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1
INTRODUCTION

This document describes the basic principles of wavefront measurement and
correction using the current production line of OKO Technologies (Flexible Op-
tical BV), including Micromachined Membrane Deformable Mirrors (MMDM),
Piezoelectric Deformable Mirrors (PDM), liquid crystal (L.C) adaptive lenses
and Shack-Hartmann wavefront sensors.

1.1 Active and adaptive optics

OKO Technologies produces components for active and adaptive optics applica-
tions. We shall start from explaining these key terms.

To provide accommodation and focusing in a wide range, optical systems
need to have adjustable design. In the majority of systems adjustment is done
mechanically, by varying the configuration of the system. Another adjustment
method is to use adjustable, or active, optical components. An example of
such an active optical element in nature is the crystalline lens of the human
eye, whose focusing power can be changed by the eye muscles. In optical
instruments, however, active components are not yet applied very often, but
there is a growing interest. Moreover, they have a potential to become the key
element in future optical systems.

Active elements can fulfil another function - they can compensate for aber-
rations in the optical system, keeping them in the required range of tolerances
for the whole range of operation. Aberrations are wavefront errors that lead
to reduced resolution or power efficiency of the system. They are caused by
imperfections of the optical elements and external conditions, such as turbu-
lence of the ambient media and thermal effects. Aberrations can largely be
compensated in the optical design, but their contribution is definitive in large-
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1. INTRODUCTION

aperture high-resolution systems, systems for imaging in highly aberrated
media, and laser systems which are highly sensitive to energy losses. In these
cases active compensation of aberrations is crucially important, and here we
often use the term “adaptive optics”.

Adaptive optics (AO) is a rapidly developing branch of applied optics [1]
whose purpose is to increase the resolution of optical systems by active com-
pensation of phase aberrations. Although there is no consensus about the
use of the terms “active optics” and “adaptive optics”, the use of the last term
normally assumes use of a higher bandwidth (> 10 Hz) and the presence of a
wavefront sensor coupled with an active optical element in a feedback loop.

1.2 Wavefront measurement

“Wavefront” is a key term in adaptive optics. We shall use the following defini-
tion. The electric field vector of a monochromatic light wave can be represented
in the form

E(r,t) = E(r)elkr+e) g=iwt (1.1)

where k is the wave vector, which is perpendicular to the electric field and has
a modulus related to the wavelength X as k = 27/); w is the angular frequency
related to the temporal frequency v as w = 27v; E(r) describes the amplitude,
and ¢(r) = kr + ¢(r) the phase of the oscillating field E. The surfaces joining
all points of equal phase are known as wavefronts. The wavefront surface can
be described by the equation ¢(r) = o, where ¢ is a constant.

The distribution of the optical phase in a certain plane, such as the pupil
plane of an optical system, provides a good approximation of the wavefront
in many cases. This is the reason why the measurement of the optical phase
distribution is often referred to as “wavefront measurement” or “wavefront
sensing”. However, this does not apply for strong aberrations, especially if
these are accompanied by significant amplitude modulation and wavefront
dislocations; in this situation both the amplitude and phase distributions
should be analyzed.

A short overview of the most popular wavefront measurement methods -
interferometric methods and Shack-Hartmann test - is given below.

1.2.1 Interferometric analysis

Interferometric methods are widely used in optical shop testing. Standard
interferometric optical setup uses two (or more) coherent light beams. The first
one (main beam) contains information about the object being analyzed; the
object is either reflective or transparent. The second beam, which has a flat or
spherical wavefront, is used as a reference. Let us suppose that the electric
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1.2. WAVEFRONT MEASUREMENT

fields of these light beams are identically oriented and have equal magnitudes
Ey but different phases in the measurement plane,

Ei(r,t) = Eo(r)e ™",
Es(r,t) = Eo(r)e¥@e ! (1.2)

The phase difference ¢ results from the path-length difference AL between
the waves and can be written as
AL

Y Ju— 1.
p =2, (1.3)

where )\ is the wavelength of light. Now, the net electric field has magnitude
Epet(r,t) = |E; + Eo| = 2E( cos ((p(;')) el P(r)/2giwt (1.4)

Photo-detectors, such as photodiodes and CCD cameras, can detect only
intensity of the light field, which is the time average of E2. If we write
individual intensities as Iy = EZ2/2 then the net intensity from the two light
waves can be expressed as

Lt (1) = 41 cos? <<'0(2r)> = 41 cos? <7TA§(I')> . (1.5)

The intensity distribution I,,.;(r) can be used to obtain information about the
phase distribution ¢(r) or the wavefront difference AL(r). Extraction of phase
from this intensity distribution is usually meant under wavefront reconstruc-
tion in interferometry. In general case the problem of phase reconstruction
is ill-posed, and there are numerous techniques to get rid of ambiguity in the
reconstruction.

Interferometric methods cover a wide range of measurement problems from
shape to roughness measurements and may provide accuracy up to subnano-
meter range. However, as the most reliable methods are either calculation
intensive or require multiple measurements, they are difficult to use for the
real-time wavefront analysis.

1.2.2 Hartmann test

Among many approaches to test the quality of optical components in the
industry and to get the real time wavefront information in adaptive optics,
Hartmann test has its own distinct place. Hartmann (and Shack-Hartmann)
tests are simple and can be explained in terms of pure geometrical optics.
The wavefront to be reconstructed is sampled by a screen with many sub-
apertures (in Hartmann test) or by a dense array of lenslets (Shack-Hartmann
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Figure 1.1: Principle of Shack-Hartmann test

test) - see Figure 1.1. Each sub-aperture (Ienslet) produces a light spot on the
screen or position sensitive detector. Position of the light spot is associated
with the local slope of the incoming wavefront, averaged over the sub-aperture
(lenslet) area. After all local slopes of the wavefront are registered, one can
reconstruct the shape of the wavefront. Shack-Hartmann method has the
advantages of gathering more light power per spot and covering the whole
sensing area.

The results of the test are very robust and easy to interpret. This advan-
tage made the Shack-Hartmann sensor the most popular tool for real-time
wavefront measurements in adaptive optics. It is also suitable for shape mea-
surements in optical shop testing. OKO Technologies offers both Shack and
Shack-Hartmann sensors and “FrontSurfer” software for wavefront reconstruc-
tion. The sensor consist of a custom-made Hartmann mask or lenslet array
coupled to a high-resolution CCD or CMOS camera.

1.3 Wavefront correction

The wavefront shape can be corrected by modifying the optical phase profile.
The core principle used in the wavefront correction is phase conjugation. For
wavefront correction the correcting phase profile should be optically conjugated
to the measured phase aberration. Correction with the conjugated phase
profile results in an ideal flat wavefront. However, if the wavefront cannot be
precisely determined or precisely replicated by the relay optics, or if diffraction
effects dominate, the phase conjugation cannot be precisely employed.
Operation of phase modulation devices is based on control of the optical
path difference (OPD), which can be written as OPD = nAz, where n is the
refractive index, and Az is the physical distance travelled by the wave. OPD is

4



1.4. CLOSED-LOOP WAVEFRONT CONTROL

-

Figure 1.2: Principle of wavefront correction in deformable mirrors (on the left) and
LC phase modulators (on the right).

related to the phase ¢ as ¢ = 27 - OPD/ .

Deformable mirrors, which is the primary technology for wavefront correc-
tors, modulate Az, operating in the reflective mode - see Figure on the
left. Liquid crystal (LC) phase modulators represent a low-cost alternative to
mechanically driven mirrors; their operation is based on modulation of n of
the LC layer under the applied electric field in transparent or reflective mode
(Figure on the right).

Wavefront correctors are traditionally subdivided into two classes according
to the implemented compensation technique - zonal and modal. Zonal correc-
tors such as segmented piston and tip-tilt mirrors allow individual control of
a phase over a set of subapertures providing step-wise phase compensation,
whereas modal ones such as deformable mirrors use a set of smooth functions
(modes, or influence functions) to approximate the required phase function.

Modal-type deformable mirrors are presented in a series of modifications:
membrane, bimorph and continuous faceplate mirrors with different geome-
tries of actuators and boundary conditions. OKO Technologies produces mem-
brane mirrors based on micromachining technology and continuous faceplate
mirrors with piezoelectric actuators. These mirrors shall be further referred to
as micromachined membrane deformable mirrors (MMDMs) and piezoelectric
deformable mirrors (PDMs), respectively.

Besides, OKO Technologies offers liquid crystal correctors of low-order aber-
rations - adaptive cylindrical and spherical LC lenses.

1.4 Closed-loop wavefront control

The majority of adaptive optical systems are based on the traditional phase-
conjugate scheme [1]. Its operation can be explained using a simplified example

5
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Figure 1.3: Image blurring induced by atmospheric wavefront distortions in astronomy
(a); operation of the adaptive optical system (b).
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1.5. STRUCTURE OF THE CATALOGUE

from astronomy. A light wave coming from a distant star forms an image of
this star in a telescope. Passing through the atmosphere, the light wave
is affected by fluctuations in density of the atmosphere due to turbulence,
distorting the front of the wave (Fig. 1.3(a)). Due to this kind of distortion,
a blurred image is produced. To compensate for this effect, two elements
are introduced - wavefront sensor, which measures the wavefront distortion
introduced by the atmosphere, and wavefront corrector, which produces the
phase function conjugated to the aberrated wavefront, thus correcting the
distortion of an initial wavefront. The processing unit (computer) coordinates
operation of these two elements (Fig. 1.3(b)). As the atmospheric distortions
evolve over time, the system should perform several hundred measurements
and corrections per second. In some systems, an additional tip-tilt mirror is
used to reduce the large stroke requirements for the wavefront corrector. For
compensation of aberrations produced by “thick” layers of highly aberrated
media, multi-conjugate adaptive systems must be used. Volume aberrations
are described satisfactorily by layered models [2], and several “wavefront
sensor - wavefront corrector” pairs need to be used to compensate them.

In the past, until the 90s the area of applications was restricted to high-
budget observatories and military projects on the delivery of high-energy laser
beams from ground to space for missile defense and secure communications,
due to the extremely high cost of AO systems. In the last decade, however,
advances in sensors and electronic processing brought down the cost of adaptive
optics, leading to many new applications in scientific, industrial and medical
fields [3, 4]. The most important applications include retinal imaging in
ophthalmology [5], confocal microscopy [6], ultra-short laser pulse shaping [7]
and machine vision.

OKO Technologies not only produces affordable high-quality components
for AO systems, but also provides integrated solutions based on “FrontSurfer”
software, which allow for closed-loop control of a deformable mirror using the
measurement data obtained from a (Shack-)Hartmann wavefront sensor. It
can be integrated not only with the components produced by OKO Technologies
but also with custom ones.

1.5 Structure of the catalogue

The introductory part gives a short overview of the field of application of our
products and introduces basic concepts. In the following chapters the products
are presented in detail.
Chapter 2 describes two deformable mirror technologies used by OKO Tech-
nologies, namely, MMDM and PDM, and makes comparison between them.
Chapter 3 contains technical information about standard models of deforma-
ble mirrors produced by OKO Technologies.
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Chapter 4 describes electronic drivers for our deformable mirrors and their
programming interfaces.

Chapter 5 describes basic principles and technical data of our liquid crystal
adaptive lenses.

Chapter 6 presents “FrontSurfer” wavefront sensor systems produced by
OKO Technologies. Sample measurement schemes using the Shack-Hartmann
wavefront sensor for optical shop testing are described.

Chapter 7 contains recommendations on designing of an adaptive optical
system using our components. It also describes the features of “FrontSurfer”
software related to closed-loop wavefront control, presents adaptive optical
systems offered by OKO Technologies and contains testing data of real MMDM
and PDM systems.

Chapter 8 contains answers to frequently asked questions.




2
DEFORMABLE MIRRORS

OKO Technologies produces two types of deformable mirrors - Micromachined
Membrane Deformable Mirrors (MMDM) and Piezoelectric Deformable Mirrors
(PDM). They are discussed further in this chapter. First, we consider designs
of these mirrors in general and discuss their principal differences. Then
we introduce numerical models of MMDM and PDM and consider correction
performances for these two mirror types. At the end of this chapter we present
some results of experimental characterization of MMDM. Results of testing of
MMDM and PDM in an adaptive optical system can be found in Chapter

2.1 Differences between MMDM and PDM

MMDM in its essence is a membrane mirror. The membrane is fabricated
using the technology of bulk micromachining. The membrane is very thin (0.5
to 10 pum thick) and can have diameters of up to 50 mm. The membrane is
mounted over a two-dimensional array of electrodes. Any potential applied
between the membrane and individual electrode, results in deformation of the
membrane. Combinations of voltages applied to different electrodes can form
very special shapes on the membrane surface.

Piezoelectric mirror is formed by a thin solid plate, made of glass, fuzed
silica or silicon, depending on application. The plate is coated with appropriate
coating and bonded to a two-dimensional array of piezoelectric actuators.
Elongation of individual actuators cause global deformation of the reflective
plate.

The MMDM membrane can be deflected only in the direction of the electrode
structure because the electrostatic force can be only attractive. The deflected
membrane can produce only concave optical shapes, if we take flat surface

9



2. DEFORMABLE MIRRORS

as a reference. However, if we choose a slightly concave reference, then a
bi-directional operation is possible. To achieve it, the membrane should be
initially deflected towards the actuators and made perfectly spherical by ad-
justing the actuator voltages. From this state the membrane can be moved to
both positive (from the electrode structure) and negative (towards the actuator
structure) directions by controlling the actuators voltage (see Fig. 2.1).

) surface at maximum detlectior
correction
range

concave \; light aperture ;/ biased surface
convex ——— —— non-deformed surface

Figure 2.1: Biased operation of MMDM.

The membrane of MMDM is fixed at its edges. When a constant potential is
applied to all actuators, the mirror will take a concave shape. If the membrane
is round, the deformation will form a good approximation to a sphere. In
general, the biased shape depends on the geometry of the membrane and the
geometry of the actuators. Since the edges of MMDM membrane are fixed, the
light aperture of MMDM is usually ~1.4 times smaller than the full membrane
size.

MMDM is controlled by inexpensive electrostatic electrodes. It is possible to
fabricate these electrode with very high density of small electrodes. However,
small electrodes cause small deflections of the membrane. Therefore the
maximum number of electrodes in a MMDM is limited by the amplitude of
response of a single individual electrode.

There are two parameters that are important when the amplitude of MMDM
response is described:

e maximum stroke when all actuators are at maximum (for a round mirror
it corresponds to the sag of spherical surface);

e maximum difference between the neighbor actuators.

At present (April 2008) OKO Technologies produces 15 mm mirrors with 37
channels, 30 mm mirrors with 39, 59, and 79 channels, 40 mm mirrors with
59 and 79 channels, and 50 mm mirrors with 79 channels. All of them are
optimized to achieve at least 600 to 1000 nm maximum deflection per actuator,
with 1.8 mm minimum actuator pitch.

MMDMs feature zero hysteresis and can be used in feedforward control
systems after preliminary calibration. Very low power consumption allows
building of small and efficient power supplies for multichannel mirrors. We

10



2.2. STATIC MODELS OF DM DEFORMATION

have experience in building 40-channel MMDM controllers with total consump-
tion not exceeding 1 W in active mode.

Unlike MMDM, the piezoelectric mirrors (PDM) have actuators that can
push and pull the reflective plate. When they push, the plate is deformed and
the neighbor actuators are also slightly deformed. The stroke per actuator
is therefore defined not only by the force applied, but also by the stiffness
of the actuator relative to the stiffness of the reflective plate. There are two
parameters that are important when the amplitude of response is described:

e maximum stroke of a free actuator
e maximum difference between the neighbor actuators.

PDM deformable plate is bonded only to actuators and has a free edge. When
all actuators move together, the plate is translated, without any deformation.
The range of translation is equal to the maximum stroke of a free actuator.

At present (April 2008), OKO PDM can be fabricated with minimum pitch
of about 4.3 mm, maximum free actuator stroke of 8 ym and, depending on the
stiffness of the reflective plate, the inter-actuator stroke can reach 3 ym.

Piezoelectric mirrors demonstrate hysteresis of 7 to 15%. This property
limits their applicability for feedforward control.

Since the amplitude of local response of a piezoelectric mirror depends only
on the stiffness of the plate and the actuators, these mirrors can be scaled to
very large numbers of control channels.

Piezoelectric mirrors are suitable for fast feedback-based correction of low
and high-order aberrations with large amplitude.

2.2 Static models of DM deformation

2.2.1 Membrane mirror

The membrane model is applicable to simulation of the response of a MMDM
when the thickness of the reflective substrate is so small that its cylindrical
stiffness [8]

D = ER?/12(1 — v) (2.1)

can be neglected. Here E is the Young’s modulus, & is the thickness of the sub-
strate and v is the Poisson ratio. We assume that the membrane is absolutely
stretchable and preserves its shape due to its lateral tension. The shape of the
stretched membrane depends mainly on the shape of its contour and on the
amount of the surface tension. In the case of a relatively large membrane with
~10 mm diameter and a thickness of only 0.5 um, this model gives excellent
approximation for the static mirror behavior. Let us consider the simplified
scheme of the micro-fabricated adaptive mirror shown in Fig.

11



2. DEFORMABLE MIRRORS
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Figure 2.2: Simplified scheme of a membrane mirror.

Suppose the mirror surface is deformed by applying voltages V...V to
the two-dimensional grid of NV actuators positioned at a distance D under the
membrane. Let the membrane, having a uniform thickness, be stretched by
a uniform surface tension 7' [N/m]. In this model we shall also suppose that
the distance d is much larger than the maximum membrane deflection, so that
the electrostatic pressure P does not depend on the membrane deformation. A
nonlinear case of large membrane deflections will be considered later.

The Z-component of the membrane deflection S(x,y) in the linear case is
described by the Poisson equation( 2.2):

AS(z,y) = P/T (2.2)
where the electrostatic pressure P is given by:

_eg,V(z,y)?
"= iy #2)

Equations (2.2, ) must be supplied with a set of boundary conditions,
describing the shape of the membrane contour: S, = F(z,y).

Analytical solution of equations (2.2, 2.3) for arbitrary geometries of mem-
brane contour and pressure distributions is complicated. For technical estima-
tions the finite difference numerical model of the membrane adaptive mirror,
allowing for arbitrary boundary conditions and pressure distributions, was
developed.

To solve the Poisson equation numerically, the functions S and P are deter-
mined on a square grid with equal steps dxy in the X and Y directions. The
grid knots are indexed as i and j for X and Y directions correspondingly. The

12



2.2. STATIC MODELS OF DM DEFORMATION

grid approximation of the Laplace operator has the form:

Sit1,j + Si—1,j + Sij+1 + Sij—1 — 45

AS =~ 5§{Y

Using this form we can write a finite-differential version of the Poisson equa-
tion (2.2) as:
Sit1,j + Si—15 + Sij4r + Sij—1 =45, _ Py

= —=. 2.4
52 T (2.4)

This system of linear equations (2.4) can be solved by a direct method of
Gauss elimination. This leads to a very large matrix of coefficients, which is
frequently not acceptable, because storage requirements for such a matrix in
many cases exceed the memory possibilities of modern computers. The open
form of the expression for the membrane deformation S; ; follows immediately
from (2.4):

1 P;
Si,j = _1 <5§(Y 7;] - Sifl,j - Si+1,j - Si,j+1 - Si,jl) (25)

The expression (2.5) can be used for solving the Poisson equation by iterations
when the right-hand side of (2.4) P; ; /T is known and the boundary conditions
S;.; are explicitly given. C-code for solving the problem for arbitrary actuator
and membrane shapes is available free from OKO Technologies.

2.2.2 Continuous faceplate mirror

The continuous faceplate mirror model is applicable to simulation of the re-
sponse of a PDM. The mechanical design of such a mirror is very simple in its
essence: discrete actuators are fixed to a stable mirror base and bonded to a
thin flexible mirror plate. The edge of the plate is left free. The geometry of
the flexible plate is made circular for the majority of applications, but square
and rectangular deformable mirrors are used for beam control in high-power
lasers and for ultrafast pulse shaping.

Implementation of PDM is more complicated than the simple model de-
scribed above. Stress-free assembly of the deformable plate with actuator
stack, minimization of the coating stress, good initial figure, implementation
of cooling system for a high-power operation — this is an incomplete list of
problems. Nevertheless, a simple mechanical model of continuous faceplate
deformable mirror is very useful for preliminary estimations of the amplitude
and shape of the mirror influence functions and the correction performance.

Analysis that follows is based on a thin-plate model. Rigorous theory of thin
plate bending can be found in [8].

13
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Figure 2.3: Simplified scheme of a faceplate mirror.

A small-deflection thin-plate model will be used to derive the expressions
for deformable mirror response. In the framework of this model, the thickness
of the plate is considered to be small in comparison with the plate size and
the plate deformations are small in comparison to the plate thickness. These
assumptions are satisfactory in many practical cases.

The deflection S of a thin plate is described by the biharmonic equation

P

where D is the cylindrical stiffness described by equation (2.1), and P is the
load applied to the plate.

Let us consider a circular plate with a free edge. As shown in [9], its
deformation is caused by a set of point-like forces P;, which act in points ¢; and
can be presented as a superposition of functions, accurate to within the term

So + S17 cos p + Sorsin . This term governs the translation and rotation of the
plate as a whole:

S(Z,E) = 167TR Z z <27<1 + Sy + S1Re z + SoIm z, 2.7

where

28 +In(l — 3 (L-p? .z
< =50 +1a(1 = 20) g
80+ ) —2¢)In(1 — 2¢ 2
m[(l Q) In(1 — 2¢) + k(2()
+ (1—2z0)In(1—2¢) + k(2¢)], (2.8)

14



2.3. EVALUATION OF THE CORRECTION PERFORMANCE

z = rcosp +irsing, ( = pcosy + ipsiniy are coordinates expressed in the
complex-valued form, and % is the logarithmic integral

(0%

k(z) = / (1 =a) (2.9)

0

Equations (2.7)-(2.9) can be used for simulation of the influence functions
of PDM and evaluation of its correction quality. For instance, to calculate the
best approximation of an arbitrary wavefront ¢(x, y) by a continuous faceplate
mirror with a free edge and N actuators, it is necessary to find N unknown
forces P; and 3 coefficients Sy, S; and S». They can all be found from a system
of N+3 linear equations. The first V equations are obtained by minimization of
the rms error using the least-squares method; the 3 supplementary equations
from statics represent conditions of mechanical equilibrium of the plate:

N
ZPj//S(z,Z,zi,ii)S(z,Z,zj,Zj)dxdy

+So//SZ Z, 2%y 2 dﬂcdy—l—Sl//Szzzl,zZ xdxdy

S(z Z, i, Zi)ydady
// (2,Z, 2i, Zi ) d(x, y)dady, i=1...N,

ij =0,
j=1

N

> Pjx; =0,
j=1

N

ijyj =0.
j=1

(2.10)

This system can be easily solved using standard Gauss elimination.

2.3 Evaluation of the correction performance

2.3.1 Approximation of Zernike polynomials by continu-
ous deformable mirrors

The shape of a MMDMDM is described by the Poisson equation:
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2. DEFORMABLE MIRRORS

Ap(x,y) = p(z,y)/T, (2.11)

where p is the pressure caused by the actuators and 7 is the membrane
tension. A similar equation ( ) describes the shape of a bimorph mirror
formed with two active layers, with the term p/T describing the distribution
of bending moments applied to the plate [10] and the function ¢ satisfying to
some additional boundary conditions.

The shape of a PDM, in the thin plate approximation is described by the
biharmonic equation [8]:

A%p(z,y) = p(z,y)/D, (2.12)

where the source p describing the action of actuators satisfies the conditions
of static equilibrum, D is the cylindrical stiffness and ¢(z, y) satisfies to some
additional boundary conditions. Equation ( ) assumes the plate have tip-tilt
degrees of freedom in the points of attachment to the actuators.

To find the mirror controls p corresponding to the phase error ¢(x,y) we
need to apply the differential operator A (A2 for the continuous facesheet
mirror) to the phase function .

It is a common practice to decompose aberrated wavefronts in series over the
Zernike polynomials. Substituting ¢ = Z)* where Z" is a Zernike polynomial
with the radial order n and azimutal order =m as defined in [11], we find [12]
that

Ap(z,y) =0, (2.13)

for all Zernike polynomials Z”* with n = |m/| including piston, tip, tilt, astigma-
tism, trefoil, etc.; and

A2p(z,y) =0, (2.14)

for all Zernike polynomials Z™ with n = |m| and also with n — 2 = |m]|,
including piston, tip, tilt, defocus, astigmatism, trefoil, coma and some higher
order aberrations.

This result can be explained by the fact that the equations ( , ) de-
scribe the mirror shape in terms of actions p defined only within the correction
aperture, while some modes can be exactly defined only by actuators positioned
outside the correction aperture. These modes can not in principle be found as
an exact solution of eq. ( ) or ( ) in terms of correction actions p inside
the correction aperture.

Practical correction of any aberration satisfying to ( ) for a membrane
and bimorph mirror, or ( ) for a thin-plate mirror, performed only by the
actuators positioned within the aperture, results in a "bumpy” approximation
to the desired shape. To obtain a high quality correction, a certain number
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2.3. EVALUATION OF THE CORRECTION PERFORMANCE

of actuators should be positioned outside of the mirror aperture so that the
conditions ( , ) are satisfied inside the aperture, while the external
actuators produce the required correction. The number of these external
actuators should be large enough to produce a sufficient number of independent
modes. Considering all low-order Zernike polynomials up to the 4th order, we
see that out of all 15 modes, 14 satisfy to the condition ( ), and 9 satisfy to
both ( ) and ( ). Counting very roughly that each actuator corrects one
mode, we conclude that to correct the low-order terms described by ( ), the
continuous faceplate DM should have at least 14 actuators and a bimorph or a
membrane DM should have at least 9 actuators placed outside its correction
aperture.

Also, from very basic considerations, we can say that a continuous faceplate
DM with a round aperture should have at least two rings of actuators posi-
tioned outside the correction area, to define the conditions on the contour of
the correction area ¢|s and %‘ﬂ s, where r is the radial coordinate, and S is
the boundary of the correction area. Membrane mirrors should have at least
one ring of actuators outside the correction aperture, as only the deflection ¢|g
should be defined.

For mirrors with large numbers of actuators, we need to count the number
of Zernike polynomials satisfying to the conditions and . Performing
this easy task, we derive a general rule that defines the necessary number of
actuators to be placed outside the correction aperture of a DM:

Any deformable mirror described by the Poisson equation requires
at least two actuators to be placed outside the working aperture per
period of the azimuthal aberration of the highest expected order.

Any deformable mirror described by the biharmonic equation, such
as a continuous facesheet mirror with push-pull actuators, requires
at least four actuators to be placed outside the working aperture per
period of the azimuthal aberration of the highest expected order, and
these actuators should not be positioned on a single circle.

2.3.2 Numerical simulation of the correction quality

Computer models described in section and were used for calculation
of the influence functions of the 15-mm 37-channel MMDM (“OKO mirror”),
37-ch OKO PDM and 109-ch OKO PDM.

The rms correction for the Zernike polynomials up to the 8-th order is shown
in Fig. for three different values of the correction aperture R = 0.8; 0.6; 0.4
of a 37-ch MMDM. The case R = 1 is not considered due to the fixed edge. The
graph clearly shows that the correction quality improves significantly with
the decrease of R for all modes Z"* with n = m, which can be explained by the
increase in the number of actuators positioned outside the aperture. Correction
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2. DEFORMABLE MIRRORS

of aberrations Z1, Z2 and Z? is strongly dependent on the number of internal
actuators, resulting in optimal correction with R = 0.8 when the maximum
number of actuators is positioned inside the correction aperture. All other
modes require simultaneous correction with internal and external actuators,
therefore the optimum correction is reached in the vicinity of R = 0.6...0.7.
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Figure 2.4: Calculated quality of correction the Zernike modes Z)* up to n = 8 for the
15-mm MMDM controlled by 37 actuators, for different sizes of the correction aperture.

Figure (top) shows the residual rms correction error for a 37-ch DM for
low order Zernike polynomials Z" for three different values of the correction
aperture R = 1; 0.8; 0.65. The correction quality of low-order aberrations is
poor when the full aperture R = 1 is used and all actuators are positioned
within the correction aperture. The quality improves significantly for smaller R
practically for all low-order aberrations, as the number of actuators inside the
correction aperture decreases, while the external actuators form the otherwise
impossible correction modes. Polynomials Z2 and Z2 do not satisfy to ( ),
therefore the correction of these terms requires at least some actuators to
be positioned within correction aperture. For these modes, the correction
quality is better for the full aperture R = 1 and the error increases for smaller
correction apertures such as R = 0.8 and R = 0.65.
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The Fig. (bottom) shows the correction quality calculated for a 109-ch
PDM for Zernike terms up to the 10-th order. As in all previous cases, the
correction reaches its optimum whan a significant number of actuators is
positiones outside the correction aperture. The aperture of R = 0.65...0.8 is
optimal for this mirror. For example, if the mirror diameter is 5¢cm, the optimal
aperture would be in the range between 3.25 to 4 cm.

In practice, to achieve the optimal quality of correction, a MMDM should be
used with correction apertures in the range R = 0.6...0.7 of the full membrane
aperture, while a PDM should be used with working apertures in the range
R =0.65...0.8 of the full mirror aperture.

2.3.3 Comparison of the performance of different mirrors
for the atmospheric correction

To evaluate optical performance of a wavefront corrector, we need to apply it to
a whole class of optical fields. As the main practical application of adaptive
optics for many years was high-resolution imaging through the turbulent
atmosphere, we shall use the statistics of random wavefronts induced by
atmospheric turbulence. The Kolmogorov model is the most frequently used
for turbulence description because of its relative mathematical simplicity and
good agreement with experiment [13].

Modal wavefront correction is usually described in terms of complete or-
thogonal sets of functions, such as Zernike polynomials or Karhunen-Loéve
functions. The last one is a special set of functions, best fit for representa-
tion of random wavefronts with statistics described by the Kolmogorov theory.
For these sets the rms wavefront aberrations were evaluated in [14] for the
generalized case of modal correctors with Karhunen-Loéve basis.

The comparison study of different types of modal correctors was presented in
[15]. Here we briefly describe the method used in this paper. Let the function
¢(x,y,t) be a time-dependent turbulence-induced phase distribution across
the aperture of a wavefront corrector. We can decompose this function over an
orthogonal set of Zernike polynomials Z;(z, y):

S, y,t) = > ai(t) Zi(x,y)- (2.15)
=0

Here, the normalized Zernike polynomials with a unitary amplitude on a circle
of unitary radius [11] are used.

Using cross-correlations of Zernike coefficients of turbulent phase with
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2.3. EVALUATION OF THE CORRECTION PERFORMANCE

Table 2.1: Comparison of the optical performances of 37-channel piston, continuous
faceplate and membrane mirrors with hexagonal structure of actuators.

Mirror type Residual (Dp/Ro)max Efficiency
aberrations, %

Piston 22.7 4.69 5

Membrane 9.68 10.9 22

Continuous faceplate, 9.02 14.2 33

free edge

Kolmogorov statistics [16]

A, m=0 andm' =0,
(a;a;) = V2A, m=0and m’' #0, orm # 0and m’ =0, (2.16)
2A, m # 0 and m' # 0,

h S
|

D 5/3 / /
0.00386 (;) (n+1)(n' + 1)§mm,(_1)(n+n —m—m')/2
0

T(14/3)T[(n +n' — 5/3)/2]
T[(n —n + 17/3)/2]T[(0 — n + 17/3)/2]T[(n + 0 + 23/3)/2]’

and using the corrector’s influence functions for approximation of Zernike
polynomials, we can find rms error of correction for a given turbulence charac-

teristic scale rq
0% = ZZ (AA), - (i), . (2.17)

=0 1¢'=

Here A;(x,y) is the error of fitting of the i-th Zernike polynomial with the
corrector’s influence functions, and D, is the diameter of the mirror’s pupil.

Other common measures of corrector’s performance are the approximate
value of Strehl factor defined as S = exp(—c?) , where o is given in radians,
and the efficiency Nk - an equivalent number of Karhunen-Loéve modes
resulting in the same fitting error.

The results of comparison of optical performances of 37-channel piston,
continuous faceplate and membrane mirrors are shown in Table 2.1. All the
mirrors considered have the same hexagonal structure of actuators. Maximum
values of the turbulence parameter D, /r; in the third column correspond to
the Strehl factor value equal to 0.5.

This method is quite useful for preliminary analysis and optimization of the
mirror design. Among its limitations we can mention that it does not take into
account limited stroke and dynamics of the mirror. With this consideration,
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PDM is more advantageous; not only because it provides better fitting but also
because of its faster response and larger stroke compared to MMDM.

2.4 Experimental characterization of MMDM

This section presents the results of investigation of MMDM under continuous
laser load and in an optimization setup. Its temporal response and tip-tilt
correction possibilities are also investigated. More technical details can be
found in [17, 18].

2.4.1 MMDM under laser load
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Figure 2.6: A biased micromachined deformable mirror under laser load.

Laser load causes change of the membrane temperature ¢, reducing the
tension 7" due to the thermal expansion of the membrane material. Behavior
of micromachined membrane deformable mirrors under continuous laser load
has been investigated experimentally and theoretically in [17]. It was shown
that load-induced variation of the membrane temperature and mechanical
tension result in additional thermal deformation of the deformable mirror
figure. Modeling the membrane tension and thermal deformation as functions
of beam diameter, optical power and mirror design parameters, the authors
found that the thermal resistance of the mirror substrate is critical for high-
power operation. According to the estimations made, an optimally designed
membrane mirror with 99.8% reflectivity can be safely loaded with up to 500 W
of optical power in a 10 mm diameter beam. This model was compared with
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2.4. EXPERIMENTAL CHARACTERIZATION OF MMDM

experimental data obtained for micro-machined membrane deformable mirrors
with five different types of reflective coatings loaded with up to 70 W beam
with power density of up to 20 W/mm?2. Operation of a multilayer membrane
mirror was demonstrated in a stable resonator of a diode-pumped YAG:Nd
laser with output power of up to 4.5 W.

In [19] 2 10 mm 19-channel MMDM coated with silver and a 12-layer
dielectric stack was tested inside the resonator of a CV YAG laser with output
power of 200 W. The optical load on the mirror reached 600 W in a 6 mm beam.
The mirror operated continuously without any signs of degradation.

MMDMs can be used for CW laser applications with beam powers of up
to 500 W with power density of the order of 2 kW/cm?. The optimization of
the package design can increase the loads, making the mirrors applicable for
high-power CW applications. OKO mirrors for high-power applications satisfy
the following requirements:

e High reflectivity is achieved by coating the membrane with a highly-
reflective metal (silver) further enhanced by a multi-layer dielectric
stack.

e Low thermal resistance of the gap between the membrane and the elec-
trode structure.

e Low thermal resistance of the electrode structure and between the mirror
substrate and the ambient, essential for heat evacuation.

2.4.2 Optimization-based operation

The experimental setup is shown in Fig. 2.7. This setup uses a pinhole (PH) as a
source of ideal reference spherical wave. The reference spherical wave produced
by the pinhole is returned to the pinhole after reflection from the biased
adaptive mirror (AM). The response of the photodiode reaches its maximum
when the AM has perfectly spherical shape. Interferometer formed by the
beamsplitter (BS), AM and the reference mirror (RM) allows for real-time
interferometric registration of the system behavior. The far-field (conjugated
to the pinhole plane) intensity distribution is projected with a microlens (ML)
onto the second CCD sensor to allow for real-time observation of the far-field
intensity distribution.

The principle of operation is based on optimization of the adaptive mirror
figure to maximize the amount of light, passed back through the pinhole to
the feedback photodiode. From the geometrical point, the feedback signal is
maximized when the mirror has perfectly spherical shape.

While working with MMDM, it is important to take into account that the
mirror deflection is proportional to the square of applied voltage: A ~ V2. To
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Figure 2.7: Experimental setup used for calibration and characterization of MMDM.

linearize the control, the voltages V, applied to the mirror actuators should
be proportional to the square root of the linear voltage V, calculated by the
control system: V, = V.\/V./V;naz. This conversion makes the mirror response
proportional to V..

It was found that downhill simplex method, described for example in [20]
provides reasonably fast and quite reliable convergence to the global optimum
in the majority of situations. The time delay between the moment of setting the
mirror voltages to the moment when the feedback value is measured was set to
about 1.5 ... 2 milliseconds. Average correction time for randomly introduced
aberration in a 37-ch system, controlled by simplex optimization algorithm,
was in the range 20 s to one minute, while the preliminary correction (feedback
value reaches half of its maximum value) was typically achieved in a couple of
seconds.

2.4.3 Tip-tilt correction

As the tip-tilt correction ability is of a special interest in many applications,
special investigation on the tilt correction performance was conducted using
10-mm 19-channel MMDM. Micromachined adaptive mirrors have negligible
hysteresis, permitting for quick and precise one-step program control of the
surface shape. Scanning of the beam between image pixels was implemented
with a speed of 500 pixels per second (see Fig. 2.8).
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Figure 2.8: Examples of a diffraction-limited focal spot scanning, demonstrating the
tilt correction performance. These images were obtained by scanning 6-mm laser beam
using 19-ch adaptive mirror having 1 cm clear aperture.

2.5 Acceptable defects of deformable mirrors

Deformable mirrors fabricated by OKO Technologies are complex opto-electro-
mechanical systems. In many cases we fabricate these mirrors on the cus-
tomer’s specification, which result in a unique product. It is practically impos-
sible to deliver a custom-made DM which is absolutely free of any defects. In
all cases we look for the best possible compromise.

This section gives an overview of mirror defects that we do tolerate.

2.5.1 Swurface defects

Most of the mirrors delivered by OKO Technologies are free of sur-
face defects. However, the process of fabrication of a DM is quite complicated,
therefore sometimes we tolerate visible defects on the surface of a DM, if these
defects do not impair the performance of the mirror.

Deformable mirrors are complex opto-electro-mechanical systems, they can
have various defects in mechanics, electronics and optics, which are invisible
to the human eye. Many of these defects can be real killers to the mirror
performance, but since they are invisible, they are not a concern at the first
inspection.

The situation is quite different with the surface defects. In vision systems,
small surface defects practically do not influence the performance of the optics.
They add slightly to the system scattering, but these effects are negligible
compared to the harm caused by the phase distortions. We have experience
with very badly scratched mirrors that perform perfectly in vision systems.
In most cases surface defects are quite harmless. Unfortunately, at the first
inspection, they take almost 100% of the customer’s attention, simply because
they are clearly visible.

Surface defects can be important in two cases: in AO systems with very low
scattering and in high-power laser systems. In both cases we can deliver a
mirror that is free of surface defects, or with some minor defects that do not
impair the performance.
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2.5.2 Scratches

Mirrors we deliver are free of major scratches. Some minor scratches
may appear but the experience shows that these minor scratches appear most
frequently in the imagination of the customer. Attempts to remove these minor
scratches, does not matter real or imaginary, almost always result in real major
scratches all over the mirror surface. Contact OKO Technologies if you have
any doubt. We do not replace deformable mirrors scratched by the customers.

2.5.3 Temporal stability

Deformable mirrors can feature certain amount of temporal drift, caused by the
relaxations of the internal strains in the mirror construction, glue shrinkage,
actuator creep etc. These drifts do not exceed the maximum of 1ym rms surface
error during the mirror guarantee period. As a rule, all major drifts happen
just after the mirror is delivered, the drifts are expected but not guaranteed to
be negligible in mirrors that are older than 1 year.

2.6 MrFit: DM simulation package

MrFit is a Windows program to simulate the static behavior of membrane
and continuous facesheet DM. It calculates the voltages to be applied to the
actuators, to achieve the best possible compensation of a specified aberration,
defined as a combination of Zernike terms. The program shows - see for
instance Fig. and - the surfaces of the wavefront, the best fit with a
specified DM, and the approximation error. The output can be obtained as
a grayscale plot, interferogram, or a 3D surface. The software can take into
account the effects caused by the clipping of the actuator voltages, providing
realistic output accounting for the limited stroke of the DM actuators.

The full commercial version of the program will simulate any circular mem-
brane or a continuous facesheet DM, with any number and geometry of actua-
tors.

A free version of the software is available from the OKO Technologies web-
site. It simulates only the deformable mirrors produced by OKO Technologies.

Please contact OKO Technologies for any further information about the
commercial and the free version of the software.

2.7 Publications based on OKQO’s mirrors

In addition to the testing results presented in this chapter, there are numerous
publications containing useful technical information on our mirrors and their
applications. An uncomplete list of these publications is given below.
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Figure 2.10: 3D plots of an aberration, the best fit obtained with a membrane DM, and

the approximation error.
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DEFORMABLE MIRRORS,
TECHNICAL DATA

3.1 15mm 37-channel MMDM (“OKO mirror”)

15 mm 37-channel MMDM was introduced in 1997 and has been the most
popular deformable mirror ever made.

The mirror, shown in Fig. , consists of a silicon chip mounted over a
PCB holder. The chip contains silicon nitride (composite) membrane, which
is coated to form a mirror. The PCB contains the control electrode structure,
spacer and connector. It also serves as the mirror package. The shape of the
reflective membrane is controlled by voltages applied to the control electrodes
with the membrane grounded.

The device can be used for fast dynamic correction of low-order optical
aberrations such as defocus, astigmatism, coma, etc. in lasers, telescopes,
ophthalmic devices, displays and imaging optics.

The scheme of the assembled mirror and the principle of control are illus-
trated in Fig.

3.1.1 Technical data

See Table for typical technical parameters of the mirror.

Small surface defects are possible. They do not influence the quality of the
mirror.
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3. DEFORMABLE MIRRORS, TECHNICAL DATA

Figure 3.1: Typical view of a 37-channel micromachined deformable mirror with and
without package. Please note that these mirrors can be fabricated with different package
designs, so the mirror you have may look differently.

Control electrodes

!
| Al-coated membrane Si chip |
[T, L L L , [
Substrate
Spacer PCB
Control
@ @ @ Vi voltages
Bias voltage | | |
v -

Figure 3.2: Schematic section of the micromachined adaptive mirror.

3.1.2 Actuator structure

The membrane is mounted over the printed actuator structure shown in
Fig. 3.4. The center-to-center distance between actuators is 1.8mm. The whole
actuator structure is located within 12mm circle under the mirror membrane.

The first (close to the mirror) cable connector controls central 19 actuators
of the hexagonal structure and provides connection to the ground. The second
connector controls 18 peripheral electrodes (two pins are not connected). In
principle the mirror can be used with only one control board (19-channel
variant) - ground the actuators 20...37 for reliable mirror operation.

19 amplifiers of the driver board connected to the first connector are used
to drive the mirror actuators. The membrane is grounded (right jumper on
the driver board in the upper position, no left jumper). The membrane can be
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3.1. 15MM 37-CHANNEL MMDM (“OKO MIRROR”)

Table 3.1: Technical parameters of 15mm 37-channel MMD mirror.

Parameter

Value

Aperture shape
Mirror coating
Aperture dimensions
Number of electrodes
Control voltages V,

Initial RMS deviation from plane

Main initial aberration

Maximum deflection of the mirror center
Package dimensions

Weight

approximately circular
Metal or Metal + dielectric
15mm diameter

37 (19) (see Fig. 3.4)
0...150t0 300V,
dependent on the mirror
less than 0.45 ym

1.5 fringes at 630nm

10 pm

see Fig.

140 g

connected to the amplifier number 20 (bias) by setting both jumpers on the
amplifier board to the lower position - this is not recommended.

3.1.3 Optical quality

Typical interferograms of the mirror are shown in Fig.

3.1.4 Specific remarks

When operated with 19 channels, use shorting link for the second connector to

prevent charging of floating electrodes.
See also general remarks on page
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Figure 3.3: Technical drawing of the package and mounting holes of the 15mm 37-channel MMDM
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3.1. 15MM 37-CHANNEL MMDM (“OKO MIRROR”)
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Figure 3.4: The PCB actuator structure and the pinout (actuator numbers) of PGA
connector, shown from the top (mirror surface) view. The cables should be connected
from the back side with red-colored wire oriented to the “Ground” pin. See “Red wire”
mark in the figure.

Figure 3.5: Test of the mirror: zero voltage applied, control byte 180 applied to all
actuators, control byte 255 applied to all actuators, control byte 255 applied to actuators
20 to 37, non-zero bytes applied to some actuators (left to right)
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3. DEFORMABLE MIRRORS, TECHNICAL DATA

3.2 30mm 39/59/79-channel MMDM

The mirror, shown in Fig. 3.6, consists of a silicon chip mounted over concentric
electrostatic electrode structure. The chip contains multilayer silicon nitride
membrane, which is coated to form the mirror. The PCB contains the control
electrode structure, spacer and connectors. The initial shape of the reflective
membrane can be adjusted using 8 adjustment micrometric screws on the back
side of the mirror mount.

The device can be used for fast dynamic correction of low-order optical
aberrations such as defocus, astigmatism, coma, etc. in lasers, telescopes,
ophthalmic devices, displays and imaging optics.ed for fast dynamic correction
of optical aberrations.

The scheme of the assembled mirror and the principle of biased control are
illustrated in Fig. 3.2 on page 32

Figure 3.6: Front and back view of the mirror.

3.2.1 Technical data

See Table 3.2 for typical technical parameters of the mirror.

A number of surface and coating defects with total area not exceeding 2mm?
can be present on the mirror surface. These defects do not influence the quality
of the mirror.

3.2.2 Actuator structure

The membrane is mounted over the printed actuator structure (20mm in
diameter for 39ch mirror and 30mm in diameter for 59- and 79-channel mirror)

36 OKO Technologies ¢ www.okotech.com
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3.2. 30MM 39/59/79-CHANNEL MMDM

Table 3.2: Technical parameters of 30mm 39 /59-channel MMD mirror.

Parameter

Value

Aperture shape
Aperture dimensions
Number of electrodes
Control voltages V.

Initial RMS deviation from reference sphere
Main initial aberration

Maximum deflection of the mirror center
Surface defects

Package dimensions

Weight

approximately circular
30mm diameter
39/59/79 (see Fig. 3.7-3.8)
0...150to 300V,
dependent on the mirror
less than 0.9um
astigmatism

9um

up to 2 coating defects
see Fig.

~500 g

shown in Fig.

3.2.3 Optical quality

The mirror was tested interferometrically before shipping. The interferometric
patterns are shown in Fig.

3.2.4 Specific remarks

See also general remarks on page

Mirror realignment

In the first days of operation, the mirror figure can drift due to relaxation of
internal stresses. The mirror can be re-aligned.

OKO Technologies is not responsible for the result of alignment procedure
and provides no warranty!

To align:

1. remove the cable bracket and put the cable aside (do not disconnect).
Connect the mirror to the control board.

2. put the mirror into interferometer and fix it solidly.

3. Using 0.9mm hex key release the screw latches (see Fig. 3.6).

4. Set all actuator voltages to zero and align the mirror to observe zero
interferometric pattern.

5. By slight clockwise turns of alignment screws adjust the mirror figure.
Do not turn the screws more than 10 degrees of arc counterclockwise! By doing
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Figure 3.7: The PCB actuator structure and pinout, top (mirror surface) view.

that you may land the membrane onto the actuator structure and destroy
the mirror. Use hex key with a very long handle to improve the sensitivity of
alignment. In general you will need extremely gentle movement (about one
degree of arc) of the screws. Be careful - the screws can be quite tight.

6. Apply maximum voltage to all actuators and check whether the defor-
mation is symmetrical with respect to the mirror center. If not - realign the
membrane to make it parallel to the actuator structure.

7. Repeat 5...6 until satisfaction is reached.

8. Fix the screw latches.
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3.2. 30MM 39/59/79-CHANNEL MMDM
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a) b)

Figure 3.8: a) The geometry of 79-channel 30mm mirror actuators and its correspon-
dence to b) the mirror connectors pinout.

5 mount holes M4 on top
and bottom sides

Figure 3.9: Technical drawing of the package and mounting holes of the 30mm
39/59/79-channel MMDM
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3. DEFORMABLE MIRRORS, TECHNICAL DATA

Figure 3.10: The initial optical figure of the 39ch adaptive mirror, response to control
byte 180 applied to all actuators (top row), control byte 255 applied to all actuators and
to edge alignment actuators. Maximum deflection of the order of 25 fringes with all
actuators on at maximum voltage.
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3.3. 40MM 59/79-CHANNEL MMDM

3.3 40mm 59/79-channel MMDM

The mirror consists of a silicon chip mounted over concentric electrostatic
electrode structure. The chip contains multilayer silicon nitride membrane,
which is coated with a special coating to form the mirror. The PCB contains
the control electrode structure, spacer and connector. The initial shape of the
reflective membrane can be adjusted using 8 adjustment micrometric screws
on the back side of the mirror mount.

The device can be used for fast dynamic correction of optical aberrations.

The scheme of the assembled mirror is illustrated in Fig. 3.2 on page 32.

=

Figure 3.11: Front and back view of the mirror. Back view of a 30-mm mirror is
shown, other modification have similar features. The 40-mm mirror does not have any
adjustment holes in the back cover. The cover should be removed for mirror alignment.

3.3.1 Technical data

See Table 3.3 for typical technical parameters of the mirror.
Small surface defects are possible. They do not influence the quality of the
mirror.

3.3.2 Actuator structure

The membrane is mounted over the printed actuator structure (40mm in
diameter for a 59ch mirror) shown in Fig. 3.12.

Tel: +31 70 262 94-20 « Fax: +31 70 710 14-00 41
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Figure 3.12: The PCB actuator structure and pinout for 59- and 79-channel MMDMs,

top (mirror surface) view.
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3.3. 40MM 59/79-CHANNEL MMDM

Table 3.3: Technical parameters of 40mm 59 /79-channel MMD mirror.

Parameter

Value

Aperture shape
Aperture dimensions
Number of electrodes
Control voltages V.

Initial RMS deviation

from reference sphere

Main initial aberration

Maximum deflection of the mirror center
Reflectivity

Surface defects

Package dimensions
Weight

approximately circular
40mm diameter

59 or 79 (see Fig. )
0...150 to 300V,
dependent on the mirror
less than 0.9um

coma

15um

better than 89% in visible
up to 2 coating defects
see Fig.

~600 g

6 mount holes M4 on top
and botiom sides

3.3.3 Optical quality

3.3.4 Specific remarks

See also general remarks on page

Figure 3.13: Technical drawing of the package and mounting holes of the 40mm
59/79-channel MMDM

Typical interferometric patterns of the mirror are shown in Fig.
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Figure 3.14: The initial optical figure of the 59ch adaptive mirror, response to control
byte 180 applied to all actuators (top row), control byte 255 applied to all actuators, to
the central actuator and to the edge actuator. Maximum deflection of the order of 40
fringes with all actuators on at maximum voltage.
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3.4. 11x39MM 19/38-CHANNEL LINEAR MMDM

34 11x39mm 19/38-channel linear MMDM

Silicon micromachined mirrors are fabricated by OKO Technologies using the
technology of silicon bulk micromachining.

In the temporal domain, the device can be used to control the duration and
the temporal shape of ultrafast pulses in femtosecond lasers and amplifiers.
In the spatial domain, the device can be used as a normal deformable mirror
to control the phase of extended in one dimension laser beams.

The mirror, shown in Fig. 3.15, consists of a silicon chip mounted over a
PCB holder. The chip contains thin micromachined membrane, which is coated
to form the mirror. The chip is mounted over 6 micrometric (see Fig. 3.15(h))
screws to adjust the mirror figure and the mirror-to-actuator distance.

(a) (b)

Figure 3.15: (a) Typical view of a linear 19-channel micromachined deformable mirror
and (b) adjustment micrometric screws on the back side of the mirror. Please note that
these mirrors can be fabricated with different package designs, so the mirror you have
may look differently.

The printed circuit board substrate contains the control electrode structure
and connectors. It also serves as the mirror package.

The scheme of the assembled mirror and the principle of biased control are
illustrated in Fig. 3.2 on page 32

3.4.1 Technical data

See Table 3.4 for technical parameters of the mirror before shipping.

Small surface defects are possible. They do not influence the quality of the
mirror.
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Table 3.4: Technical parameters of 19/38 linear MMD mirror.

Parameter

Value

Aperture shape
Number of electrodes
Control voltages V,

Mirror coating

Initial RMS deviation from plane/cylinder
from plane/cylinder

Main initial aberration

Maximum deflection of the mirror center
Maximum optical load

Package dimensions

Weight

rectangle 11x39mm

19 or 38

0...150t0 300V,
dependent on the mirror
Metal or Metal + dielectric
less than 1ym

defocus/cylinder/adjustable
10pm (30 fringes)

not available

see Fig.

~500 g

and bottom sides

Figure 3.16: Technical drawing of the package and mounting holes of the linear MMDM

3.4.2 Actuator structure

The membrane is mounted over the printed actuator structure. On Fig.
addresses, with reference to the base address of PCI board are shown in large
font, corresponding actuator numbers - in small font. The array of actuator
addresses from one side of the 19-ch mirror to another — see Fig.

745230114 15 13 12 11 10 9 8 23 22 21 20

In the case of a 38-ch mirror the actuators have the following addresses —
see Fig.
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3.4. 11x39MM 19/38-CHANNEL LINEAR MMDM
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Figure 3.17: Actuator connections for (a) 19- and (b) 38-ch mirrors.
top row: 20 21 22 23 8 9 10 11 12 13 14 15 7543210

bottom row: 13 12 15 10 11 8 14 1 0 9 22 23 20 21 3 2 5 4 7

3.4.3 Optical quality

Typical interferometric patterns of the mirror are shown in Fig. 3.18.

Figure 3.18: The response to control byte 0, 180, 255 applied to all electrodes and 255
to a single electrode ( left to right, top to bottom).

3.4.4 Specific remarks

See also general remarks on page 69.
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3.5 30mm 19-channel PDM

The mirror, shown in Fig. 3.19, consists of 19 piezoelectric column actuators
bonded to the base holder. Reflective plate is bonded to the top of the actuator
structure and coated to form the mirror. The shape of the faceplate is controlled
by the voltages applied to the actuators.

The device can be used for fast dynamic correction of low-order optical
aberrations such as defocus, astigmatism, coma, etc, in lasers, telescopes,
ophthalmology, displays and general imaging optics.

Figure 3.19: Typical view of a 19-ch piezoelectric deformable mirror. Please note that
these mirrors can be fabricated with different package designs, so the mirror you have
may look differently.

3.5.1 Technical data

See Table 3.6 for typical technical parameters of the mirror.
The mirror can be supplied with initially slightly curved spherical surface.
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3.5. 30MM 19-CHANNEL PDM

Table 3.5: Technical parameters of 30mm 19-channel PD mirror.

Parameter

Value

Aperture shape

Mirror coating
Actuator voltages
Number of electrodes
Actuator capacitance C,
Main initial aberration
Initial RMS deviation
from reference sphere
Maximum stroke
Actuator pitch
Package dimensions
Weight

circular 30 mm in diameter

Metal or Metal + dielectric

0 + 400V (with respect to the ground electrode)
19 (see Fig. )

5nF

sphere

less than 1ym

8um at +400V
7 mm

see Fig.

320 g

Figure 3.20: Technical drawing of the package and mounting holes of the 30mm
19-channel PDM

This sphericity is caused by the stress in the mirror coating. It does not
influence the parameters of the mirror, but should be taken into account when
the mirror is incorporated into the optical setup.

Due to hysteresis of actuators, the initial aberration may change during the
mirror usage and deviate more from the reference sphere. This deviation is a
superposition of actuator response functions and is irrelevant in active setups
with closed-loop control, though it may slightly reduce the correction range.
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Figure 3.21: The connector pinout and the geometry of mirror actuators for the 19-ch
mirror (view from the back side of the mirror).

3.5.2 Optical quality

Typical interferograms of the mirror are shown in Fig. 3.22.

Figure 3.22: Test of the mirror: zero voltage applied, 300V applied to the central,
internal and edge actuators, random voltages to all actuators.

3.5.3 Specific remarks

See also general remarks on page 69.
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€O 3.6. 30MM 37-CHANNEL PDM

3.6 30mm 37-channel PDM

The mirror, shown in Fig. 3.23, consists of 37 piezoelectric column actuators
bonded to the base holder. Reflective plate is bonded to the top of the actuator
structure and coated to form the mirror. The shape of the faceplate is controlled
by the voltages applied to the actuators.

The device can be used for fast dynamic correction of low-order optical
aberrations such as defocus, astigmatism, coma, etc, in lasers, telescopes,
ophthalmology, displays and general imaging optics.

M

Figure 3.23: Typical view of a 37-ch piezoelectric deformable mirror. Please note that
these mirrors can be fabricated with different package designs, so the mirror you have
may look differently.

3.6.1 Technical data

See Table 3.6 for typical technical parameters of the mirror.
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Table 3.6: Technical parameters of the mirror.

Parameter

Value

Aperture shape

Mirror coating
Actuator voltages
Number of electrodes
Actuator capacitance C,
Main initial aberration
Initial RMS deviation
from reference sphere
Maximum stroke
Actuator pitch
Package dimensions
Weight

circular 30 mm in diameter

Metal or Metal + dielectric

0 + 400V (with respect to the ground electrode)
37 (see Fig. )

5nF

sphere

less than 1uym

8um at +400V
4.3 mm

see Fig.

370 g

Figure 3.24: Technical drawing of the package and mounting holes of the 30mm
37-channel PDM

The mirror can be supplied with initially slightly curved spherical surface.
This sphericity is caused by the stress in the mirror coating. It does not
influence the parameters of the mirror, but should be taken into account when
the mirror is incorporated into the optical setup.

Due to hysteresis of actuators, the initial aberration may change during the
mirror usage and deviate more from the reference sphere. This deviation is a
superposition of actuator response functions and is irrelevant in active setups
with closed-loop control, though it may slightly reduce the correction range.

52



3.6. 30MM 37-CHANNEL PDM
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Figure 3.25: The connector pinout and the geometry of mirror actuators for the 37-ch
mirror (view from the back side of the mirror).

3.6.2 Optical quality

Typical interferograms of the mirror obtained before shipping are shown in

Fig. 3.26.

Figure 3.26: Test of the mirror: zero voltage applied, 300V applied to the central,
internal and edge actuators, random voltages to all actuators.

Typical interferograms of actively flattened mirror are shown in Fig. 3.27
(see Chapter 7 on page 117 for details).
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Phase, waves

Figure 3.27: Initial shape of the mirror, which was produced by setting all mirror
values to zero, and shape of the mirror after active flattening.

3.6.3 Specific remarks

See also general remarks on page 69.
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3.7. 50MM 37-CHANNEL PDM

3.7 50mm 37-channel PDM

The mirror, shown in Fig. 3.28, consists of 37 piezoelectric column actuators
bonded to the base holder. Reflective plate is bonded to the top of the actuator
structure and coated to form the mirror. The shape of the faceplate is controlled
by the voltages applied to the actuators.

The device can be used for fast dynamic correction of low-order optical
aberrations such as defocus, astigmatism, coma, etc, in lasers, telescopes,
ophthalmology, displays and general imaging optics.

Figure 3.28: Typical front and back views of a 37-ch piezoelectric deformable mirror.
Please note that these mirrors can be fabricated with different package designs, so the
mirror you have may look differently.

3.7.1 Technical data

See Table 3.7 for typical technical parameters of the mirror.

The mirror can be supplied with initially slightly curved spherical surface.
This sphericity is caused by the stress in the mirror coating. It does not
influence the parameters of the mirror, but should be taken into account when
the mirror is incorporated into the optical setup.

Due to hysteresis of actuators, the initial aberration may change during the
mirror usage and deviate more from the reference sphere. This deviation is a
superposition of actuator response functions and is irrelevant in active setups
with closed-loop control, though it may slightly reduce the correction range.
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3.7.2 Optical quality

Typical interferograms of the mirror are shown in Fig.

Table 3.7: Technical parameters of the mirror.

Parameter

Value

Aperture shape

Mirror coating
Actuator voltages
Number of electrodes
Actuator capacitance C,
Main initial aberration
Initial RMS deviation
from reference sphere
Maximum stroke
Actuator pitch
Package dimensions
Weight

circular 50mm in diameter

Metal or Metal + dielectric

0 + 400V (with respect to the ground electrode)
37 (see Fig. )

~ 15nF

sphere or astigmatism

less than 1uym

8um at +400V
Tmm

see Fig.

~600 g

. NB! The interfer-

ograms were registered at wavelength A = 530nm in interferometer with total
aperture less than 50mm.

3.7.3 Specific remarks

See also general remarks on page
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Figure 3.30: a) The geometry of mirror actuators and its correspondence to b) the mirror
connectors pinout and c) the high-voltage amplifier pinout.

Figure 3.31: Test of the mirror: zero voltage applied, 300V applied to the central,
internals and edge actuators.
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éo 3.8. 50MM 37/79/109-CHANNEL PDM

3.8 50mm 37/79/109-channel PDM

The mirror, shown in Fig. 3.32, consists of 37, 79 or 109 piezoelectric column
actuators bonded to the base holder. Reflective plate is bonded to the top of the
actuator structure and coated to form the mirror. The shape of the faceplate is
controlled by the voltages applied to the actuators.

The 37/79/109-ch 50 mm piezoelectric OKO mirror is suitable for fast dy-
namic correction of large high-order optical aberrations such as defocus, astig-
matism, coma, etc, in lasers, telescopes, ophthalmology, displays and general
imaging optics.

Figure 3.32: Typical front view of a 37/79/109-ch piezoelectric deformable mirror.
Please note that these mirrors can be fabricated with different package designs, so the
mirror you have may look differently.

3.8.1 Technical data

See Table 3.8 for typical technical parameters of the mirror.

The mirror can be supplied with initially slightly curved spherical surface.
This sphericity is caused by the stress in the mirror coating. It does not
influence the parameters of the mirror, but should be taken into account when
the mirror is incorporated into the optical setup.
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Table 3.8: Technical parameters of the mirror.

Parameter

Value

Aperture shape

Mirror coating
Actuator voltages
Number of electrodes
Actuator capacitance C,
Main initial aberration
Initial RMS deviation
from reference sphere
Maximum stroke
Actuator pitch
Package dimensions
Weight

circular 50mm in diameter

Metal or Metal + dielectric

0 + 400V (with respect to the ground electrode)
37/79/109 (see Fig. - )

~ 5nF

sphere

less than 2um

8um at +400V
6.83,4.72,4.3mm
see Fig.

650 g

Due to hysteresis of actuators, the initial aberration may change during the
mirror usage and deviate more from the reference sphere. This deviation is a
superposition of actuator response functions and is irrelevant in active setups
with closed-loop control, though it may slightly reduce the correction range.

3.8.2 Optical quality

Typical interferograms of the mirror are shown in Fig.

3.8.3 Specific remarks

See also general remarks on page
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Figure 3.34: The geometry of the 37-ch mirror actuators and its correspondence to the
mirror connectors pinout (view from the mirror side).
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Figure 3.35: The geometry of the 79-ch mirror actuators and its correspondence to the
mirror connectors pinout (view from the mirror side).
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Figure 3.36: The geometry of the 109-ch mirror actuators and its correspondence to the
mirror connectors pinout (view from the mirror side)
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Figure 3.37: Test of the 109-ch mirror: mirror flattening (initial aberration corrected),
shown with and without tilt introduced, defocus, astigmatism, spherical aberration and
trefoil generated.
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3.9 11x55mm 20-channel linear PDM

The mirror, shown in Fig. , consists of 20 piezoelectric column actuators
bonded to the base holder. Reflective plate is bonded to the top of the actuator
structure and coated to form the mirror. The shape of the faceplate is controlled
by the voltages applied to the actuators.

In the temporal domain, the device can be used to control the duration and
the temporal shape of ultrafast pulses in femtosecond lasers and amplifiers.
In the spatial domain, the device can be used as a normal deformable mirror
to control the phase of extended in one dimension laser beams.

Figure 3.38: Typical view of a 20-ch linear piezoelectric deformable mirror. Please note
that these mirrors can be fabricated with different package designs, so the mirror you
have may look differently.

3.9.1 Technical data

See Table for typical technical parameters of the mirror.

The mirror can be supplied with initially slightly curved spherical surface.
This sphericity is caused by the stress in the mirror coating. It does not
influence the parameters of the mirror, but should be taken into account when
the mirror is incorporated into the optical setup.

Due to hysteresis of actuators, the initial aberration may change during the
mirror usage and deviate more from the reference sphere. This deviation is a
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Table 3.9: Technical parameters of the mirror.

Parameter

Value

Aperture shape

Mirror coating
Actuator voltages
Number of electrodes
Actuator capacitance C,
Main initial aberration
Initial RMS deviation
from reference sphere
Maximum stroke
Actuator pitch
Package dimensions
Weight

rectangular 10 x 50 mm?

Metal or Metal + dielectric

0 + 400V (with respect to the ground electrode)
20 (see Fig. )

6 nF

sphere

less than 1 ym

8um at +400V
5 mm

see Fig.

300 g
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Figure 3.39: Technical drawing of the package and mounting holes of the 30mm
37-channel PDM

superposition of actuator response functions and is irrelevant in active setups
with closed-loop control, though it may slightly reduce the correction range.

3.9.2 Optical quality

Typical interferograms of the mirror are shown in Fig. . A result of the
active flattening using FrontSurfer wavefront sensor is shown in Fig. ;
the initial shape is shown in Fig. . The interferograms are shown for the
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Figure 3.40: The connector pinout and the geometry of mirror actuators for the 20-ch
linear piezoelectric mirror (view from the front side).

wavelength of A = 633 nm.

i)

)

Figure 3.41: Test of the mirror. Top row, left to right: zero voltage applied, maximum
voltage applied to the 1st actuator, maximum voltage applied to the bottom center
actuator; bottom row: non-zero bytes applied to some actuators.

3.9.3 Specific remarks
Connection to the control electronics

For a 20-channel mirror, you need a USB unit with a ground connector on
its back panel (Fig. 4.8 on page 79). This USB unit is configured to provide
20-channel output in the signal corrector and a separate ground connector. Do
not change the jumper setting of the USB unit.

See also general remarks on page 69.
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Figure 3.42: Initial shape of the mirror; tested using FrontSurfer wavefront sensor.
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Figure 3.43: The mirror shape after active flattening; tested using FrontSurfer wave-
front sensor.
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3.10 General remarks

The maximum voltage for the mirror should never exceed the speci-
fied maximum control voltage.

For OEM version. Use high-quality stabilized filtered high-voltage
supply. Some high-voltage supplies generate short high-voltage spikes at the
output, these deviations can destroy the mirror, driver electronics and even
the control computer. Do not turn on V_high directly to its maximum value.
Set V_high to 100V before switching the system off. Switch the system on
with V_high not higher than 120V. Increase V_high to its working value after
switching on the digital boards and setting the control voltages to zero. Supply
voltage for the amplifier boards should never exceed the specified V_high.

The jumpers on the amplifier board or in the amplifier unit, in the DAC
USB control unit are preset before shipping; this configuration should not
be changed. The system and jumper configuration were tested before
shipping.

Do not touch or clean the mirror. We are not responsible for any
damage to the mirror due to a cleaning attempt. If you need to clean
the mirror, please contact us; we can clean it for you.

3.10.1 First run of the system

¢ Read this document through before performing any practical
steps. Follow the instructions exactly, if it’s written connect the
board, connect the mirror — first connect the board and then
connect the mirror.

e All following operations refer to:

— either DAC-40-USB unit connected to a computer running Windows
- we used XP SP2 for final tests

- or digital boards installed in a computer running Linux - we used
RH 7.2 for final tests.

e For DAC-40-USB unit. Connect the DAC USB unit to the computer USB
port. Install the software (refer to the DAC USB unit guide). Jumpers of
the USB unit are already preset to the correct position (every connector
provides 19-channel output and ground). Run the example programs
supplied with the CD to test the DAC USB unit functionality.

e Switch the computer off. Connect band cables to the connector(s) in the
mirror holder. Connect the amplifier unit to the DAC USB unit. At this
stage the system is fully assembled but the adaptive mirror is not used
yet. Switch on the amplifier unit. Test the output voltages in the mirror
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socket. These voltages must be in the range 0...2V. Turn the computer on.
At this stage the voltages in mirror socket may have values between 0V
and 213 V. Run the test programs. Control all channels. Switch off the
amplifier unit and computer.

For digital boards. Insert digital boards into computer slots. Install the
software (refer to the PCI board guide) and determine the base address
(look at /proc/pci for PROTO 3 boards). Connect the bandcables to the
digital boards. Switch the computer on. Run the example programs
supplied with the CD to test the board functionality.

For OEM version. Switch the computer off. Connect band cables to the
connectors in the mirror holder. Connect the amplifier boards to mirror
driver boards. Connect the driver boards to low and high voltage power
supplies. At this stage the system is fully assembled but the adaptive
mirror is not used yet. Switch on the power supplies in the order: +15V,
-15V, +V_high. Do not use V_high higher than 120V for the first test.
The current (positive supply to ground) should not exceed 0.125A for
one board (zero output of all 20 amplifiers) and 0.25A for two boards
(40 amplifiers). The high voltage current should not exceed 0.05A for
V_high=150V for two boards. Test the output voltages in the mirror
socket. These voltages must be in the range 0...1V. Turn the computer on.
While turned on, the boards are initialized to random output voltages. At
this stage the voltages in mirror socket may have values between 0V and
V_high. Run the test programs. Control all channels. Switch off power
supplies and computer (in the order V_high, +15V, -15V, computer).

For mirrors shipped separately from the PCB holder, position the marked
corner of the mirror to the mark on the mirror holder and insert (gently)
the mirror into the socket. Place the mirror into interferometer or a setup
with a wavefront sensor. Fix the cables to the optical table. You may
also test the mirror by reflecting a good collimated beam from the mirror
surface and observing the near field intensity distribution. Clamp the
mirror holder, do not clamp the mirror, clamping the mirror will
cause extra deformation of the socket and the the mirror package. At this
stage you do not have to feed any supply voltages to the control boards
but the power supplies must be grounded appropriately.

Control the initial mirror figure (astigmatic up to 1 fringes P-V).

Switch on all supply voltages (For OEM version in the order +15V, -15V,
V_high. Do not use V_high higher than 100V at this stage.)

Switch on the computer. After the system is loaded, the mirror figure
represents strongly distorted concave surface. Use test programs to
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control the mirror figure. Peripheral actuators (channels 20 to 37) are
less sensitive.

e You may start to use the mirror if all channels work. Use “am_set” and
“rotate” as templates to write your own control programs.
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4.1 High-voltage amplifier units

High-voltage amplifier unit is specially designed to control the deformable
mirrors.
Each unit contains:

e 1 or 2 HV amplifier board(s);
e high-voltage power supply;
e low-voltage power supply.

The high-voltage power supply can be tuned to the desired maximum voltage
in the range 100...400 V.

The high-voltage control-amplifier unit simplifies significantly the setup and
use of AO systems in respect with OEM configuration. Every unit shipped with
any OKO adaptive mirror is pre-configured for this specific mirror eliminating
the need of any further configuration by user.

To use the unit, you must connect it to the mirror, to a DAC USB unit (or
PCI boards) and to the wall outlet (85 to 250V AC, 50 to 60 Hz). Connect the
mirror with a supplied flat ribbon cables to the 20-pin connectors on the front
side, and the driver boards or the USB unit to the 26-pin connectors. When
using two or more HV units, connect them together using the ground sockets
on the back panels.

For 20-channel linear PDM Connect the ground pin of the mirror with
the ground connector of the amplifier unit located on the back panel (Fig. 4.2)
using the supplied cable and to the ground connector of the USB unit (or to
the metal case of the PC, if PCI board is used to drive the mirror). See Fig.
for the reference.
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Figure 4.1: 40- and 20-channel high-voltage amplifier units.

4.2 A4MEMS

A4AMEMS is 4-channel high-voltage amplifier specially designed as a quick
low-cost solution for prototyping of multichannel high-voltage MEMS circuits.
Each of its 4 independent amplifiers with gain of 51 is capable of driving
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Figure 4.3: Typical view of 4-channel high-voltage DC amplifier AAMEMS

capacitive loads up to 10 nF in the frequency range of DC to 250 Hz. 1 nF loads
can be driven in the frequency range of up to 1 kHz, with full 300 V amplitude.
A4MEMS is usable for driving a wide variety of electrostatic and piezoelectric
actuators.

A4AMEMS measures 110 x 60 x 30mm. It provides 0...300 V output in 4
independent channels. Voltage ranges up to 0...400 V are available on special
order. The unit does not require any external high voltage supply and can
be powered from any 16 V 200 mA laboratory supply (lower voltages can be
used to trim the maximum output voltage). See Table 4.1 for the technical
parameters.

A4MEMS features a complete short circuit protection — the unit can con-
tinuously operate with all 4 outputs connected to the ground, regardless of
the state of its inputs. Several units can be combined for quick prototyping of
multi-channel high-voltage drivers in telecom applications and adaptive optics.
The device have single common ground for all inputs, outputs, and the power
supply. The case of the device is grounded.
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Figure 4.4: Pin-out and an example of connection scheme for the defocus corrector and
A4MEMS.
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Figure 4.5: DAC-40-USB driver module.

4.3 40-channel USB driver module

Digital-to-analog converter unit “DAC-40-USB” (see Figure 4.5) is intended to
provide multi-channel voltage output controlled from a personal computer via
a USB port. Its primary purpose is to drive deformable mirrors produced by
OKO Technologies.

Technical data are shown in Table
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Table 4.1: Technical parameters

Parameter Value

Number of channels 4

DC Gain ~ 51

Output impedance 330 k2

Short circuit protection yes

Frequency range at 1 nF load 0...1kHz

Input voltage 0...12V

Low voltage power supply 14...24V

Output voltage 0.5...300V

Maximum capacitive load 30 nF

Power dissipation 3.4W

Size 110 x 60 x 30 mm?

Weight 330g

Table 4.2: 40-channel DAC USB unit

Parameter Value
Analog outputs 40
Output range 0...55V
Output resolution 12 bits (4096 levels)
Output mode synchronous for all channels

Range of adjustment of the
maximum control voltage
Ohmic load, each channel

Load capacitance, each channel

Power

25...55V

> 100 kO
< 500 pF
provided via the USB port

the front side of the unit (Figure

4.3.1 General design

“DAC-40-USB” is designed as a PCB with two double-row angle connectors BH-
20R (male) and a B-type USB connector; it is mounted in a compact housing.
Pins of the output connectors are labeled according to the numbering order of
the output channels. The maximum output voltage value can be adjusted (all
channels simultaneously) by a variable resistor, whose slot is sunk in a hole on
). To provide access to the PCB, one should
disconnect upper and lower decks of the housing by simultaneous depression of
their side surfaces. To close the housing, the decks must be pushed vertically
one to another till latched.
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Figure 4.6: DAC-40-USB; view from the output connectors’ side

Table 4.3: Jumpers settings and output connectors commutation

JP2 Pin 1 of X3 JP3 Pin 1 of X4
1-2 Channel #1 output 1-2 Channel #21 output
2-3 Ground 2-3 Ground

4.3.2 Jumper settings for version 1.0

Jumpers JP2 and JP3 are mounted on the PCB (Figure 4.7). By connecting
contacts 2 and 3 of jumpers JP2 and JP3 pin #1 of connector X3 (channel 1)
and/or pin #1 of X4 (channel 21), correspondingly, can be connected to the
ground (see Table 4.3). It should be kept in mind that when pin #1 of X3 (pin
#1 of X4) is connected to the ground, the 1st (or 21st, correspondingly) channel
of the DAC is disconnected from the connector.

For a 20-channel mirror, you need a USB unit with a ground connector on
its back panel (Fig. 4.8). This USB unit is configured to provide 20-channel
output in the signal corrector and a separate ground connector. Do not change
the jumper setting of the USB unit.

X3 |—1 X4
JP2 JP3

Figure 4.7: PCB layout and numbering of jumpers’ contacts
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Figure 4.8: Back panel of the USB control unit with a ground connector.

4.3.3 Jumper settings for version 2.0

Jumpers X3 and X4 are mounted on the PCB (Fig. 4.9). By connecting contacts
2 and 3 of jumpers X3 and X4 pin #1 of connector X5 (channel 1) and/or pin
#1 of X6 (channel 21), correspondingly, can be connected to the ground (see
Table 4.4 on the next page). It should be kept in mind that when pin #1 of X3
(pin #1 of X4) is connected to the ground, the 1st (or 21st, correspondingly)
channel of the DAC is disconnected from the connector.

Jumpers X7 and X8 allow swapping pins 1 and 2 of the output connectors
X5 and X6 (see Table 2 for details).

Jumper X9 can be set to connect the outer case of the USB connector X2 to
ground.

X5 |—| X6 |7

X2 [ ]9

Figure 4.9: PCB layout and numbering of jumpers contacts for V.2.0
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Table 4.4: Jumper settings and output connectors commutation for version 2.0

X7 X3 Pinl of X5 Pin2 of X5
direct 1-2 Channel #1 output Channel #2 output
2-3 Ground Channel #2 output
cross 1-2 Channel #2 output Channel #1 output
2-3 Channel #2 output Ground
X8 X4 Pinl of X6 Pin2 of X6
direct 1-2 Channel #21 output Channel #22 output
2-3 Ground Channel #22 output
cross 1-2 Channel #22 output Channel #21 output
2-3 Channel #22 output Ground

4.3.4 Getting started

Before using the unit, it is necessary to check settings of jumpers or appro-
priately configure those according to specifications of connected device(s) as
described above.

To put the unit into operation following steps must be done.

e Plug connecting cables into the output connectors of the unit.

e Connect the unit to the USB port of your PC using the USB cable. The
LED lit on the USB port face in 2—2.5 seconds indicates normal operation
of the unit.

e Install FDTI Direct Driver for Windows 98/2000/ME/XP from the folder
/Drivers of the supplied software CD. Updated drivers can be down-
loaded from http://www.ftdichip.com.

e Run TEST DAC40.EXE, move the pointer of the output voltage into
Unnae position, then adjust the output voltage to the required value by
rotation of the spindle of the variable resistor R. The level of the output
voltage must be measured by a voltmeter connected to one of the output
pins with respect to the grounded pin.
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4.3.5 Programming interface

Data transfer between PC and DAC via USB bus is managed by the interface
chip FT245BM. To provide necessary speed of data transfer between PC and
DAC it is necessary to use FDTI Direct Driver. The corresponding program
interface is implemented in the library FTD2XX.DLL.

To provide access to the DAC, the following functions of FTD2XX.DLL are
implemented:

e FT ListDevices - allows to detect the number of connected devices, their
serial numbers and specifications;

e FT Open - opens of the device for data transfer;
e FT Write - send a packet of control data from the PC to the device;
e FT Close - closes the device.

Specifications of these functions are given in the programmer’s manual of the
library FTD2XX (available from www. ftdichip.com).

To facilitate programming of the unit, one may use the function MakePacket.
It transforms an array consisting of 40 two-byte words, each of them coding an
output voltage at the corresponding channel, into the data packet, which can
be transferred via USB. Text of the function and an example of its usage are
given below.

#include "ftd2xx.h"

void MakePacket (WORD xbuf,BYTE xpacket);
// Function of data package for DAC formation

void dac_setup (void)
// Sample: To set voltages with level codes 0,100,200...4000

// at the DAC outputs 1,2,3,..., 40

{

WORD buf[40]; // Buffer of DAC channels
BYTE packet [130]; // DAC data package
FT_HANDLE DAC; // DAC descriptor

FT_STATUS fs = FT_Open (0, &DAC) ;
// Open a device with system # 0(1,2,etc)
if (£s==FT_OK) // If the device is opened successfully
{
unsigned long BR;
for (int 1i=0;1<40;1i++) // Fill up the buffer of channels with
buf[i]=1ix100; // codes of voltage levels
MakePacket (buf, packet); // Transform buffer of the channels

// into data package
FT_Write (DAC, packet,130,&BR); // Transfer data package into the DAC
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FT_Close (DAC) ; // Close the device
}

else {// Error handling...}
} // End dac_setup ()

777777777777777777777 + OUTPUT */

7, 15, 23, 31, 39, //I A

6, 14, 22, 30, 38, //| B

5, 13, 21, 29, 37, //I C

4, 12, 20, 28, 36, //| D

3, 11, 19, 27, 35, //| E

2, 10, 18, 26, 34, //| F

i, 9, 17, 25, 33, //1 G

0, 8, 16, 24, 32 //| H

bi
st
void MakePacket (WORD xbuf,BYTE xpacket)
/* Form a data packet from the buffer of channels:
buf - an input array consisting of forty 1l6-digit words, which

code voltage levels of the outputs ##1-40
packet - the resulting 129-byte output array to be transferred
into the unit wvia USB bus
*/
{
BYTE *p=packet+l;
for (int i=0,s=0;1<8;i++, s+=5)
{
// Form address parts of control words for five DAC chips
* (pt+)=0;
* (p+t+)=(164)20x1£f:0;
* (pt++)=(1&2) ?20x1£f:0;
* (p++)=(1&1) ?20x1£:0;

// form control codes from the array of voltages according
// to the table
for (int j=0,mask=0x800; j<12; j++,mask>>=1)

* (pt++) =
( (buf [DAC_CHANEL_TABLE [s+0] ] &mask) ?20x01:0) |
( (buf [DAC_CHANEL_TABLE [s+1]]&mask) ?20x02:0) |
( (buf [DAC_CHANEL_TABLE [s+2] ] &mask) ?20x04:0) |
( (buf [DAC_CHANEL_TABLE[s+3]]&mask) ?20x08:0) |
( (buf [DAC_CHANEL_TABLE [s+4] ] &mask) ?20x10:0) ;
}
packet [0] = 0xff; // non-zero starting byte

}

When connecting two or more DACs “DAC-40-USB” to the computer it
is necessary to define their system numbers by means of FT ListDevices
function. An example of usage of function FT ListDevices is given below. For
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synchronous control of the units one may use the function MakePacket. It
is implied that before this all devices “DAC-40-USB” are opened by means
of the function FT_Open, with preliminary defined system numbers of these
modules.

This sample code shows how to get the number of devices currently connected

FT_STATUS ftStatus;
DWORD numDevs;

ftStatus = FT_ListDevices (&numDevs,NULL,FT_LIST_NUMBER_ONLY) ;
if (ftStatus == FT_OK) {

// FT_ListDevices OK, number of devices

// connected is in numDevs

}
else {
// FT_ListDevices failed

This sample shows how to get the serial number of the first device found.
Note that indexes are zero-based. If more than one device is connected, in-
crementing devIndex will get the serial number of each connected device in
turn.

FT_STATUS ftStatus;
DWORD devIndex = 0;
char Buffer[1l6];

ftStatus = FT_ListDevices ((PVOID)devIndex,Buffer,
FT_LIST_BY_INDEX|FT_OPEN_BY_SERIAL_NUMBER) ;
if (FT_SUCCESS (ftStatus)) {
// FT_ListDevices OK, serial number is in Buffer
}
else {
// FT_ListDevices failed

This sample shows how to get the product descriptions of all the devices
currently connected.

FT_STATUS ftStatus;

char *BufPtrs[3]; // pointer to array of 3 pointers

char Bufferl[64]; // buffer for the product description
// of first device found

char Buffer2[64]; // buffer for the product description
// of second device

DWORD numDevs; // initialize the array of pointers

BufPtrs[0] = Bufferl;

BufPtrs([1l] = Buffer2;

BufPtrs[2] = NULL; // last entry should be NULL
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Table 4.5: Technical parameters of HV amplifier boards

Parameter Value for boards marked as
1997 2004 2005
Number of channels 20 20" 20"
DC gain 59 35 79
Output impedance, k2 270 50 5
Short circuit protection yes no no
Input voltage, V 0...12 0...12 0...12
Low voltage DC power supply, V +12 +12 12
High voltage Dc power supply, V.high,V  0... 400 0... 400 0... 400
Maximum capacitive load, nF 0.6 10 20
Power dissipation, W 6 1.5 3
Size, mm? 100x150 100x160 100x160

ftStatus = FT_ListDevices (BufPtrs, &numDevs,
FT_LIST_ALL|FT_OPEN_BY_DESCRIPTION) ;

if (FT_SUCCESS (ftStatus)) {

// FT_ListDevices OK, product descriptions are in Bufferl and

// Buffer2, and numDevs contains the number of devices connected

}

else {

// FT_ListDevices failed
}

4.4 OEM Parts: high-voltage 20-ch DC ampli-
fier boards

In case of OEM version of the system, the mirror is controlled by one or several
high-voltage amplifier boards (see Fig. ). Each board contains 20 non-
inverting DC amplifiers with gain 35, 59, or 79 depending on the board type
(see Table 4.5, and should be connected to a high-voltage power supply and
to a stabilized +15V DC supply. Connect the ground, +15V and -15V to the
pins marked G,+ and —. Connect positive high-voltage stabilized DC supply to
the pin marked V_high, connect negative high voltage terminal to the ground
(see Fig. ). The high voltage supply should not exceed the value
specified in the technical passport! Use the flat ribbon cable supplied to
connect the driver board to the mirror socket.

*19 channels can be used with one extra grounded channel #1 (see jumper configuration)
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Figure 4.10: Three types of high-voltage 20-channel DC amplifier boards, to be distin-
guished by the design’s year.
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IMP1 Vhigh

Vout1 (connector) @
ov Amp channel out#1

Amplitier

Amp channel in#1
ov
JMP2
Vin1 (connector)

1

(c) 2005

1 3 5 7 9 11 13 15 17 19 -12V+AV OV

2 4 6 8 10 12 14 16 18 20 -12V+2V OV

19 17 15 13

20 18 16 14

(d) Pinout of In- and Out-connectors

JMP1 - Voutl configuration (set to OV to have ground as the output);
JMP2 - Vinl configuration (set to GND to ignore input voltage);
JMP3 - Vinl9 configuration (set to G to ignore input voltage);

V_high - high voltage supply;

PWR - low voltage supply (12V); for board marked 2004: use jumpers to
connect the voltage supply with the corresponding input connectors

pins

(e) Configuration of jumpers and pins

Figure 4.10: Three types of high-voltage 20-channel DC amplifier boards, to be distin-

guished by the design’s year.
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Figure 4.11: Power supply wiring for OEM version of the system. Position of the

connectors can be different; refer to the board manual and /or marking on the board.
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4.5 OEM Parts: 24-channel PCI DAC board

OKO digital PCI boards provide 8-bit voltage control for 24 output channels.

The output voltage range can be trimmed continuously in the range 2.5...10 V
for all channels. Setting time per channel is about 1 microsecond, each channel
is controlled by a separate DAC. Several boards can be used simultaneously
with a single PC. These boards are applicable to a range of environments
when a simultaneous independent control of a large number of analog output
channels is required.

IspLSI 1032€

70L3
E248NV02

Figure 4.12: 24-channel 8-bit PCI DAC board.

The pinout of the board and the pinouts of the board cable and the cable
coming from the high voltage board are shown in Fig. 4.13. The board connector
pinout is given for the board make connector. The cable pinouts are given for
the cable female connectors viewed from the front side.

4.5.1 Programming interface

The output voltage of the channel N [N=0...23] of the 24-channel DAC board is
controlled by sending control byte V [0...255] to the output port BA+N*4, where
BA is the base address of the board. The most simple way to do it is to use direct
access to the output ports corresponding to the control channels of the digital
boards. In a Linux program written in C (GCC compiler), addressing to I/O
ports is implemented using “write_port” function, and in Windows using “DI-
PortWritePortUchar” function of “DIPortIO” library (Scientific Software Tools,
Inc.), which is freely available. The installer of DI1PortIO (port 95nt .exe) and
programming example
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Figure 4.13: Pinouts of the digital board and cables. The numbers correspond to the
addresses of the pin with respect to the base address of the board.

(am_set_pci.cpp) are supplied on a CD enclosed with the boards (directory
\Drivers\PortDriver\deformable mirror).

To obtain the base I/O address of the board, go to “Control Panel — System
— Hardware — Device manager”. The boards are listed in the section “Mul-
tifunction adapters”. Double-click on the device named “PROTO-3/PCI” and
check the section “Resources” for its base I/O address.

Alternatively, it is possible to use Windows driver and its programming
interface supplied by Kolter Electronics. It allows to use plug-and-play features
of the boards. Please refer to the separate technical passport of the PCI
DAC board (oko_pci.pdf) for detailed installation guide and programming
example.

NB! In some systems running under Windows XP SP2, hardware resource
problem can occur, and Widows cannot allocate base address for OKO PCI
boards. Please disable Plug-and-Play functionality of the PC BIOS in this case.

4.5.2 LabView driver
This section describes how to install and use LabVIEW driver for OKO PCI
controller card.

Driver installation

This LabVIEW driver needs port 95nt . exe both on Windows 95/98/Me and
NT/2000/XP versions. If this driver is not installed (or if you are not sure)
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please run port 95nt . exe from
\Demos\windows_drivers\deformable _mirror
directory of the OKO drivers CD.

To install the LabVIEW OKO PCI controller unzip the OkoLabVIEW.zip
with relative paths into the LabVIEW folder tree
(e.g. C:\Program Files\NationalInstruments\LabVIEW 7.0\).
This creates the following file subtree:

A
examples\
OKO\
Example_SequencePoke.vi
Example_Triangle_test.vi
help\
OKOLib.chm
user.lib\
OKO\
OkoPcilibrary.1llb
dir.mnu

Then (re)start LabVIEW. The OKO sub-palette (Fig. 4.14) should appear in
the “UserLib” subpalette of the Functions Palette.

e e

AddressByNurnber i
FSE Bl 3R 450

Jior_iill v 7

(a) (b) Edit this VI!

Figure 4.14: OKO PCI Controller palette

To complete the installation, you should know base addresses of all cards
installed in your system. Locate the function AddressByNumber in the palette,
open it for edit, and fill in the base addresses(see Fig 4.15). Right click on
entered values an choose “Data Operations » Make Current Value Default”.
Save the VL.

Functions reference

The OKO driver subpalette contains three functions:

ArrayToCard “High-level” function; allows to write array of 24 numbers to
one of the installed in the system cards, addressing by this card’s number.
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Figure 4.15: Edit values of the Installed card’s addresses control and save them as
default

AddressByNumber Auxiliary function; converts the card number to its mem-
ory address. You should edit and save this VI every time you changed the
configuration of your system.

WriteToChannel “Low-level” function; writes 8-bit value to one of the chan-
nel of one of the installed in the system cards, addressing by this card’s
base address.

Additional help for the functions is shown in the context help menu.

Examples

There are two example VI’s supplied with the driver. They can help you to test
driver’s installation and to understand better provided functions.

Example_Triangle test.vi This example generates sawtooth signals on two
channels with inverse shapes. You can monitor those signals using
oscilloscope.

Example_SequencePoke.vi This example VI first initialises the card by
setting all its channels to the midvalue and then it sequentially sets
every channel to its maximum value and back to the middle level.

The examples are available from the 0KO subfolder of the LabVIEW exam-
ples. You can browse for them as for usual LabVIEW examples (Fig.4.16).
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5

LIQUID CRYSTAL ADAPTIVE
LENSES

Correction of low-order aberrations (defocus and astigmatism) is a vital prob-
lem in astronomical applications, human vision correction and technical vision
systems, bar codes, CD and DVD-ROM readers, and others. Adaptive optics
systems for such applications should contain either mechanically driven optics
or a lens (spherical or cylindrical) with variable focal distance. Since LC-based
phase modulators have attracted increased attention due to their transparency,
low control voltages and low cost, adaptive liquid crystal (LC) lenses have been
proposed as a favorable alternative for adaptive optical elements based on
deformable mirrors.

Two configurations of adaptive LC lenses are available from OKO Technolo-
gies, namely, a cylindrical and a spherical one.

5.1 Principles of operation

The design of the LC lens is shown in Figure . Electrically controlled
birefringence (ECB) in nematic liquid crystal with planar alignment is used for
phase modulation. By introduction of a highly resistive coating with contacts
at the periphery (one annular contact for spherical lens and two linear contacts
for cylindrical lens), one can achieve a quasi-parabolic phase profile generated
in a liquid crystal layer in response to AC voltages applied to the contacts [21].
Variation of amplitude and frequency of the AC voltages affects the focusing
properties of the lens; thus, it can be used for control of the focal distance in
the range from infinity to a certain minimum limit, F,,,;,,.

The minimum focus distance, F,,;,, can be estimated from the value of
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Figure 5.1: General schematic for a LC lens (a) and the contacts layout for cylindrical
(b) and spherical (c) lenses.

the optical anisotropy of the L.C, An, LC layer thickness, d, and the aperture
diameter, D,

D2
8dAn’

For instance, for a LLC lens with a 5 mm aperture and 25 ym-thick layer of
commercially available LC mixture with An = 0.28), F,,;, is equal to 44.6 cm.

The lens can be controlled manually by a function generator with sine
or square waves. Roughly, the optical power increases with frequency and
decreases with voltage. The lens can be calibrated in order to minimize the
spherical aberration and set the correspondence between the focal distance
and the parameters of control voltage [22]. For focal distances close to F.,,;,
the spherical aberration is mainly due to strong non-linear dependency of
generated phase delay on voltage and cannot be compensated completely;
however, for focal distances > 2F),,;, it can be compensated efficiently.

Besides, the spherical LC lens can be calibrated to generate a certain spher-
ical aberration additionally to the control of defocus [23]. When the LC lens is
to be integrated into an optical system to provide accommodation, this property
can be used for compensation of static spherical aberration of the system.

94 OKO Technologies ¢ www.okotech.com



5.2. TECHNICAL DATA

Figure 5.2: Spherical adaptive LC lens.

The cylindrical LC lens can be calibrated to operate as a wedge with control-
lable deflection angle.

Due to the electro-optic effect used, the adaptive LC lens affects only one po-
larization component of light, which is parallel to the initial planar alignment
of the LC layer. Combination of two LC lenses operating on two different polar-
ization components of light can be used to make a polarization-independent
device.

5.2 Technical data

We have a limited stock of cylindrical and spherical LC lenses (shown in Figure
5.2) with the configurations as follows.

Configuration 1 2 3 4

LC thickness (d), um 40 50 50 50
Aperture diameter (D), mm 5 5 7.5 5
External diameter, mm 10 10 12 12
Frin, cm 27.9 22.3 50.2 22.3
Type spherical spherical spherical cylindrical

Characteristics of these lenses are given in the table below.
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Figure 5.3: Interference fringe patterns of a spherical LC lens (configuration 2) for focal
distances 25 cm, 50 cm, 1 and 2 m (left to right).

Emicl cantrol panel-lensz.. - |~ X

Fooallength (030 m cfe
|
¢ . : T
030 200

Figure 5.4: Interface of the “MLCL control panel” program

Parameter Value

Wavelength region 0.44...2 ym

Transmittance (without about 70 %

antireflection coatings)

Range of voltages below 10V, typically 3...5V

Range of frequencies 1...50 kHz

Geometry cylindrical or spherical

Switching speed 780 ms from 1 to 2 m focal distance,

(ford =25 ym and D =5 mm) 860 ms from 2 to 1 m

Interferometric fringe patterns of a calibrated lens with F,,;, = 22.3 cm (con-
figuration 2) are shown in Figure 5.3 for four different focal distances.

A series of LC lenses with customized parameters can be manufactured by
request. However, delivery cannot be guaranteed for arbitrary specifications
and arbitrary amount; it should be discussed for each particular case. Aperture
diameter can be varied from 2 to 70 mm, LC thickness from 5 to 50 um,
and antireflection coatings can be made to increase the transmittance. The
switching time is roughly proportional to the square of the LC layer thickness
and decreases for higher voltages.
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The lens can be supplied with an ISA interface card, which operates as a
controllable square wave generator. The focal distance of a calibrated lens can
be controlled from a program called “MLCL control panel”. We also offer a
console program, which allows driving the lens from the command line and is
supplied with source code. It is also possible to supply a calibrated lens without
a control unit, but with a table of calibration data for a function generator.
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6

WAVEFRONT SENSOR
SYSTEMS

This chapter describes the wavefront analysis and control system “FrontSur-
fer”, based on Hartmann (Hartmann-Shack) measurement principle. The
system can be used for:

e Optical shop testing of transmissive and reflective optics: lenses, mirrors,
lens assemblies, collimators, etc.;

e Real-time display of low-order aberrations (tip/tilt, defocus, coma, astig-
matism) in so-called “Alignment mode”.

e Real-time control and compensation of wavefront aberrations in combina-
tion with OKO Technologies deformable mirror system.

“FrontSurfer” includes:

e “FrontSurfer” software that runs under W95/98/2000/N'T/XP. Linux is not
supported for the latest versions of “FrontSurfer”, but the Linux version
can be supplied by request with a complete system including computer;

e measurement head, including a 1/2” monochromatic CCD or CMOS cam-
era with computer interface and a high-precision Hartmann mask or a
lenslet array in a C-mount. The measurement head consisting of UlI-
2210M camera and C-mounted microlens array is shown in Figure

The system reconstructs two-dimensional wavefront profiles with rms sen-
sitivity of better than )\/100. The system can be used for measurements in
visible (using either monochromatic or white light) and infrared.
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Figure 6.1: Shack-Hartmann wavefront sensor, measurement head

A special configuration was developed for volume control of the quality of
microlens arrays. The system automatically measures the low-order aberra-
tions of each microlens. As a result, the distribution of low-order aberrations,
pitch irregularities and other defects can be plotted over the whole array area.
Arrays of up to 30x40 microlenses were measured. The processing time for
one array of 1200 microlens did not exceed 10 hours. This configuration is
available by request and includes a stepper motor.

6.1 “FrontSurfer” software

“FrontSurfer” is available in two configurations: with and without support for
deformable mirrors and adaptive optics feedback.

6.1.1 Basic features
All versions of “FrontSurfer” have the following features:

e Reconstructs the optical wavefront from Hartmann and Shack-Hartmann
sensor data.

e Produces wavefront plot, synthetic interferogram, far field intensity and
reports on Zernike terms (see Figure 6.2). All measurement data and
results can be saved with one mouse click.

e Processes spot patterns obtained with hexagonal, orthogonal or random
Hartmann masks and microlens arrays with arbitrary number of aper-
tures.
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Figure 6.2: “FrontSurfer” interface

Operates with and without reference pattern: in the last case the param-
eters of the Hartmann mask or microlens array are used as a reference.

In the reference mode, allows manually defining the area of interest
(aperture), which could be circular, elliptic, square or rectangular with
an optional circular obscuration in the center.

In the alignment mode, real time bar graph display of tip, tilt, defocus,
coma and astigmatism; polar display of tilt, coma, astigmatism and
position of the intensity maximum (see Figure 6.3).

Allows to extract any aberration expressed in Zernike polynomials or
eliminate any Zernike terms.

Can be interfaced to any camera by developing a custom video plugin
according to our specification.
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T baa cantaing vt analytis

Figure 6.3: “Aberrations” window in the alignment mode

6.1.2 Features of the version for deformable mirrors

The “FrontSurfer” version for deformable mirrors has the following features:

Manual control of voltages supplied to the mirror.

Closed-loop correction in real time. Average correction rate is 25 Hz and
higher for the wavefront sensor based on UI-2210M CCD camera and
50 Hz for Basler A602f CMOS camera.

Singular value decomposition (SVD) algorithm with user-defined number
of modes for stable feedback.

Can generate a given aberration in addition to the reference. The aber-
ration is defined as a combination of Zernike polynomials and can be
manually controlled during the closed-loop correction using arrow keys
of the computer keyboard.

Supports all types of MMDM and PDM produced by OKO Technologies.

Can be configured for a custom-made mirror interfaced to OKO’s PCI
boards and USB driver modules.

Can be interfaced to a custom mirror driver by developing a mirror plugin
according to our specification.
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Figure 6.4: “FrontSurfer”, interface of the version for deformable mirrors

6.2

“FrontSurfer” hardware

6.2.1 Typical wavefront sensor configuration

Characteristics of three typical configurations of FrontSurfer wavefront sensor
are given in Table 6.1. However, the system can be reconfigured according to
the customer’s requirements by choosing a different camera, Hartmann mask

or microlens array. The options currently available are given below.

6.2.2 CCD and CMOS cameras

Our “standard” options are as follows:

e 1/2-inch CCD camera UI-2210M from IDS Imaging, Germany. It has
640x480 pixels, USB 2.0 interface, maximum frame rate 75 fps at full
resolution and higher with partial scanning. Provides the average speed
of feedback loop operation with FrontSurfer about 25 iterations per

second and higher, depending on the computer.
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Table 6.1: Characteristics of three typical FrontSurfer Shack-Hartmann wavefront
sensor configurations

Parameter Config. 1 Config. 2 Config. 3
Camera model UI-2210M Basler A601f/A602f UI-2210M
Camera type digital CCD digital CMOS digital CCD
Camera interface USB 2.0 Firewire USB 2.0
Array geometry hexagonal orthogonal orthogonal
Array pitch 300 pum 200 pm 150 pm
Array focal distance ~18 mm 7 mm 10 mm
Clear aperture 3.9 mm <4.5 mm <4.5 mm
Subapertures 127 <400 <700
Maximum tilt, fast mode 0.008 rad 0.014 rad 0.007 rad
Maximum tilt, slow mode 0.066 rad N/A N/A
Repeatability, RMS /300" A/150* A/150*
Repeatability, P-V A/60* A/20" A/20"
Acquisition rate >75 fps 60/>100 fps >75 fps
Processing rate, fast mode 25 fps** 15/30 fps™* 10 fps**
Processing rate, slow mode 1 fps™* N/A N/A
Recommended Zernike terms <44 <150 <300
Wavelength 400...900 nm 400...1000 nm 400...900 nm
Absolute mode Yes No No
Reference mode Yes Yes Yes

*  For A=0.633 um
**  For low-order aberration analysis on a PC with AMD Athlon XP1800+
processor and 256 MB RAM

e 1/2-inch CMOS camera A601f from Basler, Germany. It has
656x491 pixels, Firewire interface, maximum frame rate 60 fps. Pro-
vides the average speed of feedback loop operation with FrontSurfer
about 22 iterations per second.

e 1/2-inch CMOS camera A602f from Basler, Germany. It has
656x491 pixels, Firewire interface, maximum frame rate 100 fps at the
maximum resolution and higher for reduced one. Provides the average
speed of feedback loop operation with FrontSurfer up to 50 iterations per
second.

Using the custom video plugin interface, any camera can be interfaced to
FrontSurfer. The plugin can be developed either by OKO Technologies (if
requested) or by a customer himself according to our specification.
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6.2.3 Microlens arrays

OKO Technologies produces high-quality replicated microlens arrays specially
for the use with FrontSurfer wavefront sensors. As one of the standard options,
we offer a hexagonal array of 127 microlenses with a focal distance about
18 mm and a pitch of 300 ym, mounted in a C-mount.

Besides, OKO Technologies offers a range of microlens arrays fabricated in
glass and fused silica with small numerical aperture and 99% optical fill factor.
Microstructures provide for optimum spectral efficiency (UV to far infrared)
and for the best mechanical and thermal stability. These arrays work with
very high optical loads. To provide a cost-efficient solution, all listed arrays
can be replicated in series in plastic. Microlens arrays with orthogonal and
hexagonal arrangements are listed in Table and Table 6.3, respectively.
Recommended options to be used with 1/2-inch cameras are as follows:

e APO-Q-P192-F3.17, provides ~400 subapertures over a 4.5 mm circular
area;

e APO-Q-P200-F7.0, ~400 subapertures over 4.5 mm,;
e APO-Q-P150-F10, ~700 subapertures over 4.5 mm,;
e APO-Q-P150-F3.5, ~700 subapertures over 4.5 mm.

Table 6.2: Positive orthogonal microlens arrays

Product type Material Pitch, Radius, Focal Maximum
pm mm distance, mm size

APO-Q-P2200-F209 Fused silica 2200 95,52 209 30x30 lenses
(633) (70x70mm)
APO-GB-P1500-F24.3 BK-7 1500 12,5 24,3 6x6 lenses
(633) (10x10mm)
APO-GB-P1500-F39.3 BK-7 1500 20,4 39 6x6 lenses
(633) (10x10mm)
APO-Q-P1100-F105 Fused silica 1100 48.0 105 55x55 lenses
(633) (62x62mm)
APO-Q-P1100-F209 Fused silica 1100 95,52 209 55x55 lenses
(633) (62x62mm)
APO-Q-P1061-F158 Fused silica 1061 72,4 158 55x55 lenses
(633) (62x62mm)
APO-Q-P1000-F40 Fused silica 1000 18.0 40 60x60 lenses
(633) (61x61mm)
APO-Q-P1000-F4,64 Fused silica 1000 2,12 4,64 60x60 lenses
(633) (61x61mm)
APO-Q-P500-F19,7 Fused silica 500 9 19,7 100x100 lenses
(633) (50x50mm)
APO-Q-P500-F8,31 Fused silica 500 3,8 8,31 100x100 lenses
(633) (50x50mm)
APO-Q-P300-F40 Fused silica 300 18.0 40 200x200 lenses
(633) (61x61mm)
APO-Q-P300-F118 Fused silica 300 54 118 200x200 lenses
(633) (61x61mm)
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Table 6.2: Positive orthogonal microlens arrays, continued

Product type Material Pitch, Radius, Focal Maximum
pm mm distance, mm size
APO-Q-P300-F2 Fused silica 300 0,94 2,0 200x200 lenses
(633) (61x61mm)
APO-Q-P384-F5.75 Fused silica 384 2627 5,75 5x5 lenses
(633) (2,5%2,5mm)
APO-Q-P222-F1,86 Fused silica 222 0,85 1,86 200x200 lenses
(633) (45x45mm)
APO-Q-P222-F0,93 Fused silica 222 0,43 0,93 200x200 lenses
(633) (45%x45mm)
APO-Q-P192-F5.75 Fused silica 192 2 627 5,75 9x9 lenses
(633) (2x2mm)
APO-Q-P192-F3.17 Fused silica 192 1,45 3,17 200x200 lenses
(633) (45x45mm)
APO-Q-P200-F7.0 Fused silica 200 3,2 7.0 300x300 lenses
(633) (61x61mm)
APO-Q-P200-F40 Fused silica 200 18,2 40 300x300 lenses
(633) (61x61mm)
APO-Q-P150-F10 Fused silica 150 4,57 10 400x400 lenses
(633) (61x61mm)
APO-Q-P150-F3.5 Fused silica 150 1,6 3,5 400x400 lenses
(633) (61x61mm)
APO-Q-P148-F1,24 Fused silica 148 0,6 1,24 400x400 lenses
(633) (61x61mm)
APO-Q-P100-F0,217 Fused silica 100 0,1 0,217 500x500 lenses
(532) (51x51mm)
APO-GT-P100-F0,143 StiH-53 100 0,12 0,143 500x500 lenses
(633) (51x51mm)
APO-P(GB)-P250-F0,57 BK-7/NOA-61 250 0,32 0,57 25x25mm
(633)
APO-P(GB)-P200-F1,25  BK-7/NOA-61 200 0,7 1,25 40x40mm
(633)
APO-P(GB)-P200-F6,4 BK-7/NOA-61 200 3,32 6,4 25%25mm
(633)
APO-P(GB)-P300-F1,7 BK-7/NOA-61 300 0,94 1,7 25x25mm
(633)
APO-P(GB)-P300-F107 BK-7/NOA-61 300 60 107 25x25mm
(633)

6.2.4 Hartmann masks

OKO Technologies offers calibrated Hartmann masks with orthogonal and
hexagonal geometries. Masks are fabricated in glass and fused silica and coated
with patterned aluminum (glass masks) or chromium (fused silica masks).
Since the holes are positioned with very high precision and aberration of the
mask is negligible, these masks can be used for absolute wavefront sensing,
without calibration on a reference light beam. Available configurations are
listed in Table
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Table 6.3: Positive hexagonal microlens arrays

Product type Material Pitch, Radius, Focal Maximum
pm mm distance, mm size
APH-GT-P1300-F5.2 StiH-53 1300 43 5,2 20x20 lenses
(633) (26x26mm)
APH-GT-P1300-F3,26 StiH-53 1300 2,74 3,26 20x20 lenses
(633) (26x26mm)
APH-Q-P1000-F36,7 Fused silica 1000 16,8 36,7 60x60 lenses
(633) (61x61mm)
APH-Q-P480-F10,91 Fused silica 480 5 10,9 100x100 lenses
(633) (561x51mm)
APH-Q-P250-F2 Fused silica 250 1 2 240x240 lenses
(633) (60x60mm)
APH-P(GB)-P250-F0,57 BK-7/NOA-61 250 0,32 0,57 145x145mm
(633)
APH-P(GB)-P30-F0,042 BK-7/NOA-61 30 0,024 0,042 50x50mm
(633)

6.2.5 How to choose a proper microlens array or Hart-
mann mask

Choice of a proper microlens array or Hartmann mask for your application
should be a trade-off between the range of aberrations to be measured and the
precision to be achieved. We would suggest the following criteria of choice.

1. The array should have sufficient sampling for the aberrations to be
measured. If the aberrations can be described by N Zernike terms, we
would recommend using at least 2N...3N subapertures. Your relay
optical scheme should rescale the beam in such a way that it will cover
the desired number of sub-apertures.

2. Microlens arrays are more efficient in terms of collecting light energy,
providing smaller and brighter spots, which is especially important for
low-light applications. However, Hartmann masks can be manufactured
with higher precision and can provide better results in the absolute
wavefront measurement mode (see page ).

3. The wavefront tilt (i.e., direction of the rays with respect to the optical
axis) should not exceed half pitch of the microlens array divided by its
focal distance. It will ensure that the spots will not overlap with each
other, and the software can determine the correspondence between the
measured pattern and the reference one.

4. The Strehl ratio of net aberrations over the area of each sub-aperture
should be sufficiently high; from practical point of view, it should exceed
0.2. It will ensure that the spots’ blur due to aberrations will not prevent
them from detection by FrontSurfer.
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Table 6.4: Hartmann masks; size of each mask is 10 x 10 mm

Material Geometry Aperture Subapertures
size, mm number type diameter, um

Glass Orthogonal 7 64 Circular 200
Glass Orthogonal 7 64 Circular 300
Glass Orthogonal 7 64 Circular 450
Glass Orthogonal 7 64 Square 200
Glass Orthogonal 7 64 Square 300
Glass Orthogonal 7 64 Square 450
Glass Orthogonal 3.5 36 Circular 200
Glass Orthogonal 3.5 36 Circular 300
Glass Orthogonal 3.5 49 Circular 200
Glass Orthogonal 3.5 49 Circular 300
Glass Orthogonal 3.5 64 Circular 200
Glass Orthogonal 3.5 64 Circular 300
Glass Orthogonal 3.5 81 Circular 200
Glass Hexagonal 3.5 37 Circular 300
Fused silica  Hexagonal 3.5 37 Circular 200
Fused silica  Hexagonal 3.5 61 Circular 200
Fused silica  Hexagonal 3.5 91 Circular 200
Fused silica  Hexagonal 3.5 127 Circular 100
Fused silica Hexagonal 3.5 169 Circular 100

5. The sensitivity of the wavefront sensor improves proportionally to to the
focal distance of the microlens array (or, in case of a Hartmann sensor, to
the distance between the mask and image sensor).

6.3 Wavefront measurement with “FrontSurfer”

The principle of (Shack-)Hartmann test is shortly explained in Section
Here we describe how “FrontSurfer” processes the measurement data to recon-
struct the wavefront and give some hints on how to achieve better results.

6.3.1 Choice of the measurement mode

“FrontSurfer” can operate with and without a reference pattern. In the latter
case, the geometric parameters of the Hartmann mask or microlens array are
used as a reference, which allows for absolute wavefront sensing. A complete
hexagonal or orthogonal structure of spots (see Figure 6.5) is desirable for
this mode, although the program can tolerate up to 5 % missing spots. In the
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Figure 6.5: Complete hexagonal (left) and orthogonal (right) spot patterns.

Figure 6.6: Main (left) and reference (right) Hartmann spot patterns in the reference
mode with manually defined aperture and central obscuration.

reference mode, the pattern can be neither complete nor regular; one can even
use an array with random positioning of sub-apertures.

The choice between the absolute measurement and reference modes depends
on the application. If the wavefront sensor is used for alignment of an optical
system (i.e., collimation or astigmatism removal) then the absolute measure-
ment mode would be more useful. If it is used in an optical testing scheme
similar to those described in Section then the reference mode is preferable,
as it allows to neglect aberrations of the relay optics.

The reference mode allows the user to define area of interest (aperture)
in the reference pattern manually. This feature is very useful for sensors
with a large mask (or lenslet array), whose sub-apertures fill the whole area
of the image sensor. The user can choice between circular, elliptic, square
and rectangular aperture. Example hartmanngrams with manually defined
circular aperture and central obscuration are shown in Figure
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6.3.2 Hartmanngram capture

“FrontSurfer” provides interfacing to video capture devices using external
plugins. It makes possible to customize “FrontSurfer” for using with almost
any camera and any frame grabber. At the moment, the following plugins are
included with FrontSurfer.

e Picasso PCI-2SQM framegrabber from Arvoo.
e DFG/LC1 framegrabber from Imaging Source.

e A601f and A602f CMOS digital camera from Basler; may be suitable for
some other models of Basler but not tested yet.

e Firefly digital camera from Point Grey Research.

e UI-2210M and UI-2410M CCD digital cameras from IDS Imaging; may
be suitable for some other models of IDS but not tested yet.

Besides, “FrontSurfer” has embedded support of “Video for Windows” in-
terface, which allows to work with any TV tuner device using this interface.
However, the alignment mode and the close-loop operation mode are not sup-
ported for “Video for Windows”.

In the absolute measurement mode we deal with only one intensity pattern;
we refer to it as the main pattern as it contains information about the wavefront
to be reconstructed. In the reference mode, we also use the second intensity
pattern, which contains information about geometry of the Hartmann mask
(Ienslet array) and aberrations of the relay optics. We refer to it as the reference
pattern.

6.3.3 How to obtain a good hartmanngram

Each sub-aperture of the Hartmann mask (lenslet array) produces a light
spot on the CCD or CMOS image sensor matrix; thus, the reconstruction
software should deal with an intensity distribution consisting of a set of spots.
For correct processing it is important to minimize the background noise and
prevent saturation of spots. Although it may be possible to locate spots in
presence of noise and saturation, these factors may affect the precision and
repeatability of the results. Examples of a good and bad intensity patterns are
shown in Figure

It is also important to minimize the variation of intensity between the
spots. This variation may be caused by the structure of the illuminating
beam, interference with parasitic beams reflected from the components of
the optical system, bad optical conjugation between the sensor and the object
under test, birefringence of the object and too strong aberrations. Example
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Figure 6.7: Intensity patterns from the Shack-Hartmann sensor; a good quality one
(left), one with noise and saturation (right).
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Figure 6.8: Intensity patterns with inhomogeneous intensity; acceptable (left) and
unacceptable quality (right).
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hartmanngrams with acceptable and unacceptable intensity variation are
shown in Figure

6.3.4 How “FrontSurfer” works

At the first stage of processing, “FrontSurfer” applies a smoothing filter to
the intensity pattern in order to minimize the influence of the intensity noise.
Then it tries to locate centroids of the brightest spots in the smoothed intensity
distribution. Not more than a given number of spots with the intensity higher
than a specified threshold value is being located. The window size of the
smoothing filter, the maximum number of spots to be located and the intensity
threshold (with respect to the maximum intensity) can be adjusted by the user.

Centroids of spots of the main pattern form the so-called main grid, and
ones of the reference pattern form the reference grid. In the absolute measure-
ment mode, “FrontSurfer” generates the reference grid as an ideal hexagonal
or orthogonal grid with a specified pitch and dimension. “FrontSurfer” opti-
mizes the position and rotation angle of the ideal grid to provide the closest
correspondence between the nodes of the two grids.

At the next stage “FrontSurfer” calculates local tilts of the wavefront. This
is implemented by finding a correspondence between coordinates of centroids
of two grids — the main and reference ones — and calculating displacement of
each spot due to aberrations. The minimum permitted displacement can be
specified by the user. If no correspondence is found for a certain spot, or its
displacement exceeds the specified limit, the spot is discarded. For calculation
of the tilts, “FrontSurfer” uses the pixel dimensions and the distance between
the Hartmann mask (lenslet array) and the CCD (CMOS) matrix. These
parameters can be either set by the user manually or obtained by calibrating
the sensor.

Wavefront reconstruction is performed based on the reference grid and the
array of the corresponding local tilts. “FrontSurfer” uses modal reconstruction,
which means that the required wavefront is represented by a series expansion
over a system of linearly independent basis functions, and the coefficients of
expansion are calculated in terms of this basis. The reconstructed wavefront is
then defined continuously throughout the whole aperture of the sensor.

The reconstruction is divided in several stages:

1. Calculation of the basis responses. As the basic functions, “Front-
Surfer” uses sets of tilts, which correspond to aberrations represented
by Zernike polynomials. The number of Zernike terms can be adjusted
by the user. As the reconstruction error tends to grow with the number
of terms over a certain limit [24], for each mask there is an optimum
number of terms. For our “standard” arrays with 127 microlenses we
advise using 44 Zernike terms.
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2. Orthogonalization of the basis responses. Even for aberrations de-
scribed by orthogonal Zernike polynomials, the corresponding responses
of the wavefront sensor may be non-orthogonal. “FrontSurfer” uses singu-
lar value decomposition (SVD) algorithm to construct an orthogonal basis
[25]. Discarding of those modes having relatively low singular values
allows to make reconstruction more steady, especially if the wavefront is
approximated by large number of Zernike terms. The range of “good” SVD
values can be adjusted by the user. Normally, taking into account modes
with singular values larger than 1/100 of the maximum one provides
stable reconstruction.

3. Decomposition of the tilts over the orthogonalized basis using SVD
algorithm; it results in a set of Zernike coefficients representing the
wavefront.

4. Calculation of the wavefront as a superposition of Zernike polynomi-
als with the coefficients found.

6.3.5 Further information

For further information, please refer to the latest version of the “FrontSurfer”
manual, which is available from http://www.okotech.com.

6.4 Measurement schemes for optical shop test-
ing

Optical setup for testing of optical components with the Shack-Hartmann
wavefront sensor should satisfy the following conditions:

e The relay optics should re-image the plane of the object to the plane of
the Hartmann mask (lenslet array).

e The scheme should scale the beam in such a way that the image of the
scaled object (wavefront) is densely filled with Hartmann sub-apertures.

e The optics should allow for calibration. In the general case, it consists of
separate measurement of the complete setup aberration with ideal object

or a source of ideal wavefront, replacing the one to be tested.

Three typical measurement schemes are considered below.

113



6. WAVEFRONT SENSOR SYSTEMS
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Figure 6.9: Typical measurement scheme for testing of transparent optics with Shack-
Hartmann wavefront sensor. Here CL is a collimator; L, and L» are lenses with focal
distances f1 and fo, respectively; WF'S is the wavefront sensor.

6.4.1 Testing of transparent optics

A typical optical setup for measurement of transparent optics with Shack-
Hartmann wavefront sensor is shown on Figure 6.9. The object under test
should be placed in a collimated laser beam. A telescopic system consisting
of two lenses, L; and L, is used to re-image the aperture of the object to the
microlens array (or Hartmann mask) of the wavefront sensor. The system
should scale the area to be measured to the aperture size of the wavefront
sensor; the scaling factor is equal to f1/f2, where f; and f> are focal distances
of the lenses L; and L, respectively.

Although “FrontSurfer” is able to perform “absolute” wavefront measure-
ment without any reference pattern, it is advisable to switch to the reference
mode. It allows to get rid of aberrations of the relay optics, which are always
present due to imperfection of the components and misalignment in the system.
Reference pattern can be measured with the object removed from the setup.

6.4.2 Testing of reflective optics

A typical optical setup for measurement of reflective optics is shown on Fig-
ure . To facilitate calibration, it is convenient to build it in a similar way to
the Twyman-Green interferometer, where a beam splitter divides the incoming
beam in two branches. The object is placed the in first branch behind the beam
splitter, and the reference (normally a high-quality flat or spherical mirror) in
the second one. The beams reflected from the object and reference are then
directed to the wavefront sensor. A telescopic system similar to the one from
the previous scheme (Figure 6.9) is used to provide conjugation between the
object and WFS with proper scaling. One of the branches should always be
blocked — the first branch for measurement of the reference pattern, and the
second one for testing of the object.
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Figure 6.10: Typical measurement scheme for testing of reflective optics with Shack-
Hartmann wavefront sensor. See Figure 6.9 for notations.
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Figure 6.11: Measurement scheme for testing of a microlens with Shack-Hartmann
wavefront sensor.
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6.4.3 Testing of microlenses

An example of a relay system designed to measure the aberrations of a mi-
crolens for fiber coupling applications is shown in Figure . In this case the
microlens has a small diameter (1 mm) compared to the Hartmann mask aper-
ture (4 mm). A telescope formed by the microlens itself and the imaging lens
is used to couple the microlens aperture to the sensor mask. The Hartmann
mask is co-incident with the microlens image.

Calibration of the setup consists of two steps:

1. Obtaining of an ideal reference wavefront.
2. Calibration of the imaging microlens.

In the first step we ensure that the aberration of the illuminating beam is
negligible over the aperture of the microlens. In the simplest case this can be
achieved by illumination of the microlens with slightly divergent wavefront
produced by a remote pinhole source. If there are no optical components
between the pinhole and tested microlens, we can be sure the illumination
wavefront is close to ideal.

In the second step, we place another pinhole in the focus of the microlens. By
doing that we eliminate all aberrations of the setup, except for the aberrations
introduced by the imaging lens, to be able to measure the aberration of the
relay optics only.

In the last step, we remove the pinhole and measure the total aberration.
To obtain the aberration of the microlens, the aberration of the imaging setup
measured at step 2 should be extracted from the measurement result.

In this example we have used slightly divergent wavefront instead of col-
limated. This does not introduce any significant problem if the radius of
curvature of the wavefront is much larger than the focal length of the mi-
crolens under test. If the lens has focal length of 4 mm and the point source is
placed at 1 m from the lens, spherical aberration introduced by “wrong” illu-
mination is negligible. Nevertheless, it is always advisable to check expected
aberrations using ray-tracing code.

116



7

CLOSED-LOOP ADAPTIVE
OPTICAL SYSTEMS

OKO Technologies not only produces components for AO systems but also
provides integrated solutions based on “FrontSurfer” software, which allows
for closed-loop control of a deformable mirror using the measurement data
obtained from a (Shack-)Hartmann wavefront sensor. “FrontSurfer” can be
integrated not only with the components produced by OKO Technologies but
also with custom ones.

7.1 Design of an adaptive optical system

The optical scheme of an adaptive optical system should satisfy the following
conditions.

1. The optics should re-image the plane of the mirror to the plane of the
Hartmann mask (or microlens array) with proper scaling. An example of
such an optical conjugation scheme is shown in Figure

2. In a similar way, optical conjugation should be provided between the
mirror and the source of aberrations to be corrected.

An important remark should be done regarding the use of micromachined
membrane deformable mirrors (MMDM). As the membrane can only be pulled
by electrostatic forces but cannot be pushed, if should be biased to provide
deformation in both directions (see Figure 2.1). It means that one will get much
better results when optimizing the mirror with respect to a sphere than when
optimizing it with respect to a flat surface. This sphere should be taken into
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account when the mirror is incorporated into the optical setup. The optimum
radius of the bias curvature can be evaluated assuming the mirror flexure to
be in the middle of the range.

Imaging Reference
Control PC CCD |

Hartmann \I Beam
mask Deformablet ' splitter

mirror

Figure 7.1: Scheme of typical adaptive optics setup.

The typical setup for functional feedback loop is shown in the Figure
A high-quality flat or spherical mirror can be used as a reference. A con-
cave spherical mirror is preferable for the use with MMDM due to its biased
operation, and a flat mirror for PDM systems.

7.2 “FrontSurfer” in the closed-loop mode

Closed-loop correction mode is implemented in the version of “FrontSurfer” for
deformable mirrors. Overview of the features of this version is described on
page

Before starting closed-loop correction with a deformable mirror (DM), the
mirror should be properly configured. “FrontSurfer” supports standard OKO’s
ISA, PCI and USB interface modules for deformable mirrors. Configuration
files can be supplied for standard OKO’s DM types. It is possible to integrate
“FrontSurfer” with a non-OKO DM interface by developing a custom plugin
according to our specification.

After the mirror is coupled with the wavefront sensor, it should be cali-
brated. The calibration consists in measurement of the Shack-Hartmann
sensor responses (displacements of spots) caused by consecutive actuating of
the mirror’s actuators. These responses form the so-called influence matrix of

118



7.3. SYSTEM CONFIGURATION

the mirror; we shall denote it as A. Calibration should be restarted after any
change in the optical setup.

After calibration, the influence matrix A is subjected to singular value
decomposition (SVD) A = USV7 [25]. The columns of the matrix U make up
an orthonormal set of the mirror deformations (modes), and the values of the
diagonal matrix S represent the gains of these modes. Discarding those modes
having small singular values improves controllability of the system [26]. The
user is able to visualize the modes and singular values and limit the number of
modes to be used in wavefront correction. Example singular values and SVD
modes for MMDM and PDM can be found in Section

“FrontSurfer” perform wavefront correction in a series of iterations. If the
residual aberration ¢,, at the n-th iteration corresponds to the set of actuator
signals X,, then the actuator signals at the next step X,,; 1 will be determined
by expression

Xn—i—l =X, - QA_1¢n>

where g is the feedback coefficient with value in the range (0..1], A~! is the
pseudo-inverse of A given by A~! = VS~'U”.

The target wavefront is defined as a combination of Zernike polynomials
and can be manually controlled during the correction using arrow keys of the
computer keyboard. Examples of Zernike aberrations generated by MMDM
and PDM are given in Section

7.3 System configuration

OKO Technologies supplies integrated systems, which can be used as a basis
for building of applied adaptive optics systems. Applications include scientific
instrumentation, astronomy, ophthalmology, laser optics and optical alignment
systems.

Our system includes the following components™:

e Deformable mirror (MMDM with up to 79 channels or PDM with up to
109 channels).

e PC interface for the deformable mirror (a set of 24-channel PCI DAC
boards or 40-channel USB driver modules).

e High-voltage amplifier units for the deformable mirror.
e “FrontSurfer” version for deformable mirrors.

e “FrontSurfer” wavefront sensor; see section for available configura-
tions.

IThe configuration can be customized according to the customer’s request
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e All necessary cables and documentation.

e Laptop or desktop PC (optional).

Figure 7.2: Complete adaptive optical system with a 37-channel PDM.

OKO Technologies also offers a complete closed-loop adaptive optical system
(AOS), which includes all necessary optical and mechanical components (see
Figure 7.2). It has a numerical aperture of 1:10 and can be applied for real-time
correction of optical aberrations and generation of precision wavefronts. The
speed of control depends on the camera and computer; up to 50 frames per
second is achieved with a moderately priced camera and a laptop computer.

7.4 AOS testing data
7.4.1 37-channel MMDM system

Experimental singular values for a 37-channel micromachined membrane
deformable mirror are given in Figure 7.3; first 20 SVD modes are shown in
Figure 7.4.

A flat mirror was used as a reference. Optimization started from the initial
shape of the mirror, which was produced by setting all mirror values to zero;
this shape is shown in Figure 7.5. As the mirror can be operated only in biased
mode, we introduced a bias curvature relative to the reference by adding the
Zernike term Z[2,0] with -1 ym amplitude to the target function.

In the first test we generated the spherical wavefront corresponding to
the bias curvature - see Figure 7.6. The residual aberrations are shown in
Figure 7.7. In the following tests we generated various Zernike aberrations in
addition to the bias curvature; the results are shown in Figures 7.8-7.11.
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Figure 7.3: Singular values of a 37-channel MMDM.

Figure 7.4: First 20 SVD modes of a 37-channel MMDM.
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Phase, waves

Figure 7.5: Initial shape of a 37-channel MMDM, which was produced by setting all
mirror values to 0.
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Figure 7.6: 37-channel MMDM; optimization with respect to the reference curvature
(Zernike term Z[2,0]=-1 um).
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Figure 7.7: 37-channel MMDM, optimization with respect to the reference curvature
(Zernike term Z[2,0]=-1 um); residual aberrations.
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Figure 7.8: Astigmatism generated by a 37-channel MMDM with respect to the reference
curvature, Zernike term Z[2,2], amplitude 1 um.
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Figure 7.9: Coma generated by a 37-channel MMDM with respect to the reference
curvature, Zernike term Z[3,1], amplitude 0.5 um.
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Figure 7.10: Trifoil generated by a 37-channel MMDM with respect to the reference
curvature, Zernike term Z[3,3], amplitude 0.5 um.
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Figure 7.11: Spherical aberration generated by a 37-channel MMDM with respect to
the reference curvature, Zernike term Z[4,0], amplitude 0.3 um.

7.4.2 37-channel PDM system
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Figure 7.12: Singular values of a 37-channel PDM.

Experimental singular values for a 37-channel piezoelectric deformable
mirror are given in Figure 7.12; first 20 SVD modes are shown in Figure 7.13.

Flat mirror was used as a reference. Optimization started from the initial
shape of the mirror, which was produced by setting all mirror values to zero;
this shape is shown in Figure 7.14.

In the first test we optimized shape of the deformable mirror with respect to
the reference mirror; residual aberrations are shown in Figure 7.15.

In the following tests we generated various Zernike aberrations in addition
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Figure 7.13: First 20 SVD modes of a 37-channel PDM.

Phase, waves
3.2

Figure 7.14: Initial shape of a 37-channel PDM, which was produced by setting all
mirror values to 0, with respect to the reference mirror.
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Figure 7.15: 37-channel PDM; optimization with respect to the reference mirror; resid-
ual aberrations.

Figure 7.16: Defocus generated by a 37-channel PDM, Zernike term Z[2,0], amplitude
2 pm.

Phase, waves

-0.84

X, mm

Figure 7.17: Astigmatism generated by a 37-channel PDM, Zernike term Z[2,2], ampli-
tude 2 pm.

126 OKO Technologies ¢ www.okotech.com



7.4. AOS TESTING DATA

Phase, waves
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Figure 7.18: Coma generated by a 37-channel PDM, Zernike term Z[3,1], amplitude
1 pym.

Phase, waves

Figure 7.19: Trifoil generated by a 37-channel PDM, Zernike term Z[3,3], amplitude
2 pm.

Phase, waves

Figure 7.20: Spherical aberration generated by a 37-channel PDM, Zernike term Z[4,0],
amplitude 0.5 ym.
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Figure 7.21: Zernike term Z[4,2] generated by a 37-channel PDM, amplitude 0.5 um.

to the bias curvature; results are presented in Figures 7.16-7.21.
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8

FREQUENTLY ASKED
QUESTIONS

8.1 Deformable mirrors

o What is MMDM?
MMDM stands for “Micromachined Membrane Deformable Mirror”.
MMDMs with 37, 59 and 79 control channels are fabricated by

Flexible Optical BV (Okotech), http://www.okotech.com,
Rontgenweg 1, 2624 BD Delft, The Netherlands,
fax: +31-15-2851548, email: okoRokotech.com.

MMDM consists of a thin (500 to 700 nm thick) membrane made of silicon
nitride. The membrane is coated by a thin layer of aluminum or gold
to produce a highly reflective surface. The membrane is fixed to silicon
frame and suspended over a number of planar electrodes. When the
membrane is electrically grounded and a voltage is applied to one or a
number of the electrodes, the membrane is deformed locally changing its
shape. Different combinations of voltages applied to different electrodes
form different shapes.

e What is PDM?

PDM stands for “Piezoelectric Deformable Mirror”. PDMs with 19, 37
and 109 control channels are fabricated by

Flexible Optical BV (Okotech), http://www.okotech.com,
Rontgenweg 1, 2624 BD Delft, The Netherlands,
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fax: +31-15-2851548, email: okoGokotech.com.

o What is “biased operation”?

The MMDM membrane can be deflected only in the direction of the elec-
trode structure because the electrostatic force can be only attractive.
The deflected membrane can produce only concave optical shapes. To
achieve a bi-directional operation the membrane should be initially de-
flected towards the actuators and made perfectly spherical by adjusting
the actuator voltages. From this state the membrane can be moved to
both positive (from the electrode structure) and negative (to the actuator
structure) directions by controlling the actuators voltage.

e How to bias the MMDM?

In the simplest case biasing can be achieved by applying a constant
voltage to all actuators of the MMDM. Theoretically under the constant
bias the MMDM should take a parabolic shape. In practice, MMDM
biased with a constant voltage has afigure error of up to 300nm RMS
from the nearest perfect parabola. The bias voltages should be adjusted
to make the biased surface perfect. The theoretical value of the bias
voltage equals to 0.71 - V,,,., where V,,,,, is the maximum voltage that
can be applied to the mirror. This value provides for equal mirror strokes
in positive and negative direction from the biased position. For example,
with 8-bit digital control (one byte, 0 to 255 per channel) all electrodes
should be set to 180. These values should be adjusted to obtain a perfect
spherical figure.

e Is it possible to use MMDM for tilt correction (scanner mode)?

The device can be specially calibrated to correct for tilts, preserving the
diffraction-limited quality of the reflected beam in the range of about
25A/D where A is the wavelength and D is the mirror diameter. Using
the device in scanner mode will reduce its correction performance for
higher order aberrations.

e How good the mirrors will correct our aberrations?

Information about the spatial and temporal spectra of the aberrated
wavefronts is required for a good answer to this question. Membrane
mirrors in general are good in correcting smooth continuous aberrations.
37-ch MMDM provides high-quality correction of all 3-rd order aberra-
tions and is reasonably good in correcting the 5-th order aberrations.
79-ch MMDM will correct aberrations up to 5th order. PDM with 19
and 37 channels will correct low order aberrations with relatively large
amplitude. OKO mirrors can be flattened to produce better than /20
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rms reflected wavefronts. Contact OKO with specific questions on the
correction performance.

How large can be the amplitude of the corrected aberrations?

Standard 37-ch 15-mm mirror provides about 20000nm of wavefront
deformation for defocus. Third and fifth order aberrations with wavefront
amplitudes of up to 3000 nm can be corrected. In general the dynamic
range is higher for low spatial frequencies.

The maximum profile difference between the adjacent actuators reaches
800 nm for MMDM and can be as large as 3 ym for a PDM.

How linear is the MMDM response?

The displacement of the MMDM surface is proportional to the square
of the applied voltage. The mirror response can be linearized using the
operation of square root. For 8-bit biased digital control the following
expression can be used to convert the control signal CS (in the range -1...1)
into the control byte CB applied directly to the digital board controlling
the mirror actuator: CB=(int)sqrt(0.5%(CS.))*255.; This formula provides
linear correspondence between the control signal CS and the mirror
displacement and sets the mirror into theoretical biased position when
CS=0. MMDM features negligible hysteresis.

How linear is the PDM response?
OKO piezoelectric mirrors have linear response and feature 7 to 15%
hysteresis and up to 2% creep.

What is the size of MMDM?

As in 2008, OKO Tech fabricates membrane mirrors with diameters of
10, 15, 30, 40 and 50 mm with 1 to 79 channels and linear membrane
mirrors with 11x39mm membrane.

What is the size of PDM?

As in 2008, OKO Tech fabricates 30 mm piezoelectric mirrors with 19 and
37 actuators and 50 mm mirrors with 37, 79, and 109 actuators. Linear
configuration with 10x55mm aperture and 20 (2x10) actuators is also
available.

How good is the initial figure of OKO deformable mirrors?

The surface quality of all OKO mirrors is similar to any other solid
reflective optics produced by leading manufacturers. It is good enough to
work with very low scattering in the whole visible spectrum.
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The initial figure of MMDM is flat with RMS deviation from the nearest
reference plane better than 400nm. OKO mirror with 37 channels and a
diameter of 15mm will have less than 1 fringe of astigmatism averaged
over a number of devices. Larger MMDM have 8 adjustment screws that
allow to set the initial figure of the mirror. The initial optical quality is
very good.

The initial figure of PDM is flat with RMS deviation from the nearest
sphere better than 500 nm. The initial surface may have some irreg-
ularity due to random hysteresis state of different actuators. These
irregularities are always formed as combinations of the mirror influence
functions and they are completely correctable by the mirror.

What is the power handling ability of OKO DM?

Standard 15mm Al-coated MMDM can handle up to 3 W optical load in
the visible range. On a special order MMDM can be coated with a special
HR metal-dielectric coatings, making them suitable for optical loads of
up to 500 W and even 1 kW in some cases.

Piezoelectric mirrors can be coated with high-power HR coatings, making
them suitable for optical load of up to 1 kW and higher - is some special
cases.

8.2 Wavefront sensors

What is FrontSurfer?

FrontSurfer is a wavefront analysis and control system based on Shack-
Hartmann wavefront sensors and deformable mirrors from OKO Tech-
nologies.

What the FrontSurfer system can be applied for?

Applications include optical shop testing of transmissive and reflective
optics, alignment of optical systems, real-time monitoring and active
compensation of optical aberrations.

What is included in the FrontSurfer wavefront sensor package?

The wavefront sensor package includes FrontSurfer software and a mea-
surement head - Hartmann or Shack-Hartmann wavefront sensor. The
Hartmann wavefront sensor consist of a precision Hartmann mask and
a CMOS (or CCD) camera. In the Shack-Hartmann sensor, the mask is
replaced by a microlens array.

Which modifications of FrontSurfer software are available?
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FrontSurfer is available in two modifications - with and without support
for deformable mirrors and adaptive optics feedback.

e How many measurements are required for FrontSurfer to reconstruct a
wavefront?

One in the absolute measurement mode and two in the reference mode.

e What is the absolute measurement mode of FrontSurfer?

In this mode, the wavefront is reconstructed from one intensity pattern
captured by the wavefront sensor. Geometric parameters of the Hart-
mann mask or microlens array are used as a reference. This mode can
only be used with a precision Hartmann mask (or microlens array) having
complete hexagonal or square structure of subapertures (for example, see
Figure 6.5).

e What is the reference measurement mode of FrontSurfer?

In this mode, the wavefront is reconstructed from two intensity pat-
terns captured by the wavefront sensor. The first one (main pattern)
is measured in presence of the the aberration to be reconstructed, and
the second one (reference pattern) is measured for calibration purposes,
i.e., with the aberration removed. In this mode, the microlens array
(Hartmann mask) can be neither complete nor regular; one can even use
an array with random positioning of sub-apertures.

o What is the sensitivity of FrontSurfer wavefront sensor?

Typical configuration of the FrontSurfer wavefront sensor (see param-
eters in Table 6.1) has a noise-limited sensitivity of about A\/60 PV (for
A=0.63 um). The sensitivity can be improved by averaging over multiple
frames and using a microlens array with larger focal distance.

o What is the precision of FrontSurfer wavefront sensor?

Typical configuration of the FrontSurfer wavefront sensor (see parame-
ters in Table 6.1) has a precision of about A/60 PV (for A=0.63 ym) in the
reference mode and about A\/6 PV in the absolute measurement mode.

In the reference mode, the precision is mainly limited by the image sensor
noise and can be improved by averaging over multiple frames and using a
microlens array with larger focal distance. In the absolute measurement
mode, the precision is limited by fabrication errors of the microlens array
(or Hartmann mask).

Please note that the precision is specified for low-order aberrations, when
the sampling error can be neglected. It is important that the microlens
array (or Hartmann mask) provide sufficient sampling for the aberrations
to be measured.
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e Which mask or microlens array can be used with FrontSurfer?

In the reference mode, any mask or microlens array with up to several
hundred subapertures over the image sensor area can be used. For the
absolute measurement mode, a precision array with complete hexagonal
or square structure of sub-apertures is required.

Which camera can be used with FrontSurfer?

FrontSurfer can be interfaced with any camera or frame grabber, but
it requires a special video plugin for FrontSurfer. Plugins for Picasso
PCI-2SQM framegrabber from Arvoo, DFG/LC1 framegrabber from Imag-
ing Source, A601f/A602f CMOS digital cameras from Basler and UlI-
2210M/2410M from IDS Imaging are included in the distribution. Front-
Surfer manual contains description of the functions that should be in-
cluded in such a plugin, so that the user can develop his own plugin
following these instructions.

e How to use FrontSurfer wavefront sensor for optical shop testing?

Setup for testing of optical components should provide optical conjugation
between the component under test and the wavefront sensor with proper
scaling. See the section for general recommendations and typical
measurement schemes.

8.3 Adaptive optical systems

e What is included in a typical FrontSurfer adaptive optics package?

FrontSurfer adaptive optics package includes a deformable mirror with
a full set of control electronics and the FrontSurfer wavefront sensor
package including FrontSurfer software with adaptive optics enabled.

Which deformable mirror can be used with FrontSurfer?

FrontSurfer have embedded support of OKO’s deformable mirror con-
trollers, including 24-channel ISA and PCI boards and 40-channel USB
driver modules. With these features, FrontSurfer can control any mirror
from OKO Technologies - MMDM with up to 79 channels and PDM with
up to 109 channels - or any custom mirror using the same controllers. Cus-
tom controllers can be interfaced to FrontSurfer using external libraries -
plugins. FrontSurfer manual contains instructions on development of a
custom mirror plugin.

e How to integrate FrontSurfer adaptive optics package into your applica-

tion?
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FrontSurfer adaptive optics package can be used for building an adaptive
optical system for correction of aberrations. Optical design of the system
is dependent on the application and should be made by a specialist.
In general, the system should provide optical conjugation between the
optical aberrations, deformable mirror and the wavefront sensor with
proper scaling.

What is the closed-loop correction speed in FrontSurfer?

The average correction rate is dependent on the camera and computer.
For a PC with AMD Athlon XP1800+ processor and 256 MB RAM, 50 Hz
correction rate can be achieved with Basler A602f camera and hexagonal
microlens array with 127 subapertures. Using of dual or multi-core
processors provides more stable feedback.

What is included in a complete adaptive optical system from OKO Tech-
nologies?

On demand, OKO Technologies can supply a complete closed-loop adap-
tive optical system (AOS), which includes all necessary optical and me-
chanical components in addition to the FrontSurfer adaptive optics pack-
age. It has a numerical aperture of 1:10 and can be applied for real-time
correction of optical aberrations and generation of precision wavefronts.
The system is shown in Figure
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9

WARRANTY AND EXPORT
DISCLAIMERS

9.1 Warranty

The equipment is covered by a one-year factory-defect warranty.

We offer separate shipping insurance. The price of the shipping insurance
is 2% of the total value of the insured item. Insured items damaged during
shipping will be replaced by a similar device within two months. A photo of
the damaged device followed by a damage report should be sent to Flexible
Optical B.V. (OKO® Technologies) within 5 working days after the damaged
device is received.

EXCEPT WHEN OTHERWISE STATED IN WRITING FLEXIBLE OPTICAL B.V.
(OKO® TECHNOLOGIES) AND/OR OTHER PARTIES PROVIDE THE EQUIPMENT
AND SERVICES ”AS IS” WITHOUT WARRANTY OF ANY MERCHANTABILITY
AND/OR FITNESS FOR ANY PARTICULAR PURPOSE. THE ENTIRE RISK AS TO
THE QUALITY AND PERFORMANCE OF THE EQUIPMENT IS WITH YOU.

IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN
WRITING WILL FLEXIBLE OPTICAL B.V. (OKO® TECHNOLOGIES) BE LIABLE
TO YOU FOR DAMAGES, INCLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR
CONSEQUENTIAL DAMAGES ARISING OUT OF THE USE OR INABILITY TO USE
THE HARDWARE SOFTWARE AND SERVICES DESCRIBED IN THIS DOCUMENT
AND/OR SUPPLIED BY FLEXIBLE OPTICAL BV.
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9.2 Export

According to the European export law, a license to export outside the EU should
be obtained for any product that matches the definition:

”Deformable mirrors having either continuous or multi-element
surfaces, and specially designed components therefor, capable of dy-
namically repositioning portions of the surface of the mirror at rates
exceeding 100 Hz.”

Export inside the EU is free from this restriction. Export to some selected
destinations can be or can not be free from this restriction.
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