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Abstract.  A  complete  theoretical description of a  low-pressure, cylindrical plasma column 
sustained by a weakly damped surface wave is derived in which the  equations describing the 
steady-state plasma maintenance  conditions  are  coupled with the surface wave propagation 
and attenuation characteristics. The present  formulation  extends  a radial theory of the 
maintenance of the plasma column previously reported  to include the axial variation in the 
radially averaged plasma properties. Simple similarity laws for this type of discharge are 
proved to exist under  quite  general  conditions. Analytic expressions are  derived for the 
variation of the electron density along the discharge axis and  for  the length of the plasma 
column as a  function of the operating parameters.  The calculations are shown to agree well 
with available experimental data. 

1. Introduction 

The  properties of plasma  columns  produced  and  sustained by surface  microwaves  have 
been  investigated in recent  years by various  authors,  both theoretically and  experi- 
mentally  (Moisan et a1 1975, Zakrzewski et a1 1977,Moisan et a1 1979a, b,  Glaude et a1 
1980,  Moisan et a1 1980, Ferreira 1981,  Nghiem et a1 1982, Chaker et a1 1982, Aliev et a1 
1982). These  studies  have shown that surface wave produced  plasmas  can  be  used with 
some  advantage  to  replace  other  more  conventional plasma  sources, e.g., DC discharges 
and  other kinds of microwave produced plasmas,  for  such  important  applications  as 
plasma  chemistry,  laser  excitation,  spectroscopic  sources,  plasma  etching,  etc. The 
principal  properties  and  applications of this  kind of plasma  have  recently been reviewed 
by Moisan et a1 (1982). 

Although  some  theoretical  work  has  been  devoted, in recent  years, to  the  under- 
standing of the  surface wave  propagation  characteristics  and  the  plasma  maintenance 
mechanisms,  a  complete, satisfactory  theoretical  description is not  yet  available.  Cal- 
culations of the  surface wave  dispersion  characteristics, attenuation coefficient and 
electric  and  magnetic field radial profiles have  been  reported  (Zakrzewski et a1 1977, 
Chaker et a1 1981, Nghiem et a1 1982) for  the  case of a  weakly damped ( W  S v,, where 
wis the wave  angular  frequency  and vc is an effective  electron-neutral collision frequency 
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for  momentum  transfer)  surface wave  propagating  along  a  radially  homogeneous,  cold 
(thermal velocity 4 phase  velocity)  plasma  column. The axial electron  density  distri- 
butions  observed in the  experiments  were  also successfully explained in terms of a 
semi-empirical  model which assumes that  the wave power  absorbed  over  a given axial 
length of plasma  column is proportional  to  the  total  number of electrons in that slice and 
independent of the incident wave power  (Glaude et a1 1980, Chaker er al1982).  Another 
theory which is based on  quite  a  different  point of view, i.e.,  that of the  maintenance of 
the plasma  column, was developed by Ferreira (1981, hereafter  referred  to as I). The 
formulation of this  theory is based on the continuity  and momentum  transfer  equations 
for the  electrons  and  ions, which are coupled to  the  equations describing the radial 
variation of the wave  electric field inside the plasma  through  the  electron  power  balance 
equation.  Therefore,  the  mutual influence of the wave field and  plasma  density  radial 
profiles on  each  other  are  treated self-consistently.  However,  this  work was only  con- 
cerned with radial  variations in the  different physical quantities of interest  and axial 
variations  were  not  investigated. 

It is the  purpose of the  present work to extend  the  formulation given in paper I to 
include  axial  variations  as well, thus  providing  a  complete physical description of the 
surface  wave produced plasma  column. As in I, only the  low-attenuation  regime  (i.e., 
W + vc) will be considered  here.  Comparison of theory with experiments in argon  shows 
that  the  present  formulation yields accurate  predictions of the axial electron  density 
distribution  and of the  length of the plasma  column as a  function of the various operating 
parameters,  i.e., gas pressure, wave  frequency  and  incident  power,  and  discharge  tube 
radius. 

2. Theoretical formulation 

The experimental  situation  to  be  considered  here is similar to  that  described in paper I. 
An azimuthally  symmetric  surface wave (a TM wave in which the  electric  and  magnetic 
field components  are E,, E,  and H,, respectively,  where r ,  q ,  and z are  the  radial, 
azimuthal  and axial  cylindrical  coordinates) is launched by a  surfatron  and  propagates 
with wave-vector p + ja along z; P(=2n/A) and a are  the  wavenumber  and  the  atten- 
uation  coefficient,  respectively.  This wave creates  and  sustains  a  plasma  column in a 
cylindrical  Pyrex glass tube.  Let a, b ,  and d denote  the inside  and  outside  radii of the 
discharge tube  and  the inside  radius of the  outer metallic  waveguide,  respectively  (for 
a  schematic of a typical experimental  apparatus  see figure 1 in Nghiem e f  all982). 

With  regard to wave  propagation  under low attenuation  conditions,  the plasma  may 
be  described  as  dielectric  medium of relative  permittivity 

~p = 1 - (Ope/WI2 (1) 
where wpe = (ne e2/&om)1’2 is the  electron plasma  angular  frequency. Here ne, e and m 
are  the  electron  density,  charge  and mass,  respectively,  and @is  the vacuum  permittivity. 
Surface waves can  only propagate in this  system  provided W < wpe/(l + where 
is the  discharge  tube  relative permittivity. 

A  complete, fully  self-consistent  theory of this  system  could  be  formulated using the 
full set  of Maxwell equations in the  three  media  (i.e.,  the  plasma,  the glass tube  and  the 
outer  space), with the  appropriate  boundary  conditions  for  the wave fields at  the various 
interfaces,  together with the  equations describing the balancing  between the  creation 
and  the loss of the  electrons  and ions in the plasma  (see I). Unfortunately, owing to  the 
plasma  inhomogeneity in both  the radial  and axial directions,  this  set of equations is 
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quite  intractable  and of limited  practical  use. As a first approximation  however  one  can 
neglect the  effects of the plasma  radial  inhomogeneity on  the surface  wave  propagation 
characteristics  and  split up  the basic  set of equations  into two  uncoupled  sets.  (i) On  one 
hand  consider  the Maxwell equations  and  the  boundary  conditions  for  the fields,  assum- 
ing a  radially  homogeneous  plasma of relative  permittivity .$, = 1 - ( l& /~ )~ ,  where 
%e is the  electron plasma  angular  frequency  corresponding to  the radially  averaged 
electron  density f i e .  From  these  equations  the surface  wave  dispersion  and attenuation 
characteristics  can  readily be  obtained  (Chaker et a1 1981, Nghiem et a1 1982). (ii) On 
the  other  hand  consider  the  radial  equations describing the plasma  maintenance  mech- 
anisms, given in paper I ,  Such  a  formulation  constitutes  a  complete,  though  approximate, 
physical  description  enabling  the  determination of f ie(z) and of the  length of the plasma 
column  as a  function of the  operating  parameters.  (The radial  variations in the  different 
physical  quantities of interest  were  studied in I  and  need  not  be  further  considered  here.) 

2. l .  Dispersion  and  attenuation characteristics. Axial  distribution of the  electron  density 

We briefly summarise  in  this  section  the  results  deduced by several  workers (Glaude et 
a1 1980, Chaker et a1 1981, 1982, Nghiem et a1 1982) for  the case of a  weakly damped 
surface  wave  propagating  along  a  radially  homogeneous cold plasma  column.  From  the 
Maxwell equations  and  the  boundary  conditions  for  the fields the  surface wave  wave- 
number p and  the field radial profiles can be  determined uniquely  as  a  function of W, 

ape and of the  geometrical  parameters.  Calculated dispersion  characteristics p = p(w, 
ape) have  been previously reported  (see  e.g.  Zakrzewski eta1 1977, Moisan et a1 1982). 
In  general,  these calculations agree  rather well with the  measurements, indicating that 
the  errors  caused by the neglect of the plasma  radial  inhomogeneity are small.  This is to 
be  expected  provided p a < 1 (Trivelpiece  1967). 

The  attenuation coefficient is given by (see  e.g. Bekefi 1966) 

where ug is the wave group velocity, W, is the  time-averaged  total  energy  (i.e., mag- 
netic + electric + kinetic  energy of charged  particles)  per  unit  axial  length,  and dPabs/ 
dz is the  time-averaged  absorbed  power in the plasma per unit  axial  length. For v, e o 
the  latter is given by (see  e.g. Delcroix 1966) 

where  the  second  equality is for  a  radially  homogeneous  plasma  characterised by the 
average  quantities F, and Ope. E = ( E :  +E?)ll2 is the wave electric field intensity,  and 
v, is defined as in equation (14) of paper  I.  In a cold plasma,  under low absorption 
conditions,  the  term ugWt is equal  to  the  total flow of electromagnetic  energy  across  a 
plane  perpendicular to  the z axis, i.e.,  the  total flux across  this  plane of the  real 
component of the complex  Poynting  vector E x H*/2 ( E  and H are  the complex field 
vectors,  and  the  asterisk  denotes complex conjugate). 

Figure 1 shows  calculated  values of aw/V, versus  li+,/ofor  various  values of the wave 
frequency  and of the  geometrical  parameters  (these results were kindly supplied by Dr 
Leprince  and  co-workers).  It is to  be  noted  that  the  attenuation is small at high electron 
densities,  such  that $e % W, and  becomes  large close to  the cut-off limit, i.e. , when 
GIpe/W+ (1 + & p .  
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Figure 1. Calculated  surface wave attenuation  characteristics, assuming the plasma to  be 
radially homogeneous,  for  different values of the wave frequencyfin MHz and of the Pyrex 
glass tube ( E ~  = 4.52) inside  and  outside  radii, a and b in cm,  respectively.  Curves A and B: 
f = 210 and 2450 respectively, a = 0.45, b = 0.60.  Curve C: f = 2450, a = 0.30, b = 0.45. 
Curves D, E and F:f= 210,600 and 2450 respectively, a = 1.25, b = 1.49. The  radius of the 
outer  metallic waveguide is 2 cm in all cases. 

The axial electron density distribution can  also  be derived semi-empirically from 
these  equations  (Glaude el  aZ1980). Equation (3) may  be rewritten 

where 

represents  the average absorbed power per electron. Here, x = r,a and the second 
equality is again for a radially homogeneous plasma. Combining equations (2) and (4) 
we get 

where Pi = ugWt is the incident wave power at the abscissa z .  The  attenuation a is 
independent of the wave power. The quantity 8 is  also independent of Pi (this can be 
justified from the plasma balance, see below) but is a function of the  operating  par- 
ameters,  i.e. wave frequency, gas pressure, and geometrical parameters, and also of ri, 
itself (at least in principle). Differentiating equation (6) and using again equation (2) 
one readily obtains 

2 dit = -2&, 1 - -~ it, d a  +" it, d8)-1. 
dz ( a dn, 8 dit, 
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In previous  work  the  heuristic  assumption was made  that  the  absorbed  power in a 
plasma slice of length Az is proportional  to  the  number of electrons in this  slice. On this 
assumption 8is  independent of ri, and  equations (6) and (7) together with the  calculated 
attenuation  characteristics suffice to  determine  the axial distribution of the  electron 
density  provided  that 0 and F, may be  estimated  from  the  experiments.  This semi- 
empirical approach was used by several  workers  (Glaude et all980, Chaker et all981, 
Nghiem er a1 1982) and  proved  to  be very satisfactory  for the  prediction of the axial 
properties of the plasma  column  as  a  function of the  operating  parameters.  However, 
a  complete  theory must  also  provide the values of 6' and V,. The  radial  theory of the 
plasma  balance given in paper I provides  these  values  as we now demonstrate. 

2.2. Plasma balance equations 

These  equations  were given and discussed in I but will be  rewritten  here  under  a 
somewhat  different  form  that is more  appropriate  for  the  purposes of the  present 
analysis. These  equations  are  the following: 

(i)  Continuity  and  momentum  transfer  equations  for  the  electrons  and  the  ions: 
I d  
X d X  
-- (nv,x) = ( N u )  CIn 

v r z =  dv, -M-."Mnz e dp, kTi 1 dn 
-Na(CI  +x) vr 

Here, n = ne = ni is the plasma  density, N is the  neutral gas  density, v, is the radial 
drift velocity (identical  for the  electrons  and  the  ions), C1 is the  electron  ionisation 
coefficient, D, is the  electron  free diffusion coefficient, p, is the plasma potential, vi, is 
an  effective collision frequency  for  momentum  transfer  between ions  and  neutrals, M 
is the  ion  mass,  and T, and Ti are  the  electron  and  the ion temperatures, respectively. 

(ii) Equations  for  the wave  electric field in the  plasma: 

L+ d% (l 1 dEp "'j d8, 
d u 2  X ~pdyr~ d~ (ra)%%, = 0 

Here, 8, = E,/E(O) and g r  = E,/E(O) are  the field components normalised to  the 
field intensity at  the axis E(O), and r is defined by 

where c is the velocity of light in vacuum. 
(iii) Local  power  balance  equation  for  the  electrons: 

(E)z v, kTevc + x eVjNCj + eVINCI 2m W M I 
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where Cj is the  clectron  rate coefficient for  the excitation of the  atomic level of potential 
energy Vj and VI denotes  the ionisation  potential. 

(iv) Absorbed  power  per unit axial length: 

This is given by equation (4) in which 8 is defined by the first equality in equation ( 5 )  
(owing to  the plasma  radial  inhomogeneity). 

This  set of equations allows the radial  variations in the plasma parameters  (e.g. 
plasma  density,  electron  temperature,  etc)  and  in  the wave electric field intensity to  be 
determined self-consistently. It  further  provides  the  dependence of VC and of dPab,/dz 
(and  thus  that of 8) on the various  operating  parameters, in particular  the  dependence 
of 8 on l ie (see  the  results given in figures 10 and  15 in paper  I). 

3. Similarity laws 

The numerical  results given in I apply to  the case f = 600 MHz, a = 1.25  cm, b = 
1.49 cm,  and it is interesting to look  for  simple  similarity laws enabling  the  extension of 
these  results,  with  no  further  calculations, to different  operating  conditions. 

It is instructive to consider first the simple  case of a  radially  homogeneous  plasma 
column.  In this  case the  solutions of equations (11) and (12) are 

z,(z) = zo(rax) 
(15) 

= zI (rax) P 

where lo and ZI are  the  zeroth  and first-order modified Bessel  functions,  respectively. 
Figure  2  shows  the  variation of Tu and &I with ibPeu/c as obtained in this  approximation 
for  various  values of the wave frequency  and of the plasma  radius. F o r g e  * o? we have 
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Figure 2. Calculated values of j3a (dashed curves) and of Tu (full curves) versus &./c in the 
case of a radially homogeneous plasma. The labels of the  different curves correspond to the 
same values of the  operating parameters  as in figure 1 (see  caption to figure 1). The vertical 
chain lines indicate  the cut-off values of &a/c. 
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r * p and Ta -+ @./c. In practice this limit  is reached provided & slightly exceeds the 
cut-off value = w(1 + Close to the cut-off, i.e. for Cope-) Cope,, we have r-) 
p and both Ta  and  are large. However, in most practical situations the  ratio (ad 
u ) ~  is  sufficiently large along a  major  portion of the plasma column so that Ta + Qpea/ 
c and r 9 p everywhere, except axially at the  end of the column and, radially, in the 
outer plasma layers close to  the wall where ne becomes small. 

These conclusions may  now be  extended to the case of a radially inhomogeneous 
column. Provided d p e  S (3 the  equations (11) and (12) for the wave  field  may be 
simplified yielding 

%r Q gz. (17) 

These  equations  constitute  a good approximation almost everywhere in the column 
(except in the same regions as indicated above). With this simplification, inspection of 
the full set of radial equations reveals that ne(x)/iie, Ce ( x )  = Cez(x), Te(x), and E(O)/w are 
functions only of the  parameters Nu and CoFa/c. This conclusion is  very important as  it 
allows the results given in I  to be immediately extended  to different combinations of the 
operating  parameters.  General results for argon can be  obtained from the curves given 
in paper  I provided the  parametersp (gas pressure) and l i e  used in that paper are replaced 
by the similarity parameters Nu and b&a/c. 

As we have seen the link between the axial and  the radial formulations summarised 
in 00 2.1  and  2.2, respectively, is provided by the quantities 8 and P, and it  is important 
to find out  the similarity laws for these  quantities. We first note  that v,/N is a function 
only of Te and  that T,(x) is a function only of Nu and  apea/c.  Hence 

3 N = f v  (2, Q a  C Nu)  

where f v  is a function that can be derived from the results of paper I. In practice the 
dependence of FC/N on fipea/c is relatively small (because F, is a radially averaged value), 
therefore Pc/N - f v (  Nu) as in a classical DC positive column. 

Equations (3) and ( 5 )  may be rewritten 

from which one may conclude that 

8 = Nfe (F, Nu)  

where the functions f p  and f e  may be derived from the results given in figure 10 in paper 
I. A detailed analysis of these results reveals that 8 has only a small variation with 

D9-H 
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(except  for ape close to  the cut-off value)  and satisfies very well the following 
similarity law 

e = ~ f ~ ( ~ a ) .  (23) 

Thus,  for most  practical  purposes, the  assumption of 8 being independent of f i e  as 
used by other  authors  (Glaude et a1 1980, Nghiem et a1 1982) constitutes  a  satisfactory 
approximation.  Note however that, strictly  speaking,  this  assumption is not necessary 
in the  framework of the  present  formulation.  Indeed,  the  dependence of 8 on f i e  can be 
accounted  for using equations (22) and (7) with no simplifications. 

The similarity law expressed by equation (23) can also  be  derived in a  more physical, 
though less rigorous way as  shown  in the  appendix. 

4. Application 

Figure  3  shows  calculated  and  experimental  values of e/p versus pa. The  points  are 
experimental  data of Chaker et a1 (1981) for f = 2450 and 210 MHz, and a = 0.45 cm 
and  0.3  cm.  The full curve was obtained  from  the results given in figure 10 in paper  I (for 

9 j  
10-l~ l I 1 I I I I I I  I I I I I I I I  

10-2 10-1 1 
pa(Torr cm) 

Figure 3. Average  absorbed  power  per  electron  at  unit  gas  pressure  as  a  function of the 
pressure-radius  product.  Full  curve:  theory.  The  points  are  experimental  data  by  Chaker er 
a1 (1981,  1982)  for  the  following  values of the  wave  frequencyfin MHz and  discharge  tube 

= 4.52)  inside  and  outside  radii, a and b in  cm,  respectively: (V) f = 2450, a = 0.45, b 
= 0.60; ( A ) f =  210, a = 0.45, b = 0.60; (O)f= 2450, a = 0.30, b = 0.45.  The  experimental 
data  may  be well  fitted  by  straight  lines  as  shown  on  the  figure  (dot-dashed  lines). 

f = 600 MHz, a = 1.25 cm) using the similarity law expressed by equation (23). For 
lack of  information  the gas temperature T, was assumed to be 300 K. The predictions 
agree well with the  measurements for a = 0.45 cm,f = 2450 and 210 MHz, but  disagree 
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by about  a  factor of two with those  for a = 0.3  cm, f = 2450 MHz (note  however  that 
the  slopes of the  theoretical  and  experimental curves are  identical).  These  results 
seem  to confirm that  8is  independent of the wave  frequency  as  expected  from  equation 
(23). The  predicted  dependence  on  the  tube  radius is verified only  to within a  factor 
of two  and  further  measurements  are necessary to test the accuracy of equation  (23). 

Theoretical  and  experimental values of &/p versus pa are  compared in figure  4. The 
former  were  derived  from  the  theoretical  curve of Pc versus p given  in  figure  15  in I 
(calculated forf = 600 MHz, a = 1.25  cm, Tg = 300 K) using the similarity law Vc/N = 
f v (  Nu) .  It is seen  from figure  4 that this  similarity  law is satisfactorily  confirmed by the 
various  measurements  for  different wave  frequencies  and  tube  radii. 

1 

l I I 1 1  I l l 1  I I  
10-2 10” 1 

pa(Torr cm1 

Figure 4. Effective collision frequency  for  momentum  transfer  between  electrons  and neu- 
trals  at  unit gas pressure as a  function of the pressure-radius product. Full curve:  theory. 
Experimental  data: (0) f = 360 MHz, a = 1.25  cm, 5 = 1.49 cm (Glaude et a1 1980); (V) f 
= 2450 MHz, a = 0.45  cm, b = 0.60 cm; (A) f = 2450 MHz, a = 0.30 cm, b = 0.45 cm 
(Chaker et a1 1982). 

The axial  distribution of the  electron  density may  now be  determined  from  equations 
(6) and ( 7 )  using the  theoretical values of 8and (Y. These  equations  could  be  integrated 
numerically  but  it is interesting  to  make  some  approximations providing  simple,  closed 
formulas  for  the  distribution f i e @ )  and  for  the  length of the  plasma  column  as  a  function 
of the  operating  parameters. As shown  in  figure 1 the  variation of lg(ao/&) is approx- 
imately  linear with lg(ape/o) except in the  range of hPe/w close to  the cut-off  (which 
corresponds  to  the  end of the  plasma  column).  Therefore, we will use  the  approximation 

where g( o, a )  and  k  are  determined by fitting equation (24) to  the curves  given in figure 
1. This  approximation is satisfactory  for wpe S a, i.e.,  the  same  range  where  the  simple 
similarity  laws  derived in § 3 are expected to  apply. 

Using equation (24) the  integration of equation (7) is straightforward  (neglecting 
the  variation of 8 with f i e )  and yields 
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where a-, is the value of the  attenuation at z = 0. Here,  the axial distance z is measured 
from the  launcher. The initial values Ae(0) and a-, are fully determined by equation (6 ) ,  
the  attenuation curves given  in  figure 1, and the theoretical values of 8 and C,, for given 
operating conditions (U, p ,  geometrical parameters, and incident power at z = 0). 

The length of the plasma column L may be approximately determined from equation 
(25) using the  end condition Ae( L )  = A,,, where A,, is the cut-off value of the  electron 
density. Hence,  one readily obtains 

where yo = ( C ~ ~ ~ ( O ) / W ) ~ .  
Equation (25) becomesinaccurate towards the  end of the  column,  therefore  equation 

(26) is approximate. Nevertheless, this simple theoretical description predicts very 
accurately the axial distribution of the electron density and the influence of the different 
operating  parameters on the length of the column. Figure 5 shows calculated and 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

- - 
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

150 
~~ 

100 50 0 
z'(crn) 

Figure 5. Calculated (full curves)  and  measured  (dashed  curves)  axial  distributions of the 
electron  density for different  values of the wave  frequency f i n  MHz (curves I, f = 2450; 
curves II ,f  = 210), wave  incident  power  in W, and  pressurep in Torr (A) p = 0.5, (B)p  = 
0.2, (C) p = 0.1). The abscissa  scale is the  axial  distance  measured  from  the  end of the 
column (2' = 0 corresponds to the  point  where  the  column  was  experimentally  observed  to 
end).  The  symbol (r) indicates  the  initial  value of the  electron  density  and  the  plasma  length 
corresponding to a  given  incident HF power. 
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measured axial distributions of the electron density for different values of the wave 
frequency, gas pressure and incident power (for a = 0.45 cm, b = 0.60 cm, d = 2 cm, 
~8 = 4.52). The discrepancies between theory  and experiment become significant  only 
at  the  end of the column (note  the definition of the abscissa scale given in the  caption), 
especially for f = 210 MHz. In this case however, the  low-attenuation conditions are 
barely satisfied as w/Cc reaches values as low as about 2. More  accurate calculations of 
the  end  portion of the column could be performed without resorting to  the approximation 
(24), i.e., taking into account the correct behaviour of the  attenuation close to  the  cut- 
Off. 

5. Conclusion 

The model of a low-pressure plasma column sustained by a weakly damped surface wave 
presented  here is an improvement over other theoretical descriptions previously 
reported.  The  present  model  takes  into account the coupling between the plasma 
maintenance conditions and  the surface wave propagation characteristics, thus providing 
a  complete  theoretical description of the whole system in which both the radial and  the 
axial variations in the plasma properties  are considered. 

Simple similarity laws were proved to exist for this system provided the radially 
averaged electron plasma frequency is somewhat larger than the cut-off value wFc = 
o(1 + @, this condition being  satisfied along practically the whole plasma column in 
most practical situations.  Indeed, we have shown that  the radial distributions of the 
plasma density,  electron  temperature, and wave-electric field intensity, as  well as the 
ratio of the magnitude of this field at  the axis to  the wave angular frequency, E(O)/w, 
are functions only of the similarity parameters 0,a/c and Nu, where 0, is the  electron 
plasma angular frequency corresponding to the radially averaged electron density ti,, N 
is the  neutral gas density, a is the discharge tube inside radius, and c is the velocity of 
light in vacuum. From  here we have been  able  to show that 8/N and Cc/N, where 8 is the 
average absorbed power per electron  and Cc is the radially averaged electron-neutral 
collision frequency for momentum transfer,  are functions only of those two similarity 
parameters.  However,  the  dependence of 6/N and Cc/N on aPa/c is  small and these 
quantities are essentially determined by the values of the Nu-product. These similarity 
laws enable  the extension of the numerical results reported previously to different 
operating conditions with no further calculations. 

Moreover, analytical expressions were derived for  the axial distribution of the 
electron density &(z) and  for  the length of  the plasma column L as a function of the 
operating  parameters.  The calculations were shown to agree well  with available experi- 
mental data.  Therefore we conclude that  the  present model gives an accurate physical 
description of this type of discharge. 
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Appendix 

For  the low pressures of interest in  this  work  elastic  losses  may be  neglected  in  the local 
power  balance  for  the  electrons  (see I), thus  equation (14) may be  written  approximately 

where V I  = NCI is the  ionisation  frequency,  and y = C, V, C,/VI CI. 

power  in  the  plasma  per unit  axial  length  may be  rewritten 
Using equation (Al )  and neglecting the  variation of y with radius  the  absorbed 

dpabs - 
" 

dz eVI(1 + y)  i ' n ,v12m dr = eVI(l + y) nu%,fiI 

where PI represents  an effective  average  value of the  ionisation  frequency. Using the 
continuity  equation (8)  dPabs/dz  can  also be  written 

where v,(a) is the  radial velocity of the electrons  and  ions  at  the plasma-sheath boundary. 
As shown  in I,  v,(a) is equal  to  the local  isothermal  ion  sound  speed, i .e. ,  
u,(a) - [ kT,(a)/M]'/'. 

Equating  the  expressions  (A2)  and  (A3) yields 
k = i Q  (A4) 

where 

represents  an  average  frequency  for  the loss of electrons to  the wall. Therefore,  equation 
(A4)  represents  the  steady-state  maintenance  condition of the plasma  column. 

Using equations  (A2)  and  (A4)  the  parameter 8 (defined by equation (4)) can  also 
be  written 

8 = eVI(1 + y )  VI = eVI(1 + y )  ('46) 

Thus, 8/FI represents  the  average  energy necessary to  produce  an electron-ion  pair in 
the  discharge. 

In  the  theory of the classical DC positive  column the loss of the  electrons  to  the wall 
is generally  expressed  in  terms of an effective  electron  diffusion  coefficient D,, (Allis 
and  Rose 1954,  Muller  and  Phelps 1980) such that 

i~ = D,,/A~ (A7) 

where A is the diffusion  length for  the  discharge  tube  (A=a/2.405  for infinite  cylindrical 
geometry).  Introducing such an effective  diffusion  coefficient for  the  present case equa- 
tion  (A6)  may  be  rewritten 

where L i e  is the radially  averaged electron  free diffusion  coefficient. 
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In  a classical isothermal,  quasineutral positive  column at low pressures  the  quantities 
D,,/D, and D,N are  only  a  function of N A  (thus of Nu). In  the  surface wave  produced 
plasma the  electron  temperature increases slightly with the  radius  and this  causes some 
changes in the  radial profiles of the plasma  density in comparison with those of a classical 
DC positive  column  (see I). Nevertheless  the basic creation  and loss processes are 
essentially the  same in both  situations,  and  the  average values of the  electron  temper- 
ature in the  surface wave  plasma are close to those of the positive  column  for the  same 
pressure-radius product  (see,  e.g.,  Chaker et a1 1982 and  paper I). Therefore, we can 
expect  the  right-hand  term in equation (A8) to also  be  mainly  a  function of Nu in the 
surface  wave  plasma,  and  hence  the  similarity law 

to  be  approximately verified. 
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Note  added  in  proof 
Recent  experimental  determinations of the  average  absorbed  power  per  electron, 8. in an argon  plasma 
sustained by a  surface microwave in various  capillary  tubes with different  diameters  (Dervisevic E ,  Bloyet E. 
Laporte C, Leprince  P,  Marec J ,  Pouey  M  and  Saada S ,  Proc.  XVIth Int. Conf. Phenomena in Ionized Gases, 
Diisseldorf,  FRG at  press)  have  shown  that  the  theoretical similarity law of 8 / p  versuspa  derived in this paper 
is remarkably well confirmed by the  experiments. 

An  equation  for  the axial electron density distribution similar to  equation ( 2 5 )  of the  present  paper was 
also recently  derived by 2 Zakrzewski (1983 J .  Phys D: Appl.  Phys. 16 171-80). 
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