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Abstract

The TOMAS toroidal magnetized plasma facility aims at complementary research on wall
conditioning methods, plasma production and plasma- surface interaction studies. This paper
explores for the first time the parameters in helium ECR plasma and combined ECR+RF
discharges in TOMAS. The ECR discharge in this work, at 2.45GHz and 87.6mT, is the main
one for creating and maintaining the plasma, while the addition of RF power at 25MHz
allows to broaden the achievable electron temperature and density at a given gas flow, as
evidenced by triple Langmuir probe measurements. This effect of the combined ECR + RF
discharge provides flexibility to study particular aspects of wall conditioning techniques
relevant to larger devices, or to approach plasma conditions relevant to fusion edge plasmas
for particular surface interaction studies.
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1. Introduction

High-frequency discharges of various frequency ranges
between 1 MHz and 300 GHz are widely used in physics
research and applied plasma process technologies [1-7]. This
includes generation and heating of high-temperature plasma
in devices for controlled thermonuclear fusion where one
distinguishes the MHz and GHz range, respectively, as the
ion and electron cyclotron range of frequency [8-11]. In
plasma process technologies based on radio-frequency (RF)
discharges, the most often used generator frequency is

13.56 MHz, producing a low-temperature plasma for various
applications [2-5]. These RF discharges can be performed
both with and without magnetic field. In thermonuclear
research, the RF frequency is usually set as a multiple
(harmonics) of the ion cyclotron (IC) frequency [11]. The
main feature of IC discharges is the ability to heat the ionic
component of the plasma which is advantageous to reach
fusion conditions. IC-based methods are also used for
cleaning vacuum chambers [12-14]. In weak magnetic fields,
RF discharges are used for cleaning at frequencies above the
IC frequency [15-17].
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Microwave discharges in a magnetic field at frequencies
(0.915 – 200 GHz) which are multiples of the electron-
cyclotron frequency (ECR) have become widespread [1-3, 6-
10]. Plasma sources based on ECR are used for various types
of surface treatment, etching, deposition of thin films,
sources for powerful ion beams, electric propulsion etc. [1, 2,
7]. Microwave plasma sources mainly use the frequency of
2.45 GHz. In fusion research, ECR discharges are used to
create and heat plasma [8-10]. The feature of ECR discharges
is the ability to heat the electron component of the plasma.
The applied generator frequency in such studies depends on
the magnitude of the magnetic field attainable in the
installations. For example, in the Wendelstein 7-X stellarator
gyrotrons are set up at a frequency of 140 GHz [10]. ECR
discharges are also applied for wall conditioning of toroidal
vacuum chambers of tokamaks and stellarators [12, 14]
employing the same generators and magnetic fields as those
for plasma generation and heating [18, 19]. Wall
conditioning modes at a frequency of 2.45 GHz in weak
magnetic fields have become widespread [12, 20].

Both IC and ECR have been applied for cleaning vacuum
chambers of fusion devices [12-14]. Also combined
ECR + RF discharges were investigated for various plasma
process technologies [21-24]. Typically, these discharges use
a substrate (used for technological purposes, for example,
etching etc.) as an electrode. The electrode is biased by the
RF power source relative to the chamber wall. In this case,
the scheme of plasma sources is similar to inductively
coupled plasma reactors [4]. But instead of an inductive
discharge, an ECR discharge is used. A combination of ECR
and IC discharge was used to condition the walls of the
TEXTOR-94 tokamak [25, 26]. The combined discharge
improved the reliability of IC antenna operation in the
plasma production regime for wall conditioning. And it can
be a promising method to reach a high RF wall conditioning
efficiency [25, 26]. To date, there is no complete physics
picture of the combined ECR + RF discharges. Nevertheless,
it is noted that both techniques are complementary, and
combining them may eliminate their individual
disadvantages. For example, a disadvantage of ECR
discharges is lower ion energy (<50 eV) than in IC
discharges and a higher electron temperature (10–20 eV)
[12].

This paper presents the first results of studying of the
helium ECR plasma parameters and combined ECR + RF
discharges in the TOMAS plasma facility by using a newly
installed movable triple Langmuir probe system [27]. The
main goal was to compare the density and electron
temperature in ECR and ECR + RF discharges.

2. Experimental setup and diagnostic

2.1 Experimental setup

Experiments were performed in the TOMAS (TOroidal
MAgnetized System) device [27, 28]. The scheme of the
experimental setup is depicted in Figure 1. The vacuum
chamber is a quasi - toroidal vessel with a minor radius of
0.26 m and a major radius of 0.78 m. The volume of the
chamber is ~ 1.1 m3. The vacuum chamber was evacuated by
turbo-molecular pump Pfeiffer TPU 1201PC (volume flow
rate for N2 of 1250 l/s) in series with a rotary vane pump
Pfeiffer DUO 35 (pumping speed of 8.889 l/s). The pressure
was measured by a capacitance gauge (baratron) Pfeiffer
CMR 375 (the pressure range of 1.1×10-1 – 1×10-5 mbar) and
the cold cathode gauge (penning gauge) Pfeiffer IKR 270
(the pressure range of 1×10-3 – 1×10-9 mbar). The working
gas was injected (see fig. 1) into the vacuum chamber using
mass flow controller Bronkhorst F-201CV-200-VGD-88-V
(flow rate of 4 – 200 sccm) calibrated for helium. The
toroidal magnetic field is generated by a magnetic system
consisting of 16 water-cooled coils. The magnetic system
was powered by a DC power supply with the maximum
output current of 2.2 kA, delivering a magnetic field on-axis
up to 0.125 T. The value of the magnetic field is proportional
to the coil current Ic [27]. The accuracy of the power supply
current control is ~ 1 %. Control and monitoring of systems
TOMAS device (pumping, gas injection, magnetic field) is
carried out using an integrated control system based on
Siemens SIMATIC S7-1516-3 PN/DP controllers.

The microwave heating system consists of a 2.45 GHz
microwave generator MUEGGE MH6000-213BF with
water-cooled magnetron head, the magnetron power supply
MUEGGE MW-PPEE3327-6K-016, a power monitoring and
oscillator protection circuit, impedance matching circuit. The
output flange of the magnetron is connected to a WR 340
waveguide. The transition element MUEGGE MW5002B-
120YD is installed as an adapter from the rectangular
waveguide to a circular port with a diameter of 100 mm. The
transition element converts the TE10 mode in the rectangular
waveguide to a TE11 mode propagating in the circular part.
Microwave power is transmitted to the vacuum volume
through a quartz window (see fig. 1) with a thickness of
6.22 mm and a diameter of 100 mm. The output microwave
power of the generator is 0.6 – 6 kW. The generator can
operate in a steady-state or pulsed regime with a pulse length
down to 1 s.

The RF system was developed taking into account the
geometric and technical features of the TOMAS device [29].
The RF system includes a generator, an amplifier, a
transmission line, a matching circuit, an antenna, as well as
control and diagnostic systems. It should be mentioned that
the RF system can only be operated in a pulse regime. The
current installation allows to have up to 4 s of pulse length.
The RF generator Tektronix AFG 3252 (Arbitrary/Function
Generator, frequency up to 120 MHz) operates at fixed
frequency or frequency sweeps with sweep time from 1 ms to
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300 s. The RF signal is amplified by a BONN Elektronik
BLWA 0105-6000P solid-state amplifier in the frequency
range of 10 – 50 MHz. The maximum CW output power is
6 kW. At the amplifier output, the power of the forward and
reflected waves are measured with a directional coupler
BONN Elektronik BDC 0105-70/10000 using high-speed
Logarithmic Detector Power Meters (AD8310 0.1 –
 440 MHz). High-frequency power from the amplifier is
delivered to the antenna by the coaxial feeder line 50 Ω
1 5/8″. The RF antenna consisting of a single strap in an
antenna box, is 3D-printed in Inconel 718 and, then, coated
by a thin layer of copper with a thickness of 0.2 – 0.3 mm.
The strap width is 90 mm with a thickness of 5 mm. The
inner width of the antenna box is 180 mm. The shape of the
antenna box repeats the circular curvature of the inner wall of
the vacuum vessel at the low magnetic field side. The
impedance matching system includes a pre-matching
capacitor connected to the top of the antenna strap and a
classical L-section matching circuit connected to the center
of the strap. The RF and microwave systems are run by
Python scripts.

The Data Acquisition System (DAS) of TOMAS
(microwave and RF systems, pressure, plasma diagnostic
systems) has 16 channels. The DAS is based on high
precision signal conditioning amplifiers DEWETRON
DAQP-V (bandwidth of 50 kHz, the input range of ±50 V)
with dynamic isolation which is connected to a National
Instruments NI PXI-1042Q controller (two terminal blocks
TB-2709). The Data Acquisition System is operated by
LabView scripts. In more, the technical details of the
TOMAS device are described in [27].

2.2 Langmuir probe diagnostic

The triple probe method was used to measure plasma
parameters, such as the electron density and temperature, and
their radial distributions along the diameter of the vacuum
vessel. The triple probe technique [30-33] (proposed in 1965
[30]) has found applications in various plasma devices such
as high-power impulse magnetron sputtering [34], theta-
pinch [35], plasma accelerator [36], RF discharge [37, 38],
tokamaks [39-41], and others systems [42-46]. To measure
plasma parameters with a triple probe, a fairly simple
measuring circuit is required. And the processing of
experimental data is straightforward. The simplicity of
measurements and data processing is the main advantage of
this method. In addition, in the case of RF discharge, RF
compensation of the triple probe is not required. As the
system of three probes floats with the plasma following the
plasma potential. A triple probe, like a double probe, can in
principle respond to RF fields and provide internal RF

Figure 1. Scheme of the TOMAS device vacuum vessel. RF
– RF antenna strap, ECR – microwave power input, GI – Gas
Injection, VG – Vacuum Gauges, VP – Vacuum Pumping,
SP – Single Probe, TP – Triple Probe.

compensation. The issue of RF compensation for a double
probe is considered in detail in [47]. The results of
measurements with a triple probe have been repeatedly
compared with the results of a single [30, 38, 41] and double
[37, 38, 41] Langmuir probes, as well as with the average
density measured by a microwave interferometer [44].
Depending on the experimental conditions, the measurement
error with a triple probe can range from several percent [37]
to tens of percent [30, 37, 38, 44]. In paper [41], a difference
between the data of the triple probe and other probes of the
order of a factor of two was observed. This difference in the
data is explained by the nonlinear distribution of the plasma
parameter profile along the divertor targets. In fact, the triple
probe method is a trade-off between simplicity and
measurement accuracy, which is justified in many cases.

The movable symmetrical triple probe (see Fig. 2a) was
designed, manufactured, and installed on the horizontal port
of the vacuum vessel (see Fig. 1). It consists of a stainless
steel holder (inner ø 9 mm) which embodies three probe tips
insulated by cylindrical ceramic covers (ø 2.6 mm) enclosed
in stainless steel thin pipes (outer ø 4 mm). The tips of the
triple probe with a length of 4 mm are made of a tungsten
cylindrical wire with a diameter of 0.8 mm. The tips are
located equidistantly with a separation of 3.5 mm between
each pair of tips. The triple probe is installed inside the
34 mm-diameter shaft of the vacuum manipulator which is
equipped with an automated linear drive. The tips of the
probes are connected via coaxial cables to the measuring
electrical circuit (see Fig. 2b). The circuit is similar to that
proposed in [30]. Accordingly, the triple probe worked in
voltage mode (direct-display method). This mode uses two
floating probes that are biased relative to each other (floating
double probe system) and one probe floating independent. In
this case, all three probe tips are at a floating potential. In the
experiments, the voltage across the batteries was
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Ub = 57.2 V, the resistance of the resistor was R = 984 Ω.
Circuit outputs are connected via coaxial cables to the DAS
of TOMAS (see subsection 2.1). Accordingly, the signals U1

and U2 from the measurement circuit were fed to the
DEWETRON DAQP-V and recorded by the PXI-1042Q.
The relation of the measured voltage U1 and the Te electron
temperature is then [30]:
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where e0 is the charge of an electron, in C; k is the
Boltzmann constant; U1 is voltage between tips 3 and 2 triple
probe, in V; Ub is the bias voltage of the 2 pins tips 2 and 1
triple probe, in V; Te is the electron temperature, in K.
Having the knowledge of electron temperature, the plasma
density is calculated using the following equation [30]:

( ) ( )

ú
û

ù
ê
ë

é
-÷÷
ø

ö
çç
è

æ
´´´

´´
=

1exp)(

2/1exp

1021
0

21

e
e

i
e

kT
UekTeS

ImN , (2)

where mi is the ion mass, in kg; S is the surface area of the
probe, in m2; I is the ion saturation current, in A. The ion
saturation current is determined from the ratio I = U2 /R,
where U2 is the voltage drop across the resistor, in V; R is the
resistance of a resistor, in Ω; Ne is plasma density, in m-3.

The second movable probe is a single Langmuir Probe
manufactured by Impedans Ltd. It is installed on the same
horizontal port of the vacuum vessel as the triple probe (see
fig. 1). The distance between the single and triple probes
axes is 138 mm at the low magnetic field side. The tip of the
probe is made of tungsten and has the shape of a circular
cylinder with a height of 1.4 mm high, the end of which is in
the form of a hemisphere with a diameter of 1.5 mm. The
probe uses RF and DC compensation schemes. The range of
plasma parameters measured by the probe is as follows: the
floating potential between -145 V and 145 V, the plasma
potential is between -100 V and 145 V, plasma density are
ranging from 1∙1010 to 1∙1018 m-3, the electron temperature is
between 1 and 20 eV.

The triple probe was first tested in hydrogen and helium
ECR plasma discharges at different parameters. A
comparison was made for the plasma parameters measured
by a triple probe and a single probe (see table 1) at two radial
positions. As shown in Table 1, depending on the discharge
parameters, the differences in temperature measurements of
the probes are from – 31.6 % to + 4 %, and in terms of
density from – 30 % to + 66.7 %. Since the probes measure
the local plasma parameters, the differences in the probe
measurements may partially be associated with plasma
inhomogeneity in the torus, and with a positioning error in

Figure 2. Sketch of the triple probe (a) and its connection
circuit (b). 1 – probe holder, 2 – stainless steel thin pipe, 3 –
ceramic cover, 4 – tips of the triple probe.

the installation of probes along the radial coordinate. The
latter leads to the possibility that the probes are in the area of
different magnetic field lines. On the other hand, the
obtained differences in probe measurements are close to
those obtained in [30, 37, 38, 44]. The results of these
experiments show a satisfactory agreement between plasma
parameter measurements by both probes.

2.3 Experimental details

The vacuum chamber was pumped down to a pressure of
1.2×10-5 Pa. Then the working gas - high purity He
(99.996 % in gas bottle) - was continuously puffed in. The
magnetic field at the center of the vacuum chamber was
B(0) ≈ 0.08 T at a current in the coils Ic = 1.4 kA. The
condition for the fundamental ECR is the equality of the
cyclotron frequency of rotation of an electron in a magnetic
field:

e
ce m

Be ´
= 0w , (3)

where me is the electron mass, B is the magnetic induction,
and the frequency of the electromagnetic wave
ωMW = 2π×fMW [1,7,9]. Accordingly, for a microwave
generator frequency fMW = 2.45 GHz, the condition
ωce = ωMW = 2π×fMW is satisfied at a magnetic field strength
B = 0.0876 T. At a current Ic = 1.4 kA, the value
B = 0.0876 T corresponds to the radial coordinate r ≈ -6.9 cm
(minus corresponds to the high field side region). In the
experiments, the frequency fRF of the RF generator was
25 MHz. In this case of a low magnetic field, the condition
for fundamental IC resonance ωci = ωRF= 2π×fRF:

i
сi m

BeZ ´´
= 0w , (4)

where Z is the ion charge state for helium and hydrogen
(hydrogen can be present in the discharge as a residual
minority in the vacuum system) ions is not satisfied.



Table 1. Comparison of electron temperature and density ECR discharge measurement using single probe (SP) and triple
probe (TP).

Initial parameters Te, eV Ne, 1016 m-3 δ*, %
Gas p0, Pa Icoil, A r, cm PECR, W SP TP γ*, % SP TP
H2 7×10-2 1200 4.28 1000 5 5.2 4 1.8 3 66.7
H2 7×10-2 1425 4.28 1000 1.9 1.3 -31.6 2.1 2.8 33.3
He 4.3×10-2 1400 16 804 11.9 9.1 -23.5 11 7.7 -30
He 1.04×10-1 1400 16 674 9.1 9.3 2.2 7.7 6.1 -20.8
γ * = (TTP·100/ TSP) - 100; δ * = (NTP·100/ NSP) – 100

However, a regime of high cyclotron harmonics (HCH)
ωRF = nωci (n number harmonic) is possible [27, 29, 48].
With the values of B and fRF of these experiments, the HCH
mode can be for H+ (n > 13), He2+ (n > 27) and He+  (n > 54).

The density and temperature of electrons was measured by
a triple probe. The radial distributions of electron
temperature and density are measured using a pulse-by-pulse
technique. Five scans were carried out along the radius of the
chamber at various values of pressure (see Table 2),
microwave and RF power.

3. Results and discussion

3.1 Overview experiments

The experiment scenario was as follows. At the first stage,
with a duration of ~ 2 s, the plasma was created and
maintained by an ECR discharge. At the second stage
(duration ~ 2 s), RF power was additionally introduced into
the plasma of the ECR discharge. Thus, a combined
ECR + RF discharge was realized. A typical time evolution
of plasma parameters, power, and pressure is shown in
Figure 3.

For the ECR discharge, several stages can be
conventionally distinguished (see Fig. 3). The first stage is
microwave breakdown of the neutral gas and the creation of
a preliminary plasma, visible in the temperature response of
the probe, while the plasma density is well below
< 1×1016 m-3. In the second stage an increase of the plasma
density (time duration ~ 0.7 s) coincides with an increasing
output power of the magnetron. The temporal and radial
characteristics of electron temperature shown in Fig. 4a.
indicate that the maximum value of Te along the radius
changes with time. At the initial moment, the maximum
value of Te is observed in the region of r ≈ from -7.8 cm to
-5.8 cm, which corresponds to the ECR region. Accordingly,
in this area, the main electron heating mechanism is ECR. It
is noted that the low absorption causes multiple reflections of
the microwave in the vessel. It leads to multi-pass absorption
and a microwave propagation and polarization mixture
[27,28]. Further in time, the maximum Te value shifts along
the radius towards the low field side. Since the plasma
density increases (see Fig. 4b), it is further possible to fulfill
the conditions of the upper hybrid resonance (UHR) [9]:
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where ωpe electron plasma frequency:
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where ε0 is the electrical constant. Accordingly, the density
value at which the UHR condition is satisfied can be
expressed as:
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The estimate shows that for the radial coordinate r = 0 and
r = 16 cm, the UHR condition is satisfied at a plasma density
Ne

up of ≈ 1.3×1016 m-3 and 3.2×1016 m-3, respectively. At this
stage, the microwave power PECR introduced into the plasma
volume increases with time and reaches its maximum value
(see Fig. 3c). The pressure in the vacuum chamber slightly
increases from 3.8×10-2 Pa to ~ 4.2×10-2 Pa (see Fig. 3e).
Apparently, this is due to the plasma interaction with the
vacuum vessel thus causing desorption of neutral atoms
(molecules) from the wall. The third stage, the quasi-
stationary regime, the plasma parameters change only
slightly (see Fig. 3 and 4).

For the combined ECR + RF discharge, two stages may be
distinguished. The first stage, the beginning of additional RF
power input, with a duration of no more than 100 ms, when
the transition to the quasi-stationary stage occurs (see Fig. 3
and 4). The second stage is the quasi-stationary regime.

To compare plasma parameters of ECR and ECR + RF
discharges, two quasi-stationary time segments ∆t1 and ∆t2
were selected (see Fig. 3). The duration of each time section
was 0.5 s. The average microwave and RF power is shown in
Table 3. For each radial coordinate, the values of the plasma
parameters were averaged over the respective time intervals.
Next, the radial distribution of the electron density and
temperature was constructed, as discussed in the next
paragraph.

3.2 ECR discharge

The measured radial distributions of density and
temperature in the ECR discharge for three scans (S-1, S-2,
S-3) are shown in Fig. 5. All three scans were carried out
under almost the same conditions (see Tables 2 and 3). As it
can be inferred from Fig. 5, high reproducibility of plasma
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Table 2. Initial parameters when scanning (during the
discharge the neutral pressure is balanced by discharge
pumping and wall recycling).

Parameters Scan number
S-1, S-2, S-3, S-4 S-5

Continuous Gas flow Q
(sccm)

35 20

Pressure p0 in vacuum
(Pa)

3.8×10-2 2.7×10-2

Number of neutral
particles, N0 (m-3)

9.96×1018 7.07×1018

Table 3. Average data of microwave power ECR and RF
power PRF at two time intervals (see Fig. 3).

Scan
number

∆t1 ∆t2

PECR, W PECR, W PRF, W
S-1 1039 ±31 996 ±30 86 ±2
S-2 1033 ±33 1015 ±28 243 ±4
S-3 1034 ±33 1035 ±23 649 ±13
S-4 2036 ±17 1851 ±18 725 ±7
S-5 1980 ±21 1924 ±29 689 ±9

parameters from pulse to pulse is observed. A similar
distribution of the density (see Fig. 5b) along the radius was
observed earlier in [49-51]. The maximum electron
temperature and density values respectively were 8.8 eV and
1×1017 m-3. The plasma pressure (NeTe the electron pressure)
is in the range ≈ (1.3 – 7.6)×1017 m-3eV (see Fig. 6c, S-3).
The degree of plasma ionization α = Ne/(Ne+N0) can be
estimated from with the values of the plasma density from
Fig. 5b and the density of neutral particles from table 2. For
the estimation, we assume that the concentration of neutral
particles (see table 2) does not change along the radius. In
this case, the value α along the radius is in the range
1.6×10-3 - 0.01. Hence, the degree of plasma ionization is not
more than 0.01. In fact, a low-temperature and weakly
ionized plasma is created in the ECR discharge.

The cut-off condition ωpe = ωMW for an O-wave when it
propagates across the plasma column (perpendicular to the
magnetic field) [9] is satisfied when the critical density

2
0

0
2

e
mN eMW

eс
ew ´´

= (8)

is reached. Accordingly, for a frequency of 2.45-GHz, value
Neс = 7.45×1016 m-3. As can be seen from Fig. 5b, the
experimentally achieved maximum plasma density is higher
than Neс. At a concentration of electrons greater than the
critical value, Ne > Neс, the wave rapidly decays in the
plasma. But the O-wave may penetrate the plasma a few
centimeters deep (a consequence of their long wavelength
λ0 = 12.2 cm, λ0 vacuum wavelength) and be reflected, which
partly leads to plasma heating or mode conversion. For the
left-hand polarized (L) wave cut-off condition [9] is:

Figure 3. Time evolution of electron temperature Te (a),
electron density Ne (b), microwave power PECR(c), RF power
PRF (d), gas pressure (e) (gas – He, Scan number S-1, see
Tables 2 and 3, radial position r = -5.8 cm)

Figure 4. Time evolution of radial distribution electron
temperature Te (a) and density Ne (b) (gas – He, Scan number
S-1, see Tables 2 and 3).
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Figure 5. Radial distribution of electron temperature Te (a)
and density Ne (b) in ECR discharge (gas – He, S-1, S-2 and
S-3 scan number, see Tables 2 and 3).
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and the corresponding critical density is in the range
1.28 – 1.6×1017 m-3.
Comparison of the radial plasma parameters for two values
of microwave power ~ 1 kW (S-3) and ~ 2 kW (S-4) is
shown in Fig. 6. Other parameters, initial gas pressure and
gas flow, are the same, see Table 2). As can be seen, an
increase in the microwave power introduced into the
discharge practically does not change the electron
temperature. The density of plasma electrons increases by
~ 1.1 – 1.6 times with increasing power (see fig. 6b, S-3 and
S-4). The plasma pressure (NeTe) at ~ 2 kW (S-4) also
increases in comparison to ~ 1 kW (S-3) and is in the range
of ≈ 1.3×1017 – 1×1018 m-3eV (see. Fig. 6c, S-4).

The measurements of radial plasma parameters also were
carried out at a lower gas flow of 20 sccm and, respectively,
the gas pressure of 2.7×10-2 Pa, see Table 2, S-5. A
comparison of results for S-4 and S-5 in Fig. 6 show clearly
indicates that a decrease of the initial pressure leads to an
electron temperature increase. The maximum temperature
and density is ≈ 13.1 eV and n ≈ ≈ 1.1×1017 m-3, respectively.
The plasma pressure (NeTe) of the plasma at ~ 2 kW (S-5) is
in the range of ≈ 3×1017 – 1.1×1018 m-3eV (see Fig. 6c, S-5).

Figure 6. Radial distribution of electron temperature Te (a),
density Ne (b) and plasma pressure NeTe (c) in ECR discharge
(gas – He, S-4, S-5 and S-3 scan number, see Tables 2 and 3).

The observed dependence of plasma parameters on
pressure and power is characteristic for low-temperature
weakly ionized plasma, including ECR discharge plasma
[2,7]. In the case of a stationary plasma, Te is dependent on
the particle balance: production due to the ionization by
electron impact, and their loss due to the diffusion. It does
not depend, however, on the power [2]. In this case, a
decrease in pressure should lead to the temperature increase,
as it is indeed observed in the experiment (Fig. 6a S-4 and S-
5). The plasma density at a constant pressure is determined
by the balance of the absorbed power [2]. An increase of the
absorbed power leads to an increase of the density, while Te

does not change, which is also observed in the experiment
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(fig. 6a, b S-3, and S-4). In the case of a pressure change at
the constant power, Ne changes because Te changes with
pressure. A decrease of pressure leads to an increase of Te

and a decrease of density, and this is observed
experimentally (Fig. 6b S-4 and S-5). As it can be seen, the
experimental results are qualitatively in a satisfactory
agreement with the earlier results of ECR discharge studies
[2,7]. The discussed cases lead to global changes in plasma
parameters. However, these changes can lead to a
redistribution of the absorbed power in the plasma volume.
As a result, in some areas local changes in Te and Ne may
differ from the global changes. In this case, a more detailed
analysis of the propagation and absorption of waves in
plasma with specified parameters is required. The latter,
however, is beyond the scope of this work.

3.3 Combined ECR+RF discharge

The radial distributions of density and temperature of the
combined ECR + RF discharge are shown in Fig. 7. For
comparison as well the averaged values of Te and Ne are
presented for the ECR-only phase of the 3 scans S-1, S-2,
S-3. As it can be seen from Fig. 7a, the input of additional
RF power into the ECR discharge leads to an increase of the
electron temperature. For all three scans, in the region
r ≈ 4.2 – 18.2 cm. the density is lower than for ECR
discharge. The decrease in plasma density seems to be due to
an increase in particles loses by diffusion. Comparison of the
plasma pressure for the combined ECR + RF discharge
shows that in the region r ≈ 14.2 – 20.2 cm, an increase in
the plasma pressure of the combined ECR + RF discharge
plasma with an increase of the input RF power is (see Fig.
7c).

For the frequency fRF = 25 MHz used in these
experiments, the wavelength in vacuum is λ0 = 11.99 m, the
wave vector in a vacuum is k0 = 0.524 m-1 (k0

2= (ωRF/c)2 with
c is the speed of light in a vacuum). Waves do not propagate
in a vacuum for a toroidal chamber in the case kr

2<0 [52].
The radial wave vector component is determined from the
ratio [53]:

kr
2 = k0

2-kz
2-kθ2, (10)

with kz and kθ are the toroidal and poloidal wave vectors
components respectively. The kz and kθ values are
determined by R0 major and r0 minor radii of the torus, n and
m are toroidal and poloidal mode numbers, respectively kz=
n/ R0 and kθ= m/r0. In this case, the condition kr

2<0 is
satisfied and the waves do not propagate in vacuum, which is
typical for the most of small- or medium-size fusion
machines [53]. For high-frequency discharges, it is essential
that waves propagate in vacuum vessel installations and that
they damp on plasma electrons. The absorption of RF power
by electrons ensures their heating. In a low magnetic field,
fast and slow waves can propagate in a small plasma column
[15-17]. For a slow wave (SW), the excitation threshold at

Figure 7. Radial distribution of electron temperature Te (a),
density Ne (b) and plasma pressure NeTe (c) in combined
ECR + RF discharge (gas – He, S-1, S-2 and S-3 scan
number; ECR – average values for ECR discharge scan S-1,
S-2 and S-3, see Tables 2 and 3).

|N||| > 1 (N|| parallel refractive index, N|| = k|| / k0) is
determined by the cutoff SW at k⊥,SW = 0 (N⊥ = k⊥ / k0, k⊥
perpendicular refractive index) [53]. The minimum critical
density above which SW can propagate is determined from
the relation [53]:

ωRF
2=ωpe

2+ωpi
2, (11)

where ωpi is the ion-plasma frequency. The estimate shows
that the critical density for SW, in this case, is
Nec

(1)SW ≈ 7.75×1012 m-3. The upper limit of plasma density
above which SW do not propagate for cold plasma is
determined by the condition of lower hybrid resonance,
k2⊥,SW → ∞ [53]:
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ωRF
2= ωLH

2. (12)
This condition is implemented, for the maximum value
magnetic field on the high field side, at density
Nec

(2)SW ≈ 9.6×1016 m-3. In the region of a low field side,
Nec

(2)SW > 1×1020 m-3 and is significantly higher than the
density obtained in the experiment. Accordingly, under these
conditions, SW propagates in the plasma volume. For a fast
wave (FW), the plasma density threshold is determined by
the cutoff FW at k⊥,FW = 0. The critical density for FW (for
|N||| > 1) can be estimated from the relation [53]:

ωpi
2=(N2

|| - 1)ωci(ωRF+ωci). (13)
As can be seen, the critical density also depends on k||, in
contrast to SW. For a single strap antenna, k|| can be
estimated from the relation k|| ~π/w with w the antenna width
[53]. For the TOMAS antenna, the estimate gives a value of
k|| ≈ 34.91 m-1. For one single strap antenna, the maximum is
at  k|| ≈ 0. In this case, depending on the magnitude of the
magnetic field (high and low field side), the critical density is
in the range Nec

FW from 2.3×1018 m-3 to 4.7×1018 m-3. With
values,  k|| ≤ 5 m-1 critical density Nec

FW ≤ 4.7×1016 m-3 and
respectively FW can be propagated at the density values
obtained in the experiment. The damping of waves,
respectively, their absorption is due to the collisions of
electrons with ions and neutral atoms (molecules). For a
weakly ionized plasma, the decay mechanism for electron-
neutral collisions is the main one. In addition, it is possible to
convert waves into the Ion Bernstein Wave and cyclotron
absorption on ions [15]. In [48] it was shown that for the
HCH mode the electrons absorb more than 90% of the
incoming power via electron-neutral collisions for both the
Fast Wave and the Ion Bernstein Wave. The HCH mode for
TOMAS was discussed in [27, 29].

As can be perceived, the dependence of plasma
parameters on the input RF power in the combined
ECR + RF discharge (see Fig. 7) at a constant gas flow and
PECR = const differs significantly from the analogous
dependence for the ECR discharge (Fig. 6: S-3 and S-4). For
ECR discharge, with an increase in power, an increase in the
plasma density along the radius are characteristic. In this
case, the electron temperature changes insignificantly. As a
result, NeTe also increases (see Paragraph 3.2). In the case of
a combined ECR + RF discharge, an increase of power leads
to an increase of the electron temperature along the radius.
The plasma density either decreases or does not change, and
NeTe increases only in the region of a weak magnetic field.
These differences can be associated with different physical
processes and mechanisms that occur in ECR and combined
ECR + RF discharge. These are different types of waves
characteristic of ECR and RF. Therefore, their propagation
and power absorption can occur in different areas of the
discharge. The input of additional RF power into the ECR
discharge can lead to a change of the electron energy
distribution function, as well as to the heating of plasma ions.

Fast neutral atoms are observed in RF discharge TOMAS
[54]. Accordingly, the comparison of the dependence of
plasma parameters on PRF combined ECR + RF discharge
and PECR ECR discharge is not straightforward. Therefore,
experiments were carried out with a combined ECR + RF
discharge with an increased PECR value.

The plasma parameters at the input microwave power of
up to ~ 1.9 kW in the combined ECR + RF discharge are
shown in Fig. 8. An increase of the microwave power input
to the combined ECR + RF discharge (the initial gas pressure
and gas flow are the same, see Table 2) leads, as for ECR
discharge (Fig. 6: S-3 and S-4), to density increase and a
slight change of electron temperature along the radius (Fig.
8: S-4). Plots in Fig. 9 provide a comparison of plasma
parameters at r = 18.2 cm for different RF power values. An
increase of the input RF power leads to an increase of the
electron temperature and the plasma pressure of the plasma.
In this case, an increase of the injected ECR power at given
RF power also leads to the Te and NeTe increase.

A decrease in the initial pressure leads to an increase in
the electron temperature (Fig. 8a: S-5). A similar relationship
is observed for ECR discharge (Fig. 6a: S-5). However, the
electron temperature for the combined ECR + RF discharge
is higher than for the ECR discharge. For example, at
r ≈ 18.2 cm, the electron temperature is ≈ 13.1 eV and
≈ 41.2 eV for ECR and combined ECR + RF discharges,
respectively.

Note that for the combined ECR + RF discharge, several
cases can be conditionally distinguished (except for the
boundary cases, only ECR or only RF discharge). The first is
when the influence of the additional power (microwave or
RF) on plasma parameters of the main discharge is
practically minimal. In the second case, physical mechanisms
characteristic of either ECR or RF discharge determine the
generation and sustaining the plasma, while the injection of
additional power (microwave or RF) leads to significant
changes in plasma parameters. In the third case both ECR
and RF are essential to maintain plasma parameters.
Switching off the additional power (microwave or RF) leads
to global changes in plasma parameters and even discharge
termination. The results obtained indicate that the second
case is realized in the experiments described above. ECR
discharge is the main one for creating and maintaining

plasma, and the input of additional RF power leads to
changes of plasma parameters. Thus, by adding RF, it
becomes possible to change the plasma parameters
independently of the ECR discharge.

In low-temperature weakly ionized plasma, one of the
main processes in the formation of ions (multiply charged
species) is ionization by electron impact of atoms and ions.
The contribution to ionization of photoionization processes
and ionization by atomic particles (ions) can be neglected.
Ionization by electron impact can pass through several
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Figure 8. Radial distribution of electron temperature Te (a),
density Ne (b) and plasma pressure NeTe (c) in combined
ECR+RF discharge (gas – He, S-4, S-5 and S-3 scan number,
see Tables 2 and 3).

channels, namely, through the bound electron's direct
transition to the continuum or the electron's cascade
transitions to the continuum. Accordingly, the collision of an
electron with an atom (ion) can lead to direct ionization,
stepwise ionization, and autoionization [55]. Direct
ionization can be either single-electron ionization
(He+e→He++2e, He++e→He2++2e) or multiple-electron
ionization (He+e→He2++3e). The single ionization cross-
section is greater than the multiple ionization cross-section.
The formation of multiply charged ions occurs more

Figure 9. Temperature (a), electron density (b) and plasma
pressure NeTe (c) versus RF power (gas – He). Black squares
indicate PECR ≈ 1000 W, red circles correspond to PECR ≈
2000 W. Radial position r = 18.2 cm, p0 = 3.8×10-2 Pa.

efficiently in successive processes of single ionization of an
atom (ion) [56]. Let us estimate the characteristic times of
He2+ formation (ionization collision time) τi = (NHe

+˂σv˃)-1,
where ˂σv˃ electron impact ionization rate, in the reaction
He++e→He2++2e, for ECR discharge and ECR + RF
discharge taking into account the experimental data
NHe

+ ≈ Ne. The He+ ionization cross-section was taken from
[57]. The electron energy distribution function was assumed
to be Maxwellian. The estimate shows that for ECR
discharge the minimum time τi is greater than the discharge
time scans S-1 – S-4, i.e. more than 2 s, and for scan S-5
τi ≈ 0.5 s. Accordingly, under these conditions of ECR
discharge, the probability of the formation of two charged
ions is very small. For a combined ECR + RF discharge, the
minimum time τi ≈ 0.37 s, ≈ 0.17 s, ≈ 0.16 s for scans S-1, S-
2, S-3, respectively. In this case, the probability of the
formation of He2+ ions is higher than that under the ECR
conditions. However, their density will be minimal. Times τi,
of combined ECR + RF discharges ≈ 0.06 s, ≈ 0.02 s for
scans S-4, S-5, respectively. Estimation of the He2+ ion
density for scan S-5 assuming stationary equilibrium gives
value of ~ 1013 m-3. If there is a flux of fast electrons in the
plasma, it will contribute to the overall balance of ions He2+.
That said the higher is the concentration of fast electrons, the
greater will be their contribution to the balance of formation
of He2+ ions.

The collision of excited atoms (molecules) in metastable
state with neutral particles (in metastable state) can lead to
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the formation of ions, for example, in the Penning process of
(He*+He*→He+He++e) or associative (He*+He*→He2

++e)
ionization [58-60]. Such processes can take place in weakly
ionized plasma, and the rate constant of these processes is
quite high ≈(2-4)×10-15 m3/s [59]. However, the contribution
of these processes to the particle balance will be small. Since
the characteristic diffusion time of a metastable particles
under the conditions of these experiments is small
τD ≈ 8×10-5 s (τD = Λ2/D where Λ is the characteristic
diffusion length, D the diffusion coefficient of metastable
atoms in the gas was taken from [60]).

4. Concluding Remarks

This paper explores for the first time the parameters in
helium ECR plasma and combined ECR + RF discharges in
TOMAS. The conducted studies of the ECR discharge
showed that in the investigated range of pressures and power,
a weakly ionized low-temperature plasma is formed in the
discharge. The experimentally observed dependences of
plasma parameters on pressure and power are in qualitative
agreement with the earlier results of ECR discharge studies
and are characteristic of low-temperature weakly ionized
plasma. The maximum electron temperature observed in the
electron heated plasma is up to ≈ 13.1 eV and the plasma
density is up to ≈ 1.3×1017 m-3, at the input microwave power
of up to ≈ 2 kW. In the case of a combined ECR + RF
discharge, the ECR discharge is the main one for creating
and maintaining plasma, and the input of additional RF
power leads to changes in plasma parameters. The maximum
electron temperature observed in the combined plasmas is up
to ≈ 41.2 eV at the input microwave power (2.45 GHz) of up
to ~ 1.9 kW and RF (25 MHz) power of up to ~ 0.7 kW.
Thus, by adding RF, it becomes possible to change the
plasma parameters independently from the ECR discharge. In
this case, a change in the frequency of the RF discharge and
the magnetic field can lead to a change in the parameters of
the combined ECR + RF discharge. Accordingly, this
provides additional levers for controlling plasma parameters.
This is of particular interest as it allows to adjust the fluxes
and energy of particles that leave the plasma volume to
approach conditions needed for surface interaction studies.
These include aspects of wall conditioning techniques and
fusion edge plasmas. The first experiments to determine the
fluxes of low-energy neutral particles from hydrogen plasma
were carried out at the TOMAS facility [61]. The flux of
neutral atoms and their temperature was higher in the
combined ECR + RF discharge than in the ECR [61]. In
further studies is expected to investigate discharges in more
detail to optimize conditions and develop a wall conditioning
strategy. Finally, as many experimental thermonuclear fusion
devices are equipped both with ECR and RF systems the
combined discharge can be readily implemented on large
devices.
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