WO 01/ 28411 PCT/ USOQ 29008 WAVEFRONT SENSOR VI TA OFF- AXI'S | LLUM NATI ON
Background of the Invention The present invention is directed to a
wavcfront semsemssiguch as a sensor for wavefront aberr atimTausoesbdze eye,
and nore particularly to such a sensor which avoids 5 corneal reflection by
illuminating the retina along. a light path off of the optical axis of. the
eye. The present inve‘Mf‘i"%ﬁ%F%‘F‘?’g@F V@Ur’[é@?’é‘@"@@ IELMﬁM?a?J sensing a
wavefront using such off-axis illumnation. It is known in the art to

det ect wavef r Sagkey hedpentign t he human eye for such purposes as

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

di sclosed, e.g.. i %h‘ti’r&?&ﬁ‘ wyention is dipjcled 19 § WaYRERELACRIPEFUCTHS AFE0WT Mier r at | ons
of the human eye with the user of a Hartmann-Shack wave-front sensor,"
Jour nal of t havavelsrit akgrrations) in the qye.And masaparieylarly 19 sucki@ sersor which avaido4,  pp.
1-9. A beamof light from -a | aser diode or other li-ght -source-is directed
toward the pugpincdmeflaction bicilldmunating thehetinaaboni ndightpatheafEef thy epticat dxiseofi. s

hi ghly absorbing, a beamon the order of four orders of 15 nmgnitude di mrer
t han the ori gitieadych@bepresent mvértion egfulthertdirectedoianpetbodco feamsingsswivefont t he
pupil. Typically, the incom ng and energent light follow a common optical
pat h; the i nasingsghloffdds llsmbratoght i-nto the common optical path with a
beansplitter. The enmergent beamis applied to a Hartmann- Shack detector to
detect the aberr altiokownSudie 2t tddetecttvaaveiront hbahatiorsrin diertaynaafeyt fonsicht s

whi ch break up the light into 20 an array of spots and focus the spots
ont o a char ge-pafpopdsasintabadirQiirgery 208 béritadt Was fhbiieinish.08adh deteglibn Wet ect or . '
Each spot is'located to determne its displacenent from the position which

it woul o occu@isciosed;, 8.8.. lsienca alFObRYee eikurakient biiva e ¥berrativchs b e
human eye with the user of a Hartmann-Shack wavc-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 o_rde'rs 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 on;co a charge-coupled detector or other two-
ﬁﬁaénsiqr_@'light detector. _Eécl_i spbt_ 1s loc;aied'tp:c-letgrrr'xine 1ts dis'plac.:gm.enlt- from
the .I.Josition whiéh it .woﬁld. oc;c.upy in the e.lbsence of waveﬁ'ont a‘bérrations, 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.



di spl acenents of the spots allow reconstruction of the wavefront and thus
detection of the aberrations. 25 Inprovenents to the technique of Liang et
al are taugwod'l s4l; Liang and D. R WO 01/28411 PCT/ USCO g.%q%ow% i ans,
"Aberrations and retinal imge quality of the normal human eyc, Sour nal

of the Optical Society of Anerica, Vol. 4, No. 11, Novenber, 1997, pp.
2873-2883 and in U S. Patent No. 5,777,219 to Wllians at a!. WIllians et
al teaches techniques for detecting aberrations and for using the
aberrations t Witliaghs ‘Shbasmatiensrand yetinglimges quabityafdhe nesmpldwman gy¢. ofpuspal

i ntraocul ar and contact | enses. Mreover, the techniques of those

ref erences, uwfik&ptindiSogientdfdmerien yobtd. bp. Lodavembar.c%87, mpe2if3t288%sel ves to
automati on. The techni ques descri bed above involve illumnating the- eye

al ong the eye'asd indpSi RBagnt Noi. §,77A%190 dGHzequewlc dVillidns ef algpachesdtdhorues] from
the retina is mxed with stray 10 reflections which can disrupt

measur enent s. fivslcecsyeabicfratias layg for hsing the ajerraibhsstbos detestedHonveyapurgsryspur i ous
bright spots amd the array of spots formed in the Hartmann- Shack sensor.
Such striy r efahdtheifdecatiave isteaoewlal and oontact enses. Waoredven ilie tsaimgmesof Of
particular concern are the reflections fromthe optical elenents between
t he reti na anchdséefédbndesankipd thhttofthe [uper al 998 nttild, yopd diaEnisylvestol ude t he
optics of the eye and a pair of |enses between the beansplitter and the
eye. Back ref lagwotmatids from surfaces other than the retina are weak
relative to the illum nating beam but are bright relative to the weak
signal reflected frThMmetiifquesdésdrbed 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
concem 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



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 ref| W @8Il s conparable in energy to the reflect PEHUS8!M% he retina
and can therefore be a considerabl e nuisance for wavefront sensing,
particularly if the centroids of the spots in the detector are to be
conputed automatically. One known way to renove the corneal reflection
taught in Liygngmasd NWililihe 344 1usBET R AR08 1itdr iditrhovarrellaand lighk W I | i ans
et al, uses a polarizing bcanmsplittcr to renove reflected light from al

of the sur f g6 3113¢IHeRERackd WerREA TR datnbiittcPdtd thdRtiAE I Bdddusc BREQUSE t hose
surfaces retain the. linear polarization of the light incident thereon,

both | ens Ju?i*al:ﬁq'&taﬂrﬂ% PR JoRiz&tn M e Iphl inSiaki: @RrdhSodth ichd Nat ed. However,
much of the t 5 reflected fromthe retina is also lost. Only

depol ari zedfy &i&#ﬁs zrlrﬁlfdl@t%rﬁc% {ehgcmoh BR diiffiddiQ HoWev& maarer i wgrh Or onl y about

thirty percen total I'ight reflected fromthe retina, is available
to detect t t n AeRQd B R Yetiaght
cont altsns co%g?%@d/ﬁ%f]g@srﬁ 1§r}nig|98é) nW&a[’bﬂ‘éﬁ%cgg Egrre pr ob‘?(;em s t de intensity

nonuni f or m tNx(gE?%crc)%qu?gan%&{ttﬂnﬁ BLtba ofthe RERiiBnO¥dNA it REhAGENCE Of

the eye's 14 rnea known way to renove

ref | ect i ons, frog},gmgggg%%{ betysen s, ﬂg%owglthéa%%laaggdf i eve while

i ncreasi ng FR&¥! g refina rnvolves t pol ari zi ng

b I s mb / I ' '
{ront of ¢ FEnaye cooaisnans i rewecs PRl pRRIERE e b2 22 305 A

|1I59:1'? aches rgor;l%glfér?n?tg%tt% uced ntltgttheta%%p p)k sci) & 5 by tilé)blreﬁ'?ngré}ljc%hof%e e%,’%r part of the

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.



reflected fromthe retina to reach the detector, thereby inproving spot
quality, while renoving the variation in spot brightness caused by the

bi refringenoe oif2s4tie eye. It al so renoves back refl ecti orPGWGSNRIES | enses.
However, the corneal reflection is not renoved and is thus just as
troubl esome as it would be i-n the absencg of polarizing 20 optics. Another
problemwi th the two techni ques just described is the cost of the

pol ari zi ng begimm F%&#%%Fﬂﬂgn ﬁ the A/4 plate. In cost-sensitive comrercia
settings, it ~wWo esirable to elimnate that cost. WO 01/28411 _
Wil ber 528?% ;‘ppiwﬂ?ﬁ%faﬂieﬁ’ﬂﬁeeﬁ"lgﬁ% Bl otk Freed S L. 1
wavefront sen Ene L Q not. cause s urlous
Shots on the Rarel %Wa‘?e?m EpGiP LB P o P e SR Fo i Bbt G PPAR ne
l'ight reflected, 5 artic ere.is . a need to

detect wavef r B89 é’t}éﬁ‘ ?‘ﬁ?ct%fr?§ fhﬁrw'?fn‘lvg@?ﬁﬁ?sg“é "(‘f%‘{qmr&“?cellﬁh Vgrﬁﬁ ner by
Fi bl.e f | flecti t hout
optioa 311 s oORARR Mire ga RN therh 5 ansgnin it VoAt LeERIRO L nosds.

To achi eve the above and ot her object resent Invention is djrected
to a 10 wavelt¥Rurasend sostHechiF "@%BYébelna ng the RAbIER @lpogrepl iglipdion The
light not reflected by the cornea inpinges on the retina, and the |ight
reflected by WH@WB%W&W]?@’EE‘P%“’? hrough the lens and the cornea. That
light is thereby focused into an optical path different fromthe optical
path fol | owed by tlhis thesefarsan obisey efdhs ipmentipp fo addrgss thopereedsal ref | ecti on

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
is 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 -il_luminate the eye is relatively narrow, e.g., around 1-1.5
mm in 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 illuminating 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



is used, and the corneal reflection can be discarded by use of sinple,

i nexpensi ve, 15 non-pol arizing optics such as a stop. The beam used to

i 1uni nat YQA¥288e s relatively narrow, e.g., around 1FPETAIS0439P48,

di ameter, and intersects the cornea in a small area, thus further reducing
the probability that the corneal reflgction will take a return path to the
detector. In addition, the dioptric range over which the small spot is in
focus on t hecangplitier afdithe bRin2 s theiesrmaased. Typical |y, a di spl acement of the
illumnating beamfromthe optical axis of the eye by |less than one

m |l lineter conplEéglwith thebeaafplitie plaeddivhl bofert hivadyt.dnis pdidéblé loladfisnat i ng beam
is preferably introduced into the optical path at the |l ast possible

I ocation befl{érf@cuEBﬁth@i’lﬂjmiﬁatﬂng,bei?t{azm B8t o thelek® bELRBP e iubd 6fthé sagdet before the
eye. Thus, back reflection rromthe | enses is avoided, as the only el enent

bet ween t he MRALOHE WY (8ol iStd Prev@OBolded opF@ANPdth WithimdRGndunRdr etina is

the cornea. Even with.the beansplitter placed right before the eye, it is

possi by e t o AdiR Th M 5 <iPbseiietht bhtH BF MR libinRER BeaRBefohast Of the exit

beam By the use of the sanme clement. e way to do so is to provide a

fol ded opti Pe@%]ggﬂ{eme%#ﬂﬁ%tﬁagn?ﬁ ﬁxﬁ?“iﬂ%}'ﬁg elg(ta gm 3 Filus dRoverddft Sk OF S are

di sposed int path o nati ng efore It reaches the

beansplittef:. i h of the exit beam Thus, novenent of the slide
f ocuses bot ﬁluﬁéggwrrg&&[)ﬂﬁbeﬁﬁé’ht source can be noved in a direction

perpendi cul ar ( O'fl%e l@{ ?ourc%%gr?gr?]lnl)%ed 11@%81’1‘&%5@1}&?&)31(%1%: gct}emgxier ect ion of its
out put as needed to “accommvdate fhe eyes of diftereht patients.
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.



The present invention has utility in any procedure involving wavefront
sensing of the eye or otherwise involving illum nation of the retina. Such
procedures micéwed@rn but are not [imted to, autorefracti acTukeeeymos of
contact or intraocular |lenses, refractive surgery and retinal imging with
adaptive optics. Wiile it is contenpl at e(d that the 15 present invention
will be used with the human eye, veterinary or even non-eye-rel ated

appl i cations v el as. well. WO 01/28411 PCT/ 1JS00/ 29008 6
Brief Descri ﬁé?d%@r Nioio H’%%rﬁém y preferred enbodi nent of the present

invention will be set.forth in detail wth reference to.the drawings, in
which: Fig. | is aﬁ E’SR%%SPP‘@@P‘S’@&@W ‘E)‘W‘Hﬁvcf'h%“ Hgg?%scg{?f‘gé‘é el‘(":IX;/Incepts
inplemented 5. .n.a preferred.enbodi.nent of the invention; Figs. 2-4 are
schematic dia ‘t“b‘??gerg’ﬁ&'lﬁﬁﬁdﬁ'l’f’"éﬁsr'&ﬁ’ﬂ'\é ant of optical elements in a
wavefront sensor e#ccor,di ng to.the preferred enbodi nent; and Figs. 5 and 6
show experi ment al eduf # ShGBRUS Hagramsheyiae thy kasic oplicahncents BpICTasmiddi nent
and the prior, art, respectjvely, WO 01/28411 PCT/USOQ 29008 7 Detail ed
Descri pfi on JR 2PRdCTRdhodmeentRifbeimveHion i g. | shows an overview of a basic
system1 00 for illumnating the retina of the patient's eye E and wll be
used to expl ain t FagsoptdaEnichematicdisgrans shapingapsrraegement efipptieyl elements d
enbodi ment. A laser |ight source 102, such as a |aser diode, emts a

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.



5 beamof light L, toward a beanmsplitter 104, which can be a parallel-plate
beansplitter, a thick-plate beansplitter, a prismbeansplittcr, a

hal f - si | vewedi/8aty or, or another suitable beansplitter.pPCITUSs0/meTsPlitter
104 is preferably 90% trnasm ssive and 10% reflective, although other
rati os could be used as needed. The laser |ight source 102 and the
beansplitter 104 are positioned such that the light L, inpinges on the eye

E 10 off of Bl Rhbdiliof st e Proffrcl Biwbaifhelir Thus, a light beam L2
reflected f - I's reflected off of the optical

axis A The re”a'?;fg.ﬁlghéw&wovmgeu{%@ daaés,émgﬁﬁf@ﬂuﬁ%%gg r{gﬁngrrgage&fq%@ R of the

eye E. Because o he optics o e eye t 'ected from
boamepl | {1 er" G P bl GBI ARRRERIG IR D, . (o
ol ocking 1 hand PERTAEEmMATE ATFETba st 0P Bo o S ABehHRR 07110 1o o
el udSs a REREPENSLy Rysikabemop R IOt Mg hoai e SRS o

| i ght spots L4 onto a CCD or other suitable twa-dimensional detector 116.
20 R g2 & EHERIE SaBaey aREFALFIRPL S BB TR FIGOR ACTSIET cal

principles just explained with reference to Fig, 1. Fig..2 s a | ower

| evel 202 ofSutshde hepwspliifer. 2Bty bgamsplitipr ]for(ld?ﬂ’r&%&?b? QQ/%FF%S SB’.“Q‘E] i‘&%ws an
upper level 204 of the system 200 as seen frog1?€ove,,a d Fig. 4 shows
both | evel s refieetive glihaygh piher ratjascopld g ysedas ageded. Thelaser lightspwise 10300 01/ 28411

PCT/ US00/ 29008 8 In the lower icvtrl 202, as_shown in Fig. 2, a |laser
di ode 206 i engtheheamspliticrsl 04 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, feﬂccted from the comea
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 whilé blocking the light beam
L, reflected from the comea, and a lens 110to a Hartmann-Shack detector 112. As
known in the art, the detector 112 includes a lenslet an'ay.l 14 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 thé system 200 as seen

from the right.



mount 208 for horizontal positioning. The purpose of such positioning will
be explained below. A light beamemtted fromthe di ode 206 follows a

| ower - | evel WaQR841ipat h desi gnated generally as L,, throud®€TVie80210 and
212. The light beamis 5 retroreflected by a corner mrror 214 and passes

through a lens 216 to a mrror 218 which reflects the |ight beam upward.

In the upper level 204, as shown in Fig. 3, a parallel-plate beamsplitter

220 receives the ighbwbasss 565, Ia?éﬁo% it Py Oy 1Ry B8 B0 i MouRted oﬁ':id directs
that |ight beam along an upper-l evel |1 ght path designated generally as

L,.. The pat hn{)_#m h8g ﬁJ?‘P: zdnﬂll ég’sdlﬂ{ ! lﬂwzikl i %dcg'sﬁgl Jog 1'3}1m%%11%pove

di scussi on of pro ose wth an

under st andi Ny g ,m{ E%cfoaﬂ @@{{%p@% cthfifed FG hE § p%dé)@do? f%gxwyéiom%m&f 1 é;rhght

beamillumn e eye e rranner expl ar ne ove ence to
Fig. 1. A ret

. 1. f ti am.r etina R of the
eye. E travel & @csiéngtﬁ(rlégncﬁa?lytaﬁe E' ‘f"sfssje]k) ‘;g %"h”lﬁéésa"biz The
retinal .reflectio ht beamls n 15 retyor a Co mrror
o Tt Sugh SepreRlecsbiila AR ?ﬁaﬂﬁ g%a%s&esci SERES %‘o%rw*gﬁr?&& wies o
| ensl et arra 230 detector, 232. O course, a stop can
i ncl uded at é’ﬁ @8%?&5%@8’&“"8@’%[ ong the light path LI,O, , e. g. , at the

focus of the Ilen e n the_setup, ingle mrror_can be used
to replace the ni i?ﬁ?%’ppmlg %2@%%%0‘”20“?%3'&%?@?'3 foeasplittse?Pent | ght
beamis a suitable Va|$lé mm_The _snmall dianeter increases the
depth of focUEceyFsihedi %?aﬁhreﬂﬁ%’sum@rwxﬂiantlmrﬂﬁéqﬁfiv@ﬁ%ﬁhst light b3BUS t he

light on the patient accurately. The small dianeter al so ensures that the
spot on the rdengm urperieysd lightmathdesignated gonpratleas Lirhkheathyly issiawnsiRoul d be

no smal | er than approxi mtely the dianmeter of a
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



WO 01128411 PCr/US00129008 9 lenslet in the lensict array.. O herw se,
diffraction in the entering beamw |l significantly blur the spots on the
CCD. The ¥RNP3Ydamis displaced in the pupil fromthe EGFHEYY? ﬁ’éﬂ e by a

di stance of nore than one-half the dianmeter of the beamto separate the
corneal and retinal 5 reflections and % hereby to avoid the effects of
corneal reflection and is preferably displaced by about 1 mm The distance
may vary f riewsics ubhe ihsittaanayb PDaetwias difraniob dén theesteribhbeamlwitim because of the
smal | entrance beam di aneter. The di stance can be varied with the nount
208, whi ch signficah@y Blar thbepdds eithe 20®.and its-col limating optics by a snall
anount. The ability to translate the diode 206 and its optics by up to 1

mn 10 suffi ces.ThEksry Bahas tRplatdddh thefpupilfrbMahe esricabipdls byl distagetbfand
collimated by the lens 222, so that it can be blocked by a stop placed at

the focus QhorkinloRERAIZAR diimdRy of BB BELIR o Separh@Mccotithi MaletRhEMENt . Back
reflections fromother optical conponents can b.e avoided by placing the

beansgl i t t §&f&AGnd dﬁdﬁﬁh@eﬂﬁﬂé&v&@ﬁﬁlem&s ot RfRul defleckioR BAPE Erem@olyrye E. That
arrangerrent 15 allows t i I'Tum nating beamto avoid the other opti cal

el enent s, e& b,eam{ Y minfi 1Y diRAn0B Ry tvm? RARIIBR folsBbject 4l eatet Ne retina

Ris the cor The usual reflections fromthe beam;plltter can be

avoi ded by g W lamﬁ%%ﬁgof RE 4HE Pliubh& et RfanRter 2 ThOhiStndR! a4 Be

beansplitter. IS not necessary to subtract an imge w thout the eye in

pl ace from&naa IR e%mtmewﬁycﬁ txf&{gslﬂh Ediolle ﬁm\ﬁts%ﬂlﬂmego dicght, as was

of ten reqwre I'n the pri own I n , I'cal path

length of t yea s%#a?lta%%@ th%%{;lll%o\fﬁﬁélﬁg tl@fhode 206 and its optics by up to 1 mm
10 suffices. The reflected light from the comea is 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 reﬂectioﬁé from other optical components can be avoided by placing the

beamsplitter 220 in thé last possible place, just before the eye E. That arrangement
15 allows the illuminatiné beam to avoid the other optical elements, since the only thing
between the beamsp]itét:er 220 and the retina R is the comea 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 in 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



coupling the mrrors 214 and 224 to a slide mechanism 234 so that the
mrrors 214 and 224 can be noved as a single rigid body. The mrrors 214
and 224 arewditmpdaaced from each other axially. The novemeax/ushonses sl i de
mechani sm 234 by a distance x WD 01/ 28411 PCT/ US00/ 29008 10 changes the
optical path length of each |evel 202, %Q4 by a distance 2Y and of the
system 200 as a whole by a distance 4x. Anot her advantage of a slide

mechani smi s t ] Jf S he e i . E, S the retina
at the sane té’%‘r@(’%{r‘l’% oﬁl\n' %}’%@ﬁé&g@é%&}%é@%ﬁ?ﬁ& 59‘{1‘]‘ gﬁm %Ceﬂe@?t(’? beami s
focused on the CC? rray, nanel the slide 234 bearing the mrrors 214 and
224. Since t K& P@?S 7‘2%’ °l|°§yiar?}gfaﬁgc%at h of the illum nating beam before
t hat beam reaches the beanmsplitter 220 and .t@ﬁ myrror. 224 is.in the path
of the exi t boam AHVLAGARE o/iiercenn® BRI HbN nEleie tmit ns o
both beans and thereby allows _adjustnent aof the focus of.  baot. eans. The
o1 e 234t hubS SRS STbS BGR B SR 1t B UL G RCle SRR RIPHC REEhani S
could be inplenented in the system 200. For . exarTEI e, another mrrqr (not
shown) ¢oul d bsamps feewsgd 8 HrsG G2 2 e ey -gpe slisle 434 pepring She migrozsgidandne | j ght
beam t o make another pass through the system W¢th that _arrangenent,
novement of t238. SincejthemipRedlddfimthepal obthgilimipzims beyp defgrcthatsamt he 15
total optical path Iength by a distance 8x. Experimental results are shown
in Figs. 5 arferches the beamsphittasZ20 and e piirrort23R dsin th nath effthe exit beamy, | uni nat i on
according to the present invention, with no polarizing beansplitter and
with an SLD Imeysmentonfitheslida?34 ¢hanges thenath lengibsofboth brams and theregy 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



shows a result taken with conventional on-axis illumnation, wth a

pol ari zing 20 beansplitter but without a A/4 plate, and with a He-Ne | aser

| i ght souM@0@¥klting a wavelength | = 633 nm Both redGIUSIRIWSt gken
under the follow ng conditions: paralyzed accomodation for a pupil
diameter of 6.7 mm an exposure tine goff 500 ns, an entrance |aser power of
10 Wand an entrance beam di aneter of 1.5 nm A conparison of Figs. 5 and 6

shows that [ iRfpRSeMEntinUER UhBRhBLOME ARS irfsphQuRlify2 Srhé spdtEdddS00/ 29008 11
great inprovenent in |light throughput and also in spot quality. The spot

pattern shgwinif Fig. 9 haPmbiébciibiGliicRalyuRlfornlity@Ra thit o g 6%GAA has shhan that. of
Fig. 6 and has an average spot intensity four times higher than that of

Fig. 6. In e sbél i 6% BRfet Righerl SROFFigas.t et Oh bbinG §S
conpar abl e {“gc?‘%%gt&(;ﬁb}?ﬂjl%ed W th 1§ Toré‘lkhg‘rti Zi ng@be'arr'spltl tter gs‘)gcr}d all4

ot L PRSI PBELS Shgb LS By ) 110
of 1 he pr oR 4B AnhR A SRR, TSRS Bhigplint ST e,
2 e A o M AR b e e
cdvant ages. oUSuSSha) SRS BHUET 8P e AR BB bucye 209
e S Pyt R BB P st Bk o™ ™
BUSTLARE WL TR L N AL L
evel 100f patie ntTl?eOpggsgﬂttin\%ggor? 0 e?’g r\ﬁ'any 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 ﬁchieved for the same
15 level of illumination and thus the same level of patient comfort and safety.
Alternatively, the same signal as in tﬁe prior art can be achieved with reduced
illuminating light intensity and thus improved patient comfort and safety. Witha
sufficiently bright diode, the ratio of transmission to reﬂecﬁon 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



Alternatively, the sane signal as in the prior art can be achieved with
reduced illumnating light intensity and thus inproved patient confort and
safety. Wtwominsatificiently bright diode, the ratio of trramaisteE2nEsn to
reflection of the plate beansplitter can be chosen to transmt al nost all
of the light fromthe retina to the 20 Cig:) array. Since no polarizing
optics are required, the cost is reduced.” While a preferred enbodi nent has
been set forth ove esskilled,i ) Q . i t he
present discl B%afcélmv?nr‘} ‘%“Q?’ﬁ%‘%ﬁi f‘éS%t ngﬁg%ﬁgégé%%%ﬁ@ﬁ@ légkr(?& e realized
wi thin the sco o|’fla an have

e of the invention. For.exanpl 1 he optical t
addi ti onal fo?”ghc}‘158?"aﬂ*ﬁ?pgvlgcatubcdfﬁnﬁl 3'?1‘19?%"%% ﬁ%%’r%%&ggté’g %%c%ﬁ) a“Tixation
target and WO 01/28411 PCI/ USPO/ 29008 . 1 upi | canmera can.be added. Al so,
the |ight souPRPEORIZHF %%’ﬂ eﬁﬁeglq\eﬁf%ﬁéh%??gfmv °B ﬁh"éﬁk&% ﬁngyegepar at es
the retinal and,corpeal reflections, e.g., by selection of an appropriate
angl e of inci achaied m%ﬁwa?c"ﬁ?@%%sem i nvention should be construed
as limted only by the appended clains. WO 01/28411 PCT/US00/29008 13 |
claim 1. A nethod of illumnating a retina of an eye, the nethod
conprising: positioning a light source relative to the eye such that |ight
fromthe light source reflected froma cornea of the eye travels along a
first path and such that light 5 fromthe |ight source reflected fromthe
retina travel s along a second path which is spatially separated fromthe
first path; and



illumnating the retina with the |ight source. 2. The nethod of claim1,
further conprising providing a stop to pass the light traveling along the
second patWOANE4H#L bl ock the |ight traveling al ong the fRGT&{S0420088 10 3.
The nethod of claim1, wherein the light source is a |laser diode. 4. The
met hod of claim1, wherein: the |ight gpurce emts a |ight beam and said
step of positioning conprises positioning the |ight source such that the
| i ght beam ijgjdigci dent on the eye off of an optical axis of the eye. 15 5.
The met hod of claim4, wherein the light source is positioned off of the

optical axis by g findmac iflhfriinERAHA of th &lc! AWmeMBAL&hpNImdet ween the
light reflected fromthe cornea and the light reflected fromthe retina.

6. The method of pcliabihela i EAEI reRHIbIE i such SR lighiEbed (e 1hONT ref | ect ed
fromthe retina in a detector; and 20 detécting a Wwavefront "aberration of

the eye wit %ﬂ@%ﬁt&@&t@& Fr6fh-a cémed gﬁh ghﬁxg%lﬁélgﬁ%?hfé} %‘%%u%g?% lltfﬁlt det ect or

IS a Hartnma ack detector. said step
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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 comea 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

A



10. The method of claim8, wherein the non-polarizing bcansplittecr

plate bcansplitter. 11. A systemfor illumnating a retina of an eye,

is a

t he

system conpwaewegsil 5 a |ight source positioned relative tRCWIR80/29908 such

that light fr

travels along a first path and such that,/ight fromthe Iight source
reflected fromthe retina travels along a second path which is
flitft&rf st path; and an optical element for receiving the

ng along the second path. 10 12. The system of claim11,
wherein the optica ' . | . | he ] _
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The system of claim 11, wherein the |ight source is a

k2t
E%W“?'% system of claim 11, wherein the |ight source emts a
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15

20

spatially separated from the first path; and

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

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 systerh of claim 11, wherein the light source emits a light beam and is
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 comnea and the light reflected from the retina.

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 2 Hartmann-Shack

detector.

t reflected fro he retina, for detecting a ef ront
Haﬂi"Wg?%ésc ector is
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The system of claim 11, further conprising a non-polarizing beansplittcr
for directWa@l/a8#idht fromthe |ight source to the eye. 1PCTHSes/29008t em of
claim 18, wherein the non-polarizing beanmsplittcr is a cube beansplittcr.
5 20. The system of claim 18, wherein {tshe non-pol arizing beansplitter is a
plate beansplitter. 21. A nethod of determ ning a wavefront aberration of

an optical el emend. The BfstenBt dkAS 16 SRR rToMPrisiROR hén-PAlakShPbehingitittes OUT Ce
relative to the optical elenent such that |ight from 10$’the 1 ght source

reflected ffRufirdciniNiuBCRoIR thelifdft BRIk Ethe 8)eMeNt travels along a first path
and such that |ight fbrom the I'ight source transmitted through the optical

el enent and ref|gqhedyskacks (;Ilzll'%qgg»bhéraﬁ t&%h%lari@#ﬁﬁ Bﬁ?ﬁspﬁﬁ@gﬁ}]&b@l ong a

second path. which is " spatially separated fromthe first p
i1l um nating.LlG@pti cal element with the light source; 15 receiving the
| ight traveling along the second path with a detector, and detecting the

it il 18 AT B (R R S T
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

g



a light source positioned relative to the optical elenment such that |ight
fromthe 20 light source reflected froma surface of the optical elenent
travel s al owgogadsir St path and such that light fromthe pcgboonososce
transmtted through the optical elenment and reflected back through the
optical elenment travels along a second path which is spatially separated
fromthe first path; and a detector for Wecei vi ng the light traveling al ong
t he second path andhfo[ 1%-,13{,1 11..11 .,lal11111 | \ 4~ M- S WD 01/ 28411

PCT/ U S00/ 290%8°ct i theqivelie M A8 wavcf i ont aberration. S
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