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Plasma Study of a Moly–Oxide–Argon
Discharge Bulb
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Abstract—A mercury-free molybdenum–oxide–argon
(Mo–O–Ar) electrodeless discharge is described with poten-
tial application to plasma lighting. The low-pressure metallic
plasma is a nonequilibrium discharge capable of producing visible
light directly with an efficacy of 40 lm/W. The Boltzmann
equation is solved with a limited set of chemical kinetics to provide
a zero-dimensional model of the discharge. Model results indicate
a transition in the power transfer from Ar to Mo as the partial
pressure of Mo is increased. This feature is qualitatively similar
to an intense transition from weak to strong visible emission
observed in the Mo–O–Ar discharge with increasing power.
The Mo partial pressure at the transition is estimated from an
actinometry approach including a collisional radiative model of
the plasma. The calculated electron density is also compared with
interferometric data.

Index Terms—Excitation dynamics, kinetic models, low pressure
discharge, metal–oxide plasmas, plasma lighting.

I. INTRODUCTION

DUE to the potential for environmental regulations, there
has recently been substantial interest in nonmercury

plasma discharges for lighting applications. In the standard
low-pressure fluorescent bulb, xenon [1], or pulsed xenon-neon
mixtures are under investigation as replacements for Hg [2].
Such rare gas fills require new phosphors and affect the elec-
trode behavior [2], [3]. In high-pressure discharges, metallic
zinc has been studied as a mercury replacement as it is also
a group IIB element in the periodic table [4]. Very high bulb
temperatures (1500 K) are needed to volatize the zinc.
Among electrodeless systems, the sulfur lamp [5], [6] and the
cluster lamp, composed of oxi-halides [7], [8], provide Hg-free
visible light by microwave generation.

On board U.S. Navy vessels, Hg is treated as hazardous
material. Spent fluorescent bulbs must be stored at sea which
consumes precious cargo space. The Naval Research Labora-
tory (NRL) is presently investigating an electrodeless, Hg-free,
molybdenum-oxide-argon discharge for high intensity lighting
applications [9]. The concept is similar to a metal-halide lamp
except that oxygen takes the place of the halide, no Hg is
involved, and it is run at a low pressure. The volatile property
of metal-oxides has also been employed in a high-intensity,
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high-pressure NbO lamp as discussed by Lapatovichet al. [10],
[11], but their device includes Hg.

This paper begins with a description of the Hg-free, molyb-
denum–oxide–argon (Mo–O–Ar) discharge operation in the
next section to provide a backdrop for the modeling work. In
Section III, a zero-dimensional (0-D) model for the global
properties of the discharge is developed based on the electron
Boltzmann equation, particle, and thermal gas balance rela-
tions. Section III also presents results from the calculations.
Section IV compares the model with interferometric mea-
surements for the electron density and spectroscopic emission
line ratios for the atomic Mo density. Section V discusses the
limitations of the present model and comments on the discharge
as a lamp.

II. DISCHARGESPECTRA

The Mo–O–Ar discharge is ignited within a quartz bulb of
inner diameter 2.3 cm and length 2.5 cm. The bulb is charged
with MoO powder, attached to a vacuum system through a long
narrow stem, and then cleaned with a weak Ar discharge and
evacuated to 10 torr to remove contaminants such as water.
The bulb is back filled at room temperature with Ar at 1 torr
and mechanically closed with a quartz plug through a vacuum
translator. While the pump system is valved off, the plug closure
is not tight, so the bulb, its stem, and an antechamber in front
of the valve housing an MKS Instruments baratron capacitance
manometer are similarly pressurized. An inductive discharge is
initiated in the Ar buffer via a spiral coil driven by a 13.56-MHz
RF generator. The coil has an inductance of 2H and a resis-
tance of 0.7 as determined from a Boonton Radio Corporation
Q-meter. An automatic dual capacitor network is used for proper
matching. Typical electrical parameters across the coil are7 A
(rms) from a Pearson current monitor,1.1 kV from a capaci-
tive voltage divider, and 250 W from a Bird RF Power Ana-
lyzer. Of this forward power, 34 W is dissipated in the copper
coil. Since the vapor pressure of MoOis 1 torr at 1007 K and
20 torr at 1058 K, the Mo–O undergoes a sudden evaporation
from the quartz walls as they heat up. Despite the temperature
rise in the discharge, the bulb’s total pressure remains close to

1 torr as the baratron indicates a slight pressure rise consistent
with the volume ratio between the bulb and the antechamber.
Once evaporated into the plasma, kinetic reactions dissociate
the MoO , and the Mo atom, excited by electron collisions, ra-
diates in the near UV and throughout the visible domain.

During operation, Mo and its ion diffuse from the excitation
region in the plasma back toward the bulb wall. At high power,
most of the wall remains hot,1000 K, and we observe no wall
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Fig. 1. Calibrated spectrum from a Mo–O electrodeless discharge with Ar
as a buffer gas. Dominant emission lines are noted as well as the relative eye
sensitivity.

deposition of Mo over such regions. Apparently, any Mo which
does condense on the hot wall is rapidly oxidized to MoOand
the metal-oxide reenters the gas phase to once again be disso-
ciated and excited by electrons. This regenerative mechanism
is effective except at the stem, which is the cold spot. Usually
a white film (MoO ) appears and the plug serves to keep the
Mo–O from diffusing down the stem. In some cases, which con-
ditions have not been clarified, an equilibrium is established be-
tween the cold spot and the plasma and the spectra remains fairly
constant. In other experiments, the cold spot continues to accu-
mulate material and the bulb gradually fades in visible light over
tens of minutes.

A sample spectrum is shown in Fig. 1. The data were taken
with an Ocean Optics Model PC2000 spectrometer. The bulb
emission is focused through a 1:1 optics system with a fixed
aperture onto a fiber optic and recorded on a computer. The
raw data count has been absolutely calibrated for the spectral
response of the optics train using the OL550 standard of spec-
tral radiance from Optronic Laboratories. The identification of
the prominent emission lines and the term designations in the
spectrum of Fig. 1 are taken from the list of Whalinget al.[12].
The resonant transitions of MoI occur from the zand y septet
levels near 390 nm to the ground level (aS). Another important
UV transition occurs at 320 nm, but it is beyond the sensitivity
of the present spectrometer. Most of the visible emission lines
are between quintet states (zand y to a ). Thus, the relevant
excitation path is from the ground state to the zand y states,
followed by a collisional exchange to the zor y levels, and
then a radiative decay leading to visible emission. The nondi-
mensionalized photopic response function, which represents the
sensitivity of the human eye, is represented in the figure as the
dashed line. Note that the Mo 550 line is located very near the
peak of the eye sensitivity. We can obtain an estimate of the ef-
ficacy for the Mo–O–Ar discharge by integrating the observed
spectrum over wavelength weighted by the dimensional pho-
topic response curve in lumens per watt of emitted light. As-
suming that the surface emission from the bulb is the same at all
points and including an angular dependency factor for the in-

Fig. 2. Energy level structure used for the atomic species Ar, O, and Mo in the
kinetics model.

tensity, we estimate a total lumen output of lumens. The
procedure was checked against the electrodeless Hg fluorescent
Philips Q-lamp and was found to reproduce the stated output of
6000 lumens to within %. Admittedly the technique is ap-
proximate, subject to the assumption of uniform emission which
may not hold for the present discharge. Adopting the previous
estimate and the measured electrical input power to the induc-
tive coil plus plasma of 250 W, gives an efficacy of40 lm/W
for the Mo–O–Ar discharge.

III. GLOBAL DISCHARGEMODEL

A. Model Components

The electrodeless Mo–O–Ar discharge is a complex physical
system involving electromagnetic coupling, plasma formation,
wall evaporation of MoO, gas phase chemistry, electron disso-
ciation, excitation and ionization, and spectral-light emission.
The present model focuses on the global properties of the
discharge resulting from the electron energy distribution func-
tion (EEDF) and the atomic species production within a 0-D
framework. The EEDF is calculated from the time-independent
homogeneous electron Boltzmann equation, using the conven-
tional two-term expansion in Legendre polynomials. The ratio
of the electric field to the neutral density and the elec-
tron density are starting parameters for the Boltzmann
equation, and their values are calculated self-consistently.
is adjusted from iteration to iteration so that the electron loss
through diffusion, attachment, etc., equals the electron pro-
duction through ionization. Since the latter is a function of

, there is a unique value (eigenvalue) of for which
ionization balances the electron loss exactly for the chosen

. Based on this value for the parameter the power
per electron, , is obtained from the Boltzmann equation
and the electron density is given by , where
is the absorbed power density. An outer iteration continues
until convergence on the electron density is achieved. Thus,
at the end of the numerical approach, the power dissipated
by electrons matches the power input.

A sketch of the excitable levels of the atomic species Ar,
O, and Mo is shown in Fig. 2. The dominant species is argon
and the lumped configurations used in the model include Ar(ns)
n , Ar(np) n and Ar(nd) n . For

the oxygen atom, four excited states are considered: the two
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TABLE I
REACTIONS, CROSSSECTIONS, AND TRANSITION RATES USED FORMo

metastable statesS and D and two groups of levels, namely
3 s and 3 p. The electronic structure of neutral Mo is extremely
rich containing about 2000 energy levels. Based on the excita-
tion and emission pathways discussed in the previous Section, a
simplified atomic structure for Mo is adopted consisting of two
lumped excited states, vis., the resonance levels Mo(yz )
and the dominant optically emitting levels Mo(y z ). Excited
states of O were not taken into account, however inelastic elec-
tron collisions involving the ground state of Oare considered,
such as vibrational and electronic excitation, dissociation, and
attachment, in order to account for the power losses. The ionized
species Ar , Ar , Mo , O , O , O , and O , are included in
their ground states.

We assume that there are no MoOmolecules in the emitting
region of the plasma, i.e., the Mo–O is readily dissociated as it
evaporates from the hot-bulb wall. At a fixed Ar pressure and
input power, the Mo pressure is treated as an input parameter.
This pressure is defined by the total density of Mo containing
species,

, where is the Boltzmann constant and is the gas
temperature. By nuclei conservation , where
includes the density of the five states in neutral oxygen of Fig. 2,
the ions O and O , and twice the density of the molecules O,
O , O . The division between O and Ois determined by bal-
ancing the electron impact dissociation with molecule forma-
tion at the bulb wall. Mo may be partially ionized or have a high
degree of ionization. The division between Mo and Mode-
pends on the ionization rate of Mo and the ambipolar diffusion
of Mo . The electrons and positive ions are lost by dissocia-
tive recombination and at the tube wall through ambipolar dif-
fusion. The positive ions are also lost in ion–ion recombination.
The negative ions are assumed to be lost in volume recombina-
tions only. The populations of the excited states of Ar, O, and
Mo are determined with a collisional-radiative model involving
numerous gas-phase reactions.

The cross sections for elastic and inelastic collision processes
of electrons with Ar [13]–[16], O [17]–[19], and O[20] are

specified elsewhere. This data is used in the collision term of
the Boltzmann equation. The chemical and wall reactions be-
tween neutral and charged oxygen species can also be found in
the literature [21]–[29]. Recent kinetic models and experiments
in Ar–O plasmas indicate the relevant kinetic processes in this
mixture [30]–[33], the most important being the Penning ioniza-
tion and charge transfer [34]–[39]. To our knowledge, the only
kinetics model for Mo in the literature is that of Guimaraeset
al. [40], [41]. The authors used Drawin’s formula to estimate the
electron impact excitation cross sections from the ground state
of Mo. We followed the same procedure to estimate one lumped
cross section to the septet state and one to the quintet states. In
addition, we included transitions between the septet and quintet
states of Mo due to electron collisions, assuming a rate coeffi-
cient 10 cm /s. Table I presents a list of the reactions, cross
sections, and radiative transitions used for the Mo kinetics. The
reaction constants are derived from formulas provided by the the
listed references. The radiation has been treated using the prob-
ability-of-escape formalism in the on-the-spot approximation.
The escape factors provide effective lifetimes for the radiative
transitions and depend on the lower state density, the gas tem-
perature, and the bulb dimensions. The general formulas for the
escape factors are taken from [45].

In addition to the species balance and electron Boltzmann
equations, the gas thermal balance equation is solved in the
model. The analytic solution is a Bessel profile for . The
source terms, which are taken as spatially uniform, include
elastic heating by electrons as well as the energy lost by
electrons through vibrational excitation and dissociation of
O . The boundary condition at the axis is a zero temperature
gradient while at the bulb wall, . The wall temper-
ature is estimated from the power flux to the wall, ,
comprising gas thermal conduction and species diffusion:

. Here, is room temperature and
is the Stefan–Boltzmann constant. The gas temperature

reported for the model is the radially averaged value. The wall
temperature is typically computed to be 800 K–900 K.
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Fig. 3. Normalized electron energy distribution function at various partial
pressures of Mo. The plasma conditions are an Ar pressure of 1 torr and a
coupled power density of 24 W/cm.

B. Model Results

The calculations presented in the following pertain to a
bulb with an Ar pressure of 1 torr and a total power coupled
to the plasma of 250 W. Given a cylindrical bulb of radius
1.15 cm and length 2.5 cm, this translates to a power density of

W/cm . Properties of the discharge are investigated
as a function of the partial pressure of atomic molybdenum,

, as defined previously. This approach is similar to that
used in modeling the standard fluorescent bulb wherein the
partial pressure of mercury is varied.

Fig. 3 displays the EEDF which is normalized over the elec-
tron energy such that . A Maxwellian dis-
tribution would be a straight line in this plot. At low values of

, the EEDF departs from a Maxwellian above the ionization
potential of Ar (15.8 eV), but as increases the EEDF be-
comes completely Maxwellian and the mean electron energy de-
creases. This results from two effects. First, the energy threshold
for inelastic losses due to collisions with Mo is significantly
smaller than with Ar (see Fig. 2). As increases, these col-
lisions extract energy from the electron distribution and lower
the mean electron energy. Second, the relaxation time toward a
Maxwellian distribution is shorter for a lower mean energy. The
importance of the Mo abundance on the EEDF can also be ascer-
tained by examining the channels through which the electrons
transfer their energy to the gas. The transfer rate can be com-
puted from the solution to the Boltzmann equation. In Fig. 4,
the inelastic channels are summed according to the recipient
species and compared with the elastic transfer to the gas. At

mtorr, the power is predominantly lost from the elec-
trons through inelastic collisions with Ar. Excitations of Mo and
O as well as elastic processes, though comparable to each other,
are smaller than the Ar losses by a factor of6. As the partial
pressure of Mo increases, there is a rapid transition away from
inelastic losses with Ar to those with Mo. Simultaneously, in-
elastic losses to Oincrease while all others, including elastic
losses, decrease at high Mo abundance. Losses to O and Oare
always less than losses to Mo. As before, this shift in the en-
ergy transfer is due to the large collisional excitation rate of Mo.
Hence, at some abundance the power transfer must predomi-

Fig. 4. Power density transfer from electrons into various channels and
species. Total power density and Ar pressure are the same as in Fig. 3.

Fig. 5. Electron temperature, gas temperature, and electron density as a
function of the Mo partial pressure. Total power density and Ar pressure are
the same as in Fig. 3.

nantly go into Mo and the calculations indicate that this occurs
at 7 mtorr. Between 10 and 30 mtorr of Mo, collisional
losses to Ar becomes negligible and this effect is associated with
the cooling of the EEDF seen in Fig. 3.

The electron temperature, which is 2 3 the mean energy, is
presented in Fig. 5 as a function of along with the electron
density and the gas temperature. Since the electron tem-
perature noticeably decreases above mtorr, there is a
decrease of as the energy exchange rate from the electrons
to the gas due to elastic collisions is proportional to .
The electron density is also seen to decrease asincreases.
At first, this seems surprising as the ionization potential of Mo
is only 7.1 eV and an increase in the Mo abundance should lead
to a higher ionization fraction. While it is true that the dom-
inant ion becomes Mo at large (see the following), the
power cost per ion–electron pair, , is not constant
but rather increases with the Mo fraction due to inelastic colli-
sions involving low energy electrons. In particular,changes
from 2 10 to 4 10 W/e as increases by two
orders of magnitude. The excessive power loss in inelastic col-
lisions with Mo overcompensates the lower ionization potential
of Mo and the electron density decreases. Using the momentum
transfer rate constant of 210 cm /s at eV, the colli-
sion frequency at 1 torr of Ar is seven times larger than the an-
gular RF frequency at 13.56 MHz. In this regime, the classical



568 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 31, NO. 4, AUGUST 2003

Fig. 6. Calculated number densities of (a) neutral and (b) ionized species as a
function of the Mo partial pressure. Total power density and Ar pressure are the
same as in Fig. 3.

skin depth describes the inductive coupling. Over the range of
in Fig. 5, increases from 0.2 to 0.3 cm. This is four

to six times smaller than the bulb radius and suggests that the
deposition is restricted to an outer plasma envelope.

The neutral and ionized species densitiesare presented in
Fig. 6. Note that the Ar density changes inversely withsince
its pressure is maintained at 1 torr in the model. Also, the neutral
Mo density is not linear with as the latter includes ions as
well as changes in the gas temperature from Fig. 5. At low Mo
pressure nearly all of the molybdenum is in the ionized state.
However, since the Mo density is less than that of the electrons,
Ar is the dominant ion. As increases the dominant ion
transitions from Ar to Mo at 10 mtorr. This transition
stems from the cooling of the EEDF at high in conjunction
with the lower ionization potential of Mo compared to Ar or O.
At high all of the electropositive ions are Moand there is
a few percent of O. In this regime, the Mo density is greater
than that of the electrons, and most of the Mo is in the neutral
state. For oxygen an analogous effect to the ionization degree
of Mo is observed only for dissociation. At low , oxygen is
a negligible fraction of the neutral species and, as ,
nearly all of the oxygen is dissociated. At high Mo pressure the
oxygen is more abundant than the electrons and only a fraction is
dissociated. A similar effect is observed for nitrogen in a He–N
discharge [46].

IV. COMPARISONWITH DATA

According to Figs. 4–6, one of the key parameters controlling
the Mo–O–Ar discharge is the abundance of Mo. The model
indicates that between 10 and 30 mtorr of Mo, the electron

Fig. 7. Measured electron density as a function of coupled power for pure
Ar (circles) and for MoO–Ar (squares) discharges. The power per electron is
denoted for the latter set.

temperature decreases, the dominant channel for power depo-
sition switches from Ar to Mo, Mo becomes the dominant
ion, and the electron density begins to decrease. While
cannot be independently adjusted in the experiment, the Clau-
sius–Clapeyron equation [47] states that the vapor pressure of
MoO is exponentially dependent on the wall temperature .
Presumably, in the experiment, a higher coupled power to the
plasma raises and releases more oxide into the plasma for
dissociation. Thus, one can measure the variation of the electron
density as a function of power and relate the data to the above
modeling.

The electron density was measured using a microwave inter-
ferometer at 140 GHz. The transmitting leg of the interferometer
circuit included focusing horns and a variable attenuator. The
reference leg had a variable phase shifter as well as an atten-
uator. The two signals were combined in a short slot hybrid
coupler and two crystal detectors from Millitech (DXP-08)
were used to monitor the signals. The nonlinear response of
each detector was calibrated with a power meter following
the procedure of Hotston and Seidl [48]. The measurements
were made by interrupting the RF while triggering the oscil-
loscope to record the detector signals as the plasma decayed.
The approach of Lindberg and Eriksson [49] was adopted to
treat phase changes greater than.

Results for as a function of power at an Ar pressure of
1 torr are presented in Fig. 7. In the pure Ar discharge,sat-
urates at 6 10 cm as the power increases. This value
is about a factor of two less than the calculated electron den-
sity in Fig. 5. The model is apparently not accounting for all of
the power losses from the electrons andshould be larger than
2 10 W/e . In the Mo–O–Ar discharge of Fig. 7, one sees
that decreases with power. This is similar to the decrease in

with calculated for Fig. 5, if one makes the correspon-
dence between power and Mo partial pressure. Furthermore, the
visible light emission in the experiment dramatically increased
by nearly an order of magnitude between 200 and 250 W. The
spectrum for the latter power is shown in Fig. 1. This increase in
Mo emission is likewise consistent with the transition in Fig. 4
from an Ar dominated discharge at low to a Mo dominated
one at high values of . Based on the trends of the model in
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Fig. 8. Comparison of several line intensity ratios, calculated from the model
as a function of Mo partial pressure, with those from spectral measurements.
The latter ratios are denoted by circles. Total power density and Ar pressure for
both the model and the experiment are 250 W and an Ar pressure of 1 torr.

Figs. 4 and 5, a rough estimate for the Mo partial pressure at the
250 W experimental point is between 10 and 100 mtorr.

The model can also be employed in conjunction with spectral
line measurements to obtain a more direct estimate of the Mo
density. The approach is a variation of the standard actinometry
method for abundances [50] except that the assumption limiting
excitation of the emitting level from only the ground state is
not necessary. The populations of the atomic levels displayed in
Fig. 2 were combined with transition probabilities to calculate
synthetic intensity ratios. For the measurements, the optical con-
figuration used to obtain the broadband spectrum of Fig. 1 was
employed with separate gratings and fibers for the visible and
near infrared regimes. Correction for the spectral response func-
tion across the regimes was accounted for. The emission inten-
sity of three Mo lines under the photopic curve along with one O
line in the infrared were compared against the strong 811.75-nm
Ar emission lines from the 2pto the 1s Paschen levels.

Fig. 8 displays the calculated ratios of O 777 nm and several
Mo lines to the Ar 811-nm line at different Mo pressures. The
discharge parameters are 250-W total coupled power and 1-torr
Ar pressure. The measured ratios of the same line intensities are
taken with the same experimental conditions and denoted in the
figure. The comparison indicates that the partial pressure of Mo
is between 2 and 4 mtorr, significantly smaller than the previous
estimate based on the transition from an Ar to a Mo dominant
discharge. In this low-Mo pressure domain, the model results
indicate that most of the molybdenum is ionized and much of
the power would be dissipated in excitations of Ar.

V. DISCUSSION ANDCONCLUSION

We have presented a first-order global model of a Mo–O–Ar
discharge using the Boltzmann equation and compared the re-
sults with some observations. The primary conclusion from the
model calculations is a transition in the nature of the discharge
as the partial pressure of moly is increased. This transition is
characterized by a decrease in the electron temperature (Fig. 3),
a power transfer from Ar excitation to Mo excitation (Fig. 4), a
decrease in the electron density (Fig. 5), and a replacement of
Ar as the dominant ion to Mo simultaneous with a reduc-

tion in the degree of ionization of molybdenum (Fig. 6). Such a
transition is observed in the experimental discharge bulb as the
coupled power is increased. At 200 W, the bulb displays weak
emission dominated by Ar lines, but at 250 W, the visible output
increases by an order of magnitude and the spectrum shows
strong emission lines from Mo (Fig. 1). The power deposition
is related to evaporation of MoOfrom the bulb’s inner surface
through a corresponding increase in the wall temperature. At a
particular Mo fraction, the power transfer from the electrons is
switched from excitation of the Ar resonance lines in the deep
UV to excitation of the Mo resonant septet levels in the near UV
and the associated pumping of the quintet levels leading to vis-
ible emission. The Mo excitation rate is larger than for Ar and
the power per ion–electron pair decreases as observed in Fig. 7.
We also note that the global discharge parameters from Fig. 5
indicate a nonequilibrium plasma with . This is to be
expected due to the low pressure (1 torr) of the discharge, but
is also qualitatively supported by the observed spectrum which
shows Ar emission lines simultaneously with those from Mo
(Fig. 1). Emission lines from Ar arise from levels13 eV above
the ground state which require electrons energies of1 eV or
more. On the other hand, the quartz bulb cannot be this hot but
must be above 800 K in order for MoOto have a vapor pres-
sure of at least 1 mtorr.

While there is qualitative agreement between the model and
the data, the quantitative comparison shows significant differ-
ences. The calculated electron density of Fig. 5 is a factor of
two larger than the measured value from the microwave inter-
ferometry in Fig. 7. Furthermore, the value for the Mo partial
pressure at the transition is between 10 and 30 mtorr based on
Fig. 4, but a comparison of line ratios between the model and
data in Fig. 8 indicate a lower range, between 2 and 4 mtorr. The
nature of these differences suggest particular areas where the
model needs to be improved. First, nonequilibrium discharges
containing metals with open nd- and s-shells, such as
Mo, are a challenge for kinetic calculations due to the large
number of energy levels (about 2000 in neutral Mo). The ap-
proach taken here was limited to the Mo excitation path leading
to emission near 550 nm. An improved atomic level structure
would include more electron configurations, lumped in an ap-
propriate manner, with exchange collisions and excitations to
the individual quintet states. Cross sections for these electron
collisions would need to be calculated rather than estimated as
done in Section III-A. The additional channels would raise the
power per ion–electron pair, , to be more consistent with the
experimental values denoted in Fig. 7 which are greater than
the model predicts. At a fixed power deposition, the electron
density would then be lower. Second, the evaporation of MoO
from the bulb walls and the subsequent dissociation by gas phase
reactions or electron impact need to be treated in some detail.
The rate constants for MoO dissociation are
not well known but might be approximated from reactions in-
volving other similar molecules. This treatment would estab-
lish a self-consistent coupling between the power deposition,
the wall temperature, and the partial pressure of molybdenum.
Proper implementation of the heat-flux calculation leads to the
third improvement, a 1-D model. This would also allow one to
account for the electromagnetic skin depth and multispecies dif-
fusion near the bulb wall.
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In terms of the Mo–O–Ar discharge as a potential com-
pact electrodeless light source, Fig. 1 indicates that metallic
emission is the dominant contributor to the visible light.
The same property is true for high-pressure metal-halide arc
lamps, but the plasma properties are quite different. Halide
lamps operate in a Hg vapor pressure of several atmospheres
under thermodynamic equilibrium conditions. The present
low-pressure, Hg-free, nonequilibrium discharge has attained
an efficacy of 40 lm/W, similar to the high pressure Hg–NbO
of [11]. For use in general lighting, the efficacy could be
increased by converting the near UV emission seen in Fig. 1 to
visible light through a phosphor. From [12], the strongest UV
transitions are near 320 and 390 nm. The standard phosphor
used in fluorescent lamps are not effective at converting such
radiation into visible light, so alternative phosphors would be
required. Based on the present Mo kinetics model of Table I,
we find that the emission in the near UV can be up to 1.6 times
larger than the visible emission, or about 60 W. An alternative
approach would be to increase the Mo density or the addition
of other absorbing metals into the discharge such that the UV
resonance lines become optically thick. This could enhance the
transitions in the visible region of the spectrum relative to the
UV component.
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