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l. Objective

The goal of Milestone 3A is to demonstrate theitghtib predict the performance sensitivities
of a high-contrast imaging system at levels coaatstvith exoplanet detection requirements.
The experiments will be carried out on the High Cast Imaging Testbed (HCIT) and the
performance predictions will be made with high-fideoptical models. The tests to be
carried out will address the major items in thefgoenance error budget, including dynamic,
static, coherent, and incoherent perturbations. t€sts will address image plane (occulter)
and pupil plane (Lyot plane) defects in broadband6Q) nm bandwidth) light. The tests
described here address the physics that have Qeegtified as playing a significant role at a
contrast level of 18, There are physical phenomena that are importatieal0'® level that
will be validated in future tests.

[l. Introduction

a. Milestone statement

A set of 3 technology milestones for optical directaging was defined in 2005 [1].

Milestone 1 was the demonstration of°1€ontrast imaging in monochromatic light, at a
working angle of 4A/D (roughly the & Airy ring) [2]. Milestone 2 required the same
contrast and working angle but over a 10% optiealdo[3]. The successful completions of
Milestones 1 and 2 were certified by an independertew board in 2006 and 2008,

respectively.

These milestones were achieved with the assistahbéeh-fidelity models that guided the
design, implementation, and operation of the tektbEhe purpose of Milestone 3 is to show
the specific ability of the models to predict penfiance. Milestone 3 was originally drafted
in two parts, A and B. Part A addresses modelifidspecifically for HCIT, while part B
applies the models to the on-orbit prediction o$pmace mission. The specific milestone
requirements are:

3A: Demonstrate that starlight suppression performamealictions from high-fidelity
optical models of the HCITutilizing measured data on specific testbed comptseare
consistent with actual measured results on theddsiCorrelation of model predictions with
experimental testbed results validates modelshatsaline contrast ratio of better than 1 %10
(goal 1 x 10° over a 60-nm bandwidth.

3B: Demonstrate, using the modeling approach validatgainst the HCIT performance
combined with appropriate telescope models anattineent mission error budget, that TPF-
C could achieve a baseline contrast of 1 x°16ver the required optical bandwidth
necessary for detecting Earth-like planets, charamg their properties and assessing
habitability.



This document addresses Milestone 3A orfmce 2007, detailed mission design has been
put on hold. Thus there is not a completed missiesign model on which to apply the
validated optical models. The focus here is elgti@n coronagraph model sensitivity
validation in the HCIT testbed. In our Milestona @ork, the central wavelength will be
between 500-800 nm, and the minimum inner workingl@ will be no larger than %/D at

the central wavelength. While the requirement dmeca bandwidth of 60 nm, we interpret
this to mean a minimum bandwidth. We intend to nseh of the same hardware that was
used in Milestone 3 and to perform the tests ov&0% bandpass centered near 800 nm.
Later, for Milestone 3B we will employ these validd sensitivities to the representative
flight system error budget to demonstrate on-grérformance can be met.

b. Fundamental elements of dark hole contrast

The coronagraph optics and the wavefront contrstiesy are designed to create a ‘dark hole’
adjacent to the image of the star to enable obsgervaf the feeble light of an exoplanet that
will be 10%° (for an Earth) and 19(Jupiter) times fainter than the starlight. Theotmgraph
optics reduce diffracted light below these levelsaagles greater than the Inner Working
Angle (IWA). Depending on the coronagraph destga,practical limit to the inner working
angle is between 2/D to 4 A/D. Imperfections in the optics scatter light dtalgles and
become the limiting factor in the light level oktldark hole. A deformable mirror (DM) or a
pair of DMs, in conjunction with an algorithm foerssing the complex electric field in the
system, is used to compensate for the imperfectamas creates a dark hole of sufficient
contrast to observe exoplanets.

While the coronagraph can be designed to complatityinate light from a point source
over a broad band, aberrations introduce waveledgpendent scatter that is only partially
correctable across the bandpass using the DMsicdliypthe wavefront control system will
estimate the complex wavefront in one or severatibaand the compensation algorithm will
apply a weighted correction across the band. Tpimal weighting function depends
ultimately on the science requirements, e.g., mgemscatter across the bandpass,
differentiate the planet from speckles, or perhapsmize the scatter in a particular spectral
feature.

The light level in the dark hole is often definedterms of its “contrast.” The broadband

contrast is the ratio of the average (across timglss) scattered starlight level in the dark
hole to the average (again over the bandpass) lggdkevel of an unaberrated image of the

star when the coronagraph mask (which blocks tudigdtt at the image plane) is removed.

Achieving 10° contrast in close proximity to the image of a painurce requires pristine
control of the optical system but surprisingly in18% bandpass it does not require
exceptionally smooth and well-figured optics [4kcept over a sub-mm region of the
coronagraph mask itself [5]. Milestones 1 and 2enmet in HCIT using off-the-shelf off-
axis (-/20) parabolas and flats. In larger bandwideéng, 20%, optical quality becomes an
important limitation. In addition to optical qualitthe main contributors limiting the ability
to achieve high contrast are the mask design, nmgkrfections, contamination, and the
wavefront control system consisting of the DMs d@hd wavefront sensing and control



algorithms. These terms comprise the core of ttai¢s error budget which determines the
ultimate contrast floor assuming a perfectly stadylstem. Polarization effects in the HCIT
system are small compared to the 1e-9 contrastslesgected with the faster optics and
larger off-axis angles of the TPF-C design [6].

Once the wavefront has been set, maintaining tb010'° contrast requires sub-Angstrom
aberration stability and micron-scale rigid-bodytimo stability of the optics, as well as
high-precision stable pointing of the stellar image the coronagraph mask. Time-
dependent aberrations, rigid-body motions, andtpwnrerrors are the main contributors to
the ‘dynamic’ error budget.

These principal static and dynamic terms of therebudget will be addressed in the
Milestone 3A suite of experiments.

C. Optical models

Milestone 3A is a test of the ability of the opticaodels to predict contrast and contrast
sensitivity. The optical models consist of a reaer model, near-field diffraction codes, and
a wavefront control model.

The primary coronagraph optical model is an unfdldepresentation of the HCIT system
that performs near-field diffraction propagatiotsough the system. It does not do ray
tracing and it is not linked to an opto-mechanit@rmal finite element model. Specific
attributes of the model are:

- Point Source: models the radial quadratic intensity variationsed by the far-field
diffraction pattern of the fiber/pinhole source.iglgradient is referred to as the
intensity ‘droop.” In M3A tests, we test sensityto the position (lateral and focus)
of the source. We wll not test sensitivity to thiensity droop per se, but we will test
the sensitivity to beam diameter which requiregstimate of the intensity droop.

- Optical Surfaces: Optical Optical surface maps are included foiagpthat have been
measured using our Zygo instrument. Surface magsreftectivity maps derived
from representative surface Power Spectral Dessiaad reflectivity PSDs,
respectively, are used where necessary. The sunfiap, typically\./20 r.m.s. for the
full optical train, is much more important than tleglectivity maps which are better
than 1% r.m.s. and do not contribute to contrashatl€ level. M3A beam walk
tests will validate the sensitivity to alignmentftdrfor a given level of surface PSD.

- Mask: The occulting mask has a metallic layer and masp dlave a variable
thickness dielectric overcoat for M3A tests. Thetahecoating has a thickness-
dependent transmission and phase. The transmissidnphase coefficients are
computed from thin film equations and the thicknessletermined from the mask
design and measured transmission function. Vectopaggation effects are not
considered. In M3A we will not test the sensityvib mask parameters because we



have already achieved agreement at better than1D%in broadband light in
Milestone 2.

- Deformable Mirror: The DM is modeled as a regular array of actuabargng a
common influence function. A representative infloerfunction has been measured
with the surface gauge interferometer. The gaitrimman the nominal design is
assumed to have the same linear response for taktacs. Hysteresis, other non-
linearity, and random gain values can be addedeadead for simulation purposes. In
M3A we will test our sensitivity to the number aftaators and to the effects of dead
actuators. We will not validate our hysteresis glod at the 18 contrast level,
hysteresis affects the rate of convergence butheolevel of contrast.

- Lyot Stop: The Lyot stop is treated as an opaque, sharp-e@dg& (no vector effects
are considered). It can be rotated, scaled, reshatc. We will test against the effect
of beam diameter (edge effects), and pupil shadrwe do not plan to directly test
the positional sensitivity of the Lyot stop. Thansitivity is expected to be benign at
the 10° level.

- Wavefront Control Algorithm: The Electric Field Conjugation (EFC) algorithm [7]
or a related variant under development will be usedontrol the wavefront. EFC
utilizes a model of the testbed to form a sensitivhatrix that maps the actuator
motion to the change in field in the image plaitas an efficient approach with rapid
convergence but its success is linked to the madelracy. Many of the tests to be
performed for Milestone 3A are tied to the algantk dependence on the accuracy of
the optical model, e.g. what contrast is achievetthe model has the wrong mask
phase function. Obviously an important aspect oVefrant control is wavefront
estimation. As we have done in the past, we plans® DM wavefront diversity to
modify the electric field in the image plane andig® its complex electric field [7].
Our baseline approach is to do this in severabmale.g., 2%) bands, but it may also
be possible to sense the wavefront in a single Wwadel.

In addition to the primary model, we use the JPiettgped MACOS software to determine
beam-walk sensitivities through ray tracing. Thi®gram interfaces with MATLAB to
generate linear sensitivity matrices for all motaegrees of freedom in the system. The
beam walk is related to contrast both in a sta@ittsense using representative PSDs of the
optical surfaces and directly using measured serfaaps (and likewise for reflectivity
uniformity).

We have modeled polarization and particulate comaton as well. The polarization model
shows that polarization effects can be expectedbmiut 10° contrast. The particulate
contamination models show that the larger particke20 um, play a more important role
than the more numerous smaller particles [8]. Guirtation levels in the testbed may be
responsible for a veiling glare (incoherent scittevel of a few x 13° Testing of this
scatter in a controlled experiment is extremelyllenging and is not addressed here. We
will test neither polarization nor particulate camination models in M3A but will do so in
future tests.



Detector calibration, in particular pixel-to-pixghantum efficiency and linearity, also play a
role in the performance limitations. Mainly theyldty affect the rate of convergence of the
wavefront control system but this is not an issoieM3A. Since we achieved better than
10° contrast in broadband light in Milestone 2, weéaeen that the detector (we will use
the same one in M3A) is not a limiting factor at’ It the effect of calibration errors grows
in importance at improved contrast levels and lglithe subject of future testing.

[I1.  Coronagraph Error Sources

The main sources of error in high-contrast stelaronagraphs are explained here.
Depending on the coronagraph configuration, optepadlity, and system stability, any of
these effects can be the main factor limiting p@nfance. The error sources are divided into
coherent and incoherent, static and dynamic caiesyor

Coherensources scatter starlight into the image plané witical path differences that are

small compared to the coherence length of the.lighe interference of coherent scatterers in
the image plane results in a field of speckles.arfples of coherent sources are localized
transmission errors in the mask, small (e.g., lamplitude) optical aberrations, and edge
diffraction from undersized optics.

Incoherensources introduce large optical delays relativthéocoherence length of the light
(e.g., in a broad-band beam, 20 micron diametetictes that reflect or partially transmit
light). They can arise from single or multiple dees. Incoherent scatter is sometimes
referred to as a ‘veiling glare’ background. Thavefront control system has no effect on
the incoherent scatter.

Scattering sources are considersds/ic if they show no measureable change during the
course of a typical astronomical observation (eger 1 to 24 hrs). Examples include flaws
in the mask and optical coating blemishes. Therungent design has built-in static
scattering related to diffraction from edge effe¢i®. the optics are not sufficiently
oversized) as well as from design trades to balano&rast across a broad optical band.

Scattering sources are calleginamicwhen they change during an observation. Dynamic
errors include both thermal and vibrational effediee main contributors are beam walk,
pointing, and aberrations. Beam walk is the ldteration of the beam across the optics
resulting in misalignment (shearing) of the beanose the DM surface. The scattering
wavefront is approximately given by the wavefrordgridative multiplied by the shear
distance. Sub-micron beam-walk can lead to sicgnili changes in contrast. Pointing motion
(e.g. the artificial point source wanders with mspto the coronagraph) contributes both
beam walk and scatter due to the misalignmenteptiint source image on the coronagraph
mask. Even when the optics are perfect, aberratigupear when the powered optics are
misaligned with respect to one another and to tiegdént beam. Low order aberrations
scatter light mainly in the middle of the image ndawith diminishing energy at large
working angles. They can be a limiting factor nier inner working angle.



The light level in the dark hole is a function bétscatter sources, the optical bandwidth, the
optical design, and the wavefront control systeim.quasi-monochromatic light, almost all
the scatter is coherent and controllable — onlyotiezation and the finite number of
actuators limit performance. In the HCIT desigre tlange of incident angles across the
optics is small and depolarization occurs at areshtevel well below 1¢’. The number of
actuators in the 32x32 deformable mirror is alsfficiant to control contrast to below 18

for the 2-10A/D dark hole. Thus in monochromatic light, we expecbe limited only by
inadequacies in the Wavefront Control (WFC) model &y dynamic effects, but there are
no fundamental physical limitations to the darkehebntrast at levels above 0

Broad band light presents physical limitations. e TWFC system can introduce certain
wavelength-dependent compensations that may nathnté wavelength-dependence of the
scattering sources. Also, since the WFC systermabge at (or near) a pupil plane it has
limited ability to perform broad-band compensationscattering that originates in the image
plane.

Nominal Contrast and
Contrast Stability

Static Dynamic
(Designand (Thermal and
WFC) litter)

— Optical Design

] Beam Walk
Edge Effect Test (Motion of optics)
L Initial State Beam Shear Test
|| Aberrations (Bending
WF Control System of Optics)
No. of Actuator Test Mask Focus Test
Dead Act. Test Pointing
Source Position
Bandwidth Test Test

Figure 1. HCIT Error Budget structure. Black: Error terms. Blue: Milestone 3 tests.

The error budget shown in Figure 1 provides a gcaphbreakdown of the various
contributors to contrast degradation. This errcidai is representative of the HCIT optical



configuration and is expected to be applicabldightf configurations.. Model validation for
Milestone 3A will consist of comparing the analgli@redictions of contrast error sensitivity
in the HCIT optical model to experimental data ecied on the HCIT testbed. The
coronagraph model will be validated at thé’ Kystem contrast goal achieved in Milestones
1 and 2.

The battery of tests comprising Milestone 3A adskescoherent, static, and dynamic
scattering sources, in both narrow-band and breawtight. The tests will verify that our
optical models accurately represent the stateefttistem and that they predict sensitivities
to the various scattering sources. The tests arnmed with a bright broadband light
source, roughly equivalent to a V=-1 or -2 starhisTallows us to perform the tests with
minimal impact from thermal drifts in the systensulting in a more accurate measurement
of the model sensitivity.

The tests are divided into two categories: opeip-land closed-loop, where open loop refers
to a fixed DM setting followed by a perturbation tlee system. To explore dynamic
sensitivity, we perform open-loop tests. Thesestegplore the sensitivity to contrast after
the Wavefront Control System (WFCS) has been seiptonize contrast. The DM is not
sent any new commands during an open-loop tess erhulates the dynamic changes to the
contrast that occur during on-target integratio@dosed-loop tests explore the sensitivity to
initial conditions and represent the static erinrghe system and the models. Any deviation
of the system and/or model from ideal is partialynpensated by the WFCS.

TABLE 1
OPEN-LOOP TESTS: PERTURBATION OCCURS AFTER WFCS HAS SET THE DM.

Error Source Tolerancing and Sensitiivity Relevance Experiment Comment
Pointing stability
(tip/tilt) identified as a

How does contrast depend

Source . critical technologyin  Move source in at least 3 steps
. on a change in the source R . . K
Position it Astrophysics Strategic  from nominal to one side.
osition
P Mission Concept
Studies

Requires high-quality
Laterally translate a flat optic  interferogram of the

Constitutes a large in the beam in 3 steps. Predict optical surface. May

How much does contrast K X K R
L portion of the change in contrast at spatial translate refractive

Beam Shear change when an opticis . X | X
. dynamics error budget frequencies where optical optic, e.g. plane
moved in the beam i
for TPF surface knowledge is parallel plate, to
sufficently precise. eliminate tilt
sensitivity.

Tests sensitivity to

focus error. Along with Defocus the mask in at least 3
tip/tilt this is the most steps.

senstive aberration

How much does contrast
Mask Focus change when the mask is
moved from best focus




TABLE 2
CLOSED LOOP TESTS: WFCS TURNED ON AFTER PERTURBATION IS INTRODUCED

Error Source Tolerancing and Sensitivity Relevance Experiment Comment
Tied to the number of Results depend on the
What is the best contrast  separate starlight Use increasing bandwidth (e.g., mask design and
Bandwidth achievable at a given suppression systems 2%, 10%, 20%), perform optical design. May
bandwidth? used to meet science  wavefront control. require 3A/D to see
requirements. the effect.

Use a variable aperture to

. Desire to have optics as adjust the optical aperture
How does edge ringing

small as possible to diameter relative to the beam.
Edge Effect affect broad-band P R .
reduce mass, size (and Select 3 positions that the
contrast? X L
cost). model predicts will increase
contrast by at least 2e-9.
Electrically disengage one or
Important for
. more actuators and perform
X X determining R X
Dead How severe is degredation - wavefront compensation using
manufacturing and :
Actuators due to adead actuator? o the active part of the DM. At
reliability } ,
K least 3 sets of 'dead' actuators
requirements. .
will be used
More elements gives
more DOFs to Important implications
Number of How does contrast depend X P R .p
compensate for broad Group actuators into 1x2,2x2,  for high-spatial
Actuators on the number of actuators X
band, frequency and possibly larger goups. frequency req. esp on
Used used? i
folding, and other PM.

terms.

V. Battery of Tests

The specific set of tests to be conducted is desdrin the following two tables. The ‘Error
Source’ column maps directly into Figure 1. For tabts except the bandwidth test, the
experiment will operate using at least 60 nm badthvi(our intention is to use 10%
bandpass) and the dark hole control will be a ‘Bage as in Milestone 2, with the working
angle ranging between 4 and 1D at the central wavelength. We point out that tfoe
bandwidth test, it may be necessary to greatlyekt¢ke nominal 10% bandpass, e.g., use up
to 20-30% bandpass, to measure a post-control ehahgontrast of 2 x I& We further
note that our models indicate that to see certifuts at the 1 x I®contrast level, it may be
necessary to operate ah@® where there is more scattered light and we areereensitive to
small dynamic effects.

V. Success M etric and Criteria

The measurement to be evaluated is: the compabstween the contrast predicted by the
model and the contrast achieved in the experimiereach open loop test, the perturbation to
be introduced shall change the model contrast flominal by at least s x Towhere s is
the step number (1, 2, 3) and shall be in agreemihithe model prediction to 1 x 10in
closed loop tests, the change in model contrasvaduated after the WFCS has operated.
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Closed loop perturbations shall change the post-B/F@del contrast by at least 2 x°10
from nominal. Multiple step closed loop tests da necessarily involve progressive delta-
contrast stepsPredicting a contrast of 3 x P0to a level of 1 x 18 represents 33%
agreement between the model and the experimens. plts us comfortably within the factor
of 2 model reserve factor that has been carriedam PF-C error budget [9].

For open loop experiments, the model predicts agdan contrastACp, for each step of
each test. There are typically 3 steps (e.g. lmtghe source by 0.25, 0.5, and 0.75
microns) to each test. The experiment to be peddrm to use EFC to set the contrast to a
nominal value, then introduce the specified pesdtidn (e.g. source position motion), then
remeasure the contrast without resetting the wawefor intentionally making any further
changes to the testbed. The change in contrastlsated asACe = contrast in the nominal
case minus contrast in the perturbed case. We ¢haluate M3 = abaCp —ACe). The
experiment is successful if M3 < 1 x6ontrast error for each step of each test.

For closed loop experiments, the model likewisaljgts a change in contraaCp, for each
step of each test after the WFCS has operated. eXjperiment to be performed is to use
EFC to set the contrast to a nominal value, théxoduce the specified perturbation (e.qg.
group actuators 1x2 and then 2x2), then reemplo§ - re-obtain good contrast. The
change in contrast is evaluated A€e = contrast in the nominal case minus contragten
perturbed case. We then evaluate M3 =&Bp(—ACe). The experiment is successful if M3
< 10° contrast error for each step of each test.

Since the closed loop test involves an iteratiy@iegtion of the wavefront control sequence,
it is important to define an end point for the sesAs illustrated in Figure 2, the closed loop
test will end when the best-fit rate of improvemehtontrast over the current and previous 9
iterations is< 2 x 10" per iteration. This prevents an arbitrary stoggioint ifiwhen the
change in experimental contrast comes withifl @bthe model prediction.

C+10°

1%
©
c L \N. o _____
) I
O + I
Slope| < 2x10- 1%
C_I pe| = 2x !
IIIIIIIII_I_I_I_IIIII|IIII
n-9 n
Iteration

Figure 2. Slope and offset are fitted to the current
and previous 9 iterations as shown. The wavefront
control process is considered to have adequately
converged when the magnitude of the slope is <
2x10"Y per iteration.
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VI.  Experiment Performance Goals

a. [llumination is spectrally broadband with a bamdhlv 6 4 > 60 nm for all tests except
the bandwidth-dependence test. The central waviilerg , for all tests, will be in the range

between 500 and 800 nm.

b. A mean contrast prediction error metric of M3 x 10° or smaller must be achieved
in both an outer target dark area ranging from 4aol, /D and an inner area ranging from
4t05 Ay /D.

Rationale: 7he outer area provides evidence that the highrasntield provides a useful
search space for planets. The inner area testsufmlamental limitations at the inner
working angle.

C. There is no minimum time or minimum number of fesmequired to obtain the M3A
data.
d. The above tests will be repeated to produce atbtaidata sets for each error source,

i.e., each line in Tables 1 and 2 is repeated thnees. Each of the three data sets shall be
obtained from experiments carried out on a sepataye(e.g. nominally 24 or more hours
separation between tests). Some tests may take thmem one day to complete. When this is
the case, the next data set must not start urddyl after the previous one has completed.
More than one perturbation may be tested each day.

Rationale:74is is a test of robustness of the models andréxpeat repeatability.

VII. Milestone 3A Certification Data Package

The milestone certification data package will cantae following explanations, charts, and
data products, with estimates of accuracy whereogpiate.

a. A narrative report, including a discussion of haacte element of the milestone was met,
an explanation of each image or group of imaggs,ggpiate tables and summary charts, and
a narrative summary of the overall milestone acmesnt. The report shall include
documentation of the speckle patterns showing Hway thanged with each experimental
step. All test contrast data shall include errmansb

b. A narrative of the model and its operating assuomstiand approximations.

c. A description of the optical elements, their sigraht characteristics, and their layout in
the HCIT.

d. A tabulation of the significant operating paramstesf the apparatus, including
temperature stability.

e. An updated HCIT error budget based on measured BE#itivities, with appropriate
documentation for each error box including a desiom of how error bars on model
sensitivities were derived.

12



f. A calibrated image of the reference star, and @mat of photometry errors. All
contrast data shall include error bars consistetiit photometric calibration and photometric
noise.

g. Calibrated images and discussion of the occultansinittance patterns and/or the
measured transmittance profile.

h. Spectrum of the broadband light and an estimatheointensity uniformity and stability
of the illumination reaching the defining pupil (ae DM).

i. A contrast field image with appropriate numericalcolor-coded or grey-scale coded
contrast values indicated, and with coordinate escahdicated in units of Airy distance
( A0 /D), for each nominal starting point and perturbedgmused to determine M3.

VIII. ProgressReporting

For the purpose of gauging steady progress towdildstone #3A, the experiments outlined
in Tables 1 and 2 may be reported as they are atethl These progress reports may be
included in the final report for Milestone #3A bwtill not be subjected to formal reviews
until the final Milestone #3A report is reviewed.
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Appendix: Contrast Calibration Procedures

The contrast calibration procedures are identicalohes already approved and
implemented for EXEP Coronagraph Milestones #1#hdnd are repeated here for
completeness.

M easurement of the Star Brightness

The brightness of the star is measured with theviing steps.

a.l

a.2.

a.3.

a.4.

a.s.

The occulting mask is laterally offset, so aplace a transparent region in its
transmittance profile or pattern at the locationhef star image.

To create the photometric reference, a repreSemtsample of short-exposure
(e.g., 30 microseconds) images of the star is taketih all coronagraph
elements other than focal-plane occulters in place.

The images are averaged to produce a singlensége. The “short-exposure
peak value” of the star’s intensity is estimatenhc® the star image is well-
sampled in the CCD focal plane (about 20 pixelsinithe FWHM of the
Airy disk), the star intensity can be estimatedhgseither the value of the
maximum-brightness pixel or an interpolated valepresentative of the
apparent peak.

The “peak count rate” (counts/sec) is measured egposure times of
microseconds to tens of seconds.

The occulter transmittance profile is measuresigusmaging data from a

microscope CCD camera. This step is used to gyaiigf agreement between
the occulting mask specification and the occulefgment on the testbed.
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M easurement of the Coronagraph Contrast Field

Each “coronagraph contrast field” is obtainedd®ivs:

b.1.

b.2.

b.3.

b.4.

The occulting mask is centered on the star image.

A long-exposure (typically a few seconds) imagj¢éaken of the coronagraph
field (the suppressed star and surrounding spdedty. The dimensions of
the target areas are defined as follows: (a) A fiatét extending from 4 to 10
A I D, demonstrating a useful search space, is By a straight line that
passes 4 / D from the star at its closest point, and byrele of radius 10/D
centered on the star. (b) An area within the fomgodark field,
demonstrating contrast at the inner working andlé o/ D, is bounded by a
square box, each side measuringD, such that one side is coincident with
the foregoing straight line and centered on theedbpoint to the star.

The image is corrected for the attenuation pattef the occulter and
normalized to the star brightness. For this purpaise fixed relationship
between peak star brightness and the integratddl ifig the speckle field
outside the central DM controlled area will be bished, providing the basis
for estimation of star brightness associated watthecoronagraph image.

The contrast field image is averaged over thgetahigh-contrast areas, to
produce a “contrast metric.” To be explicit, thentast metric is the sum of
all contrast values, computed pixel-by-pixel in tteek field area, divided by

the total number of pixels in the dark field aregthout any weighting being

applied. The “rms contrast” in a given area cam dle calculated from the
contrast field image; the average and the rmsrapeinciple equal for an ideal
monochromatic speckle field.
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