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(57) Abstract: A deformable curvature mirror capable of controlled deformation by applying electrical voltages to electrode seg-
ments on the back of the mirror. Two plates (30 and 32) of an electro-restrictive material, such as PZT or PMN, are jointed together
with at least one conductive layer (34, 36) sandwiched therebetween. One plate has an outer conductive layer (42) and a mirrored
surface (48) on the outer conductive layer. The conductive layers are electrically grounded. The other plate has a pattern of a plu-
rality of electrode segments (40-N) on the outer surface with each electrode segment having a separate electrical terminal (44-N) for
applying a variable electrical voltage thereto for separately transmitting a variable current through each said electrode segment and
through at least the other plate for causing variable expansion of the plate and thereby selectively deforming that plate and, in turn,

the deformable curvature mirror.
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DESCRIPTION

Deformable Curvature Mirror

Summary Of The Invention

The present invention relates to a deformable curvature mirror that is capable of
controlled deformation by the application of electrical voltages to the mirror and, in
particular, is directed to such a mirror that is for use in an adaptive optics system having a
wavefront sensor for controlling the deformation of the curvature mirror.

There are various adaptive optics methods and devices which include a wavefront
sensor for sensing the aberrations in the wavefront of light waves and then correcting or
compensating for those aberrations, such as the atmospheric aberrations that effect the
viewing of stars and planets through a telescope. The existing methods and devices for
sensing and measuring the wavefront include several interferometric techniques, the
Shack-Hartmann wavefront sensing techniques and various other systems involving the
projection of patterns of light through an optical system. Such prior techniques and
systems are typically complex and expensive, as well as having various inherent
deficiencies. In addition to the deficiencies of the prior art wavefront sensors, the
deformable mirrors that are controlled by those wavefront sensors for adaptive optics also
include numerous deficiencies. For example, a stack actuator mirror is comprised of a
multiplicity of push rods engaging the back of a flexible mirror and the extension-
retraction of each push rod is usually controlled by a Shack-Hartmann wavefront sensor.
The Shack-Hartman wavefront sensor measures local slopes of the wavefront and these
slopes are fitted with a wavefront reconstructor which in turn generates a continuous
surface, matching all the slopes. This type fitting is blind to hysterisis effects in the
actuators thereby causing a waffle pattern to appear on the mirror surface. The push rods
tend to produce a deformation which is nearly a straight line on the mirror surface between
each pair of adjacent push rods that results in large fitting errors when a small number of
actuators are used. Moreover, the number of push rods and, therefore, the closeness of the
push rods is physically limited, as well as the length of their travel, whereby the accuracy
and degree of optical correction that can be applied by the stack actuator type mirror is
limited. Since all actuators have the same travel and are attached to a rigid reference
surface, the mirror has the same stroke for all modes, i.e. low order focus has the same

stroke as the highest mode produced by every other actuator being turned on and off. For
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correcting the aberrations originating in the atmosphere, this range of stroke at the highest
modes is not necessar};, whereby the corrections may not be accurate for small errors.

Further, some other wavefront sensing and deformable mirror techniques and
devices are not directly applicable to all types of adaptive optics for correcting the
wavefront to thereby correct the image.

In summary, it is an object of the present invention to provide a novel deformable
curvature mirror that is capable of controlled deformation by selectively applying
electrical voltages to produce a wide range of accurate curvatures for correcting the
wavefront of light in an adaptive optics system. A further object of the present invention
is to provide a deformable curvature mirror that includes a pattern of electrode segments
on the backside of the mirror that are of a size, shape and arrangement for producing the
mirror deformation necessary for the particular application of the mirror by selectively
applying variable voltages to the individual electrode segments. A still further object of
this invention is to provide a unique construction of a deformable curvature mirror that
includes two plates of electro-restrictive or magnito-restrictive material adhered together
in a bimorph and monomorph configuration. Typically two plates of similar PZT type are
glued together with an adhesive, then a mirror surface is placed on one side, and a pattern
of electrode segments is placed either between or on the back side, whereby the
application of a variable voltage to the individual electrodes causes a charge to accumulate
on the conductive layer thereby producing an electric field for causing a controlled
expansion or contraction of the electro-restrictive plates in the individual areas defined by
the electrode segments. In the case where the electrode pattern is on the rear plate, the
front plate acts as a restraining member and with the expansion or contraction of the rear
plate a local bending moment occurs for thereby producing a curvature of that section of
the mirror. Still another object of the present invention is to provide such a deformable
curvature mitror with one set of electrode segments for controlling the slope of the
wavefront at the edges of the pupil and another set of electrode segments for controlling
the curvature of the wavefront inside the pupil.

Brief Description Of The Drawings

Other and more detailed objects and advantages of the present invention will
appear to those skilled in the art from the detailed description of the preferred
embodiments in conjunction with the drawings, wherein:

Fig. 1 is a diagrammatic illustration of a typical optical system, namely, a
telescope, provided with an adaptive optics system that includes the deformable curvature
mirror of the present invention;
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Fig. 2 is an enlarged, fragmentary sectional view through a portion of the
deformable curvature mirror taken substantially on the line 2-2 in Fig. 1;

Figs. 3-6 are elevation views of the rear side of the deformable curvature mirror of
the present invention illustrating four different patterns of electrode segments; and

Figs. 7A-7E are diagrammatic views illustrating the layers of different materials
that comprise various embodiments of the deformable curvature mirror of the present

invention.

General Description Of The Preferred Embodiments

Referring now to Fig. 1, a simplified form of an optical system, such as a telescope
10, is illustrated with an adaptive optics system, generally designated 12, that includes the
deformable curvature mirror 14 of the present invention. Light rays R from any light
source L, such as the illustrated star when the telescope 10 is used for observing stars and
planets, enter the telescope 10 through a lens 18 that focuses the light rays on an object
image plane OIP where the image of the light source L (here a star, for example) exists in
focus but is uncorrected. The telescope 10 also may be of a type and construction for
receiving light waves from an earth-bound data transmission station L, such as in a system
for transmitting data from building-to-building, tower-to-tower, mountain-to-mountain or
from ground to space .

The light rays R then pass through a collimating lens 20 to the deformable mirror
14 of this invention. Thus, in Fig. 1, the light rays R reaching the telescope 10 from a
distant star or other distant light source L would be undistorted and theoretically could
produce a diffraction limited image of the source. However, as is well known to
astronomers, the earth’s atmosphere creates aberrations in the light rays R before reaching
the telescope 10, which aberrations vary with the atmospheric conditions and rapidly over
any period of time, even when the telescope is located at high elevations. Similarly, if the
telescope 10 is used for viewing something on earth at a distance or for receiving light
waves for data transmission from a station at a distance on earth, the earth’s atmosphere
will create aberrations in the light rays R and, therefore, produce a wavefront that can not
produce a diffraction limited image and is constantly changing when it reaches the
telescope 10. Various wavefront sensors have been used to detect the variations in the
wavefront caused by the atmospheric aberrations and then to compensate or correct for
those aberrations by adaptive optics, such as by using a deformable mirror controlled by a
wavefront sensor. One type of wavefront sensor that is particularly suited for use with the
deformable curvature mirror 14 of the present invention is a wavefront curvature sensor
that uses a pair of defocused pupil images as described and shown in the copending U.S.
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Patent Application, Serial No. 09/579,786, filed May 26, 2000 by the inventors hereof,
which is incorporated herein by this reference.

The light rays R reflect from the surface of the deformable mirror 14 to a lens 22
that refocuses the image on the plane of an image detector D. The lens 18, collimating
lens 20, deformable mirror 14, lens 22 and image detector D are all located and centered
on the optical axis O of the system. The image detector D may be of any convenient type
that is suitable for the particular application of the system, such as a conventional detector
in a video camera, a custom format of charge couple device (CCD), an array of PIN
diodes, an array of optical fibers, photon counting detectors, or the like. The detector D
provides images and/or data relative to the light intensity throughout the image focused on
detector D and these images and/or data are displayed and/or recorded on an appropriate
device 24 suitable for this application of the system. When the deformable mirror 14 is
not activated and working in closeloop with the wavefront sensor, the image appearing at
the image detector D will be the uncorrected image received by telescope 10. When the
deformable mirror 14 is appropriately deformed in the manner described below to
compensate for the aberrations, the image at detector D will be diffraction limited, i.e. a
corrected image. Similarly, if the system is used for data transmission by light waves, the
detector D will receive and detect corrected light rays when the deformable mirror 14 is
properly deformed to correct for aberrations in the light rays R transmitted to the system
illustrated in Fig. 1. Still further, when such a system is used for transmitting data by light
rays, the wavefront can be sensed and corrected by the deformable mirror 14 and the same
mitror shape can be used to pre-correct a data light emitter positioned at the same location
as image detector D.

A partial mirror or beamsplitter 26 is positioned on the optical axis O between lens
22 and detector D for reflecting a portion of the light rays R to a wavefront sensor S, such
as one of the wavefront sensors disclosed in the inventors’ copending patent application
identified above. In the preferred embodiment of the system employing the deformable
mirror 14 of the present invention, the wavefront sensor S senses two defocused pupil
images (or the shapes and light intensities for some detectors used in a wavefront sensor S)
which are communicated to the central processing unit CPU for processing by data
reduction software to derive the wavefront curvature and provide data appropriate for the
operation of the deformable mirror 14. Specifically, as is well known in the art, the
wavefront is derived or recovered by solving the Poisson equation with respect to
intensities with the Dirichlet’s boundary conditions relative to the shape of the extrafocal
images. An iterative data reduction algorithm or other non-linear fitting technique may be
employed to compensate for non-linearity in measurements in an open loop system. The
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CPU then provides a plurality of separate and controlled high voltage electrical potentials
to a plurality of conductive electrode segments (described below) on the back of
deformable mirror 14 through a like plurality of separate wires W-1, W-2, W-3 through
W-N. The deformable mirror 14 is fixedly mounted in a mount M that is appropriately
positioned to reflect the optical axis O and light rays R from the collimating lens 20 to the
detector D. As will appear more fully from the description below of the details of a
preferred embodiment of the deformable mirror 14, the overall slope of the mirror, i.e. the
angle of reflection of the optical axis O, can be modified by the application of high
voltages applied to selected electrode segments of the deformable mirror 14 through one
or more of the wires W-1 through W-N and the curvature of the surface of the deformable
mirror 14 may be modified for correcting aberrations by the application of controlled high
voltages also through wires W-1 through W-N.

Referring now to Fig. 2, a fragmentary and enlarged cross-section of a portion of
the deformable curvature mirror 14, taken on the line 2-2 in Fig. 1, is shown with the
thicknesses of some of the layers of the laminated construction exaggerated for ease of
illustration. The basic, physical structure of the deformable mirror 14 is comprised of two
discs or plates 30 and 32 of any electro-restrictive material that exhibits controlled
expansion and contraction in response to the application of an electrical potential across
the material and yet the material has an adequate structural strength and rigidity to
maintain a given shape, as distinguished from being flexible. A preferred material is
ceramic PZT, which is a piezoelectric material comprised of Pb, Zu, Ti and O though a
possible alternative is a magnetorestrictive material known as PMN comprised of Pb, Mg,
Nb and O. The plates 30 and 32 of the electro-restrictive material are separately ground to -
produce optically flat surfaces and a uniform thickness that depends on the size of the
deformable mirror 14 but, in general, sufficiently thin to accommodate the flexures caused
by the expansion and contraction induced by the electrical voltages. For example, ina
deformable mirror 14 of about 50 mm in diameter, each of the PZT plates 30 and 32
preferably would be less than two millimeters and more than 0.1 mm in thickness.
Similarly, for a larger mirror 14 of about 150mm in diameter, each plate 30 and 32
preferably would of a thickness between about 2.0mm and 8.0mm. A layer 34 of gold or
other highly conductive material (hereinafter referred to as a gold layer for convenience) is
applied to the lower surface of plate 30 and a gold layer 36 is applied to the upper surface
of plate 32 and then the two plates 30 and 32 are laminated together and joined by a
conductive adhesive 38. The PZT plates have a polarity in a direction perpendicular to the
deformable mirror 14 which causes the PZT to expand when an electrical voltage is
applied in one direction across the plate and to contract when the electrical voltage is
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applied in the opposite direction across the plate. Before the two plates 30 and 32 are
joined by the conductive adhesive 38, the respective polarities of those two plates are
aligned, that is, each plate 30 and 32 will exhibit a physical contraction in the direction
perpendicular to the mirror 14 when an electric field created by the applied voltage with
the positive potential on top and the negative potential on the bottom, as shown in Fig. 2.
Thus, as will appear more clearly below, to the extent that any electric field traverses the
lower PZT plate 32, which is primarily inactive, the directions of expansion and
contraction of the two plates 30 and 32 will be the same rather than tending to oppose each
other.

After the two plates 30 and 32 are bonded together by the adhesive layer 38, a
plating mask (not shown) is applied to the outer surface 30a to create a predetermined
pattern, as described below, and then gold layers 40 and 42 are applied to the outer
surfaces 30a and 32a, respectively, of the plates 30 and 32. The mask and gold covering
the mask on surface 30a are removed to leave a pattern of gold electrodes 40-1, 40-2
through 40-N, only three of which are shown in the enlarged, fragmentary view of Fig. 2.

A mirror layer 48 is applied to the outer surface 32a of plate 32 by any convenient
means such as epoxy replication wherein the mirror layer 48 is first formed separately and
then adhered to the surface 32a. Forming the mirror layer 42 by the epoxy replication
method includes the steps of applying a mold separation material on a flat surface,
applying a layer of reflective material, such as silver or gold, and then a layer of epoxy
before adhering the mirror layer 48 to the gold layer 42 on the outer surface 32a of plate
32 by an appropriate adhesive, such as epoxy, and curing the assembly at an elevated
temperature. As an alternative to a separate mirror layer 48, the outer surface of gold (or
other metal) layer 42 may be polished to a mirror-like condition, which may be adequate
for some applications of the deformable mirror 14.

Electric terminals 44-1, 44-2 through 44-N are attached to the electrode segments
40-1 through 40-N by any convenient means, such as soldering. An insulating layer 46 is
then applied over the gold layer 40 (comprised of electrode segments 40-1 through 40-N)
and fills to gaps between the electrode segments formed by the mask material.

When the deformable mirror 14 is installed in an adaptive optics system, such as
the system shown in Fig. 1, the wires W-1 through W-N are attached to the terminals 44-1
through 44-N, respectively. Electrical terminals and wires are also attached to the
intermediate gold layers 34, 36 and the outer gold layer 42 by any convenient means, such
as at the edge of the deformable mirror 14 or by drilling through the deformable mirror 14
near the periphery and installing one or more terminals and wires. As thus far described, it
may be seen that in one preferred embodiment where the gold layers 34, 36, 42 are all
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connected to ground and a positive voltage is applied to one or more of the wires W-1
through W-N that an electric field will appear across electro-restrictive plate 30 to gold
layer 34 from each electrode segment 40-1 through 40-N to which the electrical potential
has been applied and that some electric charge may flow through the conductive adhesive
layer 38 to gold layer 36 establishing an electric field across plate 32 to grounded gold
Jayer 42. The electric field will cause lateral expansion of the plate 30 and to a lesser
degree the plate 32. The magnitude of the expansion below each electrode segment 40-1
through 40-N will depend on the magnitude of the voltage applied to that electrode
segment which expansion in turn causes the mirror 14 to deform in a controlled manner as
a result of the electro-restrictive properties of the materials of the plates 30 and 32.

By way of further explanation of the basic principle of operation of mirror 14, as
the rear plate 30 expands and contracts in the areas to which the electrode segments 40-1
through 40-N are affixed, as the electric fields are generated by the voltages applied to
those electrode segments, the front (mirrored) plate 32 does not correspondingly expand
and contract, and therefore a bending moment is introduced into the mirror 14. In this
basic embodiment of mirror 14, both sides of front plate 32 have a gold layer which are
electrically connected so that the front plate 32 and rear plate 30 mechanically behave in
the same manner, such as with respect to thermal expansion and contraction, because the
thermal expansion coefficient is controlled by grounding. The build-up of an electrical
charge in PZT by temperature changes causing expansion and contraction would store
energy in the PZT and adversely effect the control of the curvature of the mirror surface
48.

Referring now to Figs. 3-6, which are plan views from the back, four typical
patterns for the electrodes 40 on the deformable mirror 14 are shown with the terminals
44-1, 44-N omitted for clarity. Also, for convenience of illustration and comparison of
electrode patterns, each of the deformable mirrors 14a, 14b, 14c and 14d of Figs. 3, 4, 5
and 6, respectively, is shown as being round and of the same size but it will readily appear
to those skilled in the art that the deformable mirror 14 may be of a non-round shape for
non-round adaptive optic systems, such as for lasers, and may be of different sizes, such as
four different sizes of telescopes. The pattern of electrode segments 40-1, 40-N on the
outer surface 30a of plate 30 is formed by the mask that is applied to the outer surface 30a
prior to applying the gold layer 40, as described above. The mask for each of the
deformable mirrors 14a-14d includes a perimeter portion to create a perimeter ring 30b of
exposed surface of the plate 30, as well as the outer surface 32a of plate 32, for mounting
the deformable mirror 14 in a supporting mount M (see Fig. 1). ~ Thin strips of the
masking material extend radially like spokes on the surface 30a to form gaps 30c between



10

15

20

25

30

35

WO 02/059674 PCT/US02/03048

adjacent electrode segments 40-1, 40-N formed in circular rings, such as the outer rings 50
and inner rings 52 shown in Figs. 3-6 and the central ring 54 shown in Fig. 6. In the
embodiments of Figs. 3, 4 and 5, there are six electrode segments in the outer ring 50 and
six electrode segments forming the inner ring 52, whereas in the electrode pattern of Fig.
6, there are eighteen electrode segments 44 in the outer ring 50, twelve electrode segments
in the inner ring 52 and six electrode segments 44 in the central ring 54, but any number of
electrode segments and separate rings may be used for a particular application.

In each of the electrode patterns illustrated in Figs. 3-6, an annular space is
provided between the outer ring 50 and inner ring 52 of electrode segments, and the
circular dashed line C in that annular space represents the outer diameter of the image
received by the optical system, such as the outer diameter of the pupil image received by
the telescope 10. Similarly, a dashed line C’ at the center of each mirror 14 in Figs. 3-6
represents the inner diameter of the pupil image of a reflective celestial telescope where no
image appears inside of circle C’. In other words, although the mirror layer 48 may cover
the entire portion of the surface of the deformable mirror 14 opposite the surface portion
having the electrode patterns shown in Figs. 3-6, the image from the celestial telescope is
only reflected from the portions of the mirror between the outer diameter C and inner
diameter C’. In a nonreflective type telescope or other optical system, the image would
cover the entire area within outer circle C with no inner blank space within the circle C’.

In the typical embodiments of the electrode patterns of the present invention
illustrated in Figs. 3-6, the outer ring 50 of electrodes controls the slope of the mirror by
selectively applying voltages to each of the electrode segments 40-1, 40-N in the outer
ring 50 to thereby tilt or change the slope of the whole mirror in any desired direction or
amount, within the structural limits, for any desired purpose in connection with the
adaptive optics system. The inner ring 52 of electrode segments, as well as the central
ring 54 of electrode segments in Fig. 6, control the curvature of the mirror surface by
applying appropriate voltages to each of the electrode segments. The gaps 30c between
electrode segments are large enough to insulate adjacent segments from each other but
sufficiently small that the electric field passing through the plates 30 to the grounded
layers 34, 36 and 42 migrates and overlaps the segments to provide a smooth transition on
the surface of the mirror layer 48 when different voltages are applied to adjacent electrode
segments 40-1, 40-N. With this arrangement, a total of approximately one hundred
microns (0.lmm) of deflection of the center of the Ideformable mirror 14 may be
accomplished because, in part, the outer ring 50 can cause a portion of the deflection and
the inner ring 52 and central ring 54 can accomplish additional deflection therebeyond, as
distinguished from the- Shack-Hartmann system using push rods that have a limited
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displacement of typically eight microns (0.008mm) from a reference base plate, even at
the center of the mirror. Fig. 3 illustrates a basic electrode segment pattern with the
functions and advantages thus far described and Figs. 4-6 illustrate some modifications.

Referring more specifically to Fig 4, an intermediate ring 56 of a layer of gold is
formed in the annular space between the outer ring 50 and inner ring 52 of electrode
segments as a modification to the embodiment illustrated in Fig. 3. The intermediate ring
56 is electrically grounded for preventing the build-up of an electrostatic charge on that
portion of the surface 30a of plate 30 that may be caused by expansion/contraction and
movement of the plate 30 or, conversely, that may cause undesired expansion/contraction
and movement of the plate 30. The intermediate ring 56 may be applied at the same time
as the gold layer 40 by an appropriate shape of the same mask or may be applied in a
subsequent plating step.

Referring more specifically to Fig. 5, an intermediate ring 56’ is formed on the
surface 30a of plate 30 in the annular space between the outer ring 50 and inner ring 52 of
electrode segments for the same purposes as intermediate ring 56 illustrated in Fig. 4.
Ring 56’ is formed by separate circumferentially extending segments 58, six being shown,
with gaps formed between the segments 58 by the same mask during application of the
gold layer 40, which simplifies the construction of the mask by having connecting portions
for the mask. After the plating step and removal of the mask to form the segments 58,
connectors 60 of a conductive material are applied between the segments 58 to connect
them into a conductive ring 56’ which is grounded. An intermediate ring 56 is also
shown in Fig. 6 which may be of the type shown in Fig. 4 or Fig. 5 for the same purposes.

Referring more specifically to Fig. 6, the central ring 54 of electrode segments
provides additional control of the curvature of the mirror layer 48 even though a portion of
those electrode segments are radially inward from the dashed-circle C’ representing the
inner extremity of the image. Of course, in a non-reflective type telescope or other system
using adaptive optics, these segments of the central ring 54 would be important to
controlling the curvature of that portion of the mirror layer 48 since an image would be
reflected from that portion.

Referring now to Figs. 7A-7E, various embodiments of the different layers and
different electrode patterns, as well as the electrical connections thereto, of the deformable
curvature mirror 14 are diagrammatically illustrated. Specifically, the electrode pattern
layer 40 is shown at the top of each Figure as one outer side of the deformable mirror 14
(omitting the terminals 44-1, 44-N and the insulation layer 46 that is coated on electrode
layer 40) and the mirror surface layer 48 is shown at the bottom of each Figure as the other
side of the deformable mirror 14, with the layers therebetween illustrated in the order from
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top to bottom that is shown in Fig. 2. In other words, immediately below the electrode
layer 40 is the electro-restrictive plate 30, then the gold layer 34, then the adhesive layer
38, then the gold layer 36, then the electro-restrictive plate 32, then the gold layer 42 and
finally the mirror layer 48. Some of the layers are illustrated with cross-hatching on their
surfaces for distinguishing them with other layers but the cross-hatching is not intended to
illustrate a sectional view through such layers. Also, the electrode pattern layers 40 in
Figs. 7A-7D are merely diagrammatic illustrations for showing the differences in the
embodiments without necessarily illustrating electrode patterns that would be used
commercially. Further, the mounting perimeter portions 30b are omitted for simplicity
and clarity. Figs. 7A-7E also illustrate the electrical connections to the various conductive
layers, namely, electrode segment layer 40 and gold layers 34, 36 and 42 of the
deformable mirror 14 with the letters “HV” indicating a variable high voltage to the entire
layer or each of the individual electrode segments, although for simplicity of illustration
only a single line to all of those segments is shown, such as electrode segment layer 40 in
Fig. 7A. Further, the ground side of the electrical system is indicated by either the
electrical ground symbol, such as shown at the bottom left side of Fig. 7A or the letters
“GND”.

Referring more specifically to the embodiment of Fig. 7A, which is also typical of
the embodiment shown and described with respect to Fig. 2, the gold layers 34, 36 and 42
are all connected to electrical ground as shown on the left side of Fig. 7A. The plurality
of electrode segments 40-1 through 40-N of the electrode layer 40 are individually
connected to the controllable source of high voltage HV for selectively applying the
desired voltage to each segment 40-1, 40-N for deforming the mirror. The electric field is
applied across the electro-restrictive plate 30 to the grounded gold layer 34. While the
single gold layer 34 may be adequate to ground and conduct all of the electricity supplied
from the electrode layer 40, it is preferred that the additional electrical ground of gold
layers 36 and 42 be provided to eliminate any possibility of any stray electricity or
electrostatic charge affecting the second plate 32 in an uncontrolled manner in this
embodiment.

Referring now to Fig. 7B, a different arrangement of the electrode segments for
causing controlled deformation of the mirror 14 is shown wherein an outer ring of
electrode segments 34-1 through 34-N are provided in the gold layer 34 (rather than in
gold layer 40), similar to the outer ring 50 of electrode segments described with respect to
Figs. 3-6 and an annular ring 62 of gold in layer 40 is grounded on the opposite side of
plate 30, whereby the slope of the mirror 14 may be controlled, at least in part, by
applying the variable high voltages to the segments 34-1 through 34-N so that the electric
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field is imposed across the electro-restrictive plate 30 to the ground ring 62. Similarly,
the second intermediate gold layer 36 is provided with an outer ring of electrode segments
36-1 through 36-N that match and are superimposed on the electrode segments 34-1
through 34-N, respectively, with the conductive adhesive layer therebetween, and an outer
gold ring 64 is provided on the bottom of the other electro-restrictive plate 32 as a portion
of gold layer 42, which ring 64 is grounded whereby the electric field is imposed between
electrode segments 36-1, 36-N of layer 36 through the plate 32 to the ground ring 64. The
layer 40 is provided with electrode segments in the central portion comprised of, for
example, an inner ring 52, as shown in Figs. 3-5, or both an inner ring 52 and a central
ring 54 as shown in Fig. 6 of electrode segments that are supplied with the variable high
voltages for controlling the curvature of the central portion of the deformable mirror 14
from which the image is reflected. The gold layérs 34 and 36 are provided with central
circles or discs 66 and 68 that are positioned opposite the inner ring and central ring of
electrode segments of layer 40 to allow imposition of an electric field from those segments
through the electro-restrictive first plate 30 for controlling the curvature of the mirror. The
bottom gold layer 42 is also provided with a central disc 70 opposite discs 66 and 68
which may be grounded for the same purposes described with respect to layer 42 in the
embodiment of Fig. 7A. In the alternative, disc 70 may be connected to a high voltage
source for applying a voltage across the electro-restrictive second plate 32 to the grounded
discs 66, 68 for causing a large and uniform deflection of the deformable mirror as an
extra focus stroke in addition to the individual curvature deformations caused by the
central electrode segments 40-1 through 40-N. The mirror layer 48 may be confined to a
central portion approximating or smaller than the size of disc 70 to minimize the
possibility of electrical arcing therethrough between ring 64 and disc 70. This
arrangement of fig. 7B allows for twice the stroke in the edge actuators compared to the
arrangement of Fig. 7A. When a voltage is applied to one or more of the edge actuator
segments 34-1 through 34-N and 36-1 through 36-N, both plates 30 and 32 will respond
with an area of one expanding and a corresponding *superimposed) area of the other
contracting to essentially double the bending movement. The individual electrode
segments 34-1 through 34-N may be electrically connected to the corresponding segments
36-1 through 36-N by holes filled with conductive epoxy.

Referring now to the embodiment of Fig. 7C, again the gold layer 40 is provided
with electrode segments 40-1 through 40-N in the inner ring and/or central ring portions
that are connected to the variable high voltage source for causing curvature changes in the
deformable mirror 14 as in the embodiment of Fig. 7B. The intermediate or center gold
layers 34 and 36 are grounded, as in the embodiment of Fig. 7A. The bottom gold layer
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42 is provided with an outer ring of segments 42-1 through 42-N, similar to the outer ring
50 of the embodiments shown in Figs. 3-6, to which variable high voltages are applied for
controlling the slope of the deformable mirror 14. The upper gold layer 40 is also
provided with an outer ring of segments 40-1 through 40-N that are positioned opposite
the segments 42-1 through 42-N, respectively. In addition, bottom gold layer 42 is
provided with a central disc 70 that may be grounded or connected to a second high
voltage source for providing the large and uniform deflection of the deformable mirror 14
for extra focus stroke, similar to the disc 70 of the embodiment of Fig. 7B. Similarly, the
mirror layer 48 may be limited to the central area of disk 70 to avoid arcing, as described
above. This arrangement of Fig. 7C accomplishes the same doubling of the stroke of edge
actuators as the arrangement of Fig. 7B but the electrical connections the edge electrode
segments is easier.

Referring now to Fig. 7D, another embodiment of the arrangement of the electrode
segments and ground layers is illustrated wherein the upper gold layer 40 and central gold
layers 34 and 36 may be substantially the same as the embodiment of Fig. 7A wherein
both the slope and the curvature of the mirror 14 are controlled by electrode segments
provided in outer, inner and central rings of electrode segments 40-1 through 40-N of the
gold layer 40 and layers 34 and 36 are grounded. In addition, the bottom gold layer 42
may be connected to a second high voltage source (rather than ground, as in Fig. 7A) for
providing an electric field across the second electro-restrictive plate 32 to ground layers 34
and 36 to cause a large and uniform deflection of the deformable mirror 14 for an extra
focus stroke, similar to the function of the central disc 70 in the embodiments of Figs. 7B
and 7C when a second high voltage is applied to discs 70.

Referring now to Fig. 7E, another embodiment of the deformable mirror 14 having
different uses than the previously described deformable mirrors of this invention is
diagrammatically illustrated. An upper gold layer 72 is a single circle or disc rather than
having a plurality of electrode segments 40-1 through 40-N, as in the upper gold layer 40
of the previously described embodiments. This embodiment of Fig. 7E includes, in order
from the upper layer 72 downward, the electro-restrictive plate 30, the gold layer 34, the
conductive adhesive layer 38, the gold layer 36, the electro-restrictive plate 32, the bottom
gold layer 42 and the mirror layer 48 which may be constructed in substantially the same
manner as described with respect to Fig. 2. The deformable mirror 14e of Fig. 7E has the
two central gold layers 34 and 36 connected to a variable high voltage source and the
upper gold layer 72 and lower gold layer 42 connected to ground, as illustrated. By
applying an electrical potential on layers 34, 36 through the plates 30, 32 to the grounded
layers 72, 42, respectively, the entire deformable mirror 14a will be deformed to form a
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concave surface on the mirror layer 48 whereby the deformable mirror 14a may be used to
change the focal length of an image reflected from mirror layer 48. In this embodiment
the polarity of the electro-restrictive plates 30, 32 are reversed rather than being aligned
because the electric fields therethrough are reversed and thus the deformation is additive.
This form of deformable mirror is useful in conjugate tuning of an optical system, as
distinguished from wavefront correction in the adaptive optics system, which may be
useful in conjunction with a wavefront sensor for conjugate tuning in a data transmission
system using light waves. In the embodiment of Fig. 7E, the polarity of the applied
electrical potential may be reversed, that is, the central gold layers 34, 36 may be
grounded and the outer gold layers 72, 42 may be used for applying the variable high
voltage for varying the focal length of the deformable mirror 14e.

Referring again to Fig. 1, it may be seen that the deformable mirrors 14 described
in detail with respect to Figs. 2-6 and 7A-7D and innumerable variations thereof may be
used in the optical system of Fig. 1 or any other optical system that is susceptible to
adaptive optics for correcting a light wavefront by using the deformable mirror 14 of the
present invention. As the light rays R that are reflected by the deformable mirror 14 and
received by the wavefront sensor S, which through the CPU applies the appropriate high
voltages HV to the respective electrode segments 40-1 through 40-N (or 34-1 through 34-
N or 36-1 through 36-N or 42-1 through 42-N in the various embodiments), the slope and
curvature of the mirror layer 48 of the mirror 14 are modified continually and
instantaneously until the wavefront sensor senses a flat wavefront, as corrected by the
deformable mirror 14 in a continuing feedback arrangement, whereby a diffraction limited
images is observed at detector D. As changes in the wavefront occur, such changes are
sensed by the wavefront sensor S which causes the curvature and/or slope of the
deformable mirror 14 to be modified for correcting the change in the wavefront to assure
that the wavefront reaching the detector D is continually corrected. Initially, the optical
system of Fig. 1 or any similar optical system having an adaptive optics arrangement using
the deformable curvature mirror 14, may be calibrated by introducing a controlled light
source so that the wavefront sensor S may detect whether the mirror layer 48 of the
deformable mirror 14 is providing a diffraction limited image and, if not, such as by
reason of manufacturing defects or the like, the wavefront sensor S and CPU can apply
appropriate high voltages to the electrode segments of the deformable mirror for
correcting the mirror to an optically correct condition. Thereafter, as the optical system is
used and the wavefront of the light entering rays R is less than diffraction limited by
reason of aberrations in the atmosphere, additional or different high voltages are applied to
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the deformable mirror 14 from the wavefront sensor S and CPU through the wires W-1
through W-N to the electrode segments of the mirror for correcting the wavefront.
Although the deformable mirror of the present invention has been described in
connection with a specific optical system, namely, the telescope illustrated in Fig. 1, it will
readily appear to those skilled in the art that the deformable mirror may be used in any
optical system in which adaptive optics for correcting the wavefront may be useful, and
that numerous variations and modifications of the precise construction of the deformable
mirror and the arrangement of the pattern of the electrode segments, in addition to those
disclosed herein, may be made without departing from the invention as hereinafter

claimed.
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Claims

1. A deformable curvature mirror capable of controlled deformation by

applying electrical voltages, comprising:

first and second parallel plates of an electro-restrictive material, said plates
having parallel adjacent inner surfaces jointed together with a conductive layer
sandwiched between said adjacent inner surfaces, said conductive layer having an
electrical terminal for connecting to electrical ground;

said first and second plates each having a polarity oriented in the same
direction;

said first plate having an outer surface parallel to said inner surface thereof
with a mirrored surface on said outer surface; and

said second plate having an outer surface parallel to said inner surface
thereof with a pattern of electrode segments on said second plate outer surface, each said
segment having a separate electrical terminal for applying a variable electrical voltage

thereto for selectively deforming the curvature mirror.

2. The mirror according to claim 1, wherein said pattern of electrode
segments includes a subpattern of electrode segments that cause mirror deformation for

controlling the slope of the mirrored surface.

3. The mirror according to claim 1 or 2, wherein said pattern of electrode
segments includes a subpattern of electrode segments that cause mirror deformation for
controlling the curvature of the mirrored surface.

4. The mirror according to claim 1, wherein said mirror is circular and said
pattern of electrode segments includes an outer ring of electrode segments that cause
mirror deformation for controlling the slope of the mirrored surface and an inner ring of
electrode segments that cause mirror deformation for controlling the curvature of the
mirrored surface.

5. The mirror according to claim 4, wherein said inner ring of electrode
segments includes two separate and concentric rings of electrode segments.
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6. The mirror according to claim 4, wherein said outer ring of electrode
segments are radially outwardly from an area of the mirrored surface on which an image is

reflected in an optical system having the deformable curvature mirror.

7. The mirror according to claim 4, wherein said outer and inner rings of
electrode segments are separated by an annular space, and a conductive layer ring is
provided in said annular space on said outer surface of said second plate for connecting to
electrical ground.

8. The mirror according to claim 1, 2, 4, 5, 6 or 7, wherein a conductive layer
is provided between said outer surface of said first plate and said mirrored surface for
connecting to electrical ground.

9. The mirror according to claim 1, further including electrode segments also
sandwiched between said adjacent inner surfaces of said first and second plates with

electrical terminals for applying variable voltages to said sandwiched electrode segments.

10.  The mirror according to claim 9, wherein said sandwiched electrode
segments are arranged in an outer ring surrounding and separate from said conductive
layer.

12.  The mirror according to claim 1, wherein said mirror is circular and further
including a conductive circular disk and an annular ring of electrode segments encircling
said disk located between said outer surface of said first plate and said mirrored layer, with
said electrode segments in said ring having separate electrical terminals for connecting to a
variable electrical voltage.

13, The mirror according to claim 12, wherein said circular disk has an
electrical terminal for connecting to electrical ground.

14. The mirror according to claim 12, wherein said circular disk has an
electrical terminal for connecting to a variable electrical voltage.

15.  The mirror according to claim 1, wherein said mirrored surface is

comprised of a polished conductive layer.
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16.  The mirror according to claim 15, wherein said polished conductive layer

has an electrical terminal for connecting to electrical ground.

17. The mirror according to claim 15, wherein said polished conductive layer
has an electrical terminal for connecting to a variable electrical voltage.

18.  The mirror according to claim 1, wherein said conductive layer sandwiched
between said first and second plates is comprised of a first conductive layer on said inner
surface of said first plate and a second conductive layer on said inner surface of said

second plate.

19.  The mirror according to claim 18, wherein a layer of conductive adhesive is
provided between said first and second conductive layers for joining said first and second

plates.

20. The mirror according to claim 1, wherein said first and second plates are

joined together by a layer of conductive adhesive.

21. A deformable curvature mirror capable of controlled deformation by

applying electrical voltages, comprising:

first and second parallel plates of an electro-restrictive material, said plates
having parallel adjacent inner surfaces jointed together with at least one conductive layer
sandwiched between said adjacent inner surfaces;

said first and second plates each having a polarity perpendicular to said
adjacent inner surfaces with the respective polarities oriented in the same direction;

said first plate having an outer surface parallel to said inner surface thereof
with an outer conductive layer on said outer surface and a mirrored surface on said outer
conductive layer;

each said at least one conductive layer sandwiched between said adjacent
inner surfaces and said outer conductive layer on said outer surface of said first plate
having an electrical terminal for applying one pole of the electric voltage;

said second plate having an outer surface parallel to said inner surface
thereof; and

a pattern of a plurality of conductive electrode segments on said second
plate outer surface, each said conductive electrode segment having a separate electrical
terminal for applying the other pole of a variable electrical voltage thereto for separately
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transmitting a variable current through each said electrode segment and through at least
said second plate for selectively deforming said second plate and, in turn, the curvature

mirror.

22.  The mirror according to claim 21, wherein said pattern of electrode
segments includes a subpattern of electrode segments that cause mirror deformation for

controlling the slope of the mirrored surface.

23.  The mirror according to claim 21 or 22, wherein said pattern of electrode
segments includes a subpattern of electrode segments that cause mirror deformation for
controlling the curvature of the mirrored surface.

24.  The mirror according to claim 21, wherein said mirror is circular and said
pattern of electrode segments includes an outer ring of electrode segments that cause
mitror deformation for controlling the slope of the mirrored surface and an inner ring of
electrode segments that cause mirror deformation for controlling the curvature of the

mirrored surface.

25.  The mirror according to claim 24, wherein said outer and inner rings of
electrode segments are separated by an annular space, and a conductive layer ring is
provided in said annular space on said outer surface of said second plate for connecting to
electrical ground. |

26. The mirror according to claim 21, 22, 24, or 25, wherein a conductive layer
is provided between said outer surface of said first plate and said mirrored surface for
connecting to electrical ground.

27.  The mirror according to claim 21, wherein said conductive layer
sandwiched between said first and second plates is comprised of a first conductive layer
on said inner surface of said first plate and a second conductive layer on said inner surface
of said second plate.

28.  The mirror according to claim 27, wherein a layer of conductive adhesive is
provided between said first and second conductive layers for joining said first and second
plates.
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29.  The mirror according to claim 21, wherein said first and second plates are
joined together by a layer of conductive adhesive.

30. A deformable curvature mirror capable of controlled deformation by

applying electrical voltages thereto, comprising:

first and second parallel plates of a piezoelectric material having parallel
adjacent inner surfaces, a conductive layer on each inner surface and a conductive
adhesive layer joining said conductive layers and said adjacent inner surfaces;

said first and second plates each having a polarity perpendicular to said
adjacent surfaces with the respective polarities oriented in the same direction;

said first plate having an outer surface parallel to said inner surface thereof
and on an opposite side from said inner surface with an outer conductive layer on said
outer surface, and a layer forming a mirrored surface on said outer conductive layer;

each said conductive layer having an electrical terminal for connecting to
an electrical ground;

said second plate having an outer surface parallel to said inner surface
thereof and on an opposite side from said inner surface; and

a pattern of a plurality of conductive layer electrode segments on said
second plate outer surface, each said conductive layer electrode segment having a separate
electrical terminal for separately applying a variable electrical voltage thereto for
separately transmitting a variable electric field through each said electrode segment to said

second plate for selectively deforming said second plate and, in turn, the curvature mirror.
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