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The properties of a microwave-induced argon plasma produced by traveling surface wave at 
atmospheric pressure are investigated theoretically. A hydrokinetic model is elaborated to obtain the 
nonequilibrium one-dimensional profiles of electron temperature T, (average electron energy), 
electron density n2,, and the first excited state population density rids, along the axis of a steady-state 
discharge. A three-level atomic structure is assumed for the argon atom. A particle balance is 
included through the continuity equations for n, and rids. These equations are coupled with an 
energy balance equation for the electrons. The effects of different parameters on the properties of the 
argon discharge are investigated: discharge tube radius, gas flow rate, resonant radiation-escape 
factor, and neutral gas temperature. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Microwave-induced argon plasmas (MIP) have become 
extensively used as particularly attractive atomic emission 
sources because of their high efficiency; they can. excite 
atomic and ionic species.“2 An interesting feature of this type 
of discharge is that the process of energy transfer from the 
electromagnetic field of the wave to the plasma takes place 
along the same direction as that of the traveling wave.3 In 
this article we assume that the plasma column is sustained in 
flowing argon at atmospheric pressure by the propagation of 
a surface wave, which is excited by a localized microwave 
gap-type structure called a surfatron. The principle of opera- 
tion of this launcher has already been extensively described 
elsewhere.lT4 The surface-wave-produced plasma belongs to 
the class of rf and microwave-induced plasmas. It results 
from the propagation of an electromagnetic wave which uses 
the plasma column it sustains and the plasma tube as its sole 
propagating media. 

Many experimental and theoretical studies have been 
done on surface wave discharges at low and medium gas 
pressure conditions: studies of the possible attenuation 
mechanisms of the wave, experimental and theoretical study 
of the axial surface wave propagation, experimental mea- 
surements of the electron density, temperature, and different 
excited states.5’6 However, the axial behavior of a very 
widely used device (MIP maintained by surface wave at at- 
mospheric pressure conditions) is not well understood from a 
theoretical point of view. Such devices are frequently used as 
efficient sources of ionization and excitation of atoms and 
molecuIes, mainly in plasma chemistry and elemental analy- 
sis. Over the last decade, experimental investigations and 
several applications of high-frequency discharges maintained 
by surface wave have been reported.7 The axial nonunifor- 
mity is the main intrinsic property of these plasma dis- 
charges. This creates a demand for appropriate models of the 
axial behavior of such discharges. 

a)Electronic mail: microondas@cica.es 

In these discharges the electron and gas temperature val- 
ues are clearly.different; this shows that these plasmas are 
nonequilibrium plasmas. Up to now, many noncollisional- 
radiative models proposed to describe rf and microwave fre- 
quency discharges at atmospheric pressure have been de- 
voted to inductively coupled plasmas (ICP). Moreover, very 
few authors have included in their models some processes 
that are responsible for the nonequilibrium state of the 
plasma. Concerning surface-wave-produced plasmas, a theo- 
retical study of the axial surface wave propagation has been 
recently published.’ In that article the wavelength and the 
attenuation coefficients of a high-frequency (rf and micro- 
wave) surface wave of azimuthal symmetry are calculated as 
a function of the electron density along an atmospheric pres- 
sure plasma column. On the other hand, a theoretical model 
at atmospheric pressure condition, a channel-type model for 
rf and microwave discharges, assuming local thermodynamic 
equilibrium and sustained by traveling waves, has also been 
proposed.8 This channel-type model includes the axially non- 
uniformity properties of such discharges. 

The purpose of this article is to present a theoretical 
study of the propagation of high-frequency (HP) surface 
wave of azimuthal symmetry, along an atmospheric pressure 
plasma column in nonequilibrium thermodynamic regime. In 
such a case, the collision frequency is typically such that 
V>W, where Y is the electron-neutral collision frequency for 
momentum transfer and w is the wave angular frequency. We 
assume that the electron-neutral collisions are determining 
the attenuation of surface waves along the plasma column. 
We do not consider nonlinear effects connected with the 
heating of the electrons or with the ionization of neutral gas 
(no dependence of the plasma permittivity on the wave elec- 
tric field intensity). We consider a simplified kinetic model 
for the argon plasma and an energy balance equation for the 
electrons. This model will allow us to find the nonequilib- 
rium onedimensional profiles of the electron temperature T, 
(average electron energy), electron density n, , and the first 
excited state population density FZ~~, along the axis of a 
steady-state argon discharge. The influence of different pa- 
rameters (i.e., the gas flow rates, plasma radii, neutral gas 

4360 J. Appl. Phys. 78 (7), 1 October 1995 0021-8979/95/78(7)/4360/l l/$6.00 @ 1995 American Institute of Physics 

Downloaded 18 Dec 2003 to 161.111.20.5. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



0 

1 Plasma 

2 Glass 

3 Vacuum *.+ ?.$a? Z!&L 3 
% ~-I; $Qi; ~‘.? 

0 
‘b”:: 

@  ,;:, :. 
‘% ,, .;f..,.*.-?.;;:1 -‘;e:i;$y.%.%f:: ; 1” ; a”*‘,‘. __j 

I........ z . . . . . . . . . -.( 
Axial position 

a) b) 

FIG. 1. Schematic of the (a) surface wave device and (b) propagation media 
considered for the calculation of the electric-field intensity. 

temperature, and trapping of resonant radiation) on these cal- 
culated values is also investigated. 

A schematic presentation of the propagating media con- 
sidered in our calculations is shown in Fig. 1. A 2450 MHz 
surfatron gap-type exciter is assumed which launches a sur- 
face wave that sustains an argon discharge at atmospheric 
pressure. The plasma forms near the gap and, depending 
upon input power supply and gas flow rate, extends outward 
several centimeters. Both the electron density and the HF 
power flux decrease gradually with increasing axial distance 
from the surfatron. The plasma column ends when the HE 
electric-field intensity drops below the threshold value nec- 
essary to sustain a steady-state discharge. We consider a 
plasma that completely fills the capillary quartz tube and 
which is totally located within the discharge tube. The be- 
havior of the plasma sustained in a gas such as argon, for a 
tube of given inner diameter, is much influenced by the rate 
of gas flow used. For example, if the inner diameter of the 
tube is higher than 3-6 mm and the flow rate of argon is of 
several ~g/min, one observes experimentally a plasma com- 
posed of several filaments (two or three); however, with 
smaller flow rates (several hundred of ml/mm), the plasma 
consists of a single filament, centered at the axis of the dis- 
charge tube, and touching the tube walls only near the gap. 
Here the plasma remains radially constricted to an apparent 
diameter of a little more than 1 mm. Stable plasmas can also 
be generated in capillary tubes of a smaller diameter, but 
then either larger gas flow rates or thicker wall tubes should 
be used. In our theoretical model we assume that the plasma 
fills thoroughly the capillary tube. 

The organization of this article is as follows. In Sec. II 
we describe the hydrokinetic model: HF electric-field inten- 
sity and model resolution. Section III shows the results ob- 
tained, and finally in Sec. IV the main conclusions are pre- 
sented. 

II. HYDROKINETIC MODEL 

A. HF electric-field Intensity 

The aims of this subsection are mainly two: first the 
study of the wave propagation in the case where v is not 
negligible with respect to w, and second the determination of 
the HF electric-field intensity as a function of the electron 

density profile and v. To treat the above problem in a self- 
consistent manner requires simultaneously solving the Max- 
well equations and the equations describing the discharge 
processes. In our calculations we consider one commonly 
used approximation, which is to solve separately the plasma 
maintenance equations and the equations describing the elec- 
trodynamic properties of the system (including the dis- 
charge), and only afterward to merge the results. Nowa- 
kowska and co-workers’ have developed a theoretical study 
of the propagation of a HF surface wave of azimuthal sym- 
metry along an atmospheric pressure plasma column. They 
use the standard cold plasma surface wave formalism and 
their methods are used in this article. For example, the wave 
dispersion characteristics are computed using complex alge- 
bra, since, at atmospheric pressure, the plasma permittivity 
has comparable real and imaginary components. The cold 
plasma approximation seems appropriate since the electron 
temperature is estimated to be roughly 1 eV. On the other 
hand, we can assume that the colllisions are mainly between 
electron and neutral atoms. Then, the plasma response, as far 
as wave propagation is concerned, can be readily described 
by the usual equivalent dielectric permittivity, which rela- 
tively to vacuum is expressed as 

2 
ep=l- WP@ 

+G+.bj 
= 1 _ (W,,eIW?2 

1 +j( v/w) ’ 

where j is the imaginary operator, o is the wave frequency, 
and oPe is the plasma frequency (=nee2/mcqJ1’2. -In our 
case, as it was mentioned before:, we always have that the 
electron-neutral collision frequency for momentum transfer v 
is larger than o. It must then be remembered that the con- 
ductivity that leads to Eq. (1) is derived from the model of an 
electron moving through a viscous medium,9 i.e., from the 
case where the ‘electron makes many collisions during one ’ 
oscillation period of the wave. This means that v may be 
much larger than o but it should, nevertheless, remain 
smaller than the plasma frequency wPe for the hydrodynamic 
model to be valid. The collision cross section is velocity 
dependent and v, in Eq. (l), has 1.0 be replaced by an effec- 
tive collision frequency defined by 

m VE 3’2/( v2+ w’)](df/dc)de 
vef= J;[E3’2/( v2+ c2)](df/dE)ck . (2) 

The effective collision frequency is obtained from Eq. (2) 
assuming a Maxwellian electron energy distribution function 
and v,, depends on the electron temperature. In Eq. (2) E 
denotes electron energy. Figure 2 shows vef as a function of 
electron temperature. Also, we-consider that the plasma is 
macroscopically neutral and radially homogeneous since in 
capillary tubes the wave characteristics depend weakly on 
the radial electron density profile n, (r). The propagation 
media considered in our calculations.is shown in Fig. l(b). It 
corresponds to a plasma that completely fills the capillary 
tube where the discharge takes place. The capillary tube per- 
mittivity and loss tangent are included in our calculations 
through a complex permittivity ~a .: 

Under these conditions, the Maxwell equations in each 
medium, with the appropriate boundary conditions (continu- 
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FIG. 2. Effective electron-neutral collision frequency for momentum trans- 
fer as a function of the electron temperature. 

FIG. 3. Electric-field intensity as a function of the electron number density 
for different electron temperatures (in eV). 

ity equation at the different interfaces), have been solved. 
Because the wave is azymuthally symmetric, the electromag- 
netic field has only three components: the axial, E, and radial 
E, electric fields and the azimuthal H, magnetic field. The 
set of four continuity equations [E, and H, continuity at the 
plasma-quartz (I-= a) and at the quartz-air (r= b) inter- 
faces] has a single nonzero solution provided its determinant 
(4X4) vanishes, yielding the dispersion equation.” The so- 
lution of the dispersion equation leads, for each value of 
~,,f/o, to two curves: LY (the attenuation coefficient) and p 
(the wave number, 27r//x) vs wIope. 

The electromagnetic-field components (E, , E, , HJ can 
be obtained, in absolute form, if we use a normalization con- 
dition for the power flow P, 

P=$Re 
J 

E,H$2m dr, (3) 
St 

where S, is the total system cross section (OG-=G) and Re 
means “real part.” ‘r We use in our model 
E=[E~(r=a)+Ef(r=~)]~‘~ as .the maintenance HF 
electric-field intensity. Figure 3 shows the behavior of the HF 
electric-field intensity E, as a function of the electron density 
(w/w,,,) and electron temperature through the parameter 
v,do. In the electron density range of interest, we can see 
that the dependence of E on the electron temperature (Q) is 
very weak. Then we consider hereafter, as a first approxima- 
tion, that the HF electric-field intensity does not depend on 
T, (Q), but only on the electron density. A more detailed 
analysis should allow for both dependences. The HF electric- 
field intensity for vJw=1.76 (T,=O.6 eV, this is an average 
value of the experimental electron temperature reported in 
the bibliography) is the maintenance HF electric-field inten- 
sity considered in our calculations. 

10 

10-Z lo-' 100 IO' 102 

ndl0” (cmJ) 

B. Three-level atomic model 

In the argon afomic structure, there is a significant en- 
ergy gap from the four lowest excited electronic states 
(3~ 4s) to the upper excited states.” Moreover, the energy 
separation between these four states is very small, so that a 
three-level atomic modelI (TLAM) can be used which in- 
cludes the group of 4s levels with the 3s’ 3p6 ‘So state as 
the ground level and the 3s2 3p5 ‘P 112 ionic state as the 
continuum. The three levels of the argon atom are denoted 
hereafter by s (the ground state), p (the excited state: two 
metastable levels, 3p5 4s ‘Pi and 3~’ 4s 3P2, and two 
resonant levels, 3p5 4s IPI and 3p* 4s 3P1) and c (the 
continuum). 

The choice of this simplified argon atom energy structure 
is related to &fact that the upper excited levels (4p and 
above) remain much closer to their equilibrium values than 
the 4s state,t4 then the assumption of considering only the 4s 
state is reasonably good, as a first approach, to the study of 
the nonequilibrium kinetics in an argon discharge. 

We assume with a good approximation, since we have a 
low gas flow, that this flow is laminar; then for symmetry 
reasons the gas current lines are parallel to the axis z. On 
assuming laminar gas flow, the Navier-Stokes equations 
simplify. The main consequences for our model are that the 
flow velocity u only depends on the radial coordinate r-, and 
that the gas pressure pg only varies axially. Moreover, we 
suppose a linear decreasing behavior for the pressure along 
the discharge tube. The parabolic profile for the flow speed 
has the expression 

24 r2 
ulr)=z 1-s , 

i i 
(4) 

where 4 is the gas flow rate and R is the inner radius of the 
discharge cylinder. Since our calculations are carried out on 
the discharge axis, we take u( r = 0). 
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We consider the equations 

3fZi 
-$+V.(ni(u+Ui))=fii, (5) 

so that for i( =s,p,e) we obtain the rate equations related to 
the ground level of argon, its first excited level, and the elec- 
tron density, respectively. Here Vi and u represent the diffu- 
sion speed of species i and the plasma speed when consid- 
ered as a whole, respectively. In the same way, iii accounts 
for the different collisional and radiative processes respon- 
sible of the changes in the population ni . These three equa- 
tions can be reduced to only twoi if we assume that the total 
number of particles n,, is kept constant in each section of the 
plasma column, 

it,-n,snp+n,. (6) 
We choose to keep the equations related to the first excited 
level (p) and the electrons (c) . Then we have 

-n:(AzF+A$), (8) 

which are the rate equations expressed in cylindrical coordi- 
nates, when there is only an axial dependence. Moreover, 
Vi=0 since we neglect the axial diffusion of any species 
present in the plasma. The quantities k and Aeff, in Eqs. (7) 
and (8), represent the electron-impact collisional transitions 
and (effective) radiative transitions, respectively. Here k, 
and kps are rate integral coefficients for electron-impact ex- 
citation and deexcitation of the atomic level p, respectively; 
li,,(k,,) and kcs(kcp) are rate integral coefficients for 
electron-impact ionization of level s (p), respectively. The 
quantities Azif (Z=s,p) in Eqs. (7) and (8) are the effective 
rate integral coefficients for free-bound transitions (c-+p 
and c-+s). They consider, through the escape factors A, , 
the radiative recombination and photoionization processes, 15 

respectively; they measure the portion of radiation leaving 
the plasma. The escape factor is a number between zero (in 
an optically thick plasma for the spectral line produced in the 
transition) and one (in an optically thin plasma for the line). 
Plasma radiation that corresponds ‘to spontaneous deexcita- 
tion p+s is hereafter denoted as resonance radiation. Since 
the density of absorbing ground-level atoms is relatively 
large, the escape factor Aps , for resonance radiation, is often 
small. The quantity A$ = ApsAps is a measure of the radia- 
tive deexcitation of the excited level p, A,, being the Ein- 
stein coefficient for spontaneous emission. Its value (3X lo8 
s-l) is taken as the average of the corresponding coefficients 
for the resonant transitions from IPI and 3P, argon levels. 
The escape factors ACp and A,, are considered as parameters 
whose values are A,, = A,, = 1 (thin plasma for level c), and 
A,, ranges from 10m6 to 10e3 (thick plasma for level p), 
since only resonant radiation trapping coming from the spon- 
taneous deexcitation of level p is considered. On the other 

hand, the reason to make the assumption that A,, = ACs = 1 is 
rooted in the fact that the strong c-+x and c--+p radiative 
recombination not balanced by a corresponding photoioniza- 
tion will cause the plasma to be in nonequilibrium. There- 
fore, the, electron density will be less than its thermodynamic 
equilibrium value, obtained through the Saha law using the 
electron temperatures given by the model, as is experimen- 
tally corroborated.5,6,‘6 

C. Electron energy balance equation 

The electron energy balance equation used in our calcu- 
lations is obtained from the kinetic theory, as the third mo- 
ment of the Boltzmann equation, and it readsf7 

V($nYl,kgT,u)+n2,kgT,V.u+V.q,=Qe, (9) 

where n, , u, and T, are the electron density, gas velocity, 
and electron temperature, k, is the Boltzmann constant, and 
qc is the heat flux related to the axial electron how. The 
right-hand side of Eq. (9) represents the source term, i.e., all 
energy, excluding viscous dissipation and heat conduction, 
supplied to the electrons by collisions with other particles. 

In our case, Eq. (9) is rather simplified since we are 
dealing with a steady-state plasma where both the inelastic 
collision energy losses (which we assume to be almost neg- 
ligible at pg = 1 atm) and the viscous dissipation are not con- 
sidered. However, the energy loss due to the radiative recom- 
bination processes (c-+s,c--+p) is kept. 

After simplifying, if we take only the axial component of 
Eq. (9) and knowing that duldz=O, we have 

n,uV,.($kBT,,) + Vz.qe= Qe. (10) 

In the following subsections, we describe the different source 
terms considered. 

1. Ohmic heating 

The electrons dissipate the ohmic power through colli- 
sions with the heavy particles; so the source term (the elec- 
tron thermal energy increment per unit volume), due to the 
presence of an electric field, is given by 

Q;= J,.E= aE2, (11) 

where u and E represent the electron electrical conductivity 
in argon and the HF electric-field {intensity, respectively. 

2. Elastic losses 

Because of the elastic collisions between heavy particles 
and electrons, the latter spend part of their energy and then 
we have that the source term related with the elastic power 
losses is 

2m, 3 
Q$I= - M 5 kB(T, - T,) v,i$, 9 

h 

where m, and Mh are the masses of electrons and heavy 
particles. In an argon plasma, the collision frequency for mo- 
mentum transfer v& depends on the electron energy and 
since our study deals with HF discharges, we must use an 
effective collision frequency v&T,) given in Eq. (2). 
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3. Radiative recombination 

When an electron meets an ion, both of them can recom- 
bine producing a neutral atom and a photon. During this 
process the total amount of thermal energy per unit volume 
does not change for the heavy particles, but it does change 
for the electrons since a thermal electron is eliminated. The 
recombination energy itself, h v,, or h vcP (v,, and vcP are the 
transition frequencies), which is also contained in the escap- 
ing photon, does not lower the thermal energy. Then the 
processes of spontaneous deexcitation of atoms do not need 
to be included in the electron energy balance equation. 
Therefore we have that 

Q;~= - zi = - $kBTef2~(A$+~$), 03) 

where Qkd = -d is the value of the electron thermal 
energy lowering due to radiative recombination. 

4. Convective and heat flux losses 

After having considered an explicit form for each of the 
source terms, the electron energy equation (10) becomes 

a2T, 3 
h --$-=~kBuae dz s+k-uE2+ i n,kB(T, 

2me ah aT, 2 
-T*) z ‘ef-dT, az 9 i-i 

(14) 

v.q,=“-V(XVT,)=- $ (%)‘-I( $), (15) 

where A is the electron thermal conductivity in argon. The 
values of (+ and h are taken from the calculations made by 
Devoto”‘r9 using the Chapman-Enskog theory. These trans- 
port coefficients show a good agreement with experimental 
measurements,2°*2’ so we have fitted them with analytical 
formulas. 

The term ($)kgu~, aT,laz in Eq. (14) represents an 
electron energy loss. This energy loss is due to the axial 
movement of the plasma (convective energy loss). 

For symmetry reasons, we require (aTelaz),,o=O; then 
we have at z=O 

0 ( 
a2T, 

(T,--T,)v~~-~E*+~ 

= z=o== A 
>o, 

z=o 
06) 

so there is a minimum in the electron temperature T, at the 
end (z=O) of the plasma column. 

The model equations are solved from the end of the 
plasma column. The exact position of the launcher from the 
end of the column (z=O) depends on the operating condi- 
tions considered in the calculations. The definitive set of 
equations to solve has the form 

an, _ vp ni * 
dz- u 

-k,,+ukcpf~A$-~ (kpc fk,,) 

an, 44 
-ii-- I.4 

- __^_ k,,+ T k,,- $ (k,,+kp) 

3 2m,v,h 
f 2 n&O’,-T,) hMh . 

(17) 

W 

(19) 

As we already assumed that the total number of particles n, 
remains constant along the plasma column, we can eliminate 
the ground-level population density ~1, from Eqs. (17)-(19). 

ns=n,--n,-n P’ PO) 
When several particle species are present in the plasma, 

the total particle population density n, is fixed by the work- 
ing pressure (pg= 1 atm) through the Dalton law, 

p=(ne+n,)kBTg=n,kBTg . (21) 
Equations (17)-(19) can be conveniently adimensionalized 
making use of the new variables, 

n,(z) 
y(l)= C? 

P 

n,(z) 
y(2)= y-9 

e 

Sk) i22) 
y(3)= -y’ 

T,(z) 
y(4)= y-3 

C?l 

where npl, nelr S,, and Tel are the values of the different 
magnitudes at some point close to z =0, where S(z) = aT,laz 
is the electron temperature gradient along the plasma col- 
umn, Also, we use the new variable Z= zlL, where L is the 
length of the plasma column. The initial conditions at the 
column end are: np = lo6 cms3; n, =3 X 1Or3 cme3; T, =5000 
K; and S=O. The system (17)-(19) has been solved using a 
Runge-Kutta-Verner method of fifth and sixth order with 
variable step. 

III. RESULTS AND DISCUSSION 

ln this section the results from the hydrokinetic model 
are presented. The calculations were carried out at atmo- 
spheric pressure, a microwave frequency of 2450 MHz, and 
with a given amount, PO = P(O), of the total power delivered 
by the wave launcher to the plasma. The power value is 
related with the wave attenuation coefficient cr, electric con- 
ductivity of the plasma a, and the effective value of the total 
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FIG. 4. Effects of different parameters on the axial power term profiles predicted by the hydrokinetic model. The dashed vertical lines in (a) show the real 
plasma column end for each parameter considered. This plasma column end must be taken into account in the rest of the figures. Each plot (uk?, V.q, , and 
Q,$) contains different lines, each of them being related to the different parameters used: (a) gas flow 4: (-) 0.75 and (. . . . . . . .) 1.0 //min; (b) inner tube 
radius R: (-) 0.1 and (..e-..... 
10-3, ( 

) 0.15 cm; {c) neutral gas temperature T8 : (-----) 1500, (. 
. . . . . . ...) 10-4, ad (_____) 10-6. 

. . . . . . ’ .) 1750, and (-) 2000 K; and (d) escape factor A,, : (-) 

The plasma forms near the gap and extends outward sev- 
eral cm, depending upon input power and gas flow rate. For 
a given gas flow, the plasma length can be increased by 
increasing the HF power.16 In this article the power delivered 
by the wave launcher to the plasma is assumed constant. The 
working conditions (i.e., neutral gas temperature Tg, inner 
tube radius R, and inlet gas flow rate 4) have been varied 

electric-field intensity within it. This relation may be ex- 
pressed as the Joule losses: P(O)=(~R*/2a) [cdZ2(n,)]. 

according to some commonly used experimental situations 

From the calculated crE2 values at gap level (see the follow- 
involving microwave discharges. Moreover, the radiation 
trapping effect t&s) has been considered through different 

ing subsection) and the calculated LY value (see Sec. LI A), we values of the escape factor A,, . 
are dealing with a total power of approximately 100 W at the The plasma and device characteristics assumed for car- 
launching gap. rying out the calculations were as follows: 

gi) 
T (gas temperature) = 1500, 1750, and 2000 K; 
4g(gas flow rate)=0.75 and 1 //mm* 

(iii) R (inner tube radius)=O.l and 0.15 dm; and 
‘(iv) Aps [escape factor for the resonance transition 

p+s)=lo-a, 10-4, and lo-“. 

The assumption of assuming constant Tg along the 
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plasma columu is experimentally well corroborated, for this 
type of discharge, by recent measurements.6V’6 

For clarity it should be remembered, when looking at the 
figures, that the power source is placed at the right-hand side 
of each plot. 

A. Power terms 

Figures 4(a)-4(d) show the most important gain and loss 
power density terms, i.e., ohmic heating, elastic losses, and 
the power loss related to the electron heat flux. We see that 
the power terms always decrease from the power source 
(z-2-3 cm) to the plasma column end. Moreover, the real 
plasma end (z- 1 cm) is different from the column end con- 
sidered in the calculations (z=O) since at the end of the 
column (marked with a dashed vertical line), the ohmic 
power gain is under the elastic and heat flux losses. This has 

no real physical meaning and then the plasma cannot exist 
from this point down. The same is valid for the rest of the 
figures where these processes are presented for different 
plasma conditions. This remark must also be taken into ac- 
count for all remaining figures. The effect of the inlet gas 
flow rate is evaluated in Fig. ,4(a), which shows that the 
plasma column length becomes larger when the gas flow 
increases. This is due to the convective power losses, 
(3 +k,n,lrR2)(dTeldz); so when the flow rate 4 increases, 
so do the convective losses and this has the effect of carrying 
the energy farther, so the plasma column extension increases 
a little. 

Figure 4(b) shows the results of considering two differ- 
ent inner radii, R =0.15 and 0.1 cm. Now, the higher R, the 
smaher the plasma length. This effect is again due to the 
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FIG. 6. Effects of different parameters on the axial electron density profiles: (a) q5 (//min); (b) R (cm); (c) T, (K); (d) A,, . As in Fig. 4, each plot contains 
different lines, each of them being related to the different parameters considered. 

convective losses, but here the effect is more important since 
the convective term has au inverse dependence on R. 

Figure 4(c) shows the consequences of considering dif- 
ferent gas temperatures Tg . The energy exchange terms as- 
sociated with the elastic losses become more important when 
the temperature difference AT= T, - Tg , which is a measure 
of the departure from the thermodynamic equilibrium, in- 
creases. So at T,=1500 K, the elastic losses are higher than 
at T,=2000 IS. When the gas temperature increases, the 
plasma length becomes longer. 

is less depopulated. Another consequence of this is that the 
ionization mechanisms from level p are more effective and 
then, for the same axial position, the electron density reaches 
a higher value than when APS is 110-3. The consequence of 
this is that the higher the escape factor, the higher the plasma 
column length. 

The effect of the escape factor A,, is shown in Fig. 4(d). 
This is a particularly interesting feature of the model since 
A,, does not appear in the electron power balance equation 
[Eq. (7)] but it h as an important indirect influence on the 
power terms and plasma length. If A,, is low (10W4, 1006), 
less radiation leaves the plasma and then the excited state p 

The effect of the four parameters considered can be sum- 
marized as follows: All the processes involving the increase 
of the power density loss, due to higher n, values, cause a 
decrement in the plasma column length. 

Figures 4(a)-4(d) always show a plasma length of ap- 
proximately 3-4 cm. The plasma length found in this work 
agrees very well with the experimental length reported by 
different authors.4,‘6 Also, the rest of theoretical results ob- 
tamed in this section are in good agreement with the experi- 
mental results reported in the references.2*‘6 
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FIG. 7. Effkts of different parameters on the axial profile of the first excited state: (a) q5 (/%nin); (b) R (cm); (c) T,(K); (d) APS . As in Fig. 4, each plot contain 
different lines, each of them being related to the different parameters considered. 

It’s also important to note that the electron heat flux is 
the primary energy loss process, followed by eiastic colli- 
sions. 

8. Electron temperature 

The electron temperature behavior essentially fbllows 
the ohmic power profile for all the conditions .considered. 
Figures 5(a)-5(d) show the axial electron temperature distri- 
bution for four different situations (see the figure captions). 
The hydrokinetic model shows then that close to the power 
source (z-3 cm), the electron temperature reaches its highest 
value. Only the variation of the parameter Tg has a remark- 
able influence on the axial behavior of T, . The rest of pa- 
rameters (4, R, and A,,) hardly%-change the value of the 
electron temperature close to the launcher. 

4368 J. Appl. Phys., Vol. 78, No. 7, 1 October 1995 

C. Electron and excited level densitles 

The axial electron density distribution is shown in Figs. 
6(a)-6(d) for four plasma conditions. Again, it is worth 
pointing out that the electron density equilibrium values 
(given by th& Saha equation for the electron temperatures of 
the model) a.re two orders of magnitude higher than the elec- 
tron density profiles obtained with the hydrokinetic model. 
Concerning the excited level density, its axial distribution is 
shown in Figs. 7(a)-7(d). The variation of the parameters R 
and APs produces a remarkable axial variation of np . As was 
expected, the effect on np related with the variation of the 
escape factor APs is the most important. The p level density 
grows while getting closer to the power source, its equilib- 
rium value (Boltzmann values) being just one order of mag- 
nitude higher. We see, in Fig. 7(d), that when plasma opacity 
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FIG. 8. Example of the relative importance of the various collisional and 
radiative transitions to the production of level p. The conditions of this plot 
are: R=0.15 cm; 4=0.75 $/min; Z’,=2000 K, and A,,,=10-3. 

increases (lower A,,), the radiative deexcitation of level p is 
not as effective. Therefore, at a given axial position, the 
smaller the escape factor, the greater the excited level den- 
sity. In all plots, Figs. 7(a)-7(d) we see that the excited level 
population distribution follows a similar behavior to that of 
the ohmic heating. The calculation, at atmospheric pressure 
conditions, of the p level population density, and the knowl- 
edge of the different kinetic processes that contribute to 
populating and depopulating it, is of interest for achieving 
new sources of metastable argon atoms.22 The theoretical 
values of n, obtained in our calculations are in reasonable 
agreement with available experimental measurements.5*‘6 On 
the other hand, there are no available experimental results, as 
far as we know, on the 4s excited level of argon at atmo- 
spheric pressure. The np values obtained show a sharp gra- 
dient along the plasma column. 

In the rate equations (7) and (8) we have considered 
different collisional and radiative processes. The relative im- 
portance of the different volumetric transition rates (Lij ,Rij) 
for populating and depopulating the excited level (p), and 
the continuum level (c) , are given in Figs. 8 and 9, respec- 
tively. The relative importance of the rate of population (or 
the rate of depopulation) of a level (c, p, or S) was found by 
the ratio of this rate to the sum of all rates of population or 
depopulation of levels c, p, or s. This means that each tran- 
sition for populating or depopulating a particular level (c, p, 
or s) will be characterized by two quantities: one that shows 
the relative importance of the transition to populating the 
upper level, and another that shows the relative importance 
of the transition to depopulating the lower level 
(Lpc , L,, , Lsp) or vice versa, i.e., to depopulating the upper 
level and to populating the lower level 
(L, , L,, , L,, , R,, , R,, , R,, j . For example, the relative con- 
tribution of the quantity L,, to the loss of level p is calcu- 
lated by the ratio of this term to all terms that depopulate 

0.0 
Lcsscpl __ 

L-- -L- ‘-L-L.--.- 4 
0 1 2 3 4 

2 (m 

FIG. 9. The same calculation as in Fig. 8 but for the production of level c 
(electrons). 

I 

level p. In the same way, the relative contribution of L,, to 
populating level c is calculated by the ratio of this term to all 
terms that populate level CP In this way, the gain and loss 
terms are normalized separately to emphasize the kinetics 
associated with the different processes considered in the so- 
lution of the hydrokinetic model. In the same way, radiative 
processes are characterized by the symbol R. The subscripts 
in L and R have the same meaning as those associated with 
the volumetric transition rates (e.g., Lpc= n,npkpc and 
R CP = $A$. 

Figures 8 and 9 show the transition rate for populating 
and depopulating the excited level (p), and the continuum 
level (c), respectively. Figure 8 shows that the electron- 
impact excitation from level s (n,,n,kSp) is the most impor- 
tant populating process of level p. Depending on what sec- 
tion of the plasma column is analyzed, the dominant 
volumetric rate of depopulation of level p is the electron- 
impact deexcitation (L,, =nenpkps) near the power source, 
or the spontaneous radiative deexcitation of level p, R,, 
= ~l#$, as we go farther from the launcher. Figure 9 shows 
that the main volumetric rate of depopulation of the con- 
tinuum (c) is the two-body radiative recombination to the 
ground level (s) (nzA$). Two different volumetric rates 
populate the continuum level: stepwise ionization from level 
p and direct ionization from the ground level (s). The direct 
ionization process ( L,y, = n n k ) clearly prevails in the e s SC 9 
plasma column second half, while along the first half 
(lGz61.5 cm) both stepwise (Lpc=nenpkp,) and direct ion- 
ization have very similar values. 

The working conditions used in Figs. 8 and 9 are: a gas 
temperature of 2000 K, inner tube radius of 0.15 cm, gas 
flow rate of 0.75 d’/min, and an optically thick plasma for the 
p+s radiative deexcitation with an escape parameter 
Aps= 10-3. 

In this simple manner we easily see the plasma kinetics 
for a particular set of conditions. 
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IV. CONCLUSIONS 

In this article we have elaborated a hydrokinetic ‘model 
that enables us to obtain the nonequilibrium axial behavior of 
the electron, first excited level (p) densities, and electron 
temperature for a microwave-produced argon plasma at at- 
mospheric pressure. The model shows, through the volumet- 
ric transition rate profiles, the relative importance of the dif- 
ferent collisional and radiative processes in populating and 
depopulating levels s, p , and c. The three-level atomic struc- 
ture is a simple approximation to a complicated atomic sys- 
tem. As discussed previously, there are several reasons to 
consider this approach. 

The results obtained for argon show a reasonable good 
agreement with the available measurements. The electron 
density and temperature values obtained in our model show 
similar trends to those reported in the references in similar 
experimental situations. Moreover, the model predicts the 
axial behavior of the p level (4s state) population density. 
This density does not appear commonly in the experimental 
bibliography of MIP at atmospheric pressure conditions. The 
knowledge of this population density and its dependence on 
the absorbed power may be of some interest in understanding 
the physics of new sources of beams of metastable argon 
atoms in the thermal energy range. Also, they have interest 
regarding the microwave-induced argon plasma use-d in spec- 
troanalytical analysis. s 
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