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Background of the Invention The present invention is directed to a
wavefrontwgensar;, such as a sensor for wavcfront aberr atipamasombe eye,
and nore particularly to such a sensor which avoids 5 corneal reflection
by illumnating the retin | op | i.gh th off of the optical axis of
the eye. The preseWAVE\GQ?F?PEE%§&%%ﬁﬁi’r8ﬁ?ﬁ\3@§e‘&wH\I%RPMd of sensing a
wavefront using such off-axis illumnation. It is known in the art to

det ect wavdluchptounthef thgtlpvyandionn t he hunman eye for such purposes as

i ntraocul ar surgery and contact |ens fabrication. Such detection is 10

di scl osed, e.g.,THerpréscangveriticalis dir@hpe ot d wevafmas simeore michafs awan®r &yer r at i ons
of the hunman eye with the user of a Hartnmann- Shack wave-front sensor,"

Journal of WhefrofPibcaalion3af it oy cOhndAmBFd sidicu¥@ly: tollch Neensds wHidh ¥voi994, pp.
1-9. A beamof light from a |laser diode or other light source is directed

t th i r o ,.u. '-i .
owarg e o%ﬁﬁlll rc@l@abdnsb 1ﬁ‘1911ﬁﬁ£f11§?§% Frctf'lgfl dgogg'r rf%hl Eﬁﬁ%ﬁ%ﬁtlﬂcp t[c?lf ot S

hi ghl'y absorbing, a beamon t rders of 15 gni tude di nmer
than the orjginal.beamis. reflected by th tina and.energes from the
pupi | . Typi BRFT, TSN R AU yeited (o LB PERs S LEdiist Bt i ca

path; the incomng_ light is brought into the common optical path with a
beanspl it t eSINEHED BHEGENEMRALNI s applied to a Hart mann- Shack detector to
detect the aberrations. Such a detector includes an array of lenslets
whi ch break up tlhis Kogitinithe a5t toa@etesh wavefagnt eberspyons naihig hhmensye fs sedot s
onto a charge-coupl ed detector or other two dinensional |ight detector.
Each spot imirp@eaisidtrhacuitetsergernand domtadt &pb &benminin. fSusindetection is
10 disclosed, e.g.. in Liang et al, “Objective measurement of wave aberrations of the
human eye with the user of a Hartmann-Shack wave-front sensor,” Journal of the
Optical Society of America, Vol. 11, No. 7, July, 1994, pp. 1-9. A beam of light from
a laser diode or other light source is directed toward the pupil and is incident on the
retina. Because the retina is highly absorbing, a beam on the order of four orders of
15 magnitude dimmer than the original beam is reflected by the retina and emerges from
the pupil. Typically, the incoming and emergent light follow a common optical path;
the incoming light is brought into the common optical path with a beamsplitter.
The emergent beam is applied to a Hartmann-Shack detector to detect the
aberrations. Such a detector includes an array of lenslets which break up the light into
20 an array of spots and focus the spots onto a charge-coupled detector or other two-
dimensional light detector. Each spot is located to determine its displacement from
the position which it would occupy in the absence of wavefront aberrations, and the
displacements of the spots allow reconstruction of the wavefront and thus detection of

the aberrations.

25 Improvements to the technique of Liang et al are taught in J. Liang and D. R.



the position which it would occupy in the absence of wavefront aberrations,
and the displacenents of the spots allow reconstruction of the wavefront

and t huswdg§®ghion of the aberrations. 25 I nprovenents tpC$Pem%x$@nlque of
Liang et al are taught in J. Liang and D. R WO 01/28411 PCT 9008 7

WIllians, "Aberrations and retinal image quality of the normal human eye,”
Journal of the Optical Society of Arnerica, Vol. 4, No. 11, Novenber, 1997,
pp. 2873-2883 and in U S. Patent No. 5,777,719 to Wllians et al. WIllians
et al teachésglitnes hAibqueisonsfaod rdethbmidgegualigrof dtd remsabimdndroeyclisiongt/ he
aberrations thus detected for eye surgery 5 and the fabrication of

i ntraocul ab ard)mat 86dich SfiaRSriciybr @0V No. 11 8ot @6t (p9espef2878288%
references, unlike that of the Liang et al 1994 article, Iend thenselves to

aut omat i on.,n JReUtE PARANGSs 485619 ResrARAY & (uanhyﬁ;m' dr a!umdae% '1&911&9% eye
along the eye's optical axis.” As a consequence l'i1ght reflected from

the retinaJs,mxed 10. r cti di srunpt
neasurenenggrmﬁﬁunégwécﬁgm ﬁ ﬁ”ufﬂé?m%ﬁmna mPﬂé% @%ﬁ%ggﬁ"mycmﬂ %yspurlous

brig spo m the arr of spots forned in the Har Shack sensor.
Suchhstst ray af‘%ﬁﬁe’%’? ‘Q“ﬁ’éi ragen/ar afd ?BGPE‘@ES%“@%{%‘W’&E? tlecapighesol of
particular concern are the reflections fromthe optical elenents between
the retina thasd refhenss. peldiesprt afttles Liasg erpldP8frericie. tgnditamsgjvasiel ude the
optics of the eye and a pair of |enses between the beansplitter and the
eye. Back mefone¢iohons from surfaces ot her

The techniques described above involve illuminating the eye along the eye’s
optical axis. As a consequence, the light reflected from the retina is mixed with stray
10 reflections which can disrupt measurements. More specifically, the stray reflections
show up as spurious bright spots amid the array of spots formed in the Hartmann-
Shack sensor.
Such stray reflections have several sources in wavefront sensors. Of particular
concern are the reflections from the optical elements between the retina and the
15 beamsplitter. Such elements typically include the optics of the eye and a pair of
lenses between the beamsplitter and the eye. Back reflections from surfaces other
than the retina are weak relative to the illuminating beam but are bright relative to the
weak signal reflected from the retina.
In the eye’s optics, the only surface whose back reflection is bright enough to
20 be problematic is the first (outer) surface of the cornea. That reflection is comparable
in energy to the reflection from the retina and can therefore be a considerable nuisance
for wavefront sensing, particularly if the centroids of the spots in the detector are to be
computed automatically.

One known way to remove the corneal reflection, taught in Liang and



than the retina are weak relative to the illum nating beam but are bright
relative to the weak signal reflected fromthe retina. In the eye's
optics, WoIBMY surface whose back reflection is bright BagUg2P¥8 20 be
problematic is the first (outer) surface of the cornea. That reflection is
conparable in energy to the reflection fromthe retina and can therefore
be a consi derabl e nui sance for wavefront sensing, particularly if the

troid 1 he. ts, 4N t ) t - pcally.
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One known y to
01/ 28411 PCT/ U 900 3 WIIi and in WIllians et al, uses a
pol ari zi ngfr‘b‘éé‘ﬁ%yl‘&‘{ e acF%bql%‘ﬁ‘ﬂ\/lggf’ﬁzf‘?%’é‘ftéﬂm}qt REcUngr SEFUSE 9FC t he surfaces

bet ween the beansplitter and the retina. Because those surfaces retain the
| i near pol surfages ictmn Bic lngar nalyiatiomef hedieht ineidewirthergen. thoflelgss ref | ecti ons
and the corneal reflection are elim nated. However, nmuch of the light 5
refl ect ed feflocnidniend étd cvandaredlestoon @s climGnitad. dépodvar,inned dfitighlightef | ect ed
fromthe retina, which accounts for only about thirty percent of the total

light reflgatadd frogmnt haida8t bB&iost.i OnBMRbbRALE&I fight delcel fidhe thwaehd, ont
aberration. Mreover, the depolarized |ight contains considerable spatial

noi se. Stil});-d '3.8#&1% 3k 8@'9//%%%@[;@%&&%?%}& Yot?lrltfgl}g %g;:g{egif%l inRtL@guced

into the array of spots ri ngence o optics,
bet veeh t he VHEIER (FELiear T St 1B re BRSO eRERRE From the-
retina involves the use . . , ) _
contains considerable spatial noise. Still another problem is the intensity
nonuniformity introduced into the array of spots by the birefringence of the eye’s
10 optics, chiefly the cornea.

Another known way to remove reflections from all optics between the
beamsplitter and the eye while increasing the signal from the retina involves the use
of a polarizing beamsplitter in combination with a quarter-wavelength (A/4) plate just
in front of the eye. German published patent application No. DE 42 22 395 Al

15 teaches that technique. That technique allows a much greater part of the light
reflected from the retina to reach the detector, thereby improving spot quality, while
removing the variation in spot brightness caused by the birefringence of the eye. It
also removes back reflection from the lenses. However, the corneal reflection is not
removed and is thus just as troublesome as it would be in the absence of polarizing

20 optics.

Another problem with the two techniques just described is the cost of the

polarizing beamsplitter and of the A/4 plate. In cost-sensitive commercial settings, it

would be desirable to eliminate that cost.



of a polarizing beamsplitter in conbination with a quarter-wavel ength
(.,/4) plate in front of the eye. German published patent application
No. DE 42”9?’%@5 Al 15 teaches that technique. That technP&H&’S4p/2 a nuch
greater part of the light reflected fromthe retina to reach the detector,
thereby inproving spot quality, while jgenoving the variation in spot

bri ght ness caused by the birefringence of the eye. It also renoves back
refl ectiongfr@mr BEIHL 8RS Hon HOWever, the corneal reflection is not renoved
and is thus just as troubl esone as |t mould be in the absence of polarizing

20 optics. Anothe | em W t ues,just descri.bed is the
cost of the popép Z|n3(%@§ﬁ85k1p Ptﬁﬁﬁléwz?ﬁécgt 5 Hiegf gxisjsn the art
cost-sensitive connerC|aI settings, woul d be deS|rabIe to elimnate

that cost. WY agyaEpriTCILSIR 2@6@8}10aomsﬂﬁﬁ%woaﬂosﬁwtlcawwp@WS| n |ight
of the foregoing, it will be readily apparent that a need exists in the art
t o provi despotsiaw gferdstactos onstherwine dedrade thheigoelrdveiatbd fref the digbtre@ossd not
cause spurious spots on the detector or otherw se degrade the signal

deri¥ed fr éiont the rétirghtMsrepheictReySthkreosuinbed foeddtdrwaltent Bétdtodb & | Y,
there is a need to detect wavefront aberrations in an accurate and

cost - ef f echh Y& urRORSI c&Yeﬁédtme@ﬁ&ﬂn@rgb} HemPLeR 805 ?5b1€rﬁro@%§1lne£lerfah&q1tohon
wi t hout using polarizing optics. i's therefore an object of e I nvention

to address |eve the above and other objects, the present
i nvention Fé ?f%@ﬁ%%ﬁ?u%Q G5l

It is therefore an object of the invention to address those needs.
To achieve the above and other objects, the present invention is directed to a
10 wavefront sensor in which the eye is illuminated off-axis. The light not reflected by
the cornea impinges on the retina, and the light reflected by the retina returns through
the lens and the cornea. That light is thereby focused into an optical path different
from the optical path followed by the corneal reflection. The entire retinal reflection
1s used, and the corneal reflection can be discarded by use of simple, inexpensive,
15 non-polarizing optics such as a stop.
The beam used to illuminate the eye is relatively narrow, e.g., around 1-1.5
mm 1n diameter, and intersects the cornea in a small area, thus further reducing the
probability that the corneal reflection will take a return path to the detector. In
addition, the dioptric range over which the small spot is in focus on the retina can be
20 increased. Typically, a displacement of the illuminating beam from the optical axis of
the eye by less than one millimeter completely removes the corneal reflection.
The 1lluminating beam is preferably introduced into the optical path at the last
possible location before the eye, e.g., by placing the beamsplitter right before the eye.

Thus, back reflection from the lenses is avoided, as the only element between the



10 wavefront sensor in which the eye is illumnated off- axis The Iight not
reflected b t he cornea inpinges on the retina, and the % refl ected by
t he retiﬁ%9¥HFﬂPhs through the I ens and the cornea. ThatPF §1500/2990% her eby
focused into an optical path different fromthe optical path followed by
the corneal reflection. The entire retiqual reflection is used, and the
corneal reflection can be discarded by use of sinple, inexpensive, 15

non- poIarlgfp&sgggg&§j@yggmggsﬁc%ggﬁq The beamused to illum nate the eye
is relative arrow, e.g., around 1.5 mmin dianeter, and intersects

h th bjlity that th
cor neal ”?ZfIQC?. B Y Bt s e R Rt R e BTl At om,

the dioptric range over which the small ot is in focus on the retina can
be 20 i ncr Higdaets ofyhg @%mvydtm& W@rﬂnéé%eﬁ le&wttbﬁ@ﬂm thersrartithesameam f rom
the optical axis of the eye by less than one mllineter conpletely renoves
t he cor neaklemehl €@ng way oTdresd islteinfovatei nigldsd apticd ppihedigh abirgrsimmeuntediuced i nt o
the optical path at the |last possible |ocation before the eye, e.g., by

pl acisng t henbhehd® prhd inérfork aghdisgasEdinghé p&h @y the ililhiditindedm befdret i on from
the lenses is avoided, as the only el enment between the WO 01/28411

PCT/ USCO' 28008s tRe b@&x%ﬁﬁ&ﬂ drld&h tl?é”ﬁjatlﬁ BEE 8%t Bearh SThIXE rrfd%r'éﬂf%ﬁt offfMen with the
bcamsplitter placed right before the eye, it is possible to adjust the

focus of t i i eam and that of the exit beam by the use of the
sane elengﬁei%E%gkggﬁﬂggngo so is to provide a folded optical path with

m [ L(r)ﬁr f] am) ﬁgt gggﬁ? Bglptoﬁoglréeg:gn b;argleoved Er{ 2(1) Elf?ec%lz)g pgll“p%h)gl%g]gr {or; rtngree path of the

generally, non-parallel) to the direction of its output as needed to accommodate the
10 eyes of different patients.

The present invention has utility in any procedure involving wavefront sensing
of the eye or otherwise involving illumination of the retina. Such procedures include,
but are not limited to, autorefraction, design of contact or intraocular lenses, refractive
surgery and retinal imaging with adaptive optics. While it is contemplated that the

15 present invention will be used with the human eye, veterinary or even non-eye-related

applications can be developed as well.



reaches the beansplitter and in the path of the exit beam Thus, novenent
of the slide focuses both beans. The |ight source can be noved in a

di recti ow@ermandi cul ar (or, nore generally, non-parall elpcTiuod/bmos
direction of its output as needed to accommopdate the 10 eyes of different
patients. The present invention has utility in any procedure invol ving
wavefront sensing of the eye or ot her W se involving illumnation of the

retina. Such procedures include, but are not limted to, autorefraction,
desi gn of éﬂhﬁggﬁﬂéﬂgﬁﬂﬂﬁééﬁéﬂé¥§lenses, refractive surgery and retina

i maging with adaptive optics. Wile it is contenplated that the 15 present
invention wll Beresaddgnbpdinivat dilihenrasgrd invoatien wikby sgrforly endetail

non-eye-rel ated applications can be devel oped as well. WO 01/28411
PCT/ USOQ 2@00 8efeencdBra tat dBedngd, pf whizhof the Draw ngs A preferred enbodi nent
of the present invention will be set forth in detail wth reference to the

drawi ngs, in whighy ifh %}h_cnlmii@df%lgrsa@lhﬁ{m&ihgllQilﬁgi%%miéan%%lstiB@IMt&l opti cal

concepts i npl enent ed in a preferred enbodi ment of the invention; Figs.

2-4 are sche| EE%BQ%@Q@@HRmﬁQP&%@Qm%H arrangenent of optical elenments in a
sens

wavef r ont or according to e pre?érred enbodi ment; and Figs. 5 and 6

show experinmental results, obtained accgrding to the greferre? enbodi nent
and the prior a€ . %—ggbeeﬁlpwgtp%,c_llagrams showing=an arrangement of optical elements

in a wavefront sensor according to the preferred embodiment; and
Figs. 5 and 6 show experimental results obtained according to the preferred

embodiment and the prior art, respectively.



WO 01/ 28411 PCT/ USOQO 29008 7 Detail ed Description of the Preferred

Enbodi nent Fig. 1 shows an overview of a basic system 100 for illum nating
t he reti ngootnsdihe patient's eye E and will be used to explcaiwsobheogpti cal
principles inmplenented in the preferred enbodiment. A |aser |ight source
102, such as a laser diode, emts a 5 beamof light L, toward a
beansplitter 104, which can be a parallél-plate beansplitter, a

t hi ck-pl ate beansolltter a prismbeansplitter, a half-silvered mrror, or
anot her s ReakdDessEpu ofithe Prelorred BBBOEWIEN t er 104 is preferably 90%
trnasm ssi ve and 1096 reflectlve al t hough ot her ratios could be used as
needed. The IaséﬁglhghwsgouwcemiﬂQfabnm:nh@nbé%h&mhanmnumpmcaﬂempﬂs|t|oned
such that the light L, inpinges on the eye E 10 off of the optical axis A
of the eye ke patieuss cie ElagitvildBamddddo eeplapothedplicad prihdiplcs ahpRmentedeh the eye
Eis reflected off of the optical axis A The remaining light forns a | aser

beacon B oind il idbofiil { N8Y fiuff soBREAUIC RN ot 1:BPHIES Alitdie eve E
of 1

a light beam L3 reflecte fron1the retina he eye E exXits the eye E

and passes .thro he be I|t 4. ht bea t hen sses

Chr oo 1%sAa o gin LGy aRPABE N i T W&géh*%m“’ﬁs PR PR Ta FERT eot ed
fromthe retina while bl ocking the Ilght bea reflected fromthe

cornea, and HICKgtale PEBNIAYIAT A SRERFAMSHALY: %jggtlé-élﬂ%ﬁreiprwomgr MESHN in the
art, the detector 112 includes a lenslet array 114 to focus the |ight beam
L3 as an arstigblobcamsphttes pldieshepmspliftay 184 copetaratdy Aeto tsgsmasive and 10%

t wo- di nensi onal detector 116. 20 Figs. 2-4 show a second-generation system
200 usi ng trbRecdipt, althbuglt dthed qatiescould be used as needed. The laser light source 102

and the beamsplitter 104 are positioned such that the light L, impinges on the eye E

10 off of the optical axis A of the eye E. Thus, a light beam L, reflected from the cornea
C of the eye E is reflected off of the optical axis A. The remaining light forms a laser
beacon B on the retina R of the eye E. Because of the optics of the eye E, a light
beam L, reflected from the retina R of the eye E exits the eye E and passes through
the beamsplitter 104. The light beam L, then passes through a lens 106, a stop 108

15 which passes the light beam L, reflected from the retina while blocking the light beam
L, reflected from the cornea, and a lens 110 to a Hartmann-Shack detector 112. As
known in the art, the detector 112 includes a lenslet array 114 to focus the light beam
L, as an array of light spots L, onto a CCD or other suitable two-dimensional detector
116.

20 Figs. 2-4 show a second-generation system 200 using the optical principles
just explained with reference to Fig. 1. Fig. 2 shows a lower level 202 of the system
200 as seen from above, while Fig. 3 shows an upper level 204 of the system 200 as
seen from above, and Fig. 4 shows both levels 202, 204 of the system 200 as seen

from the right.



just explained with reference to Fig. 1. Fig. 2 shows a |lower |evel 202 of
the system 200 as seen from above, while Fig. 3 shows an upper |evel 204
of the sy1UM8%J0 as seen from above, and Fig. 4 shows bBERUSENPE 202

204 of the system 200 as seen fromthe right. WO 01/28411 PCT/ US00/ 29008

8 In the lower level 202, as shown in kig. 2, a |aser diode 206 is nounted
on a nount 208 for horizontal positioning The purpose of such positioning

will be eXpI al l[}%ﬁc POQY(%%&/C% )’; q dpwnalrin Feé' 1 SISC.{' E% BHF!S IHOV!%C(?Ol]GLIf ol 'ows a

| ower - | evel ener Errol ens 210 and
212. The I| mis troreflec by a cor er mrror 4 and passes
through a PER %‘% Oile)%éom Polionag. %LH%/‘PSéquéE‘iisl’ctsﬁé’“l“igg‘i‘iﬁﬂ%am quvard

I n the upper IeveI 204, as shown in Fig. 3, a parallel-plate beanmsplitter
220 recei sebrindiebdlowy ht\ ligha reane £ météadefion pimiladq)gﬁ& fedlowis prlowentegeldigdt di rect s
that |ight beam along an upper-level |ight path designated generally as
Li .. The pattindedignascdsgomarallyras 10 tigpegt leyscsi2iphind REY Tlar highttbeemabove

di scussion of Fig. I will provide those skilled in the art with an

undes st andictigrcPlected 8y QA 8ITRBE 514 81d JabRs iHrd@giPPlens all 6 RAA Mirrdi 8l 1 ght
beamillum nates the eye E in the manner expl ained above with reference to

Fig. 1. A&kl Cmﬁﬁr gﬁﬂkBHthﬂga beamreflected by the retina R of the

eye E travel's bac _ ansplitter 220 and a | ens 222. The
224 hrough & | BHEC 3 ,gchi%v A0S AR i dapE bR %F‘eﬁ’-ﬁci udes &
| ensl et array 230 and a CCD detector 232. O course, a stop ¢
recéives the light beam reflected upward by the mirror 218 and directs that llght beam
along an upper-level light path designated generally as L. The path L, is shown in
10 greatly simplified form; the above discussion of Fig. 1 will provide those skilled in
the art with an understanding of the requirements for the true optical path. The light
beam illuminates the eye E in the manner explained above with reference to Fig. 1. A
retinal reflection light beam reflected by the retina R of the eye E travels back through
the beamsplitter 220 and a lens 222. The retinal reflection light beam is then
15 retroreflected by a corner mirror 224 through a lens 226 to a Hartmann-Shack detector
228 which includes a lenslet array 230 and a CCD detector 232. Of course, a stop can
be included at an appropriate location along the light path L, e.g., at the focus of the
lens 222. Depending on the setup, a single mirror can be used to replace the mirrors
214 and 224
20 The diameter of the incident light beam is a suitable value, e.g., 1.5 mm. The
small diameter increases the depth of focus on the retina, thus relaxing the
requirement to focus the light on the patient accurately.

The small diameter also ensures that the spot on the retina will be diffraction-

limited. The entry beam should be no smaller than approximately the diameter of a



be included at an appropriate |location along the light path Lu, e.g., at
the focus of the |ens 222. Depending on the setup, a S|ngle mrror can be
used to MEPV&BE&the nirrors 214 and 224. 20 The di amet er PET/USAY2%0%ci dent
light beamis a suitable value, e.g., 1.5 nm The small dianeter increases
the depth of focus on the retina, thusgrelaxing the requirenment to focus
the light on the patient accurately. The small dianeter also ensures that

the Spot opdiigy LRSIbAG(Y %ra{bghéjbv ol @AM i WME &R, WERSRAY Y Deam shoul d

be no smaller than approxi e dianeter of a

PCT/ USCQ' 2900 slet array. Oherw se, diffraction in
the enteri¥g" ﬁ%ﬁﬁ?&ﬁ“*h°§F6%P? ?é%?ﬁy blur the spots on the CCD. The entry
beamis displaced in the pupil fromthe corneal pole by a distance of nore
t han one-hal f tHe ditarkspayis gisplaged pehppup! feputhacemepgolobnadistagselof et i nal
5 reflections and thereby to avoid the effects of corneal reflection and is
pr ef er abl ymowgitbl @arelhl bre alxmuticriofite béinetodicptraeabe nmycalany rétmaim subj ect to
subj ect and can be Iless than 1 nm because of the small entrance beam

di angt er. réhectidins hahderebano Beoid Viay ¢ fisdtnd ftdoridakrefMettivn 4A8s pidfdrahtyt r ansl at es
the diode 206 and its collimating optics by a small anount. The ability to

transl ate ¢{a.cieden3061 and Tﬁéa@@h&&%awargm&ﬁ subj Qarm&&bﬁwt 2h& Bh be The

reflected light fromthe cornea is diverged and co l'imated by the | ens

222, so thlggs th% f @i % %al?ll Ogikt%g ;%Xll%nt%{l R b%?r%ccfeameat "Hle Jlgtgxlljcse 091}:1 b%he lens

222 or her syl ica

varied with the mount 208, which translates the diode 206 and its-collimating optics
by a small amount. The ability to translate the diode 206 and its optics by up to 1 mm

10 suffices. The reflected light from the comea 1s diverged and collimated by the lens
222, so that it can be blocked by a stop placed at the focus of the lens 222 or by
another suitable optical element.

Back reflections from other optical components can be avoided by placing the
beamsplitter 220 in the last possible place, just before the eye E. That arrangement

15 allows the illuminating beam to avoid the other optical elements, since the only thing
between the beamsplitter 220 and the retina R is the cornea C.

The usual reflections from the beamsplitter can be avoided by using a rotated
beamsplitter cube or a thick-plate beamsplitter. It is not necessary to subtract an
image without the eye in place from an image with the eye in place to remove stray

20 light, as was often required in the prior art.

As shown 1n Fig. 4, the optical path length of the system 200 can be varied by
coupling the mirrors 214 and 224 to a slide mechanism 234 so that the mirrors 214
and 224 can be moved as a single rigid body. The mirrors 214 and 224 are displaced

from each other axially. The movement of the slide mechanism 234 by a distance x



Back refl ections fromother optical conponents can be avoi ded by placing
the beansplitter 220 in the | ast possible place, just before the eye E.
That arr an@ewsatl 15 allows the illum nati ng beamto avoi BCTRHE0WI9Pes

optical elenments, since the only thing between the beansplitter 220 and the
retina Ris the cornea C. The usual re{ ections fromthe beansplitter can
Ee avo: ded by using a rotated beam;pl ter cube or a thick-plate

eansplitt iS no to subfra n eW|to the eye in
pl ace frorﬁ?’éﬁb(isr’rjé‘g%p%“[ ﬁ&lfﬁ?@b e ‘iaﬁh N @é{” %‘} g}’rﬁ\g Fgr‘ aBo° hth(j a>s/ was
often required in the prior art. As shown in Fig. 4, the opti cal path

| ength of PyEeMs¥rasm wogcbya dwangadired by coupling the mirrors 214 and 224
to a slide mechanism 234 so that the mrrors 214 and 224 can be noved as a
single rigid bodyothdheivantagooeis il nactai@d iathet diabphatdedntdrmgrbcamdh ot her
axially. The novenent of the slide nmechanism 234 by a distance x WO

01/28411 REThHaEP0AIOR1ind Bt BB IRFEEnlchad apth thabarp@lddyitergh ivhadh wackit | evel
202 204 by a distance 2x and of the system 200 as a whole by a distance

4not h%ag}ﬂlcfwé 8€o9] Etélb'aﬁ%yrlﬁ LT 2%@%21111 tﬁlalnﬂﬁ% d1e gatering

beamto use ont eretlna at t esarre |rrea he same devi ce

234 bear | m Y Runon 17 BREOSTR i3 & REuhPRatng Rab My koo pat n ot

the illum nating bheam before that beam _reaches the meplitter 220 and
the mirrorrcogus the heamsplaics 22 H apd therfpirgg 24 g e p%\‘?gﬁ’érﬁ“t#a’?he slide 234

changes the path | engths of both beans and thereby allows
movement of the slide 234 changes the path lengths of both beams and thereby allows

adjustment of the focus of both beams. The slide 234 thus provides economy and
10 convenience.

Double slide mechanisms could be implemented in the system 200. For
example, another mirror (not shown) could be placed opposite the mirrors 214 and
224 to cause the light beam to make another pass through the system. With that
arrangement, movement of the slide mechanism 234 by a distance x would change the

15 total optical path length by a distance 8x.

Experimental results are shown in Figs. 5 and 6. Fig. 5 shows a result taken
with off-axis illumination according to the present invention, with no polarizing
beamsplitter and with an SLD light source emitting a wavelength A = 790 mm. Fig. 6
shows a result taken with conventional on-axis illumination, with a polarizing

20 beamsplitter but without a A/4 plate, and with a He-Ne laser light source emitting a
wavelength A = 633 nm. Both results are taken under the following conditions:
paralyzed accommodation for a pupil diameter of 6.7 mm, an exposure time of 500
ms, an entrance laser power of 10 pW and an entrance beam diameter of 1.5 mm.

A comparison of Figs. 5 and 6 shows that the present invention provides a



adj ustnment of the focus of both beanms. The slide 234 thus provides econony
and 10 conveni ence. Doubl e slide nmechanisns could be inplenented in the
syst em 2W® 0128411 exanpl e, another mirror (not shown) coul BCHYSHI2R6Wd
opposite the mrrors 214 and 224 to cause the |ight beamto make anot her
pass through the system Wth that arpangenent, novenent of the slide
mechani sm 234 by a distance x would change the 15 total optical path

|l ength by a di.stan 8x: Experinmental results are shown in Figs. 5 and 6.
Fro. 5 snotsoepRSiR mER TR T pmd B Pl B wResrding ot he
present invention, wth no polarjzing beansplitter and with an SLD |i ght
source eni thavigng’ ‘&g/@"}séﬂb‘ihrpcﬂcrzl“%‘?W‘?%‘.Y tBan WAL 18 ¢ @dihas apaken with
conventional on-axis illumnation, with a polarizing 20 beansplitter but

wi t hout a avedagsisapeinteasdy {gur hins Heshsethan gt of Fight. dofaccen bethirespags.a

wavel ength A = 633 nun. Both results are taken under the follow ng

condi t i onsthe spatrpltgaed Figconmoapuiable tb oliat abfupidlwidi apsitefin@bedmsplinpy  an
exposure time of 500 ns, an entrance | aser power of 10 Wand an entrance

beansdi ameffra pf4 plate, Withoh tOdRbAKQBf Bfat FkBSqud® PNify18 AONS ofafidingt he
present invention provides a WO 01/28411 PCT/ USOQ 2900 11 great

|mpr overre e gliahiaot RERASARSE 3KhRl SR RSBl Thasspot pattern

shown in as nu _ _ ensity uniformty than Phat of Fig. 6
o, 1S o SR SR LY R LR INREL SRR, Ll ST,
that obtained with a polarizing beansplitter ) )
or without a A/4 plate. The use of a beamsplitter with a ratio of transmittance to
reflection greater than one further increases the light available.
10 The present invention offers many advantages. The deleterious effects of back
reflections in the eye and other optics are avoided, thereby making the instrument
more robust and the software to operate it simpler. The quality of the spot images is
not degraded by polarization effects, so that accuracy is improved. The throughput is
higher than that of the prior art, so that a greater signal can be achieved for the same
15 level of illumination and thus the same level of patient comfort and safety.
Alternatively, the same signal as in the prior art can be achieved with reduced
illuminating light intensity and thus improved patient comfort and safety. With a
sufficiently bright diode, the ratio of transmission to reflection of the plate
beamsplitter can be chosen to transmit almost all of the light from the retina to the
20 CCD array. Since no polarizing optics are required, the cost is reduced.
While a preferred embodiment has been set forth above, those skilled in the art
who have reviewed the present disclosure will recognize that other embodiments can

be realized within the scope of the invention. For example, the optical path can have

additional folds for improved path length and compactness, and a fixation target and



5 and a )./4 plate, without the drawbacks of that technique. The single
non-pol ari zing beansplitter 220, which can be a parallel plate

beanspl | M#1/28411t he |i ke, is | ess expensive than the opt PEFUPERINIBed f or
the polarizing techniques of the prior art, with or without a)/4 plate.
The use of a beansplitter with a ratio,gf transmttance to reflection
greater than one further increases the Fight avai l able. 10 The present

i nvention off. back

o 1 ect | ondnegnet ey BEHERY R g T LS LU s B Py RRERg ¢ e
instrunment nore robust and the software to Qperate it sinpler. The quality
of the spotvhithepadal %SCP%‘ECSéllegrrcélﬂ‘éd‘“B)?OIﬁ’GPla[Fﬁ%%‘Pi“%Jr? EefWe%?ﬂ"sC“O%Bf that
accuracy is inmproved. The throughput is higher than that of the prior art,
so that a gpmapmatcsiginal incalenbe Huhéferee thefrpeschhiaveriion shsulddesbngifued
illumnation and thus the sane | evel of patient confort and safety.

Al t ernati ves imitcthensasyeths hgvadcdslainis. t he prior art can be achieved with
reduced illumnating light intensity and thus inproved patient confort and
safety. Wth a sufficiently bright diode, the ratio of transm ssion to
reflection of the plate beansplitter can be chosen to transmt al nost al
of the light fromthe retina to the 20 CCD array. Since no polarizing
optics are required, the cost is reduced. Wiile a preferred enbodi nent has
been set forth above, those skilled in the art who have reviewed the
present disclosure will recognize that other enbodi nents can be realized
within the scope of the invention. For exanple, the optical path can have
additional folds for inproved path |Iength and conpactness, and a fixation
target and WO 01/28411 PCT/ USOQO 29008 12



pupi | canmera can be added. Also, the light source can be positioned in any
manner which spatially separates the retinal and corneal reflections,
e.g., by wepweidiibn of an appropriate angle of incidence. PTHAIS80/24068 t he
present invention should be construed as limted only by the appended
claims. WD 01/28411 PCT/ USCQO 29008 13 31 claim 1. A nethod of
illumnating a retina of an eye, the néthod conprising: positioning a

| i ght sourﬁe,re[ative to the eye such that light fromthe Iight source
reflected cornea of the eye travels along a first path and such that
light 5 fromthe |ight source reflected fromthe retina travels along a
second path whi dnA &ethed of jlhmipatigraichpeal 41y @in the enathedsgompdise: and
illTumnating the retina with the Iight source. 2. The nethod of claiml,
further conpri sipegitionmgiadighgseurst wintivo tpssye beshl thgHight fromvbt light al ong t he
second path and to block the light traveling along the first path. 10 3.
The met hod s6firce k&ldaicl, from e ceinpa bhehelcy@ tivadoulbaea ifisst pathamdrsuch tdelight4. The
met hod of claim 1, wherein: the light source enmts a |light beam and said

step 0f Pogidnh A NGt SRS icPiESteP ST thO R tab8s hicdBl sSQIHIGRISHARKhat the
| ight beamis incident on the eye off of an optical axis of the eye. 15 5.

The et hod . im. 4 I l.ight source is positioned off of the
opti cal axisgitgglg'%e@%r%%#ég{%Fglerl%t%gnr%ﬁg to all ow separati on between the

light refl o : : .
Ight reflected illuminating the retina with the light source.

2. The method of claim 1, further comprising providing a stop to pass the light
traveling along the second path and to block the light traveling along the first path.

10 3. The method of claim 1, wherein the light source is a laser diode.

4. The method of claim 1, wherein:

the light source emits a light beam; and

said step of positioning comprises positioning the light source such that the
light beam is incident on the eye off of an optical axis of the eye.

15 5. The method of claim 4, wherein the light source is positioned off of the
optical axis by a distance great enough to allow separation between the light reflected
from the cornea and the light reflected from the retina.

6. The method of claim 1, further comprising:
receiving the light reflected from the retina in a detector; and

20 detecting a wavefront aberration of the eye with the detector.

7. The method of claim 6, wherein the detector is a Hartmann-Shack detector.
8. The method of claim 1, wherein said step of illuminating comprises
directing light from the light source to the eye with a non-polarizing beamsplitter.

9. The method of claim 8, wherein the non-polarizing beamsplitter is a cube



fromthe cornea and the light reflected fromthe retina. 6. The nethod of
claim1, further conprising: receiving the light reflected fromthe retina
in a det e¥@6V284bnd 20 detecting a wavefront aberrati on ofCTRESOEA08\ t h t he
detector. 7. The nethod of claim6, wherein the detector is a

Har t mann- Shack detector. 8. The nethod,of claim11, wherein said step of
illumnating conprises directing light fromthe |ight source to the eye

with a nonbgg%gﬁh%}ng beansplitter. 9. The nmethod of claim8, wherein the
non-polari2|hg‘beaﬁsplitter is a cube WO 01/28411 PCT/ USOQ 29008 14

bcamsplittcr. 10. The nethod of claim8, wherein the non-polarizing
bcansplittcr is!8 phapgt logégﬁklﬂm% paereinthe npn-gpolarizipe dsamplitighisiaklpg a
retina of an eye, the systemconprising: 5 a light source positioned

rel ative tdcamsligge such that light fromthe light source reflected froma
cornea of the eye travels along a first path and such that light fromthe
|'i ght source reflll eAtsgstefrfomiuhenatedy a@tiha alvel /cathosgstamseaprdingat h which i s
spatially separated fromthe first path; and an optical el enent for

receisvi ng the | i,giht §duvepdsidnall aitds iesendcipthahlighkGrok? the Tt Syst em of
claim11l, wherein the optical elenment conprises a stop for passing the

| 1ant L aveLLDOrMceRd ifoiPa 36158007 MBLYe RBIS Abndh AR LM BRubd @B avel T ng

along the first pa

from the light source reflected from the retina travels along a second path which is
spatially separated from the first path; and

an optical element for receiving the light traveling along the second path.

10 12. The system of claim 11, wherein the optical element comprises a stop for
passing the light traveling along the second path and for blocking the light traveling
along the first path.

13. The system of claim 11, wherein the light source is a laser diode.

14. The system of claim 11, wherein the light source emits a light beam and is

15 positioned such that the light beam is incident on the eye off of an optical axis of the
eye.

15. The system of claim 14, wherein the light source is positioned off of the
optical axis by a distance great enough to allow separation between the light reflected
from the cornea and the light reflected from the retina.

20 16. The system of claim 11, wherein the optical element comprises a detector,
positioned to receive the light reflected from the retina, for detecting a wavefront
aberration of the eye.

17. The system of claim 16, wherein the detector is a Hartmann-Shack

detector.



13. The system of claim 11, wherein the light source is a | aser diode. 14.
The system of claim 11, wherein the light source emts a |light beamand is
15 posi twormedsauch that the |ight beamis incident on theP@yesSw2p008f an
optical axis of the eye. 15. The system of claim 14, wherein the |ight
source is positioned off of the optic axis by a distance great enough to
all ow separation between the light refiected fromthe cornea and the |ight

reflected fromt retina. 20.16. The systemof claim 11, erei.n the

oot | cal el enont 10 gy 4B ofShat di Gfer BT Brin o EbThathe SRR gh
reflected fromthe retina, for detecting a wavefront aberration of the
eye. 17. Tiedsoaingrhisht repethplight soufseiethe avie detector is a Hart mann- Shack
detector. WO 01/28411 PCT/ US00/ 29008 15 18. The system of claim 11,
further conprisihdha spgompdichndi8nghéreantbphot-pelarizingbeains@dter gp ¢ubght from
the light source to the eye. 19. The systemof claim 18, wherein the

non- pol ar i gdafgpheanspl itter is a cube beansplitter. 5 20. The system of
claim 18, wherein the non-polarizing beansplitter is a plate beansplitter.

21. 4 met hod Ofz&.el’éh%rsgh@linrwcﬁaima\g,e\fvﬁalain BPREA-Bb 18RI beds ARt &3l piglcerment ,

the nethod conprising:

beamsplitter.
21. A method of determining a wavefront aberration of an optical element, the
method comprising:
positioning a light source relative to the optical element such that light from
10 the light source reflected from a surface of the optical element travels along a first
path and such that light from the light source transmitted through the optical element
and reflected back through the optical element travels along a second path which is
spatially separated from the first path;
illuminating the optical element with the light source;
15 receiving the light traveling along the second path with a detector; and
detecting the wavefront aberration with the detector.
22. A system for determining a wavefront aberration of an optical element, the
system comprising:
a light source positioned relative to the optical element such that light from the
20 light source reflected from a surface of the optical element travels along a first path
and such that light from the light source transmitted through the optical element and
reflected back through the optical element travels along a second path which is
spatially separated from the first path; and

a detector for receiving the light traveling along the second path and for



positioning a light source relative to the optical elenent such that |ight
from 10 the light source reflected froma surface of the optical elenent
travel s woangsai1first path and such that |ight fromthe #Hdbsoozewsce
transmtted through the optical element and reflected back through the
optical elenment travels along a second path which is spatially separated
fromthe first path; illumnating the 6gtical element with the |ight
source; 15 receiving the light traveling along the second path with a

det ect or; GHECUNGheBRVHEPY HRCTH4PEf ront aberration with the detector. 22. A
system for determ ning a wavefront aberration of an optical elenent, the
system conprising: a light source positioned relative to the opti cal

el enent such that light fromthe 20 light source reflected froma surface
of the optical element travels along a first path and such that |ight from
the light source transmtted through the optical elenent and reflected
back through the optical elenent travels along a second path which is
spatially separated fromthe first path; and a detector for receiving the
l'ight traveling along the second path and for WO 01/28411 PCT/ USCQ 29008
16 detecting the wavefront aberration.



