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The fundamental principles of low-pressure discharges containing a minority of b&itB® mtory 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 §*P, 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 thatpthe, Gstate 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 derasta function of discharge current, rare-gas,
and barium vapor pressure.

PACS numbd(s): 52.80—s

[. INTRODUCTION Breckenridge and MerrowWl2], who found that the cross
section for neon is five times lower than for argon and six
Barium has been proposed as a radiator in low-pressuriimes lower than xenon. The measured cross sections are
discharge lampgl] because it has a strong resonance radiasufficiently large for this process to play an important role in
tion line at 553 nm(553.5480 nm in aj; near the maximum both the particle balancénd therefore radiation balance
of the eye response curve. Further, the barium ion has strorend the electrical characteristics of the discharge.
emission lines at 455, 493, 614, and 650 nm, which can The quantitative importance of the principal physical
augment the predominately green neutral barium radiation tmechanisms, particularly cataphoresis and rare-gas quench-
produce a “white” light as reported by Curmt al. [2]. ing, in low-pressure barium—rare-gas discharges has been in-
Metallic radiators currently used in low-pressure dis-vestigated by appropriately modifying the computer code
charge lamps are mercury and sodium. Mercury has a vap@LomAc [13], which was developed to model the positive
pressure of a few mtorr at room temperature and radiatesolumn of mercury—rare-gas discharges. In this paper, results
principally in the ultraviole{UV), a phosphor being required of calculations of the power balance, electric field, and elec-
to convert UV to visible light, with a consequent reduction in tron temperature in these discharges are presented as a func-
efficiency in converting one high energy UV photon to ation of discharge current, rare-gas pressure, and barium va-
visible photon at considerably lower energy. Sodium re-por pressure. The model uses the best available data for the
quires a temperature of 260 °C to attain the operating vapaprincipal processes in these discharges and the uncertainties
pressure of 3 mtorr in low-pressure sodium lamps and thassociated with this data, together with processes for which
principal radiation is at 589 nm, which is a yellow light data are not currently available, are discussed in the text.
suitable for outdoor applications where color rendition is not Results predict that for discharges operatingc20 W/m,
a major consideration. Barium requires an even higher temeonversion of electrical energy to radiated power is maxi-
perature(600—700 °Q to attain a vapor pressure of a few mized if neon is used as the buffer gas. However, in this
mtorr and there is a considerable spread in the published datase, radiation is predominately gre@b3 nm while dis-
on barium vapor pressure as a function of temperd@+&].  charges using argon and xenon radiate a higher fraction of
In common with discharges in other metal vapors, depleinput power from barium ions, and therefore a “whiter”
tion of barium by radial cataphoresis plays an important roldight. This result qualitatively confirms results previously re-
in the discharge behavior, particularly at higher dischargeported|[2], using a simpler model for barium discharges con-
powers and lower vapor pressures. This effect was first obraining argon as buffer gas, in which it was shown that at
served by Druyvesteyfi8] in low-pressure sodium lamps higher discharge currents-1 A) the fractional power from
and its importance in these lamps has been demonstrated mnic lines was comparable to or in excess of the fraction
extensive modeling and experimental measuremé¢@is from neutral barium. The inclusion of other effects in the
Cataphoresis has also been observed in barium vapor lasgseesent paper, in particular two step ionization via interme-
[10] and in mercury—rare-gas fluorescent lamps. diate metastable states, has substantially modified the quan-
Another important process in barium—rare-gas dischargestative conclusions drawn in that paper.
is the quenching of the P, resonance level of barium The physical processes included in the numerical model
(the upper level of the 553 nm resonance transjtlpnrare-  are discussed in Sec. Il and the data used for the calculations
gas atoms. Cross sections for this process were measured isysummarized in Sec. lll. The results of a set of calculations
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TABLE I. Energy levels for Ba included in the model. Ba(6p 3P1)+XH Ba(5d 1D2)+X,

Ba ev Ba(5d'D,) + X—Ba(5d D) + X,
61s, 0
5d °D; 1.12 whereX represents a ground state rare-gas atom. The energy
5d 3D, 1.14 lost by excited barium atoms in this process is assumed to be
5d 3D, 1.19 converted to gas heat.
5d 1D, 1.41 The electron density is assumed to be sufficiently high for
6p 3P, 1.52 the_electro_ns to follow a Maxwell-Boltzmann energy distri-
6p 3P, 157 bunon, defined through the electron energy probability func-
6p 3P, 1.68 tion (EEPB,
6p 1P, 2.24

Ba’ fe)= ——2 /KT )
625, 521 ()= =y OXH— o/kT)
52Dy, 5.82
5 ?Dsyp 5.92 ¢ is the electron energyl,. is the electron temperature, and
6 “Pyp 7.73 [0 (e)de=1.
6 2F’3/2 7.94

Ill. THEORETICAL MODEL AND BASIC EQUATIONS

appropriate to a discharge of internal diametér) of 1 cm A. Ambipolar diffusion
are discussed in Sec. V, and some conclusions from this

work are discussed in Sec. VI. Since the electron and ion motion in the positive column

is collision dominated, the Schottky model for ambipolar dif-
Il. THE PHYSICAL MODEL fusion is appropriate,

The discharge is maintained by a constant electric current Z
such that the rate of ionization exactly equals the diffusion of ror
ions and electrons to the walls. Since electrons have a higher
mobility than ions, the ambipolar radial electric field is es-where D, is the ambipolar diffusion coefficient), is the
tablished to ensure equal flow of electrons and ions to mainelectron densityS, is the net particle production rate per unit
tain a steady state. The electron temperature in the dischargelume of electronsp; is the density of barium atoms in
is assumed to be sufficiently low such that only barium at-statej, andZ;; is the ionization rate coefficient from stgte
oms are excited, the rare-gas atoms remaining in their
ground state. The positive column is assumed to be suffi- 2 \12 o
ciently long for the axial field to be uniform, and hence only Zj= (H) f f(e)q;i(e)e de (3
radial variations in the discharge parameters need be consid- ¢ 0
ered.

Electrons which are accelerated in the axial electric fiel
of the positive column dissipate their energy through colli-
sions with particles of all other species in the discharge. The Dot uD. KT
inelastic electron collisions included in the present model are p =Hie T eri A% e (4
excitation of barium atoms from the ground state, de- Met ui €
excitation to the ground staisuper elastic collisions and
ionization from ground and excited states. The energy exwhereue, ui, De, andD; are electron and ion mobility and
pended in this process is either radiated or lost to the wallgiffusion coefficients, respectively.
by diffusion. Elastic collisions between electrons and other Boundary conditionThe ion flux at the sheath edge near
species in the discharge determine the electrical conductivitthe wall obeys the Bohm criteriofij(R) =n.vs where v,
and hence the electrical characteristics of the discharge. Elass(kT/M)Y? andM is the mass of the barium ion. Equating
tic collisions between electrons and atoms and ions produciis flux to the ambipolar flux gives

15( Ng
— r

ay) ~—S.=—ne2 Zjinj, )
J

ndg;ji(e) is the cross section for this process. The ambipo-
ar diffusion coefficient is

gas heating.
The excited states of barium atoms and ions considered in dng
the model and their excitation potentials are listed in Table I. —Da ar  Mels- )

In the present model, the barium atom has two radiative

states (6p3P; and &'P;) and two excited ionic states

(6p2Py, and & 2P, have radiative transitions to lower B. Neutral particle diffusion and radiation transport
levels.

The following inelastic processes between excited barium

atoms and ground state rare-gas atoms are also included ~ The diffusion equations for ground state and metastable
barium atoms in electronic statean been represented in the

Ba(6p'P,)+X—Ba(6p3P,) +X, form [14]

1. Ground state and metastable diffusion
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C. Electron energy balance

* neEK (Zin=Zcy) The equation for the energy balance per unit length in the

discharge igsee the Appendix

ar "IN N

M2 (G = Gy =0, ©)  Wy=1E,
R
whereN is the total gas density arid; is the diffusion co- =27-rf rdr[Hie(r)+He(r)]+27R(ey+ V)i, (R),
efficient for atoms in statg Z;, is the electron-impact rate 0
coefficient for the transitio —k [cf. Eq. (3), substituting (9)
qjk(#), the cross section for this procds€i* * is the re- _ _ _ _
action rate coefficient for the process WhereV\_/tfjt is the total electnf:al poweper quuf[ Jengtbl in
the positive column of the dischardg=2[yrj, (r)dr is
Ba+X—Ba+X, the total electron discharge current,

where X represents a ground state atom of the buffer gas, jz =0eEs, (10

densityny. Metastable atoms and ions diffuse outwards toﬁeze”e,ue is the electrical conductivityt () andHg(r)

the walls, while ground state atoms diffuse inwards at &g the net collisional rates per unit volume of electron en-

much slower rate than ions, leading to barium depletion inyqy joss due to inelastic and elastic collisions, respectively,

the center of the dischargeataphoresis &, is the average energy of electron reaching the st
Boundary conditionsFor metastable statef. [15], p. 14 g med to be BT./2), V,, is the potential drop in the sheath,

the particle flux to the wall is andj, (R)=el'*(R) is the ion current density to the wall.

g in\ 1 For a Maxwellian EEPK1), the electron mobilityu, is

- i) _
Fi‘_DJNE(N)_Z”i”a' @ e (2 f e .
lu’e_gNkTe m_e Oqt(g) (8) &, ( )

wherev .= (8kTy/mM)*?is the particle thermal velocity.
whereq;(e) is the total electron transport cross section
2. Radiation transport

n
A barium atom in radiative stafewill decay much faster Uu(8) = Qenl &) + Qinel(€) + — Qele)

than the time scale for diffusion to the wall and these states N ve

satisfy a set of rate equations Qem(e) is the electron momentum transfer cross section,
Oinel(e) is the total inelastic cross sectiong(e) is the

(12

neE (ijnk_zjknanxE (CEja—Xnk_CjBka—xnj) electron-ion Coulomb cross section, given in MKS units by
K K e \2
qe(s):_Z( ) InA,
+2k (Bjknj— BN =0, t) e”\4meo
nee®
1 NA=—-zIn| =——=3, (13
where g s~ is the fundamental mode trapped decay rate 2 19(4m)%(egkTe)

for the transitionj—k [16]. Lawler and Curry{17] devel- _ o

oped an analytic formula fog;, for resonance lines as a ve=0.582 for a singly ionized gg21], and

function of the ground state density, gas temperaturg,,

and the discharge radil® based on extensive Monte Carlo Hinel(r)znez gjkZjkN; (14
calculations, for the case of uniform ground state density and Ik

negligible isotopic and hyperfine structure. This formula in'wherea is the difference in energies between levielsnd
cludes the effect of partial frequency redistribution in a real-; Ik
o ) 7 . . j and
istic fashion. It has also been modified to include the influ-
ence of foreign gas broadeninfll8] and nonuniform 12 * 2Mg
distributions of ground state atoms, such as are produced by Hel(r):(ﬁ) NneJ' M LGen(&)+ Ginei(e)]
cataphoresig§19]. For details of the formula used in this N 0
work, the reader is referred to Refd.8] and[19].

We ignore the effect of hyperfine and isotopic structure X
on the fundamental mode trapped decay, as it is expected to
be small. Approximately 72% of naturally occurring Ba is Note thatH(r) includes the contributions from all electron
1388a with no hyperfine structure. Considering the resonanceollision processes with the exception of electron—electron
line at 553 nm, only approximately 3% of the total line Coulomb interactions, which have no direct role in the elec-
strength is shifted by more than 305 MH20]. The half-  tron energy balancg§22], p. 40, although they may contrib-
width at 1& max of the Doppler line shape, in comparison, isute indirectly to energy dissipation in the electric field by
approximately 600 MHz at an operating temperature ofhelping to maintain the Maxwellian electron energy distribu-
650 °C. tion function.

3KT,
&= — ef(e)de. (15
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For the Maxwell-Boltznmann probability functiofcf. TABLE Il. (a) Cross section at 693 Kunits 10 2°m?). (b) Rate

Appendix (Eq. A10], coefficients at 880 Kunits 10 *®m®s™) for barium atom colli-
sions with rare-gas atoms.
kTe M
Vw=5g N5 (16) 6p'P,—6p3P, 6p3P,—-5d'D, 5d'D,—5dDs
N Rare gas @ (b) (b)
Fo_rttljlscr][ﬁr?etshm Baﬂw~4.&el\{. -It—r?e t(ljtaltfluxf(l)f ions perb Ne 0.43-0.16 40-3 3.51+0.18
lénl (g)ng o the wall is equal to the electron flux, given by - 25+0.6 4342 0.29-0.04
a. " . . Kr 3.9£2.0 22914 0.16£0.04

Detailed power balanceThe detailed power balance in X 31410 £ 903 3,28+ 0.20

the positive column, in analogy to E), is € T T ' '
Wiot= Winet Wert Waheath (17) R rdr
where the three terms on the RHS (df7) represent three Zngfo KT4(r) =Nr, (24)
terms on the RHS 0of9). The total power per unit length
dissipated in inelastic processes may be further partitioned
P P / P pg=N(DKT,(r), (25)

Winel= WragtWp + Wq ) (18 . . .
wherepy is the (constank partial gas pressure amd is the
where W4, Wp, and W, represent the power per unit total number of atoms per unit length. The wall temperature
length dissipated by radiation, diffusion of ions and meta-Ty iS an input parameter, typically the estimated value of the
stable atoms to the wall and quenching by rare-gas atom€0ld spot temperature.
respectively.
The total power per unit length from the radiative transi- IV. DATA

tion k— | reaching the wall$cf. Eq. (8)] is ) )
A. Electron impact cross sections

R . . . . . .
Wrao()\kj)zzwsjkﬁjkf ne(r)rdr (19) Cross sections for excitation of thep6P; and ionization

0 from the ground state have been measured by Chen and Gal-
lagher[23] and Dettmann and Karstensgd¥], respectively.
and Excitation of all other neutral barium excited states in Table
| have been computed by Fursa and Bfa$] using close
_ , coupling calculations. The good agreement obtained between
Wrad_% Wrad M) 20 the calculated and experimentally measured values for the
excitation cross section of pg-P; from the ground state
The total diffusion losses of ions and metastable atoms arnds confidence in the accuracy of these calculations.

obtained from Eqs(5) and(7), The only cross section for transitions between excited
states available in the literature is that gb &, from the
Wo=27R| S s-D-Ni (ﬂ) 4eD dne state 31'D,, for which measured and calculated values are
T 1 dr AN A dr - presented in Johnsat al.[26]. Cross sections for ionization

(21)  from excited stateg are computed from the formula by
Vriens and Smeet27]
It is often convenient to combine the diffusion and sheath

losses into a single term representing wall 10S984,, (e)= ™ €
=Wgneait Wp . The power per unit length dissipated due to qiite)= g+3.2%;j; | 4meg
rare-gas quenching Wq:27rf§r dr Hgy(r), where

2

25 1 2 o6
38ji & 3 87 ’ ( )
whereeg;j; is the ionization potentialin joules from state;.
. . . . 2 . .
H.(r)=n cBaXp 29 Excitation to the ionic levels Py, 3, from the ionic
a(") X% ik ] 22 ground state have been measured by Cranefadl. [28].
These states are assumed to radiate instantaneously, either to
the ionic ground state or 43, 55, levels (cf. Sec. IVO.
. _ lons in state §D3,2,5,2 populated by the above radiative tran-
The heat conduction equation, to compute gas temperasitions are assumed to return instantly to the ionic ground
ture profiles, is state due to collisions of the second kind, hence their popu-
1d lation density is not computed in the model.

dTg
T ar| Ke(To)" 1

D. Gas heating

+Heg(r)+Hg(r)=0, (23
B. Diffusion and collisional processes in rare gases

where k4 is the thermal conductivity of the gas. The local ~ The most important atomic process involving barium and
barium density is computed froi), in order to account for rare-gas atoms reported in the literat[t&] is the quenching
cataphoresis. Rare-gas densities are obtained from Charle§the 6p 1P, state of barium to the [5°P, state, for which
law cross sections are listed in column 1 of Table Il. Rate coef-
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ficients for quenching of other radiative states have been 08+

measured by Brust and GallagH&9] and the most impor- 07 - Xe

tant of these are listed in Table II. o T Ar
Diffusion coefficients for Ba(E3D2) state have been 064

measured by Walkeet al. [30]. The diffusion coefficients :

Do at 273 K and 1 atm pressure ar®,=2.01 054

xX10°m?s ! (Ne), 1.43<10 °m?s ! (Ar), and 8.40

X 10 ®m?s™! (Xe). These values are assumed also for dif-
fusion of the ground state of Ba and all nonradiative excited
states.

The mobility of barium ions in argon at 1 atmosphere 927
pressure and 273 K is quoted by Viehland and Md&dn as ]
mio=1.79x10 *m?V s~ L. No values are given for neon or 1 7
xenon. However, values for the ion mobilities for cesium in oo d4——— . . . . . T . :
all rare gases are given by McDaniel and Mag&#| and the 0 20 40 60 80 100
values in helium and argon are within 15% of the values for Power (W/m)
barium. The barium ion mobilities in neon and xenon are
therefore set to the cesium values—8I0 *m?V - 1s1
(Ne) and 9.2x10 °m?V~1s™! (Xe). The mobility in the
discharge is computed using the factgr= u;gN, /N, where
N, is the gas density at 1 atmosphere and 273 KMimlthe
gas density in the discharge.

0.4 . Ne

Fraction

0.34

FIG. 1. Fraction of total input power converted to visible radia-
tion as a function of total power per unit length in the positive
column for a discharge containing 12 mtorr Ba and a density of rare
gas corresponding to 5 torr at 298 K,41.0 mm. Full lines, neutral
barium radiation. Dotted lines, Ba ionic radiation.

o pressure rather than cold spot temperature, in view of the
C. Radiation transport parameters broad spread of barium vapor pressure data in the literature.
The Einstein coefficients for the spectral lines included inOQur best estimates indicate that the range considered corre-

the program are from Fuhr and Wie§83] and are listed SPONds to a cold spot temperaturé500—~700 °C. Not all

below values in this parameter range are accessible to the current
Neutral lines Ao NM Ay st version of the code, due to lack of convergence in cases of
strong cataphoresis. This is particularly true in the case of
6p°P,—6s'S, 791.2 2.9 10° neon, which has a much higher ion mobilitgnd therefore
6plP,—6s'S, 553.6 1.1%10®  ambipolar diffusion coefficientthan argon and xenon. The
6ptP;—5d°3D, 1129.9 1.2x10° ~ convergence problems arise because there are insufficient
6ptP,—5dD, 1500.2 2 &10° barium atoms at the center of the discharge to provide the
necessary particle balance at any electron temperature. In
lon lines these cases, we would expect rare-gas excitation to become
5 5 > important, but this effect is not included in the current
65°P1,—65°S,), 493.4 9.5% 10 model.
6S°P3,—65°Sy) 455.4 1.1%10° Figure 1 shows the fraction of power converted to visible
6s2P1,—5%Dg), 649.7 3.3x10’ radiation, as a fraction of the total input power per unit
652P3,—5%Dg), 614.2 3.70 107 length to the positive column in a discharge containing 5 torr

of rare gas at 298 K with a barium vapor pressure of 12
Broadening of the 553 nm line due to collisions with argonmtorr. The contributions from the neutral 553 nm line and
and helium atoms has been measured by Ehrlacher anfle barium ionic lines are plotted separately. Due to the re-
Huennekengd34]. The van der Waals coefficiei8] for  duced quenching of the'®, state by neon atoms compared
argon was found to bB=(3.6/2) x 10" **m*®s™%, and for  to argon and xenon, the green 553 nm line is predicted to
helium was found to b8=(3.9/2) 10" *m3®s™ . Due to  dominate the spectrum for input powers less th&5 W/m.
the fact that the coefficient varies by only 10% between arin discharges in argon and xenon, however, the power dissi-
gon and helium, we have assumed the argon value for apjated by ionic radiation is calculated to be equal to or greater

gases. All ionic lines are assumed to be optically thin. than the contribution from the 553 nm line neutral barium
radiation for almost the entire power range considered.
V. RESULTS AND DISCUSSION The influence of buffer gas pressure for the discharge

considered above, operating at 400 mA, is illustrated in Figs.
A number of calculations have been performed to demon2 and 3. Figure 2 shows the influence of quenching of the Ba
strate the influence of discharge current, rare-gas type angsonance level by the rare-gas atoms, resulting in a mono-
pressure, and barium vapor pressure on the performance twnic decrease in the fraction of power converted to 553 nm
low-pressure barium discharges. All calculations have asradiation with increasing rare-gas pressure. However, this is
sumed an inner diameter of 10 mm. Calculations have beecompensated by amcreasein the fraction of power con-
performed for discharges in Ne, Ar, and Xe, with rare-gasverted to radiation from the barium ionic lines. Figure 3 il-
pressures of 1 to 15 torr at room temperature, barium vapdustrates that for constant discharge current; the total radia-
pressure of 5—20 mtorr and discharge currents of 100 mA téion from the discharge increases montonically as rare-gas
1 A. Results are presented as a function of barium vapopressure increaséas does total discharge poweiue to the
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FIG. 2. Fraction of total input power converted to visible radia-
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0.7 1
Xe
0.6
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FIG. 4. Fraction of total input power converted to visible radia-

tion as a function of rare-gas pressure for the conditions of Fig. Ljon as a function of Ba vapor pressure for the conditions of Fig. 1,
discharge current=400 mA.

compared to neon is also graphically illustrated.

The influence of barium vapor pressure on the radiatio
output of the discharge is illustrated in Fig. 4. The fraction of
power contained in the ionic lines decreases montonicall)(n

404

304

20

Power (W/m)

Total

radiation

__ - elastic
N quenching

wall

80

50+

404

30

Power (W/m)

20

Rare gas pressure (torr)

Total

. radiation

--- elastic

PO eyl

quenching

(b)

T T T 4 1
5 10 15

Rare gas pressure (torr)

discharge current=400 mA.

With increasing vapor pressure. The fraction radiated at 553

Y saturates at sufficiently high vapor pressures, although

the value at which this occurs is higher for neon than argon

Q)r xenon.

An interesting feature of Ba—rare-gas discharges is that,
common with low-pressure sodium discharg@k the cal-
culations predict a positive characteristic for the maintenance
(axial) electric field as a function of discharge current for
high currents, as illustrated in Fig. 5. In sodium discharges,
this has been attributed to cataphoresis, and in barium dis-
charges the increased quenching of the radiative states as the
current increases is an additional power loss which further
raises the electric field. An interesting feature in Fig. 5 is that
the electric field in xenon is higher than that in argon, which
is contrary to the situation observed in mercury- and sodium-
rare—gas discharges. The reason for this behavior appears to
be due to the existence of the ionic spectral lines in barium.
The electron density is higher in discharges in xenon and
argon, resulting in more power being dissipated in radiation
from ionic lines, leading to a higher electric field.

Finally, it is interesting to examine the electron tempera-
ture in these discharges as a function of discharge current,

125 q

Xe
Ne
100
E A
v
z
w
75
50 T T T T 4 T T 1
0 200 400 600 800 1000

[ (mA)

FIG. 3. Detailed power balance as a function of rare-gas pres-

sure for the discharge for conditions of Fig. =400 mA. (a)

Argon; (b) neon.

FIG. 5. Electric fieldE as a function of discharge currenfor
the conditions of Fig. 1.
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8000 Ne For discharges in argon and xenon, the fractional contri-
] bution from neutral lines appears to saturate for barium va-
7500 - por pressures above about 10 mtorr. Discharges in neon do
] not appear to saturate until about 20 mtorr, with a predomi-
70004 nantly green emission. The fractional ionic radiation de-
] creases with increasing barium vapor pressure.
X 6500 For the range of parameters considered, all discharges ex-
° hibit a positiveV—I characteristic.
6000 Ar The most important processes not included in the present
/Xe model are the excitations between excited states by electron
5500 / impact, for which there are no cross sections available in the
literature. The model does not include the effects of rare-gas
excitation, which may be important at higher discharge pow-
o 200 40 600 800 1000 ers, where cataphoresis dominates. However, the model also
I (mA) suggests that in this parameter range, light output is signifi-
cantly reduced.

5000

FIG. 6. Electron temperaturg, as a function of discharge cur-
rent| for the conditions of Fig. 1. ACKNOWLEDGMENTS
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barium ions in neon and the consequent increase in the am-

bipolar diffusion coefficient. APPENDIX: THE ENERGY BALANCE EQUATION
VI. CONCLUSIONS In a collision dominated positive column, the electron

drift velocity is usually much smaller than the random veloc-

The results of calculations described in this paper havgy and therefore the electron velocity distribution function
been obtained using the best available data for the |mportaqe(5,r+), whered is the velocity vector and is the position
physical processes in barium-rare-gas discharges for lighfzector, is only weakly dependent on the direction of the ve-
ing. Calculations indicate that there is a wide range of OPeffocity 7. In this casef(v,r) may be approximated by the

ating parameters for which a “white” light source might be gm of the first four terms of the spherical function series
obtained, although the practical limitations of Operat'”gexpansior[SS]

lamps under these conditions have yet to be investigated.
There remains some uncertainty regarding the quenching rate i .
for the principal resonance state in neutral barium and the fe(v,r)="fo(e,r)+—-fi(e,r) (A1)
broadening of this resonance line by foreign gases. Using v
experimentally measured values for the quenching cross S€Gihere e =
tions, the calculations predict that barium discharges in neo
would have higher efficacy at the same input power tha
discharges in either argon or xenon. However, the highes
efficacy is found for lower input power, due to the increased 1 9
power radiated in the green 553 nm line, and this would be ar —(rfq)— 3——{02(Ezflz+ E f1)}=C(fp),
less favorable for the production of “white” light. A further For v de

uncertainty is the knowledge of the cold spot temperature

needed to attain the required barium vapor pressures.
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mev?/2 is the electron energy. For the case of a
Qteady state axially uniform cylindrical positive column, the
eroth-order expansion of the Boltzmann equation is

(A2)

. g . whereC(f,) represents the rate of change of the functign
On the basis of the reported calculations, the fOIIOWIr]gdue to electron collisions. The spatially dependent equation

conclusions may be drawn. )
The green 553 nm line is predicted to dominate the ionic:;f th(i;a)le;:trolnifntta;geyobe:ra;:feoerAlJ(n|)tc;/olume follows from
lines for discharges in neon for input power85 W/m. In q: pplying P 0&218)1E,

discharges in argon and xenon, however, the power dissi-
d by ionic radiation is calculated to be equal td e

pated by ionic radiation is calculated to be equal to or greater Z d_(rQr) ~E,j, —E;j; =—H, (A3)
than the neutral barium radiation for almost the entire power rdr
range considered. ] ]

For discharges in xenon, argon, and neon, the contribihere Q,=e(ve), is the radial component of the electron
tions from ionic and neutral barium lines are equivalent forenergy flux density anfcf. Eq. (9)]
buffer gas pressures of about 1, 2, and 3 torr, respectively. At .
higher pressures, the fractional contributi(_)n from ionic I_ines H(r)= _j eA(e)C[fo(e,r)]de=Hie(r)+H(r).
saturates and that from the neutral barium monotonically 0
decreases. (A4)
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The equation for the energy balance per unit length in the R .
discharge can be obtained from EA4) by integrating over |eEz=2ﬂf0 rdrH(r)+27R(ey+Vyi, (R). (A7)
2qr dr to the tube radiug,

R - The equation for the sheath potential d\p is obtained, by
|eEz=27TRQr(R)+27TJO rdr{H(r)+E(r)j, ()}, equating the electron random velocity to the wall and ion
(A5) sound velocity 4, at the plasma-sheath boundary. This gives

wherel ;=27 [§rj; (r)dr is the total electron discharge cur- 1(2e\Y2 (- KTgo| 12
rent, j=—j, is the radial ion current andQ,(R) 4\ m, v (e=Vy)f(e,r)de=vs= M. (A8)
~guj; (R) is the electron energy flux density to the wall, "
andeg,, is the average energy of electron reaching the wall hereT..is the “screening temperaturd’36
Since the radial field has a very sharp maximum in the sheatw s¢ g P 36}
near the wall, the second term on the RHS(A5) may be " 1
approximated by kTsc=2| j 8_1/2f(8)d8] . (A9)
0
jR + + fR +
rdrE.(r)j, (nN=Rj (R drE.(r)=Rj, (R)V,, o
0 (DI (N=RJ;(R) 0 (=R RV For the Maxwell-Boltznmann distributio,s.= T, and
(A6)
. . . . kTe M
whereV,, is the potential drop in the sheath. Finally, Eqg. Vy==—1In . (A10)
(A5) may be written 2e \2mm,
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