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In order to investigate some properties of a medium with a low number of particles in a Debye 
sphere, the electrical conductivity of high-pressure ionized Argon has been measured. A special 
emphasis is laid on the so-called "non-ideality" effects in the collective behaviour of charged 
particles. A kind of threshold for these effects is observed at » d ^ 4. The observed asymptotic 
behaviour of the screening parameter indicates that heavy charged particles have the same 
influence on the screening mechanism as electrons. The experimental values of the electrical 
conductivity are in excellent agreement with similar recent measurements. 

Introduction 

The basic property of ionized gases at pressures 
exceeding the atmospheric pressure and at tem-
peratures of the order of 1 eV is their nonneutrality 
in ranges equal to the corresponding Debye length. 
However the number n-Q of charged particles in a 
sphere with a radius equal to the Debye length /"d 
is not much greater than unity in this case and the 
condition which a gaseous medium should satisfy 
to be an ideal "plasma" (after some recent defini-
tions [1]) 

4 71 
WD = „ n rj)3 > 1 (1) 

is not fulfilled. Here n is the number density of 
charged particles. The violation of condition (1) 
implies the fact that the potential energy of the 
charged particles is not negligible in comparison 
with their kinetic energy. Transport properties of 
a medium where relation (1) is not satisfied cannot 
be correctly described by the binary collision 
approximation, which is valid for an ideal ionized 
gas. Therefore a "non ideal" term has been rather 
often used. A "weakly non ideal" term was some-
times used for media similar to those discussed 
here [2], i.e. where wd > 1. 

A correct description of the charged particle 
interaction in non ideal ionized gases cannot be 
considered as completely established [3, 4]. The 
corresponding effective collision frequencies — or 
effective cross sections — can be derived by use of 
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analytical asymptotic expressions for the collision 
integrals [5, 6, 7]. All these expressions diverge 
when the value of the Coulomb logarithm, in the 
denominator, approaches unity [8]. In this case a 
standard technique with classical formulae for 
cross-sections and collision integrals [9] with a 
shielded Coulomb potential seems to be more 
appropriate [8]. However in this case the uncer-
tainties concerning the proper cut-off and the 
influence of dynamic effects cannot be estimated. 

On the other hand, an experimental investigation 
of the charged particle interactions encounters two 
main difficulties. First, there is no laboratory 
device which can produce a fully ionized plasma. 
All laboratory plasma are only partially ionized 
and the non-ideality effects should be selected 
from a number of other effects by a careful analysis. 
Second, the information on elementary interactions 
has to be deduced from the experimental values of 
some other macroscopic parameter, for instance the 
electrical conductivity. These two points have a 
direct effect on the accuracy and on the reliability 
of the results. Thus it is to be noted that the 
electrical conductivity of high-pressure ionized 
Argon corresponding to stationary [3, 4], or pulsed 
[10] arc experiments differs in general trend as well 
as in particular values more than the estimated 
precision allows. 

We present in this paper electrical conductivity 
measurements, performed in a wall-stabilized 
stationary argon arc, for pressures up to 20 atm. 
The experimental data are analyzed in terms of 
non-ideality effects, i.e. of an effective screening 
radius, so that information on charged particle 
interactions may be obtained. 
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Experimental Device and Measurements 
a) The High-Pressure Arc 

The high-pressure wall-stabilized arc used in this 
experiment is described in Ref. [11]. The plasma 
channel (length: 70 mm; diameter: 5 mm) is 
inducted within six electrically insulated copper 
plates (thickness: 10mm). The plates are water-
cooled (water pressure about 2 atm) and specially 
designed to withstand a large pressure difference 
between the working gas and the cooling water. 
The arc is burning between two water-cooled 
tungsten cylinders and is ignited at atmospheric 
pressure by establishing contact between the 
electrodes. 

The whole device is operated at the chosen 
pressure within a high-pressure steel cylinder. Four 
fused silica windows, located in the side walls and 
the electrodes, allow either end-on or side-on 
obervations. The pressure in the chamber is 
measured by a membrane pressure gauge connected 
to a digital voltmeter. 

The maximum electrical power input is of the 
order of 5 kW/cm due to the limited efficiency of 
the cooling system. Within these limits a good 
plasma stability is achieved over several hours of 
steady-state operation. 

b) Electrical Measurements 

The axial electrical field strength is measured as 
a function of arc current and pressure. Each plate 
is individually connected to a stepping switch and 
the voltage drop between two successive plates is 

Eig. 1. Axial electrical field strength versus arc current at 
various pressures. 

measured using a digital voltmeter. The slope of 
the linear part of the voltage distribution versus 
the plasma length yields the axial field strength; 
this method excludes the electrode drops in the 
plasma field determination. The arc current is 
measured using a shunt in the power line. 

Figure 1 gives the electrical characteristics at 
pressures up to 20 atm. The main source of error is 
related to the finite resistance between two 
successive plates due to the electrical conductivity 
of the cooling water. It has been assumed that the 
axial field strength is constant over the whole 
correction of the arc. 

c) Temperature Distribution 

The temperature distribution is deduced from 
side-on measurements of absolute line intensities. 
The plasma column is imaged side-on using a 
spherical mirror (magnification 1:1) on the entrance 
slit of a grating monochromator (focal length: 2 m, 
linear dispersion in first order: 8.3Ä/mm; higher 
orders of the grating are eliminated using filters). 
The aperture of the optical system is limited to 
1:120. The spectrum is photoelectrically recorded 
and calibrated using a low current carbon arc, which 
is substituted to the plasma by mechanical displace-
ment on rails. For the absolute spectral radiance of 
the carbon arc we use the data of Reference [12], 
The photomultiplier output signal is measured using 
a voltage-frequency converter and a frequency-
meter with variable integration time. 

In order to measure lateral intensity distribu-
tions, the plasma image is scanned across the 
monochromator entrance slit by micrometric 
displacement of the high-pressure chamber itself. 
At each lateral position the integration time is put 
equal to the duration of the grating rotation 
enabling an entire line profile scanning; the 
corresponding integrated line intensity is stored on 
a magnetic tape. The set of data is converted into 
a radial distribution of the emission coefficient by 
means of an Abel inversion. The numerical program 
[13] involves a least-squares smoothing procedure. 

The temperature is deduced from the A l l X = 
4806 A line at atmospheric pressure. The A I X = 
4300 A and A = 7147Ä lines, which remain well 
isolated at pressures less than 30 atm, are used for 
higher pressures. Transition probability values are 
taken from Reference [14], The influence of 
reabsorption on the temperature measurements is 
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discussed in Ref. [15]; it can be considered as 
negligible for side-on measurements over the full 
ranges of pressure and temperature investigated. 

The agreement between the temperatures deduced 
from two different lines is within 2%. As an 
example, Fig. 2 shows mean temperature profiles at 
various pressures, for a fixed current of 100 amps. 
For a given pressure, the same temperature is 
reached at different currents and radial positions; 
this leads to an improved accuracy in the numerical 
evaluation of the conductivity. Including the 
uncertainties in the standard spectral radiance, 
window transmission, Abel inversion and transition 
probabilities, the maximum systematic error of the 
temperature is evaluated to be ± 2 % . 
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Fig. 2. Radial temperature distributions at 100 amps for 
various pressures. 

Evaluation of the Electrical Conductivity 
The electrical conductivity is derived from Ohm's 

law, 
ü w 

I — 2nE jar dr (2) 
o 

by measuring the arc current I, the axial component 
of the electrical field strength E and the correspond-

ing radial temperature distribution T(r). i?w is the 
arc radius. 

Equation (2) is usually transformed into a 
Volterra integral equation of the first kind for the 
unknown conductivity profile a(r) and it can be 
numerically solved by applying the experimental 
values for I, E and T(r), with an additional 
assumption concerning the dependance of a on T 
[ 1 6 - 1 8 ] , 

In our treatment, we construct a trial function 
a (T) following the method described by Shkarofsky 
et al. [19] for the calculation of the dilute ionized 
gas conductivity. The construction of a(T) is based 
on the relation 

a = 7iee2/ra<»5rff , (3) 

where 
47z 2° a/o 

< V > = 3 ^ f V ( V e i + Vea)~dvdV W 

Here vei and rea are the electron-ion and electron-
atom collision frequencies. ga is the so-called 
kinetic function obtained from e-i, e-e and e-a 
collision matrix elements in the fourth order 
approximation, using the numerical coefficients 
tabulated by Hochstim [20]. The number density 
of electrons, ne, is obtained from the equilibrium 
plasma composition, and /o is the equilibrium 
velocity distribution function. 

a) Electron-1 on Collisions 

A correct description of the interaction between 
charged particles is one of the important problems 
concerning the theoretical treatments of ionized 
gases at elevated pressures. Some difficulties exist 
also in dilute plasma calculations because the 
complicated dynamic screening mechanisms cannot 
be easily introduced in direct calculations. Besides, 
the models corresponding to elaborated theories 
cannot be easily verified by experiments. 

However models applied in approximate "cut-
off" theories yield results which are only numerically 
equivalent to the theories allowing for the dynamic 
effects [21], if the influence of heavy charged 
particles is neglected. Experimental data which 
were considered also prove that a static Coulomb 
interaction with collective behaviour of the electrons 
only can be satisfactory model for calculations of 
electron transport phenomena in ionized gases [22]. 
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Static screening models with collective behaviour 
of all charged particles have also been applied in 
the calculations rather frequently. It is then of 
some interest to check more directly the validity 
of these models. The relation between the corre-
sponding effective "dynamic" Debye radius and 
the Debye radius for static screening in the case of 
singly ionized gas is 

rDyn' = |/2 . (5) 
Non-ideal effects can also be described in terms 

of an effective screening radius [23]. 
Having in mind these circumstances, the cut-off 

of the Coulomb interaction potential in our con-
struction of the function o(T) is chosen to be at a 
distance 

rs = x rfj- (6) 

where # is a free parameter to be obtained so that 
the whole conductivity function fits the experi-
mental data and Equation (2). The same approach 
was already used in pulsed arc measurements [24], 

In such a model the electron-ion collision fre-
quency has the form 

I Ze2 \2 
vei = n+ In;. , (7) v3 y 471 £o m 

where n+ is the density of singly charged ions. 
A = rs/&o, rs is defined by (6) and b0 = Ze2ßkT. 

b) Electron-Neutral Collisions 

The presence of neutral atoms in the arc disturbs 
the observation of eventual non-ideality effects. 
Therefore special care is taken in the estimation of 
the electron-neutral collision frequency 

rea = ^Nnv Qc (8) 

where N n is the population of neutrals in the group 
defined by the principal quantum number n. No is 
the density of ground state atoms. The summation 
is taken over all states that are defined as bound 
after Griem's criterion [25]. Qen are the electron-
atom momentum transfer cross-sections, which are 
introduced from the experimental data using the 
appropriate fitting formulae in the case of ground 
state only [26]. 

The momentum transfer between electrons and 
excited atoms is classically estimated as a scattering 
of the electrons on a spherically symetric polarisa-

tion potential. Only large impact parameters are 
taken into account, close collisions are omitted. 

The integrals necessary for the calculation of the 
deflection angle and of the effective cross-section 
are computed numerically [26]. A long range cut-off 
is introduced at a distance equal to the mean inter-
particle distance. The corresponding static polari-
sabilities of excited states are taken from Reference 
[27]. 

Particle number densities necessary for calcula-
tions of the effective collision frequencies are 
deduced from the equilibrium composition equa-
tions assuming two-fold ionisation only. Since 
temperatures below 10000 K will always be present 
in the outer region of the arc, the difference between 
the electron (7^) and the heavy particle (Ta) 
temperatures is introduced through 

T, = TP -
M | ( eEzo V 
3 k ' [me(vy J (9) 

where M is the atom mass and Ezo the axial 
electrical field strength. The state equation is 
consequently used in the form 

p = ne kTe + (na + n+ + n++) kTa . (10) 

Thus an additional iterative procedure is intro-
duced for calculating T a . First (v) is calculated 
assuming Ta = Te; then the experimental value of 
Ezo is introduced, T& is calculated from (10) and 
the whole procedure is repeated. 

The only arbitrary step in the construction of 
o(T) is the choice of the screening radius. With the 
free parameter x defined by relation (6) the con-
ductivity function is complete. The value of the 
free parameter has to be determined so that the 
integral on the right side of Eq. (2) equals the value 
obtained by electrical measurements. 

In that way we have obtained a trial function 
(j(T) as realistic as possible. With the so established 
procedure the free parameter is no longer only an 
arbitrary constant which has to be adjusted to 
reproduce experimental data, but provides also an 
additional information concerning the interaction 
between charged particles and the non-ideality 
effects. 

Results and Discussion 
The evaluation procedure of the electrical con-

ductivity and the effective screening parameter 
being rather complicated an exact error analysis 



70 

60 

50 

20 

40 

30 

1 1 

A i * 

~ G" [(.Ocm)'] -

• 
A 

- -

y 
0 ° 

o o ° p = latm 
0» 

0° E i X 

- O 8.37 50 1,14 
A O * 11,26 100 0,85 

° ° • 11,26 100 1,04 
* 13,77 150 0,96 

X =0,997 

1 • 
o 

n 

• 
• A 

CW& 
o j 

N ^ 
O TC. 

_ Ä 
J p = 2,5atm 

E i X 

O 9,35 50 1,04 
. 0 • 9,35 50 1.00 

a 1252 100 1,07 
* 12,52 100 1,03 

• o • 15,33 150 0,87 
>o 

1 > i 

x = 1,002 

50 

40 

20 

30 

20 

0 [9 
0© 

"G'lm cm)1] 

"4 r 
? w 

p = 5 a tm 
o i ? 

OA A* E i X 
OA. * 0 105 50 0,87 

• 11,15 50 1,17 
O . A 14,53 100 1,20 

• A 14,53 100 1,04 
O * • 17,57 150 0,84 

• 17,57 150 

t 

1,10 -
= 1,036 

X 

X f 

-

V? 

• A00 
p = 10 atm 

-

. O o 13.50 
i X 

- . O o 13.50 50 1,71 
1 A • 13,50 50 0,74 

> o a 17,33 100 1,07 
• 0 A 17,33 100 1,12 

X 20,71 150 0,86 

1 i • 

x =1,10 

t 

H T[I03K] 13 TFLO3 K] 

50 

30 

20 

t i r— 

"Cf incm) 1 ] ^ 

l i 

' i J y 

# 
E 

p =15 a t m 

i X 

* ° O 15,40 
• 15,40 

50 1,53 * ° O 15,40 
• 15,40 50 1,18 

. A 19,40 100 1,28 
.o A 19,40 100 1,11 

. ® X 23,30 150 1,16 

• , i 

X 

i 

= 1,25 
i 

A 

-

o-r E 

20atm 

i X 

O 17,00 50 1,68 
. 17,00 50 1,67 
• 21,51 1 00 1,02 
• 21,51 1 00 1,19 
A 25,45 150 1,15 

.... i i i 

X 1,342 

13 TFLO3«] 

Fig. 3. Measured electrical conductivity versus temperature 
at various pressures. (E : field strength in V / c m ; i: arc cur-
rent in amps; x : free parameter.) 



16 C. Goldbach et al. • Electrical Conductivity of High Pressure Ionized Argon 

cannot be performed. It is therefore preferable to 
vary the input parameters E, I and T{r) and to 
look for the variations of a and x. In that way both 
the precision achieved of the electrical conductivity 
and the numerical procedure are tested. For the 
extreme conditions that could be expected from 
the experiments we obtained variations in x of 
± 5 0 % , which is much more than the scatter of the 
experimental results. 

The electrical conductivity values obtained by 
the proposed procedure are presented in Fig. 3 
and 4 in two forms: as o{T, p = const) and 
a{p, T — const) functions. Figure 3 maj^ be of 
interest for the quantitative results. 

70 

i i 1 1 1 r 

60 

50 8 
+—o 5-

+ — 

0 40 0 + — 

0 

30 

20 0 

10 -

p[atm] 

1 2 4 8 10 20 40 

Fig. 4. Measured electrical conductivity versus pressure for 
two selected temperatures. ( + ) present work ; ( o ) Kopain-
ski, Ref. [3]; ( • ) Bauder et al., Ref . [4] ; Devoto , 
Ref . [8] (theory). 

The curves display a trend to convex behaviour 
at elevated pressures which was also observed by 
Bauder et al. [4]. 

In Fig. 4 our results are compared with the 
results of Kopainsky [3], Bauder et al. [4] and 
theoretical calculations of Devoto [8]. The present 
results agree very well with the results of Bauder 
et al. and are at variance with those obtained by 
Kopainsky at 12000 K. 

In Fig. 5 our free parameter, which is the ratio 
of the effective screening radius to the correspond-
ing Debye length, is plotted as a function of the 
number of charged particles in a Debye sphere. If 
the screening of electrons by ions is neglected, the 
asymptotic value of the free parameter for large 
nj) values would be l/2. 

Fig. 5. Screening parameter x versus number of particles 
in a Debye sphere » d - (O) present work; ( • ) Günther et al., 
Ref . [24]; "dynamic screening'' model ; Ka -
klyugin-Xorman model (Ref. [23]). 

The values of the parameter x presented in Fig. 5 
are averaged over several different experimental 
values for a particular pressure. The error bars 
represented in the diagram illustrate the dispersion 
of the experimental values. 

In Fig. 5 two models for the treatment of the 
interactions of charged particles are also shown. 
The model which includes the screening mechanism 
by electrons only [8] can be treated as a rough 
approximation for non ideality effects. The model 
proposed by Kaklyugin and Norman [23] agrees 
fairly well with the present results although it is 
based on somewhat arbitrary considerations. 

It is necessary to point out that the definition of 
the Coulomb logarithm is somewhat arbitrary and 
depends on the choice of the Debye length as well 
as on the minimum impact parameter. For instance, 
the difference between the Coulomb logarithm used 
here and the value used by Devoto [8] is 

3 , 
InA = l n z + In— + | In A|Devoto (H) 

o 

where x is the free parameter. These deviations 
vary within the range of 15% for the plasma 
conditions in the present work. They are listed in 
Table 1. 

Table 1. Relative difference between the values of the 
Coulomb logarithm used in this work and the values used 
b y Devoto [8]. 

p (atm) 1 2.5 5 10 15 20 

( % ) - 7.6 - 7.4 - 3.7 + 2.5 + 14.7 + 17.7 
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