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Gas heating in low-pressure microwave argon discharges
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Both an energy balance equation and a collisional-radiative model were developed in order to discover
which process is responsible for gas heating in a low-pressure argon discharge. In this way, for a wide range
of plasma conditions, the space-charge field contribution to gas heating was found to be negligible compared
to that resulting from elastic collisional processes, although the value of the former is higher than the latter
when calculating the absorbed power per electron. This is du#)tthe heating associated with the space-
charge field only being effective in the plasma sheath, which is very close to the vessel innd@)wEHfle
vessel temperature value at the external wall is taken as a boundary condition, as a result of which the
space-charge field influence on gas heating is indirectly imposed on the model. The results of the collisional-
radiative model take into account the influence of gas heating on the electron temperature and on the argon
low-lying excited levels. Two different zones have been found. The first corresponds to low electron densities,
in which the gas temperature remains constant, whereas in the s@tghdlectron densitigshe heating of
the gas takes on great importance. These results compare well with experimental data.
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[. INTRODUCTION charges is generally divided into two parts: surface-wave
propagation and plasma kinetick0]. The first describes the

In recent years, gas heating due to the interaction betwedpropagation of the electromagnetic wave along the plasma
electrons and heavy particles has been proved to be vegplumn, while the second studies the collisional-radiative
important in the characterization of low-pressure argon plasProcesses among the particles.
mas[1,2]. Indeed, gas temperature is a relevant parameter TO data, several models have been published that deal
when Studying neutral and ion properties, as well as the inWith the population density of excited states and electrons.
teraction of these species with another gas or with a solid hey state that plasma magnitudes, such as electron density
surface. It is, therefore, necessary to characterize the mech@nd temperaturéas well as the population density of excited
nisms through which the heavy particles are heated, and thEfate$, are coupled to the energy transport of heavy particles,
is the scope of this paper. Nevertheless, gas temperature hadd that gas heating plays an important role in low-pressure
been shown to be different from environment temperature foplasma modeling. In Ref.1] an energy transport equation
values of electron densities above!3tm~23, and, therefore, Was deduced for a low-pressure microwave argon plasma
interest is centered on microwave discharges, since the typivhich showed the importance of the elastic processes be-
cal values of electron density are of the same order of magiween electrons and heavy particles in gas heating,
nitude in this case.

High-frequency low-pressure plasmas produced and sus- } i
tained by a traveling wave have been proved to be suitable ror
for many industrial applications, such as microelectronics,
surface treatment, polymer modification, etching, sterilizawhere T is the gas temperature,r(T,) the gas thermal
tion and abatement processes, €t8=7]. These discharges, conductivity,n, the electron density, ané,, the power lost
specifically those designed for microwave field applicatorsper electron in elastic collisions. The paper included all the
are usually produced by a traveling electromagnetic wavémportant processes for evaluation except ion heating due to
that propagates along the interface between the plasma andaaceleration caused by the space-charge field. This effect can
dielectric vesse{surface-wave plasmasThey display a con- be important owing to the fact that the power required to
siderable flexibility for experimental operations and aremaintain the space-charge field is usually higher than the
highly suitable for theoretical modeling. power expended in elastic collisions between electrons and

Discharges sustained by surface waves in cylindrical geneutrals[11]. Therefore, a study of the influence of both
ometry exhibit both radial and axial electron density gradi-processes would seem to be required in order to identify
ents. The former are a product of the competition betweenvhich is most responsible for gas heating.
ionization and diffusion processes leading to Bessel-like pro- The aim of this paper is to clarify which of these two
files, while the latter is governed by the coupling of the waveprocessedelastic collisions between electrons and heavy
and the plasma, and produces nearly linear profig$s]. particles and ion heating due to the acceleration caused by
However, the radial problem is usually avoided by using arthe space-charge fields responsible for gas heating in an
average cross-section electron density with an importardrgon low-pressure plasma column in typical conditions. To
axial gradient. Moreover, the theoretical study of these disthis end, we have obtained an energy balance equation that

()\ (T )a—Tg)ze n (1)
T g ar ellles
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calculates the gas temperature as a function of the plasma TABLE I. Collisional and radiative processes included in the
parameters and the vessel temperature at the external wathodel.

Hence, it has been shown that the space-charge field contf—— —
bution to gas heating is negligible compared to the contribuReaction Coefficient
tion of the elastic processes, despite the fact that in the (:ajo-\r(i)JreHAr(j)Jre

K Gij
culation of the total power lost by an electrofi, , the . ¥
. . . ! A +e—Art+e+ :
former is higher. This result stems from two caudds,the ﬁig:;ei(j)ihue(jji) :‘Qf
] o ; . ij
space-charge field is only appreciable in the plasma sheath, ¢* and Ar(1) diffusion b

whereas the elastic processes contribute to the heating of tfe A
plasma bulk, and2) the boundary conditiofi.e., the vessel
temperature at the external wai located very close to the
surface where space-charge field heating is important, a
therefore, its contribution is implicit in this value.

This paper is organized as follows: in Sec. Il we deduce
an energy balance equation and an 11-level collisional-
radiative model has been developed for a low-pressure argon In this section, an energy balance equation for an argon
plasma. The discussion and the results—as well as a conplasma is deduced under the conditions listed in Sec. Il. In
parison with experimental data—are presented in Sec. llithis case, the kinetics is dominated by electron collisions
Furthermore, in the same section, an approximate result ofith heavy particles and the ambipolar diffusion regime for
the gas energy balance equation is presented. Finally, thelectrons and ions, whereby
significance of these results is discussed in Sec. IV.

energy balance equation that will be obtained in the follow-
n g section.

A. Energy balance equation

v ~d_ “d ~d
—DVne=neve=nNjonvjon= —N1v7, 2

[l. MODELING wheren,,, andn; are the argon ion density and the density

In the following sections, a model of an argon plasma®f the argon atoms in the ground state, respectively,
column is to be developed that includes an energy balance,,, andv? the diffusion velocities of electrons, ions, and
equation to take into account the gas heating due to the irastoms, andD the ambipolar diffusion coefficient. Equation
teraction between the electron population and the heavy pa(2) represents the condition required to maintain neutrality in
ticles. The conditions postulated for the development of thishe plasma, whereby for each electron and ion that flows
model are valid for many laboratory plasmas, and are atowards the wall, an argon atom in the ground state flows
follows: towards the center of the discharge. It will furthermore be

(1) The electromagnetic wave frequency is equal {@® assumed that transport is negligible for all the excited spe-
dischargg or it is high enough to permit a stationary de- cies.
scription of the plasmé#high-frequency dischargeThis im- It is assumed that the argon atom INignergy levels &,
plies that during the time the plasma takes to reach thelenotes the energy leyeand one free energy levek(),
steady-state situation, the electromagnetic field must oscillat&hile the plasma kinetics can be properly described by the
many times. As a result of this, during the time the plasmgprocesses included in Table[12]. Therefore, the kinetic
evolves, the electrons only “perceive” an average value ofcoefficient corresponding to each process can be calculated
the field. when the electron energy distribution functicBEDF) and

(2) The mean free path of any particle in the plasma isthe cross section of the process are known. The radiative
much lower than any vessel size. Thus, either the thermatansport can be substantially simplified by using the Hol-
conduction or the diffusion of the particles can be describedtein escape factor concept, defined ag\ﬁf: AA;j, where
through temperature or particle density gradients, respeg; is the Einstein coefficient for the transitiga3,14. In
tively. this way, the kinetic equation that describes the time varia-

(3) The charged particles diffusive regime is ambipolar,tion of the population density of thielevel is written as
i.e., the electron flow towards the vessel wall must be equal
to the positive ion flow. Therefore, the plasma can be con-  gn, X N f
sidered quasineutral. ot Z CjiNjNe— Z CijniNe— Cimine—Z AN

(4) Gas pressure is low enough to allow a description of =1 I=1 I<i
the plasma through all the processes we have taken into ac-
count(see Table)l Indeed, if we consider a higher pressure +> Ajifnj (i=2,3,...N), 3)
range, other processdas well as other specigsnust be =i
included. )

(5) The thickness of the plasma sheath must be muc@nd for the electron density
lower than any plasma dimension, so we can study its prop- N
erties in the limit where it tends to zero. Furthermore, gas %zz Cning+V-(DVny) (@)
pressure is low enough to allow a noncollisional description T = T e
of the plasma sheath.

On the basis of these assumptions we have developed avhere
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Nion=Ne 5

N - 3 3 - 3
Fd=nevg( 8)\+ EkBTe_l— EkBTg) + nlvg 81"’ EkBTg)’

and
and using Eq(2) we find

N
2 ni+nNg=ng; (6) R R 3
i=1 Fd:_Dvne(S)\_81+§kBTe>-

heren; is the population density of thielevel, D the diffu- _ _
sion coefficient, anch, the population density of the par- Therefore, the power lost per unit of volurey, is
ticles of the plasma. In steady-state conditions we introduce

the energy conservation equation for the electrons L= V. fd: _V. Dﬁne( e —e,+ ;kBTe) _

- .3

V- |nwg EkBTe) =0EZ— 6N, In a steady-state situation, absorbed microwave power

must be equal to dissipated power, and therefcnt?eﬁf
whereo is the electrical conductivity anBey the effective  —(Ln+L,+Lg)=0 must hold. Thus, the following equation
local field value. Using Eq(2) we obtain can be obtained:
2 v/ = 3 2 = = ef

oEZi1=6ne= V| DVne| SkgTe | |, (7) aEef+v.(>\TVTg)—i§2 2 Af'ni(ei— &)

with -

+V. =0. (10

Dﬁne( ey—e1t ;kBTe>

0|_: 0e|+ Bin+ 0W,

, , i o Using Egs.(3)—(6) and Eq.(9), we have

where 6, and 6;, are the elastic and inelastic contributions
to 6., defined by

N
amne=i:22 ,Z Aimi(ei—e))—V-(DVne)(e\—e1),

3m 3m
O =——vKg(Te—Ty)=—rvKgTe, (8)
oM TeTE e TeTy Tene e and from Eq.(7) and Eq.(10) we obtain the energy balance
NOEN equation, which is
9in:i§1 121 Cijni(ej—e&)) +cinni(ex—ei) |, ) ﬁ’(ATﬁTg)+(9el+0w)ne:0- (12)
j#i

To solve Eq.(11), we need a full description of the plasma
and 6, is the power used to maintain the space-charge fielddischarge since the values @&f; and 6,, must be known. This
Here, v is the effective collision frequency for momentum problem can be simplified by taking into account that the
transfer between electrons and neutraisthe electron tem-  space-charge field is only important within the plasma sheath
perature, anan andM the electron and argon atom masses,(which is very close to the inner vessel wathe size of
respectively. In Eq(8) we have assume@i.>T,, which is  which is, approximately, a few Debye lengths,p
valid for low-pressure discharges. =(eoksTe/Nnee?) 2 Indeed, if we assume the Debye length

Hence, the power absorbed by the plasma per unit of volto be much lower than any plasma dimension, we can write
ume iscEZ;. In the following several ways by which the )
plasma can lose power will be considered. 0W=vBeV5(F—rwa,|),
(1) Radiative emissiofL,). This is one of the ways the
plasma can lose power per unit of volume. We can estimat@hereV is the wall potentiale the electron charge;g the
this value through the model, obtaining the expresdipn Bohn velocity,r,,,; a vector marking the inner vessel sur-
=EiN:22,-<iAﬁfni(si—sj), face, andé the Dirac function. Conversely, in the vessel
(2) Heat conductior{L}). Since the environment remains volume the following equation holds:
at a lower temperature than the plasma, heat conduction is . .
another way by which the plasma loses power per unit of V-(\,VT,)=0,
volume. Only the thermal flows associated with the gas tem- )
perature gradient,,, will be considered, since losses due WhereT, is the vessel temperature ang the vessel thermal
to electron heat conductiofelectron temperature gradiehts conductivity. Thus, we can write the energy balance equation
are negligible at low pressures. Therefore, we haye for the plasma and the vessel as

=—V-(\{VT,), where\ is the argon thermal conductivity
(A\r=4.1710 *TZRWK™*2# m™?) [15].

(3) Diffusive Iosse$Ld2. The power flow due to the am- \yhere we have.=\7 in the plasma, and=\,, N.= 6,
bipolar diffusive regime]'y, can be expressed as =0 in the vessel.

V-ANVT)+(6,+ 0e)Ne=0, (12)
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Vessl 4p'[1/2],
— " €sse 14 - 4p'[1/2]1
Microwave [ Pl 4P'[3/2]1|2
Power 4p[1/2],
— 4p[3/2], , +[3/2), ,
4p[1/2
// 12 | p[1/2],
Wave Launcher 4sT1/2], -> P,
(Surfatron) Rin < 4s'1/2], _> R,
0
Plasma W 4s(3/2], >° P
4s[3/2], > |=2
Vessel
FIG. 1. Diagram of the argon plasma column studied in this
paper.
B. Solution of the energy balance equation for a low-pressure

argon plasma column 0 3p°'s

In order to solve Eq.(12) we have developed a FIG. 2. Scheme of the argon excited levels included in the

collisional-radiative model of a low-pressure argon plasma,,,qel.

cylindrical column(Fig. 1). In this case, the plasma axial

length is much longer than its diameter, and the axial gradi- d

ents can be disregarded compared to the radial gradients, so Vion(r =Rin)=vg.

the energy balance equation remains

The argon atom has been described through an 11-level

19 ()\r dl + (0 + 0,)Ne=0, (13 model(Fig. 2), incIL_Jding the grc_)und state, all thesénd 4p

levels, and the ionized level. High-lying levels have not been

i o ) . taken into account since, in most cases, they remain in a

wherer is the cylindrical coordinatefe, is given by EQ.8)  hatial local Saha equilibrium; we are therefore interested in

and 0W=vBer/(2r—Rm), WhereV=(kBTe/_e)In(M/m) and low-lying levels[19,20.

vg=(KgTe/M)™*[16]. The boundary conditions are Moreover, the kinetic coefficients;; , can be calculated
aT using the expression

ar(r—O) 0
2 59
and Cij= FL duf(u)oijj(u)u,
eJ Agj;

T(r = Rex) = Text,
whereAg;; is the threshold energy(u) the EEDF, normal-

whereT,,, is the vessel temperature at the external wall. ;.4 asfodu\/_f(u) 1, andor;; (u) the cross section for the
Naturally, Eq.(13) gives the same solutions as Ei) for process !

0<r<Ry,. The only difference between them is the bound-
ary condition, since in the latter case the internal vessel tem-

I’(7I’

. _ A S P
peratureT,,, must be known, while for Eq13) the bound- oij(u) = ojj(u) + ojj(u) +ayj (u),
ary condition is related to the vessel temperature at the
external wall. where o} (u) is the cross section for optically allowed tran-

To simplify the results of these models, we will assume &itions
Jo Bessel radial profile for the electrons. This profile has
been shown suitable to describe the electron population i
many low-pressure situatio8,9,17,18. We therefore have

anda 1(u), J(u) the cross sections for spin and

Earlty forbldden transitions, respectivel21]. To obtain the
inetic coefficientsg;;, we have assumed that the EEDF is
Maxwellian. This approximation is only valid when the
r electron-electron elastic interaction becomes important when
( ) solving the Boltzmann equation, and, therefore, when we
ne(r,2) (ne)(2), have a high electron density in_the dischalga]. _
f d rJo< ) Hence, by knowing the radial average electron density

‘]O —a
r value at the axial positioz, (ng)(z), the external vessel

temperature T, and the gas pressure, the model can be

where (ng)(z) is the radial average electron density at thesolved and the population of the low-lying excited states can

axial positionz, and « is a parameter whose value is ob- be obtained as well as the gas and electron temperatures and
tained through the Bohn condition at the wall their radial profile.
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P,=1Torr, T,,=300 K P,=1 Torr, T,,=400 K 1013

1014 |

Power (W)

10-15 T L | T T T T
1077 1018 10"°

N, (m“°’)

FIG. 4. Typical values of, and{ 6,,) as a function of the radial
average electron density.

FIG. 3. Radial profile of the gas temperature as a function of thesecond, it decreases as the electron density increases. Thus,
radial average electron density for gas pressures of 1 and 2 Torr, and the first zone the results are equivalent to those obtained
for vessel temperatures at the external wall of 300 and 400 K. In alusing a constant gas temperature model in a typical

casesRj; =4.5 mm andRe,=6 mm. ionization-diffusion regime. The electron temperature, there-
fore, decreases as the electron density incre@hes to the
IIl. RESULTS AND DISCUSSION fact that the more electrons in the discharge, the less energy
A. Theoretical results is needed to maintain the ionization ratén addition, in

zone 2 this trend changes becauggdecreases when the
The gas temperature values have been calculated at & g8g.ctron density increases, so the electron temperature rises.
pressure of 1 and 2 Torr as a function @fe)(2) in two Conversely, the population of the excited states will be
casesTex=300 K andTe,=400 K, by postulating a vessel getermined by considering two mechanisms: the excitation
made of Pyrex with inner and outer radii of 4.5 and 6 mm,5r5cesses due to collisions between neutrals and electrons,

respectively(Fig. 3). In all the cases that we have studied, 3nq the variation of the neutral population as a consequence
the differences between the vessel temperature at the inner

and external wall were always less than 10 K, and therefore
the relative error when assumifig,=T.,; Was below 3% 15— P,=1 Torr, T_,=300 K
(Text— Tw/Tex=0.03). As a conclusion, the results obtained R P P =1 Torr, T..=400 K
when solving Eq(12) for 0<<r <Rgy; With T(Rgyp) = Ty are Pg_2 T el

. . ! LT Vet Text =R =2 Torr, T_ =300 K
practically identical to those obtained fo<O <R;,, when 1.4 g
assumingT (Ri,,) = Tw=Tey. Thus, the gas temperature val- B Py=2Torr, Ty
ues that we have obtained through the model are similar to s
those presented in Refl], although(#6,,) is much higher
than 0, (Fig. 4).

The radial average electron temperature as a function of
the electron density is shown in Fig. 5 for the same working
conditions than those of Fig. 3. In this case we find two
important zones: zone (low and intermediate electron den- 11 1
sities,n,=<10"® m~3), in which the gas heating is not impor-
tant, and the gas temperature is very close to the vessel tem-

ext

=400 K

1.3 4

<T> (eV)

1.2 4

perature, and zone 2(high electron densitiesn, 1.0 T
=10 m~3), where the gas temperature notably increases. 107 1018 101°
Naturally, the boundary between these two zones can only be <n > (m?

e

taken as approximate.

Hence, the value of the electron density determines the F|G. 5. Radial average electron temperature as a function of the
gas temperature, and therefore, the density of particles in th@dial average electron density for gas pressures of 1 and 2 Torr and
plasman,. Indeed, in the first zone, remains almost con-  for vessel temperatures at the external wall of 300 and 400 K. In all
stant and independent of the electron density, whereas in thasesR;,=4.5 mm andR.,,=6 mm.
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P,=1Tom, T,,=300 K

P,=2 Tom, T, =300 K
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FIG. 6. Radial average values of the 4nd 4p excited states’
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tion increases as the electron density increases. For interme-
diate electron densitieqn{~10'—10"* m~3), the main ex-
citation and ionization mechanism is produced by electron
impact with a neutral particle in thesdstate. Therefore, the

4s population decreases whereas tipepbpulation increases

in accordance with the electron density. For high electron
densities (=10 m~3), ionization is produced by electron
collisions through the path Are— Ar(4s)+e—Ar(4p)
+e—Ar" +e+e, at the beginning of a “ladderlike” excita-
tion mechanism. The glpopulation decreases in accordance
with the electron density, while thepdpopulation increases,
due to the strong coupling between the dnd 4p levels.
Finally, for higher electron densities, the excited levels above
the 4p levels may play an important role in the excitation
and ionization mechanisms, and therefore a more detailed
and extended model would have to be developed to include
those levels.

B. Comparison between theoretical and experimental data

As has been proved in the preceding section, gas heating
becomes important at high electron densitiégbove
10*® m~3). Therefore, interest when comparing these results
with experimental data is centered on conditions where the
electron density may be of the same order of magnitude or

population densities as a function of the radial average electrohigher. We have, therefore, compared the results of the
density for gas pressures of 1 and 2 Torr, and for a vessel tempergnodel with experimental data for an argon plasma column

ture at the external wall of 300 K. In all cas&,=4.5 mm and

Rexyt=6 mm.

produced by a surfatron for gas pressures above 1 Torr with
inner and external radii of 4.5 and 6 mm, respectively. In this
case, we have an argon surface-wave-produced and surface-

of gas heating. In Fig. 6 we have represented the radial awave-maintained plasma column with an electron density
erage values of thesdand 4p excited states as a function of ranging between, approximately,’@nd 13° m~3 which is
the radial average electron density. We find three differensuitable for our purposes.

trends(Fig. 7): for low electron densitiesn,~10'® m~3),

In Ref.[23] the electron temperature was obtained experi-

the excitation mechanism is mainly governed by excitationsnentally for pressures of 0.8, 1.1, 1.8, and 2.8 Torr, for an
from the ground state. Therefore, the excited states populargon plasma produced in a tube with inner and external radii

Low Electron Densities Intermediat.e .Electron High Electron Densities
(0, ~ 1016 m-3) Densities (1, ~ 101°m3)
n, (n,~ 10118 m3) n,
------- Continuum =======Continuum| | ===-- j- = Continuum
= dplevels —— dplevels| | =———==4slevels
= = 4slevels =———— 4slevels 4s levels
-l l Ground level Ground level Ground level

FIG. 7. Most important excitation and ionization processes depending on the electron density calculated through the model.
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1.25 | // P
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FIG. 8. Electron temperature calculated through the model as
function of the radial average electron density for different gas pres- 10

sures. The vessel temperature at the external wall was 3MR),K, P#=2.8 Torr ° 3p°
=4.5 mm andR.,=6 mm. Experimental values of the electron 9 o P
temperature in the same conditions are presented by the symbc 3 !
TE*Pt[23]. The comparison between experimental and calculated 8 v P
values agrees in the cases of 1.8 and 2.8 Torr. v 3P2

of 4.5 and 6 mm, respectively. Furthermore, the method usec
in the paper assumed that the EEDFs were Maxwellian, as i ~ 6 {
result of which, the Boltzmann equation had to be solved in €
the two terms approximation. In conclusion, the Maxwellian &
approximation was found to be valid throughout the whole %
pressure range, although the values obtained for 0.8 and 1. <
Torr were at the limit of said approximation. The results are
shown in Fig. 8. In this figure, we find that the solution of the
model reproduces the experimental data for gas pressures ¢
1.8 and 2.8 Torr, whereas for gas pressures of 0.8 and 1.
Torr, the calculated electron temperatures are 20% below thi
experimental values. Such differences for the lower pressure
are obtained because in both cases the Maxwellian approxi 0

mation is not suitable for describing the plasma, owing to the 2 4 6 8 10 12
fact that the electron density is still low in that pressure .-
range. n, (10 m)

We have also compared the results of the model with

experimental data concerning the excited states populations "C; o Experimental values of the population of the argan 4
[24]. In this case, the main problem when obtainin Suchexcned levels obtained in Ref24] along with the results of the
: ' P 9 odel in the same conditiongas pressures of 1.8 and 2.8 Torr,

results is t_he_ expenm_e_ntal ewd_ence of self-absorption for th%éssel temperature at the external wall of 300Ri,— 4.5 mm and
4p-4s radiative transitions. This means that the escape fac: —6 mm)

tors for these transitions should be included with values of ¢ '

less than 1. However, the radiative transport in the plasma ighereA 4 andA . are the pure Doppler and collisional escape
not within the scope of this paper, and we will assume thgactors, respectively, and .4 is the escape factor for the
thin plasma approximation for the transitions between the 4 compined action of both effecfd3,14.

and the 4 levels[A(4p—4s)=1]. Conversely, the escape  |n Fig. 9 we have compared the experimental values of

factor for the transitions between the radiativelévels and  the 4s states with the theoretical data for gas pressures of 1.8

the ground level are calculated by the formula and 2.8 Torr in the same conditions as Fig. 3, i.e., we assume
A that the EEDF is Maxwellian. For these two pressures the

A:AdefAcd/AﬁJr A¢ erf( Cd)’ results are good, highlighting the fact that the error incurred

Ac when disregarding self-absorption is lower that the experi-
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4 and
) P°=1.8 Toir —_ P°=1.8 Tomr

o P°=2.8 Tor e Pg=2.8 Tom 7\T(Tg) =\1,

w

where(T,) is the radial average electron temperature. We
will study two casesii) when the electron density radial
profile is constant, andi) when the electron density radial
profile has al, Bessel shape.

1. Homogeneous electron density profile

In this case we assume

4p'[32)/g (10*° m?)
N

Ne=(Ng),

and therefore, the solution of E(L3) is

0 1 A(4p'3/2]->4s) =1

08|<n8> 2 2
2 4 6 8 0 12 14 16 T(N=Tw ANt (" =Rin),  0<r<Rin,
<n> (10° m®)
and
FIG. 10. Experimental values of the population of the [43/2]

level, corresponding to thepdlevels, per unit of statistical weight T -T r
[24] along with the results of the model in the same conditi@zs T(r)=Tex+ W—ethn . Rin<r<Rgxt,
pressures of 1.8 and 2.8 Torr, vessel temperature at the external wall In Rin Rext
300 K, Rj,=4.5 mm andR.,;=6 mm). Rext

mental erI’OF(ZO%). Moreover, the fact that they are aIWayS WhereTW is the temperature value R‘n . In addition, using

tween the theoretical and experimental values of'fag and

3P, levels might be caused by self-absorption. Indeed, the
model can produce similar results if we assume that the es-
cape factor of some transitions is lower than the unit. In Fig.
10 we show the theoretical and experimental results of the
4p'[ 3/2] population per unit of statistical weight in the same where (6,,) =2vgV/R;, is the radial average value @,.
conditions as Fig. 3. In both cases good results were obfhus, the radial average gas temperature as a function of the
tained. temperature of the vessel at the inner wal,, is

R(Ne)((0) + ) In( Rext) |

Tw=Text 2\, Rin

C. Approximate solutions of the energy balance equation Oo(Ng) Rizn

In general, solving Eq.(1) implies developing a (Tg)=Tu+ 8\t

collisional-radiative model similar to that which we have
presented in this paper. Nevertheless, it is interesting to angmq as a function of the vessel temperature at the external
lyze two simple cases that will help more complex situationsy g
to be understood. Indeed, although Etf) allows the value
of the gas temperature in a low-pressure discharge to be 2 5
found, the problem is not easy to deal with, due to the cou- _ (Ne) BeiRin (Ne)(Ow)Riy :

. - " . <Tg> Textt (1+x)+ x; (14
pling between the plasma magnitudes. In addition, in many 8\t 8\t
axial models the radial problem is usually avoided by using
radial average values, and therefore, an analytic expressigfere we have introduced the functigndefined by
between the radial average gas temperature and the plasma
parameters is useful, despite the fact that some broad ap-
proximations are required. To overcome this problem, we

2N (Rext>
X= n .

will assume the following approximations: Ay Rin
Te(r)=(Te), Equation(14) allows an estimate of the contribution of
the elastic collisional processes to the gas heating, for a
Oci(Te, Tg)=0ci({Te), Texd), given external temperature
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<ne>9elRi2n ture values when the inner vessel temperature is known.
S—M(1+X) Cc_)rnversely, Eq(15) is equal to Eq(16) if we assumeT,,
= — lext:
Tel (ne) 6e RS, 1t (ne)(Bu)RE, Equation (16) is valid for each axial position along the
8\ (1+X) 8\ X plasma length. Furthermore, an important relationship be-
tween the average gas temperature and the plasma magni-
_ 1 tudes can be found through this equation in the conditions of
(Ow) x a surface-wave discharge. In fact, if we assume a constant
1+ Oel m axial electron temperature, we can multiply E46) by 14,

(wherel, is the plasma lengthand by integrating axially
Thus, if we assume a vessel wiR,=4.5 mm andR,,, from O tol, we obtain
=6 mm, the quotient 4,/ 6, is always less than 1(Fig.
3), while the value ofy is about 0.02. We therefore find that
the elastic processes are responsible for more than 90% of
gas heating for a given value of the external vessel tempera-
ture, although the contribution @, to 6 is higher thang,,. where N, is the total number of electrons in the discharge,
In this case, the fact thai, is only important in the plasma  and T the averagdradial and axial value of the gas tem-
sheath, whereag, is the dominant term in the plasma bulk, perature. A relationship can also be found between the inci-

makes the latter more effective. Indeed, the space-charggant microwave power at the gap ahg if we assume a
field is responsible for the vessel heating, and accounts fa¢onstant axial value of,

the value ofT., while the elastic collisions are responsible

for heating the gas volume. In all the cases we have solved, Pinc(0)
and for a given value of ., the elastic contribution was Ne= 9
responsible for more than 90% of gas heating.

— 6 N
Tg:TeXt+ i I_e!

so we finally obtain
2. Electron density § Bessel profile

In this case, we assume = _ Oei  Pinc(0)
To=Texrt — g
Armhad 1o

Thus, if we produce a surface-wave plasma column and
) (ne), change the incident powéand consequently its lengtithe

average gas temperature must obey the linear equation

Pinc(o)
lp

with a=a,, where ay=2.405 is the first root of thel, Tg=Text b(Pg)

Bessel function. The electron density at the vessel inner wall
is therefore zero, and hence, we are neglecting the influencgherePg is the gas pressure, with
of the space-charge field on gas heating. We find that the

radial average gas temperature can be expressed, b(P,)= Oe
, Y Npm0ad
. 0e|<ne>Rin
(Tg)=Tuw+ —Taz ' (15 In addition, this linear behavior between the average gas
0

temperature and the rati®;,.(0)/l, has been observed ex-

as a function of the vessel temperature at the inner Wa"perlmentally in Refs[2,29].

whereas as a function of the vessel temperature at the exter-
nal wall, it is IV. CONCLUSIONS

5 , In this paper, a gas energy balance equation for a low-
fe(Ne)RT, 1 o pressure argon plasma has been deduced under some general
2 + 8 X/ conditions. This equation takes into account elastic and in-
elastic collisional processes, as well as the space-charge field
sincea%xl8<1 in all the cases we have solved, the result iscpptribution. We have solved this equation in the typical con-
ditions of a low-pressure argon plasma column, and we have
Bo(n )R-Z found that although the power required to maintain the
u_ (16) space-charge field is much higher than that of the elastic
)xTaS processes, the latter are mainly responsible for heating the
gas. This result is based on two fac(s: the space-charge
Equation(15) has also been obtained in R¢l], and has field is only appreciable in the interface between the plasma
been proved to be suitable for reproducing the gas temperand the vesselplasma sheajhand (ii) the vessel tempera-

<Tg> =Textt
T®0

<Tg> =Textt
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ture at the external wall has been taken as a boundary cows the electron density becomes higher, tleepbpulations
dition, whereby the space-charge field influence on gas heatlecrease due to a new regime, the so-called excitation-
ing is indirectly imposed on the model. In addition, we havesaturation-balance regime, that makes them responsible for
found that, in general, we can approximate the inner vessedxcitations and ionizations. At very high electron densities,
temperature to the external vessel temperature. These I'ESL{'F@ 4p levels are now responsible for ionizations due to
were obtained by solving the gas temperature equation undefyqgerlike” processes. Nevertheless, the 4evels always
some broad approximations, as well as by coupling a kinétigeng to increase in accordance with the electron density. In
model to this equation. all the cases we have solved, gas heating does not change
We have developed an 1l-level collisional-radiativethese trends, but it does become relevant in zone 2.
model and we have solved the energy balance equation for a Finally, the results of the model have been compared to
low-pressure argon plasma column. Two zones have beegyperimental data of a surface-wave plasma produced by a
found: the first(low and intermediate electron densitis,  surfatron, obtaining good results. As such, the theoretical
=10'® m~®) in which the gas temperature is always equal toglectron temperature has been shown to be very close to
the vessel temperature; the secdhdyh electron densities, experimental values when the EEDF is Maxwellian. In addi-
ne=10'® m~®) where the gas temperature increases in accorion, the excited level population also agrees with experi-
dance with the electron density. In zone 1 the electron temmental data in the same conditions.
perature decreases when the electron density increases,
whereas in zone 2 the behavior is exactly the opposite.
The results of the theoretical model highlight the fact that ACKNOWLEDGMENT
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