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[DESCRIPTION]
[Title of Invention]
MULTIFOCAL LENS
[Technical Field]
[0001]
The invention relates to a multifocal lens having several concentric diffractive zones on a
surface of the lens. The invention relates further to a method for producing a multifocal
lens having several concentric diffractive zones on a surface of the lens and to a multifocal
lens being producible by this method.
[Background Art]
[0002]
The European patent EP 2 375 276 B1 (PTL 1) discloses a diffractive multifocal lens
having an annular diffraction pattern for exhibiting a light diffraction effect, which is formed
concentrically repeatedly on a surface of the lens. Although the diffractive multifocal lens
disclosed in the European patent already provides good optical properties, a further im-
provement of the optical properties is desired, for instance, with respect to chromatic ab-
erration, visual acuities for certain vision distances, et cetera.
[Citation List]
[Patent Literature]
[0003]
[PTL 1]
EP 2 375 276 B1
[Summary of Invention]
[0004]
It is an object of the present invention to provide a multifocal lens having séveral concen-
tric diffractive zones on a surface of the lens, which has improved optical properties.”
In a first aspect of the present invention a multifocal lens having several concentric dif-
fractive zones on a surface of the lens is presented, wherein in each diffractive zone a
diffraction phase structure is defined, which is expressible by the following piecewise
function, which comprises three phase terms, or by a smoothed version of the following

piecewise function:

pié, 0<é<w
$) =2mXi{p8 +q2, Wi SE<wy : (1)
pié+4qs wy<{<1 '
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wherein £ indicates a position within the respective diffractive zone in a radial direction,
¢(¢) indicates a phase shift experienced by light passing through the position indicated
by ¢, w; and w, define a spatial partitioning of the respective diffractive zone in the radial
direction in accordance with the three phase terms, p,, p, and p; indicate gradients of the
three phase terms and g, and g; are constants, wherein ¢ depends quadratically on a
radial distance to the center of the surface of the lens and is normalized with respect to
the radial width of the respective diffractive zone and wherein the gradients p,, p, and ps
are negative.

[0005]

It has been found that a multifocal lens having several concentric diffractive zones on a
surface of the lens, wherein in each diffractive zone a diffraction phase structure is defined,
which is expressible by the piecewise function in accordance with equation (1), wherein
the parameter ¢ depends quadratically on the-radial distance to the center of the surface
of the lens and is normalized with respect to the radial width of the respective diffractive
zone and wherein the gradients p,, p, and p; are negative, allows for improved optical
properties like reduced chromatic aberration, high visual acuities at certain vision dis-
tances, et cetera. In particular, the lens can lead to a reduction of potential dysphotdpsia
effects under mesopic and scotopic illumination conditions, particularly when the pupil is
large. Moreover, the smoothing of the phaée shift function ¢(¢) can improve the machin-
ability of the diffraction phase structure and can decrease unwanted light scattering ef-
fects which might be caused by sharp transition regions on the diffractive surface. The
phase shift preferentially refers to a design wavelength of the light of 546 nm and incom-
ing light propagating parallel to the optical axis of the lens. |

[0006] ’ '

The radial distance to the center of the surface of the lens, i.e. the radial position, or radius,
of a point on the lens' surface, is preferably given in terms of a distance to a central axis
of the lens, measured perpendicularly to the central axis, wherein the central axis may be
an axis of rotational symmetry of the lens surface. In principle, however, the radial dis-

tance to the center of the surface of the lens may also be measured along the lens surface.

. If the lens surface is flat, i.e. not curved, the two options of measuring the radial position

of a point on the lens surface coincide.

- [0007]

The concentric diffractive zones are preferentially annular zones, wherein the innermost

annular diffractive zone preferentially surrounds the center of the lens surface which of
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course is infinitesimally small and which could therefore also be regarded as being sub-
stantially a circular zone on the lens surface.

[0008] ’

The lens is preferentially a trifocal lens with diffractive orders 0, +1 and +2. Due to the
provision of three foci, the focal range can be relatively large, in comparison to monofocal
and bifocal lenses. This may have the effect that a person does not need any additional
glasses for certain daily activities. Moreover, the use of the three diffractive orders 0, +1,
+2, specifically, allows to further minimize chromatic aberration of the eye, thus further
mitigating a potential risk of chromatic visual disturbances.

[0009] .

Thekparameters of the function ¢(&) may satisfy at least one of the conditions w; =1 —
Wa, D1 = P3, P1 ¥ D2, P3 * P2, and p;, p,, p3 < 0. In particular, the parameters might sat-
isfy a combination of the conditions, especially all of these conditions.

[0010] '

The variable ¢ on which the function ¢ (¢) depends may be expressible as a linear func-
tion of the square of the radius, wherein the linear function is normalized with respect to
a difference between the square of the radius at the outer boundary of the diffractive zone
and the quare of the radius at the inner boundary of the diffractive zone.

[0011]

In an embodiment the constants g, and g5 are positive. This is particularly the case for
lenses of types which will below be named "far dominant” lens type and "near dominant”
lens type. Since the constants g, and g5 are positive, more than half of the diffractive pro-
file sticks out from the refractive surface, which allows for further improved optical prop-
erties. In particular, in an embodiment the gradient p, is within a range from -1.1 to -1.0,
the gradient p, is within a range from -1.1 to -1.0, the gradient p; is within a range from -
1.1 to -1.0, the constant g, is within a range from 0.3 to 0.4 and the constant g3 is within
a range from 1.0 to 1.1. It may be defined that lenses having parameters in these ranges
are lenses of the far dominant lens type. It has been found that these features lead to
three foci for near, intermediate and far vision, wherein a relatively high far-focus contrast
level and sufficiently high intermediate-focus and near-focus contrast levels are achieved.
Thus, a very high visual acuity can be provided for far visioﬁ and still sufficiently hi.gh
acuities can be provided for intermediate and near vision. '
[0012]

It is also possible that the gradient p, is within a range from -1.2 to -1.0, the gradient p,

is within a range from -1.3 to -1.2, the gradient p; is within a range from -1.2 to -1.0, the
3
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constant g, is within a range from 0.7 to 0.8 and the constant g5 is within a range from
1.0to 1.2. It may be defined that lenses having parameters in these ranges are lenses of
the near dominant lens type. It has been found that these features lead to three foci for
near, intermediate and far vision, wherein a relatively high near-focus contrast level and
sufficiently high intermediate-focus and far-focus contrast levels are achieved. Thus, a
very high visual acuity can be provided for near vision and still sufficiently high acuities
can be provided for intermediate and far vision.

[0013]

Moreover, in an embodiment the gradient p, is within a range from -1.2 to -0.4, the gradi-
ent p, is within a range from -1.0 to -0.1, the gradient p5 is within a range from -1.2 to -
0.4, the constant g, is within a range from -0.2 to 0.3 and the constant g5 is within a range
from 0.4 to 1.2. It may be defined that lenses having parameters in these ranges are
lenses of a lens type which might be named "intermediate vision” lens type. These fea-
tures can provide an extended depth of focus at intermediate vision distance and can
target to visual acuities with no dips from far distance to near add power distance. More—»
over, these features can lead to an improved near-distance visual acuity and at the same
time ensure good far-distance visual acuity.

[0014]

Preferentially, the constant w; is 0.25 and the constant w, is 0.75 such that the radial
width of the midldle phase term is twice the radial Width of the inner phase term and twice
the radial width of the outer phase term. It has been found that also these specific values
for the constants w; and w, lead to improved optical properties.

[0015]

Preferentially, the radial width of the diffractive zones decreases with increasing radial
distance of the respective diffractive zone to the center of the lens surface. Moreover,
preferentially the surface of the lens, on which the diffractive zones are provided, is an
anterior surface of the lens. It is further preferred that the diffractive zones extend over a
central portion of the surface of the lens, wherein preferentially the outer border of the
outermost diffractive zone has ba radial distance to the center of the surface being equal
to or smaller than 3.2 mm or equal to or smaller than 4.0 mm. In particular, for lenses of
the far dominant and near dominant type, the radial distance to the center of the surface
is equal to or smaller than 3.2 mm and, for lenses of the intermediate vision lens type, the
radial distance to the center of the surface is equal to or smaller than 4.0 mm. It has been
found that also these specific features lead to improved optical properties.

[0016] '
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It is preferred that the surface, on which the several diffractive zones are provided, is a
refractive surface of the lens such that the outermost diffractive zone is surrounded by a
refractive zone which does not comprise a diffractive structure. Thus, the lens surface is
preferentially a refractive surface, i.e. a curved surface, which provides a base refractive -
power. Preferentially, the lens comprises two refractive surfaces providing the base re-
fractive power, wherein preferentially on one of these refractive surfaces. the diffractive
zones are provided. The lens therefore preferentially has a lens surface, wherein an inner
area with the diffractive zones provides refractive and diffractive power and the outer area
of the lens surface, which surrounds the inner area, provides refractive power only. The
refractive property contributes to a far-focus light field. The use of the refractive surface
improves the far-vision visual acuity. It is further preferred that the refractive surface is an
aspheric lens surface. By using the aspheric lens surface the overall imaging performance
can be further improved. In particular, the sensitivity of the eye to potential decentrations
can be reduced. Moreover, aberrations 6f the eye can be corrected.
[0017] ' ‘
It is also preferred that the number of the diffractive zones is at least four. In particular,
the number of diffractive zones might be exactly four. It has been found that by using four
diffractive zones a reduction of potential dysphotopsia effects under mesopic and sco-
topic illumination conditions might be reduced, particularly when the pupil is large.
[0018] '

- The lens is preferentially made of a lens material comprising an acrylic polymer. The lens

material might further comprise an ultraviolet light absorbing agent like benzotriazole
and/or a blue-light-filtering chromophore like monomethine. For more details regarding
preferred lens materials reference is made to EP 2 375 276 B1 and US 8,556,416 B2,

‘which are herewith incorporated by reference.

[0019] v

The diffractive multifocal lens is preferentially an ocular lens, especially a contact lens or
an intraocular lens. In particular, the lens is intended to be placed into the capsular bag
of the eye after extracapsular cataract removal, functioning as a refractive and diffractive
medium to replace the natural crystalline lens of the eye.

[0020] v

The smoothed version of the function ¢(¢) is preferentially obtainéd by convoluting the
function ¢ (&) with a Gaussian kernel, wherein the Gaussian kernel preferentially has a
standard deviation within a range from 0.02 to 0.04. In a preferred embodiment the stand-
ard deviation is 0.03. It has been found that such standard deviations lead to an optimized

5
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compromise between a) being relatively easily manufacturable and b) having very good
optical properties.

[0021]
In an embodiment the radial distance of the outer border of at least the innermost diffrac-

tive zone to the center of the surface of the lens, i.e. its radial position, is defined by

m:ﬁ?+wx , )

wherein k indicates the respective diffractive zone, with k = 1 indicating the innermost
diffractive zone and k ascending in integer steps in outward direction, A is the wavelength

of the light and p is a predefined value defining an add power. Preferentially 4 is the de-

sign wavelength of 546 nm. The value p for the add power might be, for instance, 1.75 D.

In an embodiment, particularly if the lens is of the far dominant or near dominant lens
type, the outer border of each diffractive zone is defined by this equation.

[0022] _ '

In an embodiment equation (2) defines the outer border of the innermost diffractive zone

and the outer border of the other diffractive zones is defined by

‘ 1/2
Te = (rk_12 + A%+ f%z + 412rk_12> , (3)

Particularly lenses of the interrhediate vision lens type use equation (2) for the outer bor-
der of the innermost diffractive zone only and equation (3) for the outer borders of the
further diffractive zones. It has been found that these outer borders can lead to further.
improved optical properties.

0023]

Preferentially, the consiants w; and w, are the same for all diffractive zones. Moreover,
in an embodiment the gradients p,, p, and p;, and the constants g, and g5 are the same
for all diffractive zones. This might especially be the case for a lens of the far dominant
lens type or the near dominant type. In a further embodiment the gradients p4, p, and ps,
and the constants q, and g3 are not the same for all diffractive zones. This might espe-
cially be the case for a lens of the near dominant type or the intermediate vision lens type.
In particular, the gradients p,, p, and p;, and the constants g, and g5 of the innermost
diffractive zone might differ from the gradients p;, p, and p3, and the constants g, and g3

6
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of the other diffractive zones. Also this might especially be the case for a lens of the near
dominant type or the intermediate vision lens type. Moreover, in an embodiment the gra-
dients p,, p, and p;, and the constants g, and g5 of the other diffractive zones might be
the same for all other diffractive zones. This might especially be the case for a lens of the
near dominant type. Furthermore, in an embodiment the gradiénts P1, P2 and p;, and the
constants g, and g5 are different for all diffractive zones. Thus, in an embodiment there
are not two diffractive zones having the same parameters p,, p,, p3, g, and gs. This might
especially be the case for a lens of the intermediate vision lens type. It has been found
that this might lead to further improved optical properties.

[0024]

In a further aspect of the present invention a method for producing a multifocal lens having
several concentric diffractive zones on a surface of the lens is presented, wherein the

method includes:

- mathematically providing a diffraction phase structure for each diffractive zone by

providing for each diffractive zone a piecewise function as defined by equation (1) or a
smoothed version of this piecewise function, wherein ¢ depends quadratically on a radial
distance to the center of the surface of the lens and is normalized with 'respect to the
radial width of the respective diffractive zone and wherein the gradients p,, p, and p; are
negative, _

- forming the diffractive multifocal lens such that the diffractive zones have the math-
ematically provided diffraction phase structures.

[0025]

In another aspect of the present invention a multifocal lens having several concentric
diffractive zones on a surface of the lens is presented, which is able to be produced by
the method.

[0026] ‘

It shall be understood that the muiltifocal lenses of claim 1 and the method for producing
a multifocal lens of claim 15 have similar and/or identical preferred embodiments as de-
fined in the dependent claims. '

[0027]

It shall be understood that a preferred embodiment of the invention can also be any com-
bination of the dependent claims with the respective independent claim.

[Brief Description of Drawings]

[0028]

[Fig. 1]
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Fig‘. 1 shows schematically and exemplarily an embodiment of a multifocal lens.
[Fig. 2]
Fig. 2 shows schematically and exemplarily a cross section of a sag profile along a lens
diameter.
[Fig. 3]
Fig. 3 shows schematically and exemplarily a cross section of a phase profile along a
lens diameter of a lens of the far dominan{ lens type.
[Fig. 4]
Fig. 4 shows schematically and exemplarily through-focus contrast responsés for lenses
of the near dominant and far dominant lens types.
[Fig. 5]
Fig. 5 shows schematically and exemplarily a cross section of a phase profile along a
lens diameter of a lens of the near dominant lens type.
[Fig. 6]
Fig. 6 shows schematically and exemplarily an embodiment of a multifocal lens.
[Fig. 7] '
Fig. 7 shows schematically and exemplarily a cross section of a phase profile along the
lens diameter for a lens of the intermediate vision lens type.
[Fig. 8]
Fig. 8 shows schematically and exemplarily a through-focus cbvntrast response for a lens
of the intermediate vision lens type.
[Fig. 9] _
Fig. 9 shows a flowchart exemplarily illustrating an embodiment of a method for produbing

a multifocal lens having several annular diffractive zones on a surface of the lens.

[Description of Embodiments]

[0029]

Fig. 1 shows schematically and exemplarily an embodiment of a multifocal lens 1 having
several annular diffractive zones 7, 8, 9, 10 on a surface 2. The lens 1 is attached to fixing
elements 4 for fixing the lens 1 in an eye, in order to replace a natural lens, which has
been removed, by the lens 1. Thus, the lens 1 is an intraocular lens intended to be placed
into the capsular bag of the eye after extracapsular cataract removal, functioning as a
refractive and diffractive medium to replace the natural crystalline lens of the eye. How-
ever, the lens could also be another kind of ocular lens like a contact lens.

[0030]
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In each diffractive zone 7, 8, 9, 10 a respective diffraction phase structure is defined,
which.is expre.ssible by a piecewise function ¢ (¢) as defined by equation (1) which com-
prises three phase terms or by a smoothed version of the piecewise function. The surface
2, on which the diffractive zones 7, 8, 9, 10 are provided, is the anterior surface of the
lens 1. The diffractive zones 7, 8, 9, 10 extend over a central portion of the anterior sur-
face 2 of the lens 1, wherein in this embodiment four diffractive zones 7,8,9, 10 are
provided and wherein the radial distance of the outer border of the outermost diffractive
zone to the center 3 of the surface 2 is equal>to 3.2 mm. The radial width of the diffractive
zones 7, 8, 9, 10 decreases with increasing radial distance of the respective zone 7, 8, 9,
10 to the center 3 of the lens surface 2.

[0031]

Moreover, the surface 2, on which the several annular diffractive zones 7, 8, 9, 10 are
provided, is a refractive surface 2 of the lens 1 such that the outermost diffractive zone is

surrounded by a refractive zone 5 which does not comprise a diffractive structure. Thus,

the lens surface 2 is a refractive surface, i.e. a curved surface, which provides, together

with an opposing second, posterior refractive surface, a base refractive power.

[0032]

The anterior surface 2 therefore has an inner area with the diffractive zones 7, 8, 9, 10,

wherein the inner area provides refractive and diffractive power, and an outer area 5 -
which surrounds the inner area and which provides refractive power only. The refractive

anterior surface 2 is an aspheric lens surface in this embodiment. The posterior surface

can also be an aspheric surface or a spheric surface. If the posterior surface is a spheric

surface, its radius of curvature can be, for instance', -18.84 mm for a refractive power of

20.0 D. The posterior surface can also be a toric surface, i.e. it can be toroidal in shape

to correct astigmatic refractive errors. The sagittal height of a refractive surface having a

toroidal shape can be expressed by

Cxx?

z(x) = —F—
1+ }1—c§x2

and 4)

2(v) = 9 , 5
) Iy ®)

whereih x is the distance from the lens center in a first direction being perpendicular to
the optical axis of the lens, wherein y is the distance from the lens center in a second

9
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direction being perpendicular to the optical axis of the lens and being perpendicular to the
first direction, wherein c, is the curvature, i.e. the reciprocal of the radius of curvature, in
the first direction, which might also be named x direction, and wherein ¢y is the curvature,
in the second direction, which might also be named y direction.

[0033] '

The lens material preferentially comprises an acrylic polymer. It might further comprise
an ultraviolet light absorbing agent like benzotriazole and/of a blue-light-filtering chromo-
phore like monomithine. For more details regarding preferred lens materials reference is
made to EP 2 375 276 B1 and US 8,556,416 B2.

[0034]

The smoothed version 04(¢) of the function ¢ (&) is preferentially obtained by convoluting
the function ¢ (§) w-ith a Gaussian kernel, wherein the Gaussian kernel has a standard
deviation within a range from 0.02 to 0.04. Preferentially, the standard deviation is 0.03.

Thus, the smoothed version 6,(§) might be defined by following equation:

04(8) = ¢(§) ® g(£) S (6)

wherein @ is the convolution'operator and g(¢) is the Gaussian kernel. The convolution
operator refers to an integration with the Gaussian kernel in the L2 Hilbert space. The

Gaussian kernel is preferentially defined by

9() = —=exp(L5) | , 7)
wherein ¢ is the standard deviation.

[0035] o

The constant w; is preferentially 0.25 and the constant w, is preferentially 0.75 such that
the radial width of the middle phase term in each diffractive zoné 7,8,9 10is twic;e the
radial width of the inner phase term and hence also twice the radial width of the outer
phase term. Moreover, the outer bordér 11 of at least the innermost diffractive zone 7 is
defined by above equation (2), wherein the wavelength 2 is 546 nm and the add power
might be, for instance, 1.75 D. '

[0036]

Generally, phase values can be converted into the sagittal height (sag) of the structure
based on a proportional relationship as follows,

10
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A

27f(nIOL""-aqueov.ls)

Z(¢) = ¢() ) (8)

wherein /1/271 indicates the wave number using the design wavelength of 546 nm, n;g,
indicates the refractive index of the lens material and n,qy.ous indicates the refractive in-
dex of the surrounding medium. A sag profile is exemplarily illustrated in Fig. 2 for follow-
ing set of parameters: p, = p, = —0.8697, p; = —0.3771, q, = 0.5352, g3 = 0.3771 and
wy = 0.25, and w, = 0.75. The refractive indices can be, for instance, n;o, = 1.544 and
Naqueous = 1.336.

[0037]

It should be noted that Fig. 2 just illustrates the result of transforming the diffractive phase
profile to the sag profile, wherein the asphericity is not considered. Fig. 2 therefore only
i.llustrates the diffractive profile with no refractive profile superimposed. The aspheric lens

surface 2 can be defined by following sag function:

o er? 8 .2 ‘
SO = L Groes T 2 4T | ’ ©

wherein r denotes the radial distance to the center 3 of the lens éurface 2, c denotes the
curvature at the center 3 of the lens surface 2,’k denotes the conic constant and «; ére
the coefficients of the polynomial term up to the sixteenth order. For the lens having a
refractive power of, for instance, 20.0 diopters, i.e. 20.0 D, the anterior aspheric surface
2 can be defined by the parameters listed in Table 1, wherein the curvature ¢ might be
1/ror 1/(23 mm) in this example. It should be noted that the values listed in Table 1 are

only exemplary values, i.e. the aspheric lens surface can alsobbe defined by other param-

" eters.

[0038]
Table 1: Optical parameters to form 20.0 D anterior surface of the lens.

Power (D) ' | 20
Radius (mm) | 231
Curvature (mm) 0.0433
Conic -50.05

a, (mm) 6.8102E-4

11
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a, (mm?) | 1.2892E-3
a; (mm) 8.4450E4
a, (mm) | 2.4020E4
a5 (mm) 3.4589E-5

ag (mm ) | 72.4960E-6
a, (mm™3) | 7.1633E-08
ag (mm%) 0

[0039]

The outer radius of the k-th zone is r;, and the radial extentis r,_; <7 <mn, where k € N:
k =1..N is the zone number and N is the number of diffractive zones with N = 4 in the
present case. The phase of each zone is specified by equation (1), and the relative radial

position &, where 0 < &, < 1, for the k-th zone is given by following equation:
& _ Tty ‘ ) - (10)

The relative radial position is generally defined such that, in the k-th zone, § = ¢&.
Taking into account that preferentially r, = 0, the relative radial positions for the diffractive
zénes can be expressed by relations listed in Table 2.

[0040]

Table 2: Relative radial positions of diffractive zones.

2

Zone 1 g =T /r2
Zone 2 _ (r? —rf )/

(7 —1?)
Zone 3 (r -3 )/

(rf =17)
Zone 4 (r? —r{ )/

(- r3

[0041]

The lens 1 is preferentially a trifocal lens with diffractive orders 0, +1 and +2. In the fol-
lowing corresponding lenses of the far dominant lens type will be described.

[0042]

12
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The lenses of the far dominant lens type have positive constants g, and g5 and the pa-
rameters of the function ¢ (¢) are the same for all diffractive zones 7, 8, 9, 10. Further-
more, the gradient p, is within a range from -1.1 to -1.0, the gradient p, is within a range
from -1.1 to -1.0, the gradient p; is within a range from -1.1 to -1.0, the constant g, is
within a range from 0.3 to 0.4 and the constant g5 is within a range from 1.0 to 1.1. In
particular, these parameters can be as defined in Table 3.

Table 3: Parameters of far dominant lens type..

Power p1 p2 p3 q2 qs
(D) '
10.0-15.0 - -1.0463 | -1.0973 | 0.37415 | 1.0973
1.0973 _
15.5-22.5 - -1.0158 | -1.0973 | 0.3667 | 1.0973 |
1.0973
23.0-30.0 - -1.0282 | -1.0973 | 0.3768 | 1.0973
1.0973

In Table 3 threé examples of the far dominant lens type for three different respective
power ranges are illustrated. In these three examples the constant w, is 0.25 and the
constant w, is 0.75. Moreover, in these examples the respective outer border for each of
the four diffractive zones 7, 8, 9, 10 is defined by equation (2).

[0043]

Fig. 3 schematically and exemplarily illustrates a phase profile of a lens from the far dom-
inant lens type along the lens diameter. |

[0044]

The lenses of the far dominant lens type are hybrid refractive-diffractive multifocal intra-
ocular lenses (MIOL) that preferentially combine (i) a truncated diffractive profile to pro-
duce positive diffraction orders 0, +1, +2 for trifocality and (ii) aspheric optics to improve
overall imaging performance. The positive orders of diffraction allow to minimize chro-
matic aberration of the patient eye, thus mitigating the potential risk of chromatic visual

disturbances. The aspheric optics, in turn, reduce the sensitivity of the patient eye to po-

. tential decentrations.

[0045]
In Fig. 4 the graph 30 illustrates a simulated through-focus response (TFR) at a spatial

frequency of 50 Ip/mm for a lens of the far dominant lens type. The graph 30 is the result
13
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of a theoretical evaluation in terms of a modulation transfer function (MTF), wherein, for
the simplicity of analysis, a non-toric MIOL is assumed. It is noted that the graph 30 is
just used for illustrating the possible relative efficiencies of the different diffractive orders
of a lens of the far dominant lens type.
[0046]
As can be seen in Fig. 4, a lens of the far dominant lens type can provide relatively high
far-focus and intermediate-focus contrast levels and an acceptably high near-focus con-
trast. Such TFR facilitates higher visual acuity at far-focus distances and provides suffi-
cient visual acuities at intermediate and near foci.
[0047]
In the following lenses of the near dominant lens type will be described.
[0048]
The lenses of the near dominant lens type have positive constants ¢, and g5, the param-
eters of the function ¢(¢) can be thé same for all diffractive zones 7, 8, 9, 10, and the
outer borders of the four diffractive zones 7, 8, 9, 10 are also defined by equation (2).
Moreover, the gradient p, is within a range from -1.2 to -1.0, the gradient p, is within a
range from -1.3 to -1.2, the gradient p; is within a range from -1.2 to -1.0, the constant g,
is within a range from 0.7 to 0.8 and the constant g; is within a range from 1.0 to 1.2. Itis
also possible that, for a lens of the near dominant lens type, the gradients P1, P2 @and ps
and the constants g, and g5 are not the same for all diffractive zones, wherein still pref-
erentially the outer borders of the four diffractive zones 7, 8, 9, 10 are defined by equation
(2). In particular, these parameters can be as defined in Table 4. '
[0049]

Table 4: Parameters for near dominant lens type.

Power p1 p2 p3 ' qz qs
(D) |

1st diffractive zone (7)
10.0- | -1.127 | -1.2765 | -1.127 | 0.79395 | 1.127
- 15.0
15.5- | -1.0973 | -1.2429 | -1.0973 | 0.77305 | 1.0973
30.0

2nd and 4th diffractive zones (8, 9, 10)
10.0 - -1.0973 | -1.2429 | -1.0973 | 0.77305 | 1.0973
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15.0
15.5- | -1.0973 | -1.2429 | -1.0973 | 0.77305 | 1.0973
30.0

[0050]

In Table 4 two examples of the near dominant lens type for two different respective power
ranges are illustrated. Also in these examples the constant w, is 0.25 and the constant
w, is 0.75. Moreover, with respect to the 10.0 D - 15.0 D example of the near dominant
lens type, the gradients p,, p, and ps3, and the constants ¢, and g5 are not the same for
all diffractive zones 7, 8, 9, 10. In particular, the gradients p,, p, and p5, and the constants
g, and gs of the innermost diffractive zone 7 differ from the gradients p,, p, and p5, and
the constants g, and g3 of the other diffractive zones 8, 9, 10, wherein the gradients p,,
p, and p3, and the constants g, and g5 for all other diffractive zones 8,9, 10 are the same.
For the 15.0 D - 30.0 D example of the near dominant lens type the gradients p,, p, and
p3, and the constants g, and g5 are the same for all diffractive zones 7, 8, 9, 10. '
[0051]

Fig. 5 schematically and exemplarily illustrates a phase profile of a lens from the near

-dominant type along the lens diameter.

[0052]

Also the lenses of the near dominant lens type are hybrid refractive-diffractive lenses that
combine (i) a truncated diffractive profile to produce positive diffraction orders 0, +1, +2
for trifocality and (ii) an aspheric optics to improve overall imaging performance. As men-
tioned above, the positive orders of diffraction allow to minimize chromatic aberration of
the patient éye, thus, mitigating the potential risk of chromatic visual disturbances. The
aspheric optics, in turn, reduces the sensitivity of the patient eye to potential decentrations.
[0053]

Fig..4 also shows a graph 31 which illustrates a TFR at a spatial frequency of 50 lp/mm -
for a lens of the near dominant lens type. Also with respect to the near dominant lens type

it is noted that Fig. 4 is just used for illustrating possible relative efficiencies of the different

diffractive orders of a lens. As can be seen in Fig. 4, as compared to the contrast response

30 of the lens of the far dominant lens type, the response 31, i.e. the graph 31, of the lens
of the near dominant lens type provides lower far-focus and intermediate-focus contrast
levels, wherein the near-focus contrast is noticeably higher. Such TFR facilitates near-
focus visual acuity and provides sufficient visual acuities at intermediate and near foci.

[0054]
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The diffractive zones of the lenses of the far dominant lens type and the near dominant
lens type might cover a relatively small inner area having a radius perpendicular to the
optical axis being 3.2 mm. This is indicated in Fig. 1. In the following lenses of the inter-
mediate vision lens type will be described, wherein the diffractive zones 7, 8, 9, 10 might
cover a larger area having a radius perpendicular to the optical axis being 4.0 mm. This
is indicated in Fig. 7. ’
[0055]
With respect to the lenses of the intermediate vision lens type, only the outer border of
the innermost diffractive zone 7 is defined by equation (2), whereas the outer border of
the other diffractive zones 8, 9, 10 is defined by equation (3). Also for the intermediate
vision lens type the constant w, is preferentially 0.25 and w; is preferentially 0.75. Fur-
thermore, the gradients p,, p, and p;, and the constanfs g, and g5 are not the same for
all diffractive zones 7, 8, 9, 10. In particular, the gradients p,, p, and p;, and the constants
q, and g5 are different for all diffractive zones 7, 8, 9, 10. Thus, there are not two diffrac-
tive zones having the same parameters p,, p,, p3, g, and gs. Moreover, for the interme-
diate vision lens type, the gradient p, is within a range from -1.2 to -0.4, the gradient p,
is within a range from -1.0 to -0.1, the gradient p, is within a range from -1.2 to -0.4, the
constant g, is within a range from -0.2 to 0.3 and the constant g5 is within a range from
0.41to01.2. EXempIary values are given in Table 5.
[0056]
Table 5: Parameters for intermediate vision lens type.

Power p1 p2 p3 qz qs

(D) |
1st diffractive zone (7)

10.0 - -0.501 -0.501 -0.501. 0.000‘6 0.501
15.0 '

15.5 - -0.467 -0.467 -0.467 -0.0033 0.467
22.5

23.0 - --0.501 -0.501 -0.501 0.0006 0.501
30.0

2nd - 4t diffractive zones (8, 9, 10)
10.0 - -0.9239 | -0.926 -0.9239 | 0.2924 0.9239
15.0
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15.5 - -1.14 ;0.1399 -1.14 | -0.11325 1.14
225

230- 1-09239 | -0.926 | -0.9239 | 0.2924 | 0.9239
30.0

[0057]

In Table 5 three examples of the intermediate vision lens type for three different respec-
tive power ranges are illustrated. |

[0058]

Fig. 7 schematically and exemplarily illustrates a ‘phase profile of a lens of the intermedi-
ate vision type along the lens diameter. Fig. 8 illustrates a TFR at a spatial frequency of
50 Ip/mm of a lens of the intermediate vision lens type. The lenses of the intermediate
vision lens type are preferentially presbyopic-correction multifocal intraocular lenses with
a relatively low addition power. They preferentially target to provide functional vision from
distance to intermediate viewing range.

[0059] '

- For the lenses of the intermediate vision lens type the radius r; of the first annular zone,

i.e. the outer border of the first annular zone 7, is preferentially given in accordance with

equation (2) by

"= /%+/12 , (11)

where A is the design wavelength, i.e. A = 546 nm in the present case, and p is the add
power for +1 diffractive order, wherein preferentially p = 2.0 D for intermediate vision
lenses.
[0060]
The radiuvs'rk of the surrounding zones from the second to the fourth diffractive zones 8,

9, 10 is given by, for example

VA2 —Jf2+n_2=2 k=234 , (12)

wherein f indicates a focal length. Equation (12) is applied for annular zones from the

second to the fourth, based on such consideration that the rays propagating towards the

“on-axis focus from adjacent zones generate a path difference of one wavelength.
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[0061]
Following equation (13) is an analytical solution of equation (12):

. 1/2
Ty = (Tk_lz + /12 + ‘LLZZ + 4/‘127'](_12) B k= 2, 3,4‘ y (13)

where 1 is the design wavelength, i.e. pfeferentially 546 nm, and p is the add power f_or ,
the +1 diffractive order, wherein preferentially p = 1.0 D for intermediate vision lenses.
[0062]

~Thus, in an embodiment, for lenses of the intermediate vision lens type, the first central

zone (k = 1) is formed by using add power p = 2.0 D, corresponding to the second dif-
fractive order, and the surrounding zohes (k = 2,3,4) are formed by using p = 1.0 D, cor-
responding to the first diffractive order.

[0063] '

With the assumption that thé higher order terms of A are negligible, an approximate re-

lationship to derive radii r, based on r;,_; becomes

-m=f%+mﬂ%k=l&4 | o (14)

Equations (11) to (14) can be used to calculate the radii of the diffractive zones for the
intermediate vision lens type lenses.

[0064]

In the following an embodiment of a method for producing a multifocal lens having several ‘
annular diffractive zones on a surface of the lens will exemplarily be described with refer-
ence to a flowchart shown in Fig. 9. |
[0065] - v

In step 101 a diffraction phase structure fc;r each diffractive zone 7, 8, 9, 10 is mathemat-
ically provided by providing for each diffractive zone 7, 8, 9, 10 the piecewise function (1).
In step 102 the diffractiVe multifocal lens is formed such that the diffractive zones 7, 8, 9,
10 have the mathematically provided diffraction phése structures. The lens might be
formed, for instance, by using a known molding procedure and a known lathe cutting
procedure, or by another technique generally used for manufacturing lenses.

[0066]
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Although in above described embodiments the lenses have certain parameters of the
function ¢(¢), the lenses could also have other parameters, as long as ¢ depends quad-
ratically on the radial distance to the center of the surface of the lens and is normalized
with respect to the radial width of the respective diffractive zone and the gradients p,, p,
and p; are negative.

[0067] |

As mentioned above, the values listed in Table 1 are only exemplary values, i.e. the as-
pheric lens surface can also be defined by other parameters. For instance, for a lens
having a refractive power of, for instance, 20.0 D the anterior aspheric surface 2 can be
defined by the parameters listed in foIIoWing Table 6, wherein the curvature ¢ might be
1/r or 1/(23 mm) in this example.

[0068]

Table 6: Optical parameters to form 20.0 D anterior surface of the lens.

Power (D) 20
Radius (mm) : '_ 231
Curvature (mm-1) 0.0433
Conic | ~48.89

a, (mm) -7.0541E-3
az (mm?) ' ‘ -1.1978E-3
o (mmd) ' 8.5233E-4
as (mm7) -2 5816E-4
as (mm®) | 3.8855E-5
as (mm') -2.8956E-6
a; (mm) 8.5155E-08
ag (mm-'%) 0

[0069]

Although the parameters listed in above Tables 3 to 5 have a certain accuracy, i.e. a
certain number of decimal places, the accuracy can also be different. In a preferred em-
bodiment, the accuracy of the parameters p,, p,, ps, g, and gs is given by three decimal
places.‘ Thus, the parameters can be as listed in following Tables 7 to 9. '
[0070]

Table 7: Parameters of far dominant lens type.
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_ Power p1 p2 ps3 g2 qs

(D)
10.0-16.0 | -1.097 | -1.046 | -1.097 0.374 1.097
16.5-22.5 | -1.097 | -1.016 | -1.097 0.367 1..097
23.0-30.0 | -1.097 | -1.028 | -1.097 0.377 1.097

[0071]

In Table 7 the three examples of the far dominant lens type for three different respective
power ranges are illustrated, wherein, in comparison to Table 3, the number of decimal
places for all parameters p4, p,, p3, g, and g; is three. As mentioned above with respect
to Table 3, in these three examples the constant w, is 0.25 and the constant w, is 0.75.
Moreover, in these examples the respective outer border for each of the four diffractive
zones 7, 8, 9, 10 is defined by equation (2).

[0072] '

Table 8: Parameters for near dominant lens type.

Power p1 p2 ps3 qz qs
D) o _ _
. 1st diffractive zone (7)

10.0 - -1.127 | -1.277 -1.127 0.794 1.127
- 15.0 '

15.5 - -1.097 | -1.243 -1.097 0.773 1.097

300 | ’ '

2nd and 4th diffractive zones (8, 9, 10)

10.0 - -1.097 -1.243 -1.097 0.773 1.097

15.0 ’

16.5- | -1.097 -1.243 | -1.097 0.773 1.097

30.0

[0073]
In Table 8 the two examples of the near dominant lens type for two different respective
power ranges are illustrated, wherein, in comparison to Table 4, the number of decimal
places for all parameters p,, p,, ps, g, and g3 is three. Also in these examples the con-

stant w, is 0.25 and the constént w, is 0.75. Moreovér, with respect to the 10.0 D - 15.0
20
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D example of the near dominant Iené type, the parameters p,, p, and p;, and the param-
eters g, and g3 are not the same for all diffractive zones 7, 8, 9, 10. In particular, the
parameters p;, p, and p;, and the parameters g, and g5 of the innermost diffractive zone
7 differ from the parameters p,, p, and p;, and the parameters g, and g5 of the other dif-
fractive zones 8, 9, 10, wherein the parameters p,, p, and p;, and the parameters g, and
q; for all other diffractive zones 8, 9, 10 are the same. Forthe 15.0 D - 30.0 D example
of the near dominanf lens type the parameters p;, p, and p;, and the parameters ¢, and
qs are the same for all diffractive zones 7, 8, 9, 10.

[0074]

Table 9: Parameters for intermediate vision lens type.

Power p1 p2 | p3 q2 qs

(D)
18t diffractive zone (7)

10.0 - -0.501 -0.501 | -0.501 0.001 0.501
15.0 |

156.5 - -0.467 -0.467 -0.467 -0.003 0.467
225

23.0- | -0.501 -0.501 -0.501 0.001 0.501
30.0

- 2nd - 4" diffractive zones (8, 9, 10)

10.0 B -0.924 -0.926 -0.924 0.292 0.922 .
15.0

15.5 - -1.140 -0.140 -1.140 -0.113 1.140
225 |

23.0 - 0.924 -0.926 -0.924 0.292 0.924
30.0 '

[0075]

In Table 9 three examples of the intermediate vision lens type for three different respec-
tive power ranges are illustrated, wherein, in compafison to Table 5, the number of deci-
mal places for all parameters p;, p,, p3, g, and gs is three.

[0076]
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Although in above described embodiments the diffractive zones are provided on the an-
terior surface and not on the posterior surface, they could also be provided on the poste-
rior surface and not on the anterior surface, or on both surfaces.

[0077]

Although in above described embodiments the lens is an intraocular lens, the lens can
also be another kind of ocular lens like a contact lens.

[0078]

Although in above described embodiments the number of the diffractive zones is four, the
number of diffractive zones can also be different. For instance, the number of diffractive
zones can be two, three or larger than four. Preferentially, the number of diffractive zones
is 13 or smaller, but not larger than 13. Correspondingly, preferentially, in equations (12)
to (14), if k = 2, ..., Kmax, Kmax is maximally 13. '
[0079] '

Although in above described embodiments a Gaussian smoothing is used, it is also pos-
sible to use another kind of smoothing like a smoothing procedure utilizing a parabolic
curve. | |
[0080]

Other variations to the disclosed embodiments can be understood and effected‘by thosé
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims.

[0081]

In the claims, the word "comprising" does not exclude other elements or steps, and the
indefinite article "a" or "an" does not exclude a plurality. |

Any reference signs in the claims should not be construed as limiting the scope.
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[CLAIMS]
[Claim 1]
A multifocal lens having several concentric diffractive zones on a surface of the lens,
wherein in each diffractive zone (7, 8, 9, 10) a diffraction phase structure is defined, which
is expressible by the following piecewise function, which comprises three phase terms,

or by a smoothed version of the following piecewise function:

' plf! OSf<W1
$() =2m X {p{ +q2, W1 SE<w, ,
ps§+4q3 w,s$<1

wherein ¢ indicates a position within the respective diffractive zone (7, 8, 9, 10) in a radial
direction, ¢ (&) indicates a phase shift experienced by light passing through the position
indicated by £, w, and w, define a spatial partitioning of the respective diffractive zone (7,
8, 9, 10) in the radial direction in accordance with the three phase terms, p,, p, and p;
indicate gradients of the three phase terms and g, and gq; are constants, wherein ¢ de-
pends quadratically on a radial distance to the center of the surface (2) of the lens (1) and
is normalized with respect to the radial width of the respective diffractive zone (7, 8, 9,

10) and wherein the gradients p,, p, and p; are negative.

[Claim 2]

The multifocal lens as defined by claim 1, wherein the lens (1) is a trifocal lens with dif-

fractive orders 0, +1 and- +2.

. [Claim 3]

The multifocal lens as defined by any of claims 1 and 2, wherein the constants g, and g5
are positive. | |

[Claim 4]

The multifocal lens as defined by claim 3, wherein the gradient p, is within a range from
-1.1 to -1.0, the gradient p, is within a range from -1.1 to -1.0, the gradient p; is within a
range from -1.1 to -1.0, the constant qz is within a range from 0.3 to 0.4 and the constant
q3 is within a range from 1.0 to 1.1. |

[Claim 5] '

The multifocal lens as defined by claim 3, wherein the gradient p, is within a range from
-1.2 to -1.0, the gfadiént p» is within a range from -1.3 to -1.2, the gradient p5 is within a
range from -1.2 to -1.0, the constant g, is within a range from 0.7 to 0.8 and the constant

g5 is within'a range from 1.0 to 1.2.
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[Claim 6] '
The multifocal lens as defined by any of claims 1 and 2, wherein the gradient p; is within
a range from -1.2 to -0.4, the gradient p, is within a range from -1.0 to -0.1, the gradient _
p3 is within a range from -1.2 to -0.4, the constant g, is within a range from -0.2 to 0.3and
the constant g5 is within a range from 0.4 to 1.2.
[Claim7]
The multifocal lens as defined by any of the preceding claims, wherein the constant w; is
0.25 and the constant w, is 0.75 such that the radial width of the middle phase term is
twice the radial width of the inner phase term.
[Claim 8]
The multifocal lens as defined by any of the preceding claims, wherein the 'smoothed
version of the function ¢ (&) is obtained by convoluting the function ¢(¢) with a Gaussian
kernel, wherein the Gaussian kernel has a standard deviaﬁon within a -rang‘e from 0.02 to
0.04. '
[Claim 9]
The multifocal lens as defined by any of the preceding claims, wherein the outer border

(11) of at least the innermost diffractive zone (7) is defined by

T = f”—" + k222 ,
14

wherein k indicates the respective diffractive zone, 1 is the wavelength:of the light and p
is a prédefined value defining an add power. ‘

[Claim 10] _

The multifocal lens as defined by claim 9, wherein the équation of claim 9 defines the
outer border of the innermost diffractive zone (7) and the outer border of the other diffrac-

tive zones (8, 9, 10) is defined by

: 1/2
T = (rk_lz + AZ + ";—2; + 4227')(_12) )
[Claim 11] '
The multifocal lens as defined by any of the preceding claims, wherein the constants w,
and w, are the same for all diffractive zones (7, 8,9, 10).
[Claim 12]
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The multifocal lens as defined by any of the preceding claims, wherein the gradients p,,
p, and ‘p3, and the constants g, and g5 are the same for all diffractive zones (7, 8, 9, 10).
[Claim 13]
The multifocal lens as defined by any of claims 1 to 11, wherein the gradients p;, p, and
ps3, and the constants g, and q; are not the same for all diffractive zones (7, 8, 9, 10)..
[Claim 14] | "

The multifocal lens as defined by any of claims 1 to 11, wherein the gradients p,, p, and

_ p3, and the constants g, and g3 are different for all diffractive zones (7, 8, 9, 10).

[Claim 15]

A method for producing a multifocal lens having several concentric diffractive zones on a
surface of the lens, wherein the method includes: , '
- mathematically providing a diffraction phase structure for each diffractive zone (7, 8,
9, 10) by providing for each diffractive zone (7, 8, 9, 10) following piecewise function,
which comprises three phase terms, or a smoothed version of the following piecewise

function:

P,  0=<&<wy
&) =2mX{p6 +q2, wy<E<w, )
psétqs w,<é<1

» whérein ¢ indicates a position within the respective diffractive zone (7, 8, 9, 10) in a radial

direction, ¢(¢) indicates a phase shift experienced by light passing through the position
indicated by &, w;, and w, define a spatial partitioning of the respective diffractive zone (7,
8, 9, 10) in the radial direction in accordance with the three phase terms, p,, p, and ps
indicate gradients of the three phase terms and g, and g5 are constants, wherein ¢ de-
pends quadratically on a radial distance to the center of the surface (2) of the lens (1) and
is normalized with respect to the radial width of the respective diffracti\}e zone (7, 8, 9,
10) and wherein the gradients p,, p, and p; are negative, , ' '

- forming the diffractive multifocal lens (1) such that the diffractive zones (7, 8, 9, 10)

have the mathematically provided diffraction phase structures.



