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TDEM Milestone White Paper :
Vortex Coronagraph Technology

1. Objective

In support of NASA’s Exoplanet Exploration Programd the ROSES Technology
Development for Exoplanet Missions (TDEM), this telpiaper explains the purpose of the
first TDEM Milestone for the project entitld@foadband Light Rejection with the Optical
Vortex Coronagraph specifies the methodology for computing the nidee metrics, and
establishes the success criteria against whichmtiestone will be evaluated. The
milestone is concerned with the demonstration ghhigjection of broadband (10 — 20%
bandwidth) light, so as to attain performance levetjuired by space missions.

2. Introduction/Background
2.1. TheVortex Coronagraph

The ideal optical vortex coronagraph operates dbws (Mawet et al. 2005;
Swarzlander 2009, Serabyn & Mawet 2012). An unoiostd telescope’s input pupil can
be described by a field distributioA(r), of

(1 for r<A
P(r)_{o for r> A, (1)

whereris the radial coordinate, antis the radius of the input aperture. Focusinditie
leads, via the usual Fourier transform relationveen focal and pupil planes, to the normal
Airy-function focal-plane field distribution,

J1(kA6)
kAg

Ef(0) (2)
where/; is the Bessel function of order &js the wavenumber, ar#tlis the angular radial
offset from the center of the stellar PSF.

Centering a transmissive optical vortex phase nweskhis focal-plane electric field
distribution multiplies the field by a phase factmrresponding to an azimuthal phase
ramp, i.e., 8% wherea is the azimuthal angle, and n is the “topologitiarge” of the
vortex (the number ofi2s of phase that one circuit about the center ples), yielding

o ]1(kA9)
Ef(6,0) x e YT €))
After passage through the vortex phase mask, gheis recollimated by, e.g., an off-axis
paraboloid, yielding a downstream image of the puggcause of the applied azimuthal
phase and the definition df(x), the Bessel functions of order n, that being

I (x) — f_”ne—i(noc—xsin(a)) da, (4)



the downstream pupil plane distribution for, ea.charge 2 vortex is proportional to
(Mawet et al. 2005; Swarzlander 2009; Serabyn & ElE2012)

I} 1 (kra)); (kAa)do (5)
instead of the usual

Iy JoUere) ]y (kAa)do. (6)

This change in the integrand has the effect @frialy the resultant pupil distribution
dramatically, moving all of the light, which origited entirely inside the entrance pupil, to
the exterior of the pupil. In the ideal case, damly zero field remains inside the pupil
(see Fig. 1, top right panel, for the charge 2 kdaethe general case of an arbitrary (but
even) topological charge, the post-vortex pupihpléeld falls off from the pupil rim as r
", with still a zero field inside. As a result, thtarlight can be completely blocked by a
simple opaque stop (i.e., a circular hole) in tbenastream pupil plane that is matched to
the pupil radius. Of course with wavefront abemasi present, residual light will appear
inside the pupil, which will need to be minimizedlwvavefront control.

Input Focal
pupil plane

Pupil
plane

Coronagraphic
]
f r image plane

Focalplane

vortex mask:
¢ = ind Lyot stop

Figure 1. Layout of the optical vortex coronagraph: an optieartex phase mask in the
focal plane yields a downstream pupil image in \ntadl of the on-axis starlight appears
outside of the original pupil’s image, where iblecked by an aperture (Lyot) stop.



2.2. Vortex Phase Masks

This TDEM project aims at the high-contrast testfigoptical vortex phase masks in the
compact coronagraph (CC) testbed. The testbeds@usked in Section 4; here we first
discuss the vortex phase masks. Several differemufacturing approaches to making
vortex masks exist, as discussed in, e.g., Mawat. §2011a). Simply put, our ultimate
goal is to reach broadband high contrast witly vortex phase mask, regardless of the
specific type of vortex mask. However, based ont pasperience and current
manufacturing capabilities, our baseline plan islévelop and test vector vortex phase
masks made of liquid crystal polymer (LCP) layeksvector vortex phase mask is a
spatially variant half-wave plate (HWP) structurewhich the optical-axis orientation
pattern is used to change the phase of the beanfuasction of lateral position (Fig. 2).
Since a vector vortex mask is a HWP structureaal gpoint an input circular polarization
state is reversed, but the output phase is sdtéiptal orientation of the fast axis. Thus,
with a properly selected optical axis orientatiattern (e.g., Fig. 2), the output phases can
be set to match the desired azimuthal phase ramp.

-
I
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Figure 2. Left: The optical axis orientations (dashed linesa second-order liquid

crystal polymer vector vortex phase mask. The sirads a spatially-variant half-wave
plate (HWP) with a radial optical axis orientatione., the optical axis rotates about the
center in sync with the azimuthal coordinate. Ttect of such a HWP on a linear input
polarization (blue arrow) impinging on it (selectbyg an upstream horizontal linear
polarizer here) is to rotate the output polarizatiby twice the angle between the incident
polarization direction and the optical axis. Thetut linear polarization thus rotates as
twice the azimuthal angle (red arrows). If the ibgector is now imagined to be spinning
(in a circular polarization state), all of the outpred vectors spin as well, but each has a
different orientation at any given fixed startingi¢ (as shown). The increasing initial
angles (at a fixed time) in a path around the ceoterespond to the desired azimuthal
phase gradient characteristic of a vortex beamhRigomputation of the periodic
modulation of the intensity transmitted by an O\B&Bveen crossed polarizers. Now
imagine following the horizontal linear polarizen@d vortex phase mask with a vertical
linear polarizer. Examination of the directionstbé red arrows in the figure on the left
shows that transmission maxima will occur at #ABith minima at 0° and 90°.



Figure 3. A real fourth-order liquid crystal polymer vortekg@se mask manufactured by
JDS Uniphase, measured between crossed polarizeis @olarizing microscope. In a

fourth order mask, the output phase spins twickasisin a circular path about the center
as in a second order mask, yielding 4 dark stripetead of two. Moreover, in this actual
device, a central defect occurs in the vortex patteear the central singularity, which is

masked off by an opaque metal spot.
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Figure4. The optical axis orientation map of a fourth-ordiguid crystal polymer vortex
phase mask that was manufactured by Beam Engimg@smmeasured on a Muller matrix
imaging polarimeter at JPL. Here the optical axigeatation (shown by the little lines and
in color) spins twice as fast as the azimuth inreutar path about the center.



We obtain our vortex masks from a number of commakrgendors. Initial
characterization and vetting of our vortex maskerpgo high-contrast CC testing will be
carried out with standard optical instruments aldé at JPL such as a polarizing
microscope, which shows a vortex mask transmistioough crossed linear polarizers
(e.g., Figure 3), and a Mueller matrix imaging pmteeter, which gives both optical axis
orientations (e.g., Figure 4) and retardance (pbaksey).

Beyond our baseline plan of LCP masks, we may las@ access to photonic crystal
vortex phase masks produced by our Japanese astleglylurakami et al. 2014). As
usually only a couple of days are needed to rethreahigh contrast capabilities of a given
mask, it will be possible to fit brief CC testssafch alternate-technology masks into our
schedule, should promising masks become availbdaleed, such tests may be very useful
as a comparison diagnostic for the CC, potentiaidiing in the discrimination between
different light leakage origins. However, to beatleno other potential mask types are in
our baseline plan; they are viewed purely as anpiatiebonus.

Our prior baseline monochromatic LCP mask desigulexeloped in concert with JIDS
Uniphase, is shown in cross-section in Figure 5vwBtaet al. 2009). During our earlier
TDEM award, such a mask was used to reach a spujdgization, monochromatic
contrast of 5 x 18° over a region defined (Figure 6) by a cut-off hgphiere between 3
and 8\/D (Serabyn et al. 2014). Our previous monochroomatlestone results are shown
in Figs. 7 and 8.
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127 i ®..,
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.
Ink mark on reference edge

Al dot mask
;/— Adhesive layer

d HyLC layer
I Substrate

AR coating

Figure5. Cross-section of the sandwich design of our curneohochromatic LCP vortex
masks. The hybrid LCP (HyLC) layer is depositedm® substrate and a small opaque dot
mask is placed upon another substrate, and theat@dhen glued together, with the dot
centered over the vortex.
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Figure 6. Target high-contrast dark field for both our prene0 TDEM and this one. As
described in the text, inner and outer regions @eéined for a one-sided dark field. The
location of the suppressed central star is indidate red. The target dark hole for this
demonstration would also be from 3 td/®, as defined in this figure.

1.89e¢-10 3.96e-10 7.84e-10 1.58e-09 3.17e-09 6.31e-09 1.26e-08 2.52e-08 5.02e-08

Figure 7. Final monochromatic dark hole (the interior of theverse-D-shaped region)
obtained at the end of the first milestone runwf jprevious TDEM project. The average
contrast (with contrast being the calibrated ratibthe dark hole pixel value to the value
of the brightest pixel in the unattenuated stargetesee Section 5) in this dark hole is 4.1
x 10%°, The green “guides” are ar\D radius circle, a 3-#/D square, and a cross marking
the “star” location.

Our earlier prime manufacturer of LCP vortex phasesks, JDS Uniphase, has recently
informed us that they have decided to leave tHd Bévortex phase mask manufacture.
We have thus recently been working with two difféargendors of LCP vortex masks,
those being Beam Engineering and ImagineOptics/M@eSLuckily, it turns out that the
technologies available to both of those entitiesmaore suited to making broadband masks
anyway (twisted layers; see below), so this changendors may have been inevitable

anyway.
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Figure 8. Radial contrast curves for a vortex phase mask@&HCIT, measured across
dark holes extending from 3 to4D (diamonds), and 2 to Z/D (stars).

Figure 9. A recent vortex phase mask manufactured by Bearmé&srgng with an ~ 1
micron-sized central defecho central covering was applied.



2.3 Limitations of Optical Vortex Phase Masks

As discussed in Mawet et al. (2011a) and SerabyMavet (2012), limitations to the
coronagraphic rejection provided by vector vortddage masks arise in several ways,
including imperfections both in the phase masksndeves and in the focal plane
diffraction pattern coupled to the mask, the latiéwhich can be addressed by active
wavefront correction. Mask imperfections can aris@eviations from the desired half-
wave retardance, which is nominally met only atumnhber of design wavelengths, in
deviations of the optical axis orientations frone tesired pattern, which tends to be a
problem near the center of the vortex, in extragghreflections from the optical interfaces
within the vortex’s layered structure, and in miteirregularities, which serve as
scattering centers. Previous work has lowered itee the defect at the center of LCP
vortex phase masks to the micron scale (Fig. 9 ,many case, the residual central defect
can be covered with a small central blocker (F).if.the central defect is unacceptably
large. Likewise, extra ghost reflections can bauced to acceptable levels through index
matching. Our focus in this TDEM is thus the maesidual issue — increasing the
bandwidth of vortex phase masks

Figure 10. The central region of a charge 4 optical vortex phanask manufactured by
NC State, with a 6-8 micron diameter opaque cogean the central vortex defect.

2.4 Broadband Optical Vortex Coronagraphs

To be useful for exoplanet observations, a cora@gmust reject starlight over a broad
bandwidth. However, for the simplest half-wave @lstructures, the half-wave condition
is usually satisfied only at a single design wanetk, L.. For wavelength-independent
indices of refraction, the stellar leakage willntgepend on wavelength, as

IL/lin = (/2)? ((M-2o)/Ao)?. (1)
The off-center-wavelength stellar leakage will sgp@ the post-vortex pupil plane as a
uniformly illuminated pupil with the light in thenitial circular polarization state (as

opposed to the bulk of the post-vortex starlightjoln flips its circular polarization state
and ends up outside of the geometric pupil). Treespl leakage thus results in a focal-
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plane Airy pattern in the original polarizationtstalntegrating a flat spectrum source over
a passbhand of widthA then gives a total leakage of
L = (n%48) (AMAo)>. (2

For example, a 10% bandwidth will have a totallatdeakage ok 2 x 10°. The leakage
will fall with off-axis distance as an Airy patterand at 2/D, the leakage will be at
approximately the 10 level. For deeper contrasts, a means of suppgessivadband
radiation is thus needed. Two techniques for passbeoadening are possible: multi-layer
half-wave designs that yield more intrinsically &ddband vortex masks, and spectral
broadening of a mask’s intrinsic rejection by meahpolarization filtering. We plan to
employ both of these approaches, and now descaitte & them in turn.

As described earlier, a vector vortex is a geomatstructure, i.e., a spatially variant HWP
in which the optical axis orientation is a functioh position. A vector vortex is thus
achromatic to first order by virtue of the geomaetfyts structure. For perfect HWP phases,
this geometric structure flips the input circulaslgrization state, and sends that light
outside of the pupil. However, the retardance, Wideally is 180°, is actually a function
of wavelength. Wavelength-dependant deviations fthenideal retardance of 180° thus
allow light to leak through in the original circulpolarization state, and this light remains
within the pupil [19]. Thus, one way of obtainingore broadband performance is to use
polarization filtering to reduce the spectral legda.e. to reject the residual starlight in the
original circular polarization state (Fig. 11) whics inside the pupil. Of course this
involves splitting the two polarization states weatn of the vortex. This approach thus
relies on the combination of a Lyot stop to remthwe bulk of the direct starlight outside
the pupil, and polarization filtering to remove ttleomatic leakage inside the pupil.

on-axis
star LCP: mainly
; - mainly
light outside pupi n x
RCP ———= RCP CP RCP spectral Lyot
polar- *| Vortex eakage LCP
LCP ——> izer nside pupi Stop
n polar-
off-axis inside pupi
planet
light

Figure 11. Spectral polarization filtering. The starlight ie®wvn in orange, and the planet
light in blue. RCP and LCP stand for right circulgolarization and left circular
polarization, respectively. The starlight outsidee tpupil is rejected by a Lyot stop
(aperture), while the spectral starlight leakagside the pupil is rejected by a circular
polarizer.
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Figure 12. Classical uniform multilayer approach to broadeniwgveplate passbands
(Komanduri et al. 2032). The successive opticas axientations are shown.

The second solution to achromatizing a vortex phaask is to use an achromatized HWP
design. Many approaches are conceivable (e.g., Kamdaori et al. 2013), and of these, the
conceptually simplest approach would be to use wedl-known technique for
achromatizing waveplates [24] using multiple fixeadf-wave layers. A three-layer design
is fairly straightforward: the three layers arei@dintical, but with axes rotated with respect
to each other by angles of, e.g.,% &0, and 0 (Fig. 12). A one-layer design yields ~ 0.1
radian rms retardance error over a 20% bandpasie thlee layers would in theory reach
the 0.001 radian rms level. Since contrast is prtogneal to rm$, with three layers one can
reach 10 - 108 off-axis contrasts (beyond)2D) over a significant band, while a 5-layer
device would exceed the needs of exoplanet missions

However, our earlier initial attempt at a threedayHWP vortex using LCP layers with
vertically-uniform layer orientations had limiteduckess, both because sharp
discontinuities in molecular/optical-axis orientais in adjacent LCP layers lead to
directional distortions near the layer boundamesl because it proved difficult to align the
centers of the successive layers accurately.

There is however a more promising approach - tieeofistwisted” LCP layers, in which
the orientation within each layer rotates smoo#dyne progresses vertically through the
layer, reaching at the end of one layer the exaahbary orientation required at the start
of the next layer (Fig. 13). Boundary discontirestiare thus eliminated, as the previous
layer correctly initiates orientation of the nexyér. Note that this also includes the location
of the center of the vortex, thus obviating botbhpdems at once. Both of our current
vendors have experience with this approach; inadeedof them invented it (Komanduri
et al. 2012). Figs. 14 and 15 show some initialiltesalready obtained with broadband
vortex masks manufactured with the twisted mulgelaapproach by both potential
vendors. Evidently this approach does yield inaeddsmndwidths in practice; the goal now
is thus to lower the errors into the acceptablgeaand to test these masks in a very high
contrast coronagraph such as the CC to establigih thy (and their successors) can do
in practice.

12
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Figure 13. Internal rotation of LCP layers (Komanduri et aDZ2)
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Figure 14. Retardation vs. wavelength for a NC State opticattex centered at a
wavelength of 800 nm. Two twisted layers were uRad.mask deviates by 0.8° rms (0.014
rad) over a 10% passband. (Note that the labelmghie figure should read 179.2° and
178.2°, not nm).
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3. Milestone Definition

TDEM Technology Milestones are intended to docunpeagress in the development of
key technologies for a space-based mission thatdadriect and characterize exoplanets,
such as Exo-C, Habex and LUVOIR, thereby gaugimgntission concept’s readiness to
proceed from pre-Phase A to Phase A. This milestmidresses broadband starlight
suppression with the optical vortex coronagrapld, iss1objective is the validation of the
vortex focal plane mask with broadband light. Thitestone thus focuses on the validation
of one key TDEM technology — the vortex mask. ®geds defined in terms of quantified
performance demonstrations of this key technolagdgally with minimal sensitivity or
dependence on extraneous environmental factors.

Milestone 1: Broadband Starlight Suppression with Optical Vortex Phase M asks

Using optical vortex phase masks, demonstrate aibctated average coronagraph
contrast of 1x10° or better over angular separations ¢fA/D to 8 /D from the input
point source, for any 10% bandwidth in the waveléhgange 300 —1000 nm, for at least
one polarization state.

The “angular separations” are defined in termdiefwavelengtit and the diametdd of
the aperture stop on the deformable mirror (DM)iclhs the pupil-defining element of
the laboratory coronagraph. For this milestone,gbpil stop at the deformable mirror
(DM) must be at least 16 mm diameter, the absohitémum required for a dark hole to
be able to reach out toMD for 1 mm actuator spacing.

As stated in the milestone, our performance metribe average contrast in the specified
dark hole region. Contrast is defined for any pairthe field as the calibrated ratio of the
residual light level at that location to the ligavel at the peak pixel of the point source
point spread function in the absence of a coronpdmcanask.

15



3.1. Relevancefor a Future Exoplanet Mission

Development of vortex technology is intended to ambe the readiness of mission
concepts for the coronagraphic imaging and spemimsof exoplanetary systems. The
small inner working angle (IWA) capability of thentex coronagraph allows consideration
of a range of mission sizes, from probe-scale (Ex@e many meter diameter flagship-
scale missions (Habex and LUVOIR). Exoplanets enghiper-Earth to Jovian range occur
at contrasts ok 10° motivating our milestone demonstration level. tRwscessing
techniques (not addressed here) may be able tmuaprontrast further by roughly an
order of magnitude (Trauger and Traub 2007).

Exoplanet imaging missions form a high contrastrkKdaole” or “dark field” over a
working angle spanningiA/D tonoA/2D, wheren, sets the IWA, as defined by the science
requirements, the intrinsic capabilities of thear@graph, and the wavefront and pointing
control capabilities of the mission, anglsets the outer working angle (OWA). In general,
No iIs somewhat smaller thamy, the number of actuators across the deformable miwo
allow for realistic (i.e., finite) gradients in theansition from the dark hole region to the
light region beyond the outer edge of the dark hole

An IWA of 44/D was set by the TPF-C science requirements in BfeT@ STDT report
(Levine et al. 2006), and WFIRST plans to use aA ¥ 31/D. Somewhat smaller IWA
values are theoretically possible with the vortexooagraph, but as our goal here is to
address bandwidth performance issues, we set ¢estonie IWA at 3/D as well, to agree
with both our earlier monochromatic vortex milespnand with the WFIRST
requirements. However, we do plan to keep an uraffgoal of moving to even smaller
angles, as we successfully did with our earlier aotiomatic TDEM.

The OWA (<npuA/2D) is defined by the highest spatial frequency cdismoby the
deformable mirror (DM) aperture used. The CC DM h884 actuators controlling the
surface of a 32 32 mm mirror facesheet, so our largest conceivabl&, allowing again
for a finite (24/D wide) transition from dark to light, would be of ordet/ID (since the
actuators are spaced by 1 midpwever, we will not employ this maximum conceivabl
OWA, for several reasons. First, we wish to be ableemploy off-the-shelf 1-inch-
diameter polarization and waveplate componentschyhiemoving 2 mm of radius for
vignetting by retaining rings, would limit our colated beam to a radius of roughly 10.5
mm. (Note that polarization components will alloov some discrimination between error
budget terms, and a single-polarization vortex sagraph may in any case be required for
reaching very high contrast.) Allowing again fa24D transition width from dark to light,
this then leaves us with a maximum dark hole oradius of 8.4/D. Second, extensive
optical modeling and tolerancing has shown tha¢@omes increasingly difficult to control
the contrast in the dark field as one moves closéne image of the target star, so, for a
fixed dark-hole contrast goal, a smaller OWA makdixed target contrashore difficult
to achieve, as outer even darker regions are exdltrdm the dark hole. Our milestone is
thus aimed at the most challenging inner regiothefimage plane. Finally, our selected
OWA is also sufficiently large that the physicstbé wavefront control problem can be
demonstrated with high expectation of applyinggame approach to a larger dark field at
a later date. For all these reasons, we use an OVBA/D.

16



4. Experiment Description
4.1. The Compact Coronagraph

Our vortex phase masks will be tested in a nevibéestacility at JPL, called the compact
coronagraph (CC) herein. The current layout ancptrameters of the CC’s optical table
are shown in Figure 16. The optical system residesvacuum chamber (Figure 17) that
can be evacuated to ~10 milliTorr. This configuatwill be modified by the addition of
two circular polarizers (each composed of the cowtiton of a linear polarizer and a
quarter-wave retarder), the first inside the lightrce assembly, S, to generate a single
pure circular polarization state, and the secostigfier the Lyot stop (roughly at the “pivot
-90°” location). (The two “pivot” labels carry noganing and can be ignored.)

C
>
\\\\ 78,23{)/
I —
F s N
/ Q [// ] OAP 1
. 12.69: 7
MRS 2000
| = Z/ - 5
A 4 Q
FICt Pivot 90° 3 S OAP 2 gl
15900 = [~ 18000’ | | [
\J I 13.900
1300
08p-
—_ Occulte
OAP 4 Pivat-90° | | =609, OAP 3
| 17035
75.820// :/ ] / 18 o
H | -900
- Lyot Stop
’<.23<),/ =O
—__ Field Stop §
OAP6| | TT——S100 OAP 5
15.82 | 17.653" /
= /\’ | 15900 ~ "
3.252,,
Compa tCorcnaqrgrh—J.Traugfr—vazmz Focal Plane

Figure 16. Optical layout of the CC coronagraph bench. Theiggptelements in the
optical path starting from the source, S, are d®fws. The light source (which is planned
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to contain an internal polarizer and quarter wavéatp to select one input circular
polarization state) illuminates OAP1, the firstsiX off-axis paraboloidal (OAP) mirrors,
where the beam is collimated. The beam passée twoimbined tip/tilt/deformable mirror
(DM), where an aperture stop defines the pupilhaf system. The DM is from Xinetics,
with 1024 actuators driving a mirror facesheet measy 32x32 mm. The collimated light
is then focused by OAP2 and folded by a flat mjrpassing to the focal plane where the
vortex mask will be located (the “occulter” locatip The beam is then collimated by
OAP3 on its way to the Lyot stop, which is locaited pupil plane conjugate to the
deformable mirror. A quarter-wave plate and potan can be placed just after the Lyot
stop to select one output circular polarizationtstalhe collimated beam is then brought
to a focus by OAP4 to create the high-contrast nagraph image. A camera, formed by
a pair of small OAPs, then magnifies and projehts ¢oronagraph image onto the CCD
focal plane. Polarizers and quarter wave platesl Wi inserted in two locations, as
described in the text.

Figure 17. Left: The compact coronagraph vacuum chamber. Right: ddrapact
coronagraph optical bench.

il 2

The milestone demonstration will rely on a wavefreensing and correction process that
has been used in previous high-contrast demorwtsatincluding our earlier HCIT vortex
demonstration. A variant of the “electric fieldngogation method” (EFC), as described in
Give’on et al. (2007), is used and iterated as segang. For a given wavelength, and starting
with a nominally flat surface figure setting on th&, we will: (a) take a set of contrast
field images with the initial DM setting; (b) takenages for each of four “probe” DM
settings (consisting of small deterministic surféigere deviations from the initial DM
setting), (c) use these data to compute the comgikxtric field in the target dark field
region; and then (d) calculate and apply a new @Nirgy that will reduce the energy over
the dark field, thus establishing a new “initial D&étting” in preparation for the next
iteration, which is a loop back to step (a). Aitgb integration time for an individual
image is expected to be about 10 sec, and one etanpivefront sensing and control
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cycle, including overhead for CCD readouts, datadhag and computations, is expected
to take ~ 10 minutes.

4.2. Differences Between Flight and Laboratory Demonstrations

There are several differences between the lab dstmadion and flight implementation.

Starlight: In a space coronagraph, the spectrum of lightnilhating the coronagraph
would closely resemble black body radiation. Fas thist milestone, the source will be a
broadband supercontinuum source with selectableabfitters of various bandwidths and
passbands. This source provides a photon fluxishaimparable to or somewhat brighter
than the target stars to be observed. The gahisomilestone is to demonstrate the contrast
that can be achieved, independent of the soureasity. A bright source is a convenience
that does not compromise the integrity of the destration, as it affects only the
integration times.

Unlike the light collected by a telescope fromrmgéd star, the light intensity is not uniform
across the pupil. Typically this non-uniformitydsenter-to-edge “droop” of a few percent
corresponding to the diffraction pattern from a Brpahole. This small level of non-
uniformity is expected to have negligible effecttbe final contrast if it is accounted for
in the wavefront control algorithm, and is expectedresult in a finite but below-
requirement loss of contrast if it were ignoredha control algorithm.

Spacecraft dynamics: A control system is required in flight to stabilidlee light path
against motions of the spacecraft. The domindetef of spacecraft dynamics are jitter
of the star image on the coronagraphic focal plarask and beam walk in the optics
upstream of the focal plane mask. For a speekample, the ACCESS analysis showed
that for fourth-order coronagraphs (including Lyotprtex, and pupil mapping
coronagraphs) with an inner working angle @#f3, rms pointing errors need to be < +
0.03 4D to limit the contrast degradation to <10'°. The concept models have shown
that the required pointing stability can be achiewrespace with current high Technology
Readiness Level (TRL) systems. Scaled to the Ri€ would correspond to an ability to
center the vortex mask on the “star” within abatidn, or about 0.2 pixel when projected
to the CCD focal plane.

The milestone demonstration requires passive #tatuf the testbed, which is thus
untraceable to spacecraft dynamics. In practimQC may exhibit alignment drifts that
are larger than expected in the space environniést, we will rely on favorable periods
of thermal and mechanical stability of the CC.

Singledeformablemirror: The milestone demonstrations will be carried odhwisingle
DM, which allows the control of phase and amplitini¢he complex wavefront over one
half of the coronagraph field described. In ftiglor some missions, a pair of DMs may
be used in series to generate a full two-sided Hat&, with the added advantages of a
deeper contrast field and better broadband control.

On the other hand, with the exception of the seddkl] and the actual size of the DM,
the layout of the vortex coronagraph in the HCITessentially the same as is being
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proposed for space missions (Exo-C, WFIRST, HahelR/OIR). The layout will also
allow us to probe the need to separate polarizatiaies to reach high contrast.

5. Data Measurement and Analysis

In brief, a contrast measurement is a measureni¢hé antensity of the residual light
(speckles, background, etc.) within the dark fieddiative to the peak intensity of an image
of the source. There will of course be a distributf intensities across the dark hole, from
which the average contrast and its statistical idente level will be calculated. The
milestone objective is to demonstrate with highfictemce £ 90%) that the true contrast
in the dark field, as estimated from our measurdsienthe presence of noise, is equal to
or better than the required threshold contiast, 1.0 x 10°.

Because of laboratory instabilities and the ongauayefront control algorithm, the
contrast at any point in the dark field is time eegent, and so multiple successive
exposures of the dark hole will be taken. For eacge (where “each image” can itself be
more than one sequential image if temporal avegagirdeemed important to build up
signal to noise), we calculate a spatial averadgleeoineasured contrast level over the entire
dark hole. This yields a series of n (with n regdito be> 4) individual dark hole images,
each with its own spatially-averaged dark hole @sif ¢ We next take an average over
the series of n dark hole images, leading to a kaaneraged contrast and variance, both
defined below. To avoid confusion, we refer to gdatverages over an image region as
“averages”, and averages of quantities over a nurfdznple) of images as “means”.
Finally, we note that the entire experimental uthien to be repeated from scratch at least
3 times, to show repeatability. No averaging isedower the independent runs, so that the
milestone is achieved independently m times.

As mentioned, the measured contrast is time depeéndeing subject to laboratory
conditions such as the quality of the optical congrds, their alignment, drifts in their
alignment over time, and the effectiveness of amahefront sensing and control cycle.
With each iteration, our nulling procedure attempdsimprove the contrast, thus
compensating for any drift or alignment changes iy have occurred since the previous
iteration. Further variations may be expected duexperimental noise and any limitations
in the algorithm. The images built up from a seaeeaf such iterations will provide a
distribution of contrast values, which will be reged as Gaussian about a mean contrast
for the data set. We therefore consider the meatrasi value as representative of the true
contrast value for a given data set.

The contrast measurements of the iterations wahsmgle run will fluctuate due to a
both random wavefront control errors and random smesment errors. The statistical
confidence level will thus require an estimationtloé variance. Given that our speckle
fields contain a mix of static and quasi-staticcies (the residual light field remaining
after the completion of a wavefront sensing androbeycle, together with the effects of
alignment drift following the control cycle), as las other sources of measurement noise
including photon detection statistics and CCD reatse, an analytical development of
speckle statistics is impractical. We will thusctampute the confidence coefficients on
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the assumption of Gaussian statistics. The fulo$@easurement will also be stored, to
enable computation of the confidence levels foep#tatistics.

The following paragraphs define the terms involirethe measurement process, spell
out the measurement steps, and specify the datiaigio

5.1. Definitions

5.1.1. “Raw” Image and “Calibrated” Image. Standarcht@ques for the acquisition of
CCD images are used. A “raw” image is the pixelpbpyel image obtained by reading the
charge from each pixel of the CCD, and amplifyimgl @ending it to an analog-to-digital
converter. A “calibrated” image is a raw imagetthas had background bias subtracted
and the detector responsivity normalized by divgdby a flat-field image. (Saturated
images are avoided in order to avoid the confusio@CD blooming and other potential
CCD nonlinearities.) A calibrated image can afsdude the step of low order aberration
contribution subtraction based on wavefront infaiora provided by a low order
wavefront sensor (if implemented).

5.1.2. “Scratch” is a DM setting in which actuators @et to a predetermined surface
figure that is approximately flat (typically, aba2@ volts on each actuator).

5.1.3. The “algorithm” is the computer code that takesasit the measured speckle field
images, and produces as output a voltage value applied to each element of the DM,
with the goal of reducing the intensity of speckles

5.1.4. The “star” is a small pinhole illuminated witliser or broadband light relayed via
optical fiber from a source outside the CC vacuuall \e.g., a laser or a filtered super-
continuum white light source). The “small” pinhaketo be unresolved by the optical
system; e.g., a pm diameter pinhole would be “small” and unresohNmdthe 80pm
FWHM Airy disk in an /100 beam at 600 nm waveldngiThis “star” is the only source
of light in the optical path of the CC. It is ast-in for the star image that would have
been formed by a telescope system.

5.1.5. The “contrast field” is a dimensionless map reprding, for each detector pixel,
the ratio of its value to the value of the peakef PSF that would be measured in the same
testbed conditions (light source, exposure timegtlstop, etc.) if the vortex mask were
removed. The calibration of the contrast fieldigcdssed in Section 5.3.

5.1.6. The “average contrast”;, s a dimensionless quantity that is, for a giveage, the
spatial average value of the contrast field overdéfined dark hole. Explicitly, an image’s
average contrast is the sum of the contrast vdtues| pixels in the dark field, divided by
the total number of pixels in the dark field, with weighting applied.

5.1.7. The “mean contrast’¢, of a given sequence of>n4 images is the mean of the
individual average contrast values occurring irt femuence:

A_lz
C—n Ci-

5.1.8. “Milestone metric”.¢ is the milestone metric.
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5.1.9. “Standard Deviation”. The standard deviati®hreasfor an individual measurement
of the average contrast valggs given as usual by:

n
(ci — O

, n—1
=1

Omeas =

The uncertainty in the mean contréss then given by
Umean — O-meas'
Vn
There is also a contribution to the uncertaintynfrdhe independently-determined
photometry errorgpnot The net standard deviation is thus

— 2 2
o= \/O’mean + Ophot

5.1.10. “Statistical Confidence”. For contrast values thawve a Gaussian distribution
about the mean contrast, the statistical confid&dmatethe mean contrasts less than some
valuec,is given by

—2%/2 4z = l+ ~2%/2 {4z

1 t 1 t
7=l e

21 ) o 2 21 Jy
wheret = (¢, — €¢)/o. Thus, ag = ¢, — tg, meeting a milestone contrast targewith

the desired confidence level requires the finalsuesd mean contrast for a given rén,
to be lower than the target contrasby t standard deviations. The Gaussian integral is

widely tabulated, andonf= 0.9 implies t = 1.28. Thus, for 90% confidenées c, —
1.280, i.e., the measuredmust be smaller than the targgby 1.2&.

conf(z<t)=

5.2. Measurement of the Star Brightness

5.2.1. The vortex mask is displaced laterally relativethe center of the beam by
approximately 10./D or so, so as to transmit maximum stellar flux.

5.2.2. To create the photometric reference, a represeatsample of short-exposure (e.g.
a few milliseconds) images of the star is takenh il coronagraph elements other than
focal-plane vortex mask in place.

5.2.3. The images are averaged to produce a singlensémya. The “short-exposure peak
value” of the star’s intensity is estimated. Sitioestar image is well-sampled in the CCD
focal plane (the Airy disk is sampled by ~20 pixeithin a radius equal to the full width
half maximum), the star intensity can be estimatgdg either the value of the maximum-
brightness pixel or an interpolated value represderd of the apparent peak.

5.2.4. The “peak count rate” (counts/sec) is measuredxXposure times of microseconds
to tens of seconds.
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5.3. Measurement of the Coronagraph Dark Hole Contrast Field

5.3.1. The vortex mask is centered on the star image.

5.3.2. Animage (typical exposure times are ~ tens ofsggpis taken of the coronagraph
field (the suppressed star and surrounding spéektd. The dimensions of the target dark
hole area, as shown schematically in Figure 18aamefined in Fig. 6: A D-shaped field
extending from 3 to 8D, bounded by a straight line passingf3 from the star at its
closest point, and by a circle of radiud 8D centered on the star.

5.3.3. The image is normalized to the “star brightnesstlefined in 5.2, using the fixed
ratio between peak star brightness and the integjlaght in a region of the speckle field
outside the central DM-controlled area. l.e., daoke/star = dark-hole/speckle *
speckle/star. For this purpose, any well-defineglome of the outer speckle field can be
used; the red region in Figure 18 (taken from TPMH{@stone Report #1, Trauger et al.
2006) is only illustrative.

(In slightly more detail, to avoid saturation issweith the full-flux image case, there are
usually three ratios involved: dark hole pixel/distspeckle field (both obtained with the
vortex in); distant speckle field/inner point spidanction [out to several Airy rings (about
200 pixels); both obtained with vortex out]; anden point spread function/central point
spread function pixel [both with vortex out]). lmroprevious TDEM work, we found the

distant speckle field to be unchanged by the irmedr removal [by lateral translation] of

the vortex, thus providing a robust calibrationdad Other calibration ladders may also
be possible.

(a)

Figure 18. Reference field for contrast photometry. Showrehse (a) the “star”
reference image, (b) the high-contrast coronagréiptd; and (c) the same with a region
of the reference speckle field in the “uncontrolledea beyond the DM’s Nyquist limit
superimposed in red. (Any subset of the red reggonbe used). Images are displayed with
a logarithmic contrast stretch.

5.4. Milestone Demonstration Procedure

5.4.1. The DM is set to scratch. An initial coronagragamtrast field image is obtained
as described in Sec. 5.3.

5.4.2. Wavefront sensing and control is performed to wettings of the DM actuators
that give the required high-contrast in the tadpek field. This iterative procedure may
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take from one to several hours, starting from stxaf no prior information is available.
However it can take more or less time dependintheistability of the CC’s optical system.

5.4.3. A number of contrast field images are taken, follaysteps 5.4.1 — 5.4.2. A
sufficient number X 4) of images are taken to provide statistical wherfce that the
milestone contrast levels have been achieved,sxsitded in Section 5.1.

5.4.4. Laboratory data are archived for future referemeuding all raw images of the
reference star and contrast field images.

5.5. Milestone Data Package

The milestone certification data package will camtae following:

5.5.1. A narrative report that includes a discussiohai each element of the milestone
was met, with a narrative summary of the overallestone achievement and its
repeatability.

5.5.2. A description of the optical elements, includifge tvortex masks, and their
significant characteristics.

5.5.3. A tabulation of the significant operating paramestef the apparatus.

5.5.4. A contrast field image representative of the dadf with appropriate numerical
contrast values indicated, with coordinate scaldgated in units of Airy distance.D).

5.5.5. A description of the data reduction algorithms,surfficient detail to guide an
independent analysis of the delivered data.

5.5.6. Average and mean contrast values and standarndtidens for the data used to
satisfy the milestone requirements, including apby-pixel histogram of contrast values
across the dark field.

5.5.7. For each image reported as part of the milestamaodstration, the average
contrast within the area spanning 3/D.

6. SuccessCriteria

The following are the required elements of the stdae demonstration. Each element
includes a brief rationale.

6.1. Illumination is 10% bandwidth light in single oua polarization at a wavelength
in the range of 300 nm X< 1000 nm.

RationaleThis milestone is an initial demonstration of teadibility of the approach at a
wavelength in the science band of WFIRST/Exo-C/idabd/OIR.

6.2. A mean contrast of 1 x Pr smaller shall be achieved in a 3 to/B dark zone,
as defined in Fig. 6.

Rationale:This provides evidence that the high contrast fisléufficiently dark to be
useful for searching planets, and to carry outialitests at small angles.
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6.3.  Criterion 6.2 shall be met with a confidence o%90r better. Sufficient data must
be taken to justify this statistical confidence.

Rationale:Assuming the contrasts have a Gaussian distribuéibaut the mean, this
demonstrates a statistical confidence of 90% thatdontrast goal has been met.

6.4. Elements 6.1 — 6.3 must be satisfied on 3 sepa@tasions with a reset of the
wavefront control system software (DM set to sdrptietween each demonstration.

RationaleThis provides evidence of the repeatability ofdbitrast demonstration

The wavefront control system software reset betwed¢s sets ensures that the different
data sets can be considered as independent andot@epresent an unusually good
configuration that cannot be reproduced. For eaemdnstration the DM will begin from
a "scratch" setting. There is no time requirementthe demonstrations, other than the
time required to meet the statistics stipulatethim success criteria. There is no required
interval between demonstrations; subsequent dematizgts can begin as soon as prior
demonstrations have ended. There is also no reapgné to turn off power, open the
vacuum tank, or delete data relevant for the calitan of the DM influence function.

7. Schedule

The CC is currently being used for a series of [@Md related to the WFIRST coronagraph
DMs, and it will likely free up for other uses, lading ours, by the start of FY17 (Oct. 1,
2016), and perhaps a month sooner. However, wehaile access to the CC’s relevant
optical breadboard in the open air to begin ingtalh and alignment work almost
immediately. We anticipate sharing the CC, and 8bhave access to it 1/3 of the time,
with a second 1/3 being assigned to John Traugesther work, and the final 1/3 being
unallocated and held in reserve. We thus expdtave access to the CC vacuum chamber
for 4 months of the year, with a possibility of &duhal time if it is critically needed. Our
basic plan is to work in fairly regular in-out cgsl consisting of several (2-4) months of
preparatory work (consisting of implementing optiaad software upgrades, purchasing
improved masks, carrying out optical realignmemtsalyzing data, etc.) followed by
roughly 2 months of in-tank time. However, we nittat the CC differs significantly from
the HCIT in having much shorter vacuum cycle timmaking it much easier to reallocate
time resources in shorter blocks to take ongoinglid@ments or critical schedule needs
into account. The exact dates of our in-out swichee thus expected to be much more
flexible than the HCIT infrastructure allowed. Thract timing will thus be subject to
ongoing coordination with the other tank occupamtaoregular basis, so as to optimize
both of our schedules.

Once the CC becomes available, this essentiallydonaw coronagraphic facility will
need to be brought up to full functionality for thest time. We estimate that this first step
will take approximately 6 months, followed by 4 nio$1to demonstrate monochromatic
contrasts with an old mask at the®ll@vel to demonstrate that we can operate as well a
we did in the HCIT, 4 months to reach™®6ontrast with 10% bandwidth, and a final 6
months to reach a contrast of1@ith 10% bandwidth, for a total of 20 months. Timal
4 months will be devoted to writing up the milestaeport and publishing results.
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