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ABERROMETER ILLUMINATION APPARATUS AND METHOD
BACKGROUND OF THE INVENTION
Field of the Invention
The present invention pertains to the field of wavefront sensing and, particularly,

'to an improved ophthalmic aberroroeter and method for retipal illumination.

Description of Related Art
A wavefront sensor, often referred to as an aberrometer (which terms will be used
interchangeably herein), is a device that measures a difference in the optical path of tight
betw.een a deformed wavefront and an ideal or reference wavefront, A propesly
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

wavefront sensors for measuring the abexrations of the eye with the goal of improving

visual quality. Williems® 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

(lenslef) array for imagining the light reflection from the retina into an array of spots on 2
detector, The resulting spot image array is displaced from the reguiar array resulting

from an umaberrated 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 waveftont abemations. Other types of aberrometers include the spatially

‘resolved refractometer based on the Scheiner optometer, those based on the Tscherning
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conponent and a wavefront imagi ng conponent (e.g., a mcrolens array for a
Shack- Hart mann wavefront sensor). The retinal illu- urinat?2pofneogpenent

i ncludes a | aser source and a fixed collimating I ens. I n one enbodi nent, an
i nproved device has a beam path between the retinal illum nation conponent
and the patient's eye containing no refracting, diffracting, or phase
altering conponents for focusing the illum natigon beamon the retina. In
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type  another, preferably partially-coherent source that produces a point source on the patient’s

' sefina. Tn fact, it is highly desirable that the eye illumination focns on the eye’s fovea so
that the ultimate wavefront measurement repn%enb 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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wavefront sensor that can be used to neasure, anong ot her paraneters,

hi gher-order ocul ar aberrations. Shack-Hartnmann wavef ront 2pais®066ar e
characterized by a mcroleus (lensiet) array for inmagining the |ight
reflection fromthe retina into an array of spots on a detector. The
resulting spot image array is displaced fromthe regular array resulting
froman unaberrated optical system These displacenents of the spots are
used to determ ne the wavefront s|ope at each spot |ocation and this.

i nf or mat i oni®fgeusPp thearavsiqpsdstpctor.o Thrdeors of thedsfer hegmrern bq aspamplishedzer ni ke
pol ynom al s, which represent different orders and nodes of the wavefront -
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refract omet er, hased qn the Scheirer optoneter, those based on the T
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scanni ng systens ,of the,.Tracey technol o t .. raytracin evi ces, and
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. can be found, for exanple, Iin J. Refractive Syurg. .16 (5),.. . .
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type aberr ers, they all .. requi.re retipnal illugkpatd.Qn source. This is
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| aser (typically operat ow.t hreshol d). ar. anot her ref er abl
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[I'lum nation that covets an area |ar [he Tovea "W produce | ess

accurate aliggiibe b/ HEpu SRASE Merion it alihedi COREEHkdREn ff OF 1 the

| argest optical defect to nd wth 1 n aberroneter “waverront

measur e_rrentpméuﬁ%a ﬁmﬁminaﬁﬂntsﬁoﬁda%ma&%@ RR&batt 2B&eRRAs tyhe aberroneter.
The typical” ophthalmc patient™w || . : :

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 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
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have an uncorrected defocus in a w de range between 15 diopters (D). This
nmeans that the eye will focus |light sone distance either bnjigomiggof or
behind the retinal plane, producing blurry imges on the retina when this
value is different fromzero. Lasers (used herein throughout to refer to
the retinal -illumnation source) used for providing the retinal
“illumnation typically have beam di aneters of about 1.5mm Since the fovea
of the eye is also about 1.5mmin dianmeter, any defocus power in the eye

Wi || i nideloicd seaset b dififerentiated vabetone ée Achdkeitérink Alic ma fdnpg ety ddebendrat r et | nal
target. Aberronmeters are generally constructed such that their optica

syst ens i(he] wderthabodluss agh,rpaes néige can oo Rernfletermveospedupingtiéading &f r act i ve
power, and al so, so that the wavefront inage spots are 2 AMENDED SHEET

[ PEA/ EP 2Zitii#isHpcr2d@ie einikefomtisesdimt ddwet svtally exiit det ect or. The refocus of the
| aser beam can be acconplished by injecting it in a position in the
abenonet er opticgadingy sheanveglor hasaecopieedraafeat fos 2 otipal idnmipdtioh aprastue &y r ect i on
of the patient's defocus. Alternatively, a separate focussing optical path
can be prebeharenetpiand pisecidi¢d methadahat eddress dhadisadpadages efgheieurspid re that

the | aser beam pass through refracting optics (lenses). The principal

dr awback Thesewed, ether aflwnipges ancheltiests of dreanreaers énveniion W&l Yesoe morsapBEaS & fr om

backscatter due to the inherent disparity in light intensity between the
| i ght entvisFiohgedliewingidescrigjiop prd figees. For 780mu light, for exanpl e,
approximately 0.1% of the illum nation light is collected for wavefrront

i magi ng. The solution provided by polarization optics is too costly to be
effective. Another concern_for accurate wavefront neasurenent is the
conpensation of refracti VEMUAGYOBRHE REVENHON si de of aberration

measur enent . e approach for providing a il 1 i1l um nation Spot on the
fovea was to é?@ﬁ@@“ﬁmgﬁﬁﬁs?Qki@W 9m1ﬁ%8ﬁﬁﬂiﬂ§§ﬁﬁimd PgHQmF%é i nput

i ght by either adding or_ subtracting aqptic ower ~ frqoqma pl ane wave.
Honce, TG 5oty b e TRIHRY e QBB oh bt eHas R ODY

characteristic, e.g., diameter, or profile, that a) eliminates the need to refocus between the source

(L

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




nmyopi a or hyperopia, respectively. In a nmyopic eye with a small pupil

di aneter, however, the input beamis diverging before intelg¢gpiigng the
conmes, 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 |ocalizing
(centroiding) the inaged spot on the fovea and, in turn, in the wavefront
reconstruction. Moreover, a very snall input beamw |l suffer from '
di f f r act iitheniedtibe cdusceanady prefitable be neZEsnh eivde lasérangmbly Spdidirgsanninegitgd on t he
fovea is a further concern affecting accurate wavefront neasurenent. Poor
or i naccuwolinetitgders] dzabtively, 98LD magbd sbecgireticisg athsrentan saniealieeenelighor s i n
the Zenri ke polynom al terns of the reconstructed wavefront. Since a
Shack- Hardf aemitebls waNEREDPISHEEET lerEREApEE 2diayIprorede2D 6ppaepvibic dlugemtios a
differentiated wavefront, the Zem ke terns are no |onger nutually

i ndependesire and jprafile. "ﬁh@nﬂaypﬁdmgomg) Oonmsn@tj&n imgging efleadiasmrtivarctithaduce

Zerni ke term cross-coupling |eadin artificially created Zem ke
quant i t i esknowatwagefionion &datestor mpy @ esafoly becclonsist plyd yicraléne airaynvad ptShackhas
recogni zed a need for a retinal illum nation apparatus in an aberroneter

and assodiagmes #%hod t hat address the di sadvantages of the current
technol ogy. These and other advantages and objects of the present

i nvention WI|| be o noge a rent in view of the follow ng description -
and figures. tgl‘ﬁllf g@%fé& Pﬁ%ﬂ%%‘?{ﬁ%ﬂ&%l&a%ﬁ‘f%“ Hg i nvention
are genewa{zéfbbndl E&ﬁir@d devidel | 0P Rshbudthpd 4t dtRAated  Walef0at fﬁbmrmekl ng a
wavefront nmeasurement with an illum natl on beam having a _beam

char act epatigpi gsubjeciy eye, dsaddredenice enmpsissig pe, ontigak hggd dndlydingiteetetinae need to
o ocus, USRI DpoDAllEanB U0 E B RLRT, B Ryl
di ffract leasiel himast f@f imagity elid abdrratetn gianghrexd Ngip Aeddtecddie fand idetodias: r ange
typicall %llectronics 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




encountered in the patient population; i.e. between about -12D to +10D and,
preferably, between -12D(0.25D) to +6D (0.25D). An exanpl ejeghordjogent of
the invention is directed to an inproved wavefront sensing device. The
‘inprovenent may be characterized by the aberrometer having an optical path
between a retinal illumnation source and a patient's eye containing no
refracti y@npotlird: tHabigiapas@, potion of e varhagenal derbtbngeCORPaIeN foSus rhige@f her

words, only beam steering conponents, if any, may be present in the

opti cal petiatibetweebetivee ftobt NaD toiH6DUMhe atetind rsyuidieer adil tpheidiat 4 ent ' s
eye. Thus, the effective use of Gaussi an wave propagation nmay provide a

ti ght be&aussan stunametiom bédayhavinghn Rayivigh rgmttha it eweder tbancthe eefispive ifdoue d

refractive error range. Preferably, the beamdianeter of the illum nation
beam at tdnge qfdlicipetint’s eyedoetiveen abputel@Dte 46y be | ess than 1mm The retinal 4
21 June 2006 illum nation source may preferably be a 780nm di ode | aser

assenbl y i nclThbngpdanther whiegs af thd cxoalle embadimenty pressnt iaventematli bespye a SLD or
ot her source producing coherent or semi-coherent light of a suitable

wavel engikre ipadily aprascadfrqreths delellep deserintion trafpllgy- dlavigecriindhodld be widersiapd
illumnation size and profile. The wavefront imaging conponent for imaging
at | east that thefeailes desprintige and seReilnGrapelse Mhdn indisping deregrembedmeRtef er abl y

be a lens|let of o microlens air of. a Shack- Hartnann s nsor, According to.
a a 'f'irs?‘ltg 19@?3%10%@%@@# f Mhsaiion ¢ SinegEnguy anges,ipd g isaionin r oved

wavefiont . I n vice measur an aberr at ed ) ro

ot ent - Wb e uiRd s p L HuUPES LR AR obtr S Baer L ng
retinal _illun nat ta sition, storage and processing
Systen1|W§Pﬂﬁnkﬂx%me@§§$§F%% %@mp@? g%%%mF%e aberrat ed wavefront on a
detector, and interlinking electronics integrated to detect, neasure and
di spl ay ocular aberration information, wherein the retinal illum nation
conmponent provides a collimated retinal illumnation beam having a
Gaussi an beam characteristic, further wherein there are no refractive,

diffractive or optical phase altering conmponents along an optical path from
t he

5a




illum nation conponent to a surface of a patient's eye, the inprovenent
characterized in that: there are no refractive, diffractive] dineawnscal
phase altering conmponents along an optical path between the illum nation
conponent and a proposed | ocation of the surface of the subject’'s eye

bei ng neasured, the collimted beam has a dianeter, d, at the surface of a
patient's eye, where d<lnmm In another enbodi nent, a nethod of naking a
nore accurate wavefront nmeasurenment of a patient's eye may conprise
illumnating the patient's RAEF ' F THRLRG eam over an
optical path between the squrce and the patient's eye that is free of any
refracting, diffF%‘ﬁlrf@a%?mmi‘}ﬁg?é‘a&??feaﬁ’ﬁ&&%ﬁ?&% Liioente B nect of this
enbodi mnent may invol ve providing foveal illumnation with a beam di aneter
that is Iesse“%{’ﬂﬁ‘i‘f‘eﬁt‘?ﬁ"tf"‘lfo’?‘if&?%n limt value of an imaging 21 June 2006
conponent that iga*gg ti,on.of the wavef.Eont on a detector over a

es, 4. bor

refractive focus® e e’sggc SRl Jiagrm o me 0 Jpupafion KompAREHt d sEPYt, 46D, The
t hod fuct .ail i di i i,| | um nat.i b havi

Ryl o1 g arginel FREEPESpeal bR dibifh fnes P AR PRRR e FORESRIEE of the ©

patient's eye

bb t\A/ete aboutﬁ-_12D to +6D. These and other objects of the
‘exanpl e enbdth H’@ﬂ'teg QSP’&%WF Phvention will become nore readily apparent
fromthe detail ed. descripti,. t.0o foll.ow. wever.. it shoul d nder st ood
that  the dot ai | eEEeds MaiEH] schbemefs oent Rl Elimaleh SR sétolfpa BEFT 21 PP

preferred eq}i‘)eolg%ggm_ qof the invention, are given by way of illustration
-only, since-‘various changes and nodifications wthin the spirit and scope

of the inventi 0“1'«';*@4,}3'4 ib %ﬁmfahgﬁgﬂﬁgw%dggggﬁ%ga%cagqh%% based

upon the description an raw ngs hereirn a 5a 21

June 2006 BR) &k BEBCRER oEhle GReditds. DRAWNGS Figure 1 is an optical

‘schematic of a wavefront sensor according to an

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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enbodi nent of the invention; Figure 2 is a schematic di agram show ng an

i1 lum nation conponent and output retinal illumnation begampéenog typical
range of defocus in the eye according to an enbodi nent of the invention;
Figure 3 is an optical schematic of an off -axis illumnation system
according to the invention; and Figure 4 is an optical schematic of an
off-axis illum nation system according to another enbodi nent of the

i nvention. DETAI LED DESCRI PT| ON OF PREFERRED EMBCDI MENTS Figure 1 is an

i || ust rat i ofPrbaging yokpewrywerefiantdghidiom de pxetsaeting, & GEDos FMQY segsor 20

Shack- Hart mann aberrometer 10 according to an enbodi ment of the invention.
It will be fadpectingdment centepids; ¢onngcted &ty waveigntvemena 23] & procesing \
Shack- Hartmann aberroneter, but in fact applies to all aberroneters and
wavef ront s&rsendf wvidethiseludes g XiC. métappraprints mgwgeinr@@lcﬂma%abmnoam nati on
and wavefront imaging for aberration analysis. Cenerically, an  aberroneter
10 requi r esdsn spde fiselpy Hatshown); endalisvmat pinerd 26n A Bxatien feechAR2igt Bcessi ng
system for detecti n?, neasuring and displaying wavefront aberration data,
and i nter | fhgpligmpncs RWWEWWFWW% wiciieny sexsing ferise Yhpasses an

iI1lum nation. conmponent 12, preferably in the formof a 780nm | aser diode

i 11 uni nat i oPFe&iiPdacludys phoptical Srpmborasystem( (arialtsmative apisabirYsingoher ent | _
T I I T 1 AL A8 oSS T ekl rer R T8 |
(PEA Ep 21 Wl fempesae 5 T g N SLMErENah SRV FRBTHER RlegTRERE ML T eye s
T R BEn e e O T oSBT o1

According to an embodiment of the invention, the laser beam optical path
between the laser illnmination 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
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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 alignoempineCygra 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 systen) 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 - 12Danemtwlay(llwh%®)—78§nmmdﬁfémwor?mg@a&nﬂmhéamlms typi cal of
t he general popul ation. According to an enbodi nent of the invention, the

| aser - beam &30, sod piviretardifiisetiondindt viseedualge 67¢. | Therillymivdtion comprpentdt 12 and
the eye 32 contains only beansplitter 16 for steering the beamto the eye.
Not i ceabl y absiststof faser dimiy 70 eddrcaltindating Jembi 72 filiah istfixeed)in positiopkitis espectter i ng
optical conponents for refocusing the | aser beamon the patient's retina to
conpensat e filerlasex/iHi The dasertis pEaS5omiBiuerSikfy Ragstuick €irenliaser Diaxte{RS 108 H@hthathe
collimating lens 72 that is fixedly positioned with respect to the |aser

di ode itsel iaromlles privuladesidetrh with @ total divigenwe pELE drgices Thesollimatiul lens gr eat er
detail bel ow ure 2, in part, illustrates an aspect of the invention
pert ai ni ng f72)ls rngld@ﬁfﬁsphemﬂémqfiéhatms dhosandsntodtsshart Beal laxgthaguéa having' a
.beam di aneter that remains |less than the diffraction Enmt of a conponent

t hat i nagesrespsablesost@veilgble fnmibarebaaliedy enstedrepdmotnied). Thedbesbleagibo a
detector for wavefront image analysis gver the range of-123) to +61)

wi t hout ext@%@@%@W%@“PW‘W@T&C@%M%Fﬁvaﬁ%ﬂm’dnt sensor
device is a Shack-liar|mnn abenronmeter. Accordingly, the imaging
conponent |émﬁl%1%%6?W@ﬁeﬁﬁ?ﬁwﬂvﬁ&M%ﬁ@H@%?ﬁﬁhaWP@ﬁ+°~mt of an’

I ndi vi dual | ensl Is known to be 2.441f/d, where X is_ the illumnation
wavel engt h, Zﬁmﬂéﬁt%@%ﬁ@te}@@e@[ wREmeted in ARITaspondench 8 ith &HG420 di ameter. | n

7 AVENDED SHEET | PEA/EP . 21 June 2006 an exenpl ar{_ illustration, 2. =
785nm and Fs5es By RrRdicpd-epes sizat Anthacomga d4 et theFraipR76. The model contains the

Yaser souice 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 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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f/30, and giving a diffraction limt value equal to 57g. The illum nation
conponent 12 consists of |laser diode 70 and collimating | epgyedoBat is
fixed in position with respect to the laser 70. The laser is a 785nm Bl ue
Sky Research CircuLaser D ode (PS 108-00) that provides a circularized
beamwi th a total divergence of 10 degrees. The collimating lens 72 is a
Geltech nol ded asphere 350200 that was chosen due to its short focal |ength
and reasonable cost (available from Thorl abs al ready coated and S
mount ed) . , THexberd. The tropebene ifar thespemfic dusigh htdiand iy enaflaupeef the tensesivatkef er i noi de
ut on the cidrnea'is very small.', preferably 1mmor.|lessto avoid

ef t eot s: - of viesatifenglinratin of 1.€7151 thus ingreasing the dngleiby that fapfaxs SThe heDENIWKeXitspt i cal
taytrace eye nodel was created in correspondence with FIG 2 to assess the
predi ct ed sphs trombpaahesging Wewarddhalessier arraywiith angwlarisprgadg +01Rdlegrotiel cont ai ns
the laser source 70, the collimating lens 72, and a nodel (Qullstrand) of
a nornal eyehsitentersithelepslat aaraye pash Jgne eonversyine fmenlsrubient ta an mpge 5280 of t he
collimating leas 72 to the anterior cornea 74 is 104.92mm The di stance
from the | ageng e same eghtion 1M K aald).nYnscdhesicnses ¢ach haye fealiengtieifeeman beam
propagation is used to sinulate the behavior of the |aser beam wth a
Gaussi an cr ¢ksy esdhsrdatgmapotidiamstes pf3h <2 % G it w tan(il 2 dagreesyi=@6 aricioppat  beam

wai st was assunmed. B c trace. aual yysis. shgW st he beam di aneter. at the
cornea at 't &isgisteston Thisig pgnificestly sma}lémhm'%hgtf@@aw. spatsizeferthe §80 | ess: ; The
size of the spot on the retina, 64 microns, _corresponds to an angul ar

- _range of +/ - denglets gbdyine Ererefyrpiidus ¢p thp tromfene mpgnifcgtion gnd thelepgletdocalisi ng t he
geonetric relationship h = P tan(A), where his the object height, Fis the
| ens focal lgmethgenedt spois impgedopte the gatectar svhich grgtsmaller remthe spalbigr angbe he fiel d
angl e. The beam approaching the tronmbone now has an angul ar subtent of
+/-0. 11 degFdias. Thopowe wxatliotgr combinatiopsef siembonemagnificationand Janglgt foeal +/ - 0. 12
degrees due_to_the angu)] ar magnification of the 8 AVENDED SHEET | PEA/ EP 21
June 2006 t FEEBAREYoW give the SR ReSHIL  Ferpthes prats; 35idesciibed belpwthes®Al i s nade up

f | en W th
of two Tens gig.e on &exeﬁna varies, but is always smaller at the image (detector behind the lenslet

array). | |

To simulate refractive crrors, the disté:;ce 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 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 as 10 microns, but not without the spot for the +6 diopter

patient growing to 95 smicrons.
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focal length ratio of 1.075, thus increasing the angle by that factor. The
beam now exits the tronbone heading toward the | ensl et arpayuaidobs
an-angul ar spread of 0.12 degrees. "As it enters the lenslet array, each

| ens converts the angular subtent to an inmage size, using the sane
equation h = F tan(0). Since the | enses each have focal |ength of 6mm
they each create a spot dianeter of 2h =2 x 6 nmx tan(0.12 degrees) = 25
m crons on the detector. This is significantly snaller than- the '
di ffraction spotItsiilt be dnpreciated that 84ed thatnlsd redgpifivhtion 7pan fHpertefht espest tdlue to t he
tronbone magni fication and the lenslet focal |ength, we get spots inmaged
onto the detldstpproagini Givmencthat taerterislet arraytinam apkieat systerm, &iwill abyrays tmegnifyet i na. -
There are several other conbinations of tronbone magnification and | ensl et
focal | engi(dr detwsagnifiufiom qyjepttotihages imthis case dhetspotfporjeaied rato thasatipa tas
descri bed bel ow, the spot size on the retina varies, but is always smaller
at the i magéhe(cawerasenser. Fonmagler saead of ticblur spot (Adp) spotrey the difffaghian ref racti ve
errors, the distance fromthe back of the eye lens 77 to the retina 76 was
| engt hened dimited snet)of the drasletapushalwaypde gregier them e sinaded engld ofitheabject

farsi ghtedness. For the patient with the -121) refractive error, the spot
si ze on t he (theystinal spqtks Thpeenesamehioge bofhthpiapeg injestion ontics audd the wevefiont eyebal |,
the retina is closer to the mninum bears waist position. For the +61)
pati ent, t heamgbimagngoptics (e lepsletciditeia puchlesserdegiee.dbe boruboneeptinsy di anet er .-
This corresponds to 37 mcron spots at the wavefront sensor. The distance
fromthe | asushthabtissvill glvayge sopyer thywhelpeefractive songansgar i ed to pl ace the

m ni mum beam wai st _on the retina 76 for a _different_ case. The solution

‘described above Hisfishprigadle (g kepromealibpe-rofectioprupf e wavelingluepaps. as this
di stance is shoytened, the spot. for the - 1217 patient .can.get _as small as
10 microns, P t{“T?BtasW'tc}qa’t‘ﬁ theflﬁ'fmfl‘f‘f’(?“%‘gﬁ‘?"&’btt@r‘s P%&%’P@%?E‘gr owi ng to

95 microns. ax%s :%%E%Dg%espljgg}s e{repms%ﬁo% sc‘t]xg:ﬁ]aef‘icgl%c')ig 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 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
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.

10
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It will be appreciated that stated that the magnification is an inportant
aspect to this approach. Gven that the lenslet array is anpmaptioos!

system it will always nmagnify (or-de-magnify) fromobject to inage; in
this case, the spot projected onto the retina to the camera sensor. The
angul ar spread of the blur spot (Airy spot or the diffraction limted

spot) of the lenslet nust always be greater than the subtended angle of the

opt i cs ‘and t he VBFLHIGHEYS it T e P ae FI e t“%nefe? fd o & much

lL ﬁZE%Ofggﬁ B?apésag?twﬁzfﬁﬁa' f foﬁgﬁ%ﬁ%&e&a% Feop E&ﬁsz”:r

eﬁﬁoﬁfﬁen%{'ﬂ‘ﬁ%%ﬁﬁ%eﬁh&éf?aﬁa‘fe R P Pes Eaemt’?m% a“f%%f’icﬁe?’athfv'es
3 3. . F 3

i over vi eurBro oGt 11 R AC e Sre 0P B e B o v axi o

o nat | Ot Pl b by bbb Yronf ATRARC g: elfelifam 40

‘towar ds bea m nat’i on comnmpohen beansplitter
the opti cal Bk AERAF Bl it S8R AN, ofttn MBI AR Be BUP 70 711
ot tor mes e dg@*@éﬁ}ﬁg Sy Sriox Mot b Qorflicsftoct e, L7011 0
boamupl i 11 PaA vy b gl %‘e’%aﬁ%ﬁ-i‘-s"%eég’ “ﬁf’ﬁ‘%ﬁgﬁ“&fﬁﬁh@ W2 &°58 whi ch

passes the p f e cornea,
and a | ens 6 0 aéﬁgréth%a%& g%% s%l lgév%‘rﬁzdlggéetﬁg%t%@q%%gconprl ses
the |enslet éffseéﬁrtﬁe%é&ﬁugbéaﬂﬁtﬂammfaﬁs R R0tS onto
a CCD or ot er suil tabl e two-di nensi onal detector 22. The eam 0 will

exhi bit the, nEaNs oF AfradhakA6h %Isﬁgw&mseprdrtaqmeaseeufc%nmhemum ng a
retinal spot dianeter that remains |ess than the diffraction |imted spot

si ze from tRepheB el Br Rk-sph@d pitfeRl, shd 521k HMERBIER nekidhted fREAHEP
| 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

11
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21 June 2006 In an alternative aspect illustrated wth reference to FIG 4,
the collimated | aser beam 110 is offset laterally fromthe; gy 20psi cal
axis 112 to direct corneal back reflections 114 out of the

wavefront -sensing path. Based on the typical radius of the anterior cornea
surface 116, an offset, Y, of between about 0.5mMmto ImMmis suitable wth
a preferable offset being between about 0.7mmto Imm It is also preferable

that the |.q . . i1, t ' ' i d in
F'a a) dudtpBloiorobtEnd st sl AhE plRin Ramf(rafiito s 0, 0O,
W LN 1 e ] AEAHSHELLLS WASLET BfectIR, ot Muhlgey GO Pt Tent o0

patient. These erences can vary trom owever, this

di ff : ' | ' j ' ' th

at orar of rea iy Radoft ik Skl dfer SHEACAR il Rl ok DL T
tina, R ! .f. i i Ve .S in FIG

ot R oL XA e BRI 8 BBy v e |1 I

. tients, . Q%gf ‘ﬁéﬂi&' L&ds i 111&91%55@ ly, th

Egr?ggpgnd%%%no. q%%%@%é%&?ang 3#€E%£%rees,8€g@gg???éf y. he:e¥ore,e8?or

patients W dohmdneht bdd 95ﬁﬁ?ﬁ&{&m&%ﬁfﬂ%%k&@%ﬂéﬁ#b'ﬁ'acﬁda%&@veol a

ahd a b T wit

(0.5 degree i anmeter), cases w | e we in the fovea (5

degree di angifiokhe Pk S MRReR ibduLidPAb +BBCK reflections at the detector

can be detected and the operator can be alerted; accordingly, to make

adj ust ment . Thi $GRR-H6:48NREEMTBUbIEIdA hAv8 B8 chisch Rfiiméida haiment , or the
entire instrument relative tothe patient if it can be noved in sub-
m et er ihVUtiG A be uetsR3E Rg&om:@muﬁ &emwcnﬁ%és%@mmmﬁamshoul d
not upset the mapping of the asured wavefront to the patient's eye. A
met hod enmbogl BBRkaAR &k WithGutldepdrify Ry BRGEPR of e HiveRtidnts dbfhedl @eni Ng a
nore accurate ocul ar wavefront aberration nmeasurenment with a )
~wavefront - sgpsidRdcidgyi ce. In one aspect, a retinal illumnation source is
provi ded having beam characteristics that elimnate any need to refocus
t he beam al ong a. propagati on path between the 11 AVENDED SHEET
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i PEA/ EP 21 June 2006 illum nation source and a patient's eye. The
preferabl e beam characteristics are a Gussian profile w 2hJmdppas wai st
that is effectively of constant dianmeter over the refractive range of the
eye, preferably over a refractive range between about +6D to - 12D. In a
rel ated aspect, it is preferable tgrppgyide a retinal illum nation beam
having a dianmeter on the eye's retina that is less than a diffraction
limt value of an imaging conponent used to inage a portion of the
wavefront on a detector over a refractive focus range of the patient's eye

bet ween about ,-12D tao +6D ile various advant ageou nbodi ment s have been
chosen to TF1 GRdPRekS e brspe Biice 1 R e AR e BB ebY T o eki 1T ed
in the art thaibjehangesaididiserdnpiita ancipsical hend itdudirgteretidaé flRininavibi hout
departing fromthe sco of .t.he inventi.on as.defined.in th pended

ol aims. 12 AVERERRES SRR gy S Ribosins Stk udine affostebaiay o g
wavefront sensirnighagiey ithe abaateteasafromgoran ddretor, adrddinwelinkingogltctioniosm a

subj ect's eye. evice conpri i. ncl lﬂdi ng,a retinal

sai i an.optical head |
P et on intes e AE e SRR APy PR Wl SRS MIRERIE T LT
i ncludi ng a | emsdlefluainagyn cdngponénta@ravifet recadlieated tetidalvwBlvminatont beam a

det ector, andhail nt ear‘#ai nsl§a§ ell‘??tc o.gtiiccs integrated to detect, neasure and
di spl ay ocul ar VA AT O FEFEt Pdh, wherein the retinal illumination
conponent pr othediegroeeneat dhbiaeteréatd irethi#tnal il 1 um nati on beam having a

'~ Gaussi an beam char gﬁcteerei sétri %?i%ehgjtjgnﬁ.rvoveo Nt apsgr e%tnerc(i)éeoqm}nglaltogat . there
are no refractive, g firact 0 % Vel HRh S s e ng corponernt s al ong
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




an optical path between the illum nation conponent and a proposed | ocation
of the surface of the subject's eye being neasured, the col detoeg beam
has a dianeter, d, at the surface of a patient's eye, where d < 1nm 2.
The devi ce of cIa|n11 wherein the illumnation conponent consists of a
light source and an integrated, -fixedly positioned collimting lens. 3.

The devi ¢e of wherein the |igh urce conpris ne of di ode

| aser, a%lasefrn(]:e V%ﬁ&flﬂwﬁrgﬂéﬁﬁéﬂﬁﬂ h@%g émﬁ*ﬁglg@gﬁﬁﬁ gf claim
2, wherein thelehshghfthsmslemﬁmst@eaverwelsmﬁéuan@e df Be obijedt gRinddatiadout  780nm
to 800nm The d %@D ﬁ|al 1, wherein the beam has a Rayl ei gh range t hat
is equal ‘to o%’ éfmiﬁﬁﬁ‘§W'ocular refracti ve power range of between
about-12D to +6D 6. The device of claim1l, wherein the, device has an

opti cal as fu t her, wherein. t retinal i.llum nation bean
has an ogfi caf® 585%0 ils r%‘ﬁfhgéig‘ﬂcqlfﬁgﬁcgglaﬂﬁ’ﬁ?ﬂ‘fﬁ‘fe T sesPenent axis of
t he device. The deV|ce of claimé®6, wherein the dlsplacenent is a parallel

e g S RaEaD P ST e D 15, S8 209°,°, [ Covice

of a | ensl et pwposedcdtpnof it s@facayf thSsubjeetbt e, “ﬂia&rdanﬁmlbtended angl e of an
object illumnation spot forned by the | aser beam The device of claim1,
wherein the device is a Shack-Hartmann wavefront sensor. 10. The device of
cl ai m 1, 1iwher ®hadevioe obaidiini 10pviedeibedemmhad<dnth. anet er, d, at the proposed

| ocation of the surface of the subject's eye, where d <lmm 11. The device
of claim 10, wherein 0.46mm <d<‘lmm 14

14






