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Proba-3 mission and ASPIICS
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ESA Proba-3 mission

* In-orbit demonstration of precise Formation Flying

* Two spacecraft flying 150m apart, controlled with a millimeter accuracy

Occulter Spacecraft

Coronagraph Spacecraft

14/05/2018 R.Rougeot 4



ESA Proba-3 mission

* In-orbit demonstration of precise Formation Flying
* Two spacecraft flying 150m apart, controlled with a millimeter accuracy

* The formation will be co-aligned with the Sun during the 6-hours apogee phase

i e Formation break
Perigee pass: ——

- GPS visibility .
- Data downlink T=12h49m

T =0hOm 60.000km Apogee pass: fine
formation flying &

Coronagraphy

T=6h50m

~ "Formation acquisition

14/05/2018 R.Rougeot



Solar coronagraph ASPIICS

* Associtation de Satellites Pour I'lmagerie et I'Interférométrie de la Couronne Solaire

* A1,42m diameter occulting disk carried by the Occulter Spacecraft
A 5cm Lyot-style coronagraph on the Coronagraph Spacecraft

* Observation of the K-corona ~
- Findings on the heating process
- Alven’s waves, dynamics of the plasma

ASPIICS in a nutshell \

- Coronal Mass Ejections White ||ght [540nm , 570nm]
2,8 arcsec/pixel
Lamy, 2010 \High cadence .

Renotte, 2015

14/05/2018 R.Rougeot 6



Coronagraphy and diffraction

* The corona of the sun is much fainter than the solar disk itself
Observation in white light requires perfect eclipse conditions

107°F ‘ E
A i corong, minimum, equator (Allen 1977) 3
na, minimum, pole (Allen 1977) |
\ t \ (Allen 1977
1078 f ” E
BCOTOTla 10 to 10 Bsun
gm 1078
{6 e
o . Allen, 1997
[ .. Cox, 2000
o _J

ar radial distonce (solar radii)
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Coronagraphy and diffraction

* The hybrid externally occulted Lyot solar coronagraph ASPIICS

External occulter Pupil Internal Occulter Lyot stop Focal plane
Focal
17 Pplane /3
@) A o’ C D
14/05/2018 R.Rougeot



Coronagraphy and diffraction

* The hybrid externally occulted Lyot solar coronagraph ASPIICS

External occulter Pupil Internal Occulter Lyot stop Focal plane
Focal
17 Pplane /3
@) A o’ C D
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Coronagraphy and diffraction

* The hybrid externally occulted Lyot solar coronagraph ASPIICS

External occulter Pupil Internal Occulter Lyot stop Focal plane
Focal
17 Pplane /3
\\\ :::' ) >
|
@) A B o’ C D
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Coronagraphy and diffraction

* The hybrid externally occulted Lyot solar coronagraph ASPIICS

External occulter Pupil Internal Occulter Lyot stop Focal plane
Focal
:3 7 plane “\ /3
\\\ \\\\: ”/’
2 )
@) A C D
14/05/2018 R.Rougeot
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Diffraction by an external occulter

R.Rougeot
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Diffraction by an external occulter

Point source at oo External occulter Plane of the entrance aperture

RZ
= — ~ 6400
Ny Az
VA Propagation
< > >
AYA
z=144,348m

A=550nm R=710mm

1 Yo (x,y) ¥, (x,y)
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Diffraction by an external occulter

* Major issue in solar coronagraphy: the Sun is an extended light source

Umbra of 38mm

R,,.=16,2’

»
»

* The diffraction pattern must be known over a large spatial extent
# stellar coronagraphy

14/05/2018 R.Rougeot 14



How to compute diffraction?

Brute force 2D FFT v v Rougeot & Aime, 2018
Analytical Hankel transform v X Aime, 2013
Vanderbei et al. Approach v O (periodicity) Vanderbei, 2003
Lommel series X X Aime, 2013
Maggi-Rubinowicz representation X V Cady, 2012
Boundary diffraction integral Born & Wolf

14/05/2018 R.Rougeot 15



How to compute diffraction

e Brute force 2D FFT

The occulter is padded in a 2D arrays

Size K

W, (x,y) = F [ F [Wolx, )] x exp(~indz(u® +v?))]

Occulter

<+——>
Sampling o

Condition from the Fresnel filter: o > /%

Consequence: K of very large size

In Rougeot & Aime 2018, we tried 156000 x 156000, not sufficient for petalized shape

14/05/2018 R.Rougeot 16



How to compute diffraction

 Maggi-Rubinowicz representation

Requires a binary mask (1 or 0)

W (x,y; 1) v (x,y)
Y, (x,y) = —LIJZ(d) (X,y) in the geometrical shadow e :
W, (x,y) = ¥o(x,y) — Y12 (% y) otherwise
Boundary diffraction integral ‘Pz(d) = ﬁ_cﬁa W di
Sampling of the occulter edge must be carefully chosen Cady, 2012
Born & Wolf

Rougeot & Aime, 2018

14/05/2018 R.Rougeot 17



Diffraction by an external occulter

* The sharp-edged occulting disk

Occulting ratio of 1,05 solar radius at z=144m

740

760



Diffraction by an external occulter

* The sharp-edged occulting disk

The bright spot of Arago (or Poisson... demonstrated by Fresnel)

Geometrical umbra

Credit: Minerva.union.edu
14/05/2018 R.Rougeot
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Intensity |¥.|? (log)

Diffraction by an external occulter

* The sharp-edged occulting disk

a2

14/05/2018
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Diffraction by an external occulter

* The apodized occulting disk

Variable radial transmission

=
[N}

[N

Transmission T
o o o
N e

=
N

650 670 690 710 730 750
Radius (mm)

=]
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Diffraction by an external occulter

* The apodized occulting disk
A=20mm

0 f

-2

I | |
o0 =] e

Intensity |¥.|? (log)

[
o
——————

-12 — Disc
Apodized
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Diffraction by an external occulter

* The serrated (or petalized) occulter

In stellar coronagraphy, the reasonning starts from the ideal apodized occulter

Tapod (r) = pretal(rr 6)do

Cady, 2006
The petalized occulter is the discrete substitute Vanderbei et al., 2007

14/05/2018 R.Rougeot 23



Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

In solar coronagraphy, the reasonning is well different!

The diffraction occurs perpendicularly to the edge
A toothed disc rejects the light outside the central region

Boivin (1978) predicted the radius of the /
dark inner region of the diffraction pattern
based on geometrical considerations

.
L Koutchmy, 1988
— .

14/05/2018 R.Rougeot 24



Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

N, teeth

-30

A/ -20
R=710mm ‘! £

N,=1024 ; A=20mm




Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

(b) Occulter: 512-teeth, 10mm

-30

Modulus |‘Pz(x,y)|
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Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

(b) Ny =64, A =20mm

Intensity |W.[* (log)

Dise

-12 —— Apodized

i Serrated -

-14 IR RN Ahd | T R R R S A A B
0 200 400 600 800

14/05/2018 Radifel mm)
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Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

(b) Ny =64, A =20mm

@ Dark inner region

Intensity |W.[* (log)

Dise

-12 —— Apodized

i Serrated -
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0 200 400 600 800
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Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

(b) Ny =64, A = 20mm

@ Dark inner region
Intermediate region

Intensity |W.[* (log)

Dise

-12 —— Apodized

i Serrated -

-14 IR RN Ahd | T R R R S A A B
0 200 400 600 800

14/05/2018 Radifel mm) "



Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

(b) Ny =64, A = 20mm

@ Dark inner region
Intermediate region

@ Fully illuminated region

14/05/2018 Radifel mm) v

Intensity |W.[* (log)

Dise

-12 —— Apodized

i Serrated -
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Diffraction by an external occulter

* We numerically verified the geometrial predictions of Boivin (1978)

800

700

— 600

M

— 500

400 Size of teeth /1

300

Boivin radius B

200

— N — B

100

[]T|||||||||||||||| |||||: Rougeot&Aime,2018
200 400 600 800 1000 1200

Number of teeth N,
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Diffraction by an external occulter

* The serrated (or saw-toothed) occulter

(c) N; =512, A =10mm (d) N; = 1024, A = 30mm

B1024.30mm

udm |

Intensity |W.]* (log)
Intensity [, (log)

T (R il

— Disc Disc

-12 —— Apodized -12 Serrated
Serrated —— Apodized
-14 I N1 BRI B R _14 I R R R R
0 200 400 600 800 0 200 400 600 800
Radius (mm) Radius (mm)
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Penumbra profile

R.Rougeot
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Penumbra profiles

R,,.=16,2’

Umbra of 38mm

* Convolution of the diffraction pattern |¥,(x, ¥)|? with the solar disk
Centre-to-limb darkening function

14/05/2018 R.Rougeot 34



Penumbra profiles

* The sharp-edged occulting disk
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Penumbra profiles

* The serrated (or saw-toothed ) occulter

A=20mm
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Penumbra profiles

* The serrated (or saw-toothed ) occulter

40

Integrated illumination over the pupil,
normalized to the sharp-edged disk cas
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Conclusion

R.Rougeot
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Conclusion

* Model of diffraction for external occulters in solar coronagraphy
- Limits of Fresnel diffraction integrals using 2D FFT
- Maggi-Rubinowicz representation

* Assessement of the theoretical performance of serrated occulters

* References
- Aime C. 2013, A&A, 558, A138
- Rougeot R., Flamary R., Galano D., Aime C. 2017, A&A, 599, A2
- Rougeot R., Aime C. 2018, A&A, 612, A80



Other works

* Propagation of the diffracted wavefronts inside the Lyot-style coronagraph
- end-to-end performance in straylight rejection
- impacts of the size of the internal occulter and the Lyot stop
- PSF in the vignetting zone

* On-going/future works:
- optical aberrations of the optics
- effects of surface roughness scattering

14/05/2018 R.Rougeot
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Questions?

Thank you for your attention!

European Space Agency

14/05/2018 R.Rougeot 41
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Propagation inside the coronagraph

R.Rougeot
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Propagation inside the coronagraph

* The hybrid externally occulted Lyot solar coronagraph ASPIICS

External occulter Pupil Internal Occulter Lyot stop Focal plane
Focal
11 plane /3
O A B C D
14/05/2018 R.Rougeot
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Propagation inside the coronagraph

* Propagation of the diffracted wavefront from one plane to the next one:
- Fourier optics formalism
- ideal optics
- perfect axis-symetric geometry

* Numerical implementation: successive FFT with arrays of large size

* Objective:
- estimate the level and spatial distribution of the residual diffracted sunlight
- address the rejection performance of the coronagraph

14/05/2018 R.Rougeot
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Propagation inside the coronagraph

* Intensity in plane O’, where the internal occulter is set

Without external occulter With external occulter

-3

-3

o

1 1 1 1 1 7 1 1 1
© ® N & " oA~ b DN 4L
y (R.)

o

- 1 1 1
1 1 1 1 1 1 1 1
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i
o
w
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Propagation inside the coronagraph

* Intensity in plane O’, where the internal occulter is set

n —50, S

-2 __
\ - — With external occulter

_4 ]

— Without external occulter
Solar disk image (out-of-focused)

Intensity (log)

_]_DIIII|IIII|IIII|IIII|IIII|IIII|I RougeOtetal"2017

0 0.5 1 1.5 2 2.5 3
Radius (Rg)

14/05/2018 R.Rougeot 46




Propagation inside the coronagraph

* Intensity in plane O’, where the internal occulter is set

—Sp, S
_SE= SEL -

Intensity (log)

1.5 2 2.5 3
Radius (R)
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— W.ith external occulter

— Without external occulter
Solar disk image (out-of-focused)
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Propagation inside the coronagraph

* Intensity in plane C, where the Lyot stop is set

Without external occulter

y (mm)

-30 -20 =1.0) 0 10 20 30
x (mm)

14/05/2018

With external occulter

y (mm)

-30 -20  -10 0 10 20 30
X (mm)

R.Rougeot
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Propagation inside the coronagraph

* Intensity in plane C, where the Lyot stop is set

LT 1T 17T 17T 17T 1T T 1T T T T 1T T T T | 1 1T 17 17T 17T 1T 1T T_]]
L St
°C St~
2 __ |
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Propagation inside the coronagraph

* Intensity in plane C, where the Lyot stop is set

LT T 1T 17 17 17T 1T T T 1T 17 1T 17T 17T T
oL
— -2 __
R — With external occulter
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Propagation inside the coronagraph

* Intensity in plane D, final focal plane with the detector

With external occulter
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R
o
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Propagation inside the coronagraph

* Intensity in plane D, final focal plane with the detector

0 —S5p

—Sp
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No internal occulter
No Lyot stop

Without external occulter
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and Lyot stop
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Propagation inside the coronagraph

* Impact of sizing the internal occulter and the Lyot stop
Intensity on plane D, the final focal plane

Fixed Lyot stop Fixed internal occulter
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Propagation inside the coronagraph

* Impact of sizing the internal occulter and the Lyot stop

Residual diffracted sunlight @ 1.3R;
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Propagation inside the coronagraph

* PSF in the vignetted zone

(@)

P0% PL100%

-0.02
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Annex on diffraction formulations

R.Rougeot

56



2D FFT technigue

The Fresnel filter exp(imAzu?) has its phase varying as u?
At the edge of the array, u. = 1/20

We impose that the (maximum) phase variation at the edge of the array is <m

o> |—

Consequence: o N = K /

14/05/2018 R.Rougeot
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2D FFT technigue

Very sensitive to numerical sampling: impact of the size of the array

2D FFT computation Reference curve (Hankel)
‘ ‘ ' — ' ‘ ' [ T [T 1 [ L I i
Or 0=

2 F . -2 __ —]
EE- i
-4 Qf N
s .
5 3 |
g -6 —
" i i
8= ]

l[] 1 | | 1 1 | | 1 1 | 1 | | |

0 200 400 600 800

| 1 1 | 1 | 1 |
3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

><104
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2D FFT technigue

Very sensitive to numerical sampling: impact of sampling

H Wli'l' “ U'"| 2
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i ||||.h|l“i
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/_
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8
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The Hankel transformation

Fourier wave optics formalism
Fresnel free-space propagation

Axis-symmetric (apodized) occulter

, .
Y,y =(1-f1))® 7 €Xp (% (x* + yz))

@, (1) imp 21pr
= 2 >< X
iAz Jy e ‘ P ( ) Jo ( Az
Diffraction at z

Radial function Radlal apodization

Lommel series — decomposition into series (Aime, 2013)

12/02/2018 R.Rougeot
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The Hankel transformation

Fresnel free-space propagation

Axis-symmetric (apodized) occulter

¥,007) = (1= f() @5 exp (;—” (x? + y2>)

Radial apodization

RGNS inp? 2mpr
¥, (r) = — 0 anXf(p)XeXp( P >><]0( P

Lommel series: decomposition into series (Aime, 2013)

12/02/2018 R.Rougeot
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Vanderbei et al. approah

Based on Fresnel diffraction theory
For serrated or petal-shaped occulter, i.e. a periodic pattern by rotation

R+A

2
f2U,p) X Jjn, ( Zp) pdp

0

W,(r,0) = WP ) + ) GND X
=1

In stellar coronagraphy:
N; = 20, and very small working angles: j=1 dominates

In solar coronagraphy:
N; = 100 — 1000, and large region (671mm): the computation is very heavy

14/05/2018 R.Rougeot 62
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Penumbra and Boivin radii

R.Rougeot
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Penumbra for serrated occulters

Convolution of the diffraction intensity |¥,(x, y)|? with the solar stenope image
Includes limb darkening function

, ryn=671lmm
R,,,=16,2 —

\_

Solar image

Penumbra:f Diffraction x Solar image
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Penumbra for serrated occulters

Boivin’s radius

% Intensity

~

R=710mm

14/05/2018

X=0

Riun=671mm

R.Rougeot

>
X-axis

_____a
»

— Diffraction pattern

—— Solar image

[(x =0)
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Penumbra for serrated occulters

Boivin’s radius | Intensity
I
I
|

. — — Diffraction pattern
/" \ —— Solar image

= 1(xq) = 1(0)

>

R=710mm X4 X-axis
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Penumbra for serrated occulters

Boivin’s radius | Intensity

\ — Diffraction pattern
—— Solar image

— [(xy) > 1(0)

>

R=710mm X, X-axis
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Penumbra for serrated occulters

A .
Boivin’s radius Intensity

— Diffraction pattern

I
I
I ! —
' : — Solar image
: | / : \
3 !

I(x=0)\
| ; /
! |
I >

X=0 R.,n=671mm X-axis
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Penumbra for serrated occulters

We can predict the penumbra depth for serrated occulters:

The deepest umbra is achieved when:
Boivin radius(N¢, A) > 1y

The second parameter is the intensity
level of the diffraction pattern

—> Large number of teeth preferred!

14/05/2018
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