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ABSTRACT

Plasma production in stellarators with ion cyclotron heating is complementary to the widely used electron cyclotron heating (ECRH). The
prospective light ion minority scenario developed and tried on Uragan-2M and Large Helical Device (LHD) stellarators had been reexamined
at LHD. The distinctive feature of this attempt is that the parameters of plasma produced are better than before and are comparable with
those of plasma produced by the ECRH. This new possibility of ion cyclotron heating, if it becomes practical, motivates rethinking of the role
of ion cyclotron heating in stellarator machines.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0248769

Plasmas in stellarators are created by radio frequency (RF) waves
in the range of ion cyclotron frequencies (ICRF).1 Earlier experiments
on both plasma break-down and heating plasma exclusively by RF
methods were carried out mainly on small stellarators. Reports from
the Compact Helical System (CHS),2 Wendelstein 7-AS,3 Uragan-3M
(U-3M) and Uragan-2M (U-2M),4,5 and H-16 definitively demonstrate
the possibility of producing plasma with a density of 1018–1019m�3

using RF discharges only. However, the resulting electron temperatures
were found to be quite low, ranging from some eV to some hundreds
of eV. In addition to the aforementioned devices, experiments on the
production of RF plasma have also been carried out in the Large
Helical Device (LHD). Using a folded waveguide antenna, a density of
3.0� 1018m�3 was achieved, and the electron temperature in the cen-
ter was roughly several tens of eV.7 Extending these findings to large

stellarators indicates that standard RF equipment must be made more
complex to fit the aforementioned scenarios. To this end, LHD experi-
ments demonstrate that machine size must be taken into account, and
efforts must increase accordingly. In contrast, electron cyclotron heat-
ing (ECRH) at the second harmonic extraordinary mode (X2 regime)
robustly creates and heats plasmas, making it a compelling argument
for its wide usage.

From a technical point of view, ICRF plasma production is of
interest for stellarators only if it focuses on using the ICRF heating
equipment. The scenario that meets this requirement is documented
in Ref. 8, in which the plasma was made of a gas mixture containing
hydrogen. As with all scenarios, it should couple RF power to the elec-
trons in a wide plasma density range, from very low at the initial stage
to high at the final stage (see also Ref. 9). At low plasma densities, the
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direct slow-wave excitation by the antenna is necessary to heat the
plasma electrons. Strap antennas, widely used for ICRF, however, are
designed for fast wave excitation. Beneficial for an efficient plasma
break-down, the power needed to couple to the plasma is small, and
parasitic slow-wave excitation by the antenna is, as a rule, sufficient for
the initiation of plasma production.

At high plasma densities, the electron heating results from mode
conversion,10 which is widely established for two-ion-plasmas.
Experiments at U-2M8,11–15 have identified discharge conditions that
allow for producing fully ionized ICRF plasma in stellarators. This par-
ticular scenario requires light minority ions, for which the ion cyclo-
tron resonance zone resides in the plasma. In experiments with
H2þHe mixture in U-2M, relatively high density (�1019m�3) plas-
mas were produced, but, again, at low ion and electron tempera-
tures.8,11–15

Given the resulting motivation to develop reliable plasma startup
scenarios, studies on LHD14,16–18 were conducted. As a starting point
for our studies, ICRF plasma production was demonstrated using
field-aligned antennas.16 The RF power was limited to 0.2MW to
avoid arcing on RF antennas that could result in detrimental impurity
fluxes or even in RF system damage. In this way, low plasma density
(9.5� 1017m�3) was obtained, the antenna–plasma coupling was
poor, and the produced plasmas were not fully ionized. In subsequent
experiments, the injected RF power was significantly increased,14,17

resulting predictably in a sixfold increase in the plasma density up to
6� 1018m�3. Still, the electron temperature was low, and light impuri-
ties were not fully ionized, as indicated by the lack of recombination
lines peaks after the RF pulse. Curiously, when the cold initial plasma
is prepared by ECRH pulse, ion cyclotron resonance heating (ICRH)
alone rises both electron and ion temperatures and, after this, sustains
this hot plasma.17 Summarizing the findings, break-down and heating
were not obtained within a discharge. Therefore, the goal of the studies
is to demonstrate both the break-down and plasma heating employing
the same RF set-up. In order to qualify the approach for larger devices,
the scalability of this ICRF pre-ionization scenario is examined as well
in LHD.

LHD is a superconducting, large-scale, heliotron-type device with
a major plasma radius of Rax¼ 3.6m and a mean minor radius of
ap¼ 0.6m, resulting in a plasma volume of about 30m3.19 In
the reported experiments, the magnetic field was kept at 2.75T on the
magnetic axis. Then, at the used heating frequency of 38.5MHz, the
protium-cyclotron-resonance zone crosses the plasma column verti-
cally. The ICRF heating system of LHD includes the hand-shake form
(HAS) antenna20 and the field-aligned-impedance-transforming
(FAIT) antenna.21 Each antenna consists of two parts, upper (U) and
lower (L), which can be fed independently. To avoid a strong voltage
increase on the RF system elements, especially at the initial stage of
plasma production at the beginning of the RF pulse, the RF power is
gradually ramped up to the designated level. The ramping-up time is
0.1–0.2 s to arrive at moderate power levels of�250kW. A comparable
approach was realized at U-2M, where the RF power is increased step-
wise.10 The idea of this approach is to create plasma at low power lev-
els, thereby providing necessary antenna-plasma coupling for higher
RF powers.

The crucial novelty of the approach reported here is the gas fuel-
ing scheme. We examine two ways of gas fueling, a continuous and a
pulsed one. In the continuous mode, a gas mixture is created in the

LHD vacuum vessel by independent supply of hydrogen and helium.
Hydrogen was injected through ports 3.5 and 5.5 l and helium through
port 5.5 l.22 The flow rates were controlled by varying the voltage on
the piezo-electric valves. The steady-state pressure and the concentra-
tion of hydrogen and helium were monitored by the vacuum gauges
and mass spectrometer, respectively. In addition to the constant hydro-
gen and helium gas puff, a pre-programmed gas injection of helium
was used in the pulsed mode. The 5.5 l port gas flow rate was varied
and optimized during the shot. Experimentally selected such a regime
at which a significant increase in plasma density after helium injection
was observed. This effect, for example, had been achieved in five pulses
of helium injection with a duration of 4ms of each pulse at maximum
flow rates of �43Pam3/s and a time between pulses of 1 s. The use of
this gas pulsed mode was crucial for a controlled increase in the plasma
density in ICRF discharge with simultaneous heating of plasma.

The time dependence of the line-averaged electron density was
measured with a far-infrared (FIR) laser interferometer.23 The temper-
ature and electron density profiles were measured by the Thomson
scattering (TS) system.24 Time-resolved optical emission spectroscopy
was used to detect the spectral lines of He I and Ha as well as from
impurity ions (C III, C IV, O V, O VI, and Fe XVI). The total power
radiated by plasma was measured with a bolometer.25 To determine
the gas composition and partial pressures, a quadrupole mass spec-
trometer system was enabled.

The plasma parameters time evolutions for a representative shot
at the continuous mode of gas fueling are shown in Fig. 1. The dis-
charge was initiated by the upper strap (U) of the HAS antenna. Then,
with the delay of 700ms, the FAIT (L) antenna was turned on. The
plasma density increases slowly up to �1� 1019m�3 (see Fig. 2). The
electron temperature ramps up faster, achieving its maximum of
�1.3 keV at the density value of �4.2� 1018m�3. Next, the density
increases, and the temperature decreases and remains almost station-
ary at �1 keV. The maximum energy content of plasma in this shot
was �0.05MJ. At a maximum density value of 1.1� 1019m�3, the RF

FIG. 1. Time evolutions of injection powers PICRF for antennas HAS (U), FAIT (L),
maximum voltage at the coaxial line Vmax, and loading resistances (including vac-
uum loading resistance) Rp for the LHD discharge #187199.
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power is �680 kW, with the radiation losses being not high, about
�190kW. After switching off the RF power at 7.7 s, the electron tem-
perature decreases (see Fig. 2), while the density remains nearly
unchanged. The plasma decay begins at�7.8 s.

This regime is very sensitive to the gas fueling rate. It does
not depend strongly on the initial hydrogen concentration in
the mixture, measured by mass spectrometry in the 16%–38%
range.

Figure 3 shows the radial distribution of electron temperature
and density for the discharge times 3.7 and 7 s. The temperature is

maximum in the center of the plasma column, having triangular-
shaped profile for t¼ 7.0 s, and somewhat flattened in the very center
for t¼ 3.7 s. At the same time in 7 s, the electron density is roughly
constant in the center of the profile (R� 3.2–4m). Both the density
and temperature of the electrons are about half for 3.7 s compared
to 7 s.

Now, we turn to the new startup scheme. The salient feature of
the scheme is pulsed gas injection. The HAS (U) antenna starts first,
then, with a delay of 900ms, the FAIT L and U parts antenna are pow-
ered (see Fig. 4). Helium gas pulses are applied from 3.5 to 7.5 s at a
frequency of 1Hz.

Figure 4 shows that the plasma density increases, and the elec-
tron temperature decreases after the first gas puff and an increase
in the plasma density were observed after each gas injection pulse.
Figure 4 also documents improved plasma conditions after the
startup with the pulsed gas puff scheme: plasma densities around
0.8� 1019m�3, at an electron temperature of 2.5 keV, with an
energy content of 0.1MJ, and radiation losses up to 0.2MW at
1.1MW injected RF power were achieved. Figure 5 gives the RF
system data for this shot.

Figure 6 shows waveforms of spectral lines in the startup phase.
The shape of the intensity of the He I is a clear response to the gas puff
pulse. In response to the first gas pulse, impurity ions Fe XVI, O V, O
VI, and C IV lines are noticeably increased, indicating significant
impurity release from the walls. Once additional RF power by the
FAIT antenna is applied, however, all optical line intensities strongly
decrease. The strong reduction of impurity lines goes along with a sig-
nificant increase in the electron temperature. Thereafter, the intensities
of the spectral lines of hydrogen and impurities do not change signifi-
cantly, the impurity lines are much reduced, and all optical line intensi-
ties strongly decreased after switching on additional RF power by the

FIG. 2. Time evolutions of RF power PICRF (total), radiation power Prad, electron density
Ne, and electron temperature Te in continuous gas puff mode for the LHD discharge
#187199. The average electron density of far-infrared (FIR) laser interferometer at
R¼ 3.669m, electron density, and temperature of Thomson scattering (TS) at
R¼ 3.602m are given. The initial working gas content is�30% H2þ 70% He.

FIG. 3. Radial distribution of electron density and temperature (LHD discharge
#187199) for t¼ 3.7 s (left panels) and 7.0 s (right panels).

FIG. 4. Waveforms of the injected power PICRF (total), radiation power Prad, electron
density Ne, and electron temperature Te in with pulsed gas supply. The vertical
green lines indicate gas puff moments. The data average electron density of far-
infrared (FIR) laser interferometer at R¼ 3.669 m, electron density, and temperature
of Thomson scattering (TS) at R¼ 3.602m are given. The initial working gas con-
tent is �24% H2þ 76% He.
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FAIT antenna. The initial concentration of hydrogen before the shot
was �24%. During the RF, the hydrogen concentration can be esti-
mated from the ratio of helium to hydrogen presented in Fig. 6. It can
be seen that the hydrogen content decreases from pulse to pulse of
helium injection. For example, before the second pulse, the ratio was
�0.5, before the third pulse�0.45, and before the fifth pulse�0.35.

The radial distribution of the electron density and temperature is
shown in Fig. 7. Similar shapes as for continuous gas supply appear

(Figs. 3 and 7) but at significantly enhanced electron temperatures.
The elevated central electron temperature due to the increase in the
ICRF power also shows a significant heating by ion cyclotron waves
after the break-down phase.

Compared with previous experiments, in this study, the timing
and amplitudes of the gas puff and the RF power were carefully tuned,
and plasma production and heating were demonstrated for the first
time only with exclusively ICRF heating in a big stellarator machine.
In the regime with continuous gas puff, plasma density achieves the
value of about 1� 1019m�3, and the electron temperature is over
1 keV. The ICRF power of 0.7MW substantially exceeds the radiation
power, 0.2MW. For pulsed gas puff discharge, the ICRF power is
higher, 1.1MW. Radiation power and plasma density keep almost the
same level. The electron temperature got higher values of 2–2.5 keV.
As for electron-ion energy exchange, the estimated thermal equilibra-
tion time for electrons is 0.6 s. Therefore, energy losses for the
Coulomb ion heating are not high. Both continuous and pulsed gas
puffs could be employed to produce dense and hot plasmas. Target
plasmas produced with the pulsed gas puff scheme show higher elec-
tron temperatures and are, therefore, better suited for a controlled
increase in plasma density.

The significant increase in the central electron temperature
beyond 1keV is instrumental for target plasmas heated by the third
cyclotron harmonics in the extraordinary mode (X3),26 which requires
high electron temperatures. Such a scenario is needed for Wendelstein
7-X for operation at a magnetic field of 1.7 T.27 Moreover, plasmas
with obtained parameters can be used as a target for neutral beam
injection (NBI)28 to provide target plasmas avoiding detrimental beam
shine-through.

To conclude, the demonstrated startup scheme opens possibilities
to develop different plasma production-heating scenarios in ICRF for
stellarators that complement ECRH scenarios, significantly enhancing
accessible plasma settings such as the magnetic field strength (given
the fixed frequencies of resonance heating or the application of neutral
beam injection). We point out two unique advantages: (i) ICRF startup
does not have any upper plasma density limit, and (ii) for stellarators

FIG. 5. Waveforms of injection ICRF power for antennas HAS (U), FAIT (U and L),
maximum voltage at the coaxial line Vmax, and loading resistances (including vac-
uum loading resistance) Rp for LHD discharge #187226. The vertical green lines
indicate the times of gas puff pulses.

FIG. 6. Waveforms of spectral line intensities of H I (Ha 656.3 nm), He I (587.6 nm),
and impurities C III (97.7 nm), C IV (154.9 nm), O V (63 nm), O VI (103.4 nm), and
Fe XVI (33.5 nm), and percentage of hydrogen. The vertical green lines indicate
gas puff.

FIG. 7. Radial distribution of electron density and temperature (shot #187226) for
times 3.7 and 7 s.
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having high magnetic fields, ICRF generators are available at an afford-
able price. Gyrotrons for X2 operation at high magnetic fields (poten-
tially for reactor scale devices), however, are not yet developed.29 For
future improvements for ICRH plasma production, the extended expe-
rience accumulated on tokamaks (see, e.g., Refs. 30–32) will be useful.
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