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Abstract   

Plasma production experiments in helium at Uragan-2M have been performed to investigate the role of the 

hydrogen  minority in helium. The experiments presented here were carried on with a controlled minority hydrogen 

concentration. The hydrogen minority allowed one to increase plasma density more than three times as compared with pure 

helium. The obtained plasma density is highest for whole time of Uragan- 2M operation. The developed scenario allowed 

to decrease the neutral gas pressure at which the plasma production is  possible. This is a requirement for achieving regimes 

of plasma production with full ionization. Although the initial gas  mixture 14%H2+86%He can be treated as optimum, there 

is no sensitive dependence on hydrogen minority concentration,  which makes the scenario robust. This study, together with 

initial LHD experiments, confirm the prospects of target plasma  production by ICRF waves for stellarator type machines.   

Keywords: plasma production, ion cyclotron heating, stellarator, Uragan-2M, RF power.   
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Introduction   

The electron-cyclotron resonance heating (ECRH) is the main plasma creation method at Wendelstein7-X (W7-

X) [1,2]. After  plasma creation, ECRH is used for plasma heating. Plasma is also heated with [1,2] the neutral beam 

injection (NBI) [1- 3]. Ion-cyclotron resonance heating (ICRH) will be enabled in the next experimental campaigns [2,4].   

140 GHz gyrotrons are used at W7-X, and the second harmonic ECRH is realized at the magnetic field of  2.5 T 

which is, therefore, the regular magnetic field in W7-X experiments. Operation at lower magnetic field of 1.7 T is possible 

with usage of  extraordinary  wave ECRH (X3 ECRH) at the 3rd  harmonic [5]. The experiments at  this  magnetic  field 

give an  opportunity to investigate high β plasma and more magnetic configurations. The physics of ECR X3- mode heating 

is also of interest. Calculations [5] show that the X3-mode damping is sufficient for heating if the target  plasma has the 

electron temperature Te higher than 700 eV and plasma density higher than 1013 cm-3. This means, in particular, that X3 

ECRH heating cannot be used for plasma production.   

X3 ECRH was studied at the Large Helical Device (LHD) [6]. The target plasma was created with the NBI. The  

NBI can also create target plasma at W7-X. The computations [7] predict that the delay between the NBI start and full  

neutral gas ionization is about 5 s. During almost whole this time interval the beam shines through. This leads to intolerably  

high thermal load at the beam dump [8, 9]. The successful NBI plasma creation during less than 0.5 s, the maximum time  

during which the dump can tolerate the full load, requires initial plasma with a density of 1010-1011 cm-3 [7]. Other  plasma 

parameters like temperature and ion composition are not so important.   

The initial plasma for NBI can be created by the radio-frequency (RF) ICRH system of W7-X. Thus, a possible 

W7-X  plasma operation scenario in the low magnetic field of 1.7 Т may consist of the following stages: the initial plasma 

creation  with the RF-discharge; the NBI application for increasing plasma parameters up to the required level; the 

microwave power  heating in the X3 ECRH regime.   

A number of experiments were carried out at the Uragan-2M device to research wall conditioning and plasma  

production scenarios suitable for implementation at W7-X. The two-strap antenna similar W7-X antenna was installed at  

Uragan-2M to support ICRF experiments at W7-X (wall conditioning, target plasma creation and heating) [10, 11]. The  

research for plasma creation was carried out with ~100 kW RF power in the helium atmosphere at the pressure of  p = (4 – 

14)×10-2 Pa [10] at RF frequency near the fundamental hydrogen  cyclotron harmonic. It should be noted that the average 

helium plasma density (2 – 2.6)×1012 cm-3 is of the same order as  in other RF plasma creation experiments [12, 13].   

The scenario of  ICRH plasma creation developed at U-2M [10] was examined at LHD [14]. This scenario is 

attractive since it could use the W7-X ICRH system which is mainly aimed for generation of fast ions. The LHD 

experimental  results show a possibility to use the ICRH plasma creation scenario [10] at large toroidal stellarator type 

devices.   

A small hydrogen minority appeared spontaneously in plasma in above mentioned U-2M experiments [10] was  

presumably formed via dissociation of the water vapour and hydro-carbons. It was also supplied by the hydrogen 

which  released from the hydrogen pre-loaded inner vacuum surfaces. In such experiments, hydrogen percentage inside 

plasma  wasn’t controlled. It was reasonable to carry out experiments with controlled percentage of H2 in the H2 +He gas 

mixture. The information about  RF plasma in H2+He mixtures in literature is mainly related to the RF wall conditioning in 

tokamaks [14-25] which is normally performed in partially ionized plasma.  

 



 

The studies described below continue the research of RF discharge in He atmosphere with hydrogen minority  

which was initiated in [10]. The distinctive feature of these experiments is control over the percentage of hydrogen in the  

working gas mixture.   

Experimental setup and diagnostic methods   

The ICRH plasma creation experiments in He atmosphere with H2 minority were carried out at U-2M stellarator  

[10, 26,27]. The U-2M photo and scheme are shown in Fig. 1. In this machine, the major torus radius is R = 1.7 m, the minor 

radius is  rc = 0.34 m and the average plasma radius is rp < 24 cm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Photograph (a) and scheme (b) of Uragan-2M. I, II and III respectively poloidal, helical and toroidal (numbered   

1–16) field coils. Different toroidal cross-sections are shown by the red lines and denoted by the capital letters and   

numbers.   

The U-2M magnetic system [28,29] consists of the l = 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 toroidal magnetic 

field  at the toroidal axis at present is B0 < 0.6 T (B0 = Btt+Bth, Btt and Bth are the toroidal fields produced by the toroidal and  

helical coils respectively,). Magnetic configuration with Kφ ≈ 0.32 is used, where Kφ = Bth / (Btt+Bth).   

The toroidal vacuum chamber has a volume Vс=3.88 m3 (without pumping branches). The vacuum chamber is  

pumped with three turbo-molecular pumps TMN-500 (see fig.1b, cross-sections V, Z1, V1). TMN-500 has maximal  

pumping speed 0.5 m3/s for nitrogen gas. The residual gas pressure inside vacuum chamber varies around 1×10-5 Pa. The  U-

2M vacuum system is described in detail in [30].   

Plasma is created and heated with the W7-X-like two-strap antenna installed at R1 cross-section (see fig.1b). The  

antenna consists of two parallel poloidal straps made of stainless steel, 2 mm thick. The strap width is 60 mm, the  length is 

600 mm, distance between straps ≈ 210mm. It is described in detail in [10, 11]. The antenna is fed in monopole   

phasing at all the experiments. The antenna is powered by the RF complex Kaskad-1 (K-1) [31]. The RF power value is  

calculated according to the measurements of the forward and backward waves’ amplitudes inside the feeder line.   



The average electron density is measured with the super-heterodyne interferometer at 140 GHz frequency in the  R 

cross-section (see Fig. 1b) [32]. The plasma real-time optical emission spectroscopy was located in the cross-section  P1 (see 

Fig.1b). The emission is recorded with the monochromator-spectrograph SOLAR TII (SOL Instruments Ltd)  model 

MS7501i (Czerny–Turner optical scheme). In N1 cross-section (see Fig. 1b, Fig. 2), the movable cylindrical Langmuir 

probe  measures the ion saturation current. The length of the probe tip is 4 mm and its  diameter is 0.8mm.   

The U-2M vacuum chamber pressure is measured with vacuum ionization manometers PMI-2 and PMM-32-1.  The 

partial gas pressure inside the vacuum chamber is measured with the mass-spectrometer IPDO-2 (the partial pressure  meter 

of omegatron type OPPM-2) having the omegatron tube RMO-4S (resonant radio frequency mass spectrometer  tube). The 

precision of the residual gases partial pressures measurements is about 25% without calibration. The mass- spectrometer 

calibration with a single sort pure gas allows one to achieve 10% precision in further measurements. The  quantitative gas 

mixtures analysis took into account the molecular dissociation fragments and the multiply charged ions,  which appear 

during the measurement in the omegatron tube. They are taken into account according to the method described in  [33].  

The working gases H2 and He were puffed into vacuum chamber continuously and the flux was controlled with  

two-channel gas puffing system SNA-2-01. The H2+He gas mixture experiments are prepared in the following steps:  initially, 

the U-2M vacuum chamber is puffed with helium until a certain pressure, then the hydrogen is additionally puffed  into 

chamber, which increased the pressure in the chamber. The percent ratio of H2 and He inside the chamber is controlled  using 

IPDO-2 mass-spectrometer measurements. Three experiments were carried out for three different gas mixtures: pure  He 

(with hydrogen appeared spontaneously), 14%H2+86%He and 25%H2+75%He.   

 

 

 

 

 

 

 

 

 

Fig. 2. Head trajectory of single probe (dashed line) in cross-section N1. The magenta dots indicate the last closed flux   

surface for the magnetic configuration with Kφ = 0.32.   

Experimental Results and Discussions   

He discharge.   

Two experimental series were carried out for ICRF plasma creation in helium atmosphere. The RF frequency   

was equal to hydrogen ion-cyclotron frequency in these experiments.   

The first experimental series was carried out with constant initial helium pressure p = 0.145 Pa without hydrogen   

puffing and different anode voltage Ua at the RF generator complex K-1. The experimental conditions were similar to  those 

ones described in the paper [10]. The main goal of this experiment was creating the reference data set. The  

measurement results are shown in Fig. 3. It is seen that the results of these experiments are in good agreement with  previous 

data [10]. Some difference in the plasma density may be caused by different wall conditions.    

The second experimental series was carried out at the RF generator anode voltage Ua = 5–7 kV and initial helium  

pressure p = 0.145–1.6×10-2 Pa. The main goal of these experiments was plasma creation studies at different gas pressures.  



The experiments showed that the pressure decrease causes increase of the delay between RF pulse start and the 

neutral gas  breakdown. For example, the times to achieve the average density 5×1011cm-3 at the pressure 6×10-2 Pa and 3×10-

2 Pa  (Ua = 7 kV) are 6.7 ms and 11.7 ms accordingly. The maximal achieved average plasma density also decreased with 

the pressure, for example, the average density was less than 1×1012cm-3 at p <3×10-2 Pa (Ua = 7 kV). At the same  time, 

modulus of reflection coefficient | Γ | inside RF feeder line increased and the power input into antenna decreased  

accordingly. The anode voltage Ua wasn’t set more than 7 kV to prevent arcing at the antenna. It’s worth mentioning that  

similar situation with simultaneous plasma density and He pressure decrease was observed earlier in [12, 13].   

 

 

 

 

 

 

 

 

 

Fig. 3. Maximum average plasma density as a function of the anode voltage on the generator K-1. (Working   

gas He, p = 0.145 Pa) 1 – experimental data [10], f = 5.15 MHz, B0 = 0.347 T, Kφ = 0.32, Icorr = 470 A, 2 – data of this   

experimental series f = 4.9 MHz, B0 = 0.355 T, Kφ = 0.32.   

He+H2 discharge.   

The third experimental series was carried out at fundamental hydrogen ion-cyclotron harmonic in mixture of H2+He.  

The K-1 generator frequency was f=4.9 MHz, the anode voltage Ua was 7-8 kV. The K-1 timing was: 10 ms (start), 12 ms  

(step 1), 14 ms (step 2), 22 ms (power off). The anode voltage stepwise grew in this regime (Ua1 ≈ 0.4·Ua start, Ua2 ≈ 0.6·Ua  

step 1) and reached maximal anode voltage Ua at 14 ms (step 2). Fig. 4 shows the dependencies of the RF power, the  

average plasma density and different spectral lines intensities. In the plasma density dynamics, several stages.  The first stage 

(t = 10-15 ms) includes preliminary plasma creation and plasma density growth. The RF power is low at this stage due to 

small antenna – plasma coupling which resulted in almost equal amplitudes of forward and backward waves in the feeder 

line. The H and He spectral  lines intensities increase during this phase. The second phase (t = 15-20 ms) is the further plasma 

density growth up to  ≈ 9×1012 cm-3. Owing to the plasma density variation the antenna-plasma coupling changes, and at the end of 

this stage becomes worse which causes decrease of the coupled power. The He I, He II, Hβ spectral line intensities decrease. The 

third phase is quasi-stationary (t = 20-22 ms), the  average plasma density changes in the range of (7 – 9)×1012 cm-3. Note, that 

O+4 (OV) and C+4 (CV) spectral lines weren’t  observed during the shot as well as in Ref. [10]. This is the indication of low 

electron temperature. The fourth stage begins  after the RF heating is off (22 ms). The plasma decay takes place at this 

phase, the plasma density and spectral lines  intensities decrease. At the same time, two stages of plasma density decay time 

can be distinguished. The average plasma  density decreases from 8.3×1012 cm-3 to 5×1012 cm-3 for ~ 0.6 ms during the first 

stage. The He I and He II spectral lines  intensities decrease to the minimum for ~ 0.2 ms and ~ 1.2 ms accordingly. The 

plasma density decreases from 5×1012 cm- 3 to 1×1012 cm-3 for during ~ 12.9 ms at the second stage. The He I spectral line 

intensity increases a bit at t = 26ms. This  can be explained with electron temperature decrease and helium recombination. 

The difference between average density  decay stages prompts on different loss mechanisms of the charged particles.   

These experiments with H2+He mixture showed that, firstly, the gas breakdown and plasma creation are possible   

at lower pressure than in pure He while the RF power is the almost same. Secondly, the in the H2+He mixture the average  



plasma density is definitely higher than in pure He. Fig. 5 compares the plasma density time evolution for pure He and  25% 

H2+75% He mixture. The RF power of about ~ 90 kW created plasma with the average density  about ~2.6 times higher then 

in pure helium. At the same time, the initial gas pressure was ~ 20 times lower than for the  pure He discharge. That means 

that the plasma density increases both with the ionization degree of the neutral gas while the input RF power stays 

comparable.   

The main processes at plasma creation are the neutral gas ionization processes. The neutral gas atoms and   

molecules electron collision ionization has the threshold nature and is determined with ionization potential Ui [34]. The H2  

molecule  (Ui=15.4 eV)  and  hydrogen  atom  H  (Ui=13.6  eV)  have  lower  ionization  potential  than  helium  atom  

(Ui=24.6 eV). The electron impact ionization cross-section is higher for H2 and H than for He. For example, the ionization  

cross-section for H and He atoms at the electron energy Ee = 100 eV is 5.4×10-17 cm2 and 3.65×10-17 cm2 accordingly [35].  The 

He+ ion ionization cross-section (Ui = 54.4 еВ) is 3.75×10-18 cm2 at Ee=100 eV [36]. The total ionization cross-section  for  H2  

molecule  is  9×10-17 cm2  at  Ee=100 eV  [37],  the  partial  cross-sections  of  H2
+  and  H+  ions  formation  are              

8.24×10-17cm-2 and 7.59×10-18 cm-2 accordingly. So, the ionization of hydrogen is every time faster than helium.   

On decrease of the gas pressure, electron collision rate with atoms (molecules) decreases. As a result, there is a   

minimum gas pressure for successful plasma production. In this case, the hydrogen admixture allows one to soften  

ionization and breakdown conditions, therefore breakdown pressure is lower than in pure helium. This was observed in the 

current experiments when the dense plasma was created in H2+He mixture at lower pressure than in helium (Fig. 5).   

The Langmuir probe ion saturation current radial dependence was measured and is shown in Fig. 6, in the capture to 

which the  experimental conditions are listed. The maximal saturation current was observed at the central area r~4 cm. The 

current  considerably decreases further with the distance from the center from ~72 mA (r = 3 cm) to ~ 4 mA (r = 12 cm). 

The  current decreased slower after r = 12 cm down to ~ 0.2 mA (r = 20 cm). So the mostly dense plasma is observed inside  

the confinement volume. This is an indication that the electron density profile isn’t hollow.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4. Time evolutions of RF power (a); average plasma density (b); optical emission intensities of He I, 447.15 nm (c);  

He II, 468.6 nm (d); Hβ, 486.1 nm (e); HΔ, 410.1 nm (f) (Ua = 8 kV, f = 4.9 MHz, B0 = 0.341 T, Kφ = 0.32,  Working gas 

86%He+14%H2, p = 8.3×10-3 Pa). Duty cycle: 10 ms (start), 12 ms (step-1), 14 ms (step-2), 22 ms   

(shutdown).   

 

Fig. 5. Time evolutions of average plasma density for He and gas mixture 25%H2+75%He. (pressure He p = 0.106 Pa,  

Ua = 7.5 kV, B0=0.344 T, Kφ = 0.319, f = 4.9 MHz; pressure 25%H2+75%He p = 5.4×10-3 Pa, B0=0.346 T, Kφ = 0.319,  f 

= 4.9 MHz).   

 

 

 

 

 

 

 

 

 

 

Fig. 6. Dependence of the saturation ion current of the Langmuir probe on the distance between the probe head and the 

torus axis (see Fig. 2). (gas  mixture 14%H2+86%He, p = 8.3×10-3 Pa, f = 4.9 MHz, B0 = 0.341 T, Kφ = 0.32, Ua = 7.5 

kV, t ≈20 ms).   

The Fig. 7 shows the dependence of the maximal value of the average plasma density during shot on K-1  generator 

anode voltage. The plasma density for 25%H2+75%He initial gas mixture didn’t exceed 4.7×1012 cm-3 at 7 kV  voltage. The 



maximal plasma density value was 8.9×1012 cm-3 (initial gas mixture 14%H2+86%He) and was achieved at  8 kV voltage. 

This value is approximately two times bigger than the average plasma density achieved earlier in U-2M  experiments.   

 

Fig. 7. Dependence of maximum average plasma density as a function of the anode voltage on the generator K-1.   

1 – Working gas 86%He+14%H2, p = 8.3×10-3 Pa, f = 4.9 MHz, B0 = 0.341 T, Kφ = 0.32.   

2 – Working gas 75%He+25%H2, p = 5.4×10-3 Pa, f = 4.9 MHz, B0 = 0.346 T, Kφ = 0.319.   

 

It  worth  mentioning  that  the  RF  experiments  on  plasma  production  in  tokamaks  aimed  for  vacuum  wall  

conditioning in H2+He mixture achieved average plasma density of about 1010-5×1011 cm-3 [15-17, 20]. The first LHD  

experiments on ICRH plasma creation [14] used the minority scenario [10]. The experiments in ~81%He+19%H2  (p 

= 2.56×10-5 Pa) mixture achieved the average plasma density ≈ 9.5×1011 cm-3 with RF power up to 200 kW. The LHD  is 

much bigger than U-2M and such RF power is probably too small. The RF power density was about 150 kW/m3 for Uragan-

2M experiment and about 7 kW/m3 for LHD. 

Summary and Conclusions   

In the experiments at U-2M for plasma production [10] there was made a suggestion on the crucial role of  

hydrogen which appears in the discharge spontaneously as an impurity. The experiments presented here were made to  clarify 

this suggestion. They were performed in helium with a controlled concentration of the hydrogen minority.    

The experimental results directly confirm the above suggestion. Adding a hydrogen minority allowed one to more  

than triple the plasma density as compared with pure helium. Moreover, it allowed to decrease the neutral gas pre-fill  

pressure at plasma breakdown, which is necessary to obtain full ionization. Plasma characterization by probes reports on  a 

volumetric and fully ionized plasma discharge. The obtained plasma density was maintained highest for whole time of U-

2M  operation. Although the initial gas mixture 14%H2+86%He can be treated as optimum, there is no sensitive dependence  

on hydrogen minority concentration in the range of 14% to 25%, which makes the scenario robust.   

The plasma density achieved in this scenario is 9×1012 cm-3 which is sufficient for further NBI application and fast 

discharge development without overheating of the NBI dump. The RF power applied is below 120 kW. 

This study, together with initial LHD experiments [14], confirm the prospects of the target plasma production  

method with ion minority for stellarator type machines.   
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