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(57) Abstract: A wavefront-sensing device for measuring ocular aberrations includes,
—+ component and a wavefront imaging component (e.g., a microlens array for a Shack-Hartmann wavefront sensor). The retinal ilju-

among other things, a retinal illumination

mination component includes a laser source and a fixed collimating lens. In one embodiment, an improved device has a beam path
between the retinal illumination compornent and the patient’s eye containing no refracting, diffracting, or phase altering components
for facnsing the illumination beam on the retina, Tn another embodiment, the retinal illumination component provides a beam having

a diameter on the retina that is smaller than the diffraction lirait [
of the patient’s eye of between about -12D to +8D.

f the wavefront imaging component over a refractive focns range




Abstract: A wavefront-sensing device for neasuring ocul ar aberrations

i ncl'udes anong other things, a retinal illum nation conpongnjund?dos
wavefront inmagi ng component (e.g., a mcrolens array for a. Shack-Hartmann
wavefront sensor). The retinal illu- urination conponent includes a |aser
source and a fixed collimating Il ens. I n one enbodi nent, an inproved device
has a beam path between the retinal illum nation conponent and the
patient's eye containing no refracting, diffracting, or phase altering
conmponents for focusing the illumnation beamon the retina. In another
enbodi ment . the retinal | engszosssseoppene HIRMHMIHAHIIMENEITY

di amet er ©on [ﬂe retima tihat 15 smar rer—thanm tire—dffractt+om—t++mt—of

mavefrongkm"% cqﬂqigent over a refractlvegkocus range, of th%]&%g!ent S
eye of belfW i 16, " [erTEif‘ fuik ggﬁﬁg
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wavef r ont ?%ﬁ§fﬁﬁ HUtQMQQatnproved opht hal mi ¢ aberroneter
and net hod #;0f Mk| A EES€rwp@n@mmm&dﬁwﬁa@@dmﬁm&uﬁmmauefront
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I nt erchangeably herein); is a device that neasures a difference in the
optical path of |ight between a deforned wavefront and an2j fgal?006

ref erence wavefront. Aproperly processed neasurenent yields values for
various aberrations in the optical systemthat the |ight propagates

t hrough. Recent attention has focused on the design and use of wavefront
sensors for neasuring the aberrations of the eye with the,goal of inproving
visual quality. WIllians' U S. patent 5,777,719 describes a Shack-Hart mann
type wavef posg7isensor that can be used to neasure, anong ot her paraneters,
hi gher-order ocul ar aberrations. Shack-Hartmnn wavefront sensors are
characterized byABERROMETER ILLUMBAGUIDNARTRRATUS ANDOMETHROD he | i ght
reflection fromthe retina into an array of spots on a detector. The

resul ting spot inage arrayBASKGRORNIXOHA THEMVENRIOMN Ul ar array resulting
from an unaberrated optical system These displacenents of the spots are
used to determ ne the wavef r ontFiell ofbe Bivergiazh spot | ocation and this
information is typically used to determ ne the coefficients of Zernike

- pol ynom al s whi cFThepegsent dwentiod petainsdeithe ficld of wavefrdnt seasitgsandfpartiselaifiay ef r ont
aberrations. O her types of aberroneters include the spatially' resolved
r ef r act omet @ranbimprovedmphthilmiSdisapmeer aod tnothed for retiptiddwnibativad on the T

scheni ng AMENDED SHEET | PEA/Ep 21 June 2006 principle, skiascopic systens,
scanni ng systens of the Tracey technol ogy type, raytracing devices, and
others. Al of these aberroneter types are well known in the ophthalmc
wavefront sensing art so that EegiptaoofBelaeddrt ption of these devices is
not necessary to understand the invention. Descriptions of _these devices
can be found,  f d¥Vakamsrrecr, pRenrefeed 045 i Pherapeter, (Whish tegs will be used :
e ooy ity 13 dovcs o heetitds  ES 0 Pls S5bcRl 5% g 1o e

between a deformed wavefront agd an jdeal or reference wavefront, A properly
processed measurement yields values for various aberrations mn the optical system that
the light propagates through. Recent attention has focuged on the design 2od use of
w#veﬁout sensors for measuring the aberrations of the eye with the goal of improving
'visual'quality. Wiltiams® U.S. patent 5,777,719 describes a Shack-Hmann type
wavefront sensor that can be nsed to measure, among other parameters, higher-order

- ocular abetrations. Shack-Hartmann waveftont sensors are characterized by a microlens
(lenstet) array for imagining the light reflection from the fetina into an array of spots on 2
detector, The resulting spot ime-'.ge array is displaced from the reguiar array resulting
from an umaberrated optical system. These displacements of the spots are used to

' detennine the wavefront slope at each spot location and this information is typically used
to determine the coefficients of Zernike polynomials which represent different orﬁers and
modes of the wavefront aberations. Other types of aberrometers include the spatially

‘resolved refractometer based on the Scheiner optometer, those based on the Tscherning
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require a retinal illumnation source. This is typically a light emtting
di ode, a superlum nescent diode (SLID), a diode |aser (typiaakbgoeperated
bel ow t hreshol d) or, another, preferably partially-coherent source that
produces a point source on the patient's retina. In fact, it is highly
desirabl e that the eye illum nation focus on the eye's fovea so that the
ul ti mate wavefront neasurenent represents aberrations at the fovea, the

arger t han PR 3Releh sifbud ekt sl e B MORNR, Vol Ces, ™" O
Coner a1 Y, RO S RLL 350t off oS Ened Al e Bl ket Bl oL (0
ﬁ?i“éﬁ:ﬁﬂiséhf%%ﬁig%é %egs m?%ﬁag e el AR BBt uBel (). Thi s
beni nd t ne Poeeios 1 it B enich peiihony of WERGE B ke FBd A8 wnen ¢ i s
val ue is di f\en{n__}_F%C;i%&r%é§%§;%a%rgr%%&r§'b_ghathroughout to refer to

the retinal "TTFumnatrfon sour ovidihg the retinal

i1 1um nation tyg}&alsey ?g]nﬂﬁi ; # etdMmeybfice the fovea
of the eye is a&%@%&ﬁ&gﬁ% n gﬁiaggn%ﬁa@?r%gﬁ@ggg ocueg ﬁovﬁgraﬂi n the eye
Wi LT i nhi bighgis d @i B SHRoR SRR E fhil A8 8t doigs | nd the retinal
‘target. Abte)fre%orret ers are ggner a|1§'“‘cgbm‘%"h' ?él such that their optical

systems | nchidfukibboc oag TSR 1B Ay §RFadd erhPlkaing o1 1 act i ve

power, and a sb_, So at the wavefront T'hage D SHEET

[ PEAEP 21 Jupe, g&@&&gfﬁ&s&mﬂ&gﬁt@&Wﬁ}f&&ﬂ&ﬂ%&?E&ﬁce_ome rﬁa&&%us of the

| aser beam can be acco y Injecting It in a position in the
- abenonet er Rt GR kac YSE BghIS AeSIRE slPGe Eﬁfiﬂtﬁfqﬁa&ﬁ%é& on the eye’s fovea so

that the ultimate wavefront measurement represents aberrations at the fovea, the highest

resolution portion of the retina. Ihamination that covefs an area larger than the fovea
will produce less accurate aberration values, Generally, paticot refractive error is the
largest optical &efcct to contend with in ahemmeterrwave'ﬁ'ont measurememt, Such error
limrits the measurement range of the aberrometer. The typical ophthalmic patient will
_-bave aguncorrected defocus in a wide range between +15 diopters (D). This means that
the eye will focus light soﬁe 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 soutce) used for
providing the retinal llurmination typically bave beam diameters of zbout 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 between the {lluminating beam and the retinal target. Aberrometers
are generally constructed such that their optical systems include refocusing meaans to
account for the patient’s refractive power, and slso, so that the wavefront irnage spots are
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with the correction of the patient's defocus. Alternatively, a separate
focussing optical path can be provided for the illum natignidedabe These
solutions require that the laser beam pass through refracting optics

(l enses). The principal drawback, however, is the noise generated in the
wavefront sensor from backscatter due to the inherent di sparity in 1ight

I ntensity between the Iight entering and exiting the eye. For 780mu |ight,
for exanple, approxinmtely O. 1%of the illumnation light is_collected for
wavef rront FfeHgoR e wepe %‘g‘li asgieamicohbg wroBpisted i s too
costly to be effectiive. Another concern for accurate vvavefront measur enment
i s the conpBhseclingit e po%qma&elabwqt%nen%wymsp thstihe wfeus gfcEher r at i on

measur enent ., One appr.oa for OV|d|n as |IIumnat|ons ot on the
f ovea was tﬁl%ﬂ’@&? 30%‘32]?“’?6 ﬂ%ﬁt‘?’F ’aﬂﬁel}a“i’?)ﬁ%%ﬁgr?@ e i nput

light by eit ddi ub ractJ n cal fr ane wave.
Hence, the ¥ %F @’1% @B‘&ﬁ’a 7 &9 “983%’6‘?7%@&@% for nyopia

or hyperopi-a, respectivel o c.eye.wth a.s i.l dianmeter,
however hWrﬂﬂfﬁthB@rﬁeW?f@F Hy &bfepéfrl’émf”ﬁ %Eh@w‘?"ﬁg itBRes, and the
I nput Iight rofile, .c nta | ficant ~aberration t,ure prior
to striki ngtHi%&REedin! °ﬁﬁ" s %@F&&@l‘?ﬂ&f@h@ B profile

d b h ' | | d h
mged spotLRhHRY s B 1 .Ct'eﬁﬁé%rde'rﬁn@ e I&é’f?%ﬁncﬁ%%‘ﬁ’lstlrﬂg%lgne‘ |
Mo | ] b ff ffect d
re(rjﬁg\éer megé‘\ﬁ %Pnr%ﬂmg’p&lgéo?&'%%\l e Ufhgﬁ le’%]%& 2 Imfolrjlr ?he?ccznggr n
affecti ng axﬁz%éﬁpgt '?hevx%‘t(ﬁm% ed@a}:%%hrﬁéﬁ%%pn&?so@ﬂ%sggm Céﬁ%@ﬁ x| ocal I zati on

of imaged |I'ensST@t Spots t'e errors e pol'ynom al terns

of the reconst 1 ychag RG] foPoura S Gadhe HRGIHA S TR WBuferAMERNRED SHEET

refractive errors on the input side of eberration measurement, One approach for

providing a soatl illumination spot on the fovea was to create a begt focus by
geometrically correcting the input light by eitl;er adding or subtracting optical power
from a plane wave. Hence, the input light would diverge or converge to compensate for
myopia or byperopia, respectively. In a myopic eye with 2 small pupil diameter,
however, the input beam is diverging before intercepting the comes, and the input light
profile can take on 2 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, 2 very small input beam will suffer from diffraction effects and reduce
measurement range. |
Spot asymmetry on the fovea is a further concemn affecting accurate wavefront
" measurement. Poor or inaccurate localization of imaged lenslet spots can create exrors in

the Zernike polynomial terms of the reconstructed wavefront. Since a Shack-Hartmann

3
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EPEA/ EP 21 June 2006 device senses a differentiated wavefront, the Zem ke
ternms are no |l onger nutually independent (i.e., non-orthogonale2006S such,
system noi se can induce Zerni ke termcross-coupling leading to
artificially created Zem ke quantities that do not actually exist.

Accordi ngly, the inventor has recognized a need for a retinal illumnation
~apparatus in an aberroneter and associ ated nethod that address the

di sadvant ages of the current technol ogy. These and ot her advantages and
obj ect s dfevithengs e diffotentiared evavéfmnt, Wel dermfle cane aremb éong@rpaneily independdnew of t he
foll owi ng description and figures. SUMVARY OF THE 11 VE ' | ON Exanpl e
enbodi nmerni.s, mh-otthezonalv Anichrsysene ngjeeren aidhog Zdinileddrmdrdspeduplingitadmg ing a
patient's retina for nmaking a wavefront nmeasurenment with an illum nation
beam haviangicallpeeated Zchialeguanttigsshai do nobacgially ekisanmet er, or profile, that a)
elimnates the need to refocus between the source and the patient's
cornea, and bYcendingly. mhei inteaionbasaedogairndsynstd for e zetiodl ilvmeindtion eppatahyatn i s
smaller than the diffraction limt of a wavefront imgi ng conponent over a
def ocus EaArpEoRsig] and kisgciatesirohndtthat ediirgsp the i[disadyantisene! thopurerittecbpplogy. e,

bet ween about -12D to +10D and, preferably, between -12D(0.25D) to +6D
(0. 25D) . These enchofivr advantiagss iavrbefyectsfof theeprgseny ényention wilkbagpe oEdPpaciil | npr oved
wavefront sensing device. The inprovenent nmay be characterized by the
aberroneﬁ’@?"%ﬁ\?iffﬁ]@wﬁﬁdé‘iﬁflﬁt@apn%%ﬁsbet ween a retinal illumnation source
and a patient's eye containing no refractive, diffractive, or other phase
altering conponents. In other words, only beam steering conponents, if

any, nmay be present in the_optical 1:path between the retinal illum nation
source and the patient's &}@Mﬁ&o THEDEYEREPN e use of Gaussian wave

pr opagati on y provide a ti : ht. beam wai st and a Ray| ei gh. range f{ hat
extends over n@‘%’ﬁ[&?ﬁ’? onty ?—:ff%Fea}E‘t’an%“ &s $66?rﬂ?3§4q\’§’ét?d B ‘6‘89?%{6%3 beam
di amet erret(l)lza }orllemal kll'nlgug] \{r]g'f% o%? rr?e%g'urperrafént twr'}t?l g‘latll u?nrJJIEaticsm beam having a beam

characteristic, e.g., diameter, or profile, that a) eliminates the need to refocus between the source
and the patient’s cormnea, 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(x0.25D) to +6D (£0.25D). An example embodiment of the invention is directed to an
improved wavefront sensing device. The improvement may be 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, may be present in the optical path between the retinal
illumination source and the patient’s eye. Thus, the effective use of Gaussian wave
propagation may 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 may be less than 1mm. The retinal




anterior cornea may be less than 1nm The retinal 4 21 June 2006

illum nation source nay preferably be a 780nm di ode | aser ass&Edoss
including an integrated collimating lens; alternatively, a SLD or other
source produci ng coherent or sem -coherent |ight of a suitable wavel ength,
plus fixed | ens conponent, may provide the appropriate illumnation size
and profile. The wavefront inmagi ng conponent for inmaging at |east a portion
of the unknown waveflont on a detector nay preferably be a lenslet of o

m cr ol ensillaningipn efur@ Hdyairkferabla bt red8ins divde laserAseablyi induding @ iatefritedt aspect
of the present invention, there is provided an inproved wavefiont sensing
devi ce f owllimetipeisndteaatialyes BED edothasafrceqméduting mbarentpatingrmbhesgtilighect eye,
sai d device conprising an optical head including a retinal illumnation
conponentof aguithbleavasidengths plus Gxed lot ermpmenntayproddstbe agprapyigtt @mmimgbrudi ng a

| ensl et array for imaging the aberrated wavefront on a detector, and

i nt er | i nkizggend oradide ribniveayelront dgagingeedniponagt far dmaging afs Igase agpratiodi efpghay  ocul ar
aberration information, wherein the retinal illum nation conponent

provi des vakuesin| Wayefioadon @ détestor may preferabit beorlensist oo iovileng aieyGiaShickn beam
characteristic, further wherein there are no refractive, diffractive or
optical plEgenEERse:i ng components al ong an optical path fromthe

i1lum nation conponent to a surface of a patient's eye, the inprovenent

charaeter 220 kit RS 5el S BEoSld Bithan LA SGH) HiRbnfBl! 52
conponenivatetebn® REMRRRS edbvideC afok Ofe@burinie anS Uidea@aRdOfwiRBosUDfr6mt ‘6 eye
bei ng nmeasured, the collimted beam has a dianeter, d, at the surface of a
pat i ent ' BatpEssulii¢elr ye, said device comprising an optical head including a retinal
illumination component, a data acquisition, storage and processing system including a
lenslet array for imaging the aberrated wavefront on a detector, and interlinking
electronics integrated to detect, measure and display ocular aberration information,
wherein the retinal illumination component provides a collimated retinal illumination
beam having a Gaussian beam characteristic, further wherein there are no refractive,
diffractive or optical phase altering components along an optical path from the
illumination component to a surface of a patient’s eye,
the improvement characterized in that;
there are no refractive, diffractive or optical phase altering components along
-an optical path between the illumination component and a proposed location of the
surface of the subject’s eye being measured, '
the collimated beam has a diameter, d, at the surface of a patient’s eye, where

d < 1mm.

In another embodiment, a method of making a more accurate wavefront measurement of
a patient’s eye may comprise illuminating the patient’s retina with an illumination beam over an
optical path between the source and the patient’s eye that is free of any refracting, diffracting or

phase altering components. An aspect of this embodiment may involve providing foveal

illumination with a beam diameter that is less than a diffraction limit value of an imaging




d<Imm 1In another enbodi nent, a nethod of making a nore accurate wavefront
measurenent of a patient's eye may conprise illum nating bheuRaidognt' s
retina with an illum nation beam over an optical path between the source
‘and the patient's eye that is free of any refracting, diffracting or phase
altering conponents. An aspect of this enbodiment may involve providing
foveal  cdhpoikddatat @agsdiatpdrtidn bEBEWENARIRR defedtbr dver 4 RESctivO Busaarfelof r act i on
limt value of an imaging 21 June 2006 conponent that inages a portion of

t he wavetheqhtienvs efc Betiveat stoutoMeD ta +H6Bl Mae inethed fnaayUfarthica regiail @lovidingea pat i ent ' s
eye between about -12D to +6D. The nmethod may further entail providing a
Gaussi anGabssiamrithatitagion besanhdvingi anRayéeidRayhgei thdt is geger thiwathe reftagiivedidcss t han t he
refractive focus range of the patient's eye between about -12D to +6D.
These anthngt dfdhe patijnEe s betfvetripbow xRgb ¢6Bnbodi ment s present invention will
become nore readily apparent fromthe detail ed description to follow.
However, it sHued ahdpshanotiieets pbihd exaripde embadlirdentsapressal igesytion pill bagomad
specific exanples, while indicating the preferred enbodi nents of the

i nvent i omoregpasily prparentoforpdy degiled desgantion td iBovp Aloyevas; indheuld e idgstoedhanges and
nodi fications wthin the spirit and scope of the invention will becone
appar ent theighe fetailed desprintion am%p?%: GpplEy sd@de indisgingthrerefessdembedinatang

dr awi ngs rein and the appended clains. 5a 21 June 2006 BRI PDESCRI PTI ON
OF THE N@ﬂ%iwﬁmﬁiwaﬁﬂ%ﬁ{aﬁwﬂlﬁé SHEhrES risgs SR EHHORS onsor

accordi ng,t.o.an . .enmhodi ne of the invention; Figure i.S schematic
o oor i iR Soisf AR petipf ohhe Pesatinyl e “Bmient e Seeden s PR bat i on

beam ovey, @ Y Rl.&3)or BRI HSLO5Hnd diplah 4G, aCCor ding to an
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enbodi nent of the invention; Figure 3 is an optical schematic of an off
-axis illumnation systemaccording to the invention; and2Figiéaomod i s an
optical schematic of an off-axis illum nation system according to another
enbodi nent of the invention. DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS
Figure 1 is an illustration of an inproved wavefront sensor in the form of
a Shack-Hartmann aberroneter 10 according to an enbodi nent of the
invention. It will be apprgci ated that the invention is not limted to a
Shack- Hart mann aberroneter, WQWWO%%W?%WQWSabeHOWEt ers and
wavef-ront sensi ng, nethods that require point source retinal illum nation
and wavefront i mhgHg 89 orllg FF‘?P}%B?\"% v %sm&ﬁm‘%ﬁﬁw an aberroneter

10 requires an Qptic head, a data acquisition, storage and processing
system for cf@?’@‘g‘%eﬂb"?ﬂf‘r’éﬁ‘?ﬂﬁ%g and di spl ayi ng wavefront aberration data,

and interlinking,electronics.and sof.tware. .The tical head,enconpasses an
i |l um nation coﬁfﬁﬁﬁlﬁi"?,ﬂm chc?%ftvww@ﬁguq}%%&m%onm%oy%ter di ode
illumnation soprce.70 that outputs a iLan referahly coherent,

{1 anover so. et BRGHEeR P or AT sies B 4RRr Rl HR R SHERIE S BT ng' | enses
14 and beam splitters 16 for mani pulating transmtted and reflected |ight
fromthe il Ieﬂﬁi"?fg'te?to“ﬁﬂ?d’?ﬁ%tﬁ’@nt '12; a nicrolens array 18 6 AVENDED SHEET

{ PEA/ EP 21 June 2006 .f.or i i upk V\/I’]_Vgo_"l. i from.the eye's -
retina; a CCD o_rg%f?%g’%e %Pg’? fggnﬁaﬁ?&ocf@togz‘%sﬁl%I%ﬁé%gﬁ?%ﬁg@é‘}g%onnect ed -
to the vvavefﬂ;eolg‘;mﬁm@ 22; a processing ‘

Figure 4 is an optical schematic of an off-axis illumination syster according fo

‘anothqr embodiment of the invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
Figure 1 is an illustration of an improved wavefront sengor in the form of a
Sback-Harunann gberrometer 10 according to an embodiment of the invention. It will be
appreciated that the invention is not limited to a Shack-Hartmann aberrometer, but i fact
applies to afl aberrometers and wavefront sensing methods that require point source
retinal illuminafion and wavefront nnagmg for sberration analysis. Generically, an
. aberrometer 10 requires an optical head, a date acquisition, storage and processing
system for detecting, measuring and displaying wavefront aberration data, and
interlinking electronics and software. The optical head encompasses an illumination
‘compopent 12, préferably in the form of a 780nm laser diods illumipation source 70 that
lou'tputs a Gaussian, preferably poherent, transverse mode beam and an integrated
collimating lens 72; imaginé lenses 14 and beam splitlers 16 for manipulating.
. transmitted and reﬂeﬁted light from the illum.i.l.:tation component 12; a microlens array 18
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system 24 which includes a P.C. with appropriate software for cal cul ating
the aberration data, and a display (not shown); and alignpepihe®ao®ra 26. A
fixation target 28 aids in the alignnent and neasurenent of the patient's
eye 32. The wavefront sensing device 10 preferably includes an optical
tronbone system 30 (or alternative optical focusing system to conpensate
for refractive error in the patient's eye. Preferably, the tronbone wll
conpensate for -15D to +1 OD of spherical defocus, although the range of
about - 12Dfarémagingunknown wapsoRtdi %UW@P@FS@@%%GQP%GM(%W°F§OWW cal of
the general popul ation. According to an enbodi ment of the invention, the

| aser beam &ptdptectingimegs cedmidsetonnacted to the wavefipptspmera 22 orPrewhsitthent 12 and
the eye 32 contains only beansplitter 16 for steering the beamto the eye.
Not i ceabl y &¥stsant4 wikich inplydes e Py @thapproptiater sohwae frg calowlatingfhasberptionr i ng
optical components for refocusing the | aser beamon the patient's retina to
conpensat e f#n aﬁ%éﬁﬁﬁﬁb&ﬂﬂ%ﬁ}iﬁ@bﬁ%@lwwmwﬁe P Bxation faeget 28 Hidsint he '
collimating lens 72 that is fixedly positioned with respect to the |aser

di ode it sel fhepignmpntipd speasuremat ofdbgRatien Fexe 1% I vivekopssrsingsieyics I gr eat er
detail below Figure 2, in part, illustrates an aspect of the invention
pertai ni ng -?’Gfeﬁbg\ﬁ’?i?%%wmi’llqutﬁ'ﬁ38&%‘“‘%‘“‘8{3&&?‘1&%@?“%“3 ovea having' a
beam di anmet er tlilat r enai g less than the diffractjo 'ﬁ_ﬁeof _conmponent
that i nages™EiE M@H%ﬁ,“’ﬁ?\%%m%ﬁ%@tﬁﬁ?n Ve oa

detector for_wavefront, i e anal ysi s ,oyer, the, range of-12 to +61

wi t hout ext@qfé’F‘PF‘E?E‘ﬁ;‘?’ﬁg’a?Pri"lﬂgﬁi‘&h@??% f‘éﬁ‘fﬁa&ﬁ*;?ﬁglﬂ}‘a%%m?ont)sensor
device is a h - 1] nann ahenr,onet er,, Accor di , the. i mgi.n .
conmponent i@mﬁr@‘gﬁ@ ‘%E‘FHV?“FH r%ﬁ?ﬁ‘;?‘?ﬁ?&‘smqﬂp‘g@?éﬁﬁ‘% Wi‘F‘E’ﬂ‘B? ‘an -
individual lenslet i.s known,to, be, 2.441f1/ re Xis ..the illumnation
wavel ength, f iécf?{'gm]gé%%ﬂeé‘fb"%&eﬁﬁO%I%@Yeﬁg%g;g“?sbe%@%%g?‘%t dianeter. In

7 AVENDED Sltélt:wEeTm the laser {llumination component 12 and the eye 32 contains only beamsplitter

16 for steering the beam to the eye. Noticeably absent are any refracting, diffracting, or
phase altering optical components for refocusing the laser beam on the patient’s retina to
compensate for myopic or hyperopic refractive error, other than the collumating lens 72
that is fixedly positioned with respect to the laser diode itseif for producing the beam
characteristics described in greater detail below.

Figure 2, in patt, illustrates an aspect of the invention pertaining to prm-'iding an
illumination beam on a patient’s fovea having'a beam diameter that remains less than the
diffraction Himit of a component that ixnages the reﬂected,. unknown wavefront from the
retina onto & detector for wavefront image analysis over the range 0of -12D to +6D

-without extérpal focusing. In a preferred embodiment, the wavefront sensor deviceisa
Shack-Hartmann aberrometer. Accordingly, the imaging component is a microlcﬁs Brray
in wﬁich the diffractiou limit of an individual lenslet is known to be 2.44A£/d, where A is
the illumination wavelength, fis the lenslet focal length and d is the lenslet diameter. In

7
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| PEA/EP . 21 June 2006 an exenplary illustration, 2. = 785nm and f = Comm
d = 0.2mm nmaki ng each lenslet /30, and giving a diffractbppdeanog val ue
equal to 57g. The illum nation conmponent 12 consists of |aser diode 70 and
collimating lens 72 that is fixed in position with respect to the |aser
70. The laser is a 785nm Bl ue Sky Research G rcuLaser Di ode (PS 108-00)
that provides a circularized beamwith a total divergence of 10 degrees.
The collimating lens_ 72 is a CGeltech nol ded asphere 350200 that was chosen
due to its sheremplay Blustrasion T Biem, and b3 6~a, d =dolmn maling Pasbllasiy om Thor | abs
al ready coated and nounted)., The oval aength is chosen so that the.laser
beat n4i anef §30, and givengadiffmction dimgiviunapil te SYs rThedinmitation comprnentdBl y  1nm
or.lessto avoid efteots:-of wavdfronteaor ofthe-eye on -the input pass. A
ZEMAXV opt i cadsistsaf faseraiiode 78 aminei Binatimslens 72 sttt & fixed inposidapeitdegeettai th FIG 2
to assess the predicted spot sizes on the cornea 74 and the retina 76. The
nodel cont aitrdaseH?). Thadmer isn 8501 Bhid, Skiy Reseemh Ciroultaserditde{BS [HR;00pthat a nodel
(@Qullstrand) of a normal eye 75. The axial distance fromthe second
surface 72bpuividehecivularireitecan with e tntal diverngence lof 1 hdegrees. dihe collimmatiag Iésk i S
104.92mm The distance fromthe laser 70 to the collimating lens 72 is

0. 735mMm  Gadd biadreltsdemelgednsphyea 356200itant wesahotey du¢ nifsabat orad lasgtamid or of the
laser beam wth a Gaussjan cross sectional intensity distribution. A 2

nmi cf on i nputeasnBabile srst vailable fropcharitby alrgady cqaped @ad mamid) sThe fagablepgibhe beam
diameter. at the cornea at toughly.0.46ntn, well wthin:She goal. of inrna
or less: ; TH&haws go bt @%@%W*WW@C@W%&?M@EWW:E‘@ﬂ%ﬁé‘b’ponds’ to
an angul ar range of +/-0.11 degrees exiting the eye. This is calcul ated

usi ng t he gtBWOEes% ¢ Bioidgifssteptwvhtront arrhtharye hibe BOWiREs%: Ae obj ect hei ght ,

Fis the lens faqgcal length (for the eye, this is roughly 17m), and O is
the field aﬁEMé.x% méc%w%ﬁc%ﬁw%ﬁ&wﬁ@ew‘én ERIERTRRIROCH W%&@ 28 angul ar
subtent of :s/st;sgih:!é jﬁre%a%?tsrdesggt'sizgp&rlhf é(olrn{e.la 99 and the retina 76. The model contains the

faser soutce 70, the collimating lens 72, and a model (Gullstrand) of a rormal 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 sim;date the behavior of the laser beam

with a Gaussian cross sectional intensity distribution. A 2 micron input beam waist was

assumed. Ry, ttace analysis shows the beam diametef af the cornes it roughly.0.46mi,

well within the goal of 1mma or less. The size of the spot on the retina, 64 microns,

corresponds to an angular rangs of +/-0.11 degrees exiting the eye. This is calculated

© using the geometric relﬁtion_sh.ip h = F tan(6), where h is the object height, F is the lens
focal length (for the eye, this is roughly 17mm), and 6 is the field angle. The beam
approaching the trombone now has an angular subtent of +/-0.11 degrees. Upon exiting

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

-
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the tronbone, this is increased to +/-0.12 degrees due to the angul ar

magni fication of the 8 AMENDED SHEET |PEA/EP 21 June 2006>§ rgqdomg. The
tronbone for the specific design at -hand is made up of two | enses with
focal length ratio of 1.075, thus increasing the angle by that factor. The
beam now exits the tronbone heading toward the lenslet array wth.

an- angul ar spread of 0.12 degrees. As it enters the |lenslet array, each

| ens converts the angul ar subtent to an inmage size, wusing the same- -
equati on h =roEahong (1 rogbane frtthrsphafic éesige adimbiaweds eroefltwb bnggstwitd 6nmy
they each create a spot dianeter of 2h = 2 x 6 mm x tan(0.12 degrees) = 25
m crons on fpesblength wéie of 1.07Phibys increasingrthe 4ugleby that efat. | Te beduanow elits
diffraction spot size for the fI30 Ilenslets of 57p. Therefore, due to the
t rombone madhd #aveheps kpadingewarddhs lepslt erray Wi angulsy gpisad efid0d2destgen s | maged
onto the detector which are smaller than the spot size on the retina.
There are se\dfatersthalepsict amay, pagh legp sonyerts thesmsblacsubigrite 12 EwEr 8idC.and | ensl et
focal length that would give the sane result. For other cases, as .
descri bed bebwgthestme egpation hsifan@h Jines thelcnsopeaginhave focaldength of Gimays snal | er
at the imge (detector behind the lenslet array). To sinulate refractive
errors,  the tiiysedivatefspatdiametep el o2 x Sivun ¥yea(0. @nisered) £@5 mderons @t i na 76 was
| engt hened to sinmulate nearsi ghtedness and shortened:-to simul ate

f ar si ght ednéigdicteptor. Thirds penifiently wnalsr Wpthe diffctiongpetrizei foethe F3®r , the spot
size on the retina_is even smaller, neaning that for this.|length eyeball,
~ the retina fslets g% Thyrafore dye tn the Fpmbegmegnifiraion pukibe leadiet faesl t he +61) -
patient, the spot on the retina could be as large as 94 mcrons di aneter.
Thi s cor r esBadswe gt Sptsingged ontaibe deteotor piish re poplies than $haspek sizepmgahe '

retina. There are several other combinations of trombone maguification znd lenslet focal

length that would give the same result. For other cases, a5 described below, the spot

size on the retina varies, but is always smaller at the image (detector behind the lenslet

aﬁay). | |

To simulate refractive errors, the disté:;ce from the back of the eye lens 77 to the

refina 76 was Jengthened to simmilate nearsightedness and shortened to simulate

farsightedness. For the patient w1ﬂ1 the —12D refiactive error, the spot size on the retipa

is even smaller, meaning that for this length eyeball, the retina s ciosar 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

dis'te;ncc from the laser 70 to the collimating lens 72 can be varied to place the minimum

beamn waist on the retina 76 for a different case. The solution described above minimizes

the spot size for the 0 case. However, as this distance is shortened, the spot for the ~-

12D patient can get as small ag 710 microns, but not without the spot for the +6 diopter

patient growing to 95 smicrons.
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di stance fromthe laser 70 to the collimting lens 72 can be varied to

pl ace the m ni mum beam wai st on the retina 76 for a diffepenneoags. The
sol uti.on descri bed above mnimzes "the spot size for the OA case. However,
as this distance is shortened, the spot for the - 1217 patient can get as
small as 10 m crons, but not without the spot for the +6 diopter patient
growing to 95 mcrons. 9 AVENDED SHEET | PEA/EP 21 June 2006 It wll be
appreci ated that stated that the nmagnification is an inportant aspect to

t hi s ‘approach. Qtwalbe¢ ippteciated tHabstgbdtatahe raagnification by Fmpaftand gspeatity it wi l |
al ways magnify (or de-magnify) fromobject to inmage; in this case, the
spot pr oj ec tigsiapprrach.t Giseny thatithedenstet anrdyds geaptical systens 8rwill Thvayeamgedifir spread of
the blur spot (Airy spot or the diffraction limted spot) of the |enslet
nust al ways (deleguagnifigrirorrbject tadmagehindhis e, dbrppet rodjcatrbontbthe odtina fot he r et i nal
spot). Thus one can choose both the |aser injection optics and the
wavefront dhereewmerziserigs fge engulas spreadief the bhs rpot (Ainrapot oy the differtionesser degr ee,
the tronbone optics) such that this will always be so over the whole
refractive d&mited spotiiedthe lwleﬁmusaﬂyeyq&e@e@teamthp sutteded anglanfahe ahinck

reflections out of the wavef t nt-sensing, path. In an aspect of this
enbodi nent , (hewetingl spadl. (FAes ene camshoatecioth tholapes iniesion ontiveendshe waefiost rel at i ve
to the patlent S, eye 32 as_shown schematically in Figure 3. Figure 3 shows
an overvi emﬁm%mmwepw&@klmav&mmaw@kmm@%mb@eew@ of f-axis -
illumination: ‘of the retina.]L The | aser conponent 12 emits beam 40

t owar ds beaﬁ%ﬁlﬂ}aﬁ@ﬁ“i@h”ﬂyﬂwoWWWMF¥eﬁﬁct€6ﬁ$@mﬂe 12 and beamsplitter

16a are positioned such that the Iight beam 40 inpi nges the eye 32 off of
the optical axi dt¥®35P Prefead i‘i}@k@%?ea]é’aflﬁ T5HectigRLaRt 9hthe wavefront-sepsing,

path. In an aspect of this embodiment, the illumination component 12 is posmoned off-
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 gmits' 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
seflected from the cornea 42 of the eye is reﬂf;cted off of the optical axis A. The
reniaining light forms  laser beacon B on the Tetina R of the eye 3Z. 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
beamn 41 reflected from the comea, and alens 60 to a Harﬁnann-Shack detcc_tor 62. The
detector 62 comprises the lenslet array 18 to fc)cus the beam 50 as an array of light spots
onto & CCD or other suitable two-dimensiona] 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 amray 18.
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reflected fromthe cornea 42 of the eye is reflected off of the optical
axis AL The remaining light forns a | aser beacon B on the2f @ideaof of the
eye 32. The eye's optics propagate a |ight beam 50 out of the eye that
passes through the beanmsplitter 16a. Beam 50 then passes through a |ens
56, a stop 58 which passes the beam 50 while bl ocking the beam41
reflected fromthe cornea, and a lens 60 to a Hartmann- Shack detector 62.
The detector rlses th en | .et..ar CUS,.L N eam 50 as an
array of i ght 3}5 e"%?ﬂf’%asae dd'f‘ﬁé’f'{e‘?é‘fet]t ﬁ@%&ﬁcﬁy’ﬂ’@ Hal detector
22. .The bea

t .th Ct t d bed ab
for maintai ?“H’g‘ ﬁn ‘@‘F‘ﬁﬁ bg?m a%f’é’r“l i ﬁﬁﬁoa er| R g)s Kﬁ:ﬁ“t hg anove
diff t | the | f t h .S, 10
VENDED & Eiectopti e ot e Zeg;@ﬁ%%@ﬁ paf é?ﬂ% .%Pée%?&r 2bede i rat od

with reference,to FI G

laterally f e fﬁ"éneé)?gd%dﬁtlﬁga&fl &%%{ee% t cor 3}10 L%m%f? S(rafaf | ections
anterior cof ar‘@%ﬁ%ﬁ%&%&‘*ﬁéﬁt‘*gﬁ?& t‘%ﬁf"%ﬂ%ﬂ{ s MR, O i s
I tabl f ¢ | It i
ergaprgf e\,\{ggﬂte%flﬁﬁ‘fe&e‘t‘ "ﬁﬂ%‘jeﬁﬂ%gld?? g(‘BE\PEWE Fﬁﬁﬁ:e)@lg%a dlrr?:iactlthonS
Corneal ver B %L%iﬁ%sggﬁé P sl WBEk wit WRect Bt BBl Bl BRI 1 1°
var yf rom %@ﬁ %ﬁé}gﬁ&tﬂfp?ﬂ tto;%ﬁélﬁ. %JSL 3 lcwu.u%é ﬁ'&% f | mm up to

0.6m ho erenc I's usually snal n the verti cal

direction. mﬁxgsﬂ)vkt‘& mbsfi c%fljst?aﬁﬁz sﬁhe&hﬁh&@&ﬁ@ﬂlﬁg BBABueltfePOSi tion of

the spot on 't retina, vary- as netTon of Tefractive error.

As, shown ijg.F &ifsefloftﬁe%cam&maef, 1R @bsih AL MR shSH doQfie AN, &, will vary as

a function of reﬂ'éctive error. As.shown in ¥IG. 4, for a Imm offset the variation could

be up to 0.imm 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 alerted,
accordingly, to make adjustment. This can be done by moving the Jaser in the
instrament, or the entire instrument relative to the patient if it can be moved in sub-
millimeter incréments. As long as this difference is recorded, it should not upset the
mapping of the measured wavefront to the patient’s eye.

A method embbdiment according to the invention is directed to obtaining a more
. acourate ocular wavefront aberration measurement with a wavefront-sensing dev{ce. in
one aspéct, a retinal illumination source is provided having beam characteristics that -
eliminate any need to refocus the beam along a propagation path between the
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be up to 0. lmmfor far-sighted patients, and 0.21nm for the nost
near-sighted patient Angularly, these correspond to 0.34 degieesosand 0.7
degrees, respectively. Therefore, for patients with-4.7 to +4.0 diopters,
the spot will be within the foveola (0.5 degree dianeter), and all cases
will be well within the fovea (5 degree dianmeter). The presence of corneal
back reflections at the detector can be detected and the operator can be

| erted; i+ ' i : i th
Pacer 1 ¢ Aol fhotice b PR AC TE R Al BARERROE R The pati ont
|aser _ “the Entrre TAstr uient R
i 1 or once SRRPEERoBR Yo kbl IELH ot O b S BB Bk !

. mappl ng of the measured

ovent i on i SiEoe R ko Gty SRl SR MR BRI, ot

ot nal {11 pFARE el b ot Bl B S M eon vl PR 00T
11 AvEnDED R e B e pa Tont’ o
beaim va st CREvas e RS i G 8 gt ve

range of t L pve range between about +6D to -
:}gif.gg}bggnc Speclé_?}%bt%t\&&?%o%} 120/ 846D\

12D. In a I's preferable to provide a retinal

11 um nation beqRaukid sdvanfib@BLiGbodiodtd rvE ¥&nInbsth tdMundt@itd S | €ss than

adiffraction limt value of an 1maging conponent used to inmage a portion

of the wavehiiby, Al ud AN b YRk Al &6l R HARLE ant B3ERicRont Ne

patient's eye between about -12
can be made therein without departing from the scope of the invention as defined in the

appended clajms.
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VWi | e vari ous advant ageous enbodi nents have been chosen to illustrate the
invention, it will be understood by those skilled in the apt Jdesoogshanges
and nodifications can be made therein wi thout departing fromthe scope of
the invention as defined in the appended clains. 12 AVENDED SHEET | PEA/ EP
21 June 2006 CLAIM5 1. An inprovedcpaugéront sensing device for neasuring
an aberrated wavefront froma subject's eye , said device conprising an
optical head including a retinal illumnation conponent, a data

acqui sition, storage and processing systen1inc|uding a Ienslet array for

i magi ng the a rrate ront. o tector. el ectronics
it Sor ot ed o AGdpBEYes HRHE Eng dataco R ebuTia RERTRErT SO et i on
wherein the eeidctiatyel, Isélduﬁ&vﬁt&tcbmmsimgmmpﬁcm hmddmhdhxg el fumirtagion r et | naI
illum nation bean1 hawa;%' qQ % anlc arach;rj % %msaaﬂ npr ovenent
char act er i zed “THPOPHNA SHENESTLG S ﬂ%‘g? Péé’?ﬁsmésys RREE Al opti cal
phase al t eri nprcionpionahd sbeaﬂa&dgwaxafrompdm eadetqnm haridemwﬂeﬂuﬂghdeatﬂohmm nation
conmponent and, posed .| ocation the subject;,s eye

bei g moasur cilteehanEE s BEate s Hnal Sootf hrrBidh Brohder MRSENS 1201 &
pat ie nt's ey eretindlhidmeindtion domponét Phevidée\a cwdlirpdted raingh ﬂlunmi_aamrebeam he

illum nation qungﬁnt.c n3|gﬂ§m$ ﬁtlcIlght source and an integrated,

-fixedly posi feroimmhiictal ng

the improvement characterized in that:

there are no refractive; diffractive or optical phase altering components along
an optical path between the illumination component and a proposed location of the
surface of the subject’s eye being measured,

the collimated beam has a diameter, d, at the surface of a patient’s eye,

where d < Ilmm.

2. The device of claim 1, wherein the illumination component consists of a light source

and an integrated, -fixedly positioned collimating lens .

3. The device of claim 2, wherein the light source comprises one of a diode laser, a laser

diode, and a super luminescent diode.

4. . The device of claim 2, wherein the light source emits a wavelength in

the range of about 780nm to 800nm.

5. The device of claim 1, wherein the beam has a Rayleigh range that is equal to or

greater than an ocular refractive power range of between about-12D to +6D.

6. The device of claim 1, wherein the, device has an optical measurement axis, further
wherein the retinal illumination bean has an optical axis that is displaced from the

optical measurement axis of the device.

7 The device of claim 6, wherein the displacement is a parallel translation of between

about (.6mm to 1.0mm_.
i3




3. The device of claim2, wherein the Iight source conprises one of a diode
| aser, a laser diode, and a super |um nescent diode. The devimeong claim
2, wherein the light source emts a wavelength in the range of about 780nm
to 800nm The device of claim1, wherein the beam has a Rayl ei gh range t hat
is equal to or greater than an ocul ar refractive power range of between

about-12D to 6D, 6. e deyice of claim1l, wherein the, deyice has an
optical feasul BHSHE 3&‘?@“}3‘% ﬁ'ﬁ’ﬁrecg‘araw hihetas apglar seeead ?fl%ﬁ%‘ftio n bean
has an opti cahleadétsf thi dnsletsarll $lré6e thah b Gubtdnde] an@leldf eabbje® dRmiemeNt axi s of
t he device. The gevi }e ﬂ?f cl Eli m 6, wherein the displacenent is a parallel
transl ation oHEFHEEY BIBNTPAE: 6nmto 1. 0nm 13 21 June 2006 8. The device
of claim1, further characterized in that an angul ar spread of a blur spot

of a |epslet.of,the nsl.et. ar.r iS greate han a subtended angl e of an
Obi eat 1B um R B ot BRR 1 kGl B serndt f bk R R OPRE of e am &
wherein the device is a Shack-Hartmann wavefront sensor. 10. The devi ce of

claim1l, ereln.the collimted. beam has di aneter, d, at_the proposed
| ocat i on%f tﬁl egﬁvﬂ‘feé’ggfaﬁ?ﬂa e f%"&ﬁm e‘@if&‘?%ﬂﬁ’eﬁ%@m edfii®11. The device
of claim10, pdopssed dcAiodomin: sidfact ofithe shlject’s eye, where d <Imm.

11. The device of claim 10, wherein 0.46mm <d< 1mm.
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