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ABSTRACT

Microelectromechanical Systems (MEMS) Deformable Mirrors (DMs) are a promising technology to en-
able the wavefront control required for high contrast imaging and characterization of exoplanets with coron-
agraph instruments. MEMS DMs are a key technology option for future exoplanet imaging space telescopes
because they can provide precise wavefront control with low size, weight, and power required. The De-
formable Mirror Demonstration Mission (DeMi) is flying a MEMS DM-based adaptive optics instrument on
a CubeSat in order to demonstrate this technology in the space environment for the first time. The DeMi
payload will characterize the on-orbit performance of a 140 actuator MEMS DM with 5.5 pm maximum
stroke, with a goal of measuring individual actuator wavefront displacement contributions to a precision of
12 nm. The payload will be able to measure low order aberrations to A\/10 accuracy and /50 precision,
and will correct static and dynamic wavefront phase errors to less than 100 nm RMS. The DeMi payload
contains both a Shack Hartmann wavefront sensor and an image plane wavefront sensor to monitor the DM
behavior on orbit. This paper describes an optical diffraction model of the payload and the flight payload
alignment and integration process. The optical model is validated with relevant data from the flight payload.
The DeMi satellite was launched successfully to the International Space Station on February 15, 2020 and

deployment is expected in early Summer 2020.
Introduction

The Deformable Mirror Demonstration Mission
(DeMi) CubeSat payload was built at MIT in or-
der to demonstrate a Microelectromechanical Sys-
tems (MEMS) Deformable Mirror (DM) in space for
the first time and provide on-orbit operations data
for future space telescope missions planning to use
DMs for high-contrast imaging of exoplanets.

High-Contrast Imaging of Exoplanets

High-contrast imaging can enable detailed charac-
terization of exoplanets! by providing precise astro-
metric data? and spectroscopic measurements for at-
mospheric characterization.? This data can be used
to constrain the orbits of exoplanets* and detect
biosignatures in the atmosphere in order to assess
potential habitability.® High contrast imaging in-
struments can also be used to detect and charac-
terize circumstellar debris disk structure, which is
useful to understand solar system formation and evo-
lution.®

Small, rocky, Earth-like planets are around a bil-

lion times dimmer than the stars they orbit, and
tend to orbit at close angular separations to the star.
This makes imaging and characterizing Earth-like
planets an immense technical challenge. In order
to resolve an Earth-like planet orbiting a Sun like
star, a telescope instrument must be able to image
the planet at extremely high contrasts of ~ 10710.7
Achieving this contrast level with a coronagraph in-
strument, which blocks out the light of the target
star so the dim companion planet is visible, requires
an adaptive optics system capable of picometer-level
wavefront control.® Deformable mirrors can be used
to achieve this extreme wavefront control in corona-
graph systems in order to prevent speckles and stray
light from degrading the contrast.’:9:19

An adaptive optics system corrects wavefront er-
rors in a telescope in order to improve image qual-
ity and contrast. It was first proposed in 1953 to
correct for errors due to atmospheric turbulence for
ground-based observatories.!! For space telescopes,
adaptive optics is proposed to correct wavefront er-
rors due to thermal and mechanical effects in space.
In an adaptive optics system, a wavefront sensor is
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used to detect wavefront errors, which are corrected
by controlling an adaptive or deformable mirror to
counteract them. A deformable mirror can also be
used to inject known perturbations into the system
in order to probe the wavefront for common-path
wavefront sensing.'?

Microelectromechanical Systems (MEMS) DMs
offer high-actuator density, large stroke, and pre-
cise control in a small, low-power form factor, which
makes them suitable for space-based wavefront con-
trol applications. MEMS DMs are a promising tech-
nology option to enable the precise wavefront con-
trol required for exoplanet direct imaging with space
telescope coronagraph instruments.'3>14 Other types
of DM technology have been investigated for space
applications, such lead magnesium niobate (PMN)
piezolectric ceramics or voice-coil actuators. Other
applications of MEMS DMs include biological imag-
ing, free-space laser communications, or Earth ob-
servation.!®

DeMi CubeSat Payload

The Deformable Mirror Demonstration Mission
(DeMi) CubeSat payload will demonstrate the on-
orbit performance of a 140-actuator BMC MEMS
DM on a 6U (10 cm x 20 cm x 30 cm) Cube-
Sat.16:17:18,19,20 The goal of this mission is to raise
the Technology Readiness Level (TRL) of MEMS
DM technology from a TRL of 5 to at least a TRL
of 7 for future space telescope applications.?! The
key DeMi mission requirements are to measure in-
dividual DM actuator wavefront displacement con-
tributions to a precision of 12 nm, measure low or-
der optical aberrations to A\/10 accuracy and A\/50
precision, and correct static and dynamic wavefront
errors to less than 100 nm RMS error.
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Figure 1: Diagram of the optical compo-
nents for the Deformable Mirror Demonstra-
tion Mission (DeMi) CubeSat payload with
ray path overlaid.

The DeMi optical design contains an off axis
parabola-based telescope with a 50 mm primary mir-

ror, a l40-actuator BMC Multi DM, and both an
Image Plane wavefront sensor (WFS) and a Shack
Hartmann WFS.22 The Image Plane WFS captures
pictures of the system Point-Spread Function (PSF)
and serves as a truth sensor for wavefront correction.
The Image Plane WF'S is also used to detect tip-tilt
errors. The Shack Hartmann WF'S uses a lenslet ar-
ray to split the light into sections and focus it into
a grid of spots on the detector. The displacement
of each spot corresponds to the wavefront slope in-
cident on the corresponding lenslet. This sensor is
used to measure wavefront aberrations and monitor
the DM health on-orbit. A diagram of the DeMi
optical payload is shown in Figure 1.

Figure 2: Summary of concept of opera-
tions for the Deformable Mirror Demonstra-
tion Mission. A DM actuator poke test refers
to actuating each actuator of the deformable
mirror in a sequence and measuring the de-
flection with the Shack Hartmann wavefront
sensor in order to measure the behavior of
the mirror over time. WFC stands for wave-
front control using either the Shack Hart-
mann wavefront sensor or the image plane
wavefront sensor.

A summary of the DeMi concept of operations
is shown in Figure 2. The DeMi payload has both
external and internal operational modes. It can ob-
serve stellar targets and collect photometric mea-
surements through the primary aperture, or it can
use the internal laser fiber source for calibration
measurements. For external observations of stel-
lar targets, the Image Plane WFS will be used for
closed-loop control of the DM, and performance will
be measured with the Shack Hartmann WEFS. For
internal calibration, the internal laser source will be
turned on and either the Image Plane WFS or the

Morgan

34th Annual Small Satellite Conference



Shack Hartmann WFS will be used for closed-loop
control of the DM, with the other sensor measuring
performance. The internal laser source will also be
used for actuator tests of the DM where each actu-
ator will be poked and the resultant wavefront will
be measured on both the Image Plane WF'S and the
Shack Hartmann WEFS. This data will be used to
assess the on-orbit performance of the MEMS DM
over a year of operation.

This paper describes the development of an opti-
cal model of the DeMi payload. The alignment and
integration of the flight payload are described, and
measurements from the flight payload are compared
to predictions from the optical model. The DeMi
CubeSat was launched successfully to the Interna-
tional Space Station onboard the Northrop Grum-
man 13 mission in February 2020. Deployment from
the Space Station and on-orbit operations are ex-
pected to begin in early Summer 2020.

Optical Diffraction Model

An optical diffraction model has been developed for
the DeMi payload in order to predict measurements
on both the image plane wavefront sensor and the
Shack Hartmann wavefront sensor in response to ac-
tuator commands applied to the DM. This gives the
DeMi team a baseline to compare with the payload
data from ground testing and in-flight operations.
The optical diffraction model is also useful to simu-
late the effect of the DM being inclined 45° relative
to the incident beam in the payload on the wavefront
sensor measurements for DM shapes. The DeMi de-
sign has the DM at a 45° inclination in order to save
space in the optical bench to fit within the CubeSat
form factor. The optical diffraction model was de-
veloped using the open-source Physical Optics Prop-
agation in PYthon (POPPY) software package.?

The DeMi POPPY model is based on Fraunhofer
diffraction integrals. This approach assumes that all
diffraction effects in the payload are either in the
“far-field” or are placed at principal planes (focal
planes or pupil planes).?* In the DeMi optical design
this assumption is justified because all optical com-
ponents are at principal planes. These assumptions
greatly reduce the complexity of the diffraction in-
tegrals, making the optical model less computation-
ally expensive. Fraunhofer diffraction is modeled by
computing the two-dimensional Fourier transforms
between image planes and pupil planes.?*

POPPY models an optical wavefront as a python
object with phase and amplitude stored in arrays.
The optical system is modeled as a series of opti-

Thttps://github.com/spacetelescope/poppy

cal elements at principal planes, which are python
objects defined by their transmittance and optical
path difference (OPD) across the optical element,
each also stored as arrays. POPPY propagates the
optical wavefront between principal planes through a
Matrix Fourier Transform to convert between spatial
units in pupil planes and angular frequency units in
image planes. At each optical element, the wavefront
object phase and amplitude arrays are multiplied by
the OPD and transmittance arrays of the optical
element object. At the image plane detector, the
wavefront is propagated to the detector plane and
the intensity is computed then sampled to match
the specified detector size and pixel pitch. At the
Shack Hartmann wavefront sensor, the wavefront is
subsampled to simulate the effect of the lenslet ar-
ray. Then, each subsampled wavefront array is prop-
agated to the detector plane separately then tiled
back together to form simulated images of the de-
tector spots. The Shack Hartmann wavefront sen-
sor simulation used the sub-sampled optics object
in POPPY, which was originally written by Ewan
Douglas and was developed and validated through
this work. The code used in work will be pushed to
the official POPPY source code! in the future.

Table 1: DeMi optical design parameters rele-
vant to the POPPY optical diffraction model.

’ Parameter ‘ Value ‘ Unit
Primary aperture Di- 30 mm
ameter
Deformable mirror 450 pm
(DM) actuator pitch
DM actuators per side 12
Internal calibration 635 nm
laser wavelength
Camera pixel pitch 2.2 pm
Image plane detector 1.9 deg

field of view (full angle)

Image plane detector 2.7 arcsec/pixel
plate scale

Shack Hartmann num- 36

ber of lenslets across

DM

Shack Hartmann de- 150 pm
tector lenslet pitch

Shack Hartmann de- 3.7 mm
tector lenslet focal

length

The DeMi optical payload design is shown in Fig-
ure 1. Following the ray trace in this figure, the
design can be represented by a series of optics at
principal planes. The primary aperture (OAP1) is
at a pupil plane, the field mirror is at an image
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plane, OAP2 is a at a pupil plane, the DM is at
a pupil plane, and the image plane focusing lens is
at a pupil plane which focuses the light onto the de-
tector in an image plane. Continuing onto the relay
optics, OAP3 is at a pupil plane, there is an im-
age plane between OAP3 and OAP4, OAP4 is at a
pupil plane, and the Shack Hartmann lenslet array
is at a pupil plane. Each lenslet in this array focuses
the subsampled wavefront onto the detector in the
image plane. The POPPY model uses flight-like pa-
rameters to define the optical system, summarized
in Table 1.
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Figure 3: Image plane wavefront sensor
POPPY model with [3,5] actuator poked
to 0.27 um. (Top) POPPY output image
zoomed in to see the PSF. (Bottom) Differ-
ence between POPPY output with flat DM
and with poked actuator.

The POPPY model was used to simulate the
Point Spread Function (PSF) on the image plane
wavefront sensor by propagating the input wavefront
up to the beam splitter and then reflecting and fo-
cusing the wavefront onto the image plane detector.
To determine the size of the nominal PSF, a Gaus-

sian function was fit to the model output. The mea-
sured size of the PSF Gaussian fit was 3.7 pixels in x
and 5.3 pixels in y. The elliptical shape of the PSF is
due to the inclination of the DM in the optical path.
A sample result from the POPPY model for a sin-
gle actuator poke applied to the DM is included in
Figures 3. This image plane wavefront sensor sim-
ulation is very quick to run, typically taking 6-7
seconds on a 2017 MacBook Pro as measured by
Python’s timeit() function.

40

pixels
intensity

20

0 500 1000 1500 2000
pixels

SHWFS simulation result

Centroid Displacements

=1
Is)

0.0016

Ixe

0.0014

0.0012

lacement (p

0.0010 &
s

lenslets
id

0.0008

o

8
0.0006 &

o

0.0004

0.0002

Magnitud

B : . : 0.0000
0 10 20 30

lenslets

Centroid displacements

Figure 4: Example output of the Shack Hart-
mann POPPY model for a DM with the [3,5]
actuator poked to 0.27 ym (top). The effects
of these pokes is not visible to the eye, but can
be seen in the centroid displacements shown
on the bottom. The centroid displacement
plot shows the magnitude of the displacement
of each lenslet from its nominal position with
a flat DM.

The POPPY model was also used to simulate
the spots on the Shack Hartmann wavefront sensor.
The POPPY model simulates this by propagating
the light through the DeMi optical system (trans-
mitting through the beam splitter to reach the Shack
Hartmann optics) and then subsampling the wave-
front so the light incident upon each lenslet in the
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lenslet array optic is focused onto the detector indi-
vidually. Each spot PSF is calculated individually
and then tiled together to form the spot field. The
large number of lenslets in the DeMi system caused
the wavefront object to have very large arrays to
keep track of the phase and amplitude along the op-
tical path, which makes the Shack Hartmann simula-
tion computationally intensive. The DeMi POPPY
model was run on the MIT Engaging cluster at the
MGHPCC facility (www.mghpcc.org) and the Shack
Hartmann calculations typically took 5 minutes to
run.
The DeMi POPPY model was used to simulate
the spot field on the Shack Hartmann wavefront sen-
sor. The size of each lenslet spot was determined by
fitting a Gaussian function to a single focused lenslet
spot, and the measured spot size was 2.9 pixels in
diameter. The POPPY model was used to simulate
Shack Hartmann wavefront sensor measurements for
single actuator pokes. Figure 4 shows example out-
put for the [3,5] actuator poked to 0.27 pum.

The Shack Hartmann spot fields were then pro-
cessed to reconstruct the wavefront. First, the cen-
troids of each spot in the spot field were calculated.
Then, centroids from a simulation with a flat DM
were subtracted from the centroids with a perturbed
DM to find the difference due to the DM shape. The
Moore-Penrose pseudoinverse approach is used for
zonal reconstruction of the wavefront according to
the Southwell geometry implementation®> described
in Dai 2008.26 The gaussfitter python package was
used to fit a gaussian to the poke measurement.?
The height of the gaussian fit was used as the actu-
ator deflection height to compare to physical data.
Reconstructed wavefronts for the spot field shown
in Figure 4 are shown in Figure 5. For the 270
nm actuator poke simulation, the actuator deflec-
tion measured was 240.7 nm, which is 90% of the
input actuator displacement, and the residual had
a median of 1.2e-4 um and a standard deviation of
2.6e-3 um. The small residual level shows that the
Gaussian fits are a good way to retrieve the actuator
deflection measurement from the data. The wave-
fronts and gaussian fits in Figure 5 are reported in
units of wavefront error, which are divided by two
to convert to physical units to calculate the actuator
deflection.

Flight Payload Alignment

The DeMi CubeSat optical payload was assembled
and aligned using a Zygo interferometer. The DeMi
payload was aligned to a requirement of 0.25 waves

2https://github.com/keflavich/gaussfitter

RMS wavefront error. The preliminary alignment
procedures for the engineering model are described
in detail in Gubner 201827 and the final flight align-
ment is summarized here. Jennifer Gubner, Ewan
Douglas, Yinzi Xin, and Gabor Furesz contributed
significantly to the alignment procedures used for
DeMi.
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Figure 5: Data analysis for POPPY simula-
tion shown in Figure 4 for the [3,5] actuator
poked to 0.268 um. The reconstructed wave-
front is shown on the top, the Gaussian fit to
the reconstruction is in the center, and the
residual between the data and the measure-
ment (reconstruction subtracted from Gaus-
sian fit in this case) is shown on the bottom.
The height of the Gaussian fit is used as the
measured actuator deflection to compare to
the input setting.

The DeMi payload alignment split the payload
into sections of one or more optical elements that

Morgan

34th Annual Small Satellite Conference



were aligned as a section, then aligned within the
full optical system. The sections were (using the
labeling convention from Figure 1): OAP1 (the pri-
mary mirror), field mirror bench (consisting of the
field mirror and OAP2), DM (the deformable mirror
and its mount), the beam splitter (the beam split-
ter mount which the image plane lens and camera
mount attaches to), the relay bench (consisting of
OAP3 and OAP4), and the Shack Hartmann wave-
front sensor (consisting of the lenslet array mount
and the Shack Hartmann camera).

First, all of the optics were mounted or bonded
into place and assembled onto their benches. The
OAP optics and DMs were mounted to their mounts
with screws. A setup DM was used in place of the
flight DM during initial alignment to protect the
flight DM from damage. The beamsplitter, image
plane lens, and Shack Hartmann lenslet array optics
were bonded to their mounts with RTV566. The op-
tical fiber for the calibration laser was cleaved and
installed into the groove within the field mirror and
staked into place using 3M Epoxy Adhesive EC2216.
The optical fiber was threaded through a teflon tube
which was staked to the fiber output hole in the field
mirror mount to protect the fiber during alignment
and integration. This optical fiber had an FC/PC
connector at the end which allowed us to plug it into
a laser to test the optical path of the internal laser
source throughout alignment. After alignment, the
FC/PC connector end was removed and the flight
laser was spliced into place.

Then, the relay bench was aligned by removing
OAP4 and installing the relay bench on a tip-tilt
and rotation stage in front of the Zygo. OAP3 was
aligned to the Zygo using a spherical retroreflector
on a translation stage and adjusting tip/tilt/rota-
tion of the relay bench to reduce the RMS wavefront
error to less than 0.25 waves. Then, OAP4 was rein-
stalled and a retroreflector was used to measure the
total wavefront error of the full relay. The bushings
on the OAP4 mount were adjusted to remove the
error caused by misalignment between OAP3 and
OAP4 so that the total RMS wavefront error was
less than 0.25 waves.

Next, the field mirror assembly was aligned by
attaching the optical fiber that was installed into
the slot in the field mirror to a laser and using a
shear plate interferometer to test the collimation af-
ter the light reflected off of OAP2. The bushings
between the field mirror and the field mirror mount
were adjusted until the shear plate interferometer
measurement indicated that the light reflected off of
OAP2 was well collimated. A picture of the aligned
field mirror assembly with the optical fiber installed

is shown in Figure 6.

Figure 6: Aligned field mirror/OAP 2 assem-
bly with optical fiber installed and epoxied
into place.

At this point, OAP1 was installed into the flight
deck and mounted on tip/tilt stages in front of the
Zygo interferometer. The OAP was aligned to the
interferometer by using a spherical retroreflector to
reflect the focused beam off of OAP1 back into the
interferometer and adjusting the tip/tilt stage un-
til the errors from misalignment between the OAP1
and interferometer were minimized. The spherical
retroreflector was mounted on a linear translation
stage along the output optical axis of the OAP to
aid in alignment of the spherical retro in the sys-
tem.

Once OAP1 was aligned to the interferometer,
the field mirror assembly was installed. A corner-
cube retroreflector was used to reflect the light back
into the interferometer, and the bushings controlling
the tip, tilt, and rotation of the field mirror assem-
bly were adjusted to minimize the errors caused by
misalignment between OAP1 and the field mirror
assembly.

Then, a setup-grade DM was installed into the
DM mount and installed into the payload to check
the spot location on the mirror. The setup-grade
DM is a non-operational Multi DM from BMC
with the same form factor as the flight-grade and
engineering-grade DMs. For DeMi, the goal was to
have the laser spot as centered on the DM as possi-
ble. The DM mount had a tendency to cant forward
when the screws were torqued, so washers were used
as shims to support the DM mount and prevent this
behavior. Once the DM mount was installed into a
good location, the setup-grade DM was swapped for
the actual flight DM. At this point, the internal laser
fiber was connected to a laser, which was powered
on to check that the Zygo light spot and the inter-
nal laser light spot overlapped. This verified that
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the optical paths overlapped enough to ensure rea-
sonable alignment of the internal laser optical path.
After the DM was installed, the flight DM driver
electronics were installed and connected to the DM.

The DM was then powered on to provide zero
Volts to each actuator. This served as our flat map,
since the provided flat maps from the mirror manu-
facturer BMC were calibrated with their driver and
were no longer flat using the MIT driver. The MIT
driver is a miniaturized, modular PCB-based DM
driver described in Haughwout 2018.28 At this point,
the beam splitter and image plane camera lens were
installed, but not aligned. Then, the relay deck was
installed. A corner-cube retroreflector was placed at
the Shack Hartmann wavefront sensor location and
the relay deck tip/tilt/rotation was adjusted with
bushings until the total wavefront error throughout
the system met the mission requirement of < 0.25
lambda RMS wavefront error. The final alignment
measurement from the Zygo interferometer is shown
in Figure 7.

Figure 7: Final Zygo measurement of the
aligned flight payload. Measurement was
taken at the location of the Shack Hartmann
wavefront sensor before the lenslet array was
installed.

After the payload was aligned, the Shack Hart-
mann and Image Plane wavefront sensor cameras
were installed. The image plane camera was in-
stalled by inserting its mount into the image plane

lens mount and adjusting the height of the camera
mount to minimize the PSF size and achieve the best
focus. The set screws on the beam splitter mount
were adjusted to steer the image plane PSF into the
center of the image plane camera. The Shack Hart-
mann wavefront sensor camera was installed onto the
lenslet array mount and the spot field was checked
by plugging in a laser to the internal laser fiber.

Once all the optical components were installed
and aligned, all screws were torqued (if they hadn’t
been torqued during the alignment process) and
staked using 3M Epoxy Adhesive EC2216. Ther-
mal gap filler was installed between all the optics
component mounts and the optics bench, and the
flight space-grade DM ribbon cables were installed
into the flight DM. A picture of the full aligned pay-
load is shown in Figure 8.

Figure 8: Fully assembled and aligned DeMi
flight payload with DM ribbon cables and
thermal gap filler installed.

Flight Payload Integration

After the optical bench was was fully aligned, the
flight payload electronics, optics bench, and camera
boards were installed into the flight bus. The en-
tire DeMi team was instrumental in assembling the
flight unit and integrating with the spacecraft bus.
This process was done in several stages which are
summarized here.

First, the flight electronics (including USB ca-
bles mated to the camera boards) were mated to the
optics bench and command of the cameras/DM was
tested.

Then, the laser diode/camera board mount was
installed with the laser and attenuator installed.
Then, the optical fiber between the laser and the
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attenuator and between the attenuator and the con-
nector was routed and staked into the bus with
Arathane 5753 epoxy. The optical fiber that was
installed into the field mirror of the payload was
spliced to a connector and routed and staked into
place on the payload.

Figure 9: Electronics installed into the DeMi
spacecraft bus and mated to spacecraft avion-
ics. The optics bench is resting atop the spare
optics bench feet to protect the fiber routing
during installation.

Figure 10: DeMi payload fully installed into
spacecraft bus.

Next, the electronics were installed, torqued, and
staked into the spacecraft bus and mated to the
spacecraft avionics. Figure 9 shows the electron-
ics installed into the spacecraft bus with the optics
bench resting on the spare bench feet to protect the
fiber routing on the bottom of the bus. Then, the
optics bench was gently lifted up so the spare feet
could be removed and the optics bench was lowered
into position to fit around the fiber and cable routing
between the optics bench feet. Once the optics bench
was in position, the feet were screwed in, torqued,
and staked into place. Then, the camera boards were
installed into the camera board mount and the 3d-
printed baffle was installed into the spacecraft bus.
Figure 10 shows the DeMi payload fully installed
into the spacecraft bus before the spacecraft lid was

installed. After integration, the payload was used
to take measurements to validate the optical model
and calibrate the wavefront sensors.
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Figure 11: Gaussian fit to measure size of
image plane PSF. Measured size of spot on
image plane sensor was 10.5 pixels by 10.0
pixels, after accounting for pixel binning by
2.

Optical Model Validation

The PSF on the Image Plane wavefront sensor was
captured with the Image Plane camera after DeMi
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was integrated with the satellite bus. In the flight
measurements, pixels are binned by 2 relative to the
POPPY model which assumed no binning. Figure
11 shows a zoomed-in view of the image plane PSF
measurement, as well as a Gaussian fit to the PSF
to measure the size of the spot on the image plane
wavefront sensor. The measured spot size was 10.5
pixels by 10.0 pixels.

Figure 12: Measurement of spotfield on DeMi
Shack Hartmann wavefront sensor after inte-
gration with satellite. Pixels are binned by 2
in this measurement.

The actual image plane PSF can be compared
to the POPPY simulation shown Figure 3. The
POPPY simulation assumes perfect alignment of all
the elements, so the PSF is centered exactly on the
sensor. In reality, not all of the optical elements
were aligned to be exactly level, so the PSF is not
centered on the detector exactly.

The POPPY model predicts that the image plane
PSF will be an oval shape. The region illuminated
by the primary spot was measured with a Gaussian
fit to be 3.7 pixels by 5.3 pixels. The DeMi payload
PSF was a more complicated shape, and the spot size
was measured to be 10.5 pixels by 10.0 pixels across.
The differences between the POPPY model and the
physical payload are likely due alignment differences
in the real payload. For instance, the vertical place-
ment of the image plane sensor was performed by
hand, using the spot size of the PSF to achieve the
best focus. This explains why the spot size differs
slightly between the POPPY model and the phys-
ical payload. The difference in shape is likely due
to the small residual errors in the optical path after
alignment. These results indicate that the POPPY
diffraction model can be used to estimate the image
plane signal, but should not be used to predict the
exact measurements on the physical payload image

Shttps://github.com/keflavich /gaussfitter

plane sensor due to the alignment of the physical
payload deviating from the idealized simulation.

The spot field from the internal calibration laser
on the Shack Hartmann wavefront sensor was cap-
tured after the DeMi payload was integrated with
the spacecraft bus and is shown in Figure 12. The
DeMi payload sensor measurements are binned by
two, so the pixel scale is different from the POPPY
model outputs.

There are fewer lenslet spots illuminated with
the internal calibration laser than there were in the
POPPY model. This is because the POPPY model
assumes an evenly illuminated plane was incident
upon the primary mirror aperture to simulate the
satellite observing a point source like a star. In real-
ity, the internal calibration laser outputs a gaussian
beam profile which underfills the DM slightly, which
leads to this spot pattern with the illumination in-
tensity of spots dropping off towards the edges of the
beam.

The size of each lenslet spot was measured by
fitting Gaussian functions to the spot measurements
and using the width of the Gaussian fit to describe
the size. An example spot measurement is shown in
Figure 13. The average measured spot size was 3.8
pixels with a standard deviation of 0.7 pixels in x
and 3.8 pixels with a standard deviation of 0.6 pix-
els in y. The POPPY simulation lenslet spots were
measured to be 2.9 pixels by 2.9 pixels. The small
difference is probably due to the alignment of the
DeMi payload differing slightly from the idealized
model.

The Shack Hartmann wavefront sensor was used
to measure single actuator pokes of the DM. In
these measurements, a single actuator is commanded
to move and the centroids of the lenslet spots are
recorded before and after the actuator is poked.
This displacement is used to reconstruct the incident
wavefront to measure the deflection of the actuator.

The x and y spot displacements are analyzed
with the same zonal wavefront reconstruction func-
tion that was used to analyze simulated Shack
Hartmann data. The actuator poke is then mea-
sured by fitting a Gaussian function to the recon-
structed wavefront data using the Gaussfitter pack-
age in Python®. The actuator deflection measured
is the height of the Gaussian fit to the reconstructed
wavefront data. An example reconstructed wave-
front measurement with corresponding Gaussian fit
is shown in Figure 14. This measurement is similar
to the POPPY simulation from Figure 5.
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Figure 13: Gaussian fit to measure size of
single lenslet spot PSF on Shack Hartmann
wavefront sensor. Measured size of spot
shown was 3.8 pixels by 4.2 pixels, after ac-
counting for the pixel binning by 2 in the
measurement.

The reconstructed wavefronts from both the
POPPY simulated Shack Hartmann measurements
and the physical payload Shack Hartmann measure-
ments look very similar and are well described by
the Gaussian fits. The Gaussian fit to the simula-
tion from Figure 5 had a height of 0.22 ym and a
width 1.2 lenslets in x and 1.6 lenslets in y. The

Gaussian fit to the flight payload measurement had
a height of 0.14 um and a width of 2.5 lenslets in x
and 2.1 lenslets in y.

0.0
030
25
0.25
50
0.20
75 i
015 E
10.0 =
El
125 0.10
150 0.05
17.5 0.00
] 5 10 15

Wavefront reconstruction

0.0
0.25
25
0.20
5.0
75 015
S
10.0
010§
125
0.05
15.0
175 0.00
0 5 10 15

Gaussian fit to wavefront reconstruction

wi
E
10.0 —0.02 £
El
125
—0.04
15.0
—0.06

Residual (Gauss fit - reconstruction
measurement)

Figure 14: Example poke measurement data
analysis for actuator number 100 poked to 60
V.

The difference in height measured is due to the
fact that the DM is not calibrated to deflect to a
specific height, but commanded to a certain voltage,
while the POPPY model inputs a deflection height.
The simulation shown is comparable but not exactly
the same as the deflection from the physical DM in
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the payload, since the Shack Hartmann wavefront
sensor calibration is still ongoing. The small differ-
ence in width between the simulation and the DeMi
payload data could be due to the actual influence
funtion of the DeMi DM deviating slightly from the
model used in the POPPY model, or due to the dif-
ference in alignment between the actual DeMi pay-
load and the idealized POPPY model.

Conclusions

A POPPY diffraction model has been developed us-
ing the POPPY package in Python to predict mea-
surements from the DeMi CubeSat payload. The
flight payload alignment and integration was sum-
marized, and measurements from the flight payload
were compared to the diffraction model results.

The POPPY diffraction model has been vali-
dated for both the image plane and the Shack Hart-
mann sensor. The model can be used to estimate
the signal on either sensor. Since the POPPY
model does not account for the actual alignment of
the physical payload, the simulation results differ
slightly from the actual data from the payload. The
model will be useful for predicting the effects of the
incline of the DM in the payload on the wavefront
sensor measurements.

The DeMi CubeSat was successfully launched to
the International Space Station in February 2020.
Deployment from the station is expected in Spring/-
Summer 2020. After deployment, the satellite will
undergo a brief commissioning period to establish
communications and operations protocols. Then,
payload operations will begin. The optical model
and image processing code developed in this work
will be used to calibrate and analyze flight data from
the DeMi payload and monitor the behavior of the
MEMS DM on-orbit.
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