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Astro2020 Primary Recommendation
• Infrared / Optical / UV space telescope with ~ 6-m inscribed diameter 

to search for life on exoplanets and enable transformative astrophysics

The Habitable Worlds Observatory

• Primary technical requirements for coronagraphic survey are:
• System-level stability at ~ picometer-level
• Coronagraphic contrast ≥ 1010

• Strategic guidance
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The Habitable Worlds Observatory: The Big Picture

• Build to schedule: Mission Level 1 Requirement e.g Planetary missions

• Evolve technology:  Build upon NASA investments i.e.

- JWST segmented optical system, Roman coronagraph, & Sensors

• Next Generation Rockets: Leverage opportunities offered by large 
fairings to facilitate mass & volume trades

• Planned Servicing: Robotic servicing at L2

• Robust Margins: Design with large scientific and technical margins

• Mature technologies first: Reduce risk by fully maturing the 
technologies prior to development phase.
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One year from JWST Launch

19

JWST was launched on an Ariane 5
Dec 25, 2021. Credit: NASA/Chris Gunn

JWST’s first light image with 18 mirror segments phased

2023 Plans
• Science Operations
• 15-Jan-2023 Cycle 2 proposals due
• 15-Nov-2023 Cycle 3 proposal call release
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JWST Performance Metrics
• Lifetime: > 2x initial goal (10 yr), 4x requirement based on propellant

• Diffraction limit: 1.1 µm vs 2 µm requirement

• Sensitivity: ~35% better than requirement (NIRCam W)

• Pointing Stability: Factor of ~6-7 better than requirement (achieving 1 mas

• Photometric Stability: better than 1%

• Thermal Stability: within 40mK noise of the sensors

• Moving Target Tracking: > 2x required rate (req:30 mas/sec)

• Backgrounds: NIR (lower than predicted), MIR (as predicted)

• More details of observatory performance will be discussed in the JWST Town Hall 
- Tonight at 6:30pm
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Astro 2020 goal: complete survey of 100 nearby 
habitable zones. 

HabEx concept, Astro 2020 
input:

• Multi-epoch 
reconnaissance of nearby 
stars using a coronagraph 
between 0.6 and 0.8 
microns

• Dedicated follow up with 
UV-Vis-nearIR starshade

Courtesy of C. Stark



What can we do with HabEx?

 Executive Summary 

ES-3 

providing nearly complete “family portraits” of 
our nearest neighbors. HabEx will characterize 
full individual planetary systems, including 
exoplanet analogs to Earth, Saturn and Jupiter, 
and analogs to the zodiacal and Kuiper dust 
belts. For many of these planets, HabEx will not 
only obtain multi-epoch broadband spectra from 
0.3–1.0 µm (and in some cases from 0.2–1.8 
µm), but for those with periods of <10 years, 
HabEx will also determine the orbital parameters 
with a typical precision of <5% on the 
inclination, 25% on the semi-major axis, and 
measure the eccentricity to an uncertainty of 0.1. 
HabEx is also expected to find and spectrally 
characterize a diversity of planetary systems that 
bear little resemblance to our system, including 
those with worlds that have no analogs in our 
solar system, but are known to be common in 
other planetary systems, including super-Earths 

and sub-Neptunes (Figure ES-3). In general, 
given that HabEx’s requirements are set by the 
characterization of EECs, the spectra of all 
planets that are brighter than an EEC will have 
much higher signal-to-noise ratio (Figure ES-3). 

Discoveries of nearby planetary systems will 
provide detailed architectures, addressing open 
topics ranging from planetary system formation, 
planetary migration, and to the role of gas giants 
in the delivery of water to inner system rocky 
worlds. HabEx will test theories on planetary 
diversity, investigate planet-disk interactions, and 
place our solar system into detailed context for 
the first time. 

As with HabEx’s first goal, four specific 
objectives are also defined in Chapter 3. 

 
Figure ES-3. HabEx will discover and characterize over 150 new exoplanets (cyan points), from small exo-Earths candidates 
(green points) to gas giants, populating previously unexplored regions of parameter space, including planets that have no 
analogues in our solar system. The majority of these worlds will be well-characterized, with relatively high signal-to-noise ratio 
(SNR ≥ 10), resolution R ~ 140 spectra from 0.45–1.0 µm. By moving the starshade further away from telescope, HabEx will 
obtain crude spectra with resolution R ~ 7 in the UV channel from 0.20–0.45 µm, and by moving the starshade closer from the 
telescope, HabEx will obtain spectra with resolution R ~ 40 in the near-IR channel from 0.95–1.8 microns. Thus, HabEx can 
obtain complete spectral coverage of most of the planets discovered from 0.2–1.8 µm. Using multiple visits with the 
coronagraph, HabEx will also obtain reasonably precise orbits (inclinations measured to <5%, semi-major axes to 25%, 
eccentricities with an uncertainty of 0.1) for those with periods of less than roughly 10 years and eccentricities less than roughly 
0.3 within the nominal 5-year mission lifetime. These orbital uncertainties improve significantly for shorter period orbits, 
particularly those with periods less than the mission lifetime. Thus, HabEx can obtain “family portraits” of a diversity of worlds in 
nearby planetary systems.  



Astro 2020 goal: complete survey of 100 nearby 
habitable zones. 

LUVOIR concept, Astro 2020 
input:

• Multi-epoch reconnaissance 
of nearby stars using a 
coronagraph between 0.6 and 
0.8 microns

• Dedicated follow up for water 
feature at 0.9 microns

• Most promising systems 
further observed using near-
IR and UV coronagraph 
capabilities. 

Courtesy of C. Stark



What can we do with 
LUVOIR?

exozodiacal dust levels), hardware capabil-
ities (e.g., coronagraph inner working angle, 
contrast, spatial resolution, throughput), and 
observing strategy. Section 3.4.1 contains an 
explanation of how this code was used in the 
LUVOIR study and the code itself is fully de-
scribed in Appendix B.2.

The expected observations and exoplanet 
yields obtained in initial 2-year surveys with 
LUVOIR-A and -B returned by our analy-
sis appear in Table 1-2 and Figure 1-6. The 
LUVOIR-B observatory meets the require-
ment set by the LUVOIR STDT for a statistical-
ly significant exoEarth candidate survey (28 
habitable planet candidates). With 54 habit-
able planet candidates, LUVOIR-A surpasses 

Table 1-2. Properties of stars and planets ob-
served in the initial exoEarth survey

LUVOIR-A LUVOIR-B
Stars

Total # of stars observed 287 158
A types 3 1
F types 99 48
G types 98 55
K types 57 39
M types 29 15
Max distance 27.7 pc 23.0 pc
Range of mV 2–11 0–11

Exoplanets
Habitable candidates 54 +61–34 28 +30–17  
Total non-habitable 648 +251–312 576 +166–260

Figure 1-6. LUVOIR will discover dozens of habitable planet candidates and hundreds of other kinds 
of exoplanets. The chart shows exoplanet detection yields from an initial 2-year survey optimized for 
habitable planet candidates with LUVOIR-A (blue bars) and -B (green bars). The first column shows 
the expected yields of habitable planet candidates. Non-habitable planets are detected concurrent-
ly during the 2-year survey. Color photometry is obtained for all planets. Orbits and partial spectra 
capable of detecting water vapor and/or methane are obtained for all habitable planet candidates. 
Credit: C. Stark (STScI) / J. Friedlander (NASA GSFC)

LUVOIR The Large UV Optical Infrared Surveyor

1-12 The LUVOIR Final Report



Yield to telescope size relationship 

the requirement and provides ample margin against astrophysical and technological uncer-
tainties. The same code with the same astrophysical input assumptions was used to calculate 
exoplanet yields for the Habitable Exoplanet Observatory (HabEx) mission concept.

A summary of the set of stars observed also appears in Table 1-2 (details in Section 
3.4.1). The most favorable spectral types for detection of a habitable planet candidate are F, 
G, and K; significant numbers of M stars and a few A types are also observed. For the yield 
calculations, we adopted a fraction of Sun-like stars with habitable exoplanet candidates 
ηEarth = 0.24+0.46

–0.16  (Kopparapu et al. 2018). The expected yield of such exoplanets from a di-
rect imaging survey is proportional to ηEarth (Stark et al. 2015). Therefore, it is easy to scale 
expected yields using updated ηEarth values. A more complete discussion of how yields de-
pend on different astrophysical and hardware parameters appears in Appendix B.2.

Figure 1-7 shows that the expected yield of habitable planet candidates is a strong func-
tion of telescope diameter and changes with aperture geometry; these realities drove the 
design of the LUVOIR concepts. The inscribed diameter is the diameter of the largest cir-
cle completely contained within the telescope primary aperture; this is the parameter that 
has the single greatest impact on yields. The yields also depend on whether the aperture is 

Figure 1-7. Telescope size, aperture geometry, and coronagraph type all affect the expected detec-
tion yields of exoEarth candidates. On the x-axis, the inscribed diameter is the diameter of the largest 
circle completely contained within the telescope aperture. The green, red, and blue curves show 
yields for different combinations of telescope aperture geometry and coronagraph type, more fully 
explained in the main text. The yellow curve shows the yields for a single starshade paired with a 4-m 
telescope. Credit: Stark et al. (2019)

The Large UV Optical Infrared Surveyor LUVOIR

The LUVOIR Final Report 1-13
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The Large UV Optical Infrared Surveyor LUVOIR

The LUVOIR Final Report 1-13

Astro 2020 said: 25 candidates = 
6 m +  coronagraph 



What did Astro 2020 not decide “Candidate” is defined by 0.9 microns 
water feature in previous calculation. 
Open questions: 

• How blue in UV  to robustly 
measure O3 and hazes?

• How deep does the contrast need 
to be in the visible for accurate 
abundance determination? 

• How red in the near IR? Methane is 
key for non earth twin science.

• How many of the notional ~25 
candidates can actually be detected 
in UV and near-IR?

Courtesy of C. Stark
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How blue, how red, how deep, can we see planets at 
all?

Key technologies 



Programmatic update

Key science 
How blue, how red, how deep, can we see planets at all 
wavelengths?

Key technologies 
A UV coronagraph? A cold telescope? A stable wavefront? Is 6 m 
big enough?





This where the hard questions 
will be answered



US community organization around HWO as of today



US community organization around HWO as of today



• Do we have enough photons 
to probe ozone feature 
given that UV throughput is 
low? On how many targets?

• Can we design a UV 
coronagraph with a minimal 
number of reflections to 
bolster throughput?

• Is photometry sufficient?

•  Do we need UV capabilities 
for outer solar system 
scales?  (drives Deformable 
mirrors actuator count)

Courtesy of C. Stark



• Do we have enough photons 
to probe ozone feature 
given that UV throughput is 
low? On how many targets?

• Can we design a UV 
coronagraph with a minimal 
number of reflections to 
bolster throughput?

• Is photometry sufficient?

•  Do we need UV capabilities 
for outer solar system 
scales?  (drives Deformable 
mirrors actuator count)

Courtesy of C. StarkBack up option: starshades as 
second generation instrument 



• How cold does the 
telescope need to be?

• Is the angular resolution 
sufficient with a ~6m? Do 
new coronagraph concepts 
need to be developed?

• What near IR resolution is 
needed? What does it mean 
in terms of IR detector 
development?



• How cold does the 
telescope need to be?

• Is the angular resolution 
sufficient with a ~6m? Do 
new coronagraph concepts 
need to be developed?

• What near IR resolution is 
needed? What does it mean 
in terms of IR detector 
development?

Back up option: second 
generation instrument 
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Astrophysics Technology Investments
• System-level picometer stability

32

• High Contrast Imaging
Credit: L3/Harris

Lightweight ULE mirror segment

Credit: NASA GSFC

Picometer-scale dynamics measured 
with high-speed interferometry



PRIME MISSION

• Deep spectral characterization requires to go deeper than the canonical “ten to 
the ten” contrast.

• How do we build a telescope + coronagraph that are stable enough for this 
science?



Example of experiment with milestones

• Demonstrates static contrast 
at ~4e-10. 


• Demonstrates contrast 
stability at 1e-10 (5 sigma), 
2e-11 (1 sigma).


• Breaks down empirical 
allocations of contributions to 
static contrast error budget. 


• Does not breaks down 
empirical allocations of 
contributions to noise floor.

Can we reach the raw contrast? (yes on a clear aperture)

Seo et al. (2019)



• Using the coronagraph instrument we can 
compensate telescope drifts at the ~10s-1 
minute timescale

• Outer segments can drift significantly more than 
inner segments 

• In theory, we can correct thermal drifts with 
Deformable Mirrors in instrument 

Can we keep the contrast stable? (working on it)

Based on 
Leboulleux et al. (2017)
Laginja et al. (2020)

Context Methods Results Conclusion Back up slides

Comparison between LUVOIR A and LUVOIR B

Segment level piston

Relative Contribution of each
mode.

MID modes requirements

LUVOIR A 5l/D, < 15
pm/sec, tWFS > 10 sec.

LUVOIR A 3l/D, < 0.3
pm/sec, tWFS > 1000 sec.

LUVOIR B, < 3 nm/sec,
tWFS > 200 sec.
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MID modes requirements

LUVOIR A 5l/D, < 15
pm/sec, tWFS > 10 sec.

LUVOIR A 3l/D, < 0.3
pm/sec, tWFS > 1000 sec.

LUVOIR B, < 3 nm/sec,
tWFS > 200 sec.

Trade 6: Changing the coronagraph and telescope

LUVOIR A 

APLC Small

Context Methods Results Conclusion

Comparison between LUVOIR A and LUVOIR B

Segment level piston (see talk by S. Redmond)

Relative Contribution of each
mode.

MID modes requirements

LUVOIR A 5l/D, < 15
pm/sec, tWFS > 10 sec.

LUVOIR A 3l/D, < 0.9
pm/sec, tWFS > 100 sec.

LUVOIR B, < 20 pm/sec,
tWFS > 1 sec.

LUVOIR A 

APLC Medium

LUVOIR B 

VVC



Modes controlled by 
instruments' WFS&C

LO:
Global misalignments,

Secondary motion

HI:
Polishing, 
beam walk

MID:
Segment misalignments, 
backplane printhrough

Log(frequency) in Hz

PSD

PSD

1/Texp Fmax
PSD

1/Texp Fmax

Disturbance
before DMs 

Temporal 
response of 
AO/WFS&C 

Log(frequency) in Hz

Log(frequency) in Hz

Wavefront 
residual for 
each mode

 AO/WFS&C  residuals  

Spatial domain

Temporal domain

x 

= 

x 

= 

Unobservable Residuals
Damped either in open loop (thermal/
structural stability) or using telescope 

metrology

Unobservable 
frequencies (not 
enough photons)

Delta Piston for Delta Contrast 10-11

Can be reduced using optimized WFS 
architectures, predictive control 

Figure 10. Left: Standard deviation of the residual wavefront after a conventionnal AO correction (optimized integrator)
running at 1 kHz. Right: Standard deviation of the residual wavefront after a predictive control correction whose system
is running at 100 Hz. The input dynamical aberrations is sample B. The residual of the eight first principal components
is also shown.

Figure 11. Power Spectral Densities of the three first principal components of sample B before (purple) and after (yellow)
correction with an AO system running at 100Hz and equipped with a predictive controller. The wavefront sensor is
sampled at 64 pixels across the beam and the magnitude of the target star is equal to 3 in V-band.

4.1.2 Predictive control

The numerical simulations above assumed an optimized integrator. We expect better performance with predictive
control since it should be able to focus on mitigating vibrations (e.g. at 0.9 Hz and 16.5 Hz in sample B). We
plot in Fig. 11 the PSD of the three first principal components before and after correction with predictive control
for MV = 3. The loop is assumed running at 100 Hz in order to increase the signal-to-noise ratio on each pixel
by

p
10 with respect to the simulation in Fig 10. We choose p = q = 2 in Eq. 22 which implies that we optimize

five di↵erent parameters in Eq. 30. We use a constrained minimization method to minimize the cost function
in the frequency domain and the parameters are all bounded in between -1 and 1, except a0 whose value is
between 0 and 1. While these moderated bounds and algorithms have shown reliable results, the use of recursive
algorithms applied in the time domain such as a LQG/Kalman estimators27–29 whose parameters are optimized
by solving a Riccati’s equation21,23 is essential to ensure the stability and robustness of the correction. Their
implementation is beyond the scope of this publication but might be important for a more detailed model of the
performance and limitations of such a controller with LUVOIR.
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Laser or natural guide star metrology 

Edge sensor metrology 
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Coyle et al. (2019)

Faster timescales can be corrected 
either using better controllers or 
edge sensors at telescope   

Can we keep the contrast stable? (working on it)

Potier et al. (2021)



Makidon laboratory update

3. MILESTONE LEVEL 1: CORONAGRAPH COMPONENT DEMONSTRATION IN
NATURAL CONDITIONS

3.1 Classical Lyot Coronagraph

In Fig. 5 we show the progress made in terms of contrast and inner working angle (IWA) over the past 1.5
years. Initially the testbed operated with a surrogate flat mirror in place of the IrisAO DM, with a circular
aperture, and with a very large IWA (7.5�/Dpup). The testbed transitioned from this circular monolithic mode
to the truly segmented non-circular aperture in the winter of 2021. A number of improvements in algorithm,
calibration, and hardware allowed the contrast to increase by a factor 2-3x despite the more complex aperture
geometry. At that point the testbed was essentially limited by stability, which was addressed by a combination
of both software and hardware improvements. This allowed for a further increase in contrast (factor ⇠ 4) and
IWA (factor ⇠ 1.6). The performance impact is particularly noticeable in the IWA improvement, and illustrated
in Fig. 6, which confirms that the performance was limited by the dynamical drifts and instabilities, which are
now better compensated by the increased operational speed.

Figure 5. Dark hole progress over the past 1.5 years, from a classical Lyot coronagraph (CLC) with a circular monolithic
aperture, to a truly segmented, non-circular aperture. Contrast has improved by a factor ⇠ 4 and IWA by a factor ⇠ 1.6.

Figure 6. Comparison between the DH performance with the previous slower infrastructure (left) and with the new faster
one (right). This is also compounded with some hardware and environment improvements. The contrast was more limited
at small IWA, and the higher speed of course plays a major role to mitigate temporal drifts. This level of contrast is
achieved on the order of a minute. Other improvements have been associated with stability (better thermal management
inside the enclosure and lab HVAC repair/upgrade, as well as the installation of a pinhole.

Soummer et al. (2022)

Evolution of single wavelength contrast over the past few years

Integration of 
segmented 
primary surrogate

Faster control 
system (from 0.1 
Hz to 10 Hz)

Makidon laboratory update

Soummer et al. (2022)

Broadband contrast 

Por et al. in prep

Contrast maintenance as 
primary mirror drifts

Figure 3: Mean dark-zone contrast against time for low SNR DZM experiment on HiCAT. Note that the mean
dark-zone contrast plotted here is calculated using the high SNR IHiCAT images and is thus the true contrast.
The closed-loop contrast (solid magenta) is maintained at 5.3 ⇥ 10�8 (dotted black line) within a standard
deviation of 6.4 ⇥ 10�9 (dashed black line) for the duration of the experiment. The open-loop contrast (cyan
crosses) diverges to 1.1 ⇥ 10�6 by the final iteration. Note that the time axis for this plot uses assumes an
iteration time of t = 39 s.

Figure 3 shows the mean closed-loop contrast of the dark-zone region in magenta for the duration of the
experiment (3500 iterations). The iteration time is set to titer = t = 39 s for Fig. 3 as the exposure time on
RST or LUVOIR will be the lower limit on the iteration time. We use the high SNR HiCAT images (IHiCAT )
described in Sec. 2.2 to calculate the mean dark-zone contrast to ensure it is the true contrast and not artificially
high due to noise. The open-loop contrast (cyan crosses) diverges to 1.1 ⇥ 10�6 by the final iteration at which
point the BMC DM drift command for each DM has a root-mean-square of 1.26 nm and a peak-to-valley of
8.39 nm. The dotted and dashed black lines show the mean and standard deviation of the magenta curve (mean
closed-loop dark-zone contrast) respectively for the duration of the experiment. The mean dark-zone contrast is
held at 5.3⇥ 10�8 within a standard deviation of 6.4⇥ 10�9.

As seen in the magenta curve in Fig. 3, the mean and standard deviation vary with time. From 0–12 hrs,
the mean is relatively constant but the standard deviation is rather large. After 12 hrs, the standard deviation
decreases but the mean has a positive slope. This is due to temperature and humidity instabilities in the lab due
to issues with the HVAC system, which caused small low-order drifts (mostly tip-tilt). This tip-tilt drift is not
modelled or captured by the EKF and thus slightly degrades the DZM performance. The humidity instability has
been improved since these data were taken and, in addition, HiCAT now has an improved software architecture
that allows faster control loops by one order of magnitude and running low order corrections in parallel with
DZM as discussed in Soummer et al. 2022.6 We expect significant gains in contrast as well as the inner working
angle (IWA) in future experiments.

6

Proc. of SPIE Vol. 12180  121802B-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Apr 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Redmond et al. (2022)

We use exposures that are consistent with 
future mission noise level. 

Makidon laboratory update

Soummer et al. (2022)

Broadband contrast 

Por et al. in prep

Contrast maintenance as 
primary mirror drifts

Figure 3: Mean dark-zone contrast against time for low SNR DZM experiment on HiCAT. Note that the mean
dark-zone contrast plotted here is calculated using the high SNR IHiCAT images and is thus the true contrast.
The closed-loop contrast (solid magenta) is maintained at 5.3 ⇥ 10�8 (dotted black line) within a standard
deviation of 6.4 ⇥ 10�9 (dashed black line) for the duration of the experiment. The open-loop contrast (cyan
crosses) diverges to 1.1 ⇥ 10�6 by the final iteration. Note that the time axis for this plot uses assumes an
iteration time of t = 39 s.

Figure 3 shows the mean closed-loop contrast of the dark-zone region in magenta for the duration of the
experiment (3500 iterations). The iteration time is set to titer = t = 39 s for Fig. 3 as the exposure time on
RST or LUVOIR will be the lower limit on the iteration time. We use the high SNR HiCAT images (IHiCAT )
described in Sec. 2.2 to calculate the mean dark-zone contrast to ensure it is the true contrast and not artificially
high due to noise. The open-loop contrast (cyan crosses) diverges to 1.1 ⇥ 10�6 by the final iteration at which
point the BMC DM drift command for each DM has a root-mean-square of 1.26 nm and a peak-to-valley of
8.39 nm. The dotted and dashed black lines show the mean and standard deviation of the magenta curve (mean
closed-loop dark-zone contrast) respectively for the duration of the experiment. The mean dark-zone contrast is
held at 5.3⇥ 10�8 within a standard deviation of 6.4⇥ 10�9.

As seen in the magenta curve in Fig. 3, the mean and standard deviation vary with time. From 0–12 hrs,
the mean is relatively constant but the standard deviation is rather large. After 12 hrs, the standard deviation
decreases but the mean has a positive slope. This is due to temperature and humidity instabilities in the lab due
to issues with the HVAC system, which caused small low-order drifts (mostly tip-tilt). This tip-tilt drift is not
modelled or captured by the EKF and thus slightly degrades the DZM performance. The humidity instability has
been improved since these data were taken and, in addition, HiCAT now has an improved software architecture
that allows faster control loops by one order of magnitude and running low order corrections in parallel with
DZM as discussed in Soummer et al. 2022.6 We expect significant gains in contrast as well as the inner working
angle (IWA) in future experiments.
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Redmond et al. (2022)

We use exposures that are consistent with 
future mission noise level. 

Can we keep the contrast stable? (working on it)

STScI HiCAT results with synthetic segment drifts.

Prototype of a segmented telescope surrogate for 
high-contrast drift experiments build using stress 
polishing (Courtesy of M. Ferrari, LAM). 
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