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Abstract
Experiments have demonstrated that ion phenomena, such as the lower hybrid resonance, play
an important role in helicon source operation. Damping of the slow branch of the bounded
whistler wave at the edge of a helicon source (i.e. the Trivelpiece-Gould mode) has been
correlated with the creation of energetic electrons, heating of ions at the plasma edge, and
anisotropic ion heating. Here we present ion velocity distribution function measurements,
electron density and temperature measurements, and magnetic fluctuation measurements on
both sides of an m= |1| helical antenna in a helicon source as a function of the driving
frequency, magnetic field strength, and magnetic field orientation relative to the antenna helicity.
Significant electron and ion heating (up to two times larger) occurs on the side of the antenna
consistent with the launch of the m=+1 mode. The electron and ion heating occurs within one
electron skin depth of the plasma edge, where slow wave damping is expected. The source
parameters for enhanced particle heating are also consistent with lower hybrid resonance
effects, which can only occur for Trivelpiece-Gould wave excitation.

Keywords: helicon source, particle heating, lower hybrid resonance, directional heating,
wave modes, laser-induced fluorescence, diagnostics

1. Introduction

While there has been considerable debate about the roles of
fast and slow wave damping in the performance of radio
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frequency (RF) plasma sources operated in the whistler fre-
quency range (i.e. between the ion cyclotron frequency and
electron cyclotron frequency), a number of experiments have
demonstrated resonant enhancements of the generated plasma
density, electron temperature, and ion temperature near the
lower hybrid frequency (LHF). These resonant features point
strongly to damping of slow waves in the plasma edge as
a significant contributor to the energy input for these ‘hel-
icon’ sources (the ‘fast’ helicon wave has no resonance at the
LHF) [1, 2]. Resonant enhancements in the plasma imped-
ance are consistent with predicted excitation of specific hel-
icon wave radial mode structures [3], but the appearance of
energetic electrons in the plasma edge under the RF antenna
is specifically consistent with slow wave damping on elec-
trons and appears to be independent of radial or axial boundary
conditions [4, 5].

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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In the first helicon source studies, Boswell proposed that
the density in a helicon source should obey a simple bounded
whistler, i.e. helicon, wave dispersion relation

n≈
k2||cB

π2ef
(1)

where n is the density, B is the magnetic field strength, e is
the electron charge, c is the speed of light, k|| is the parallel
wave number, and f is the antenna frequency. Note that the
density is predicted to scale inversely with wave frequency at
constant magnetic field. Therefore, a variable frequency hel-
icon source should be able to vary the plasma density solely
through changes in the antenna frequency. Instead, investiga-
tions in variable frequency helicon sources demonstrated res-
onant enhancements of plasma density at specific combina-
tions of antenna frequency and axial magnetic field strength—
consistent with a resonance at the LHF [1]. Additional studies
focused on ion heating in the perpendicular direction local-
ized to the plasma edge for conditions for which the antenna
frequency matched the LHF at the plasma edge [2]. The aim
of this study is to contribute to the body of work seeking
to uncover answers to the longstanding question and elusive
nature of particle heating in helicon plasmas. In this work,
we present the results from experiments in the PHAse Space
MApping (PHASMA) experiment. We report ion and electron
temperatures, and electron density as a function of antenna
frequency, magnetic field strength, and magnetic field direc-
tion in a helicon plasma device. We also present radial profiles
of the magnetic field fluctuations and compare them to their
theoretical counterparts. In section 2, the theory of the disper-
sion relation and the antenna-wave coupling details are dis-
cussed. The experimental apparatus is reviewed in section 3.
In section 4, the observations are presented and discussed.

2. Theory

2.1. Dispersion relation

The cold plasma dispersion relation, including ion motion
effects and collisions, for typical helicon source plasma para-
meters is [6]

ρ4 − (α+β)ρ2 +αβ − γδ = 0, (2)

where ρ= k⊥, α= ε1 −N2ε22/ε1, β = ε3
(
1−N2/ε1

)
,γ =

Nε2ε3/ε1, and δ = Nε2/ε1. N= k||c/ω, and k⊥ is the perpen-
dicular wave number. ϵ1, ϵ2, and ϵ3 are the elements of the cold
plasma dielectric tensor:

ε1 = l+
∑
j=e,i

ω2
pj

(
1+ iνjω

)
ω2
cj−ω2

(
1+ iνjω

)2 , (3)

ε2 =
∑
j=e,i

σjω
2
pj

ωcj

ω

ω2
cj−ω2

(
1+ iνjω

)2 , (4)

ε3 = 1−
∑
j=e,i

ω2
pj

ω2
(
1+ iνjω

)2 , (5)

where l denotes the longitudinal mode number, j is the jth
species, ωcj is the cyclotron frequency, ωpj is the plasma fre-
quency, ν j is the total collision frequency, and σj is the sign of
the charge.

For weak magnetic fields, there is only one solution to the
dispersion relation. As the magnetic field strength increases,
the single solution bifurcates into two solutions, one with a
faster phase speed (the fast wave) than the other (the slow
wave). The fast wave solution is the classic helicon dis-
persion relation for which the perpendicular wave number
decreases asymptotically to zero for large magnetic fields and
equation (1) is obtained. The perpendicular wavenumber for
the slow wave is complex in low density plasmas, thus the
wave is strongly damped at the edge of a typical cylindrical
plasma source.

Particularly relevant for the work described here, the fast
wave perpendicular wave number varies smoothly near the
LHF. However, near the lower hybrid resonance,

1
ω2
LH

=
1

(ωceωci)
+

1(
ω2
pi+ω2

ci

) , (6)

the perpendicular wave number of the slow wave goes to
infinity for a collisionless plasma. The collision term, which
includes ion-ion, electron-electron, ion-neutral and electron-
neutral collisions, reduces the perpendicular wave number of
the slow wave at the lower hybrid resonance to a finite value
and, for large collision frequencies, slightly shifts the reson-
ant frequency. The corresponding perpendicular phase speed,
ω/k⊥, of the slow wave goes to zero. If the wave phase speed
becomes comparable to the ion thermal speed, k⊥vthi/ω ∼ 1,
ion Landau damping is possible [7]. Consistent with the hypo-
thesis of Landau damping of the slow wave on ions, Kline
et al demonstrated that enhanced perpendicular ion heating
in a helicon source occurred for combinations of antenna fre-
quency and magnetic field strength for which equation (6)
was satisfied in the plasma edge [2] and for which large–
amplitude, very short perpendicular wavelength fluctuations
appeared in the plasma edge [8]. Note that in a high-density
plasma, the plasma frequency term (the second term on the
RHS) in equation (6) vanishes and therefore the LHF is typic-
ally considered to be the geometric mean of the ion and elec-
tron cyclotron frequencies. However, in a low density plasma,
such as at the edge of a helicon source, the plasma frequency
term must be included and the net effect is a downshift of
the lower hybrid resonance to a lower frequency. It was at
the downshifted lower hybrid resonance that the enhanced ion
heating was observed in the Kline et al work.

More recently, Aguirre et al demonstrated that at the con-
ditions of the lower hybrid resonance in low pressure helicon
plasmas (very large collisional mean free paths), an annulus
of energetic electrons is created underneath the RF antenna
[4, 9]. Other groups have since reported similar observations
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Figure 1. The modes excited by a half-wavelength helical antenna. The top figure depicts a rightward facing background magnetic field,
and the bottom figure depicts the modes when the field is reversed. Note that when B⃗0 changes sign,+ẑ also changes sign and hence the sign
of k⃗. This figure corresponds to the naming convention for the PHASMA device (discussed later).

of energetic electron production at the plasma edge, providing
further evidence of substantial wave damping in the plasma
edge [5]. Such damping could be responsible for the highly
efficient coupling of RF power into helicon sources when they
are operated near the LHF.

2.2. Antenna coupling

One of the unique features of the PHASMA device is that
there is access to the plasma on both sides of the helicon
antenna. Typically, antennas are located at one end of a hel-
icon source and thereby diagnostic access is limited to only
one side of the antenna. A 19 cmm= |1| half-wavelength hel-
ical antenna located 125 cm from the smaller radius end of the
chamber is used to produce the plasma. Helical antennae emit
waves to either side of the antenna. If we define z= 0 at the
geometric center of an arbitrary antenna, a wave with wave-
vector k⃗> 0 is launched to the z> 0 side of the antenna and
a wave with k⃗< 0 is launched to the z< 0 side of the antenna
(see figure 1). Note that figure 1 is a simplified picture of the
wave propagation. In reality, the waves do not always propag-
ate exactly along B⃗0, but instead propagate within the reson-
ance cone defined by the angle θ = arccos(ω/ωce) [10, 11].
The m=+1 and m=−1 modes are the right-hand circularly
polarized (RHCP) and left-hand circularly polarized (LHCP)

modes, respectively, referring to the azimuthal mode number
in the wave equation solutions, E⃗, B⃗ ∼exp [i(mθ+ kz−ωt)].
Half helical antennae have a unique feature in that they are dir-
ectional, in relation to the background magnetic field, B⃗0. That
is, an m=+1 helical antenna subject to a background mag-
netic field pointing in the +ẑ direction becomes an m=−1
helical antenna if the direction of B⃗0 is reversed. Thus, invest-
igation of both antenna helicities is possible for the same sys-
tem parameters by changing the direction of B⃗0. Note that the
convention in plasma physics is to define the wave polariza-
tion with respect to the static background magnetic field B⃗0

(as opposed to k⃗ as in other fields of physics). Therefore, the
+ẑ direction is always defined as the direction of +B⃗0. It fol-
lows that when B⃗0 is reversed in the lab frame, the direction of
+ẑ and +θ in the solutions of the wave equation also reverse.

The electrostatic field of the antenna arises from the space
charge distribution created by the fields induced by the RF
currents in the antenna. It is believed that the electrostatic
electric field is how the RF wave couples to the wave field
in the plasma. Previous experiments [12–15] reported more
efficient coupling of power into the plasma (higher plasma
densities) when the antenna helicity and magnetic field dir-
ection were chosen to launch m=+1 mode waves into the
vacuum chamber. Based on theoretical predictions for the dif-
ferent wave helicities, Light and Chen et al argued that the

3
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narrower field profile (more restricted radial extent) of them=
−1 mode prevents it from coupling as effectively to the waves
in the plasma [12]. A more recent study demonstrated that the
efficient coupling of the m=+1 mode is caused by peaked
radial density profiles (i.e. a radially inward density gradient)
which attenuate left-hand helicon modes and enhance right-
hand modes [16].

3. Experimental apparatus

3.1. PHASMA

PHASMA is designed to study space plasma-relevant phe-
nomena, including particle heating and acceleration at kin-
etic scales during magnetic reconnection, [17, 18] electromag-
netic instabilities driven by ion temperature anisotropy and
plasma pressure [19], ion acceleration in expanding plasmas
[20], and cross-field ion flows near plasma-material interfaces
immersed in a magnetized, high-density plasma [21]. A key
feature of PHASMA is the availability of volumetric, non-
perturbative, laser diagnostics for ion and electron velocity dis-
tribution function measurements with spatial resolution at the
kinetic, gyroradius, scale (∼mm for electrons) on both sides
of the RF antenna. State-of-the-art laser induced fluorescence
(LIF) schemes are available to measure velocity distribution
functions of ions [8, 22] and neutrals. [23–25] An incoherent
Thomson scattering system [26, 27] provides measurements
of the electron velocity distribution function.

As shown in figure 2, PHASMA consists of two sections,
a helicon plasma source in a vacuum chamber 1.7 m in length
and 15 cm in diameter and another vacuum vessel 2.7 m in
length and 40 cm in diameter (henceforth referred to as the
upstream and downstream regions, respectively). The 19 cm
half-wavelength helical antenna is located at z= 125 cm from
the helicon source end of the facility (see figure 3), thereby
enabling measurements of plasma production and heating
on both sides of the RF antenna. The three turbomolecu-
lar pumps located at the ends of the system provide a total
pumping speed of 3800 l s−1 and maintain a base pressure of
<2× 10−7 Torr. A static axial magnetic field of up to 2000
Gauss in the upstream region (375 Gauss in the downstream
region) is generated with 22 electromagnet coils. Various mag-
netic field configurations, uniform, flared, and magnetic mir-
ror are created by varying the relative currents in the coils.
The helicon source operates at antenna frequencies of 9–
15MHz and RF powers up to 1.5 kW to create steady-state
and pulsed plasmas in argon, helium, and xenon [2, 8, 28].
PHASMA accesses a wide range of magnetized plasma oper-
ational regimes, e.g. plasma beta nkBT/(B2/2µ0)≈ 0.001∼ 1
and Lundquist number µ0LVA/η ≈ 1∼ 100, by independently
controlling the plasma density and magnetic field strength.

Argon gas is injected on the upstream side of the vacuum
chamber and the mass flow rate of the gas was maintained at
50 SCCM for all the experiments reported here. The resultant
operating pressure in the upstream chamber was ∼3.3 mTorr
as measured at the upstream turbo pump and ∼0.4 mTorr as

measured at the two downstream turbo pumps at the end of
the PHASMA chamber.

RF power was provided by an E&I A-1000 amplifier driven
with a Stanford Research Systems DS345 function generator.
Forward and reverse power was measured at the output of the
amplifier. Reflected power was manually minimized using a
capacitive matching network in a balanced π configuration [1].
The matching network is balanced in the sense that neither
side of the antenna is tied to ground through the matching
network. Instead, the antenna potential is allowed to float rel-
ative to the chamber and electrical ground of the matching
network is established at the junction of the tuning and load
capacitors. The parameters varied in this work were the back-
ground magnetic field and antenna frequency; the upstream
field was discretely varied from ∼530 G to ∼1840 G and the
antenna frequency was discretely varied from 9–13 MHz. The
downstream field was not varied directly, rather, its magnitude
changed as the upstreamfieldwas varied. Thesemeasurements
were repeated for both background magnetic field directions
(east and west in the lab frame). Table 1 lists the parameters
that were held constant throughout all measurements.

3.2. Diagnostics

3.2.1. LIF. A rendering of the device (depicted without
magnetic coils) outlining the diagnostic locations is given in
figure 3. Details of the measurement locations are provided
in table 2. The diagnostics used in these experiments are LIF,
RF compensated Langmuir probes, and magnetic fluctuation
sense coils placed in the upstream and downstream regions.
LIF provides non-perturbative measurements of the ion velo-
city distribution function (IVDF) in the plasma. A laser is
swept through an absorption transition of the target ion spe-
cies while recording emission from the excited upper state of
the transition. The absorption line is broadened by the Doppler
shifts of the thermally distributed ion velocities. The measured
absorption lineshape is converted into velocity space by

V=
f − fo
fo

c, (7)

where f is the laser frequency in the lab frame, f o is the fre-
quency of the transition for the ion at rest, V is the velocity of
the ion, and c is the speed of light in vacuum.

The Ar II transition used for these experiments begins with
the 3d ′2G9/2 collisionally excited metastable state. This state
is produced from ground state neutral atoms, ions in other elec-
tronic states [29], or step-wise excitation [30]. The metastable
density is related to the LIF signal, which previous experi-
ments have shown is roughly proportional to the square root
of the product of ion density, electron density, and temperat-
ure: ILIF ∝

√
ni neTe [31]. The metastable state is pumped to

the 4p ′2F 0
7/2 state at a vacuum wavelength of λ= 611.662

nm. The upper state then decays to the 4s ′2D5/2 state with
the emission of a photon at 461.086 nm [32]. For perpendic-
ular IVDF measurements, the laser light is injected perpen-
dicular to the chamber axis and the injected light is polarized
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Figure 2. (a) CAD model of the PHASMA facility highlighting the helicon source. Three turbomolecular drag pumps maintain a base
pressure of <2× 10−7 Torr. Twenty-two solenoid coils are used to generate the background axial magnetic field. (b) Photo of PHASMA
with helicon plasma source operating.

Figure 3. A rendering of the source chamber and the PHASMA device (without magnet coils) showing the locations of the measurements
(identified by the capital letters). Port locations for the diagnostics are given in table 2. The length of the device is 4.4 m and the axial
magnetic field profile is plotted to scale.

parallel to the background magnetic field so that only the π
transitions of the Zeeman split states are excited. For parallel
IVDF measurements, the laser is injected along the magnetic
field and is circularly polarized so that only one of the cir-
cularly polarized σ transitions is excited. Stark, Zeeman, nat-
ural, and laser linewidth broadening are negligible for these
experimental conditions and are ignored in the analysis [33].
The laser powers delivered to the experiment were consist-
ently below the threshold at which laser broadening appre-
ciably contributed to the measured distribution. Typical per-
pendicular and parallel IVDFs taken at the center of the plasma
are shown in figure 4. By splitting the laser light into two

equal power beams and using two sets of collection optics for
perpendicular measurements, upstream and downstream LIF
measurements are acquired simultaneously. The same two col-
lection optics provide simultaneous upstream and downstream
parallel LIF measurements for a single injection beam.

The wavelength of a Sirah Matisse dye laser is swept up
to ∆f =± 10 GHz around the transition wavelength of the
initial metastable state over a 180 s scan time. 10% of the out-
put of the laser is sampled by a Bristol 621 wavelength meter
with an accuracy of ±0.0002 nm. The absolute wavelength is
determined with an iodine reference cell. The beam is mech-
anically chopped at 5 kHz and coupled into a 200 µm core
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Table 1. The fixed parameters for all configurations.

Fixed parameter Value

RF forward power 760 W (±10 W)
RF reflected power <10% of Pforward

Fill pressure 3.3–3.4 mTorr
Mechanical chopper for LIF 5 kHz
Scan time/time constant ratio for LIF 180

Table 2. Measurement locations on the device and relative to the middle of the antenna.

Measurement Port Axial location (cm)
Distance from center

of antenna (cm)

∥ LIF injection A 0 125
Radial LIF B 43 82
Upstream LP, radial LP C 63 52
Upstream magnetic sense coil C 63 62
Upstream ⊥ LIF injection D 73 52
Upstream ⊥,∥ LIF collection D 73 52
Downstream LP E 200 75
Downstream magnetic sense coil F 215 90
Downstream LIF injection/collection F 215 90

Figure 4. (a) A typical perpendicular IVDF as measured with LIF (LIF signal versus velocity) and a Maxwellian velocity distribution fit.
The resultant temperature and flow from the fit are T⊥ = 0.49 eV and vr = 160 m s−1, respectively. (b) A typical parallel IVDF and a
Maxwellian velocity distribution fit. The resultant temperature and Zeeman-corrected flow from the fit are T∥ = 0.24 eV and vz = 320 m
s−1, respectively. Both measurements were obtained upstream at a driving frequency of 9.5 MHz and an eastward background magnetic
field of ∼1200 G.

multimode optical fiber. Light carried through the fiber is
then injected into the plasma through a collimator in −x̂ and
fluorescence is collected in +ŷ by optics with a spatial res-
olution of 1 mm. The collection optics transmit fluorescent
light through a 200 µm multimode fiber to a Hamamatsu
HC124-06 photomultiplier tube (PMT). Background emission
is rejected by a 1 nm bandpass filter centered at 461 nm.
LIF signal is distinguished from spontaneous emission by
a Stanford Research Systems SR830 lock-in amplifier ref-
erenced to the chopper frequency and integrated over 1 s.
The optical layout for the LIF measurements is shown in
figure 5.

3.2.2. Langmuir probes. To measure the electron density,
ne, and electron temperature, Te, two (one ∅0.3 mm × 2 mm
and one ∅0.5 mm × 5 mm) graphite tip Langmuir probes are
inserted into the plasma upstream and downstream of the RF
antenna at z= 63 cm and z= 200 cm, respectively. The probes
are RF compensated at the first and second harmonics of the
antenna frequency. Simple Langmuir analysis techniques are
problematic for magnetized RF plasmas [34, 35]. A probe will
collect electrons along the magnetic field lines it intersects in
addition to electrons transported across field lines to the probe
surface. If the electron gyroradius of the system is close to the
probe dimensions, given by ρe ∼ rp ln lp/rp where rp and lp are

6
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Figure 5. The injection and collection optics along with a schematic of the laser system used for the dual perpendicular and dual parallel
measurements.

probe radius and length respectively, then current collection
by the probe can be approximated by the Druyvesteyn
method as detailed in previous work [21]. The Druyvesteyn
method does not assume a particular distribution for the
electrons when calculating ne and Te. This approach yields
an effective electron temperature despite non-Maxwellian
features.

3.2.3. Magnetic fluctuation coils. Two magnetic fluctuation
sense coils were used to measure the Bz and Bθ components
of the radial helicon wave profile in the downstream and
upstream regions (locations C and F in figure 3). Each mag-
netic probe is comprised of a 2.5 mm ID (∅3.4 mm) two-turn
coil made of insulated copper wire wrapped around a boron
nitride spool with the leads wound into a twisted pair. The
sense coil is protected from the harsh environment of the hel-
icon plasma by a fiberglass heat guard which is wrapped in
grounded copper foil to block electrostatic fields in the plasma.
The entire coil and shielding is encased in a∅1/4 inch ceramic
tube. The ceramic tube extends 12 cm from where it is joined
to the probe shaft with a reducing union. The twisted pair
extends the length of the probe shaft (55 cm) and each end
of the pair is connected to a BNC feedthrough and then to a
hybrid combiner. Since RF sources are fraught with electro-
magnetic noise, a hybrid combiner is used to reject any electro-
static noise that couples to the coil through the copper foil. A
9–15MHzRFfilter follows the hybrid combiner to ensure only
the first harmonic signal is measured. A LeCroy WaveRunner
6 Zi oscilloscope is used for data acquisition and each meas-
urement is an average of at least 200 individual time series
measurements.

4. Experimental measurements

In this article, we employ the naming convention defined
in figure 6 which corresponds to the antenna coupling
illustrated in figure 1. For example, as depicted in the
bottom cartoon of figure 6, measurements taken on the
upstream side of the antenna when the background mag-
netic field is pointing towards the upstream side are labeled
‘upstream+’, to correspond to the m=+1 side of the antenna
defined by the direction of B⃗0. It follows that measure-
ments taken on the downstream side (when the field is poin-
ted towards the upstream side) are labeled ‘downstream−’,
since this region corresponds to the m=−1 side of the
antenna.

4.1. Comparing upstream and downstream measurements

Shown in figure 7 are contour plots of the perpendicular
and parallel ion temperature, and electron temperature and
density, as a function of the RF driving frequency, magnetic
field strength, and magnetic field direction. For these meas-
urements, the background magnetic field was varied from
∼530 G to ∼1840 G in 7 increments and the antenna fre-
quency was varied from 9–13 MHz in increments of 0.5
MHz. Therefore, each contour plot is made up of 63 differ-
ent plasma source configurations. Note that the color bars
for most plots are different because of dramatic changes in
absolute values. By comparing figures 7(a) and (b), we see
that the overall upstream ion temperatures are significantly
hotter than the downstream ion temperatures. As expected,
the downstream plasma density is less than upstream dens-
ity due to the expanding magnetic field geometry (from the

7
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Figure 6. The naming convention for the PHASMA device is such that the ‘Xstream+’ corresponds to the the direction that the background
magnetic field is pointing towards.

11.7 cm diameter source region to the 40 cm diameter down-
stream region). Upstream, the ion temperatures are clearly
anisotropic (note the different color bars for parallel and per-
pendicular ion temperatures), with the perpendicular ion tem-
perature nearly double that of the parallel ion temperature.
Figure 8 shows that the ion temperature anisotropy is enhanced
in the downstream− and uptream− cases (i.e. the m=−1
regions). The ion temperature anisotropy in these cases is par-
ticularly enhanced because the parallel ion temperatures are so
small.

4.2. Comparing upstream+ vs. upstream− and
downstream+ vs. downstream−

Comparing the upstream+ columns to the upstream− columns
shows that the upstream+ ion temperatures, electron
temperatures, and plasma densities are higher than the
upstream− case. In fact, the ion and electron temperatures
in the upstream+ case are up to two times greater than in
the upstream− case. There are clear resonance features in
the upstream+ cases, characterized by peaks in temperatures
and densities at certain magnetic field and driving frequency

combinations. The enhanced ion temperatures and densities
are due to the TG resonance at the LHF, which will be dis-
cussed in section 4.4, and further in section 5. In the upstream+

electron temperature map, there is a band of enhanced tem-
peratures that begins at a magnetic field of 800 G and a
driving frequency of 9 MHz that extends through the data
to a magnetic field of 1600 G and a driving frequency of
13 MHz. In PHASMA, the electron-ion collision frequency
ranges from ≈5–100 MHz (depending on the temperature
and density). Resonances in the ion temperature occur near
the LHF, from 9–13 MHz in PHASMA. As such, it is not
unreasonable to infer that the enhanced electron temperat-
ures are a result of electron-ion collisions between electrons
and the LHF resonance heated ions. For large values of elec-
tron density, the LHF is linearly proportional to magnetic
field strength, the same trend seen in these enhanced elec-
tron temperature values. The ion temperatures (both parallel
and perpendicular) in the upstream+ case divide up into two
regions (left side and right side of each plot), one with ion
temperatures roughly twice as large as the other. The driv-
ing frequency and magnetic field combinations that form the
boundary between these regions of different temperature also
scale linearly with the LHF (consistent with the scaling of
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Figure 7. Contour plots of the (a) upstream and (b) downstream ion temperature, electron temperature, and electron density, as a function of
the antenna frequency, the magnetic field strength, and the magnetic field direction.

Figure 8. Contour plots showing that ion thermal anisotropy is enhanced for the downstream− and upstream− cases. Ion thermal
anisotropy in the upstream− configuration is particularly enhanced because of the very low parallel ion temperatures in that configuration,
not because of larger perpendicular ion heating. Note that the color bars for the downstream and upstream plots are different.

the resonance feature in the electron temperature measure-
ments). The average plasma density in the upstream+ case
is slightly larger than for the upstream− case. So, for the
same source RF power and magnetic field strength, simply
reversing the magnetic field direction results in particle tem-
peratures up to two times larger at comparable plasma
densities.

We see a similar preference for particle heating in the
downstream measurements, i.e. the downstream+ ion and
electron temperatures are larger than for the downstream−

case. Note that for the downstream+ case, the electron tem-
peratures and parallel ion temperatures are up to two times
larger compared to the downstream− case. In contrast to the
upstream measurements, the resonance feature in the plasma
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Table 3. Summary of the + and − configuration measurements.

+ configuration − configuration

Upstream larger Ti smaller Ti
larger ne smaller ne
larger Te smaller Te
edge ion heating no edge ion heating
edge e− heating edge e− heating

larger T i anisotropy

Downstream similar Ti similar Ti
smaller max ne, larger max ne,
larger ne,avg smaller ne,avg
larger Te smaller Te

larger T i anisotropy

Figure 9. Photographs taken at an axially mounted window on the
upstream end of the PHASMA apparatus for the (a) upstream− and
(b) upstream+ magnetic field configurations.

density and perpendicular ion temperatures occurs for them=
−1 field orientation (the downstream− case). However, the
downstream+ case (averaged over all source parameters) still
has a slightly larger average ne, with ne,avg = 1.9× 1012 cm−3

for the downstream+ case and ne,avg = 1.7× 1012 cm−3 for the
downstream− case. Table 3 summarizes these measurements
in terms of the magnetic field direction.

The higher plasma densities and electron temperatures
in the upstream+ case correspond to distinct differences in
plasma appearance. As shown in figure 9, the upstream+ con-
figuration has a very bright and intense blue core, whereas the
plasma in the upstream− configuration is not as bright and
has a diffuse violet hue (corresponding to more neutral argon
emission instead of blue emission more typical of ion lines).
Note that these photos were taken for the same magnetic field
strength, fill pressure, and antenna frequency—the only differ-
ence being the background magnetic field direction.

Other measurements, consistent with the Langmuir probe
measurements shown in figure 7(b), also indicate a decrease
in electron energization/heating for the downstream− case.
For example, neutral argon LIF measurements (see [36] for
a detailed discussion of neutral argon LIF in PHASMA) were
performed in the downstream chamber for the downstream+

and downstream− cases. The LIF-measured metastable ion
densities differed by two orders of magnitude (see figure 10).
Such a dramatic decrease in neutral LIF metastable density

Figure 10. The downstream neutral LIF signals for the
downstream− (red dotted) and downstream+ (blue dashed) cases.
Note that the LIF signal amplitude differs by two orders of
magnitude. The inset shows an enlarged plot of the downstream−

LIF signal. The uncalibrated metastable densities, n∗ (the integral of
the LIF signal) are given for each case. These measurements were
obtained at fRF = 10 MHz and B0 ≈ 320 G in the downstream
region (1157 G in the upstream region).

Figure 11. The flux of electrons with energies greater than the
discriminator voltage (ϕD) as measured with a retarding field energy
analyzer.

requires a dramatic reduction in the number of energetic elec-
trons available to excite the neutrals to the necessary meta-
stable state. The near total absence of energetic electrons in
the downstream− casewas confirmedwith downstream retard-
ing field energy analyzer (RFEA) measurements (figure 11).
The RFEA measurements of electron fluxes, at all ener-
gies, were orders of magnitude smaller for the downstream−

case.
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Figure 12. Radial profiles of (a) the perpendicular ion temperature,
(b) the electron temperature, and (c) the plasma density. The ion
temperatures were measured with LIF at fRF = 9.5 MHz and B0 =
930 G. Te and ne were measured with a compensated Langmuir
probe at fRF = 10 MHz and B0 = 1157 G.

4.3. Radial temperature and density measurements

Figure 12 shows the upstream radial temperature profiles for
both magnetic field orientations. The ion and electron tem-
peratures in the upstream+ cases are higher than the cor-
responding temperatures in the upstream− cases, as expec-
ted, considering the measurements discussed in section 4.2.
Figure 12(b) shows a spike in the electron temperature around
r= 4 cm (towards the edge of the plasma) in both the upstream

cases, while figure 12(a) shows that the perpendicular ion
temperature only peaks for the upstream+ case (and not the
upstream− case). The reason for the absence of ion edge heat-
ing in the upstream− case is not clear. For both electrons and
ions, enhanced heating happens around the same location of r
= 4–4.5 cm. The electron skin depth for these plasma condi-
tions (de = c/ωpe ≈ 1.5 cm, where c is the speed of light and
ωpe is the electron plasma frequency). Given that the plasma
chamber radius is 5.9 cm under the antenna, the peaks in elec-
tron and ion heating occur roughly one electron skin depth
into the plasma, exactly where such heating would be expec-
ted for a slow wave damped at the plasma edge. These meas-
urements of electron heating in the edge are consistent with
the previous measurements of Aguirre et al [9] Furthermore,
previous studies [37, 38] have established that the slow wave
(i.e. the Trivelpiece-Gould mode) deposits most of its power at
the edge of the plasma due to strong damping of the TG wave
at the plasma boundary. Therefore, the edge heating observed
in these upstream temperature measurements is likely indicat-
ive of excitation and damping of the TG mode.

Because there was some concern that a decrease in plasma
density at the edge might introduce an artificial increase in the
measured perpendicular ion temperature through power satur-
ation effects (power saturation occurs in LIF measurements if
the laser power is too large for a given metastable ion density),
the ion temperature was measured as a function of laser power
(for both magnetic field directions), ensuring that power sat-
uration was not affecting the ion temperature measurement.

4.4. Resonances at the LHF

Previous studies of RF power coupling in helicon sources
determined that heating of ions in the perpendicular direction
is a unique signature of resonant damping of the slow wave
[1], and that such heating is particularly enhanced at the edge
of the plasma where slowwave damping is predicted by theory
[2, 37]. The measurements shown in figure 7 are plotted again
in figure 13 along with the LHF, based on the plasma dens-
ity at r= 0 and 52 cm from the center of antenna, overlaid on
the measurements (dotted black line). To calculate the LHF
at the plasma edge (dashed white line), the plasma density at
the chamber edge, r∼ 7 cm, is estimated by extrapolating the
measured density profile (figure 12(c)) to r = 7 cm using a fit
to the measured density profile. The black dotted line marking
the LHF in figure 13 is effectively the upper limit of the LHF
and has almost no dependence on density (recall that for large
densities, the LHF is essentially the geometric mean of the ion
and electron cyclotron frequencies). As the density decreases,
the LHF becomes more sensitive to density and shifts to lower
frequencies for the same magnetic field strength, i.e. towards
the white dashed line that represents the LHF at the edge. To
be clear, the density near the antenna is the preferred density
value to use in calculating the LHF since studies have shown
that most power deposition occurs close to the antenna [39,
40]. However, due to limited probe access near the antenna,
the closest density measurement was 52 cm from the center of
the antenna. Previous helicon discharge studies [3, 14, 39, 41]
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Figure 13. The same upstream and downstream contour plots shown in figure 7 with the on-axis LHF (black dotted line) and the edge LHF
(white dashed line) overlaid.

have shown that the density peaks near the antenna or some
tens of cm downstream/upstream of the antenna, especially if
there is a peak in the background magnetic field strength in
that region. Since the magnetic field strength is relatively con-
stant from the antenna region to the measurement location (see
figure 3) in these experiments, we have assumed that the dens-
ity in the antenna region is at least as large as the density at
the measurement location. Since the TG mode damps near the
edge of the plasma boundary, the density at the edge near the
antenna is of particular importance as this is essentially where
the LHF resonance would occur. Therefore, the LHF at the
antenna would lie somewhere between the black dotted and
white dashed lines on figure 13.

For the upstream+ case, there is a clear demarcation in ion
temperature between antenna frequencies above and below the
LHF. There appears to be less correlation between the ion
temperatures and the edge LHF. For the upstream− case, it
is the edge LHF that bounds the region of enhanced ion tem-
peratures. Somewhat surprising is a clear on-axis, LHF res-
onance feature in the downstream− ion temperatures (par-
allel and perpendicular) and the downstream plasma dens-
ity. The lack of any resonance feature in the downstream+

measurements is consistent with RF power dissipation through
damping of the helicon wave. The downstream− measure-
ments (as corroborated by magnetic fluctuation measure-
ments presented below) suggest that the helicon wave is
completely absent in the downstream− case and that all RF
power dissipation occurs through dissipation of the slow
wave.

4.5. Helicon wave measurements and theoretical predictions

Regardless of how most of the RF energy is coupled into the
plasma, the plasma conditions are ideal for the excitation of the
helicon wave in the inner region of the plasma. To confirm that
the m=±1 helicon waves were launched as predicted to each
side of the antenna, and therefore explicitly confirm that the
m=+1 configuration results in enhanced plasma production,
we used amagnetic fluctuation probe tomeasure the amplitude
of the helicon wave as a function of radial location, upstream
and downstream of the antenna. The measurements are com-
pared to theoretical models to determine whether the wave is
m=+1 or m=−1 [12]. The expectation was that the mag-
netic field component amplitudes would match predictions for
the m=+1 mode for the + cases, and vice versa for the −
cases. Downstream+ magnetic sense coil measurements are
presented in figure 14. The radial wave profiles of the Bz and
Bθ components are shown in figure 14(a). The phase shift
of each component relative to the antenna phase is shown in
figure 14(b). The radial profile of Bθ shows a clear standing
wave structure. There is a node (minimum) at r≈ 1 cm and
the relative phase of Bθ is nearly constant for all radial pos-
itions. A traveling wave would exhibit a constantly varying
phase with radial location. Note that in these measurements,
the apparent large change in phase at r≈ 2 cm is a measure-
ment artifact that arises from the 0 to π ambiguity inherent
in relative phase measurements. These magnetic field fluctu-
ation component radial profile measurements are very similar
to those reported by other groups for excitation of the helicon
wave [12, 42]—a single standing wave node in the azimuthal
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Figure 14. Downstream+ configuration. (a) Radial profiles of the downstream magnetic field fluctuation amplitudes for axial and azimuthal
components at the antenna frequency. (b) Radial profiles of the relative phase shift of each component relative to the antenna phase. The
minimum in Bθ at r∼ 1 cm is consistent with a standing wave in the radial direction.

component and an off-axis peak in the axial component of the
wave at the antenna frequency.

No measurements are shown for the downstream− case
because no detectable wave fields were observed. Three dif-
ferent magnetic fluctuation probes (that successfully measured
signals for the downstream+ studies) were deployed for the
downstream− measurement attempts. Although the antenna
helicity and the magnetic field direction are optimal for
launching the m=−1 helicon wave toward the downstream−

region, the m=−1 helicon wave was not detected, perhaps
due to the wave being absorbed or mode converted before
reaching the probe. From the downstream ion and electron
measurements, it appears that the slow wave is formed at the
plasma edge and is quickly damped (probably due to the rap-
idly decreasing plasma density as the plasma expands down-
stream), with enhanced damping at the lower hybrid reson-
ance. Krämer predicted strong damping of the m=−1 mode
and propagation of the m=+1 mode in helicon sources in
regions with strong density gradients [43].

The upstream magnetic fluctuation component measure-
ments are less clear. Figure 15 shows the upstream radial pro-
files for the Bz and Bθ magnetic fluctuations at the antenna

frequency for the upstream+ and upstream− magnetic field
orientations. The measurements were restricted to r⩾ 2 cm
to prevent the sense coil from melting in the high density
plasma core. Numerical predictions for the expected m=±1
radial structure at the measured conditions of the experiment
were obtained from the HELIC code [44] and compared to
the measured helicon wave components. The HELIC code
assumes a constant density along the axis of the device, which
is not true in PHASMA. HELIC also assumes that the plasma
is bounded by awall with a constant radius along the axis of the
device. The experimental system in these experiments is quite
different. The antenna region is bounded by a glass wall with a
5.9 cm radius (5.2 cm ID), the upstream region is bounded by
a metal wall with a 7.5 cm radius, and the downstream region
is bounded with a metal wall with a 20 cm radius. For the the
upstream HELIC calculations, the antenna radius was set to r
= 5.9 cm, the plasma edgewas set to r= 7.4 cm, and the cham-
ber radius was set to r = 7.5 cm to match physical dimensions
of the experiment.

In both cases, the measured radial profile of the field com-
ponents differ significantly from the predictions for the m=
±1 modes. Looking at the upstream+ case, the measured
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Figure 15. The upstream+ case wave B-field Bz and Bθ components (a) and the upstream− case wave B-field components (b) compared to
HELIC numerical predictions for m=±1 excitation.

component amplitudes increase closer to the plasma axis more
quickly than the numerical model predicts. In the upstream+

case (see figure 15(a)), the Bz component is somewhat consist-
ent with the m=+1 prediction, but there is evidence of radial
mode structure in the measurements that does not appear in
the model predictions. If the density used in the model calcula-
tions is increased (to a few times larger thanwhat is measured),
radial mode structure in the predicted Bz component amplitude
starts to appear.

While the overall measured radial structure of Bθ is con-
sistent with previous measurements in helicon sources with a
m=+1 antenna [12], the observed single radial mode struc-
ture is inconsistent with the predictions for either the m=
+1 or m=−1 modes. For the upstream− case, the radial
mode structure in both components vanishes and the measured
component amplitudes increase nearly linearly with decreas-
ing radial location. For both components, the HELIC code
fails to predict the measured radial structure. We hypothes-
ize that the measurements are of a superposition of wave
modes that are excited by the antenna and arise because
of the strong axial and radial inhomogeneities of this hel-
icon source. Direct comparison with the numerical predic-
tions would require measurements using an azimuthal array
of magnetic sense coils to separate the amplitudes of the dif-
ferent azimuthal modes. What is clear, however, from all of
the upstream magnetic fluctuation measurements is that the
wave amplitude at the antenna frequency, the electron tem-
perature, and the ion temperature are largest on axis. Other
groups have reported peaked electron temperature profiles
that they have attributed to damping of the helicon wave on
axis [45].

5. Discussion

The upstream measurements of the perpendicular and par-
allel ion temperature radial profiles and the dependence on
magnetic field magnitude and antenna frequency indicate res-
onant coupling of RF energy into the plasma around the
local LHF. Figure 16 shows the roots of the cold plasma
dispersion relation (equation (2)) as a function of the mag-
netic field strength (bottom x-axis), with the normalized mag-
netic field strength on the top x-axis (shown here as ωLH/ω
for reference to the LHF). The calculations were performed
for plasma parameters of fRF = 10 MHz, n= 1× 1013 cm−3,
k∥ = 3.7 m−1, Te = 5 eV, Ti = 0.6 eV, νi = 3× 105 s−1,
and νe = 8× 106 s−1. The real solutions to the fast wave (i.e.
helicon) and slow wave (i.e. Trivelpiece-Gould) are shown
as the dotted blue line and the solid black line, respectively.
The dispersion relation for the helicon wave passes through
the LHF with no strong resonant features. However, the TG
wave has a clear resonance at the LHF and the perpendicu-
lar wavenumber becomes large. The perpendicular wavenum-
ber does not go to infinity because of the finite collision
frequency used in equation (2). The only way that resonant
behavior could appear at the LHF in PHASMA is if there is
some coupling of RF power through excitation of the slow
wave. Strong damping of the slow wave at the plasma edge
is consistent with the perpendicular ion temperature profile
measurements.

In summary, the m=+1 configuration led to ion and elec-
tron temperatures that were up to two times hotter compared
to the m=−1 configuration. These measurements confirm
that for a helicon plasma source with an m= |1| antenna,
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Figure 16. The real and imaginary roots to the cold plasma
dispersion relation for N⊥ = k⊥c/ω versus the magnetic field
strength with the normalized magnetic field strength shown as
ωLH/ω on the top x-axis for reference to the LHF. The parameters
for these calculations were fRF = 10 MHz, n= 1× 1013 cm−3, k∥ =

3.7 m−1, Te = 5 eV, Ti = 0.6 eV, νi = 3× 105 s−1, and
νe = 8× 106 s−1.

particle heating and density production depends critically on
the orientation of the background magnetic field relative to
the antenna helicity. These measurements demonstrate that the
level of ion temperature anisotropy, overall ion temperature,
and electron temperature are controllable by choice of antenna
frequency relative to the LHF and magnetic field direction.
The optimal mode of operation (i.e. highest temperatures and
density) is when the source frequency is near the LHF and
when the system is in the m=+1 configuration. Anisotropy
was enhanced in the m=−1 configuration. Operating in the
m=−1 configuration is ideal for studies where thermal aniso-
tropy is required. This level of ion thermal anisotropy con-
trol is important for fundamental plasma physics studies that
seek to excite specific classes of instabilities [46] or studies
of plasma etching. Other noteworthy findings include strong
evidence of the damping of the TG mode. The resonance fea-
tures in the downstream− maps (figure 13(b)) combined with
the lack of helicon wave structures in the magnetic fluctuation
measurements for the downstream− case, and the lack of res-
onance features appearing in the downstream+ case, suggest
that the TG resonance is likely responsible for heating the ions
in the downstream− case. Moreover, the edge perpendicular
ion heating observed in the upstream+ case provides further
confirmation of the damping of the TG mode near the edge of
the plasma.
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