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Introduction

The high efficiency of plasma production in a magnetic field has increased interest for the dis-

charge sustained by the Trivelpiece-Gould (TG) mode[1]. Modeling of the TG mode-sustained

plasmas has been done by several researchers, but the electron temperature has not been consid-

ered. Recently, it has been shown that the electron thermal motion could modifies the dispersion

characteristics and its influence is closely related to the radial density profile and the column

radius in addition to the electron temperature and the collision frequency[2]. Since the magnetic

field increases the inhomogeneity of the density profile in the perpendicular direction, the ther-

mal motion could be more important for a magnetized plasma. This paper presents the electron

temperature effects on characteristics of discharges sustained by the Trivelpiece-Gould mode.

Governing equations

We consider a cylindrical plasma column produced in a glass tube, whose inner and outer radii

areR andR1 respectively, with vacuum and a metal enclosure of the innerradiusR2 outside.

It is supposed that an azimuthally symmetric wave is launched by an external source and the

magnetic field is applied in the direction of the symmetricalaxis (B0ẑ). The plasma current is

obtained from the electron momentum equation and is relatedto the electric and magnetic fields

through the Maxwell equations, which yield
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with r = λξ , λ = c/ω, κ = kλ , δ = 1+ iνe/ω, η = v2
te/c2, ρ = ρ1λ/ε0, Ωp = ωpe/ω, Ωc =

ωce/ω , Er = Er, Eθ = iEθ , Ez = iEz , Hr = iHr/ε0c, Hθ = −Hθ/ε0c, Hz = −Hz/ε0c, where

ωce andωpe are the electron cyclotron and plasma frequencies, respectively, νe is the electron-

neutral collision frequency for momentum transfer,vte is the electron thermal speed,c is the

speed of light in vacuum,ε0 is the permittivity of the free space,ρ1 is the perturbed charge

density, andγe is the ratio of specific heats. Here, the spatial dependence of exp[i
∫

k(z)dz]

is assumed. The wave equations with the relevant boundary conditions lead to an eigenvalue

equation, which is solved to obtaink(≡ β + iα) for a given value ofω/ωpe. The procedure

is described in detail for an unmagnetized plasma in Ref. [2]and it is extended to include the

magnetic field.

The axial profile of the density can be found from the particleand power balance equations

with the axial damping rateα[1, 3, 4]. Considering a long plasma column, the longitudinal

diffusion is neglected compared to the transverse diffusion. It is also assumed that the diffusion

is ambipolar and the absorbed wave energy is dissipated locally by collisions. Takingn(r) =

n0J0(µr/R), whereJ0 is the Bessel function of order 0,Te and µ are determined from the

Bohm condition at the sheath and the relationTe = −U∗/ ln [Θ/Θ0]. Finally, the axial profile of

the plasma density is obtained from

dn
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= −

2αn

1− n
α

dα
dn + n

Θ
dΘ
dn

, (7)

whereΘ = ν∗U∗, Θ0 = ν0
∗
U∗, ν∗ = ν0

∗
e−U∗/Te ,U∗ andν∗ are the excitation energy and frequency,

respectively, andν0
∗

is a slowly varying function ofTe.

Results

For illustration of the results, numerical calculations are conducted for an Argon plasma with

the following parameters: the relative dielectric constant of the tubeεd = 3.78, the plasma col-

umn radiusR = 10 mm, the outer radius of the tubeR1 = 11 mm, the conductor boundary radius

R2 = 30 mm. At a fixed value of the wave frequencyω/2π = 2.45 GHz, the plasma density is

varied to obtain phase diagrams at the various values of the magnetic field and the pressure.

Figure 1 shows the phase diagram for cold and warm inhomogeneous plasmas. In addition to

two turns of the phase diagram appearing in the cold plasma approximation, there are numerous

turns in the warm plasma model and these are due to the combined effects of the thermal mo-

tion and collisions of the electrons. The temperature term also modifies the spatial damping rate

near the cold resonance region, depending on the inhomogeneity of the radial density profile as

compared in Figs. 1(a) and (b). AtΩc = 0.2 andp = 0.2 Torr,µ andTe are found to be 2.12 and

2 eV, respectively, in which case the radial density profile is not steep enough for the electron
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Figure 1:Variation of the wave number with the electron plasma frequency averaged over the radial
axis when (a)Ωc = 0.2 and (b)Ωc = 0.8 at p = 0.2 Torr. The blue and red lines represent the results of
the cold and warm plasma models, respectively, and the sold and dashed lines do the real and imaginary
parts, respectively. The horizontal dotted lines are used to denote the onset and end points of a discharge
given in Fig. 2.

temperature to make the difference in the damping rate and consequently in the axial density

profile. Figure 2(a) presents the variation of the radially averaged value of the normalized den-

sityN = n̄/ncr (ncr = ε0meω2/e2) atΩc = 0.2. At Ωc = 0.8,µ andTe are estimated to be 2.38 and

1.6 eV, respectively, indicating that the inhomogeneity isquite strong and there is remarkable

difference between the results of the cold and warm plasma models, as shown in Figs. 2(b).
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Figure 2:Axial profiles of the normalized density
for (a) Ωc = 0.2 and (b)Ωc = 0.8 at p = 0.2 Torr,
which correspond to the case of Fig. 1(a) and (b),
respectively.

A higher pressure can make the radial pro-

file be steeper so that the magnetic field may

not play a critical role in determining the in-

homogeneity. An example is presented for the

case ofp = 0.8 Torr with the phase diagrams

for Ωc = 0.2 and 0.8 shown in Fig. 3. Since the

pressure is already high enough to lead a steep

radial profile, the magnetic field has little effect

on the inhomogeneity (µ = 2.30 and 2.35) and

consequently on the axial structure as given in

Fig. 4. Finally, comparison of Figs. 2(a) and 4(a)

reveals that for a weak magnetic field (Ωc = 0.2)

the electron temperature influences the axial profile more significantly at 0.8 Torr than at 0.2

Torr, although the temperature is lower and the collision frequency is higher. This is because the

inhomogeneity is stronger at a higher pressure, inferring that the inhomogeneity of the radial

density profile is the important parameter of the thermal influence on dispersion and the axial

structure, unless the collision frequency is too high and the temperature is too low.
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Figure 3:Variation of the wave number with the electron plasma frequency averaged over the radial axis
when (a)Ωc = 0.2 and (b)Ωc = 0.8 at p = 0.8 Torr.

Conclusions
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Figure 4:Axial profiles of the normalized density
for (a) Ωc = 0.2 and (b)Ωc = 0.8 at p = 0.2 Torr,
which correspond to the case of Fig. 3(a) and (b),
respectively.

The thermal electron motion modifies the

phase diagram as well as affects the axial den-

sity profile, and its influence is strongly related

to the inhomogeneity of the radial density pro-

file which is mainly controlled by the pressure

and the magnetic field for a given geometry.

Since the magnetic field increases the inhomo-

geneity of the radial density profile, the thermal

effects can be more significant at a higher mag-

netic field when the pressure is low such that the

density is not strongly inhomogeneous without

the magnetic field. For weakly or unmagnetized

plasmas the electron temperature influences the axial profile more significantly at a moderately

high pressure due to the strong inhomogeneity of the radial profile, even though the temperature

is lower and the collision frequency is higher.
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