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Abstract. A nonlinear collislonal-radiative model is used for a non-equilibrium, 
stationary argon plasma. The model includes three atomic energy levels: the 
ground level, one excited level and the continuum. A Maxwellian electron energy 
distribution function is also assumed. The model is solved for the electron and 
excited atom densities in two plasma regimes; with and without diffusion losses. A 
linear stability analysis is performed for both regimes. The maintenance electric 
field intensity and the average power loss per electron are obtained as a function of 
the electron number density for high-frequency discharges. The results of the 
calculations are discussed in a low (0.28, 1.1 and 2.8 Torr) and an intermediate 
(6.0 and 10.0 Torr) gas pressure range. 

1. Introduction 

In recent years, the interest in high-frequency (HF) 
discharges has been renewed. HF discharges (including 
radio- and microwave-frequency discharges) have been 
widely studied since 1940. Over the past 20 years, a 
new branch in the field of HF discharges, namely that 
of discharges sustained by surface wave propagation, has 
been extensively developed [l-31. Present applications 
of these discharges include such important areas as 
materials processing, analytical chemistry, spectroscopy, 
laser engineering and metastable beam sources, to name 
only a few. This type of discharge has the possibility of 
creating plasmas over extremely Large ranges of variation 
in the characteristics both of the discharge and of the 
wave. An additional advantage of these discharges is 
their comprehensive modelling, which has led to significant 
advances in the understanding of HF plasmas in general [3]. 

Under steady-state conditions, the electron density 
of surface wave plasma columns decreases away from 
the wave launcher as a function of the axial position 
(z coordinate). The longitudinal gradient of the electron 
density is one of the basic characteristics of surface wave 
plasmas. This gradient is connected with the axial decrease 
of the surface wave axial power flux as the wave moves 
away from the launcher, losing power to the discharge that 
it sustains. Surface wave propagation characteristics and 
the axial distribution of plasma density are inter-related. 

Theoretical models for HF gaseous discharges have 
been recently elaborated (for a survey, see [2,31). These 
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models can he classified into two categories: ‘wave-type 
models’, in which the focus is on the wave behaviour and 
its influence on the discharge; and ‘discharge-type models’, 
in which the focus is on the plasma parameters and the 
discharge similarity laws. 

For high to intermediate pressures, a simplified model 
(the discharge-type model) including the effects of step- 
wise ionization and dissociative electron-ion recombination 
has been proposed 141. Here, the inclusion of these 
effects, in a self-consistent form, gives rise to a very 
complex problem. This problem can be solved assuming 
that the electron density and the electric field are radially 
constant and equal to their average values. Now the 
plasma and the field equations are no longer coupled, and 
it  becomes possible to replace the plasma equations by a 
simplified discharge ionization-loss balance equation that, 
when charged particles are mainly lost to the wall, reads 

where vi is the ionization coefficient, (() denotes an 
average over the electron energy distribution function 
(EEDF)), D,, is an effective diffusion coefficient and L D  
is a characteristic diffusion length for infinite cylindrical 
geometry [5,6]. When the axial energy transport is 
neglected, a solution is obtained by considering that the 
electron temperature, Te, is constant along the plasma 
column, T&) = constant. Moreover, it is possible 
to obtain, from an electron energy balance, that the 
maintenance electric field intensity, E ,  remains constant 
along the plasma column. 
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Figure 1. Collisional-radiative transitions and their rate coefficients (denoted by K and A) used in the balance 
equations (lO)-(13). 

The purpose of this work is to describe the surface wave 
plasma characteristics using a discharge-type model. A 
simple collisional-radiative model of an argon plasma will 
allow us to obtain a quantitative, microscopic and analytic 
approach to determine the electron and excited atom 
densities (ne and np respectively) in a non-equilibrium, 
steady-state argon discharge at low and medium gas 
pressure ranges. A three-level atomic model (TLAM) is 
used for argon, since this eliminates the need for cross 
sections involving a large number of upper excited states 
and simplifies the calculations by reducing the number of 
atomic levels to only three. We consider a steady-state, 
non-equilibrium partially ionized argon plasma of average 
electron energies up to a few electron-volts; thereby, the 
assumption that the average electron energy is much less 
than the threshold energy of the fmt excited state (1 1.6 eV 
for argon) is easily fulfilled. In addition, the electric field is 
required to be sufficiently weak that it does not influence the 
shape of the EEDF, which we assumed to be Maxwellian 
and hence characterized by an electron temperature Te, The 
results of the TLAM have been applied to the case of a HF 
discharge in argon for typical working conditions that have 
already been investigated experimentally by several authors 
[7,8]; the analytical solutions are discussed for low (0.28, 
1.1 and 2.8 Torr) and intermediate (6 and 10 Torr) gas 
pressures. We assume that the TLAM results are radially 
constant and equal to their average values. The TLAM 
constitutes then our discharge-type model. The calculations 
from the TLAM are used in an equation describing the local 
power balance for electrons; this equation relates the local 
values of n,,, ne and T, to those of the HF electric field 
intensity, and the HF absorbed power per electron, B .  
Since the results of this model are locally radially constant, 
E<,, and B will be considered hereafter as cross sectional 
average quantities. This approximation allows us to obtain 
their dependences on the electron number density. 

The TLAM has already been applied to atomic 
hydrogen [9,101 and also to atomic argon [11,12]. In this 
paper we develop the model of 1121. In addition, ambipolar 
diffusion losses and radiative transport calculations are also 
considered in our paper. 

The first theoretical studies on HF discharges were 
performed for helium and hydrogen, for which the 
frequency of momentum transfer between electrons and 
neutral species, U,, can be assumed energy-independent 
to a good approximation. However, U, in argon depends 
on the electron energy, which makes it more dif6cult to 
calculate the energy, average of the relevant magnitudes in 
the discharge. 

We obtain the electron density n, and the first excited 
state population np as a function of the electron temperature 
T, for a given set of extemal parameters such as the gas 
pressure, p ,  and the radius, a, of the cylidrical plasma 
column. These results are coupled to an electron power 
balance for which the effective frequency for momentum 
transfer u.,-j is evaluated in terms of Te and of the angular 
frequency o of the HF field. In this way, we can 
determine two important parameters for the modelling of 
HF discharges: the intensity of the maintenance electric 
field, E q f .  and the absorbed power per electron, 6'. from 
the HF power source. 

This paper is organized as follows. Section 2 describes 
the TLAM used for our study. The electron power balance 
is formulated in section 3. This balance allows us to 
evaluate the maintenance electric field in the HF discharges 
as a function of the discharge parameters. In section 4 we 
discuss, in terms of the results of section 3, the so-called 
similarity laws for the HF plasmas. Section 5 presents the 
conclusions of this work. 
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2. The non-equilibrium kinetic model and results 

Because of the particular electronic energy structure of the 
argon atom, we can use a TLAM for the argon atomic 
structure to develop an analytical and mathematically easy 
approach for the HF discharges in the pressure range that 
has already been mentioned. There is a large energy 
separation between the ground level (3p6) and the first 
excited level ( 3 ~ ~ 4 s ) ;  also, the energy gap between the 
atomic upper states and the 4s level is relatively large. The 
4s level consists of four states, but, since the energy gap 
between them is very small, we can assume for simplicity 
that there is only one state, denoted by 4s. Figure 1 shows 
the argon atomic structure. adopted, as well as the level 
notation that we will use from now on: the ground level 
(s), excited state (p) and the continuum (c). 

We present in sections 2.1 and 2.2 the different radiative 
and collisional processes taken into account in the TLAM. 
The ambipolar diffusion loss of electrons is discussed 
in section 2.3, and in section 2.4 we analyse the non- 
equilibrium kinetic equations with their possible solutions 
in the gas pressure range considered. Finally, the rate 
coefficients for the gain and loss mechanisms of electrons 
and excited atoms are discussed in section 2.5. 

2.1. Radiative transitions 

We study the radiation transfer assuming the only part of 
the radiation from the p --t s spontaneous emission is re- 
absorbed. The value of the Einstein coefficient A,, is taken 
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as an average over the corresponding coefficients for the 
resonant transitions from 'PI and 3PI levels of the state p, 
to the ground level (s) (figure 1). 

The Einstein coefficient Aps and the escape factor Apr 
for the resonant radiation appear in the calculation of the 
radiative rate coefficients. The factor A, can be obtained 
from the expression developed by Holstein [13] and Walsh 
[I41 for the imprisonment time of the resonant line due to 
Doppler and collisional effects: 

where Ad and A, are the escape factors for pure Doppler 
effect and pure collisional effect respectively; Acd is the 
escape factor associated with the simultaneous presence 
of both effects @oppler and collisional) and erf(x) is the 
error function. For the plasma parameters considered in 
this study, the escape factor A, has an approximate value 

As we have not considered upper atomic levels, we are 
neglecting the possible effects that the radiative cascade 
could produce on the excited state (p). When we study 
the radiative recombination from the continuum, c, to the 
states p and s, we assume that all the radiation is lost, so 
that ACk& = p, s) = 1. 

The rate coefficients A,k(k = p, s) are calculated using 
the analytical fittings proposed by Braun and Kunc [121 
for the radiative cross sections. Assuming a Maxwellian 
electron energy distribution function (EEDF), f(e) ( E  is 

of 10-3. 
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Figure 3. The electron density ne as  a function of the electron temperature Te using the solution NH1 of the TLAM with 
different gas pressures: 0.28 Torr (right-hand side), 1.1, 2.8, 6 and 10 Torr (left-hand side), respectively. The plasma tube 
radius is a = 4.5 mm in (a), a = 2.5 mm in (b) and a = 1.5 mm in (c). 

the electron energy), and using the cross sections mentioned 
above, q ( c ) ,  we have A::' and A::' through the equation 

As we have already pointed out, we take &(k = c, p) = 1. 

2.2. Electron collisional processes 

We consider only inelastic collisions between electrons and 
argon atoms (in the states s or p); atom-atom collisions 
are neglected. Figure 1 shows all the electron collisional 
processes considered and the different names assigned to 
the rate coefficients. The rate coefficients are calculated 

through the expression 

0- Pm 

where i and j denote s and p levels, el,(€) are the 
collisional cross sections and Acij represents the energy 
gaps between levels i and j .  Assuming microreversibility, 
when kT, is smaller than the excited level energy threshold, 
we can apply the principle of detailed balance to write 

(5) 

where gi and gj are the statistical weights of levels i and 
j respectively. The rate coefficients associated with the 
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Figure 4. Population densities of the first excited state of the  argon atom using the solution NHI of the TLAM under 
the same conditions as  in figure 3. Here the lowest gas pressure corresponds to the top curve of the graph. The 
results in (d) were obtained from the H solution of the TLAM. 

ionization and recombination processes are 3P0 and 3P2 states, and to the radiative states 'PI and 3P1. 
The total cross section for the excitation of the effective 

Sn - (6) level p is an average over the analytical approaches of all k -- 
the cross sections mentioned above. r e  - mz kc,, W ) Q & ) d E .  

The cross sections for direct ionization, for ionization 
from level p. for direct photo-ionization and for photo- 
ionization from metastable levels of the excited state are 
taken again from [12]. AI1 the expressions considered 

If we assume microreversibility once again, we can write 

measurements. 
where g, = 2 and g, are the statistical weights of the 
electrons and ground state ions (Art), respectively. 2.3. Ambipolar diffusion losses of electrons 

We again use the fittings proposed by Braun and Kunc - - .  ~ 

[12] for the cross sections of the collisional processes, 
namely collisional excitation from the ground level to the 
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The elechon losses by diffusion can be considered in the 
eleciron balance equation through a parametric term of 
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the form (D,,/L;)n., where D,,, represents an effective 
diffusion coefficient [5,6] and L D  is a characteristic 
diffusion length defined by 

where a radial average is performed. The effective 
diffusion length is usually equal to the characteristic length 
of the fundamental diffusion mode in infinite cylindrical 
geometry, LD = a/2.405, where a is the tube radius. 

The use of effective diffusion coefficients, D,,, allows 
us to describe the diffusion phenomena of electrons in 
plasmas from the limit predicted by the free-fall theory 
of Tonks and Langmuir to that predicted by Schottky’s 
ambipolar diffusion theory. We are concerned here with 
the Schottky Limit, so we adopt an ambipolar diffusion 
coefficient D, of the form 

where pa is the ionic mobility and Tg is the gas temperature. 
We have not considered metastable diffusion in this work. 

2.4. Kinetic equations for the three-level atomic model 

When the collisional and radiative processes previously 
commented upon are included in the rate equations for the 
ground level (s), excited state (p) and electrons, we reach 
a set of three steady-state nonlinear coupled equations: 

n,npkps + $kCs + npA$’ + n:A:$f - nens(k$,, + k d  

(10) 
ne +Da- - -O  
L2, - 

n,n,& + n:k, + n:A$ - 

nenskt, + ncnpkp, - nj(k ,  + kcp)  - 

+ kp,J 

(11) -n Acff - 0 
P ps - 

+ A‘”) CD 

We also consider an additional equation for particle number 
conservation 

n, + n,v + np = n, (13) 

where n, is the total atom density, which is fixed by the 
work pressure through Dalton’s law 

p = n,kT,. (14) 

When we solve the set of equations (10)-(13) considering 
ambipolar diffusion, we obtain n,T, np and ne as functions 
of T.. 

Equations (10)+3) can be transformed by algebraic 
manipulations to yield a third-order polynomial equation 
for the electron density ne: 

Ana + Bn; + Cn, + D = 0 (15) 

I I  
0.5 

10‘5 10’8 1037 

n,.a (cm“) 
Figure 5. The electron temperature T. as a function of an. 
for the three plasma tube radii considered. The lowest gas 
pressure is at the top of the graph. The same conditions as 
in figure 3 apply. For each gas pressure, we have different 
T. values depending on the different ne values of 
figures 3(a), (b) and (c). For the intermediate gas pressure 
range (6.0 and 10.0 Torr), there are shown the Te values 
obtained with the H solution of the TIAM (these cases are 
represented by the  lines in the right-hand bottom comer of 
the plot). 

where the coefficients are 

+nuk,(kps + kp.) + n . k P A p  (18) 
(1% 

Once the electron density has been determined, the excited 
level density np and the ground level density n, are 
calculated as 

n,, = 

n, = [n:k, +$(A$  - kp.) 

D = A$f(n.&s - D , / L i ) .  

(20) 
njk,  + n;(A$’ - ksp) + n,n.k, 

nSk,yp + kps + kpc)  + A$’ 

+n,(n,k,, - A$f + D,/L;) + naA$’J 

x[n&,, + k,, + kps) + A$f I-’. (21) 
To be physically acceptable, the solution of equation (15) 
is required to be real, positive and less than n,. 

We can obtain two kinds of solutions from the system 
of equations (10)-(13) depending on whether or not we 
consider ambipolar diffusion loss. Both types of solutions 
will be described hereafter as the non-homogeneous 
solution (NH), considering diffusion, and the homogeneous 
solution (€I) in which the diffusion tenn is neglected. 

For a given pressure (with a neutral gas temperature of 
300 K) and an electron temperature T,, in the NH case, two 
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Figure 6. Different populating and depopulating processes considered in the TLAM for the electrons and the first excited 
level. (a) Populating processes for the electron density in the regime of low gas pressure. (b) Populating processes for the 
electron density in the regime of intermediate gas pressure. (c) Depopulating processes for the electron density in the regime 
of intermediate gas pressure. (d) Depopulating processes for the excited level in the regime of low gas pressure. 
(e) Populating processes of the excited level in lhe regime of intermediate gas pressure. (f) Depopulating processes for the 
excited level in the regime of intermediate gas pressure. 
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accessible solutions for the steady-state electron density are 
obtained; consequently, we have two solutions for n,  and 
n,y as functions of the electron temperature. However, in 
the H case there is a single real steady-state solution of 
equation (15) and, therefore, only one value each of ne, n,  
and n, as functions of T.. 

Figure 2 shows the solutions from equation (15) for n, 
versus T,, for H and NH cases; it also shows the electron 
density values associated with thermodynamic equilibrium 
("E). In figure 2 we have drawn the solutions, n, as a 
function of T,, for a gas pressure of 6.0 Torr (Ts = 
300 K). In the NH case, the ambipolar diffusion losses 
have been considered for a cylindrical tube of inner radius 
4.5 nun. The NH solution has a bivaluate behaviour within 
a specific T, range. Then, there are two possible solutions 
of ne for a single T, value (branches NHI and NH2 in 
figure 2). Depending on whether we analyse the curve 
above (the NH2 branch) or below (the NHI branch) the 
bifurcation point (b), two very different kinds of behaviour 
are detected in the NH situation. In these two branches, the 
electron density displays opposite tendencies: it grows with 
increasing T, values in branch NH2 whereas, in contrast, 
as long as T, grows (in branch NHI), the electron density 
decreases, reaching a minimum value (that is, there is no 
physical solution for a larger Te). 

In the H case, it is found that, for all the T, range 
considered, there is a unique solution that grows and 
approaches its equilibrium value as T, increases. Moreover, 
there is a minimum value of the electron temperature below 
which there are no physical homogeneous solutions. 

A linear stability analysis has been performed to 
determine (in the NH case) which of the two physical 
solutions is really accessible for the plasma. For this, we 
reduce the system (10)-(13) to only two equations, taking 
into account the conservation equation (13): 

f,,,(n,, n,) = an, - bnf - m e n ,  + dn: - en, = 0 

(23) fo,(n.. n,) = f n ,  - gn, - hn,n, -in: = 0 

where the various coefficients in equation (22) are a = 
e// dl k,,n., b = ks, - A ,  I c = k,,, + kpc + k,,, and e = A, . 

The coefficients of equation (23) are f = (n,k,,- D./Li),  
g = k,rc + A:;' -!- A:;', h = k,, - kpc and i = k,  + k,. 

As one is interested in the stability of a particular 
type of solution of equations (22) and (23), it is often 
convenient to study the behaviour of these equations around 
this particular reference state [noj ( t ) } ,  with i = e or 
p. We may also regard Inoi) as an unperturbed solution 
that is continuously perturbed by the action of external 
disturbances or by internal fluctuations ni( t ) .  The latter 
leads from [n,,i) to the new solution: ni(t)  = no; + ni( t ) .  
In this way, it is possible to analyse the linear stability 
of the particular steady state (noe,n,,,). To this end, we 
construct the corresponding linearized system 

(22) 
2 

1 .o 12 1.4 1.6 1.8 2.0 

Te (ev) 

I '  

with 

Owing to its linear structure, the system (24) admits 
solutions of the forms n: = &.,e-* and nb = &,,,eof. Such 
solutions are called normal modes. On substituting back 
into equation (24), we obtain a homogeneous algebraic 
system of first degree for the coefficients a,, and ape. The 
condition for having non-trivial solutions of this system 
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is that det lulj - oS$l = 0. This equation is known as 
the characteristic equation. In the case of a two-variable 
system, like ours, it takes the form: oz - To + A = 0, 
where T = ull + azz and A = al,azz - alzuz,. In general, 
the characteristic equation admits two distinct solutions, 
and oz. The stability criteria are as follows. 

(i) If both Reoi c 0 (i = I ,  2, ), then the steady state 
(n,,, np0) is asymptotically stable. 

(ii) If for at least one of the roots Reoj  > 0 ( j  = 1 
or 2), then the state (near np0) is unstable. 

(iii) If for at least one of the roots Reoj  = 0 ( j  = 1 
or 2), while the others remain negative, the system is stable 
in the sense of Lyapunov, but not asymptotically stable. 

On applying this linear analysis to the H solution of the 
system (22) and (23), we obtain that it is asymptotically 
stable throughout the T, range defined. Moreover, the 
stability analysis shows that the solution NHl is unstable 
and that the solution NH2 is asymptotically stable. This 
result shows that we cannot use the solution NHI as an 
acceptable physical solution of our system, in spite of the 
fact that the available experimental measurements are pretty 
close to the NH1 values [7,8]. 

The instability found in the NHl solution may be due 
to some collisional-radiative gain or loss processes that 
make the solution unstable when ambipolar diffusion losses 
are present in the physical system under study. The first 
candidate could be the collisional recombination processes; 
however, if we take k, = k ,  = 0 in the system (22) 
and (23), then the previously obtained solutions remain the 
same; the solution NH1 is still unstable. So these processes 
do not play a very important role in the kinetics of the 
TLAM. Different results are obtained if we also eliminate 
the radiative recombination, A::’ = A$’ = 0. Then, the 
system (22) and (23) is reduced to 

an, - cnenp - en,, = 0 (26) 

f ne - hn,np = 0.  (27) 

If we admit in the conservation equation (13) that 

n, - n, >> n, (28) 

then the solution of the system (26) and (27) reads 

ne = [A$f(nak3c - &/Li) I  

xIn,k,,(kSe - kpc) - (nak,, - D./Li) 
x (k.,p + k,, + kpr)l-’ 

Thii solution is exactly the same as the solution NHl 
obtained with the TLAM, but now the solution is stable 
and unique. 

This simple TLAM allows us to determine that the 
radiative recombination can make the low-pressure physical 
solution unstable, when the ambipolar diffusion loss is 
dominant. In order to eliminate this radiative instubiriry 
we need to admit that (i) the radiation escape factors are 
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zero, A, = A, = 0 (the thick plasma approximation) and 
(ii) n. - n,, >> n,. It is important to point out that, if we 
admit n, M n,, then the solutions found from the system 
(26) and (27), for the population densities, are not the same 
as those solutions given by equations (29)-(31). 

When the gas pressure increases, the role of the 
ambipolar diffusion loss is reduced; now the mechanisms 
connected with the collisional and radiative recombinations 
are the most important. In this situation, we can use the 
H solution of the TLAM as the stable steady-state physical 
solution. 

From the previous considerations, the plasma seems 
to display two different and well-defined behaviours 
connected to two possible regimes: low gas pressure (0.28, 
1.1 and 2.8 Torr) and intermediate gas pressure (6.0 and 
10.0 TOR). In the first regime, we will use the solution 
NH1 whereas in the second one the solutions NH1 and H 
will be used, since at higher gas pressure the accessible 
physical solution could be the homogeneous one (H) when 
the ambipolar diffusion losses are negligible. 

2.4.1. Results from the TLAM. Figure 2 shows the 
NH solution to be formed of two branches, NHl and 
NH2. The first one has a slight variation with Te and it 
belongs to a region characterized by a degree of ionization 
ranging from to IOm3, which is typical of discharges 
in partially ionized gases at these pressures (0.28-10 Torr). 
This solution can be obtained with the analytical formulae 
(29)-(31). It is stable and represents the physical solution 
when the ambipolar diffusion is the main loss mechanism 
of electrons. We adopt branch NH1 as the solution of 
the set of equations (10)-(13) for a discharge held in a 
cylindrical tube of inner radius 4.5 mm and gas temperature 
T, = 300 K. 

Figures 3(a), (b) and (c) show the solution NHl, n, 
versus Te, for pressures in the range 0.28-10 Torr and for 
three tube radii, 4.5, 2.5 and 1.5 mm, respectively. We 
see that T, decreases as p grows and that, for a fixed gas 
pressure, the electron density values hardly change with 
respect to Te. For low pressures (0.28, 1.1 and 2.8 Torr), 
we observe that the smaller the radius is, the bigger Te 
becomes; however, for the highest pressures (6 and 10 Torr) 
we see that varies slightly when changing the radius of 
the discharge column. Figures 4(a), (b) and (c) show the 
behaviour of the excited state density, np. as a function 
of the electron density, ne,  for the different pressures and 
radii considered. The population density of the excited 
level decreases as the gas pressure grows (decrement of 
Te), while a tendency towards stabilization is observed, for 
each pressure, in the zone of highest electron densities. We 
can also point out that, as happens with the ne values, the 
variation in the excited level population with respect to T,, 
for a fixed gas pressure, is qualitatively the same as the ne- 
T, behaviour shown in figure 3. Figure 4(d) shows, for the 
intermediate gas pressure (6 and 10 Torr), the first excited 
state population density H solution values as a function of 
the electron density. In this case, the population density np 
always increases with growing ne. 

Figure 5 shows the so-called discharge characteristic, 
namely T, as a function of the product n,a. There 
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from the ground level. The depopulating mechanisms 
of the excited level are presented in figure 6(d); here, 
once more, the processes of interest depend considerably 
on the part of the electron temperature range at which 
we look For example, for the smallest temperatures, 
the step-wise ionization is the dominant depopulating 
mechanism, whereas, between 1.44 and 1.52 eV, the step- 
wise ionization and the radiative deexcitation contribute 
similarly; however, the radiative deexcitation becomes 
dominant if the electron temperature increases. The losses 
by superelastic collisions are negligible in this gas pressure 
range. When we look at the gain mechanisms in the 
intermediate gas pressure range (6 Torr, H solution), shown 
in figure 6(e), we find that the relative importance of the 
different processes changes with the electron temperature. 
The main populating process of the excited state, for 
the lowest temperatures, is the collisional excitation from 
the ground level. Within a reduced temperature range 
(1.0-1.2 eV), the previous process and the threebody 
recombination to the excited state have approximately the 
same value; however, for higher temperatures the three- 
body recombination is the one which populates the excited 
level. In figure 6(f) the depopulating processes of the 
excited level are analysed in the intermediate gas pressure 
range. For the smallest temperatures the radiative losses 
prevail, whereas, in the intermediate temperature range, the 
radiative and collisional losses are equally important ( d e  
excitation to the ground level and two-step ionization). For 
higher temperatures the collisional ionization losses become 
very important in depopulating the excited level. 

have been drawn the temperatures associated with the 
solution NHI for all the cases considered (five pressures 
for each radius), as well as the temperatures corresponding 
to the H solution, for 6 and 10 Torr respectively. It is 
straightforward from figure 5 to see that, when the solution 
NHI is used, the product n,a grows while the temperature 
diminishes. On the other hand, when H solution values 
are used (choosing values below IOL4 C I I - ~ ,  since only 
these have been experimentally observed under the working 
conditions of this paper), the electron temperatures obtained 
remain smaller than those obtained in the NH1 case. 

25. Gain and loss processes 

2.5.1. The electron density. We have already explained 
that we distinguish between two totally different situations 
in the behaviour of the discharge. One is in the regime 
of low gas pressure, within which the electrons are mainly 
lost by ambipolar diffusion, and the other one is the regime 
of intermediate gas pressure, within which the losses by 
ambipolar diffusion are not considered. In this section we 
are going to analyse the gain and loss mechanisms of the 
population densities, electrons and the first excited state, 
in the two gas pressure regimes previously reported. We 
begin by analysing the mechanisms associated with the 
electrons. Figure 6(a) shows, for the case of 1.1 Torr 
(the regime of low gas pressure, within which the non- 
homogeneous solution NHl of the TLAM is used) and for 
a cylindrical tube of inner radius 4.5 mm, the processes 
that cause an increase in the electron population density 
as a function of the electron temperature. We see 
that the populating processes change strongly depending 
on the electron temperature range considered. On the 
left-hand side of figure 6(a) (lowest temperatures), step- 
wise ionization (two-step ionization) process is the most 
important but as the temperature increases, direct ionization 
becomes much more significant. Moreover, there is a very 
well-defined zone (1.44 eV 5 T, 5 1.52 eV) within which 
both processes have very similar values. It is worthwhile 
to keep in mind that, under the conditions of ligure 6(a), 
within the low-pressure range, the ambipolar diffusion 
mechanism is the only one that causes loss of electrons. 
Figures 6(b) and (c) show, for a pressure of 6 Torr, the 
different populating and depopulating mechanisms acting 
on the electron density. Now the homogeneous solution H 
has been used. In figure 6(b) direct ionization dominates 
for small values of Te, but it becomes negligible for the 
highest temperatures. There is also now a nmow T, 
range (0.7 eV 5 T, 5 0.8 eV) within which the two 
processes contribute in similar proportions. Figure 6(c) 
shows the depopulating processes, whereby, for the smallest 
T, values, the electron losses are mainly due to radiative 
recombmation; however, collisional recombination is more 
important at higher temperatures. 

2.5.2. Excited state density. In this section, we are 
going to study the gain and loss processes affecting the 
population density of the first excited state within the low- 
pressure range (1.1 Tom, solution NHI). The excited 
level is mainly populated through collisional excitation 

3. The electron power balance for a HF plasma 

In  this section, we apply the TLAM results to an electron 
power balance from which we can determine two important 
characteristics for the modelling of HF discharges, namely 
the intensity of the maintenance electric field and the 
absorbed HF power per electron. Independently of the 
plasma power source, the plasma properties are mainly due 
to charged particles and to their energy loss mechanisms. 

The power balance per electron expresses a relation 
between the maintenance field, e p f J 2  = &rms, the root 
mean square of the total field intensity, and the power lost 
by an average electron as a result of collisions of all kinds, 
8'. It can be shown that er. is given by 

e, = e,, + e, f e;"*! -k e,a* (32) 

where the terms on the right-hand side represent the average 
power lost per volume unit due to electron diffusion 
processes, elastic and inelastic processes (excitation and 
ionization) and radiative losses, respectively. On the other 
hand, the mean power transfer per electron, ea, is the 
average work done by the force exerted by the electric 
field on an electron over a period of oscillation (it is thus 
the power absorbed from the field per electron) and can be 
written as 

(33) 
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Figure 8. Calculated discharge characteristics of &/n. (a) and e/n, (b) versus ne, for 
U/(&)  = 2450 MHz and three different plasma tube radii: (-) 4.5 mm. (- . -) 2.5 mm and (. .... .) 
1.5 mm. The top of the graph corresponds to the lowest gas pressure. The solution NHI of the 
TLAM is used. Calculated discharge Characteristics of !Een/& (c) and O/na (d) versus ne, for a 
plasma tube radius a = 4.5 mm and three different excitation frequencies: (-) 2450 MHz, (- - 4 
600 MHz and (. .... .) 210 MHz. The top of the plot corresponds to the lowest gas pressure. The 
solution NHl of the TLAM is used. Calculated discharge characteristics of E.n/n. (e) and sin, (9 
versus ne, for a plasma tube radius a = 4.5 mm and two different excitation frequencies, 210 and 
2450 MHz. The top of the graph corresponds to the lowest gas pressure. The H solution of the 
TLAM is used for the intermediate gas pressure range (6.0 and 10.0 Torr). 
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where u,q is the real part of the complex electric 
conductivity. Then we can write 

6, = e L  =e .  (34) 

This equation expresses the fact that the average absorbed 
power from the field, , J R ( . $ / ~ )  = neeA? exactly balances 
the average power, neeL, lost in collisions with the gas 
atoms per unit volume. 

3.1. The effective collision frequency for momentum 
transfer and loss of electron power 

To write the average power gained by the electrons 
from the HF power source, we must consider that the 

characteristics of electromagnetic waves (EW) in a gaseous 
discharge are generally studied under the assumption 
that the environment in which the EW propagates is 
characterized by two parameters: the electron plasma 
frequency q, = [ n , e z / ( m ~ o ) ] ' / 2  and the effective collision 
frequency for momentum transfer, ue,y. Concerning wave 
propagation, the plasma can be described as a dielectric 
with a complex permittivity given by 

(35) 

where U is the complex conductivity 
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and 6 = mv2/(2e) is the electron energy in electron- 
volts, 60 is the free-space complex permittivity and j is 
the imaginary number J - 1. The real part of the complex 
conductivity given by (36) is 

The two equations, (35) and (36), are valid regardless of 
the dependence on electron energy of U,. In the case of 
constant collision frequency, ~ ~ ( 6 )  = ve/ / ,  the equations 
(35) and (36) have the simpler form 

t p = l -  (I+j?) (38) 
U& + w2 

ezn 1 
0 = 2  (39) 

(40) 

me vel/ +jo 
and from equation (39) we now have 

2 
@A = 

The average power gained by the electrons from the HF 
field is now witten in the usual form 

where t,, /,/Z is the RMS intensity of the electric field. The 
concept of effective electric field is frequently used when 
describing HF discharges: 

w being the EW angular frequency. Then, the power gained 
per electron is given by the expression 

(43) 

However, if U, depends on the electron energy, Whitmer 
and Henmann [I51 proved that it is still possible to have 
U ,  E,, and 6' given by expressions similar to equations (38), 
(39) and (43), but two effective values, ne// and u.f/. need 
to be defined as functions of w :  

m c3/2 
- neff  = + w ) -- d f d t )  (44) 
ne ( (U," +w2)  d t  

(45) 

We can see from equations (44) and (45) that, given the 
experimental parameters, p (for given values of n, and Tg) 
and a, vef, and ne/! are functions of T, and w as long as the 
EEDF is Maxwellian. In the DC case, the corresponding 
expressions for U, veff and 0 are similar to equations (39), 
(44) and (43) with o = 0, where C,,, is now the DC 
intensity of the electric field. 

The terms on the right-hand side in equation (32) 
represent the power losses due to ambipolar diffusion of 
electrons (per electron): 

elastic collisions per electron 

(47) &i = - k ( T  - T&jj(T, w )  

where M is the atomic mass, inelastic collisions (excitation 
and ionization) per electron 
0inci = ( n A ,  - npk,,JEPs + (n,k,, - n:k,)E, 

+(npkpc - n~kc,,k,)Epc (48) 
where E,T = E,?, = 15.76 eV, E,, = E,,, = 4.16 eV and, 
finally, the last term is the radiation power loss 

3me 
M 

erad = $kT,n.(A$' + A : { / ) .  (49) 
All terms in equation (32) are evaluated in electron-volts 
per second. Equation (32) allows us to determine 6' and 
Ee// once the nonlinear TLM for the argon atom has 
been solved for a given set of parameters, p (for given 
values of n, and T,) and the radius of the discharge column. 
The quantities Ee/f  and 0 are usually called discharge 
characferistics. In HF discharges, it is much easier to 
measure 0 than E,/ / .  although the opposite is true in the 
positive column of DC discharges. We must note, to be 
accurate, that the total electric field affecting electrons is 
{ = & + &,pe'", where & is the intensity of the space 
charge electric field and t,, is the electric field inside the 
plasma resulting from the external HF power source. In our 
approximation, we neglect the space charge electric field 

and then the power losses coming from the electron 
flux against t8. This approximation is not valid [16] for 
low enough pressures or when (vi) (the average ionization 
frequency) and T, are very large. From equations (40) and 
(41) we have the mean power transferred from the field to 
electrons with energy E .  The dependence of the EEDF on 
w is entirely due to the presence of this quantity: electrons 
of different energies absorb different powers from the field, 
although the absorbed power may change with w .  This 
dependence is obviously conditional upon the exact way in 
which v, varies with E ,  this being a property of the gas 
under consideration. 

In argon, the collision frequency for momentum transfer 
v, is a function of the electron energy, so we need to 
evaluate its energy-dependence. This is done, in the HF 
case, through equation (45) (for the DC case, we use w = 0 
in equation (45)). Figure 7(a) shows vet, for DC and HF 
cases (the wavefrequency w/(2n) = 2450 MHz). We see 
that the HF collision frequency moves away from the 
corresponding DC value as the pressure increases. 

We can now calculate the different terms of the electron 
power balance given by equation (32). We use in the 
calculations solution NHl of the TLAM. Figure 701) shows 
the fractional power losses (in percentages) for the five 
pressures analysed with the TLAM in the ranges of low 
and intermediate gas pressure. Only the elastic (E) and 
inelastic 0 losses are shown, since radiative and diffusion 
power losses per electron are negligible. The inelastic 
fractional losses grow with increasing TI, while the elastic 
ones decrease as T, increases. In the same way, we must 
point out that the elastic losses exceed the inelastic ones at a 
certain value of thc clectron temperature, Tc = 1.4 eV. The 
calculations have been canied out for the five gas pressure 
considered and with wf(2n)  = 2450 MHz, a = 4.5 mm 
and Tg = 300 K. 

1900 



Non-equilibrium argon plasmas 

Table 1. Average values (with a = 4.5 mm, Tg = 300 K and 

p (Torr) T. (eV) ne (cm3) n, ( ~ m - ~ )  ua# (si) an. (mr2) 

w/(21r) s 2.45 GHz). 

0.28 2.13 2.63 x loi3 3.17 x IO’* 0.94 x lo9 0.405 x loi6 
1.1 1.50 6.32 2.25 2.16 1.59 
2.8 1.24 9.64 1.67 3.72 4.05 
6.0 1.10 11.0 1.26 5.55 8.69 
10.0 1.02 11.0 1.03 7.04 14.48 

3.2. The NF discharge characteristic 

Equation (32) allows us to evaluate the so-called discharge 
characteristics, Eel/ (the effective electric field required in 
order to maintain the discharge) and 0 (the power loss per 
electron) give by the equations (42) and (43) respectively. 
In order to evaluate the influence of the tube radius 
and ol(2n) on the discharge characteristics, we evaluate 
Eef,r/n, and Bfn, versus ne (connected to Te through the 
solution NH1 of the TLAM), for three tube radii (0.15, 
0.25 and 0.45 cm) and three frequencies o/(Zn) = 210, 
600 and 2450 MHz. Figures 8(a) and (b) show E,f , /n,  
and Bfn, versus ne for of(2.r) = 2450 MHz and for the 
three radii of the discharge column considered. Figures S(c) 
and (d) show the behaviours of the discharge charactenstics 
when the excitation frequency wl(2.x) changes and the 
tube radius is 0.45 cm. For 2450 MHz we note that 
E , f f / n .  and B/n. grow when the tube radius decreases. 
We also point out that, if ne grows (for a given pressure), 
then E,j f /no  and B/n. have a stronger dependence on 
ne. Figures X(e) and ( f )  show the behaviours of E,ff /n,  
and Bln, when the H solution of the TLAM is used; in 
this case, we have a completely different behaviour. In 
summary, we can say that the discharge characteristics tend 
to increase with growing electron density. In figures 8(e) 
and ( f )  we have drawn the discharge characteristics for two 
excitation frequencies, 210 and 2450 MHz, and for the two 
gas pressures considered in the intermediate regime, 6 and 
10 Torr, respectively. 

3.3. Similarity laws at low pressures 

It is well known that E , f f / n .  and Bfn. are, under certain 
conditions, unique functions of n,a, defining what is called 
a similarity law. As we can see from figure 3(a), a large 
electron density change occurs over a narrow interval of 
electron temperature. We can use this fact to represent the 
discharge characteristics, for a given set of experimental 
parameters (a. p (or nu) and Ts), through an average value 
of the electron temperature T, (and hence an average value 
of ne and nr).  Table 1 shows, for example, different 
average values for each pressure and for a tube radius of 
0.45 cm at Ts = 300 K. 

We now have a single value of the discharge 
characteristics E , f f / n .  and Bin, for each value of the gas 
pressure (or na). Figures 9(a) and (b) show these results 
and those corresponding to average values calculated for 
the same excitation frequency and different tube radii. It 
is shown that, for the lowest pressures (when considering 

ambipolar diffusion losses and the solution NHI), we have 
the very well-known similarity laws 1171 

Eeff/na = f i ( n . 4  (50) 

whereas, for larger pressures, a certain dependence on the 
electron density is observed. In the same way, figure 9(c) 
and (d) show that, in thelow-pressure range, the effect of 
the excitation frequency tends to disappear. 

Generally, we observe that E<,-fffln. and elno grow 
with increasing o for a given pressure and tube radius. It is 
also interesting that the effect of the excitation frequency o 
on these discharge characteristics becomes more important 
at larger pressures. 

When we consider the H solution of the TLAM to 
obtain an average value of E e f f / n o  and @/nu in the regime 
of intermediate gas pressure, we have a very wide range 
of electron density, so the average value depends strongly 
on the electron density range considered. To take a similar 
range of electron density to that used with the solution NHl 
(this is approximately the experimental range of electron 
density found in HF discharges, in the gas pressure range 
considered), we choose those electron density values (in 
the H branch) that remain under IOl4 In this case, 
the discharge characteristics have smaller values than those 
obtained in the case NHl, and the similarity laws no longer 
exist. 

4. Conclusions 

We have shown that the excitation frequency o of HF 
discharges has an important influence on the plasma 
properties. For example, the HF power density delivered 
to the plasma usually grows with increasing w. In the same 
way, the maintenance electric field needed to compensate 
the gain and loss mechanisms inside the discharge becomes 
larger with increasing o. These results have been obtained 
using a set of nonlinear kinetic equations associated with 
a three-level model for the atomic structure of argon. The 
results are given for the low and intermediate gas pressure 
ranges. The TLAM is a simple collisional-radiative model, 
having the advantage that the electron density and the first 
excited level density can be obtained as a function of the 
electron temperature when solving analytically a nonlinear 
set of equations in two different situations; namely when 
the ambipolar diffusion losses are present in the discharge 
(the regime of low gas pressure) and when these losses are 
negligible (the regime of intermediate gas pressure). In this 
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model, as in [18], the electron density is an unknown and 
not a parameter as is commonly assumed in other models, 
so we obtain the electron density and the first excited level 
density as a function of the electron temperature and gas 
pressure. When we couple the TLAM solutions, assuming 
a Maxwellian EEDF, to an electron power balance of a 
HF discharge, we can find the discharge characteristics and 
their dependences on T,, ne and np at different pressures. 
The discharge characteristics have a very slight variation 
with the electron density, this being a demonstration of 
the existence of the well-known similarity laws in HF 
discharges in the regime of low gas pressure. 
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