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A Terrestrial Planet Finder Telescope

The problem is to design and build a space telescope that will be able
to “see” planets around nearby stars (other than the Sun).

Consider a telescope. Light enters
the front of the telescope. ¥his is
called the pupil plane.

The, telescope focuses all’ the’ I|ght
passing through-the pupil plane from
a given direction at a certain point on
the focal plane, say (0, 0).

However, ;the wave natur® of light makes it impossible to concentrate
all of the light at point. Instead, a small disk, <alled the Airy disk,
with diffraction rings around it appears.

These diffraction rlngs are bright relative to any pIanet that mlght be
orbiting @ nearby star and so would completely hide the planet. The
Sun, for example, would appear 10*° tlmes brighter than the Earth to
a distant observer. ' :

By placing a mask over the pupil,.one can design the shapé and strength
of the diffraction rings. The problem.is to find an optimal shape so as
to put a very deep null very close to the Airy disk.
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Airy Disk and Diffraction Rings
A conventional telescope has a circular openning as depicted by the left

side of the figure. Visually, a star then loeks like a small disk with rings
around it, as depicted on the right. - - )
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The rings grow prbg_ressively dimmer as this log-plot shows:
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Airy Disk and Diffraction Rings—Log Scaling

. : b
. ' -

Here's the same Airy disk from the previous slide plotted using a loga- Home Page

rithmic brightness scale with W0~ "= —110dB set to black:

B
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The problem is to find an aperture mask, i.e. a pupil plane mask, that
yields a —100.dB null somewhere near ‘the first,diffraction ring. A

hard problem! Such a null would appear almost black in this log-scaled Ful Screen
image. '
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Diffraction Limited Optics

A coherent plane wave passing the '
pupil plane produces an interfer- -
ence pattern at the focal plane
given by " '

E(8,¢) = / / TR0 (E) dydar

where the.double integral extends
over the open portion of the mask,
k = (2#X)™*" i§ the wave .num-
ber, and A, ,(&,€) denotes the
difference in the distapce from the
point (x, y) on the pupil plane to . - Go Back
(0;0) and from (x, ) to (€5 C). e |

The formula*for A, (&, ¢) is complicated but is well approximated by

its linear parg;
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Multiple Pupils: Electric Field

Consider an aperture mask consisting of-1m pupils’ (opennings) where
the j-th pupil is given by -~~~ -

[t
—

CAj(z) <y < Bj(z)}

We only consider masks that are éymmetric with respect to both the x
and y axes: Hence, the functions A;() and B;()-are even functions
which we define only. for the upper halfplane and explicitly negate for

the lower half plane. ’
. -

In such a situation, the eléttri.c field E(&, ¢) is real and also symmetric
about both the x%8nd y axes. It is given by ;

r L [ Bi@) —Aj(z)
FisC) = Z/ / @O dy +. e @EHv0) gy | da
il a s B (), oS —Bj(x) s :
. % i B — si A [ ®
= 42/ cos(wE)sm( J(w)c) 7 sin( 3(3’3)6)_(&j '
. 5 /0

The intensity of the light at (&, C) is given by the square of the electric
field.



http://www.princeton.edu/~rvdb

Optimization Problem

Because of the symmetry, we only need to optimize ™ the first quadrant:
maxin.wize 4 E /2_(Bj (x) — A:(a:))da:
=0
J -

subject to. — 10™°E(0,0) < E(£,¢) < 107°E(0,0) (£,<) € O

0 < Aj(z) < Bj(r) <1/2 ) e el
BJ(LIZ) o Aj_|_1(:13) 7 = 1,0, : Saaiat
R . -

-

The objective fun!t'ron is the total open area of the mask. The first
constraint guarantees 10719 light intensity throughout a desired region
of the focal plane, and the remaining constraints ensure that the mask
is really a mask. ' Bt

If the set @ is a subset of the x-axis, then the problem is-entirely linear
(a linear programming problem).
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One Pupil w/ On-Axis Constraints

O={(£0):&<E<E}
o= 4 :

= 40 ®
Log scale: '
white = 0dB, :
black = —110dB
Thruput = 37%
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One Pupil w/ Triangle Constraints

O = triangle w/ vertices:
(507 0)9 (60 = 179 0)7 (50' +
17;17) e
e g .

Log scale:

white = 0dB,
black = —11'OdB.
Thruput = 0.8%
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Two Pupils w/ Triangle Constraints

O = triangle w/ vertices:
(507 0)7 (50 = 179 0)7 (50' +

17,17) - Sty
e g .

Log scale:

white = 0dB,
black = —11'OdB.
Thruput = 5.9%
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Four Pupils w/ Triangle Constraints

O = triangle w/ vertices:

(507 0)7 (50 =+ 177 0)9 (50' +

L7:40) - ;
= ;

Log scale:

white = 0dB,
black = —110dB
Thruput = 28.3%
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Six Pupils w/ Triangle Constraints

O = triangle w/ vertices:
(507 0)7 (50 = 179 0)7 (50' +
17:17) o

§o =4

Log scale:

white = 0dB,
black = —11'OdB.
Thruput = 36.0%
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Six Pupils, Eclipse

sl ~ W/
(60,0), (& + 17,0),
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Log scale:

white = OdB’ |
black Set=andE
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Four Pupils, Ellipse

O = triangle w/ vertices:
(5070)9 (€O 2 1770)9 (SO +
et

o =4

Log scale:

white = 0dB, .-
black = —110dB -
Thruput = 37.0%

AAAAAA o
mANAANARAAN
|
I ‘H“

n ANA NN \ [\ [
I UMAAANNALN \‘H\\‘A“m
\‘ I | [
Tl
0

\ “U i ‘ﬁ‘“\‘w‘u‘q‘ﬂ‘ﬁ‘ﬁ U“H‘&‘\\M‘Jﬁ\““\“‘”\\“‘ww MMH Y
I D

| &

|
|



http://www.princeton.edu/~rvdb

Home Page

Title Page

Contents

Page 15 of 32

Go Back

Full Screen



http://www.princeton.edu/~rvdb

Dim Double Splitter Mask

A mask was made for a 3.5" Questar. The mask was cut from paper
with scissors (a crude tool. at best) -according to tge’ template shown,
backed with cardboard, and framed with 4" P\_/C endcap. : Home Page
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The outer circle repré'sent's the full aperture, the inner circle the central
obstruction, and the remaining arcs the mask openning.
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Computed PSF

7 . b
. ' -
” %

Logarithmically scaled plot of the 2-D point spread function and a graph
of its x-axis slice. White is 0 dB and black is —40 dB. Throughput is
18.2%. : AN
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31 Leonis

31 Leonis is a dim double.. ; —
Primary/secondary visual magnitude: 4.37/13.6

Luminanceé difference = 9.2 -» —36.8 dB o
Separation: 7.9” ='6.9\/D (at 500nm). Position Angle: 44°

Without ma.sk; | b . With mask:

Mag: 13.6 companion
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Is it real?

. ' - "
We took another image with the mask rotated about 90°. The rotated
mask shows no hint of a secotary:” : :

Original oriéntation:. - Rotated:

p
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Where are the diffraction rings?

L] " A .
The images were taken with a Starlight Express MX-916 CCD camera.
No filters were used. The' camera is sensitive to all visible light and
well‘into the infrared. Hence the rings, whose radii-are’ proportional to
wavelength, get blurred by the averaging over the broad spectrum of
Wavelengths

2

In addition, the companion is located at 6. 9)\/D at 500nm. At
750nm, it is 4.6A/D.. At this Airy distance it Is |mpOSS|b|e to de-
tect a contrast ratio of —36.8 dB. : -

-_—
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Circularly Symmetric Apodization

-
Instead of a mask, we consider now a circularly symmetric apodized
aperture: " . '

=V

. ] o .
E(£,¢)-= / A(r)e *@HvO/ frdgdyr
. 0 y

where, of course, * = r cos @ and y = rsin 6. -

-

Without loss of g\nerality, we may assume that { = O. Hence, we

look at ] ; |
' a/2 us P
E(¢,0) = / rA(r) / e~ ) qody
. 0] - ' y

a/2 ’ b : :
P NS / 27T A(r)Jo (kr&/f) dr .
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Apodization Optimization Problem

i
The apodization function is fognd by solving the fc;lloWing optimization
problem: 13 - :

; : ré .
» . minirnize / |E(&,0)|%d¢
_ R . |
" subject to: 2_71'./ A(r)rdr > ara’/4 e

S TR RO
where \ . "y '
E(£,0) = / 2nrA(r)d, (kré/f) dr

and « denotes a lower bound on the open-area of the mask.
Note: we are*now using a throughput (i.e., area) constraint.



http://www.princeton.edu/~rvdb

Optimal vs. Gaussian Apodization

We compared with a full clear aperture (i.e., a circular-shaped aperture)
and*two Gaussian masks:
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Optimal Solution vs. Perturbations
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Circularly Symmetric Masks

. : ' ] -
Circularly symmetric masks can bé thought of as apodizations in which
the apodizing function A(r) ® zerc-one valued. |

Let .
.. A('r‘)‘: .1 T2j S'T§T2j+1, 7 =R, 1IN
o |" 0 otherwise, '
where ; | . :
- 0<rg<r1 <:--<rogpm_1 < af2. .
' XL -
We then get -, & .

A

E(&’) = /0 2nrA(r)Jo (2rkér/ f) dr

" T2j5+1
=2 / 27trdy (27Tk£r/f) dr.

2j o

(sz+1J1 (2mk€rojya/f) — r25J1 (2771;"5T2j/f)> .
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Circularly Symmetric Masks Optimiza-
tion Problem

-
]
bSO
minimize / |E(&)|°dE
B -
i m—& ,
subject to\- Z (3, — ;) = ama®/4 -
U oj=0 .

0<ro<r < <Pyps < a/2.

where E(f) is the function of the r;’s given on the previous slide and
0 < a < 1*denotes a lower bound on throughput. '
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§o = 4Af/a =
10p

& = 48\ f/a =
120 ;

26 rings

x-axis - scale is in
microns

Airy disk and

diffraction- rings, are

on a log scale:
white = 0dB,
black = —110dB.

thruput =2 17% \
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€0 = 4)\]8/& _
100

& = 32X f/a =
60 .
]_8 rings

ax-axis - scale is in
miCrOnS

Airy  disk  and

diffraction- rings, are

on a log scale:
white = 0dB,
black = =91 0M

thruput =2 10% \
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Same scenario, closer in view:

=120

140

~180
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Adding a Central Obstruction

To add a central ob-
struction, just give a

lower bound on 7rg.

Central obstruction:
18%

& = 7>\tf'/a- =4
17.5u P
& = 84Af/a =

210p

ax-axis scale.is in r’ki—

crons

Airy disk and diffrac- °

tion.rings are-+on a
log scale:
white = 0dB,

black = —110dB. -

thruput = 19%
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Using Spider Vanes to Support the
Rings

4 Vanesw/ h = 0.004 ys. 16 Vanes w/
h = 0.001 " ° | .
Terms in infinite Jacobi-Anger expansion:

7
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4 Vanes w/ h = 0.001 vs. 16 Vanes w/
h = 0.00025

Central obstruction: .18%
x-axis scale is in. microns . . *
£ = TAf/a = 17.5p
£ = 847 F/a = 2104 1
Airy disk and diffraction rings are on'a log | *
scale:

white = @dB,*

black = —110dBYX .
thruput = 19% Terms in infinite expan-
sion: 7
Airy-disk and diffraction rings are on a log |
scale: ' B
white = 0dB,

black = —110dB.

- >
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