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Wavefront correction system based on an equilateral triangular arrangement of actuators*

J. Thaddeus Salmon, John W. Bergum, Michael W. Kaitz, Robert W. Presta, Charles D. Swift

Lawrence Livermore National Laboratory
P.O. Box 808, MS L-463
Livermore, CA 94550

ABSTRACT

• We are developing an adaptive optics system that is based on an array of actuators arranged with subapertures that are
equilateral triangles. The wavefront sensor is a video Hartmann sensor that also uses an equilateral array of lenslets. The

' controller hardware uses a VME bus. The design minimizes the generation of reflected wavefronts higher than first order
• across each lenslet for large excursions of actuators from positions where the mirror is flat and, thus maximizes the precision

of the slopes measured by the Hartmann sensor. The design is also immune to the waffle mode that is present in the
reconstructors of adaptive optics systems where actuators are arranged in a square army.

o'

1. INTRODUCTION

Atomic Vapor Laser Isotope Separation (AVLIS) requires the copropagation of multiple beams at different wavelengths and at
average powers exceeding 1 kW. 1 Although we use mirror coatings that absorb less than one part in 105, the beams still
suffer from thermally induced phase distortions, both in the dye amplifiers and in transmissive optics, such as beam
combiners and vacuum windows. These aberrations are 2nd-order and 3rd-order and can reach 5 waves peak-to-valley (p-v),
which causes the beam to distort and break up when propagated over large distances. The magnitude of the aberrations scales
with power, with time constants on the order of 30 seconds.

Previous adaptive systems that we have developed corrected these thermally induced phase distortions of both 2nd-order and
3rd-order; 2-4 however, these systems had limited spatial resolution and in some cases marginal stability. We have developed
a new adaptive optics system where both the actuators of the deformable mirror and the lenslets of the Hartmann sensor are

arranged with centers at the vertices of equilateral triangles. This paper will describe (1) the components of the system, (2)
the controller, and (3) the expected system performance.

2. SYSTEM DESCRIPTION

The adaptive optics system consists of a wavefront sensor, a deformable mirror, and controller hardware and software. A
schematic of the system is shown in Fig. 1. Overall tilt is controlled by an independent alignment control system. A self-
referencing Mach-Zehnder interferometer, calibrated to a wavefront reference source, continually monitors the wavefront after
the deformable mirror and documents system performance. 5 The wavefront reference source also provides the means of
obtaining reference positions of the Harunann spots for a flat wavefront; the controller drives the actuators of the deformable

, mirror until the centroids either reach these reference positions or some set position relative to the reference positions. Ali
adaptive optics systems are accessible via Ethernet from workstations in the area. The following sections will describe the

• wavefront sensor, the deformable mirror, and the controller hardware and software.

Reasons for choosing a triangular subaperture for the deformable mirror and Hartmann sensor are illustrated in Fig. 2, which
compares a triangular subaperture to a square subaperture. As the adaptive optics system attempts to flatten an aberrated

wavefront, the actuators can introduce tilts of several waves at any orientation across a given subaperture. Although a
Hartmann sensor measures the average tilt across a lenslet, the precision of the measurement of the centroid of a Hartmann

*Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore Nationai

Laboratory under Contract W-7405-Eng-48.
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spot is sensitive to the magnitude of higher order components of the wavefront relative to the local tilt. Since three points
define a plane, the pre_nce of a fourth actuator for each square le_slet subaperture primarily introduces bending stress across
the subaperture. The bending stress introduces higher order wavefront errors over the subaperture and, thus, reduces the
precision of the Hartmann sensor measurement. Also, as discussed later, the reconstructor for this arrangement of lenslets
does not suffer from a waffle mode that afflicts reconstructors for square subapertures. These two considerations make
triangular subapertures more attractive than square subapertures.

Deformable
Mirror

.:_:_!_i_ _ I [/W°rk
Wavefront _iiii!i Station
Reference ili!i!ii!i!ii!iiiiiii /

Source _iiiii!ii!!iiiiii Hartmann Sensor [ [ |

::!:!::!:i:_!i:!:

Nii! Processor ! _ _,

__'_ Ic°ntr°ller_
Interferometer _ II ,,_

Ethernet

Fig. 1. Schematic of the AVLIS adaptive optics system. The Hartmann sensor uses a monolithic lenslet
array and a video CCD detector, the deformable mirror is zonal and actuated by PMNs. The
controller hardware uses a VME based architecture.

Actuators
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(a) (b) '

Fig. 2. Comparison of triangular subapertures (a) to square subapcrtures Co)with actuators located at the
vertices and Hartmann lenslets centered on each subaperture. Additional lenslets centered on the
actuators in (a) eliminate loss of photons and, hence, lost information. Since three points define a
plane, the addition of a fourth point of actuation across a subaperture primarily induces strain in
the surface of the mirror. Hence, the reflected wavefront from a triangular sub,aperture should be
more planar than that from a square subaperture.
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2.1 Wavefront Sensor

The wavefront sensor is a discrete Hartmann-Shack design 6, which is shown schematically in Fig. 3. The sensor uses a
monolithic triangulaz array of Coming SMILE lenslets, each of which samples a part of the laser beam and focuses light onto
a video CCD array. 7 The local x- and y-components of the angular tilt in the wavefront, averaged over the aperture of each

lenslet, are given by the partial derivatives

f(x-x0) (1)_x =

and

• _ - f(Y'Y0) (2)_y -

• where f is the focal length, and x and y are the displacements of the focal spots from the nominal position for a collimated
" beam, given by x0 and Y0, respectively. Theses nominal positions are obtained by illuminating the Hartmann sensor with

light from the wavefront reference source. The array of measured displacements of the focal spots can be integrated to
reconstruct the wavefront.

SMILE
Input Telescope

n _ Lens

_, Array Imlmm
CCD Camera Datacube /

Video
Processor

SMILE Lenses

Fig. 3. Schematic of Hartmann sensor showing the monolithic lenslet array and video detector. The video
detector is mounted within 3 mm of the focal plane; the nominal focal length of thefll80 lenslets
is 90 mm.

' The alVemmace of dynamic spatial intensity modulation in the beam requires placement of the video detector in the focal plane
of each lenslet. The modulation is caused partly by nonuniform pumping within the amplifiers. Spatial modulation is also

" caused by nonlinear interaction of beam diffraction within the channels of the amplifiers and saturation of the amplification
when the amplifier is fully pumped, both the magnitude and distribution of the spatial modulation are a function of the
number of pump lasers and the number of amplifiers.

The effect of placing the video detector away from the focal plane under these conditions can be illustrated by a lens, which
represents one channel of the Hartmann sensor. The procedure that we use to position the detector parallels this illustration.
When the bottom half of the lens is blocked, the centroid of the transmitted light shifts above the optical axis of the lens by
1/4 of the lens diameter. The centroid crosses the optical axis in the focal plane and moves below the optical axis after the
focal plane. At the focal plane the centroid of the focus spot does not change when the half of the lens is alternately blocked
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and unblocked. Since the displacement of the centroid is interpreted by the controller as an apparent local tilt, the apparent
local tilt T (waves) can be related to the distance of the detector from the local plane A by

ADD s
T = 4 f_. (f- A) (3)

where D (490 gm) is the diame_r of the lenslet, Ds (584 I.tm) is the spacing bet,/ten lenslets, f (90 mm) is the focal length

of the lenslets, and k (600 nm) is the nominal wavelength. For this wavefront sensor, placing tile detector within 3 mm of
the focal plane of the lenslet results in an apparent wavefront tilt of less than 1/'20th wave. Placing a chopper wheel in front
of half the lens aperture and comparing the centroid of the half-blocked beam to that of the unblocked beam, we find
dynamically the plane that minimizes the difference between the two measured centroids. This procedure minimizes the effect
of changes in local spatial intensity modulation that occur during changes in amplification of the dye chain.

2.2 Deformable Mirror

The deformable mirror is a zonal design that consists of an array of actuators, each lying at the vertices of equilateral triangles
and attached to the back of a monolithic glass substrate via flexures. The actuators are a custom design made of lead . •
magnesium niobate (PMN). A schematic showing the mirror and location of the attachment posts on the mirror is given in
Fig. 4. Lenslet apertures of the Hartmann sensor, as well as the footprint of the beam, are superimposed on the mirror.

I _ 98 mm -"-

Actuators •.. T_ _ _ _ _ ¢_ ¢d_

Beam _ _::_!:_:_:_i__:____i__i_:._'
Footprint _-.._ iii iiiiiii!i

Fly's Eye ____: .... iiiiii _

® O O O o @ o

Fig. 4. Schematic of the deformable mirror showing the positions of the actuators, along with the
projection of the lenslets of the Hartmann sensor.

The mirror is designed to correct 2nd-order and 3rd-order aberrations of up to 5 waves p-v to within 1/10th wave rms across
the beam in the short axis. Since the aspect ration of the beam is 2:1, the mirror can correct higher order aberrations in the
long axis. The mirror is a dielectric coated, monolithic substrate of ULE that is 3 mm thick with attachment posts at 11.5 "
mm centers. The coating on the front surface is annealed to reduce stress-induced deformation of the front surface. The

thickness of the substrate results in an influence function where the movement of the mirror surface above immediately
adjacent actuators is about 30% of the movement of the surface above the commanded actuator. The movement of the mirror
surface above the commanded actuator is also about 30% of the movement of an unloaded PMN; the reduction in stroke is

caused by the stiffness of the mirror substrate relative to the stiffness of both the actuator and the flexure that couples the
actuator to the deformable mirror.

The PMNs are cylinders 6 mm in diameter and 20 mm long; the unloaded stroke is 15 lain at 150 volts. The PMNs are

attached to metal cups via flexures. The cups are bonded in shear to hexagonal posts on the back of the substrate. The posts
are formed by grinding the back surface of the mirror, followed by acid etching. The flexures minimize the lateral load by the
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mirror on the PMN without much loss in overall stiffness of the actuator assembly. Furthermore, bonding to the mirror in
shear minimizes lateral stress-induced deformation of the mirror surface.

2.3 Controller Eieclronics

The controller electronics are housed in a VME chassis and split the overall task into 3 parts, each one controlled by a
separate microprocessor. The output from the Hartmann sensor is digitized and sampled by a Datacube image processor, and
the centroids of the Hartmann spots are obtained at video frame rates by an Atlantek _ea parameter accelerator card. These

electronics are controlled by a dedicated Motorola 68030 processor, which stores the centroids in shared memory. The heart of
the controller is a Motorola 68040 processor that reads the centroids from shared memory, applies the wavefront controller,
and writes the product to the appropriate registers in digital/analog (D/A) converters. The analog signals are sent to custom
PMN drivers that convert 0-10 V signals to 0-150 V signals. The 68040 can also read the output voltages from the D/A
converters as a diagnostic. A second 68040 processor serves as the user interface with an X-Windows environment. This use

• of multiple processors maximizes the throughput and, thus, maximizes the bandwidth of the system.

2.4 Controller Algorithm

The controller is developed from analysis of the system by using fin'storder system of finite difference equations. Here the
relationships are derived from the application of voltage to the actuators to the sensing of the centroids of the Hartmann spots
in the wavefront sensor; similar derivations are also described by Tyson. 8 In this analysis we will use indicial notation with
implicit summation over repeated indices, unless noted otherwise.

When voltage change Vj is applied to the jth PMN that is near its midrange, it expands or contracts roughly proportional to
the change in voltage. Any deviation from linear behavior will be treated as noise in this analysis. For instance, when the

voltage is near zero the expansion is quadratic, and the expansion saturates near the maximum voltage. As actuator j expands,
the mirror surface z rises immediately above that actuator and, to a lesser extent above adjacent actuators. This relationship is
given by

z I = Ai,j Vj (4)

where Ai,j is the influence function of the mirror, and both indices refer to actuator positions on the mirror surface. The
influence function A is a square matrix with maximum values along the main diagonal, i.e., when the mirror position
coincides with the actuator exercised.

For a given mirror surface zi light is reflected from the surface and sensed by a Hartmann sensor, which outputs a set of spots
that are displaced from their nominal positions in direct proportion to the intensity-weighted, average tilt in the wavefront
across each lenslet. As seen in Fig. 4 and shown conceptually in Fig. 5, there are two distinct types of Hartmann channels in
this system. The first type of lenslet (Type I) is the one that is centered on each subaperture of the deformable mirror,
midway between three adjacent actuators. The second type (Type II) covers the lenslets that are centered over each actuator.

For purposes of modeling these two types are described by different difference equations. For the Type I lenslet,

2 z2 - zI - z3 (5a)Sx =

and

Sy = zl - z3 (5b)h

where h is the distance between actuators and the zi's are shown in Fig. 5a. Equations (5a) and (5b) are derived assuming a

piecewise planar wavefront between the three actuators surrounding each lenslet. The f'mite difference equations for a Type II
lenslet are given by
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Sx = z2 + z3 - z5 -z 6 (6a)
2h4-3

and

Sy = 2 zI + z2 - z3 - 2 z4 - z 5 + z6 (6b)6h

where the zi's are shown in Fig. 5b. Equations (6a) and (6b) assume a quadratic wavefront between the six actuators

surrounding the lenslet. In general

Sk = Bk, i z ! (7)

where Bk,i is the finite difference matrix that relates the measured slopes Sk to the mirror displacements zi. Note that there
are twice as many slopes as there are lenslets.

Zl

Zl _

h _
i

t z3x
__ z4

(a) (b)

Fig. 5. Coordinates and base points used in finite difference equations for a Type I lenslet (a) and a Type II
lenslet (b), each one centered in the respective figures.

Equations (5) and (6) can be combined to yield
A

Sk = Hk,JVj (8)

where Hk.j = Bk,i Ai,j. The controller senses the slopes of the wavefront at each Hartmann channel and sets the voltage at
each actuator to drive the slopes to their reference position according to the control law

AVj =-Gj, k (S-S0) k (9a)

where the control matrix G is the pseudo inverse of H and is given by

G = x (BTH) -1 HT (9b)
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SOis the reference vector of centroids measured with the Hartmann sensor illuminated by the wavefront reference source and x

is a scale factor used for proportional control. Before Eq. (9b) is applied, a row of l's is added to H, which accounts for the
constant of integration (piston) in the wavefront and effectively sets the sum of ali voltage changes applied to the actuators
during each move equal to a constant, which should be zero. 8 By setting the sum of all voltages to zero, the last column of
the resulting G matrix can be dropped after the calculation, and the net overall change in the voltage to the actuators is only
subject to drift from roundoff error in the control law.

3. EXPECTED SYSTEM PERFORMANCE

To determine the expected performance of the system we have modeled the Hartmann sensor with the finite difference
equations (5 and 6). This procedure yields the B-matrix, of which we take the pseudo inverse to obtain the reconstruction

matrix. Multiplying this matrix with the measured slope vector integrates the gradient of the wavefront with a constant of
. integration (piston) of zero. Using the following procedure, we tested the ability of the reconstructor to fit different

wavefronts conforming to different analytical functions, which include 2nd order and higher polynomial functions. First, we
differentiate the analytical wavefront and convert it to displacement of Hartmann spots in pixels. Next, we reconstruct the

, wavefront from the displacements of the centroids of the Hartmann spots by multiplying by the reconstruction matrix.
Finally, we take the difference between the reconstructed wavefront and the initial wavefront and subtract the average
difference, since the average difference represents piston.

The matrix B that is inverted to obtain the reconstruction matrix is rather well behaved and does not have the degeneracy in
the Hartmann data that reconstructors for systems with square arrays of actuators have. This degeneracy results in a
determinate of zero and is caused by two independent sets of wavefronts that are analogous to actuators on a checkerboard with
the actuators on the black squares and the actuators on the red squares independent of each other. Others describe this effect as
a waffle mode. This problem is somewhat ameliorated by using singular value decomposition (SVD) when inverting the
matrix to obtain the reconstruction matrix. The matrix for triangular subapertures does not require any special inversion
routine; however, a look at the eigenvalues of the matrix HTH is helpful, since they are the square of the diagonal matrix in
SVD.

Typical results for quadratic wavefronts are shown in Fig. 6, where the initial wavefront is (X/Xmax)2+(y/Ymax) 2. Note that

the sag in both the x and y directions is one wave. Each triangle in the plot represents a subaperture of the deformable mirror
with a Hartmann lenslet at the center of each one; a Hartmann lenslet also lies at the vertices of each triangle. Figure 6a
shows the reconstructed wavefront with zero piston, and Fig. 6b shows the residual error after the residual piston error is
subtracted. The residual fitting error is about 1/20th wave p-v for an initial wavefront of 2 waves p-v. The fitting error
increases as the order of the aberration is increased, particularly in the short axis where there are fewer actuators across the
clear aperture. We do not expect the inclusion of an influence function of the deformable mirror to significantly alter the
results for quadratic wavefronts, but it will reduce the correction range of the system and increase the fitting error for the
higher order aberrations.

We fabricated a lenslet array that matches the lenslet pattern in Fig. 4 and measured the wavefront gradients with a Kodak
high-s_ed motion analysis system. We obtained and analyzed 1024 frames at a rate of 125 frames/sec. Results from
analyzing the time-varying component of the wavefront will be described in a subsequent paper. The 1024-frame average
x--component and y-component of the gradient of the wavefront, as well as the reconstructed wavefront, are shown in Fig. 7.
The wavefront was flattened with a 5x5 deformable mirror; 2"4 however, there is a residual curl in the wavefront that is

. converging along the short edges of the beam. This curl is beyond the spatial resolution of the 5x5 mirror and suggests that
there may be wall bounce in one or more amplifiers in the dye chain. Since the base points of the reconstructed wavefront

• corresponds to actuator positions in the new deformable mirror design, the presence of the curl on the reconstructed wavefront
suggests that the new design can remove that disturbance.

We have a 19-actuator prototype deformable mirror and matching Hartmann sensor in the laboratory and are currently writing
the software to calibrate the controller and operate the system in closed loop. This testing should commence within the next
few weeks.
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Fig. 6. Predicted shape of reflected wavefront (a) and fitting error (b) when min'or Hartmann spots are
displaced distances corresponding to 1 wave of 2nd order sag in each axis as measured along each
axis. Fitting error is less than 1/20th wave p-v.
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Fig. 7. Average gradients of the wavefront in x and y (a and b respectively) and the wavefront (c)
reconstructed from these gradients of the AVLIS dye laser pumped by yellow light from six copper
chains. The wavefront has been flattened with a 5x5 deformable mirror, 2-4 and the gradients were
measured with a Hartmann lenslet array that matches what will be used with the new adaptive
optics system. Residual curl in the wavefront at the edges is converging and suggests wall bounce
within one or more amplifiers in the dye chain.
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4. CONCLUSION

We have designed an adaptive optics system that uses a Hartmann sen_r and a zonal deformable mirror. Both the lenslets of ,
the Hartmann sensor and the actuators of the deformable mirror are arranged in a triangular matrix on centers, which should
improve the performance of this system compared to systems with square arrays of actuators. Future efforts will center on
testing this design with a 19-actuator prototype in closed loop for various aberrations in the laboratory and compare the
stability of the controller to those of previous systems.

6. REFERENCES

1. I.L. Bass, E. S. Bliss, R. E. Bonanno, P. Castle, M. Feldman, R. P. Hackel, P. R. Hammond, S. A. Johnson, R.
Kichinski, K. Neeb, R. W. Oq',leil, J. A. Paisner, R. P. Paris, and J. T. Salmon, "High Power performance of a copper

° laser pumped dye master.oscillator-power-amplifier chain," in Technical Digest Conference for Lasers and Electro-Optics,
Optical Society of America, p. 392, 1991.

• 2. C.D. Swift, J. W. Bergum, E. S. Bliss, F. A. House, M. A. Libkind, J. T. Salmon, and C. L. Weinzapfel, "Zonal
Deformable Mirror for Laser Wavefront Control," SPIE Symposium on Optical Applied Science and Engineering, Paper
No. 1543-10, San Diego, CA, July, 1991.

3. J.T. Salmon, E. S. Bliss, T. W. Long, E. L. Orham, R. W. Presta, C. D. Swift, and R. S. Ward, "Real-time wavefront
correction system using a zonal deformable mirror and a Hartmann sensor," SPIE Symposium on Optical Applied
Science and Engineering, Paper No. 1542-40, San Diego, CA, July, 1991.

4. J.T. Salmon, J. W. Bergum, T. W. Long, E. L. Orham, R. W. Fh'esta, C. D. 3wift, R. A. Thomas, R. S. Ward, and C.
L. Weinzapfel, "On-line closed-loop wavefront correction for a multikilowatt dye laser system," in Technical Digest
Conference for Lasers and Electro-Optics, Optical Society of America, p. 402, 1992.

5. Mark Feldman, Daniel J. Mockler, R. Edward English Jr., Jerry L. Byrd, and J. Thaddeus Salmon, "Self-referencing
Mach-Zehnder interferometer as a laser system diagnostic," SPIE Symposium on Optical Applied Science and
Engineering, Paper No. 1542-45, San Diego, CA, July, 1991.

6. B. Platt and R. V. Shack, "Lenticular Hartmann Screen," Optical Sciences Center Newsletter, vol. 5, p. 15, March 1971.

7. J.S. Toeppen, E. S. Bliss, T. W. Long, and J. T. Salmon, "Video Hartmann wavefront diagnostic that incorporates a
monolithic microlens array," SPIE Symposium on Optical Applied Science and Engineering, Paper No. 1544-23, San
Diego, CA, July, 1991.

8. Robert K. Tyson, Principles of Adaptive Optics, Ch. 7, Academic Press, San Diego, CA, 1991.



f




