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Measurements of the radio frequency �rf� field structure, plasma density, and electron temperature
are presented for a 1 kW argon helicon plasma source. The measured profiles change considerably
when the equilibrium magnetic field is reversed. The measured rf fields are identified as fields of
radially localized helicon waves, which propagate in the axial direction. The rf field structure is
compared to the results of two-dimensional cold plasma full-wave simulations for the measured
density profiles. Electron collision frequency is adjusted in the simulations to match the simulated
and measured field profiles. The resulting frequency is anomalously high, which is attributed to the
excitation of an ion-acoustic instability. The calculated power deposition is insensitive to the
collision frequency and accounts for most of the power supplied by the rf-generator.
© 2011 American Institute of Physics. �doi:10.1063/1.3533273�

I. INTRODUCTION

Helicon plasma sources have been extensively studied
experimentally and theoretically1–3 over the past two decades
with increased interest due to potential applications of heli-
cons in plasma space-propulsion.4,5 Nevertheless, the physics
of helicon source operation still requires better understand-
ing, and the mechanism of rf power deposition into the
plasma remains the focus of ongoing discussions. For an
elongated helicon plasma, there is a discrepancy between the
operational frequency and the whistler �conventional heli-
con� eigenfrequency. This fact challenges the notion that the
helicon antenna deposits rf power into the plasma via exci-
tation of conventional whistler waves.

It is known that a significant plasma density gradient
across the equilibrium magnetic field can modify the whistler
wave structure and its dispersion relation dramatically.6 Such
a gradient is commonly observed in helicon discharges when
the magnetic field is sufficiently strong. However, the con-
nection between the radial density gradient and the fre-
quency discrepancy in helicon discharges was not immedi-
ately recognized. It was first highlighted in Ref. 7, where
radially localized helicon �RLH� waves were derived. The
very existence of an RLH wave requires a density gradient.
This wave has a lower eigenfrequency than a conventional
whistler wave of the same wavelength. As a result, the fre-
quency of this wave is consistent with the discharge opera-
tional frequency.7

There have been two recent experimental works8,9 aimed
at determining whether the waves excited by the helicon an-
tenna are RLH waves and at understanding the role of RLH
waves in the global power balance. Both experiments were
performed on the same device. The experiment of Ref. 8
revealed the existence of an eigenmode with a frequency
close to the antenna frequency and it was suggested that the

measured eigenmode was a standing RLH wave excited by
the antenna. The goal of Ref. 9 was to investigate this hy-
pothesis by simulating, for the experimental plasma density
profile, the rf field structure excited by the antenna. The
simulation showed that the antenna indeed excited an RLH
wave that formed a standing wave in the axial direction. In
the simulation, the eigenmode damped due to electron-ion
and electron-atom collisions. The gas density, which was un-
known, was used as a free parameter to adjust the electron-
atom collision frequency and find a range of damping rates
for which the calculated dissipated power matched the mea-
sured power coming from the generator. The maximum value
of the damping rate calculated in Ref. 9 was consistent with
the experimentally measured rate.8 Nonetheless, the conclu-
sion of Refs. 8 and 9 regarding the RLH wave excitation was
reached based on indirect measurements, rather than on mea-
surements of the rf field structure.

The goal of the experiment described in this paper is to
measure the rf field structure in the plasma and thus directly
identify the waves excited by the antenna. By performing a
spatial Fourier decomposition of the measured field, we find
that the dominant value of the axial wave vector is consistent
with the RLH dispersion relation7 for our experimental pa-
rameters. We also observe that the antenna predominantly
launches positive or negative azimuthal harmonics in the
plasma depending on the direction of the equilibrium mag-
netic field, while the antenna itself has no azimuthal selec-
tivity. The observed selectivity is a signature of RLH waves
that distinguishes them from conventional whistler waves.
Based on the experimental observations, we conclude that
the measured rf field is associated with RLH waves.

We determine whether the excitation of the observed
RLH waves can account for most of the experimentally de-
posited power. In order to do that, we compute the rf field
structure and the power absorbed by the plasma �via
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electron-ion Coulomb collisions� with a two-dimensional
�2D� rf field solver that uses the experimentally measured
plasma density and electron temperature profiles as input
functions.9 The initial expectation was that the calculated
axial structure of the rf field would reproduce the measured
field, and we would then determine from the simulation the
power absorption associated with the RLH waves. However,
the simulation revealed a significant disagreement between
the measured and calculated rf field profiles: the measured
field damped on a scale that is much shorter than the damp-
ing length resulting from electron-ion Coulomb collisions.

This discrepancy motivated us to use the collision fre-
quency as an adjustable parameter to match the calculated
and measured field profiles. The rf field structure in the
plasma is determined by the dispersion relation, which sets
the wavelength for the driving frequency and the wave ab-
sorption length. We can change the wave damping by vary-
ing the collision rate. This approach allows us to determine
the effective rate of electron collisions in the plasma and,
therefore, it can be viewed as a diagnostic tool. The deter-
mined electron collision rate is anomalously high. It exceeds
the rate of Coulomb electron-ion collisions by more than an
order of magnitude. It also exceeds the wave frequency,
which rules out Landau damping as a possible explanation
for the increased wave damping. A likely candidate for ex-
plaining the anomalous electron collision rate in our experi-
ment is ion-acoustic turbulence driven by azimuthal diamag-
netic drift. The estimates presented in this paper show that
ion-acoustic waves should be unstable, because the velocity
of the diamagnetic drift for the measured radial density gra-
dient exceeds the sound speed.

A different approach has been used in Ref. 9, where the
collision frequency was adjusted to match the calculated and
measured power deposition into the plasma. The approach
adopted in this paper does not automatically guarantee that
the calculated power absorption matches the measurement.
We can however adjust the collision frequency to match the
field structure with only minor changes in the deposited
power. The reason is that the wave absorption length in our
case is shorter than the length of the plasma. The antenna
essentially radiates RLH waves into the plasma column in
this regime. In contrast, in the experiments described in Refs.
8 and 9, the wave absorption length was longer than the
length of the plasma and the discharge formed a cavity for an
RLH wave in the axial direction. Consequently, the deposited
power was strongly dependent on the electron collision rate.

It is appropriate to mention earlier efforts to compare the
simulated and measured rf fields in helicon discharges.10,11

The numerical code in Ref. 10 was designed to calculate the
fields in a nonuniform plasma and the simulations were per-
formed for experimentally measured plasma density profiles.
However, the significant qualitative difference between what
has later been identified as the RLH wave and the conven-
tional whistler �helicon� waves was not recognized in those
simulations. Also, the effects of enhanced collision fre-
quency on the axial wave damping and the total power ab-
sorption were not investigated in Ref. 10 despite the sug-
gested need for enhanced collisionality to reconcile the

simulations with the measured radial field structure. The
present paper offers the missing analysis.

In Ref. 11, the measured rf magnetic field profiles were
compared with calculations based on a reduced one-
dimension �1D� wave equation.12,13 The eigenvalues and
eigenfunctions of m=+1 and m=−1 circularly polarized
modes are numerically solved. The measured fields were in
agreement with those of the m=+1 modes, but it remained
unclear why the m=−1 modes were absent in the experiment
that was designed to excite them. We find that this asymme-
try is a result of the nonuniform plasma density profile.

Uniform plasma helicon dispersion relation has been
commonly used to identify the waves excited in helicon dis-
charges. The wave dispersion relation however should be
obtained from the wave equation taking into account the den-
sity profile for a nonuniform plasma. The discrepancy be-
tween the wave dispersion relations of uniform and nonuni-
form plasma theory becomes significant in an elongated
plasma column �the plasma length much greater than the
plasma radius�. In a radially nonuniform plasma for RLH
waves ��kz

2, while ��kzkr for helicon waves in a uniform
plasma, where � is the mode frequency, kz and kr are the
axial and radial wave numbers, respectively. As a result, us-
ing the uniform plasma dispersion relation overestimates the
wave frequency.9 In this case, the uniform plasma theory
becomes inapplicable, and a more accurate description of the
wave excitation and damping is needed.

The rest of the paper is organized as follows. Section II
describes the experimental setup and presents the experimen-
tal measurements. Section III describes the simulations and
compares the experiment and simulations. Section IV con-
tains discussions and Sec. V concludes the paper.

II. EXPERIMENT

The experimental setup shown in Fig. 1 is a vacuum
vessel composed of a Pyrex® tube which is 60 mm in diam-
eter and 0.425 m long, while the metal chamber �with three
viewing windows� has a 0.1 m inner diameter for an overall
length of 1.3 m. Argon gas enters upstream through the
Pyrex® tube and is pumped out by a turbomolecular pump
located at the downstream end of the vacuum vessel. A mass
flow controller and a convectron gauge measure the flow rate
and chamber pressure before the rf power source is turned
on. To keep heating of the experiment to a minimum, the rf
power is delivered in 1.5 s pulses with a 10% duty cycle. The

FIG. 1. Helicon experiment at the University of Texas at Austin.
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1 kW rf source delivers the power at 13.56 MHz through a
0.15 m long, Nagoya Type-III antenna with a 180° left-
helical twist as defined by Chen.14 The upstream side of the
0.15 m antenna was located at z=0.12 m. The external mag-
netic field is provided by five magnetic coils. Output power
from the 1 kW rf generator was measured using a 50 � load
and an oscilloscope which measured the voltage across the
50 � resistor. We observed a 120 Hz ripple on the rf voltage
with an average power of 970 W. We estimated the power
into the plasma by assuming that power losses in the trans-
mission lines, matching network, and antenna scale as the
square of antenna current. We measured the antenna current
at low power �100 W� to estimate external losses at the 1 kW
power level. We estimate that 830 W of power is coupled
into the plasma. Table I shows the experimental conditions
used for the data collected. The conditions in this study are
similar to but not identical with the power balance measure-
ments of Ref. 15.

We use a Langmuir probe to measure plasma density and
temperature. The Langmuir probe is rf-compensated and is
based on the design by Sudit and Chen.16 The primary elec-
trode measures the I-V characteristic of the plasma while the
secondary electrode is part of the rf compensation network
and is capacitively coupled to the primary electrode. A series
of rf chokes is placed near the probe tip to suppress the rf
signal coming from the generator at 13.56 MHz and the
second harmonic at 27.12 MHz. The primary electrode is a
3 mm long, 0.5 mm diameter tungsten cylinder. The second-
ary electrode was made by winding a molybdenum wire ten
times around the 2.75 mm diameter alumina shaft. The rf
chokes are Lenox–Fugle miniature inductors with a value of
150 �H for blocking the 13.56 MHz frequency and 47 �H
for the 27.12 MHz frequency. The capacitor is a 2 nF min-
iature surface mount capacitor.

A magnetic “B-dot” probe is used to measure the rf mag-
netic field. The magnetic probe is based on a design with
inherent electrostatic rejection by using a basic center-tapped
coil in which the subtraction of unwanted capacitive pickup
signals is carried out in the probe itself.17 The coil consists of
two windings that effectively create a center-tapped coil.
Only one winding contributes to the measured inductive sig-
nal but both windings contribute to the cancellation of the
electrostatic pickup. This effect comes from the fact that
there is a change in sign of the inductive pickup when the
measurement coil is rotated 180°, whereas the capacitive
pickup does not change sign. The magnetic field created by

capacitive currents in the second winding opposes the mag-
netic field created by capacitive currents in the first winding.
Only the desired inductive pickup remains on the first wind-
ing since the close coupling between the two windings acts
to subtract the unwanted capacitive signals.

The magnetic probe is aligned with the z-axis such that
the circular capture area of the coil is perpendicular to the
length of the machine and measures the radial �Br� compo-
nent of the rf wave field. The coils are wound on a 6.1 mm
diameter alumina tube and protected from direct contact with
the plasma by a coating of Ceramacast® cement. Electrical
connections with the 50 � impedance matching resistor and
miniature coaxial cable are made as close to the probe tip as
possible and contained in the alumina shaft.

The output from the magnetic probe is fed into one chan-
nel of a Tektronix TDS-5054B-NV digital oscilloscope
where the amplitude and phase of the wave are measured. In
order to determine the phase, the current fed into the helicon
antenna �as measured by a Pearson current meter� is also fed
into a second channel of the oscilloscope. The phase differ-
ence is calculated between this reference signal and the sig-
nal from the B-dot probe. The probe is absolutely calibrated
using a Helmholtz coil driven at the 13.56 MHz rf frequency.
We estimate that the errors in the measured magnetic fields
are �20%.

We have measured the plasma parameters and rf field
structure for two opposite orientations of the equilibrium
magnetic field. In one case the magnetic field was pointing
downstream �toward the vacuum pumps�, whereas in the
other case it was pointing upstream �toward the gas inlet�. In
Fig. 2, we present the helicon discharge, with two directions
of the external magnetic field. The photographs show a
strong dependence on the direction of the magnetic field. The
glowing area is longer and shifted further downstream in the
case of an upstream directed field. Moreover, the plasma is
brighter with the magnetic field pointed upstream, with a
well pronounced blue core. The observed asymmetry with
respect to the inversion of the magnetic field is consistent
with the results reported in Refs. 11 and 14.

A two-dimensional set of data was taken in both cases
for plasma density and temperature. Figure 3 shows the axial
profiles and Fig. 4 shows the radial profiles. The axial den-
sity and temperature profiles change with the reversal of the
magnetic field in the same way as the brightness of the dis-
charge in Fig. 2. In the upstream case, both the density and
temperature peak further downstream and maintain their
peak values over a longer distance. Figure 4 shows the

TABLE I. Typical experimental parameters.

Parameter Value

rf forward power 830 W �8%

rf reflected power 40 W �10%

rf frequency 13.56 MHz

Working gas Argon

Fill pressure �flow rate� 3 mTorr �50 SCCMa �5%�
Base pressure 10−6 Torr

Magnetic field 570 gauss �5%

aStandard Cubic Centimeters per Minute.

FIG. 2. �Color online� Photographs of the discharge for the cases of a
downstream and upstream directed equilibrium magnetic field.
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presence of a significant electron density gradient across the
equilibrium magnetic field.

We conjecture that the observed asymmetry with respect
to the inversion of the magnetic field is related to excitation
of propagating RLH waves by the antenna, with the rf waves
traveling upstream in the case of a downstream directed
magnetic field and vice versa. In order to verify the conjec-
ture, we measured the amplitude and phase of the rf-field for
both directions of the equilibrium magnetic field �upstream
and downstream�. Figure 5 and 6 show the corresponding
on-axis profiles.

We performed a spatial Fourier decomposition of the
on-axis profile of the field, with the results shown in Figs. 7
and 8. In the case of an upstream directed magnetic field,

there is a wide peak close to kz=50 m−1. This indicates that
the antenna launches waves propagating in the downstream
direction opposite to the static magnetic field. In the case of
a downstream directed magnetic field, there is a wide peak
close to kz=−55 m−1, so the antenna launches waves in the
upstream direction. The waves again propagate in the direc-
tion opposite to the direction of the static magnetic field. The
absolute value of kz corresponding to the peak is close to that
for the upstream case. We use Eq. �21� of Ref. 7 to estimate
the RLH eigenfrequency in both cases. We take n=2
�1019 m−3 for the B0 upstream case and n=1.5
�1019 m−3 for the B0 downstream case and assume that the
radial density drop is of the order of the peak density. The
estimated eigenfrequency is 11.27 MHz for �kz�=50 m−1 �B0

upstream� and it is 18.18 MHz for �kz�=55 m−1 �B0 down-
stream�. Both values are close to the discharge driving fre-
quency �13.56 MHz� used in the experiment.
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FIG. 3. �Color online� Axial profiles of density �solid curves� and tempera-
ture �dashed curves� for an upstream �squares� and downstream �circles�
directed equilibrium magnetic field. All profiles are measured on the axis of
the discharge.
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FIG. 5. �Color online� Amplitude �solid curve� and phase �dashed curve� of
the rf magnetic field component Br in the case of an upstream directed
equilibrium magnetic field. The measurements are taken along the axis of
the discharge.
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FIG. 6. �Color online� Amplitude �solid curve� and phase �dashed curve� of
the rf magnetic field component Br in the case of a downstream directed
equilibrium magnetic field. The measurements are taken along the axis of
the discharge.
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There is also a peak centered at kz=0 m−1 in both
kz-spectra. The corresponding characteristic wavelengths are
longer than the axial dimensions of the machine. The peak is
caused by rf noise which was present at all probe locations,
despite our best efforts to eliminate it. In what follows, we
filter out the rf noise related to the kz=0 peak by removing
the part of the spectrum with �kz��15 m−1.

The preference in the Fourier spectrum toward the waves
propagating against the direction of the equilibrium magnetic
field is the signature of RLH waves that distinguishes them
from the conventional whistler waves. Indeed, the antenna
used in the experiment is designed such that it predominantly
launches waves with positive azimuthal wave numbers up-
stream �kz�0� and waves with negative azimuthal wave
numbers downstream �kz	0�. However, the RLH dispersion
relation given in Ref. 7 indicates that only positive azimuthal
harmonics can be excited for a downstream directed mag-

netic field and vice versa. Therefore, the antenna can launch
RLH waves only upstream �kz�0� if the magnetic field
points downstream and only downstream �kz	0� if the mag-
netic field points upstream. This selectivity agrees with the
selectivity observed in Figs. 7 and 8. Since the excited axial
wave number also agrees with the RLH dispersion relation,
we attribute the excited field to propagating RLH waves. It
should be noted that the asymmetry with respect to the in-
version of the magnetic field was previously discussed in
Ref. 18. It was presented as an unexpected finding, since a
helical antenna was expected to launch whistler waves in
both the upstream and downstream directions.

III. RF WAVE SIMULATION

The numerical results presented in this section are ob-
tained using a previously developed 2D numerical rf field
solver.9 Before discussing the results, we give a brief over-
view of the solver. We have modified the expression for the
plasma dielectric tensor in order to investigate regimes with
moderate and strong electron collisions, which is the main
addition to Ref. 9.

A. rf field solver

The rf field is determined by solving Maxwell’s equa-
tions in the frequency domain

� � E =
i�

c
B , �1�

� � B = −
i�

c
D +

4


c
ja, �2�

where E and B are the electric and magnetic fields, D is the
electric displacement vector, and ja is the antenna current
density. The quantities D and E are related by a dielectric
tensor �� that represents vacuum, glass, and plasma regions
within the source. In the vacuum and glass regions, the di-
electric tensor is a scalar, �������, so that D=��E. The
plasma region is characterized by a cold plasma dielectric
tensor. We use a cylindrical system of coordinates �r ,� ,z�,
with the uniform equilibrium magnetic field directed along
the axis of the cylinder, B0=B0êz. We then have

Dr = �Er + igE�, �3�

D� = �E� − igEr, �4�

Dz = �Ez. �5�

The expressions for � and g are standard,19

� = 1 − 	
�

�p�
2

�2 − �c�
2 , �6�

g = − 	
�

�c�

�

�p�
2

�2 − �c�
2 , �7�

where the subscript � labels particle species �electrons
and ions�, �p��
4
n�q�

2 /m� is the plasma frequency, and
�c��q�B0 /m�c is the gyrofrequency. In our experiment, the
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FIG. 7. Spatial Fourier transform of Br�z ,r=0� at the antenna frequency
with the magnetic field pointing upstream.
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FIG. 8. Spatial Fourier transform of Br�z ,r=0� at the antenna frequency
with the magnetic field pointing downstream.
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plasma ions are singly charged, such that qi=−qe= �e�. The
expression for � is derived in the Appendix and it has the
form

� = 1 −
�pe

2

�2 �X − iY� , �8�

where

X �
8

3


�

0

� �1 +
9


16

�eff
2

�2 s−6−1

s4e−s2
ds , �9�

Y � 2
�eff

�
�

0

� �1 +
9


16

�eff
2

�2 s−6−1

se−s2
ds . �10�

The quantity �eff is an adjustable parameter that represents an
effective electron collision frequency. Note that Eq. �8� re-
duces to ��1− ��pe

2 /�2��1− i�eff /�� in the limit of �eff��.
This reduced expression is in agreement with the expression
used in Ref. 9 for the case of weak collisions.

It should also be pointed out that we ignore collisions in
the expressions for � and g components of the dielectric
tensor. As chosen in Eqs. �6�–�8�, collisions affect only the
conductivity along the magnetic field and thereby the � com-
ponent of the dielectric tensor. The reason is that both the
wave frequency and the collision frequency of interest are
much smaller than the electron gyrofrequency. We thus have
the following ordering in our problem: ��g��. The value
of the effective collision frequency in the subsequent analy-
sis is generally comparable to the wave frequency. In this
case, the effective collisions have an order of unity effect on
�, the dominant contributor to wave dissipation, whereas the
dissipative terms in all other components of the dielectric
tensor remain relatively small. Equation �8� generalizes the
expression used in Ref. 9 for weak collisions ��eff��� to
the case of arbitrary ratio between the collision frequency
and the wave frequency. We use �eff as a free parameter in
Eq. �8� to take into account that electron scattering in the
experiment can be enhanced significantly due to ion-acoustic
fluctuations.

The solver assumes an axisymmetric plasma density pro-
file n�r ,z�. Therefore, Maxwell’s equations decouple for dif-
ferent azimuthal harmonics. The code solves Eqs. �1� and �2�
for a given azimuthal mode number m with the following
input parameters: plasma density profile n�r ,z�, antenna cur-
rent density ja�r ,m ,z�, effective electron collision frequency
�eff, radius and length of the domain, the dielectric constant
of the glass tube ���r ,z�, static magnetic field B0, ion mass of
the working gas, and the rf frequency. The domain is cylin-
drical, with ideally conducting walls. The equations are
solved by a finite difference method on a staggered Yee
grid.20 The solver implements appropriate interpolations of
the electric displacement components on the staggered grid
to make the numerical scheme consistent with the � ·D=0
condition. This eliminates spurious electrostatic modes that
can otherwise appear in the plasma.

In the simulations, the experimental setup is approxi-
mated by a computational domain shown in Fig. 9. We fol-
low the steps outlined in Ref. 9 to specify the antenna current
density for the solver. The 2D plasma density profile in the

solver is approximated as n�r ,z�=nr�r�nz�z�, where nr�r� and
nz�z� are the experimentally measured density profiles shown
in Figs. 3 and 4.

B. RLH modes and conventional helicon waves

Prior to describing our simulation results, we briefly re-
mind the essential features of RLH modes in comparison
with conventional helicon waves. Helicon waves �also
known as whistlers� are electromagnetic waves in magne-
tized plasma. Their frequencies lie between the ion gyrofre-
quency and the electron gyrofrequency. The plasma is as-
sumed to be sufficiently dense, so that the electron plasma
frequency is much greater than the gyrofrequency. In this
case, the wave field is predominantly magnetic with insig-
nificant deviation from quasineutrality. In uniform plasma,
the helicon dispersion relation is known to be21

� = ��c�
k�kz�c2

�p
2 , �11�

where � is the mode frequency, k is the absolute value of the
wavevector, and kz is the longitudinal component of the
wavevector. Equation �11� suggests that the axial phase ve-
locity of the wave in a cylindrical waveguide is limited �from
below� by the waveguide radius. This feature is similar to the
existence of a cutoff frequency in a vacuum waveguide, as
opposed to a coaxial cable. In presence of a radial density
gradient, the plasma cylinder effectively becomes a “coaxial
cable” for helicon waves. The reason is that the density gra-
dient creates a radial potential well for nonaxisymmetric
helicon modes. The RLH modes represent bound states in
that potential well. The effect is most pronounced in the long
wavelength limit ��kzR��1� when the axial wavelength is
much greater than the plasma radius R. The long wavelength
assumption is satisfied in the present experiment, as the axial
wavelength ��0.12 m� is much larger than the largest allow-
able radial wavelength ��0.03 m�. In contrast with the con-
ventional helicon modes, the RLH modes peak around the
steepest gradient and do not propagate radially. Their impor-
tant feature is a lower phase velocity compared to that of
conventional helicon modes. As shown in Ref. 7, the RLH
modes are described by the following Schrödinger-type
equation for the radial component �Hr� of the perturbed mag-
netic field:

FIG. 9. Computational domain for the experimental set up shown in Fig. 1
�all lengths in mm�.
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where m is the azimuthal mode number and n�r� is the radial
profile of the plasma density. Note that � and kz enter Eq.
�12� in a combination � /kz

2, which indicates that the mode
frequency is proportional to kz

2 regardless of the radial mode
structure. This feature distinguishes the RLH modes from the
conventional helicons that have linear dependence of � on kz

in the limit of small kz.
It is noteworthy that the modes described by Eq. �12� are

not symmetric with respect to the sign of the azimuthal mode
number or to the sign of the magnetic field. However, the
mode frequency does not change when the signs of m and B
change simultaneously. The above asymmetry, which results
from the Hall effect in nonuniform plasma, may cause sig-
nificant changes in the operation of helicon sources with the
change of the magnetic field sign.

C. Comparison of simulation and experiment

We have computed the rf fields and the corresponding
power absorbed by the plasma for m= �1, �3, �5. Note
that the antenna current used in the solver excites only odd
values of m �see Eqs. �20� and �21� in Ref. 9�. The dominant
harmonic in the simulation is m=1. Other harmonics provide
less than 2% of the total deposited power. We therefore ne-
glect them when comparing calculated and measured on-axis
rf-field profiles. It should be pointed out that the azimuthal
wave number has not been measured directly.

We first set �eff=�ei, where �ei is the electron-ion Cou-
lomb collision frequency calculated for the experimentally
measured profiles of electron density and temperature. The
contribution of electron-neutral collisions is negligible in this
analysis. Estimated electron-neutral collision frequency is
about a factor of 3 to 5 less than the electron-ion Coulomb

collision frequency, and a factor of 90 less than measured
collision frequency, which is shown below. The calculated
amplitude and phase of the radial component of the rf mag-
netic field Br are shown in Fig. 10 compared with those from
measurements for the case of a downstream directed equilib-
rium magnetic field. The measured amplitude is smaller by a
factor of 4 and the phases disagree significantly as well. In
order to identify the cause of the discrepancy, we have per-
formed a spatial Fourier decomposition of the measured
and calculated profiles of Br �see Fig. 11�. The Fourier spec-
trum of the measured field has a broad peak centered at
kz=−50 m−1. This indicates that the antenna launches waves
in the upstream direction. The Fourier spectrum of the cal-
culated field has two peaks of comparable amplitude, one at
kz�0 and one at kz	0. Again, the peak at kz�0 corresponds
to the waves launched upstream by the antenna. The peak at
kz	0 corresponds to the waves propagating downstream.
These are the waves that are originally launched upstream
and are then reflected by an end wall at z=0. The absence of
the reflected waves in the experiment indicates stronger
damping than that provided by the Coulomb electron-ion
collisions in the simulation.

We next set �eff=��ei, where � is an adjustable param-
eter greater than unity. Coulomb collisions correspond to
�=1. By increasing the value of �, we increase the wave
damping. The height of both peaks in the Fourier spectrum
of the calculated field decreases with the increase of �eff, but
the peak at kz	0 decreases more than the peak at kz�0. The
reason is that the launched wave now damps significantly
before being reflected upstream from the end wall. We
achieve good agreement between the measured and calcu-
lated Fourier spectra for ��30 �see Fig. 11�. The reflected
wave is greatly attenuated in this case. The calculated field
amplitude and phase for �=30 are shown in Fig. 10. They
agree reasonably well with the measurements over the
entire range. We have therefore determined that the electron
collision rate is anomalously high in the experiment
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FIG. 10. Comparison of the amplitude �top� and phase �bottom� of Br on
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��eff�30�ei�. The enhanced electron collision rate can be
attributed to ion-acoustic instability, as discussed in Sec. IV.

The next step is to identify the waves by examining
the dependence of the axial wave vector on plasma density.
Note that the kz-spectrum in Fig. 11 is calculated for
0�z�0.6 m. The density profile changes significantly on
this interval. We reduce the size of the axial domain �win-
dow� used in the Fourier analysis to be smaller than the
characteristic axial scale of the plasma density. Sweeping the
window through the z-domain, we find the axial dependence
of the local kz-spectrum. The results for a 0.12 m wide win-
dow are color-plotted in Fig. 12, where z is the axial location
of the center of the sweeping window. There are two pro-
nounced branches on the plot. The lower branch �kz�0� cor-
responds to the waves launched by the antenna upstream and
therefore it only extends from z=0 m to z=0.25 m. The
upper branch corresponds to the waves reflected from the
end wall at z=0. The value of the wave vector along this
branch noticeably decreases in the downstream direction.

The axial wave vector of a wave excited by the antenna
is prescribed by the wave’s dispersion relation, where the
frequency is set equal to the antenna frequency. As the
plasma density changes downstream, the axial wave vector
changes accordingly. We use the RLH wave equation, i.e.,
Eq. �12�, to find kz�z� of an RLH wave for the measured
density profile. The problem of finding the value of kz of an
RLH mode is similar to finding the energy of a bound state in
a potential well. We specify the radial density profile, azi-
muthal mode number m, wave frequency �, and equilibrium
magnetic field B0. A matching method22 is then used to find
radially localized eigenmodes and the corresponding values
of kz. In order to find kz�z� for a given RLH eigenmode and
a given two-dimensional density profile, we perform the pro-
cedure for different values of z taking the corresponding ra-
dial density profile. Figure 12 shows the result for the first
radial mode with m=1. There are two branches �dashed
curves�: one for the wave propagating upstream and one for
the wave propagating downstream. The branches are ob-

tained for the same density profile as the one used in the
two-dimensional field solver. They agree well with the color-
plotted branches in Fig. 12 that are obtained from the two-
dimensional simulation. The branches of higher radial modes
disagree with the color-plotted branches. We can therefore
identify the waves launched by the antenna as the first radial
RLH eigenmodes with m=1. Equation �12� indicates that kz

should scale approximately as a square root of the peak
plasma density for these eigenmodes. In order to verify this
scaling, we choose a reference point on the upper branch,
where kz=k0 and z=z0. Taking into account that the plasma
density is n�r ,z�=nr�r�nz�z�, we calculate kz for the other
values of z as kz�z�=kz�z0�
nz�z� /nz�z0�, where nz�z� is the
plasma density on the axis. The results shown in Fig. 12 with
the square symbols are indeed in good agreement
with the results obtained by solving the exact RLH wave
equation.

We have also carried out a similar analysis for the case
of upstream directed equilibrium magnetic field. We again
identify the waves launched by the antenna as first radial
RLH eigenmodes with m=1. The anomalously high collision
frequency is also observed in comparison with measured
field in this case.

Finally, we compute the power absorbed by the plasma
for the cases of upstream and downstream directed equilib-
rium magnetic field. Figure 13 shows the 2D distribution of
the power deposition for both cases. The power is primarily
absorbed near the antenna �z�0.55 m�, which confirms that
the waves damp before they reach the downstream end of the
discharge. The area of power absorption is elongated in the
direction opposite to the direction of the equilibrium mag-
netic field. This is expected for RLH eigenmodes and our
antenna geometry, because the antenna launches RLH waves
in the direction opposite to the direction of the magnetic field
�see the end of Sec. II for more details�. The power absorp-
tion pattern in Fig. 13 differs from the pattern shown in Fig.
8 of Ref. 9 because of the increased wave damping. In Ref.
9, the wave damping length was much longer than the dis-
charge length, and the power was absorbed over the entire
length of the discharge. Integrating the power deposition

FIG. 12. �Color online� The 2D spectrum is obtained by a local Fourier
transform Br�z ,kz�=�z−0.5l

z+0.5lBr�r=0�eikzzdz, with l=0.12 m which is about one
wavelength and less than a density scalelength. The dashed curves are the
spatial RLH dispersion relation from Eq �12�, using the measured radial
density profile. The square symbols are the square root of the measured axial
plasma density �rescaled�. The experimental spectrum from Fig. 11 is shown
on the left for comparison. The experimental spectrum is obtained by Fou-
rier transform over the entire domain due to a lack of resolution.

FIG. 13. �Color online� Time averaged power deposition density for �a� B0

upstream, �b� B0 downstream. The power density is evaluated by Qm�r ,z�
=−�i� /16
����−��

� �E�
��m ,r ,z�E�m ,r ,z� for m=1, where � denotes the

conjugate of a complex quantity.
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over the entire volume, we find that the total deposited power
is 600 W in the case of downstream directed magnetic field
and it is 660 W in the case of upstream directed magnetic
field. This accounts for 72% and 80% of the power coupled
into the plasma in the experiment �830 W�.

IV. DISCUSSION OF ANOMALOUS RESISTIVITY

We determined in the previous section that the measured
rf field profile is reproduced by 2D rf simulation only if the
effective electron collision rate is significantly increased
compared to the rate of electron-ion Coulomb collision
��eff�30�ei�. In this section we show that the temperature
measurements also indicate the existence of enhanced elec-
tron collisionality. At the end of the section we put forward a
mechanism that might be responsible for the enhancement.

According to the experimentally measured axial profiles
of electron temperature �see Fig. 3�, the strongest tempera-
ture gradient is under the antenna, with the temperature
changing by 1 eV on the scale of roughly 0.15 m. The sign of
the gradient changes with the inversion of the equilibrium
magnetic field, which is consistent with the observation that
the antenna launches waves predominantly against the static
magnetic field. Indeed, in the case of an upstream directed
field, the waves are launched downstream and most of the rf
power deposited by the generator through wave excitation is
absorbed by plasma electrons downstream from the antenna.
The temperature gradient under the antenna is positive,
which indicates that there is backward electron heat flux
from the power deposition area. On the other hand, if the
static magnetic field is directed downstream, then the rf
power is absorbed upstream from the antenna, and the nega-
tive temperature gradient under the antenna represents an
electron heat flux in the downstream direction.

The electron heat flux in the axial direction is inversely
proportional to the electron collision rate. Assuming that the
electron collision rate is equal to the electron-ion Coulomb
collision frequency, we find that the heat flux under the an-
tenna is qT

e �−44 W /cm2 for an upstream directed field and
it is qT

e �58 W /cm2 for a downstream directed field. For
these estimates, we used the peak experimentally measured
density and set Te�4 eV in the first case and Te�4.5 eV in
the second case. The Coulomb logarithm is �=15. If the
plasma radius is R�0.025 m, then the total electron heat
flux is �
R2qT

e ��1232 W for an upstream directed field and
it is �
R2qT

e ��856 W for a downstream directed magnetic
field.

These estimates show that the electron heat flux under
the antenna would account for almost all of the deposited
power in the downstream case or even exceed it in the up-
stream case. To satisfy the power balance condition, the ac-
tual electron heat flux must be significantly lower than the
estimated values. Taking into account the strong power depo-
sition under the antenna region �Fig. 13�, we find that the
wave heating and the above given classical estimates for the
heat transfer exceed the total applied power. Since the elec-
tron heat flux is inversely proportional to the electron colli-
sion frequency, the measured temperature gradient implies
that the electron collision rate must be enhanced. The total

heat flux is reduced by a factor of 30 for �eff=30�ei, which
makes the measured temperature gradients acceptable in the
context of the total power balance in the discharge.

A likely candidate for explaining the enhanced electron
collision rate in our experiment is ion-acoustic turbulence
driven by an azimuthal diamagnetic drift. The ion-acoustic
turbulence can develop in the discharge if electron drift ve-
locity exceeds the speed of sound Cs=
Te /mi, where Te is
the electron temperature and mi is the ion mass. We calculate
that Cs�3�105 cm /s in our single-ionized argon plasma
with electron temperature of 4 eV. The electron diamagnetic
drift velocity can be estimated as vD�cTe / �e�B0R, where c
is the speed of light, e is the electron charge, B0 is the
equilibrium magnetic field, and R is the characteristic radial
scale of the plasma density profile. We take Te�4 eV and
R�1 cm, and find that vD�7�105 cm /s, i.e., vD	Cs, so
that the azimuthal drift velocity is indeed above the threshold
of the ion-acoustic instability. The characteristic frequency of
the ion-acoustic fluctuations should be in the range of the ion
plasma frequency, and their spatial scale is shorter than the
electron Larmor radius. These fluctuations are far outside the
bandwidth of our rf probes, which makes it difficult to ob-
serve them directly. It is also appropriate to point out that the
estimated electron drift velocity is only marginally greater
than the sound speed, which suggests that that the role of
ion-acoustic turbulence may vary significantly, depending on
discharge parameters.

Compared to our helicon discharge, the helicon de-
scribed in Ref. 11 has a similar diameter �5 cm�, and stronger
magnetic field �B=800 G�. Both these factors reduce the
diamagnetic drift velocity and make it more difficult to drive
the ion-acoustic waves, which may explain why there was no
strong enhancement of collisions observed in Ref. 11.

V. CONCLUSION

Direct in situ measurements of rf field structure are per-
formed in a 1KW argon helicon plasma. Measurements taken
by Langmuir and magnetic probes enable an unambiguous
identification of excited eigenmodes, based on absolute com-
parisons between the measured and simulated fields, with the
help of a 2D rf field solver. Both the measurements and
simulations show asymmetric wave propagations with oppo-
site external magnetic field directions, which is in agreement
with nonuniform helicon plasma theory, suggesting the exci-
tation of RLH waves. The RLH wave dispersion relation is
confirmed by Fourier analysis of the simulated field using the
measured plasma density profile. A good agreement in the
absolute amplitude and phase of the fields between measure-
ment and simulation could only be reached by enhancing the
electron Coulomb collision frequency by a factor of 30 in the
simulation. We conjecture that the collision frequency is due
to an ion-acoustic instability, as the electron azimuthal dia-
magnetic drift exceeds the ion sound speed under the experi-
mental conditions. Simulations also show that the RLH wave
heating in the experiments is in a nonresonant regime due to
the high electron collisionality, accountable for most of
power supplied by the rf-generator ��70%�.

013501-9 Measurements and modeling of radio frequency… Phys. Plasmas 18, 013501 �2011�

Downloaded 13 Jan 2011 to 128.83.61.126. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



ACKNOWLEDGMENTS

This work was supported by the US Department of En-
ergy Contract No. DE-FG03-96ER-54326, by NASA-
Johnson Space Center and by Ad Astra Rocket Company.
C.L. was supported by funding from NASA JPFP predoctoral
fellowship program.

APPENDIX: ANOMALOUS AXIAL ELECTRON
CONDUCTIVITY

The model kinetic equation for electrons is the Vlasov
equation with an elastic collison term
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where f is the electron distribution function, Ez is the axial
component of the rf electric field, and �eff is an effective
collision frequency.

The electron distribution is a sum of a Maxwellian with
temperature T,

fM = n� me

2
T
�3/2

exp�−
mev

2

2T
� , �A2�

and a small time-dependent perturbation �f , such that
f = fM +�f . For Ez proportional to e−i�t, the perturbation sat-
isfying linearized Eq. �A1� is
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The corresponding axial electron current is
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