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In order to miniaturize a high-density, inductively coupled magnetized plasma or helicon plasma
to be applied to, e.g., an industrial application and an electric propulsion field, small helicon device has been developed. The specifications of this device along with the experimental results are
described. We have succeeded in generating high-density (∼1019 m−3 ) plasmas using quartz tubes
with very small diameters of 10 and 20 mm, with a radio frequency power ∼1200 and 700 W,
respectively, in the presence of the magnetic field less than 1 kG. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4823524]
I. INTRODUCTION

High-density (∼1019 m−3 ), high-ionization ratio (up
to several tens of percent) helicon plasmas or inductively
coupled magnetized plasma can be produced with wide
operating ranges of, e.g., the magnetic field and its strength, a
fill pressure, and an excitation radio frequency (rf).1–4 Thus,
they are utilized in various fields such as a plasma processing
and an electric propulsion field, in addition to basic and nuclear fusion ones. Typical, present operating ranges of these
are as follows: electron density: 1018 –1020 m−3 , magnetic
field strength:5, 6 5 × 10−3 –1.5 T, rf frequency: 5–30 MHz,
plasma volume:7–9 23 cm3 –2.1 m3 , plasma diameter:8–10
20–750 mm (including Inductively Coupled Plasma (ICP)
(20 mm in diameter)11 ). Needless to say, it is crucial to
expand external operating parameters including plasma sizes.
An application of high-density plasma source to an electric thruster, which has a higher specific impulse than a chemical thruster, a helicon high-density plasma is very useful. For
example, in order to solve a problem of an electrode erosion,
high-density helicon sources with some acceleration schemes
are promising in an electrodeless propulsion system.12 Since
the electrodes have no direct contact with plasmas in this system, it is expected to have a longer operation life time. In addition, the electric thruster using the small-diameter plasma
source, developed in this study, will contribute to a light
weight thruster such as an attitude controller. Moreover, a
clustered-compact thruster enables more redundancy than a
single thruster which has the same thrust. According to past
studies, the smallest diameter of the helicon electric thruster
was 20 mm.8, 10 Furthermore, the small source is also important to an industrial application such as a coating of inner wall
of a thin tube.
However, in constructing a small diameter plasma, there
are several problems, e.g., increased ratios of rf sheath and a
Larmor radius (ions and electrons) to plasma radius, and enhanced plasma-wall interactions (physical view point). There
are also difficulties to measure plasma parameters by various
probes inserted into small discharge tubes, and to control and
a) Electronic mail: dkuwahar@cc.tuac.ac.jp

0034-6748/2013/84(10)/103502/4/$30.00

measure a neutral pressure in the small tube, along with a
problem of a coupling between an rf antenna and a plasma
(technical view point). Here, this study aims to demonstrate
the smallest-diameter (10 and 20 mm), high-density helicon
plasma source developed, and to characterize its plasma leading to clarify the above problems in future.

II. DESCRIPTION OF SMALL HELICON DEVICE (SHD)

In order to demonstrate a very small-diameter, highdensity helicon plasma, Small Helicon Device (SHD) has
been designed and developed. A schematic view of SHD is
shown in Fig. 1. This device has 10 and 20 mm in inner diameter (i.d.) discharge tubes, and 5 mm and less i.d. can be
applied to check the helicon performance in future from the
present design.

A. Vacuum system

Vacuum system of SHD consists of 4 parts, i.e., a gas
feeding part, a discharge tube, a vacuum chamber made of
SUS316, and a gas pumping part. The gas feeding part is connected to a head flange (leftmost in Fig. 1). An argon gas
is supplied through a mass flow controller (SEC-400MK3,
HORIBA: mass flow rate of 1–30 sccm). The discharge tube
made of a quartz (10 or 20 mm i.d. with an axial length of
453 mm) can be connected to a vacuum chamber. In addition,
the head flange has a ionization vacuum gauge (MG-2, Canon
ANELVA) to measure a neutral gas pressure in a wide range
between 10−6 and 13 Pa. The vacuum chamber, 165 mm in
i.d. and 865 mm in an axial direction, works as a buffer tank
of the discharge tube. The vacuum chamber has many flanges,
i.e., ten 2.5 in. flanges and four gauge port flanges (as shown
in Fig. 1), to accept various diagnostics easily, e.g., Langmuir
probes, a fiber of monochromator, and a high-speed camera. A
turbo-molecular pump (TG200, 200 l/s, Osaka Vacuum, Ltd.)
and a rotary pump (CVD-050A, 50 l/min, ULVAC) are also
connected to the vacuum chamber. An ionization gauge is also
added near the turbo-molecular pump. The base pressure in
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FIG. 2. Schematic diagram of SHD and the profile of the magnetic field.
(a) 2D profile of the absolute magnetic field distribution (axial component)
and magnetic field lines. (b) Axial (z) distribution of the z component of the
magnetic field (r = 0), with the coil current of 30 A.
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FIG. 1. Schematic of SHD: (a) bird eye view and (b) side view.

the vacuum chamber is less than 10−4 Pa, and operating pressure in the source region is between 0.1 and 10 Pa.
B. rf system

The rf system consists of 3 parts: a double-loop antenna
for plasma production, an impedance matching circuit, and
a rf power supply. This double-loop antenna, made of copper plates of 0.3 mm thickness, is wound around the outer
surface of the quartz tube. Two copper plates of 50 mm and
40 mm in width are used with central axial distances of
50 mm and 60 mm, in the case of 10 mm and 20 mm
i.d., respectively. In the matching box (T020-6326AK,
THAMWAY), a split tank circuit (serial capacitance: 100–
35 000 pF, parallel capacitance: 85–5500 pF, series inductance: 1–60 μH) is employed. In order to estimate an rfplasma coupling, the rf current and voltage are measured in
addition to the incident and reflected powers by a directional
coupler with an attenuation of 50 dB. A connection length between the matching box and the double loop antenna is kept
as short as possible, using parallel feeder lines made of copper plates. The rf power supply is composed of a function
generator (SG4105, IWATSU) and a power amplifier (T1456326CK, THAMWAY), feeding rf power up to 2 kW with an
rf frequency of 0.3–13.56 MHz. Due to heat damages to the
antenna and Langmuir probes, the experiment has been carried out in a 100 ms rf discharge pulse with a 1.0 s interval
(duty ratio is 1/10).

distributions of the magnetic field. The axial magnetic fields
B in the center of the magnetic coils are measured as 275,
550, and 825 G with the coil current of 10, 20, and 30 A, respectively, which are in good agreement with calculation results. In the application of the electric propulsion, a divergent
magnetic field can produce a thrust with combined effects of
−μ∇B and −∇p (where μ and p are a magnetic moment and
a plasma pressure, respectively), like a role of a magnetic
nozzle. Moreover, the divergent field configuration is useful
in the electromagnetic plasma acceleration scheme proposed
by our group. Since this divergent magnetic field has a radial
component Br , a Lorentz force (thrust) is expected if the azimuthal current jθ is induced in the plasma by some ways,
e.g., rotating magnetic field method8, 13 and rotating electric
field one.7, 12
D. Diagnostics

To characterize the plasma performance, electron density profiles were measured by a Langmuir probe, which
is inserted from an opposite side of the discharge tube
(see Fig. 1). The electron density ne was derived from the
ion saturation current under an assumption of the typical electron temperature Te of 3 eV. In the case of the small diameter
discharge tube, e.g., less than 10 mm i.d., the probe measurement disturbs plasma production very much, since the probe
occupies large area in an inner space of the discharge tube.
Therefore, spectroscopic measurements using monochromators (MC-150N, Ritu Oyo Kougaku Co., Ltd., wavelength
resolution of 0.006 nm, and HR2000+, Ocean Optics, wavelength resolution of 0.5 nm) were used as non-invasive measurements: Doppler shifts and broadenings of emission lines
from the plasma in addition to line intensities.
III. EXPERIMENTAL RESULTS

C. Magnetic field coil

A. Dependence of the electron density on rf power

To excite the helicon wave, an external magnetic field
is necessary. SHD has a magnetic field coil (404 turns,
90 mm i.d.) in the discharge tube section. Figure 2(a) shows

Figure 3 shows ne obtained in the rf antenna region as
a function of the rf power (Prf , incident power – reflected
one) with an rf frequency of 7 MHz throughout the present
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FIG. 3. ne responses as a function of Prf .

paper. The experimental conditions are as follows: Langmuir
probe position: z = −265 mm (center of the excitation antenna), mass flow rate: 5 sccm (∼2.4 Pa at the head flange
position for 10 mm i.d.) and 20 sccm (∼2.0 Pa for 20 mm
i.d.), and magnetic coil current: 20 A. In this figure, electron
density jumps were observed at ∼1200 W (10 mm i.d.) and
Prf ∼ 700 W (20 mm i.d.). Here, in both cases, at the density
jumps, ne increased to be close to 1019 m−3 by a factor of more
than several tens of times. Since ne was sufficiently high after
the jumps, this mode change is considered as a mode change
from ICP to helicon plasma. Note that in the 10 mm i.d. case,
the low density (∼1015 m−3 ) plasma could be generated with
very low rf power of several W.

B. Electron density distribution in the axial direction

Figure 4 shows ne distribution along the axial direction
with 10 and 20 mm i.d. tubes under the same experimental
conditions as those in Fig. 3 except for Prf ∼ 690 W. Using
20 mm i.d. tube, ne decreased with increasing distance from
the rf antenna, and it decreased rapidly when a plasma entered the vacuum vessel region from discharge tube where
ne is >1018 m−3 . A similar trend of the sudden density drop
could be seen in the case of 10 mm i.d. tube, although only
one point in the discharge tube was measured: 10 mm i.d.
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FIG. 5. Ar I emission and ne as functions of Prf .

case indicates the higher ne than that in 20 mm i.d. case in the
tube region.
C. ICP discharge

Figure 3 also shows the dependence of ne on Prf without the magnetic field (ICP mode) in the case of i.d. 20 mm
(open diamonds). Comparatively high-density plasma more
than 1019 m−3 was generated in the localized region (near the
antenna) with Prf ∼ 1 kW. However, plasma was not produced
stably with Prf < 800 W.
D. Ar I emission

As a preliminary test of non-invasive diagnostics for
the case of very small i.d. tubes, we tried a spectroscopic
measurement using a monochromator (HR2000+). Figure 5
shows the dependences of ne (same experimental conditions
as Fig. 3: φ 10 mm case) and Ar I intensity on Prf . The intensity of Ar I was obtained at the position of z = −250
mm (center of the double-loop antenna). Here, the intensity of
Ar I is written as
IArI ∝ ne n0 σ,

(1)

where IArI , n0 , and σ indicate an intensity of Ar I, neutral
particle density, and a cross-section depending on Te , respectively. From Fig. 5, IArI showed a slight jump at the density
jump with Prf ∼ 800 W. This small jump might come from the
decrease (increase) in n0 (ne ), if we could neglect a change of
the σ term.
IV. DISCUSSION
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FIG. 4. ne distribution in the axial direction.

Here, two points are discussed. First point is a particle production efficiency. The total electron number (Ne ) in
the whole plasma region divided by Prf is considered.12, 14
In the case of 20 mm i.d., by taking the average ne in the
discharge tube of 2.5 × 1018 m−3 , axial plasma length of
400 mm, and Prf of 690 W (see Fig. 4), Ne /Prf is estimated to
be ∼5 × 1012 W−1 . This value, which is expected to be proportional to a2 (a: plasma radius) in the present conditions, is
in good agreement with other helicon data12, 14 and also with
the power balance consideration.14 If the main loss is across
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the field, hence efficiency deterioration with a reduction of
plasma radius is considered to be the enhanced radial diffusion and the wall loss. Although a helicon plasma was not
verified due to non-measurement of wave propagation, this
shows an excellent particle production efficiency even in the
very small diameter.
Second, a normalized size relating to the plasma-wall interactions is briefly discussed. Since the ion Larmor radius
in the condition of Fig. 3 case is calculated to be 6.4 mm
(B in the coil center and argon ion temperature are taken of
550 G and 0.3 eV, respectively). When a plasma is away from
the magnetic field coil, the diameter of an ion orbit becomes
larger than i.d. of discharge tube due to the divergent field. Although there are plasma losses by collisions at the inner wall
surface of the discharge tube, we could still keep the highdensity plasma (see 20 mm i.d. case in Fig. 4). Needless to
say, more experimental data are required in future, i.e., detailed spatial distributions of ne and a plasma potential, along
with wave structures by non-disturbed measurements.
V. CONCLUSION

In this study, in order to investigate the characteristics of
the small-diameter helicon plasma, we have developed SHD:
A high-density helicon plasma of ne up to 1019 m−3 was successfully produced with the smallest i.d. of 10 and 20 mm, by
measuring the Prf dependence and an axial distribution.
These results can open a window to a downsized scaling and several problems raised in the Introduction part.
In order to have a further reduction of plasma radius, we
need to consider technical problems, considering physical one
mentioned in the Introduction part, including helicon wave
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characteristics such as wave structure and a dispersion relation. It is also necessary to install non-contact diagnostics
such as spectroscopy, microwave interferometer, and laser induced fluorescence measurements, since the Langmuir probe
disturbs the plasma behavior strongly.
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