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Introduction

This meeting was the Second International Workshop on Adaptive Optics for
Industry and Medicine. The first was held in Shatura, Moscow Region, June 1997.
The meeting provided an international forum on non-astronomical adaptive optics
for scientists, engineers, and industrialists. The conference consisted of
predominantly oral presentations, with a small number of posters.

The Workshop took place at Collingwood College, which is one of the 16
colleges of the University of Durham. The University is home to the UK’s main
centres for astronomical adaptive optics.

The programme of talks and posters was very varied, and brought together end
users of adaptive optics who specialise in other disciplines, and adaptive optics
system and component specialists. These proceedings contain 61 papers. There
were 5 papers presented at the conference which do not appear here, and there are 3
papers here which were not presented at the conference due to various difficulties.

The papers are grouped together into 7 topics. These are...

Extra-Cavity Adaptive Optics for Lasers
Ophthalmic Adaptive Optics
Microscopy

Wavefront Correctors

Intra-Cavity Adaptive Optics for Lasers
Wavefront Sensors

Adaptive Systems

The final number of people who attending the conference was over 100. This is
virtually double the number of delegates who attended the 1* International
Workshop on Adaptive Optics for Industry and Medicine, in 1997. It has been
proposed that the 3" International Workshop will take place in 2001 in New
Mexico, USA. I look forward to another doubling of the numbers of delegates in
two years time.

Gordon D. Love, Conference Chair
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A LOW-COST ADAPTIVE OPTICAL SYSTEM FOR LASER
WAVEFRONT CONTROL

C JHOOKER, E J DIVALL, W J LESTER, K MOUTZOURIS, C J REASON, IN ROSS
Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11

>

We have developed a closed-loop adaptive optics system based largely on off-the-shelf
components. A bimorph-type mirror using low-voltage PZT material is controlled from a
200MHz Pentium PC, using locally written software. The Shack-Hartmann wavefront
sensor uses an array of computer-generated zone plates rather than a lenslet array, to allow
flexibility in the layout of the sensing apertures. The system currently operates at a
frequency of 11 Hz in closed-loop mode, achieving full correction in two cycles. Strehl
ratios as high as 0.8 have been measured for the output beam.

Introduction

The Central Laser Facility operates several high-power lasers as research facilities
for university user groups. There is a continual programme of enhancement of these
facilities in order to extend the range of science that can be carried out. One of the
areas with potential for improvement is the beam quality, since a reduction in focal
spot diameter by a factor of 1.4 is at present easier and cheaper than doubling the
laser output energy to produce the same increase in intensity. Adaptive optics offers
a means of achieving such improvements, so in the last few years we have
developed a prototype adaptive mirror and control system, with a view to
understanding how to build affordable systems that can be incorporated into our
large lasers.

The Prototype Adaptive Mirror

The mirror is of conventional bimorph construction, with a 0.2 mm sheet of PZT
(Morgan Matroc type PCS5) glued to the back of the substrate. The substrate is 100
mm in diameter and 1.5 mm thick, and made of Pyrex to obtain the best possible
match of its thermal expansion coefficient to that of PZT. The epoxy glue layer
incorporates a 0.1 mm thick copper mesh to serve as a common ground plane for all
the control electrodes. To overcome the problem of glue shrinkage noted with an
earlier mirror, the PZT was bonded to the substrate before final polishing so that
any curvature induced by glue shrinkage could be polished out, and the mirror
would be flat when no voltages were applied. Polishing proved a rather tricky
operation, which was performed with the PZT shorted out, so that static charges
could not build up and distort the mirror. A peak-to-valley error of A/4 was the best
that could be achieved.
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The PZT plate is 70 mm square, and the electrodes were printed onto the back
using conducting ink. For the prototype mirror it was decided to use 60 electrodes
in a square grid pattern, in fact an 8 x 8 square array with the 4 comer squares
missing. Each electrode is a little less than 1 cm square. Fine wires are attached to
the ink electrodes using silver-loaded conducting paint. The mirror was mounted in
its holder using three foam rubber pads at the edges, and the mirror holder is
mounted in a standard optical mount, which provides the only tip-tilt control. The
control software specifically removes errors in pointing before calculating the
required correction, so independent tip-tilt adjustment is not needed.

64-Channel Voltage Driver

The maximum drive voltage was the main choice that had to be made when
considering the driver. It is useful to avoid high voltages for safety reasons, as well
as to reduce the problems of tracking, dust accumulation etc. Another good reason
for using low voltage is that the cost of a large number of driver channels varies
quite strongly with voltage, as more space, thicker insulation and specialised
components need to be provided. By using very thin (200um) PZT plates, we were
able to reduce the maximum drive voltage to — 64 volts and still obtain sufficient
deflection for our purposes.

The driver is addressed from the computer digital I/O bus. Each channel has a
10°bit D/A converter which is followed by a push-pull transistor amplifier giving
~"64"volts output with a 10°mA peak current. The set voltage on the 2°nF control
electrodes is achieved in about 100°us, which is well within the mechanical
response time of the mirror. The component cost (including power supplies and
rack) amounts to about £30 per channel.

Shack-Hartmann Wavefront Sensor

In our experimental set-up, the beam reflected from the adaptive mirror is monitored
using the reflection from the front surface of a wedged plate. The sensor is a Shack-
Hartmann type, in which an array of computer-generated Fresnel zone plates is used
instead of the conventional lenslet array. The zone plate array was made using
techniques developed for the fabrication of random phase plates for focal spot
shaping on the Vulcan laser at the Central Laser Facility. Computer-generated
masks are used to expose photoresist-coated plates which are placed in the beam to
control the size and shape of the focal spot. For our application the amplitude
masks themselves are adequate, since in combination with a normal lens they form
good-quality foci. The zone plates in the present sensor have a principal focal length
of 7 metres, and their centres lie on a 5 mm square grid; in consequence, each
individual plate has only two complete zones: a clear central zone and an opaque
second zone. The main lens has a focal length of about 1 metre. The pattern of foci
formed by the combination fits within the CCD chip, and consists of spots with




FWHM diameters of 8-10 pixels, which is a good size for accurate centroiding. The
spots are well-separated, and there are only very weak interference peaks between
adjacent spots, so identification of the spots is easy and the background level is
low. The accuracy of centroiding was checked by measuring the position of a spot
before and after making a small, calibrated, displacement. A glass plate in the beam
just in front of the camera was tilted through a measured angle, moving the spots
by a calculated distance on the CCD. Displacements as small as 1/50 of a pixel
could be made by this technique, and the accuracy of determining the centroid of a
spot was found to be typically ~1/10 of a pixel. A check was also made on the
mirror relaxation routine, which is designed to restore the mirror to a standard
condition after it has been deformed in any way. An oscillating voltage with an
exponentially-decaying envelope is applied simultaneously to all actuators, so the
mirror is taken repeatedly around its hysteresis cycle at ever-decreasing amplitude,
the entire process taking a few seconds. After deformation and subsequent
relaxation, the Hartmann spots return reproducibly to within 1/10 pixel of their
original positions, i.e. within the limits of measurement accuracy.

Control Program

The software to control the mirror was written in-house using the Delphi package.
This provides a ready-made user interface, allowing us to concentrate on the control
functions. The interface gives the operator control of all the functions of the mirror:
there are commands to allow the generation of a new response matrix, to create,
save or restore a reference Hartmann image, to apply voltages to all the actuators
either individually or in selected groups, to relax the mirror, to switch into or out
of closed-loop operation and to perform single passes of the correction cycle.
Several diagnostic routines are included to display the slopes at different points on
the mirror, the voltage levels applied to all the actuators and the closed-loop cycle
frequency. Options to save the voltages, slopes and other quantities to files for later
examination can be switched on if desired.

Closed-loop Operation of the Adaptive Mirror

Our first attempts to operate the mirror in a closed loop made use of curvature
measurements, but these were unsuccessful mainly because the curvature produced
by each actuator is highly localised. This makes measurement of the effect of
actuators lying outside the beam area very difficult, and hence the entries for those
actuators in the response matrix are dominated by noise. The pseudo-inverse matrix
calculated from the curvature data did provide some control of the mirror in the
central regions where the curvatures can be measured, but the edges became severely
distorted. We therefore decided to switch from curvature to slope as the measured
quantity, since the slope produced by an actuator extends several centimetres from
the actuator itself. As a result, every actuator contributed real data to the response
matrix, and the resulting control matrix was able to provide reasonably good
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closed-loop control of the mirror for the first time. A further refinement added
recently is to average the centroid positions measured from ten image to obtain
better-quality slope data. This change produced much cleaner data for the response
matrix, and has reduced the number of cycles required to reach the full correction.

In its most basic form, the control matrix is calculated by applying the
Pseudolnverse function in Mathematica to the measured response matrix, but the
result is not satisfactory. A more sophisticated approach involves decomposing the
response matrix into the product of three square matrices, one of which is diagonal
and contains the singular values (SVs) of the original matrix. After inverting these
matrices individually, they are multiplied together in reverse order to generate the
control matrix. The singular values reflect the sensitivity of the mirror to different
possible modes: those at the top left correspond to the lowest, and those at the
bottom right to the highest spatial frequencies. By modifying the singular values
before the final multiplication is carried out, it is possible to suppress any tendency
the mirror may have to try and generate large amplitudes at high spatial frequency.
With no modification, the mirror rapidly becomes severely deformed, with adjacent
elements driven to the maximum voltages of opposite sign; the control program
then halts because many of the Hartmann spots have moved too far from their
original positions to be located correctly. The simplest approach to modifying the
SVs is to set some number of them to zero, beginning on the lower right of the
diagonal so as to suppress the highest frequencies first: the modifying function is
then a simple step. Using the peak intensity in the far-field spot as a diagnostic, we
found that the control matrices generated with between twenty and forty non-zero
SVs all gave fairly good results, whereas those with either fewer or more failed to
reach maximum intensity in the focal spot. A 1/10%wave flat mirror was
substituted for the adaptive mirror to record an ideal far-field spot using the same
imaging system; the ratio of peak intensities in this spot and in the corrected spot
from the adaptive mirror is a good approximation to the Strehl ratio. The same
mirror is used to generate a reference wave front which is the target of the closed-
loop control algorithm. The FWHM of the focal spot was also measured in each
instance, but the variations were too small for it to be a useful diagnostic of the
degree of correction. We found that the most basic level of correction would
produce a reasonably good focal spot; subsequent refinements merely caused a
redistribution of intensity within the focal pattern without greatly affecting the
overall structure.

A variety of other modifying functions has been applied to the SVs, to investigate
the effects of a gradual smooth or stepwise reduction in their values over some
range. Modifying functions that have been tried include linear scaling from 1 to 0
between selected values and smoother gradations using a cos’ function. In each case
the modifying function is calculated in Mathematica as a table of 60 values between
1 and 0, and the Nth SV is then multiplied by the Nth entry in the modifying
table. The results from this investigation are not very conclusive: the peak intensity
achieved appears relatively insensitive to the details of the modifying function
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provided the first 10 SVs are included and the last 10 are reduced to some extent.
Only minor differences were observed between linear and cos” scalings.

Enhancement of the Closed-Loop Response

When closed-loop operation of the mirror was first achieved, the cycle time was
close to 700 milliseconds. The most time-consuming steps were found to be the
centroiding of the Hartmann spots, which took 500 ms, grabbing the frame from
the camera (160 to 200 ms) and the voltage output to the driver box (90 ms). The
first effort at reducing the cycle time was aimed at speeding up the centroiding, a
part of the code not originally written with efficiency as a priority. Some very
simple changes reduced the centroiding time to 90 ms, of which half involved the
finding of the brightest grouping of pixels in each cell of the Hartmann pattern.
Once the initial correction has been applied to the mirror, the spots should move
very little, so the previous positions of the centroids can be used as a starting point
for the next cycle, instead of locating all the spots afresh. Some further
modifications reduced the cycle time to 130 ms, of which the calculation of the
centroids now accounts for 6.5 ms: the image analysis and voltage calculation
sequence takes 24 ms in total. With the screen display of the Hartmann pattern
turned off, the cycle time is reduced to 93 ms, corresponding to a frequency of 10.7
Hz. The cycle time is now dominated by the hardware, in particular the voltage
output stage, so attention has been switched to ways of reducing that part of the
cycle. At a frequency of 11 Hz, however, the mirror can already correct for slowly-
varying components of atmospheric turbulence.

Future Developments

We are constructing a 150 mm diameter mirror, incorporating a few developments
in technology. The electrodes will be formed in nickel, plated onto the PZT, rather
than printed; this should solve the problem of electrodes becoming detached under
slight stress. New layouts of the electrodes and of the Hartmann array will match
the response of the mirror to the residual aberrations known to be present on the
laser beam. Some slight modifications to the electronics are planned, which will
reduce the cycle time and may allow us to reach 25 Hz.
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The basic arrangement and simulation results of a wavefront correction system for correcting
static and dynamic wavefront errors in a new inertial confinement fusion system are reported.

1 Introduction .

In inertial confinement fusion (ICF) system, a high power laser pulse is generated,
amplified, frequency converted and focused on a target to initiate nuclear fusion
reaction. In these systems two kinds of adaptive optics are demanded. (1) The
wavefront correction system. In the processes of generating and amplifying,
wavefront errors are induced. The sources of wavefront errors are static error due to
figuring errors of optical components and inhomogeneity of optical material and
dynamic error due to thermal distortion induced by pump light and high power
laser, and turbulence in the optical path. This wavefront error at the front of
frequency converter results in angle mismatch of frequency converting (FC). An
adaptive optical system is needed to correct the wavefront of laser beam before
entering the frequency converter. (2) Focus spot re-shaping system. The different
shapes of focus spot are demanded in the physical experiments, such as the different
size of round or square spots with uniform intensity distribution and very low
intensity outside the spot or focus line with uniform width and intensity. An active
mirror at the front of focus lens can be used for adjusting the shape of focus spots.

A new laser fusion system is planning to be built in China. Both wavefront
correction system and beam shaping system are being considered for this new
facility. In the Shatura Meeting held in June 1997 in Moscow we reported some

preliminary researches on beam shapingl!ll. In this paper we will present some
considerations of the wavefront correction system.

2 Wavefront correction system

In 1985 we built an adaptive optical system[z] for the "Shenguang I" laser fusion
system in the Shanghai Institute of Optics and Fine Mechanics, China. In this
system a 19 elements deformable mirror and serial dithering control electronics are
used for correcting the static wavefront error. Several years ago, some adaptive
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optics systems were built in the Beamlet system!3: 4] and National Ignition Facility
(NIF) laser system at the Lawrence Livermore National Laboratory, USA. Like the
system for the Beamlet, the purpose of our new system is to correct the static and
dynamic wavefront error in the laser generating and amplifying process. A
deformable mirror, two Hartmann-Shack wavefront sensors and a parallel control
electronics are used in this new system.

Figure 1 is the schema of the adaptive optical system. The pulsed Nd: glass
laser is generated and preamplified in the front-end laser system, then amplified by
the multi-pass slab main amplifier. The deformable mirror and the Hartmann-Shack
(H-S) sensor 1 are located at the output end of the front-end system. Between the
end of main amplifier and frequency converting device, the H-S sensor 2 is used to
measure the wavefront of the laser beam output from the main amplifier. The static -
wavefront of the front-end laser system can be corrected by closing the loop of
deformable mirror and H-S sensor 1 with a CW alignment laser. The dynamic
wavefront of preamplifier and main amplifier cannot be corrected in the laser pulse
duration but can be recorded by H-S sensor 2. After analyzing the wavefront record,
the pre-correction is set in the H-S sensor 1 as a changed amount of calibrated
original coordinate of Hartmann spots. By closing the loop between deformable
mirror and H-S sensor 1 the dynamic wavefront can be compensated by the pre-
correction of the deformable mirror and a flat wavefront of output laser beam can be
obtained. The beam apertures (FWHM) of the front-end system and main amplifier
are 70x70 mm and 220x220 mm? respectively.

Main amplifier

Injection lens

Prbam;‘rlmcr Front end

H-S sensor¢gd

H-8 sensor¢it

Figure 1. Schematic diagram of the wave-front correction system
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3 Arrangement of actuators and subapertures

6'696969696

WQWQWQVQWAV

Figure 2. Two examples of arrangement of the actuators of deformable mirror and sub-aperture of H-S
sensor.

The arrangement of actuators of deformable mirror and subapertures of H-S sensor
operated in this square aperture beam is studied. Several kinds of arrangements are
compared, as examples, two of them are shown in Fig. 2. The direct slope algorithm
of wavefront reconstruction[’) is used and the criteria for comparing are: (1)
conditional number of reconstruction matrix, which is the measure of stability of
close loop correction, and (2) trace of matrix divided by the number of actuator N,

Tr[D+(D+)T
reconstruction matrix. The conditional numbers of these two arrangement are 4.727
and 3.860, and the traces are 0.1073 and 0.0229 respectively. Different Zernike
wavefront modes of 1A RMS are corrected by these arrangements. Fig. 3 shows the
residual RMS error after correction. A random wavefront consist of 65 Zernike
modes (Fig. 4b) is corrected by these arrangements. The amplitudes of each modes
are shown in Fig. 4a. The original wave-front is shown in Fig.4b. The residual

errors after corrected by two arrangements are shown in Fig. 4c,d respectively.
These results show us that arrangement 2 is better choice.

} / N, which is the measure of noise propagation. Where D* is the
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Figure 3. The residual errors(RMS) of the first 65 Zernike modes with amplitude 1A rms.
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RMS:0.414 RMS:0.298

(c)After corrected by the arrangement 1; (d)After corrected by the arrangement?2;

Figure 4. A wavefront compounded of 65 Zernike modes and residual error after correction.

Our previous research results showed that the triangle arrangement of actuators
possesses better wave-front correction ability compared with other arrangements!®!,
For a given actuators arrangement, such as the arrangement 2, we simulated the
correction ability of different kinds of arrangements of the H-S sensor sub-
apertures. As shown in figure 5, (a) is the triangle arrangement of actuators with
hexagon arrangement of the H-S sensor and (b) is the triangle arrangement of
actuators with rectangle arrangement of the H-S sensor.

(a) the hexagon arrangement of sub-apertures
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(b) the rectangle arrangement of sub-apertures

Figure 5, the triangle arrangement of actuators with different kinds of sub-apertures arrangements of the
H-S sensor.

19 N R N B

—o— D Rectangle subaperture o

—e— E Hexagon subaperture °

60 70

Residual wavefront aberration RMS (relative)

Zemike polynomial order (n)

Fig.6(a), the correction residual wave-front error RMS of the Zernike polynomials.
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Fig.6(b) the correction residual wave-front error RMS of the different spatial frequency error.

Figure 6(a) and (b) show the correction residual wave-front error (RMS) of these
arrangements of H-S sensor sub-apertures. Compared figure 3(b) and figure 6(a),
both the hexagon and rectangle arrangements of H-S sensor sub-apertures have the
better correction ability than that of triangle arrangement. We can not find apparent
differences between the hexagon and rectangle arrangements in figure 6(a) but in
figure 6(b). The condition number of hexogan arrangement is 3.84. Its trace is
0.021. The condition number of rectangle arrangement is 3.11 and its trace is 0.019
So the arrangement of actuators and sub-apertures shown in figure 5(b) is the best
choice.

;.l Main amplifier H Hartmann sensor:2 A/D Frame memory
Trigger signal —IJ swiﬂll I
, Pre-amplifier H Deformable mirror Hartmann sensor:1 H AD I——O,Frame memory
Trigger signal switch
HV amplifier D/A Control PC

Figure 7. The Schema of control electronics.
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The schema of control electronics is shown in Fig. 7. Both of the H-S sensors have a
lenslet array made by binary optics technology and a progressive scanning CCD
camera. The cameras are exposured by the laser pulse. The Hartmann spots are
acquired and analyzed by a computer, the output is used to control the deformable
mirror through high voltage amplifiers.

Other important issues such as light intensity adjustment for the CCD camera,
aperture matching optics and calibration of H-S sensors are considered. This system
is being constructed.

4 Acknowledgement

This work was supported by the Chinese National High-Technology R&D Project.

References

1. Zhige Zeng, et. al., Laser beam shaping by deformable mirror, International
Workshop on Adaptive Optics for Industry and Medicine, June 9-13, 1997,
Shatura, Moscow, Russia.

2. Wenhan Jiang, et. al., Hill-climbing wavefront correcting system for large laser
engineering, SPIE Proc. vol. 965, pp. 266-272, 1988.

3. I.T. Salmon, et.al., An adaptive optics system for solid-state laser system used
in inertial confinement fusion, UCRL-JC-122033, 1995.

4. B.M. Van Wonterghem, J. T. Salmon, R.-W. Wilcox, “Beamlet Pulse-
Generation and Wavefront-Control System”, UCRL-LR-105821-95-1.

5. R. Sacks, et. al., “Application of Adaptive Optics for Controllong the NIF Laser
Performance and Spot Size”, UCRL-JC-130028, Aug. 17, 1998.

6. E. Bliss, “National Ignition Facility Subsystem Design Requirements Beam
Control & Laser Diagnostics” UCRL-ID-126988, Rev. B, Nov. 1, 1996

7. Wenhan Jiang, et. al., Hartmann-Shack wavefront sensing and wavefront
control algorithm, SPIE Proc. vol. 1230, pp. 608-611, 1991.

8. Hu Zhaohui, Jiang Wenhan, “Optimum matching of wavefront sensor and
wavefront corrector,” SPIE Proc. 2534, pp.318-326, 1995.
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Most large laser systems at Lawrence Livermore National Laboratory require adaptive optics
to correct for internal aberrations in these high-power systems. Many of these systems,
including those being developed for Imertial Confinement Fusion and Laser Isotope
Separation, already contain adaptive optics based on conventional deformable mirror
technology. Increasing requirements for laser system applications are currently driving
wavefront control technology toward increased spatial frequency capacity, as well as reduced
system costs. We will present recent progress in the utilization of liquid crystal spatia! light
modulator technology appropriate for high-resolution wavefront control of high-power laser
systems.

1 Introduction

Nearly every new large-scale laser system application at LLNL has requirements for
beam control which exceed the current level of available technology. For
applications such as inertial confinement fusion, laser isotope separation, laser
machining, and laser the ability to transport significant power to a target while
maintaining good beam quality is critical.

There are many ways that laser wavefront quality can be degraded. Thermal
effects due to the interaction of high-power laser or pump light with the internal
optical components or with the ambient gas are common causes of wavefront
degradation. For many years, adaptive optics based on thing deformable glass
mirrors with piezoelectric or electrostrictive actuators have been used to remove the
low-order wavefront errors from high-power laser systems. These adaptive optics
systems have successfully improved laser beam quality, but have also generally
revealed additional high-spatial-frequency errors, both because the low-order errors
have been reduced and because deformable mirrors have often introduced some
high-spatial-frequency components due to manufacturing errors. Many current and
emerging laser applications fall into the high-resolution category where there is an
increased need for the correction of high spatial frequency aberrations which
requires correctors with thousands of degrees of freedom.

The largest Deformable Mirrors currently available have less than one thousand
degrees of freedom at a cost of approximately $1M. A deformable mirror capable
of meeting these high spatial resolution requirements would be cost prohibitive.
Therefore a new approach using a different wavefront control technology is needed.
One new wavefront control approach is the use of liquid-crystal (LC) spatial light
modulator (SLM) technology for the controlling the phase of linearly polarized
light. Current LC SLM technology provides high-spatial-resolution wavefront
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control, with hundreds of thousands of degrees of freedom, more than two orders of
magnitude greater than the best Deformable Mirrors currently made. Even with the
increased spatial resolution, the cost of these devices is nearly two orders of
magnitude less than the cost of the largest deformable mirror.

2 SLM Technology

The LC SLM devices utilized in the investigations described in this paper are a type
of optically-addressed (OA) nematic LC SLM currently available from both
Jenoptik and Hammamatsu. These devices are capable of phase correction of greater
than one wave at visible and near-infra-red wavelengths. An OA_LC_SLM consists
of a thin-film sandwich structure, shown in figure 1, with an amorphous silicon
photo-semiconductor Amorphous Silicon (0-Si), a parallel aligned nematic liquid
crystal, a dielectric mirror, and a pair of transparent electrodes on glass substrates.
The voltage applied to the electrodes is divided between photo-semiconductor and
liquid crystal layers, depending on the illumination intensity, thereby enabling 2D-
image modulation of the refractive index of the LC.

To activate the OA_LC_SLM the amorphous silicon (¢-Si) layer must be
exposed to an image pattern. The resolution of control of the SLM is directly
proportional to the resolution of the image pattern generated onto the o-Si layer up
to some limit. In the state where no pattern is incident on the device, the impedance
of the a-Si layer is very high, with or without the voltage applied across the
electrodes. When an image pattern is projected onto the o-Si layer, the impedance
of the a-Si reduces in proportion to the light intensity in that region and the voltage
applied to the liquid crystal increases, causing electro-optic modulations in the
liquid crystal layer due to the movement of liquid crystal molecules.

The resolution of the image projection system (which in this case is based on a
liquid crystal display or LCD) determines at the resolution at which the SLM will
effect the read beam. The currently available devices have the capability of
providing control of up to 50 line-pairs/mm. The device from Jenoptik comes with a
832 x 624 LCD and Hamamatsu provides a 640 x 480 LCD. The operational
configuration is shown in Figure 2.

These devices work with polarized light. The maximum phase shift is obtained
when the polarization of readout light is parallel to the axis of the liquid crystal
molecules. When the polarization of readout light is perpendicular to the axis of the
liquid crystal molecules the phase shift is negligible.

3 Phase Reconstruction Methods

Accurately controlling wavefront phase with a high-spatial-resolution wavefront
correction device requires a high-spatial-resolution wavefront measurement
capability. This can be provided with a standard Shack-Hartmann wavefront sensor
using available high-density lenslet arrays. However, computational requirements
for traditional matrix-vector multiply wavefront reconstruction algorithms using
slope data from a Shack-Hartmann (or other wavefront slope) sensor scale as N°



18

where N is the number of phase points. For large N, greater than 10* this begins to
become impractical. Since the slope measurement of the Shack-Hartmann sensor
can be represented by a spatial filtering operation, an inverse filter can be designed
to directly recover the wavefront from the slope data. This allows the reconstruction
process can then be implemented as a 2D convolution operation using FFT’s which
scale as Nlog,N. We have used computer simulations to demonstrate that for 4096
phase points the FFT-based algorithm is ~30 times faster than a matrix multiply
(Figure 3). A similar approach has been utilized by Chanteloup et al® with a
shearing interferometer as the wavefront slope sensor.

We have used the FFT-based reconstruction method in lab experiments using
the test-bed described in Figure 3 with a Shack-Hartmann sensor of 1Kx1K pixels
containing a lenslet array with greater than 2500 lenslets. To verify that the
algorithm would accurately represent the pattern generated, a checkered phase
pattern was produced on the LC SLM and Shack-Hartmann image data was
recorded (figure 4a). The wavefront phase was then reconstructed using the FFT-
based method (figure 4b). The resulting phase reconstruction accurately depicted
the applied checkered phase pattern. Additional tests were performed using different
phase patterns with each reconstruction accurately representing the applied pattern.

4 SLM Experimental Test Bed

A test-bed, shown schematically in Figure 5, has been assembled to allow the
evaluation of SLM devices for high-spatial-resolution spatial wavefront control.
This test-bed provides the capability to place both low-order and high-order
aberrations onto a beam, to detect these aberrations with a high-spatial-resolution
Shack-Hartmann sensor, and to correct these phase aberrations using the OA_LC
SLM. This process is currently implemented using multiple computer systems in a
human-in-the-loop closed-loop operation.

5 Experimental Results

An initial set of experiments has been completed using the Jenoptik OA_LC SLM.
In these experiments, an aberration was placed into the main beam path (Figure 6a)
and the resulting high-resolution Shack-Hartmann image was processed using the
FFT-based method to reconstruct the phase (Figure 6b). From the reconstructed
phase an appropriate correction image was generated and applied via the SLM. The
applied correction produced a significantly improved far field spot, Figure 6¢c. The
corrected wavefront was reanalyzed with the same methods (Figure 6d) and a
significant improvement was observed in the reconstructed phase image.

Similar experiments utilizing the Hamamatsu AO_LC SLM are currently
underway in the SLM test-bed with some modifications to improve the collimation
of the write-beam from the back-light diode and thereby improve the correlation
between the image pattern generated on the LCD and the phase correction produced
by the SLM.
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Design for the introduction of an OA_LC_SLM into a high-powered short-
pulse laser is also currently in progress. The OA_LC_SLM will be used to correct
high-spatial-frequency phase errors in the front end of the Petawatt Short-Pulsed
Laser®. In this experiment we will be testing the ability of the SLM to correct for
high-spatial-frequency errors and the effects on transport of the correction through
the spatial filters of the system. The OA_LC_SLM will also be inserted into the
system in two additional locations that have a higher beam fluence to evaluate the
performance in high-power conditions and to determine the damage threshold.
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Time scaling of reconstruction algorithms
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Figure 6a Aberrated far-field Figure 6b Aberrated Wavefront

Figure 6¢ Corrected far-field Figure 6d Corrected Wavefront

Figure 5 SLM Test Bed
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The CO; laser has an increasing influence on small and middle-scale companies in the
producing industry as well as on large companies like the car industry as a versatile tool,
which is free of wear. It is mainly used for two manufacturing processes: Laser beam welding
and laser beam cutting. In the following we want to introduce the capability of the adaptive
optics of the Diehl’s company integrated in laser machines in order to realise a high quality
laser beam processing. As a first example a system technique for the compensation of beam
path differences in laser beam cutting machines is described, secondly a processing head for
laser beam welding combined with a novel sensor for a focus position control is introduced.

1 Adaptive optic for material processing

For all applications presented in this paper we use an adaptive optic, consisting of
an deformable copper mirror, which is driven by a piezoelectric ceramic as an
actuator. For detailed information on the adaptive optic please refer to Reinhold
Schmiedls presentation, Diehl Stiftung, “Adaptive Optics for CO,-Laser Material
Processing”.

2 Compensation of beam path differences at CO; laser beam cutting

. gas nozzle
2.1 Laser beam cutting

laser heam

flow of gas é_ti_ {
During laser beam cutting the beam melts or f ? N Al
sublimates the material and a flow of gas ocus posttion
expulses the liquefied or gaseous metal as it is
shown in figure 1. Inert gases for a physical
impulse transmission or oxidising gases to
support a exothermal reaction are used. With
this technique metals with a thickness up to
several centimetres can be cut. '

The main process parameters concerning the Figure 1: model of laser
beam cutting
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properties of the laser beam are as well as the temporal evolution of the beam
power, the focus radius, the axial focus position and the K-number. The cutting
quality and the cutting speed depends strongly on those three parameters.

2.2 Laser machine for cutting

The beam compensation system was integrated in a cutting machine — the CB 3000
produced by the the Behrens AG — with a Rofin Sinar RS 6000 CO,-laser. The laser
can be run in two different states: TEM 10* and TEM 20. The main parameters of
the raw beam are shown in table 1.

TEM 10* TEM 20
Waist radius 6.2 mm 9.79 mm
Waist position / mm -2900 mm -1400 mm
K-number 0.48 0.23

Table 1: measured beam parameters

A typical design of the cutting machine is equipped with “flying optics”, which
means, that the processing head, including the focussing element is moved over the
workpiece. The optical path length in the working room of laser machines is several
meters long. Due to the diffraction of the light with a wavelength of A=10.6 pm,
the phase front curvature and the beam diameter of the unfocussed laser beam is not
constant over the working room. This leads to a change of focus position and focus
radius of the beam at the working piece, as it is shown in figure 2.

TEM 10* TEM 20
14 16

raw beam radius raw beam radi
mm mm
10 12
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Figure 2: Raw beam diameter, focus radius and focus position in the working room of a laser cutting
machine with a focussing lens of f = 190 mm
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The variation in focus position over the whole working room is up to 0.5 mm, but
the difference of the focus radii along the optical path is even worse (table 2):

Minimum: focus radius Maximum: focus radius Increase
TEM 10*: [0.11 mm 0.16 mm 45 %
TEM 20 0.185 mm 0.25 mm 38 %

table 2: Variations in focus radii

These characteristics must lead to a non-uniform cutting quality along the working
room.

2.3 Integration of adaptive optics

The problems discussed above can be solved by the integration of adaptive optics in
the laser machine. To control focus radius and focus position, two adaptive optics
have to be used. The first one is mounted in an adaptive telescope near the laser. It
can change the illumination level on the focussing element and therefore the focus
radius. The second one is near the processing head in a delta-housing, in order to
correct the focus position. The mechanical set-up is shown in figure 3.

Figure 3: upper left corner: adaptive telescope; lower right comner: delta housing for the second adaptive
optic; 1 Laser, 2 x-axis, 3 y-axis, 4 z-axis, 5 upper working table, 6 lower working table
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2.4  Experimental results

The beam characteristics of the laser machine described above could be improved
and enhanced, as it is shown by measurement results in figure 4. The upper diagram
shows the behaviour of the axial focus position for three pre-set values. In the lower
diagram the corresponding focus radii are shown.

The axial position can be varied in a range of about 7 mm, the focus radii have an
average value of 0.131 mm and a standard deviation of 0.05 mm.
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Figure 4: Upper diagram: controllable focus position for the values +1 mm, -2.5 mm, -6 mm; lower
diagram: focus radius

With the integration of the adaptive optics in conjunction with the on-line
computation the user has several advantages in laser beam cutting:

e Controllable focus position

e Controllable focus radius

o Identical beam parameters along the whole working room

e  Optical switch for different laser modes

3 Laser Processing head for laser beam welding with focus position
control

During laser beam welding processes the quality of the welding seam depends to
high extend on the position of the focus point. The welding of parts of complicated
shape formerly was accompanied by extensive time consumption or low quality
results. To minimize the time used for preparing the welding track by teach in and
to assure a high quality level of the welding seams, a sensor / actuator system using
adaptive optics and a Distance-Control-Sensor (DisCo) has been developed.. The
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whole system is easily connectable to all standard processing heads, so that it can
easily be adapted to standard laser machines.

3.1  Processing head with integrated focus point controlling unit using
adaptive optics

Similar to the application of the compensation of the beam path difference, an
adaptive optic is integrated directly into the processing head, in order to act as an
actuator for controlling the axial focus position (figure 5). The focus position can be
shifted up t018 mm with a minimum influence on the beam quality due to effects
like astigmatism etc.. Using the principle of active triangulation the detector system,
determines the relative position of the focus to the work piece surface. Controlled
by a PC this continuos position signal is transferred into the actuator signal, that
maintains the focus point in ideal position by adapting the stroke of the adaptive
optic. Both the sensor signal and the control signal are transmitted using a sample
rate of 1000 Hz. Considering a typical path feed rate of the processing head as
4m/min the focus gets controlled each 0,067mm, this enables to weld even very
small parts with high accuracy.

o,

Figure 5: Processing head for CO2-Laser beam welding with integrated adaptive optics (left) and DisCo
(Distance Control) Sensor (right)

During the experiments the processing head with the sensor / actuator system was
adapted on a CO2-laser machine TLC 1005 of the company Trumpf. The laser
integrated in the machine is a TLF 4000 Turbo with a maximum power output of 4
kW. The heam parameters measured with a focussing mirror with f = 270 mm and a
power of 3800 W are: beam radius 0.242 mm (86 %), K-number =0.55 (86%).
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3.2  Experimental results

To demonstrate the power of the sensor-actuator system an irregular steel plate with

a thickness of 1 mm was welded with only a line track having been programmed.

The sensor-actuator system compensates the irregularities and provides a high

quality welding seam, as it can be seen in figure 6.
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Figure 6: Upper welding without focus position control; lower welding with focus position control; upper
graph stroke of the piezoelectric of the adaptive optic, lower graph sensor signal :
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A 17-electrode bimorph piezoelectric deformable mirror is used to compensate for the thermal
lensing and serious growth defects of a 40-mm diameter Ti:sapphire-crystal, which is used as
amplifying medium in the 8-TW TiS-laser ATLAS 10. It was demonstrated that the peak flu-
ence in the near and far field could be reduced by a factor of 3 and at the same time the fo-
cusability was enhanced from 3.5 to 2 times diffraction limited.

1 Introduction

Chirped pulse amplification Ti:sapphire lasers [1,2] are well suited to deliver ex-
treme high power densities of up to 10*' W/cm? which, e. g. are required for experi-
ments studying light-matter interaction in the relativistic regime [3,4]. Besides laser
pulse energies in the 1 to 5 J region at pulse durations of 100 fs or less, a nearly dif-
fraction limited focusability is required. The beam quality — evaluated in terms of a
fluence distribution modulated as small as possible and a wavefront distortion as
minimal as possible — is strongly affected by the optical quality of the TiS-crystals
which are used as the amplifying medium.

In the 8-TW TiS-laser system ATLAS 10 (see Fig. 1), a 40-mm diameter TiS-
crystal is used as a four-pass amplifier delivering 1.2 J in 150-fs pulses at 10 Hz.
The crystal has serious growth defects and shows inhomogeneous thermal Iensing
when pumped by up to 5 J of a frequency-doubled Nd-YAG laser. The near-field
fluence distribution in the plane of the first compressor grating is rather inhomoge-
neous, showing two main peaks with a fluence of up to 300 mJ/cm? (Fig. 2), which
is beyond the damage threshold of the gratings. To flatten the profile, a 17-electrode
bimorph piezoelectric deformable mirror [5] is used. This procedure differs from the
usual application of adaptive optics in lasers, which only aims at the correction of
the deformed wavefront so that the Strehl ratio gets close to unit [6,7]. In ATLAS
10, this will be done in a further step using a second DM which will be mounted
further downstream from the compressor.
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2  Deformable mirrors in ATLAS 10

The setup of the final amplifier of ATLAS 10 is shown in figure 1. Coming from
the preceding part of the amplifier chain, the stretched pulses with 200-ps duration
and 300-mJ energy pass the TiS-crystal disk four times. The crystal is pumped from
both sides by frequency-doubled Nd-YAG laser pulses with up to 2.5 J. After am-
plification, the pulses are recompressed to about 150 fs in a grating compressor and

Compressor grating:
near field energy
distribution

{0 target chamber:
121,150 5,16 Hz2

from ATLAS Z:
368 mJ, 200 ps,
16z

Figure 1. Setup of ATLAS 10 amplifier with 2 deformable mirrors.

the laser beam is guided via the DM 2 (not yet in operation) to the target chamber,
where it is focused on different targets by an off-axis parabola. The DM 1 is in a po-
sition as close as possible to the pumped TiS-crystal, the component which contrib-
utes most to the wavefront deformation of the pulse. The fluence distribution in the
near field is monitored in a plane corresponding to the plane of the first most heav-
ily loaded compressor grating.

3 Experimental results

In several measuring campaigns, the fluence distributions were measured both in the
near field at the grating site and at a distance about 30 m beyond downstream with
and without DM 1 in operation. In addition, the pulse focusability was determined.
The voltages applied to the 17 electrodes of the bimorph mirror were set such that
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the near-field fluence distribution was homogenized (Fig. 2). Using this voltage
pattern, the voltages of the outer zone electrodes were slightly changed in order to
minimize the focal spot diameter of the beam when focused with a lens of 4-m focal
length. The relative good shot-to-shot stability of the TiS laser allows the voltage
pattern of the DM 1 to be adjusted only once a day without using a closed loop.

Near-field fluence pattern
in the plane of the Focus
first compressor grating

DM not in
operation

€= 230mY/ent’

Qfm:us= 35x Qdiffnlimil
Droous= 2 X Detttrfunit

Eiaserpulse =800 mJ

€ra= 70 mifem’®

DM in opera-
tion

Figure 2. Near field distribution and focusability of the TiS-laser beam with and without DM 1 in opera-
tion.

As can be seen from figure 2 with the DM 1 in operation, the peak loading in the
grating plane was reduced by a factor of 3, and, as a consequence, the laser pulse
energy could be correspondingly enhanced. Despite the residual fluence modula-
tion, it was possible to handle pulse energies of up to 1.5 J without any indication of
damage on the compressor gratings. Although the focusability has been improved,
too, from typically 3.5 to 2 times diffraction limited, corresponding to an enhance-
ment of the Strehl ratio from S < 0.1 to S = 0.4, it turned out that with only one de-
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formable mirror it is not possible to simultaneously optimize both the near-field and
far-field fluence distribution.

4 Outlook

After the near-field fluence distribution could be significantly improved with a
standard deformable bimorph mirror working simply without a closed loop, we will
concentrate on minimizing the phase front aberrations and thereby enhancing the
Strehl ratio. It is expected that the TiS laser beam can then be focused to near dif-
fraction-limited diameters. The DM 2, which must handle a beam diameter of 70
mm, is under construction and will be implemented in ATLAS 10 in the next weeks.
It is intended to operate it in a closed loop in combination with a Shack-Hartmann
sensor. For the first time, one can then study the behaviour of two DMs operating in
the same laser.

The improved focus quality and the enhanced pulse energy should lead to
higher on-target intensities than achieved hitherto. The light-matter interaction
should hence become more relativistic. This expectation will be examined in two
experiments. The first concerns the production of fusion neutrons from deuterated
plastics and the second the generation of high harmonics from solid surfaces. The
neutron yield and the number of harmonics should significantly increase.
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ADAPTIVE OPTICS FOR CO; LASER MATERIAL PROCESSING
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The Diehl Stiftung & Co. develops and manufactures adaptive mirrors which are used in the
beam delivery system of CO, laser machines to improve the processing results. With help of
two adaptive mirrors the focus diameter and the focus position of the laser beam can be
controlled independently. This offers a method to compensate the varying beam path lengths
in laser machines with flying optics, as well as a capability to adapt the focus parameters to
the processing demands in laser cutting, welding, and scanning systems.

1 Introduction

In CO; laser processing machines with flying optics the beam path length between
laser source and focusing optic depends on the position of the working head within
the processing space. Especially with increasing working areas these path length
variations lead to varying processing qualities which may exceed the tolerance
limits. :
The reason is the widening of the laser beam, which is related to the beam path,
will cause varying illumination and beam divergence at the focusing optic and
therefore varying focus parameters (focus diameter, focus position) at the work
piece. As conventional passive beam forming components like beam expanders
reach their limits, adaptive optics may be used to compensate these path
dependencies. They may keep the focus parameters constant or even control them
in-line with work piece or process requirements.

Due to enlarging working areas of modern CO, laser machines, equipping of
laser machines with adaptive optics is becoming a standard in Europe.

2 The Adaptive Mirror

Because of the wide power range of CO, lasers and the high absorption of CO, laser
radiation (10,6um) in glass, in CO, beam guidance systems commonly reflective
optical components (mirrors) are used. Therefore an adaptive optic primarily
designed for CO, applications is based on an adaptive mirror with adjustable
spherical deflectable mirror plate, in order to generate optical surfaces with variable
focal length.
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Diehl Stiftung & Co. at Nuremberg develops and manufactures such adaptive
mirrors. The adaptive mirrors
made by Diehl are metal mirrors
with deflectable surface, which
may replace conventional passive
mirrors in beam guidance systems
of CO, laser machines with the
aim to compensate the distance-
relating variations of the focus
parameters.

The spherical deflection is
approximately achieved by means
of a circular metal mirror plate,
which is restrained on its
circumference, while an actuator
is pressing from behind against
it’s centre. In this way approximately spherical mirror surfaces with a height up to
40um in the centre of the plate can be realised. Even a surface change-over from
concave to convex are adjustable using mirror plates with plane surface at a
predefined actuator stroke.

The actuator deflecting the mirror plate is made up of a stack of piezo ceramic
plates which expand with high force due to an applied electrical voltage.
Unfortunately for exact expansion adjustment the intrinsic hysteresis of the piezo
actuator has to be compensated. For this reason a wire strain gauge sensor is fixed to
the ceramics stack enabling a precise measurement of the actuator elongation. The
measuring signal is used in a closed control loop to adjust the stroke of the mirror
centre with an accuracy of +0,5um at frequencies up to SOHz and more.

During design of the adaptive mirror special care had to be taken in reaching
reproducible optical properties under conditions of long term operations. Therefore
the mirror plates are made of a special copper alloy and the actuator stroke is
limited to about 40pm. Thus the mirror design enables good axial flexibility allied
to extremely high rigidity in radial direction. For heat protection a scratch resistant
surface coating with 99,8% reflectivity to CO, laser radiation and a connection to an
external cooling system is provided. The cooling of the mirror is dimensioned to
support sustained laser beam operations at a max. power of 3,5kW (40mm mirror)
and 6kW (60mm mirror) without significant thermal influencing of the mirror’s
shape. Even pressure and temperature of the cooling water may vary over a wide
range.

As with all optical mirrors their reflecting surface is the most sensitive part.
With respect to this fact the adaptive mirror was designed such, that replacing of the
mirror plate is possible with a minimum of time and costs.

To enable retrofitting of existing installations particular attention was placed on
the compatibility of the adaptive mirror as a stand-alone device with established

p ors from Diehl
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beam guidance components. The outer dimensions of the adaptive mirror are chosen
such, that it can be used instead of passive plane mirrors. In doing so the replacing
of existing installations is possible with little expenditure.

Feature Medium Power Optics High Power Optics

Free aperture 40mm 60mm

Max. laser power at 10.6um 3,5kW (cw) 6kW (cw)

Max. oscillating frequency >20Hz >20Hz

Type of water cooling system Cu, Al Cu, Al

Temperature of the cooling water 20°C +5°C 20°C £5°C

Piezo control voltage 20V ... +#120V DC =20V ... +120V DC

Weight 1.35kg 1.85kg

Max. size (diameter x length) 72mm x 180mm 97mm x 180mm

Stroke of the piezo actuator: -20um... Opm ... +20pm -20pm ... Opm ... +20um

Standard (concave/flat/convex) (concave/flat/convex)

Option other ranges on request other ranges on request

Vertical focus shift at f=180mm -Smm ... +5mm -S5mm ... +5Smm

Pressure of the cooling water 1bar...5bar 1bar...5bar

Operating temperature +5°C... +40°C +5°C... +40°C

Storage temperature +5°C... +60°C +5°C... +60°C

Relative air humidity 40% ... 80% 40% ... 80%

HR coating Standard CO2 Laser (10.6pm) CO2 Laser (10.6pm)
Option NdYAG Laser (1.06pm) NdYAG Laser (1.06pm)

Technical data of the adaptive mirrors

3 The Control Unit of the Adaptive Mirror

To run the adaptive mirror an analogue control unit is necessary supplying the piezo
actuator with expansion relating voltages from -20V to 120V. For precise
elongation adjustment of the piezo actuator it’s strain gauge sensor signals are fed-
back to the control unit in order to adjust the piezo control voltage by means of a
closed loop.

The adaptive mirrors should be integrated meticulously into the laser
processing machine, as all information about position of working head, work piece
geometry and material, process parameters is there available. It is up to the CNC
programmer to calculate and to command the appropriate elongation of the piezo
actuator. Commanding an elongation is possible via an analogue signal applied to
the control unit. The signal magnitude, which may vary between OV and 10V, is
linear transformed into an actuator stroke from Opm to 40um. Particular care has to
be taken in the system installation as an analogue interface is very sensitive to
electromagnetic distortion. For higher resistance to jamming differential analogue
inputs are available.

The analogue control unit may also be upgraded with a digital control unit
which provides a digital serial interface with software handshake to the machine’s
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CNC. Optoelectronic couplers are used to completely isolate the adaptive optic
system from the CNC so that an optimal processing reliability can be guaranteed.
Nevertheless, controlling of the adaptive optic system must happen by the CNC,
even if subtasks e.g. controlling the adaptive optic with help of a lookup table,
system checks, processing of additional sensor inputs will be done by the digital
control unit.

4  Physical Basics of Adaptive Optics

Two physical effects have to be considered in controlling the focus parameters e.g.

in CO, laser processing machines:

e  The focus diameter is indirect proportional to the illumination of the focusing
optic.

e The axial focus position is influenced by the curvature of the laser beam’s wave
front (divergent / convergent beam) at the focusing optic.

Controlling the focus parameters is optimised if focus radius and focus position can

be adjusted nearly independently. This is achieved by using two adaptive optics, the

one located nearby the laser source the other one nearby the focusing head (adaptive

telescope). '

An adaptive optic located nearby the laser source can hold the illumination at
the focusing optic and therefore the focus diameter constant. Due to the long
distance (several meters) between the adaptive optic and the focusing optic, holding
the illumination of the focusing optic constant has no noteworthy influence on the
beam divergence which would lead to variations of the focal length.

Variations of the focal length are controlled by an adaptive optic installed
nearby the processing head. Because of a short distance between the adaptive optic
and the focusing optic divergence changes of the laser beam will not result in a
significant change of illumination at the focusing optic. Thus the focus diameter
remains approximately constant while the axial focus position is shifted.

If only one focus parameter has to be controlled actively, only a single adaptive
optic is necessary. It’s installation position depends on the focus parameter which
has to be adjusted.

5 Applications

As described above, the main application of adaptive optics in CO, laser material
processing is the assurance of beam path independent focus parameters. Thus
processing speed and quality can be held on a constant high level within the
complete working space, saving time and money.

Further applications of adaptive optics are in the sector of 3-dimensional laser
material processing, where work piece and process relating focus shifts are
desirable. With the adaptive optic installed in the focusing head, axial focus shifts
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up to 10mm (20mm) are achievable in combination with a focusing optic of 5,,
(7.5,,) focal length. Especially the rapid inertia-less focus positioning of the adaptive
optic in comparison to the limited kinematics of the machine axes may be an
advantage in applications, e.g. in the case of rapid changes for appropriate focus
tracking along the work piece surface, or when there is a risk of collision between
the working head and the work piece.

6 Future Prospect

For new products on the subject ,,Intelligent Beam Guidance and Forming Systems,,
the German companies Diehl Stiftung & Co. and ERLAS GmbH in Erlangen agreed
to work together. ERLAS is a new company with much experience in laser material
processing. At present both companies are about to develop an "intelligent"
processing head for laser welding, where an adaptive mirror is governed on-line by
an optical sensor which supervises the processing quality. For further information
see references 4 below.
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A general description of a Hartmann-Shack sensor to measure the
aberrations of the human eye is presented. Different factors affecting its
performance are reviewed: the size of the microlenses, the number
Zernike modes required to describe the ocular aberrations, the statistical
accuracy and the exposure time. :

1 Introduction

Adaptive Optics (AO) promises important benefits in Visual Optics and
Ophthalmology. For instance, by correcting the ocular aberrations, high resolution
ophthalmoscopes may provide new diagnosis tools. Liang et al. [1] obtained
images of the cone mosaic by using a deformable mirror as wavefront corrector. As
an alternative, the use of liquid crystal spatial light modulators to correct the
aberrations in the eye was also demonstrated [2]. In a different application,
customized contact lenses designed to correct aberrations may ultimately improve
spatial vision.

The initial step in AO involves the detection of the wavefront aberration
(WA). Measuring the aberrations in the human eye is a difficult task where a mere
translation of techniques from other applications usually fails. Although
researchers were interested for centuries in measuring the degradation of the
retinal image, further than the refractive errors, was not until the early 60’s when
Smirnov [3] measured the first WA in the eye. Techniques to measure the WA in
artificial systems usually involve a single pass through the optics from a test source
to the detector. In the case of the eye, a single-pass would require to place either
the detector or the light source within the retina. Subjective methods can be
considered to make use of the former solution since the retina itself acts as a
detector. On the opposite, objective methods use the light reflected back in the
retina. For example, from double-pass retinal images, the WA was calculated using
phase retrieval techniques [4]. Other alternative, more appropriate for AO is
revised here, the Hartmann-Shack (FHS) sensor [5,6].
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2 HS sensor theory and operation

In the HS sensor, a wavefront is sampled in a number of locations by a microlens
array placed in the propagation path. The displacement of each spot is proportional
to the average of the wavefront derivative across the microlens. Typical procedures
to reconstruct the WA from the averaged derivatives are modal approaches,
consisting in fitting the coefficients for the expansion of the wavefront on a certain
functional basis; i.e., the Zernike circle polynomials [7]. The wavefront mean
derivative can also be expressed as combination of the mode derivatives with the
same coefficients. Two systems of N equations relates the measured x and y
direction displacements of the N available spots and the mean x and y derivatives
of each mode inside each microlens, through the mode coefficients. These two
systems can be mixed since they have the same unknowns. In matrix notation can
be expressed as:
d =Be¢

where d and ¢ are column vectors, representing the 2N spot displacements in x and
¥y direction, and the unknown n coefficients respectively, and B is the nx2N matrix
of microlens averaged x and y derivatives of the modes. If the number of
microlenses is enough, the system is redundant, although in general inconsistent
due to noise and aberration terms of order higher than the truncation mode.

2.1 Centroiding: pyramidal iterative search and sub-pixel resolution

The centroid location of each HS spot is iteratively evaluated in windows of
decreasing size, each centered on the previous estimate. The first window is the
whole area associated to the j-th pixel and the last one is the theoretical size of the
diffraction pattern. The last window should be centered very close to the actual spot
center, almost unaffected by tail asymmetries (see figure 1). Both window size and
position are expressed with floating point numbers of pixels. This sub-pixel
precision makes the method more robust since rounding to integer pixel number
lead in some cases to incorrect and/or non-converging centroid estimates due to the
asymmetries in the window positioning.

2.2 WA reconstruction

A matrix inversion method was used to reconstruct the WA. An  expansion of
the Zernike polynomials in rectangular coordinates for the square geometry of
the microlens array, allows the elements of matrix B be expressed as a simple
analytic function of the microlens edge positions. Each element of B represents the
mean slope of a single




a4

Figure 1. Example of centroid detection (arrows indicate the centroid location in
each iteration).

Zernike polynomial (by columns) across one microlens in x or y direction (by
rows). We have ordered the microlenses from top to bottom and from left to right,
and placed all the x direction derivatives in rows 1 to N and the y direction
derivatives in rows N+1 to 2N. However, it is important to note that the solution of
the system is independent to changes in this ordering (except for noise artifacts) or
to elimination of some rows, provided that the vector ¢ was constructed consistent
with the number and ordering of the elements considered. This permits to obtain
an accurate estimation of the WA for variable number of modes and with
incomplete centroiding data, which can be a common situation when measuring
the eye.

The complete calculations takes less than 40 msec for each image in a
Pentium-II PC, rendering the algorithm appropriate for real-time analysis.

3 Requirements for a HS sensor in the eye

Prior to decide the specifications of a HS sensor for use in the eye, it is important to
know the characteristics and amount of the typical aberrations to be measured.
The ocular aberrations depend largely on different conditions. There are individual
variability, dependence on the pupil diameter, the age of the subject and the
accommodative state. Moreover, it is also known that refractive surgery produces
large amount of aberrations. However, despite the variability, in young subjects at
best focus and for a medium pupil diameter, the rms of the WA typically ranges
from 0.2 to 0.4 Om (figure 2). As an example of the change of the amount of
aberrations with the pupil diameter, the rms in one of the subjects of figure 2
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evolves from 0.25 Om to 0.7 Om, for 3.5 to 7 mm pupil diameter. Another
relevant parameter is the number of modes required to describe, or to correct, the
aberrations of the eye. Liang and Williams [6] showed that for a 3 and 7.3 mm
pupil diameter, 4th and 8th order respectively were required.

Figure 2. Example of WAs in four normal young subjects for a 4.5 mm pupil
diameter.

Although it would depend on the particular conditions of the experiment,
it maybe useful to indicate some desired general characteristics for a HS sensor in
the eye. As a general feature, a robust, fast and automatic software analysis, with
some of the capabilities previously presented is required. Other considerations are:

Temporal rate. The system should be able to operate either in static or
dynamic temporal regimes. While a few second exposure measurements will be
relatively free of speckle, HS spots will present high contrast speckle patterns for
exposure times below 500 msec. Closed loop AO applications would require to
measure the aberrations at a higher speed, at least around 30 Hz [8]. A HS sensor
operating at this temporal rate with enough accuracy was recently demonstrated
[8]. It uses a short coherence source and fast scanning of the image on the retina to
reduce speckle.

Precision and range. The required accuracy of a HS sensor depends on
the particular conditions and the range of aberrations desired to be measured. A
general purpose sensor should be able to track defocus changes of around 3
diopters, without changing the geometrical configuration. Automatic search of the
spots would overcome the problem of crossover for large aberrations. Although a
precision of 0.01 Om maybe adequate, typical systems will present better
performance.
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4 Some factors limiting HS sensor performance

4.]  Statistical accuracy

To estimate the statistical accuracy of the HS sensor, we simulated in the computer
an experiment in which a flat wavefront is detected with random errors in the
centroid detection. Random fluctuations in the range [-1,1] pixels produces in the
WA a statistical error hardly exceeding 0.05 Om. For individual Zernike modes
the error is less than 0.015 Om. Although it is difficult to quantify the positioning
error in a real sensor, a range of [-1,1] pixel is a highest limit when using a sub-
pixel centroiding algorithm.

4.2  Spatial resolution

Two different, although related aspects, limit the spatial resolution of the WA
estimates obtained from the HS data: the microlens size and the number of modes
used to express the WA. Each lens of the array acts as a spatial integrator and,
therefore, details smaller than its size are not captured. On the other hand, the
number of modes is ultimately limited by the available data for fitting, and this
truncation also results in a loss of higher order details. To evaluate the effect of the
microlens size, the spot decentering data corresponding to a known WA were
evaluated with the same rectangular geometry and pupil diameter, but different
microlens sizes. The fitting results were quite stable for sensor configurations with
8 or more microlenses within the pupil diameter. This suggests that the spatial
resolution of the HS sensor is not mainly affected by the lens size, provided that the
total number of lenses was enough to fit the desired number of coefficients. As an
example, to measure the aberrations in a typical eye with 6 mm pupil diameter, a
microlens size smaller than 0.75 mm in diameter and 35 modes (7th order) should
be used. In this case, around 50 HS spots will assure enough degree of redundancy
for WA reconstruction.

4.3 Temporal fluctuations and exposure time

The effects of time averaging on the HS sensor performance were also evaluated by
recording simultaneously double-pass (DP) images of a point source and HS
images for different exposure times. Discrepancies found between the HS and DP
estimates of the ocular MTF becomes smaller, and even negligible, for short
exposure times. This suggests that the HS sensor may overestimate the retinal
image quality for long exposure times, due to the temporal fluctuations of the eye’s
aberrations (see reference [9] for additional details).
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1 Introduction

In measuring the wavefront aberrations of the eye ob jectively it is necessary to
illuminate the eye and use the reflected and scattered light. Phase information
loss due to the double-pass process in optics is a well-known problem?® 2. It
is present when trying to estimate the optical quality of the eye, and this case
has been described by Artal et.al.®> 4. The basic problem is that the odd
aberrations may be incorrectly estimated and this is minimised in the double
passage case by breaking or reducing the symmetry between the input and
output, for example by having different numerical apertures for the entering
and exiting light. The region where information is lost corresponds with that
of the overlap between the entrance and exit paths. The eye is diffraction
limited for pupil diameters smaller than 2mm once correction is made for focus
and astigmatism. This means that, for the eye, only redundant information
is lost if one of the system pupils is 2mm or less, while the other one is
bigger. In this case, single and asymmetric double pass wavefront aberration
measurements should provide the same data.

The basic problem of many double-pass methods of determining the wave-
front aberration, such as those based on the Shack-Hartmann sensor, shearing
interferometry and the curvature sensor, is that the reflection and scattering
at the retina retains the coherence of the light to some extent. This means
that in the double-pass the phase information accumulated in the first pass
is retained in the second pass. To solve this problem we suggested generat-
ing a non-coherent light source at the retina by using lipofuscin, a naturally
occurring fluorophore® in the same fashion as in astronomical laser guide
star adaptive optics using the emission of light from atmospheric mesospheric
layer®. This method provides us with a way of comparing double-pass with
single-pass wavefront measurements. In addition, scattering properties of the
retina are being studied by using light with different polarization states to
illuminate the eye. Analysis of its polarization state after the double-pass in
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Figure 1. Experimental setup used to measure the wavefront aberration of the human eye

conjunction with the wavefront reconstruction is used for this purpose.

2 Experimental set-up

Fig. 1 shows the experimental setup used. Laser (1) is either a green He-Ne
laser emitting at 543nm, or a red laser diode emitting at 635nm. Green light
is used to excite lipofuscin and get a single-pass measurement, while red light
is used to generate an asymmetric double-pass process. Red or green light
is chosen by means of a mirror. The green beam is spatially filtered with
a pinhole (PH) of 15um and collimated by means of doublet (L1). The red
laser diode is connected to an optical fiber; its tip is used as a point-like light
source. It is collimated by the same doublet (L1). Beamsplitter (B1) is a
either a dichroic filter which reflects light at 543nm and transmits all longer
frequencies in the visible and near infrared, and is used when the green He-Ne
is selected, or a polarising beam cube splitter is used when the other laser
is selected. In between doublet L3 and the eye a quarter waveplate can be
introduced. This plate in combination with the polarizing beamsplitter send
into the eye circularly polarized light and transmit to the sensor only that light
that does not change its polarization state after interacting with the ocular
media. Entrance and exit pupils (P1) and (P3) are conjugated with the eye
pupil (P2). The lens of the eye forms an image of the source at the retina,
(exciting lipofuscin when using green light). Reflected (and fluorescent) light
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propagate back through the system. Doublet (L4) is used to form a Fourier
image at the pupil plane (P4); spatial filtering at this plane filters out most
of the reflections from the system and cornea, and also autofluorescence light
from ocular tissues other than the retina. Doublet (L5) recollimates the beam.
Filter (F1) is an edge filter, used only when detecting fluorescence, which
rejects virtually all the light below 550nm not reflected by dichroic (B1). Note
that all the doublets in the system are used with a low numerical aperture to
minimise any additional aberration introduced by the optics.

A Shack-Hartmann (S-H) sensor is conjugated with pupils (P2) and (P3).
A reference beam is introduced via a removable beamspliter (B2). A col-
limated beam from a laser diode (~630nm) is used for this purpose. The
lenslets of the Shack-Hartmann sensor were 0.8 x 0.8mm square (in the eye
pupil plane). The Shack-Hartmann sensor casts an array of spots on the
CCD array. The CCD camera is a Princeton Instruments model TE512 with
a quantum efficency of 40% and a read out noise of approximately 10 elec-
trons. By comparing the array of spots produced by the reference beam with
that produced by the beam outgoing from the eye it is possible to reconstruct
the wavefront of the latter. Its operation principle is described by Tyson”.

Three different sets of measurements had been taken in a group of 10
subjects and comparison between them have been achieved. Ethical approval
has been granted for measurement in a total of 20 normal subjects. The sets
are the following:

1. Single-pass measurements using lipofuscin fluorescence.

2. Double-pass measurements using p linearly polarized light and collecting
s polarized light.

3. Double-pass measurements using circularly polarized light and collecting
light that did not change its polarization state.

Measurements from set 1 are single-pass measurements; set number 2 is ex-
pected to collect mainly scattered light, i.e. decohered light; this means that
the size of the entrance pupil should not affect aberration measurements. Set
number 3 is expected to collect backscattered light i.e. non-decohered light, or
double-pass light; in this case it is expected to observe a variation in the aber-
rations when using different entrance pupils due to double-pass information
loses. Because retinal lipofuscin is behind the layer of cones, by comparing
set 1 against set 2 a difference only in defocus (apart from changes introduced
by differences in tilting) is expected to be observed between both of them.
For each subject the data from every set were compared against each
other and against the data within the same set for different pupil sizes. All
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Figure 2. (a) Single-pass vs symmetric double-pass using linearly polarized light. (b) Asym-
metric double-pass vs Symmetric double-pass; both using circularly polarized light

three sets were taken varying the diameter of the entrance pupil from 1.5mm
to 8mm. Due to the length of the session only 2 sets of data were taken
from each subject. The subject’s head was fixated by means of a bite bar
and accommodation was paralysed and the pupil dilated using Phenliephrine
2.5% and Tropicamide 1%.

3 Results

The measured aberrations of the eye vary dynamically®. When accommoda-
tion is paralysed changes are due mainly to changes in eye tilting; however
defocus and spherical aberrations (Zernike terms 5 and 14 in figure 2) are not
expected to change with tilting, so this two terms are usually our reference
“pivot” for comparison if variability of other Zernike terms is big. Addition-
ally, comparison between two sets of data was always performed between the
data where variability was a minimum.

Figure 2 shows the experimental results for 2 different subjects; the hori-
zontal axis are Zernike modes and the vertical axis are the amplitude of these
modes in microns. Figure 2a shows single-pass data using lipofuscin autoflu-
orescence (set 1) against double-pass data using linearly polarized light (set
2) with a big entrance pupil. A change in defocus is observed (5" Zernike
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mode), this corresponds with a depth of between 44 and 56 microns for the
normal eye with a focal length between 16mm and 18mm. The layer of cones
at the fovea is around 60 microns depth.

Figure 2b shows asymmetric double-pass data compared against symmet-
ric double-pass data using circularly polarized light. Contrary to what we
expected variability of aberrations is very small when changing the size of
the entrance pupil. Three subjects were tested using this technique and this
result was repeated in all of them.

4 Discussion

Unexpected results may be due to the presence of birefringent structures in
the eye, such as cornea, lens and retinal fibre nerves. Haidinger brushes have
been attributed to birefringence and selective absorption of light at Henle’s
nerve layer 2. Similar patterns of light can be observed when photographing
the macula with crossed polarizers!®. Some of the Shack-Hartmann arrays of
spots saved when taken data for set 2 present a light distribution characteristic
of Haidinger brushes (See Fig. 3). This means that light used to sense the
wavefront in sets 2 and 3 has been affected by several birefringent structures
at the retina and cornea; and that the light selected to sense the wavefront
may not be exactly the one we wanted to choose. The birefringence of the
cornea may be playing a very important role. Varying the angle of polarization
may provide us with very helpful information about the scattering process at
the retina. Future experiments are to be carried to understand this process
better.

Figure 3. Array of SH spots with a light distribution characteristic of Haidinger brushes
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This paper describes a new adaptive optics instrument and associated diagnostic system for
volumetric, in vivo imaging of the human lens and visual acuity characterization. The system is
designed to allow one to capture simultaneous, in-focus images of the human lens at multiple
“image planes.” Based on the adaptation of a deformable grating originally developed for
atmospheric turbulence measurements, the instrument will demonstrate an improvement over
current techniques for imaging cortical, nuclear and posterior subcapsular cataracts. The system
will characterize the human lens optically and will automatically produce an estimate of visual
function as affected by the measured abnormalities in the lens. The process that Kestrel and DERA
Malvern will use to demonstrate the key techniques for simultaneously acquiring in vivo lens
imagery at multiple focus planes employs a surrogate lens. Eventually the camera could be
considered as a replacement for most standard slit lamp instruments allowing them to be converted
into a 3-D imaging system.

1 Introduction

One of the underlying problems which limits the ability to characterize cataracts accurately or to
grade them quantitatively for clinical or research settings is the limited capability of today’s
instrumentation for imaging the human lens. At present there is no commercial system that can
image simultaneously at multiple focus planes within the lens. If one is to conduct research into
cataractogenesis, an important capability is a means of classifying and measuring cataractous
change in vivo. This would allow one to use baseline measurements to assess the effect of
treatment or placebo and to quantify precisely the longitudinal changes in large populations used
in epidemiological studies [1, 2, 3, 4].

Currently cortical cataracts are imaged in low light, using retroillumination. —Low
illumination levels demand fast optics with limited depth of field. This means that when one
focuses, for example, on the posterior surface of the lens to image a posterior subcapsular
opacification, cortical and nuclear cataracts 0.5 mm or more anterior to the posterior lens surface
will not be in focus and are not easily detected. To overcome this problem it is necessary to
capture several images focused at different levels within the lens. With existing slit lamps,
including Scheimpflug cameras, it is not possible to measure precisely the distance along the
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optical axis. The precise location of the lens opacities is important for predicting their effect on
visual function and for calculating longitudinal changes. With the 3-D imager, one can focus at a
known site along the optical axis, such as the pupil or posterior lens surface, and the location of
the other image planes can be calculated deterministically.

Averaging about 4mm, the thickness of the human lens along the optical axis is between
3.5mm and 5.0mm. Using the proposed design, we capture simultaneously 3 to 5 in-focus images
perpendicular to the optical axis at the center of the lens and at + n mm, where n will vary from
+0.75mm to #£2.5mm.

2 Laboratory experiments

The technical breakthrough that makes the 3-D Cataract Imaging System possible is the use of a
distorted amplitude grating that can focus an optical sensing system at several different planes
simultaneously [5]. Light from a white light source illuminates an object volume. The light then
passes through a focusing lens onto a distorted grating where the grating is stressed to produce a
parabolic shape with the level of distortion being used to determine the distance between the
focusing planes and to correct for non-uniformities within the focus media. The orders generated
by the grating are then reimaged onto a 2-D detector where each order represents the image at a
different plane (Figure 1).
Distorting Amolitude

Grating
Imagine Volume

White Li
Soyjce
=4 4
Plane #1 / Focusing Lens
Plane #2 Reimaeine Lens

Detector Plane

Plane #3

Figure 1. Distorted grating multiple imaging concept. The — 1, 0, and + 1 orders on the detector
represent images of planes 1, 2 and 3.

2.1  Distorted Grating Theory

A standard one-dimensional diffraction grating consists of alternate regularly spaced strips of
different transmissivity, reflectivity or optical thickness. Each diffraction order contains the same
spatial information about the object as the zero order, though the non-zero orders are dispersed in
wavelength.




53

If the grating geometry is locally distorted by a displacement of the strips in a direction
perpendicular to their long axis, a phase shift is introduced in the wavefront scattered from the
distorted region. The degree of phase shift is dependent on the amount of local distortion of the
grating relative to its undistorted form. The level of local phase shift is related to the distortion of
the grating through, ’

_ 2mmA
d o)

0

where d is the grating period, m is the diffraction order into which the wavefront is scattered and
A is the distortion of the grating strips relative to their undistorted position, as shown in Table 1.

Table 1. Grating displacement, A, for phase shift, ¢ for m +1 and +2.

Phase Shift (¢) in +1 order - -n/2 0 2 T
Grating Displacement (A) -d/2 -d/4 0 d/4 dr2

Such a distortion of the grating produces phase shifts of equal magnitude but opposite sign in
the wavefronts scattered into +1 and —1 diffraction orders and leaves the unscattered wavefront in
the zero order unaltered. This “‘detour-phase’ principle has been used for many years for encoding
computer-generated holograms [6].

In our applications the diffraction grating is designed specifically to introduce defocusing
effects into the diffracted orders. A defocused optical system has a phase shift which can be
represented by a quadratic function of the distance from the optical axis relative to the Gaussian
reference sphere. The grating is therefore distorted as a quadratic function of distance from the
optical axis of the system according to,

A,y =22 (x +y7)
Ar )

where A(x,y) is a distortion in a direction perpendicular to the grating lines, x and y are Cartesian
co-ordinates, d is the grating period, A is the optical wavelength, ¢Wy is the degree of defocus
introduced into the image formed in the +1 diffraction order (¢Wx>0) and r is the radius of the
grating aperture which is centered on the optical axis. (W is the wavefront coefficient of defocus
of the grating, equivalent to the pathlength difference introduced at the edge of the aperture
between, in this case, the wavefront scattered into the +1 diffraction order and the Gaussian
reference surface for that diffraction order.

The phase change imposed on the wavefronts scattered into the various diffraction orders can
be calculated by combining the above equations to give,

2t W.
o(x,y) = m—T"—zﬂ(x2 +y%)
r 3)
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This quadratic phase shift, introduced by the grating, leads to a different degree of defocus in
all diffraction orders. Thus a series of images of the object with different defocus conditions is
produced simultaneously and side-by-side on the detector in the different diffraction orders, or
more usefully, in-focus images of different object planes are produced. The location and
separation of the object planes that are imaged depend on the details of the optical system
employed and the degree of grating distortion ((Wag).

2.2 Demonstrated Capability

The technology has been validated in laboratory measurements and has shown the ability to
image simultaneous three object planes separated by 2.6 cm onto one detector. A sample of these
tests is shown in Figure 2. In this demonstration, three different objects at different image planes
were imaged simultaneously onto one detector. The objects were a pinhole 400pm in diameter, a
sheet of lens tissue, and a 175um diameter wire. For this test an amplitude grating with two waves
of quadratic distortion was used.

Object Planes Lo Detector Planes

ns 1 Lens2
White Light 257 2 2L

Illumination f
Pinhole’ ! . v Detector
Wire Distorted . Fijter
Lens Amplitude Grating
Tissue

e [
Thin Wire

Tissue Paper Pin Hole

Figure 2. Laboratory demonstration of the ability of a distorted griting to image multiple object planes at
one time. Note that although the objects were small, the recovered image retains all the relevant features.
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2.3 Laboratory Proof of Principle Experiment

In the first laboratory experiments the test article will be a simulated human lens using two optical
configurations. The first configuration validates the ability of the distorted grating to image
multiple planes with separations similar to those found in the lens using a setup similar to that
shown in Figure 3.

The imaging detector is a 1024 X 1024 pixel, 12-bit CCD camera, (SMD 1M60). The test
demonstrates the application in simulated human lenses to produce volumetric images of lens
opacities. Measurements will be performed to document the performance of the grating
technology as illustrated in Figure 3. The test articles will have spatial resolution etchings that
will allow one to calculate the spatial resolution of the system at each focus plane. ~ Contrast
sensitivity measurements will quantify the limits of the system to measure the earlier stages of
lens opacities.

AdjustableAperature

b‘\‘\"//’ 2 |

Filter Locations

=
2\~ I

Exam white light I
and/or xenon flash Distorted
for recording Grating

Imaging lens
(around 80 mmfocal

length, F/1.3
+1 Order e )

00Order Reimaging lens

-10rder  Detector

Figure 3. Simulated slit lamp optical layout.

2.4 Simulated Lenses

A set of simulated lens is fabricated to have different fiducial markings at the center and + n mm
from the center, n being the distance along the optical axis where a defect is introduced. Typical
values for n are between +0.75 mm and +1.25 mm. For convenience, the test article is made
using three off-the-shelf lenses with a combined magnifying power similar to the human lens.
The lenses is appropriately cut, ground, marked, polished, and reassembled into a single lens,
Figure 4. As noted in Figure 4, each of the object planes have a different fiducial orientation. The
line thickness and spacing allows the resolution of the system to be verified for each image plane
within the lens.
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2.5  Slit Lamp System Tests

The second measurements use an optical configuration which is consistent with in vivo
measurements of the human lens uisng a slit lamp instrament. The major difference is in the way
the object planes are imaged. In this arrangement, the imaging will be accomplished using an off
axis observation, Figure 3, similar to a slit lamp.

3 Conclusions

In this paper a new instrument and associated diagnostic system for volumetric, in vivo imaging
of the human lens and visual acuity characterization are described. The system allows one to
capture simultaneous, in-focus images of the human lens at multiple planes. The intent of the
instrument is to improve current techniques for imaging cortical, nuclear and posterior
subcapsular cataracts. The system characterizes the human lens optically and offers the
opportunity to automatically produce an estimate of visual function as affected by the measured
abnormalities in the lens.
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We evaluated the potential of using a liquid crystal spatial light modulator with 127
elements in an hexagonal array to correct focussing errors of the human eye. Refractive
errors were induced by placing ophthalmic lenses of known power in front of the eye. A
HEX-127 (Meadowlark, Inc.) spatial light modulator (SLM) was imaged in the entrance
pupil of the eye and programmed to generate refractive power of the same magnitude as
the ophthalmic lens but of the opposite sign. When the induced error was no greater than
1.5 diopters, the SLM satisfactorily corrected the induced error and the measured visual
acuity was comparable to that when no refractive errors were present. Computations
indicated that the SLM failed to correct refractive errors greater than 1.5 diopters because
insufficient density of control cells under-sampled the desired wavefront. Consequently,
the SLM diffracted significant amounts of energy into the higher orders, resulting in a
multi-modal point spread function. The net effect was multiple duplication of the visual
target in the retinal image with the overlapping of the duplicates leading to deterioration of
visual acuity.

1 Introduction

Spatial light modulators (SLMs) fabricated from liquid crystals have the
potential to correct defocus, astigmatism, and higher order aberrations of human
eyes. The advantages of liquid crystal SLMs for ophthalmic applications include
low cost, reliability, compactness, low power consumption, ease of control, and
the ability to function in transmission mode.> The disadvantages of currently
available devices include low spatial density of control cells and the need for
polarized monochromatic light, although reflection-mode devices are less hampered
by these factors.2> 4 Previous experiments have demonstrated that a liquid-crystal
SLM may be used successfully to correct small amounts of prismatic, focus and
astigmatic errors of the eye® as well as higher order aberrations.” The emphasis of
those experiments was on optical assessment of the SLM when used in
conjunction with an eye. Here we evaluate the effectiveness of those corrections for
improving visual performance.
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2 Methods

The SLM used in this study is the Hex-127 model by Meadowlark, Inc.
which contains 127 cells in an hexagonal array. The edge-to-edge distance of each
cell is Imm, with a gap of 0.036mm in between cells, which results in a fill factor
of 93%. The cells are confined to a circular area 12mm in diameter. The
manufacturer’s calibration of retardance as a function of applied voltage, obtained at
650 nm, was assumed to apply at our test wavelength of 580 nm. At this test
wavelength the maximum change of retardance was 1 wavelength, which allowed

us to utilize phase wrapping to implement modulo 2r wavefront shaping.3 The
purpose of wavefront shaping was to mimic the focusing behavior of ophthalmic
lenses. In ophthalmic optics the diopter is the traditional unit of refractive power,
which is defined the inverse of focal length in meters. Dioptric power is related to

wavefront error by the formula®

W(r) = %2 M

where D is the power of the lens in diopters, » is the radius of the aperture
delineating the wavefront in mm, and W is the retardance in pm. For example, to
mimic a +1 diopter lens across a 3 mm pupil would require 1.125 pum of wavefront
retardance at the pupil center compared to pupil margin.

The experimental apparatus is shown in Fig. 1. The observer viewed a Bailey
Lovie eye chart! that was projected on a screen with a high-intensity projection
monitor (Proxima 5900). A lens collimated light from the screen for transmission
through an interference filter, a polarizing filter, the SLM, and a 12 mm diameter
aperture to mask the active area in the SLM. A pair of relay lenses imaged the
SLM in the eye’s pupil plane with a magnification factor of 0.25. This reduced
the image of the SLM formed in the eye's entrance pupil to 3mm in diameter.

interference  o1arizer SLM aperture

filter
Lens 1 Lens2 Eye
eye f1:f2 = 41 ophthalmic
chart lens

Figure 1. Schematic diagram of experimental apparatus.
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Ophthalmic lenses were placed immediately in front of the eye to optimally correct
focus and astigmatic refractive errors. In Experiment #1, the same refractive error
was induced with either the SLM or an additional ophthalmic lens so their effects
on visual acuity could be compared. In Experiment #2 the power of the SLM was
of equal magnitude but opposite sign to that of the added ophthalmic lens. The
observer's task was to read the letters of the eye chart, which were calibrated in
terms of their angular subtense measured from the center of the eye's pupil. Target
luminance as seen by the observer was 20 cd/m’.

3 Results

The results of Experiment #1, shown in Fig. 2, indicate that visual acuity
declines as a result of induced refractive error by about the same amount regardless
of the source of the error. Although the absolute levels of acuity achieved by the
two observers were slightly different, the level of visual performance that could be
achieved when viewing through a blurring lens was nearly the same as when
viewing through an SLM programmed to deliver the same amount of defocus.

15
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Figure 2. Effect on visual acuity of refractive error
induced by SLM or lens.
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Figure 3. Effect on visual acuity of residual refractive
error following correction by SLM.

The results of Experiment #2, shown in Fig. 3, indicate that the SLM
effectively neutralizes the refractive error induced by the ophthalmic lens provided
that the lens power is no larger than 1.5 diopters. For both subjects acuity
remained near the normal level of 20/20 (6/6 metric) when the refractive error
induced by the ophthalmic lens was corrected by the SLM. However, when the
induced refractive error exceeded 1.5 diopters, acuity fell rapidly.

4 Discussion

To investigate the probable cause of the decline in visual acuity that occurs for
larger refractive errors, we measured the point spread function (PSF) of the system
by replacing the observer's eye with a model eye consisting of a video camera with
a high quality photographic lens. The eye chart was replaced by a point source of
light placed at the focal point of a collimating lens. This point source was the
25 pm pinhole of a conventional spatial filter illuminated by 580 nm light from a
monochromator. As in the previous experiments, an ophthalmic lens was used to
induce a refractive error in the model eye and this error was corrected by the SLM.
The recorded image of the pinhole for a series of induced refractive errors is shown
in Fig. 4. Also shown are computer simulations of the SLM when programmed to
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correct the induced error. These results show that when the SLM is programmed
to produce larger amounts of focusing power the PSF becomes multi-modal as
more energy is diffracted into the higher orders. These effects may be traced to
undersampling of the desired wavefront due to the low spatial density of the SLM.

Figure 4. Point spread functions of model eye (bottorn row)
when refractive error is corrected by the SLM (upper row).

The effect of a multimodal PSF on the retinal image of the eye chart is shown
in Fig. 5. Multiple copies of the image are present, each displaced slightly
according to the hexagonal pattern of spots in the PSF. For low power conditions
the secondary images are of low contrast and do not interfere greatly with the
visibility of the primary image. However, as the SLM power increases so does the
contrast of the secondary images and eventually these overlapping secondary
images have a strong masking effect which severely limits visual performance.
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REQUIREMENTS FOR SEGMENTED SPATIAL LIGHT MODULATORS
FOR DIFFRA CTION-LIMITED IMAGING THROUGH ABERRATED
EYES

DONALD T. MILLER, XIN HONG AND LARRY N. THIBOS

Vision Science Group, Indiana University School of Optometry, Bloomington IN 47405, USA,
E-mail: dtmiller@indiana.edu

Spatial light modulators (SLMs) have not yet provided diffraction-limited imaging through
the human eye’s ocular media. To guide future improvements in SLM designs that might
enable such imaging, we have modeled the performance of hexagonally- and square-packed
configurations of segmented SLMs in conjunction with measured wave aberration data of
normal human eyes. The model included the effects of pupil size, number and arrangement of
actuators, and mono- and poly-chromatic light. Results indicate that diffraction-limited
performance should be attainable for medium sized pupils with existing, commercial SLMs.
The required segment density was found to be substantially higher at the pupil’s edge than at
its center. In polychromatic light, SLM performance at large pupil sizes was found to be
limited more by phase wrapping than material dispersion of the corrector. Both, however,
were substantially less degrading than the naturally occurring longitudinal chromatic
aberration of the human eye.

1 Imtroduction

Recently, adaptive optics[1] has been used to correct the wave aberrations of the
living human eye. The first attempt employed a 13-actuator segmented mirror[2].
Correction was limited to the astigmatism in one subject’s eye, based on a
conventional prescription. Correction to higher-order aberrations was first realized
with a 37-actuator deformable mirror coupled to a Hartmann-Shack wavefront
sensor[3]. Liquid crystal spatial light modulators (LC-SLMs) have also been
investigated for correction of prism, defocus and astigmatism({4], as well as the full
wave aberrations of the eye[5]. Membrane mirrors are just beginning to be
explored[6]. None of these corrector devices, however, have yet to provide
diffraction-limited imaging in the human eye for large pupils. More over, the
characteristics of the correcting device, such as actuator number, that are required to
achieve diffraction-limited imaging have not been determined. This precludes
optimally matching corrector performance and cost to that required of a particular
imaging task in the eye. In addition, lack of corrector requirements has stymied
improvements in corrector design that could enable diffraction-limited imaging. To
address this problem for segmented SLMs, we have modeled the SLMs’
performance in conjunction with measured wave aberration data of normal human
eyes.
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2 Methods

At present, no analytic model exists for characterizing the impact of ocular
aberrations on image quality. This is unlike the situation for imaging through
atmospheric turbulence, which has well developed theoretical models that are
rooted in the fundamental mechanisms of turbulence. Without such models
available, our approach was to simulate the imaging process through the eye and
SLM using measured wave aberration data of normal human eyes in conjunction
with an optical model for segmented SLMs. The simulation included the effects of
pupil size D (0 to 8 mm); facet number (0 to 72 facets across pupil diameter);
actuator arrangement (hexagonally- and square-packing); and mono- and poly-
chromatic light (0.4 to 1.0 um). The test object for the simulation was taken to be a
point source, and the Strehl ratio was used as the figure of merit. The Strehl ratio is
defined as the ratio of the light intensity at the peak of the diffraction pattern of an
aberrated image to that at the peak of an aberration-free image. Generally, an optical
system is considered to be diffraction-limited if it has a Strehl ratio > 0.8.

A Hartmann-Shack wavefront sensor using a 632.8 nm HeNe laser measured
the local wavefront slopes at 177 locations across a 6 mm pupil in 12 subjects with
spectacle correction in place. The lowest 66 Zernike modes of the wave aberration
were reconstructed from the slope measurements. All subjects had normal corrected
vision and ranged from 12 to 50 years of age. The subjects’ line of sight was
centered along the optical axis of the sensor with the aid of a dental impression
attached to an x-y-z translation stage, which held the subject’s head fixed. The
subject fixated on a white-light target. No topical drugs were administered.
Measurements typically consisted of illuminating the eye for 0.2 seconds with a
total exposure energy of 2 pjoules, which is about 200 times below the ANSI
maximum permissible exposure[7].

The SLM model was designed to be representative of both reflective and
transmissive devices, such as segmented micromirrors and LC arrays, respectively.
The model consisted of a two-dimensional array of segmented facets with each facet
restricted to modulating only the piston component of the local wavefront. Facet
inter-spacing was r,. The facets completely covered the circular pupil of the imaging
system and provided a 100% fill factor (i.e. no gaps between adjacent facets). Facet
number was specified by the number of facets across the pupil diameter, D/r,. The
phase profile of the SLM, for correcting a specific aberrated wavefront, was
determined by setting the phase of each facet to minus the average wavefront phase
incident on the facet[8].

To evaluate SLM performance in polychromatic light, the simulation included
the effects of material dispersion and phase wrapping in the SLM, and the
longitudinal chromatic aberration (LCA) of the eye. Transverse chromatic
aberration was assumed negligible as alignment was taken to be along the eye’s
visual axis.
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3 Aberration correction in monochromatic light

Figure 2 shows the corrected Strehl for hexagonally- and square-packed SLM arrays
as a function of D/r, for a 6 mm pupil and 0.6 um wavelength. All four curves are of
 similar shape. The Strehl rises sharply at low facet numbers (D/r; < 12) followed by
a gradual rise converging to one at larger values. The figure shows the pronounced
debilitating effect of the residual astigmatism and defocus, left uncorrected by trial
lenses. Average values for defocus and astigmatism across the 12 subjects were 0.09
and 0.15 diopters, respectively. A corrected Strehl of 0.8 required four times more
facets with astigmatism and defocus present than without. For a Strehl of 0.8, D/r; is
predicted to be slightly higher for the square configuration (21.7 and 49.2 square
facets versus 20.1 and 45.0 hexagonal facets for the two astigmatic and defocus
cases). This is not unexpected as facet density is lower for the square array for the
same D/r, value. The total number of facets across the whole pupil, however, is
found to be essentially the same for the two configurations (440 and 1,860 hex
facets compared to 460 and 1,890 square facets). This is in agreement with the
general rule that wavefront correction is primarily determined by the total degrees
of freedom of the SLM with other factors, such as facet arrangement, playing a

secondary role.
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Figure 2. Corrected Strehl ratio for (solid) hexagonally- and (dashed) square-packed SLM configurations
as a function of facet number. Pupil diameter and A were set to 6 mm and 0.6 um, respectively. Top two
curves have defocus and astigmatism removed. Bottom two curves contain the residual amount of
defocus and astigmatism uncorrected by trial lenses. Error bars represent +1 standard deviation across the
12 subjects.
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Pupil size and wavelength are two key parameters that can strongly influence SLM
performance. To guide the design of SLMs for use with the eye at various pupil
sizes and wavelengths, simulations were conducted to predict SLM performance
along two orthogonal axes in D-A space. The two axes chosen were A4 = 0.6 pm and
D = 6 mm. Figure 3 shows the number of facets needed to achieve a corrected
Strehl of 0.8 along these two axes. At small to medium pupil diameters (< 4 mm),
D/r; need not be larger than 15, which can be realized with existing, commercial
devices. Fitting the simulation results to a third-order polynomial, allows D/r; to be
calculated at any pupil diameter ranging from zero to the
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Figure 3. Number of facets required to achieve diffraction-limited imaging (Strehl = 0.8) along two
orthogonal axes in DA space. The two axes are (left plot) 4 = 0.6 pm and (right plot) D = 6 mm.
Simulation results were fit to A" and third-order polynomial functions.

maximum physiological size of 8 mm. Interestingly, the polynomial curve is not
linear, which it would be for the case of Kolmogorov turbulence. This implies that if
a Fried’s parameter could be developed for the human eye, it would be dependent
on pupil position with a larger Fried’s parameter near the pupil center and
progressively smaller values at increasingly larger pupil eccentricities. This suggests
non-uniform facet dimensions with larger facets in the middle and smaller at the
edge. The second plot of Figure 3 shows the dependence of D/r, with wavelength.
As expected, wavefront correction at shorter wavelengths requires more facets than
at longer wavelengths to achieve the same imaging performance. Unexpected was
the close fit of the required correction to a A% curve, which is the wavelength
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dependence of D/r, for Kolmogorov turbulence. A slightly better fit was achieved
with an exponential function.

It is not known if D/r; for the eye can be mathematically expressed as separate
D and A functions, i.e. D/r, = Fi(D)*Fy(A), as is the case for Kolmogorov
turbulence. If true, the fitted curves along the two orthogonal axes in Figure 3 could
be combined to determine D/r; for any D and A combination. As an initial attempt to
assess the legitimacy of Fy(D)*F,(1), we obtained estimates of D/r; using both the
simulation and F;(D)*F,(A) expression for several D and A combinations. None of
the D-A combinations coincided with the D = 6 mm or A = 0.6 mm axes. The
percent difference between estimates was found to be no greater than 20%, lending
support for separate D and A functions for at least the D—A combinations considered
here.

4  Aberration correction in polychromatic light

Material dispersion and phase wrapping are the two primary characteristics of
SLM:s that reduce SLM performance in polychromatic light. The induced dispersion
in liquid crystal arrays is that of the liquid crystal material itself. The most
commonly used liquid crystal materjal in LC-SLMs is E-7 and was therefore chosen
as the representative material in the simulation. Mirror correctors have no dispersion
— an advantage of these devices. Phase wrapping was restricted to modulo 27 as it is
often required in commercial SLMs. It also provides the worst-case scenario as 27
wrapping represents the smallest phase retardation that still allows full correction at
the design wavelength.

Figure 4 shows the performance of four types of SLMs used to correct the wave
aberrations of the 12 subjects. The corrector types correspond to the four possible
combinations of dispersion and phase wrapping. The effect of facet number was
eliminated by reducing facet size to a single pixel. As shown in Figure 4, perfect
correction occurred for the SLM type having no phase wrapping and no dispersion.
An example would be a segmented mirror with actuator stroke greater than the
peak-to-valley of all 12 aberrated wavefronts. Introducing the liquid crystal material
E-7 caused the corrected Strehl to fall sharply at wavelengths below 0.55 microns.
A gradual monotonic decrease occurred at longer wavelengths. 21 phase wrapping
present in the final two corrector types was found to be the clear limiting factor that
restricted spectral range, reducing the full width at half height (FWHH) of the
corrected Strehl to about 125 nm. However, this restriction is only important if the
spectral performance of the human eye is wider. The solid curve in Figure 7 reflects
the performance of the diffraction-limited eye corrupted only by the typical amount
of LCA. The FWHH of this curve is only 20 nm, five times less than that of a
phase-wrapped SLM.
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Figure 4. SLM performance in polychromatic light. The dashed curves represent the performance of
SLM types that correspond to the four possible combinations of dispersion and phase wrapping.
Dispersion was that of the liquid crystal material E-7. Phase wrapping was modulo 27. The design
wavelength was 0.6 pum and the pupil size 6 mm. The solid curve is the performance of the diffraction-
limited eye corrupted only by longitudinal chromatic aberration.
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MEASUREMENT OF THE EYE’S ABERRATIONS IN VIVO
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France

An optical system used to measure aberrations in human eyes is proposed.
A monochromatic light spot illuminates the retina and a Shack-Hartmann
wave-front sensor analyses the backscattered light. The wave-front analysis
is based on a modal wavefront estimation, using the Zernike polynomials.
An adjustable diaphragm allows to change the diameter of the incoming
probe-beam. With this experiment, it is shown that one can obtain in vivo a
relatively repeatable measurement of the astigmatism and defocus of the
eye.

1 Introduction

The possibility of measuring the eye’s aberrations opens up many ways in
physiological optics: for instance, the study of the objective improvement of vision
after refractive surgery. However, our work is in keeping with a more general plan:
high-resolution imaging of the retina by using adaptive optics. Before correcting the
eye’s aberrations, it seems to be interesting, if not necessary, to measure them
correctly, which is the aim of the present paper. An autorefracto-keratometer is used
to validate Shack-Hartmann (SH) measurements with two different sizes of beam.

2 Experimental setup

We illuminate the retina with a monochromatic light spot, and analyse the
backscattered light with a SH wavefront sensor using a Zernike polynomial
decomposition, in order to derive the overall aberrations of the eye. The following
figure shows the experimental setup. The exit pupil of the eye is conjugated with the
array of microlenses. The laser beam (632.8 nm) is spatially filtered and expanded
into a plane wave. An iris is used to control the size of the illuminated pupil. The
parallel beam is brought to focus orf the retina. To stabilize both the eye orientation
and accommodation, a target at infinity can be provided to the patient through a
point source at lens L2 focus. The backscattered light forms a distorted wavefront at
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the eye’s exit. The incoming light is linearly polarized and a beamsplitter cube
keeps only the backscattered perpendicular polarization. A final analyser rejects any
additional scattered light. The SH pattern is received by a high-sensitivity CCD
camera ( Hi-SIS22) with 12 electrons rms read-out-noise.
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OPTICAL DESIGN

The wave front analysis is based on a modal wave front estimation. The normal
difference to the perfect wave is assumed to be expressed by : Ak = Eai -Z, (D),
i

whereZi is the i" Zernike polynomial, a, is the i Zernike coefficient. The
variation of Ak along x and y gives us the local angles 8, and 6, :
Ah(x+dx,y)— Ah(x, o(Ah
an(@,) = 0, = 2EF D) = Milxy) _ olah)
dx ox
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In the focal plane of each microlens m, we observe a mean shift of the light
spots center of gravity:

&,=f6,),=f <2a -%it>m and &y, = £-(6,) =f <2a %Z;>

m

f is the micro-lenses’ focal length.
After some mathematical developments, we obtain :

[6]= 1 -[AZ]-[a] (1)
with
[&, ]

5 ozl (/) © o

5 oz ) (0. )
(5= 5 | and [AZ]=:<az1/§x> (9,1 )
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and [a]=:a2:

By inversion of the relation (1) (svd method), we get the Zernike a; coefficients
which characterize the different aberrations :

[a]=—}-[AZ]-[5] o)

The software we developed calculates the matrix [AZ], and from the measurements
of the spots shifts on the CCD ( matrix [d] ), we obtain [a].

In order to recover exclusively the Zernike coefficients corresponding to the eye’s
aberrations, we have to subtract the aberrations introduced by the optical
components of the setup : to do so, we put a flat mirror in the eye’s place and
evaluate the Zernike coefficients derived from the so acquired Shack-Hartmann
picture.

Three almost emmetropic eyes were assessed: K.N. 31 years old, D. F. 31 years old,
L.N. 28 years old.

We did the experiments in a dark room. The pupils of the subjects were dilated with
Tropicarxa.mide® (2 drops in each eye), so their accomodation was partially inhibited
and the resulting pupil diameter was about 8 mm. The maximum power reaching the
eye was 1 pyW.
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In the first series of experiments, the diameter of the laser beam entering the eye
was 8 mm ( so called double pass procedure, DP). The acquisition time of the
picture on the CCD was about 400 ms.

In the second series, the diameter of the beam was 1 mm (so called simple pass,
SP), and the acquisition time was 1 s.

3  Results

We obtained the 8 first Zernike coefficients for each eye. Since the coefficients a;
and a, represent the overall tilt of the wavefront, they are of no importance to the
optical performance and can be ignored. We further derived the values of defocus
and astigmatism in diopters (dt) and compared them with the clinical refraction
correction determined on the same subject for small pupil size with an autorefracto-
keratometer (A.R.K.). The results are shown in the following tables :

Table 1. Comparison of defocus and astigmatism (SH and A.R.K.)

K.N.
SH A.RK.
RE (Right eye) | LE (Left eye) RE LE
DP SP DP SP
Def(dt 0 -0.3 -0.5 0.3 | -0.25 0.5
) .
Cyldt | 0.3 0.15 0.3 <0.1 0.5 0
)
Axis(® 68 100 94 96 90 0
)
D.F.
SH A.RK.
RE LE RE LE

DP SP DpP SP
Defoc | 0.8 04 0.8 0.6 0.75 1

us
Cylind| <0.1 | <0.15 | <0.1 | 0.15 0 0
er
Axis 60 100 90 65 0 0
LN.
SH A.RK
RE LE RE LE

DP SP DP SP
Defoc | 0.50 | 035 | 040 | <0.10 | 0.75 | 0.25




us

Cylind
er

020 | 0.15

0.25

0.20 0

0.25

Axis

88 86

100 55 0

165

73

Table 2. The 8 first Zernike polynomials (p and ¢ are the normalized polar

coordinates of a point in the plane of the exit pupil)

Z Polynomials names

3 20" -1 Focus

4 p’cos2¢ Astigmatism

5 o’ sin2¢ Astigmatism

6 (3 ,02 _ 2)0 cosg Coma

7 (3 o - 2)/) sin ¢ Coma

8 60" —60" +1 3™ order spherical aberration

Table 3. Higher order aberration (SH derivation)

Zernike K.N.
(um)
DP SP
RE LE RE LE
Z; 0.02 -0.66 -1.11 -1.11
Y -1.14 -0.88 -0.34 -0.12
Zs 0.25 -0.66 -0.45 -0.11
Zg 0.05 varying varying varying
Z; -0.21 varying 0.09 varying
Zs -0.21 -1.01 -0.21 -0.50
D.F.
DP Sp
RE LE RE LE
Zs 2.92 3.01 1.53 2.20
Z4 varying 0.13 -0.12 -1.06
Zs 0.92 -0.25 -0.30 0.44
Zs 0.37 0.55 varying 0.07
Z; 0.32 -0.32 -0.09 0.44
Zg 0.46 0.57 0 0.02
LN.
DP | SP
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RE LE RE LE
Y 1.76 1.32 1.41 0.21
Z 0.80 0.76 -0.55 0.76
Zs 041 0.94 -0.23 0.74
Zs varying varying varying varying
Z; 0.20 varying 0.18 varying
Zg 0.28 -0.02 0.32 -0.32

NB : each value is the average of results derived from 4 samples.

Two typical Shack-Hartmann patterns obtained:

Right eye in DP
for subject D.F.

Right eye in SP
for subject D.F.

4 Discussion

In the first table, the good agreement between the three sets of values for
astigmatism seems to demonstrate a satisfactory behavior for the whole procedure.
Our results are in accordance with those of Liang [1] with the following exceptions :
-The repeatability in our experiments is worse. It is probably due to the fact that
their images were preprocessed before being analysed.

-Liang and al used 5 Zernike polynomials to split the wave aberration, whereas we
use 8. :

The autorefractokeratometer seems to be less sensitive than the Shack-Hartmann
wavefront sensor in the evaluation of astigmatism. The values of defocus are similar
with both instruments but are always a bit smaller for the Shack-Hartmann. An
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offset of about 0,3 diopters exists between the derived defocus and the clinical one.
It could be due to a slight misfit between the physical size of the lenslet array and
the size assumed in the software (which requires an integer truncation).

In the third table, we note that the differences between simple and double pass
are the lowest for defocus. For this aberration (Z5), the ratio SP coefficient /DP
coefficient is between 0.15 to 1.68 (with a bad value of —55.5). This fact shows that
the difference between simple and double pass procedure for the estimation of the
defocus coefficient is quite small.

If the retina were behaving like a mirror, most of the 8 first Zernike coefficients
would be cancelled in the two passes (as mentioned by Liang). In practice, it is not
true: the coma coefficient especially is even varying a lot. This is probably due to
difficulties in properly centering the eye (centering problems generate coma), and to
the irregular and granular structure of the fundus of the eye (a phase structure
information could add up to the phase aberration information).

The similar diameter of the spots in both series of experiments (SP and DP)
proves that the limiting constraint is not the diffraction but the statical aberrations
and the inhomogeneities of the eye. J.C. He and al introduce their article by
mentioning the same remark [2].

The correct display of the signal (spots) shows that the power entering the
eyes is high enough for good signal-to-noise ratio and all lenslets are illuminated
(9x9 pattern). However, some characteristics of the SH pictures restrict the
conclusions that can be drawn from those first series of experiments. From now on,
we have to determine which elements can be improved and which represent an
intrinsic limit of the method. ,

- Individual sub-pupils images present a significant uniform background, probably
due to incomplete rejection of cornea reflection and/or scattered light.

- The illumination of the sub-pupils is clearly inhomogeneous. This phenomenon
appears clearly on the pictures obtained by the double pass method. It could be
related to the retina polarizing properties (Haidinger’s brushes), or to the surface
state at the focusing point (anisotropic scattering pattern), or be a manifestation of
the Stiles Crawford effect.

The pupil’s outline seems to be very irregular and bright, especially in a zone
corresponding to the pupil’s lower part ; this could be due to the lachrymal river as
it is located at the same place.

5 Future development

This experiment is a first step in the development of a closed-loop adaptive system
to image the retina, using a CILAS 13-actuators correcting mirror. But we have to
find a way to improve the repeatability of the measurements, otherwise it will be
difficult to integrate the closed-loop in the current design.
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Multi-photon scanning confocal microscopy with extremely short optical puls-
es (10fs) requires reflective optics, and ultimately requires control of the spatial
wavefront in order to achieve diffraction-limited performance. We have demon-
strated the use of a deformable mirror to adaptively optimize the focusing of a
10fs pulse in a scanning confocal microscope. We optimize the second harmonic
generation or the two photon fluorescence signal from our sample using a feedback
loop based on a genetic algorithm. To improve the speed of the convergence of our
algorithm we use a Zernike orthogonal basis to control the deformable mirror.

1 Introduction

Two-photon fluorescence microscope has improved the resolution of confocal
microscopy 2. 2D and 3D imaging with these systems are extensively used
for biological and medical research. Important issues for those systems include
the time needed to get an image, and whether or not it is possible to scan
the sample in front of the microscope. Laser scanning, instead of sample
scanning, allows a faster scanning speed and avoids moving the sample. The
laser scanning imaging area is also limited by off-axis aberrations induced by
the objective. A conventional way to correct for aberrations is the use of plan
objectives that are specially designed for this application.

We propose a setup that uses an uncorrected objective coupled with an
adaptive optic system to correct for off-axis aberrations. Taking advantage
of the latest development in adaptive optical materials, we use a computer
controlled deformable mirror as a wavefront shaper for our system.

As a demonstration system, our objective is a large aperture f:1 parabolic
mirror allowing a 1um pixel resolution and no chromatic aberration. We have
experimentally demonstrated an increase of the scanning area of about 10
times allowing an image area of 150x150 1um pixels.
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Figure 1. The experimental setup.

2 Experimental setup

The experimental setup is sketched in Fig. 1. The two-photon excitation
wavelength is 800nm. It is provided by a Ti:Sapphire laser oscillator of 10fs
duration and a repetition rate of 80MHz. The beam is expanded, using a
telescope (f1,f2), to match the size of the deformable mirror. It is then ex-
panded again to match the 25.4mm diameter of the f:1 parabola. The second
telescope (f3,f4) is also used for the scanning.

For this demonstration we have chosen a large aperture f:1 parabola for
the objective. Being a mirror, the parabola is free of chromatic aberration.
The parabola is also well suited for femtosecond pulses as it does not affect
the chirp of the pulse.

The deformable mirror is a micromachined silicon membrane mirror with
37 electrostatic actuators 3. The shape of the mirror is computer driven, using
a home-made Labview code. The deformable mirror is imaged on the parabola
by the (f3,fs) telescope, so that the wavefront change introduce by the defor-
mation of the mirror will correspond to a wavefront change on the parabola,
without amplitude modulation. Then, the parabola focuses the pulses with
corrected wavefront in the sample, allowing a diffraction limited spot size.

3 Adaptive aberration correction

Most aberration correction systems first measure the wavefront with a wave-
front sensor, then calculate the correction to apply on the adaptive optic. Our
system can find the right correction to apply on the mirror without knowing
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anything about the wavefront of the laser on the parabola.

The correction signal we are using is the two-photon fluorescence intensity
or the second harmonic intensity (depending on the sample) generated by
the sample at the focus spot of the objective. We assume that this signal
will increase with the square of the power density of the laser, and that the
maximum power density is achieved for a diffraction limited spot size.

For finding the appropriate mirror shape out of the two-photon intensity
signal we use an evolutionary algorithm (EA). These algorithms are often used
for optimization of non-linear systems with a large number of variables 458,
The EA used for our system is a genetic algorithm. A genetic algorithm is
a model of machine learning which derives its behavior from a metaphor of
some of the mechanisms of evolution in nature . This is done by the creation
within a system of a population of individuals represented by chromosomes.
The population then goes through a process of evolution. Considering our
aberrations correction problem, our individuals correspond to mirror shapes.
And the chromosomes of each individual are coding the position of each ac-
tuator of the mirror. Each individual is then composed of 37 chromosomes.
The trial population for our system is composed of one hundred individuals
(or mirror shape).

This population of mirror shapes corresponds to generation zero of the
evolution of the system. To start the evolution process, we test each indi-
vidual on the system. The mirror shape corresponding to each individual is
applied to the deformable mirror and we then measure the second harmonic
intensity from the sample. This signal gives the fitness of each individual of
the population. We then select the ten best individuals of this population
according to there fitness. Those chosen ones become the parents of the next
generation.

The next generation is obtained by randomly crossing the chromosomes
of the parents to create a new population of one hundred individuals. Every
individual in this generation looks like its parents and allows the convergence
to the optimum individual or mirror shape that will correct all aberrations
in the system. To introduce some diversity in the system, all children have
a small probability to mutate. A mutation is a random chromosome change.
This is a way, for the population, to avoid local solution to the problem by
randomly exploring the space of the system. This generation is then tested
on the system, ten best individuals are selected, that will become the parents
of the next generation.

This algorithm allows our system to find a wavefront correction that will
give a diffraction limited spot size for each scanning position. It takes a
maximum of fifteen generations for the algorithm to converge to a solution,
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and it takes three minutes for the system to go through those generations;
this time is determined by the 1us response time of the deformable mirror.

To speed-up the process, we have reduced the size of the chromosome
basis. Even if the 37-actuators basis seems logical for our system, we still
have to remember that the system is dealing with wavefront aberrations, and
that an optimized basis exist to describe those aberrations. The Zernike
polynomials are the most reliable way to describe wavefront aberrations and
there properties are well suited to our problem 7. The Zernike polynomials
describes aberrations in a disk surface that can be the one of the deformable
mirror or the aperture of the parabola. The Zernike polynomials define an
orthogonal basis for aberrations within that disk. This orthogonality property
means that each polynomial of the basis is not coupled with the other, * and
when one use N polynomials it defines a true N dimension basis.
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We now consider that the chromosomes of each individual in our system
represent a Zernike polynomial amplitude, instead of an actuator position.
According to the maximum spatial frequency that can be reproduced on the
mirror, we have limited our Zernike polynomial basis to the four first orders
of polynomials (except the zero order corresponding to the piston). Conse-
quently, the corresponding basis is a true fourteen dimensional basis. The
chromosome basis has changed from a non-orthogonal thirty seven dimension
basis to an orthogonal fourteen dimension basis. Having fewer chromosomes
to deal with, and having no coupling between them, makes the job easier for
the genetic algorithm and we have speeded-up the correction time to less than
a minute, or five generations as shown on Fig. 2.

4 Experimental results

With the microscope setup presented above, we are able to correct aberration
introduced by the parabola during the scanning process. The diffraction lim-
ited spot achievable with the top hat pulse mode and the f:1 parabola has a
1.1pym diameter. The measured spot diameter is 1.0 £ 0.5um on axis and in
the corrected scanning area. '

Each correction of the wavefront is stored in a database and can be re-
called during scanning of samples. Each element of the database contains
information on the location of the corrected points, and the corresponding
voltages to apply to the deformable mirror. The database allows a fast scan-
ning rate, that can ultimately match the standard video rate if the scanning
machinery is fast enough.

The adaptive part of the system is versatile enough so that the parabola
can be replaced by any objective. Changing the objective will just imply that
the learning system will have to find a new database before being able to
record images.
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A confocal microscope offers superior imaging compared to a conventional optical microscope.
However most confocal microscopes operate in reflection because of the imaging difficulties
caused by aberrations induced by the specimen itself. Work at the University of Sydney has
focussed recently on overcoming these problems and constructing a practical confocal
transmission microscope. We have demonstrated image improvement by removing image
motion in real time using a tip-tilt mirror, and in post-processing of CCD images. Other low
order aberration correction requires a wavefront sensing technique appropriate to the confocal
situation and a device to provide the correction, both of which are also being investigated.

1 Introduction

A confocal microscope delivers superior imaging over a conventional microscope
‘in both resolution and the ability to optically section specimens (i.e. to image a
single plane within the specimen). These capabilities stem from the strong
rejection of multiply scattered light even in thick, highly scattering media. This
sectioning ability makes it possible to record a collection of adjacent planes of
focus and process them into a full 3D image.

The confocal optical design delivers a focussed spot of light into the specimen
and relays that spot to a pinhole aperture in front of a detector. The confocal image
then consists of point-by-point measurements of the transmitted (or reflected) light
as the specimen is raster scanned under the fixed illumination path. The fixed
light path in our system eliminates variable off-axis aberrations such as field
curvature and coma that are characteristic of beam-scanning confocal designs.

When specimens thicker than about ~5 pm are imaged in transmission, the
focussed image spot is often deflected off-axis by refractive index structures within
the specimen, causing it to miss the detector pinhole. Thus the information
conveyed by the signal amplitude (e.g. absorption or phase change in the specimen,
depending on the imaging mode) is lost. This produces erroneous dark regions in
the image and makes it virtually impossible to use a fixed pinhole arrangement.
This effect does not arise in reflection because tilt effects introduced when the light
enters the specimen tend to be cancelled out when the beam reflects back along
essentially the same path. Apart from image motion, further aberrations may also
be introduced which deform the ideal Airy pattern on the detector pinhole and
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thereby alter the detected signal. Of course, each of these aberrations itself carries
information about structure within the specimen if it can be interpreted.

Because of these difficulties, there are currently no commercial confocal
transmission microscopes. However operation in transmission offers several
advantages, such as the ability to provide phase information, not available in
reflection. Conventional optical microscopes are more often used in transmission
and it is clearly desirable to do the same for confocal microscopes.

Over the last few years we have developed a confocal microscope system to
explore confocal imaging in both reflection and transmission [1,2]. We have
obtained confocal transmission images, including differential interference contrast
(DIC), from thin samples. The images exhibit improved imaging performance
compared with non-confocal imaging. Ultimately our interest lies in imaging thick
objects in three dimensions under multiple scattering conditions. However, as the
imaging is moved deeper into the specimen, the image quality is reduced for each
successive plane. In order to obtain high-resolution transmission images of a thick
specimen it is essential to use Adaptive Optics (AO) techniques to compensate for
the aberrations introduced by the specimen itself [3,4].

2 Tip/tilt correction of image motion

The first and simplest step in most AO systems is the elimination of image
motion. In confocal transmission imaging, this motion can be tens of microns in a
highly structured part of the specimen, much larger than the detector pinhole.

In order to correct image motion we have implemented a closed loop tip-tilt
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Figure 1. Confocal microscope incorporating tip-tilt AO components.
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servo in our confocal system, as illustrated in Figure 1. The tip-tilt system consists
of a Position Sensing Detector (PSD) whose output drives a fast piezoelectrically
mounted mirror. Any displacement of the image centroid as determined by the
PSD produces a control voltage which causes the piezo to deflect the beam back on
axis.

This layout permits simultaneous acquisition of tilt-corrected and uncorrected
images. Use of a large pinhole in either arm results in conventional rather than
confocal imaging. Figure 2 shows one resulting transmission image set. The first
image was taken using a 200 um pinhole, which simulates the acquisition of a
conventional image. The second image is confocal, without tilt correction. It
shows dark regions at refractive index boundaries, indicating loss of signal due to
aberrations. The third image is a tilt corrected confocal image showing fine detail
in these same regions. It generally has significantly finer lateral resolution than
either the uncorrected or conventional images. These images are 512 x 512 pixels
and took 25 seconds to acquire at a rate of 20 lines per second. This frame rate is
set by the pixel rate which is itself determined by the bandwidth of the tip-tilt servo
- currently up to 1.5 kHz. This highlights the speed limitations of any real-time
AO system.

Figure 2. Conventional, uncorrected confocal and tilt corrected confocal images of a kangaroo rat kidney
cell. Each image is 75 microns across.

3 Using a CCD to create a ‘virtual pinhole’

In 1992 [1,3] we first proposed the idea of replacing the physical pinhole
found in all confocal systems with a ‘virtual pinhole’ formed from selected pixels
of a CCD array. Although not really an AO technique, this approach has an
obvious application in replacing the more complex tip-tilt correction. For each
image, a ‘virtual pinhole’ of any desired size can be defined and moved from frame
to frame as the focussed spot moves. Experiments to date have been limited to
single pixel ‘virtual pinholes’ selected to be the maximum value within each CCD
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frame. Figure 3 illustrates the ability to eliminate loss of confocal signal caused by
motion of the focussed spot. It was taken with a Dalsa 64x64 CCD camera,
operating at up to 400 Hz frame rate. The benefit of maximum detection is very
similar to that from tip-tilt correction, although it is not strictly equivalent to the
centroiding employed in the PSD. Centroiding could, of course, be performed
using an appropriate algorithm, with an arbitrary size ‘virtual pinhole’ defined
around the centroid.

Figure 3. Algae seen in transmission differential interference contrast (DIC) imaging. (a) conventional, (b)
on-axis single pixel, (c) maximum value pixel. The white square in (b) blocks a region of extreme
brightness. Arrows highlight a region where the images show significant differences.

Apart from simply displacing the focussed spot, other aberrations introduced
by the specimen will deform the ideal Airy disk. In a fixed pinhole system this is
ignored and light from the diffraction maximum is assumed to be a reliable
measure of structure within the specimen at the focal plane. With a CCD,
deformation of the Airy disk is recorded and the information it contains can be
used to understand the aberration and the structures which produced it.

For example, defocus of the spot in the CCD image indicates variation in the
optical path length through different parts of the specimen. If this occurs on the
transmitted (output) side of the specimen it can be simply corrected by refocussing
the output microscope objective. If it occurs on the illumination (input) side of the
specimen it indicates movement of the focal plane within the specimen and will
lead to incorrect placement of features in depth in the confocal data set.
Monitoring in both reflection and transmission or in double-pass through the
specimen may be required to discern between these two possibilities.

Of the other low order aberrations, spherical aberration is the most important.
It increases as the focal plane is moved deeper into the specimen because of the
overlying material in the optical path. Quite small amounts of spherical aberration
will clearly degrade image performance, more so in depth than in the transverse
direction [5]. We have partially corrected this effect using available meniscus
lenses, but it could clearly be monitored and corrected in real-time with a suitable
AQ wavefront sensor and phase modulator.




4 Low order correction

Most AO systems employ a Shack-Hartmann wavefront sensor which allows
reconstruction of the wavefront from tilt measurements across individual sub-
apertures. These individual measurements are made using centroiding detectors
like the PSD described earlier. An alternative is the curvature sensor [6] which
measures wavefront curvature across sub-apertures. This is achieved by making
intensity measurements of extra-focal images, symmetrically either side of a focal
point. Curvature sensing works well in astronomical AO, but our experiments
indicate that the strong diffraction effects in confocal microscopy defeat this
approach.

More recently we have begun to test a related technique based on the
Transport of Intensity Equation (TIE) [7]. This involves taking images at focus
and symmetrically on either side. It assumes the paraxial approximation but
makes no geometrical optics approximations. Most of the computation is done in
Fourier space where the technique fast and easy. Initial results using a CCD are
promising and testing in the confocal system is now proceeding.

The other critical element of an AO system is the phase modulator. Typically
this is a deformable mirror with >20 sub-apertures driven by peizoelectric
actuators. These mirrors work successfully in astronomical applications, but they
are very costly - more than the confocal microscope itself. We have been exploring
a lower cost option - a bimorph mirror featuring a small number of controlled sub-
apertures which is more appropriate to the level of correction likely in a confocal
system.

The bimorph mirror is made from two piezoelectic wafers and is controlled by
a pattern of electrodes on one of the wafers [8]. This has recently been tested in
the confocal microscope in an arrangement similar to that illustrated for the tip-tilt
mirror in Figure 1. The beam was expanded to match the 35 mm beam diameter of
the bimorph mirror. A fast wavefront sensor was not available and so wavefront
aberrations were measured using a conventional phase-shifting interferometry
technique (which is itself a challenge in the presence of strong diffraction). Figure
4 illustrates the improvement in the focussed spot delivered to the pinhole.

Figure 4. The aberrated focussed confocal spot (left) was corrected (right) using a bimorph mirror.




90

The Strehl ratio, which measures the power in the diffraction peak of the Airy
pattern, was improved from 0.1 to 0.8 in this experiment.

The bimorph mirror represents just one approach to AO phase modulation.
Non-mechanical devices using liquid crystal phase screens or micro-machined
solid state optical devices are exciting possibilities for the future.

5 Conclusion

Our investigations have shown that it is essential to implement AO if a
confocal microscope is to be operated in transmission. A tip/tilt system on our
microscope has demonstrated improved imaging over an uncorrected system. A
preliminary demonstration of further correction has been achieved using a bimorph
mirror. We are currently investigating alternative approaches to wavefront sensing
in the confocal context.

There remain larger questions to answer such as how to decide where the
aberrations arise within the specimen (before or after the focal plane) and thus
what impact they have on the confocal imaging plane? Also, how do we extract
further information about the specimen from the aberrations themselves?
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ADAPTIVE OPTICS

ROBERT K. TYSON
Department of Physics, University of North Carolina at Charlotte,
9201 University City Blvd., Charlotte, NC 28223 USA

Tactical airborne electro-optical systems are severely constrained by weight, volume, power,
and cost. Micro-electrical-mechanical (MEM) adaptive optics provide a solution that
addresses the engineering realities without compromising spatial and temporal compensation
requirements. Through modeling and analysis, we determined that substantial benefits could
be gained for laser designators, ladar, countermeasures, and missile seekers. The
development potential exists for improving secker imagery, extending countermeasures
keepout range, improving the range for ladar detection and identification, and compensating
for supersonic and hypersonic aircraft boundary layers. Innovative concepts are required for
atmospheric path and boundary layer compensation. We have developed designs that perform
these tasks using high speed scene-based wavefront sensing, IR aerosol laser guide stars, and
extended-object wavefront beacons.

1 Introduction

Electro-optical tactical weapon systems, including infrared imaging seekers, laser
designators, laser radars, and active infrared counterméasures have limitations
dictated by severe combat thermal and vibrational environments. The weapon
performance may be degraded by the constraints on its ability to detect and specify
targets or its ability to accurately aim and project a laser to a target. Fig. 1 shows a
series of image frames taken from a video stream from a seeker, like that used on
the current generation cruise :
missile. The imagery is
transmitted to flight crew for
aimpoint designation and terminal
guidance. Atmospheric turbulence,
in the flight path between the
missile seeker and the target, and
through the aero-optical boundary
layer near the seeker window, can
reduce the spatial resolution and
degrade the performance of the Figgre 1. Detailed analysis of irr‘lagery was used to
system. Improving the imagery or de.fln'e th? leYels .of atmosphe'nc turbulenc.e and
. . . . missile vibration in terms of its effect on image
laser propagation in situations of | g uaity.
severe optical distortion can make
the difference between a successful mission and a failure.
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Conventional adaptive optics systems’ provide possible solutions for compensating
the atmospheric propagation path used in tactical systems. The telescope and the
aperture is usually defined by the operational envelope and packaging constraints.
The sensors are often predetermined for specific missions. The addition of a
wavefront sensor, a deformable mirror, and a control computer complicates the
system. So, the tradeoff is fairly straightforward. If the adaptive optics system can
be integrated into a tactical system, and its weight and power penalty is offset by the
system’s improved performance, it is a viable option for development. The recent
advances in low-cost MEMS deformable mirrors make it possible to develop
electro-optical enhancements with a few hundred channels, which can improve
image resolution with complete system production costs in the range of $1500 per
unit.

2 Missile seeker system analysis

We investigated MEMS optical systems to determine how much image
improvement was possible while remaining low-weight, low-volume, low-power
consumption, and low production cost. We use the resolved scene for wavefront
sensing.  Using digital signal deconvolution of the image and phase error
linearization, we can achieve significant image improvement.

For the analysis, we use knowledge of the environment surrounding the imagery.
We back-calculate that the spatial coherence length of the atmospheric turbulence
~and a characteristic (Greenwood) frequency. In the 8-12 micron band, we
determined that r, =18cm and f;=24Hz were reasonable assumptions for later
bandwidth calculations. This leads to a scaling law calculation of the benefits of
low-cost adaptive optics on the seeker.

A conventional adaptive optics system contains a specific wavefront sensor. When
the light entering the optical system is assumed to be a plane wave with only
correctable aberrations, we assume that the intensity distribution is uniform. That
is, we assume that the system is looking at a point-like source. Conventional
wavefront sensors have corrupted signals if they observe an extended or resolved
source. When a resolved scene is all that is available for sensing the distorted
wavefront, other techniques must be used. With no a priori knowledge of the
scene, the object, nor the aberrations, determining phase is a tedious and time

consuming process because multiple samples of the image must be used.> (The.

imaging process is not directly invertable to extract the phase.) Multiple sample