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e NASA’s next flagship observatory

Coronagraph ;/

Instrument (CGI) \ Wide Field
(outer enclosure Instrument (WFI)
not shown)

Instrument l
Carrier (IC)

e Will study multiple areas of astrophysics including universal

expansion, dark energy, and exoplanets

e Two instruments on-board: the Wide-Field Instrument (WFT) and

the Coronagraph Instrument (CGI)*

“Center, Roman Space Telescope Mission Overview.
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e Alignment verification of payload
(WFTI and imaging optics assembly)

e Pseudo double pass configuration
using WFTI detector and fiber
sources adjacent to focal plane
array (FPA)

e Conducted in Space Environment
Simulator (SES) chamber at NASA
Goddard?®

“Bolcar et al., “Roman Space Telescope Optical System:
Overview, Test, and Verification”.

Figure: RST in Space

Environment Simulator SES
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Telescope model not to scale

(—

Figure: Wide-Field Instrument (WFI)
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Telescope model not to scale

Figure: Focal Plane Array (FPA)
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Telescope model not to scale

Figure: Subaperture Metrology System (SAMS)
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Telescope model not to scale

Figure: Optical Large Aperture Flat System (OLAFS)
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e Translate FPA through
focus (three positions)

e [lluminate four fibers at
once

e Tilt OLAFS to translate
beams across the FPA and
sample entire field of view

e Image point sources on the
detector®
“Bergkoetter and Jurling, “Data analysis

algorithm for double-pass testing of the Roman
Space Telescope”.

>
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Phase retrieval was used to characterize Hubble mirror flaw?

James Webb Space Telescope demonstrated that phase retrieval is a
useful and necessary method of wavefront sensing that can be used
through the stages of integration to on-sky alignment®¢?
o Used for verification in ground testing
o Sole method of wavefront sensing for on-sky alignment
Phase retrieval will be used throughout RST integration
o Will not be able to offload gravity on the primary mirror after
integrating payload
o Phase retrieval is most realistic option for wavefront sensing that can
accommodate gravity induced aberrations

“Fienup, “Phase-retrieval algorithms for a complicated optical system”.

’Smith et al.,, “M¥ETHODOLOGY AND RESULTS OF JAMES WEBB SPACE TELESCOPE THERMAL
VACUUM OPTICAL SYSTEM ALIGNMENT TESTING AND ANALYSIS”.

“Dean et al., “Phase retrieval algorithm for JWST Flight and Testbed Telescope”.
dAronstein et al., “Wavefront-error performance characterization for the James Webb Space Telescope
(JWST) Integrated Science Instrument Module (ISIM) science instruments”.
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Optical axis

Optical axis

Wavefront
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Aedkra
U(Pl):r—21 (1)

U(P,) aperture illumination from single spherical wave diverging
from a point source %

*Goodman, Introduction to Fourier Optics.
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U(Py) complex field disturbance at P

A wavelength

k wave number

> enclosed space around P

a . ] .
Goodman, Introduction to Fourier Optics. 33/80



z
cosf = —
,

Rewrite as ¢

ejk:'r
2 ds (4)

Ula) = = [0

% (Goodman, Introduction to Fourier Optics)
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“Goodman, Introduction to Fourier Optics.
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Plugging in the approximation for r, we get the Fresnel diffraction

integral®

iz ; .
U(z,y) = jj eéi‘”ﬂf // 5(52+”2)67§§ﬂ($5+y")d£d7] (8)

“Goodman, Introduction to Fourier Optics.
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Ux,y)

Plugging in the approximation for r, we get the Fresnel diffraction
integral®

ikz . )
U(g;,y) j] e%lz z?+y?) // 5(524‘712)6_;3” (xéﬂm)dfdn (9)

*Goodman, Introduction to Fourier Optics.
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Ux,y)

Plugging in the approximation for r, we get the Fresnel diffraction
integral®

Uz,y) = ze2z (a? +y2)// U(,n) e (E+17) @&y gedn  (10)

*Goodman, Introduction to Fourier Optics.
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Ux,y)

Plugging in the approximation for r, we get the Fresnel diffraction
integral®

e/ (z%+y?) Lk (£24n?) =2 (v€+yn)
Ulay) = Soeti ) [~ uiemet @S esmagay )

*Goodman, Introduction to Fourier Optics.
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Wayvefront is defined as

‘.. W= ;anZn, (12)
) S 4

where a,, are coefficients of a basis Z,,

Using W we define the pupil function g
P

g= Aoe(mTWW) (13)

Figure: Pupil function

with A being the amplitude function and o
being element-wise multiplication®

“Fienup, “Phase retrieval algorithms: a comparison”.
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We propagate from the pupil plane to
the image plane G with a Fourier
transform

G =FFT{g} (14)

The intensity I is the modeled point
spread function for the forward model*?

Figure: Modeled point spread

function I — ‘G’? (15)

“Fienup, “Phase retrieval algorithms: a comparison”.

bFienup, “Phase-retrieval algorithms for a complicated optical
system”.
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e Starts with wavefront guess and performs field propagation, adjusts
parameters, and uses Fourier transform to propagate back and forth
from pupil to image plane until the model sufficiently matches the
measured data®

e Can be straightforward to implement- few lines of code
e Difficult to scale algorithm for complex problems

e Can be prone to stagnation

*Gerchberg, “A practical algorithm for the determination of phase from image and diffraction plane
pictures”.
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The error metric € is the sum of squares difference between our
modeled point spread function and the measured data D

6:Zwo(od—i—ﬂ—D)2

Swo D? (16)

where w is a weighing function to account for noise and bad pixels in
the measured data

« and (8 are model parameters to account for gain and bias in the
measured data

Error metric is minimized using nonlinear optimization

Gradients are constructed using algorithmic differentiation®®

“Jurling and Fienup, “Applications of algorithmic differentiation to phase retrieval algorithms”.

bFienup, “Phase retrieval algorithms: a comparison”.
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I =2awo (I, — Dy) (17)
G=2Gol (18)
g=/IFFT{G} (19)
W = 2;%[9 o g%| (20)
Gp = Z(Wm o Zn)m (21)
- —i27
A= goexp( 3 W) (22)

“Jurling and Fienup, “Applications of algorithmic differentiation to phase retrieval algorithms”.
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e Less simple to implement than iterative approach

e Forward model can account for advanced features and is easier to

scale with system complexity

e Error metric can be adjusted to account for data artifacts®®¢

“Fienup, “Phase-retrieval algorithms for a complicated optical system”.
bJurling, “Advances in algorithms for image based wavefront sensing”.

“Bergkoetter, “Phase retrieval for chromatic aberrations and wide-field detectors”.
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e Phase retrieval is generally dependent on a well understood system

e The ground support equipment (SAMS and OLAFS) position will
effect this system understanding

e The extreme environmental changes within the chamber can lead to
temperature deformation of the SAMS which introduces knowledge
error in the phase retrieval

46 /80



e Goal is characterization not compensation

e Want to fully understand the effects of pupil knowledge error

e Optimized over tip/tilt, low-order Zernike functions, and a
point-by-point fit®

“Jurling, Bergkoetter, and Fienup, “Techniques for arbitrary sampling in two-dimensional Fourier
transforms”.

47 /80



Ideal model

o No surface aberrations or misalignments

Monte Carlo perturbed models
o 30 models generated with perturbed surfaces
o Simulates possible misalignment /surface errors
o No gravity sag
Gravity sag model
o Simulates aberration due to gravity sag on primary mirror
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Measured Point Spread Function

Fitted Point Spread Function
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-Pupil and image si
-Optical system information
(fiber, field point, model
name, wavelength)
~Simulation param

(x and y de-center positions)

ab

“*Jurling, “Advances in algorithms for image based wavefront sensing”.

bBergkoetter, “Phase retrieval for chromatic aberrations and wide-field detectors”.
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Modeling Software

Monte Carlo Simulation

Pupil and image sizes
tical system
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Modeling Software
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Modeling Software

Monte Carlo Simulation

-Pupil and image sizes
=Opti 8]
(fiber, field point, model
me, wavelength)

n
~Simulation parameters
(x and y de-center positions)

Generate reference pupil function (g) |—>| De-center component |_.I Generate measured data (D)

¢ HE

Reference pupil Measured Point Spread Function

e -
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Modeling Software

Monte Carlo Simulation

-Pupil and image sizes
=Opti 8]

field point, model
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Modeling Software

Pupil and image
cal system

“(fiber. ficld point, model

name, wavelengih)

~Simulation parameters

(x and y de-center positions)

lkc!bmncc pupil
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Modeling Software

Pupil and image
cal system

“(fiber. ficld point, model

name, wavelengih)

~Simulation parameters

(x and y de-center positions)

lkc!bmncc pupil

Field Propagation
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Modeling Software

Monte Carlo Simulation

“Pupil and image sizes

rame
(x and y de-center positions)

Measured Point Spread Function

Field Propagation
Modeled Point Spread Function
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Modeling Software
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Modeling Software

Monte Carlo Simulation

“Pupil and image sizes
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(x and y de-center positions)

Measured Point Spread Function

62 /80



Modeling Software
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Monte Carlo Simulation

-Pupil and image s
al system
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Modeling Software

Monte Carlo Simulation

-Pupil and image sizes
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Delta-WFE Distribution for Fiber Sources A-D

Delta-WFE (nm)
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e 4 mm decentering radius fits within error budget for test
e Gravity sag results slightly effected by clipping

e Despite decentering dependent wavefront error and clipping, gravity
sag results share similar trends across field of view

e Can confidently use phase retrieval in presence of pupil knowledge
error and gravity sag

e Next step is full test simulator
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