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| LLUM NATI ON  Background of the Invention The present invention isf! APR 2004
di rect eqx{@”?'ﬁ vefront sensor, such as a sensor for wavefront

aberrati he eye, and nmore particularly to such a SERYSPOIRAMCH
avoids corneal reflection by illumnating the retina along a |ight path

of f of the opticalyRYEFREINT BENSHR Wi :(BFF&%’S.IL%WN]&@Q@ Further

directed to a nethod of sensing a wavefront using suc axi s -

illum nation, |t (iis nawn in the art to detect wavefront aberrations’in

t he human MP—@E@H—%LBB' N 88ses as intraocul ar surgery and contact |ens
fabrication. Such detection is disclosed, e.g., in Liang et al, "Qbjective
nmeasur enent of VSEEEHEMVERLOFS disecletho a Wavalionbsset sushtahe serser faof a

Har t mann- Shack wave-front sensor," Journal of the Optical Society of
Anerica, Meivelrbat abidoratidhs idube/cyclf¥monparticubirivAokedna sdnsbri ghith ivade a

| aser diode or other |ight source is directed toward the pupil and is

i ncislent  qiaridaBreMe@idmey ilﬁﬁﬁﬁdﬂﬁ@_m@ﬁghghiongai@ﬂhﬁﬂ#bwo%%%ﬁg@%gisaorb?am on

the order of four orders of magnitu i mmer than the origrn eamis

reflected | ' Typi cal | t he

I ncom ng éﬁ%e%m%%%&ﬁ} @E?ﬂlﬁéﬁ F g&vﬁg{' gggng%%&n{agap %QJI’ b[)%%ﬁ,ng at“f%’b{rﬂ@om ng
l'ight is brought. i o.s'éi@e common optical path with a beansplitter. The
emer gent BEYR “EhSB{rfP‘i' UFBNaOMa t mann- Shack detector to detect the
aberrations. Such a detector .includes an array of |enslets which break up

the light into It#rkngmnay tes arsisotetecawavelsr sbertasionpin the buaman gye for such
char ge- coupl ed detector or other two dinensional |ight detector. Each spot
i s | ocat ecpurposdeseintraomlartsargdnsgldaoarentens fabnication. Such detection is
10 disclosed, €.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 bca_m 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. reconstruct?&rﬂP@f?UW
the wavefront and thus detection of the aberrations. | nprovenents to the
t echni WO &¥2881lang et al are taught in J. Liang and D. RCEUS®WRRR004 WO
01128411 PCT/ US00/ 29008 W lianms, "Aberrations and retinal inage quality
of the normal human eye.-Journal of the Optical Society of America. Vol.
4, No. 11, Novenber 1997, pp. 2873-2883 and in U.S. Patent No. 5,777,719
to Wllia W | Ilams et . at.teaches techniques for detecti ng i

aberration&!! %Sf&bcﬂéﬁ“?{ﬁ 4 ECtHb HpaHc qyAkly 1ok the nesmalhusenns ey, elparnaidr ger y
and the fabrication of intraocular and contact |enses. Mreover, the
t echni quesy e Optingd Soviery of dniesisy. Yl #.2%0. 11 aNovdmbichel 907 pyy 26873-28831994
article, lend thenselves to automation. The techni ques descri bed above

i nvol ve i landin UeS.iPagent Ne, 598,789 @ Willihgs ey 37, H&Fﬁsleﬁaahcﬁ’éﬁeﬂccﬁﬁ Bes
consequence, the light reflected fromthe retinais mxed with stray

refl ect i orgr dchiuGBETSlioRE UR £ { ERtiolihGs RRREL fo?%& Qﬁln,érge stray

reflections show Gp as spuri ous spot s am e arr ots

forned in ack se reflections haye several
soupgées i f a&fﬁpﬁc’gé’ﬁé’g@w‘a nrbiowfa&ﬁ]f:a:?es é@rﬁﬁ Bfh tg CRNBUSS O | ect i ons
fromthe o e%lmel errents bet ween the retina and the beamsplltter Such

el ement s tﬁ?ﬁe epcesq nliksshptpd thgkiang eppl 19R% agiple, lagd themsgives¢d | enses

bet ween the beansplitter and the eye. Back reflections fromsurfaces other

than the rastomagionre weak rel ative to the illumnating beam but are bright
relative to the

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 brighl 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 inciude 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 bcam 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 thé 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



weak signal reflected fromthe retina. In the eye's optics, the o VA 0
surface whose back reflection is bright enough to be problematic |s ﬂh@
first (outer) surface of the cornea. That reflection is conparable in
energy to the reflection fromthe retina and can therefore be a
consi der abl e nui sance for wavefront sensing, particularly if the
centroids of the spots in the detector are to be conputed automatically.
One known way to renpve the coneal reflection, taught in Liang and 2 1 APR
2004 3 Wllians and in Wllians et at, uses a polarizing beansplitter to
renove reflected light from all of 2he surfaces between the beansplitter
and the retina. Because those surfaces retain the |I|inear polarization of

t he | i tillamsaidde iilitdnsT o af), uskd polbrsisg béagfs) :mﬁ it FePnove Fefle28 LiRY dﬁi&g h
rom e

reflection are elimnated. However, nuch of the light reflecte

reti nali of tied $idfakddYetwdathie #I@t&.’r%ﬂ&jtﬂe'r&m& %&gkh%g?o R thg,mggt'“a

whi ch accounts for:only about h|rty per cent Fefl ect ed
from tlﬂ@ar'vkﬂ%z(?'t a@!iﬁ t ve nt aber i on.
Mor eover e|§ool artzed li nhﬁai&rli'spég\qa 5‘%5? sﬁi‘{ ﬁ% cqmpgale:
-St|II roble S the uni miy introduced into the
array' %{Eﬁ %teéﬁ e °wBYef’e‘PP‘fqh‘gfnﬁEg’£B ?f@e‘;‘g%‘geﬁ"ﬂﬁ&sds%hﬁef ly the
corne move ref] ections fromall optics between
t he bi%\%ﬁ [] ?‘m %ﬁé’m B aerounts doriondy aftogt ity pessent he
retina.i,nv oI of .a Qlarlzn | seaxi plittar in conbination
with f&ﬁ‘atf’fal?sgbﬁaﬁfg Elﬁl’?f‘}o#'&)'g'b?‘at'%‘ ple;tp detegithe yravelent aperationGer nan
publ i i{re pI | cation No. DE_42 22 395-A-1 teaches, that:
P och MAGERIRE, e drpplanzect et GERRIBF FORRIembif ApRtiaj moiie ot amathigfpratien i ght
reflected from-the retina to reach the

the intensity nonuntformity nnroduoed into the array of spots by the birefringence of the

eye’s optics, chiefly the cornea.

Ancther known way to remove reflections from all optics between. the ‘beamsplitter -
and the eyewinle increasing the si'gngl from the refiria-involves-thé- use: of & polarizing
beamsplitter ‘in combination with a’ Qﬁartar-waireiéng'tﬁ'- A/4) plate Qiustii"n‘-.'ﬁbnt ~of the eye.
German published patent application No. DE 42 22 395-:A] -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 cbmeal reflection is not removed and is'thus-just as troublesome as it would be -

_in the absence of polm optics. Another problem with the two.techniques just described
is the cost of the polarizing beamsplitter and of the M4 plate. In cost-sepsitive commercial
settings, it would be desirable to eliminate that cost. (

EP 0691103 teaches a technique for fundus imaging using off-axis illumination.
However, there is no suggestion fo use that technique in the detection of wavefromt

aberrations as described in the above-noted prior art,



detector, thereby inproving spot quality, while renoving the..variation
in- spot brightness caused by the birefringence of the -eye. It algq APR 2004
renoves WoeRsdinef | ecti onfrom -the | enses. However, the ’ 9008
reflection is not renoved and is thus just as troublesone as It would be
in the absence of polarizing optics. Another problemwth the two..

t echni ques just described is the cost4of the polarizing beansplitter and

of the W plate- In cost sensitive comercial settings, it would be
desi r abl eiﬂM@Lﬂm_al 1 ) lnvantigh cost. EP 0691103 teaches a technique for’

fundus imagi ng using o$-aids illumnation. However, there is no
suggestion to uséighhsflihd REPRIMUA Will HeeadiBlBphk f -
aberrations as described in tr%e ablove- not ‘gdﬁ’gr i @phg{rat%(@g\%kﬁ%péé}zﬁﬁ" 4 21

APR 2004 of . Invention.In . light of the foregoing,
it will bég’@gﬁﬁﬁf’*ﬁ"’ é‘%ﬁ%ﬁ‘e%%?h&’t'ﬁﬁ%8°’8§‘?]§F@°°i“ﬂ“ £Res ot calse SPRROAR do a
wavefront sensor. i n which the corneal ref|ection does not cause spurious
spots on tsH%tS(?BtﬂE"c‘r%‘?aQ{ro"SWEFW degradagihs signeleniyed fram the fightadfiestedn t he
light reflected 5 fromthe retina. Mre particularly, there is a need to

det ect waEor: Hstretifse Mereipariculanly, thereds e neat © deredt wasdfront hB&tatieas frrnner by
elimnating the problem of corneal reflection wthout using polarizing

optics. | taniascuriteend coseefiectiveinffihety éliginhiyLiRe pRSbI&R o?‘@%_@ﬁ%ﬂ@%ﬁ needs.
To achi eve the above and ot her objects, the present invention iIs directed

to a 10 vauRhf ¢ 2SS4 e biticehi ch the eye is illumnated off-axis. The
| i ght not reflect eg b t%eﬂg%'/pnea | npi nges on the retina, and the |ight

reflected by t Ii'teis El'ﬁ:‘-éf&% a%%rb}'ercp gf tBQ Enov%ﬂﬁon 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 comnea impinges on the retina, and the light reflected by the retina returns through
the lens and the comea. That light is thereby focused into an optical path different
7 from the optical path followed by the corneal reflection. The entire retinal reflection
is used, and the comeal 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 in diameter, and intersects the cornea in a small area, thus further reducing the
probability that the comeal 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



the I'ens and the cornea. That light is thereby focused into an optical

path different fromthe optical path followed by the corneal refle@1 aPR 2004
The entiweotetdinal reflection is used, and the corneal i’ﬁhﬁ?ﬁf&tﬁﬁh can be

di scarded by use of sinple, inexpensive, 15 non-polarizing optics such as

a stop. The beamused to illumnate the eye is relatively narrow, e.g.,
around 1-1.5 mn in dianeter, and intfersects the cornea in a snall area,
thus further reducing the probability that the corneal reflection wll

take a rethoamspiatchaddiht haindds #etcofeal N addition, the dioptric range ‘over
which the small spot is in focus on the retina can be 20 increased.

LU ! US| e ret . S i

T A U A i L
i u | i u

opti cal pgti%%ﬁf‘s +ilhthe ]rné'ﬂmat B aéldﬁlbi@e?? I*Bﬁxﬁéﬂ%wg’yt %"%cygf ,d‘%ﬁj‘?e, by

placing the beansplitter right before the eye. Thus, back reflection from
t he | ense§lamenk,@neiway tado shis toprayidel adelded opiealdeth witle mirtoramRED4 WA
01128411 5 PCTI USOQ 2900% hcansplitter and the retina is the cornea. Even
W t 5 t he pearsiide. Themipdraarddispogéd inliké path of the iHyRinatihg bsarpBefrdite to

adjust the focus of the illum nating beam and t hat o% the exit beam by

the use ofredches :ﬁ@ﬁ@m@liﬁmﬁ-in%mrmeeﬁﬁbéﬁnﬁ This nRvekAtofand 0! ded

optical path with mrrors noun 5 on a slide. The mrrors are disposed

in the pa Lhhum nati ng beam before it reaches the beanmsplitter
and in thtgn%gfoﬁh%gb?ﬁe%g&?t beam Thus, novenent of the slide focuses

both beans. The light source can be moved in a direction perpendicular (or, more

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

The pfesent invention has utility in any procedure involving wavefront sensing
of the eye or otherwise involving illumination of the retina, éuch 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 |ight source can be noved in a direction perpendicular (or, rmrz .
generally, non-parallel) to the direction of its output as needed t 1 APR 2004
accommobdate the 10 eyes of different patients. The present invention has
utility Wﬂ“é’ﬁ?/"br ocedure invol ving wavefront sensing of PCRAS/Z9008

otherw se involving illumnation of the retina. Such procedures include,

but are not limted to, autorefracti on, desi gn of contact or intraocul ar

| enses, refractive surgery and reti nal i magi ng wi th adaptive optics.

Wi le it fs. egnlenpl at that .the 15 present invention will be used with

t he human ) WHEEN non-eye-related applications can be
devel oped as wel | . 21 APR 2004 WD 01/29411 PCT/ US00/ 29009 6 Bri ef

Descri ption of Atfefemicd wmbgdimenpefthe prasentantamtionsill boscttibreh pr dessht

invention will be set forth in detail wth reference to the drawings, in
whi ch: Fi githlrefesenae scihe dedwifigslip@hizil showi ng t he basic optical concepts
inplemented 5 in a preferred enbodi nent of the invention; Figs. 2-4 are
schematic di ag i RO GAR @ , i:cal in.a .
neverront senant acsmrolchAie Qi BhEe SRATR e Bas SRBER coftchEiAbRmelS ong 6

show exper] al_.,resul.ts obtained according to the preferred enbodi nment
and\glt he pH g&‘%;?"%e,de ik HHE‘EWQSE%.‘“‘?"go'APR 2004 WO 01/ 28411

Figs. 2-4 are schematic diagrams 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.



PCT/ US00/ 29008 7 Detail ed Description of the Preferred Enbodi nent Fig. |
shows an overview of a basic system 100 for illum nating the reting 701\PR 2004
t he pati ﬁgij&lw]y]e E and will be used to explain the optical principles

i npl emen ' the preferred enbodi nent. A |aser |ight SfaWwuseetéis such
as a laser diode, emts a 5 beamof light L, toward a beansplitter 104,

whi ch can be a parallel-plate beanspli t.,tcr, a thick-plate beansplitter, a
prism beansplitter, a half-silvered mrror, or another suitable .

beanspl i ttgf,.: | FLt 04, Ls.preferably 90% transm ssive and 10%
reflectiv l,%ml Pestiin] te Frergacy EGnhigs sed as needed. The l|aser |ight
source 102 and_the beansplitter 104 are positioned such that the |ight L,
i npi nges on t heFgy L SROviganyaveryiew o 8 bagie sysidm 460 for Nlwhinutive; digecima oThus, a
i ght beamL, reflected fromthe cornea C of the eye Eis reflected off

of the optthepatientiseyAE didevitldraised waxblagihthe bptiehH paAntipkeimplefRARA 4B ON the
retina R of the eye E. Because of the optics of the eye Ep a light beam

L3 refl ectipd phdfermed bt ex| h e E and passes
t hr ough thepbeamp‘fﬁ({@?b@bfa agl’%eﬁg]hfsg t&blggmﬁk:gs"f hei%cgégg’g@?ﬁrnough a

| ens< 106, : L ch passes e.light beam |3 reflected fromthe
reti %a V\/ni%gﬁtﬁgé%?gg%t%a\g@%ﬁﬁ?ﬁsi'ztgrrﬂé{iwhfcé‘fgﬁag@’ﬁ aparalighplatsdeamsplitier. and a
l ens 110 to ak:@rtg)ann- %hack detector 112. As known in the art, the

det ect or 1AWIGkIpIS Psamspiitich & prismubeaspliiter. 4 balf-sdvesed misTari offanotheam L3 as
an array of |ight spots L4 onto a CCD or other suitable two-dinensional
det ect or spitgble bgarmspiister. 2The damsphitterd 04 nsiprgenabi n 00 B nmayaissive 20 10%i ng t he
optical principles just explained with reference to Fig. 1. Fig. 2 shows
a |l over | eeBectB@altfoughethaymtiontoldBe asedwe dBedeO Tha RRVSlightBblge 0. 3

shows an upper |evel 204 of the-system 200 as
‘ 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 comnea
CoftheeyeE 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 comea, 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 systemn
206 as seen from above, while Fig. 3 shows an upper level 204 of the system 200 as
seen from ahbve, and Fig. 4 shows both levels 202, 204 of the system 200 as seen

from the right. .



seen from above, and Fig. 4 shows both |l evels 202, 204 of the system 200
as seen fromthe right. WO 01129411 21 APR 2004 PCT/ .%/ 29009 &1 KPR hoof
| ower Ie\gsl ”gg)ﬁ] as shown in Fig. 2, a laser diode 206 is-nmounted on a :
mount 208 FGF Hori zont al posi tioning. The purpose of sucRCHESMZNVAE ng wi l |
be explained below. A light bean emtted fromthe diode 206 follows a

| ower -1 evel light path designated gengrally as L1 through |enses 210 and
212. The light beamis 5 retroreflected by a coner mrror 214 and passes

t hrough a | ens | HEO, Echyref .| i ght beam upward.
In thg upper | (larsgll(é ’g‘gzﬂcges! zgﬁ'odvsxﬁpllg‘ﬁnl\(—)?gﬁ" g’;,PlélgcggﬁozilcPgﬁlsp'lngi‘"élc'ggﬁﬁsploi tter

220 recel ves %@ﬁ Iigh,t tl) am.r.efl ected ul%/vardr by the mrror 218 and
directs t MRt £ for hatizan Ip8?‘1‘5°%‘ﬁgu§§%?‘-l 8t sHEypRsitioning widkbgnat ed
generally as LI.. The path Lv is shown in 10 greatly sinplified form the
above di s@ﬁ&lginsﬁb@pwﬁﬂg light bghum|enptted; from ththdiode 206 fdllewsiarowthievelrlighni t h an
under st andi ng of the requirenents for the true optical path. The |ight

beam i | | uphthatesignatbe gencesl dsrL, througiRlvnsds 219Rh&2 NBAT behhhs ref erence to
Fig. 1. A retinal reflection |light beamreflected b he retina R of the

y
eye sE tr ay@torefRRfde By Qird? n1ih]3?2p@ﬁ£ﬂ;ﬁf%crsttﬁrrou§fg ﬁﬂggg 6;‘51 %Hﬁrrgrzf‘l's The

retinal reflection I'ight beamis t retr y ‘a corner mrror

224 t hrougqh.- 2 6. a_Hart mann- Shack detector 228 which includes a
| ensl et arwrﬂ]z';f'?/1 'Jﬁg%%%ﬁlc%ﬁ’egh%nh‘é’f@f or 232. OF course, a stop can be
., at the

i ncluded at an_appropriate_|ocation along the |ight path L., e.

focus of the F‘éﬁ@“ﬂ? o leysd SRdhas showm it kg %-evtmmllegp@mr@amsmmw&z can be

used to replace the mrrors '
receives the light beam reflected upward by the mirror 218 and directs that light 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 -Iight
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 af 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 thé retina will be diffraction-

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



214 and 224. 20 The dianeter of the incident |light beamis a suitable
value, e.g., 1.5 mm The small dianeter increases the depth of fO@qSAFR"’Z[}m
the ret w@m,ﬁw‘s relaxing the requirenment to focus the I| ht on the
patient accurately. The small dianeter also ensures that PEHESWI0080 ¢t he
retina will be diffraction- limted. The entry beam should be no snaller
than approxi mately the dianeter of a 21 APR 2004 WO Ov28411 9

PCTI t 1S00129008 lenslet in the lcnslct array. Oherwise, diffraction in

t he ent ericAgcliaane lehsikt :ﬁ'f@n'(jth&aﬂﬁcl ¥ifthdtlont; Hﬂlcso?x%@ ‘Bga&ﬂ? CD. The entry
beamis displaced in the pupil fromthe corneal po g |stance of

nor e thans]gﬁ]ﬁr bj E]hﬁ;cqh&?ﬁ%ﬁgb@épt he beamto separate the corneal and

retinal i ons an 0o avoid the effects of corneal
reflection an referaply displaced by about 1 nm The di stance nay
thieh fre

vary from subj B 253B) s disphised Bthic pupil remthe pemeal potn tyexdismecaad( t he
smal | entrance beam di aneter. The di stance can be varied with the nount

208, whi cmorerthars pee-balf thealihace206bantia separatlthé corhdal gn@Riingls by a smal |
amount. The ability to translate the diode 206 and its OptICS by up to 1

MM 40 suf fefleqions Bhe tHepdtlyas besid hhedtfects sTBokTes] xféﬂéar%ﬂ ahg %ﬁé ¢l and

collimted by the lens 222, so that it can be bl ocke a stop placed at

the focuSgigiiaddathy B ?%&%ﬁ)&mﬁ&%g a3 e Bl B et PR e

reflections from’ot her opt ca ts’can

beansplitter., 220 in,the |bIe ace, ust foretheeeE That
arr ang emelﬁfs than (Pmrn because &f tthe entranc eam dl meter. %e distance can bc

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 co'mea 18 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 elezlnent.

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 in Fig. 4, the optical path length of the system 200 can be yaried by
coupling the mirrors 214 and 224 to a sliﬁe 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



15 allows the illumnating beamto avoid the other optical elenents, since
the only thing between the beansplitter 220 and the retina Ris th @Ea
C. The u@gﬁlmgﬁ | ections fromthe beansplitter can be avoi ded by usi'ﬁ%r 4.
rotated ~DBeansplitter cube or a thick-plate beansplitter PCT{US002908% |
necessary to subtract an imge wthout the eye in place froman inage
with the eye in place to renove stray;g0 |light, as was often required in
the prior art. As shown in Fig. 4, the optical path |l ength of the system

200 can bepyak . ' _ LI Ofs and 224 .t o l.i de ’
mechani smglé%%%s@qtcﬁgf dlﬁ) ﬁ@%ﬁw Eg}rwga%?rl%l‘;d é@\'d 2§%§y3 S‘H&':r?ﬁv*a@ oiéhca singl e
rigid body. Th 1 rrors, 214 and 224 are displaced from each other
axially. ¥¥Fécrf‘r§9€‘ﬁ%ﬁﬁh8f°%’(yﬁ’e&§‘ﬂ“i?e4ﬁmchani sm 234 by a distance x WD
01129411 21 APR 2004. PCT/USOQO 29008 10 changes the optical path Iength
of each |evel 2Z@gthcpadvaniage ofia slideroechanisaurisithat ittaiows Syesinearingikamsioa whol e
by a distance 4x. Anot her advantage of a slide nmechanismis that it allows

the ent er begodusahor the réhafa0thesasic Gitnd 41 wigl ihBdamt déVige SRARWHiIEH AR W th
the sane device with which the exit 5 beamis focused on the CCD array,

namel y, tRgnskd ﬂ@us%a%nl?ﬁ%(f?]@%ﬁ?pﬁniﬂlélg,qgéslﬁi%ﬁﬁQ)g e BTG 210 [ O

214 is in the path of t atin eam béfore es the
beanspl it 20 and the.mrr.or, 224 is.in, the path of the exit beam
movonont | 87 SBee MeGuirBE 2T 1R eath o P Bt ey bestreh I EAB . and

t hereby al | ows gfﬂlir?t ment _of the focus of both beans. The slide 234 thus

a
or ovi des é@sm@e g sphtterA20and dhfcairror 224 is in the path of the exit beam,

moventent of the slide 234 changes the path lengths of both beams and thereby allows
adjustment qf 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 lenéth by a distance 8x.

Experimenta] 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 illumnination, 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 uW and an entrance beam diameter of 1.5 mm.

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



Doubl e slide nechani sns could be inplenmented in the system 200. For

exanpl e, another mrror (not shown) could be placed opposite the rr'zhrcbrs
214 andwgﬁngﬁ, cause the light beamto nmake anot her pasg _é{nEough APR 2004
system th that arrangenment, novenent of the slide meChd Hr 09098 4 by a
di stance x woul d change the 15 total optical path I ength by a distance
$x. Experinmental results are shown injfigs. 5 and 6. Fig. 5 shows a result
taken wth off-axis illumnation according to the present invention, wth
no pol ari ZtAgimieddmdl id 1 Y ' ; LLting a ~
wavel engt ﬁ*dlag‘: r?go nué?ﬁm}.tﬁggbﬂgﬁgm%s@gsﬁg Bll)it{g{sgfgggmvﬁcsﬁa ﬁpgacl){r'\:vHent I onal
on-axis il ] Nad:i ~Mihea polarizing.20.beansplitier but without a 114
pl ate, ana}l‘wﬂ ﬁa%g%bﬁé“?%sb&n% W%ﬂf‘ﬁ‘sb‘ﬂ@d@“@ﬁﬁ‘l"t f ﬁ‘gorﬁg-\)éﬂ%‘lhé‘ﬁﬁf‘h | = 633
nm Both results are taken under the follow ng conditions: paralyzed
acconmodafY GRS BPt WIGHSIKY foustiges highenthaw that ahfizah bwdaelsiroth respeats, 500 s,
an entrance | aser power of 10 uWand an entrance beam di aneter of 1.5 nmm
A conpar i Swerspof paicgsof Figahid comphmable 16 tiait oblaincp mdthanpolariipnbéadbphi@vi des a
WD 01/ 2%$411 PCTI USOCOn9008 2 1 APR 2004 11 great inprovenent in |ight

t hr gughpubn@ad/alae, Withéut He dtiwbacky of thafteSRfiud atHea) WBatifng! 9- 5 has
much better int?nsi ty uniformty thgn thgt o?u Fig. 6&A%§$}ﬁl§@agﬂn£average

spot i nt epsj : ' ' t ' 6. ..ln.fact, in both
respects, ﬂéat"% htslgrg;'{zc}:bat ¥ erclralh gP géﬁ{j’h&g" l%tg%é%lﬂn%éﬁg ?rel%f J)d(?'H?;\%S?Jbt ained with
a polarizing hea ljtter 5 and X4 plate 1.t hout_ t he drawbacks of
hat & e RIS VE THB 1S OR1cs TSAaMen B s BONGEB leshRIBH LA e ps srwMREh can be
a parallel plate beansplitter or the like, is |ess expensive than the
optics requwitbentigy4 plae. phicarse of mheanesphitieuitk a satic ofdrapsinggtanae to, wi t h

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 sax;txc level of patient comf;)rt 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. Witha
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



or without a 1/4 plate. The use of a beanmsplitter with a ratio of
transmttance to reflection greater than one further |ncreases t hej 'A'Pﬂml[]ﬂ
avai | ablyg, il,ﬁ”l’ he present invention offers many advantages.

del et eri ous ects of back reflections in the eye and BF'HQF“WQ"CS are
avoi ded, thereby making the instrunent nore robust and the software to
operate it sinpler. The quality of thespot inmages is not degraded by
pol arization effects, so that accuracy is inproved. The throughput is

hi gher th fes or t t | can be -
achi eved ?ﬁ or n? %gc@ar‘#gm%@&gvemg& thc H%Bﬁ%%?%ﬂsgﬁ&éﬁ[ ﬂfﬁ‘é’ UAHE" | evel of
patient cQ Alterntlve t he sane S|gnal as in the
prior art ﬁ%%@ﬁgﬁ%?‘%\aé‘%‘%\ﬂﬁ Frtinglan é:(f?mq"?/fcﬂﬁ‘flf?é‘ﬁer'ﬁg BY splactiphebari ty and
t hus inproved patient confort and saf et Wth a sufficiently bright

“di ode, t h@PPRPisicangieh ipsidense.oRherefore thaprescohingentidneshpildibe cobsrmmspl i t t er
can be chosen to transmt alnost all of the light fromthe retina to the
20 CCD ar mayimi@i waly byothpappenided oigimpti cs are required, the cost is
reduced. Wiile a preferred enbodi mrent has been set forth above, those
skilled in the art who have reviewed the present disclosure wll

recogni ze that other enbodinments can be realized within the scope of the
i nvention. For exanple, the optical path can have additional folds for
‘improved path length and conpactness, and a fixation target and 2 1 APR
2004 WD 01/28411 PCT/ USOQ 24008 12 pupil canera can be added. Also, the
| i ght source can be positioned in any manner which spatially separates
the retinal and cornea! reflections, e.g., by selection of an appropriate
angl e of incidence. Therefore, the present invention should be construed
as limted only by the appended cl ai ns.



21 APR 20" 13 | claim1l. A nethod of illumnating a retina (R) of af 3¥§
(E), the nmethod conprising: positioning a |light source (102) relat 1/ %
the eye (E); illumnating the retina (R) with the |ight source (102); -
receiving the light (L3) reflectedigfromthe. retina (R) in a detector
(112); and detecting a wavefront aberration, of the eye (E) with the
detector (112); . <characterized in that the light source (102) is
positioned relative to.  the eye (E) such that light (Lx) fromthe |ight
source (102) reflected froma cornea (Cof the eye(E) travels along a
first path and such that light (Ls) fromthe |ight source (102)reflected
fromtié&lailtina (R travels along a second path which is spatially
separated- from the first path. (: The method of claimL, further

charact eri zoA imethiod A ilmtiitag hQ8inai (R) pf £1véyd €B), (R n®5d colBsihg:ont (L,)
travel ing al ong the second - path and-to block the.light (L2)-traveling

al ong the. pdsitihingallikhe Q@Q@%ﬁgg@ ¥ further characterized in

that the Ilght source (102 |s a aser The nethod of claim1,

further chag t t“g:e] ce (102) emts a |ight beam
(L1); and salg ste‘%ﬁgf'ét%hgs(lR IL’(I)I’]I ng,dllk rt%trls@g@ positioning the Iight
source- (102 such |s |nC| dent on the eye (E) off
of an optic g“?’ﬁs‘ é‘rFB hég%{/%“’f‘% #Rter (Dricaedi m 4, furt her
characteri zed i.n that the Ilght sourcer‘_g]‘ltmzl posi ti oned off of the
optical axi%teupe pyayrimsberauo the dgtecton(1d@par at i on bet ween

the light (Lx) reflected fromthe cornea (C) and the light (L3) reflected
fromthe rehimeteizd in that the light source (lOZ)tsposxuonedrelauvetotheeye(E} such

that light (L2) from the light source (102) reflected from a comea (C)of the eye (E) travels
along a first path and such that light (L3) from the light source (102) reflected from the retina
(R) travels along a second path which is spatially separdted from the first path-
2.°The method of clsim 1, further characterized in that'a stop.(108) is provided 1o pass
the light (L) traveling along the second path and to blockithe Light (L;) traveling along the.
first path.
3. The method of claim 1, further characterized m that thé {ight source (102) is a laser
diode. |
4. The method of claim 1, further characterized in that:
the light source (102) emits a light beam (L1); and
said step of positioning comprises positioning the light source (102) such that the light
beam (L,) is incident on the eye (E) off of an optical axis (A) of the eye (E).
3. The method of claim 4, further characterized in that the light source (102) is
positioned off of the optical axis (A) by a distance great enough to allow separation between
the light (L») reflected from the cornea (C) and the light (L) reflected from the retina (R).

7. The method of clairn 1, further characterized in that the detector (112) isa



7. The nethod of claim11, further characterized in that the detector (112)
is a 21 APR 2004 14 Hartmann- Shack detector. 8. The nethod of cl f'ii an]:R 2004

further characterized in that -said step of illumnating conprises
directing light (L1) fromthe |ight ggurce (102)-to-the eye (E)-with a
non-pol ari zing beansplitter (104) 9. A nethod of illumnating a retina

(R) of an eye (E), the- nmethod conprising positioning a |light source
(102) relative to the eye (E); and illumning the retina (R) wi.th the

i ght source (102); characterized in that the |light source (102) is
positioned relative, to the eye (E) such. that light (F, fromthe |ight
sour c Hariyn-Shatk detdcrd. from a- cones- (C). of the. eye. (E) travels..
along a fast path and such that light (L3) fromthe light-source (1

02) - ref | eciaethd fiibd dfaicl, ifher Etkackd BYER YA k%R oF AQHGREL N Wi ch-i s

spatially separated-fromthe.first. pat : gep of
I um L+ h- Id.eCta | ight ) fromthe.ligh source (.102).to
t he- efg,ﬁl%g%g W %[ﬁéihéﬁi%ﬂ wgeﬁ%hwﬁ%égd%gﬁg ﬁqéis@ﬁ“&‘ aPon-polaEizifgt hod of
claim@8, further characterized in that the. non_polarizing . beansplitter
(104) bFi’“%’T‘E?fP’aﬁ]%“)bearrspl itter. 11. A system (100) for illuninating a
retina (R) of an eye (E), the system (100). <conprising: a light source
(102) posi Pismethod of Hiuinmmating atreténadRP of 4n)eye (Elitha metipid isthgent (112) for
receiving light (L3) reflected fromthe retina (R of the eye (E),
wherein thpﬁM&luﬂﬁmt(lo@Hhﬁmmﬁg)Wt ector (112), positioned
to receive ' '

illuminating the retina (R) with the light source (102);”

characterized in that the light source (102) is positioned relative to the eye (E) such .-
that light (L2) from the light source (102) reflected from-a-comea.(C).of the:eye.(E) travels.
along a first path and such that light (L;) from the light-source (102)-reflected. from the retina -
(R) raveis along a second path which-is'spatially separated from the:first path and in thatithe.
step of illyminating comprises directing light (L) Somvthe igitsoiiree (102 tothereye )
with a non-polarizing cube beamsplitter.
10. The method of claim 8, further characterized in that the non-polarizing .
beamsplitter (104) is a plate beamsplitter.
11. A system (100) for illuminating a retina (R) of an eye (E), the syster (100),
comprising: |
a hght source (102) positioned relative to the eye (E): and-
an optical element (112) for receiving light (L3) reflected from the retina (R) of the
eye (E);
wherein the optical element (112) comprises a detector (112), positioned to receive
the light (L3) reflected from the retina (R), for detecting a wavefront aberration of the eye (E);

characterized in that the light source (102) is positioned relative to the eye(E) such



the light (L3) reflected fromthe retina. (R, for detecting a waveff]og
aberration of the eye (E); <characterized in that the light source (10 &'R 2004
is positioned relative to the eye( such 2 1 APR 2UD4 15 that light (L2)
fromthe light source (102) reflected froma cornea (C) of the eye (E)
travels along a first path and such that the light (L3) fromthe |ight
source (102.) reflected fromthe red= (R travels along a second path
which is spatially separated fromthe fast path. 12. The systens of claim
11, further characterized in that the optical elenent conprises a stop
(108) for passing the light (L3) traveli ng al ong the second pat h-and

for:blﬂﬁ@p @Lg)*ﬁ%mébapgmssh%egom&n%w&o ﬂﬁg@{ftﬁé .gg@m 3. The

systemo I'airm 11 rther characterize source (102)

thar P8 FEGhPRE o 2 hﬂ%%%ﬁé“%m%ﬁ@t DR e be 1| oncd

such that the |ight beam I nci dent on the eye (E) off of as
opt i cEing Ridravels along atyecon @a Eyhl%vs spatielly yepreated Sromtha fit path- f ur t her

characterized in that theiightsourcc-(1.02) is positioned off of the
optical axlZ Theyyskeyn of aiimt lin futhgr daracterizedjh thay thel dptival skepehedompeisédet ween
‘the light (L2) reflected fromthe cornea (C) and the light (La) reflected

f'rom & step (108} for pésSing tHe'light (1) Eywdliaalohy Heabidnd pathfand Féral gcterized in
that the detector (112) is a Hartnmann Shack detector. IS. The system of
cl ai niight (L) bav alolgERGi&t'pated i n that it :conprises a non polarizing
beansplitter (10 ) for directing light (L1) fromthe light source (102) to

e O TR R L B A5 1 7
laser diode.

14. The system of claim 11, firther characterized in that the. light source (102) emits a .
light beam (L) and is positioned such that the light beam (L) is.incident on the eye (E) off of

_ anopucal axis (A) of the eye (E).

15. The. system of claim 14, furth:r charactenzed in that the. hghrsomr(lDZ) is :
positioned off of the optical axis (A) by a distance great enough 1o.allow separation berween -
the light (L.2) reflected from the cornea (C) and the light (L;) reflected from the retina (R).

17. The system of claim 11, further characterized in that the detector (112) isa .
Hartmann-Shack detector.

18. The system of claim 11, further characterized in that it comprises a non-polarizing
beamsplitter (104) for directing light (L.,} from the light source (102) to the eye (E).

19. A system (100) for illuminating a retina (R) of an eye (E), the system (100)
comprising:

a light source (102) positioned relative to the eye (E);

an optical element (112) for receiving light (L3) reflected from the retina (R) of the

eye (E); and



a light source (102) positioned relative to the eye (E); an opti&a

el ement (112) for receiving light (L3) reflected fromthe retina (RﬁPRoaﬂﬂ‘
the eye (E); and 21 APR 2004 16 a non pol arizing cube beansplitter for
directing light (L,) fromthe light source (102) to the eye (E);
characterized in that the |ight soutte (102) is positioned relative to the
eye (E) such that light (L2) fromthe light source (102) reflected from
a.cornea (C) of-the eye (E) travels along a first path and such that the
light (L4) fromthe |light source (102) reflected fromthe retina (R
travel s along a second path which is spatiaIIy separated fromthe first

path. 20. TG pulEHARE Slbealedinsplidr for UIrtoRmE R i fidhd dufcB fiozy L Ne

non-pol ari zing™ beansplitter (104) is a pl eam; met hod
of degg @ a wavefront aberration of an optlcal eI ement (E), the

met ho conpr i ng positioni ng a light source (102) relative to the

opti cal nent ; il# nati ng 5(—:: optical elenent (E) with the |ight
sour ce: (10 1§ 5 s‘(%(l ahmﬁmwmegﬁemmthm el enent
(E) and reflected back t hrough the optical element (E) with a detector
(112) thaglight () &om thghghtéomv@@abwﬂea maicomea(Q)of thesyd E)travels (112) ;

characterized in that the light source (102) is positioned relative to the

opt i calongh Erst path afdSuch i thetlipht (T fom Hejght soupect(Pe2) rifitbicd FRu @€ ( 102)

reflected froma surface. (C) of the optical elenent (E) travels along a

I Ir afltsﬁth ﬁﬁ?ﬁﬁﬁﬁﬁgt&%ﬁ??@ml@w{ E and%}og‘?gg{sz agk( tlgrzéugh t he
optical el fyHt sisfein of claim 18, further characterized in thit the non-polarizing
beamsplitter (104) is a plate beamsplitter. |
21. A method of determining a wavefront aberration of an optical element (E), the
method cormprising:
- - positioning a light source (102) relative to the optical element (E);
-illuminating the optical elernent (E) with the light source:(102);-
receiving light (Ls) trensmitted through the optical element (E) and reflected back
through the optical element (E) with a detector (112); and
detecting the wavefront aberration with the detector (112); -
characterized in that the light source (102) is positioned relative to thie optical elemet
(E) such that light (L;) from the light source (102) reflected from a surface, (C) of the optical
ele:;nent (E) travels along a first path and such that the light (L;) from the light source (102)
transmitted through the optical element (E) and reflected back through the optical element (E)
travels along a second path which is spatially separated from the first path.
22. A system (100) for determining a wavefront aberration of an optical element (E),
the system (100) comprising:

a light source (102) positioned relative to the optical slement (E); and



travel s along a second path which is spatially separated fromthe first
path. 22. A system (100) for determining a wavefront aberration of ZanAPR 7004
optical element (E), the system (100) conprising: a light source (102)
positioned relative to the optical elgnent (E); and 21 APR 2004 17 a
detector (112) for receiving light (L3) transmtted through the optical
elenment (E) and reflected back through the optical elenment (E) and for
detecting the wavefront aberration; characte ized in that the |ight source
(102) is positioned relative to the optical elenent (E) such that |ight
(L2) fromthe light source reflected fromir:suiface (C) of the optical’

The 1 ght 2deeBdPuTpRePRiciing leht (RPRb-ARAMELH Bobed Bl o) 1"
bat h o EHERE sk iyt Gpl  Efbent 6 o dctdios i mvetront abocaton;
characterized in that the light source (102) is positioned relative to the optical element
(E) such that light (L;) from the light source reflected friom &-Sutface (€) of the optical
 clement (E) travels along a first path and such that the light (L;) from the light source (102) |
transmitted through the optical element (E) and reflected back through the optical clement (E) .

travels along a second path which is spatially separated from the first path. .





