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Abstract. The study of plasma production and heating in the ion cyclotron range of frequencies (ICRF) has
along history in fusion research. The ICRF discharges have been studied in stellarators, tokamaks and mirror
devices, mainly. The possibility of efficient additional plasma heating using ICRF is one of the main aims
of the studies. Plasma production using ICRF discharges is also studied, but to a lesser extent. For the
purpose of wall conditioning in both pure gases and their mixtures has been used with lower RF power level.
In support of the ICRF experiments for plasma production at Wendelstein 7-X, studies on the development
of an ICRF start-up scenario were initiated on the Uragan-2M (U-2M) stellarator. Experiments with a
controlled minority of hydrogen in helium atmosphere showed a significant increase in the resulting plasma
density compared with pure helium and pure hydrogen. Then, the ICRF plasma production was
demonstrated on the LHD with the scenario based on U-2M experiment. Successful experiments at U-2M
and LHD showed that the ICRF start-up scenario can be scaled up to large stellarator devices, producing
plasma with favorable parameters from scratch using ICRF only.

ICRH research in toroidal thermonuclear devices has
a long history [8-10]. The first ICRH experiments were

1 Introduction

One of the most important goals in controlled
thermonuclear fusion is to produce dense plasma and
heat it to high temperatures at which thermonuclear
reactions can occur [1, 2]. Currently, in toroidal
thermonuclear devices with magnetic plasma
confinement, three methods of plasma production and
heating are most widely used: Neutral Beam Injection
(NBI) heating, Electron Cyclotron Resonance Heating
(ECRH), and Ion Cyclotron Resonance Heating (ICRH)
[3]. In modern tokamaks and stellarators, several
methods of plasma production and heating are usually
used [4-6]. This provides flexibility when conducting
experiments with high-temperature plasma. The
superconducting tokamak currently under construction
as the International Thermonuclear Experimental
Reactor (ITER) project also plans to use ECRH, ICRH,
and NBI [7].

* Corresponding author: Ykovtun@kipt.kharkov.ua

conducted on the Model C stellarator [11]. Later, many
ICRH experiments were conducted on both stellarators
[12] and tokamaks [13]. Currently, there are three main
functions for ICRH. The first is the use of ICRH for
additional heating of plasma produced and heated by
other methods, such as ECRH or NBI. Various heating
schemes and scenarios are used for plasma heating, for
example three-ion [14]. ICRH has also been used in
experiments with thermonuclear fuel in deuterium—
tritium experimental campaigns at the Joint European
Torus (JET) tokamak [15, 16]. The second task is to
sustain the plasma that was previously produced by
ECRH or NBI. Such experiments have been carried out
numerous times on the Wendelstein 7-AS (W7-AS)
[17], Compact Helical System (CHS) [18], and LHD
[19] stellarators. Moreover, scenarios with long-pulse
discharge lasting ICRH (0.4 MW) and ECRH (0.1 MW)
up to 54 min were implemented on LHD [20]. The third

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 346, 02007 (2026)
RFPPC2025

https://doi.org/10.1051/epjconf/202634602007

task is to produce and heat plasma using only ion
cyclotron range of frequencies (ICRF) discharges. This
is done both to obtain hot and dense plasma and to obtain
plasma for wall conditioning procedures [21].

This paper summarizes both previous results and
presents new studies on ICRF plasma production in gas
mixtures. The main focus is on experimental results
obtained on U-2M and LHD.

2 ICRF discharge

The study of plasma production by ICRF discharges has
previously been conducted in toroidal magnetic traps,
tokamaks, stellarators, and mirror traps. In tokamaks,
ICRF discharges are used during wall conditioning
procedures [21, 22]. In this case, they are ignited in a
toroidal magnetic field and, accordingly, there are no
closed magnetic surfaces. In stellarators, ICRF
discharges find application in plasma production and
heating [23-29], as well as for wall conditioning [30]. In
pure gases, experiments on the production of radio
frequency (RF) discharge plasma were conducted in the
CHS [23], W7-AS [24], LHD [25], Uragan-3M (U-3M)
and Uragan-2M (U-2M) [26, 27], and H-1 [28, 29]
stellarators. They demonstrated the possibility of
producing plasma with a density of 10®-10'° m™ and a
temperature ranging from several tens to hundreds of
eV.

One of the features of realising RF discharges in
magnetic traps is the presence of a gas breakdown stage
and plasma creation. The RF breakdown stage was
experimentally investigated in [31-33]. Experiments
show that the breakdown time depends on pressure,
magnetic field, RF breakdown voltage, etc. Numerical
simulation of RF breakdown using 1D particle-in-cell
Monte Carlo collision (PIC-MCC) code was performed
in [34]. Simulation of RF plasma production was
performed in [26, 35, 36]. Theoretical consideration of
RF plasma production was also discussed in [37, 38].

Most experimental and theoretical studies and
simulations were conducted for pure gases. However,
studies were conducted on the creation of plasma in gas
mixtures, including mixtures of helium and hydrogen.
Thus, the 0D model of magnetized hydrogen—helium
wall conditioning plasmas was used in [39]. In the
TEXTOR and ASDEX Upgrade tokamaks, ICRF
discharges in He+H, mixtures were used for wall
conditioning [40-43]. In these experiments, a plasma
density of 10'%-5x10'7 m> was observed. In
experiments on He/H fuelling changeover at JET,
plasma with a density of up to ~2x10' m™ was
observed in helium ICRF discharge with hydrogen
minority higher than in hydrogen ICRF discharge [44].
The emission H, was also observed in the cyclotron
resonance region for hydrogen in the helium ICRF
discharge.

Experiments on the production of ICRF plasma in a
mixture of hydrogen and helium were also conducted on
the Phaedrus-B tandem mirror [45] and HIEI
axisymmetric single mirror [46]. In experiments [45], a
significant increase in plasma energy density was
observed in the case of a mixture compared to those

obtained under the same conditions with pure hydrogen
plasma.

In stellarators, research on ICRF discharges in
He+H, mixtures was conducted in Sirius [47] and H-
INF (H-1) [28, 29, 48]. Higher plasma density was
achieved in He+H, mixtures compared to pure hydrogen
in H-1 [48]. The plasma density was ~2x10'® m™ and
electron temperatures of several tens of eV have been
observed with injected RF power up to 80 kW in
experiments on H-1NF [48]. For completeness, note that
the He+H, mixture was also used in ICRF sustain the
plasma experiments on LHD [19].

The studies of ICRF discharges in He+H, mixtures
show that higher plasma parameters are achieved in
mixtures than in ICRF discharges in hydrogen.
However, high values of density and temperature were
not achieved when producing ICRF discharges plasma.

3ICRF plasma production in gas
mixtures in Uragan-2M stellarator

3.1 Uragan-2M stellarator

The Uragan-2M (U-2M) device at Kharkiv, Ukraine, is
a medium-size stellarator of the torsatron type [49, 50].
The U-2M magnetic system consists of the / = 2 helical
coils with four periods (m = 4) in the toroidal direction,
16 toroidal field coils evenly distributed along the torus
and 8 poloidal coils (see Fig. 1). The magnetic
configuration can be changed by varying the parameter
K¢ = Bw /(B + Bin) where By and By, are the toroidal
fields at the geometrical axis of the torus produced by
the toroidal and helical coils, respectively. Plasma
diagnostics include: time-resolved optical emission
spectroscopy, microwave interferometer, Langmuir
probes and other diagnostic methods. The location of the
plasma diagnostics is shown in Fig. la. Plasma is
created and heated by a two strap antenna installed is
mimicking the W7-X ICRH antenna (see Fig. 1c). The
antenna was connected to the Kaskad-1 RF system [50].
A gas mixture system on U-2M was used to prepare a
gas mixture of a specified composition [51]. This
allowed experiments to be conducted with a controlled
percentage of gases of the mixture. The mixture was
analyzed by a mass spectrometer before and after the
experiments ICRF plasma production. The main
technical details of U-2M device are summarized in
Table 1, in detail presented in [49, 50].

3.2 Experimental results at Uragan-2M

Experiments on ICRF plasma production were
conducted at several experimental campaigns on U-2M
during 2019-2021. In the experiments here, the two strap
antenna operated in monopole phasing [0 0]. To control
RF power, the RF generator anode voltage U, is varied
stepwise as follows: U, = 0.4Uj, at the start, Up = 0.6
U, at step 1, and the maximum anode voltage U, was set
at step 2. The RF frequency was equal to the
fundamental hydrogen cyclotron harmonic wrr = o
(HY = 20 (He?*") = 20 (DY) = 40 (Heh).
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(b) (c)

Fig. 1. (a) General view of stellarator Uragan-2M. I the
poloidal field coils; II the helical field coils; III the toroidal
field coils (numbered 1-16). Different toroidal cross-sections
are shown by red lines and denoted by capital letters and
numbers. The blue square is the location of the antenna. OES
- optical emission spectroscopy, VP - vacuum pumps, MS -
mass spectrometer, MI - microwave interferometer, TP - triple
probe. (b) Poincaré plot of magnetic configuration and
contours of magnetic field module at U-2M in antenna
location. The circular line shows the vacuum chamber wall. (c)
General view of two-strap antenna in U-2M vacuum chamber.
1 and 2 straps, 3 antenna limiter.

Table 1. U-2M Devices characteristics.

Parameter Value
Major radius, R (m) 1.7
Minor radius, r (m) 0.34

Plasma volume, V; (m?) ~1.6

Magnetic field, B (T) < 0.6 (max 2.5)

Plasma heating tools ICRF

Total heating power, (MW) <04

3.2.1 ICRF production of plasma in He+H

The first experiments on ICRF plasma production were
conducted using pure helium [49]. A small amount of
hydrogen was constantly present in the vacuum chamber

during  these experiments. The experiments
demonstrated the possibility of reliably producing ICRF
discharge plasma using a two-strap antenna in the
pressure range p = (4-14)x1072 Pa. The plasma density
reached up to 2x10'® m3. Increasing the input power did
not lead to a significant increase in density at constant
pressure. Although the hydrogen was not supplied, the
magnetic field scan demonstrated crucial role on its
presence in plasma.

The first experiments with controlled minority
hydrogen concentration were conducted in [52]. The
hydrogen minority control allowed one to increase
plasma density more than three times as compared with
pure helium. The developed scenario allowed to
decrease the neutral gas pressure at which the plasma
production is possible. A plasma density of 9x10'® m™
was achieved at a pressure of 8.3x107 Pa in 86%He+
14%H, [52]. In these experiments, the mixture was
produced inside a vacuum chamber with a constant flow
of helium and hydrogen. This method did not allow the
percentage of gases to be maintained accurately enough,
especially when it was necessary to change the pressure
in the vacuum chamber. Therefore, to fix this, a gas
mixture system was developed and used in all
subsequent experiments [51]. This made it possible to
conduct experiments with different gas mixtures and gas
concentrations at any required pressure.

Further experiments were conducted in the range of
initial hydrogen concentrations from 4% to 75% in the
mixture and in the pressure range from 6x10* Pa to
1.5x107! Pa [50, 53-55]. A representative ICRF shot is
shown in Fig. 2. At the first stage of the ICRF discharge,
an RF breakdown occurred, which was characterized by
the appearance of the intensity of the hydrogen spectral
line and a delay in the helium line. This was followed by
an increase in plasma density. The second stage was
quasi-stationary, with slight changes in plasma
parameters. And the third stage, after the RF power is
turned off, is the decay and collapse of the plasma.
Experiments have shown that under the same initial
conditions, the plasma density in He+Ho is higher than
in pure hydrogen and pure helium (see Fig. 3) [50, 54,
55].

In the region wgr = o (H'), the maximum plasma
density is observed when the ion cyclotron condition for
hydrogen is met in plasma. An increase or decrease in
the magnetic field value leads to a significant decrease
in plasma density by an order of magnitude [55]. The
maximum plasma density in He+H, achieved in
experiments depended on the hydrogen concentration.
The maximum dense plasma was observed at a
hydrogen concentration of 14% in the mixture. With an
increase in the hydrogen concentration in the mixture,
the observed plasma density values decreased under the
same initial conditions (see fig. 4). The maximum
plasma density observed was up to 1x10' m=, and with
an additional pulse injection of hydrogen, up to 1.3x10"
m™ [56]. The RF power density at the level of 60 kW/m?
is necessary to produce a plasma with relatively high
density [54, 55]. However, in all experiments, a low
electron temperature of ~10—40 eV was observed [53,
55]. The ion temperature was also low, ~18-23 eV [53,
55]. The presence of impurity ions of carbon and oxygen
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Fig. 2. Time evolutions of RF power; average plasma density;
optical emission intensities of Hq (656.2 nm), He I, (447.15
nm). (Ua=8kV, f=4.9 MHz, Bo=0.35 T, Ky = 0.32, working
gas 14%Hz + 86%He, p = 8.4 x 1073 Pa. The vertical lines
show characteristic time moments of duty cycle of RF
generator). The experimental data [53].
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Fig. 3. Average plasma density as a function of the pressure.
Data of this experimental series (1) [55], and (2) [50, 54] and
(3) [53] (f=4.9 MHz and Ua = 7 kV, RF power =100 kW).
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Fig. 4. Average plasma density as a function of the of the

initial hydrogen concentration in the mixture. (f=4.9 MHz, Ua
=7kV, p~8x1073 Pa).

with Z =1 and 2 was observed in the plasma. lons with
high charge were not observed due to the low electron
temperature.

Experiments conducted in [55, 57] demonstrated the
possibility of producing plasma in a He+H, mixture
using ICRF discharge at the second harmonic of

cyclotron resonance for hydrogen wrr = 2w. (HY).
However, the plasma density was several times lower
than that created by ICRF discharge at wrr = o (H")
and was below the value of 3x10' m™3,

In [56], a supersonic hydrogen molecular beam was
injected into helium plasma using ICRF discharge
injection. As a result of hydrogen ionization in the
plasma volume, a mixture of He+H was produced. The
maximum average density of helium plasma was
increased 2.1 times up to 4x10'® m™3 after supersonic
molecular beam injection pulse.

Some aspects of electromagnetic wave propagation
in plasma for the conditions of experiments conducted
on U-2M were considered in [49, 55]. The lower density
threshold is determined for slow waves SW under the
condition k,sw = 0 (k. is the perpendicular
wavenumber), above which SW propagation is possible.
As can be seen from Fig. 5, the threshold density value
is practically the same for pure helium, hydrogen, and
their mixture. In the case of helium, the upper limit of
plasma density above which SW cannot propagate is
determined by the lower hybrid resonance condition,
k%, sw —oo. In the case of hydrogen and the He+H
mixture, this is not true. With increasing density, fast
waves (FW) can propagate above the critical density, the
value of which is determined by k, rw = 0. A further
increase in density in the case of hydrogen and the He+H
mixture leads to the possibility of FW conversion to SW
at the conversion point (Alfvén resonance) [49, 58].
Moreover, in the He+H mixture, the conversion point is
located in a region of higher density than in hydrogen
(see Fig. 5).

As a result, the main requirement for the ICRF
plasma production scenario is the presence of hydrogen
ions and an ion cyclotron resonance zone for ®ci
(H"inside the plasma column [49, 55]. The main
mechanism of plasma formation is the ionization of
neutral atoms (molecules) under the influence of
electrons. At low plasma densities, electrons are heated
by SW absorption by the plasma. At higher plasma
densities, FW propagates. In the layer where the Alfvén
resonance condition is satisfied, FW is converted into
SW. The SW propagates in the direction of the lower
hybrid resonance (LHR) layer, where SW is completely
absorbed [49].

In conclusion, we note that in experiments on ICRF
plasma production in an He+H, mixture on U-2M, a
plasma density of 10" m3 was achieved, which is
significantly higher than what was previously obtained
in tokamaks and stellarators (see Section 2).

3.2.2 ICRF production of plasma in He+H>+D;

In [50], ICRF plasma production in a three-component
mixture of He+H>+D, was investigated. In He+H,+D»,
a similar pattern was observed as in the two-component
mixture of He+H,, namely, the maximum density was
observed when the RF frequency was close to the
fundamental hydrogen cyclotron harmonic. Studies
show that the ICRF plasma production scenario
developed for the He+H, mixture [52-56] can be used in
the three-component mixture He+H,+D,. However,
experiments were conducted only in a mixture of
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80%He+10%H,+10%D>, and it is still necessary to
investigate the plasma parameters from different gas
concentrations in the three-component mixture, as was
done for the He+H, mixture in [53-55].

3.2.3 ICRF production of plasma in Dy+H>

The ICRF plasma production scenario in the He+H,
mixture was used for the Dy+H, mixture in [50].
However, in the 86%D>+14%H, mixture, a density of
only 5x10'® m™ was achieved. Increasing the hydrogen
concentration by more than ~ 50% in the mixture
significantly increased the density of the plasma
produced. In this case, the plasma density achieved was
the same as in pure hydrogen, = 10'® m=. These results
are surprisingly poor and, additional research is
required.

3.2.4 ICRF production of plasma in Ar+H>

In experiments [50, 52-57] on ICRF plasma production,
the main ions were helium and deuterium. To check how
sensitive the minority ICRF plasma production scenario
is to the background ion sort, a series of experiments was
carried out on U-2M. As plasma majority ions, argon
ions were chosen which are much heavier than
deuterium and helium. The first experiments on ICRF
plasma production were conducted in a mixture of
91%Ar+9%H; [59]. Plasma production with an average
plasma density up to ~ 4x10'® m™ was observed. The
plasma parameters were measured for different values
of gas pressure and RF power. An increase in the
injected RF power, which, in this case, is proportional to
the anode voltage in the RF generator, leads to an
increase in the plasma density. The plasma density
obtained in the argon-hydrogen mixture is higher than in
pure hydrogen which is characteristic.

4 ICRF plasma production and heating
in Large Helical Device

4.1 Large Helical Device

The Large Helical Device (LHD) is a large-scale
heliotron-type superconducting device (see fig. 6a) at
Toki, Japan [60]. The poloidal and toroidal period field
period numbers are //m = 2/10. The LHD uses three
systems to produce and heat plasma: ECRH, NBI and
ICRF. The ICRF heating is used with a fixed frequency
of 38.47 MHz [61]. The maximum output power is 3
MW. There are two types of antennas on the LHD: a
Hand-Shake form antennas (HAS) (see fig. 6b) [62] and
a Field-Aligned-Impedance Transforming (FAIT)
antennas (see fig. 6¢) [63]. The HAS and FAIT antennas
are located at ports 3.5 and 4.5, respectively. The
antennas occupy the upper (U) and lower (L) ports of
the LHD vacuum chamber. All the straps are shielded
by the Faraday screens. The RF power can be injected
independently in each of the two straps (U) and (L) of
these antennas. In the case of using only one strap of one
of the antennas, for example HAS (L) and FAIT (L), the
antennas are essentially single-strap antennas. When us

f= 4.9 MHz, By=0.35 T, k= 5.8824 m'
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Fig. 5. The squared perpendicular wave numbers of slow
waves (SW) and fast waves (FW) of 4.9 MHz frequency as a
function of the plasma density, in He, He+H mixture, and H.
The numbers correspond to 1 - cutoff SW, 2 - lower hybrid
resonance, and 3 - cutoff FW.

’ 3.0 3.5 4.0 4.5 5.03.0 35 4.0 4.5 5.0
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Fig. 6. (a) Schematic view of the mid-plane cross-section of
LHD. (b) General view of HAS antenna in LHD vacuum
chamber. (c) General view of FAIT antenna in LHD vacuum
chamber. LHD cross-section at FAIT antenna location. Last
closed flux surface, magnetic surfaces, ion cyclotron
resonance layers for Rax=3.6 m, (d) Bt=2.55T, and (e) B:=
2.75T.

using two straps (U) and (L) HAS antenna, dipole
phasing [0 7] is realized.

Two modes of gas fueling to the LHD vacuum
chamber were used: continuous mode of gas fueling
(CGF) and pulsed mode of gas fueling (PGF). In CGF
mode, hydrogen and helium were injected
independently until the required pressure was reached.
Accordingly, He+H, mixtures were created inside the
vacuum vessel. The percentage content of hydrogen and
helium was monitored by a mass spectrometer. In PGF
mode, in addition to the continuous injection of
hydrogen and helium, pre-programmed helium injection
was also used.
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Table 2. LHD Devices characteristics.

Parameter Value
Major radius, R (m) 3.9
Minor radius, r (m) 0.6
Plasma volume, V, (m?) ~30
Magnetic field, B (T) 3
Plasma heating tools ECII{(I;’{E BL,
Total heating power, (MW) 36

In the experiments, the magnetic field is 2.55 T or
2.75 T at the magnetic axis. In both cases, the cyclotron
zone was located inside the plasma column (see fig. 6 d
and e). The main technical details of LHD device are
summarized in Table 2.

4.2 Experimental results at Large Helical
Device

Experiments on ICRF plasma production were
conducted within the 22th - 25th experimental
campaigns on LHD. The ICRF plasma production
scenario developed on the U-2M (see Section 3) was
implemented on the LHD. The main differences
between the experiments at LHD and at U-2M were the
significantly higher magnetic field and larger plasma
volume in LHD and higher RF power.

4.2.1 ICRF production of plasma in He+H

First experiments (22nd experimental campaign on
LHD) on ICRF plasma production in He+H, mixture
and a magnetic field of 2.55 T. CGF mode was used for
gas injection. The RF power was low, below 300 kW
[64]. This limitation was introduced to reduce the
possibility of arcing in the RF system components. Two
scenarios were investigated. In the first (ECRH+ICRF),
pre-plasma was created by ECRH discharge is used
before the RF pulse. This scenario ensures stable
breakdown for ICRF discharges. Since very low-density
plasma has already been created, this makes it easier to
achieve breakdown and plasma creation. In the second
scenario (ICRF), plasma was created only by ICRF
discharges. In both scenarios, stable breakdown and
plasma production were observed. However, the plasma
density was low. When using ICRF discharges and RF
power up to 200 kW, plasma with a density of up to
9.5x10'7 m™ was observed. The electron temperature
was apparently low. No dangerous voltage increase at
the RF system elements and no arcing has been detected.
This made it possible to increase the RF power in
subsequent experiments on ICRF plasma production.

In subsequent experiments (23rd experimental
campaign on LHD), the injected RF power was
significantly increased [54, 65]. The increase was made
slowly, keeping low voltage at gas breakdown stage.
The experiments were conducted in magnetic fields of
2.55 T and 2.75 T. Thus, in the ECRH+ICRF scenario
at a power of 1.75 MW, a density of up to 10" m™ was
observed [65]. When plasma was created using only
ICRF, a density of 6x10'® m™ was achieved, which is 6
times more than in previous experiments. In the
ICRF+NBI scenario, where additional perpendicular
NBI power was injected into the plasma produced by
ICRF, there was no increase in plasma density and
temperature. Common to these experiments was the
production of low-temperature ICRF plasma. The
presence of impurities, such as carbon and oxygen, in
plasma leads to radiation losses of more than 0.25 MW.
Unlike the experiments on U-2M, excited ions O*"* (O
V) and O°* (O VI) were recorded in the plasma on
LHD. Apparently, the electron temperature of the
plasma in LHD was slightly higher than that in U-2M.
However, the plasma remained cold, T. < 100 eV. A
comparison of the maximum average density obtained
on the U-2M and LHD for these modes is shown in Fig.
7. The dependence of density on RF power density is
practically linear. To obtain cold dense plasma up to
10" m3, approximately 60 kW/m? is required.
However, such plasma can be used for subsequent
heating using NBI, as well as for wall conditioning
procedures.

In experiments [65], the ECRH + NBI + ICRF
scenario was also implemented. In this scenario, plasma
was created by ECRH and subsequently supported at the
beginning by NBI and then only by ICRF. At the same
time, when ICRF was injected, heating of the electron
and ion components to ~2 keV was observed. This
demonstrated that the task of plasma density ramp-up
from the achieved value to representative for LHD may
open a way for usage of ICRF for plasma production and
heating.

4.2.2 ICRF production and heating of plasma in
He+H>

ICRF plasma production experiments in the 24th
experimental campaign on LHD were conducted in a
magnetic field of 2.75 T. Both CGF mode and PGF
mode were used for gas injection. In these experiments,
the possibility of ICRF production and heating of
plasma in He+H, was demonstrated for the first time
[66, 67]. As an example, Fig. 8 shows the plasma
parameters for one of the shots. It can be seen that at a
low RF power of = 320 kW during the plasma creation
stage, heating is also possible, which is characterized by
an increase in plasma energy content. Further helium
injection (PGF mode) allowed for an increase in plasma
density and plasma energy content. Heating was
observed both when using gas injection in PGF mode
and CGF mode. Unlike previous experiments on ICRF
plasma production, a plasma density of = 1x10'" m™ and
an electron temperature of 2-2.5 keV were observed.
The intensity of the spectral lines of carbon, oxygen, and
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iron impurities was low, and radiation losses were less
than 0.25 MW.

A comparison of the maximum density of cold (T, <
100 eV) plasma obtained in previous experiments and
hot plasma (T, >> 100 eV) is shown in Fig. 7. It can be
seen that in the RF power density range of 10-40 kW/m3,
hot plasma with a density comparable to that obtained
for cold plasma can be obtained. For some shots, the RF
power density was 23-25 kW/m? to produce plasma with
a maximum density of (0.9-1.05)x10' m and heat it.
At the same time, for thecase of cold plasma production,
this value was 60 kW/m?.

Dependence of maximum plasma energy content on
RF power density showed in fig. 9. It is apparent that
higher plasma energy content values can be achieved
with increased RF power density. A more promising
approach is to use PGF mode for gas injection, which
achieves higher plasma energy content values of up to =
100 kJ.

Analysis of wave propagation in cold plasma for
LHD experimental conditions shows that in the case of
plasma containing He**+H" ions, the plasma density at
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Fig. 9. Dependence of maximum plasma energy content on RF
power density in LHD. LHD (Hot) Te >> 100 eV. CGF
continuous mode of gas fueling, PGF pulsed mode of gas
fueling.
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Fig. 10. The squared perpendicular wave numbers of slow
waves (SW) and fast waves (FW) of 38.47 MHz frequency as
a function of the plasma density, in He+H mixture. The
numbers correspond to 1 - cutoff SW and 3 - cutoff FW.

which mode conversion is possible is significantly
higher than in the case of plasma containing He*+H"
(see Fig. 10). Naturally, in the experiment, the wave
propagation pattern is dynamic and more complicated.

In subsequent experiments in the 25th experimental
campaign on LHD, the main focus was on improving the
parameters of plasma production ICRF discharge. The
following was achieved: plasma energy content = 158
kJ, plasma density in some shots was higher than 1 X
10" m, maximum electron temperature at the center
was up to 2.5 keV, maximum ion temperature was
observed up to 2-3 keV.

5 Conclusions

The ICRF plasma start-up scenario developed at the U-
2M can be scaled up on large stellarators. Stable
breakdown and ICRF plasma production is observed.
Two modes of plasma production can be realized: first
producing a cold plasma that can be used or a wall
conditioning procedure, and second producing and
heating the plasma. Thus, the implementation of the
ICRF production and heating of plasma in He+H,
scenario on the LHD made it possible to achieve a
plasma density of up to 1 x 10'* m™ and electron and ion
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temperatures of several keV. This scenario can be used
to create hot plasma in stellarators when other methods
of production and heating are not available.

The data supporting the findings of this study are
available in the LHD experiment data repository at
https://doi.org/10.57451/lhd.
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