WO 03/ 055380 PCT/ US02/ 40067 ABERROVETER | LLUM NATI ON APPARATUS AND METHOD
BACKGROUND OF THE INVENTION Field of the Invention The present invention
pertai ns wo mles3go el d of wavefront sensing and, parti cul apcyg/Uuso2/eoan

i mproved ophthal m c aberrometer and nethod for retinal illumnation.
Description of Related Art A wavefront senso often referred ﬁo as an
aberroneter (whi ABERROMETER Hd UYHN ATWMAR?&%%@EMW&ME@ Ol 5 device

that nmeasures a difference in the optical path of |light between a deforned
wavefront and an ideal or reference wavefront. A properly processed
measurenent yields values for various aberrations in the optical system
that the |ight propagates BNGRIGROURD ©t THEMMNMENTIONS focused on the
design and use of wavefront sensors for neasuring the aberrations of the

eye wth the goal of inproving vigddloreiainkintionW ! 11 anms' U S, patent
5,777,719 descri bes a Shack-Hartmann type wavefront sensor that can be

used to measur e, ther ons.
Shack- Har t mann vaOePFon Hgvgﬁ%%?é&%?%ﬁc E%er ﬁ%l 3P Rl s ser%ﬁ*ﬁ i, Bagbha,
(lenslet) arrayfor i.ma hell e onfr eretlnalnto an
array of sporaigpreyed d’@g@’@i qiﬁ%m? %ﬂﬂ I’inﬁ é%c&re‘il% PRURR-i s di spl aced
fromthe regular array resultl ng froman unaberrated optical system These
di spl acenents of the spots are used to~ determ ne the wavefront slope at
each spot location and this information is typically used to determ ne the
coefficients of Zerni ke pol ynom Blescriphion of Relatedsnt di fferent orders and
nodes of the wavefront aberrations. Other types of aberroneters include the

spatially resol wegafetbhashosebRén RasRA t6as kil Sbebonaitdrgivhivbliemel willbd pese
based on the Tscherning

interchangeably herein), is a device that measures a difference in the optical path of light

between a deformed wavefront and an ideal or reference wavefront. A properly
processed measurement yields values for various aberrations in the optical system that
the light propagates through. Recent attention has focused on the design and use of
wavefront sensors for measuring the aberrations of the eye with the goal of improving
visual quality. Williams’ U.S. patent 5,777,719 describes a Shack-Hartmann type
wavefront sensor that can be used to measure, among other parameters, higher-order
ocular aberrations. Shack-Hartmann wavefront sensors are characterized by a microlens
(lenslet) array for imagining the light reflection from the retina into an array of spots on a
detector. The resulting spot image array is displaced from the regular array resulting
from an unaberrated optical system. These displacements of the spots are used to.
determine the wavefront slope at each spot location and this information is typically used
to determine the coefficients of Zernike polynomials which represent different orders and
modes of the wavefront aberrations. Other types of aberrometers include the spatially

resolved refractometer based on the Scheiner optometer, those based on the Tscherning



WO 03/ 055380 PCT/ US02/ 40067 principle, skiascopic systens, scanning
systens of the Tracey technol ogy type, raytracing devices, and others. All
of these wbasnsisei er types are well known in the ophthal ece/usavefosbnt
sensing art so that a detailed description of these devices is"not
necessary to understand the invention. Descriptions of these devices can be
found, for priaxmieskiasqopicisysersy sERRpS syiiems ohthe (gjcey techpeleg¥ et ober 2000.
Regar dl ess of the sensing principles of different type aberroneters, they
al | requi rmeyteacireg devades; dnduotharat AUof these eleerronimter tyestappivel kngwa in thght
emtting diode, a superlumnescent diode (SLD), a diode |aser (typically
oper at ed bejpmalicasiRtidht Shsing aneb et a defate dedotiptipast thedd deviveh it
source that "produces a point source on the patient's retina. In fact, it

i's highly %%g&&l § &Hg&&@&&mﬁbﬂu WeB3tdidhs bOmEs &Qic%@@arﬁy&fo%n&?ﬁﬁa S0

that the ult wavefront neasurenent represents aberrations at e
fovea, the highest _resolutign p } f .t tl 1l um nation that
covers an p&a%ﬂéﬁ%ﬂﬁ vﬁ.ﬁggffgf{/@,%e&?eir?b%@g'i3006%5?%03.5 accurate aberration
val ues. Cenerally, patient refractive errqr.is the |argest optical defect
to contend with ﬁ‘?gaéﬂéﬁsr@ﬁlﬁ @PS%PQF?IB%S Oﬁéﬁ%f@ﬁ@ﬁtak’e%%@ﬁt% ﬁ’(‘??’ aﬁI imts
the nmeasurenent range of the aberroneter. The typical ophthal m c patient
will have raqimne catinekillohinpsion sowrce.n Thisvs Gpicelin géigheemisiéng disdejigopt ers (D).
This nmeans that the eye will focus |ight some distance either in front of
or behind tdigel@hindsdenplivde (SLIDY, adiziegseb(typicaily opegaed belowhbreslatldner, when
this value is different fromzero. Lasers (used herein throughout to refer
to the reti )| .d%}:.é}ﬁ Hé16eBant 48 8e fHAf prodhedéiadiong sbiiRe bethdwtient’s

il lum nati oe{r%l%lk.ti/éé’lﬂcrgﬁy ilevea%}gam di anmeters of about Glj1. 5mm; Since the
fovea of the.eye is al : [ =101 ; AelPEMSvPMEFeaisg t he
eye w || i]ﬁﬂfl%ﬁn %th %@%ﬁ%‘aﬁ&%@%ﬁwt gﬂ? Eﬁlﬁgiﬁicng beamyand’ teﬁleS

retinal t art S’E the ﬁﬂﬁrrla{tg r\;v%'%rgﬁgnt measurement represents aberrations at the fovea, the highest

resolution portion of the retina. Illumination that covers an area larger than the fovea
will produce less accurate abefration values. Generally, patient refractive error is the
Jargest optical defect to contend with in aberrometer wavefront measurement. Such error
limits the measurement range of the aberrometer. The typical ophthalmic patient will
have an uncorrected defocus in a wide range between +15 diopters (D). This means that
the eye will focus light some distance either in front of or behind the retinal plane,
producing blurry images on the retina when this value is different from zero.

Lasers (used herein throughout to refer to the retinal illumination source) used for
providing the retinal illumination typically have beam diameters of about 1.5mm, Since
the fovea of the eye is also about 1.5mm in diameter, any defocus power in the eye will
inhibit a tight match beﬁveen the illuminating beam and the retinal target. Aberrometers
are generally constructed such that their optical systems include refocusing means to
account for the patient’s refractive power, and also, so that the wavefront image spots are
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are generally constructed such that their optical systens include
refocusing neans to account for the patient's refractive power, and al so,
so' t hat tWwe osayB3Br ont i nage spots are 2 WO 03/ 055380 PCT/ BE@A/SADQBE7 i n
focus on the wavefront detector. The refocus of the | aser beam can be
acconplished by injecting it in a position in the %berro ter opig%ﬂ
system so tHdpcisrn thepayaondsisetor. e refeqtis of Bierlaser Pe3m grn b arcgriplishad o
defocus. Alternatively, a separate focussing optical path can be provided
for the il lbyrimatingit iniagivsitioNtieths abetrompignepticebsiistam shint th sefpeptsaccutgeam
pass through refracting optics (lenses). The principal drawback, however,
is the noiwghgen@ratach bfthe hetisn\selefoens. Sensaively; asefpaak Swatdieg ogtical t 0 t he
i nherent disparity in light intensity between the |ight entering and

exiting t he%.ﬁ?fﬁan 5OhrotRI2ATYY the Mumih&ion EARMIh&se sBRM0AXIABEEM! thelasky Of the
illumnatio ight Ts collected for wavetront imaging. The solution

provi ded by, pol ari zat i J: { . I n r
Concer n f o Pt EraT RO S b B (P RERT pr e BN REL e ATRARE
refractive errors on the input, side of aberration syrenent .. One. roach
for pr ovi dRvige Bensiaed 1t FATFRT SIS RPT R RETR VEL0 teanaeett (ERA b est
focus by geonetrically correcting the input light by either_ adding or

subt r act i nglighftintensitygeshween the §ehtengirmgendsyiding temess, FordSOmplight, foyht woul d
di verge or converge to conpensate for nyopia or hyperopia, respectively.

I n a nyopi ceeyelsyidphroximaelyl 0. épifthedillamexagion lightisevBected foe wamgliontbeam i s

di verging before intercepting the cornea, and the input light profile can

take on a sjggiifid CRY soRRRI FbViasd by polatiztienptied isteo sdstly kb bgeffbwiveet i na.
This can seriously degrade the intensity profile distribution which can

I nterject error k@ﬁih%{:é‘éﬂc Hr addBBE GAV SR nch iR ehBRIS theBRIpeALibRBS T OVea

and, in turn, in e wavefront reconstruction.

refractive errors on the input side of aberration measurement. One approach for
providing a small illumination spot on the fovea was to create a best focus by
geometrically correcting the input light by either adding or subtracting optical power
from a plane wave. Hence, the input light would diverge or converge to compensate for
myopia or hyperopia, respectively. In a myopic eye with a small pupil diameter,
however, the input beam is diverging before intercepting the cornea, and the input light
profile can take on a significant aberration signature prior to striking the retina. This can
seriously degrade the intensity profile distribution which can interject error in localizing
(centroiding) the imaged spot on the fovea and, in turn, in the wavefront reconstruction.
Moreover, a very small input beam will suffer from diffraction effects and reduce
measurement range.

Spot asymmetry on the fovea is a further concern affecting accurate wavefront
measurement. Poor or inaccurate localization of imaged. lenslet spots can create errors in
the Zernike polynomial terms of the reconstructed wavefront. Since a Shack-Hartmann
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Moreover, a very small input beamw || suffer fromdiffraction effects and
reduce neasurenent range. Spot asymmetry on the fovea is a further concern
af f ect i ngwewosszmBe wavefront neasurenent. Poor or i naccuPar@shoembi zati on
of imaged | enslet spots can create errors in the Zerni ke polynom al terns
of the reconstructed wavefront Q‘gﬁng Har t mann WO 03/ 055380

PCT/ US02/ 40¢877ce %@%S@é‘l%f@fﬁgféaie%waﬁ faidhe R VAP BATONEEHEUH i ke terns

are no longer nmutually independent (i.e., non-orthogonal). As such, system
noi se can iirmdqmdiiﬁr(hb-keon-eﬁﬁ@goélﬁbsé-sémlpﬁj’ﬂﬁ@n meaapﬁgmﬁacelrrrlrlqeéear ly
created Zerni ke quantities that do not actually exist. Accordingly, the

i nvent or hagoseenglihg edmgre edifivllyacreaed Dearhikiel quantitieatthasdo neppawaltyuscistn an
aberronmeter and associ ated nethod that address the di sadvantages of the

current technol Ogﬁcoﬂﬁ'ﬁﬁﬁ tiR v @Hibietas b6 anized 8 S dr 8 Bdthal Hluafindtive present

i nvention w | I ecorre nor e appar ent in view of the follow ng description
and figures, R4t QBrekStng AGH Ak ed bF B! €d
to illum na?’}?pr?ﬁa ‘és pa [ en% SO g%lﬁrgs&\lat&?m em%geta avva\/ee§r ont rreas%%r enment with
an illum nation beam havi ap characteri et er
rof 1o e} ernaipRk: Lest nad et arparurne s ahe prEnt RBioLha ne
patient's cornea, and b) which maintains a beam spot ar ea on the fovea that
i s smal | er bedoe mpws agbfreREEvieH of theifelloyying dgrerigtien Ard ﬁ%‘ﬂ@$ ng component
over a defocus range typically encountered in the patient popul ation;
i.e., between about -12D to +1 OD and, preferably, between -12D (0.25D) to
+6D (0. 25D). An enbodinent of the invention is directed to an inproved
wavefront sensing device. TheSUNNARAMORTHE INVENICONT i zed
The invention is generally directed to illuminating a patient’s retina for making a

wavefront measurement with an illumination beam having a beam characteristic, e.g.,

diameter or profile, that a) eliminates the need to refocus between the source and the

patient’s cornea, and b) which maintains a beam spot area on the fovea that is smaller

than the diffraction limit of a wavefront imaging component over a defocus range

typically encountered in the patient population; i.e., between about —12D to +10D and,

preferably, between —12D (+0.25D) to +6D (£0.25D). An embodiment of the invention

is directed to an improved wavefront sensing device. The improvement is characterized

by the aberrometer having an optical path between a retinal illumination source and a

patient’s eye containing no refractive, diffractive, or other phase altering components. In

other words, only beam steering components, if any, are present in the optical path

between the retinal illumination source and the patient’s eye. Thus, the effective use of

Gaussian wave propagation will provide a tight beam waist and a Rayleigh range that

extends over a specified refractive error range. Preferably, the beam diameter of the

illumination beam at the patient’s anterior cornea is less than 1mm. The retinal
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by the aberronmeter having an optical path between a retinal illum nation
source and a patient's eye containing no refractive, diffractive, or other
phase al twpioagsssenponents. In other words, only beam st e@cCragoremwponent s,
if any, are present in the optical path between the retinal illum nation

source and the patient's, eye us, the effective e.of ..Gaussi.an ve
propagat i onllynmatipgp Wﬁf’elsé’r?fpij’ﬂ%’ &3y diode ﬁ’ﬁ?fo“?f@% ARSI A e

extends over a specified refractive error range. Preferably, the beam

di anet er ofcotlheatirigl lensyelembaidvelh @drhIdor ether spardedmedusingRoberedt ocsiHea is | ess
than I|mm The retinal 4 WD 03/055380 PCT/ US02/40067 illum nation source is
pref er abl y 3h&R0nietd o0 d euitAsewaedantin/pjus fiedletismgnmonemnts wgy atevide the
collimating lens; alternatively, a SLD or other source producing coherent
or sem - C%ﬁgfo%%e' i1 188in8on 3i78 4hd RIRe WRNEW eRdidt ipAgise Ednyeshehefos
conponent, y provide the appropriate illumnation size and profile. The
wavef ront i.magin onpo i i : d nown
wavef ront Ji* m@%tt geggﬁ%gﬁgg%%g@eer aE: y ﬁlagflagélfg%ng? ﬁtaod? tegfbr&nﬁéc@glfeg%sﬁl g%ﬂg}kof a
Shack- Hart mann sensor. Infa t her. enbodi nent, a nethod of naking a nore
accur at e WIS PIHRIENTELY L @;@WPC’ AN SESEY s eye conprises illumnating
the patient's retina with an illum nati on beam over an optical path

bet ween the sourloamathgr embodiment ammathed @f majdpe p gl0r¢ peeuTalg &ﬁ?ﬁa%f racting,
diffracting or phase altering conponents. An aspect of this enbodinent

i nvol ves pravisdtengent of @ phtidnt’s eyt oanprises Wiunhinatingthmpatientsreinawidk ai s | ess
than a diffraction limt value of an inagi ng conponent that inmages a

portion of j{1ifiniRKekiatvefin dptikal Bth betweee thedonrbnad thevatibutiusyerthatge of
the patient's eye between about -12D to +6D. The nethod further entails

providing a; Gaus sl aRehdindMiPR4dAB of BRABe altering components. An aspect of this

embodiment involves providing foveal illumination with a beam diameter that is less
than a diffraction limit value of an imaging component that images a portion of the
wavefront on a detector over a refractive focus range of the patient’s eye between about
—12D to +6D. The method further entails providing a Gaussian illumination beam
having a Rayleigh range that is greater than the refractive focus range of the patient’s eye
between about —12D to +6D.

These and other objects of the present invention will become more readily
apparent from the detailed description to follow. However, it should be understood that
the detailed description and specific examples, while indicating the preferred
embodiments of the invention, are given by way of illustration only, since various
changes and modifications within the spirit and scope of the invention will become
apparent to those skilled in the art based upon the description and drawings herein and

the appended claims.



havi ng a Rayl eigh range that is greater than the refractive focus range of
the patient's eye between about -12D to +6D. These and ot her objects of

the presewDoBnwB8di on will becone nore readily apparent fPCamsotigodet ail ed
description to follow. However, it should be understood that the detailed

description and specific exanples, while jndi i { referred

enbodi nents of the inventi orB?EErFeDB§QBﬁPWM%Q%R€W on only, since
various changes and nodifications within the spirit and scope of the
invention will bEgore! isgupetienlschematitoxa waiclioatsenporiageordig 19a8ed upon t he
description and drawi ngs herein and the appended clains. 5 WO 03/ 055380
PCT/ US02/ 408680diBRhEST tRESSRIhIRI; ON OF THE DRAW NGS Figure 1 is an optical
schematic of a wavefront sensor according to an enbodi ment of the

i nvention; Figur Fi&%%é % i SABRARS Hiﬁgﬂhﬁﬂb@'ﬁ%ﬂﬂﬂuﬂﬁn@i@ni dohipdhéah@Butput
u

conmponent and out retinal illum nation beam over a typical range of
defocus in the e _accordi . i : I OB Ehgure 3
is an opti c o @ﬁmqaﬁ%mgofe Q%r?%glf %icﬁgglgg% gﬁl@égg‘?{séﬂ ngyég? \élﬁ]mgg@g r’Jc c(’jllﬁﬁrllg to
the invention; and Figure 4 j.s an optical schematic of an off-axis

i 11 uni nat i optmBYdmeny %@%BIIWGHBOIE;O anot her enbodi ment of the invention.
DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS | Figure 1 is an illuystration
of an inproved wHigte d it aseiisakschemptifeofag gH-g¥is glumination system according to

the invention; and

Figure 4 is an optical schematic of an off-axis illumination system according to

another embodiment of the invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figure 1 is an illustration of an improved wavefront sensor in the form of a
Shack-Hartmann aberrometer 10 according to an embodiment of the invention. It will be
appreciated that the invention is not limited to a Shack-Hartmann aberrometer, but in fact
applies to all aberrometers and wavefront sensing methods that require point source
retinal illumination and wavefront imaging for aberration analysis. Generically, an
aberrometer 10 requires an optical head, a data acquisition, storage and processing
system for detecting, measuring and displaying wavefroﬁt aberration data, and
interlinking electronics and software. The optical head encompasses an illumination
component 12, preferably in the form of a 780nm laser diode illumination source 70 that
outputs a Gaussian, preferably coherent, transverse mode beam and an integrated
collimating lens 72; imaging lenses 14 and beam splitters 16 for manipulating
transmitted and reflected light from the illumination component 12; a microlens array 18
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Shack- Hart mann aberroneter 10 according to. an enbodi nent of the invention.

It will be appreciated that the inventionis not limted to a
Shack- HarwoeafszsBer rometer, but in fact applies to all alPerrusowi®ss and
wavefront sensing nmethods that require point source retinal illumnation

and wavefront imaging for aberration analysis. Generically, an aberroneter
10 requires an optical head, a data acquisition, storage and processing
system for detecting, measuring and displayi ng wavefront aberration data,
and interlinking electronics and software. The optical head enconpasses an
illumnation conponent 12, preferably in the formof a 780um | aser diode
illumnation source 70 that outputs a Gaussian, preferably coherent,
transverse node beam and an integrated collimting |lens 72; inmaging |enses
14 and beam splitters 16 for manipulating transmtted and reflected |ight
fromthe illum nation conponent 12; a mcrolens array 18 6 W 03/ 055380
PCT/ US02/ 40067 7 WD 03/ 055380 PCT/ US02/ 40067 an exenplary illustration, X
= 785nm and f = 6.0nm d = 0.2nm maki ng each lenslet f/30, and giving a
diffraction limt value equal to 57 i. The illum nation conponent 12
consists of |laser diode 70 and collimating lens 72 that is fixed in
position with respect to the laser 70. The laser is a 785nm Bl ue Sky
Research CircuLaser Di ode (PS 108-00) that provides a circularized beam
with a total divergence of 10 degrees. The collimating lens 72 is a

CGel tech nol ded asphere 350200 that was chosen due to its short focal |ength
and reasonable cost (avail able from Thorl abs al ready coated and nounted).
The focal length is chosen so that the | aser beam di aneter incident on the
cornea is very small, preferably



M or less, to avoid effects of wavefront error of the eye on the input
pass. A ZEMAX(r) optical raytrace eye nodel was created in correspondence
wi th FI GwWD iBos55386sess the predicted spot sizes on the coregaSéz4@nt t he
retina 76. The nodel contains the |[|aser source 70, the collimting |ens
72, and a nodel (Qullstrand) of a normal eye 75. The axial distance from
the second swetcmmaryaBugfatiohel cdBiImratndig b-Opsn, 7= 0 gnuh aakieeqach lenslebr nea
74 is 104.92mm The distance fromthe laser 70 to the collimating |ens 72

is 0. 735My36a4a5iviAg ReRMaBiOPRERaRR dqfalds §du ! Ths ilmhiaktor dengembavizor  of
the | aser beam wth a Gaussian cross sectional intensity distribution. A2

m cron i nput_be | Sti. - t : i
i aneter ot PRGTLY S ST BRRUTR SR AR IR Al aRied Tl SR
angui ar T ande e - G5 g AAEST e NGy RRaBpe teeserigogEFRIPERL) bl ng
the geonetric relationship h = F tan(OQ, where h is the obf' ect height, Fis
the lens f ooaidssangchlapivet beaewihe totahiigerggngeddRidperermyhe eallmatingleppe
field angle. The beam approaching the tronbone now has an angul ar subtent
of +/-0.11 @2y eesltedimolded atphary 350R00 thabwhost®sen Austoiits shor fecd bugthoand
+/-0.12 degrees due to the angul ar magnification of the 8 WO 03/ 055380

PCT/ US02/ 40@&EondblXtRO0R ail d0ke frbmOTH®eRBSs dlegady beatsdend hbantdé)s TYe fedal lkapth i s
made up of two lenses with focal length ratio of 1.075, thus increasing

the angl e by hhaty, sf tﬁﬁtttﬂé 1asdeaRE@IMBRWIRHehBon HhB&olded RN sheRdirB@rdvdyvar d
the lenslet array wth an angul ar spread of +0.12 degrees.” As It enters
the lenslet arra

usi ng the safE® 8%{735?4 ‘ZC)EV@E%EC‘?Q%%@OE?%%%%@ %ﬁ%@éﬁeﬁ %B%SEC%I nggl stze

| ength of 6mm they each create a spot dianeter of 2h = 2 x 6 nm x
tan(0. 12 ded@dEAX" -oppisalipyrasssyepodel was created in correspondence with FIG. 2 to

assess the predicted spot sizes on the cornea 74 and the retina 76. The model contains the
laser source 70, the collimating lens 72, and a model (Gullstrand) of a normal eye 75.
The axial distance from the second surface 72b of the collimating lens 72 to the anterior
cornea 74 is 104.92mm. The distance from the laser 70 to the collimating lens 72 is
0.735mm. Gaussian beam propagation is used to simulate the behavior of the laser beam
with a Gaussian cross sectional intenéity distribution.. A 2 micron input beam waist was
assumed. Ray trace analysis shows the beam diameter at the cornea at roughly 0.46mm,
well within the goal of 1mm or less. The size of the spot on the retina, 64 microns,
corresponds to an angular range of +/-0.11 degrees exiting the eye. This is calculated
using the geometric relationship h = F tan(), where h is the object height, F is the lens
focal length (for the eye, this is roughly 17mm), and 0 is the field angle. The beam
approaching the trombone now has an angular subtent of +/-0.11 degrees. Upon exiting

the trombone, this is increased to +/-0.12 degrees due to the angular magnification of the



the detector. This is significantly smaller than the diffraction spot size
for the f/30 Ilenslets of 57[L. Therefore, due to the tronbone

magni f i cawDma/083380 t he | ensl et focal |ength, we get spotsPCrAez4@HT 0 t he
detector which are smaller than the spot size on the retina. There are
several other conbinations of tronbone magnification and | enslet foca

| engt h t hat trowshpee- gTRetrembonefep thespeqitic design haad isggadssup ofdwadenses Had

bel ow, the spot size on the retina varies, but is always snmaller at the

i mge (det eficallebgthiratio oHb07Brkusancreasingipy angle byithaiifagter. rdferhgeminoay exitsor s,
the distance fromthe back of the eye lens 77 to the retina 76 was

| engt hened #@ tfiniBon@thRadiggisig tledeesea aanag withoan et read af @I 2degrees.
farsi ghtedness.- For the -patient with the -12D refractive error, the spot

Si ze on.thep Eeljd8 thd SndMefra$ " @lch s cHBAMs M Ad@lar k@tehtftb 3n idAgd fiz£yebal |,
the retina iIs oser to the nini mum beam wai st position. For the +6D

o

patient, the.spgt on the ret.ina coul d.be as.large 94 1 s.cdi aneter.
This corr esBﬁﬂggletsgn%?fqﬁ?tb%_?pt%@g'fmfﬁ RS ?aocilllﬁl a‘s/eéﬁ%c(ra)ﬂr 1%5% ﬁeo f%'g}%’t ance
fromthe laser 70 to the collimating lens 72 can be varied to place the

m ni mum  betheywasisercats arshet diampighof7F T G KAaNRhE degses) “Fremicspifton
descri bed above mnimzes the spot size for the OD case. However, as this
di st ance i stiehiztdcenre Chist ik eigapfrntlysmaltes thanithOdigtaétmtspobsizeyor thes/Xhal | as
10 microns, but not without the spot for the +6 diopter patient growing to

95 m crons. 13MR I3/ PRELIRE; Hub/aDdk 4Rbont inaghiflcalién aRPihe tdndleefbchhat

stated that the magnification is an inportant aspect to this approach.
G t hat the,.l I ' ' t ' i1 i f
Cor - de- magni Ty FESHS tasfE el SR8, Rk of Pl Wi o SO BRIRR Y,

the retina to o . .
retina. There are several other combinations of trombone magnification and lenslet focal

length that would give the same result. For other cases, as described below, the spot
size on the retina varies, but is always smaller at the image (detector behind the lenslet
array).

To simulate refractive errors, the distance from the back of the eye lens 77 to the
retina 76 was lengthened to simulate nearsightedness and shortened to simulate
farsightedness. For the patient with the —12D refractive error, the spot size on the retina.
is even smaller, meaning that for this length eyeball, the retina is closer to the minimum
beam waist position. For the +6D patient, the spot on the retina could be as large as 94
microns diameter. This corresponds to 37 micron spots at the wavefront sensor. The
distance from the laser 70 to the collimating lens 72 can be varied to place the minimum
beam waist on the retina 76 for a different case. The solution described above minimizes
the spot size for the 0D case. However, as this distance is shortened, the spot for the —
12D patient can get as small as 10 microns, but not without the spot for the +6 diopter

patient growing to 95 microns.



the canera sensor. The angul ar spread of the blur spot (Airy spot or the
diffraction |imted spot) of the lenslet nust always be greater than the
subt endedwerngloss3sd t he object (the retinal spot). Thus omeTamsn2/¢tepbse bot h
the |l aser injection optics and the wavefront canera inmaging optics (the
lenslet, and to a nuch | esser degree, the tronmbgne optics) such that this
will always be sk vallde appreciptediteal siefaddbat themagnifeatiofigan tpporiant aspegt to
preferable to keep corneal back-reflections out of the wavefront-sensing
path. |n anhiaspeedachf Givengharthonstetarraytinen ppticahbystan,dhwibalperemagiiy i s
positioned off- axis relative to the patient's eye 32 as shown

schemat i cal (oY dbMdshfyfy Som. objéc i BnageSINAMS caseNthe\spoivprejscietl oatodhs ratina to
Shack- Hart mann aberronmeter system 100 for off-axis illumnation of the

retina R e chaselsof QAP IREaherts: Btk o BRAMADot QRS dot beaRmitiabher 16a.

The illumnatron conponent 12 and beanmsplitter 16a are positioned such

; EET etyZied'Ti | r?tecfi%raqh%ﬁﬁ%tegﬁeﬂ%%?teaht’%fcﬂeﬂyﬁ%f@%?%% i S%??%%?JE R
' i s A ini.ng |i f I
beacon B onesstdpRR: RIGF ongeapeose e Tapbeag oftes Ry RRET | gy
g

beam 50 out of the eye that passes through the beansplitter 16a. Beam 50

t hen passescanmrairghging bpies (88, lenslelt and t8 myshdpsspiadagaes, thedramehore HoUGH | e

bl ocking the beam 41 reflected fromthe cornea, and a lens 60 to a

Har t mann- Shagrk thtigie tsall abRays beao odatthe whpleGefradivprermesnghe | ensl et array 18
to focus the beam 50 as an array of light spots onto a CCD or other

sui tabl e two-di "RRghIRH BlefElabietd Réep2drnethbackaafoctidnybid ofekdrivhvdfronbeensing
Gaussi an characteristics described above for maintaining a retinal spot

I areL o SRR O AL SR R S hde seshostaedinem

arra

axis relative to the patient’s eye 32 as shown schematically in Figure 3. Figure 3 shows
an overview of a basic Shack-Hartmann aberrometer system 100 for off-axis illumination
of the retina R. The laser component 12 emits beam 40 towards beamsplitter 16a. The
illumination component 12 and beamsplitter 16a are positioned such that the light beam
40 impinges the eye 32 off of the optical axis A of the eye. Thus, a light beam 41
reflected from the cornea 42 of the eye is reflected off of the optical axis A. The
remaining light forms a laser beacon B on the ;etina R of the eye 32. The eye’s optics
propagate a light beam 50 out of the eye that passes through the beamsplitter 16a. Beam
50 then passes through a lens 56, a stop 58 which passes the beam 50 while blocking the
beam 41 reflected from the cornea, and a lens 60 to a Hartmann-Shack detector 62. The
detector 62 comprises the lenslet array 18 to focus the beam 50 as an array of light spots
onto a CCD or other suitable two-dimensional detector 22. The beam 40 will exhibit the
Gaussian characteristics described above for maintaining a retinal spot diameter that
remains less than the diffraction limited spot size from the lenslets of the array 18.
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In an alternative aspect illustrated with reference to FIG 4, the

collimted | aser beam 110 is offset laterally fromthe eye optical axis
112 to diweas/osssneal back reflections 114 out of the wawpeffrusat/4®ensi ng
path. Based on the typical radius of the anterior cornea surface 116, an

of fset, Y, of between about 0.5 to | .J,S suitabl i t.h a_preferable
of f3et bei ng bet Jbah S4aBaR P stV rereneE o FIc o e Bnfied 130t e
| ateral offset, Y, be in the vertical direction (up or down in FIG 4) due

to the fact bearndd0inelfseataterally Fowithe aye gticehaxit bizegliregigoresel haakh r espect

to the geonetric center of the pupil wll vary frompatient to patient.
These di f f ereffectien< bt meny tervoanefofirsansipg peth. BaSedpn thewppieal radihs of the
difference is usually snmaller in the vertical direction. Due to the

| ateral of f afierief cdri€n duRfeET 16 da@EREL, Yhef Pawbéd Houdd.Stihets Do iOBuitdbée
retina, RR will vary as a function of refractive error. As shown in FIG
4, for a 1my

i funct i on of on
ot i ont o, and Bt EoHF e dRafaH Bou i &l T R P e
ot i ont s wi the Dig7a oL 37 f Bl rdeot BRESER o0 SRR i) ADRET B 01 o

(0.5 degree _ diangter), cases will .he well V\%thin t he fovez}\

and all . 5
degree di andhaihe lategal Dgsitign gE the cgineghysyieX WiHLERPSFLI0 tae EFERING CRPIdRE ect or
can be detected and the operator can be alerted, accordingly, to nake
adj ust ment . pWpil avild aArybizord pakers jo pasieanh glhdse diffesences pan veey frpns(%/-imntm to or the
entire instrunent relative to the patient if it can be .noved in sub-

m | 1imeter iQmm@nRowsever Alisldffigredms it hiwmllgisfihBercindiee vesticad doected, Dut tetheul d
not upset the mapping of the nmeasured wavefront to the patient's eye. A

met hod embodiEmnbrrag ¢ idiiAGniAg bbsn] tﬁé’?éﬁiﬁ&{‘oftﬁe dpdtealiBsietifa, aR Al INafgad
nore accurate ocul ar vvavefron% aberration nmeasurenent with a

vavefr ont - SethAbndREgivk BrrofRs BRRGCHFIB. 45k A nl bWTHAIR0R ChES 1 S

provi ded having beam characteristics t

be up to 0.1mm for far-sighted patients, and 0.21mm for the most near-sighted patient.
Angularly, these correspond to 0.34 degrees, and 0.7 degrees, respectively. Therefore,

for patients with —4.7 to +4.0 diopters, the spot will be within the foveola (0.5 degree
diameter), and all cases will be well within the fovea (5 degree diameter). The presence
of corneal back reflections at the detector can be detected and the operator can be alg_rted, _
accordingly, to make adjustment. This can be done by moving the laser in the

instrument, or the entire instrument relative to the patient if it can be moved in sub-
millimeter increments. As long as this difference is recorded, it should not upset the
mapping of the measured wavefront to the patient’s eye.

A method embodiment according to the invention is directed to obtaining a more
accurate ocular wavefront aberration measurement with a wavefront-sensing device. In
one aspect, a retinal illumination source is provided having beam characteristics that
eliminate any need to refocus the beam along a propagation péth between the

11



elimnate any need to refocus the beam al ong a propagati on path between the
11 WD 03/055380 PCT/ US02/ 40067 illum nation source and a patient's eye.
The pref ewaBmsiseam characteristics are a Gaussi an profi [PETWSOI4@6Deam

wai st that is effectively of constant di arret er over the ref’ractive range

of the eye, referabl over.a refractiv n et wee ut .+6D to - 12D.
In a rel at ed gnmetipn S%“trc‘? ad g ptERL R PYE- ¢ 8%?3&’2 e beamy¢ aﬁ%ﬂerisflf’%?ﬁeﬁatl on
beam having a dianeter on the eye's retlnathat is less than a diffraction

linmt val ue GAusgan pregde wih a&@ﬁ@dﬁ@ﬁtthﬁgwff%lvplwﬁ@om% digmsticrgtvet the

wavefront on a detector over a refractive focus range of the patient's eye
bet ween aboutfracti@Dringeofihe afki breforahly ousr aadiractivegengeshetwbadiboent 6D have been
chosen to illustrate the invention, it will be understood by those skilled

in the art tihat Jehaepes =3pett) Hvﬁlﬁréﬁﬁblﬂﬂ%roxﬁa@a bginapidentihgionibeaiiabigta
departi ng fromthe scope of the invention as defined in the appende

o i e, 12 \@LQAL05R880, ECTUISIRIADOE! ok EHLL oIS ALBY " ot
SGnSl ng deVl ce nEaS ri ng an errat e waveft ront rom a patl F S eye
Comonont - £SREBhé it @B a%§{“5>rnﬁ2h vattinth 8 akELLD Byor ArbliTATRLRD

| ensl et array for the aberr ted vefront on a detector, and
i nterlinki ndan@lﬁéfﬂ?ﬁa?ﬂe@ SP)‘&%W&?‘E ouh- éijjmaasure and di spl ay ocul ar

aberration information, the inprovenent char acterized by:
While various advantageous embodiments have been chosen to illustrate the

invention, it will be understood by those skilled in the art that changes and modifications
can be made therein without departing from the scope of the invention as defined in the

appended claims.
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an optical path in the device internmediate the illum nation source and the
patient's eye having no refractive, diffractive or phase altering
conponentwo 03/055BB@ devi ce of claim 1, wherein the illum naCirarsoremwpbnent
conprises a light source and a collimating lens that is fixedly positioned
with respect to the light source. 3. The device of claim2, wherein the

| i ght sourc&cdmpri ses one of a diode laser, a |aser diode, and a super

| um nescent diode. 4. The device of claim5, wherein the |ight source emts
a wavel engt . i n Andmpargd waykirahingnsiigdevice Hr 8G0suTIngSn dphwaigdwayelromt cl ai m
2, wherein the light source provides a collinmted beam having a Gaussi an
beam char ac et $hittent’6 eyd Raiddievice eodbrisihganopticabheadeinclutiing abetimlhas a
diameter on the retina that is less than a diffraction Iimt value of the

l'ensl et for fi HGn&iPYImPIREE a‘&ﬁta@w%ﬁﬁibﬁ’,&t&ﬁ;é IR pro®Rsind b pdeay@idifgh on

the detector over a refractive power range of the eye between about -12D
to +6D 7. JRSfSYPfy fhafth2il BertfiS veldndRSnReRIAR S R ALAD [ ange
that is equeﬁ 00 greate han a refractive power tange of t eye

bet ween aboui -12D .t? +6D 15, V\g[) 03/ 0553%%.P / USP2/ 4006.7 .8f The device of
claim1, whélesronieshwicesated iy detoh easaEs B ABIRY SIS a@ OO ) havi ng
a diameter on the retina that is less than a diffraction [imt value of the
| ensl et f or Hierignpaovepesnt Plag@erired®Yporti on of the aberrated wavefront on the
detector over a refractive power range of the eye between about -12D to
+6D. 9. The devi aropficat paihnm e ddvareantermérbatb denillhasnatiobsamcpandthehat i s

di spl aced from

patient’s eye having no refractive, diffractive or phase altering components.

2. The device of claim 1, wherein the illumination component comprises a light
source and a collimating lens that is fixedly positioned with respect to the light source.
3. The device of claim 2, wherein the light source comprises one of a diode laser, a
laser diode, and a super luminescent di’ode.

4. The device of claim 5, wherein the light source emits a wavelength in the range
of about 780nm to 800nm.

5. The device of claim 2, wherein the light source provides a collimated beam
having a Gaussian beém characteristic.

6. The device of claim 5, wherein the beam has a diameter on the retina that is less
than a diffraction limit value of the lenslet forming a spot image of a portion of the
aberrated wavefront on the detector over a refractive power range of the eye between
about —12D to +6D.

7. The device of claim 5, wherein the beam has a Rayleigh range that is equal to or

greater than a refractive power range of the eye between about —12D to +6D.
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an optical nmeasurement axis of the device. 10. The device of claim?9,
wherein the displacenent is a parallel translation of between about 0.6nmm
to 1. 0Onmwoassseo at t he posterior corneal surface. 11. TiReTds0r/e®6Df claim
1, wherein the retinal illum nation conponent is positioned relative to
the patient's eye_such that |ight reflected froma corneal surface of the
eye travel § al odgeseyice st clgup ﬁ= ‘é{hﬁe’?ﬁﬁw QIEIWIOPQPWB?%’EPWE)%SFM
retina travels along a_ second path that is spatially separated fromthe
first path. beam havingwnatizmeier exthsireiipadbatiislesy Gan pdifSaetionligpehg ofite
wavefront aberrations, conprising a retinal illumnation conponent and a
wavef ront i daglehfraxmngeseritimageitr girtion bfthe abereaterbweredfraat bi the, detkictdrrayet i ng,
or phase altering conmponents in an optical path internediate the retinal

i 11 umi nat i o 6RIIINEPBIARM A oPReic§ bettrea@iiRA 1213 10 F6B. devi ce of claim 12,
wherein the retinal "illum nation conponent includes a |ight source and a

Courcar 14799he! Gk iRlice BrLtf YnbieR e BRI & P RRR Mot kil IRcd
| aser di ode, | aser, and ﬁ;aﬁéerl um nescent di ode. 15. The device
I

i od
of claim 12,“%8&%’%??616&??{8%%?%% @i ni ng conponent is one of a

refracting, a diffracting, and a phase altering nedium_ 14 03/ 055380
PCT/ US02/ 40087 e dkise @6 6iuB Yo DEFd the i@l?lr FiiihHa Pﬁéﬂéﬁm\é\ﬁ% % magi ni ng

conponent is a mcrolens array. 17. The device of claim 12, wherein the
retinal ill betweshiaboutdbémorteriOpmaueagersd at the posterior corneal surface.

11.  The device of claim 1, wherein the retinal illumination component is positioned
relative to the patient’s eye such that light reflected from a corneal surface of the eye
travels along a first path and such that light reflected from the retina travels along a
second path that is spatially separated from the first path.

12. A wavefront sensing device fqr measuring ophthalmic wavefront aberrations,
comprising a retinal illumination component and a wavefront imaging component,
wherein there are no refracting, diffracting, or phase altering components in an optical
_path intermediate the retinal illumination component and a patient’s cornea.

13.  The device of claim 12, wherein the retinal illumination component includes a
light source and a collimating optic that is fixedly positioned with respect to the light
source.

14. The device of claim 13, wherein the light source is one of a laser diode, a diode
laser, and a superluminescent diode.

15.  The device of claim 12, wherein the wavefront imagining component is one of a

refracting, a diffracting, and a phase altering medium.
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beam having a dianeter on the retina that is less than a diffraction limt
val ue of the wavefront imagi ning conponent over a refractive range of a
pati ent' sweya/obssween about -12D to +6D. 18. The devi ce @CTalsaz/mod7,
wherein the beamis a Gaussi an beam 19. An ophthal mi ¢ wavefront sensing
devi ce conpr a retinal,il i onent t hat ovides a beamto
a foveal gErlPZ g%’feckvt?gtol%é? eY}’ = ]Qﬁﬂ?'@'a%e %EP%{“@]&CQBW &t di anet er
that is less than a diffraction |imt value of a wavefront i nmagining
conponent oVEETUeNSATAYct  ve range of the patient's eye between about -12D
to +6D. 20. The device of claim19, wherein the beamis a Gaussian beam
21. The devilde ofTheidevive pd clawhdewhereinghelrafinelslliminatish sotupblent pravides a
wavefront sensor. 22. A nmethod for obtaining a wavefront neasurenent of a
pati ent's eybeamitahingra diameter omtHeattinacthamds iesé ﬂgntahﬁffﬁabﬁm linfit vafirecofithe Ng a
retinal illum nation beam having a dianmeter on the eye's retina that is

l ess than av&’elvfeﬁbﬁtcﬁrldgﬁnh% aarhpaf@hu@ve@ar@&a{cﬁ%r gs@fagaﬂlém@%y@ba%%h BT
the wavefront on a dete over a refractive focus range of the patient's
eye betvveen_zaﬁ% +62D to +6D 23. The nethod of claim 22, conprising
providing a Gaussian illum nation beam having a Rayleigh range that is

g1 cater L hanf he el AL e OGS haBIG 'S ARG 12aSYe Dot ween about
12D to +6D."°15

19.  An ophthalmic wavefront sensing device comprising a retinal illumination

component that provides a beam to a foveal surface of a patient’s eye having a

characteristic beam diameter that is less than a diffraction limit value of a wavefront

imagining component over a refractive range of the patient’s eye between about —12D to

+6D.

20. The device of claim 19, wherein the beam is a Gaussian beam.

21. The device of claim 19, wherein the device is a Shack-Hartmann wavefront
sensor.

22. A method for obtaining a wavefront measurement of a patient’s eye with an
aberrometer, comprising the steps of:

providing a retinal illumination beam having a diameter on the eye’s retina that is
less than a diffraction limit value of a lens used to image a portion of the Wavefront ona
detector over a refractive focus range of the patient’s eye between about —12D to +6D.
23.  The method of claim 22, comprising providing a Gaussian illumination beam
having a Rayleigh range that is greater than the refractive focus range of the patient’s eye

between about —12D to +6D.
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