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Abstract. Investigations of the near-cathode region of the atmospheric pressure, 
200 A arc burning in pure argon have been petformed using spectroscopic 
techniques. Several slices at different distances from the cathode tip have been 
obsewed side-on. In order to perform diagnostic measurements of the plasma, the 
profiles of the Ar I and Ar II lines have been recorded. Phenomena inexplicable 
in terms of the model based on assumption of a local thermodynamic equilibrium 
state and constant pressure in the plasma have been observed and are shown on 
an Olsen-Richter diagram. 

1. Introduction 

Different theoretical models have been proposed for 
industrial and spectroscopic application of arc plasmas 
[ l ,  21. Determination of the principal characteristics of 
the near-cathode region of the arc is of great interest 
to test the validity of these models. For an electric arc 
burning in pure argon this region is characterized by 
temperature about 20000 K and free electron density 
higher than loz3 n r 3 .  

In order to verify a theoretical model, in most 
cases, the electron temperature is spectroscopically 
measured. Studies made by Shumacker and Popenoe 
[3] and Nubbemeyer [4] have shown that, for argon at 
atmospheric pressure, for electron density higher than 
0.5 x the number of collisions in the plasma is 
sufficient to establish local thermodynamic equilibrium 
(the L E  state). 

The majority of temperature measurements have 
been performed on the basis of assumption of the 
L E  state and constant pressure for such a plasma. 
However, the results of Haddad et al [SI have shown 
that something is wrong with this approach, because 
the value of the off-axis peak of the total intensity 
of atomic lines changes near the welding arc cathode. 
This phenomenon is inexplicable within the model 
constructed on the basis of the LTE state and constant 
pressure in the plasma. 

In order to clarify this problem, spectroscopic 
investigations in the vicinity of the cathode tip of a 200 A 
arc burning at atmospheric pressure were carried out. 
The majority of experimental and theoretical studies of 
t h i s  region were performed for a freely burning welding 
arc. An arc of specific construction was used in this 
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Figure 1. Experimental set-up: SP, spectrometer; CCD, 
Thomson TH7831 linear charge-coupled device array; DO, 
digital oscilloscope; L, He-Ne laser; F, filter; TL, tungsten 
ribbon lamp; MR, flat mirror; CM, concave mirror; A, arc; 
MT, step-motor-driven movable table; AL, achromatic lens; 
E, screen; and PC, IBM personal computer. 

study. Our construction combines the advantages of the 
fluid convective cathode [6] and a wall-stabilized arc. 

2. The experimental set-up 

A general view of the apparatus used in our experiment 
is shown in figure 1. 
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mirror holder was equipped with a diaphragm, which 
reduced the mirror diameter to 1 cm; so the aperture of 
the imaging system was limited to 1:200. 

The arc was installed on a step-motor driven table, 
which permitted its translation perpendicularly to the 
optical axis, so that the image of the arc traversed the 
entrance slit of the spectrometer. A Thomson TH7831 
linear array of 1728 photoelements (13 p m x 3 9  p m  pixel 
size, 13 pm pitch) was used as a light detector. The 
entrance slit of the spectrometer was set to its normal 
value for 400 MI (namely 15 pm). The spectrometer 
worked in second-order mode with a resolution equal to 
150 000 and reciprocal dispersion about 0.2 nm mm-'. 

Constant entrance slit width reduces the luminosity 
of the spectrometer for longer wavelength but ensures 
constant width of the observed plasma region. Thus, the 
spatial resolution of the optical system was determined 
by the entrance slit width (15 bm), the height of the 
photoelement detector (39 pm) and the aperture of the 
optical system (1:200). 

The He-Ne laser placed at the dispersion plane of 
spectrometer, near the detector, allowed us to check the 
optical path alignment and to measure the width of the 
entrance slit. An image of the plasma and cathode tip 
was formed on a screen by an UV achromatic lens of 
150 mm focal length. Observation of the laser beam 
position, onto the image of the plasma, enabled the 
choice of the slice of plasma for each experiment. This 
method enables also exact determination of the distance 
of the observed slice from the cathode tip. 

2.3. Acquisition system and experimental procedure 

Our photodetector was cooled and thermally stabilized. 
The numerical oscilloscope was used to convert the 
analogue signal from the detector into a digital form. 
Since the linear array can register about 4 nm of the 
spectrum, the spectral line profiles can be measured up to 
the far wings. The screen of the numerical oscilloscope 
allowed real-time visualization of the observed profile. 
Simultaneously the recorded profile was read by the 
computer. After read-out of the oscilloscope memory, 
the computer moved the arc to the next position. This 
way the line profile was measured at 40-50 horizontal 
positions. Then the spectrometer was set to the next 
wavelength suitable for the next spectral line to be 
measured. 

The calibration of the spectral sensitivity of the 
optical system was canied out using a calibrated tungsten 
ribbon lamp. 

The effective spectrometer dispersion (2 pm per 
pixel) and the apparatus function, presumed to be 
Gaussian (HWHM about two pixels), was obtained via 
measurement of profiles of a large number of fine 
spectral lines emitted by low-pressure discharge lamps 
(Na, Cd, Ne and Ar). 

--• Ar 4 w D P  

TT micp I 

Figure 2. The arc assembly: W, water; Ar, argon flow: P, 
plasma; IT, thoriated tungsten; Cp, copper; I,  insulator; A, 
anode; C, cathode; SD, stabilizing discs; SN, stabilizing 
nozzle; GW, gaseous window; and 0, optical axis. 

2.1. The plasma source 

A cross section of our arc is shown in figure 2. In 
the cathodic part of the arc, a construction similar to 
the fluid convective cathode was used [6]. The arc 
discharge is generated at the conical cathode tip made 
of thoriated tungsten. The working gas (in our case 
argon) flows past the tip and enters the plasma column 
at the constriction point. The tip is surrounded by a 
water-cooled nozzle. The shape of the nozzle and its 
distance from the cathodic cone determine the velocity 
of the gas flow past the cathode tip and the angle of its 
entry into the plasma. Such construction permits good 
spatial stability of the arc and prevents entry of air into 
the plasma. 

The upper part of the arc consists of three copper 
discs of 5 mm channel diameter. The bore in the first 
stabilizing disc was shaped as a convergent nozzle to 
improve the arc stability. The first two discs permitted 
the neighbourhood of the cathode to be isolated from 
the influence of the anode region and to reduce plasma 
fluctuations. The third disc was used as the anode, 
which was of annular shape to ensure fully cylindrical 
symmetry of the arc and laminar flow of the gas. A 
flow-pressure regulator maintained an argon flow rate of 
4 1 min-'. The arc current was set to 200 A and the 
electric power in the arc was equal to 6 kW. 

2.2. The optical system 

The study of the arc column was performed side-on in 
the region between the cathode and the first disc. Several 
slices were observed at different distances h from the 
cathode tip (0.25 < h < 5 mm). The plasma column was 
imaged by a concave mirror, of 1 m focal length, onto 
the entrance slit of an Ebert-type grating spectrometer 
with magnification factor equal to I. The spherical 

3. Data treatment 

To obtain a reliable diagnostic of the plasma, the 
following spectral lines were studied 397.9, 396.8, 
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480.6 (AI 11) and 696.5 nm (Ar I). These lines 
were selected for their prominence and isolation from 
neighbours. 

The following procedure was applied. 
(i) The side-on measured intensity was converted to 

a radial distribution of the emission coefficient, pixel 
by pixel, using the Abel inversion procedure. From the 
many methods of performing Abel inversion, the method 
based on cubic spline smoothing of the data was chosen 
t71. 

(ii) The measured profiles were corrected for the 
continuous background and the spectral sensitivity 
distribution, then numerically integrated to obtain a 
rough estimation of the total emission coefficient. 

(iii) For the selected slice, a first estimation of 
the radial distribution of the plasma temperature was 
calculated using the Larentz-Fowler-Milne method 
[8,9] for the 696.5 nm Ar I line (see section 4). 

(iv) This temperature was used to calculate the 
Doppler broadening of the spectral lines (assumed to 
be a Voigt profile), which was a small correction to 
the Gaussian part U of the line shape predominantly 
determined by the apparatus function. 

(v) The inverted experimental profiles of the 
emission coefficient (300-1000 pixels per profile) were 
fitted to a Voigt function on a linear continuous 
background 

where hi is the wavelength at the ith pixel; W ( h i )  is 
a measured emission coefficient at hi; a,, az, IO, h. r 
are adjustable parameters; and U is the Gaussian part 
of the Voigt function V ( x , j ) .  The Downhill simplex 
method {lo] was used to minimize x 2  and the gradient 
expansion near the minimum of ,y2 was used to calculate 
the standard deviation of the fitted parameters [ll]. 

(vi) The total emission coefficient of the line at each 
radial position was calculated using the fitted values of 
Io, r and U. In this way total emission coefficients 
were automatically corrected for the far wings. Such an 
approach also permits an estimation of self-absorption 
and its influence on total line intensity. 

Self-absorption may be a serious problem, especially 
for the 696.5 nm Ar I line. Self-absorption in the 
core of the plasma for electron densities higher than 
lo'* can be estimated using the iterative Abel 
inversion, applying a Planck function as source function 
[12]. Since, in the core of the arc ( r  < 2 mm), the 
atomic line is appreciably broadened and shifted due to 
the Stark effect and at the arc edges the atomic line 
is very narrow and unshifted, the absorption at the arc 
periphery can perturb exclusively a narrow part of the 
blue wing of the line profile. This can be easily corrected 
during the fitting procedure. 

In our experiment, the self-absorption correction 
factor for the measured total emission coefficient of 
spectral lines never exceeded 5% in the investigated 
regions, The error of determined values due to self- 
absorption is less than 1%. 
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4. Plasma diagnostics 

The majority of diagnostics of the electric arc argon 
plasma burning at atmospheric pressure were performed 
using the LTE model and the assumption of constant 
pressure inside the plasma. In the frame of the 
LTE model, the velocity distribution of all plasma 
components is Maxwellian, the plasma is isothermal, the 
distribution of population densities of atomic and ionic 
states is Boltzmannian, and the distribution of atoms and 
ions may be described by the Saha equation at each point 
in the system. 

The argon arc plasma consists of free electrons, 
Ar I, Ar II and AI III (other ionisation states may be 
neglected). The composition of such a plasma, for given 
pressure and temperature, may be computed from a set of 
equations: two Saha equations (for Ar II and AI III), the 
quasi-neutrality relation of the plasma, and Dalton's law 
for local pressure (including the necessary high-density 
corrections [ 131). This set of four equations has two free 
parameters, for example, pressure and temperature. 

The total emission coefficient €))Im) of a spectral line 
corresponding to a transition between states In) and [m) 
of the argon at ionization state z (z  = 0 denotes neutrals) 
can be expressed by the following expressions: 

and (exclusively for the LTE state) 

where $1, E!', N)" are the statistical weight, 
energy and population density of the upper level In) 
respectively; A., the transition probability; A., the 
wavelength; N,(T) and Q,(T) the density and partition 
functions of atoms or ions; and h, c and k are 
conventional physical constants. 

If the pressure is fixed, the plasma composition, 
and thus the emission coefficients, are functions of 
exclusively one parameter, namely temperature. The 
total emission coefficient t!)lm)(T) of each spectral line 
has a maximum value (called the normal intensity) 
at a specific temperature called the normal or norm 
temperature. The maximum occurs from the competing 
effects of increasing population density of the upper 
state, expressed in equations (2) and (3) by the 
exponential term, and decreasing density N, (T) caused 
by increasing ionization and plasma expansion. It should 
be pointed out that the norm temperature and intensity, 
for a specified spectral line, are functions exclusively of 
the ambient pressure. 

If the axial temperature of the arc exceeds the 
norm temperature, an off-axis maximum in radial 
total emission coefficient distribution t ) ) lm) ( r )  occurs. 
Once the radial position rnwx and value of the off- 
axis maximum are determined, the radial temperature 
distribution T ( r )  may be determined from the measured 
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total emission coefficient c!)lm)(r) by solving the 
following equation: 

This procedure, well known as the Larentz-Fowler- 
Milne (LFM) method [8,9], is one of the most accurate 
methods because knowledge of the transition probability 
and spectral sensitivity of the detecting system are not 
required. However, it requires assumptions conceming 
the physical status of the plasma to be made. The norm 
temperature for ionic lines is higher than for atomic lines, 
so in the case of our arc plasma the LFM method was 
applied only to Ar I lines. (The norm temperature at 
1 atm for the 696.5 nm Ar I line is equal to 15063 K 
and for 480.6 nm Ar I1 is equal to 25 500 K). 

Another convenient method for interpretation of 
results of the plasma diagnostic, based on a similar 
concept, is the Olsen-Richter (OR) diagram 114,151. To 
apply this method, measurements of the total emission 
coefficient of two lines, emitted by ions in consecutive 
ionization stages, should be carried out. In the work 
presented here, the 696.5 nm Ar I and 480.6 nm Ar II 
lines were chosen. As was stated above, there are 
two free parameters in the LTE equations set (such as 
pressure and temperature), so this pair of total emission 
coefficients determines the unique values of those free 
parameters. The OR diagram is a log-log plot of the 
upper level population for a line emitted by an ion with 
charge z as a function of the upper level population 
for the line emitted by an ion with charge z + 1, with 
one of the free parameters being constant (pressure or 
temperature). 

This means that the OR diagram is a set of curves 
satisfying the following relations: 

log[N,(p =constant)] = F{l~g[N,+~(p =constant)]} 
(5 )  

log[N,(T =constant)] = G ( ~ O ~ [ N , + ~ ( T  = constant)]}. 
(6) 

In addition to isobars and isotherms, other curves (for 
example, that for constant free-electron density) may be 
also traced. 

Using equation (Z), the population of the upper level 
can be related to the emission coefficient and equation 
(5) can be expressed as follows: 

If the transition probabilities are known, the measured 
emission coefficients can be directly placed on the OR 
diagram so that the pressure and the plasma temperature 
are determined. Such an ideal situation never exists 
in practice, due to uncertainties in the transition 
probabilities and measured intensities. However, 
equation (7) may be rewritten in the form 

log(€l'lb") + DI = F[log($y) + 4 1 .  (8) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

rt"1 
Figure 3. Values of the off-axis maxima of the total line 
intensity for the 696.5 nm Ar I line as a function of distance 
from the cathode. Values are normalized to the maximum 
for z = 5 mm. 

This means that, in our case, the experimentally obtained 
log(Z, I)-log(T, 11) graph may be superposed on the 
theoretical curve by a simple translation. The translation 
vector can be obtained by a least mean square (LMs) 
fitting procedure. This procedure yields well-defined 
values only if the emission coefficients are measured 
over a large temperature range below and above the 
normal temperature for the Ar I line. In addition, one 
can verify the assumptions used in calculation of the 
theoretical curve by testing the statistical hypothesis 
that residuals in the LMS procedure have a random 
distribution. If this hypothesis should be rejected, then 
the assumptions conceming the plasma state are not 
valid. 

Once the constants D ,  and 0 2  had been determined, 
we could use these values in the same experimental 
arrangement. The same technique can be used for 
checking the validity of other theoretical models of the 
plasma state. 

5. Results and discussion 

For the plasma in L E  at constant pressure, the normal 
intensity of the Ar I spectral line should remain constant 
for all slices in which the temperature at the axis is higher 
than the norm temperature. Detailed studies made by 
Shumacker and Popenoe [3] and Nubbemeyer [4] have 
shown that this assumption is fulfilled in the arc channel 
for free-electron density Ne higher than 0.5 x loMa3 w3, 
which corresponds to the temperature T c 12000 K. 

On the other hand, Haddad and Farmer [5] have 
found that, in the free-buming arc in argon, the 
magnitude of the off-axis maximum of the total emission 
coefficient for the Ar I line varies with the distance h 
from the cathode and remains constant for h gr 2.5 mm. 
In our arc we observed a similar effect, namely that the 
off-axis maximum for the 696.5 nm Ar I line depended 
on the distance of the observed slice from the cathode 
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Figure 4. Radial distributions of the total emission 
coefficients of the 696.5 nm Ar I line for different distances 
from the cathode tip. Values are normalized to the 
maximum for z = 5 mm; (*) h = 5.0 mm, (0) h = 3.2 mm, 
(0) h = 2.5 mm, (0) h = 1.5 mm, (0) h = 1 .O mm, and (A) 
h = 0.25 mm. For clarity a typical error bar is shown for 
one point only. 

tip. Taking into account that the plasma at the point 
of entry to the channel (h  = 5 mm) is in the L E  and 
the pressure is constant, we took the off-axis maximum 
for this slice as a reference. This value is shown in 
figure 3 by the dashed line. We found, that down 
to h = 2.5 mm, the maximum remained constant. 
Radial distributions of the total emission coefficient of 
the 696.5 nm Ar I line, related to reference value, for 
some slices are shown in figure 4. Values of the off- 
axis maxima for slices presented in figure 4 are shown 
in figure 3. There are three sources of uncertainties of 
the off-axis maximum value. Abel inversion procedure 
errors, standard deviation of the fitted parameters of 
the line profile, and errors caused by the treatment of 
self-absorption. It should be emphasised that the total 
emission coefficient of each atomic line was obtained 
using 1000 pixels on the profile and Abel inversion was 
performed using 50 points on the horizontal axis. So 
the statistical error of line profile parameters was about 
1%. A numerical simulation was done to estimate the 
influence of other factors on the error in total emission 
coefficient. 

As a result one can state that the errors in values 
presented in figures 3 and 4 are smaller than 5% and 
thus variations of the off-axis maximum for slices closer 
than 2.5 mm to the cathode tip are outside the error 
limits. 

The temperature derived from the Ar I line, using 
the LFM method, was in good agreement with the 
temperature derived from Ar II lines for h = 2.5 mm, 
but disagreed for h c 2.5 mm. This means that one of 
the thpo assumptions mentioned previously is not valid, 
or neither is valid. 

In order to show these discrepancies more quanti- 
tatively, an Olsen-Richter diagram was constructed for 
slices with h < 2.5 mm. 
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Figure 5. An Olsen-Richter diagram for different 
distances from the cathode. Theoretical data: (-) local 
thermodynamic equilibrium isobars with 0.1 atm step; 
(- - -) lines for constant local thermodynamic equilibrium 
electron density, (i) the 1.0 x loz3 m-3 line and ($) the 
2.0 x lP3 m-3 line; (*) local thermodynamic equilibrium 
points for given pressure with 1000 K increment. 
Experimental points: (0) h = 2.5 mm, (0) h = 1.5 mm, (0) 
h = 1.0 mm, (A) h = 0.25 mm; (----) denotes the spline 
interpolation line for experimental points. 

In order to superpose the measured intensity of ionic 
and atomic lines on the diagram, determination of the 
translation vector is needed (0, and D2 in equation (8)) .  
To do this, we assumed that, in the slice h = 2.5 mm, the 
plasma was still in the LTE state at atmospheric pressure. 
For this slice, the measured dependence of the atomic 
line intensity on the ionic line intensity was fitted to 
an appropriate theoretical curve on the OR diagram. In 
the same diagram, the results of measurements for other 
slices. closer to the cathode, are also traced. The result 
of this procedure is shown in figure 5. It can be easily 
seen that the upper level of the atomic line is strongly 
underpopulated relative to the 1 atm LE population. 

From the diagram one may calculate the pressure 
distribution for each slice under the LTE state assumption. 
It should be emphasized, however, that the graph 
presented in figure 6 has no direct and simple 
interpretation. It shows only at which pressure and 
temperature of the plasma in the LTE state the emission 
coefficients for atomic and ionic lines are equal to those 
obtained from experiment. 

It should be also noticed that the properties of 
this result cannot be explained by the assumption that 
the electron temperature is higher than the kinetic 
temperature of heavy particles. Lowering of heavy- 
particle temperature for a given electron temperature 
shifts the theoretical curve on the Olsen-Richter diagram 
upwards and in a rightward direction, namely in the 
wrong direction. Radial temperature distributions and 
free-electron densities derived from the OR diagram are 
shown in figures 7 and 8 respectively. 

We also obtained the following results. 
(i) The electron density derived from the Olsen- 

Richter diagram is in satisfactory agreement with that 
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Figure 6. Radial distribution of the pressure P(r) derived 
from an Olsen-Richter diagram for different layers: (0) 
h = 2.5 mm, (0) h = 1.5 mm. (0) h = 1.0 mm, and (A)  
h = 0.25 mm. For clarity a typical error bar is shown for 
one point only. 
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Figure 7. Radial temperature distribution derived 
from an Olsen-Richter diagram for different layers: (0) 
h = 2.5 mm, (0) h = 1.5 mm, (0) h = 1.0 mm, and (A) 
h = 0.25 mm. For clarity a typical error bar is shown for 
one point only. 

derived from the atomic line width and is between 
1.0 x lou nr3 and 1.9 x IOs nr3.  It is difficult 
to calculate the pressure distribution using the electron 
density derived from the atomic line width due to errors 
in the Stark broadening data and theoretical problems 
with the treatment of quasi-static ion broadening in the 
case of the important contribution of A?+ ions. Also, 
the width of Lorentzian part of the line profile is more 
sensitive to re-absorption effects and other errors in 
data treatment than the total line intensity. So one can 
estimate the errors in electron densities obtained from the 
width of 696.5 nm AI I lines to be about 30%. This gives 
30% error in the pressure. Hence the atomic line width 
can be used only as a rough check of the free-electron 
density derived from the Olsen-Richter diagram. On the 
other hand, statistical errors in pressure, temperature and 
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Figure 8. Radial freeelectrons density distribution derived 
from an Olsen-Richter diagram for different layers: (0) 
h = 2.5 mm, (0) h = 1.5 mm, (0) h = 1.0 mm, and (A) 
h = 0.25 mm. 
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0.0 0.5 1.0 1.5 
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Figure 9. Comparison of radial temperature distribution for 
h = 1.0 mm derived from an Olsen-Richter diagram (x) 
and derived from relative intensities of the 397.9 nm and 
396.8 nm Ar II lines (0). For clarity a typical error bar is 
shown for one point only for each curve. 

free-electron concentration derived from the OR diagram 
were estimated to be below 10% ( 3 5 % ) .  

(ii) The temperature derived from the relative 
intensity of the two Ar I1 lines (at 397.2 and 396.8 nm) is 
also in good agreement with the temperature calculated 
from the Olsen-Richter diagram. This comparison is 
shown in figure 9 for h = 1 mm. Since the energy 
difference between upper states for these lines is equal 
to 3.53 eV and the wavelength separation is very small, 
the error of the temperature derived from the relative 
intensity of these lines was estimated to 8%. Hence one 
can conclude that, according to recent knowledge, those 
conditions are sufficient to establish radiative-collisional 
equilibrium in the argon plasma. 

(iii) One may notice that unexpected behaviour of 
the norm intensity of AR I lines is observed in this 
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plasma region where the free-electron concentration has 
its off-axis maximum, namely for zones where the axis 
temperature is higher than 16800 K. 

6. Conclusions 

Our experiment shows that, close to the cathode tip, the 
plasma cannot be treated as being in the LTE state and 
having constant pressure. The reasons for this effect 
might be the following. 

(i) The compressive force exerted on the arc at the 
constriction near the cathode tip. due to its own magnetic 
field, produce a pressure gradient (the Maecker effect 
1161). Even though the pressure differential is only of 
the order of IO3 N or less, it generates a streaming 
axial velocity of the order of several hundreds metres 
per second [Z]. Owing to the high axial velocities of 
heavy particles and electrons and fast plasma expansion, 
one may expect that emission of light can occur at some 
axial and radial distance from the region of excitation. 
The plasma may not be in the L E  state because the cold 
gas introduced at high velocity into the hot region needs 
time to attain thermal equilibrium. The slowest process 
is excitation of the first resonance state. Although the 
characteristic time for this process is of the order of 1 ps 
[ 171, the characteristic distance, for streaming velocity 
about 500 m s-', is about 0.5 mm, which is comparable 
to the dimensions of the region in which the unusual 
properties occur. A theoretical estimation of such effects 
and detailed calculation of the collision frequency and 
mean free path between collisions are needed. 

(ii) Since it seems that the unexpected behaviour 
reported here is associated with the off-axis peak of 
the electron density, one may expect problems with the 
ambipolar diffusion (diffusion occurs not only in the 
direction of the plasma fringes but also towards the axis). 

(iii) One may expect that, due to the plasma 
expansion, complex properties of the gas flow and 
non-monotonic radial distribution of electron density, a 
pressure gradient much stronger than that predicted by 
the Maecker effect 1161 can occur. 

(iv) If the electron temperature is used as verification 
parameter, special attention should be paid during 
comparison of results of plasma modelling and 
experiment. For instance, the norm emission coefficient 
of the 696.5 nm Ar I line for h = 1 mm is equal 
to 0.69 of the value for h = 2.5 mm but, as can be 
seen in figure 10, temperatures derived from the LFM 
method and from the Olsen-Richter diagram differ only 
by 800 K. So the temperature is rather insensitive to the 
effects reported in this work. 

1 25000 

lO000, I I I I , , , , , , , I ,  , , 
0.0 0.5 1.0 1.5 

4-I 
Figure 10. Comparison of radial temperature distribution 
for h = 1.0 mm derived from an Olsen-Richter diagram (x)  
and via the Larenz-Fowler-Milne method (+). 

Detailed studies, experimental and theoretical (in- 
cluding modelling), of the region close to the cathode 
tip should be continued. 
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