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HEAT SINKS AND LAMP INCORPORATING SAME
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October 28, 2009, the entirety of which is incorporated herein by reference.

This application claims the benefit of U.S. Patent Application No. 12/683,886, filed
January 7, 2010, the entirety of which is incorporated herein by reference.

Field of the Inventive Subject Matter

The inventive subject matter relates to the field of general illumination. In some
aspects, the inventive subject matter relates to a lamp that comprises one or more solid state
light emitters and that can be installed in a standard socket, e.g., a socket conventionally used
for installing an incandescent lamp, a fluorescent lamp or any other type of lamp, such as an
Edison socket or a GU-24 socket, for example. In some aspects, the inventive subject matter
relates to such a lamp that is of a size and/or shape that is relatively close to a size and/or
shape of a conventional lamp. In some aspects, the inventive subject matter relates to lamps

that can provide high efficiency and good CRI Ra over long lamp lifetimes.

Background

There is an ongoing effort to develop systems that are more energy-efficient. A large
proportion (some estimates are as high as twenty-five percent) of the electricity generated in
the United States each year goes to lighting, a large portion of which is general illumination
(e.g., downlights, flood lights, spotlights and other general residential or commercial
illumination products). Accordingly, there is an ongoing need to provide lighting that is more
energy-efficient.

Solid state light emitters (e.g., light emitting diodes) are receiving much attention due
to their energy efficiency. It is well known that incandescent light bulbs are very energy-
inefficient light sources — about ninety percent of the electricity they consume is released as

heat rather than light. Fluorescent light bulbs are more efficient than incandescent light bulbs
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(by a factor of about 10) but are still less efficient than solid state light emitters, such as light
emitting diodes.

In addition, as compared to the normal lifetimes of solid state light emitters, e.g., light
emitting diodes, incandescent light bulbs have relatively short lifetimes, i.e., typically about
750-1000 hours. In comparison, light emitting diodes, for example, have typical lifetimes
between 50,000 and 70,000 hours. Fluorescent bulbs have longer lifetimes than incandescent
lights (e.g., fluorescent bulb typically have lifetimes of 10,000 - 20,000 hours), but provide
less favorable color reproduction. The typical lifetime of conventional fixtures is about 20
years, corresponding to a light-producing device usage of at least about 44,000 hours (based
on usage of 6 hours per day for 20 years). Where the light-producing device lifetime of the
light emitter is less than the lifetime of the fixture, the need for periodic change-outs is
presented. The impact of the need to replace light emitters is particularly pronounced where
access is difficult (e.g., vaulted ceilings, bridges, high buildings, highway tunnels) and/or
where change-out costs are extremely high.

General illumination devices are typically rated in terms of their color reproduction.
Color reproduction is typically measured using the Color Rendering Index (CRI Ra). CRI Ra
is a modified average of the relative measurements of how the color rendition of an
illumination system compares to that of a reference radiator when illuminating eight reference
colors, i.e., it is a relative measure of the shift in surface color of an object when lit by a
particular lamp. The CRI Ra equals 100 if the color coordinates of a set of test colors being
illuminated by the illumination system are the same as the coordinates of the same test colors
being irradiated by the reference radiator.

Daylight has a high CRI (Ra of approximately 100), with incandescent bulbs also
being relatively close (Ra greater than 95), and fluorescent lighting being less accurate
(typical Ra of 70-80). Certain types of specialized lighting have very low CRI (e.g., mercury
vapor or sodium lamps have Ra as low as about 40 or even lower). Sodium lights are used,
e.g., to light highways — driver response time, however, significantly decreases with lower
CRI Ra values (for any given brightness, legibility decreases with lower CRI Ra).

The color of visible light output by a light emitter, and/or the color of blended visible
light output by a plurality of light emitters can be represented on either the 1931 CIE
(Commission International de I'Eclairage) Chromaticity Diagram or the 1976 CIE
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Chromaticity Diagram. Persons of skill in the art are familiar with these diagrams, and these
diagrams are readily available (e.g., by searching “CIE Chromaticity Diagram” on the
internet).

The CIE Chromaticity Diagrams map out fhe human color perception in terms of two
CIE parameters x and y (in the case of the 1931 diagram) or v’ and v’ (in the case of the 1976
diagram). Each point (i.e., each “color point™) on the respective Diagrams corresponds to a
particular color. For a technical description of CIE chromaticity diagrams, see, for example,
"Encyclopedia of Physical Science and Technology", vol. 7, 230-231 (Robert A Meyers ed.,
1987). The spectral colors are distributed around the boundary of the outlined space, which
includes all of the hues perceived by the human eye. The boundary represents maximum

_saturation for the spectral colors.

The 1931 CIE Chromaticity Diagram can be used to define colors as weighted sums of
different hues. The 1976 CIE Chromaticity Diagram is similar to the 1931 Diagram, except
that similar distances on the 1976 Diagram represent similar perceived differences in color.

In the 1931 Diagram, deviation from a point on the Diagram (i.e., “color point™) can
be expressed either in terms of the X, y coordinates or, alternatively, in order to give an
indication as to the extent of the perceived difference in color, in terms of MacAdam ellipses.
For example, a locus of points defined as being ten MacAdam ellipses from a specified hue
defined by a particular set of coordinates on the 1931 Diagram consists of hues that would
each be perceived as differing from the specified hue to a common extent (and likewise for
loci of points defined as being spaced from a particular hue by other quantities of MacAdam
ellipses).

Since similar distances on the 1976 Diagram represent similar perceived differences
in color, deviation from a point on the 1976 Diagram can be expressed in terms of the
coordinates, u’ and v°, e.g., distance from the point = (Au’? + Av’?)”. This formula gives a
value, in the scale of the u’ v’ coordinates, corresponding to the distance between points. The
hues defined by a locus of points that are each a common distance from a specified color
point consist of hues that would each be perceived as differing from the specified hue to a
common extent.

A series of points that is commonly represented on the CIE Diagrams is referre(‘i to as

the blackbody locus. The chromaticity coordinates (i.e., color points) that lie along the
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blackbody locus obey Planck's equation: E(A)=A A~/(e®™-1), where E is the emission
intensity, A is the emission wavelength, T is the color temperature of the blackbody and A
and B are constants. The 1976 CIE Diagram includes temperature listings along the
blackbody locus. These temperature listings show the color path of a blackbody radiator that
is caused to increase to such temperatures. As a heated object becomes incandescent, it first
glows reddish, then yellowish, then white, and finally blueish. This occurs because the
wavelength associated with the peak radiation of the blackbody radiator becomes
progressively shorter with increased temperature, consistent with the Wien Displacement
Law. Illuminants that produce light that is on or near the blackbody locus can thus be
described in terms of their color temperature.

The most common type of general illumination is white light (or near white light), i.e.,
light that is close to the blackbody locus, e.g., within about 10 MacAdam ellipses of the
blackbody locus on a 1931 CIE Chromaticity Diagram. Light with such proximity to the
blackbody locus is referred to as “white” light in terms of its illumination, even though some
light that is within 10 MacAdam ellipses of the blackbody locus is tinted to some degree, e.g.,
light from incandescent bulbs is called “white” even though it sometimes has a golden or
reddish tint; also, if the light having a correlated color temperature of 1500 K or less is
excluded, the very red light along the blackbody locus is excluded.

The emission spectrum of any particular light emitting diode is fypically concentrated
around a single wavelength (as dictated by the light emitting diode's composition and
structure), which is desirable for some applications, but not desirable for others, (e.g., for
providing general illumination, such an emission spectrum provides a very low CRI Ra).

Because light that is perceived as white is necessarily a blend of light of two or more
colors (or wavelengths), no single light emitting diode junction has been developed that can
produce white light.

“White” solid state light emitting lamps have been produced by providing devices that
mix different colors of light, e.g., by using light emitting diodes that emit light of differing
respective colors and/or by converting some or all of the light emitted from the light emitting
diodes using luminescent material. For example, as is well known, some lamps (referred to
as “RGB lamps™) use red, green and blue light emitting diodes, and other lamps use (1) one or

more light emitting diodes that generate blue light and (2) luminescent material (e.g., one or
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more phosphor materials) that emits yellow light in response to excitation by light emitted by
the light emitting diode, whereby the blue light and the yellow light, when mixed, produce
light that is perceived as white light. While there is a need for more efficient white lighting,
there is in general a need for more efficient lighting in all hues.

LEDs are increasingly being used in lighting/illumination applications, such as traffic
signals, color wall wash lighting, backlights, displays and general illumination, with one
ultimate goal being a replacement for the ubiquitous incandescent light bulb. In order to
provide a broad spectrum light source, such as a white light source, from a relatively narrow
spectrum light source, such as an LED, the relatively narrow spectrum of the LED may be
shifted and/or spread in wavelength. '

For example, a white LED may be formed by coating a blue emitting LED with an
encapsulant material, such as a resin or silicon, that includes therein a wavelength conversion
material, such as a YAG:Ce phosphor, that emits yellow light in response to stimulation with
blue light. Some, but not all, of the blue light that is emitted by the LED is absorbed by the
phosphor, causing the phosphor to emit yellow light. The blue light emitted by the LED that
is not absorbed by the phosphor combines with the yellow light emitted by the phosphor, to
produce light that is perceived as white by an observer. Other combinations also may be
used. For example, a red emitting phosphor can be mixed with the yellow phosphor to
produce light having better color temperature and/or better color rendering properties.
Alternatively, one or more red LEDs may be used to supplement the light emitted by the
yellow phosphor-coated blue LED. In other alternatives, separate red, green and blue LEDs
may be used. Moreover, infrared (IR) or ultraviolet (UV) LEDs may be used. Finally, any or
all of these combinations may be used to produce colors other than white.

LED lighting systems can offer a long operational lifetime relative to conventional
incandescent and fluorescent bulbs. LED lighting system lifetime is typically measured by an
"L70 lifetime", i.e., a number of operational hours in which the light output of the LED
lighting system does not degrade by more than 30%. Typically, an L70 lifetime of at least
25,000 hours is desirable, and has become a standard design goal. As used herein, L70
lifetime is defined by Illuminating Engineering Society Standard LM-80-08, entitled "IES
Approved Method for Measuring Lumen Maintenance of LED Light Sources", September 22,
2008, ISBN No. 978-0-87995-227-3, also referred to herein as "LM-80", the disclosure of
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which is hereby incorporated herein by reference in its entirety as if set forth fully herein.

LED:s also may be energy efficient, so as to satisfy ENERGY STAR® program
requirements. ENERGY STAR program requirements for LEDs are defined in "ENERGY
STAR® Program Requirements for Solid State Lighting Luminaires, Eligibility Criteria -
Version 1.1", Final: 12/19/08, the disclosure of which is hereby incorporated herein by
reference in its entirety as if set forth fully herein.

Heat is a major concern in obtaining a desirable operational lifetime. As is well
known, an LED also generates considerable heat during the generation of light. The heat is
generally measured by a "junction temperature", i.e., the temperature of the semiconductor
junction of the LED. In order to provide an acceptable lifetime, for example, an L70 of at
least 25,000 hours, it is desirable to ensure that the junction temperature should not be above
85°C. In order to ensure a junction tempefature that is not above 85°C, various heat sinking
schemes have been developed to dissipate at least some of the heat that is generated by the
LED. See, for example, Application Note: CLD-AP06.006, entitled Cree® XLamp® XR
Family & 4550 LED Reliability, published at cree.com/xlamp, September 2008.

In order to encourage development and deployment of highly energy efficient solid
state lighting (SSL) products to replace several of the most common lighting products
currently used in the United States, including 60-Watt A19 incandescent and PAR 38 halogen
incandescent lamps, the Bright Tomorrow Lighting Competition (L Prize™) has been
authorized in the Energy Independence and Security Act of 2007 (EISA). The L Prize is
described in "Bright Tomorrow Lighting Competition (L Prize™)", May 28, 2008, Document
No. 08NT006643, the disclosure of which is hereby incorporated herein by reference in its
entirety as if set forth fully herein. The L Prize winner must conform to many product
requirements including light output, wattage, color rendering index, correlated color
temperature, expected lifetime, dimensions and base type.

One of the most common incandescent lamps in use today is the "A lamp” (often
simply referred to as a “household light bulb”), which is widely employed in the United
States.

Fig. 1 shows an example of an A lamp incandescent bulb 100, a Philips 75 Watt (W)
120 volt (V) A 19 medium screw (E26) base frosted incandescent, having part number
PL.234153. Bulb 100 has a screw base 102 for screwing into a 120V lighting fixture and
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sealed glass bulb 104. Bulb 100 also has a nominal height, h, of 4.1 inches and a nominal
width, w, of 2.4 inches. The upper portion of bulb 100 is generally hemispherical and the
lower portion necks down to the screw base 102. In Europe and elsewhere, other standard
incandescent bulb mounting arrangements are employed. In general, incandescent lamps are
among the least energy efficient designs in use. A typical Philips bulb provides 1100 lumens
using 75 Watts of energy or 14.67 lumens per Watt. As a result, some jurisdictions are
mandating the phase out of such bulbs, and many consumers are beginning to phase out their
use on their own.

Compact fluorescent lamps have been developed as retrofit replacement bulbs for use
in standard incandescent sockets. Although they are typically more efficient, these
fluorescent lamps present their own issues, such as environmental concerns related to the
mercury employed therein, and in some cases questions of reliability and lifetime.

Fig. 2 shows an example of a compact fluorescent bulb 200 employing a GU-24 lamp
base 202.. GU describes the pin shape and 24 the spacing of the pins, which is 24 mm in a
GU-24 lamp. Pins 204 and 206 in base 202 are inserted into a socket such as socket 210 of
Fig. 2 and then the device can be twisted to lock bulb 200 in place. Power is connected to
base 210 by electrical wiring 214.

A number of light emitting diode (LED) based A lamp replacement products have
been introduced to the market. Fig. 3 illustrates an exploded view of a Topco Technologies
Corp. LED Lamp 300 having a lamp housing 310 comprising screw in plug 302, first cap 304,
second cap 306, and lampshade 308. Lamp 300 also includes LED light source 320, heat sink
330, and control circuit 340 . In another embodiment, a cooling fan can be employed.
Further details of lamp 300 are found in U.S. Patent Application Publication No.
2009/0046473A1 which is incorporated by reference herein in its entirety. Such products
typically utilize some sort of upper hemisphere shaped body for emitting light at the top of the
lamp. A lower or bottom portion of the lamp, the portion which transitions to the neck and

screw base, is utilized for thermal management and to enclose the power supply.

Brief Summary of the Inventive Subject Matter

There is therefore a need for high efficiency solid-state light sources that combine the

efficiency and long life of solid state light emitters with an acceptable color temperature and
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good color rendering index, good contrast, a wide gamut and simple control circuitry.

Accordingly, for these and other reasons, efforts have been ongoing to develop ways
by which solid state light emitters, which may or may not include luminescent material(s),
can be used in place of incandescent lights, fluorescent lights and other light-generating
devices in a wide variety of applications.

It would be especially desirable to provide a lamp that comprises one or more solid
state light emitters (and in which some or all of the light produced by the lamp is generated by
solid state light emitters), where the lamp can be easily substituted (i.e., retrofitted or used in
place of initially) for a conventional lamp (e.g., an incandescent lamp, a fluorescent lamp or
other conventional types of lamps, including lamps that include solid state light emitters).
For example, it would be desirable to provide a lamp (that comprises one or more solid state
light emitters) that can be engaged with the same socket that the conventional lamp is
engaged (a representative example of retrofitting being simply unscrewing an incandescent
lamp from an Edison socket and threading in the Edison socket, in place of the incandescent
lamp, a lamp that comprises one or more solid state light emitters). In some aspects of the
present inventive subject matter, such lamps are provided.

A challenge with solid state light emitters is that many solid state light emitters do not
operate as well as possible when they are subjected to elevated temperatures. For example,
many light emitting diode light sources have average operating lifetimes of decades (as
opposed to just months or 1-2 years for many incandescent bulbs), but some light emitting
diodes’ lifetimes can be significantly shortened if they are operated at elevated temperatures.
A common manufacturer recommendation is that the junction temperature of a light emitting
diode should not exceed 70 degrees C if a long lifetime is desired.

In addition, the intensity of light emitted from some solid state light emitters varies
based on ambient temperature, and the variance in intensity resulting from changes in
ambient temperature can be more pronounced for solid state light emitters that emit light of
one color than for solid state light emitters that emit light of another color. For example, light
emitting diodes that emit red light often have a very strong temperature dependence (e.g.,
AllnGaP light emitting diodes can reduce in optical output by ~ 20 % when heated up by ~ 40
degrees C, that is, approximately -0.5 % per degree C; and blue InGaN + YAG:Ce light
emitting diodes can reduce by about -0.15 % / degree C).
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In many instances where lighting devices include solid state light emitters as light
sources (e.g., general illumination devices that emit white light in which the light sources
consist of light emitting diodes), a plurality of solid state light emitters are provided that emit
light of different colors which, when mixed, are perceived as the desired color for the output
light (e.g., white or near-white).

As noted above, the intensity of light emitted by many solid state light emitters, when
supplied with a given current, can vary as a result of temperature change. The desire to
maintain a relatively stable color of light output is therefore an important reason to try to
reduce temperature variation of solid state light emitters.

In accordance with the present inventive subject matter, there are provided solid state
light emitter lamps, i.e., lamps that comprise one or more solid state light emitters (and in
some embodiments, lamps in which all or substantially all of the light generated by the lamp
is generated by one or more solid state light emitters).

In some aspects of the present inventive subject matter, there are provided solid state
light emitter lamps that provide good efficiency and that are within the size and shape
constraints of the lamp for which the solid state light emitter lamp is a replacement. In some
embodiments of this type, there are provided solid state light emitter lamps that provide
lumen output of at least 600 lumens, and in some embodiments at least 750 lumens, at least
900 lumens, at least 1000 lumens, at least 1100 lumens, at least 1200 lumens, at least 1300
lumens, at least 1400 lumens, at least 1500 lumens, at least 1600 lumens, at least 1700
lumens, at least 1800 lumens (or in some cases at least even higher lumen outputs), and/or
CRI Ra of at least 70, and in some embodimgnts at least 80, at least 85, at least 90 or at least
95).

In some aspects of the present inventive subject matter, which can include or not
include any of the features described elsewhere herein, there are provided solid state light
emitter lamps that provide sufficient lumen output (to be useful as a replacement for a
conventional lamp), that provide good efficiency and that are within the size and shape
constraints of the lamp for which the solid state light emitter lamp is a replacement. In some
cases, “sufficient lumen output™ means at least 75% of the lumen output of the lamp for
which the solid state light emitter lamp is a replacement, and in some cases, at least 85%,

90%, 95%, 100%, 105%, 110%, 115%, 120% or 125% of the lumen output of the lamp for
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which the solid state light emitter lamp is a replacement.

In some aspects of the present inventive subject matter, which can include or not
include any of the features described elsewhere herein, there are provided solid state light
emitter lamps that provide good heat dissipation (e.g., in some embodiments, sufficient that
the solid state light emitter lamp can continue to provide at least 70% of its initial wall plug
efficiency for at least 25,000 hours of operation of the lamp, and in some cases for at least
35,000 hours or 50,000 hours of operation of the lamp).

In some aspects of the present inventive subject matter, which can include or not
include any of the features described elsewhere herein, there are provided solid state light
emitter lamps that achieve good CRI Ra.

In some aspects of the present inventive subject matter, which can include or not
include any of the features described elsewhere herein, there are provided solid state light
emitter lamps that emit light in a desired range of directions, e.g., substantially
omnidirectionally or in some other desired pattern.

In accordance with an aspect of the present inventive subject matter, there is provided
an A lamp that comprises at least a first solid state light emitter.

In accordance with another aspect of the present inventive subject matter, there is
provided a lamp that comprises at least a first solid state light emitter and a power supply.

In accordance with another aspect of the present inventive subject matter, there is
provided a lamp that comprises at least a first solid state light emitter and at least a first heat
dissipation element.

In accordance with a first aspect of the present inventive subject matter, there is
provided a lamp that comprises at least a first solid state light emitter, the lamp being an A
lamp and providing a wall plug efficiency of at least 90 lumens per Watt. In some
embodiments, the lamp provides a wall plug efficiency of at least 95 lumens per Watt, and in
some embodiments, the lamp provides a wall plug efficiency of at least 100 lumens per Watt
or at least 104 lumens per Watt.

In accordance with a second aspect of the present inventive subject matter, there is
provided a lamp that comprises at least a first solid state light emitter and a power supply, the
first solid state light emitter being mounted on a heat dissipation element, the power supply

being electrically connected to the first solid state light emitter so that when line voltage is

10
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supplied to the power supply, the power supply feeds current to the first solid state light
emitter, and the heat dissipation element being spaced from the power supply.

In accordance with a third aspect of the present inventive subject matter, there is
provided a lamp that comprises at least a first solid state light emitter and at least a first heat
diséipation element that comprises at least one dissipation region sidewall that defines at least
one heat dissipation chamber, the first solid state light emitter being thermally coupled to the
first heat dissipation element, the heat dissipation chamber having at least a first inlet opening
and at least a first outlet opening, whereby an ambient medium can enter the first inlet
opening, pass through the heat dissipation chamber and exit the first outlet opening.

In accordance with a fourth aspect of the present inventive subject matter, there is
provided a lamp that comprises at least one light transmissive housing, at least one solid state
light emitter mounted within the light transmissive housing and at least a first heat dissipation
element thermally coupled to the at least one solid state emitter, the first heat dissipation
element comprising at least one heat dissipation chamber. In such lamps, the heat dissipation
chamber passes through at least a portion of the light transmissive housing and comprises at
least a first opening and at least a second opening, whereby an ambient medium flows
through the heat dissipation chamber.

Some embodiments of the present inventive subject matter provide a solid state lamp
(i.e., a lamp that comprises one or more solid state light emitters) that includes at least two
solid state light emitters. In such embodiments, the at least two solid state light emitters can
be disposed so that a primary axis of a light output of one of the at least two light emitters is
in a direction in which the other (or others) of the at least two solid state light emitters directs
no light. In some embodiments, a heat sink can be disposed between at least two light
emitters, and the heat sink can define a space (between the at least two light emitters) that is
exposed to an environment for heat rejection.

The expression “primary axis”, as used herein in connection with light output from
one or more light emitters, means an axis of the light emission from the light emitter, a
direction of maximum intensity of light emission, or a mean direction of light emission (in
other words, if the maximum intensity is in a first direction, but an intensity in a second
direction ten degrees to one side of the first direction is larger than an intensity in a third

direction ten degrees to an opposite side of the first direction, the mean intensity would be
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moved somewhat toward the second direction as a result of the intensities in the second
direction and the third direction).

In some embodiments, which may include or not include any other feature described
herein, a solid state lamp can include at least one lens disposed opposite a heat sink from at
least one of at least two solid state light emitters. The heat sink and the lens can define at
least one cavity in which the solid state light emitter(s) is/are disposed. A reflector can be
provided in the at least one cavity. The solid state lamp may further include a diffuser
associated with the at least one cavity to diffuse light from the solid state light emitter(s).

In some embodiments, which may include or not include any other feature described
herein, a heat sink can be provided which comprises a substantially hollow structure having
fins disposed therein, at least one of the solid state light emitters (e.g., all of them) emitting
light in a direction away from the hollow portion of the heat sink.

In some embodiments, which may include or not include any other feature described
herein, a lamp can be provided which is contained within the envelope of an A lamp (i.e.,
which meets the dimensional constraints for a lamp to be characterized as an A lamp).

In some embodiments, which may include or not include any other feature described
herein, the lamp may have a correlated color temperature of greater than 2500 K and less than
4500 K, the lamp may have a CRI Ra of 90 or greater, and/or the lamp may have a lumen
output of about 600 Iumens or greater (or at least 700 lumens, 800 lumens, 900 lumens, 1000
lumens, 1100 lumens, 1200 lumens, 1300 lumens, 1400 lumens, 1500 lumens, 1600 lumens,
1700 lumens, 1800 lumens, or, in some embodiments, even more).

In some embodiments, which may include or not include any other feature described
herein, the lamp may have a light output of from about 0° to about 150° axially symmetric.

Some embodiments of the present inventive subject matter provide a solid state lamp
that includes a lower portion having an electrical contact and an upper portion that includes a
heat sink comprising a plurality of outwardly facing mounting surfaces, each mounting face
having a plurality of inwardly extending fins extending from a rear surface. In such
embodiments, the plurality of outwardly facing mounting surfaces and inwardly extending
fins define a central opening extending from the bottom to the top of the heat sink, light
emitting diodes are supported by the exterior faces of the heat sink and at least one lens is

provided associated with the light emitting diodes. In such embodiments, a stand connects
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the lower portion and the upper portion in a spaced relationship so as to allow air flow
between the upper portion and the lower portion. In some embodiments, an electrical contact
can comprise an Edison screw contact, a GU24 contact or a bayonet contact. The upper
portion may have a form factor substantially corresponding to an A lamp. The lamp may
provide at least about 600 lumens while dissipating at least about 6 W of heat (using only
passive heat dissipation, or using active heat dissipation (optionally along with one or more of
the passive heat dissipation features described herein)). Driver circuitry may also be disposed
within the lower portion to provide a self-ballasted lamp.

In some embodiments of the present inventive subject matter, there is provided a heat
sink for a solid state lighting device, the heat sink including a main body section that defines
a central opening extending longitudinally along the main body section. In such
embodiments, the main body section can have at least one outwardly facing mounting surface
configured to mount a solid stafe light emitter, and at least one inwardly extending fin can
extend from the main body section into the central opening.

In some embodiments, a plurality of outwardly facing mounting surfaces can be
provided, and a plurality of inwardly extending fins can also be provided. In some of such
embodiments, an outer profile of the heat sink fits within the profile of an A lamp.

The inventive subject matter may be more fully understood with reference to the
accompanying drawings and the following detailed description of the inventive subject

matter.

Brief Description of the Drawing Figures

Fig. 1 shows an example of an incandescent light bulb;

Fig. 2 shows an example of a compact fluorescent light bulb;

Fig. 3 shows an example of an LED lamp;

Fig. 4 is a top perspective view of a solid state lamp in accordance with the present
inventive subject matter;

Fig. 5 is a bottom perspective of the compact solid state lamp of Fig. 4;

Fig. 6 is an exploded view of the compact solid state lamp of Fig. 4;

Figs. 7A, 7B and 7C are bottom, side and top views of the compact solid state lamp of
Fig. 4, respectively;
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Figs. 8A and 8B are cross-sectional views of the compact solid state lamp of Fig. 4
along section lines A-A and B-B of Fig 7A, respectively;

Figs. 9A and 9B illustrate two alternative variations of heat sink fin configurations;

Fig. 10 is a perspective view of a heat sink having the fin configuration of Fig. 9A;

Fig. 11 is a thermal plot for a simulation of a solid state lamp employing a heat sink in
accordance with the present inventive subject matter;

Fig. 12 is a flow-line plot for the simulation addressed by Fig. 11;

Fig. 13 is a view of portions of the exterior and portions of the interior of a solid state
lamp according to some embodiments of the present inventive subject matter;

Fig. 14 is a front view of an exterior of the solid state lamp of Fig. 13; and

Fig. 15 is a cross-sectional view of the solid state lamp of Fig. 13.

Fig. 16 illustrates another lamp in accordance with the present inventive subject
matter.

Fig. 17 illustrates another lamp in accordance with the present inventive subject
matter.

Fig. 18 illustrates a layout for solid state light emitters in the lémps depicted in Figs.
16 and 17.

Fig. 19 depicts a layout for LEDs on the front and back sides of the embodiment
described in Example 2, and Fig. 20 depicts a layout for LEDs on the right and left sides of
that embodiment.

Figs. 21 and 22 illustrate a heat sink fin configurations for the lamp of Example 2.

Fig. 23 depicts another example of a suitable embodiment of a heat sink arrangement
according to the present inventive subject matter.

Fig. 24 depicts another example of a suitable embodiment of a heat sink arrangement
according to the present inventive subject matter.

Fig. 25 depicts another solid state lamp 40 according to the present inventive subject
matter.

Fig. 26 depicts another solid state lamp 50 according to the present inventive subject
matter.

Fig. 27 depicts another solid state lamp 60 according to the present inventive subject

matter.
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Fig. 28 is a front elevation view of another solid state lamp 70 according to the
present inventive subject matter.

Fig. 29 is a sectional view of the solid state lamp 70 depicted in Fig. 28.

Fig. 30 is a sectional view of a first lens 80 and a second lens 81.

Fig. 31 is a sectional view of a first lens 84 and a second lens §85.

Fig. 32 is a front elevation view of another solid state lamp 110 according to the
present inventive subject matter.

Fig. 33 is a sectional view of the solid state lamp 110 depicted in Fig. 32.

Fig. 34 is a sectional view taken along plane 34-34 in Fig. 32.

Fig. 35 is a perspective view of the solid state lamp 110 depicted in Fig. 32..

Fig. 36 is a sectional view of another solid state lamp 130 according to the present
inventive subject matter.

Fig. 37 is a sectional view of another solid state lamp 140 according to the present

inventive subject matter.

Detailed Description of the Inventive Subject Matter

Embodiments of the present inventive subject matter now will be described more fully
hereinafter with reference to the accompanying drawings, in which embodiments of the
present inventive subject matter are shown. This present inventive subject matter may,
however, be embodied in many different forms and should not be construed as being limited
to the embodiments set forth herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully convey the scope of the present
inventive subj ect ﬁxatter to those skilled in the art. Like numbers refer to like elements
throughout.

As used herein the term "and/or" includes any and all combinations of one or more of
the associated listed items. All numerical quantities described herein are approximate and
should not be deemed to be exact unless so stated.

Although the terms “first”, “second”, etc. may be used herein to describe various
elements, components, regions, layers, sections and/or parameters, these elements,
components, regions, layers, sections and/or parameters should not be limited by these terms.

These terms are only used to distinguish one element, component, region, layer or section
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from another region, layer or section. Thus, a first element, component, region, layer or
section discussed below could be termed a second element, component, region, layer or
section without departing from the teachings of the present inventive subject matter.

It will be understood that when a first element such as a layer, region or substrate is
referred to as being "on" a second element, or extending "onto" a second element, or being
“mounted on” a second element, the first element can be directly on or extend directly onto
the second element, or can be separated from the second element structure by one or more
intervening structures (each side, or opposite sides, of which is/are in contact with the first
element, the second element or one of the intervening structures). In contrast, when an
element is referred to as being "directly on" or extending "directly onto" another element,
there are no intervening elements present. It will also be understood that when an element is
referred to as being "connected" or "coupled" to another element, it can be directly connected
or coupled to the other element or intervening elements may be present. In contrast, when an
element is referred to as being "directly connected" or "directly coupled" to another element,
there are no intervening elements present. In addition, a statement that a first element is “on”
a second element is synonymous with a statement that the second element is “on” the first
element.

% 1

Relative terms, such as "lower", "bottom", “below”,

"o

upper", "top", “above,”
“horizontal” or “vertical” may be used herein to describe one element's relationship to another
elements as illustrated in the Figures. Such relative terms are intended to encompass different
orientations of the device in addition to the orientation depicted in the Figures. For example,
if the device in the Figures is turned over, elements described as being on the "lower" side of
other elements would then be oriented on "upper" sides of the other elements. The exemplary
term "lower", can therefore, encompass both an orientation of "lower" and "upper,"
depending on the particular orientation of the figure. Similarly, if the device in one of the
figures is turned over, elements described as "below" or "beneath" other elements would then
be oriented "above" the other elements. The exemplary terms "below"‘ or "beneath" can,
therefore, encompass both an orientation of above and below.

The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the present inventive subject matter. Asused

herein, the singular forms "a", "an" and "the" are intended to include the plural forms as well,
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unless the context clearly indicates otherwise. It will be further understood that the terms
"comprises" "comprising," "includes" and/or "including" when used herein, specify the
presence of stated features, integers, steps, operations, elements, and/or components, buf do
not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

The expression “illumination” (or “illuminated™), as used herein when referring to a
light source, means that at least some current is being supplied to the light source to cause the
light source to emit at least some electromagnetic radiation (e.g., visible light). The
expression “illuminated” encompasses situations where the light source emits
electromagnetic radiation continuously, or intermittently at a rate such that a human eye
would perceive it as emitting electromagnetic radiation continuously or intermittently, or
where a plurality of light sources of the same color or different colors are emitting
electromagnetic radiation intermittently and/or alternatingly (with or without overlap in “on”
times), e.g., in such a way that a human eye would perceive them as emitting light
continuously or intermittently (and, in some cases where different colors are emitted, as
separate colors or as a mixture of those colors).

The expression “excited”, as used herein when referring to luminescent material,
means that at least some electromagnetic radiation (e.g., visible light, UV light or infrared
light) is contacting the luminescent material, causing the luminescent material to emit at least
some light. The expression “excited” encompasses situations where the luminescent material
emits light continuously, or intermittently at a rate such that a human eye would perceive it as
emitting light continuously or intermittently, or where a plurality of luminescent materials
that emit light of the same color or different colors are emitting light intermittently and/or
alternatingly (with or without overlap in “on” times) in such a way that a human eye would
perceive them as emitting light continuously or intermittently (and, in some cases where
different colors are emitted, as a mixture of those colors).

The present inventive subject matter further relates to an illuminated enclosure (the
volume of which can be illuminated uniformly or non-uniformly), comprising an enclosed
space and at least one lamp according to the present inventive subject matter, wherein the
lamp illuminates at least a portion of the enclosed space (uniformly or non-uniformly).

As noted above, some embodiments of the present inventive subject matter comprise
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at least a first power line, and some embodiments of the present inventive subject matter are
directed to a structure comprising a surface and at least one lamp corresponding to any
embodiment of a lamp according to the present inventive subject matter as described herein,
wherein if current is supplied to the first power line, and/or if at least one solid state light
emitter in the lamp is illuminated, the lamp would illuminate at least a portion of the surface.

The present inventive subject matter is further directed to an illuminated area,
comprising at least one item, e.g., selected from among the group consisting of a structure, a
swimming pool or spa, a room, a warehouse, an indicator, a road, a parking lot, a vehicle,
signage, €.g., road signs, a billboard, a ship, a toy, a mirror, a vessel, an electronic device, a
boat, an aircraft, a stadium, a computer, a remote audio device, a remote video device, a cell
phone, a tree, a window, an LCD display, a cave, a tunnel, a yard, a lamppost, etc., having
mounted therein or thereon at least one lamp as described herein.

A statement herein that two components in a device are “electrically connected,”
means that there are no components electrically between the components that affect the
function or functions provided by the device. For example, two components can be referred
to as being electrically connected, even though they may have a small resistor between them
which does not materially affect the function or functions provided by the device (indeed, a
wire connecting two components can be thought of as a small resistor); likewise, two
components can be referred to as being electrically connected, even though they may have an
additional electrical component between them which allows the device to perform an
additional function, while not materially affecting the function or functions provided by a
device which is identical except for not including the additional component; similarly, two
components which are directly connected to each other, or which are directly connected to
opposite ends of a wire or a trace on a circuit board, are electrically connected. A statement
herein that two components in a device are “electrically connected” is distinguishable from a
statement that the two components are “directly electrically connected”, which means that
there are no components electrically between the two components.

The expression “thermally coupled”, as used herein, means that heat transfer occurs
between (or among) the two (or more) items that are thermally coupled. Such heat transfer
encompasses any and all types of heat transfer, regardless of how the heat is transferred

between or among the items. That is, the heat transfer between (or among) items can be by
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conduction, convection, radiation, or any combinations thereof, and can be directly from one
of the items to the other, or indirectly through one or more intervening elements or spaces
(which can be solid, liquid and/or gaseous) of any shape, size and composition. The
expression “thermally coupled” encompasses structures that are “adjacent” (as defined herein)
to one another. In some situations / embodiments, the majority of the heat transferred from
the light source is transferred by conduction; in other situations / embodiments, the majority
of the heat that is transferred from the light source is transferred by convection; and in some
situations / embodiments, the majority of the heat that is transferred from the light source is
transferred by a combination of conduction and convection.

The expression “substantially transparent™, as used herein, means that the structure
which is characterized as being substantially transparent allows passage of at least 90 % of
incident visible light.

The expression “’substantially translucent”, as used herein, means that at least 95% of
the structure which is characterized as being substantially translucent allows passage of at
least some light.

Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art to
which this present inventive subject matter belongs. It will be further understood that terms
used herein should be interpreted as having a meaning that is consistent with their meaning in
the context of this specification and the relevant art and will not be interpreted in an idealized
or overly formal sense unless expressly so defined herein.

As noted above, in a first aspect, the present inventive subject matter provides a lamp
that comprises at least a first solid state light emitter, the lamp being an A lamp and providing
a wall plug efficiency of at least 90 lumens per Watt. In some embodiments, the present
inventive subject matter provides a lamp that has a wall plug efficiency of at least 100 lumens
per Watt. In some embodiments, the present inventive subject matter provides a lamp that
has a wall plug efficiency of at least 104 lumens per Watt.

An infinite number of varieties of lamps can be provided that fall within the definition
of A lamps. For example, a number of different varieties of conventional A lamps exist and
include those identified as A 15 lamps, A 17 lamps, A 19 lamps, A 21 lamps and A 23 lamps.

The expression “A lamp” as used herein includes any lamp that satisfies the dimensional
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characteristics for A lamps as defined in ANSI C78.20-2003, including the conventional A
lamps identified in the preceding sentence. The lamps according to the present inventive
subject matter can satisfy (or not satisfy) any or all of the other characteristics for A lamps
(defined in ANSI C78.20-2003).

The expression “wall plug efficiency”, as used herein, is measured in lumens per
Watt, and means lumens exiting a lamp, divided by all energy supplied to create the light, as
opposed to values for individual components and/or assemblies of components. Accordingly,
wall plug efficiency, as used herein, accounts for all losses, including, among others, any
quantum losses, i.e., losses generated in converting line voltage into current supplied to light
emitters, the ratio of the number of photons emitted by luminescent material(s) divided by the
number of photons absorbed by the luminescent material(s), any Stokes losses, i.e., losses due
to the change in frequency involved in the absorption of light and the re-emission of visible
light (e.g., by luminescent material(s)), and any optical losses involved in the light emitted by
a component of the lamp actually exiting the lamp. In some embodiments, the lamps in
accordance with the present inventive subject matter provide the wall plug efficiencies
specified herein when they are supplied with AC power (i.e., where the AC power is
converted to DC power before being supplied to some or all components, the lamp also
experiences losses from such conversion), e.g., AC line voltage. The expression “line
voltage” is used in accordance with its well known usage to refer to electricity supplied by an
energy source, e.g., electricity supplied from a grid, including AC and DC.

Solid state light emitter lighting system lifetime is typically measured by an "L70
lifetime", i.e., a number of operational hours in which the light output of the LED lighting
system (and therefore also the wall plug efficiency) does not degrade by more than 30%.
Typically, an L70 lifetime of at least 25,000 hours is desirable, and has become a standard
design goal. As used herein, L70 lifetime is defined by Illuminating Engineering Society
Standard 1. M-80-08, entitled "IES Approved Method for Measuring Lumen Maintenance of

LED Light Sources", September 22, 2008, ISBN No. 978-0-87995-227-3, also referred to
herein as "LM-80", the disclosure of which is hereby incorporated herein by reference in its
entirety as if set forth fully herein.

Various embodiments aie described herein with reference to "expected L70 lifetime."

Because the lifetimes of solid state lighting products are measured in the tens of thousands of
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hours, it is generally impractical to perform full term testing to measure the lifetime of the
product. Therefore, projections of lifetime from test data on the system and/or light source
are used to project the lifetime of the system. Such testing methods include, but are not
limited to, the lifetime projections found in the ENERGY STAR Program Requirements cited
above or described by the ASSIST method of lifetime prediction, as described in "4SSIST
Recommends ... LED Life For General Lighting: Definition of Life", Volume 1, Issue 1,
February 2005, the disclosure of which is hereby incorporated herein by reference as if set
forth fully herein. Accordingly, the term "expected L70 lifetime" refers to the predicted L70
lifetime of a product as evidenced, for example, by the 170 lifetime projections of ENERGY
STAR, ASSIST and/or a manufacturer's claims of lifetime.

Lamps according to some embodiments of the present inventive subject matter
provide an expected L70 lifetime of at least 25,000 hours. Lamps according to some
embodiments of the present inventive subject matter provide expected L70 lifetimes of at
least 35,000 hours, and lamps according to some embodiments of the present inventive
subject matter provide expected L70 lifetimes of at least 50,000 hours.

Persons of skill in the art are familiar with, and have ready access to, a wide variety of
solid state light emitters, and any suitable solid state light emitter (or solid state light emitters)
can be employed in the light engines according to the present inventive subject matter. A
variety of solid state light emitters are well known, and any of such light emitters can be
employed according to the present inventive subject matter. Representative examples of solid
state light emitters include light emitting diodes (inorganic or organic, including polymer
light emitting diodes (PLEDs)) with or without luminescent materials.

Persons of skill in the art are familiar with, and have ready access to, a variety of solid
state light emitters that emit light having a desired peak emission wavelength and/or
dominant emission wavelength, and any of such solid state light emitters (discussed in more
detail below), or any combinations of such solid state light emitters, can be employed in
embodiments that comprise a solid state light emitter.

Light emitting diodes are semiconductor devices that convert electrical current into
light. A wide variety of light emitting diodes are used in increasingly diverse fields for an
ever-expanding range of purposes. More specifically, light emitting diodes are

semiconducting devices that emit light (ultraviolet, visible, or infrared) when a potential

21



WO 2011/049760 PCT/US2010/051983

difference is applied across a p-n junction structure. There are a number of well known ways
to make light emitting diodes and many associated structures, and the present inventive
subject matter can employ any such devices.

A light emitting diode produces light by exciting electrons across the band gap
between a conduction band and a valence band of a semiconductor active (light-emitting)
layer. The electron transition generates light at a wavelength that depends on the band gap.
Thus, the color of the light (wavelength) (and/or the type of electromagnetic radiation, e.g.,
infrared light, visible light, ultraviolet light, near ultraviolet light, etc., and any combinations
thereof) emitted by a light emitting diode depends on the semiconductor materials of the
active layers of the light emitting diode.

The expression “light emitting diode™ is used herein to refer to the basic
semiconductor diode structure (i.e., the chip). The commonly recognized and commercially
available "LED" that is sold (for example) in electronics stores typically represents a
"packaged" device made up of a number of parts. These packaged devices typically include a
semiconductor based light emitting diode such as (but not limited to) those described in U.S.
Pat. Nos. 4,918,487; 5,631,190; and 5,912,477, various wire connections, and a package that
encapsulates the light emitting diode.

Lamps according to the present inventive subject matter can, if desired, further
comprise one or more luminescent materials.

A luminescent material is a material that emits a responsive radiation (e.g., visible
light) when excited by a source of exciting radiation. In many instances, the responsive
radiation has a wavelength that is different from the wavelength of the exciting radiation.

Luminescent materials can be categorized as being down-converting, i.e., a material
that converts photons to a lower energy level (longer wavelength) or up-converting, i.e., a
material that converts photons to a higher energy level (shorter wavelength).

One type of luminescent material are phosphors, which are readily available and well
known to persons of skill in the art. Other examples of luminescent materials include
scintillators, day glow tapes and inks that glow in the visible spectrum upon illumination with
ultraviolet light.

Persons of skill in the art are familiar with, and have ready access to, a variety of

luminescent materials that emit light having a desired peak emission wavelength and/or
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dominant emission wavelength, or a desired hue, and any of such luminescent materials, or
any combinations of such luminescent materials, can be employed, if desired.

The one or more luminescent materials can be provided in any suitable form. For
example, the luminescent element can be embedded in a resin (i.e., a polymeric matrix), such
as a silicone material, an epoxy material, a glass material or a metal oxide material, and/or
can be applied to one or more surfaces of a resin, to provide a Jumiphor.

The one or more solid state light emitters can be arranged in any suitable way.

Representative examples of suitable solid state light emitters, including suitable light
emitting diodes, luminescent materials, lumiphors, encapsulants, etc. that may be used in
practicing the present inventive subject matter, are described in:

U.S. Patent Application No. 11/614,180, filed December 21, 2006 (now U.S. Patent
Publication No. 2007/0236911) (attorney docket number P0958; 931-003 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/624,811, filed January 19, 2007 (now U.S. Patent
Publication No. 2007/0170447) (attorney docket number P0961; 931-006 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/751,982, filed May 22, 2007 (now U.S. Patent
Publication No. 2007/0274080) (attorney docket number P0916; 931-009 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/753,103, filed May 24, 2007 (now U.S. Patent
Publication No. 2007/0280624) (attorney docket number P0918; 931-010 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/751,990, filed May 22. 2007 (now U.S. Patent
Publication No. 2007/0274063) (attorney docket number P0917; 931-011 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/736,761, filed April 18, 2007 (now U.S. Patent
Publication No. 2007/0278934) (attorney docket number P0963; 931-012 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/936,163, filed November 7, 2007 (now U.S. Patent
Publication No. 2008/0106895) (attorney docket number P0928; 931-027 NP), the entirety of

which is hereby incorporated by reference as if set forth in its entirety;
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U.S. Patent Application No. 11/843,243, filed August 22, 2007 (now U.S. Patent
Publication No. 2008/0084685) (attorney docket number P0922; 931-034 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent No. 7,213,940 (attorney docket number P0936; 931-035 NP), issued on
May 8, 2007, the entirety of which is hereby incorporated by reference as if set forth in its
entirety;

U.S. Patent Application No. 60/868,134, filed on December 1, 2006, entitled
“LIGHTING DEVICE AND LIGHTING METHOD?” (inventors: Antony Paul van de Ven
and Gerald H. Negley; attorney docket number 931 035 PRO), the entirety of which is hereby
incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/948,021, filed on November 30, 2007 (now U.S.
Patent Publication No. 2008/0130285) (attorney docket number P0936 US2; 931-035 NP2),
the entirety of which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/475,850, filed on June 1, 2009 (now U.S. Patent
Publication No. 2009-0296384) (attorney docket number P1021; 931-035 CIP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/870,679, filed October 11, 2007 (now U.S. Patent
Publication No. 2008/0089053) (attorney docket number P0926; 931-041 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/117,148, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0304261) (attorney docket number P0977; 931-072 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety; and

U.S. Patent Application No. 12/017,676, filed on January 22, 2008 (now U.S. Patent
Publication No. 2009/0108269) (attorney docket number P0982; 931-079 NP), the entirety of

which is hereby incorporated by reference as if set forth in its entirety.

In general, light of any number of colors can be mixed by the light engines according
to the present inventive subject matter. Representative examples of blending of light colors
are described in:

U.S. Patent Application No. 11/613,714, filed December 20, 2006 (now U.S. Patent
Publication No. 2007/0139920) (attorney docket number P0959; 931-004 NP), the entirety of
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which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/613,733, filed December 20, 2006 (now U.S. Patent
Publication No. 2007/0137074) (attorney docket number P0960; 931-005 NP) the entirety of
which is hereby incorporated by reference as if set forth in its entirety; |

U.S. Patent Application No. 11/736,761, filed April 18, 2007 (now U.S. Patent
Publication No. 2007/0278934) (attorney docket number P0963; 931-012 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/736,799, filed April 18, 2007 (now U.S. Patent
Publication No. 2007/0267983) (attorney docket number P0964; 931-013 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/737,321, filed April 19, 2007 (now U.S. Patent
Publication No. 2007/0278503) (attorney docket number P0965; 931-014 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/936,163, filed November 7, 2007 (now U.S. Patent
Publication No. 2008/0106895) (attorney docket number P0928; 931-027 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/117,122, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0304260) (attorney docket number P0945; 931-031 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/117,131, filed May 8§, 2008 (now U.S. Patent
Publication No. 2008/0278940) (attorney docket number P0946; 931-032 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/117,136, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0278928) (attorney docket number P0947; 931-033 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent No. 7,213,940 (attorney docket number P0936; 931-035 NP), issued on
May 8, 2007, the entirety of which is hereby incorporated by reference as if set forth in its
entirety;

U.S. Patent Application No. 60/868,134, filed on December 1, 2006, entitled
“LIGHTING DEVICE AND LIGHTING METHOD?” (inventors: Antony Paul van de Ven
and Gerald H. Negley; attorney docket number 931 035 PRO), the entirety of which is hereby
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incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/948,021, filed on November 30, 2007 (now U.S.
Patent Publication No. 2008/0130285) (attorney docket number P0936 US2; 931-035 NP2),
the entirety of which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/475,850, filed on June 1, 2009 (now U.S. Patent
Publication No. 2009-0296384) (attorney docket number P1021; 931-035 CIP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/248,220, filed on October 9, 2008 (now U.S. Patent
Publication No. 2009/0184616) (attorney docket number P0967; 931-040 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/951,626, filed December 6, 2007 (now U.S. Patent
Publication No. 2008/0136313) (attorney docket number P0939; 931-053 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/035,604, filed on February 22, 2008 (now U.S. Patent
Publication No. 2008/0259589) (attorney docket number P0942; 931-057 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/117,148, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0304261) (attorney docket number P0977; 931-072 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 60/990,435, filed on November 27, 2007, entitled
“WARM WHITE ILLUMINATION WITH HIGH CRI AND HIGH EFFICACY” (inventors:
Antony Paul van de Ven and Gerald H. Negley; attorney docket no. 931 _081 PRO), the
entirety of which is hereby incorporated by reference as if set forth in its entirety; and

U.S. Patent Application No. 12/535,319, filed on August 4, 2009 (now U.S. Patent
Publication No. ) (attorney docket number P0997; 931-089 NP), the entirety of which is
hereby incorporated by reference as if set forth in its entirety.

As noted above, a second aspect of the present inventive subject matter relates to a
lamp that comprises at least a first solid state light emitter and a power supply.

In the second aspect of the present inventive subject matter, the solid state light
emitter can be any solid state light emitter as described above.

In addition, in the second aspect of the present inventive subject matter, any suitable
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power supply can be employed, skilled artisans being familiar with a wide variety of power
supplies. Typical power supplies for light emitting diode light sources include linear current
regulated supplies and/or pulse width modulated current and/or voltage regulated supplies.

Many different techniques have been described for driving solid state light sources in
many different applications, including, for example, those described in United States Patent
No. 3,755,697 to Miller, United States Patent No. 5,345,167 to Hasegawa et al, United States
Patent No. 5,736,881 to Ortiz, United States Patent No. 6,150,771 to Perry, United States
Patent No. 6,329,760 to Bebenroth, United States Patent No. 6,873,203 to Latham, II et al,
United States Patent No. 5,151,679 to Dimmick, United States Patent No. 4,717,868 to
Peterson, United States Patent No. 5,175,528 to Choi et al, United States Patent No.
3,787,752 to Delay, United States Patent No. 5,844,377 to Anderson et al, United States
Patent No. 6,285,139 to Ghanem, United States Patent No. 6,161,910 to Reisenauer et al,
United States Patent No. 4,090,189 to Fisler, United States Patent No. 6,636,003 to Rahm et
al, United States Patent No. 7,071,762 to Xu et al, United States Patent No. 6,400,101 to
Biebl et al, United States Patent No. 6,586,890 to Min et al, United States Patent No.
6,222,172 to Fossum et al, United States Patent No. 5,912,568 to Kiley, United States Patent
No. 6,836,081 to Swanson et al, United States Patent No. 6,987,787 to Mick, United States
Patent No. 7,119,498 to Baldwin et al, United States Patent No. 6,747,420 to Barth et al,
United States Patent No. 6,808,287 to Lebens et al, United States Patent No. 6,841,947 to
Berg-johansen, United States Patent No. 7,202,608 to Robinson et al, United States Patent
No, 6,995,518, United States Patent No. 6,724,376, United States Patent No. 7,180,487 to
Kamikawa et al, United States Patent No. 6,614,358 to Hutchison et al, United States Patent
No. 6,362,578 to Swanson et al, United States Patent No. 5,661,645 to Hochstein, United
States Patent No. 6,528,954 to Lys et al, United States Patent No. 6,340,868 to Lys et al,
United States Patent No. 7,038,399 to Lys et al, United States Patent No. 6,577,072 to Saito
et al, and United States Patent No. 6,388,393 to Illingworth.

In some embodiments, a power supply can be positioned within a base element, and at
least 50 percent (in some cases, at least 60 percent, 70 percent, 80 percent, 90 percent or 95
percent) of a space defined by all points that are located between the heat dissipation element
and the base element is filled with an ambient medium (e.g., a gaseous medium such as air).

A base element can comprise an electrical connector (e.g., an Edison screw connector or a
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GU connector). In some embodiments, for instance, a power supply can be positioned inside
an Edison screw connector, or a casing can be provided that includes a first region on which
an Edison screw connector is mounted and a second region in which a power supply is
positioned.

In some embodiments, line voltage is supplied to a power supply, the power supply
feeds current to at least one solid state light emitter, at least some heat generated by the one or
more solid state light emitter is dissipated by the heat dissipation element, at least some heat
generated by the power supply is dissipated from a power supply heat dissipation element at a
location that is spaced from the heat dissipation element, and not more than 10 percent of the
heat generated by the first solid state light emitter is dissipated from the power supply heat
dissipation element.

In embodiments according to the second aspect of the present inventive subject
matter, the lamp can be of any suitable shape and size, e.g., in the shape and/or size of A
lamps, B-10 lamps, BR lamps, C-7 lamps, C-15 lamps, ER lamps, F lamps, G lamps, K
lamps, MB lamps, MR lamps, PAR lamps, PS lamps, R lamps, S lamps, S-11 lamps, T
lamps, Linestra 2-base lamps, AR lamps, ED lamps, E lamps, BT lamps, Linear fluorescent
lamps, U-shape fluorescent lamps, circline fluorescent lamps, single twin tube compact
fluorescent lamps, double twin tube compact fluorescent lamps, triple twin tube compact
fluorescent lamps, A-line compact fluorescent lamps, screw twist compact fluorescent lamps,
globe screw base compact fluorescent lamps, reflector screw base compact fluorescent lamps,
etc. Alternatively, the lamps can be of any suitable shape and size that does not conform to
any of the types described above in this paragraph.

In embodiments according to the second aspect of the present inventive subject
matter, the heat dissipation element can be made of any suitable thermally conductive
" material or combination of materials. Representative examples of suitable thermally
conductive materials include extruded aluminum, forged aluminum, copper, thermally
conductive plastics or the like. As used herein, a thermally conductive material refers to a
material that has a thermal conductivity greater than air. In some embodiments, the heat
dissipation element can be made of a material with a thermal conductivity of at least about 1
W/(m K), in some cases at least about 10 W/(m K), and in some cases at least abeut 100

W/(m K).
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Some embodiments according to the second aspect of the present inventive subject
matter can have wall plug efficiencies and/or expected L70 lifetime values as discussed above
in connection with the first aspect of the present inventive subject matter.

As noted above, in a third aspect, the present inventive subject matter is directed to a
lamp comprising at least a first solid state light emitter and at least a first heat dissipation
element.

In the third aspect of the present inventive subject matter, the solid state light emitter
can be any solid state light emitter as described above.

In embodiments according to the third aspect of the present inventive subject matter,
the lamp can be of any suitable shape and size, as discussed above in connection with the
second aspect of the present inventive subject matter.

Some embodiments according to the third aspect of the present inventive subject
matter can have wall plug efficiencies and/or expected L70 lifetime values as discussed above
in connection with the first aspect of the present inventive subject matter.

In some embodiments according to the third aspect of the present inventive subject
matter, the heat dissipation element can comprise at least one dissipation region sidewall that
defines at least one heat dissipation chamber, the heat dissipation chamber having at least a
first inlet opening and at least a first outlet opening, whereby an ambient medium can enter
the first inlet opening (or openings), pass through the heat dissipation chamber and exit the
first outlet opening (or openings). The inlet opening(s) and the outlet opening(s) can each be
of any suitable shape and size. In some of such embodiments, for example, a ratio of a cross-
sectional area of the inlet opening (or a combined cross-sectional area of two or more inlet
openings) divided by a cross-sectional area of the first outlet opening (or a combined cross-
sectional area of two or more outlet openings) is at least 0.90, in some cases at least 0.95, in
some cases at least 1.0, in some cases at least 1.1, and in some cases at least 1.2, and/or the
cross-sectional area of the first inlet opening is at least 600 square millimeters (in some cases
at least 700 square millimeters, in some cases at least 800 square millimeters, in some cases
at least 900 square millimeters, and in some cases at least 1000 square millimeters), and/or
the cross-sectional area of the first outlet opening is at least 600 square millimeters (in some
cases at least 700 square millimeters, in some cases at least 800 square millimeters, in some

cases at least 900 square millimeters, and in some cases at least 1000 square millimeters). In
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some embodiments, for instance, the inlet opening(s) can comprise a plurality of openings of
relatively small cross-sectional area, and the outlet opening(s) can comprise a single opening
of comparatively large cross-sectional area, or vice-versa. In some embodiments, the sizes of
the openings (or the sum of the cross-sectional areas of the inlet openings and/or the sum of
the cross-sectional areas of the outlet openings) can be adjusted based on (1) the temperature
difference between the surfaces of the chamber and the temperature of the ambient médium,
and/or (2) the rate that heat is being generated by the solid state light emitters, and/or (3) the
surface area for heat exchange between the heat dissipation chamber (or fins extending
therefrom) and the ambient medium, as a greater temperature difference will tend to increase
the rate of flow of the ambient medium, the sizes of the openings (and/or the sums of the inlet
opening and the sums of the outlet opening), and the ratio between the same, will affect the
rate of flow of the ambient medium, and the amount of heat being generated by the solid state
light emitters will determine the rate that heat has to be removed, and the surface area for heat
exchange will affect the rate of heat dissipation (and thus removal from the solid state light
emitter(s).

In some embodiments according to the third aspect of the present inventive subject
matter, which may include or not include any other feature described herein, the first heat
dissipation element further comprises at least one fin that extends into the heat dissipation
chamber. In such embodiments, the one or more fin can be integral with the heat dissipation
element or can be attached (e.g., by adhesive, bolts, screws, rivets, etc.) to it (or one or more
fins can be integral and one or more can be attached), and the fin can be made of any suitable
thermally conductive material or combination of materials as discussed above. Multiple heat
dissipation elements and/or fins may be provided as part of a unitary structure, as individual
structures or as any suitable combination of unitary and combined structures.

In some embodiments according to the third aspect of the present inventive subject
matter, which may include or not include any other feature described herein, when line
voltage is supplied to the lamp, the at least a first solid state light emitter generates heat that is
dissipated in ambient medium located inside the heat dissipation chamber, causing convective
flow, i.e., causing the ambient medium located inside the heat dissipation chamber to absorb
heat, which causes the ambient medium located inside the heat dissipation chamber to rise

and exit through the first outlet opening, which thereby generates negative pressure within the

30



WO 2011/049760 PCT/US2010/051983

heat dissipation chamber and which causes ambient medium that is outside the heat
dissipation chamber to enter the first inlet opening into the heat dissipation chamber. In some
cases where convective flow occurs, the fluid flow comprises a comparatively cool central
core and warmer outer regions closer to and contacting the comparatively warm (or hot) heat
dissipation region walls and/or fins (or other structures from which heat is being removed).

As noted above, in accordance with a fourth aspect of the present inventive subject
matter, there is provided a lamp that comprises at least one light transmissive housing, at least
one solid state light emitter and at least a first heat dissipation element thermally coupled to
the at least one solid state emitter. In such lamps, the solid state light emitter(s) can be any
solid state light emitter as described above, the lamp can be of any suitable shape and size as
discussed above, the lamp can have wall plug efficiencies and/or expected L70 lifetime
values as discussed above, the light transmissive housing can be made of any suitable
material or combination of materials (in some cases, substantially transparent or substantially
translucent materials), and the heat dissipation element(s) can be made of any suitable
thermally conductive material or combination of materials as discussed above.

Some embodiments of lamps according to the present inventive subject matter have
only passive cooling. On the other hand, some embodiments of lamps according to the
present inventive subject matter have active cooling (and can optionally also have any of the
passive cooling features described herein).

The expression “active cooling” is used herein in a manner that is consistent with its
common usage to refer to cooling that is achieved through the use of some form of energy, as
opposed to “passive cooling”, which is achieved without the use of energy (i.e., while energy
is supplied to the one or more solid state light emitters, passive cooling is the cooling that
would be achieved without the use of any component(s) that would require additional energy
in order to function to provide additional cooling).

In some embodiments of the present inventive subject matter, therefore, cooling is
achieved with only passive cooling, while in other embodiments of the present inventive
subject matter, active cooling is provided (and any of the features described herein that
provide or enhance passive cooling can optionally be included).

In embodiments where active cooling is provided, any type of active cooling can be

employed, e.g., blowing or pushing (or assisting in blowing) an ambient fluid (such as air)
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across or near one or more heat dissipation elements or heat sinks, thermoelectric cooling,
phase change cooling (including supplying energy for pumping and/or compressing fluid),
liquid cooling (including supplying energy for pumping, e.g., water, liquid nitrogen or liquid
helium), magnetoresistance, etc.

In some embodiments where active cooling is provided, a given maximum junction
temperature can be maintained while a larger magnitude of lumens can be provided (i.e, than
would otherwise be the case if the active cooling were not provided). Alternatively, in some
embodiments where active cooling is provided, a given magnitude of lumens can be
maintained while a lower maximum junction temperature can be achieved (than would
otherwise be the case if the active cooling were not provided). Alternatively, in some
embodiments where active cooling is provided, the overall dimensions of the heat sink (or
other structure or structures that provide or assist in providing a thermal solution) can be
reduced (as a result of the inclusion of active cooling), e.g., in order to better fit within
mechanical outlines or to provide better diffuser to solid state light emitter spacing for
improved uniformity and color mixing. Alternatively, in some embodiments where active
cooling is provided, a greater magnitude of lumens can be maintained (than would otherwise
be the case if the active cooling were not provided), a lower maximum junction temperature
can be achieved (than would otherwise be the case if the active cooling were not provided),
and/or the overall dimensions of the heat sink (or other structure or structures that provide or
assist in providing a thermal solution) can be reduced.

In some embodiments where active cooling is provided, the option might exist to
provide greater surface area for heat dissipation than might otherwise be desirable if the
active cooling were not provided (and the increase in surface area might provide enhanced
cooling capabilities). That is, in some embodiments of lamps according to the present
inventive subject matter, increasing the surface area of the heat dissipation element (or
elements) might constrict the flow path through the heat dissipation element (or elements)
enough that ambient medium would not flow through the heat dissipation element (or
elements), but if active cooling were included to assist in generating ambient medium flow,
such flow would occur despite such constriction.

In some embodiments according to the present inventive subject matter that include

one or more active cooling components, any of the one or more active cooling components
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can be in operation whenever the lamp is being illuminated, or only during certain times
when the lamp is being illuminated. For example, in some of such embodiments: any of the
one or more active cooling components can be energized intermittently (e.g., a set period of
time on, followed be a set period of time off, etc.), any of the one or more active cooling
components can be energized only when the lamp is operating at a high lumen level, any of
the one or more active cooling components can be energized only when a sensor detects high
junction temperature, etc.). Moreover, the amount of cooling provided by the one or more
active cooling components can be varied according to any suitable scheme, e.g., the energy
supplied to one or more active cooling components can be adjusted based on a detected need
for enhanced cooling, according to a set pattern, etc.

Any suitable type of active cooling component or components can be employed in the
lamps according to the present inventive subject matter, and persons of skill in the art are
familiar with and have access to a wide variety of types of active cooling components.

For example, a well known type of active cooling component is a fan. Persons of skill
in the art are familiar with and have access to a wide variety of fans, and any of such devices
can be employed as an active cooling component in lamps according to the present inventive
subject matter. In general, fans operate by supplying energy to a motor which turns a rotor to
which one or more fan blades are attached, so that the fan blades rotate about the rotor, the
fan blades being shaped such that they push ambient fluid as they rotate. Turbines and
compressors are other well known examples of active cooling components that function in a
similar way.

Another example of a well known type of active cooling component is an electrostatic
accelerator. Persons of skill in the art are familiar with and have access to a wide variety of
electrostatic accelerators, and any of such devices can be employed as an active cooling
component in lamps according to the present inventive subject matter. Electrostatic
accelerators operate by generating ions at an electrode (the "corona electrode"), which ions
are attracted (and, therefore, accelerated) toward another electrode (the "attracting electrode").
The ions impart momentum, directed toward the attracting electrode, to surrounding air
molecules (or other ambient gas or gases) through collisions with such molecules. When the
ions collide with other air molecules, not only do such ions impart momentum to such air

molecules, but the ions also transfer some of their excess electric charge to these other air
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molecules, thereby creating additional molecules that are attracted toward the attracting
electrode. These combined effects cause “electric wind” (also referred to as “corona wind”).
The principle of ionic air propulsion with corona-generated charge particles has been known
for many years. Efforts have been made to make these devices relatively quiet (they are
sometimes referred to as “silent”). An example of an electrostatic fluid accelerator is the
R5D5 device, developed at Purdue University by a founder of Thorm Micro Technologies
with support from the National Science Foundation.

Another example of a well known type of active cooling component is a synthetic jet
or pulsed air source. Persons of skill in the art are familiar with and have access to a variety
of synthetic jets or pulsed air sources (e.g., devices marketed by Nuventix
(www.nuventix.com) or Influent (www.influentmotion.comy)), and any of such devices can be
employed as an active cooling component in lamps according to the present inventive subject
matter. For example, synthetic jets marketed by Nuventix as SynJet™ devices operate by
periodic suction and ejection of fluid out of an orifice bounding a cavity by the time periodic
motion of a diaphragm. During the ejection phase, a vortex, accompanied by a jet, is created
and convected downstream from the jet exit. Once the vortex flow has propagated well
downstream, ambient fluid from the vicinity of the orifice is entrained. The bulk of the high

" speed air (or other fluid) has moved away from the orifice, avoiding re-entrainment, while
quiescent air (or other fluid) from around the orifice is sucked into the orifice. Thus, a
synthetic jet is a “zero-mass-flux” jet comprised entirely of the ambient fluid, and can be
conveniently integrated with, e.g., surfaces that require cooling without the need for complex
plumbing. The time periodic motion of the diaphragm can be achieved using any of a variety
of techniques, including piezoelectric, electromagnetic, electrostatic and combustion driven
pistons. Synthetic jets can be used to create turbulent, pulsated air-jets that can be directed
precisely to location where thermal management is needed.

Another example of a well known type of active cooling component is a piezoelectric
fan. Persons of skill in the art are familiar with and have access to a wide variety of
piezoelectric fans, and any of such devices can be employed as an active cooling component
in lamps according to the present inventive subject matter. Piezoelectric fans generally have
at least a piezoelectric element and a fan element, in which at least one dimension of the

piezoelectric element changes when it is stressed electrically by a voltage, and the
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dimensional change causes the fan element to bend.

As mentioned above, another example of a well known type of active cooling is
achieved using magnetoresistance (e.g., high-field magnetoresistance (HMR), giant
magnetoresistance (GMR) or colossal magnetoresistance). Persons of skili in the art are
familiar with and have access to a wide variety of devices that can use magnetoresistance to
provide cooling, and any of such devices can be employed as an active cooling component in
lamps according to the present inventive subject matter.

As noted above, another example of a well known type of cooling is thermoelectric
cooling. Persons of skill in the art are familiar with and have access to a wide variety of
devices that can achieve thermoelectric cooling (also known as the Peltier effect), and any of
such devices can be employed as an active cooling component in lamps according to the
present inventive subject matter. Whenever an electric voltage difference is applied to two
dissimilar metals that form a junction, a temperature differential is created. The direction of
heat transfer is determined by the polarity of the current (if the polarity were reversed, the
direction of heat transfer would also be reversed). Devices that operate on this principle to
provide cooling are referred to as Peltier coolers or as thermoelectric coolers.

As noted above, another example of a well known type of cooling is phase change
cooling. Persons of skill in the art are familiar with and have access to a wide variety of
devices that can achieve phase change cooling (e.g., heat pipes, refrigeration devices, etc.),
and any of such devices can be employed as an active cooling component in lamps according
to the present inventive subject matter.

As noted above, another example of a well known type of cooling is liquid cooling
(including supplying energy for pumping fluid material, e.g., water, liquid nitrogen or liquid
helium). Persons of skill in the art are familiar with and have access to a wide variety of
devices that can achieve liquid cooling, and any of such devices can be employed as an active
cooling component in lamps according to the present inventive subject matter.

In embodiments that include one or more active cooling device(s), electricity can be
supplied to the active cooling device from the same energy source from which energy is
supplied to the one or more solid state light emitters, or some or all of the electricity supplied
to the active cooling device can be supplied from some other energy source. For instance, in

some embodiments, an active cooling device (or devices) can be supplied with electricity
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directly from the lamp input voltage without the need for a separate driver.

The active cooling device may, in some embodiments, be selectively energized, for
example, when a thermal sensor reaches a threshold temperature value (possibly as reflected
by a voltage level or digital value). Thus, the active cooling device may be selectively
actuated to reduce average power consumption while maintaining the operating temperature
of the device below a maximum temperature. Such selective cooling may be particularly
suitable to solid state lamps where the application of the lamps may be widely varied. For
example, the same lamp may be placed in an enclosed fixture, such as ceiling or fan light
fixture as would be placed in an open desk or table lamp. These thermal environments may
vary such that in some applications, the active cooling is not needed to keep the operating
temperature below the maximum and, therefore, the power consumption of the active cooling
device may be avoided in those environments. Furthermore, to the extent that an active
cooling device does create audible sound, such active cooling may be reduced or avoided in
open air environments where the sound may be more noticeable than in an enclosed
environment. Circuits for thermostatically controlling active cooling devices are well known
to those of skill in the art and, therefore, need not be described in further detail.

In some embodiments, one or more active cooling device(s) is/are positioned close to
the portion of the lamp to which electricity is delivered (e.g., close to the connector 402 in the
embodiment depicted in Figs. 4-8). In some embodiments, one or more active cooling
device(s) is/are positioned farther from the portion of the lamp to which electricity is
delivered (e.g., an active cooling device might be positioned near the top of the heat sink in
the embodiment depicted in Figs. 4-8, even though electricity to operate such a cooling device
might be supplied from the connector 402 all the way to that active cooling device).

In embodiments that include one or more active cooling devices, the active cooling
device (or each of the devices) can be located in any suitable location (or locations). For
instance, in embodiments that include one or more active cooling devices that move ambient
fluid (e.g., air) across or near one or more heat dissipation elements or heat sinks, the active
cooling device (or devices) can be placed in any suitable location, e.g., just upstream from the
heat sink (or one or more of the heat sinks), within the heat sink (or one or more of the heat
sinks), or just downstream of the heat sink (or one or more of the heat sinks). In

embodiments that include one or more active cooling devices that move ambient fluid across
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or near one or more heat dissipation elements or heat sinks, the active cooling device (or
devices) can assist in breaking the boundary layer and improving thermal transfer to the
ambient medium.

Additionally, active cooling devices may be suited for use in devices having heat sinks
that define an enclosure where the enclosure can provide confinement of the ambient fluid.

In some embodiments according to the present inventive subject matter, the lamp
emits at least 600 lumens (in some embodiments at least 750 lumens, in some embodiments
at least 800 lumens, in some embodiments at least 850 lumens, in some embodiments at least
900 lumens, at least 950 lumens, at least 1000 lumens, at least 1050 lumens, at least 1100
lumens, at least 1200 lumens, at least 1300 lumens, at least 1400 lumens, at least 1500
lumens, at least 1600 lumens, at least 1700 lumens, at least 1800 lumens, or even more) when
the lamp is energized (e.g., by supplying line voltage to the lamp). In some embodiments that
include active cooling, the lumen output can be very high, e.g., in some embodiments, 1600 -
1800 lumens, or even higher (for example, as discussed above, in some embodiments, a given
maximum junction temperature can be maintained while a larger magnitude of lumens can be
provided, i.e, than would otherwise be the case if the active cooling were not provided).

In some embodiments according to the present inventive subject matter, the lamp
emits light having CRI Ra of at least 75 (in some embodiments at least 80, in some
embodiments at least 85, in some embodiments at least 90, and in some embodiments at least
95) when the lamp is energized.

In some embodiments according to the present inventive subject matter, the lamp
comprises at least one solid state light emitter that, if energized, emits BSY light, and at least
one solid state light emitter that, if energized, emits light that is not BSY light.

The expression “BSY light”, as used herein, means light having x, y color coordinates

which define a point which is within

(1) an area on a 1931 CIE Chromaticity Diagram enclosed by first, second,
third, fourth and fifth line segments, the first line segment connecting a first
point to a second point, the second line segment connecting the second point
to a third point, the third line segment connecting the third point to a fourth
point, the fourth line segment connecting the fourth point to a fifth point, and
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the fifth line segment connecting the fifth point to the first point, fhe first point
having x, y coordinates of 0.32, 0.40, the second point having x, y coordinates
of 0.36, 0.48, the third point having x, y coordinates of 0.43, 0.45, the fourth
point having x, y coordinates of 0.42, 0.42, and the fifth point having x, y
coordinates of 0.36, 0.38, and/or

(2) an area on a 1931 CIE Chromaticity Diagram enclosed by first, second,
third, fourth and fifth line segments, the first line segment connecting a first
point to a second point, the second line segment connecting the second point
to a third point, the third line segment connecting the third point to a fourth
point, the fourth line segment connecting the fourth point to a fifth point, and
the fifth line segment connecting the fifth point to the first point, the first point
having x, y coordinates of 0.29, 0.36, thex second point having x, y coordinates
0f 0.32, 0.35, the third point having x, y égordinates of 0.41, 0.43, the fourth
point having x, y coordinates of 0.44, 0.49, and the fifth point having x, y
coordinates of 0.38, 0.53

In some embodiments according to the present inventive subject matter, when the
lamp is energized, a mixture of light emitted by the solid state light emitters in the lamp is
within about 10 MacAdam ellipses of the blackbody locus on a 1931 CIE Chromaticity

Diagram. In some of such embodiments:

(1) the at least one solid state light emitter that, if energized, emits light that is not
BSY light emits light that has a dominant wavelength in the range of from about 600

nm to about 630 nm, and/or

(2) the at least one solid state light emitter that, if energized, emits BSY light
comprises a first group of at least one light emitting diode, the at least one solid state
light emitter that, if energized, emits light that is not BSY light comprises a second
group of at least one light emitting diode, the first and second groups of light emitting

diodes are mounted on at least one circuit board, and an average distance between a
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center of each light emitting diode in the first group and a closest point on an edge of
the circuit board on which that light emitting diode is mounted is smaller than an
average distance between a center of each light emitting diode in the second group and
a closest point on an edge of the circuit board on which that light emitting diode is

mounted.

The lamps according to the present inventive subject matter can direct light in any
generally and desired range of directions. For instance, in some embodiments, the lamp can
direct light substantially omnidirectionally (i.e., substantially 100% of all directions extending
from a center of the lamp), i.e., within a volume defined by a two-dimensional shape in an x,
y plane that encompasses rays extending from 0 degrees to 180 degrees relative to the y axis
(i.e., 0 degrees extending from the origin along the positive y axis, 180 degrees extending
from the origin along the negative y axis), the two-dimensional shape being rotated 360
degrees about the y axis (in some cases, the y axis can be a vertical axis of the lamp). In
some embodiments, the lamp emits light substantially in all directions within a volume
defined by a two-dimensional shape in an x, y plane that encompasses rays extending from 0
degrees to 150 degrees relative to the y axis (extending along a vertical axis of the lamp), the
two-dimensional shape being rotated 360 degrees about the y axis. In some embodiments, the
lamp emits light substantially in all directions within a volume defined by a two-dimensional
shape in an x, y plane that encompasses rays extending from 0 degrees to 120 degrees relative
to the y axis (extending along a vertical axis of the lamp), the two-dimensional shape being
rotated 360 degrees about the y axis. In some embodiments, the lamp emits light
substantially in all directions within a volume defined by a two-dimensional shape in an x, y
plane that encompasses rays extending from 0 degrees to 90 degrees relative to the y axis
(extending along a vertical axis of the lamp), the two-dimensional shape being rotated 360
degrees about the y axis (i.e., a hemispherical region). In some embodiments, the two-
dimensional shape can instead encompass rays extending from an angle in the range of from 0
to 30 degrees (or from 30 degrees to 60 degrees, or from 60 degrees to 90 degrees) to an angle
in the range of from 90 to 120 degrees (or from 120 degrees to 150 degrees, or from 150
degrees to 180 degrees). In some embodiments, the range of directions in which the lamp

emits light can be non-symmetrical about any axis, i.e., different embodiments can have any
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suitable range of directions of light emission, which can be continuous or discontinuous (e.g.,
regions of ranges of emissions can be surrounded by regions of ranges in which light is not
emitted). In some embodiments, the lamp can emits light in at least 50% of all directions
extending from a center of the lamp (e.g., hemispherical being 50%), and in some
embodiments at least 60%, 70%, 80%, 90% or more.

In some embodiments according to the present inventive subject matter, solid state
light emitters are electrically arranged in series with enough solid state light emitters being
present to match (or to come close to matching) the voltage supplied from to the solid state
light emitters (e.g., in some embodiments, the DC voltage obtained by rectifying line AC
current and supplying it to the solid state light emitters via a power supply). For instance, in
some embodiments, sixty-eight solid state light emitters (or other numbers, as needed to
match the line voltage) can be arranged in series, so that the voltage drop across the entire
series is about 162 volts. Providing such matching can help provide power supply
efficiencies and thereby boost the overall efficiency of the lamp. In such lamps, total lumen
output can be regulated by adjusting the current supplied to the series of solid state light
emitters.

The lamps according to the present inventive subject matter can emit light of generally
any desired CCT or within any desired range of CCT. In some embodiments, there are
provided lamps that emit light having a correlated color temperature (CCT) of between about
2500K and about 4000K. In some embodiments, the CCT may be as defined in the Energy
Star Requirements for Solid State Luminaires, Version 1.1, promulgated by the United States
Department of Energy.

In some embodiments, there are provided lamps that emit light that has a correlated
color temperature (CCT) of about 2700K and that has x, y color coordinates that define a
point which is within an area on a 1931 CIE Chromaticity Diagram defined by points having
X, y coordinates of (0.4578, 0.4101), (0.4813, 0.4319), (0.4562, 0.4260), (0.4373, 0.3893),
and (0.4593, 0.3944).

In some embodiments, there are provided lamps that emit light that has a correlated
color temperature (CCT) of about 3000K and that has x, y color coordinates that define a
point which is within an area on a 1931 CIE Chromaticity Diagram defined by points having
X, y coordinates of (0.4338, 0.4030), (0.4562, 0.4260), (0.4299, 0.4165), (0.4147, 0.3814),
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and (0.4373, 0.3893).

In some embodiments, there are provided lamps that emit light that has a correlated
color temperature (CCT) of about 3500K and that has x, y color coordinates that define a
point which is within an area on a 1931 CIE Chromaticity Diagram defined by points having
X, y coordinates of (0.4073, 0.3930), (0.4299, 0.4165), (0.3996, 0.4015), (0.3889, 0.3690),
(0.4147,0.3814).

Some embodiments according to the present inventive subject matter further comprise
one or more printed circuit boards, on which the one or more solid state light emitters can be
mounted. Persons of skill in the art are familiar with a wide variety of circuit boards, and any
such circuit boards can be employed in the lighting devices according to the present inventive
subject matter. One representative example of a circuit board with a relatively high heat
conductivity is a metal core printed circuit board.

Some embodiments in accordance with the present inventive subject matter can
include one or more lenses or diffusers. Persons of skill in the art are familiar with a wide
variety of lenses and diffusers, can readily envision a variety of materials out of which a lens
or a diffuser can be made (e.g., polycarbonate or acrylic materials), and are familiar with
and/or can envision a wide variety of shapes that lenses and diffusers can be. Any of such
materials and/or shapes can be employed in a lens and/or a diffuser in an embodiment that
includes a lens and/or a diffuser. As will be understood by persons skilled in the art, a lens or
a diffuser in a lamp according to the present inventive subject matter can be selected to have
any desired effect on incident light (or no effect), such as focusing, diffusing, etc.

In embodiments in accordance with the present inventive subject matter that include a
diffuser (or plural diffusers), the diffuser (or diffusers) can be positioned in any suitable
location and orientation.

In embodiments in accordance with the present inventive subject matter that include a
lens (or plural lenses), the lens (or lenses) can be positioned in any suitable location and
orientation.

In addition, one or more scattering elements (e.g., layers) can optionally be included in
the lamps according to this aspect of the present inventive subject matter. The scattering
element can be included in a lumiphor, and/or a separate scattering element can be provided.

A wide variety of separate scattering elements and combined luminescent and scattering
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elements are well known to those of skill in the art, and any such elements can be employed
in the lamps of the present inventive subject matter.

Any desired circuitry (including any desired electronic components) can be employed
in order to supply energy to the one or more light sources according to the present inventive
subject matter. Representative examples of circuitry which may be used in practicing the
present inventive subject matter is described in:

U.S. Patent Application No. 11/626,483, filed January 24, 2007 (now U.S. Patent
Publication No. 2007/0171145) (attorney docket number P0962; 931-007 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/755,162, filed May 30, 2007 (now U.S. Patent
Publication No. 2007/0279440) (attorney docket number P0921; 931-018 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/854,744, filed September 13, 2007 (now U.S. Patent
Publication No. 2008/0088248) (attorney docket number P0923; 931-020 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/117,280, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0309255) (attorney docket number P0979; 931-076 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/328,144, filed 12/4/08 (now U.S. Patent Publication
No. 2009/0184666) (attorney docket number P0987; 931-085 NP), the entirety of which is
hereby incorporated by reference as if set forth in its entirety; and

U.S. Patent Application No. 12/328,115, filed on December 4, 2008 (now U.S. Patent
Publication No. 2009-0184662)(attorney docket number P1039; 931-097 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety.

For example, solid state lighting systems have been developed that include a power
supply that receives the AC line voltage and converts that voltage to a voltage (e.g., to DC
and to a different voltage value) and/or current suitable for driving solid state light emitters.
Power supplies as discussed above can be employed.

Various types of electrical connectors are well known to those skilled in the art, and
any of such electrical connectors can be used in the lamps according to the present inventive

subject matter. Representative examples of suitable types of electrical connectors include
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Edison plugs (which are receivable in Edison sockets) and GU24 pins (which are receivable
in GU24 sockets).

In some embodiments according to the present inventive subject matter, the lamp is a
self-ballasted device. For example, in some embodiments, the lamp can be directly connected
to AC current (e.g., by being plugged into a wall receptacle, by being screwed into an Edison
socket, by being hard-wired into a branch circuit, etc.). Representative examples of self-
ballasted devices are described in U.S. Patent Application No. 11/947,392, filed on
November 29, 2007 (now U.S. Patent Publication No. 2008/0130298), the entirety of which
is hereby incorporated by reference as if set forth in its entirety.

Some embodiments in accordance with the present inventive subject matter can
comprise a power line that can be connected to a source of power (such as a branch circuit, a
battery, a photovoltaic collector, etc.) and that can supply power to an electrical connector (or
directly to the lamp). Persons of skill in the art are familiar with, and have ready access to, a
variety of structures that can be used as a power line. A power line can be any structure that
can carry electrical energy and supply it to an electrical connector on a fixture element and/or
to a lamp according to the present inventive subject matter.

Some embodiments in accordance with the present inventive subject matter can
employ at least one temperature sensor. Persons of skill in the art are familiar with, and have
ready access to, a variety of temperature sensors (e.g., thermistors), and any of such
temperature sensors can be employed in embodiments in accordance with the present
inventive subject mattér. Temperature sensors can be used for a variety of purposes, e.g., to
provide feedback information to current adjusters, as described in U.S. Patent Application
No. 12/117,280, filed May 8, 2008 (now U.S. Patent Publication No. 2008/0309255), the
entirety of which is hereby incorporated by reference as if set forth in its entirety.

Energy can be supplied to the lamps according to the present inventive subject matter
from any source or combination of sources, for example, the grid (e.g., line voltage), one or

" more batteries, one or more photovoltaic energy collection device (i.e., a device that includes
one or more photovoltaic cells that convert energy from the sun into electrical energy), one or
more windmills, etc.

The present inventive subject matter is also directed to lamps that may further

comprise a fixture element (e.g., in which the lamp is electrically connected to a fixture
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element, such as by an Edison plug being threaded in an Edison socket on the fixture
element). The fixture element can comprise a housing, a mounting structure, and/or an
enclosing structure. Persons of skill in the art are familiar with, and can envision, a wide
variety of materials out of which a fixture element, a housing, a mounting structure and/or an
enclosing structure can be constructed, and a wide variety of shapes for such a fixture
element, a housing, a mounting structure and/or an enclosing structure. A fixture element, a
housing, a mounting structure and/or an enclosing structure made of any of such materials
and having any of such shapes can be employed in accordance with the present inventive
subject matter.

For example, fixture elements, housings, mounting structures and enclosing
structures, and components or aspects thereof, that may be used in practicing the present
inventive subject matter are described in:

U.S. Patent Application No. 11/613,692, filed December 20, 2006 (now U.S. Patent
Publication No. 2007/0139923) (attorney docket number P0956; 931-002 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/743,754, filed May 3, 2007 (now U.S. Patent
Publication No. 2007/0263393) (attorney docket number P0957; 931-008 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/755,153, filed May 30, 2007 (now U.S. Patent
Publication No. 2007/0279903) (attorney docket number P0920; 931-017 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/856,421, filed September 17, 2007 (now U.S. Patent
Publication No. 2008/0084700) (attorney docket number P0924; 931-019 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/859,048, filed September 21, 2007 (now U.S. Patent
Publication No. 2008/0084701) (attorney docket number P0925; 931-021 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/939,047, filed November 13, 2007 (now U.S. Patent
Publication No. 2008/0112183) (attorney docket number P0929; 931-026 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/939,052, filed November 13, 2007 (now U.S. Patent

44



WO 2011/049760 PCT/US2010/051983

Publication No. 2008/0112168) (attorney docket number P0930; 931-036 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/939,059, filed November 13, 2007 (now U.S. Patent
Publication No. 2008/0112170) (attorney docket number P0931; 931-037 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/877,038, filed October 23, 2007 (now U.S. Patent
Publication No. 2008/0106907) (attorney docket number P0927; 931-038 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 60/861,901, filed on November 30, 2006, entitled “LED
DOWNLIGHT WITH ACCESSORY ATTACHMENT?” (inventors: Gary David Trott, Paul
Kenneth Pickard and Ed Adams; attorney docket number 931 044 PRO), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 11/948,041, filed November 30, 2007 (now U.S. Patent
Publication No. 2008/0137347) (attorney docket number P0934; 931-055 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/114,994, filed May 5, 2008 (now U.S. Patent
Publication No. 2008/0304269) (attorney docket number P0943; 931-069 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/116,341, filed May 7, 2008 (now U.S. Patent
Publication No. 2008/0278952) (attorney docket number P0944; 931-071 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/277,745, filed on November 25, 2008 (now U.S.
Patent Publication No. 2009-0161356) (attorney docket number P0983; 931-080 NP), the
entirety of which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/116,346, filed May 7, 2008 (now U.S. Patent
Publication No. 2008/0278950) (attorney docket number P0988; 931-086 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/116,348, filed on May 7, 2008 (now U.S. Patent
Publication No. 2008/0278957) (attorney docket number P1006; 931-088 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/512,653, filed on July 30, 2009 (now U.S. Patent
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Publication No. 2010-0102697) (attorney docket number P1010; 931-092 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/469,819, filed on May 21, 2009 (now U.S. Patent
Publication No. 2010-0102199) (attorney docket number P1029; 931-095 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety; and

U.S. Patent Application No. 12/469,828, filed on May 21, 2009 (now U.S. Patent
Publication No. 2010-0103678) (attorney docket number P1038; 931-096 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety.

The lamps according to the present inventive subject matter can further comprise
elements that help to ensure that the perceived color (including color temperature) of the light
exiting the lamp is accurate (e.g., within a specific tolerance). A wide variety of such
elements and combinations of elements are known, and any of them can be employed in the

.lamps according to the present inventive subject matter. For instance, representative
examples of such elements and combinations of elements are described in:

U.S. Patent Application No. 11/755,149, filed May 30, 2007 (now U.S. Patent
Publication No. 2007/0278974) (attorney docket number P0919; 931-015 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety; '

U.S. Patent Application No. 12/117,280, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0309255) (attorney docket number P0979; 931-076 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/257,804, filed on 10/24/08 (now U.S. Patent
Publication No. 2009/0160363) (attorney docket number P0985; 931-082 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

U.S. Patent Application No. 12/469,819, filed on May 21, 2009 (now U.S. Patent
Publication No. 2010-0102199) (attorney docket number P1029; 931-095 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety;

Some embodiments in accordance with the present inventive subject matter comprise
a controller configured to control a ratio of emitted light of at least a first color point (or range
of color points) and emitted light of a second color (or range of colors) such that a
combination of the emitted light is within a desired area on a CIE Chromaticity Diagram.

Persons of skill in the art are familiar with, have access to, and can readily envision a
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variety of suitable controllers that can be used to control the above ratio, and any of such
controllers can be employed in accordance with the present inventive subject matter.

A controller may be a digital controller, an analog controller or a combination of

‘digital and analog. For example, the controller may be an application specific integrated
circuit (ASIC), a microprocessor, a microcontroller, a collection of discrete components or
combinations thereof. In some embodiments, the controller may be programmed to control
the lighting devices. In some embodiments, control of the lighting devices may be provided
by the circuit design of the controller and is, therefore, fixed at the time of manufacture. In
still further embodiments, aspects of the controller circuit, such as reference voltages,
resistance values or the like, may be set at the time of manufacture so as to allow adjustment
of the control of the lighting devices without the need for programming or control code.

Representative examples of suitable controllers are described in:

U.S. Patent Application No. 11/755,149, filed May 30, 2007 (now U.S. Patent
Publication No. 2007/0278974), the entirety of which is hereby incorporated by reference as
if set forth in its entirety;

U.S. Patent Application No. 12/117,280, filed May 8, 2008 (now U.S. Patent
Publication No. 2008/0309255), the entirety of which is hereby incorporated by reference as
if set forth in its entirety; and

U.S. Patent Application No. 12/257,804, filed on 10/24/08 (now U.S. Patent
Publication No. 2009/0160363) (attorney docket number P0985; 931-082 NP), the entirety of
which is hereby incorporated by reference as if set forth in its entirety.

In some embodiments of the present inventive subject matter, a set of parallel solid
state light emitter strings (i.e., two or more strings of solid state light emitters arranged in
parallel with each other) can be arranged in series with a power line, such that current is
supplied through the power line to each of the respective strings of solid state light emitters.
The expression “string”, as used herein, means that at least two solid state light emitters are
electrically connected in series. In some such embodiments, the relative quantities of solid
state light emitters in the respective strings differ from one string to the next, e.g., a first
string contains a first percentage of solid state light emitters that emit BSY light and a second
string contains a second percentage (different from the first percentage) of solid state light

emitters that emit BSY light. As a representative example, first and second strings each
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contain solely (i.e., 100 %) solid state light emitters that emit BSY light, and a third string
contains 50 % solid state light emitters that emit BSY light and 50 % solid state light emitters
that emit non-BSY light, e.g., red light (each of the three strings being electrically connected
in parallel to each other and in series with a common power line). By doing so, it is possible
to easily adjust the relative intensities of the light of the respective wavelengths, and thereby
effectively navigate within the CIE Diagram and/or compensate for other changes. For
example, the intensity of non-BSY light can be increased, when necessary, in order to
compensate for any reduction of the intensity of the light generated by the solid state light
emitters that emit non-BSY light. Thus, for instance, in the representative example described
above, by increasing or decreasing the current supplied to the third power line, and/or by
increasing or decreasing the current supplied to the first power line and/or the second power
line (and/or by intermittently interrupting the supply of power to the first power line or the
second power line), the x, y coordinates of the mixture of light emitted from the lamp can be
appropriately adjusted.

As noted above, the solid state light emitters (and any luminescent material) can be
arranged in any desired pattern.

Some embodiments according to the present inventive subject matter include solid
state light emitters that emit BSY light and solid state light emitters that emit light that is not
BSY light (e.g., that is red or reddish or reddish orange or orangish, or orange light), where
each of the solid state light emitters that emit light that is not BSY light is surrounded by five
or six solid state light emitters that emit BSY light.

In some embodiments, solid state light emitters (e.g., where a first group includes
solid state light emitters that emit non-BSY light, e.g., red, reddish, reddish-orange, orangish
or orange light, and a second group includes solid state light emitters that emit BSY light)
may be arranged pursuant to a guideline described below in paragraphs (1) - (5), or any
combination of two or more thereof, to promote mixing of light from light sources emitting
different colors of light:

(1) an array that has groups of first and second solid state light emitters with the first
group of solid state light emitters arranged so that no two of the first group solid state light
emitters are directly next to one another in the array;

(2) an array that comprises a first group of solid state light emitters and one or more
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additional groups of solid state light emitters, the first group of solid state light emitters being
arranged so that at least three solid state light emitters from the one or more additional groups
is adjacent each of the solid state light emitters in the first group;

(3) an array is mounted on a submount, and the array comprises a first group of solid
state light emitters and one or more additional groups of solid state light emitters, and (c) the
array is arranged so that less than fifty percent (50%), or as few as possible, of the solid state
light emitters in the first group of solid state light emitters are on the perimeter of the array;

(4) an array comprises a first group of solid state light emitters and one or more
additional groups of solid state light emitters, and the first group of solid state light emitters is
arranged so that no two solid state light emitters from the first group are directly next to one
another in the array, and so that at least three solid state light emitters from the one or more
additional groups is adjacent each of the solid state light emitters in the first group; and/or

(5) an array is arranged so that no two solid state light emitters from the first group are
directly next to one another in the array, fewer than fifty percent (50%) of the solid state light
emitters in the first group of solid state light emitters are on the perimeter of the array, and at
least three solid state light emitters from the one or more additional groups is adjacent each of
the solid state light emitters in the first group.

It is understood that arrays according to the present inventive subject matter can also
be arranged other ways, and can have additional features, that promote color mixing. In some
embodiments, solid state light emitters can be arranged so that they are tightly packed, which
can further promote natural color mixing. The lamps can also comprise different diffusers and
reflectors to promote color mixing in the near and far field.

LED approaches like the one shown in Fig. 3 is that in order to generate a comparable
amount of light as the Philips 75W incandescent lamp, for example, the most efficient LEDs
currently available still require approximately 6-10W of thermal dissipation capacity. The
amount of surface area available within the lower portion of an A-lamp like retrofit structure
cannot in-some cases dissipate this amount of heat without an unacceptable temperature rise,
which in turn would raise the LED junction temperature, thereby potentially reducing LED
lifetime and performance. An alternative to creating such reduced LED lifetime and/or
performance would be to reduce the lumen output so that less heat needs to be dissipated, but

such reduced lumen output may be unacceptable in many situations.
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In some embodiments of the present inventive subject matter, there is provided a lamp
that can achieve high lumen output while dissipating the heat generated by the lamp and at
the same time maintaining the junction temperature(s) of the one or more solid state light
emitters included in the lamp low, e.g., sufficiently low that good lifetime and performance of
the one or more solid state light emitters are achieved. In some embodiments of the present
inventive subject matter, cooling is achieved with only passive cooling. In some
embodiments of the present inventive subject matter, active cooling is provided in addition to
any passive cooling that is provided (which can optionally include any of the passive cooling
features described herein).

One aspect of the present inventive subject matter relates to providing lamps that
comprise one or more solid state light emitters and that can be used in place of incandescent
A-lamps (and other lamps of other sizes, shapes and type of light production, such as
fluorescent, laser diodes, thin film electroluminescent devices, light emitting polymers
(LEPs), halogen lamps, high intensity discharge lamps, electron-stimulated luminescence
lamps, etc., each with or without one or more filters) that can reduce overall energy
consumption and minimize environmental impact while maintaining a reasonable
conformance to the A-lamp form factor. The size and volume constraints of the A-lamp
make a solid state design particularly challenging with an important constraint being the
amount of volume available for thermal management, such thermal management in some
embodiments being only passive, and in other embodiments, the thermal management
including active cooling (and optionally also including one passive cooling, e.g., one or more
of the passive cooling features described herein). The present inventive subject matter
provides unique approaches to such management.

In some embodiments, the present inventive subject matter addresses such problems
by turning the fins of the heat sink inwards rather than outwards. Additionally, in some
embodiments, LEDs used as a solid state source can be mounted toward the exterior of the
lamp as discussed in further detail below. By using the volume of the A-lamp shape more
fully and effectively, additional heat sink surface area is provided, more effective cooling
occurs, and dissipation of higher wattages or heat with acceptable LED junction temperatures
can be achieved than by arrangements in which the heat sink fins are fit into the narrower

neck section of the A-lamp. While the embodiments illustrated in the present drawing figures
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are shown as A-lamp replacements, the teachings of the illustrated embodiments are
applicable to other lamp replacements, as well as new solid state lamp designs.

In particular, while the illustrated embodiments of the present inventive subject matter
are shown as LED based solid state lamps having a form factor making it suitable as a retrofit
replacement for an incandescent A lamp, the teachings of the illustrated embodiments are
applicable to other types of lamps, mounting arrangements and shapes. As an example, while
an Edison screw type connector is depicted, the teachings are applicable to GU-24, bayonet,
or other presently available or future-developed connectors. Similarly, the teachings are
applicable to replacements for bulbs having other form factors, as well as new lamp designs.
While four planar mounting faces are shown, other numbers and shapes or a mix of shapes
may be employed.

As used herein, the term “A lamp” refers to a lamp that fits within one of the ANSI
standard dimensions designated “A”, such as A19, A21, etc. as described, for example, in
ANSI C78.20-2003 or other such standards. Embodiments of the present inventive subject
maﬁer can alternatively be other lamp sizes, including conventional lamp sizes, such as G and
PS lamps or non-conventional lamp sizes.

The expression “thermal equilibrium” refers to supplying current to one or more light
sources in a lamp to allow the light source(s) and other surrounding structures to heat up to
(or near to) a temperature to which they will typically be heated when the lamp is energized.
The particular duration that current should be supplied will depend on the particular
configuration of the lamp. For example, the greater the thermal mass, the longer it will take
for the light source(s) to approach their thermal equilibrium operating temperature. While a
specific time for operating the lamp prior to reaching thermal equilibrium may be lamp
specific, in some embodiments, durations of from about 1 to about 60 minutes or more and,
in specific embodiments, about 30 minutes, may be used. In some instances, thermal
equilibrium is reached when the temperature of the light source (or each of the light sources)
does not vary substantially (e.g., more than 2 degrees C) without a change in ambient or
operating conditions.

In many situations, the lifetime of light sources, e.g., solid state light emitters, can be
correlated to a thermal equilibrium temperature (e.g., junction temperatures of solid state light

emitters). The correlation between lifetime and junction temperature may differ based on the
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manufacturer (e.g., in the case of solid state light emitters, Cree, Inc., Philips-Lumileds,
Nichia, etc). The lifetimes are typically rated as thousands of hours at a particular
temperature (junction temperature in the case of solid state light emitters). Thus, in particular
embodiments, the component or components of a thermal management system of a lamp
is/are selected so as to dissipate heat at such a rate that a temperature is maintained at or
below a particular temperature (e.g., to maintain a junction temperature of a solid state light
emitter at or below a 25,000 hour rated lifetime junction temperature for the solid state light
source in a 25 °C surrounding environment, in some embodiments, at or below a 35,000 hour
rated lifetime junction temperature, in further embodiments, at or below a 50,000 hour rated
lifetime junction temperature, or other hour values, or in other embodiments, analogous hour
ratings where the surrounding temperature is 35 °C (or any other value).

In some instances, color output can be analyzed while the light emitters (or the entire
lamp) are at ambient temperature, e.g., substantially immediately after the light emitter (or
light emitters, or the entire lamp) is illuminated. The expression “at ambient temperature”, as
used herein, means that the light emitter(s) is within 2 degrees C of the ambient temperature.
As will be appreciated by those of skill in the art, the “ambient temperature” measurement
may be taken by measuring the light output of the device in the first few milliseconds or
microseconds after the device is energized.

In light of the above discussion, in some embodiments, light output characteristics,
such as lumen output, chromaticity (correlated color temperature (CCT)) and/or color
rendering index (CRI) are measured with the solid state light emitters, such as LEDs, at
thermal equilibrium. In other embodiments, light output characteristics, such as lumens, CCT
and/or CRI are measured with the solid state light emitters at ambient temperature.
Accordingly, references to lumen output, CCT or CRI describe some embodiments where the
light characteristics are measured with the solid state light emitters at thermal equilibrium and
other embodiments where the light characteristics are measured with the solid state light
emitters at ambient temperature.

Embodiments in accordance with the present inventive subject matter are described
herein in detail in order to provide exact features of representative embodiments that are
within the overall scope of the present inventive subject matter. The present inventive subject

matter should not be understood to be limited to such detail.
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Embodiments in accordance with the present inventive subject matter are also
described with reference to cross-sectional (and/or plan view) illustrations that are schematic
illustrations of idealized embodiments of the present inventive subject matter. As such,
variations from the shapes of the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus, embodiments of the present inventive
subject matter should not be construed as being limited to the particular shapes of regions
illustrated herein but are to include deviations in shapes that result, for example, from
manufacturing. For example, a molded region illustrated or described as a rectangle will,
typically, have rounded or curved features. Thus, the regions illustrated in the figures are
schematic in nature and their shapes are not intended to illustrate the precise shape of a region
of a device and are not intended to limit the scope of the present inventive subject matter.

Fig. 4 shows a top perspective view of a solid state lamp 400 in accordance with some
embodiments of the present inventive subject matter. Fig. 5 shows a bottom perspective of
the lamp 400." Lamp 400 has a standard screw type connector 402, a height, h, of
approximately 108.93 millimeters (mm) or 4.3 in and a width, w, of approximately 58 mm or
2.3 in. As such, it has a form factor that falls within an ANSI standard A19 medium screw
base lamp illustrated in Figure C.78-20-211 which has a maximum height of 112.7 mm and a
maximum width of 69.5 mm. The illustrative dimensions of lamp 400 fall well within these
ranges. It will be recognized that these illustrative dimensions may be altered to meet the
demands of a wide variety of lighting applications. For example, larger dimensions could be
provided for higher output lamps, such as an A21 lamp, or smaller dimensions could be
provided for lower output lamps, such as an A15 lamp.

From Figs. 4 and 5, it will be seen that heat sink 420 has a plurality of inward facing
fins that extend into a cavity defined by a body section of the heat sink. The surface area
provided by these inward facing fins enables the dissipation of higher wattages with
acceptable temperatures as compared with existing solid state designs which force the heat
sink fins to the narrow bottom section of the A-lamp. A bottom opening 430 and a top
opening 440 allow efficient convection air cooling of the lamp 400 as discussed further
below. Rather than being bunched centrally, LEDs 450 are mounted on outward facing
external mounting surfaces of the heat sink 420. The physical dispersal of LEDs 450 serves
to disperse the heat generated by the LEDs 450, and may reduce thermal coupling between
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LEDs and/or between subsets of the LEDs.

As seen in Figs. 4 and 5, LEDs 450 are disposed so that a primary axis of a light
output of one set of the LEDs 450 is in a direction in which the other sets of LEDs 450 do not
direct light. In other words, the LEDs 450 are configured to provide 360° of light despite
each set of LEDs only producing about 180° of light.

The heat sink 420 may be made of any suitable thermally conductive material.
Examples of suitable thermally conductive materials include extruded aluminum, forged
aluminum, copper, thermally conductive plastics or the like. As used 'herein, a thermally
conductive material refers to a material that has a thermal conductivity greater than air. In
some embodiments, the heat sink 420 is made of a material with a thermal conductivity of at
least about 1 W/(m K). In other embodiments, the heat sink 420 is made of a material with a
thermal conductivity of at least about 10 W/(m K). In still further embodiments, the heat sink
420 is made of a material with a thermal conductivity of at least about 100 W/(m K).

Additionally, side lenses 460 are provided to define a mixing cavity 455 in which the
LEDs 450 are mounted. The mixing cavity 455 may act as a mixing chamber to combine
light from the LEDs 450 disposed within the mixing cavity 455. The side lenses 460 may be
transparent or diffusive. In some embodiments, a diffuser film 462 can be provided between
the LEDs 450 and the side lens 460. Diffuser films are available from Fusion Optix of
Woburn, MA, BrightView Technologies of Morrisville, North Carolina, Luminit of Torrance,
CA or other diffuser film manufacturers. Alternatively or additionally, the side lenses 460
may be diffusive, for example, by incorporating scattering material within the side lenses,
patterning a diffusion structure on the side lenses or providing a diffusive film disposed
within the mixing cavity 455 or on the lens 460. Diffuser structures having diffusive material
within the lens may also be utilized. Diffusive materials that may be molded to form a
desired lens shape and incorporate a diffuser are available from Bayer Material Science or
SABIC. The mixing chamber may be lined with a reflector, such as the reflector plate 452 or
may be made reflective itself. The reflective interior of the cavity 455 may be diffuse to
enhance mixing. Diffuse reflector materials are available from Furukawa Industries and
Dupont Nonwovens. By providing a mixing chamber that utilizes refractive and reflective
mixing, the spatial separation between the LEDs 450 and the side lens 460 required to mix
the light output of the LEDs 450 may be sufficiently large to allow for near field mixing of
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the light. Optionally, the LEDs 450 may be obscured from view by a diffuser structure as
described above such that the LEDs 450 do not appear as point sources when the lamp 400 is
illuminated. In particular embodiments, the mixing chamber provides near field mixing of
the light output of the LEDs 450.

Fig. 6 shows an exploded view of the lamp 400 which comprises a screw shell 402
which fits onto a lower device housing 404. The lower device housing 404 houses drive
circuitry for converting standard power, such as 120V line power provided in the United
States to a voltage and current suitable for driving solid state lighting sources, such as LEDs.
The particular configuration of the drive circuitry will depend on the configuration of the
LEDs. In some embodiments, the drive circuitry comprises a power supply and drive
controller that allows for separate control of at least two strings of LEDs, and in some
embodiments, at least three strings of LEDs. Providing separate drive control can allow for
adjusting string currents to tune the color point of the LEDs combined light output as
described, for example, in commonly assigned United States Patent Publication No.
2009/0160363 entitled “Solid State Lighting Devices and Methods of Manufacturing the
Same,” the disclosure of which is incorporated herein as if set forth in its entirety.
Alternatively, the drive circuitry may comprise a power supply and single string LED
controller. Such an arrangement may reduce cost and size of the drive circuitry. In either
case, the drive circuitry may also provide power factor correction. Thus, in some
embodiments, lamp 400 may have a power factor of greater than 0.7 and in some
embodiments a power factor of greater than 0.9. In some embodiments, the lamp 400 has a
power factor of greater than 0.5. Such embodiments may not require power factor correction
and, therefore, may be less costly and smaller in size. Additionally, the drive circuitry may
provide for dimming of the lamp 400.

Lower device housing 404 also supports lower stand 406 which has four legs 408
which fit into housing 404 and which may snap into or interlock with a cutout or locking slot,
such as cutout 409. Lower stand 406 also has four support and spacing arms 410 which
support a lower base 412 above and spaced from the lower housing 404. This spacing helps
allow for free airflow and helps provide thermal isolation between the drive circuitry and the
LEDs. In some embodiments, the lower base 412 can be reflective (specular or diffuse, e.g.,

made of MCPET, i.e., white foamed sheets made of extra-fine, foamed polyethylene
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terephthalate (PET) available from Furukawa Electric in Japan).

Accordingly, a lamp as depicted in Figs. 4-8 can comprise at least a first solid state
light emitter (any of the LEDs 450), a power supply can be positioned inside the lower device
housing 404 (i.e., inside the base of the lamp), the first solid state light emitter being mounted
on the heat dissipation element 420, the power supply being electrically connected to the first
solid state light emitter (so that when line voltage is supplied to the power supply, the power
supply feeds current to the first solid state light emitter), and the heat dissipation element 420
being spaced from the power supply. Referring to Fig. 5, well over 50 percent of the space
defined by all points that are located between the heat dissipation element 420 and the base
element (including the lower device housing 404), i.e., the region partially defined by the'
stand 406 is filled with an ambient medium, e.g., air. In this arrangement, at least some heat
generated by the first solid state light emitter is dissipated by the heat dissipation element
420, and at least some heat generated by the power supply is dissipated from the lower device
housing 404 which is spaced from the heat dissipation element. The heat dissipation element
420 comprises dissipation region sidewalls that define a heat dissipation chamber extending
between inlet openings 43..0 and outlet openings (areas in the top opening 440 in which fins
are not positioned).

The discussion herein of inlet and outlet openings is dependeﬁt on the orientation of
the lamp. That is, the discussion of the embodiment depicted in Figs. 4-8 relates to the lamp
being oriented in an upright orientation, as shown in the Figures. In the event that the lamp is
inverted (not necessarily axially oriented, but such that the openings 430 are higher than the
opening 440), the openings 430 would become the outlet openings and the opening 440
would become the inlet opening, since warmer ambient medium rises.

The lower device housing 404, lower stand 406 and/or lower base 412 may be made
of a thermoplastic, a polycarbonate, a ceramic, aluminum or other metal or another material
may be utilized depending upon cost and design constraints. For example, the lower housing
404 may be made of a non-conductive thermoplastic to provide isolation of drive circuitry
contained within the lower housing 404. The lower stand 406 may be made of an injection
molded thermoplastic. The lower base 412 may be made of a thermoplastic. Alternatively, if
the lower base 412 is to provide additional heat dissipation, the lower base 412 may be made

of a metal, such as aluminum and may be thermally coupled to the heat sink 420, for
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example, using a thermal interface gasket.

Two extending guide members 414 align the lower base with and seat in two of the
mounting arms 410. Two lower base screws 416 pass through respective openings 418 in
arms 410, and openings 419 in lower base 412 to connectively mount a base portion of the
lamp 400 comprising screw shell 402, lower driver housing 404, lower stand 406, and lower
base 412 to an upper portion of lamp 400. Lower base 412 also comprises a large central
opening 421. In conjunction with the spacing of the heat sink away from and above the
power supply enclosure body, opening 421 allows air to freely flow through the opening 421
and the heat sink 420, as well as through top opening 440.

The upper portion of lamp 400 comprises the heat sink 420, four LED boards 450,
reflector plates 452, LED board mounting screws 454, side lenses 460, top lens 470, and top
lens screws 472. As described above, the reflector plates 452 and side lenses 460 may
provide a mixing chamber in the cavity 455 in which the LEDs 450 are provided.

While not illustrated in the figures, to the extent that two components are to be
thermally coupled together, thermal interface materials may also be provided. For example,
at the interface between the circuit board on which the LEDs 450 are mounted and the heat
sink 420, a thermal interface gasket or thermal grease may be used to improve the thermal
connection between the two components.

As noted above, lower screws 416 attach the bottom portion of lamp 400 to the upper
portion of lamp 400. As shown, they mate with the heat sink 420. The reflector plates 452
and screws 454 attach an LED board 456 on each of the four faces of the heat sink 420. Five
LEDs 450 are shown on each board 456, and it is presently preferred in connection with the
depicted embodiment that these LEDs be XPE-style LEDs from Cree, Incorporated. While
these LEDs are presently preferred in this embodiment, other styles and brands may be
suitably employed. The number of LEDs 450 can be changed by changing the number of
LED boards 456, or by changing the number of LEDs 450 on any or all of the LED boards
456. In some embodiments, the number and types of LEDs are selected so that lamp 400
provides at least 600 lumens, in other embodiments, at least 750 lumens and in still further
embodiments, at least 900 lumens (or more, as discussed above). In other embodiments, the
numbers and types of LEDs 450 are selected so that lamp 400 provides at least 1100 lumens

(or more, as discussed above). In some embodiments, the lJumen output values are initial
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lumen output values (i.e. the amount of lumens being output before substantial lumen
depreciation has occurred).

The LEDs 450 may be provided in a linear arrangement as shown in Fig. 6 or may be
provided in other configurations. For example, a roughly circular, triangular or square array
or even a single packaged device having one or more LEDs, such as an MC device from Cree,
Inc., or in any pattern as described above (including, among other arrangements, where each
solid state light emitter that emits light in one hue is surrounded by five or six solid state light
emitters that emit light in another hue, or in accordance with any of guidelines (1)-(5)
described above), or as an array as described in commonly assigned United States patent
Application Serial No. 12/475,261, entitled “Light Source with Near Field Mixing” filed May
29, 2009 (now U.S. Patent Publication No. 2009/0283779), the disclosure of which is
incorporated herein as if set forth in its entirety, may be utilized. In a particular embodiment,
5 LEDs are provided with 3 blue shifted yellow (BSY) LEDs and 2 red LEDs where the
LEDs are disposed alternating BSY and red LEDs. In some embodiments, the BSY LED has
a color point that falls within a rectangle on the 1931 CIE Chromaticity diagram bounded by
the x, y coordinates of 0.3920, 0.5164; 0.4219, 0.4960; 0.3496, 0.3675; and 0.3166, 0.3722.
In some embodiments, the BSY LED has a color point that combines with a red LED to
provide white light having a high CRI as described in United States Patent No. 7,213,940,
entitled “Lighting Device and Lighting Method,” the disclosure of which is incorporated
herein by reference as if set forth in its entirety.

Side lenses 460 have edges which snap or slidably fit into corresponding grooves 423
of corner mounts 425 of the heat sink 420. Top lens or cap 470 fits over the top edges 462 of
side lenses 460 and top screws 472 pass through mounting openings 474 in the top lens 470
and mate with the heat sink 420. The embodiment shown may suitably employ extruded
lenses with an injection molded top cap, but alternatively a single injection molded piece or
cast component could replace these multiple pieces. The assembled lamp 400 is shown in
Figs. 4 and 5.

The optical design and geometry of the reflector plates 452, side lenses 460 and top
lens or cap 470 may be adapted to provide light output over greater than a 180" hemisphere,
for example, over a zone between 0° and 150° axially symmetric where the 180° hemisphere

would be a zone between 0° and 90° axially symmetric, by several different approaches. One
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approach is to utilize phosphor converted warm white LEDs with a diffuser film or a layer at
the lens interface to provide a wide angular dispersion of light and mix the light from the
warm white LEDs. Another approach utilizes BSY and red LEDs as described in United
States Patent 7,213,940, in combination with a diffuser film or layer to provide warm white
light across a wide angular distribution. A third approach uses blue LEDs driving a remote
phosphor layer layered on and/or molded into the lens and/or provided as a separate structure
from the lens. The remote phosphor generates light that appears white, either alone or in
combination with the blue light from the LEDs. Furthermore, the phosphor layer may
provide a wide angle of dispersion for the light as well as diffusing any blue light that passes
through the phosphor layer. The phosphor layer may be a single or multiple phosphor layers
combined. For example, a yellow phosphor, such as YAG or BOSE may be combined with a
red phosphor to result in warm white light (e.g., a CCT of less than 4QOOK). Additionally,
multiple remote phosphors, such as described in commonly assigned United States Patent
Application Serial No. 12/476,356, “Lighting Devices With Discrete Lumiphor-Bearing
Regions On Remote Surfaces Thereof” filed June 2, 2009, the disclosure of which is
incorporated herein as if set forth in its entirety, either coated onto or molded into the lenses
and cap could be utilized to provide warm white light across a wide angular distribution. An
additional approach utilizes blue and red LEDs to drive a phosphor layer coated onto, molded
into and/or provided separate from the lenses and cap to provide warm white light across a
wide angular distribution.

The spacing of LEDs along most of the length of the upper portion of lamp 400 as
shown in Figs. 4 and 5, for example, provides for light emission along almost the entire body
of the lamp. When a lamp, such as the lamp 400, is used in a decorative setting with a lamp
shade or decorative glass fitting, undesirable shadows or hot spots may be advantageously
reduced or avoided.

Figs. 7A, 7B and 7C show top, side and bottom views of the lamp 400, and Figs. 8A
and 8B show cross-sectional views along lines A-A and B-B of Fig. 7A, respectively. As can
be seen in Fig. 7A, LEDs 450 on top face 471 have a primary axis of light output X in a
direction in which the LEDs on bottom face 473 direct no light, as their primary axis of light
output Y is in the other direction.

Figs. 9A and 9B illustrate top views of two alternative heat sinks 920 and 925,
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respectively, with different fin arrangements. The heat sinks 920 and 925 may be
manufactured in a number of ways, for example, by casting or extruding aluminum, or by
injection molding or extruding thermally conductive plastic (e.g., if less heat dissipation is
needed). The material, location and number of fins (for these arrangements and for any other
heat sink arrangements) may be selected based on the application and wattage to be
dissipated, as well as whether active cooling will be employed (and what type of active
cooling will be employed and to what extent). The examples shown include 3 fins 926 or 5
fins 921 per face, although more or fewer fins may be used based upon the application. Fig.
10 shows a perspective view of the heat sink 920. In the perspective view of Fig. 10, the
rectangular areas 922 simply indicate where LEDs would be mounted. The LEDs could be
mounted as shown in Fig. 6 or using chip on heat sink mounting techniques, a multichip LED
package, or standard LEDs soldered to a metal core printed circuit board (MCPCB), flex
circuit or even a standard PCB, such as an FR4 board. For example, the LEDs could be
mounted using substrate techniques such as from Thermastrate Ltd of Northumberland, UK.
Top surfaces of heat sink 920, such as edges 923, may be machined or otherwise formed to
match the dome shape of the standard A-lamp foot print to increase heat sink surface area.

Fig. 11 shows a simulated thermal plot with a 9W load, 2.25W/face. The thermal plot
demonstrates the functionality of the internal heat sink fins, keeping the heat sink change in
temperature (AT) from lamp off to steady state on to 50° to 60°C for the 9W load. This AT
translates into a 60° to 75°C rise in junction temperature. It should be noted that this
simulation was run on a non-optimized fin structure like that shown in Fig. 9A, and
improvements in geometry and performance should be expected as the design is optimized for
specific applications/LED configurations.

Fig. 12 shows a flow line plot 1100 from the same simulation as was addressed in
connection with Fig. 11. The flow line plot 1100 demonstrates that the interior fin heat sink
creates a chimney effect flow of air through the center of a lamp employing such a heat sink,
like the lamp 400.

Figs. 13-15 illustrate a solid state lamp 600 according to further embodiments of the
present inventive subject matter. As seen in Figs. 13-15, the solid state lamp 600 includes the
heat sink 420 and LED board 456 supporting LEDs 450 as described above. Optionally, the
faces of the heat sink 420 on which the LED board 456 is mounted may be made flat to
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eliminate the angled portions at the corner of the heat sink 420 and allow light from different
faces to be transmitted to portions of the lens 660 opposite a different face of the heat sink
420. The openings 420 and 430 allow for the flow of air through the heat sink 420. The solid
state lamp 600, however, has an increased area of a mixing chamber 655 by providing a lens
660 that extends away from the LED board 450 while still fitting within the ANSI standard
for a particular lamp, such as an A-lamp, as illustrated in Figs. 13-15. By increasing the
distance between the LEDs and the diffusive lens 660, the obscuration of the LEDs may be
achieved with less diffusion and, therefore, less optical loss.

The lens 660 may be diffusive in that it may be made from a diffusing material or may
include a diffuser film mounted on or near the lens 660. The lens 660 may be transmissive
and reflective so that mixing occurs from a combination of reflection and refraction. The lens
660 may be thermo-formed, injection molded or otherwise shaped to provide the desired
profile. Examples of suitable lens materials include diffusive materials from Bayer Material
Science or SABIC. The lens 660 may be provided as a single structure or a composite of
multiple structures. For example, the lens may be divided in half along a lateral line to allow
insertion of the heat sink assembly into the lens and the second or “cap” portion of the lens
attached. Furthermore, as illustrated in Fig. 15, the structure that provides the lens may also
provide a housing 610 for the power supply as well as a stand 606 that spaces the heat sink
420 from the base to provide the openings 430.

The stand 606 may be made of one or more components. For example, as illustrated
in Fig. 15, the stand 606 includes a base portion 608 on which the heat sink 420 is mounted.
The stand 606 separates the heat sink 420 from the power supply housing 610 and may also
provide electrical contacts 610 between the power supply (not shown) and the LED boards
450. As is further illustrated in Fig. 15, the base portion 608 may include friction connections
620 and 622 for electrically connecting to connector pads on the LED boards 450. The
friction connections 620 and 622 may provide both electrical and mechanical connection of
the heat sink assembly to the base portion 608. In such a way, the heat sink assembly
including the heat sink 420 and the LED boards 450 may be assembled and tested and then
inserted into the base portion without the need to solder electrical connections. The heat sink
assembly may also be further fastened to the base portion 608 by additional mechanical

fasteners, such as the screws 630 illustrated in Fig. 15.
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While the heat sink 420 has been described herein as made as a single piece, such as a
single extrusion, the heat sink may be made of multiple pieces. For example, each face could
be an individual piece that is attached to other pieces to form the heat sink. Such an
attachment may, for example, be provided by having mating surfaces of opposite polarity on
each edge such that the mating surface of one face would slide into the mating surface of an
adjacent face. Accordingly, the heat sink according to embodiments of the present inventive
subject matter should not be construed as being limited to a single unitized structure but may
include heat sinks that are assembled from component parts.

Fig. 16 illustrates another lamp in accordance with the present inventive subject
matter.

Referring to Fig. 16, the lamp 10 comprises a base 11 in the form of an Edison plug,
an upper hemispherical region 12 and a middle region 13. The upper hemispherical region
comprises a lens through which light emitted by a plurality of solid state light emitters
positioned inside the lamp passes in order to exit the lamp. The exterior of the middle region
13 comprises a plurality of heat dissipation fins that are thermally coupled with the solid state
light emitters.

Fig. 17 illustrates another lamp in accordance with the present inventive subject
matter.

Referring to Fig. 17, similar to the lamp shown in Fig. 16, the lamp 20 comprises a
base 21 in the form of an Edison plug, an upper hemispherical region 22 and a middle region
23. The upper hemispherical region comprises a cover through which light emitted by a
plurality of solid state light emitteré positioned inside the lamp passes in order to exit the
lamp. The exterior of the middle region 23 comprises a plurality of heat dissipation fins that
are thermally coupled with the solid state light emitters. Unlike the lamp shown in Fig. 16,
the lamp shown in Fig. 17 includes transparent (or substantially transparent) lenses 24
positioned in half of the generally triangular regions between adjacent pairs of fins, (the
regions being spaced, so that a lens is positioned in every other region between adjacent pairs
of fins). Providing the lenses allows for light to spill out of the lamp through portions of the
middle region 23 as well as through the upper region 22.

Fig. 18 shows a representative example of a layout for solid state light emitters in the

lamps depicted in Figs. 16 and 17. Fig. 18 shows a plurality of red LEDs and a plurality of
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BSY LEDs mounted on a printed circuit board 30 positioned on a circular disk 31. The
circular disk 31 can be mounted inside lamps depicted in Figs. 16 and 17, such that the plane
of the circuit board 30 on which the LEDs are mounted will be substantially co-planar with
the circular lower edge of the hemispherical lens, so that even high angle light emitted by the
LEDs is incident upon the lens and is not blocked from exit by the middle region 23.

In the embodiments depicted in Figs. 16 and 17, the lens (or lenses) can be made of
any suitable light transmissive (or substantially transparent) material, e.g., polycarbonate, and
the middle region 23 can be made of any suitable heat conducting material, e.g., aluminum.

Fig. 23 depicts another example of a suitable embodiment of a heat sink arrangement
according to the present inventive subject matter. As shown in Fig. 23, the heat sink
arrangement has a hexagonal cross-section.

Fig. 24 depicts another example of a suitable embodiment of a heat sink arrangement
according to the present inventive subject matter. As shown in Fig. 24, the heat sink
arrangement has an octagonal cross-section.

In the heat sink arrangements depicted in Figs. 22 and 23, the fins are spaced
comparatively far apart, facilitating air flow if employed in an embodiment that does not
include any active cooling device for pushing (or pulling) ambient medium across the fins. In
the heat sink arrangement depicted in Fig. 24, the fins are packed more densely. Dense fin
packing can detract from heat removal performance in natural convection configurations (i.e.,
embodiments that do not include any active cooling device for pushing or pulling ambient
medium across the fins), but can enhance heat removal performance (in comparison to
devices in which fins are spaced farther apart) in devices that include one or more active
cooling devices for pushing or pulling ambient medium across the fins. As noted above,
embodiments that include an active cooling device for pushing or pulling ambient medium
across fins can handle more power to create a brighter light output and/or can have overall
dimensions that are smaller (e.g., in order to better fit within mechanical outlines or to
provide better diffuser to solid state light emitter spacing for improved uniformity and/or
color mixing) than would be the case if the active cooling device were not included.

Fig. 25 depicts another solid state lamp 40 according to the present inventive subject
matter. The solid state lamp 40 is similar to the lamp 600 depicted in Figs. 13-15, except that

the lamp 40 further comprises an active cooling device 41 located in the gap between the heat
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sink and the housing for the power supply. The active cooling device 41 can be any suitable
active cooling device, e.g., a fan, an electrostatic accelerator, a synthetic jet or a piezoelectric
fan. The direction of ambient fluid flow can be in any direction, e.g., upward or downward in
the orientation depicted in Fig. 25. If the active cooling device 41 is a device that pushes or
pulls ambient fluid, the direction that the active cooling device 41 pushes or pulls ambient
fluid can be the same as the direction that passive ambient fluid flow (e.g., by convection)
would be.

Fig. 26 depicts another solid state lamp 50 according to the present inventive subject
matter. The solid state lamp 50 is similar to the lamp 600 depicted in Figs. 13-15, except that
the lamp 50 further comprises an active cooling device 51 that is integral to the housing for
the power supply. The active cooling device 51 can be any suitable active cooling device,
e.g., a fan, an electrostatic accelerator, a synthetic jet or a piezoelectric fan. The direction of
ambient fluid flow can be in any direction, e.g., upward or downward in the orientation
depicted in Fig. 26. If the active cooling device 51 is a device that pushes or pulls ambient
fluid, the direction that the active cooling device 51 pushes or pulls ambient fluid can be the
same as the direction that passive ambient fluid flow (e.g., by convection) would be.

Fig. 27 depicts another solid state lamp 60 according to the present inventive subject
matter. The solid state lamp 60 is similar to the lamp 600 depicted in Figs. 13-15, except that
the lamp 60 further comprises an active cooling device 61 that is integral to a heat sink base
62. The heat sink base 62 includes mounting contacts and a bottom reflective surface for the
optical cavity of the lamp. The active cooling device 61 can be any suitable active cooling
device, e.g., a fan, an electrostatic accelerator, a synthetic jet or a piezoelectric fan. The
direction of ambient fluid flow can be in any direction, e.g., upward or downward in the
orientation depicted in Fig. 27. If the active cooling device 61 is a device that pushes or pulls
ambient fluid, the direction that the active cooling device 61 pushes or pulls ambient fluid can
be the same as the direction that passive ambient fluid flow (e.g., by convection) would be.

In some embodiments (including some embodiments corresponding to the illustrations
in Figs. 4-8), the strongest light output is oriented at about 90 degrees relative to an axis of
the lamp, i.e., at 3 o’clock positions (i.e., horizontal in the orientation depicted in Fig. 7B).
There is sometimes a desire to provide greater uniformity among various ranges of angles,

e.g., from 0 degrees (12 o’clock or upward in the orientation depicted in Fig. 7B) to 150
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degrees (5 o’clock), or any other ranges of angles. For example, Energy Star and L-Prize
require at least a specified uniformity of light output from 0 degrees to 150 degrees. In
embodiments where the solid state light emitters are aimed in 90 degree directions, i.e.,
horizontally in the orientation depicted in Fig. 7B (e.g., on any number of sides, such as four,
six, eight, etc., or circumferentially around a circular outer structure), the natural distribution
of light output at 0 degrees and 150 degrees with a diffusive lens capable of color mixing
light from solid state light emitters that emit light of different colors, e.g., BSY and red, may
in some cases be 50% or less of the light output at 90 degrees. In some cases, the light output

at 150 degrees can be even lower than the output at 0 degrees (e.g., the light output at 150

' ~ degrees can 20% or more less than the light output at 0 degrees), e.g., if the heat sink base

412 (see Fig. 6) is opaque. In order to provide better light output uniformity over any
particular range of angles, e.g., from 0 degrees to 150 degrees (e.g., in a device as in the
embodiment depicted in Figs. 4-8): (1) a high loading (or higher loading) of diffuser can be
provided in the lens (or lenses) (e.g., in the lenses 460 in the embodiment depicted in Figs. 4-
8)(which might incur losses of light, but will increase uniformity), (2) a thickness of the lens
(or lenses) (e.g., the lenses 460 in the embodiment depicted in Figs. 4-8) near the regions of 0
degrees can be increased relative to other regions of the lens (or lenses)(which will further
scatter light that would nominally exit at or near 0 degrees)(which might incur losses of light,
but will help to even out spatial output), (3) the base of the heat sink (e.g., the heat sink base
412 — see Fig. 6), or at least a portion thereof, can be substantially transparent or substantially
translucent (rather than being, e.g., reflective, such as MCPET), e.g., the base of the heat sink
(or at least a portion thereof) can be made of the same material (or materials) as the diffuser
materials used for the lenses 460 in the embodiment depicted in Figs. 4-8 (in embodiments
where circuit traces are molded in the base of the heat sink, some shadowing might be
created, but additional light output will be provided at locations, e.g., about 150 degrees,
where achieving significant light output can be difficult), and/or (4) one or more solid state
light emitters can be mounted at angles relative to the structure on which they are mounted
(e.g., the LED boards 456 in the embodiment depicted in Figs. 4-8), such that the one or more
solid state light emitters are aimed at angles other than 90 degrees (e.g., 0 degrees, 10
degrees, 20 degrees, 30 degrees, 60 degrees, 120 degrees, 150 degrees, 160 degrees, 170 .

degrees or 180 degrees), and/or structures on which one or more solid state light emitters are
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mounted (e.g., the LED boards 456 in the embodiment depicted in Figs. 4-8) can be curved
and/or contoured so that one or more solid state light emitters mounted flat on one or more
surfaces of such structures would be aimed at angles other than 90 degrees (e.g., 0 degrees, 10
degrees, 20 degrees, 30 degrees, 60 degrees, 120 degrees, 150 degrees, 160 degrees, 170
degrees or 180 degrees).

Figs. 28 and 29 depict another solid state lamp 70 according to the present inventive
subject matter. Fig. 28 is a front elevation view and Fig. 29 is a sectional view. Referring to
Fig. 28, the solid state lamp 70 has a base including a connector 71, two roughly
hemispherical regions 72 and 73, and pins 74 extending from each roughly hemispherical
region (72 and 73) toward the other roughly hemispherical region. Referring to Fig. 29, the
opposing face plates of the roughly hemispherical regions 72 and 73 are each roughly
circular, with the face plate 75 of the roughly hemispherical region 72 comprising a relatively
thin structure and the face plate 76 of the roughly hemispherical region 73 likewise
comprising a relatively thin structure. Pins 74 extend from a first side of the face plate 75
toward (but not into contact with) the face plate 76, and likewise, pins 74 extend from a first
side of the face plate 76 toward (but not into contact with) the face plate 75. LEDs 77 are
mounted on a second side of the face plate 75 (i.e., on the side opposite to the side from
which pins 74 extend) and on a second side of the face plate 76. Light emitted by the LEDs
77 mounted on the face plate 75 passes through a lens 78 (which encompasses the region 72),
and light emitted by the LEDs 77 mounted on the face plate 76 passes through a lens 79
(which encompasses the region 73).

In operation, ambient fluid (e.g., air) can readily enter the region between the regions
72 and 73 and extract heat from the pins 74. In some embodiments, convective flow can be
created by the heat coming off the pins 74.

The solid state lamp 70 depicted in Figs. 28 and 29 can be modified in any of a wide
variety of ways. For example: (1) the overall shape of the lamp can be any suitable shape,
i.e., the contours of the roughly hemispherical regions 72 and 73 could be any suitable shape;
(2) the upper portion of the lamp (i.e., the space defined by the outer contours of the roughly
hemispherical regions 72 and 73) could be divided into any number of regions, i.e., instead of
there being two substantially equally-sized regions 72 and 73 as shown in Figs. 28 and 29,
there could be three substantially equally-sized regions (each occupying about 120 degrees,
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i.e., about 120 degrees of the overall shape of the upper portion of the lamp, relative to its
axis), four substantially equally-sized regions (each occupying about 90 degrees), or any other
number of regions, and/or the regions can be of different sizes and/or shapes, e.g., a first
region could occupy 90 degrees, a second region could occupy 60 degrees, and a third region
could occupy about 210 degrees; (3) the pins could extend from one region and into contact
with the other region (or another region); (4) the surface of one or more of the plates on
which one or more solid state light emitters is/are mounted can be curved, so that the one or
more solid state light emitters can be aimed in a direction other than about 90 degrees, or so
that each of two or more solid state light emitters can be aimed in different directions, to
increase the uniformity of light output across a range of angles; and/or (5) the thickness of
one or more of the face plates could be increased in order to spread out the heat from the one
or more solid state light emitters (e.g., especially in an embodiment that has fewer solid state
light emitters on a plate, e.g., only a single LED on a plate).

Figs. 32-35 depict another solid state lamp 110 according to the present inventive
subject matter. Fig. 32 is a front elevation view, Fig. 33 is a sectional view taken along plane
33-33 in Fig. 32, Fig. 34 is a sectional view taken along plane 34-34 in Fig. 32, and Fig. 35 is
a perspective view.

Referring to Fig. 32, the solid state lamp 110 has a base including a connector 111,
and an upper region 112. Conceptually, the upper region 112 can be thought of as a generally
cubic structure that has all eight of its corners cut off (see Fig. 35). In operation, ambient
fluid can flow through four plenums 113 (two of which are visible in Fig. 33), each of which
extends from one of the cut-off corners on the bottom (in the orientation depicted in Figs. 32-
34) of the upper region 112 to a corresponding one of the cut-off corners on the top of the
upper region 112. In some cases, convective flow can be established.

Referring to Fig. 34, the upper region 112 comprises one bottom element 114, four
side elements 115 (two are visible in Fig. 34) and one top element 116 (i.e., one element
makes up each of the six sides of the conceptual cube). Each of the four side elements 115
and the one top element 116 comprises reflective walls 117, alens 118 and LEDs 119. The
four side elements 115 are attached to and supported on the bottom element 114 (which does
not include any LEDs or a lens). The top element 116 is attached to the bottom element 114
by support structures 120, which support the top element 116. As can be seen in Fig. 34, the
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top element 116 is not in direct contact with any of the side elements 115; likewise, none of

the side elements 115 is in direct contact with any other of the side elements 115. If desired,
a material that has relatively low heat conductivity (and/or extended portions of the lenses or
additional lenses) can be used to plug (or cover) the gaps between adjacent elements.

In operation, the solid state lamp 110 aims light up, forward, backward, right and left
(in the orientation depicted in Figs. 32-34). In some embodiments, the reflective walls 117
can be shaped and/or the LEDs can be mounted so that thé LEDs are aimed in more than five
directions (e.g., up to a maximum number of directions where each LED is aimed in a
different direction).

The solid state lamp 110 is depicted as having a generally cube-shaped upper region.
Alternatively, the upper region can have any suitable shape (e.g., hexagonal, octagonal,
spherical, etc.), and the various elements can either have gaps between them or not have gaps
between them (or some can have gaps and others can have no gaps).

Fig. 36 is a sectional view of another solid state lamp 130 according to the present
inventive subject matter. The lamp 130 comprises a first cup-shaped element 131 and a
second cup-shaped element 132. The first cup-shaped element 131 is stacked inside the
second cup-shaped element 132 but is prevented from coming into direct contact with the
second cup-shaped element 132 by spacers 133. LEDs 134 that emit light of a first color
(e.g., BSY) are mounted on the first cup-shaped element 131, and LEDs 135 that emit light of
a second color (e.g., red) are mounted on the second cup-shaped element 132. The bottom of
the first cup-shaped element 131 is open, so that the light emitted by the LEDs 135 can mix
with the light emitted by the LEDs 134. The interior of the first cup-shaped element 131 and
the bottom of the second cup-shaped element 132 are reflective, so that a high percentage of
the light emitted by the LEDs 134 and the light emitted by the LEDs 135 will mix and exit the
lamp 130 through the top end of the first cup-shaped element 131.

In some embodiments, the first cup-shaped element 131 and the second cup-shaped
element 132 can be thermally isolated from each other, and/or can be spaced from each other
by one or more regions (i.e., the spacers 133) that conduct heat less effectively (and in some
cases, much less effectively) than the first and second heat sink elements. As discussed in
more detail below, in some embodiments, it may be desirable for LEDs that emit one color to

be run at a thermal equilibrium temperature that differs from the thermal equilibrium
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temperature at which LEDs that ‘emit another color are run.

If desired, ambient fluid passages can be formed through any suitable regions of the
lamp 130 (e.g., apertures can be formed in the bottom of the second cup-shaped element 132).
In some embodiments, ambient fluid passages can be formed to create convective flow.

Fig. 37 is a sectional view of another solid state lamp 140 according to the present
inventive subject matter. The lamp 140 comprises a generally parabolic element 141, a
hexagonal cross-sectional element 142, a lens 147 and a connector 148. The generally
parabolic element 141 has a reflective surface 143. The hexagonal cross-sectional element
142 is positioned on the center of the generally parabolic element 141 and it extends in the
direction of the axis of the generally parabolic elemeht 141. LEDs 144 are mounted on the
external surfaces of the hexagonal cross-sectional element 142. Ambient fluid passages 145
(two are depicted in Fig. 37) extend through the generally parabolic element 141, whereby an
exterior region beneath the lamp 140 can communicate with an interior of the hexagonal
cross-sectional element 142. A plurality of pins 146 extend from the inside surfaces of the
hexagonal cross-sectional element 142.

In operation, if the lamp 140 is oriented as depicted in Fig. 37, ambient fluid flows
through the passages 145 into the interior of the hexagonal cross-sectional element 142 and
up through the interior of the hexagonal element, contacting the pins 146, and out through the
top of the hexagonal cross-sectional element 142 (if the lamp 140 is inverted relative to the
orientation depicted in Fig. 37, ambient fluid flow in the opposite direction).

It may be desirable for the reflective surface of the generally parabolic element 141 to
be contoured such that a minimum of light emitted by the LEDs is reflected toward the
hexagonal cross-sectional element 142.

In other embodiments, the shape (or shapes) of any of the components in the lamp 140
can be altered. For instance: (1) the hexagonal cross-sectional element 142 can instead be
any other suitable shape, e.g., cylindrical (i.e., circular cross-sectional), rectangular (i.e.,
square cross-sectional), octagonal cross-section, etc.; (2) the generally parabolic element 141
can be any other suitable shape, e.g., hemispherical, multifaceted, or any other shape as
described in U.S. Patent Application No. 12/467,467, filed on May 18, 2009 (now U.S. Patent
Publication No. ) (attorney docket number P1005; 931-091 NP), the entirety of which is
hereby incorporated by reference as if set forth in its entirety; and/or (3) the pins 146 can be
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replaced with structures of any other shape, e.g., fins.

In some embodiments, one or more components can be included which can cause one
or more active cooling devices to activate to cause ambient fluid to move in at least a first
direction (relative to the lamp) if the lamp is in one orientation (or any of a number of
orientations), and which can cause ambient fluid to move in at least a second direction
(relative to the lamp) if the lamp is in another orientation (or any of a number of other
orientations). Thus, the orientation of the lamp may be sensed and the direction of flow
controlled based on the sensed orientation. For example, one or more tilt switbhes can be
included which (1) cause a fan (or an electrostatic accelerator, a synthetic jet or a
piezoelectric fan) to push or pull air through a heat dissipation chamber (e.g., upward through
the heat dissipation chamber extending through the heat dissipation element 420 in the
embodiment depicted in Figs. 4-8) in a direction away from the lower base 412 when the
lamp is oriented as depicted in Fig. 7B, or tilted from that orientation by not more than 90
degrees), and (2) cause the fan (or the electrostatic accelerator, the synthetic jet or the
piezoelectric fan) to push or pull air through the heat dissipation chamber (e.g., upward
through the heat dissipation chamber extending through the heat dissipation element 420 in
the embodiment depicted in Figs. 4-8, in a direction toward the lower base 412 when the lamp
is oriented upside down in comparison to how it is depicted in Fig. 7B, or tilted from that
orientation by not more than 90 degrees). Other techniques for sensing the orientation of the
lamp may also be utilized. Techniques for sensing orientation are well known to those of
skill in the art.

As indicated above, in embodiments of the present inventive subject matter that
include a heat dissipation chamber, the heat dissipation chamber can be in any suitable shape.
For example, some embodiments of the present inventive subject matter can include a heat
dissipation chamber that comprises at least one plenum that is substantially straight, and into
which one or more fins protrude (e.g., some embodiments of the present inventive subject
matter can include a heat dissipation chamber for which a plurality of sections taken through
respective planes, that are each perpendicular to an axis of the lamp and that are spaced from
each other, would all look like the section depicted in Fig. 9A (or the section depicted in Fig.
9B, or the section depicted in Fig. 22, or the section depicted in Fig. 23, or the section
depicted in Fig. 24)).
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In some embodiments, the shapes of one or more plenum can be other than straight.
For example, in some embodiments, one or more plenums can be provided that have a venturi
shape (i.e., a shape that is commonly used to create a venturi effect), particularly in
embodiments where ambient (or other) fluid flow is very fast. Persons of skill in the art are
familiar with a wide variety of possible plenum shapes that might be employed (e.g., tapering
in to smaller diameter from an inlet end to an outlet end, tapering out to larger diameter from
an inlet end to an outlet end, convex, concave, tapered islands in the flow path, partially
frustoconical and partially straight, etc. In embodiments where convective flow is desired, it
might be useful for the plenum (or plenums) to be shaped so as to minimize turbulence and
create substantially laminar, substantially uniform flow. Persons of skill in the art are
familiar With testing various shapes to seek particular types of flow, and are readily able to do
so. In many embodiments, the lamp will be provided for use in any of a variety of
orientations, so it will not necessarily be known which end of a plenum will be up and/or the
degree of tilt. These factors can be important in determining the desired shape of one or more
plenum (e.g., if the lamp might be installed in an upright orientation or in an inverted
orientation (i.e., rotated 180 degrees so the lowest point becomes the highest point and the
highest point becomes the lowest point)), it can be beneficial for each end of the plenum (or
each plenum) to be roughly the same size as the other end (and for the plenum to be at least as
large along its length), as discussed above.

In other representative examples, some embodiments of the present inventive subject
matter can include a a heat dissipation chamber that comprises plurality of plenums (and
optionally one or more fins that protrude into one or more plenums) in a honeycomb
structure, i.e., a structure in which a number of plenums are closely packed together and are
separated from one another by plenum walls. In some of such honeycomb structures, the
plenums can be substantially straight (e.g., a plurality of sections, that are each perpendicular
to an axis of the lamp and that are taken through respective planes that are spaced from each
other, would all look similar, showing a plurality of open plenum regions separated from each
other by plenum walls).

In other representative examples, some embodiments of the present inventive subject
matter can include a heat dissipation chamber that comprises one or more spiral plenums,

e.g., a heat dissipation chamber that includes one or more plenums that are twisted (i.e., that
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can be envisioned by starting with one or more straight plenums and then twisting one or
more portions of the heat dissipation chamber — the degree of twisting per unit distance in the
axial direction can be substantially uniform or non-uniform). The provision of a spiral
plenum (or plenums) might inhibit ambient fluid flow through the heat dissipation chamber
(particularly in embodiments that do not include any active cooling components), but can
provide increased surface area for heat exchange between the walls of the heat dissipation
region and the ambient fluid passing through the heat dissipation chamber.

In other representative examples, some embodiments of the present inventive subject
matter can include a heat dissipation chamber that comprises an open pore structure, a
sponge-like structure (e.g., a solid-metal sponge), or any other structure through which fluid
can pass in respective pathways that are not straight or regular. Persons of skill in the art are
familiar with a wide variety of open pore structures, sponge-like structures and other
structures through which fluid can pass in respective pathways, and any of such structures can
be employed in the lamps according to the present inventive subject matter.

In some embodiments of the present inventive subject matter, one or more of the
surfaces of the heat dissipation chamber, or one or more portions thereof (e.g., one or more
surfaces of the dissipation region, and/or one or more surfaces of the fins or other heat
dissipation structures, or one or more portions thereof) can be roughened and/or can include
one or more irregularities (e.g., nodules, ridges, protrusions, valleys, indentations, etc.) to
increase the surface area of heat dissipation and/or to increase the turbulence of flow of
ambient fluid through the heat dissipation chamber, so as to achieve increased heat transfer
from the walls of the heat dissipation chamber (or fins or any other structures having one or
more surfaces that is/are contacted by the ambient fluid) to the ambient fluid flowing thiough
the heat dissipation chamber.

In some embodiments of the present inventive subject matter, one or more of the
surfaces of the heat dissipation chamber, or one or more portions thereof (e.g., one or more
surfaces of the dissipation region, and/or one or more surfaces of the fins or other heat
dissipation structures, or one or more portions thereof) can be patterned so as to reduce
turbulence and/or to otherwise assist in generating convective flow of ambient fluid (and/or to
allow forced air to flow with less resistance). Persons of skill in the art are familiar with a

variety of patterning that can be employed to reduce turbulence and/or to otherwise assist in
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generaﬁng convective flow, and any of such patterning can be employed in the lamps
according to the present inventive subject matter.

As noted above, dense fin packing can detract from heat removal performance in
natural convection configurations, but can enhance heat removal performance (in comparison
to devices in which fins are spaced farther apart). If (1) the packing of fins is dense, and/or if
(2) the size of the plenum or plenums is small (e.g., with a honeycomb-shaped heat
dissipation chamber), and/or if (3) the fluid flow pathway(s) through the heat dissipation
chamber is/are convoluted (e.g., with an open pore or a sponge-like structure), and/or if (4)
one or more of the surfaces of the heat dissipation chamber, or one or more portions thereof is
roughened and/or includes one or more irregularities, and/or if (5) any other feature or
condition restricts flow of ambient fluid, to such an extent that convective flow does not
occur when the solid state light emitter (or the solid state light emitters) is/are illuminated,
one or more active cooling device(s) can be provided for assisting in pushing or pulling
ambient medium through the heat dissipation chamber. In some embodiments where
resistance to flow of fluid through the heat dissipation chamber is particularly high (e.g., with
a honeycomb structure or with an open pore structure, or a sponge-like structure), it might be
necessary to partially or completely seal the active cooling device(s) that assist in pushing or
pulling ambient medium through the heat dissipation chamber to the structure surrounding
the heat dissipation chamber, so that ambient fluid being pushed by the active cooling
device(s) is prevented from escaping without passing through the heat dissipation chamber
(and/or only fluid within the heat dissipation chamber can be pulled by the active cooling
device(s).

In any description herein relating to a fin (or a plurality of fins), it should be
understood that such a fin can be a relatively flat and straight structure of relatively uniform
thickness (as depicted in the drawing Figures), or it can refer to a structure of any other
suitable shape. In addition, in some embodiments, any reference to a fin (or fins) can be
replaced by one or more pins. In some embodiments, e.g., where the general direction of flow
of ambient fluid can be predicted (e.g., in the case of an embodiment as depicted in Figs. 4-8),'
fins can be preferred (especially where ambient fluid flow is convective), whereas in
situations where the general direction of flow of ambient fluid cannot be predicted (e.g., it

might be front to back, or it might be left to right (or in some cases it might be in some other
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direction)), pins can be very useful (e.g., to avoid excessive inhibition of flow of the ambient
fluid and/or to provide a high ratio of surface area (for heat exchange) per unit volume.

In some embodiments of the present inventive subject matter, one or more phase
change cooling devices can be thermally coupled to the heat dissipation element. Any such
phase change cooling device can be an active cooling device or a passive cooling device. For
instance, an example of a passive phase change cooling device is a heat pipe. In
embodiments that include one or more heat pipe(s), for each heat pipe, a first end of the heat
pipe can be thermally coupled to a heat dissipation element (e.g., to a location on the heat
dissipation element from which heat needs to be extracted, such as a particularly hot spot that
is near a clump of solid state light emitters), and the other end of the heat pipe can be
suspended in air (whereby at the first end, heat from the heat dissipation element converted
liquid within the heat pipe into gas, the gas flows toward the second end of the heat pipe, heat
is dissipated along the length of the heat pipe, and the gas condenses somewhere along the
length of the heat pipe between the first end and the second end, and the condensed gas again
flows to the first end, where it is again converted back to gas). An example of an active phase
change cooling device is a refrigeration cycle, where the heat extraction portion of the cycle is
used to extract heat from the heat dissipation element.

As noted above, some embodiments of the present inventive subject matter can
include solid state light emitters that emit light in at least two different colors. As noted
above, the intensity of light emitted from some solid state light emitters varies based on
operating temperature, and the variance in intensity resulting from changes in operating
temperature can be more pronounced for solid state light emitters that emit light of one color
than for solid state light emitters that emit light of another color. For example, solid state
light emitters made from two different material systems (such as AllnGaP and InGaN) may
output light of different colors and may react differently to variations in operating
temperature. Likewise, the negative impact of elevated operating temperature on efficacy
(lumens per Watt of input power), light output level (lumens per A of input current) and/or on
lifetime can be more pronounced for solid state light emitters that emit light of one color than
for solid state light emitters that emit light of another color.

Variations in operating temperature of multiple solid state light emitters may result

from different causes. One cause is by operating the solid state light emitters at different
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current levels so that different amounts of heat are generated by the differing solid state light
emitters. Another cause for multiple solid state light emitters having differing operating
temperatures is the emitters being operated in different ambient temperatures. A third cause
is for the different solid state light emitters having different thermal resistances from the light
emitter to ambient so that the ability to dissipate heat generated by the solid state light
emitters differs between different emitters or groups of emitters.

In some embodiments of the present inventive subject matter, the operation and/or
relative placement of the solid state light emitters that are more sensitive to operating
temperature variations to solid state light emitters that are less sensitive to operating
temperature may be selected such that operation of the less sensitive solid state light emitters
does not exacerbate and, in some embodiments, ameliorates variations in operating
temperature of the more sensitive solid state light emitters. In particular, the less sensitive
solid state light emitters may be placed so that heat from these emitters is dissipated
downstream in the direction of convective flow from where heat from the more sensitive solid
state light emitters is dissipated. Thus, heat generated by the less sensitive solid state light
emitters will not raise the ambient temperature for the more sensitive solid state light
emitters. Additionally, the less sensitive solid state light emitters may be operated at higher
temperatures such that the area where heat is dissipated from the less sensitive emitters is
elevated to thereby enhance convective flow. Enhancing the convective flow may increase
the flow across both the region (or regions) where heat is dissipated from the less sensitive
emitters and the region (or regions) where heat is dissipated from the more sensitive emitters.
Thus, increasing the operating temperature of some solid state light emitters may actually
decrease the operating temperature of other solid state light emitters.

In some embodiments, the convective flow may be controlled, for example, through
the use of one or more of the various heat dissipation chamber(s) as described herein. In
other embodiments, the convective flow may be from an open environment.

In some embodiments according to the present inventive subject matter that include
solid state light emitters that emit light of at least two different colors (i.e., at least one solid
state light emitter emits light of a first color and at least one solid state light emitter emits
light of a second color), one or more solid state light emitters that emit light of the first color

can be operated (after reaching thermal equilibrium) at a temperature that is higher than the
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temperature at which one or more solid state light emitters that emit light of the second color
is/are operated (after reaching thermal equilibrium), and in some of such embodiments, at
least some of the solid state light emitters that emit light of the first color and at least some of
the solid state light emitters that emit light of the second color can be located so that when the
lamp is deployed, at least some of the solid state light emitters that emit light of the first color
are higher than at least some of the solid state light emitters that emit light of the second color
(whereby the positioning of higher temperature solid state light emitters above the IOWer
temperature solid state light emitters helps to assist in ambient fluid flow upward through the
heat dissipation element).

In some embodiments according to the present inventive subject matter that include
solid state light emitters that emit light of at least two different colors, at least one solid state
light emitter that emits light of a first color is mounted on a first heat sink element, and at
least one solid state light emitter that emits light of a second color is mounted on a second
heat sink element, and the first heat sink element is thermally isolated from the second heat
sink element. For example, in some embodiments according to the present inventive subject
matter that include one or more BSY solid state light emitters and one or more red solid state
light emitters, one or more BSY solid state light emitters can be mounted on a first heat sink
element that is thermally isolated from a second heat sink element, on which one or more red
solid state light emitters is/are mounted. Thermal isolation can be provided by the first and
second heat sink elements being distinct elements (and optionally being spaced from each
other), and/or by being separated by one or more regions that conduct heat less effectively
(and in some cases, much less effectively) than the first and second heat sink elemeﬁts.
Thermally isolating the different solid state light emitters may reduce thermal cross-talk
between the solid state light emitters and, thereby, reduce the impact on performance from
operating the solid state light emitters in close proximity.

As discussed above, in many embodiments of lamps according to the present
inventive subject matter, ambient fluid passes through or near a heat dissipation chamber that
extends through at least a portion of the lamp. In some of such embodiments, light emitted
by one or more solid state light emitter included in the lamp passes through a lens (which may
function as a light diffuser). In some embodiments, one or more lenses can be arranged so

that ambient fluid (e.g., air) can escape through the lens (or lenses) while substantially all of
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the light emitted by the one or more solid state light emitters in the lamp passes through at
least one lens (i.e., even though air can escape through one or more opening, little or no light
can exit through such opening. For example, in some embodiments, portions of a lens (or
separate lens elements) are spaced from each other in a direction extending away from the
solid state light emitter (or solid state light emitters), but overlap (or abut one another) in
angularity from the solid state light emitter (or solid state light emitters).

Figs. 30 and 31 illustrate two representative examples where portions of a lens (or
separate lens elements) are spaced from each other in a direction extending away from a solid
state light emitter (or solid state light emitters), but overlap (or abut one another) in angularity
from the solid state light emitter (or solid state light emitters). Thus, the ambient fluid
adjacent the solid state light emitters may be exchanged with ambient fluid outside of the
structure which may reduce the temperature of the ambient fluid adjacent the solid state light
emitters. Such a reduction in ambient temperature may affect lifetime of the solid state light
emitters. See Cree® XLamp® Long-Term Lumen Maintenance, July 2009 available at
www.cree.com/products/pdf/XLampXR-E _lumen maintenance.pdf.

Fig. 30 is a sectional view, in which (at least concepfually) a region of a first lens 80
(e.g., a circular section) has been removed, and a second lens 81 is positioned such that it is
spaced from the first lens 80 in a direction extending away from the solid state light emitter
83, but overlaps with the first lens 80 in angularity from the solid state light emitter 83, that
is, a line drawn in any angle in three dimension (i.e., defining an angle in the plane of the
page and an angle perpendicularly to the page) relative to the solid state light emitter 83
would necessarily pass through either the first lens 80, the second lens 81 (or, due to the slight
overlap, both the first lens 80 and the second lens 81). Fig. 30 also illustrates posts 82 which |
hold the second lens 81 in place relative to the first lens 80.

Fig. 31 is a sectional view, in which a portion of a first lens 84 is spaced from a
portion of a second lens 85 in a direction extending away from a solid state light emitter 83,
but overlaps with the second lens 85 in angularity from the solid state light emitter 83.

Some embodiments of lamps according to the present inventive subject matter
(including any of the device described and/or depicted herein) can, if desired, include one or
more slots or other types of openings to allow for flow of ambient fluid. For example, if it is

known that a lamp depicted in Figs. 4-8 will be oriented sideways (i.e., such that an axis
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extending through the connector 402 and through the center of the top lens 470 is horizontal),
one or more slots could be provided in the heat dissipation element 420 to assist in providing
convective flow of ambient fluid (and/or to enhance flow by one or more active cooling
elements), for example, if one of the four side lenses 460 of the heat dissipation element 420
will be facing down, one or more slots (or other opening or openings) could be provided in
the sidewall (of the heat dissipation element) that will be facing down, and/or one or more
slots (or other opening or openings) could be provided in a sidewall that will be facing
upward.

In a manner that is analogous to the embodiment depicted in Figs. 32-35, some
embodiments of lamps according to the present inventive subject matter can comprise plural
portions‘(“panels” or “plates™) which, when combined, form a heat dissipation element. For
example, in the embodiment depicted in Figs. 4-8, each of the four sides that are vertically
aligned in the orientation depicted in Fig. 7B could be a separate plate (or panel), and the four
plates could be held together in any suitable way.

Some embodiments of the present inventive subject matter include at least one active
cooling device as well as at least one air purifying device. For example, some embodiments
include an electrostatic accelerator that functions both (1) as a device for pushing or pulling
air through at least one heat dissipation chamber and (2) as a device for purifying some or all
of that air. Persons of skill in the art are familiar with and have access to a wide variety of
devices that move air in the course of purifying it, and any of such devices could be employed
in such embodiments to provide both air movement and air purification. For instance, a
representative example of a device that moves air in the course of purifying it is a device
marketed under the name Kronos™, that includes air handlers that, according to literature,
propel air at speeds ranging from 0 to over 1,700 feet per minute while scrubbing the air of

harmful pollutants including allergens, gases, viruses, mold and bacteria.

Example 1

A heat sink arrangement as illustrated in Figs. 13-15 was produced from aluminum.
The dimensions of the heat sink were as described above. Ten Cree XP LEDs (6 BSY and 4
red) from the R2 and M2 brightness bins were mounted on a MCPCB which was then
mounted to the heat sink. A thermal grease was placed between the MCPCB and the heat
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sink to improve the thermal connection between the MCPCB and the heat sink. The lower
section without a power supply was also constructed as part of the lenses. The top outlet had
a cross-sectional area of 30 mm x 30 mm, minus the areas occupied by the fins. The bottom

- 1inlet had a cross-sectional area of about 864 square millimeters (four openings, each 24 mm x
9 mm).

The above-described lamp was placed in an upright vertical orientation in a 25 °C
ambient and driven with a remote power supply with 375 mA of current at 24.9 V initially
and stabilized at 24.03 V after 40 minutes. The light output and electrical characteristics
measured are summarized in Table 1 below (in which time is in minutes and “x” and “y”

represent color coordinates, on a 1931 CIE Chromaticity Diagram, for the light output).

Table1

Time Lumens X y CCT CRI  Volts  Watts
0 9055 0459 0.4126 2726 923 2493 9.35

10 805 0.4773 0.4146 2914 926  24.18 9.07

20 782 0.4445 04152 2963 923  24.07 9.03

30 7754 04432 04154 2917 92.1 24.04 9.02

40 773.5 0.4434 0.4155 2983 92.1 2403 9.01

50  772.8 0.4436 0.4159 2987 92.1 2403 9.01

60 776.6 0.4434 0.4156 2984 92.1 2403 9.01

These test results suggest a junction temperature (T;) of 77 *C with a measured temperature

(T,) on the heat sink of 70 °C at 9W DC input power. It is estimated that T, goes up by 8-10

°C for the lamp in the horizontal position.

Example 2
A heat sink arrangement substantially as illustrated in Figs. 13-15 was produced from

aluminum. The dimensions of the heat sink were substantially as described above, except

that the heat sink (and its fins) were instead shaped as shown in Figs. 21 and 22. In each of
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the four sides, seventeen Cree XP LEDs from the S2 and P3 brightness bins were mounted on
a MCPCB which was then mounted to the heat sink. A thermal grease was placed between
the MCPCB and the heat sink to improve the thermal connection between the MCPCB and
the heat sink. The layout for the LEDs on the front and back sides is depicted in Fig. 19, and
the layout for the LEDs on the right and left sides is depicted in Fig. 20. A somewhat larger
MCPCB was used (in comparison to the one depicted in Fig. 6) to-accommodate the larger
number of LEDs. The lower section without a power supply was also constructed as part of
the lenses. The top outlet had a cross-sectional area of 30 mm x 30 mm, minus the areas
occupied by the fins. The bottom inlet had a cross-sectional area of about 864 square
millimeters (four openings, each 24 mm x 9 mm). The power supply was a linear regulator
(representative examples of high voltage linear regulators are described in U.S. Patent
Application No. 11/626,483, filed January 24, 2007 (now U.S. Patent Publication No.
2007/0171145) (attorney docket number P0962; 931-007 NP), the entirety of which is hereby
incorporated by reference as if set forth in its entirety.

The above-described lamp was placed in an upright (base down) vertical orientation in
a 25 °C ambient and driven with a remote power supply. The light output and electrical

characteristics measured are summarized in Table 2 below.

Table 2
time Power Lumens CCT CRI lumens per
(min) (Watts) X) Watt
0 8.495 1015 2525 90.3 119.5
5 9.127 1030 2592 913 112.9
15 9.124 963 2688 914 105.5
30 9.145 943 2732 91.1 103.1
45 9.14 936.1 2743 91.2 102.4
60 9.126 936.2 2744 913 102.6

The unit reached thermal equilibrium in less than one hour.

Example 3
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The lamp described above in Example 2 was tested in a CALiPER approved
Photometric Test Laboratory. The test was conducted with the lamp in an inverted vertical
orientation (base up). The light output and electrical characteristics measured are

summatized below:

total luminous flux 977 lumens

wall plug efficiency 104.1 lumens per Watt

CCT 2748K
CRI 91.2
Radiant flux 3.09 Watts

Chroma x / chromay 0.4527/0.4039
Chroma u/ chroma v 0.2609 / 0.3491

input power 9.389 Watts
input voltage (60 Hz) 120.0 V

input current 195.3 mA
power factor 0.400

ambient T 23.7 degrees C

stabilization time 44 minutes

total operating time 47 minutes

Example 4

A lamp as described above with respect to Fig. 16, having fins and a housing made of
aluminum, and a lens made of polycarbonate material, and employing Cree XP LEDs from
the S2 and P3 brightness bins mounted on a MCPCB, and with a linear regulator as the power
supply, was placed in an upright (base down) vertical orientation in a 25 °C ambient and
driven with a remote power supply. The light output and electrical characteristics measured

are summarized in Table 3 below.

81



WO 2011/049760

Table 3

time Power Lumens

(min) (Watts)

0 8.613 1044

5 8.897 1029

15 8.898 980

30 8.88 943

45 8.88 932

60 8.88 927
Example 5

CCT
)

2570
2626
2713
2766
2783
2791

CRI

91.1
91.5
923
91.8
91.5
92.6

PCT/US2010/051983

lumens per

Watt

121.2
115.7
110.1
106.2
105.0
104.4

The lamp described above in Example 4 was tested in a CALiPER approved

Photometric Test Laboratory. The test was conducted with the lamp in an inverted vertical

orientation (base up). The light output and electrical characteristics measured are

summarized below:

total luminous flux 969 lumens

wall plug efficiency 101.7 lumens per Watt

CCT 2830K
CRI1 90.9
Radiant flux 3.03 Watts

Chroma x / chromay 0.4492/0.4075
Chroma u / chroma v 0.2570/0.3497

input power 9.532 Watts
input voltage (60 Hz) 120.0 V

input current 197.9 mA
power factor 0.401

ambient T 23.6 degrees C
stabilization time 50 minutes

total operating time 52 minutes
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Embodiments of the present inventive subject matter havé been described with
reference to a substantially square cross-sectional heat sink with four mounting faces.
However, other configurations, such as triangular, pentagonal, octagonal or even circular
could be provided. Furthermore, while the mounting surfaces are shown as flat, other shapes
could be used. For example, the mounting surfaces could be convex or concave. Thus, a
reference to a mounting face refers to location to and/or on which LEDs may be affixed and is
not limited to a particular size or shape as the size and shape may vary, for example,
depending on the LED configuration.

The lamps illustrated herein are illustrated with reference to cross-sectional drawings.
These cross sections may be rotated around a central axis to provide lamps that are circular in
nature. Alternatively, the cross sections may be replicated to form sides of a polygon, such as
a square, rectangle, pentagon, hexagon or the like, to provide a lamp. Thus, in some
émbodiments, objects in a center of the cross-section may be surrounded, either completely or
partially, by objects at the edges of the cross-section.

Furthermore, embodiments of the present inventive subject matter have been
illustrated as enclosed structures having openings only at opposing ends. However, the
structure of the heat sink need not make a complete enclosure. In such a case, an enclosure
could be made by other components of the lamp in combination with the heat sink or a
portion of the lamp structure could be left open.

Additionally, the specific configuration of components, such as the lower housing,
may be varied while still falling within the teachings of the present inventive subject matter.
For example, the number of legs in the lower housing may be increased or decreased from the
four legs shown. Alternatively, the legs could be eliminated and a circular mesh or screen
that allows air flow to the opening in the heat sink could be utilized. Similarly, the lower
base 412 is shown as a disk with an opening corresponding to the heat sink opening, but the
lower base 412 may also include openings corresponding to the mixing cavity 455 to allow
light extraction at the base of the lamp. A corresponding lens could be provided at the
opening in the lower base. Alternatively, the lower base could be made from a transparent or
translucent material and function as a lower lens for the lamp 400.

While the present inventive subject matter has been disclosed in the context of various

aspects of presently preferred embodiments including specific details relating to an A lamp
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replacement, it will be recognized that the inventive subject matter may be suitably applied to
other lamps including different dimensions, materials, LEDs, and the like consistent with the
claims which follow.

In the drawings and specification, there have been disclosed typical embodiments of
the present inventive subject matter and, although specific terms are employed, they are used
in a generic and descriptive sense only and not for purposes of limitation, the scope of the
present inventive subject matter being set forth in the following claims.

Any two or more structural parts of the lamps or lighting devices described herein can
be integrated. Any structural part of the lamps or lighting devices described herein can be
provided in two or more parts (which may be held together in any known way, e.g., with
adhesive, screws, bolts, rivets, staples, etc.).

Furthermore, while certain embodiments of the present inventive subject matter have
been illustrated with reference to specific combinations of elements, various other
combinations may also be provided without departing from the teachings of the present
inventive subject matter. Thus, the present inventive subject matter should not be construed
as being limited to the particular exemplary embodiments described herein and illustrated in
the Figures, but may also encompass combinations of elements of the various illustrated
embodiments.

Many alterations and modifications may be made by those having ordinary skill in the
art, given the benefit of the present disclosure, without departing from the spirit and scope of
the inventive subject matter. Therefore, it must be understood that the illustrated
embodiments have been set forth only for the purposes of example, and that it should not be
taken as limiting the inventive subject matter as defined by the following claims. The
following claims are, therefore, to be read to include not only the combination of elements
which are literally set forth but all equivalent elements for performing substantially the same
function in substantially the same way to obtain substantially the same result. The claims are
thus to be understood to include what is specifically illustrated and described above, what is
conceptually equivalent, and also what incorporates the essential idea of the inventive subject

matter.
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Claims

1. A lamp, comprising at least a first solid state light emitter, the lamp being an A

lamp and providing a wall plug efficiency of at least 90 lumens per Watt.

2. A lamp, comprising:
at least a first solid state light emitter; and
a power supply,
the first solid state light emitter being mounted on a heat dissipation element,
the power supply being electrically connected to the first solid state light emitter so
that when line voltage is supplied to the power supply, the power supply feeds current to the
first solid state light emitter,

the heat dissipation element being spaced from the power supply.

3. A lamp, comprising:

at least a first solid state light emitter; and

at least a first heat dissipation element that defines at least one heat dissipation
chamber, the first heat dissipation element comprising at least one dissipation region
sidewall,

the first solid state light emitter being thermally coupled to the first heat
dissipation element,

the heat dissipation chamber having at least a first inlet opening and at least a
first outlet opening, whereby an ambient medium can enter the first inlet opening, pass

through the heat dissipation chamber and exit the first outlet opening.

4. A lamp, comprising:
at least one solid state lighting emitter; and
a first heat dissipation element thermally coupled to the at least one solid state
light emitter including a first solid state light emitter, the first heat dissipation element
comprising at least one heat dissipation chamber, the heat dissipation chamber comprising at
least a first opening and at least a second opening, whereby an ambient medium flows

through the heat dissipation chamber.
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5. A lamp, comprising:
at least a first solid state light emitter; and
means for dissipating heat generated by the at least one solid state light

emitter.

6. A solid state lamp, comprising:

at least first and second solid state light emitters, the at least first and second solid
state light emitters being disposed so that a primary axis of a light output of the first light
emitter is in a direction in which the second solid state light emitters directs no light; and

a heat sink disposed between the first and second light emitters and defining a space
between the first and second light emitters that is exposed to an environment for heat

dissipation.

7. A solid state lamp comprising:

a heat sink comprising a plurality of mounting surfaces, the plurality of mounting
surfaces defining a heat dissipation chamber, at least one of the mounting surfaces having at
least one fin that extends into the heat dissipation chamber;

at least a first solid state light emitter mounted on the heat sink.

8. A lamp, comprising:

at least a first solid state light emitter; and

at least first and second heat dissipation elements,

a heat dissipation region being located between the first and second heat
dissipation elements, |

at least one protrusion extending from the first heaf dissipation element into
the heat dissipation region,

the first solid state light emitter being thermally coupled to the first heat

dissipation element.

9. A lamp, comprising:

at least first and second heat dissipation elements;
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at least a first solid state light emitter that emits light of a first color, the first
solid state light emitter being mounted on the first heat dissipation element; and
at least a second solid state light emitter that emits light of a second color, the

second solid state light emitter being mounted on the second heat dissipation element.

10. A lamp, comprising:
at least a first solid state light emitter; and

means for creating flow of ambient fluid.

11. A lamp, comprising:
at least a first solid state light emitter;
at least one dissipation chamber; and

means for creating flow of ambient fluid through the dissipation chamber.

12. A lamp, comprising:
at least a first solid state light emitter; and

at least a first air purifying device.

13. A lamp as recited in any one of claims 1, 2, 5, 9 and 12, wherein the lamp
comprises at least one heat dissipation chamber defined by at least one dissipation region
sidewall, the chamber having at least a first inlet opening and at least a first outlet opening,
whereby an ambient medium can enter the first inlet opening, pass through the heat

dissipation chamber and exit the first outlet opening.

14. A lamp as recited in claim 13, wherein the first solid state light emitter is

thermally coupled to the dissipation region sidewall.
15. A lamp as recited in any one of claims 3, 13 and 14, wherein a ratio of a cross-

sectional area of the first inlet opening divided by a cross-sectional area of the first outlet

opening is at least 0.90.
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16. A lamp as recited in any one of claims 3 and.13-15, wherein the cross-sectional

area of the first inlet opening is at least 600 square millimeters.

17. A lamp as recited in claim 2, wherein the lamp further comprises:
means for dissipating heat from the heat dissipation element; and

means for dissipating heat from the power supply.

18. A lamp as recited in claim 2, wherein when line voltage is supplied to the power

supply:

the power supply feeds current to the first solid state light emitter,

at least some heat generated by the first solid state light emitter is dissipated by
the heat dissipation element,

at least some heat generated by the power supply is dissipated from a power
supply heat dissipation element at a location that is spaced from the heat dissipation element,
and

not more than 10 percent of the heat generated by the first solid state light

emitter is dissipated from the power supply heat dissipation element.

19. A lamp as recited in any one of claims 2, 17 and 18, wherein the power supply is
positioned within a base element, and at least 50 percent of a space defined by all points that
are located between the heat dissipation element and the base element is filled with an

ambient medium.

20. A lamp as recited in any one of claims 3, 4 and 7, wherein when line voltage is
supplied to the lamp, the first solid state light emitter generates heat that is dissipated in
ambient medium located inside the heat dissipation chamber, causing the ambient medium
located inside the heat dissipation chamber to absorb heat, causing the ambient medium
located inside the heat dissipation chamber to rise and exit through the first outlet opening,
thereby generating negative pressure within the heat dissipation chamber and causing ambient
medium that is outside the heat dissipation chamber to enter the first inlet opening into the

heat dissipation chamber.
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21. A lamp as recited in claim 3 or claim 4, wherein the first heat dissipation element

further comprises at least one fin that extends into the heat dissipation chamber.

22. A lamp as recited in any one of claims 3, 4, 7, 20 and 21, wherein the solid state
light emitter is mounted within a light transmisssive housing, and the heat dissipation

chamber passes through at least a portion of the light transmissive housing.

23. A lamp as recited in claim 22, wherein the housing has multiple light transmissive

surfaces.

24. A lamp as recited in any one of claims 3, 4 and 8, wherein at least one solid stateA

light emitter is mounted on at least one heat dissipation element.

25. A lamp as recited in claim 6, wherein the lamp further comprises at least one lens

disposed opposite the heat sink from at least one of the at least two solid state light emitters.

26. A lamp as recited in claim 25, wherein the heat sink and the lens define at least

one cavity in which the solid state light emitters are disposed.

27. A lamp as recited in claim 26, wherein the lamp further comprises at least one

reflector in the at least one cavity.

28. A lamp as recited in claim 26 or claim 27, wherein the lamp further comprises a
diffuser associated with the at least one cavity to diffuse light from at least one of the solid

state light emitters.

29. A lamp as recited in any one of claims 6 and 25-28, wherein the heat sink
comprises a substantially hollow structure having fins disposed therein, the hollow portion of
the heat sink being disposed opposite from the direction of light emission by each of the at
least two solid state light emitters.
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30. A lamp as recited in any one of claims 6, 7 and 25-29, comprising:

a lower portion comprising an electrical contact;

an upper portion comprising the heat sink; and ;

a stand for connecting the lower portion and the upper portion configured to allow air

flow between the upper portion and the lower portion.

31. A lamp as recited in claim 30, wherein the electrical contact comprises an Edison

screw contact, a GU24 contact or a bayonet contact.

32. A lamp as recited in claim 30 or claim 31, wherein the upper portion has a form

factor substantially corresponding to an A lamp.

33. A lamp as recited in any one of claims 30-32, further comprising driver circuitry

disposed within the lower portion to provide a self-ballasted lamp.

34. A lamp as recited in claim 8, wherein:
the first heat dissipation element comprises a first face plate,
the second heat dissipation element comprises a second face plate,
the heat dissipation region is defined by a region between the an inside surface
of the first face plate and an inside surface of the second face plate,
a first plurality of solid state light emitters are mounted on an outside surface
of the first face plate and a second plurality of solid state light emitters are mounted on an

outside surface of the second face plate.

35. A lamp as recited in claim 34, wherein the inside surface of the first face plate

and the inside surface of the second face plate are substantially parallel.

36. A lamp as recited in claim 9, wherein:
the lamp comprises a plurality of solid state light emitters that emit light of the
first color;

the lamp comprises a plurality of solid state light emitters that emit light of the
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second color;

all of the solid state light emitters that emit light of the first color are mounted
on the first heat dissipation element, and

all of the solid state light emitters that emit light of the second color are

mounted on the second heat dissipation element.

37. A lamp as recited in claim 10 or claim 11, wherein the means for creating flow of

ambient fluid comprises at least one active cooling device.

38. A lamp as recited in claim 10 or claim 11, wherein the means for creating flow of

ambient fluid consists of passive cooling.

39. A lamp as recited in claim 12, wherein the first air purifying device comprises at

least one electrostatic accelerator.

40. A lamp as recited in claim 39, wherein the first air purifying device provides

active cooling for the lamp.

41. A lamp as recited in claim 39 or claim 40, wherein:

the lamp further comprises at least a first heat dissipation element that defines
at least one heat dissipation chamber,

the first solid state light emitter is thermally coupled to the first heat
dissipation element,

the heat dissipation chamber has at least a first inlet opening and at least a first
outlet opening, whereby an ambient medium can enter the first inlet opening, pass through the
heat dissipation chamber and exit the first outlet opening, and

the first air purifying device pushes ambient medium through the heat

dissipation chamber.

42. A lamp as recited in any one of claims 2-12, 14-31 and 34-41, wherein the lamp

is contained within the envelope of an A lamp.

91



WO 2011/049760 PCT/US2010/051983

43. A lamp as recited in any one of claims 2-12, 14-31 and 34-41, wherein the lamp

is an A lamp.

44. A lamp as recited in any one of claims 1-24 and 34-43, wherein the lamp further

comprises at least one lens.

45. A lamp as recited in any one of claims 3, 4, 10, 11, 13-16, 19, 20, 37-38 and 41,

wherein the ambient medium is gaseous.

46. A lamp as recited in any one of claims 1-45, wherein the lamp emits at least 600

lumens when the lamp is energized.

47. A lamp as recited in any one of claims 1-45, wherein the lamp further comprises a
power line, and if line voltage is supplied to the power line, the lamp emits at least 600

lumens.

48. A lamp as recited in any one of claims 1-47, wherein the lamp emits light having

CRI Ra of at least 80 when the lamp is energized.

49. A lamp as recited in any one of claims 1-47, wherein the lamp emits light having

CRI Ra of at least 90 when the lamp is energized.

50. A lamp as recited in any one of claims 1-49, wherein the lamp comprises:
at least one solid state light emitter that, if energized, emits BSY light; and
at least one solid state light emitter that, if energized, emits light that is not
BSY light.

51. A lamp as recited in claim 50, wherein when the lamp is energized, a mixture of
light emitted by the one or more solid state light emitters in the lamp is within about 10
MacAdam ellipses of the blackbody locus on a 1931 CIE Chromaticity Diagram.
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52. A lamp as recited in claim 50 or claim 51, wherein the at least one solid state light
emitter that, if energized, emits light that is not BSY light emits light that has a dominant

wavelength in the range of from about 600 nm to about 630 nm.

53. A lamp as recited in any one of claims 50-52, wherein:

the at least one solid state light emitter that, if energized, emits BSY light
comprises a first group of at least one light emitting diode,

the at least one solid state light emitter that, if energized, emits light that is not
BSY light comprises a second group of at least one light emitting diode,

the first and second groups of light emitting diodes are mounted on at least one
circuit board, and

an average distance between a center of each light emitting diode in the first
group and a closest point on an edge of the circuit board on which that light emitting diode is
mounted is smaller than an average distance between a center of each light emitting diode in
the second group and a closest point on an edge of the circuit board on which that light

emitting diode is mounted.

54. A lamp as recited in any one of claims 1-53, wherein the lamp provides an

expected L70 lifetime of at least 25,000 hours.

55. A lamp as recited in any one of claims 1-54, wherein the lamp emits light in at

least 50% of all directions extending from a center of the lamp.

56. A lamp as recited in any one of claims 1-55, wherein the lamp has a light output

of from about 0° to about 150° axially symmetric.

57. A lamp as recited in any one of claims 1-56, wherein:
the lamp comprises a bottom element, a top element and at least one side
element,
at least one solid state light emitter is mounted on the top element,

at least one solid state light emitter is mounted on each of the at least one side
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element.

58. A lamp as recited in any one of claims 1-57, wherein the lamp further comprises

means for diffusing light exiting the lamp and allowing ambient fluid to exit the lamp.

59. A lamp as recited in any one of claims 1-58, wherein the lamp has a correlated

color temperature of greater than 2500 K and less than 4500 K.

60. A lamp as recited in any one of claims 1-36, 38, 39 and 44-59, wherein the lamp

provides at least about 600 lumens while passively dissipating at least about 6 W of heat.

61. A lamp as recited in any one of claims 1-36 and 38-60, wherein the lamp further

comprises at least a first active cooling device.

62. A lamp as recited in claim 61, wherein the first active cooling device can blow

ambient fluid.

63. A lamp as recited in any one of claims 1-62, wherein the lamp further comprises
means for thermally isolating at least the first solid state light emitter from at least a second

solid state light emitter.

64. A heat sink for a solid state lighting device, comprising:

a main body section that defines a central opening extending longitudinally along the
main body section;

at least one inwardly extending fin extending from the main body section into the

central opening.

65. A heat sink as recited in claim 64, wherein the at least one outwardly facing

mounting surface comprises a plurality of outwardly facing mounting surfaces.
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66. A heat sink as recited in claim 64 or claim 65, wherein the at least one inwardly

extending fin comprises a plurality of inwardly extending fins.

67. A heat sink as recited in any one of claims 64-66 having an outer profile small

enough to fit within the profile of an A lamp.
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