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2 Objective

NASA’s Habitable Worlds Observatory (HWO) concept and the 2020 Decadal Survey’s rec-
ommendation to develop a large space telescope to "detect and characterize Earth-like extra-
solar planets" requires new starlight suppression technologies to probe a variety of biomarkers
across multiple wavelengths. Oxygen abundance in an exoplanet atmosphere is one of the key
ensembles of features which suggest biological activity and constrains the evolutionary stage
of an Earth-like planet atmosphere (Archean, Protozoic, or Modern Earth)[1]. On Earth-like
planets, ozone generated by a combination of photolysed atomic oxygen with molecular oxy-
gen is unlikely to persist without a biological source when accompanied by methane (CH4).
Broadband absorption due to ozone is a dramatic signal, starting shortward of 350 nm and
peaking below 300 nm, which can be detected with low spectral resolution. Longer blue and
violet light also probes Rayleigh scattering effects, constraining atmospheric mean molecular
mass. Despite the high value of direct ultraviolet (UV) exoplanet observations, high-contrast
coronagraph demonstrations have yet to be performed in the UV. The shortest wavelength
probed by the Roman Coronagraph technology demonstration mission is 545 nm, and cur-
rent high contrast imaging testbeds probe a similar (or longer) wavelength regime, leaving
a considerable technology gap at shorter wavelengths.

Typical coronagraph leakage sources such as wavefront error, surface scatter, polariza-
tion aberrations, and coronagraph mask quality all become more significant in the UV and
threaten the viability of HWO to produce meaningful science in this vital regime. Estab-
lishing the technological feasibility of measuring UV ozone absorption as a means of charac-
terizing Earth-like planets is thus a key step to designing the HWO. This effort seeks to lay
the groundwork for such a design by developing detailed contrast budgets for UV coronag-
raphy and validating them in a vacuum environment. The results will be used to guide the
development of optical requirements for HWO to enable its science goals.

The four major objectives of this effort are:

1. Development of detailed analytic and numerical models to produce a contrast budget
and integrated performance prediction for (a) the as-built Space Coronagraph Opti-
cal Bench (SCoOB) testbed and (b) a notional UV coronagraph instrument with a
segmented aperture that closes at the 107'% contrast level for comparison to HWO
needs.

2. Component-level metrology of as-built optics, coronagraph masks, and deformable mir-
rors (high-resolution surface roughness metrology, scattered light measurements, and
Mueller matrix spectropolarimetry). This effort updates the testbed contrast budget
with measured values at scales required for UV performance, serves as a cross-check of
assumptions in a general budget, and could identify areas where current state-of-the-art
fabrication techniques fall short of the requirements for UV coronagraphy.

3. Demonstration of high contrast imaging at UV wavelengths on a testbed in a vac-
uum environment. This effort validates the modeling effort that produces the con-
trast budget and the integration of component metrology into that model. To aid in
disentangling architecture- and wavelength-specific effects, the project will simultane-
ously explore two complementary coronagraph designs: a vector vortex coronagraph



(VVC)[2-6] and a shaped pupil coronagraph (SPC)[7-9].

4. Predictions of science yield informed by contrast performance and UV coverage. An
outcome of this effort is the suggestion of requirements for UV high-contrast imaging
and polarimetry, including additional exoplanet science cases in blue and UV wave-
lengths, such as Rayleigh scattering in extrasolar terrestrial and gas giant atmospheres
and excess UV emission generated from actively-accreting protoplanets

3 Background

3.1 Expected Significance

This project addresses a technology gap for one of the highest-priority mission recommenda-
tions of Astro2020 Decadal Survey, the Habitable Worlds Observatory (HWO). In the 2024
Astrophysics Strategic Technology Gap list, “Coronagraph Contrast and Efficiency in the
Near Ultraviolet” is considered a highest-priority Tier 1 gap [10], and this project aims to be
the first to address this gap. Strategic Objective 1.2 of the 2022 NASA Strategic Plan lists
the detection and characterization of habitable exoplanets under the sub-category “Searching
for Life Elsewhere” [11].

With respect to UV coronagraphy in particular, Section 4.2 of the Exoplanet Exploration
Program’s Progress in Technology for Exoplanet Missions states, “Measuring broad atmo-
spheric features in the near ultraviolet (UV) band is necessary for spectral characterization of
terrestrial planets exoplanets.” [12] The UV spectral range provides crucial access to ozone
spectral features for oxygenated atmospheres [13]. Ozone is photochemically produced in
oxygen-bearing atmospheres and, thus, is a classic biosignature. Critically, the ozone Hart-
ley (200-310nm) and Huggins (310-350nm) bands can indicate the presence of molecular
oxygen even in weakly oxygenated atmospheres due to the non-linear relationship between
ozone and oxygen concentrations [14].

UV coronagraphy also has applications in the observation and characterization of actively-
accreting protoplanets and their circumplanetary disks (CPDs) [15]. Few observations of
these systems in the UV have been performed, with the only clear detection being PDS
70 b at 336 nm using HST-WFC3 without a coronagraph [16]. Non-detections are likely
contrast-limited, with WFC3 only achieving a ~ 10~ contrast at < 1” without the use of
a coronagraph. The Astro2020 Decadal Survey states that obtaining high spatial and low
spectral resolution of CPDs will provide crucial insights on protoplanet masses, accretion
rates, and planetary formation mechanisms.

Section 2.1 of the Progress in Technology for FExoplanet Missions document calls out
ultraviolet coronagraphy down to 200 nm as an area in need of “detailed study,” as it repre-
sents a 2x shorter wavelength compared to state-of-the-art laboratory demonstrations and is
expected to bring challenges in “the areas of polarization aberrations, reflectivity /scattering,
contamination issues, and wavefront control” [12]. The Roman Coronagraph Instrument
will validate a detailed contrast budget and modeling effort [17] for a high contrast imaging
instrument on a space telescope, but it is a technology demonstrator required only to reach
1077 contrast, and, more significantly, its wavelength coverages reaches only as short as 545
nm [18].
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Although exoplanet direct imaging coronagraphy in the UV has not been demonstrated in
a laboratory setting at any contrast level (to our knowledge), contrast performance should
scale predictably as a function of wavelength (for example, see [19] for the scaling law of
Talbot-limited contrast as a function of central wavelength and bandwidth). Visible coro-
nagraphy for exoplanet imaging at the <107® raw contrast level is TRL 6 (see [20], for
example), and scaling laws that extend performance to UV wavelengths serve as a “proof of
concept” for the feasibility of coronagraphy at UV wavelengths, indicating a TRL 3 rating.
By developing analytical and numerical performance predictions and validating these pre-
dictions with a demonstration of UV coronagraphy in a vacuum testbed, this project aims
to advance UV coronagraphy from TRL 3 to TRL 4.

3.2 The challenge of coronagraphy in the UV

Extending coronagraphy from visible down to UV wavelengths at the contrast levels required
by HWO brings with it a number of challenges in the areas of optical coatings, control of
polarization aberrations, wavefront sensing and control (both in terms of tighter requirements
and fewer photons available for sensing), and contamination and scattered light control. A
number of these challenges are identified in recent white papers|21| and the final report of the
Coronagraph Technology Roadmap Working Group[22]. A selection of the terms expected
to dominate the contrast budget are given in Table 1 and are described in more detail below,
focusing in particular on the terms expected to limit contrast performance in the context of
a coronagraph testbed. In the following discussion, we define contrast as C' = Iypeckie/ IpsF,
the ratio of the uncorrected speckles in the dark hole to the peak of the non-coronagraphic
PSF. The content below summarizes a similar discussion in Van Gorkom et al. 2025[23].

3.2.1 Polarization aberrations

Polarization aberrations are the polarization-dependent amplitude and phase aberrations
that arise in any optical system from Fresnel reflection and transmission coefficients at each
surface in an instrument’s optical train|24, 37]. Polarization aberrations can be described by
diattenuation (amplitude aberrations) and retardance (phase aberrations). As these aberra-
tions occur in orthogonal polarization states, a deformable mirror cannot completely correct
these aberrations simultaneously in both polarizations. The residual polarization aberrations
leak through the coronagraph, creating polarization-dependent speckles in the focal plane
that limit the contrast in a high contrast imaging instrument. Further, these polarization
aberrations are wavelength-dependent and directly related to refractive index of the coat-
ings in a system comprised primary of reflective optics. As most coatings are optimized for
better throughput in visible wavelengths, they have been found to show higher polarization
aberrations at UV wavelengths.

3.2.2 Surface and reflectivity errors

Phase and amplitude errors in the wavefront propagated through the coronagraph system
create leakage through the coronagraph mask and appear as speckles in the focal plane at
locations determined by the spatial frequency content of the errors. Assuming a coronagraph
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Term Summary References
L. Orthogonal polarization states pick up non-common
Polarization . . .
. aberrations from telescope and instrument optics that | [24-26|
Aberrations .
can only be partially corrected
Speckles from static aberration modes not rejected
by coronagraph optics; out-of-pupil phase errors are
face E . ’ . . . 1
Surface Errors mapped via the Talbot effect into chromatic amplitude [19]
aberrations
Surface errors and particulate contamination at spa-
tial frequencies too high to be captured in a numerical
Surface . . . . .
Rouchness diffraction propagation model; independent scattering | [17, 27|
& model in tools like FRED or a bi-directional scattering
distribution function simulation
DM Bit depth of DM electronics results in a minimum step 28]
Quantization size in actuator motion
DM Stability Long—tgrm drift (creep, ff)r example)‘ and blgh—frequency 129, 30]
dynamics from sources like electronics noise
Drift in WFE due to thermal and inertial disturbances in
the telescope and instrument; tailored solution requires
WFE Stability | a STOP model and control residuals, but a general treat- | [31]
ment can bound the performance with a parameterized
power spectrum approach
Jitter High-frequency line-of-sight error that can cause stellar 132, 33]
leakage through coronagraph mask
Fabrication deviations from mask designs; e.g., finite
Mask . . L. e .
Fabrication pixel resolution in SPC fabrication or variations in re- | [34]
tardance and fast axis in VVC fabrication
Coating Errors Variations 1p coating thlcknes§ across op.tlcal surfaces 135]
create amplitude and polarization aberrations
Line-of-sight jitter upstream of the fast steering mirror
Beamwalk (FSM) causes beam translation on optic surfaces, result- | [27]
ing in dynamic, high spatial-frequency aberrations
Optical ghosts Back reflections from transmissive optics result in inco- 136]

herent speckles in the focal plane

Table 1:

Primary terms to be included in the contrast budget effort. The magnitudes of
the individual terms are coronagraph-, wavelength-, bandwidth-, and instrument-dependent.
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that perfectly removes the on-axis Airy pattern, the contrast contributed by an uncorrected
sinusoidal pupil-plane phase aberration of amplitude a with a spatial frequency of n cycles
per aperture D in a bandwidth B = AX/)g at central wavelength \q is approximately

o Am? 1
SRPY L—(%)Z] W

at the £nXo/D separation in the focal plane. In the absence of wavefront correction, pupil-
plane aberrations contribute a contrast term that scales as \; 2.

Wavefront errors typically arise from uncorrected figure and reflectivity errors on optical
surfaces in the coronagraph instrument, most of which are located in planes that are not
conjugate to the pupil. The wavefront aberrations induced by these surfaces cycle chromat-
ically between phase and amplitude at propagation distances characterized by the Talbot
length

2 2

T X/ D 2

The chromaticity of this phase-amplitude mixing limits the contrast as a function of the

bandwidth[19, 38, 39]. The A~! dependence in the Talbot length implies weaker chromatic

phase-amplitude mixing in the UV compared to visible. To the first-order, however, the

post-control contrast floor with a single DM targeting a half-sided dark hole (DH) depends

only on the bandwidth and not the central wavelength[19]. The contrast residual due to

higher order terms (e.g., second-order phase and frequency-folding[40]) does show a strong

dependence on the central wavelength. This contrast floor is dominated by a A;* term and
implies a 16x larger contribution to the overall contrast at 300 nm compared to 600 nm.

3.2.3 Scattering and contamination

Scattered light in a coronagraph system creates an incoherent contrast floor and arises from
a combination of defects in the focal plane mask|41], scratches and dust particles on optical
surfaces[42, 43|, and surface roughness of the reflective optics|44-52]. Scattering due to op-
tical surface roughness can be quantified in terms of the bidirectional scattering distribution
function (BSDF), defined in terms of the surface power spectral density (PSD)

2
BSDF = 16—7T003(92-)cos(QS)PSD, (3)

2\
where A is the wavelength of light, 6; is the incident ray angle, and 6, is the ray scattering
angle. The BSDF has a strong A\™* dependence on wavelength, which implies that the
scattered light background is 16x larger at 300 nm than at 600 nm.

Particulate contamination can be another significant source of scattering. Dust on the
HST primary mirror was modeled as a population of absorbers that diffractively scattered
light to the wings of the PSF[53]. Performance simulations for the Gemini Planet Imager
(GPI) modeled dust as pixel-scale amplitude defects on each surface in a diffraction sim-
ulation to produce contrast predictions as a function of cleanliness level|54|, although this
analysis was limited to a central wavelength of 1.65 pm and ~10~7 contrast levels. More mod-
eling is needed to understand the requirements on contamination control for high contrast
imaging at 107'% contrast in the UV]|21, 22].



3.2 THE CHALLENGE OF CORONAGRAPHY IN THE UV 7

3.2.4 Deformable mirror electronics

The quantization of the commands sent to the deformable mirror (DM) actuators to the
least significant bit (LSB) of the DM electronics sets a minimum actuator step size, which
limits the achievable contrast. For a Kilo-C MEMS device from Boston Micromachines Corp.
(BMC), the contrast floor due to this effect is given by|[28]

167 [ Poin \ e
Cquantization(a) = W < \ ) miwle (e mﬂ)z, (4)

act

where « is the angular separation in the focal plane, n,. is the number of actuators across
the pupil (after the Lyot stop), Ay, is the minimum actuator step size, w = d/p is the ratio
of the Gaussian influence function radius d to the actuator pitch p, and aj,f = %.

High-frequency noise on each actuator (due to voltage noise from the electronics, for

example), can limit the contrast in a similar fashion:

hnoise 2 2
Cnoise(a) - 64% ( A ) 7T2w4€_(a/ainﬁ) , (5>

act

where Ao 18 the RMS actuator motion due to an independent Gaussian noise on each
actuator. In both cases, the small-separation contrast C' oc A=2. The DM electronics for a
coronagraph operating at 300 nm will require 4 x lower quantization limit and noise compared
to 600 nm to achieve equivalent performance.

3.2.5 Jitter and beam walk

High temporal frequency line-of-sight error, either telescope pointing error or instrument-
level vibrations, can create incoherent leakage through the coronagraph. The coronagraph ar-
chitecture strongly dictates sensitivity to this effect—a vector vortex coronagraph (VVC)|[2—-
6] with a higher charge, for example, can largely mitigate sensitivity to jitter, and pupil-plane
masks are generally insensitive.

Beam walk[27, 55], the translation or shear of the beam footprint on surfaces in the opti-
cal train, is a second-order term that arises from jitter. Beam walk generates dynamic high
spatial frequency content in the wavefront error seen by the coronagraph and is largely inde-
pendent of the coronagraph architecture. A jitter or low-order wavefront sensing (LOWFS)
loop can mitigate this term, but beam walk will still be present on surfaces upstream of
the fast steering mirror (FSM). Beam walk on a single optical surface with a surface error
of amplitude « at n/D cycles/aperture at a distance z from the pupil (assumed here to be
conjugate to the jitter source) generates an incoherent contrast given by|23]

2 ) 4
Cheamwalk = 0422)\% 1— e 2(59) | ~ &2%22 (%)2 o, (6)
where o is the RMS jitter (in radians). The A~2 dependence implies a 4 x stricter requirement
on jitter due to beam walk at 300 nm vs 600 nm.
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3.2.6 Separation angles

A factor that can moderate the above challenges faced in pushing high contrast imaging into
the UV is the scaling of separation angle in terms of angular resolution element A\/D. A fixed
on-sky angular separation at 600 nm corresponds to a 3x larger separation in A/D at 200 nm.
This increased angular resolution moderates sensitivity to the contrast-limiting terms in two
distinct but related ways: (a) by allowing the selection of coronagraph architectures with
relaxed inner working angles (IWAs), and (b) by pushing the DH out to a focal-plane region
that corresponds to higher spatial frequencies in the pupil-plane.

First, because coronagraph sensitivity to low-order aberrations tends to trade with IWA,
this suggests that—for a fixed on-sky IWA—a UV coronagraph instrument can be designed
with better passive insensitivity to static and dynamic low- to mid-order aberrations com-
pared to a visible-wavelength instrument. For example, a charge-10 VVC at 300 nm has
approximately the same IWA as a charge-4 VVC at 600 nm|33|, but higher tolerance (in an
absolute sense) to low-order aberrations, which implies that a carefully-designed UV coron-
agraph could actually have relaxed tolerances on observatory performance compared to its
visible counterpart.

The second moderating influence can be understood by considering the wavelength-
dependence of the contrast at a fixed angular separation. The contrast contribution from
Talbot-propagated surface errors (to the first order), scattering, and beam walk at a fixed
on-sky angular separation all have an identical wavelength dependence given by

ox() ()"

where «,, is the RMS surface error at spatial frequency n (cycles/aperture) and ay, is the
RMS at spatial frequency ng = nA/Ag. If optical surface errors are assumed to follow a
simple power-law PSD of the form (n/D)~¢, then (plugging this PSD into Equation 7) the
contrast degradation with wavelength scales as

O o G) ()

For high-quality optics, ¢ ~ 2.5, so the contrast would be expected to scale as A™%°. A
power law, however, is a poor approximation of the PSD in the spatial frequency region that
corresponds to typical dark hole separations. A better approximation of fabricated optics
typically used in high contrast imaging applications is given by[17, 27|

a

PSD(n) = T (o

(9)
where b is the knee frequency (in units of cycles per aperture) and a sets the peak power
of the PSD (often ignored in favor of RMS normalization). The knee frequency is typically
~3 cycles/aperture[17]. Plugging this PSD into Equation 7, the contrast scales in a less
straightforward way, with a form given by

O o M (&)4_0 (10)



The scaling has a strong dependence on the location of the PSD knee b relative to the
DH separation angles, but by looking at the limits of this expression, we can write down a
rule-of-thumb for the contrast scaling:

/\ 4
Crwa & (70) (11)
4—c
Cowa & (%) (12)

In other words, the contrast scales with wavelength as a power law with an exponent
between —4 and ¢—4, depending on the separation angle under consideration. In reality, this
approximation for Crya is likely somewhat pessimistic, and Cowa is somewhat optimistic.

The contrast scaling due to quantization and noise on the DM electronics are also mod-
erated by considering a fixed angular separation. Both of these terms scale according to

o (3) -l -G ) R
— V2nac

where njg = 572 and I' is the Lyot stop fraction. Assuming typical values for a corona-
graph system with a Kilo-C DM|28], the quantization-limited contrast at 6A/D at A = 200 nm
is a factor of ~6 larger compared to Ay = 600 nm at the same separation (2\o/D). At 14\/D,

this factor reduces to ~0.8.

4 Milestone Definitions and Success Criteria

Table 2 summarizes the three major milestones of this project. Milestones 1 and 3 are
focused on the development of models and budgets for UV coronagraphy, and Milestones 2a
and 2b are focused on experimental validation of these models and demonstrations of high
contrast imaging in a testbed environment.

Milestone 1: Completion of a testbed contrast budget at central wavelengths
from 200 to 400nm, in bandwidths up to 20%

The contrast budget will break down UV contrast performance limits into the individual
components that contribute to the overall contrast performance, informed by metrology of as-
built components. In particular, the budget will report the spectral /chromatic performance
of each term in the budget as a function of central wavelength and as a function of bandwidth.
It will also identify the wavelength/bandwidth regimes in which particular terms dominate
the budget and how this is influenced by the two coronagraph architectures considered.

Success criterion: The UV contrast budget will be validated by extending predictions to the
vistble-wavelength regime and showing that the predicted contrast agrees with the measured
testbed performance to within a factor of 2.

Milestone 2: Laboratory demonstration of coronagraphy at UV in vacuum
The goal of this milestone is the validation of the testbed contrast budget from Milestone
la with a demonstration of high contrast imaging in a vacuum environment. The performance
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| # | Year | Milestone name |

Completion of a testbed contrast budget at central wavelengths
from 200 to 400nm, in bandwidths up to 20%
Laboratory demonstration of SPC performance at UV wavelengths

2a |3 in vacuum and validation of testbed contrast budget

Laboratory demonstration of VVC performance at UV wavelengths
2b | 3 . 1

in vacuum and validation of testbed contrast budget

Completion of a notional HWO contrast budget that closes at 10719
3 |3 contrast at central wavelengths from 200 to 400nm, in bandwidths

up to 20%

Table 2:  Project milestones

will be quantified by measuring the contrast in a half-sided dark hole, both as a mean over
the dark hole and as a function of radial separation. Contrast measurements will be made
with both coronagraph masks (SPC and VVC), and as a function of central wavelength and
bandwidth. A paper will be published reporting the performance of the testbed and the
extent to which the developed contrast budget accurately predicted testbed performance
and in-situ Mueller matrix measurements matched polarization modeling.

Milestone 2a: Laboratory demonstration of SPC performance at UV wavelengths in
vacuum and validation of testbed contrast budget

Success criterion: Measurement of testbed contrast (defined in Section 6.1) in the SPC
layout (Figure 2(a)) at > 3 central wavelength in the 200-400 nm range and in configurations
with a narrowline laser source (<K 1%BW) and broadband source with > 5% and < 20%
BW. The SPC contrast will be measured over a ~ 6 — 14\/D DH. No specific contrast goal
15 specified here; instead, the criterion is agreement with the predictions from the contrast
budget and testbed performance modeling (from Milestone #1) to within a factor of 2.

Milestone 2b: Laboratory demonstration of VVC performance at UV wavelengths in
vacuum and validation of testbed contrast budget

Success criterion: Measurement of testbed contrast (defined in Section 6.1) in the VVC
layout (Figure 2(b)) at a central wavelength in the 200-400 nm range and in configurations
with a narrowline laser source (< 1%BW) and broadband source with > 5% and < 20%
BW. The exact central wavelength and largest bandwidth will be driven by the specifications
of the fabricated VVC unit. The VVC contrast will be measured over a ~ 3—10\/D DH. No
specific contrast goal is specified here; instead, the criterion is agreement with the predictions
from the contrast budget and testbed performance modeling (from Milestone #1) to within a
factor of 2.

Milestone 3: Modeling and contrast budget for an HWO-like UV coronagraph in-
strument that closes at 107!° contrast. This budget and simulation effort will incorporate
inputs from an HWO engineering architecture concept (EAC) observatory model (including
a segmented aperture) and feed into a notional UV coronagraph design, taking component
metrology and lessons-learned from testbed demonstrations into account. Areas where cur-
rent state-of-the-art is not sufficient for UV coronagraphy at the 10719 contrast level will be
identified. Finally, based on the outcomes of the contrast budget, we will explore the trades
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Figure 1: Left: SCoOB testbed in the UArizona TVAC chamber. Right: Half-sided DH from
3-10\/D at 633nm with a vector vortex coronagraph dug via iEFC on SCoOB.

that can be made to achieve 1071° contrast in the UV and provide recommendations for
designs to minimize problematic terms.

Success criterion: End-to-end contrast simulations for a HWO-like observatory and UV
coronagraph instrument and a budget that achieves 1070 contrast at a central wavelength
from 200-400nm and 5% < BW < 20%.

5 Experiment Description

5.1 Testbed description

The Space Coronagraph Optical Bench (SCoOB) is a prototype vacuum-compatible coro-
nagraph testbed under development at UoA under the direction of Co-I Ewan Douglas.
The prototype will serve as a laboratory facility that enables UoA to develop high-contrast
imaging technology in support of spaceborne coronagraphic instruments. In its current
configuration, the testbed features a 952-actuator Kilo-C continuous-facesheet DM from
Boston Micromachines Corp., a VVC manufactured by Beam Co., and a low read-noise,
vacuum-compatible CMOS sensor. The off-axis parabolas (OAPs) are protected aluminum
(Al+MgF2) with high throughput down to 200 nm and low roughness (< 0.5 nm RMS
surface error on spatial scales smaller than 0.08mm). A multi-layered mechanical isolation
system including pneumatic legs through the chamber and a Minus K platform maintains
jitter < 0.002\/D RMS at vacuum. It was recently expanded to accommodate a field stop
for additional scattered light mitigation. The system has achieved ~2 x 10~ contrast under
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Figure 2:  Optical layouts of the SCoOB testbed for the two coronagraph configurations: (a)
SPC and (b) VVC. Reproduced from Van Gorkom et al. 2025[23].

vacuum at ~ 3 x 107¢ Torr[56].

The DM controller is the commercial off the shelf (COTS) controller supplied by BMC,
supplemented with a low-noise pseudo 16-bit filter board capable of a minimum actuator step
size of 20 pm. Quantization error at this level is expected to limit the achievable contrast to
<5x 1071 at 350nm and < 1079 at 250nm [28]. The DM coating is unprotected aluminum
with reflectance >80% down to 250 nm. DM surface errors (including print-through and
other features resulting from microfabrication) present on MEMS devices are expected to
become problematic at UV wavelengths. Preliminary simulations incorporating measured
MEMS surfaces suggest this effect is not the limiting contrast factor on SCoOB, but further
measurements and modeling are required to account for surface features at high spatial
frequencies.

To approximate an unresolved point source, the SCoOB team fabricated a 4pm-diameter
high precision pinhole (30% A/D at 630nm)[57]. As part of this effort, a high-quality 2pm
was also fabricated and can be easily swapped into the testbed in case partial resolution of
the current pinhole becomes a limiting factor at shorter wavelengths.

For this project, two configurations of the testbed are required for the SPC and VVC
masks, shown in Figure 2. The VVC layout is essentially identical to the current layout of
SCoOB, with the focal plane maks (FPM), polarization filters, and cameras swapped out
for their UV counterparts. The SPC layout makes use of a subset of the optical train, with
the SPC mask co-located with the fast steering mirror (FSM) and a single relay to the DM
in a conjugate pupil. The science camera is placed in the /48 focal plane downstream of
the DM. Apart from this, a handful of small modifications will be made to the testbed to
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support experiments in the UV:

1. UV source: Initial contrast experiments on the testbed will make use of narrowband,
frequency-stabilized laser sources at wavelengths in the 200-400 nm regime. Once narrow-
band performance is understood, a supercontinuum source and wavelength tuner with UV
coverage will be swapped in.

2. UV-sensitive detector: The current science camera on the SCoOB testbed is a Sony
IMX571 CMOS chip with ~1e™ read noise and a 16-bit ADC, packaged in a vacuum-
compatible housing developed by Neutralino Space Ventures. To increase the effective quan-
tum efficiency (QE) in the UV, the baseline plan is to apply a fluorescent coating to the
CMOS chip to down-convert the incident UV wavelengths to the visible, where the unmod-
ified sensor QE is high. The application of the coating has been shown to not degrade
the sensor performance [58]. The current science camera is highly oversampled at 630nm
and maintains better-than-Nyquist sampling down to 250nm. As an alternative, the Sony
IMX487 is a CMOS sensor that offers QE >20% as short as 200nm and is available from a
number of commercial vendors. We already have one such sensor (controlled by Co-I Ewan
Douglas), and it can be re-packaged in-house for vacuum compatibility.

3. UV coronagraph masks: A UV VVC will be procured from Beam Co. Our team
has worked with Beam Co. to fabricate a number of VVC devices for visible wavelengths,
and Beam Co. has produced vector vortex waveplates optimized for wavelengths as short as
325 nm. A shaped pupil coronagraph will also be designed and fabricated with Advanced
Nanophotonics, who have fabricated high-performing masks for other high contrast testbeds
[59]. Carbon nanotubes (CNTs) demonstrate extremely low reflectivity at UV wavelengths,
making them an optimal choice for extending reflective SPC technology into the UV [60].
In addition, as collaborators on an SAT to demonstrate black silicon (BSi) masks for high
contrast imaging (PI A.J. Riggs), we will also receive BSi SPC masks and explore the per-
formance of these masks at UV wavelengths.

5.2 Performance predictions and models

Initial modeling of the SCoOB testbed at UV wavelengths with an end-to-end Fresnel model
built in HCIPY[61] and scattering from surface roughness has already been performed|23].
This contrast budget includes chromatic residuals from surface and reflectivity errors, fab-
rication errors on the coronagraph masks, scattering, jitter and beam walk, polarization
aberrations, DM quantization, and actuator noise. HCIPY natively supports the simulation
of polarized electric fields, so we also directly incorporate polarization optics (including re-
tardance errors and finite extinction) in the Fresnel simulations. An incoherent floor due
to scattering from surface roughness not captured in the diffraction model is separately
computed following the approach adopted for PICTURE-C performance modeling[27]. We
reproduce the table summarizing the contrast budgets for the SPC and VVC configurations
in Tables 3 and 4.

We perform the polarization modeling using polarization ray tracing to estimate the Jones
pupils (amplitude and phase maps) at intermediate planes in the optical train and integrate
it with the Fresnel model. Independently, we will estimate the Jones pupil at the exit pupil
for both the configurations (after Kilo-C DM in Fig. 2a and after LP in Fig. 2b). These
Jones pupils are converted to intensity-based 4x4 Mueller matrix that can be measured
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using a dual rotating polarization generator (at the source) and analyzer (at the exit pupil)
for verification between the simulation and measurement.
These performance predictions do not account for a number of sources that may limit

contrast—including scattering from particulate contamination and ghosts from back-reflections—

and rely on extrapolation from current metrology (e.g., surface roughness measurements of
as-built optics do not capture errors beyond some spatial frequency). Updating the per-
formance predictions based on component metrology and refining the integrated model is a

significant part of this effort.

’ Term ‘ 200 nm ‘ 300 nm ‘ 400 nm
Chromatic EFC residuals (surface | 2%: 3.4 x 107 | 2%: 2.1 x 1072 | 2%: 2.1 x 107
and reflectivity errors) 5%: 1.6 x 1078 | 5%: 8.9 x 1072 | 5%: 8.4 x 107°

10%: 5.6 x 1078 | 10%: 3.3 x 107® | 10%: 3.4 x 1078
Mask specular reflectivity 2.0 x 10719 1.4 x 10710 1.4 x 10719
Mask diffuse reflectivity 4.4 x 1071 1.5 x 10710 3.3x 10710

Mask fabrication errors

2%: 9.7 x 1071
5%: 1.8 x 10719
10%: 5.9 x 10710

2%: 1.6 x 10710
5%: 2.3 x 10710
10%: 5.6 x 10710

2%: 2.2 x 10710
5%: 3.0 x 10710
10%: 5.2 x 10710

10%: 5.8 x 1078

10%: 3.4 x 1078

Scattering (surface roughness) 1.4 x 1071 1.4 x 1071 1.4 x 1071
Jitter and beamwalk 4.4 x 10711 1.6 x 1071 8.5 x 10712
Polarization aberrations 1.6 x 10719 2.6 x 10710 8.2 x 10710
DM quantization 4.0 x 1071 1.8 x 1071 1.0 x 1071
DM noise 7.8 x 1071 3.5 x 10711 2.0x 1071
Total contrast 2%: 4.1 x 107 2%: 2.9 x 1079 2%: 3.4 x 1079
5%: 1.7 x 1078 5%: 9.8 x 107° 5%: 9.8 x 107°

10%: 3.6 x 1078

Table 3:  Contrast budget for the SPC layout for central wavelengths Ay from 200-400 nm,
and bandwidths from 2-10%. The dark hole is a D-shaped, half-sided DH from 6 — 14\q/D.
The individual terms are incoherently added to produce the total contrast floor. Reproduced

from Van Gorkom et al. 2025[23].

5.3 Experiment plans

This project adopts a multi-pronged approach to advance the state-of-the-art in UV high
contrast imaging, combining detailed modeling (both analytic and numerical) of physical
optics to produce a contrast budget, component-level metrology, and validation of the con-
trast budget through a testbed demonstration. To aid in disentangling architecture- and
wavelength-specific effects, the project will simultaneously explore two complementary coro-
nagraph designs: a vector vortex coronagraph (VVC)[2-6]| and a shaped pupil coronagraph
(SPC)[7-9]. As a final product, the team will leverage the validated contrast budget to
produce predictions of science yield informed by contrast performance and UV coverage.
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‘ Term ‘ 200 nm ‘ 300 nm ‘ 400 nm
Chromatic EFC residuals (surface | 2%: 4.7 x 107 | 2%: 1.5 x 107 | 2%: 9.2 x 1071
and reflectivity errors) 5%: 2.3 x107% | 5%: 7.7 x 107 | 5%: 4.0 x 107?
10%: 7.9 x 107® | 10%: 2.7 x 107® | 10%: 1.4 x 1078
Stop specular reflectivity 2.0 x 10711 8.9 x 10712 7.9 x 10712
Stop diffuse reflectivity 3.0 x 10711 8.0 x 10711 1.8 x 1071
Scattering (surface roughness) 1.2 x 10719 1.2 x 10710 1.2 x 10710
Jitter and beamwalk 3.6 x 107? 4.6 x 10710 2.3 x 10710
Polarization aberrations 9.0 x 10713 5.3 x 10713 1.7 x 10712
Polarization leakage 6.9 x 10711 6.3 x 10711 6.2 x 10711
DM quantization 8.2 x 10711 3.6 x 10711 2.1 x 10711
DM noise 1.6 x 10710 7.1 x 1071 4.0 x 10711
Total contrast 2%: 9.0 x 107 2%: 2.3 x 107 2%: 1.9 x 107
5%: 2.7x107% | 5%: 8.5x 1072 | 5%: 5.0 x 107°
10%: 8.3 x 107® | 10%: 2.8 x 107® | 10%: 1.5 x 1078

Table 4:  Contrast budget for the VVC layout for central wavelengths Ay from 200-400 nm,
and bandwidths from 2-10%. The dark hole is a D-shaped, half-sided DH from 3 — 10\o/D.
The indiwvidual terms are incoherently added to produce the total contrast floor. Reproduced
from Van Gorkom et al. 2025[23].

5.3.1 Contrast budget

As the first step toward UV coronagraphy, we propose to produce a thorough contrast
budget—which separates out the individual terms that contribute to the total achievable
contrast—in order to understand which terms ultimately limit the performance of the coron-
agraph system. A contrast budget also enables investigations into the chromatic performance
of the system and the wavelength regimes in which different terms dominate the contrast
budget. This analysis will be performed by building analytic models and scaling laws where
possible and cross-checking with numerical simulations of these terms. Although the indi-
vidual terms in the budget can be considered independently, an integrated budget must take
into account the instrument or telescope as a whole in order to produce performance predic-
tions. We will develop a UV contrast budget for two systems: one for the SCoOB testbed
with an SPC and VVC coronagraph and one that closes at the 107! contrast for comparison
to HWO needs. The former enables validation of the budget (and the analytical tools that
produce it) with the proposed effort in component metrology and contrast experiments in
the vacuum testbed, while the latter enables us to explore instrument requirements for HWO
coronagraphy at UV wavelengths and make performance and yield predictions.

The contrast budget will be analyzed for a range of central wavelengths as short as
200 nm, and a range of bandwidths up to 20%. A number of the terms expected to be
most significant at the UV have already been identified—including surface aberrations and
roughness (including DM print-through), polarization aberrations, coating non-uniformities,
and mask fabrication errors—but their behavior at UV wavelengths has not be carefully or
systematically studied.
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We will partially guide laboratory efforts to improve UV coronagraph performance with
models of ozone detectability in Earth-like exoplanetary atmospheres. Using a suite of
existing model-derived Earth-like atmospheres at different oxygenation levels [62] and an
open-source reflected-light retrieval model [63], we will search for thresholds where ozone
detection could dramatically improve or degrade. Here, inverse studies with varied shortwave
UV cutoffs as well as varied spectrally-dependent contrast (informed by early laboratory
results) will reveal where additional breakthroughs in spectral coverage and/or delivered
contrast would strongly increase future science performance in terms of ozone detectability.

5.3.2 Component metrology

To aid in isolating individual error terms in the contrast budget and updating it with as-built
values that can inform performance predictions, we propose a significant effort in component-
level metrology. This work serves multiple purposes: it updates the testbed contrast budget
with realistic values, serves as a cross-check of assumptions in a general budget (e.g., answer-
ing questions like whether the surface roughness of the optics follows the assumed statistics),
and could identify areas where current state-of-the-art fabrication techniques fall short of
the requirements for UV coronagraphy.

High-resolution surface metrology will provide measurements key to constraining and
updating the power spectral densities (PSDs) assumed in the surface roughness models in
the contrast budget and simulations. A single metrology device can typically measure only
a subset of the spatial frequencies of interest, but by combining measurements from multiple
devices we can constrain the PSD over a broad range of frequencies. A 4D PhaseCam
6000 (controlled by Co-I Ewan Douglas), capable of sub-nanometer surface measurements
on 10s of pm lateral scales (dependent on the configuration), will provide information on
low- to mid-spatial frequency content. The Zygo NewView 8300, a coherence-scanning white
light interferometer with a lateral resolution of 0.34pm and a surface height precision of
0.2nm (A/1000 at 200nm), will provide measurements of surface roughness and the quality
of the shaped pupil mask fabrication. With the scanning functionality of the NewView
8300, we can also make high-resolution measurements of the DM print-through pattern and
microfabrication features.

To fully capture scattering behavior out to the maximum scattering angles, knowledge of
surface roughness to the single-wavelength spatial resolution is required [27]. To complete the
measurements of surface roughness to sub-wavelength spatial scales, we will use a non-contact
atomic force microscope (AFM)—the Park NX20—with nanometer-scale lateral resolution
and sub-angstrom height precision. Measurements will be made of a sample of representative
off-axis parabolas (OAPs), SPC mask, flat mirrors, and the MEMS DM.

To validate the model that predicts scatter from surface roughness directly, we also
plan to make direct scattering measurements with a Bidirectional Scattering Distribution
Function (BSDF) device, the J&C RT300. In spectrometry mode with a broadband Halogen
source, the device can measure scattering over a wide range of angles (0-60°) as a function of
wavelength (from NUV to visible). These measurements will be compared to the scattering
predictions generated from the roughness data collected above.

Spatial and spectral variations in the retardance, transmission, and fast axis of the vector
vortex waveplate can cause leakage into the orthogonal polarization state that results in
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localized incoherent and chromatic speckle features in the focal plane. These features have
been previously noted at visible wavelengths [64], but they have not been modeled in high-
fidelity simulations, and the scale of their effect on contrast in the UV is unknown. To update
the polarization component of the contrast budget, we propose to measure the VVC and
polarization optics with a Mueller matrix spectropolarimeter, a device that yields a spatial
map of all components of the Mueller matrix as a function of wavelength. Integrating spatial
Mueller matrix data into coronagraph simulations enables predictions of contrast limitations
due to mask features and helps disentangle contrast limits due to instrument effects from
mask defects. The Deep-UV variant of the Axostep Mueller Matrix Imaging Polarimeter can
measure the Mueller matrix with ~ 2pm lateral resolution down to a wavelength of 200nm.
This device can also be operated in reflection, enabling measurements of the spatial variation
of polarization properties (due to non-uniformities in the thickness of coating layers, which
leads to amplitude and phase variations in the orthogonal polarization states) across the
surface of the OAPs and other reflective optics. All these measurements will be integrated
into an updated contrast budget to generate an as-built performance prediction for SCoOB
UV operations.

5.3.3 Testbed validation

The third major component of the project is to validate the developed contrast budget
with a demonstration of UV high contrast imaging on SCoOB. To enable differentiation
of architecture-specific limitations from other elements in the contrast budget, we propose
two major tasks on the SCoOB testbed. The first is a direct measurement of the testbed
Mueller matrix at UV wavelengths, and the second is a set of contrast experiments with
UV-optimized coronagraph masks.

An initial effort to directly measure the end-to-end Mueller matrix of the testbed exit
pupil at visible wavelengths made use of an in-situ dual-rotating-retarder Mueller polarime-
ter to quantify how polarization aberrations couple in speckle residuals|65]. We propose to
extend this work into the UV to provide a direct comparison to and validation of the simu-
lations that predict polarization aberrations at UV wavelengths as a function of the optical
design of the instrument.

For the second task, two coronagraph masks—the UV-optimized VVC and SPC—will be
integrated into the testbed, and a series of contrast experiments in vacuum and air will be
performed over a range of UV wavelengths and bandpasses to establish the highest possible
contrast performance.

The SPC creates a dark zone—the region of high contrast in the focal plane—via a
binary amplitude mask in the pupil plane. (By binary, we mean that a point in the mask is
either fully obscured or fully unobscured.) This is the one of simplest coronagraphs, and it
requires few optics, thereby reducing the throughput penalty due to low reflectance in the
UV and contrast degradation due to scattering and surface errors on out-of-pupil optics. It
is also inherently achromatic and relatively robust to polarization, wavefront aberrations,
misalignments, and the presence of dust. An SPC design that theoretically produces better
than 1 x 10719 contrast in the UV for the segmented HWO pupil will appear as a point design
in an upcoming white paper by the Coronagraph Design Survey UV-Vis working group. We
propose to fabricate an SPC mask for an unobscured circular aperture to create a radial
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dark zone from 6-14 \/D.

The VVC comprises a spatially-varying halfwave plate in a focal plane with a Lyot stop
in a downstream pupil plane. The optical axis of the halfwave plate varies azimuthally to
accumulate an integer-multiple number of 27 radians of phase in one complete rotation, the
result of which is that the light from on-axis source is remapped to outside the geometrical
pupil in a downstream pupil plane. This integer multiple is referred to as the charge of the
device. VVCs have been shown to be capable of producing high contrast and high throughput
in the laboratory environment, including the Decadal Survey Testbed (DST)[66], the High
Contrast Spectroscopy Testbed for Segmented Telescopes (HCST)[67], the High Contrast
Imaging Testbed (HCIT)|68-70], as well as ground-testing for the PICTURE-C mission|71].
The DST recently achieved 1.57 x 1079 contrast in a 10% bandpass and 5.86 x 107 in a
20% bandpass|64]. The SCoOB testbed currently has a charge-6 VVC with a 20% bandpass
centered around 630nm. To facilitate the UV effort, we propose to have a similar VVC
fabricated, optimized to a central wavelength in the 250-350nm range.

6 Data Measurement & Analysis

The two primary types of data acquired as part of this project are testbed measurements
of contrast and (b) component-level metrology. The definitions and approach to analysis
of testbed measurements here largely follows those adopted in the milestone white paper of
Serabyn et al. 2019.

6.1 Definitions

The simulated “star” is a small (2-4pm diameter) pinhole illuminated with light relayed from
a fiber source at the front-end of the optical system. The pinhole is unresolved by the optical
system.

The “raw” images are arrays of pixel-by-pixel counts directly from the sensor. “Calibrated”
images are raw images after subtraction of a background image (a raw image taken with
the source blocked and with the camera in the same configuration) and conversion into
counts/sec by normalization by the sensor integration time. Calibrated images could also
include a normalization to account for detector gain and a known attenuation of the source,
but we generally avoid these additional steps to reduce the influence of calibration errors.
Measurements of normalized intensity (NI) are performed on calibrated images.

The “dark zone” (or dark hole) is the focal plane region (the extent of which is typically
measured in units of A/D) targeted by the combination of coronagraph mask and the dark-
hole digging algorithm for a minimum residual intensity from the on-axis stellar source.

The NI is a measure of the contrast, computed as the ratio of detector pixel counts to
the peak counts of the stellar PSF under the same testbed configuration (source brightness,
bandwidth, etc.).

The mean NI is the unweighted average of the NI over the dark zone pixels, where the
dark zone extent is defined based on the central wavelength of the bandpass.

To ensure that the contrast is reported with high statistical confidence, we assume Gaus-
sian statistics on the noise on estimates of the NI computed from independent detector
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frames. From a set of N images, the mean contrast is calculated as

L
CZNZC"’ (14)

n=1

where ¢,, is the NI calculated for a single frame. The variance on this contrast estimate is
given by

1
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The statistical confidence that an estimated contrast value is less than some value ¢g is

given by
Y
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where t = (cg—¢)/0, 0% = 07 0ant0mor> and 07 is the variance on the photometric reference.
We assume a required confidence of 90% for milestones tied to contrast performance.

6.2 Measurement of polarization aberrations

Polarization aberrations will be measured as a 4x4 Mueller matrix (M) at the testbed exit
pupil. The measured Mueller matrix can be decomposed into a product of three individual
Mueller matrices following the Lu-Chipman [72| decomposition that describes the polariza-
tion aberrations of the system, where M is the depolarizer, M, is the retarder, and My is

the diattenuator:
M = MM, M,. (18)

We will estimate diattenuation (d) as

_ VMG + MG, + M,

d
Moo

(19)

and retardance () as

§ = cos™! (TT(QM) - 1) ., (20)

and the depolarization index (DI) as

VO M) — M3,
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(21)
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Each of these quantities varies spatially across the exit pupil. To quantify the agreement
between the measured and modeled values, we will compute the root mean square (RMS) of
the difference maps

Np

RMS(z) = Rgz;kdn)—ihwf, (22)
n=1
where z(n) is the measured value of the quantity at pixel n, Z(n) is its modeled value, and
N, is the total number of pixels over the pupil.

Diattenuation d and depolarization index DI are intrinsically normalized to unity, so
the RMS can be immediately interpreted as a fractional error. The retardance ¢ is given
in radians in Equation 20 but can be converted to a fractional wave for comparison to the
modeled values: 5

=5 (23)

6.3 Measurement of star brightness

The procedure for measuring the star brightness depends on the coronagraph mask installed
in the testbed. To account for drift in the source power and coupling to the pinhole, this
step is performed at the beginning of any contrast experiment (after allowing the source to
settle) and at the end of the experiment as a consistency check. In the case of the VVC, the
procedure is:

1. Drive the PSF off-axis by > 20A\/D from the center of the FPM.

2. Take calibrated measurements of the non-saturated core of the PSF. Saturation can be
avoided by adjusting camera integration times and /or attenuating the source brightness
by a known amount.

3. Estimate the peak counts by either directly measuring the peak pixel (counts/sec) or
fitting a model of the PSF to the measured data.

In the case of the SPC, the PSF is approximately shift-invariant and does not need to
be driven off-axis. The procedure is identical to the above, with the exception that step #1
can be skipped.

6.4 Measurement of coronagraph dark hole contrast

With the PSF aligned to the FPM (in the case of the VVC) and typically after performing
wavefront sensing and control, the coronagraph dark hole contrast is measured by taking a
long exposure (typically tens of milliseconds to seconds) of a camera subarray that covers
the dark zone of interest. The contrast as NI (defined above) is estimated by computing the
calibrated image and normalizing by the peak star counts.

As SCoOB features only a single DM, dark zones will be a half-sided, D-shaped region.
In the case of the VVC, the nominal dark zone spans 3 — 10\g/D, where )\ is the central
wavelength of the source bandpass. With the current design of the SPC mask, the nominal
dark zone spans 6 — 14X,/ D.
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Figure 3: The dark hole region targeted in the VVC configuration, spanning a D-shaped
half-sided focal plane region from 3—10Xg/D. The region targeted in the SPC configuration
has the same geometry but an inner edge at 6\g/D and an outer edge at 14/ D.

6.5 Milestone demonstration procedure

Experiment trials tied to milestones will be repeated three times to demonstrate repeatability
of the result. For demonstrations of contrast on the testbed (Milestones 3a and 3b), the
procedure for a single trial will be:

1. From a system “off” state, power on the DM, laser source, and any other powered
components, and allow the system to settle.

2. Set the DM to a “flat” command. This is a pre-computed command that is determined
by phase retrieval at either the science camera or a camera at the FPM position. This
command is typically only updated after modifications to the testbed (e.g., install of
a new coronagraph mask, re-alignment of any optics, etc.).

3. Take an initial measurement of the star brightness.

4. Perform wavefront sensing and control to optimize the dark zone. This procedure may
include one or more calibrations for control algorithms like implicit EFC or LOWFS.
Contrast measurements are typically taken at each iteration of the dark hole digging
algorithm.

5. Take final measurements of the dark zone contrast after focal-plane wavefront sensing
and control, typically a large number of long-exposure images to provide statistical con-
fidence on the contrast estimate. If necessary to maintain the contrast level, LOWFS
may be active during these measurements.

6. Repeat the measurement of star brightness to confirm the normalization has not drifted
over the measurement.

For validation of the polarization model with testbed polarimetry (Milestone 2), each
measurement sequence requires a large number of individual measurements with polarization
optics at varying rotations|65]. To demonstrate repeatability, we will reset the polarizer
rotations and repeat the measurement sequence a minimum of three times. Additionally,
the polarization measurements will take at multiple wavelengths spanning the 200 —400 nm
range.
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7 Schedule

| Task

Year 1 | Year 2 Year 3

Simulations and Contrast Budget

Scattering modeling

Polarization aberrations modeling

Development of analytical & numerical tools for other terms in budget
Integrated diffraction modeling

Milestone 1: testbed contrast budget

J

Development of notional HWO UV coronagraph design incorporating EAC inputs

Milestone 4: UV HWO contrast budget

UV science yield ........

Write UV science yield paper

Component Metrology

Surface roughness metrology .--
Scattering measurements ...

Procurement: Mueller matrix spectropolarimeter

Mueller matrix spectropolarimetry ...

Incorporation into updated contrast budgets

Testbed Validation

Finalize coronagraph mask design
Procurement: coronagraph masks

In-situ Mueller matrix spectroplarimetry
Procurement: UV sources

In-air SPC demonstration

Milestone 3a: vacuum SPC demonstration
In-air VVC demonstration

Milestone 3b: vacuum VVC demonstration

Figure 4: Work plan for the project

Year 1: The effort will focus on the development of the UV error budgets and on end-
to-end simulations to generate performance predictions and cross-checks of the analytical
components of the error budget. This includes the development of a scattering model, the
calculation of Jones pupil polarization aberrations from a ray-trace model, and a diffraction
model that integrates these effects (as well as the other terms summarized in Table 1). At
the same time, the effort to tie instrumental contrast performance to UV science yield will
begin and will carry on through the first half of year 3. Milestones 1 is expected to be
completed in year one. The design and specification of the SPC and VVC units for SCoOB
will also be completed the first year. Component-level metrology will begin in year 1 and
continue into year 2. The modeling and contrast budget effort for a HWO UV coronagraph
will begin in year 1 and continue through year 3.

Year 2: At the beginning of year two, any remaining long-lead items required for the
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testbed validation will be ordered. Component metrology will make up the bulk of the efforts
in year two. A sample of representative OAPs, flats, the MEMS DM, and the fabricated SPC
will be subjected to surface roughness and scattered light measurements. The VVC, SPC,
polarization optics, and OAPs will be measured under a Mueller matrix spectropolarimeter
over a range of UV wavelengths. All measured quantities will be compared to the assumptions
from the initial contrast budget, and the contrast budgets (and the models from which they
are generated) will be updated to incorporate the as-built performance of these components.
In-situ Mueller matrix polarimetry will be performed at UV wavelengths.

Year 3: Year three will be focused on validation in the testbed. Since the SPC layout
is significantly simpler and the mask itself is achromatic, the SPC will be integrated into
the testbed first, and the visible to near-UV performance of the SPC will be evaluated in
air. The UV-sensitive detector will be then integrated with the testbed, and in-air UV tests
of the SPC will be followed by vacuum tests (Milestone 2a). Afterwards, the SPC will be
removed and the VVC will be placed in the FPM plane. In-air tests of the VVC will be
performed prior to vacuum tests (Milestone 2b). At the conclusion of the year, a report will
be prepared to summarize the outcomes of these experiments. Milestone 3 will be concluded
by the end of year 3.
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