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Abstract

This paper describes a helicon-wave-sustained plasma generated by a novel birdcage antenna

with cosine azimuthal current distribution. The resonant birdcage source maintains a stable

intense plasma column from low (300 W) to high (10 kW) steady-state RF power in hydrogen

or argon, enabling plasma diagnostic measurements over the whole volume. The plasma

density, 1018 to 1019 m−3, and uniform static magnetic !eld, 200–800 G, are typical of high

density, low B-!eld helicon sources where the RF excitation frequency, 13.56 MHz here, is far

above the ion cyclotron frequency and much lower than the electron cyclotron and plasma

frequencies. Magnetic !eld measurements of the unbounded plasma column show a helicon

wave propagating from the birdcage source to the target 1.5 m away. The axial wavelength,

measured for a range of plasma density and magnetic !eld, is described by the whistler

dispersion relation; it is not determined by the antenna length but varies smoothly as a function

of electron density irrespective of the gas type, and shows no discontinuous transitions. This

wavelength was compared with semi-analytical and purely numerical models, showing a good

!t with the m = +1 helicon eigenvalue of shortest axial wavelength. The birdcage resonant

antenna is a suitable source for continuous helicon-sustained plasma experiments, from

fundamental wave studies up to high power applications in hydrogen or deuterium.
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1. Introduction

In the framework of plasma physics, whistler waves are elec-

tromagnetic modes that can propagate in magnetized plasma

at frequencies much lower than the electron plasma frequency

which is the low frequency limit for wave propagation in

non-magnetized plasma [1–8]. In nature, whistler waves can

notably be detected in the ionosphere/magnetosphere where

∗ Author to whom any correspondence should be addressed.

they are triggered by lightning, at frequencies typically in the

kHz range. In the context of plasma sources, it was shown

by Boswell in the early 1970s [9–11] that the excitation of

whistler waves in magnetized plasma by means of suitably-

shaped RF antennas can generate high electron density in

plasma extending far away from the source along the mag-

netic !eld. These sources are often partial-helix antennas,

popularized as ‘helicon sources’, where the term helicon con-

ventionally designates bounded whistler modes of cylindrical

symmetry.
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Preliminary evidence of helicon wave generation by an

alternative antenna, the cylindrical resonant network (bird-

cage), was given in 2005 [12]. More recently, the resonant

antenna ion device (RAID) experimentwas developed [13–17]

where a resonant birdcage antenna is used as a helicon plasma

source [18, 19] in the initial step to investigate negative ion pro-

duction for neutral beam heating of tokamaks. Powerful heli-

con sources of hydrogen and deuterium ions, currently with

10 kW long-pulse operation [20], are also projected for fusion-

relevant plasmamaterial interaction experiments up to 200 kW

[21–24].

The RAID experiment is also well suited for fundamental

studies of helicon wave propagation. A radially-unbounded,

steady-state plasma column, typically 1.5 m long, is main-

tained in the main vacuum chamber where it can be conve-

niently measured, axially and radially, by various diagnostics.

The dischargeswere thoroughly characterized in terms of elec-

tron density mappings [16, 17], which are necessary for the

analysis of the helicon wave dispersion relation. The heli-

con wave !eld was then investigated by means of a three-

dimensional magnetic !eld (B-dot) probe [15]. The results

presented here show the !rst formal proof of helicon wave

generation by resonant network antennas.

In addition to the observation of a wave !eld structure

consistent with helicons, the axial wavelength was measured

for a range of plasma density and external magnetic !eld

strength. These experimental results are compared with both

semi-analytical and purely numerical models, showing a good

!t with the m = +1 helicon eigenvalue of shortest axial

wavelength.

This paper is structured as follows: section 2 presents the

RAID linear device with emphasis on the birdcage antenna.

The experimental demonstration of helicon waves is given

in section 3. Helicon mode theory is developed analytically

and by numerical simulation in section 4 for comparison

with the measurements. The conclusions are presented in

section 5.

2. Experimental setup: the RAID linear device,
resonant birdcage antenna, and diagnostics

RAID, shown schematically in !gure 1, is a linear and axisym-

metric plasma reactor [13]. The resonant birdcage plasma

source, on one end, is principally inductively coupled to the

plasma by high currents oscillating in the legs at the RF

excitation frequency of 13.56 MHz. The birdcage antenna is

described in section 2.1.

The helicon wave propagates along the static magnetic

!eld B0 produced by 5 Helmholtz coils around the cylindri-

cal chamber. The leftmost coil in !gure 1 can be used to

produce a counter-!eld at the birdcage source, but was not

used in these experiments. Therefore, apart from the diverg-

ing magnetic !eld at the ends of the coils where the source

is situated, the magnetic !eld B0 was approximately uni-

form over the plasma column region of probe measurements

(0–134 cm) as shown in !gure 1. The plasma, whether in argon

or in hydrogen, is an intensely bright narrow column [11, 25],

approximately 5 cm diameter, which is effectively unbounded

radially within the much wider RAID vacuum chamber of

40 cm diameter [3, 4]. The plasma within this chamber is

134 cm long, bounded by a 12 cm diameter water-cooled

copper block with a molybdenum surface target which pro-

trudes 14 cm into the chamber as shown in !gure 1, to protect

the rear vacuum chamber wall from excessive heat load. The

birdcage antenna, in air, is mounted around a double-walled,

high-thermal-conductivity alumina cylinder with 8 water-

cooling channels, permitting continuous operation up to 10

kWRF power [13, 20]. The double cylinder, external diameter

11.5 cm, internal diameter 9.5 cm and 38 cm long, is protected

internally on the back side by dielectric foam to withstand

the heat  ux. Experiments in this paper were performed by

injecting Ar and H2 gases, typically at 3 and 10 sccm respec-

tively, into the vacuum chamber at a pressure between 0.1 and

1 Pa, with static magnetic !eld 130–850 G, and RF continuous

power 800–5000 W.

2.1. Resonant birdcage antenna

The birdcage is a novel source [13] for helicon-wave-sustained

plasmawhich is fundamentally different from the conventional

partial helix antennas, so its design will be described here in

detail. The 13 cm diameter birdcage antenna shown in !gure

2(a) is a resonant, high-pass network [12, 26] consisting of

N = 9 identical parallel leg inductances joined by 16 iden-

tical capacitor assemblies. The leg inductances are straight

copper tubes, l = 15 cm long and a = 0.3 cm radius with

effective self partial inductance [27] L ≈ µ0
2π
l
(

ln
[

2l
a

]

− 1
)

=

0.108 µH, cooled by internal water  ow. Each capacitor C =

4 nF ±2% is a parallel assembly of 10 low loss ceramic

capacitors. The legs are soldered to brass segments which

hold the screwed capacitor assembly plates. The birdcage

is mounted around the alumina cylinder and is surrounded

by two, half-cylinder, electrically- oating aluminium screens

(see the inset of !gure 11) whose radial position can be

adjusted for !ne tuning, ±0.6 MHz, of the resonance fre-

quency. The whole assembly is mounted inside a metal box

Faraday cage which forms the ground reference for the bird-

cage and the screen of the RF power input coaxial cable. The

overall diameter and length of the birdcage antenna are simi-

lar to partial helix antennas used onmany other helicon plasma

sources [23, 28, 29].

Figure 2(a) shows that the RF and ground connections of

the birdcage are attached to diametrically-opposite points of

one end-ring; the other end-ring is open at the point opposite

the ground connection, giving the open coil equivalent electri-

cal circuit in !gure 2(b). The grounded extremities of the open

coil are at the same potential and so can be connected together,

as shown in !gures 2(a) and (b), without affecting the elec-

trical con!guration of the open coil. In contrast, the simplest

design of a birdcage is usually a closed coil, and the RF power

is injected directly across one capacitor [12, 26]. However, a

full analysis of the RF circuit [30] shows that a high input

impedance is preferable to maintain the current amplitude uni-

formity and phase equality which are the desirable properties

of normal modes; this is achieved here by widely separating

the RF and ground connection positions.

2
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Figure 1. Top: experimental setup of RAID with its main elements, showing the B-dot and Langmuir axially-scanning probes. Centre:
mapping of the static magnetic !eld amplitude (logarithmic colour scale) with magnetic !eld lines superposed. Bottom: axial pro!le of the
normalized magnetic !eld of the Helmholtz coils.

Figure 2. (a) Engineering drawing of the birdcage resonant antenna 13 cm diameter and 15 cm long, and (b) the equivalent electrical circuit.

N − 1 resonance modes can be excited in an open coil

birdcage network with N legs [26, 30], but in an experi-

ment such as RAID where the !nal goal is to obtain heli-

con regimes, an azimuthal cosine current distribution in the

antenna legs is chosen. In the absence of plasma, this current

distribution generates a uniform, transverse oscillating mag-

netic !eld over the birdcage cross-section, as commonly used

in magnetic resonance imaging [26]. The birdcage antenna

could therefore be expected to excite a linearly polarizedwave,

equivalent to the summation of right- and left-handed circular

polarizations, similar to the Nagoya III antenna [31–33]. How-

ever, it excites only the right handed mode, as commonly

observed [2, 11, 31, 32, 34], because the left handed mode is

strongly damped or only weakly excited [1, 11] in the plasma

(see also section 4.3).

In practice, the capacitors’ value, given the leg induc-

tance, is selected so that the cos θ !rst mode resonance [30]

occurs at the 13.56 MHz frequency of the 15 kW RF power

supply. To maximize the power transferred from the gen-

erator to the source, and to minimize ohmic losses in the

3
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Figure 3. The transverse magnetic !eld raw data, measured on axis in Gauss, for three equal time intervals during an RF half-period
(t = 0,T/6, T/3,T/2). The static magnetic !eld B0, and the wave vector k of propagation, are both oriented along the +z axis as shown in
the !gure. Each chord is a perpendicular from the plasma column axis, at the z position where the measurement was made, to the [Bx ,By]
value measured at that position. The helix is the locus of these [Bx ,By, z] points. The magnetic !eld spatial structure is seen to be a
left-handed helix, rotating clockwise with respect to the direction of B0, in accordance with helicon theory. Hydrogen at 0.3 Pa, B0 = 200 G,
PRF = 1.5 kW.

transmission line, a matching box adapts the impedance

between the generator’s 50 Ω output impedance to an almost

real antenna input impedance near resonance. The impedance

of the antenna load varies with the plasma parameters, so feed-

back control of the matching vacuum capacitors was used to

minimize re ected power.

The dominantly-real input impedance near to birdcage res-

onance [30] avoids the problem of strong reactive currents

and voltages in the matching box and RF power connections

of conventional helicon sources, because the high currents

resonate only within the antenna itself. Conversely, conven-

tional helicon sources are non-resonant, partial-helix anten-

nas consisting of metal straps with very low impedance. A

common antenna used for helicon sources is the half-right-

turn helical antenna [32]. This antenna type was also tested

on the RAID experiment, to compare with the resonant bird-

cage design. It was found that the resonant birdcage pro-

vides a wider range of operation parameters in terms of power

(lower power modes) and higher pressure, with more stable

discharges. In particular, helicon regimes can be dif!cult to

ignite in hydrogen gas using conventional partial helix anten-

nas, and if so, the discharges were very unstable [23, 35].

In contrast, the resonant antenna generates stable hydrogen

discharges, which notably allowed the volumetric produc-

tion of hydrogen negative ions to be intensively studied on

RAID [16–19].

The RAID axial static magnetic !eld was almost uniform

[36, 37], with no magnetic mirrors or converging magnetic

!elds often used to aid light ion plasmas in other devices [21,

23, 29, 38–40]. Furthermore, the helicon mode was easily

obtained and insensitive to the position of the gas  ow input,

with no apparent problems associated with pump-out [11] and

neutral re-fuelling [24].

Principal electromagnetic wave frequencies are sum-

marised in appendix A and table A1 for typical plasma param-

eters in RAID.

2.2. Probe diagnostics

Experimental measurements to demonstrate helicon wave

propagation in RAID rely on two main diagnostics: a triple-

axis B-dot probe, and a Langmuir probe. In order to have

consistent measurements in the same plasma conditions,

both probes were mounted on the same probe holder and

moved with a scanning system along the axis of RAID

(!gure 1). The two probes were separated by 40 mm axi-

ally, and by 10 degrees in the cross-sectional plane to avoid

shadowing.

4
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Figure 4. Examples of the By component of the measured !eld along the axis at a !xed temporal phase of an RF period, showing the
measured wavelengths with their estimated variation along z. The upper graphs correspond to argon plasmas at two different RF powers; the
lower graphs are for hydrogen plasmas. Pressure = 0.3 Pa, B0 = 200 G, for both gases.

The Langmuir probe consists of an alumina stalk with a

molybdenum tip 8 mm long and 0.4 mm diameter. The probe

current/voltage characteristic was acquired for a voltage sweep

from −40 to 10 V [16, 17].

The B-dot probe, described in more detail in reference [15],

measures the oscillating B-!eld with three orthogonal coils

mounted on an alumina probe head. The coils were wound

with three turns of ceramic-insulated copper wire which can

withstand temperatures up to 700 ◦C. The B-dot assembly was

protected from the plasma heat load and ion bombardment

inside an alumina cover. The connecting wires were twisted

pairs to reduce magnetic pickup, passing through a stainless-

steel tube as Faraday shield. After 1.5m of shielded cable, each

coil is connected to a hybrid combiner [41] which decouples

the magnetic induction signal from the capacitive pickup. The

three axes of the B-dot probe were calibrated in a knownmag-

netic !eld at 13.56 MHz frequency in order to obtain absolute

values [15]. The coil signal was triggered synchronously with

a reference signal from the antenna current, and averaged over

thousands of RF periods.

3. Experimental measurements of helicon waves

Figure 3 shows typical pro!les of the transverse magnetic !eld

measured along the axis z of the plasma column, where the

static !eld B0 is oriented towards the target, in the same direc-

tion as the wave vector k (for H2 at 0.3 Pa, B0 = 200 G,

PRF = 1.5 kW). The !eld amplitude of∼1 G is typical of heli-

con waves and much smaller than the static !eld B0, so wave

equations can justi!ably be linearized [10]. The axial spatial

structure of the transverse !eld is shown at four equally-spaced

times in an RF half-period to show the rotation of the pat-

tern. The wave has a left handed helical pitch which rotates

clockwise in time. The wave therefore exhibits right handed

polarization, de!ned as the direction of rotation of the local

magnetic !eld about the steady axial magnetic !eld in the

region near the axis of the plasma [2]. This con!rms, at least

qualitatively, the characteristics expected for a helicon wave

!eld generated by the resonant birdcage antenna, as described

in section 4.1. Quantitative agreement with the helicon disper-

sion relation is shown in section 4.4.

5
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Figure 5. (a) Typical mapping of electron density measured in RAID in a (x, z) longitudinal plane for hydrogen plasma. (b) Black lines
represent the normalized transverse pro!les at the z positions indicated by arrows on (a); the green line is the mean pro!le used for
integration of (6). The indicated pro!le at z = 0.2 m could be due to the radial discontinuity at the entrance of the vacuum chamber, or is
possibly a spurious Langmuir probe signal caused by proximity to the antenna RF voltages.

Figure 4 shows measurements of the axial variation of one

transverse component (By) of the magnetic !eld, at a given

temporal phase, for different RF power and gas conditions. An

axial wavelength λz is calculated from these measurements by

taking the distance between consecutive extrema. This wave-

length varies slightly (typically by a standard deviation of ±1

cm about the mean value) along the plasma column, presum-

ably because of the axial change of plasma density shown in

!gure 5. In fact, it can be seen in !gure 4 that the wavelength

in the z = 0–0.2 m region is always slightly longer than for

the rest of the column, due to the fact that it is the lowest den-

sity region. Thesewavelength variations are nevertheless small

enough so that a mean λz can be accurately estimated. The

standing wave pattern of the !eld amplitude is characteristic

of partial re ection of the wave occurring at the metal target

of the chamber (!gure 1), in presence of a small damping of

the wave as expected for a low pressure regime (0.3 Pa) [4].

The wave is not totally re ected because the !eld amplitude

envelope varies only by a factor∼2 along z in !gure 4, proba-

bly because the target only presents a partial-area conducting

boundary. We also note that the standing wave pattern was

in uenced by the electrical connection of the target (grounded

or  oating). Beating between different modes can be another

cause of spatial modulation of the amplitude [29, 34], but in the

presence of signi!cant re ection, the latter is the more likely

cause.

These axial wavelength measurements were performed for

both argon and hydrogen discharges, varying either the RF

power level PRF or the static magnetic  ux density B0 (for

argon only). The characteristics of the plasma column, in terms

of peak electron density, temperature and radial density pro!le,

have been extensively studied and results are described notably

in references [16, 17]. A typicalmapping of the plasma density

in a longitudinal plane is shown in !gure 5(a), from measure-

ments of the ion saturation current by scanning the plasma

column with Langmuir probes [16, 17]. This was also used

to map the electron temperature. Figure 5(b) shows 11 nor-

malized transverse pro!les taken at different z positions along

the plasma column, which are indicated by arrows on !gure

5(a). It can be seen that the radial pro!le of density varies

only slightly in the major part of the beam. The green curve on

!gure 5(b) corresponds to themean pro!lewhichwas used as a

representative ne(r)/n0 function for the numerical integrations
of (6), so only the peak electron density n0 needed to be

adjusted according to the RF power level or static magnetic

 ux density. The calibrated densities n0(PRF) and n0(B0) were

determined by 100 GHz interferometry absolute calibrated

line-averaged densities, corrected for the density radial pro!le

measured by the Langmuir probe, and the peak density was

generally found to lie in the range 1018 to 1019 m−3 (!gures

6 and 7). The estimated error bar in these densities was deter-

mined principally by the approximate±20% error in the Lang-

muir probe measurements [16, 17]. For argon, the electron

densities were high enough to use Thomson scattering [19],

which con!rmed the results obtained by interferometry, also

shown on !gure 6. The error bars for the Thomson scattering

measurements were estimated from various sources of error

such as the calibration of the polychromators [17, 19]. It can

be seen from !gure 7 that a change in magnetic  ux density

at !xed RF power also in uences the peak electron density,

reminding that B0 and n0 both de!ne the axial wavelength

of helicons (for a uniform plasma, λ(z) ∝
√

B0
n0

[42]). On the

other hand, for the measurements performed at !xed magnetic

!eld (200 G) in !gure 6, the only variable is the density, and so

we will mainly concentrate on these data for comparison with

theory in section 4.

The plasma density in !gures 6 and 7 varies smoothly

with PRF or B0, whereas helicon discharges are sometimes

characterized by stepped density evolutions [11, 42, 43]. This

could be because the plasma column is not radially bounded in

RAID, except for the antenna region, while for many helicon

experiments the discharge is con!ned within a narrow dielec-

tric tube of constant diameter [34]. Also, the partial re ection

at the target could mean that a strict standing wave condi-

tion for total re ection is not imposed in RAID, permitting a

continuous range of axial wavelengths.

Figure 8 shows the measured axial wavelengthsλz, for both
argon and hydrogen discharges, as a function of the plasma

peak electron density according to !gure 4, using the mea-

sured density relations n0(PRF) for both gases taken from!gure

6. The evolution of the wavelength is smooth and continuous

over the whole density range, although the plasma composi-

tion changes from heavy ions to light ions which could involve

6
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Figure 6. Peak electron density n0 as a function of the input RF
power (0.3 Pa, B0 = 200 G) for argon and hydrogen discharges.

Figure 7. Peak electron density n0 as a function of the static
magnetic  ux density B0 (argon only, 0.3 Pa, PRF = 1500 W).

different mechanisms of plasma heating. However, considera-

tion of heating and absorption of Trivelpiece–Gould (TG) and

helicon modes [11, 21, 23, 24, 29, 44, 45] is beyond the scope

of this paper.

The change of gas type also implies a variation in the

electron collision frequency, which then affects the damp-

ing of the wave. However, the collision frequency (typi-

cally ν = 1–10 MHz) for the considered pressure (0.3 Pa)

is expected to have only a very small in uence on the prop-

agation wavelength, which appears to be consistent with

these measurements. This result also indicates that the wave-

length is apparently not strongly affected by the small

changes in the shape of the plasma column which occur

when the RF power level or the gas type is changed. Fur-

thermore, the smooth variation of λz shows that there is

no preferred wavelength excited in relation to the antenna

length (15 cm) [11]. Figure 8 summarizes the experimen-

tal measurements whose results are compared with theory in

section 4.

Figure 8. Measured axial wavelength λz (from !gure 4) as a
function of plasma peak density n0 (from !gure 6), at !xed magnetic
!eld B0 = 200 G. The error bars correspond to those in the
respective !gures 4 and 6. Squares correspond to hydrogen
discharges, while triangles are for argon. These data are compared
with theory in !gure 13.

4. Comparison of helicon theoretical models with

the experimental dispersion relation

Three theoretical models for helicon waves will be described,

in order of increasing relevance for the experimental con-

!guration. Two analytical models, for uniform plasma den-

sity (section 4.1), and radially non-uniform density (section

4.2), are followed by a numerical simulation in section 4.3.

For each case, the theoretical results are compared with the

experimental measurements in section 4.4.

4.1. Helicon mode theory: uniform plasma

We consider !rst order perturbations for the wave quantities,

and neglect the ion contribution to the current density. For time

harmonic variations (e−iωt) of the perturbed quantities, the lin-

earized !rst moment of Boltzmann’s equation for the electron

species provides an Ohm’s law for the plasma medium, which

can be expressed as [4]:

E =
1

ǫ0ω2
pe

[

−iω̂J+ ωceJ× êz
]

. (1)

In this expression E is the perturbed electric !eld, J is the

associated current density, and êz is the unit vector along z.

ωce =
qB0
me

is the electron cyclotron frequency, with q the mag-

nitude of the elementary charge andme the electron mass; ω̂ =

ω + iν, where ω is the angular RF frequency, ν is the electron
effective momentum transfer frequency due to collisions with

neutrals, and ωpe =

√

q2ne
ǫ0me

is the electron plasma frequency.

The equation set is completed by Maxwell’s equations:

∇× E = iωB, (2)

∇× B = µ0J− i
ω

c2
E, (3)

where B is the perturbed magnetic  ux density.

7
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Figure 9. The !rst three eigenfunctions of the Br radial pro!le
calculated for the ne(r) radial pro!le of !gure 5 with
n0 = 5× 1018 m−3, B0 = 200 G, and m = 1.

Figure 10. Evolution of the axial wavelengths λz, corresponding to
the k1,n eigenvalues (n = 1, 2, 3), as a function of the peak electron
density n0, for the radial pro!le ne(r) of !gure 5. The wavelengths
for the k−1,n eigenvalues are much longer (not shown) and show no
match to experiment. The red curve is compared with experiment in
!gure 13.

Assuming in!nite, uniform plasma density, the plane

wave whistler dispersion relation can be determined analyt-

ically from these three equations. The principal electromag-

netic electron R wave propagating along B0 [7, 42, 46] is

given by:

k2

k20
= 1−

ω2
pe

ω(ω − ωce)
, (4)

where k0 = ω/c, and k is the z component of the wave vec-
tor in this work. The polarization is right handed circular,

with left handed helical pitch, as observed in the experimental

measurements of !gure 3.

In the present case of ω ≪ ωce < ωpe, (4) simpli!es to the

well-known helicon wave dependence on electron density and

magnetic  ux density for propagation along B0 [7, 42],

k2 = neqωµ0/B0. (5)

The relation between plane wave solutions and cylindrical

eigenmodes is explained by Boswell [47] and Davies [48].

Using axial wavelength λz = 2π/k, (5) gives a good !t to the
experimentalmeasurements in !gures 13 and 14, provided that

amean density n̄e = 0.5n0 is used as a !tting parameter [2, 11].

4.2. Helicon mode theory: non-uniform plasma

The analysis of helicon wave propagation conventionally con-

siders a longitudinally in!nite, axisymmetric plasma column,

magnetized by a uniform and static magnetic !eld B0 aligned

with the column axis, which is generally set to coincide with

the z axis of a cylindrical coordinate system (r, θ, z). Longi-
tudinal and azimuthal invariance imply an ei(mθ+kz) variation

of perturbed quantities, with m the azimuthal mode number

and k = 2π
λz

the longitudinal component of the wave vector.

The full solution (but still neglecting the displacement cur-

rent) of the constant density cylindrical model [49] shows

that the dispersion relation is given by the superposition of

two branches distinguished by their different radial wave-

lengths. The helicon branch is characterized by a long radial

wavelength, typically comparable to the plasma radius, and is

almost undamped. The second one, the so-called TG branch,

exhibits much smaller radial wavelengths which are highly

damped. This latter branch is dominantly excited on the edge

of the plasma column and is thought to play an important role

for the energy deposition process into the discharge. Besides

this last aspect, for suf!ciently high magnetic !eld B0, the TG

branch is so rapidly damped, inwards from the plasma edge,

that the overall radial pro!le of the total wave !eld is almost

identical to the helicon branch alone.

In terms of quantitative diagnostic analysis, the main

parameter we can access experimentally is the axial wave-

length λz in !gures 4 and 8, and consequently the required

theoretical background essentially concerns the dispersion

relation for helicons.

As already mentioned, an analytical expression can be

established for constant density pro!les, but this approach nev-

ertheless presents two major drawbacks for our data analysis.

First, the hypothesis of a constant density pro!le is far from

the experimental situation in !gure 5. Second, the dispersion

relation obtained implies a coupling between longitudinal and

transverse helicon and TG wave numbers, so that to com-

pare the experimental data with the theoretical predictions,

8
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Figure 11. Numerical representation of the RAID experiment. The six coils in !gure 1 coincide with the edges of the external magnetic coils
in this !gure. The inset shows the birdcage resonant antenna surrounded by two half-cylinder screens.

both longitudinal and transversewavelengths would have to be

measured. The transverse wavelengths are typically expected

to lie in a range of 10−3 to 10−2 m (depending on the TG or

helicon branch respectively) for our experimental conditions,

and our B-dot probe system does not have a suf!cient spa-

tial resolution and radial positioning precision for such small

wavelengths to be measured correctly.

Therefore, we use another approach which can be applied

to radially non-uniform plasma provided that the ‘helicon

approximation’ is valid [34, 50, 51] whereby the−iω̂J term in

(1) is neglected (see appendix B). By doing so, the TG branch

is removed from the solution and only the helicon branch

remains. The helicon approximation allows a second order dif-

ferential equation to be established for the radial componentBr
of the magnetic !eld:

B′′
r + f (r)B′

r + g(r)Br = 0, where: (6)

f (r) =
k2pr

2 − 3m2

r(k2pr
2 −m2)

,

g(r) =
1− m2

r2
+ k2p

[

1−
2

k2pr
2 − m2

]

− k2pψ
2n2e(r)−

2mk2pψ

k2pr
2 − m2

ne(r)

+
mψ

r
n′e(r),

and k0 =
ω

c
, k2p = k20 − k2, ψ =

q2k20
k2pωωceǫ0me

.

Equation (6) can be integrated numerically for a given

plasma density pro!le ne(r), the coef!cients f (r) and g(r)

being non-singular for all r. Attention has nevertheless to be

paid to the boundary conditions, as detailed in appendix B. At

r = 0, arguments of symmetry and of non-divergingquantities

provide the initial conditions for the numerical integration. The

vacuum chamber wall at r = a is a perfectly conducting outer

boundary where the radial component of the current density

must vanish, Jr(a) = 0, or equivalently Br(a) = 0 (appendix

B). For a given ne(r) pro!le, magnetic !eld B0 and mode

number m, the vanishing radial current condition can only be

ful!led for discrete values of k, which are the system’s eigen-

values de!ned as km,n, where m refers to the azimuthal mode

number and n designates the eigenvalue number (n = 1 corre-

9
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Figure 12. Left: azimuthal cross-section of the Bz wave !eld component, calculated by the numerical simulation at z = 75 cm according to
!gure 5. Right: Br, Bθ, and Bz components calculated around the circumference of the white dashed circle at 1 cm radius, showing a
dominant m = 1 symmetry. The black circle marks the approximate plasma radius of 5 cm. The magnetic !elds are in arbitrary units.

Figure 13. Variation of the axial wavelength λz as a function of the
peak electron density n0 for B0 = 200 G, showing a comparison
between experimental data, analytical, and numerical results. The
open symbols (partly obscured) represent the measured axial
wavelengths taken from !gure 8. The magenta triangles indicate the
plane wave dispersion relation from section 4.1 for an assumed
average density n̄e = 0.5n0. The full red circles correspond to the
k1,1 eigenvalue in !gure 10 arising from the integration of (6) in
section 4.2. The blue stars show the results of the COMSOL [54]
numerical simulation in section 4.3.

sponding to the shortest value of λz). As an illustration, !gure
9 shows the !rst three eigenfunctions obtained by numerically

integrating (6) for the ne(r) pro!le of !gure 5 and for m = 1

(for an arbitrary peak density). These radial variations of a few

cm are too short to be spatially resolved by the B-dot probe. In

contrast, the dependence of the k1,n eigenvalues with the peak

electron density shown on !gure 10 (λz =
2π
k1,n

) encompass a

range of axial wavelengths which can be easily measured by

the B-dot probe. In particular, the k1,1 curve, shown in red, pro-

vides a very good !t to the experimental data [11] in !gure

13 as discussed in section 4.4. Complementary and alterna-

tive methods include references [52, 53] and citations of these

works.

4.3. Numerical simulation

In addition to the above theoretical approach, a 3D !nite ele-

ments model (COMSOL [54] electromagnetic module) of the

RAID experiment was developed to calculate the wave propa-

gation generated by the birdcage antenna (!gure 11). To match

the model to the experimental conditions as closely as possi-

ble, the magnetic !eld of the external coils around the RAID

chamber was computed, as shown in the lower part of !gure 1.

This !eld is almost uniform, so no matrix transformation was

necessary for the simulation to follow strongly non-uniform

magnetic !eld contours as in devices with magnetic mirror

con!gurations [23]. For the wave calculations, the magnetized

plasma was considered to be an axisymmetric cold-plasma-

dielectric medium, of conductivity given by (1), so that only

Maxwell’s equations (2) and (3) are to be solved numerically.

The imposed plasma densitymapping [23] is taken from!gure

5 with the peak electron densities n0 of !gure 6 or 7. To esti-

mate the local electron-neutral effective collision frequency

ν, the Bolsig+ software [55] for both argon and hydrogen

was used to obtain the Te dependence of the collision rate,

assuming Maxwellian electron energy distributions. Finally,

the antenna structure (!gure 2) is excited by the RF input volt-

age, and all the resultant antenna currents and wave !elds are

calculated self-consistently.

Instead of assuming an m = +1 wave !eld symmetry [23],

the full wave simulation was carried out with no imposed sym-

metry. The numerical solution spontaneously converged to the

wavelength λz and azimuthal symmetry of the k+1,1 eigen-

value of !gure 10, as shown by the close !t of the numeri-

cal simulation data to the theoretical and experimental curves

in !gure 13. The calculated magnetic wave !eld components

in !gure 12 also show a dominant m = 1 symmetry. There-

fore the experimentally-observed m = +1 mode dominance

[1, 2, 11, 31, 32, 34] is apparently an implicit property of

Maxwell’s equations in this con!guration, without invoking

any thermal or kinetic effects, nor constraints of minimum

energy or entropy.
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Figure 14. Variation of the axial wavelength λz as a function of the
magnetic  ux density B0, accounting for the plasma density
variation using !gure 7, showing a comparison between
experimental, theoretical, and numerical results. The symbols are
described in the caption of !gure 13.

4.4. Comparison with the experimental data

The experimental measurements of the axial wavelength of

!gure 8 are reproduced in !gure 13 for comparison with the

three models as follows:

From section 4.1, the right hand polarized plane wave dis-

persion relation for propagation along B0 in uniform plasma

density [1, 2, 7, 29, 42, 46] shows good agreement using a

!tted parameter for the mean density n̄e = 0.5n0 [2, 11].
From section 4.2, the k1,1 curve given by the non-uniform

density theoreticalmodel shows good agreement with no !tted

parameters, indicating that the m = 1 mode is the dominantly

excited mode, as reported in many other works [2, 31, 32, 34],

and with the shortest possible value for the axial wavelength

λz, i.e. n = 1 [11].

From section 4.3, the numerical simulation spontaneously

reproduces the experimentalmeasurements and the formof the

k1,1 mode.

Finally, we show on !gure 14 the evolution of the helicon

wavelength measured in argon discharges for various values

of the DC magnetic  ux density B0 at !xed RF power level.

Here again, the k1,1 eigenvalue provides a reasonably good !t

to the experimental data, as con!rmed also by the results of the

numerical simulation.

To summarize, the axial wavelength is apparently not deter-

mined by the antenna length [11], nor by standing waves in the

cavity, but varies smoothly, depending on the plasma density

and the magnetic !eld, satisfying the dispersion relation of the

helicon wave [56] excited by the birdcage antenna. The heli-

con is an electron mode, whose dispersion relation depends

on the plasma (electron) density and magnetic !eld intensity,

but not on the ion mass. Hence the independence of the axial

wavelength with respect to the gas type in !gure 8 (and !gure

13) is consistent with helicon theory.

5. Conclusions

A resonant birdcage antennawas shown to be a suitable source

for helicon plasmas, generating an intense, stable plasma col-

umn in argon or hydrogen up to 10 kW of continuous RF

power.

The magnetic wave !eld measured along the plasma axis

exhibited the helical structure and polarization consistent with

helicon waves. The dependence of axial wavelength on the

plasma density and externalDCmagnetic !eldwas smooth and

continuous, showing no preferred dependence on the antenna

length, nor the standing wave structure. Furthermore, heavy

or light ions (Ar+ or H+

2 ) had no notable in uence on the

axial wavelength, which depended only on the electron den-

sity and the DC magnetic !eld as expected according to

helicon theory.

Finally, the measured axial wavelengths were com-

pared with semi-analytical and purely numerical models.

The semi-analytical model relies on the so-called ‘helicon

approximation’ to calculate the eigenvalues for any radially

non-uniformplasma pro!le, by numerical integration of a sec-

ond order differential equation. The experimental data and the

calculated m = 1 eigenvalue of lowest axial wavelength are

in good agreement with no !tted parameters. Numerical sim-

ulation of the self-consistent currents in the antenna and the

plasma spontaneously converged towards this same dominant

mode.

In conclusion, the birdcage helicon source presents a new

alternative to conventional partial-helix antennas, with techni-

cal advantages regarding high internal resonance currents and

predominantly-real input impedance, and a wider operational

parameter space with improved plasma stability, especially for

light ion (hydrogen) plasmas.
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Appendix A. Typical wave frequencies

In order to situate the plasma conditions and frequencies with

respect to parameters commonly used in the literature, table

A1 shows typical values for H2 and Ar plasma at B0 = 200 G
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Table A1. Approximate expressions for the cutoff and resonance angular frequencies ω
(rad s−1) of the principal electromagnetic plane waves (collisionless, cold uniform plasma,
but including mobile ions) [42]. The plasma angular frequency is ωp = (ω2

pe + ω2
pi)

1/2. ωUH

and ωLH are the upper and lower hybrid angular frequencies, respectively. Example
frequencies f (Hz) are given for H+

2 and Ar+ at B0 = 200 G and n0 = 1018 m−3 for
comparison with the RF frequency 13.56 MHz.

Wave ω cutoff f cutoff ω resonance f resonance

R ≈
ωce+

√

ω2ce+4ω2p

2
9.27 GHz ωce 560 MHz

L ≈
−ωce+

√

ω2ce+4ω2p
2

8.71 GHz ωci H2: 153, Ar: 7.63 kHz

X Both as above

9.27 GHz ω2
UH ≈ ω2

p + ω2
ce 9.00 GHz

8.71 GHz 1

ω2
LH

≈ 1

ω2
pi

+ 1
ωceωci

H2: 9.23, Ar: 2.06 MHz

O ωp 8.98 GHz — —

and n0 = 1018 m−3. The frequency ordering is ωci ≪ ωrf ≪

ωce ≪ ωp, which is characteristic of whistler and helicon

waves [7, 42, 46], so ion and displacement currents can be

neglected [1, 4, 29]. The RF frequency 13.56MHz is relatively

close to the lower hybrid frequency ωLH in H2 [57], but quite

different from that in Ar where coupling is more ef!cient, sug-

gesting that the lower hybrid frequency is not a special fre-

quency for power transfer in RAID. Also, the lower hybrid

frequency is less than the RF frequency for both the Ar and

H2 ions, which is not indicative of different heating regimes

for heavy and light ions in terms of fast and slow wave

penetration [21].

Appendix B. The helicon approximation, and

derivation of a second order differential equation

for Br in a radial profile of electron density

The purpose of this appendix is to guide the reader through

the derivation of the second order differential equation for the

radial componentBr of the helicon wave, which can be numer-

ically integrated for any radial pro!le of plasma density ne(r).

This equation is obtained in the framework of the ‘helicon

approximation’, and original papers by F F Chen et al can be

found in references [34, 50, 51].

The ‘helicon approximation’ consists in neglecting the

−iω̂J term in (1), which holds provided that ω̂
ωce

≪ 1 and that

all the componentsof J are of comparable amplitude. Themea-

surements shown in !gure 8 were performed with B0 = 200 G

and 13.56 MHz RF frequency, for which ω
ωce

∼ 0.02, so the

helicon approximation can be applied. The impact of collisions

is also removed from the problem by this approximation, but it

can be shown, in the framework of the constant density model,

that collisions are expected to have very little impact on the

axial wavelength of helicons in the considered pressure range

(∼0.1–1 Pa). Then (1) can be written as

E =
ωce

ǫ0ω2
pe

J× êz = αJ× êz, (B.1)

where the functionα(r) = ωce
ǫ0ω

2
pe
is a function of radius because

the radially non-uniformdensity, ne(r), means that the electron

plasma frequency is also a function of radius, ωpe(r).

The equation set is completed by Maxwell’s equations (2)

and (3). Taking the curl of (B.1) and using (2) we get the

relation:

∇× E = ∇×
[

αJ × êz
]

= α∇×
[

J× êz
]

+ α′
êr × J× êz = iωB,

⇒ α∇×
[

J× êz
]

− α′Jrêz = iωB, (B.2)

where α′
= ∂rα.

Because we are looking for modes of cylindrical symmetry,

we state an ei(mθ+kz−ωt) dependence for !rst order perturba-

tions. Under this ansatz, it can then be easily shown that

∇×
[

J× êz
]

= ikJ − (∇ · J)êz, and (B.2) becomes:

iωB = ikαJ − α(∇ · J)êz − α′Jrêz. (B.3)

Note that taking the cross product of (B.3) with êz we get the

relation:

ωB× êz = kαJ× êz ⇔ J⊥ =
ω

kα
B⊥. (B.4)

Combining the curl equation for B in (3), the helicon approx-

imation (B.1), and (B.4), we obtain:

∇× B = µ0J− i
ω

c2
E = µ0J− i

ωα

c2
J× êz = µ0J−

ik20
k
B× êz,

(B.5)

where k0 =
ω
c
. Taking once again the cross product of (B.5)

with êz, and re-using (B.4), we !nally obtain:

[

∇× B+
ik20
k
B× êz −

µ0ω

kα
B

]

× êz = 0. (B.6)

With B =





Br(r)

Bθ(r)

Bz(r)



 ei(mθ+kz−ωt), (B.6) provides the coupled

equations:

−kB′
z + ik2pBr − k20

ω2
pe

ωωce

Bθ = 0 (B.7)

−
ikm

r
Bz − ik2pBθ + k20

ω2
pe

ωωce

Br = 0, (B.8)
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where k2p = k20 − k2 is the transverse wave number in vac-

uum. The system of simultaneous equations is completed by

∇ · B = 0, which is written as

1

r
Br + B′

r +
im

r
Bθ + ikBz = 0. (B.9)

Eliminating Bθ and Bz using (B.8) and (B.9), the remain-

ing equation (B.7) yields the second order non-linear dif-

ferential equation for Br given in (6) of section 4.2, as

required.

This equation has the great advantage of presenting

no problematic singularity, as (k2pr
2 − m2) never vanishes

(because kp is generally complex and even purely imaginary

in the limit k ≫ k0). Numerical integration is straightforward

starting from r = 0, but some attention has to be paid to the ini-

tial conditions. The leading idea is that we want non-diverging

quantities at the origin.

It must be noted that the functions f (r) and g(r) in (6) come

from the division of the originally-obtained second order dif-

ferential equation by the coef!cient of B′′
r , which in fact van-

ishes at r = 0 so that this normalization is not valid at the

origin. At r = 0, the original equation is:

(1− m2)Br(0) = 0. (B.10)

This relation generally implies Br(0) = 0, apart for the val-

ues m = ±1 which are special because they are the only ones

for which the Br component of the !eld does not have to vanish

at the origin.

We now consider symmetry arguments. To do so we

momentarily switch to a Cartesian coordinate system with the

unit vector êx aligned with the θ = 0 direction. We have:

Bx(x) = −Br(r) cos(mπ) for x < 0

⇒ Bx(−x) = −Bx(x) for even values of m,

Bx(x) = Br(r) for x > 0

⇒ Bx(−x) = Bx(x) for odd values of m.

(B.11)

Bx(x) is then an even function of x for odd values of m, which

implies that the derivative∂xBx must vanish at x = 0 (provided

that we search for smooth functions at the origin, i.e. no dis-

continuity of the !rst derivative). Conversely, for even values

of m, ∂xBx generally does not vanish at the origin (although it
can).

We then !nally have:

(a) For odd values of m 6= ±1: Br(0) = 0 and ∂rBr(0) = 0.

(b) For m = ±1: Br(0) = 1 (normalization) and ∂rBr(0) = 0.

(c) For even values of m: Br(0) = 0 and ∂rBr(0) = 1

(normalization).

Eigenvalues k are determined by a boundary condition at

the plasma edge, usually a vanishing radial magnetic !eld,

Br(a) = 0 (B.4).
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