WD 2004/ 038489 PCT/ US2003/ 033180 OPHTHALM C LENSES W TH REDUCED CHROVATI C
ABERRATI ON Field of the Invention 5 The present invention relates to
ophthalmc lenses. In particular, the invention is directed to spectacle

| enses in which chromatic aberration is reduced. Background of the

I nventi on The use of ophthalmc |Ienses for the correction of anetropia is
wel | kno ln the manufacture of spectacle | ense {-Ln ol irable to
use hi gh%be?otoé(@%si‘@e index nmaterials, or materials V\A?%T,ggzrogforsgc i ve index
greater than 1.50, in order to provide acceptable edge and center

t hi cknesses, especially in higher power |enses. However, increasing the
refractive i ndexrymsiAngrd OENSESt WITHAREDIERDe CHROMAT I APERRSTEM ycar bonate or
inorganic glass results in an increase in chromatic aberration or col or

di spersion. 15 Longitudinal and transverse chromatic aberration is caused
by the displacenent of inmages fornmed by light of different wavel engths. The
magni tude.of the aberration depends on the power of the |ens and the

physi cal properties of the |ens pRideritd mvétRioRONS weari ng spectacl e | enses
made of conventional materials will 20 experience chromatic aberration to
varyi ng degrees, &dwerésant|ipvantion relatesde ppiiealmicienseshn partiudarathef i el ds. For a
refractive si.ngle element .l ens i cal: e ns | ens’
transverse cHFoREPrE egﬁepé? ?pgﬁtaélg%b%g)m%ﬁ{cgi%}é%?lgaﬁsc%gé%gr?gés f&%%crgﬁt he Abbe 25
nunber (V), the lens power(o) in diopters, and the gaze height on the |ens

fromthe 1lens center in mllinmeters. as.sho in Equation |I. TCA = 0.1
vV (y) éaci(grounc{ of tﬁle Invent\llg]nI quatt y

The use of ophthalmic lenses for the correction of ametropia is well known.
10 - In the manufacture of spectacle lenses, it is desirable to use high refractive index
materials, or materials with a refractive index greater than 1.50, in order to provide
acceptable edge and center thicknesses, éspécially in higher power lenses. However, |
increasing the refractive index using conventional materials such as polycarbonate
or inorganic glass results in an increase in chromatic aberration or color dispersion.
15
Longitudinal and transverse chromatic aberration is caused by the
displacement of images formed by light of different wavelengths. The magnitude of
the aberration depends on the power of the lens and the physical properties of the
lens material. Persons wearing spectacle lenses made of conventional materials will
20 experience chromatic aberration to varying degrees, especially in the periphery of

their visual fields.
For a refractive single element lens, typical for a spectacle lens, the lens’
transverse chromatic aberration (“TCA”) in diopters depends upon the Abbe

25 number (V), the lens power(®) in diopters, and the gaze height on the lens from the

lens center (y) in millimeters as shown in Equation L

TCA = O.l-y-g
\Y%
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m 30 WD 2004/ 038489 PCT/ US2003/033180 2 5 The follow ng table shows the
TCA for various |l ens powers and Abbe values at a gaze height of 15 nm
Table 1. Transverse Chromatic Aberration in Diopters Lens Power in Diopters
12345678910 250.06 0.12 0.18 0.24 0.30 0.36 0.42 0.48 0.54 0.60
30 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 35 0.04 0.09 0.13 0.17
.21 0. 26wB-280d/09848¢t 0. 39 0.43 40 0.04 0.08 0.11 0.15 P%T;,%z(gnég“gb 26 0. 30
.34 0.38 45 0.03 0.07 0.10 0.13 0.17 0.20 0.23 0.27 0.3 . 50 0.03
.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30 55 0.03 0.05 0.08 0.11 0.14
.16 0.19 0.22 0.25 0.27 60 0.03 0.05 0.08 0.10 0.13 0.15 0.18 0.20 0.23
.25 to The TCA becones problematic to many wearers if it is greater than
.25 diopters. Typical conventional high refractive index materials have
Abbe nunmbers from 30 to 45, which will cause problens for sone wearers.
Sone low refractive index materials that are considered | ow dispersion wll
have Abbe nunbers greater 15 than 55, which gives acceptable chromatic
performance to the vast majority of wearers. However, high refractive index
materials are desirable for spectacle |l enses because they permt production
of thinner and lighter weight | enses. Therefore, a

eoleollololoNe

5 The following table shows the TCA for various lens powers and Abbe values at a
gaze height of 15 mm.
Table 1.

[Transverse Chromatic Aberration in Diopters |

Lens Power in Diopters
1 2 3 4 5 6 7 8 9 10
251 0.06 0.12 018 024 030 036 042 048 0.54 0.60
30 0.05 010 0.15 020 025 030 035 040 045 0.50
35| 0.04 0.09 013 047 021 026 0.30 034 0.39 043
40| 0.04 0.08 0.11 0415 019 023 0.26 0.30 0.34 0.38
45/ 0.03 0.07 0.10 0.13 0.17 020 023 0.27 030 0.33
50/ 0.03 0.06 0.09 012 0.5 018 021 024 027 0.30
55| 0.03 005 0.08 0.11 014 0146 019 022 025 0.27
60 003 005 008 0.10 0.13 045 0.18 020 0.23 0.25

Abbe Value -V

10 The TCA becomes problematic to many wearers if it is greater than 0.25 diopters.

Typical conventional high refractive index materials have Abbe numbers
from 30 to 45, which will cause problems for some wearers. Some low refractive
index materials that are considered low dispersion will have Abbe numbers greater

15 than 55, which gives acceptable chromatic performance to the vast majority of
wearers. However, high refractive index materials are desirable for spectacle lenses
because they permit production of thinner and lighter weight lenses. Therefore, a
need exists for a high refractive index material for spectacle lens use that can
provide chromatic performance equivalent to low refractive index lenses with large

20 Abbe numbers.



need exists for a high refractive index material for spectacle |ens use that
can provide chromatic performance equivalent to | ow refractive index |enses
with large 20 Abbe nunbers. WO 2004/038489 PCT/ US2003/033180 3 Bri ef
Description of the Drawings Figure 1 is a graphical representation of the
ideal refractive and diffractive 5 powers for m ninmum chromatic aberration.

Fi gure 2 wé 2604@553gphi cal representation of the range Oi’cghﬁidoi’/ﬁ'isﬁéée power s
that wll give at |east a 50% reduction in chromatic aberration for

spherical lens powers from-9 to 9 diopters. 10 Figure 3 depicts a
cross-section through the lens of the RVS spot size produced by a
conventional refractive single vision |lens analyzed fromthe perspective of
the eye. 15 Figure 4 depicts a cross-setxtion through the |ens of the RVB
spot size produced by a lens of the invention analyzed fromthe perspective
of the eye. Figure 5 is a cross-section through a conventional |ens at
various vertical positions of the RVS spot size. 20 Figure 6 is a

cross-section through a | ens gfer bBRribHEOthO@DradinyAl i ous vertical positions
of the RVMB spot size. Figure 7 is a cross-section through a conventi onal

lens at various vBiguredds a gaphisdsenressaigtiomolihnisicalirépetivg ang diffrantive Fi gure 8
s act OS%- Sg(():VE' rQ?ortrﬁiWclﬁo&xﬁﬂsab&traﬁotﬁ? I nvention at various

Figure 2 is a graphical representation of the range of diffractive poWers that
will give at least a 50% reduction in chromatic aberration for spherical lens powers
" from -9 -to 9 diopters.
10
Figure 3 depicts a cross-section through the lens of the RMS spot size
produced by a conventional refractive single vision lens analyzed from the

perspective of the eye.

15 Figure 4 depicts a cross-section through the lens of the RMS spot size

produced by a lens of the invention analyzed from the perspective of the eye.

Figure 5 is a cross-section through a conventional lens at various vertical
positions of the RMS spot size.
20
Figure 6 is a cross-section through a lens of the invention at various vertical

positions of the RMS spot size.

Figure 7 is a cross-section through a conventional lens at various vertical

25 positions showing unwanted cylinder.

Figure 8 is a cross-section through a lens of the invention at various

horizontal positions showing unwanted cylinder.

30



hori zontal positions show ng unwanted cylinder. 30 WD 2004/ 038489

PCT/ US2003/ 033180 4 Description of the Invention and its Preferred

Enbodi ments The present invention provides single vision and nultifocal

| enses, as well as nethods for their production, in which both diffractive
and refractive elements are 5 used. This conposite | ens reduces, by about 10
to 100 W se chromatic aberration enabling p 1Sl a high
refractlvéﬁ?ﬂg&%%#ens that has an effective Abbe nun%gﬁbg#ﬁg%ﬁﬁw 50 to 120.
By conbining refractive and diffractive powers in a specified balance, a

| ens may be provided with performance equivalent to a refractive lens with
a hi gher Abbe nunber. 10 In one enbodi nent, the invention provides an
ophthalm c |l ens conprising, consistinggessentially of, and consisting of
spherical power CD, a diffractive elenent conprising a first spherica
power CD and a refractive elenent conprising a second spherical power (DR

wherein rD = (DD + ( DRescgptiongfifharayention|aahis Preforied Fmbodiments 15 sui tabl eto
t | l.
correct visua ;‘fheé:nés@& dﬂhﬁ%%%ﬁgé)éfﬁeé {idoh hd BR1EBES 1RELE as HAT

i ntraocul ar, onla ses an or a single vision I'ens, nay be
the average smbthodscfaf theinpexduttionpinghioct both Hfractive and te&abtumdlem@hem cal power

t th t | t | i jcal 20 .at th
opt | cal cent dised RS Gompis g reikee Bleton (e 1B Voot BB nar t he
val ue of On Vﬂbbﬁatﬁﬁn%ﬁglu%&lilb&oﬁmgﬁ refabtvRaedx 160 tBatRd apBfedtive desired

| evel of correction of For a nultifocal |ens, CD may be the spherical

or spher ocy | Abhermugeher piabent Stto 1/ B eorabining sefrashveand fhffchﬁge Pew@s fower at

the center of, §pI38ﬁed balance, a lens may be provided with performance equivalent to a

refractive lens with a higher Abbe number.

10
In one embodiment, the invention provides an ophthalmic lens comprising,

consisting essentially of, and consisting of spherical power ®, a diffractive element
comprising a first spherical power ®@p and a refractive element comprising a second .
spherical power @ wherein @ = ®p + Qr. By “ophthalmic lens” is meant a lens

15 suitable to correct visual acuity including, without limitation spectacle, contact,

intraocular, onlay lenses and the like.

For a single vision lens, @ may be the average spherical power throughout
the lens, the local spherical power at the optical center, or the local spherocylindrical
20 power at the optical center. One ordinarily skilled in the art will recognize that the
value of ®p will depend upon the spherical power selected and the desired level of
correction of TCA. For a multifocal lens, @ may be the spherical or
spherocylindrical power at the optical center or fitting, the power at the center of the
near vision region of the lens, or the local power varying throughout the optic in

25 which case @p will vary throughout the lens.

The diffractive element may be any suitable element including, without
limitation, a diffractive grating, a hologram, a kinoform, and the like. The power
provided by the diffractive element may be positive or negative power.

30
The ideal TCA correction may be achieved by requiring that:



near vision region of the lens, or the | ocal power varying throughout the
optic in 25 which case On will vary throughout the Il ens. The diffractive

el enent may be any suitable elenment including, without I|imtation, a
diffractive grating, a hologram a kinoform and the |ike. The power

provi ded by the diffractive el enent may be positive or negative power. 30
The i dea ection may be achi eved by requiring X 04/ 038489
PCT/ USZOE%?_@%%%@ 5 (DR+(DD =o (U) VR VD 5 wherein ‘\’}Eﬂ?ém?%‘ei‘%@be nurber
of the lens material and VD is the effective Abbe nunber of the diffractive
el ement of the lens. Typically, the lens material Abbe nunber wll be about
30 to about 60. io The Abbe nunber of the diffractive el enment nmay be defined
as: Xmd VD _ Xshort- Xlong (Il11) 15 sshere Xmd is the wavel ength of the

m dpoi nt of the range of interest. For visible systens a value of 587 run
is typically used. The short wavel ength of the range of interest is 2,short
and for visible systens a value of 486 amis typically used. The 1|ong

wavel ength of the range of interest is Xlong. For visible systenms 656 run is
typically used. Using these wavel ength values, VDis -3.45. 20 The
diffractive power required for 1@;4%99 gay be Obt%&ﬁed by sol vi ng

VR VD
5
~ wherein VR is the Abbe number of the lens material and Vp is the effective Abbe
number of the diffractive element of the lens. Typically, the lens material Abbe
number will be about 30 to about 60.
10 The Abbe number of the diffractive element may be defined as:

Vr Amid
D=—" "
lshort" xlong (I

15 where A is the wavelength of the midpoint of the range of interest. For visible
systems a value of 587 nm is typically used. The short wavelength of the range of
interest is Asnort and for visible systems a value of 486 nm is typically used. The
long wavelength of the range of interest is Ajong. For visible systems 656 nm is

typically used. Using these wavelength values, Vp is —3.45.

20
The diffractive power required for the lens may be obtained by solving
Equation IV resulting in:
25
o)
(DD - VR ( IV)
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sulting in: 25 (DD 1 HV) 1- n VD WO 2004/ 038489

3180 6 Preferably, the diffractive el enent adds about O.

10 to

opters of spherical power. 5 The, diffractive el enent may

tially the entire, or a portion of, the back, or concave

t; or convex surface, or a surface internediate the front or

5)41;,1035&5 | ens. The diffractive el enent nmay %ﬁ/‘g}?‘%ﬂ%ﬂ%’hﬁﬁg

out limtation, annular, circular, elli

l'i ke.

the diffractive el enent covers the back surface for purposes of

acture 1o and for cosnetic durability. In the enbodi nent
fractive element is internediate to the front and back

in

change in refractive indexéacross the internediate |ayer nust
it enables the diffractive elenent to function. Typically, the

ractive in nust, be b en 0 and_ 0.25 unjts per mcron. 15
Figure 1 is aP{’j’f"'&HY:d]é"p&géqcﬂﬁe ?lﬁ’é‘erﬂragﬂgé"?bf’%o'l:@mbﬁ‘étt]i-B&Q’Wtefsé?fr active and
gdjlgéj:agggwa,ower for total |ens powers of polycarbonate | enses of
+9.

diopters assuming that VR is 30. One of ordinary
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the back, or concave surface, front; or convex surface, or a surface intermcdiate the

front or back surface of the lens. The diffractive element may be of any shape

‘including, without limitation, annular, circular, elliptical, and the like. Preferably,

10

15

20

25

the diffractive element covers the back surface for purposes of ease of manufacture
and for cosmetic durability. In the embodiment in which the diffractive element is
intermediate to the front and back surfaces, the change in reﬁ‘acﬁve index across the
intermediate layer must be such that it enables the diffractive element to function.
Typically, the change in refractive index must be between 0 and 0.25 units per

micron,

Figure 1 is a graph depicting the preferred combination of refractive
and diffractive spherical power for total lens powers of polycarbonate lenses of from
~9.00 to +9.00 diopters assuming that Vg is 30. One of ordinary skill in the art will
realize that for materials with a larger Vg, less diffractive power will be required. A
reduction in chromatic aberration may be realized with diffractive powers meeting

the following criteria:

(O}
Vs

1-2&

Vb

2 >|@,|>0 \)

In this equation, ®p is defined as the optimum value of the diffractive power for a
refractive power @r and its value may be from about 0 to about 2dp. If the value is
0, there is no correction of chromatic aberration. If the value is 2dp, then the

chromatic aberration if equal to that of the lens but in the opposite direction.



the followng criteria: 2 >rDIJ>0 N 1_ a VD 25 In this equation, (DD is
defined as the optimumvalue of the diffractive power for a refractive
power (DR and its value may be fromabout 0 to about 201). If the value is
O, there is no correction of chromatic aberration. If the value is 2(1),
then the chromatic aberration if equal to that of the lens but in the
opposite @y A WO 2004/ 038489 PCT/ US2003/ 033180 Preferably however,

t he diffrgg??@g}"%g%r islimtedto (VI) 5 1.9 > I( T@E%P."i’?%’ | 1( R
More preferably, the diffractive power is limted to: 10 1.5 (D

> (DDl >.51rDDI (VII) 1D Figure 2 depicts the (Do using Equation Il and
plotted along the positive and 15 negative tolerance limts as given by the

Equation VII. If the diffractive power i wthin the limts provided by
Equation VII, then the transverse chromatic aberration is reduced by at
| east 50 % -Although it may be desirable for optinmum TCA correction to
require the diffractive power to satisfy Equation |1, the rel axed
constraint provid 5;;“5 i I : tic performance to be
20 inmproved to be a%*% Ie%%bggmgﬁhletbgﬁﬁWhgghgﬁggmgrovided for with | ow
i ndex, high :
0]
5 L9——{>[®5]> 0.10,| (V1)
—_R
Vo
More preferably, the diffractive power is limited to:
10
O]
L5—5> |©,]> 5@, (VID)
1-£&
Vo

Figure 2 depicts the ®p using Equation II and plotted along the positive and
15 negative tolerance limits as given by the Equation VII. If the diffractive power is
within the limits provided by Equation VII, then the transverse chromatic aberraﬁon
is reduced by at least 50 %. Although it may be desirable for optimum TCA
correction to require the diffractive power to satisfy Equation II, the relaxed
constraint provided by Equation VII allows the chromatic performance to be
20 improved to be equivalent to or better than that provided for with low index, high
Abbe number glasses without requiring a unique diffractive element for every

spherical power.

Equation V may be cast in an alternate form so that the diffractive power is
25 defined in terms of the maximum allowable TCA. In this form, for low lens

spherical powers that inherently have small amounts of transverse chromatic



Abbe nunber gl asses without requiring a unique diffractive elenent for every
spherical power. Equation V nmay be cast in an alternate formso that the
diffractive power is 25 defined in ternms of the maxi mum allowable TCA In
this form for lowlens spherical powers that inherently have small anounts
of transverse chromati c WO 2004/ 038489 PCT/US2003/ 033180 8 aberration, the
sol ution I only refractive power. In this for raint on
t he dlffrgck:)tzlg(\y/‘@:’{)“gg\er is: 5 ( VD(_TCAV) > QD> VD VEET "@E“’W/E?‘ VD VR
The | enses of the invention may be fabricated by any conveni ent neans and
constructed of any known material suitable for production of ophthal mc

| enses. 10 Suitable materials include, without limtation, polycarbonate,
allyl diglycol, polymethacrylate, and téhe |like. Such naterials are either
comercially available or nethods for their production are known. Further,
the | enses may be produced by any conventional |ens fabrication technique
including, without limtation grinding, whole |lens casting, nolding,

t her mof of M NG} AN kAo HidhAGr 67 teialtive bwi FARHRIHA, R Gorkhareor
Casting may be carrie y any means, but preferably is performed by
surface cast iomthe diffractivepowesiis:hout |imitation, as disciosed in United

States Patent Nos. 5,147,585, 5,178,800, 5,219,497, 5,316,702, 5, 358,672,

5, 480, 600, °5, 512, 371, 5,531,940, 5,702,819, and 5, 793, 465 |ncorporated

herein in the[r eAL ties b reference TOA
C TCA“’R“") (TV’R"")
Vp— > ®Op > Vp-s

The lenses of the invention may be fabricated by any convenient means and
constructed of any known material suitable for production of ophthalmic lenses.

10 Suitab]e materials include, without limitation, polycarbonate, allyl diglycol,
polymethacrylate, and the like. Such materials are either commercially available or
methods for their production are known. Further, the lenses may be produced by -
any conventional lens fabrication technique including, without limitation grinding,
whole lens casting, molding, thermoforming, laminating, surface castixig, or

15 combinations thereof. Casting may be carried out by any means, but preferably is
performed by surface casting including, without limitation, as disclosed in United
States Patent Nos. 5,147,585, 5,178,800, 5,219,497, 5,316,702, 5,358,672,
5,480,600, 5,512,371, 5,531,940, 5,702,819, and 5,793,465 incorporated herein in
their entireties by reference.

20 ’

The diffractive element may be provided through a molding process using
optical tools incorporating the required diffractive elements. Such tools include,
~ without limitation, metal inserts suitable for injection or compression molding of
plastic optical parts, glass or metal molds for casting of optical parts, and metal or

25 ceramic stamping tools. Alternatively, the diffractive element may be provided by
diamond turning. The finished element may be coated with a suitable coating that
conforms to the element and preserves the function of the diffractive element.
Alternatively, a non-conforming coating may be used to effectively bury the

diffractive element under the coating. In this embodiment, the width and depth of



The diffractive el enment may be provided through a nol di ng process using
optical tools incorporating the required diffractive elenents. Such tools
include, wthout Iimtation, nmetal inserts suitable for injection or
conpression nolding of plastic optical parts, glass or netal nolds for
casting of optical parts. and netal or 25 ceram c stanping tools.

Al t er nat i W@loios/ 4o di ffractive el ement may be provideg, stsR5REA turning.
The fini shed e{ement may be coated with a suitable coat‘#?%szt ﬁgt conforms to

the el ement and preserves the function of the diffractive el enent.

Al ternatively, a non-conform ng coating may be used to effectively bury the
diffractive el enent under the coating. In this enbodi nent, the wdth and
dept h of WD 2004/ 038489 PCT/ US2003/033180 9 the individual grating el enents
will have to take into account the difference on refractive index between

t he coating and conperci ally avail abl e

.the sybstrate. Suitable coatings are
or net hods foﬂwerngwflu tRg e&wnﬁh’ﬂ aveso E&ﬁgéc"c%t e GRHETeRsE OB ~ t he

diffractive pRWSEVeSndRRRARA thetdafinpmt Alethubstia) €S hifMle RANETS da?ef the lens,
conputation of the diffractive power for each lens is dependent on the

prescri ption ¢ammerially avdilablgeamethods {ps theirmeakingare kmpwn, the diffractive

el enment is.provided on a nade-to-order basis. In one nethod for 10 providing
such made-to-order_el enments, an individual's corrective prescription is
determ ned and a sBerauseithe magnitude afitke diffractive power is dspendentontthestotal ace

geonetry is I T [ f -1 IH ank may be
provi ded wt h?pglref?/&ltl gg‘lmtﬂa I eJlgrSthxﬁ%ﬁ%@?%{ glre dge%ﬁpfg%o‘gérh%éf aggcg{ 1|$ng,
antirefl ecti véependent oxgthe pprastrddion farcthe individmal wheudd the lenSulfheqtent | y, the

blank is attached .to a rot.ati onall 15.s trical _.holding fixture on the
Pront S f acoSBErkS pltmrg if proppL oY s AT YRR HAER: 4 Oné mathod for

10 providing such made-to-order elements, an individual’s corrective prescription is
determined and a semi-finished blank with the'suitable front surface geometry is
selected. The front surface of the semi-finished blank may be provided with any
suitable coating as, for example, a hard coating, antireflective coating, tinted
coating, or the like. Subsequently, the blank is attached to a rotationally

15 symmetrical holding fixture on the front surface so that the fixture is aligned with an
optical reference point, such as the optical center. The blocked blank may then be
machined on a multi-axis, computer numerically controlled diamond turning
machine to form the desired surface, for example sphere, toric, progressive addition,
on the back surface that includes the diffractive element. Preferably, machining is

20 carried out by a single point diamond tool mounted on a computer controlled, two
axis, linear drive. The surface to be machined may be described by any convenient
method including, without limitation, by describing the surface in terms of x, y, and
z coordinates or by a set of polynomials each with a set of coefficients and boundary
conditions. The machined surface may subsequently be coated with any desired

25 coating.

Although the invention may find particular utility in the design of spectacle
lenses, the refractive and diffractive elements may be applied to any type of lens for
correction of visual acuity such as a spectacle lens, a contact lens, or an intraocular

30 lens, and the like. The invention will be clarified further by a consideration of the

following, non-limiting examples.



optical reference point, such as the optical center. The bl ocked bl ank may
then be machined on a nulti-axis, conputer nunerically controlled di anond
turning machine to formthe desired surface, for exanple sphere, toric,
progressive addition, on the back surface that includes the diffractive
el errent Preferably, machining is 20 carried out by a single point dianond

t ool 2%,6% RagiggOmputer controlled, two axis, Ii nq,?nggl'z °§{3{,3(}ng surface

to be m |ne may be descri bed by any conveni ent wi t hout
limtation, by describing the surface in terns of x, y, and z coordl nat es
or by a set of polynomals each with a set of coefficients and boundary
condi tions. The machi ned surface may subsequently be coated with any desired
25 coating. Although the invention may foi nd particular utility in the design
of spectacle |I|enses, the refractive and diffractive el enents nmay be applied
to any type of lens for correction of visual acuity such as a spectacle

|l ens, a contact lens, or an intraoculXamples|ens, and the |like. The invention
will be clarified further by a consigg%@@' on of the follow ng, non-limting
exanpl es. WD 2004/ 038489 PCT/ US2003/ 10 Exanples Exanple 1 A single
vision lens wth Akid}k diiowleas withf- 43]0hmiterabfqphw&ral pewerds eatle GomS

pol ycarbonate with an Abbe n nber of q27e9 346\5 Qase i ne for conparison

pur poses, 5 aPelyRArBoRAICOHE an2b e{’é‘!’?b\?é° abaseline %?PéPRPi’éEP PHRPEH | ens has

a front radi H%owenaaﬁnemt%%mscﬁmf aﬁlﬁéd,%&ﬁemasyﬁodt%s'o?z@@a' yzed by

conputing the RVS spot size at the focal '‘plane of an 18 mmfocal |ength
| ens placed anntambb@y&dmmﬁi?m pGhelens ig Anglyrefl by eomputing:the RMS$iepdRVE spot

size is Conplsfltzee gt t{mg E‘ocalr%!%!xte of ¥ i?ﬁmI fohy IenAéPh fefls placed at the eye rotation point
27 mm from the lens. The RMS spot size is computed for input angles from —40 to

10 +40 degrees and is shown in Figure 3.

A diffractive element with a power.of —0.37 diopters is placed on the back,
concave, surface of the lens. To maintain the spherical power, the radius of the back
surface is changed to 89 mm. The RMS spot size for this diffractive/refractive lens

15 is shown in graphical form in Fig. 4. The image quality at x =0, y = 0 improved as
measured by the decrease in spot size from approximately 0.004 mm to
0.001 mm. This is due primarily to an improvement in the axial, or longitudinal,
aberration. The improvement in image quality is more pronounced for off-axis
angles of incidence. For example, at x =0, y = -20 degrees the RMS spot size is

20 0.017 mm for the conventional refractive lens, but 0.003 mm for the lens with the

diffractive element.

Example 2
A polycarbonate, non-toric, progressive addition lens is provided with a

_ 25  distance power of —4.00 diopters and an add power of 1.30 diopters. In Figure § is
depicted the RMS spot size for the lens. In Fig. 4is depicted.the unwanted
astigmatism in the lens. In both of these figures is shown cross-sectional analysis
through horizontal cuts through the lens at various angles. The 10-degree cross-
section is a horizontal cut through the far vision region of the lens. In this particular

30 lens, the near vision region is at —40 degrees. A series of cuts is made from the far

vision region through the intermediate vision region and to the near vision region.



10 +40 degrees and is shown in Figure 3. Adiffractive elenment with a power:
of -0. 37 diopters is placed on the back, concave, surface of the lens. To
mai ntai n the spherical power, the radius of the back surface is changed to
89 mm The RMS spot size for this diffractive/refractive lens 15 is shown in
graphical formin Fig. 4. The image quality at x = 0, y = 0 inproved as

nmeasur ed W Joblosgi@gr ease in spot size from approxinmat equymg)%&gfhaﬁg(}to 0.001

nm This is due primarily to an inprovenment in the axial, t udi nal ,
aberration. The inprovenent in inmage quality is nore pronounced for off-axis
angl es of incidence. For exanple, at x = 0, y = -20 degrees the RV5 spot
size is 20 0.017 mmfor the conventional refractive |lens, but 0.003 nmmfor
the lens with the diffractive eIenent.”Exaane 2 A pol ycarbonat e,

non-toric, progressive addition lens is provided with a 25 di stance power of

-4.00 diopters an X, Tall : ! i depi cted
the RVS spot si ze%f %?fr %ﬁge P‘gﬁgwﬁma]ﬁ?d‘g#?‘g%gggﬁ’i‘gé&%eﬁ?h mﬁfadr?? %vg
asti gmat i sm swficeefitlerlsns. [The bwerhll spherelpower fempinse4.00diepterssbut thess- sect i onal

anal ysi t hr hori.zont al ts through,the.le t vari ngl es. The
10- dgalr Ze cr Bé}t]a-%ggeeg?rlflélﬁoﬁt@e %P%%fc?fﬂ%’%?”g eé‘ﬂﬁegtt?ﬁ:gé%ﬁmpﬁés' :‘lgﬁ%s‘%h%ﬁonsr egi on
of the |ens. nvbédfIhPdirfdctvd purticlof theens WikappeskimmeBi-B6 &dghafie at - 40

degrees. A series of cuts is nmade fromthe far wvision region through the
i nt er nedi at eTsfastvnportgn &h Anthows in Kig. fdhe imassiquslity dgpiswed mest2004/ 038489

PCT/ US2003 1033 caibla gt RS U881 L W oy 37100 a8 of pover

is added on the concave ~ sur > ['ens. e overa ere power
remai ns - 4. Ofmpliowgrmentss olitained wighout @fyrinaredse & wovantedrastgmetise sytheleas pover was
reduced to -3, %5 di o&)t .S,, The Abbe
- ad 1lfustrated m Fig.'8. -
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Example 3
The diffractive power for a family of designs can be chosen so that a unique
diffractive is not required for each sphere power. The total spherical power for a
lens is the sum of the refractive power of the front surface plus the refractive power
15 of the back surface plus the diffractive power of the diffractive element, whether it is

applied to the front, back, or to an intermediate surface.

Table 2 shows the front refractive, back refractive, and diffractive powers for

a family of designs for single vision lenses made from polycarbonate that will

20 provide improved chromatic performance because of the diffractive power provided
on five of six unique front curves (9, 8, 6, 4, 2, and 1 Diopters). For each sphere |
power there is a unique back curve. The transverse chromatic aberration at a height
of 15 mm on the lens is also shown. The diffractive power was chosen for each of
the six unique front curves to give the minimum TCA over the range of sphere

25 powers covered by that case. For the case with a 4 diopter front surface refractive
power, the diffractive power chosen was 0 diopters bec~use this still satisfied the

constraint given by Equation VII.

30



5 nunber of the diffractive portion of the | ens was approximately -3.5 and
that of the refractive portion 29. As shown in Fig. 6, the inmage quality

i nproved nost dramatically along the central neridian, or center of the
channel, of the lens. The inprovenent is obtained without any increase in
unwanted astigmatismin the lens as illustrated in Fig. 8. 10 Exanple 3 The
di ffractiwe002084a8f or a famly of designs can be choseargs®doflgdsigd uni que
diffractive is not required for each sphere power. The total spherical power
for a lens is the sumof the refractive power of the front surface plus the
refractive power 15 of the back surface plus the diffractive power of the
diffractive elenent, whether it is applied to the front, back, or to an
intermedi ate surface. Table 2 shows theafront refractive, back refractive,
and diffractive powers for a famly of designs for single vision | enses
made from pol ycarbonate that will 20 provide inproved chromatic performance
because of the diffractive power provided on five of six unique front
curves (9, 8, 6, 4, 2, and 1 Dioptersy,,E9r each sphere power there is a
uni que back curve. The transverse chromatic aberration at a height of 15 nm

on the lens |s al so showfrontThe di ffra®ethve power mwas chosen for each of the
si X uni que f|ontTotlir vesRefrectivg Piffractive Refraciyvam TCA oler the range of sphere 25
power s cover pSpiere Rdwet Rpwer Fiowerhe Powas with a di opter front surface
refractive power8 the di®ffract?§® pomé?ochoggﬁsmks 0 diopters because this
still satisfled the consPraintag?ven'%g)Equggf%n VI1. 30 WD 2004/ 038489
PCT/ US2003/ 0p31808 12 8 058 -2.59 026 -

5 8 0.58 -3.58  -0.026

4 6 0.32 232  0.052

3 6 0.32 -3.32 0.000

2 6 0.32 432  -0.052

1 4 0.00 -2.95 0.054

0 4 0.00 -3.95 0.003

-1 4 0.00 495  -0.049

-2 4 0.00 -5.95  -0.101

-3 2 -0.43 -4.57 0.052

4 2 -0.43 -5.57 0.000

-5 2 -0.43 657  -0.052

-6 1 -0.74 -6.26 0.052

-7 1 -0.74 -7.26  0.000

-8 1 -0.74 -8.26  -0.052




Table 2 Front Back Total Refractive Diffractive Refractive TCA Sphere
Power Power Power Power 8 9 0.80 -1.80 0.026 7 9 0.80 -2.80 -0.026 6 8
0.58 -2.58 0.026 5 8 0.58 -3.58 -0.026 4 6 0.32 -2.32 0.052 3 6 0.32
-3.32 0.000 2 6 0.32 -4.32 -0.052 1 40.00-2.950.054 04 0.00 -3.95
0.003 -1 4 0.00 -4.95 -0.049 -2 4 0.00 -5.95 -0.101 -3 2 -0.43 -4.57
0.052 -4 2 -0.43 -5.57 0.000 -5 2 -0.43 -6.57 -0.052 -61 -0.74 -6.26
0.052 -71-0.74 -7.26 0.000 -81 -0.74 -8.26 -0.052 5 13 Wat is

cl ai med !\i"haﬁs c@ﬁn{%qg:hal mc |ens, conprising a spherical power D, a
diffractive el'emen

1. An ophthalmic lens, comprising a spherical power ®, a diffractive element
comprising a first spherical power ®p and a refractive element comprising a second spherical
power @, wherein the diffractive element comprises a material having an Abbe number of

about 30 to about 60, wherein:

¢
?_6.4.-2‘:0
Ve Wb

and wherein Vy is the Abbe number of the refractive element of the lens and Vp is an

effective Abbe number of the diffractive element of the lens.

2. The lens of claim 1, wherein the diffractive element comprises a diffractive power of:
¢
2 > ld)pi > 0.
|- 2F
Vb
3. The lens of claim 1, wherein the diffractive element comprises a diffractive power of:
b
LY —= 7l ke idpl > .5[Dpl.
R
l = —1
Vp
4, The lens of claim 1, wherein the diffractive element comprises a diffractive power of:
i ~-TCA ] TCA
= Ve-o — -
0.1 y 0_1 BY
Vp- > d’p > Vp- '
Ve - Vp Ve -Vp




conprising a first spherical power tD and a refractive el enent conprising a
second spherical power (DR, wherein the diffractive elenent conprises a

mat eri al having an Abbe nunber of about 30 to about 60, wherein: (DR 4D _
VR + VD 0 and wherein VR is the Abbe nunber of the refractive el enent of the
lens and VD is an effective Abbe nunbﬂ] of the diffractive elenment of the

|l ens. 2. The lens of claim1l, wherein e diffractive elenent conprises a
diffractive power of 2 ~V >14DI>0. VD 3. The lens of claim1l, wherein the
diffractive elenent conprises a diffractive power of: 1.5 V > | (DD >

.51 (DDI. 5.1 - “fRedlend T tiaid¢ RF2,cBabmal ,whinéh eihd dibactivé f dl@fértveorgpraeent
conprises a diffractive power of. TcA. v - ~~ TcAVD 0.1y R(0.1 ~VDy VR
VR - VD sulptantiglfy thpentire back spiface efibe dms.cl aim 1, 2, 3 or 4, wherein the
diffractive el enment conprises substantially the entire back surface of the
lens. 6. The lens of claim1l1, 2, 3 or 4, wherein the diffractive el enent
conpri se%. substhaniehgldfyclaine En2,i Beof Monthestin f the ediffractine dlenent dompiises | ens
of claim1, 2,,1? r 4, gnerei the diffractive el enent conprises a surface

i nt er medsWsEANg2 Y%ﬁten%rﬁ rogt eQbthels of the lens. 8. The lens of claims5,
wherein the | ens conprises a single vision |ens.

7. The lens of claim 1, 2, 3 or 4, wherein the diffractive element comprises a surface

intermediate a front and a back surface of the lens.

8. The lens of claim 5, wherein the lens comprises a single vision lens.

9. The lens of claim 6, wherein the lens comprises a single vision lens.

10. The lens of claim 7, wherein the lens comprises a single vision lens.

11. The lens of claim 5, wherein the lens comprises a multifocal lens.

12. The lens of claim 6, wherein the lens comprises a multifocal lens.

13. The lens of claim 7, wherein the lens comprises a multifocal lens.

14. A method for producing a customized lens comprising the step of providing a lens

comprising a spherical power O, a diffractive element comprising a first spherical power ®p,
and a refractive element comprising a second spherical power ®g, wherein the diffractive

element comprises a material having an Abbe number of about 30 to about 60, wherein:

b Pp
Ve  Vp



9. The lens of claim®6, wherein the |l ens conprises a single vision |ens.
10. The lens of claim7, wherein the |lens conprises a single vision |ens.
11. The lens of claim5, wherein the lens conprises a multifocal lens. 12.
The I ens of claim®6, wherein the lens conprises a nultifocal lens. 13. The
|l ens of claim7, wherein the | ens corrpﬁ' ses a multifocal lens. 14. A method
for producing a custom zed |lens conprising the step of providing a |l ens
conprising a spherical power D, a diffractive elenent conprising a first
spherical power 'DD and a refractive el ement conprising a second spheri cal
Rﬁ‘é’er (%d V\h?iéi'ﬂi W rtifighed Abbe a@inbee of ﬂimeew&a&tiw@om( eitest thenehaeandlVphigvdanng 3n
e nu r .o out 30 to apout 60, erein: (DR 4D +-1=0 VR VD 15 an
wher ei n Qf%’cf%efxgg"%B@rﬁﬁﬂi?ég&@Ft‘Yq'Féem‘éﬁPg@Pil%- el ement of the lens and VD
is an effective Abbe nunber of the diffractive elenent of the lens. 15. The
met hod of claim 14, wherein the lens is a single vision lens. 16. The
met hod of5.cl ai hdmethatlof elaim 1 hevhessis theders ismbingleodadn leass.

16. The method of claim 14, wherein the lens is a multifocal lens.





