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This monograph reports on both experimental and theoretical work on 
cesium-noble-gas and sodium-noble-gas low-pressure discharges. The investiga
tions are part of a current research program of the Gaseous Electronics Group 
in the Philips Research Laboratories. 

The properties of low-pressure discharges have been a subject of study for 
many years, one main reason being their importance in light production. In 
particular discharges in mercury-noble-gas and sodium-noble-gas mixtures are 
applied on a large scale. The sodium-noble-gas discharge is of special interest 
because it is the most efficient light source to date. In spite of its interesting 
properties relatively few detailed studies of the discharge have been made. 
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1. INTRODUCTION 

1.1. General 

Soqium low-pressure discharges are applied mainly for highway lighting. 
This light source is the most efficient lamp hitherto known (see table l-1). 
This is due to the fact that nearly all the radiation is emitted in the yellow 
lines at 5889·9/5895·9 A. The eye sensitivity is relatively high at this wave
length. This is illustrated in fig. 1.1 which presents the emitted radiation as a 
function of wavelength, the bell-shaped curve indicating the eye-sensitivity 
curve. If all the input power of the sodium discharges could be converted to 
light emission at the 5889·9/5895·9-A lines then the efficacy*) amounts to 
520 lumen/watt, so that there are still considerable possibilities for further 
improvement in the sodium lamp. However, the properties of the present dis
charge system should be understood before improvements can be stated. This 
is the reason why the work described in this monograph was begun. 

The investigations have been carried out both on sodium-noble-gas and 
cesium-noble-gas discharges. Because cesium-noble-gas discharges are easier 
to investigate and are similar to sodium-noble-gas discharges in some charac-

TABLE 1-1 

Rough efficacy values for light production, fJ, defined as the luminous flux in 
lumens divided by the lamp power in watts. The energy losses in the special 
power supplies needed for the operation of the gas-discharge lamps are not 
included in the 'fJ values. The data are obtained from a Philips lamp catalogue 
and ref. 4, p. 205. The light efficacy of the sodium low-pre~sure lamp is accom
panied by very poor color rendering 

lamp 

incandescent 
mercury low-pressure (T.L.) 
mercury high-pressure 
mercury high-pressure with 
halide additives 
sodium high-pressure 
sodium low-pressure 

efficacy 'fJ 

(lumen/watt) 

10-30 
40-80 
40-60 

70-90 
80-120 

130-180 

*) Defined here as the ratio of the luminous flux to the electrical energy input power. An 
efficacy value of 360 lumen/watt has been reported by M. Pi rani, Z. tech. Physik 11, 
482, 1930. However, this result was not obtained in a practical lamp. 
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Fig. 1.1. Visibility curve V(A.) (the data are taken from ref. 5, p. 240). Furthermore, the 
radiant power P* (defined here as the spectral radiant power integrated over a single emis
sion line) is plotted for anNa-Ne-Ar, d.c.-operated discharge; R = 1 em, PNe-Ar 5·5 Torr 
(99 vol.% Ne, 1 vol.% Ar), I= 1·0 A, Nw 4·6. 1019 m- 3 (Tw 533 K). It should be 
noted that a logarithmic scale is used for P*, and P* is normalized by P*(5890 A). The 
luminous flux in lumens, L, is obtained from P* by 

L c :E V(A.1) P*(A.1) 
I 

where A.1 indicates the wavelength of the ith emission line. According to ref. 5, p. 372, 
c amounts to 680 lumen/watt. 

teristic aspects, we started with the study of the cesium-argon system. Experimen
tal data on sodium-noble-gas discharges have been given before by Uyterhoeven 
and Verburg 1

); however, their data are very concise. Measurements on 
cesium-noble-gas discharges under the experimental conditions of interest have 
been reported by Bleekrode and Vander Laarse 2) and Waszink and Polman 3). 

1.2. The discharge system 

For the experiments and calculations we have chosen discharge conditions 
including the circumstances under which sodium lamps are usually operated. 
A survey of the range of values of the experimental parameters is given in 
table I-II. Under these conditions the positive column constitutes the main 
light-emitting part of the discharge, therefore the investigations were mainly 
restricted to this part of the discharge. 

1.3. Discussion of some aspects of this study 

The discharge properties were calculated from a set of equations resulting 
from a model of the positive column. Deviations from the Maxwell electron 
energy distribution and resonance-radiation trapping were accounted for and 
the equations contain no free parameters (see ch. 2). The results of the calcula
tions, for example radial-density distributions of metal-vapor atoms, the electric-
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TABLE 1-11 

Survey of the experimental circumstances 

tube radius 
cathode-anode distance 
noble-gas density 
metal-vapor density 
tube-wall temperature 

Cs 
Na 

discharge current 

7·5-18 mm 
0·5 -1m 
3·2. 1022 -32. 1022 m- 3 

0·2.1019 -6.1019 m- 3 

348-385 K 
520-545 K 
0·1-3·0 A 

field strength and electron temperature as a function of the discharge current 
can be compared directly with experimental data (see ch. 5). 

Figure 1.2 presents some voltage-current characteristics of a d.c. discharge 
in anNa-Ne-Ar mixture (99 vol.% Ne-1 vol.% Ar); the parameter is the wall 
temperature. It will be clear that the temperature should be controlled carefully 
during the measurements. A heat-pipe thermostat was therefore constructed 

v 
(V) 

1 150 

100 

50 

00~------~--------~------~------~--------~------~ 
0-5 1·0 I(Al- 1·5 

Fig. 1.2. Voltage-current characteristics of a d.c.-operated low-pressure sodium lamp; elec
trode distance I= 0·8 m, R = I em, PNe-Ar = 5·5 Torr (99 vol.% Ne-1 vol.% Ar). Curve a: 
Tw = 521·4 K; b: Tw = 523·4 K; c: Tw = 525·8 K; d: Tw = 527·8 K; e: Tw = 530·6 K; 
f: Tw = 533·2 K. 
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which meets the requirements as to temperature stability and homogeneity (see 
sec. 4.2). 

The typical behaviour of the voltage-current characteristics presented in 
fig. 1.2 is caused by depletion of metal-vapor atoms, i.e. at increasing current 
the vapor density at the tube axis decreases significantly. We have studied the 
radial density profile of Cs atoms in Cs-Ar discharges by using a line-absorp
tion technique. The absorption data are interpreted by means of an Abel inver
sion procedure, knowledge of the spectral distribution of the exciting line is not 
required (see sec. 4.3). The experiments on the electron temperature, electron 
density and electric-field strength were performed by the electrostatic-probe 
technique (see sec. 4.6), the results ofthe measurements are presented inch. 5. 

Furthermore, we report on experiments with a sodium low-pressure lamp 
system without a ballast. The operation of this system is based on the partly 
positive characteristic of the discharge due to depletion (see sec. 5.4). The effect 
of contamination of sodium discharges by H20 and H2 is studied in sec. 5.3. 
The results obtained are of interest because the glass wall of the discharge tube is 
expected to emit a considerable amount of H20 on the long run. 

Because sodium lamps are a.c.-operated the time-dependent behaviour was 
also studied (see sec. 5.5). 

A proper description of the radiative decay of excited atoms is important 
because of the large radiative losses of the discharges under investigation. We 
were able to determine the broadening mechanisms for the absorption lines 
from the measurement of line-intensity ratios (see sees 2.3 and 5.2). Further
more, afterglow experiments are shown to reveal information on the decay 
time of excited atoms (see sec. 5.6). 
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2. MODEL OF THE POSITIVE COLUMN 

Abstract 
In this chapter a model for depleted discharges in Cs-noble-gas and 
Na-noble-gas mixtures is presented. Discharge properties such as the 
electric field, discharge current, radial distributions of ground-state 
atoms, electrons and excited-state atoms are found from the solutions 
of a set of equations which result from the model. The model includes 
resonance-radiation trapping and collisional broadening of resonance 
lines taking hyperfine splitting into account. Furthermore, deviations 
from the Maxwell energy distribution of the electrons are dealt with. 

2.1. Introduction 

Models for discharges in metal-vapor-noble-gas mixtures have been de
scribed by a number of authors 6 - 11). Of these authors, Cayless 7 ) and Polman 
et a1.9 ) calculated the properties of discharges in mercury-noble-gas mixtures 
and compared the results with experimental data. Under the experimental con
ditions of interest *) the mercury-atom density can be described, in good ap
proximation, by a uniform distribution. This approximation considerably sim
plifies the model calculations. However, the discharges in cesium-noble-gas and 
sodium-noble-gas mixtures that we wish to describe are operated under con
ditions for which the assumption of a uniform density of the metal-vapor atoms 
is not allowed. On the contrary, the discharge properties are influenced mar
kedly by depletion of ground-state atoms which is caused 12

) by ambipolar 
diffusion of ions to the wall. Depletion was also accounted for by Cayless 7); 

however, this effect is not important in the discharges he studied. Evidence for 
the importance of depletion in Na-Ne discharges was firstly given by Uyter
hoeven 1), detailed experimental data on depleted Cs-Ar discharges were pre
sented by Bleekrode and Vander Laarse 2) and Waszink and Polman 3). De
pletion of ground-state atoms arises from the flow of ions to the discharge-tube 
wall at a high degree of ionization of the metal-vapor atoms. The ambipolar 
diffusion coefficient, which controls the ion diffusion, exceeds the atom-diffusion 
coefficient by about a factor of five. Therefore, large gradients in the atom 
distribution are required in order to assure that the flow of ions to the wall is 
balanced by the flow of atoms from the wall. The discharge-tube wall is the 
only source of metal-vapor atoms and the only sink for ions in the discharges 
under investigation. In this chapter a model for depleted discharges is pre
sented. The model contains no adjustable fitting parameters. Because about 
one half of the electrical energy input is converted to resonance radiation, 
the description of the radiative transfer is important. The theoretical results 
on radiative transfer obtained by Van Trigt 13•14•15) are applied. This treat
ment includes hyperfine splitting and both Doppler and collisional broadening. 
Furthermore the effect of the radial distribution of the excited atoms is 

*) Discharge-tube radius R = 1·8 em, mercury density 2 . 1020 m- 3 , discharge current 0·4 A 
and a noble-gas filling pressure of 3 Torr. 
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taken into account. Deviations from the Maxwell energy distribution of elec
trons are accounted for by using a method proposed by Vriens 16•17). 

The contents of this chapter are partly covered by previous publications 18•19). 

2.2. Principles of the model 

The model describes plasmas which are axially homogeneous, cylindrically 
symmetric and diffusion-controlled. The noble gas is assumed to act only as a 
buffer gas. The atom of the metal-vapor admixture is described in a three-level 
model consisting of a ground state, an ionized state and a doubly degenerated 
(ZP112, 2P 312) excited state (see fig. 2.1). It is assumed that the 2P levels are 
strongly coupled by electron collisions. Because the energy-level separation L1 U 
is much smaller than the electron energy (the separation for Cs L1 U(Cs) 
0·06 eV and for Na LIU(Na) 0·002 eV), the ratio of the number densities 
in both states is assumed to follow from their statistical weights. The following 
electron-induced transitions were taken into account: (i) ionization from the 
ground state and from the excited state, (ii) excitation from the ground state 
and (iii) de-excitation to the ground state. Volume recombination of ions can 
be neglected as follows from detailed balancing. 

The radiative decay of the excited atoms is described with a time constant Terr. 
which exceeds the natural decay time Tnat by several orders of magnitude due 
to the reabsorption of the resonance radiation by ground-state atoms. Atoms 
in the ground state, ions and electrons are radially transported by diffusion. 
The loss of excited atoms by diffusion may be neglected with respect to the 
losses by radiative decay. It is assumed that the temperatures of all species but 
the electrons are equal to the wall temperature, Tw. This temperature determines 

ion 

2p3h __ _ 

zp,h---

Fig. 2.1. The three-level approximation of the Cs and Na atoms. The wavy arrows indicate 
the radiative transitions, the straight arrows indicate electron-induced transitions. For Cs: 
ground state 62S112 , excited states 62P 112 (1·38 eV) and 62P 312 (1·44 eV) taken as one state, 
ionized state (3·89 eV). For Na: ground state 32S 112, excited states 32P 112 (2·10 eV) and 
32P 312 (2·10 eV) taken as one state, ionized state (5·14 eV). 
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the ground~state density at the wall, Nw. Furthermore, it is assumed that the 
ion density is equal to the electron density. 

The rate equations for the electron density n, the ground~state density n1, 

and the excited~state density n2 are 

l.m 
- = Da Ll, n + K(l, 3)n1 n K(2, 3)n2 n, 
l>t 

D1 Ll,n1 -K(l, 2)n1 n-K(l, 3) n1 n + K(2, l)n2 n + n2/Tcrh 

l>nz 
- = K(l, 2)n1 n-K(2, 3)n2 n-K(2,1)n2 n-n2/Terr. 
bt 

where Ll, stands for the Laplace operator 

1 () () 
Ll, = --r-, 

r ()r ()r 

(2.1) 

(2.2) 

(2.3) 

r is the radial coordinate and t indicates the time variable, Dais the ambipolar 
diffusion coefficient, D1 the diffusion coefficient of ground~state atoms and 
K(i,j) is the rate coefficient for the electron~induced transition from state i to 
state j. The boundary conditions are ()n 1/br = bn/br = 0 at r 0 and for all 
values oft, because of cylinder symmetry. Furthermore n 0 and n1 = Nw 
at the tube wall (r = R) for all values of t. 

Under the conditions of interest (see sec. 1.2), no strong deviations from the 
Maxwell energy distribution of the bulk of electrons will occur (see sec. 2.4). 
Consequently, the energy distribution may be described by an electron tern~ 
perature Te when processes are considered which are dominated by the bulk 
of the electrons. Under the assumption that Te is independent of r the electron~ 
energy equation can be written as (see appendix 2.A, eq. (2.A.2)) 

~ (ikTe j n(r) Znr dr) = 
bt 0 

(bn) R 
= ikTe Da - 2:n:R + E I-f (Pe1 + Pinet) n(r) 2nr dr, 

br r=R o 
(2.4) 

where E is the axial electric field, I the discharge current, Pe1 are the elastic 
losses and Pinel the inelastic losses per electron per second. Eqnation (2.4) 
describes the balance between the time variation of the energy per unit column 
length (term on the left~hand side) and the energy losses involved with diffusion, 
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the energy gain due to the electric field, and elastic and inelastic losses (first, 
second and third terms, respectively, on the right-hand side). 

The elastic losses per electron per second Pet are calculated from (ref. 20, 
p. 411) 

P.1 = (1- Tw)"" 
2
m (_!!!_)312 8~ J

00

e2 exp(-efkTe)n1 a1 de, (2.5) 
Te '---" M1 2nkTe m 

0 
j 

where a1 is the momentum-transfer cross-section for elastic electron collisions 
with species j, density n1 and mass M1. The electron mass and energy are de
noted by m and e, respectively. 

The inelastic losses per electron per second P1nel are obtained from 

P1net n1 [K(l,3) (U3- U1) + K(l, 2) (Uz U1)] + 
+ n2 [K(2, 3) (U3 - U2 ) - K(2, 1) (U2 - U1)], (2.6) 

where U1 and n1 are the energy and density of the jth level, respectively. 
The discharge current I follows from 

R 

I = 2n E e J n Pe r dr, 
0 

(2.7) 

where -e is the electric charge of the electron. The electron mobility Pe is found 
from a relation given by Schirmer 21 ) which has been modified for the el~c
tron-electron collisions (see appendix 2.B). The contribution of the ion current 
has been neglected with respect to the electron current. 

The ambipolar diffusion coefficient was approximated by 

Da = D3 (1 + Te/Tw), 

where D 3 is the diffusion coefficient of the ions. The rate coefficients K(i,j) 
are related to the electron energy distributionf(e) by 

K(i,j) J atie)f(e) (2efm)1
'
2 de. (2.8) 

0 

It should be noted that the values of K(i,j) are determined by the tail of the 
electron energy distribution which may deviate 16

•
17

) from the Maxwell dis
tribution for temperature Te (see sec. 2.4). The discharge properties n(r), n1(r), 
n2(r), E, I and Te can be calculated from eqs (2.1)-(2.4), (2.7) and a supple
mentary boundary condition, see ch. 3, if the decay time -r.rr. the distribution 
f(e), the cross-sections for inelastic and elastic processes, and the diffusion 
coefficients are known. The following sections deal with these quantities. 
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2.3. Resonance-radiation transport 

At the metal-vapor densities present in the discharges under investigation, 
the effective lifetime of an excited atom, Teff• is considerably lengthened by 
trapping of resonance radiation. A relation for Tcrr has been obtained by an 
approximative application of the results of Van Trigt 13- 15) and is discussed 
in some detail in appendix 2.C: 

(2.9) 
and 

Teff,3/2 = Tnat,3/2 (Na;z). (2.10) 

The subscripts 1/2 and 3/2 refer to the P112 -+ S112 and P312 -+ S112 transitions, 
respectively, Tnat represents the natural lifetime and (N) is called the mean 
number of scatterings of a photon 15). This quantity has the following signif
icance: if a ground-state atom is excited by means of an electron-atom colli
sion then the resonance radiation will escape from the aischarge after having 
suffered an average number of (N) absorptions and re-emissions. The inverse 
(N)- 1 is also called the escape factor. According to appendix 2.C, eq. (2.C.l2), 

(N) = (A.)/T((k0 R)). (2.11) 

The quantity (.1.) in eq. (2.11) accounts for the influence of the radial distri
bution of the excited atoms nz(r ). The function T accounts for the effect of the 
optical depth whose mean value (k0 R) is the argument ofT; k0 is the absorp
tion coefficient at the centre of a Doppler line. Both (A.) and T depend on the 
line-absorption profile. Equations (2.C.7)-(2.C.10), (2.C.13) and (2.C.14) of 
appendix 2.C represent analytical relations forT and (A.), respectively, in case 
of Doppler and Lorentz (collisional) broadening. 

Under our circumstances, however, the absorption-line profile is a Voigt 
profile, i.e. a combination of Doppler and Lorentz broadening. In that case T 
has to be calculated numerically from eq. (2.C.6) of appendix 2.C and in our 
approximation (A) was taken to be equal to its value for Lorentz broadening 
(see eq. (2.C.l4)): 

1 

J nz(e) (1 - e2
)

114 e de 

(A.)= t V2 -0---
1
--

l) f n,i!!) e de 
0 

(2.12) 

where(!= rfR. The mean optical depth was calculated from (see addendum, 
eq. (A2)) 

(2.13) 
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with (2.14) 

The wavelength of the centre of the absorption line is denoted by A.0 , f is the 
oscillator strength, M the mass number, T9 the gas temperature. The results 
of the numerical calculations of T112(k0R) and T312(k0R) are shown in figs 2.2 
and 2.3 for Cs and Na, respectively. The drawn curves indicate the results for 
a Voigt profile. The dotted curves indicate the limiting cases of pure Doppler 
and pure Lorentz (collisional) broadening of the absorption lines. The hyper
fine splitting of the Cs and Na resonance lines is drawn schematically in figs 2.4 
and 2.5. It can be seen from fig. 2.2 that the effect of hyperfine splitting on the 
radiation transport is quite large for the Cs resonance lines as follows from the 
difference between the two dotted curves indicating the results for Doppler 
broadening. This is due to the large splitting of the Cs 62S112 ground level (see 
fig. 2.4). 

The numerical results for Na (drawn curves in fig. 2.3) can be approximated, 
within 10% accuracy, by 

(
0·80 (a - 0·005))112 

Tlt2(koR) = T3dkoR) = t (2n)112 
, 

k 0 R Vn (2.15) 

for 0·02 < a < 0·12 and 50 < k 0 R < 600. The a parameter is the ratio of 
the Lorentz to the Doppler line width multiplied by a factor (In 2)112 (see 
addendum). 

The numerical results for Doppler-broadened sodium-D lines with hyperfine 
splitting (dotted curve in fig. 2.3) are in very good agreement with 

_::__( 1 + 1 ) 
- 8 k 0R[n1n(R1*k0R)]112 k 0R[nln(R2*k0R)] 112 ' 

(2.16) 

where R1 * and R 2 * are the sums over the relative intensities of the nearly fully 
overlapping hyperfine components originating from the hyperfine splitting 
(H.F.S.) of the 3P level. For example, for the 32P112 -- 32 S112 transition 
R1* = R12 .. + R11 .. and R2* = R22 , + R21 , (see table 2-V, of appendix 2.C). 
It follows from tables 2-V and 2-VI that for both transitions R1* = 6/16 and 
R 2* = 10/16. The interpretation of eq. (2.16) is that the nearly overlapping 
hyperfine components originating from the H.F.S. of the 3P level can be con
sidered as a single combined component. Its relative intensity is equal to the 
~urn of the intensities of the participating components. Because the combined 
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Fig. 2.2. Results of the calculations for the quantity T as a function of the Doppler optical 
depth k 0 R and a temperature of 370 K. The drawn curves show the results for the two Cs 
resonance lines and a parameter a = 0·08. This value follows from an argon density of 
1·6 . l 023 m- 3 (5 Torr filling pressure) and a collision-broadening cross-section of aL = 157 kl.. 
The dotted curves represent the results for pure Doppler broadening (the differences between 
the two transitions are negligible) and pure Lorentz broadening (a = 0·08). The wavelength 
of the 62P 112-62 S112 transition is A.= 8943·5 A while the oscillator strength is/= 0·394; 
for the 62P 312-62S112 transition A.= 8521-1 and/ 0·814. 

Fig. 2.3. Results of the calculations for the quantity T as a function of the Doppler optical 
depth k 0 R and a temperature of 530 K. The drawn curves show the results for the two Na 
resonance lines and parameters a = 0·11 and a = 0·06. These values follow from a foreign
gas density of 3·2. 1023 m- 3 (10 Torr filling pressure) and a collision-broadening cross
section for argon of aL 252 A2 (a= O·ll), and aL 119 A2 for neon (a 0·06). The 
dotted curves represent the results for pure Doppler broadening (the differences between the 
two transitions are negligible) and pure Lorentz broadening. The T values for Doppler 
broadening with hyperfine splitting (H.F.S.) are nearly identical to the T values without 
H.F.S. The wavelength of the 32P1q.--->- 32S1~2 transition is A= 5895·9 A while the oscil
lator strength is/= 0·327; for the 3 P312 ....... 3 S112 transition: A.= 5889·9 A and/= 0·655. 
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Fig. 2.4. Hyperfine splitting of Cs 133 (the sep
aration of the f11 'l.-P~~2 , 312 levels is not drawn 
to scale); F, F and F are the hyperfine quan
tum numbers. The splitting should be compared 
with a Doppler line width of A~ = 400 MHz 
at 370 K.. 
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Fig. 2.5. Hyperfine splitting of Na23 (the sep
aration of the f112-P~t,'l..a/'l.levels is not drawn 
to scale); F, F and F are the hyperfine quan
tum numbers. The splitting should be compared 
with a Doppler line width of Av0 1750 MHz 
at 530 K.. 

components originating from the H.F.S. of the 3S level partly overlap, eq. 
(2.C.8) of appendix 2.C can be applied 13) and this yields eq. (2.16). 

The effective decay time Terr of the combined excited state, which appears in 
eqs (2.2) and (2.3) is readily obtained using the assumption that the populations 
of the P 112 and P 312 levels correspond to their statistical weights: 

( 
1 2 )-1 

Teff = + • 
3 Teff,t/2 3 Terf,3/2 

(2.17) 

The emitted radiant power per unit column length PL follows from 

0 
PL.l/2 = ------hvt/2 (2.18) 

Terf,t/2 

and 

R 

i J n2(r) 21lr dr 
0 

PL,3/2 = ------hv312• (2.19) 
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where v is the frequency of the line and h is Planck's constant. The ratio of 

PL,t/2 to PL, 312 , Ra112, 312, is 

"ieff,3/2 
Rat/2,3/2 = ---

2 "ieff,l/2 
(2.20) 

This ratio can be measured easily, especially for the sodium lines. The wave
lengths of the two sodium-D lines differ only 6 A and therefore no correction 
has to be made for the wavelength dependence of the commonly used photo
multipliers. If eq. (2.15) holds (or pure Lorentz broadening is present, eq. 
(2.C.10)) then the substitution of "ieff, 312 and "ierr,112 leads (see appendix 2.C) to 

,/112 
Ral/2,3/2 = v- = v~. 

13/2 

(2.21) 

If the sodium lines are Doppler-broadened then we find from eq. (2.16) 

R [In (f« ko.112 R)]- 112 + [In {fS k 0 , 112 R)]- 112 

a1/2,3/2 = [In (U ko,t/2 R)]-1/2 + [ln (ig ko,t/2 R)]-1/2 . (2.22) 

In deriving eq. (2.22) we have used k 0 , 312 = 2 k 0 , 112 because / 312 = 2ft12• 

The index 1/2 indicates that the optical depth has to be calculated from the data 
of the P112 -+ 8112 transition. The values of Ra112,312 for Doppler-broadened 
lines for the k0 ,112R range of interest are given in table 2-1. It can be seen 
that the value of Ra112.312 lies close to unity. 

The definitions of the various basic quantities involved in radiative transfer 
used are taken from Mitchell and Zemansky 22) and are compiled in the adden
dum. 

2.4. Electron energy distribution 

Waszink and Polman 3) have measured the radial distribution of the electron 
temperature Te in Cs-Ar discharges in order to interpret their probe measure-

TABLE 2-I 

The ratio Ra112,312 of the emitted light intensity of the 32P112-32S112 (5895·9 A) 
to the intensity of the 32P 312-32S112 (5889·9 A) transitions of sodium for various 
values of the optical depth k0 , 112R. The values of Ra112,312 are calculated from 
eq. (2.22) which is valid for Doppler broadening with hyperfine splitting 

ko.112R 16 32 80 160 320 640 

Ral/2,3/2 1·16 1-12 1·09 1·08 1·07 1·06 
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ments on radial electron distributions. From their experimental results, the con
clusion can be drawn 23

) that (i) the energy distribution of the bulk of electrons 
can be represented by a Maxwell distribution and (ii) Te of the bulk electrons 
is radially independent. However, deviations from the Maxwell distribution may 
be expected for the electrons in the tail of the energy distribution. This is mainly 
due to the high excitation probability of these electrons combined with the large 
radiative losses of the discharges under consideration. Vriens 16 •17)has proposed 
a new method for accounting for deviations from the Maxwell distribution. 
His method is meant to be used only when integrals of the energy distribution 
are to be calculated so that details of the actual distribution are less relevant. 
The method will be described shortly, the details can be found in ref. 16. 

The electrons are divided into two groups: one group of relatively slow elec
trons with energies e < (U2 U1) and another group of relatively fast elec
trons with e (U2 - U1). The group of slow electrons includes the bulk of 
the electrons, the energy distribution of these electrons is described by that 
part of a Maxwell distribution with radially independent temperature Te 
for which e < (U2 - U1). The group of electrons in the high-energy tail of 
the distribution is described by the part of a Maxwell distribution with 
e ~ (U2 U1 ) for a temperature Te,t· The relation between Te and Te,t is given 
implicitly by Vriens through the relation 

(2.23) 

the equation is visualized in fig. 2.6. The terms on the left-hand side of the 
equation describe the energy gain of the tail electrons, per unit volume per 
unit time, due to the electric field ptE, de-excitation P 21 , and Coulomb relaxa
tion pbt c· The terms on the right-hand side represent the energy losses of the 
tail electrons because of elastic collisions, pt eb excitation and ionization losses, 
P 12 P 13 P23 , and Coulomb relaxation, ptbc· The energy gain, per unit 
volume per unit time, by de-excitation is 16

) 

(2.24) 

while excitation and ionization losses are given by 16) 

(2.25) 

It should be noted that the notation used in eqs (2.24) and (2.25) is slightly 
different from the notation used by Vriens. Expressions for the other terms of 
eq. (2.23) are given explicitly by Vriens. 

Equation (2.23) holds for all values of the coordinate r, and therefore Te,t 
will be a function of r. For the calculation of the rate coefficients K(l, 3) and 
K(l, 2) a Maxwell electron energy distribution with a temperature Te.k) has 
been used. 
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Fig. 2.6. Vriens' two-electron-group model. The electrons are divided into a bulk group and 
a tail group. Energy from the tail is lost by elastic losses (P1 

01), Coulomb relaxation to the 
bulk (ptbc), and inelastic losses (P13 + P23 + P12). These are the most important losses 
and the energy is partly transferred to the ions and excited atoms and partly to the bulk if 
the energy of the tail electrons is too small to remain in the tail group after the inelastic 
energy loss considered. The tail gains energy from Coulomb relaxation (pbt c) which appears 
to be the most important gain term, the electric field (PtE) and by de-excitation (P21). This 
energy originates partly from the excited atoms and partly from the bulk electrons which 
are promoted to the tail group. The figure shows the energy distribution f(e) with a bulk 
temperature Te = 8000 K and a tail temperature of Te.t = 6000 K, the boundary between 
the two groups lies at 2·1 eV as was used for sodium discharges. 

2.5. Data used in the model calculations 

The vapor density at the wall Nw is determined by the wall temperature. We 
have used the relation given in ref. 24 for the calculation of the Cs densities. 
The vapor density of Na was calculated from the data of Ioli et al.2 5) which 
are claimed to be reliable to within 3 %. 

The ion-diffusion coefficients D 3 were derived from the ion mobilities, fl~> 

measured by Tyndall 26), D3 flt kTw. The temperature dependence of D3 

was assumed to be proportional to Tw213• The diffusion coefficient of ground
state atoms, Dl> was taken to be proportional to Tw112 • The diffusion coeffi
cient D1 of Cs in Ar was taken from Beverini et al. 27). The value of D1 for 
Na atoms in Ne has been measured by Anderson and Ramsey 28). However, 
no data are available for the diffusion coefficient of Na in Ar. We have used 
a value of D1 = 3. w-s m2/s at 273 K and 760 Torr argon. This value was 
extrapolated from the experimentally known diffusion coefficients of Cs, Rb 
and Na in various noble gases 27- 30). Figure 2.7 shows a plot of D1 as a 
function of the mass number of the diffusing atom. By extrapolating the curve 
for argon we find the value of D1 mentioned above. 

The oscillator strength and the data on the hyperfine splitting of the radia-
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Fig. 2.7. Diffusion coefficients D 1 of Na, Rb and Cs atoms in He, Ne and Ar at 273 K. 
The data are taken from refs 27-30 by assuming that D 1 is proportional to T1 ' 2 • The value of 
D 1 for Na in Ar (D1 3. 10- 5 m2/s) is obtained by extrapolating the curve for argon in 
the figure. 

tive transitions of Cs and Na are taken from refs 31, 32 and refs 33, 34, respective
ly. The a parameters (see sec. 2.3) are derived from the collisional-broadening 
cross-sections given in ref. 22, p.171 for Na-Ar and Na-Ne. The only data, as far 
as we know, on collisional broadening of the Cs 62S112-62P112, 312 resonance 
lines by collisions with argon are given by Ch'en and Garrett 35). However, 
their experiments were performed at relatively high argon densities. We have 
used a broadening cross-sectionaL of 157 A2 • This value is inferred from the 
data of ref. 35 and from the broadening-cross-section data given by Mitchell 
and Zemansky (ref. 22, p. 171) and should be considered as a rough estimate. 
It should be noted that the cross-section data given in ref. 22 have to be multi
plied by a factor of~ in order to obtain the value for aL. 

Only the threshold behavior of the excitation and ionization cross-sections 
(a12, a13 and a23) is important for the calculation of the corresponding rate 
coefficients. We have used the approximation for the cross-section as given by 
Vriens 16), a11 biJ (1 I Ut UA/e), where bu is obtained by fitting to ex
perimental or theoretical cross-sections. The calculations of the rate coefficients 
are considerably simplified by this assumption. For Cs, a12 and a13 were taken 
from Nygaard 36) and Zapesochnyi 37), respectively. Cross-sections for exci
tation of Na are reported by Zapesochnyi 37) and Enemark and Gallagher 38). 

The slopes at threshold, da12/de, which can be derived from these experimental 
data are 8·4 A2/eV and 48 A2/eV, respectively. The discrepancy between the 
experimental data amounts to more than a factor of five. We have used 
b12 =53 A2 which corresponds to da12fde 25 A2/eV. The cross-section for 
direct ionization of Na was taken from Zapesochnyi and Aleksakhin 39). To 
our knowledge, no experimental data are available for ionization from the 
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excited state; therefore, a 23 was calculated from a semi-empirical formula 
proposed by Vriens 16). The rate coefficient for de-excitation K(2, 1) is directly 
obtained from K(l, 2) by detailed balancing, if the electrons have a Maxwell 
distribution 

where g1 and g2 are the statistical weights of the ground state and the excited 
state, respectively. De-excitation is mainly determined by the energy distribu
tion of the bulk electrons. Therefore the electron temperature of the bulk of the 
electrons Te appears in eq. (2.26). It should be noted that K{l, 2) has to be 
calculated by using a Maxwell distribution with a temperature Te for use in 
this equation. 

The cross-sections for elastic electron collisions with Ar, Ne, Cs, Na, Cs 
ions and Na ions were taken from refs 40, 41, 42, 43, 44, respectively. 

A summary of the data used is presented in table A-II of the addendum. 

Appendix 2.A. Electron-energy equation 

The energy equation for the bulk electrons is derived on the following assump
tions. Firstly, the electron-energy flow into the discharge-tube wall due to heat 
conduction is neglected and, secondly, the bulk temperature Te is taken to be 
uniform in the positive column of the discharge. The validity of the second 
assumption has been checked experimentalty by Waszink and Polman 3 •23) 

for the discharge conditions of interest (see sec. 2.4). Moreover, approximative 
calculations with the electron heat conductivity as given by Hochstim and 
Massel 45) lead to the same conclusion. The first assumption is hard to prove 
and will be used for reasons of simplicity. It follows from the conservation of 
energy per unit column length that 

R 

= -[~kTe + -!mV2
) V,(r)n(r)],. .. g2nR + EI- j(Pe1 +P1ne1)n(r)2nrdr, 

0 
(2.A.l) 

where V is the drift velocity and V, its radial component. The equation shows 
that the time variations of the electron energy (left-hand term) are due to the 
energy outflow involved in the radial flow of electrons, the energy gain from 
the electric field and the energy losses due to the elastic and inelastic collisions, 
(first, second and third right-hand terms, respectively). Because 

[Vr(r) n(r)]r=R = -Da (em) , 
()r r=R 
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t mV2 ~ kTe and Te is uniform, eq. (2.A.l) can be written 

:t ( lkTe /n(r) 21rr dr) = 
0 

R 

'bTef = ik- n(r) 23Trdr 
l:Jt 

0 

R 

J 
bn 

ikTe - l1rr dr 
bt 

0 

R 

EI- f (Pet 
0 

Ptnet) n(r) 2nr dr. (2.A.2) 

Substitution of eq. (2.1) into (2.A.2) and application of Gauss' theorem 

R 

J Ll, n(r) 23Tr dr = ('m) 23TR, 
o br r=R 

leads to 

()T R R 

lk-" f n(r) 23Trdr = -ikT., J (K(l, 3) n1(r) + K(2, 3) nir)] n(r) 23Tr dr + 
'bto o 

(
()n) R 

+kTe.Da - 23TR+EI- j(Pel +Ptnel)n(r)23Trdr. 
i:lr r=R o (2.A.3) 

The derivative 'bn/i:lr in eq. (2.A.3) can be avoided in the energy balance of 
d.c. discharges; the substitution of bTe/l>t = bnj'l>t = 0 in (2.A.2) results in 

(
bn) R 

lkTe Da - l1rR + E I- f (Pe1 + P 1net) n(r) 23Tr dr 
()r r=R o 

0. (2.A.4) 

Substitution of eq. (2.1) in (2.A.4) and application of Gauss' theorem gives 

R 

~kT., J [K(I, 3) n1(r) + K(2, 3) n2(r)] n(r) 23Tr dr E I+ 
0 

R 

- j(Pel +Ptnet)n(r)23Trdr 0. 
0 

(2.A.5) 

This equation is more suitable for numerical calculations on d.c. discharges 
than eq. (2.A.2). 
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Appendix 2.B. Electron mobility 

According to Schirmer 21), the electron mobility is 

2e V2 j"" x exp (-x) dx 

3 (:rr:mkT6 )
112 

0 
L n1 o'i(x) + n a(x) ' 
J 

(2.B.l) 

where m and -e are the electron mass and charge, respectively, and n is the 
ion density which is equal to the electron density. The distribution of the elec
tron energy s is assumed to be Maxwellian, with an electron temperature T6 • 

The momentum-transfer cross-sections for electron collisions with species j 
and density n1 are a1 and x sfkTe· The cross-section for ion-electron colli
sions is denoted by a and is given by 44) 

where s0 is the permittivity of free space and In A is the Coulomb logarithm, 

A=~ (4:rr:so kTe)312 

2ea (:rr:n)l/2 
(2.B.2) 

If the electron collisions with the species j are neglected we obtain the mobility 
for a fully ionized gas from (2.B.l) and (2.B.2): 

#es = 2m (2kTe)
312 

(4:rr:e0
)

2

• 

enlnA :rr:m e 
(2.B.3) 

According to ref. 20, p. 258, this mobility has to be modified by a factor of 
0·58 because of electron-electron interactions and becomes 

f.te p,/0•58. 

For the weakly ionized gas under examination we modified the relation for the 
electron mobility as follows: 

2e V2 j"" x exp (-x) dx 

3 (:rr:mkTe)112 
0 

L n1 aix) + (n/0·58) a(x) · 
j 

Some typical results are given in table 2-IT. 

(2.B.4) 
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TABLE 2-II 

Calculated electron mobilities ,u., at PAr = 5 Torr, electron density 
n = 2. 1018 m- 3 , sodium density n1 5. 1019 m- 3 and at various electron 
temperatures T.,. The superscript indicates the species taken into account in 
the calculation from eq. (2.B.4); a: Ar atoms, b: Ar atoms and Na ions, c: Ar 
atoms, Na ions, and electrons, d: Ar atoms, Na ions, electrons, and Na atoms 

Te pe'' p/ p/ p,/ 
(K) (mZ v-1 s-1) (mZ v-1 s-1) (mZ v-1 s-1) (m2 v-1 s-1) 

1000 1760 285 185 170 
2000 1390 360 255 230 
5000 515 330 185 165 

10000 195 110 95 85 
15000 90 65 60 55 

Appendix 2.C. Radiative decay 

In this appendix we describe the method that was used in the model calcula
tions to describe the radiative decay. The radiative transfer is complicated 
because of the hyperfine splitting of the resonance lines and because of the 
absorption of resonance radiation which is governed by a Voigt absorption 
profile at the densities present. We have used a simplified version of the treat
ment of radiative transfer as developed by Van Trigt 13- 15); further references 
can be found there. 

The first approximation is that the density of ground-state atoms may be 
considered as uniform for the radiative decay and is taken to be equal to the 
mean density (n1), 

(2.C.1) 

Owing to this assumption the absorption coefficient is radially independent. 
In addition the radial dependence of the absorption-line profile is neglected. 

The radiative-transfer equation can be written (Holstein 46)) 

nz(r) = nz(r)- J«> J exp [-k(v) lr r'IJ L{p) k(v) nir') dr' dv. 
-r(r) Tnat 4n(r-r')2 

0 y 

{2.C.2) 

This equation is known as the Biberman-Holstein integral equation. The decay 
of excited atoms is determined by the natural decay time Tnat and by the 
reabsorption of radiation which is represented by the integral. The integration 
being extended over the cylindrical discharge volume, L(P) is the normalized 
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absorption line and k(11) the absorption coefficient. Following Van Trigt 13), 

the decay of the excited atoms can be written 

(2.C.3) 

where •(r) is a radially dependent decay time, the functionsj;{r) are the eigen
functions of the radiative-transfer equation, and r:1 is the corresponding decay 
constant which is related· to the eigenvalue of the radiative-transfer equation. 

"' The values of a, are such that 

n2(r) = L a1j;(r). 
i 

After inserting (2.C.3) in (2.C.2) it follows that 

'rnat) = fro J exp [-k(v) lr-
r:1 4j'l; (r- r')2 

0 v 

] 
L(v) k(v)j; dr' dv. 

The problem is to find j; and .,;1• According to ref. 13 

r:, = 'l:nat ),tfT(koR) 

(2.C.4) 

(2.C.5) 

for k 0 R » 1. The function T(k0 R) arises from the mathematical treatment 
used by Van Trigt and follows from 13

) 

T(k0R) = T(k0 ja) !
"" k(v) exp [-k(11) r] 

1- f dr exp (i a. r) L(v) dv (2.C.6) 
4j'!;r2 

0 

for cr -. 0. The quantities A.1 are eigenvalues of an integral equation given by 
Van Trigt 13). The theory involved in T(k0R) is formulated for a slab geometry 
but also applies to an infinite cylinder if the slab thickness L is replaced by the 
cylinder diameter 2R 47). 

The functions T(k0 R) are given analytically for a number of special cases 13): 

for a Doppler line 

4 k0 R [n In (k0R) ]112 ' 
(2.C.7) 

for Doppler broadening with overlapping hyperfine components 

T,kR=- + n ( 1 1 ) 
o( 0 

) 8 k 0R [n In (R1 k 0 R)]l12 k 0R [n Jn (R
11 

k 0 R)]112 ' 
(2.C.8) 
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where R1 and R11 are the relative intensities of the components lying most to 
the outside; 
for Doppler broadening with fully separated hyperfine components, relative 
intensity R1 

n 

: I [:n; In (RJlkoR)]112 ; 
(2.C.9) 

J=l 

for Lorentz (collisional) broadened lines 

(2:n;)1/2 1 

3 (koR :n;112ja)ll2 
(2.C.10) 

Our next approximation is that the decay of excited atoms can be described 
by a radially independent decay time 'terr which follows from 

(2.C.ll) 

A value for (/.1) can be obtained from relations for the mean number of scat
terings of a photon (N): 

(N) = 'terrf'tnat = <J.)jT(koR), 
so 

(/c)= T(k0R) (N). (2.C.l2) 

We have written (/.) instead of <Jc1) to indicate that the average value is ob
tained by means of (N). The relations for Doppler broadening, (/c0 ), and 
Lorentz broadening, (J.L), are 47) 

1 

2 J n2(e) (1 - (!2)1/2 (! de 
0 

<Ao) =- 1 ' 
:n; 

(2.C.13) 

J n2(e) e de 
0 

1 

J nie) (1 - (!2
)

114 de 
0 

(2.C.l4) 

with e 'i= r/R. 
The relation for a Voigt profile is not known, therefore we decided to use 

(J.L) of (2.C.l4) for the calculation~ of (/.), see eq. (2.12). This choice is 
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inferred from the fact that the calculated T(k0 R) for Voigt profiles are better 
approximated by TL(k0 R) than by T0 (k0R) for the k0R-value range of interest. 

It is easy to verify that eq. (2.C.ll) with {.1.1) {A.L) leads to a decay time 
for pure Lorentz broadening which is nearly equal to Holstein's result: if 
n2 = niO) (1- e2

) is inserted in (2.C.14) we find 

and with eq. (2.C.ll) it follows that 

Terf = Tnat -----
1·092 

The factor 1·092 agrees favorably with 1·115 found by Holstein 46). 

Instead of expanding the distribution n2(r) into the eigenfunctions and finding 
a radially dependent decay time with use of the eigenvalues (see eq. (2.C.3)) we 
have approximated the decay of n2 by a radially independent decay time Terr 

(see eq. (2.C.ll)). Its value was obtained by calculating a mean eigenvalue (A.) 
from eq. (2.C.l2). Under the experimental conditions of interest neither 
pure Doppler nor pure Lorentz broadening is present. Therefore T(k0R) has 
to be calculated numerically from (2.C.6) and data on hyperfine splitting have 
thus to be inserted into the equation. The relative intensities RFF' (F and F' 
refer to the quantum numbers) and the shift from the undisturbed frequency, 
bFF'• are compiled in tables 2-111-2-VI. The shift should be compared to the 

TABLE 2-III 

Data on hyperfine splitting of the Cs133 62P112-6
2S112 transition; F, F' and 

F" indicate the hyperfine quantum numbers, I is the nuclear spin. The shift 
of the lines with respect to the undisturbed frequency v0 = 334. 1012 Hz is 
denoted by o, Ll v0 is the Doppler width 400 MHz at 370 K and R is the rela
tive intensity of the hyperfine lines. These data are calculated from the data of 
ref. 33 

transition shift oFF" Opp"jtJvD relative strength 
FF" (MHz) at 370 K RFF" 

34" 5660 14·1 21/64 
33" 4540 11·3 7/64 
44" -3540 8·8 15/64 
43" -4650 -11·6 21/64 



-24-

TABLE 2-IV 

Data on hyperfine splitting of the Cs133 62P312-62S112 transition; F, F' and 
F" indicate the hyperfine quantum numbers, I is the nuclear spin. The shift 
of the lines with respect to the undisturbed frequency v0 = 351 . 1012 Hz is 
denoted by 6, Ll v0 is the Doppler width 420 MHz at 370 K and R is the rela
tive intensity of the hyperfine lines. These data are calculated from the data 
of ref. 33 

transition Shift 6FF' 6FF,fLJyD relative strength 
FF' (MHz) at 370 K RFF' 
34' 5180 12·3 15/128 
33' 5010 11·9 21/128 
32' 4890 11·6 20/128 
45' -3800 9·0 44/128 
44' -4010 9·5 21/128 
43' -4180 - 9·9 7/128 

TABLE 2-V 

Data on hyperfine splitting of the Na23 32P112-32S112 transition, F, F' and/!" 
indicate the hyperfine quantum numbers, I is the nuclear spin. The shift of the 
lines with respect to the undisturbed frequency v0 507. 1012 Hz is denoied 
by 6, Llv0 is the Doppler width 1750 MHz at 530 K and R is the telative 
intensity of the hyperfine lines. These data are calculated from the data of 
ref. 34 

transition shift 6Fr 6prfLIYo relative strength 
FF" (MHz) at 530 K RFF" 
12" 1170 0·67 5/16 
11" 1000 0·57 1/16 
22" - 600 -0·34 5/16 
21" - 760 -0·44 5/16 
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TABLE 2-VI 

Data on hyperfine splitting of the Na23 32P31z-32S112 transition; F, F' and F" 
indicate the hyperfine quantum numbers, I is the nuclear spin. The shift of the 
lines with respect to the undisturbed frequency v0 508. 1012 Hz is denoted 
by ~. Lfv0 is the Doppler width 1750 MHz at 530 K and R is the relative inten
sity of the hyperfine lines. These data are calculated from the data of ref. 34 

Na23 32P312 -+ 328112 (5889·9 A) I 3/2 
transition Shift f5FF' f5FF,fL1vo relative strength 

FF' (MHz) at 530 K RFF' 
12' 1100 0·63 5/32 
11' l070 0·61 5/32 
101 1050 0·60 2/32 
23' -630 -0·36 14/32 
22' -675 -0·39 5/32 
21' -705 -0·40 1/32 
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Fig. 2.8. Calculated results for the production ofsodium-D resonance light in watts per cm2 , 

PL, as a function of electron density n(O) divided by the sodium ground-state density Nw. 
The results were obtained for a slab geometry with a slab thickness L = 2 em, a neon filling 
pressure of PNe = 5 Torr and a sodium density at the wall of Nw = 4·6. 1019 m- 3• (e) cal
culated results obtained by Van Trigt, ( +) calculated results obtained by a simplified version 
of radiative-transfer theory as presented in sec. 2.3. 
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Doppler width, therefore the ratio i5FF'fiJv0 is also given. In the model calcula
tions the optical depth is calculated from the mean ground-state density (see 
eq. (2.C.l)). 

An indication of the utility of our approximation of radiative transfer can be 
obtained by comparing the results of the model calculations performed with 
'l'err and the results obtained by using r(r). The latter results were obtained by 
Van Trigt 47) who used his theoretical treatment of radiative transfer and also 
accounted for variations of the optical depth due to depletion in a slab geom
etry. Figure 2.8 compares our results of the calculated radiant power per cm2 

as a function of the normalized electron density n(O)fNw with those of Van 
Trigt. The calculations were performed for an Na-Ne discharge in a slab 
geometry, of thickness 2 em, PNe = 5 Torr and a wall temperature of 
Tw = 533 K which corresponds to Nw = 4·6. 1019 m- 3 • Pure Doppler 
broadening *) was assumed in the calculations. It can be seen that the two 
results agree excellently. 

*) Results of model calculations using r(r) and a Voigt absorption profile were not available 
up to the time of writing. 
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3. NUMERICAL METHODS AND SOME TYPICAL RESULTS 

3.1. Introduction 

Two different numerical methods were used for the solution of the model 
equations, (2.1)-(2.4) and (2.7). The first method is only suited for the calcula
tions on d.c. discharges, the second can be used more generally but is more 
(computer)time-consuming. The latter method is applied to time-dependent 
discharges. Before going into the details of both methods, the calculation of 
the rate coefficients, see eq. (2.8), and the integrals of the type appearing in 
eq. (2.5) will be dealt with. 

3.2. Calculation of the integrals 

According to sec. 2.4, the electron energy distribution which appears in 
eq. (2.8) is always assumed to be Maxwellian: 

2 Ve 
f(e) = Vn (kT)312 exp (-efkT), 

where Tis either the bulk electron temperature Te or the tail temperature Te,r• 
When the inelastic cross-sections ru.e approximated as 

and 

see sec. 2.5, the expression for the rate coefficient, eq. (2.8), reduces to 

(3.1) 

The integrals of the form 

f f(x) exp (-z) dz 
0 

which appear in eq. (2.5) for example can be calculated by applying a Laguerre 
standard method 48). This method makes use of the presence of the exponential 
term which quickl}' tends to zero for large values of z. 

3.3. Method for d.c. discharges 

Because all time derivatives are zero for d.c.-operated discharges, eqs 
(2.1)-(2.3) can be transformed into 
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[Nw- (Da/D1) n] K(l, 2) n 
nz = ' 

n [K(2, 3) + K(2, 1)] + 't'err- 1 

DaL1r n + n £Nw (Da/D1) n] {n [K(2, 3) K(l, 3) + K(2, 1) K(J, 3) 

+ K(2, 3)K(l, 2)] + K(l, 3)/l·err} X 

X {n [K(2, 3) + K(2, 1)] +Teet -t }-1 = 0, 

with the boundary conditions dnjdr = 0 at r = 0 and n = 0 at r R. 

(3.2) 

(3.3) 

(3.4) 

The energy equation (2.4) can be written (see appendix 2.A, eq. (2.A.5)) as 

R 

El= 2n /(Pet (3.5) 
0 

The unknown quantities n, n1, n2 , E and I have to be solved from eqs 
(3.2)-(3.5) and (2.7). The problem is now reduced to the solution of a second
order differential equation, eq. (3.4). This equation is written as 

(3.6) 

the definition of the function f following directly from eq. (3.4). It is con
venient to consider Te outsidefas a parameter x (x Te), which can be found 
if a third boundary condition n(O) n0 is added, 

(3.7) 

The solution procedure is schematically shown in fig. 3.1. A first estimate is 
made for Te,r(n), Te and 't'err and these values are substituted in eq. (3.7): 

A. n xf(n) = 0. (3.8) 

A method for the solution of this nonlinear eigenvalue problem has been 
proposed by Bouwkamp 49). His method shapes the problem to a new dif
ferential equation which can be solved straightforwardly by a standard 
Runge-Kutta integration procedure. The algorithm RK2 designed by Zonne
veld 50) was used for the solution. The results are x and n(r) underlined in 
fig. 3.1. The distributions n1(r), n2(r) and T.rr can be calculated directly from 
eqs (3.2), (3.3) and (2.17). In the next step Te is compared to x and if the 
absolute value of the difference ITe- xl is too large(> e) then an improved 
value forTe is chosen. Then a new tail temperature Te, 1(n) is calculated from 
(2.23) and the calculations are repeated until the test criterion is satisfied. The 
electric field and current can be found from the solutions n(r), n1(r), n2(r), Te, 
Te,1(r), 't'crr and eqs (2.7) and (3.5). 
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....---------- Te,t lni.Te ,1:eff 

solve: 

~rn+ X. t(n.T1 • t( n I. T e .teff )=0 

X 

calculate: n11rl. n21r1, t eff 

from eqs {3.2), (3.31and 12.1?1 

no 

yes 

calculate: Te,t (nl 

from eq .(2.23} 

improve value for 

Te 

Fig. 3.1. Block diagram of the numerical procedure for solution of the d.c. model equations 
(3.2)-(3.4). The underlined quantities are the results of an operation in the preceding rectangular 
block. The symbol 8 in the decision box (diamond) denotes a small quantity, 8 ~ Te. The 
oval box indicates an input or output operation. The quantities which are not enclosed by 
a box indicate the data flow between the boxes. 
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3.4. Method for time-dependent calculations 

A more straightforward but also more (computer)time-consuming method 
was used for the solution of the time-dependent model equations. In order to 
limit the computer time the model calculations were restricted by using one 
radially independent Maxwellian electron energy distribution for the whole 
electron-energy range. This means that the rate coefficients K(i,j) and Te are 
not radially dependent. The method used is a standard one (see Froberg 51), 

for example). The tube radius is divided into 20 equal parts L.1r and the time 
increases in discrete steps L1t. The value of L1t is chosen such that the stability 
of the method of solution is assured. Furthermore, the differential quotients 
of eqs (2.1)-(2.4) are replaced by difference quotients so that n, nh n2 and Te 
at timet+ L1t are expressed explicitly as functions of the properties at timet. 
The starting conditions are n(r, 0), n1(r, 0), n2(r, 0) for all values of r and 
Te(O), and fot the most part we used the d.c. values as the initial conditions. 
This set of conditions is completed by prescribing the current /(t). This con
dition plays a role similar to that of the electron density at the axis in the 
calculations of the d.c. properties. Equations (2.7) and (2.17) give E(O) and 
Ter1(0) directly. The boundary conditions are ()n1(r, t)/()r = ()n(r, t)/()r = 0 at 
r = 0 and for all values oft and n(r, t) 0, n1(r, t) = Nw for r = R and all 
values of t. Solution of (2.1)-(2.4), written in the difference form leads to 
n(r, t), n1(r, t), n2(r, t) and Te(t). Substitution of these solutions in (2.7) and 
(2.17) gives E(t) and Tctr(t), which completes the set of solutions. 

3.5. Some typical results 

Anticipating ch. 5, which presents calculations compared with experiments, 
some calculated results for d.c. discharges are given in figs 3.2-3.5. The con
ditions are R = 1·4 em, P = 10 Torr neon, and Nw = 3·6. 1019 m- 3 which 
corresponds to Tw = 527·5 K. It can be seen from fig. 3.2 that the reduced 
ground-state density n1{0)/Nw decreases linearly with the discharge current I. 
At low values of n1 (0) both E and Te rise sharply. As ionization of neon was 
not taken into account, the calculated current is limited to 1·05 A due to the 
sodium depletion. Radial density distributions n1(r)fNw are plotted in fig. 3.3 
and electron-density profiles are shown in fig. 3.4 for I = 0·18 A, 0·50 A and 
1·0 A. At the high current value of 1·0 A the electron profile becomes flat near 
the axis and n(O) is even smaller than the value for I = 0·50 A. Finally, fig. 3.5 
presents the calculated excited-state density n2(r)/Nw which shows depletion 
similar to the n1(r)/Nw distribution. The typical shape of the nz(r) profiles can 
be understood roughly by multiplying n1(r.) and n(r). As mentioned above, 
detailed discussions of the results are given in ch. 5; figs 3.2-3.5 are presented 
here primarily to illustrate the calculated properties of the discharge system 
under investigation. 
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Fig. 3.2. Calculated electric-field strength E, electron temperature T .. , radiant power per 
unit column length PL, and the ground-state density at the tube axis divided by the density 
at the wall n1(0)/N .. as functions of the discharge current I. The data .are obtained for a 
d.c. discharge, R = 1·4 em, PNe = 10 Torr and N..., 3·6. 1019 m- 3 (Tw = 527·5 K). 
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Fig. 3.3. Calculated ground-state distribu
tions n1(r/R)/N,. at three d.c. values: 
I 0·18, 0·50 and 1.0 A, R = 1·4 em, 
PNc 10 Torr and Nw = 3·6. 1019 m- 3 

(Tw 527·5 K). 

0o o-s ro 
r/R

Fig. 3.4. Calculated electron-density dis
tributions n(r/R)/Nw; the conditions are 
the same as those of fig. 3.3. 

OS 1-0 
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Fig. 3.5. Calculated density distribution of the excited atoms n2(r/R)/N..,; the conditions are 
the same as those of fig. 3.3. 
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4. EXPERIMENTAL METHODS AND SET-UP 

Abstract 

The experimental equipment and methods used for the measurements 
of the electron temperature, electron density, electric-field strength, 
ground-state density profiles, excited-state density profiles and light 
production are described. The construction of the discharge tubes and 
the thermostats is discussed in detail. 

4.1. The discharge tubes 

Fig. 4.1a shows an example of the discharge tubes used in the experiments. 
The radii of the tubes range from 7·5 to 18 mm while the tube-wall thicknesses 
range from 1·0 to 1· 5 mm. The cesium-discharge tubes were made of Pyrex glass 
which allows a bake-out temperature of 520 oc. Special glasses have to be used 
for sodium discharges in order to avoid the tube wall being affected by sodium 
at 240-270 °C, the temperatures of operation. Both gehlenite 52) and duplex 
glasses were applied. The first glass mentioned is sodium-resistant in the bulk 
and can be baked out up to 650 °C. The second consists of lime glass covered 
by a 50 to 80 (.LID thick layer of sodium-resistant borate glass and can be baked 
out up to 450 °C. 

The tubes were mostly provided with an anode-cathode pair on both ends, 
constructed as shown in fig. 4.1b. The distance between the electrode pairs 
amounts to 0·5 to 1 m. Auxiliary discharges were operated between each 
anode-cathode pair at the ends in order to suppress oscillations in the main 
discharge. Tungsten probes 13 (.LID in radius were mounted, the probe tips 
reaching to the tube axis. The construction is similar to the one applied by 
Waszink and Polman 3) and is shown in fig. 4.lc. 

Fig. 4.1b 

--=-------+---1--(~J~~-j _"-'=.,~ ===E 'r '.::?3= 
Fig.4.1c 

Fig. 4.1a. Diagram of the discharge tube. 

Fig. 4.1b. Anode-cathode-pair assembly. The tungsten-oxide-covered cathode wire is doubly 
spiralized. The anode cylinder is made of nickel, R = 0·5 em. 
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b 

c 

Fig. 4.lc. Electrostatic probe construction; a: active part of the probe, radius 13 !J.m, length 
1 mm; b: support pin; c: glass insulation, external radius 0·3 mm. 

The tubes were evacuated and baked out and the oxide-covered cathodes 
were activated. After outgassing the anodes and cathodes the noble gas and 
the alkali metal were introduced. The cesium or sodium, about 1 g, was spread 
out along the tube wall in order to prevent axial inhomogeneities in the vapor 
density during operation of the discharges. The noble-gas pressure given in the 
following sections always refers to the pressure measured at about 25 °C. There
fore 1 Torr corresponds to a density of 3·2. 1022 m- 3 (see addendum). 

Despite careful outgassing bursts of gas were sometimes observed to be 
emitted by the electrodes at ignition of the discharge. However, these con
taminating gases, which are believed to be CO and C02, are gettered quickly 
by both cesium and sodium. 

4.2. Temperature control of the discharge tubes 

The properties of depleted metal-vapor-noble-gas discharges depend strongly 
on the vapor density which is controlled by the temperature of the inside tube 
wall. The temperature difference between the inside and outside walls is cal
culated to be of the order of 0·5 K under our experimental circumstances. This 
temperature difference introduces a systematic error of about 3% in the vapor 
density which is calculated from the temperature at the outside glass wall, Tw. 

For the temperature control of Cs-noble-gas discharges an oil-bath thermo
stat was used (fig. 4.2). An electrically non-conductive transparant paraffin oil is 
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discharge tube 

Tout 

Fig. 4.2. Oil·bath thermostat used for Cs-Ar discharges. The temperature difference between 
the in· and out-flowing oil, T10 Tout> is smaller than 0·5 K. 

pumped along the discharge tube and the temperature of the in- and out-flow 
is measured. The homogeneity and the stability ofTw was better than 0·5 K. 

Temperature control of Na-noble-gas discharges is more difficult. Most of 
the oils considered for application evaporate strongly or crack at the tempera
tures of interest (240-270 °C). To avoid the technical problems involved in the 
construction of a vacuum-tight pumping system for hot oil a "moving-front" 
heat-pipe thermostat 53) was constructed. The system is schematically drawn 
in fig. 4.3. The thermostat consists of~;~- glass tube, having a length of 1·5 m and 
a diameter of 7 em. The inner surface is covered with a few layers of glass 
weave which serve as the outer wick. The discharge tube is wrapped up in the 
same tissue constituting the inner wick. The outer and inner wicks are con
nected together at both ends of the discharge tube, indicated by Cl and CS in 
the figure, such that a gas can flow freely through theconnectionsfromregionA 

I p 

Fig. 4.3. The heat-pipe thermostat. The wicks Wl and W2 are connected to each other by 
the connections Cl, C2, CJ, C4 and C5. Regions A and A' are filled with oil vapor which 
can easily How from A to A'. Region Band the buffer tank are filled with argon, the pres
sure can be varied via the inlet I and is measured by means of the manometer P. The heating 
tapeTA is indicated by the small circles. The boundaries between argon and oil vapor are 
indicated by Tl and T2. 
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to region A' of the thermostat. The system was filled with argon and with about 
1000 cc of a transparent and electrically non-conductive oil, Dow-Therm A 54'). 

Wetting of the inner wick takes place via Cl and C5, and was further ensured 
during operation of the heat pipe by the extra connections marked C2, C3 and 
C4. The system is heated by the electrical heating tapeTA wound round the 
tube. If sufficient power is applied, then regions A and A' are filled with oil 
vapor while region B is filled with argon. The ends of the thermostat are con
nected via a buffer tank. The oil-vapor pressure equals the argon pressure which 
can be measured by the manometer P. Variation of either the power of the 
heating tape or the discharge load results in a shift of the argon-oil-vapor 
transition zones. These are the "moving fronts" of the thermostat. The volume 
of the buffer tank was chosen such that variations in the input power of the 
discharge did not result in significant pressure variations. The temperature is 
uniform in the regions A and A' and can be obtained from a plot of the saturated 
oil-vapor pressure as a function of temperature. The temperature of the dis
charge-tube wall, T w• could be measured with the aid of five thermocouples, 
fixed in different positions along the tube. It was found that both the homo
geneity and the stability of Tw were better than ± 0·5 K. The thermostat can 
be heated up to 530 K within 30 minutes, a change in Tw of 10 K can be ob
tained within 5 minutes. A typical value for the power input by the heating 
tape is 2 kW, and with a vapor pressure between 400 and 1000 Torr a tem
perature range from 500 to 540 K can be covered. This corresponds to a range 
in Na density from 1. 1019 to 6. 1019 m- 3 • This thermostat has proved to be 
a reliably device for temperature control of the discharge tubes. 

The application of a thermostat which carefully controls the tube-wall tem
perature is essential for the experiments. However, the reflection of resonance 
light at the tube wall may be influenced by the heat-pipe wick. The angular 
dependence of the transmission T( tp) of a gehlenite-glass substrate covered with 
the wetted wick material was measured at the wavelength of the sodium-D lines 
(see fig. 4.4). Curve b shows T under operating conditions. From this curve 
follows an upper limit for the effective reflection coefficient: by assuming a 
Lambert spatial distribution for the incoming radiation at the inside tube wall 
a weighted mean value for the reflection coefficient, R', can be obtained. In 
this way R' was calculated to be less than 20 %. A theoretical treatment of the 
effect of partially reflecting walls on the radiative decay time is given by Wein
stein 55). Four our experimental circumstances the increase of the radiative-decay 
time was found 55) to be less than 6%. This increase is neglected in the cal
culations. 

4.3. Measurements on radial ground-state distributions 

In this section an absorption method used to determine radial distributions 
of Cs ground-state atoms is described. For this purpose a light beam is passed 
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Fig. 4.4. The transmission T(p) for the Na-D lines of a gehlenite-glass substrate covered 
with the wick material. The inset shows the experimental arrangement; 1: beam of light; 
2: glass substrate; 3: wick; 4: light detector (photomultiplier). Curve a: glass substrate; 
b: glass covered with the wetted wick (operating conditions); c: glass covered with the dry 
wick. 

through the discharge perpendicularly to the axis and the transmission is 
measured 56). 

A diagram of the experimental arrangement is given in fig. 4.5. A narrow 
beam of light with a radius of 0·5 mm and intensity 10 from a Cs spectral lamp 
was directed into the discharge tube perpendicularly to the axis. The spectral 
lamp was kept at a constant temperature using a separate oil thermostat. The 
tube could be moved to perform the displacement y (fig. 4.6). It is shown in 
appendix 4.A that the distance y between the beam and the tube axis which is 
adjusted remains unchanged by the refraction of the beam at the air-glass, 
glass-oil and glass-vacuum boundaries. The transmitted light is picked up by 
one end of a flexible light guide fitted in a head which in turn is mounted on 
a metal ring. The light was chopped and passed through a filter, which isolated 
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Fig. 4.5. Diagram of the electronic and optical elements used to measure Cs-atom concen
trations in a Cs-Ar low-pressure d.c. discharge. A: spectral-line light source; B: chopper; 
C: metal ring; D: oil bath surrounding the discharge tube; F: flexible light guide mounted 
in the head E; G: filter that isolates the 852·1-nm or 455·5/459·3-nm spectral lines; 
H: photomultiplier; J: lock-in amplifier; K: reference signal from the chopper to the lock-in. 

!ty) 

X 

Fig. 4.6. Diagram of the experimental arrangement for the measurements of the ground-state 
density profile of Cs atoms (see main text). 

a particular Cs resonance line and is detected by a photomultiplier. The detected 
signals were fed into a lock-in amplifier. The ring and head were adjusted by 
rotation for maximum signal S{y). 

It can be shown, see appendix 4.B, that (if the absorption line profile L(v) 
is independent of r) the measured transmission T is given by 

T = f A(v) exp [-C L(v) B] dv = T(B) 
0 

where A(v) is the spectral distribution of the probing beam of light, C is a 
constant and B is the integrated density of absorbing ground-state atoms along 
a chord with a distance y to the tube axis (fig. 4.6): 

(4.2) 

Relation (4.2) is the well-known Abel integral equation. In order to find n1(r) 
it is necessary to measure B(y). This was done in the following way. First the 
relationship between T and B was determined: for zero discharge current the 
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Cs density distribution is uniform and known for a given Tw· For y 0 and 
· 300 K ~ Tw ~ 380 K corresponding to a range of Cs concentrations 

0·05. 1018 m- 3 ~ n1 ~ 21 . 1018 m- 3 , 

B can be calculated from eq. (4.2) and T follows from the measured photo
multiplier signal. Figure 4. 7 presents an example of the experimentally obtained 
relation T = T(B). Secondly, for a given value of y and Tw and with zero 
discharge current, indicated by the subscript "off", the photomultiplier signal 

(4.3) 

was measured. Cis a constant and K(y) is a proportionality factor which ac
counts for reflection at the boundaries, oil transmission, etc., and therefore 
depends on y. Since B can agam be calculated T0rr(y) is known and eq. (4.3) 
gives the value of K(y) 10 • With the discharge on, S0n(Y) is measured and since 
K(y) 10 is known now, T00(y) can be found from 

so 

Soff(y) 
Son(y) = C K(y) fo Ton(y) = --Too(y), 

Tou(y) 

02~0------~------~------~------~------~~~~------~---~~------~ 30 40 50 60 '70 • 60 90 100 110 
TwlCI-

Fig. 4.7. Experimentally obtained relation between the transmission T and the quantity Bas 
defined by eq. (4.2). The experiments.are performed with the unresolved 455·5/459·3-nm Cs 
resonance lines (72P 112• 312 - 62S112). The emission-line profile of the light source is un
known but is kept constant during the experiments. 
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which in turn determines a value of B(y) with the aid of the experimentally 
found relation T = T(B). The latter procedure was repeated for twenty values 
of y determined by Ym = (1 - Xm 2) 112, where Xm indicates the positive zeros 
of the Legendre polynomial of order 40, P40(x) (see ref. 57). By applying the 
Abel inversion procedure to the measured B(y) data the radial distributions 
n1(r) were obtained. 

4.4. Measurements on excited-state densities 

Under our experimental conditions absorption measurements on the excited
state (62Pm .. m) density 58) are more complicated than those on the ground
state densities for the following reasons: (i) the excited-state density is about 
two orders of magnitude smaller than the ground-state density, (ii) no set of 
reference densities can be adjusted experimentally in a simple manner to give 
interpretable absorption data, and (iii) as a consequence of point (ii) both the 
emission profile of the probing light beam and the absorption profile have to 
be known. In order to avoid the necessity of an experimental determination 
of the spectral distribution of an atomic-line light source, a source having a 
continuous emissjon spectrum was used. 

The probing light beam was sent into the discharge parallel to the tube axis 
in order to attain sufficient absorption. The experimental set-up is described in 
ref. 59. The relationship between the total absorption A0 (see ref. 22, p. 130) 
and the optical depth k 0 l can be derived from the analysis given by Van 
Trigt 60). Hyperfine splitting and Doppler, natural and collision line broadening 
are taken into account. However, the broadening cross-section <1L for the ab
sorption lines at 8761 A and 9172 A is unknown (the lines correspond to the 
62P112 - 62D312 and 62P312 - 62D512 transitions of Cs). We have used 
<1L = 157 A2 • This value was inferred from the data given in ref. 22, p. 171, 
in which a number of values for <1L are compiled for various atoms and atomic 
transitions. Calculated curves of growth are presented in fig. 4.8. The param
eter a was obtained from the addition of the parameters a of natural and col
lision line broadening (see the addendum). The atomic data used are taken 
from refs 31 and 33. 

4.5. Measurement of the Jight production at the Na-D lines 

The intensity of the sodium-D resonance light which is emitted along the 
line of sight perpendicular to the tube axis, was measured for different dis
charge currents and temperatures. This intensity is proportional to the radiant 
flux, provided that the spatial distribution of the light intensity emitted by a 
tube-surface element is independent of the discharge parameters. This has been 
verified for the experimental conditions under which the data were obtained. 
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Fig. 4.8. Calculated 60) "curve of growth", AG (In 2)1 ' 2/(lf Llv0 ) as a function of the optical 
depth k 0 l, of the 8761-A (62P 112 _,. 62D312) and 9172-A {62P 312 -+ 62D512) absorption lines 
of Cs at 370 K. Curve a: 8761-A line with Doppler broadening and hyperfine splitting (H.F.S.); 
b: 8761-A line with Doppler broadening, H.F.S. and natural line broadening a= 0·004; 
c: 8761-A line with Doppler broadening, H.F.S. natural line broadening and collisional 
broadening, aL 31·4 A2 , a 0·021; d: 9712-A line as curve c but with fh = 157 A2 , 

a= 0·087; e: 8761-A line, as curve c but with uL = 157 A2 , a= 0·092; f: 8761-A line, as 
curve c but with uL 314 A2 , a 0·17. The curves d and e are used for the interpretation 
of the absorption data. 

4.6. Measurement of the electric-field strength, electron temperature and electron 
density 

The value of the electric-field strength was obtained from the probe floating 
potentials with respect to one of the electrodes. The electron temperature and 
the electron density at the tube axis were obtained from the probe charac
teristics 61

•
62

). 

4.7. Electronic equipment 

Standard electronic equipment was used mostly. Special attention has been 
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Fig. 4.9. Voltage drop across the discharge, V(t) after short-circuiting at t = 0. The inset 
shows the experimental arrangement, the electronic switch is operated by a pulse generator. 
The curve shown was obtained for Na-Ne-Ar discharge, R = 1 em, PNe-Ar = 5·5 Torr 
(99% Ne-1% Ar), Nw 4·6. 1019 m- 3 (Tw = 533 K). Initial d.c. current I (t < 0) = 
0·95 A and voltage V (t < 0) 82 V. It can be seen that V (t > 0) decreases to 25 % of 
the initial value within t = ~·l !LS· 

paid to the problem of short-circuiting d. c. discharges for the afterglow studies. 
Figure 4.9 shows the electronic switch developed to that end (inset) and a typical 
voltage-time curve obtained with this device. 

Appendix 4.A. Path of a beam of light perpendicular to a system of coaxial circle
cylindrical bodies 

According to the applied Abel inversion procedure the transmission at various 
distances from the discharge-tube axis y, has .o be determined. However, the 
beam is refracted by a number of air-glass, glass-oil and glass-vacuum tran
sitions. In the following we shall see how an incoming beam of light, which 
has to pass the axis at a distance y, has to be adjusted. 

The path of a beam refracted by two cylindrical boundaries is drawn in 
fig. 4.10. The angle between the incoming beam and the normal of the ith 
boundary is denoted by r:x1

1n while r:x1out represents the angle for the refracted 
beam. According to Snellius' law 

(4.A.l) 
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Yi-1 

Fig. 4.10. Path of a beam of light refracted by two coaxial boundaries (see main text). 

and by application of the sine rule 

rt nt 
sin aH1 in = ----sin a/n, (4.A.2) 

where r1 is the radius of the ith boundary and n1 the refractive index of the 
ith medium. If we apply eqs (4.A.l) and (4.A.2) to an air-glass-vacuum system 
we find, because nair = Hvacuum in good approximation, that 

or 

• out 
Stn a 

vacuum 

ralr-•lass 
----sin a11n 

'slass-vacuum 

Yair= Yvacuum• 

(4.A.3) 

(4.A.4) 

By successive application of eqs (4.A.l) and (4.A.2) for the transitions which 
occur in the experimental set-up of sec. 4.3 it follows that the y value which 
is adjusted outside the tube results in the same value for y inside the discharge 
tube. We have checked by numerical calculations that the errors which arise 
for slightly non-coaxial cylinders are negligible for our experimental set-up. 

Appendix 4.B. Interpretation of the transmission data 

It will be shown that the experimental transmission data, described in sec. 4.3, 
can be interpreted without detailed knowledge of the spectral distribution of 
the exciting line. A diagram of the experimental arrangement is shown in fig. 4.6. 
A beam of light with spectral distribution A(,) 

00 

fA(,) d, = 1, 
0 
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and initial intensity 10 is transmitted through the discharge tube. The intensity 
on the detector I(y) follows from 

I(y) = 10 K(y) f A(v) exp [-a(v, y)] d11 ( 4.B.l) 
0 

where 

a(11, y) = f k('P, r) dx', 
-x 

with r = (x' 2 y2) 112• 

K(y) is a proportionality factor which accounts for reflection at the boundaries, 
oil transmission, etc., and therefore depends on y. The absorption coefficient 
k( v, r) can be written 

(4.B.2) 

where L('v, T0, P) is the absorption line profile, T0 the gas temperature, P the 
gas pressure, n1(r) the density of the absorbing ground-state atoms and C a 
constant. If the radial dependence of P and T0 is neglected then n1 is the only 
radially dependent term of eq. (4.B.2) and it follows from (4.B.l) and (4.B.2) 
that 

l(y) = 10 K(y) T(B), (4.B.3) 
with 

T(B) = f A(v) exp [-C L(v) B] dv. 
0 

The quantity B is the density of the absorbing atoms integrated along the path 
of interest (fig. 4.6): 

(4.B.4) 

The function T(B) can be obtained experimentally by measuring the transmis
sion at y = 0 for zero discharge current as a function of the tube temperature Tw. 
Because then the vapor density is uniform, n1(r) = Nw(Tw), B(O) = 2RNw. An 
error is introduced if the transmission data obtained for depleted discharges 
are converted to B values. This is due to the fact that the experimental data 
obtained at some fixed Tw are interpreted by means of the relationship T(B) 
which was measured by varying Tw. However, the function T(B) has to be used 
only in a small temperature range, 30 K typically, and the absorption line width 
is proportional to T112• The errors which arise have been estimated and appear 
to be negligible as compared to other experimental errors. 
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5. RESULTS OF THE EXPERIMENTS AND CALCULATIONS 

Abstract 

Results of the measurements and calculations of ground-state-atom and 
excited-atom densities will be given for d.c.-operated Cs-Ar discharges. 
For Na-Ar and Na-Ne-Ar d.c. discharges the electron temperature, 
electron density, electric-field strength, and the radiant power at the 
sodium-D lines were measured and compared with the calculations for 
sodium densities varying from 1.1019 m- 3 to 6.1019 m- 3 • The 
influence of water vapor on the discharge properties is studied. Sodium
noble-gas d.c. discharge lamps can be operated by a voltage-stab
ilized supply without a ballast if the tube-wall temperature is controlled. 
Such a lamp system will be discussed. The 50-Hz a.c.-operated dis
charge was also studied: both experimental data and calculations are 
presented for the time-dependent electric field and emitted light in
tensity. Finally, we will report on the radiative properties of the after
glow of Na-Ne-Ar discharges. 

5.1. Cs-Ar d.c. discharges 

Direct *) evidence for the importance of depletion in alkali-noble-gas 
discharges was first given by Bleekrode and Van der Laarse 2). Figure 5.1 
shows their data for the Cs ground-state density, n1(r/R), for a Cs-Ar dis
charge with tube radius R = 1·5 em, PAr= 5 Torr and a wall density of 
Nw = 1·9. 1019 m- 3 • The drawn curves represent the results of our model 
calculations. It is seen that the Cs density near the axis decreases markedly 
with increasing discharge current. The measured and calculated distributions 

Fig. 5.1. Cs ground-state density distributions at Nw = 1·9. 1019 m- 3 , PAr 5 Torr, 
R = 1·5 em. The experimental data at 0·50 A(+), 0·85 A (0) and 0·95 A (X) are taken 
from ref. 2. The drawn curves indicate the calculations. 

*) Uyterhoeven 1) concluded from the voltage-current characteristic of an Na-Ne discharge 
that depletion of Na atoms occurred. 
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Fig. 5.2. Cs excited-state density distributions for Nw 1·9 . 1019 m- 3 , PAr 5 Torr and 
R = 1·5 em. The experimental data at 0·50 A ( + ), 0·80 A ( 0) and 0·95 A ( x) are taken 
from ref. 58. The drawn curves indicate the calculations. 

of excited atoms nz(r/R) unde1 the same experimental circumstances are shown 
in fig. 5.2. The shape of the n2 profile can easily be understood: the production 
of excited atoms is proportional to the product of the ground-state density and 
the electron density. The latter distribution can be described roughly by a rather 
parabolic function which becomes flat near the axis at high currents. The drawn 
curves present the calculations which agree fairly with the experimental data. 
The n1(r/R) distributions, measured with the absorption technique described 

1·2.----r--.,..---r---r----, 

0o~-~o~2--~o~~--~oe~--oo~-~,Q. 
r/R-

Fig. 5.3. Cs ground-state density profiles n1(r/R) at Nw = 3·8. 1018 m- 3, PAr 5 Torr, 
R = 1·8 em for discharge currents of (a) 80 rnA, (b) 150 rnA, and (c) 175 rnA. The drawn 
curves represent the calculations, the dashed curves show the experimental result. The bars 
represent the averaged experimental error. 
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in ch. 4 are shown in fig. 5.3. The data are obtained for R = 1·8 em, PAr 5 
Torr and Nw = 3·8 . 1018 m- 3 • Depletion is observed for much lower current 
values than those in fig. 5.1 because of the much lower value of Nw. The vertical 
bars in fig. 5.3 indicate the experimental error averaged over the whole r/ R range. 
It was found by computer simulations that this averaged error is too large near 
rf R 0 and too small near rf R = 1. The experimental data and calculated 
results shown in figs 5.1-5.3 agree reasonably. The calculated results presented 
here differ slightly from those given in ref. 18 where deviations from the Maxwell 
electron energy distributions were not taken into account (see sec. 2.4). 

5.2. Na-Ar and Na-Ne-Ar d.c. discharges 

A characteristic property of the metal-vapor-noble-gas discharge under the 
experimental conditions considered is the rapid change in tube voltage at a 
certain critical current. At this current the discharge becomes axially inhomo
geneous and sp1its up lengthwise into two parts: (i) a part with a low electron 
temperature Te. and low electrical-field strength E, and (ii) a part with a high 
Te and high E value. In the latter part noble-gas atoms are ionized and this 
part increases in length with increasing current, I. If the current is increased 
sufficiently then Te. and E become axially homogeneous again. This behaviour 

Ic 
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Fig. 5.4. Critical current as a function of the wall temperature Ic(Tw) for Na-Ar (+)and 
Na-Ne-Ar discharges (X). The noble-gas pressure is 10 Torr and R = 1·4 em. The drawn 
curves indicate the calculations. The dotted curves show the uncertainty in Ic for Na-Ne-Ar 
discharges due to the uncertainty in the diffusion coefficient of sodium atoms in neon. 
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is due to the depletion of metal-vapor atoms; if the current is increased above 
the critical value then the discharge cannot be maintained by generating enough 
electrons by ionization of metal-vapor atoms, and therefore the noble gas will 
be ionized, which requires a high T. value. The experimental critical current, lc, 
is defined as the lowest value at which E becomes axially inhomogeneous. The 
calculations also indicate the presence of a critical current, i.e., the derivatives 
dT.Idl and dE/dl become infinite at some I value and this current is defined as 
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Fig. 5.5. Electron temperature T0(I) of the Na-Ne-Ar discharge, PNe-Ar = 10 Torr, R = 
1-4 em, and at Tw 519·8 K (+), 527·4 K (0), 532·6 K (L:.), 539·8 K (X). The drawn curves 
indicate the calculations, and the bars represent the experimental error. 
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Fig. 5.6. T.(l) of the Na-Ar discharge, PAr= 10 Torr, R = 1·4 em, and at Tw 509·2 K 
(+), 517·0 K (0), 527·4 K (X). The drawn curves indicate the calculations, and the bars 
represent the experimental error. 
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the calculated lc. The calculated and experimental lc(Tw) are plotted in fig. 5.4. 
The agreement obtained is good in view of the uncertainties in the atomic data. 
This is demonstrated by the dotted curves which show the uncertainty of the 
calculated lc(Tw) values of Na-Ne-Ar discharges due to the uncertainty in the 
experimental value for the atomic diffusion coefficient D1• 

Measured and calculated electron temperatures Te(I) for the Na-Ne-Ar 
(99 vol% Ne, 1 vol% Ar) and Na-Ar discharges are plotted in figs 5.5 and 5.6, 
respectively. The presence of 1% Ar in the Na-Ne-Ar discharge facilitates the 
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Fig. 5.7. Electric field E(I) of the Na-Ne-Ar discharge, Pr.e-Ar 10 Torr, R 1·4 em. and at 
Tw = 516·0 K (+}, 529·6 K (0), 537·2 K (.6.), 542·0 K (X). The drawn curves indicate the 
calculations, and the bars represent the experimental error. 
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Fig. 5.8. The electric field E(l) of the Na-Ar discharge, PAr = 10 Torr, R = 1·4 em, and at 
Tw = 509·2 K (+), 517·0 K (0), 527·4 K (X). The drawn curves indicate the calculations, 
and the bars represent the experimental error. 
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ignition of the discharge. The influence of this small amount of argon on the 
diffusion coefficients and the elastic-energy losses of electrons is of minor im
portance and was ignored in the calculations. 

Electric fields as functions of the discharge current are plotted in figs 5. 7 and 
5.8. The difference between the calculations and the experiments is quite large; 
this will be discussed in ch. 6. 

The electron density on the axis n(O) of the Na-Ar discharge is plotted in 
fig. 5.9. The calculated n(O) values are too large, this will also be discussed in 
ch. 6. 

The efficiency for light production of the positive column at the sodium-D 
lines, 'f/, of the Na-Ar discharge is plotted in fig. 5.10 together with the cal
culated efficiency. The quantity 17 is defined as the ratio of the radiant power 
and electrical input power. The experimental data obtained are proportional 
to the efficiency. The proportionality constant was obtained by fitting the ex
perimental and calculated values at Tw 517·0 K and I 0·8 A. It follows 
from the measurements and calculations that"' decreases with increasing cur
rent. It can be seen that the experimental "' remains neatly constant for I > Ic 
(the lc values are indicated by the arrows for each Tw value). 

The d. c. electric field strength E for an Na-Ne-Ar discharge with R 1 em 
and PNe-Ar 5·5 Torr and 10 Torr is plotted in figs 5.11 and 5.12, respectively. 
These experimental data were derived from the discharge voltage*), in contrast 
with the probe measurements plotted in figs 5.7 and 5.8. The measurements 
were made to serve as a comparison with the time-dependent measurement 
discussed in sees 5.5 and 5.6. The dotted curves in fig. 5.12 show the 

I!Al-

Fig. 5.9. Electron density on the tube axis n(O) of the Na-Ar discharge, PAr = 10 Torr, 
R = 1·4 em, and at Tw = 517 ·0 K ( + ), 524·0 K ( 0 ), 527·4 K ( x ). The drawn curves indicate 
the calculations; the bar represents the experimental error. 

*) The total voltage drop across both the electrode regions was found to be 20 ± 10 V for 
all current values in a separate experiment. 
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Fig. 5.10. Efficiency for light production at the sodium-D lines, rJ(I), of the Na-Ar discharge, 
PAr 10 Torr, R = 1-4 em, and at Tw = 513·2 K (+), 517·0 K (0), 527·4 K (X). The 
drawn curves indicate the calculations, the bars represent the experimental errors and the 
arrows indicate the critical-current values. 

results of the calculations if a Maxwell electron energy distribution is assumed, 
that is Te,t = Te, as was done in the time-dependent calculations. It can be 
seen that the differences with respect to the drawn curves are of minor 
importance. 

The ratio of the emitted light intensity of the P112 .......,.. S112 and P312 .......,.. S112 

transitions, Ra1/l,3/2(1) is plotted in figs 5.13 and 5.14, for PNe-Ar values of 
5·5 and 10 Torr, respectively, and R = 1 em. The drawn line marked by L 
represents the ratio as follows from eq. (2.21) for Lorentz line broadening, 
Ralfl,3/2 = 0·7. This value is also predicted by the applied radiative-transfer 
theory in our case (i.e. for Voigt absorption-line profiles) and is valid up to 
the critical current marked by the arrows at each temperature value Tw. The 
calculations are limited to I< Ic. However, it can be expected that for I > Ic 
the optical depth will decrease so much, due to depletion, that the dominant 
line-broadening mechanism tends to be Doppler broadening. The corresponding 
Ra112, 312 is given by the shaded area, marked by D, and follows from table 2-I. 
It can be seen that the experimental data also tend to constant values for 
I< Ic and I > Ic. However, the lower limit lies below the predicted line L. 
Furthermore, the transition from the lower to the upper limit starts at I < Ic 
in contrast with the model calculations. Nevertheless, a qualitative agreement 
between experiment and theory is obtained. 
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Fig. 5.11. Electric-field strength E(I) as a function of the discharge current I, PNe-Ar 5· 5 Torr, 
R 1 em, and at wall temperatures Tw = 523·4 K (X) and 533·2 K (0). The drawn curves 
indicate the calculations. 

200 

50 

Fig. 5.12. Electric-field strength E(l) as a function of the discharge current I, PNe-Ar = 10 Torr, 
R = 1 em, and at wall temperatures Tw = 533·2 K (X) and 544·6 K (0). The drawn curves 
indicate the calculations. The dotted curves show the result of the calculations under the 
assumption of a Maxwell electron energy distribution for the whole energy range. 
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Fig. 5.13. Ratio of the emitted-light intensity of the P 112 ->- S 112 and P312 ->- S112 transi
tions, Ra 112, 312 as a function of the d.c. discharge current I, R = 1 em, PNe-Ar 5·5 Torr, 
and wall temperatures Tw of 514·4 K (+}, 523·4 K (0), 533·2 K (,!';),and 544·6 K (X). 
The calculated values for Doppler and Lorentz line broadening are indicated by D and L, 
respectively. The critical currents are indicated by the vertical arrows. 
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Fig. 5.14. Ratio of the emitted-light intensity of the P 112 ->- S 112 and P312 ->- S112 transi
tions, Ra1121, 312 as a function of the d.c. discharge current I, R 1 em, PNe-Ar = 10 Torr, 
and wall temperatures Tw of533·2 K (+)and 544·6 K (0). The calculated values for Doppler 
and Lorentz line broadening are indicated by D and L, respectively. The critical currents are 
indicated by the vertical arrows. 

5.3. Contamination of Na low-pressure discharges by H20 

Two main sources of contaminating gases are the electrodes and the glass 
tube walL As already described in sec. 4.1 it was observed that the oxide
covered electrodes sometimes emit C02 • However, this gas is gettered by Na. 
It was found that the glass of the discharge tube emits various gases, N 2 , CH4 

and H 20, for example. We will restrict ourselves to H20 which diffuses from 
the bulk of the glass into the discharge volume. Especially tubes made of soda
lime glass covered by borate glass are expected to be a source of H20 in the 
long run. 
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The influence of H2 0 on the discharge properties of an Na-Ar discharge is 
studied by introducing a well-defined amount of H20 into the discharge tube. 

5.3.1. Chemical reactions between H 2 0 and Na 

The equilibrium of the reaction 

H20 2 Na ?Na2 0 + H2 (5.1) 

lies strongly to the right 63
) at temperatures of the order of 500-550 K. The 

H2 formed reacts further with Na, and NaH is produced: 

H2 + 2 Na? 2 NaH. (5.2) 

Data on the molar solubility of NaH in Na are given by Williams et al. 64), 

while the properties of the equilibrium are reported by Addison et al. 65). A 
plot of the H2 equilibrium pressure above a saturated solution of NaH in Na 
is shown in fig. 5.15. 

The quantity of H20 which is required to attain this equilibrium is given by 

(5.3) 

where W indicates the mass, XNaH is the molar solubility of NaH in Na, M the 
molar weight, VL the discharge volume, T the temperature, PH2 the hydrogen 
pressure and R the gas constant. The first term on the right-hand side accounts 
for the amount of H20 that yields NaH after reaction with sodium. This 
amount ofNaH is dissolved in sodium. The second term represents the required 
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Fig 5.15. The equilibrium hydrogen pressure P82 of a saturated solution of NaH in Na. 
The dashed curve is drawn through the experimental data of ref. 65 ( + ). Our experimental 
data are indicated by (0). 
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quantity of H 20 to build up an H 2 pressure into the discharge volume. From 
typi9al values: T = 533 K, WNa 1 g, VL = 2·5. I0- 4 m3, PHz = 1·6 Torr 
(see fig. 5.15) and XNaH = 8·3. lo-s it follows that the required quantity of 
H 20 amounts to WH

2
o = 0·24 mg in order to obtain the equilibrium pres

sure of H 2 • 

It follows from the measurements of Garbe 66
) that the water content of 

sodium-silicate glass is of the order of 4 mg per em 3 • As a first approximation 
it is assumed that this value also holds for lime glass. The glass volume of the 
discharge tube mentioned above amounts to 5 cm3 and this results in a water 
content of 20 mg. Although this water may be removed partially by a bake-out 
procedure, a residue of the order of 2% is enough to attain the equilibrium 
condition of eq. (5.3). Therefore it is concluded that relatively small quantities 
of water are sufficient to build up a notable hydrogen pressure of the order 
of 1 Torr. 

5.3.2. Influence ofH2 on the discharge 

The discharge properties are influenced because of two reasons: (i) excited 
32P 112 , 312 Na atoms are quenched by H 2 molecules, and (ii) the electron-energy 
losses to H 2 per Torr are large with respect to the losses to noble-gas atoms. 
We first focus our attention to the quenching process. According to ref. 22, 
p. 227, the following quenching reactions occur: 

Nap112,312 + H2--+- Nas112 (H2)vlbratlonally excited• (5.4) 

(5.5) 

The cross-section for both processes together has been measured by Kibble et 
al. 67) who found aQ 16·2 ± 0·3 A2 at the temperature of 400 K while 
Bastlein et al.68) report aQ 12·2 ± 0·7 A2 for the temperature range 
538 K < T < 638 K. According to Netten 69) the second process (5.5) can be 
neglected compared to the first one. The decay time of excited atoms due to 
quenching, "tQ, can be written as 

"tQ 1/(nH2 ( v) aQ) (5.6) 

where nH2 is the H 2 density and (v) the mean relative velocity 

(v) {5.7) 

where M denotes the molar mass. If we insert a mean value of aQ = 14 A2 , 

(v) = 2480 mfs (which follows from T = 533 K) and n82 2·9. 1022 m- 3 

(which corresponds to 1·6 Torr at 533 K) into eq. (5.6) then "tQ = I0-7 s. This 
non-radiative-decay time has to be compared with the effective radiative-decay 
time "terr which amounts to a few !J.S under our experimental conditions. There-
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TABLE 5-I 

Calculated elastic energy losses P, in W per Torr and per electron, to neon 
and argon. For hydrogen the losses involved with rotational and vibrational 
excitation are added to the elastic losses. The gas temperature is taken to be 
500 K, the pressure in Torr refers to the filling pressure at 25 °C which cor
responds to a density of 3·2. 1022 m- 3 

2000 4000 6000 8000 10000 12000 

P (l0-15 W/Torr) Ne 0·26 1·0 2·2 3·4 5·2 7·0 

P (10- 15 W/Torr) Ar 0·042 0·36 1·2 2·6 4·8 7·8 

P (10- 15 W/Torr) H 2 96 430 1100 2300 3800 5600 

fore an H2 pressure of 1·6 Torr is expected to have a strong influence on the 
discharge properties. 

The second effect of H2 on the discharge is the increase in electron-energy 
losses due to collisions with molecular hydrogen. These losses can be divided 
into elastic losses and- the more important- inelastic losses due to rotational 
and vibrational excitation. The cross-sections for momentum transfer and in
elastic collisions are given by Frost and Phelps 70). Crompton and Sutton 71 ) 

presented experimental data on the ratio, A.', of the total losses to the elastic 
energy losses of electrons to H2 at 290 K. In our experiments the gas tem
perature T9 is about 530 K. Therefore the dependence of A.' on T9 has been 
investigated using the data of Frost and Phelps. It turns out that the dependence 
of A.' on T9 may be neglected, see appendix 5.A. As the inelastic cross-sections 
of Frost and Phelps are considered by these authors as a rough approximation 
we decided to use the experimental data on A.' of Ctompton and Sutton together 
with momentum-transfer cross-sections of Frost and Phelps in order to obtain 
the electron-energy losses to H2• Table 5-1 presents a survey of the results for 
the energy loss per election per Torr argon, neon and hydrogen. It can that be 
seen that the energy loss to H2 exceeds the loss to the noble gases by a few 
orders of magnitude. 

5.3.3. Experiments on discharges contaminated by H20 and H2 

The influence of H2 on the properties of a sodium-argon discharge were 
experimentally investigated in the following way. A small closed vessel con
taining 5 mg of H20 was mounted in the discharge tube. A heating wire which 
allows the vessel to be opened by melting a hole in the glass wall, was wrapped 
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Fig. 5.16. Experimental arrangement for the addition of water vapor into the discharge tube. 
The small vessel which contains the water vapor can be opened by means of the heating wire. 

round one end (see fig. 5.16). The discharge tube made of gehlenite allows a 
bake-out temperature of 650 °C and was processed as described in sec. 4.1; 
further R = 1·4 em, PAr = 10 Torr and electrode distance 1 = 60 em. 

First the electric-field strength E and efficiency for light production 'fJ were 
measured as a function of the discharge current I for a number of wall tem
peratures Tw. The results are presented in figs 5.17 and 5.18 for Tw = 513·2 K 
(black dots) and Tw = 527·4 K (black squares), respectively. 

Next the water vapor was introduced into the discharge, its quantity assuring 
a saturated solution of NaH into the liquid sodium present. As a result of the 
addition of wate-r the discharge extinguished immediately. It was found that 
a voltage of several kV was required for reignition. Table 5-II shows the burning 
voltage as a function of time for a constant current of0·2 A and Tw = 513·2 K. 
Mter about 15 hours of operation a steady state was achieved and E and 'fJ 

were measured again. The results are presented in figs 5.17 and 5.18 for 

TABLE 5-II 

Burning voltage V(t) of the Na-Ar d.c. discharge after the addition of water 
vapor, I= 0·2 A, R = 1·4 em, PAr= 10 Torr, Tw = 513·2 K 

t (hours) V(V) 

0·50 2·6. 103 

0·75 2·2. 103 

1·0 2·1. 103 

2 1·3.103 

3 0·8. 103 

6 127 
12 91 
15 86 

clean discharge 50 
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Fig. 5.17. Electric-field strength E of a d.c.-operated Na-Ar discharge, R 1·4 em, PAr= 
10 Torr. Clean discharge: Tw = 513·2 K <•) and Tw = 527·4 K <•>· Discharge polluted by 
water: Tw = 513·2 K (0) and Tw = 527·4 K (0). The vertical bars indicate the experimental 
error. 
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Fig. 5.18. Efficiency for light production YJ, defined as the ratio of the emitted radiant power 
at the sodium-D lines per metre (measured in arbitrary units) to the column power per metre. 
Clean discharge: Tw = 513·2 K <•) and Tw = 527·4 K (•); discharge polluted by water: 
Tw = 513·2 K (0) and Tw = 52N K (0). 

Tw = 513·2 K (circles) and Tw 527•4 K (open squares). Especially for the 
lower currents E increased and rJ decreased as a result of the contamination. 
For high I values E and rJ are only slightly influenced. The model equations 
presented in ch. 2 were modified to account for the presence of H 2 : i.e. both 
quenching of excited Na atoms and extra electron-energy losses due to H 2 were 
included. Figure 5.19 presents results for E(I) obtained from calculations on 
the model of the discharge for Tw 513·2 K and H2 pressures of 10- 1, 10- 2 

and 0 Torr. Similar results were obtained for Tw 527·4 K. It follows from 
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Fig. 5.19. Calculated electric field E for a d.c.-operated Na-Ar discharge, R 1·4 em, 
PAr= 10 Torr, Tw = 513·2 K. The parameter is the hydrogen pressure which is indicated 
in Torr. 

the calculations that the hydrogen pressure in the experimental tube for high 
current values is of the order of 10- 3-I0- 2 Torr. This value is in striking con
trast with the pressures expected from the data of ref. 65: 0·6 Torr and 1·2 Torr 
at 513·2 K and 527·4 K, respectively, see fig. 5.15. 

The results obtained were checked by an additional experiment, the set-up 
being given in fig. 5.20. A discharge tube containing about 1 g of sodium was 
filled with a few Torr of H2 via a selective hydrogen valve, SV, made of Ni. 
There is no noble gas present in this experiment. The tube temperature was 
controlled by means of an electrical oven and an adjustable flow of air which 
allows cooling of the discharge tube. Then a discharge was ignited. It could be 
observed that the hydrogen was gettered by sodium. Therefore hydrogen was 
added continuously through the valve SV. Mter some time white NaH crystals 
appeared on the liquid sodium. Hydrogen was added until a saturated solution 

pump oven 

Fig . .5.20. Experimental arrangement for selective addition and pumping of H 2 • The tem
perature of the discharge tube is controlled by the oven and air blower; SV: selective hydrogen 
valve (diffusion through heated nickel), P1 and P2 are pressure meters. 
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of NaH was obtained. The discharge was then extinguished, cooled down to 
room temperature and pumped off, whereupon the tube wall was heated up 
slowly and the H 2 pressure measured, the results being plotted in fig. 5.15. Be
cause the gas formed during this heating-up procedure could be pumped off 
completely via the selective hydrogen valve no doubt remained as to the identity 
of the gas. The measured H 2 pressmes are in reasonable agreement with those 
of Addison et al. 65). At a tube-wall temperature of 533 K a pressure of 1 Torr 
was obtained, and the discharge was ignited and kept at 533 K. As a result the 
H 2 pressure quickly reduced to a value below 0·1 Torr, this upper limit being 
determined by the measuring range of the pressure meter used. 

It follows from the experiments that the effect of the contamination by 
H20 and H2 on the discharge properties is strongly diminished because the 
NaH ~ H2 + Na equilibrium is shifted to NaH. This is clearly due to the 
presence of the plasma. Simular results have been obtained by Netten 72). 

5.4. Temperature stabilization of Na-noble-gas discharge lamps 

Most practical low-pressure gas-discharge lamps have a negative voltage-cur
rent characteristic. Consequently these devices have to be operated by a voltage 
source with resistance in series with the lamp or by a current source 73). Then 
an important part of the electric energy is converted into heat in the lamp supply 
(ballast). The following example will illustrate this: an a. c.-operated low-pres
sure 90-watt sodium lamp (Philips SOX 90W) produces about 24 watts of 
sodium-D-line radiation. The ballast consumes about 30 watts, therefore the 
efficiency of the lamp system, i.e. the lamp including the supply, is about 20%. 
If the losses in the supply could be removed then the efficiency would increase 
considerably and it would become 27 %. The discharges in metal-vapor-noble
gas mixtures under investigation may have a positive differential resistance and 
can therefore be operated 74) by a voltage-stabilized supply. This is of interest 
because such a voltage source can be produced from the 50-Hz mains by a 
simple rectifier with small heat losses. The d.c. V-I characteristics of the dis
charge tube of the sodium lamp mentioned above- tube radius R 1 em, 
filling pressure PNe-Ar = 5·5 Torr (99% Ne-1 % Ar), electrode distance 
L 0·8 m-at a number of tube-wall temperatutes are shown in fig. 5.21. The 
presence of a current region where d Vfdl > 0 is caused by two different but 
related effects: (i) for I< Ic, dVfdlis positive because the electric-field strength 
-hence the voltage drop across the positive column increases due to sodium 
depletion; (ii) at currents I > Ic the column splits up into a region with a low 
and one with a high E value. The latter region increases in length with increasing 
current and this phenomenon leads to relatively large and positive values for 
d Vfdl. It was found that the voltage drop caused by both oxide-covered elec
trodes is nearly independent of I. Therefore the influence of the electrodes on 
the qualitative behaviour of the V-I characteristic may be ignored. It follows 
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Fig. 5.21. Voltage-current characteristics of a d.c.-operated SOX 90-watt sodium lamp at 
various wall temperatures, R = 1 em, PNe-Ar 5·5 Torr, electrode distance 1 = 0·8 m. 
Curve a: Tw = 521·4 K; b: 523·4 K; c: 525·8 K; d; 527·8 K; e: 530·6 K, and f: 533·2 K. 
The dotted curve and the point marked by W are discussed in the main text. 

from fig. 5.21 that a d.c. voltage between 85 V and 165 V results in a stable 
discharge with 0·60 A< I< 1·15 A at Tw = 530·6 K. However, Tw cannot be 
maintained at a constant value in a lamp and this gives rise to an instability 
illustrated as follows. If the voltage is adjusted at V 100 V then the wall 
temperature of the lamp is established by the electrical power input, P E• and the 
transfer of heat and radiation to the environment, PR. A temperature of say 
530·6 K results, this working point being indicated by W in fig. 5.21. A small 
increase of Tw by LITw results in an increase of PR with LIPR. Furthermore the 
V-I characteristic shifts to the right, dotted, curve in fig. 5.21. This means that 
for constant V the value of I, and hence of P E• increases with LIP E· The require· 
ment for stability is that 

or 

In practical sodium low-pressure lamps bPRfC>Tw is of the order of 0·4 W/K 75) 

and it follows from the V-I characteristics of fig. 5.21 that ()PE/C>Tw ~ 7 W/K. 
It will be clear that the discharge system is unstable: the current drifts to high 
values or the lamp extinguishes. This temperature instability was first recognized 
by De Kock 76). 

A simple solution to this problem is shown in fig. 5.22. The discharge tube is 
surrounded by an oven which is operated by the switch S. This switch is con
trolled by the unit C and is closed for I < 10 and opened for I > 10 , the cur
rent and voltage of the working point being 10 and V0 , respectively. So the 
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Fig. 5.22. Temperature-stabilization circuit. V: d.c. voltage-stabilized supply; S: switch; 
C: oven control: R: measuring resistor. 

oven power is switched between zero and Poven· The input signal for the con
trol unit Cis the voltage drop over a small resistor, R, in series with the dis
charge. The expenmental conditions are adjusted such that at V = V0 , and 
at an average oven power of tPoven a stable discharge is obtained. If I decreases 
below I 0 then the oven is switched on and the tube wall is heated up. If I increases 
above I 0 then the oven is switched off and the tube wall cools down. In this 
way the variations in T,. are measured by means of current variations and a 
proper counter action is taken. 

The experiments were performed with a modified Philips SOX 90W discharge 
lamp: the discharge tube was provided with a transparant Sn20 lining which 
serves as the oven. The system fed by the circuit drawn in fig. 5.22 has operated 
for many hours at V = 100 V, I= 1 A and with a time-averaged oven power 
of 5-15 W. The heat dissipated in the control unit was about 5 W. The tem
perature instability of sodium lamps operated without a ballast essentially 
requires a certain amount of oven power. This will reduce the efficiency of the 
system. However, the heat is engendered at the discharge-tube wall, so this heat 
can be partly regained by reducing the heat losses in the discharge. This can be 
achieved by reducing the noble-gas pressure. 

It can be concluded that a sodium low-pressure discharge lamp can be 
operated directly by a voltage-stabilized supply. The stability of such a system 
can be ensured in a simple manner and at the cost of relatively small losses. 

5.5. Na-Ne-Ar a.c. discharges. 

The a. c. properties of Na-N e-Ar discharges are of practical interest because 
most lamps are a.c.-operated. Figure 5.23 shows the measured voltage-current 
characteristics for PNe-Ar = 5·5 Torr, T,. = 533·2 K and for three different 
RMS values of the current sine wave, IRMs = 0·75, 0·90 and 1·25 A. The arrows 
indicate the direction of the time progression. The dashed curve shows the d.c. 
characteristic. It can be seen from the figure that the a.c. characteristics deviate 
strongly from the d.c. characteristic. Furthermore, a hysteresis effect can be 
observed which increases with increasing IRMs values. It was concluded in 
sec. 5.2 from fig. 5.12 that the difference between the results obtained by the 
calculations using a two-electron-group model and a Maxwell electron energy 
distribution is of minor importance under the conditions at hand. Therefore 
the. time-dependent calculations have been performed using one Maxwell elec-
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Fig. 5.23. Experimental voltage-current (V-J) characteristics of a 50.Hz a.c.-operated 
Na-Ne-Ar discharge, PNe-Ar 5·5 Torr, R = 1 em, electrode distance l = 0·8 m, and at 
Tw = 533·2 K. The drawn curves indicate the measurements for three different R.M.S. 
values of the current sine wave; a: 0·75 A; b: 0·90 A; c: 1·25 A. The arrows indicate the time 
progression. The dashed curve represents the experimental d.c. V-I characteristic. 

tron distribution for the whole energy range. In this way elaborate time-con
suming computations are avoided. The calculated E(t) and normalized ground
state density on the axis n1(0, t)/Nw are plotted in fig. 5.24 for /RMS 0·75 A. 
The dashed curve indicates E{t} as derived from the discharge voltage, taking 
into account the losses across both the electrode-plasma transitions (20 10 V 
for all current values). It can be seen from fig. 5.24 that the calculated E(t} 
also shows a hysteresis effect. It follows from the plot of time-dependent ground
state density that for I 0·75 A at t = 2·5 ms and 7·5 ms it results in values 
of n1/Nw = 0·3 and n1/Nw 0·01, respectively. So at the same current value 
the ground-state density differs markedly and the discharge properties are there-
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Fig. 5.24. Electric field E(t) and normalized 
Na ground-statedensityat the axisn1(0, t)/Nw 
as functions of time of a 50.Hz a.c.-oper
ated Na-Ne-Ar discharge, PNe-Ar = 5·5 
Torr, Tw = 533·2 K, Nw 4·6. 1019 m- 3, 

R = 1 em and IRMS 0·75 A. The drawn 
curves indicate the calculations, the dashed 
curve represents the experimental E(t). 
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Fig. 5.25. The normalized electron density 
at the tube axis n(O, t)/Nw, the electron tem
perature Te(t) and the radiant power per 
metre column length PL(t) (5895·9A/5889·9A) 
of an Na-Ne-Ar discharge. The conditions 
are the same as those of fig. 5.24. The drawn 
curves indicate the calculations, the dashed 
curve shows the experimental PL(t) data. 
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fore different. The time lag between the current maximum and the minimum 
in nd N w amounts to about 2 ms. The calculated electron density at the axis n(O, t ), 
electron temperature Te(t) and emitted-light power per metre column length 
PL(t) are plotted in fig. 5.25. The dashed curve shows PL(t) measured along a 
line of sight which intersects the tube axis perpendicularly. No absolute light 
measurements were performed, therefore the maximum of the experimental PL 
curve was fitted to the maximum of the calculated PL(t). Similar results were 
obtained for Na-Ne-Ar discharges with PNe-Ar = 10 Torr and for other 
values of Tw. 

5.6. Afterglow of Na-N e-Ar discharges 

Time-resolved measurements of the line intensities P L emitted by the afterglow 
of the positive column of Na-Ne-Ar discharges, R = 1 em, PNe-Ar 5·5 Torr 
and 10 Torr were carried out. The emitted light was measured with a photo
multiplier and a 0·5-m Jarrell-Ash monochromator which allows individual 
detection of the 5895·9-A and 5889·9-A sodium-D lines. The response time of 
the detection system was found by measurement to be smaller than 0·3 [.LS. In 
this section all discharge properties at t = 0 are the d.c. properties at the 
specified current /(0) / 0 and the afterglow starts at t = 0. The interpreta
tion of the experimental data is based on the calculated properties of the after
glow. We shall therefore start with a short description of the calculated results. 
Some typical calculated results are plotted in fig. 5.26 where PL(t) is the sum 
of the intensities of the 5895·9-A and 5889·9-A lines. The time-dependent 
behaviour of the electron temperature, Te, the ground-state density at the axis, 
n1 , the excited-state density at the axis, n2 , and the electron density at the axis, n, 
are also shown in the figure. For the time scale of interest, t < 10 [.LS, n remains 
constant. The small increase of n1 is due to the supply by decaying excited 
atoms. It can be seen that PL lingers at the d.c. value fort < I fLS. This is due 
to the supply of excited atoms by the still sufficiently hot electrons. lf Te de
creases further then the excited-atom production becomes small andPL decays 
to zero exponentially for t > 2 fLS. The dashed curve shows the line intensities 
PL' if Te is set equal to the gas temperature fort> 0. The decay time of PL' 
is now equal to Terr: the effective decay time of the combined excited states 
32P112 and 32P 312 as defined in sec. 2.3, eq. (2.17). 

A comparison between the experimental and calculated PL is shown in 
fig. 5.27. The drawn curve in this figure, curve c, shows the calculatedPL normal
ized with P L(O), curve a represents the experimental result. Curve b is obtained 
if the light signal for t > 20 f!S is subtracted. The experimentally obtained PL 
curves for the 5895·9-A and 5889·9-A lines were identical, within I %, for all 
afterglow experiments*) although the calculated radiative-decay times differ no-

*) The afterglow experiments were carried out for 0·1 A< 10 < 1·5 A and2. 1019m- 3 < N,. 
< 7·5. 1019 m- 3 • 
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Fig. 5.26. Calculated time-dependent properties of the Na-Ne-Ar afterglow, R = 1 em, 
PAr-Nc=5·5 Torr, /(0)=0·5 A, Tw=533·2 K, Nw 4·6.1019 m- 3 ; Te: electron tem
perature, n: electron density at the axis, n1 : ground-state density at the axis, n2 : excited
state density at the axis, PL: radiant power at the sodium-D lines, P': radiant power if 
T., is set equal to the gas temperature in the calculation for t > 0. 
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Fig. 5.27. Normalized radiant power in the afterglow at the sodium-D lines PL(t)fPL(O), 
as a function of time. The conditions are the same as those of fig. 5.26. The drawn curve 
represents the calculation, the dashed curves show the measurements; a: experimental data 
as obtained directly from the recording of PL(t), b: experimental data corrected for the 
constant light signal at t > 20 !kS· 



65-

tably: T:emt2 /7:etr312 = 0·7. This experimental result suggests a strong collisional 
coupling (as was assumed in the model) between the P 112 and P312 levels of so
dium. It can be seen from fig. 5.27 that the experimental PL decays exponen
tially for 2 fLS < t < 6 tJ.S with a time constant -rL (curve a). The region of an 
exponential decay is extended to 2 tJ.S < t < 9 tJ.S if the light signal at large 
values oft, t > 20 tJ.S, is subtracted (curve b). This radiation, which amounts 
to less than 4% of the radiation at t = 0, partly originates from the population 
of the upper level by other radiative transitions as will be shown below. It was 
found that Na-D resonance radiation was still being emitted at t ~ 1 ms. The 
origin of this light emission is not known to us. We have noted that this light 
vanishes if the monochromator is adjusted just off the wavelength of the line. 
The measured and calculated decay times r:L are plotted in figs 5.28-5.30 as a 
function of the initial d.c. current 10 and for a number of Tw values. The 
drawn curves indicate the calculated results for r:L. The dashed curves are 
drawn through the experimental TL data which were derived directly from the 
measured decay of PL for 2 tJ.S < t < 6 tJ.S (no subtraction of the remaining 
constant light signal has been performed as was done to obtain curve b of 
fig. 5.27). The dotted curves show the calculated decay time Terr· It can be 
seen that the calculated TL is nearly equal to Terr for the lower current values. 
We therefore put the experimental -rL equal to the experimental r:.rr· Then 
the calculated and measured values for -r.rr agree within 30% for PNe-Ar = 5·5 
Torr and within 60% for PNe-Ar 10 Torr. This is considered to be a 
favorable agreement. 

In addition, the decay of the light intensity of other sodium lines has been 
measured. Figures 5.31 and 5.32 show PLforthe 4982·8-A line(52D512 -+32P312) 

and the 5688·2-A line (42D 512 --+ 32P312), respectively. The decay of these line 
intensities is quitedifferentfrom the 5895·9/5889·9-A lines: a relatively large max
imum occurs for t 30 to 60 fLS as can be seen from the figures. This phenome
non has been observed earlier in Cs discharges by Sayer et al. 77) and D. Ya. Dudko 
et al. 78

). These authors ascribe this behavior to the effects involved in the rapid 
decay of electron temperature towards the gas temperature compared with the 
diffusion time of the electrons and ions. The maximum in P L vanishes for I> Ic 
Vc is 1·0 A under the experimental conditions of fig. 5.31). This can be ex
plained by the presence of metastable noble-gas atoms which results in a much 
more slowly decaying electron temperature. Figure 5.32 also shows the behaviour 
of PL of the 5688·2-A line if the voltage Vis switched on again. It can be seen 
that the light intensity at first decreases with increasing V. As only the 32Plf2, 312 

excited states were taken into account in our model of the discharge, further 
discussion of the interesting data given in figs 5.31 and 5.32 lies beyond the 
scope of the model. 
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Fig. 5.28. Measured and calculated light-decay times of the sodium-D lines TL in the early 
afterglow as a function of the initial d.c. current /0 , PNe-Ar 5·5 Torr. The dashed curves 
are drawn through the experimental data, +: Tw = 514·4 K, /::,: Tw 533·2 K. The drawn 
curves show the calculated results for Tv The dotted curves represent the calculated effective 
decay time <err of excited atoms. 
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Fig. 5.29. Measured and calculated light-decay times at the sodium-D lines in the early after
glow as a function of the initial d.c. current / 0 , PNe-Ar = 5·5 Torr. The dashed curves are 
drawn through the experimental data, 0: Tw 523·4 K, X : Tw 544·6 K. The drawn 
curves show the calculated results for •L· The dotted curves represent the calculated effective 
decay time <err of excited atoms. 
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Fig. 5.30. Measured and calculated light-decay times at the sodium-D lines TL in the early 
afterglow as a function of the initial d.c. current / 0 , PNe-Ar = 10 Torr. The dashed curves 
are drawn through the exprimental data, X: Tw = 533·2 K, 0: Tw 544·6 K. The drawn 
curves show the calculated results for Tv The dotted curves represent the calculated effective 
decay time <err of excited atoms. 
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Fig. 5.31. Measured light production in the afterglow at the 4982·8-A (5 2D 512 - 32P 312) 

line PL(t) normalized by the d.c. value PL(O) for various values of the initial d.c. current as 
indicated in the figure. R = 1 em, PNo-A.r 5·5 Torr, Tw 533·2 K. 
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Fig. 5.32. Measured light production in the afterglow at the 5688·2-A (42D512 -+ 32P 312) 

line PL(t) normalized by the d.c. value PL(O) for an initial d.c. current 10 = 0·7 A, R 
1 cm,PNo-Ar = 5·5 Torr, Tw = 533·2 K. The dashed curve shows the voltage V. 

Appendix 5.A. Energy losses to molecular hydrogen 

It is the purpose of this appendix to investigate the gas-temperature depend
ence of the electron-energy losses to H2 • It may be expected that this depend
ence is caused mainly by the temperature dependence of the losses due to 
rotational excitation by electrons for Te > 5000 K and 300 K < Tg < 600 K: 
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the kinetic energy of the gas molecules is much less than the threshold for 
vibrational excitation (0·6 eV), but of the same order of magnitude compared 
with the energy separation of rotational levels (0·04 eV) (see ref. 79,pp.l21-140). 

The following assumptions have been made for the calculations on the elec
tron-energy loss to H2 due to rotational excitation: (i) the molecules are in the 
vibrational ground level and (ii) the rotational states are populated according 
to the Boltzmann distribution for Tg. Following these assumptions the energy 
loss per electron per second Prou can be written 

Prot= nH2 L Kro!(J, J + 2)f/ot(UJ+2rot uJrot) + 
J 

-K'OI(J + 2, J)jJ+ 2rt>t(UJ+ 2rot_ U/ot), (5.A.l) 

where K<D1(i,j) indicates the rates for the transitions from the rotational level i 
to level j, urt urt is the energy involved and !trot denotes the fractional 
population of the ith level. 

The populationf/01 is given by (ref. 79, pp. 121-140) 

1 
f/01 = Q. (2J + I) exp (-U/01/kTg), 

3 

J = 0, 2, 4 ... , 

(5.A.2) 

/;rot = - (2J I) exp (-U/ot/kTg), 
Q. 

J = 1, 3, 5 ... 

and the energy U/01 follows from 

Ulot = B J(J + 1), (5.A.3) 

where B 1·5. I0- 3 eV (ref. 79, p. 532), Tg is the gas temperature and Q. is 
the rotational state sum. Values for //01 at Tg 300 K and 550 K are given 
in table 5-III. 

Cross-sections for momentum transfer, vibrational excitation and rotational 
excitation are given by Frost and Phelps 70). Table A-II of the addendum 
presents the approximations for the cross-sections used. The calculated results 

TABLE 5-III 

Results for the fractional population of the rotational levels of H 2 calculated 
from eq. (5.A.2). The gas temperature is indicated by Tg 

J-+ 0 1 2 3 4 5 
Tg (K) /;rot 

300 0·1323 0·6645 0·1150 0·0840 0·0035 0·0007 
550 0·0754 0·4936 0·1452 0·2348 0·0282 0·0211 
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Fig. 5.33. Ratio of the electron-energy loss to H 2 due to rotational excitation to the energy 
loss due to elastic collisions .itrot'· The calculated results are given for two values of the gas 
temperature which are indicated in the figure. 

for the ratio of Prot to the elastic energy losses, Ar0 /, are presented in fig. 5.33. 
It follows from these data that the dependence of ).,.0 / on Tg is unimportant 
forTe> 5000 K. 

We conclude that the gas-temperature dependence of the electron-energy 
losses to H2 may be neglected under our experimental circumstances. 
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6. DISCUSSION AND CONCLUSION 

The model which describes the positive column as presented in ch. 2 is based 
on a three~level scheme of the metal-vapor atom. This scheme includes the 
ground state, the ionized state, and one combined 2P112 , 312 excited state. The 
noble gas present acts as a buffer gas only. This means that we neglect excitation 
and ionization of the noble-gas atoms. This is permissible for currents smaller 
than a critical current Ic; our model cannot be applied to currents I> Ic. 
Recently, Van Trigt and Blom 80

) included two more excited states of Na in 
model calculations on an Na-Ne discharge in a slab geometry. It follows from 
their results that the calculated discharge properties are only slightly modified 
with respect to the results for a three-level model. 

Volume recombination is neglected in the calculations. The rates for three
body recombination were found by calculation to be negligible under our circum
stances. However, recombination may also proceed via the formation of a 
molecular ion. It is well known that the recombination rates for these molecular 
ions may be large. The recombination rate for Cs2 + ions has been measured 
by Hammer and Aubrey 81 

). Experimental data on Cs2 + densities have been 
reported by Bergman and Chanin 82

). However, their experiments were carried 
out in discharges tubes containing only Cs vapor and so the data are obtained 
under circumstances which are quite different from our experimental circum
stances. Furthermore the relevant data on Na2 + iom are lacking as far as we 
know. For these reasons recombination via molecular-ion formation has not 
been included in the model. 

The occurrence of metal-vapor molecules has not been taken into account. 
This is estimated to be permissible for the dimer densities met with 83). 

Deviations from the Maxwell electron energy distribution were accounted 
for by applying a two-electron-group model. The influence of this approxima
tion for the electron energy distribution function on the calculated Te(I) is 
shown in fig. 6.1. The dashed curve indicates the results for a Maxwell energy 
distribution, the drawn curve shows the results obtained by the two-electron
group method and the dotted curve presents the experimental values. The dif
ference in the two calculated curves for Te at low current values, hence at low 
electron densities, demonstrates the effect of the depletion of the electrons in 
the tail of the energy distribution. It can be seen that the two-electron-group 
method gives a better description of Te(I) at the lower current values. The 
critical-current value calculated with a Maxwell distribution seems to be in 
closer agreement with the experimental Ic value. However, this improvement 
is insignificant as can be seen from fig. 5.4 which shows the uncertainty of Ic 
due to the uncertainty in the diffusion coefficient of sodium atoms in neon. 

The experimental values for Te are obtained by means of probe measure
ments at the tube axis (sec 5.2). A direct consequence of the radial electron 
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Fig. 6.1. The influence of the electron energy distribution on the electron temperature T.,(l), 
Tw = 527·4 K, PNe 10 Torr and R = 1·4 em. The dashed curve shows the results for a 
Maxwell distribution, the drawn curve is the result obtained with the two-electron-group 
method of ref. 16, and the dotted curve indicates the experimental data. 

density distribution is a radial temperature distribution of the tail electrons 
Te,t (see sec. 2.4). This is shown in fig. 6.2 which presents the calculated 
Te,t(r/R)!Te profiles for three current values. The temperature of the bulk elec
trons, Te, was assumed to be radially independent in the calculations (see 
sec. 2.4). It can be seen that there is a notable difference between Te,t(O) and 
Te at the low current value; this effect may influence the probe measurements. 
It follows from fig. 6.2 that the experimental data obtained at the tube axis 
for I > 300 rnA can be interpreted as the electron temperature of the 
bulk electrons T,.. It follows from figs. 5.5 and 5.6 that the experimental and 
calculated electron temperatures are in reasonable agreement. 

The difference between the experimental and the calculated electron densities 
n(O)is quite large, see fig. 5.9. However, the data onn(O)were derived from probe 
measurements which are expected to give values for the electron density which 

1·0 . --- -
l 0·5 

T.i 
Te 

00 (}5 

r/R-
;o 

Fig. 6.2. The normalized radial tail-electron temperature distribution T.,,r(r/R)/T., calculated 
for the same conditions as those of fig. 6.1. Drawn curve: I= 130 mA, dashed curve: 
I= 320 mA, dotted curve: I 1040 mA. 
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are too small due to the reflection of electrons on the probe surface 84
). 

The calculated axial electric fields for Na-noble-gas discharges are too high 
with respect to the experimental values, see figs 5.7, 5.8, 5.11 and 5.12. This 
was also found for the calculations on Cs-Ar discharges 18

). A number of 
additional calculations for Na discharges were carried out in order to study 
the effect of the uncertainties in the most important atomic data. The electric
field strength as a function of the discharge current, E(I), is shown in fig. 6.3, 
the drawn curve showing the calculations and the dotted curve indicating the 
experimental values. The theoretical cross-section for ionization from the excited 
state is estimated to be reliable within a factor of two 85). The calculated E(/) 
obtained by an enhancement of the cross-section by a factor of two is shown 
in fig. 6.3 by curve 1. The effect of the uncertainty in the excitation cross-section 
is also shown in the figure: curve 2 represents the results obtained with the data 
of ref. 37, curve 3 indicates the results with the data of ref. 38. The calculated 
results are strongly influenced by the broadening mechanism for the resonance 
lines: this is shown in fig. 6.3 by curve 4 which represents the results for E(I) 
if pure Doppler broadening with hyperfine splitting is assumed instead of a 
Voigt profile. For the conditions of fig. 6.3 the value of 1'err in the case of 
Doppler broadening is 8 to 3 times the calculated value of •err for a Voigt ab
sorption profile, depending on the current. However, it follows from the 
measurements on 1'err by means of the afterglow, see sec. 5.6, that the theoret
ically obtained values of1'err are only 25%-60% too small. Furthermore it can 
be concluded from the measurements on the line-intensity ratio that the radia-

so 

0oL_ __ L_ __ 0~·5~~--~,.~0---L--~1·S· 

ItAJ-

Fig. 6.3. The electric field E(I) for the same conditions as those of :fig. 6.1. The drawn curve 
shows the calculations, the dotted curve represents the experimental values. Curve 1 : cal
culated E(/) obtained by enlargement of the cross-section for ionization of the excited-state 
atoms by a factor of two. Curve 2: calculated E(I) obtained for the excitation cross-section 
of ref. 37. Curve 3: calculated E(I) for the excitation cross-section of ref. 38. Curve 4: E(I) 
if pure Doppler broadening of the resonance lines is assumed. 
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tive transfer is not dominated by Doppler broadening in accordance with theory 
(see sec. 2.3). It was found that the deviations between the calculated and ex
perimental results cannot be explained by the uncertainty in only one of the 
atomic data used. Therefore the discrepancy between the experiments and cal
culations has to be ascribed to the combined influence of the uncertainty in the 
atomic data and the too small values for the calculated radiative-decay time. 

It is concluded that the calculations on a three-level model of the positive 
column give a fairly adequate description of the discharge parameters as a 
function of the discharge current, with the exception of the axial electric field. 
For this only a qualitative agreement is obtained between experiment and cal
culation. 
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ADDENDUM 

Introduction 

Some basic relations involved in radiative transfer are presented. The defini
tions are taken from Mitchell and Zemansky 22

). If C.G.S. units have to be 
inserted in the equations then the symbol "C.G.S." is added. Otherwise 
M.K.S.A. units have to be used. Furthermore, useful relations involved in 
plasmas are presented. Finally, the experimental data on cross-sections, diffu
sion coefficients, etc., which are used in the model calculations are compiled 
in a table. 

A. Absorption-line profiles and related quantities 

The absorption coefficient at the centre of a Doppler-broadened line is given 
by (ref. 22, p. 100) 

ko = 2:n e2 ( ln 2 )1/2 N f 
me :n L1v0 

= _1_ 2:n e
2 

( ln2 )
112 

Nf 

4:n e0 me :n L1 Vo 

(C.G.S.), 

(A1) 

where m is the electron mass, e the elementary electrical charge, e the velocity 
of light, N the density of the emitting species, f the oscillator strength of the 
transition considered, and L1 v0 is the full half-width of the Doppler line (see 
eq. (AlO)). Substitution of the numerical values of the physical constants results 
in 

k 0 = 1-16. w-s A.0 f N (M/T)1
'

2 (A2) 

where ).0 is the wavelength at the centre of the line, M the mass of the emitting 
species and T the temperature. 

The Doppler line profile is given by (ref. 22, p. 99) 

with 

2 (v- v0 ) 
- (1 2)1/2 x0 - n , 

L1v0 

where v indicates the frequency. 
The Lorentz line profile is given by (ref. 22, p. 100) 

k 0 1 
k(v)=----

a V:n 1 + (x0 fa) 2 

(A3) 

(A4) 

(A5) 
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The Voigt line profile is given by (ref .. 22, p. 101) 

k0 a Joo exp (-t2
) 

k('l')=- dt. 
n (t-x0 )2 + a2 

-oo 

The natural line profile is given by (ref. 22, p. 100) 

ko 
k('P) = -,-; 

a' vn 1 

l 

(A6) 

(A7) 

The parameters a and a' which appear in eqs (AS), (A6) and (A7) are defined 
as (ref. 22, p. 101) 

(A8) 

and 

(A9) 

where 'his the broadening cross-section of the foreign-gas atoms with a density 
N9 ; A,0 , AvL and A'~~nat are the Doppler, Lorentz and natural line widths, 
respectively, which are given by 

2 (2R In 2)1
'
2 

A'Jio = (T/M)tt2, 
Ao 

(AlO) 

(All) 

1 a' Av0 

A '~'nat = ;:;:--- = (l 2)112' 
""'~ 't'nat n 

{A12) 

where 't'nat is the natural decay time. 
Substitution of the numerical value for the gas constant R in eq. (AlO) 

results in 
215 

Llvo = -(T/M)112. 
Ao 

The Voigt line profile tends to the Lorentz line profile for a - co and to the 
Doppler line profile for a --+ 0. It should be noted that the collisional-broaden
ing cross-section rP which is used in ref. 22, p. 155 is related to aL used in 
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eqs (AS) and (All) as follows: u2 = uLfn. The absorption profiles k(1•) obey 
the requirement (ref. 22, p. 99) 

;rr; e2 
-Nf (C.G.S.) 

-oo me 

1 n e2 

--- Nj. 
4n e0 me 

(A13) 

Radiative transfer of resonance radiation under our experimental circum
stances is mainly determined by the wings of the line profiles. The Doppler and 
Lorentz profiles for a = 0·1 and a 0·01 are plotted in fig. A. I. Though 
a« 1 the Lorentz line dominates at the wings of the line. Therefore Lorentz 
broadening influences the radiative decay time 'ierr used inch. 2 even for small 
values of a. 

10 

10"' 

l \ ' \ ' ' ' \. 
\ ' \ ,, 

\ ,, 
\ ......... ', ......... 

'..J..ORENTZ: a=0·1 ,, 
........ ...... ..... ...... 

LORENTZ:a=001 - ... 
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0 00 w ~ w 
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Fig. A. I. Doppler and Lorentz absorption line profiles k(v) calculated from eqs (A3) and (A5) 
for a 0·1 and a = 0·01. 

The total absorption Aa is defined as (ref. 22, p. 130) 

Aa = 2n J {1- exp [-k(v) /]} d11 (A14) 
0 



-77-

where I is the absorption length. 
The relation between the natural decay time, -rnat• and the oscillator strength, 

J, is (ref. 22, p. 97) 

me g2 

f i ----.A.2 nat- g 2 2 0 
n e g 1 

(C.G.S.) 

(A15) 

where g1 and g 2 are the statistical weights of the lower and upper levels, re
spectively. Substitution of the physical constants in eq. (A15) leads to 

f inat = 1·50 . 104 g
2 

Ao2 (s). 
gl 

B. Useful relations and numbers involved in plasmas 

A gas pressure of 1 Torr at 0 oc corresponds to a number density N9 of 

(A16) 

The discharge tubes are filled at 25 °C. Therefore 1 Torr "filling pressure,. 
corresponds to 

The Debye shielding length is defined as (ref. 20, p. 43) 

I 
_ 0 e 

( 
e kT )112 

o- -
n e2 

(m). 

(A17) 

(A18) 

If some characteristic values are inserted for the electron temperature and 
electron density, Te = 5000 K and n = 1018 cm-3, we find /0 = 5 (LID. So 
/0 is much smaller than the tube radius R R:i 1 em. 

The free mean path of electrons in a gas (/) follows from 

ClO 1 
(/) = J --f(e) de. 

a( e) N9 0 

(A19) 

Table A-1 presents values for(/) in 1 Torr neon and argon, calculated from 
eq. (A19) and for a Maxwell distribution of the electron energy. It follows 
from the table that (/) is always much smaller than the tube radius at the 
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TABLE A-1 

Calculated mean free path (1) for electrons in neon and argon: (i) at 1 Torr 
filling pressure and (ii) at 1 Torr filling pressure, an t:Jectron density of 
n = 1018 m- 3 and a sodium density n 1 = 4. 1019 m- 3. The mean electron 
velocity (v) is calculated from (v) = (8 kTef':nm)112 

Te (K) 2000 4000 6000 8000 10000 12000 

v (mfs) 278 . 103 393 . 103 ~81 . 103 556 . 103 621 . 103 681 . 103 

(1) (rom) 3·90 2·97 2·61 2·40 2·25 2·14 
1 Torr Ne 

(/)(rom) 0·518 0·833 0·998 1·10 1-16 1·20 
1 Torr Ne 
n 1 = 4. 1019 m-3, 
n = 1018 m- 3 

(!)(rom) 11·8 10·9 8·63 7·43 5·72 4·42 
1 Torr Ar 

(Z) (mm) 0·699 1-14 1·27 1·29 1·25 1·22 
1 Torr Ar 
n1 = 4. 1Q19 m-3 
n = 1018 m- 3 

noble-gas pressures used in the experiments. The plasma frequency fp is given 
by (ref. 20, p. 43) 

= 8·98 Vn (A20) 

If a typical value for the electron density n = 1018 m- 3 is inserted we find 
fP = 9. 109 s- 1

• This frequency is much larger than the frequencies of interest. 
The Coulomb logarithm In A is defined as (ref. 20, p. 258) 

(
12 n (e0 kTe)312

) 
lnA=ln -- . 

e3 nl/2 
(A21) 
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Substitution of the numerical values of the physical constants results in 

In A = In [1·24 . 107 lT., 3 /n)112 ]. 

By inserting T 5000 K, n = 1018 m- 3 we find In A= 8·4. 

C. Atomic data used in the model calculations 

The atomic data used in the model calculations are compiled in table A-II. 
The symbols have the following meaning: (uH) cross-section for electron
induced atomic transitions from level i to level j, (ue1) cross-section for the 
elastic loss of electron energy to the species indicated between the brackets, 
( uL) cross-section for collisional broadening by the species indicated between 
the small brackets, (D1) diffusion coefficient of species i in the gas indicated 
between the brackets at standard density, (Nw) vapor density as determined 
by the temperature Tw, (f) oscillator strength, (I) nuclear spin, (A) charac
teristic energy parameter (expressed in frequency units) from which the hyper
fine splitting (H.F.S.) can be calculated, (e) electron energy in eV, (Tg) tempera
ture inK, (uQ) quenching cross-section, (utlot) cross-section for the rotational 
excitation of the vibrational ground state, (uuv1b) cross-section of vibrational 
excitation. 

The metal-vapor densities of Na and Cs at the temperatures of interest 
are given in table A-III. 
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TABLE A-II 

Compilation of the data used in the model calculations 

Na 

quantity values or relations used source 

uu (m2) 53. I0-20 (1 2·10/e) Zapesochnyi, ref. 37 
Enemark and Gallagher, 
ref. 38 

l113 (m2) 11 . w-2o (1 5·14/e) Zapesochnyi and 
Aleksakhin, tef. 39 

1123 (m2
) 0·39. w-:lO (1- 3·04/e) V riens, ref. 16 

11L (m2
) 119. w-zo Mitchell and Zemansky, 

(Ne) ref. 22 
uL (m2) 252. w-zo Mitchell and Zemansky, 
(Ar) ref. 22 
11et (m2) 0·88. I0- 22 (490-123·8 e + analytical approximation 
(Na atoms) + 19·479 e2

- 1·4615 e3 + of the data of Perel et al., 
+ 0·040246 e4

) ref. 43 

26. w-ls 
11et (m2) InA Rose and Clark, ref. 44 
(Na ions) {2e)2 

D1 (m2/s) 5. w-s (Tri425)tl2 Anderson and Ramsey, 
(in Ne) ref. 28 
D1 (m2/s) 3 . 10- 5 (T11/273)1

'
2 extrapolated, see sec. 2.5 

(in Ar) 
D 3 (m2/s) 2·2. w-s (T11/291)213 calculated from Tyndall's 
(in Ne) data on the ion mobility, 

ref. 26 
D 3 (m2/s) 0·81. w-s (Tg/291)2' 3 calculated from Tyndall's 
(in Ar) data on the ion mobility, 

ref. 26 

Nw see table A-III Ioli et al., ref. 25 

I 0·327 (P112- s112) Wiese et al., ref. 32 

0·655 (P312 - S112) 
I 3/2 
A (MHz) 885·8 (S112) H.F.S. data 

80·9 (P112) Landolt-Bomstein, ref. 34 
14·9 (P312) 



quantity 

cr12 (m2
) 

cr13 (m2
) 

cr23 (m2) 
crL (m2) 
(Ar) 

ere! (m2) 
(Cs atoms) 

ere! (m2) 
(Cs ions) 

D1 (m2/s) 
(in Ar) 
D 3 (m2/s) 
(in Ar) 

I 
A (MHz) 

quantity 

(jel 

(Ar atoms) 
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TABLE A-II (continued) 

Cs 

values or relations used 

160. I0- 20 (1- 1·42/e) 
11 . I0- 20 (1 - 3·89/e) 
0·58. I0- 20 (1- 2·47/e) 
157. 10- 20 

I0-18 (2·8- 2·1log10 e) 

26. 10-18 

InA 
(2e)2 

1· 34. 10- 5 (T9/273)1
'
2 

0· 56 . 10- 5 (T9/291 )2
'

3 

see table A-III 
0·394 (P112-- S112) 
0·814 (P312 -- S112) 

7/2 
2298 (S112) 

278 (P112) 

42 (P312) 

Ar 

source 

Zapesochnyi, ref. 37 
Nygaard, ref. 36 
Vriens, ref. 16 
inferrej from data of 
Chen and Garrett, ref. 35 
and Mitchell and 
Zeman sky, ref. 22 
analytical approximation 
of the data of Visconti et 
al., ref. 42 

Rose and Clark, ref. 44 

Beverini et al., ref. 27 

calculated from Tyndall's 
data on the ion mobility, 
ref. 26 
Smithells, ref. 24 
Stone, ref. 31 

H.F.S. data 
Kopferman, ref. 33 

values or relations used source 

interpolated between experi- Frost and Phelps, ref. 40 
mental data 
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TABLE A-II (continued) 

Ne 

quantity values or relations used source 

O'el interpolated between experi- Robertson, ref. 41 
(Ne atoms) mental data 

H2 

quantity values or relations used source 

O'et (m2) 10-20 [-1·9901 (loglO e)3 + Frost and Phelps, ref. 70 
5·2002 (log10 s)2 + 

1·00431og10 s + 14·986] 
O'o (m2) 14 ·I0-20 Kibble et al., ref. 67 

Bastlein et al., ref. 68 
O'o,2rot (m2) 13 . I0- 22 (I- 0·045/s) Frost and Phelps, ref. 70 
0'

1
, 3rot (m2) 7·5. w-22 (1- 0·074/e) Frost and Phelps, ref. 70 

0'2,4 rot (m2) 6·5. w- 22 (1-0·106/e) Frost and Phelps, ref. 70 
0'3 , 5rot (m2) 6·6 . w- 22 (1 - 0·136/e) Frost and Phelps, ref. 70 
O'o,tvib (m2) 50 . w- 22 (1 - 0·545/e) Frost and Phelps, ref. 70 
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TABLE A-III 

Metal-vapor densities Nw ofNa and Cs at various temperatmes Tw. The Yalues 
are calculated from the analytical expressions given in refs 24 and 25 

Na 

Tw Nw Tw Nw Tw Nw Tw Nw 
(K) (1019 m-3) (K) (1019 m-3) (K) (1019 m-3) (K) (10t9m-3) 

501 1·05 521 2·67 541 6·52 561 15·3 
502 1·00 522 2·79 542 6·81 562 16·0 
503 1·15 523 2·92 543 7·11 563 16·7 
504 1·21 524 3·05 544 7·43 564 17·4 
505 1·27 525 3·20 545 7·76 565 18·1 
506 1·33 526 3·35 546 8·18 566 18·9 
507 1·39 527 3·50 547 8·46 567 19·7 
508 1-46 528 3·66 548 8·83 568 20·5 
509 1·53 529 3·83 549 9·22 569 21·4 
510 1·60 530 4·01 550 9·62 570 22·2 

511 1·68 531 4·19 551 10·0 571 23·2 
512 1·76 532 4·38 552 10·5 572 24·2 
513 1·84 533 4·58 553 10·9 573 25·2 
514 1·93 534 4·79 554 11·4 574 26·2 
515 2·02 535 5·00 555 11·9 575 27·3 
516 2·12 536 5·23 556 12·4 576 28·4 
517 2·22 537 5·47 557 13·0 577 29·6 
518 2·32 538 5·72 558 13·5 578 30·8 
519 2·43 539 5·97 559 14·1 579 32·1 
520 2·55 540 6·24 560 14·7 580 33·4 
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TABLE A-III (continued) 

Cs 
Tw Nw T..., Nw Tw N.... I(~ N..., 
(K) {101s m-3) (K) oo1s m-3) (K) (101s m-3) (l01s m-3) 

321 0·338 341 1·62 361 6·47 381 22·2 
322 0·368 342 1·74 362 6·00 382 23·5 
323 0·399 343 1·87 363 7·36 383 24·9 
324 0·433 344 2·02 364 7·85 384 26·4 
325 0·470 345 2·16 365 8·37 385 27·9 
326 0·510 346 2·33 366 8·92 386 29·6 
327 0·552 347 2·50 367 9·50 387 31·3 
328 0·598 348 2·68 368 10·1 388 33·1 
329 0·648 349 2·88 369 10·8 389 35·0 
330 0·701 350 3·08 370 11·5 390 37·0 

331 0·759 351 3·30 371 12·2 391 39·1 
332 0·820 352 3·54 372 13·0 392 41·3 
333 0·886 353 3·79 373 13·8 393 43·6 
334 0·957 354 4·06 374 14·6 394 46·0 
335 1·03 355 4·34 375 15·6 395 48·6 
336 1-12 356 4·65 376 16·5 396 51·3 
337 1·20 357 4·97 377 17·5 397 54·1 
338 1·30 358 5·31 378 18·6 398 57·1 
339 1·40 359 5·67 379 19·7 399 60·2 
340 1·50 360 6·06 380 20·9 400 63·4 



-85-

REFERENCES 
1) W. Uyterhoeven and C. Verburg, C.R. Acad. Sci. Paris 201, 647, 1935; 202, 1498, 

1936; 207, 1386, 1938; 208, 269, 1939; 208, 503, 1939. 
W. Uyterhoeven, Philips tech. Rev. 3, 197, 1938. 

2 ) R. Bleekrode and J. W. van der Laarse, J. appl. Phys. 40, 2401, 1969. 
3) J. H. Waszink and J. Polman, J. appl. Phys. 40, 2403, 1969. 
4) W. Elenbaas, Light sources, MacMillan Press, London, 1972. 
5 ) G. Wyszecki and W. S. Stiles, Color science, Wiley, New York, 1966. 
6) J. F. Waymouth and F. Bitter, J. appl. Phys. 27, 122, 1956. 
7) M. A. Cayless, Br. J. appl. Phys. 14, 863, 1963. 
8 ) A. J. Postma, Physica 48, 447, 1970. 
9 ) J. Polman, J. E. van der Werf and P. C. Drop, J. Phys. D5, 266, 1972. 

1 0) C. van Trigt and J. B. van Laren, J. Phys. D6, 1247, 1973. 
11) G. L. Rogoff, Proceedings of the Tenth Int. Conf. on Phenomena in Ionized Gases, 

Contributed papers, Parsons, Oxford, 1971, p. 126. 
1 2) M. J. Druyvesteyn, Physica 2, 255, 1935. 
1 3) C. van Trigt, Phys. Rev. 181, 97, 1969. 
14) C. van Trigt, Phys. Rev. A1, 1298, 1970. 
15) C. van Trigt, Phys. Rev. A4, 1303, 1971. 
16) L. Vriens, J. appl. Phys. 44, 3980, 1973. 
17) L. Vriens, J. appl. Phys. 45, 1191, 1974. 
18) H. van Tongeren, J. appl. Phys. 45, 89, 1974. 
19) H. van Tongeren and J. Heuvelmans, J. appl. Phys. 45, 3844, 1974. 
20) I. P. Shkarofsky, T. W. Johnston and M.P. Bachynski, The particle kinetics of 

plasmas, Addison-Wesley, Reading, Mass., 1966. 
21) H. Schirmer, Z. Phys. 142, I, 1955. 
22) A. C. G. Mitchell and M. W. Zemansky, Resonance radiation and excited atoms, 

Cambridge U.P., Cambridge, 1961. 
23) J. H. Waszink, private communication. 
24) C. J. Smithells, Metals reference book, Butterworths, London, 1955. 
2 5) N. loti, F. Strumia and A. Moretti, J. opt. Soc. Am. 61, 1251, 1971. 
26) A. H. Tyndall, The mobility of positive ions in gases, Cambridge U.P., Cambridge, 

1938, p. 92. 
27) N. Beverini, P. Munguzzi and F. Strumia, Phys. Rev. A4, 550, 1971. 
28) L. W. Anderson and A. T. Ramsey, Phys. Rev. 152, 712, 1963. 
29) W. Franzen, Phys. Rev. 115, 850, 1959. 
3°) R. A. Bernheim, J. chem. Phys. 36, 135, 1962. 
31) P. M. Stone, Phys. Rev. 127, 1151, 1962 (for the oscillator strength of Cs). 
32) W. L. Wiese, M. W. Smith and B. M. Miles, Atomic transition probabilities, 

NSRDS-NBS 22 (U.S.-GPO, Washington D.C., 1969), vol. II, p. 2 (for the oscillator 
strength of Na). . 

33) H. Kopferman, Kernmomente, Akadernische Verlagsgesellschaft, M.B.H., Frankfurt 
am Main, 1956, p. 92 (for H.F.S. data of Cs). 

34) Landolt-Bornstein, Zablenwerte und Functionen, Springer-Verlag, Berlin, 1952, 
I. Band, 5. Teil, p. 10 (for H.F.S. data ofNa). 

35) S. Y. Ch'en and R. 0. Garrett, Phys. Rev. 144, 59, 1966. 
3 6) K. J. Nygaard, J. chem. Phys. 49, 1995, 1968. 
37) I. P. Zapesochnyi, High Temp. 5, 6, 1967. 
38) E. A. Enemark and A. Gallagher, Phys. Rev. A6, 192, 1972. 
39} I. P. Zapesochnyi and I. S. Aleksakhin, Sov. Phys. JETP 28,41, 1969. 
40) L. S. Frost and A. V. Phelps, Phys. Rev. 136, 1538, 1964. 
41) A. G. Robertson, J. Phys. BS, 648, 1972. 
42) P. J. Visconti, J. A. Slevin and K. Rubin, Phys. Rev. A3, 1310, 1971. 
43) J. Perel, P. Englander and B. Bederson, Phys. Rev. 128, 1148, 1962. 
44) D. J. Rose and H. Clark Jr., Plasma and controlled fusion, Wiley, New York, 1961, 

p. 162. 
45) A. R. Hochstim (ed.), Kinetic processes in gases and plasmas, Academic Press, New 

York. 1969, p. 225. 
46) T. Holstein, Phys. Rev. 72, 1212, 1947; 83, 1159, 1951. 
47) C. van Trigt, private communication. 
48) M. Abramowitz and I. A. Stegun, Handbook of mathematical functions, Dover, 

New York, 1965, p. 923. 



-86-

49) C. J. Bouwkamp, SIAM Rev. 10, 114, 1968. 
50) A. Zonneveld, Automatic numerical integration, Mathematisch Centrum, Amsterdam, 

1964, p. 69. 
51) C.-E. Froberg, Introduction to numerical analysis, Addison-Wesley, Reading (Mass.), 

1966, p. 266. 
52) H. J. M. Joorman and G. A. Wesselink, U.S. Patent 3563772. 
53) C. R. Vidal and J. Cooper, J. appl. Phys. 40, 3370, 1969. 
54) Dow-Therm A is a product of the Dow Chemical Company. 
55) M. A. Weinstein, J. appl. Phys. 33, 587, 1962; 41, 480, 1970. 
56) H. van Tongeren, J. appl. Phys. 42, 3011, 1971. 
57) C. van Trigt, Proceedings of the Tenth International Conference on Ionization Phenom-

ena in Gases, Parsons, Oxford, 1971, p. 396. 
58) R. Bleekrode and H. van Tongeren, J. appl. Phys. 44, 1941, 1973. 
59) R. Bleekrode and C. van Trigt, Appl. Phys. Lett. 10, 352, 1967. 
60) C. van Trigt, J. opt. Soc. Am. 58, 669, 1968. 
61) J.D. Swift and M. J. R. Schwar, Electrical probes for plasma diagnostics, Iliff Books, 

London, 1970. 
62) C. V. Goodall and D. Smith, Plasma Physics 10, 249, 1967. 
63) D.R. Stull and H. Prophet, Janafthermochemica1 tables, NSRDS-NBS 37, Washington, 

1971. 
64) D. D. Williams, J. A. Grand and R. R. Miller, J. phys. Chern. 61, 379, 1957. 
65) C. C. Addison, R. J. Pulham and R. J. Roy, J. chem. Soc. 5, 4895, 1964. 
66) S. Garbe, Glastechn. Ber. 34, 413, 1961. 
67) B. P. Kibble, C. Copley and L. Krause, Phys. Rev. 159, 11, 1967. 
68) Chr. Biistlein, G. Baumgartner and B. Brosa, Z. Physik 218, 319, 1969. 
69) A. N etten, Proceedings of the Eleventh International Conference on Ionization Phenom-

ena in Gases, Czechoslovak Acad. of Sci., Prague, 1973, p. 46. 
70) L. S. Frost and A. V. Phelps, Phys. Rev. 127, 1621, 1962. 
71) R. W. Crompton and D. J. Sutton, Proc. Roy. Soc. London A 215, 467, 1952. 
72) A. Netten, private communication. 
73) See for example J. F. Waymouth, Electric discharge lamps, M.I.T. Press, Cambridge 

(Mass.), 1971, p. 307; and ref. 4 p. 98. 
74) H. J. G. Meyer, G. Ahsmann, J. W. van der Laarse and E. H. A.M. van der Wee, 

Philips Res. Repts 22, 209, 1967. 
75) T. G. Verbeek, private communication. 
76) D. de Kock, private communication. 
77) B. Sayer, J. C. Jeannet, J. Lozingot and J. Berlande, Phys. Rev. A8, 3012, 1973. 
78) D. Ya. Dudko, Yu. P. Korchevoi and V. I. Lukashenko, Opt. Spectrosc. 34, 17, 

1973. 
79) G. Herzberg, Molecular spectra and molecular structure, Van Nostrand, New Jersey, 

1967, Vol. I. 
80) C. van Trigt and N. Blom, to be published. 
81) J. M. Hammer and B. B. Aubrey, Phys. Rev. 141, 146, 1966. 
82) R. S. Bergman and L. M. Chanin, Appl. Phys. Lett. 16, 426, 1970. 
83) M. Lapp and L. P. Harris, J. Quant. Spectrosc. radiat. Transfer 6, 169, 1966. The 

data on dimer concentrations given in fig. 1 of this paper are taken from: D. R. Stull 
and G. C. Sinke, Thermodynamic properties of the elements, Adv. Chern. Series No. 18, 
Am. chem. Soc., Washington D.C., 1956. 

84) J. Freudenthal, Thesis Utrecht, 1966; 
A. J. Postma, Physica 49, 77, 1970. 

85) L. Vriens, private communication. 



87-

Samenvatting 

Dit proefschrift beschrijft experimentele en theoretische onderzoekingen aan 
ontladingen in Cs-edelgas en Na-edelgas mengsels. De positieve kolom van 
deze ontladingen is bestudeerd onder de volgende omstandigheden: edelgas
drukken I -10 Torr, alkali-dampdrukken 10-4 -5.10- 3 Torr, buisstralen 
7·5- 18 mm en ontladingsstromen van 0·1 A tot 3 A. De eigenschappen van de 
ontladingen worden onder deze condities in sterke mate bepaald door het op
treden van uitputting in de alkali-dampdichtheid; dat wil zeggen; de damp
dichtheid in de buurt van de as van de ontlading neemt in belangrijke mate af 
bij toenemende ontladingsstromen. De radiale verdelingen van Cs-atomen in 
de grondtoestand en Cs-atomen in de eerste aangeslagen toestand zijn experi
menteel bepaald als funktie van de stroom in Cs-Ar-ontladingen; deze resul
taten demonstreren het uitputtingseffect. Het grootste deel van de experimenten 
is uitgevoerd in Na-Ar-ontladingen en Na-Ne-ontladingen met I % Ar en daar
van zijn o.a. de volgende eigenschappen bepaald: elektronentemperatuur, elek
tronendichtheid, elektrische veldsterkte en stralingsproduktie als funktie van de 
stroom. Het bleek mogelijk de verkregen experimentele gegevens te interpre
teren met behulp van model-berekeningen. In dit model wordt het energie
schema van het alkali-atoom benaderd door slechts drie niveaus in rekening te 
brengen (de grondtoestand, een aangeslagen toestand en de geioniseerde toe
stand), waartussen overgangen mogelijk zijn. In het model fungeert het edelgas 
aileen als buffergas. Verder worden afwijkingen van de Maxwell-elektronen
energieverdeling en stralings-,trapping" in rekening gebracht. Dit laatste 
proces is van belang, omdat een groot gedeelte van de elektrische energie die 
toegevoerd wordt aan de positieve kolom, omgezet wordt in resonantiestraling. 
Het is gebleken dat de tijdconstante voor stralend verval van aangeslagen ato
men, zoals voorspeld door de stralingstransport-theorie, redelijk goed overeen
stemde met de resultaten van de experimenten die uitgevoerd werden in de 
,,afterglow" van de ontlading. 
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I 
Alhoewel de energieverliezen in de 1P 1 -+ 1S0 en 3P1 -+ 1S0 stralende over
gangen van een argon-lagedruk-ontlading relatief gering zijn, wordt de energie
verdeling van de elektronen in de nabijheid van de ionisatie- en excitatie
drempels sterk door deze stralingsverliezen beinvloed. Dit effect heeft een grote 
invloed op de ontladingseigenschappen. 

L. Vriens, J. appl. Phys. 44, 3980, 1973. 
Ju. B. Golubowsky, Ju. M. Kagan en R.I. Ljagustchenko, Beitr. 
Plasmaphys. 10, 427, 1970. 

II 
Het dominante lijnverbredingsmechanisme voor de emissie van straling door 
een lagedruk-natriumontlading in de twee Na-D-lijnen kan op eenvoudige wijze 
bepaald worden uit de verhouding van de intensiteit van die twee spectraal
lijnen. 

Dit proefschrift. 

III 
"Heat-pipes" zijn uitermate geschikt voor bet controleren van de wandtempera
tuur van gasontladingsbuizen in het temperatuurgebied 100-300 °C. 

C. R. Vidal en J. Cooper, J. appl. Phys. 40, 3370, 1969. 
Dit proefschrift. 

IV 
Naast elektron-atoom-botsingen die gewoonlijk in rekening gebracht worden 
in de bepaling van de mobiliteit van elektronen in lagedruk-gasontladingen 
kunnen ook elektron-elektron- en elektron-ion-wisselwerking een belangrijke 
invloed hebben. Een voorbeeld is de Cs-Ar-ontlading onder de condities be
schreven in dit proefschrift. 

W. Verweij, proefschrift Utrecht, 1960, p. 88. 

v 
De konsekwentie van de door Biberman voorgestelde benadering voor de op
lossing van de stralingstransport-vergelijking (Biberman-Holstein-vergelijking) 
is, dat de mogelijkheid van netto-absorptie door straling wordt uitgesloten. 

A. P. Vasil'ev en V.I. Kogan, Sov. Phys.-Dokl. 11, 871, 1967. 

VI 
Verlichting van verkeerswegen door lichtbronnen met een hoogwaardige kleur
weergave leidt tot verspilling van een hoogwaardige vorm van energie. 

VII 
Bij de bepaling van de modulatie-diepte van een camerabuis van het type 



"plumbicon" dient in aanmerking genomen te worden dat de modulatie essen
tieel afhangt van de hoek tussen de "scan" -richting van de elektronenbundel 
en de lijnen van het testpatroon. De "slant line"-methode van R.C.A. houdt 
geen rekening met dit effect. 

VIII 
De door Van Leunen en Pennings voorgestelde methode voor het op objektieve 
wijze bepalen van de afbeeldingsscherpte van beeldversterkers verdient, gezien 
haar eenvoud en elegantie, aandacht in brede kring. 

J. A. J. van Leunen en J. C. Pennings, 6th SPEID, London, 1974. 

IX 
Er wordt veelal getracht de voorstelling van zaken als zou er slechts een ver
antwoorde politieke keuze in Nederland mogelijk zijn tussen "links" en 
"rechts", te ondersteunen met argumenten van demagogische aard. 

X 
Het verdient aanbeveling de strafzaken op kantongerechtsniveau met meer zorg 
te behandelen aangezien de ervaring van de meeste burgers met de rechterlijke 
macht opgedaan wordt in zaken die dienen voor het kantongerecht. 

XI 
De R.K. kerk zou er goed aan doen in het jaar van de vrouw de discussie van 
haar kerkleraar Thomas van Aquino rond de aan Aristoteles ontleende ge
dachte: "De vrouw is een gehandicapte man" nader uit te werken en aan te 
geven welke haar defekten zijn. Mocht de bovengenoemde uitspraak inhouden 
dat de vrouw geen ziel heeft, dan kan het vernoemde kerkelijk genootschap de 
personeelssterkte van haar zielzorg met een faktor twee reduceren. 

Thomas van Aquino, "Summa Theologica", deell (Marietti, Turijn, 
1917), pp. 602 en 641: "Femina est mas occasionatus". 


