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To Improve semiconductor-based systems for generating white light, a phosphor Is integrated into a reflective material of an
external structure. A disclosed exemplary system, for luminance or illumination applications, utilizes an energy source package, for
emitting radiant energy of a first wavelength. The package typically contains an LED or other semiconductor device. A reflector
outside the package has a reflective surface arranged to receive radiant energy from the energy source. At least some of the
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(57) Abstract: To improve semiconductor-based systems for generating white light, a phosphor is integrated into a reflective ma-
terial of an external structure. A disclosed exemplary system, for luminance or illumination applications, utilizes an energy source
& package, for emitting radiant energy of a first wavelength. The package typically contains an LED or other semiconductor device.
& A reflector outside the package has a reflective surface arranged to receive radiant energy from the energy source. At least some of
N (he received radiant energy of the first wavelength excites one or more phosphors doped within the reflector to emit visible light,
including visible light energy of at least one second wavelength different from the first wavelength. , At least some of visible light
emitted by the phosphor is reflected by the reflective surface of the reflector and directed to facilitate the particular humanly percep-

tible luminance or illumination application.
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OPTICAL SYSTEM USING LED COUPLED

R gy

WITH PHOSPHOR-DOPED REFLECTIVE MATERIALDS

Technical Field

[0001] The present subject matter relates to techniques and equipment to process
radiant energy from light emitting diodes or the like using external phosphor-doped reflectors,

typically so as to produce substantially white light of desired characteristics.

Background
10002] The future of high-efficiency lighting rests in the use of light emitting diodes

(LEDs) or other semiconductor devices, specifically those used to emit white light. The actual
semiconductor elements, however, prod;icé light of specific limited spectral charactéristics.
There are several techﬁiques for creating white light using LEDs or the like. The most efficient
technique involves combining individual light from LEDs of different wavelength (color)
outputs, for example from Red, Green and Blue LEDS in a diffusely reflective cavity. A
variety of such techniques and structures using optlcal integrating cavities are described In
commonly assigned copending US applications 10/832,464 (filed on April 27, 2004) and
10/601,101 (filed on June 23, 2003), the disclosures of which are incorporated herein entirely
by reference.

[0003] Phosphor doping techniques for generating white light from LEDs, currently
favored by LED manufacturers, include Blue LED pumped with phosphors and Quantum dots
pumped with UV LEDs. The macro integration by a diffusely reflective cavity, as in the
above-cited applications is more efficient, however, the color rendering index (CRI) of the
white light output is typically less desirable than that provided by phosphor-doped LEDs.
[0004] Although there are a variety of structures and techniques to fabricate phosphor-
doped LEDs, such devices typically operate in one of two ways, as summarized below. In a
UV LED pumped with RGB phosphors, non-visible UV light excites the mixture of red-green-
blue phosphors doped at some point within the LED package to emit light across the visible
spectrum. There is no direct contribution of visible light from the UV LED semiconductor chip
within the package. In the other typical approach, a Blue LED is pumped with one or more
phosphors doped at a point within the package. Some of the blue light from a blue LED chip
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(460nm) excites the phosphor to emit yellow light and then themrest of the blue light is mixed
with the yellow to make white i ght. Additional phosphors can Be used to improve the spectral
characteristics. In either case, the phosphor doping has been inté grated directly into the LED
and/or its package, for example by doping a portion of the package or by coating the portion of
the package through which the light emerges. Dopants have also been used on reflectors or
transmissive layers inside of the package containing the actual LED chip.

[0005] However, there are limits to the amount of phosphors that can be integrated into
the LED die by such techniques. As a result, the performance of the phosphors degrades over a

- period of time much shorter than the operational life of the semiconductor LED chip. Epoxy |
degradation can affect the efficiency of the light created. In addition, there are thermal and
sizing issues that must be considered.

10006} Hence a need exists for more effective techniques to use light emitting diodes
(LEDs) or other semiconductor devices to produce white light of high quality (e.g. desirégle

color rendering index) without significant reliance on phosphor doping within the LED dié.

package.

Summary

[0007] To address such needs entails a shift in the phosphor doping paradigm, by
removing the phosphors from the LEf) device and integrating the phosphor into the reflective
materials used by external structures.

[0008] For example, a lighting system, for emitting visible light so as to be perceptible
by a person, utilizes an energy source package, for emitting radiant energy of a first
wavelength. A reflector is located outside the energy source package. The reflector has a
reflective surface arranged to receive radiant energy from the energy source package. The
system 1ncludes at least one phosphor doped within the external reflector. Radiant energy of
the first wavelength from the energy source package excites the phosphor to emit visible light.
The emitted light comprises visible light energy of at least one second wavelength different
from the first wavelength. At least some of visible light emitted by the phosphor is reflected by
the reflective surface of the reflector. The lighting system directs at least the visible light from
the phosphor so that it can be perceived by the person.

[0009] Examples of the system use a semiconductor device and an enclosure as the

energy source package, although other examples utilize a plurality or an array of such packages
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for emitting the radiant energy of the first wavelength. Typically, the semiconductor 1s a light
emitting diode (LED), although other light emitting semiconductors may be used. In some
configurations, the LED emits at least some ultraviolet (UV) radiation. In other configurations,
the LED emits blue light. Various combinations of UV, white or blue LEDs with red and green .
LEDs also are disclosed.
[0010] The disclosed examples of the system typically utilize a reflective surface that
exhibits a diffuse reflective characteristic. In several examples, the reflective surface forms an
optical integrating cavity with an aperture for emission of combined radiant energy. A
deflector having an inner reflective surface coupled to the aperture of the optical integrating
cavity may be used to direct the light emissions to a desired field of illumination.

[0011] Examples are also disclosed that utilize principles of constructive occlusion. In
a constructive occlu.sio'n.'implementation of the system, the reflective surface forms a diffusely
reflective cavity having an aperture. The lighting system further includes a mask, outside the
cavity. The mask has a reflective surface faciﬁg toward the aperture of the cavity and is
arranged to occlude a substantial portion of the aperture. As discussed in the detailed
description, selection of the position of the mask and sizing of the mask, relative to the cavity
aperture, allows the designer to tailor the visible light output distribution of the constructive
- occlusion type system to a desired illumination or luminance application.

[0012] In another example, the lighting uses a second reflector, positioned between the
energy source package and a region to be illuminated by the visible light from the system, so as
to mask view of the energy source package by the person. A phosphor doped within the second
reflector also emits visible light, comprising visible light energy of a wavelength different from
the first wavelength, to supplement the light emissions form the phosphor in the first reflector.
[0013] Systems are also disclosed that utilize two or more phosphors. The different
types of phosphors may be excited by energy of the same wavelength e.g. from the same or
similar sources. Alternatively, the phosphors may be excited by energy of different
wavelengths, e.g. UV and Blue from two different types of LEDs. In two phosphor examples,
a first phosphor is excited by radiant energy of the first wavelength to emit visible light
comprising light energy of the second wavelength. The second phosphor is of a type different
from the first type, so that excitation of the second phosphor causes that dopant to emit visible

light comprising light energy of a third wavelength different from the first and second
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wavelengths. A three phosphor implementation would include a third phosphor of yet another
type. Excitation of the third phosphor causes it to emit visible light comprising light energy of
a fourth wavelength different from the first, second and third wavelengths.

[0014] As noted, examples are disclosed that rely on optical cavity integration to |
combine multiple light wavelengths. Thus a lighting system, for emitting visible light might
comprise a structure forming an optical integrating cavity with a material forming a diffusely
reflective inner surface of the cavity and at least one passage for emission of radiant energy
integrated by diffuse reflection within the cavity. A light emitting semiconductor device is
coupled to emit radiant energy of a first wavelength into the cavity. A system of this type
includes at least one phosphor doped into the material forming the diffusely reflective inner
surface of the cavity.. The phosphor is one that when excited by radiant energy of the first
- wavelength -emits visible light of at least one second wavelength different from the first
. wavelength for reflection and integration within the Qai}ity so as to be included 1n light emitted
through the passage. | |

[0013] The disclosed concepts also encompass a method of producing substantially
white light for an application visible by a person. The method entails generating light of a first
wavelength and impinging at least a portion of that light energy on a diffusely reflective surface
of. :a doped material. A first phosphor within the doped material is excited by a portion of the
light energy impiriging on the diffusely reflective surface, so as to emit visible light of a second
wavelength different from the first wavelength. The method also involves exciting a second
phosphor within the doped material so that the excited second phosphor emits visible light of a
third wavelength different from the first and second wavelengths. Diffuse reflection of at least
some of the light of the first wavelength from the diffusely reflective surface serves to combine
light of the first wavelength with the light of the second and third wavelengths, to form the
substantially white light. The resulting substantially white light is emitted or directed toward a
region intended to be illuminated for the application visible by the person.

- [0016] Additional objects, advantages and novel features of the examples will be set
forth in part in the description which follows, and in part will become apparent to those skilled
in the art upon examination of the following and the accompanying drawings or may be learned

by production or operation of the examples. The objects and advantages of the present subject
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matter may be realized and attained by practice or use of the methodologies, instrumentalities

and combinations particularly pointed out in the appended claims.

Brief Description of the Drawings

[0017] The drawing figures depict one or more implementations in accord with the

present concepts, by way of example only, not by way of limitations. In the figures, like °
reference numerals refer to the same or similar elements.

[0018] Fig. 1 illustrates an example of a white light emitting system, with certain
elements thereof shown in cross-section.

[0019] Iig. 2 1s a simplified cross-sectional view of a light-emitting diode (LED) type
source package, which may be used as the source in the system of Fig. 1.

(0020} Fig. 3 illustrates an example of a white light emitting system, which utilizes an
optical integrating cavity, with certain elements thereof shown in cross-section. .

[0021] Fig. 4a illustrates an example of a white light emitting system in partial cross- . -
section, wherein the system utilizes an optical integrating cavity, a plurality of LED typ;e"
sources and a deflector to process the output light. R
[0022] Fig. 4b is an interior view of the LEDs and aperture of the system of Fig. 4a.
10023} Fig. 5 illustrates an example of another white light emitting system, using
principles of constructive occlusion, with certain elements thereof shown in cross-section.
[0024] Fig. 6 illustrates another example of a radiant energy emitting system, utilizing
principles of constructive occlusion.

[0025] Fig. 7is a bottom view of the fixture used in the system of Fig. 6.

[0026] Fig. 8 illustrates an example of another white light emitting system, with certain
elements thereof shown in cross-section.

[0027] Fig. 9 1s a top view of the fixture used in the system of Fig. 8.

Detailed Description

[0028] In the following detailed description, numerous specific details are set forth by
way of examples in order to provide a thorough understanding of the relevant teachin gs.
However, 1t should be apparent to those skilled in the art that the present teachings may be

practiced without such details. In other instances, well known methods, procedures,
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components, and circuitry have been described at a relatively high-level, without detail, in
order to avoid unnecessarily obscuring aspects of the present concepts.

[0029] The various fixtures, systems and lighting techniques disclosed herein relate to
applications of visible light for illumination or luminance for use/perception by humans. For -
example, a fixture may provide illumination of a room, space or area used or inhabited by a
person. For a task lighting example, a fixture or system would provide light in the area, -
particularly on a work surface such as a desk or the like where the person performs the task.
Other examples provide lighting in spaces such as walkways or stairs used by the person, or
illuminate specific objects viewed by the person such as product displays or art works or the
like. In addition to illumination applications, the lighting technologies discussed herein find
wide use in luminance applications, such as indicator lights or signage lights observable by
persons. L

[0030]} Reference now is made in detail to the examples illustrated in the accompanying
drawings and d.i':squssed below. Fig. 1 is a simplified illustration, of a lighting system 10, for
emitting visible light so as to be perceptible by a person. A portion 6f the system 1s shown in
cross-section, and circuit elements are shown in functional block form. The system 10 utilizes
an energy source package 11, for emitting radiant energy of a first wavelength. In a simple
example of the type shown, the source 11 typically emits blue or white visible light or emits
ultraviolet radiation.

[0031] The radiant energy source package 11 typically is a semiconductor based
structure for emitting the radiant energy. The structure includes a semiconductor chip, such as
a light emitting diode (LED), a laser diode or the like, within an enclosure. A glass or plastic
portion of the enclosure allows for emission of the light or other energy from the chip in the
desired direction. Many such source packages include internal reflectors to direct energy in the.
desired direction and reduce internal losses. To provide readers a full understanding, it may
help to consider an example.

[0032] Fig. 2 illustrates an example of an LED type source package 11, 1n cross section.
In the example of Fig. 2, the source 11 includes a semiconductor chip, comprising two or more
semiconductor layers 13, 15 forming an LED. The seﬁliconductor layers 13, 15 are mounted
on an internal reflective cup 17, formed as an extension of a first electrode, e.g. the cathode 19.

The cathode 19 and anode 21 provide electrical connections to layers of the semiconductor
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device within the package. An epoxy dome 23 (or similar transmissive part) of the enclosure
25 allows for emission of the light of other energy from the chip in the desired direction.
Internal reflectors, such as the reflective cup 17, direct energy in the desired direction and
reduce internal losses. Although one or more elements in the package, such as the reflector 17
or dome 23 maybe doped or coated with doped materials, phosphor doping integrated in (on or
within) the package is not required.

[0033] Returning to Fig. 1, the system 10 utilizes a reflector 27, located outside the
energy source package 11. The reflector 27 has a reflective surface 29 arranged to receive at
least some radiant energy from the energy source package 11. In the example, the emitting
region of the source 11 fits into or extends through an aperture in a back section 31 of the
reflector 27. The source 11 may be coupled to the reflector 27 in any manner that is convenient
and/or facilitates a particular illumination or luminance application of the system 10. For
example, the source 11 may be within the volume of the reflector 27, the source may be outside
of the reflector (e.g. above the retlector in the illustrated .,ofieﬁ'tation) and facing to emit light
into the interior of the reflector, or the light rhay be coupled from the source 11 to the reflector |
27 via a light guide or pipe or by an optical fiber.

[0034] The apparatus 10 also includes a control circuit 33 coupled to the LED chip 1n
the package 11 for establishing output inten°§ity of radiant energy of the LED type energy
source package 11. The control circuit 33 tj‘q')ically includes a power supply circuit coupled to
a voltage/current source, shown as an AC power source 35. Of course, batteries or other types
of power sources may be used, and the control circuit 33 will provide the conversion of the
source power to the voltage/current appropriate to the particular one or more LEDs 11 utilized
in the system 10. The control circuit 33 includes one or more LED driver circuits for
controlling the power applied to one or more LED packages 11 and thus the intensity of radiant
energy output. The control circuit 21 may be responsive to a number of different control input
signals, for example to one or more user inputs as shown by the arrow in Fig. 1, to turn power
ON/OFF and/or to set a desired intensity level for the light provided by the system 10.

[0035] The disclosed apparatus may use a variety of different structures or
arrangements for the reflector 27. Although other reflectivities may be used, 1n the example, at
least a substantial portion of the interior surface(s) 29 of the reflector 27 exhibit(s) a diffuse
reflectivity. It is desirable that the reflective surface 29 have a highly etficient reflective
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characteristic, €.g2. a reflectivity edual to or greater than 90%, mth respect to the relevant
visible wavelengths. In the example of Fig. 1, the surface 29 is highly diffusely reflective to
energy in the visible, near-infrared, and ultraviolet wavelengths.

[0036] The reflector 27 and reflective surface 29 may be formed of a diffusely
reflective plastic material, such as a polypropylene having a 97% reflectivity and a diffuse
reflective characteristic. Such a highly reflective polypropylene, referred to as HRP-97, is
available from Ferro Corporation - Specialty Plastics Group, Filled and Reinforced Plastics
Division, in Evansville, IN. Another example of a material with a suitable reflectivity i1s
SPECTRALON. Alternatively, the optical integrating cavity may comprise a rigid substrate
(not separately shown) having an interior surface, and a diffusely reflective coating layer
formed on the interior surface of the substrate so as to provide the diffusely reflective interior
surface of the optical integ‘r'aﬁh‘g cavity. The coating layer, for example, might take the form of
a flat-white paint or white powder coat. A suitable paint might include a zinc-oxide based
pigment, consisting essentially of an uncalcined zinc oﬁide and preferably containing a small
amount of a dispersing agent. The pigment is mixed with an alkali metal silicate vehicle-binder
which preferably is a potassium silicate, to form the coating material. For more inforrqation
regarding the exemplary paint, attention is directed to US. Patent No. 6,700,112 by Matthew

Brown which issued on March 2, 2004.
[0037] The material forming the reflective surface 29 of the reflector 27 1s doped with

at least one phosphor. A phosphor is any of a number of substances that exhibit luminescence
when struck by radiant energy of certain wavelength(s). To provide desired color outputs, for
example, it is increasingly common for the source packages to include phosphors at various
locations to convert some of the chip output energy to more desirable wavelengths in the
visible light spectrum. In the examples discussed herein, luminescent dopani(s), in the form of
one or more phosphors, are doped into the reflector 27. In the examples, however, the retlector
27 1s a macro device outside of or external to the package of the energy source 11, e.g. outside
the enclosure 25 of the LED package 11 used to generate the radiant energy in the examples of
Figs. 1 and 2. There need be no phosphors within the LED source package 11. Of note here,
the phosphors are integrated into the reflective materials used to form the reflective surface 29,

that 1s to say on the external reflector 27.
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[0038] At least some radiant energy of the first wavelength, emitted from the energy
source package 11, impacts on the reflective surface 29 and excites the phosphor dopant within
the material forming that surface to emit visible light. The emitted light compﬁses visible light
energy of at least one second wavelength different from the first wavelength. At least some of
visible light emitted by the phosphor is reflected by the reflective surface 29 of the reflector 27. ;
The lighting system 10 directs at least the visible light from the phosphor so that it can be
perceived by the person.

[0039] As outlined above, phosphors absorb excitation energy then re-emit the energy
as radiation of a different wavelength than the initial excitation energy. For example, some
phosphors produce a down-conversion referred to as a “Stokes shift,” in which the emitted
radiation has less quantum energy and thus a longer wavelength. Other phosphors produce an
up-conversion or “Anti-Stokes shift,” in which the emitted radiation has greater quantum
| eher‘g-y and thus a shorter wavelength. Such energy shifts é.an be used to produce increased
amounts of light in désirable portions of the spectrum. For éxample, by converting UV light to
visible light, the shift increases system efficiency for visible illumination of luminance
applications. The shift provided by the phosphors may also help to enhance the white light
characteristics of the visible output, e.g. by conversion of some blue light emitied by a Blue or
White LED

[0040] : In one system incorporating one or more blue LEDs (center frequency of
460nm) as the source 11, the phosphors in the external reflector 27 may be from the green-
yellow Ce’" doped garnet family (e.g. (Y, Gd)sALsO;2). An alternative approach that results in
even better color generation and white light of any color temperature adds green and red
phosphors (e.g., StGa,;S4:Eu®" and SrS:Eu”"). As light from the blue LEDs is mixed in the
optical system formed by the reflector 27, the phosphors are excited and emit light over a broad
spectrum that when added in the optical chamber or space formed by the external reflector 27
allows for the creation of extremely high quality (e.g., desirable CRI and color temperature)
white light.

[0041] If one or more UV LEDs are used as the source 11, a blue phosphor (e.g.,
Sro.P,07), is added to the reflective material in addition to the green and red phosphors.
Excitation of the various phosphors by the UV energy from the LED(s) produces blue, red and

green light over a broad spectrum. The phosphor emissions are combined in the optical system
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10

formed by the reflector 27 to produce extremely high quality (e.g., desirable CRI and color
temperature) white light.

10042] In the system 10 of Fig. 1, with a single LED source package 11, the phosphor
or phosphors in the extemai reflector 27 would be excited by the single wavelength of energy
provided by that source. Where the system includes sources of multiple types, e.g. one or more
UV LEDs in combination with one or more Blue or White LEDs, phosphors may be selected. of
different types excitable by the different Wavelengths of the input energy from the sources.
[0043] There are many available phosphor options, primarily based on oxidic or sulfidic
host lattices. Additional host materials are becoming available, e.g., those based on a solid
solution of silicon nitride (Mx(Si,Al);2(N,0)16, where M is a solid solution metal such as Eu (or
other optically active rare earth ions). Future phosphor formulations include nanophosphors
based upon quantum dots, currently under development by DOE’s Sandia National Laboratory.
[0044] The present approach, With doping of the external reflector, enables the system
10 to utilize much"‘more phosphor material than could be provided within the relatively‘small
LED type source package 11. As a result, the phosphor emissions do not degrade from usage
as rapidly. Also, it is possible to provide adequate amounts of phosphors of a wider varie.ty.w
Since the reflector 27 is not formed of an epoxy to encase the LED circuit chip, there is no
epoxy degradation, which can decrease efficiency of the light created when doping 1is used
within an LED package. In addition, the reflector 27 is not subject to the same magnitude of
thermal effects as are found within the LED package 11 itself.

[0045] The present approach, with doping of the external reflector 27, also enables a
combination of approaches to be used where we combine Red, Green, and Blue LEDs with UV
LEDs into the optical chamber. Thus we use the visible output of the RGB LEDs, augmented
by the additional light generated by Blue and/or UV LED-pumped phosphors.

[0046] In the illustrated orientation, energy from the source 11, phosphor emission, and
any source energy or phosphor emissions reflected by the surface 29 are directed upwards, for
example, for upward luminance or for lighting a ceiling so as to indirectly illuminate a room or
other space below the fixture. The orientation shown, however, is purely illustrative. The
source 11 and reflector 27 may be oriented in any other direction appropriate for the desired
lighting application, including downward, any sideways direction, various intermediate angles,

etc. In any such orientation, the visible light directed outward by the system 10 is combined,

!
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when perceived by a person, so that it appears as substantially white light. Also, the example
of Fig. 1 utilizes relatively flat reflective surfaces. Those skilled in the art will recognize that
the principles of that example are applicable to systems of other shapes and configurations,
including systems that use various curved reflective surfaces (e.g. hemispherical, semi-
cylindrical, parabolic, etc.).

[0047] Fig. 3 illustrates another example of a radiant energy distribution apparatus or
system. In several examples, the reflective surface forms an optical integrating cavity with an
aperture for emission of combined radiant energy. Fig. 3 illustrates a first simple system 40 of
this type. The element(s) forming the cavity are shown here in cross section.

[0048] The system 40 is generally similar to the system 10. For example, the system 40
may utilize essentially the same type of control circuit 35 and power source 35, as in the earlier
example. The energy source 47 is substantially similar to the source 11 in the earlier example,
and the reflector may ﬁtilize similar materials. However, the shape. of the reflector is different,
in that the reflector in i:he’ ‘ekample of Fig. 3 forms an optical integrating cavity. Such a cavity
provides an improved optical combination of the various colors of light, to enhance the “white’
light character of the system output.

[0049] A variety of cavity shapes may be used, virtually any shape will do so long as
the inner surface is diffusely reflective and the shapé provides multiple diffuse reflections of a
substantial portion of the visible light. For discussion of this first simple example, it 1s
convenient to assume that the reflector 41 is substantially spherical and has at least one aperture
43 for emission of integrated radiant energy.

[0050] The reflector 41 has a diffusely reflective inner surface 45, and the material
forming that surface is doped with one or more phosphors. The reflective inner surface 45
forms an integrating cavity, with respect to radiant energy of the relevant wavelengths. The
reflector material and the dopants may be substantially similar to those discussed above relative
to the example of Fig. 1. The system 40 also includes an LED type light source package 47,
similar to the source 11 and coupled to the cavity in a manner as described above relative to the
coupling of the source 11 to the reflective surface 29 of the reflector 27.

[0051] The source 47 emits energy for multiple diffuse reflections by the surface 45
forming the cavity. With each reflection, a portion of the energy impacting the surface 45

excites one or more phosphors doped within the material of the reflector 41. Excited
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phosphc;r(s) emit visible light within the cavity, and that visible light also is diffusely reflected
within the cavity. Although some beams may emerge directly through the aperture 43, most
beams reflect one, two or more times before escaping through the passage 43.

[0052] The cavity defined by the reflective surface 45 effectively combines or
‘integrates’ the energy of the different wavelengths, so that the radiant energy emitted through
the aperture 43 includes the radiant energy of the various wavelengths. Of note for purposes of
visible light applications, the combined light includes visible light (if any) emitted from the .
source 47 and diffusely reflected from the surface 45, some visible light emitted by the
phosphor dopants within the material forming the surface 45 and emerging directly through the
aperture 43, as well as visible light emitted by the phosphor dopant(s) that is diffusely reflected
by other parts of the surface 45 before emerging through the aperture 43. The wavelengths
produced by the dopant emissions differ from and supplemerit the wavelengths emitted by the
source 47. By combining these various wavelengths, it is possible .to combine visible light
colors to produce a desired quality (e.g. desirable color render index or “CRI”) of white light
emissions of the system 40 through the aperture 43. | | :

[0053] In the example, the apparatus 40 1s shown with the cavity and aperture 43
oriented to emit the combined radiant energy sideways, to the right, through the aperture, for
convenience of illustration and discussion. However, the fixture portion of the apparatus 40
may be oriented in any desired direction to perforﬁ a desired application function, for example
to pfovide visible luminance to persons in a particular direction or location with respect to the
fixture or to illuminate a different surface such as a wall, floor or table top. Also, the optical
integrating cavity formed by the inner surface 45 may have more than one aperture 43, for
example, oriented to allow emission of integrated light in two or more different directions or
regions.

[0054] The system 40 may include additional optical processing elements, for
processing of the white light emissions from the cavity aperture 43. Examples include
deflectors of various shapes and reflective characteristics, lénses, masks, collimators, focusing
systems, irises, diffusers, holographic diffusers and the like located in, over or otherwise
coupled to the aperture(s) 43. To help fully understand, it may be useful to consider a first

example, using a deflector having an inner reflective surface coupled to the aperture of the
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optical integrating cavity, to direct the light emissions from the aperture to a desired field of
illumination. Such an example appears in Figs. 4a and 4b.

[0055] Fig. 4a is a cross-sectional illustration of a radiant énergy distribution apparatus .
or system 50. For task lighting applications, the system 50 emits light in the visible spectrum,
although the system 50 may be used for illumination or luminance applications. The illustrated
system 50 includes an optical cavity 51 having a diffusely reflective interior surface to receive
and combine radiant energy of different reflective colors/wavelengths. The cavity 51 may have
various shapes. The illustrated cross-section would be substantially the same if the cavity 1s
hemispherical or if the cavity is semi-cylindrical with the cross-section taken perpendicular to
the longitudinal axis. The optical cavity 51 in the example discussed below is typically an
optical integrating cavity, and although-the shape is different, the cavity 51 functions in a
manner similar to the cavity in the examiple of Fig. 3. o

[0056] At least a substantial portion of the interior édrfgce(s) of the cavity 51 exhibit(s)
diffuse reflectivity. It is desirable that the cavity surface have a highly efficient reﬂective”
characteristic, e.g. a reflectivity equal to or greater than 90%, with respect to the relevant
wavelengths. In the example of Figs. 4a and 4b, the surface is highly diffusely reflective to
energy in the visible, near-infrared, and ultraviolet wavelengths.

[0057} * For purposes of the discussion, the cavity 51 in the apparatus 50 is assumed to
be hemispherical. In the example, a hemispherical dome 53 and a substantially flat cover plate
55 form the optical cavity 51. Although shown as separate elements, the dome and plate may
be formed as an integral unit. At least the interior facing surface 54 of the dome 53 and the
interior facing surface 56 of the cover plate 55 are highly diffusely reflective, so that the
resulting cavity 51 is highly diffusely reflective with respect to the radiant energy spectrum
produced by the system 50. As a result the cavity 51 is an integrating type optical cavity. The
materials forming the inner surfaces 54, 56, shown as separate layers for discussion purposes,
are doped with one or more phosphors, so that the impact of some of the energy on the surfaces
causes emission of visible light of additional desired color(s).

[0058] As in the earlier examples, elements of the reflector forming the cavity 51 (e.g.
consisting of dome 53 and plate 55) may be formed of a diffusely reflective plastic material,
such as a polypropylene having a 97% reflectivity and a diffuse reflective characteristic. Such

a highly reflective polypropylene, referred to as HRP-97, is available from Ferro Corporation -
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Specialty Plastics Group, Filled and Reinforced Plastics Division, in Evansville, IN. Another
example of a material with a suitable reflectivity is SPECTRALON. Alternatively, one or more
of the elements forming the optical integrating cavity 51 may comprise a rigid substrate having
an interior surface, and a diffusely reflective coating layer formed on the interior surface of the
substrate so as to provide the diffusely reflective interior surface 54 or 56 of the optical
integrating cavity 51. The coating layer, for example, might take the form of a flat-white paint
or white powder coat. A suitable paint might include a zinc-oxide based pigment, consisting
essentially of an uncalcined zinc oxide and preferably containing a small amount of a
dispersing agent. The pigment is mixed with an alkali metal silicate vehicle-binder which
preferably is a potassium silicate, to form the coating material. For more information regarding
the exemplary paint, attention is directed to US. Patent No. 6,700,112 by Matthew Brown
which issued on March 2, 2004.

[0059] . The materials forming the reflective surface 54, 56 are doped with at least one
phosphor. As a-result the .st.ruc‘t'ure appears layered in cross-seé%cipn, either due to coating a
substrate with .the doped reflective material or due to doping with the phosphors to a desired
depth within the ciiff%isély reflective plastic material. The specific phosphor dopant(s) used will
be similar to those discussed above, and one or more phosphors are selected to convert portions
of the energy from the sources 59 to the desired spectrum for color combination and output as-
white light.

[0060] The optical integrating cavity 51 has an aperture 57 for allowing emission of
combined radiant energy. In the example, the aperture 57 is a passage through the approximate
center of the cover plate 55, although the aperture may be at any other convenient location on
the plate 55 or the dome 53. As noted in the discussion of Fig. 3, there may be a plurality of
apertures, for example, oriented to allow emission of integrated light in two or more different
directions or regions.

[0061] = Because of the diffuse reflectivity within the cavity 51, light within the cavity 1s
integrated before passage out of the aperture 57. In the examples, the apparatus 50 1s shown
emitting the combined radiant energy downward through the aperture, for convenience.
However, the apparatus 50 may be oriented in any desired direction to perform a desired

application function, for example to provide visible luminance to persons in a particular
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direction or location with respect to the fixture or to illuminate a different surface such as a
wall, floor or table top. ~
[0062] The apparatus 50 also includes a plurality of sources of radiant energy. As will
be discussed below, the sources may provide a single color or wavelength of energy, e.g. UV
energy, or the sources may provide energy of different wavelengths. Although other
semiconductor devices may be used, in this example, the sources are LEDs 59, three of which -
are visible in the illustrated cross-section. The LEDs are generally similar to the LED package
11 of Fig. 2. The LEDs 59 supply radiant energy into the interior of the optical integrating
cavity 51. As shown, the points of emission into the interior of the optical integrating cavity
are not directly visible through the aperture 57.

[0063] The system 50 of Figs. 4a and 4b may utilize various combinations of LEDs

N _producmg UV or various combinations of visible light, for integration in the cavity 51. For

purposes of dlscussmn the system 50 combines Red, Green, and Blue LEDs with one or more
UV LEDs coupled to emit energy into the optical chamber 51. As shown in the interior view of
Fig 4b, there are four LED packages 59, one Red (R), one Green (G), one Blue (B) and one'
Ultraviolet (UV) arranged substantially in a circle around the aperture 57 through the cover
plate 55. Of course there may be additional LED packages coupled through openings in the
plate, as represented by the dotted line circles. LEDs also may be provided at or coupled to -
other points on the plate or dome. The Red (R) and Green (G) LEDs are fully visible in thé |
illustrated cross-section of 4a, and the dome of the UV LED package is visible as it extends
into the cavity 51." Assuming four LEDs only for simplicity, the Blue LED is not visible in this
cross-section view. It should be apparent, however, that the sy.stem 50 uses the visible output
of the RGB LEDs, augmented by the additional light generated by UV LED-pumped
phosphors.

10064] In this example, light outputs of the LED sources 59 are coupled directly to
openings at points on the interior of the cavity 51, to emit radiant energy directly into the
interior of the optical integrating caﬁty 51. The LEDs 59 may be located to emit light at points
on the interior wall of the element 53, although preferably such points would still be in regions
out of the direct line of sight through the aperture 57. For ease of construction, however, the
openings for the LEDs 59 are formed through the cover plate 55. On the plate 55, the

openings/LEDs may be at any convenient locations. Of course, the LED packages or other
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sources may be coupled to the points for entry into the cavity 51 in any other manner that is
convenient and/or facilitates a particular illumination or luminance application of the system
50. For example, one or more of the sources 59 may be within the volume of the cavity 51. As
another example, the sources 59 may be coupled to the openings into the cavity 51 via a light
guide or pipe or by an optical fiber.

10065] The source LEDs 59 can include LEDs of any color or wavelength, although one
or more LEDs are chosen specifically to emit energy that pumps the phosphor doping within
the reflective surfaces 54, 56. The integrating or mixing capability of the cavity 51 serves to
project white or substantially white light through the aperture 57. By adjusting the intensity of
the various sources 59 coupled to the cavity, it becomes possible to precisely adjust the color
temperature or color rendering index of the light output.

[0066] The system 50 works with the totality of light output from a family of LEDs 59
and light output from the phosphor dopants. However, ,tlo provide color adjustment or
variability, 1t 1s not necessé;ry. to control the output of individual LEDS, except as they
contribute to the totality. F or éxample, it is not necessary to modulate the LED outputs. Also,
the distribution pattern of the individual LEDs 59 and their emission points into the cavity 51
are not significant. The LEDs 59 can be arranged in any convenient or efficient manner to
supply radiant energy within the cavity 51, although it is preferred that direct view of the LEDs
from outside the fixture is minimized or avoided.

[0067] The apparatus 50 also includes a control circuit 61 coupled to the LEDs 59 for
establishing output intensity of radiant energy of each of the LED sources. The control circuit
61 typically includes a power supply circuit coupled to a source, shown as an AC power source
63, although those skilled in the art will recognize that batteries or other power sources may be
used. In its simplest form, the circuit 61 includes a common driver circuit to convert power
from source 63 to the voltages/current appropriate to drive the LEDs 59 at an output intensity
specified by a control input to the circuit 61. The control input may be indicate an ON/OFF
state and/or provide a variable intensity control. |

[00638] It is also contemplated tha;t the LEDs may be separately controlled, to allow
control of the color temperature or color rendering index of the white light output. In such an
implementation, the control circuit 61 includes an appropriate number of LED driver circuits

for controlling the power applied to each of the individual LEDs 59 (or to each of a number of
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groups of LEDs, where each group emits energy of the same wavelength). These driver
circuits enable separate control of the intensity of radiant energy supplied to the cavity 51 for
each different wavelength. Control of the intensity of emission of the sources sets a spectral
characteristic of the radiant energy supplied into the cavity 51 and thus the components that
drive the phosphor emissions and/or supply visible light for integration within the cavity and
thus for emission through the aperture 57 of the optical integrating cavity. The control circuit
61 may be responsive to a number of different control input signals, for example, to one or
more user inputs as shown by the arrow in Fig. 4a. Although not shown in this simple
example, feedback may also be provided.

[0069] Those skilled in the art will be familiar with the types of control circuits that
may be used, for example, to provide user controls and/or a variety of desirable automated
control functions. A number of such circuits as well ‘as various shapes and configurations of
the cavitj/,‘ the deflector and various alternative output processing elements are disclosed in
commonly assigned copending US application 10/832,464 (ﬁled on April 27, 2004); and the
disclosures thereof from that application are incorporated herein cnt.irel,}.r by reference.

[0070] The aperture 57 may serve as the system output, directing integrated color light
to a desired area or region to be illuminated, in a manner similar to the example of Fig. 3.
Although not shown 1in this éxample, the aperture 57 may have a grate, lens or diffuser (e.g. a
holographic element) to help distribute the output light ‘and/or to close the aperture against
entry of moisture or debris. For some applications, the system 50 includes an additional
detlector or other optical processing element, e.g. to distribute and/or limit the light output to a
desired field of illumination. '
[0071] In the example of Fig. 4a, the color integrating energy distribution apparatus
also utilizes a conical deflector 65 having a reflective inner surface 69, to efficiently direct most
of the light emerging from a light source into a relatively narrow field of view. A small
opening at a proximal end of the deflector is coupled to the aperture 57 of the optical
integrating cavity 51. The deflector 65 has a larger opening 67 at a distal end thereof. The
angle and distal opening of the conical deflector 65 define an angular field of radiant energy
emission from the apparatus 50. Although not shown, the large opening of the deflector may
be covered with a transparent plate or lens, or covered with a grating, to prevent entry of dirt or

debris through the cone into the system and/or to further process the output radiant energy.
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[0072] The conical deflector 65 may have a variety of different shapes, depending on
the particular lighting application. In the example, where cavity 51 is hemispherical, the cross-
section of the conical deflector is typically circular. However, the deflector may be somewhat
oval in shape. In applications using a semi-cylindrical cavity, the deflector may be elongated
or even rectangular in cross-section. The shape of the aperture 57 also may vary, but will
typically match the shape of the small end opening of the deflector 65. Hence, in the example
the aperture 57 would be circular. However, for a device with a semi-cylindrical cavity and a
deflector with a rectangular. cross-section, the aperture may be rectangular.

[0073] The deflector 65 comprises a reflective interior surface 69 between the distal end
and the proximal end. In some examples, at least a substantial portion of the reflective interior
surface 69 of the conical deflector exhibits specular reflectivity with respect to the integrated
radiant energy. As discussed in US p‘étent n_o: 6,007,625, for some applications, it may be
desirable to construct the deflector 65 so that at least some portions of the inner surface 69
exhibit diffuse reflectivity or exhibif a different degree of speculéi'- reflectivity (e.g. quasi-
specular), so as to tailor the performance of the deflector 65 to the particular application.

[0074] For other applications, it may also be desirable for the entire interior surface 69
of the deflector 65 to have a diffuse reflective characteristic. In such cases, the deflector 65
may be constructed using materials similar to those taught above for construction of the optical
integrating cavity 51. Hence, in the example of Fig. 4a, the deflector has a surface layer 68
forming the diffusely forming the diffusely reflective inner surface 69. As in the cavity 51, this
diffusely reflective surface layer is doped with one or more phosphors as represented
diagrammatically by the layer 68. When exited by radiation from the aperture 57 of an
appropriate wavelength, the phosphors emit visible light. The phosphors doped into the layer
68 are of the same types discussed above. It should be noted, however, that for some
applications, it may be desirable to use one or more phosphors in the layer 68 that are different
from those used to dope the layers 54, 56 within the cavity 51.

[0075] In the illustrated example, the large distal opening 67 of the deflector 65 is
roughly the same size as the cavity 51. In some applications, this size relationship may be
convenient for construction purposes. However, a direct relationship in size of the distal end of
the deflector and the cavity is not required. The large end of the deflector may be larger or

smaller than the cavity structure. As a practical matter, the size of the cavity 51 is optimized to
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provide the integration or combination of light colors from the desired number of LED sources
59 and the phosphor dopants generating light within the cavity 51. The size, angle and shape of
the deflector 65 in turn determine the area that will be illuminated by the combined or
integrated light emitted from the cavity 51 via the aperture 57.

[0076] An exemplary system 50 may also include a number of “sleeper” LEDs (for
example at the dotted line positions shown in Fig. 4b) that would be activated only when
needed, for example, to maintain the light output, color, color temperature. or thermal .
temperature. As noted above, a number of different examp]es of control circuits may be used.
In one example, the control circuitry comprises a color sensor coupled to detect color
distribution in the integrated aradiant energy. Associated logic circuitry, responsive to the
detected color distribution, controls the output intensity of the various LEDs, so as to provide a
desired color distribution in the integrated radiant energy. In an example using sleeper LEDs,
the logic circuitfy_ 1s responsive to the detected color distribution to séléctively activate the
inactive light emitting' diodes as: neecied, to maintain the desired co'1.01j. distribution 1n the
integrated radiant energy. As LEDs age Or experience increases In thermal temperature, they
continue to operate, but at a fedﬁced output level. The use of the sleeper LEDs greatly extends
the lifecycle of the fixtures. Activating a sleeper (previously inactive) LED, for example,
provides compensation for the decrease in output of an originally active LED. There is also
more flexibility in the range of intensities that the fixtures may provide.

[0077] To provide a particular desirable output distribution from the apparatus, it is also
possible to construct the system so as to utilize principles of constructive occlusion.
Constructive Occlusion type transducer systems utilize an electrical/optical transducer optically
coupled to an active area of the system, typically the aperture of a cavity or an effective
aperture formed by a reflection of the cavity. Constructive occlusion type systems utilize
diffusely reflective surfaces, such that the active area exhibits a substantially Lambertian
characteristic. A mask occludes a portion of the active area of the system, in the examples, the
aperture of the cavity or the effective aperture formed by the cavity reflection, in such a manner
as to achieve a desired response or output characteristic for the system. In examples of the
present apparatus using constructive occlusion, an optical integrating cavity might include a
base, a mask and a cavity formed in the base or the mask. The mask would have a reflective

surface. The mask is sized and positioned relative to the active area of the system so as to
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consfructively occlude the active area. At least one of the reflective areas is doped with
phosphors, to provide the desired white light generation from the energy supplied by the energy |
source package. To fully understand applications uﬁlizing constructive occlusion, it may be
helpful at this point to consider some representative examples.

[0078] Fig. 5 is a simplified diagram illustrating a constructive occlusion type
implementation 70 of a lighting system, such as might be used for humanly perceptible
illumination or luminance applications. The elements of the system 70 that form the optical
integrating cavity appear in cross-section in this illustration. In the illustration, the system 70 is
oriented to provide upward illumination. Such a system might be suspended from a ceiling or
canopy or the like, to provide indirect lighting of a room or area below the fixture, that 1s to
say, due to reflection of the white light emissions form the system 70 downward by the ceiling
Oor 'éan()'py or the like. Those skilled in the art will recognize that the designer may choose to
orient the system 70 in different directions, to adapt the system to other illumination or
luminance applications. |

[0079] ~ The lighting system 70 includes a base 73, having or forming a cavity 75, and
one or more adjacent shoulders 77, constructed in a manner similar to the elements forming
reflectors and/or integrating cavities in the earlier examples. In particular, the interior surface
76 forming the cavity 75 is diffusely reflective. The material forming that surface 1s doped to
some depth, represented by the illustrated layer, with one or more phosphors as discussed 1n
relation to the earlier examples. The up-facing surface(s) of shoulder(s) 77 may be reflective,
although they may be specular or diffusely reflective. The perimeter of the cavity 75 forms an
aperture 80.

[0080] - A mask 81 is disposed between the cavity aperture 80 and the field to be
i1lluminated. At least the surface 82 facing toward the aperture 80 is reflective. Although it
may have other types of refelectivity (e.g. specular or quasi-specular), in the example, the
surface 82 is diffusely reflective, and the material forming that surface is doped to some depth
represented by the illustrated layer with one or more phosphors of the type(s) discussed above.
The mask and its reflective surface may be formed of materials similar to those used to form
the base and cavity.

10081] In many constructive occlusion embodiments, the cavity 75 comprises a

substantial segment of a sphere. For example, the cavity may be substantially hemispherical,
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however, this shape is chosen for simplicity of modeling, discussion and illustration. The
shape varies with appl:ication design and is not critical. A variety of other shapes may be used.
In the illustrated hemispherical example, the aperture 80 is circular, and the shoulder 77 forms
a partial ring or a complete ring around the circular aperture 80. Where the cavity has other
shapes, the aperture and the shoulders will vary in shape to conform to the cavity.
[0082] For purposes of constructive occlusion, the base 73 may be considered to have
an active optical area, preferably exhibiting a substantially Lambertian energy distribution. -
Where the cavity 75 is formed in the base, for example, the planar aperture 80 formed by the
rim or perimeter of the cavity 75 forms the active surface with substantially Lambertian
distribution of energy emerging through the aperture.
[0083] The mask 81 constructively occludes a portion of the optically active area of the
base with respect to the field of intended illumination. In the example of Fig. 5, the 6ptically
active area is the aperture 80 of th:e'acavity 75; therefore the mask 81 occludes a substantial
« poﬁion of the aperture 80, includiﬁ’g’thé portion of the aperture on and about the axis of the
mask and cavity system. The surface 82 of the mask 81 facing towards the aperture 80 is
reflective, and in this example, includes phosphor dopants.
10084 ] The relative dimensions of the mask 81 and aperture 80, for example the relative
widths (or diameters or radii in a circular system) as well as the distance of the mask 81 away
from the aperture 80, control the constructive occlusion performance characteristics of the
lighting system 70. Certain combinations of these parameters produce a relatively uniform
emission intensity with respect to angles of emission, over a wide portion of the field of view
about the system axis (vertically upward in Fig. 5), covered principally by the constructive
occlusion. Other combinations of size and height result in a system performance that is
uniform with respect to a wide planar surface perpendicular to the system axis at a fixed
distance from the active area.
[0085] The shoulder 77 also is reflective and therefore deflects at least some light
upward. The shoulder (and side surfaces of the mask) provide additional optical processing of
combined light from the cavity 75. The angle of the shoulder and the reflectivity of the surface
thereof facing toward the region to be illuminated by constructive occlusion also contribute to
the ihtensity distribution over that region. In the illustrated example, the reflective shoulder is

horizontal, although it may be angled somewhat downward or upward from the plane of the
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aperture for particular applications. Although not shown in this example, the reflective
surface(s) of the shoulder may be doped with one or more ﬁhosphors.

[0086] With respect to the energy of different wavelengths, the interior space formed
between the cavity 75 and the facing surface 80 of the mask 81 operates as an optical
integrating cavity, in essentially the same manner as the integrating cavities in the previous
embodiments.

[0087] The system 70 utilizes an energy source package 83, for emitting radiant energy
of a first wavelength into the space between the mask and cavity. Although there may be
multiple sources, as discussed above, for simplicity of illustration and discussion, the system 70
uses a single source 83. The energy source 83 is substantially similar to the source 11 in the
example of Fig. 1. In a simple example of the type shown, the source 83 typically emits blue or
white or ultraviolet radiation. The system 70 may utilize essentially the same type of control
circuit 35 and power source 35, as in several of the earlier examples. |

[0088] In the example, the LED 83 is coupled to emit‘ light directly th;dugh an opening
or passage formed in the mask 81. The positioning _of the lighf entry point-is not critical, and
the LED may be located to emit light directly or ihdirectly (via a lighit pipe or fiber) at any
convenient point on the mask or the base.

10089} In operation, the LED 83 emits radiant energy of a first wavelength mto the
space or cavity formed between the reflective surfaces 76 and 82 The radiant energy from the
LED source package 83 excites the phosphor(s) in one or both of those surfaces to emait visible
light of at least one second wavelength different from the first wavelength. For example, if the
LED emits UV radiation, the phosphor(s) effectively shift the UV energy to visible light
energy. If the LED 81 emits blue light, the phosphors convert some of the blue light to other
visible colors of light. In the integrating volume formed between the surface 76 of the cavity
and the facing surface 80 of the mask, the visible light is diffusely reflected. For many of the
light rays, they are diffused and reflected two or more times within the volume. The repeated
diffuse reflections integrates the light wavelengths to form substantially white light. The
lighting system 70 directs at least the visible light outward via the gap between the perimeter of
the cavity 75 and the edge(s) of the mask 81, so that it can be perceived by the person.

However, the positional and dimensional relationships between the mask and the cavity
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aperture provide the desired distribution of this output light, and if reflective, the shoulder 77
contributes additional portions of the light in desired parts of the illuminated region.

[0090] Figs. 6 and 7 depict another example of a light distributor apparatus or system
90, for projecting integrated multi-wavelength light with tailored intensity distribution, using
phosphor doping of the cavity surfaces. This example combines multiple LED source
packages, including sleeper LEDs, with principles of constructive occlusion. In the cross-
section illustration (Fig. 6), the system 90 i1s oriénted to provide downward illumination. Such
a system might be mounted in or suspended from a ceiling or canopy or the like. Those skilled
in the art will recognize that the designer may choose to orient the system 90 in different
directions, to adapt the system to other illumination applications or to luminance applications.
[0091] The lighting system 90 includes a base 93 having or forming a cavity 95 and
qdjacent shoulders 97 and 99, constructed in a manner similar to the elements forming
- integrating cavities in the earlier examples. In particular, the interior of the cévity 95 is
‘d‘iﬂ;usely reflective, and the down-facing surfaces of shoulders 97 and 99 may be reflective.
Although the shoulder surfaces are reflective, they may be specular or diffusely reflective. A
mask 101 is disposed between the cavity aperture 105 and the field to be illuminated. In this
symmetrical embodiment, the interior wall of a half-cylindrical base 93 forms the cavity;
therefore the aperture 105 is rectangular. The shoulders 97 formed along the sides of the
aperture 105 are rectangular. If the base were circular, with a hemispherical cavity, the
shoulders typically would form a ring that may partially or completely surround the aperture.
[0092] As noted, the interior of the cavity 95 is diffusely reflective and constructed in a
manner similar to the integrating cavities in the earlier examples. For discussion purposes,
assume in this example, that the base 93 is formed of a polypropylene having a 97% reflectivity
and a diffuse reflective characteristic, such as HRP-97, from Ferro Corporation - Specialty
Plastics Group, Filled and Reinforced Plastics Division, in Evansville, IN. The plastic material
is doped with phosphors, from the inner surface 96 of the cavity 95, to form a doped layer 98 as
shown in the cross-sectional view (Fig. 6).

[0093] The phosphor(s) doped into the material of the base 93 to form the layer 98 may
be any of one or more of the phosphors discussed in the earlier examples. As discussed more
below, this example uses one or more UV sources, so at least one phosphor is of a type pumped

by UV radiant energy, typically a blue phosphor such as Sr;P,07. The system also uses one or
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more Blue sources, so the dopants may include at least one phosphor of a type pumped by Blue
radiant energy from the Blue LED(s) and/or from UV pumped phosphor emissions. The Blue
pumped phosphors may be selected from the green-yellow Ce’" doped garnet family (e.g. (Y,
Gd);ALsO12).

[0094] In many constructive occlusion systems, the cavity 95 comprises a substantial -
segment of a sphere. For example, the cavity may be substantially hemispherical, as in earlier
examples. However, the cavity’s shape is not of critical importance. A variety of other shapes
may be used. In the illustrated example (Figs. 6 and 7), the half-cylindrical cavity 95 has a
rectangular aperture, and if extended longitudinally, the rectangular aperture may approach a
nearly linear aperture (slit). Practically any cavity shape is effective, so long as it has a diffuse
reflective inner surface and is doped with the appropriate phosphor materials. A hemisphere or
the illustrated half-cylinder shape is preferred for the ease in modeling for the light output
toward the field of inténded illumination and the attendant ease of manufacture. Also, sharp
corners tend to trap some reflected energy. ané reduce output efficiency. |

[0095] For purposes of constructive occlusion, the base 93 may be considered to have
an active optical area, prefe;ab'ly. exhibitin ¢ a substantially Lambertian energy distribution.
Where the cavity is formed in the base, for example, the planar aperture 105 formed by the rim
or perimeter of the cavity 95 forms the active surface with substantially Lambertian distribution
of energy emerging throﬁgh the aperture. As noted above, the cavity may be formed in the
facing surface of the mask. In such a system, the surface of the base may be a diffusely
reflective surface, therefore the active area on the base would essentially be the mirror image of
the cavity aperture on the base surface, that is to say the area reflecting energy emerging from
the physical aperture of the cavity in the mask.

10096] The mask 101 is disposed between the cavity aperture 105 and the field to be
illuminated. At least the surface 102 facing toward the aperture 80 is reflective. Although it
may have other types of reflectivity (e.g. specular or quasi-specular), in the example, the
surface 102 is diffusely reflective, and the material forming that surface is doped to some depth
represented by the illustrated layer 104 with one or more phosphors of the type(s) discussed
above with regard to the layer 98. The mask 101 and its reflective surface 102 may be formed

of materials similar to those used to form the base and cavity.
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[0097] The mask 101 constructively occludes a portion of the optically active area of
the base 93 with respect to the field of intended illumination. In the example of Fig. 6, the
optically active area is the aperture 105 of the cavity 95; therefore the mask 101 occludes a
substantial portion of the aperture 105 including the portion of the aperture on and about the
axis of the mask and cavity system.

[0098] The relative dimensions of the mask 101 and aperture 105, for example the
relative widths (or diameters or radii in a more circular system) as well as the distance of the
mask away from the aperture 105 control the constructive occlusion. performance
characteristics of the visible lighting system 90. Certain combinations of these parameters
produce a relatively uniform emission intensity with respect to angles of emaission, over a wide
portion pf the field of view about the system axis (vertically downward 1 Fig. 6), covered
principally By the constructive occlusion. Other combina‘gions of size and height result in a
system performance that is uniform with reSpéct to a wide planar surface perpendicular to the
system axis at a fixed distance from the active area, for example on a desktop, floor or wall
illuminated by the system.

[0099] The shoulders 97, 99 also are reflective and therefore deflect at least some light
downward. The shoulders (and side surfaces of the mask) provide additional optical processing
of combined light emerging from the cavity 95 via the gaps between the edges of the mask 101
and the perimeter of the aperture 105. The angles of the shoulders and the reflectivity of the
surfaces thereof facing toward the region to be illuminated by constructive occlusion also
contribute to the intensity distribution over that region. In the illustrated example, the reflective
shoulders are horizontal, although they may be angled somewhat downward from the plane of
the aperture.

[0100] With respect to the energy of different wavelengths, the interior space tormed
between the surface 96 of the cavity 95 and the facing surface 102 of the mask 101 operates as
an optical integrating cavity, in essentially the same manner as the integrating cavities in the
previous examples. In this example, the LEDs provide UV radiant energy as well as visible
light of a number of different colors. The phosphors responsive to the UV energy and the Blue
light generate additional light (e.g. increased Blue light from UV pumping, and green-yellow
light from Blue pumping). The optical cavity combines the visible light of multiple colors
supplied from the visible light LEDs with that produced by the phosphor pumping. The
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constructive occlusion serves to distribute that combined light 1n a desired manner over a field
or area that the system 90 is intended to illuminate, with a tailored Intensity distribution.

[0101] The LEDs 107 could be located at (or coupled by optical fiber to emit light)
from any location or part of the surface of the cavity 95. Preferably, the LED outputs are not
directly visible through the un-occluded portions of the aperture 105 (between the mask and the
edge of the cavity). In examples of the type shown in Figs. 6 and 7, the easiest way to so
posttion the LED outputs is to mount the LEDs 107 (or provide fibers or the like) so as to
supply light to the chamber through openings through the mask 101.

[0102] Fig. 7 also provides an example of an arrangement of the LEDs in which there -
are both active and inactive (sleeper) LEDs of the various types. As shown, the active part of
the array of LEDs 107 includes two Red LEDs (R), one Green LED (G) and one Blue LED (B).
The active part of the array of LEDs 107 .also includes two active UV LEDs. The iﬁiﬁ'a'ﬂy |
inactive part of the array of LEDs 107 inélﬁdes two Red sleeper LEDs (RS), one Green sleeper
LED (GS) and one Blue sleeper LED (B.S.).‘ | Thc nactive part of the array of LEDs 107 also

. 1ncludes two inactive UV LEDs (US). If other wavelength sources are desired, the apparatus

may include an active LED of the other type as well as a sleeper LED of the other type. The
precise number, type, arrangement and mounting technique of the LEDs and the associated
ports through the mask 101 or base 93 are not critical. The number of LEDs, for example, is
chosen to provide a desired level of output energy (intensity) and range of color temperature or
CRI, for a given application.

[0103] The system 90 includes a control circuit 61 and power source 63, similar to
those in the example of Fig. 4a. These elements control the operation and output intensity of
each LED 107. Although the active sources could be controlled in common and the inactive
sources could be controlled in common, in the example, circuit 61 controls the intensities from
the sources of different colors or wavelengths of energy separately and independently. The
individual intensities determine the amount of each color light or energy wavelength introduced
into the integrating cavity 95. The intensity levels of those wavelengths that pump the
phosphor dopants also determine the amount of each type of visible light supplied by the
phosphor dopants. These intensity levels in turn control the amount of each color of visible

light included in the combined output and distributed output.
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[0104] Masks are common in lighting systems, and not all masks necessarily tailor the
- output distribution in accord with principles of constructive occlusion. The present concepts
re'lating to use of phosphor doped external reflectors to generate white light from
semiconductor sources are applicable to such other lighting systems with masks. Consider the
system 110 of Figs. 8 and 9 as a representétive example.

[0105] The system 110 may include one energy source package as in the example of
Fig. 1, for emitting radiant energy of the first wavelength. In the illustrated example of Figs. 8
and 9, the system includes a plurality (e.g. four) energy sources 115, at least one of which emats
the energy of the first wavelength. Typically, one of the sources 115 emits blue or white or
ultraviolet radiation, although others of the sources may emit visible light of different
wavelengths. For discussion purposes, it is assumed that the sources 115 are LEDs, one of
which 1s a UV LED, one is Green, one is Red and one is Blue. Except for the wavelength or
“color of the energy ‘pr.oduced, each source 115 is generally similar and of the general type
discussed above relative to Fig. 2, although other semiconductor devices may be used.

[0106] The system 110 utilizes a reflector 117, located outside the eﬁergy source
packages 115. The reflector 117 has a reflective surface 119 arranged to receive ét least some
radiant energy from the energy source packages 115. In the example, the emitting region of
each source 115 fits into or extends through an aperture in a back section 111 of the reflector
117. The sources 115 may be coupled to the reflector 117 in any Iﬁanner that is convenient
and/or facilitates a particular illumination or luminance application of the system 110, as
discussed above relative to the example of Fig. 1.

[0107] The inner surface 119 of the reflector, at or near the region supporting the LEDs
115 is doped with phosphor of a type pumped by at least one wavelength emitted by the LEDs.
In the example, the surface 119 is diffusely reflective. The surface 120 of the sidewall of the
reflector 117 are reflective with respect to at least visible light. The surface 120 may be
diffusely reflective and doped in a manner similar to the material forming the surface 119, or
the surface 120 may have different reflectivity and different or no doping. Materials for
forming the reflector 117 and the phosphor dopants are similar to those used in the earlier
examples.

[0108] The lighting system 110 uses a second reflector forming a mask 113, positioned

between the energy source packages 115 and a region to be illuminated by the visible light
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from the system, so as to mask view of the energy source package by any person in that region.
Unlike the constructive occlusion examples, the mask 113 is actually within the space or cavity
formed by the first reflector. The base material used to form the reflector 113 may be any
convenient one of the materials discussed above for forming reflectors. The surface 123 facing
toward the source packages 115 is reflective. Although it may have other reflective
characteristics, in the example, the surface 123 is diffusely reflective. At least the surface 123
facing toward the source packages 115 is doped with phosphor of a type pumped by at least one
wavelength emitted by the LEDs, although the phosphor(s) used may differ from the doping in
the material forming the surface 119. Exemplary phosphors that may be used have been
discussed above.

[0109] The system 110 includes a control circuit 61 and power source 63, similar to
those in several of the earlier examples. These elements control the operation and output
intehsity of each LED 115. The individual intensities determine the amount of égch color‘ light
or éh&g& wavelength introduced into the space between the reflectors 113 and 111. The
intensities of those wavelengths that pump the phosphor dopants also determine the amount of
each type of visible light supplied to the integrating space by the phosphor dopants. The
various intensity levels in turn control the amount of the different colors of visible light
included in the combined oufpuf emitted and distributed by the visible lighting system 10,
whether for an illumination application or a luminance application perceptible by one or more
people. «

[0110] The mask 113 serves to control glare from the sources 115 and/or to provide
visual comfort to a person observing the fixture. From many angles, such an observer will not
directly view the bright light sources 115. To maintain fixture efficiency, the mask 113 may be
sized and positioned so as to impact efficiency as little as possible and not significantly affect
field of view (FOV) or light distribution. The diffuse reflection between the surfaces 119 and
123, however, does provide some light integration, and the phosphor pumping of the various
dopants in these surfaces does provide additional wavelengths and/or increases in particular
wavelengths in the combined light output, as in the earlier embodiments.

[0111] The example of Figs. 8 and 9 is a circular example and utilizes relatively flat

reflective surfaces. Those skilled in the art will recognize that the principles of that example
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are applicable to systems of other shapes and configurations and to systems using VaI‘iOUS“
curved reflective surfaces (e.g. hemispherical, semi-cylindrical, parabolic, etc.).

10112] Several of the systems disclosed above utilize two or more phosphors. In two
phosphor examples, a first phosphor is excited by radiant energy of the first wavelength to emit
visible light comprising light energy of the second wavelength. The second phosphor is of a
type different from the first type, so that excitation of the second phosphor causes that dopant
to emit visible light comprising light energy of a third wavelength different from the first and
second wavelengths. A three phosphor implementation would include a third phosphor of yet
another type. Excitation of the third phosphor causes it to emit visible light comprising light
energy of a fourth wavelength different from the first, second and third wavelengths. The
phosphor emissions contribute additional visible light colors over a broad spectrum. As shown
above, these emissions may be supplemented with visible light from additional semicquuctor
sources. System reflections combine the visible. light from the phosphors and/or visible light
sources to produce a desired quality of white light output. | | |
[0113] Those skilled 1n the art will re‘ccognize that the teachings outlined above may be
- modified and expanded in a variety of ways té adapt the disclosed systems to various humanly
perceptible lighﬁng applications. ~ For example, the discussions above assumed that
substantially all radiant energy impacting on an external reflector was either reflected or served
to excite the phosphor dopants fOi‘ reemission in direction(s) similar to diffuse reflections. For
some applications, however, it may be desirable to allow some degree of transmissivity through
the reflector, to provide a diffuse white light emission in another direction or toward another
desired area of intended illumination.

[01014] While the foregoing has described what are considered to be the best mode
and/or other examples, it is understood that various modifications may be made therein and that
the subject matter disclosed herein may be implemented in various forms and examples, and
that they may be applied in numerous applicatioﬁs, only some of which have been described
herein. It is intended by the following claims to claim any and all modifications and variations

that fall within the true scope of the present concepts.
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What is Claimed Is:
1. A lighting system, for emitting visible light 50 as to be humanly perceptible, the

lighting system comprising:

an energy source package, for emitting radiant energy of a first wavelength;

a reflector outside the energy source package, having a reflective surface arranged to |
receive radiant energy from the energy source package;

at least one phosphor doped within the r;ﬂector, such that radiant energy of the first
wavelength from the energy source package excites the at least one phosphor to emit visible
light, comprising visible light energy of at least one second wavelength different from the first
wavelength, |

| wherein'ét-le"ast some of visible light emitted by the at least one phosphor is reflected by

the reflective surface of the reflector, and the lighting system directs at least the visible light

emitted by the at least one phosphor so that it can be perceived by a person.

2. The lighting system of claim 1, wherein the energy source package comprises a
semiconductor device for emitting the radiant energy of the first wavelength and an enclosure

for the semiconductor device.

3. The lighting system of claim 2, wherein the semiconductor device comprises a

light emitting diode for emitting at least some ultraviolet (UV) radiation.

Z3 The lighting system of claim 2, wherein the semiconductor device comprises at

least one light emitting diode for emitting at least some blue light.

5. The lighting system of claim 1, wherein the reflective surface exhibits a diffuse
reflectivity.
6. The lighting system of claim 5, wherein the reflective surface forms an optical

itegrating cavity with an aperture for emission of combined radiant energy.

7. The lighting system of claim 6, further comprising a deflector having an inner

reflective surface coupled to the aperture of the optical integrating cavity.
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8. The lighting system of claim 5, wherein:

the reflective surface forms a diffusely reflective cavity having an aperture; and

the lighting system further comprises a mask outside the cavity, having a reflective
surface facing toward the aperture of the cavity and arranged to occlude a substantial portion of

the aperture.

0. The lighting system of claim 1, further comprising a second reflector positioned
between the energy source package and a region to be illuminated by the visible light from the

system so as to mask view of the energy source package by the person.

10.-  The lighting system of claim 9, further comprising at least one phosphor doped
within the second reflector, such that radiant energy excites the phosphor in. the second

reflector to emit visible light, comprising visible {li;ght energy of a wavelength different from

_ the first wavelength.

- li?. The lighting system of claim 1, wherein the at least one phosphor doped within
the reflector comprises:
a first phosphor of a type which is excited by radiant energy of the ﬁrst wavelength to
emit visible light comprising light energy of the second wavelength; and |
a second phosphor of a type different from the first type, which is excited to emit visible
light comprising light energy of a third wavelength different from the first and second

wavelengths.

12.  The lighting system of claim 11, wherein the at least one phosphor doped within
the reflector further comprises a third phosphor of a type which is excited to emit visible light
comprising light energy of a fourth wavelength different from the first, second and third

wavelengths.

13.  The lighting system of claim 1, wherein:
the energy source package includes a source of blue light; and
the system further comprises a source of visible red light and a source of green light

arranged to emit at least some visible red light and green light for reflection from the reflective

surface of the reflector.
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14.  The lighting system of claim 1, wherein:

the energy source package includes a source of ultraviolet (UV) radiant energy; and

the system further comprises a source of visible red light, a source of green light and a
source of blue light arranged to emit at least some visible red, green and blue light for reflection

from the reflective surface of the reflector.

15. A lighting system, for emitting visible light, the lighting system comprising:

a structure forming an optical integrating cavity comprising a material forming a
diffusely reflective inner surface of the cavity and at least one passage for emission of radiant
energy inte grated by diffuse reflection within the cavity;

a light emitting semiconductor device, coupled for emission of radiant energy of a first
wavelength into the cavity; and

at’least oﬁe phosphof doped into the material forming the diffusely reflective inner " .
surface of the cavity, the at least one phosphor being of a type excited by radiant énergy of the
first wavelength for emission of visible light of at least one second wavelength different from

the first wavelength for reflection and integration within the cavity so as to be included in light

- emitted through the at least one passage.

16.  The lighting system of claim 15, wherein:

the light emitting semiconductor device comprises a light emitting diode (LED) within
an enclosure; and

the reflective inner surface of the cavity is outside the enclosure of the semiconductor

device.

17.  The lighting system of claim 16, wherein the LED comprises a white, blue or
ultraviolet (UV) LED.

18.  The lighting system of claim 15, wherein:

the light emitting semiconductor device comprises a plurality of light emitting diodes
(LEDs);

a first one of the LEDs emits radiant energy of a first character; and

a second one of the LEDs emits radiant energy of a second character, different from the

first character.
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19.  The lighting system of claim 18, wherein:
the radiant energy from the first LED comprises light of a first color; and
the radiant energy from the second LED comprises light of a second color different

from the first color.

20.  The lighting system of claim 19, wherein a third one of the LEDs emits radiant

energy comprising light of a third color different from the first and second colors.

21.  The lighting system of claim 20, wherein at least two of the colors of light are

visible colors.

22.  The lighting system of claim 20, wherein the. sysiem forms a fixture for

illﬁminating an area to be inhabited by a persoh.

23. ..Thé lighting system of claim 20, wherein the system forms a fixture for

providing luminance to be observed by a person.

24.  The lighting system of claim 15, further comprising a substrate for the cavity,
wherein the material forming the diffusely reflective inner surface of the cavity comprises a

coating formed on the substrate.

25.  The lighting system of claim 15, wherein the material forming the diffusely

reflective inner surface of the cavity comprises a substantially white plastic.

26,  The lighting system of claim 15, wherein the structure forming the optical
integrating cavity comprises a base with a diffusely reﬂecﬁve surface and a mask with a
reflective surface facing toward the diffusely reflective surface of the base, wherein at least
portions of the reflective surfaces of the base and the mask form the reflective inner surface of

the optical integrating cavity.

27.  The lighting system of claim 26, wherein the reflective surface of the mask 1s
diffusely reflective.

28.  The lighting system of claim 15, wherein the at least one phosphor doped into

the material forming the diffusely reflective inner surface of the cavity comprises:
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a first phosphor of a type which is excited by radiant energy of the first wavelength to
emit visible light comprising the second wavelength; and

a second phosphor of a type different from the first type, which is excited to emit visible
light of a third wavelength different from the first and second wavelengths.

29.  The lighting system of claim 28, wherein the at least one phosphor doped into
the material forming the diffusely reflective inner surface of the cavity further comprises a third
phosphor of a type which is excited to emit visible light of a fourth wavelength different from

the first, second and third wavelengths.

30. A method of producing substantially white light for an application visible by a
person, the method comprising:

generating light of a first wavelength;

impinging at least a portion of the light of the first wavelength on a diffusely reﬂectifﬁe
surface of a doped material; ) | '. |

exciting a first phosphor within the doped material with a first portion of the light of the
first wavelength impinging on the diffusely reflective surface, so that the first phosphor emits
visible light of a second wavelength different from the first wavelength; |

exciting a second phosphor within the doped material with radiant energy, so that the
second phosphor emits visible light of a third wavelength different from the first and second
wavelengths;

diffusely reflecting at least some of the light of the first wavelength from the diffusely
reflective surface, so as to combine light of the first wavelength with the light of the and second
and third wavelengths to form the substantially white light; and

emitting the substantially white light toward a region intended to be illuminated for the

application visible by the person.

31.  The method of claims 31, wherein the radiant energy exciting the second
phosphor comprises a second portion of the light of the first wavelength impinging on the

diffusely reflective surtace.

32.  The method of claim 31, wherein the radiant energy exciting the second

phosphor comprises radiant energy of a wavelength different from the first wavelength.
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33. A method of producing substantially white light for a humanly perceptible
visible lighting application, the method comprising:

emitting radiant energy of a first wavelength into a space defined by a diffusely
reflective surface; |

impinging at least a portion of the radiant energy of the first wavelength on a phosphor
doped material forming the diffusely reflective surface;

exciting a phosphor within the doped material with a portion of the radiant energy of the

first wavelength impinging on the diffusely reflective surface, so that the first phosphor emits

" radiant energy of one or more second wavelengths different from the first wavelength into the

space,

wherein the radianf’energy wavelengths within the space comprise at least two colors of
visible light;

diffusely reﬂécting at least some of the radiant energy wavelengths of the visible light
from the diffusely reflective surface, so as to combine the at least two colors of visible light and

thereby form the substantially white light; and

emitting the substantially white light toward a region intended to be illuminated for the

humanly perceptible lighting application.

34.  The method of claim 33, wherein the space comprises an optical integrating
cavity, such that the step of diffusely reflecting substantially integrates the at least two colors of

visible light to obtain the substantially white light.
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