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MERCURY-FREE AND SODIUM-FREE COMPOSITIONS AND RADIATION
SOURCES INCORPORATING SAME

BACKGROUND

The present invention relates generally to a mercury-free and sodium-free
composition capable of emitting radiation if excited. In particular, the invention
relates to a radiation source comprising an ionizable mercury-free and sodium free

composition being capable of emitting radiation if excited.

Ionizable compositions are used in discharge sources. In a discharge radiation source,
radiation is produced by an electric discharge in a medium. The discharge medium is
usually in the gas or vapor phase and is preferably contained in a housing capable of
transmitting the radiation generated out of the housing. The discharge medium is
usually ionized by applying an electric field created by applying a voltage across a
pair of electrodes placed across the medium. Radiation generation occurs in gaseous
discharges when energetic charged particles, such as electrons and ions, collide with
gas atoms or molecules in the discharge medium, causing atoms and molecules to be
ionized or excited. A significant part of the excitation energy is converted to radiation
when these atoms and molecules relax to a lower energy state, and in the process emit

the radiation.

Gas discharge radiation sources are available and operate in a range of internal
pressures. At one end of the pressure range, the chemical species responsible for the
emission is present in very small quantities, generating a pressure during operation of
a few hundreds pascals or less. The radiating chemical species may sometimes

constitute as little as 0 .1% of the total pressure.

Gas discharge radiation sources having a total operating pressure at the low end of the
pressure range and radiating at least partly in the UV spectrum range, that include
coatings of phosphors, can convert UV radiation to visible radiation, and are often

referred to as fluorescent sources. Phosphors also help determine the color properties
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of fluorescent sources. A mixture of phosphors is usually used to produce a desired

color appearance.

Other gas discharge sources, including high intensity discharge sources, operate at
relatively higher pressures (from about 0.05 MPa to about 20 MPa) and relatively
high temperatures (higher than about 600 °C). These discharge sources usually

contain an inner arc tube enclosed within an outer envelope.

Many commonly used discharge radiation sources contain mercury as a component of
the ionizable composition. Disposal of such mercury-containing radiation sources is
potentially harmful to the environment. Therefore, it is desirable to provide mercury-
free discharge compositions capable of emitting radiation, which can be used in

radiation sources.
SUMMARY OF INVENTION

In general, the present invention provides ionizable mercury-free and sodium-free
compositions that are capable of emitting radiation when excited and radiation

sources that incorporate one of such compositions.

In one aspect of the present invention, the ionizable mercury-free and sodium-free
composition comprises an inert buffer gas and at least a first metal selected from the
group consisting of Mn, Ni, Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, W, Re, Os, and combinations thereof. The composition excluding the inert

buffer gas produces a total vapor pressure less than about 1x1 0 Pa if excited.

In another aspect of the present invention, the ionizable mercury-free and sodium-free
composition comprises an inert buffer gas and at least a first metal selected from the
group consisting of Mn, Ni, Cu, Al, Ga, In, TI, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, W, Re, Os, and combinations thereof with the proviso that In, Bi, Pb, and Ga

are absent when a tin halide is present.

In still another aspect of the present invention, an ionizable mercury-free and sodium-
free composition comprises an inert buffer gas and at least a first metal selected from

the group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb,
2
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Mo, Hf, Ta, W, Re, Os, and combinations thereof, and at least a compound of a
second metal selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn,
Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof with the
proviso that Ge is absent when Se is present and the proviso that In, Bi, Pb and Ga
and halides thereof are absent when a tin halide is present. The metal compound is
selected from the group consisting of halides, oxides, chalcogenides, hydroxide,

hydride, organometallic compounds and combinations thereof.

In another aspect, an ionizable mercury-free and sodium-free composition comprises
an inert buffer gas and at least a compound of a metal selected from the group
consisting of Mn, Ni, Al, Ga, T, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W,
Re, Os, and combinations thereof. The metal compound is selected from the group
consisting of halides, oxides, chalcogenides, hydroxide, hydride, organometallic

compounds, and combinations thereof.

In another aspect, the present invention provides a radiation source that includes an
ionizable mercury-free and sodium-free composition that comprises at least a first
metal selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, Ti, Ge, Sn, Pb, Bi,
Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof. The vapor
pressure of the metal in the radiation source during its operation is less than about

1x10° Pa.

In a further aspect, the present invention provides a radiation source that includes an
ionizable mercury-free and sodium-free composition that comprises at least a first
metal selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi,
Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof with the proviso

that In, Bi, Pb, and Ga are absent when a tin halide is present.

In still another aspect of the present invention, a radiation source includes an ionizable
mercury-free composition and sodium-free composition that comprises at least a first
metal selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi,
Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof, and at least a

compound of a second metal selected from the group consisting of Mn, Ni, Cu, Al,

3
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Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof with the proviso that Ge is absent when Se is present and the
proviso that In, Bi, Pb and Ga and halides thereof are absent when a tin halide is
present The metal compound is selected from the group consisting of halides, oxide,
chalcogenides, hydroxide, hydride, organometallic compounds and combinations

thereof.

In still another aspect of the present invention, a radiation source includes an ionizable
mercury-free and sodium-free composition comprises at least a compound of a metal
selected from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof. =~ The metal compound is
selected from the group consisting of halides, oxides, chalcogenides, hydroxide,

hydride, organometallic compounds, and combinations thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the present invention will
become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:
FIG. 1 is a radiation source in one embodiment of the present invention.
FIG. 2 is a radiation source in a second embodiment of the present invention.

FIG. 3 is a radiation source in a third embodiment of the radiation source of the

present invention.

FIG. 4 is an emission spectrum of a radiation source in an embodiment of the present

invention.

Fig. 5 is an emission spectrum of a radiation source in another embodiment of the

present invention.
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DETAILED DESCRIPTION

In one embodiment of the present invention, an ionizable mercury-free composition of
the present invention that comprises an inert buffer gas and at least a first metal
selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, T], Ge, Sn, Pb, Bi, Ti,
V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof, in an amount such
that a vapor pressure of the metal during an operation of a radiation source comprising
such a composition is less than about 1x10* Pa. The vapor pressure of the metal
during operation is preferably less than about 100 Pa and, more preferably, less than
about 10 Pa. The metal is preferably selected from the group consisting of Ga, Mn,

and combinations thereof, more preferably the metal is Ga.

In a further embodiment, the ionizable mercury-free and sodium-free composition
further comprises at least a compound of at least a second metal selected from the
group consisting of Mn, Ni, Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, W, Re, Os, and combinations thereof. The compound is selected from the
group consisting of halides, oxides, chalcogenides, hydroxide, hydride,
organometallic compounds and combinations thereof. The ionizable composition
excluding the inert buffer gas producing a total vapor pressure less than about 1x10°
Pa if excited, preferably less than about 100 Pa and, more preferably, less than about
10 Pa. The second metal is preferably selected from the group consisting of Ga, Mn,
and combinations thereof, more preferably the first and second metals are Ga. In one
embodiment, the first and the second metals are the same. In another embodiment, the
first metal and the second metal are different. In a further embodiment the metal
compound is a halide. In one embodiment the halide is an iodide. In another

embodiment the halide is a bromide.

In a second embodiment of the present invention, an ionizable mercury-free and
sodium-free composition comprises an inert buffer gas and at least a metal selected
from the group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof, with the proviso that In, Bi,

Pb, and Ga are absent when a tin halide is present. The metal is preferably selected
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from the group consisting of Ga, Mn, and combinations thereof, more preferably the

metal 1s Ga.

In a further embodiment the ionizable mercury-free and sodium-free composition,
further comprises at least a compound of said at least a second metal selected from the
group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, W, Re, and Os. The compound is selected from the group consisting of
halides, oxides, chalcogenides, hydroxide, hydride, organometallic compounds and
combinations thereof. In another embodiment the metal compound is a halide. In one

embodiment the halide is an iodide. In another embodiment the halide is a bromide.

In a third embodiment of the present invention, an ionizable mercury-free and
sodium-free composition comprises an inert buffer gas and at least a first metal
selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti,
V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof, and at least a
Compdund of a second metal selected from the group consisting of Mn, Ni, Cu, Al,
Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof, with the proviso that Ge is absent when Se is present; and the
proviso that In, Bi, Pb and Ga and halides thereof are absent when a tin halide is
present. The metal compound is selected from the group consisting of halides, oxides,
chalcogenides, hydroxide, hydride, organometallic compounds with the proviso that
Ge is absent when Se is present, and combinations thereof. In one embodiment, the
first and the second metals are the same. In another embodiment, the first metal and
the second metal are different. In a further embodiment the metal compound is a
halide. In one embodiment the halide is an iodide. In another embodiment the halide

is a bromide.

In a fourth embodiment of the present invention, an ionizable mercury-free and
sodium-free composition comprises an inert buffer gas and at least a compound of a
metal selected from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V,
Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof. The metal compound
is selected from the group consisting of halides, oxides, chalcogenides, hydroxide,

hydride, organometallic compounds and combinations thereof. In one embodiment,

6
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the metal compound is gallium iodide. In another embodiment the metal compound is

bismuth iodide.

In another embodiment of the present invention, a radiation source comprises an
ionizable mercury-free and sodium-free composition that comprises at least a metal
selected from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta, W, Re, Os and combinations thereof. The metal being present in an -
amount such that a vapor pressure of said least a metal during an operation of the
radiation source is less than about 1x10° Pa, preferably, less than about 100 Pa, and

more preferably, less than about 10 Pa.

In a further embodiment of the present invention, the ionizable mercury-free and
sodium-free composition of the radiation source further comprises at least a
compound of at least a second metal selected from the group consisting of Mn, Ni,
Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof. The compound is selected from the group consisting of halides,
oxides, chalcogenides, hydroxide, hydride, organometallic compounds and
combinations thereof. The ionizable composition excluding the inert buffer gas
producing a total vapor pressure less than about 1x10° Pa if excited, preferably less
than about 100 Pa and, more preferably, less than about 10 Pa. The second metal is
preferably selected from the group consisting of Ga, Mn, and combinations thereof,
more preferably the first and second metals are Ga. In one embodiment, the first and
the second metals are the same. In another embodiment, the first metal and the second
metal are different. In a further embodiment the metal compound is a halide. In one

embodiment the halide is an iodide. In another embodiment the halide is a bromide.

In a further embodiment of the present invention, a radiation source comprises an
ionizable mercury-free and sodium-free composition that comprises a metal selected
from the group consisting of at least a metal selected from the group consisting of Mn,
Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof with the proviso that In, Bi, Pb, and Ga are absent when a tin

halide is present.
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In a further embodiment of the present invention, the ionizable mercury-free and
sodium-free composition of the radiation source, further comprises at least a
compound of said at least a second metal selected from the group consisting of Mn,
Ni, Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, and Os.
The compound is selected from the group consisting of halides, oxides,
chalcogenides, hydroxide, hydride, organometallic compounds and combinations
thereof. In another embodiment, the metal compound is a halide. In one embodiment

the halide is an iodide. In another embodiment the halide is a bromide.

In still another embodiment of the present invention, a radiation source comprises an
ionizable mercury-free and sodium-free composition that comprises at least a first
metal selected from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V,
Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof and at least a compound
of a second metal selected from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn,
Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof with the
proviso that Ge is absent when Se is present and the proviso that In, Bi, Pb, and Ga
are absent when a tin halide is present. The metal compound is selected from the
group consisting of halides, oxide, chalcogenides, hydroxide, hydride, organometallic
compounds, and combinations thereof. The first metal is preferably selected from the
group consisting of Ga, Mn, and combinations thereof. In one embodiment, the first
and the second metals are the same. In another embodiment, the first metal and the
second metal are different. Preferably, the first and second metals are Ga. In one
preferred embodiment, the first metal is Ga, and the compound of the second metal is
gallium halide. In another preferred embodiment, the gallium halide is gallium

iodide. In another embodiment the halide is a bromide.

In a further embodiment of the present invention, a radiation source comprises an
ionizable mercury-free and sodium-free composition that comprises an inert buffer-
gas and at least a compound of a metal selected from the group consisting of Mn, Ni,
Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof. The metal compound is selected from the group consisting of
halides, oxides, chalcogenides, hydroxide, hydride, organometallic compounds, and

combinations thereof . In one embodiment the metal compound is gallium iodide. In
8
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another embodiment the metal compound is bismuth iodide. In another embodiment,
the radiation source comprises an ionizable mercury-free and sodium-free
composition that consists of an inert buffer gas and a compound of one metal selected
from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb,
Mo, Hf, Ta, W, Re, and Os. In still another embodiment, the metal compound is a
gallium halide, preferably gallium iodide. In yet another embodiment, the metal

compound is a bismuth halide, preferably bismuth iodide.

In one embodiment, the metal is present as elemental metal in an unexcited state. In
another embodiment, the metal is present as a component of an alloy with at least

another metal other than mercury or sodium.

In one aspect of the present invention, the metal compound of the ionizable
composition of the radiation source is a metal halide. In a further aspect, the metal
halide is a metal iodide. In another aspect, the metal halide is metal bromide. In one

embodiment, the ionizable composition comprises at least two metal compounds.

In a further aspect of the present invention, the metal compound in the ionizable
composition of the radiation source is gallium halide. In another aspect, the gallium

halide is gallium iodide. In still another aspect, the gallium halide is gallium bromide.

The inert buffer gas comprises an inert gas selected from the group consisting of
helium, neon, argon, krypton, xenon, and combinations thereof. The inert buffer gas
enables the gas discharge to be more readily ignited. The inert buffer gas also
controls the steady state operation, and can be used to optimize an operation of the
radiation source. In a non-limiting example, argon is used as the inert buffer gas.
Argon may be substituted, either éompletely or partly, with another inert gas, such as

helium, neon, krypton, xenon, or combinations thereof.

In one aspect of the invention, the gas pressure of the inert gas at the operating
temperature is in the range from about 1 Pascal to about 1x10* Pa, preferably from
about 100 Pa to about 1x10° Pa.
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Within the scope of this invention, the efficiency of the radiation source may be
improved by including two or more gallium compounds in the ionizable composition.
The efficiency may be further improved by optimizing the internal pressure of the
discharge during operation. Such optimization can be effected by controlling the
partial pressure of the metal and/or metal compounds, or by controlling the pressure
of the inert buffer gas, or by controlling the partial pressure of the metal and/or metal
compounds and the pressure of the inert buffer gas. Moreover, the applicants have
discovered that an increase in the luminous efficacy can be achieved by controlling
the operating temperature of the discharge. The luminous efficacy, expressed in
lumen/Watt, is the ratio between the brightness of the radiation in a specific visible

wavelength range and the energy for generating the radiation.

FIG. 1 schematically illustrates a gas discharge radiation source 10. FIG. 1 shows a
tubular housing or vessel 14 containing an ionizable composition of the present
invention. The material comprising the housing 14 may be transparent or opaque.
The housing 14 may have a circular or non-circular cross section, and need not be
straight. In one embodiment, the discharge is desirably excited by thermionically
emitting electrodes 16 connected to a voltage source 20. The discharge may also be
generated by other methods of excitation that provide energy to the composition. It is
within the scope of this invention that various waveforms of voltage and current,
including alternating or direct, are contemplated for the present invention. It is also
within the scope of this invention that additional voltage sources may also be present
to help maintain the electrodes at a temperature sufficient for thermionic emission of

electrons.

FIG.2 schematically illustrates another embodiment of a gas discharge radiation
source 10. The housing comprises an inner envelope 24 and an outer envelope 26.

The space between the two envelopes is either evacuated or filled with a gas.

The gas discharge radiation source housing may alternatively be embodied so as to be
a multiple-bent tube or inner envelope 24 surrounded by an outer envelope or bulb 26

as shown in FIG. 3.

10
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The housing or the envelope of the radiation source containing the ionizable
composition is preferably made of a material type that is substantially transparent.
The term "substantially transparent” means allowing a total transmission of at least
about 50 percent, preferably at least about 75 percent, and more preferably at least
about 90 percent, of the incident radiation within about 10 degrees of a perpendicular

to a tangent drawn at any point on the surface of the housing or envelope.

Within the scope of this invention, phosphors may be used to absorb the radiation
emitted by the discharge and emit other radiation in the visible wavelength region. In
one embodiment, a phosphor or a combination of phosphors may be applied to the
inside of the radiation source envelope. Alternatively, the phosphor or phosphor
combination may be applied to the outside of the radiation source envelope provided
that the envelope is not made of any material that absorbs a significant amount of the
radiation emitted by the discharge. A suitable material for this embodiment is quartz,

which absorbs little radiation in the UV spectrum range.

In one embodiment of the radiation source, wherein the housing containing the
ionizable composition has an inner envelope and an outer envelope, the phosphors
may be coated on the outer surface of the inner envelope and/or the inner surface of

the outer envelope.

The chemical composition of the phosphor determines the spectrum of the radiation
emitted. The materials that can suitably be used as phosphors absorb at least a portion
of the radiation generated by the discharge and emit radiation in another suitable
wavelength range. For example, the phosphors absorb radiation in the UV range and
emit in the visible wavelength range, such as in the red, blue and green wavelength

range, and enable a high fluorescence quantum yield to be achieved.

In a non-limiting example, for a gas discharge radiation source comprising gallium
and gallium iodide, the radiation output is dominated by spectral transitions at about
294 nanometers, at about 403 nanometers and at about 417 nanometers, as shown in
FIG. 4. Phosphors that convert radiation having at least one of these wavelengths, is

used.

11
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In a further non-limiting example, for a gas discharge radiation source comprising
bismuth iodide, the radiation output is dominated by spectral transitions at about 299
nanometers, 302 nanometers, 306 nanometers, and 472 nanometers as shown in FIG.

5.

Within the scope of this invention, non-limiting examples of phosphors which may be
used for the generation of light in the blue wavelength range are SECA/BECA,;
SPP:Eu; Sr(P,B)O:Eu; BasMgSi;Oz:Eu;  BaAlgOj3:Eu;  BaMgyAlis027:Eu;
BaMgyAljs027:Eu,Mn;  SryAlj4O005:Eu;  (Ba,Sr)MgAlgO17:Eu;  SrySiz0sCla:Eu;
MgWO,; MgGa,04:Mn;Y VO4:Dy; (Sr,Mg)3(PO4)2:Cu, (Sr,Ba)Al;S1,05:Eu; ZnS:Ag;
Ba5Si04Cl16:Eu, and mixtures thereof.

Within the scope of this invention, non-limiting examples of phosphors which may be
used for the generation of light in the green wavelength range are Zn;SiO4:Mn;
Y,Si0s5:Ce. Tb; YAIO;5:Ce,Tb; (Y,Gd)3(Al,Ga)sO;,:Ce; Tb3Alj5042:Ce ZnS:Au,Cu;
Al; ZnS:Cu; Al, YBO;:Ce,Tb, and mixtures thereof.

Within the scope of this invention, non-limiting examples of phosphors which may be
used for the generation of light in the red wavelength range are Y(V,P)O4Eu,
Y(V,P)O4:Dy, Y(V,P)O4:In, MgFGe, Y,0,S:Eu, (S1,Mg,Zn)3(PO4)2:Sn, and mixtures

thereof.

In one aspect of the present invention, the radiation source is provided with a means
for generating and maintaining a gas discharge. In an embodiment, the means for
generating and maintaining a discharge are electrodes disposed at two points of a
radiation source housing or envelope and a voltage source providing a voltage to the
electrodes. In one aspect of this invention, the electrodes are hermetically sealed
within the housing. In another aspect, the radiation source is electrodeless. In another
embodiment of an electrodeless radiation source, the means for generating and
maintaining a discharge is an emitter of radio frequency present outside or inside at

least one envelope containing the ionizable composition.

In still another embodiment of the present invention, the ionizable composition is

capacitively excited with a high frequency field, the electrodes being provided on the

12
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outside of the gas discharge vessel. In still another embodiment of the present
invention, the ionizable composition is inductively excited using a high frequency

field.
EXAMPLE 1

A cylindrical quartz discharge vessel, which is transparent to UV-A radiation, having
a length of about 35 cm, and a diameter of about 2.5 cm, was provided. The discharge
vessel was evacuated and a dose of about 0.6 mg Ga and about 8.2 mg Gals and argon
were added. The pressure of argon was about 267 Pa at ambient temperature. The
vessel was inserted into a furnace and power was capacitively-coupled into the gas
medium via external copper electrodes at an excitation frequency of about 13.56
MHz. Radiative emission and radiant efficiency were measured. The ultraviolet and
visible output power was estimated to be about 30 percent of the input electrical
power at about 110°C. When the ultraviolet radiation is converted to visible light by a
suitable phosphor blend, the luminous efficacy was estimated to be about 80 lumens

per Watt.
EXAMPLE 2

A cylindrical quartz discharge vessel, which is transparent to UV-A radiation, having
a length of about 35 ¢m, and a diameter of about 2.5 cm, was provided. The discharge
vessel was evacuated and a dose of about 3.0 mg Ga and about 3.7 mg Gal; and argon
were added. The pressure of argon was about 267 Pa at ambient temperature. The
vessel was inserted into a furnace and power was capacitively-coupled into the gas
medium via external copper electrodes at an excitation frequency of about 13.56
MHz. Radiative emission and radiant efficiency were measured. The ultraviolet and
visible output power was estimated to be about 32 percent of the input electrical
power at about 220°C. When the ultraviolet radiation is converted to visible light by a
suitable phosphor blend, the luminous efficacy was estimated to be about 80 lumens

per watt.
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EXAMPLE 3

A cylindrical quartz discharge vessel, which is transparent to UV-A radiation, having
a length of about 35 cm, and a diameter of about 2.5 cm, was provided. The discharge
vessel was evacuated and a dose of about 3.7 mg Bi and about 1.2 mg Bil; and argon
were added. The pressure of argon was about 267 Pa at ambient temperature. The
vessel was inserted into a furnace and power was capacitively-coupled into the gas
medium via external copper electrodes at an excitation frequency of about 13.56
MHz. Radiative emission and radiant efficiency were measured. The ultraviolet and
visible output power was estimated to be about 25 percent of the input electrical
power at about 300°C. When the ultraviolet radiation is converted to visible light by a
suitable phosphor blend, the luminous efficacy was estimated to be about 55 lumens

per watt.

While various embodiments are described herein, it will be appreciated from the
specification that various combinations of elements, variations, equivalents, or
improvements therein are foreseeable, may be made by those skilled in the art, and are

still within the scope of the invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. An ionizable mercury-free and sodium-free composition comprising an inert
buffer gas and at least a first metal selected from the group consisting of Mn, Ni, Cu,
Al Ga, In, T, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof; said composition excluding said inert buffer gas being capable
of emitting radiation if excited; and said composition excluding said inert buffer gas

producing a total vapor pressure less than about 1x1 0° Pa if excited.

2. The ionizable mercury-free and sodium-free composition of claim 1 wherein said

first metal selected from the group consisting of Ga, Mn and combinations thereof.

3. The ionizable mercury-free and sodium-free composition of claim 1 wherein said

first metal is Ga.

4, The ionizable mercury-free and sodium-free composition of claim 1, wherein said
composition excluding said inert buffer gas producing a total vapor pressure less than

about 100 Pa if excited.

5. The ionizable mercury-free and sodium-free composition of claim 1, wherein said
composition excluding said inert buffer gas producing a total vapor pressure less than

~ about 10 Pa if excited.

6. The ionizable mercury-free and sodium-free composition of claim 1, further
comprising at least a compound of at least a second metal selected from the group
consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta,
W, Re, Os, and combinations thereof, wherein said compound is selected from the
group consisting of halides, oxides, chalcogenides, hydroxide, hydride,
organometallic compounds, and combinations thereof; and said composition
excluding said inert buffer gas producing a total vapor pressure less than about 1x1 0°

Pa if excited.
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7. The ionizable mercury-free and sodium-free composition of claim 6, wherein said

first metal and said second metal are the same.

8. The ionizable mercury-free and sodium-free composition of claim 6, wherein said

first metal and said second metal are different.

9. The ionizable mercury-free and sodium-free composition of claim 6, wherein said
second metal is selected from the group consisting of Ga, Mn and combinations

thereof.

10. The jonizable mercury-free and sodium-free composition of claim 6, wherein said

second metal is Ga.

11. The ionizable mercury-free and sodium-free composition of claim 6, wherein said
composition excluding said inert buffer gas producing a total vapor pressure less than
about 100 Pa if excited.

12. The ionizable mercury-free and sodium-free composition of claim 6, wherein said
composition excluding said inert buffer gas producing a total vapor pressure less than

about 10 Pa if excited.

13. The ionizable mercury-free and sodium-free composition of claim 6, wherein said

at least a compound is a halide.

14. The ionizable mercury-free and sodium-free composition of claim 13, wherein

said halide is 1odide.

15. The ionizable mercury-free and sodium-free composition of claim 13, wherein

said halide is bromide.

16. An ionizable mercury-free and sodium-free composition comprising an inert
buffer gas and a first metal selected from the group consisting of Mn, Ni, Cu, Al, Ga,
In, T1, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof
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with the proviso that In, Bi, Pb, and Ga are absent when a tin halide is present; said

composition being capable of emitting radiation if excited.

17. The ionizable mercury-free and sodium-free composition of claim 16 wherein said

first metal selected from the group consisting of Ga, Mn and combinations thereof.

18. The ionizable mercury-free and sodium-free composition of claim 16 wherein said

first metal is Ga.

19. The ionizable mercury-free and sodium-free composition of claim 16, further
comprising at least a compound of said at least a second metal selected from the
group consisting of Mn, Ni, Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, W, Re, Os, and combinations thereof , wherein said compound is selected
from the group consisting of halides, oxides, chalcogenides, hydroxide, hydride,

organometallic compounds and combinations thereof.

20. The ionizable mercury-free and sodium-free composition of claim 19, wherein

said first metal and said second metal are the same.

21. The ionizable mercury-free and sodium-free composition of claim 19, wherein

said first metal and said second metal are different.

22. The ionizable mercury-free and sodium-free composition of claim 19, wherein

said at least a compound is a halide.

23. The ionizable mercury-free and sodium-free composition of claim22, wherein said

halide is iodide.

24, The ionizable mercury-free and sodium-free composition of claim 22, wherein

said halide is bromide.

25. An ionizable mercury-free and sodium-free composition comprising: (a) an inert
buffer gas; (b) at least a first metal selected from the group consisting of Mn, Ni, Cu,
Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
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combinations thereof; and (c) at least a compound of second metal selected from the
group consisting of Mn, Ni, Cu, Al, Ga, In, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta, W, Re, Os, and combinations thereof, wherein said compound is selected from
the group consisting of halides, oxides, chalcogenides, hydroxide, hydride,
organometallic compounds, and combinations thereof, with the proviso that (i) Ge is
absent when Se is present; and (ii) In, Bi, Pb and Ga and halides thereof are absent
when a tin halide is present; said composition being capable of emitting radiation if

excited.

26. The ionizable mercury-free and sodium-free composition of claim 25, wherein

said first metal and said second metal are the same.

27. The ionizable mercury-free and sodium-free composition of claim 25, wherein

said first metal and said second metal are different.

28. The ionizable mercury-free and sodium-free composition of claim 25, wherein

said at least a compound is a halide.

29. The ionizable mercury-free and sodium-free composition of claim 28, wherein

said halide is iodide.

30. The ionizable mercury-free and sodium-free composition of claim 28, wherein

said halide is bromide.

31. An ionizable mercury-free and sodium-free composition consisting of (a) inert
buffer gas; and (b) at least a compound of one metal selected from the group
consisting of Mn, Ni, Al, Ga, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W,
Re, Os, and combinations thereof, wherein said compound is selected from the group
consisting of halides, oxides, chalcogenides, hydroxide, hydride, organometallic

compounds, and combinations thereof.

32. The ionizable mercury-free and sodium-free composition of claim 31, wherein

said compound is gallium halide.
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33. The ionizable mercury-free and sodium-free composition of claim 32, wherein

said gallium halide is gallium iodide.

34. The ionizable mercury-free and sodium-free composition of claim 31, wherein

said compound is bismuth halide.

35. The ionizable mercury-free and sodium-free composition of claim 34, wherein

said compound is bismuth 1odide.

36. A radiation source comprising an ionizable mercury-free and sodium-free
composition that comprises at least a first metal selected from the group consisting of
Mn, Ni, Cu, Al, Ga, In, TI, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os,
and combinations thereof; said at least a first metal being capable of emitting
radiation if excited; and said at least a first metal producing a total vapor pressure less

than about 1x10° Pa if excited.

37. The radiation source of claim 36, wherein said at least a first metal producing a

total vapor pressure less than about 100 Pa if excited.

38. The radiation source of claim 36, wherein said at least a first metal producing a

total vapor pressure less than about 10 Pa if excited.

39. The radiation source of claim 36, wherein said at least a first metal selected from

the group consisting of Ga, Mn and combinations thereof.
40. The radiation source of claim 36, wherein said at least a first metal is Ga.

41. The radiation source of claim 36, wherein said filling further comprises at least a
compound of at least a second metal selected from the group consisting of Mn, Ni,
Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and
combinations thereof, wherein said at least a compound is selected from the group
consisting of halides, oxides, chalcogenides, hydroxide, hydride, organometallic

compounds, and combinations thereof; and said at least a first metal and said at least a
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compound together producing a total vapor pressure less than about 1x10° Pa if

excited.

42. The radiation source of claim 41, wherein said at least a first metal and said at
least a compound together producing a total vapor pressure less than about 100 Pa if

excited.

43. The radiation source of claim 41, wherein said at least a first metal and said at
least a compound together producing a total vapor pressure less than about 10 Pa if

excited.

44, The radiation source of claim 41, wherein said at least a qompound is a halide.
45, The radiation source of claim 44, wherein said halide is iodide.

46. The radiation source of claim 44, wherein said halide is bromide.

47. The radiation source of claim 41, wherein said at least a first metal and said at

least a second metal are the same.

48. The radiation source of claim 41, wherein said at least a first metal and said at

least a second metal are different.

49. The radiation source of claim 41, wherein said at least a second metal is selected

from the group consiting of Ga, Mn and combinations thereof.
50. The radiation source of claim 41, wherein said at least a second metal is Ga.

51. The radiation source of claim 36, wherein said radiation source further comprises

an inert buffer gas.

52. The radiation source of claim 51, wherein said inert buffer gas comprises a
material selected from the group consisting of helium, neon, argon, krypton, xenon,

and combinations thereof.
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53. The radiation source of claim 51, wherein said inert buffer gas comprises argon.

54. The radiation source of claim 51, wherein said inert buffer gas has a pressure in a

range from about 1 Pa to about 1x10* Pa during an operation of said radiation source.

55. The radiation source of claim 51, wherein said inert buffer gas has a pressure in a
range from about 100 Pa to about 1x10° Pa during an operation of said radiation

source.

56. The radiation source of claim 36, wherein said radiation source further comprises
a housing containing said inonizable composition; and said housing comprises at least

one envelope.

57. The radiation source of claim 56, further comprises a phosphor coating applied to

an inner surface of said at least one envelope.

58. The radiation source of claim 56, further comprises a phosphor coating applied to

an outer surface of said at least one envelope.

59. The radiation source of claim 56, wherein the housing comprises an inner

envelope and an outer envelope.

60. The radiation source of claim 56 further comprising electrodes disposed in said

housing.

61. The radiation source of claim 60 further comprising a power source electrically

coupled to said electrodes for applying a voltage to the electrodes.

62. The radiation source of claim 36, wherein said radiation source is provided with a

means for generating and maintaining a gas discharge.

63. The radiation source of claim 62, wherein a gas discharge in said radiation source

is initiated with a current flow through said means.
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64. The radiation source of claim 62, wherein a gas discharge in said radiation source

is initiated with a radio frequency.

65. The radiation source of claim 36, wherein said at least a first metal is present as a

component of an alloy with at least another metal.

66. The radiation source of claim 36, wherein said composition comprises at least two

metal compounds.

67. A radiation source comprising a filling that comprises an ionizable mercury-free
and sodium-free composition comprising at least a first metal selected from the group
consisting of Mn, Ni, Cu, Al, Ga, In, T, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W,
Re, Os, and combinations thereof with the proviso that In, Bi, Pb, and Ga are absent
when a tin halide is present; said composition being capable of emitting radiation if

excited.

68. The radiation source of claim 67 wherein said at least a first metal selected from

the group consisting of Ga, Mn and combinations thereof.
69. The radiation source of claim 67 wherein said at least a first metal is Ga.

70. The radiation source of claim 67, further comprising at least a compound of at
least a second metal selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, TI,
Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof,
wherein said compound is selected from the group consisting of halides, oxides,
chalcogenides, hydroxide, hydride, organometallic compounds, and combinations

thereof.

71. The radiation source of claim 70, wherein said at least a first metal and said at

least a second metal are the same.

72. The radiation source claim 70, wherein said at least a first metal and said at least a

second metal are different.
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73. The radiation source of claim 70, wherein said at least a second metal is selected

from the group consiting of Ga, Mn and combinations thereof.

74. The The radiation source of claim 70, wherein said at least a second metal is Ga.
75. The radiation source of claim 70, wherein said at least a compound is a halide.
76. The radiation source of claim 75, wherein said halide is iodide.

77. The radiation source of claim 70, wherein said halide is bromide.

78. The radiation source of claim 67, wherein said radiation source further comprises

an inert buffer gas.

79. The radiation source of claim 78, wherein said inert buffer gas comprises a
material selected from the group consisting of helium, neon, argon, krypton, xenon,

and combinations thereof.
80. The radiation source of claim 78, wherein said inert buffer gas comprises argon.

81. The radiation source of claim 78, wherein said inert buffer gas has a pressure in a

range from about 1 Pa to about 1x1 0% Pa during an operation of said radiation source.

82. The radiation source of claim 78, wherein said inert buffer gas has a pressure in a
range from about 100 Pa to about 1x10° Pa during an operation of said radiation

source.

83. The radiation source of claim 67, wherein said radiation source further comprises
a housing containing said inonizable composition; and said housing comprises at least

one envelope.

84. The radiation source of claim 83, further comprises a phosphor coating applied to

an inner surface of said at least one envelope.
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85. The radiation source of claim 83, further comprises a phosphor coating applied to

an outer surface of said at least one envelope.

86. The radiation source of claim 83, wherein the housing comprises an inner

envelope and an outer envelope.

87. The radiation source of claim 83, further comprising electrodes disposed in said

housing.

88. The radiation source of claim 87 further comprising a power source electrically

coupled to said electrodes for applying a voltage to the electrodes.

89. The radiation source of claim 67, wherein said radiation source is provided with a

means for generating and maintaining a gas discharge.

90. The radiation source of claim 89, wherein a gas discharge in said radiation source

is initiated with a current flow through said means.

91. The radiation source of claim 89, wherein a gas discharge in said radiation source

is initiated with a radio frequency.

92. The radiation source of claim 67, wherein said at least a first metal is present as a

component of an alloy with at least another metal.

93. The radiation source of claim 70, wherein said composition comprises at least two

metal compounds.

94. A radiation source comprising an ionizable mercury-free and sodium-free
composition consisting of (a) inert buffer gas; and (b) at least a compound of a metal
selected from the group consisting of Mn, Ni, Al, Ga, Tl, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr,
Nb, Mo, Hf, Ta, W, Re, Os and combinations thereof, wherein said compound is
selected from the group consisting of halides, oxides, chalcogenides, hydroxide,

hydride, organometallic compounds and combinations thereof.
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95. The radiation source of claim 94, wherein said compound is gallium halide.
96. The radiation source of claim 95, wherein said galliuin halide is gallium iodide.

97. The radiation source of claim 94, wherein said compound is bismuth halide.

98. The radiation source of claim 97, wherein said compound is bismuth iodide.

99. The radiation source of claim 94, wherein said inert buffer gas comprises a
material selected from the group consisting of helium, neon, argon, krypton, xenon,

and combinations thereof.
100. The radiation source of claim 94, wherein said inert buffer gas comprises argon.

101. The radiation source of claim 94, wherein said inert buffer gas has a pressure in a

range from about 1 Pa to about 1x1 0% Pa during an operation of said radiation source.

102. The radiation source of claim 94, wherein said inert buffer gas has a pressure in a
range from about 100 Pa to about 1x1 0° Pa during an operation of said radiation

source.

103. The radiation source of claim 94, wherein said radiation source further comprises
a housing containing said inonizable composition; and said housing comprises at least

one envelope.

104. The radiation source of claim 103, further comprises a phosphor coating applied

to an inner surface of said at least one envelope.

105. The radiation source of claim 103, further comprises a phosphor coating applied

to an outer surface of said at least one envelope.

106. The radiation source of claim 103, wherein the housing comprises an inner

envelope and an outer envelope.

107. The radiation source of claim 103 further comprising electrodes disposed in said

housing.
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108. The radiation source of claim 107 further comprising a power source electrically

coupled to said electrodes for applying a voltage to the electrodes.

109. The radiation source of claim 94, wherein said radiation source is provided with

a means for generating and maintaining a gas discharge.

110. The radiation source of claim 109, wherein a gas discharge in said radiation

source is initiated with a current flow through said means.

111. The radiation source of claim 109, wherein a gas discharge in said radiation

source is initiated with a radio frequency.

112. The radiation source of claim 94, wherein said composition comprises at least

two metal compounds.

113. A radiation source comprising an ionizable mercury-free and sodium-free
composition that comprises: (a) at least a first metal selected from the group
consisting of Mn, Ni, Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta,
W, Re, Os, and combinations thereof; and (b) at least a compound of said second
metal selected from the group consisting of Mn, Ni, Cu, Al, Ga, In, T1, Ge, Sn, Pb, Bi,
Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, Re, Os, and combinations thereof, wherein said
compound is selected from the group consisting of halides, oxides, chalcogenides,
hydroxide, hydride, organometallic compounds, and combiantions thereof with the
proviso that (i) Ge is absent when Se is present; and (ii) In, Bi, Pb, and Ga and
halides thereof are absent when tin halide is present; said composition being capable

of emitting radiation if excited.

114. The radiation source of claim 113, wherein said at least a first metal and said at

least a second metal are the same.

115. The radiation source of claim 113, wherein said at least a first metal and said at

least a second metal are different.

116. The radiation source of claim 113, wherein said at least a compound is a halide.
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117. The radiation source of claim 116, wherein said halide is iodide.
118. The radiation source of claim 116, wherein said halide is bromide.

119. The radiation source of claim 113, wherein said radiation source further

comprises an inert buffer gas.

120. The radiation source of claim 119, wherein said inert buffer gas comprises a
material selected from the group consisting of helium, neon, argon, krypton, xenon,

and combinations thereof,

121, The radiation source of claim 119, wherein said inert buffer gas comprises

argon.

122. The radiation source of claim 119, wherein said inert buffer gas has a pressure in
a range from about 1 Pa to about 1x10* Pa during an operation of said radiation

source,

123. The radiation source of claim 119, wherein said inert buffer gas has a pressure
in a range from about 100 Pa to about 1x10° Pa during an operation of said radiation

source.

124. The radiation source of claim 113, wherein said radiation source further
comprises a housing containing said inonizable composition; and said housing

comprises at least one envelope.

125. The radiation source of claim 124, further comprises a phosphor coating applied

to an inner surface of said at least one envelope.

126. The radiation source of claim 124, further comprises a phosphor coating applied

to an outer surface of said at least one envelope.

127. The radiation source of claim 124, wherein said housing comprises an inner

envelope and an outer envelope.
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128. The radiation source of claim 124 further comprising electrodes disposed in

said housing.

129. The radiation source of claim 128 further comprising a power source

electrically coupled to said electrodes for applying a voltage to the electrodes.

130. The radiation source of claim 113, wherein said radiation source is provided

with a means for generating and maintaining a gas discharge.

131. The radiation source of claim 130, wherein a gas discharge in said radiation

source is initiated with a current flow through said means.

132. The radiation source of claim 130, wherein a gas discharge in said radiation

source is initiated with a radio frequency.

133. The radiation source of claim 113, wherein said metal is present as a component

of an alloy with at least another metal.

134. The radiation source of claim 113, wherein said ionizable composition

comprises at least two metal compounds.
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