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PLASMA LAMP WITH LUMPED COMPONENTS

RELATED PATENT BDOCUMENTS
{00011  This patent application clairus the benefit of prionty of ULS,
Provisional Patent Application Serial Number 61/388,286, filed on September
30, 2010, and U.S. Provisional Patent Application Serial Nuwsber 61/426,958,
filed on December 23, 2010, the contents of both applications being incorporated

hercin by reference in their entircty.

TECHNICAL FIELD
{0002] The present disclosure relates to clectrodeless plasma lamps, In an

example embodiment an electrodeless plasma lamp with lomped components is

described.

BACKGROUND

{0003} Electrodeless plasma lamps may be used to provide bright, white
light sources. Because electrodes are not used, they may have longer useful
lifetimes than other lamps. In an electrodeless plasma lamp, radio frequency

power may be coupled mto a fill 1n a bulb to create a light emitling plasma.

BRIEF DESCRIPTION OF THE DRAWINGS

{0004} The present disclosure is illustrated by way of example, and not
iunitation, w the figures of the accompanying drawings, tn which like veference
numerals indicate similar features unless otherwise indicated. In the drawings,

{0005] Fig. 1 is an example embodiment of an electrodeless plasma lamp;

{0006]  Fig. 1A is a schematic representation of an example embodiment of
au electrodeless plasma lamp operating as a single-ended resounator having a
single radio frequency (RF) power input port with a long axis of a bulb being

normal to an upper surface of a lamp body;
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{0007} Fig. 1B is a schematic representation of an example embodiment of
an electrodeless plasma lamp operating as a single-ended resonator having a
single RF power input port with the long axis of a bulb being normal to a side

face of a lamp body;

5 {0008] Fig. 1C is a graph indicating electric field magnitude as a function of
distance along a resounator from an RF input port to a bulb for the plasma lamps

of Figs. 1A and 1B;

{00081 Fig. 1D is an illustration of example electric field lines prior to

ignition of a plasma for the plasma lamps of Figs. 1A and 1B;

10 [B0018] Fig. 1E is anillusiration of example clectric ficld Hines once the

plasma is generated within the bulb of the plasma lamps of Figs. 1A and 1B;

{00011} Fig. 2A is a schematic representation of an example embodiment of
an electrodeless plasta lamp operating as a single-ended balanced resonator

having a single RF power input port and a separate ground connection;

15 00012} Fig 2B is a schematic representation of an cxample embodiment of
an electrodeless plasma lamp operating as a double-ended balanced resonator

with dual RF power input ports without a separate ground connection;

{00013} Fig. 2C is an illustration indicating example electric field maguoitude
as a function of distance along the resonator from an RF input port to a bulb to
20 either a ground or a virtual ground for the balanced resonator plasma lamps of

Figs. 2A and 28;

{00014} Fig. 2D is an illustration of electric field lines prior to ignition for the

balanced resonator plasma lamps of Figs. 2A and 2B;

{00015} Fig. 2E is an illustration of clectric field lines once a plasma is
25 generated within the bulb of the balanced resonator plasma lamps of Figs. 2A

and 2B;

{00016} Fig. 3A 15 a three-dimensional view of the plasma lamp of Fig. 1

showing dimensional details;

{00017} Fig 3B is a plan view of the plasma lamp of Fig, 3A;
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{00018} Fig. 3C is a cross-sectional view of the plasma lamp taken at A-A in

Fig. 38;

{00018} Fig. 3D is a plan view of the plasma lamp of Fig. 3A with a top wall
removed showing an exploded view of an example impedance matching

& network;

{00020} Fig. 3E is a cross-sectional view of the plasma lamp taken al B-B in

FiG. 3D,

{00021} Fig. 4A illustrates an example embodiment of a bulb assembly;
{00022} Fig. 4B is a plan view of the bulb assembly of Fig. 4A;

10 (00023] Fig. 4C is a cross-sectional view of the bulb assembly taken at C-C in

Fig. 4B;

{00024} Fig. 4D 1s an alternative example embodiment of the bulb assembly

of Fig. 4A;

{00025} Fig. 54 Wlustrates an effect of thermal buoyancy forces on plasma
15 density gencrated within a bulb in proximity to two RF power plates arranged

above the bulb;

{00026} Fig. 5B illustrates an effect of thermal buoyancy forces on plasma
density generated within a bulb in proximity to two RF power plaies and a pair

of conductive bulb straps arranged below the bulb;

20 {00027} Fig. 5C illustrates the effect of thermal buoyancy forces on plasma
density generated within a bulb in proximity to two bulb siraps arranged below

the buib;

{00028} Fig. 6A illustrates a single-inductor-coil electrodeless plasma larop
and a non-coiled electrodeless plasma lamp, each having a schematic depiction

25  of a capacitor;

{00028} Fig. 6B illustrates a single-inductor-coil electrodeless plasroa lamp
and a non-coiled electrodeless plasma lamp, cach having a tunable high power

capacitor, grounded to the bottom wall of a conductive enclosure;
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{00030} Fig. 6C illustrates a single-inductor-coil elecirodeless plasma lamp
and a non-coiled electrodeless plasma lanp, each having a tunable high power

capactior, grounded to a side wall of a conductive enclosure;

{00031} Fig. 6D illustrates a single-inductor-coil electrodeless plasma lamp
and a non-coiled electrodeless plasma lamp, cach having an annular ring
surrounding an input side of a center conductor with an optional insulating

diclectric:

{00032} Fig. 6F dlustrates a single-inductor-coil electrodeless plasma lamp
and a non-cotled electrodeless plasma lamp, each having an annular ring
surrounding the mput side of the center conductor with an optional insulating

dielectric, the annular ring being formed within the lamip chamber;

{00033} Fig. 6F illustrates a single-inductor-coil clectrodeless plasma lamp
and a non-coiled electrodeless plasma lamp, each having a collar extending from

the cavity wall to the center conductor, with an optional insulating diclectric;

{00034} Fig. 6G dlustrates a single-inductor-cotl electrodeless plasma lamp
and a non-coiled electrodeless plasma lanmp, each having a flange feature
extending outward from the center conductor to create a larger overlap area with

the cavity bottom wall; and

{00035} Fig. 6H illustrates a single-inductor-coil electrodeless plasma lamp
and a non-cotled electrodeless plasma lamp, cach having a dielectric positioning
material surrounding either a metal post structure or a non~codled input rod

proximate to the bulb,

DETAILED DESCRIPTION

{00036] While the inventive subject matter described herein is open to various
modifications and alternative constructions, various embodiments shown 1o the
drawings are described herein in detatl. It is to be understood, however, there 1s
no intention to limit embodiments of the invention to the particular forms or
arrangements disclosed which are provided merely by way of example. On the

contrary, it is intended that the mventive subject matter cover all moditications,
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equivalences, and alternative constructions falling within the spirit and scope of
the disclosure as expressed in the appended claims. Like references numerals
have been used to indicate the same or similar features unless otherwise

ndicated.

{00037} Designs for electrodeless plasma lamps are presented based on
various resonator topological configurations. A resounator accepts
slectromagnetic energy with a frequency close to its self-resonant frequency, and
rejects input energy at other frequencies. The self-resonant frequency is
deterrained by the reactive components of the resonator.  Once the energy enters
the resonator, it is stored by the reactive clements or components until it is
dissipated by the resistive elements or components of the resonator. The energy
storage mechanisms are the electric fields inside the resonator capacitors (or
equivalent capacitive clements), and the magnetic fields nside the resonator
inductors {or equivalent inductive elements). The energy transfers back and
forth, from clectric energy to magnetic at the frequency of the supplied energy.
On each transfer, some energy 1s lost. Upon transferring from electric energy to
magnetic, currents are produced in the inductors that result in ohmic losses.
When trapsferring from magnetic energy to electric, voltages are geuerated n
the capacitors that arc used to power the plasma lamp. That is, the plasma lamp
is a desirable power loss mechanism. Depending ou the exact desigo, there may
be hundreds or even thousands of transfers before the energy decays to less than
1% of its mnitial value. So the successful operation of a resonator lamp design
can be viewed as a race: [t is imperative to design the structure such that the
iamp or bulb dissipates electric energy more guickly than the mmductors dissipate
raguetic energy. Resonators are often described in terms of thewr “Q,” or
quality factor. Q is the ratio of the energy stored to the power dissipated,

. Loergy stored

multiplied by the angular f¥ ney of the enerey: Q= w
uitiplied by the angu equency of the energy: Q power dissipated ’

where @ 1s the angular frequency of the system. For an operating lamp in which
the plasma has formed, the 3 should be very low (less than 20} since the bulb
dissipates energy quickly, But the lamp might exhibit very high Q {greater than
204} prior to plasma ignition since the power loss mechanism of the bulb does

not yet exist,
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{00038} The various resonalor designs discussed herein are configured to
accept power {e.g., radio frequency (RF) power) at one or more input ports, and
dehiver the RF power to a bulb including a fill capable of formung a plasma.
Various types of gas fills may be contained within the bulb. When the RF power
5 s provided to the fill, a plasmoa arc 1s generated within the bulb through a high

clectric field produced within the fill. In example embodiments, the RF power
causes light-emitting plasma discharge in the bulb. In example embodiments,
RF power may be provided at a frequency in the range of between about 10 MHz
and about 500 MHz (or higher) or any range included therein. In example

10 embodiments, the RF power may be applied at a frequency or 1 a range of from
0% to 10% above or below the stated frequency range or any range included
therein, In some cmbodiments, RF power may be applied in a range of from 0%

to 5% above or below the frequency range.

{00039} In example embodiments, the plasma lamp may be used in

15 entertainment lighting or architectural highting or other highting applications. In
some examples, the plasma lamp may be used in moving head entertainment
fixtures, fixed spot fixtares, architectural lighting fixtures, or event lighting
fixtures. Example embodiments may also be used in strect and area lighting and
other high-output lighting applications, It is however to be appreciated that the

20 use of the plasma lamp is not himited to these example deployments.

{00040} Example embodiments of plasma lamps described herein may be
fine~tuned to meet governmental and other regulatory requirements for radio
frequency operating characteristics. For example, industrial, scientific, and
redical (ISM) bands are defined by the luterpational Telecommunications

25 Union (JTU, based in Geneva, Switzerland) to avoid harmful interference
between various portions of the RF spectrum such as, for cxample, between a
plasma lamp and FM radio stations. ISM bands are established to give portions
of bandwidth to applications using RF technology that are gencrally recognized
as useful to society. ISM devices can radiate freely only within those bands

30 (subject to other health and safety regulations that limit maximum radiated
electric and magnetic field intensities}, so precise frequency tuning may be
necessary to assure comphliance with ISM restrictions. If a plasma lamp body is

not operating  accordance with the ISM bands, the resonant frequency of the

6
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lamyp can be tuned as necessary. Various example embodiments of frequency

tuning are described herein by way of example.

{00041} Example embodiments provide a plasma lamp operable ina
frequency range translated down to lower frequencies without requiring

excessively large lamp bodies. A target frequency range that enhances (and

U

may optimize) the competing advantages of small resonator size, DC to RF

conversion efficiency, and use of ISM bands may be 40 to 8¢ MHz. An example

ISM-designated frequency is 40.68 MHz, Although the overall DC to RF

conversion efficiency is approximately the same for either a 40 MHz RF power
10 supply or an 80 MHz supply (both cfficiencies may be about 90% or higher),

cost advantages may be associated with a 40MHz power supply.

{00042} Fig. | illustrates an example embodiment of an electrodeless plasma
famp 300. The plasma lamp 300 1s operatively coupled to a power source and 18
shown, by way of example, to inchude a conductive enclosure 301, an RF input

15 port 303, a bulb 303, a ceramic carrier 307, and a pair of conductive straps 309,
The conductive straps 309 way form conductive applicators that apply power
from the conductive enclosure 301 to the bulb 305. In an example embodiment,
the conductive enclosure 301 is a parallelepiped and has parallel end walls 330
and 332, parallel sidewalls 334 and 336, and paralle! top and bottom walls 338

20 and 340. The plasma lamp 300 1s further shown to include a dielectric volume
313 {e.g., air) within the conductive enclosure 301, a bulb assembly 315, a
lumped inductive element i the example form of'a ground coil 317, and a pair
of ground coil fasteners 319. The plasma lamp 300 of Fig. 1 is shown and

described in more detail below with reference to Fig. 3A.

25 000431 Fig 1A is aschersatic representation of an example embodiment of
an clectrodeless plasma lamp 100 operating as a single-ended resonator. The
plasma lamp 100 s an example ouly and other plasma lamps may be used with
other embodiments, including microwave or inductive plasma lamps. Ina
specific example embodiment, the plasma larap 100 may be optimized for low-

30 etendue applications.

{00044] The plasma lamp 100 is shown to include an clongate bulb 101, 2

raetal enclosure 103 forming a lamp body, and an RF feed, for example, an input
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port 105, The bulb 101 s provided within a dielectric cavity 113 of the
enclosure 103, The dielectric cavity 113 ruay comprise a gas sach as air or
pressurized nitrogen, a liquid, a solid such as ceramic or ceramic powder, or
some combination of these. The bulb 101 contaims a il capable of forming a
light emitting plasma when power is coupled to the fill. The fill is contained
within a bulb cavity 115 of the bulb 101, In one example embodiment, an ouler
length of the bulb 101 s about 26 mm and an outer diameter {at the center) of
the bulb 101 s about 10 mm. In this example, the interior of the bulb 101
{which contains the fill} has an interior length of about 20 mm and an interior
diameter {at the center) of about 6 mm. The wall thickness of the bulb 101 is
about 2 mm along the sides of the cylindrical portion. The wall thickness at 8
front end of the bulb 101 18 about 3 mm. The wall thickness at the other end 18
also about 3 mm. In this example, the interior bulb volume 1s about 8.51 one,
In example embodiments where power s provided during steady state operation
at between about 150 Watts to 500 Watts (or any range included therein), this
bulb size results in a power density in the range of about 295 Watts per cm’ to
982 Watts per em’, or any range included therein, In this cxample embodiment,
the interior surface area of the bulb 101 is about 3.77 coy?, and the wall loading
{power averaged over interior surface area) is in the range of about 39.8 Watts
per e’ to 132.6 Watts per vam?, or any ravge subsumed therein. In other
embodiments, the bulb 101 may be smaller or larger, having correspondingly
higher or lower wall loadings. In other embodiments, the applied RF power may
be scaled by approximately the ratio of the bulb size to that of the present

embodiment, i order to maintain simtlar wall loadings.

[00045] The enclosure 103 1s electrically conductive (e.g., either metallic ora
metallization layer formed over a non-conductive material} and houses the
varions elements/components of the plasma lamp 100, In an example
embodiment, the enclosure 103 uses air as a dielectric material. The clectrically
conductive nature of the enclosure 103 allows a ground current return path for an
applied RF power. The RF input port 105 couples RF power from an RF power
supply (not shown) through an input- or impedance-matching network 107, to a
phase-shifting element 109 {e.g., a lumped inductive element}, to a pair of

clectrically conductive field applicators 111, In an example embodiment, the
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input-matching network 107 may be an impedance-tuning clement such as a
variable capacitor shunt connected to the enclosure 103 between the phase-
shifting element 109 and the RF mput port 105, {n another example
embodiment, the input-matching network 107 may be a lomped or distribule
capacitance, or a capacitive structure such as a parallel plate. In another example
embodiment, the capacitance of matching network 107 may be realized by
locating the end of the phase-shifting clement 109 in close proximity to, but not
touching, the enclosure 103 at one or more ponts adjacent to the connection
point between the phase-shifting element 109 and the RF input port 105, The
input or impedance matching network 107 matches an output impedance of the
RF power supply to the input impedance (e.g., S0 chms) of the plasma lamp 100,
Matching impedances allows an increased power transfer with a reduced

reflection of the input power from the plasma lamp 100,

{00048} The phase-shifling element 109 may be, for example, a quarter-wave
phase shifter, In certain embodiments, the phase-shifier 109 will supply
somewhat less than a quarter-wave shift (90 degrees) because the capacitive
loading of the input-matching network 107 and the ficld applicators 111 cach
provide some additional phase shift. In practice, the total phase shift of all
components between the RF input port 105 and the field applicators 111 1s 90
degrees, or an odd multiple of 90 degrees. The quarier-wave phase shifter
provides an approximately 90 degree phase shift in power coupled from the RF
input port 105 to the clectrically conductive field apphicators 111, The quarter-
wave phase shifter may comprise a lumped inductor; specifically in an example
embodiment, a length of conductive wire formed 1nto a coil having an air core.
The coil wire may be solid or hollow, and may be coated with a variety of
materials. Hollow coils reduce weight without impacting performance since RF
currents only flow uear the surface of conductors due to the skin etfect. Coils
may be coated with various plated metals, such as copper, silver, gold, or
platinom-group metals, Coils may also be coated with various temperature-
stable insulating materials, such as metal oxides, polyimide resins, or ceramics
or ceramic powders, For a quarter-wave phase shifter, the total length of the
conductive wire is approximately the wavelength (1) of the RF input power

divided by a factor of four, For cxample, for an input froquency of 40.68 MHz,
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A is approximately equal to 7.37 meters in free air. Thus, the length of the
conductive wire that forms the coil is approximately 7.37 meters / 4 or 1.84
meters in an air cavity., The linear extent of the phase-shifting element 109 may
be sigmficantly less than 1.84 wmeters if the length of wire 1s wound nto a coil.
In other example embodiments, the inductor coil may be wound into an irregular
shape, For example it may have a non-circular cross section, such as an oval or
square. It might have other uregular features, such as radius or winding pitch
that vary along the length of the inductor. In some example embodiments, the
inductor may comprise a multi-layer coil, having some tarns wound on a first,
sialler radius, and some turns wound on a second, larger radius. In other
example embodiments, the imductor may not be wound into a coil; instead the
wire might be straight or bent in one or more locations to achieve a desired
arbitrary shape. In other exarople embodiments, the phase-shifting element 109

may be a stripline or other TEM waveguide.

{00047} In an example embodiment shown in Fig. 1A, the pair of electrically
conductive field apphicators 111 comprises metallic RF feeds that extend
transverse to the length of the phase-shifting clement 109 and are placed in
proximity to the bulb 101, thereby placing the bulb 101 within a generated
clectric field. The generated electric field is discussed, by way of example, in
rore detail with reference to Figs. 103 and 1E, below, The RF power 1s coupled
to the fill in the bulb 101 to form the light-emitting plasma. The transverse
orientation of the field applicators 111 is such that the RF power enters the
enclosure 103 along a first axis and light exits the enclosure 103 along a second
axis approximately normal to the first axis, This orientation may be used o
satisfy application-level design constraints, such as hmited available space aloug
the optical (sccond) axis. If space is limited on this axis, then there may not be
room in the target application to accommodate the length of the phase-shifting
clement 109, Therefore, the phase-shifting element 109 may be located along its

aliernate axis.

{00048} Fig. IB is a schematic representation of an example embodiment of
an clectrodeless plasma lamp 130 operating as a single-ended resonator. In this
embodiment, a pair of electrically conductive field applicators 133 is aligned

with a feed and a bulb 131, The bulb 131 is arranged such that the long axis of

10
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the bulb 131 1s normal to a side face of the enclosure 103 of plasma lamp 130,
The longitudinal ovientation of the field applicators 133 is such that the RF
power enters the enclosure 103 along a first axis, and light exits the enclosure
103 along a second axis approxumately parallel (or aligned with} to the first axis.
5 This orientation may be used to satisty application-level design constraints, such
as limited available space along the radial dimension. If space is hmited
radially, then there may not be room in the target application to accommodate

the length of the phasc-shifting element 109 except along the optical axis,

{00048} 1o the example plasma lamp 100 of Fig. 14, the long axis of the bulb
10 161 1s shown to be substantially normal to an upper surface of the enclosure 103.
Depending upon physical mounting and space cousiderations for a plasma lamp,
each orientation of the bulb 101 may have a higher output or longer life, or both.
For cxample, plasma lamps may operate with a bulb temperature in the range of
approximately 1000 °C to 1200 °C. Due to the elevated operating temperature,
15 thermal buoyancy forces act on the gas fill and generated plasma within the bulb
causing the gases/generated plasma to rise toward an uppermost portion of the
bulb. Consequently, the light output from the bulb tends to be higher on the
upper surfaces of the bulb, An effect of the thermal buoyancy forces on lamp

output is discussed, by way of example, in more detail, below.

20 [00050] Fig 1C is a graph 150 indicating eleciric ficld magnitude as a
function of distance along the resonator from the RF input port 105 1o the bulbs
161, 131 for the example plasma lamps 100,130 of Figs. 1A and 1B, The
slectric field magnitude graph 150 is similar with reference to either of the
plasma lamps of Figs. 1A or 1B. Atthe RF input port 1035, the clectric field

25  magnitude is near 0 as shown at 151, the magnitude depending on how closely
the input-matching network 107 ties the RF power to ground. Thus, in an
example embodiment, the indication of “virtual ground” is a node where the RF
input is coupled to a terminal of an input capacitor that is opposite that of the
terminal of the capacitor coupled to ground. As the position along the resonator

30 increases through the phase-shifting element 109 {see arrow 152), the electric
field reaches a maximum 153 at the pair of clectrically conductive field

applicators 111, 133 near the bulb 101, 131.

11
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{00051} The example plasma lamps of either of Fig. 1A or Fig. 1B are quasi-
A/4 {or quarter wavelength) standing wave designs along the length of the
resonator as indicated by the electric field magnitude graph 150 of Fig. 1C. The
phase-shifting element 109 may provide the necessary electrical length to
generate the standing wave at the design trequency. The A/4 phase shift (or 90°)
may only be approximate, hence the quasi-A/4 standing wave. The “quasi”
designator is due to capacitive loading at the bulb end, and the virtual ground at
the wmiput eud. The bulb 101, 131 and the field applicators 111, 133 provide
capacitive loading to the open-circuit end of the resonator. The capacitive
ioading 1s known to add some inherent phase shifi, thus shortening the required
shift from the phase-shifting element 109, The total phase shift may also be
truncated slightly by the input virtual ground. I the imput were at true ground,
the input impedance would be zero, and it would be impossible to deliver power
to the resonator (that is, the RF power supply would be shorted), The input-
matching network 107 may thus provide a low, but non-~zero, impedance to
ground. The input impedance should be low cnough to support the quasi- A /4
mode, but high enough (c.g., 50 £2) that the juput port may be maiched to an RF

power delivery circuit.

{00052} The clectric ficld configuration for the plasma lamp shown in cither
of Fig. 1A or Fig. 1B is fundamentally unbalanced because an electromagnetic
ficld extends between the field applicators 111 and the enclosure 103, One side
of the electromagnetic circuit is thus ground. In an example embodiment, the
grounded side of the field applicator 111 is at such low impedance over such a
wide surface area that i does not support a localized attachment of the electnie
field. The powered side of the ficld applicator 111 supports a concentration of
field lines at its voost extreme end, where the distance to the grounded sideis ata
minimuim. This tends to produce stronger electric ficlds, and may support higher

plasma densities concentrated at the powered side of the tield applicator 111,

{00053} Fig. 1D is an illustration of example electric field lines 171 prior to
ignition of the plasma for the plasma lamps 100, 130 of Figs. 1A and 1B, The
electric field lines 171 are formed afier RF power has been supplied to the

plasma lamp 100, 130, but prior to a plasma being formed within the bulb 101,

131, Prior to ignition/formation of the plasma wn the bulb 101, 131, the electric

12
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field lines 171 are shown to extend through the bulb cavity 115, As shown, the
electric field lines 171 extend from the pair of clectrically conductive field
applicators 111, through the bulb 101, 131, and toward portions of walls 173 of

the enclosure 103 that are proximaie the bulb 101, 131,

{00054] Fig. 1E is an illustration of electric field lines 172 once a plasma i
formed within the bulb 101, 131 of the plasma lamps of Figs, 1A and IB. The
glectric field lines 172 are formed after RF power has been supplied to the
plasma lamp 100, 130, and after a plasma has been generated within the bulb
101, 131, After ignition, the electrically conductive plasma partially exclades
the applied ficld through the skin effect phenomenon, and the resulting electric
field patterns are shghtly different. Once the plasma current 191 1s strack 1uside
the bulb 101, 131, the clectric field magnitude inside the plasma is substantially
reduced because the plasma resistance 18 very low, When the plasma s not
present, its resistance is infinite (open circuit), and the resistance of the plasma
may range from a foew Ohms to a few hundred Ohms, depending oun its
temperature profile and chemical composition. The electric field lines 172
attach to the conductive plasma current 191 more or less perpendicularly at the
edge of the plaswa, sioce 1t 1s electrically conductive. Uulike the pre-ignition
electric field (see Fig, 112}, the post-ignition field delivers real power to the bulb
101, 131, concentrating it n the plasma. The power creates a tewperature
profile in the plasma due to ohmic self-heating of the plasma current 191, The
pre-ignition clectric field supphics voltage for mitiating the plasma through the
Townsend avalanche breakdown, but does not supply any real power since there

are no resistive elements present,

{B0055] Fig. 2A is a schematic representation of an example embodiment of
an electrodeless plasma lamp 200 operating as a single-ended balanced resonator
having a single RF power input port and a separate ground connection, The
plasma lamp 200 1s shown to include a first phase-shifting clement 209A (that
may be substantially similar to the phase-shifting clement 109}, a second phase-
shifting element 2098 (that may be substantially similar to the phase-shifting
clement 109), a first ficld apphicator 21 1A, a second field applicator 211B, and a
bulb 201 positioned at least partially within an air cavity 207 of the enclosure

163, The bulb 201 may be similar to the bulb 101 of Fig. 1A, discussed above,



WO 2012/044932 PCT/US2011/054219

10

15

20

25

30

However, unlike the configuration in Fig. 1A and Fig. 1B where the two field
applicators 111A and 1118 are at the same potential, the two field applicators
211A and 2118 are not directly connected. Additionally, the bulb axis is
oricuted parallel to an upper surface of the enclosure 103, Thus bulb orentation
is made possible by the specific electric field configuration that arises from
having two field applicators 211A and 211B at opposing non-ground potentials,
Each of the first and second phase-shifting elements, 209A and 2098
respectively, may be an inductor, a stripline, or a TEM waveguide, as described
above. The nominal phase shift of cach element 2094, 2098 is one guarter
wave (A/4 or 90°). In an example embodiment cach phase-shifting clernent
209A, 209 B may generate an cqual or an uncqual phase shift with respect to one
another, As shown by way of example, the second phase-shifting element 2098
may be coupled to the second field applicator 211B and to the enclosure 103
{which is grounded). In example ewbodiments, the RF power 18 coupled at a
frequency that forms a standing wave primarily within the first and second
phase-shifting clements 2094, 2098, Example embodiments, based on the
single-ended balanced design, are described, by way of example, with reference

to Figs, 3A through 3E, below,

{00056} Fig. 2B is a schematic representation of an example embodiment of
an clectrodeless plasma lamp 230 operating as a double-ended balanced
resonator with dual RF power input ports without a separate ground connection.
The plasma lamp 230 is shown to include a first RF input port 205A (that may
be substantially similar to the port 105}, a sccond RF mput port 205B (that may
also be substantially similar to the port 105}, a first input-matching network
207A (that may be substantially simuilar to the input-matching network 107), and
a second input-matching network 2078 (that may also be substantially similar to
the mput-matching network 1073, The first and the sccond mput-matching
networks 2074, 2078 match an cutput impedance of the RF power supply to the
input impedance at the first and the second RF input ports 2054, 205B. As with
the example resounator designs discussed above, the {irst aud the second wmput-
matching networks 207A, 207B may be capacitance coupled in paraliel to
ground between the first and second phase-shifting clements 209A, 209B and the

first and second RF iput ports 105A, 1058, In example embodiments, the first
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and the second input-matching networks 207A, 2078 may be a lumped or

distributed capacitance, or a capacitive structure such as a parallel plate,

{00057}  In this example embodiment, RF power applied to the first and the
second RF nput ports 205A, 2058 is assumed to be 180° out-of-phase with
respect to cach other. Therefore, the first and the second phase-shifling elements
209A, 2098 are arranged to deliver RF power to cach cnd of the bulb 201 that is
I80° out-of-phase with respect to the other end. For example, the first field
applicator 211 A may present RF power to the bulb 201 at +90° while the second
field applicator 2118 presenis RF power to the bulb 201 at -90°, This phase

inversion 18 explained, by way of example, with reference to Fig. 2C, below.

{00058} The resonant mode for the plasma lamps 200, 230 of Figs, 2A and 2B
each includes, in example embodiments, two oppositely polarized quasi- & /4
sections (although as noted above, cach section may be more or less than A /4).
As with the plasma lamps 100, 130 of Figs. TA and 1B, in the plasma lamps 200,
230 the bulb 201 and the first and second field applicators 21 1A, 211B provide
capactiive loading that reduces the required phase shift to support the quasi- L /4.
The first and second input-matching networks 207A, 2078 provide virtual
ground at either fuput port 2054, 2058, In the case of Fig. 2B where there are
first and second RF input ports 205A, 205B, the RF power is supplied at each
input port 2054, 2058 with a 1807 phase difference to the other port. In the dual
input configuration of Fig. 28, the input impedance at each input port 203A,
205B does not have to be the same, The clectric ficld configuration for the
plasmia lamps 200, 230 of Figs. 2A and 2B is balanced because of the electric
field symmetry along the length of the bulb 201, Neither the first nor the second
field applicator 211A, 2118 has a potential near ground, so both applicators
211A, 2118 support a symmetrical concentration of field lines. Each of the
plasma lamps 200, 230 of Figs. 2A and 2B may be employed in high-outpat

applications, such as street lighting.

{00058} Fig. 2C 1s an illustration indicating clectric field magnitude 250
{vertical axis) as a function of distance (horizontal axis) aloug the resonator frow
the R¥ input port to a bulb to either ground or virtual ground for the balanced

resonator plasma lamps 200, 230 of Figs. 2A and 2B. In particular, the clectnie
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field magnitude 250 shows a maximum clectric field output as a function of
distance fromw the frst RF mput port 205A to the bulb 201, and from the bulb
201 to a distal side of the second phase-shifting element 2098, (The distal side
ray be either at ground, as shown 1o Fig. 2A, or at virtual ground, as shown iu
Fig. 2B} As shown at 255, at the first RF input port 1054, the electric field
magnitude 250 is near 0, the exact magnitude 256 depending on how closely the
input-matching network 207 of Fig. 2A, or the first input-matching network
207A of Fig. 2B, tics the RF power to ground. Thus, in a specific exaraple
embodiment, the indication of “virtual ground” is a node where the RF input port
is coupled to a first terminal of an input capacitor with the other terminal of the
capactior being coupled to ground. As the position along the resonator increases
through the first phase-shifting clement 209A (sce arrow 257}, the electric field
reaches a maximur 259 at the frst ficld apphicator 211 A, Ata firstend 203 of
the bulb 201, the electric field magnitude 250 begins to drop based on a voltage
drop across the bulb 201 (see arrow 261}, The particular voltage drop depends
on the specific capacitance between the field applicators 211 A, 211B, and the
plasima, as well as the plastua immpedance. The plasma impedance is given by the
plasroa current, ipema , through the bulb 201 during operation, multiphed by a
resistance of the bulb 201, Ry . At the second end 205 of the bulb 201, the
electric field magnitude 230 18 at a minirourn {see arrow 263} aund increases to
near § at a first point 251 (at virtual ground of the second RF input port 2058 of
the plasma larmap 230 of Fig. 2B}, or to 0 at a second point 253 at the cuclosure

103 of the plasma lamp 200 of Fig. 2A.

{00080} Referring to Fig. 2D, an illustration showing of electric field lines
271 prior to ignition of the plasma of the balanced resonator plasroa lamps 200,
230 of Figs. 2A and 2B. The electric field lines 271 are formed afier RF power
has been supplied to the plasma lamp 200, 230, but prior to a plasma being
formed within the bulb 201, The electric field lines 271 extend from the first
field applicator 21 1A to either an adjacent portion 273 of the enclosure 103 {sce
also arrow 275}, or through the bulb 201 to the second field applicator 2118 (as
generally indicated by arrow 277). Additionally, the clectric field lines 271
extend from a portion 279 of the enclosure 103, to the second field applicator

2118 (see also arrow 281).
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{00061} Fig. 2E is an illustration of the electric field lines 271 once a plasma
is generated within the bulb 281 of the balanced resonator plasma lamps 200,
230 of Figs. 2A and 2B. The clectric ficld lines 271 extend from the first field
applicator 211A to either a portion 273 of the enclosure 103 (sec also arrow
275}, or through the bulb 201 to the second tield applicator 2118 (as generally
indicated by arrow 277). Additionally, the electric field lines 271 extend froma
portion 279 of the enclosure 103, to the second field applicator 2118 (see also
arrow 281). After ignition, the electrically conductive plasma partially excludes
the applied ficld through the skin effect phenomenon, and the resulting electric
field patterns are shghtly different. Once the plasma current 291 is strack 1uside
the bulb 201, the electric ficld magnitude inside the plasma is substantially
reduced because the plasma resistance 18 very low, When the plasma s not
present, its resistance is infinite (opeun circuit), and the resistance of an ignited
plasma may range from a few Ohms to a few hundred Ohms, depending on us
temperature profile and chemical composition. The electrie field lines 271
attach to the conductive plasma current 291 more or less perpendicularly at the
edge of the plaswa, sioce 1t 1s electrically conductive. Uulike the pre-ignition
electric field (see Fig, 212}, the post-ignition electric field delivers real power to
the bulb 201, concentrating 1t 1o the plasma. The power creates a temperature
profile in the plasma due to ohmic self-heating of the plasma current 291, The
pre-ignition clectric field supphics voltage for mitiating the plasma through the
Townsend avalanche breakdown, but does not supply any real power since there
are no resistive elements present. Since the electric field is applied to this bulb
201 primaridy frovo one side (as opposed to the desigus presented in Figs. 1A and
1B, where the field is applied uniformly around the bulb’s circumference}, the
plasma assumes a non-axisymruetrical arch-shape. Thermal buoyancy effects

heavily influence the shape of the plasma.

{00062} Fig. 3A is a three-dimensional view of the plasma lamp of Fig. 1
showing dimensional detatls. The plasma lamp 300 may substantially resemble
the plasma lamp 200 of Fig. 2A. The plasma lamp 300 is operatively coupled to
a power source and is shown, by way of example, to include a conductive
enclosure 301, an RF input port 303, a bulb 3035, a bulb support arrangement

such as a ceramie carrier 307, and a pair of conductive elements or straps 309, In
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an example embodiment, the conductive enclosure 301 is a parallelepiped and
has parallel spaced end walls 330 and 332, parallel spaced sidewalls 334 and
336, and parallel spaced top and bottom walls 338 and 340. The plasma lamp
300 18 further shown to include a dielectric volume 313 withio the conductive

5 enclosure 301, a bulb assembly 315, a ground cotl 317, and a pair of ground coil

fasteners 319,

{00063] As further mentioned above, in an example embodiment the
conductive enclosure 301 defines an air-filled resonator cavity and may also
serve a variety of other functions. For example, the conductive enclosare 301

10 functions as an EMI constraint or shield, thus limiting an amount of EMI emitted
from the enclosure 301, Additionally, the conductive enclosare 301 serves to
conduct ground return current from the ground cotl 317, The conductive
enclosure 301 can be fabricated from a number of different conductive materials
such as aluminun or stainless steel {(or any other suitable conductive material).

15 Adduionally, since the RF current skin depth 1s relatively shallow depending on
frequency, the walls 330, 332, 334, 336, 33§, and 340 of the conductive
enclosure can be relatively thin. Accordingly, the conductive enclosure 301 can
be coustracted from a non-conductive waterial with a conductive coating or
plating formed or otherwise deposited thereon. The conductive enclosure 361

20 can be fabricated in a variety of ways such as, {or exariple, a deep drawn box, a
U-shaped sheet metal with appropriate channel bends for the end components,
cast material (e.g., cast aluminum), or a variety of other forming techniques
known independently to a skilled artisan. Any seams may be soldered, braised,
welded, adhered with conductive epoxy, or a variety of other attachment or

25 sealing methods to ot EMI radiation emitied from the conductive enclosure
301, The top wall 338 may define an enclosure cover that can be, for example,
formed or starmnped and screwed, welded, or otherwise conductively adhered to
the walls 330, 332, 334 and 336. In an cxample embodiment, the dielectric
volume 313 within the conductive enclosure 301 may be filled with air. lu other

30 embodiments, the dielectric volume 313 may be filled with solid, powdered, or
fAuid diclectrics. Many types of diclectric matenials are known mdependently i

the art.
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{00064} In an example emwbodiment, the conductive enclosure 301 may have a
length 342 of between 60 millimeters and 200 millimeters, a width 344 of
between 40 millimeters and 200 mullirocters, and a height 346 of between 40
millimeters and 200 millimeters. In some example embodiments, the fength 342
18 130 mm, the width 344 15 80 rum and the height 346 1s 80 mm, defining a
rectangular box with square end walls 330, 332, Although shown, by way of
example, as rectangular in shape, other shapes include, for example, square,
cvlindrical, and spherical enclosures. For example, walls 330, 332, 334, 336,
338, and 340 of the conductive enclosure 301 can be approximately 3 mm to 4
mm thick, although an exact thickness can be determined based on structural
integrity required for a given application. The overall size of the conductive
enclosure 301 can be varied depending upon a nummber of factors including

interior inductor design and bulb size.

{00085] The top wall 338 has an opening 348 (¢.g., a rectangular opening)
with longitudinal edges 350, 352 that are spaced a minimum distance from the
pair of mounting members or conductive straps 309 to prevent arc over from the
conductive straps 309 to the top wall 338, Arcing may also be prevented using
other technigues. The conductive straps 309 may have an applied voltage from
RF coils, discussed below, of approximately 2000 volts (as measured strap-to-
strap). In an example, the distance may be between 2 millimeters and 20
millimeters for an apphicd voltage of between 100 volts and 10 kilovelts. The
opening 348 may be sized to enhance the amount of light exiting the plasma

lamp 300.

[000866] In an example emwbodiment, the ceramic carrier 307 defines an
example seat or support in which the bulb 305 is received. Further details of the
example ceramic carrier 307 are provided below with reference to Figs, 4A
through 403, In an example embodument, the ceramic carrier 307 may have
insulating formations that wrap over or cover the conductive straps 309 to reduce

the possibility of arc over.

{00087} The bulb assembly 315 may comprise the bulb 305, the ceramic
carrier 307, and the pair of conductive straps 309, The bulb 305 may be similar

to the bulbs 101, 131, and/or 201 discussed with reference to Figs. 1A or 2A.
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Detatls of other example embodiments of the bulb 305 are described, below,
with reference to Fig. 4A. The ceramic carrier 307 that supports the bulb 305
may also serve as a heat sink or a diffuse scattering reflector to reflect light from
the bulb 305 out of the plasma lamp 300, The ceramic carvier 307 may be
formed from various materials that are at least partially thermally conductive and
capable of reflecting at least visible light. One such material that can be used o
forny the ceramic carrier 307 is alumina {AlO3). The bulb assembiy 315 13
discussed in more detail below, by way of example, with reference to Figs. 4A
through 4. The pair of conductive straps 309 is discussed tn more detail, by

way of example, with reference to Figs. 5B and 5C.

{00068} Fig. 3B is a plan view of the plasma lamp 300 of Fig. 3A. The
plasma lamp 300 is shown to include an RF input coil 331. The RF input coil
331 1s disposed within an air-cavity formed by the conductive enclosure 301 and
functions as a partial guarter-wave phase shifter. The RF input coil 331 may
comprise of a length of conductive wire formed into a coil; specifically, in an
example embodiment, an inductive coil having an air core and functioning as a
lumped clement is provided. The lumped clement allows electric or magnetic
energy to be concentrated in it al specified frequencies, and inductance or
capacitance may therefore be regarded as concentrated in it, rather than

distributed over the length of the line.

{00089] Due to capacitive coupling effects {rom both an input-matching
network {e.g., sce mput-matching network 207 in Fig. 2A) on a first end 351 (see
Fig. 3C) of the R¥ input cotl 331 and to the conductive straps 309 on a second
end 372, the actual length of the coil 331 may be somewhat shorter than A /4.
The coil dimensiouns are typically derived from an estimate of the required
inductance. The necessary imductance to produce resonance at a particular
frequency may be calculated based on estimated values for the plasma
resistance, and also the coupling capacitance between the ficld applicators (e.g.,
the conductive straps 309) and the plasma formed in the bulb 305, Once an
inductance value is calcnlated, the coil dimensions may be calculated simply
from a number of widely avatlable erupirical formulas. Oune of the most popular
formulas for air-core cylindrical coils is L = r*n* /{9r + 101}, where L is the

inductance in microhenries, ris the coil outer radius in tnches, n is the number of
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turns, and 1 is the total coil fength. In one example embodiment, operating at 80
MHz, the relevant parameters are 1= 22 mullimeters (8.866 wmches), 1 = 40
millimeters (1.575 inches), and n = 4, for a total inductance of 0.51 microhenries
{510 nanohenries). In this particular embodiment, identical coils are used for
5 both the input coil 331 and a grounded coil 317, Although in other exaniple

embodiments, the two coils or inductors may have different inductance values,
In some example embodiments, the inductors may be realized by different
geornetries, for example a straight wire for the input inductor, and a coil for the
ground inductor. In example embodiments, cotl inductances may range from 3

10 nanchenries to 5000 nanchenrics (5 microhenries) or any value between,
depending on the desired operating frequency. The coul radius may range from 2
millimeters to 60 millimeters. The overall coil fength may range from 10
raillimeters to 200 nullimeters, again depending on the requared 1nductance. The
number of turns can be high to maximize inductance without, for example,

15 requiring a large coil radius. The above formula for inductance does not include
setf-resonant effects of coil geometry. For a very tightly wound coil (very high
1}, the capactiance between adjacent turns can be significantly large that
creates a self~resonavce withiu the coil at or below the intended operating

requency of the lamp. In example embodiments, this condition is to be avoided,

20 and self-resonance n coils typically needs to be identified erapirically by
building and measuring characteristics of various coil designs, including the
ivading effects of the conductive shielding around the coil. An exarple tuput-
matching network is described below, by way of example, with reference to Fig.
3D. The ground coil 317 may be fabricated similarly to the RF input coil 331,

25  Each of the coils 331, 317 may be electrically connected to the bulb assembly
315 in a variety of different ways as discussed below. In the example
embodiment of Fig. 3B, the coils 331, 317 are electrically connected to the bulb

assenbly 315 by a set of screws 374,

[00078] In Fig. 3C is a cross-sectional view of the lamp 300 taken at A-A in
30 Fig. 3B. The lamp 300 is shown to include the coil attachment point 351 to the
RF input port 303 where the coil 331 1s coupled to the RF input port 303 via an
impedance matching network 359, Optionally, an RF input cotl support 353 is

provided. The RF input coul support 353 provides structural support {or the RF
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input coil 331 and can be formed from any non-conductive material such as
Teflon" or other fluoropolymer resins, Delrin®, or a variety of other materials
known independently in the art. The coil support 353 1s mounted, by way of
example, to the conductive enclosure 301 by mounting screws 357, Although

5 not shown, the ground coil 317 could also be sinularly supported.

{00071} With reference to Fig, 3D, a plan view of the lamp 300 of Fig. 3A is
shown with the top wall removed and showing an exploded view of the example
impedance matching network 359 (see also Fig. 3C). The impedance matching
network 359 includes one or more input capacitors 371, The mput capacitors

10 371 serve, at least partially, as an impedance-tuning clement and can comprise,
for example, lumaped elements such as a variable capacitor or an array of
capacttors (e.g., a chip capacitor array) coupled in parallel to one another. As
shown, by way of example, a first end 361 of the mput capacitors 371 1s coupled
to the RE input coil 331 and second end is coupled to the conductive enclosure

15 301 through a grounding plate 373, The input capacitors 371 match an output
impedance of the RF power supply to the input impedance (for example, 50
ohms} of the lamp 300. In an example embodiment, the input capacitors 371
may be approximately 10 pF to 30 pF to provide a 50 ohm trapedance at the RF
input port 303, In example embodiments, the input capacitance can be as low as

20 zero and as high as 1000 pF depending upon the design and the frequency of the
system. The input impedance can readily be tuned during mamufacturing thus
ensuring that all lamps are produced with the sarse, or similar, imnput impedances
regardless of variations in the resonator construction or plasma impedance. The
impedance matching network 359 can easily include a tunable capacitor with the

25 capacitance determined by a position of a set screw.,

{00072} Fig. 3E is a cross-sectional view of the lamp 300 taken at B-B in Fig.
3D showing example coupling of the coils 331, 317 to the conductive straps 339,
For example, as shown, the ground coil 317 is coupled to one of the conductive
straps 309 by one of the screws 374, Other optional coupling arrangements

30 include a push-in connector, a set screw, or other types of connections that allow
releasable connection and thereby facilitate replacement of the bulb assembly
315. Ascan be seen in Fig. 3E, in an example embodiment the bulb assembly

~

315 is suspended within an air cavity 377 in the conductive enclosure 301.

22



WO 2012/044932 PCT/US2011/054219

10

20

25

30

{00073} As mentioned above, the plasrua lamp 300 may include components
and design aspects of the single-ended balanced resonator design of the plasma
larap 200 (see Fig. 24). Likewise, the plasma lamp 300 could mclude
components and design aspects of the double-ended balanced resonator design of

the plasma lamp 230 (see Fig. 2B).

{00074} With reference now to Figs. 4A through 4C, more example detail is
shown of the bulb assembly 315, As discussed, above, with reference to Fig.
3A, w an example emabodiment the pair of conductive straps 309 provides
coupling points from the input and ground cotls 331, 317 (see Figs. 3B and 3C)
to the bulb 305, In an example embodiment, the conductive straps 309 are about
2 mm to 10 pum 1o width and 250 pm to 560 um (approximately 10 muls to 20
mils) in thickness. The conductive straps 309 may be formed from various
metallic materials, such as stainless steel or titanium, that are capable of
withstanding the heat generated by the bulb 305 {e.g., approximately 1000 °C to
1280 °C m certain applications), without deformung. o certain example
embodiments, the conductive straps 309 are formed from non-magnetic
raterials to avoid interference with the magnetic field generated vear the bulb
assembly 315, In certain example embodiments, materials such as palladinm
(Pd) or platinurn (Pt} may be plated or otherwise formed over the metallic
materials to prevent oxidation of the conductive straps 309. The conductive
straps 309 also can be positioned along the length of the bulb 305 to control a
density distribution of plasma generated within the bulb 305, The density
control feature is discussed, by way of example, with reference to Figs. 5B and

5C, below,

{00075] Returning to Fig. 44, in an example embodiment, the bulb 305 is
cvhindrical n its conter and forms a homisphere with a tail 381 at cach end. The
tails 381 may be formed by a gnartz tube used to form the bulb 305, Inan
example embodiment, the tube 1s sealed at one end that forrus a first end of the
bulb 305, The bulb 305 1s filled through the open end of the tube and sealed.
The scaled tube 1s then placed in a Higuid nitrogen bath and a torch 1s used to
collapse the tube at the other end of the bulb 305, which seals the bulb 305 and

forms the tail 381, The collapsed tube is then cut for a desired tail length.
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{00076] Fig. 48 shows a plan view of the bulb asserbly 315 while Fig. 4C
shows a cross~-section of the bulb assembly 315 taken at C-C in Fig. 4B. In some
example erabodiments, the bulb 305 may be quartz, transparent alumina or other
ceraniic, sapphire, or other suitable bulb material. The bulb 305 may be
cylindrical, pill shaped, spherical, or some other desired shape, The bulb 305
may have an internal length 380 of 30 mm to 60 mm, an outside diameter of
about 10 mm and an inside diameter of 6 mm. In other example embodiments,
the buib 305 may bave av inside diameter in a range between 2 mm and 30 mun
or any range inchuded therein, a wall thickness in a range between 0.5 mm and 4
rarn or any range included therein, and an mnternal length between 180 mim and 80
mm or any range included therein. These dimensions are cxamples only and
other embodiments may use bulbs having different dimensions and/or shapes. In
various example embodiments, the bulb 305 contains a fill that forms a light-
emitting plasma when the RF power 1s applied to the bulb 305, The ill may
include a metal halide {11}, such as indium bromide (InBr;}. Additives such as
mercury (Hg) may also be used. In other embodiments, different fills such as
sulfur (8}, selenyum (Se) or tellurium (Te) may also be used. o sorue examples,
a metal halide such as cesium bromide (CsBr) may be added to stabilize a

discharge of sulfur, selevium, or tellurium,

{00077} Fig. 4D dlustrates an alternative example embodiment of the bulb
asscmbly of Fig, 4A. The bulb assembly 470 includes a plated ceramic bulb
carrier 451 with conductive arcas 453, The conductive areas 433 may be a
variety of conductive films plated, deposited, or otherwise applied to the plated
cerarnc bulb carrier 451, In an example embodiment, the conductive areas 433
comprise stiver {Ag) thick film paste applied to opposite locations of the
conductive siraps 309, The conductive areas 453 can serve to modify the
electric field distribution thereby to distribute a density of a generated plasma
more uniformly within the bulb 305, The density control feature of the
conductive areas 453 1s discussed by way of example with reference to Fig. 5B,
below. The conductive areas 453 may be of different shapes or dimensions in

different example embodiments.

{00078} Ideally, in certain embodiments, a temperature of the bulb and the

plasma generated therein are isothermal. Uunder isothermal conditions, light
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output from the bulb increases for a given input power, The output of a high
pressure discharge lanap 18 strongly related to the teroperature of the coldest
point on the interior of the bulb surface, the so-called “cold spot,” because that is
the site where the dose chemicals, such as metal halides and mercury, typically
condense. Typically, the higher the cold spot temperatare, the more light cutput
is produced. A function of the mput power 1s to heat the cold spot to a
suffictently high temperature through ohmic self-heating of the plasma that large
quantitics of light are generated. A by-product of this process 1s that there s a
corresponding “hot spot,” which is the hottest point on the interior of the bulb
surface. The hot spot temperature does not affect the light cutput, but it does
play an role in bulb fatlure according to two primary mechanisms. The first s
bulb melting, where the hot spot temperature cxceeds the melting point of the
bulb vessel maternial, To the case of quartz or other glass materials with a
continuous viscosity curve and no definite melting point, this temperature is
often referred to as the “working point” or “working temperature,” For quariz,
the working temperature is approximately 1100 °C. The second failure
mechanism relates to chemical reactions at the hot spot between the dose
chemicals and the quartz matenals, These reactions can form vouds and other
microscopic discontinuities in the guartz vessel that can ultimately lead to
melting or cracking of the walls. These reactions are kuown to proceed more
quickly at higher temperatures. An optimum design would elevate the cold spot
as hot as possible, while reducing the hot spot to be as cold as possible, orin
other words, an isothermal bulb. However, as a gas is heated, the density of the
zas decreases. Consequently, the less-dense gas rises, leading to asymmetric
temperature distributions that generally make isothermal operation difficult or
impossible. A condition of the lcss-dense gas rising 18 known as a thermal
buovancy force acting on the gas. The thermal buoyancy force can be
problematic in applications of plasma lamps where the lamp must be inverted to
direct light downward, such as in sireet highting. In the juverted position, the
greatest density of generated plasma, and hence the greatest amount of generated
fight, s at the top of the bulb vear the reflector and pot towards the exposed side
of the bulb. Thus, the total output of the lamp 1s reduced overall for two reasons:
First, since the upward-directed hight nwst first reflect from a bulb reflector, with

any losses associated with the reflector at a given wavelength. Second, the non-
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isothermal operation of the lamp requires that the net power supplied to the bulb
be somehow bimnited n order that the hot spot does not exceed the working
temperature of quartz. Thercfore the cold spot will not be as hot as it could be
for the same bulb for the same input power under 1sotherrual conditions.
Consequently, a higher light output from the bulb can be achieved as the deusity

of the plasma distribution within the bulb becomes more uniform.

{00078} With reference now 1o Fig. 5A, an effect of thermal buoyancy forces
on plasma density generated within the bulb 305 in proximity to two RF power
conductors or plates arranged above the bulb 305 1s shown. In Fig. SA, the bulb
3605 1s shown facing downward {(¢.g., when the plasma lamp is deployed in street
and area lighting fixtares), with a pair of RF power plates 301 above the bulb
305. The general arrangement of Fig. 5A may be similar to the configuration of
the plasma lamps 200, 230 of Figs. 2A and 2B in which the RF power plates 501
may correspond to the field applicators 211A, 2Z11B. An example application
where the bulb 305 faces downward 1s where the plasma lamp s deployed in
street and area lighting installations. A plasma cloud 503 includes plasma ares
505 generated in locations where the clectric ficld intensity is strongest, which in
the example bulb oricutation 1s near a top 520 of the bulb 305, With the example
configuration of the RF power plates 501 shown in Fig. 5A, the bulb 305 can
melt with only about 350 Watts {W) of RF power applied to the lamp body from
the RE power supply due to the effect of thermal buoyancy forcing the plasma to

the top 520 of the bulb 30S.

{00080} Fig. 5B illustrates the effect of thermal buoyancy {orces on plasma
density generated within the bulb 305 in proximity to a pair of conductors or RF
power plates 507 and a pair of conductive bulb straps 309 arranged below the
bulb 305. In this example cmbodiment, the pair of RF power plates 507 is
positioned above the bulb 305 aund the conductive bulb straps 509 are positioned
below the bulb 305, The general arrangement of Fig. 5B may be simular to the
configuration of bulb assembly 470 of Fig. 4D in which the pawr of RF power
plates 537 may correspond to the conductive areas 453, for example, silver paint,
on the plated ceramic bulb carrier 451, This configuration may spread the
plasma density more evenly in the bulb 305, thus making the thermal load more

uniform within the bulb 305; the thermal loading is redistributed to the bottom of
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the bulb 305. Consequently, in an cxample embodiment, the bulb 305 can be
driven to about 500 W of power or more since the lowermost plasma arcs

“attach” to the conductive bulb straps 509.

{00081} Fig. 5C illustrates the effect of thermal buoyancy forces on plasma
density generated within the bulb 305 in proximity to the conductive bulb straps
509 arranged below the bulb 305, In Fig, 5C the RF power plates 501 of Fig. SA
and the pair of RF power plates 537 of Fig. 5B have been remaoved. The plasma
attachment is primarily along the bottom 522 of the bulb 305 proximate to a pair
of lower RF conductors or plates 511, Sumnilar to Fig. SB, in an exarnuple
embodiment, the configuration of Fig. 5C also aliows bulbs to be run to 500 W
or more without melting. Cousequently, more RF power can be applied to the
bulb 305, producing a greater light output. Thus power fed into the lamp body by

4 power source may be increased.

{00082} Although the various plasma lamp designs have been described in
light of particular cxample embodiments, various other designs and material
choices are used in different example emubodiments. These alternative designs
and material choices may include various material and formation choices, For
example, the Gield applicators and other RF carrying conductive arcas might be
formed from bulk or sheet metal materials, or be fabricated from one or more
thick-film metals fired onto a ceramic substrate,  In etther construction, the
applicator metal might be coated with an insulating dielectric to prevent arcing
from the high voltage present on the applicator plates. For the thick-film on

ceramic applicators, one choice is glass frit,

{00083} Additionally, although specific frequency ranges have been
presented, 1u other example embodiments the famp designs presented heren can
be scaled appropriately for other frequencics. For example, in addition to the
40,68 MHz frequency discussed, by way of example heretn, internationally-
recognized ISM frequency bands are also designated for lighting at 13.56 MHz
and 27.12 MHz. At these frequencies, even compact high-Q coils become fairly
large to realize the required phase shift. However, an additional phase shift can
be achieved without increasing coil size by loading the coil with, for example, a

ferrite material having a higher relative magnetic permeability than aw {e.g., 7,
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greater than 1), Typical permeability values might be selected for [, as
approximately 40 for a 40.68 MHz design, and & as approximately 100 for a
13.56 MHz design. The ferrite loading of the coils can also be used to tune the
resonant frequency, I the ferrite position is adjustable, then the cavity resonant

frequency can be also adjusted in the manufacturing process.

{00084} Addutionally, at low frequencies, the capacitance betwoeen the ficld
applicator plates and the plasma are can be an important parameter. The
capacitance, Z,, appears in series with the plasma resistance, Ryjeswa. Also, the
capactiance appears twice in series, ouce at each field applicator. Consequently,
the total bulb impedance 1S Zpun = Rptsms T 22, The impedance of a capacitor is
given by 7. = 1/in(, so as frequency decreases, the capacitor impedance may
dominate the total impedance: thus, Rysms. may receive increasingly less of the
applied voltage. To mutigate this offect, the capacitance, C, must increase as
frequency decreases. For example, at 80 MHz the required capacitance ts about
SpF to maintain an approximately 95% resonator efficiency with a plasma at 200
£2 1o 500 €2 resistance and coils with a Q factor greater than 200, At 40 MHz,
the required capacitance is about 10 pF. To achieve higher capacitance, the
overlapping surface area between the applicator plates and the plasma can be
increased by using a larger bulb. Also, the thickness of the bulb wall may be
reduced or the bulb diclectric counstant of the bulb may be increased by using a

ceramic bulb.

{00085] Referring now to Fig, 6A, an example single-inductor-coil
slectrodeless plasma lamp 600 is shown to include a conductive enclosure 601
having an RF input port 603. The RF input port 603 is to couple power from an
RF power supply to the single-inductor-coil electrodeless plasma lamp 600, An
outer edge of the RF mput port 603 1s clectrically coupled to the conductive
cuclosure 601, Anwnper conductor 651 of the RF wnput port 603 1s electrically
coupled to a first end of a single-inductor-coil 607. The single-inductor-coil
electrodeless plasma lamp 600 s further shown to include a bulb 603, a metal
post structure 609 surrounding an end of the bulb 605, and one or more input
capacitors 659, The metal post structure 609 is clectrically coupled to a second
end of the single-inductor-coil 607. The conductive enclosure 601 surrounds a

dielectric volume 615, In an cxample embodiment, the dielectric volume 615
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may be air, The metal post structure 609 serves to couple RF power to the bulb
605 and, additionally, holds or supports the bulb 605 raechanically n position.
The metal used in the metal post structure 609 can be, but 1s not limited to,
aluminum, brass, copper, gold, or silver. The single-inductor-coil 607 may be
5 fabricated from cither a solid material or a tubular material. In various example

embodiments, the smgle-inductor-coil 607 may comprise a single electrically-
conductive material. In other example embodiments, the single~-inductor-coil
607 may be comprised of a dielectric material coated, plated, or otherwise
formed with a conductive material or layer. In the case of the single-inductor-

10 cotl 607 being fabricated from a dielectric tubular material, etther the inside
surface of the tubular material, the outside surface, or both surfaces may be
covered with a conductive material. In other example embodiments, the single-
inductor-cotl 607 way be bent or otherwise formed from wetal tubing. For
example, in an example embodiment, copper tubing with an outside diameter of

15 6 mm and an inside diameter of 4 mm can be sued. Because of the typical RF
frequencies employed in an electrodeless lamp design, the inside diameter is
somewhat trrelevant as long as the wall thickness is greater than approximately
0.2 mm. In example erbodiruents, outside diameters of tubes miaght be in the
range of about Z mm to about 20mm. More details on formation and selection of

20 the single-inductor-coll 647 are discussed, by way of example, below,

{00086} The cxample input capacitors 659 serve, at least partially, as an
impedance-tuning or matching element and can comprise, for example, lumped
elements such as a variable capacitor or an array of capacitors (e.g., a chip
capacitor array) combined in any series and parallel combination or arrangement,

25  Asshown, by way of example, a fivst end 661 of the mput capacitor 659 is
coupled to the single-inductor-coil 607 and a second end 663 is coupled to the
conductive enclosure 601. The input capacitors 639 can be selected to match an
input impedance of the lamp 600 to the output impedance {(for example, 50
ohms) of the RF power supply. In a specific example embodument, the mput

30 capacitors 659 may be about | pF to about 30 pF to provide a 50 ohm impedance
at the RF mput port 603, In example embodiments, the input capacitance can be
as low as zero and as high as 1000 pF depending upon the design and the

frequency of the systern, More details on {formation and selection of the mput
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capacttors 659 are discussed, by way of example, below. The input impedance
can readily be tuned during manufactuning thas ensuring that all lamps are
produced with the same, or similar, input impedances regardless of variations in
the resonator construction or plasma impedance, For example, during
marnufacturing final test operations, the input capacitors 659 can be adjustable
capactiors that can casily be tuned by adjusting a set screw. An embodiment

with a tunable capacitor is discussed in more detail, by way of example, below.

{00087] The conductive enclosure 601 may be similar to the conductive
enclosure 301 (see for example Fig. 3A) and the single-inductor-coil 607 may be
similar to RF input coil 331 {see Fig. 3B}. The bulb 605 may be similar to other
bulbs discussed herein such as the bulb 101 or the bulb 131, The conductive
enclosure 601 has spaced parallel sidewalls 634, 636, a top wall 638, and a
bottom wall 640. In some example embodiments, the conductive enclosure 601
may be cubical, a rectangular prism, parallelepiped, or cylindrical in shape. In
some example embodiments, the conductive enclosure 601 has a side wall height
646 of about 20 mn to about 70 mum, a width about 644 of 20 to about 70 mm,
and a depth 642 (not shown) of about 20 mm to about 70 mum, or any range
subsumed therein. In other exaniple embodiments, the side wall height 646, the
width 644, and the depth 642 is between about 40 and about 50 mm, or any

range included therein.

{00088} When RF power is supplied to the lamp 600, the R¥ power is
conducted through the sngle-inductor-coil 607 to the metal post structure 609,
In an annular space 611 surrounding the metal post structure 609 and the bulb
605, an e-ficld is generated from the single-inductor-coil 607 and the metal post
structure 609 to the top wall 638 of the conductive enclosure 601, Atleasta
portion of the generated e-field flows through the bulb 605, igniting the plasma

countained within the bulb 603 and producing light.

{00089] With continued reference to Fig. 64, a non-coiled electrodeless
plasma lamp 602 is shown to include a non-cotled RF input rod 613, The non-
cotled RF input rod 613 may be fabricated from either a solid material or a
tubular material. In varous cxample embodiments, the non-cotled RF mput rod

613 may be comprised of an electrically-conductive material. In other exarople
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embodiments, the non-cotled RF nput rod 613 may comprisc a diclectric
material coated, plated, or otherwise formed with a conductive matenial. In the
case of the non-coiled RF input rod 613 being fabricated from a diclectric
tubular material, etther the tnside surface of the tubular material, the cutside
surface, or both surfaces may be covered with a conductive material.  The non-
coiled electrodeless plasma larp 602 functions n a simular fashion as the single-

inductor-coil electrodeless plasma lamp 600,

{00080} Figs. 6B through 6G all function in a similar fashion to the plasma
larups described above, by way of example, with reference to Fig. 6A. However,
for cither the coiled or non-coiled versions of the plasma lamps, a number of
example embodiments are shown to realize the one or more input capacitors

659,

{00081} For example, the embodiments of Fig. 6B illustrates a single-coil
clectrodeless plasmua lamp 604 and a non-coiled electrodeless plasma lamp 606,
each having a tunable high power capacitor 6618, the tunable high power
capactior 6618 being grounded oun a fitst end to the bottom wall 640 of the
conductive enclosure 601, The tunable high power capacitor 6618 1s electrically
coupled on a second end to the single-inductor-coil 607 through a conductor
clement 661 A and on the first end to the conductive enclosure 601 by a panel-
mount screw 661D and secured with a nut 661C. The pancl-mount screw 661D,
and the nut 661C, provide both electrical and mechanical connections between
the tunable high power capacitor 6618 and the conductive enclosure 601, The
tunable high power capacitor 6618 also tuclades a screw adjustment wechanism
661E to variably adjust a capacitance value of the tunable high power capacitor

661B.

{00082} The embodiment of Fig. 6C illustrates a single-coil electrodeless
plasma lamp 608 and a non-coiled clectrodeless plasina lamp 610, each having a
tunable high power capacitor 663B, grounded to at least one of the parallel
sidewalls 634, 636 of the conductive enclosure 601. The tunable high power
capacitor 663B 1s electrically coupled on a fivst end to the single-inductor-coil
607 through a conductor element 663 A and on a second end to the conductive

enclosure 601 by a panel mount machine screw 663D and secured with a nut
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663C. The panel mount machine screw 663D and secured with the nut 663C
provide both electrical and mechanical connections between the tunable high
power capacitor 6638 and the conductive enclosure 601, The tunable high
power capacitor 663B also includes a screw adjusiment mechanism 663F to
5 wvariably adjust a capacitance valne of the tunable high power capacitor 663B.

This erbodiment 1s similar {0 the ermbodiments of Fig. 6B except the capacitor
is grounded to the sidewall rather the bottom wall. Since the ground voltage i3
continuously variable along the side of the conductive enclosure 601, there will
be a slightly different input impedance when the tunable high power capacitor

10 663B is grounded at different locations. Thus, for certain manufacturing or
mounting applicatious of the lamp, there may be a preference for the pownt at

which the tunable high power capacitor 663B s mounted.

{00083} Fig. 6D illustrates & single-coil electrodeless plasma lamp 612 and a
non-cotled electrodeless plasma lamp 614, each having a capacitive clement 671
15 formed from g first annular ring 671A and a sccond annular ring 671C
surrounding the 1oput side of the foner conducior 651, The first annular ring
671 A and the second annular ring 671 are separated by an optional dielectric
material 6718, However, the optional dielectric waterial 6718 ruay be the same
material as comprises the dielectric volume 615 {(e.g., air}. In some
20 cmbodiments, rather than being an annular ring, the second annular ring 671C
can be a solid conductive material electrically coupled to the inner conductor
651, The capacitive clernent 671 is formed within the volurue of the conductive
enclosure 641, Although a determining factor for the capacitive element 671 s
the thickness of the diclectric material 6718, a first dimension, Dy, of the first
25  awmnular ring 671A may be from 0.1 mun to 5 mm, or any value subsumed
therein, In some embodiments, the thickness, 1, of the first annular ring 671A
may be the same as the thickness of the conductive enclosure 601, In some
embodiments, the thickness, t, of the first annular ring 671 A may be from 0.1
mm to 10 mm, or any value subsumed therein, A second dimension, Do, of the
30 second anunular ring 671C may be from 1 mm to 40 mm, or any value subsumed
therein, Although not shown explicitly, a skalled artisan can envision a plurality
of additional concentric annular rings (or other arrangements of metal

intericaved with diclectric materials), alternately coupled to the conductive
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enclosure 601 or the inner conductor 651, with each subsequent annuiar ring
being separated from the prior anpular ring by a dielectric matenial. The
additional plarality of concentric annular rings has an increased area and, thus,

au increased capacilance over the ammular rings showu,

{00084} In the non-coiled electrodeless plasma lamp 614 of Fig. 6D, the
second annular ring 671C may be either all or a portion of the non-cotled RF
input rod 613, Allernatively, the second annular ring 671C may be interspersed

between the inner conductor 651 and the non-coiled RF input rod 613,

{00085} Fig. 6F illustrates a single-coil electrodeless plasma lamp 616 and a
non-coiled electrodeless plasma lamp 618, cach having a capacitive element 681
formed from a first annular ring 681 A and a second annular ring 681C
surrounding the input side of the inner conductor 651, The first annular ring

681 A and the sccond annular ring 681C are separated by an optional dielectric
material 6818, However, the optional dielectric material 6818 may be the same
material as comprises the dielectric volume 615 (e.g., air). In some
embodiments, rather than being an annular ring, the second annular ring 6710
can be a solid conductive material electrically coupled to the inner conductor
651, Unlike the embodiments shown 1 Fig. 6D in which the capacitive element
671 is formed within the volume of the conductive enclosure 601, the
embodiments of Fig. 6F have the capacitive element 681 formed outside the
conductive enclosure 601. The conductive enclosure 601 of Fig. 6F may be the
same height as the embodiments of Fig. 613 Alternatively, the height of the
conductive enclosure 601 in the ewbodiments shown 1 Fig. 6F may be reduced
by all or a portion of the height, D, of the capacitive clement 681, As with the
embodiments of Fig. 6D, and although not shown explicitly, a skalled artisan can
envision a plurality of additional concentric annular rings, alternately coupled to
the conductive enclosure 601 or the inner conductor 651, with cach subsequent
annular ring being separated from the prior annular ring by a dielectric material.
The additional plurality of conceniric annular rings has an increased arca and,

thus, an increased capacitance over the annular rings shown.

{00086} In the non-coiled clectrodeless plasma lamp 618 of Fig. 6F, the

second annular ring 681C may be etther all or a portion of the non-cotled RF

98]
98]
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input rod 613, Alternatively, the second annular ring 681C may be mterspersed

between the juner conductor 651 and the von-coiled RF mput rod 613,

{00087} Fig. 6F illustrates a single-cotl electrodeless plasma lamp 620 and a
non-cotled clectrodeless plasma lamp 622, cach having a capacitive element 691
formed from a first anoular ring 691A, {e.g., a collar or conductive annulus), and
a second annular ring 691C surrcunding the input side of the inner conductor
651, The first annular ring 691 A and the second aunular ring 691C are separated
by an optional diclectric material 6918. However, the optional diclectric
material 6918 may be the same material as comprises the dielectric volume 615
{e.g., air). The first annular ring 691 A extends from the paralle! sidewalls 634,
636 1o the optional dielectric material 6918, lun some embodiments, the first
annular ring 691 A may be a plurality of conductive rods extending from the
parallel sidewalls 634, 636 to the optional dielectric material 691B. A
dimension, I35, of the first annular ring 691 A 18 not critical as long as it is
sufticicnt to carry current required for the capacitive element 691, In some
embodiments, rather than being an annular ring, the secoud annular ving 691C
can be a solid conductive material electrically coupled to the inner conductor
651, A dimension, s, of the second annular ring 691C may be from 1 mm to 40
mm, or any value subsumed therein. In some embodiments, the thickness, t, of
the second annular ring 691C may be the same as the thickness of the conductive
cnclosure 601, In some embodiments, the thickness, t, of the second annular

ring 691C may be from 0.1 mm to 10 mm, or any value subsumed therein,

{00088} In the non-coiled elecirodeless plasma larmp 622 of Fig. 6F, the
second annular ring 691C may be either all or a portion of the non-coiled RF
input rod 613, Alternatively, the second annular ring 691C may be interspersed

between the inner conductor 651 and the non-coiled RY input rod 613,

{00089} Fig. 6G illustrates a single-coil electrodeless plasma lamp 624 and a
noun-cotled electrodeless plasma lamp 626, each having a flange {eature that
forms a capacitive element 685 extending outward from the center conductor to
create a larger overlap area with the bottor wall 640 of the conductive enclosure
601, The bottom wall 640 of the conductive enclosure 601 forms a first

conductor in the capacitive element 685 while a second conductor 685A forms a
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second conductor of the conductive element. The second conductor 685A is
electrically coupled to the wmner condactor 651 and is separated from the bottom
wall 640 by a dielectric material 685B. Depending upon a required capacitance
value desired for a given input impedance, a dimaension, Dy, of the second
conductor 685A and the dielectric material 685B may be frony a few millimeters
up to an internal dimension of the conductive enclosure 601, or any value
subsumed therein. In some embodiments, the thicknesses, t; and 1, may also be
selected based on a desired mnput impedance, Equations for determining
capacitance values for a given set of dimensions and dielectric constants are

known in the art.

{000106] In the non-coiled electrodeless plasma lamp 626 of Fig. 6G, the
second conductor 685A may be either all or a portion of the non-coiled RF input
rod 613, Alternatively, the second conductor 685A may be interspersed between

the inner conductor 651 and the non-coiled RF input rod 613,

{000101] Fig. 6H illustrates a single-coil electrodeless plasma lamp 628 and a
noun-cotled electrodeless plasma lamp 630, cach having a dielectric positioning
material 665 surrounding either the metal post structure 609 or the non-coiled
input rod proximate to the bulb 605, Exact dunensions of the diclectric
positioning material 665 are not critical as the dielectric positioning material 665
18 used to mechanically secure the bulb 605 1 a tixed position. Further, the
dielectric positioning material 665 can be formed from, for example, quartz or
alumina, to further lower the resonant frequency of the lamp. The diclectric
positioning material 665 can be used i conjunction with any of the previous

embodiments depicted in Figs. 6A through 6G.

{0001062] Within any of the embodiments depicted in Figs, 6A through 6H, the
single-inductor-cotl 607 can have anywhere from less than 2 to 50 windings. In
some ernbodirnents, the windings can be more than one winding, including
portions, and may be greater than 50 windings. In still other erabodivaents, the

windings can be a portion of one winding.

{000163] One advantage of the inventive subject matter of the various

embodiments is that the single-inductor-coil 647 and the non-coiled RF input rod
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613 serve as an effective means of dissipating heat from the bulb 605 within the
conductive enclosure 601 thus creating improved device heat transfer
characteristics. That is, the single-inductor-coil 607 and the non-cotled RF mput
rod 613 each draw a substantial portion of the thermal energy generated from the
bulb 605 away through the material or coatings of the single-inductor-coil 647
and the non-coiled RF mput rod 613, while mamntaining the cotl orrod at &
desirable temperature. Such desirable tenmiperature leads to desirable conductive
charactenistics of the single-inductor-coil 607 and the non-coiled RF input rod
613 to maintain the performance {e.g., efficiency) of the plasma lamp according
to a specific embodiment. During the creation of a plasma, a great amount of
heat is generated.  As the single-inductor-coil 607 and the non-coiled RF input
rod 613 are coupled directly to the metal post structure 609 which holds the bulb
605, the generated heat s conducted into, {for exaruple, the bottom wall 640 and
the RE input port 603, Additionally, the use of a single-inductor-coil 607 creates
a thermal structure with a larger surface area in which the generated heat can
dissipate into the air through convective cooling. By creating a larger surface
arca in which the surrounding air comes nto contact with, a greater amount of
heat is dissipated from the bulb 605. The iaproved heat transter characieristics

of the lamp lead to improved reliability and safety.

[000104] Ag used herein, the term “coil” or “inductor” may include regularly
spaced windings or uregularly spaced windings, as well as spiral, rectangular,
helical, annular, polygon, or any cornbination of these, and others that would be

understood by one of ordinary skill in the art.

{000105] Exact values for the various inductive and capacitive components can
depend on a number of factors imcluding the desired frequency used to drive the
RF power, exact geometries of the lamp, and geometries of the conductive
cuclosure proximate to the bulb. For example, Table 1 shows particular values
for capacitance, C, {cither in series or parallel) and inductance, L, for a given

input frequency for various specific exarple embodiments,



WO 2012/044932 PCT/US2011/054219

Frequency  Typical  Typical

(MHz) L(nH)  C(pF)

030 9.8 13

4350 353 14.8

S0 380 68

40 1268 46

13 3358 315
Table 1

{000106] However, Table 1 is provided merely as a general guideline and
can vary significantly for particular lamp designs. For example, at a 900 MHz

driving frequency, a value of L may be in the range 1 nH to 20 nH with a value

U

of C in the range OpF to 20 pF. At 450 MHz, a value of L may be from 10 nH to
180 nH with a value of C from 0 pF t0 40 pF. At 80 MHz, L might be from 100
nH t0 1000 nH (ic., 0.1 pH to | pH), and C might be from 0 pF to 100 pF. For
particular applications of an electrodeless lamp, 80 MHz 1s a useful dave

10 frequency because it is a low cnough frequency that an associated power
amplifier is reasonably inexpensive and efficient, but the larap enclosure 1s also
not s0 big because L. is not too big (e.g., less than 1000nH). At 40 MHz, L
might take on a value between 0.5 pH to 2 pH with and C being in a range from
(§ pF to 200 pF. 40 MHz is another useful frequency for certain applications

15  because there is an unlicensed ISM band at 40.68 MHz, At 13 MHz, L might be
in avange from 1 uH to 20 pH, and € raight be 1 a range from 0 pF to 500 pF.
13.56 MHz is a useful frequency in the ISM bands —notably because harmonics
of 13.56 MHz (i.e., 27.12 MHz and 40.68 MHz}, are also ISM baunds .

Therefore, shielding requirements for a lamp may be reduced.

20 (000107} Coil turns and dimensions are subject to the reguired inductance.
As discussed above, a particular equation, valid for round coils in air cavities,
determines inductance (in microhenries), as a function of the number of turns, n,

the radius of each turn, and the overall coil length,

{000108] Thus, in an example embodiment, an clectrodeless plasma lamp
25  comprises a conductive enclosure inchuding a diclectric material, a bulb
containing a fill to form a light emitting plasma, a radio frequency (RF} feed

connectable to an RF power source and contigured to couple RF power into the
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conductive enclosure, at least one conductive applicator to apply power from the
conductive enclosure to the bulb, and at least one luriped inductive element
coupled between the RF feed and conductive applicator. The dielectric material
raay be air,

{0001069]  The conductive enclosure may define a hollow cavity and the at
least one lumped inductive element may be positioned at least partially within
the conductive enclosure. The at least one lumped inductive clement may be
coupled to the RF feed and extend within the conductive enclosure terminating
proximate an end of the bulb.

{000110] In an examiple embodiment, the at least one lumped inductive
clement 1s a helically wound coil. The radius of the coil may be between about 2
millimeters and about 60 millimeters. A length of the coil may be between about
10 millimeters and about 200 millimeters. In an example embodiment, the cotl is
wound from a hollow material. The helically wound coil in some embodiments
is provided with a ferrite material having a higher relative magnetic permeability
than air. The lumped inductive element may have an inductance of between
about 3 nanohenries and 5000 nanchenries dependent upon the operating
frequency of the plasma lamp, The at least one conductive applicator may be a
first conductive applicator, the plasma lamp further comprising a second
conductive applicator, the first and second conductive applicators being located
proximate opposed ends of the bulb, The at feast one lumped inductive element
may be a first lumped inductive element, the plasma lamp further comprising a
second lumped mnductive element, the first and second lumped inductive
clements extending from opposed end walls of the conductive enclosure, the first
lumped mmductive element being connected to the first conductive applicator
located proximate a first end of the bulb and the second lumped inductive
element being connected to the second conductive applicator located proximate a
second end of the bulb, The second lumped inductive element may be grounded
to the conductive enclosure,

{000111} in an example embodiment, the plasma lamp further comprises a
first impedance matching network {(e.g., a lumped capacitive element) connected
between the first lumped inductive element and the RF feed. A second
impedance matching network may be connected between the second lurmped

inductive element and a second RF feed.



WO 2012/044932 PCT/US2011/054219

{000112] 1o an example embodiment, an upper side of the conductive
enclosure defines an opening through which the bulb extends. The bulb may be
elongate and extend along an axis paralicl to a plane in which an upper surface
of the conductive enclosure extends.

5 (006113} The at least one lumped inductive component may provide a
quarter wave phase shift at a resonant frequency for the conductive enclosure.
The resovant frequency of the plasma lamp way be between about 10 MHz and
about 500 MHz.
{0001 14] The RF feed may be provided in a side wall, end wall or bottom

10 wall of the conductive enclosure and the at least one lumped inductive clement
extends from the side wall into the conductive enclosure, an cud portion of the at
icast one lumped inductive clement extending towards an end of the bulb.
{000115] In an examiple embodiment, the plasma lamp includes a bulb
support assembly to support the bulb at least partially within the lamp enclosure,

15 The bulb support may include an elongate channel formation in which the bulb is
seated, and spaced conductive applicators located at proximate opposed ends of
the bulb, sach conductive applicator being counected to a lumped wnductive
element located within the conductive enclosure. The spaced conductive
applicators roay hold the bulb captive within the cloungate chanuel formation.

20 [000116] In an cxample embodiment, the plasma lamp comprises plasma
modification elements to modify the shape and/or the position of a plasma arc
formed within the bulb. The plasma modification elements may be conductive
eleraents coated on a ceramic matenal forming the elongate channel formation.
The plasma modification clements may be conductive elements that are

25 positioned to draw the plasma arc towards an exposed side of the bulb,
{000117] The feed may be an RF releasable connector mounted to an end
wall of the conductive enclosure. The conductive enclosure is, in an example
embodiment, a parallelepiped comprising spaced parallel side walls, spaced
paraliel end walls, and spaced parallel top and bottora walls, the top wall having

30 an opening through which the bulb at least partially extends.

{000118] Further, in an exampie embodiment, a method of coupling power
to a bulb in an electrodeless plasma lamp 18 provided. The method may comprise
providing an electrodeless plasma lamp having a conductive enclosure including

a diclectric material and a bulb containing a fill to form a light emitting plasma,



WO 2012/044932 PCT/US2011/054219

coupling RF power from an RF power source into the conductive enclosure,
shifting the phase of the power using a lumped 1fnductive element provided
inside the conductive enclosure, and coupling power from the lumped inductive
clement via a conductive applicator to the bulb, The power may be coupled via
5 the conductive applicator proximate an end of the bulb and a ground path is
provided from ancther conductive applicator coupled via another lumped

inductive element to the conductive enclosure,
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CLAIMS

What s claimed is:
1. An electrodeless plasroa lamp comprising:

a conductive enclosure inchuding a dielectric material;

a bulb containing a fill to forw a light enutting plasma;

a radio frequency (RE} feed connectable to an RF power source and
configured o couple RF power into the conductive enclosure;

at least one conductive applicator to apply power from the conductive
enclosure to the bulb; and

at least one lumped inductive element coupled between the RY feed and

conductive applicator.

2. The plasma lamp of claim |, wherein the diclectric material is air.
3. The plasma lamp of claim 1, wherein the conductive enclosure defines a

hollow cavity and the at least one lurped inductive element 18 positioned at least

partially within the conductive enclosure.
4. The plasma lamp of any one of the preceding claims, wherein the at least
one lumped mductive element is coupled to the RF feed and extends within the

conductive enclosure terminating proximate an end of the bulb,

3. The plasma lamp of any one of the preceding claims, wherein the at least

one lumped mductive element is a helically wound coil.

6. The plasma lamp of claim 5, wherein a radius of the coil is between about

2 mutlimneters and about 60 millimeters.

7. The plasma lamp of claim 5 or claim 6, wherein a length of the coil is

between about 10 millimeters and about 200 millimeters.

8. The plasma larap of claims § to 7, wherewn the coil is wound frow a

hollow material,
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9. The plasma lamp of any one of claims 5 to 8, wherein the helically wound
coil is provided with a ferrite material baving a higher relative magnetic

permeability than air.

18, The plasma lamp of any one of the preceding claims, wherein the lamped
inductive element has an inductance of between about 5 nanchenries and 5000

nanoHenries dependent upon an operating frequency of the plasma lamp.

I1.  The plasma lamp of any one of the preceding claims, wherein the at least
one conductive applicator is a first conductive applicator, the plasma lamp
further coraprising a second conductive applicator, the first and second

conductive applicators being located proximate opposed ends of the bulb.

12, The plasma lamp of ¢laim 11, wherein the at least one lumped inductive
elernent 18 a first lumped mductive clernent, the plasma lamp further comprising
a second lumped inductive element, the first and second humped inductive
clements extending from opposed end walls of the conductive enclosure, the first
fumped inductive element being connected to the first conductive applicator
located proximate a first end of the bulb and the second lumped inductive
element being connected to the secoud conductive applicator located proximate a

second end of the bulb,

13, The plasma lamp of claim 12, wherein the second lnmped inductive

element 18 grounded to the conductive enclosure.
14, The plasma lamp of claim 12 or claim 13, further comprising a first
impedance matching network connected between the first lumped inductive

element and the RF feed,

15, The plasma lamp of claim 14, wherein the impedance matching network is

a lumped capacitive element.
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16.  The plasma lamp of any one of claims 2 to 15, further comprising a
second impedance rwatching network connected between the second lumped

inductive clement and a second RF feed.

17.  The plasma lamp of any one of the preceding claims, wherein an upper
side of the conductive enclosure defines an openimg through which the bulb

extends.

I8, The plasma lamp of any one of the preceding claims, wherein the bulb s
elongate and extends along an axis parallel to a plane in which an upper surface

of the conductive enclosure extends,

19, The plasma lamp of any one of the preceding clairus, wheren the at least
one lumped mductive component provides a quarter wave phase shiftata

resonant frequency for the conductive enclosure,

20, The plasma lamp of claim 19, wherein the resonant frequency is between
about 10 MHz and about 500 MHz.

21, The plasma larap of any oune of the preceding claims, wherein the RF feed
is provided in a end wall of the conductive enclosure and the at least one fumped
mductive clement extends from the end wall info the conductive enclosure, an
end portion of the at least one lumped inductive element extending towards an

end of the bulb,

22, The plasma lamp of any onc of the preceding claims, further comprising a
bulb support assembly to support the bulb at least partially within the conductive

enclosure.
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23, The plasma lamp of claim 22, wherein the bulb support assembly
COMPrises:
an clongate channe! formation in which the bulb is seated; and
spaced conductive applicators located proximate opposed ends of the
5 bulb, each conductive applicator being connected to a lumped inductive element

iocated within the conductive enclosure,

24, The plasma lamp of claim 23, wherein the spaced conductive applicators
hold the bulb captive within the elongate channel formation.

10
25, The plasma larp of any one of claims 22 to 24, further comprising plasma
modification elements to modify a shape and/or a position of a plasma arc

formed within the bulb.

15 26, The plasma larp of claim 25, wherein the plasma modification clements
are conductive elements coated on a ceramic material forming the elongate

channel formation,

27.  The plasma lamp of claim 25 or claim 26, wherein the plasma
20 modification elements are conductive elemeuts are positioned o draw the

plasma arc towards an exposed side of the bulb.

28, The plasma lamp of claim 1, wherein the RF feed is an RF releasable

connector mounted to an end wall of the conductive enclosure,

25
29, The plasma lamp of any onc of the preceding claims, wherein the
conductive enclosure is a parallelepiped comprising:
spaced paraliel side walls;
spaced paraliel end walls; and
3¢ spaced paralicl top and bottom walls, the top wall having an opening

through which the bulb at least partially extends.
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30. A method of coupling power to a bulb in an electrodeless plasma lamp,
the method comprising,

providing an clectrodeless plasma lamp having a conductive enclosure
inclading a dieleciric material and a hulb containing a fill to form a light
emitting plasma;

coupling radio frequency (RF) power from an RF power source imto the
conductive enclosure;

shifting a phase of the power using a lumped inductive element provided
inside the conductive enclosure; and

coupling power from the lumped inductive element via a conductive

applicator to the bulb,

31, The method of ¢laim 30, wheretn the power is coupled via the conductive
applicator proximate an end of the bulb and a ground path is provided from
another conductive apphicator coupled via another lumped inductive eloment 1o

the conductive enclosure.
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