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Abstract: Phase retrieval is an important tool for the cagraph testbed at JPL. We present a
phase retrieval approach that combines parameatdcnan-parametric phase estimates using the

focused and defocused source images.
OCIScodes. (120.5050) Phase Measurement; (100.5070) Phase\rét

1. Introduction

The Wide-Field Infrared Survey Telescope (WFIRSTa 2.4m diameter space telescope NASA program. The
payload will include two instruments, including @anagraph instrument (CGI). The CGI will be thstfiactive,
high-contrast stellar coronagraph in space interideinaging, discovery, and spectral characteiozradf
exoplanets and debris discs.

The CGI designs under development use deformalstensi(DM) to create a point spread function (P&Fh a
dark region around the obscured star object. Edditbnsists of an array of actuators, and each twtgauses a
local displacement to a thin, mirror-coated, gfase sheet. The actuator displacements are desigredate the
PSF. Typically, phase retrieval is used to seCthkactuator displacements to their designed pattard then the
actuators are further modified by an iterative oolibop to correct for system non-idealities. Taserve an
exoplanet near the star object, the contrast irmtimailar region must be better than 1078 (10" aftst
processing) relative to the unobstructed imagéefstar [1,2].

The coronagraph testbed at Jet Propulsion Labgrégarsed to test coronagraph design and contgokigthms.
The optical system (Fig. 1) is maintained in a wanudank so that the PSF is stable for long intégmaimes. Phase
retrieval is an important tool for the testbed ardves several purposes, in addition to settin@ifdM actuator
displacements. Other uses include evaluation déeyatic wavefront error introduced by system congmis, and
alignment of the DMs and pupil masks. For examble location of specific DM actuators relative e Lyot mask
can be determined by displacing the actuator, theasuring the location of the phase disturbantieeipupil plane
with phase retrieval.

In the next section we further describe the optiGah of the testbed and the collection of sownaé pupil
images available as inputs for phase retrievalyedlsas one phase retrieval algorithm employedti&ed& shows
example phase retrieval results.

2. Phase Retrieval Algorithms Incor porating Defocused Sour ce and Pupil | mages

A schematic of the optical layout of the coronafyrégstbed is shown in Fig. 1. The final lens, Ly ba switched
between a lens to form a source image, and a Emalfathe focal length to form an image of the pupurther, the
camera is mounted on a translation stage so tliatued images of the source or the pupil cantadscaptured.
The goal of the phase retrieval is to recover thgefront phase at the image of the pupil, P'. Hiescope pupil,
DM1, and the Lyot stop are all conjugate to theipnpage. Measurement of the phase at the pupiger2
provides an estimate of the total systematic pbase, but the measurement requires removal ofylo¢ mask, the
central stop, and the field mask. The phase retrigigorithm employed makes use of several defatasarce
images and pupil images. Because the source inzagkegupil images are created with different lertmdere the
camera, an estimate of the difference in phase batween the two lenses also results.

Several phase retrieval algorithms are possibleekample, iteration between the source image laagtpil
image is a typical approach. However, since thecsimage and pupil image are created by diffeerges, this
phase retrieval approach must allow for relativgrethent errors and wavefront errors caused byahsds. Another
approach is to use the source image and a defososece image in an iterative phase retrieval. [&ntyi the pupil
image and one or multiple defocused pupil imagesbeaused in an iterative phase retrieval.

The focused and defocused source images, anddbseid and defocused pupil images, provide a widatian
of Fresnel numbers, and so phase retrieval caailoeed to emphasize different characteristics. &@mple, the
defocused source image has a Fresnel number apyai@ty 3, and so phase retrieval utilizing the seumage and
the defocused source image will emphasize low abfatiquency phase characteristics. In contrastptipil image



to the defocused pupil image has a Fresnel numbé#reoorder of 150. Thus, the diffraction from pgupidefocused
pupil is dominated by high spatial frequency pham®mponents, and the low order phase effects amaplessized.
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Fig. 1. Coronagraph Instrument layout. The finakleL, can be switched between a long focal lefegth to create an image of the source, or a
shorter focal length lens to create an image opth®l. Normal coronagraph operation is with tharse imaging lens, and the pupil imaging
lens is used for evaluation and alignment. To meathie system phase error at the pupil image B'Ciéntral Block (Occulter), Lyot Stop, and
Field Mask are removed.

For the work presented here, the testbed had ftabrs in place of the DMs, and the sources of Vireore error
were primarily systematic. Therefore, only low sglafrequency phase errors were expected, and e the
source image and defocused source images for péagyal. The choice of phase retrieval algorithsed
parametric phase retrieval to estimate low ordenike phase terms, and then used that result asitta estimate
for iterative, non-parametric phase retrieval usiefpcused source images [3].

The phase variation across the pupil was estimagatie following steps:

1. Translate the source image so that its peak casaidth the calculated psf using the pupil image.

Fractional pixel translations are interpolated ggimo dimensional FFTs.

2. Parametric phase retrieval of the pupil using ttedesl pupil image and the focused source image: Non
linear unconstrained optimization where the indeleen variables are the Zernike terms 4 througtrad,
the merit function, MF = 1 € (A, Ac), whereC (An, Ao) is the statistical correlation of the measured
amplitude image and the calculated amplitude im@mdy the pixels inside the circular region of asli
5\F# are used in the correlation.

3. Non-parametric phase retrieval of the pupil usimgdcaled pupil image and multiple de-focused sourc
images. The initial pupil phase is the result & parametric fitting (step 2). Each iteration irgd:
propagating the pupil to the first defocused soumge; imposing the measured amplitude while kegepi
the calculated phase; propagating back to the ;piugilosing the pupil amplitude; propagating to et
defocused source image; and repeat. Correlatidfificieats of the measured and calculated amplitude
images were monitored for convergence.

3. Resaults

Results of the parametric and non-parametric pretseval calculations are shown in Figs. 2 anth&ach of these
figures, the left image is the measured amplitsd@dre root of the intensity), the middle imagthescalculated
amplitude at the end of the phase retrieval method,the right image is the calculated pupil phase. result of
the parametric phase retrieval shows that the alpticstem suffers from significant astigmatismelika
misalignment in the telescope source. The pupisehasulting from the parametric phase retrieval used as the
initial condition for the iterative non-parametghase retrieval using the defocused source im#@ge®asure of the
success of the phase retrieval algorithm is theetation coefficient between the measured amplitntt the
calculated amplitude. After 100 iterations, therelation coefficient was 0.95 for both defocusedrse images. At
the time these images were recorded, the DMs veglaced by fixed mirrors, and so only low spatiatiiency
phase features were expected.

4. Conclusions

To achieve the contrast necessary to observe ex@tplahe coronagraph system must be well-charaeterand the
wavefront tightly controlled. Phase retrieval isiportant tool. The WFIRST coronagraph testbed designed
for flexibility to allow phase retrieval using pljimages, source images, and defocused imageghet ¢he pupil or
the source. With all of these various images alsllanany different phase retrieval approachegassible.
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Fig. 2. Measured intensity and estimated phasétirggrom the parametric phase retrieval. The iefhge is the measured amplitude of the

focused source image. The center image is the samage amplitude calculated by propagating thel pifh the phase map as shown in the
right image. The phase map was constructed byatenetric phase retrieval using the first 22 Zegridems.
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Figure 3. Measured (left column) and calculatea@ecolumn) amplitude images for two defocuseda®images. The right column are
retrieved pupil phase. The total pupil phase isstma of the parametric phase retrieval result hrgphase map shown in this figure. The top
row is for source images at -85mm defocus, andbdittmm row is for source images at +165mm of deocu
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