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light rays representing images onto the retina within the eye. The sharpness of the

images produced on the retina is a factor in determining the visual acuity of the eye.
Imperfections within the lens and other components and material within the eye,
however, may cause the light rays to deviate from a desired path. These deviations,

20  referred to as aberrations, result in blurred images and decreased visual acuity. Hence,
a method and apparatus for measuring aberrations is desirable to aid in the correction of
such problems.

One method of detecting aberrations introduced by an eye involves determining
the aberrations of light rays exiting from within the eye. A beam of light directed into

25  the eye as a point on the retina is reflected or scattered back out of the eye as a
wavefront, with the wavefront containing aberrations introduced by the‘ eye. By
determining the propagation direction of discrete portions (i.e., samples) of the
wavefront, the aberrations introduced by the eye can be determined and corrected. In
this type of system, increased accuracy in determining the aberrations can be achieved

30  byreducing the size of the samples.

A general illustration of the generation of a wavefront is shown in FIG. 1. FIG.

1 is a schematic view of a wavefront 10 generated by reflecting a laser beam 12 off of
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Nurrber Typical prior art wavefront sensors 26 include either an aberroscope 28 and an

imaging plane 30, as illustrated in FIG. 3, or a Hartman-Shack sensor 32 and an

20  imaging plane 30, as illustrated in FIG. 4. The wavefront sensor 26 samples the
wavefront 10 by passing the wavefront 10 through the aberroscope 28 or the Hartman-
Shack sensor 32, resulting in the wavefront 10 producing an array of spots on the
imaging plane 30. Each spot on the imaging plane 30 represents a portion of the
wavefront 10, with smaller portions enabling the aberrations to be determined with

25  greater accuracy. Generally, the imaging plane 30 is a charge coupled device (CCD)
camera. By comparing the array of spots produced on the imaging plane 30 by the
wavefront 10 with a reference array of spots corresponding to the wavefront of an ideal
eye, the aberrations introduced by the eye 16 can be computed.

An example of a Hartman-Shack system described in U.S. Patent Number

30 6,095,651 to Williams et al., entitled Method and Apparatus for Improving Vision and

the Resolution of Retinal Images, filed on July, 2, 1999, is incorporated herein by

reference.



30 6,095,651 to Wllians et al., entitled Method and Apparatus for

| nproving Vision and the Resolution of Retinal Images, filed on July, 2,
1999, is wooonpenriat ed herein by reference. WD 02/ 090905 PCT/USBDRA3991399 3
The resolution of the aberrations in 8uch prior art devi ces, however, is
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Hartman-Shack sensor 32 must be selected to achieve good spatial resolution while
enabling the measurement of large aberrations. Accordingly, the ability to measure a
high degree of aberration comes at the expense of spatial resolution and/or dynamic
range and vice versa.
20 The constraints imposed by the aberroscope and Hartman-Shack approaches
limit the effectiveness of these systems for measuring aberrations with a high degree of
accuracy. These limitations prevent optical systems from achieving their full potential.
Accordingly, ophthalmic devices and methods which can measure aberrations with a
high degree of accuracy would be useful.
25
SUMMARY OF THE INVENTION
The present invention provides for an apparatus and method for determining the
aberrations of a wavefront with a high degree of accuracy. The apparatus includes a
beam splitter for separating the wavefront into two components, mirror arrays for
30 focusing each of the components to a plurality of discrete lines with the discrete lines of

one component having a different orientation than the discrete lines of the other

component, and an imaging device for detecting the discrete lines to determine



The present invention provides for an apparatus and net hod for determ ning
the aberrations of a wavefront with a high degree of accuracy. The
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The wavefront resulting from the point source passes out of the eye and through the
beam splitter to the wavefront sensor of the present invention. The wavefront sensor
20  measures the aberrations of the wavefront introduced by the eye. Aberrations are then

computed by a processor coupled to the wavefront sensor.



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a schematic of a wave

produced by a |l aser beamreflected by the retina of an eye; Figure 2 is a
schemat i cwof02@9¢9p3 or art apparatus for neasuring aberrati ®@03/USB2/14399 oduced
by an eye; Figure 3 is a schematic ofSan aberroscope for use in a prior art

apparatus f i i e 4 is a schematic of a
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aberrations in a wavefront introduced an optical systemin accordance
with the presamofiameyati on; Fi gure 6 is an illustrative schematic of a

mrror array refl ctl u5| vefron for use iLn the apparatus
of Figure 5in a ?rﬁﬁ%s%d&e £ %8%@%’3%%% Ofg}‘?asurg’lgg%?%a%%sl s a
schemati g i Ilhﬂf@turc@dbpgnaydal ur al | ty of discrete |lines of one 15 orientation
di spl ayed on an i maging surface resulting fromone nirror array of Figure
5; Figure 6B is FigweResanéheniatic of an ahdrregcaperbumsglin pypriof adiagpargvefdri nes of
anot her orient atl on di Egl ayed on an imaging surface resulting fromthe

ot her nirror™#f Yure 5; and Figure 6C is a schematic illustrating

the conbi nation q:flgﬁr@@f 195@6@&11&&1)5 o@ﬁ HA LS Hack Bislkt 0 uéd 1Qld;1ﬁo§ﬁﬁv“ th
the plurality of discrete lines of Figure 6B. WO 02/ 090905 PCT/US02/ 14399

6 DETAI LED Dﬁﬁﬁalu@ﬁmba@ﬁnﬂ'g-ﬂ)anWI ON Illustrated in FIG 5 is a
preferr enbodi nent vefro t neasur aratus 100.in acc rdance
Wi th thggpresent TR eHe s BACIRUTA QR R ARG Y S5 Pt ADFRHmS 1 "R
system 102, %cﬁlge&‘ﬁ{rﬁn pticl sfsk ﬁPé&coﬂdQn&%ﬁ‘ﬁ{)?res@Mﬁh%rﬁWn a beam 106 I's

59enerated an |recte Into the eye 104 m 106 Is reflected as a

wavefront 108 wHiglre 6ds aeflustrativef schédreatizyef a]xﬁﬁroaladay seflehimg alidrfoctsiel 4 owar d
a wavefront detection (WD), device 110 for .detecting aberrations within the
wavef ront 10gveirant fopusgindls aparaiuspot Figue S i 0eaorGHee 1 ]irl%Prﬁ%Fé’éEH’e’El%%r d a

WD beam splitter Orrgréfrﬁ‘é’%ei%% s}ﬁ%@n ‘{ﬁﬁsru%ﬂﬁ%%gﬁgglﬁyefﬁigg{e?édﬁ?es o?B

conponents. One e wave ron conpone owar
15  orientation displayed on an imaging surface resulting from one mirror array of F igure 5;

Figure 6B is a schematic illustrating a plurality of discrete lines of another
orientation displayed on an imaging surface resulting from the other mirror array of
Figure S; and

Figure 6C is a schematic illustrating the combination of the plurality of discrete

20  lines of Figure 6A with the plurality of discrete lines of Figure 6B.



10 first mrror array 1 14A and the other conponent is passed through the
beam splitter 114 toward a second mrror array 11 4B. The mrror arrays
114A 114BvOiniogiwps refl ect, and focus the wavefront conpoR€mtUSO2Ci38ENt ON
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In the illustrated enbodi nent, the beam 106 fromthe radi_ati on source 108
focuses to aepqrated i@ two cotnpoments IBneldfdhowavdfeneyenidntsAs fafleatsil tgwirdras or
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source 110 is a device capabl e of generating a focused heamof photons,
and is pref chseritsliges whish arejlirmatel dejeetqdhy ay imggt F’E’Ssﬁg-l@ﬂ?‘?icl ude a

| aser WO 02/c§§§%g§3§gg4ﬁlﬁ%/véﬂ%%%ce ggg%xg%g?d ﬁg?&{tfnlgliﬁé RES Gl ode, or

essentially on device ca enerating a focused beam as

may be K@owgoinpohdits.alThe prdskiit iiventidd ¥ notviiesdritdidat home daaillr ce 110 may
include a spatial filter for correcting noise associated with the radiation
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the beam 106 toward the eye 104, and thereafter directs the resultant wavefront 108 out
of the eye 104 toward the WD device 110. In the preferred embodiment, the wavefront
20 108 is linearly polarized. Alternatively, the wavefront 108 may be unpolarized or
circularly polarized.
The illustrated optical system 102 is the eye 104. Alternatively, the optical
system 102 may include a reflective surface and a contact lens or eyeglass, an eye and a
contact lens or eyeglass, a telescope, a microscope, or other type of optical system to be
25  analyzed. In the illustrated embodiment, the beam 106 from the radiation source 108
focuses to a spot 122 on the retina 124 of the eye 104. A focusing lens or system of
lenses may be used in the path of the beam 106 to account for defocus and/or
astigmatism of the eye 104. The retina 124, acting as a diffuse reflector, effectively
becomes the source for light leaving the eye 104, thereby creating the wavefront 108.
30  Aberrations due to imperfections within the eye 104 affect the wavefront 108.

The radiation source 110 is a device capable of generating a focused beam of

photons, and is preferably a laser. Alternative radiation sources 110 include a laser
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axis wth the p- x ua? er't“f'na_veg\gt%eam splopffal Bomg%%ltgﬁﬁ%[és SyStglgl% Q){? -wave

plate 126 agfkhk fpeantdtRfedMerd)iB. dyeRnRYWehidi0dse pdl4Atibh &r routing beams, to
distinguish between beams entering the eye 104 and those leaving the eye 104. Prior to

20  reaching the plate 126, the beam 106 is linearly polarized (e.g., in an “s” direction).
After passing through the plate 126, the beam 106 is circularly polarized in one
direction. The circularly polarized beam 106 is focused to a spot 122 on the retina 124
of the eye 104. The wavefront 108 is produced by reflecting the circularly polarized
beam 106 off of the retina 124. It is understood by those skilled in the art that the

25  wavefront 108 will be circularly polarized in a direction opposite to that of the beam
106 due to reflection by the retina 124. After the wavefront 108 emanates from the eye
104, the quarter-wave plate 126 will linearly polarize the circularly polarized wavefront
108 to produce a linearly polarized wavefront 108 (e.g., in a “p” direction) having an
orientation that is 90 degrees different from the linear polarization of the beam 106

30  which entered the eye 104.

In an illustrative example, the WG beam splitter 120 reflects a linearly “s
polarized beam 106 (i.e., polarized at a 90 degree angle to the p-axis of the WG beam



pol ari zation of the wavefront 108 is on axis with the p-axis of the W5 beam
splitter 5 120, the W5 beamsplitter 120 will allow the wavefront 108 to
pass unalwereddwoward the WD device 110. One or nore optiP€alusdrw3ges, such
as | enses 128, are positioned within 8he wavefront neasurenent apparatus

det oot on adels Ut HeshBI0R TN AP BomATed Bitvet (PESABIEGENE

waves whi ch oyakes wophpiamee (il HoldDBd a8 akidayitlaghe pRasSEtthe MoG b spliiter104
to the WD device 110. Such devices are well known in the art. In the

preferred enBiiveietthe grstefaxaae phir 12@4@@?]‘1@%10(1\7@)111@8% ave 1940Sinee thedes  a

T30A B, & ROIFEARIEOHERTEST 108K Bt it wabB BT ol Gelslorn

splitter SllaZS%QWGQ)%a& Pﬁﬂeﬂ OGHIIN oW a0ekonk Q88 ikdh&ks Bt eDTRAEDt S
108A and 108B with each of the components representative of the entire

wavef ront 108 WibidewAte bEam splitter 112 reflects approximately half the

t t f th f t th f 08A ht
Ip(r;l gpimzeé ?n ane' V‘?funlrﬂgfgtﬂ? ﬂ"ﬁ df"él\ﬁﬁsl’gu ?ﬁsgﬁ)%glgfer%%f uffgi\w@ﬁﬂ h\?ng pass

the other h&watveﬁt)mtlh@ashfgnféﬁ% hbphrdths Id!ﬁto%‘é@tfthé’%vé@&ﬁ% bagvesavief &yeNni4 108B

(e.g., as light 20 polarized in a "p" direction) toward the mrror array 1
14B. It is wmddnaszmfrdnydtth@m dekickl1é0. They preseave thelpaspalgatidnt dipastiand efed in a

gi ven |rec i on ca oken down tmo conponen by.orie t he
o o or 10" pabenrysahigiaae P Meraveant (e %&E ParpS foming eyt 144 @
pol ari zed | 'Wﬁtd&iceai165 <4 &ﬁcé%réﬂ%%ellkﬁ&@ﬁ one another. In this
orientation, the pol arlze eamspltter WI relect hal f 25 of the

intensity of t he Ipdheapm%mddlen@bdmmmd the wasafidnt Hetbétionf (Whpdéevideehis) ingludés t he
pol ari zed For exa

t he wavefr 108 can be bro 0 into
two pol ari zé‘d n%e fyyo murrgr arzgyy ﬁf_‘/& SV AP WEGHHR ﬁte%&(\é%?’eﬁt i ng

t he axis of splyi a}z@_yef ront
108 rel ativeﬂapew%ge}ﬁano e@dsahéﬁa%%g%eﬁgﬁﬂ%r eam s%ﬁﬁ E‘Iﬁﬂte&)hépérb ects
"s"-pol a6i zed ihéophihg aavefienti@g ehto awd cdmPSentnthgrasseSBOwith taqhodfahe zed
light as the wavefront 108B. In order to orient the axis of the WD beam

splitter 11Zogmenendrepersartptiv oiche eitiretriaelipnidBordhe Y93 bgamapliterdddr ee
angl e rel at | é@ecttgap%rl]omﬁlgpetl}bﬁa{lf b e R A AL oRT 168'% NOWAERRR9688A
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(e.g., as light polarized in an “s” direction) toward the mirror array 114A, and will pass

the other half of the intensity of the wavefront 108 as the wavefront 108B (e.g., as light
20  polarized in a “p” direction) toward the mirror array 114B.

It is understood by those skilled in the art that light polarized in a given
direction can be broken down into two components by orienting the axis of a polarized
beam splitter and the polarization axis of the polarized light at a 45 degree angle
relative to one another. In this orientation, the polarized beam splitter will reflect half

25  of'the intensity of the polarized light and transmit half of the intensity of the polarized
light. For example, the wavefront 108 can be broken down into two polarized

(G 2

components (e.g., “s” and “p” polarized light) by orienting the axis of the WD beam
splitter 112 and the polarization of the wavefront 108 relative to one another such that
the WD beam splitter 112 reflects “s”-polarized light as the wavefront 108 A and passes
30  “p”-polarized light as the wavefront 108B.
In order to orient the axis of the WD beam splitter 112 and the polarization of

the wavefront 108 at a 45 degree angle relative to one another, the polarization of the



wavefront 108 can be rotated relative to the axis of the WD beam splitter
112 and/or the axis of the WD beamsplitter 112 can be rotated relative to
t he pol arwoariogndf the wavefront 108. In the preferred echatsonespsy a
known hal f-wave plate 132 is used to 9change t he pol ari zation axis of the

wavefront 108 by 45 degrees to _obtain *" 5 | ari If the axis
of the WD bé%eﬁam kqw%fzom@daﬁlagvfefe tﬁ%wﬁaegt%e&mév@ﬁ%p Her Lz agtor b 1 o
foo - compondARt(hé 3FD bhaRbplid 12 Bin be RANAL AR 14 HisockBalth SEML T, ' 108
is oriented vedve&onﬂ‘iosde’gttl@prafegie& eind)odlhﬁsnf [aknpwharalfzmweqﬂatamz isofsedl e D
beam splitter 112, In an alternative enb axis_of the WD beam

splitter is oapgs E@IPBWZ{@OG@@(F%@@G W@Vﬁ‘é[‘)é‘ﬁbowif #5 fl%e‘?ﬁttﬁé’btaélbrﬂ)onent s
h :
HURXE vt tams Dt e A

splitter 112ight hid Pasfeca@ “QOpdlaﬁmdeght litg: “fprt o tirizyd ﬁghttdaﬁ bediviged iatd ted

I [ ght as "p*" polarized |ight and reflect the remaini n%; i ntensity of the
"p" pol ari ze@nipogents fsg.y ‘S and pp)siice & fo*gpelarized WnV%fmm 19%is orjentediat B pe

under st ood t if th vef I;Ol‘l | I ol ari zed
l'ight or unp@aeﬂefea&get ©hRe %ﬂ'zgtgoﬁjt%tlﬁ on O]Wft) ar\?\%b%%%nﬁgp er 112
wi Il be irrelieMante é@b@dhﬁféﬁi & akiPex ths W Bedrh Gpllitte@ AchotEDb RS a@gdeésl ght can
each be conceptually broken i nto two congp;ents regardl ess of the

ori ent atlilon abdngwigh thei athesicompenenppvishiarthe B dewee 1102 relatiee toithe wheatiopt

pol ari zed | i ght the un 2 e broken do into
P componeritl: {186y arBedRbieied Bt o Bl nE e oRR 2" W the AR eERent A6 ' 115
because t heyyeagdnti@t mzawluegd@hpeﬁﬁhrdfwm%s@joﬂthghls” Mhﬁi’ediii 95@ them
to be spllt Jnto two equal conponents at right angles to one anot

Ther ef ore, fof” polariged laght ywngodflect the tenhdiging imensityd theer {7 @@Ianzgcﬂahghttas

beam spl i tte 112di{:g{1 reflect half the light as "s"-pol ari zed i ght
toward the rolqEe by 114A and pass half the light as 25 "p"-pol ari zed

light tqward the fiafion 3k WYbéu&&e%tB&gﬁaﬁﬁ'f%eswﬁfeﬁfoﬁﬁlw 1s%§d%h of the
WD beam splitter 112 and w thout the use of a half-wave plate 32 Wth

further ref aienkdytpolaFz&l 1151tdrluepwtamzetdrh@t nm/mmmn&fdhwmbemﬁplﬁtﬁ, and
focus light incident. on their s ality. of. djscrete |ines.
Each of the Wr"i‘lg © 1gelexg aiiﬁ gélghga%# %F‘ipgﬁvaﬁﬁa G ndri cal

mrrors 134,. a?@%? : to a
rect angul ar por%pi on-o Olt elht&/aqyé%ro t %L}g%fe%%]g}eg% gf%b?{/lliéﬁgﬁ)ég@ glrl ca
mrrors 134 WiDebdanr spiittent 122 THewimbilaily pofarized liglatainid ¢hepatpaldrizbd light can each

20  be broken down into two components regardless of the orientation of the WD beam

splitter 112 because they each contain an equal distribution of light which allows them
to be split into two equal components at right angles to one another. Therefore, for
circularly polarized light or unpolarized light, the WD beam splitter 112 will reflect half
the light as “s”-polarized light toward the mirror array 114A and pass half the light as

25  “p”-polarized light toward the mirror array 114B regardless of the orientation of the
WD beam splitter 112 and without the use of a half-wave plate 132.

With further reference to FIG. 5, the mirror arrays 114A,B divide, reflect, and
focus light incident on their surfaces to a plurality of discrete lines. Each of the mirror
arrays 114A,B are made up of a plurality of cylindrical mirrors 134, with each of the

30 cylindrical mirrors 134 corresponding to a rectangular portion of the wavefront 108.
Preferably, the cylindrical mirrors 134 are formed of a plurality of reflective parallel

grooves. The mirror arrays 114A,B are oriented relative to one another such that the



grooves. The mrror arrays 114A B are oriented relative to one another such
that the WD 02/090905 PCT/ US02/ 14399 10 rectangul ar portions and the

di scret e WonemIddduced fromthe rectangul ar portions by PCRAISA/t4309 array
1 14A are distinguishable fromthe rel®tangul ar portions and the discrete

| i nes produced fromthe rectangul ar [ti Yot he ot her i : y
114B. FIG 6*’&?%‘2%1’8 & gﬂ‘iﬁ}?ﬁﬁcﬁt‘? gﬁesé?rgﬁ"é”gp‘?‘g‘?ﬁ%e. ‘E%_"%‘%‘Erﬂ‘faéo?{éﬁ’/@ 14A,
W th the ot ke mifrofthridy0l 14 £ VistihdBsIMpR RbtNBe te@taﬁ%ﬁbf@drﬁbnmrtﬁé disEiete a
wavefront 108A traveling toward the mirror array 114A, the cylindrical

mrrors 134 lines prodigeddfeom e metangulanmortiarsd thppibir niromretanditBon t hei r
respective surfa pnto vefront .portions.136.. The cylindrical mrror
hrroy 1 Lan ref i ditsb dgd B pheBE ol paner B Rimptitrntd i s Gh
plurality ofmidios&h8) E148 HSSatiROA a(iBMaRANeL IR i wRRIEDNOTOS ARGV dMagdevi ce
116). 10 Preferably, the cylindrical mrror array 114A focuses the

plurality oftostarddhemdrdraney 1dAAathe cyhmdyicabymaoers 484 will 6ivide bpmegefionid by t he
bott om edge %% th@gflma i.ng devjce 116).. In_.the.prefer eg %qbodi1 n

"1l ustr at oa W0nApYgh ISl ths OBRhSIF Fabsitve SHEFise 1% VSR OTAPRIERS g Th ed
such that ongipdridafifide &y 134AG¥BeckdthdAvSbiosiGRridiR 198%RA TQRE thekPRfA i nto a
plurality of “vertical rectangular portion which are reflected and focused
to a 15 pl urphrality offdisesatd liwssl 138 AScapetsented bg spd88Aira&dif d6Age bib)t he | magi ng
surface 116A, and the other m.rror array 114B divides the wavef.ront 108B
into a pPur ﬁf?fgﬁﬂ?’bﬁ tfrwﬁ&@aqaérnlrribwaadg}gﬁaﬁ%cwﬁ thegH S st Haf Wrifod
and focused; ; | 4 | LAl | 4 : ( 6B) on
t he i magi ng 1%13;@5(@%6% 16}?& @éé e?faegragtﬂ?ét%dg&ﬁ %‘ﬁgt% va\;lllkéc béﬁdeer%gteelg B?he
dihsc{/\eDtg IinesI ;%mqﬁmgammemhmgt,ﬁmwd téd_iilllﬁgﬂsf.rmga'n@l &tﬁhém&mc;r]aiﬁa&sdby 20
t he eamsplitter 112, discussed jn detai elow In the preferre

enbodi ment , 1AA.B prerigpiedypuely that ueofithe parFqry asigys |46 dividgs Ahewavefyrat
plurality of;,di e i j .

gt ng. sur r9a TGSl Gt feghRuarbitof WBicARL RHtoRH g NGRS

wavefrons 1Q%uraiy dfiviertivbl dit@eteilines138A @TG. bA) antirlitrapingtsuvfece Eif?Qdhdarnt
each of the plurality of discrete lines nay be focused to a different 25

i magi ng deviatizer nyiFer prgg) g diides the mayefrpmid 08B) infosa pluppdiby of kerizgpiati sel y

detecting the, location.of .eper { nei.d i;mlg'- J .
Preferably, f?%%“%”?ﬁ%&%ﬂb&é \}1? %earg%éielc{sédéﬁ gtg%ctél(rg%(g@ca up éggofgilo?lggn%%m%aner a
which is capmgh @388 (GNEBY bh (e iBASHE¥uIAG AEAL Hreferably, the light which

generates the discrete lines 138A, B is directed towards the imaging surface 116A by

20  the WD beam splitter 112, discussed in detail below. In the preferred embodiment, the
plurality of discrete vertical lines 138A and the plurality of discrete horizontal lines
138B are focused onto the same imaging surface 116A to form a grid which is
representative of the wavefront 108, as illustrated in FIG. 6C. In an alternative
embodiment, each of the plurality of discrete lines may be focused to a different

25  imaging device.

The imaging device 116 (FIG. 5) is capable of precisely detecting the location of
energy incident to an imaging plane 116A. Preferably, the imaging device 116 is a
charge coupled device (CCD) camera which is capable of converting energy incident to
an imaging plane into a digital representation. Charge coupled devices are well known

30  and a suitable device for use with the present invention would be readily apparent to

those skilled in the art.



an imaging plane into a digital representation. Charge coupl ed devices are
well known 30 and a suitable device for use with the present invention
woul d be weadiobogomapparent to those skilled in the art. Wecea/s09089b

PCT/ US02/ 14399 11 The aberrations whilch are introduced by the optical

system 102 aff ect teh%ﬁlérg%qsn%r“%& L.rie%?od]l%%@@ﬁthg% {iaﬁgy%glgrlro g 4L ee

optical system 102, 1 screte Tines e substantially

straight. Algdcrat 1iaas] 38ABI Fot Aealpiatie@res ¥kl 10N aneRErctednids e t he
di screte lines 138A, B to deviate frombeing substantially straight. 5 The

aberr at i ons 138AsBhaoypst beaibstgyiialbrftramht. cAhendions wathin the @pbigal vesenrl0Rg t he

difference i,n_| ocation bet.ween.indiy ddal points on .a dis te | 13 8A,
13 8B pr odudBHeVF SR TaR gy Lt T 458 Tt PeBp sty shtehion ¢ he
subst ant isal I'phesHpbhtidis of HicSeptivblesybteMel 02 Fa De dét%nﬁﬁeagz_n@das@h@rthat ion free
optical system 102, and cal culating the aberration i ch woul d produce the

measur ed di fdiffereneseinflogationbetween indivitha poditsien @ discretalinghbi8at 3hproflueed: he
i ndi vi dual ints are.then ined to determ ne the .aberrations of the
opt 1 cai - oys B 1ooPinenie IPER L SimsPorihE P Prafs R Rt BB e

di fference RE{NRENNEH SEA288B fdd MeDedRich i FRMUSSENOW A Bfd @Qédl@tﬁ{é thystem
102 and the substantially straight discrete  |inés 138A, B produced by an

aberration fabeeatsypswhich ¥@RIdpioludeshe pmaiurgd difforanenforteachipoithdBe i n the art.

The discrete |lines [ 138A B used.to represent the wavefront 108 all ow the
wavet r o0 1GIterBitisd BBREHEARS Jor the IAAT PABYSAT Ao P SETHIned  enrs

whi ch genergtg, nfsio@itﬁee(fﬁ%ﬁt%%te&fl(ﬁpms to represent the wavefront 108,

because nore reference l'ocations are avail able for performng
cal cul ati ons. ThéVigthadd for calavletipd aiensatidddbis&l om thefdifference batwsqmedisdrete

wavefront cqonponents 2Q 108A, B as.describ bel ow so that they can be
recombi ned dieg haSAnE W@Q’Fﬁeégvit% %Ftl%ﬁ%St%f&%g? Sihstantiglly graéglﬁgjill%rqt‘?ragi ng
device 116. \y t I . | 7 : ' 112 is
used for pur%)(gé Eé&g r(ég&%r(i é’ eaﬁtaglelir%hog tafféa%;)s gt%fn % %lﬁ?veﬁ%%isq};a%glﬁ(e%f%i ned,

t he wavdbr onthoskQ tieodit. Mbhd disurete i@ee Y38 AL Bdised tostepiekert tlicowavefipan €08 allusw es
108A and 108B by the WD beam saglfi tter 112, the wavefront conponent 108A
bei ng 25 polth? PaErfrans 108 & besanadized i greptendrdail thas 1p BHeRt SYSEFRFOVNGAr d t owar d

the mrror Yehdtire atjiirﬁit:é nufni¥er YRS RYep P BRSDAv AR RELEGhuBLkBEd Z€d 10 the

"p" directi
reference locations are available for performing calculations.

The quarter-wave plates 140A,B modify their respective wavefront components

20  108A,B as described below so that they can be recombined at the WD beam splitter 112
for measurement by a single imaging device 116. With reference to FIG. 5, a polarized
WD beam splitter 112 is used for purposes of the present illustration. As previously
explained, the wavefront 108 coming from the eye 104 is split into component waves
108A and 108B by the WD beam splitter 112, the wavefront component 108A being

25 polarized in the “s” direction and thus reflecting downward toward the mirror array
114A, the wavefront component 108B being polarized in the “p” direction and thus
passing through the WD beam splitter 112 toward the mirror array 114B. After
reflecting from the WD beam splitter 112, the wavefront component 108 A passes
through the quarter-wave plate 140A which changes the “p” linearly polarized

30 wavefront component 108A to a circularly polarized wavefront 108A. When the

circularly polarized wavefront 108A is reflected by the mirror array 114A, the circular

polarization is reversed. Upon passing back through the quarter-wave plate 140A,



passi ng through the WD beam splitter 112 toward the mrror array 114B.
After reflecting fromthe WD beamsplitter 112, the wavefront conponent
108A passwe o2idmotigh t he quarter-wave plate 140A whi ch chR0FAs02/h399 p"
linearly pol arized 30 wavefront conpolent 108A to a circularly polarized

wavefront 1Q8A, e ci.ncul ' | | ect ed
by the m rrgg"‘%@g\ﬁ?wg%“ %pr%lgt% ﬁiﬁgﬁ@b&%ﬁ@%ﬁ]&ﬁ%ﬁl&%d }gdgéfrrg%c} l.bg%pon
passi ng backyilllyeQuahpeihe aGinairdyesolverd vialvairentlé@don¥id 108 AGA GRS direction,

PCT/ US02/ 14399 12 towards the beam splitter 112, the reversed

circul arly pebapssedip thavet disertionodik to i evessedogirchipe olapization. Faging yow
pol ari zed vef ront. conponent ,,108A.in the "p" directio . t,0 t he
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l'i near | yspolgg ha@dlsiiftet NE2 {owardh the higify déiee Wieyvef ront conponent 108A wi l |
pass through 5 the beamsplitter 112 towards the imagi ng device 116. In a

simlar manner, tlhe simpilarmansgr,lthe 51 lmephepolapzedtwaretroobenmeprasnt 1G8B

passi ng through the e litt t t.h ] 114B
passes thr d’&gﬁﬁﬂﬁ ﬁéo'%ég‘?gﬁ&g% S%%féﬁimﬁaf% %Wﬁ&%&ﬁ@f{sg& linearly
pol arized wgwghh ARlqueRERRRE 12t A9BB hich aiahgéBa tgi k> BRdaglyipegsizug@vef ront

126B. The reflection of 10 this wavefront 10 he miiror array 114B
t hen rever sesvefrentodonmoenent 108B&p iazatulerly polarided waairoph$26BgTheasklectinnoafgh

t he quarter-wave plate B towards the eam splitter 112 is changed to
on - o b yrayerant 18R BabO R 28 SRR EUERRE CHOVIE SoRRBH ot ed
by the WD b i t Wpe=Yall I EiTovnipy Y=Y}
r econbi ned \;ef}lEﬁ '?] ht eﬁa ﬁ%?ﬁﬁ%ﬁ%gnﬁéﬁﬁmi% 1?235%%%%5 ernati veaﬁp
enbodi ment (sphttersH@vimyhanged ta pi 6" liveglynglaeeil veveftdt coaipobent 108Bdyhitthmsr eby
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dq@aﬂ

Theref ore, dOFoicHRFHEd Py thenVd ksspbinlitient 12 topar magngalpge ﬁ'lf\@ztlo %]iﬁeé?b}be

el i m nat ed fgeo&m{fédQﬁﬂﬁ{éﬁg&ﬁoﬁ%ﬁé@eﬁﬂdﬁ and scope of the present

i nventi on. e processor recelv I'nformati on fromthe i nagi ng device

116 and 130 anal yZf%ntahtemativoemvddinentt(fotcshopul, enltipleabagingtdevioss 1 TBhean be

I nformation nay be stored in,  a storage register grior to processin&}by
se

processor 14Bewiharely wwaqyingche sesd torerephing 1B yavelrontonpeneninl 084 19
Lo 550l AR PR L UM B G4 i Sevico
without departing from the spirit and scope of the present invention.
The processor 142 receives information from the imaging device 116 and

20  analyzes the information to compute the aberrations. The information may be stored in
a storage register prior to processing by processor 142 or may be processed
immediately. It is apparent to those skilled in the art that the receipt of information
from the imaging device 116 and the processing of information may be performed by a
single processor or divided among a plurality of processors.

25 In accordance with an embodiment of the present invention, an aberration
correction device 144 is coupled to the processor 142. Alternatively, information
calculated by the processor 142 may be stored on a hard drive, diskette, server, compact
disc, digital versatile disc, or essentially any device capable of storing information. The
stored information is then passed to an aberration correction device 144. The aberration

30  correction device 144 includes a known lens grinder, contact lens manufacturing

system, surgical laser system, or other optical system correction device. In a surgical

laser system, a laser can be optically positioned relative to the WG beam splitter 120 to



singl e processor or divided anong a plurality of processors. 25 In
accordance with an enbodi nent of the present invention, an aberration
correcti owodemdmes 144 is coupled to the processor 142. Al PETASBIY/VSHY,

i nformation calculated by the proceS@or 142 may be stored on a hard drive,

di skette, server, npact . di sc, ital versatil d|sc or es tially any
devi ce capalSilHQCt(ﬂla%@chPltWéheﬂfl(S‘PW geh IJ’E 4 iy pmARRST B‘Wﬁﬁ?

passed to am, QL bEGFRi %hﬁfys Lhe aberration 30 correctl on
device 144 | n Licfgs a%Eﬂﬁ) ens. grin cont agcl?}el ens manufacturing
system surgi cal Hoaslatstratysd mnposes, the ptesemmwentaln Isasdteenmiesoribedin tamgiefvi ce.

In a surgical |aser system a laser ptically positioned relative
to the WG héBSAEHIS Vawsironbepariations ?Pé‘!«f@@gga §@9/ @3’3’9@“ 113"1@bl3ect a

| aser cutti |1 known
nthe art o5 Ahhenio i SRRl BRe Bl i A ErctP v PR U
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measuri ng wavefront aberrations introduced by a human eye.. However, it wll
be 5 readi| pirgsphre monpeulﬁlso@cet@qunﬁ@dn%hmel BYE» Ctrwatnbw?éwﬁloé&eﬁ?

i nvention canSt 4 used to neasure aberrations created by other optical

syst ens, J eyeglasses t el escopes, binocul ars, nonocul ars, contact

| enses, non hUlTBlHWthu@ﬂe%ﬁB&i Dt getti@flart dheRimEnts bl 1n\ldmibmgfahbu§
descri bed a few particul ar enbodi nents of the invention, various
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within the spirit and scope of the invention. Accordingly, the foregoing
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detecting alghifddr¥ds Mifirdd WHRTE0Wing Clalh@ohd ERMANOMetES  System said
sensor conpri si ng:



a beamsplitter for receiving the wavefront and separating the wavefront
into a 5 first conponent having a first polarization and a second
conponentwbariosngosr second polarization, said first pol ariPEatisen143e¢ ng

di stingui shable from said second pol adi zation; a first mrror array
reflecting focusing said first conponent to a first plurality of
discrete Ii atH%l?/lF‘Wée‘g‘S:fi rst orientation; a second mirror array for
reflecting and fqcuysi i lity of
di screte lines hg\'/%nggeﬂéb@?c%ﬁ%%%g Fg%rf%{alﬁgﬁpgfvfa ?g%(glrtlte %ﬁﬁ%ﬁ% !:i?agt

ori ent at i on;systerd, said semagy cognpat@inigce for detecting said first plurality of
discrete lines and said_. second plurality of discrete lines. 15 2, A sensor
in accordance wi 2HPeaPaPHtar fopFRepiNIng ¢ %Wavqfrqrg@nifwmg%w n§HjQya

second mirr fi Of ] j ' P%W j

di scret 215 i %%t%roé%égg‘g%aig%g Iayfﬂrl°?)'tr§f6 gaé{nng% ar %%aggf(%hgeggn 6?%% éﬁéf){t?@ of

di screte |i petarization ssidistpolatizataobadagdistingithableatom 2aid wbemdipolasahtion;

i mgi ng device is a charge 20 coupled device (CCD). 4. A sensgr in

accor dance with @fEsmaroragay plecipgd foruingsaid Hesk sanponeyt to HRmwt y2i ng sai d
first and s I I £ 4 - di e i:nes produced on said CCD. 5. A
sensor in a}g%?l@g%é‘ggs\?\ﬁt#@%ggﬁ%ng,a%ﬁétrcbﬁgtdn@gﬁpri sing: 25 a first
quarter-wave pl atageodd @atdryrag Srtreittidg bed Ysasing 8hid sbend coplpohértto and

said first mrror array to convert said first conponent fromlinear

pol ari zafi oneesmdplyrplistof discenbebingsiharingiarseeandyniontation diffgrant frwn saifl fisgti on
upon the passi n@.of_ s%i d first conponent through said first quarter-wave
plate to sai WP Wy v or array and to convert said first conponent from
circul ar pol ari zahii@Agihe devibe fir deRkflig Zdd fifdh pRiraldy SeeRAGtIIRPaBREdi@N 30
direction upon the passing of said first conponent through said first

quar t er - wav eegindtpdurafityqrhdesstade fingsst mirror array; and WD 02/ 090905

PCT/ US02/ 14399 15 a second quarter-wave plate optically positioned between
said beamsplitter and said second mrror array to convert said second
conponenk from | ixn@adenReliRhéce@ddn@dwith clhim! 1) Whidrddh 08 Gadt G oflhrk&C4ndQaid O
circul ar polarization upon the passing of said second conponent through
sai d second sgeradtneirronauey pleavefigued ti atientsaid firsvipturality axf dispretalineso

substantially perpendicular to said second plurality of discrete lines.

3. A sensor in accordance with claim 2, wherein said imaging device is a charge

20  coupled device (CCD).

4. A sensor in accordance with claim 3, further comprising a processor for
' analyzing said first and second pluralities of discrete lines produced on said CCD.
5. A sensor in accordance with claim 1, further comprising:

25 a first quarter-wave plate optically positioned between said beam splitter and
said first mirror array to convert said first component from linear polarization of a first
propagation direction to circular polarization upon the passing of said first component
through said first quarter-wave plate to said first mirror array and to convert said first
component from circular polarization to linear polarization of a second propagation

30 direction upon the passing of said first component through said first quarter-wave plate

from said first mirror array; and



5 convert said second conponent fromcircular polarization to |linear

pol arization of a fourth propagation direction upon the passing of said
second cowperesot hrough said second quarter-wave pl ate PCoImsszi«Isecond
mrror array. 6. A sensor in accordande with claim5, wherein said beam
splitter is configured 10 to combi ne..sajd fi Q rg@?‘g

after reflection a%’)?ccg% %‘a%e]i'%vfiseaﬂg{eso gg%h%oﬁﬂoi%cri g%(révre%g%l&gg%%e 1 \%eq%l ?/ 7.

A sensor i n saidGesshANaRrodatrly £ @infel saiiedontl Rompbhler? EidmM Bidar bblafizdtiondf a
pol ari zing beamsplitter configured to pass said first conponent linearly

pol ari zed i rthird ropagaionidirsetiqnr lopirgalel peladiation mipon therpssng ot wedensand onponent
linearly polarized.i,n said.fourt ropagation direction, and to reflect
cad Tt OB pRRLE SRAT aPBEAT, bl ol FaRERe R mS B
directi op ardnwM shi® LR cERPRRAEASmIi0ERS pMafltRdhitd BHedrPofdizthior b4 d
propagation direction. 20 8. A sensor in accordance with'claim?7, wherein
said first pgowteprepagatiodidirectianorpondbgipassiing of said s¢copd epmpendnd thraughessid on ar e
t he sane, and 0[snai dg%econd 1Eﬁro agat i.((i)n d('arecti on and said third propagation
direction afECYPALULFVaE Plate T PIFORE CBFEEHEE Wi t h claim 1, wherein
said i magi ng device conprises 25 a single inmaging device for detecting
both said first plurality of discrete lines and said second plurality of
discrete |ines. T0A stnsappacairdemcé oithrobamufy, whgre said atdmsplitte iscomdigefadont
emtted froman _optig system .conprising; 30 a .beamsplitter for

recei vi A afcaBREP sFRGS A SHERPIRPBIRPTTI GRet TFAGELOn By S ER R SE Ay
first polarizati n ciggend conponent having a second pol ari zati on,
said first I%gﬁog%?%)gsf %gﬁe bgggg di stingui shable from said second

pol ari zati on; WD 02/ 090905 PCT/ US02/ 14399 16 a first mrror array for

reflecting and focusing said first ¢ Qnent to.a first lurality of
di screte lines ha?vwn%prﬂnﬁ%qoréﬂnp%mtﬁﬁ%w;&y@&%%dWW hiigrisy for

reflecting £ i L ii:y of
i scr ot e i paz RRCy bR RR00E 1 BIRAER ! nfonsfaBRBn bRl ©F
or i ent atibon;saidfitsairopagagom direltionaad kaid seeindcompgnanilidedriy sdlaridedimbaitly of
discrete lines and said _ . . . o
fourth propagation direction, and to reflect said first component linearly polarized in
said second propagation direction and said second component linearly polarized in said

third propagation direction.

20 8. A sensor in accordance with claim 7, wherein said first propagation direction
and said fourth propagation direction are the same, and said second propagation

direction and said third propagation direction are the same.

9. A sensor in accordance with claim 1, wherein said imaging device comprises
25  asingle imaging device for detecting both said first plurality of discrete lines and said

second plurality of discrete lines.

10. An apparatus for measuring aberrations of a wavefront emitted from an
optical system, comprising:
30 a beam splitter for receiving and separating the wavefront into a first component
having a first polarization and a second component having a second polarization, said

first polarization being distinguishable from said second polarization,;



second plurality of discrete lines; and a processor for conputing wavefront
aberrations fromthe detected information received fromsaid imging

devi ce. 1WO012090805 apparatus in accordance with claim 10, PaTUse?/14399
conprising: a radiation source for gekerating a beamto be directed to the

optical systemtq f{“ﬁ@?’ﬂ“%l‘%e ?g?r‘#gﬂeecfgﬁg%d{@a%?'saiﬁrhr?ﬁpc%%{&%é?ﬁ t&Q cordance

with claimz10, fdr conpr irs ter-wave e positioned
bet ween sai q)hh@m?ofmligcfe&@ﬁn@nﬁvﬁ@iachﬁﬂdrsdntaﬁlash;ror array to convert said
first conponent fromlinear polarization to circular polarization upon the
passi ng of said fdsegendowipuseay farnederding sud doouping saidsasandcompoaent o ate to

“said first mrrar_.arr. nd _to.convert said first .co nent. from.ci r.cul ar
20 pol ar | zarremamstRfifler s g ek fkond bR RSN ot e
conponent t hyRU@fiosadd first quarter-wave plate fromsaid first mrror
array; and a second gquarter-wave plate positioned between said beam
splitter and sai dnisegogdenice fardetacting said ficsh plusality o8 ligcrsteclored andppdnent
fromlinear polarizatjon to . cji.rcul pol ari zati on upon the passing of said
second corrpoq'ﬁ"e ptht‘irrahb'gq%dés&feﬁeb’é%go 25 quarter-wave plate to said second
mrror array and J,0,6Q8046bf ciifpfling SFRBHoMUPBRREIHS front B1F detdcfd|iRformation
pol ari zation to |i'near pol arizati on upon the passing of said second
conponent t heauingdd fsam daid emegidg gevict.er - wave plate from said second mirror
array. éﬁ An apparatus in accordance with claim 10, wherein the wavefront
is lineaFly 30 polarized. 14. An apparatus in accordance with claim 13,
further conprising: / =wave pl ate
positioned bet mg%'qu\ﬁ}gp%@??’g%ﬁogn éés@? C&aég%%’sp ?lffcer osrlﬂgal tering the
| i near pol ari zat iaadiakos safrcd foe gevevafngaiicamltd beilireeippd & thiewptical sgtemridance
with claim210, wherein the wavefront is non- 5 polarized. 16. An apparatus
i n accor dandBoRce R VaYHIonH, wherein the wavefront is circularly
pol ari zed.

15 12. An apparatus in accordance with claim 10, further comprising:

a first quarter-wave plate positioned between said beam splitter and said first
mirror array to convert said first component from linear polarization to circular
polarization upon the passing of said first component through said first quarter-wave
plate to said first mirror array and to convert said first component from circular

20  polarization to linear polarization upon the passing of said first component through said
first quarter-wave plate from said first mirror array; and

a second quarter-wave plate positioned between said beam splitter and said
second mirror array to convert said second component from linear polarization to
circular polarization upon the passing of said second component through said second

25  quarter-wave plate to said second mirror array and to convert said second component
from circular polarization to linear polarization upon the passing of said second

component through said second quarter-wave plate from said second mirror array.

13. An apparatus in accordance with claim 10, wherein the wavefront is linearly

30 polarized.

14. An apparatus in accordance with claim 13, further comprising:



10 17. A nethod for neasuring a wavefront emtted froman eye conprising
the steps of: (a) separating the wavefront into a first conponent and a
second cowpones)gs (b) focusing said first conponent to aPCirnsv2/sssd es of
di screte lines having a first orient#étion, and focusing said second

conponent 1o a Sepapd, Seri.88, 8l HLASLEI S R ABNAN 00 506800 o

orientation, sal cond-®orl I on bel ng eren rom sail

orientati Onalte’;lﬁ}lgtﬁ@mn@@bsﬁhk;ﬁg)nlalﬁ{s(ﬂﬂtﬁéwgﬁﬂ‘@k ated to said first serl es of
di screte lines and said second series of discrete |ines for determning
t he aberrations of the wavefront. 20 18. A nethod in accordance W|th claim

17, wherein step conpr.i ses ar at. vef.rgnt | ol ari zed
wavef ronts havi nbgg%rf?pé’gg S%&F%@?&éﬁwﬂ%gal g() eﬁeé?ﬁbedwavr? clgrna nce with

claim 18 whghgida. said focusing step conprises focusing one of said
pol ari zed wavefronts into said first series of discrete Ilines and focusing
the other one of said polarized wavefronts into said second series of 25

di te |i , d te | f f t
bei ng. Subst ant| af by bEIRCHE BaPGRaRse UL ARG 1 S5 9 TS ERb ot her . 20.

A nethod i ncaeeRfARsaeewi th claim 19, wherein step (b) further conprises
conbining said fi'rst conponent and said second conponent. 30 21. The net hod
of claim 20, wherein said separating and conbi ning steps are performed by
a beam I|tter 02/.090905 PCT/ US02/ 1&399 8 22. The net hod %f claim
51 whelbin sai dl Zgbaw&md 8t DeRTing A ataYPEent ol (Framy 4 Y S ioAPBTISnE thes ¢

i nternmedi at go dvgvefront having a first linear polarization to generate said
first conpone}?"lt and a 5 second internedi ate wavefront having a second
l'inear pol ari zat {)semhirdtingrthertvatefomt o d firdticosipohémt ead a padoad caaponmtyt o

t d d t; furth h ) f,
donver 1 ng-sai d D esIEghr brslomRost oA TG s5req habterets HEG ingh Bt zat i on
and sai d segond, i o BRI fo%ﬁélfg%ba?g%écgﬁ Saﬁoﬁ?&wse%ﬁ&wn%g ?Bagéefenﬁe ion

bet ween sai d separ g st ocusing ste
15  having a second orientation, said second orientation being dlfferent from said first

orientation; and
(¢) detecting information related to said first series of discrete lines and said

second series of discrete lines for determining the aberrations of the wavefront.

20 18. A method in accordance with claim 17, wherein step (a) comprises
separating the wavefront into two polarized wavefronts having different polarizations.
19. A method in accordance with claim 18, wherein said focusing step
comprises focusing one of said polarized wavefronts into said first series of discrete
lines and focusing the other one of said polarized wavefronts into said second series of
25  discrete lines, said discrete lines for one of said polarized wavefronts being

substantially perpendicular to said discrete lines of the other.

20. A method in accordance with claim 19, wherein step (b) further comprises
combining said first component and said second component.
30
21. The method of claim 20, wherein said separating and combining steps are

performed by a beam splitter.



10 wherein step (b) further conprises the step of reflecting said first
conponent and said second conponent, said reflecting step converting said
first cirwoloaopdl arization to a third circular pol ari zaPCoset/ 14309
opposite direction than said first c#rcular polarization and converting
said second circular polarization to a fourth circular polarization of an
opposite direction than said second circular polarization; 15 further

conprising the Szﬁpﬂe’m&ﬁcﬁo Nuest.ing said third circular polarization to
a third |inear arization and converting said fourth circular

pol ari zation to azvlfew_nwid skpangting eyl separates ilenwbetfwatnts aiicbst igéecidtag and
combi ning of step (b), wherein said third Iinear Eé{éari zation i

subst ant i al wavpﬁenfs%&wga?s 1@5#%%@%16%&10@&%&@6&}? s fusticompapentaada fourth
l'i near I ar %goqltd dﬂt%ﬂh{\?\%étg Q\?&Rf@ﬁ]&ﬁtya{fﬂx ta@@co%ﬁqﬁleglgpoﬁﬁﬁﬁtlkh ﬁ?ﬁernlsﬁt']ﬁﬁﬁ said

polarlza I on, ereln sai conprises conbining said

first COWDOFfﬁEﬂhﬂ&&Vpdlg‘lzaﬁand) fdvierdle !;aume@bn@od)rﬁpdmatl on with said second
conponent having said fourth Iinear polarization, A nmethod in

accordance with cﬁlﬁh%cympnﬁmgttmtemﬁwﬁlo SPRNgringesaid @Et Bpear pszlsmaﬁéﬂrytz).ang t he
detected | nftgst%%{ hf) Pal 933%% mﬂg%dtsggon\ﬁqgl%y fq@&nzﬁﬂgﬁ ’E(f‘é Ee%gﬁd c1r&ﬂar met hod

i n accordan erelrn sal
conmpari ng i FoRrirafidrObet@oérpéane fpdtaltmggtep )(hnd%ﬁﬁ(ibd:d&glgsdtqp(b\g{l t h knovvn val ues
ron e

30 for an aberration free wave calculatln rration of the
wavef r odf. wherein step (b) further comprises the step of reﬂectlng said first component
and said second component, said reflecting step converting said first circular
polarization to a third circular polarization of an opposite direction than said first
circular polarization and converting said second circular polarization to a fourth circular
polarization of an opposite direction than said second circular polarization;
15 further comprising the step of, (b1) converting said third circular polarization to
a third linear polarization and converting said fourth circular polarization to a fourth
linear polarization between said reflecting and combining of step (b), wherein said third
linear polarization is substantially the same as said second linear polarization and said
fourth linear polarization is substantially the same as said first linear polarization; and
20 wherein said combining step comprises combining said first component having

said third linear polarization with said second component having said fourth linear

polarization.

23. A method in accordance with claim 17, further comprising the step of:

25 analyzing the detected information to determine the wavefront aberrations.

24. A method in accordance with claim 23, wherein said analyzing step
comprises:
comparing information obtained during said detecting step with known values
30 for an aberration free wavefront; and

calculating the aberration of the wavefront.



