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AXIAL GAS TRANSPORTS IN DC-DISCHARGES IN 
MIXTURES OF GASES 

hy J. FREUDENTHAL *) 

Synopsis 

Selective transports in IX-discharges in gas misturcs C;LIISC a cataph~lretic segre- 

gation of the gas mixture. The two transports treated are: 1) the ion transport and 2) 
the transport due to the momentum transfer of the electrons and ions to the gas. 
X stationary state will occur as a result of the counteracting diffusion transport. The 
density distribution of the gases along the positive column is dcrivcd as a function of 
time, and in the stationary state. 

Introduction. It is a well-known fact that a DC-discharge in a mixture of 
gases will cause an axial segregation of the gasesl) 2). This phenomenon is 
often called “cataphoretic segregation” S-14). For example, in spectro- 
chemical micro-analysis, the segregation is used to concentrate the trace- 
elements to be analysed on the cathode side of the arcIs-18). In the following 
we shall confine ourselves to the discussion of the effect in the positive 
column of a DC-discharge at pressures of a few torr. Sometimes this effect 
is that the concentration of one of the gas components will vary strongly 
along the positive column. Then the colour of the discharge on the cathode 
side may differ markedly from that on the anode side. 

Selective gas transports are responsible for the segregation. The mechanism 
of the gas transports occurring in the DC-discharge is described below. 
Although the description is valid for a multi-component gas mixture we will 
confine ourselves to a gas mixture of two components 1 and 2, with densities **) 
of nl and nz, respectively. 

Moreover we shall suppose that, besides the electrons, there arc 0111~ 
positive ions** *) 
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1. Ion transports in the discharge tube. The positive ions of for example 
component 1 have an axial drift velocity V: in the axial electric field (E). 

The drift velocity v’ can be written as vf = ,utE, by which pt is defined 
as the ion mobility of the ions of component 1 in the gas mixture. The 
transport density of the ions of component 1, ri, is given by: 

ri = n:,utE. (1) 

The ion transport of component 1 is equivalent to a gas transport. The 
transport density ri is in the direction of the cathode. Gas component 1 will 
be enriched on the cathode side of the discharge tube. Consequently com- 
ponent 1 will diffuse in the opposite direction. The diffusion transport 
density r; is: 

with D as the mutual diffusion coefficient in the gas mixture and (d/d%) ni 
as the axial gradient of the density of gas component 1. In the diffusion 
transport density ry, the diffusion of the ions is neglected. This approxi- 
mation is allowed when the ionization degree is low. Generally, the ionization 
degree of each of the gas components is low; in the experiments described 
in the next paperz) this was the case too. 

In the stationary state the transports given in the formulas (1) and (2) 
are equal6) (assuming these two types of transports only) : 

d 
nt,utE = Dp nl. 

dx 

2. Gas transports due to momentum transfer. Let n- be the electron 
density and E the axial field, then the field will give a momentum per second 
per unit of volume of n-eE, this momentum being given by the electrons to 
the gas atoms. A same amount of momentum is transferred to the gas by the 
positive ions, but in the opposite direction compared to that of the electrons 
(as the plasma is quasi-neutral) *). 

Let us assume a discharge in a mixture of two gases containing positive 
ions (densities nf and nz) and electrons (density K). The plasma is quasi- 
neutral, and if we use n+ for nt + nz then n+ M n-. The electric field gives 
the positive ions a momentum of n+eE in the direction of the cathode and 
the electrons a momentum of n-eE in the direction of the anode. The net 
transfer of momentum on the gas is approximately zero and no force will 
act on the gas. This does not mean that no force is acting on each of the gas 
components. 

*) Actually the momentum transfer by the electrorls is somewhat greater than the momentum 
transfer by the ions (electrophoresis). However, at total gas pressures of a few torr and tube dia- 
meters of a few cm the effect is negligible 27). 
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Generally, the cross sections for momentum transfer from the electrons 
to the gas atoms and from the ions to the gas atoms are different for the gas 
components and as a consequence there will be a net amount of momentum 
transferred to each of the gas components. Let PI be the net transferred 
momentum per unit of volume and per second by the electrons and ions to 
component 1 ; this is equivalent to a force acting on gas component 1 and the 
resulting axial gradient isI”) : 

Where PI N nl and with 12 as the Boltzmann constant and 7‘ as the gas 
temperature. 

For the calculation of Z’l, one has to consider the momentum transfer bl, 
the electrons and ions scparatel!.. 

The total amount of momentum transferred by the clcctrons as well as 
the ions, n_cE, will bc rewritten by substituting 

where M,, is the reduced electron mobility (at one torr pressure) in the gas 
mixture, and where $1 and $2 are the partial pressures of the two gas 
components. This gives : 

The distribution of the momentum transferred in the axial direction over 
the two gas components is proportional to the cross sections for momentum 
transfer. The cross sections for momentum transfer can be identified with 
the diffusion cross sections describing the diffusion coefficient and mobili- 
tylg) 20). The distribution of the momentum transferred by the electrons 
over the two gas components is in accordance with the partial pressures and 
the reduced mobilities (compare the law of Blanc 21) : 
on gas component 1 : 

and on gas component 2: 

where MC and A4.y are the reduced electron mobilities in the gas components 
1 and 2 respectively at the electrons temperature occurring in the gas 
mixture. 

For the calculation of the momentum transferred by the ions to gas 
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component 1, we have to consider the momenta transferred by both types 
of ions (densities nf and s;). The total momentum transferred by the ions 
of type 1 is 

(and does not depend on the type of the ion). The momentum transferred 
to gas component 1 is again determined by the partial pressures and the 
reduced mobilities : 

PllW- 1 4 
J (pl + P2)> 

Pl/Mt_, + PzlML2 fi+ M1,2 
(7) 

where M&is the reduced mobility of ion type i in gas type j. In an analogous 
way the momentum transferred by the ions of type 2 to gas component 1 is : 

P1lMi--1 4 J 
-- ~ (Pl + Pz), 

PllM$-~ + pzlM,t, n+ M1,2 
(8) 

The total force on gas component 1 is the sum of the forces given in the 
formulas (6), (7) and (8). (The force given in formula (6) is directed towards 
the anode and the forces given in the formulas (7) and (8) are directed 
towards the cathode). When pr <pa and when nearly all ions are ions of the 
type 1 (for instance in neon (camp. 2) with 1 yO argon (camp. 1) s), then the 
total force on gas component 1 follows from the formulas (6) and (7): 

W-2 M,, J -__ 
w-1 

- F 1 M_-- p1. 
1,2 

(9) 

In the case that fir < ps, but that nf < n.$ (for instance neon with a very 
small amount of argons) the force on gas component 1 follows from the 
formulas (6) and (8). 

M,+_2 M,, J __---- 
ML1 

M, M_ Pl. 
1 192 

(10) 

The relative importance of the two transports can be seen from the ratio 
between the forces causing these transports. This ratio will be considered 
for two cases: 

a. P$ >. nz and $1 < $2; the force on the ions (camp. 1) caused by the 
electric field is: 

n:eE M n+eE = JP2. 
Ml,2 

Then the ratio between the force of the electric field on the ions and the 
momentum transfer of the ions and electrons on the gas is given by: 

Pl w-2 _~_ 
[ P2 ML 

MT.2 
M, 1 (114 
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b. u;- ~-, 11; and $1 ?, $2; the ratio between the forces is in this case 
compare formula (8)) : 

It follows from the formulas (1 la) and (110) that the influence of the trans- 
port by momentum transfer by the ions and electrons is small in the case 
that $1 < $2 and when the gas of component 1 (admixture gas) can be 
ionized relatively strong (cQ~~/Pz+ is large). These types of gas mixtures will 
be considered in the next pages and in the following paper”). 

3. The axial distribution of the gas in the stationary state. The density 
distribution of the gases along the positive column will be considered in the 
case that the ion transport is the main cause of the segregation. Transports 
due to momentum transfer of the electrons and ions are neglected. This 
simplification is possible in experimental studies where use is made of certain 
mixturesz). As was shown this type of mixtures always contains a main 
gas (density a,,), and an admixture gas which can be ionized relatively 
easily (density ~2,). 

The distribution of the admixture n,(x) depends on cc, where a is the ratio 
between n,’ and s-1 (n-l- = IL,: + +z,l,). We shall distinguish three cases for CC: 
namely a = 1 (thus arf, < nz), CL is small (a: << a;!,), and a value for cc 
between the two cases mentioned. 

a. Nearly all ions are admixture ions (u. = 1). In the stationary 
state the ion transport density is equal to the diffusion transport density, 
and according to formula (3) : 

(14 

When all ions are admixture ions, PZ;[ = 7~~. In a quasi neutral plasma 
%2+ w IZ-, with n- as the electron density. 

Equation (12) may be rewritten by substituting for ~2;~ other gas discharge 
parameters. 

with ,L- as the electron mobility, J as the tube current density and E as the 
field strength. Substitution 

The distribution n,(x) may 

of formula (13) in (12) gives: 

1~2 J = D -&n,. 
iu- e 

(14) 

be obtained by integration of formula ( 14). 

n,(x) = F&(O) - cx, (‘5) 
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with c = pFL,+ J/p-De, supposing c does not depend on x. The density of the 
admixture in x = 0 is denoted by a,(O). The location of the cathode is 
called x = 0. 

In discharges where the pressure and gas temperature are uniform it can 
be shown that the quantities appearing in c remain constant (or may 
change only to a less extent). This means that we will find a linear distri- 
bution for this case of cataphoresis. 

The function n,(x) given in formula (15) has to be normalized to n,* (the 
average density of the admixture). Then the density n@(O) has to be chosen 
such that 

[a&) dx = n:L, 

with L as the length of the discharge tube. 
b. A small fraction of the ions are admixture ions (a is 

small). If a is small the ratio %,‘/a; will be small. Then nyta is very much 
smaller than 1~~. 

When in the destruction process of the admixture ions no admixture atoms 
are involved the density of the admixture ions (nf) will be proportional to 

the density of the admixture itself assuming a constant electron temperature. 
This can be written as: 

4 = en,, (16) 

in which the constant of proportionality 13 is the ionization degree of the 
admixture gas. Substitution of formula (16) in (12) gives: 

(17) 

The solution of equation (17) is : 

n,(x) = n,(O) exp[-s E&x], (18) 

where n,(O) is the density at the cathode (X = 0) of the discharge tube. 
Normalization of formula (18) gives: 

1 
1 _ e-UL/D exp -7 ’ [ 1 (1% 

where n;*, is the average density of the admixture and u 3 ,uz E8. A normaliza- 
tion according to formula (19) is applicable in the case that the cathode and 
anode are mounted at the ends of the discharge tube. 

c. An arbitrary fraction of the ions are admixture ions. For 
arbitrary of a(0 < a < 1) we can state only 

9%: = a%+ M an- = 
aJ 

-0 

ep-E 
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In cases when a is independent of x, substitution of formula (20) in (1 1) and 
integration of the result gives: 

n,(x) = n,(O) = c’x (21) 

where c’ = ,uC:uJ/p-De. The distribution function n,(x) may be normalized. 
However, in many cases C( will be a function of n, and thus a function of X, 
and consequently n, will be a more complicated function of x. 

4. Influence of radial effects on axial gas transports. The derivation of 
formula (11): n:,~,lE = D (d/d x n, was a treatment for a one-dimension ) 

problem. However, n;.. ,uu , + D, and (d/dx) n, are functions of x and Y (with 
Y as the distance to the axis of the discharge tube). The axial field strength is 
constant over the cross section of the tube. The total ion transport is: 

2nE ;:z,; (Y) ,u,; (Y) Y dr, (22) 
0 

and the total diffusion transport is: 

II 

In the stationary state the two transports are 
II fi 

f I’ 

(23) 

To calculate the integrals (22) and (23) the functions ~2,; (Y), P<;(Y), U(r) and 
(d/dx) ?z~(Y) must be known. 

a. The ion density n,i- as a function of Y. As a result of the ambi- 
polar diffusion of the electrons and ions to the wall of the tube a distri- 
bution of the density of the electrons in the radial direction will appear. The 
functions n-(Y) and n+(Y) are nearly the same (quasi-neutrality of the plasma). 
Scho t t ky “2) has derived the dependence in the case of a small mean free 
path of the electrons compared to the radius li of the discharge tube. If u-c: 
assume n,( = n+, then the distribution nX (Y) is given hy : 

n,T (y) = n,f (0) JO , 

where JO is the Bessel function of order zero, and ~z,l(O) the dcinsity of the 
ions in the axis of the tube (Y = 0) *). 

*) The ion density of the admixture in the axis of the diwbarjic tube 11 a+ (0) appearin:: in formula 
(25) should not be confused with the density of the admixture gas at the cathdr tlrtlutcd by PZ,~(O) 
appearing e.g. ill formula (18). 
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However, we shall use here a usual approximation, namely the parabolic 

distribution23) : 

n,‘(y) = n;(o) 1 - & 
( 1 

. (26) 

This formula supplies also the approximation that n,’ = 0 at the wall. At 
pressure of a few torr this approximation can be made. For n:(r) we shall 
use the distribution given in formula (26). 

b. The radial distribution of the gas temperature. The trans- 
port parameters ,u,‘, D and the axial gradient (d/dx) na depend on the gas 
temperature 24)ss). The gas temperature is a funtion of I and thus 

,ui = ,u,‘(T(r)), D = D(T(r)) and $ YZ~ = -& rz, (T(r)). 

For the determinationss) of the function T(r) we assume the parabolic 
charge distribution as given in formula (26). The heat dissipation W(r) is 
proportional to the electron density: 

W(Y) = W(0) 1 - +z@ 
( ) 

. (27) 

The equation for heat transport in the cylindrical case is: 

(28) 

with K as the coefficient of thermal conductivity and W(0) as the energy 
dissipation per unit of volume in the axis of the tube. The solution of 
equation (28) is 

3 W(0) R2 
T(4 = T(R) + 16 

K 
{I -fo” +;(+y). (29) 

The temperature difference between the axis and the wall of the tube, 
AT s T(0) - T(R), is found from formula (29): 

AT _ 3 w(o) R2 
16 K ’ (30) 

The average gas temperature T(r) in the discharge is: 

T(+T(R)+AT& j$ - i(g)” + t(;.)I)ydy= T(R) +$lT. (31) 

0 

The average gas temperature T(r) can be determined experimentally from 
the increase in pressure after switching on the discharge (assuming no axial 
dependence). 
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c. The ion mobility ,u,: and the diffusion cocafficicnt as ;I 
function of y. ‘fhc pressurc in tlic discharge* tul)c is k*(lu;kl ev~qwhrrc. ‘~11~ 
transport parameters ,&j and 1) 3i.c functions of thv gas ttmpcrature. To 
give the exact dependence of ,u,T and D on L!‘ is a very complicated procedure 
and is different for every gas combination. The interaction potential”“) 25) 
of the colliding particles determines the temperature dependence of the 
transport parameters. As an approximation for the temperature dependence 
of ,L+: (for rigid sphere collisions) at constant pressure and not too 10~~ I 
we use 

/L;,t (T) = /Lo’(T/T#, (32) 

where ,u: is the mobility at a gas temperature T = To (c.g. at 0°C). 
As an approximation for the diffusion coefficient at constant pressure (and 

for rigid sphere collisions) \VC will use: 

D(T) = Do(T/To)~, (33) 

with Do as the diffusion coefficient for 1‘ = 7‘0. The dcpcndcnce of ,u,: and 
D on Y can be found by substituting formula (29) in (32) and (33). 

rl. The gradicant (d/d%) ILL as a function of 7. Experiments*) 
demonstrate that (d/d%) n,/n, is a function of x and does not dcpcncl on Y (IZ~~~ 
is the density of the main gas). Since the pressure in the discharge tube is 
equal evcrywhcrc~, the distribution of the densit!, of tlic main gas is in- 
vtxrsely proportional to the gas tempcraturc in “I< : 

~- 
fim(T(r)) = ~z(T(r)) . W/T(r). (34) 

The gradient (d/d%) na(T(r)) is given by: 

with T(r) and T(y) given in the formulas (29) and (31) respectively. 
In the transport integrals in the formulas (22) and (23), the dependence 

of ,!L;-, n;~, D and (dlclx) n, on Y can be substituted. We will solve the integrals 
for a representative example of an experimentally derived valuc2) of 1‘(K) 
and AT and compare the result with the following approximative formulas 
for the transports : 

- __ 
diT2 n:(y) .p;f (T(y)) E ion transport, (36) 

rcRVql‘(r)) -,II IZa diffusion transport. (37) 

Substitution of T(R) = 300°K and AT = 50°K gives a result for the in- 
tegral given in (22) that is 2% larger than that in formula (36). The difference 
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between formula (23) and (37) is very small (1%). The formulas (36) and (37) 
are much easier to handle and are a good approximation for (22) and (23) 
Thus, for the calculation in experiments one can use the formulas (36) and 

(37). 

5. Time dependence of the segregation. When in a neutral, homogeneously 
distributed, gas mixture a discharge is switched on, the segregation in the 
gas mixture will buildup. The time dependence of the distribution of the 
admixture gas along the discharge tube can be solved for gas mixtures with 
small amounts of admixture gas (nz = en,, with a constant 0) from the 
diffusion equation : 

$n,(x,t) = D & n&c 4 - 24 b n&, t), 

in which the second term of the right hand side accounts for the transport of 
the ions in the electric field. The solution of equation (38) with the initial 
conditions n&z, 0) = nz for all x, and no gas losses at the ends of the tube 
is 26) : 

n&v, t) = n,(x, co) + nt;B exp 

(39) 

where 
B I 32D%GLu 

Cn = (.u2L2 w-1 + 4n2D ‘h-2 ( nexp[-Gg] -I) (- 1) 

and n,(x, co) is given in formula (19). 

DISTANCE ALONG THE TUBE (CM) 

Fig. I. The distribution of the density of the admixture along the positive column of 
a discharge for time in 5, 10 and cc seconds. The distribution was calculated with 

formula (39). and is expressed in units of VZ~ (the initial density). 



364 GAS TRANSPORTS IX DC-I~ISCHARGES 

As an example we calculated the distribution along the positi\~ci column 
for certain values of 26, D and 1, (see fig. 1). Tire v.alues for ~1, I) and I, (given 
in fig. 1) were taken from experiments carried out in a neon-argo11 discharge 
1) 2, (0.2’y0 argon; total reduced pressure is 6.76 torr). 
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