthf, has an effective focal length wif;

50



Equivalentl-LensTelescope

Two-Mirror
ent aper lure
Spil 100 Telescope
.LQ- PR S | -
!
(-
-
—_— ' - —— — el ——————— > ]

Exit
pupil Focal
p H f1 § ——=Pplane
Equivalent 1- | 0 :
Lens Telescope L4
with effective
focal length f b T
- f -
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Plate Scale-Angular Units

¥ The(plate scal®is the angular scale at the focal
plane

S=1f [radian m!]
S=206,265/ [arc sec M]

b f =FD, Is thesystem focal length [m], D, IS the
telescope diameter [m] aidis the system focal ratio

52



Plate Scale

¥ For exampld-/15 focus of Keckri= 15/1.75 = 8.57)
S=1.375 E/15)[D,/10 m) arc sec mrh

or for, x wide pixels

s=13.75 E/15)[D,,/10 m)({ x/10 um) mas pixel

¥ The NIRC2 camera has three plate scales

b 10mas
b 20mas
b 40 mas

¥ Which one would you use Htband (2.3um)?

53



Focal Reducers

¥ A focalreducerns anoptical systemthat
changeshefinal F-ratio

Collimator ~ Camera
Pupil
From l
telescope
::> Detector

/ < f > < .I: >< f > < .I: >

col col cam cam
Telescope

focal plane 3
m= fcan( fcol
24



Focal Reducers

¥ A collimator renders light parallel
¥ A camera images the light onto a focal plane

detector

b Gratings or filters can be put in the space between the
collimator and the camera

: Camera
Collimator Pupil

#
i

< > < > < > < >

f

col fcol fcam fcam
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Geometry of Focal Reducers

¥ Telescope with primary mirror focal length
b Imageis formedadistancef,, from the exit pupil

¥ Angle on the sky ig;%he angle at the exit pupil &5
b Diameterof thefocal reducerelementsiependonthe FOV

b Thediameterof thefield lensis £f/ $ wheref$is the effective
telescopdocallengthand! is theangularadiusof the FOV

. Exit
Equivalent 1- o
n Lens Telescope pUpl| Focal

< f1 5 - plane

‘J“““%J‘“MM& i fl =2f,




Geometry of Focal Reducers

¥ If the aperture stop of the focal reducer is at the

collimator lens an@ is the angle at which the
chief ray from the edge of the field enters the
collimator then

1 =2f, =3f,

Exit Telescope
pupil focal plane

Collimator

! Bangleonthesky

f Dtelescopdocallength

f.,, P collimator focal length
f, Bprimarymirror focallength
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Geometry of Focal Reducers

¥ Thediameterof the collimatorlensis found

from the Lagrange invariant ! D, = 3D_,
3/ =1/1f,,, =D/ Dy
SR el

pupil

Collimator
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Maaqgnification

¥ The focal length of the telescope/focal reducer
combination is the effective telescope focal lefigth
times the magnification of the focal reducer

b The magnification of the focal reducer is the ratio of the
camera to collimator focal lengths

b The system focal length is the diameter of the
telescope times thé’'-ratio of the camera

- . Camera
Collimator Pupil

#
f

< > < > < > < >

f

col fcol fcam fcam 59



Focal Reducers: Example

¥ Keck/NIRC2, narrow camera has magnification
m= 3.66 and x = 27um pixels
b F, =F/15;D,, = 10 m;F = 3.661 F/15 =F/55

narrow
¥ Plate scale

s = 206,265k, ..P:) = 206,265/550,000
= 0.375 arc sec/mm

1 pixel subtendss, x = 0.010 arc sec
¥ TheNyquistfrequency at um for 10-m telescope

2D, /&= 100 arc set
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Focal Reducers: Example

¥ NIRC2 hasthreedifferentmagnificationgo
for: 10,20, & 40 maspixels

b Achieved by substituting the camera with one
of different focal length

4 - =~ ~
\
// *
: Camera®
. /
Collimator Pupil \\
! \
1 \
I 1
I 1
; N
T~ [
\
\
\
\
\ /
< > < > < N e e
~ - 4

f

col fcol fcam i fcam
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NIRC2 at Keck 2
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NIRC2: InsidetheBlack Box

Camera "y
module | 1
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Focal Reducer for the Infrared

¥ Collimator doubles as a field lens
b Formsanimageof thetelescopexit pupil atthe aperturestop

¥ An aperture stop is placed between the collimator and
camera lenses

b Distancebetweerthe collimatorandcameraequalsf. +f.,,

Cold
stop

Detector
array

Telescope
focus
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Focal Reducer for the Infrared

¥ A system with entrance & exit pupils at Infinity Is
telecentric

P All the chief ray$ithose that go through the center of
the aperture stdfiemerge parallel to the optical axis

b Since a real image of the telescope exit pupil is found at
the focal plane of the collimator, an aperture stop at this
location precisely defines the acceptance angle of the
focal reducer

¥ This stop Is vital to rejecting unwanted thermal

radiation from the telescope and sky

65






SPECTROGRAPHS



More GoodNews

¥ Most astronomicalnstrumentsarefocal
reducers

b Cameras
b Spectrographs
P Even AO systems!
¥ Focalreduceroftenhostusefuloptical
components

D Filters,polarizers, prisms, diffraction gratings,
&C.
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Spectrographs

DEIMOS

69



¥ Why are astronomical
spectrographs so big?




Size Matters

¥ Astronomical spectrographs are huge because
most arenot diffraction limited, but seeing-
limited
b Most astronomical spectrographs are

dispersiv@&ldispersive spectrographs encode
wavelength as position

b Image size determines spectral resolution

¥ To preventlight lossattheslit spectrograplsizescaledinearly
with primary mirror diameterat constanspectrakesolution

b Not true forinterferometric spectrometers, e.qg., Fourier
transform spectrometers

¥ AO spectrographs can work at the diffraction limit
and consequently are more compact
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Dispersive Spectrometers

¥ Dispersive spectrometers are a class of instruments that
encode wavelength as position on a focal plane detector

¥ Dispersion can be caused by refraction or diffraction

¥ Key element is

b Prism @dn/d&" 0)
b Grating(planeor volume)

¥ Gratings are favored
P Flexible
¥ Transmission or reflection

¥ Groove spacing
¥ Plane or powered surface

b Efficient
¥ Grating can be blazed

b Lightweight

72



Spectrometers as Imagers

¥ A dispersive spectrometer is fundamentally a
device which makes an image of a source

b The position of the image encodes wavelength
¥ Typically the spectrometer makes an image of an
aperture or slit

b In fiber fed spectrometers, the spectrometer makes an
Image of the light exiting an optical fiber
¥ Location & size of the image is determined
jointly by the laws of geometric optics and the
grating equation

73



Grating Orders

3 =0j; &=633nm:1/4 = 600 mmt

74



Blazed Grating
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Condition for Constructive Interference

° mA = o(sino: £ sinf)

Sign Convention
Reflectiongrating:3 & 5 have

the samesignof theyareon
the samesideof thegrating /
[1)

normal. Transmissiorgrating:

3 & 5 havethe samesignif the . I Sin - for transmission
diffractedray crosseghe o smao + for reflection
normal. 6




SchematicSpectrometer

Collimator Camera

é /Q\ — ?- v
Iber
source Uﬁk %U b
« > 3 | 5 . R
Grating
fcol fcam

m! =" (sin# $sin %
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Collimator
f=179 mm

Grating
;=643
4 =125 pm




Positional Encoding

¥ Theangle5 is givenby thegratingequation
b Image position set by the camera focal length

Grating Camera
p - . .
- m! (s?ln# + S|n$)-
____________ | e = arcsingn! [ Using)
/U 5 P= 1:camtan($)
f
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MappingWavelengthto Angle

¥ Holding 3 andm constant5 varieswith &

m = 35, a = 64.5 deq, 6 = 12.5 um

Py

I =arcsiim" 1# $sin% :

8 [degrees]
o o
N

58 | ;
620 630 640 650

Wovelength [am]
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Mapping Wavelenqgth to Position

¥ Holding 3 andm constantp varieswith &

m = 35 a = 64,5 deq, 0 = 125 um
1500y ielestess SNFNIrNea S et ISttt revnvegalny 4
1000 F  P= fean tan-f;)/Ap -
[ L foan =200mm ]
& P%9F ap=13im 5
c ar -
2 : :
Q : ]
- 1000 ¢ .
1| STy a2 s ‘
620 630 640 650

Wavelength [nm)]



Dispersion

¥ Dispersiongivesthe angularspreadof
diffraction,,5, for a sourcewith wavelength
spread, &
P Using the grating equation, hold the angle of
iIncidence 3, and the ordem, constant

MA = o(sina + sinp)
MoA = o cosBop

B
o), . © COSB
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Dispersion

¥ Overalimited rangeof wavelength
dispersions %constant

P Roughly linear relation between wavelength &

position
m= 35 a = 645 deq, 6 = 12.5 um
110§ o ) :
E nm /3
e = 3! m 1 A
£ 10afF g— =— - P c
w ot (., +cos s
© E ’
2 %o e
‘%; 80:;/
?0E N S SOy . ]
620 630 640 650
Wovelength [am)
H
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Dispersion

¥ With higher dispersion it is possible to
distinguish closely spaced wavelengths

¥ High dispersion corresponds to
b High order (largem)
b Narrow grooves/high groove density

b Large 1/co65), I.e., obliqueb close to&/2

S m 1

éé# %m + COS
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Spectral Resolution

Collimator ~ Grating Camera CCD

\ .
| R

source
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SpectralResolution:Diffraction Limit

¥ Even if the input is a point source, the image has a finite
size on the CCD arrayp, due to diffraction
b Theangularsizeof cameramages,5=&D_,,, limits the spectral

resolution

#”

!II — !$
#$

_ Ycos$ %
—

I$ _ 1

Dcam
Ro_ (sin&+sin$) D_,. , ) D_.. tan(

! 1J) COS$ 1J) 1J)
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Spectral Resolution: the Diffraction Limit

¥ Telescopaliameterdoesnot enterinto the
formula!
b For our toy spectrograph
¥D. = 75 mm
¥tan/g=2
¥ &=0.632um

R,, ~ 470,000




Slit-Limited Spectral Resolution

Collimator  Grating Camera
| CcCD
S Q Q
S = R | ?
- g\xi\/j ,\
iber |
source Uﬁk %U )
< > 3 . / ’
f f

col

Aa=As/f_,, AP :(g—ﬁ] Aa, Ap=1_ AP
& J;
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Slit-Limited Spectral Resolution

¥ Generally, the source, Is not a point

b If the extent is greater than the diffraction blur then the
spectrometer resolution Oslit limed

/
/ :i
fcol
[# —fyﬁg | LL— COS” - COS" .IS
o &$"),,  cos#  cos#f,
0
I# :@£ I+ = m I+
&$+). , COS#
m cos' Is + sin” +sin# f
I+ = Hence’RSL = — - col
, COS# cos# f_, I+ coS I's

Which is biggeR;, orRg ?
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Slit-Limited Spectral Resolution

¥ For the toy spectrograph the image size is set by the diamet
of the fiber feed (10im)
b Theresultantresolutionis R, %11,5000r 1/40 of the diffraction
limit
¥ For a spectrograph with slit width) >> &D,, and
collimated beam diametel,,

R, =2 d., tan6,

DteI5¢
= 83,000(dCol /1 m)(DteI /10 m)_1 (5¢) /larc sec)_1 (tan 6,/ 2)

Grating isd. tan(’,) = 2 m long!

90



HIRES on Keck

The optics in high

resolution, slit- e

limited spectrographs
are huge

b ForHIRESR, ) =
39,000

b tan(,) =2.6

P 14-inchcollimated
beamand36-inch
long grating mosaic
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Integral Field Techniques

Image
Slicer

Fiber
Bundle

Lenslet
Array

Focal Plane

1

A

§\

Feed to Spectrograph

v
v

Detector
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Polarimetry Science

¥ Characterizéhe scatteringoropertieof
circumstellamaterial

¥ Polarization-basesdpecklesuppression
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Polarimetry & Scattering

¥ Consider a plane wave propagating inzhe
direction, incident on a particle located at the
origin
b The direction of the incident and scattered light defines

thescattering plane

¥ The amplitude of the incident electric fiekg, can
be written as a sum &, & E, parallel and
perpendicular to the scattering plane

¥ The scattered fiel&,, I1s decomposed inte,, &
Es6
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Scattering
plane

96



Polarimetry & Scattering

¥ Thecomplex amplitude scattering matrix
describegherelationshippetweerk; andE,

E, _€ik(r_z) S, S3|Ey
E. | —ikr\S, S, |E,

e.g., forRayleighscattering

s, $.$ . lcos( 0%
=" ik’r
fs, s5% "o 1§



Polarimetry: The Observables

¥ |If we canmeasured we canestablisithe
natureof the scatteringparticle

¥ Thephase function measuregheangular
variationof total intensitywith scattering
angle

2 2, 1 2 2
(1) = +[Es | #5(\52\ +|s[)
¥ Stoked measuresotal intensity
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Polarization

¥ |If we measure the difference

1 E[# (S 18
¥ This I1s Stoke$)
¥ For isotropic particle$ is diagonal
b If we have single scatteririg& Q are all we need

¥ More generally we warll and possiblyw
b U is needed to measure arbitrary linear polarization PA
P V measures circular polarization
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Phasd-unction& Polarizationby Spheres

m =1.33-0.01; x = 2% a/&

- 1,000 :
S %
-— _ _ /
3 0.100 x=0.1 x=1
-
a 0,010 PR
O . Lo ™, 4
é . “a -". ........ :

0,00 : 5 g

L&: . ) ' ;

| - l"\ :
k- ¢ :
o y % ;
0§ ' — -
9 ’
O
Q

100 150
Scatlering angle [deqrees]
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Polarization is a Key Diagnostic

——
(8
%
e
(o]

—
>

x [orcsec]) GrahamKalas& Matthews 2006

¥ Foredge-ordiskspolarimetryis essential
b Information about the phase function is lost because of averaging along
the line of sight

P This information is recovered @ andU are available because of the
different angular dependence of the matrix elements of the complex

amplitude scattering function
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Measuring <€od > andp,,..

¥ Simultaneoudit of surface

brightnessaandpolarization 4.0F :
measures 6od > andp,., 35 T AU Mic
¥ For AU Mic thedataare S sk Mgy :
consistenpnly with very 5 o ™, §
porousgrains,which 2.9 F) SocesMie, e 1

meanghattheytracethe 2.0¢ 3
primordialaggregation o jz4°
mechanism > ok it ]
T 02t o f e
S oaf R ]

0.0 =
10 100
r [AU]

GrahamKalas& Matthews 2006
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Polarimetry & Speckles

¥ Dual channel
polarimetry suppresse
common & non-
common path
wavefront errors

Stellar halo

M  Common WFE

i} Non-common
WFE

* Polarized
astrophysical
signal

Nt
t* B B B
»* ® &
ng PSF- ' PSF-
Q -Q
e W
—)’4—
i 2Q o
*
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Implementing a Polarimeter

¥ A polarimeterconsistof a modulatorand
ananalyzer

P The modulator changes some polarization
property of the incident radiation

b The analyzer sorts the light according to its
polarization state
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Measuring Polarized Light

¥ Thesimplestpolarimetens arotatinglinear
polarizer:

1(6) = ! (I+ Qcos20+ Usin26)

¥ Choosethreeangle%\ndsolvethe resulting
simultaneougquationse.g.,0j, 60j, &
120;

2 2 2
|:§(IO+I6O+I1ZO)’ Q:§(2|0_|60_|120)’ U:ﬁ(IGO_IHO)
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Polarimetry Components

¥ Retarder

P Introduces a phase delay between two
perpendicular polarization states aéndo-rays)

b Birefringentcrystals
¥ e.qg., rotating 1/4- and 1/2-wave quartz plates

¥ A rotating1/2-waveplaterotatesthe plane
of alinearpolarizedwaveby 2) whenthe
fastaxisis rotatedby )
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1/2-waveplate R
s

45"

&
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Polarimetry Components

1
¥ Analyzer
b HR polaroid e
. . 1CY Y TN 3
b Wire grids ? oF VLA e
P Polarizing beam splitters 7 i
¥ Wollaston

¥ Focal plane mask
b Neededor dualchannel
operation
b Half-planemaskienetian

;:y

O-ray

E-ray
E-ray faster
incalcite
rmedi urn
ng = 1.4864

ng = 1.6584

e
3

blind Z
¥ Calibration system T
./"/
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Calibration

¥ Polarizationcalibrationis tricky because

b Polarizing elements are not perfect, e.g.,
¥ The waveplateetardance is not exactly half a wave
¥ The extinction of the analyzer is not 100%
¥ Orientations may not be at their nominal values

b Instrumental (de)polarization
¥ Diffraction (spiders)

¥ Non-normal reflections
b Telescopetelayoptics,detector& dichroicbeams splitters

¥ Birefringent optics (refractive elements)
b Polarizationdependentvavefronterrors!
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Mueller Matrix

¥ Both calibrations are accomplished by measuring th
4 1 4 elements of thesystem Mueller matrix

;Isz i#Mll IV|12 M13 Ml4ili§
#Qs&#le Mzz M23 M24&£Qi&

Ws&_#M3l MSZ M33 I\/|34&tJi&
iL}L\/S§) #M 41 M 42 M 43 M 44%\4 é

b Only seven of the 16 elements are independent, because
the four complex matrix element§, have four absolute
values and three phase differences

¥ Spatial variatiofl angleschangewith field angle
¥ Time dependentfhewconfiguration(&), imagerotators flexure
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Data Reduction

¥ The system Mueller matrix for our simple polarizer
consisting of a rotating wave plate and an ideal polarizer is

MSYS(! ’”) = MLPMROT(#! )MWP(”)MROT(! )

¥ Using the top row of the system Mueller matrix the
observed intensity is

21°(7,,7) = 1 +(cos*2! | +sin’2/ jcos”)Q +
[cos2! ;sin2! (1# cos ")]Ui +
sin2! ; sin "\

where the output intensiti5 (/;,)), Is measured at angles
=1,2,3,EN
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Data Reduction

¥ Thecolumnvectorof measurementrerelatedby ameasuremerratrix, M Q
to the input Stokes vector

'’$ 1 cos2,+sin*2  coy cosZ’lsinzl(l) cos() sin2 ;sin( $, IS
Hro& zl cos2 ,+sin°2 ,co§ cos2 ,sin2 2(1) cos() sin2 Zsin(g;# &

#&_1 2 . o
#13&=§#L cos2 ,+sin°2 ;co§ cos2 ,sin2 3(1) cos() sSin2 ,sin( &# &
#1 & “#H | | | &l &

"I'% "1 coS2,+sin°2 ,coy cos2 ,sin2 N(l) cos() sin2 , sin( %
¥ Restating the last equation as

1°=M'S

the least squares estimateSo€orrespond$o minimizing thenorm
2 0 Qi

ell; =][T" - M'S,,

whichis foundby usingthe pseudo-inversef the measuremennatrix

S, =(M"M) 'MTI°

est
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IRCAL-pol
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Gemini Planet Imager

Tl AO system
B CAL system
I |FS system
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==ewance window (3@ MINI Planet Imager

=
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Acronyms & Glossary

¥ Aperture stop: anopeningthatdetermines
theamountof light which passeshrough
anopticalsystemto theimage,usually
the boundaryof the primary mirror.

¥ Cassegrain telescope: a two mirror
telescopevith aconvexsecondary

¥ Chief ray: anyray from anoff-axis object
pointwhich passeshroughthe centerof
theaperturestopof anoptical system.
Thechiefray entersthe optical system
alongaline directedtowardthe midpoint
of theentrancepupil, andleavesthe
systemalonga line passinghroughthe
centerof the exit pupil

¥ Entrance pupil: theimageof theaperture
stop.If thereis no physicalaperturestop,
theentranceupil is animageof thelens
or mirror itself.

¥ Exit pupil: is avirtual aperturan an
opticalsystemOnly raysthatpass
throughthe exit pupil canexit the system.
Theexit pupil is theimageof theaperture
stopin the opticsthatfollow it.

¥ Fourier transform:
F#)=(f(x) exp(-2Z&i # x) dx
¥ FOV: field of view

¥ Gregorian telescope: a two mirror
telescopevith aconcavesecondary

¥ Influence function: shapeadoptedoy the
surfaceof a deformablemirror whenasingle
actuatoris exercised.

¥ OTF: theopticaltransferfunction. The spatial
frequencyresponsef a systento asingle
harmonicstimulus.Fouriertransformof the
PSF.

¥ Mueller Matrix: a 414 realmatrix describes
how opticalelementsnodify the Stokesvector.

¥ PSF: thespatialresponsef a systemto a point
source.

¥ Shah function: The samplingfunctionor bedof
nails II(x) =) , (x-}), FTIHI(X)]=H1( V).

¥ sinc(x) = sin(! x)/! x N NoteBracewelDs
definitionincludes&

¥ Stokes Vector: (1, Q, U, V) abasissetfor
describingpartially polarizedincoherentight.
Q & U describdinearpolarizationandV
describegircularpolarization.

¥ Structure function: D. (r) =<[' (x) - " (x+r)>>

¥ Top hat function: . (X) =1, k|<1/2, otherwise 0
FT[sindX)]=. (v)

¥ Telecentric: asystemwith entrance exit
pupils at infinity.

¥ Triangle function %(x) = 1- K| for x|<1
FT[SiNG(X)]|=%V).
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