APQODI ZED DI FFRACTI VE | OL W TH FRUSTRATED DI FFRACTI VE REG ON Background [ 1]
The present invention relates generally to ophthalmc |enses, and nore
particularly, to intraocular lenses (I1QOLs) that provide enhanced
internediate vision. [2] Intraocular |lenses are routinely inplanted in

patients' eyes,pyhizi® SHFACTT R IEEWI THFRISITOCEED MEFRRACTEVE cryst al | i ne

l ens. Sonme |1 OLs enploy diffractive structures to provide a patient with not |

only a far-focus power but also a nEEI%cus power. Such I COLs may al so
provide a limted degree of intermedi ate vision due to the defocus
properties of the two primary lens_powers (i.e., the far and near powers).

1003] There is, however, still a nBederrd di ffractive | OLs that can provi de :

enhanced internmediate vision, and nore particularly, there is a need for
such 1 OLs thabipray ipfieerk Nvavies kinkepsRaliate oeighnieuiahdet,yandi hbrout any

significant degradation of the f near, vi.sion. Sunpary..[004] The
present . di SCP%%QI}P@Y’Q%HE‘?%F]F‘S/EF@P %@%pﬁ?@? ?@%?ﬁceént%ﬁ’%%%ﬁ?éﬁﬁo | enses
(e.g., diffractive I0O.s) that provide near and far foci while directing a
portion of te2j msiactank Wrsghtretonthnly mntpbneddi astentsdcptsi dninpetiwedn t he far

and near foci. Mire rticularly, sueh di ff£iacti I incl ude a
dif' tracti v&EH EPcf"Eg%e lﬂﬁn‘af‘aa‘f“?yacayg glgﬁia}?n(%' dlgcrﬁgect'}bggﬁglﬁo?oﬁﬂo#ﬁ‘{ahe i nci dent
| i ght to. thesiwhes segbades batat wiin notl anlyreafay foemtyaticrbuit aso & frer-ruser si on of a

" porti f the ingcident light to.the. i. di-ate | oD &l hi eved b
Droviding a Bt SRUL g eartipiB PR B mARE R e BT U Y |

or nore zone ddFedunptaneries obthe tinepmitndry feac pawees (b4, rorclausmd neaf ©05%). | n one
enbodi ment, the invention provides a diffractive ophthalmc lens (e.g., a

diffractive g el haGIeH 3health! BehaielOr 8fhaflh b Shitace and a

posterior su e Niere the optic provides a far focus. A diffractive
structure coiperinadiamgvigionland adoie garddulagdyftharais winged oo mish IDEs Birtpeddd on at

| | east one of .t hose.surfac : vide: a. r one is
" separated fr Wr%vﬁgé%?r%%%t? %?g%e%%y%nteéﬂ%ﬁ ifI6R!deb BN FRETer

and near vision,

Summary

[004] The present disclosure generally relates to diffractive ophthalmic lenses (e.g.,

diffractive OLs) that provide pear and far foci while directing a portion of the
incident light to an infenmediate location between the far and mear focl. More
particularly, such a diffractive Jens can include a diffractive structure that is adapted
to direct & portion of the incident light to the intermediate location. In many
embodiments, the diversion of a portion of fhe incident Tight to fhe intermediate
Jocation is achieved by providing a sufficient difference between the phase delays

. generated by two or more zone boundaries of the diffractive structure.

[005] In one embodiment, the invention provides a diffractive ophthalmic lens (e.g., 2
diffractive IOL) that includes an optic having an anterior surface and 2 posterior
surface, where the optic provides a far focus, A diffractive structure comprising a
plurality of diffractive zones is disposed on at least one of those surfaces so as to
provide 2 mear focns. Each zone is separated from an adjacent zone by a zone
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boundary that inparts an optical phase delay to the incident |ight.

Further, at |east two consecutive zone boundaries (two zone boundaries
separating one common diffraction zone fromtwo different zones) are
configured such that a difference between their associated phase delays for |

at | east on vel ength of the incident |ight is greater.th out 1/20
wavel engt h (-O%W %‘gﬁﬂﬁmp”r“e‘fpgf:ﬂl?g@?e g&@'ﬂtoe ¢ f%lélﬁmggogt ﬁpf erlgpvx}g%gl ength (1
2), e.0., inwa dorageivefzonb BbiinddrdR Ntwavelceghiuries sepijatihp oaboutmin 420

wavel ength (12),.so0 as_to dir a portion of. the incident.Light to a

| ocation bet &R 7aH &RM _g’ﬁ’dg%fmf %’&ez‘f &g é'jmf}gﬁmg SP‘éq} gFg %%ﬁ%%ﬁlg nent, the
zone boundar e @BIPEdsShated PHaty delayi for af lesat @p yavaibresieofabe ihadsit lighno
consecutive steps exhibit a differential height adapted to provide a

di fference gilg%ggﬁmhh%bu@@ggtwalx&m),ewﬁefeﬁﬁg( geRirarablhyutgh eat er t han
about % wavel eéngth, e.g., in a range 8f ‘about 1/20 wavel ength to about 1
wavel ength, in thei rlassoci ated phase delays. [7] Injanother enbodi nent,
in the abovewivEkndiay+nig, a.gnl iuratangs ofosbost Hp6 vaselm&e(gg&h@mboetiof its
diffractive structur®, a portion of the steps exhibit“decreasi ng heights as
a function ofakpeeashne [is taae e pbtiedt heineiadi dihiob atibatcibdaes on which

~the diffractive structure is disposed, that is, a portion of the step

hei ghts are &@pwdi28dr 98] | n another enbodiment, the diffractive structure
of the ophthalmc lens conprises a truncated diffractive structure that
covers a por tdoen, Iraatihed ebreiment e@ore hoetdariesgbmprise @ phiralifh 4T45€0S, BAGHi ch t he

structure is, di sposed. 9] .1 n anot.her..enbodi t., in e e | AL, the
two consecut %k %ﬁ@nsﬁfﬂﬁaa?t?%scx f %idtﬁ%tr%lgglag%%gn%dﬁﬁe%&goﬁgﬁﬁ &renti al
phase del aysdifi@tncalgrehRa fian abeut idpbedayelghdth, iand arofembdiie cobtcrafiantbod0B nu to

- about 700 .. 55Q . 0 h j ti
Sr g\lji des arr?g? g“"%@bé"gﬁﬁ fr“]g%ﬂge ﬁgéyé’l’t i'{%b ‘ggvg} mﬁ%ﬁ%o%e‘pe%hﬁhggtﬂ’ %?sl ((:D) to

about 34 D. [ictaR@phast Belaydi ffractive structure provides a near focus add

-power in a range of about 2 Dto about 4 D, e.g., in a range of about 2.5 D

to about 4 D(g)r?]i L Boh@NE8 e 280 1601 pldtalky of slpeaselohect i ve add
power of an £ L en 1 nplanted in the eye can be different fromits nom nal

(act ual ) -addbgandusies of its diffractive structure, a portion of the steps exhibit decreasing heights
_ 25 a function of increasing distance from the center of the surface on which the

diffractive structure is disposed, that is, a portion of the step heights are apodized.

[008] In another embodiment, the diffractive structure of the ophthalmic lens comprises a
trancated diffractive structure that covers a portion, rather than the entirety, of 2 lens
surface on which the structure is disposed.

[009] In another embodiment, in the above IOL, the two consecutive zone boundaries
exhibit the aforementioned differentia] phase delays for at least one wavelength in &

range of about 400 nm to about 700 nm (e.g,, 550 nm).

[010] 1In another embodiment, the optic provides a far-focus optical power in a range of
about 6 Diopters (D) to abont 34 D. Purther, the diffractive structure provides a neat
' focns add power n a range of about 2 D to about 4 D, e.g., in 2 range of about 2.5 b
to about 4 D or in a range of about 3 D to about 4 D. The effective add power of an
JOL when implanted in the eye can be different from its nominal (actusl) add power.
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For exanple, the conbination of the corneal power and the separation

bet ween the cornea and the JUL can weaken the IOL's effective add power,
e.g., a nomnal 4 D add power can result in a 3 D effective add power for
the whole eye. In the foll owi ng sections, unless otherw se indicated, the
recited values of add power refer to the nom nal_ (actual) |ens add power,
whi ch can be Fefi FrEplenthe pemiinatipe ob the cermpa) @oRerrng dicTePspiénm Retcen e i s

i npl anted i nc4hg Y e 1ok1dan Weaidn 1! @K@e@g@@@dﬁg%sg £.Be . QBkiral 4  fornmed of

a biocompatible material. Some exanples of such materrals include, wthout
5]

|
linmitation, a&¥rowsEeapiresllingd P ederdive sdmorgeiar Be vbelnaye. PR Sedppting| e

pol ymeric mat&rbRl snibdVdoivi®e kS| the rdcRCe Y10 Jrehl %%Pf&fé‘r% e particul ar
application. For exanple, in sone enbodinents, the optic is formed of a

cross- | i nked neBigel| (gaved) lop 29d privesn yrhichipp badiifprenitiome efechmerid rerny |

met hacryl atevﬁgj{rﬂpmmswsmﬂ@g@{sof. [12] In another enbodinent, in the
above ophthalmc |lens, at |east one of the anterior or posterior outfaces

includes a base profile that .exhibits. a sel ected deqr of asphericity
(e.g., one c }Qctl&air"ﬂﬁﬁé Oglnﬁ%tnﬁ?’ﬁo?%ﬁ%‘?)%% 0& Figlgcoflg’ﬁtgbge %Fte%%t%’té 10 to
about .- 1000, cfnbplos b edehf 286810 findUtvithd 1iRitdRAU kot 1Bic Okilib&z] CI Ly O
provi de i rrpro)\{/fg image quality._ J13] In another, enbodinent, a diffractive
opht hal mi ¢ | B¥4ogel & dher SinsermRabille RORETHA 83t lsolsving nhaisly Bde7aft eri or

surface, a peabiondbr SpHricAReappBbicR Hérf dxhdfik, iM Qorfid ErSddihhei:C BRREBES NY a
‘plurality of (rzlf{gffractlve z’_ggees di_ sposed on at | east one, of those, surfaces,

where each z&n8™d FehaPsrioied BrvaR od}-aearebhylae iy =t Zekavisthdary. The

optic provi desthacriiat chasksy BRWnmesPeResNg to the zeroth diffraction order of
the diffractive structure and a near focus corresponding to the first

diffraction order of the structure, FEurther, . the zone boundaries. are
charact eri zed"by amﬁP‘ﬂ]?eéF]im%(ifh%@’Hth? thovs %D?‘F%a]é‘i‘% nsn%tiq%aﬁrtoé?ef) ﬁ%‘f “pF oV

provi de
non- uni f or m ptgsier sefessncadend vek profid it ethtdts peslbdiainiegd: biwhitepity | | ght to a
| ocati on between the near d far. foci so as to_.enh e inter i ate
vision. [ 14] Crér 9pe BRACEPoD b 8PHE FEEER & ieHee R APEF 0P RORET Bl & conpri se
the hei ghts ef.,ad z @8 tof bt cTUNHELbditi 1 60)Sdr @ffcite 36 Brolvidp ainpiongl Maphase del ay

to the incident.|light such that a difference between those phase del ays,
for at I.east BHE" wavel engt h of the incident

. [013] In another embodiment, a diffractive ophthalmic lens is disclosed that includes an
optic having an anterior surface, a posterior surface, and a diffractive structure
comprising a plurality of diffractive zones disposed on at least one of those surfaces,

~ where each zone is separated from an adjacent zone by a zone boundary., The optic
provides a far focus corresponding to the zeroth diffraction order of the diffractive

‘structure and a near focus corresponding to the first diffraction order of the structure.
Further, the zone boundaries are characterized by a plurality of non-uniform step
heights that provide non-uniform phase delays adapted to direct a portion of incident

light to a location between the near and far focl so as to enhance intermediate vision.

7014] In a related embodiment, the non-uniform step heights comprise the heights of at
least two consecutive steps cach imparting a phase delay to the incident hight such that

e difference between those phase delays, for at least one wavelength of the incident

light, is greater than about 1/20 wavelength (E%A} (e.g., in 2 range of ebout 1/20

3 .



light, is greater than about 1/20 wavelength (1A (e.g., in a range of
about 1/20 wavelength to about 1 wavelength). [15] In a related
enbodi ment, in the above diffractive lens, the optic provides a far-focus
optical power in a range of about 6 Dto about 34 D (e.g., in a range of
about 16 Dt ) ear focus add power in a range of about 2
D to about 4%&Egﬁéﬁ2§)ﬁﬁlaﬁ%g}ﬁ€$@énbodi ment, the diffractive zones are
surrounded by a portion of the resggctive_ surface that |ack difffiact ive
elements. [ 109511 rin oreiad cobpbrrtents 2bore difkasie eny e SRHIRAPTT 8 WY (e. g.
an 10L) is diseliare: ihhaingt BMLUSES 1PdbodPial 1§ (412 Vh BGafil 0P8l 1698 toSur f ace_and
a posterior surface, each of which is characterized by a base profile. The
optic provi désu2siiyrand & aess fospt 494 apwes dtve Frngeofgbout 2D tg 2benid®. of about 6 D to
about 34 D), and includes a diffractive structure disposed on one of its
surfaces t hafoig O% Mescanhedmeitobudifopticcates powerouhéeddy a porioacfthnge of
about 2 Dto aboyt 4 D). The diffractive structure conprises a plurality of
diffractive %"a&f?&‘é‘ie%ﬁfaﬂegﬁégd’ﬁ VORFRH S exhi bit sufficiently different
surface curvatures (e.g., a difference in a range of about 10%to about
509 to causdot]pdu dhormbbditbes, hdigitctvaxphtieintc lows (theaoipil) & dissloprd thif r ect ed
to an internedi ate |ocation between the near and far foci, for. enhancing
| nt er medi at e RN OB ERE AL SO Fr o AP RSO T RRASS e SR A
curvat ures othafibtelieddly atban mejlactidoptio peiday £fs4dchi eitemtgowerdi £ 8y ent to
cause a portion of.the incident, light 1 e directed to the internediate
| ocati on. [‘ig’]‘lg‘?ﬁ%" teql Igg%g’ogwo%gﬁ%dn‘fi? u‘%ﬁ B a%fﬁ&?@“%‘ﬁﬁ?ﬁ%ﬁs i % | ens, the
surface cur vedews éis afrfasds thae motvidanensaffotapianeswaid.g ciha rhyge Bbseuizhan about
20% (e.g., ip.a ran of. abqut .10% t o about. 50% f.romt.he surface
cur vat ur e( 5)83? a%‘ﬁ‘&g??r)' fr:l%? gega(ﬁngecﬁfm?ocﬁ@??sesF%}mﬁ%‘ﬁfg‘%ﬁ%? ZBiSodi nent ,
the inventioft pssovivdesf ahidh fekisibit tsuffeienfh idiftdratt C slu€ike dubvafiwes @R, a

difference in a range of about 10% to about 50%) to cause a portion of the light

- incident on the optic to be directed fo an intermediate location between the near and

far foci for enhancing intermediate vision. For example, in some embodiments, the

- surface curvatures of at least two adjacent zones are sufficiently different to cause &
| portion of the incident Yight tﬁ.) be directed fo the intermediate location,

- [018] In arelated embodiment, in the above ophthalmic lens, the su_rface curvature of at
least one of the zones differs by more than about 20% (e.g., in 2 range of about 10%

_ to about 50%) from the surface curvature(s) of one or more adjacent zones,

[019] In another embodiment, the invention provides a diffractive ophthalmic lens (e.g., an
. 10L) that provides an optic having an anterior surface and a posterior surface, where

the opiic provides a far focus (e.g., In a range of about 6 D to about 34 D). A

diffractive structure that comprises a plurality of diffractive zones is disposed on at
~Jeast one of those surfaces to provide & near focus (é.g., one agsociated with an edd
power in 2 range of about 2 D to about 4 D). A surface of at least ons of the

diffractive zones exhibifs an asphericity such that the diffractive structure directs at .

Ieast a portion of the incident light to an intermediate location between the near and

far foci, The asphericity can be characterized, for example, by a conic constant in &
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I OL) that provides an optic having an anterior surface and a posterior
surface, where the optic provides a far focus (e.g., in a range of about 6
Dto about 34 D). Adiffractive structure that conprises a plurality of
diffractive zones is disposed on at | east one of those surfaces to provide
a near focus i w_th_an d [ ange of about 2
D to about faéﬁgogwosur éog%n%g m16§€??§a§’tara% O?db HEOI\@O?&P%?P?W zones

exhi bits an asphericity such that the dlffractlve structure directs at

| east a port (&R ofn anethel svehiodiaset, f iphatiopoolane prrawe prad beindariepteeat-itesrTadiet ween
the near andylyalyodla[PuaShRErds) Luh i al,0e SNRNAGKE!]. %og%tmt@,t exanpl e,
by a conic constant 1n a ran about abou g., in a
range of abomtldﬁm.tdlghtomabdgtahpﬂbﬂm[em]fhﬁl reza rpot hiar f@q:boﬁhrnecnmple,tﬁxe | ocati ons

of one or d gg” l.ative to
the opti cal ?(Ié %BRO%% g%j uste n%}gd%gsﬂ%gg rect aéntt%(gftl ?St%rﬁ)t he i nci dent
light to a |oted fufchsbowedre apbie prwidss afaofofuar Afni’érﬁhWﬁf)melwam@Iadwet he

ophthal m ¢ 128 (& :&osed%@xdngomﬁé%’}uf&%‘éé a?}%[gg%&/%%es % ar atQte“ or and

a posterior optical "surface ere optic ocus.

plurality of prewded meer st Whmmvechzowessmmtedf@mamamt ome bpi zqnhose
surfaces ab opt ear focus,
wher ei n eacﬁ%;zl%n |‘é§ﬂ§a§?{§?&at edzg rﬁ?an ad) acﬁwaﬁgke@gﬁ(%écggﬁ% oundary. At
| east one oftotliwpiz@hwfbnt)lsmcthbyﬁbﬁﬁqamgwaﬂona r adi aI | ocation relative
to the optical axis that is defined by the followng relation: = ro2 +
wherein i denotes the zone number ’?r*f%'t&émrot es the central zone); 2 denotes

t he design vel, en out 4 0 ab t 700 nm;

f denotes awatbe %fzb’t%@m}t Q&? Q%ﬁ’tj’e,s s Rrana of’é radl us of

t he central d’e@tglewaﬁnerﬂghle(re,g di alrems tof alsont MEY il id ﬁmcﬁcvﬁmmn)zgﬁam&as a boundary
wth a radia cat i that differs sufficie fromthat defined by the
above rel ati %Fta @é’?gﬁtﬂaﬁ sy é“‘trt"t’féﬁ"féﬁ‘tg“%% g‘“g’tﬁrl east a
portion of inqidenbakl dhtad enas'm%w%&gd whil 2 'Q&@hﬂgﬂt G bigeat | on

bet ween the near an ocCl . way of éxanple ation of
t hat anot her suffisieatly &nmdhﬁtfdeﬁnﬁirmrﬁlft #vave afipms a@%%mmm m@l sation by a

factor in a fange.ol AR EBR oy S0 baHls il NRLEToaRRod ment . a

di ffractive opht ns 1s I nc
between the near and far focl. By way of example, the radial location of that another

zone can differ from that defined by the above relation by & factor in a range of about
20% to about 50%.

[021] In another embodiment, a diffractive ophthalmic lens is disclosed that mnclhades an
optic having an anterior optical surface and a posterior optical surfece, where the optic
provides 2 far focus. A plurality of diffractive zones are disposed on at least one of

~ those surfaces so as fo provide a near focus. The diffractive zones comprise a central
zone having a radius that is sufficiently different ﬁ.'om\/}:‘ , Where A denotes a
~ design wavelength and f denotes a focal length of the near focus, such that at Jeast a
portion of incident light is directed to an intermediate location between the near and

far foct,

[022] In another embodiment, in the above ophthalmic lenses, one or more optical surfaces
. can include 2 base profile exhiviting a selested degres of asphericity or toricity for
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optic having an anterior optical surface and a posterior optical surface,
where the optic provides a far focus. A plurality of diffractive zones are
di sposed on at |east one of those surfaces so as to provide a near focus.
The diffractive zones conprise a central zone having a radius that is
sufficiently different from42f, where A denotes a design wavel ength and f

denot es Ofvg 'enﬂaﬁ%gkﬂioﬂgd&@e near focus, such that at |east a portion of
i nci dent IS direct t'o an i nternedl ate | ocation between the near and

far foci. [22] I n anot her enbodi nent, in the above ophthal m c | enses, one
or nore @pRical a Sur hspeastheans prdiieide ephbiasec panefdomerignchirbortic igviag sel ect ed

degree of,@sPR&fELILY pegter;opgdrfa&et ¥d1fff9zrct1vemrﬁ’éﬂug 'cé}gpr%ﬁ‘l %ﬁﬁﬁhtwdfﬁif@&uq@al ity.
[022a] In a first as ded.an o conpri si ng

b opti ¢ HRY PSR teey P OISt pueBuih S GE0 FPBreR (PP AR aTOEHRRT L e | ve
st ruct ur &y e emmp bpwidary, said pbiip mbvidiye ofar Grdsfcraepinvigzonesotlddirstedordn oat | east

one of sajid dﬁﬁ%afcf;@ecz%ﬁes 2886 Reat 3RS Qﬁx’eﬁﬁn&ﬁ@@r@f‘%@fxﬁ&@%ﬂ& @th&@ﬁﬂﬁctﬂz@ne by a
zone boundary i.C B zeroth

t orr espondi n
di f f ract i“O1™ “fhﬁr&n S81|d E fi bd’“‘gc{af“?s e\ %hgmgtm? eﬁ@% a§ “6"‘“ trngn %f‘ 20(? 35?%8%61 FéSpondi ng
to a r digfreratiog n@hulﬁp@epham defays gdapieifip direct weoiion @8 Incifrlighhtogdloeptiopne

boundar i @swaéaiaRad: agd @F fo&e6 addy eshafdeUfitadiclifte@fsionon- uni f orm st ep hei ghts
generating non-uni form phase del ays adapted to direct a portion of incident
light to a |ocation between said near and far foci so as to enhance

i nt er medil@2e] i spsnd pzpihers it piovided oR @riikayeie dens.tREPEESN PPIEHE8 @an

opht hal magtetoe asfaceceﬁama pbsdrioGsudfacefatd aprihprevidigy & fhr-diktedpiion pout fatiaand a

oSt ef | OF, BHS 866132 Byl 6 B RNII00 @olhal 1) AL Dy OB hCaly HONEY 2

diffractive stru nﬁ}OIW ur ractive. zones di sposed
on at | e&%ridpaes nef-fosugiogtica r€1’”(‘.)5%t e8¢ A ﬁlsﬁﬁdlgraﬁ‘évﬁlz‘)qeb%‘ﬁ@” FPEGCH  powver
wher ei n  diffetetiasifact Wovabifies S@ksdo diuﬁef a @eloh velighoingdeneothsibiopticau bd dicttahd ly

differ enﬁntém&ﬁ%&l%c ﬁ&{{%ﬁ& g& S8 RQ APrl fam%léﬁﬁnanm&me@&eqrsmhlagmhera&a dent on

said optic t Irecte an I nternediate ocatlgn bet ween said near and
far foci HBroEAhERTITRE™S H’fsé’l‘iﬁbla*i“atl”éz‘?}’f’%‘f’(?)ﬁmgea?fd PWhir e A°H 5(ffl/"ffer ence in the
curvatures of said at least two zones in a range of about 10%to about 50%

[022¢] In a third aspect, there is provided an ophthalmic lens, comprising: an optic having an
anterior surface and a posterior surface, said optic providing a far-focus optical power; and a
diffractive structure comprising a plurality of diffractive zones disposed on at least one of said
surfaces for providing a near-focus optical power, wherein: at least two of said diffractive zones
exhibit sufficienily different surface curvatures so as to cause a portion of light incident on said optic
to be directed to an intermediate location between said near and far foci for enhancing intermediate
vision, a difference in the curvatures of said at least two diffractive zones is in a range of about 10% to

about 50%; and said at least two diffractive zones comprise two adjacent zones.

[022d} In & fourth aspect, there is provided an ophthalmic lens, comprising an optic having an
anterior surface and a posterior surface, said optic providing a far-focus optical power; and a
diffractive structure comprising a phurality of diffractive zones disposed on at least one of said
surfaces for providing a near-focus optical power, wherein at least two of said diffractive zones
exhibit sufficiently different surface curvatures so as to cause a portion of light incident on said optic
to be directed to an intermediate location between said near and far foci for enhancing intermediate
vision, and wherein said near-focus optical power corresponds to an add power in a range of about 2 D
to about 4 D.



[022c] In a third aspect, there is provided an ophthalmc |ens, conprising:
an optic having an anterior surface and a posterior surface, said optic
providing a far-focus optical power; and a diffractive structure conprising
a plurality of diffractive zones disposed on at |east one of said surfaces
for providing a near-focus optical power, wherein: at |east two of said

di ffractiys, Zﬂl"hef%thea Etbﬁlérﬁﬁléwvldgd %{]l%)iﬁ}{ah%cflgf Qﬁénsﬁx‘g E@I%‘?: il ‘éﬁ%ﬁ%a%? SO as

to causea tion O I ncid ‘g directed to an
i nter rredl“‘afaée “r“&éé’f’?‘%‘ﬁf FeBH @lf ar%%ﬁ a %P IR FHeTER AR AG2
i nt er nedipbtaéitywif sifhartiveazodesf fipredoe af last e dueid atfpcessiopfrogdingla atar feast t wo

di ffract iumaelmnaaaae Sof laflest oA BCsa0f difRaHE zdQYekihiahaubphal¥ sandnsaiid at
| east t W%H‘P actwe. s c ure (%rr—: dt(s)z}el\east ) gﬁl{){l‘ %fzncuyé% l%ﬁlij tg gn Ig%ern;&QI%%OC&t 09 %gtg%en ‘;cﬁ%a fourth

aspect, avi ng an
ant eri or néaﬁPlfdaféféo‘"ar‘t@ﬂamﬁ%igt”@?‘?f’éﬁty is gfpapagierized B ?:P”’Gﬁt’fi‘t"t‘f“ ﬁradwgaw}fg% #4r - f ocus
optical poses-10and a diffractive structure conprising a plurality of
diffractive zones disposed on at |east one of said surfaces for providing a

e e YRer Sl O3 e SRR S BBl Mg e
of |ight swrfies a@mposiwosa%r%ceomd Qtie propéinglp fag dcad 2 108reehivey STUGYIREIRRESae f ocat i on
bet ween sgaidiyngagifrawict foaes digoied fodlat RidD aRCIMgdisttResnBlpatiding b atadfigcugnd

wher ei n %Lrgm@aa eafr %uélsqmrgc@a PRIE! 508 5&&%@9@9% ¢ LPRR A8d, RO p,n a
range of about In a fift

e re.is
provi ded Wa*ﬁeﬁﬁh%“ﬁ%ﬂerﬁ? ét P”ésﬁé’m 8’5?‘?&%875‘?? ZPPes S ﬁa\?ﬂﬁ‘g”"éfﬁ S‘acﬁitt i"Y¢ surface
and a pogifesdiorstreinre ditsels atdesidh nopton of ipridsy lthtig apinfeppedfag degstionfetgpefspidict | ve
struct ur @ecamIdssding a plurality of diffractive zones di sposed on at | east
one of said surfaces for providing a near focus, wherein a surface of at
| east one of said diffractive_ zones exhibits an asphericity such that said
di f fract il%e8ls{ & 6T ER 29PSH RYS ISarovidsd &p ophthalpif i BRPisHE BREC 1 PARt 0 an
i nt er mediagt@r bgcdtsintre betaweserios aptdalnadice, and oft@aprovdog ¢ futere ik plugdiyd!
aspheri Cightak glf&@@k@&k?ﬁi&}%@@ o&amn@of@a@ls&faae%@mn dpﬁca@-axﬁ@(ﬂgﬁd efticabaub - 10 to

about - 100(‘31&&3[:3 neazrfflcusl r&{hfa:'rem at tleaqt cp e{: sald tonees r(l has gh g‘@ad?a? ceﬂzon
| ens, COI'?D an an terl (0) SUI’ ace an a posterit or

surf ace, dé%ﬂeélb ‘Ef"&o"ﬁlii&ﬁllafmnng a far focus, a diffractive structure
conprising a plurality of diffractive zones disposed on at |east one of
said surfaces for providing z.peaf;f ocus, wherein said near focus is
characterized by an add power in a range of about 2 D to about 4 D, wherein
a surface of at least one of said diffractive zones exhibits an asphericity
such t hatwhemind defiofep thaeerievembyr (e tenolss 8 cawrlszond). 1 Eades adeper vivelnadt fi nci dent
| i ght t o0 damvidk BERiNBdihat &c hae aich) mdipimaanhsadics df@@rcedzohd nd Wietein 460229] I n
a sevent R aSPaES york 'ﬂaraem 2R A8 g@atgg RN@ ke aﬂ%&aay y (GRTR 'ﬂH!deEﬁe'a% an optic

havi ng an ant erior optical surface a d(Ejilerl or yrrace said
optic prdWi Bt “‘F‘a‘g f BUELe TSPETR 4 P‘g/ A Paoft“’&l"fff“’rcaié‘f‘ BE 9 5hes

di sposed igameh#e ofatigrlictvesurafddoasd adao il an optical axis of said optic so as
to provide a near focus, wherein at |east one of sai d zones (i) has a

bou ndar y zﬁﬂz\/\}h Inaax{ Q‘dﬂt}?‘ (aj gec? g‘ér!: %Eprgﬁéed %%ﬁlﬁ%&hﬁlc ?efg %.gx%{g ro?L(?‘Baev&% I‘ 22 ri

=re no zone n al

Zo ne) , A aafé%toascﬂéu@éa P‘@‘ﬁ" Rﬁéf%ﬂr éﬁﬁ?lﬁ?‘*fafc@ Gt 8?%?%(“!‘&3@51“ fPCé‘ﬁ @tphmé‘fy Yhe near
f ocus, anidfridivadenstiegostdim at &akt us odfaid fvefaentprayide 2 ore focandhadiesaal 2onat | east
anot her Zc@x'ﬂﬁm@@-@en@al bald 'Eﬁj@t{gYa rxul&shhaals rsaﬁaahy h@f@x@ﬁt'ﬁ‘%ﬁ \uﬁa{e el dbAcRk § design

?gfs Llea Ie\l’/lte| en 51 aQA } cpenotft‘s a%facaﬂ%rgcet;hb% the ne%rqg)cgsvg Lglﬁtg ] ll gsr% ¢ pﬁ?r%‘}oxﬁ%f %Egdg‘nf hgh%

i nter nedlla‘il@cthbtea‘tm@weéléie\}%éw@ﬁi”@?nﬁﬁiiﬂwdfﬁé&“ foci . [022h] In an eighth
aspect, there is provided an ophthalnic lens, conprising an optic having an

anter i or (9} 3k UdARRIARY: BRARIRLE O 9@&%@4& SUFRGES (oS@E igRkkC

east ondepte Gt afuborts btk S Bnebf b iR B d Sones

conprise a central zone having a radius that is sufficiently different from
-V;tf where.), denotes a design wavel éngth and f denotes a focal |ength of
the near focus, such that at |east a portion of incident light is directed
to an internediate | ocation between said near and far foci. [023] Further
under st andi ng of the disclosure can be obtained by reference to the

foll owi ng detail ed description in conjunction with the draw ngs, which are
descri bed briefly bel ow.



Brief Description of the Drawings [24] FIGURE IA is a schematic
cross-sectional view of an 1 OL according to an exenplary enbodi nent of the
invention, [25] FIGURE 1B is another cross-sectional view of an I QL
according to an enbodi nent of the invention, illustrating a diffractive
structure characterized by nonuniform step heights for directing a portion
of incident light to an i nt cimefdieatrintionefihe Drivdads FI GURE 2 is a schematic
front view of the 1OL of FIGURE 18 illustrating a plurality of annul ar
diffraction SFIIRE W id f [ FIGQURE A is a
schemati c si ggﬂgl ew of a di ??cr}gigﬁt?{/%%s gﬁgﬁ%gr &Lwﬁtlgr“aaﬁ%%rﬁlgg efbodi nent of

t he inventi oﬁxﬂ%?rﬁgﬂgﬁ?l%ﬂﬂﬁ%v@mﬁ%ractl ve structure, [28] FIGURE 38 is
a schematic front view of the IOL of FIGURE 3A, [29] FIGURE 4A is a

t heoretical I[25¢ Brmmmjmumhbﬁn& érbs%%)ac&aéxwé@to%nafoLando@;rg{5951{ ate focus

for a convent| da l%@% active ens hawl&gﬂan apodi zed di active
structure, Y o] e‘i“gma‘ Ipsiatinect FiEsrtye; suctep pheagterigndduinon- ([ SF)

cal cul at ed at‘mﬂ‘]‘mmb%lgﬂdfoﬁiﬂﬁechﬁg&lﬁorﬁ&{of%1&ﬁﬁ @5 inkPASIACHLI Ng to the
teachings of the invention havi ng an apodi zed diffractive strucfure [ 031]

FI GURE 5A sh t i t| cal of ~an apodi zed
diffractive m] I%?E?%Sﬂrg% ?ﬁljes 8’8"63 fg]tgec}ﬁ F&@ﬁﬁgtlgr‘g‘m&é@@r’f’dl ng to the
t eachi ngs of P’c’-‘!‘?éltsiﬁ@mdﬁdﬁ&acmmesfnmm@&edﬁﬁawﬁmh&s@ms the square of the
di stance fromthe lens center, and the ordinate repr esent s the optical

phase, [ 032] (¢37CUREURE 130G kbRl SRR G AL oBUBRE Aol PUPT! of

an apodi zed dléfractlve | OL in accordance wth one e f* t he
i nventi on, @‘W%e%@Y%%W%%émﬁﬁéﬂ@qmm, the di stance from
the lens -center, and the ordinate represents the optical phase,

[028] FIGURE 3B is a schematic front view of the JOL of FIGURE 3A,

[029] FIGURE 4A is a theoretical line spread function (LSF) calculated at an

intermediate focus for a conventional difftactive lens having an apodized diffractive
stricture,

[030] FIGURE 4B is a theoretical line spread function (LSF} calculated at an
intermediate focus for an exemplary lens according to the teachings of the invention
having an apodized diffractive structure,

'[03 1} FIGURE 5A shows the theoretical optical phase at the pupil of an apodized
diffractive IOL lacking a frustrated diffractive structure according to the teachings of
the invention, where the abscissa represents the square of the distance from the lens
center, and the ordinate represents the optical phase,

{032] FIGURE 5B shows the theoretical optical phase at the pupil of an apodized
diffractive IOL in accordance with one embodiment of the invention, where the
abscissa represents the square of the distance from the lens center, and the ordinate

represents the optical phase,

[033] FIGURE 6 is a schematic side view of a diffractive IOL according to one
embodiment of the invention comprising a diffractive structure having a central
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[033) FIGURE 6 is a schematic side view of a diffractive ICL according to
one enbodi nent of the invention conprising a diffractive structure having a
central 7 diffractive region with a surface curvature that is different
fromthat of an adjacent zone so that the diffractive structure mould

direct a portion of the incident light to an intermediate focus, [34]
FIGURE 7 is adzﬁ’mhmaeglm ®ithl@ swifRw cBfvairedhd: fif BehieNErddPmap LY S Jagmt 0 anot her
enbodi nment oftﬁpg ﬁgy n co) rising a diffractive structure aving a
central zone I exhib “%Vr? {He Piold difpdt 3 pertisn of he dncidgpidish{ 881 FI GURE 8

is a SChenHtlmEGWﬁBthﬁw of a diffractive IOL according to another
enbodi nent of the invention having an anterior surface on which a

diffractive susiCkS MiALERLABNCE, WAN Lhe L eachings of the Tavention is

di sposed and a posterior surface tn tpenotigF i n some
cases, a tor |f@1b@@1§@ntmf Hreiirgntion compnsmg a dxffracnve structure having a central zone

that exhibits an aspheric surface profile, and

[035] FIGURE 8 is a schematic side view of a diffractive IOL according to another
embodiment of the invention having an anterior surface on which a diffractive
structure in accordance with the teachings of the invention is disposed and a posterior

surface that can exhibit an aspherie, or in some cages, & toric base profile,




Det ai |l ed Description of the Preferred Enbodi nents [36] Wth reference to
FIGURES 1A and IR, an I OL 10 according o one enbodi nent of the invention
i ncludes an optic 12 having an anterior optical surface 14 and a posterior
optical surface 16 di sposed about an optical axis 18. Wile in this

enbodi ment the optical surfaces 14 and 16 are generally convex so as to

provide the | OL with Ddsiileddnveiptibhapie PrdaotdBubediRMsMENt S, the 10l can

have ot her shapes, such as, piano-convex, piano- concave or convex- concave.
The curvat ur ggepfwide f@i@g&r{oh@ﬂgﬁ t sur. her with the

i ndex of ref ??C?I on of the materi asoﬁoir%dn%*t?\’e#}g a%{"r” fe8’f ed such
that the opt FRPoimGst Bf/‘ihléfe’efﬁwpawhid@e@rsomumaavmg)mn@n@ offtical budfag r ange of
about 6 Di Opiefl d Rhicidt RRMurBls R difrolkaa 2 6 D to about
28 D). In sorre casﬂeas tﬁg far- fo%us I%O%dcg#)ﬂagvém%’ e%ﬁé ¥n be in a
range of aboff bodineny {hg oplisel surfsces 1dand [@é?r}: gmedilf/fwmx bwes tpraridettiee 20, whi ch
i s disposed msLaqt@erm&lm Obhabd)¢n SALEL f RLovides a near focus
with an add 5{0 ,el na% range (#b%‘g%ﬂé’tgec%l“fan POt Fe. g., in a
range of aboth™®2% 3’1@0’["8“‘&601311?11040(190@% Pconvaxempravef I&b@utvaﬁimﬁ)ot‘dmabout 4D) .
The effecti venambel sROMRIerO subfiRs,| betii [ t n be
different fromjts nom nal actS tg%e gghﬂ(%%& or é’%‘t‘é ﬁggn}aﬁﬁ erl]conbl nation
of the conmealP™ PRl it 3f°n§e§@ﬁ§ﬁ§t ﬁ’éfnthb@mceéﬁhptdmies:@rﬁae&mmq:ﬂme | OL can
neaken the 1 ol ek a0 ) st A0SR Iind RupRpRIET ca7

result Inaﬁ%‘? % % e_add power for oIIovmng
secti ons, b s@SPWHF%Sa"ogHfﬂftfh@spm&wevdlthﬁelsnmhﬁdapomr refer
to the nom nahge(clcioualsD addoeewas, of the | ens, which can be different from
the effective add power when the IOL is inpl anted in the eye. [38] The I1QL
10 can furt i nc Yor af tlxatlon menbers or haptics 22 that
facilitate §a [ %gbllk%%t%e %‘uﬁé\‘f‘? g wigch, {5edisppsrd eshe inertios ¢frthe entairy f or med of
a bi ocorrpat|Sbtfeceri&1wowéﬂsamat(fnmaam&@fntadﬁgdsvydrlepg iflal bR enddy dipogel or ot her

bi oconpat i bI I ter i requi site 1ndex of refraction
for a parti cu 12% %g% |1§§t Rl 0%%%“?!3;} i%%%rrfnélré%ge 19€ 2bayt 3Pdoof suitabl e
pol yneric rmatbetlttl@)s Thslfﬁmhasa@bi}mbhaﬁmt,&ﬂﬁn RSB BPN%E @fbecaﬂ@)g the like.
In some enb with the optic

h S22, can be forned inte
12 while Ian(_i’)f{ er elrxrlb1 gl%m rﬁ?éacglf’“ééd RATPpEO FrRRle Ee poR g‘éﬂ@m} offid t hen
coupl ed to toeeedoiver ankdrtho spamtidx0 betwam!t the &mamalt&ﬁ&b& wkREBed of a

Cross- Ilnkeq alel hen Iet a ate and_ 2-phenyl et hyl
met hacrylate, whic Ed é)n“%ﬁ%mg & Aalg §5ffanrearz§g]ah§fe§§a¢qvp,g to

FI GURES | A, aﬂ!@p@m f@ thét holdiefd. rblcxtut odio®ing u@&luﬁseuﬁ&slc&xe&ﬁg@ﬂﬁﬁﬁe@f a
plurality ofgdififn 24s rated fro anot her byaplurallty
~of steps 26 tﬁées?g%é &aﬁ g‘ﬁ%r %Ptg 2y mpy de "é‘ﬁé’i"i”’ﬁw

particul arl y¥ 1‘@&éme@ﬁ€emtsﬁosepacﬁetca€b ddd powarwhag fiegentis mtebyn @e step (e.g.,
step 26a sepgfating the first zone 24a fromthe second zone 24b) that
‘inparts a phase delay to the incident light. As discussed further below, in
this exenpl ﬁ{‘é enbodi rent, a phase del ay generated by the step 26a

separati ng ] cEit IOk 1048m Srpheriaciiy & plumbiye)f fiﬁmmmdmdaemdmphcz one is

di fferent frﬂgmf@ﬂmia Bodgligdh §IUSEH Q t e t a portion
of the. Ilghtb i nci dent% ongt he 2ns |§ %I rg‘g ght% I %ﬁlpa%%ye? %‘{Sf% | ocati on
bet ween t he “IPEYFPaghlg meigriak 8&91‘ as Sf{ﬁéﬂ?]yllpmhcmeshseimmraﬁhﬂr biobouliatiiat t he
diffracti Vepﬂ@ﬁ@ﬁcﬁﬁ@iﬁﬂd}&% aRbd#idb ¥ gqpoundari es
are radi all %‘cat ed rel at |n§e t(gﬁthe Orbﬁrgigﬁlﬂg%(?oéa V%{:& oraoe{hce with the
following r ﬁ?lg can also heo fqﬁncd of suitable polymeric matenals, such as

polymethacrylate polypropylene and the like. In some embodiments, the haptics 22
can be formed integrally with the optic 12 while in other embodiments; they can be
formed separately and then coupled to the optic. In one embodiment, the optic 12 is
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Egq. (1) wherein denotes the zone nunberdenotes the central zone), denotes
the design wavel ength, f denotes a focal length of the near focus, and ro
denotes the radius of the central zone. In sone enbodiments, the design
wavel ength 2 is chosen to be 550 nmgreen |light at the center of the visual
response. Further, in sone cases, the radius of the penLraI zone ggﬁe)ofﬁgr
0 be ' . | |
embodi rent s, the botndacy. | anareanes ?F ofue R £BLE tnd et e T om
that defined 3Wﬁ@maﬁﬁ@%mﬁ@ﬁ@@ﬁbhm§@3&@£ﬁ@ﬁTurther facilitate directing a
portion of the incident radiation to an intermediate |ocation between the
near and far [036¢i Refh@i42]o ASURBE @d, Bbone, ﬂie@iﬁ‘tﬁétﬁm @&ﬁﬁfﬁg& zgf i¥$&ﬁ@ﬁact giogegg,nets hfs
gle:c fg 2: e(r)]I ]E ? gfr}i? élﬁéﬁﬁ%? é@%}lﬁgﬁgzo%l% 4fs!313ra§z;[ted r‘]csgn {Eneeanosﬁ?eg %}rr] a plulralityrof steps
26 (the step heights are exaggerated for clarity). More particularly, each zone is

separated from an adjacent zone by a step (e.g., step 26a separating the first zone 24a
from the second zone 24b) that imparts a phase delay to the incident light. As
discussed further below, in this exemplary embodiment, 2 phase delay generated by
- the step 26a separating the central zone (the first zone) from the second zone is
different from a phase delay caused by the other steps such that a portion of the light
incident on the lens is directed to an intermediate location between the near and far

foel,

[040] In this exemplary embodiment, the difftactive zones comptise a plurality of
annular zones whose boundaries are radially located relative to the optical axis 18 in

accordance with the following relation:
= v ULf Eaq. (1)
wherein
i denotes the zone number (i=0 denotes the central zone),
Adenotes the design wavelength,
S denotes a focal length of the near focus, and

1, denotes the radius of the central zone.

In some embodiments, the design wavelength A is chosen to be 550 nm green light at

the center of the visual response. Further, in some cases, the radius of the central

zone {7, ) can be set to be ,/i(,f.

. [041] As discussed in more detail below, in some other embodiments, the boundary
location of one or more zones can deviate from that defined by the above relation so
as to further facilitate directing & portion of the incident radiation to an intermediate

location between the near and far foei,

[042] As noted above, in this exemplary embodiment, the height of the step

separating the first and the second diffraction zones is different from the heights of the .
' R :




other steps (which in this enbodiment are substantially uniform such that
the diffractive structure directs a portion of the incident light to an

i nternmedi ate | ocati on between the near and far foci. For exanple, the

di fference between the phase del ay generated by the step 26a and that
generated by each of the other steps (i.e., steps 26b - 26d) can be greater
than about 1P8er \ﬁf&l?%l(‘éﬁ*ighm(ﬁu&ﬁmqujmamdr@mﬁsaan‘wﬁgbfﬁa:@E:h ftﬂliha_rﬂéaot 1I abﬁ'ltjt
1/ 4 wavel en it vel.ength .of the incident |ight,
g for 4 ametye kil Bk efRbr UTBERATE o B8 AT about 700
nm By way oPc®&&hE acariapd &néck o dkanenit, the ditfestoe petnetrgiht shasancibe def i ned
| 0. accor danc geitkaidd dyfiRe 1Y 262 Whd Vot gl BY each ot AT Depsh I5AQL 68, 1N Phase
ei ght,

~ 26d) can be greater than about 1/20 wavelength (;—Gﬂ), and preferably greater than

about 1/4 wavelength (i—ft), for at least one wavelength of the incident light, e.g., for

af least one wavelength in a range of about 400 nm to about 700 nm. By way of

example, in one embodiment, the step heights can be defined in accordance with the

following relation:

b

Step height =
(nz - "i)

Eq.(2)

wherein,
b denotes the phase height,
A denotes the design wavelength, e.g., 550 T,

n, denotes the refractive index of the optic, and

n, denotes the refractive index of the medium surrounding the optic

wherein,

for the step 26a, b lies in a range of about 0.2 to about 0.2, and
for the other steps, & lies in 2 range of about 0.45 to about 0.55, and is
preferably about 0.5,

{043] The above Eq. (2) indicates that the step height separating the central zone
from its neighboring zone. is different from the remaining step heights, More
specifically, the step heights other than the one separating the central zone from its
neighboring zone are substantially uniform and produce an optical phase delay that
resulls in the diffractive structure dividing the incident light approximately equally

~between the near focus, which corresponds to the first order of the diffractive
| structure, and the distance focus, which corresponds to the zero™ diffraction crder. In
. contrast, the step height separating the ceniral zome from its neighboring zone
generates a different phase delay, which causes some of the incident light to be
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i ndex of the optic, and ni denotes the refractive index of the nedium
surrounding the optic wherein, for the step 26a, b lies in a range of about
-0.2 to about 0.2, and for the other steps, 1; lies in a range of

about 0.45 to about 0.55, and is preferably about 0.5. [043] The above Eq.
(2) indicate t he stedgaﬁhei ht separating the central zone fromits

.t hat

nei ghbori ng ?gﬁcée%it% BYIFTBEEAR loraoR PEtHEr  thermgpiand dpr ek plnedieg s, tor e

speci fi cal | y diffehat shiaepddiei ghtscobhere ddanidhsetns HepakAl iondaddvg central
zone fromi t%eig]goghbori ng z&ge ar_g substantial ly unjformand produce an
optical phasé 407 FRS AR 4G 1cpeTbyiiop R tha centpbedoe Gelig Aikkactrddy dheyi di ng t he
i nci dent | i gliiffrapips sxictupd ekl fracuhild Se beiMERR: bHRINNAAS c5:AEHS Liahhioch
corresponds tth%nt%t}eanfigriftc.ogger of thie di.ffractjve structure, and the
distance focig CHATE T YL ERsHE e 8 R el & o Wieansdiatnlopation by . | n
contrast, théwost pi hebgtslepas hong gektect cemtibabr BORE idgt@MitsuRei ghbori ng
zone generates a di ffg}rgn %xg ase del ay, whjc canges sone of the incident
light to be “HirectSd t 8 WHAFHE SFREHEF df berBcdtd BFFRtMeeR THEMEar and far
LO_Ci 3 I B ot héiffrastivadgiuctuled lani:l thé &iﬁmgorpdﬂﬂﬁﬁprdﬁﬁﬁs}&s e Rdrélh %i’er!l%ﬁ td @ rS] tep

ei ght bet weg, tr.al. .zone and. .its. nei ghbori zone alters the
contribution %‘F’B{}g%&?gaﬁ{}?nalm ?g’ﬁ%te P]ﬁt i fnﬁ‘?fﬁesd’i Irg %éir}gﬁct‘ﬁypﬁtﬁ@ $itf P act i ve
struct ure sudidert bomte ofithd igcitidne lighe nt sraihtermsaR eCloGbN b@GednGhe Rt dddlaut € 1 i ght to

t he near and.far | el | rects sone.of.the Iighf to an internediate

| ocation bet &./ggnFt %Jé tehefl%ljtt‘:if%esh R%ﬁ%cag‘é‘h’f P?F%éeée%e%@tas dregaemgsetecont ri but or
to the regul frusdiaitiiqugle tih weng tembodiviems, theltiphtacodidridnac bi 1he iskimedhatre i s
herein al so {gfery a "fr rated diffractive struyctyre” and the

di ffraction toﬁjat i ?égﬁl%%a%?ggasi S&“ﬁ?tsf%cusn%sgléqsﬁpﬁﬁ%ef’g‘?’rﬂéedm?rémgg‘“’ “Lf rustrat ed
diffraction" to indicate that it nodifies a regular diffraction pattern so
as to di ver t [%8&ndn ofomen embefimentsat the | sipt sepatating ithe eewtedli mbe faxcadtsi on bet ween

the near andndigbofiRClione Efebddeda mlp& kit [ [ I s _herein also
referred to asg%t%er%lcir??ee_r ms?di at e(ﬂ%aocﬁgi,gwsgeﬂgg%gh&ﬁ\e%ﬁ%%?%gﬁ%%ﬁfoﬁlgnt s, the
| i ght conver §EFRERTRonEhIs Spirfe dptober 28 te direws atfovendddle moitent dightlto tien as shar p

a focus as thRsBediEReHon! th Jlie ﬁaﬁﬁ,rthéﬂzgt ddke o8 ki ac£i§h4zln éﬁrélgg% .
I 'S nei ghbori ng zone

enbodi ments,, the step separating the central zone fromi

i s removed (PRASTel copird zaneder ssaaefing apinfarpediate fooust i r st and second
diffraction zones is set to zero) so as to direct a portion of the incident
light to thef0#sit dn sedé aimbodigend, ii0Bddilich R KOme MRS, td@nbdchiile apd second
diffraction zones are. rrag)?le inltg%ntg single central zone for %enerati ng an

i nt er nedi at "FEHEFERCTngDase Jelavs faat dHish GPwHoRt &nothen bk aFles BetiedbarAyi ng at

| east two cohsdoild (eve gstap ﬁfs}ﬁi@bﬁtsu:gpw@gre&h'gtﬁgaﬁ}ﬁgm@elﬂgysseptmmdi ffer from
one anot her.sb a. v | ug..gr eat er tp‘gn@gt hreshold (e.qg., greater than about
1/ 20 wavel ength) PER S IPEEEoRes L Pp IOkt difractiypitpetoe amaradiredgo enie

di ffractive shiftiths disfribtiive of @le'lightdinbrgy B&tvbenGhShdatSd U Toad kOB PRRI #8d S0 as to

shift the di i bution of .the.light ener bet wee e near and_far foci as
t he pupi | si@é{ ega%’é‘ég? 1gduge Blgrg; rgﬁuw 8¥§W1¥igy 36x&HDPE, FI GURES
3A and 3B schemmticadlyl deyictiapéxetmplary X eI8dcasnlink @ sikB 28 GEB5dInBEY of GeSUCh an
enbodi nent o iL.hyention that i.pcludes an aptic, 30 having an anterior
opti cal surflg'{:eég%? thgn&mtzli“d%%g? @Pﬁ%hbjgﬁi”fl%ﬁ‘ @@P%&@%&ﬂ@%&%é@éﬂd &bout an
opti.cal axi spo@éiorasptical sbifider B tispRed ot M bfticdb ol SPQME OMftbeveant eri or
optical surf Simlar to the evi ous enbodi nent,. the optic 30 provides
a far-focus s%%?/\%rre,sgdgdb@?ml N raf & Eeémof’l’t&ﬁ]oﬁ‘lr?"’ﬁe'D #18111%%@332@@‘{33_ g., ina
range of abastbodinel, the calioBt paddd)a faFfatdshpewer, RS 0Pk FAnbuleimides hapti cs

38 that f aC'alblnﬁtastﬂteDl(g.%., Imnglrz?n%g %% ot 18 Datopa%%ilite tD)S. %Xt%ner, the optic 30

includes haptics 38 that facilitate its implantation in a patient’s eye.
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[46] The diffractive structure 36 is formed by a plurality of diffractive
zones 40 separated fromone another by a plurality of steps 42a - 42e.
Simlar to the previous enbodinent, the diffractive structure generates a
near focus corresponding to its first diffraction order and a fax focus
corresponding to the zeroth order of the diffractive structure. Further, a
di fference bétdbeThetdifephaseudet 39Ss grne B eGnliint bedigarsacikivg steps 42a
and 42b is cQnfigured, e.qg.. in a manner discussed above in connection wth
the previ ousg%ﬁ%%giﬁr%‘n?ﬁ? a]got]}éeﬁlb?ﬁﬁ"%’ﬁye‘j P g@cﬁ Aje Supife &g Yie eredPPect s a
portion of tkebedimintamt difffagive stroctam gemrtdss MRGkaEb@s baeApdnamghelveen the near
and far foci gelk i.n.this enbodi nent, the heights of the steps 42b,
42¢, 42d and 4 &eéﬁgx?gdgpég i"Z&d . cé)Fr?sP?IH{]éIig t\‘?élfvcﬁ‘gl gfgf%?fé{l? g5tV hei r

radi al di st afioetus. onurther, optdiffadncaxiesvee. thé-Qihase X 8418k Egentdatet Niys gaxenpl ary
enbodi ment, the. el e. steps decrease as their djstances fromthe
optical axis éhn%cpgéaegﬁ%ﬁ‘#g% éﬂtl J;%%)dfszcgfl@%‘ﬁe%t&%s 8 Jagify Fﬁfsc‘?sﬁedt Yifst ri buti on
of the |i ght cwmestigy wise theeervicuh embetimens Rachf that tHeatiffractBre thecupt Pirdetssd z€ vari es,
that is, as the - : contributing to the |ight diffraction
changes. [4};] Wth q%ﬁggnﬁﬁgg%rseé%%{r%grﬁeé’gy"t%“g? DA HAPISE PG ¢ hi s
exenpl ary enBotiendnthis embodimens, theilghhs oifthd kepszamme 4o undani @ge afe t he
diffractive glaied YL ey, ined i ordance w th the follow ng
rel ati ons: f%;r0 tﬁ{é sfe%&s paragtﬁﬁcﬁggéft}geirc%%%lrad% n%%’ﬁ%“&‘?(?m"iah"éﬂss ond zone
(i.e., step HEgsysmpa'in gy exeniplsingbmboditopnt, (thadeifndof-thdsy swhbe d&idase as I, is
the phase hejngbl;sMhded s8mUal Yok : e of abaut.-0.2 to abaut, 0.2 and the
ot her par amat,er_szs.are defi ne Gg[hg\%v,lﬁcg% 'fgi?ls ?ﬁ?glz%tf%g?us§§35€1?t‘5él}e St ep

hei ght - * d!fq:-_;@':_uop gf)ghe Tight energy between the near and far foci as the pupil size varies,

that is, as the number of zones contributing to the light diffraction changes.

[047] With continued reference to FIGURES 3A and 3B, in this exemplary
embodiment, the step heights of the zone boundaries of the diffractive structure 36

can be defined in accordance with the following relations:

for the step separating the central zone from the second zone {i.e., step 42a):

bA

Step height =
(n,—ny)

Eq. (4a)

wherein

b is the phase height with a value in a range of about —0.2 to about 0.2 and the
other parameters are defined below, and

for the other steps:
bi

Step height =
(rn, ~m,)

S Eq. (4b)

wherein,

b denotfes the phase height with a value between about 0.45 to about 0.55
{preferably about 0.5),

4 denotes the design wavelength, e.g., 550 nm,
n, denotes the refractive index of the optic,

#, denotes the refractive index of the medium surrounding the optic, and

i3




(n2-nd wherein, b denotes the phase height with a val ue between about
0.45 to about 0.55 (preferably about 0.5), ,t denotes the design .
wavel ength, e.g., 550 11111, n2 denotes the refractive index of the optic,
rt, denotes the refractive index of the nmedium surrounding the optic, and
fp.s. denotes an apodi zation function. [048] A variety of apodization

functions can be dipldoyes ankprdiztianpheioni n some enbodi ments, the
apodi zation function (fi,...n) can be defined in accordance with the

fol lowing r el[@égi] Oﬂ:variety of apodization functions can be employed. For example, in some
embodiments, the apodization function ( fpum) can be defined in accordance with the
following relation:
fremt= Ty oy g )
(o = Fa)

wherein

7; denotes the distance of each radial zone boundary from the intersection of
the optical axis with the surfacs,

1, denotes the inner boundary of the apodization zone, which in the above

exemplary embodiment corresponds to the inner boundary of the second diffraction

zone,
7. denotes the outer boundary of the apodization zone, and

exp denotes an exponent to obtain a desired reduction in step heights. Further
details regarding apodization of step heights can be found, e.g., in U.S, Patent No.
5,600,142, which is herein incorporated by reference. Other apodization functions
can also be employed. By way of example, alternative apodization functions
disclosed in a co-pending patent application entitled “Truncated Diffractive
Intraccular Lenses,” which is assigned to the assignee of the present application, can
be utilized.

{049] By way of example, FIGURE 4A depicts a calculated line spread function
(LSF) profile, which corresponds to the intensity across the image of a line object, for
an apodized diffractive lens having a conventional apodized diffractive structure in
which all of the step heights are defined in accordance with the above Equation (4b)
- with a single b value (without a significant difference between the phase delays
caused by the first two steps). FIGURE 5A. shows the theoretically caleulated phase
for such a lens across the lens pupil as a function of the square distance from the lens
center. By way of comparison, FIGURE 4B depicts the LSF profile of an apodized
“diffractive lens according to an embodiment of the invention having a diffractive
structure whose steps heights are defined in accordance with Equations (4a) and (4b)

(i.e., 2 lens exhibiting “frustrated diffraction”) having a larger central zone diameter,
14




wherein r, denotes the distance of each radial zone boundary fromthe
intersection of the optical axis with the surface, r,, denotes the

i nner boundary of the apodization zone, which in the above exenpl ary

enbodi ment corresponds to the inner boundary of the second diffraction

zone, row denotes the outer boundary of the apodization zone, and exp
denotes an expbneniiiet pha@baaa)natahed@@ sEc@dﬂlérﬁéﬂH&tdf% doﬂv@h&‘r&; {agg gmds Furt her
details regar hei ghts can ound .g., in US

di zat i on of .
Patent No. 5, g%[gig%ggoh aﬂ&%‘ %etﬁ@feﬁa “1Ptﬁ‘é?ﬁi’ﬁ@}rph¥sé§°fﬁ90hﬁéﬁl€rﬂ@m§éile Ot her
- apodi zat i on flaametrilons femoﬁbsthe b@aﬁ@k&%nc@ﬁo%@é 1Bs SRl ¢ €rNALT Ve

apocllzatlonfunt C d.in endi ng patent a Ilcatlon

entitled "TriAcal f&ggﬁpg ‘é‘c %v Pﬂ?‘r"gg‘é&s Prefdefcese salgiatedhior s pupdlsi gned to

t he assi gnee dizfetchgzepsfes omnt. 'aiikpim’cﬁfbﬁl@'%orr@sﬁéhd% el fnfeBbteq biB4R%v By way of
ated |ine spread function (LSF) profile,

| Fl t
%Ia(r:rﬁ gor r eS’p%?%e gllt}’tf‘)a%ﬁgn‘%ﬁ?wa“f OGS 95 ¥ npgesepidl dhediSTompapendsigj ect, for

an apodi zed di thé ccagtritiora! lapaiizel difcRGvaless M@Bﬁﬂg%ﬁ'th@ﬁ%ﬁht%@ﬁkﬂfgcﬁxf ractive
structure iny) M;ws p hei ghts are defined in accor c?ance W th

t he above Equa ron (. %T‘Oﬂnoﬁﬁea{%&‘iQ?ﬁrﬁ’ét"xﬁn\)ﬁ@ﬁ@d’(ﬁ%@‘ﬁéﬂﬁbeﬁwwé?ﬁlﬁfcant
di ff erence betdfediciphihqpbeampraet agamaausesohy the first tw steps). FIGURE
5A shows the theoretically cal cul ated phase for such a |l ens across the |ens

pupil as a f ti r ance fromthe |l ens center. By way of
conpari son, @&RI%QZ%@ Iémls%!tﬁlg&? fie Q@Eﬁnn? ol |°F‘% 6% Z&’ffoﬁ‘?“? Yt racti ve

| ens accor di #igred gelafive P@fmddﬁ/ thehémmﬁq;n(ﬂk emma;vﬂ:rﬂgdaa diuftfakeact i ve
structure Whggs.64e e or danc Eqguat i ons (4a)
and (4b) (i.e .,c% glrélrsebgii{%%&%%&l&({f%?&éegtdhg% faPé’rl} W“ ?%ﬁt&?ng a | arger
central zonebi¥&Adhe pear aaﬁcfalafosnall*bsecxapmhsémoﬂeémyn@f onb @r fmoli*ﬁsfzorﬁt ep, than

t hose of thepgpRYieNth I t heoretically

cal cul at ed optl cal ahag!?rﬂggr{@asg%%%éb s across RIbe %gmbﬂﬁirla "8s a
function of $fH&WI0% e abeuttShY. dhsome embddinemist hehlce:uf@ummt ef the Rekerri ng
agai n to Fl Gdekdar/eds ) f|| wer e ulated for a
pupi | di aneter sfs?e of ﬁ]eﬁlpl héék}llf@'lgzdcS ukt?' §§W&|°ﬁ ‘?EY{

frustrated di°Ps baeidates }ﬂeﬁglcié%la@'iw\fs ﬂaﬁdst@tﬁdnﬂxff{acmt r-a:lhmkghnﬁ éﬁt‘mﬁus that is
not present dnboliiiRnt B LIRS entd onal

diffractive (%erc\’s i ndi catin ltgl)fr)fgét;uzt ebtbgﬂdm r%S%ZI dﬁ“raasé‘fci‘ave Ih%gﬁs directs a
portion of t 3’??"’@ @ pebiam 4 fnsgpind diffacton. oBatwapnf beimpkethet he near
and far- fomdz@%rfwrﬂﬁeecdnﬁﬁ%}i@%adsﬁ&ﬁﬁ%ﬂ' %eia\( | 0 whO2%hed B

(o]
enbodi nents, .the_| ocati ons of one or one oundarl es areyﬁ‘iet ered
relative to PR dbr fl“ﬁ%@%%ﬁ%ﬁ%@m@eﬁ worl @mcasonteoofpthoiticiient a
frustrated dighf®ackban tbhRESEL z{éhxfa%ﬁtfirrkgcxa %E%hg\gbzé’fthé Qﬁm peldent i ght
to an internediate | ocati on between the near an EST exarrpl e, the
| ocati on of certe! me o e lzwaethhmdﬁﬁfabgeby £ Bubtoflinf o r@hgel Sr @Bk b@@%@htct ated by
t he above E% %%Pby a factor in a range of about 20%to about 50% In sone
embodi ment s,”  StEH conf i guration of the zone boundary locations is enployed
i nst ead of adjustlng t he phase del ays caused by the zone boundaries in
~order to actiﬂfé\}emasomemhcamedtsdmfefsfepmagmmasso&nl&augrhh infbrO ihg bnepdRedi ments t he
| ocations of, M&g @usqefrl es as wel hei r associ ated phase del ays
can be conf i’ qured 05 ain’ 3 A PPYCR SCHFSP RBRYEs 19 sauspyhe dikitagiive ex anpl e,
t he di anet emstrofture h:edmeem patioz ofithe Orflictidighi th 28 iBemedRieJooatibPbBRden t han t hat
defined by (1) such that the diffractive structure would
di rect sonettﬁc%?}e%ba%%ﬁgfk ent light to a |location between the near and far
foci. For exanple, the radius of the central zone can be larger than ,Arlf
. e.g., by a0%4cMereoyar, ia somngitenfmimbinents, 2oherchabaistiGthp REGRBF the

step scparating the central zone from its neighboring zone, one or more step heights

associated with other zone boundaries are configured, e.g., in a manmer discussed
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[51] In some enbodi ments, the step heights associated with nore than one

zone boundary can be adjusted, e.g., in a manner discussed above, to cause
the diffractive structure to direct a portion of the incident light to an
internedi ate | ocation between the near and far foci. [52] Moreover, in

some ot her enbodi ments, rather than adjusting the height of the step
separating t hBoveQAbH @kt (ROBGrab AR BridhFe Q%l@ﬁ?&?ég%ei&g%}ﬁ?e RAGerPlighiy € Step

hei ght s associated with other zone boundari es igured,"e.g., in a
manner di scud®&¥erpsdiaty faggtion betyeenn thy aeartand fagifgof.r Bertexomplst theidifftaconoul d

direct a por ki “Ghsttal@” hithé B81Mre birPhlallBpkn | Nternedi ate |ocation between
the near and far foci. For exanple, 'the diffraction can be "frustrated" at

one or nore i pheral zones. . [53] _1n some other enbodi nents, .the surface
curvature of ?(25{35 Héasg?m(?ﬁ’ﬁr ‘Eﬂsﬂ?qdl“gfé‘{si B s'i%‘ﬁ%"?@‘“ﬂ?f"fé‘r’é?ﬁt ops SRR of at
| east one adpameintdifftirdrt Kidet thanofZaNess tehadidat difagetdhfhrAich Bt 38 UCt Ur e

woul d direct rtion of t incident light,to an. [nternedi ate | ocation
bet ween t he %@?’a?’%‘é‘%&m’r‘”&?e WB‘@? dirgg a\wm&f"fggfa’r’?ﬁ‘ld@{t q’lg‘“ﬁ‘BF@ et i cal |y
depi cts an ekeapndeyvebhe 4¢hr bl ACHOI BFRRE ofbiahpRlBIGTRE epadingrt t hat

i ncludes an qptic 46 havi n.anterior optical surface 48 and a posterior
opti cal surfggéct  OX aW?ﬁL?ﬁﬂﬁf%?dﬁnﬁ%@h@ﬁ? fuget hatdncdydes 4 yre 52

di sposed on eptjgoitthiaving af arttdrier apticairsutiice 38 ADS ostelibEopBiphlise A6 sPr oW des a
far-focus optd 0 €. in ran of apout 6 D tq _about, 34 D, and a
near - f ocus agéd‘g glg\kgrr%géea.a,(g{ﬁﬁagersgﬁc egfdﬁ‘ﬁ??ﬁ o5 2 BHOFIgn Of 52 nHhY The
diffractive stfacetTheepi2id motided e$ardoquk optivhl doyent.odirf £ faagidfabouzobes 54 t hat

are separate ther by.a plurality of e i.ch can be
uni f orm apo% a}é@%g{}%ﬁgﬁaﬂ%gusc%%%ﬁ " el a%@gﬁgfé’(?‘%s% %%abﬁ%‘ﬁ@r accor di ng
to the teachifhydiffdctivt etrictive 32 iin)des anpltrhlity o >diffpttinyzcasdoditienate, t he

diffractive gbt ' terl zed a plurali ol _substantially

uni f orm st ep%e[?{gé.{!l?%g dn??%];@%ﬁa tarﬁ}‘%m@%gé‘ﬁ%%‘fc{‘ tcﬁbg‘}slﬁ?'%o%’eap(‘? F‘%‘at ure of
the central @ithdrriaetdooventiont maimee of iz mented agcotdngdiof the reatHingsidf fies St eeper
in this casey fhamt . I j 0 L.e.. the zone 54 such t hat
the di ffiact ?n\‘/fe ﬁg{b} ulg'? 1&? g}tﬁcﬂptrl%%?Tgtog‘%g%&’ttﬁeo‘%%a%h‘fehsguftﬁﬁi HEFEFLE %t i on to an
i nt er medi at eby velaelivef bbsaely shibrmetep hegids.f ar foci. By way of exanple, the
di fference between the surface curvatures of the two diffractive zones can

be, & 0. 1 N{osa] andfs QibdAR, skl AROH ot conit kB L, @POUL 10%

Al though in this enbodinent, the surface curvatures o e central
di f fraction #8R&*aiiiiereet (s seerer infbicasel from et offits advpint gae éicb-tlee direct a
portion of thgeismgise@ithatl thOBifaORR sBYonlr® dhdd& 4 LT tieak: dén?i%ﬁitdiﬁp’ In

( : & . .
alternative enbadi nents, other diffraction zones can be contigured in this

manner to prARdRicERediafet lavatian beveens the pepr apfor st By ivay sexamp dienent s, t he

surface curvaiueas WRivddPie shrifdh clrWiured difth Gl R Gonds 3h BEgdgpted, e.g.,
in a manner di scus?ed above, to direct light to the internedi ate | ocation.

[55] |In some® EWBoaf At 40% ih abayi PP %cefon prample, ebait 18¥e Hithicuglén tén zone

exhibits an esiparidngithy sdesd enedutsd of dY et Sidhdibh 36hd M1 Bbe sickure to send
a portion of fhe incident light energy . to the internediate |ocation. By

way of exanplerce ZRgREe £o P idiait|ayPogion; i tthe Baiderdlisheencemydpithd ng an
optic 58 havinfeindidkd $de@lidinDhin QRdrh#idd HUsdiRGRs, AftheR MERALHAMRE O Pt i cal
surface 62 on ¥¥m ch.a diffractive structure 64 is disposed. Simlar to the
previ ous enbUBFEERT & thip Enagners o apepyide an dptermediate fogus. s Fugherein &fmea plurality
of diffracti afboipnes, SRPARAEESuTHAR 6N RN BhN o RYEdctRhWaald th &f steps.
VWil e in sone, cases %e.%é, in this exerrpl,arg/,enbodl_ment)t t he steps are
configured tHPREGSE {2 Tppust dspusied thoge (s drect liht iithrdnteanading 109HEB t he st eps
can be substantially uniformor be apodized in a conventional manner. The
anterior surfoagle I 2omsemtudingmtsethl 2@chebyf A lakthak diftrh@ih yosRebiical base

profile. The surfac r%ili | e of t central diffraction zgone (zone A),
however, exhi’ lit'jeln ftl%ﬁes%g R8PS iy d%ﬁé‘i"ﬁ‘&f‘@’f"“?e‘ﬂf“ﬁd@rPOétﬂrPéF‘@,m 14 conic
constant in a range of about -10 to about -1000 (e.g., in a range of about

-10 to about -100), so as to cause the®diffractive structure to divert a
portion of the incident Iight energy to the internediate | ocation.




[056] In sone enbodi nents, the surface profiles of a plurality of
diffraction zones (the surface profiles between the zone boundari es)

exhi bit selected aspbericities, e.g., simlar to those discussed above, so
as to direct light to the internediate |ocation. This corresponds to
creating deviations fromthe straight lines for the sawtooth-1like profiles
shown in Fl GURRe 5By kOl intdrBed pdi e {l-e of at

| east one of ﬁe 10ggf S qpti cal su??ggégggexg?g%?ys Ogt}ggqug’t Iergﬁgie%r?ge of
asphericity &%Pgre YP@P!‘E‘%%&OH o0 BIBRAISHE anrgytie V& davinst oestgisabptiogl  For
exanpl e, Fl GuREc8 66 ahe iR kit bpticdeRirBlSeAbh bidn QGiBAGRE il 4 gOL her

enbodi nent of the%i §v ntion that includes an optic 68 having an anterior

optical surf 4880 acfo s prexupembpdiments the diffrectiee sciredidds fmetbout an

optical axisofdpluAlity sediffradiRg z6Hek f:»ép@ﬁ%e&i‘f@mﬁ&ﬂe‘éﬁ&tﬂér%y%?)hﬁﬁﬁ?Epgté}g, to the
teachi ngs of .the.invention is disposed on the anterior surtace.” Further,

the posterio (T} ST CRYTE (Ckrd® i Brmplpy embpdimenty the sisas armeendigingd i0i nci dent

with a spherbnat fsefdd aifftafain Bihef amBSEmbIN8R) sidh ﬁ%k'suﬂd'tﬁ&iﬁﬂPes from
t he optical axls and exh(;(jl‘plés an increasing deviation fromthat "spheri cal
profile as a PHRd: PoRe BPOFERL b &sFRYPHIgRAL grangsist b antpicsraurine 6his cal axi s.

In some enbodiaentised bihi Sutdeiiaay ispbrearbabd Prdtile. arRehAslesofewren of
asphericity totrtlh?gposteri O{Z sufgf gce, e. %l one characterized by a conic
constant in FFANYEHEEILBRUE 1Y) PEVersb Graibiton@srhenigly chupcterizedfgfe of about
-10 to about exatPB) by SeonitohsdnPin@VAIEE of SIRLQYEH Wbt L Q00 BURih b Yangd b SOME Ot her
enbodi ments, ,t Qtenlp%sgbog{géd le of the surface on which ~“‘the frustrated
diffractive SPFUGt & 2o )’ssﬁc?ééooca(‘@tg‘?fhffﬁ‘i'%veaﬁtﬂ“éwpé‘?d%‘ﬂ'f?Eﬁ’Pﬂ%‘éfrface 20 in
this case) ctnimidentight megeloahd ieBrtlegeiacatibn.asphericity so as to enhance
vision quality. Further, in other enbodinents, one or nore surfaces of an

| OL havi ng I i Chi ruct ur uch .f.he.above |1 OL 66,

" can exhi bi tqﬁiﬁ%é%ﬁ%@g&%%éb%g%%rfal%%:ip’foﬁi (5’?%’?‘1]5% c(ztsodd 3B F/Gal i ty. For
exanpl e, t heltherivepsearofilerdietirecn fhe zpresicendadies) sthifineksted Gspberichs,afe.t he 1 OL 66
can have a tghi 0. ik : di.nent the frustrated
diffractive %&%cgﬁﬁ%gggsgééﬁ% b8¥(l’ gglﬁ%#og?l?egfﬁg}ﬁg%) ﬁbaalﬁg %Wedgc@(%‘e filtering
- of the bl ue Thigperrespypdgipycrepting drevintibws, frorh chel Bhightalined éorfilar sm@tbodf-dcT ysof

Nat ural nat egrh@lks stBynWeYGRRE 4 t her exanple, U.S. Patent No. 5,470,932,
herein incorporated by reference, discloses polynerizable yell ow dyes that
can be util |@§ﬁ Er? bl ock_ or lower the intensity of blue light transmtted

t hrough t he . In peeg empedimpratss Big\haseoprafilgi ofeh desst opeof gesiORZyeptivl provi di ng

- a frustrat edutthdes bAabiis\eRelRiBacReS ot spreieBPd-tordity QUL grolgﬁe dngderst ood each
of the structur al%%aa ures utilized In the above enbodi nents 1or generating
s

an int er medi At § guirenedifUBY Scchamstically deni¢tyan I G6raceding teat i on wi t h
one or nore aabfer Bl 8f thE QhiveBHH BhCincibibs SAMGP:HE BB QNP B) Sniedidh @ddi tion
to configuri ng aghe st?é)1 ‘gesjﬁ%ht .separating the central zone fromits

adj acent zorf&1P3 Sy /A F Steriy aphratuafe P olispased ehpat mgpliotl gkis 76f t he
central zoneA dasiatd diffRialitusiRt?d seddBNP e Hhdfis SLtheaRANBoSR aS 1O
direct a portion .of jncident géeg%tﬁnﬁeg t}xhe internediate focus. [60] The

various | ens&®otdon feesirrigh SBRsteEiar Siaes\indvdss 8 profige heinuf act uri ng

techni ques Knewistantiallyh@ingidént withGlgphRASHNB N6 BY Aadh8d YindiKbd dmalin the art
will appreciqz}ite t hat ﬁ\%ri ougé%ha(?%;ahs .can,be nmade to the above enbodi nents

wi t hout depad 58 1% toﬁt_éca_ [FRd hikitg an oerpating dewation e hpispbaristlned i s: 1.
An opht hal mipeofilens a fafstidh iof iftehasing radial distance from the optical axis. In some

embodiments, this deviation can impart a selected degree of asphericity to the

posterior surface, e.g., one characterized by a conic constantin a range of about -10 fo
about —1000 (e.g., in a range of about —10 to about —100), so as to provide improved

vision quality. In some other embodiments, the base profile of the surface on which
17 )




an optic having an anterior surface and a posterior surface, a diffractive
structure conprising a plurality of diffractive zones di sposed on at | east
one of said surfaces, each zone being separated from an adjacent zone by a
zone boundary, said optic providing a far focus corresponding to a zeroth
diffraction order of said diffractive zones and a near focus correspondi ng

to a 1st dif fiseafedstraed eifleiveddisadeds Gliisﬁcfséc?@tf;,‘é}% aﬁ;%ﬁgﬁ?pft%\éri%ﬁ%%cg b’g& %le?gfl t('.)rs]e

boundaries are characterized bé a plural ‘ n
generating ndHe tPEP ﬁgbkﬁbas@iea { dspec o appbererity 6o o tpephange yidet quhityof i nci dent
light to a | Geshdroin diek erBsiitaisg oREaT med GuftRbs SO 103 Ondfg LOmARRANCE

i nternmedi at e \vi.Si.on. . The lens of claiml1, wherein sard non-uni form step
stlise. iy o€ el

hei ghts conpfia&y B Qe 66t wpcxbhii 1 selepiad esree af phase

del ay to inciateity fériqghincaliakion haliyd Kb fek@hRd) R BRIWE SIS NE: PhRsS: del ays
associ at ed wilgrﬁcgsa} do ?gntstﬁc}g#é&e S %gs for at | east one wavel ength of the
i nci dent 1igRt & gearel th 158 PAVe GéRFiS bategrdflle.20 3. The Iens of claim
2, wherein said optic provides a far-focus optical power in a range of
about 6 D tol®Bbun @meEmbodimeThethe dnstroéd difficive JOMREE Bk Moml thrapt i C

provi des a ngafski I r _CoLr [ to an add power in a
range of about P %Eét{gan {))Vlli%eaéﬂmﬁ).% . g;go%ggﬁlgﬁ@%ogg(‘ﬂa%f’ xqmp K said
diffractive i@ﬁ@sﬁ?@?® of dyerygefibualbyetaiab 0By ivenobDfirthdiexdngs) €Xs.indRns ur f ace
that [acks dihf g,mwﬁ,eheﬁéim;&g&ated by reference, discloses polymerizable yellow dyes

that can be utitized fo block or lower the intensity of blue light transmitted through the
TOL.

[059] In the above embodiments, various ways of providing a frustrated diffractive
lens are discussed. It should be understood each of the stractural features utilized in
the above embodiments for gencrating an intermediate focus can be employed
individually, or in combination with one or more other features. For example, in
‘some embodiments, in addition to configuring the step height scparating the central
zone from its adjacent zone to generate an intermediate focus, the curvature of the
central zone can also be adjusted in a manner discussed above so as to direct a portion
of incident light to the intermediate focus,

[060] The various lenses discussed above can be fabricated by employing
manufactring tochniques known in the art.

[061] Those having ordinary skil! in the art will appreciate that various changes can
. be made to the above embodiments without departing from the scope of the invention,




6. An ophthalmc |lens, conprising an optic having an anterior surface and a
posterior surface, said optic providing a far-focus optical power, a
diffractive structure conprising a plurality of diffractive zones di sposed
on at Weastclaomdiof said surfaces for providing a near-focus optical power,
wherein at least two of said diffractive zones exhibit sufficiently
different surface curvatures so as to cause a portion of light incident on
sai d oOptiboplttigldie leds, ceugregdet 0 an i nternedi ate | ocati on between said near and
far foci f : L: ] edi.at kSl on, and wherein a difference in the
curvataglrogtfécq%?ﬁgg%?%%gl?l%ﬁg%%t%c{%h%ﬁéﬁé‘%?% a range of about 10% to about 50%
7. An opfintiae sivetureeonmprismmmiyditnef diffisrtigptanes d@oschg an anterior surface and
a postgri Qs Sl aGEwurf@l, da @R ebeiRE QphsteNGoRaf ar - f ocus optical power; and a
diffractive structure conprising a plurality of diffractive zones di sposed
on at 5% 7BRRY DFIEBIHI%Yr f aces for providing a near-focus optical power,
wher ei fid oatic fr&aGig 4 Mofo@fs cSdssbnbling foraaebinvetaainesrdaxhi bit sufficiently

di fferent. $ ‘face curv turefs SQ_as t(g ctauzg .?ffgtorti on of light incident on
sai d optPeIHFens Zar A BT AR TR R PR At 81F6% At i on bet ween sai d near and
far fo@ierbbdaideiithamets aged Nt er medi ate vision; a difference in the curvatures
of said at |least .two, diffr IV IS, | . range of about 10%to about
50% awﬁh "R A e1108%{15?esta{/\%(:%%lgéft?j?%c@{}&zm%%}ﬁéeﬂs}mgorrpri se two adj acent zones.

8. An wophtrhadpriieght emsratimorprupidirmghzin ddps pdaplsdtd ng an anterior surface and a
post er ok, SUEEAGEnci &M 0BG 1kl QUELNGia e aha £0CUS optical power; and a
diffractive structure conprising a plurality of diffractive zones di sposed
on at foeigses topehapt EPEligerfdgees for providing a near-focus optical power,
wherein at least two of said diffractive zones exhibit sufficiently
different surface curvatures so as to _cause a portion of light incident on
sai d optPelerpi By} PoerB et fotiiP EP s téf‘éﬂﬂrg‘i:‘“éti on between said near and
far fogist f@lcoRBlaRcdpgedchingnnagh iaee delagitingidantizhwhel déikn sai d near - f ocus
opti cal .power_ corresponds .to an.add .power in ran f about 2 D to about
4 1D. a@%erﬂ?‘feB?fﬁ?%é}Perﬁgﬁseﬁg% 50D Cﬂ‘?”gli S\é\% "‘é’hs‘“’%lg}’ﬁ S%’pgg’#ng an anterior
surface and a posterior surface, said optic providing a far focus, a

di f f r aleest ous verdenetupt de dsitprtilightaperetesp g dort ;‘Q_Oof”aﬁﬁlef“ﬂgacti ve zones di sposed

3. The lens of claim 2, wherein said optic provides a far-focus optical power

in a range of about 6 D to about 34 D.

4. The lens of claim 2, wherein said opiic provides a near-focus optical

power corresponding to an add power in a range of about 2 D to about 4 D.

3. The lens of ¢laim 1, wherein said diffraciive zones are surrounded

by a portion of the respective surface that lacks diffractive elements.
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on at | east one of said surfaces for providing a near focus, wherein a
surface of at |east one of said diffractive zones exhibits an asphericity
such that said diffractive structure directs at |east a portion of incident
l'i ght & anaphthahbietemedérarigingocat i on bet ween said near and far foci, wherein

sai d ARk gcha%ffgébén%ilggﬁ{?ﬂcga%algogtgrlc;?)éurﬁacé:%(Siatigont ant in a range of about -

10 to ‘abo ens of clainb, wherein said ophthalmc |ens
corrpr|1‘-8@i5d1m13ﬂfqu’,f(_stIOP’ﬂCai Miepht hal m ¢ | ens, conprising an optic having an

ant er i %ffz%&ﬂvfeaﬁﬁmmgmﬁlmsatp%mwof%prrrzc%@zoné%sgos@dptI c providing a far focus,
a diffractive structure conprising a _pluraljty of diffractive zones

di spos@dt tspst age of sadriprseiopprogding 8y foé‘bgé’gnqab?"wﬁ’f’ ovi ding a near focus,

wher ei ghes@l 4 18 @0 éf@ﬁw&f&a‘@uﬁ%ﬁe@@ﬂaﬁﬂsﬁﬂfdlexlaw(Bﬂbr@dd power in a range of
about 2 D to about 4 D, ein | east one of said

di f f r SCEFF ST HHESS S KicBE §pﬁﬂ°%cggﬁl?§ﬂcﬁjﬁt On§ c‘ﬁmf ffat said diffractive
str UCtEbl’cﬁedéd’teﬁﬁ ﬁteﬂ:ﬁediaeaﬁiamﬂl bpmetn @il nedr andei fderiér | i ght to an i nternedi ate

| ocatio bet near f wherein
sai d oBHVITEE % T,dZa A VISé%nﬁf)l}dlué eegsem aaﬂiﬂfife&%%é n ﬂ)f&gwi\tllggoﬂﬁ?iﬁﬁ IQEIS‘{ tgzlogéﬁ%g ljn(]:aorrprl sing
an optiagzehdvtiongl O&ato ambeYPor optical surface and a posterior optical

surface, said optic providing a far focus,

7. An ophthalmic lens, comprising: an optic having an anterior surface and a posterior surface, said optic
providing & far-focus optical power; and a diffractive structure comprising a plurality of diffractive zones
disposed on at least one of said surfaces for providing a near-focus optical power, wherein: at least two of
said diffractive zones exhibit sufficiently different surface curvatures so as to cause a portion of light
incident on said optic to be directed to an intermediate location between said near and far foci for
enhancing intermediate vision; a difference in the curvatures of said at least two diffractive zones isin a

range of about 10% to about 50%; and said at least two diffractive zones comprise two adjacent zones.

8. An ophthalmic lens, comprising an optic having an anterior surface and a posterior surface, said optic
providing a far-focus optical power; and a diffractive structure comprising a plurality of diffractive zones
disposed on at least one of said surfaces for providing a near-focus optical power, wherein at least two of
said diffractive zones exhibit sufficiently different surface curvatures so as to cause a portion of light
incident on said optic to be directed to an intermediate location between said near and far foci for
enhancing intermediate vision, and wherein said near-focus optical power corresponds to an add power in a

range of about 2 D to about 4 D.
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a plurality of annular diffractive zones di sposed on one of said surfaces
about an optical axis of said optic so as to provide a near focus, wherein
at | east one of said zones (i) has a boundary with a radial |ocation

def i net Abyplithedmif gend, owipmginig el at i on: ri 2=r 02+2Wwherei n i denotes the zone

nunberan(oigﬁ agﬁggrfﬁEﬂBﬂﬁﬁ#‘c@Qﬁd‘@ﬂc}sé@&@aﬁ%gsai&i&ﬂlgt es a design wavel ength, f

denotes a focal length of the 'near focus, and re, denotes the radius of the
cent r afrozdngs fapfeelswher ei n at | east anot her zone has a boundary with a

radial, (!liﬁﬁx@t_we%C&t"&a&mﬁﬁsﬁr{g@’pﬁ;miity of diffr&}ﬂifvé tebseipbyd from t hat defined by the
above relation for_a putative respecfive zone so as to direct a portion of

i nci detitat fopg Rre of gt 16F PRUMAF 27§D 5 on bet ween said far and near foci.
14. Thenbens sefccdrai Basdde oMagr&fiactvh eoneasthials dnocat i on of said at | east

anot her zone di f%grs romthat defined.by said relation by a factor in a
range BPREEFGFC /gafdo‘I“%‘BgWF SB{565© GRS 8% 3818 b
incident light o an intermediate location between said near and far foci, wherein said asphericity is

characterized by a conic contant in a range of about— 10 to about -1000.
10. The lens of claim®, wherein said ophthalmic lens comprises an IOL.

11. An ophthalmic lens, comprising an optic having an anterior surface and a posterior surface, saié optic
providing a far focus, a diffractive structure comprising a plurality of diffractive zones disposed on at least
one of said surfaces for providing a near focus, wherein said near focus is characterized by an add power in
2 range of about 2 ) to about 4 D, wherein a surface of at least one of said diffractive zones exhibits an
asphericity such that said diffractive structure directs at least a portion of incident light to an intermediate

location between said near and far focl.

12. The lens of claim 11, wherein said ophthalmic lens comprises an IOL.
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15. The lens of claim 13, whereis in a range of about 400 nmto about 700
16. The lens of claim 13, wherein said near focus corresponds to an add
power in a range of about 2 D to about 4 a 17. An ophthal mic |ens,
corrpriis’sihgomﬂlatmpt]eus,mmﬁﬁégg an anterior optical surface and a posterior

OPt | Caly I {368 um Skt GRLA CrREON bAGE b hpgus, a plurality of
diffractive zones disposed on at |east one of said surfaces to provide a
near fwoWwstic mpiedied hiasigiwd. zones conprise a central zone having a radius that

is suff .1%I§§Igf*a\ﬁnlg£rfd§f§£o%%zoflésqh oshl Af ondReHA suZacedenot es a design wavel ength
and f denotes a focal length of the near focus, such that at |east a

por t i GROBRR PHERIdERP! 1#dgREC jogs QiR ads¥ % i nternedi ate | ocation bet ween
sai d ng@kciantafidhe fRGH zond8() niheboedas, waifh .ahdiimcdion wherein 2 is in a range

of about 400 t to about 700 nm 19. The lens of claim 17, wherein said
near f%@ﬁ%dbé’él?erafg’lﬂﬁv%glaq%a n add power in a range of about 2 D to about 4
D. ri=ri 200

wherein

i denotes the zone number (i=0 denotes the central zone),
/. denotes a design wavelength,
f denotes a focal length of the near focus, and
1, denotes the radjus of the central zone, and
wherein at least another zone has a boundary with a radial location that differs
sufficiently from that defined by the above relation for a putative respective
zone so as to direct a portion of incident light to an intermediate location between

said far and near foci.
14. The lens of claim 13, wherein the radial location of said at least another zone
differs from that defined by said relation by a factor in a range of about 20% to about

50%.

15. The lens of claim 13, wherein A is in a range of about 400 nm to about 700

nm.

16. The lens of claim 13, wherein said near focus corresponds to an add power in

a range of about 2 D to about 4 D.
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17. An ophthalmic lens, comprising

an optic having an anterior optical surface and a posterior optical surface, said

optic providing a far focus,

a plurality of diffractive zones disposed on at ieast one of said surfaces to provide a near focus,
wherein said zones comprise a central zone having a radius that is sufficiently

different from VAf where 4 denotes a design wavelength and f denotes a focal

length of the near focus, such that at least a portion of incident light is directed to an

intermediate location between said near and far focl.
18. The lens of claim 17, wherein 4 is in a range of about 400 nm to about 700 nm.

19. The lens of ¢laim 17, wherein said near focus corresponds toa n add power in a range of about 2 D to

about 4 D.
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