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A high current electric arc in the axis of a supersonic nozzle flow is studied experimentally and 
theoretically in order to clarify the physical nature of light emission fluctuations which are observed 
inside the nozzle. The gas flow is produced by discharging a high pressure reservoir of 20 at N2 
through a nozzle of 12 mm throat diameter. The arc is fed with a rectangular current pulse of 
1.9 kA amplitude and 5 ms duration. The light emission fluctuations of the arc are observed by 
photographic and photoelectric methods. The results of the observations are compared to theoretical 
estimates and lead to the conclusion that the fluctuations are caused by hydrodynamic turbulence. 
This turbulence is shown to be generated by the combined occurrence of a strong axial pressure 
gradient and a strong radial density gradient in the boundary layer between the arc and the sur­
rounding cold gas flow. The influence of specific plasma properties on the character of the turbu­
lence is briefly discussed from a theoretical point of view.

1. Introduction

In plasmas interacting with gas flows, fluctuations 
of the plasma light emission have been observed 
under various circumstances (e.g. Refs. 1_12). The 
most detailed investigations in this field have been 
carried out on axially blown arcs, which occur for 
example in arc heaters. Special attention has been 
given here to current free plasma jets leaving arc 
heaters (Refs.6-9).

Only a few publications have, however, been 
devoted to the origin of the observed fluctuations. 
Kolonina10 and Topham11 assume hydrodynamic 
turbulence to start at the walls of the flow channel 
and to develop towards the arc, thus producing dis- 
turbations of the arc channel. Alternatively, 
Wutzke 12 showed that electrode spot movement may 
cause arc instabilities. Furthermore, electromagnetic 
instabilities of the arc column have been found to be 
responsible for the observed fluctuations 13.

In this paper we will demonstrate both theoreti­
cally and experimentally the existence of an addi­
tional effect that has not been previously investi­
gated. This effect is principally present at the inter­
action of gas flows with plasmas and may cause 
hydrodynamic turbulence in the boundary layer be­
tween plasma and gas flow, leading to fluctuations 
of the plasma light emission. The experimental in­
vestigation of this effect has been carried out in a 
plasma flow configuration which has been specially 
designed to exclude all the other above mentioned 
mechanisms.
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2. Theoretical Discussion 
of the Turbulence-producing Mechanism

The general cause for the production of turbu­
lence in hydrodynamic flow is vortex layers, i. e. 
flow regions with enhanced concentration of vorti- 
city co = V  X V 14. Under normal fluid mechanical 
conditions these vortex layers are generated by solid 
walls limiting the flow field. Their stability depends 
on the amount of vorticity production and on the 
Reynolds number which gives the ratio between 
convection and diffusion of vorticity14. A rather 
general stability criterion is the so called 'inflection 
point criterion', stating that a vortex layer is un­
stable whenever it leads to a velocity distribution 
with an inflection point.

This general argumentation will now be applied 
to the situation in which a gas flow interacts with a 
plasma. It will be shown that this interaction may 
produce vortex layers without solid walls being in­
volved. This fact can be deduced from a slightly 
generalized form of the vorticity transport equation 
which in turn may be derived from the general 
Navier Stokes Equation:

<? + qV  (~2 j -  Q V X ['V  X V]

= -  V p  + i x B - ^ V x [ V x r ] .  (1)
The viscous term in Eq (1) may be partially sim­
plified assuming V ^  = 0 and (7") = const, since 
the following discussion will be limited to large 
Reynolds numbers, i. e. small viscosity effects.

Applying the curl-operation to both sides of Eq. 
(1) one obtains
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In order to demonstrate the essential effects we 
simplify Eq. (2) by specializing to situations in 
which j  x B can be represented by V  (B'2/2 u ) . The 
right hand side in Eq. (2) can then be written:

V(Vp*A?) with p * = p  + B2/2ju
from which

[dco/dt) - V x [ r x w j -  {rj/o)Aco =
(v q 2) [ v q x \ 7 p * ] = w .  (3)

The left hand side of this equation corresponds to 
the well known transport equation of vorticity, the 
first term representing the temporal change at a 
fixed point in space, the second the change by con­
vection, and the third viscous diffusion. On the right 
hand side, however, a new term W appears which is 
different from zero and represents a production of 
vorticity. This production occurs wherever a den­
sity gradient \ /o  subtends a non-zero angle with a 
pressure gradient Vp*-

A very high density gradient VQ is always pre­
sent when a plasma interacts with a cold gas flow. 
The pressure gradient Vp* necessary for vorticity 
production may be generated in different ways, 
namely

(a) by being externally imposed,
(b) by the flow streaming around the plasma,
(c) by a magnetic pressure gradient.

Figure 1 gives two examples for illustration. Figure 
la  shows an arc being stationarily stabilized against 
a cross flow by a transverse magnetic field. Accord­
ing to the last term in Eq. (3) vorticity is here prod­
uced parallel to the arc axis. Figure 1 b shows an 
arc in the axial pressure gradient of a nozzle flow. 
Vorticity is seen to be generated at the boundary of 
the arc with vorticity lines azimuthally surrounding 
the arc.

The fact that vorticity may be produced in a free 
flow is of basic importance for the stability of the 
resulting vortex layers. As a consequence, from a 
fluid dynamic point of view, these vortex layers are 
closely related to free jets or wakes, the hydro- 
dynamic stability of which has been subject to exten­
sive study (Refs.14_18) . It should be noted here 
that free vortex layers always lead to a velocity 
profile of the inflection point type and consequently

Fig. 1. Vorticity production by the interaction of an arc 
plasma column with a gas flow, a) Cross flow arc column sta­
bilized by a transverse magnetic field, b) Axially blown arc 
column in an axial pressure gradient produced by a nozzle.

may become unstable at rather low Reynolds num­
bers Re. Thus, the situation in Fig. la  correspond­
ing to a wake behind a cylinder becomes unstable 
at Re > 50  as related to the diameter of the cylin­
der16. A free jet corresponding to Fig. lb  becomes 
unstable at Re >  10 as related to the thickness of the 
boundary layer 17. This latter case forms the subject 
of this paper and will now be discussed in some 
detail.

As a starting point, the relevant Reynolds num­
bers in our experiment may be roughly estimated to 
be of the order R e~5 104 thus greatly exceeding 
the critical value of Re ~  10. Consequently, the arc 
boundary layer is strongly unstable and should lead 
to turbulent vorticity production according to Equa­
tion (3).

In view of a more intuitive and qualitative under­
standing, this situation may be discussed in terms of 
integral quantities instead of the differential vorti­
city concept. From an integral point of view, the arc 
plasma has a flow velocity much higher than the 
surrounding cold gas flow. It is this velocity differ­
ence which gives rise to the unstable shear layer al 
the arc boundary. As this situation bears close res- 
semblance to a submerged free jet the turbulence 
development should proceed in a way which is quali­



tatively similar to free jet turbulence. The charac­
teristics of free jet turbulence are well known from 
the literature (e. g. Refs. 14~18) and may be resumed 
as follows:

Turbulence sets on with certain modes which are 
found to be the most unstable ones in linear per­
turbation analysis. These modes generally exhibit a 
rather regular pattern. They usually consist of peri­
odic sequences of azimuthal vortex rings which sur­
round the jet in a more or less symmetric way. The 
resulting fluctuations are therefore rather periodic, 
i. e. they exhibit a frequency spectrum of rather 
narrow band type. As the initially generated per­
turbations are convected downstream the flow, they 
decay into finer modes at the same time loosing 
their regular pattern. This leads to a progressive 
broadening of the fluctuation spectrum towards 
higher frequencies. Finally, at a sufficient distance 
downstream from the point of onset, the turbulence 
pattern becomes totally irregular and a state of fully 
developed turbulence is reached.

3. Arc Experiment

Figure 2 shows a simplified diagram of the arc 
device used for our experiment, the details of which 
are described in Reference19. An electric arc is

ignited between two rod shaped electrodes and fed 
with a square current pulse of 1.9 kA amplitude and 
5 ms duration. A supersonic axial flow of nitrogen 
is produced coaxially to the arc by a Laval nozzle 
with a throat diameter of 12 mm and a length of 
100 mm. The gas pressure at the inlet of the nozzle 
is 20 atm expanding down to atmospheric pressure 
at the end and giving rise to a flow rate of 380 g/s. 
Because of the short duration of the experiment, the

flow can be maintained from a high pressure tank 
with quiescent gas and practically constant pressure 
during the current pulse duration. Both the arc and 
the cold gas flow are found to attain stationary con­
ditions after the first 3 ms of the current pulse so 
that a quasistationary situation prevails during a 
time interval of 2 ms.

It has been shown that this experiment does not 
exhibit any of the instabilities mentioned in Sec­
tion 1. Thus, it can be assured that the gas stream­
ing into the nozzle inlet is totally free of turbulence 
as the flow is fed from a volume of quiescent gas. 
This has been checked experimentally by schlieren 
observations of the region in front of the nozzle 
inlet. Secondly, special care has been taken to in­
hibit any magnetic instabilities of the arc column by 
properly dimensioning the upstream flow and elec­
trode geometry. The complete stability of the arc 
column in this region may be seen from the streak 
record in Figure 3 a. Moreover, an interaction be­
tween the arc and the turbulent boundary layer on 
the nozzle wall had to be inhibited. This was 
achieved by properly adjusting the arc radius via 
the current such as to keep a sufficient distance be­
tween the arc boundary and the boundary layer on 
the wall. By computing the boundary layer thickness 
according to 20a it is found not to exceed a fraction 
of a mm even 20 mm downstream of the nozzle 
throat. This fact has been confirmed experimentally 
by schlieren observations 20b.

A compilation of the most important measured 
quantities of the arc, such as temperature, velocity, 
pressure, and electric field strength distributions 
may be found in Refs. 21 and 22.

4. Measurement of Light Emission Fluctuations

The light emission fluctuations of the arc plasma 
have been observed by two experimental methods, 
namely photographies treak records and photo­
electric intensity measurements. The streak records 
yield a general qualitative survey about the struc­
ture and spatial distribution of the fluctuations, 
whereas the photoelectric measurements supply time 
signals that are quantitatively evaluated with respect 
to their statistical characteristics.

4.1. Streak records

Fast streak records of the arc cross section have 
been taken side-on at different axial positions along 
the nozzle axis. For this purpose the nozzle has been 
provided with small azimuthal observation slits and 
quartz windows. A set of typical streak records is



given in Figure 3. From Figs. 3 a and b it is seen that 
the arc is totally free of perturbations from the region 
outside of the nozzle down to the nozzle throat. The 
fluctuations observed further downstream from this 
point (Fig. 3 c — f) can therefore not be introduced 
from outside, neither by the cold gas flow nor by 
some arc instability. Fluctuations of the arc emis­
sion first appear in Fig. 3 c, i. e. some 15 mm 
downstream from the nozzle throat. Consequently 

(I) the axial point of onset of the fluctuations is 
localized somewhere within the first 15 mm 
downstream of the nozzle throat.

Figure 3 c shows that the fluctuations are, at this 
point, predominantly confined to the arc boundary 
whereas they progressively penetrate into the inte­
rior of the arc further downstream (Figures 3 d — f). 
Consequently,
(II) the origin of the fluctuations is located in the 

boundary region between the arc and the sur­
rounding cold gas flow.

The light emission fluctuations possess a rather 
irregular pattern which is strongest in the down­
stream portion of the nozzle. Large scale motions of 
the integral arc as they are known from magnetic 
arc instabilities do not occur. Consequently, the 
observed fluctuations are not produced by this kind 
of instability.

4.2. Photoelectric Measurements

The photoelectric measurement setup is shown in 
Figure 4. Two beams of observation 1 and 2 are 
focused perpendicular to the arc axis to measure 
light emission fluctuations at two axial positions 
separated by a distance Az. The light to be mea­
sured is spectrally filtered by the filters F* and 
sensed by photomultipliers PM. The fluctuating com­
ponents of the multiplier signals are amplified and 
fed into fast digital transient recorders of type Bio- 
mation 610 B, from where they are punched out on 
paper tape for subsequent numerical evaluation by 
a computer. The diameter of the beams of observa­
tion is less than 0.4 mm, i. e. small compared to the 
arc diameter 2R which is typically 5 —10 mm. The 
axial distance Az between the two beams has been 
varied between 3 and 9 mm. The overall frequency 
range of the measuring equipment extends from

* 1000 Ä bandpass filters centered at 4500 Ä. In this spectral 
region, the emission coefficient of the arc plasma is pre­
dominantly determined by continuum radiation.

Fig. 4. Photoelectric fluctuation measurement setup. 1,2: 
beams of observation, F: spectral filters 4000 — 5000 Ä, PM: 

photomultipliers.

50 kHz to 3 MHz. The measurements have been 
made at different positions 2 along the nozzle axis.

It should be stressed that these measurements 
only provide information about the total intensity 
fluctuations along the beams of observation, i. e. 
along the arc diameter. All conclusions drawn from 
these measurements must therefore be regarded as 
averaged across the total luminous plasma column 
diameter.

The statistical properties of the fluctuation signals 
have been evaluated with respect to those quantities 
which have proven valuable for the description of 
turbulence phenomena, namely correlation functions 
and spectral power density distributions.

The space time correlation junction of two fluc­
tuation signals it (t) and i2(t) measured at two dif­
ferent axial positions 2 and z + Az is defined by

(h(z, t) i2(z + Az, t + t) )■<p(Az,r) =

where () indicates time averaging.
Figure 5 gives some examples of the kind of cor­

relation functions obtained from measurements 
taken in the strongly fluctuating arc portion near 
the downstream end of the nozzle. The axial sepa­
rations of the measuring beams are Az = 0 (auto­
correlation function), Az = 3 mm and Zh = 6mm. 
These correlation functions show two distinctive 
properties:

a) For a fixed value of Az, the time correlation 
functions exhibit a pronounced maximum at a time
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Fig. 3. Fast streak records of the nozzle cross sections at dif­

ferent axial positions along the nozzle axis.
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1/\is
Fig. 5. Correlation functions <p(Az,t) measured near the 
downstream end of the nozzle with different axial distances 

Az between the beams of observation.

delay r = r0 which is proportional to the beam sepa­
ration Az. This time delay indicates the transit time 
of the fluctuation elements during their axial flow 
motion across the distance Az. The average axial 
velocity vz of the fluctuation elements may therefore 
be calculated as vz — Az/r0 . The evaluation of this 
relation yields the average axial flow velocity of the 
arc region at different axial positions z as repre­
sented in Figure 6.
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Fig. 6. Axial distribution of average axial flow velocity vz in 
the arc as determined from correlation measurements.

b) The Zlz-dependence of the maximal correlation 
amplitude <p(Az,r0), i.e. the spatial correlation 
function cp{Az) is found to decay monotonously 
with increasing axial separation Az between the 
measuring beams. This behaviour is illustrated by 
Figure 7, the data being obtained in the arc portion 
near the downstream end of the nozzle. The spatial 
correlation function is seen to decay monotonously 
to zero over a length of order l z ~  1 mm. This is 
the axial correlation length and indicates the dis-
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Fig. 7. Spatial correlation function qp(Az) in the direction z 
of the nozzle axis as determined from fluctuation measure­
ments near the downstream end of the nozzle. "kz\ order of 

magnitude of the axial correlation length.

tance overw hich the fluctuation elements preserve 
their identity before they decay. Thus:
(III) the axial correlation length of the fluctuation 

elements is of the order of X2~10mm.
The second important statistical quantity to be 

evaluated from the fluctuation signals is the spectral 
power density distribution S{f) which is defined by 
the squared Fourier transform of the fluctuation 
time signal i (*) :S(f) = F{i{t) }* F{i(i)} or alter­
natively, according to the Wiener formula by 
S(f) =F{cp(0, t)}  where <p(0, r) is the autocorre­
lation function of the fluctuation signal, and F {} 
indicates the Fourier transform operator.

S(f) gives an indication of the intensities, with 
which different fluctuation frequencies are present 
in the signal. As an example the power spectra mea­
sured at three axial positions z along the nozzle are 
displayed in Figure 8. Comparing these spectra, the 
following conclusions may be drawn:
(IV) The spectrum in the region of onset of fluc­

tuations (Fig. 8 a) has a comparatively nar­
row bandwidth and shows a relatively sharp 
decrease towards high frequencies. Towards 
the downstreams end of the nozzle the high 
frequency portion of the spectrum grows ap- 
preciately (Figs. 8 b and c). As an example 
at / = 1 MHz the relative power grows about 
one order of magnitude from the region of 
onset (Fig. 8 a) to the nozzle end (Figure 8 c).

5. Interpretation of the Measurements

In order to demonstrate that the observed fluc­
tuation phenomena are caused by the type of tur­
bulence postulated in Section 2, we shall now show 
that the theoretically postulated characteristics of
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Fig. 8. Fluctuation power spectra S(/) measured at different 
axial positions in the nozzle, a: 15mm downstream of the 
nozzle throat, b: 30 mm downstream of the nozzle throat, 

c: 60 mm downstream of the nozzle throat.

this turbulence are in order of magnitude agree­
ment with the observations. A more quantitative 
comparison will only be possible on the basis of 
more refined, locally resolved measurements which 
will be published in a subsequent paper.

5.1. Onset of Turbulence

According to the arguments given in Section 2 
the present flow configuration leads to turbulent 
vorticity production in the boundary layer between 
the arc and the surrounding cold gas flow. In order 
to determine the point of onset of turbulence the 
axial distribution of the vorticity production term 
w (z) = o~2[ V<? x Vp] in Eq. (3) has to be in­

spected. An approximate calculation of this quantity 
from measured temperature, pressure, and density 
distributions yields the result display in Fig. 9 to­
gether with the nozzle contour R(z). The vorticity

5-10

Fig. 9. Nozzle contour R(z) and approximately calculated 
axial distribution of the vorticity production term w (z) =

r 2[V ?xvp].

production W is seen to rise steeply in the nozzle 
inlet region reaching a maximum in the vicinity of 
the nozzle throat. Consequently the onset of turbu­
lence would be expected around this point. The 
exact determination of the point of onset is, how­
ever, one of the unsolved problems of turbulence 
theory. Until now it is only known that a certain 
delay may exist between the so-called point of indif­
ference, where the flow situation just begins to 
become unstable and the real onset of turbulence. 
The point of onset may therefore be extended some 
distance downstream of the vorticity production 
region, i. e. in the downstream vicinity of the nozzle 
throat. This conclusion agrees with the observation 
(I) in section 4.2.

Another consequence of the vorticity production 
concept is that the turbulence should develop out of 
the unstable boundary layer between the arc and the 
surrounding cold gas flow. This consequence is con­
firmed by the observation (II) of Section 4.1.

As has been pointed out in Section 2, the present 
flow configuration is best compared to turbulent free 
jets. The free jet turbulence results may, however, 
be applied to the present situation only in a quali­
tative manner as the relevant parameters such as 
Mach number, pressure, and density gradients are 
not comparable. Free jet turbulence is known to 
start with disturbances prefering a rather narrow 
frequency band. In the region of onset, the fluctua­
tion spectrum should therefore have a comparatively 
bandwidth. Downstream narrow, however, it should



progressively grow out towards higher frequencies 
due to the decay of the initial perturbations into 
finer turbulence eddies. This behavior is in fact con­
firmed by the measured fluctuation spectra [ (IV) in 
Section 4.2. and Figure 8].

5.2. Fully Developed Turbulence Near the 
Downstream End of the Nozzle

As has been pointed out in Section 2, free jet 
turbulence tends to develop towards a state of fully 
developed turbulence in a region sufficiently far 
downstream from the point of onset. The strongly 
irregular character of the fluctuations near the 
downstream end of the nozzle leads to the assump­
tion that this state has been approximately readied 
at this point.

A broad experimental and theoretical literature 
exists on this special type of turbulence. In view of 
the order of magnitude character of our observa­
tions, we will, however, restrict our discussion to 
order of magnitude estimates which may be derived 
by dimensional analysis23. One of the results ob­
tained in this way is the relation

l z ~ L ~ D

where Az is the spatial correlation length, L the 
macroscale, i. e. the scale of the most strongly ex­
cited turbulence eddies and D the scale of the flow 
field. Comparing the value of l 2~10m m  deter­
mined from the correlation measurements [(III) in 
Section 4.2)], to the nozzle radius i?~10mm , 
which characterizes the scale of the flow field one 
obtains an order of magnitude agreement indicating 
that in fact a state near to fully developed turbu­
lence has been reached.

It would be interesting to extend the comparison 
to the microscale I of the turbulence which gives the 
scale of the smallest eddies as determined by viscous 
dissipation. Dimensional analysis yields:

Z~ (vV'/Av)*1*

Here v = r]/o is the kinematic viscosity and Av the 
variation of the mean velocity across the flow 
field. Taking as rough estimates » '~ lcm 2/s and 
v ~  2000 m/s one obtains fluctuation frequencies 
/max ~ vjl in the 100 MHz range. These are beyond 
the scope of our measurement capabilities, so that 
no comparison can be made.

Resuming the above discussion it may be con­
cluded that the observed light emission fluctuations

are caused by hydrodynamic turbulence which starts 
from the hydrodynamically unstable arc boundary 
layer in the vicinity of the nozzle throat and grows 
towards a fully developed state near the downstream 
end of the nozzle.

6. Influence of Specific Plasma Properties 
on the Turbulence

The previous discussion has been based on order 
of magnitude comparisons and has enabled us to 
understand the basic nature of the observed light 
emission fluctuations in a qualitative way. The 
actual conditions in the arc nozzle flow differ, how­
ever, appreciably from the conditions in ordinary 
hydrodynamic turbulence because of the particular 
properties of the plasma involved. It should there­
fore not be surprising to find strong deviations 
when conducting a more quantitative comparison. 
There is, in fact, some evidence for such deviations, 
and we will discuss now, from a theoretical point of 
view, some effects Avhich may be responsible 
for a specifically different behavior of the turbu­
lence in the presence of a plasma.

The starting point of the discussion is the energy 
balance equation for the turbulent kinetic energy 24, 
which may be derived from the basic fluid dynamic 
equations by dividing all quantities involved into 
average values and fluctuations in the following 
manner:

p = ( p ) + p ',  v = ( v ) + v ,  
v ~  (QV)/{Q) , T= (T) + T

where the quantities in brackets are time averages 
and the primes indicate fluctuations, r is the viscous 
stress tensor. Using the common index notation, one 
obtains:

3 / 1  , A _ /  , 3 p \
3*7 \ T  e " " i / ' i - - \ "  3x7/

OVi (4)/ ' ' \ j I w / ' \

3 /  , l , A /  3«A

In this expression, magnetic forces have been 
neglected. This is justified if the Cowling number 
C = B2/jli q v2 and the magnetic Reynolds number 
Rm = o fjiv L are small compared to unity, a con­
dition that is well fulfilled in our case. Turbulence 
under strong influence of magnetic fields has been 
investigated in Reference 25.



The left hand side of Eq. (4) describes the con- 
vective transport of kinetic turbulent energy with 
the mean flow and the right hand side gives the 
production and dissipation terms. This equation 
has been thoroughly discussed in the literature and 
has been verified experimentally.

We are now going to study how specific plasma 
properties may influence the terms in this equation 
and produce characteristic deviations from ordinary 
hydrodynamic turbulence.

One obvious effect of this kind is the strong local 
variation of the viscous stress r (y-, which is caused 
by the temperature dependence of the viscosity. This 
results in an additional contribution to the third 
term on the right hand side of Eq. (4), which would 
be absent in purely hydrodynamic flow, namely

3/3Xj (v{ ru) .

As has been stated above, viscosity has its main 
influence on the high frequency portion of the tur­
bulence spectrum. Thus, deviations are to be ex­
pected in this spectral region.

The remaining terms of Eq. (4) are all present in 
ordinary hydrodynamic turbulence, too. Deviations, 
caused by the plasma should therefore be sought in 
these terms. A special effect of importance in our 
case, shall be briefly discussed. If an electric cur­
rent is imposed on the plasma, then the conducting 
path between the electrodes must not be interrupted. 
Consequently, all turbulent flow modes which would 
lead to such an interruption are disallowed. There­
fore, contrary to the commonly used colour filament 
experiments in fluids, a 'plasma filament' must be 
kept intact. This effect enters into Eq. (4) via the 
first term on the right hand side.

We shall illustrate the corresponding physical 
mechanism with the example sketched in Fig. 10, 
in which the current carrying arc plasma column is 
shown together with one of the possible vortex rings

Fig. 10. Interaction of an azimuthal cold gas vortex ring 
with the arc column.

in the cold gas flow. This vortex ring is tending to 
narrow the arc column thus causing the electric 
field strength to grow. This, in turn, causes en­
hanced Joule heating, as the imposed current is kept 
unchanged. This enhanced Joule heating then leads 
to a relative movement between the isothermal sur­
faces of the arc and the cold gas flow of the vortex 
which is therefore hindered to push the plasma for­
ward like a fluid of different colour. Whenever this 
relative movement takes place, i. e. when cold gas is 
heated, correlated pressure and velocity fluctuations 
should occur and give a contribution to the first 
term in Eq. (4), which then describes the hindering 
of this motion. This effect is currently being in­
vestigated in our experiment.
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Population densities of atomic hydrogen levels have been calculated for homogeneous stationary 
and diffusion-dominated stationary plasmas. The results show strong overpopulation of the lower 
lying excited states when the actual number density of ground state atoms is larger than the den­
sity obtained for the homogeneous stationary state. At low electron and high ground state densities 
the so-called Boltzmann slope is not further a characteristic quantity for the determination of elec­
tron temperatures, since the slope constant changes with quantum number. — The partial L.T.E. 
condition for diffusion-dominated plasmas is reexamined.

Introduction

Spectroscopic measurements of line emission coef­
ficients made by different authors on wall-stabilized 
arcs operated at relatively high pressures 1-0 and on 
high-temperature magnetically confined vacuum 
arcs 6-8 have shown over- and underpopulations for 
a limited or a large number of quantum states j i) 
when compared with the Saha density n(Saha given 
by the relation

n .Saha — n+ Hc h3
2 g + (2 mc k Te) exp

E j-y E  
k T„

(1)
and when compared with the Boltzmann population 
density njBoltzm- based on the complete L.T.E. as­
sumption. Population densities n; satisfying Eq. (1) 
are said to be in partial L.T.E. The electron tempe­
rature Te of a non-L.T.E. plasma can be determined
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from a Boltzmann plot when only levels i are con­
sidered which are in partial L.T.E. with respect to 
ne and Te (which implicitely means that only elec­
tronic collisions are responsible in populating and 
depopulating these levels). We show in the fol­
lowing that strong diffusion may destroy any pos­
sibility of determining electron temperatures from a 
"Boltzmann plot", since the diffusion effect pushes 
the usual partial L.T.E. condition to so high quan­
tum levels that it becomes impossible to determine 
the slope of the Boltzmann plot with sufficient pre-

General Form of Rate Equations 
and their Solutions

We consider the level system of atomic hydrogen. 
The number density nt of the i-th level (in the fol­
lowing i denotes the principal quantum number) is 
given by the relation

drii/dt +  V ' i^iVi) = (3"i/3f)coll,rad5
£ = 1,2, 3, . . . ,  p (2)


