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Abstract

A radio frequency (RF) field solver based on Maxwell’s equations and a cold plasma

dielectric tensor is employed to describe wave phenomena observed in a cylindrical non-

uniform helicon discharge.

Experimental setup

Figure 1 shows a schematic of MAGPIE (MAGnetized Plasma Interection Experiment) and

introduces a cylindrical (r, θ , z) coordinate system.[1] For the present study, an RF power of

2.1 kW and 13.56 MHz, and an antenna current of magnitude Ia = 38.8 A are used. Argon gas

is used with a filling pressure of PB = 0.41 Pa.

Plasma profile diagnostics

A passively compensated Langmuir probe was employed in our experiment to measure the

plasma density and electron temperature. Typical measured axial profile of field strength and

radial profiles of plasma density and electron temperature in MAGPIE are shown in Fig. 2.

Wave field diagnostics

Helicon wave fields were measured by a 2-axis “B dot" or Mirnov probe. To measure the

axial profiles of Br and Bz, the probe was inserted on axis from the end of the target chamber,

Figure 1: A schematic of the MAGPIE, with left hand half-turn helical antenna.[1]
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Figure 2: Typical measured profiles: (a) axial profile of static magnetic field on axis, (b) radial profiles

of plasma density (dots) and electron temperature (squares) at z = 0.17 m, together with the fitted lines.

The solid bar in (a) denotes the antenna location.

and to measure the radial profiles of Br, Bθ and Bz, the probe was inserted radially at z = 0.17 m

and rotated about its axis. Both axial and radial profiles of wave phase were measured through

a phase-comparison method, compared with the phase of antenna current.

Theoretical model

Details of the RF field solver can be found in Chen et al.,[2] while a brief overview is given

below. The Maxwell’s equations that the solver employs are written in the frequency domain

5×E = iωB,
1
µ0
5×B =−iωD+ ja. (1)

In the plasma region, the relation between D and E is in form of

D = ε0(εE+ ig[E×b]+ (η− ε)(E ·b)b), (2)

where b≡ B0/B0 is the unit vector along the static magnetic field and

ε = 1−∑
α

ω + iνα
ω

ω2
pα

(ω + iνα)2−ω2
cα

,g =−∑
α

ωcα
ω

ω2
pα

(ω + iνα)2−ω2
cα

,η = 1−∑
α

ω2
pα

ω(ω + iνα)
.

(3)

Here the subscript α labels particle species, i. e. electron and ion, ωpα ≡
√

nαq2
α/ε0mα is the

plasma frequency, ωcα ≡ qαB0/mα gyrofrequency, and να collision frequency between species.

The externally applied B0(r,θ ,z) is assumed to be axisymmetric, with B0r� B0z and B0θ = 0.

Therefore, it is appropriate to use a near axis expansion for B0(r,θ ,z),

B0r(r, z) =−1
2

r
∂B0z(z)

∂ z
. (4)

We assume that the antenna current is divergence free, to eliminate the capacitive coupling.

Fourier components of the antenna current density are given by
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jar = 0, (5)

jaθ = Ia
eimπ−1

2 δ (r−Ra)( i
mπ [δ (z− za)+δ (z− za−La)]

+H(z−za)H(za+La−z)
La

e−imπ[1+(z−za)/La]),
(6)

jaz = Ia
e−imπ[1+(z−za)/La]

πRa
1−eimπ

2 δ (r−Ra)×H(z− za)H(za +La− z), (7)

where La is the antenna length, Ra the antenna radius, za the distance between the antenna and

the endplate in the source region, and H the Heaviside step function.

Boundary conditions

The radial wall of the target chamber and the axial endplates are ideally conducting so that

the tangential components of E vanish at the surface of these boundaries,

Eθ (Lr,z) = Ez(Lr,z) = 0,Er(r,0) = Eθ (r,0) = 0,Er(r,Lz) = Eθ (r,Lz) = 0, (8)

where Lr and Lz are the radius of the target chamber and the length of the whole machine,

respectively. Moreover, all field components must be regular on axis, thus, Bθ |r=0 = 0 and

(rEθ )|r=0 = 0 for m = 0; Ez|r=0 and (rEθ )|r=0 for m 6= 0.

Computed and measured wave fields

The RF field solver solves Eq. (1)-(2) for E based on given antenna current ja and boundary

conditions. Figure 3 shows the axial profiles of the computed Br amplitude and phase on axis,

and their comparisons with experimental data. A qualitative match between measurement and

simulation of the axial variation of Br is found using an enhancement in collisionality of νeff =

ζ (νei +νie)≈ ζ νei with ζ = 9.5, and an adjustment in antenna dimension of Rsim = ξ Rexp with

ξ = 0.88. Calculation of the axial gradient of the computed phase variation shows a travelling

wave, with a good agreement with data.
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Figure 3: Variations of magnetic wave field in axial direction (on-axis): (a) |Br|rms, (b) phase of Br.

Computed results (lines) are compared with experimental data (dots).
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Figure 4 shows the radial profiles of computed wave fields for νeff = 9.5νei and Rsim =

0.88Rexp at three axial positions in the target region, together with the experimental data mea-

sured at z = 0.17 m. Inspection of Fig. 4 reveals that it is possible to find a reasonable agreement

to the wave amplitude and phase profile, albeit independently.
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Figure 4: Variations of magnetic wave field in radial direction: (a), (c) and (e) are |Br|rms, |Bθ |rms and

|Bz|rms, respectively; (b), (d) and (f) are the corresponding phase variations. Dots are experimental data.

Conclusion

With an enhancement factor of 9.5 to the electron-ion Coulomb collision frequency, 12%

reduction in the antenna radius, and the same other conditions as employed in the experiment,

the solver produces axial and radial profiles of wave amplitude and phase that are consistent

with measurements.
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