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MEMS DM Architecture E
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BMC Mirror Family Iﬁ'

Small Cartesian Arrays
¢ Square arrays from 32 to 140 actuators
¢ Strokes: 1.5um, 3.5um or 5.5um
Medium Cartesian Arrays
¢ Square and circular arrays from 49211620
¢ 1.5um & 3.5um stroke
Large Cartesian Arrays

¢ Square and circular arrays frarg40to 4092
¢ 1.5um and 3.5um stroke

Hex TipTilt-Piston
¢ 37,331-and 1021Segment Devices

Developed through NASA funding
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NASA Phase | SBIR

Improved yield, performance, and reliability of hagtuator-count
deformable mirrors

Contract Number: NNX15CP39P

KObjective
Address known fabrication issues for high actuator count
deformable mirrors

ASurface topography
AElectric breakdown




Phase | results Iﬁl

Modified Paschen’s Reduced Operating Voltage
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Modified design allows full actuation at lower voltage



Improved Surface Finish 1=
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Nano gaps in the oxide layer result in surface topography éMS 10nm
¢ >
A0S i I
RMS 3.3nm

Modification to fabrication process eliminates
gaps. Resulting in better finish




Phase ||

A Improved Yield, Performance and Reliability of
High-ActuatorCount Deformable Mirrors

A Contract Number: NNX16CP14C (Start 4/2016) Proposed Deliverable
' Mirror architecture 2040 actuators
iy Active Aperture Diameter 19.6mm
7 # Actuators across active
polisfgdneter
reks Actuator Pitch Actuator
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Layout of a 2044ctuator device design (Right), showing all nine mask layers requir
to form the MEMS deformable mirror.
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TDEM Program E

9 Mirrors ready for testing

Ongoing Contract#: NNH12CQ27C
TDEM/ROSES
MEMS Deformable Mirror Technology
Development for Spad@ased Exoplanet
Detection

Objective: Demonstrate survivability of th
BMC MEMS Deformable Mirror after
exposure to dynamic mechanical
environments close to those expected in
space based coronagraph launch.




Project Flow
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12 DMs Fabricated and Characterized 1=
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Vacuum Surface Gauge (VSG) Measurement:

Two 952 actuator MEMS DMs (tested
separately)

A Surface figure of DM at zero bias
A Surface figure of DM for flat surface
A Actuator gains for all 952 actuators for small

up/down pokes about the flat surface :/\
condition
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Initial Testing Results

50 nm
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BMC Engineering DM, unpowered

Influence Function Measurements, BMC DM1

A Z_ernike fit to the central actuators to the A Average of 20 individual pokes, 42 volt
diameter = 34 actuators pokes over 50 volt bias
A 37 zernikesremoved, dominated by: A Individual poke images have been
A defocus = 121 nmms= 420 nm PV subsampled¢entroidedandcoadded
A 45 astigmatism = 19nmms = 48nm PV A Peak displacement is 336 nm
A 90 astigmatism = 10 nmms = 101nm PV A Coupling factor to nearest adjacent actuator

A spherical = 46 nnms= 155 PV = 28%
A Residual high order surface beyond z37 =

@ 18nmrms= 130 PV John Trauger, Frank Greer
9/30/2016



High Contrast Imaging Laboratory(HCIL) Iﬁl

KasdirLab, Princeton University

Focal Plan&VavefrontCorrection (FPWC) for Exoplanet Coronagraph Imaging

BMM Kilo

Image Credit:
Groff & Kasdin 2013

BMM Kilo
DM1

A Shaped pupil coronagraptechnique is
used to achieve high contrast for
exoplanet direct imaging.

A 2 BMCdeformable mirrorsare included
to compensate optical aberrations in the
system.

™8 PRINCETON
UNIVERSITY




Recent Lab Results E

A Batch process estimator with two pairs of
probes

A Stroke minimization controller
A Two BMC DMs with 952 actuators on each

A Achieved 3 x 10contrast within 30
iterations5.5-10.5</D

Initial Image Final Image
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Next Steps

1.

Measure the inner working angle
and the outer working angle, i.e.
the largest high contrast region the
DM can achieve
Run wave front controller with anc
without knowing flat map to see
whether controller can cancel hig
frequency DM surfaceopgraphy
Test betterKalmanfilter and
extendedKalmarnfilter estimator
and new controllers




Project Flow
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THE PICTURB] SOUNDING ROCKET
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A Active wavefrontcontrol
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. . DOUGLAS 2016, COURTESY UML
The DM was powered in flight.
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CubesatDeformable Mirror Demonstration Iﬁl
Mission DeM))
Pl: JohiMerk, Aurora Flight Systems, KieahoyMIT

A Validate and demonstrate the capabilities of high

actuator count MEMS deformable mirrors for high @A”rora@

contrast astronomical imaging. FLIGHT SCIENCES

Space Telecommunications,
Astronomy, and Radiation Lab

MIT

A Characterize MEMS deformable mirror operation
using both a Shack Hartmamravefrontsensor as
well assensorlessvavefrontcontrol.

Monopole Antenna
Payload Aperture

Solar panels Patch Antennas

,,,,,,,,,
(©] @TElLBH To20en « 25auxovazsy @
P 12V - 1500mA

ower: 12

Proposed mission configuration



EXoplanetarZircumstellar Environments and Disﬁ'
Explorer (EXCEDE) Final Broadband Milestone Results

| , = 650nm, Bandwidth = 10%
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1.-2. Q'D 1.35x16 0.5 'A 5 g

2 .-D1.,D: 2182x10

/\O/D
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Sky Angular Separation,

-Test C
Time interval: 61 mins
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EXCEDE Proposing for the 2BI@GEXAO

- Technical specs:

- Mission overview
Instrument ™
Module

Radiator

Primary Solar Array
Mirror Wings

EXCEDE Dark Hole - 400 nm, 10% Band

EXCEDE Dark Hole - 400 nm, 10% Band
40 -8 ¢
2 40

1K Boston MEMS DM
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U" Ab- UJ N
Contrast, Log
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Sky Angular Separatio A/L)
S

Sky Angular Separation, /D
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3KC Boston MEMS DM

Outer Working Angkﬁ 1 /D Outer Working Angle 31 L/D

- 0.7m primary, TMA unobstructed optical telescope
- PIAA Coronagraph

- Survey of ~ 350 nearby exoplanetary systems
- Science Capabilities
- Circumstellar debris systems including the habitable zone
- Gas giants (if sufficiently bright)

K- vs 3KC-DM Dark Holes - 400 nm, 10% Band
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Large UV/Optical/Infrared Surveyor

ADeformable mirror needs barge UVOIR (LUVOIR) Telescope
A 1Ok+ aCtu ato rS Serviceable Instruments B e BT i rvor
ASpace quallfled Sunshield:3-4 ‘:ayer, constant : REELe thermal coggiol
ATRL 6 100k, st RS

Alnstrument Components subgrouy 4

of the Technical Working Group /
ATarg ete d Pe rfO r m an Ce !wl\lljllatii;llt)a?:sGSi:‘:sarI\igld at constant T
ADemonstrated Performance from Spaceciah

ATechnology Readiness Levels
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On-Sky Instruments using BMC Mirrors Iﬁl

ROB@AO

A Multi-DM Installed Palomar 2011/ Moved
to Kitt Peak 2015

SCExAGbubaru telescope
A 2040 installed 2013

4 o

ShaneAO, Lick Observatory
A KiloDMinstalled 2013
A Visible Light Lasé€BuidestarExperiments

@®

’

Shane AO off Shane AO on
Portion of the M92 globular cluster taken in H band.

Gemini Planet Imager, Gemini South

A 4092 install_ed 2913
BetaPictorish




Next Instruments

University of Hawaii

Institute for Astronomy

®

Y THE. .UNIVERSITY
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Other Applications Of MEMS DMs

o _ _ Free Space Optical Communication
In vivoimaging of functional o et

elevation (approx. 25 degrees)

contimses and video data is looped

mouse brain through the skull e DU

———
-3
-

(6) Contact lasts approximately 100 (4) Communication laser is
seconds modulated with the video data as
soon as the pass siarls

xy galvo
scanner

33 Flight Svstem detects the beacon on
the camera and steers the gimbal o

(71 Flight and Ground Systems s

commence their post-Demonstration
activities al a predetermined time

: eempe points to the IS5
s orbital predictions (no active
tracking on the ground)

Objective




Conclusion E

A Results from our Phase | and 1l program show good promise for next
generation MEMS DMs.

A Testing is ongoing with our TDEM program. Parts are undergoing testint
at JPL and Princeton.

A MEMS DMs are being used in a variety of areas for image enhanceme
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Thank You

Questions?

Paul Bierden, pab@bostonmicromachines.com
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Background 1

* Boston Micromachines (BMC) DMs sent to JPL under TDEM for characterization

* Milestone Whitepaper (dated 12/9/2013) involving BMC, Boston University, Princeton University,
and JPL written to outline tests for BMC MEMS DMs that:

* “Demonstrate survivability and functional performance repeatability of the BMC 952-actuator MEMS
CDM (Continuous Surface Deformable Mirror to within the noise floor of the various test equipment
after exposure to dynamic mechanical environments representative of a range expected in coronagraph
launch.”

* Characterize the degree of degradation in CDM optical and electromechanical performance through functional
test and interferometric surface mapping.

* “The level of measurement repeatability in this series of tests will be 5nm using the BMC interferometer and
<100pm using the JPL Vacuum Surface Gauge.” (currently measured to be ~50pm for VSG)

* 33 um per pixel resolution promised

* VSG pixel scale will be modified from the current 60.6 to 20.2 um/pixel 952 Actuator MEMS DM Die
Configuration
. - 0%.9mm active aperture
* DM model to be tested: BMC Kilo 32x32 (952-active actuators) (3 actutors actos. 00un i)
Table 1: Characteristics of MEMS Deformable Mirror l—I] o il B M C D M specs
Mirror architecture 952 actuator continuous facesheet — T
Active aperture 9.9 mm Circular, 34 actuators across diameter r 1 Stabil Ity 100 pm
Actuator pitch 300pm Gain: 10 n m/V
Fill Factor 99.6%
Surface figure error <5nm RMS, 4<400pum LSB: 3 mV
Surface Roughness <2nm RMS
Mirror segment material | Silicon, 1000 A gold coating 30 P m/ ste P
Actuator stroke 2um g Dot [ Active
actators acmators




Coronagraphs El

A CoronagraphA system of masks, stops andéapodizerdgo
remove starlight and create high contrast in the image plane.

ADifferent Types of Coronagraphs
HybridLyotCoronagraph (HLC)

Shaped Pupils (SR) Hci)

Phase Induced Amplitud&podization(PIAA)
ApodizedPupils (APP)

4 or 8 Quadrant Phase Mask

Optical Vortex

Some combined types: APLC, SPLC High Contrast
Search Area

NOoO O RkowdPE




Optical Aberrations Iﬁl

ANo optical system is perfect
AQuastistatic aberrationscause contrast degradation in the

search area
A Quasistatic = static for hours or longer, from surface imperfections,

misalignments and thermal flexing

Normalized PSF from Ripple3

Shaped Dupil

11/3/2016

5 1x104

With Optical Aberration :
EN < contrast
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Deformable Mirrors (DMs) E

"Image Credit: Bifano 2011
A Small phase perturbation at DM well

approximated as lineauperposition

of actuatorin}‘\lfuence functions
act

Ba.y) =5 > el — 7, — vo)
q

A = Wavelength of light

A Surface shape can be
controlled to compensate
phase aberrations.

AL

- Illl)l]l)lll';’

A Continuoudacesheetand an
array of actuators behind it.

BOSTONMICROMACHINES

Influence Function
f ( T y) u = DM actuator displacement commands
9

¢ = Phase change from DM
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Linear Model oCoronagraphitmaging System I':Il
Y 'l E = E-ficld at DM
A A
T ﬂ f E = E-field at camera
pad / /’ k = Correction iteration #
A¢ = Change in phase at DM
COfOnag raph § Ay = Change in DM commands
E i=+/—1
U L C{} = Linear operator
DM Camera. G = DM response matrix

Image Credit: A J Eldorado Riggs

ADM adds small phase perturbations to pupfidid
Ei(x,y) = Ep_1(z,y)e 27 ")
APhase changes are very small at each gfepayler expansion
e 2@Y) 1 4+ iAP(x,y)
APropagate the pupileld to the image plane
Ex(&,n) = C{Ex—1(z,9)} + C{iEp—1 (2, y) Ad(x, y}
= Ep_1(&,n) + Gr—1Auyg - Transition Model




3&8/3/2016
Estimation by DM Pawise Probing E

k = Correction iteration #

ACreate a linear observation of the state j = Probe #
A Take images fot/- probe shapes on DM Piej = Gt = probe field at camera

I}, ; = Measured intensity

Iinco = Incoherent intensity

—_— . 2 . .
Ik: Jxt — |Ek§ + Pk j| + Iznca kT Nk ,Jx ng,j+ = Measurement noise: shot,

|E ’ + ‘p |2 + 2R E* } + I co k.t Nk, readout, dark current
A Get the 'cross ter by sub ractlﬁg probed imag es

Al ;= Iy j+ — I j— = AR{ELpr j} + 1 j

R{E
A At least 2 pairs of ﬁré‘d@éﬁmé\g&% }) [IJE{ Ek;{ ] [k 5]

AVIS] Nk 1

Ripk1}t I{pw1}

— 4 [ {Ek}] DA O $ 207

Z{Ex}

AIk>Npp R{pk,Npp} I{pk,Npp}
State Measurement

- 2. = Hirxp +ng Observation Model

Least Squares Estlmate: G = (HEH)YHY 2,
Batch Process Estimator (BPE)

Nk ,Npp
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Compensating Aberrations Using DMs El

A The controllers are based on the previous state space model

N I, Intensit (+;. Control Jacobian
Er=Ei 1+ Graw I = EfE, : e :

E,. Electric Field U}, Control Input

A No needto update control Jacobian at each step, = G

A Stroke minimizationand EFGire two major controllers in our
lab, both of which try to improve the image contrast with
small DM voltage commands.

[ Stroke Minimization \ [Electric Field Conjugation (EF&

min J = uf_"u;‘.

st. I = Cy min J" = Ef Ep + aul uy,
@ l l 1
min J' = upu + p(Iy — Cy) Up = —(ﬂfﬂr +G"G) ' R{G By 1}

1 * —1 *
Ku;- = —(EI;- +G*G) R{G E.E;—l}j K Pueyo2009,D A @ 2@Z y




A Up to 3063 actuators 4 um max. stroke
AIndependent hexagonal segments

A 3 actuators per segment FP%\\I;IW

A4 pm max. stroke /7 mradmax. i

A7 mradmax. tilt angle ;TSE """ """"" . 5




HexTTP Deformable Mirror Models 1=

\
(= )
o

3 .33:338: -
Meescosesicacatosaciosses
Roassetetetetetetatetetesesont
o:Q:ogQ:Q:Q:Q::'Q'Q:Q'o'a'o'o |

sgssetesegesesesese S
sess
(-
| Hexll1 Hex507 Hex1011 Hex3063
Actuator Count 111 507 1011 3063

37 169 337 1021
3.5 um 3.5 um 3.5 um 1.5 pm




