
PHYSICAL REVIEW E OCTOBER 2000VOLUME 62, NUMBER 4
Modeling of low-pressure barium–rare-gas discharges

G. G. Lister,1 J. J. Curry,2 and J. E. Lawler2
1OSRAM SYLVANIA, Inc., 71 Cherry Hill Drive, Beverly, Massachusetts 01915

2Department of Physics, University of Wisconsin, 1150 University Avenue, Madison, Wisconsin 53706
~Received 22 December 1999!

The fundamental principles of low-pressure discharges containing a minority of barium~5–20 mtorr! in a
rare gas at pressure 1–20 torr have been investigated, using a numerical model of the positive column, with a
view to assessing the potential of these discharges as a light source. The principle resonance line of neutral
barium is from the 6p 1P1 state and has a wavelength of 553 nm, which is close to the center of the photopic
eye response curve. This green line can be augmented by radiation from barium ions to produce a ‘‘white’’
light. Published cross-section measurements suggest that the 6p 1P1 state is heavily quenched by collisions
with rare-gas atoms, reducing the radiation efficiency. The measured quenching cross section is much smaller
for neon than other rare gases. Spectral line broadening by these same collisions, on the other hand, enhances
the escape of radiation from the discharge through the line wings. The present paper reports the results of
detailed calculations of the influence of rare-gas quenching and line broadening on discharge parameters
~power balance, electric field, electron temperature, and density! as a function of discharge current, rare-gas,
and barium vapor pressure.
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I. INTRODUCTION

Barium has been proposed as a radiator in low-pres
discharge lamps@1# because it has a strong resonance rad
tion line at 553 nm~553.5480 nm in air!, near the maximum
of the eye response curve. Further, the barium ion has st
emission lines at 455, 493, 614, and 650 nm, which
augment the predominately green neutral barium radiatio
produce a ‘‘white’’ light as reported by Curryet al. @2#.

Metallic radiators currently used in low-pressure d
charge lamps are mercury and sodium. Mercury has a va
pressure of a few mtorr at room temperature and radi
principally in the ultraviolet~UV!, a phosphor being require
to convert UV to visible light, with a consequent reduction
efficiency in converting one high energy UV photon to
visible photon at considerably lower energy. Sodium
quires a temperature of 260 °C to attain the operating va
pressure of 3 mtorr in low-pressure sodium lamps and
principal radiation is at 589 nm, which is a yellow ligh
suitable for outdoor applications where color rendition is n
a major consideration. Barium requires an even higher t
perature~600–700 °C! to attain a vapor pressure of a fe
mtorr and there is a considerable spread in the published
on barium vapor pressure as a function of temperature@3–7#.

In common with discharges in other metal vapors, dep
tion of barium by radial cataphoresis plays an important r
in the discharge behavior, particularly at higher discha
powers and lower vapor pressures. This effect was first
served by Druyvesteyn@8# in low-pressure sodium lamp
and its importance in these lamps has been demonstrate
extensive modeling and experimental measurements@9#.
Cataphoresis has also been observed in barium vapor la
@10# and in mercury–rare-gas fluorescent lamps@11#.

Another important process in barium–rare-gas dischar
is the quenching of the 6p 1P1 resonance level of barium
~the upper level of the 553 nm resonance transition! by rare-
gas atoms. Cross sections for this process were measure
PRE 621063-651X/2000/62~4!/5576~8!/$15.00
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Breckenridge and Merrow@12#, who found that the cross
section for neon is five times lower than for argon and
times lower than xenon. The measured cross sections
sufficiently large for this process to play an important role
both the particle balance~and therefore radiation balance!
and the electrical characteristics of the discharge.

The quantitative importance of the principal physic
mechanisms, particularly cataphoresis and rare-gas que
ing, in low-pressure barium–rare-gas discharges has bee
vestigated by appropriately modifying the computer co
GLOMAC @13#, which was developed to model the positiv
column of mercury–rare-gas discharges. In this paper, res
of calculations of the power balance, electric field, and el
tron temperature in these discharges are presented as a
tion of discharge current, rare-gas pressure, and barium
por pressure. The model uses the best available data fo
principal processes in these discharges and the uncertai
associated with this data, together with processes for wh
data are not currently available, are discussed in the tex

Results predict that for discharges operating at,20 W/m,
conversion of electrical energy to radiated power is ma
mized if neon is used as the buffer gas. However, in t
case, radiation is predominately green~553 nm! while dis-
charges using argon and xenon radiate a higher fractio
input power from barium ions, and therefore a ‘‘whiter
light. This result qualitatively confirms results previously r
ported@2#, using a simpler model for barium discharges co
taining argon as buffer gas, in which it was shown that
higher discharge currents~;1 A! the fractional power from
ionic lines was comparable to or in excess of the fract
from neutral barium. The inclusion of other effects in th
present paper, in particular two step ionization via interm
diate metastable states, has substantially modified the q
titative conclusions drawn in that paper.

The physical processes included in the numerical mo
are discussed in Sec. II and the data used for the calculat
is summarized in Sec. III. The results of a set of calculatio
5576 ©2000 The American Physical Society
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PRE 62 5577MODELING OF LOW-PRESSURE BARIUM–RARE-GAS . . .
appropriate to a discharge of internal diameter~ID! of 1 cm
are discussed in Sec. V, and some conclusions from
work are discussed in Sec. VI.

II. THE PHYSICAL MODEL

The discharge is maintained by a constant electric cur
such that the rate of ionization exactly equals the diffusion
ions and electrons to the walls. Since electrons have a hi
mobility than ions, the ambipolar radial electric field is e
tablished to ensure equal flow of electrons and ions to m
tain a steady state. The electron temperature in the disch
is assumed to be sufficiently low such that only barium
oms are excited, the rare-gas atoms remaining in t
ground state. The positive column is assumed to be s
ciently long for the axial field to be uniform, and hence on
radial variations in the discharge parameters need be con
ered.

Electrons which are accelerated in the axial electric fi
of the positive column dissipate their energy through co
sions with particles of all other species in the discharge. T
inelastic electron collisions included in the present model
excitation of barium atoms from the ground state, d
excitation to the ground state~super elastic collisions!, and
ionization from ground and excited states. The energy
pended in this process is either radiated or lost to the w
by diffusion. Elastic collisions between electrons and ot
species in the discharge determine the electrical conduct
and hence the electrical characteristics of the discharge. E
tic collisions between electrons and atoms and ions prod
gas heating.

The excited states of barium atoms and ions considere
the model and their excitation potentials are listed in Tabl
In the present model, the barium atom has two radia
states ~6p 3P1 and 6p 1P1! and two excited ionic state
(6p 2P1/2 and 6p 2P3/2! have radiative transitions to lowe
levels.
The following inelastic processes between excited bar
atoms and ground state rare-gas atoms are also include

Ba~6p 1P1!1X→Ba~6p 3P2!1X,

TABLE I. Energy levels for Ba included in the model.

Ba eV

6 1S0 0
5d 3D1 1.12
5d 3D2 1.14
5d 3D3 1.19
5d 1D2 1.41
6p 3P0 1.52
6p 3P1 1.57
6p 3P2 1.68
6p 1P1 2.24

Ba1

6 2S3/2 5.21
5 2D3/2 5.82
5 2D5/2 5.92
6 2P1/2 7.73
6 2P3/2 7.94
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Ba~6p 3P1!1X→Ba~5d 1D2!1X,

Ba~5d 1D2!1X→Ba~5d 3D3!1X,

whereX represents a ground state rare-gas atom. The en
lost by excited barium atoms in this process is assumed t
converted to gas heat.

The electron density is assumed to be sufficiently high
the electrons to follow a Maxwell-Boltzmann energy dist
bution, defined through the electron energy probability fun
tion ~EEPF!,

f ~«!5
2

Ap~kTe!
3/2

exp~2«/kTe! ~1!

« is the electron energy,Te is the electron temperature, an
*0

`«1/2f («)d«51.

III. THEORETICAL MODEL AND BASIC EQUATIONS

A. Ambipolar diffusion

Since the electron and ion motion in the positive colum
is collision dominated, the Schottky model for ambipolar d
fusion is appropriate,

1

r

]

]r S rD a

]ne

]r D'2Se52ne(
j

Zji nj , ~2!

where Da is the ambipolar diffusion coefficient,ne is the
electron density,Se is the net particle production rate per un
volume of electrons,nj is the density of barium atoms in
statej, andZji is the ionization rate coefficient from statej,

Zji 5S 2

me
D 1/2E

0

`

f ~«!qji ~«!« d« ~3!

andqji («) is the cross section for this process. The ambip
lar diffusion coefficient is

Da5
m iDe1meDi

me1m i
'

m ikTe

e
, ~4!

whereme , m i , De , andDi are electron and ion mobility and
diffusion coefficients, respectively.

Boundary condition: The ion flux at the sheath edge ne
the wall obeys the Bohm criterionG i(R)5nevs where vs
5(kTe /M )1/2 andM is the mass of the barium ion. Equatin
this flux to the ambipolar flux gives

2Da

dne

dr
5nevs . ~5!

B. Neutral particle diffusion and radiation transport

1. Ground state and metastable diffusion

The diffusion equations for ground state and metasta
barium atoms in electronic statej can been represented in th
form @14#
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1

r

]

]r F rD jN
]

]r S nj

N D G1ne(
k

~Zk jnk2Zjknj !

1nX(
k

~Ck j
Ba2Xnk2Cjk

Ba2Xnj !50, ~6!

whereN is the total gas density andD j is the diffusion co-
efficient for atoms in statej, Zjk is the electron-impact rate
coefficient for the transitionj→k @cf. Eq. ~3!, substituting
qjk(«), the cross section for this process#, Cjk

Ba2X is the re-
action rate coefficient for the process

Baj1X→Bak1X,

where X represents a ground state atom of the buffer g
densitynX. Metastable atoms and ions diffuse outwards
the walls, while ground state atoms diffuse inwards a
much slower rate than ions, leading to barium depletion
the center of the discharge~cataphoresis!.

Boundary conditions: For metastable state~cf. @15#, p. 14!
the particle flux to the wall is

G j52D jN
]

]r S nj

N D5
1

4
njva , ~7!

whereva5(8kTg /pM )1/2 is the particle thermal velocity.

2. Radiation transport

A barium atom in radiative statej will decay much faster
than the time scale for diffusion to the wall and these sta
satisfy a set of rate equations

ne(
k

~Zk jnk2Zjknj !1nX(
k

~Ck j
Ba2Xnk2Cjk

Ba2Xnj !

1(
k

~b jknj2bk jnk!50, ~8!

whereb jk s21 is the fundamental mode trapped decay r
for the transitionj→k @16#. Lawler and Curry@17# devel-
oped an analytic formula forb jk for resonance lines as
function of the ground state densityn0 , gas temperatureTg ,
and the discharge radiusR, based on extensive Monte Car
calculations, for the case of uniform ground state density
negligible isotopic and hyperfine structure. This formula
cludes the effect of partial frequency redistribution in a re
istic fashion. It has also been modified to include the infl
ence of foreign gas broadening@18# and nonuniform
distributions of ground state atoms, such as are produce
cataphoresis@19#. For details of the formula used in thi
work, the reader is referred to Refs.@18# and @19#.

We ignore the effect of hyperfine and isotopic structu
on the fundamental mode trapped decay, as it is expecte
be small. Approximately 72% of naturally occurring Ba
138Ba with no hyperfine structure. Considering the resona
line at 553 nm, only approximately 3% of the total lin
strength is shifted by more than 305 MHz@20#. The half-
width at 1/e max of the Doppler line shape, in comparison,
approximately 600 MHz at an operating temperature
650 °C.
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C. Electron energy balance

The equation for the energy balance per unit length in
discharge is~see the Appendix!

Wtot5I eEz

52pE
0

R

r dr @H inel~r !1Hel~r !#12pR~«w1Vw! j r
1~R!,

~9!

whereWtot is the total electrical power~per unit length! in
the positive column of the dischargeI e52p*0

Rr j z
2(r )dr is

the total electron discharge current,

j z
25seEz , ~10!

se5eneme is the electrical conductivity,H inel(r ) andHel(r )
are the net collisional rates per unit volume of electron
ergy loss due to inelastic and elastic collisions, respectiv
«w is the average energy of electron reaching the wall~as-
sumed to be 3kTe/2!, Vw is the potential drop in the sheath
and j r

1(R)5eG1(R) is the ion current density to the wall.
For a Maxwellian EEPF~1!, the electron mobilityme is

me5
e

3NkTe
S 2

me
D 1/2E

0

` «

qt~«!
f ~«!d«, ~11!

whereqt(«) is the total electron transport cross section

qt~«!5qem~«!1qinel~«!1
ne

N

qe~«!

gE
. ~12!

qem(«) is the electron momentum transfer cross secti
qinel(«) is the total inelastic cross section,qe(«) is the
electron-ion Coulomb cross section, given in MKS units

qe~«!5
p

«2 S e2

4p«0
D 2

ln L,

ln L52
1

2
lnS nee

6

9~4p!2~«0kTe!
3D , ~13!

gE50.582 for a singly ionized gas@21#, and

H inel~r !5ne(
j ,k

« jkZjknj ~14!

where« jk is the difference in energies between levelsk and
j and

Hel~r !5S 2

me
D 1/2

NneE
0

` 2me

M
@qem~«!1qinel~«!#

3S «2
3kTg

2 D « f ~«!d«. ~15!

Note thatHel(r ) includes the contributions from all electro
collision processes with the exception of electron–elect
Coulomb interactions, which have no direct role in the ele
tron energy balance~@22#, p. 40!, although they may contrib-
ute indirectly to energy dissipation in the electric field b
helping to maintain the Maxwellian electron energy distrib
tion function.
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For the Maxwell-Boltznmann probability function@cf.
Appendix ~Eq. A10!#,

Vw5
kTe

2e
lnS M

2pme
D . ~16!

For discharges in Ba,Vw'4.8«e V. The total flux of ions per
unit length to the wall is equal to the electron flux, given
Eq. ~5!.

Detailed power balance: The detailed power balance i
the positive column, in analogy to Eq.~9!, is

Wtot5Winel1Wel1Wsheath, ~17!

where the three terms on the RHS of~17! represent three
terms on the RHS of~9!. The total power per unit length
dissipated in inelastic processes may be further partition

Winel5Wrad1WD1Wq , ~18!

where Wrad, WD , and Wq represent the power per un
length dissipated by radiation, diffusion of ions and me
stable atoms to the wall and quenching by rare-gas ato
respectively.

The total power per unit length from the radiative tran
tion k→ j reaching the walls@cf. Eq. ~8!# is

Wrad~lk j!52p« jkb jkE
0

R

nk~r !r dr ~19!

and

Wrad5(
j ,k

Wrad~lk j!. ~20!

The total diffusion losses of ions and metastable atoms
obtained from Eqs.~5! and ~7!,

WD52pRF(
j

« jD jN
d

dr S nj

N D U
r 5R

1« iDa

dne

dr U
r 5R

G .

~21!

It is often convenient to combine the diffusion and she
losses into a single term representing wall losses,Wwall
5Wsheath1WD . The power per unit length dissipated due
rare-gas quenching isWq52p*0

Rr dr H q(r ), where

Hq~r !5nX(
j ,k

« jkCjk
Ba2Xnj . ~22!

D. Gas heating

The heat conduction equation, to compute gas temp
ture profiles, is

1

r

d

dr S kg~Tg!r
dTg

dr D1Hel~r !1Hq~r !50, ~23!

wherekg is the thermal conductivity of the gas. The loc
barium density is computed from~6!, in order to account for
cataphoresis. Rare-gas densities are obtained from Ch
law
-
s,

-
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h
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2ppgE
0

R r dr

kTg~r !
5NT, ~24!

pg5N~r !kTg~r !, ~25!

wherepg is the~constant! partial gas pressure andNT is the
total number of atoms per unit length. The wall temperat
Tw is an input parameter, typically the estimated value of
cold spot temperature.

IV. DATA

A. Electron impact cross sections

Cross sections for excitation of the 6p 1P1 and ionization
from the ground state have been measured by Chen and
lagher@23# and Dettmann and Karstensen@24#, respectively.
Excitation of all other neutral barium excited states in Ta
I have been computed by Fursa and Bray@25# using close
coupling calculations. The good agreement obtained betw
the calculated and experimentally measured values for
excitation cross section of 6p 1P1 from the ground state
lends confidence in the accuracy of these calculations.

The only cross section for transitions between exci
states available in the literature is that of 6p 1P1 from the
state 5d 1D2 , for which measured and calculated values a
presented in Johnsonet al. @26#. Cross sections for ionization
from excited statesj are computed from the formula b
Vriens and Smeets@27#

qji ~«!5
p

«13.25« j i
S e2

4p«0
D 2S 5

3« j i
2

1

«
2

2

3

« j i

«2 D , ~26!

where« j i is the ionization potential~in joules! from statej.
Excitation to the ionic levels 6p 2P1/2,3/2 from the ionic

ground state have been measured by Crandallet al. @28#.
These states are assumed to radiate instantaneously, eith
the ionic ground state or 52D3/2,5/2 levels ~cf. Sec. IV C!.
Ions in state 52D3/2,5/2populated by the above radiative tra
sitions are assumed to return instantly to the ionic grou
state due to collisions of the second kind, hence their po
lation density is not computed in the model.

B. Diffusion and collisional processes in rare gases

The most important atomic process involving barium a
rare-gas atoms reported in the literature@12# is the quenching
of the 6p 1P1 state of barium to the 6p 3P2 state, for which
cross sections are listed in column 1 of Table II. Rate co

TABLE II. ~a! Cross section at 693 K~units 10220 m2!. ~b! Rate
coefficients at 880 K~units 10218 m3 s21! for barium atom colli-
sions with rare-gas atoms.

Rare gas
6p 1P1→6p 3P2

~a!
6p 3P1→5d 1D2

~b!
5d 1D2→5d 3D3

~b!

Ne 0.4360.16 4063 3.5160.18
Ar 2.560.6 4362 0.2960.04
Kr 3.962.0 22.961.4 0.1060.04
Xe 3.161.0 5.960.3 3.2860.20
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ficients for quenching of other radiative states have b
measured by Brust and Gallagher@29# and the most impor-
tant of these are listed in Table II.

Diffusion coefficients for Ba(5d 3D2) state have been
measured by Walkeret al. @30#. The diffusion coefficients
D0 at 273 K and 1 atm pressure areD052.01
31025 m2 s21 ~Ne!, 1.4331025 m2 s21 ~Ar!, and 8.40
31026 m2 s21 ~Xe!. These values are assumed also for d
fusion of the ground state of Ba and all nonradiative exci
states.

The mobility of barium ions in argon at 1 atmosphe
pressure and 273 K is quoted by Viehland and Mason@31# as
m i051.7931024 m2 V s21. No values are given for neon o
xenon. However, values for the ion mobilities for cesium
all rare gases are given by McDaniel and Mason@32# and the
values in helium and argon are within 15% of the values
barium. The barium ion mobilities in neon and xenon a
therefore set to the cesium values—6.031024 m2 V21 s21

~Ne! and 9.131025 m2 V21 s21 ~Xe!. The mobility in the
discharge is computed using the factorm i5m i0Na /N, where
Na is the gas density at 1 atmosphere and 273 K andN is the
gas density in the discharge.

C. Radiation transport parameters

The Einstein coefficients for the spectral lines included
the program are from Fuhr and Wiese@33# and are listed
below
Neutral lines l0 nm Ajk s21

6p 3P1→6s1S0 791.2 2.983105

6p 1P1→6s1S0 553.6 1.193108

6p 1P1→5d 3D2 1129.9 1.203105

6p 1P1→5d 1D2 1500.2 2.83105

Ion lines

6s2P1/2→6s2S1/2 493.4 9.553107

6s2P3/2→6s2S1/2 455.4 1.173108

6s2P1/2→5 2D3/2 649.7 3.323107

6s2P3/2→5 2D5/2 614.2 3.703107

Broadening of the 553 nm line due to collisions with arg
and helium atoms has been measured by Ehrlacher
Huennekens@34#. The van der Waals coefficient@18# for
argon was found to beB5(3.6/2p)310215m3 s21, and for
helium was found to beB5(3.9/2p)310215m3 s21. Due to
the fact that the coefficient varies by only 10% between
gon and helium, we have assumed the argon value fo
gases. All ionic lines are assumed to be optically thin.

V. RESULTS AND DISCUSSION

A number of calculations have been performed to dem
strate the influence of discharge current, rare-gas type
pressure, and barium vapor pressure on the performanc
low-pressure barium discharges. All calculations have
sumed an inner diameter of 10 mm. Calculations have b
performed for discharges in Ne, Ar, and Xe, with rare-g
pressures of 1 to 15 torr at room temperature, barium va
pressure of 5–20 mtorr and discharge currents of 100 mA
1 A. Results are presented as a function of barium va
n
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pressure rather than cold spot temperature, in view of
broad spread of barium vapor pressure data in the literat
Our best estimates indicate that the range considered c
sponds to a cold spot temperature;600–700 °C. Not all
values in this parameter range are accessible to the cu
version of the code, due to lack of convergence in case
strong cataphoresis. This is particularly true in the case
neon, which has a much higher ion mobility~and therefore
ambipolar diffusion coefficient! than argon and xenon. Th
convergence problems arise because there are insuffi
barium atoms at the center of the discharge to provide
necessary particle balance at any electron temperature
these cases, we would expect rare-gas excitation to bec
important, but this effect is not included in the curre
model.

Figure 1 shows the fraction of power converted to visib
radiation, as a fraction of the total input power per u
length to the positive column in a discharge containing 5 t
of rare gas at 298 K with a barium vapor pressure of
mtorr. The contributions from the neutral 553 nm line a
the barium ionic lines are plotted separately. Due to the
duced quenching of the 61P1 state by neon atoms compare
to argon and xenon, the green 553 nm line is predicted
dominate the spectrum for input powers less than;35 W/m.
In discharges in argon and xenon, however, the power d
pated by ionic radiation is calculated to be equal to or grea
than the contribution from the 553 nm line neutral bariu
radiation for almost the entire power range considered.

The influence of buffer gas pressure for the discha
considered above, operating at 400 mA, is illustrated in F
2 and 3. Figure 2 shows the influence of quenching of the
resonance level by the rare-gas atoms, resulting in a mo
tonic decrease in the fraction of power converted to 553
radiation with increasing rare-gas pressure. However, thi
compensated by anincreasein the fraction of power con-
verted to radiation from the barium ionic lines. Figure 3
lustrates that for constant discharge current; the total ra
tion from the discharge increases montonically as rare-
pressure increases~as does total discharge power! due to the

FIG. 1. Fraction of total input power converted to visible rad
tion as a function of total power per unit length in the positi
column for a discharge containing 12 mtorr Ba and a density of r
gas corresponding to 5 torr at 298 K, ID510 mm. Full lines, neutral
barium radiation. Dotted lines, Ba ionic radiation.
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large decrease in wall losses at higher pressures. The
crease in losses due to quenching for discharges in a
compared to neon is also graphically illustrated.

The influence of barium vapor pressure on the radiat
output of the discharge is illustrated in Fig. 4. The fraction
power contained in the ionic lines decreases montonic

FIG. 2. Fraction of total input power converted to visible rad
tion as a function of rare-gas pressure for the conditions of Fig
discharge currentI 5400 mA.

FIG. 3. Detailed power balance as a function of rare-gas p
sure for the discharge for conditions of Fig. 1,I 5400 mA. ~a!
Argon; ~b! neon.
in-
on

n
f
ly

with increasing vapor pressure. The fraction radiated at
nm saturates at sufficiently high vapor pressures, altho
the value at which this occurs is higher for neon than arg
or xenon.

An interesting feature of Ba–rare-gas discharges is t
in common with low-pressure sodium discharges@9#, the cal-
culations predict a positive characteristic for the maintena
~axial! electric field as a function of discharge current f
high currents, as illustrated in Fig. 5. In sodium discharg
this has been attributed to cataphoresis, and in barium
charges the increased quenching of the radiative states a
current increases is an additional power loss which furt
raises the electric field. An interesting feature in Fig. 5 is t
the electric field in xenon is higher than that in argon, whi
is contrary to the situation observed in mercury- and sodiu
rare–gas discharges. The reason for this behavior appea
be due to the existence of the ionic spectral lines in bariu
The electron density is higher in discharges in xenon a
argon, resulting in more power being dissipated in radiat
from ionic lines, leading to a higher electric field.

Finally, it is interesting to examine the electron tempe
ture in these discharges as a function of discharge curr

1,

s-

FIG. 4. Fraction of total input power converted to visible rad
tion as a function of Ba vapor pressure for the conditions of Fig
discharge currentI 5400 mA.

FIG. 5. Electric fieldE as a function of discharge currentI for
the conditions of Fig. 1.
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which is illustrated in Fig. 6. As expected, electron tempe
tures are considerably lower than in comparable discha
in Hg, due to the lower ionization potential of Ba. Electro
temperatures in discharges containing neon are some
higher than in argon and xenon, due to the higher mobility
barium ions in neon and the consequent increase in the
bipolar diffusion coefficient.

VI. CONCLUSIONS

The results of calculations described in this paper h
been obtained using the best available data for the impor
physical processes in barium–rare-gas discharges for li
ing. Calculations indicate that there is a wide range of op
ating parameters for which a ‘‘white’’ light source might b
obtained, although the practical limitations of operati
lamps under these conditions have yet to be investiga
There remains some uncertainty regarding the quenching
for the principal resonance state in neutral barium and
broadening of this resonance line by foreign gases. Us
experimentally measured values for the quenching cross
tions, the calculations predict that barium discharges in n
would have higher efficacy at the same input power th
discharges in either argon or xenon. However, the high
efficacy is found for lower input power, due to the increas
power radiated in the green 553 nm line, and this would
less favorable for the production of ‘‘white’’ light. A furthe
uncertainty is the knowledge of the cold spot temperat
needed to attain the required barium vapor pressures.

On the basis of the reported calculations, the followi
conclusions may be drawn.

The green 553 nm line is predicted to dominate the io
lines for discharges in neon for input powers;35 W/m. In
discharges in argon and xenon, however, the power d
pated by ionic radiation is calculated to be equal to or gre
than the neutral barium radiation for almost the entire pow
range considered.

For discharges in xenon, argon, and neon, the contr
tions from ionic and neutral barium lines are equivalent
buffer gas pressures of about 1, 2, and 3 torr, respectively
higher pressures, the fractional contribution from ionic lin
saturates and that from the neutral barium monotonic
decreases.

FIG. 6. Electron temperatureTe as a function of discharge cur
rent I for the conditions of Fig. 1.
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For discharges in argon and xenon, the fractional con
bution from neutral lines appears to saturate for barium
por pressures above about 10 mtorr. Discharges in neo
not appear to saturate until about 20 mtorr, with a predo
nantly green emission. The fractional ionic radiation d
creases with increasing barium vapor pressure.

For the range of parameters considered, all discharges
hibit a positiveV– I characteristic.

The most important processes not included in the pres
model are the excitations between excited states by elec
impact, for which there are no cross sections available in
literature. The model does not include the effects of rare-
excitation, which may be important at higher discharge po
ers, where cataphoresis dominates. However, the model
suggests that in this parameter range, light output is sign
cantly reduced.
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APPENDIX: THE ENERGY BALANCE EQUATION

In a collision dominated positive column, the electro
drift velocity is usually much smaller than the random velo
ity, and therefore the electron velocity distribution functio
f e(vW ,rW), wherevW is the velocity vector andrW is the position
vector, is only weakly dependent on the direction of the v
locity vW . In this casef e(vW ,r ) may be approximated by th
sum of the first four terms of the spherical function ser
expansion@35#,

f e~vW ,r !5 f 0~«,r !1
vW
v
• fW1~«,r ! ~A1!

where«5mev
2/2 is the electron energy. For the case of

steady state axially uniform cylindrical positive column, th
zeroth-order expansion of the Boltzmann equation is

v
3r

]

]r
~r f 1r !2

1

3v
]

]«
$v2~Ezf 1z1Er f 1r !%5C~ f 0!,

~A2!

whereC( f 0) represents the rate of change of the functionf 0
due to electron collisions. The spatially dependent equa
of the electron energy balance per unit volume follows fro
Eq. ~A2! applying the operatore*0

`«D(«)d«,

1

r

d

dr
~rQr !2Ezj z

22Er j r
252H, ~A3!

where Qr5e^v«& r is the radial component of the electro
energy flux density and@cf. Eq. ~9!#

H~r !52E
0

`

«D~«!C@ f 0~«,r !#d«5H inel~r !1Hel~r !.

~A4!
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The equation for the energy balance per unit length in
discharge can be obtained from Eq.~A4! by integrating over
2pr dr to the tube radiusR,

I eEz52pRQr~R!12pE
0

R

r dr $H~r !1E~r ! j r
1~r !%,

~A5!

whereI e52p*0
Rr j z

2(r )dr is the total electron discharge cu
rent, j r

152 j r
2 is the radial ion current andQr(R)

'«wj r
1(R) is the electron energy flux density to the wa

and «w is the average energy of electron reaching the w
Since the radial field has a very sharp maximum in the she
near the wall, the second term on the RHS of~A5! may be
approximated by

E
0

R

r dr Er~r ! j r
1~r !'R jj

1~R!E
0

R

dr Er~r !5R jr
1~R!Vw ,

~A6!

where Vw is the potential drop in the sheath. Finally, E
~A5! may be written
c

n

,

-

er
,

s.

f
,

e

l.
th

I eEz52pE
0

R

r dr H ~r !12pR~«w1Vw! j r
1~R!. ~A7!

The equation for the sheath potential dropVw is obtained, by
equating the electron random velocity to the wall and i
sound velocityv th at the plasma-sheath boundary. This giv

1

4 S 2e

me
D 1/2E

Vw

`

~«2Vw! f ~«,r !d«5vs5S kTsc

Ms
D 1/2

, ~A8!

whereTsc is the ‘‘screening temperature’’@36#

kTsc52H E
0

`

«21/2f ~«!d«J 21

. ~A9!

For the Maxwell-Boltznmann distribution,Tsc5Te and

Vw5
kTe

2e
lnS M

2pme
D . ~A10!
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