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sacrifice to pay for cutting the aperture diameter in half, suggesting a less ambitious
reduction. For example, a 29% reduction in aperture diameter (50% area) results in fy =
50% and F. = 64%, a less onerous outcome.

[0013] In a more favorable case, p, = 98% and p; = 98%, we have Fr = 61% for an aperture
that is 25% the original area (50% of the original diameter), giving F. = 54%, and for a
50% area aperture, Fr = 41% and F, = 71%. These improved efficiencies could justify the
extra expense of the superior retroreflective efficiency.

[0014] Although each recycling piles a 9% addition on the LED’s heat load, or 9%/(1-Fr)
= 18% in all, the LED’s heat load to start with is about 2.5 times its light emission, so this
extra heat is not a concern. The primary concern, of course, is the cost expressed by F..
Recent trends in LED efficacy, however, have pushed fromAlast year’s 40-60 lumens per
Watt (LPW) to current 100 LPW, with LED manufacturers predicting that outputs of 140
LPW will be available by the year 2009. Thus an automotive LED headlamp with half the
étendue-invariant area would in spite of a one-third loss draw much less current than the
larger incandescent lamp it outshines.

[0015] Many of the present luminaires can be categorized into two main types of
collimator apparatus. The first type of collimator increases the source’s effective
luminance (and the étendue of the exit aperture of the device) but the overall size of the

optic or diameter of the optical system, including the retroreflecting features, is
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collimator increases the effective luminance of the source but also decreases the diameter
of the optical system compared to the “standard” optic. In this case the diameter of the new
optic will be smaller than the standard optic that achieves the same degree of collimation
with the same source. Both these apparatus escape the classical étendue constraints, but the
second type has the advantage over the first that the diameter of the overall system (not just
the optical exit aperture) is reduced. Therefore the second type of apparatus should be
useful for such applications as automotive forward or rear lighting, where frontal real estate
on the vehicle is scarce but luminous performance cannot be compromised. Virtually all of
the embodiments disclosed herein are of the second type, but the principles taught also can
be applied to those of the first type.

[0016] The two types of collimator apparatus can be further divided into two sub-
categories. There is the case where the retroreflection features are close to (or proximal)
the source and the collimation feature is remote from the source. One example of this type
of apparatus is shown in FIG. 9, where lens 22 is farther away from the source than the
retroreflectors 23. In the second sub-category the retroreflectors are not proximate to the
source and can be further away than the nearest points on the exit surface of the optic. An
example of this type of collimator is illustrated in FIG. 21.

[0017] In one embodiment, there is provided a collimating luminaire comprising a light-
source with a diffuse reflectivity exceeding one half. A collimator intercepts the emitted
light of the source. The collimator produces a beamwidth across its exit aperture that is
preferably substantially uniform, and a system of retroreflectors returns part of the emitted
light to the source. The retroreflectors allow the removal of an outer part of the exit
aperture, so that the remaining exit aperture is smaller than the étendue-limited aperture for
the beamwidth in question.

(0018] In another embodiment, there is provided a collimating luminaire comprising a
light-source with a diffuse reflectivity exceeding one half, the luminaire defining an exit
aperture and intercepting the emitted light of the source in directions outside the exit
aperture. The luminaire comprises at least one at least approximately elliptically concave
retroreflector that returns part of the emitted light to the source.

[0019] In a further embodiment, there is provided a collimating luminaire comprising a
light-source with a diffuse reflectivity exceeding one half, and a collimator intercepting the

emitted light of the source. The luminaire produces a substantially uniform beamwidth
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across its exit aperture, and a system of forward reflectors directs part of the emitted light to
the exit aperture. The system of reflectors allowing the removal of the outer part of the exit
aperture, so that the exit aperture is smaller than the étendue-limited aperture for the
beamwidth.

[0020] In another embodiment, there is provided a combined collimator and retroreflector
that can be combined with a suitable light source to form a luminaire embodying the
invention.

[0021] At least one focus of an ellipse defining the elliptically concave retroreflector may
be at least approximately at an edge of a beam of light that reaches the retroreflector from
the source. At least one focus of the ellipse may then be at least approximately at an edge
of the light source.

[(022] At least one focus of the ellipse may be at least approximately at an edge of an
opaque object that cuts off the beam of light. If the luminaire comprises at least two said
retroreflectors, at least one focus of the ellipse defining a first retroreflector may be at least
approximately at an edge of a second retroreflector between the source and the first
retroreflector.

[0023] The luminaire may comprise at least one forward reflector positioned to direct
intercepted light through the exit aperture in such a manner as to produce a substantially
uniform beamwidth across the exit aperture wherein the exit aperture is smaller than the
étendue-limited aperture for the beamwidth.

[0024] At least one forward reflector may be at least approximately hyperbolically
concave. At least one focus of a hyperbola defining the hyperbolically concave forward
reflector may then be at least approximately at an edge of 2 beam of light that reaches the
forward reflector from the source. At least one focus of the hyperbola may be at least
approximately at an edge of the light source. At least one focus of the hyperbola may be at
least approximately at an edge of at an edge of an opaque object that cuts off the beam of
light, and the opaque object may then be an edge of a said retroreflector between the source
and the forward reflector. The retroreflectors may operate in air. The retroreflectors may
operate inside a dielectric.

[0025] The retroreflectors may reflect by micro-linear grooves. The retroreflectors may
reflect by a thin film stack. The thin film stack may have an initial layer of a low index of
refraction material with a thickness approximately equal to two times the nominal

wavelength for stack.
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conjunction with the following drawings wherein:
[0027] FIG. 1 shows for a flat Lambertian light source the hyperbolic flowlines and the
elliptical “ortho-flowlines,” which are curves everywhere orthogonal to the flowlines.
[0028] FIG. 2 shows reflectors that do not alter the flowlines.
[0029] FIG. 3 shows an alternative deployment of elliptical reflectors.
[0030] FIG. 4 shows yet another alternative deployment of elliptical reflectors.
[0031] FIG. 5 shows a circular area A; with radius R and another circular area Az with
radius r, a distance d apart.
[0032] FIG. 6 shows a graph of the theoretical increase in brightness for an exemplary
elliptical reflector of the embodiment of FIG. 1 as a function of LED reflectivity.
[0033] FIG. 7 is a cross-sectional view of the exemplary elliptical reflector used to
generate the graph of FIG. 6.
[0034] FIG. 8 is a plan view of the position of the foci for elliptical reflector of FIG. 7.
[0035] FIG. 9 shows a collimating lens above an array of elliptical mirrors.
[0036] FIG. 10 shows a collimating lens with a mirror-coated, externally grooved
cylindrical retroreflector.
[0037] FIG. 11 shows a Fresnel lens with the retroreflector, including close-ups of
reflected rays.
[0038] FIG. 12 shows a CPC with flowlines and ortho-flowlines.
[0039] FIG. 13 shows how the CPC’s aperture is restricted, with étendue-limited
beamwidth unchanged.
[0040] FIG. 14 shows how the CPC’s width is reduced.
[0041] FIG. 15 shows a dielectric total internally refiecting concentrator (DTIRC).
{0042] FIG. 16 shows a family of flowlines and ortho-flowlines in a DTIRC showing the
boundary lines for a three-tier retroreflector drawn to scale.
[0043] FIG. 17 shows a DTIRC with flowline retroreflectors having four tiers.
[0044] FIG. 18 is a perspective view of a DTIRC with three-tiers of retro-reflectors drawn
to scale.

[0045] FIG. 19 shows a further embodiment with flowline retroreflectors having five tiers.
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[0047] FIG. 21 shows a device similar to that of FIG. 20 truncated by retroreflectors.
[0048] FIG. 22 shows an embodiment similar to one shown in the above-referenced U.S.
Patent No. 7,006,306 to Falicoff et al.

[0049] FIG. 23 shows the device of FIG, 22 truncated by retroreflectors.

[0050] FIG. 24 shows a further embodiment similar to one shown in the Falicoff 306
patent.

[0051] FIG. 25 shows the device of FIG. 24 truncated by V-groove retroreflectors.

[0852] FIG. 26 shows a device similar to that of FIG. 11, but with 2 mushroom lens to
reduce beamwidth.

[0053) FIG. 27 shows an elliptical reflector made of a micro linear retroreflector material
whose grooves are curves normal to the flowlines.

[0054] FIG. 28 shows a cross section of an elliptical retroreflector with micro linear
retroreflector normal to the flowlines.

[0055] FIG. 29 shows the reflectance as a function of wavelength of a second surface thin
film reflector at 0° incidence angle.

[0056] FIG. 30 shows a family of flowlines and ortho-flowlines in a further embodiment of

a luminaire, showing the boundary lines for a two-tier retroreflector drawn 6 scale.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0057] A better understanding of various features and advantages of the present luminaires
will be obtained by reference to the following detailed description of the invention and
accompanying drawings, which set forth illustrative embodiments. Corresponding reference
characters indicate corresponding components throughout the several views of the
drawings.

[0058] Flowlines are well known in the field of non-imaging optics, being defined at any
point receiving light from a source. At some viewing point, rays are received from across
the source, and the rays from the source’s edges define the edge of the source image. In the
case of the following Figures, the flowlines are everywhere tangent to the bisectors of the
angle formed by the rays from the two edges of the source.

[0059] FIG. 1 is a two-dimensional view across a light source 1, emitting upwards between
point A and point B. Flowlines 2 are confocal hyperbolas with those points A and B as

their foci. At every point upon the flowlines 2, the local tangent is the bisector of the lines
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t'i]'duﬁfflgs? § gre confocal ellipses. In general, the shape of the ortho-flowlines is determined
by the shape and distribution of the flowlines. In particular, elliptical segments 4 of one of
the confocal ellipses 3 form a light barrier extending from the plane of light source 1, with a
dotted line 5 denoting a central aperture between the barrier segments 4.

[0060] FIG. 2 shows the source 1 extending between points A and B, with elliptical
specular reflectors 6 and 8 lying on two of the confocal ellipses of FIG. 1 and joined by
hyperbolic specular reflectors 7 lying on hyperbolic flowlines of FIG. 1. Because they lie
on the flowlines, the reflectors 6, 7, 8 do not alter the fundamental character of the light
field of source 1, but merely return some of the radiation from source 1 back to source 1.
When source 1 is reflective, and especially when source 1 is diffusely reflective, some of
the returned light will be radiated upwards, missing reflectors 6, 7, 8 and adding to the
luminance of source 1 emerging through aperture 5. Light emitting diodes have a diffuse
reflectivity, making possible the present luminaires.

[0061] FIG. 3 shows horizontal source 1 extending between points A and B, and
exemplary vertical dotted line 9 proceeding upward from point B. Elliptical arc reflector
10 has its foci on points A and B, and terminates at its inner end upon line 9 at point C.
Above reflector 10 is disposed elliptical arc reflector 11 with foci on points A and C, and
terminating at its inner end upon line 9 at point D. Above reflector 11 is disposed elliptical
arc reflector 12, which has foci on points A and D and terminates on line 9 at point E. This
system of reflectors is less sensitive to fabrication errors than that of FIG. 2.

[0062] FIG. 4 also shows source 1 extending between points A and B, and reflectors 13,
14, and 15 with terminating points and foci F, G, & H analogous to points C, D, & E in
FIG. 3. However, points F, G, & H are not collinear, unlike points C, D, & E in FIG. 3.
[0063] FIG. 5 shows a circular area A, with radius R and another circular area A; with
radius r. Circular areas A| and A, are coaxial and a distance d apart. Points A, B are
diametrically opposed points on the boundary of area A|. Points C°, D’ are diametrically
opposed points on the boundary of area A, with D’ the nearest point to B and C’ the
nearest point to A. If A, is a source of light and A; is an aperture through which light from
A escapes, the étendue of that light is given by U=n*(=/4)([A,D’]-[A,C’])* where [X,Y]
denotes the distance between X and Y and n the refractive index of the medium in which

A and A; are immersed, If A, is a Lambertian source, the étendue it emits is U,=x n’ A,
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069303 bjjf' aGIggtg} of U/U;. The luminance of the emitted light will increase accordingly.

[0064] FIG. 6 shows the theoretical brightness increase of an elliptical reflector based on
embodiment of FIG. 1. FIG. 6 shows graph 16 with horizontal axis 17, representing the
reflectivity of the LED in % varying from 0 to 100%, and vertical axis 18, representing the
fractional increase in brightness of the LED light source. It is assumed that the average
reflectivity of the surfaces of the elliptical reflector is 98%. For an average LED
reflectance of 70% there is an increase in brightness by a factor of just over two from the
original LED. As modern LEDs have reflectivity in the visible spectrum approximately
70% this indicates that a two-fold luminance increase should be attainable.

[0065] FIG. 7 shows an axial cross-section view of the device used in the ray-tracing
model that generated the results shown in FIG. 6. The size of exit aperture for the elliptical
reflector 17° of FIG. 7 is shown by dimension d;. The height of the exit aperture above the
LED 18’ is shown by dimension h. FIG. 8 shows in plan view the position of the foci 19’
for the elliptical reflector of FIG. 7 relative to the LED.

[0066] FIG. 9 shows a further embodiment of a collimating system 20, comprising flat
light source 21, a lens 22 that may be similar to an embodiment shown in the above-
referenced U.S. Patent No. 6,639,733 to Miifiano et al., and elliptical mirrors 23 that return
light to source 21, enhancing the brightness of source 21 as seen by lens 22.

[0067] FIG. 10 shows an axially symmetric collimating system 30, comprising flat LED
source 31, lens 32, and cylindrical sleeve 33 with retroreflecting external facets having a
mirror coating. Sleeve 33 causes light source 31 to have enhanced luminance for lens 32.
[0068] FIG. 11 shows a similar collimating system 40, comprising flat LED source 41,
collimating Fresnel lens 42, and cylindrical sleeve 43, also shown in two close-up views
including edge rays 44, which can be seen being refracted by inner surface 43i and
retroreflected by outer faceted surface 43f, a second-surface mirror. In particular, ray 44d
proceeds outward from the edge of light source 41 and is reflected as ray 44r back to the
opposite edge.

[0069] FIG. 12 shows a compound parabolic concentrator (CPC) 50, with flat light source
51 and flowlines 52. Annular reflector 53 covers part of the CPC exit, returning light to
source 51. Edge rays 59 show the angular beamwidth of CPC 50 before the beamwidth is

reduced by reflector 53.
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reflector 55 in FIG. 13 corresponds to the bottom half of the parabolic surface in FIG. 12.
Edge rays 59 in FIG. 13 are at the same beamwidth angle as edge rays 59 in FIG. 12, but
bound the actual beamwidth passing through the central aperture of reflector 55.

[0071] FIG. 14 shows more truncated CPC 57, replacing smooth parabolic profile 56 of
FIG. 13 with Fresnel retroreflector 58. Edge rays 59 show that all three configurations
have the same beamwidth as the original CPC, in spite of their smaller apertures.

[0072] FIG. 15 shows a cross-section of dielectric total internally reflecting concentrator
(DTIRC) 60, comprising immersed LED source 61, aspheric exit surface 62, and totally
internally reflecting quasi-conical side wall 63. Edge rays 64 are refracted at exit surface
62 into étendue-limited beamwidth 65.

[0073] FIG. 16 shows DTIRC 60 of FIG. 15 with a family of flowlines inside its dielectric
medium which are drawn to scale. Also shown are the flowlines and ortho-flowlines
chosen from a family of lines to form the boundary curves for a three-tier retroreflector.
The six boundary curves for the retroreflector are shown starting from the top of the cross-
sectional view of the original DTIRC and are labeled 60a (an ortho-flowline), 60b (a
flowline), 60c (an ortho-flowline), 60d (a flowline), 60e (an ortho-flowline) and 60f (a
flowline). These curves are used to create the retroreflector shown in FIG. 18. This is done
by sweeping the set of boundary curves about the central axis of the DTIRC optic. Note
that the boundary curves are all attached to each other. Also it is possible to create a
different family of flowlines and ortho-flowlines inside the DTIRC than the ones drawn in
FIG. 16. A new retroreflector can be created from the new orthogonal sets of lines by
choosing any paired set (one flowline and an attached ortho-flowline) of attached boundary
curves that connect along length of the original optic. Any number of design solutions is
possible using this flexible approach.

[0074] FIG. 17 shows a cross section of dielectric retroreflective collimating system 70
having four tiers, comprising immersed LED source 71, truncated aspheric exit surface 72,
and retroreflective mirror-coated faceted sidewall 73. Beamwidth 75 is the same as
beamwidth 65 of FIG. 15, in spite of the reduced aperture of exit surface 72 compared with
exit surface 62.

[0075} FIG. 18 is a perspective view of a three tier retroactive collimating system 77 based

on the flowlines and ortho-flowlines for DTIRC 60 of FIG. 16. The boundary curves for an
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. 785291 3.708115 0.810422 0.53071 1.798683 3.704346 0.787471
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Table 1 gives the x,y (the y-value is the vertical measurement) coordinates for boundary
curves 60a, 60b and 60c, respectively from left to right in the table. Table 2 gives the x,y
coordinates for boundary curves 60d, 60e and 60f, respectively left to right.

[0076] FIG. 19 shows a cross section of dielectric retroreflective collimating system 70’
having five tiers, comprising immersed LED source 71, truncated aspheric exit surface 72,
and retroreflective mirror-coated faceted sidewall 73°. Beamwidth 75 is the same as
beamwidth 65 of FIG. 15, in spite of the reduced aperture of exit surface 72. The four upper
tiers are similar to the collimating system 70 shown in FI1G. 17. The tier closest to the LED
source 71 is elliptical, and may be centered on the source 71 as described with reference to
FIG. 1. In the embodiment of FIG. 19, the sidewall 73° does not cross the LED edges,
making easier manufacturing.

[0077) The devices shown in FIGS. 12 to 16 may be modified by adding an elliptical
bottom tier similarly to FIG. 19.

TABLE 1
refractive surface 60a flowline 60b upper reflector 80c
X y X ¥ X y

0.005601 12.53944 1.716114  12.27004 1.210033 7.444959
0.058138 12.53814 1.667029 11.80874 1.273561 7.438215
0.11627 12.53824 1.620984 11.37481 1.384193 7.425573
0174389 12.53673 1.577689 10.96568 1.493433 7.411949
0.232489 12.53462 1.536888 10.57912 1.601198 7.397372
0.290565 12.5319 1.498357 10.21314 1.707409 7.381869
0.348609 12.52858 1.461888 9.865984 1.81199  7.365471
0.406615 12.52466 1.427336 9.536111 1.819595 7.364233
0.464578 12.52014 1.394513 9.222134
0.52249 12.51502 1.36329  8.822821
0.580347 12.50929 1.333542 8.637066
0.63814 12.50297 1.305155 8.363878
0.695865 12.49605 1.27803  8.102362

0.763515 12.48852 1.252073 7.851712
0.511084 12.4804 1.227203 7.611197
0.868565 12.47168 1.210033 7.444959

0.925953 12.46237
0.983241 12.45246
1.040423 12.44195
1.097493 12.43086
1.164445 12.41917
1.211272  12.40689
1.2679689 12.38402
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0. 130265 1.950657 3.658727 0.570746 0.109296 1.962563 3.654924
0.558556 0.090152 0.547426 0.072823 0.537388 0.057306 0.528472
0. 043601 WO.28090020¥34 0. 031712  0.514121 0.021647 0. 50EAFS200809820 1
0. 504579 0.007054 0.501662 0.00257 0.5 8.71E-15 [0078] FIG 20
shows a C{?ESS section of airgap_ RX colllmatl ng s stem 80, simlar to
an enbodi FERTVEHEAF SR t he Fal i LBHPe %06 patent. YRR SARAGEY 81 is

pl aced at the centeX of collinmafing | ehs 82. Packagé 81 enfts ray-fan
84, whi cH-328529 51¥<388Pfred i nto &endue-linited col | i mated beam 85. Lens
82 conpr i1s¥88%4nt B366%2 surf ace 82i receiving ray-fan 84, front surface
82f that 43Pl y143%18@ nal |y reflects |ight back downward on a fol ded
pat h, and-49338r - Bo¥6e¥ rear surface 82r which sends the |ight back
up, whende4paBlexia®08urface 82f. [0079] FIG 21 shows a cross-section
of truncatéesbsdi rtpge482<1 col | i mati ng system 90, operating with

i denti calt.eefHB pardasgey 91, and lens 92 that is truncated by vertically
di sposed 1rraér1ar efalogovpr 96. The part of ray-fan 94 that woul d strike
retroreflector 96 directly is recyclr?%t%/ reflector coating 97 on
interior surface 92i of lens 92 LEtrface here has a different

shape than oR@mewdaf ace 821 Ofowkdr&ectdPaoeSur f aces 92fiovAinglsdt2r
correspond t,0 surfgces 82f and 82r in FIG 20. Retrpreflecfor 96 thus

recycl eS 116886 IRMdhe out efpREt 9hadoaser nal l yt de8édacCd ddagrsur face

92f . raq bve7I% od4n€ correspapdi ng,-pagts of hge, teﬁégg gurface
of the L mirroreg 73 py 2tgggm 95 ha amn dt h
as beam 31 FI 8825 in sp E 3§£ral | er a| 4é+érea319 80] FIG

t he facet1s68 esﬁé ?afont al ur and co S ed upper
surf aces.] er s upv@a?%got he-82HC a Iovver ac% 28&11 is then
totally |1r§f‘ ﬂalet%? 1tgéflected $7 P%ftaﬁp B the adf5é443t e’ '3H cal
surface, 16689980 Echdé118f out er 1-3364Ffk 88 aces 1(526!201%%?91?% ally

i nt er nal 1"p9928f | &M085%7ay 103 LHREPH §699!3?9 exits ORBI0RSr iZ4RIY surface
102e. Ler$78998 #I188828%onpri seb4186%% ad¥ 68§ drum | rP$7833217-39588° di rect s
the | ower!.5p80#8 BB tBdInt al | y t-6348Fe B.OWMST . sl ant dcP189A%f abe81992f . The
overal | dpagig1ofs.eaati® 102 i s1.430018 t Ba¥016dur ce 10U7IUWGt ehtbeB2E nearl y
const ant 1apeEBents2edagul ar di heasEed B.788869% he var I1o487550s3.08242%5 on t he
i nterior 150249aCca.410238. [ 0081].4d9b6x 2383hows truncadeld coddsbivat i ng
syst em 13@g4s00npBraosiorg LED snuepsees 14isaad col | i neareong | eses1d4l2. Rays
stri ki ng1sbsvippanagrart of insarsorasieréace 102i1.3as®7di r.8028%d out ward
and upward4g®3ai .0BbS37 22. Hovewmeta b.ewmus sl ant ed. mpidsacem4df2f are
repl aced 1Ry 4881 4Dseizof aci ng sbpkeds ssgbaces 114,28bspom 16p8155
retrorefliggsdrye 4\613@5&0%3 ExeifRlar ¥ 786y 113 aneqghs7ect f@dzeut war ds
by interiyQpoSyr 4%99 37021, asq k&l G 7ebdgo bt rehrﬁéﬁﬂ 99463’9‘@

22 shovvs t system g to one, Fal i cof f

* 306 pat m%ér3 iong LED 86f‘énd col I'iy 19}19;?7

Exenpl ar gceeds t %t ‘ Eerl or s %% n V\:hl ch
ars

V-g(rjoove 3Ei.g ack Y] 55‘%’)557035‘7 9‘?411?'2 sour1c|% gro;aves
need no r t|4\5351029at| ng §5611 87 t he sang 34as ens
102 of FI gpertur
45 AP 30
shows a rmg grgent | tem 123 §1| m I ar to
one showg %rgg 3 rcoff ' 4 1 d corrpr ht source
121 and t4|ﬁ Di"ens 122 7 5[ Iens 1 % except
for doned matl ng1 083] FI % 4 runcat ed
colllmatlﬁg ?s 4030, also Q:"d1 |§“?7 ?'etrorefméé‘tq 4e4P%t al
V- gr ooved-2§%41 @9F83P3cause |11 to3 2t ur ned %987 LOPED ?Ogﬂ-fa sour ce
131. 1267698 3.987899 1 02729 730489 0.96029 0.842349
1.254189 3.908155 1.716747 3.726704 0.933969 0.784884
1.240887 3.830033 1.730663 3.723083 0.90816  0.729662
1.744477 3.71936 0.882881 0.676858
1.758187 3.715623 0.85815  0.525849
1.771792 3.711875 0.833%9 0.577208
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[0084] FIG 26 shows a lumnaire simlar to that of FIG I, but:wth
the addition of mushroom | ens 143, the central concavity of "whi ch
acts as a WoORA¥W&Sfens to demmgnify the image of LED IMGIAES28L§(9pesel
141 and t hereby reduce output beammi dth fromits 8tenduelimted

val ue. [0085]rrl FIG 27 shows elliptic reflector 150 made of micro
linear retrol@Webrs 152 whd¥¥ eV E8 are |ines ABMARISt o t he
flowines, efther r¥dges 153 or *all e%/g 154. Light $trikind anywhere
on the interior of reflector 1788291s @8 Br ef | ect%ﬁ“ﬁ%t A&39%lo facets
either side of a ridge 153. UJAB§REnc0déPanced | 9687 ExP¥86328r ough
central aperture 155. The i nrié1§5dr t3.19038%he r et rd7EHIB2Cc044403Ps a
dielectric with a refractive1igadgeie Haph7&8nough t@74952%u04803806
retroreflection by TIR of the.ssgdns caaseessy from the2s8D saeseiee or

ot her suitable source. The weshtsgeldagptosc cavi t g 7aan3 be.3bs42bed by a
dielectric or the reflector aas4i nclasdezanot her @bddopd i 0.205p0ity
filled wwth air (n=1). In thhg7éakt eyssdssme t he | ngpwssubbeg1i S
elliptic without mcro groovaggefdChy grresso | | neagedeltf OpekIgegt Or s can
be used in any surface gener atggegsbr QB76¢H5vES NOT fiEdoadd bBEsclbow i nes
and not only in the ellipticalgigavi tagzops | €ast ¢Eikhe bhewbines
intersected by each such curqegzg‘%gmsaee Aane surf g@ﬂ.z‘r 8lsdgegt he case

for the neridian ellipses of &3 Bze the f§ geE1§d}%§rsect| ng

each nmeridian forma radial a\3 Ane conta H&o QET I di an
in question. The advant age o 5556 9 346 | i near rsis
that the reflectivity can i nd as the netall ? gég %)?Egss can
be avoided. Note that in general the reflecting % el ai ni ng
flowines can work by TIR [0086] To calculate t @gﬁsrfg t he
micro linear reflectors the fol | owing procedure £33 Qrg’é:ﬁ Let
P=C(u) be the parametric equation of the Iine no?#&%% oCPAE 1| owl i nes
(uis the paraneter along the curve). Let tp be #e¢!ehi P02 ®gent to
the curve at P and let jp be the unit tangent to?$983§ | BM348é passing
through P. Note that j1.tp=0 (Le., these 2 vect dt-&44f% 0.007054

per pendi cul ar). The 2 sl opes of t he groove are of-¥8ASHY0.00ES7f ol | owi ng
parametric equations: P=C(u) + v (jp |jpxtp) whete x debdtes5t he
cross product of two vectors and where u and v are the paranet ers on

t he surf ctors n r.u,

Lt aee d86781 G oY SRR Sorb R R & SRR LByl SRR S sittnar 8

at v=0. EatodBhahestafwr inehgFadRue B@xﬁ patentt eBDIpackdge 8il s plaseicdt itlencenict hf
its nei ghbqr t.he rface| t t.00. bi t he, | cal

bonavt of iim et firs a0 Prckign Rl eoS Sy n 88, whigh isdr@bforBeb it feriuss | o
ti,. [008ifhiteE@aRrndi@f Beamesd. aCdng 183 camprichs idt@iQiurhdcBTi tdrei SRR \iih 84)

FIG 23, the retroreflectors 114 shown in FIG 23 having rotational

symet r y.frqpypgéice zighattgtaly syernall e reflgcia lightibagk dewyard gpjadolded patbrasd
150, cut v pcsREd b BLEESE JifcK se\aefihe% APoRR P, C@helééu Wit Qnﬁdc@m er

156 revealing that the bottomof reflect s coplanar wth
sour ce 15[!!079\Miflﬁhilhshqo'rsemrousﬂeytmrsofdnmﬁmtbalygatpeRXTe@ﬂllm@ﬂrtgGystemﬁﬂ, e

the |ight [:ur ne 89 is. d bl e t the
refl ect an@erao’f’gf"heufeé lca lE%f aé:?:(fl% %‘[éggarsls kz !;hﬁm mngfgesé%fvem&aq rder
t o achi ewlispasei rgtnortflesertosh dth&tpart of herykitah O elss wonld satike leroreflogot 961e

mai nt ai n h h efficienc S known in the in_fil

i ndustry Fseirs f%Féﬁ'F&?é rﬁ?’eﬁf?rf:%?tl“@\é\@eﬁﬁ'd%‘eﬂg'i aﬁ%?%l-f&gqné?éaor {the surface
coati ngs Hre ¥ RIdifEbr&R sBdpedhAl &5k kinface 821 4MUS. fOVhSUreack 2 MRUBDY | S
either alum numor silver) when the reflector operates with the

i nci dent camEsPoad foeriaersisay and $2ran F1G 240 Retrowntieatos Bp fs recyples Hght from
I nactive g Slﬁeﬂ{)gtog%tgaﬂé‘ﬁ ecth Pfaéeﬁgffa lt%fha 1l/é1§tthéwr¥e%g&dm% pariss of

reflectors can esigned to operate W|t In a ceftain rahge O
i nci dencdhaenitres senfatcwh thel Iy Phsan bomeveed. Quiporbeant 95 Iwslthendatred Wi t h

beamwidth as beam 85 of FIG. 20, in spite of the smaller aperture.
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Mat eri al Packing Refractive Extinction Optical Physical CGeonetric =«
Density I ndex Coefficient Thickness Thi ckness Thi ckness ( Fwar)
(nm)  Medi WR288%42P48¢ 1. 49472 0 1 6102 1 1.46085 0 2CIEG32E05/09¢57%. 8
2.029818 2 Ta205 1 2.02 0 0.974106 255.58 0.482231 3 SiO2 1 1.46085

[0080] FIG. 22 shows collimating system 100, similar to one shown in the Falicoff *306
patent, comprising LED source 101 and collimating lens 102. Exemplary ray 103 proceeds
to faceted interior surface 1021 in which the facets have horizontal lower surfaces and
conically slanted upper surfaces. Ray 103 enters upwards through a lower surface, and is
then totally internally reflected laterally by the associated conical surface, out to one of
outer slanted surfaces 102f, which totally internally reflects ray 103 upward so it exits out
horizontal surface 102e. Lens 102 also comprises refracting drum lens 102D that directs
the lower rays horizontally to the lowest slanted surface 102f. The overall shape of lens
102 is such that source 101 subtends a nearly constant apparent angular diameter from the
various positions on the interior surface 102i.

[0081] FIG. 23 shows truncated collimating system 110, comprising LED source 111 and
collimating lens 112. Rays striking the upper part of interior surface 102i are directed
outward and upward as in FIG. 22. However, lower slanted surfaces 102f are replaced by
pairs of facing slanted surfaces 114, forming retroreflective V-grooves. Exemplary rays
113 are directed outwards by interior surface 102i, as in FIG. 22, but retroreflective V-
grooves turn them back so they can rejoin source 111. The grooves need no reflective
coating. Lens 112 has the same beamwidth as lens 102 of FIG. 22, in spite of the smaller
aperture.

[0082] FIG. 24 shows another embodiment, collimating system 120, which is similar to
one shown in the Falicoff *306 patent, and comprises LED light source 121 and collimating
lens 122, similar to lens 112 of FIG. 23 except for domed upper collimating lens 122L.
[0083]) FIG. 25 shows truncated collimating system 130, also comprising retroreflecting
lateral V-grooves 134, which cause light to be returned to LED light source 131.

[0084] F1G. 26 shows a luminaire similar to that of FIG. 11, but with the addition of
mushroom lens 143, the central concavity of which acts as a negative lens to demagnify the
image of LED light source 141 and thereby reduce output beamwidth from its étendue-
limited value.

[0085] FIG. 27 shows elliptic reflector 150 made of micro linear retroreflectors 152 whose
grooves are lines normal to the flowlines, either ridges 153 or valleys 154. Light striking
anywhere on the interior of reflector 150 is retroreflected by the two facets either side of a
ridge 153. Luminance enhanced light exits through central aperture 155. The inner part of
the retroreflectors is a dielectric with a refractive index high enough to produce

retroreflection by TIR of the rays coming from the LED surface or other suitable source.
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0 0.161577 58.62 0.110605 4 Ag 1 0.053 3.14 0.01925 192.5 0.363211 5
Cu 1 0.754 2.7675 0.06965 48.96 0.092375 6 Ni 1 1.821 3.211 0.171414
49. 89 0. 09WOR0 It rate Air 1 0 Total Thickness PQI/GRIBHN6S30
1681.36 3.172371 [0091] The refl ectance val ues (for the nean

pol ari zat t at wer e set 1 fqr,all vel engt hs f.r 420 nm
Po 700" nn T eaIEe bty S5 ER bt Bukaby b Bt oF B Tefigh GpaploaecsomR on
gi ves t heelfipticafabieg FRETRith ¥R (h+1021n X4 Biter@hsd the ihREQRfhcs rdilgnR Witiout
filmreflector at 0Q incidence angle_for the wavel ength (horizont aI
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4 EXit suUn689qet BQiesirable that the reflectance of the retro-reflectors be as high as possible in

order to achieve a significant boost in brightness and at the same time maintain a high
efficiency. It is well known in the thin film industry how to achieve high reflectance using
multi-dielectric coatings or hybrid metal/dielectric coatings (where the metal is either
aluminum or silver) when the reflector operates with the incident and reflected rays in air,
and a solid support on the inactive side of the coating. These so-called first surface
reflectors can be designed to operate within a certain range of ray incidence angles and

wavelengths. However, prior art is limited with regard to high performance designs for
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| oM i ne 306 0.002843 5.581988 1.306941 5.263837 0.045264 5.581627
288433 5. 159707 0. 090516 5.580546 1.270654 5.059171 0. 135746
. 578745 1WOz8HH304§4 962001 0. 180941 5.576225 1.237094 LEETIHB/006530
22609 5.572985 1.221229 4.776939 0.271182 5.569027 1.205925

888070 R D AR B e
. 149673 emtddidehts .t H3&4tidn, 33Etd33heldebda LEF1@. X8 3BhkIyMicaFBPart design

- 930262 only achieve an average reflectance of 90%. The following thin film design shown in

Table 3 addresses this issue and provides a formula for an omni-directional second surface
reflector having a reflectance in the visible and near infrared range of over 95%.

[0090] The key principle used to design this reflector is revealed in US utility application
11/982,492 “Wideband Dichroic-Filter Design for LED-Phosphor Beam-Combining” filed
on November 2, 2007 (by one of the Inventors of this invention), which is incorporated
herein by reference in its entirety. In order to increase the reflectance an initial low index
layer such as silicon dioxide is used as the first layer of a stack applied to the dielectric
medium of the optic. The thickness of this layer should be no less than two times the
shortest wavelength of light source that needs to be highly reflected. A nominal thickness
of 1000nm to 1100nm works well for visible light sources. This thickness is later
optimized using a thin film design software package such as Essential Macleod once a
merit matrix is established for the design. A preferred design is shown in the following
table starting from the diclectric medium (assumed to be acrylic) backwards towards air.
The materials are in order of deposition on the second surface, Silicon Dioxide, Tantalum
Pentoxide, Silicon Dioxide, Silver, Copper (protects silver from degradation), Inconel (a
proprietary metal of Special Metals Corporation of New Hartford, New York. The last layer
protects the silver and copper layers. The overall thickness of the stack is just under 1.7

microns. Note that the first Silicon Dioxide layer is slightly under 1100 nm.

TABLE 3

Design: second surface
Reference 530
Wavelength
{nm);
Incident 0
Angle (deg):
Layer Material Packing Refractive Extinction  Optical Physical Geometric

: Density  Index Coefficient Thickness Thickness Thickness

(FWOT) (nm)

Medium Acrylic 1.49472 0
1 Si02 1 1.46085 0 2.965255 1075.8 2.029818
2 Ta205 1 2.02 0 0.974106 255.58 0.482231
3 Sio2 1 1.46085 0 0.161577 58.62 0.110605
4 Ag 1 0.053 3.14 0.01925 192.5 0.363211
5 Cu 1 0.754 2.7675 0.06965 48.96 0.092375
6 Ni 1 1.821 3.211 0.171414 4989 0.094132
Substrate Air 1 0
Total Thickness 4361252 1681.36 3172371
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. 124141
. 100093
. 490249
. 803681
. 735023
. 025565
. 006556

4.20936 0.584265 5.521314 1.111942 4.13668 0.628489 5.511661
4.065779 0.672554 5.501305 1.088577 3.996566 0.716448
1WO2PY30484 928959 0. 760161 5.478496 1.066473 FFEHE3H8/006530
5.466048 1.055854 3.798258 0.846998 5. 452909 1. 045505

0. 890099 5.439082 1.035413 3.673113 0.932976 5.424571
3.612469 0.975616 5.409379 1.01595 3.553035 1.018008 5. 39351

[80949 4T rf1E04L4 JalueS{EHRRE nfda? Pdidr2utidn 4816) Mrelsel 5200 Bor all
wavelengths from 420 nm to 700 nm in the Macleod target matrix. FIG. 29 shows graph
160 which gives the % reflectance (vertical axis) of the second surface thin film reflector at
0¢ incidence angle for the wavelength (horizontal axis) band from 350nm to 700nm. The
reflectance starts at 95% for 410 nm and is above 97% for all wavelengths from about 425
nm up to 700 nm. A slightly higher performance is possible by employing conjugate
gradient optimization or other forms of optimization known to those skilled in art of thin
film design. For maximum performance a range of incidence angles and wavelengths
should be used as the merit function. If more alternating layers of Silicon Dioxide and
Tantalum Pentoxide are added to the design, the reflectance can be further increased to
above 99% reflectance for a wide range of incidence angles and wavelengths. For high
incidence angles (above the critical angle) the reflectance is theoretically 100% as the thick
layer of Silicon Dioxide reflects light via total internal reflection.

[0092] FIG. 30 shows, in an axial cross-section view similar to FIG. 16, a set of flowlines
and ortho-flowlines for a further embodiment of a luminaire 300. The luminaire 300
comprises a light source 301 and a collimating and retroreflecting optic 302, bounded by a
refractive exit surface 304 and reflective side surfaces 306, 308, 310, The surfaces are
surfaces of revolution of the lines shown in FIG. 30 about a central axis. Reflective surface
306 extends along a flowline from the edge of the refractive exit surface 304 towards the
source 301. Retroreflective surface 308 extends along an ortho-flowline from the proximal
end of the reflective surface 306 towards the axis of luminaire 300. Reflective surface 310
extends along a flowline from the inner edge of reflective surface 308 to the periphery of
source 301.

[0093] In order to show the geometry more clearly, the flowline on which surface 310 lies
and the exit surface 304 have been extended to meet. These extended lines delineate a
notional conventional collimating luminaire, with which the luminaire 300 of FIG. 30 may
be compared. The retroreflective surface 308 permits the size of the exit aperture 304, and
the overall size of the optic 302 to be reduced relative to the notional comparison luminaire,
while maintaining the angular beamwidth 312 equal to that of the notional comparison

juminaire.
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359758 0. 988395 3.381493 1.143596 5.341884 0. 979609 3. 326412
184893 5.32335 0. 971007 3.272312 1.225889 5.30416 0.962582 3.219154
266576 SWVEOSAYIR0B4954326 3. 166903 1.306941 5. 263837 OPOAE32008/006530
115526  0.938293 3.064991  0.930502 3.015267 0. 922855 2.966327
3%‘;’844 ﬁ]ﬂgf]']B Jfﬁg’ shapgs ogfqgg gc‘%ivg 's§r¥‘aocgg gf 0pt8'3%9%1?elslf10\2~h§r% gﬁé‘s 4 ar?d ? 253 a5 8
series of plots of x,y coordinates along each of the lines 304, 306, 308, 310, taking the

plane of the source 301 as y = 0 and the central axis as x = 0.

TABLE 4

Exit surface 304 Flowline 306

X y X y
0.002843 5581988 1.306941 5.263837
0.045264 5.581627 1288433 5.,159707
0.090516 5.580546 1.270654 5.059171
0.135746 5.578745 1.253555 4.962001
0.180941 5.576225 1.237094 4.867987
0.22609 5.572985 1.221229 4.776939
0.271182 5.568027 1.205825 4.688679
0.316206 5.564351 1.191148 4.603044
0.361149 5.55896 1.176865 4.519884

0.406 5.552853 1.163049 4.43906
0.450749 5.546034 1.149673 4.360443
0.495384 5.538503 1.136711 4.283913
0.539893 5.530262 1.124141 4.20936
0.584265 5.521314 1.111942 4.13668
0.628489 5.511661 1.100093 4.065779
0.672554 5.501305 1.088577 3.996566
0.716448 5.490249 1.077376 3.928959
0.7680161 5.478496 1,066473 3.865288
0.803681 5.466048 1.055854 3.798258
0.846998 5.452909 1.045505 3.735023
0.890099 5.439082 1.035413 3.673113
0.932976 5.424571 1.0256565 3.612469
0.975616 5.409379 1.01595 3.553035
1.018008 5.39351 1.006556 3.49476
1.060143 5.376969 0.997375 3.4375%4
1.102009 5£.359758 0.988395 3.381493
1.143596 5.341884 0.979609 3.326412
1.184893 5.32335 0.971007 3.272312
1.225889 5.30416 0.962582 3.219154
1.266576 5.284321 0.954326 3.166903
1.306941 5.263837 0.046232 3.115526

0.938293 3.064991
0.9306802 3.015267
0.922855 2.966327
0.915344 2.918145
0.907984 2.870695
0.900711 2.823854
0.88358 2.7779
0.886565 2.732512
0.870662 2.687769
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0. 886565 2.732512 0.879662 2.687769 WD
2009/ 020484PCT/ US2008/ 006530 Exit surface 304Fl ow i ne 306 0.872867
2. 643654 OVEFE9130484600149 0. 859586 2. 557237 0. 853092 2PGHUIION/006530
0. 84669 2.473131 0.840379 2.431908 0.834153 2.39122 0.828011 2.351055
0.82195 2.311401 0.815965 2.272247 0.810056 2.233582 TABLE 5
Ortho-flow ine 308 Fl ow FAESYE9% ¥4810056 2. 233889e$9%18304 2. 114914
0.821841 2.23176 1.318039%*2. 112587 0.833573 2%X229906¢ 1.299096
2.053679 0.845251 2.228019 1.280508 1.995877813885885%865% 2261 1.262239
1. 939055 0. 868444 2.224151 1.244258 1.8831583651873987149. 222171
1.226536 1.828115 0.891412 2.220161 1.20904885b58t7288%30. 90281
2.218122 1.191774 1.72047 0.853092 2.514903

0.84669 2.473131

0.840379 2.431908

0.834153 2.39122

0.828011 2.351055

0.82195 2.311401

0.815965 2272247

0.810056 2.233582

TABLE 5
Ortho-flowline 308 Flowline 310
X y X y

0.810056 2.233582 1.318804 2.114914
0.821841 2.23176 1,.318039 2.112537
0.833573 2.229906 1.299096 2.053679
0.845251 2.228019 1.280508 1.895877
0.856875  2.2261 1.262239 1.939055
0.868444 2.224151 1244258 1.883153
0.879957 2.222171 1.226536 1.8281156
0.891412 2.220161 1.208048 1.773899
0.90281 2.218122 1.191774 1.72047
0.914149 2.216054 1.174693 1.667798
0.925428 2.213959 1.157788 1.615861
0.936646 2.211836 1.141046 1.564641
0.947804 2.209686 1.124452 1.514124
(0.958899 2.20751 1.107984 1.464301
0.669931 2.205309 1.091664 1.415165
0.080899 2.203083 1.075451 1.366713
0.991802 2.200833 1.059348 1.318943
1.00264 2.198559 1.04335 1.271858
1.013412 2.196263 1.027449 1.225458
1.024116 2.193945 1.011641 1.179749
1.034753 2.191605 0.995923 1.134734
1.045321 2.189244 0.980292 1.090421
1.055819 2.186863 0.964746 1.046815
1.066248 2.184463 0.948283 1.003925
1.076605 2.182044 0.933903 0.961757
1.086891 2.178607 0.918607 0.92032
1.097104 2.177153 0.903395 0.879622
1.107245 2.174682 0.888269 0.83967
1.417311 2.172195 0.873231 0.800472
1.127303 2.169693 0.858285 0.762036
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914149

124452
205309
991802
013412

2.216054 1.174693 1.667798 0.925428 2.213959 1.157788

615861 0. 936646 2.211836 1.141046 1.564641 0.947804 2.209686
1WEZAPAR0E4 958899 2. 20751 1.107994 1. 464301 0. RfFFGS$§08/006530
1.091664 1.415165 0.980899 2.203083 1.075451 1.366713
1.00264 2 19853i%1.04335 1.271858

2.200833 1.059349 1.318
2.196263 1. 027i%§ %E@%@

1.024116 29488

1. 011641

179749 1.034753 2.19160% 0.995923 1.134734 1. 045321 2.189244

980292

1.43722 2167177
1.14706 2.164647
1.156825 2.162103
1.166612 2.159548
1.176121 2.156981
1.185651 2.154402
1.195103 2.151814
1.204475 2.1489216
1.213767 2.14661
1.222877 2.143885
1.232107 2.141373
1.241154 2.138745
1.250119 2.136111

1.259 2.133471
1.267798 2.130828
1.276512 2.12818
1.285142 2.12553
1.293686 2.122877
1.302145. 2.120223
1.310517 2117568
1.318804 2.114914

0.843433 0.724369
0.628681 0.687479
0.814033 0.651372
0.789495 0.616055
0.785073 0.581534
0.770774 0.547814
0.756606  0.5149
0.742576 0.482797
0.728694 0.451508
0.714968 0.421039

0.70141 0.391391
0.688028 0.362567
0.674834 0.334571
0.661839 0.307403
0.649057 0.281066

. 0.636498 0.255561

0.624176 0.230888
0.612105 0.207049
0.600299 0.184045
0.58877 0.161875
0.577535 0.14054
0.566607 0.120041
0.556001 0.100377
0.545734 0.081551
0.53582 0.063561
0.526274 0.04641
0.517112 0.030098
0.508349 0.014627

0.5 -1.89E-16

[0095] The preceding description of presently contemplated modes of practicing the

invention is not to be taken in a limiting sense, but is made merely for the purpose of

describing the general principles of the invention.

[0096] For example, the source of radiation has been described in the embodiments as 2

flat, square or circular, light emitting diode (LED). LED sources are described because

LED sources with the desired properties, including high luminous efficiency and diffuse

reflectance of light of the same frequencies as the light emitted, are readily obtainable from

commercial sources. However, other light sources currently available or to become

available in the future may be used instead. Flat, square or circular sources are described in

the embodiments because LED sources with that configuration are readily obtainable from

commercial sources, and because the resulting geometrical simplicity of the examples is

- 20 -



1. 090421 1.055819 2.186863 0.964746 1.046815 1.066248 2.184463
0.949283 1.003925 1.076605 2. 182044 0. 933903 0. 961757 1.086891
2.179607 OVWeABEWPA045492032 1. 097104 2. 177153 0. 903395 0.REAIB32H08/006530
1.107245 2.174682 0.888269 0.83967 1.117311 2.172195 0.873231

0800472 0 SR SRR e SRR AR, O 8 e
0. 843433 QhetZha@9 nlaybeiBed.2. 164647 0. 828681 0. 687479 1.156825
2. 162103 [(?)Og‘}]dflggrsexgmp eléso?n%e E::ng' Gd?l?lg'r%ts have been described with reference to the
orientation shown in the drawings, using relative language such as “top” and “bottom.”
However, the described luminaires may be used in other orientations.
{0098] The full scope of the invention should be determined with reference to the claims.
[0099] The following additional U.S. Patent documents are believed to be relevant to
understanding of the invention, and are incorporated herein by reference in their entirety.
[0100] U.S. 5,684,354 to Gleckman
[0101] U.S. 5,892,325 to Gleckman
[0102] U.S. 6,043,591 to Gleckman
[0103] U.S. 6,496,237 to Gleckman
[0104] U.S. 6,960,872 to Beeson & Zimmerman
[0105] U.S. 6,869,206 to Beeson & Zimmerman
[0106]) U.S. 7,025,464 to Beeson & Zimmerman

[0107] U.S. 7,040,774 to Beeson & Zimmerman
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159548 0. 799495 0. 616055 1.176121 2.156981 0. 785073 0. 581534

185651 2.154402 0.770774 0.547814 1.195103 2. 151814 0. 756606 0.5149
204475 2.149216 0.742576 0.482797 1.213767 2.14661 0. 728694

451508 1.222977 2.143995 0. 714968 0.421039 1.232107 2. 141373

70141 0.391391 1.241154 2.138745 0.688028 0.362567 1.250119

136111 0.674834 0.334571 1.259 2.133471 0.661839 0.307403 1.267798

130828 0. 649057 0.281066 1.276512 2.12818 0.636498 0. 255561
CLAIMS

What is claimed is:

1. A collimating luminaire comprising:

a light-source with a diffuse reflectivity exceeding one¢ half,

said collimating luminaire intercepting the emitted light of said source, said luminaire
producing a substantially uniform beamwidth across its exit aperture, and

a system of specular retroreflectors comprising at least one concave retroreflector that
returns part of said emitted light to said source, said retroreflectors allowing the removal of the
outer part of said exit aperture, so that said exit aperture is smaller than the étendue-limited
aperture for said beamwidth,

wherein part of said emitted light that is returned to said source by said system of
retroreflectors is then returned towards said exit aperture by said diffuse reflectivity of said

source.

2. A collimating luminaire comprising a light-source with a diffuse reflectivity
exceeding one half, said luminaire defining an exit aperture and intercepting the emitted light of
said source in directions outside the exit aperture, said luminaire comprising at least one at least
approximately elliptically concave specular retroreflector that returns part of said emitted light to
said source, wherein part of said emitted light that is returned to said source by said system of
retroreflectors is then returned towards said exit aperture by said diffuse reflectivity of said

source.

3. A collimating luminaire according to claim 2, wherein at least one focus of an
ellipse defining the elliptically concave retroreflector is at least approximately at an edge of a

beam of light that reaches the retroreflector from the source.

4, A collimating luminaire according to claim 3, wherein at least one focus of the

ellipse is at least approximately at an edge of the light source.

5. A collimating luminaire according to claim 3, wherein at least one focus of the

ellipse is at least approximately at an edge of an opaque object that cuts off the beam of light.
22



1.285142 2.12553 0.624176 0.230888 1.293686 2.122877 0.612105*
0.207049 1.302145 2.120223 0. 600299 0.184045 1.310517 2.117568
0.58877 0.161875 1.318804 2.114914 0.577535 0. 14054 0. 566607
0. 120041 0. 556001 0. 100377 0. 545734 0. 081551 0. 53582 0. 063561
0. 526274 0. 04641 0.517112 0. 030098 0. 508349 0. 014627 0.5

6. A collimating luminaire according to claim 5, which comprises at least a first said
retroreflector defining an exit aperture and intercepting emitted light of said source in directions
outside the exit aperture, and a second said retroreflector between the source and the first
retroreflector defining a second aperture through which emitted light of said source reaches said
first retroreflector and said exit aperture, said second retroreflector intercepting the emitted light
of said source in directions outside the second aperture, and wherein at least one focus of the
ellipse defining said first retrorefiector is at least approximately at an edge of said second

retroreflector.

7. A collimating luminaire comprising a light-source with a diffuse reflectivity
exceeding one half, said luminaire defining an exit aperture and intercepting the emitted light of
said source in directions outside the exit aperture, said luminaire comprising at least one at least
approximately elliptically concave retroreflector that returns part of said emitted light to said
source, and further comprising at least one forward reflector positioned to direct intercepted light
through the exit aperture in such a manner as to produce a substantially uniform beamwidth
across the exit aperture wherein the exit aperture is smaller than the étendue-limited aperture for

said beamwidth.

8. A collimating luminaire according to claim 7, wherein at least one said forward

reflector is at least approximately hyperbolically concave.

0. A collimating luminaire according to claim 8, wherein at least one focus of a
hyperbola defining the hyperbolically concave forward reflector is at least approximately at an

edge of a beam of light that reaches the forward reflector from the source.

10. A collimating luminaire according to claim 9, wherein at least one focus of the

hyperbola is at least approximately at an edge of the light source.

11. A collimating luminaire according to claim 9, wherein at least one focus of the

hyperbola is at least approximately at an edge of an opaque object that cuts off the beam of light.
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-1.89E-15 100951 The precedi ng description of presently contenplkated
nodes of practicing the invention is not to be taken in a limting
sense, but is nade nerely for the purpose of describing the general
princi ples of the invention. 100961 For exanple, the source of

radi ati on has been described in the enbodinents as a flat, square or
circular, light emtting diode (LED). LED sources are descri bed
because LED sources with the desired properties, including high

| uni nous ef iZci eAcpliapdingilupingie peoprding Qridamdfl, whesin abfcaptpme degps of the
fr eque'ﬂﬁgﬁﬁolgﬁ di it %%irﬁ%l&ta? eder h%ﬁq 'rét}’or%c?dr%@'&le@? EHe%maF a ci the
comrer sour ces. wever, "ot her 7i ght sources currently avai abl e
or to Wbewankreflvaot able in the future may be used instead. Flat,

square or circular sources are described in the enbodi nents because
LED sourceslyjthAHQﬁ5napnﬁ& Eﬁgéiqglﬁ&g,readily obt ai nabl e from
commerci al Sources, and pecause f%epreéﬁlting geonetrical sinplicity
of the exanplight-doarcelitl £¥éfilsd flaitivity Rxetediag Shanhst, RgGidebllinkeing luminaire
under |l yi ng principles. However, |ight sources of qther shapes nay be
used. [HPSTtnEShe anitiad fight of spid seitpo dRifdHRaEEDRdpERS 2 a@@ﬂﬁ% OfIR
ref er eRegnd it REoRlits @RF apd:Rie, 3ROWN i n the drawi ngs, using relative

| anguage such as "top" and "bottom" However, the described

| um nai res maysténe ofifewaidyeidectars compresigaatilesssone[saidgeiwarheelleciof lysngopeng a
of theg.nyention;. | d..be determ,.n Wi ref er.ence the ¢l ains.
oooo TeRERF b ASUEATRR AR oSS PP AR SRR b R e B
be r el esMdnrystém ofiredlestsisandivirg thé rentveal sfukabitarpartaifdaid kit b i@ @6 diaeshid

herein by reference in their entirety., [0100] U S 5,684,354 to

d eci creh%ﬁpwimfmdlgthwg@?te Hrgit @emrf%w@ﬂaﬂw h. 6,043,591 to
d eci cman 101031 U. S. 6,496,237 to decicrman [0104] U.S. 6,960,872 to
Beeson & Zi nyiner MhdlcdlBhedlg IWmnaii€ o8 8hiR06wh&eiBRsd 6t rdt6l LB diRB in air.
[0106] U.S. 7,025,464 to Beeson & Zimerman [0107] U. S. 7,040,774 to
Beeson & Zi nmerng AlMS What (is clained is: 1. Acollimting
| umi naire chpri EF%O%I&&W%WJ%&P@Qwﬂhwla@r prspiggerqrellacies pRATaty inside
exceedigngkcgnte hal f, said collimating lum naire intercepting the
emtted light of said source, said |lumnaire producing a

substantially uniformbeamn dth across its exit aperture, and ]
syst em of sﬂ)écul Zhe pollimating Inpunadie of Cmmr iSvhegein saifl sderellpgiorcised via
retrorg&%&gﬁgﬁm&pﬁﬁm¢ yras part of said emitted light to said
source, sald retroreffectors allow ng the renoval of the outer part

of said exit aperture, so that said exit aperture is smaller than the
et endue- | i mlf.ed Epesallimatifelnmining off €aimyi 1§t wherein said rettoagitsctorpegflect ofa
said emtted |j t is returned to said source by said system of
retroree%%%ﬁgféggﬁn%%%%'returned towards said exit aperture by said
diffuse reflectivity of said source. 2. Acollimating lumnaire
conpri si ng &8. i ghhe sdlimaingiutminaivedif Claime 7rvadidran said ittiy fibx ceeldhasgndmaal
hal f, said m naire defining an. exi rture and intercepting.the
o t 1 o3k gth oy nd e oo hofftiaf Vich o R Rkt e el SaRAlte gy e
sai d | wginhal Wevaaiga fosktagk.at | east one at | east approximately
elliptically concave specular retroreflector that returns part of

said emtted light to said source, wherein part of said emtted |ight
that is retdPnedts!lEwatpedyningise proshingfociamampbereietic fcepf b clpge arg at
t hen r%wﬁﬁg)xﬁrgm&q&}é%ﬁ%s@ﬁﬁq BResdee by said diffuse reflectivity
of said source. 3. collimating lum naire according to claim
2, wherein at |east one focus of an ellipse defining the elliptically
concave ret Por ef Aaetlpating lyminpisg accordipy toxel aimt le Miergin the atddes ot copcieam
of lig e . ef t fromthe source. 4. A
col I'i rrg fokﬁﬁ%ﬁﬁgg% %%@B%"df“%‘gﬁ‘f%‘l c easl%c'nl{cg, wherein at |east one
focus of the ellipse is at |east approximately at an edge of the
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