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[57] _ ABSTRACT 

Method of generating an electrodeless plasma are as a _ 
light source including con?ning a‘ plasma-forming gas 
within a suitable envelope pressurizing while confining 
the gas, and applying radio refrequency power exteri 

I orly of the envelope so as to develop magnetically an 
induction field‘extending through the envelope and 7 
into the gas such that the gas is ionized as a plasma are 
suspended within the envelope, and independently of 
the walls of the envelope, and of lesser diameter than 
the envelope.’ Particularly optimizing such electrode~ I 
less are discharge by the use of an inductor/re?ector 
which avoids inductor shadowing to obtain maximum 
radiation output from discharge, hence to produce an 
optimized electrodeless are light source. 

14 Claims, 14 Drawing Figures 



3,860,854 PAIENTED JAN I 4I975 

SHEET 10F 5 

RADIATION OUTPUT SENSOR 

I 

FREQ. 
ADJ 

v I 
VAR. 

FREQ. 
OSC. 

INDUCTION 
FIELD 

MAGNITUDE 
ADJ. 

VACUUM TUBE‘ 

F/G'. 4 ‘souo STATE 

F/G’. 5 



‘3.860.854 FATENTED JAN 1 4M5 

SHEET 2 OF 5 

/ 

/ 

l/l 



3,860,854 
SHEET 3 0F 5 

PATENTEU JAN 1 43975 





PATENTED JAR 1 4 I975 3.860.854 
SHEET 50F 5 ‘ 



3,860,854 
1 

METHOD FOR USING METALLIC HALIDES FOR 
LIGHT PRODUCTION IN ELECTRODELESS 

LAMPS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

A continuation-impart of applicant’s earlier filed 
“High Pressure Method for Producing an Electrodeless 
Plasma Arc as a Light Source” (Ser. No. 218,496), 
filed Jan. 17, 1972 and issued as U.S. Pat. No. 
3,763,392. 

BACKGROUND OF THE INVENTION 

It is the intent of the present disclosure to teach the 
method whereby an electrodeless arc discharge effec 
tively can be employed at high power levels (i.e., above 
one kilowatt) to produce light for lighting applications 
including and similar to illumination of large spatial 
areas and surfaces. In such applications economic con 
siderations dictate that high operational efficiency of 
the light source always be maintained, thus it is also the 
intent of the present disclosure to teach those methods 
whereby the electrodeless arc light source can be made 
operationally and economically efficient at high power 
levels, hence, therefore, commercially viable. Such 
methods yield electrodeless arc lamps which operate at 
pressures of several- to several-tens of atmospheres, 
and at power levels in excess of, for example, one kilo 
watt, although operation of electrodeless arc lamps at 
lower pressures and power levels has been found to be 
practicable for several specialized applications. 
There are two basic types of luminous systems; how 

ever, no clear-cut delineation exists between them. One 
type is a system which is optically limited by a stop or 
a set of stops and is called an “aperture-limited” sys 
tem. Examples of aperture-limited systems are given by 
narrow beam searchlights and collimation and similar 
systems. The other type of luminous system is optically 
limited by the source itself and is called a “source 
limited” system. Typical examples of source-limited 
systems are ?oodlights and industrial luminaires. The 
preferred embodiment of the present invention is a 
source-limited system; however, aperture-limited forms 
of the invention exist. 
RF induction plasmas (electrodeless arcs) have not 

as yet found significant application as illumination 
sources. Most known studies of the high pressure elec 
trodeless are have reported the use of gas through?ow 
as being required for discharge stability, but the power 
loss suffered by the discharge system through forced 
convection of high enthalpy plasma from the discharge 
seriously degrades the efficiency with which an elec 
trodeless arc that is struck in a ?owing gas can radiate. 
In the present invention, gas through?ow has been 
found unnecessary for electrodeless arc discharge sta 
bility; therefore, a convective loss need not be present 
in an electrodeless are light source. The resulting sta 
tionary discharge dissipates electrical energy and bal 
ances this against conductive wall transport, radiation, 
and a relatively small internal convective circulation in 
a sealed-off discharge vessel. Radiation conversion effi 
ciencies (i.e., rf power to radiated power) as high as 90 
percent have been computed for such systems, and ef?~ 
ciencies as high as 79 percent actually have been mea 
sured in prototype devices using xenon as the discharge 
gas. Thus, an additional purpose of the present inven 
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2 
tion is to teach those methods, heretofore unreported, 
by which an electrodeless arc lamp can be optimized 
for maximum radiation production efficiency. 
An essential feature of any light source system is that 

ef?cient recovery of radiation be possible. All elec 
trodeless arc sources heretofore considered incorpo 
rate induction coils which, to some extent, surround 
the plasma forming gas to produce the high frequency 
induction ?eld required to power the discharge. The 
geometric shadowing of the discharge by its induction 
coil reduces the effectiveness of the source in direct 
proportion to the relative physical size of the induction 
coil. Thus, as an example, if an induction coil shadowed 
one-half an electrodeless arc lamp, which by‘itself can 
be assumed to be essentially a uniform radiator, then 
one-half of this source’s light output will be cut out by 
the induction coil, the resulting system ef?ciency will 
be reduced by one-half, a non-uniform polar distribu 
tion of radiant energy will obtain, and the resultant 
light-source will not be commercially viable because it 
is inefficient geometrically. Thus, another purpose of 
the present invention is to teach a method whereby the 
induction coil can be combined with an optical re?ect 
ing surface to form an inductor/reflector structure to 
eliminate the “coil-shadow” problem. 
Combining the foregoing, the present invention en 

ables an electrodeless arc lamp system to approach the 
theoretical limit for radiation production ef?ciency in 
a practical lighting system suitable for commerical il 
lumination applications at high power levels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a fragmentary perspective view of an elec 
trodeless plasma arc assembly showing a quartz sphere 
positioned axially with respect to a radio-frequency 
coil, the plasma are shown in phantom, having been de 
veloped as a white light source within the sphere; 
FIG. 2 is a transverse section on an electrodeless arc 

radiation production system developed as a white light 
source; 
FIG. 3 is a circuit diagram of a circuit for limiting 

magnitude and frequency, so as to regulate the dis 
charge parameters of the plasma arc independently of 
the walls of the quartz sphere; 
FIG. 4 is a simpli?ed circuit diagram, showing a vac 

uum tube circuit for energizing the apparatus shown in 
FIG. 3; 
FIG. 5 is a simpli?ed circuit diagram, showing a solid 

state circuit for energizing the apparatus shown in FIG. 
4; 
FIG. 6 is a fragmentary vertical section of a ?rst sug 

gested parabolic inductor/ re?ector device, showing the 
quartz sphere and suspended plasma arc in phantom; 
FIG. 7 is a fragmentary side elevation; 
FIG. 8 is a fragmentary bottom plan; 
FIG. 9 is a front elevation; 
FIG. 10 is a front elevation of a second inductor/re 

?ector device, showing an inductor coil integrated with 
the re?ector; 
FIG. 11 is a vertical section thereof, with the quartz 

sphere and suspended plasma are shown in phantom; 
FIG. 12 is a bottom plan thereof; 
FIG. 13 is a schematic view of the FIGS. l0~l2 lamp 

mounted within a housing, including structural and 
electronic details of the rf power generator; and 
FIG. 14 is the electronic circuit diagram thereof. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The electrodeless discharge described herein is a 
high pressure gaseous discharge occurring within the 
volume of a magnetic structure that carries high fre 
quency current. The components of the high frequency 
magnetic field of this structure each contribute to the 
induction of an alternating electric field in accordance 
with Faraday’s law, and electric currents driven by this 
field heat the gas ohmically and maintain ionization 
within the discharge. The discharge can be produced in 
a gas in the absence of central massflow, under which 
conditions it is self-stabilizing through a balance of 
electrodynamic and thermodynamic forces. This bal 
ance occurs subject to a condition existence for the 
electrodeless are that is independent of the discharge 
vessel wall boundary conditions; hence, the discharge 
need not be attached to the wall or any other physical 
boundary, but, rather, obtains an approximately circu 
lar cross-section and is suspended within the discharge 
vessel away from the vessel’s wall. 

In the general sense, electrodeless discharges most 
often are produced by the action of the high frequency, 
axial magnetic ?eld of a solenoid surrounding the dis 
charge as in FIG. 1 which induces a high frequency azi 
muthal electric ?eld within the discharge vessel such 
that, once started, a continuous gaseous discharge can 
be maintained within discharge vessel inside the sole 
noid’s volume. More particularly, both the axial and 
the radial components of the high-frequency magnetic 
field (i.e., the induction ?eld) yield an azimuthal elec 
tric field suitable for the maintenance of an induced 
discharge in accordance with Maxwell’s electromag 
netic equations. Thus, induction coils (i.e., inductors) 
for energizing electrodeless lamps have been success 
fully fabricated of turns of conductor wound not only 
into the usual solenoid shape, but also into the “pan 
cake” shape (i.e., ?at), as well as the intermediate con 
ical shape. In each case, however, the electrodeless dis 
charge produced by the inductor’s ?eld necessarily is 
located in a position near the inductor such that consid 
erable shadowing of the discharge by the inductor must 
exist. The optical ef?ciency of such a system, therefore, 
is degraded by the shadowing effect of the induction 
coil. In particular, each and every known application of 
the electrodeless arc discharge as a light source has as 
sociated with it this “coil-shadow” problem to an ex 
tent which heretofore has prevented any serious com 
mercial utilization of this light source. 
The present invention overcomes the shadowing ef 

fects of the inductor employed in all previous high 
frequency electrodeless lamps by combining the func 
tions of inductor and reflector in a single unit. Thus, in 
the preferred embodiment of this invention the induc 
tion field is provided by high-frequency currents on the 
polished surface of an inductor which has been shaped 
according to optical and electrodynamic consider 
ations. 
For example, a successful laboratory prototype in 

ductor/re?ector was constructed by machining a face 
of a four-inch diameter brass rod to the parabolic sur 
face y2 = 4x, boring out a one-inch hole in the center 
(to form the circular current path), then silverplating 
and polishing the remaining piece. A one~quarter inch 
gap was machined along a radius of the circular para 
boloid thus formed to provide access and egress paths 
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4 
for high frequency current, and this structure was at 
tached to a parallel plate transmission line. and then 
electrically connected to a vacuum tube source (not 
illustrated) of high frequency current. This structure is 
depicted in FIGS. 6-8. 
The discharge induced by the field of the paraboloi 

dal inductor was in xenon gas sealed into a 37 mm di 
ameter quartz sphere at atmospheric pressure (STP). It 
was found that discharge powers ranging from three 
hundred watts to levels in excess of ?ve kilowatts were 
produced by the inductor/re?ector device. where the 
operating pressure (i.e., hot) was in excess often atmo~ 
spheres at the one kilowatt level. 
Subsequent studies of the properties of the induc 

tor/re?ector device have indicated that combinations 
of the classical solenoid or pancake style induction coil 
with optically shaped conducting surfaces can yield 
very high operational performance. As an example, ex 
cellent operational performance has been obtained 
from an inductor/re?ector structure such as is illus 
trated in FIGS. 10-l2 and consisting of four turns of 
silverplated circular copper rod welded in series to a 
coaxial, hemispherically-shaped, silvered, single turn of 
brass. This structure was found to produce a nearly uni 
form optical output beam over 2 1r steradians, hence 
simulating a point source of radiation. 
Economic and commercial considerations dictate 

that a mass-producible inductor/re?ector structure can 
be formed either of stampings or spun metal (i.e., such 
as aluminum) in addition to the stated construction 
from machined solid stock. Critical optical systems 
formed by depositing thick coatings of aluminum or sil 
ver on polished glass or similar surfaces also are fully 
practicable. 
Within the inductor/re?ector structure, and upon ap 

plication of the minimum required “discharge mainte 
nance power,” and in the absence of gravity and gravi 
tational effects, the shape of the plasmoid “?reball” is 
approximately spherical; however, in practice, a some 
what ?attened discharge is observed in a pure gas at 
pressures greater than atmospheric. This effect is most 
pronounced in the heavier gases (i.e., xenon) and is at 
tributable to the buoyancy of the discharge in the 
unionized background gas. Mixtures of gases, there 
fore, are often employed to offset plasma buoyancy, 
such as xenon illuminant in an argon, neon, or hydro 
gen atmosphere, it having been found that the gas with 
the lesser ionization potential will break down within 
such a mixture while the background gas, which does 
in?uence internal heat transport; will exhibit little or no 
direct participation in the electrical or radiative trans 
port phenomena which occur. 

Additionally, the “rest” position of the electrodeless 
are plasmoid within its chamber has been found to de 
pend upon the squares of the magnitudes of local gradi~ 
cuts of the induction ?eld, such that the discharge will 
position itself in avregion of stronger induction field. 
Hence, the discharge position can be regulated and ad 
justed within the envelope of an electrodeless arc lamp 
through the application of a suitable shaped rf induc 
tion ?eld of predictable magnitude. In a practical elec 
trodeless are lamp system, the discharge plasmoid 
therefore can be positioned at a system focal point 
eleetrodynamically through means external to the lamp 
to provide a focusing capability for the electrodeless 
are lighting system. 
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Numerical solutions of the energy balance equation 
for the electrodeless arc in high-pressure gases indicate 
that the basic physical parameters which define (i.e., 
specify) the electrodeless are, that is, those four param 
eters which determine both the discharge energy bal 
ance and the internal electric and thermodynamic dis 
tribution functions, are the gas in which the discharge 
is formed, its pressure, and the magnitude and fre 
quency of the induction field impressed on the dis 
charge. Additionally, the existence condition for this 
discharge, which is derivable from basic thermody 
namic principles, is independent of the discharge outer 
boundary conditions (i.e., those at the wall of the elec 
trodeless arc lamp); thus, the discharge within an elec 
trodeless arc lamp exists independently from the lamp’s 
wall, and hence, the diameter of the electrodeless arc 
discharge must be recognized as a dependent variable, 
the value of which depends upon the above four dis 
charge parameters. Likewise, the level of discharge op 
erating power is a dependent variable, the value of 
which depends upon the above four discharge parame 
ters. Since the discharge size (i.e., radius) and power 
level depend upon the above four stated discharge pa 
rameters, the discharge energy density does also, and, 
hence, so does the discharge color temperature and net 
radiation production ef?ciencies. 
Thus, given a discharge gas at a given pressure, one 

is enabled to adjust both the total dissipation and the 
discharge temperature pro?le (hence, the discharge ra 
dius, radiation output, and its color temperature) by 
adjusting the magnitude and frequency of the induction 
?eld. Since these parameters are capable of adjustment 
by means entirely external to the discharge, the dis 
charge radiation output and color temperature are ex 
ternally adjustable. 

In the preferred embodiment of the invention (illus 
trated in FIG. 2), the gas in which the electrodeless arc 
is struck is contained at high pressure (i.e., in excess of 
one atmosphere) within a sealed, spherical envelope 10 
made of quartz glass, which is hereinafter referred to as 
the “source.” The source 10 is positioned within an op 
tically reflecting cavity 22 formed by the high fre 
quency induction coil R8 of the electrodeless arc gener 
ator, hereinafter referred to as the inductor/re?ector. 
The inductor/reflector has a shape and curvature which 
depend on the system’s intended application. The es 
sential feature of the inductor/reflector is manifested 
by the presence of a high~pressure electrodeless are dis 
charge at a focal position within the chamber. The 
plasma arc discharge is maintained at conditions of 
pressure and temperature such that it is optically thick, 
and, hence, can reabsorb its own radiation. Under 
these circumstances, the discharges obtain a nearly 
rectangular temperature pro?le and require apprecia 
bly less maintenance power than would be required in 
the absence of the re?ecting chamber. 
At very high power levels the high pressure source 

can be cooled by liquid flow. A suitable coolant at high 
pressure enters the bottom area 32 of the inductor/re 
flector unit and flows by the spherical source, removing 
heat from the source envelope by conduction, and exits 
the unit at the top. Heat is removed from the coolant 
by means of a heat exchange mechanism 34 that is 
completely sealed. The inductor/reflector unit 22 is 
mounted in such a manner as to surround the source 10 
as in the former case, and is cooled by liquid through 
flow which can be provided either by means of the 
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6 
source-cooling system or an additional, independent 
cooling system. The unit is embedded with a glasscloth 
tape-wound structure 30 which has been wound under 
tension about the reflecting chamber, thereby com 
pressively stressing the chamber. This method of as 
sembly tends to offset the tensile stress placed on the 
chamber by the high-pressure coolant, which, itself, 
places the spherical source under a compressive load 
and, thus, enables the electrodeless arc discharge 
which is contained within this spherical source to oper 
ate at a pressure in excess of that allowed by the tensile 
strength of quartz. 
The liquid coolant can incorporate absorbing mate 

rial for specialized application. Thus, a completely co 
vert infrared illuminator would require a coolant which 
passes infrared and absorbs radiation in the UV and vis~ 
ible bands. Similar principles apply to UV and white 
light illuminators. , 

Discharge vessels for the electrodeless arc plasma 
source are classi?ed according to the application to 
which the discharge plasma is put. Several examples of 
discharge vessel are presented below for purposes of 
illustration, but these are only “typical” cases and are 
not intended to express or imply limits of applicability 
in any way. Thus, the discharge vessel for an electrode 
less are light source would require no provision for 
through?ow because a convective mode of energy 
transport, if present, would degrade discharges’ radia 
tion production efficiency. The simplest and most eas 
ily fabricated discharge vessel for employment as an 
electrodeless arc source of white light is a quartz sphere 
into which a predetermined amount of illuminant gas 
has been sealed. When properly sized according to the 
intended operating frequency and power level, such 
sealed-off sources yield discharge plasmas of approxi 
mate spherical shape which are smaller than the vessel, 
and do not contact the walls of the quartz discharge 
vessel. Various modi?cations of such a source 10 and 
its coil 18 and electrodeless arc discharge 16 are shown 
in FIGS. 2, 6~9 and 10—12. 

In FIG. 13 the FIGS. 10-12 modified structure is 
shown mounted within a housing 36 supporting a 
power generator 34 which is conductively connected as 
at 38 to induction coil 18. Coil 18 may be constructed 
from copper tubing brazed to spherical induction/re 
flector 42 supported within porcelain/Te?on insulator 
spacer 44. A lock lamp mounting assembly 40 may sup 
port quartz sphere 10. The white light source 10 in gen 
eral can contain a heavy gas at high pressure-the 
vapor of metallic halides, for example, at one or several 
atmospheres pressure. The spectral qualities of an elec 
trodeless are light source may also be tailored by the 
use of metals, including the alkaline metals, in their hal 
ide form. A source designed for UV production may 
include a mercury and additive seeding material, or 
pure mercury initially at a relatively low partial pres 
sure, while a highly efficient electrodeless arc lR source 
is provided by the discharge in cesium (or a similar al 
kali metal) vapor at approximately one atmosphere 
pressure. Because of the chemical activity of hot alkali 
metals in quartz, however, the discharge vessel for the 
IR production application is best fabricated of sapphire 
(presently available in cylinder form only) or one of 
several appropriate commercial ceramics, such as poly 
crystalline alumina (PCA). Additionally, the induced 
currents of an electrodeless arc lamp need not be azi 
muthally symmetric, nor must the inductor/reflector 
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structure possess similar symmetry to be effective. For 
example, longitudinal electrodeless arcs have been 
maintained at high power levels with high efficiency in 
long tubular lamps by means of the transverse induc 
tion field provided by the high frequency current car 
ried by an extended inductor/re?ector device mounted 
near the lamp. To one experienced in the art, such geo 
metric manipulations of lamp and inductor/re?ector 
shapes will be obvious embodiments of simple confor 
mal transformations of the basic inductor/re?ector 
concept disclosed herein. 

I claim: ' 

1. Method for producing an electrodeless plasma are 
as a high intensity re?ected light source comprising: 
A. con?ning a plasma-forming gas within an elec 
trodeless container; 

B. pressurizing said plasma forming gas to at least one 
atmosphere; 

C. generating radio-frequency electromagnetic 
power in an inductor/re?ector device positioned 
exteriorly of said container, so as to develop mag 
netically an induction field extending through said 
container and into said gas, such that said gas is 
ionized as a plasma are suspended within said con 
tainer independently of the walls of said container, 
and 

D. further including pressurizing said gas, limiting 
frequency and magnitude of said induction field, so 
that the discharge of said plasma arc is of lesser 
than the diameter of said container. 

2. Method for producing an electrodeless plasma are 
as in claim 1, wherein said plasma forming gas is pro 
vided by the ionized vapors of mixtures of metallic hal 
ide additives in a starting gas background of the group 
consisting of argon, krypton and xenon. 

3. Method for producing an electrodeless plasma are 
as in claim 1, including high pressurizing of a heavy gas 
such as xenon, so as to develop said plasma as an elec 
trodeless white light source. 

4. Method for producing an electrodeless plasma are 
as in claim 1, including high-pressurizing of mercury 
vapor within said container, so as to develop said 
plasma as an electrodeless ultraviolet light source. 

5. Method for producing an electrodeless plasma are 
as in claim 1, including pressurizing of an alkali metal 
vapor within said container so as to develop said 
plasma as an electrodeless infrared light source. 
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8 
6. Method for producing an electrodeless plasma are 

as in claim 1, wherein said container is a quartz sphere. 
7. Method for producing an electrodeless plasma are 

as in claim 1, wherein said container is a sealed tube or 
cylinder. 

8. Method for producing an electrodeless plasma are 
as in claim 1, wherein said container is a sapphire cylin~ 
der. 

9. An electrodeless are assembly for production of 
plasma as a white light source. comprising: 

A. a quartz vessel; 
B. a plasma-forming gas sealed within said vessel; 
C. a radio-frequency inductor/re?ector unit sup 
ported exteriorly of said vessel, so as to induce a 
magnetic field within said vessel where the induc 
tion ?eld magnitude and frequency is sufficient to 
develop a plasma independent of the walls of said 
vessel, and is of lesser diameter than that of said 
vessel; and 

D. a high frequency current generator in contact with 
said inductor/re?ector unit and capable of deliver 
ing power to said inductor/re?ector. 

10. An electrodeless arc assembly for plasma produc 
tion, as in claim 9, wherein said plasma-forming gas ia 
an alkali metal vapor. 

11. An electrodeless arc assembly for plasma produc 
tion, as in claim 9, wherein said plasma forming gas is 
the vapor of metallic halide additives. 

12. An electrodeless arc assembly for plasma produc 
tion as in claim 9, further including: 

E. a re?ection element supported exteriorly of said 
sphere, so as to concentrate and re?ect said light 
in one sector; and 

F. a lens system intersecting re?ected light in said 
sector. 

13. Method for producing an electrodeless plasma 
are as in claim 3, wherein the gravitational buoyancy of 
said ionized xenon is counteracted by use of a less 
dense, light background gas selected from the group 
consisting of argon, neon, helium, hydrogen, and simi 
lar lightgases. 

14. Method for producing an electrodeless plasma 
are as in claim 3, wherein the gravitational buoyancy of 
said ionized xenon is counteracted by use of induction 
field gradients. 

* * * =l< * 


