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Helicon high-density plasma sources: physics and 
applications
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division of Advanced Mechanical systems engineering, institute of engineering, Tokyo University of 
Agriculture and Technology, Tokyo, Japan

ABSTRACT
Helicon high-density (up to ~1013  cm−3) plasma sources 
using a radio frequency wave in the presence of a magnetic 
field under a low pressure are very promising for various 
application fields owing to the flexibility of external 
operational parameters. In addition, these sources have 
interesting inherent characteristics. Herein, the basic features 
of helicon wave plasmas including production mechanisms 
are briefly described, focusing on some similarities to 
other fields. Examples of specific helicon sources are also 
introduced. Then, an extensive variety of applications 
ranging from fundamental to practical applications, which 
are very influential for further development in each field, are 
introduced, emphasizing crucial points.
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1. Introduction

Plasma can exhibit many complex but interesting non-linear behaviors, and 
self-organized structural formation, which is determined by a balance between 
stabilizing and destabilizing forces, can occasionally be found in plasma. The 
clarification of various plasma characteristics leads to the understanding of fun-
damental concepts, which can be shared and interconnected among many fields, 
leading to further advancement and development.

Plasmas can be found on earth and in space. They have various forms and 
behaviors, and advances in plasma science have revealed many application fields, 
such as energy, nanotechnology/materials, information/telecommunication, envi-
ronment, space, and biotechnology, which utilize light, heat, electricity and mag-
netism, dynamics, chemical reactions, and fission reactions (see also Figure 8, 
shown later). In order to understand these intriguing behaviors physically or to 
utilize them in many novel application fields, developing a useful plasma source 
suited to the corresponding field is indispensable and crucial. Target plasma 
parameters are also governed by a balance between production and loss terms.

Plasmas with a high electron density ne but low electron and ion tempera-
tures, Te and Ti, respectively, having a low fill pressure Pf discharge are useful 
and important for practical plasma sources. Among them, Helicon Plasma (HP) 
sources using Helicon Waves (HW) [1–8], which were first observed by Lehane 
and Thonemann [9], are very promising for multiple purposes ranging from fun-
damental to application fields because they can generate plasmas having ne ~ 
1013 cm−3 with an input power Pinp less than several kW at radio frequency (rf) in 
the presence of a magnetic field. Furthermore, a dense HP, with a typical ionization 
degree ranging from a few % up to several tens of %, can be easily obtained over 
a wide, flexible range of external operational parameters under a current-free 
condition. Thus, no current-driven instabilities can be found: the axial magnetic 
field B0 in cylindrical geometry typically ranges from a few tens of G to kG with 
various magnetic field configurations such as uniform, convergent, and divergent 
fields. The excitation frequency f, typically between a few to several tens of MHz 
when using a noble gas such as argon, lies between the ion and electron cyclotron 
frequencies, fci and fce, respectively, with Pf ranging from ~ 0.1 to several Pa. Note 
that a HW plasma production scheme with these wide ranges of frequency and 
magnetic field is advantageous compared to, e.g. the Electron Cyclotron Resonance 
(ECR) plasma production scheme [10–12], for which f must be equal to fce at a 
certain position under a divergent magnetic field (so-called the magnetic beach 
concept) if a wave with a right-hand circular polarization (R wave) is excited from 
an end of a cylindrical chamber.

Therefore, this advantageous dense source has various applications, such as 
industrial plasma processing; nuclear fusion; and, recently, plasma thrusters, in 
addition to basic fields, which will be described later. Here, a HW used to produce 
HP is categorized as a bounded wave in a whistler wave [10–13] with a wide range 
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of frequencies fci << f << fce, as mentioned previously, and with both right- and 
left-hand (L wave) circular polarization. It is well known that this whistler wave is 
produced by lightning strokes and can propagate with an audio frequency along 
the Earth’s magnetic field.

The remainder of this paper is organized as follows. In Section 2, basic inter-
esting characteristics of HP, which shows self-structural, standing-wave patterns 
under flexible external parameters, are described with an emphasis on a brief dis-
cussion of high-efficiency plasma production. Some examples of featured helicon 
sources are also introduced, which may be useful for potential future applications. 
Next, extensive applications utilizing helicon sources, including fundamental fields 
(Section 3.1), plasma thruster field (Section 3.2), and practical fields (Section 3.3), 
are introduced, emphasizing the potential for future utilization. Finally, conclu-
sions on useful helicon high-density sources as well as directions for future works 
are presented in Section 4.

2. Basic features of HW plasma

In rf discharges, an oscillating electric field is excited by, e.g. an external antenna, 
causing plasma production in an ionization process by accelerating and heating 
electrons. In an Inductively Coupled Plasma (ICP) [12,14,15], where the excited 
wave is categorized as a non-propagating one, the external oscillating field is 
cancelled because the electric conductivity σ in a plasma is high. Therefore, only 
skin heating can be expected within a thin layer up to a depth on the order of c/ωpe 
from the plasma surface, where c is the velocity of light and ωpe is the electron 
plasma angular frequency. On the other hand, since HW is a propagating wave, 
it can propagate into the plasma with wave absorption, contributing to global 
plasma production.

2.1. Dispersion relation and wave structure of HW

Here, the dispersion relation of HW is briefly described with some discussions 
including wave structures. In the presence of an axial magnetic field B0 in a cylin-
drical geometry with a uniform electron density ne0, consider two of Maxwell’s 
equations: ▽ × B = μ0 j, where B is the wave magnetic field, j is the current density, 
μ0 is the permeability in vacuum, and displacement current is neglected in this 
frequency range, and ▽ × E = −∂B/∂t, where E is the electric field of the wave. 
Using these Maxwell’s equations, the following relations can be derived in SI units:
 

 

(1)∇ × � = � � ,

(2)� =
�

k∕∕

�2
pe

�ce c
2
.
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Here, the HW field is expressed as being proportional to exp (i m θ + i k// z – i ω 
t), and ω, k//, ωpe, and ωce denote the wave angular frequency, parallel wavenumber 
along the axis (B0 direction), electron plasma angular frequency, and electron 
cyclotron angular frequency, respectively. In deriving these equations, we have 
assumed that a plasma current is carried by only electrons in this frequency range 
in the form of an E × B drift motion of the guiding center: �

⊥
= e n

e0 � × �0 ∕ B2
0

, where j⊥ is the perpendicular component of current density with respect to B0 
(static axial field) and E directions, and e is the elementary charge. In addition, 
the plasma resistivity η = 1/σ is neglected, and its inclusion effect will be discussed 
later. Note that Equation (1) shows that B and J are parallel to each other with the 
relation J = (α/μ0) B, which is so-called a force-free (no Lorentz force) condition, 
since ▽ × B = μ0 j is satisfied in this case.

Curling Equation (1), we can obtain:
 

The solutions of this equation have the form of Bessel functions [16]: boundary 
conditions require that a solution is finite at r = 0 and, e.g. a radial component of 
current density jr = 0 at an inner insulator surface (discharge tube) of r = a, which 
imposes a discrete perpendicular wavenumber k. Thus, a standing wave pattern is 
formed in the radial direction. Since the HW satisfies the whistler wave dispersion 
relation, HW is also called a bounded whistler wave, as mentioned previously. 
Here, k⊥ satisfies the relation α2 = k//

2 + k⊥
2 [16].

It is interesting to see that this Bessel function solution is similar to the Reversed 
Field Pinch (RFP) plasma [17] of magnetic nuclear fusion machines, in which a 
self-organized structure (toroidal magnetic field reverses near the plasma edge, in 
contrast to the axis) can be observed with magnetic fields that has a form of Bessel 
functions. This form can be explained by the idea that the RFP configuration works 
toward a minimum magnetic energy state in MagnetoHydroDynamics (MHD), 
keeping the helicity A・B constant, where A is the vector potential [18]. This idea 
can also be applied to a magnetic loop reconnection in the solar corona [19].

Figure 1 shows the dispersion relation of this HW with uniform electron den-
sity and the m = 0 mode from Equation (3), considering an insulating boundary 
condition at r = a, where a is the plasma radius and we take the fundamental 
radial mode. With increasing k// and/or decreasing a, the value of f ne/B0 increases 
(B = B0 in this figure). In other words, once external parameters such as a, f, and 
B0 are chosen, we can establish a relation between ne and k//. Note that in the case 
of a peaked radial density profile compared to a uniform one, the effective radius 
a becomes smaller.

The inclusion of a collision frequency ν corresponding to, e.g. electron–ion and 
electron-neutral collisions, yields the following set of two equations [16], which 
is similar to Equation (1):

 

(3)∇2� + �2 � = 0 .

(4)∇ × �1,2 = �1,2 �1,2 .
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Here, �1,2 = [1 ∓ (1 − 4 � �)1∕2]∕ (2 �) and � = (� + i �)∕ (k∕∕ �ce
), and com-

plex values β1 and β2 correspond to an HW with a low k⊥ value and a Trivelpiece-
Gould (TG) wave with a high k⊥ value, respectively, the characteristics and plasma 
production mechanism of which will be described in the next subsection 2.2. 
Note that the form of Equation (4) is similar to the form obtained with the double 
Beltrami condition, describing magnetic fields and velocities in high-velocity flow 
and high-beta plasma with two fluids [20].

As mentioned previously, HW is constrained in the radial direction with the 
form of a standing wave pattern, so-called a bounded whistler wave, so that dis-
crete radial mode numbers defined as an integer n exist in principle. Each mode 
number has a separate value of k⊥ as well as a different k// value from the HW 
dispersion relation, α2 = k//

2 + k⊥
2, as mentioned previously. Therefore, from wave 

measurements, complex wave behaviors with mixed modes can be observed in 
the radial and axial (beating wave pattern) directions [21–24]. In the extreme 
case with high density and large radius, higher radial modes up to n ~ 8 were 
suggested from the HW dispersion relation using internal antennas [25]. On the 
other hand, if the axial length is small with the same order of wavelength of HW, 
axial standing wave patterns imposed by axial boundary conditions in small [26] 
and large diameters [24,27] can be found. Depending on these conditions, the 
axial mode number na (number of wavelengths in an axial plasma length) differs: 
its values are (1 + l)/2, (1 + l)/2, and (1 + 2 l)/4, respectively, for the cases of insu-
lation (one end boundary)-insulation (the other end boundary), metal-metal, and 
insulation-metal, where l is an integer not less than 0, as long as surface waves 
near boundaries can be neglected [24].

Figure 1. dispersion relation of helicon wave with the m = 0 mode in the (f ne/B, k//) plane for 
varying a.
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Concerning a selective excitation of the azimuthal mode number m, some 
examples of various rf antenna configurations are shown in Figure 2 [6]: (a) single 
or multi loops for the m = 0 mode; (b) the Boswell type for both m = ±1 modes; 
(c) saddle type for both m = ±1 modes; (d) the Nagoya type III antenna, which 
was used for additional heating, i.e. ion cyclotron heating [28] in the field of 
nuclear fusion, for the m = 1 or −1 mode depending on the rf phase between leg 
currents; (e) the half or full helical type for the m = 1 or −1 mode depending on 
the direction of the axial magnetic field and/or twisting direction; and (f) the 
spiral type for m = 0 excitation [29,30], which is useful for increasing the plasma 
radius. Among them, except for the case of (f), where the antenna is located at 
the end of the chamber (outside) through an insulation window, antennas in the 
cases of (a)–(e) are wound around the outer, lateral surface of an insulation tube.

Here, the m = 1 mode is mostly employed instead of the m = −1 mode [31,32] 
because it usually yields better plasma performance, in addition to the use of the m = 0 
mode. However, the reason for the better plasma performance with the m = 1 mode 
is not yet been understood physically. Note that negative and positive mode numbers 
can propagate with equal amplitudes in nearly unbounded and uniform plasmas with 
a = 75 cm (excitation loop diameter is 4 cm) [33], under low field (B0 ~ 5 G) and low 
ne (1011 cm−3) conditions with f/fce = 0.357. The use of the m = 2 mode was also tested 
[34,35], and plasma performance was compared directly between various modes from 
m = 0–2 with a proper choice of antenna feeder parts of a segmented multi-loop 
antenna [36]. The control of the axial wavenumber k// spectrum has been executed 
to investigate plasma performance, considering the HW dispersion relation, using 
antennas at different axial locations with a current phase difference [23,25,37,38].

Figure 2. various antennas to excite hW [6].
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2.2. Highly efficient plasma production and its mechanism

Although HP with ne ~ 1013 cm−3 can be easily obtained with a very high effi-
ciency and is utilized in many ways as described in Section 3, there have been 
many disputes and discussions regarding the high-density plasma production 
mechanism. Here, we describe HP production with a high efficiency, followed 
by a discussion on this mechanism.

Figure 3 [39] shows an example of ne as a function of Pinp using the Large 
Helicon Plasma Device (LHPD) [40,41] developed by our group at the Institute 
of Space and Astronautical Science (ISAS), Japan Aerospace eXploration Agency 
(JAXA). This machine has an axial length L of up to 486 cm (in this figure, L is 
shortened to 81 cm in the presence of a termination plate) with an Inner Diameter 
(I.D.) of 73.8 cm. From this figure, an increase in Pinp results in the increase of ne. 
From low Pinp region where ne is on the order of 109 cm−3, which is a typical mode 
of Capacitively Coupled Plasma (CCP) [12], HP can be obtained through ICP 
with a clear density jump, which is a typical behavior from ICP to high-density 
HP (see also Figure 8 in [42], where jumps of ne and Ar II intensity can be found 
from CCP to ICP and from ICP to HW). Note that it is very useful to initiate a 
plasma with a very low Pinp less than 1 W (not shown), which corresponds to an 
average power density on the order of μW/m3. It is also shown from this figure 
that the minimum Pinp required for this jump from ICP to HP density increased 
with increasing static magnetic field (axial component) near the antenna Ba, which 
is controlled by the coil current.

Figure 3. ne as a function of Pinp for varying magnetic field near the antenna, Ba [39].
notes: The coil current near the antenna to control Ba: Ic = 20, 40, 60, and 80 A in the cases of red open circles, blue 
open boxes, green closed diamonds, and black open triangles, respectively.
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Figure 4 shows the particle production efficiency, i.e. the relationship between 
Ne/Pinp and a2, where Ne is the total number of electrons in a whole plasma region. 
A good agreement was obtained between experiments and the theoretical upper 
limit, indicated by the dotted line, with an enhancement diffusion factor ~3 [43] 
(the case where radial diffusion is dominant over axial diffusion) over a very wide 
range of plasma radius a from 0.05 to 38 cm. Data with red closed circles were 
taken by our group, and our spiral antennas were used for a greater than ~10 cm to 
achieve better plasma performance than the other antenna types shown in Figure 
2. An internal antenna wound around a plasma shows a poor efficiency in Figure 
4. Here, studies on HW excitation have been recently conducted with a small a 
less than 1–2 cm, in addition to the cases of a = 0.05 cm (no magnetic field) and 
0.15 cm [44]. However, direct electrostatic probe measurements have not been 
performed with a less than 0.15 cm [44], since the probe size is comparable to the 
plasma diameter, making the measurements difficult. Instead, plasma density was 
estimated from data outside the small radial region and from plasma light inten-
sity ratio measurements based on the collisional radiative (CR) model [45,46]. In 
summary, helicon sources are one of the most promising types of sources for high 
particle production efficiency and can be applied in many ways.

Next, we describe a highly efficient HP production mechanism, which has been 
disputed for close to three decades. Basically, there are several candidates account-
ing for this high-density plasma production: e.g. (i) electron–ion νei and elec-
tron-neutral νen collisional dampings [16]; (ii) electron Landau damping [10,16] 
along with a near-field effect to accelerate electrons; (iii) mode conversion process, 
which is a universal, general character in plasma waves [10,11] first proposed by 
Shamrai in the HW regime [47]. Here, this process is from HW to TG waves, 
which is then damped strongly in a plasma due to a small radial wavelength, as 

Figure 4. Relationship between Ne/Pinp and a2 for different helicon sources.
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was mentioned in Equation (4); (iv) electrostatic ion sound instability/turbulence 
(parametric decay of HW) [48–50]; and (v) surface-type helicon mode [51].

Now, we consider the first three candidates (i)–(iii). Since (i) collisional damp-
ings are weak except for high-density conditions, (ii) the kinetic effect of Landau 
damping was first considered: the thermal electron velocity is comparable to the 
phase velocity of a wave to accept a plasma-wave interaction [16,52]. However, it 
was discarded because of the insufficient number of fast electrons observed [53] 
to account for the main ionization. This can be also understood from the follow-
ing discussion on energy [47]. We express wave magnetic and electric fields and 
particle energy as WB, WE, and T, respectively. Then, T = (α c/ωpe)

2 WB << WB 
as α c/ωpe <<1 for HW, and WE ~ T (ωce/ωpe)

2 << T under typical experimental 
conditions. Thus, a decay of total energy WT = WB + T + WE cannot be explained 
by a decay of T alone.

Then, (iii) a fluid view of mode conversion was considered. Since α c/ωpe >> 
1 for TG waves, T >> WB, leading to a dominant role of T concerning the decay 
of WT [47]. This TG mode with small radial wavelength has strong collisional 
damping, which can explain efficient plasma production. Here, in a cold plasma 
dispersion relation, we can generally have two solutions [10–12]: one has a small 
wavenumber (HW: fast phase velocity), and the other has a large wavenumber 
(TG wave: slow phase velocity), which was also discussed in Equation (4).

Figure 5 [6] shows a schematic concept of the mode conversion processes [47] 
in the case of (a) non-uniform (bulk mode conversion) and (b) uniform (surface 
mode conversion) radial electron density profiles: (a) At a certain radial point, 
excited HW from a plasma surface, tunneling through an evanescent area between 
the plasma boundary of r = a and rlow, converts to a TG wave at r = rup with the 
same k⊥ value of HW, and this TG wave damps strongly due to the increasing k⊥ 
with a backward propagation toward the outer radial direction. In the experiment, 
there is a wide spectrum of k//, leading to different positions of merging between 
two waves; thus, bulk plasma production can be expected. (b) At the plasma 
boundary, regardless of materials (conducting and non-conducting), the radial 
component of current density is zero, which leads to a radial electric field |Er| ~ 
(ωce/ω) |Eθ| >> |Eθ| (Eθ: azimuthal electric field). Then, the excitation of long-wave-
length HW with the Eθ component inevitably induces the short-wavelength TG 
wave, which damps strongly near the plasma surface. Note that, in the case of a 
higher magnetic field where f < fLH is satisfied [fLH: lower hybrid (LH) frequency 
~ (fci fce)

0.5], two lines of both waves are not connected, in contrast to the case in 
Figure 5 with f > fLH.

After the recognition of the mode conversion process into a TG wave, many 
calculations based on this process have been reported, e.g. [54,55] on HP per-
formance and wave structures excited by many types of antenna in uniform and 
non-uniform density profiles. Simulation codes have been also developed, such 
as ANTENA2 [56,57]; HELIC [58–60], which is an open-source code [61]; and, 
more recently, SPIREs [62] and ADAMANT [63].
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Note that the physical picture of the mode conversion shown in Figure 5(a) 
is similar to the Ion Cyclotron Range of Frequency (ICRF) heating in fusion 
machines: there is a mode conversion [64] from Fast Magnetosonic Waves (FMW) 
with a longer wavelength to ion Bernstein waves (IBW) with a shorter wavelength 
near the ion–ion hybrid resonance layer with more than two plasma species, and 
direct measurements of both waves were executed by magnetic probes and the 
2-mm microwave scattering method [65]. Generally, in a cold plasma, for waves 
with a fixed k//, we have a quadratic equation with respect to k⊥

2 [10–12], and the 
two solutions of the quadratic equation correspond to high and low k⊥

2 values. 
Depending on parameters, two lines in (ne, k⊥

2) space merge on a certain point 
(so-called ‘bifurcation,’ but no unstable modes can be found in this case), where 
the mode conversion occurs.

Experimentally, because of a very short wavelength, it is difficult to observe 
the TG wave using, e.g. electric, magnetic, and current probes in addition to the 
Laser-Induced Fluorescence (LIF) method. In the case of an indirect measure-
ment, the antenna resistance, excited magnetic field profile, and density jump 
behaviors were consistent with calculation, which includes the effect of the 
TG wave, for various operation parameters [66,67]. Under a low density (on 
the order of 1011 cm−3) and a low magnetic field (a few tens of G), TG waves 
were observed directly by measuring rf magnetic fields [68] and rf current 
densities [69].

Figure 5. Mode conversion model from hW to TG wave [6].
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Although it is now widely accepted that the TG wave can play a dominant role 
in high-density HP production, its interpretation can be different with fluid and 
Finite-Difference Time-Domain (FDTD) calculations in a non-uniform density 
profile [70], depending on ν/ω (ν=νei + νen). With increasing ν/ω, owing to the 
separation of lines of HW and TG waves in the k⊥ and r plane [see Figure 5(a)], 
more HW energy directly dissipates and heats the plasma, and surface mode 
conversion becomes dominant compared to the bulk mode conversion. This must 
be further investigated. Note that studies on the dynamic formation of the excited 
helicon wave structure and the estimation of wave-energy flux distribution were 
attempted to understand the HW phenomena [71,72].

2.3. Examples of developed HP sources and their characteristics

2.3.1. Various HP sources with different sizes and machine geometries
Here, we show various HP sources developed with different objectives, and helicon 
sources with a torus geometry will be described in Section 3.1.3. Some typical 
linear machine characteristics are summarized in Ref. [41], which was published in 
2004. The first large helicon machine built was named the Waves On Magnetized 
Beams And Turbulence (WOMBAT) machine [73,74], which was 20 cm in diam-
eter D and 50 cm in axial length L, and it was connected to a large chamber with 
D = 90 cm and L = 250 cm to perform many physical experiments, including 
interesting mode transitions from CCP to HP through ICP.

Subsequently, various HP sources were developed with a typical D of 5–10 cm. 
Large machines are as follows: LHPD [40,41,75] with D = 73.8 cm and L = 486 cm, 
which corresponds to a plasma volume V of 2.1 m3 (the largest volume in the 
world); a former machine developed by the Archimedes Technology Group 
[25] with a plasma diameter of 74.8 cm restricted by an rf antenna, which has 
L = 389 cm and V = 1.7 m3; and a Large Mirror Device (LMD) [30,76] with 
D = 44.5 cm, L = 170 cm, and V = 0.26 m3. LHPD and LMD utilized spiral-type 
antennas [29,30], as shown in Figure 2(f), to increase the plasma diameter effec-
tively, with additional advantages such as the easy positioning (installation and 
removal) of antennas outside a vacuum vessel at the end of a vacuum chamber and 
the reduction of inductive effect of antennas due to the proximity of an imped-
ance-matching box [39]. On the other hand, large-diameter plasma production 
is difficult with a low production efficiency if antennas are located around the 
plasma cylinder [25,77], probably due to an rf penetration problem (first by CCP/
ICP mode excitation to enter HP) from the plasma surface into the plasma core 
[78,79]. Therefore, in the case of internal antenna, a very large rf power of the order 
of several hundred kW was necessary for large-diameter HP with ne ~ 1013 cm−3 
[25] (see also Figure 5).

The articulated Large-Area Plasma Helicon Array (ALPHA) [80] with 
D = 50 cm and L = 400 cm and, later, the Helicon-Cathode (HelCat) combined 
source [81] were developed using seven independent sources with a plasma 
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diameter of ~ 43 cm to produce large-diameter and large-volume plasma with 
good uniformity. However, this trial was difficult to be realized due to, e.g. cross rf 
coupling between sources and unstable discharges. Using multiple small helicon 
sources with Permanent Magnets (PMs), a large-area plasma was produced in a 
53.3 × 165 cm2 chamber (L = 30 cm) with ne < 1012 cm−3 [82].

Medium-sized helicon sources are as follows. The Versatile Instrument for stud-
ies on Non-linearity, Electromagnetism, Turbulence, and Applications (VINETA) 
[83,84] with D = 40 cm (plasma diameter is 10 cm) and L = 450 cm was constructed 
for studying mode transition behavior, whistler wave excitation, drift wave tur-
bulence, etc., which will be described later. The Controlled Shear Decorrelation 
eXperiment (CSDX) [85,86] with D = 20 cm (plasma diameter is 10 cm) and 
L = 300 cm was used to study drift wave turbulence, which will also be described 
later. The Auburn Linear Experiment for Space Plasma Investigations (ALESPI) 
[87] with D = 15 cm (plasma diameter less than 10 cm) and L = 250 cm for the 
study of Alfvén waves takes advantage of a high-density source to reduce the 
wavelength of this wave. Various HW studies have been executed in a large-volume 
helicon source HE-L [35] with D = 15 cm and L = 200 cm connected to a larger 
vacuum chamber with D = 60 cm and L = 100 cm. The hot HELIcon eXperiment 
(HELIX) with D = 15 cm and L = 157 cm connected with a larger chamber of 
the Large Experiment on Instabilities and Anisotropies (LEIA) with D = 200 cm 
and L = 450 cm under a low magnetic field [88,89] was employed to study basic 
helicon characteristics, including a space-relevant physics study, with an advanced 
laser-induced fluorescence (LIF) development. There are helicon sources with 
D = 13 cm and L = 30 cm connected to an expansion chamber of D = 60 cm and 
L = 120 cm [90], with D = 10 cm and L = 120 cm [91] and with D = 10 cm and 
L = 35 cm (T-shaped glass tube) [68] for studying HW and TG waves. Other 
sources have D = 10 cm and L = 175 cm [92], a discharge tube of D = 5 cm and 
L = 50 cm connected to a vacuum chamber of D = 44.5 cm and L = 170 cm in 
LMD [37], and a tube of D = 4 cm and L = 130–160 cm [93] for various helicon 
studies. The Shoji and Sakawa group studied many basic HW studies using a Pyrex 
source with D ~ 5 cm and L = 60–90 cm, connected to a stainless steel chamber 
with D = 150 cm and L = 36.5 cm [94,95].

Small helicon sources are as follows. Small helicon sources with D = 2.5 cm 
[96] and 2 cm [97] were developed for a thruster experiment with miniaturized 
sizes. Sources with even smaller diameter have been developed using the small 
helicon device (SHD) [98], with diameter ranging from D = 2 cm to just 0.3 cm 
[99,100] (now, plasma production with 0.05 cm diameter is possible but without 
the magnetic field [44]) through D = 0.15, 0.5 and 1 cm, as previously mentioned, 
although the operation mode may be the magnetized ICP mode. In this device, an 
excitation frequency f higher than the usual frequency range from several MHz to 
a few tens of MHz was also utilized, e.g. 50–70, 145, and 435 MHz. Here, according 
to the dispersion relation (see also Figure 1), f ne /B is larger when a is smaller; thus, 
in a fixed range of ne and B (and k//), a higher f may be better. From the viewpoint 
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of electron excursion length Le in one rf cycle, a higher f is also desirable in a thin 
discharge tube. This can be easily understood from a simple equation of motion 
in the presence of an oscillating electric field E, with Le expressed as e E/(m ω2), 
where m is the mass of the electron and ω is the angular rf frequency.

In this subsection, we have described various characteristics of helicon sources 
with different sizes and machine geometries, listing some examples, after intro-
ducing basic features of HW plasma in the former subsections. Finally, for infor-
mation, typical helicon linear sources developed by us along with high-density 
plasma photos are shown in Figure 6: (a) the largest machine LHPD with photos 
of argon blue modes, (b) LMD with high-density modes, (c) High-Field Device 

Figure 6.  Typical helicon sources with photos: (a) the largest machine, LhPd, with argon blue 
modes [one from a side quartz window, and two from a source region, showing different radial 
plasma sizes (they look smaller than real ones from a distance owing to optical geometry) by 
changing the magnetic field configuration]. (b) LMd with high-density modes [right: argon 
(entire region), left bottom: xenon (source region), and right bottom: neon (source region)], (c) 
hFd with the argon blue mode (side view), and (d) the smallest machine, shd, in the presence of 
the divergent magnetic field (side view).
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(HFD) [101] with an argon blue mode, and (d) SHD with a divergent magnetic 
field.

2.3.2. Effect of external parameters on HP behaviors
First, featured HP sources with high- or low-magnetic field operations are intro-
duced, including various magnetic field configurations. High-magnetic field oper-
ation has been performed to achieve a higher ne compared to the operation with a 
typical field <kG. From the HW dispersion relation of α2 = k//

2 + k⊥
2, as mentioned 

previously, ne increases with B while keeping external parameters including k// 
constant. Needless to say, the high field can reduce radial particle loss, leading to 
a higher density. The VAriable Specific Impulse Magnetplasma Rocket (VASIMR®) 
device [102,103], the concept of which is shown in Figure 7 [104], was developed 
as an advanced plasma thruster (as will be discussed in Section 3.2), using super-
conducting magnets with the highest field B = 20 kG in a 150 m2 vacuum chamber. 
Operation up to 10 kG was possible in HFD, where density jumps from ICP to HP 
was found in low-B operation. However, it was difficult to observe this jump within 
a limited Prf less than 2.5 kW in a high-B region above 3 kG, and even without 
jumps, ne was high on the order of 1013 cm−3, which suggests that the threshold 
rf power Prf for a density jump generally increases with B from a power balance 
calculation [105,106]. Operation up to 6 kG with a divergent-magnetic field con-
figuration for a plasma thruster study was possible to show the reduction of cross-
field diffusion [107]. On the other hand, low-field operation using helicon sources 
was also attempted. Even in the case of B = 18 G and 36 G, HW was excited using 
a spiral antenna [30,76]. Here, a smooth transition without a clear density jump 
from CCP/ICP to HP was found, which shows the good controllability of density. 

Figure 7. diagram of vAsiMR [104].
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In addition, a sharp density peak was observed as a function of the magnetic field 
in the low-field region of a few tens of G [77,108–111]; this phenomenon is still 
under investigation.

Helicon sources can accept various magnetic field configurations, which are 
flexible compared to, e.g. ECR plasma sources, as was mentioned in the introduc-
tion. Here, experiments under convergent or divergent fields, where the latter is 
related to a magnetic nozzle in a plasma thruster mentioned later, to control the 
plasma diameter in addition to propagating wave characteristics are investigated 
[112]. The cusp of the magnetic field showed interesting behaviors. When the 
uniform field in the end section changed from a uniform to cusp field by vary-
ing the end coil current, ne increased by a factor of five with a peaked ne profile 
[113]. In the presence of cusp or convergent fields in an upward region from the 
rf antenna using a compact helicon source, ne increased by several times with 
a peaked profile [114]. Theoretically, it may be due the change of wave power 
deposition from a surface to interior regions to enhance the plasma production. 
Note that the convergent field near the source may produce a ponderomotive 
force, which can be utilized as a plasma propulsion using an m = 0 antenna in a 
non-uniform ne profile [39]. Passing through a cusp position, we have investigated 
wave structures such as tunneling and standing wave patterns with a high radial 
mode as well as broader ne profiles (good uniformity of ion saturation current over 
27 cm in diameter within ±5% was obtained [115]) by the use of a spiral antenna 
while changing the position of the cusp field and its strength [116,117]. When the 
magnetic field is rapidly bent in a downstream region, a standing wave pattern was 
formed by the presence of a spatially localized change of refractive index [118].

Next, we discuss the effect of a change of rf frequency f, especially in a higher 
frequency range, including the LH resonance regime, on the plasma performance 
[10,11], considering gas species as a fuel. Normally, the excitation frequency f is 
13.56 MHz or f is in the vicinity of this frequency range, and operation with a 
higher frequency range from ~50 MHz up to ~145 MHz [mostly the Very High 
Frequency (VHF) range] has been attempted. Here, the objectives of using this 
higher f are as follows. (1) By increasing f, it is important to find threshold param-
eters such as Pinp, Pf, and B0 [119] for an abrupt density jump from ICP to HP. 
This investigation may lead to a better control of ion bombardment in plasma 
processing. (2) Although, in molecular gases, the wavelength of HW using the 
typical frequency mentioned previously is long on the order of m owing to a lower 
ne in the range of 1011–1012 cm−3, a higher frequency shows a shorter wavelength 
from the dispersion relation (see Figure 1 for example), which makes wave anal-
ysis easier to perform [120]. (3) It is useful to excite the TG wave directly in this 
higher frequency range to investigate mode transitions among CCP, ICP, and HP 
[121]. (4) As was mentioned previously, from the dispersion relation (see Figure 
1 for example), to produce a small-diameter plasma, higher frequency operation 
[99,100,122] is better as long as k// and ne, determined by the experimental Pinp, 



200   S. SHINOHARA

are fixed. As was mentioned, the electron excursion length Le is smaller at higher 
f, which is also suitable for a small-diameter plasma.

Now, we discuss the effect of LH frequency on plasma performance. In helicon 
sources, an enhancement of electron density ne near the LH frequency range was 
found [123–125] by changing gas species (such as hydrogen, deuterium, helium, 
nitrogen, neon, and xenon gases as well as argon gas, which is most widely used), 
excitation frequency f, and axial magnetic field B. There was an increase of ne 
especially near the LH resonance layer position in a plasma, leading to a density 
profile change. In addition, ion temperature increase was found with f less than 
70% of fLH [89]. In these experiments, ne increases with B and then decreases with 
B above a certain critical magnetic field Bcr, showing optimum plasma produc-
tion. However, it is still an open question [101] whether Bcr is close to the field 
that generally satisfies a lower hybrid frequency (including a Doppler shift effect 
[124]), and it is difficult to find the phenomena under a high fill pressure condition 
[39,67,126], where the collisional effect becomes stronger. Here, LH waves are 
mostly being used in nuclear fusion torus machines, e.g. [127], as a toroidal cur-
rent drive method instead of ion/electron heating, which was originally aimed at.

Third, a density depletion due to a high ionization degree in the plasma core 
is discussed, which is an obstacle for entering a higher density regime and affects 
the plasma transport behavior. By directly inserting a capacitive manometer into 
a plasma, this decrease of neutral density was ascertained [128,129]: The neutrals 
pressure decreased by a factor of 2–10, which depended on the initial fill pressure 
and rf power, and obtained results were consistent with simple diffusion mod-
els. The time-dependent behavior of a depleted neutral gas density, reduced by 
a factor of 10 or more, and its temperature were measured from an absorption 
profile of the argon line by the use of a tunable diode laser [130]. This depletion 
was also estimated by LIF and spectroscopy profile measurements through a use 
of a collisional radiative (CR) model [131] and by Two-photon Absorption Laser 
Induced Fluorescence (TALIF) [132].

This neutral depletion was discussed in a collisional plasma theoretically, e.g. 
[133], and an effect of neutral pressure P0 was found to be important in a plasma 
equilibrium experimentally and theoretically [134,135]. In addition, the decrease 
of neutral density was found to destabilize the drift wave instabilities by a numeri-
cal transport study along with an experiment in which baffle plates and additional 
vacuum pumps were installed [136,137], and the plasma density profile has been 
modified by neutral injection in order to achieve a higher thrust performance in 
a helicon source [138].

3. Evolution to extensive application

In this section, we discuss various extensive applications using HP sources in three 
parts: a fundamental study aiming at future applications in some cases, plasma 
thrusters as one of the applications, and other practical applications. Note that 
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only some typical practical applications are discussed, since we cannot cover all 
of them owing to the limited space. Figure 8 shows vast research and application 
areas including potential future fields in plasma science using helicon sources. 
This will also be described in Section 4.

3.1. Application to fundamental study

3.1.1. Control/understanding of basic plasma performance
We show some examples of basic control/understanding of plasma performance 
using helicon sources. First, we describe the control of radial density profile by 
three methods: (i) change of magnetic field configurations, (ii) change of antenna 
radiation field patterns, and (iii) voltage biasing to electrodes in a plasma. These 
methods are useful for target plasmas in basic and application studies/techniques 
discussed in subsections 3.2 and 3.3.

(i) A convergent (divergent) magnetic field makes a peaked (broader) radial 
density profile [40,41,112] since a plasma tends to follow the magnetic field lines, 
as expected. The cusp field yields a more uniform ne profile as well as ne enhance-
ment sometimes, as was mentioned in Section 2.3.2 [113–117]. (ii) By choosing 
antenna current elements by changing antenna feeder points, antenna radiation 
patterns could be changed, e.g. rf electric field in a small or large area and/or rf 
high-voltage point applied in the inner or outer side of spiral antennas, leading to 
the control of ne profiles [36,40,41]. (iii) Various combinations of voltage biasing 
to multi-concentric ring electrodes located at an end of the vacuum chamber in a 
plasma could also change ne profiles, e.g. hollow, flat, or peaked ones [139–142]. 
The effect of a voltage-biased plate, instead of biased rings, on plasma performance 

Figure 8. evolution of extensive plasma science using helicon sources.
note: in various seed/need regions, fields in green are now widely used, while those in red need further development 
in helicon science.
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was also investigated, and an asymmetric plasma distribution and its flow were 
formed, which were consistent with the E × B drift based on the ion Hall parameter 
Hi = 2 π fci τin, where τin is the ion-neutral collision time [143,144].

Going back to the voltage-biased concentric rings, the azimuthal velocity change 
was controlled by E × B drift, and a strong velocity shear in the radial direction 
could be formed with associated instabilities: e.g. a change of Mach number of 1 
with a distance approximately equal to the ion Larmor radius [141,142,145]. Here, 
under certain conditions, bistable density transitions, which have similar behaviors 
of L/H transitions in fusion torus machines with a key of a radial electric field 
[146], were found and analyzed from the spatio-temporal behaviors [145,147,148]. 
This biasing can also play an important role to suppress the electrostatic drift 
instabilities, which are described in subsection 3.1.2.

Here, as an example of application of the voltage-biasing method as well as ne 
profile control, we show a mass separation technique in helicon sources by creat-
ing a high plasma rotation velocity. Plasma-based mass separation is important 
for nuclear waste remediation and spent fuel reprocessing, in addition to isotope 
separation. One way to achieve this is to impose a radial electric field, as was 
mentioned, by voltage biasing to many concentric electrodes in the presence of 
an axial magnetic field to create E × B azimuthal plasma rotation, causing trapped 
(un-trapped) particles with lighter (heavier) mass [149]. Preliminary but encour-
aging experiments to demonstrate this scheme using mostly noble gases have been 
performed in low- [150] and high-density [151] operations using helicon sources, 
although additional experiments are necessary.

3.1.2. Various basic plasma characteristics
First, studies on excited wave characteristics conducted using an induction loop 
antenna is described, considering its wavelength and the scale length of the radial 
boundary. Note that these studies are related to the whistler wave and HW men-
tioned in the introduction. Detailed characteristics of rf waves in the whistler 
wave range were investigated [152], with the plasma boundary in the intermedi-
ate regime between infinite whistler wave propagation and bounded-geometry 
HW propagation. Here, excited magnetic field amplitudes and phases with three 
components were measured. Numerical calculation using the Transport Analyzing 
System for TokamaK/Wave analysis by Finite element method (TASK/WF) code 
[153] showed good agreement with the observed experimental results, satisfying 
the dispersion relation and wave structures of helicons in the semi-steady-state 
condition as well as the dispersion of whistlers with a short-pulsed mode. The 
excited waves propagated nearly along the magnetic field lines within a small angle 
of less than 10°. Furthermore, in the low (high) collisional regime, the domina-
tion of standing (propagating) waves was found from the wave analysis. These 
results are consistent with a transition from an unbounded to bounded plasma 
wave dispersion, which was ascertained by the fact that a short (long) wavelength 
can be described by the whistler wave theory (by the bounded geometry) [154]. 
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As previously mentioned, helicon wave was also detected in nearly uniform and 
unbounded plasmas, where excited wave amplitude is determined by the antenna 
geometry with equal amplitudes observed regardless of polarity of azimuthal 
mode number [33].

Second, plasma instabilities, the studies of which are important from the view-
point of a fundamental understanding and the control of plasma confinement, 
are described. By utilizing a high-density HP with a conventional linear machine, 
which leads to a high pressure gradient in the radial direction, electrostatic insta-
bilities such as drift wave type ones [10,11] (sometimes the drift wave turbulent 
state can also be observed) have been investigated intensively and extensively, 
e.g. [85,86,155–164]. Note that, in the presence of a magnetic field, these insta-
bilities occur inevitably and universally, showing similarities among many fields. 
For example, in magnetic nuclear fusion plasmas, a critical issue is to obtain an 
improved plasma confinement, to which detailed understandings of the instabil-
ities can contribute. Here, turbulent helicon plasmas involve many fundamental 
phenomena such as non-linear mode interaction, structural formation, inter-
mittent behavior, a cascade between large and small scales, sheared and zonal 
azimuthal flows, and a streamer. Note that, in the stellarator (torsatron type) 
device TJ-K [165], these studies have been executed, and recently, the dynamics 
of turbulent suppression by electrode biasing has been attempted, e.g. [166].

Third, high-β plasma is discussed. A helicon source can generate a high-density 
plasma under low magnetic field operation, and thus, a high-β plasma condition 
on the order of unity can be easily achieved. Here, β is the ratio of the plasma 
pressure to the magnetic pressure without a plasma, and high-β plasma exhibits 
non-linear behaviors in various equilibria as well as instabilities with strong dia-
magnetism. Although a high beta can be obtained only in magnetic fusion fields 
such as a tokamak and a field reversed configuration (FRC) [167], helicons can 
have a higher beta region, as observed experimentally. There are a few experi-
ments conducted in a high-β region of helicon sources, but the diamagnetism was 
lower than that expected from the consideration of total pressure balance (sum 
of plasma pressure and magnetic pressure) [168–170]. It was found that neutral 
pressure plays an important role in this balance [134]. More detailed data on this 
equilibrium, along with a study of induced instabilities, are necessary.

Finally, we add a few topics briefly, taking advantage of high-density helicon 
sources. By utilizing such a source, lasing of the 488-nm Ar II line has been 
demonstrated [123], showing a larger diameter without discharge electrodes 
compared to conventional argon-ion gas lasers. Applying helicon sources to 
an ion source with positive or negative charges is attractive for future particle 
accelerators, e.g. [171,172], and for neutron generation, which is useful for basic 
and nuclear fusion reactor studies as well as for detecting land mines. Although 
neutrons can be generated mostly using a neutron tube or Inertial Electrostatic 
Confinement (IEC) devices, where the latter was originally conceived as a candi-
date of a nuclear fusion reactor, a compact neutron source using a helicon source 
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has been developed with an aim to achieve a higher beam current with a longer 
life time of operation [173]. Research and Development (R&D) on plasma-facing 
materials under extreme heat loads is crucial for nuclear fusion reactors such as 
ITER, e.g. [174], and the future DEMO. The MAGnetized Plasma Interaction 
Experiment (MAGPIE) [175] with D = 10 cm and Prf = 20 kW was constructed to 
test various targets introduced in the presence of a particle (proton) flux greater 
than 2 × 1022 (1/m2s). The Material Plasma Exposure eXperiment (MPEX) [176] 
is aiming to realize the wall loading condition in a fusion divertor with D = 13 cm 
and to increase the present Prf of 100 kW in addition to other planned heating 
powers, where the target heat flux is expected to be 10 MW/m2. The International 
Workshop on Plasma Material Interaction Facilities for Fusion Research (PMIF), 
which is held every two years, focuses on this important topic.

3.1.3. Torus experiment
Here, torus experiments are described, since we have mentioned only linear mag-
netized machines to produce a cylindrical plasma in Section 2. Many torus helicon 
studies have been conducted for the purpose of, e.g. studying plasma instabilities 
excited, pre-ionization/plasma production, discharge cleaning, and current drive 
in magnetic fusion devices. Here, unless specified, the working gas used is argon.

Simple torus experiments with only toroidal magnetic fields [so called Simple 
Magnetized Torus (SMT)] have been performed. Coherent structures in turbulent 
fluctuations were studied, using TEDDI device with major radius R = 30 cm and 
minor radius a = 10 cm (limiter radius = 4 cm), using a double half-turn antenna 
[177]. With a machine of nearly the same size as the above-mentioned device, 
helicon plasma production and a toroidal current drive of >1 kA with Prf=1 kW 
have been achieved using an m = 1 antenna [178]. High-density hydrogen plasma 
up to 8 × 1012 cm−3 was produced with R = 25 cm and a = 4 cm using an m = 1, 
half-saddle antenna [179].

In a stellarator configuration [167], which is one of the magnetized nuclear 
fusion types, a high-density plasma of 2 × 1013 cm−3, showing an m = 1 HW mag-
netic structure, was obtained in the toroidal heliac SHEILA with R = 19 cm and 
a = 3.5 cm [52]. In the H-1 heliac with R = 100 cm and a = 20 cm, improved con-
finement was investigated in a typical electron density of 1012 cm−3 with Prf up to 
100 kW using helium, neon, and argon gases in the case of a saddle antenna [180]. 
Turbulent studies have been performed in TJ-K with R = 60 cm and a = 7–10 cm, 
which produces a plasma of up to ~1012 cm−3, using hydrogen, helium, and argon 
gases in the case of an m = 1 antenna [165].

Finally, we mention one example of a clean, pre-ionization helicon source under 
the ‘electrodeless’ condition, i.e. no direct contact between a plasma and electrodes, 
which is important and will be also discussed in Section 3.2. The use of a helicon 
source has enabled helium plasma breakdown and spheromak [167] formation and 
sustainment in a nuclear fusion field for the Helicity Injected Torus with Steady 
Inductive drive (HIT-SI) experiment [181].
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3.2. Application to plasma thruster using helicon sources

One of the most useful applications of helicon sources attracting increasing inter-
est is plasma thrusters in space. It is well known that plasma-based rocket engines 
[182,183] are much better than chemical ones because of their higher specific 
pulse Isp (exhaust velocity divided by gravitational acceleration), which results in 
better fuel efficiency and reliable long-term operation suitable for, e.g. deep space 
exploration. However, in most of the present electric (plasma) propulsion sys-
tems [182,183], e.g. a Hall thruster, an ion engine, and Magnet-Plasma-Dynamics 
(MPD), electrodes are in direct contact with a plasma, causing the erosion of 
electrodes and contamination of plasma. Therefore, the degradation of plasma 
performance and limited operation lifetime are found.

Here, to overcome this difficulty, the HW plasma production scheme is ideal 
because of the ‘electrodeless’ condition (no immersed electrodes) [183], which 
implies there is no direct contact between a plasma and antennas (electrodes). 
Therefore, high-density HW plasma is very promising considering the limita-
tions in space, such as limitations in input power [also, e.g. the thrust efficiency η 
(ratio of exhausted kinetic energy per time to input power) and thrust-to-power 
ratio F/Prf are key parameters], machine size, and weight. Moreover, a neutralizer, 
which is installed in most of the present thrusters such as the Hall thruster and 
ion engine, is not necessary, since in a helicon plasma, ions and electrons are 
exhausted simultaneously. Thus, the system becomes simpler, i.e. it is not necessary 
to install an electron source.

One remarkable flagship project using a helicon source is the aforementioned 
VASIMR [102] project, as shown in Figure 7 [104]. This project aims at human 
space flight to Mars and employs a helicon high-density plasma with a high rf 
power, which is accelerated by Ion Cyclotron Resonance Heating (ICRH) with a 
left-hand polarized slow wave scheme, i.e. the so-called magnetic beach [11]. Then, 
the heated plasma is exhausted through a magnetic nozzle. VX-200 (Prf = 200 kW) 
[184], developed after the R&D of VX-10, VX-25, VX-50, and VX-100 [185] 
devices (here, the numerical value denotes the rf power), showed a reduction of 
ionization cost Ei (energy in units of eV per electron–ion pair production or, in 
other words, the ratio of the coupled RF power to the total ion current extracted 
from the system) as well as a high thrust performance using argon gas: maximum 
values were Ei ~ 80 eV, Isp ~ 4,900 s, plasma thrust F of ~ 6 N, thrust efficiency 
η of ~72%, and F/Prf of ~51 mN/kW. Note that F is inversely proportional to Isp 
theoretically if η and input power are the same, which means that plasma (chem-
ical) propulsion has high (low) Isp but low (high) F.

3.2.1. Single helicon thruster
There are many simple single helicon thrusters without any additional acceleration 
methods, and they have ElectroMagnets (EMs) and/or PMs. For compactness, in 
a relatively early phase of helicon experiments, sources with D = 2–2.5 cm with Prf 
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less than kW were attempted [96,97]. Note that decreasing the atomic mass from 
argon to helium and hydrogen showed a higher ion velocity up to 40 km/s owing to 
a lighter ion mass with external parameters not being changed appreciably [100]. 
Pulsed high-power helicon (HPH) thruster experiments to reach ne < 1014 cm−3 
with Prf > 10 kW, focusing on magnetic nozzle effects, were executed using antenna 
7 cm in diameter [186]. The nozzle effects under the divergent magnetic field con-
figuration were studied [187] with a special thrust stand, which can distinguish 
among Ts (static electron pressure force), Tw (axial momentum loss delivered by 
ions to the radial wall), and TB (Lorentz force onto the magnetic nozzle). Here, TB 
is expressed by integrating in space the product of the electron diamagnetic cur-
rent jθ (azimuthal component) and the radial component of the external magnetic 
field Br, and the measured TB was consistent with the theory [187].

Concerning compact PMs only experiments, plasmas with D = 4.5 cm [188] 
and 6.6 cm [189] showed a presence of ion beams of up to several tens of eV, 
relating to a double layer (DL) formation [184,190]. Here, DL is also called as 
an electrical double layer (EDL) that generally appears, e.g. on the surface of an 
object exposed in a fluid. In this layer in a plasma, a sharp potential drop greater 
than a few multiples of Te (strong electric field inside DL) and the violation of 
quasi-neutrality in both space charge layers occur. Here, DL with an ion-beam 
formation was found in the presence of a divergent magnetic field under a lower 
pressure range [191–194], e.g. < 0.1 Pa, the discharges of which do not imply the 
helicon plasma mode (but current-free DL character is found using a helicon 
source). Interesting phenomena were found on DL, e.g. three different populations 
of electron energy distribution functions downstream of DL [195], and potential 
drop was discussed with a presheath condition [196]. However, this use of DL 
formation with ion acceleration, so-called the Helicon Double Layer Thruster 
(HDLT), was not considered as another promising helicon thruster scheme after-
wards, because the net momentum delivered by the large electric field in this DL 
is zero [197]. Note that DL is also considered to be important in space [191], e.g. 
in solar flares, a lunar wake behind the moon, and accelerated auroral particles, 
although these current driven systems are different from helicons of non-current 
driven systems.

A helicon source with larger size and higher Prf ranging from 0.2 to 200 kW 
showed better plasma performance, as shown in Figure 5 [198] from many 
machine data. This figure shows a tendency that the ratio of thrust F to power, 
F/Prf, increases with Prf but seems to saturate above 10 kW. However, this satura-
tion level of 50 mN/kW is sufficient to compete with the Hall thruster case, where 
this thruster is widely used owing to its excellent thrust performance, but it does 
not have an electrodeless condition, as mentioned previously. As an example of 
the helicon thrust performance, in the range of Prf < 3 kW, F/Prf and Isp were 21 
(40) mN and 8.3 (16) mN/kW for argon (xenon) plasma, respectively [196]. The 
size effect can be also found with D = 2.6 and 9.5 cm [199]. In the latter diameter 
case, F was ~ 18 (60) mN for Prf ~ 1 (6) kW.
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3.2.2. Helicon thruster with additional acceleration scheme
Next, we describe additional acceleration schemes using helicon sources. In gen-
eral, the control of thrust performance, such as F, Prf, and Isp, can be more flexi-
ble, although the overall thrust system becomes complex. Apart from VASIMR 
mentioned previously, experiments with an rf power level of typically a few kW 
have been performed as follows. Under the Helicon Electrodeless Advanced 
Thruster (HEAT) project, many acceleration methods are being tested [39,122]. 
Basically, electromagnetic acceleration by the axial Lorentz force with the prod-
uct of the induced azimuthal electron current jθ and external magnetic field Br, 
has been investigated. This jθ can be induced by (i) the rotating magnetic field 
(RMF) scheme [39, 122,200-203], the idea of which originates from the cur-
rent drive method in FRC [204], (ii) the rotating electric field (REF) scheme 
[39,122,200,205], and (iii) a half cycle acceleration scheme with m = 0, low-fre-
quency antenna current [39,42,122,200]. In order to induce a higher jθ, RMF (REF) 
penetration into a plasma is crucial [206] ([207]), in addition to jθ penetration 
by the m  =  0 scheme [39,122]. The other idea is ponderomotive acceleration 
combined with ICRH (so-called slow-wave heating similar to the acceleration 
scheme in VASIMR mentioned previously), e.g. [39,122,208]. Here, PA gives rise 
to the pure parallel acceleration of ions due to a localized electric field near the 
Ion Cyclotron Resonance (ICR) layer. On the other hand, the ICRH scheme causes 
perpendicular ion heating followed by energy conversion from the perpendicular 
to the parallel direction under a divergent magnetic field due to the conservation 
of magnetic moment. In this scheme, electromagnetic-field penetration into a 
plasma is also important [209].

Gridded helicon ion thrusters were investigated, although the electrodeless 
condition is not satisfied in the acceleration process and an additional neutralizer 
is necessary. The gridded helicon ion thruster (GHIT) [210], with screen and 
accelerator grids, was investigated in the case of D = 14 cm by measuring the ion 
beam current. It was found that the estimated cost of Ei was 132–212 eV/ion with 
Prf < 600 W and B < 250 G (EMs). The helicon electrostatic thruster (HEST) [211] 
in the case of D = 2.7 cm showed Isp ~ 2000 s and η of 9.7% with Prf < 1.5 kW 
and B up to 1 kG (combination of EMs and PMs). Here, a ring-shaped biased 
electrode, with 2.7-cm I.D. and 8-cm outer diameter, is located at the entrance of 
an expanded tube, and the ion beam energy increased almost linearly with the 
discharge voltage.

3.2.3. Various thrusters utilizing helicon sources
Here, we show various thrusters utilizing helicon sources, which have an advan-
tage of highly efficient rf plasma production in an electrodeless condition, as 
mentioned previously.

A Mini-Magnetospheric Plasma Propulsion (M2P2) [212] scheme was pro-
posed. A large-scale magnetic bubble around the spacecraft, i.e. an inflation of 
the dipole magnetic field produced by a high-density HP, is expected to allow the 
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spacecraft to ride solar wind to be accelerated. Here, a high efficiency was expected 
owing to the utilization of ambient energy of the solar wind.

Annularly bounded helicon waves [213] are analyzed to make a coaxial helicon 
source. This can be applied to a plasma source for a Hall thruster. With the same 
concept, the Helicon Hall thruster (HHT), an addition of a helicon source to a 
Hall thruster, is developed as a two-stage thruster to investigate an rf ionization 
stage (HP), which can improve the overall efficiency of a Hall thruster [214]. By 
combining helicon and MPD plasma sources, ne above 1014 cm−3 with supersonic 
plasma flow (Mach number, which is the ion velocity normalized by the ion sound 
velocity, of ~1.8) was obtained, showing a higher thrust efficiency compared to 
the simple MPD thruster [215].

Note that helicon sources can be applied to a pre-ionization source in the 
thurster, e.g. Faraday Acceleration with Radio-Frequency Assisted Discharge 
(FARAD) [216]. There is a possibility that helicon sources can be utilized for 
air-breathing (i.e. collecting atmospheric gas for use as propellant) electric pro-
pulsion [217], compensating for drag on-orbit in Low Earth Orbit (LEO), instead 
of the objectives of, e.g. deep-space exploration and attitude control, as men-
tioned previously. Just recently, a review paper on space micropropulsion sys-
tems for CubeSats and small satellite, including small helicon sources, has been 
published [218]. Finally, at the end of this Section 3.2 on helicon thrusters, it must 
be noted that a biennial International Electric Propulsion Conference (IEPC) is 
being held, focusing on this emerging topic of plasma-based thrusters, including 
increased interest and research on helicon propulsion.

3.3. Industrial applications

In everyday life, many objects using mostly low-temperature plasmas can be 
observed [12,219–222], e.g. semiconductors fabricated using processes of depo-
sition and etching, laser gases in discharges, and sterilization in medicine. Here, 
some typical practical applications of helicon sources are described, although 
we cannot cover all of them. Note that the understanding of plasma chemistry 
combined with plasma physics is also important, since many species of gases, 
including molecular, reactive gases in addition to noble gases, are used for various 
applications.

Ideal sources for industrial processing in a vacuum condition must have the 
following general characteristics: (i) simple, robust, and compact structure; (ii) 
large-area plasma uniformity; (iii) high-efficiency and high-speed processing 
including a high density with a low pressure; (iv) particle energy and orbit control; 
(v) good selectivity etc. In other words, flexibility to operate under a wide range 
of conditions is necessary for a good plasma source, depending on objectives.

In the processing of rf plasmas, compared to HP, CCP, and ICP are usually oper-
ated at lower electron densities with high pressures in order to obtain higher etch 
rates. Here, high-density sources such as HP are useful to reduce ion bombarding 



ADVANCES IN PHYSICS: X   209

damage due to a reduced sheath drop. Furthermore, there is another advantage 
that ion energy and angular spreads due to the collisionless condition become 
smaller. However, helicon sources have not been utilized widely for semiconductor 
fabrication, in spite of the merits of, e.g. shorter processing time due to the high 
density [abovementioned conditions (i)–(iv) can be easily satisfied]; instead, CCP 
and ICP sources are mostly being used.

In early phases, with helicon sources, the etch selectivity of Si and SiO2 was 
examined using SF6 gas [223,224]. These etch rates and their characteristics were 
investigated by fluorocarbon or chlorine gases [225,226]. In the case of the pol-
ysilicon etching, the in situ characterization of particle contamination showed 
few particles deposited onto the wafer [227], and both helicon and ECR sources 
showed a similar performance for the etching of polysilicon films using HBr gas 
with an addition of 3% O2 gas [228]. Discharge characterization using O2 gas was 
also performed [229,230]. Another example of using HP is the MØRITM source 
with D = 10 cm and two antenna loops [231], which showed highly uniform plas-
mas and neutral distributions at the wafer location (process position), including, 
e.g. chlorine-based etch plasma. In addition, aluminum and tungsten interconnect 
etch, integrated poly-silicon etch, and oxide etch were tested. The fabrication of 
optical fibers was also investigated [232].

Further recent examples are as follows. A compact nitrogen radical source, use-
ful for the fabrication of various nitride films, was developed [233], and antimony 
(Sb) films for optical recording were prepared [234]. Nanocrystalline (nc) TiO2 
films [235], which are outstanding as coating materials, and nc-SiC films, which 
are promising for use as short-wavelength light emitters, have been deposited 
[236]. In addition, nanostructure formation on tungsten targets was explored as a 
function of He+ impact energy [237], the understanding of which is also important 
for developing the divertor in a tokamak [167] reactor.

4. Conclusions and future works

In this paper, we have discussed interesting HW plasma behaviors from various 
aspects. First, the basic features of HW were described in Section 2.1, which 
discussed two spatial modes of HW with a long radial wavelength and TG waves 
with a short wavelength, followed by a discussion of a highly efficient high-density 
plasma production mechanism in Section 2.2. Then, various helicon sources with 
the advantages of a very wide range of machine parameters, such as diameter, 
axial length, and the magnetic field in a cylindrical plasma, along with the effect 
of external operational parameters, were described in Section 2.3. In Section 3, 
the versatility of helicons for various applications was demonstrated. We have 
described applications to fundamental studies, which are very important for phys-
ical understandings based on useful helicon sources, including a torus geometry 
as well as a cylindrical one, chosen depending on objectives (Section 3.1). A spe-
cial application example is a helicon thruster with a concept of the electrodeless 
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condition, leading to longer lifetime (Section 3.2). Finally, industrial applications, 
which have not been utilized thus far but need to be explored further in the future, 
were introduced with some examples (Section 3.3).

The following objectives need to be met in helicon science to be advanced in 
the future. Note that solving and comparing the differences between observations 
and theory are crucial for the advancement.

(i)  A deeper and more detailed understanding of HW and TG wave phenom-
ena is required, which would lead to high-density production with the use 
of more sophisticated diagnostics (and finer spatial resolutions to detect a 
short-wavelength TG wave pattern) utilizing, e.g. lasers and a new phys-
ical model. Numerical codes of FDTD, TASK/WF, particle in cell (PIC) 
[238], etc. will also be helpful. In addition, considering an electrostatic 
effect as well as an electromagnetic effect is necessary to have a full under-
standing of wave and plasma structures. A real antenna geometry with 
non-uniform plasma distributions in three dimensions is crucial for calcu-
lation. These will finally lead to the simulation of time evolution of plasma 
behaviors to conduct a comparative study with experimental results. Here, 
the non-linear coupling between the large amplitude excited wave and a 
plasma with non-uniform profiles must be understood self-consistently 
with spatio-temporal structures. However, there are many remaining 
problems, such anomalous ion heating [89] and excitation of high radial 
mode number of HW [21–23,25,115].

(ii)  Further extension of the helicon source machine and plasma parameters 
is important. For example, machine geometries, machine sizes, mag-
netic field strength and its configuration, and working pressure must 
be improved. Further, an excitation frequency lower than a few hun-
dred kHz (close to fci) or higher than GHz (close to fce) ranges, which 
depends on external parameters such as pressure and magnetic field, 
must be achieved, in addition to ne values well above 1014 cm−3, for which 
the strong plasma-wall interaction and neutral density depletion must 
be considered. Concerning geometries, for example, it is very useful to 
produce high-density helicon plasma in a toroidal machine with a dipole 
field, Ring Trap-1 (RT-1) [239], aiming at high-beta, stable confinement 
for non-neutral plasmas. There is a possibility in a special magnetic 
field configuration using neutral line discharge (NLD) [240] that HW is 
excited to have an important role for plasma production. The operating 
neutral pressure P0 is typically in the range of 0.1 to 1 Pa (ν/ω up to ~7 was 
achieved [38]) but can theoretically be extended further, e.g. with increas-
ing B and ω. As was mentioned previously, new applications to nuclear 
fusion machines are also promising, such as a current drive [177,178], 
which is suitable for off-axis driving [241], and high particle/heat fluxes 
[175,176] for irradiation of plasma-facing materials.
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(iii)  The advanced investigation of fundamental phenomena using the heli-
con sources mentioned in Section 3.1 is also crucial. Application to the 
following fields in laboratory and space is interesting to broaden the 
operational regions such as size, ne, and B0. This contributes to wider 
understandings of, e.g. magnetic reconnection in laboratory and space 
plasmas [19,242], dusty plasma [243], which is ubiquitous in the labo-
ratory as well as plasma processing with low ne and low electron tem-
perature, in addition to planetary rings and interstellar space. It is also 
interesting to investigate wave–particle interaction with propagating 
whistler mode waves in an auroral region, e.g. [244], as well as whis-
tler soliton, e.g. [245], and lower hybrid solitary structures (sometimes 
called lower hybrid cavities) [246], which exhibit localized structures in 
space plasmas. We can perform simulation experiments on communica-
tion blackout [247], that is an important issue during the re-entry flight 
in an ionized plasma layer. Additionally, combined (or hybrid) opera-
tion, such as laser and HW, can widen the general research fields through 
the synergy effect.

(iv)  Advanced thruster research and further extension to various practi-
cal applications are encouraging. Concerning thrusters, a more practi-
cal utilization from the near Earth, such as attitude control and a small 
satellite, to deep space in a human or non-human space flight can be 
expected, depending on objectives. Regarding industrial applications, 
R&D on environmental and medical fields can be expected, in addition 
to the present processes of plasma etching, deposition, spraying, and sur-
face treatment for materials. Since the environment issue [248] is com-
plex but of great concern, the overall understanding and mitigation of 
adverse effects are crucial. The emerging field of plasma medicine [249] 
is expected to play an important role in the near future, although it is still 
under development.

Finally, it can be stressed again that we expect the explosive evolution of fea-
tured, high-density helicon plasma sources, which have many advantages com-
pared to other sources from the viewpoints of easy handling of high-density 
plasmas over a wide range of external parameters. Various ideas developed thus, 
far should be converted into practical devices for future innovative technologies 
in diverse fields as well as for contribution to basic fields for further development 
[220,221,248–250], as summarized again in Figure 8.

As was mentioned in the introduction, advances in plasma science have revealed 
many application fields such as energy, nanotechnology/materials, information/ 
telecommunication, environment, space, biotechnology, etc. (bottom of Figure 
8), considering seeds and needs. This also holds true for helicon plasma science, 
since helicon sources have been utilized in fields such basic plasma, plasma appli-
cation, nuclear fusion, gas laser, plasma accelerator/thruster, and modelling in 



212   S. SHINOHARA

space plasma, which were mentioned in Sections 2 and 3 (and the right-middle 
part of Figure 8).

Note that it is necessary to understand and control the non-linearity of plasma 
with a complex structural formation for the evolution of extensive plasma science. 
New concepts, new regions of various parameters (development and its applica-
tion: left-middle part of Figure 8), and new methods can advance plasma science 
(top-right part of Figure 8) to achieve the new understandings and identify new 
applications.
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