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ABSTRACT

The Shack-Hartmann wavefront sensor has seen donsixp of applications in the last several yeark. has found

powerful uses not only in astronomy and adaptiviicepbut also in ophthalmology, optical testingsér beam analysis,
and semiconductor manufacturing. Part of the r@aBw this growth in application is the advancemehthe various

technological components, such as the lenslet aftay CCD and the computer. Part is due to mariesds that are
driven by other technological advances (such asiklas This paper describes the historical backgmuof the

development of the technology that ultimately tesuin the formation of WaveFront Sciences andhi growth of

applications related to this field.
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1 INTRODUCTION

Practically since the development of the first ogtihere has been a need for measurement of ticalaquality. Galileo,
Newton and others noticed that not all lenses pexd equally. While the mathematics of lens desigy tracing, and
optical analysis was slowly developed through tleataries, it wasn't until Carl Zeiss and Ernst Abthat the
fundamental theory of aberrations was developed wartterstood. The development of microscopes, depes, and
many other optical instruments depended on a fuedgah understanding of the principles of optics,ichhwere
developed by the mathematician Ernst Abbe for nggoducts being developed by inventor and entreqaneCarl Zeiss.

Early on, this team realized that the propertiea tdns were not constant over the aperture ofet® Zeiss and Abbe
undertook a project to understand both the phyaicsthe mathematics of the image formation procésss led to the

development of whole new methods for modeling amésuring the resolution of lenses, to the designewf kinds of

multi-lens elements (such as the triplet), ancheoenlistment of chemist Otto Schott to develop gésgs materials that
had the appropriate properties. Ernst Abbe everldped a series of simple aberrometers that waeeta measure the
variation in vergence of the human eye as a funadifopupil position. Their developments in microgg led to better

telescopes, camera lenses, and projectors, antldmandous advancement of the field of optics.

Carl Zeiss was, more than anything, an entrepremedibusinessman. He used his new developmeofigs to build a
series of diverse products that were all based simdar technology. To this day, the Carl Zeissnpany follows this
philosophy, building products based on their extensptical technology. In founding WaveFront $wcies, we
attempted to follow a similar philosophy. We chasemall, simple technology base realizing thataid the potential for
a large number of different applications and baidtompany around the technology that was introdbgedoland Shack.

2 DEVELOPMENT OF THE COMMERCIAL WAVEFRONT SENSOR

2.1 Reactor pumped laser experiments

In December 1984, | joined Sandia National Labatesoto work on the development of a Nuclear Redetonped laser.
As a team we endeavored to unleash some of therpoterent in a nuclear reaction to directly dravéaser. We built
on the earlier work of Dave McArthur and Tollesffifdwith the goal of eventually building an extremdligh power

laser that could be used for defense or civiliapliagtions. Early analysis of the reactor-lasesigies indicated the
possibility of building extremely powerful (10-100W) cw lasers with fuel that could potentially ldst years. In the
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context of the Cold War, this was an area of retetinat both the U.S. and Soviet governments furidedearly ten
years.

While the potential existed for building such aglaand, in fact, several different laser systentsbde®en demonstrated, no
significant power had been extracted from a nucfganped laser. Our tasks were identifying an gmte laser
medium, developing the optimum pumping mechanismd, lauilding actual working laser systems that coatldeast
prove the feasibility of the concept. Along theywee developed several new technologies, and went first proving
that we could make a Xenon laser, to eventuallyatestrating extraction of up to 1 kW cw. This pra; called the
FALCON program (for Fission Activated Laser CONa&@pprompted many developments in laser technoldgy,
advanced laser resonator desigtisermal lensing,nuclear-reactor physics, coherent beam combihiRyastronom§,
adaptive optic§,micro-optics, detectors, cameras, fluid flow anavefront sensors. Like so many government funded
research programs, the tangible results were rmgssarily the direct result of the program’s oliyed, but merely the
serendipity of discovery caused by the continusddnéo solve difficult technical problems. This samattern of
development and technological innovation was (ahgriesent in many other NASA, DOE and militarygyeons.

One of the most difficult technical problems asatadl with the nuclear pumped laser was what wee@rmedium
inhomogeneity. Since the reactor-driven lasersewearly all gas lasers, the long pulse or cw djperdeft the gas
considerable time to move around during the intdridser operation. The pumping mechanism in oitininasers was
always from the sidewalls of the laser gain regidrhus a significant thermal lens developed duthwypulse. In our
early experiments we were aware that such an effest present, but had no means of quantifying As | was
responsible for measuring and mitigating this dffécembarked on numerous different schemes forsomazg the
wavefront of this highly aberrated gain region.

At first we tried to use conventional optical measnent
techniques. However, the difficult geometry, thadioactive
environment, and the single-shot, short-pulsed reataf the
experiments made even the most established measotre
techniques extremely difficult. All optical bearhad to be relayec wanruan \ REACTOR
out of the reactor vessel over a 17 m optical patitially we used
high-speed film cameras (1 M frame/sec) to captlaéa at a
sufficient rate to resolve the flow. Even so, wibtlur initial

experiments using shearing interferometry, theges disappeare(
after the first few frame¥ We were obviously depositing
significant energy into the laser gas, but thetkhidynamic range
of the interferometry experiments didn't tell ugwenuch about the
magnitude of the actual effect. In order to desiglaser resonato
that had a chance of working, we needed to knovstitength of the AEEIEa e
medium inhomogeneity.
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Fig. 1. Optical system for Hartmann technique experiments.
The first experiment that gave us useful data wsisnale Hartmann
probe experimerf. In this case we image relayed (over the 17
path) a series of probe beams that were creategabging an
expanded laser beam through a mask with 13 sma#ishoWe
recorded the data on the high speed Cordin 330ddmera, which records 80 photographic framesratllion frames
per second (see Figure 1). While | attempted ® iosage-processing techniques to reduce this tlagacomputer
technology of the time (1986) made this an unwigltycess. Instead we used a manual digitization scheme eveach
spot was visually located and recorded using ammumgent designed for aerial trajectory analysidie Bmazing thing
about this experiment is that it produced surpgisigood results (see Figure 2). We were ableaasure the strength of
the aberration to about 36n OPD across the 1.5 cm gain region. This develape period, depending on the driving
reactor, of 1 — 12 ms. | was impressed with théitalaf this simple minded measurement technigee]ly relying only
on the fact that the light travels in a straighelito make these difficult measurements. | atsged never to never again
hand-digitize the data, but to find a means forugarg the data so that it would be directly re@adn a computerized
format.

Figure 1 Experimental geometry for
early RPL Hartmann experiments.

" Digitizing the individual frames resulted in daiat was about 300k per frame. While today thissti¢t seem like much, the VAX computer we were gisinthe
time had only a 5 MB hard disk. It took 17 9-trdakes for each measurement sequence, and thes iesté poor because of background fog on the film.
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Armed with the knowledge of the strength of theredt@®n, and coupled with the other advances weenagumping the
laser gas and understanding the gas kinetics, wealseut designing a laser resonator to extractggner We

accomplished this in about 1988 using Xe as a las=tium, after
working on XeF for a number of years prior to théb. one of our
early experimenfswe noticed that the shape of the laser pt
underwent a dramatic temporal dynamic. Just atrtbment when
the pumping should have been strongest, the lasemge fell to

zero. After the peak pumping, the laser turnedklmc After some
analysis we realized that the strong aberratiahengain region hac
led to a change in the resonator stability, and weahad observec
two separate transitions. We later used this ttadtrther quantify
the strength of the aberration in a series of ewpmrts that
deliberately looked at the transition strength, #mereby inferred
the medium inhomogeneity strengtirhese were extremely tediot
experiments to conduct. We got only one data ffoinéach reactor
run and, at a maximum of four runs per day; it Wwasd to collect
very much data. In addition, the experimentersevadl exposed to
radiation as a result of the setup between each run
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At this same time, there was a large group at Laged.ivermore x (em)

National Laboratory working on adaptive optics folong distance

beam train. They built a series of high-energgissand needed t(Figure 2 Hartmann RPL measurements
transport the beam through an underground tunrelyn®.5 miles showed significant transient wavefront

long. While they evacuated the tunnel atmosplsena)l aberrationserror in only one dominant direction

on the various turning mirrors led to significaeiain degradation at

the receiving end. Thus they undertook the devetop of a series of increasingly sophisticated adapoptical
systems?*® Their early systems relied on modal deformatibmisror elements to provide a low order correcticfhey
used something they called a “fly’s eye” sensohisTonsisted of a series of individual lenseg, ¢agh dissected part of
the incoming beam and created a focal spot on drgotdetector. The differential signal from thead cell gave them a
local wavefront slope measurement that they wete &buse to drive the deformable mirror (I thitkwias a totally
analog system).

A similar sensor using 19 individual lenses wasdusg Scott Acton of Lockheed to build a solar okatwry adaptive
optic system at high bandwidth’® The instrument was built at Lockheed Palo Alts&ech Center and installed at the
Solar Telescope facility at Sunspot, New Mexico.

| believe that there were other examples of “flgde” or Shack-Hartmann sensors that were usedgim éiergy laser
adaptive optics programs. Most of these were fighassified at the time, so there is little puldid on this subjet&t'’ |
do know that an extensive adaptive optics prograas underway at the Air Force Weapons Laboratorynbéaty as
early as 1972. A Shack-Hartmann sensor was byiltdk Corporation under government contract inuab®76, but it
was limited by the computer processing power abhelat that time. Both Perkin-Elmer and Itek afsolt shearing
interferometers to measure wavefront error in sdvadaptive optics experiments during the 1970is.the 1980's
Lockheed designed an outgoing wave adaptive optiseem where the high power laser beam was sargleth array
of holographic gratings on a large (4 m) primaryrroni which diffracted the sampled spots throughodehin the
secondary mirror onto an array of sensors. Thigpseas another example of a Shack-Hartmann setesigned to
measure wavefront error. A deformable mirror wias &ncluded in the laser beam train so as to chwsadaptive optics
control loop. This system was later integratechvéithigh power chemical laser built by TRW, and yntests were
successfully conducted with the system operatirggyacuum chamber.

2.3 The 1D wavefront sensor

The problem with using this type of sensor for aagugement application was its rather limited dymarange and its
incredible complexity. Scott Acton’s wavefront sen had 19 lenses to align individually to the quadls, and a
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complicated electronics bank that had to buffemisime and difference 76 channels of data. Thewaghtions and
other effects meant frequent recalibration. Thédtk-Hartmann” sensor seemed to be useful for a @maicated
adaptive optics applications, but it certainly wasomething that | could use for high-speed meiggl Nevertheless,
our need for wavefront metrology was increasingvasbegan to develop resonators and then adaptiies gystems.
The computer technology and data acquisition instntation was slowly improving, so it made sensiytdo develop a
computerized sensor. And so, Bob Michie and Idtreeveral different ideas trying to build a fullpneputerized
wavefront sensor system. | contacted Ben Platg tdd worked with Roland Shack to make a film basagefront
sensor. | didn’t want to use film, but thoughttthaould use a video camera to acquire and rettwdiata. However, at
30 frames per second, even getting one frame atgpeopriate time would be fortuitous. | don’trtkithe apparatus still
existed that Ben had used to build the first ldreleay. He indicated that he could probably resairit for $10-20k. But
that still didn’t solve the camera problem. So Béighie and | went to Lentec (Ben Platt's compahyh& time) to visit
another contractor, Stewart McKechnie. We asked thi design a “fly’s eye” sensor, similar to theNI instrument,
which would use a position-sensitive detector (mayl®)DT) and directly record the signals on a tramisdigitizer. To
build a 4 X 4 array would take 48 transient digitizhannels and 32 channels of electronics, whibiile expensive, was
doable. The lens array would be a set of plane$pdl lenses that we would cut into squares and ghgether. This
instrument would tax our budget and resources,wmiild allow us to make a fast wavefront measurenteait was
directly recorded and digitized—a worthy goal.

In the car on the way back from the meeting, Both bdiscussed the cost and difficulty of the praggbgroject. We
realized that we really needed data at 10 — 20 kHd,that 4 X 4 was not very good resolution, ebheugh it implied a

tremendous cost in digitizers. Somewhere alongwhg we realized that the dominant aberration weé &een in

previous experiments was only across one directibhus we came up with the idea of using a linexstamera or
Reticon diode array, coupled with a cylindricaldkt array to make a one-dimensional wavefront@enghis would run

at high speed, and could have much better resolutio addition, it required only a single chanoktata acquisition and
could readily be scaled to take data during thaeetatser pulse. We soon set to work on develotiiiggidea, completely
abandoning the 2D sensor as impractical.

The first 1D sensor was made from ten small cyigadrienses,
each 1/18 inch diameter, laid orthogonal to a 2048 elemerd |
scan camera. The lenslet mount and lenslet agrah@wn in
Figure 3. We spent months trying to get a CAMAGédzhframe
grabber to work, without success. Instead we wEw&AMAC
based 12-bit transient digitizer to record the @atd MHz after.
Dave Bodette worked many long hours to write thdad
acquisition software in Pascal, and | wrote anysislpackage in
QuickBasic. Bob Michie built a"¢ sensor with 20 1/2Dinch
lenses. It was extremely difficult to tell whicptacal surface was
powered on these small lenses, so the assemblyexieamely
tedious, requiring much iterative trial and error.

This simple sensor exceeded all our expectationéfter Figure 3 Lenslet array and mount for initial
calibrating with a collimated laser beam, we meaduan 10 and 40-element sensors.

astounding 0.4R RMS error across all the lenslets. | developeu

algorithms for finding the Areas of Interest, ceiding, comparing to a reference and integratirggstope to form the
wavefront (reconstruction is trivial in one dimemsj. The sensor had §n of dynamic range and 1/8@vave (or
better) sensitivity. Truly this was an astoundmgasurement technique. The first experiments erréhctor got data
faster and more accurately than we had ever adhiewel we quickly used this as a standard measuatae®hnique on
every reactor experiment.

At that time | mentioned this instrument to Tim fer as a possible cornerstone for forming a compatig response
was: “How could you build it and who cares?” Hereotly assessed that the instrument, while extiengeful to the
engineer who built it, was not anything like a coengial product. It couldn’'t be manufactured with unwieldy parts
and meticulous lenslet assembly, and using it was-tonsuming and tedious. Furthermore, | coultmitk of any other
applications that needed such a combination of tymsange and sensitivity.
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At the same time as | was building this low costsee, other strides were being made in the fi®dbert Fugate and his
team from the Air Force Weapons Lab (later called Phillips Lab) were building generation after getion of
atmospheric correction adaptive optical systéis?® There were numerous others in the military-indastomplex
who developed sophisticated adaptive optics systamisvavefront sensors. Most of these systems kighty classified
in the 1980s. They were also extremely expensjpacally the result of $500k — 1M engineering deypenent projects.
Much of this cost was the result of the atmosphadaptive optics application. The dynamics of @lehce significantly
drove the bandwidth requirements. So, special camsgstems, electronics, adaptive optics and caenhetrdware had
to be developed in order to make a working system.

By 1991, Bille and Liang'**and later Andreas Dreher, were working on whay treled a Hartmann-Shack sensor for
ophthalmic measurement and adaptive optics. Stélaelz et al used a Hartmann-Shack sensor to measuneal
topography?® They used a wavefront sensor that had beenfbuithe European Southern Observatory for astrooaimi
applications.

All of these sensors were a long way from being mential sensors. The primary paradigm was perfocmdased,
driven by the application rather than by the addéddechnology. For example, atmospheric adaptées required total
closed loop bandwidth of at least 100-120 Hz, vétiough actuators on the deformable mirror to cor@ctypical
turbulence scales (~5 — 10 cm). Thus the sensedleteto operate at 1 — 2 kHz. This required spseiasors, data
acquisition, computers and processingf the required bandwidth could not be met, thieere was no point in building
the system. (Fewer number of lenslets leads todatsto process, making it easier to meet theinedjbandwidth.) In
addition, the light levels were extremely low fatdresting astronomical elements. Thus it wasralelsi to collect all the
light onto as few detector elements as possibleé@nunimize the number sensor elements. Howegehas been shown
by several authors, in the high photon limit thettaecuracy will be obtained using a larger nunatbguixels®®

2.4 The lenslet array

One of the key technologies that limited the fadoran of the Shack-Hartmann sensor was the leasiay. Early lenslet
arrays were made by individually mounting a grofipenses, or by cutting square or hexaganol sestarienses and
gluing them together. The lenslet array originalyveloped by Platt and Shack was made from a thaldvas made by
pressing a small ball into a piece of plastic. e Binray was made by stepping and repeating thegsocAdaptive Optics
Associates developed a much more sophisticatedbwens this to make their Monolithic Lens Modulédl(M). LLNL
made a gray scale mask by repetitive exposurelrof dsing a Gaussian laser bedmThey fabricated the lens in a
photosensitive material and then adjusted the ftmajth using an index matching fluid. Most of gbetechniques
produced usable lenslet arrays. However, the tyuafithe film, the material in which it could balfricated, and the
ability to make small lenslets were often the limgtfactor.

In 1989-90, William Veldkampf of MIT/LL introduced new method for making optics. He used integrafeclit
fabrication techniques to make small optics. Traw class of optics was initially called binaryiogt, from the method
of using binary masks to successively build up @ilgr, but it was the forerunner for a class ofioptnow known as
micro-optics or diffractive optic®?’ Veldkampf invented a host of new applications #&adatication technologies for
these binary optics. As | learned about this nglwi€ation technique, | immediately knew that this the way to make
small, accurate lenslet arrays.

" The term “binary optics” is really a misnomer. eT$urface profile was built up from successive expe of a binary mask that was etched to succégslifterent
depths, usually each twice the depth of the presvgtap. Really these optics should be call digitdics, since their shape is approximated by aligibrk. A true
binary optic would only have two levels.
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As the FALCON program shifted to more adaptive cptand AW
flow applications, | also began to pursue the fiefdoinary or | *
micro-optics. Initially | concentrated on the deyement of new
applications for these optics, but | was also deagcfor better
ways to fabricate them. In conjunction with Mialaven and
others from the CSRL at Sandia, we learned hownjglement
the binary optics technique, developed programs ¢baverted
optical information into mask writer commands, dabricated
and etched micro-optics. Our first results werengrily coming
up to speed on the technology, except that the C®RIin was
able to make me a series of lenslet arrays for IShactmann
wavefront sensors (both 1D and 2D). An examplensf of these:
early lenslet is shown in Figure 4. '

A 40-element sensor that gave excellent data quiskpplanted
the 10 and 20 element instruments. Now, the acguod the
lenslet array allowed me to really know where teater of each Figure 4 Micro-optic lenslet array

lens was located. This made it possible to acelyratace rays fabricated with the multiple mask “binary”

from the lenslet pupil to the focal spot, therebgcuaately method.

determining the wavefront slope. Furthermore, theded

resolution meant that we could measure much monepbcated wavefronts, such as turbulence or otleeodynamic

phenomena. One afternoon, | set up the sensoy ilalomand tried to repeat my PhD thesis, in whitlad measured fuel
droplet evaporation concentration fields in frek43? In a short time | demonstrated that | could meaghe fuel

evaporation concentration with far better accuraepeatability and resolution than | had achievedeveral years of
work using laser induced fluorescence (see Figireld another experiment, | was able to resohdividual vortex

shedding from a small fan in the laboratory envinent. The higher resolution, coupled with excellaccuracy and
large dynamic range, suddenly enabled a host dicapipns that had previously required difficulttmal experiments.

In trying to measure the reactor pumped gain regitow, | had, at one time or another, tried marfjecent optical
measurement techniques. These included schlidnetography, laser shadowgraph, Mach Zehnder, Misbraand
shearing interferometry, heterodyne interferometBaTiO; crystal time-dependent schlieren, temporal resblve
scattering, two-pulse holography, and numerousrddehniques. The FALCON program had begun tofleseng laser
gas to help solve the medium inhomogeneity probkemd, now we were faced with the problems of tunbiufeow with
possibly large temperature gradients. To study the
built two different wind tunnels in my lab, and died
a number of turbulence and flow issd®s.

Our initial measurement technique was the Ma
Zehnder interferometer. Rich Shagam helped
develop this test system and to analyze the ddfa.
were trying to make some turbulence measuremi
over a 50-cm path that we could extrapolate tBthe
plus path that we expected in a realistic reacse
system. Unfortunately, the aberrations over therb0
path were less tham/40, which was just at the
resolution of the interferometer we set up. Ong, d
frustrated with our inability to get a useful rasinbm
the interferometer, | set up the 1D wavefront semso
place of the acquisition camera. We immediatelyagc
strong signal; however, it was strongly periodiét
first we thought that it was AC pickup from thedar Figure 5 Droplet evaporation vapor cloud measured

heating elements that heated the flow upstreamt, with the 40-element 1D sensor.

on closer examination, we realized that it was @H2

signal, not 60 Hz. This could not be just AC pigkbut instead was the actual temperature variatfdhe heated gas
caused by th&R heating. After some aerodynamic analysis, we \abte to estimate that the effect would be abdgit 0.

Vapor cloud (145 mm fall)
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C. This was astounding sensitivity for a sensat tiias designed to measure effects of ovaurB0 Rich Shagam, Tim
O’Hern, John Torczynski and | went on to use the WBS to
measure both the heated screen flow and the tumteilimduced by
combined thermal gradients and turbuleffce.

| presented some of these results at the SPIE hnmaeting in San
Diego in 1993 Between 1991 and 1994 | was approached b
number of different groups interested in furthevelepment of the
1D WFS. Several of these were companies lookimgefther a
solution to a time-dependent measurement problejusbra way to
measure phase with larger dynamic range. Afteickihg with
Sandia, | discovered that there wasn’'t any waySandia to build
such a sensor, except as part of a CRADA or Work ®Gthers
(WFO) program. These required a minimum $50,000 ymar
contract, and there was an extensive justificatigcie where | had
to convince Sandia that they should accept monay fan outside |
source. Two different military organizations, thig Force Phillips
Laboratory, and the Naval Surface Warfare Centatraoted with
Sandia to further develop the 1D wavefront senaptteir specific
problems. AFPL eventually built eight 1D sensoesdd on the |
Sandia design that were used for tomographic flo
measurement:****The Naval Surface Warfare Center (NSWC) an_
later the A.F. Arnold Engineering Development Cenf&EDC)
supported a whole series of experiments for meagutie bore-
sight error and window aberrations of a supersomiissile
interceptor seeker window*®’ These developments brought
renewed interest in the sensor as a potential coomhgroduct.
With the micro-optics technology there was now aywa
manufacture the lenslet array, and the outsidedsteéndicated that
there really might be a market.

2.5 Founding of WaveFront Sciences

| was finally able answer Tim’'s question. At Sandie had a
manufacturable sensor that showed some real madmntial.
Thus during 1994 and early 1995 Tim Turner anddgdpeexploring
the idea of forming a company to commercialize tevefront
sensor technology. This relied on the convergerice number of
factors:

 Improved computer technology allowing accessing ¢
significant amounts of memory with integrated giaph
user interface

» Availability of frame grabbers that could convertigrbe
integrated with cameras and computers

» Availability of low cost CCD cameras with good SAwd
simplified electronic interfaces

* Development of micro-optics technology that prodde
excellent quality lenslet arrays Figure 6 Three generations of ophthalmic

« Development of market applications such ad’ aberrometer
measurement

* Encouragement from Sandia management to commeeeigdivernment funded technology
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WaveFront Sciences was founded in December 199, eur initial efforts funded by Tim Turner and Dateal.
Venture capital funding allowed us to begin
full time operations in September of 199 g
and our first product shipped in Novemb ' s ;
1996. 170 b i
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It is interesting to note that WaveFrol
Sciences was not the first company to atter
to commercialize  wavefront  sensc
technology. Adaptive Optics Associates h| ,, A i _ .,
for several years promised the introduction = ;i iz '
a 2D sensor similar to the instrume | io-f . ot S,
developed for NASA to test the Hubbl o .,
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telescope correctofs Zeiss developed a 2[ s : et _ .
sensor in both Jena and in Oberkochen (E : : = N
and West Germany at the time). But, to r| e : e : A -8
knowledge, they never significantl so ' : il --10
commercialized it except for some intern : % --12
and university applications. Deborah Kw. * : _ --14
then at Hughes Research Center, develope * 16
micro-optic lenslet array based wavefro 18
sensor as part of an IR&D projéétbut it . "6 2 4 7. i

was never released commercially. _ 3 _
Figure 7 Silicon wafer measured with the Columbus

instrument. The fine details are regions of higheboron doping
concentration and are about 2-3 nm in height.

The key difference with the WaveFror
Sciences sensor (called the Complete Li
Analysis System CLAS2D) is that w
changed the paradigm for building Shack-Hartmanwefrant sensors. Instead of designing a custonsasefor
astronomical or adaptive optics applications tlesdhto meet certain bandwidth, dynamic range, acguand resolution
requirements, we designed a range of sensors offitlge-shelf components. This resulted in a Sigantly different
price point, since we could do the design oncethed sell multiple copies with little engineering.

Over the last eight years we have developed alaegg list of applications. These include lasearbemeasuremefit;"*
optics measuremefft**** IR wavefront sensors for telecomm applicatibheafer metrology and nanotopograpfly,
ophthalmic aberrometf{***’large optics testin,IOL metrology® and contact lens and mold measurement. Along the
way, we have significantly advanced the developroétihese sensors. In addition to taking advantdgievelopments

in new computers, micro-optics, cameras, frame lggedand software, we have developed numerous nalysés and
measurement methodologfe@s*

Two of these applications have had a significargaot on the development and utility of other ted¢bgies and have
resulted in fairly large market potential.

For several years the Shack-Hartmann wavefrontosdmss been applied to ocular aberration measurtefitén The
availability of commercial instruments has sigrafitly improved the entire Lasik process. Theahijoal was to use a
measurement of the ocular aberrations to provideaa perfect optical system for visith.This has proven to be very
challenging. With the advent of the aberrometeset eye surgeons were able to determine thaaskee Was introducing
a number of aberrations. The ablation profile $inse been adjusted to minimize this effect. Thysitself, resulted in a
significant improvement in the Lasik outcomes. Mbgetter eye registration, a number of companiesaw finding that
they get even better results with a fully customiablation, but it is somewhat short of the gralaéhts of “20/10 vision
in every eye.” WaveFront Sciences developed adbiasrd instrument in 1999 that was used to askessffiects of low
pressure (due to high altitude) on post-Lasik visiorhis was one of a key study that provide th8.Wavy with the
information it needed to determine if Lasik wasategprocedure for fighter pilots. This breadbaasirument formed the
basis for the development of the Complete Ophtlalfmnalysis System (COAS) that has been used byarelsers,
clinicians, and Lasik surgeons throughout the worlthe COAS aberrometer has a high-resolution étreslray that
provides for excellent accuracy, precision and dyicaange. While Figure 6 shows three generatifribe ophthalmic
instrument, we are currently working on tHeahd 3’ generation instruments.
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Another application that is beginning to be impotts the metrology of silicon wafer surfaces. 8malishing defects
in the wafer can lead to failures in the integrad@duit that only develop late in the process. udfit is extremely
important to identify these at the bare wafer stagnfortunately, this means that extremely smedtdiires must be
detected. As the feature sizes shrink, these teffieecome even more important. The Columbus waietrology
instrument has been developed over the last fiwsyéo measure features that are less than onenmight (see
example measurement in Figure 7). This has bewam&ly challenging due to environmental, calitmatireliability,
wafer chuck interaction and other effects. Thstfinstruments are shipping this year.

3 SHACK-HARTMANN WAVEFRONT SENSING

The Shack-Hartmann wavefront sensor was developeth @&xtension of the Hartmann test technique BsriRoShack
and Ben Platt at the OSE>® A companion papeHistorical Development of the Shack-Hartmann WanrgfSensorby
Jim Schwiegerling and Dan Neal, included in thituate, describes in more detail the history of theedopment of this
sensor.

2.1 Principle ‘

Lenslet array
Figure 8 shows the arrangement of a typi /
modern Shack-Hartmann sensor. In this cas
lenslet array, fabricated using photolithograp
and etching in fused silica, is used to collect 1
light and direct it onto a CCD array sensor. T
grid of pixels on the CCD array provides ¢ |:>
accurate measurement of the focal spot position

/

Focal spots

N

The lenslet array breaks up the incident wavefr
into a large number of small sub-apertures. 1
key assumption is that, over each sub-aperture,
only wavefront variation is local tilt. This i
readily achieved with sufficiently high-resolutio “\— Incoming wavefront /
lenslets’. The light from each of these samples Detector array

collected by the lenslet and focused on |

detector. Since the region is small, this usuéFigure 8 Basic arrangement of a Shack-Hartmann

creates a well-formed focal spot whose positiorwavefront sensor.

shifted corresponding to the local wavefront tiw.

The CCD detector records this focal spot positanmg thus, by comparison against a reference, e fope can be
determined. With a large number of local slope sneaments, the wavefront surface can be reconsttuetmerically.

Since the information for all of the focal spotistained simultaneously, all of the needed infdromais obtained in a
single CCD frame. With modern CCD camera systeang ghort exposure times can be used. If thetit saused by
vibration that occurs between successive framesillitesult in a lateral shift of all the focal a3 on the CCD. This is
readily identified and subtracted out, or measufatlis useful. The single frame acquisition alseans that if the
wavefront structures are dynamic (changing rapidhe instantaneous wavefront will be measured liith error.

The focal spot locations are usually determinedbylgorithm called the centroid algoritfim:

‘D;I)(jsj

< J 3

X, =—~——, 1

R 3 1)
jOAOl,

where§ is the modified irradiance distribution over aicggAOI, corresponding to the light from a particular letsl A

similar equation applies for the y-coordinate of #pot locations. Typically, a threshold algoritisnapplied to the

* This is actually a misnomer. It would more actelsabe called a center-of-mass algorithm, sindeciudes a weighted distribution in the calculatiand not just the
shape of the boundary. For connection with thegdiure in this subject, we've continued to useté¢he centroid to refer to the determination ofsthepot positions.
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irradiance distribution to produce the modifiedtudlmition, although other algorithms may apply (@eelution, for
instance).

A reference beam is recorded for use in determitingg wavefront gradients from the spot position sneaments.
Usually this is obtained by recording a plane waalthough the reference may also be calculated ricafly. This
provides a set of reference centroig® andy, ™"

The wavefront gradient for each location k on thessr is:

ﬂx _ 1 X_XREF
(ﬂyl _T(y_yREFJk (2)

where f is the lenslet to detector spacing, whichsually set to the focal length of the lenslet.

The wavefront gradients are connected by the assamghat the wavefront is continuous. While them® some
situations where this assumption breaks down,esd very small lenslets, it is usually quite sali Thus for each
pointk on the sensor lenslet coordinates Yi):

oW~ Ow - - -
Ow=—i+—]=06i+05) 3
1) ayJ K < 3

which is just the definition of the gradient inrtes of the scalar field/(x,y) except that we have substituted the measured
local gradientg3 andg,.

This equation can be solved for the wavefranit,y) in a number of ways. The surface can be desciibédrms of
polynomial$®, and then a least squares fit routine can be tséidd the appropriate coefficients. This is $wcalled
Modal method. Alternatively, the slope data camsed to solve for a self-consistent set of wavefheights®.

2.2 Shack-Hartmann wavefront sensor design

There are a number of different criteria that iafilue the design of the wavefront serf8oiThe dynamic range and
sensitivity are primary performance criteria tha ased to select a sensor, but there are alsmbarwf constraints that
influence the design choice. These constraintdllastrated in Figure 9. In this figure the caaétts are shown as lines
that represent different limits imposed on the een3 hese limits usually include the following:

Minimum lenslet to CCD spacing The mechanical considerations of the CCD (or rothetector chip) impose a
limitation on how closely the lenslet array mayrbeunted to the CCD. Therefore, the focal lengtthefselected lenslet
cannot be less than a certain value (usually ab&utnm).
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Crosstalk Crosstalk between lenslets is caused by diffactiFor the rectangular grid of lenslets this bara significant
effect, especially for narrow line lasers.
Thus we have used the Fresnel numbe!

Lenslet design space

2
—_ d —_ d 50.00 4 /
Fr = g4 -
f/1 p 45.00 e NF > 2 5
. . . Spacing >2
as a parameter to identify lenslet desig 2000 | Dyn Range> 3.5 /
that have the same crosstalk. Anott ——Pivspot>9
way to look at this parameter is as tl 35,00 1 ziX“e"”lss
samp >

ratio of the lenslet diameter to the si
spot it creates. That is shown in tt
second equality in Equation 1. If th 2500 |
focal spot completely fills the detectol
behind each lens, then the instrument t

30.00 4

20.00 4

zero dynamic range. Thus there is a lir 500 |

on the minimum Fresnel number bo

from a practical (dynamic range 10004

consideration, and because of crosste 500 | / —
In practice the lenslets are usually sm = /

enough that the crosstalk is not ovel 000 — o - o - o
significant. Previous simulations hav ' ' ' ' ' ' '
shown that the optimum Fresnel numb
for minimizing crosstalk is foNg >4.0.
For most broader band sources (normahure 9 Design space for Shack-Hartmann wavefrorgensor
line width lasers) Fresnel number dow@nslet array.

to 2.5 is a practical limit.

Lenslet diameter (mm)

Dynamic range The dynamic range of the wavefront sensor isrgtwe
-4 _34
me2f ad’

thus, there is a constraint associated with achgeaicertain minimum dynamic range.

(2)

Pixels per focal spot One of the key limitations on the accuracy of 8WFS is the number of pixels covered under
each focal spot. In the low photon limit, it hameh shown that this is as few as four pixels pealfspot, so that the
sensor more or less operates as a collection af gelhdetectors. However, with a brighter lightice, the sensor will
obtain better accuracy if there are a large nurobpixels covered under each focal spofThe number of pixels covered
by the focal spot is given by:

7R}
pr = (zd—pxj (3)

where p, is the pixel size. To obtain accurate resultsleast 9-16 pixels must be covered by the focal, sthas
introducing another constraint shown in Figure 9.

Pixels per lenslet In order to adequately process the data, thest beuat least a minimum number of pixels undemeat
each lenslet. While we have made sensors witlevasab 7 pixels per lenslet, in practice this le@dsensors with poor
accuracy. So, a minimum number of pixels acrosh &mnslets should be about 8.

Number of samples For a given number of pixels per lenslet andvamisize array, there is a fixed number of samples
that may be obtained. To adequately sample adlpiavefront that has some higher order structhere is a minimum
number of samples across the aperture that musbtaéned. This places constraints on the largasléts that can be
used for a particular application.
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In Figure 9, lines are shown where these varioustcaints are held constant. There is a rougidyngular region that
meets all the various constraints. In practicelibsgt accuracy is obtained for longer focal lergtislets, so the designs
typically concentrate along the upper part of fpace.

For any given system, the requirements usuallyetearound a desired dynamic range, resolution auracy. Cost, size
or other constraint will lead to a selection of em&y which will in turn lead to the identificatiaf a number of the
constraint lines in Figure 9. The other constsaiste determined by the design goals. For exanimedesign space
outline in this figure shows the constraints fonew large field of view IR sensor to be used faacgpcommunication
applications. In this case the desire was to lgpeater FOV than the previous sensor, which hagl arnd20 X 240
detector to take advantage of new 640 X 512 casystems. These cameras have a practical minimanirgpof about
2 mm due to mechanical constraints. For the speleeomm application, a large dynamic range wasneeded, but
better accuracy was desired. For a narrow linerJdBe constraint dfl;>4 was chosen as the limit due to cross talk, and
a dynamic range of >3.5 mr was determined. Tadetuate accuracy, at least 9 pixels per focalwastdesired and at
least 16 samples across the detector. Nearlhaliésigns satisfy the 8 pixels per lenslet requerg. We chose several
different designs along the constant Fresnel nurobese to have various options for testing. Typiedues are 5.0 mm
focal length for 0.1 mm diameter lenslets, 13.0 fimand 0.15 mm diameter and 25.0 mm f.I. with h2liameter. In
practice, we usually adjust the Fresnel numbehsligo that all the lenslet designs have the slawed spacing in order
to simplify the mask design.

4 CONCLUSION

In this paper | have attempted to describe theotyisind events that led to the development of anceroial Shack-
Hartmann wavefront sensor, based on the principiéally set forth by Roland Shack and Ben Pldttlee OSC. [I've
attempted to describe how the (initially) largelifitary work has led to the development of thishleclogy. In addition,
I've described the basic principles and outlinedamproach for designing practical sensors. The ikgyedient for
commercializing the Shack-Hartmann wavefront semss not any great inspiration or invention on raytpbut rather a
sense of the long-term applications and a willirsgnt stick with the difficult task of developinket technology and
building a company

Disclaimer

While | have attempted to describe an accuratetyistf the development of the commercial Shack-idartn wavefront
sensor, those such as Roland Shack, Ben PlattJamahnes Hartmann laid the groundwork. If anythimg own

contribution is primarily in recognizing and devgilog some new applications, and in changing theagigm of

instrument development. My attempt to relate tistohy of this development naturally is biased by own personal
perspective. | have attempted to place the evermisrspective, but undoubtedly | have left out kentributors, parallel
developments and other important events to whitdve not been privy. Thus this paper is mostlplaiographical, and
| apologize in advance for any omissions or inagcias.
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