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microns (0.Imm) of deflection of the center of the deformable mirror 14 may be
accomplished because, in part, the outer ring 50 can cause a portion of the deflection and
35  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



Claims ' 1. A deformable curvature mrror capable of controlled
deformation by applying electrical voltages, conprising: first and second

paral | el wbatessef an electro-restrictive material, said pcaigsmoavi ng
paral | el adjacent inner surfaces jointed together with a conductive |ayer
sandwi ched between sai d adjacent inner surfaces, said conductive |ayer

havi ng an electrical termnal for connecting to electrical ground,
direction; said first and second pl atesgy each having a polarity oriented in
the sane 10 said first plate having an outer surface parallel to said inner
surface thereof with a mrrored surface on said outer surface; and said
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provides additional control of he curvature of the mirror layer 48 even though a portion of

25  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.

30 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

35  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



12. The mrror according to claim1, wherein said mrror is circular and
further including a conductive circular disk and an annul ar ring of

el ectrodeweagu®iots encircling said disk |ocated between sapg RpM/&Hssurface
of said first plate and said mrrored layer, wth 20 said el ectrode
segnents in said ring having separate electrical termnals for connecting
to a variable electrical voltage. 13. The mrror according to claim12,
wherein said circular disk has an electpical termnal for connecting to

el ectrical ground. 14. The mrror according to claim 12, wherein said
circular disk has an 25 electrical termnal for connecting to a variable
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and a mr rC(Nlé’d surface on said outer conductive |layer; each said at |east
one conducti vepdeayak n?&@gﬁ\éc?ﬁb%ﬂy%h%e‘iﬂb&ﬂ&t%‘ﬁﬁg?%, which is also typical of

- the embodiment shown and described with respect to Fig. 2, the gold layers 34, 36 and 42

20 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

25  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.

30 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

35  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



25 inner surfaces and said outer conductive |ayer on said outer surface of
said first plate having an electrical termnal for applying one pole of the
el ectric wolobegay4 sai d second plate having an outer surfageTRRnzede to
said inner surface thereof; and a pattern of a plurality of conductive

el ectrode segnents on said second 30 plate outer surface, each said
conductive el ectrode segnent having a separate electrical termnal for
applying the other pole of a variable ghectrical voltage thereto for
separately WO (12/U;967-1 18 PCT/US112/U3U. 18 transmtting a variable
current through each said el ectrode segnent and through at |east said
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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

25  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

30 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

35  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



applying electrical voltages thereto, conprising: 5 first and second
paral l el plates of a piezoelectric material having parallel adjacent inner

surfaces,wa os@sduict i ve | ayer on each inner surface and a eepRidedins
adhesi ve |ayer joining said conductive layers and said adjacent Inner

surfaces; said first and second plates each having a polarity perpendicul ar
to said adj acent surfaces with the respective polarities oriented in the
same direction; 10 said first plate hayphng an outer surface parallel to
said inner surface thereof and on an opposite side fromsaid inner surface
wi th an outer conductive |layer on said outer surface, and a layer formng a
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"10%& () % 36 '% 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

25  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. 7F includes, in order

from the upper layer 72 downward, the electro-restrictive plate 30, the gold layer 34, the

30  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

35  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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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.

5 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

10 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

15 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

20  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

25 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

30  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

35  reason of aberrations in the atmosphere, additional or different high voltages are applied to



(10%uu& ()-!10% u& ()-F10% u& ()- 10% u& ()-5"(*+, -. WU3NMBT7! p SSI*' 10%u& () -
't 3s*' 10%u& ()- !'13s*' 10%EuEu& ()- !'° (10%uu& ()-!. (10%uu&' ()-!
(10%u& (Wo0bhibs®y 0a0b0pOr O{\ =!I p 1 s10% u& ()-L10% u& () - pd&Prkdo Bk
10-uy>10% u& ()-!" 5" 10%uu& ()-! . . . .
5' 10%uu& ()-r0013~456zX6{\ =!I N [t $10% u{u& ()-"! 1t$10% u-u& ()-"!D |t $10%y
uqu&' ()-"!'@1t$10%runmu&’ ()-"!9F (10%u& ()- @ 10% u&' ()-6089;
j<k<l <mewi [ MEIIN'1t$10%4u{ 10uu 10uu 14 ‘ . .
10uu! p* | 3t $10%uu& () -s! kl 3t $10%uu& ()-s!'\ 1t $10%uu& ()-"! NI t$10£%{ u{ U&. 0)-
K| <~<<=f 2A"<M=! I NI $10%0b&' () -% + 3( 10%EbEb& () -! 3(10%6b6b& ()-! 10%& ()-3
- 110%& () thel @forindbie ABEBY 14 from the wavefront sensor S and CPU through the wires W-
FG)/HZXGI(\/?:! |k $10%b&! '(F% o1 S10%BE ()30 v STOYDE () - 9% $10%& () y $100b
& ()-%" $1‘6%§&9“($-% e RSP ARGR o the nrep g coyrecsing dhe wavetront.
© Z(109&' () - 2! s10%DRug) +i8s deR@RAH]Y mikOYOE th prekibink&hion }Ilqs3been dgg/cribed in o1 3
< ' _ 0 ! - ' - £
10bbKLs MOLRIRMAR % Ydh'a s]o.’)eéﬁa' gg%s§§e£!n%%%l% (tl:lLeoté escopﬁe)illgs'tratedzng ]’1g. i, it V\(’ih
5  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
10  claimed.
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" 10%b& ()-S! first and second parallel plates of an electro-restrictive material, said plates
5 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;
10 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
15  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
20  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 elecirode segments that cause
mirror deformation for controlling the slope of the mirrored surface and an inner ring of

25  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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reflected in an optical system having the deformable curvature mirror.

7. The mirror according to claim 4, wherein said outer and inner rings of

5  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
10 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
15 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

20 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 mirmror according to claim 12, wherein said circular disk has an
25 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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17. The mirror according to claim 15, wherein said polished conductive layer

has an electrical terminal for connecting to a variable electrical voltage.

5 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
10 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
15  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
20  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
25  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
30 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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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
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.

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.

10((
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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:

5 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;

10 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;

15 said second plate having an outer surface parallel to said inﬁer 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

20  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.



