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BACKGROUND OF THE INVENTION

The present invention relates to an optical leselifor white light in a camera, a
projector, a lighting device, and the like, andogtical device using the optical lens.

JP-A-2001-249271 is a related art in the fieldhef present invention. JP-A-
2001-249271 discloses that "An objective lens 1®sgle lens formed of resin and both
surfaces of which are aspheric, and a diffracresIstructure is formed on one lens surface 11
as an annulus-like pattern around an optical ax#d.least one of the lens surfaces 11 and 12 is
aspheric, and the objective lens 10, in serving eractive lens, excessively corrects spherical
aberration. The diffractive lens structure is daed to have a predetermined spherical
aberration based on steps formed at boundariesbatannuli in the direction of an optical axis
as in a Fresnel lens so that, for the lens as dewtie spherical aberration does not change even
when the refractive index changes." (see Abstract).

Furthermore, JP-A-2013-182264 is another relatenh @ahe field of the present
invention. JP-A-2013-182264 discloses "A methadni@nufacturing a transmissive screen,
including a step of preparing a first masking st8estuck to a surface of a Fresnel lens sheet 20
opposite to a surface of the Fresnel lens sheeh2@hich a Fresnel lens portion 22 is formed, a
step of heating and softening a Fresnel lens dieeith a masking sheet, and a step of placing
the Fresnel lens sheet 10 with the masking sheatfivst mold 40 with a first mold surface 41
that is at least partly curved so that the firstkirag sheet 30 corresponds to the first mold
surface 41 side and sucking air through a firstisndole 42 present in the first mold surface 41
to mold the Fresnel lens sheet 20 with the mas$imeget such that the Fresnel lens sheet 20 has a
curved surface."

Furthermore, JP-A-2013-200367 is another relateoh dhe field of the present
invention. JP-A-2013-200367 discloses that "lIrreskel lens 1, a first surface 10 is a flat
surface, and a second surface opposite to thestiriace 10 has a plurality of (in an illustrated
example, three) second lens surfaces 20. In @&nEllens 1, aspheric surfaces providing the
respective lens surfaces 21 have different ceakas CAO, CAL, and CA2, and the positions of
foci F(FO), F(F1), and F(F2) of the lens surfacksaf misaligned with one another on one

image surface I. An optical detector includeskhesnel lens 1."

SUMMARY OF THE INVENTION
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A diffractive lens is expected to be used for apahromatic light source such as
laser light. The usage efficiency of the diffraetiens deceases with increasing deviation of a
wavelength from the blaze wavelength of a diffractgrating with a light source such as white
light having a wide wavelength range. To supptlessas much as possible, the diffractive lens
needs to be designed such that the optical pdtreliice between adjacent annuli is reduced to
one wavelength to allow first-order diffracted ligh be utilized. However, the need of a high
lens power leads to a reduced pitch between thelisammd degraded machinability. The use of
nth diffracted light allows the pitch to be incredsy a factor of n, but the usage efficiency
decreases more significantly. To implement a \ghieh uses first-order diffracted light and
which is used for a wide wavelength range withodeerease in efficiency, the lens power of the
diffractive lens needs to be reduced so as to geo&n annulus width sufficient to enable
machining. Therefore, such an effect as redudieghickness of a thick lens is not expected to
be produced.

For the Fresnel lens, a thin lens can be easilyiged by allowing a lens effect to
be exerted based on geometric-optical refractiomgues larger step amount and a larger annulus
width than the diffractive lens to the degree thtdrference between the annuli is negligible.
However, the lens is designed so as to be separdtedreas at regular intervals in a thickness
direction or a radial direction, so that the remufitareas are two-dimensionally arranged. Thus,
a wavefront aberration property provided with atiagb path length taken into account fails to
be ensured, disadvantageously preventing opticibnpeance from being ensured. The
Fresnel lens is normally a flat lens, and is addezh optical refractive curved surface. The
Fresnel lens is not designed with a lens powerildigton taken into account.

JP-A-2001-249271 discloses a technique that udé@gactive lens added to a
curved surface of a refractive lens for a pickupmnoptical disc to compensate for degradation
of optical properties of the refractive lens caulsg@ change in the refractive index resulting
from a change in temperature. However, the pidkop is expected to be used with
monochromatic laser light source, and the diffiacefficiency of the pickup lens
disadvantageously decreases with increasing demi&tbm the blaze wavelength with white
light having a wide wavelength range. To suppeedscrease in diffraction efficiency as much
as possible, the optical path difference betweerathacent annuli needs to be reduced to one
wavelength to allow first-order diffracted light b@ used. Furthermore, the need of a high lens
power disadvantageously leads to a reduced pittiheddiiffraction structure, which makes
manufacturing difficult. In this case, when higider diffracted light can be used, the lens

power can be increased, with the pitch increasdalcibtate manufacturing. However, the use
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of the high-order diffracted light is precluded dodhe above-described decrease in efficiency.
Thus, the diffractive lens eventually fails to beygded with a high lens power. Therefore, an
effect that reduces the thickness of the lens @meisase with the Fresnel lens is not much
expected. The usage of the diffractive lens istéchto compensation for chromatic aberration
or temperature deviation which can be dealt witlalbgw lens power.

JP-A-2013-182264 discloses a technique for formaigesnel lens on a curved
surface. However, the curved surface is a sudeescreen and not a surface acting as a lens.
Basically, the Fresnel lens is a lens that is twoethsionally thinned by separating a curved
refractive lens into a number of areas and traingjdhe areas. Thus, the Fresnel lens
disadvantageously has insufficient optical progsrsuch as aberration performance.

JP-A-2013-200367 discloses that the lens surfatieed-resnel lens is shifted
such that the lens areas into which the Fresnslitegeparated have different focal positions.
However, this lens also results from thinning aebdeby separating the original uniform curved
lens into the lens areas and moving these aredsus, The lens also disadvantageously has
insufficient optical properties such as aberraperformance.

With the above-described problems in view, an clxpé¢ the present application is
to thin a thick lens used in an automobile headlaptral system and a projector lighting
optical system while maintaining the optical prdjesr of the lens.

To accomplish the object, for example, a confijararecited in the claims is
adopted.

The present application includes a plurality ofamfor accomplishing the
object. By way of example, the means in claim "hidiffractive lens having, on at least one
surface, an optical surface with a plurality ofemrélefined by a plurality of steps, wherein a
blaze wavelength of the diffractive lens is withinvavelength spectral range of a light source
used, an optical path difference between adjageasaat the blaze wavelength is longer than a
coherence length of the light source, and theatiffve lens substantially acts as a Fresnel lens at
a wavelength other than the blaze wavelength."

It is well known that, in diffractive lenses, aptizal path of a ray of light
calculated at the blaze wavelength in accordanteawhase function coincides with an optical
path calculated on the assumption that the raigbf is geometric-optically refracted at a blaze
surface. Thus, the diffractive lens is also eqenbto a geometric-optical refractive lens at the
blaze wavelength. When the optical path differdeteveen the adjacent areas is longer than
the coherence length as recited in the claimst irghrference needed for conventional

diffractive lenses does not occur. Thus, suchna ie not substantially a diffractive lens but
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acts as a Fresnel lens that is a refractive leRmwever, the diffractive lens is originally
equivalent to the refractive lens at the blaze \Wength and is thus said to be a diffractive lens at
the blaze wavelength even though the light interfee does not occur. The diffractive lens can
be precisely optically designed similarly to th&aetive lens using commercially available
optical design software and the above-describedghaction. In that case, the diffractive
lens can be easily provided onto a refractive alisugface. This property is not possessed by
conventional Fresnel lenses. When the wavelengtfates from the blaze wavelength, the
optical path calculated for the diffractive lensrngaligned with the optical path of a ray of light
calculated for the geometric-optical lens. Thdagbtdesign software traces only the optical
path of a ray of light with a particular diffractia@rder, but in actuality, diffraction efficiency
gradually decreases to gradually increase theadiifsn efficiency of a ray of light with the
adjacent diffraction order. The energy of lighiftshto another diffraction order at a different
diffraction angle. Then, the diffraction efficignis maximized again at another blaze
wavelength to reproduce conditions equivalent teddmons for the refractive lens. A
diffraction angle of a particular order changeswatchange in wavelength in a direction
opposite to the direction of a change in the r¢imacangle of the refractive lens based on an
refractive index dispersion property of an opticadterial. Thus, diffractive lenses utilizing
first-order diffracted light have often been utdto correct chromatic aberration of refractive
lenses. However, the diffraction angle of the eljd order to which the energy shifts changes
discontinuously in the same direction as that dfi@nge in the refraction angle of the refractive
lens. On the other hand, in the refractive lems refraction angle changes smoothly with a
change in the wavelength in accordance with thecafe index dispersion property. The
relevant curve corresponds to a curve for a norafedctive lens which results from smooth
connection of diffraction angles under the blazedition for the diffractive lens. Therefore,
the diffractive lens of the present applicatiorsféo produce an achromatic effect, which is
exerted by the refractive lens using what is cafledverse dispersion property, but even when
the wavelength deviates from the optically desigblede wavelength, a change in the optical
path of the diffractive lens of the present appiarais substantially equivalent to a
corresponding change in the optical path of thenabrefractive lens.

In claim 2, the lens is more specifically charaeed in that "when the
wavelength spectral range of the light source fsdd by a range &\ with a spectral intensity
that is 1/e”2 of a spectral intensity of a peak @lawgth, the optical path difference between the
adjacent areas is equal to or more thBfi2/AL with respect to a blaze wavelen@®'. This

expression is an approximate expression for anatiwgidth over which an amplitude of a
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packet attenuates to 1/e”2 on the assumptionhibapectrum of the light source conforms to a
Gaussian distribution. The expression may fagrecisely reflect the coherence length when
the spectrum is complicated but may be used asdaceitor of the coherence length.

In claim 3, the lens is more specifically charaeesd in that "the light source is a
non-laser light source in which the wavelength spécange is at least 200 nm, and the optical
path difference is at least five times as largthaslaze wavelength”.

In claim 4, the lens is more specifically charaeed in that "the areas are
concentric annulus areas".

In claim 5, the lens is more specifically charazed in that "an envelope
globally enveloping the steps on the optical swefadh the plurality of areas has an on-axis
curvature different from an on-axis curvature obtuer surface providing the diffractive lens
and is a curved surface acting substantially @mgl'l This is a property not possessed by the
conventional Fresnel lens.

In claim 6, the lens is more specifically charaeed in that "a diffractive lens
power component of the surface with the pluralitg@as defined by the plurality of steps has a
sign identical to a sign of power of the whole ifftive lens". When the lens is designed such
that the lens power component provided by theatiffive lens structure basically contributes
directly to the refractive power of the whole leti®e refractive power of a refractive surface of
an equivalent refractive lens can be provided leydiffractive lens. This enables a reduction in
a surface curvature of the equivalent refractivis lend thus in the thickness of the lens.

In claim 7, the lens is more specifically charaeesd in that "the diffractive lens
is a meniscus lens generally shaped to includenaescosurface and a concave surface”. When
an equivalent original refractive lens to be coteginto a diffractive lens is thinned, not only
can the curvature be reduced but the surface camle more concave to reduce an on-axis
thickness. In this case, an actual axial occughakness of the lens is limited by a convex side
face apex and a concave side lens edge porticgaimhstf the on-axis thickness. Thus,
formation of the concave surface makes little dbntron. However, in mass production by
plastic injection molding or the like, heat is éasadiated from the inside of resin, improving
mass productivity.

In claim 8, the lens is more specifically chardeed in that "the areas defined by
the plurality of steps are at least 2@ in a width from one step to another step”. Irddno
machining with a diamond turning tool bit, when #reulus structure is excessively fine,
machining fails to be achieved. Thus, a certauthvis preferably ensured.

In claim 9, the lens is more specifically charazed in that "the plurality of steps
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are at least 4m in depth". As is the case with claim 8, in theldhmachining with the
diamond turning tool bit, excessively small deptiyrmake machining difficult.

Claim 10 is characterized by "an optical apparagisg the diffractive lens
recited in claim 1". The use of the lens of thegent application allows the equivalent
refractive lens to be thinned with performancehef tefractive lens maintained. This enables a
reduction in the weight and size of optical devicegeneral which use white light, such as
cameras, projectors, and lighting devices whichaukems.

The decrease in diffraction efficiency in the cageere the diffractive lens is used
for white light as disclosed in JP-A-2001-24927h ba suppressed by eliminating the
interference between the adjacent annuli to alléns to act as a Fresnel lens and suppress a
reduction in efficiency. At this time, the diffi@e lens is designed for the use of high-order
diffracted light, which enables an increase botannulus width and in step depth by a factor of
the diffraction order compared to the use of faosder diffracted light. This facilitates
machining of the mold using the diamond turnind tot  Furthermore, the lens power can be
increased, enabling contribution to the thinninghaf lens as is the case with the Fresnel lens.

The aberration performance in the case wherergsnEl lens is used as disclosed
in JP-A-2013-182264 and JP-A-2013-200367 can bi&/egstimized by the phase function
design for the diffractive lens. Thus, the lenshef present application improves the optical
performance compared to the Fresnel lens. Sircketis of the present application is a
diffractive lens, a diffractive surface can be atlttea curved surface with a normal lens power.
Consequently, the lens of the present applicatioreases the degree of freedom for the optical
design and improves the optical performance congp@ar¢éhe Fresnel lens. Thus, in an existing
optical system including a refractive lens, thekhiess of the lens can be reduced by forming a
lens surface with a large curvature into a complaiptically equivalent envelope of a
diffractive surface to reduce the curvature.

In summary, the lens equivalent to the conventicefaactive lens can be thinned
with the optical performance of the lens maintaine@hus, an inexpensive sophisticated lens
with high mass productivity can be provided. Farthore, for an optical device using the lens,
the weight and size of the device can be redudkedyiag an inexpensive high-quality optical

device to be provided.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a diagram showing a diffractive len&€mbodiment 1;

Fig. 2 is a diagram showing the annulus shapediffractive lens in Embodiment
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Fig. 3 is a diagram showing an original normaklér which compatibility with
the diffractive lens in Embodiment 1 is considered;

Fig. 4 is a diagram showing a comparison of resflirradiance simulation in
Embodiment 1;

Fig. 5 is a diagram showing an example of a WhiE® light source spectrum
used in Embodiment 1,

Fig. 6 is a diagram showing the results of simafabf the wavelength
dependence of diffraction efficiency of a diffractigrating in Embodiment 1;

Fig. 7 is a diagram showing the results of simafabf the wavelength
dependence of a diffraction angle of the diffractgrating in Embodiment 1,

Fig. 8 is a configuration diagram of a projecighting optical system including
an original normal lens with which Embodiment Zanpatible;

Fig. 9 is a diagram showing an example of wavelespectra of three color
LEDs used in Embodiment 2;

Fig. 10 is a diagram showing an example of theltesf ray tracing for the
diffractive lens in Embodiment 2 using a phase fiomg

Fig. 11 is a diagram showing an example of thaltesf ray tracing for the
diffractive lens in Embodiment 2 using the resoftannulus shape design;

Fig. 12 is a diagram showing an example of theltesf diffractive surface
shape design in Embodiment 2;

Fig. 13 is a diagram showing a coefficient forammulus shape in Embodiment 2;
and

Fig. 14 is a diagram showing a phase distributibh3th-order diffracted light in
Embodiment 2 (upper figure) and a deviation of anudus shape from a base aspheric shape

(lower figure).

DESCRIPTION OF THE EMBODIMENTS

Embodiments will be described below using the dngs:
[Embodiment 1]

In the present embodiment, a lens for a lightiptical system will be described
which collimates light from a light source and whis assumed to be, for example, a headlamp
in an automobile.

Fig. 1 is a diagram showing an example of theltesid design of a diffractive
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lens in the present embodiment. A diffractive 1&64 is a lens that converts divergence light
from a light source 102 into parallel light. A wgxishape is a meniscus lens with an incident
surface 103 that is a concave surface and anwkace 104 that is a convex surface. The lens
Is a diffractive lens designed to have functiongieglent to the functions of a normal lens
shown in Fig. 3 with a focal distance of 57 mm armdlameter of 62 mm. On the exit surface
104, a diffractive lens shape is formed which mved with axially symmetric annulus areas
defined by steps as shown in an enlarged viewsoirace shape of a central portion in Fig. 1.
A diffraction order is 30th, the number of annglia20, an annulus width is 9@n even at the
narrowest point, and the height of a step is @5t the innermost annulus.  Such an annulus
width and an annulus depth facilitate mold machgnising a diamond turning tool bit. The
shape of the incident surface and the shape ofagl@e connecting the intermediate point of
each annulus surface of the exit surface and teenrediate point of each step are expressed by
Expression 1 representing an aspheric shape.

[Expression 1]

)= 1+ 41— (k+1)c2?

In Expression 1, the sagging quantity of the sugfa a case where the direction

+ At + At + At + A"

of an optical axis is defined to be positive isated by z, a radius coordinate is denoted by r, a
surface curvature is denoted by c, a conic congtadgnoted by k, and aspheric surface
coefficients are denoted by A4, A6, and A8. Thealees are shown in tables in the figure.
Furthermore, this expression for the aspheric sarfasimilarly defined for an original lens in
Fig. 3. An on-axis thickness is 22.7 mm for themmal lens and is 15.4 mm in the diffractive
lens 101, the on-axis thickness is approximatebs 3dnaller in the diffractive lens than in the
normal lens.

A phase function for a diffractive surface is adtion that expresses a value for a
phase applied to light transmitted through a serfac this case, the exit surface side) to which
the diffractive surface is added with respect tadius coordinatp standardized in radians by
the radius of the surface to which the diffracsugface is added. The phase function is defined
by Expression 2.

[Expression 2]

® = Mf: a,p”
i=l1



10

15

20

25

30

W7239
-10 -

In Expression 2, a phase value is denoted by diffraction order is denoted by
M, and a 2ith-order phase function coefficienténadted byu. A sign for Expression 2 is the
same as a sign for an optical path difference.a diffractive surface is added to a flat surface to
form a lens that condenses incident parallel lidgdeta convex lens, a geometric length from the
diffractive surface to a focus is larger in a peegal portion than on the optical axis. Thus, to
make the optical path differences the same, a ivegalhase difference is applied to the
diffractive surface. At this time, in making thkgse front of light a converging spherical wave
that travels to the focus, a component proportibtméihe square of the radius is dominant.

Thus, the sign of a lens power based on the diffrmsurface can be determined from the sign
of a squared coefficient of the phase function.tal#le for the coefficients of the phase function
in Fig. 1 illustrates that a 2nd-order coefficietis negative, indicating that the diffractive
surface added to the lens has a lens power apatepo allow the lens to serve as a convex lens
to converge light. This direction is the samehasdirection of the lens power of the whole lens
and acts to cancel a lens power in the opposietitin exerted by a first surface serving as a
concave surface.

Fig. 2 is a diagram showing the surface shapadf @annulus on the diffractive
surface in Fig. 1. When a central circular aredefsned as a Oth annulus and the other annuli
are numbered like first, second, ... starting Wi innermost annulus, the mth annulus surface
shape is expressed by the coefficients of a 6tbrarponential polynomial as in Expression 3.
Fig. 2 shows the annulus number m = 0 to 10 and@209.

[Expression 3]

z (r)=a_,+a_,r*+a_,r*+a_.r° (r._ ,<r<r )

In Expression 3, the sagging quantity of a surfafdae mth annulus surface for
which the optical axis direction is positive is d&d by zm, a Oth-order surface coefficient of
the mth annulus is denoted by am0, a 2nd-ordeaseioefficient of the mth annulus is denoted
by am2, a 4th-order surface coefficient of the arthulus is denoted by am4, a 6th-order surface
coefficient of the mth annulus is denoted by anmGnaer boundary radius of the mth annulus is
denoted by rm-1, and an outer boundary radiuseofrith annulus is denoted by rm. The outer
boundary radius of the mth annulus is the sambeasher boundary radius of the m+1th
annulus. The above-described annulus surface skapks from conversion of the phase
function for the diffractive lens. In this casenalus boundaries are determined by setting
radius positions at which the phase function vaudivided at intervals of MB as a boundary

radius. An annulus envelope is allowed to intdraga radius coordinate corresponding to an
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intermediate phase value for the annulus boundaBgsed on the condition that the optical path
difference is M at the annulus boundary, the surface coefficienefich annulus surface is
determined.

Fig. 4 is a diagram showing the results of cakioteof irradiance formed 100 m
ahead by light from a point light source with azglavavelength. Fig. 4 indicates that the
normal lens and the diffractive lens exhibit substdly the same properties. For the
diffractive lens, Fig. 4 shows a combination of thsults of calculation using the phase function
and the results of calculation for the surfacek¥ahg conversion of the phase function into the
annulus surface shape. These calculations assumlight source used to be a white LED or
the like. The non-use of the blaze wavelength gmevthe calculation results for the phase
function from agreeing with the calculation restittsthe annulus surface shape of the
diffraction grating. This is because, while thé&aéation for the phase function is intended for
a ray of light from a diffractive lens with a paudiar diffraction order, the calculation for the
annulus surface shape is intended for a geomaticad diffraction angle unrelated to the
diffraction order. This will be described below.

Fig. 5 is a diagram showing an example of a wangtlespectrum of the white
LED used. For the white LED, white light is obtaghby mixture with fluorescence with a
large wavelength generated by a phosphor irradiatédlight from a blue LED. Thus, the
spectrum is shaped such that a peak is presertla¢ @olor and spreads and overlaps a red
color. When, based on Fig. 5, the blaze wavelersgtletermined to be 500 nm and the half
width of the spectrum at an intensity of 1/e*2e$atimined to be 120 nm, the needed optical
path difference recited in claim 2 is approximatlyum. In contrast, in the present
embodiment, the height of the step is 38¥ and thus, the optical path difference is deteeahi
to be 16.4um by multiplying the height of the step by the éi#fnce of between the refractive
index of the resin material, 1.49, and the refvacindex of air, 0.49. Therefore, the optical
path difference is sufficiently larger than 2uh. It is thus expected that rays of light
transmitted through different annuli do not inteefevith each other and that the transmitted light
follows the results of geometric-optical ray tragin If the diffraction order is selected so as to
marginally correspond to the above-described estitheoherence length, then 2100/500 = 4.2
for a blaze wavelength of 500 nm and it is expethetithe diffraction order needs to be at least
5th. The annulus step of a fifth-order blaze diftron grating is 0.mm x 5th/0.49 = 5.1um
given that the blaze wavelength is 500 nm.

Fig. 6 is a diagram showing calculation resultstii® wavelength distribution of

diffraction efficiency of a uniform regular-inteivitnear blaze diffraction grating with a grating
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pitch of 90um, a blaze wavelength of 500 nm, and a 30th bladerpin accordance with the
diffractive lens in the embodiment. The axis a@bsas indicates the wavelength, the axis of
ordinate indicates the diffraction efficiency, dedend numbers indicate the diffraction order.
Fig. 6 indicates that, in a high-order diffractigrating, diffraction efficiency of each order has a
peak within a narrow wavelength range. Diffradigtt of the 30th blaze order has the
maximum diffraction efficiency near 500 nm as sfiedi In spite of the use of the blaze
diffraction grating, the diffraction efficiency tiie peak of each order fails to reach 1. This is
because, when a ray of light refracted by a salWta@ive-like concave and convex shape is
refracted by a grating slope, the ray of lightatually geometrically blocked by the step in some
areas. In this case, a material for the grating assumed to be PMMA (acrylic), and a blaze
depth was 29.4m. The blaze depth depends on the diffractionegragid in a strict sense, has
a value varying according to the position of thawdns. Thus, the diffraction efficiency of
diffracted light of a particular order from thefd#ictive lens decreases rapidly when the
wavelength deviates from the blaze wavelength aif dinder. In contrast, in the lens of the
present invention, the peaks of the respectiversrai® connected together as shown by a
dashed line in Fig. 6, enabling high diffractiofi@éncy to be continuously maintained over a
wide wavelength range. A slight inclination of tt@nnected peaks is due to an increase in the
area blocked by the step portions which increasernsistent with an increase in the diffraction
angle at a small wavelength based on a wavelengplersion property of the index of retraction.

Fig. 7 is a diagram showing, with respect to tle&ength, calculation results
for the diffraction angle through which a ray @ht perpendicularly incident on the grating
surface of the blaze diffraction grating for whitke diffraction efficiency is shown in Fig. 6. A
zigzag curve with a square legend indicates tHeadifon angle of diffracted light of the order
with the maximum diffraction efficiency. A smootlownward-sloping curve with a triangular
legend indicates the geometric-optical diffractammgle of the diffractive surface determined with
the wavelength dispersion property of the gratiradanal taken into account. The ray of light
is considered to be geometric-optically retractéemvthe optical path difference between the
annuli is larger than the coherence length of Jightibling the assumption that no interference
occurs between the annuli. In this state, the dets as a Fresnel lens. Vertical dashed
parallel lines indicate wavelength positions wheglt of each diffraction order has a peak value
of diffraction efficiency, that is, the lines indite blaze wavelengths, as shown in Fig. 6. The
curve of the diffraction angle of the maximum difftion efficiency has the zigzag and the steps
because the diffraction angle varies accordindp¢oorder, so that the diffraction order of the

maximum diffraction efficiency discontinuously disito the adjacent order at the wavelength at
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the position of each step of the curve. As is alsterstood from these results, each zigzag
curve, the smooth downward-sloping curve, and thieesponding vertical straight dashed line
constantly intersect one another at one pointcattig that the diffraction angle of the order of
the maximum diffraction efficiency is equal to ttiéfraction angle of geometric-optical

refracted ray of light at the blaze wavelength. uglreven under the condition that the optical
path difference between the annuli is longer ttm@ncoherence length of light, preventing
possible light interference, the lens producesstime lens effect as that of the diffractive lens.
This indicates that the lens is still a diffractie@s at the blaze wavelength. Consequently, lens
design for the diffractive lens is possible at bteeze wavelength, and the refraction angle at a
wavelength deviating from the blaze wavelengtlnig, strict sense, different from the

diffraction angle of the diffractive lens but isnsidered to correspond to the average diffraction
angle of diffracted light of a plurality of ordersThis enables optical design that can be
adequately used in spite of wavefront aberration.

Furthermore, in contrast, when a high-order difiiree lens is used for a light
source with a large coherence length, diffractgltlwith a diffraction angle rapidly changing
zigzag is generated. Thus, such a diffractive iem®t suitable for a lighting optical system or
an image forming optical system. However, wheiglat Isource with a small coherence length
is used to prevent possible interference, a prgpéth a smoothly changing diffraction angle is
obtained as is the case with the normal lens,ifaiiilg design for achromaticity.

Furthermore, in connection with a chromatic aldemaproperty, the diffractive
lens of the present application is different frdra hormal diffractive lens. In Fig. 7, the
diffraction angle of diffracted light with the mamum diffraction efficiency for the diffraction
grating constantly slopes upward except for disooius points where the order jumps, whereas
the geometric-optical refracted ray of light constaslopes downward. This indicates that, for
the direction of a change in wavelength in whicloamatic aberration occurs, the direction of
the chromatic aberration in the diffractive lengjgposite to the direction of the chromatic
aberration in the diffractive lens of the presqulecation with possible interference between the
annuli in the refractive and diffractive lensesyeneted. This also indicates that the direction of
the chromatic aberration in the diffractive lensled present application is the same as the
direction of the chromatic aberration in the normeditactive lens.

Application of the diffractive lens of the presamiplication to an optical device
such as an automobile headlamp allows the lens thibned with the optical performance of
the existing lens maintained, enabling a reduatiaihe size and weight of the device.

Furthermore, the reduced thickness of the lens reeentables a reduction in cooling time in a
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mold forming process, improving the production xiséng facilities to enable a relative
reduction in manufacturing costs. This leads tedaction in the price of the optical device
utilizing the lens.
[Embodiment 2]

The present embodiment is an embodiment of aused for an optical system in
a liquid crystal projector which irradiates a liduirystal modulation element with output light
from a LED.

Fig. 8 is a diagram showing an example of a noterd that is a model for the
present embodiment. This optical system irradiatdgfusion plate surface 804 with light
from a monochromatic LED light source 801 via atflens 802 and a second lens 803. The
thicker first lens 802 is replaced with the diffiige lens of the present application by being
thinned. Alens material is PMMA, and a lens shape an on-axis lens thickness are as shown
in Fig. 8. A surface shape is described in acawédavith an asphericity expression illustrated
in Expression 1. These values indicate the fass lhas a focal distance of 4.3 mm. Fig. 8
shows one-color LED optical system for simplificeti However, in actual use, a wavelength
synthesis prism is used between a lens 803 anitLiaidn surface 804 to synthesize light at three
wavelengths from similar optical systems to simmatausly irradiate the same diffusion plate
804 with the three wavelengths.

Fig. 9 shows an example of wavelength spectraafaohromatic LEDs in three
colors, blue, green, and red. The LEDs are mommeéatic, but unlike semiconductor lasers,
each has a wavelength spread. For example, favdlkielength of green, a peak wavelength is
520 nm, and the half width of a wavelength spectisiapproximately 40 nm. Thus, the
coherence length is estimated to be 0.5272/0.08 g1, and a diffractive lens with possible
interference prevented can be implemented by gattie optical path difference between annuli
to approximately 13 with respect to the wavelength of green.

Fig. 10 is a diagram showing the results of desiigm diffractive lens 1001 with
the same lens effect as that of the first lensiB@3g. 8 using the phase function. The negative
radius of curvature of a first surface indicatest the center of curvature of the surface liesron a
incident side with respect to the surface andttafirst surface is a concave surface. Thus,
the diffractive lens 1001 as a whole is shapeddikeeniscus lens. The lens thickness has been
reduced to 5.5 mm. The diffractive surface is exge to be formed on an exit surface side
second surface of the lens. The surface shapacbfsurface and the coefficients of a
diffractive lens phase function on a second suréaeeas shown in Fig. 10. In this case, the

negative sign of a 2nd-order coefficie of the phase function indicates that the difikact
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surface has a positive lens power that allowseéhs to act as a convex lens. Therefore, the
diffractive surface has the same sign as thateptiwer component of the whole lens.

Fig. 11 is a diagram showing the results of desigmhich the results of design
using the phase function in Fig. 10 are convenméa an annulus surface shape. Fig. 11
indicates that optical properties equivalent todpgcal properties in Fig. 8 have successfully
been achieved.

Fig. 12 is a diagram (left figure) of a whole diittive surface shape of the
diffractive lens 1101 in Fig. 11 and an enlargeslw(right figure) of the vicinity of the optical
axis of the diffractive lens 1101. In Fig. 12, #nenulus surface shape is superimposed on a
base aspheric shape with no diffractive surfacenéal thereon. Fig. 12 indicates that the
diffractive surface coincides with the base surfaicéhe center of the annulus and at the center of
the step.

Fig. 13 is a diagram showing coefficients of thew@us surface shape. Fig. 13
indicates that the number of annuli is 25 and &ma&annulus width is at least 4. An
outermost circumference has a small annulus wimthin actuality, an annulus can be
continuously formed outside an effective diamedad thus, no machining problem is posed.

Fig. 14 shows a phase added by the diffractive (apper figure) and a shape
deviation (sagging quantity) of the annulus surfiaom the base surface shape (lower figure).
The diffraction order is 13th, and thus, the phadelded at a phase function value of £6.5
indicating a phase difference ofil8ccurs between the adjacent annuli.  This in tlicates
that the formation of the shape deviation betwéerbase surface and the annulus surface
reflects an additional phase distribution as dbescriabove. However, in a peripheral portion,
the surface has a larger inclination, increasimgaimount of step needed to make a given phase
difference.

Application of the diffractive lens of the presamplication to a lighting optical
system such as a projector allows the lens toibedl with the conventional lens performance
maintained, enabling a reduction in the size anghef the device. Furthermore, the reduced
thickness of the lens member enables a reductionafing time in the mold forming process,
improving the production in the existing facilitiesenable a relative reduction in manufacturing
costs. This leads to a reduction in the pricénefdptical device utilizing the lens.

It should be further understood by those skillethie art that although the
foregoing description has been made on embodinoéiite invention, the invention is not
limited thereto and various changes and modificatimay be made without departing from the

spirit of the invention and the scope of the apeendaims.
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CLAIMS

1. An optical apparatus comprising, a light source and a
diffractive lens for diffracting a light from the light source,
wherein the diffractive lens includes an optical surface
with a plurality of areas defined by a plurality of steps.
wherein the light source is set on an optical axis of the
diffractive lens and at a focal point of the diffractive
lens,
wherein a spectral intensity of the light source has a first
peak at a first wavelength and a second peak lower than
the first peak at a second wavelength longer than the
first wavelength,
wherein a blaze wavelength A, of the diffractive lens is
within a wavelength spectral range of the light source,

wherein when the wavelength spectral range of the light
source is defined by a range 2AXi with a spectral
intensity that is 1/e of a spectral intensity of the first
wavelength, an optical path difference between adja-
cent areas is equal to or more than 2.;%/AX with respect
to a blaze wavelength 2.,,.

wherein a first envelope enveloping the steps on the
optical surface with the plurality of areas has an on-axis
curvature different from an on-axis curvature of a
surface opposing the optical surface and a diffractive
lens power component of the optical surface with the
plurality of areas defined by the plurality of steps has a
sign identical to a sign of power of the diffractive lens.
and

wherein, in a cross section which passes the optical axis
and 1s parallel to the optical axis, a second envelope
connecting respective intermediate points of the optical
surfaces of the plurality of areas and respective inter-
mediate points of the plurality of steps has an aspheric
shape.
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2. The optical apparatus according to claim 1, wherein the
light source 1s a non-laser light source in which the wave-
length spectral range is at least 200 nm, and the optical path
difference is at least five times as large as the blaze wave-
length.

3. The optical apparatus according to claim 1, wherein the
areas are concentric annulus areas.

4. The optical apparatus according to claim 1, wherein the
diffractive lens is a meniscus lens generally shaped to
comprise a convex surface and a concave surface.

5. The s optical apparatus according to claim 1, wherein
the areas defined by the plurality of steps are at least 20 jun
in a width from one step to another step.

6. The optical apparatus according to claim 1, wherein the
plurality of steps are at least 4 um in depth.

7. The optical apparatus according to claim 1, wherein the
light source is a white LED irradiating a white light by

s irradiating a blue light from a blue LED to a phosphor.

8. The optical apparatus according to claim 1, wherein the
first wavelength corresponding to blue.

9. The optical apparatus according to claim 1., wherein the
surface opposing to the optical surface has an aspheric

0 shape.

10. The optical apparatus according to claim 1, wherein
the optical surface provides a negative phase difference to
light passing through the optical surface.

11. An optical apparatus comprising, a light source and a

s diffractive lens for diffracting a light from the light source,
wherein the diffractive lens includes an optical surface
with a plurality of areas defined by a plurality of steps,
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wherein the light source is set on an optical axis of the
diffractive lens and at a focal point of the diffractive
lens,

wherein a spectral intensity of the light source has peaks
at a first wavelength corresponding to blue, at a second
wavelength corresponding to green, and at a third
wavelength corresponding to red,

wherein a blaze wavelength 7., of the diffractive lens is
within a wavelength spectral range of the light source,

wherein when the wavelength spectral range of the light
source is defined by a range 2Ax with a spectral
intensity that is 1/e* of a spectral intensity of a peak
wavelength, an optical path difference between adja-
cent areas is equal to or more than A ,%/A}. with respect
to a blaze wavelength 2., and the peak wavelength is
one of the first wavelength, the second wavelength and
the third wavelength,

wherein a first envelope enveloping the steps on the
optical surface with the plurality of areas has an on-axis

curvature different from an on-axis curvature of a
surface opposing the optical surface and a diffractive
lens power component of the optical surface with the
plurality of areas defined by the plurality of steps has a
sign identical to a sign of power of the diffractive lens,
and

wherein, in a cross section which passes the optical axis
and 1s parallel to the optical axis, a second envelope
connecting respective intermediate points of the optical
surfaces of the plurality of areas and respective inter-
mediate points of the plurality of steps has an aspheric
shape.

12. The optical apparatus according to claim 11, wherein
the surface opposing to the optical surface has an aspheric

shape.
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13. The optical apparatus according to claim 11, wherein
the optical surface provides a negative phase difference to
light passing through the optical surface.



