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BIFOCAL MULTIORDER DIFFRACTIVE LENSES FOR VISION CORRECTION

Description

Field of the Invention

The present invention related to multiorder diffractive lenses for vision correction, and
particularly to bifocal multiorder diffractive lenses for therapeutic vision correction at distance
and near vision correction suitable for use with a variety of vision correction applications, such

as intraocular implants (IOLs), contact lenses, or spectacle (eyeglass) lenses.

Backeround of the Invention

Multiorder diffractive (MOD) lenses are useful for bringing a plurality of spectral
components of different wavelengths to a common focus, and are described n U.S. Patent No.
5.589.982, which is herein incorporated by reference. The MOD lens has a structure of
multiple annular zones having step heights defining zone boundaries, which diffract light of
each of the wavelengths in a different diffractive order to a common focus. Such a MOD lens
has not been applied to bifocal optics for vision correction.

Conventional bifocal optics for spectacles are provided by lenses having lower and
upper regions of different refractive power for near and distance (far) vision correction. For
contact lenses and IOLs, multifocal refractive optics have been proposed with the anterior
and/or posterior surfaces of a lens (or IOL optic) shaped to provide a central zone, annular near
zones, and annular distance zones of different refractive powers. Such bifocal refractive lenses
do not utilize diffractive structures for near or distance vision correction. Examples of
multifocal refractive lenses for contacts and IOLs are shown in U.S. Patent Nos. 6,231,603,
5,805,260, 5,798,817, 5,715,031, 5,682,223, and U.S. Publication No. US2003/0014107 Al.
Other multifocal refractive lenses have other zones, such as pie, hyperbolic, or pin-wheel
shaped near and distance zones, as shown in U.S. Patent Nos. 5,512,220 and 5,507,979, or
spiral shaped zones, as shown in U.S. Patent Nos. 5,517,260 and 5,408,281. Moreover,
refractive lenses are generally thicker than diffractive lens for equivalent optical power, and
thickness reduction is often desirable in ophthalmic applications, such as contact lenses and
IOLs.

Non-MOD diffractive optics for multifocal ophthalmic applications exist having a lens
with a surface providing a diffractive structure of concentric zones of ditferent étep heights for
near and far vision correction, such as described, for example, in U.S. Patent No. 5,699,142.
Another multifocal diffractive lens, described in U.S. Patent No. 5,748,282, has a similar
diffractive structure with a region having a reduced step height to reduce intensity of light from
such region. A further multifocal diffractive lens is described in U.S. Patent No. 5,116,111
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also has a similar non-MOD diffractive structure in which the base power of lens may be
provided by refraction of the lens. The diffractive lenses of U.S. Patent Nos. 5,699,142,
5,748,282, and 5,116,111 lack the ability of the MOD lens to focus light of different
wavelengths to a common focus for either near or far vision correction by their reliance on
non-MOD structures. Other non-MOD optics may be segmented to provide multiple re g1lons,
but are not multifocal. For example, U.S. Patent No. 5,071,207 describes a non-MOD
diffractive lens having pie-shaped segments in which all the segments of the lens are limited to
focusing light to a common focus. Thus, prior approaches to multifocal or bifocal optics have

utilized refractive surfaces or non-MOD structures.

Summary of the Invention

Accordingly, it is the principal feature of the present mvention to provide bifocal
diffractive lenses utilizing multiorder diffractive (MOD) structures to provide vision correction
at near and far distances.

Another feature of the present invention is to provide bifocal multiorder diffractive
lenses which may be adapted for use in a variety of vision correction applications, including
contact lenses, intraocular implants (IOL), and spectacle lenses.

Still another feature of the present invention is to provide bifocal multiorder diffractive
lenses using MOD structures which may have refractive surfaces for additional power
correction.

A further feature of the present invention is to provide a bifocal multiorder diffractive
lens for correction of vision in which the performance of the lens is tailored to the human
perception of light under high (photopic) and low (scotopic) illumination.

Briefly described, the present invention embodies a lens body having one or more first
regions having a first multiorder diffractive structure providing near vision correction, and one
or more second regions having a second multiorder diffractive structure providing distance
vision correction, in which the lens defines an aperture divided between the first and second
regions. Such one or more first regions may represent one or more annular rings, or other
portion of the lens, and the second region may occupy the portion of the lens aperture outside
the first region, such as central region and one or more annular rings alternating with first
region annular ring(s). The lens may be a single optical element having the first and second
regions both located upon the same front or back surface of the lens, or the first region located
upon one of the front or back surface and the second regions on the other surface. The lens

may also be provided by multiple optical elements integrated into the lens body having front
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and back surfaces and one or more intermediate surfaces depending on the number of optical
elements. The first and second regions are provided along the same or different intermediate
surfaces of the lens to divide the lens aperture. One or both of the first and second multiorder
diffractive structures may be optionally optimized for performance for photopic and scotopic
vision.

In other embodiments, a bifocal multiorder diffractive lens is provided by a single or
multiple element lens body having a multiorder diffractive structure for distance vision
correction and one or more refractive regions to add power for near vision correction, or a
single or multiple element lens body shaped for refractive power for distance vision correction
and a multiorder diffractive structure to add power for near vision correction.

Each of the MOD structures of the lenses of the present invention directs different
wavelengths of light to a single focus of an optical power for the desired vision correction.
This MOD structure is characterized by multiple zones which define zone boundaries at which
light incident on the diffractive structure experiences an optical phase shift, and diffracts light
of each of the wavelengths in a different diffractive order, m, such that m 1s greater than or
equal to 1, to the same focus. The zones may be radially spaced at r; and said radii are
obtained by solving the equation ¢(r;) = 27p; where @(1;) represents the phase function for the
wavefront emerging from the diffractive lens, and p represents the number of 27 phase jumps
at the zone boundaries for one of the plurality of wavelengths where p is an integer greater than
1. The MOD structure is described in more detail in the above-incorporated U.S. Patent No.
5,589,982.

The lenses of the present invention may be used in a variety of ophthalmic applications,
such as a contact lens, a spectacle lens, or the lens of an intraocular implant (IOL), or other

optics useful for vision correction of the eye.

Detailed Description of the Drawings

The foregoing features and advantages of the invention will become more apparent
from a reading of the following description in connection with the accomp anying drawings, 1n
which: |

FIGS. 1A and 1B are plan diagrams of the two surfaces of a first embodiment bifocal
multiorder diffractive lens of the present invention in which two different multiorder
diffractive structures are provided on the surface of FIG. 1B for near and distance vision

correction, and no diffractive structures are provide on the surface of FIG. 1A;

FIGS. 1C is a sectional view of the lens of FIGS. 1A and 1B;
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FIGS. 2A and 2B are plan diagrams of the two surfaces of a second embodiment
bifocal multiorder diffractive lens of the present invention in which one multiorder diffractive
structure is provided along an annular region on the surface of FIG. 2A for near vision
correction, and second multiorder diffractive structure is provided on annular and central
regions on the surface of FIG. 2B for distance vision correction;

FIGS. 3A and 3B are plan diagrams of the two surfaces of a third embodiment bifocal
multiorder diffractive lens of the present invention in which the surface of FIG. 3B has two
multiorder diffractive structures along two different regions providing distance and near vision
correction, respectively, and the surface of FIG. 3A has no diffractive structures;

FIGS. 4A and 4B are plan diagrams of the two surfaces of a fourth embodiment bifocal
multiorder diffractive lens of the present invention in which each surface has a ditferent
diffractive multiorder structure along a region dividing the aperture of the lens for near and
distance vision correction;

FIG. 5 is a sectional view of a fifth embodiment bifocal multiorder diffractive lens of
the present invention having one surface with a multiorder diffractive structure for distance
vision correction and refractive curvature along the other surface of the lens for near vision
correction;

FIGS. 6-8 are sectional views of other embodiments of bifocal multiorder diffractive
lenses having two optical elements integrated into a single lens body;

FIGS. 9-14 are sectional views of further embodiments of bifocal multiorder difiractive
lenses having three optical elements integrated into a single lens body in which the middle
optical element may be air, liquid, or of a solid lens material;

FIG. 15 is a sectional view of an additional embodiment of a bifocal multiorder
diffractive lens having two optical elements integrated into a lens body for use as a spectacle
lens having a multiorder diffractive structure for near vision correction, and refractive power of
the lens body for distance vision correction,

FIGS. 16 and 17 are a sectional views of a still further embodiment of a bitocal
multiorder diffractive lens having three optical elements integrated into a lens body for use as a
spectacle lens having a multiorder diffractive structure between first and second elements
FIG. 16, and between the second and third elements in FIG. 17, and refractive power of the
lens body for distance vision correction; and

FIGS. 18, 19, and 20 are graphs of the efficiency versus wavelength for three

multiorder diffractive structures having different values of p, an integer representing the
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maximum phase modulation as a multiple of 2z, where the peaks of the efficiency correspond

with the peak of human perception of light for photopic and scotopic vision.

Detailed Description of the Invention
Referring to the FIGS. 1A, 1B and 1C, a bifocal multiorder diffractive (MOD) lens 10

is shown having a lens body 11 with a first surface 12 and a second surface 13 in FIGS. 1A and

1B, respectively. Surfaces 12 and 13 may represent the front and back surface of the lens,
respectively. Surface 13 has a first annular region 14 with a MOD lens structure providing a
focal distance (or optical power) for near vision correction, and a second region 16 outside the
first region 14 with a MOD lens structure having a focal distance (or optical power) for far
vision correction. Region 16 represents a central portion 16a and an annular portion 16b. The
MOD lens structures of regions 14 and 16 are such as described i the above incorporated U.S.
Patent No. 5,589,982, where the regions have zones with step heights providing the bifocal
vision correction at powers in accordance with the eye of the lens user for the desired focal
distance. FIGS. 1A-1C represent one embodiment of a bifocal MOD lens where the regions 14
and 16 are formed on the back surface 13 of the lens to divide or split the aperture of lens 10,
and the front surface 12 has no diffractive power. The curvature of the lens body 11 m FIG.
1C is for purposes of illustration, the lens body may be other shapes, such as a disk, depending
on the particular ophthalmic application. Alternatively, the re gions 14 and 16 may be provided
on the front surface 12 of the lens, and no power on the back surface 13. FIGS. 2A and 2B
represent the front and back surfaces of another embodiment of lens in accordance of the
present invention. In this embodiment, bifocal MOD lens 10 has region 14 on the front surface
12 and region 16 on the back surface 13 of the lens to divide the aperture of the lens, rather
than on the same surface, as in FIG. 1B. Alternatively, regions 14 and 16 may be provided on
back surface 13 and front surface 12, respectively, in FIGS. 2A and 2B. Further, although one
annular region 14 is shown, region 14 may have multiple annular regions, alternating with
multiple annular portions of region 16.

FIGS. 3A and 3B show another embodiment of bifocal MOD lens 10 in which region
16 is formed along a crescent shaped portion substantially occupying the upper part on the
lens, and region 14 is formed on the remaining lower portion of the lens to divide the lens
aperture. Similarly, regions 14 and 16 in FIGS. 3A and 3B may be on the same surface 12 or
13, or may be split over surfaces 12 or 13 of the lens, as shown in FIGS. 4A and 4B. In FIGS.
3A, 3B, 4A and 4B, surfaces 12 and 13 may represent the front and back surfaces of the lens,

OT VICE versa.
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FIG. 5 shows a further embodiment in a cross-sectional view of bifocal lens 10 having
along the entire surface 13 a MOD structure for distance vision correction, and a refractive
curvature along annular region 17 along surface 12 to add power for near vision correction
without a MOD structure for near vision correction. Although a single annular region 17 1s
shown, multiple annular regions may be provided along surface 12. Alternatively, the base
power of the bifocal lens 10 may be provided by refraction for distance vision correction, and
the add power by the MOD structure on surface 13 for near vision correction

The lens 10 may be composed of transmissive material, such as typically used 1n the
manufacture of contacts, optic portion of IOLs, or spectacles (e.g., plastic, silicone, glass, or
polymers typically used for the particular contact, 10L, or spectacle application). Typical
processes providing diffractive optical surface, such as etching or molding, may form the zones
of the MOD structures of the lens. For example, single point diamond turning machinery from
Precitech, Inc. of Keene, NH may be used to provide MOD structures on one or more surfaces
of a lens. Although the lens 10 of FIGS. 1A, 1B, 1C, 2A, 2B, 3A, 3B, 4A, 4B, and 5 may be
used in a variety of ophthalmic applications, they may be especially useful in the lens of an
IOL by incorporation of haptic or support structures used with IOLs, as used in other typical
IOL lenses, for example, see U.S. Patent Nos. 6,406,494, 6,176,878, 5,096,285, or U.S. Patent
Application Publications Nos. 2002/0120329 Al, 2002/0016630 A1, 2002/0193876 Al,
2003/0014107 A1, or 2003/0018385 A1, or without typical haptic structures, as shown mn U.S.
Patent No. 4,769,033. Also, regions 14 and 16 shown in the figures may be switched on lenses
10, if desired, depending on the desired portions of the lens aperture divided between near and
distance vision correction. FIGS. 1A-1D, 2A, 2B, 3A, 3B, 4A, and 4B show a single optical
element providing the body of the lens. The lens 10 may also be provided using multiple
optical elements integrated together to provide the body of the lens, as shown below.

Referring to FIGS. 6-8, embodiments of lens 10 are shown having two optical elements
10a and 10b, in which a diffractive profile is provided on an intermediate surface 18
representing the front surface 19a of optical element 10b, or back surface 19b of optical
element 10a, between front surface 20 and back surface 21 of the lens. The surfaces 19a and
19b are shaped (i.e., one surface a diffractive profile and the other surface the reverse
diffractive profile) such that they mate with each other when optical elements are bonded (e.g.
liquid adhesive), fused, or otherwise sealed together. Optical elements 10a and 10b are made
of different materials with different indices of refraction, such that light may properly be
diffracted by the MOD structures of regions 14 and 16. The advantage of providing the

diffractive structures on an intermediate surface 18 of the lens is that the front and/or back
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surface of the lens may be substantially smooth, and thus more comfortable when such lens i1s
used as a contact lens. FIG. 6 has a diffractive profile along surface 18 similar to FIG. 1B
with a central region 16 and alternating annular regions 14 and 16 at increasing diameters to
the edge of lens 10, and the MOD structure of regions 14 provide near vision correction and
the MOD structure of regions 16 provide distance vision correction. In the lens 10 of F1G. 6,
refractive power of the lens may be zero or minimal. FIG. 7 has annular refractive regions 22
along surface 20 having curvature providing additional power 1o the lens for near vision
correction, and the entire surface 18 may provide a diffractive profile for distance vision
correction without a MOD structure for near vision correction. In other words, in FIG. 7 light
passing through the refractive regions 22 provides power added to the base power of the MOD
structure on surface 18 to enable near vision correction. Although two refractive regions 22
aré. shown, one or more than two annular regions 22 may be provided. FIG. 8 differs from
FIG. 7 in that the base power for distance vision correction is provided by the refractive
curvature of the lens 10 body provided by optical elements 10a and 10b, and along surface 18
are annular regions 14 with a MOD structure to add power for near vision correction without a
MOD structure for distance correction.

Referring to FIGS. 9-14, embodiments of lens 10 are shown having three optical
elements 10c, 10d, and 10e in which a diffractive profile is provided on an intermediate surface
4 between front surface 25 and back surface 26 of the lens. Optical element 10e represents a
base, optical element 10c represents a cover, which is bonded (such as by liquid adhesive),
fused, or otherwise sealed to the base, and optical element 10d represents air, liquid, or solid
lens material occupying the interface between optical elements 10e and 10c. FIG. 9 shows the
termediate surface 24 on the back surface of optical element 10c having MOD structures of
regions 14 and 16 segmenting the lens aperture, and 1s similar to FIG. 1B but with a central
region 16 and alternating annular regions 14 and 16 of increasing diameter to the edge of lens
10. Alternatively, intermediate surface 24 may represent the front surface of optical element
10e facing optical element 10d, as shown in FIG. 10. Further, multiple intermediate surfaces
24 between adjacent elements 10c, 10d, and 10e may be provided and the central and annular
regions 16 provided on one of such intermediate surfaces, and annular regions 14 on another of
such intermediate surfaces to divide the aperture of the lens of FIG. 9 or 10. In the lens 10 of
FIGS. 9 and 10 refractive power of the lens may be zero or minimal, but additional refractive
power for near or distance vision may be added to the lens body. FIG. 11 shows a lens having
surface 24 on the back surface of optical element 10c, and optical elements 10c and/or 10e are

shaped to provide refractive curvatures providing a base power to the lens for distance vision
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correction. In FIG. 11, the diffractive profile of surface 24 has annular regions 14 providing a
MOD structure to add power for near vision correction without a MOD structure for distance
vision correction. FIG. 12 shows a lens 10 having surface 24 on the front surface of optical
element 10e, and having refractive curvatures of lens 10 of optical element 10c and 10e (and
element 10d if of a solid optically transmissive material) to provide the base power for distance
vision correction, and annular regions on surface 24 with a MOD structure for near V1S101
correction. FIG. 13 shows a lens 10 with intermediate surface 24 on optical element 10d and
regions or rings 28 upon the front surface of optical element 10e with curvature adding
refractive power for near vision correction. FIG. 14 shows a lens 10 having surface 24 on front
of optical element 10e and having regions or rings 29 upon the back surface of optical element
10d with curvature adding refractive power for near vision correction. In FIGS. 13 and 14, a
MOD structure is provided on surface 24 for distance visions correction without a MOD
structure for near vision correction.

In FIG. 9-14, when optical element 10d is of a solid optically transmission material,
rather than air or liquid, it has a shape having reverse surface features to mate with diffractive
profile of surface 24 on either elements 10c or 104, of if present, reverse surface features to
mate with refractive features 28 or 29 along elements 10e or 10c, respectively. Further, when
optical element 10d is of a solid material 1t may be bonded, fused, or otherwise sealed to
optical elements 10c and/or 10e. Although lenses 10 of FIGS. 6-14 may be used in various
ophthalmologic applications, they are especially useful for contact lenses.

Referring to FIG. 15, another embodiment of the bifocal multiorder diffractive lens 10
is shown having two optical elements 10f and 10g integrated into a single lens body for use as
a spectacle lens and a region 30 having a MOD structure for near vision correction, where
curvatures along elements 10f and 10g provide refractive power for distance vision correction.
Region 30 is formed near the lower part of the lens 10 on either surface 31a of optical element
10£, or surface 31b of optical element 10g. The optical element 10f or 10g not having such
region 30f is shaped having a reverse surface features from re gion 30 to mate with such region
when optical elements 10f and 10g are joined together. Except for region 30, the back surface
31a of optical element 10f and front surface 31b of optical element 10g have the same
curvature such that they mate with each other when the optical elements are bonded, fused, or
otherwise sealed together.

Referring to FIGS. 16 and 17, embodiments of the bifocal multiorder diffractive lens
are shown having three optical elements 10h, 10i, and 10j integrated mto a single lens body for

use as a spectacle lens. Optical element 10j represents a base, optical element 10h represents a
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cover, which is bonded, fused, or otherwise sealed to the base, and optical element 101
represents air, liquid, or solid lens material occupying the interface between optical elements
10h and 10j. Region 30 having MOD structure for near vision correction may be provided
along surface 31a of optical element 10h or surface 31b of optical element 105, while curvature
of optical elements 10h and 10j provide refractive power for distance vision correction.
Optionally, a diffractive plate or member may provide region 30, which may be inserted m a
space provided between optical elements 10h or 103 prior to joining such elements, and bonded
in such space by liquid adhesive or other joining means.

Lenses 10 of FIGS. 6-14 may be made of optically transmissive materials, such as
plastic, silicone, glass, or polymer typically used to provide lenses in ophthalmic applications.
FIGS. 9, 11, and 13 show the cover optical element 10c as having edges short of the upper and
lower edges of the lens 10 for purposes of illustration, optical element 10¢, like in FIGS. 10
and 12, may extend to such upper and lower edges of the lens. When lens 10 of FIGS. 6-14
represents a contact lens, surfaces 21 or 26 will contact and conform to the eye surface of the
contact lens wearer, as typical of contact lens.

One advantage over bifocal refractive optics of comparable powers 1s that the lens 10
having bifocal MOD structure is thinner, and more readily foldable when part of the optic
portion of an IOL during implantation.

The MOD structures in the embodiments of lens 10 shown in the above described
figures may be designed for manufacture in accordance with the equations shown in the above-
incorporated U.S. Patent. In such equations, n represents the index of refraction between the
material (within which the phase profile of the MOD structure 1s made) and air. However, In
the present application, MOD structures may interface with materials other than air, such as
liquid (e.g., in the lens, or within which the lens may be immersed as may be the case of an
IOL in the eye for the lens having MOD structure on an outer lens surface), or material of
adjacent lens elements. Thus, the same equations may be used with “n-1” representing the
difference in the index of refraction between the material that the MOD structure will be made
and such other material in the particular optical design of lens 10.

The MOD structures 1n the ernbédiments of lens 10 shown in the above described
fisures may be fashioned such that the efficiency of the structure is optimized for human eyes
perception of light wavelengths under high illumination, referred to as photopic vision, or
lower illumination, referred to as scotopic vision, as generally occurs during day and night
natural illumination, respectively. This is achieved by selecting the MOD number p of the
MOD lens structure. The optical design of the MOD structure and the variable p is discussed
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in the above-incorporated U.S. Patent. Photopic efficiency describes the spectral response
under bright light conditions. The peak photopic efficiency is at A = 555 nm. Scotopic
efficiency describes the spectral response under low light conditions. The peak scotopic
efficiency is at A = 507 nm.

The MOD structures of the lens 10 are designed such that the wavelengths brought to a
common focus with high efficiency correspond to these wavelengths. Start by choosing the
design wavelength Ao to be one (either photopic or scotopic) of these peaks, for example, Ag=

555 nm for photopic. The other wavelengths with the same focal length are given by

PAo
A peak —
m

(See Eq. (8) in the above incorporated U.S. Patent.) 50 to bring a wavelength A ,¢q to the same

focus as wavelength A, p and m are found such that

xpeak - _}L
XO - m

where m is the order number, and p is an integer representing the maximum phase modulation
as a multiple of 2.

For photopic and scotopic peaks, p/m is needed to be 507/555 or 0.914. Since p and m
are integers, this equation may not be satisfied exactly for small values of p and m, but

approximate solutions for these values may be found. For example, these values may be

p=11,m=12; p/m= 0917

p=21,m=23; p/m=0.913

p=32,m=35;p/m=0914

The efficiency curves for these three cases are graphed in FIGS. 18, 19, and 20,

respectively, along with the efficiency curves of the human’s eye perception of wavelength in
bright light, the photopic response, and dim light, the scotopic response. For each MOD
structure, a peak aligns with peak scotopic efficiency and another peak aligns with photopic
efficiency, as indicated by numerals 32 and 33, respectively. Thus, the amount of light
diffracted is maximized at such wavelength for low and high illumination. In the absence of
such optimization of the MOD structures on lens 10, the user of the lens may not view light
corresponding to the peak scotopic and photopic efficiency of the eye, and thus the perceived

intensity of the light from such a lens would appear less to the user than if the MOD structures

were so optimized. Although such optimization for photopic and scotopic vision are described
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for MOD structures in the above bifocal lens 10, the optimization may be provided mn a lens
having a single MOD structure or any number of MOD structures.

In the MOD structures described for embodiments of lens 10 in the above described
figures, astigmatism may also be corrected by use of non-circular zones (hyperbolic or
elliptical) in a MOD structure described m the incorporated U.S. Patent, such as described m
U.S. Patent No. 5,016,977 in non-MOD diffractive structures.

EXAMPLE 1

Consider an ophthalmic lens prescription requiring a correction of -7 diopters for

distance vision, with a +2 diopter add power for near vision. Thus, the two powers (denoted by

¢) of the lens are

¢dis tance —1D
ree =—5D (= =7+2)
The radial locations (r;) of the diffractive zones from the center of the lens are given by

2 inA
.= JP/y

"y 1

where j is the zone number, p is the MOD number, A 1s the design wavelength, and ¢

is the desired optical power of the lens. [See Eq. (1) of the above-incorporated U.S. Patent,
with ¢0 = 1/F0]

In this example, Ao = 555 nm (peak of photopic response). It p = 11, the zone radii within a

clear aperture diameter of 12 mm for the distance power are

Distance power (-7 D)
ZONE NUMBER (j) ZONE RADIUS (r;)

1 1.320714
2 1.867772
3 2.287544
4 2.641428
5 2.953206
6 3.235076
7 3.494281
3 3.735544
9 3.962142
10 4.176465
11 4.380313

12 4.575088
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14
15
16
17
18
19
20
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4.761902
4.941660
5.115104
5.282856
5.445444
5.603315
5.756859
5.906413

-12 -

Similarly, for the near power, the zone radii are

Near power (-5 D)

7ZONE NUMBER () ZONE RADIUS ()

O oo ~1JONWbn &~ W —

10
11
12
13
14

1.562690
2.209977
2.706658
3.125380
3.494281
3.827793
4.134489
4.4199355
4.688070
4.941660
5.182856
5.413317
5.634359
5.847051

PCT/US2004/019009

In this example, two different MOD structures are shown for two different prescriptions to

correct distance and near vision. The below example shows that such prescriptions may be

combined in a lens to provide a multiorder diffractive bifocal lens.

EXAMPLE 2

To construct the bifocal MOD lens along the same surface, as shown in FIGS. 1A-1C, all

the diffractive power is contained in circular/annular regions of one surface of the lens. The

distance power is contained in regions 16a and 16b of FIG. 1B, while the near power 1S

contained in region 14. We choose the radius of region 16a to be 2 mm, the outer radius of

region 14 to be 4 mm and the outer radius of region 16b to be 6 mm. Then, the zone locations

for the bifocal lens are the radii of the individual power components that lie within these region

boundaries. There are no diffractive zones on the other side of the lens.

Zone locations for bifocal MOD lens

ZONE NUMBER (;) ZONE RADIUS (r;)

1
2
3

1.320714
1.867772
2.209977

distance
distance
near
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138

CA 02529383 2005-12-13

2.706658
3.125380
3.494231
3.827793
4.176465
4.380313
4.575088
4.761902
4.941660
5.115104
5.282856
5.445444
5.603315
5.756859
5.906413

213 -

near
near

near

near

distance
distance
distance
distance
distance
distance
distance
distance
distance
distance
distance
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Note that this is one way to combine the zones from the two individual power; other

combinations are possible.

EXAMPLE 3

Another option is to place the near power on one surface of the lens and the distance

power on the other surface, as in the lens of FIGS. 2A and 2B. In this embodiment, the zone

locations are

First Surface

ZONE NUMBER (j) ZONE RADIUS (73

1
2
3
4
d

2.209977
2.706658
3.125380
3.494281
3.827793

near
near
near
ncar
near

No diffractive zones for radius less than 2.0 mm or radius greater than 4.0 mm.

Second Surface

ZONE NUMBER (j) ZONE RADIUS ()

1

2
3
4
d
6
7
8
9
10
11

1.320714
1.867772
4.176465
4.380313
4.575088
4.761902
4.941660
5.115104
5.282856
5.445444
5.603315

distance
distance
distance
distance
distance
distance
distance
distance
distance
distance
distance
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12 5.756859 distance
13 5.906413 distance

No diffractive zones for radius greater than 2.0 mm and less than 4.0 mm.

For all of the above examples, the height of the zones 1s given by

h=—o0 P
n lens (‘/’L 0 ) — 1 zmedium (/’L 0 )

[See Eq. (4) of above-incorporated U.S. Patent. ]

If the lens is in air, then 7yedmm(Ao) = 1.0. Also, if the lens is constructed of a maternal
with a refractive index of nyes(Ao) = 1.5, this results in a height of 2= 12.21 pm , since i these

examples p=11 and Ao = 555 nm. As these examples show, different MOD structures may be
produced for lens 10 having the particular desired optical power that may lie on the same or
different lens surfaces of the front or back surface of the lens, or on an interior surface m the
case of a multi-element lens. Although in Examples 2 and 3 a single annular region provides
near vision correction, multiple annular regions for near vision correction may also be
provided, which in the case of Example 2 divide the lens aperture with. annular regions of the
MOD structure for distance vision correction.

In summary, lens 10 may have a segmented aperture providing the bifocal vision
correction. Each point in the aperture of the lens only produces a single lens power. The
bifocal behavior is provided by having different areas of the lens aperture of different optical
powers. This segmentation may be done on one side or on two sides of the lens substrate, as
described earlier. When segmentation is done on two sides, the corresponding area on the non-
diffractive side has no diffractive power (FIGS. 2A, 2B, 4A, 4B). The power split (1.e., the
fraction of the aperture providing distance vision correction and the fraction providing near
vision correction) is determined by the fraction of the aperture that is covered by each
diffractive lens. Although this ratio will be fixed at manufacture, in use it will be affected by
the size of the eye pupil. The aperture may be divided by concentric annular zones, or other
divisions of the aperture may be provided, such as shown in FIGS 3A, 3B, 4A, and 4B. Also,
even in a bifocal with only two distinct powers, each power may be provided in more than one
optical zone of the lens, in order to maintain the desired power balance over a range of pupil
S1ZES.

In other bifocal lenses described above, a base power may be provided over the entire
lens by either refractive (non-diffractive) optional structures, or MOD structures, and add
power in a segmented lens portion of a refractive or MOD structure, as in FIGS. 5, 7, 8, and
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11-14. The lens 10 having such a hybrid refractive and MOD structures are often useful for
bifocal prescriptions where only a relatively small amount of add power (~1 to 2.5 diopters) 1s
required for near vision correction. This additional power can be provided by a weak lens, 1.e.,
a surface with a large radius of curvature or, equivalently, small curvature, while distance
vision correction is provided by a MOD structure of the appropriate power. A portion of the
lens aperture has a weak refractive surface that provides the add power. The refractive zone
(or zones) is located on the opposite side of the lens from the diffractive surface. As a result of
the small curvature, the effect on the thickness would be relatively small. An example cross-
section of the lens utilizing an annular refractive zone is shown in FIG. 5. As also described
above, a hybrid refractive and MOD diffraction lens may have the add power provided by a
diffractive component added to a base refractive lens. However, this may increase the
thickness of the lens.

Although the lenses described herein are for bifocal lenses to provide iwo optical
powers, it may be extended to trifocal or further number of optical powers by providing
additional alternating annular regions with such powers, or refractive regions of different add
powers to a diffractive MOD structure base power. Further, each MOD structure is designed
for a particular optical power at a design wavelength, in vision applications involving
illumination of multiple wavelengths, the power represents a nominal optical power over the
range of different wavelengths diffracted by the MOD structure to a common focus, thus at
different wavelengths the optical power lies within a range near the optical power at the design
wavelength.

From the foregoing description, it will be apparent that there has been provided a
bifocal multiorder diffractive lenses for vision correction using MOD structures. Variations
and modifications in the herein described device in accordance with the invention will
undoubtedly suggest themselves to those skilled in the art. Accordingly, the foregoing

description should be taken as illustrative and not in a limiting sense.
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AMENDED CLAIMS
received by the International Bureau on 06 April 2005 (06.04.2005)
original claims 1-49, replaced by amended claims 1-62

1. A bifocal multiorder diffractive lens comprising:

a lens body defining an aperture of the lens;

at least one first region on said lens body having a multiorder diffractive structure
providing near vision correction; and

one or more second tcgions on said body having a multiorder diffractive structure

providing distance vision correction, in which said aperture of the lens is divided between said

first and second regions.

2. The lens according to Claim 1 wherein sajd multiorder dilfraclive structure of
said first region directs a pluralily of different wavelengths to a single focus for near vision
correction, and said second regions directs 4 plurality of different wavelengths to a single focus

for distance vision cotrcction.

3. The lens according to Claim 2 wherein each multiorder diffractive structure of
said first and second regions are characterized by a plurality of zones which define zone
boundaries at which light incident on the diffractive structure experiences an optical phase
shift, and which diffract light of each of said wavelengths in 2 different diffractive order, m,

such that m 2 1, to the focus for the diffractive structure.

4. The lens according to Claim ) wherein said lens body has a first surface and a
second surface, and said first and second regions are located upon onc of said first surface and

said second surface.

5. The lens according to Claim 1 wherein said lens body has a first suface and a

second surface, and said first region is provided upon said first surface and the second regions

are provided on the second surface.

6. The lens according to Claim 1 wherein said first region comprises a plurality of
first annular regions of the multiorder diffractive structure providing near vision correction,
and said second regions comprises a central region and a plurality of anmular regions of the
multiorder ditfractive structure providing distance vision ¢orrection alternating with said first

annular regions towards the edge of su1d lens.

AMENDED SHEET (ARTICLE 19)
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7. The lens according to Claiin 1 wherein said first region is provided by at least
one annular ring of the multiorder diffractive structure providing neat vision correction, and
said second region is provided by the portion of the aperture of the lens not part of said first

region.

8. The lens according to Claim 1 wherein said lens body has a first surface and a
second surface and first region extends substantially along the one half of said first surface, and

said second region extends along a portion of the first surface not part of said first region.

9, The lens according to Claim 1 wherein said lens body has a first and sccond
surface and said first region extends substantially along one half of said first surface, and said

second region extends along said second surface.

10.  The lens according to Claim 1 wherein said lens body 1s composed of a single

optical element.

11, The lens according to Claim 1 wherein said lens body 1s composed of a plurality

of optical elements.

12.  The lens according to Claim 11 wherein said lens body has front and back
surfaces and one or more intermediate surfaces between said front and back surfaces

depending on the number of optical elements, and said first and second regions are provided

along the same intermediate surface to divide the aperturc of the lens.

13.  The lens according to Claim 11 wherein said lens body has front and back
surfaces and one or more intermediate surfaces between said front and back surfaces
depending on the number of optical elements, and said first and second regions are provided

along diffcrent intermediate surfaces to divide the aperture of the lens.

14.  The lens according to Claim 11 wherein adjacent ones of said plurality of

optical elements represent a first adjacent optical element having a back surface and a second

adjacent oplical eletnent having a front surface facing said back surface, and said first and

AMENDED SHEET (ARTICLE 19)
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second diffractive structures are provided on one of said back and [ront surlaces or on different

ones of said back surface and front surface to divide the lens aperture.

15.  The lens according to Claim 14 wherein said front and back surfaces are

separated by one of air or a liquid.

16.  The lens according to Claitn 14 wherein said front and back surfaces mate with

each other.

17.  The lens according to Claim 1 wherein said lens body has one or more surfaces

providing refractive power for near or distance vision comrection.

18.  The lens according to Claim 11 wherein said plurahty of optical elements

number two or three.

19.  The lens according to Clatm 1 wherein said lens is part of an infraocular

implant,
20.  The lens according to Claim 1 whereln said lens represents a contact lens.
21.  The lens according to Claim 1 wherein said lens represents a spectacle lens.

22,  The lens according to Claim 1 wherein said multiorder diffractive struclures of

one or both o[ said first and second regions are optimized for photopic and scotopic vision.

23,  The lens according to Claim 1 wherein said multiorder diffractive structures of

one or both of said first and second regions correct for astigmatism.
24. A bifocal multiorder diffractive lens comprising:
a lens body shaped to refract light to provide distance vision correction, and at least one

multiorder diffractive structure for adding power to said lens for near vision correction.

25.  The lens according to Claim 24 wherein said lens body has a front and back

surface and said lens body is provided by two or more optical elements, and has a surface of

AMENDED SHEET (ARTICLE 19)
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one of said optical elements, between said front and back surfaces, providing said multiorder

diffractive structure.

26.  The lens according to Claim 24 wherein said lens body is provided by multiple
optical elements successively adjacent to each other, and two of said adjacent optical elerments
each have a surface facing each other, and said multiorder diffractive structure is provided

along a lower region upon the surface of one of said two adjacent optical elements.

27.  The lens according to Claim 24 wherein said lens body is provided by multiple
optical elements successively adjacent to each other, and said multiorder diffractive structure 18

provided upon a member positioned between Lwo of said adjacent optical elements.

28.  The lens according to Claim 24 wherein said lens body is provided by a single

optical ¢lement.

29.  The multiorder diffractive lens according to Claim 24 wherein one or more said

diffractive structures is in accordance with wavelengths for both photopic and scotopic vision.

30.  The multiorder diffractive lens according to Claim 29 wherein sa1d photlopic
and scotopic vision each have a wavelength of peak efficiency, and the wavelength of peak
efficiency for both photopic and scotopic vision alighs with a wavelength of peal efficiency

for each of said diffractive structures.

31,  The multiorder diffractive lens according to Claim 24 wherein one or mor¢ of

said diffractive structures corrects for astigmatism.

32. A bifocal multiorder diffractive lens comprising:
a lens body having a multifocal diffractive structure for distance vision correction, and

one or more refractive regions for adding power to said lens for ncar vision correction,
33.  The multiorder diffractive lens according to Claim 32 wherein said lens body 1s

provided by a single optical element, and said lens body has a first surface having said

diffractive structure and a second surface having said one or more refractive regions.

AMENDED SHEET (ARTICLE 19)
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34.  The multiorder diffractive lens according to Claim 32 wherein said lens body i3

provided by multiple optical elements,

35.  The multiorder diffractive lens according to Clairn 34 wherein said diffractive
structure is provided on an internal surface of said lens between two of said multiple optical

clements,

36,  The multiorder diffractive lens according to Claim 32 wherein said diffractive

structure is in accordance with wavelengths for both photopic and scotopic vision.

37.  The multiorder diffractive lens according to Claim 36 whercin said photoptc

and scotopic vision each have a wavelength of peak efficiency, and the wavelength of peak

efficiency for both photopic and scotopic vision aligns with a wavelength of peak efficiency

for said difftactive structure,

38.  The multiorder diffractive lens according to Claim 36 wherein said diffractive

structure corrects for astigmatism.

39, A multiorder diffractive opti¢ comprising:
one or more miultiorder diffractive structures in which each of said diffractive siructures

is in accordance with wavelengths for both photlopic and scotopic vision.

40.  The optic according to Claim 39 wherein said photopic and scotopic vision cach
have a wavelength of peak efficiency, and the wavelength of peak efficiency for both photopic
and scotopic vision aligns with a wavelength of peak efficiency for each of said diffractive
structures.

41, A multiorder diffractive optic comprising:

a body having two or more multiorder diffractive structures providing different optical
powers in which each one of said diffractive structures directs light in a plurality of different
wavelengths in different diffractive orders to a single focus in accordance with the optical

power of said one of said diffractive structures.

AMENDED SHEET (ARTICLE 19)
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42.  The oprtic according to Claim 41 wherein all of said diffractive structures arc

provided on a single surface of said lens body.

43.  The optic according to Claim 41 wherein each of said diffractive structurcs are

provided on different surfaces of said lens body.

A4,  The optic according to Claim 41 wherein said lens body is provided by a single

optical ¢lemient,

45,  The optlic according to Claim 41 wherein said lens body 1is provided by multiple

optical elements,

46. The optic according to Claim 41 wherein at least one of said diffractive
structures are provided on an internal surface of said lens between two of said multiple optical

clements.

47.  The optic according to Claim 41 wherein one or more of said diffractive

structures is in accordance with wavelengths for both photopic and scotopic vision.

48.  The optic according to Claim 47 wherein said photopic and scotopic vision each
have a wavelength of peak efficiency, and the wavelength of pcak cfficiency for both photopic
and scotopic vision aligns with a wavelength of peak efficiency for each of said diffractive

struclures,

49.  The optic according to Claim 41 wherein one or more of said diffraciive

structurcs corrects for astigmatism.

AMENDED SHEET (ARTICLE 19)
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50. The optical element according to Claim 41 wherein at least one of said
diffractive structures has peak efficiencies at wavelengths corresponding to selecled

wavelengths of peak operation efficiencies.

51.  The optical element according to Claim 50 wherein said selected wavelengths
of poak operation efficiencies are two in number and are associated with photopic and scotopic

vision, respectively.

52.  The optical element according to Claim 41 wherein said optical elcment is
multifocal by each of said diffractive structures of different optical power having the ability to
direct light to a different focus.

53. A mulitiorder diffractive optical element comprising:

two or rnore multiorder diffractive structurcs each having an optical power in which at
Jeast two of said diffraciive structures have different optical powers; and

each of said two or more diffractive siructures direets light in different diffractive
orders to a single [ocus, and said single focus of each of said two or more diffractive structurcs

18 1h accordance with their respective optical power.

54,  The optical element according to Claim 53 wherein each of said diffractive

structures of different optical power dircct light to different foci, thereby providing multifocal

performance 1o said optical element.

55,  The optical element according to Clamm 53 whetcin each of said two or more
multiorder diffractive sttuctures comprises a plurality of zones which define zone boundaries at
which light incident on the diffractive structure experiences an optical phase shiit, and which
diffract light of different wavelengths in different diffractive orders, m, such that m > 1, to the

single focus for the diffractive structure.

56.  The optical element according to Claim 53 further comprising a single or

multiple element lens body having said two or more multiorder diffractive structures.

AMENDED SHEET (ARTICLE 19)
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57.  The optical element according to Claim 53 wherein at least one of said
diffractive structures has wavelengths of peak efficiency corresponding to wavclengths of peak

efficiency associated with photopic and scotopic vision.

§8.  The optical element according to Claim 53 wherein at least one of diffractive

structures corrects for astigmatismi.

59. A multiorder diffractive optical element comprising:
one or more multiorder diffractive structures; and
at least one of said diffractive structures has peak efficiencies at wavelengths

corresponding to selected wavelengths of peak operation efficiencies.

60.  The optical element according to Claim 59 wherein said selected wavelengths

of peak operation efficiencies are two in number and are associated with photopic and scotopic

vision, respectively,

61.  The optical clement according to Claim 59 said diffractive siructures number

two or more, and at least two of said diffractive structures have different optical powers.

62.  The optical element according to Claim 61 wherein each ol said at least two of
said diffractive structures have different optical powers which direct light in different
diffractive orders to a different single focus in accordance with their respective optical poOWer,

thereby providing an optical element which i1s multifocal.
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Statcment

Claims S, 7, 8, 42-43, and 46 are amended to overcome the objection under PCT Rule
66.2(a)(v).

U.S. Patent Nos. 5,760,871 (Kosoburd), 3,748,282 (Freeman), 6,120,148 (Fiala ct al.)
fail to show any multiorder diffractive structure which has the optical property of directing
light of multiple diffractive orders to a singlc focus, It is not an inherent property that any
multiorder diffractive optical structure directs light to a single focus. For example, Kosoburd
at column 8, lines 56-64, states that its multiorder diffractive structure is “operative to focus
incident light in accordance with three different foci”. Freeman suggests at column 5, lines
25-29, that the “focal point of an order” of its diffraction changes along its lens. Fiala's
| equéﬁons (10) and (13) and accompanying text of column 8 suggests that Fiala’s diffractive
lens has optical powers that are different for different orders. Since light m differeni: optical
powers will have different focal points, then Fiala’s lens of different optical powers must
result in different focal points. Since none of the references cited as relevant in the Search
Report have a multiorder diffractive optical structure winch focuses light in a plurality of
different wavelengths to a single focus, 1t cannot be said that such properljr is inherent of any
multiorder diffractive structure as contended in the Written Opinion of 8 February 2005 for
the International Application. Thus, the claimed invention has novelty and inventive step in
view of Kosoburd, Freeman and/or Fiala et al.,, even with U.S. Pateni No. 5,100226
(Freeman).

In regards to 1).S. Patent No. 4,541,697 (Remijan), the citation to column 18, lines 45-
46 mentioning photopic and scopic vision relates to an instrument for vision testing in
different light conditions and not to a multiorder diffractive optic optimized as described in

Claim 39. Thus, Claim 39 has novelty over Remijan.
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