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Abstract: We demonstrate that a novel actuation scheme, employed in an
optical control deformable mirror, can be more convenient than the
conventional discrete fixed actuators approach. The Photo-Controlled
Deformable Mirror (PCDM) mirror leverages consumer LCD display
technology in the wavefront forming control, enabling flexible
programmable configuration of the actuation geometry. This new approach
simplifies the driving electronics, relaxing the per channel cost of high
spatial control of the wavefront forming surface. In our experiment we
tested the PCDM by applying the equivalent of 36, 76 and 201 actuators,
this by just changing the light driving pattern. We demonstrated the
effectiveness of this technique in a closed loop setup, which showed
performances superior to the state of the art for similar DM, while providing
a significant reduction in the hardware complexity.
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1. Introduction

In the last decade many scientific fields have benefitted from the use of Adaptive Optics (AO)
devices. Astronomy [1], ophthalmology [2—4], optical communications [5], microscopy [6],
quantum engineering [7], coherent control [8, 9], femtosecond lasers for pulse compression
[10, 11] are some of the fields where the introduction of a Deformable Mirror (DM) has been
the key for improved performance. Since each application has specific requirements, several
DM technologies and actuation methods are currently in use (e.g. voice coil actuation,
electrostatic, piezo). Each of them gives a different balance among correction speed, system
stability, stroke, resolution and aperture. Ref [12] compares the performance of the most
popular DMs in 2008. Magneticly actuated DMs can generate high stroke, while Micro
Electro Mechanical Systems (MEMS) DMs can achieve the highest spatial resolution.
Recently, we introduced a novel technology where the wavefront control is based on optically
addressable actuators realized via a photoconductive substrate [13, 14]. While the association
of a photoconductor with liquid crystals is consolidated [15], its association with deformable
surfaces is new. Such a photo-controlled deformable mirror, (PCDM) is driven by the light
intensity distribution that is projected on its back side, where the photosensitive layer is
placed. Compared to other deformable mirrors, the PCDM does not have fixed electrode
channels for actuation, nor does it require a dedicated high voltage amplifier per actuator site.
The main advantages, when compared with the other standard technologies, are: the reduction
of the hardware complexity, high spatial resolution in wavefront forming ability and the
promise of compactness for high actuator densities together with the reconfigurability of any
actuator pattern.

Because of its features, the PCDM appears to be promising for the realization of high
spatial density wavefront actuation. It is also appealing for the realization of large size
deformable mirrors with many actuators, as are required, for instance, for extreme astronomy
applications where high resolution wavefront sensors are already a well-established
technology [16]. High spatial density state-of-the-art DMs have been realized by using tens of
thousands of discrete PZT or MEMS actuation channels. However, the per channel cost and
the difficulties related to the fabrication procedure, coupled with the cost of the driving
electronics (such as high voltage amplifiers and control unit), make them quite expensive and,
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hence, not appealing for widespread applications. A larger version of the device presented in
this paper, coupled with a high resolution wavefront sensor, has been envisaged by the
astronomy community for its use with large telescopes [17, 18]. Moreover the PCDM meets
some important industrial and manufacturing issues. In fact, the reduced reliance on multiple
independent drive channels offers clear promise in terms of the robustness of the device to
failure for a consumer device since the lifetimes of the underlying projection technology is
superior to DMs using multichannel systems with high voltage.

Although a few prototypes of PCDM have already been reported in literature [13, 19],
their capability in terms of high spatial resolution and their use in an adaptive optics setup
have not been explored yet. The aim of this paper is to demonstrate the PCDM capability in
providing high performance adaptive optics implementations. To this end, we have employed
the PCDM in a closed loop adaptive optics system and tested its flexibility and ease of use
through the generation of Zernike polynomials surface deformations. Moreover, high spatial
resolution addressing has been realized and demonstrated. The results here presented allow for
a straightforward comparison with other DMs characterized by a similar aperture or a similar
technology.

2. Description of the PCDM

The PCDM is an electrostatic membrane deformable mirror [20, 21], where the electrode
pads, used conventionally in membrane mirror devices, have been replaced by a
photoconductive crystal [13, 15]. Among available photoconductors (for instance, Silicon or
Gallium Arsenide [19]), we have used a Bismuth Silicon Oxide (BSO) crystal because it has
the advantage of presenting a low absorption coefficient, which allows a large penetration
depth, and of being characterized by a capacitance similar to the one formed by the
membrane, thus, allowing for a large modulation of the voltage drop across the membrane
Mirror.

The PCDM is driven by a Liquid Crystal Display (LCD) 800x 600pixels (active area =
9mm x 12mm), which is illuminated with a high power blue Light Emitting Diode (LED). As
illustrated in Fig. 1, the LCD is imaged on the back of the PCDM by the use of a lens and is
aligned to the center of the BSO. The projected beam size is I 1mm x 11mm, which sets the
extent of the active region.

Collimated LCD BS.O
Blue Led Panel Eens Membrane
460nm / il

11mm

AR=10mm
UsB )

Power Supply
300V@500Hz

PC

Fig. 1. Right hand side: PCDM drive optics. Left hand side: PCDM control pixel geometry
mapped to the BSO crystal for a 10 x 10 configuration. BL Blue Light from the LCD driving
display showing an example of 10x10 actuators pattern, M Membrane border, AR active
region.
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The LCD has a 12bit vertical resolution and is driven by the control computer via an
HDMI port (addressed in the current system via a USB to HDMI adaptor). The controller
allows for the 600 x 600 active pixels (those mapping to the active region of the BSO crystal)
to be grouped into regular subsets of larger control pixels of more practical size for the AO
controller. Three configurations were tested: 6x6, 10x10 and 15x15 control pixel grouping.
The first case generates the equivalent of 36 actuators where each control maps a 100x100
subset of LCD pixels, while in the second case we had the equivalent of 76 actuators (10x10
equivalent arrangement where the electrodes outside a circular pupil were kept off) and in the
third case the equivalent of 201 actuators (15x15 equivalent arrangement where the electrodes
outside a circular pupil were kept off). Figure 1 shows the position of the blue driving light
and of the active region with respect to the boundaries of the membrane and an example of
blue pattern illumination with a subdivision into 10x10 actuators.

The DM membrane aperture is D = 19mm diameter. As suggested in literature [21, 22] the
optimal value of the system aperture is of the order of 0.6 times the diameter of the whole
membrane while there should be at least one ring of actuators outside it. The intensity of the
blue light on the back of the photoconductor when the LCD was at its maximum transmission
state was about 20mW/cm’. The working parameters of the power supply were
165V @700Hz. These parameters were employed to optimize the PCDM stroke while at the
same time minimizing the impact of the AC power supply oscillations on the measured results
and system operation [13]. The time response of the PCDM is given by three factors: the
mechanical response of the membrane, the time constant of the capacitive coupling, and the
response of the LCD modulator. The LCD is designed to work at video rate of 25 frames per
second. The rest of the system exhibits a measured rise time of about 17ms on the
fundamental mode. The calibration of the stroke was validated by characterizing the
wavefront peak to valley measured with the wavefront sensor as the blue LED light level was
modulated by the LCD for a series of uniform control values. Figure 2 shows the sigmoidal
modulation of the PCDM stroke as a function of the gray level on the LCD (response of
system without linearization). In the AO controller this function is inverted by the mirror drive
software, mapping the linear control update from the AO controller to the non-linear operating
characteristic of the LCD modulation, in order to have a linear modulation as required by the
closed loop system. Figure 2 shows both the nonlinear modulation of the LCD (left panel) and
the linearized response in the right panel.
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Fig. 2., left panel: The measured DM stroke (PV) in function of the gray scale of the LCD
panel. Right panel:Stroke of the PCDM linearized.
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3. Equivalent electric model

The PCDM can be modeled with its electrical equivalent circuit, as shown in Fig. 3. A similar
modeling was introduced for light-valves using the same BSO photoconductor but in
association with liquid crystals [23].

Cm

Caso

G)
Vom Ro RPH 1

Reso

Fig. 3. Equivalent electrical model of the PCDM.

The membrane forms a capacitor Cy while the BSO crystal is modeled as a parallel
between the BSO dark resistor R,, the photoconductor resistor Rpy and the series between a
capacitor Cggp and a resistor Rggo.

The electrical elements have the following values:

A
Cp =f“ = 50pF )
DM
A
Cpso = “210% = 56 pF @)
BSO
R — tBSO (3)
° 5., A

BSO

where tpy = 50um is the distance photoconductor-membrane, A = n(D/2)* is the membrane
surface 283mm?, the BSO thickness tgso 18 1 mm, the BSO dielectric constant is gggo = 56 and
its dark conductivity is opgo is 1072Q™" [20].

Than the resistor value Rpy is inversely proportional to the intensity according to [23]:

tBSO tBSO ( 4)

T o, (DA alo,,A

RPH

where I is the intensity on the photoconductor and a was estimated to be 138cm’W. The
value of Rggo has been estimated from the data to be: Rggg = 20MQ.
Then the voltage drop Vpy across the membrane can be calculated as:

-1
1
|:[ . + RBSU )
JjoCy
Vou =Vac
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From the model and the physical parameters of the system detailed earlier we obtained the
results shown below in Fig. 4. The normalized electrostatic pressure on the membrane is
plotted as a function of the blue light intensity for a number of different operating frequency
of the voltage applied to the PCDM. Theoretical predictions compared with the corresponding
experimental results indicated by the data points in the plot show an excellent agreement. The
right panel of Fig. 4 shows that the PCDM modulates the electrostatic pressure proportionally
to the light driving intensity [13]. The results show the amount of the power supply that can
drop on the membrane. The fraction of voltage is zero for frequencies above SkHz while it
becomes bigger for lower frequencies. We set the working frequency to 700Hz which is just
above the mechanical cut off response of the membrane to minimize unwanted membrane
oscillations (otherwise detected by the system wavefront sensor) obtaining a stroke of about
10um similar to the one typical of electrostatic membrane mirrors [20].

4. Experimental setup

The main goal of our work was to demonstrate the effectiveness of the PCDM in a closed loop
adaptive optics setup. Primarily we wanted to perform a preliminary study on the performance
of the mirror in a closed loop system for different actuator geometries, thus underline the
flexibility of the system in this regards. In addition we also used the AO controller to
characterize the performance of the mirror in the generation of Zernike polynomials. We set
predefined offsets to the AO controller. The experimental setup for the closed-loop used to
test the PCDM is illustrated if Fig. 5. The system is composed by a 630nm laser point source
which is first collimated (Arm I) before being directed through a beamsplitter and then
expanded, through a x2 afocal lens assembly (Arm 2), to match the active area of the PCDM,
which is of 10mm diameter region. In the third arm of the setup, the beam reflected by the
PCDM enters a high resolution Shack-Hartmann wavefront sensor (WFS) via reflection on the
beam splitter on its return path through the afocal pair. The WFS has an measurement aperture
of Smm (mapping as a 2:1 ratio to the active region of the mirror). In the test arrangement the
phase plate, the PCDM and the WES form conjugate planes of the optical system (A, B, C in
Fig. 5).
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Fig. 4. Left panel, measurement (points) and simulations (dashed lines) of the normalized
voltage drop on the membrane in function of the frequency of the power supply under uniform
illumination at different intensities. Right panel: normalized voltage on the membrane in
function of the driving light intensity.

We tested the closed loop system by first biasing the PCDM while setting the illumination
on the photoconductor to its middle stoke level via the actuator control values. This was
recorded with the wavefront sensor as the reference wavefront for the AO controller. Then we
acquired the influence functions for the particular geometry by pushing and pulling on each
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actuator site in turn one at a time via control of the actuator pixels (i.e. setting its color to
black and white). Each virtual actuator is set to black and then white, while keeping all the
others to the middle stoke level. The influence function is given by the average of the relative
wavefront displacement. The AO controller employed a conventional integrator control
scheme and ran at a control loop frame rate of 15.7Hz (dictated by the frame rate of the WFS
for the particular configuration employed).

A

’— @ Motorized
f1 Beam stage .
[ Arm 2 Splitter 1 aser
( — A: Arm 1 source
R | s | | | I =
‘ — o - T —
B i 1] Phase
eam Arm 3| lat .
expander L ¢ plate Collimator
WFs Wavefront

sensor

Fig. 5. Closed loop setup for the demonstration of the PCDM correction capabilities. The
aberrations are generated by the phase plate placed in the plane A, which is conjugated with the
plane B on the PCDM and C on the wavefront sensor. Arm 1: collimator and phase screen for
time changing aberrations; Arm 2: afocal lens x 2 — Smm to 10mm, f; = 100mm, f, = 200mm;
Arm 3: Shack-Hartmann WES, lenslet pitch 300um, focal length 18mm.

The reconstructor matrix used in the AO control was calculated using a truncated SVD
(Singular Value Decomposition) pseudo inverse based on the influence function data set. As
usual, SVD truncation was employed to discard high order, noise sensitive mirror modes in
order to improve the condition of the reconstructor, thus, stabilizing the controller against
noise amplification (see [21]). In closed loop operation the reconstructor output was fed to the
integrator to produce the linear control update for the mirror. This was achieved by mapping
the non-linear operating characteristics of the LCD and by using the mapping function
detailed earlier to produce a control grey scale to apply to the LCD in order to achieve the
desired wavefront correction.

Initially, the AO correction performance of the system was tested by monitoring its
response to time varying aberrations for differing electrode geometries. These were created by
inserting a phase screen in the collimator, Arm 1, of the system, at a plane conjugate to the
position of the PCDM and, in turn, to the WES (planes A, B, C in Fig. 5). The phase screen
was mounted on a motor drive stage that moves the phase screen at a peak rate of 0.45mm/s
for Smm forward and back along the path of the beam first with the AO loop off and then
repeated with the AO loop on. The results shown in Fig. 6 with AO on and AO off are relative
to the application of the same time varying aberrations. On the other hand, Fig. 6 and movies
in Fig. 7-9 report the rms deviation from reference for the 6x6, 10x10 and 15x15 actuators
layout. Experimental results show that the average rms deviation from reference passes from
68nm to 28nm for the 15x15, from 58nm to 29nm for the 10x10 and from 53nm to 32nm for
the 6x6 for AO Off to AO On. These preliminary results underline the fact that the high
resolution wavefront control is more effective in AO correction and demonstrate the
flexibility of the system to modify the actuator geometry programmatically via the LCD
geometry.
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Fig. 6. Rms deviation from reference with the closed loop off and on for the 6x6, 10x10 and
15x15 actuators pattern. The phase screen was moved in and out by Smm in order to correct for
the same aberrations in both conditions.
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Fig. 9. Adaptive optics closed loop working for the case of the 15x15 actuators layout (Media 3).
5. Zernike Polynomials generation

We also tested the PCDM performances in relation to the Zernike polynomials wavefront
forming ability of the mirror. In this series of measurements the wavefront reference
programmed to the AO controller was offset with a series of Zernike terms for aberration
terms from Z3 to Z20 (according to OSA convention [24]), causing the controller to drive the
mirror in best effort at generating the term in question. The performance was then assessed
one term at a time by assessing the maximum rms amplitude (for positive and negative
offsets) that the mirror could generate before saturating the control output to the mirror. In the
particular set of measurement a 10x10 actuator geometry was employed. The results are
shown in Fig. 10 where the left hand portion shows the spatial structure of the Zernike terms
measured on the system wavefront sensor relative to optical flat together with the control
values driving the mirror in each case. As shown, the spatial structure of the modes generated
by the mirror are in good keeping with the target terms. In some cases the fitting was limited
by the dynamics of the wavefront sensor (ie lenslet focal length) which should be sensitive
enough for measuring the influence functions and large enough to support its use with large
aberrations.

In the first row the measured polynomials are shown, while the bottom row shows the
LCD pattern which has generated them. The PV (peak to valley) amplitude of the surfaces
generated before control saturation is shown in the bar chart, in the right hand portion of the
diagram compared to the rms error.
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Fig. 10. Left Panel: Zernike polynomials generated by using the closed loop and the patterns
necessary for generating them. Right panel: peak to valley amplitude of each Zernike term
obtained by the closed loop.

6. High resolution beam manipulation

As a last test, we addressed the capability of high resolution modulation of the PCDM by
investigating the intensity modulation at a distance of 2m and by exploiting the full
800x600pixels LCD resolution. As shown qualitatively in Fig. 11, thanks to the high
resolution membrane shape control, we have been able to generate alphabet letters by local
focusing on the back side of the PCDM.

Uniform
beam

Laser
—___ source
e R e 0

=

Collimator

Intensity on
The screen

Driving light

Fig. 11. high resolution control of the light reflected by the PCDM via high resolution
addressing of the LCD. The letters of the Latin word for LUX were projected on the back of
the PCDM, which resulted in their formation on a screen placed at 2m distance.
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7. Conclusions

We have demonstrated that light control of a deformable mirror presents many advantages
with respect to the conventional discrete actuators DM, particularly with regards to high
resolution wavefront forming systems.

The possibility of controlling the DM shape with high resolution geometries defined in
software provides a new level of flexibility in wavefront forming control. With our device it is
easy to programmatically address high resolution control geometries, as demonstrated in the
10x10 and 15x15 actuator geometries tested. In the study, the AO correction performance of
the mirror for these geometries were compared with that of a 6x6 actuators pattern (which is
almost equivalent to the state of the art DM with a size in the range of 10-20mm diameter).
The results from our adaptive optics demonstrator highlights that these higher resolution
geometries are effective in the reduction of the rms error in closed loop control as well as in
the improving the Zernike wavefront forming ability of the system. A significant advantage in
the new approach is the absence of cabling problems. The actuator density can be scaled
readily to quite dense geometries without modification of the controller and avoiding the usual
issue of cabling and control electronics bulk. This paves the way to the realization of larger
prototypes for specific applications requiring extremely high resolution, such as astronomy.
The extension of this technique to different type of actuators, such as piezo and voice coil, is
under investigation.

Acknowledgments

We are grateful to the Science Foundation of Ireland for support under the Grant No.
07/IN.1/1906 and to the National Council of Research of Italy for the Short Term Mobility
grant 2011.

#158841 - $15.00 USD Received 1 Dec 2011; revised 13 Feb 2012; accepted 13 Feb 2012; published 16 Feb 2012
(C) 2012 OSA 27 February 2012 / Vol. 20, No. 5/ OPTICS EXPRESS 5188



