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SGL Coronagraph

e Typical exoplanet coronagraphs:

Light contamination from the unresolved, close
parent star is the limiting factor:

0.1” Earth sized: ~1e-10; 0.5” Jupiter sized:~ 1e-9

* InSGL:

Light from the parent star focused ~1e3 km away
from the imagingtelescope

The Sunis an extended source (Rgy: 1~2 arcsec)
The Einstein ring overlaps w/ the solar corona

» The Sun light need only to be sufficiently
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suppressed (to < solar corona level) at the given
Einstein’s ring location: ~a few e-7, notionally
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~ approx. Einstein’s ring location

~ original “coronagraph” in solar astronomy (Sun angular radius size: Ry ~960 arcsec)
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SGL Coronagraph Simulation General Setup

Classic Lyot coronagraph architecture
= Occulter mask:remove central part of PSF ]_ Amplitude
= [yot stop: further remove residual part at pupil edge only

Extended source model

= The Sun disk: a collection of incoherent off-axis point sources, of uniform
brightness

= Solar corona: ~1e-6/r"3 power law radial profile brightness (r/Ry >=1)
Instrument parameters considered:

= Telescopediam, SGL distance, occulter mask profile, Lyot mask size
Fourier based diffraction modeling

Occulter mask Lyot stop
(lowpass)  (highpass)

Extended source E-ring n
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SGL Coronagraph Simulation -1

Opaque Disc Hard-edged Occulter

Basic parameter assumptions/ranges:
e Telescope pupil diam =1~2m
e SGLF distance=650~900AU
* Occulter: radius = inner E-ring radius, 1.09~1.28 R,
* Lyot stop: diam = 0.5~0.99*pupil _diam
* Solar sampling = 0.05~0.025R, ( ~ 0.0438 arcsec)
=>» ~5k point sources whose angular coordinates sqrt(a?+32) <R,
* Monochromatic: A =0.6um

* Normalized to peak intensity without occulter (“normalized
intensity”, NI)
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Hard Edge Occulter: A First Look

NI, extented src (Rsun), pk = 0.01 2 NI, extented src (Rsun), pk =0.01 0 Oceulter mask: hard-edge radius = E-ring radius
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Sun radius (angular) Sun radius (angular) ) Image plane NI, on axis, pk = 1.1e-05
(Sun radius ~12 /D) Extended Source
)
* Telescopediam=1m If
* SGLF distance =650 AU single
. . . . on-axis ©
* Occulter radius ~innerEringradius ooint
* Lyot stop diam=0.84* pup_diam source

2 45 1 05 0 05 1 15 2
Sun radius (angular)

NI: e-2~e-3 @ E-ring ~1.09R,
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Hard Edge Occulter — Lyot Stop Size

NI, extented src (Rsun), pk =0.0028
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e High residualSunlight@ " 1 ~ Typical

Lyot plane (annularpeak L‘I'Ot
. . 10 s
around pupil diam) plane
. Intensity
10°F —

* Reduce Lyot stop size = . before
lower the peak leakage  *| " applying
but also widen it . “ Lyotstop
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Hard Edge Occulter — Telescope Diam

NI, extented src (Rsun), pk =0.022

NI, extented src (Rsun), pk=0.012
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Sun radius (angular) Sun radius {angular)

650 AU SGLF + 0.99 pup diam Lyot

* 1m telescope (left) vs 2m telescope (right)

Significant improvement
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Hard Edge Occulter — SGL Distance

NI, extented src (Rsun), pk =0.00087

NI, extented src (Rsun), pk = 0.00099 NI, extented src (Rsun), pk = 0.0011
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NI @ E ring (~1.28311 Rsun) =5.2e-05 800au
10°; NI @E ring (~1.24695 Rsun) =5.8¢-05 850aul
ring (~1. sun) =5.8e 900au

NI @ E ring (~1.20972 Rsun) =4.8e-05

* Increase SGLF distance =» E-ring location
farther away from residual peak =»
effective (but not monotonic) to improve NI

NI @ E ring (~1.17131 Rsun) =1.3e-04

=>» SGL ~800au, NI @ E —ring =4.8e-5

1 1.1 112 113 114 1I.5 116 117 1.8 1’9 2
Sun radius {angular)
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SGL Coronagraph Simulation -2
Opaque Disc Soft-edged Occulter

® Pupll d|am = 2, 2.5 m . | IOccuIte‘rmask‘
e SGLF distance =600 ~ 1000AU
* Source: Sundisc+corona(~1/r*3, upto 2 Ry)

* Solarsampling:0.025 R, (~ 0.0438 arcsec) =»~5k point
sources

* QOcculter:

* Opaquediscradiusof~Rg, \
* Soft (Gaussian)edge width: FWHM = 0.5 ~2*(E_ring -Ry) ° LS

i 1 I I I I
2 -1.5 -1 -0.5 0 05 1 15 2

i Lyot StOpZ diam - 0.5 *pupil diam ) Sun Radius {angular)

* Monochromatic: A =0.6um Occulter mask radial profile

* Normalized to peak intensity without occulter (“normalized
intensity”, NI)
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Soft Edged Occulter, First Look

Ext Src: (uniform) Sun disc + Sun corona Occulter mask NI, extented src (Rsun), pk =0.00019
2 o i aaeErrerEee. 1§
1 Occulter Mask N & 1.7e-5NlatE-ring p
: 2
2 gk
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2 . . 0 1 2 Sun Radius {angular) Sun radius (angular)
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2m telescope, 0.5 pup_diam Lyot stop, 800au SGL
Improved NI =1.75e-5 @ E -ring
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SGL Dist, Opaque Disc Size

NI vs Sun radius, SGL distances

NI vs Sun radius, flat sizes
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2m telescope, 0.5 pup_diamLyot stop, 800au SGL

e SGLF distance: the larger the better

But decreased benefit once >800au

05/16/2018

* Opaquediscradius: same as Ry better

KISS Workshop, May 15-18, Pasadena

Unless very large SGL dist (>1000au)
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Soft Edge Occulter — Edge Width

NI vs Sun radius, soft edge sizes

Occulter mask NI, extented src (Rsun), pk = 3.9e-07 2
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Soft Edge Occulter — Parameter Sensitivities

NI, extented src (Rsun), pk=1.1e-05 NI, extented src (Rsun), pk = 4e-06 NI, extented src (Rsun), pk = 1.6e-06
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2m telescope, 0.5 pup_diam Lyot stop, 800au SGL, opaque disc of Ry + 2*(E-ring-Ry) soft edge stitched

Change one parameter at a time w/o optimizing remaining parameters:

* Smaller telescope size (0.5X): huge diff (~100X)
e Larger Lyot mask size (1.5X): large diff (~20X)
* Smaller SGLF dist (0.875X): moderate diff (~5X)

Technology Requirementsto Operate at and Utilize the Solar Gravity Lens for ExoplanetImaging,
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Sun vs Corona at E-ring — 900au

i o, Contrast, normalized by cntr int (of Sun) w/o coronagraph
Occulter mask; ~78% trans @ E-ring C, pk =0.042; @ E-ring (~1.28 Rsun) =3.0e-08 10 — . T N B
. . - 0
— Occ radial profile :
_____ E ringloc @ 900au 3.0e-8 Nl at E-ring 1 r
2
) 10" :
4 ' @ Ering (~1.2831 Rsun):
. C =3.0e-08; throuput =9.7%
€
10
6
7
8
Coronaonly ® ,
10 0 2 1|5 | 1 0‘5 0 0‘5 1 | 1|5 2
) ‘ : ' ) ‘ “ 45 4 05 0 05 1 15 2 i - . O : :
-2 15 -1 0.5 0 05 1 1.5 2 Sun radius (angular) Sun radius (angular)

Sun Radius (angular)

C, pk = 4.8e-07; @ E-ring (~1.28 Rsun) =2.8e-08

° 2m TEl, 9ooau SG LF’ 05 pUpll 2 2 6e-8 Nl at E—ring 0 0 Comraslt, n‘ormlalized bycntrint(ofSun) wW/o colror:agraph

10

LyOt, 1.25*(E—ring— RO) Soft 15

edge, 79% occulter transm . 0
(amp) @ E-ring o 4 .
5 0 @ E ring (~1.2831 Rsun):
o 6 | C=280:08; throuput=0.7%
' - 10° | ‘

* NlatE-ring:

2.8e-8 Sun vs 3.0 e-8 corona s Sunonly s 0%
e E-ring core PSF thrput*:~9.7%

2

ra

-1.5 -1 -0.5 0 0.5 1 1.5 2 g
Sun radius (angular) 10

-2 -1.6 -1 -05 0 0.5 1 1.5 2
Sun radius (angular)

*Intensity of all pixels w/n £ A/D of a pnt src at E-ring
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Sun vs Corona at E-ring — 2.5m Tel

C, pk = 0.061; @ E-ring (~1.21 Rsun) =4.5e-08 , Contrast, normalized by cntr int (of Sun) w/o coronagraph
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Summary & Future Work

e A preliminary Lyot coronagraph designed for SGL:
* 2~2.5m telescope; SGLF distance: 800~900 AU
* Occulter mask: Opaquediscof radius Ry + 1.2*(E-ring- Ry) soft edge
* NI 2.6e-8 Sun light suppression vs 4.5e-8 corona

(Better than 2e-7 needed b/c soft edge occulter mask reduces planet light at E-ring also)
* Core PSF throughput (E-ring):~ 10%

* On design parameters evaluated:
* Occulter soft edge profile most effective
* Telescopesize, SGL distance, Lyot stop also help

* Future work in coronagraph design tradeoff
Reduce telescope size and/or SGL distance requirements; more practical mask
e Other mask profiles: Apodized occulter or Lyot stop? phase + amp occulter mask?
* Other architectures: external (starshade, sawtooth)? hybrid external + internal occulter?
* Broadband performance

Technology Requirementsto Operate at and Utilize the Solar Gravity Lens for Exoplanet Imaging,
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Backups

Technology Requirementsto Operate at and Utilize the Solar Gravity Lens for Exoplanet Imaging,
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Exoplanet Coronagraph Example
Predicted WFISRT-CGI Performance

Semi-major axis for Tau Ceti (d=3.65 pc) [au]

i 10.0
Wavelength Known Exoplanets
1073 q|™= <650nm m directly imaged, 1.6um observed
] 650 - 800nm ¢ directly imaged, 750nm predicted
{ === 800 - 1000nm @ directly imaged, 550nm predicted
104 { === >1000nm " A RV, reflected light, predicted
: &s o
T 10751
-5 &
I 5 iny o Predicted WFIRST-CGI
o ] 4 performanceon a
2 10Pq VLT SPHERE V=5 star,inthe
o : IFS / IRDIS context of known
'g 10_7; planetary systems and
=] Furrent .
© o & & ¢ instrumentation
x 107°4 A (Bailey, V., 2018)
> E A A 4
= ] A : img, e
- _g ] Taucetie * vy . R —— disk Cs
10 3 A ®A Jup|‘§r at Jé)pc
WFIRST img, 100hr sTaucetif 4
1CGI pred, _ ®
]_0_10 3 Earth at 10pc &
: o
. nstrument curves are 50 post-processe etection limits.
10 11 ] Inst t 5 t d detect | t

0.1 0.5 1 5
Separation [arcsec]
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Lyot coronagraph principles

Occulting Lyot
Aperture Mask Stop Detector

—_—

%
:

a bced efg h
1.00 . ,
a) ' ' Aperture 0.60 . M The Second Pupil Field
o0l _ ________21 L I1(x/D) e}  leaamaaao. R R ) _
- 0.60 -t V- TT(x/ D) * (5(x) = %W(sx, D))
1.00 l FT
b) Image 1.00 pmmm-- ' Lyot Stop
sinc (DO ) ) -lI' ' 'I Transmission Function
- 0.50 Total Power: 100% L - 4 emesssssss==s TIi(x/D,)
1.00 Occulting Mask 0.20
c) { \/ Transmission Function g - L , On=Axis Throughput
0.00 1- w(DO/s)) P N S T(x/D,) - (1T(x/D)*(3(x) - SW(sx/D)))

FT
0.02 Masked Image l
d) (1 - w(D0/s))sine (DO) h 0.02

-0.02 93% Power Blocked ) _—— Final Image

=0.02 98% Power Blocked
FT

(Sivaramakrishnan et al. 2001)

Technology Requirementsto Operate at and Utilize the Solar Gravity Lens for Exoplanet Imaging,
KISS Workshop, May 15-18, Pasadena
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A Few Definitions

* Fourier based diffraction modeling

1. Foreach pntsrc (atilted plane wave depend on its location): start from entrance pupil = normalize the
field tohave intensity of 1 at pupil = FFT to occulter plane and multiply w/ occulter mask =» inverse FFT
and multiply w/ Lyot mask =» one more FFT to the image plane = find intensity

2. Addintensitiesfromall ~5k pntsrc.

* Onnormalization:

a) No coronagraph (occulter and Lyot out), image plane intensity of all “5k pnt src; its peak at center is the
normalization factor

b) Now w/ coronagraph (occulterand Lyot in),image plane intensity of all ~5k pnt src. Then divided by
peak value from a).

e Coronagraph planet core throughput at E-ring
*  Most loss come from Lyot stop mask: ~ 0.42 radius, = 17.64% area
* Occulter mask (amplitude) also significant: ~¥80% transmission at E-ring=> intensity 64%
* “Core” PSF w/ocoronagraph (intensity of all pixelsw/n £ A/D of a pnt src at E-ring): ~84%
= ~0.176*%0.64*0.84 =0.09

Technology Requirementsto Operate at and Utilize the Solar Gravity Lens for Exoplanet Imaging,
05/16/2018 KISS Workshop, May 15-18, Pasadena
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Hybrid External + Internal Occulters
for Solar Corona

Extermal occulter Pupil Internal Occulter Lyat stop Focal plane I :' L ;'5_!‘ =
) TR -
s C — 1 — & 4
Focal plan C "] | _5:. .
- 1 -~
1 ) L2 L3 o 1 — 5 ]
---------------- . e o S | —
. " - B - 1 -
W[ ]
{— S b | — E
. = 7C | —— ]
"""""""" ’ l-.," E i E I f J
[-— | ]
_S-!._' _S‘[ I : ! : _— :
al 1 —
o A B C D i 1 . n
C | — ]
=10 C 111 1 I 111 1 I II 111 I 1111 I 1111 11 TI _I-
0 05 1 1.5 2 25 3
Parameier Value Radins (o) I
Wavelength A=3550nm '
Angular radius of the Sun Ky = 0.0046342 rad Fig 10. Observed intensities as final response in the focal plane, in log-
= 960 arcsac arithmic scale. The transverse radius is given in solar units. The intensi-
Distance to the Sun oa (1 ALY ties ane normalized to the mean solar brightness. Black: system Sy given
Radius of the external occulier R =710 mm by Ta(r) in plane B. Blue: system 59 given by fp(r) in plane D. Black:
Distance plane O — plans A o= 144348 m system 5y given by fy(r) in plane B. Red: system Sy given by Fy(r) in

Radius of the pupil Ry =25 mm plane [.
Focal kength of the telescope f: 330.385 mm

*  “Performance of the hybrid externally occulted Lyot Solar coronagraph,” RougeotR., et al., Astronomy & Astrophysics, 599,A2 (2017)

F# = 1.502/(4*.55um*144) =7102; D,,/D,, = 0.035; IWA = 1.5m/(2*144)*2.06e5 = 1073 as

Technology Requirementsto Operate at and Utilize the Solar Gravity Lens for Exoplanet Imaging,
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Starshade Scaling

For point source

Average suppression within telescope of given size

Starshade light suppression performance specified by

(for point src like host star):

* Fresnel #: F#=D2./4)\Z

* Telescope /physical size of the shadow for a given
F#, SO Dy ©° Dg

* IWA =D,./(2Z)*rad2as
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Typical starshade design parameters:
F#=16; D../D. = 0.08; IWA=77mas
Die; = 4m; D,,=50m; Z=67,000km; A =0.6um,

Fresnel Number

For reference, Solar corona (RougeotR., et al, 2017)
F# = 1.5/2/(4* 55um*144) =7102; D,/D,, =
0.035; IWA = 1.5m/(2*144)*2.06e5 = 1073 as

(Glassman,T., et al., SPIE, 2009)
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Sun Brightness

NI, extented src (Rsun), pk = 6.6e-07 NI, extented src (Rsun), pk = 3.9e-07

NI = 5.3e-8 at E ring 7 A 3.3e-8 NIl at E-ring 1
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2m telescope, 0.5 pup_diam Lyot stop, 800au SGL

Uniform solar brightness (left) vs non-uniform solar brightness* (right)

* Hamme, V., 1993, APJ, 106, 5
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Hard Edge Occulter — SGL Distance -2

NI, extented src (Rsun), pk = 0.002 NI, extented src (Rsun), pk = 0.00071 NI, extented src (Rsun), pk = 0.00041
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NI, extended Sre (Rsun)

NI @E ring (~1.28311 Rsun) =34e04 ___ co0au

* 2m telescope + 0.5 pupil diam Lyot stop — 700

NI @E ring (~1.20972 Rsun) =4.1e-04 —_ 800au
. — 900au

NI @ E ring (~1.13159 Rsun) =5.9e-04

NI @ E ring (~1.04765 Rsun) =1.4e-03

* Occulter size proportionto SGLdistance "

* Largerthe SGL distance, lower the peak L/
NI, but shifted diffraction pattern ol

nullifies most benefit = not effective Increase Gl dist

NI~ 4e-4 @ E-ring
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