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ABSTRACT

This thesis examines the use of phase retrieval to characterize an optical sys-
tem under testing conditions with pupil knowledge error. The purpose of this
research is to define pupil knowledge requirements for the integrated pay-
load testing of the Roman Space Telescope (RST). I have conducted a Monte
Carlo study to determine how uncertainty in the location of the ground sup-
port equipment relative to the payload will affect the ability to use image-based
wavefront sensing during the test to characterize system alignment. This test
will be conducted in the Space Environment Simulator (SES) with the pres-
ence of Wavefront Error (WFE) due to gravity sag on the primary mirror. In
this study, I incrementally decentered a piece of ground support equipment, the
SubAperture Metrology System (SAMS), and evaluated how the phase retrieval
algorithm attempted to fit the wavefront with the pupil mismatch. The results
of this study are a factor in the overall Integrated Payload Assembly (IPA) test-
ing WFE budget.
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CHAPTER 1
INTRODUCTION

1.1 Background

1.1.1 Nancy Grace Roman Space Telescope

The Nancy G. Roman Space Telescope (RST), NASA’s next flagship observatory,
will provide insight into multiple areas of astrophysics including universal ex-
pansion, dark energy, and exoplanets. The two instruments on-board are the

Wide-Field Instrument (WFI) and the Coronagraph Instrument (CGI). The WFI

Coronagraph .
Instrument (CGI) ¢

(outer enclosure £
not shown)

Wide Field
Instrument (WFI)

Instrument
Carrier (IC)

Figure 1.1: The integrated payload assembly (IPA) consists of the imaging optics, wide-
field instrument (WFI), the coronagraph instrument (CGI), and the instrument carrier

[3]

is an infrared imager designed to have a very large field of view, which will
enable the instrument to capture data at a rate 500 times that of its predecessor,
the Hubble Space Telescope (HST). While the size of the primary mirror is the
same as in HST, this observatory’s field of view will be 100 times that of HST’s

infrared instrument.



The CGI will study exoplanets by blocking out the light from distant stars.
This instrument will be the most powerful coronagraph ever flown due to the
active wavefront control capabilities. RST is projected to discover ~2,600 exo-

planets over its five year mission timeline [4].

HST taught the world the importance of extensive ground verification with
its mirror defect [14], and the James Webb Space Telescope (JWST) proved that
impeccable engineering and stringent testing yields beautiful results [8, 16, 15].
The lessons learned from these two great observatories will be carried through-
out the integration and testing of the RST which, like JWST, will be at the second

Earth-Sun Lagrange point—an unserviceable orbit.

These missions used an image-based wavefront sensing technique, phase
retrieval, for on-sky verification. This technique characterized the HST mirror

tlaw [8], and most recently, played an integral part in the alignment of the JWST.

Throughout testing and on-sky alignment JWST proved that phase retrieval
is a novel method of wavefront sensing that can be used to characterize the per-
formance from the individual components to the integrated payload [15, 5]. The
Roman wavefront sensing and control team has outlined a testing plan that in-
cludes a new applications of this well-established image based wavefront sens-
ing technique [6]. With previous observatories, the main contribution of phase
retrieval began after launch. However, the RST will require a new approach to
pre-launch verification that involves using phase retrieval as a primary method

of wavefront sensing during final integration and testing.



1.1.2 Fourier Optics

The goal of optical testing can be simplified to the following premise: trying to
understand how light changes as it interacts with a medium /component/system.
Many factors can influence this interaction, including system misalignment,
stray light, and environmental effects (vibration, temperature). The measure-
ment of this interaction (or wavefront) characterizes the component or system
performance and offers insight into which factors may be affecting the per-
formance. Phase retrieval [9, 6] is a method of wavefront sensing that uses
knowledge of the optical system and imaged data to characterize how the light
changes as it propagates through an optical system. This method requires min-
imal specialized equipment and can be used to characterize a system from the
component level to final integration. Phase retrieval uses fundamental concepts
in Fourier optics to relate light coming into the system with a point of light that

is focused onto the detector (or the point spread function).

Wave Equations and Euler’s Formula

Light is a wave modeled by a periodic function with amplitude A and traveling
through space with velocity c at time ¢. The phase, ¢, is the angle of a wave at
a fraction of the period, T, visualized in Figure 1.2. Represented using Euler’s

Formula, a wave u(P, t) defined by position, P, and time,t, is
u(P,t) = A(P) cos(2nvt + o(P) = R{U(P)e 7™} . (1.1)

The relationship between the phase and wavefront can be visualized using ge-
ometric optics, shown in Figure 1.3, where light is represented as a ray traveling

through space that bends or changes direction as it encounters surfaces such as a



Figure 1.2: Visualization of the phase of a periodic function defined by Euler’s formula.

lens or mirror. Ray diagrams are a useful way to show how light travels through
a system in two dimensions. The wavefront is a point of constant phase across
multiple rays of light. In the two dimensional representation, the dotted line
perpendicular to the direction in which the light ray is traveling denotes the
wavefront. The simple system below shows collimated light being focused by a
lens. Since the wavefront is perpendicular to the rays of light, we see the wave-
front change with the angle of the rays after passing through the lens in Figure
1.3.

Transitioning to modeling light as waves diverging from a point source trav-
eling through space as shown in Figure 1.4, the disturbance of a point source

from P, at the point on a screen P, is given by

Aedkra

T21

u(p) =

(1.2)

Since the time-dependence of the field is harmonic, the time dependent vari-
ables are replaced with the wave number £, defined by the wavelength, and the
vector from P, to Py, r21. The sign of the exponential indicates that the wave is

diverging from P,, meaning that the waves emitted earlier are traveling away



Optical axis

Wavefront

Optical axis

Aberrated wavefront

Figure 1.3: Simple ray diagram with wavefront shown as dotted grey line illustrating
how wavefront aberrations affect image formation

Figure 1.4: Illumination of an aperture by a point source

from the point source.

Fresnel Propagation

The Huygens-Fresnel principle provides a means to the complex field distur-

bance of a point source U(F,) in an enclosed space ¥ at P, shown in Figure 1.5.



roé

U(Cm) U(xy)

Figure 1.5: The propagation of a point source within an enclosed area X from a point
Py in the input field to a point Py in the output field

This is defined as

1 ejkr
U(R) = = / /E U(P) S cos bds (13)

r

where U(F,) is the field disturbance at P;, A is wavelength, k is the wave num-

ber, and ¥ is the enclosed space around F,. Plugging in the value of

cosf = E, (1.4)
r
we get [13]
1 ej’”d 1
U(PO):‘])\_Z//EU(Pl) 2 S. (5)

Going forward, we will look at the disturbance in terms of the planes U(¢,7)
and U (z, y), or the pupil and image plane respectively. In an optical system, the
pupil plane represents a point where the light is limited by a component-like
an aperture, and the image plane is where an image is formed. Point sources of
light traveling through an aperture produces spherical waves that interact with
one another as they travel through space. We will show that the propagation
of light from the pupil plane to the image plane can be achieved with a Fourier

transform.

Expanding the Fresnel principle to show the disturbance of the input field



U(&,n) onU(zx,y) we have

Uz, y) / / eﬂw idfdn (1.6)

Using the distance formula to calculate r yields

r=y/z2 4+ (x =€+ (y —n) (1.7)

Fresnel’s approximation uses the binomial expansion of square to rewrite this
equation in a more usable form [13]

(=8> + (y —n)
2z ’

1%

z+

r (1.8)

Now, r is a defined using the coordinate systems of the pupil and image plane.

Plugging this back into 1.1.2 and simplifying,

jkz
Ulz,y) = T ) // 547
JAz

The quadratic phase term U(¢, n)e%: €*+7°) is cancelled out when a lens focuses

& (@g+yn) (1.9)

light at the image plane as stated in Fraunhoffer’s approximation. Dropping the

quadratic phase term yields

Jkz oi 5z (@ +y?) o0 »
Ua) = [ veme sz o)
JAZ —00

) k22
The equation above, neglecting eme];;#, which is constant with respect
to each point in the image plane, shows that the propagation of light from the

pupil plane to the image plane is the Fourier transform of the pupil function.

The electric field at the image plane can then be used to calculate the inten-
sity or point spread function. In cases where finding the intensity distribution
at the focal plane is the desired measurement, the quadratic term preceding

the integral is of no consequence and is dropped from the calculation. This



tield propagation is the foundation of phase retrieval and provides a mathemat-
ical background for the relationship between the pupil function and the point

spread function. [13]

1.1.3 Integration and Testing

RST will undergo extensive testing at every step of integration. The final pay-
load verification will take place in the Space Environment Simulator (SES) at
NASA’s Goddard Space Flight Center following the integration of the science

instruments to the instrument carrier and the optical telescope assembly.

Leading up to final integration, there will be component and subsystem level
testing to ensure the instruments are performing as expected, and the final stage
in integration testing will focus on verifying the alignment of the instruments
with the telescope assembly. Throughout integration and testing, a variety of
procedures will be used to characterize the system, and in many cases multi-
ple wavefront sensing methods will be used to cross check results [2]. Prior
to instrument integration, the image formation assembly testing will use phase
retrieval and interferometry simultaneously in order to verify that the results
from both methods are consistent. JWST provided a successful demonstration
of phase retrieval in testing environments, however, it also showed the value of

using secondary verification whenever possible.

In order to verify the functionality of a space telescope on the ground, the in-
struments must be tested in an environment that is comparable to what they will
experience on orbit. The temperature and pressure in the space environment

can be approximated in a thermal vacuum chamber, but there are some com-



plications that cannot be avoided. At the payload integration stage, RST will
no longer be compatible with the gravity off-loaders that support the weight of
the primary mirror. The gravity sag of the primary mirror presents a unique
engineering problem: how can we verify the alignment of the telescope in the

presence of inherent, significant wavefront error?

Integrated Payload Testing

The Integrated Payload Assembly (IPA) consists of the optical telescope assem-
bly along with the two instruments. This study is focused on the WFI. The
payload will be tested in a pseudo-double pass configuration in the SES. To
achieve a double-pass configuration, there are two important pieces of ground
support equipment required for this test. The first is the 1.8 m Optical Large
Aperture Flat System (OLAFS) that is mounted on a tip/tilt stage to the dome
of the testing chamber. Second is the SubAperture Metrology System (SAMS)-
an off-center subaperture mounted to the payload shroud. The SAMS limits the
size of the beam to 1.5 m. These components are offset to align with the WFI
channel. As shown in Figure 1.7, the beam of light will originate from one of the
eight fiber sources adjacent to the Focal Plane Array (FPA) detector of the WFL
The light will travel through the WFI and optical telescope assembly in reverse,

forming a collimated beam reflecting off of the primary mirror.

This collimated beam is then clipped by the off-center SAMS and reflected
from the OLAFS. The beam then travels back through the telescope to be imaged
by the fFPA detector. By using combinations of the eight fibers and the tip-tilt
capabilities of the OLAFS, the entire WFI field of view can be sampled. The

FPA consists of an array of eighteen 4k X 4k detectors mounted to a hexapod.



Figure 1.6: The IPA in the SES chamber with the SAMS mounted to the payload shroud
and the OLAFS mounted to the dome of the testing chamber. [2]

10



WFI1

Figure 1.7: The beam path for the IPA test setup showing the OLAFS (A), SAMS (B),
and the FPA (C). The moving components f{e indicated with the dotted line.



An example field pass can be seen in Figure 1.8. Fibers E-H will be illuminated
simultaneously, and the OLAFS will be tilted to six different positions to trans-

late the beams across the FPA detectors[1]. During this test, the FPA will be

50 o o E
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-50 - [ * * oG
* *
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100 - * *
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Figure 1.8: An example of a test sweep using the four fibers on the right side of the
FPA. The fibers wil be translated from left to right by six tilts of the OLAFS.

translated through focus by the alignment compensation mechanism to three
different positions for focus diversity. In order to minimize the use of the FPA
hexapod in 1-g, the FPA will be translated to a focus position, and then data will
be collected for every field point at that position before moving on to the next

focus position.

Since the OLAFS and SAMS are undersized compared to the primary mirror,
these components will need to be aligned with the telescope in order to conduct
this test. Considering the component alignment and presence of gravtiy sag,

the IPA test presents many unique challenges that need to be understood be-

12



fore testing plans can be finalized. This study will use optical models[10] to
confirm that image-based wavefront sensing can be used to overcome the chal-
lenges related to gravity sag, and it will provide a better understanding of how
phase retrieval performs with the combination of gravity sag and the additional

ground support equipment required for this test[2].

1.2 Purpose

Phase retrieval is conventionally dependent on a well-defined pupil function,
but in a lab or testing environment, especially those with extreme environ-
mental changes, precise alignment of optical assemblies with external support
equipment is not always feasible, introducing pupil knowledge error. The pur-
pose of this investigation is two-fold. From a broad perspective, we want to
understand how phase retrieval performs during this test with inherent, uncor-
rected pupil knowledge error. Based on the broader investigation, we intend to
define testing requirements and alignment knowledge tolerances for RST final

verification.

As the telescope cools to operating temperatures in the testing chamber,
there are expected temperature deformations in the ground support equipment
that will decenter these components in the system pupil function. The effects of
decentering on the SAMS and OLAFS is shown in Figure 1.9. The SAMS will
determine the location of the secondary mirror and supporting struts in pupil
function, and OLAFS decentering will result in clipping of the edges of the pupil

function.

This study is intended to determine how precisely we need to know the lo-

13
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Figure 1.9: Effects of decentering on the pupil geometry for SAMS and OLAFS. The
SAMS and OLAFS are shown as an overlay on the full primary mirror with rings rep-
resenting exaggerated misalignment scenarios. In (A) the components are aligned. (B)
shows that SAMS decentering changes the secondary mirror and strut location in the
pupil while (C) indicates that OLAFS decentering results in clipping along the edges of
the pupil.

cation of the SAMS relative to the IPA.
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CHAPTER 2
METHODS

2.1 Focus Diverse Phase Retrieval

Phase retrieval is an image-based wavefront sensing technique that uses Fourier
optics, as discussed in Section 1.1.2. This method is used to compute the wave-
front using knowledge of the system and a measured point spread function.

There are two primary methods of image-based phase retrieval.

Iterative transform phase retrieval algorithms[9] estimate the phase by re-
peatedly propagating from the pupil to image planes while maintaining known
amplitudes until the model sufficiently matches the measured data. The pro-
cess of implementing this method is very simple; however, the benefits of the
straightforward implementation comes with trade-offs in both accuracy and

flexibility [18].

Nonlinear optimization is a more robust, but also more complicated, version
of phase retrieval. Nonlinear optimization phase retrieval uses an error met-
ric to construct gradients. The gradients are passed into a minimization func-
tion that will adjust the wavefront parameters to minimize the disagreement
between the modeled and measured data. This approach offers more flexibil-
ity than iterative implementations, and the algorithm is easier to scale for more
complicated phase retrieval problems. Additionally, adjustments to the error
metric can be used to compensate for real-world effects that are present in the

measured data but not in the modeled point spread function[6, 12, 11, 7].
Phase retrieval uses modeled data constructed with the field propagation

15



technique discussed in Section 1.1.2. The first step in building the forward
model is to construct an initial wavefront guess [17] using the known ampli-
tude or pupil function. The initial wavefront is defined using the parameters

and a basis set written as

W=>"anZ, 2.1)
where a,, is the amplitude of each basisnfunction Z,. The basis set can be varied
depending on the application from a polynomial basis set, like Zernike func-
tions, to a point-by-point wavefront map where each pixel, Z, has amplitude
a,. The initial wavefront and known amplitude, A, are used to create our pupil

function

A

where o represents element-wise multiplication. The pupil function describes

g= Aoexp (ZQ—WW) (2.2)

the transmission of light through an optical system, and the ability to accurately
estimate the phase of a system is dependent on a well-defined pupil function.
The “ideal system” with no aberrations and uniform illumination would have a

binary mask as a pupil function.
Using field propagation as discussed in section 1.1.2, the Fourier transform
is used to propagate the optical field from the pupil plane to the image plane
G = FFT{g}. (2.3)
The final step in creating modeled data is the intensity calculation
I =|G]? (2.4)

The modeled intensity, or point spread function, is used to define an error metric

_ memO(Oé[m+5—Dm)2
a memoD?n

€

(2.5)
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where w,, is a weighing function to account for noise and bad pixels in the
measured data and D,, is the measured intensity data. a and /5 are model pa-
rameters to account for gain and bias in the measured data which are inherently

solved for in the error metric.

There are ways to adjust the forward model depending on the specific prob-
lem. For this reason, constructing gradients using algorithmic differentiation
offers many advantages. Algorithmic differentiation utilizes a reverse model
where the partial derivative of the error metric is propagated in reverse through
the individual steps of the forward model. The method is based on algorithmic
differentiation discussed in detail in [12]. Propagating through the individual
steps creates a more robust and reusable algorithm that eliminates the need to
re-derive the gradient calculations when there are modifications to specific steps
in the phase retrieval process. For example, during testing one might discover
that it is necessary to use a different basis set or error metric. By implementing
algorithmic differentiation, these changes can be made without re-deriving the

entire error metric gradient.

Below we have the propagation of the gradient through each step in the
forward model with the partial derivative denoted by a bar. Starting with the

final step in the forward model [12], the error metric yields
I =2awo (I — D). (2.6)

This propagation using algorithmic differentiation is continued incrementally

with

G=2Gol, (2.7)

g = IFFT{G}, (2.8)

17



and

2
W= Tﬂg[g o g] (2.9)

until we get to the optimization parameters
n =Y (Wi © Zn)m. (2.10)

This provides the gradients necessary to minimize F£.

In minimization local minima are often a concern, but, in practice, an ac-
curate optical model should provide sufficient knowledge of the system pupil
function to be within the capture range of the algorithm. Focus diversity plays
an important role in decreasing the sensitivity to local minima by using multi-
ple point spread functions at different focus positions for phase retrieval. Defo-
cused point spread functions provide more detailed wavefront information that
might not be perceivable with a single image and improves the signal to noise
ratio of the measured data. This increased sensitivity to wavefront information

is particularly important in systems with minimal aberrations.

Focus diversity is introduced into the forward model as
g=AoexW+Wp) (2.11)

where Wp is a defocused wavefront. For the error metric calculation, the metric

is calculated for each diversity image and then added together.

In the conventional case, the well-defined pupil is used to create the forward
model, and the difference between the modeled point spread function and the
image data is due to the optical aberrations. Optimizing over the parameters
used in the forward model to construct the pupil field g produces the solution
for the model. This study investigates a case where the pupil function used in

the forward model will also represent a source of error in the fitting process.

18



For this study, I used optical models to generate the measured data, D, and
I was able to use a relatively basic implementation of phase retrieval since there
was no need to account for real-world artifacts. I generated the forward model
using the pupil function for the aligned system. The centered pupil function and
a generated point spread function, provided by the modeling software, served
as the necessary inputs to the phase retrieval. Throughout this study, I used
the centered pupil function while the measured data was created using a decen-
tered pupil function within the modeling software. I optimized over multiple
basis sets for the wavefront- specifically tip/tilt, low order Zernike terms, and
a point-by-point reconstruction, in that order. This creates a more robust proce-
dure to ensure the accuracy of the point-by-point reconstruction. Additionally,
focus diversity was introduced by translating the FPA to five focus positions

along the optical axis.

For this application, the goal was to fully understand the effects of pupil
knowledge error. There are ways to adjust the phase retrieval recipe to cre-
ate an algorithm to compensate for these effects. For example, one could op-
timize with only low order Zernike terms, and the resulting wavefront estima-
tion would disregard the high order noise introduced by the pupil mismatch. In
many applications, this could be acceptable, but the final integration testing for
a mission of this magnitude requires minimal uncertainty. For this purpose, the
goal is not to increase the pupil knowledge error tolerance through algorithm
adjustments, but rather to understand how precisely the position of the ground
support equipment must be understood before it begins to effect the phase re-
trieval. In this case, using algorithmic differentiation was necessary because it
allowed for minimal algorithm changes as the model evolved throughout the

project. The subaperture’s effect on the pupil function determined many of the
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Figure 2.1: Flow diagram of the phase retrieval algorithm using data with a 6 mm
decenter of the SAMS 20



input and model parameters used throughout the study. For example, the sam-
pling relates the size of the image data, pixel size, and pupil sizes to create a

sampling ratio, Q, defined by

N, = QN. (2.12)
_ M
Q=5 (2.13)

for an in-focus system. N, is the length of the Fourier transform and N. is the
size of the clear aperture in the system pupil in pixels. Additionally, () can be
defined by the wavelength of the system, A, focal length, f, D the diameter
of the clear aperture in physical units, and the pixel size Az. In this applica-
tion, the subaperture is an important factor in defining the sampling factor, but
since the information is being supplied by the modeling software, it is straight-
forward to adjust the pupil size and improve the accuracy of the results. Since
the subaperture reduces D, a larger pupil size was necessary for the phase re-
trieval implementation. [11] Without a sufficiently sized pupil function, there
were bootstrapping issues in the optimization process that induced higher than
expected wavefront error, and the inflexibility of modeling software dictated

some of the design choices.

2.2 Simulations

Given that the phase retrieval process involves discrete sampling, we can calcu-

late a general relationship between spatial translation and pixels as

Au=— 2.14
u= % (2.14)

p

with D being the diameter of the aperture in m and NN, being the number of

2.4

31 =~ 2.3 mm. This means

pixels in the pupil diameter. For example, Au =
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Figure 2.2: Flow diagram for Monte Carlo simulations using modeling software and
phase retrieval algorithm
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that the pupil could translate by about 2.3 mm before a pixel in the discrete

amplitude function changes.

Going beyond the simple calculation of pupil error tolerance, I have con-
ducted a Monte Carlo study to determine how pupil knowledge error affects
the phase retrieval beyond the 2.3 mm range. The goal is to define a set radius

of allowable decentering for the ground support equipment.

The telescope is modeled in the double-pass configuration along with the
ground support equipment. The simulation has many configurations using dif-
ferent fiber sources and field points on the detector to study the pupil knowl-
edge error across the field of view. All of the simulations have focus diversity
from FPA translation. The simulation performs phase retrieval using the cen-
tered pupil function retrieved from the optical model as the reference pupil.
The component is translated in discrete increments, and then the phase retrieval
attempts to fit the centered pupil model data to the point spread functions pro-
duced by the de-centered system. The purpose of these simulations is to study
how phase retrieval behaves with known pupil knowledge error and how that

relates to the alignment of the payload to the ground support equipment.

There are three general optical models that will be used in the simulation.
The first is an ideal optical model of the pseudo double pass configuration. In
this case, the system does not have any perturbed surfaces, or model misalign-
ment. This model provides a baseline of how decentering affects the phase re-
trieval results in a case where there are no decenter dependent wavefront effects.
The pupil geometry varies with fiber and field point location, so each simula-
tion has a unique reference pupil that has different effects on pupil knowledge

error. For example, in Figure 1.9 you can see how the positioning of the struts
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and secondary mirror vary with the fiber that is being used. The only unknown
is the amplitude function; however, the phase retrieval algorithm interprets this
AA as a difference in wavefront. The outcome of this process provides a general

tolerance of decentering that is carried through the subsequent simulations.

The next case is a group of models with simulated misalignment scenarios
that are within the alignment tolerances of the instrument. The process of study-
ing the decenter is identical to that for the ideal model, but depending on the
perturbation present, the pupil function can respond differently to component
decentering. The 30 perturbed models provided insight on how well the sim-
ple tolerance, defined using the ideal model, applies to more realistic testing

scenarios.

The final model contains gravity sag which introduces significant decenter
dependent wavefront changes in addition to the amplitude function mismatch
seen in previous models. The gravity sag on the primary mirror introduces
significant wavefront effects in the pupil function for the starting wavefront on
the order of 8000x compared to the ideal model as show in Figure 2.3. The Root
Mean Squared (RMS) WEFE in the pupil for an ideal model is approximately 73
nm, but the gravity sag pupil has a RMS WEFE of over 8,000 nm. Since the phase
retrieval fitting attempts to fill the difference in amplitude function based on
the reference pupil, the significant WFE in the gravity sag model will lead to
increased decentering effects in the fitting. The combination of the three models
will be used to define alignment requirements and expected wavefront error

contribution from SAMS decentering.

These three cases have been simulated in a real test configuration where four

fibers step across the FPA to sample the entire field of view. The OLAFS was
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Figure 2.3: A comparison of the reference pupils for the ideal case and gravity sag
models showing the significant WFE contribution of the gravity sag on the primary
mirror

tilted to six positions to place the four fiber point spread functions on specific

tield points of the detector[1].

I have visualized the results of this study as a contour map of the WFE where
the x and y locations in the plot represent incremental decentering of the SAM-
Sin millimeters. This provides a spatial representation of the increased WFE

with decentering of the SAMS
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CHAPTER 3
RESULTS

3.1 Roman Space Telescope IPA Test Simulations

For a spatial understanding of pupil knowledge error, we show the A WFE as a
contour plot with respect to the x and y de-centering positions of the SAMS. The
AW is the RMS WEFE of the difference between the initial wavefront, or pupil
function, with the wavefront fitted from the phase retrieval. The contour plots
visualize the A WFE at discrete increments of decentering. Because these are
discrete increments, the contour levels only provide a general understanding of

decentering effects.

In the optical models there is a centered, imaginary ray that represents a
truly double pass configuration with the light originating from and returning
to the center of the FPA. I have used this configuration throughout the model

simulations as a general comparison in addition to the more realistic test cases.

3.1.1 Ideal Model

The ideal model provided a general understanding for the effects of pupil
knowledge error on the phase retrieval algorithm without the effects of the dou-
ble pass configurations or additional wavefront error in the IPA test configura-
tion. With this model, the results show only the effects of SAMS decentering on
the phase retrieval since there are no decentering dependent wavefront effects.

This means that the ideal model can be used to understand where the algorithm
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is affected by pupil knowledge error. In contrast, the following models confirm
that the effects of pupil knowledge error found in the base model, in addition to
more realistic model effects, are still within the WFE requirements for the test.
To visualize these effects,  have generated a contour plot of the true double pass
with the SAMS decentered in 1 mm increments from -7 mm to 7 mm. Within the
plot, there are three circles with defined radii. Based on this plot, I concluded
that the effect of pupil knowledge error on the phase retrieval results becomes

more apparent with decentering greater than 4 mm in any direction.
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Figure 3.1: A study of SAMS decentering from -7 mm to 7 mm in 1 mm increments
visualized as a contour plot for the ideal model

The FPA has 18 detectors and four fibers adjacent to the detector on either
side— represented visually in Figure 3.4. I started by looking at the effects of

tiber location. To show that the results are consistent across multiple fibers, I
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Delta-WFE Distribution for Fiber Sources A-D
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Figure 3.2: Violin plot of A WFE across fibers A-D at a center field point with the lighter
violin and box plot showing the results of -6 mm to 6 mm decenter with 1 mm step sizes,
and the darker violin contour showing the distribution of A WFE values within a 4 mm
decentering radius

have the violin plot in Figure 3.2 of the AW of fibers A-D, on the left side of
the FPA, with an overlay of the mean, median, and 1st and 3rd quartiles. The
AW within the 4 mm is shown as a darker violin plot. Based on the shape of
the violin, this plot shows that the fours fiber positions have consistent AW F' E

effects from pupil knowledge error. Additionally, it confirms the initial findings

that the 4 mm radius of decentering shows significantly less AW F E.

Using the 4 mm radius as an initial requirement, I ran the decentering study
for a full test sweep across the FPA as shown in Figure 1.8. The full test sweep

involves illuminating four fibers at once and translating them across the FPA
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Figure 3.3: The contour plots of each fiber and field point pair across the field of view
the example test pass shown in 3.3 with the 4 mm radius overlayed

with six OLAFS tilt positions. In this case, the fibers are aimed in the lower
left-hand corner, represented by stars, with the fiber detector pairs indicated
by the color. The contour plots shown represent the individual contours from
each fiber on the detectors with the top rows having results from fiber G and H.
The contour plots shown have set contour levels with a maximum of 25 RMS
A WEFE, and the 4 mm radius is overlayed for comparison. As seen in Figure
3.3, all field points across the FPA show minimal effects of SAMS decentering
on the phase retrieval within the 4 mm radius. This is further demonstrated
with Figure 3.4 which shows the 95th percentile and maximum AW for each
of the contour plots shown in 3.3. All field points had a 95th percentile AW
of less than 6 nm. By observing the pupil functions for these fiber-field point

pairs, it shows that the test cases with more complex pupil geometry generally
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Figure 3.4: A diagram for the results of the ideal model showing the 95th percentile A
WEFE and maximum A WEFE for the field points illuminated by fibers E-H throughout
the test pass

increased the effects of pupil knowledge error- especially in test cases with a
double strut created by the angle of the light leaving and returning through the
telescope. This is demonstrated in Figure 3.9. The ideal model did not have the
clipping discussed in the following section, but the complex pupil geometry is

consistent in all models.

3.1.2 Monte Carlo Perturbed Models

Moving on from the ideal case, I used 30 perturbed models with realistic mis-
alignment scenarios within tolerance for the telescope. The purpose of this set
of models is to ensure that the initial 4 mm radius of decentering is consistent
throughout configurations that may be encountered during the test. These mod-

els have random variations, and the goal was to verify that there were not any
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significant deviations from the results of the ideal model.

These results are visualized in Figure 3.5 which shows the box plots for each
of the 30 models. The top plot has the simulation results decentering from -6
mm to 6 mm, and the lower plot shows the results within the 4 mm radius.
The results are consistent with the ideal model with the largest 95th percentile
AW being less than 8 nm. These plots also provide a visual reference of how
significant the decentering effect becomes along the steep edges outside of the 4

mm radius seen in the contour representation.

The consistency throughout the 30 models indicated that no further investi-
gation was necessary for characterizing the effects of misalignments within tol-
erance. This means that there was not a reason to carry these perturbed surfaces

throughout the following studies with gravity sag.

3.1.3 Gravity Sag Model

During IPA testing, gravity can not be offloaded, which results in deformation
of the primary mirror and introduces significant wavefront error. The effect of
gravity sag increases the initial WFE as shown in Figure 2.3 and causes increased
AW from the decenter dependent wavefront effects in the pupil function. While
analyzing these simulations, I maintained the 4 mm decentering tolerance and
set contour levels from the previous model results. First I used the imaginary,
true double pass simulation result plotted with the same decentering step size
and range as the ideal model. There was a significant increase in AW due to the
pupil function with significant RMS WEFE from gravity sag.  This trend was

seen across the entire field of view. At this point in my analysis, I noticed an
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Perturbated Monte Carlo Results
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Figure 3.5: The results of the 30 perturbed models as box plots with a 6 mm radius and
4 mm radius of decentering
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Figure 3.6: A study of SAMS decentering from -7 mm to 7 mm in 1 mm increments
visualized as a contour plot for the gravity sag model

inconsistency in the data at certain field points, and upon investigation, found
that the pupil function from the model had unexplained clipping along the top
edge of the aperture as shown in Figure 3.9. Currently, there is no straight-
forward solution to this issue, and it has been determined that there is most
likely an issue with the modeling software itself as opposed to this particular
model. This clipping introduced additional WFE, but since the goal is to deter-
mine if the worst case WFE is compatible with the WFE budget, I am able to
use this analysis for the conclusions. The clipping was not present at every field
point shown in Figure 3.7, so I have used this in combination with the numeri-
cal results to compare the effect that the clipping has on the WFE. The increased

clipping on the left side of the FPA corresponds to higher WFE. Based on Figure
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Figure 3.7: The contour plots of each fiber and field point pair across the field of view
the example test pass shown in 3.7 with the 4 mm radius overlayed for the gravity sag

model

3.8, the clipping effects are more pronounced than the influence of the complex

pupil geometries that we saw in the ideal model case.
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Figure 3.8: A diagram for the results of the gravity sag model showing the 95th per-
centile AW and maximum A WFE for fiber locations and field points of the test pass
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Figure 3.9: Pupil clipping of fibers E-H as beams are translated across FPA



CHAPTER 4
CONCLUSION

The goal of this study was to determine how pupil knowledge error affects
phase retrieval-specifically for the IPA testing of the Roman Space Telescope.
With the initial study, I determined that the effect of decentering on the phase re-
trieval algorithm alone was minimal within a 4 mm radius of decentering. These
results showed how the algorithm performs without additional WFE sources.
The subsequent studies verified that the addition of decenter-dependent WFE
in the perturbed and gravity sag results WFE were within the range of the allo-

cated WFE budgeted for this aspect of the test.

I established that the phase retrieval algorithm could tolerate 4mm decen-
tering in each direction without a significant contribution to WFE. This result
showed the effectiveness of the algorithm in handling the pupil knowledge er-
ror. Applying this finding to multiple field points and fiber locations strength-
ened this conclusion. I then analyzed the effects with 30 perturbed models with
randomized surface effects that model more realistic telescope configurations.
Even in the presence of the random effects, I saw no indication that the 4 mm
tolerance should be modified to account for these perturbations. The results
from these models reinforced my original findings from the ideal model. Given
this conclusion, I studied the gravity sag models with the intentions of deter-
mining how much WFE could be expected in the real test. At this point in the
study, I intended to define the limit at 4 mm unless results from the gravity
sag model were too significant to fit with the WFE budget for this aspect of the
testing. The gravity sag model results, even with the added WFE contribution

and pupil clipping artifact, fit within the WFE requirements, and I concluded
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that the pupil knowledge error induced by SAMS misalignment within a 4 mm

range was acceptable for the IPA testing of RST.
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