AO System Design
In Vision Science

Donald T. Miller

http://www.opt.indiana.edu/people/faculty/miller.ntm



Primary camera architectures

® Fundus camera (flood illumination)

® Scanning laser ophthalmoscope (SLO)

® Optical coherence tomography (OCT)



Camera parameters important
for imaging single cells in the
living human retina

1. Lateral resolution
2. Axial resolution

3. Temporal resolution
4. Sensitivity

5. Contrast




Point Spread Function vs. Puplil Size
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Transverse resolution (solid) and depth of focus (dashed)
as a function of pupil size for an unaberrated eye
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Adaptive Optics In Astronomy:

-Proposed in 1953 (Horace Babcock)
-First Implemented in mid-1970s

g g . 4 i
The laser emerging from the dome of the 120" Shane Telescope at the
 Lick Observatory is used for measuring atmospheric aberrations




First Use of a Deformable Mirror In the Eye:

A. W.Dreher, J. F. Bille, R. N. Weinreb, "Active optical
depth resolution improvement of the laser tomographic
scanner," Appl. Opt. 24, 804-808 (1989).



First use of wavefront
sensing to correct higher
order aberrations

First demonstration of
retinal imaging and vision
Improvement by correcting
higher order aberrations

. Williams, and D. T.
ti nal |l maging throug
2892 (1997).
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Cartoon suggests adaptive optics for astronomy and
vision science face very different challenges.

Personnel




Eye
speculum
€ not
patient-friendly
" solution.




How do | design an adaptive optics system that is
tailored to the human eye?
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Permits large pupll
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Increased
lateral resolution

Increased collection
efficiency of reflected light

Increased
axial resolution (SLO)
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AOO0Os requirements
to measure, correct, and track
are dictated by the
properties of the ocular aberrations:

1. Spatial distribution of the
ocular aberrations.

4. Field dependence of the

ocular aberrations.
(isoplanatism)

2. Magnitude of the 3. Temporal distribution of the
ocular aberrations. ocular aberrations.
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Outline

1. Wavefront sensor

2. Wavefront corrector
3. Control system

4. Complete AO system
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Publication trend for use of wavefront sensors to measure the full wave
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Numerous types of objective
wavefront sensors are avallable

Common path interferometer

Phasing shifting interferometer

Shack -Hartmann sensor

Shearing interferometer
Pyramid sensor
Curvature sensor

Phase diversity

Laser ray tracing
Tscherning aberrometry

Etc.




All major commercially-available aberrometers for the eye
measure the wavefront slope*

Aberrometer Vendor Sensing Type
LADARWave Alcon Hartmann-Shack
WaveScan AMO /Visx Hartmann-Shack
COAS AMO /Wavefront Sciences | Hartmann-Shack
Zywave Bausch & Lomb Hartmann-Shack
WASCA Analyzer | Carl Zeiss Meditec Hartmann-Shack
ORK Analyzer Schwind Hartmann-Shack
iTrace Tracey Ray Tracing
Allegro Analyzer | WaveLight Tscherning

* The one exception is the OPD-Scan by Nidek (based on the principle of
sequential retinoscopy)

Guang-ming Dai, Wavefront optics for vision correction, Table 4.2 (2008).



Conceptual layout of the Shack -Hartmann wavefront sensor

Video telescope beamsplitter Eye
camera - > ~ \7)
§< ( /4
Lenslet =
array T
Collimated Laser
Input beam spot

(I =800 900 nm)



Wavefront Sensor Design

CCD Lenslet Aberrated
array array wavefront

A+ of lenslets

Most important

parameters: ASensitivity

ADynamic range

ASignal-to-noise




Summary of aberrated wavefront reconstruction

1. Capture raw
Shack-Hartmann
spots

2. Centroid and determine
displacement (reference) of
Shack-Hartmann spots

3. Calculate
local wavefront
slopes
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4. Calculate
coefficientsof | ¢ =V DIUTS
Zernike modes

5. Reconstruct

complete aberrated w(r, q):W(R,,q):gi c.Z.(r.q),

wavefront m=1




Wavefront Sensor Design

CCD Lenslet Aberrated
array array wavefront

A+ of lenslets

Most important

parameters: ASensitivity

ADynamic range

ASignal-to-noise




Maximum number of Zernike modes that can be calculated reliably for a

given number of sampling points. | |
14 Subjects (7.3-mm Pupil)
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AOO0Os requirements
to measure, correct, and track
are dictated by the
properties of the ocular aberrations:

1. Spatial distribution of theé
{  ocular aberrations. :

4. Field dependence of the

ocular aberrations.
(isoplanatism)

2. Magnitude of the 3. Temporal distribution of the
ocular aberrations. ocular aberrations.




Aberrations in two populations of
/0 normal eyes for 7.5 mm pupil
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Wavefront Sensor Design

# of pixels = (2.441 F/d) / (piXcep)
= (2.44*0.78mMm*24mm/0.4mm)

< > / 25.8mm
v i W
DXy | oo = 4.4 pixels
¢ A Omin = DXpin /' F
DX i - : << (25.8nm/pix) / 24mm
) << 1.1 mrad
O4 pixels 1| =
across I 4.4pix * 25.8mm/pix
2.44| F/d = 2.441 F/d
= 1.221 /INA
ll =0.78mm

CCD
array

Lenslet Aberrated |NA=0.0083 for
array wavefront |individual lenslet

Most important
parameters:

At of lenslets = # modes (221: 17 across
) 6.8 mm pupil)
ASensitivity O4 pix / focal spot  (q,;, << 1.1 mrad;
4.4 pix)

ADynamic range
ASignal-to-noise




Wavefront Sensor Design

- F >
D>( v vd qmax = Dxmax/ F
max gl =~ "7 TS =(d/2) I F
A = NA =0.0083
Dxmin X """""""" i
O4 pixels 4[> Diopters,,,, for 6.8 mm p.upll
aCross = D ¢,/ pupil radius
2.44| F/d =0.0083/(6.8e-6 m/ 2)
= 2.44 diopters
CCD Lenslet Aberrated
array array wavefront

Most important
parameters:

At of lenslets = # modes (221; 17 across
) 6.8 mm pupil)
ASensitivity O4 pix / focal spot  (q,;, << 1.1 mrad;
4.4 pix)
ADynamic range = lenslet NA (8.3 mrad, 2.44 D)

ASignal-to-noise




Aberrations in two populations of
/0 normal eyes for 7.5 mm pupil
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Distribution of refractive error
depends on many factors
including population, age,

education, and cycloplegia .
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Wavefront Sensor Design

< F >

v vd Noise sources:
DX 10x b photon noise,
A CCD read noise
Dx. YWe—o——"" _
min- A photons/lenslet
O4 pixels I _ astron: ~100 Itcc))oclzolose
aClross .
vision: >500,000
2.44| F/d

CCD Lenslet Aberrated

array array wavefront
At of lenslets - # modes (221: 17 across
Most important " . 6.8 mm pupi)
parameters: ﬁSensmvny O4 pix / focal spot  (q,;, << 1.1 mrad:
' 4.4 pix)
MDynamic range = NA (8.3 mrad; 2.4 diopters)

ASignal-to-noise  high (saturate CCD)




Typical SH sensor parameters for the eye

1. # of lenslets: ~200 (>1/2 million photons/lenslet
for <8 mW entering eye.)

2. Lenslet array: lenslet diameter = 400 mm

(17x17 for 6.8 mm pupil)
focal length = 24mm

3. #pixels across 4to 14
dot core

4. Wavelength 633 to 850 nm



Indiana adaptive optics retina camera

Laser
beacon

2. Wavefront
Vs
corrector—, -

3. Control
system

......................

Eye

Aberrated
wavefront

Retina
camera
or
Visual

stimulus

. SHWS wavefront sensor

17x17 lenslets across 6.8 mm pupil
4.4 pix across each focal spot

2.4 diopter dynamic range

| =0.78 nm SLD beacon

6 MV enters eye

Inexpensive areal CCD




Sampling geometry of théenslets

at the pupil plane of the eye

x17 SHWS lenslets

(0.4 mm spacing)

00000000000000000/17

6.8 mm
at eye




Outline

Wavefront sensor

Wavefront corrector
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Control system

Complete AO system




Various types of wavefront correctors
(Which one is right for my application?)
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a) Discrete Actuator b) Segmented: Piston only
and Piston/tip/tilt
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Wavefront Corrector Performance

Input from
Eye /
\ actuators
push & pull
| on mirror
surface
| Adctuator stroke fSpeed
Mostimportant  ctyator number AReflectivity
parameters: Mctuator influence function ADiameter

KCost!




AOO0Os requirements
to measure, correct, and track
are dictated by the
properties of the ocular aberrations:

1. Spatial distribution of the
ocular aberrations.

4. Field dependence of the

ocular aberrations.
(isoplanatism)

2. Magnitude of the 3. Temporal distribution of the
ocular aberrations. ocular aberrations.




959 2. Magnitude of the
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Wavefront Corrector Performance

Input from
Eye /
\ actuators
push & pull
| on mirror
surface
| Adctuator stroke fSpeed
Mostimportant  ctyator number AReflectivity
parameters: Mctuator influence function ADiameter

KCost!




AOO0Os requirements
to measure, correct, and track
are dictated by the
properties of the ocular aberrations:

1. Spatial distribution of the
:  ocular aberrations. :

4. Field dependence of the

ocular aberrations.
(isoplanatism)

2. Magnitude of the 3. Temporal distribution of the
ocular aberrations. ocular aberrations.




Aberrations in two populations of
/0 normal eyes for 7.5 mm pupil
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Same Indiana population on previous slide, but
for 3 different pupil sizes.
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Indiana population:

Log,, of the wavefront
variance after a
conventional refraction
using trial lenses is
plotted as a function of
Zernike order and pupil
size (4.5, 6.0, and 7.5
mm). Diamonds and
corresponding dashed
curves represent the
mean and mean * two
times the standard
deviation of the
log,,(wavefront variance),
respectively, for a 7.5 mm
pupil. Star and open
circle correspond to 4.5
mm and 6.0 mm pupils.



Various types of wavefront correctors
(Which one is right for my application?)
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b) Segmented: Piston only
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Predicted Strehl ratio

1. Discrete actuator
deformable mirrors

Diff lim result: >14 (Roch),

11-14 (Ind)
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Predicted Strehl ratio

2. Piston segmented
correctors

Diff lim result: >90 (Roch), 45-85 (Ind) 480x480 segments
100% |
°1 Meadowlarks
80 127 segments
70% Z = = = Al |
60% /// z - = Zero Z5 |
50% 4 . Zero Z4, 75, Z6 |
A = = = :Refraction
40% — _
/i ,/ / = Zero Z5
30% 7 —
Zero Z4, 75, 76
20% + .
. SASENETT
- - - - - . mn
0% - = = ="

O 10 20 30 40 50 60 70 80 90 100110120 130140 150

Actuators across 7.5 mm pupil



3. Piston/tip/tilt
segmented
correctors

Predicted Strehl ratio

Diff lim result: 12 -19 (Roch), 9-10 (Ind)

100%

90%
80%

IrIsAO

37 actuator

70%

. ° | = 0.6 MM

60%
50%
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— e 7ero Z5
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Various types of wavefront correctors
(Which one is right for my application?)
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S R R

Vi Vi W, V, ¥ Ve

| ¢) Membrane

e

b) Segmented: Piston only




Elizabeth Daly, Eugenie Dalimier, and Christopher Dainty
in the Applied Optics Group at National University of Ireland, Galway
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Desined! parameters famnthe
wavefronticorrector

Temporal Bandwidth 1-6 Hz fluctuations in the eye

Reflectivity >90% (400-900 nm)
Physical size 4 -8 mm
Mirror Stroke 10-53 mm (Rochester)

(7.5-mm pupil, 95% population)  7-11 nm (Indiana)

# of actuators or > 14 (Roch), 11-14 (Ind) Discrete actuator
segments across 7.5 > 90 (Roch), 45-85 (Ind) Piston -only segmented
mm pupil 12-19 (Roch), 9-10 (Ind) Piston/tip/tilt segmented
(for 80% Strehl at| = 0.6 nm)

Specific correctors OKO37 membrane  AOptix35 BMC140
evaluated OKO19 piezoelectric MIRAO52




AOO0Os requirements
to measure, correct, and track
are dictated by the
properties of the ocular aberrations:

i 4. Field dependence of the
ocular aberrations. =
(isoplanatism)

1. Spatial distribution of the
ocular aberrations.

2. Magnitude of the 3. Temporal distribution of the
ocular aberrations. ocular aberrations.




Conventional fundus image

Example: 40 deg fundus image
would require collection of p 40/2)? = 1,257
one-degree AO images.




Indiana adaptive optics retina camera

2. Xinetics wavefront corrector

37 actuators fill 6.8 mm pupil
4 mm stroke Eye
Predicted Strehl = 0.2-0.4 (7.5 mm)

2. Wavefront >

corrector -~ < Aberrated
. < wavefront

> Retina

camera

or
Visual
3. Control stimulus
system 1. SHWS wavefront sensor
17x17 lenslets across 6.8 mm pupil

4.4 pix across each focal spot
2.4 diopter dynamic range

| =0.78 nm SLD beacon

6 MV enters eye

Inexpensive areal CCD




Sampling geometry of the actuators andnslets
at the pupil plane of the eye

Pupil size for

retinal imaging

37 Xinetics actuators

(1.12 mm spacing)
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x17 SHWS lenslets
(0.4 mm spacing)

/17

Xinetics

- 37elements, ¢ o
- 4 um stroke

at eye



Deformable mirrorsused in the AGQvoofer-tweeter system

BMC MEMS:

- 140elements(12x12),

-3.7 um stroke,

-usedfor higherorder aberratio

Actuator
geometry

12x12 36 total



