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Synopsis 

A new measuring method for diffusion coefficients in gas mixtures is described, using 

the cataphoretic segregation. A DC-discharge in a gas mixture causes a segregation, 

which vanishes by diffusion after extinguishing the discharge. The diffusion coefficient 

can be calculated from the time dependence of the densities of the gas components. 

This time dependence can be measured mass-spectrometrically. The diffusion coeffi- 

cient in a Ne-Ar-mixture as a function of temperature was determined between 300 

and 650°K. The results were compared with diffusion coefficients calculated from 

viscosity data. Our results and those calculated from viscosity measurements are 

consistent in the considered temperature region. 

Introduction. In a DC-discharge in an initially homogeneous gas mixture 
a cataphoretic segregation will appear, caused by ion transports rp*.p 5). The 
segregation increases asymptotically to a final state depending on the dis- 
charge conditions. The state obtained in this way, was used as initial con- 
dition for diffusion experiments. The segregation will disappear by diffusion 
after extinguishing the discharge. The time dependence of the recovering 
process is determined by the diffusion coefficient and can be found by 
solving the differential equation for the diffusion with adequate initial and 
boundary conditions. 

The time dependence of the redistribution 
spectrometrically at a certain place in the 
measurements the diffusion coefficient was 
solution of the diffusion equation. 

process was measured mass- 
discharge tube. From these 
calculated with a simplified 

1. Theory of catapkoresis 1) 2). The discharge tube is filled with a gas 
mixture containing a main gas (density n,) and an admixture gas (density 
na, with rta <n,). In the discharge the admixture gas can be ionized 
relatively strongly compared to the main gas. Consequently a relatively 
high transport of ions of the admixture gas occurs towards the cathode 
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(negative x direction) : 

n,‘,u~ EnR2, (1) 

where nt is the averagea) number density of the admixture gas ions, ,uz is 
the mobility of these ions in the gas mixture, E is the axial electric field 
strength and R is the radius of the discharge tube. 

The ion transport is equivalent to a gas transport and consequently the 
admixture gas will enrich at the cathode side of the discharge tube. Diffusion 
in the direction of the anode counteracts the increase in concentration on the 
cathode side. This transport is given by : 

dna 
D-- 

dx 
7TR2, 

with D as the binary diffusion coefficient and dn,/dx as the axial gradient 
of the density of the admixture gas. In the stationary state the two trans- 
ports are equal: 

D dn, 
~ JTR~ = nz,uL,+EzR2. 

dx (3) 

The distribution of the admixture gas along the discharge tube (n,(x)) is 
found by integration of equation (3). 

Different distributions are found for the two cases to be considered now: 
a) All ions are admixture ions, VZ,’ = n+, with n+ as the total ion density. 

When the plasma is quasi-neutral n+ m n-, with n- as the electron density. 
Then n+ = n+ m n- is constant along the discharge tube. Moreover, ,ut, 
E and “D do not depend on xl). Then the distribution of the admixture 
gas n&) is linear in x: 

n,(x) = na(0) - cx, (4) 

where c E n+,uzEID and na(0) is the density of the admixture at the 
cathode. 

b) The ion density of the admixture is proportional to the density of the 
admixture itself: n,’ = Bn,, with 0 as the ionization degree. This case can 
be realized with very low concentrations of the admixture gas. Substitution 
of n,’ = en, in equation (3) leads to an exponential distribution: 

n&) = na(0) exp ux, (5) 

where u G -,uiBE/D and n,(O) is again the density of the admixture at 
the cathode. 

It is always possible to realize the last case for any gas combination, 
whereas the first case can be realized only in certain circumstances. 

2. Solution of the diffusion equation. The density n,(x, t) of the ad- 
mixture as a function of place x and time t, after extinguishing the discharge 
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can be solved from the diffusion equation 

where D is the binary diffusion coefficient. 
The solution has to satisfy an initial condition VZ&, 0) and the two 

boundary conditions which establish that no material appears or disappears 
at the ends of the discharge tube (X = 0 and x = L). A solution of equation 
(6) can be obtained in terms of a Fourier series in the interval 0 - L: 

%z(x, t) - n,(x, co) = g c, cos 
?I&=1 

Fxexp[-($)2gt], (7) 

where 
L 

c, = 4 s mn 
rt&, 0) cos L x dx 

0 

Two different initial conditions can be realized (see formula 4 and 5). 
Then n,(x) occurring in these formulas can be identified with n,(x, 0) in 
the diffusion problem. The solutions for n,(x, t) will be discussed for these 
two cases. 

a) With n,(x, 0) = QO, 0) - cx as initial condition the solution be- 
comes : 

%I(% t) - %(% =) = : 
4cL 

~ cosFxexp[-(7>2Dt]. (9) 
m= odd aGm2 

In x = QL this time dependence can be simplified considerably. The second 
term (m = 3) will vanish. Moreover, the influence of higher terms can be 
neglected if Dt > 200 cm2 for L = 130 cm (their contribution is smaller 
than 1 x0). The time dependence of the admixture density at x = &L reduces to : 

%z(x, t) - %x(x> =J) -exp[-(Z)B Dt]. (10) 

b) With Qv, 0) = ~~(0, 0) exp ux as initial condition the solution be- 
comes : 

= 5 2n,(O, 0) 
{ 

exp [UL] cos miz - 1 

?I&=1 m23c2 + u2L2 I 
cosyzexp[-(y)sB]. (11) 

The second term (m = 2) will be zero for x = &L. The convergence of the 
series depends both on Dt and u. The convergence is more pronounced for 
smaller values of GU; however, the measuring accuracy is higher for larger 
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values of U. For example, the influence of the higher terms can be neglected 
for the following values of L”I and Dt (L = 100 cm) : 

u = & cm-r, Dt > 600 ems, 

u = &, cm-i, Dt > 300 ems. 

The measuring accuracy in the first cast is larger by a factor of three. 
It can be concluded that the density of the admixture in both cases 

reduces to a simple function of Dt for values of Dt small compared to a 
product of 2000 cm2 of D and the usable measuring time in our experiments 
(see below). 

3. Experimental arrangement. The time dependent density of the ad- 
mixture in the discharge tube after extinguishing the discharge can be 
determined with the aid of a mass spectrometer. For this purpose artificial 
leaks were mounted along a discharge tube with a length of 129 cm and 
an inner diameter of 2.4 cm (fig. 1). Two leaks were mounted at x = $L 

TO THE MASS SPECTROMETER 

<-GAS LEAK 

; FURNACE 

I 
I--__-___I 

~~~ MEMBRANE 
MANOMETER 

DISCHARGE TUBE 

PUMP’ GAS INLET 

Fig. 1. Schematic diagram of the experimental arrangement for measuring the diffusion 
coefficient in mixtures of gases. The total length of the tube is L. 

and x = QL. By means of these leaks the initial distribution of the admixture 
gas along the discharge tube can be determined. For a more accurate deter- 
mination an additional leak was mounted on the tube. Moreover, by rever- 
sing the discharge, the density of the admixture can be measured at six 
places in the positive column. 

A good representation of the change in densities, n,(x, t), in the discharge 
tube by means of a mass spectrometer will be obtained when the gas flow 
through the leaks is molecular. The characteristic dimension of the molecular 
leak must be small compared to the mean free path of the gas molecules. 
This was realized with a cilindrical piece of ceramic material with small 
pores (kerpora). The dimensions were taken such that a good mass-spectro- 
metrical yield was obtained. The flow conductance of such a gas leak is 
about 2 x 10-e I/s for neon, so the gas losses from the discharge tube are 
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negligible during an experiment. The gas flow through these leaks is mole- 
cular in the region up to 20 torr as was verified experimentally (accuracy 

1%). 
Pressure measurements were performed with a differential manometer 

(type Atlas MCT) to an accuracy better than 2%. 
During the discharge the temperature of the gas is higher than the wall 

temperature of the tube. Within one second after extinguishing the dis- 
charge the gas temperature appeared to be equal to the wall temperature 
(this was observed from the pressure decrease in the discharge tube). 
Therefore, the gas temperature was determined by measuring the wall 
temperature by means of therm0 elements (accuracy 1%). The wall tempera- 
ture was regulated with a furnace. 

The measurements of diffusion coefficients were performed in gas mixtures 
supplied by the Philips gas plant. 

4. Experimental resdts. The determination of diffusion coefficients from 
measurements of n,(x, t) was performed at pressures of a few torr (ranging 
from 5 to 20 torr). It is favourable to measure at these pressures since: 
1. the gas flow to the mass spectrometer is molecular, 
2. the tube voltage is low, 
3. the measuring time for the determination of the diffusion coefficient is 

relatively short (about 100 s). The measuring time is proportional to the 
pressure, since the diffusion coefficient is inversely proportional to the 
pressure. 

lOok-?-- I I .I 

12 18 24 30 36 

TIME (S) 

Fig. 2. The mass-spectrometrically measured peak height of 40Ar as a function of time, 
after switching off the discharge. The discharge occurred in a mixture of neon with 
1.07% argon. The circles were obtained from a continous mass spectrometrical measu- 

rement of the density of 40Ar as a function of time. 
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For almost all gas mixtures D will have a value between 30 and 100 ems/s 
for these pressures. It follows that n,(x, t) is an exponential function of 
time after 2-15 s from the beginning of the diffusion process. 

The diffusion coefficient was measured in a mixture of neon and 1.07% 
argon. The initial condition for the diffusion process in this mixture is always 
given by formule (4) 1) ; thus lza(x, t) can be described with formula (10) 
for Dt > 200 ems. An example of a time dependent measurement is given 
in fig. 2. The diffusion coefficient was obtained from the slope of the semi- 
logarithmic curve. In this way D was measured as a function of temperature 
with an accuracy better than 2%. The results are given in fig. 3; the values 
of the diffusion coefficients are reduced to a pressure of 1 atm. Recently 
the diffusion coefficient in this mixture has been measured by v. Heynin- 
gen et aGig) too. Their results agree within 1 y. with our data given in fig. 3. 

2.0- 

8. BUCKINGHAM-MODEL (EXP-6) 

L.J : LENNARD-JONES-MODEL (12-6) 

GAS TEMPERATURE (“K 1 

Fig. 3. The binary diffusion coefficient in a 1 atm mixture of neon and argon as a 
function of the gas temperature, calculated from viscosity measurements. Our measure- 

ments of the binary diffusion coefficient are presented by the circles. 

5. Discussion. According to the Chapman-Enskog-theory’s) the diffusion 
coefficient Drs in a binary gas mixture in second approximation is given by : 

[~lzlz = 
3kT f’“’ 

16nm&4y)(T) lJ . (12) 

In this expression T, vz and ml2 denote temperature, density and reduced 
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mass respectively; k is Boltzmann’s constant. The quantity .C$‘) is the 
diffusion collision integral, depending on the potential between the mole- 
cules of the two gas components; consequently the collision integral depends 
on temperature. The quantity fg’ is a correction factor, which differs only 
a few percent from unity, and is a complicated function of the concentrations 
and a number of collision integrals. 

For several intermolecular potential models the collision integrals are 
tabulated as a function of temperature7). The calculation of the diffusion 
coefficient was performed for two models, the Lennard-Jones (12-6) model 
and the (exp - 6) model of Buckingham. 

a) Lennard-Jones model. The intermolecular potential energy as a 
function of the distance r is given by: 

v(Y) = 4~12 ((Ty _ (zq}, (13) 

where ~1s is the minimum value of the potential and 01s is the minimum 
separation of the molecules for zero potential energy. The potential para- 
meters ~1s and 01s can be determined from the corresponding parameters 
of pure gases with the well-known combination rules7) : ~12 = JE~EZ and 

012 = gJ1 + c2). 

The values of E and o for neon and argon determined from viscosity 
measurements by Mason and Rices) were used to calculate ~1s and 01s 
for the Ne-Ar mixture. The results are given in table I. These values give 
a good agreement between measured and calculated values of the diffusion 
coefficient (see fig. 3). 

TABLE I 

Potential parameters for Ne 8). Ar 8) and Ne-Ar 

( 12-6) model 

b) Exp-6 model. The intermolecular potential is given by a three para- 
meter function : 

V(Y) = I ::/_ [$exp {a12(1 - &)i - (qJy] (14 

with (~41s as the intermolecular distance for minimum potential energy ~1s 
and ais as a factor determining the hardness of the repulsive part of the 
potential. The parameters ~12, (~412 and ais can be calculated from values 
for the pure gases, obtained from viscosity measurements*), using the 
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following combination rules 7) : 

@w&)12 = +&v&l + ym2), ~12 = JEWEL and a12 = &(a1 + az). 

The values for neon, argon and the mixture are given in table I. 
A good agreement exists also between experimental and calculated values 

of the diffusion coefficient with this model (see fig. 3). 
It seems impossible to distinguish between the two models within the experi- 

mental error in this temperature region, An extension of this investigation to 
higher temperatures will be made in the near future. 
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