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Effective Electrical Conductivity and Related Properties
of a Nonequilibrium High Pressure MHD Plasma

G. BREDERLOW* AND K. J. WITTE*
M ax-Planck-Institut fiir Plasmaphysik, Garching, Germany

This paper describes measurements of the effective electrical conductivity, the effective Hall parameter, the
electron temperature and the electron number density made in an argon-potassium plasma over a wide range
of current densities from 1 to 12 amp/cm?, pressures from 2.1 to 8.2 bar and magnetic inductions from L1 to
3.6 Tesla at a gas temperature of 1800 °K and a seed fraction of 0.05%,. The aim of these investigations is to
find out how well the available theories describing the influence of the magnetic field on the plasma properties
mentioned can reproduce the experimental data. The measurements showed that in the entire parameter range
investigated the theory based on a quasilinear analysis of plane ionization waves and also a semiempirical
model agree with the experiment within the measuring accuracy as far as the effective electrical conductivity,
the electron temperature and electron number density are concerned.

1. Introduction

HE coupling between the current density and the electron

density in a rare-gas-alkali plasma is the reason why it is
not possible under MHD generator conditions (crossed electric
and magnetic fields) to obtain a stable plasma configuration
above a certain critical Hall parameter. Such a plasma is then
subject to the discharge structures known as streamers, within
which ionization instabilities develop. As outlined in more detail
in Ref. 1 the streamers can be considered as zones of elevated
current density compared with the corresponding uniform
plasma, which are oriented parallel to the mean current direction
and are caused by inhomogeneous boundary conditions (seg-
mented electrodes). They are therefore a phenomenon different
from the ionization instabilities which are a pure volume effect.
Whereas the ionization instabilities reduce the effective electrical
conductivity and lead to saturation of the Hall parameter, the
streamers do not impair the plasma properties at least in the
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pressure range of p~ 1 bar investigated so far.?2 To ensure
sufficient accuracy in calculating the performance of a generator
in those parameter ranges in which it will have to be operated
later in nuclear power stations, an essential requirement is to
know the scaling laws for the effective electrical conductivity.
For this reason the effective electrical conductivity was experi-
mentally determined for various gas pressures, current densities
and magnetic inductions. These results were compared with
theoretical values to check which of the various theories
describing the influence of ionization instabilities on o5 best
approximates actual conditions. This comparison was taken
further by making, at a constant gas pressure, spectroscopic
measurements of the electron temperature and electron density
as functions of the current density at various magnetic
inductions.

Another question of interest here was whether the influence
exerted by ionization instabilities on the effective electrical
conductivity can be reduced by the streamers when the gas
pressure is increased. This is because the extent of the streamers
could be decreased on elevation of the pressure since the
characteristic length .describing the smallest region in which
sharp gradients in the plasma properties can form decreases
with rising pressure. In the streamers the current density and
hence the degree of ionization as well could then increase. If
the latter reaches the region of full ionization, it is to be
expected that the influence of the ionization instabilities on the
effective electrical conductivity will be reduced.
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II. Theory

This section gives a brief description of the theoretical
model used for calculating the dependence of the electrical
conductivity, electron temperature, and electron number density
on the current density to be compared with the corresponding
measurements. The basic quantity of interest is the effective
electrical conductivity and also the effective Hall parameter
defined by

O = [KD K CEX],  Ber= [<E*> /KE*>|]
{j> is the current density vector, (E*) the electric field vector
(V x B part included). (E*), is the component of (E*)
perpendicular to {j) and (E*) the component.of (E*} parallel
to ¢{j>. The notation {...)> means an instantaneous average
over space.

In order to simplify the analysis, three assumptions frequently
used are made. Firstly, over the part of the duct where the
measurements are made, the properties of the heavy gas
particles (argon atoms, potassium atoms, and ions) are uniform
in space and stationary in time so that only the electron gas
need be considered. Secondly, the plasma is uniform in the
direction of the magnetic field so that only variations in the
plane normal to this direction are possible. However, it was
found in Ref. 1 that there exist structureless, randomly distri-
buted inhomogeneities along the magnetic field lines if the
magnetic field is larger then the value beyond which ionization
instabilities occur. But there is some evidence (see Sec. V) that
these inhomogeneities do not seriously affect the plasma
properties so that for the sake of simplicity one may disregard
them in the theory.

Thirdly, the plasmz behavior is such that at each point in
space and at every moment the fiee and valence electrons are
in equilibrium at the electron temperature. Under these con-
ditions the relations needed are the spatially averaged Saha
equation, the spatially averaged energy equation, an equation
relating the effective electrical conductivity to the spatially
averaged electron temperature, electron number density, and
spatially averaged Hall parameter. All the averages are instan-
taneous averages over space (indicated by brackets {--->) and
should be performed over a volume large compared with the
3rd power of a characteristic length scale of the plasma inhomo-
geneities. In this case the average values are practically
independent of time as long as the total current flowing
through the plasma does not change. When we write for the
electron number density

N8 =N{1+N[r 1)}
where r is a vector with the components x, y, z and N, a
constant average value then—because of the assumption of a
large integration volume—it holds

{N(x, 1)) =~ N, = const
so that
N(r ) =dNJ{1+N 0}, <N,>=0, but (N2)#0

Similar relations are valid for the electron temperature 7, and

the other plasma properties.
In each point of space the Saha equation reads

Nr0) = =3+ G+ NS

m, kT(r, )\ 2 g
fs:( 2mh? ) exp{“ KT, z)}

Here N,° means the total number density of potassium atoms,
m, the electron mass, k Boltzmann’s constant, h Planck’s
constant and ¢; the ionization energy of potassium. Carrying
out the averaging procedure

(N = =3I+ +NIHYD
by using the relations for N, introduced above we arrive at
(N = NLT){1+ (T}
where higher order terms in 7, have been neglected. The factor
a is about 30 at (T,> = 3000°K and becomes lower with rising

where
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T,. According to the known fluctuation measurements (7,2 can
be approximated by the value <0.001 so that in the current
density range of interest we obtain with an accuracy of at least
3%
(N =N (D)) = —f KT 2+ KT +f(KT)N L]
(1

In the case of the energy equation

[<>*/0un] = CE>+<{Eg) (04
similar considerations lead to the result that the elastic losses
and the radiation losses can also be calculated by using only
the average values (N>, (T, etc,, and neglecting the contribu-
tions arising from higher order terms like ¢(7.2), (N,*) or
(LN

CEy) = 3k(N YTy =T)(vym,/m,
(Eg) = 2n(h+d)/hd{B,(KT,))— B(T,)} Ak
with
T, = T,~300°

Here T, means the gas temperature, (v} the average collision
frequency, m, the mass of an argon atom, 4 the duct height,
d the extent of the duct.in the direction of the magnetic field,
B, Planck’s function, and T, the wall temperature.

For the same reasons as previously mentioned the average
collision frequency (v} can be approximated by

> = @k /mm)' 25N, Q. (KT D)+
NS —NJQ, KT +INHQ, (KN, (T}

where N, is the number density of the argon atoms and the
Q._, the velocity averaged cross section. Q, , was determined
with the data from Ref. 9. In the electron temperature range of
interest 2000 < (T,> <4000°K it can be obtained from the
relation

0, (KT)) = ~029+042:10 (T,> [A*], <T,> in [’K]
The electron-ion collision cross section Q, , was calculated
according to the formula'?

2.96-10*° L (KT3\Y) . 5

0. (N (T = " m{1.24 10 ( <Ne>> }m [A%]
with (T, in [°K] and N, in [m™*]. In the electron tem-
perature range of interest, 2200 < (T,> < 3600, the electron
potassium cross section Q, . can be approximated by

Q.- (KT)) = 360—58-10"°CT,> in [A?], (T,> in [*K]
This formula was derived from the results for Q,_ (<(T.)}
obtained by Raeder,!! whose calculations are based on the
theoretical investigations!?!* and which agreed satisfactorily
with the experimental data.!*!3

The formula for the radiation loss E; was taken from Ref. 8.
The quantity AA can be considered as measure of the line
width and is given by

Ak = (25+10%)(p,/p,")"*

where ¢ is the seed fraction, p, the gas pressure, and p* a
reference pressure, in our case 1 bar.

Finally, we present the various equations relating the effective
electrical conductivity to the spatially averaged values of the
electrical conductivity {¢) and the Hall parameter ()

e T
O iy R4 (3b)

e =1 <o) fl;'; (Ref. 5) 9
« %% (34)

%o L%;]mvalid for By 2 P {g::i 2 50)
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Again {¢) and {f) can be approximated by
() = (€N /m ) [T, {BY), (B> = (eB/mv})

where e is the electron charge and B the magnetic induction.
The calculation of {¢) had to allow for the fact that in a
plasma with collision cross sections dependent on the electron
energy the value of (o) decreases if a transverse magnetic field
is applied. This influence is accounted for by the factor
f(B>, LT,). This reduction factor was calculated for the present

conditions using the Frost-Schweitzer-Mitchner rule as described

in Ref. 16.

In Egs. (3a—¢) B is the critical Hall parameter beyond
which the plasma becomes unstable and g, is a logarithmic
derivative

dInE, S\M2 _dne
P =\ amN 5%, ™) T an i,

When the plasma is stable (8 < B.i) 0.5 becomes equal to
{6y and the effective Hall parameter equal to the spatially
averaged {f). Because there is no difference between the
microscopic and macroscopic quantities in this case the notation
{--+) can also be omitted.

The first two expressions for the effective electrical conduc-
tivity Eqgs. (3a) and (3b) were obtained from a quasilinear
analysis of plane ionization waves with the assumption of small
fluctuations in N,. The different results arise from a different
linearization procedure which in Ref 3 finally leads to an
underestimation of the dissipation losses caused by the ioniza-
tion instabilities as will be shown later. It comes from a
different choice of the position of the coordinate system relative
to the plasma striations. Whereas in Ref. 4 the striations are
always perpendicular to the x-axis, in Ref 3 the averaged
current density <j) coincides with the x-axis. The latter choice
has the consequence that the perturbation current is no longer
a linear function of the other perturbation quantities; mixed
terms appear which can only be removed by making the addi-
tional assumption of square waves which is not a necessary
assumption in Ref. 4 in order to arrive at the formula Eq. (3a)
for the effective electrical conductivity.

For a highly unstable plasma ({(f) > B.) consisting of “two
phases” whereby the volumes occupied by the phases are equal
and their locations are random an exact calculation of the
effective electrical conductivity was carried out in Ref. 5 yielding
Eq. (3¢). Because the mean square value {6?) of the fluctuations
in o enters the calculation of B4, but cannot be determined
from Dykhne’s theory and has therefore to be taken from
experiments, Eq. (3c) can only be checked by simultaneous
measurement of o5 and f. Because it was not possible in our
experiment to measure f.z with an accuracy such as would
have allowed a check on the applicability of Eq. (3c) we
made no attempt to investigate Dykhne’s model any further.

Equation (3d) can be formally derived from Egs. (3a) and (3b)
by assuming a Coulomb collision dominated plasma (o, ~ 0),
but Eq. (3d) can also be considered as a semiempirical descrip-
tion of the dependence of g4 on the spatially averaged plasma
properties, valid also for a slightly ionized plasma. Equation (3e¢)
was derived by assuming a model of the discharge pattern
which consists of two orthogonal families of equidistant parallel
striations oriented at 4+ /4 to the vector of the mean current.
The quantities o, and f, refer to a stable, ie., ionizational
fluctuation-free plasma having a uniform current density just
equal to the average current density in the unstable plasma
under investigation. g, and S, are not equal to {¢) and (8.
Because at the same current density the electron temperature in
the stable plasma is smaller than in the unstable plasma
6, < (o) and f, < {#> holds. We have calculated ¢4 according
to Eq. (3e) in its range of applicability , = 58 ~ 7 and found
good agreement with the values obtained from Egs. (3a) and
(3c). This result allows a restriction of the following considera-
tions on the Egs. (3a—).

When o5 is plotted vs (j>, a different curve is obtained
for every value of the gas pressure p, and magnetic induction
B. All these curves, however, can si)e combined in one by
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assuming a slightly ionized plasma whose effective electrical
conductivity is described by Eq. (3d), and in which the radiation
losses can be neglected relative to the elastic losses. Under
our experimental conditions this situation is largely present.
First it follows from Eq. (3d) that at constant seed fraction
and gas temperature

o = [(p,)""*/Blg,(KT.))
where B is assumed to be independent of the gas pressure
P, Inserting this relation in the energy Eq. (2) yields

Gy = [pAB)"*]g,KT.>)
g, and g; are two functions that depend only on the electron
temperature and on nothing else. This means, however, that
only a single curve is obtained for every value of the pressure
p, and magnetic induction B when the reduced electrical con-
ductivity .4 B/(p,)"/* is plotted vs the reduced current density
UGB,

III. Experimental Conditions and Apparatus

The measurements were made in the generator duct of a
simulated Faraday-Type MHD generator operated with an
Ar-K mixture. The gas temperature was T, = 1800°K, the pres-
sure in the range 2.1 < p, <82 bar, the mass flow rate 73-82
g/sec, the average flow velocity 50 < V < 240 m/sec, and the
seed concentration C = 0.05%K. A transverse magnetic field
with an induction of up to 3.6T was applied.

The current was sent through the plasma transversely to the
flow direction. It was caused by external electric fields applied
separately to the individual electrode pairs in the direction of
the v x B emf. The duct was made of Al,O,, the cross section
being 20 x 30 mm? and the length 100 mm. Thirty-two circular
electrodes 1 mm in diameter with periodicity intervals of s =3
and s = 6 mm were used. To keep the relaxation length short,
four specially arranged electrodes were placed in the entrance
region of the duct (Fig. 1). Periodic conditions could then be
achieved 30 mm downstream from the inlet region.

1IV. Measuring Methods and Data Reduction

a) * Effective Electrical Conductivity and Effective Hall Parameter
The effective electrical conductivity o4 and the effective Hall
parameter fi; were calculated from the electric field vector
(E*>=<E)+<{v)> x B and the current density vector {j>
according to Ohm’s law
Oeff = aapp(l + tg"r'ﬁeﬁ)
Ber = (Balpp+ tgy)/(1— ﬂapp tgy)
G = Gy(1+0.5tg%y)
where the definitions
Oapp = <]y>/(<Ey> +UB)
ﬂapp = <Ex>/(<Ey> + DB)
tgy = G/,
have been used. y is the average angle which the current density
vector forms with the y direction in the region of the probes.

NS N

P23 window T
. - Ale oo -
insutator Vg 8o o e|(Probes OB:; 30 mm
cle o a( l

YLL\ \ 41203

x 100 mm —————f

Fig. 1 Diagram of the measuring duct.
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y was determined from the direction of the streamers,! which
coincides with the current direction. The orientation of the
streamers was obtained from image converter pictures made
simultaneously with the probe measurements in the direction
of the magnetic field lines through a window in the side wall
(Fig. 1). y was usually in the range 3° <7y < 12°, the value
increasing with decreasing current density and, to a less extent,
with increasing magnetic induction. This way of determining y
is not very precise, the accuracy being of the order of +25%.
This has a strong effect on the magnitude of S a far less
pronounced one on the magnitude of o4 and an almost
negligible one on the magnitade of ;).

At pressures above 3.8 bar no image converter pictures were
taken. In this case it was assumed that the current direction
for equal {#) and ¢ is the same as under those circumstances
where the direction of {j) could be read from image converter
pictures. This assumption looks reasonable in view of the fact
that the relaxation effects should not change dramatically because
of two counterbalancing effects, the one being the decreasing
gas velocity (the mass flow rate stays constant) and the other
the decreasing electrical conductivity.

{E,> and {E,) were determined from the probe signals as
an average value over 6 Faraday voltages (Fig. 1, Al-Bl,
A2-B2, A3-B3, B1-C1, B2-C2, and B3-C3) and four Hall voltages
(A1-A2, A2-A3, C1-C2, and C2-C3) divided by the correspond-
ing distance of the probes between which the voltage was
measured. They were simultaneously recorded together with the
current I, and the magnetic induction B. In the case of <E >
the mean square root deviation from the average values was
19 at B=0, and 4% at B> 0, and in case of (E_ > 2%. The
vx B emf was derived from the probe signals under open
circuit conditions. This value was checked with the result which
was obtained from a separate measurement of the magnetic
induction B and the gas velocity v calculated from the simul-
taneously recorded values of the mean flow rate, the static gas
pressure and temperature. Within the experimental accuracy
both methods yielded the same result.

The current density <j,> was determined from the total
current I, (averaged over the five electrode pairs in the region
of the probes) and the cross-sectional area F = sd, s being the
electrode pitch. Because there is no current flowing in the
boundary layers along the side walls, the effective area Fq is
smaller than F. According to Ref. 8 we have assumed F.q=
(0.9540.02)F. The error margins of the current density
{j> =I/Fq are essentially due to this uncertainty regarding
the thickness of the boundary layer because the variations of
I, over the electrode pairs considered were less than 19,

To sum up, the following error margins can be given: a) effec-
tive electrical conductivity o.4: +5% at B=0, +8% at B> 0,
b) effective Hall parameter B.4: +15%, and c) current density

Gy x3%

b) Electron temperature

The electron temperature was derived from the measurement
of the potassium resonance radiation (4, = 766.5 nm). For this
purpose the opening in the side wall for allowing image con-
verter pictures to be taken was covered with an Al,O, plate
which for this measurement was provided in the center with
an aperture having a diameter of 2.5 mm. The radiation
escaping from the plasma through this aperture was focused
on the entrance slit of a monochromator with a bandpass
between 2 and 10 A, which isolated the potassium resonance
radiation from the remainder of the spectrum. The radiation
leaving the monochromator was fed into a photomultiplier tube
whose output was displayed as a function of time by means
of an x-y recorder. This quantity can be considered as a relative
measure of the potassium resonance radiation and—as will be
shown later—also of the electron temperature averaged over
time and the area of the aperture. When the average over time

1
[T, =—f T, ) de

tsO
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is carried out over a time scale f, much larger than the one
pertaining to the ionization instability as it was in our case
then because of T,(r,t) = T,{1+ T.(r, 1)} and (T,) = T, it holds
{T,> =[T.]. When the radiation of the central regions of the
potassium resonance lines, to which the plasma is optically
very thick, is used for the measurement of the electron tem-
perature, pure argon had to be blown in through the viewing
aperture to remove the absorbing potassium from the colder
boundary. The fiow rate of argon m, to be blown in was
found by investigating the intensity I, as a function of the
wavelength 4. When ni, was about equal to or larger than
1 gr/s the effect of self-absorption disappeared and the maximum
of the intensity was in the line center, as is expected in the
absence of electron temperature gradients (isothermal plasma).
The measurements were also made in the line wings, to whose
radiation the plasma is transparent. In this case no purge flow
is necessary, at least in principle. Within the experimental
accuracy equal results were obtained for the electron tem-
perature. This agreement confirms our conclusion that with a
sufficiently strong purge flow the plasma can be considered

_ as almost isothermal with regard to the electron temperature.

Assuming an isothermal plasma, the resonance radiation
intensity I , emitted by the plasma through the aperture can
be derived from integration of the radiation transport equation,
thus yielding

LA=LYT,)exp(—o,dfcosd)+ 1,7 ~ I,F =

B(T){1—exp(~a,d/cosp)}t  (4)
The total radiation consists of the two contributions, wall
radiation I,% exp(— «, d/cos ¢) (wall opposite the aperture) and
plasma radiation I,. Because the wall temperature T, is much
smaller than the population temperature T, we neglect the wall
radiation compared with the plasma radiation. d is the duct
width and ¢ the angle between the normal of the aperture
(direction of B) and the ray considered. Since the absorption
coeflicient «, is practically independent of T,, the plasma emits
like a black body as regards the temperature. It was shown in
Ref. 17 that under our experimental conditions the population
temperature T is practically equal to the electron temperature.
The energy flow E (energy per umit time) received by the
photomultiplier tube and displayed on the x-y recorder can be
obtained from Eq. (4)

2
E= nFA&Bm(n)f (1—e %) di = const By (T (9)
A1

where use has been made of the fact that here ¢ is a small angle
and Planck’s function has been set constant in the integration
interval and equal to the value determined at 4, = (4, +2,).
F , is the area of the aperture and ¢ the half-apex-angle of the
cone into which the radiation considered is emitted. ¢ is given
by the characteristics of the optical system used. 4, and 4, are
determined by the adjustment of the monochromator. Equation
(5) allows a direct evaluation of the electron temperature (T,
if (T,) is known for one value of the energy flow E. The
necessary calibration was done at high current densities without
a magnetic field by assigning the calculated electron temperature
to the energy flow E measured at the respective current density.
The data thus obtained were checked by measuring the energy
flow at (j> =0 and comparing the corresponding population
temperature with the temperature measured with a thermocouple
((T,> =~ T,). The error margins are larger at lower electron tem-
peratures than at higher ones, but should not exceed +35°K.

2

¢) Electron Number Density

The measurement of the recombination continuum was used
to determine the relative change of the electron number density
(Ne>[ 5>0/<N.>|s=0 at constant current density. Here the nota-

+In deriving Eq. (4), «, has been assumed constant along the
integration path, thereby neglecting the influence of the gas tem-
perature T, on o, by means of the line shape, which is permissible in
our case because the variation of T, across the duct is less than
20%.
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Fig. 2 KEffective elecirical conductivity as a function of the current
density at various magnetic inductions (p = 8.2 bar).

tion denotes an average over the area of the aperture and time.
The experimental setup was the same as the one used for the
measurement of the electron temperature. The monochromator
was adjusted at a center wavelength 4 = 440 nm with a band
pass of AZ=2 nm at half-intensity. In this wavelength range
the radiation emitted by the plasma is essentially due to the
transition free —?P, , or frec —2P,,, the contributions from
free to excited states of higher order no longer being of impor-
tance at this wavelength.

The photon energy emission coefficient J, (energy per unit
time, per unit volume, per unit wavelength, per unit solid angle)
can be expressed as

_@ake ( m, P 2rhe, (1 1N} N2
L=a= " mr) PV kT A ){) ;. ©

In deriving this equation a Maxwellian electron distribution
function has been assumed!® and also that the cross section Q
for the transition considered is given by the relation Q = a/v?
where v is the electron speed. A, = 454 nm is the wavelength
below which the continuum radiation considered starts. Because
the plasma is optically thin to this radiation the radiation
transport equation can be integrated without taking the absorp-
tion into account. The intensity I,# released by the plasma
through the aperture is then

IA=1L"T)+1,7 =¢,B,(T)+J,d/cos ¢ (7
Here the boundary condition I,”(T,} = ¢, B,(T,) has been used,
where ¢, is the emissivity coefficient of the Al,O, wall. d and

¢ have the same meaning as in Sec. IV.b. Similarly, the energy
fiow E received by the photomultiplier tube is given by
E=E,+E, =nF ,§*AMI,"+1,) (8)

A numerical calculation of E with the constant a taken from
Ref. 18 and the assumption acwum & Gporssium TEVEAls that at low
current densities (j) ~ 1 A/cm? the wall radiation E_ and the
plasma radiation E_ are of the same order of magmtude
Because we are onfy interested in E_, but not in E,, its
contribution given by the photomultlpfler output at ¢ _]> 0
(the plasma radiation is then negligible) has to be subtracted
from the total radiation E.

From Egs. (6) and (7) the ratio (N, ),. ,/{N,>g_o can be
expressed as

(NDpso <<T;’>B>o\)”2 <<7;>B>o)3"‘

Nop-o \IDpm0/) \(TDpco
1 1
81
e""( [<T>M <T>D )
where
2nhe;, 1 o
Ty = TG—:{L)“SOOK (8b)

In Eq. (8a) contributions due to fluctuations in T, have been
neglected because they are small. At constant current density the
electron temperature is higher in an unstable plasma than in a
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stable one owing to the influence of ionization instabilities
caused by applying an external magnetic field. As will be shown
later, {T,>y., (see Fig. 6) will not exceed (T,)>,_, by more
than 109, for all the cases investigated (at constant current
density). In Eq. (8a) we may therefore approximate the value of
the terms containing the electron temperature by 1 so that
together with Eq. (8)

<]> = const : <‘Ne>B> 0 ~ <<11P>B>'0>1/2 — <(E_ Ew)B> 0>1/2
. . <Ne>3=o <IAP>B=0 (E_EW)B=0

The resulting error of the relative change of the electron number
density due to this approximation is less than 109,

V. Discussion of the Results

a) Effective Electrical Conductivity

The effective electrical conductivity was measured at pressures
of 2.1, 3.9, 6.9, and 8.2 bar and magnetic inductions of B == 0, 1.1,
2.35and 3.55 tesla in the current density range 1 to 12 amp/cm?.
At B = 0 there was always good agreement between theory and
experiment. The measurements showed that in the entire pressure
range there are no essential differences in the shapes of the curves.
Therefore, as-a typical example only the conductivity curve
recorded at p = 8.2 bar is reproduced here (Fig. 2). The various
test points with their margins of error are drawn for the various
magnetic inductions. The solid curves represent the conductivity
values calculated with Eq. (3b) according to Solbes’ theory* for
the various magnetic inductions (B = 1.1, 2.35 and 3.55 T). For
B = 3.55 T, the curves calculated with the expression given by
Riedmiiller® for o [Eq. (3a)] and with the relation ¢.4/{o) =
Bei/<B> Eq. (3d) are also given. In all cases (o), B, and
{B> have been calculated according to the formulas given in
Sec. II. For the sake of clearness in Fig. 2 the curve correspond-
ing to Eq. (3¢) has been omitted because it lies between the
curves representing Egs. (3b) and (3d). Whereas the values
obtained with Egs. (3b, 3d, and 3e) closely approximated the
measured values both here and in the other pressure ranges
investigated, the curves calculated with Eq. (3a) always exceeded
the experimental values. This is in agreement with the results in
Ref. 2, where the current-voltage characteristics of the generator
calculated with Solbes’ formula Eq. (3b) and Eq. (3d) reproduced
the experimental data reasonably well, whereas Riedmuiller’s
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Fig. 4 Effective electrical conductivity as a function of the pressure at
various magnetic inductions and current densities.

formula Eq. (3a) always overestimated the generator
performance.

At low magnetic induction (B = 1.1 T) and relatively high
pressure the Hall parameter was lower than the critical value.
Tonization instabilities therefore did not yet occur. The effective
conductivity is nevertheless below that without magnetic field,
this being due to the fact that in an argon-potassium plasma
the scalar electrical conductivity is reduced when a transverse
magnetic field is applied. In Fig. 3 the reduced effective electrical
conductivity is plotied as a function of the reduced current
density. The solid curve represents the values calculated with
Eq. (3d). Here only the experimental values at which the Hall
parameter was higher than the critical value are given. It can be
seeén that in the entire current density, pressure and magnetic
field ranges investigated the experimental values practically
coincide with those calculated. This proves that the influence
of ionization instabilities on the effective electrical conductivity
can be theoretically determined in very good approximation
even when the individual parameters are varied over wide
ranges.

To demonstrate the dependence of the effective electrical

- conductivity on the pressure, it was plotted as a function of the
pressure for various current densities and magnetic fields (Fig. 4).
The solid curves represent the values calculated with the relation
(3b). It can be seen that in the unstable region o, decreases only
slightly with increasing pressure. This is because the Hall para-
meter becomes smaller with rising pressure. In the entire pressure
range the experimentally and theoretically determined values of
the conductivity were practically in agreement. But this result
should also be viewed in terms of the fact that the gas pressure
p, the gas temperature T, and the magnetic induction B, which
all enter the théory, have to be the same as in the measurements.
But these quantities are known only within certain limits. For
p, the accuracy is +5%, for T, +50°K or +3% and for
B+0.1 T In principle, the seed fraction should also be taken
into account, but the plasma properties are not very sensitive
to small changes in this quantity.

Finally, reference is made to the consideration expressed in
the introduction that because of the decreasing extent of the
streamers with increasing pressure there might be a possibility of
getting such high current densities in the streamers that the seed
becomes fully ionized, that is the fine structure of the streamers
caused by the ionization instabilities disappears. This should
then have an advantageous effect on the electrical conductivity.
However, the experimental results did not confirm this con-
clusion. This means that the streamers had not become thin
enough or the current dénsities not high enough, or that when
the streamers become too thin to allow a fine structure to be
built up they disappear and the discharge pattern is only
governed by the ionization instabilities. Although the image
converter pictures taken at various gas pressures up to 3.9 bar
prove that at equal Hall parameter and current density the
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streamers become thinner with increasing gas pressure this
information is not sufficient to answer the question raised.

In this context is is also interesting to point out that the
good agreement between the quasi-linear theory of Solbes and
the experiment over the entire pressure and Hall parameter
ranges investigated, where at the lower pressures the discharge
pattern used in the theory because of the omission of the
streamers is certainly different from the one actually occurring,
seems to indicate that the value of the effective electrical conduc-
tivity is not very sensitive to the form of the discharge pattern.
This conclusion is further supported by the fact that taking
Dykhne’s model, which assumes quite a different discharge
pattern (randomly distributed zones of high and low current
densities) compared with the quasi-linear theory, and putting
Besr = Borir, which is a reasonable assumption (see Fig. 5), yields
the result of the semiempirical expression Eq. (3d) for g4 which
is in good agreement with the theory. Furthermore, Eq. (3¢) in
its range of applicability §, = 7 also coincides reasonably well
with the experimental data, whereby the discharge pattern used
(two orthogonal families of equidistant parallel striations
oriented at 4 /4 to the mean current direction) is different from
the ones employed by Solbes or Dykhne. These considerations
indicate that the initially mentioned inhomogeneities along the
magnetic field lines should not have a serious influence on the
plasma properties such as the effective electrical conductivity
or electron temperature or electron number density.

b) Effective Hall Parameter

As already pointed out, the measurement of f.q is not very
precise mainly because of the difficulty in correctly determining
the value of the angle y. For comparison with the theory a case
with a small value of y is best suited because the influence of y
on B is then less pronounced. This condition is met at high
current densities. In Fig. 5 a value of 7 amp/cm? has been
chosen for {J), which corresponds to a value of y of 5°+1°.
The error margins for . which are not given in Fig. 5, are
+10%, In the stable region ({(f)> < fi;; B =1.1T) the agree-
ment between theory and experiment is reasonably good, that is
within the experimental accuracy. In the unstable region the
qualitative behavior regarding the dependence of f.¢ on the gas
pressure and the magnetic induction is similar, but the absolute
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values for fi.x disagree to an extent which cannot be explained
on the-basis of the error margins. This disagreement is not in
contradiction to the results of Ref. 4, where theory and experi-
ment coincide surprisingly well. The reason for the good agree-
ment in Ref 4 is the fact that f.,, which is an important
parameter in calculating fB.; was not taken from the theory,
but was chosen such as to give the best fit to the experimental
data considered using values for B between 1.9 and 2.7,
whereas S according to the theory is lower, about 1.4.
How the magnitude of S affects the magnitude of f.; can
best be seen from the limiting case {f> > 1, where f g according
to Ref. 4 is given by

ﬁeff x~ (O'N2+Bcrit2)”2—-1

A possible explanation for the discrepancy between theory
and experiment regarding the absolute value of S.¢ could be the
fact that the actual discharge pattern is more complicated than
the one used in the theory, as already pointed out in the foregoing
section. For an axial discharge it was shown in Ref. 19 that the
striations, originally straight as assumed in the theory, become
wavy owing to the influence of the boundary conditions when
{B> exceeds B by a factor of roughly 2. In a transverse
discharge the presence of the streamers makes the discharge
structure different from the one investigated in the theory.
Considering our results, it looks as if the effective electrical
conductivity is less sensitive to the form of the discharge
pattern than the effective Hall parameter. In this context the
inhomogeneities along the magnetic field lines could also play
a role.

c¢) Electron Temperature and Electron Number Density

The electron temperature was measured as a function of the
current density at a pressure of p = 2.2 bar and various magnetic
inductions (Fig. 6). For B = 3.25 T the curves calculated with
the relations Eqs. (3a, 3b, and 3d) are plotted, whereas for
B =0 and 1.6 T only those values obtained with Eq. (3b) are
given. For the same reason as in the case of the effective
electrical conductivity (Sec. Va) the curve representing Eq. (3¢)
has been omitted in Fig. 6 and also in Fig. 7. Within the
given margins of error the experimental values agree with those
calculated with all four relations [Egs. (3a, 3b, 3d, and 3e¢)]. In
keeping with the tendency observed in the conductivity values,
however, the results obtained with Eq. (3a) deviate most from
the experimental values. As expected, at constant current density
the electron temperature is in the unstable plasma larger than
in the stable plasma, the maximum difference being about 109
in the cases investigated here.

In the curves showing the relative electron density elevation
due to ionization instabilities (Fig. 7) the values calculated with
Egs. (3b, 3d and, 3e) are again in good agreement with those
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Fig. 6 Electron temperature as a function of the current density at
various magnetic inductions (p = 2.2 bar).
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Fig.7 Normalized electron density as a function of the current density
at various magnetic inductions (p = 2.2 bar).

measured, as can be seen in the curves for B = 3.25 T, whereas
the curves obtained with Eq. (3a) are outside the reglon defined
by the margins of error. The curves derived from Eq. (3b) are
plotted for B = 0.8, 1.6 and 2.4 T These agree with the experi-
mental values within the measuring accuracy. The electron
temperature and density measurements thus also confirm that
the relations Egs. (3b, 3d, and 3e) describe the experimental
conditions in good approximation, whereas the relation Eq. (3a)
yields too high values of the effective conductivity at too low
electron densities and temperatures. In the model on which
Eq. (3a) is based the dissipation losses due to ionization
instabilities are thus too low.

Summary

The question which of the available theories treating the
influence of ionization instabilities on the various plasma
properties describes the actual conditions in best approximation
has been investigated.

It was found that Solbes’ theory based on the quasi-linear
analysis of plane ionization waves can reproduce the experi-
mental data of the effective electrical conductivity, electron
temperature, and electron number density within the measuring
accuracy although the discharge pattern used in the theory is
different from the one actually occurring because of the presence
of the streamers. This seems to indicate that these plasma
properties are not very sensitive to the form of the discharge
pattern. The case is different, however, with the effective Hall
parameter. Its measured value was about 309 larger than its
theoretically calculated value. '

Using the semiempirical expression ¢.4/{6)> = f.;,/<{S> or the
formula o.5/0, = [Beir/(2)'*B,]''* as employed in Refs. 6 and 7
in its range of applicability f, 2 58 ~ 7 for the reduction of
the effective electrical conductivity, it was also possible to achieve
good agreement between theory and experiment regarding the
effective electrical conductivity, the electron temperature and the
electron number density. Moreover, by assuming a slightly
ionized plasma in which the radiation losses can be neglected
relative to the elastic losses the relation o.4/{c ) = f..ii/<f) allows
a reduced representation according to which all the different
curves obtained for the effective electrical conductivity in the
entire current density, pressure and magnetic field ranges
investigated can be combined in one curve. The corresponding
reduced experimental data lie on this curve.

The model suggested by Riedmiiller slightly overestimates the
actual effective electrical conductivity and consequently under-
estimates the rise of the electron temperature and electron
number density caused by the ionization instability. This result
comes from a different linearization process compared with
Solbes’ theory what finally results in an underestimation of the
dissipation losses due to the ionization instabilities.
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