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To study DEMO divertors, some linear devices have attempted to create DEMO-grade high-density steady-
state divertor simulation plasma in a stronger magnetic field. Helicon plasma sources using a flat-type antenna,
which are one of the methods of radio frequency (RF) plasma generation in magnetic field, are expected to
achieve this. In this study, we developed a new RF plasma source with a two-turn flat-loop antenna with RF
sources having a maximum output power of 30 kW in continuous waves. A two-turn flat-loop antenna is expected
to have a large-diameter discharge, and its radial density profile can be controlled. In addition, a water-cooled,
double-disc quartz window unit was installed for a high-density, high-power discharge. In the initial experiment,
argon and hydrogen plasmas were generated, and the integrity of the new device up to 5 kW, was confirmed in a
discharge experiment. The magnetic field conditions were changed in this experiment, and a mode change from
capacitively coupled plasma (CCP) to inductively coupled plasma (ICP) during argon discharge was observed.
Under the experimental conditions of this study, neither argon nor hydrogen produced helicon plasma. This study
hereby, discusses the plasma characteristics and provides guidelines for future development.
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1. Introduction
In order to realize DEMO and future fusion reac-

tors, it is critical to reduce the heat load to the divertor.
Currently, divertor simulation experiments are being con-
ducted using many linear devices to investigate the physics
of detachment plasma, which is one of the methods used
to reduce the heat load [1–5]. In typical linear devices,
the electron density ne and temperature Te are ∼1019 m−3

and ∼10 eV, respectively. Hence, these devices simulate
the detached plasma near a divertor plate [1]. In order to
investigate detachment plasma in a more relevant plasma
condition, which is expected in the entire scrape-off layer
(SOL) and divertor region in DEMO, higher electron den-
sities of approximately about 1020 - 1021 m−3 and electron
and ion temperatures above 100 eV in the steady state, are
required [1]. In addition, a large plasma diameter under a
strong magnetic field is expected in a real-scale DEMO-
grade divertor region [6]. However, no linear device satis-
fies all the conditions of the DEMO-relevant divertor simu-
lation plasma [1,7]. The pilot GAMMA PDX-SC, which is
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a superconducting mirror device, is currently under devel-
opment at the University of Tsukuba. The pilot GAMMA
PDX-SC aims to contribute to the development of an ex-
perimental linear device under DEMO divertor conditions.
One of the major challenges in the development of the pilot
GAMMA PDX-SC is plasma generation at a steady state,
with high density and large diameter in strong magnetic
fields.

Radio-frequency (RF) plasma sources can generate
plasmas with various parameters depending on their exter-
nal magnetic field and RF power. There are three discharge
modes exist: capacitively coupled plasma (CCP), induc-
tivity coupled plasma (ICP) and helicon plasma [8]. Heli-
con plasma sources can generate steady-state high-density
plasmas with a diameter has achieved 74 cm using a flat
spiral antenna [8]. These are expected to be advantageous
for steady-state, high-density, and large-diameter plasma
generation. Additionally, the radial density profile can be
controlled by changing the radiation field patterns of the
antenna using a flat spiral antenna [9]. However, scien-
tific and technical challenges still need to be overcome.
Therefore, a novel helicon plasma source is required to
address these issues. In particular, steady-state hydrogen-
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helicon plasmas with flat antennas have not been investi-
gated sufficiently. In addition, helicon plasmas of light el-
ements, such as hydrogen, are expected to require high-
power discharges of several kilowatts, which can cause
thermal problems in the equipment [10].

Therefore, in this study, a novel RF plasma source
with a two-turn flat-loop antenna is developed. The two-
turn flat-loop antenna is of the same type as the flat spiral
antenna. In addition, the radiation pattern can be changed
to control the radial density profile. In this paper, we re-
port the design and plasma characteristics of a new water-
cooled kilowatt-level steady-state discharge device as a
first step in the development of a two-turn flat-loop antenna
plasma source, and discuss future development strategies
and challenges.

2. Experimental Setup
An RF plasma source was installed in a Compact Test

Plasma (CTP) device [11]. The CTP had diagnostic and
plasma source regions as shown in Fig. 1 (a). A capaci-
tance gauge was installed inside the vacuum vessel in the
plasma source region (gas inlet port). In addition, a capac-
itance gauge and cold cathode gauge were installed in the
diagnostic region. An 800 L/s turbo molecular pump main-
tained a sufficiently low pressure of the order of 10−5 Pa.
The inlet gas flow rate was controlled using a mass-flow
controller.

The diagnostic region had two magnetic field coils and
a measurement port at the center. A maximum current of
65 A was applied to the magnetic-field coils. As the mag-
netic field strength is a critical parameter in helicon plasma
generation, in this study, experiments were conducted in
two different magnetic fields. Figure 1 (b) shows the mag-
netic field strength profiles along the z-axis for the 65 A
and 25 A magnetic field coils. The radial-line-integrated
emission intensities were observed using a spectrometer
(AvaSpec-ULS4096CL–EVO–UA-10) placed between the
two coils. The spectrometer had a grating of 300 lines/mm,
a wavelength range of 350 nm to 800 nm, and line resolu-
tion of 0.50 nm to 0.70 nm in the FWHM. The end-plate,
which was a 10 cm diameter disc at the end of the device,
floated electrically.

A two-turn flat-loop antenna was installed by replac-
ing the original direct-current (DC) arc source. The outer
diameters (O.D.) of the inner and outer loops were 5 and
10 cm, respectively. The antenna was made of copper and
had a water channel for cooling. In this experiment, the
antenna was placed approximately 68 cm from the center
of the magnetic coils (z ≈ −68 cm), and the feeding point
was at one end of the outer loop. The outer and inner loops
were connected, and the number of modes in the radial di-
rection was zero. An RF power supply, 30 kW, 13.56 MHz
continuous wave (CW), and a matching box (MB) with a
split tank circuit were placed in the plasma source region.
The RF wave emitted from the antenna propagated into the

Fig. 1 (a) Schematic diagram of the CTP and (b) magnetic field
strength profiles on the z-axis of the CTP.

Fig. 2 Schematic diagram of a water-cooled, double disc quartz
window unit.

vacuum vessel through a pair of quartz windows to gen-
erate plasma. Figure 2 shows the water-cooled double-
disc quartz window unit. Water was circulated between
the two quartz windows, cooling them evenly. This al-
lowed RF penetration into the vacuum vessel and protected
the windows from heat from the plasma and RF antenna.
Although conventional helicon plasma sources with water-
cooled window [10], our system is the first example of a
flat-type antenna with a fully water-cooled window.

3. Results and Discussions
The RF discharges started with 190 W of RF power

input for argon (Ar). Hydrogen plasma generation began
at less than 500 W. The newly introduced RF circuit and
water-cooled double-disc quartz window unit functioned
effectively. The temperature change in the quartz windows
was within the acceptable range of less than 5 kW. How-
ever, during input RF power of almost 5 kW, the vacuum
vessel close to the discharge region reached approximately
60◦C. In addition, abnormal discharges were observed, in-
dicating discharges outside the vacuum vessel, such as dis-
charges in the matching box, depending on the experimen-
tal conditions.
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3.1 Argon plasma generation
Figure 3 shows the Ar plasma generated under the

conditions of coil current 65 A, input RF power 2 kW, and
gas pressure of 0.3 Pa in the diagnostics region. Plasma
is confirmed to be present throughout the vacuum vessel.
Figure 4 shows the floating potential measured using the
end plate. When the RF power is almost 2 kW at 25 A, the
floating potential (Vf) changes nonmonotonically, suggest-
ing that the discharge mode changes. At 65 A, Vf changes
continuously to 3.5 kW. The power is further increased,
and an abnormal discharge occurs in the MB.

Figure 5 shows the emission spectra before and af-
ter the mode change. The ArI emission at approximately
750 nm is stronger than that at approximately 400 nm.
Here, we discuss whether the observed mode is ICP or he-
licon. The helicon mode is characterized by a very high
electron density and bright ion emission in the radially lo-
calized central core region, known as the blue core [12].
However, such strong ion emission (ArII) is not observed.
Therefore, based on these results, we can conclude that the
observed mode change is due to ICP.

To further evaluate the relative electron density, we
focus on the emission intensity. The ArII emission inten-
sity IArII can be written as follows, assuming that the plas-
mas are quasi-neutral, and the electron temperature is con-
stant [13].

IArll ∝ ne
2, (1)

where ne denotes the electron density. Figure 6 shows
the RF power dependence of

√
IArll, which is proportional

to ne (Eq (1)), using the wavelength 420.1556 nm and the
emission from 5 s4P to 4p4D◦. The assumption of a con-
stant electron temperature can then, be made by consider-
ing the following. The floating potential depends on the
space potential and electron temperature, and as the float-
ing potential is almost constant up to 2 kW (in Fig. 4), it
can be considered that the electron temperature is almost
constant if the space potential is constant. In these experi-
ments, plasmas were generated in the entire vacuum vessel
(see Fig. 3), and the electron loss to the vessel walls re-
lated to the space potential was less affected by the power
rise. Therefore, the space potential can be assumed to be
almost constant. As shown in Fig. 6, at 65 A, ne is slightly
higher owing to the stronger magnetic field. In both cases
of 65 A and 25 A, before the mode change, ne increases as
the input power increases. It may be noted that the compar-
ison of ne between the plasmas before and after the mode
change is not appropriate because the electron temperature
changes as the floating potential changes at 2 kW in the
case of 25 A.

3.2 Hydrogen plasma generation
Hydrogen plasmas were generated at the magnetic

coil currents of 25 A and 65 A, a gas pressure of 0.2 Pa
in the diagnostic region, and an input RF power of up to
4.5 kW. Figure 7 (a) shows the emission intensity ratio of

Fig. 3 Argon plasma generation experiment in CTP; the mag-
netic coil current is 65 A, gas pressure at the diagnostics
region is 0.3 Pa and the input RF power is 2 kW.
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Fig. 4 Power dependence of the floating potential at the end
plate when the magnetic coil current is 25 A (orange
closed squares) and 65 A (blue closed triangles).
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Fig. 5 Emission spectrum of an Ar plasma in the CTP with mag-
netic coil current 25 A when the input RF power is 2.2 kW
(red line) and 2.0 kW (green line).
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Fig. 6 Power dependence of the square root emission intensity
of Ar II (420.1556 nm) which is proportional to ne when
Te is constant [13].

the Fulcher-band (d 3Πu − a 3Σ+g ) to Hα, IFulcher/IHα. For
IFulcher, the total intensity of the transition of the rovibra-
tional state v = 1 to 1 in the Q branch j = 1, 2, and 3 is
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Fig. 7 Power dependence of (a) emission intensity ratio of one
of the Fulcher-α band lines to Hα, (b) emission intensity
of Hα, and (c) floating potential at the end plate on CTP
at 0.2 Pa, magnetic coil current 25 A (orange) and 65 A
(blue).

used. IFulcher/IHα is almost constant with the input power,
with a maximum ratio of 0.73 and a minimum ratio of 0.53.
For incident powers greater than 1 kW, the ratio remains al-
most constant. No differences are evident in the ratio with
respect to the magnetic field strength. Reference [14] de-
scribed IHα; IFulcher as

IHα ∝ nenH2⟨σν⟩dis,H(n=3), (2)

IFulcher ∝ nenH2⟨σν⟩ex,H2(d 3Πu), (3)

where, ⟨σν⟩ are the rate coefficients derived from the cross
sections by averaging the Maxwellian distribution func-
tion. ⟨σν⟩dis,H(n=3) is the dissociative excitation of electron
collision and ⟨σν⟩ex,H2(d 3Πu) is direct excitation from elec-
tron excitation. The ratio of IFulcher/IHα is a function of
the rate coefficients only, which are a function of the elec-
tron temperature [14]. According to [14], it is suggested
that the electron temperature is between several eV in this
case. The power dependence of the electron temperature is
also considered to be almost constant for incident powers
greater than 1 kW. It may be noted that in [14], similar ex-
perimental conditions were used, including low gas pres-
sure (up to 0.27 Pa), low electron density (∼1016 m−3), but
electron cyclotron resonance plasma generation.

Figure 7 (b) shows the power dependence of IHα. Its
value increases by one order of magnitude. According to
Eq (2), IHα can be increased through three terms, electron
density ne, hydrogen molecule density nH2 and the rate co-
efficient of dissociative excitation. Although nH2 can in-
crease due to the recycling of hydrogen absorbed in the
vacuum vessel wall, its contribution is considered to be
very small in this case. When the input RF power is greater
than 1 kW, the rate coefficient is almost constant because

the Te is almost constant in this region. Therefore, we con-
clude that an increase in IHα is strongly in influenced by an
increase in ne. However, because of the strong temperature
dependence of the reaction rate coefficient in the region
of a few electron volts [15], detailed electron temperature
measurements are required to develop this discussion.

The abovementioned results show almost no differ-
ence for magnetic coil currents of 25 A and 65 A. However,
the floating potential at 65 A is slightly deeper than that at
25 A (shown in Fig. 7 (c)), which is attributed to the sup-
pression of electron loss to the wall caused by the increase
in the magnetic field. This consideration is driven by the
evaluation of the radial diffusion coefficients of electrons
and ions. We expect this to be an important guideline for
magnetic field strength design in plasma source develop-
ment, and one of the most important issues to be addressed
in the future.

In this study, we did not considered reactions involv-
ing high-state hydrogen during dissociation and excitation.
We considered models that accounted for these reactions
(the collisional radiative (CR) model). In the future, we
will attempt to optimize the magnetic field strength, con-
figuration, and gas pressure to realize helicon discharge.

4. Conclusion
This study presents the details of the development of

a steady-state, high-density, large-diameter plasma source
for the pilot GAMMA PDX-SC. A helicon wave plasma
source with a flat antenna was developed. A high-power
discharge circuit and cooling system were installed. In
the discharge test at the CTP, argon and hydrogen plasmas
were successfully generated.

In the case of argon, the electron density ne increases
slowly with increasing power. For a further increase in
the electron density, a transition to the ICP mode is ef-
fective. However, when the magnetic field coil current is
65 A, ICP is not generated. A possible reason is that the
electron density is slightly higher than that at 25 A, and the
skin depth is slightly shallow, which is an important pa-
rameter in ICP. Therefore, it is necessary to measure the
absolute value of the electron density. In the case of hy-
drogen, Te is almost constant above 1 kW, and the tends to
increase with increasing input RF power, according to the
emission intensity results. However, the floating potential
differs depending on the magnetic field strength, and we
infer that the difference is caused by the diffusion coeffi-
cient in the radial direction. The diagnosis of Te and Ti is
a future challenge for further discussion of diffusion coef-
ficients.

In the future, we will evaluate the cooling in the RF
circuit in detail to further improve the performance and
stabilize the circuit. A detailed evaluation of the water-
cooled quartz window unit will also be conducted. In ad-
dition, we will improve the direct probe measurements for
both argon and hydrogen. For helicon plasma generation,
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we will perform a detailed search for ICP transition con-
ditions and investigate the magnetic field strength and gas
pressure. Such plasma source development will contribute
not only to DEMO divertor development but also to applied
applications and understanding of RF plasma physics.
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