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Abstract. Whistler waves are produced when beam electrons, produced by a lightning
strike near one of earths magnetic poles, approach the opposite pole and the associated in-
crease in magnetic field. Bound whistlers, called ’helicon waves’, have been used to produce
high-density, large-area plasmas. The nature of the wave-plasma interaction has received
considerable investigation. Particularly contentious has been experimental verification of
production of beams of hot electrons in an opposite-analogous method to the formation of
whistlers. Measurements of the plasma-wave-fields and rf-phase-resolved optical emission
spectroscopy has been used to demonstrate that bunched electrons are produced, and that
the electrons propagate axially resonant with the propagating EM wave.
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1. Introduction

The development of radio-frequency commu-
nication in the first half of the 20th century led
to the first understanding of the earths upper at-
mosphere including the interaction with the so-
lar wind resulting in the aurora, and over-the-
horizon radio-communication via reflection off
the ionosphere. Early radio communication
was fraught with anomalous signals, including
’Whistling’ sounds – ascending tones starting
in the low kilo-hertz and increasing above the
audible limit. These signals were later iden-
tified as resulting from a burst of electrons
originating near a magnetic pole traversing
along the earths magnetic field. Near the poles
the magnetic field increases, and the electron
burst would result in electromagnetic waves
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which were picked up by the radio receivers.
The waves were labeled ’Whistlers’ and were
later identified as low- frequency waves (below
the plasma frequency) in which the hall-term
dominates Ohm’s law. In the late 1950’s solid
state physicists began using radio frequen-
cies to measure the Hall coefficient of magne-
tized semiconductors. Early theoretical inves-
tigations done by Aigrain (1960) determined
that when the Hall term dominated Ohm’s law
(ωrf < ωce < ωpe), the lines of force were
helical. He coined the name ‘helicon’ to de-
scribe the associated waves. Shortly thereafter
helicon standing waves were measured in cryo-
genic sodium (Rose et al. 1962). Both theoret-
ical (Klozenberg et al. 1965; Legéndy 1964)
and experimental (Facey & Harding 1966) re-
ports on the effects of boundary conditions on
the wave dispersion were published. The work
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by Klozenberg et al. (1965) solved for heli-
con waves in a plasma with both conductive
and insulating boundary conditions. Lehane
& Thoneman (1965) confirmed this theory
by propagating helicon waves in an rf main-
tained cylindrical plasma. In the late 1960’s
Boswell, studying wave propagation in a low
pressure magneto-plasma, noticed that the he-
licon wave could be used to start and sustain
the discharge, and the helicon plasma source
was born (Boswell 1968). He measured stand-
ing helicon waves close to the antenna, and
noted that the ionization efficiency was high
and that plasmas approaching 100% ionization
were readily attainable. The high efficiency
was initially attributed to Landau damping of
the helicon waves, but the experimental re-
sults were not in agreement with this linearized
analysis of wave-particle interaction (Boswell
1970).

The plasma downstream from the source
was quiescent and was later used to produce
quiescent plasmas for space physics (Boswell
1975; Boswell & Giles 1976; Boswell et al.
1982). In 1984 (Boswell & Henry 1985) a

helicon source was used with SF6 fill gas to
etch silicon. The etch rates attained were very
high, approximately 10 times that of typical
commercial rf diode reactors used by the mi-
croelectronics fabrication industry. Since then
many other groups have contributed to the ef-
forts to understand the basic physics of helicon
plasma sources and their application to plasma
processing (see Boswell & Chen (1997); Chen
& Boswell (1997) and references within).

Details of the wave-particle interaction,
and the resultant power coupling and affect on
plasma global properties have continued to re-
ceive considerable attention (Ellingboe et al.
1995; Ellingboe & Boswell 1996; Degeling et
al. 1996; Molvik et al. 1997; Scharer et al.
2002).

2. Derivation of the Helicon wave

A fluid equation can be obtained from the
Vlasov equation ((Spitzer 1962) Eqs. 2-4), and
the linearized, modified Ohms law is

E +
−−−−−→v × B0 − 1

n0e
−−−−−→j × B0 − η j− me

n0e2

δ j
δt

= 0(1)

where j is the plasma current and η is the
plasma resistivity. In defining Eq. 1, the grav-
itational term has been dropped, the plasma
pressure term has been dropped on assumption
of a temperate plasma, and there is assumed
to be be no steady-state electric field or cur-
rent. Combined with Maxwell’s equations and
solving for the index of refraction, N, yields
(Spitzer (1962) Eq. 3-44)

N2 =
c2

v2
φ

= 1− ω2
pe

ω2
rf − ωceωci ± ωrf (ωce − ωci)

(2)

where using the ‘+’ yields a wave co-rotating
with the ions and the ‘-’ yields a wave co-
rotating with the electrons, and vφ = ωrf /k is
the phase velocity of the wave. Some algebra
yields

N2
[
ωci

ω
− ω

ωce
− iν
ωce
± (−1)

]
=

ω2
pe
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φ/c

2
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Each of these terms can be related back to the
initial stating of the problem, and can be ne-
glected (Christiansen 1969) under the follow-
ing conditions: [ωci

ω
] corresponds to −−−−−−→V × B0

and can be neglected when the frequency is
large compared with the ion cyclotron fre-
quency (ω >> ωci.); [ ω

ωce
] corresponds to

the electron inertia term and can be neglected
when the frequency is small compared with
the electron cyclotron frequency and the den-
sity is high (ω � ωce and ω � ωpe, re-
spectively). [ iν

ωce
] corresponds to the conduc-

tivity term and can be neglected when the elec-
tron collision frequency is small compared to
the electron cyclotron frequency (ν � ωce.);
[ 1

1−v2
φ/c

2 ] corresponds to the displacement cur-

rent in Maxwell’s equations and can be ignored
if the wave velocity is much less than the speed
of light (vg � c.); and [(-1)] corresponds to the
Hall term (−−−−−→j × B0) and gives rise to the helicon
wave.

For the conditions ωci � ω � ωce < ωpe
only the Hall term remains, and the dispersion
relation takes the simple form

N2 =
ω2

pe

ωceω
. (4)

This is the helicon approximation.
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Fig. 1. The WOMBAT apparatus.

3. Experiment

The WOMBAT apparatus consists of two re-
gions, a drift chamber and a source (see
Figure 1). The drift chamber is a stainless steel
cylinder, 2 m long and 0.9 m diameter. The
source is located on one end of the drift cham-
ber, and is coaxial with the drift chamber. The
source tube is made of a Pyrex tube, 180 mm
inside diameter and 500 mm long. Both ends
of the tube are open, one end opening into the
drift chamber, and the other closed with an alu-
minum plate. On the end of the drift chamber
opposite the source there is a Balzers 330 l/s
turbo molecular pump to evacuate the cham-
ber. A typical base pressure is 2.0×10−6 mTorr
as measured with a cold-cathode gauge. Gas
is fed into the WOMBAT vacuum chamber in
the location shown in Figure 1 through a nee-
dle valve and the rate of flow is measured with
a mass flow meter (typically 30 sccm). When
gas is flowing, the pressure is measured with a
capacitance manometer.

The apparatus is equipped with solenoidal
windings which provide an axial background
magnetic field (see Figure 1). The coils pro-
vide a uniform axial magnetic field (to within
5% at r = 10 cm) over the 500 mm axial ex-
tent of the source, then decreases monotoni-
cally over 500 mm axial extent to become uni-
form, in the drift chamber. Typical magnetic
fields are 100 G (10 mT) in the source (run
from 15−200 G) and 50 G (3.5 mT) in the drift
chamber (run from 20 − 100 G).

Figure 2 shows a drawing of the source
area, detailing the antenna and the re-entrant
tubes.

Fig. 2. The source region of WOMBAT, detailing
the ’Boswell-type’ antenna. Also shown are the re-
entrant tubes at r=0 and 4 cm for probing by the
optical periscope and B-dot probes, respectively.

Fig. 3. Cartoon of a 5-turn B-dot probe, twisted pair
wiring, and tri-filar winding for removing capacitive
pickup (common-mode) from the B-dot signal (dif-
ferential mode).

The rf magnetic wave-fields are measured
using small inductive loops (B-dot probes) sen-
sitive to the time varying magnetic fields as-
sociated with the plasma-wave-fields. Voltage
is induced in the inductive loops according to
Faraday’s Law

V =
d
dt

(B · nA), (5)

where B is the rf magnetic field, A is the nor-
mal to the area enclosed by the loop with mag-
nitude equal to the area enclosed by the loop,
and n is the number of turns in the loop.

Typically, the probe-tip (the coil itself) is
some distance away from the terminating re-
sistance, and the two are connected with a
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= Mini-Circuits ZAD-6 mixer

= Mini-Circuits ZSC-2-2B splitter
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Low Pass90° phase shift

Low PassReference

sin(ωt)
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Fig. 4. The quadrature interferometer used for de-
tecting amplitude and phase of the B-dot probe sig-
nal. The reference leg is fed by a Rogowski coil
measuring the rf antenna current.

Re-Entrant 
Pyrex TubeCollimating Lens Mirror

5mm

5mm

15mm

Collection 
Volume 5mm

Optical 
Fibre

5mm

90mm

Fig. 5. Detail of the head of the optical periscope

transmission line, in this case a twisted pair.
The coils are made from (US) 40 gauge mag-
net wire, and the same wire is used for the
twisted pair and the hybrid combiner, as shown
in Figure 3. Both E and B outputs (see Fig. 3)
are terminated in 50 Ω.

Amplitude and phase of the B-dot signal
are processed using the quadrature interferom-
eter shown in fig. 4. The output filters had a
single low-pass pole at 10 kHz which is a con-
venient frequency for most low-cost commer-
cially available multi-channel digitizers. The
absolute amplitude and phase difference can be
calculated from

A =
√

(A sin θ)2 + (A cos θ)2 (6)

θ = arctan
(

A sin θ
A cos θ

)
. (7)

Phase-resolved optical emission spec-
troscopy (PROES) is used to investigate

power deposition into plasma electrons as
a function of phase within the rf cycle. If
there is considerable interaction between the
plasma-wave-fields and the electrons, then
resonant electrons will be confined in phase
by the interaction, and the phase of the peak of
the interaction will advance with the wave as
the wave propagates away from the antenna.
The idea is to watch a fixed position in space
and wait for the extra ionic (or perhaps atomic)
excitation caused by ”hot” electrons trapped in
the wave passing through the light collection
region.

To gain access to the source region, a re-
entrant Pyrex tube is inserted through the alu-
minum end-plate (Figures 1 and 2) on the axis
of the machine. The optical periscope is in-
serted into the re-entrant tube (Figure 5). By
positioning the probe in z and Θ, light is col-
lected from different volumes in the source re-
gion. The periscope collects light arriving from
a radial sector of plasma. Because of lensing
caused by the re-entrant tube which is curved
in the Θ direction, the collection volume of the
probe is 5 mm diameter circular at the probe
tube, and elliptical with 5 mm axial by 15
mm Θ extent ellipse at the source tube wall
(r = 90 mm.)

Light arriving from the collection volume
is focused onto a fiber-optic bundle which
guides the light out the end of the machine
and into a 0.1 m monochromator tuned to the
443 nm ArII line. A photo-multiplier tube de-
tects the photons. This line is chosen because
its upper state is short lived (7 ns Vujnović
& Wiese (1992)), and the line is easily sep-
arated from other emission lines. Photon ar-
rival rates for this emission line are on the order
of ten-thousand counts per second, which im-
plies approximately 1 photon per 1000 rf cy-
cles. For this reason, the quadrature interfer-
ometer can not be used to analyze the emission
strength versus phase in the rf cycle and pho-
ton counting techniques are used instead. The
signal from the photo-multiplier tube was used
to start a time-to-amplitude converter (TAC)
and a downward zero crossing from the an-
tenna voltage probe was used to stop the TAC.
Statistics of photon arrival versus rf phase
were accumulated in a multi-channel-analyzer
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(MCA). (A LeCroy model #3001 ’QvT’ TAC
with integral MCA was used.)

Two types of plasma-wave-field electron
interaction can be distinguish with the TOES
technique. We make use of the fact that we are
collecting light only from a radial sector, not a
diameter, and assume M = 1 azimuthal mode
structure for the Ez fields. If the upper state
of the line we are detecting is being populated
by bulk electrons involved with ohmic power
transfer associated with the currents from a
traveling helicon wave, then the modulation
in signal would be at twice the fundamental
frequency (2 f ) since locally the currents are
equal in the +ẑ and −ẑ directions. If the elec-
trons populating the upper state are produced
by the large amplitude electric fields under the
antenna and then remain phase-correlated with
the wave as it propagates away from the an-
tenna, then the modulation will be at the fun-
damental frequency. If the interaction is at 1 f ,
then the interaction cannot be a local phe-
nomenon, but must be due to a long-time-scale
interaction (history dependent.)

4. Experimental Data

4.1. Visual Observation

The first test was to visually observe the
plasma with the naked eye. For example, with
a Boswell antenna extending from z = 18 cm
to z = 33 cm with 3.5 mTorr of Argon and
magnetic field of 70 G, the following was
observed. The power was slowly increased
from zero Watts while looking through a win-
dow located on the axis in the end plate (see
Figure 2.) At approximately thirty watts break-
down occurred. The plasma was diffuse and
quite transparent - one could resolve probes
which were located some distance downstream
from the source. As the power was increased
the intensity of plasma emission increased.
There were regions of greater emission inten-
sity close to the antenna. This is consistent
with operation as an E-mode discharge be-
cause the power transfer is occurring in the
plasma sheath around the antenna. At approxi-
mately three-hundred watts there was a distinct
change in the plasma emission. This change

will be found to be the E to H-mode transi-
tion. Above this transition, the overall emission
intensity increased dramatically, and became
edge dominant, and the bright spots near the
antenna became more spread-out. Further in-
creases in rf power resulted in increased emis-
sion intensity, with more emission at large radii
than on axis; the emission profile was hollow.
The probes which were clearly visible in E-
mode were now obscured, due to increased
emission intensity in the source as compared
with light from downstream. The E to H-mode
transition occurred over a small increase in
power, but was step-wise continuous (although
there was considerable hysteresis in power).
These phenomena are consistent with H-mode
discharges.

At fifteen-hundred watts there was a sec-
ond change in the plasma emission. The emis-
sion intensity near the axis increased dramati-
cally, and the radial profile was no longer hol-
low. These phenomena are consistent with W-
mode power coupling. As well, objects inte-
rior to the plasma on the far end of the source
were again resolvable: the emission intensity
in the source was approximately the same, but
there was a dramatic increase in emission in-
tensity downstream from the source, which ef-
fectively ’back-lit’ the objects. The increased
optical emission in the diffusion chamber was
suggestive of power deposition into the down-
stream region, presumably through the propa-
gating helicon wave. This is only possible in a
W-mode discharge.

4.2. Ion Saturation Current

Radial profiles of ion saturation current are
shown in fig. 6. The bottom trace is for a low
density, capacitive mode source operation. The
second trace is an inductive mode; There are
’wings’ at the radial positions were the fields
lines trace back to the edges of the plasma
source, and the power deposition in the source
can be thought to be largely restricted to the
edge region. The third trace corresponds to the
same rf power as the second trace, but with the
source operating in W-mode; The wings are
still present, but there is an additional peak
on-axis, consistent with power deposition by
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Fig. 6. Ion saturation current versus radial posi-
tion across the diameter of the WOMBAT drift-
chamber. From bottom to top the four curves are for
increasing power/ operational condition; 500 Watts
(E-mode), 1600 Watts (H-mode), 1600 Watts (W-
mode) and 2300 Watts (W-mode) (Ellingboe &
Boswell 1996).

the axially-aligned wave currents arising from
a partially electrostatic helicon wave (see text
surrounding figs. 7 and 8.)

4.3. B-dot Probe Data

The transition in the Langmuir probe diameter
scans occurring around 1600 Watts were sur-
prising. The understanding of helicon source
operation was that once the source was op-
erating in inductive mode the dispersion rela-
tion for the helicon wave was well satisfied,
and the propagating helicon wave would be re-
sponsible for at least some power deposition.
Measurements of the axial profiles of the three
components of the wave (,̊ Θ, z) just below
(Fig. 7) and above (Fig. 8) the transition were
made. Comparing traces from below and above
the transition the Brand Bθcomponents are
nearly identical: this is consistent with plasma
density measurements in the source which
show minimal increase in density in the source
across this transition. The Br and Bθ compo-
nents are standing waves under the antenna and
between the antenna and the conducting end-
plate, converting to traveling waves extending
from the end of the antenna down into the dif-
fusion chamber. Measurements at r=0 mm con-

firm that the wave has M=+1 polarization, as
expected for a propagating helicon wave.

In sharp contrast, the Bz component
changes dramatically from a low amplitude
standing wave, with nulls close to the ends of
the antenna to a very large amplitude stand-
ing wave under the antenna converting to a
propagating wave downstream from the an-
tenna. The wave maintains the same M=+1 po-
larization, but converts from a purely electro-
magnetic helicon wave, to a partially electro-
static helicon wave, gaining both magnetic and
electric field components parallel to the axially
magnetic field. Currents associated with the
Ezfield would be expected to be large, result-
ing in significant Ohmic heating. Also, individ-
ual energetic electrons with velocities close to
the wave velocity can participate in resonant
interaction with the wave.

4.4. Phase-Resolved Optical Emission
Spectroscopy

The PROES data is interpreted assuming the
following premise. The 4p4D3/2 Argon ion
excited state (the upper state of the 443 nm
emission line being measured) can be produced
by electron impact excitation from lower en-
ergy level states and decay from higher level
states. The cross section for electron impact
excitation of this excited state is not known,
either experimentally or theoretically. For this
discussion the cross section is assumed to be
zero up to a threshold energy, whereupon it
increases rapidly, flattens around 75 eV, and
decreases slowly at energies greater than 75
eV. The threshold energy for this excitation
is approximately 20 eV from the ground state
ion and as little as 3 eV from ion metastable
states. The lifetime of this excited state is
6.92 ns (Vujnović & Wiese 1992) with a
small fraction of these excited ions undergo-
ing the 4p4D3/2 → 4s4P1/2 transition releasing
a 443 nm photon. Fortunately, interpreting the
TOES data does not rely on knowledge of the
excitation cross section nor the species being
excited.

As the helicon wave passes through the
PROES collection volume shifting the EEDF,
the number of electrons above the threshold en-
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Fig. 7. Measurements of the rf magnetic field (B-dot) versus axial position at 1500 Watts, H-modeoperation
(Ellingboe & Boswell 1996). The plots represent radial ( Br), azimuthal (B-theta) and axial components
( Bz). Overlay plots show advancing rf phase. Standing waves exist over the first 250 mm, and traveling
waves for z > 250 mm. Note the low amplitude purely standing wave nature of the Bzcomponent.

ergy changes. If these shifts in the EEDF are
responsible for the oscillation in the TOES sig-
nal , two peaks per rf cycle would be seen, one
when the EEDF shifts yielding current in the
+ẑ direction and a second peak when the EEDF
shifts yielding current in the −ẑ direction. In
contrast, if there are electrons resonant with
the wave, then the perturbation to the EEDF
is only in the direction of propagation. This re-
sults in TOES signal fluctuation at the funda-
mental frequency (1 f ).

Figure 9 shows the PROES signal versus
axial position; Overlaid is the relative phase
of the Bzwave-field component. The time axis
covers two rf cycles, the PROES data is dupli-

cated for each rf cycle to allow comparison to
the phase information.

Looking in detail, there are large ampli-
tude peaks close to the antenna in the region
of the large amplitude standing waves. The rel-
ative phase of adjacent peaks closely tracks the
relative phase of the wave. Looking at the ax-
ially propagating wave (z>40 cm) there is a
peak in PROES signal which closely tracks the
relative phase of the Bzwave-field component.
These observations confirm that the PROES
signal is due to the propagating helicon wave.
Further analysis shows that the oscillation in
the PROES signal occurs at the fundamental
frequency, not at 2 f , suggesting that the pop-
ulation of the upper state of the 443 nm transi-
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Fig. 8. Measurements of the rf magnetic field (B-dot) versus axial position at 1750 Watts, W-
modeoperation (Ellingboe & Boswell 1996). The plots represent radial ( Br), azimuthal ( Bθ) and axial
components ( Bz). Overlay plots show advancing rf phase. Standing waves dominate over the first 250 mm,
converting to traveling waves for z > 250 mm. Note the traveling wave in the Bzcomponent; also the am-
plitude peak between z=300 mm and 400 mm has been ’clipped’ by the electronics.

tion is caused by resonant electrons, not by the
current associated with the propagating helicon
wave.

5. Conclusions

The nature of power coupling in the WOMBAT
helicon plasma source has been described. The
mode-change occurring near 1600 Watts has
been described as the transition from a purely
electromagnetic helicon wave to a partially
electrostatic helicon wave; The partially elec-
trostatic helicon wave includes axially aligned
components of both the wave magnetic field
and electric field. Radial profiles of plasma

density downstream of the helicon source show
that the Ezfields contribute significantly to
the power deposition on axis (away from the
plasma edge), and with increasing power the
fraction of on-axis heating increases. Analysis
of the PROES data leads to the conclusion
that wave-resonant electrons are produced in
the source and propagate downstream with the
partially-electrostatic helicon wave.

The observed wave-particle interaction is
analogous, to the Whistler mode wave of the
ionisphere. In the ionisphere, beams of hot
electrons bunch together and as the magnetic
field in the polar regions increases, the tone of
the ’Whistler’ changes; In the helicon plasma
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Fig. 9. Measurement of the Phase-Resolved Optical Emission Spectroscopy of the 443 nm Argon ion line
versus axial position, note that is shown over 2-rf periods. The relative phase of the Bzcomponent measured
at r= 40 mm overlays the PROES contour.

source the tone is set by the rf generator. The
helicon wave (a bounded Whistler wave) prop-
agates along the plasma column according to
the helicon dispersion relation 4 and when the
conditions are right bunches of wave-resonant
electrons are produced.
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