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A B S T R A C T   

This paper summarizes previous results and presents new studies on the ICRF plasma creation both in pure gases 
and gas mixtures. In all the experiments, the two-strap antenna was operated in monopole phasing with applied 
RF power of ~100 kW. The research for plasma creation was carried out at RF frequencies near the fundamental 
hydrogen cyclotron harmonic.   

1. Introduction 

The European stellarator programme in the EUROfusion consortium 
focuses on optimized stellarators of the HELIAS (Helical Axis Advanced 
Stellarator) line, a stellarator optimisation approach based on modular 
field coils [1]. The optimized superconducting stellarator device Wen-
delstein 7-X (W7-X) in Greifswald, Germany, is the first HELIAS machine 
aimed to demonstrate plasmas that extrapolate to power plant re-
quirements can be reached in a stellarator. [2–5]. Three different 
heating systems are used in W7-X: electron-cyclotron resonance heating 
(ECRH) [4–7], neutral beam injection (NBI) [6,8] and ion-cyclotron 
resonance heating (ICRH) becoming available for the forthcoming 
experimental campaign [6,9]. The radio frequency system in range of 
ionic cyclotron frequencies (ICRF) is a versatile tool for fast-ion gener-
ation, ion heating, wall conditioning and making plasma start-up in 
W7-X [9–11]. 

The standard plasma creation and heating method in a magnetic field 
of 2.5 T for W7-X are ECRH (140 GHz) at the second harmonic (X2-mode 
and O2-mode, respectively extraordinary (X) and ordinary (O) waves) 

[4–7]. In the magnetic field of 1.7 T heating is possible at the 3rd har-
monic ECRH frequency (X3-mode) [7,12]. However, calculations have 
shown that a target plasma (Te ~ 700 eV, Ne ~ 1013 cm− 3) suitable for 
start-up of the X3-mode is needed [12]. In the X3-mode heating exper-
iment at the Large Helical Device (LHD), target plasma was created with 
the NBI [13]. On W7-X it is possible to use NBI to create a target plasma 
for X3-mode. But calculations [14] show that to successfully create NBI 
plasma in a time of less than ~ 0.5 s, the maximum time during which 
the NBI beam dump can tolerate the full load [15,16], target plasma is 
required. Experiments at W7-X showed that NBI with duration up to 0.7 
s cannot create plasma [8]. Attempts to start-up at 1.7 Tesla with 
combined NBI + X3 mode were unsuccessful [8]. So the experimental 
studies and the theory show that the creation of target plasma remains a 
problem to solve. 

The target plasma for NBI can be created by a non-resonant micro-
wave discharge [17–19]. This approach is used on the Heliotron J 
[17–19]. It can also be used to produce a target plasma RF discharge for 
NBI [20]. Such a scenario was used on the Compact Helical System 
(CHS) [20]. The initial plasma for NBI and X3 ECRH can be created by 
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the ICRF system of W7-X [9–11]. 
A two-strap antenna mimicking the W7-X antenna was installed on 

stellarator Uragan-2M (U-2M) to make ICRH experiments in support of 
W7-X [21,22]. The first plasma production ICRF experiments on the 
U-2M showed the possibility of plasma production with a density up to 
2.6×1012 cm− 3 in helium at a frequency near the fundamental hydrogen 
cyclotron harmonic [22]. In these experiments, the optical emission of 
hydrogen was detected. The small hydrogen minority that spontane-
ously appeared in the plasma was presumably formed via dissociation of 
the water vapour and hydro-carbons [21]. Subsequent studies were 
carried out with controlled hydrogen gas puff [23,24]. The hydrogen 
minority allowed one to obtain plasma with density more than three 
times higher as compared with pure helium [23]. In further experi-
ments, plasma production in H2+He mixture with an average density of 
up to ~ 1013 cm− 3 was observed [24]. The minority scenario developed 
at U-2M [22–24] was also successfully qualified for ICRF plasma gen-
eration on the LHD [25]. Earlier RF plasma H2+He mixtures in wall 
conditioning regime were investigated in tokamaks [26–29]. However, 
the density of plasma obtained in these experiments [26–28] is lower 
than in the stellarators [23–25]. 

The studies described below continue the research of ICRF discharge 
in gas mixtures which was initiated in [22–24]. In addition to the pre-
viously used hydrogen and helium gases, deuterium was also used in 
these studies. Accordingly, it was possible to create both two and three 
component gas mixtures. Section 2 describes the device, the magnetic 
system, the vacuum, gas injection, and pressure control systems, the 
diagnostics and data acquisition systems. Section 3 describes the radio 
frequency systems, the RF generators and antennas. Section 4 discusses 

the experimental results of plasma production at the fundamental 
ion-cyclotron harmonic of hydrogen. Section 5 summarizes the obtained 
results. 

2. Stellarator Uragan-2M 

The Uragan-2M device at Kharkiv, Ukraine, is a medium-size stel-
larator of the torsatron type with major radius R = 1.7 m and minor 
radius of the vacuum chamber rc = 0.34 m (see Fig. 1). The U-2M was 
manufactured and assembled in the early 1990s, was put into operation 
and briefly exploited, and then conserved [30,31]. It was partially 
modernized, and put back in operation at the end of 2006 [32–34]. In 
the following years, the focus of experimental research was on RF 
plasma production and wall conditioning by RF discharges [35–39]. 
Since 2017 Institute of Plasma Physics (IPP) of the National Science 
Center “Kharkov Institute of Physics and Technology” (NSC KIPT) is 
involved in the EURATOM funded fusion programme EUROfusion (Eu-
ropean Consortium for the Development of Fusion Energy) [40]. The 
stellarator research at IPP KIPT is integrated in the work programme of 
the EUROfusion Consortium. The research carried out at U-2M supports 
the experimental program of W7-X. A two-strap antenna mimicking the 
W7-X antenna is used on U-2M to conduct dedicated ICRF experiments 
[21,22]. Specific studies focused on RF plasma production scenarios 
suitable for implementation at W7-X [22–24]. 

2.1. Magnetic system 

The U-2M magnetic system is water cooled (see Fig. 2). It includes: 

Fig. 1. General view of stellarator Uragan-2 M.  

Fig. 2. The schematic view of the U-2M top view (a) and side view (b). Poloidal field (I, 1), toroidal field (III, 2) and helical field coils (II, 3). Different toroidal cross- 
sections are shown by red lines and denoted by capital letters and numbers. 
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helical coil (HC), toroidal coil (TC) and poloidal coil (PC) systems [30, 
31,41,42]. The HC system consists of two l = 2 helical windings (poles), 
where each pole is split into two half-poles. The minor radius of the 
toroidal surface on the helical windings lie is rh = 0.44 m. The helical 
winding has four periods (m = 4) in the toroidal direction. The TC 
system consists of is provided by a set of 16 circular toroidal coils evenly 
distributed along the torus. The PC system that consists of eight coils 
includes four pairs of compensation windings and two pairs of correc-
tion windings. The compensation windings for compensate the vertical 
field induced by the helical coils. The correction windings control the 
position and shape of the flux surfaces as well as of the size of the last 
closed flux surface. With respect to the mechanical stresses, the 
maximum toroidal magnetic field at the toroidal axis is B0 = 2.4 T, B0 =

Btt + Bth where Btt and Bth are the toroidal fields at the geometrical axis 
of the torus produced by the toroidal and helical coils, respectively [30, 
31]. The magnetic configuration parameters can be changed varying the 
parameter Kϕ = Bth /(Btt + Bth) and the average vertical magnetic field 
<Вz>/В0 on the geometric torus axis [42–44]. The PC system that 
control the magnetic axis position. The average plasma radius rp versus 
Kφ is shown in Fig. 3 [30]. For this figure, the configurations the 

magnetic field is calculated using the Biot-Savart code, where influence 
of the current feeds and the detachable joints is taken into account [45]. 
The calculated magnetic configuration and the magnetic field module 
distribution at the poloidal cross-section of U-2M shown in fig. 4. At 
present, two DC source are used to independently power the TC system 
and the HC system (helical windings and compensation windings are 
connected in series). Each DC source consists of two flywheel generators 
P-22-33-17 K with a peak power of 2750 kW each [22]. The generators 
are operated in a pulsed mode with a pulse duration of a few seconds. 
The correction windings are powered from a low-power DC generator, 
which allows smooth tuning of the winding current in the range ±1kA. 
This magnetic field power system makes it possible to operate at B0 <

0.6 T. 

2.2. Vacuum system, gas injection and pressure control 

The toroidal vacuum vessel (R = 1.7 m, rc = 0.34 m) has a volume Vc 
= 3.88 m3 (without vacuum ports) and inner surface area of S = 22.8 m2. 
The chamber has 67 ports, which are used for diagnostics, RF heating, 
working gas injection, vacuum pumping, etc. The ports the vacuum 
vessel have flanges size: DN40 - 36 pcs., DN100 - 7 pcs., DN120 - 6 pcs., 
DN160 - 14 pcs., DN200 - 4 pcs. The vacuum vessel is winded with 
heating tapes for baking. The chamber can be baked up to 100 ◦C. 

The vacuum pumping system of U-2M consists of several pumping 
units [46]. The AVZ-63D slide-valve mechanical vacuum pump with a 
pumping speed is up to 0.063 m3 s− 1 for nitrogen/air is used to pump the 
vacuum vessel up to the fore-vacuum (≈ 0.13 Pa). Three turbo molecular 
pumps TMN-500 (with liquid nitrogen cryotrap, cross-sections V, Z1 and 
V1 in Fig. 2a) are used to pump the vacuum vessel U-2M to a high 
vacuum. The pumping speed of each TMN-500 is up to 0.5 m3 s− 1 for 
nitrogen/air. The ultimate residual pressure in the vacuum vessel is 
around 1×10− 5 Pa. 

The gas injection system of the U-2M consists of continuous mass 
flow system SNA-2-01, additional pulse gas injection system and gas 
mixture system [47]. The working gases (H2, D2, He, N2, Ar) or gases 
mixtures were puffed into the vacuum chamber via a two channels of 
SNA-2-01 each having pressure stabilization by feedback. The maximal 
gas flow at atmospheric pressure is not less than 7×10− 2 (m3Pa)/s for 
nitrogen. For additional pulsed gas injection piezovalve Key High Vac-
uum Products model PEV-1 is used in the range of gas flow up to 500 
SCCM (standard cubic centimetres per minute). The gas mixture system 
prepares the necessary gas mixture composition for the experiments at 
U-2M [47]. This system allows to have gas mixture with different 
pressures inside vacuum chamber with constant percentage of each gas 
component. 

The pressure in the vacuum vessel is measured by several in-
struments. For the total pressure in the vacuum vessel, the thermocouple 
gauges PMT-2 operating in the pressure range of 0.13-13 Pa and the 
ionization gauges PMI-2 in the pressure range of 2.4×10− 5-0.13 Pa are 
used. In plasma experiments, pressure measurements are also performed 
with cold cathode gauge (Penning gauge) PMM-32-1 and PENNINGVAC 
transmitter PTR-225S in the pressure range of 1×10− 7-1 Pa. To deter-
mine the gas composition and partial pressures, a mass spectrometer 
system is used, which includes the quadrupole mass spectrometer 
Balzers QMS-420 and the mass-spectrometer IPDO-2 (partial pressure 
meter omegatron PPMO-2) based on omegatron tube RMO-4S (resonant 
radio frequency mass spectrometer). The accuracy of gas partial pres-
sure measurements with IPDO-2 without calibration is about 25% and 
10% after calibration with a single pure gas. 

2.3. Diagnostic and data acquisition systems 

The spectral diagnostics includes five independent time-resolved 
optical emission spectroscopy (OES) channels in three cross-sections 
P1, Z4 and V (see Fig. 2a). Each channel consists of a monochromator- 
spectrograph (SOLAR TII model MS7501i, MDR-23), a photomultiplier 

Fig. 3. The average plasma radius versus Kφ for U-2M.  

Fig. 4. Poincaré plot of magnetic configuration and contours of magnetic field 
module at U-2M in cross-sections R1. The circular black line shows the vacuum 
chamber wall. Gray and purple lines ratio B/B0, B0=0.3274 T, Kφ=0.3416. 
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tube and broadband amplifier. In cross-section P1 it is possible to 
measure the chord distributions using a shot-by-shot technique [22,24]. 
The time dependence of the linear electron density averaged over the 
line of sight was measured using a microwave super-heterodyne inter-
ferometer in the cross-section R (see Fig. 2a) [48,49]. For plasma 
probing a ordinary polarized wave at 140 GHz is used, and the critical 
electron density is 2.43 × 1014 cm− 3. The Langmuir probes [23,50], 
multichord optical diagnostics [50], charge exchange neutral particle 
analyzers and fast magnetic probe [51] can also be enabled during 
plasma experiments. Signals from the microwave interferometer and 
OES system are transmitted via the analog fiber optic links VOLS -1 to a 
monochromator-spectrograph and then to the data acquisition system 
(DAS) [52,53]. The DAS of U-2M consists of ADC modules L-CARD 
E-20-10 (10 MHz, 4 channels), L-783 (3 MHz, 32 channels) and E14-140 
(100 kHz, 32 channels) [52,53]. Modules E-20-10 are used to collect 
data from basic diagnostics such as the microwave interferometer, OES 
system, gas pressure and other. The currents in the coils of the magnetic 
system are recorded by module E14-140. The RF directional coupler 
signal is recorded by the module L-783. The magnetic system, the RF 
system, the diagnostic equipment and the data acquisition system are all 
synchronized with the U-2M timing device [54]. 

3. Radio frequency systems 

The Uragan-2M and Uragan-3M (U-3M) stellarators use only RF 
methods to produce and heat plasma [35–38]. For this purpose, two 
identical ̀ Kaskad’ pulsed RF systems [55] are used. The ̀ Kaskad-1′ (K-1) 
and ̀ Kaskad-2′ (K-2) RF systems are designed to operate a wide range of 
plasma loading resistance, and allow stable power generation during 
plasma production. The RF systems operate independently of each other. 
K-1 and K-2 are designed according to the modular principle (see Fig. 5) 
and have the same circuits, the same design and almost identical char-
acteristics. Each RF system is powered independently of a three-phase 
AC power supply (see Fig. 5). The AC module transmit the AC power 
to the other modules. A control module is used to monitor and control 
the RF system. This module allows both independently and following the 
signal from the U-2M timing device to start the RF module and the pulse 
module. This allows the RF system to operate independently from the 
U-2M. The RF module implements an RF generator circuit. 

The pulse unit is used as a pulse power supply for the RF module (see 
Figs. 5 and 6). It consists of a capacitor bank and a high voltage switch. 
To charge the capacitors a tuneable high voltage rectifier TDE-5/20 with 
a maximum output voltage up to 20 kV and a current of up to 5 A is used 
(see Fig. 6). The capacitor bank with a capacity of ≈1800 μF consists of 

four capacitor sections connected in series with each other. Each section 
consists of several capacitor assemblies connected in parallel. If one of 
the capacitor assemblies fails, the others remain operable. Each capac-
itor assembly contains from 8 to 10 capacitors connected in parallel. 
Capacitor types IM-5-150 and IM-5-140 with capacity of 150 and 140 µF 
respectively and maximum voltage up to 5 kV are used in capacitive 
energy storage. 

The voltage from the capacitor bank is fed to the RF module to the 
anode part of the RF oscillator via the electronic switch (see Figs. 6 and 
7). This scheme allows to control the anode voltage during the RF 
oscillation pulse. The electronic switch consists of three stages, each 
contains a thyristor assembly VS1, VS2 and VS3 (see Fig. 7). There are 4 
thyristors in series on each of VS1 and VS2 and 8 thyristors on VS3. The 
thyristor assemblies are equipped with thyristors of T3-320 type, which 
allow switching currents up to 320A in steady state and up to 6.8 kA in 
short pulse. The electronic switch operates in the following way. When a 
control pulse is launched by the control unit to the gates of the VS3 
thyristor assembly, a reduced anode voltage from a capacitor bank is 
applied to the RF generator. The voltage value is determined by the 
capacitor bank voltage reduced by the voltage drop at the resistors R1 
and R2. Further, to increase the voltage to the maximum, the thyristor 
assemblies VS1 and VS2 are switched on, which short-circuit the cor-
responding resistors. The resistance of the resistors R1 and R2 are chosen 
so as to provide the desirable mode of formation of the anode voltage 
pulse. In a typical case, the RF generator anode voltage Ua is varied 
stepwise as follows: Ua1 ≈ 0.4⋅Ua at the start, Ua2 ≈ 0.6⋅Ua at step 1 and 
maximal anode voltage Ua was set at step 2. 

3.1. RF generators 

The RF module of the `Kaskad’ pulse RF system (see Fig. 5) is 

Fig. 5. Circuit diagram of RF systems `Kaskad’.  

Fig. 6. Circuit diagram of pulse unit.  

Fig. 7. Circuit diagram of electronic switchs.  

Fig. 8. Circuit diagram of RF generator.  
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implemented with an RF generator circuit. The RF generators have a 
single-staged push–pull design [55]. Pairs of powerful tubes V1-V4 (see 
Fig. 8) are connected in parallel at each generator push–pull shoulder 
with the purpose of doubling the power output without increasing the 
anode voltage. The GI-26A tubes used in the RF generator are powerful 
vacuum triodes. They have a liquid cooling. RF module operates at the 
maximum anode voltage up to 30 kV, generated frequency up to 25 
MHz, output RF power up to 3 MW. The frequency of the oscillations 
generated is changed by replacing the capacitors and varying the 
inductance of the anode circuit. 

The voltage to the anodes of the RF generator tubes is supplied from 
the pulse module (see Fig. 5). The RF pulse of the oscillator is terminated 
by applying a locking negative voltage to the grids of the oscillator 
tubes. The generators operate at a constant frequency in the range of 
3–15 MHz. The pulse duration up to 100 ms. The maximum output 
power of the generators is about 0.8 MW. The power from the RF 

generator circuit is launched through the capacitors Cout1 and Cout2 (see 
Fig. 8) via the feeder line to the antenna. The output of the generators is 
balanced. Each of the balanced feeder lines consists of two RK-50-11-13 
type RF cables connected in parallel. The aggregate wave impedance of 
the feeder line is 25 Ω. At the feeder length ≈ 26 m the signal attenuation 
is ≈ 0.286 dB. The amplitude of the forward and reflected waves of the 
feeder line is measured with directional couplers. The RF power is 
calculated using the measured amplitudes of the forward and reflected 
waves. 

3.2. RF antennas 

There are three types of antennas in U-2M: the frame antenna (FA) 
[36], three-half-turn antenna (THTA) [50] and two-strap antenna (TSA) 
[21,22]. All antennas can be used to produce plasma. The antennas are 
located at the outer side of the plasma column at the low field side (see 
Fig. 9). The FA is located in Z2 cross-section between 1st and 2nd 
toroidal magnetic coils, the THTA is in N cross-section between 16st and 
15nd toroidal magnetic coils, and the TSA is in R1 cross-section (see 
Fig. 2a). 

At the end of 2018, the TSA was installed in the U-2M [21,22]. This 
antenna is mimicking the W7-X ICRH antenna [9–11] and the main 
difference is that it is smaller. The antenna consists of two parallel 
poloidal straps oriented perpendicular to the toroidal axis (see Figs. 9с, 
10). Its shape is fitted to the last closed flux surface, and the straps are 
placed at 10 mm distance from it when the magnetic configuration is 
with Kφ = 0.32. The small limiters are placed at both sides of the antenna 
(see Fig. 9с). The straps of TSA are made of austenitic stainless steel AISI 
321, 2 mm thick. The strap width is Wstrap ≈ 0.06 m, the length is Lstrap ≈

0.6 m and distance between the middles of the straps lstrap ≈ 0.24 m. The 

Fig. 9. Photo of the antennas inside the U-2M device, frame antenna (a), three-half-turn antenna (b), two-strap antenna (c).  

Fig. 10. Sketch of a Two-strap antenna.  

Fig. 11. Spectrum of RF currents excited by two-strap antenna for different 
toroidal phasings. 
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straps and the limiters were coated with a titanium nitride film. In some 
recent experiments, non-coated straps were also used. More technical 
details of the TSA are presented in paper [21]. 

The TSA has four feeding points, and it can have monopole [22] or 
dipole phasing [21]. To match the impedance of the feeder line to the 
antenna for monopole phasing, a matching device with a bi-polar 
L-circuit was used [56]. Using the Fourier transform of the currents on 
the two straps, the current spectrum of the TSA was calculated [57]: 

Jy(k‖) = J0e− iφ1
∫W/2− l/2

− W/2− l/2

e− ik‖zdz + J0e− iφ2
∫W/2+l/2

l/2− W/2

e− ik‖zdz (1) 

The current density J0 is assumed to be constant on the strap surface. 
Neglecting the finite extension and the finite thickness of the strap. A 
plot of the current spectrum with used phasing monopole phasing [0 0] 
and dipole phasing [0 π] is shown in Fig. 11. 

4. Results and discussion 

The gas mixtures were prepared before the experiments in the gas 
mixture system [47]. The percentage composition of the mixture in the 
U-2M vacuum chamber was controlled by a mass spectrometer (see 
Section 2.2). The TSA was used to create the plasma. In the experiments 
here, the antenna operated in monopole phasing. The antenna was 
connected to the ’K-1′ RF system (see Section 3). The RF frequency was 
equal to the fundamental hydrogen cyclotron harmonic in these exper-
iments. In this case ω ≈ ωci (H+) ≈ 2ωci (He2+) ≈ 2ωci (D+) ≈ 4ωci (He+). 
The cyclotron zone was located inside the plasma column (see, e.g., 
Fig. 4). In some experiments with the D2+H2 mixture, the FA connected 
to the RF system ’K-2′ is used to create a pre- plasma. 

4.1. He+H2 discharge 

As in previous experiments, a plasma with a density higher than 1012 

cm− 3 was created when the RF frequency was close to the fundamental 
hydrogen cyclotron harmonic [22–24]. The main requirement for this 
scenario is the presence of minority hydrogen ions in the plasma, for 
which an ion cyclotron resonance zone exists in the plasma column [22]. 
The mechanism of plasma formation is ionization by electron impact. 
Electrons at low plasma densities are heated by a slow wave (SW). At 
higher densities, the fast wave excited by the antenna is converted to SW 
at the Alfven resonance layer. SW propagates toward the lower hybrid 
resonance layer, where the wave is completely absorbed. 

The density of the generated plasma in the He+H2 mixture depends 

on the hydrogen concentration in the mixture [23,24], the initial pres-
sure of the gas mixture (see Fig. 12) [24], and the injected RF power (see 
Fig. 13). A plasma with higher density was created at a hydrogen con-
centration of 14% in the mixture [23,24]. Increasing or decreasing the 
hydrogen concentration by a factor of ≈ 2 leads to some decrease in the 
plasma density [24]. Such a dependence can be also seen in Fig. 13. Also 
from Fig. 13 we can see that an increase in the anode voltage on the RF 
generator ’K-1′, which in this case is proportional to the input RF power, 
leads to an increase in the plasma density. Experiments on the U-2M 
showed that the RF power density at or above 60 kW/m3 was necessary 
to create a high-density plasma. At the same time the temperature of the 
electrons and plasma ions measured by spectral methods was not more 
than a few tens of eV. 

The average density of plasma formed in the He+H2 gas mixture was 
compared with the density of plasma formed in pure helium and 
hydrogen gases. The injected RF power was almost the same in these 
experiments at ~ 100 kW. The frequency of the RF generator was near 
the fundamental frequency of hydrogen cyclotron resonance in 
hydrogen, and the cyclotron zone was located inside the plasma column. 
Accordingly, the conditions of plasma creation were similar. The 
experimental results are shown in Fig. 12. As can be seen, with the same 
initial pressure of ~3.5×10− 2 Pa for helium and the He+H2 mixture, the 
plasma density is ~3.2 times higher in the He+H2 mixture than in pure 
helium. Note that an uncontrolled small addition of hydrogen was pre-
sent in helium which can be concluded from optical measurements. 
Hydrogen was present in the residual atmosphere of the vacuum 
chamber. And it could also enter the helium plasma from the wall during 
the interaction of the plasma wall. When the initial helium pressure 
decreased below ~ 3×10− 2 Pa, the plasma density decreased signifi-
cantly. In the range of pressures where no dense plasma is formed in 
helium, for the He+H2 mixture, a rather dense plasma of ≈ 8.5×1012 

cm− 3 has been created. The maximum average plasma density obtained 
in helium did not exceed the value of ≈ 3×1012 cm− 3 in the range of 
pressures below ~ 1×10− 1 Pa. Similar results in helium were obtained 
earlier in [22,23]. 

The dependence of plasma density on pressure when the hydrogen is 
pure has general trends with those obtained in helium, but also has 
significant differences (see Fig. 12). Both in pure hydrogen, as in helium, 
the maximum average density of plasma is below 3×1012 cm− 3. As the 
initial pressure increases above ~ 2×10− 2 Pa, the plasma density de-
creases significantly. At an initial pressure of ~1.5×10− 2 Pa, the plasma 
density is ~6.3 times lower than in the He+H2 mixture. But as the 
pressure decreases, this difference in density decreases. At pressures 
below ~ 1.8×10− 2 Pa, the plasma density in hydrogen becomes close to 

Fig. 12. Maximum average plasma density as a function of the pressure (Ua=7 
kV, f=4.9 MHz) 14%H2+86%He (B0=0.35 T, Kφ=0.32), 100%H2 (B0=0.324 T), 
100%He (B0=0.326 T). 

Fig. 13. Maximum average plasma density as a function of the anode voltage 
on the RF generator. 14%H2+86%He, B0=0.35T, f=4.9 MHz (p = 8.4×10− 3 Pa, 
(a), p = 2×10− 3 Pa, (b)) 26%H2+74%He, B0=0.34T, f=4.9 MHz (p =
8.2×10− 3 Pa, (a), p = 2.3×10− 3 Pa, (b)). 
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or slightly higher than that of the He+H2 mixture. 
Note that in both hydrogen and helium, the maximum plasma den-

sity changes not strongly, less than ~2 times, in the pressure range 
1.5×10− 3 - 1.5×10− 2 Pa for hydrogen and 3×10− 2 - 1.5×10− 1 Pa for 
helium. In the He+H2 mixture, the dependence of the maximum average 
density varies significantly with pressure up to ~8 times. Moreover, 
there is a region of pressures where the maximum density is reached. 

The observed difference in the maximum density for pure gases and 
mixtures cannot be explained only by the difference in the atomic 
properties of hydrogen and helium. With full ionization and the same 
number of helium atoms and hydrogen molecules, the maximum density 
of electrons will be the same. Collision cross sections of electrons with 
molecule and atom of hydrogen, helium are different. The influence of 
values of collision cross-sections in He and H2 on breakdown and plasma 
creation was analysed in [23]. The analysis showed that the presence of 
hydrogen in the mixture may lead to better conditions of breakdown and 
plasma creation. Perhaps the degree of ionization in the mixture can also 
be achieved higher. The experiments show that the degree of ionization 
in the mixture is higher (see Fig. 12). This is especially visible in the low 
pressure region. Increasing the degree of ionization requires energy in-
puts. Increasing the concentration of electrons in the plasma can also be 
due to the impurities in plasma. The presence of impurities such as 
carbon and oxygen was observed by OES in experiments both in pure 
gases and mixtures [22–24]. However, the increase of the spectral lines 
of impurities not proportional to density in He+H2 mixture plasma 
compared with He and H2 plasma was not observed. 

All this does not fully explain the observed differences in the 
maximum density for pure gases and the mixture. This difference may be 
due to the fact that in the plasma of the He+H2 mixture there is an 
effective mechanism of energy transfer from the RF wave to the plasma 
electrons. These mechanisms were discussed above and earlier in [22]. 
As a result, this leads to a significant increase in the plasma density and 
degree of ionization. Radiation losses apparently increase, as well as in 
the LHD experiments [25], and the injected RF power is not sufficient for 
further heating of the plasma. 

ICRF plasma production experiments with H2+He mixture can be 
summarized as follows: (i) gas breakdown and plasma creation are 
achieved at lower pressure compared to pure He with similar RF power; 
(ii) plasma density obtained in the mixture is higher than in pure 

hydrogen (iii) highest plasma densities can be obtained in plasmas with 
a gas fuelling mixture of 14% hydrogen in helium; (iv) created plasmas 
have relatively high density (1013 cm− 3) and low ion and electron 
temperature. 

4.2. He+H2+D2 discharge 

In the He+H2+D2 three component gas mixture a similar picture as 
in the He+H2 double component gas mixture is observed, namely, the 
maximum density was observed when the RF frequency was close to the 
fundamental hydrogen cyclotron harmonic. The time evolutions of the 
ICRF discharge in the He+H2+D2 are presented in Fig. 14. In general, it 
is similar to the ICRF discharge in the He+H2 [23,24] with minor dif-
ferences in the plasma parameters. In the discharge, several stages can 
be identified. The first stage is the breakdown and production of a 
plasma with a density below 1012 cm− 3, which is characterized by the 
beginning of an increase in the intensity of the spectral lines of the H I 
and He I atoms (see Fig. 14). At the second stage the plasma density 
increases to its maximum value. The intensity of the spectral lines of He 
II and C III ions begins to increases with a short time delay of ~ 1 ms 
relatively to helium ions (see Fig. 14). This may be due to that helium 
mainly resides in the volume of the vacuum chamber, while carbon is 
more on the walls. The intensity of the H I and He I lines increases in the 
beginning and decreases after ~ 22 ms. A maximum density of ≈
9×1012 cm− 3 is obtained at ~ 28 ms. Thereafter, the density decreases to 
≈ 6×1012 cm− 3. The intensity of the spectral lines H I, He I and C III 
practically does not change, the intensity of the helium ion He II de-
creases. After switching off the RF pulse for at 35 ms, the plasma begins 
to fade. The intensity of the spectral lines decreases fast. At the stage of 
decay, after ~ 38 ms, there is an increase in the intensity of the lines H I 
and He I associated with recombination. 

The dependence of the maximum density in the He+H2+D2 mixture 
(see Fig. 15)  is similar for the He+H2 (compare Fig. 12 and [24]). There 
is a range of optimal pressures where plasma of maximum density is 
produced. Moreover, this pressure range is somewhat larger for the 
He+H2+D2 than for the He+H2. For example, for He+H2+D2 the 
maximum density is observed in the range ~ 3×10− 3- 1.5×10− 2 Pa (see 
Fig. 15) for the 14%H2+86%He mixture the pressure range is ~ 
5.5×10− 3- 1.5×10− 2 Pa. Decreasing the pressure as well as increasing it 
results in decreasing the plasma density. The obtained plasma density 
values of ≈ (7-8)×1012 cm− 3 in 80.5%He+9%H2+10.5%D2 are similar 
to the plasma density values in of 7%H2+93%He obtained earlier in 
[24]. 

Thus, the investigation shows that the ICRF plasma production sce-
nario developed for the He+H2 mixture [22–24] can be used in the 
He+H2+D2 mixture. The plasma parameters obtained in He+H2+D2 do 
not differ significantly from the plasma parameters in He+H2. Note that 

Fig. 14. Time evolutions of average plasma density; optical emission intensities 
of Hβ, (486.1 nm), He I (504.7 nm), and ions He II (468.6 nm); C III (464.7 nm), 
(Ua=7.5 kV, f=4.95 MHz, B0=0.325 T, Kφ=0.33, Icorr=140A. Working gas 80% 
He+10%H2+10%D2, p = 9.7×10–2 Pa). Duty cycle: 15 ms (start), 16 ms (step- 
1), 18 ms (step-2), 35 ms (shutdown). The vertical lines indicate the times of 
duty cycle of RF shot. 

Fig. 15. Maximum average plasma density as a function of the pressure. 
Working gas 80%He+10%H2+10%D2 (Ua=7 kV, f=4.95 MHz, B0=0.323 T, 
Kφ=0.32, Icorr=157A). 
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previously the 3He-H-D mixture was investigated in ICRH plasma 
heating experiments [58]. 

4.3. D2+H2 discharge 

In the case of the H2+D2 mixture, the same plasma production sce-
nario was used as for He+H2. The results obtained in H2+D2 differ 
significantly from those obtained in the He+H2 mixture, He+H2+D2, 
and pure He, H2 gases (see Sections 4.1 and 4.2). As can be seen from 
Fig. 16a after the RF breakdown and a plasma with a density below 
5×1010 cm− 3 was created. Changing the initial pressure, the voltage at 
the antenna Ua, the generator frequency and the magnetic field value 
practically did not lead to any significant changes. The introduction of 
pre-ionization, as seen in Fig. 16b, also did not lead to significant 
changes. 

The collision cross sections of electrons with hydrogen and deute-
rium are almost the same [59]. Accordingly, the influence of the values 
of the collision cross sections in H2 and D2 on the breakdown and cre-
ation of plasma will be minimal. Increasing the hydrogen concentration 
to more than ~ 50% in the mixture significantly increased the density of 
the created plasma. The achievable plasma density in this case was the 
same as in pure hydrogen. Reducing the magnitude of the magnetic field 
when the RF frequency was significantly greater than the ion cyclotron 
frequency ω >> ωci, led to the possibility of creating plasma with a 
density up to 7×1011 cm− 3 (see Fig. 17). And the density was close to 
that of plasma previously obtained in H2 [60]. In the case of ω >> ωci, 
the wave propagation conditions are significantly different from the case 
of ω ≈ ωci and were previously considered in [61]. Thus, changes in the 
conditions of wave propagation in plasma show that in low magnetic 
fields when ω >> ωci the situation with the formation of plasma in the 
H2+D2 mixture practically does not differ from the creation of plasma in 
H2. But significantly differs in the case of ω ≈ ωci. Thus, additional 
studies are required for the ICRF scenario of plasma creation in the 
H2+D2 mixture. 

5. Summary 

The ICRF plasma production experiments with H2+He mixture 
showed that the gas breakdown and plasma creation are achieved at 
lower pressure compared to operation with pure He and similar RF 
power. Adding a hydrogen minority allowed one to triple the plasma 
density as compared with pure helium. The highest plasma density 
(1013 cm− 3) was obtained at a gas fuelling mixture of 14% hydrogen in 
helium. While addition of deuterium minority to the H2+He mixture 
leads to small changes in the parameters and characteristics of the 
plasma, in the D2+H2 mixture and a low hydrogen concentration 
(15–20%), only a low ~ density plasma of no more than 1011 cm− 3 is 
produced. At very low magnetic fields plasma is successfully produced in 
deuterium. 
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