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CHAPTER I GENERAL INTRODUCTION 

I NTRODUCTI ON 

When in the familiar low pressure glow discharge of cylindrical symmetry 
bath the gas pressure and the discharge current are increased above a 
certain critical value, a constriction of the positive column of that 
discharge will be observed. As a direct consequence of this constriction 
the emission of light contracts into a nar row ·channel around the discharge 
axis. This phenomenon in fact is the most prominent general characteristic 
of the constricted positive column. 

106 

low pressure transition thermal 
c column region column 
> 105 
Cl) 

::::&::: 
c 
~ 

10'1-

1 
103 

(T+ ~Tg) 

10 10-3 10 102 103 104 .. gas pressure ( torr l 

Fig.1. 1. Schematic r epr>esentation of the electron temper>atu:re (T-J, the 

ion temper>atu:re (T+) and the gas temperatu:re (Tg) as a f unct ion 

of the gas pr>essur>e . 
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Fn. lleaSure.nts presented in this thesis it follovs that the 

constricted positive colu.n can neither be classified as a the~l 

are nor as a classical glow discharge; it falls into· an- inte..-ediate 

category. This is illustrated sche~~atically in Fig.l.l, wlhere represent­

ative curves for electron tellperature, ion tellperature and gas ~rature 

are shown as functions of the gas pressure. The transition region 

indicated in the tigure is the region in which c~nly a constriction 

of the positive col.-. is observed. 

1.1. Constriction theories. 

Constricted discharges were studied by several vorkers. Starting from 
the basic theory of the positive coli8WI described by Schottky(l), more 

or less eo~~plex .OOels ~~~ere proposed to explain the phefiOIIIIIenon of 

constriction. A review of the constriction theories up to 1955 was 
given by Fowler(2), vho advanced hiaself a collision~d~ing theory 

for this effect. lhe nost i~rtant discharge ~hanisas reviewed in 

his artiele to explain the phenoaenon of constriction IIBilY be divided 

into three categories. 

[1] Theories based on the intrinsic non-linearüy of the 

basic differential equations f~ which the Schott~ 

theory vas derived. 

[2] In a second category of explanations c011plexities vere 

introduced into the electron and ion production processes. 

Ionisation in tNo steps and volu.e recoabination of 

electrons and ions both fall into this class. 

[3] A third possible basis of_ explanation was found in the 

llilgnetic self-constriction of the positive col .... This 

effect is indeed observed at very large discharge currents, 

but it is lllfell-known that constricted col .... s can be 

llilintained vith very Sllilll currents. 
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From 1955 up to now (1971) various constriction models were published. 
The greater part of these were réfinements of constriction models 
described in (2). Apart from these there were some new approaches which 
are briefly reviewed below. 

~] Kenty( 3) studied the constricted discharge in Xenon. 
He proposed that the main cause for constriction might 
be an increase of the ion recombination coefficient from 
the tube axis to the wall. 

~] By Edwin and Turner( 4) a constriction model was proposed 
in which outward diffusion of electrens and ions from 
the central glowing core is balanced by recombination 
in the peripheral regions of lower èharge density. 

[6] Kagan, Lyagustschenko et al~S) presented a constriction 
model which was based essentially on the mechanism of 
stepwise ionisation. 

[7] The so called "ionisation controlled" constriction model. 
proposed and worked out by Wojaczek( 6)( 7)( 8l,is based 

on the non linear relationship between ionisation rate 
and electron density. Since this non-linearity , according 
to Wojaczek, finds its principal crigin in the mechanism 
of stepwise ionisation his new model is only in secend 
order details different from the model proposed by 
Kagan et al. 

[~ In recent publications( 9)( 10)( 11 l( 12 l, it has been 

indicated that thermal effects may influence the 
constriction mechanism considerably. 

Despite of the sametimes very complex models used, the succes of the 
foregoing theories in describing the constriction of the positive 
column was very poer. This is net as strange as one would expect at 
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first glance. Although some of the theories presented are essentially 
correct, a rough estimate immediately shows that the various models lead 
to constrictions which are orders of magnitude smaller than these 
observed in the experiments. The remaining theories fail for the reasen 
that they indicate as the basic constriction mechanism a phenomenon 
which is a direct consequence of the constriction itself. Concluding 
it may be stated that although there have been proposed various 
constriction models, each of which is a specific valuable contribution 
toa better understanding of the constriction mechanism, there still 
is a need for a more general concept. Against this background the 
significanee of the present werk should be seen. The purpose of the 
investigation presented in this thesis is to describe the appearance 
of the constricted positive column at eperating pressures up to 1 atm 
under several conditions of geometry and discharge current and to give 
the results of thermo-electric and spectroscopie measurements of their 
characteristics. Basedon the experimental results a new thermal model 
for the constricted positive column is presented which enables us to 
give an explanation for the most prominent macroscopie features of 
these discharges. 

1.2 Experimental methods. 

In order to cope with the streng inhomogeneity of the plasma of the 
constricted positive column any appropriate diagnostic method should 
have a good spatial resolution. By this _condition various well-known 
diagnostic methods, which are widely used for the investigation of the 
homogeneaus low pressure discharge, are eliminated in advance, e.g. 
electric and magnetic probe techniques, microwave measurements etc. 
Although the last mentioned measurements do not yield an adequate 
spatial resolution of the quantities to be measured, incidentally a 
4 mm microwave interferometer has been used to obtain a rough 
estimation for the average electron density in the constricted column. 

Since in general the plasma of the constricted positive column is 
not in "Local Thermal Equilibrium" (L.T.E.) neither absolute nor 
relative spectrum line intensity measurements can yield relevant 
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information about the electron temperature; they only give data about 
population densities of the various atomie levels which are not directly 
interpretable. Strictly speaking, the only definite information which 
may be obtained from spectrum line intensity measurements is the 
certainty that the plasma is not in L.T.E .. As in a number of the con­
striction models, discussed in the foregoing, the assumption is made 
that the plasma is in L.T.E., the negative experimental information 
has been used to exclude these models from further consideration. 

Theemission of light is concentrated in the direct neighbourhood 
of the discharge axis, but even here the electron density is too small 
to bring about any noticeable continuurn emission, Stark broadening ar 
scattering of radiation. Therefore none of these effects could be used 

for the determination of the electron temperature or the electron 
density. After this, from an experimental point of view rather dis­
appointing eliminatien of the usual experimental techniques, there were 
only a few experimental methods left which may be applied in principle 
for the experimental investigation of the constricted positive column. 
From our thermal model of this column it follows that the constriction 
is largely determined by the radial gas temperature distribution. For 
that reason we have chosen two independent methods from the remaining 
group of diagnostic procedures namely the determination of the 
resonance broadening of an appropriate spectrum line (À = 5852 ~) 

and the determination of the gas temperatures with the aid of thermo­
couples. Although the methods mentioned are nearly classical ones, both 
had to be adapted rigorously to the actual experimental conditions as 
a direct consequence of the strong inhomogeneity of the plasma. 

1.2.1 Spectrum line broadening experiments. 

In general the broadening of a spectrum line is a rather complicated 
phenomenon since various broadening effects may take place simultaneous­

ly. Fortunately in the region of plasma parameters considered in the 
actual experiments the influence of resonance broadening on the spectrum 
line profile largely exceeds that of the other broadening mechanisms 
like Doppler, Stark and natural broadening. The halfwidth of a resonance 
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broadened spectrum line is directly proportional to the gas density. 
Basedon this simple relationship, valid for homogeneaus plasmas, a 
new methad has been developed to determine spatia11y resolved gas 

densities from resonance broadening experiments performed on 
inhamogeneaus plasmas. By this extension of the spectrum line broadening 
theory to strongly inhamogeneaus plasmas, it has been possible to 
interpret the experimental halfwidths directly in terms of neutral 
atom densities c.q. gas temperatures. The basic principles of this 

concept and the experimental results of the line broadening measurements 
are discussed in chapter 3 of this thesis. 

The profiles of the À 5852 ~neon spectrum line have been determined 
with the aid of a Fabry-Perot interferometer . The fixed interference 
pattern of this interferometer was scanned with a movable fotomultiplier. 
The principles and the experimental set up of this very simple but 
accurate method, which was introduced in a previous paper( 13 ) as an 
"Order scanning Fabry-Perot spectrometer", are discussed in detail in 
chapter 2 sectien 4. 

1.2.2 Thermocouple measurements. 

Although thermocouple measurements are commonly referred to as "classical" 
unti11 now no satisfactory answer was given to the following fundamental 
question: "How large are the systematic errors in such measurements, 
which are due to various elementary physical processes like: thermal 
radiation of the thermocouple, recombination and deexcitation at the 
thermocouple wa11, heat conduction etc .. ?" Moreover it was never 
investigated in detail in which way the plasma as such is distorted by 
the presence of the thermocouple. From a quantitative discussion of the 
energy balance of the thermocouple and a camparisen of the experimental 
results with those obtained from independent line broadening experiments, 
it could be concluded that taking into account the thermal radiation of 
the thermocouple, the remaining systematic error due to the other 
mechanisms does not exceed 5 per cent. This whole matter is discussed, 

tagether with the results of the measurements, in chapter 4 whereas the 
details of the thermocouple measurements are di scussed in chapter 2, 
sectien 2. 
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1.2.3 Miscellaneous experimental méthods. 

In order to get on the one hand some more general information about 
the constriction mechanism as such, and on the other hand to obtain some 
more detailed information about certain specific aspects of the high 
pressure positive column, incidentally, various diagnostic methods 
have been used. Since in contrast with the line broadening experiments 
and the thermocouple measurements mentioned, these methods are very 
common and needed no adaption to the specific requirements of the 
actual experiments, they are only briefly reviewed i.n chapter 2 
sectien 6. 

1.3 New model of the constricted positive column. 

From the numerous experimental data obtained from the experiments 
mentioned, it has been possible to conclude that the plasma of the 
high pressure positive column is essentially determined by its thermal 
properties. In other words, all characteristic features of this plasma 
like constriction mode, stabilisation of the column, spectrum line 
emission etc., strongly depend on the gas temperature distribution. 
Starting from this concept, in chapter 5 a thermal model for the high 
pressure positive column is developed which is in good agreement with 
the various experimental results. 
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CHAPTER 11 EXPFRIMENTAL METHOOS 

INTRODUCTION 

In the torego1ng cnapter it was outlined that there are only a few 
diagnostic methods which can be applied to the experimental investigation 
of the high pressure positive column. The most important of these are 
line broadening experiments and thermocouple measurements. The line 
broadening experiments performed in the actual investigation concerned 
mainly the resonance broadening of one specific line of the visible neon 
spectrum (À = 5852 ~). The line profile of this spectrum line has been 
determined with the aid of a Fabry-Perot interferometer of the order­
scanning type. The details of this methad and the subsequent analysis 
of the experimental line profiles are treated in sections 4 and 5 of 
this chapter. The specific teehoical problems related to the construction 
of the thermocouples will be discussed in sectien 2. In sectien 1 some 
construction details of the discharge tube are given, whereas in sectien 
3 the experimental set up for the gas pressure measurements is described. 
Finally in sectien 6 miscellaneous experimental methods are di scussed 
which have been applied incidentally in this investigation. 

2.1 The discharge tube. 

The measurements presented in this thesis were performed mainly with 
two types of tipped-off discharge tubes. The construction of these tubes 
is schematically shown in Fig.2.1. Although an optimal unityin the 
construction of the various discharge tubes of the same type was aimed 
at , it could not be avoided that incidentally slight differences in 
minor construction · details had to be admitted. From an experimental 
point of view it is important to notice that this resulted in some 
extra scattering in the results . The discharge tubes referred to as 
type (a), were made of pyrex and had a total lengthof about 150 mm. 
The distance between the electrades was 110 mm and the inner diameter 
12 mm. The cathode was a hollew tantalum cylinder whereas the ring-
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2 

t ype a type b 

Fig. 2·. 1a Schematic 1'ep1'esentation Fig. 2. lb Schematic 1'ep1'esentation 

of di seha1'ge type (a) . of diseha1'ge type (b) . 

In Fig . 2.1b the Va1'ious numbe1's indicate the following cons t1'Uetion 
details . 

1 = c:node; massive niekel eylinde1' • 

2 = cathode; wolf1'am with ba1'ium oxide laye1' . 

3 = py1'ex tube; 

4 = the!'mocouple 

inne1' diamete1' 2? mm, 

oute1' diamete1' 30 mm, 

total length 290 mm, 

elect1'ode distanee 210 mm 
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shaped anode was made of fernico on which a thin layer of enamel was 

applied. As a consequence of various construction details these discharge 
tubes could be used for discharge currents up to 250 mA and maximum 
eperating pressures of about 500 torr. With this discharge type both 
line broadening experiments and speetral radiant flux measurements 
were performed. 

Since the eperating range of discharge type (a) was limited to 
rather low values of both discharge current and eperating pressure, 
discharge tube type (b) was developed. Tubes of this type could be 
used with maximal operating pressures of 1,5 atm and discharge currents 
up to lA. To the discharges obtained in these tubes various plasma 
diagnostic techniques have been applied simultaneously, namely spectrum 
line broadening experiments, thermocouple measurements, radiant flux 
measurements and gas pressure measurements. 

2.2 Thermocouple measurements 

The thermocouple constructions used in the various experiments were 
slightly different. The common and essential partsof the constructions 
are shown ·in Fig.2.2. Apart from the construction shown in this figure, 
where the junction of the thermocouple wires is fixed to the top of 
the fused silica capillary, also a slightly different construction was 
used in which the thermocouple as such could be slipped to and fro 
in the capillary. Assuming an ideal thermal contact between the 
capillary and the junction of the thermocouple, it is possible to 
determine in this way the temperature distribution in the axis of the 
capillary. As will be shown this temperature distribution Tt(r) is a 
first approximation for the radial gas temperature distribution Ta(r) 
in the discharge tube. 
The thermocouples as such were constructed of 50 ~m platinum; platinum­
rhodium (10%) (Pt-PtRh10 ) wires which were joined by the argon-are 
welding process. The thickness of such a junction was less than 150 ~m. 

The two wires were isolated electrically by enclosing one of them in a 
fused-silica capillary having a diameter of about 250 ~m. These Pt-PtRh10 

thermocouples may be used in principle in the temperature range between 
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Fig.2.2 Schematic diagram of the thermocoup Ze contiguration used in 

the experiments. 

300 and 1800 K. Since the thermoelectric power of Pt-PtRh10 is only 
small (~ 10 ~V/K), in part of our experiments chromel-alumel thermocoax 
was used. These industrial thermocouples consist of a thin chromel and 
a thin alumel wire, enclosed in a cover of inconel. The componentsof 
these thermocoax thermocouples are electrically isolated by magnesia. 
This thermocoax has an outer diameter of about 250 ~m. a thermoelectric 
power of about 40 ~V/K and may be used in the temperature range between 
300 and 1300 K. In the temperature range in which they were used the 
various thermocouples were calibrated to an absolute accuracy better 
than 0.5 K. The thermoelectric e.m.f. was measured with the help of a 
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current campensatien method. The absolute inaccuracy in this methad 
was about 3 ~v. which, depending on the thermocouple components 
corresponds to 0,1 to 0,5 K. In the experiments performed with the 
movable thermocouples the position of the thermocouples was determined 
with the aid of a microscope. The absolute error in these position 
measurements was about 5 ~m. 

In general the discharge plasma will be distorted noticeably by the 
presence of the thermocouple. In the constricted positive column the 
discharge plasma proper is concentrated completely in a small channel 
surrounding the discharge axis. In the actual experiments the presence 
of the thermocouple in the direct neighbourhood of the discharge axis 
resulted inaslight asymmetry in the light emitting part of the 
discharge. This distartion of the discharge f i lament was compensated 
visually by applying a small magnetic field. The maximum variatien of 
the e.m.f., due to the application of the magnetic field, is very closely 
related to the difference between the thermocouple temperatures in the 
distorted and the undistorted plasma. To obtain a good estimation of the 
e.m.f. in the undistorted plasma this maximum variatien of the e. m.f. was 
added to the e.m.f . measured in t he di storted plasma. 

Although by this correction the systematic error due to the distartion 
of the plasma is considerably reduced, this reduction was not completely. 
However, from a camparisen of the axis temperatures determined with the 
aid of thermocouples with the temperatures obtained from simultaneous 
gas pressure and line broadening measurements the conclusion could be 
drawn that the influence of the re~aining distartion on the results 
was less than 5 per cent. 

2.3 Gas pressure measurements. 

In order to campare the results of the thermocouple measurements with 
these of the line broadening experiments, in part of our investigation 
the eperating pressure in the discharge tube was measured. For that 
purpose a small hollew fused-silica spiral was connected to the discharge 
tube. Since by an appropriate construction of t his spiral a variatien of 
the gas pressure in the discharge tube resulted in an angular displacê-
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ment of the spiral, this device could be used todetermine the gas 
pressure in the discharge tube. The rotatien of the spiral was detected 
by measuring the linear displacement of a light spot obtained by 
focussing a laser beam which was reflected by a small mirror mounted 
on top of the spiral. In order to avoid non-linear effects t he spiral 
was used as an indicator in a pressure compensation method. For that 
purpose the spiral was enclosed in a pyrex tube that could be evacuated 
and was connected to a U-tube mercury manometer. 

I 
~ 

to discharge tube 

3 

Fig. 2. 3, 

The fused siZica spiral manometer . 

1 = fused siZica spi ra Z. 

2 = mirror. 

3 = pyrex tube . 

Befare the ignition of the discharge the pyrex tube was evacuated . 
Starting from this condi t ion a zero-pos ition of the mirror was defined 
by focussing the laser beam on a small pinhole , 1 mm in diamet er, behind 
which a photodiode was mounted. The adjustment of this starting position 
was visualised by a signal lamp which was steered by the photodiode . 
After ignition of the discharge the increase of the gas pressure i n the 
discharge tube was compensated by letting gas into the pyrex tube. The 
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moment the difference of the gas pressures in and outside the spiral 
was equal to the cold filling pressure was indicated by the signal 
lamp. At that moment the gas inlet was stopped and the total pressure 

increase was read from the manometer. By adding this pressure to the 
known filling pressure of the discharge tube, the eperating pressure 
in the discharge tube was obtained. 

In order to increase the sensitivity of the equipment the laser 
beam was reflected several times by fixed mirrors. In that way an 
optical path of about 20 m was obtained. 

Due to thermal radiation of the plasma and heat conduction through 
the conneetion pipe the fused-silica spiral was slightly heated. The 
thermal expansion following from this increase in temperature also 
resulted in a small rotatien of the mirror. If this effect was taken 
into account the remaining systematic error in the methad was estimated 
to be less than 5 torr. At eperating pressures of about 1 atm this 
corresponds to a relative error of about l per cent. 

2.4 The order scanning Fabry-Pérot interferometer. 

In the past, a number of methods have been developed for scanning the 
interference pattern of a Fabry-Perot interferometer. The method most 
frequently used is pressure scanning as described by Jacquinot and 
Dufour(l), Kuhn( 2) et al, but in time resolved spectroscopy, several 
other scanning methods are widely used (Cooper and Greig( 3), Bradley(4l, 
Auth( 5l}.In these methods, the optical path within the interferometer 
is changed by varying the refractive index of the medium between the 
interferometer plates (pressure scanning), or by changing the distance 
betweenthem (thermal, piezoelectric or mechanical scanning). 

In order scanning, however, the optical path between the interfera­
meter plates is kept constant and the different orders of the fixed 
interference pattern are scanned with a movable detector (Mewe and de 
Vries(6l). The principle of order scanning has some advantages with 
respect to other methods. 

a) The methad is simple from an experimental point of view. 
b) The time of the scanning period can easily be varied from a ~ew 
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milli-seconds to a few hours. 

c) It is possible to attain a great accuracy. 

Alternatively. however. there are some disadvantages of which the most 
important are: 

d) It is difficult todetermine the dispersion function. 
e) Since the shape of the detector slit is nat adapted to the 

curvature of each separate interterenee fringe, the measured 
speetral line profile is distorted with respect to the original 

line profile. 
In the present sectien it is shown in what way thsse latter effects can 

be anticipated. In sections 2.4.1 and 2.4.2 a simple but accurate methad 

for the determination of the dispersion function is given. In reference 

(16) the influence of the dimensions of a rectangular detector slit on 

the shape of the measured speetral line profile is discussed. 

2.4.1 Determination of the dispersion function. 

In Fig. 2.4 an order scanning Fabry-Perot spectrometer is schematically 
drawn. 
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I 
I 
I I 

I I 
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\ I 
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& 

monochromator 

i 
movable photo multiplier 
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Fig .2.4 Simplified diagram of the opt ical arrangement . 
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The dispersion function Dk(~) = ~ , is given by 

(2.1) 

where: 
À th'e wave 1 ength, 

f the focal distance of 1 ens (1), 

t the etalon distance, 

e(À) the fractional order of the centre 
k the fringe number. 

The difficulty in determining Dk(À) lies in the accurate determination 
of e(À). Usually the radii rk of a number of successive fringes are 
measured and e( À) is determined by applying a least squares method to 
r~ plotted as a function of k. This method, however, gives rise to some 
difficulties. To measure the radii of several successive fringes it is 
necessary to scan over a long distance in the focal plane of the mono­
chromator. This leads to a systematic error in the measured values of 
rk because of the curvature of the focal plane. Spherical aberration 
in the lenses of the optical system causes the central rays to have a 
greater focal distance than the outer rays . This results in a systematic 

decrease of ek( À) with increasing k. When a simple monochromator is 
used,the entrance slit is projected on the exit sl it as a curved line. 
Since detection usually occurs at the exit slit, the mutual proportions 
of the fringes are affected by this curvature. In the methad presented 
here, the objections mentioned in the preceding section are largely 

eliminated whereas the analysis of the interference pattern is strongly 
simplified. 

2.4.2 New method . 

Formula (1) can be written as 

(2.2) 
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where: 

and 

~Às is the free speetral range expressed by 

In order to determine e(>.), now the quantity Bk(>.) is measured where 

Using the well-known formula for rk, 

rk = f( T (k-l+e( >. )))~ 

e(>.) can be written as 

Substitution of this expression for e(À) in (2) yields 

1-s2( >. )B~(>.) 
~"s -----'--

Bk(À) 
(2.3) 

Now the light souree to be measured is replaced by a speetral light 
souree e.g. laser or speetral lamp. Using a photographic camera instead 
of the monochromator a negative is made of the interference pattern 
caused by a speetral line with wavelength >. 0 clase to >. . (Fi g. 2.4) . 
If the camera l ens i s of good quality, t he disturbing influence mentioned 
can be neglected. From the negative , with t he aid of an ordinary 

magnifier, it is possible to determine e( >. 0 ) in the usual way. Once the 
negative has been made, the mirror Sin Fig.(2.4) is turned away and 
in full analogy with Bk( >. ) the quantity Bk (À0 ) i s determined. Then 
S(À0 ) can be cal culated from: 
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(2.4) 

In relation (4), B(À0 ) is expressed in terms of the easily measurable 
quantities e(À0 ) and Bk,(À0 ). Once the quantity 8(À 0 ) has been 
determined, B(À) can be calculated 

Now B(À) and Bk(À) are known, so that Dk(À) can be calculated. 
Usually the light intensity in the inner fringes is measured because 
in these fringes the dispersion is optimal. Suppose for that reason, 
that we are only interested in the first and secend fringe. As a 
consequency of this only B1(À) have to be measured. Once B1(À) and 
B(À) are determined, we may write for the dispersion in the first and 

secend fringe 

o1(À) bÀS 
1-s2(À) BÎ(À) 

(2.5) 
B1(À) 

o2(À) bÀS 
l+s2(À) By(À) 

(2.6) 
B1(À) 

The methad described, proved to be very suitable for plasma spectroscopie 
purposes. Although the transmitted lumineus flux is smaller than in 
methods using an on-axis pinhole, the lumineus flux available is largely 

sufficient. By using a Fabry-Perot interferometer with a plate separation 
varying from 3 to 15 mm we determined halfwidths in the range from 
0.03 to 0.4 cm-1, with a relative inaccuracy of about 1 per cent. 

2.4.3 Distartion of the measured line profile. 

When the circular interference pattern is scanned with a rectangular 
slit, the measured line shape is a distorted image of the real shape. 
The same situation occurs when a negative is made of the interference 
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pattern and the line shape is determined with the aid of a densito -
meter. In reference (16) the distartion of the line shape is calculated 

for the case that the original line profile is a Lorentzian one, as well 
as fora Gaussian original profile. 

2.5 Analysis of the experimental spectrum line profiles. 

With the aid of the order scanning Fabry-Perot spectrometer described 
in the preceding section, on a recorder a representation of the 

line profile was obtained ~1hich is related very closely to the real 
line shape. In general an observed line profile is the result of 
several line broadening mechanisms acting simultaneously. As a 

consequence the diagram obtained from the recorder is a very complex 
composition of the various broadening mechan i sms. Thus from the point 
of view of one particular cause of spectrum line broadening the 
experimental line profile appears to be distorted by other broadening 
mechanisms and should be corrected for these disturbing influences 
befare a comparison with theoretical results is undertaken. The following 
is a discussion of how an observed spectrum line profile may be corrected 
for the various disturbing effects. 

2.5.1 Unfolding of the observed line profile. 

Frequently situations will be encountered where Doppler as well as 
resonance broadening are significant. Then the observed line profile 
must be corrected for the non relevant broadening mechanism or, in short, 
it must be unfolded. This is possible since usually the two line broadening 
causes are independent so that they may be considered as superimposed. 
Let us suppose that I0(w) describes the profile caused by the Doppler 
effect and IR(w) is the profile due to resonance broadening; then the 
measured line shape I( w) is given by the "folding" or convolution 
integral 

+oo 

I(w') J I0(w) IR(w'-w)dw 
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In its general form the application of this unfolding process to the 
correction of line profiles and halfwidths is very laborious. Fortunately 

one may describe without any significant loss in precision the Doppler 
as well as the resonance broadening by simple analytica] functions 
namely the well-known Gaussian and Lorentzian distributions. 

The folding of these two shapes leads to the so-called Voigt-profiles, 
which are available in tabular as well as in graphical form fora wide 
range of conditions. (?)( 8)( 9)(lO). 

In the foregoing the total broadening caused by two independent 
broadening mechanisms was discussed. In the actual experiments, 
however, natural and instrumental broadening also had a noticeabl e 
influence on the shape of the line profile. Now it may be shown(ll)(l2), 

that the instrumental line profile of a Fabry-Perot interferometer 
as well as the natural broadening may bedescribed by Lorentz functions. 
So in principle the observed line profile should be described by a 
convolution integral of four independent broadening mechanisms. 
Fortunately, it may be shown(6) that the convolution integral of two 

Lorentz functions yields a new Lorentz function the halfwidth of which 
equals the sum of the two initial halfwidths. Starting from this 
mathematica] fact, the observed spectrum line profile may be represented 
by a folding integral of only one Lorentz function, which represents the 
total broadening effect of resonance, natural and instrumental broadening, 
and a Gauss function representing the Doppler broadening. 

The calculation of the Doppler halfwidths was based on the average 
gas temperature of the emitting part of the discharge plasma. These 
average gas temperatures were derived graphically from the gas temperature 
distributions obtained from the thermocouple measurements. The instrumental 

line profile was calibrated by measuring the line profile of a narrow 
spectrum line of which the halfwidth is known. For reasans of simplicity 
we based the calibration of the interferometer on very accurate 
measurements of the shape and the halfwidth of the À = 5852 ~ line in 
neon( 12 l. Incidentally this procedure was checked by calibrating the 

interferometer with the aid of the À = 6439 ~ line emitted from a low 
pressure cadmium speetral lamp( 13 l. Within the limits of error both 
calibation methods gave the same result. 



2.5.2 Determination of the resonance halfwidth. 

Since there were no grounds to expect significant deviations from the 
theoretical line profiles we followed the usual procedure in line 
broadening spectroscopy according to which only the half~idth of the 
line profile is determined. Incidentally, however , some line profiles 
were analysed accurately in order to find out if any deviation from the 

theoret ical line profiles could be observed. 

From the foregoing it fellows that the resonance halfwidth may be 
calculated ,as fellows. The observed halfwidth was·corrected fo r Doppler 
broadening with the aid of correction tables given by Davies and 
Vaughan(?). Then the remaining Lorentz hal fwidth was corrected for 
natural and instrumental broadening. The corresponding gas density was 
obt ained by dividing the remaining resonance halfwidth by the appropriate 
broadening constant. The broadening constant of the À = 5852 ~ line 
(C = 6.37.10-20 cm- 1/at.cm3) was taken from Kuhn( 12 l. 

2.6 Miscellaneous experimental methods. 

Apart from the experimental methods discussed in the foregoing, 
incidentally some more common plasma diagnosti c methods have been applied. 
Since the principles and the experimental set up of these methods can 
be found in detail in various handbooks( 14 ), only some characteristi c 
detail s will be revi ewed bri efly below. 

2.6.1 Microwave measurements. 

Fora minor part of the measurements presented i n the followi ng chapters , 
estimations of the el ectron densiti es were made f rom phase shi ft 
measurement s with a 4 mm microwave i nterferometer . Since t he spatial 
resolution of thi s methad i s of the same order of magnitude as t he 
effective diameter of the active plasma column, the results obtained 
in this way should be cons idered as a rough est imation of the average 
el ectron density. The possib l e systemati c error in these measurements 
was about 100 per cent. 
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2.6.2 Spectrum line intensity mea~urements. 

In some of the constriction models discussed in chapter 1 the assumption 

was made that the plasma is in L.T.E .. Since this basic assumption is 
of utmost importance for the concept of the high pressure column as 
such, the validity of this assumption was checked experimental ly with 
the aid of line intensity measurements. These measurements were 

performed mainly on discharges of the type (b). 

With the aid of a 1.0 m. Jarrel-Ash grating double monochromator 
the relative intensities of 8 visible neon lines (2p-1s transitions) 
were determined. In order to campare the various intensities the 
transmission function of the optical equipment was determined with 

the aid of a calibrated tungsten ribbon lamp. 

2.6.3 Optical absorption measurèments. 

The model of the high pressure positive column presented in chapter 
5 prediets a very low concentratien of metastable atoms in the axis 
of the discharge tube. This theoretical predietien was verified 
experimentally by measuring the absorption of various visible neon lines. 

For that purpose a special discharge tube was developed in which t he 
cathode as wel l as the anode were cone-shaped. Both electrades were 
provided with a narrow slit in the axial direction. The dimensions of 
these slits were 1.0 x 8 mm. Moreover, the ends of the discharge tube 
were provided with optically flat pyrex windows. This construction 
enabled us to do end-on measurements . For the emitter tube al so a high 
pressure neon discharge was used. With the aid of an appropriate optical 
system from the total radiance of this discharge a narrow parallel 
beam of light was isolated. The effective diameter of this beam was 
0.5 mm. The beam was send through the absorbing tube in a direction 
parallel to the tube axi s . The absorption of this beam in the discharge 
was determined as a function of the radius r. In this way a goed 
estimation of the radial distribution of metastable atoms could be 
obtained. 



33 

2.6.4 Radiant flux measuréments. 

To calculate the shape of a line profile emi tted from an inhamogeneaus 
plasma the knowledge of the radial distribution of radiant flux per 
unit volume of that spectrum line is needed(15 l. This distribution was 
obtained from lateral line intensity measurements. The spectroscopie 
equipment applied in these measurements was nearly identical to that 
used for the relative line intensity measurements. The only difference 
was that now the discharge tube could be moved to and fro in a direction 
perpendicular to the tube axis as well as to the v~ewing direction of 
the optical system. With the aid of the optical system the radiation 
accepted by the monochromator was reduced to that emitted from a small 
volume having the shape of a diabolo. The effective width of this 
diabolo shaped plasma volume was about 0.3 mm. By rnaving the discharge 
~ube with respect to the fixed optical system a lateral spectrum line 
intensity distribution was obtained. These experimental distribution 
functions were fitted by a digital computer to a sum of two Gauss 
functions. These Gauss functions had a different height and a fixed ratio 
of their halfwidths. With the aid of the comp uter these relative 
intensities and halfwidths were determined. Then the resulting sum­
function was subjected to an analytical Abel-transformation. In this 
way the radial distribution of speetral radiant flux could be calculated. 
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CHAPTER 111 SPECTRUM LINE BROADENING 

3.1.1 General theory of resonance broadening. 

In most of the theoretical and experimental work done in the field of 
spectrum line broadening the assumption is made that the emitting 
plasma is homogeneous.( 1)(Z)( 3)( 4) When in such ~plasma the line 

profile of the spectrum line, emitted by a transition from energy 

level En to Em' is determined by resonance broadening, this line 
profile may in a very good approximation be represented by a Lorentz 

function the halfwidth: Ynm of which is given by 

( 3 .1) 

where: 
C the broadening constant of the spectrum line with 

nm central frequency wnm·(S)(fi) 

na = density of neutral gas atoms. 

This broadening constant can be calculated from the relation 

f q2 
k~ 

me wmo 
( 3. 2) 

where: 

fmo the oscillator strength of the corresponding resonance 

1 i ne. 

k a numerical factor of the order 1. 

wmo the central frequency of the corresponding r esonance 
l i ne. 

m e electronic mass. 

q electronic charge. 
In practical spectroscopy, apart from a few exceptions, it is assumed 
that the theories available now give a sufficiently correct descripti on 
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of the line broadening to use this mechanism as a plasma diagnostic 
tool. Especially in this category of experiments, sametimes in direct 
contradiction with the experimental plasma conditions, the assumption 
is generally maintained that the emitting plasma is homogeneous.(?)(B) 
(9)(10) 

By this assumption, however, a large systematic error may be introduced. 
In the present work, the influence of gradients in both the gas 

temperature and the spatial distribution of emitting atoms on the shape 
and the halfwidth of a resonance broadened spectrum line profile is 
calculated for various cases of practical interest. Moreover, a new 
methad is presented to determine the density and the temperature of 
neutral atoms in the axis of a gas discharge by measuring the half­

width of a resonance broadened spectrum line emitted by that discharge. 

We consider now an optically thin plasma which is supposed to be 
inhomogeneous but radially symmetrie, whereas axial variations of the 
various plasma parameters are neglected. The density of neutral atoms 
as a function of the distance r to the tube axis is given by na(r), 
whereas the energy emitted in a spectrum line with central frequency 

wnm per second per unit volume is denoted by Pnm(r). The shape of a 
resonance broadened spectrum line, emitted at the position r, may be 
represented in a normalised form by 

I(w.r) = --2-
'~~Cnmna(r) 

1 + 

(3.3) 

With the aid of an optical system as schematically shown in Fig. 3.1, 

fora certain spectrum line, which in reduced form is given by I(w.r), 
the radiance in a small frequency band dw, integrated over the line PQ, is 
measured as a function of u. 

The result is called dlnm(w.u) and is related to Pnm(r) as: 

+d(u) 

J 
-d(u) 

Pnm(r) I(w.r) r dr dw 

. I 2 2 ' 
Vr - u 

(3.4) 
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/ Discharge -Tube 

~--.---- Q 

Monochromator 

Fig . 3. 1 Simplified diag~am of the optical a~~angement . 

For the special case that u 

Inm( w.O), defined by 

0, the observed spectrum line profile 

I (w. 0) nm 

is given by 

or in normalised form 

dl (w.O) nm 
dw (3.5) 

(3 .6) 
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+R 
J P (r) I(w.r)dr nm 

n . -R 
Inm(w.O) 

+R 
( 3. 7) 

J Pnm(r)dr 
-R 

where: 
R = discharge radius. 

Both functions I(w.r) and I~m(w.O) obey the normalisation condition 

+m 

I I(w)dw = 1 

Expression (3.7), whi ch in a more general form has also been studied 
by Bartels(ll), shows that I~m(w.Oj is determined uniquely by the 

functions Pnm(r) and I(w.r). Since the latter function only depends 
on na(r), the normalised spectrum line profile may be calculated if 

only na(r) and Pnm(r) are known. 

3.1.2 Shape of na(r) and Pnm(r) forsome spec ial cases . 

In an arbitrary discharge, na(r) and Pnm(r) are functions of a very 
complex nature. Thi s implicates tha t in general i t i s impossible to 
calçulate I~m(w.O) analytically . In a previous paper (12 l, however, 
it was reported that for the special case of a positive col umn in 
neon, under certain conditions, P (r) and n (r) may be approximated nm a 
very well by s imple analytical functions. Three examples will be 
given below. 

Low pressure, low current , positive co l umn. 

We consider a positi ve co lumn in a lovl pressure (p < 10 torr) di scharge, 
with a discharge current below 10 mA. Under these experimental 

conditions, bath Pnm(r) and na(r) are very nearl y constant, so that the 
assumption of a homogeneaus plasma hol ds . 
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Low pressure, moderate current, positive column. 

When in a low pressure discharge the current is increased to a few 
hundred mA, in a first ~pproximation Pnm(r} remains constant over the 
cross sectien of the discharge, whereas the gas temperature in the 
discharge axis raises with respect to the wall-temperature. In this 
range of discharge conditions, however,· the gradient in the gas 
temperature is only small, so that in a first approximation the gas 
density distribution may be represented by a parabalie function. 

(3.8) 

High pressure constricted positive column. 

When in a positive column the gas pressure is increased above a few 
hundred torr, a constriction of the positive column takes place(l3); 

theemission of light in the column is confined toa small channel 
around the tube axis. The ,space between th.is radiating cylinder and 
the tube wall remains completely dark. These phenomena may illustrate 
that in this case the following functions appeared to be reasonable 
approximations. 

(3.9) 

[
p (0), for 0 < r < a 

P (r) = nm - -
nm 0 , for a < r < R 

(3.1()) 

With the aid of these simple mathematical functions it was possible to 

calculate I~m(w.O) and Ynm analytically(12 l. Although the expressions 
for In (w.O) and Y , obtained in this way, are only first order nm nm 
approximations, the numerica l results calculated from them are in 
reasonable agreement with the experimental results. The agreement is 
illustrated in Fig.3.2. 
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Fig.3.2 Some experimentaZ halfwi dths as a funation of the fiZZ ing 

pressure at room temperature. On the upper scaZe the corresponding 

gas densities at room t emperature are plotted. 

In this figure, the halfwidth of the resonance broadened À = 5852 ~ 
neon line, emitted from a positive column and measured with a Fabry­

Perot interferometer, is compared with the halfwidth calculated from 

eqs.(3.3) through (3.10).The val ues f or na(O) and na(R) used in t hese 

calculations were derived from gas temperature measurements with the 
aid of thermocouples(l 4), whereas for the value of a in (3.10) the 

halfwidth of the expr~imental Pnm(r) curve was used. The value for c5852 
was taken from Kuhn( ). For pressures up to 80 torr (3.9) was used; 

(3.10) for the higher pressures. 

Although Fig. 3.2 suggests a reasonable agreement between t heory and 

experiment, it must be kept in mind that the choice of a, which seems 

to be a reasonable approximation, in fact is qui t e arbitrary. Moreover, 

in the press ure range from 50 to 150 torr none of the simple models 
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discussed above yields a satisfactory agreement with the experimental 
results. Considerations of this kind, clearly show the need for more 

adequate approximation functions for Pnm(r) and na(r) than those 
introduced before. In general, the precise shape of the distri bution 

functions Pnm(r) and na(r) cannot be calculated theoretically without 
an exact knowledge of the basic discharge processes. Fortonately, it 
follows both from theoretical and experimental investigations( 13 )(l4l, 
that fora great number of cylindrically symmetrie discharges, in a 
large region of discharge conditions, the experimental functions Pnm(r) 
and "a ( r) may be fi tted very we ll by a two parameter representa ti on of 
a rather simple mathematical form. In the next paragraph the specific 
shape of both representations will be discussed for the special case 
of a high pressure constricted positive column. It must be kept in 
mind, however, that the representations introduced, hold in a much 
wider region than that discussed here. 

3.1.3 General representation of na(r) and Pnm(r). 

Starting from a new model for the high pressure positive column, as 
described in an earlier paper( 18 l, it is possible to express the 
functions P (r) and na(r) in a number of directly measurable macroscopie 

nm (14) 
parameters. Both from thermocouple measurements and theoretical 
calculations(l3) it followed that in the positive column, fora great 
variety of discharge conditions, the gas temperature distribution may 
be represented by the following empirical relation: 

e + 

Under the assumption that t he ideal gas law holds the gas density 
di stribution may then be written as : 

( 3.11) 
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2 

na(r) 
1 + r ) 

7 (3.12) ---
na(O} ( 1 + 8 .!:..__) 

s2 

where 8 and s are parameters directly following from the thermocouple 
measurements mentioned. The relative systematic error introduced by 
assuming an empirical relation according to (3.12) for the gas density 
distribution is discussed in an earlier paper and amounts only a few 
percent. From lateral spectrum line intensitymeasurements andrecent 
calculations( 13 )(l4) it followed that for nearly the same variety of 

discharge conditions for which (3.12) holds, the function Pnm(r) can 
be represented with a relative error of l ess than a few percent by 
an empirical relation of the farm: 

(3.13) 

where x is a parameter directly depending on the di scharge conditions nm 
and also following from the experiment. Although we succeeded in 

representing Pnm(r) and n3 (r) by rather simple mathematica] functions, 
unfortunately this simplification was not radical enough to calculate 
expression (3.6) with the aid of (3.12) and (3.13) analytically. Since 
a further simplification of the representations for P (r) and n (r) nm a 
is not possible without the introduetion of a considerable sys t ematic 
error, we shall calculate an approximate expression for I (w.O ) which nm 
yields, apart from the relative systematic errors introduced by the 
functions (3.12) and (3.13) , a relative inaccuracy of less than one 
per mil. 

3.1.4 Normalised spectrum line profile. 

In most inhamogeneaus di scharges of cylindrical symmetry, of which the 
constricted column is a striking example, the greater part of t he li ght 
is emitted in the direct neighbourhood of t he discharge axis. Consequently 
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the shape of the spectrum line in question is largely determined by the 
behaviour of na(r) for small values of~ . Realising this, we expand the 
function I(w.r), given in (3.3), in a Taylor series near r = 0. After 
substitution of this series expansion in (3.6) we obtain the following 
expression for Inm(w.O). 

I m(w.O) = _21 y ~' [LJI(w.r) J r=O JR p (r)rj dr. 
n rrj=oJ· ar o nm 

(3.14) 

This complex relation can be simplified greatly by remarking that 
I(w.r) is an even function of r, so that all odd áerivatives drop out. 
Moreover, a simple calculation shows that the influence of all terms for 
which j ~ 6, is far less than one per mil. These terms neglecting 
reduces expression (3.14) to: 

I m(w.O) = -21 [ I( w.O) J P (r)dr + l[ a2I (w.r) ] x 
n rr 0 nm 2 ~ r=O 

R 2 4 ( J P ( ) d + 1 [ a I w. r) 1 x o nm r r r N ar 4 
r=O 

(3.15) 

Because the gas dens i ty distri bution is an even function of r, the 
derivatives in expression (3.15) can be written for r = 0 as: 

2 
[a 2na(r) La l(w.r} J 

K(w.r}J = 
a2r ar 

r=O r =O 
and 

4 4 
a2na(r) 

2 a l(w.r) [ a na(r) a K( w.r ) J 
[ J = K( w.r) + 3 

a r 2 ar r=O ar4 ar2 
r=O 

where 

2 cnm 
[ K(w.r) J = - 11-

r =O 
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Strictly speaking, the function Pnm(r) defined by (3.13) is nota 
realistic one since it does not obey the boundary condition: 

Under the actual experimental conditions, however, Pnm(R)/Pnm(O) is 
smaller than one per mil, the limit of error of this calculation. 
Therefore the upper integration limit in (3.15) may be replaced by oo, 

Then the integration in (3.15) may be carried out and inserting (3.12) 
and (3.13) we obtain for Inm( w.O) after some laborieus but elementary 
calculus, the expression 

2 
P nm ( 0 ) [ 1 Xnm 

I (w.O) =--x I(w.O) + ." (1-e) ~ na(O)K( w.O) + ... nm 41~ nm L ~L 

4 
2 Xnm J ... R(e , T) + ..... (3.16) 

where: 4 

is a rest term of the order (e2 Xnm ) 7' 
For the actual experimental conditions, the various dimensionless 

x 1 1 parameters have approximately the following values: B% 3 and e% 2 
and substitution of these values in the rest term showed that if a 
relative inaccuracy less than 1% is wanted, this term may be neglected. 

0 
Then the line profile Inm( w.O), reduced toa top value one may be 
represented by : 

where: 

Inm( w) 

1 + 

[ 1+vnm ] 

1-v nm 

1 
2 4(w-wnm) 

2 
Ynm(O) 

2 

llnm =i (1 - e) ~ 
8 

( 3 .17) 



45 

Since I (w) only depends on n (0), it follows from expression (3.17) nm a 
that the profile of a spectrum line emitted from an inhamogeneaus 
plasma of cylindrical symmetry is uniquely determined by the quantities 

na(O) and ~nm' The importance of the dimensionless parameter ~nm in 
these calculations may be illustrated by a calculation of the halfwidth 

of the function Inm(w.O). This halfwidth Ynm is defined by the relation 

where w! is a salution of the equation: 

0 1 0 
1nm(w.O) = 7 1nm(wnm· 0) 

0 
If Inm(w.O} is given by (3.17), Ynm can be calculated directly. 
The resu lt is 

(3.18) 

When in a first order approximation this expression is rewritten in 
the farm 

Ynm-ynm(O) 

Ynm(O) 

the significanee of unm is obvious. It expresses the relative increase 
of the observed halfwidth, due to plasma inhomogeneities, wi th respect 
to the halfwidth ynm(O) of a spectrum line emitted at the discharge 
axis. Although the absolute value of ynm depends bath on na(O) and ~nm' 

it follows from (3.17) that the shape of the spectrum line profile on 
a scale öw only depends on the value of ~ . The influence of a variation 

Y m 
in~ on the shape of a spectrum line profile is illustrated in Fig.3.3 nm o 
where the line profile I (w.O) is plotted for three values of~ resp: nm · nm 
0, 0.1 and 0.2. Since a variation in u adds a correction to the line nm 
profile which is quadratic in w, the line profil e remains symmetrie and 
Lorentz-like, as can beseen from the figure. 
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1!~0.2 

[
' ' ' ' ' 1!=0.2 

( reduced line profile) 

OL-___ __ L_ ____ ~--------~--------~--------~ 
0 lO 2.0 3.0 1..0 

Fig. 3.3 Same calculated spectrum Zine profiles for various vaZues 

of the parameter I! · 

This is illustrated more in detail in the same figure, where for 

I! = 0.2, (bei ng the maximum value of I! cons idered in our experiments) , nm nm · 
the line profile is analysed and in reduced form compared with a pure 
Lorentz-function. It is surprising to see that the deviations of the 
line profile, in its reduced farm, from a Lorentz-function are sma ller 
than the line width of the drawing. This is in agreement, however, with 

computer calculations in whi ch Inm(w.O) was calculated numeri ca lly, 
using the original experimental functions Pnm(r) and na(r). From these 
calculations it followed toa that for the whole region of plasma 
parameters investigated, the line profile could be approximated with 
a relative error of less than one per cent by a pure Lorent z-funct ion. 
Thi s conclusion, wh ich is of utmost practical importance, may be 
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formulated as follows: 

If in an inhamogeneaus plasma of cylindrical symmetry the speetral 

inhomogeneity, characterised by the parameter ~nm' is small then the 
observed spectrum line profile may be represented toa very good 
approximation by a pure Lorentz function. 

From the foregoing it is clear that the quantity ~ , introduced nm 
in the preceeding section as a dimensionless parameter, plays an 
important part in the description of the line broadening in inhamogeneaus 
plasmas. For that reason it seems usefull to define ~nm as a new 
spectroscopie variable called: "spectral inhomogeneity". The definition 
of ~ introduced here for the special case of a resonance broadened nm 
spectrum li.ne, emitted from a cylindrically symmetrie plasma,can be 
adapted easily to other line broadening mechanisms or other symmetries. 
These extensions or modifications, however, will notaffect the 
fundamental meaning of this quantity. The great advantage of this 
concept is the possibility to characterise the influence of plasma 
inhomogeneities on the spectrum line profile with only one representative 
parameter. That, apart from this typical line broadening interpretation, 
there exists a clear plasma dynamical sense of~ is illustrated by nm 
the fact that, apart from a numerical factor of the order one. u is · nm 
equal to the parameter K, which will be defined in chapter 5( 13 ) 

as the Joule dissipation in Watts per unit volume. As a consequence 
a large Joule dissipation implicated a large~ value and of course a nm 
strongly inhamogeneaus plasma, whereas a small Joule dissipation will 
result in a nearly homogeneaus plasma. 

3.1.5 Influence of other line broadening mechanisms. 

Apart from the resonance broadening discussed in the preceding sections, 
there are a number of line broadening mechanisms which may influence 
the shape of the spectrum line profile essentially. 
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3.1.5.1 Natural line broadening. 

The profile of a spectrum line which is exclusively determined by 

natural broadening may be described by a pure Lorentz-function. The 
halfwidth of this function, called the natural or radiation width, is 
only a few milli-Kaiser so in the vast majority of practical line 
broadening experiments its influence is of only minor importance. 

Nevertheless, in the actual experiments, reported in this thesis, 
the influence of the natural broadening both on t he line shape and on 
the halfwidth was accounted for. Following Kuhn( 15 l, 3,66 milli-Kaiser 
was taken for the radiation width of the À = 5852 ~neon spectrum line. 

3.1.5.2 Doppler broadening. 

This broadening mechanism, which is essentially caused by the thermal 
motion of the emitting atoms, may bedescribed by the following Gauss 
function( 5) 

I (w) 
nmo 

(3.19) 

The halfwidth y of this function if given in frequency units by nm0 
'T' 

l'f"":""7i -7 · I a 
YnmD = 2•ln2.öw0 = 7.16 10 wnm·V -rr (3.20) 

where: 
M = atomie weight of the emitting atoms. 

In our experiments the Doppler halfwidth amounted to only a few per 
cent of the observed halfwidth. As a consequence the radial dependenee 
of the Doppler broadening was neglected. When calculating the resonance 
halfwidth, however, the observed halfwidths were corrected for this 
Doppler broadening. For Ta the average gas temperature of the emitting 
part of the discharge plasma was substituted. The details of this 
rather complicated procedure are discussed extensively in chapter 2 of 
thi s thesi s. 
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3.1.5.3 Isotape effects. 

Natural neon consistsof three isotapes with the following relative 
abundances: Ne20 (90,8%); Ne 21 (0,03%); Ne22 (8,9%). If the influence of 
the Ne 21 component is neglected, the observed spectrum line profile 
will exhibita hyperfine structure consisting of two peaks with 
approximately the same halfwidth and relative heights directly 
proportional to the relative isotape abundances. In general the presence 
of isotapes may lead to a noticeable distartion of the original spectrum 
line profile which in its turn may result in a cqnsiderable increase of 
the observed halfwidth as illustrated in Fig.3.4a. This relative increase 

NEON 

Lorentz profile, Resulting profile 

10 1.0 w m 
2~wnm. 1Ynm 

l 0 

Fig. 3.4a Influence of the isotape Ne 22 on the profile of a neon 

spectrum Zine (ca ZcuZated) 
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of the observed halfwidth depends on the ratio of the original halfwidth 
Y to the isotape splitting: ~w . A first order calculation shows nm0 nmi 
tha t the asymptot i c behavi our of the rel a ti ve i ncrease of the observed 
halfwidth of a Lorentz-line profile, due to the presence of an isotope, 
may be characterised by the approximate expressions given in tabel I. 

TabZe I. Asymptotic vaZues for the increase of the haZfwidth, due to an 

isotope having the same haZfwidth y as t he originaZ Zine profile nm 
0 

and a reZative abundance k. The isotope spZitting is ~w nm. 
1-

~w m n i k:f.__ --
Ynm 

0 
Ynm 

0 

~wnm. 
2 

Ynm 
1 1 "' k 0 -->> 

~ 
Ynm ~wnm . 

0 1 

~wnm. 
3 1 

--% 1 " 4 k 
y 

nm0 

~wnm. 
~ 2 
wnm. 

1 1 " 4k 1 --<< z-
Y nm 

0 
Ynm 

0 

For the special case of Neon this effect is illustrated in Fig.3.4b, 
where the relative increase in the observed halfwidth of the À = 5852 ~ 

~wnm. 
line is plotted versus the dimensionless parametert--1 ]. From this 

Ynm 
0 
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figure it can be seen that the relative increase of the halfwidth 
reaches a maximum value for öw ~ y m , whereas both for large and 

nmi n 0 

for small values of this parameter is approaches zero. 

CJ. in% 
10 

~lOOr-~--~-,~~--r-~r-~~--~--.-.,n 

c 0 
- E 

~>-c 

<absorptionl 

0.1 1.0 ) 10 
_____ _.,..,.. ·( t.wnmi_ 

Ynm 
0 

Fig. 3.4b ReZative increase of the halfwidth due to isot ope eff ects 

(lower scale) and self-absorption (upper scale). 

3.1.5.4 Self-absorption 

The mechanism of self-absorption toa may lead to a considerable 
distartion of the original line profile. In the actual experiments, 
however, self-absorption was observed only at low gas pressures and 

high discharge currents and amounted in these cases to only a few per cent. 
It may easily be shown that the shape of a Lorentz spectrum line 
profile affected by a sma ll amount of self-absorption may be wri tten 
in a first order approximation as: 



where: 

I (w) nm 
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I~m(w) a pure Lorentz function 

~nm absorption factor defined by: 

+d/2 
~ = 1 - exp [- J k (x )dx .J 

nm -d/2 w 

k&x) speetral absorption coefficient 
d discharge diameter 

( 3. 21) 

A calculation of the halfwidth of this function results in the following 

approximate expression for the relative increase in the observed 
halfwidth due to self absorption. 

l:!.y Yeff - Ynm ~nm 
----~0 %- + 

2 

This relative correction is presented in Fig. 3.4b. 

3.1.5.5 Stark broadening. 

(3.22) 

Apart from the spectrum line broadening caused by neutral particles 
a line broadening mechanism exists which finds its origin in the 
interaction between the emitting atoms and the charged particles of 
the plasma e.g. electrans and ions. Since, in general, the line broadening 
caused by electrans is an order of magnitude larger than the broadening 
caused by ions, only the farmer is considered here. In the case of a 
spectrum line which exhibits quadratic Stark effect, Lindholm( 16 ) 

showed that the halfwidth due to electron broadening is given by 

-3 4.5.10 c vl/ 3 
C nm' e .ne 

where: 
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Cnm quadratic Stark effect constant. 

ne electron density (per cc). 
C velocity of light. 
Ve = mean velocity of the electrons. 

(17) With a quadractic Stark effect constant taken from Murakawa et.al., 
the halfwidth of the À = 5852 ~neon line may be expressed as: 

where: 

-1 (cm ) 

Te = electron temperature in Kelvin. 

Since in our experiments the electron density does not exceed 1014el/cm3 

and the electron temperature is estimated to be less than 2 electron­
Volt, the halfwidth due to the Stark-broadening by the electrans does 
not exceed a few milli-Kaiser. As a consequence the influence of Stark­
broadening on the halfwidths of the observed spectrum line profiles 
may be neglected. 

3.2 Experimental results. 

With the aid of an order-scanning Fabry-Perot interferometer, the 
principle of which is discussed extensively in chapter 2, the halfwidth 
of the resonance broadened À = 5852 ~ neon spectrum line has been 
determined for a large region of plasma parameters. The relative 
systematic error in these experimental halfwidths was estimated to be 
about one per cent. In the actual experiments the filling pressure at 
room temperature and the discharge current varied from 1 to 400 torr 
and 10 to 500 mA, respectively .. Tipped off discharge tubes were used 
with diameters varying from 4 to 40 mm. The typical constructions of 
the various discharge tubes used in the experiments are discussed 
in chapter 2, section 1. To give an impression of the influence of 
the various plasma parameters on the observed halfwidths, some 
experimental results are shown in Fig. 3.5, where the experimental 
halfwidth of the À = 5852 ~ line, corrected for Doppler, natural and 
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instrumental broadening, is plotted versus the filling pressure pf with 
the discharge current and the tube diameter as parameters. 

I 
I 

I 

I 
I 

I 

I 

I 
I 

I 
I 

I 
I 

I 

I 
I 

I NEON 

À= 5852.& 

- · - discharge diameter 27mm 
discharge diameter 12mm 

x:i•:llmA 
o: i. 80 mA 
6: i=150 mA 
e: i-350mA 

Pt in torr 

Fig . 3.5 The r esonance halfwidth as a function of the fil ling pressure 

at room temperature with the discharge current and the tube 

diameter as parameters. 

The dotted line represents the halfwidth of the same spectrum line 
now emitted from a homogeneous plasma with the same filling pressure. 
Moreover, these halfwidths together with the corresponding values of 
the various plasma parameters are given in table II. A first glance at 
figure 3.5 and at table II shows immediately the large systematic 
error which may be introd~ced by assuming that the emitting plasma is 
homogeneous. By further examination, attention is drawn to the fact 
that there are apparently three pressure ranges 1n each of which a 
specific broadening mechanism dominates over the ether one's. For that 
reason the discussion of the experimental results will be divided into 
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Table Il 

Resonance halfwidth y in a neon positive column for various gas 

filling pressures (pf), discharge currents (i) and tube diameters (d}. 

fi 11 ing- discharge resonance filling discharge resonance 
pressure current halfwidth pressure current halfwidth 

Pf i y Pf i y 

(mmHg) (mA) 10-3cm- 1 (mmHg) (mA) 10-3cm - 1 

25 40 72 200 82 189 

25 100 74 200 101 185 

25 150 76 200 149 171 

25 250 77 200 199 163 

50 50 140 200 250 159 

50 150 131 200 302 157 

50 250 133 200 355 158 

75 100 176 300 82 241 

75 150 174 300 100 229 

75 250 169 300 148 219 

100 50 185 300 200 211 

100 200 165 300 250 210 
100 350 163 300 301 207 

150 50 235 300 355 208 

150 100 219 400 82 306 

150 300 216 400 100 307 

200 200 266 400 149 291 

200 200 266 400 200 272 

200 300 260 400 250 270 

250 55 347 400 302 267 

250 100 320 

250 300 309 

300 75 374 
300 200 349 

300 300 344 

d = 12 nm I d = 27 mm. 
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three parts in which the low pressure, the moderate pressure and the 
high pressure positive columns are considered respectively. 

3.2.1 Spectrum line broadening in the low pressure positive column. 

In Fig. 3.6, the experimental halfwidth of the 5852 ~ line, corrected 
for Doppler, natural and instrumental broadening is presentedas a 
function of the gas filling pressure at room temperature (296 K) for 
one value of the discharge current (150 mA) and the tube diameter (6 mm). 

7 
E 
u 

t;'~ 150 

c 

>-

10 20 30 1.0 

NEON 
À= 5852 .a 
d=6mm 

50 

pf in torr 

Fig. 3.6 The resonance halfhlidth as a function of the filling pressure 

at room temperature hlith the discharge current as parameter . 
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Now from gas temperature measurements as well as from radial line 
intensity measurements it followed that in this pressure range the 
speetral inhomogeneity V is far less than one, SO that to a first 
approximation the emitting plasma can be considered to be homogeneous. 
From a theoretical point of view one should expect then that the 
observed halfwidth is proportional to the gas pressure as expressed 
by relation 3.1. However, from Fig.3.6 it follows that, although the 
relationship between halfwidth and gas pressure is essentially linear, 
the broadening constants corresponding with the pressure ranges 0-25 
torr and 25-50 torr respectively, are different.· The value of the 
broadening constant calculated from the higher pressure range (c5852 
6,5 + 0,15.10- 20 cm- 1;at.cm3) is in good agreement with the value 

- (15) -20 -1 3 reported by Kuhn et.al. (c5852 = 6,37 ~ 0,15.10 cm jat.cm ). 
In order to ascertain which extra broadening mechanism could be 
responsible for the deviations appearing in the low pressure region, 
the influence of the discharge current on the observed halfwidth was 
determined. The result is presented in Fig.3.7 where the observed 
halfwidth is plotted versus the discharge current for a filling 
pressure of three torr and a discharge diameter of 10 mm. 
Since on the one hand the halfwidth strongly depends on the discharge 
current but on the other hand the electron density is toa low 
(ne < 1011 el/cm3) to bring about a noticeable Stark-broadening, the 
conclusion was drawn that the extra line broadening is caused by self­
absorption and isotape effects. In order to verify this conclusion for 
a filling pressure of 3 torr and the samedischarge diameter the line 
absorption coefficient was determined as a function of the discharge 
current. With the aid of this absorption coefficient and the relations 
discussed in sections 1.5.3 and 1.5.4 of this chapter, the halfwidth of 
the À = 5852 ~ including self absorption and isotape effects was 
calculated as a function of the discharge current. The calculated 
variation in the halfwidth caused by an increase of the discharge 
current from 1 to 150 mA amounts to 20.10-3cm-1, which is in good 
agreement with the variation in the halfwidth observed in the experiment. 
In the pressure range 25-50 torr, within the limits of error no 
significant variation of the halfwidth with tube diameter or discharge 
current was observed. This indicates that in this pressure range the 
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Lorentz -halfwidth 

(milli-Kaiserl 

0 

À= 5852A 
Pt =3 torr 
d =10mm 

0o~--------~,o~o---------2~0~0--------~3~0~0~ 

~~---1~ Discharge current (mAl 

Fig. 3. 7 Obser ved halfwidth as a function cf the discharge current . 

halfwidths presented in Fig.3.6, characterise the resonance broadening 
only. Therefore in this pressure region the broadening constant 
calculated from the experiments has a well-defined meaning. 

3.2.2 Spectrum line broadening in the moderate pressure positive column. 

The gas pressure range from 50 to 150 torr should be considered as a 
transition range, since in this region a constriction of the positive 
column occurs. As soon as this constriction sets in, the functions 
na(r) and Pnm(r) may reasonably well bedescri bed by the empirical 
relations (3.12) and (3. 13). The values of the ha lfwid t h ca lculated 
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with the aid of these experimental functions na(r) and Pnm(r) are in 
good agreement with the experimental values. 
However, in this range of plasma parameters, the mathematical descrirtion 
of the plasma is sa complicated that it is nat possible to include the 
various plasma phenomena in a simple model. As a consequence it is 
impossible to relate the various parameters characterising t he functions 
Pnm(r) and na(r) directly to the basic discharge phenomena. So, apart 
from a relative decrease of the observed halfwidth at the moment of 
constriction, only little plasma dynamical information can be obtained 
from halfwidth measurements in this pressure range. 

3.2.3. Spectrum line broadening in the constricted high pressure positive 

column. 

In sectien 1 of this chapter, approximate expressions have been derived 
for bath the line shape and the halfwidth of a spectrum line emitted 
from a constricted positive column. In these calculations I ~m(w.O) 
was expressed in terms of the speetral inhomogeneity \.lnm and the 
line profile of the spectrum line emitted at the discharge axis I (w). nm 
For a resonance broadened spectrum line, this profil e is fully determined 
by the neutral atom density at the discharge axis na(O), which in its 
turn is uniquely defined by the gas temperat ure distribution ih the 
discharge tube . 

3.2.3.1 Calculation of na(O). 

In the following a plasma in a tipped-off discharge tube is considered. 
At eperating conditions the space within thi s discharge tube consists 
of two essentially different parts: 

(1) The proper discharge plasma which is inhamogeneaus but 
radially symmetrie. The gas densitf,distribution in this 

plasma with volume vp is given by na(r). 

(2) The dummy space with volume v0, defined as the space 
belonging to the di scharge tube but nat to the plasma as 
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such e.g. the space behind cathode and anode. Since in 
this space the temperature gradients are small, it will 
be characterised by an average gas temperature T0. 

At operating conditions the relation between f i lling density nf and 
the average gas density in the plasma column np is given by 

VD 
1 + T" 

(3.23) 

where : 

Tp = average gas temperature in the plasma column. 

With the aid of the empirical distributions (3 .11) and (3.12) na(O) may 

be expressed termsof nf,fp, Ta(O), f 0 , Vp and v0 

VD 
+-r 

3.2. 3.2 The effective broadening constant C 
nmeff 

(3. 24) 

Substitution of this expression in relation (3.18) yields, under the 
condition that unm << 1 , a general relation for the halfwidth of a 
spectrum line profile emitted from a constri cted high press ure positive 
column 

VD 
i' 1 + v 

JJ ) ~---'-P _ 
nm T (0) i' V 

a l + _Q_ D 

T D v;;-

(3.25) 
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The effective broadening constant C m , defined as: 
neff 

may then be written as 

(3.26) 

From this relation it follows that, apart from the small influence of 
~ , C is completely determined by the gas temperature distributions 

nm nmeff 
both in the plasma column and in the dummy space. In Fig.3.8 for a 
number of discharge conditions in neon, the effective C-values of the 
1 = 5852 ft line are plotted versus the . parameter e. The corresponding 
values of discharge radius, discharge current and filling pressure are 
presented in table III. 
From this figure it follows that for the 1 = ~852 ft line , the effective 
broadening constant is independent of the relevant discharge parameters. 
It may in a first approximation be representated by an empirical 
relation of the form. 

(3.27) 

3.2.3.3 Comparison of experimental and theoretical halfwidths . 

Using thermocouples to measure the gas température it has been 
possible to determine Ta(r) and f 0. The experimental Ta(r) curves 
were fitted to the empirical relation (3.11) with the aid of a computer 
which calculated the parameters Ta(O), fp, e and s. 
The average temperature in the dummy space was evaluated graphically. 
The values of w were obtained from spectrum line intens i ty measurements nm 
as discussed in chapter 2, section 5. Substitution of these experimental 
values in the general expression for y (3. 25) yields a number of nm 
calculated halfwidths which are compared with the corresponding 



Tab le III 

pf i(mA) R(mm) 
(torr) 

e s(mm) x(mm) 

200 80 13.5 0.32 7.2 1.55 

200 150 13.5 0.28 6.3 2.15 

200 200 13.5 0.25 6.1 2.50 

200 250 13.5 0.23 6.0 2. 77 

200 300 13.5 0.22 6.0 2.92 

200 350 13.5 0.21 6.0 3.06 

300 80 13.5 0.28 6.1 1.83 
300 150 13.5 0.23 5.8 2.32 

300 200 13.5 0.21 6.0 2.78 
300 250 13.5 0.19 6.0 2.98 
300 300 13.5 0.18 6.3 3.24 
300 350 13.5 0.18 6.5 3.48 
400 80 13.5 0.22 7.0 1. 97 
400 150 13.5 0.18 7.0 2.82 

400 200 13.5 0.17 7.1 3.21 
400 250 13.5 0.16 7.1 3.50 
400 300 13.5 0.15 7.3 3.84 
400 350 13.5 0.15 7.4 4.12 

150 300 6.0 0.53 6.3 2.7 

150 150 6.0 0.58 6.2 2.2 
200 300 6,0 0.50 7.0 3.40 
250 250 6.0 0.46 6.1 2.7 

V 
'fp(K) 'f0(K) D 

v;;-
525 305 0.32 

575 310 0.32 

590 312 0.32 

600 315 0.32 

625 317 0.32 

650 320 0.32 

550 310 0 .32 

620 315 0.32 
690 317 0.32 

740 320 0.32 

760 322 0.32 
780 325 0.32 
625 315 0.32 
725 320 0.32 

800 322 0.32 
870 325 0.32 
920 327 0.32 
950 330 0. 32 
600 330 0.25 
530 315 0.25 
650 350 0.25 
650 350 0.25 

-

ceff 
y(exp) 

mK 

0.48 190 

0.43 171 
0.41 164 

0.40 159 

0.40 157 

0.39 159 

0.40 241 

0.36 218 
0.35 211 
0.35 211 
0.35 207 
0.34 209 
0.39 306 
0.34 292 

0.34 272 
0.34 271 
0.33 267 
0.33 -
0.78 216 
0.72 218 
0.64 261 
0.62 315 

y(calc) 
mK 

190 
171 
164 

160 

158 
157 
241 

219 
212 

211 
208 
207 

315 
275 

272 
270 
267 
267 
215 

217 
258 
310 

0"'1 
N 



63 

1.0 

NEON 
'+-

À=.5852~ 
'+-
dJ 

E 
c 

u 

1 • 

1.0 
8 

Fig. 3. 8 Some experimentaZ vaZues for C as a function of 
nmeff 

the paramete:r> e. 

experimental values in Fig.3.9. Moreover, all the relevant parameters 

describing the discharge tube and the functions Pnm(r) and na(r) are 
tabulated also in Table III. 
From Fig.3.9, in which the resonance broadening halfwidth is plotted 
versus the discharge current with the filling pressure as a parameter, 
it fellows that there is a good agreement between experimental and 
calculated halfwidths. 

3.3 New methad for the determination of gas temperatures. 

In the foregoing a general expression has been derived for the half­
wid t h of a resonance broàdened spectrum line, emitted from a plasma of 
cylindrical symmetry, enclosed in a tipped-off di scharge tube the 
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Fig . 3,9 Comparison of the experimentaZ and calculated r esonance 

hal fWidths as a func tion of the di scharge current with 

t he f iZ Zing pressure at room temperatur e as parameter. 

filling pressure of whi ch is known. In practice on the contrary there 
are used a lot of open plasma systems in which not the filling pressure 
but the operating pressure is known(S) e.g.: free burning arcs, plasmas 
in which a certain operating pressure is maintained externally, or 

plasmas in which the operating pressure i s de t ermined with t he aid of 
a pressure probe. For plasmas of this type , for whi ch in braad outlines 
the theories developed in section 1 hold, the complex express ion (3.25) 
for the halfwidth of a resonance broadened spectrum line reduces to 
the simple farm 

(3. 28) 
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where: 
p0 = operating pressure. 

Unfortunately this expression still contains two unknown parameters, 

namely ~ and T (0). So it seems impossible to calculate Ta(O) from nm a 
a line broadening experiment only. In sectien 1, however, it was shown 
that in general ~nm << 1. And it is this condition which enables us to 

calculate Ta(O) indirectly with the aid of the following itteration 
routine. Let us first assume that ~nm = 0. Then T3 (0) 1 is defined by 

PoCnm 
(3.29) 

k.ynm 

Now a simple calculation shows that for a great number of experimental 
conditions ~nm may be approximated by the following expression. 

T (0) - T (R) x2 
(T (0) -T ) [ a 1 a ]~ (3.30) 

~nm a 1 R T _ T (R) R2 
R a 

where: 

TR = room temperature. 

Substitution of the value of ~ , calculated in this way, in (3.28) nm 
yields a new approximate value of the axis gas temperature Ta(0) 2 which 
in its turn after substitution in (3.30) yields a better approximate 
value for ~ nm etc .... This itteration routine, already after two cycles 
yields reasonable appröximate values bath for T (0) and ~ . As a a nm 
consequence it enables us to determine the gas temperature in the axis 
of the discharge tube from a halfwidth meas urement combined with a 
measurement of the radial spectrum line intensity distribution. 

3.3.1 Experimental verification of the new method. 

In a number of tipped-off discharge tubes in neon, the operating 
pressure p0 for a great many discharge conditions was determined with 

the aid of a pyrex spiral manometer. For the same discharge condi t ions 
and in the samedischarge t ubes, the gas temperature di stributions 
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were determined with thermocouples; the halfwidths of the À= 5852 R 
neon line were obtained from measurements performed with a Fabry-Perot 
interferometer. The corresponding values of x5852 were derived from 
radial spectrum line intensity measurements. The gas temperatures in 
the axis of the discharge tube, calculated from the experimental values 
of p0 ,x5852 and y5852 according to the itteration methad outlined in 
section 3.3, are compared in Table IV with the corresponding values 
derived from thermocouple measurements. These measurements were 
corrected for thermal radiation effects. 

From TableIVit follows that within the limitsof error there exists 
a reasonable agreement between the results of the two methods. 

Consequently it is expected that for many practical purposes where only 
an approximate value of Ta(O) is wanted, the new methad presented here 
will do well enough. 

i Y5352 
Ta(O} Ta(O) 

Pf Po calc. therm. 
( torr) (mA) ( torr) (10-3cm-1 ) Kelvin Kelvin 

400 350 905 267 2140 2070 

400 300 865 267 2020 . 1975 

400 250 837 271 1930 1890 

400 150 750 290 1640 1610 

300 350 615 208 1830 1780 

Table IV A comparison of some experimental thermocouple temperatures 

with those obtained from combined line broadening and gas 

preesure measurements . 
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3.4 Conclusion 

In the foregoing sections a first attempt has been made to describe the 
spectrum line broadening in inhamogeneaus plasmas of cylindrical 
symmetry. It has been shown that for a resonance broadened spectrum 
line the line profile is completely determined by the radial gas 

temperature distribution Ta(r) and the radial distribution of spectrum 
line radiation P (r). By a systematic theoretical and experimental nm 
investigation of the shape of these functions, it has been possible to 
develope for bath an empirical representation ho~ding in a vast region 
of plasma conditions especially for the constricted high pressure 
positive column. Starting from these empirical representations, general 

approximate expressions were derived for bath the line shape and the 
halfwidth of a resonance broadened spectrum line emitted from an 
inhamogeneaus plasma of cylindrical symmetry. For the special case of a 
constricted positive column in neon these calculated line profiles and 
halfwidths were in agreement with the experimental results within the 
limits of error. 

These calculations were in first instanee developed for the typical 
plasma conditions of the constricted high pressure positive column. 
Thanks to the large region of validity of bath empirical functions it 

is expected that the theory presented here may be applied in a first 
approximation to very many of other plasmas which are not typically 
constricted. In these cases systematic errors may be introduced. These 
difficulties, however, may be overcome on the one hand by completing or 
extending the theory presented here by more adequate representations 
for na(r) and Pnm(r) and on the other hand by taking into account more 
terms in the series representations for bath the line profile and the 
halfwidth. This procedure will be discussed in a paper, to be published 
shortly, in which the spectrum line broadening in a high pressure 
(1 atm) high current (6A) mercury di scharge i s considered. 

Since the expression for the halfwidth of a resonance broadened 
spectrum line, presented here, has been shown to be in good agreement 
with the results of independent gas temperature measurements, the 
methad given may be used in the opposite direction to determine 
approximate values for the gas temperature and gas density. 
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CHAPTER IV THERMOCOUPLE MEASUREMENTS 

4.1 Introduction. 

One of the oldest methods to determine gas temperatures in plasmas is 
the use of thermocouples(l)( 2)( 3). Unfortunately, up to now, no 

satisfactory answer has been given to the following fundamental question: 
How great is the total systematic error in such thermocouple measurements 

caused by the following physical processes: recombination, deexcitation, 

conduction and radiation? Moreover, it is not clear at all to what extent 
the plasma as such is distorted by the presence of the thermocouple. 
Doubts of this kind have brought about that the measurement of gas 

temperatures with the aid of thermocouples is a scarcely used diagnostic 
tool in plasma physics. 

In the present work, however, an attempt has been made to answer this 
fundamental question by camparing the experimental results of a number 
of thermocouple measurements with the results obtained from independent 
line broadening experiments performed in the same discharge plasma. 

4.2 Experimental results . 

The purpose of the experiments was to determine the gas temperature 
distribution in a constricted positive column in neon. As wi ll be shown 

in sectien 4.3., the thermocouple measurements yield only a first order 

approximation of this gas temperature distribution. The deviation between 
real and experimental gas temperature finds its origin in the various 
physical processes mentioned in the introduction. The effect of most of 

them is related directly to the presence and the dimensions of the 
thermocouple. For that reason, the radial gas temperature distributions 

were determined in two different ways, in each of which t he dimensions 

as well as the presence of t he thermocouple as such played an essentially 
different part. For the first method, at three positions in the discharge 
tube, lying at different distances from the discharge axis, a fused 
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silica capillary was mounted. The temperature at the top of such a 
capillary was determined with the aid of a thermocouple, mounted in top 
of the capillary. According to the second method, only one capillary 
was mounted in which the gas temperature was determined at about 15 
different positions, with the aid of a movable thermocouple. Experiments 
according to both methods were performed in the same range of plasma 
parameters, and within the limits of error, the two methods yielded the 
same results. As the experimental values obtained from the experiments 
with the movable thermocouples were more accurate, they were used for 
further investigations. 

With the help of a computer and using a least squares methad the 

experimental values for the thermocouple temperature Tt(r) were fitted 
to the following empirical relation 

where: 

Tt(r) 
---8 

Tt(O) 
+~ 

1 + r 
7 

( 4.1) 

Tt(O) thermocouple temperature at the axis of the discharge 
r distance from the axis of the discharge 

8 parameter defined by e 

2B halfwidth of the Lorentz function: 1 
F(r) = ---z 

1 + r 
7 

An experimental temperature distribution is shown in Fig.4.1, where the 
temperatures found from these thermocouple measurements were plotted 
for p = 415 torr and I = 300 mA. This experimental curve is fitted by 
means of a least squares methad to relation (4.1). The best fit is 
also shown in the figure. 
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Fig. 4.1 Experimental gas temperature distribution fora constr icted 

discharge in neon. The filling pressure at room temperature 

was 415 torr and the discharge current 300 mA. 

It appeared that for all our experimental results the relative deviations 
from relati on (4.1) amounted to only a few per cent. With the aid of the 
computer, for each experimental temperature distribution the values of 
the following characteristic parameters were calculated: 

where: 
ft(r) average thermocouple temperature in the positive 

column. 

Tt(R) = thermocouple temperature at the wall 

For a constricted positive col~mn in neon with an inner diameter of 12 
mm in which the fi lling pressure and the di scharge current varied from 
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10 to 400 torr and from 50 to 400 mA respectively, the following results 

were obtained 
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Fig. 4.2-4.5 Some experimental results of t he thermocoup le measurements 

p lotted as a func tion of the fil ling pressur e at 300 K 

with the discharge current as parameter. 
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pf I Pa Ta(O) T t(O ) Tt(R} oTa oTa/Ta(O) 

(torr) (mA) (torr) ( K) ( K) ( K) ( K) (% ) 

400 350 893 2105 1460 495 645 30.6 

400 150 755 1625 1190 420 435 26.8 

400 300 857 1997 1415 490 573 28.6 

400 250 828 1910 1347 483 563 29.4 

300 350 608 1805 1330 478 475 26.3 

300 100 498 1340 993 390 347 25.9 

300 200 545 1593 1180 423 413 26.0 

200 350 393 1520 1195 435 325 21.4 

200 80 315 1025 805 375 220 21.3 

200 100 315 1058 845 385 213 20.1 

200 200 348 1318 1040 410 278 21.0 

TabZe L Some experimentaZ temperatures obtained from thermocoupZe measurements and combined gas pressure 

and Zine broadening experiments. 
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From a combination of a few number of measurements of the halfwidth of 
the resonance broadened À = 5852 ft line with a determination of t~e 
operating pressure, the conclusion could be drawn that the maximum 
absolute inaccuracy in the results of these thermocouple measurements 
does not exceed 250 Kelvin at axis temperatures of about 1250 Kelvin. 
A more precise discussion of the systematic erior in these measurements 

is presented in the following sections. 

4.3 The systematic error in thermocouple measurements. 

4.3.1 Experimental 

The discharge tubes used in our experiments had an inner diameter of 

27 mm and they were used in a vertical position in order to reduce 
convection effects. Moreover, under the samedischarge conditions, both 
the operating pressure and the halfwidth of the resonance broadened 
À = 5852 ft neon spectrum line were determined, each with a relative 
inaccuracy of about 1 per cent. Following the itteration procedure which 
is discussed extensively in chapter 3 of this thesis, the real gas 
temperatures in the axis of the discharge tubes were calculated from the 
results of these experiments with a relative error which does not exceed 
3 per cent. Tagether with the corresponding values of the relevant 
parameters, the axis temperatures derived from the thermocouple 
measurement: Tt(O) and the temperatures obtained from the halfwidth 
measurements : Ta(O), are given in table I. 
In Fig.4.6, the temperature difference: 

is plotted versus Tt(O). 
From this figure it fellows that there exists a considerabl e discrepancy 

between the gas temperature Ta(O) and the thermocouple temperatlire Tt(O). 
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Fig. 4.6 The systematic di ffePence 6T (0) as a function of t he t hePmo­
a 

couple tempePatUPe Tt(O). 

4.3.2 Calculation of the systematic difference. 

Thanks to the energy transport from the plasma to the thermocouple, the 

latter will tend to take the temperature of the plasma. This gas 

temperature can only be reached if no energy transport away from the 
thermocouple takes place. This may be understood as follows: in the 

stationary state, any energy transport from the thermocoup le must be 

compensated by an equal energy transport to the thermocouple. Since 

the latter transport is proportional to: 6Ta, it is clear that the 

situation in which Ta = Tt' can only exist i f no energy transport to 
and from the thermocouple t akes place. In a real plasma, however, there 

are a lot of processes transporting energy f rom the thermocoupl e to the 



76 

plasma or to the wall of the discharge tube . So it must be expected that 

the temperatures, determined with the aid of thermocouples , are essentially 
lower than the real gas temperatures of the plasma. 
In order te express these considerations in a more quantitative farm, we 
consider now an idealised thermocouple contiguration consisting of a 
thin fused si l ica capillary of cylindrical symmetry in which t he thermo­
couple as such is situated . The temperature di stribution along the 

I ._ axis dtscharge tube 

I 

I ,-,--------
1 

I 
I 
I 
I 

L-r ------
1 

I pree 

I 

------, 
I 

ptr ~ 
- d tstor ted - I 

- layer - I 
I 

..-- - --- R - - --

Fig . 4. 7 The idealised the~ocouple configuration used in the calculation 

of the systematic difference 8T {r). 
a 

capillary equals the temperature distribution measured with the t hermo­

couple if an ideal thermal contact between t he t hermocoup l e and the 
capill ary is as sumed. The most important processes governing t he 
temperature dis tributi on along t he capill ary are di scussed briefly bel ow . 
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4.3.2.1 Heat transfer from the plasma to the thermocouple. 

If it is assumed that the energy transport from the plasma to the 
thermocouple takes place in a direction perpendicular to the axis of 
the thermocouple, the total power transferred toa small cylindrical 
part of the capillary is given by: 

(4.2) 

where: 

~tr heat transfer coefficient from the discharge gas to 
the cap i 11 ary. 

Rco outer radius of the capil1ary. 

This expression which holds only for an infinitely long capillary may 
be adapted to the finite length of this capi1lary by a configuratio~ 

factor ge. 
If the length of the capillary is large wi th respect to its diameter 

ge "' 1. 

4.3.2.2 Heat conduction through the capillary and the thermocouple 
to the wa 11. 

In the stationary state, the capillary has a temperature distribution, 
which has a maximum value for r "' 0 and is minimal for r "' R. 
This temperature distribution causes a continuous heat transfer by 
conduction in a direction from the discharge axis to the wall of the 
discharge tube. The total power transported through a small cylindrical 
part of the thermocouple is given by: 

where: 
R radius of the discharge tube 

Rei inner radius of the capi11a ry. 
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Rto outer radius of the thermocouple wires 
Àc thermal conductivity of fused silica, 

Àt thermal conductivity of the thermocouple wires. 

4.3.2.3 Thermal radiation of the capillary. 

The capillary as well as the discharge wall are supposed to be diffuse 

radiators. Then the energy transported to the thermocouple and away from 
it is proportional to the same configuration factor gr. The influence of 
the plasma on the net transport of radiation is neglected. The net power, 
transported from a small cylindrical part of the capillary in the form 
of thermal radiation, may then be written as 

( 4.4) 

a = proportionality constant in the Stefan-Boltzmann law. 
Ec emissivity of fused silica 
E = emissivity of pyrex w 
Tw = T{R) = thermocouple temperature at the discharge wall. 

4.3.2.4 Recombination and deexcitation processes at the wall of the 
ca pi llary. 

The total power transferred from the plasma toa small cylindrical part 
of the capillary by recombination and deexcitation processes is given 
by: 

where: 

Ai rate coefficient for recombination of ions and 

electrans at the wall of the capillary. 
rate coefficient for deexcitation of atoms from the 
kth excited state to the ground state, accuring at 
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the wall of the capillary. 

U; ionization energy of the discharge gas. 
Uk energy of the k th excited level of the discharge gas. 

ne(r) electron density at position (r) 
n;(r) ion density at position (r) 
nk(r) density of atoms in the kth excited state at position 

( r). 

4.3.2.5. The energy balance of the thermocouple. 

Since in the stationary state the net power transport to t he small 
cylindrical part of the capillary is zero, the quantities dQ(r) must 
obey the following equation 

Under the simplifying assumptions mentioned, this energy balance is 
valid for every small cylindrical part of the capillary. Therefore it 
may be rewritten in the form of the following second-order differential 
equation. 

(4.6) 

The various terms in thi s equation have the dimension power per unit 
area. 

4.3.3 Approximate solution. 

In general, nearly all coefficients in the energy baiance of the thermo­
couple depend on the gas temperature. As a consequence the general 
salution of t his equation is very complex and it only has an analytical 
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form under very special discharge conditions. For that reason in this 
section an approximate salution will be presented which is adequate in 
the whole range of plasma parameters used in our experiments. 

From a simple first order estimation it may be concluded that under 
the actual experimental conditions the influence on the energy balance 
of heat conduction through bath the capillary and the thermocouple wires 
may be neglected. This can beseen as follows. Let us assume that the 
exact salution Tt(r) of the balance equation may be approximated by a 
parabalie function of r. 

(4. 7) 

Starting from this approximate expression for Tt(r) , the conduction 
term in (4.6) can be written as 

p - c [
À 

cond - 1Ç0 

Inserting the fo11owing values for the various quantities (see chapter 
2), 

Rco 
-4 1.5 Watt/m.K 2.5 10 m, "c -4 R . 1.0 10 m, Àt 50 Watt/m. K, 

Cl -5 
Rto 2.5 10 m, Tt(O) 1000 K, 

-2 R 1.0 10 m, Tt(R) 400 K. 

yields for Pcond the following approximate value: 

For the same experimental conditions and the additional approximation 

for the radiation term in (4 .. 6) the following estimate value is found. 
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From a comparison of the estimated values for Prad and Pcond it may be 
concluded that for our experimental conditions the conduction term in 

eq. (4.6) can be neglected. 

Starting from realistic order of magnitude values for A; and Bk in 
eq. (4.6), one may conclude that no noticeable contribution of these 
processes to the energy balance of the thermocouple is to be expected. 
Consequently, in our further calculations the influence of these 

processes is neglected. 

In order to calculate the value of the heat transfer coefficient atr 
some information must be available about the velocity profiles due to 
conveetien currents in the direct neighbourhood of the thermocouple. 
Since on the one hand these velocity profiles depend on a large number 
of plasma parameters but on the other hand nothing is known about the 
precise relationship between these velocity profiles and the particular 
plasma parameters, only an approximate value for atr can be calculated. 

For the range of plasma parameters considered in our experiments, the 
coefficient atr was estimated to vary between 40 w;m2K for a low 
pressure discharge (pf = 10 torr) and 110 w;m2K for a high pressure 
discharge (pf = 400 torr). Since in this section mainly hi gh pressure 

discharges are considered, in the further calculation the value atr = 
100 w;m2K will be used. 

Due to the considerable uncertainty in the precise value of atr it 
is not realisti c to discuss relative errors of some 10 or 20% in the 

value of gtr . Consequently this ratio i s assumed to be one. 
gr 

Within the region of validity of the simplifying assumptions 

discussed in the foregoing the energy balance of the thermocouple may 
be written as: 

For the sameregion of validity the systemati c difference êT (r ) may a 
then be written as 

oTa(r) = ~ 1 E (Tt)T4t(r) - c (T )T4 J atr L c w w w 
(4. 9 ) 



82 

In Fig. 4.6 the systematic difference óTa(O), calculated from expression 

(4.9), is compared with the corresponding values of óTa(O} obtained from 
combined thermocouple and line broadening measurements. The temperature 
dependenee of E (Tt) and E (T ) used in the calculations was taken from 

(4) c w w -8 2 4 
Wojaczek . For 0 the value 0 = 5.7 10 W/m K was used. In Fig. (4.8} 
the systematic difference óTa(O) is given in relative farm as a function 

of the gas temperature Ta(O). 

30 

"fa(O)- T1(o) . 
0 T 1n% 0 0 

25 a<oJ 

t Cb 0 0 

20 

0 0 

15 0 0 

0 experimental 
10 calculated 

5 - Ta<ol in Kelvin 

0 1000 1500 2000 

Fig. 4.8 ExpePi mental and aalaulated Pelative systematic diffePenae in 

the thepmoeouple measuPements as a funetion of the gas 

tempePatUPe . 

From these figures it fellows that the values of óTa(O) calculated 
from the simplified balance equation (4.9) are in reasonable agreement 

with the experimental values of óTa(O). 
From the foregoing it is clear that a better agreement between 
t heoreti ca ] and experimental values might be expected if more detailed 
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information would be available about the various coefficients atr' gr, 

gtr' A; and Bk. 

4.4 Shape of the gas temperature distribution. 

The shape of the thermocouple temperature distribution Tt(r) depends on 

the gas temperature distribution Ta(r) and the systematic difference 
cTa(r). As a matter of fact each experimental thermocouple temperature 
should be correct by an amount oTa which is given by expression (4.9). 
In order to investigate the rough shape of the tèmperature distribution 
which is obtained after correction of the experimental thermocouple 
temperature distribution Tt(r) with aTa(r), we shall follow a more 
general, although not absolutely accurate method. From Fig. 4.8 it 
follows that for the gas temperatures accuring in our experiments the 
following expression for aT3 (r) is a reasonable approximation (Fig. 4.8). 

(4.10) 

Substitution of th is expression into the experimental thermocouple 
temperature distribution : Tt(r), which is represented by expression 
(4.1), yields for Ta(r) the following distribution function. 

Ta (r) _ 
- - -
Ta(O) 

where: 

e ' = 

e'+ 1- e' 
------"2 
1 + r 

7 
( 4.11) 

(4.12) 

From expression (4.11) it follows that with i n the range of validity of 
this approximation the gas temperature distr ibution has essentially the 
same shape as the thermocou ple temperature di str i buti on . The values of 
e presented in chapter 3 table 111 are corrected acco rding to (4.12) 
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with A - 500 Kelvin and k 0,769. 

Conclusion. 

From the foregoing it follows that in the gas temperature range between 

500 and 2000 Kelvin the thermocouple measurements contain a considerable 
systematic error. This deviation of the thermocouple temperature from the 

real gas temperature is caused in a first approximation by the thermal 
radiation of the thermocouple. With the aid of the simple energy 
transport model discussed in section 4, it is possible to calculate 
roughly the systematic error caused by this effect. The result of such 
calculations is in good agreement with the experimental facts. As a 
consequence, within this gas temperature rang~. the relative systematic 
error in the thermocouple measurements, which is of the order of 
magnitude of a few times ten percent may be reduced greatly by taking 
into account the thermal radiation of the thermocouple. It is expected 
that the remaining relative systematic error due to various other 
effects will not exceed 5 per cent. 

Moreover it follows from the actual experiments that within these 
limits of error the gas temperature distribution in the constricted 
positive column in neon may be represented by a mathematical expression 
of th~ farm (4.1.}. 
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CHAPTER V MODEL FOR THE CONSTRICTED 
POSITIVE COLUMN 

5.1.1 Introduction. 

In recent decennia, both the low pressure positive column (p < 50 torr; 
i < 100 mA) and the high pressure are (p > 1 atm; i > lA) have been 
studied extensively. The are mechanism can largely be understood by 
assuming for the are plasma a local thermal equilibrium L.T.E. or a 
small deviation from it. Starting from this plasma model, the most 
important properties of these arcs with respect tp line and continuurn 
emission(l)( 2)( 3),heat transfer( 41 and the mutual dependenee of the 

various plasma parameters can be described reasonably well with the 
theories available up to now( 5). On the other hand, for the low 

pressure positive column a rather complex plasma model was developed. 
This model was obtained by extending the basic diffusion theory, 
proposed by Schottky, introducing a great number of processes that may 

play a more or less important part in the discharge mechanism. Among 
these processes the most important are; stepwise excitation and 
ionization( 6)(?), space charge effects, vol ume and wall recombi nation 
(S)( 9l, deviations from the Maxwell electron energy distribut ion(lO)(ll) 
(!2), deviations from quasi-neutrality(l3)(l4)(l5) and radial variation 
of the various plasma parameters( 16 l(l?). With the diffusion theory 

extended in this way, various complex phenomena such as moving striations 
in and constri cti on of the low press ure pos i tive column can be understood. 
The moderate pressure and the high pressure positive columns , however, 
are scarcely explored subjects of investigation. 
Up till now several attempts(lS)(l9)( 20)( 2l) have been made to describe 

the high pressure column by solving the set of coupled differential 
equations governing the charged partiele densities, the electron 
temperature and t he gas temperature. The difficulty, however , is tha t 
to solve these equations, in whi ch all quantities show radia l dependenee , 
so many simplifying assumptions have to be made that an accurate 

description of the discharge mechanism can hardly be expected. 

In the present work a theory for t he high pressure positi ve co lumn 
is developed by working out the constriction mechani sm proposed in a 
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previous paper( 22 ). This thermal constriction model is essentially 
based on a strong coupling of electron temperature and gas temperature. 

The relative gradient in the electron temperature approximately equals 
the relative gas temperature gradient and the latter is fully determined 
by thermal energy transfer. Therefore the radial variatien of electron 
density and radiant flux, both strongly dependent on the electron 
temperature, are in principle determined by thermal effects. 

5.1.2 Basic Model 

Although the various assumptions to be made are discussed in detail in 
the next sections, we shall briefly outline here the plasma model to be 

considered. The investigation concerns a high pressure (a few hundred 
torr) moderate current (a few hundred mA) positive column,the length 
of which is large with respect to its diameter. The plasma is supposed 
to be inhamogeneaus but radially symmetrie whereas axial variations of 
the various plasma parameters are neglected. Because of the high gas 
pressure and discharge current it is assumed that the electron-electron 
and the electron-atom interactions are sufficiently streng to establish 
alocal equilibrium situation. 
As the reduced electric field E/p0 and the electron temperature both 
are very low, the influence of inelastic collisions on the energy 

balance is neglected. Since metastable atoms are effectively destroyed 
in three body collisions, direct ionization is assumed to be the 
dominant ionization process, whereas the destructien of charged 

particles is governed by associative ionization and dissociative 
recombination. The balance equation for these processes leads to a 
Corona-like equilibrium that can be described with the aid of a modified 
Saha-equation expressing the relation between electron density, neutral 
partiele density and electron temperature. 

5.2 Calculation of the heat dissipation function. 

In our model the constricted high pressure column is essentially 
determined by thermal effects. Therefore the gas temperature distribution 
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fellows directly from the Heller-Elenbaas equation 

(5.1) 

where: 
Ta(r) gas temperature at position (r), 
À thermal conductivity, 

a electrical conductivity, 
E electric field. 

In this equation only the heat dissipation function oE2 depends on the 
typical electrical discharge parameters. In this paragraph starting 
from the basic model outlined here, we shall derive an expression for 
this dissipation function and show that this function can be approximated 
very well by a Gauss function. The next paragraph presents an analytical 
salution of the Heller-Elenbaas equation for the case of a Gaussian 
heat dissipation function. 

5.2 .1 Electron energy distribution function. 

With the aid of a 4 mm microwave interferometer the mean electron 
density in the positive columns investigated, was estimated to vary 
from 1011 to 1014 el/cm3. In the upper range of this electron density 
region the electron-electron interaction is suffi ciently streng to 
establisch a Maxwell energy distribution. 
This is illustrated in Fig. 5.1, where according toa criterion given 
by Rother( 23 l, the critical electron density n~ , above which the energy 
distribution is Maxwellian, is plotted versus the neutral gas density 

na with the average electron energy kTe as parameter. 
This critical electron density was calculated from the relation 

where: 
qi 6.10-2 (for neon) 23 } 
U; ionisation potential 
Ue average el ectron energy. 
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Cri ti cal electron density 

r N~ [elfcm3] 

NEON 

10' 

Fig. 5.1 Critica~ ·e~eatron densit y as a f unati on of t he gas density wit h 

t he e ~eatron t emperat ur e as parameter. 

Both theoretical and experimental inves tigations( 12 )( 23) show that 

with increasing electron density, in the investigated region the 
electron energy distribution changes from a Druyvesteyn distribution 
into a Maxwell distribution. 

The low current high pressure positi ve column. 
In the low current (i < 50 mA) hi gh pressure positive column 
the electron density is low (ne << 1014 el/cm3 ). So the 
electron-electron interaction can be neglected. 
Moreover, the other important conditi ons for the establishment 

of a Druyvesteyn dis tri bution in part icular t he domi nant 
elasti c losses , and a negli gibl e gas temperature are fulfilled, 
so the Druyvest eyn di str ibuti on i s at least a good approximation 
in thi s reg ion. 
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- The high current high pressure positive column. 

Here the electron-electron interactions arè dominant and 
consequently a Maxwell energy distribution is established. 
A high electron density cannot be realised without a large 
current in these discharges. Consèquently there will be a 
large Joule dissipation and the gas temperature will no 
langer be negligibl~ as was the case in the low current 
positive column. 

Only the high current high pressure positive col~mn will be considered 
in the following. 

5.2.2 The energy balance. 

Since in the constricted high pressure positive column bath, the 
reduced electric field (E/p0 ) and the average electron energy are very 
low, 10-2 V/cm torrand 1-2 eV resp., the greater part of the energy 
gain of the electrans in the electric field i s transferred to the 
neutral gas atoms in elastic collisions. This is illustrated in Fig. 
5.2 where ·for a Maxwell energy distribution in neon the reduced energy 

p 
transfer p = ~ in exciting (Pexcl• elastic (pelast) and ionizing 

rtot 
collisions (p . n) is plotted versus the average electron energy kT . 

10 e 
For the calculation of the numerical results presented in t his figure 
use was made of the following empirical relations and data . 

For the momenturn transfer cross section use was made of the data 
given by Thomas( 24 l, who constructed an empirical best fit to the data 
of Ramsauer and Kollath. 

Unfortunately only for a few excited levels absolute values for the 
excitation cross sections are known . . Therefore instead of separate 
values of Q., EQ. was used. Ta this end the value of the total exci ta tion 
cross secti~n w~s taken from recent data of Shaper and Scheibner( 25 ) 
for 16,33 < U < 21,56 eV. This curve was extrapolated to lower values 
of Ue with th~ help of data of Thomas (24 l. 
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Fig. 5,2 Energy transfer in ioni zing. exciting and eZastic coZlisions. 

For the ionization cross section use was made of absolute values 
given by Adamczyk et al( 26 ). The farm of this cross section was derived 
from the data given by Rapp( 27 ), 

Empirical expressions were constructed for the momenturn transfer 

cross section Qm,the excitation cross section Qexc and the ionization 
cross section Q. of which the results are listed below. 

10n 

Qm Qm1 + Qm2 

0 < u < 100 Qm1 149 u0·3exp(- 0.012u) x 10-18cm2 

100 Qm2 178.5 x 10-18 cm 2 
< u 



16.33 < u < "' 

16.70 < u < 19.00 
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1.38(u-16.33)exp[- u-16 ·33 J x lo- 18cm2 
43.67 

Q = 0.25 x 10-18cm2 
e2 

16.70 < u < 17.30 Qe3 = [ 1.26- 14(u-17) 2J x 1o-18cm2 

21.56 < u < "' 

(u in eV) 

0.53 (u-21.56) 1' 1 x 10-18cm2 
1 + 4.43(u-21.56) 2 x 105 

From Fig. 5.2 it fellows that for the electron temperatures accuring 
in our experiments (1-2 eV) very nearly almast all energy gain of the 
electrans in the electric field is transferred to the neutral gas 
atoms in elastic collisions . Consequently the energy balance of the 
high pressure positive column can be written to a very close 
approximation as 

Pjoule = Pelast. (5.2) 

5.2.3 Relation between electron temperature and gas temperature 

The energy dissipated in the plasma per second per unit volume P. 1 
is given by the general relation( 28 ) JOU e 

where: 

p. l JOU e ( 5. 3) 

f 0 (v) isotropie part of the electron velocity distribution, 
vc theelastic electran-atam callision frequency, 
v the electron velocity, 
q charge of the electron, 

me mass of the electron, 
E the axial electric field. 



92 

When the electron energy distribution is assumed to be Maxwellian and 
the elastic cross section Q 1 is taken constant (which is very nearly 

(29) e 
the case for neon ) expression (5.3) reduces to : 

P joule 
8 TT q2E2 

J v3f~(v)dv (5.4) 2 
3menaQovo 0 

where: 

f~( V) 
ne v2 

) . = ~ exp(- -z 
TT VQ VQ 

2 2kTe 
vo ---m e 

Qo (constant) elastic callision cross-section for neon. 

Expression (5.4) may readily be evaluated, giving: 

P = 25/2q2E2 ne 
joule 30/TTkme na 

(5.5) 

The expression for theelastic losses Pelast can, in the samegeneral 
farm, be written as 

( 5.6) 

Again, assuming a Maxwell distribution for the electrans and a constant 
elastic callision cross section, (5.6) reduces to: 

m2 Ta J"' P - -4TT ~ (1 - --T ) elast - ma e 
0 

( 5. 7) 

where: 

ma = atomie mass. 

After some elementary calculus this expression can be written as 
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112k3;20 /I me onnTl/2(T-T) 
Pelast = 24 n m a e e e a 

a 
(5.8) 

Substitution of expressions (5.5) and (5.8) into the balance equation 
(5.2) finally yields the following relation between the electron 
temperature and the gas temperature 

(5. 9) 

From this 
T 

ratio Te 
a 

relation it follows that fora specific discharge gas the 

depends only on the reduced electric field (E/p). This is 
T 

illustrated in Fig. 5.3 where for neon the value of e is plotted r; 
(E/ p) . versus 

5. 2.4 The dissipation function. 

In expression (5.5) the heat dissipation function Pjoule is expressed 
in terms of ne' na, E and Te. When we introduce the usual approximation 
stating that the electric field is approximately constant over the cross­
section of the discharge, the expression for the Joule dissi pation in 
the case of a Maxwell electron energy distr i bution reduces to 

P - S ne Te-1/2 
joule - j na (5.10) 

where 

s. =! /I R 
J .J TT Q/kiiJ 

o e 

(5 .11) 

From this relation it fellows that once t he electron temperature 
dependenee of the electron density is known, the energy di ssi pation 
function can be expressed as a fun ct i on of Te and t herefore wi th t he 
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aid of eq.(5.9) as a tunetion of Ta. Then the Heller-Elenbaas equation 
can be solved in principle. In order to find the relationship between 
n and T • however, a detailed discussfon of the various partiele e e 
balances is necessary. 

( E / p l in V/cm torr 

Fig. 5.3 Relationship between electron t emperature and gas t emperature 

as a func tion of (E/p) . 

5.3 Relevant atomie processes 

Under the conditions of the experiment it is expected that two processes 
are in principle responsible for the formation of electrans and atomie 
ions i.e. direct ionization and stepwise ionization. Although it is 
known that in the low pressure and the moderate pressure discharges 
st epwi se ionization vi a the metastable state is the dominant ionization 
process , it is questionabl e if in the high pressure dis charge the same 
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s ituati on occurs, si nee he re the me tas tab 1 e a toms are des troyed 
efficiently in two and three body collisions( 3o). In order to conclude 
which ionization mechanism is dominant in t he constricted positive 
column we shall consider first the coupled partiele balances of 
resonant and metastable atoms. 

f 
.229tN \ 

3p l 
3p

0 
\ ; .0963eV 

3 1 \ \ .os17ev r 
p2 -----:...,..--'--------r----..J.-.Lf -

\\ 
1s ____________ 7_4_4a~~-7-~-~~--~---------- 2 P6 

0 

Fig. 5. 4 SimpZified ene~gy ZeveZ diag~am f or neon showing the ground 
2 2 5 f ' . stat e and the f our Zeve Zs of the 1S 2S 2P 3S eon ~gu~at~on 

In their most general form these partiele ba lances are extraordinary 
complicated. Fortunatelyin the high pressure positive column there are 
only a few processes dominating the formation and destructi en of 
metastable and resonant atoms. For that reasen various f ormat i on and 
destructien mechani sms are negl ect ed of which it is expected t hat they 
play only a minor part in these partiele ba l ances. In this category 
fall: decay from higher energy states totheresonant state, diffusion 
of metastabl e and resonant atoms, stepwise ionization and excitation 
from the resonant state . Under these condi t ions , the part iele balance 
for metastable at oms can be wri tten as 
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(5.12) 

concentration of atoms in the resonant (3P!) state. 
concentration of atoms in the metastable ( P2) state. 
two body callision coefficient 
three body callision coefficient 

vim are the callision frequencies per unit electron 
density for direct excitation to and for stepwise 
ionization from the metastable state. 

This callision frequency per unit density is defined in a general form 
by 

(5.13) 

where: 
v relative speed of the colliding particles 
Qc(v) cross section for the callision process involved. 

For the atoms in the resonant state, the balance equation reads 

where: 

a 

callision frequency per unit electron density 
for direct excitation to the resonant state. 
frequency for spontaneous decay 

(5.14) 

the probability that radiation emitted at r will 
be absorbed ar r'. 
ratio of the frequency per unit metastable atom 
density of excitation to the frequency per unit 

resonant atom density of deexcitation from the 
metastable to the resonant state. 
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This ratio: a may be obtained from the principle of detailed balancing 

where: 

(5.15) 

JR and JM are the J values of the resonant and metastable 
state resp. 

öERM ~ the energy separation between these states. 

An approximate calculation carried out by Phelps~ 30) shows that the 
terms in eq. (5.14), representing the "diffusion" of resonance radiation, 
are of the order 105(sec-1) under the conditions of our experiments, 
so that their influence on the balance equation may be neglected since 
all other terms are several orders of magnitude larger. In this case 
nR can be solved from eq. (5.14) giving 

(5.16) 

Substitution of this expression into the balance equation for nm yields 
the following expression for the ratio of the concentration of 
metastables to the concentration of neutral atoms 

( 5.17) 

To campare the decay rates of metastable atoms in stepwise ionisation 
and in three body collisions, one needs reliable values of the rate 
coefficient for the latter effect, especially for the high gas 
temperatures accuring in the constricted column. Unfortunately, rate 
coefficients in neon for this process are only available in the gas 
temperature range from 70 to 500 Kelvin. In this region the three 
body callision coefficient may be represented by the following 
empirical relation 
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(5.18) 

where: 
y and r3 are numerical constants mo . 

An extrapolation of the temperature dependenee of Ym according (5.18) 
to higher gas temperatures is only allowed if the reaction products 
created in the three body collisions have a very short lifetime. 
Following the suggestions of Edwin and Turner( 3l), Prince and 
Robertson( 3Z) and Colli( 33\, we assume that in the three body collisions 
an excited neon molecule is formed which has a high transition 
probab1lity to the ground state. Consequently bath the density of 
excited molecules and the intensity of molecular U.V. radiation must 
increase rapidly ~ith increasing gas temperatures. This is in agreement 
with experimental investigations of Tanaka(34) who observed a large 
U.V. continuurn of molecular origin and only two weak atomie resonance 
lines in a simila~ discharge as the one considered here. Moreover it 
may be concluded from the investigations of Wilkinson( 35 ) that the 
energy of the excited molecules responsible for the strong U.V. 
continuurn must be close to the energy of the resonant state. This 
experimental fact also suggests a temperature dependenee of Ym as given 
by (5.18) at high temperatures. As no more information about these 
excited molecules concerning lifetime, dissociation energy etc., is 
available, it is assumed as a hypothesis that their formation and decay 
is governed by the processes proposed in the foregoing. Starting from a 
temperature dependenee for ym given by (5.18) it may easily be shown 
that under the actual experimental conditions 

{5.19) 

This is illustrated in Fig. (5.5), where the decay frequency for stepwise 
ionization from the metastable state is compared as a function of the 
electron temperature with the decay frequency for metastables in three 
body collisions at various gas temperatures. For the calculation of 
vim use was made of an empirical approximation for the energy dependenee 
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Decay frequency ( stepwise ionisation l 

Ta= 1200K 

r {(sec-') 

decay frequency for 3body 
collisions 

(Phe\ps) 

(Na =10 18 atfcm3 l 

electron temperature (eV) 

Fig. 5.5 Decay rates f or stepwise ioni zation and 3 body collisions as 

a function of the gas t emperatur e . 

of the cross sectien for stepwise ionization,(Fabrikant) 

where: 

u < u0 Q(u) 

u > u Q(u) 
- 0 

0 
u-u u-u 

eQ(Um} [Om-Do J exp [- om -uOJ (5.20} 

Urn energy for which Q reaches its maximum value. Q(Um). 
e 2.73 ..... 

U0 ~ energy difference between ionization energy and energy 
of atoms in the metastable state. 
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The various numerical values were taken from Rutscher( 36 l. The values 
of T3 and Y were calculated from experimental values of Ym given by 
Phelps(JO) .m 

From Fig. (5.5) it follows that for the conditions of the experiment 
(5.17) reduces to 

(5.21) 

5.3.2 The ionization mechanism. 

The metastable atom density largely influences the ionization mechanism 
in the positive column. This can be seen by consictering relation (5.22) 
where the ratio of the number of ions formed per second per unit 
volume in stepwise ionisation Z;m to the number of ions formed per 
second per unit volume in direct ionization zdi is given. 

zim nm vim -=-
zdi na vdi 

where: 
vdi = callision frequency for direct ionization. 

With the aid of expression (5.21) this formula can be written as 

(5.22) 

(5.23) 

For the numerical calculation of this ratio, use has been made of an 
approximation for the cross-sections for direct and stepwise ionization 
given by Fabrikant. Moreover the simplifying assumption veR = vem was 
made. The various values of the relevant parameters were again taken 
from Rutscher. By making these approximations a relative error of 
about 100 per cent may be introduced, so that this calculation has to 
be considered as an order of magnitude estimation rather than as an 
exact description of the ionization mechani sm. In spite of these 



lOl 

uncertainties, the numerical results presented in Fig. (5.6) provide 
a lot of information about the ratio of direct to stepwise ionization 
in the high pressure discharge. 

- KTe=1eV 
---K'fe=2eV 

Na> 10 t8 a~m 3 

500 1000 

__ __. Gas temperature (Ke\vinl 

Fig. 5.6 Ratio of stepwise to direct ionization as a function of the 

gas temperature. 

In this figure we can see that at low gas temperatures and high 
electron densities the ionization mechanism is largely stepwise where­
as at high gas temperatures the ionization mechanism is direct, even 
at high electron densities. 
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5.3.3 Charged partiele balance. 

In the preceding sectien it was shown that the atomie ions are formed 
in direct ionizing collisions with the neutral atoms. The destructien 
of the charged particles, in particular of the electrons, is a some­
what more complicated process. While in the low pressure column the 

electrans and ions are transported to the wall by ambipolar diffusion, 
where they recombine, at high pressures this wall recombination can be 
neglected with respect to volume recombination. This can be seen from 

the following expressions for the transport c.q. destructien of 
electrans by ambipolar diffusion and volume recombination resp. 

where: 

where: 

ane kTe 3 
~ ~ ~ . n 20 ne el/cm sec (ambipolar diffus i on) 

at q.>. 1 e 
1 a 

~ · mobility of ions in their own gas. 
1 

"a a parameter characterising the first diffusion mode 

' - 2,4 
"a-R 

R = radius of the discharge tube. 

at 
10-7 n2 el/cm3sec. (volume recombination) 

e 

recombination coefficient. 

A comparison of the numerical values of bath expressions for electron 
densiti es in the range (1012 - 1014 el/cm3), immediately shows that for 
our experimental conditions the influence of ambipolar diffusion on the 
charged partiele balances can be neglected. 

The most important destructien process for t he atomie ions is the 
so-call ed conversion process in which an atomie ion is converted into a 
molecular ion in a celli s ion with two neutral gas atoms. 
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Ne++ 2Ne ~Ne;+ Ne (5.24) 

2 Since the rate coefficient of this process is proportional to na, this 
process becomes very probable at high gas densities.( 3?) 

The molecular ions formed in this way capture electrans with a 
great efficiency to form instable neon molecules, each decaying to an 
excited and a neutral atom. This process, called: dissociative 
recombination is schematically described in eq. (5.25) 

+ -Ne2 + e ~ (Ne2) ~ Ne' + Ne+ Ekin' 
instable 

(5.25) 

For neon, this process and in particular the temperature dependenee of 
the recombination coefficient was studied extensively by O'Conner, 
Biondi, Frommhold and Mehr(38)(39)(40). 

If the influence of ether possible formation and destruction 
processes is neglected the charged partiele balances can be written as 

ane 
ne "a 

+ 
0 at \)di - ar "2 "e 

an+ 2 + 
0 (5.26) at n "a \)di - 6 "a n e 

+ 2 + n+ n = 0 an2 = B "a n - ar 2 e at 

Since in the plasma atomie ions (n+) as well as molecular i ons + (n2) are 
present the quasi-neutrality conditions reads 

The purpose of the calculations presented in this paragraph is to find 
an expression for "e· This expression can be found by solving the set 
of coupled equations presented in (5.26) and (5.27), giving for ne: 
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(5.28) 

For the actual experimental conditions 

so that eq. (5.28) reduces to: 

(5.29) 

If vdi is calculated according to (5.13), the expression (5.29) can be 
written as 

where: 

I 

u uo 
2 -m.-) exp(- u-) 

0 

O;(Um) = maximal value for the cross section for direct 
ionization. 

Urn electron energy for which O; is maximal . 
U~ threshold energy of O;· 
U electron energy (kTe)· 

(5.30) 

This equation, that was obtained by a detailed · consideration of the 
various partiele balances in the plasma, may be considered as a 
modified Saha-equation, describing the equilibrium in the forma t ion and 
destructien of charged particles in the constricted high pressure 
positive column. 
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5.3.4. The heat dissipation function. 

After this extensive discussion of the relevant atomie processes, we 
focus our attention on the calculation of the heat dissipation function. 

n 
Eliminatien of~ from the general relation for PJ.Oule (eq. 5.5} 

na 
and the modified Saha-equation, oótained in the preceding sections, 

(eq. 5.30) yields for Pjoule: 

q2E2 Q(U )u' u' 32e m o U o P(U} = ~ (1 + 2 u§ exp(- u-) (5.31) 
joule me~r Q0 (Um-U~) o 

Since we are especially interested in the shape of 
P. (r) 

of r, the ratio P(r) =~was calculated. 
r ~ \0 t 

J 

P. 1 as a function 
JOU e 

P ( r) = [ 1 + 2U' ( S ( r) -1) J exp [- l_ ( - 1 - 1) J 
U' S(r) 

(5.32) 

whère: 
S(r) = ~ 

U(o) 

U' =~ 
u' 

0 

For the actual values of Ta(r) and Te(r) equation (5.9) can be 
approximated with a relative inaccuracy of less than 1 per cent by the 
following simple relation 

or S(r) (5.33) 

Although P(r) can now be expressed in terms of T3 (r) with the aid of 
eq. 5.33, a direct salution of the Heller-Elenbaas equation written in 
this farm gives rise toa lot of mathematical difficulties. For that 
reasen we have chosen another procedure. 
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If the gas temperature distribution is known, the shape of P(r) can be 
calculated from eqs. 5.33 and 5.32. In chapter IV it was shown, that 
the experimental gas temperature distribution can in a large range of 
plasma parameters be represented by an empirical relation of the form 

S(r) = e 

With the aid of this empirical gas temperature distribution and after 
some elementary calculus P(r) can be expressed as 

P(r) (5.34) 

where: 

(5.34b) 

Since under the conditions prevailing in the high pressure high current 
discharge r0 << R, this expression shows that P(r) may in the first 
order approximation be written as a Gauss function multiplied by a 
correction term deviating only slightly from unity. The influence of 
the correction function did not exceed 5% in our experiments. In Fig. 
(5.7), fora discharge with ·a filling pressure of 415 torrand a 
discharge current of 300 mA, P(r) calculated according to eq. (5.34) 
is presented. The experimental gas temperature distribution used in 
this calculation is also plotted in the figure. 
From the foregoing it is clear that in the constricted high pressure 
positive column the heat dissipation function may be represented by 
the general relation 

2 
P(r) = L a ( r )2u exp(- !_ ), 

u=o u P 2 
p 

(5.35) 

where p is introduced as an unknown parameter, characterising the width 
of the dissipation function and a0 = 1. It f ellows from what has been 
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said before. that the power series for ~ > 0 in expression (5.3~) must 
be considered as a small correction term to the Gauss function : 

r2 
exp(- -z ). 

p 

With the help of eq. (5.35) the dissipation term in the Heller-Elenbaas 
equation can be written as a function of the independent variable r 
only. which enables a direct salution of this equation. 

-.a... ................. 

' 0.8 

0.2 

', p0 = 41Storr 
'-.. i = 300mA 

'a... Ta(Ql = 1225K 
r)?l', kTeml = 1.79eV 
la(Ql '-o..... ........ 

........... 
-o._ 

. --
o--o- -o ex perimental 

- -- calculated 

r 
R 

Fig . 5. 7 The shape of the dissipation func t ion P(r) caZcuZated f rom 

the exper imenta Z gas temperature distr ibution presented in 

the f igure. 
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5.4 The salution of the Heller-Elenbaas equation. 

Fora heat dissipation function as given by (5.35) the Heller-Elenbaas 
equation can be written as 

1 d [ dT a ( r) J k r 2 r2 -ar r"(T(r))-- =-P(o}2 a (-p) ll exp(-2), 
r r a dr lJ=O ll P 

(5.36) 

with the boundary conditions 

( 5. 37) 

This equation can be solved by direct inlegration giving 

(5.38) 
When for À the usual temperature dependenee is assumed 

(5.39) 

a second integration of (5.38) leads to the final general salution of 
the Heller-Elenbaas equation 

(m+ 1) (m+ 1) k "" 1_1 1 n \J 
T (t;) - T (0) = - ~(m+1) I a p2(ll+l)\J![ I ~ t;n + 2 .!.(1-e-t;)x 
a a 4>-o IJ=O ll n=1 nn. p=l p 

where: 

(p-1) t; j J 
x I -,.,-) 

j=o J. 
(5.40) 



109 

In case the polynomial in eq. (5.36) has such a small influence that 
it may be neglected. the complex expression (5.40) is considerably 
simplified and aftersome rearrangements reduced to 

1 

[ 1 + K I .i.:lt_ ( r ) 2n J Tni+JT 
n=l n .n! P 

(5.41) 

where: 

K = (m+l) P(O)P 2 

(m+l) 
4À 0 Ta(o) 

(5.41b) 

The most important property of this salution is that, apart from the 
scale factor P. its shape is uniquely determined by the total input 
per unit column length (~ nP(o)p 2). The gas temperature distribution 
according to (5.41) is plotted in Fig. (5.8) for some values of K as a 
function of the dimensionless parameter ( ~ ). 

p 

From this figure it follows that with increasing K, the gas temperature 
distribution varies from nearly a constant (K < 0,1), via a Lorentzlike 
distribution function (0.1 < K < 0.3) to a nearly parabalie one. 

As it is assumed for the salution of the Heller-Elenbaas equation 
that the heat conductivity of the wall largely exceeds that of the 
plasma. the temperature distribution inside this wall is not affected 
by the presence of such a wall. This assumption enables us to represent 
a wall with radius R in Fig. (5.8) by a vertical line at a distance ~ 

p 

from the origin. So when the presence of the wall is taken into account, 
the gas temperature distribution to be expected in a certain discharge. 
apart from K. depends also on the value of the dimensionless parameter ~ 

p 

An other important conclusion that can be drawn from an investigation 
of salution (5.41) is. that for each value of K there exists a 
maximum discharge tube radius: Rm• above which the gas temperature 
gradient is too low to transport the amount of input energy, characterised 

R 
by K, by conduction. This maximal value (~) is found from the boundary 

p 
conditon 
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3.0 

Fig . 5. 8 Some theoretiaal gas t emperature distributions plotted for 

various values of K. 

0 (5.42) 

Its value can be calculated from the implicite equation 

"" n R L l.:.!.L ( ___fT! )2n = 1 
n=l n n! P - K 

(5.43) 

Although the model developed in the present work is, strictly spea king, 
only valid for the constricted high pressure positive column, the 
general salution of the Heller-Elenbaas equation written in the fo rm of 

(5.36) appears to be valid in a much wider range of plasma parameters. 
Thi s is illustrated in Fig. (5.9) and Fig. (5.10) , where fora moderate 
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Fig . 5.9; 5.10 Some expe~imental gas temperature dist~ibutions for non­

constricted discharges . The best fits to the theoretioal 

gas tempe~ature distribution (5 .41) arealso shown. 

pressure discharge (p0 ~ 50 torr) and a high pressure are in mercury 
(p0 ~ 1 atm) the theoretica] distributions g~ven in (5.41) are fitted 
to the experimental gas temperature distributions. The best fits are 
presented in the figure. 

5.5 Approximate solutions. 

5.5.1 The gas temperature distribution. 

Although expression (5.41) i s a very good representation of the gas 
temperature , for practical purposes and for many theoreti ca] calculations 
a simpler approximation of t his solution will do. Mostlyone i s only 
interested then in the exact form of the behaviour of the gas temperature 
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distribution function near the axis of the discharge tube wh~reas only 
a rough approximation of the temperature distribution near the discharge 

wall is needed . A typical example of such a simple temperature 
distribution is the frequently used parabalie one. This special 
distribution can be obtained from expression (5.41} by assuming that 
both K and! are much smaller than unity. Under these conditions eq. 

p 
(5.41) reduces to 

Ta(r} = Ta(O) [ 1 - mfr SJ 
p 

Following the conventional procedure to fit this function to the 
experimental values Ta(O) and Ta(R) we obtain 

(5.44) 

T (R) 2 
T ( r) = T ( 0) [ 1 - ( 1 - _a_ ) .!:_2 J ( 5.45) 
a a Ta(O} P 

Although relation (5.44) provides a good approximation of the real 
temperature distribution for small r-values, an extrapolation to large 
r-values may leadtoa cons i derable systematic error. This is illustrated 
also in Fig. (4.1) , where t1is parabalie function is compared with 
expression 5.41 and with the experimental distribution. 

A better approximation of the gas temperature distribution is the 
empirical distribution presented in chapter 4. 

ll:!l + 2 
1 + r ;z 

(5.46) 

This distribution function, which appeared to be a good approximation 
for all our experimental gas temperature distribution functions is 
theoretically valid for Kvalues between 0,1 and 0,3. In t erms of plasma 
parameters this conditions corresponds with low, moderate and high 
pressures, and moderate discharge currents. 
Since the behaviour of this function must be identical to that of 
expression 5.41 for low r-values, a compar ison of the fi rs t t erms in 

the series representations of both fun ctions yields the following 
relations : 



2 
(1-e) ~ 

13 

K 
=--

(m+l) 

U3 

2m(l-e) + 4 

If the expression for K,(5.41b) is rewritten in the form, 

where: 
Pt = the total power input per unit column length. 

(m+l) 

(5.47) 

(5.48) 

Thi s equation prediets a linear relationship between Ta(O) and Pt. 
For the special case of a constricted positive column in neon where 
m = 2/3 this theoretical result is in good agreement with the 
experiments as can be seen from Fig. (5.11) 
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Fig. 5.11 Gas temperature at the axis as a func t ion of t he t otal power 

input W(= IxV) . 
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5.5.2 The electron temperature distribution. 

From eq.(5.33) it fellows that the electron temperature distribution 
ras the same shape as the gas temperature distribution. However, this 
relationship is only valid for the active part of the plasma . 
Consequently the similarity of the shapes of the gas temperature and 
the electron temperature distributions holds only for r-values given by 

the following inequality. 

r < 2p (5.49) 

Within the scope of the approximations presented in the foregoing, P(r) 
may be represented by a pure Gauss function as can beseen in eq.(5.34); 
so the variable p in eqs. (5.36) through (5.48) may be replaced by the 
quantity r0 defined in eq. (5.34b). From the identity of r 0 and p using 
eq. (5.47), an expression for the electron temperature in the axis, 
Te(O), can be derived which reads 

qV.(l- 8) 
kT (0) =~1------

e 2m(l-8) + 4 
(5.50) 

This relation offers the possibility to find a good approximation of 
the electron temperature at the axis if the parameter e is known. The 
electron temperatures Te(O) calculated with the aid of the experimental 
8-values according to eq. (5.50) are plotted in Fig. 5.12 versus the 
total input Pt(= IxV). 
It can be seen from this figure, that the electron temperature is 
independent of gas pressure and discharge current; it is uniquely 
defined by the total power input Pt. Since i n a first apprximation the 
ratio of Ta(O) and Te(O) is constant, thi s experimental fact is in 
good agreement with the theoretical and experimental results expressed 
in eq. (5.48) and Fig. (5.11) resp. 
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Fig. 5.12 Electron energy kTe as a function of the total power input 

W(= IxV). 

5.5.3 The spatial distribution of spéctrum liné radiation. 

The high pressure positive column is characterised by a very strong 
constriction. This can visually be observed by looking at the light 
emission of such a column. It appears that this emission takes place 
in a very narrow channel around the longitudinal axis, whereas the 
space between this lumineus cylinder and the wall remains completely 
dark. This streng constriction of the light intensity distribution 
can only be understood by assuming a streng electron temperature 
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dependenee of the excitation mechanism. From a consideration, analogous 
to that developed for the treatment of the ionization mechanism, it 
follows that the excitation mechanism is in a first approximation direct 
as well. If filling up from higher energy statesis neglected, one may 
write for the power emitted per unit volume in a speetral line with 

central frequency wnm: 

where: 

(5.51) 

the callision frequency for direct excitation of the 
nth energy state. 

With the usual approximation of a cross-section given by (5.20) and a 
Maxwellian electron energy distribution, it is possible to write 

Lnm(r) in the farm 

where: 

L (r) nm 
1 qVn 

const. n n P exp(- -e a e 
kTe 

Vn = excitation potential of the nth energy state. 

( 5. 52) 

Using the modi f ied Saha-equation discussed in section 5.3.3, ne can be 
eliminated to give 

Lnm(r) "' const. 
r2 

exp(- 2 ) (5.53) 
x 

where: 
V; s2 2 x 

(V; + V ) 2m(l-e) + 4 n 
(5.54) 

In the calculation of eq. (5.53) , terms containing lower powers of Te 
or Ta were omitted. From this relation it follows that toa first order 
approximation Lnm(r) may be represented by a Gauss-function. This in 
in good agreement with the experimental results which showed t hat for 
high discharge currents (i > 100 mA), the function Lnm(r1 could be 



117 

approx1lnated by such a function, with a relative deviation of less than 
3 per cent. The e.xperimental values of the parameter x. which 
characterises the width of the tunetion Lnm(r), were i~ good agreement 
with the theoretical values. 

5.5.4 The constriction mechanism. 

Starting from the theoretical results obtained in the foregoing sections. 
the constriction mechanism can easily be understood now from a macroscopie 
point of view. This can be seen as fellows. 

If in a moderate pressure discharge both the gas pressure and the 
discharge current are increased, the power input per unit column length 
Pt increases also. From eq. (5.48) it fellows that by increasing Pt' 
the gas temperature in the axis of the discharge tube increases too. 
Since the temperature raise of the wall {öTwl is limited (öTw ~lOOK), 
by increasing Pt to high values (Ta(O) ~ 1200-2000K). a large gradient 
in the gas temperature is created. However, in the active part of the 
discharge plasma (r < 2p) the relative gradients in the electron 
temperature and the gas temperature are equal (eq.5.33) so that there 
also exists a large gradient in the electron temperature. Consequently 
all characteristic plasma parameters show a strong dependenee on the 
radius. As the gradient in the electron temperature is negative. going 
from the discharge axis to the discharge wall, the power emitted in 
a spectrum line per unit volume rapidly decreases. This means that 
this phenomenon. generally referred to as constriction, has a thermal 
origin. 
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5.5.5 Conclusion. 

The model for the high pressure positive column presented in this 
chapter is essentially based on the assumption that the greater part 
of the energy gain of the electrans in the electric field is transferred 
to the neutral gas atoms in elastic collisions. This condition in fact 

causes the strong coupling of electron temperature and gas temperature 
which in its turn is responsible for the most characteristic properties 
of the high pressure constricted positive column. Moreover a number of 
assumptions had to be made for werking out the model in more detail. 
These assumptions, however, are of only minor importance for the plasma 
model as such. The most important assumptions of this kind are, the 
Maxwell electron energy distribution, the Fabrikant approximation for 

the various cross sections and the extrapolation of the three body 
callision coefficient of metastables to high gas temperatures. If these 
assumptions are not fulfilled, the model presented can easily be 
adapted to other more adequate suppositions, which, in particular cases 
may be in better agreement with reality. The influence of such 
modifications should not be overestimated, however, since the systematic 
error in the numerical results introduced by the use of various 
experimental cross sections can hardly be compensat~d by a refinement 
of the model as such. Therefore the model presented here will provide 
a qualitative description of the complex relationship of the various 
parameters involved. Only in special cases, where the relative behaviour 
of the cross section is important in the calculations rather than its 
absolute magnitude, a good oescription of the behaviour of various 
quantities can be expected . 

Although the validity of the plasma model is limited, the general 

salution of the Heller-Elenbaas equation (5.41), appears to have a 
much wider range of applicability than the one discussed here. This 
has its origin in the fact that experiments as well as calculations 
have shown that in many practical cases P(r) may in a first 
approximation be written as a pure Gauss-function. As a consequence, 
the gas temperature distribution calculated with a pure Gauss-function 
for P(r) is only determined by two parameters K and p resp. This two­
parameter representation of the gas temperature distribution has the 
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great advantage of simplicity, whereas in many practical cases it provides 
a better approximation than the frequently used parabalie one. 
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Summary. 

In this thesis the contricted positive column in neon is studied. Since 
it is believed that the most prominent general characteristics of this 
discharge type have a thermal origin, most attention has been paid to 
the behaviour of the gas temperature distribution as a function of the 
various plasma parameters. These gas temperature distributions have 
been determined in two essentially different ways. On the one hand these 
distributions have been obtained directly from thermocouple measurements, 

while on the other hand they could be calculated·from combined gas 
pressure measurements and spectrum line broadening experiments. In 
order to obtain some more detailed information about specific phenomena, 
incidentally various well-known plasma diagnostic methods have been 
applied. They are briefly reviewed in chapter II. 

In chapter III, the results of the spectrum line broadening 
measurements, performed on a resonance broadened neon line are reported. 
The spectrum line profile emitted from a homogeneaus plasma can be 
represented by a pure Lorentz function. Since the plasma of the 
contricted positive column is strongly inhomogeneous, a theory has been 
developed describing the spectrum line broadening in inhamogeneaus 
plasmas. It appeared that the inhomogeneity of the plasma, as far as 
it is relevant for the line broadening, can be characterised by only 
one representative parameter called "the speetral inhomogeneity". 
Further it was shown that for low values of this parameter the observed 
line profile could be approximated very well with a Lorentz function. 
Starting from this concept a new methad has been developed and verified 
experimentally todetermine the gas temperature in the axis of a strong­
ly inhamogeneaus plasma. The results calculated from this theory are 
in good agreement with the experimental results of bath the line 
broadening experiments and the thermocouple measurements. 

In chapter IV the results of the thermocouple measurements are 
discussed . Since only little is known about the systematic error of 
such measurements, performed in plasmas, this diagnostic methad was 
scarcely used in plasma physics. From the present work, however, it 
follows that the systematic error in the thermocouple measurements is 
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mainly caused by thermal radiation of the thermocouple. By ta king into 

account this loss of heat, t he systematic error in the interpretation 
of the thermocouple measurements has been reduced to about 5 per cent 
of the absolute value of the temperature found. Moreover a simple 
empirical formula for the .gas temperature dis t ribution has been obtained 

which gives a better representation of this di stribution in a much wider 
range of plasma parameters than the frequently used parabalie one. 

Based on the numerous experimental results obtained from the experiments 
mentioned, in chapter V a new model for the constricted positive column 
has been developed. Since in this column both the reduced electric field 
and the electron temperature are very low, the greater part of t he 
energy gain of the electrans in the electric f i eld is transferred to 
the neutral gas atoms in elastic collisions. Consequently the electron 
temperature and the gas temperature are strongly coupled. Starting from 
this basic concept some distribution functions for relevant plasma 
quantities have been calculated. These theoret i cal distribution functions 
and especiall y the gas temperature distributions are in good agreement 
with those obtained from t he experiments mentioned. 
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Samenvatting. 

In dit proefschrift wordt een onderzoek beschreven naar de eigenschappen 
van de positieve zuil van een gecontraheerde ontlading in neon. Daar 
wij menen dat de meest kenmerkende eigenschappen van dit ontladingstype 
een thermische oorzaak hebben, is bijzonder veel aandacht besteed aan 
het gedrag van de radiale verdeling van de gastemperatuur als functie 
van een aantal relevante ontladingsparameters. Deze gas temperatuurs­
verdelingen zijn bepaald met behulp van twee essentieel verschillende 
meetmethoden. Enerzijds werden deze verdelingen·rechtstreeks verkregen 
uit thermokoppelmetingen, anderzijds konden ze berekend worden uit-de 
resultaten van gecombineerde metingen van gasdruk en spectrale lijn­
verbreding. Om een beter inzicht te verkrijgen in bepaalde details van 
het gedrag van de gecontraheerde zuil werden bovendien een aantal 
bekende plasma diagnostische methoden gebruikt die kort zijn beschreven 
in hoofdstuk I I. 

In hoofdstuk III worden de resultaten vermeld van de lijnverbredings­
experimenten. Deze hebben voornamelijk betrekking op de metingen van de 
halfwaardebreedte van een door resonantieverbreding bepaalde spectraal­
lijn uitgezonden door de gecontraheerde neon zuil. Het profiel van een 
door resonantieverbreding bepaalde spectraallijn, geemitteerd door een 
homogeen plasma kan mathematisch worden beschreven door een zuivere 
lorentzfunctie. 

Aangezien het plasma van deze zuil echter sterk inhomogeen is, moest 
een theorie ontwikkeld worden voor de interpretatie van de lijnverbre­
ding in een inhomogeen plasma. Uit deze theorie bleek dat de inhomoge­
niteit van het plasma, voor zover deze van belang is voor de lijnver­
breding, kan worden gekarakteriseerd door één parameter die we hebben 
genoemd de "spectrale inhomogeniteit''. Verder is aangetoond dat voor 
kleine waarden van deze parameter het gemeten lijnprofiel zeer goed 
benaderd kan worden door een Lorentzfunctie. De numerieke resultaten 
berekend met deze theorie waren in goede overeenstemming met de experi­
mentele resultaten van zowel de lijnverbredingsexperimenten als van de 
thermokoppelmetingen. 
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In hoofdstuk IV worden de resultaten besproken van de gastemperatuurs­
metingen met behulp van thermokoppels. Aangezien over de nauwkeurigheid 

hiervan in wijde kring veel onzekerheid bestaat is speciale aandacht 
besteed aan de systematische fouten in dergelijke metingen. Hieruit is 
gebleken dat deze systematische fout voornamelij k wordt veroorzaakt door 
de thermische straling van het thermokoppel. Door de metingen te corri­
geren voor dit storend verschijnsel, kon de relatieve systematische fout 
in deze metingen worden teruggebracht tot ongeveer 5 procent van de 
gevonden absolute temperatuur. Bovendien volgde uit dit onderzoek een 
empirische formule voor de verdeling van de gastemperatuur in een zuil­
ontlading. Deze verdelingsfunctie geeft een betere beandering en is 
algemener geldig dan de veel gebruikte parabolische verdelingsfunctie. 

Uitgaande van de talrijke experimentele resultaten van de genoemde 
metingen is in hoofdstuk V een nieuw model van de gecontraheerde posi­
tieve zuil ontwikkeld. Aangezien in deze zuil zowel de gereduceerde 
veldsterkte als de electrenentemperatuur laag zijn, wordt het overgrote 
deel van de energie, die de electrenen winnen in het electrische veld, 
in elastische botsingen overgedragen op de neutrale gasatomen. Hierdoor 
ontstaat een zeer sterke koppeling tu ssen de electrenentemperatuur en 
de gastemperatuur. Uitgaande van dit fundamenteel gegeven, worden een 
aantal verdelingsfuncties berekend van relevante plasmaparameters. Deze 
theoretische verdelingsfuncties en met name de berekende verdelingen van 
de gastemperatuur kwamen goed overeen met de experimenteel gevonden 
verdelingsfuncties. 
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polati e procedure. 

C.R.Betz, Thesis, North Western Univers ity, Evanston, Illinois, U.S.A. 



5 

Zowel Lang als Edwin en Turner gaan er bij de interpretatie van 

hun spectrale lijnprofielmetingen ten onrechte van uit dat het door 
hen beschouwde emitterende plasma homogeen is. 

K.Lang, Acta Phys. Austriaca 2· 376 (1951). 
R.P.Edwin, R.Turner, J.Opt.Soc.Am. 60, 448 (1970). 

6 

Bij de experimentele lerarenopleidingen wordt voor de derde-graads 

studie de combinatie van de vakken natuurkunde en scheikunde ten 
onrechte als één studierichting beschouwd. 

7 

De aanduiding "klass iek" voor een aantal lijnverbredingstheorieën 
is misleidend daar hierdoor ten onrechte wordt gesuggereerd dat geen 
gebruik wordt gemaakt van quanturn-mechanisch berekende resultaten. 

8 

De door Wojaczek en Hayess gegeven interpretati e van door hen uitge­

voerde thermokoppel metingen in een positieve zuil in argon i s aanvecht­

baar. 

E.Hayess, K.Wojaczek. Beitr.Plasmaphys. lQ, 407 (1970). 



9 

Wanneer men er van uit gaat dat een eerste-graads opleiding tot 

leraar een doctoraal niveau moet hebben, lijkt de instelling van 

een leraren doctoraal een zinvolle consequentie. 

10 

Het ontladingsmodel, gehanteerd door Schaper en Scheibner bij de 
interpretatie van metingen van de totale werkzame doorsnede voor 
aanslag van edelgasatomen, leidt tot betrouwbare uitkomsten dank-

zij het feit dat de invloeden van twee verschillende vereenvoudigingen 

in dit model elkaar nagenoeg opheffen. 

M.Schaper, H.Scheibner, Beitr.Plasmaphys. 9, 45 (1969). 

11 

Het verdient aanbeveling om de aan de instituten voor de opleiding 

van leraren geldende verplichting tot studie in twee verschillende 
vakken te veranderen in de mogelijkheid tot het verwerven van meerdere 
akten va~ bekwaamheid op grond van een met succes afgesloten multidici­

plinaire studie. 

12 

Gezien het succes van de Stichting Ether Reclame in het tot stand brengen 
van een conversatie tussen twee gehaktballen moet overwogen worden de 

vitrines van slagerijen van geluidsisolerend materiaal te voorzien. 

8 juni 1971, Tilburg. C.A.M. Mouwen. 


