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ABSTRACT

As of July 2012, 777 exoplanets have been discovered utilizing mainly indirect de-
tection techniques. The direct imaging of exoplanets is the next goal for astronomers,
because it will reveal the diversity of planets and planetary systems, and will give
access to the exoplanet’s chemical composition via spectroscopy. With this spectro-
scopic knowledge, astronomers will be able to know, if a planet is terrestrial and,
possibly, even find evidence of life. With so much potential, this branch of astronomy

has also captivated the general public attention.

The direct imaging of exoplanets remains a challenging task, due to (i) the ex-
tremely high contrast between the parent star and the orbiting exoplanet and (ii)
their small angular separation. For ground-based observatories, this task is made
even more difficult, due to the presence of atmospheric turbulence. High Contrast

Imaging (HCI) instruments have been designed to meet this challenge.

HCI instruments are usually composed of a coronagraph coupled with the full on-
axis corrective capability of an Extreme Adaptive Optics (ExAO) system. An efficient
coronagraph separates the faint planet’s light from the much brighter starlight, but

the dynamic boiling speckles, created by the stellar image, make exoplanet detection



v

impossible without the help of a wavefront correction device.

The Subaru Coronagraphic Extreme Adaptive Optics (SCExAO) system is a high
performance HCI instrument developed at Subaru Telescope. The wavefront control
system of SCExXAQO consists of three wavefront sensors (WFS) coupled with a 1024-
actuator Micro-Electro-Mechanical-System (MEMS) deformable mirror (DM).

MEMS DMs offer a large actuator density, allowing high count DMs to be de-
ployed in small size beams. Therefore, MEMS DMs are an attractive technology for
Adaptive Optics (AO) systems and are particularly well suited for HCI instruments
employing ExAO technologies. SCExAO uses coherent light modulation in the focal
plane introduced by the DM, for both wavefront sensing and correction. In this
scheme, the DM is used to introduce known aberrations (speckles in the focal plane),
which interfere with existing speckles. By monitoring the interference between the
pre-existing speckles and the speckles added deliberately by the DM, it is possible to
reconstruct the complex amplitude (amplitude and phase) of the focal plane speckles.

Thus, the DM is used for wavefront sensing, in a scheme akin to phase diversity.

For SCExAO and other HCI systems using phase diversity, the wavefront com-
pensation is a mix of closed-loop and open-loop control of the DM. The successful
implementation of MEMS DMs open-loop control relies on a thorough modelling of
the DM response to the control system commands. The work presented in this the-
sis, motivated by the need to provide accurate DM control for the wavefront control
system of SCExAQO, was centred around the development of MEMS DM models.

This dissertation reports the characterization of MEMS DMs and the development
of two efficient modelling approaches. The open-loop performance of both approaches
has been investigated. The model providing the best result has been implemented

within the SCExAQO wavefront control software.

Within SCExAQ, the model was used to command the DM to create focal plane
speckles. The work is now focused on using the model within a full speckle nulling
process and on increasing the execution speed to make the model suitable for on-sky

operation.
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Chapter 1
Introduction

The direct detection, imaging, and analysis of exoplanets is an exciting and active
area of astronomy. The research will yield new information about the formation, evo-
lution, diversity, categorization, and chemical composition of exoplanets. Research in
the area has also captivated the interest of the general public, due to the potential of

discovering the existence of other life forms in the universe.

As of July 2012, a total of 777 exoplanets were recorded[1]. The barriers to ex-
oplanet imaging are (i) the extremely small angular separation between the primary
star and the exoplanet, and (ii) the immense contrast in luminosity between the pri-
mary and the planet. As a result, most known exoplanets have been discovered using
indirect detection methods, which consist of utilizing the primary stellar parameters
variation (mainly luminosity variation or motion) to infer the presence of the com-

panion.

New direct imaging techniques, commonly referred to as High Contrast Imaging
(HCI), are being implemented. They consist of a combination of high efficiency in-
struments to extract the faint planet light from the bright stellar glare and directly
image the exoplanet. Direct detection and imaging with HCI techniques will supple-
ment the information that has been acquired on (i) the solar system planets (collected
through observation and space probes) and (ii) the current sample of known exoplan-

ets. More importantly, direct imaging is key to spectroscopic analysis.

When a coherent source illuminates an object with a surface roughness on the scale

of the wavelength or when the light emitted by a distant incoherent object has prop-



agated through random inhomogeneities associated, for example, with atmospheric
turbulence, the interference of the many partial waves in the reflected or propagated
light (having random amplitudes and phases) produces intensity fluctuations in the
final images. These intensity fluctuations consist of complex patterns of bright and

dark areas[34]. Such patterns are commonly referred to as speckles.

The atmospheric turbulence above the telescope and the optics along the light
path generate (i) fast and (ii) static and slowly varying optical aberrations in the
wavefront. Adaptive Optics (AO) systems combine wavefront sensing, real-time soft-
ware control, and adaptive optical elements to compensate for most of the fast and

slow atmospheric turbulence above the telescope.

However, AO systems do not provide perfect turbulence compensation and for
exoplanets located at separation from the host star of less than one arcsecond, the
uncorrected (residual) static and slowly varying aberrations create speckles at the
focal plane of HCI instruments. Such speckles are the current limitation to direct

imaging.

Indeed, these speckles and the optical signal from an exoplanet are indistinguish-
able without (i) advanced post-processing techniques, such as Angular Differential
Imaging (ADI)[54], Spectral Differential Imaging (SDI)[68], and Polarimetry Differ-
ential Imaging (PDI)[66], or without (ii) advanced active techniques, such as Extreme
Adaptive Optics (ExAQO) systems coupled with coronagraphic devices. ExAQO systems
are specifically designed to provide extremely precise on-axis wavefront control and
are suitable for use with a coronagraph. Coronagraphs are used to reduce the star

flux without lessening the flux of off-axis sources.

The most recently developed HCI systems rely on the integration of state-of-
the-art AO systems with high performance coronagraphs and the implementation of

algorithms dedicated to minimize focal plane speckles.

Several pathfinder instruments under development, such as the Gemini Planet Im-
ager (GPI)[51], the Spectro-Polarimetric High contrast Exoplanet Research (SPHERE)
at the Very Large Telescope (VLT)[63], and the Subaru Coronagraphic Extreme AO
instrument (SCExAQO)[57, 59, 41] are dedicated to reaching detection contrast levels



of up to ~ 1077 and detecting exoplanets of type “young Jupiter” orbiting young

stars located in our solar neighbourhood (up to ~ 150 parsec away).

Direct imaging exoplanet surveys will accompany the development and on-sky
implementation of GPI and SPHERE. The Subaru Strategic Exploration of Exoplan-
ets and Disks (SEEDS) survey started in October 2009 and is scheduled to use 120
nights of Subaru time over 5 years. SEEDS will examine 500 nearby young stars (dis-
tance within 200 parsec) using the combination of two of the telescope’s instruments,
AO188 and HiCIAO.

However, the combination “AO188-HiCIAO” cannot achieve the high Strehl ratio
(the ratio of the peak intensity of the image to that of a perfect imaging system oper-
ating at the diffraction limit) targeted by SPHERE and GPI. SCExAO is, thus, under
development at the Subaru Telescope to push the current exoplanet imaging limit by
searching for smaller and fainter planets located close to their primary star (few AU
to ~100 AU). SCExAO is equipped with a 1024-actuator Micro-Electro-Mechanical-
System (MEMS) deformable mirror (DM), a high efficiency Phase-Induced Ampli-
tude Apodized (PIAA) coronagraph, and three types of wavefront sensors (WFS).
The SCExAQO wavefront control architecture relies on a high degree of control of
the MEMS DM, combining closed-loop and open-loop control schemes to both com-
pensate for residual atmospheric turbulence and perform speckle control in the focal

plane.

The focus of this dissertation is the integration of the MEMS DMs into SCExAQO
and the development of a DM model that will help push the limits of SCExAQ’s

imaging abilities.

1.1 Exoplanet traditional detection methodologies

Four main traditional techniques have been used to detect exoplanets: the radial
velocity, the transit, the gravitational micro-lensing, and the timing of periodic time
signatures (for example, changes in the astrometric position of the primary star).
However, only the radial velocity and transit techniques resulted in a consequent

number of detections.



The radial velocity technique relies on evaluating the line of sight motion of the
star when influenced by the presence of an orbiting object. According to Newtonian
laws of mechanics, two objects of mass M, and M, (with M as the star mass >
M,, as the planet mass) follow ellipsoidal orbits, centred on the centre of mass of the
system. The star’s apparent motion can, thus, be measured (i) directly using precise
astrometry (when the star component is moving transversally in the sky) or (ii) indi-
rectly using the Doppler effect! (when the star component is moving along the line of
sight). The star’s motion can then be interpreted in order to deduce information on
the companion’s mass and orbital properties (period, eccentricity, semi-major axis).
The radial velocity technique has generated approximately 80% of the known exo-

planets.

The transit technique consists of analysing the star flux variation with time. A
planet passing in between the observer and the star occults a fraction of the stellar
disk, producing a diminution of the flux reaching the observer. As a result, track-
ing periodic star flux diminutions allows one to detect the presence of a companion.
The probability of finding a system with an adequate alignment of the star and the
companion along the line of sight evolves as 1/a, with a being the semi-major axis of
the planetary orbit. Therefore, the quantity of exoplanets detected with the transit

technique has been more limited.

The properties of exoplanets discovered with traditional methods have been con-
strained by the technology (see Fig. 1.1): the planets must be massive (typically 10 to

1000 times the mass of Earth) and located in the inner region of the planetary system.

To study exoplanets located at more than a few AU from the host star and to

perform planetary chemical analysis, direct imaging is required.

IThe shift of the spectral properties of a given object provides information about the star’s
motion. A wavelength increase (corresponding to a shift toward the red) is observed when the
source moves away from the observer. Similarly, a wavelength decrease (or blue shift) is observed
when the source moves toward the observer.
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Figure 1.1: Graphic showing the distribution of planet mass versus semi-magor azis for
the known exoplanets as of March 2012. The number of successful detections for each
detection technique (radial velocity, direct imaging, transit, timing and micro-lensing)
1s specified with color markers. The radial velocity and transit techniques clearly
dominate. Data have been taken from exoplanet.eu (Courtesy of Raphaél Galicher).

1.2 Direct detection and imaging of exoplanets em-
ploying high contrast imaging

In the last decade, direct imaging of exoplanets became possible with the develop-

ment of high contrast imaging techniques[55, 56].

Direct imaging will supplement information acquired on (i) the solar system plan-
ets (collected through observation and space probes) and (ii) the sample of 777 exo-
planets already discovered. Access to a larger and more diversified sample of bodies
will allow detailed studies of planet formation and evolution. It will also reveal the

diversity of planets and planetary systems and aid in their categorization.

In addition, direct detection gives access to the planet’s chemical composition

via spectroscopy. Planet spectroscopic properties will be invaluable (i) to determine



planetary environmental characteristics (presence of an atmosphere or liquid water on
the surface) and (ii) to detect biomarkers (specific chemical components). Eventually,
spectroscopic study will help to determine, if a planet is terrestrial, and possibly even
find evidence of life[65].

Many surveys complementary to the radial velocity, transit, and micro-lensing
searches are planned for the next decade. Such surveys will reveal the existence of
new planets located at larger angular separations and will give access to the plane-
tary’s atmosphere chemical composition. For example, the Subaru SEEDS survey will
probe approximately 500 nearby solar-type or more massive young stars in the hope of
detecting young giant planets. SEEDS will be able to detect planets with a mass be-
tween one and thirteen times the mass of Jupiter. The target stars have been selected
in near star-forming regions and open clusters with ages spanning ~1-10 Million years

(Myr) and ~100-500 Myr (and up to ~1 Gyr for the oldest nearby stars), respectively.

The Subaru Telescope is a state-of-the-art 8.2-meter ground-based telescope, built
by the National Astronomical Observatory of Japan (NAOJ) and located on the sum-
mit of Mauna Kea in Hawaii at 4200 m (Fig. 1.2).

Figure 1.2: Left, the Subaru Telescope on the summit of Mauna Kea. Right, the
telescope inside the dome (Courtesy of Subaru Telescope).



1.3 Ground-based observations

1.3.1 Light propagation through the telescope

A wavefront coming from a distant star can be described mathematically in the pupil

plane by the following complex function,

Y = Ae'® (1.1)

A and ¢ are the amplitude and phase of the wavefront respectively.

The star light is collected by the instrument detector. The detector measures the
light intensity I, defined by,

I=|y [ (1.2)

The Point Spread Function (PSF) of an optical system is the image of a point
source, defined as the squared modulus of the Fourier Transform (FT) of the pupil
function v across the pupil. The image formed in the focal plane of the instrument de-

tector is described in the spatial domain by the convolution of the object and the PSF.

Without central obstruction or turbulence, the telescope PSF is named the Airy
disk, described as a pattern of rings of decreasing intensity and produced by Fraun-
hofer diffraction through a circular aperture. As illustrated in Fig. 1.3, the first dark

ring (first zero on the transversal cut) is located at an angular distance of 1.22)\/D.

When the PSF undergoes diffraction from the telescope and instrument’s optics,
the final image obtained on the detector is called “diffraction limited”. For an aberra-
tion free image, the incident phase across the pupil is equal to zero (¢ = 0 in Eq. 1.1).
A diffraction-limited image is the best theoretical image that can be obtained with a

given optical system when no disturbances occur.

The diffraction limit or spatial resolution of the telescope, Ry, is usually given in
arcsec and is defined by the full width half max (FWHM) of the Airy disk,

Ry=1.02 = (1.3)



] | | | | | | | [} | r
0.8 0.6 0.4 0.2 0.0

Figure 1.3: Airy disk for a circular aperture (left) and transversal cut of the normalized
intensity profile (right).

with D the telescope aperture diameter and A the wavelength of observation.

For a given wavelength of observation, increasing the primary mirror diameter
(thus increasing the spatial resolution) will allow the detection of exoplanets located

closer to the star.

1.3.2 Optical aberration created by the atmosphere

The atmosphere is the thin layer of gases retained by the Earth’s gravity. The ef-
fect of the atmospheric turbulence on celestial lights is challenging for ground-based
telescopes with primary mirror diameters larger than the Fried parameter, which is
typically 10 to 15 cm. Current ground-based telescopes with 5 to 10-meter primary
mirrors and future generations of telescopes with 30 to 42-meter primary mirrors are,

thus, highly affected by this phenomenon.

The air of the atmosphere undergoes turbulent mixing through wind shear and
convection (see illustration in Fig. 1.4). At ground level, the heated air (represented
in red) rises into upper colder air cells (shown in blue), expands, and continues to rise
while the colder air cells descend toward the ground. The high winds, especially the

ones associated with the jet stream, participate in this turbulent mixing and large
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Figure 1.4: [llustration of the turbulent mizring phenomenon in the Earth’s atmo-
sphere.

cells break down into smaller cells through wind sheer and friction.

The optical refractive index of a specific cell is dependent on its conditions of
pressure and temperature?. The atmosphere can, thus, be described as a moving
mix of cells of various sizes, pressure, and temperature. The light passing through
several cells will, thus, encounter different refractive indices. The speed of light is
tied to the optical refractive index. Variations in the optical refractive index induce
phase fluctuations, or delay, across the parallel-plane wavefront that passes through

the atmosphere.

An aberrated wavefront can be written as the following complex function,

wturb = w . Aturb eid)turb (14)

2Since the atmosphere is mostly in pressure equilibrium on small scales, only the fluctuations in
temperature really matter as they trigger fluctuations in density.
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where 1 is defined by Eq. 1.1, and A, and ¢y, are the amplitude and phase dis-

tortion due to the turbulence, respectively.

The Kolmogorov model, commonly used to describe atmospheric turbulence, de-
scribes the Fried parameter ry as an indication of the strength of the phase fluctu-
ations. Indeed, ry corresponds to the diameter of a circular telescope aperture, for
which the atmospheric phase perturbations begin to limit the image resolution, typi-
cally, 10 to 15 c¢m in the visible wavelengths. According to this model, for a telescope

aperture diameter larger than rg, the telescope spatial resolution becomes,

A
Rywry = — (15)

To

For an aberrated image, the phase component of the complex amplitude function
across the pupil does not equal zero. The theoretical unaberrated Airy disk pattern
is altered and the light coming from the on-axis star is scattered randomly around

the image centre in a wide halo.

Compensating for turbulence effects and optical aberrations from the telescope’s
and instrument’s optics is, thus, a first critical step toward direct detection of exo-
planets. The technical solution, named Adaptive Optics, was first proposed in the
1950’s[7]. AO technologies have been extensively developed for astronomical purposes
since the 1990’s and each 10-meter class telescope is now equipped with an Adaptive

Optics system.

1.4 Subaru’s facility AO system

Subaru is an altitude-azimuth telescope equipped with four foci: Prime, Cassegrain
and two Nasmyths. The IR-dedicated Nasmyth focus is equipped with AO188, an
AO facility instrument dedicated to compensate phase aberrations generated by the

atmospheric turbulence and optical defects along the light path.

Subaru’s AO188 system, illustrated in Fig. 1.5, is composed of the following major
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Figure 1.5: Schematic of Subaru’s AO188.

subsystems:

e A bright on-axis natural guide star (NGS) provides light to measure the

wavefront aberrations.

e A tip-tilt mirror (TTM) corrects the low order/high power tip and tilt modes
of the turbulence (see Appendix A).

e A 188-element bimorphe curvature deformable mirror provides phase modu-
lation through the action of sandwiched piezoelectric materials poled through
the thickness. Electrodes are uniformly distributed along the device and a re-
flective coating is applied on the front face of the disk. A voltage applied to

the electrode creates a local electric field through the thickness of the device.
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The resulting piezoelectric effect causes the electrode to expand or contract in
the area and, therefore, the device curves over the actuated area[27]. The com-
mands sent to the DM actuators shape the DM surface to restore the wavefront

parallel-plane properties after reflection onto the DM.

For a pupil function v defined by Eq. 1.1, the complex conjugate function
can be written as,

= Ae " (1.6)

where e~ represents the phase term of the complex amplitude function.

Analytically, adding the phase component of 1) to the phase component of the
complex conjugate function results in the cancellation of the phase term. An
aberrated wavefront (a complex amplitude function for which the phase term,
¢ does not equal one) can, thus, be corrected by implementing this addition

using the AO system.

The deformable mirror is the element of the AO system that physically imple-
ments the phase addition using the principle of phase conjugation, illustrated
in Fig. 1.6. The incident light (in purple) comes from the top and is reflected
onto the DM. When the DM is flat (left image), the direction of propagation
is reversed, but the phase component on the reflected wavefront (in yellow) is
identical. When the DM is actuated (right image), the phase component in
the reflected wavefront is cancelled and the wavefront parallel-plane property is

recovered.

The shape applied to the DM creates phase delays in different locations of the
incoming beam. These phase delays correspond to a modification of the light
optical path length on each point and, after reflection onto the DM surface, the
wavefront phase term, ¢, is reduced to one. Using measurements of the pupil
plane wavefront, the phase aberrations are estimated and the DM is shaped to
add an optical aberration to the incident wavefront corresponding to only half

of the magnitude of the shape of the incoming wave.
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Figure 1.6: Illustration of the principle of phase conjugation using a deformable mir-
TOT.

The DM has a limited number of actuators N, and, therefore, can only correct
a limited number of modes. As a result, the correction of the wavefront is not

perfect.

With Nyeyin the linear number of actuator (number of actuators across the DM),
the highest spacial frequency corresponding to the highest order aberration to
be corrected by the DM is defined by,

Nactlin

Fmax -
2D

(1.7)

with D, the pupil diameter.

The DM corrects only for a limited number of spatial frequencies (< Fjuz)-
The uncompensated spatial frequencies will induce speckles in the focal plane
and spread energy on the detector. DMs with a high density of actuators are,

thus, preferable for high performance ExAQO systems.

e A curvature wavefront sensor measures the wavefront aberrations (wavefront
sensing). A beam splitter is inserted into the light path. The visible wavelengths
from the guide star light are directed towards the WFS, while the infrared

wavelengths are sent to the science detector.

e A real-time computer (RTC) (the control system) (i) analyses the wavefront
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information collected by the WFS to deduce the phase information (wavefront
reconstruction), then (ii) converts the phase aberrations into commands to send
to each actuator of the deformable mirror (wavefront correction). The DM,
WES and RTC interact in a closed-loop fashion. In a closed-loop configuration,
the DM is located upstream of the WFS, allowing the WFS to see the DM re-
sponse to commands sent by the control computer. The feedback between the
DM and the WE'S allows for readjustment of the DM commands between iter-
ations in order to both (i) compensate the current measured phase aberrations
and (ii) check the DM shape to detect and correct possible miscalculations or

previous measurement errors.

The iterative process between DM motion and WFS measurements requires a
finite amount of executing time which is defined as the control frequency. The
effect on the image is not instantaneous and the lag is the cumulative effect of
(i) the wavefront measurement and analysis by the WFS, (ii) the control system
computation time to convert the phase information into DM commands, (iii)
the data transfer between the control system and the DM, and (iv) the DM

response.

The DM response is fast and usually considered negligible in the estimation of
the control frequency. The closed-loop control frequency must be fast enough
for the AO system to compensate for the turbulence-induced aberrations. The
closed-loop bandwidth must be comparable to one over the coherence time,
otherwise the phase correction applied by the DM corresponds to a wavefront
shape that no longer exists. To follow the turbulence in real time and provide an
efficient wavefront correction, current AO systems typically run at frequencies

equal or greater than 500 Hz.

e A science detector (SD), typically a high-resolution camera or a spectrograph,

records the final image or spectrum.

The combined action of the TTM, DM, WFS and RTC is designed to remove the

incoming wavefront aberrations in order to restore the original parallel-plane wave-
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front’s property on the SD.

AO188 is a classical single conjugated AO (SCAO) system, in which the DM is
optically conjugated to the ground layer of turbulence. Leaving AO188, the wavefront

contains uncompensated residual aberrations of «~200 nm rms.

Sec. 1.5 describes how the residual slowly varying and static aberrations limit the
detection and imaging capabilities of HCI instruments by creating speckles, in the
planet research area, which can hide or be mistaken for a planet. AO188’s wavefront
aberration compensation level is not sufficient to reach the high contrast level required
for planet imaging. A deeper layer of correction is, thus, needed and high contrast

imaging instruments, such as SCExAQO, become critical.

1.5 High contrast imaging

1.5.1 Limitations to high contrast imaging

The angular separation between the planet and the primary star is very small (~0.1
arcsec for an Earth-like planet and 0.5 arcsec for a Jupiter-like planet for a system
located at 10 parsec) and the typical luminosity contrasts between the star and an
exoplanet range from 10™* to 107°. As a result, when observed with a telescope
from Earth, the light of the faint exoplanet appears hidden in the glare of the bright

primary star.

Fig. 1.7 illustrates the difficulty behind direct exoplanet detection. The residual
starlight intensity obtained with a classical AO system is represented by the red con-
tinuous plot. Well below, the residual planet intensity is represented by the dashed
purple plot. The zero on the horizontal axis represents the centre position of the star
with the planet located at an angular separation of 0.5 arcsec. To detect the planet,
the residual starlight intensity level after calibration/subtraction must be brought
below the residual planet’s intensity level. The dark orange dashed plot represents
how high contrast imaging (combining AO and PSF calibration) alters the residual
star’s PSF in order to bring the residual star intensity level below the residual planet

intensity level.
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Figure 1.7: Illustration of the effect of high contrast imaging techniques on the star
PSF.

For ground-based observations, using AO allows the compensation of most of the
aberrations generated by atmospheric turbulence and optical defects on the telescope
and instruments. Many astronomical science targets, whose study relies on ground-
based observations and thus suffer from wavefront distortions, greatly benefit from
the level of correction provided by classical AO systems. However, Fig. 1.7 shows
direct detection of exoplanets puts much more severe constraints on the wavefront

correction level and exceeds what can be provided by classical AO.

Leaving the AO system, the beam still contains unseen, thus, uncompensated
slowly varying and quasi-static wavefront aberrations that evolve over time scales of
minutes to hours. These residual wavefront errors are created by (i) non-common
path aberrations (NCPA) in the instrument’s optics and (ii) by a small fraction of
uncompensated slowly varying components of the atmospheric turbulence. NCPAs
are aberrations in the optical path not seen by the wavefront sensor. For example,
this phenomenon occurs in classical AO systems where the science camera and the

wavefront sensor are on different optical paths, as illustrated in Fig. 1.5 for AO188.
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Speckle noise arises from random intensity patterns produced by the mutual inter-
ference of a set of wavefronts, which are due to rapid atmospheric phase fluctuations.
For long exposure images, perfectly static aberrations create speckles that can be
measured once during the observation and removed later with post-processing tech-
niques. Fast varying speckles average out to a smooth floor and add photon noise in
the final image. The temporal evolution of the slowly varying and quasi-static wave-
front errors is such that the resulting artifact speckles become a significant source of
speckle noise and, as a result, must be sensed and corrected directly during a science
observation. The exposure time has a great impact on which speckles will contribute
to the speckle noise on the final image. For short exposure time, all speckles are
frozen and contribute to the speckle noise. For an exposure time T, only the speckles

evolving over a period longer than T contribute to the speckle noise.

Slow and quasi-static aberrations are, thus, the current limiting factor that com-
promise unambiguous direct planet detection. Indeed, such aberrations diffract and
scatter the starlight and result in partially coherent starlight interfering at various an-
gles of arrival. Such interferences, named artifact speckles in the following, are copies
of the unaberrated star PSF. Located at various discrete locations in the image plane,
they can be easily misidentified as planets[53], thus compromising an unambiguous

planet detection.

1.5.2 Coupling ExAQO to coronagraphy

Direct detection of exoplanet is only possible, if the light distribution in the final PSF
has been altered in a way that brings the residual planet light to a detectable level.

The schematic in Fig. 1.8 gives an overview of the high contrast imaging process
by showing the evolution of the star PSF on the detector after the different levels of

correction.

As illustrated, several levels of wavefront correction are, thus, necessary and con-

sist roughly of the following four steps:

e Perform a first level of compensation to gather the starlight spread over the

wide halo and recover a Airy disk-like PSF. This can be performed by an AO
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Figure 1.8: Querview of the high contrast imaging process.

system like AO188 (step 1. in Fig. 1.8).

e Concentrate the starlight inside the core of the Airy-disk using ExAO (step
2. in Fig. 1.8).

e Obscure the light of the primary star using a high efficiency coronagraph (step
3. in Fig. 1.8).

e Using ExAOQO, add a deeper level of correction in a targeted zone in which each
slowly varying and quasi static artifact speckle is probed and removed, leaving

only the signal from a real companion to shine through (step 4. in Fig. 1.8).

We note that the residual planet light may still be fainter than the residual star

light, even after all the steps described above and, therefore, a successful detection

could require additional post processing and calibration.

In order to (i) overcome the very high luminous ratio and the small angular sepa-
ration between the planet and the primary star and (ii) minimise the slow and quasi
static speckles, which significantly reduce the dynamic range, high contrast imaging
instruments are designed as a combination of (i) a high performance coronagraph,

which reduces the diffracted starlight (bright diffraction rings and halo) at the planet
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location and (ii) an ExAO system, which uses a DM and focal plane speckle control
algorithms to create a targeted region in the image, the dark hole, where the intensity
level of the slow and quasi static artifact speckles are brought below the planet resid-
ual intensity level. The dark hole is visible on the right image in Fig. 1.9. We note
that in this figure, the contrast values (color bars) are not representative of expected
on-sky performance. The focal plane speckle control process will be described in more
detail in Sec. 1.5.3.
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Figure 1.9: Left, image obtained without the coronagraph. Middle, image obtained
with the coronagraph. Right, image obtained with the coronagraph and the DM, show-
ing the creation of the dark hole area (Courtesy of Raphaél Galicher).

Even relatively high-order AO systems (using a DM with a large number of actu-
ators) do not yield a perfect correction and ExAO systems, such as SCExAQ, become
necessary to perform further wavefront correction and create the dark hole area. The
achievable contrast is directly related to the quality of the wavefront. Thus, obtain-
ing the desired high contrast in the dark hole puts demanding requirements on the

wavefront control system.

In contrast to what is done with traditional AO systems, ExAO instruments can
perform focal plane speckle control and simultaneously use their DM for wavefront
correction and wavefront sensing purposes. Indeed, once most of the low and high
order aberrations (< Fj,q.), due to atmospheric turbulence and instrument’s NCPAs,
have been removed by the AO188 and the ExAQO systems, the beam is left with static
and slowly varying aberrations generating artifact speckles in the focal plane. The
final step for the direct detection and imaging of exoplanets, thus, relies on measuring

and compensating for these residual speckles to create the speckle-free zone: the dark
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hole.

1.5.3 Focal plane speckle control

Probing and removing speckles, based on interferometric subtraction techniques, rely
on the proper use of the speckle spatial coherence property. Indeed, unlike the light
from the companion planet, the artifact residual speckles arising from the light of the
primary star are coherent with it. Superimposing artificially generated anti-speckles

on the artifact speckles can allow for the efficient removal of the artifact speckles.

Several speckle control schemes are possible, for example, using the Electric Field
Conjugation (EFC)|[20, 32, 33] or iterative speckle nulling methods [52], or using the
Self-Coherent Camera (SCC) approach[9, 28, 29, 30]. All schemes rely on the same

theoretical background.

Assuming one wants to test the light, in a given location of the focal plane im-
age, in order to check if this light comes from a genuine structure or is simply a
residual speckle. The light from the core of the PSF must be sent to this location
(a speckle from the core PSF is artificially added to the light at this location). The
two “light samples” are defined by the complex amplitudes v, () = A;(t) €**® and
ha(t) = Ap(t) e20).

If the light samples are spatially coherent, interference fringes will be formed. The
on-axis intensity I(t) in the focal plane is given by the superposition of the waves (the

sum of the complex amplitudes),

I(t) = [¢n(t) +¥a(t) |” (1.8)
= [oi(t) [+ [¢a(t) P+ 2] ¢a(t) [] ¢a(t) | cos(da(t) — éu(t))

where 2 | ¥y (t) || ¥a(t) | cos(p2(t) — ¢1(t)) represents the interference between the
two light samples.

If the two light samples are incoherent (if the light at this location comes from an
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exoplanet), they cannot interfere and the intensity /(%) in the focal plane is the sum

of their intensities only,

I(t) = [(t) [F + [¢a(t) ]” (1.9)

To probe the artifact speckles, the DM is used to introduce a diversity in the
wavefront, while a camera records its impact on the final focal plane image. Indeed,
speckles can be created in the focal plane by applying a sinusoid shape on the DM
surface. Such “DM-generated” speckles will be coherent with the starlight as they are
produced by reflecting a portion of the starlight onto the DM. One can thus interfere
DM-generated speckles with the existing artifact speckles (Eq. 1.8). By monitoring
these interferences, it is possible to reconstruct the complex amplitude (amplitude

and phase) of the focal plane speckles.

Once the artifact speckles have been sensed, the DM can be used to generate anti-
speckles to be superimposed onto the artifact speckles and clear the area from any
artifact speckle. The DM is, thus, used for (i) speckle probing (wavefront sensing),

in a scheme akin to phase diversity and (ii) speckle suppression (wavefront correction).

If the star has a companion, the DM-generated speckles and the exoplanet light
will be incoherent and will not interfere destructively. When the speckle probing and
suppressing process is completed, any structure left in the area should unambiguously

indicate the presence of an exoplanet.

Using the DM to create the dark hole and reduce artifact speckles below the planet
level has been successfully implemented in several laboratory experiments|[71, 72].
This scheme has been implemented in SCExAO wavefront control systems as the
core strategy to reach high contrast. The first laboratory experiment with SCExAO

achieved a raw contrast in the dark hole area of up to 1074[44].

Fig. 1.10 shows an example of high contrast results achieved with SCExAQO using
a simple speckle nulling control loop[58]. The dark hole area is indicated by the black
rectangular box. Panel (a) shows the starting point of the loop, with the DM in its

nominal flat-map configuration. Note that in addition to some low-spatial frequency
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aberrations (created by a static turbulence plate), most of the speckles present at
the starting point are located along the diffraction spikes created by the spider arms
of the telescope pupil. Panel (b) shows the result of 50 speckle nulling iterations,
working on up to 10 speckles at a time. Most speckles present in the dark hole area

before running the speckle nulling loop have disappeared in image (b).
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Figure 1.10: Ezample of a high contrast result obtained with SCExAO using a simple
speckle nulling control loop (Courtesy of Frantz Martinache).

1.5.4 The Subaru Coronagraphic Extreme Adaptive Optics

system

SCExAO[44] is a versatile platform allowing the rapid investigation of new tech-
niques related to coronagraphy, wavefront sensing technologies, and high contrast
direct imaging of exoplanets. SCExAO is built on a small optical bench (~1.2 x 0.9
meters) located on the infrared Nasmyth platform and is designed to be inserted be-
tween two of Subaru Telescope’s instruments, AO188[60] and HiCIAO (see Fig. 1.11).
SCExAOQ is located behind AO188. After a first level of wavefront correction provided
by AO188, SCExAQO performs further wavefront correction and calibration before
redirecting the beam to HICIAO’s near-IR camera[70], specifically designed for high

contrast imaging.

The main system components of SCExAO are a 1024-actuator MEMS DM, a
PIAA coronagraph[35], a Coronagraphic Low Order WFS (CLOWFS)[43], a Non-
Linear Curvature WFS (NLCWFS)[37], and a Focal Plane WFS (FPWFS)[38, 42].
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Figure 1.11: SCEzAO set on the Subaru Nasmyth platform between AO188 and Hi-
CIAO (Courtesy of Subaru Telescope).

Wavefront aberrations, commonly described using Zernike polynomials (see Appendix
B), can be grouped into (i) “low order/high power” aberrations (tip and tilt), (ii)
“high order/low power” aberrations (focus, astigmatisms, coma...), and (iii) static
and slowly varying aberrations. The wavefront control architecture of SCExAQ[41]
provides a high level of correction to all three types. The CLOWES is used to remove
the residual low order aberrations, the NLCWEFS is dedicated to the residual high-
order aberrations and the FPWFS is used to perform the speckle control using phase
diversity. Fach wavefront sensor sends commands to the MEMS DM to optimize the
wavefront quality and reach the highest possible contrast in the dark hole area. A

schematic of the wavefront control interface is given in Fig. 1.12.

Accurate wavefront sensing and correction requires a highly accurate model of
the MEMS DM. In that sense, I have investigated several modelling approaches to
quickly and accurately compute MEMS DM shapes. An enhanced model, described
in Chap. 4 provides the best performance. Following an initial laboratory demonstra-
tion at the University of Victoria (UVic) Adaptive Optics Laboratory (AO Lab)[16],

this model has been integrated into SCExAQ’s wavefront control system in order to
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Figure 1.12: Schematic of the wavefront control interface in SCExAQ.

perform further evaluation.

1.6 Thesis overview

This dissertation presents the development, analysis and experimental evaluation of
two MEMS DM models that could be suitable for use within the wavefront control

system of an extreme adaptive optics system.
The structure of the remaining dissertation is outlined below.

Chapter 2
The challenges of closed-loop control versus open-loop control methods are compared.
The operation and integration of MEMS deformable mirrors within an adaptive op-

tics system are described.

Chapter 3
An investigation into the non-additivity of MEMS DM actuator influence functions
is performed. The development of a new, experimentally based modelling approach
(referred to as Mod1) suitable for utilizing the MEMS DM in an open-loop control
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architecture is reported.

Chapter 4
An alternative enhanced modelling approach is developed. This model, referred to
as Mod2 is partially based on the characterisation of some of the DM properties.
Mod2 is also partially based on the forces present during DM operation. The model
is integrated into an iterative algorithm and open-loop tests are performed on a 1024-
actuator MEMS DM. The results are compared with Mod1 and recent modelling

approaches developed by other research groups.

Chapter 5
The Mod?2 model and algorithm are implemented into the SCExAQO wavefront control
software. Mod?2 is used to create DM-generated speckles in the focal plan of SCExAO.
The results regarding the speckles intensity properties are reported and suggest that

Mod2 could improve SCExAQO speckle control performance.

Chapter 6
A comparison of the performance obtained with Mod! and Mod2 is reported. The
chapter concludes by developing on the next steps that will be taken (i) to test Mod?2
performance in a speckle nulling scheme and (ii) to improve the model/algorithm

speed.

The above research has been reported in refereed journal publications[18, 16] and

also presented at international instrumentation conferences[17, 13, 19, 15].
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Chapter 2

Modelling deformable mirrors for

adaptive optics systems

Deformable mirrors are composed of a flexible reflective membrane deposited atop
an array of actuators. As a light beam is reflected by the reflective membrane, the
array of actuators can be controlled to create phase delay in specific areas and per-
form wavefront correction (as illustrated in Fig. 1.6). The typical parameters used to

describe a DM'’s performance are listed below.

Number of actuators:

The number of actuators, related to the size of the telescope, is a critical pa-
rameter. For a 8-meter class telescope, a few hundred actuators are sufficient
to achieve diffraction limited imaging in near-infrared. For the next generation
of 30-meter class telescopes, this number will need to be scaled up to a few
thousand. The number of actuators required also depends on the performance
to be achieved by the instrument. Providing correction for the higher order
modes will require a larger number of actuators. Actuators can be arranged
by rows and columns in a square array (Fig. 2.1 (a)), or radially in a circular
array (Fig. 2.1 (b)). A radial organisation is preferable for curvature DMs. The

actuator pitch defines the distance between two adjacent actuators.

Actuator properties:

The maximum stroke is the actuator’s vertical displacement motion when the

maximum rated voltage is applied. The linearity describes the change in an
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Actuator pitch
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(a) (b)
Figure 2.1: Illustrations of (a) a square array, (b) a circular array.

actuator’s displacement as a function of a linear change in input voltage. Hys-
teresis defines the dependence of the actuator’s current position on its past
position. The repeatability is the ability to obtain an identical stroke for a
given voltage. The stability is the ability to maintain a constant behaviour and

performance when the environmental parameters vary on short and long term.

The actuator influence function (IF) is the characteristic shape of the DM’s
response to the action of a single actuator (Fig. 2.2). It can be experimentally
measured by recording the overall shape of the DM when one actuator is set to
a given stroke while the rest of the actuators are left at rest. Fig. 2.2 shows the
images of four influence functions obtained with a 1024-actuator MEMS DM
when following this measurement procedure. Four randomly selected actuators

have been poked.

Figure 2.2: Top view of four influence functions for a 1024-actuator MEMS DM.
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For MEMS DMs, the influence function can be modelled as a bi-dimensional

Gaussian function®, which is mathematically defined by

L e =)

flz,y) = 5 €LP 202 (2.1)

The width of the actuator influence function is usually defined by the value of
the 0. The influence function o will vary for different DM technologies. This is
an important parameter in the modelling of continuous membrane DMs. The
IF takes into account the physical properties of the DM, because the function’s
width reflects the amount of mechanical coupling that exists between two adja-

cent actuators.

DM properties:

The bandwidth defines the temporal frequency, at which the DM can follow the
wavefront evolution. The flattest surface obtained with a DM is called “best
flat”. Surface quality and operating temperature are also two important prop-

erties to be considered when selecting a DM for a given application.

The development of deformable mirrors has been a task undertaken by several
research groups and private companies around the world. Several companies, such
as Boston Micromachines Corporation (BMC), ALPAO, CILAS, Xinetics and IRIS
AOQ, sell off-the-shelf deformable mirrors. Several technologies are used to generate
the actuator motion and one can choose between electrostatic DMs, magnetic DMs,
piezo-stack DMs, or bimorph DMs.

The DM characterization is an important step towards the optimized design of
any AO system, because it provides critical information about the DM performance
and how the other AO sub-systems will be affected. It is also critical for the proper
modelling of DMs.

!Many other DM technologies cannot be modelled with a Gaussian function but instead are
more like the difference between two gaussians or even a sine cardinal (sinc) function.
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To gain thorough knowledge of DM characterization procedures and get famil-
iar with DM technologies, in addition to MEMS, a preliminary step in this research
work has been dedicated to the characterization of a magnetic DM (ALPAO) and a
piezo-stack DM (CILAS). Both characterization results are presented in Appendix. A.

2.1 Critical DM parameters for AO system design

The DM parameters affect the overall system design, as well as the overall system
performance. Having more actuators allows for a better fit to the wavefront and,
therefore, the high order/high spatial frequency modes (Appendix B) will be more
accurately compensated for. The benefit of increasing the number of actuators across

the pupil to fit a phase shape is illustrated in Fig. 2.3.
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Figure 2.3: Fitting a phase shape. Left, 11 actuators across the pupil. Right, 48

actuators across the pupil.

A higher number of actuators implies a higher number of WFS measurements and,
As a

result, the increased number of WFS elements (necessary to take full advantage of a

therefore, smaller sub-apertures, each receiving a smaller amount of photons.

high actuator count DM) increases the measurement noise per WES element (each
receiving fewer photons). An increase in actuator density will also increase the com-
putational cost. More actuators need to be controlled, more sub-apertures need to be
processed and more demanding reconstruction algorithms are needed to retrieve the

phase information. This increase in computational cost will most likely also impact
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the correction frequency of the system.

Usually, the number of actuators will ultimately be defined by the turbulence
characteristics of a given observing site. In general, a DM will be selected such that
it provides approximately one actuator per ry. Of course, the ry varies slightly over
nights and years, which emphasizes the importance of the site and turbulence studies

during the preliminary design of any astronomical observatory.

To properly correct the turbulence, defined by a given 7y, and provide the best
fit to the wavefront, the telescope primary mirror of diameter D must be divided
into sub-apertures of diameter ~ ry (with rq evaluated at the observing wavelength).
As a result, the necessary number of sub-apertures corresponding to the number of

actuators N, on the DM can be estimated as,

M= (2 (29

To
MEMS DMs are available in a 144-actuator (12 by 12 grid) version and a 1024-
actuator (32 by 32 grid) version. A 4096-actuator DM (64 by 64 grid) has also been

implemented on GPI, although, GPI is actually using only a 44-actuator-diameter
piece of their DM[50].

From Eq. 2.2, with a 8.2 meter telescope operating in the near-infrared (A = 2.5
pm) with a ry of 138 cm, N,y is equal to 36 actuators. For the same telescope
operating in the visible (A = 0.5 um) with a rq of 20 cm, N, becomes 1681. This
quick computation shows that state-of-the-art MEMS DMs equipped with up to 4000

actuators[23] exceed the requirements for future visible astronomical AO applications.

2.2 MEMS deformable mirrors

In the past decade, extensive studies have confirmed the potential of MEMS DMs for
astronomical AO applications[64, 12, 49, 61, 13, 25, 62]. The astronomy community’s
interest in MEMS technologies has increased and resulted in the development of sev-
eral advanced instruments employing MEMS DMs. For example, for direct detection
and imaging of exoplanets, many of the HCI instruments under development employ
MEMS DM to achieve their high contrast goals[39, 48, 10, 40] .
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Figure 2.4: Essential construction features of a MEMS DM.

MEMS DMs[12] condense individual micro actuators into arrays capable of cre-
ating precise microscopic displacements. As illustrated in Fig. 2.4, MEMS DMs are
composed of a thin silicon membrane with a highly reflective metallic coating, sup-
ported by an array of electrostatic micro-actuators. The vertical motion of each
actuator occurs when a positive voltage is applied to the actuator top plate while
the base plate stays grounded. The potential between the two plates induces an elec-
trostatic attraction force between the two plates. While the base plate is fixed, the
actuator top plate gets deflected towards the base plate by a displacement approxi-
mately proportional to the square of the applied voltage. Each actuator top plate is
attached to the membrane through a rigid post, resulting in the local deformation of

the membrane.

The various studies conducted with MEMS DMs have revealed many of this tech-
nology’s advantages: sub-nanometre repeatability, high stability, negligible hysteresis
(below 5%), low weight, compact size, high speed, and large number of actuators with

a proportionately large stroke[11].

Compared with other DM technologies that exhibit bi-directional actuator motion,
MEMS DM actuators can only be pulled in one direction. However, each actuator
has low inertia and, therefore, it can be positioned along its total stroke with great

accuracy and at high frequency (e.g in the kHz range).

The research work presented in this dissertation has been undertaken using two
1024-actuator MEMS DMs (Boston Micromachines Corporation, Fig. 2.5). The first
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DM is located at the UVic AO Lab and the second DM is located at the Subaru Tele-
scope, both have a continuous membrane. The DMs specifications may vary from one

DM to another, but average values are gathered in Tab. 2.1.

Property Notation Value
number of actuators Nbyern 1024
actuator pitch p 340 pm
actuator array size - 12.4 mm
maximum voltage Vinaz 250 V
actuator maximum stroke Sinax 1.5 pym
actuator influence function width IF

stroke-voltage relationship - quadratic
hysteresis - negligible
repeatability - <0.4 nm [26]
stability - 0.13 nm rms [25]
wavefront error (unpowered) - 50-150 nm rms [25]
wavefront error (after flattening) - <1 nm rms [25]
operating temperature - room temperature
bandwidth - ~kHz

Table 2.1: 1024-actuator MEMS DM properties overview.
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Figure 2.5: A 1024-actuator MEMS DM on its custom electronic mount.

Both DM membranes are coated with a thin layer of Cr-Au (chrome-gold alloy)
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optimized for infrared wavelength. The UVic DM array contained defective actua-
tors, most of which were located close to the pupil’s edge, only one was located close
to the centre of the array. This actuator did not respond properly to the applied
voltage command. However, when the same voltage was sent to the whole array, the
defective actuator followed the array’s motion. This was true up to approximately 90

volts (V), after which the actuator displacement was limited.

2.3 Overview of DM modelling methodologies

The accurate open-loop control of DMs relies on the development of an accurate

model, specifically designed to represent a given deformable mirror.

A DM possessing a linear relationship between actuator stroke and applied voltage,

implemented on closed-loop AO systems, can be described by,
S() = a. V(i) (2.3)

where S(7) is the stroke obtained for the actuator 4, a is a scaling coefficient, and V' (¢)

is the voltage applied.

Eq. 2.3 assumes there is no mechanical coupling between neighbouring actuators.

The shape of the membrane is defined by the position of each actuator.

This model is appropriate for piezostack and magnetic DMs as they have a linear

response.

As illustrated in Fig. 2.6, MEMS DMs have a non-linear quadratic relationship

between the actuator stroke and the voltage applied,

S@) = a.V(i)? (2.4)

The plot shown in Fig. 2.6 was obtained with a 1024-actuator MEMS DM. The
DM was mounted in front of a Zygo interferometer. A single actuator was driven from

0 volt to 200 volts in steps of 5 volts and the shape of the membrane was recorded.
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Figure 2.6: Quadratic relationship between the voltage applied to the actuator and the
resulting stroke for a 1024-actuator MEMS DM.

The models represented by Eq. 2.3 and 2.4 are only valid to the first order, be-
cause some critical properties (physical and mechanical) of the DM are not accurately
represented, for example, both assume all actuators are independent. However, with
continuous membrane DMs, the membrane creates a mechanical coupling between
neighbour actuators and, therefore, the vertical position of each actuators is actu-
ally impacted by the vertical position of its neighbour actuators. This dependency

between neighbouring actuators is not correctly accounted for by either of the models.

Non-linear effects (for example, the actuator mechanical coupling or the actuator
hysteresis, which is not negligible for piezo-stack DMs) result in poor performance of
the model. For a given desired shape, the voltages provided by the model to drive
the DM will result in a DM shape that differs from the desired shape. As a result,
these simple models can only be used with the systematic adjustment provided by
the feedback of a closed-loop architecture; open-loop architectures necessitate the de-

velopment of more advanced models.

Typically, the DM performance is measured using an interferometer that provides
membrane height (commonly measured in gm or nm) at each sample location. A com-
mon metric used to quantify the performance is the root-mean-square error (SE,,,s)

between the desired shape, D;, and the measured membrane shape, M;,
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pr
> (M; — D;)?
SBs =\ T (2.5)
pT

where N, is the total number of interferometer samples, M; is the measured mem-
brane height at each sample location and D; is the desired membrane height at each

sample location.

2.4 Overview of advanced DM modelling method-
ologies

The development of advanced deformable mirror models (especially for open-loop

control architectures) has been an on-going research topic for more than a decade.

Hom et al [47] (1999) presented a non-linear model for an electrostatic DM and

obtained approximately 40 nm rms error when correcting for a given wavefront.

Vogel et al [74](2006) developed a MEMS DM model relying on a coupled system
of (i) non-linear partial differential equations (to model the membrane flexure) and
(i) algebraic equations (dedicated to model the array of actuators underlying the

membrane).

Morzinski [62] and Stewart [69](2007) reported less than 15 nm rms error on
MEMS DMs for initial phase screens of 500 nm PV and 1500 nm PV, respectively. In
[62], a 1024-actuator MEMS DM was used and the shapes applied correspond to (i)
sinusoid functions, (ii) Gaussian functions (similar to an actuator influence function),
and (iii) Kolmogorov functions. In [69], the performance evaluation was done by ap-
plying (i) influence functions and (ii) focus term (Zernike polynomial, Appendix B)
to a 140-actuator MEMS DM.

Both Andersen [5] and Laag [3](2008) reported 10 to 20 nm rms error on an AL-
PAO DM.
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Vogel et al [73](2010) proposed a refined variant of the 2006 method and applied
it to both a 140-actuator MEMS DM and a 57-actuator piezo-stack CILAS DM. In
this work, several array configurations were studied: (i) similar bias applied to all ac-
tuators, (ii) central actuator set to various voltage while the rest of the actuators are
maintained at a mid-bias voltage, and (iii) central array of three by three actuators
set to various voltages while the rest of the actuators are maintained at a mid-bias
voltage, which resulted in less than 10 nm error for a Peak-to-Valley (PV) difference

in deflection across the DM for a total deflection of approximately 500 nm.

The works presented in [73, 62, 69] used different variations of the thin plate
equation. A detailed comparison of the three methods is given in the “Introduction”
section of Vogel et al, 2010.

Guzmén [46](2010) reported 12.7% rms residual error (relating the residual error
rms to the rms value of the desired wavefront) and 3.1% (relating the residual error
rms to PV excursion of the desired wavefront correction) over several thousand phase
screens of random shapes for a 14 by 9 active array of a 1024-actuator MEMS DM
[46]. Guzmaén’s model is based on non-parametric estimation techniques [45]. The
model, purely mathematical, needs a preliminary training step using a large (a few
thousand) data set of interferometric phase maps and presents the benefit of a similar

model strategy, regardless of the type of mirror in operation.

In the context of SCExAQ, the above DM models are not suitable, because they
suffer from computational complexity (they would not meet the instrument band-
width requirement) and high wavefront error (SCExAO requires less than 10 nm rms).
In order to overcome these limitations, two new modelling approaches were investi-
gated. The first model, ModI is an experimentally based approach and is described
in Chap. 3. The second model, Mod2 is a semi-physics/semi-empiric approach, and
is described in Chap. 4. The intent of each model was to develop a method with re-

duced computational complexity and based on characterizing the physical properties
of MEMS DMs.
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2.5 Integration of a MEMS DM with an open-loop
AQO system

All classical SCAO systems currently implemented on astronomical instruments em-
ploy a closed-loop architecture, as illustrated in Fig. 2.7(a). However, recently pro-

posed specialized AO systems require an open-loop architecture (Fig. 2.7(b)).
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Figure 2.7: Comparative schematics of (a) a closed-loop architecture and (b) an open-
loop architecture.
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2.5.1 Closed-loop architecture

In a closed-loop system, the incoming aberrated wavefront first hits the deformable
mirror. The beam is then sent toward a beam splitter that directs one portion of the
beam toward the wavefront sensor and one portion of the beam toward the science
camera. The wavefront sensor analyses the wavefront aberration and sends this in-
formation to the control system which computes the voltages to send to the DM to

compensate for the aberrations.

With the wavefront sensor located downstream of the DM, the control system is
able to take into account the feedback information regarding the DM shape in order

to adjust the voltage commands sent to the DM.

The feedback in the control system presents many advantages:

e The residual wavefront error is significantly reduced

e The system is constantly updating the control commands in order to minimize
the error. As a result, closed-loop control is less sensitive to non-linearities such

as DM hysteresis

e Because the light first hits the DM, the turbulent signal seen by the WFS is
a highly tamed version of the full turbulence. Indeed, after the first iteration,
most of the high dynamic/low spatial frequencies (Appendix B) of the incoming
phase have been compensated for. When the system performs well, the residual
phase is left with only small errors of small dynamic range and high spacial
frequencies. As a result, the dynamical range for the WFS can be relaxed. This
is an important fact, because designing large dynamical range WFSs remains a

challenging task.

2.5.2 Open-loop architecture

In an open-loop system, the WF'S is located ahead of the DM and, therefore, operates
without the knowledge of the current DM state. Without this feedback information,
the WES can not see the impact of the control system action on the DM shape.

The challenges inherent in implementing an open-loop system are:
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e The WFS dynamic range must be much higher

e The static NCPAs must be measured and integrated to the controller so they
can be subtracted from the dynamical aberrations each time a set of commands
is sent to the DM

e The DM becomes a problematic element, because the DM is now controlled
independently from the wavefront sensor measurements. As a result, the control
system (i) has no knowledge of the DM shape at any time and (ii) has no way
to verify the system is not diverging. The first order model (Eq. 2.4) cannot be
used and an alternative advanced model (usually dependent on a preliminary
careful DM calibration) must be established to drive the DM accurately and

ensure an optimum match between the desired shape and the measured shape.

2.6 AO systems employing open-loop architectures

New science goals and advanced AO technological requirements have driven the devel-
opment of more complex AO architectures. Two examples are (i) the direct detection
of exoplanets utilizing HCI instruments based on advanced ExAO and coronagraphic
technologies and (ii) the efficient pursuit of science on ELTs utilizing Multi-Object
Adaptive Optics (MOAO).

ExAO and MOAO[4, 24] are transformative AO technologies that are currently the

focus of much research. In both cases, pathfinder instruments are under development.

For ExAO, SCExAQO, GPI, and SPHERE will soon be implemented on three 10-

meter class telescopes (Subaru, Gemini and VLT, respectively).

RAVEN|[22, 6], a MOAO demonstrator developed for the Subaru Telescope, is be-
ing assembled at the University of Victoria. CANARY, a demonstrator for EAGLE[67],
has already gone through several successful on-sky runs at the 4.2-meter William
Herschel Telescope. Classical SCAO systems are inefficient for the observation and
spectroscopic analysis of faint galaxies, because (i) the small number of photons re-
ceived necessitate very long exposure time (several hours) for each target and (ii)
the distribution of galaxies in space is sparse. Performing large statistical surveys of

galaxies is the next logical step toward learning more about galaxy formation and
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evolution, but such surveys cannot be achieved using SCAQO, because the required
number of observing nights would largely exceed the amount of observing time that a
Time Allocation Committee (TAC) can provide to a given science project (telescope
time is in high demand and an observing proposal must request a reasonable amount
of nights to have a chance to be selected). MOAO coupled to Multi-Object Spec-
troscopy (MOS) techniques will allow the simultaneous spectroscopic analysis of up
to 25 science fields of view (FoV) spread over a large field of regard (FoR) of several

arcmins. Each science FoV is only a few arcsecs wide and contains one galaxy.

In MOAO systems, open-loop control of the DM is required, because the WFS
data (gathered from a few guide stars, sparsely distributed within the wide FoR) is
processed by a central tomographic reconstructor, which enables the narrow field cor-
rection around the different science targets. Such a tomographic approach requires
the WFSs to be located upstream of the science path and, therefore, upstream of the
DMs. This open-loop architecture necessitates the implementation of advanced DM

modelling methodologies.

Note that adding an additional WFS in each science path downstream of the
DM (thus providing a closed-loop configuration within each science path) would be a
costly solution for systems designed with twenty or more science paths and would, in
most cases, be useless because the FoV seen by each of these additional WFSs would

not contain a suitable guide star to perform the wavefront sensing.
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Chapter 3

MEMS DM modelling for
open-loop control - An

experimental-based approach

In order to evaluate the potential of MEMS deformable mirrors for open-loop appli-
cations, the actuator’s stroke-voltage relationship and the effect of the non-additivity
of the influence functions are studied and integrated in an open-loop control pro-
cess. The characterization process was performed on a 1024-actuator MEMS DM.
Such preliminary DM characterization is essential to obtain deterministic membrane
deflection. This experiment is aimed at minimizing the residual error obtained in

open-loop control.

3.1 Part I: Deformable mirror characterization

In addition to the immediate need for controlling SCExAO MEMS DM, open-loop
control of MEMS DMs is becoming more critical in the prospective of new Extremely

Large Telescopes (ELTSs) and their respective science instruments.

With a continuous membrane creating a mechanical coupling between neighbour-
ing actuators, the motion of a given actuator, originated by the voltage received, is

also influenced by the indirect effect of the vertical position of the adjacent actuators.
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Most of the research in this area focuses on the development of an accurate
model[31, 62, 69, 74, 8]. In order to build such a model, one needs to quantify both
(i) the non-linear relationship between the input voltage and the resulting actuator

motion and (ii) the effect of the mechanical coupling between neighbouring actuators.

In the following sections, the result of a thorough DM characterization is presented.
Sec. 3.1.1 describes the experimental setup used to perform the characterization,
Sec. 3.1.2 is focused on the stroke-voltage relationship, and Sec. 3.1.3 describes the
influence function’s (IF) non-additivity. Finally, Sec. 3.1.4 presents the performance
obtained when a DM characterization-based open-loop control approach is chosen to
drive the MEMS DM.

3.1.1 Experimental setup

The experimental setup (Fig. 3.1) used to conduct this first series of DM characteri-
zation consists of a 1024-actuator MEMS DM positioned in front of a Zygo PTI 250

interferometer.
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Figure 3.1: Left, diagram of the experimental setup. Right, DM’s active area (light
green square). The interferometer mask is set to cover only the active area.

The DM is driven by custom electronics with a maximum capacity of 150 volts
(with 14 bit resolution). The interferometer beam passes through a density filter to
improve the interference fringe contrast. A mask can be set on top of the interferom-

eter beam using the software provided with the interferometer.

One computer is dedicated to the interferometer control software (metrology and

control interface), while a second computer uses a combination of Matlab and C codes
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to (i) control the DM electronics, (ii) remotely initiate the interferometer measure-

ments, and (iii) transfer the recorded data to a data server.

Both the DM and the interferometer are set on an optical table isolated from the

ground to minimise vibrations.

3.1.2 Calibration of the actuator stroke-voltage relationship

The actuator stroke-voltage relationship (SVR) is the relationship between the mem-
brane deflection and the corresponding applied voltage. For MEMS DMs, the quadratic

SVR for a given actuator ¢ can be described as,

Stroke(i) = gain(i). V(i)* + of fset(i) (3.1)

where V(i) is the voltage sent to the actuator i, of fset(i) is the actuator offset and

gain(i) is the actuator gain.

The precise calibration of each actuator’s SVR is a critical step toward accurate
open-loop control of the deformable mirror. For this experiment, due to a large num-
ber of malfunctioning actuators located on the right side of the actuator array, a
reduced active area of 18 by 18 actuators (a total of 324 actuators) is selected. The
position of this array with respect to the DM membrane is presented in Fig. 3.1, right
image. The actuator situated at the bottom left corner of the active area is coupled
with an actuator located outside the active area and has a reduced maximum stroke.
This actuator can be seen in Fig. 3.2 (blue curve). With a maximum voltage output of
150 volts, the resulting maximum stroke obtained for each actuator is approximately

0.5 micron.

3.1.3 Characterization of influence function non-additivity

The actuator influence function is the characteristic shape of the mirror response to
the action of a single actuator. To study the influence function non-additivity, sev-

eral random pairs of neighbouring actuators within the active area are selected. This
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Figure 3.2: Stroke-voltage relationship for the 324 actuators. All actuators present a
mazimum stroke of approximately 0.5 micron. The blue line corresponds to a defective
actuator, which is coupled with an actuator located outside the active area.

section presents the results obtained for the pair of actuators indexed 169 and 170,
which are representative of the other actuators tested. Three tests were conducted

to characterize non-additivity.

First, for each pair of actuators, the membrane was set to a bias voltage of 0 volt.
The two actuators under test were first pushed sequentially to 50 volts, 100 volts,
and 150 volts. Then, the two actuators were pushed simultaneously to these three
voltages. This test was then repeated with a bias voltage of 150 volts, while the
actuators are released sequentially, then simultaneously to 0 volt, 50 volts, and 100

volts. Similar tests were then repeated on several arrays of 3 by 3 actuators.

Finally, the last test focuses on the non-additivity effects when the pair of actua-

tors are on a push-pull configuration (one pushed up, the other pulled down).

Fig. 3.3 shows the cross-sectional view of the influence function when each actu-
ator is pushed sequentially (green and red plots) and simultaneously (light blue plot
labelled poke2) to 100 volts with a bias voltage of 0 volt. The linear sum (obtained
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Figure 3.3: Influence function non-additivity measurement for a pair of actuators
(one actuator has 6 pizels across).

numerically post-measurement) is also presented (dark blue plot, labelled sum), as
well as the difference between the poke2 and the linear sum (purple plot, labelled
poke2 - sum). Note that there is no current satisfying explanation for the dip ob-

served between the two adjacent actuators.

3.1.3.1 Pair of neighbouring actuators

The results obtained from the pair of neighbouring actuators indexed 169 and 170
are presented in Fig. 3.4 where the top plots correspond to a bias of 0 volt and the
bottom plots correspond to a bias of 150 volts. For clarity, the plots showing the
cross-sectional views of the influence function when the actuators are pushed sequen-

tially are not displayed.

From here forward, the relative voltage will be defined as the difference between
the bias voltage (applied to the whole DM) and the input voltage (only applied to
the pair of neighbouring actuators under test). For example, for a bias voltage of 150

volts and an input voltage of 100 volts, the relative voltage is 50 volts. For a bias
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voltage of 0 volt and an input voltage of 50 volts, the relative voltage is also 50 volts.

Fig. 3.4 reveals four remarkable non-linear behaviours.

e The strokes obtained with a 0 volt bias are much larger than the strokes

obtained with a 150 volts bias for the entire range of input voltage values.

e The linear sum (labelled sum) always provides a smaller stroke than the pair
of actuators poked simultaneously (labelled poke2), except for one particular
case, when the bias voltage is 0 volt and the input voltage is 150 volts (purple

and yellow plots on Fig. 3.4, top image).

e The difference in stroke between a relative voltage of 100 volts and a relative
voltage of 150 volts varies from approximately 0.5 micron with a bias of 0 volt

to less than 0.1 micron with a bias of 150 volts.

e Unlike previous models|[74], where two actuators poked simultaneously present
a resulting influence function peak shaped with a flat top, this experiment re-

veals the presence of a dip at the top of the peak.

To explain such behaviours, several factors need to be taken into account. First,
at 0 volt bias (corresponding to the default membrane position), the membrane is rel-
atively flat and undergoes no stretch. However, with a 150 volts bias, the membrane
becomes slightly dome shaped and stretched, due to the fact that the membrane is
clamped and the edge actuators have less available stroke than the actuators located
closer to the centre. This additional stretch decreases the elasticity available for the
pair of actuators under test, resulting in a smaller stroke. This elasticity saturation
can also explain the difference in stroke between similar relative voltages (100 V and
150 V) for the 2 different biases (0 V and 150 V).

Another factor that contributes to this difference relies on the stroke-voltage rela-
tionship of each actuator. Fig. 3.2 presents the typical quadratic relationship between
stroke and voltage. At the beginning, the stroke increase is much slower than the
voltage increase. After a midpoint, located around 100 volts for this apparatus, the

stroke increase is much faster and follows the voltage increase in a near linear fashion.
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Figure 3.4: Non-additivity of influence function measurement for a pair of actuators
with a bias of 0 volt (top plots) and a bias of 150 volts (bottom plots).
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A relative voltage of 50 volts in the 0 volt bias configuration corresponds to a
slow stroke increase, thus providing a small stroke. This same relative voltage in the
150 volts bias configuration corresponds to a point further up the curve, providing a

larger stroke.

3.1.3.2 Array of 3 by 3

The tests performed on a pair of adjacent actuators were repeated with several arrays
of 3 by 3 actuators. A representative array is selected to illustrate the results. Fig. 3.5
(top), presents the comparison between the 3 by 3 actuators, which are first pushed
together (labelled poke3), then pushed sequentially and added numerically (labelled
sum) at relative voltages of 50 volts, 100 volts and 150 volts. Fig. 3.5 (bottom),

presents these results when the bias is 150 volts.

At 0 volt bias, the linear sum always provides a larger stroke than pushing the ac-
tuators simultaneously. However, at 150 volts bias, the opposite effect occurs and the
poke3 is always larger than the linear sum. Indeed, an array of 3 by 3 actuators pushed
together has a much larger strength than each actuator pushed independently. Thus,
when the membrane elasticity is reduced due to stretching, the poke3 gives larger

stroke than the linear sum.

The stretching effect is also responsible for the large variation between the stroke
obtained for a relative voltage of 150 volts at 0 volt bias (approximately 1.4 microns)

and at 150 volts bias (approximately 0.9 micron).

Finally, at 0 volt bias, the influence function presents a much larger profile than
the one obtained at 150 volts bias.

3.1.3.3 Push-pull

In a push-pull configuration, the pair of actuators are pushed in opposite directions.
As opposed to other DM technologies, where the actuation is bi-dimensional, up or
down (such as piezo-stack DM), the MEMS DM presents a characteristic pull-in be-

haviour. In order to set the actuators in a push-pull configuration, we added a bias
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of 100 volts, then set the actuator indexed 169 to 77 volts and the actuator indexed
170 to 118 volts. This provides a peak to valley stroke of 0.2 micron. This stroke
is kept relatively small to limit the stress undergone by the membrane and to avoid

damage.

Fig. 3.6 shows that the non-additivity of influence functions is compensated when
the actuators are in the push-pull configuration (plots sum and poke2 are on top of
each other). This is an encouraging result, since the actuators’ configuration when

the DM is set to compensate for atmosphere turbulence is close to a push-pull.

Push-pull at bias = 100V
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Figure 3.6: Push-pull measurements.

3.1.4 Open-loop control performance

From the results presented in the previous sections emerged a new research path:
what accuracy can be reached (best residual rms) using an experimentally based
open-loop control strategy? Indeed, with a thorough characterization process, the
control commands (volt maps) can be computed by using the information obtained

from both the actuator stroke-voltage relationship and the actuator influence function.
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The performance for open-loop control of the MEMS DM is investigated for a
simplistic approach (described in detail in Sec. 3.2), using only the calibration of the
actuator’s stroke-voltage relationship (Eq. 3.1) and the calibration of the actuator’s

influence function.

The main difference between this approach and the traditional matrix-based con-
trol approach is that the matrix-based control is done by measuring a poke matrix.
Once this matrix is inverted, it becomes the command matrix, which provides the
link between the wavefront sensor slopes measurements and the voltages to be send to
the DM. In the approach proposed below, the voltage commands to apply to the DM
are obtained without using the wavefront sensor slope measurements or a command
matrix. Instead, the voltage commands are deduced from the characterisation of the
actuators influence function and the characterisation of the actuators stroke-voltage

relationship.

One hundred computer-generated phase screens are simulated. The phase screen
properties are representative of atmospheric turbulence as seen by a 30-meter tele-
scope (with 7o = 15 ¢cm, Ly = 60 m) and must be scaled down to match the DM’s

maximum stroke (approximately 0.5 pm).

The open-loop control process is as follows:

e The least squared fit of the phase screens projected onto the normalised in-
fluence functions provides the actuator stroke maps. This least squared fit is
similar to the one perform in the matrix-based control approach, a detailed

description will be given in Sec. 3.2.2.2.

e The gain and offset coeflicients introduced in Eq. 3.1 can be extracted from
the stroke-voltage characterization. Fig. 3.7 illustrates the linear relationship

between the stroke and the squared voltage.

e The volt maps to be sent to the DM are deduced from the stroke maps by
reversing Eq. 3.1.

The multiplication of the stroke maps by the normalised influence functions pro-

vides the fitted phase screens. The fitting error is the result of the difference between
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Figure 3.7: Stroke-voltage relationship for 324 actuators of the array. The stroke is
represented as a function of the squared voltage.

the original phase screens and the fitted phase screens. The fitting error corresponds

to the DM sampling error, due to the limited number of actuators.

One set of data is shown in Fig. 3.8, to illustrate the results obtained with this
basic open-loop control process. Fig. 3.9 presents the rms of the fitting error and
the rms of the measurement error (or open-loop error) as a function of the rms of
the generated phase screen for the 100 phase screens used to perform the open-loop

control tests.

The mean open-loop rms for the measured membrane deflection is 11 nm. This

result suggests:

e a preliminary characterization of the stroke/voltage relationship is sufficient

to achieve good control

e the non-additivity of actuators’ influence functions can be assumed to be neg-
ligible for a MEMS DM provided (i) the DM is used in an open-loop scheme to
compensate for Kolmogorov type phase screens and (ii) the maximum actuator

strokes are kept relatively small.
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Figure 3.8: Illustration of open-loop control results for a set of data from the 100
samples.



o4

0.02 ;

- Fitting error
Measurement error

0.016 |
0.012 | #

0.008

rms of fitting errors and measurement errors (microns)

0.04 1 : L L L 1 J
0.03 0.04 0.05 0.06 0.07 0.08 0.09

rms of computer generated phase screens (microns)

Figure 3.9: Open-loop (measurement) error rms and fitting error rms versus the gen-
erated phase screen rms for the 100 test phase screens.

3.1.5 Conclusion for Part I

The influence functions non-additivity has been linked to the combination of elastic-
ity loss (due to membrane stretching) and to the actuator’s quadratic stroke-voltage
relationship. It has been shown that these IF non-additive effects are negligible in a
push-pull configuration. As a result, the IF non-additivity can be neglected when a
random shape (such as a Kolmogorov turbulent phase screen) at relatively low voltage
is applied to the DM. With this assumption, a simple open-loop approach based on
the actuators’ properties characterization has been tested and showed encouraging

results.
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3.2 Part II: Model (Mod1)

The work presented in the following sections is based on the following assumptions:
e for a typical turbulent phase screen, there is more power at low spatial frequencies
than at high spatial frequencies

e the statistical distribution of actuators compensating for a phase screen type Kol-
mogorov is such that the number of actuators on the “up” position is roughly equal
to the number of actuators on the “down” position. Thus, under such conditions, the

non-additivity of the influence functions can be considered negligible.

The experimental setup is identical to the setup described in Sec. 3.1.1 (Fig. 3.1),
except for the electronics driving the DM that have been updated in order to increase
the maximum stroke available. The highest voltage that can be sent to the DM is
determined by (i) the DM physical limit (i.e., the size of the actuator gap) and (ii)
the electronics. The DM physical limit is 250 volts. If an actuator is exposed to a
higher voltage, the electrostatic force generated between the actuator plate and the
actuator base will bring the actuator plate all the way down to the actuator base.
The upgraded electronics used for this experiment can provide a maximum voltage
of 200 volts, which according to the manufacturer, should provide a maximum stroke

of 2.5 pm.

The active area on the DM is still a square of 18 by 18 actuators. However, align-
ing the pupil edges (i.e., the edges of the interferometer mask) to half of the edge
actuators reduces the fitting error (this result will be detailed in Sec. 3.2.2.3). In this
optimized configuration, the effective area of the DM becomes a square of 17 by 17
actuators. For an optimized pupil size of 106 by 106 pixels, the spatial resolution
of the interferometer is 6.2 pixels per actuator for a 17 by 17 actuator array. All
results presented in the following sections are given in nm or um wavefront, with 2

nm wavefront equals to 1 nm surface.
There are only two DM properties which need to be evaluated to complete the
characterization process necessary for the control strategy: the actuator SVR and the

actuator influence function.

Note, to ensure the reliability of the characterization data, a new set of data should
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be taken, if the experimental setup is modified (optical re-alignement, temperature
variation). This will guarantee up-to-date DM properties necessary to achieve an

accurate control of the DM.

3.2.1 Deformable mirror characterization
3.2.1.1 Measurement of the actuator stroke-voltage relationship

The SVR plots for each actuator of the 18 by 18 array are generated by driving the
actuator from 0 volt to 200 volts in steps of 20 volts, while the rest of the actuators
are set to a voltage bias of 140 volts (this bias voltage corresponds to the mid-stroke,

directly measured from an actuator’s stroke-voltage plot).

The maximum stroke observed is approximately 800 nm. However, the coupled
actuator in the bottom left corner (described in Sec. 3.1.2) has a limited maximum
stroke of only 400 nm. The SVR plots obtained for the 324 actuators are presented
on Fig. 3.10. The x-axis represents the squared voltage sent to the actuator and
the y-axis the corresponding actuator stroke (in nm). The standard deviation of the

measurements is 23.4 nm rms.

4007
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Figure 3.10: Stroke-voltage relationship plots for the 324 actuators. The z-axis repre-
sents the squared voltages and the y-azis represents the stroke (in nm).
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3.2.1.2 Measurement of the actuator influence function

The influence functions are measured by releasing, one at a time, the actuators at 0
volt, while the rest of the membrane is pushed at the bias voltage of 140 volts. For

each actuator, the phase is measured by the interferometer and normalised.

——along x axis
——along y axis
~ along the main |
diagonal

normalised stroke

0.27

40 45 50 55 60 50 55 60 65 70
pixel pixel

Figure 3.11: Left, top view (zoomed) of the normalised influence function for actuator
# 171. Right, cross-sectional views along the x- and y-axis, and along the diagonal
(the actuator pitch is ~6 pizels).

To normalise the influence function, each measured phase map is divided by the
absolute value of the maximum phase point in the phase map. The normalised influ-

ence functions are unitless phase maps with the scale ranging from zero to one.

The top-view of the normalised influence function for actuator # 171 is presented
in Fig. 3.11, along with the cross-sectional view along the x-, y-, and diagonal axes.

The slight asymmetry observed along the different axes is due to a pixelization effect.

Note, in view of the actuators being released one at a time, the influence function
measurements do not include any non-linear information related to the mechanical

coupling between neighbouring actuators.
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3.2.2 Performance evaluation in open-loop control

This section describes the experimental protocol that was followed, starting from the
generation of the 100 test phase screens to their final projection onto the DM. The
100 computer-generated phase screens previously used in the open-loop experiment
described in Sec 3.1.4 are used again. However, because the DM electronics have been
upgraded to provide up to 200 volts, the sample phase screens have been scaled down

in a new way that match the new maximum stroke available on the DM.

The phase screen selected to illustrate the results in this section is similar to the
one selected to illustrate the results in Sec 3.1.4. The images corresponding to the
scaled-down phase screen, the projection onto the influence functions and the DM,

as well as the matching volt map, are gathered in Fig. 3.12.

Fig. 3.13 illustrates the open-loop control process and Fig. 3.14 the various errors

introduced in the following sections.

3.2.2.1 Generation of phase screens

One hundred phase screens ¢ are generated using Matlab. To create phase screens
that match the dynamical range of the MEMS DM, the generated phase screens are
first numerically rescaled. They are generated using turbulence parameters, which
follow a Von Karman statistic. The Fried parameter, rq, is set to 15 cm. The outer
scale, Ly, is set to 60 m and corresponds to the size of the largest turbulence cell.
Finally, the pupil diameter, D, is set to 30 m. The characterization of the actuator
SVR presented in Sec. 3.2.1.1 shows the DM being tested has a maximum stroke of
approximately 800 nm. With a bias voltage of 140 volts, the DM stroke varies from
-400 nm to 4400 nm. However, the scale of the raw phase screens generated through
Matlab is around 15,000 nm. In order to avoid DM stroke saturation, the phase
screens are scaled to 88% of the DM maximum stroke. The piston is also removed
in order to match the phase screen dynamic range to the actuator dynamic range
(£400nm) with no bias voltage.

For the representative phase screen ¢ (Fig. 3.12), the phase varies approximately
from 250 nm to -300 nm.
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Figure 3.12: Computer-generated, scaled-down phase screen @, fitted phase ¢, stroke
map, volt map, projection of the original phase screen ¢ onto the DM and “open-
loop” error. The error map incorporates both the fitting error and the DM error. All
vertical scales are in nm, except for the volt map given in volts.
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Figure 3.13: Open-loop control process.

3.2.2.2 Projection on influence function: stroke map computation

For a pixel of coordinates (z, y), the phase for the MEMS DM at this pixel is given
by:

324

pl,y) = ar Fy(z,y) (3.2)

where a; represents the unknown stroke coefficients and Fj, represents the normalised
influence functions, measured and described in Sec. 3.2.1.2 (one ay, coefficient per

influence function and one influence function per actuator).

Using matrix representation, this relation can be re-written as,
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Figure 3.14: Estimation of errors.

The evaluation of the aj, coefficients is done by performing a least square fit (LSF)
projection of the phase screen onto the influence functions, which corresponds to the

minimisation of the Frobenius norm of ¢ — F'- a with respect to a.

The minimisation of the norm corresponds to the following matrix operation:

a=F' ¢ with F'= (FTF)7'FT (3.4)

In the following, the a; coefficients related to a particular phase screen are called
the stroke map. Once the stroke maps are obtained, the fitted phase ¢ can be

reconstructed through the following matrix multiplication,

Fa=¢ (3.5)

The process described through Eq. 3.3 to Eq. 3.5 is commonly called the projection
of the phase screen onto the influence functions. Fig. 3.12 presents the fitted phase
¢ obtained by the multiplication of the stroke maps and the influence functions F),
and shows the corresponding stroke map, results of the projection of the phase screen

onto the influence functions.

The phase screens ( have been scaled to fit the DM’s maximum stroke capability.

As a result, the stroke coefficients a; also match the DM’s stroke capability. Phase
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screens ¢ and influence function phase maps are 106 by 106 pixels. To ensure the
piston was removed properly, the mean value of both the generated phase screens ¢
and the stroke maps were checked to be equal to zero. In Sec. 3.2.2.4, the stroke

coefficients will be utilized to generate the volt maps.

3.2.2.3 Fitting error minimisation

The multiplication of the stroke maps by the normalised influence functions provides
the fitted phase screens ¢. The fitting error is the result of the difference between the
original phase screens ¢ and the fitted phase screens ¢ (see Fig. 3.14). The fitting er-
ror gives an estimation of the limits of the DM’s performance, due to the limited DM
spatial resolution (limited number of actuators available to reproduce a given phase
screen). This is the DM’s sampling error. This shows how well the mirror can repro-
duce a specific phase screen when the only limiting factor is the number of actuators.
The fitting error decreases as the number of actuators increases. Non-linear effects
(such as the mechanical coupling between neighbouring actuators) are not taken into
account in the estimation of the fitting error. This is due to the influence functions
being obtained by releasing one actuator at a time, thus, the effects due to coupling

between neighbouring actuators are not present.

The fitting error can be minimised by carefully choosing the size and position of
the pupil projected onto the DM. In this experiment, the pupil is the interferometer
mask. Fig. 3.15 (top) shows the variation of the fitting error for various interfer-
ometer mask sizes. The initial size is 110 by 110 pixels, which corresponds to the
whole 18 by 18 array of actuators (see also Fig. 3.15 (bottom) for an illustration
of the size and position of the mask onto the DM’s active area). The mask size
is decreased two pixels at a time with the phase screen being rescaled to maintain
the initial phase property. The phase screen is not truncated, but rescaled over a
smaller number of pixels through an interpolation process. The D and r( are iden-
tical, as well as the variance of the phase screen before and after rescaling, only the
resolution varies. When the mask size decreases, the number of actuators available

to reproduce the phase screen also decreases and the fitting error increases as a result.

The smallest fitting error is reached when the edges of the mask are positioned at
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the centre of the actuators located at the edge of the 18 by 18 array (called the first
outer actuator corona in Fig. 3.15 (top)). In this experiment, this corresponds to a
mask of 106 by 106 pixels, represented by the red dashed line in Fig. 3.15 (bottom).
Half of the actuators located on the first outer actuator corona are outside the pupil,
thus, the DM area used to correct the turbulent phase screen is now only 17 by 17

actuators.

The minimisation of the fitting error occurs by optimizing the size of the projec-
tion of the entrance pupil on the DM’s active area and is critical for the design of all

optical elements located upstream (between the entrance pupil and the DM).

Note, in Fig. 3.15 (top), it appears that aligning the pupil to have approximately
three quarters of the edge actuators in the pupil would generate the smaller fitting
error while maximising the size of the pupil (which is desired in order to maximise

the DM’s spatial resolution).

3.2.2.4 Generation of the voltage command maps to be sent to the DM

Each actuator stroke-voltage plot can be fitted to a second order polynomial. Each
polynomial fit provides two coefficients corresponding to the offset and the gain intro-

duced in Eq. 3.2. To generate the volt maps, we inserted these coefficients into Eq. 3.1.

This equation is then inverted and, for an actuator k, becomes:

v = [t 56)

where the stroke maps (thus, the coefficients ay) are estimated from the phase screens

projection onto the normalised influence functions.

From this point forward, the volt maps can be obtained following two slightly
different paths. With option A, the mean polynomial coefficients (for the offset and
gain) from Eq. 3.1 are inserted into Eq. 3.6. With option B, each actuator’s individual
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Figure 3.15: Top, fitting error versus the size of the interferometer mask. Bottom,
diagram of the interferometer mask size relative to the first three outer actuator coro-
nas.
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polynomial coefficient is inserted into Eq. 3.6.

The comparison of rms performance obtained with these two options will be pre-
sented in the following sections. Note, for a given phase screen, the variations between
the volt maps obtained with option A and option B are in the mV range. In Fig. 3.12,
the volt map presented has been obtained with option A.

3.2.2.5 Statistical analysis of DM errors

Once the volt maps are computed, the voltage commands are sent to the DM. The
measured membrane deflections corresponding to the projection of the phase screens
onto the mirror are denoted by ¢™. Two sets of data are taken, one with option A and
one with option B. Fig. 3.12 shows ¢ obtained with option A and the corresponding
measurement or open-loop error. The open-loop error corresponds to the difference
between the original phase screen ¢ and the measurement phase screen ¢™, which is

the projection of the original phase screen onto the DM.

The DM error, corresponding to the difference between the fitted phase ¢ and
the measurement phase screen ™, provides an estimate of the error due to the DM

non-linear effects (inter-actuator mechanical coupling).

For an initial mean rms phase screen of approximately 97 nm, the mean open-loop
error is 16.5 nm rms, the mean fitting error is 13.3 nm rms and the mean DM error
is 10.8 nm rms. The DM error is a critical value, because it reflects the ability of the
modelling approach to predict the shape of the DM. Note, for the 100 phase screens
tested, option A and option B give approximately the same performance. Option
A is computationally less expensive than option B, and, thus, appears to be a more

effective approach.

Fig. 3.16 shows a histogram representation of the rms distribution over the 100
phases tested for (i) the original phase screens, (ii) the stroke maps, (iii) the DM
errors, and (iv) the open-loop errors for options A and B. The x-axis represents the
rms wavefront error (nm wavefront) and the y-axis represents the number of corre-

sponding phase screens. The lack of significant improvement between option A and
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B is clearly visible.

An overview of this study is presented in Tab. 3.1 and Tab. 3.2. The values tab-
ulated correspond to the mean value over the 100 phase screens generated and are

given in nm rms.

phase scr. stroke map fitting error

96.7325 = 20.4583 95.7828 £ 20.3680 13.3022 £ 3.2357

Table 3.1: Mean and standard deviation rms of the fitting errors. All values are given
m nm.

open loop DM
DM phase scr. phase scr.

option open-loop

A 16.5272 + 3.8791 10.7845 4+ 2.6632 17.07% 11.14%
B 16.5427 + 3.8896 10.8154 + 2.6685 17.09% 11.17%

Table 3.2: Mean and standard deviation rms of the measurement errors. All numbers
are given in nm except for the ratio values given in %.

Note that the results shown in Tab. 3.1 and Tab. 3.2 seems to indicate that the
DM error and fitting error are correlated. Indeed, correlated entities do not add in
quadrature while uncorrelated entities do add in quadrature. The DM error and fit-
ting error do no add in quadrature, indicating that they should be correlated. This
is a surprising result because the DM error and fitting error are expected to be un-

correlated.

3.2.3 Chapter conclusion

In this chapter, a low computational cost approach, referred to as Mod1, is used to
control a MEMS DM in open-loop. This control strategy assumes the non-additivities

of influence functions are negligible in the case of a DM shape that matches a random
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Figure 3.16: Histogram representation of the statistical study over the 100 generated
phase screens.
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Kolmogorov turbulence phase screen and has relatively low stroke. This approach
appears to be a possible solution for imminent R&D in ExAO or MOAO system de-

sign, because of its promising results, its simplicity, and its low computational cost.

The DM is driven in stroke command, instead of voltage command. The rela-
tionship between the membrane deflection and the applied voltage is the carefully

calibrated quadratic relationship.

Promising open-loop results with low residual rms error, obtained with a 1024-
actuator MEMS deformable mirror, are shown. The characterization process relies on
both the thorough stroke-voltage relationship calibration and the actuator influence

function measurements.

A statistical study of 100 phase screens is performed. With an optimized charac-
terization process, the residual open-loop error obtained is 17% and the residual DM
error obtained is 11% (of the original phase screen rms). The test phase screens have
a mean rms of approximately 97 nm, the mean open-loop error is 16.5 nm rms. With
a mean fitting error of 13.3 nm rms, this brings the DM error to 10.8 nm rms. The
DM error shows that Mod1 is good to 10.8 nm within the spatial frequency accessible
to the DM.

The fitting error is also highlighted as an important parameter for reducing the
residual open-loop rms error. The projection of the entrance pupil onto the DM’s
active area will impact the optical design upstream and will need to be taken into
account in the very early phase of the design. Sec. 3.2.2.3 shows that a minimised
fitting error is obtained when the pupil edges are aligned with the centre of the actu-

ators located at the edges of the DM’s active area.
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Chapter 4

Enhanced MEMS DM model for
open-loop control on SCExAQO

4.1 Chapter Introduction

This chapter introduces a high accuracy model, referred to as Mod2, allowing control
of MEMS DMs for open-loop adaptive optics applications. The model relies on the
forces applied on the DM actuators and the membrane. Mod2 is also defined by a
small number of parameters that are measured experimentally. The model is inte-
grated into an iterative algorithm that applies forces and updates actuator displace-
ments, allowing real-time utilization in an Extreme-AO system (control rate>1Khz).
This work is the continuation of an initial approach [17] and also experimentally eval-
uates the improved model on a test bench developed at the UVic AO Lab.

The measurements show that Mod2 reproduces Kolmogorov type phase screens
with an error equal to 7.3% of the rms of the desired phase (1.6% of the peak-to-
valley desired phase). This performance corresponds to an improvement of a factor
three compared with the standard quadratic model (common relationship between
voltage and actuator displacement). Originally developed for the DM control of the
Subaru Coronagraphic Extreme-AO (SCExAQ) project, the model and algorithm are
also suitable for Multi-Object AO systems.
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4.2 Modelling MEMS DMs with Mod2 and the

iterative algorithm

4.2.1 General description of the method

The DM model and the iterative algorithm, used to transform command voltages
into displacements (using the DM model), are illustrated in Fig. 4.1. They provide
an accurate estimate of the DM shape without employing computationally intensive

techniques, such as those derived from the thin plate theory [74, 62, 8].

PRELIMINARY CALIBRATION /
Voltages - Set of 32x32 voltages
map -NOT IN REAL TIME - - Felee = Fmee = Frecoil = 0
-dp=0
|. Experimental estimation - g = g0 = 5 microns
of the model coefficients
.-
= 0
2 i
y g- - Compute L
2. MCMC optimization of the B2 Felec
model coefficients S8
[+]
=3 2 Y
= a
§ § g 52 Compute
TE gA dp
B G
o9 o
® Compute
(=]
= Fmec
Y
Compute Und
dp > Update g
' -
: Transformation:
Predicted phase map Displacement map to Phase map

Figure 4.1: Quverview of the model and algorithm organization.

Mod2 uses three force equations that represent the active forces during operation
of the DM. As shown in Fig. 4.2, the forces are:

e The electrostatic force, F,.., between the top actuator plate and the fixed

actuator base,

e The mechanical coupling force, F),.., between neighbouring actuators,
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e The restoring force, Fycstoring, Of the actuator top plate.

Frestoring

tormg Fme

F_r;ec PTe)l'ec
F elec vy

[ e

Figure 4.2: Schematic of the forces acting on two neighbouring actuators. Due to the
mechanical coupling, the left actuator is being pulled up (by the right actuator) and
the right actuator is being pulled down (by the left actuator).

The sum of all forces must equal zero for the system to reach a state of equilibrium.
The simultaneity of the force action cannot be reproduced directly with numerical
simulation, therefore, the model must be integrated into an iterative algorithm. The
displacement of a specific actuator is adjusted in an iterative fashion until all forces

applied to the actuator converge to the state of equilibrium.

The algorithm starts with an input volt map, and using Mod2 (Block [B], Fig. 4.1)
converges toward an output phase map (Block [C], Fig. 4.1).

To match the model to a given DM and a given experimental setup, a set of model
parameters must be optimized during a preliminary calibration procedure, which
consists of two main steps. First, a set of volt maps are applied to the DM. The
interferometer is used to measure the DM shapes obtained in response to these volt-
ages. Secondly, the same set of volt maps is used to generate modelled phase maps
with the iterative algorithm. An optimization algorithm is then used to identify the
values of the model parameters that result in the best match between the measured
DM shapes and modelled phase maps. The optimization of the model parameters is

critical in obtaining accurate results.
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4.2.2 Definition of the model forces
4.2.2.1 Electrostatic force (F.)

Each actuator is modelled as a capacitor with a fixed grounded plate electrode coupled

with a movable top plate electrode. The capacity can be written as

€€, Lw
g

C:

(4.1)

with €y as the permittivity of free space, €, the medium dielectric constant, L and w
the actuator plate length and width (here L = w) and g the gap between the two
plates.

The difference of potential, or voltage, between the two plates is denoted V' and

the potential energy can be written as
|
Epot = QCV (4.2)

The electrostatic force F.;.. can be written as

_dEpOt B _i(eoeerVQ
dg~— dg° 29

Felec - ) (43)

Finally, for a given actuator, indexed (i, j), Fj. is given by the following relationship,

e Lw V (1, 5)*

Fe ec ’L,j - . 4.4
ecli J) 2 g(i,j)? (44)
with k. as .

ko = 6067"2 v (4.5)

The variables of Eq. 4.5 have the following physical values:
e 5o = 8,854187.10712 F.m ™!
e ¢, = 1 (air relative permittivity)
e L = w = 340 microns

As a result, k. is estimated to be k. = 5.1153.10~* F.m.
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When the DM is at rest (no applied voltages), the initial distance between the
two actuator plates, go, is specified by the manufacturer as 5 microns [2]. However,
during the model iterations, the value of ¢ varies with the estimation of the actuator

vertical displacement, dp, as

4.2.2.2 Actuator plate restoring force (Fiestoring)

Each square actuator plate is rigidly connected to the substrate along two of its edges
and suspended above an addressable electrode [11]. When a voltage is applied, the
top actuator plate is deflected toward the fixed bottom plate and is subjected to a
bending load. The material naturally tends to return to a state of equilibrium, cre-

ating a restoring force Frestoring-

MEMS actuators can only be pulled in one direction (toward the fixed actuator base),

SO Frestoring Will always be in opposition to Fie..

Flestoring 1s modelled using the classical spring model and can be written as

Frestoring(iaj) = dep(Z7]> (47)

with dp(i,j), the vertical displacement of the actuator top plate toward the actuator

base plate, and k,, the spring constant of the actuator top plate.

4.2.2.3 Inter-actuator mechanical coupling force (F),..)

When a voltage is applied to an actuator, [y and Fjegoring balance and define the
extent of the vertical displacement for this actuator. As illustrated in Fig. 4.2, a rigid
post (represented in grey) connects the actuator top plate to the membrane. The
membrane acts as a strong connection mechanism between neighbouring actuators.
Thus, in addition to Fye. and Fegoring, the vertical displacement of the adjacent
actuators needs to be estimated to accurately predict the vertical displacement of a

given actuator in the array.
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The mechanical coupling between neighbouring actuators, F,.., can reach up to
30% (of the actuator displacement) for some DM technologies, but is usually only
a low percentage for MEMS DMs. The following hypothesis was formed: the effect
of one actuator is mainly localized to its first eight direct neighbours. The results

presented in Fig. 2 of [45] confirm this is a reasonable assumption.

The vertical motion of a given actuator will be minimized, if the neighbouring ac-
tuators have lower displacements, and amplified, if the neighbouring actuators have
larger displacements. Any configuration in between is possible. Therefore, F,.. can

either be opposite to F,;.. or in the direction of F..

The classical spring model is chosen to represent the interaction between neigh-

bouring actuators and takes the form shown in Eq. 4.8,

Fonee(i,§) = > km-(dpli, §) — dp(perpy) + Y k.. (dp(i, j) — dp(diags) ~ (4.8)

p=1

dp(i, j) represents the vertical displacement of the actuator of index (i,j). dp(perp,)
corresponds to the vertical displacements of the four direct perpendicular neighbour
actuators. As a result, perp, (perpy, perps, perps, prepy) represents the actuators
indexed (i+1, j), (i-1, j), (i, j+1), (i, j-1). dp(diagq) corresponds to the vertical
displacements of the four direct diagonal neighbour actuators. As a result, diag,
(diagy, diags, diags, diags) represents the actuators indexed (i+1, j+1), (i-1, j-1), (i+1,
1), (i-1, j+1).

To simplify the notation, dp(i, j) —dp(perp,) and dp(i, j) —dp(diag,) will be named
Adp, (for perpendicular) and Adp, (for diagonal) in the following. k,, is the spring
constant. k; is another model parameter dedicated to take into account the difference
in the lateral distance between diagonal/perpendicular neighbouring actuators to

the central actuator (see Sec. 4.2.3).
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4.2.2.4 State of equilibrium

When the system is in a state of equilibrium, the sum of all active forces must be

equal to zero:

Felec(iaj) + Frestoring(iaj) + Fmec(iaj) =0 (49)

Using Eq. 4.7 and Eq. 4.9, dp can be written as

—(Fee(i, §) + Free(i, §))

dp(i,j) = ?

(4.10)

4.2.3 Description of the model parameters: DM parameters

and geometrical parameters

It is important to match the model to a specific DM and its associated optical ar-
rangement. Therefore, the model parameters are separated into two groups named
DM parameters and geometrical parameters. Both set of parameters presented in
Tab. 4.1 must be optimized during the calibration. The Markov Chain Monte Carlo
(MCMC) algorithm is chosen to perform the optimization.

The use of “global” model parameters accompanies the assumption that the DM
behaviour is isotropic. Exploring anisotropy is outside the scope of this work and
could become a refinement of the work presented here. The residual fit numbers
given in Sec. 4.4.2 are for an isotropic model and could be improved with a non-

isotropic model (which would require additional calibration).

DM parameters

A first set of eight parameters describes the DM intrinsic physical characteristics.
One DM parameter, k., is introduced in Eq. 4.5. The parameter k, is part of Eq. 4.7.
The restoring force is modelled using the spring equation. It is important to note
that, as will be shown experimentally in Sec. 4.3.2, k,, the spring constant, varies

with the displacement of the actuator plate in a quadratic fashion,

ky = ky, + kyy.dp + ky, .dp? (4.11)
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DM parameters Description Located in

k. [F.m] Param. for F. Eq. 44 / Eq. 4.5
k., [N.m™1] Param. for F,esioring - 0 order Eq. 4.7

k., [N.m™2] Param. for Fiestoring - 1% order Eq. 4.7

k., [N.m™3] Param. for Fjesioping - 2" order Eq. 4.7

km, [N.m™!] Param. for F,,.. - 0 order Eq. 4.8

km, [N.m™2] Param. for F,,.. - 1°¢ order Eq. 4.8

k. [N.m™3] Param. for F,,.. - 2" order Eq. 4.8

ki [-] Param. for F,,.. - geometrical factor Eq. 4.8

Geometrical parameters

Description

X shift [m]

Y shift [m]

DMangle [rad]
DMprojAngle [ratio]
DMactusize [m)]
DMpixscale [m.pz~!]
Size [px]

I F iy [m]

Shift along the x-axis

Shift along the y-axis

DM rotation with respect to the beam
Projection angle of the beam onto the DM
DM actuator size

Pixel scale

Size of the phase map on the detector
Gaussian FWHM for the influence function

Table 4.1: List of DM parameters and geometrical parameters.
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To simplify the notations, dp(i,j) is simply named dp and represents the vertical
displacement of the actuator under evaluation. As a result, k,,, k,, and k,_ are three
additional DM parameters to be optimized (with powers arranged in ascending order

of the second order polynomial k).

Similarly, it will be shown in Sec. 4.3.2 that, k,,, the spring constant dedicated
to the expression of Fj,.., actually varies with the degree of stretching of the mem-
brane. k,, also follows a quadratic law (Eq. 4.12). Three additional parameters are
thus dedicated to the inter-actuator mechanical coupling F),... The parameter k,, is
estimated by examining the relative difference in displacement between an actuator

and its eight direct neighbours, or Adp.

K = Ky + Ky -Adp + k. Adp? (4.12)

To simplify the notation, both Adp, and Adp, have been encompassed inside Adp.
Finally, k; is used to take into account the geometrical difference in the lateral
distance between the perpendicular neighbouring actuators and the diagonal neigh-

bouring actuators to the central actuator.

Geometrical parameters

To match the model with a specific experimental setup, a set of geometrical pa-
rameters must also be estimated. One parameter is dedicated to the transformation
from the displacement map to the phase map. The FWHM of the Gaussian function

(used to represent the influence function of the actuator) is set as a free parameter.

The remaining parameters take into account any misalignment existing in the sys-
tem (possible translation along the x- and y-axis, possible rotation of the image on
the detector). They also take into account the projection angle of the beam onto the

DM, the pixel scale, the size of the image on the detector, and the size of the actuators.

The vertical displacement of a given actuator is affected by the vertical position of
the surrounding actuators. This is due to two coupled phenomena. First, the FWHM

of the Gaussian function defines the extent of the impact of an actuator motion over
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its neighbours. Second, the mechanical coupling between adjacent actuators defines
how the vertical position of a given actuator is biased by the vertical position of its

neighbours.

The model provides an optimal balance between these two phenomena, due to the
optimization of both (i) the parameter related to the Gaussian FWHM (I F;4,) and
(ii) the parameters related to Fiec (Kmy, km, and kyy,,).

It is important to note that, although F),.. and IF,;u, are coupled, both pa-
rameters are necessary to the model because they intervene at different levels. F,..
allows to compute dp, while, I F,;4n allows to convert the displacement map to a

“continuous” phase map.

4.2.4 Description of the iterative algorithm used for DM

shape computation
4.2.4.1 Algorithm input-output

The iterative algorithm is illustrated in Fig. 4.3. The algorithm input is (i) a set of
actuator voltages to be applied to the array of actuators and (ii) the model parameters
(Tab. 4.1). Using the model equations presented in Sec. 4.2.2 and the DM parameters
(Sec. 4.2.3), the iterative algorithm generates an output vertical displacement map
(having the same dimension as the input volt map) named hereafter the displacement
map. The displacement map is then transformed into a phase map of size defined by
the user (for example, 256 by 256 pixels or 1024 by 1024 pixels).

The actuator influence function (see Chap. 2) is the characteristic shape of the
mirror response to the action of a single actuator. Influence functions can be rep-
resented using Gaussian functions. To go from the displacement map to the phase
map, the algorithm performs a proper normalization of the influence function to en-
sure that the volume under the influence function is equal to the area corresponding
to an actuator pushed to the nominal displacement. This is critical to ensure that if
all actuators are pushed to 1 micron, the mean value of the membrane shape obtained

is actually 1 micron.

The final phase map (constituting the output of the iterative algorithm) is then
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constructed by the cumulative sum of the multiplication, point by point, of the dis-
placement map by the normalized influence function. The geometrical parameters
(Sec. 4.2.3) are integrated in this step, to provide the capability of adding geometri-

cal transformations in the final image.

[nput: Step 1: Step 2: Step 3: _Output:
voltage —| compute Felee |—| computedp |[—| compute Fmec |~ displacements
map map
(32x32) (32x32)
Step 5: - Step 4:

update g compute dp

Figure 4.3: Detail of the iterative algorithm. The input is a volt map and after a few
iterations of Step 1 to Step 5, the algorithm converges to a displacement map.

After the algorithm initialization (Block [A], Fig. 4.1), the algorithm iterations

begin and can be subdivided into four sub-steps, which are described below:

Step 1: For each actuator of the array, the electrostatic force Fi.(7, j) is computed

using Eq. 4.4.

Step 2: A first estimation of the displacement dp(%,j) of each actuator is computed

using Eq. 4.10. During the first iteration only, F},...(i, j) is set equal to zero and
the DM is modelled as if it had a segmented membrane. For all the following
iterations, the value of F},..(i, j) will be the outcome of Step 3 from the previous

iteration.
Step 3: For each actuator of the array, F,..(7,7) is computed using Eq. 4.8.

Step 4: An updated estimation of dp(i,j) is computed using Eq. 4.10. At this point,

Fonee(i, j) is always the outcome of Step 3 from the current iteration.

Step 5: The size of the gap, g(i, j), is also adjusted using Eq. 4.6.

When Step 5 is completed, the output value for F,..(7, j) is set as the new F,,..(7, j)

input value for the next iteration and the algorithm starts back at Step 1.
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When the iterations are complete, the output is the 32 by 32 displacement map,
which will be transformed into a phase map during the “Final Transformation” (Block
[C], Fig. 4.1).

4.2.4.2 Initial conditions for the iterative algorithm

The initial conditions are given below:

e The initial gap between the actuator top plate and the fixed actuator base

plate, go, is equal to 5 pm [2]
o All forces are equal to zero (Fiec(i, j) = Frestoring(t,7) = Fmec(i,7) = 0)
e The displacement of each actuator is equal to zero (dp(i,j) = 0)

e Fach model parameter is set to its optimized value determined during the

initial calibration.

4.2.4.3 Constraining the maximum actuator displacements

The reflective membrane, laid on top of the actuator array, is clamped to the edge
of the DM structure. Although clamping is located outside the area of interest, it
still affects the edge actuators by minimizing their maximum vertical displacement
in comparison to the maximum displacement achievable by the rest of the actuator
array. To take into account this limitation, a constraint is added to the model: the
maximum displacement of the edge actuators is set to a smaller value than the max-

imum displacement set for the rest of the actuators.

A systematic verification of the computed value of dp for each actuator is per-
formed in Step 2 and Step 5. Any actuator (central or edge) with a computed dis-
placement exceeding the authorized measured value (dpqp OF dpeqge respectively) is

reset to the maximum value allowed.
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4.3 Preliminary calibration of the model parame-

ters

4.3.1 Description of the Markov Chain Monte Carlo algo-

rithm

In order to accurately estimate the optimum value for each parameter, a MCMC al-
gorithm is implemented. However, for the MCMC to perform efficiently, it is critical
to start with initial values that are close to the real values. Thus, an experimental

estimate of the model parameters is first performed (described in Sec. 4.3.2).

The MCMC algorithm is a variation of the classical Monte Carlo algorithm and
has the advantage of only performing computations in the regions where the data

optimization is improving.

The goal of the model is to reproduce, with the highest accuracy, the phase map
produced by the DM for a given set of voltages. The model inputs are:

e The same set of voltages (volt map) sent to the DM
e The set of model parameters.

To optimize the value of model parameters, the MCMC minimizes the difference
(residual error rms) between the “modelled” phase map and the original (measured)

phase map.

During each iteration, two series of parameters are randomly selected, named here-
after “Set I” and “Set II”, and the model performance are evaluated for each set. The
difference between the modelled and original maps (in the rms value) is estimated for
Set I and Set II. The set which provides the smallest difference corresponds to the

best match between the model parameters and the real DM.

Each iteration of the optimization procedure is organized as follows:

(i) The MCMC starts with a set of user-defined initial parameters, correspond-

ing to Set I. The values of these initial parameters are defined experimentally
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(ii) Using Set I, the residual rms error, ®;, between the modelled phase map

and the measured phase map is estimated

(iii) A second set of parameters is randomly picked and the residual rms error
obtained with Set II, @5, is estimated. To generate a new value for each parame-
ter of Set II, a random number (positive or negative) is added to each parameter
of Set I (each parameter has a specific number added or subtracted). The range
of values accessible to each parameter is user-defined at the beginning of the
algorithm and based on results found during the initial experimental evaluation

of the model parameters. This range can be adjusted during the optimization

(iv) The ratio of the residual rms error, R, between Set I and Set II is then

computed as

R_cb2

(4.13)

(v) If R > 1, Set II gives the best fit between the DM and the model. The
algorithm moves toward the region of lower residual rms. Set II is saved as the

new Set I for the next iteration

(vi) If R < 1, Set IT is not better than Set I. A random number U taken between

0 and 1 is picked (using a uniform distribution)

o If U < R, Set II is selected to be the starting set for the next MCMC
iteration, which gives a chance to explore some regions where the residual

rms is larger

o If U > R, Set I is selected to be the starting set for the next MCMC

iteration

(vii) The parameters of the selected set are saved as the new Set I for the next

iteration and the loop starts back to step (ii).
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4.3.2 Experimental estimate of the model parameters

The MCMC algorithm requires a reasonably accurate initial estimate of the param-
eter set in order to converge. This is achieved by an experimental characterization

that also produces values for dp,,q, and dpeqge-

The experimental data presented below and in Sec. 4.4 are generated using the fol-
lowing experimental setup: the MEMS DM is fixed on a 5-degrees-of-freedom mount
(x, v, z, and tip-tilt) and positioned in front of the interferometer. Two filters are
also inserted in front of the interferometer window to optimize the fringe contrast and

improve the measurement quality.

All volt maps and phase maps used in the following had a reference area and
an active array (see Fig. 4.4, left). The reference area is the outer corona of seven
actuators across (actuator 1 to 7 and 26 to 32 for both rows and columns). The
central active array is eighteen by eighteen actuators wide. The reference area is set

to 0 volt at all times and has two purposes:

e To accurately define a zero reference point for the interferometer measurements.
Because the piston is not visible, this zero reference point is necessary to improve
the accuracy in the estimate of the displacement for each actuator of the active

array

e To mitigate the effect of the defective actuator (located at row 6, column 22).
This actuator follows the motion of the array up to approximately 90 V, then
stays below the other actuators when the voltage is pulled to higher values. The
model performance is thus estimated for the active area, which contains only

valid actuators.

Fig. 4.4 (right) shows a phase measurement of the array of 32 by 32 actuators
pulled to 100 V. The dead actuator appears on the bottom right part of the image
and the white dashed square shows the limit of the selected active array of the DM.

The level of precision of the interferometer measurements was verified to ensure
it did not compromise the evaluation of the performance obtained with the model.

Hence, the rms error on the interferometer measurements should be small compared
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Figure 4.4: Left, location of the active array and reference area. Right, phase mea-
surement for the array of 32 by 32 actuators pulled to 100 V.

with the model rms error, to confidently validate the model performances.

To evaluate the interferometer noise, the rms error for the difference of two con-
secutive measurements of the same phase screen is compared to the phase screen rms.
The percentage obtained between the error rms and the phase screen rms is 0.0332%,
which is roughly a factor one hundred smaller than the percentage obtained for the
model performance evaluation. The interferometer precision is, thus, sufficient to

validate the model performances.

4.3.2.1 Measurement of the DM maximum displacement (dp,,q.)

The maximum vertical displacement dp,,., should be reached when all actuators are
pulled to the maximum voltage of the device, 200 volts. However, because a reference
point is needed to accurately estimate the displacement, only the active array is set
to 200 volts. This will not impact the performance of the model, because all volt

maps will have the identical reference area and active array.

Fig.4.5 (top) shows the phase measurement of the 32 by 32 array with the active
array set to 200 volts. The vertical cut along the centre of the membrane is presented

on the bottom image. The maximum displacement is estimated as dp,o, = 1.6 pm.

The interferometer measurements become corrupted when the dynamic range of
the displacement become too large. This effect is evident in Fig. 4.5, where the

reference area appeared split in two regions (dark blue and light blue).
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Figure 4.5: Top, phase measurement of the 32 by 32 array. The active array is set to

200 V (in red), the reference area is left to 0 V (in blue). Bottom, transversal cut of
the phase measurement.
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4.3.2.2 Measurement of the maximum displacement for the edge actua-

tors (dpedge)

The motion of the first outer ring of actuators is constrained, because the membrane is
clamped at the edges. To measure the maximum displacement of the edge actuators,
all actuators of the 32 by 32 array are pulled to 200 volts, while the last five left rows
are maintained to 0 volt. The zero-volt plateau is required to accurately measure the

maximum displacement, as it provides a zero reference point for the measurement.
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Figure 4.6: Transversal cut of the phase measurement of the edge actuator mazximum
displacement.

Fig. 4.6 shows a cross-sectional view along the membrane with the five rows of
actuators maintained at 0 volt to the right and the lifted-up edge of the mirror to the

left. The mean value of the measured displacement on the left edge is dpegge = 1.3pum.

For this specific experimental setup, the evaluation of dp.qq. is not critical because
the seven outer coronas of actuators are constantly maintained at 0 volt. To apply
this model to a full 32 by 32 active array, an accurate estimation of dpeqq. would be

an important constraint.
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4.3.2.3 Measurement of the actuator influence function

During the transformation from the displacement map to the final phase map, a
Gaussian function (defined by its FWHM) is used to represent the actuator influence

function.

at FWHM ~ 8 pixels | |

—> | -

displacement (m)

0 50 100 150
pixels

Figure 4.7: Phase measurement (cross-sectional view) of the influence function.

The parameter corresponding to the FWHM value can be experimentally esti-
mated by measuring the real influence function of one of the actuators. Fig. 4.7
shows a measurement (cross-sectional view) of the influence function for actuator
[16,16] when pulled to 160 volts, while the rest of the array is maintained at 0 volt.
The FWHM can be estimated to approximately 8 pixels.

4.3.2.4 Measurement of the DM parameter k,

The parameter k, introduced in the restoring force equation (Eq. 4.7) is estimated

experimentally by successively pushing the active array to voltages varying from 20
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volts to 120 volts in steps of 20 volts, while the rest of the actuators (reference area)

are maintained at zero.

For the actuators located at the centre of the active array, the mechanical coupling
can be approximated to zero, because all actuators are at the same voltage and,
therefore, at the same approximate vertical displacement. For the central actuator,

the following assumptions are made:

o F..(1,7) is computed from Eq. 4.4. The voltage is known and k. = 5.1153.10~*
F.m.

e dp(i, j) is known from the interferometer measurement

® Fec(i, 7) is approximated to zero.

Fig. 4.8 (top) shows the actuator displacement dp(i, j) obtained along the central
cross-section of the active array when pulled from 20 volts to 120 volts. The evalua-
tion of dp(i, j) is done by measuring the mean value over the range of pixels from 70
to 100 (black arrow above the plots). The variation of k, with respect to dp(i, j) is
plotted in Fig. 4.8 (bottom).

Tab. 4.2 can be established using Eq. 4.10. The parameters obtained from the
quadratic fit of k, are presented in Tab. 4.3.

voltage [V] dp [m)] k. [N.m™1]
20 4.8471.1078 | -172.1756
40 1.9796.1077 | -179.2956
60 4.2673.1077 | -206.3309
80 6.6975.1077 | -260.6816
100 8.9657.1077 | -338.8381
120 1.1125.107% | -438.1271

Table 4.2: Look up table established for the experimental evaluation of k,.
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v, r, v,
“174.3638 | 2.9753.107 | -2.3916.101

Table 4.3: Values obtained during the experimental evaluation of k,.

4.3.2.5 Measurement of the DM parameter k,,

Once k, is known for a given dp, the same process is applied to the membrane spring
constant, k,,. The central active array of actuators is successively pulled from 40

volts to 120 volts in steps of 20 volts, while actuator [16,16] is maintained at 40 volts.

In this configuration, actuator [16,16], named actyg, is always subjected to the
same voltage. Without mechanical coupling, the vertical position of this actuator
should not vary when the rest of the active array moves from 40 V to 120 V. The ob-
served increase in the vertical displacement of actig is due to the action of the height
neighbour actuators, which are pulling acts upward through mechanical coupling of

the membrane.

Fig. 4.9 (top) shows the cross-sectional view of the array passing on top of actg
for the five different voltages (40 V to 120 V) and the vertical displacement dp(acte)
for actg. Adp is estimated for each voltage by measuring the difference between the
vertical displacement of actg and the vertical displacement of its eight neighbours.
Using the following assumptions,

e [k, is estimated from the optimized values of the quadratic fit

o F...(acts) is computed with k. = 5.1153.107*° F.m.

e actig diagonal and perpendicular neighbours are considered to be at the same

lateral distance from actyg (this corresponded to set k; = 1)

e Adp is considered to be the same for each of the eight neighbours.

The value of k,, can be estimated from Eq. 4.4, Eq. 4.7 and Eq. 4.8,

—(F .
km _ ( elec(aCtlg')A—;l;T dp(aCtm)) (414>
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Figure 4.9: Top, measurements of the displacement obtained along the vertical cut

passing on top of actig. Bottom, plots of k,, and its quadratic fit over the range of
Adp.
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Plotting k,, with respect to Adp shows a quadratic variation. Fig. 4.9 (bottom)
shows the plot of k,, with respect to Adp and the corresponding quadratic fit.
The parameters obtained from the second order polynomial fit of k,, are presented in

Tab. 4.4.

k., ko, k.
115.8480 | -4.4560.107 | 4.9054.10%°

Table 4.4: Values obtained during the experimental evaluation of k,,.

As demonstrated above, both k,, and k, (the spring constant for the inter-actuator
mechanical coupling and the actuator top plate restoring force, respectively) are not
of constant value, but instead vary following a quadratic law. This is due to the fact
that the model is not perfect and uses a limited number of degrees of freedom to
evaluate the shape of the DM membrane. During the MCMC optimization of the
model parameters, the physical parameters of the DM, which are not taken into ac-
count by the model, will impact the value of the model parameters. This also explains
the difference between the theoretical value (for k.) and the experimental values (for

kg ., kr, . and k;) and their optimized counterparts (see Tab. 4.5).

4.4 First laboratory demonstration: evaluation of

Mod2 performance

4.4.1 Figures of merit

In accordance with the techniques of the previously reported experiments, two figures
of merit (FOM) are described to quantify the model performance. The two FOM are

similar to Guzmén [46] metric and are defined below:

e The ratio of the residual error rms to the Peak-to-Valley (PV) excursion of the

desired wavefront correction

restdual,
Ry = 4.15
PV desiredpy ( )
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e The ratio of the residual error rms to the rms value of the desired wavefront
correction '
restdual, g

Rymsjrms = ————— 4.16
/ desired, s ( )

4.4.2 Performance of Mod2 with Kolmogorov type phase

screens

The model performance is assessed over the active array of 18 by 18 actuators (and,
therefore, avoiding the defective actuator) and using the experimental setup discussed

in Sec. 4.3.2. This corresponds to a central 100 by 100 pixels phase map.

Although Zernike polynomials (Appendix B) are commonly adopted to estimate a
model performance, the goal of this experiment is to evaluate the phase residual when
the model is confronted with phase aberrations similar to the one encountered with
atmospheric turbulence. As a result, a set of ten different volt maps is generated, cor-
responding to voltages that would be sent to the DM when trying to compensate for
Kolmogorov turbulence. We note that decomposition of Kolmogorov phase screens
into Zernike polynomials can be performed to establish correspondence between the

two metrics.

An offset of 90 V is applied to all volt maps to set the DM in the mid-range
displacement. The model parameters are first estimated following the calibration
procedure described in Sec. 4.3.2. Then, the MCMC optimization is accomplished by
simultaneously minimizing the residual rms error (Eq. 2.5) obtained with five sets of

measured phase and their corresponding modelled phases.

The number of measurements (ten) presented in this section is limited. However,
provided that (i) the model assumes the parameters of the model are the same for all
actuators and (ii) there are 18 by 18 actuators and 10 phase maps, the performance is
evaluated over a sample of 3240 data points, which is much larger than the number of
parameters to optimize (15). Furthermore, the ten phase screens used had PV values
varying from 1311 nm to 1716 nm and rms values varying from 474 nm rms to 526 nm
rms. For each actuator, the 10 displacement values sample approximately 500 nm rms
of displacement around the actuator nominal position (chosen here to be 90 volts).

Assuming the position of each actuator is a function of the voltage applied as well
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as the voltage applied to its height surrounding actuators, the data sample consists
of 360 independent 3 by 3 blocks of voltage with the differential voltage between ad-
jacent actuators representing realistic atmospheric properties. When conservatively
accounting for inter-actuator couplings, the number of independent measurements
(360) is still much larger than the number of parameters (15) and we, therefore, con-

clude that the ten phase screens are sufficient to constrain these parameters.

We note that high precision derivation of the model parameters or, equivalently,
high precision analysis of the residuals after parametrization of the DM with our
model would require a larger number of phase screens. The goal of this chapter is,
however, simply to present the first results from a new DM modelling approach. We
want to show that Mod?2 and the iterative algorithm can be easily implemented and
provides a significant improvement over the simple quadratic voltage-displacement
law often used for MEMS devices. For these goals, analysis of ten phase screens is

sufficient.

Mod?2 performance is estimated, in percent, using the two figures of merit de-
fined in Sec. 4.4.1. Five of the phase screens have been introduced inside the MCMC
optimization algorithm. The five remaining ones are used to check the model perfor-
mance and verify that Mod2 can accurately reproduce a given phase screen once the
parameters have been optimized. The number of iterations necessary for the model

to converge to a state of equilibrium is low (< 15).

The residual error rms varied from 13 nm rms to 20 nm rms, resulting in model
performances oscillating between 1.6% and 3.2% (for the “rms error/PV” FOM) and
between 7.3% and 14.6% (for the “rms/rms” FOM).

The values of the model parameters defined during the MCMC optimization step
and used to evaluate the Mod2 performance are listed in Tab. 4.5. Fig. 4.10 shows
five sets of measured phase maps (left) and their corresponding simulated phase maps
(middle), as well as the difference between the measure and the model (right). The

top two sets have been used to run the model parameter optimization.
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DM parameters Geometrical parameters

o [F.1m] 1.42299.10 ™ || Shift in x [m] 76.65599.10°
ky, [N.m~1] 11332.66 || Shift in y [m] -3.88445.10°5
k., [N.m™2] 1.57182.10® || Rotation [rad] 0.00798692
k., [N.m™?] -7.25453.10' || Beam projection angle [ratio] 0.985234
km, [N.m™1] 35.5179 DM actuator size [m] 0.00065777
km, [N.m™2] 1.12478.107° || Pixel scale [m.pz™'] 0.0001052
km, [N.m™3] 2.26682.10" || Gaussian FWHM [m] 2.6579.1077
ki [ -] 6.2802

Table 4.5: Model parameters resulting from the MCMC optimization. The phase map
1s 167 by 167 pixels.

4.4.3 Performance comparison with previous modelling ap-

proaches

Mod2 performance is compared with Morzinski[62], Guzm&n[46], and Mod1, as they
correspond to the models tested using either Kolomogorov or random type phase
screens. The values for Mod2, presented in Tab. 4.6, are the mean value over the ten

phase screens under test.

Mod2 performance has been compared with the performance obtained using the
standard quadratic model (SQM). The SQM gives the relationship between the ac-
tuator vertical displacement and the voltage applied to the actuator and is defined in
Eq. 3.1. In this case, the offset is assumed to be equal to zero and the relationship

can be simply written as
Displacement = o x Voltage® (4.17)
with a a constant.

For the performance evaluation of the SQM, « is optimized using the MCMC al-

gorithm with the set of ten phase screens used for our model performance evaluation.

It is important to note, in Tab. 4.6, that the values presented for Mod1, Mod2 and
SQM, under “Desired phase” (PV and rms), “Error rms”, “R,ps/pv”, and “Ryns/rms”
are, each, the mean value over the sample of phase maps under test. Therefore, the

values indicated under “R,,,,/py" are not the ratio of the values indicated under “Er-
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ror rms” and the values indicated under “Desired phase” (PV), but instead, for each

phase map under test, the R,,,,/py value has been computed and the mean value of

these R,ps/py values is indicated.

Authors Phase type | Desired phase | Desired phase | Error rms | Ryps/pv | Rrms/rms
PV (nm) rms (nm) (nm) (%) (%)
SQM Kolmogorov 1448.3 489.5 47.5 6.6 32.2
Morzinski || Kolmogorov 480 — 16 3.33 —
Guzman Random 1320.8 320.0 40.6 3.07 12.68
Mod1 Kolmogorov 550 97 16.52 1.96 11.14
Mod2 Kolmogorov 1448.3 489.5 16.8 2.3 11.5

Table 4.6: Model performance comparison. Values for Mod2 and SQM are the mean
value over the ten phase screens under test.

Tab. 4.6 shows that Mod2 allows improvement of the DM control performance by
approximately a factor three compared with the SQM.

Because the phase maps used for the evaluation of Modl and Mod2 are different
(with the turbulence used for Mod?2, being approximately three times stronger than
the turbulence used for Mod1), a quantitative comparison between the two models
performance cannot be established. However, the values obtained for R, py and
Rypns jrms sSuggests that Mod2 performs better than Mod1, as it provides a similar level

of compensation than ModI, which was compensating for a weaker turbulence.

4.5 Chapter conclusion

A new model, Mod?2, allowing the accurate open-loop control of MEMS DMs, is pre-
sented. The model structure permits real-time utilization in an ExAO system. It
must be coupled with an iterative process, which inputs a set of voltages and, after

few iterations, outputs the phase map produced by the DM.

The model is flexible and allows changes to the parameters without requiring new
algorithms to be developed. It allows quick determination of which parameters mat-

ter through trial and error. Therefore, the approach can be readily adapted to other
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continuous membrane DM technologies. For example, one could replace the electro-

static force equation by the magnetic force equation for a magnetic motion driven DM.

It is critical to match the model to a specific DM and its associated optical setup.
Therefore, a set of DM and geometrical parameters must be optimized. These param-
eters greatly influence the model performance, because they are part of the three force
equations used to simulate the active forces during operation. To accurately estimate
the values for the model parameters, a Markov Chain Monte Carlo algorithm is used
during a preliminary optimization step. This modelling approach is fast because it
does not need the use of intensive computational equations, such as the plate theory

equation previously proposed for that purpose.

The first laboratory demonstration shows promising performance with 2.3% resid-
ual rms error (for the “rms error/PV” FOM) and 11.5% residual rms error (for the
“rms/rms” FOM ), corresponding to the mean values obtained over a set of ten
phase screens with a mean PV of 1448 nm. This performance corresponds to an im-
provement of a factor three compared with the standard quadratic model (common

relationship between the voltage sent and the actuator vertical displacement).
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Chapter 5

Implementation of Mod2 within
the SCExAQO wavefront control

system

5.1 Chapter Introduction

Accurate OL control of a DM is particularly critical for the wavefront control of ExAO
systems, such as SCExAQ, which performs speckle control from the focal plane, using
DM motions as a wavefront sensor. Once combined to a high efficiency coronagraph,
the ExAQO system can create a dark hole area free of most slow and quasi-static
speckles and, therefore, open a new path toward direct detection and imaging of faint

companions orbiting close to their primary star.

The SCExAO wavefront control system uses a 1024-actuator MEMS DM con-
trolled in OL to measure and modulate speckles complex amplitude in order to dis-
tinguish: (i) speckles composed of starlight and due to static and slow-varying residual

aberrations and (ii) genuine structures, such as exoplanets, which look like speckles.

Chap. 4 introduced Mod?2 and presented the first laboratory result (performance
evaluated in the pupil plane) for a 1024-actuator MEMS DM. Mod2 has been inte-
grated within the SCExAO wavefront control software and this chapter reports Mod2
performance in intensity when focal plan speckles are created. The decrease in speckle

intensity occurring at high spatial frequencies is a common sign that the DM model
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does not properly account for inter-actuator mechanical coupling. We show that us-

ing Mod2 significantly mitigates this issue.

5.2 Implementing Mod2 within SCExAQO wavefront

control system

During the implementation of the model within the SCExAQO software system, the
control software has been modified to allow the user to easily switch between DM

command options. The DM can now be driven using either

e a basic quadratic model in which the actuator motion simply follows the
quadratic relationship between the voltage applied and the actuator stroke. In
the following, we will refer to this model as the SQM, for Standard Quadratic
Model

e Mod2, which drives the actuators motion by taking into account the forces in
action during DM operation and the mechanical coupling between neighbouring

actuators.

The model parameter optimization is now performed with the DM directly mounted
within the SCExAO bench. No interferometer was available to perform the wavefront
measurements and instead the FPWEFES is used to perform phase diversity and recover
the phase information. Note that the phase diversity was using zonal reconstruction.
This wavefront measurement technique uses intensity informations gathered in several
planes located around the focal plane to retrieve the phase information. It is impor-
tant to note that phase diversity measurement is not as precise as interferometer mea-
surement. The optical elements of the bench (DM, lenses, PIAA, filter wheel, WFS
cameras, etc.) can be controlled remotely through motorized stages. The SCExAO
control computer is equipped with 16 processors and manages, simultaneously, the
optics motion, WFS cameras operation and control of the various algorithms dedi-
cated to drive the SCExAO components.

During the implementation efforts have also been focused on increasing the algo-

rithm execution speed. For example, many “if/else” test loops have been replaced by
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more efficient sections of code. Several lagging functions have also been rewritten.

Timing functions have been used to evaluate which sections of the model, within
the iterative algorithm, were most time consuming. The phase map interpolation,
which is the final operation, appeared to be the main lagging section. In order to
minimise the computation time spent during the interpolation section, an openMP
procedure has been added to the algorithm. For computers equipped with several
processors, OpenMP is a multi-platform application, which provides an optimized
sharing of the tasks (named threads) and memory available among the different pro-

cessors. Therefore, using openMP results in an increased execution speed.

Before the implementation of the various code modifications described above, the
time initially necessary to run 30 iterations of the MCMC optimization (with each
MCMC iteration using several instance of the iterative algorithm) was 26.8 sec. This
time moved down to 6.03 sec and the time necessary to run one iteration of the model

itself is in the order of 1 ms.

The MCMC algorithm was also modified to optimize, separately, the DM param-
eters and geometrical parameters. Before this re-organisation, all model parameters
were optimized simultaneously. This separation is possible because the set of geomet-

rical parameters is not coupled to the set of physical parameters.

The separation allows the optimization to converge more rapidly (the convergence
rate increases when the number of degree of freedom decreases). The MCMC is a
more effective optimization approach than an exhaustive search, but as an example,
we assume an exhaustive search is being performed on a similar set of DM and geo-
metrical parameters for a search area defined over 100 sample points. When all model
parameters are optimized simultaneously, the size of the search space is 100'® « 103,
When the DM and geometrical parameters are optimized independently, the size of
the search space becomes 1007 + 1008 «~ 10'6.

In order to improve the efficiency of optimizing the geometrical parameters, ad-
ditional geometrical volt maps have been generated. These new “geometrical” volt
maps have sharp vertical, horizontal, and diagonal features dedicated to easing the

determination of rotations, shifts, and scaling properties measured in the resulting
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phase maps. The voltage values along the geometrical features vary in order to con-

tribute to the determination of the DM parameters.

The MCMC optimization is now conducted with a set of volt maps combining
several Kolmogorov maps (already used for the optimization described in Chap. 4)
with several geometrical maps. Four representative volt maps are shown in Fig. 5.1.
Both images on the left side show Kolmogorov type volt maps. Both images on the
right show geometrical volt maps. For each of the four images, the x- and y-axis

represent the actuator array and the vertical color bar is in volts.

140

120
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100

Figure 5.1: Sample of volt maps used to run the MCMC optimization of the model
parameters.

The expression of the model parameters k,, and k,, involved in the equations
describing the inter-actuator mechanical coupling force and the actuator top plate
restoring force (Eq. 4.7 and Eq. 4.8), respectively, have been modified to allow for a

better understanding of the parameter physical meaning.
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Eq. 4.11 and Eq. 4.12 become,

2 2
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where (,, v, B, and 7, are corrective non-dimensional terms.

The normalising factor dpy equals 1 um and is associated with the k, and k,,
parameters. With this value of 1 pum, the values of the four corrective terms should
be found < 1 and, therefore, the normalising factor is introduced to easily detect, if

the optimization has converged toward non-physical values of the corrective terms.

New data processing functions have been added to the MCMC algorithm in order
to properly interpret the phase measurements obtained with the phase diversity. The
phase diversity outputs phase measurements, which do not contain any tip-tilt and
focus components. To ensure that such components do not compromise the compari-
son of the measured phase and the modelled phase, a function is dedicated to remove

the tip-tilt and focus modes in both sets of images.

Another function was dedicated to filtering the measurement noise contained in
the phase diversity outputs (using convolution with a Gaussian kernel). Because the
measurement noise remains high, even after adding this filter, it became necessary
to take the mean value of several (~ 10) realisations of a given phase measurement.
Reducing the measurement noise on the measured phase maps is critical to ensure the

MCMC optimization converges toward accurate values for the model parameters. The
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measurement noise over one measurement was evaluated as 0.13 radians rms. When
taking the mean value over 10 realisations, the measurement noise was reduced to
0.13/4/10 ~ 0.043 radians rms.

Fig. 5.2 presents typical images of the wavefront measurement obtained with the
FPWEFS using phase diversity. The left image is the phase obtained when driving the
DM with a Kolmogorov volt map. The right image corresponds to the phase obtained
when driving the DM with a geometrical volt map. In the image on the right, a mask
is added in the data processing to remove actuators outside (not illuminated), or at

the very edge (poorly illuminated) of the pupil.

Figure 5.2: Samples of wavefront measurements obtained with the FPWFS using phase
diversity.

Finally, the convergence of the iterative algorithm output (the value of the actua-
tor displacements dp(i, 7)), in function of the number of iterations performed within
the iterative algorithm, was studied. A geometrical volt map was input into the
algorithm. The displacements of 25 sample actuators, selected among the actuator
array, was monitored when the algorithm iterates 50 times through Steps 1 to Step
5 (described in Sec. 4.2.4). The range of voltages applied to the sample actuators
varied from 6 V to 145 V. The plots presented in Fig. 5.3 shows that the actuator
displacement dp(i, j) needs more iterations to converge toward a stable value when
the voltage applied is high. All actuators driven under low- to mid-voltage values

reach a stable position in less that 10 iterations.
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Figure 5.3: Convergence of the actuator displacement value over 50 iterations.

Note that in a closed-loop AO system, the variation of actuator displacement from
one round of correction to another is small. After the first round of wavefront cor-
rection, the wavefront residual is small and the correction applied to each actuator
by the feedback is minimal. The results presented in Fig. 5.3 suggests that using
Mod?2 within an iterative algorithm for a closed-loop system could greatly increase
the system operating speed. With Mod?2, after 6 iterations, the displacement change
reaches 99% of the final displacement (obtained after > 6 iterations). This is a great
advantage over modelling approaches that use plate theory and computationally in-

tense mathematical tools.
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5.3 DM command for wavefront sensing and wave-

front correction

Ultimately, Mod2 will be used in the wavefront control system of SCExAO to com-
mand the DM when performing speckle nulling. This test has not been performed
yet (the current speckle nulling test runs using the SQM to command the DM). How-
ever, the following section is devoted to describe how the DM is used in SCExAO to

perform both wavefront sensing and wavefront correction.

The light of a residual speckle, due to atmospheric or non common-path error
aberrations, is coherent with the starlight. The light coming from a planet, however,
creates a speckle-like structure on the image, which is incoherent with the starlight.
Unfortunately, residual speckles and planet light signatures are visually indistinguish-
able in the detector image. To differentiate a real planet from a residual speckle, one
can use techniques like speckle nulling or focal plane coherent light modulation, which
are all developed around a common approach: a DM located upstream of the corona-
graph can be used to modulate speckles. Indeed, a pair of “DM-generated” speckles,
symmetrically positioned around the central peak, can be created in the focal plane

by adding a sine wave pattern to the DM.

Eq. 1.1 describes the pupil plane complex amplitude. A sine wave on the pupil

will create 2 symmetric images of the central PSF[36]:

[(?) = PSF(@) + (1;1)2 [pgp@ + FA) + PSF(T - FA) (5.3)

where A is the imaging wavelength, h < A is the amplitude (in meter) of the sine
H

wave phase aberration of spatial frequency f, and @ is the angular coordinate on

the sky.

DM-generated speckles can thus be superimposed on the existing speckles.
Fig. 5.4 illustrates how sine waves applied to the DM (top three images) result in

symmetrical speckles in the focal plane (bottom three images). All sine patterns have

the same amplitude (0.6 radians) and phase (0.0 radians). The spatial frequencies in
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x and y (given in actuator™!) varies, to show the correspondence between the speckles

radial position and the spatial frequency.

Sp. freq. mx=0.0 Sp. freq. inx=0.2 Sp. freq. inx =0.5
Sp. freq. iny = 0.1 Sp. freq. iny = 0.0 Sp. freq. iny =0.5

e
DM shape

Focal plane
image
(square root scale)

N |

Figure 5.4: Sample sine wave patterns applied to the DM (top images) and their
corresponding simulated focal plane images (bottom images).

If a DM-generated speckle (with the proper amplitude and a phase shift of 7) is
superimposed on a speckle composed of starlight, they both have the same coherence
property and, as a result, can interfere destructively. If a DM-generated speckle is
superimposed on a genuine structure (a planet), the two elements are incoherent and

the planet light cannot be cancelled by the DM-generated speckle.

Assuming an accurate control of the DM, the properties of the DM-generated
speckle can thus be controlled with great accuracy: the speckle intensity is propor-
tional to the squared value of the sine wave amplitude, the spatial frequency, and
orientation of the sine wave pattern defines the speckle location in the image and the
sine wave phase encodes the speckle phase. A complex amplitude field can thus be
added in the focal plane by linearly decomposing the field into a sum of speckles and

by adding the corresponding sum of sine waves to the DM.

This technique, implemented in SCExAQ, requires an extreme level of precision

in the measure and control of the wavefront. Unlike classical adaptive optics applica-
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tions, where the DM is used only to correct the wavefront aberrations, this particular
mode of SCExAO employs the DM to perform both the wavefront sensing and the

wavefront correction in the focal plane.

5.3.1 DM as a “speckle sensor”

A sine wave shape applied to the DM will create a pair of speckles of given intensity,
spatial frequency, and phase in the focal plane. When a focal plane image is acquired,
the information regarding the intensity and spatial frequencies of the existing speckles
is directly encoded in the image, but the phase information must be indirectly recov-
ered. To recover the phase information for a given speckle in the image, the following

speckle sensing procedure, is used (this code was implemented by F. Matinache):

(i) A reference image (without DM-generated speckle) is recorded

(ii)) The DM is driven to create sequencially, (a) a horizontal pair of speckles
(the spatial frequency is user-defined), (b) a vertical pair of speckles, and (c)

linear combination of (a) and (b).

(iii) The reference image is subtracted from the images obtained in (a), (b), and
(c) in order to measure the x and y position of the created speckles in the image.
The knowledge of the speckles position allows the establishment of a look up
table between the spatial frequency and the speckle position in the image. The

intensity is obtained directly in the image measurement.

(iv) The phase and amplitude must be determined indirectly. This information
can be obtained by first adding a DM-generated speckle at the location of the
speckle to be sensed. This DM-generated speckle must have the same intensity

and a known phase equal to zero. The corresponding image is acquired (image
i)
(v) Step (iv) is repeated three other times with phases equal to m/2, 7, and

37/2, and images are acquired for each case (images i, i3, i4)

(vi) The four images (i, i, i3, i4) are used to compute the amplitude and
phase characteristic of the original speckle. For image i, the intensity is I(i;) =

| Agme®+Agpe®r |2 with Agy, the known amplitude of the DM-generated speckle
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and A;, and ¢, the unknown amplitude and phase of the speckle to be sensed.
2 and so on. With this

system of four equations with two unknowns, Ay, and ¢, can be determined.

For image iy, the intensity is I(iy) = |Agme’™? + A, e’

This process can be run simultaneously on several speckles, because the creation
of a speckle at a given spacial frequency does not affect the creation of additional

speckles at other spatial frequencies.

It is important to note that Mod2 enables to transform a volt map into a dis-
placement map (the DM final shape). In the cases of (i) the DM used for wavefront
sensing purpose, (ii) the DM used as wavefront corrector or (iii) the DM used for the
speckle nulling process, the inverse operation must actually be done. One wants
to transform a displacement map into a volt map. An additional routine, which uses

and iteratively inverses Mod2 has thus been included in the DM command process of
SCExAO (developed by O. Guyon).

However, this routine was not necessary for the previous evaluations of the model
performance in open-loop (described in Sec. 3.2.2 and 4.4). Indeed, for these previ-
ous tests, several voltages maps were both (i) sent to the DM and (ii) used as input
to the model. The resulting wavefront measurements (measured phase) and model
outputs (modelled phase) were then compared. The residual error between measured
and modelled phases was used to evaluate the model performance. In this case, the
transformation from a voltage map into a displacement map was the only necessary

step, no inverse transformation of a phase map into a voltage map was involved.

5.3.2 DM as a “speckle corrector”

Once the phase property of the speckles of interest has been established, the DM
shape, necessary to superimpose DM-generated speckles and cancel the focal plane
speckles, is computed and projected onto the DM. Each speckle in the science image
is treated with this process in order to create the dark hole area region and reach the

highest possible contrast.

The iterative speckle nulling control loop has been tested on SCExAO (using the
SQM for the DM command) and the result of a series of 50 speckle nulling iterations,
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working on up to 10 speckles at a time, is presented in [58]. Future experiments will

be dedicated to reproduce this speckle nulling control using Mod2.

5.4 Evaluation of the intensity of DM-generated

speckles

The Mod2 model parameters have been estimated within the SCExAO bench setup
using the MCMC optimization. The optimum values (and their units, if applicable)

are shown in Tab. 5.1.

DM parameters Geometrical parameters
ke = -3.25e-18 £ 4.5e-19 [F.m] | Rotation = 1.56 + 0.01 [rad]
a, =-1374.8 + 96.1 [N.m™!] | Projection angle = 0.91 £ 0.002 [ratio]

B, = 0.39 £+ 0.02 [-] Pixel scale = 0.00016116 + 1.34e-6 [m.px 1]
7 = 0.08 £ 0.02 [-] Actuator size = 0.00062427 £ 5.22e-6 [m]
iy = -175.10 £ 42.6 [N~ | Shift in x = 0.0008469 + 4.97e-5 [m]

Bm = 0.033 £ 0.01 [-] Shift in y = 8.858e-6 £ 7.22e-7 [m]

Y = -0.09 £ 0.02 [] Gaussian FWHM = 0.00045684 £ 6e-6 [m]

ki = 0.80 & 0.05 [

Table 5.1: Model parameters for the SCExAO MEMS DM.

Note, the DM is modelled in the pupil plane of SCExAOQO, but is actually located
in a diverging beam ahead of the pupil. As a result, SCExAQO sees a bigger DM than
it physically is. This impacts the parameter related to the actuator size: the DM
actuators physically measure approximately 300 pum, but once optimized, this value

is approximately 600 pm.

Our test consists of creating a pair of DM-generated speckles in the focal plane by
applying a sine wave to the DM. The performance of Mod?2 is estimated by comparing
the intensity (measured in detector counts) of the DM-generated speckles when three

different models are used to command the DM:

o Mod2
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o the SQM

e a theoretical model, which will be called FMCM, for Free Mechanical Cou-
pling Model.

Unlike the images for Mod2 and the SQM, measured on the bench by the FPWEF'S,
the images for the FMCM are obtained by numerical simulations (free of measure-
ment noise). The FMCM simulates a perfect model for which the coupling between
neighbouring actuator is accounted for. To create this model, sine shapes are created
(of size 32 by 32 actuators) and an interpolation process is used to transform these
displacement maps into phase maps. Fourier transforms are then used to create the
resulting focal plane images. It is important to note that the interpolation process
assumes perfect additivity of overlapping actuator influence functions but does take
into account other coupling effects between actuators. This coupling is responsible for
the intensity decrease observed when the spatial frequency increase (see the purple

continuous plot in Fig. 5.7).

For each of these three modelling approaches, the DM-generated speckles are

created following a similar process:
e The sine wave amplitude is set at 0.5 radians at 1.6 ym

e Each image I'myg,,, is obtained by taking the mean value of four images, with
the speckle phase being changed between the 4 images.

This process is performed in order to cancel interferences that would be gener-
ated in the eventuality that a speckle would already exist at the location of the
DM-generated speckle. To illustrate, assume that a speckle Sp; (of complex
amplitude A;e1) is already present at the location in the focal plane where
one wants to add a DM-generated speckle Spy (of complex amplitude Aye®?).
If only one image is acquired, the intensity measured (the squared modulus of
the sum of the speckle complex amplitude) will be a combination of Sp;, Sps,
and their interference term. Taking the mean value of four images, in which
the DM-generated speckle phase Spy is, respectively, ¢o, ¢ + 7/2, ¢ + 7, and
¢o + 31/2, allows to cancel the interference term. With this phase rotation,

the intensity measurement in Img,,, now only accounts for Sp; and Sp,. By
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subtracting a reference image (containing Sp; but not Sps) to Imgy,, one can

deduce the intensity of Sp,

e The speckles are created along the horizontal axis only, so the y spatial
frequency is always equal to 0, while the x spatial frequency varies from 0.1

actuator™ to 0.475 actuator™! by incrementing steps of 0.025 actuator™.

The unit used here is 1/period (with the period given in actuator units). The
spatial frequency is usually given in cycle per aperture (CPA) units, which is the
number of periods (cycles) per beam diameter. The DM is horizontally tilted in the
beam (—24°). As a result, the density of actuators is not the same in the horizontal
and vertical directions and, instead of illuminating all 32 available actuators across
the pupil diameter, the beam spreads over a 27.2 x 24.8 actuator ellipse[58]. Thus,
0.1 actuator™ given in 1/period unit corresponds to 10 actuators across the period.
With 27.2 actuators across the beam, this corresponds to a 2.72 CPA.

Fig. 5.5 shows four examples of the focal plane images obtained with the three
models for spatial frequencies of 0.1, 0.2, 0.3 and 0.4 actuator™! (respectively ~ 2.72,
5.44, 8.16 and 10.88 CPA). It should be noted that SCExAO is equipped with a re-
movable pupil mask engraved to simulate the spider arms supporting the secondary
mirror. Mod2 and the SQM images have been acquired with the pupil mask in place.
As a result, faint diffraction patterns created by the spider arms are also visible in

both sets of images.

The spatial frequencies in x and y encode the radial position of the two speck-
les relative to the central peak. The speckles move away from the central peak as
the spatial frequency increases (see Fig. 5.4). The highest spatial frequency (in the
Nyquist sense) that can be applied to the DM without creating aliasing effects is
thus constrained by the number of actuators along the pupil diameter. This max-

1

imum spatial frequency of 0.5 actuator™ corresponds to a sine wave with one row

(or column) of actuators up and one row (or column) of actuators down (see Fig. 5.6).

The maximum spatial frequency has a direct impact on the variation of speckle
intensity versus spatial frequency. Theoretically, when simulating the FMCM, we ex-
pect the maximum speckle intensity to be obtained at the smallest spatial frequency

and decrease by a factor of two by the time the highest spatial frequency is reached.
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Figure 5.5: Focal plane images of the DM-generated speckles for spatial frequencies
of 0.1, 0.2, 0.8 and 0.4 actuator™ for the FMCM (simulated images ay to as), for
Mod2 (experimental images by to by) and for the SQM (experimental images ¢y to cy).
The images are displayed with a square oot scale to emphasize the speckles and Airy
patterns visibility.

! only half of

This reduction in intensity is due to the fact that at 0.5 actuator™
the four images have a sine pattern. Indeed, at phase 7/2 and 37/2, the sine wave
projected onto the actuator array results in a flat DM and, therefore, no speckle is

created in the focal plane image (see Fig. 5.6).

This effect is verified in Fig. 5.7, which presents the comparative plots of speckle
intensity versus speckle spatial frequency obtained with Mod2, the SQM, and the
FMCM. The factor of two decrease for the FMCM is confirmed and the plots show
that (i) compared with the SQM, Mod2 provides a higher speckle intensity at all
spatial frequency and (ii) Mod?2 is a better match to the FMCM than the SQM. The
oscillation of the plot for Mod2, at low spatial frequencies, is due to measurement
noise. We note the values plotted in Fig. 5.7 have been obtained by subtracting a
reference image (containing no speckle) from each image. In this figure, one can see

that even tough Mod2 provides better results than the SQM, the intensity variation
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Figure 5.6: Schematic of the effect of applying a sine wave of spatial frequency equal
to 0.5 actuator™" to the DM. The purple rectangles represent the actuators.

obtained with Mod2 does not perfectly match the intensity variation obtained with
the FMCM, indicating that Mod2 does not perfectly compensate for all mechanical

coupling effects in the system.

To emphasize the result shown in Fig. 5.7, Fig. 5.8 presents the ratio of speckle
intensity of Mod2 to the FMCM and compares it with the ratio of speckle intensity
of the SQM to the FMCM. The dashed plot shows the ratio of speckle intensity of
the SQM to the FMCM multiplied by a 1.22 scaling factor (bringing both plots to a
common starting point). This rescaling emphasizes how Mod2 provides a slower rate

of decrease in speckle intensity when the spatial frequency increases.

5.5 Chapter conclusion

Mod2 has been implemented in the control software of SCExAQO and is used to gen-
erate the DM command. This chapter reports progress results regarding the control

of speckle intensity generated in the focal plan of SCExAOQ.
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Figure 5.7: Speckle intensity versus spatial frequency obtained with Mod2, the SQM,
and the FMCM models.

The major advantages of the Mod2 approach are as follows: when a sine shape
of a given amplitude (here 0.5 rad) is projected onto the DM using both the SQM
and the Mod2 models, (i) the speckle intensity obtained, for any spatial frequency, is
always higher with Mod2 (Fig. 5.7) and (ii) the decrease in speckle intensity is lower
with Mod2 (Fig. 5.8).

These two observations suggest that using Mod2 should improve the system per-
formance for the detection of exoplanets by: (i) reducing of the number of iterations
in the speckle control loop and (ii) commensurately increasing the controller frame

rate.

Therefore, the Mod2 approach should help SCExAO to achieve a higher contrast
level in the dark hole area and ultimately should increase the ability of SCExAO to

detect /image fainter exoplanets.
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Figure 5.8: Speckle intensity ratio of Mod2 to FMCM versus the speckle intensity ratio
of the SQM to FMCM. The dashed plot shows the speckle intensity ratio of the SQM
to FMCM multiplied by a 1.22 scaling factor.

In the next stage of this work, Mod2 will be used to command the DM during
the speckle nulling process. Contrast in the dark hole area will be compared with
the contrast previously obtained when the SQM was used to command the DM. In-
creasing the iterative algorithm execution speed will also be an important part of
the future work, as execution speed is a critical parameter in order to operate the
SCExAQ system on-sky.



117

Chapter 6
Conclusion

The accurate open-loop control of MEMS DMs is a critical step toward the successful
development of high contrast imaging instruments, such as SCExAQ. Accurate open-

loop control relies on the development of an accurate DM model.

In this dissertation, two main approaches have been investigated to reach such a
goal. The first model, Mod1, is based on the experimental calibration of the actuator
influence functions. The second model, Mod?2, is based on the active forces during
DM operation and on the characterization of model parameters, which match Mod2
to both (i) the physical properties of a given MEMS DM, and (ii) the geometrical

properties of the optical setup.

The description and development of both models have been reported. The imple-
mentation of Mod2 within the SCExAO wavefront control system is also described.
The model’s performance in pupil plane and focal plane have been evaluated using a
1024-MEMS DM.

The open-loop performance for the standard quadratic model and for Mod1 are
used below to compare with the performance of Mod2. This comparison is performed
by (i) measuring the shape of the DM when driven with a given volt map and (ii)
comparing this shape with the phase map predicted by the different DM command

approaches when the same volt map is used as input for the model.

Tab. 6.1 gives the value of the difference (rms) between modelled and measured

phase maps for the different DM command approaches. The properties of the volt
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maps applied produce Kolmogorov type phase maps once projected onto the DM.

Modelling approach Experimental setup | Desired phase | Error rms | Ryps/pv
PV (nm) (nm) (%)
Std. Quad. Model Interferometer 1448.3 47.5 3.28
Mod1 (with 150 V) Interferometer 300 11 3.66
Mod1 (with 200 V) Interferometer 550 16.5 3.00
Mod?2 Interferometer 1448.3 16.8 1.16
Mod?2 (impl. on SCExAO) Phase diversity 1448.3 47.2 3.25

Table 6.1: Performance comparison between the standard quadratic model, Modl and
Mod?2.

By comparing the performance obtained with Mod2 using an interferometer and
the phase diversity to measure the wavefront, one can see that the quality of the

wavefront sensing device greatly impacts the final model performance.

With the experimental setup using the interferometer, the measurement noise is
negligible. As a result, the model parameters optimization is able to precisely deter-
mine the value of each model parameter, resulting in small residual error rms in the

phase maps comparison (modelled versus measured).

With the experimental setup using the phase diversity, even though the data
processing has been adapted to minimize the measurement noise (addition of a sys-
tematic filtering treatment of the phase diversity output and averaging over several
sets of measurements), the calibration of the model parameters is compromised by
the residual measurement noise and, therefore, the model performance degrades. The

SCExAO team is currently investigating alternatives to remedy this issue.

The advantages of Mod2 are emphasized in Chap. 5: when a given sine wave shape
is projected onto the DM using both the SQM and the Mod2 models, (i) the speckle
intensity obtained, for any spatial frequency, is always higher with Mod2 and (ii) the

decrease in speckle intensity is lower with Mod2.
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The SCExAOQO instrument is still going through the engineering testing phase. The

first on-sky results were obtained in the summer 2012[21].

In the next stage of this work, Mod2 will be integrated to the speckle nulling
process to evaluate the contrast obtained in the dark hole. The iterative algorithm
execution speed remains too slow to efficiently operate on-sky. Therefore, additional
code modifications will be performed in the near future, to bring the algorithm up to

on-sky speed standards.
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Appendix A

Typical characterization of a

deformable mirror

The results from typical characterization procedures for a piezo-stack DM (CILAS)
and a magnetic DM (ALPAO) are presented[14]. The maximum stroke, inter-actuator
coupling, linearity, hysteresis, best flat, and shape at rest are measured. The main

manufacturer specifications for both DMs are given in Tab. A.1.

Piezo-stack DM Magnetic DM

57 actuators(9 by 9 grid) 52 actuators (8 by 8 grid)

5 mm actuator pitch 2.5 mm actuator pitch
actuator stroke: 10 ym PV actuator stroke: up to 25 ym
inter-actuator stroke: 1.9 ym 5nm RMS best flat
inter-actuator coupling: 10-25 % high linearity

operating temperature: down to —35°C | no hysteresis

Table A.1: Main properties of the CILAS and ALPAO DMs.

For each DM, a Zygo PTI 250 interferometer is pointed onto the DM and used
to take surface measurements. All measurements are taken at room temperature. In
addition, the piezo-stack DM is also tested at 0°C and —35°C. For the tests at 0°C
and —35°C, the DM is set inside a small cold chamber (the experimental setup with
the cold chamber is shown on Fig. A.1).
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The minimum/maximum voltages applied to the DMs during the tests are -
0.45/+0.45 V for the magnetic DM and -400/4-400 V for the piezo-stack DM.

Figure A.1: (a) Piezo-stack DM enclosure opened, the electronic connections at the
back of the DM are visible. (b) DM set on the mount in front of the interferometer.
The cold chamber is visible on the right. (c) Full experimental setup.

For each DM, the following measurements are taken:

e Maximum stroke of each actuator: each actuators is sequentially pushed to the
maximum voltage then pulled to the minimum and both corresponding mirror
deformations are saved. The minimum is then subtracted from the maximum

during data processing

e Maximum stroke for an array of 3 by 3 actuators: each set of 3 by 3 actuators
is sequentially pushed to the maximum voltage then pulled to the minimum
voltage and the corresponding mirror deformations are saved. The minimum is

then subtracted from the maximum during data processing

e Horizontal, vertical and diagonal inter-actuator stroke: each actuator is se-
quentially pushed to the maximum voltage while its neighbour (either vertical,
horizontal or diagonal) is pulled to the minimum voltage. The reference mirror
surface (for all the actuators set to 0 volt) is also saved for each measurement

and then subtracted during data processing
e Linearity
e Hysteresis (for the piezo-stack DM only)

e Best flat (for the piezo-stack DM only)
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e Shape at rest (for the piezo-stack DM only).

The performance of each actuator is evaluated individually. Ten measurements
have been repeated for each actuator. The maximum, minimum, mean, median, and

standard deviation are extracted from the 10 measurements.

To illustrate the results obtained, actuator color maps are presented. These maps
show the mean value obtained for each actuator. In the case of the sets of 3 by 3 ac-
tuators, the mean value of each set is displayed on the actuator located at the centre

of the 3 by 3 array.

The main results for the magnetic DM are presented in Fig. A.2. The values are
quite different along the mirror surface. Statistics reveal a maximum single actua-
tor stroke of 7.35 um and a mean of 5.80 ym. For the 3 by 3 array of actuators,
the membrane displacements are twice the value obtained for single actuators with a
maximum of 15.31 ym and a mean of 12.47 ym. The 3 by 3 array map also presents

an unexpected result with a drop in the centre of the membrane.

The main results for the piezo-stack DM are presented in Fig. A.3 for the tests
at room temperature, in Fig. A.4 for the tests at 0°C and in Fig. A.5 for the tests at
—35°C.

Statistics show a maximum of 5.69 pm and a mean of 5.47 pym for the single ac-
tuator maximum stroke measurements. For the 3 by 3 array of actuators, membrane
displacements appear to be twice the value obtained for single actuators with a max-

imum of 12.74 ym and a mean of 11.83 pm.

The piezo-stack DM measurements for the 3 by 3 array of actuators match well the
expected behaviour of the membrane where the central actuators tend to have more
stroke than the edge actuators. The shape at rest varies greatly with temperature
variation and the hysteresis at —35°C presents unexpected behaviour with a steep

jump in vertical position around the centre position of the actuator.
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Figure A.2: (a) Single actuator mazimum stroke. (b) 3 by 8 maximum actuator
stroke. (c) Vertical inter-actuator stroke. (d) Actuators linearity.
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(e) Best flat. (f) Hysteresis. (g) Shape at rest.
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Appendix B

Zernike polynomials

Zernike polynomials are a sequence of polynomials that are orthogonal to each other
on a unit disk. In adaptive optics, they are widely used as a convenient basis of
functions to describe the effect of the turbulence on the wavefront aberration over
the circular pupil of the telescope!. This basis is convenient for AO, because it allows

one to organize the modes by increasing spatial order.

As illustrated in Fig. B.1, the lower modes have the biggest contribution on wave-
front aberration. Most of the turbulent energy can thus be grouped in the first low

order-high power modes: the tip, the tilt, and the focus.

The first mode, named piston, cannot be measured by the WFS and, therefore,
has no impact on the measurement of the turbulent phase. As the order of the modes
increases, each mode contribution decreases. However, the sum of all the high order

modes can slowly add up to the contribution of the first few low order modes.

Zernike polynomials have even and odd components which can be defined in polar

coordinate as follow:

m#0, Zicwen = V1 + LR™(r)\v/2cos(mb)
m#0, Zioaa =/n+1R7(r)v2sin(mb) (B.1)
m =0, Zi=+n+1R%(r)v?2

!Noll extended the work of Fried to develop a new way to use the Zernike polynomials to represent
the Kolmogorov spectrum of turbulence, which allows to compute analytically the strength of the
statistical aberrations.
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Figure B.1: Representation of the wavefront shape for the first four orders Zernike
polynomials and a plot of the RMS Zernike coefficient (the strength for atmospheric
turbulence following Kolmogorov statistics) of the first 45 Zernikes.

where R!(r) can be defined as:

(m—n)/2

mN (=1)*(n — s)! n—2s
R (r) = Z:; St m)/2 =) —m)jz—s)" (B-2)

with n =0,1,2, ..., the radial degree and m = 0,+£1,+2, ..., the azimuthal frequency.

The indices n and m must satisfy m < n and n — m must be even.

The phase aberration can thus be decomposed using the Zernike polynomials basis

as:

Grurs (1) = Z a; Zi(r)  with  Zi(r) = Z™(r) (B.3)

where a; represents the coefficients of the Zernike polynomials for a given aberrated

phase.



