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ABSTRACT

In order to maximize the potential of the next-generation of large space-based observatory to detect and char-
acterize Earth-like exoplanets, coronagraphs must be designed that can obtain high (~ 107!°) contrasts in the
presence of realistic low-order aberrations and finite stellar diameters. Unfortunately, for telescopes with central
obstructions, maintaining aberration robustness for most coronagraph designs entails significant losses in either
throughput or inner working angle. This has resulted in stringent limitations for exo-Earth yields on planned
future on-axis telescopes, such as LUVOIR-A. We address this limitation with modified versions of apodized
charge 6 and charge 8 vortex coronagraphs which use multiple stages of focal plane mask. These multi-stage
apodized vortex coronagraphs (MSAVCs) produce dark holes with contrast < 107!° and mitigate the flux due to
tip/tilt offsets as large as 0.05 A\/D while obtaining core throughputs that are a factor of ~ 2 higher than similarly
constrained single-stage apodized vortex coronagraphs. The MSAVCs we present are robust to several low-order
aberrations, and we discuss the possibility of explicitly constraining low-order aberrations further. Furthermore,
we demonstrate mitigating flux due to misalignment between focal plane masks, thus overcoming a significant
hurdle in implementing multi-stage vortex designs. By using a parametric expression to estimate the yield of a
charge 6 MSAVC for a 10% central obstruction relative to an off-axis charge 6 vortex coronagraph on an 8-m
telescope, we estimate it may be possible to retain ~ 67% of the off-axis yield.

Keywords: coronagraph, vortex coronagraph, direct imaging, low-order aberrations, on-axis telescope, pupil
apodization

1. INTRODUCTION

Direct imaging of exoplanets— using adaptive optics in combination with a coronagraph to suppress light from a
star in order to reveal its orbiting companions— offers a promising route to discovering and characterizing terres-
trial exoplanets.!™® This technique has several distinct advantages, including the ability to resolve and separate
individual planets in a wide variety of orbital configurations, and to characterize atmospheres in combination with
spectroscopy.* Proposed future generations of space telescope such as LUVOIR or Habex will enable us to build
on these capabilities to characterize the atmospheres of rocky exoplanets and potentially detect biosignatures.®”

Efforts to develop coronagraphs for future space mission concepts need to take into account the impact of
complex telescope pupils on contrast and stability. In particular, coronagraphic performance is highly affected
by central obstructions, and Stark et al. 20198 recently showed that for the terrestrial exoplanet “yield” (i.e.
the number of earthlike planets estimated to be detected and characterized over the course of a fixed-duration
mission) to reach 30, an off-axis telescope with a coronagraph needs to have an inscribed primary diameter of
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> Tm, but that an on-axis telescope does not achieve this yield until the inscribed diameter is > 10m. Closing
this yield gap is critical for allowing us to take advantage of the larger primary mirrors made feasible by on-axis
designs.

One of the major outstanding problems in coronagraph design is therefore how to recover the lost yield for
on-axis telescopes. Existing coronagraphs are either too sensitive to low-order aberrations (LOAs) and stellar
angular size to be useful for large-diameter on-axis telescopes, such as the vector vortex coronagraph or the phase-
induced amplitude apodization (PIAA) coronagraph, or have a combination of limited throughput, bandwidth,
or large inner working angle (IWA), such as the apodized pupil Lyot coronagraph (APLC).”"!7 In order to recover
lost on-axis yield, we need to find coronagraph designs that maximize throughput, bandwidth, and TWA while
minimizing sensitivity to LOAs and stellar angular size.

In this paper, we propose a modified version of the polynomial apodized vortex coronagraph (PAVC)!? that
partially solves this problem by delivering improved throughput and a small IWA in the presence of central
obstructions with radii 10-15% the radius of the pupil while also being robust to LOAs and stellar angular size.
The multi-stage apodized vortex coronagraph (MSAVC) uses a pair of opposite-charge vortex focal plane masks
(FPMs) in combination with an optimized pupil-plane apodization to create a dark hole with a < 107!° contrast
and to limit the residual flux in the image plane due to LOAs and stellar angular size. The MSAVC is based
on already-existing apodized vortex coronagraph and multi-stage vortex coronagraph concepts that have been
studied extensively.'3 1821

Like other variations of the vortex coronagraph, the MSAVC is inherently broadband and has a relatively
aggressive IWA that is determined by the topological charge of the vortex.?? In this paper we are interested
in overcoming the impact of the central obstruction, so we present one-dimensional apodization profiles for the
MSAVC. The one-dimensional designs we present are inherently azimuthally symmetric, allowing for full 360°
dark holes. In a forthcoming paper we will present full two-dimensional results for MSAVCs explicitly designed
for the LUVOIR-A pupil. Mazoyer et al. 2018a,b?%2% demonstrate that adaptive optics corrections for struts
and spiders in the pupil using a pair of deformable mirrors (DMs) has a sub-dominant effect on LOA sensitivity
relative to the coronagraph, so we expect the one-dimensional results presented here to be representative of the
performance of the MSAVC on complex pupils with a central obstruction.

The MSAVC represents a trade-off between performance and design complexity, so may be significantly more
difficult to implement than previously tested coronagraphs using only a single FPM. However, the MSAVC
demonstrates that there are practical solutions to the on-axis lost yield problem that can be found by expanding
on well-studied coronagraph technologies. By building on ideas like the MSAVC, we hope to find systems that
close the yield gap between on-axis and off-axis designs.

This paper is organized as follows— in Section 2 we describe the optical layout of the MSAVC and the opti-
mization problem for finding combinations of apodization profile and Lyot stop sizes that maximizes transmission
through the system while constraining the dark hole and residual flux from LOAs and stellar angular size. We
also introduce constraints that limit the residual flux in the image plane produced by misalignment of the optical
axes of the two FPMs, which directly addresses the alignment difficulties that affect the multi-stage vortex coro-
nagraph.?%26 In Section 3 we present results for MSAVCs using charge 6 FPMs and for MSAVCs using charge
8 FPMs that have been optimized for 10% and 15% central obstructions. We present designs that produce dark
holes with < 10710 contrast in the presence of LOAs, as well as designs that have the same sensitivity to on-axis
starlight and aberrations to leading order as a vortex coronagraph on a monolithic pupil. In Section 4 we discuss
the implications the MSAVC has on the prospects for recovering on-axis telescope yield and highlight future
efforts that build on this design exercise, and we summarize our conclusions in Section 5.

2. MSAVC SETUP AND OPTIMIZATION

The layout of the MSAVC is shown in Figure 1. It consists of a pupil plane apodizer (Stage A in Figure 1),
which imposes an apodization profile A (r) on the centrally obstructed pupil. The pupil is parameterized by the
radius of the central obstruction imposed by the on-axis secondary (Rg) and the pupil radius (Rp). The pupil
apodizer is followed in the focal plane in Stage B by the first FPM, which is a vortex phase mask with topological
charge c. The vortex mask adds a phase ramp of the form e¢*’* to the electric field in stage B (where (r,0) is
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Apodized Pupil: A(r) Vortex (Charge +6) First Lyot Plane Vortex (Charge -6)  Second Lyot Plane

Figure 1. Layout of the MSAVC. At Stage A, light from a centrally obstructed pupil with radius Rp and obstruction
radius Rg passes through an apodizer with a transmission function A (r). At Stage B, in the first focal plane, the image
of the apodized, obstructed pupil is multiplied by a vortex FPM. In the example shown, the phase ramp has a charge
c = 6. At Stage C, in the first Lyot plane, a Lyot stop blocks light outside a radius Rp. The second focal plane is at
Stage D, where the resulting image is multiplied by a flipped version of the FPM in Stage B, so if ¢ = 6 for the FPM in
Stage B, ¢ = —6 for the FPM in Stage D. Finally, another Lyot stop in the second Lyot plane and Stage E blocks light
outside the region R; < r < Ro, before the beam is focused onto the final image in the detector.

the system of polar coordinates centered on the optical axis in the pupil plane and (k, 6) is the system of polar
coordinates centered on the pointing direction in the focal plane). The next stage is the first Lyot plane (Stage
C), where a Lyot stop blocks all light outside Rp. This is followed by a second focal plane (Stage D), with an
FPM of charge —c (i.e. a phase ramp of the form e~*%  and a second Lyot plane (Stage E). The Lyot stop
in the second Lyot plane allows light to pass through an annulus of inner radius R; > Rg and an outer radius
Ro < Rp. The beam is then focused to form the final image.

We chose to parameterize A (r) as a piecewise polynomial, obeying an expression of the form:

Zgzo apr™, Rg <r < Rj
A(r) =N b, Rr<r<Ro (1)
ETJLO e, Ro <1 < Rp.

We chose this parameterization since apodizations that completely suppress on-axis starlight and leading orders
of LOAs are of this form. This set of solutions allows, for example, a charge 6 MSAVC on an obstructed pupil
to have approximately the same sensitivity to an aberrated or extended on-axis source as a charge 6 vortex
coronagraph on a monolithic pupil. Fogarty et al. 2017b?! showed that this is also the case for the PAVC
if extremely aggressive apodizations are used. For the more general linear program discussed below, we find
that this parameterization produces solutions that perform as well as optimizing A (r) pixel-by-pixel and is
computationally faster.

For each component in A (r) (e.g. a,r™), we can write the linear expression corresponding to its contribution
to the electric field in the final image plane (suppressing the separable angular component for clarity):
(pupil plane — first focal plane)

E (k)= anw)\/ " Hy (71')\/47') rdr

Rs
= anEFpp (k’)
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(first focal plane — first Lyot plane)

E(r) = a,mA / Erpp (k) H, (W;\k:r) kdk
0

=anEpLp (1)
(first Lyot plane — second focal plane)
. [Re .
E (k) = anmA N Eppp (r) H, (mkr) rdr "
=a,FEspp (k)

(second focal plane — second Lyot plane)

E(r)= anﬁj\/ Espp (k) Ho (WS\kr) kdk
0

=a,Espp (1)
(second Lyot plane — image plane)
. [Ro -
E (k) = apmA . Espp (r) Hy (7r)\kr) rdr (6)

= anEImagc,n (ka RS; RI)

where X is the wavelength normalized to the central wavelength of the observed band and H, is the Hankel
transform of order z. In labelling Frmagen (K, Rs, Rr), we have chosen to make explicit the fact that the final
electric field component depends on the fact that the pupil component a,r" is non-zero between Rg and Ry in
Equation 2. We note that the angular dependence of the image electric field from the FPMs cancel out, so that
the full expression of the image electric field is = Ermagen (k, Rs, Rr).

2.1 The MSAVC Linear Program

The above expression tells us the electric field in the image plane due to the on-axis starlight passing through
each component of A (r). To obtain constraints on the residual flux from LOAs and stellar angular size, we
follow Fogarty et al. 2017b2! and start by expanding the expression for the electric field in the pupil for a point
source that is offset by a tilt from the on-axis position by s in A\/D:

E (T, 0) —A (7,) ei27r5\sr cos 6
o J
= A(r) Z Z Cjsrietti=208

where

For a given order j of s, for each value k, Equation 2 becomes (again suppressing the angular component)

Ry B
E (k) = apmACys’ < / P, (mm) rdr)
Rs

= anSjEFFpmjl (k’) .

(9)

The derivation for the image plane electric field then proceeds identically to the derivation in Equations 3 to 6
above, except that we have replaced Erpp (k) in Equation 3 with Erpp i (k) and in each equation changed the
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order of the Hankel transform from H, to H,;_2. We are therefore left with an expression for the electric field in
the image plane E (k,0x) = anFrmage,nji (k, Rs, Rr) ei=200% where FEtmage,nji (k, Rs, Rr) is defined analogously
t0 Elmagen (k, Rs, Rr) in equation 6.

Putting all this together results in a set of linear constraints that depends on the magnitude of s:

N
1
—10_5'5 S 7]0 . Z (anEImag‘e,n (k/’, RS, R[) + bnEImagem (k’7 RI7 RO) + CnEImage,n (ka R07 RP)) S 10_5.5
peak =0
1 N
—10_5'5 < k y Z (G”Elmagen,l,l (k7 RS7 RI) + bnEImage,n,l,fl (k7 RI’ RO)
pea n=0

+CnEImage,n,1,—1 (k; RO7RP)> < 1075.5

N
5 1
71070'5 < —s Z (anEImagen,l,l (k, RS7 RI) + bnEImage,n,l,l (ka RIa RO)

peak n—0

+CnEImage7n,1,l (kaROvRP)) S 10_5.5

etc.
(10)

where fpeqr is the peak flux of the star. We write constraints that nominally get a contrast of 107!, since this
ensures that the constrained components of the aberrated field do not add up to > 107! intensity and so that
the contrast remains < 10719 after renormalizing for the apodized stellar flux. We note that setting constraints
of 10710 results in apodizations with only ~ 10 —12% higher throughput. This set of constraints can be increased
to include whatever order s/ is required of the problem (up to the order that the vortex FPM suppresses with a
monolithic pupil). We can repeat this process for any LOA by swapping out the argument of the exponent in 7
for the desired mode to come up with constraints.

We also want to account for the misalignments between the first and second FPMs. Misaligning the two
FPMS is equivalent to introducing an additional position offset at the first Lyot plane (Stage C in Figure 1).
Starting with the expression for the electric field in the first Lyot plane (Eprpn;i (), defined analogously to
Errpnj (k) in Equation 9), the first Lyot plane electric field becomes:

E (T, 0) = Errpnji (7-) eiZWS\SMAT cos

o0 m
] —2p)6
= Errpnj (r) E E Copshyar™ e m =200,

m=0 p=0

(11)

where s;4 is the magnitude of the misalignment-induced offset.

The image field due to each component in the expansion of the misalignment-induced tip/tilt in the first Lyot
plane on any given aberrated pupil term (including j,1 = 0,0 for the unaberrated component) is given by (again,
for component a,r™ of the apodization):
first Lyot plane — second focal plane

E (k) = anmACpyps’ sia </ Errpni (1) T Heg j—o14m—2p (717\]4:1") Tdr)

Rs (12)
= ansjsxjAESFP,njlmp (k)
second focal plane — second Lyot plane
E(r) = anmAsis™ , ( / Esrpmjimp (k) Hysm—04p) (ﬂkr) k:dk)
0 (13)

_ j .m
= ans’ sy aEsLpnjimp (1)
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second Lyot plane — image plane

E (k)= anﬂ;\SjS?&A Esrpnjimp (1) Hjpm—2(14p) (TFX]C?”) rdr
Ry (14)
= ansjsrj\r/L[AEImage,njlmp (k7 Rs, RI) ,

where as before we suppress the angular component. The aberrated image components in Equation 14 results
in a set of linear constraints analogous to Equations 10:

10755 <

N
SMA Z (anEImage,n,O,O,l,l (ku RS; RI) + bnEImage,n,O,O,l,l (k; R[, RO)

peak n=0

+CnEImage,n,0,0,l,1 (ka Ro, RP)) < 105.5

N
1075° < o SMA Z (anEImage,n,o,o,l,—l (k, Rs, Rr) + by Etmage,n,0,0,1,—1 (k, R1, Ro) 15)

ea e

+¢n Bmage,n,0,0,1,—1 (kf,RO,RP)) < 10°°
etc.
for combinations of 7,1, m,p up to the order in sjs’]\}m that needs to be constrained.
The linear program for an MSAVC becomes:
Maximize:
T(r)= 1 b, (R4 — R7 1
(r) T;) ) (RS i)
such that: (16)
0<A(r) <1,

Equations 10 hold true for: Inner Angle < k& < Outer Angle
Equations 15 hold true for: Inner Angle < k£ < Outer Angle

For the charge 6 MSAVC results we present in this paper, we include constraints for terms below s® and s3, , in
the expansions for Equations 7 and 11, and for charge 8 MSAVC results, we include constraints for terms below
s* and s3;,. Fluxes are constrained in a dark hole with an inner angle of 2.5 A/D and and outer angle of 16
A/D and we assume a bandwidth of 0.2, although our results do not depend strongly on either the outer angle
or the bandwidth.

In order to arrive at the optimal combination of Lyot stop radii (R; and Rp) and apodizer for each combi-
nation of vortex charge and central obstruction size, we performed a Bayesian optimization treating R; and Ro
as hyper-parameters using the python module hyperopt. At each iteration of the optimization loop, we ran the
linear program described in Equation 16. Then, we calculated the absolute core throughput of a point source
at an offset of 3 A/D*, and used this quantity as the figure-of-merit to be maximized with hyperopt. Since
there are only two hyper-parameters for any given combination of vortex charge and central obstruction size,
this process settles on optimal values of Ry and Rp within a few hundred iterations.

Because the linear program explicitly sets constraints on the amount of residual flux due to each term in
Equations 7 and 11 separately, it limits the residual flux from any offsets < s and < spr4. Tip/tilt aberrations

*throughput in this paper is defined using ‘core throughput’: the ratio of total intensity of a source in an 0.7 A/D
photometric aperture to the total energy collected by the telescope.
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and misalignments shift the position of the on-axis source, so by setting s and sp;4 to the value of the largest
shift we want to be robust to, we successfully constrain the effects of tip/tilt jitter and arbitrary misalignments.
Similarly, the light from a star with non-zero angular size can be thought of as being spread out between a
collection of incoherent point sources. An MSAVC that meets the constraints this linear problem for an offset s
will suppress the light from a star with a radius slightly larger than s.

In this paper, therefore, we are explicitly setting constraints for tip/tilt. However, the same procedure we
outline for tip/tilt constraints applies to higher-order LOAs as well. In our subsequent paper we will report on
the impact explicitly constraining higher-order LOAs has on MSAVC throughput, and in the current paper we
report on the LOA sensitivity of the tip/tilt optimized MSAVC. We also reserve a discussion of focal plane-Lyot
plane misalignments for a more in-depth treatment in a later paper.

3. RESULTS

We ran optimizations for a charge 6 and 8 MSAVC for both 10% an 15% central obstructions. We constrained
the system to limit leaked flux for source offsets of s < 0.05 A/D and misalignment offsets of syr4 < 0.05 A/D.
We chose this value of s because it will result in an MSAVC that is robust to stellar angular diameters of 2 0.1
A/D, which is the approximate largest stellar angular diameter that will be observed by LUVOIR-A.” We chose
this value sp;4 in order to demonstrate the ability to constrain misalignment sensitivity at least as much as
tip/tilt sensitivity.

Apodizations for each version of the MSAVC are shown in Figure 2, and the profiles of the dark holes along
with the azimuthally-average residual flux due to tip/tilt and misalignment offsets are shown in Figure 3. For
comparison, apodizations and dark holes for charge 6 and 8 PAVCs optimized for the same requirements are
shown in Figures 2 and 3 as well. We also show the two-dimensional residual tip/tilt and misalignment fluxes
for each version of the MSAVC in Figure 4.

The core throughput of a planet orbiting the on-axis star as a function of its angular separation is shown in
Figure 5 for each coronagraph design. We find a throughput of 29.9% for a charge 6 MSAVC optimized for a 10%
central obstruction, and 14.9% for a 15% central obstruction. For a charge 8 MSAVC, meanwhile, throughputs
are 32.8% and 21.2%, respectively. By comparison, a robust charge 6 PAVC has a throughput of 16.5% for a 10%
central obstruction and 7.0% for a 15% central obstruction, while a charge 8 PAVC has throughputs of 18.0%
and 12.1%. The throughput of the MSAVC improves over the PAVC by a factor of ~ 1.8 — 2.1 for the range of
cases studied here.

As is the case with the multi-stage vortex, the additional FPM stage does not strongly affect the IWA of the
MSAVC. The charge 6 MSAVC IWA is ~ 3.25 A/D for the 10% and ~ 3.5 A\/D for the 15% central obstruction,
which is ~ 0.5 A/D better than the corresponding IWA for the PAVC. Increases in the IWA over the unobstructed
vortex are driven by increased apodization and inner Lyot stop size, which is why the IWA of the MSAVC is
smaller than the robust PAVC. For the charge 8 MSAVC, the IWA is ~ 4.25 — 4.5 A/D.

We note that for the MSAVC, and for coronagraphs incorporating vortex FPMs in general, the IWA as
normally defined (i.e. the angular separation where throughput reaches 50% of its maximum value) may be
misleading owing to the relatively gradual slope of the throughput curve. The dark hole for the MSAVC designs
in this paper provide deep contrasts for separations smaller than the IWA, so planets could be detected at
angular separations considerably smaller than the IWA. We could for example consider the smallest angular
separation where throughput for a planet is > 5% as a reasonable approximation for the minimum distance
where an exoplanet could be observed. With a 10% central obstruction, this distance is 1.5 A/D for a charge 6
MSAVC and 2.0 A\/D for a charge 8 MSAVC. However, these separations are within 2.5 A\/D, so for a terrestrial
exoplanet the minimum distance is ~ 2.5 A\/D. Meanwhile, with a 15%, the distance is ~ 2.25 A/D for both
charge 6 and 8. Unlike, for example, an APLC where the IWA is a reasonable approximation for the smallest
angular separation where a planet could be observed, the designs we present here could potentially be used to
observed planets several A/D closer to their host stars than the TWA.

We calculated the residual fluxes for several LOAs that vortex coronagraphs with charges > 6 are insensitive
to on monolithic pupils, namely tip/tilt, astigmatism, and defocus.?” Figure 6 shows the mean flux in an annular

Proc. of SPIE Vol. 11443 114433Y-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 22 Jan 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



MSAVC Charge 6, Rg = 0.1 10 MSAVC Charge 6, Rs = 0.15 10 PAVC Charge 6, Rg = 0.1 PAVC Charge 6, Rg = 0.15

1.0 1.0
1 1
i i
08f 1 r—// 0.8 08 1 — 0.8
< i - < i <
20.6] | 206 206 | 206
2 8 8 2
e | ! : | :
S04{ | 504 504{ | 50.4
[l 1 = = ] [
1 1
0.2 i 0.2 0.2 E 0.2
1 1
i H
0'%,0 0.2 04 06 08 1.0 0'(0,0 0.2 0.4 0.6 0.8 1.0 0'%.0 0.2 0.4 0.6 0.8 1.0 0'%.0 0.2 04 06 0.8 1.0
Pupil Radius Pupil Radius Pupil Radius Pupil Radius
L MSAVC Charge 8, Rg = 0.1 Lo MSAVC Charge 8, Rs = 0.15 L PAVC Charge 8, Rg = 0.1 N PAVC Charge 8, Rs = 0.15
O k O 0 :
1 1 1 1
1 1 1 1
0.8] 1 0.8 ! 0.81 1! 0.8 !
1 1 1 1
1 1 1 1
c 1 c 1 c 1 c 1
206{ | 2061 | 806] | 206 |
H i H i € i € i
2 I 2 1 2 1 2 1
c04] ©0.4 ] ©041 1 c0.4 1
= 1 = 1 = 1 [ 1
1 1 1 1
1 1 1 1
021 1 0.2 1 021 1 0.2 1
1 1 1
1 1 1
i H H }\
[)'hA(J 0.2 0.4 0.6 0.8 1.0 U'%.() 0.2 0.4 0.6 0.8 1.0 “'%.l) 0.2 0.4 0.6 0.8 1.0 ()'%,l) 0.2 0.4 0.6 0.8 1.0
Pupil Radius Pupil Radius Pupil Radius Pupil Radius

Figure 2. Apodizers for a charge 6 LOA-robust MSAVC and PAVC are shown in the top row, with the left two plots
showing A (r) for MSAVCs optimized for 10% and 15% central obstructions, and the right two plots showing A (r) for
PAVCs. Apodizers for charge 8 MSAVCs and PAVCs are shown in the bottom row. In each plot, the blue curve represents
the function A (r). The red dashed line denotes Rg, while the two black dashed lines in the MSAVC plots denote Ry (the
inner Lyot stop radius) and Ro (the outer Lyot stop radius) in the SLP. The black dashed line in the PAVC plots denotes
the inner Lyot stop radius in the Lyot plane. Radii are normalized to Rp = 1.
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Figure 3. Dark holes corresponding to the MSAVC and PAVC configurations in Figure 2. The blue curves show contrast
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misalignment does not apply to the single-stage PAVC.

Proc. of SPIE Vol. 11443 114433Y-8

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 22 Jan 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Dark Hole with 0.05 \/D Tilt, Charge 6, 2s= 0.1

-10.0

-10.5

—11.0

=115

-12.0

Dark Hole with 0.05 \/D Tilt, Charge 8, Rs= 0.1

-9.0

-

=10 =5 5
A/I)

Dark Hole with 0.05 A/D Misalignment, Charge 6, Rs= 0.1

Dark Hole with 0.05 \/D Misalignment, Charge 8, 2s= 0.15

—=10.0

—10.5

—11.0

—11.5

Dark Hole with 0.05 A/D Tilt, Charge 6, 5= 0.15

/D

Dark Hole with 0.05 \/D Tilt, Charge 8, Rs= 0.1

—0.5
—=10.0
—10.5
—11.0
-10
=115
12.0

/D

=10 =5 5
A/I)

Dark Hole with 0.05 A/D Misalignment, Charge 6, Rs= 0.15

=9.0

=9.5
—10.0
—10.5
—11.0

-10

—1L5
12.0

=10 =5 5
Dark Hole with 0.05 A/D Misalignment, Charge 8, Rs= 0.15

A/l}

=9.0

=9.5
—10.0
—10.5
—11.0

—10

=115
12.0

—=10 =5 5
A/I}
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Figure 6. Left: Mean contrast in an annular region of 2.5-4 A\ /D around the on-axis star as a function of tilt or misalignment
offset in A/D, for charge 6 and 8 MSAVCs with 10% and 15% central obstructions. Sensitivity is not strongly affected by
Rs owing to the aberrated pupil flux being explicitly constrained by the optimization problem. Right: Same result for
defocus and astigmatism aberrated pupils as a function of waves RMS.

region 2.5 —4 A/D around the host star for a pupil with an LOA as a function of size of the LOA. The MSAVC
is more sensitive to LOAs than a vortex coronagraph on a monolithic pupil; however, it still results in a < 10719
dark hole for aberrations within an order of magnitude of what the charge 6 vortex is sensitive to. Therefore,
even when optimized only for tip/tilt, the MSAVC significantly reduces the LOA stability requirements for an

on-axis coronagraph. In our forthcoming paper we will discuss the trade-off between MSAVC throughput and
LOA performance in detail.

By designing MSAVCs for both 10% and 15% central obstructions, we find that the performance of the
coronagraph, both in an absolute sense and relative to a single-stage apodized vortex coronagraph, depends
critically on the size of the central obstruction. With the same design constraints, increasing the size of the
central obstruction by 50% decreases MSAVC throughput by about a factor of 1.5-2, while IWA and LOA
performance are not strongly affected. However, the gain in throughput from using a dual stage instead of a
single stage vortex stays relatively unchanged as the radius of the central obstruction increases. This behavior
is consistent with the central obstruction being the driving factor behind the sensitivity of the vortex to LOAs
and also with the second vortex FPM directly addressing the impact of having a central obstruction.

3.1 Reproducing Vortex Coronagraph Robustness

As we discussed in Section 2, the linear program for the MSAVC can be solved exactly, so as to reproduce the
leading-order response of the vortex coronagraph to offsets. With these solutions, for obstructed pupils we can
reproduce the starlight suppression and LOA insensitivity of the vector vortex on monolithic pupils.

The analytical derivation of these solutions is similar to the derivation for exact solutions in Fogarty et al.
2017b,2! but with the additional propagations for the extra stages in the MSAVC. However, not all the terms
in the expansion if pupil misalignments have a closed form, so the solutions we present in this section do not
account for FPM misalignment.

The core throughput of analytical solutions to the charge 6 MSAVC vs. size of the central obstruction in
shown in Figure 7 compared with analytical PAVC solutions. The sensitivity of the charge 6 coronagraphs shown
here to low-order aberrations goes as s% to leading order where s is the amplitude of the aberration, which is the
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Figure 7. Core throughput at 3 A/D of charge 6 MSAVCs that have the same aberrations sensitivity of the VC on
a monolithic pupil, to leading order. Similarly optimized PAVCs are shown for comparison. The blue line shows the
performance of the PAVC as a function of Rg, and the red line show the performance of the MSAVC.

same leading-order behavior as an unobstructed vortex.?® In principle, there exist a family of charge 8 single-
and multi-stage coronagraphs that go as s% to leading order, but these offer very low transmission through
the apodizer. Even for charge 6, the low throughput limits the practical applications of these exact solutions.
Throughput diminishes as a function of central obstruction radius, but decreases more rapidly for smaller central
obstructions than larger ones. This suggests that making a relatively small (~ 10%) central obstruction slightly
smaller may lead to significant gains in throughput, whereas making a larger central obstruction slightly smaller
may not change coronagraphic performance by as much.

4. DISCUSSION
4.1 Impact of the MSAVC on Yield

The purpose of the coronagraph design discussed in this paper is to address the under-performance of coron-
agraphs on on-axis telescopes compared to off-axis telescopes. The on-axis and off-axis coronagraph concepts
studied in Stark et al. 20198 showed that the yield for an on-axis telescope underperforms relative to an off-axis
telescope of the same pupil diameter by a factor of ~ 2. The MSAVC is an approach to relaxing tension between
throughput, IWA, bandwidth, and aberration sensitivity that drive this under-performance.

In order to approximate the impact of the MSAVC on yield, we can use the power-law indices derived in Stark
et al. 20193 that approximate the dependence of yield on various parameters of the coronagraph to extrapolate
from the yield of an off-axis charge 6 vortex coronagraph, which is based on the DM-assisted off-axis vortex
coronagraph discussed in Ruane et al. 2018.2° The comparison between the two systems is apt because the
setups are similar— the differences between the two are the greyscale pupil apodization and the additional vortex
and Lyot stage are different. The bandwidth is identical, and the shape of the throughput curve (and therefore
how changing the IWA translates to changes in yield) are similar for both sorts of system. Moreover, as stated
above, Mazoyer et al. 2018a, b2%2% demonstrates that suppressing pupil segment gaps and spiders by using
pairs of DMs has a second-order effect on LOA sensitivity compared to the sensitivity of the coronagraph itself.
Therefore, the strategy of using a pair of DMs to suppress gaps and spiders in a segmented off-axis pupil provides
a rough approximation for how a full 2-D treatment of the MSAVC will impact yield.

We estimate that the yield of the charge 6 MSAVC optimized for a 10% central obstruction on an 8-m
diameter telescope (i.e. the pupil diameter of the off-axis case studied in Stark et al. 20198) is approximately

(17)

Yieldusavo _ (TMSAVC )0'39 (IWAMSAVC) P e
Yieldog-Axis Tof-Axis IW Aog-axis o
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where T is throughput. For Tofaxis we do not account for the effects of DM corrections since we assume the
MSAVC would incur similar losses from DM corrections and therefore use the core throughput of a charge 6
vortex coronagraph. For a 15% central obstruction, the charge 6 MSAVC would provide ~ 0.525 of the yield
of the vortex coronagraph on an off-axis pupil. Therefore, at least for a 10% central obstruction, the charge 6
MSAVC significantly reduces the factor of ~ 2 yield degradation an 8-m on-axis telescope experiences relative
to an off-axis telescope.

It is important to emphasize that this is a rough approximation based on extrapolating from yields estimated
for a different system, and that the power law indices derived in Stark et al. 2019% are only valid in the immediate
vicinity in parameter space to the points where they were estimated. For our approximation for a charge 6
MSAVC the throughput curve is similar to a charge 6 vortex coronagraph, and we only argue that our estimate
is plausible for an 8-m telescope in order to use the indices adopted in Equation 17. It is not safe to assume, for
example, that based on our analysis the charge 6 MSAVC achieves 67% of the yield of an off-axis charge 6 vortex
for a 15-m diameter primary. Bearing this caveat in mind, we conclude that for an 8-m diameter telescope, the
MSAVC can potentially “fill in” part of the gap between current on-axis and off-axis coronagraph designs. If the
MSAVC achieves similar gains in yield for larger primary diameters, it would significantly increase the number of
terrestrial exoplanets observed by proposed on-axis telescopes such as LUVOIR-A with larger primary mirrors.

4.2 Implementation of the MSAVC

The MSAVC is primarily meant as a design exercise to push the limits of coronagraph capability on on-axis
telescopes. However, we have demonstrated that the difficulty previous dual-stage vortex coronagraph imple-
mentations had with aligning cascading FPMs can be mitigated by writing constraints on residual flux due to
FPM misalignments. One of the advantages of explicitly optimizing for LOA and misalignment sensitivity is
that it opens a trade space between coronagraph throughput and contrast and telescope stability requirements
that can be directly explored. This suggests that the added complexity of having multiple focal plane stages can
potentially be addressed, if the drawbacks of that added complexity can be outweighed by the advantages of a
multi-stage coronagraph in terms of yield.

A further application of this result could potentially be for ground-based coronagraphy where FPM alignment
is more feasible. The apodization problem we solve for a space-based coronagraph delivering a < 1070 contrast
dark hole can be applied to ground-based telescopes that incorporate multiple vortex stages. Using the formalism
in this paper, it is straightforward to compute apodization profiles that meet design requirements set by how
precisely the FPMs need to be aligned.

5. CONCLUSION

We presented one-dimensional apodization profiles for the MSAVC. The MSAVC is a coronagraph that builds on
previous work with apodized vortex coronagraphs'®2%2! and dual-stage vortex coronagraphs'® 19 with the goal
of simultaneously maximizing throughput, contrast, and LOA robustness in the presence of a central obstruction
while maintaining the broadband and small IWA characteristics of the vortex coronagraph. The purpose of
this effort is to find examples of coronagraph designs that address the terrestrial exoplanet yield inefficiency of
proposed on-axis telescopes. We outlined a linear program that can be used to compute apodization profiles
that maximize transmission while obtaining < 107'° contrast in a dark hole and constraining the residual flux
from stellar angular size and LOAs to below a target threshold. We also implemented constraints that limited
the residual flux due to misalignments between the FPMs.

We solved the optimization problem for charge 6 and 8 vortex masks, and for 10% and 15% central obstruc-
tions. In each case, the MSAVC was optimized to suppress the residual flux from point source and misalignment
offsets as large as 0.05 A\/D to below 10! relative to the on-axis star. Compared to PAVCs optimized with
similar constraints, the MSAVC obtains a factor of 1.8 — 2.1 higher throughput, and a slightly smaller TWA.
The designs we present are also relatively insensitive to other LOAs, which we demonstrate by computing the
dark hole flux in the presence of astigmatism and defocus. We also demonstrated that, on a centrally obstructed
pupil, the charge 6 MSAVC can reproduce the sensitivity of the charge 6 vortex coronagraph on a monolithic
pupil using an analytic formulation of the optimization problem. However, these solutions require aggressive
apodization and do not explicitly constrain sensitivity to FPM misalignment.
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The MSAVC demonstrates an example of a coronagraph with the potential to increase the yield of on-axis
telescopes over current coronagraph designs. We extrapolated from the off-axis vortex coronagraph designed
for an 8-m telescope studied in® using the parameterization of yield as a function of coronagraph characteristics
studied in that paper. As arough approximation, we estimate that a charge 6 MSAVC would retain approximately
67% of the yield of the off-axis vortex for a 10% central obstruction, which suggests that the MSAVC could get
about half of the way towards closing the gap between the off-axis and on-axis design. While the MSAVC
represents a significant improvement in throughput and aberration sensitivity over previous apodized vortex
coronagraphs, performance still depends critically on the size of the central obstruction. Therefore, the MSAVC
does not entirely solve the problem of the trade-off between throughput and aberration sensitivity.

This paper presents the proof-of-concept for the MSAVC. A full treatment of two dimensional pupils, more
precise yield estimates, and explicit optimization of sensitivity to higher-order LOAs, such as astigmatism and
defocus, will be discussed in a forthcoming paper. The MSAVC is a useful starting point for exploring modi-
fications to existing coronagraph designs that will achieve significant improvements in on-axis telescope yield.
Currently, we are exploring several avenues, such as the using PIA A-style shaped mirrors in combination with the
vortex coronagraph, in order to push the boundaries of terrestrial exoplanet yields and maximize our potential
to detect biosignatures with future space telescopes.
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