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ABSTRACT

The experiments carried out in hydrogen at the TOMAS facility show the possibility of controlling plasma parameters such as temperature
and electron density in a combined electron cyclotron resonance and radio frequency (ECRþRF) discharge. A maximum plasma density of
up to �6� 1016 m�3 and electron temperature of up to 35 eV are observed in the combined ECRþRF discharge. The propagation of RF
waves in hydrogen plasma under a weak magnetic field is analyzed. Depending on RF frequency and experimental conditions, such as radial
distribution of plasma density and magnetic field, there can be several cases: only the slow wave can propagate, simultaneously slow and fast
waves can propagate, or only the fast wave can propagate. The injection of additional RF power into the ECR discharge allows us to change
the flux of neutral particles and their distribution function. Even the injection of small RF power of � 0.26 kW relative to microwave power
of � 1.7 kW leads to an increase in the hydrogen flux by a factor of �2.5. At RF power PRF � 1.57 kW, the H0 flux increases by a factor of
�9.3. The ability to control the fluxes and energies of particles leaving the plasma volume is important to approach the conditions necessary
to study plasma–surface interactions in wall conditioning and fusion edge plasmas.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0247996

I. INTRODUCTION

High-frequency methods in the range of electron cyclotron reso-
nance (ECR) and ion cyclotron resonance (ICR) and their harmonics
are used to produce and heat plasma in magnetically confined toroidal
devices for controlled fusion.1–5 Also, high-frequency methods are
used to produce plasma for wall conditioning procedures.6,7

For the realization of ICR discharges during ion cyclotron wall
conditioning (ICWC), the same radio frequency (RF) systems are used
as for ICR heating.8,9 In tokamaks and stellarators, RF discharges at
frequencies significantly higher than the ion cyclotron frequency xRF

� xci are also used for wall conditioning.10–15 At the same time, RF
systems designed for ICR heating can be used to realize such RF dis-
charges, and there is no need to change the RF frequency. The magni-
tude of the magnetic field required for plasma production by RF waves
can be very small.14,15

For the realization of ECR discharges, including electron cyclo-
tron wall conditioning (ECWC), the presence of a cyclotron zone in
the plasma column, where the resonance condition xMW¼ nxce (n
are the harmonic numbers) for the fundamental frequency and its har-
monics are satisfied, is a necessary condition. Therefore, ECR systems
can only produce plasma in the same magnetic field range as used for
ECR heating. For example, at the Wendelstein 7-X stellarator, the ECR
system at 140GHz is used both for plasma generation and heating3

and for ECWC in a magnetic field of 2.5T.16,17 In the case of signifi-
cant decrease in magnetic field for ECWC discharges, it is necessary to
use ECR system with another frequency. ECWC discharges with a fre-
quency of 2.45GHz are studied and used.18–21 The 2.45GHz frequency
is standard in many plasma technologies.22 Note that the production
of plasma at 2.45GHz is also possible under the condition
xce/xMW>1.23 Such a plasma was used earlier as a target plasma for
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subsequent heating during neutral beam injection in Heliotron J.24–26

This type of discharge has also been investigated previously at stellara-
tors WEGA27 and TJ-K.28

Previously, the combination of ECR and ICR discharges was used
for the wall conditioning process in the TEXTOR-94 tokamak.29,30 In
applied plasma technologies, the combination of ECR at 2.45GHz and
RF discharges is used.31–34 Typically, these discharges use a substrate
as an electrode, biased by the RF power source relative to the chamber
wall.

The study of combined ECRþRF discharge was performed on a
TOMAS toroidal device.35–38 In these studies, the plasma was pro-
duced and maintained by ECR discharge at the frequency of 2.45GHz
with additional RF power injected, or the combined ECRþRF dis-
charge was realized. The first studies of helium plasma showed that the
addition of RF power at 25MHz to the plasma supported by the ECR
discharge allowed to increase the electron temperature and density to
extend the range of these parameters at a given gas flow.35 Thus, it is
possible to change the plasma parameters independently of the ECR
discharge. The first experiments to determine the fluxes of low energy
hydrogen atoms from hydrogen plasma showed that the flux of neutral
atoms and their temperature were higher in the combined ECRþRF
discharge than in the ECR itself.36 In Ref. 37, the plasma parameters of
ECR and combined ECRþRF discharges of the first hydrogen experi-
ments at TOMAS were analyzed and compared.

The present work is a continuation of the studies of the com-
bined ECRþRF discharge started earlier in Refs. 35–38. The main
goal is to study the parameters of ECRþRF discharges in hydrogen,
as well as the flux of neutral hydrogen atoms from the plasma of
ECRþRF discharge depending on the RF power. The study of such
a discharge is of interest for wall conditioning methods and provid-
ing conditions that allow the study of fusion edge plasma in the
scrape-off layer.39

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

The combined ECRþRF discharge was studied on the
TOroidal MAgnetized System (TOMAS) at Forschungszentrum

J€ulich, Germany,40,41 the schematic view of which is shown in
Fig. 1. The TOMAS device is a simple magnetized torus. The main
technical parameters are presented in Table I. The vacuum system
is described in detail in Ref. 41.

The microwave heating system [see Fig. 1 position (4) and Table
I] includes a microwave generator, magnetron power supply, power
monitoring and oscillator protection circuit, and impedance matching
circuit.41 The output microwave power is transmitted to the vacuum
volume through a circular port (diameter of 100mm) quartz window
(thickness of 6.22mm).

The RF system includes [see Fig. 1 position (7) and Table I] the
RF generator, RF solid-state amplifier, transmission coaxial feeder line
of 50X, matching system, single strap antenna (width of 90mm and a
thickness of 5mm), antenna box, as well as control and diagnostics
systems.41

The plasma diagnostics methods at TOMAS include Langmuir
probes, optical diagnostics, and particle detectors.38 Plasma density
and electron temperature are measured with a symmetrical triple
probe (TP).35,38,41 The probe tips made of a tungsten cylindrical wire
have a length of 4mm and a diameter of 0.8mm. The TP operates in
voltage mode (direct-display method).42 This mode uses two tips, 1
and 2, of the TP that are biased relative to each other, and one tip, 3, of
the TP that is floating. The electron temperature is determined from
voltage measurements between tips 2 and 3 of the TP. The plasma
density is determined from the ion saturation current between tips 1
and 2 of the TP. The probe design and measurement methodology are
described in more detail in Ref. 42. The movable TP is installed on the
horizontal port of the vacuum vessel [see Fig. 1(8)]. The radial distri-
butions of electron temperature and density are measured using a
pulse-by-pulse technique (radial scanning).

To determine the elemental/charge content of plasma, the non-
contact passive method of time-resolved optical emission spectroscopy
(OES) of plasma was used. The line-integrated plasma spectrum of
line emission [see Fig. 1 position (9)] is registered in the spectral range
from 175 to 1100 nm with the fiber optic spectrometer.38,43 The inte-
gration time is 100ms. The spectral lines are identified according to
the data from Ref. 44.

Plasma events in the vacuum chamber volume are recorded using
video cameras.38,41 The camera is installed in the tangential port [see
Fig. 1 position (5)].

Measurement of neutral particle flux uses time-of-flight neutral
particle analyzer (ToF NPA).36,41 The time- and energy-resolved

FIG. 1. Scheme of the TOMAS device. Turbopump (1), toroidal coils (2), vacuum
vessel (3), microwave heating system (4), location of the video diagnostics and gas
puffing (5), time-of-flight neutral particle analyzer (6), radio frequency system (7), tri-
ple probe (8), optical emission spectroscopy (9), single Langmuir probe (10), and
vacuum gauges (11).

TABLE I. Technical parameters of TOMAS.

Parameter Value

Major radius (m) 0.78
Minor radius (m) 0.26
Volume (m3) 1.1

Magnetic system 16 toroidal coils
Max B0 (T) 0.125

RF frequency (MHz) 10–50
RF power (kW) up to 6.0

Microwave frequency (GHz) 2.45
Microwave power (kW) 0.6–6.0
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neutral particle distribution can be measured with this method. The
neutral particle energy range of the system is 10–1000 eV.

Signals from the microwave and RF systems, pressure, and triple
probe are collected by the Data Acquisition System (DAS) of TOMAS.
The DAS is operated by LabView scripts. The RF and microwave sys-
tems are run by the Python scripts.

III. RESULTS AND DISCUSSION
A. Overview of the experiments

The experiments are performed in a hydrogen atmosphere. First,
the vacuum chamber is pumped to a pressure of 1.2� 10�5Pa. Then,
high-purity hydrogen is continuously injected into the vacuum cham-
ber up to the required pressure. The radial distribution of the magnetic
field is determined from the equation B(r)¼ 5.7� 10�5 � Ic � (R0/
(R0 þ r)), where Ic is the coil current, R0 is the major radius, and r is
the radial coordinate.41 The value of the steady magnetic field at
Ic¼ 1.4 kA in the center of the vacuum chamber is B0 � 0.0798T. The
value of the magnetic field strength in the equatorial plane near
the vacuum chamber wall at the High Field Side (HFS) region is
B� 0.12 T (r � �26 cm), and in the Low Field Side (LFS) region, it is
B� 0.06 T (r� 26 cm). The ECR region was located at the radial coor-
dinate r � �6.9 cm (B� 0.0876 T). The RF frequencies used in the
experiments are 14 and 25MHz.

The scenario was similar to the previous experiments.35,37 First,
the plasma was produced by ECR discharge and maintained for �2 s
(see Fig. 2). Then, additional RF power was injected into the plasma
for �2 s (see Fig. 2). Thus, a combined ECRþRF discharge was real-
ized. The initial hydrogen pressure, RF, and power were varied, while
measuring the plasma density and temperature. To compare the radial
distribution of plasma electron density and temperature in ECR and
combined ECRþRF discharges, two quasi-stationary time windows of
1–1.5 and 2.75–3.25 s were selected (see Fig. 2). The duration of each
window was 0.5 s. The average values of the plasma parameters were
obtained for these windows. In a series of experiments, the flux of

neutral hydrogen atoms was measured at different values of microwave
power and RF power. The RF frequency for these measurements was
25MHz.

B. ECR and combined ECR1RF discharges

Figure 3 shows the time evolution of electron temperature [see
Fig. 3(a)] and plasma density distributions [see Fig. 3(b)] for ECR and
combined ECRþRF discharges. When microwave power is injected
into the vacuum chamber, microwave breakdown and ignition of the
ECR discharge occurs, which is characterized by the appearance of
glow [see Fig. 4(a)] in the ECR region. A similar situation was previ-
ously observed in Ref. 38. At the initial stage of plasma production
with density <1� 1015 m�3 [see Figs. 2 and 3(b)], the maximum Te

value is observed in the ECR region [see Fig. 3(a)]. In this case, ECR is
the main mechanism of electron heating. Furthermore, the plasma
density increases [see Figs. 2 and 3(b)], and the maximum Te value
begins to shift radially to the LFS region [see Fig. 3(a)]. A similar pic-
ture was previously observed in the helium plasma of the ECR dis-
charge.35 After �0.5 s, the ECR discharge enters the quasi-stationary
phase, where the plasma parameters change slightly (see Fig. 3).
Emission from the plasma is observed from the entire volume [see
Fig. 4(b)]. More intense emission from the plasma is observed in the
region nearer to the LFS. This is due to the higher density and temper-
ature of the plasma, as can be seen in Fig. 3. In the line spectrum [see
Fig. 5(a)], the spectral lines of the excited hydrogen atoms of the
Balmer series are observed.

In the case of weak absorption of microwaves, their multiple
reflection from the vacuum chamber wall occurs. This leads to multi-
pass absorption and mixing of polarization microwave.39,41 Various
mechanisms of microwave conversion and absorption have been dis-
cussed in Refs. 1 and 45–48. Figure 6 shows the density dependence
for left-hand (L) polarized wave, right-hand (R) polarized wave, and
O-mode wave, above which the waves do not propagate. In these
experiments in hydrogen, the plasma density was below the critical
density of 7.45� 1016 m�3 for the O-mode wave [see Figs. 3(b), 7(b),
8(b), and 9(b)]. Note that in previous experiments in a helium atmo-
sphere, plasma densities up to �1.3� 1017 m�3 were achieved.35 The
value of the plasma density at which the upper hybrid resonance
(UHR) condition is satisfied is shown in Fig. 6. The observed shift of
the maximum Te along the radius [see Fig. 3(a), time up to �0.5 s] is
associated with an increase in the plasma density and, consequently,
with the fulfillment of the UHR condition (see Fig. 6). This leads to an
additional heating of the plasma electrons and a further increase in the
plasma density. As a result, the region where the UHR condition is car-
ried out begins to shift to the LFS region, resulting in the observed pat-
tern of shift of the maximum Te value.

The RF power injection into the ECR discharge plasma leads to
changes in the radial distribution of temperature and plasma density
(see Figs. 3 and 7–9). Moreover, the changes in Te and Ne occur in a
rather short time �0.1 s, and after �0.25 s, the combined ECRþRF
discharge enters the quasi-stationary phase (see Figs. 2 and 3). The
intensity of the spectral lines of the excited hydrogen atom increases
[see Fig. 5(b)]. The change of plasma parameters at the injection of
additional RF power is related to the possibility of propagation and
absorption of electromagnetic waves at RF frequency in the plasma. At
the same time, the conditions of microwave propagation may change,
leading to a change in the dominant mechanisms of microwave

FIG. 2. Time evolution of microwave power PMW and RF power PRF f¼ 25MHz (a),
electron temperature Te (b), electron density Ne (c) (gas: H2, continuous gas flow
Q¼ 35 sccm, initial pressure p0¼ 0.13 Pa, radial position r¼�5.8 cm).
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conversion and absorption in the plasma. As a result, due to changes
in plasma parameters, there is an influence of both RF waves and
microwaves on their propagation and absorption conditions. In some
cases, this effect is clearly visible. For example, a change in the plasma

density may or may not lead to the fulfillment of the UHR conditions,
as already discussed. This situation can be seen in Figs. 3–7. Figure
7(b) shows that an increase in the plasma density in the combined
ECRþRF discharge at region r� 4–12 cm leads to the fulfillment of
the UHR condition. At the same time, Te increases slightly [see
Fig. 7(a)]. At r� 2.4 cm, the UHR condition is satisfied for both ECR
and ECRþRF discharges, and Te does not change. In Fig. 3, the
situation is somewhat different. An increase in the density around
r� 6–12 cm leads to the non-fulfillment of the UHR condition, and
the electron temperature decreases [see Fig. 3(d)]. A similar situation
has already been observed in Ref. 37.

The cases discussed are special cases, and it is not always possible
to clearly see which mechanisms lead to changes in plasma parameters
in ECRþRF discharge, as in Figs. 8 and 9. Obviously, the ECR dis-
charge plasma parameters affect the propagation and absorption of RF
waves for different frequencies. A qualitative comparison of Fig. 7
(f¼ 25MHz, gas flow Q¼ 35 sccm) and Fig. 8 (f¼ 14MHz, gas flow
Q¼ 10 sccm) data shows that for the plasma and discharge parameters
in the case of Fig. 7, only at r� 0–4 cm, the plasma parameters do not

FIG. 3. Time evolution of the radial distribution of the electron temperature Te (a)
and density Ne (b). Radial distribution of electron temperature Te and density Ne for
ECR discharge at 1.75 s (c) and ECRþRF discharge at 2.25 s (d). Blue solid lines
(c) and (d) indicate density necessary to fulfill of the upper hybrid resonance (UHR)
condition [gas: H2, continuous gas flow Q¼ 20 sccm, initial pressure
p0¼ 6.5� 10�2Pa, ECR discharge PMW(max)� 2 kW, combined ECRþRF dis-
charge PMW(max)� 1.5 kW, PRF(max)� 0.75 kW, f¼ 25MHz].

FIG. 4. The photo of ECR breakdown (a), ECR discharge (b), and combined
ECRþRF discharge (c) [gas: H2, continuous gas flow Q¼ 20 sccm, initial pressure
p0¼ 6� 10�2Pa, ECR discharge PMW(max)� 1.7 kW, combined ECRþRF dis-
charge PMW(max)� 1.7 kW, PRF(max)� 1 kW, f¼ 25MHz].

FIG. 5. Optical emission spectrum in the range of 175–1100 nm for ECR discharge (a)
and combined ECRþRF discharge (b) [gas: H2, continuous gas flow Q¼ 20 sccm, ini-
tial pressure p0¼ 4.5� 10�2Pa, ECR discharge PMW(max)� 1.2 kW, combined
ECRþRF discharge PMW(max)� 1.2 kW, PRF(max)� 0.7 kW, f¼ 25MHz].
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change significantly. In the other two regions r � �17.6–0 cm and
r� 4–20.3 cm, the plasma parameters change significantly. In the case
shown in Fig. 8, the plasma density at r��17.6–4 cm and the temper-
ature at r� �17.6 to�8 cm do not change significantly. Although the
injected RF power in both cases is close in magnitude �0.7 kW.
Increasing the RF power injection by a factor of two (see Fig. 9) does
not result in significant changes compared to the data in Fig. 8 dis-
cussed earlier. Accordingly, for a more detailed analysis, it is necessary
to consider the RF wave propagation under these experimental condi-
tions. This will be discussed in Sec. III C.

C. Propagation of radio frequency waves in low
magnetic fields

The dispersion equation for a cold plasma in a magnetic field is
in the form of a bi-quadratic equation,49–53

AN4
? þ BN2

? þ C ¼ 0; (1)

FIG. 6. Relation between position and density for cutoff densities.

FIG. 7. Radial distribution of electron temperature Te (a) and density Ne (b) for ECR
discharge PMW(max)� 1.8 kW and combined ECRþRF discharge PMW(max)
� 1.8 kW, PRF(max)� 0.75 kW, f¼ 25MHz (gas: H2, continuous gas flow Q¼ 35
sccm, initial pressure p0¼ 0.13 Pa). Black solid lines (b) indicate density necessary
to fulfill of the UHR condition.

FIG. 8. Radial distribution of electron temperature Te (a) and density Ne (b) for ECR
discharge PMW(max)� 1.75 kW and combined ECRþRF discharge PMW(max)
� 2 kW, PRF(max)� 0.7 kW, f¼ 14MHz (gas: H2, continuous gas flow Q¼ 10
sccm, initial pressure p0¼ 2.3� 10�2Pa). Black solid lines (b) indicate density nec-
essary to fulfill of the UHR condition.

FIG. 9. Radial distribution of electron temperature Te (a) and density Ne (b) for ECR
discharge PMW(max)� 1.75 kW and combined ECRþRF discharge PMW(max)
� 2.2 kW, PRF(max)� 1.4 kW, f¼ 14MHz (gas: H2, continuous gas flow Q¼ 10
sccm, initial pressure p0¼ 2.3� 10�2Pa). Black solid lines (b) indicate density nec-
essary to fulfill of the UHR condition.
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where N? is perpendicular refractive indices (N?¼ k?/k0, with k? as
the perpendicular wavenumber and k0 as the wavenumber in a vac-
uum), A¼ S, B¼ [(Nk � S)(Sþ P)þD2], and C¼P[(S � Nk

2)2

� D2], where S, P, and D are the Stix parameters.49 The parallel refrac-
tive indices Njj ¼ kjj/k0, where kjj is a parallel wavenumber.

The solution to Eq. (1) is

N2
? ¼ �B6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 4AC

p

2A
: (2)

In Eq. (2), the (þ) sign should be chosen for the slow wave (SW)
and the (�) sign is for the fast wave (FW). Equations (1) and (2) were
used for calculations of squared perpendicular wave numbers for SW
and FW. According to Ref. 51, the Fourier transform of the antenna
current density for unity total current along a single-strap antenna can
be written as

Jant ¼
sin kjjw

� �
=2

kjjw
� �

=2
; (3)

where w is the width of the antenna strap. The normalized nominal
power spectrum can be estimated as54

Pnorm ¼ J2ant kjj
� �

: (4)

The results of the calculation using formulas (3) and (4) are
shown in Fig. 10. The maximum is at kjj ¼ 0 m�1, the first minima are
kjj � 6 34.9 m�1; these values can also be estimated from the relation
kjj � p/w.55

The wavelength and wave vector in vacuum are k0¼ 11.99 m and
k0¼ 0.524 m�1 for the frequency fRF¼ 25MHz. For the frequency
fRF¼ 14MHz, the wavelength and wavenumber in vacuum are
k0¼ 21.41 m and k0¼ 0.293 m�1, respectively.

The results of calculations of square perpendicular wave numbers
of SW and FW at B0¼ const and kjj ¼ const as a function of the
hydrogen plasma density are presented in Fig. 11. Positive values of
lg(jk2?j)sign(k2?) correspond to propagating waves. The values of
lg(jk2?j)sign(k2?) less than 0 belong to evanescent regions. Although
these data representation is visually easy to interpret, for k2? < 1, the
value of lg(jk2?j) may have a negative sign for positive k2?, and so nat-
urally lg(jk2?j)sign(k2?). Also for k2?¼ 0, the value of lg(jk2?j)

¼�Inf. In these cases, we neglect these points and assign them a value
equal to zero. This correction is necessary to avoid confusion with
peaks that can be visually mistaken for resonances. At the same time,
such a correction does not introduce inaccuracies.

In this case, when xRF > xci, there are two points for SW. The
first cutoff point (see Fig. 11, point 1), defined by the condition k?,

SW¼ 0, marks the density value above which SW propagation is possi-
ble, jNjjj > 1. The critical density at a given cutoff point nð1ÞSWec can be
estimated from the relation xRF

2¼xpe
2 þ xpi

2, where xpe and xpi

are the electron and ion plasma frequencies, respectively.49 As can be
seen from Fig. 11, the value of the critical density is higher at 25MHz
than at 14MHz. For plasma production by RF discharge only, this cut-
off characterizes the transition from the non-wave state to the state
where slow wave propagation in the plasma is possible.49,56 This is
important for RF startup. In the experiments presented in this paper,
the plasma was created by ECR discharge, and the density was signifi-

cantly higher than nð1ÞSWec . According to this, RF waves can propagate
at the beginning of RF power injection into the plasma.

The second point (see Fig. 11, points 2) is determined by k2?,SW

!1, and the value of nð2ÞSWec from the lower hybrid resonance (LHR)
condition xRF

2¼xLH
2.49

Above this density, SW cannot propagate. For a frequency of

25MHz, the value of nð2ÞSWec is higher than for a frequency of 14MHz
(see Fig. 11). Since the magnetic field varies with the radius, the value

of nð2ÞSWec also varies. However, in the case of the magnetic field

values in the studied plasmas, nð2ÞSWec lies in a rather narrow range,
� (1.6–2.4) � 1016 m�3 and � (4.5–5.1) � 1015 m�3 for 25 and
14MHz, respectively.

In the case of FW, there is a cutoff point (see Fig. 11, points 3)
under the condition k?,FW¼ 0. The critical density nFWec above which
FW propagation is possible is determined by the relation xpi

2¼ (Njj
2

– 1)Xi(xRF þ Xi)
49 and depends on Njj and kjj, respectively,FIG. 10. The nominal power spectra of a single-strap antenna.

FIG. 11. The squared perpendicular wave numbers of SW and FW for frequency
14MHz (a) and 25MHz (b) as a function of the hydrogen plasma density. The
points: (1) the SW critical density nð1ÞSWec ; (2) the SW critical density nð2ÞSWec (the
lower hybrid resonance); (3) the FW critical density nFWec .
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determined by the antenna spectrum. Based on the data shown in
Fig. 10, the critical density for the FW has been calculated. Figure 12
shows the dependence of nec

FW as a function of kjj. It can be seen that
the nFWec values for 25MHz are lower than those for 14MHz.
Accordingly, the simultaneous propagation of SW and FWwill be pos-
sible for larger values of kjj at 25MHz. For example, Figs. 11 and 12
show that at 25MHz, SW and FW can propagate simultaneously for
kjj < 2.5 m�1. At 14MHz, this situation is possible for kjj < 1 m�1.
Note that in this case for FW there is no upper limit to the plasma den-
sity above which propagation is not possible. It is also clear from Figs.
6 and 12 that FW will propagate if the plasma density exceeds the criti-
cal density for L-hand polarized microwaves. Accordingly, higher den-
sities can be achieved with an ECRþRF discharge than with an ECR
discharge.

The analysis of SW and FW propagation for the conditions of
these experiments gives only a general picture of the wave propagation
conditions. Naturally, k2?,SW and k2?,FW depend on the plasma den-
sity and the magnetic field. These vary along the radius in these experi-
ments. Therefore, the square wave numbers of SW and FW are
calculated taking into account the radial distribution of the magnetic
field and the plasma density observed in the experiments. The magni-
tude of the magnetic field along the radius was calculated from the
equation presented in Sec. III A. Earlier in Ref. 37, an analytical expres-
sion was used to approximate the density. This gives the correct gen-
eral form of the density distribution. However, this function only
allowed a more accurate approximation of some small regions of the
distribution. Therefore, the experimental density values were approxi-
mated by a fifteenth order polynomial function. The results of the cal-
culations are shown in Figs. 13 and 14.

The Figures 13(a) and 13(b) characterize B0, Ne, and k2? at the
initial stage of RF injection at 25MHz into the ECR discharge plasma
when the plasma density distribution has not yet changed. It can be
seen [see Fig. 13(b)] that the SW can start propagation at r� 20 cm
into the HFS region. At the point r� 20 cm, the plasma density is

equal to nð2ÞSWec , and the condition for LHR is satisfied. For FW, the sit-
uation is different. FW propagation is possible for kjj < 1 m�1. As kjj
increases, FW can only propagate in some regions, e.g., r� 4–13 cm,
as can be seen from Fig. 13(b). For higher values of kjj > 4 m�1, FW
cannot propagate. In the case of the quasi-stationary stage for
ECRþRF discharge [see Figs. 13(c) and 13(d)], the density distribution
has changed compared to the ECR discharge [see Figs. 13(a), 13(c),
and 7(b)], and the conditions for wave propagation have changed
accordingly. For SW, three points r� 4.2, 17.1, and 19.9 cm are
observed where the condition for LHR is satisfied. In the region
r� 4.2–17.1 cm, SW does not propagate. However, FW can propagate.
As in the previous case, FW cannot propagate at kjj > 4 m�1.

The case of RF injection at 14MHz into the ECR discharge
plasma is shown in Figs. 14(a) and 14(b). In the considered case, the
initial plasma density along the radius is higher than nð2ÞSWec , respec-
tively, SW does not propagate. Only FW can propagate.

FIG. 12. The dependence of FW critical density nFWec as a function of the parallel kk
wavenumber for frequencies of 14 and 25MHz.

FIG. 13. Radial distribution of magnetic field in the equatorial plane, and plasma
density (a) and (c). The squared perpendicular wave numbers of SW and FW for
frequency 25MHz in hydrogen plasma (b) and (d). The distributions of plasma den-
sity for ECR discharge (a) and ECRþRF discharge (c), are data approximation
from Fig. 7(b).

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 32, 032512 (2025); doi: 10.1063/5.0247996 32, 032512-7

VC Author(s) 2025

 30 January 2026 12:29:43

pubs.aip.org/aip/php


Similar to the previously considered cases, FW propagation is
possible at kjj < 4 m�1. For higher values of kjj, FW propagation is not
possible. Although the radial density distribution changes in the
ECRþRF discharge relative to the ECR discharge [see Figs. 14(a),
14(c), and 9(b)], the general picture of RF wave propagation does not
change. Only FW can propagate at low values of kjj.

It follows from the analysis that the injection of additional RF
plasma power leads to changes in plasma parameters, which in turn
leads to changes in microwave propagation conditions (see Sec. III B).
However, depending on the plasma density and the RF plasma fre-
quency, it can also lead to significant changes in the SW and FW prop-
agation conditions in the plasma. As a result, there is a complex
picture of mutual influence on the propagation of microwave and RF
plasma waves associated with changes in plasma parameters, which in
turn are related to the conditions of wave propagation and absorption

in the plasma. It can be seen from Figs. 7(a) and 13(d) that the possi-
bility of wave propagation in both LFS and HFS can lead to electron
heating in these areas, which can be seen in Fig. 7(a). In the case of
Fig. 14(d), only the FW can propagate in the LFS and the central
region. As a result, a significant temperature increase is observed in the
LFS, while there is almost no Te change in the HFS [see Fig. 9(a)].
Nevertheless, the injection of additional RF power is an additional
lever to change both the plasma parameters considered in Sec. III B
and the neutral particle flux. This issue is considered in the next
paragraph.

D. Neutral particle fluxes

When using ECR and ECRþRF discharges for wall conditioning,
one of the important parameters is the flux of neutral atoms from the
plasma. ToF NPA has been used to measure the flux of fast neutral
hydrogen atoms from the plasma of ECR and ECRþRF dis-
charges.36,41 The ToF NPA measurement technique is described in
detail in Ref. 36. The experiments are performed under the same initial
conditions, magnetic field values and scenarios as described in detail in
Sec. III A. The RF frequency was 25MHz in all experiments.

Figure 15 shows that the injection of additional RF power into
the ECR discharge plasma leads to an increase in the neutral flux of
atomic hydrogen from the plasma. The injection of small RF
power� 0.26 kW relative to microwave power� 1.7 kW leads to an
increase in the H0 flux by a factor of �2.5. In ECRþRF discharge at
RF power PRF � 1.57kW, the H0 flux increases by a factor of �9.3
compared to ECR discharge. Earlier, in the first experiments at
TOMAS, the H0 flux from the ECRþRF discharge plasma was also
observed to be larger than that from the ECR discharge.34 This may be
due to an increase in the plasma density and a corresponding change
in the density profile in the ECRþRF discharge compared to the ECR
discharge. This is observed in both, hydrogen (see Figs. 3 and 7, also
Refs. 37 and 57) and helium, discharges.37 As a result, more ions par-
ticipate in the charge exchange processes on neutral hydrogen atoms
and molecules.

Differential flux spectra of neutrals from the ECR discharge
plasma are averaged for a series of five measurements and are shown

FIG. 14. Radial distribution of magnetic field in the equatorial plane, and plasma
density (a) and (c). The squared perpendicular wave numbers of SW and FW for
the frequency 14MHz in hydrogen plasma (b) and (d). The distributions of plasma
density for ECR discharge (a) and ECRþRF discharge (c) are data approximation
from Fig. 9(b).

FIG. 15. Dependence of the atomic hydrogen neutral flux on RF power PRF [gas:
H2, continuous gas flow Q¼ 20 sccm, initial pressure p0¼ 6� 10�2Pa, ECR dis-
charge PMW(max)� 1.7 kW, combined ECRþRF discharge f¼ 25MHz].
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in Fig. 16. Each series consists of more than 20 pulses. A fitting of sev-
eral distribution functions to the experimental points is carried out. In
the case of Maxwell–Boltzmann (M-B) distributions, the fitting is per-
formed for two values of the conventionally cold Tc and hot Th tem-
peratures. When using the M-B distribution with Tc¼ 18 eV, the
energy range up to �50 eV is approximately characterized. When
using the M-B distribution with Th¼ 35 eV, the energy region above
50 eV is approximately characterized. It can be seen from Fig. 16 that
the distribution is non-Maxwellian. In this case, the bimodal Maxwell–
Boltzmann distribution can be used. This is a superposition of two M-
B distributions at different temperatures.58,59 It can be seen in Fig. 16
that using the bimodal M-B with Tc¼ 18 eV (73%) and Th¼ 50 eV
(27%) satisfactorily describes the experimentally observed distribution.
The kappa distribution is also used to fit non-Maxwellian distribu-
tions.56,58,59 For comparison, Fig. 16 also shows the fit using the kappa
distribution for Tk¼ 10 eV and j¼ 4.6. It can be seen that the kappa
distribution satisfactorily describes the experimental distribution at
energies higher than�100 eV.

In the ECRþRF discharge, not only the H0 flux increases but also
the differential flux spectra of the neutrals from the plasma change
compared to the ECR discharge, as can be seen in Fig. 17. At low RF
power �0.26 kW, the flux of neutrals increases with energy up to
�85 eV. In the region above�85 eV, there is almost no change. In this
case, bimodal M-B with Tc¼ 18 eV (90%) and Th¼ 50 eV (10%)
should be used. Correspondingly, the fraction of conventionally cold
Tc particles increases. This can be related to the change in density and
the change in the plasma density profile. Further increase in the RF
power up to �0.49 kW leads to an increase in the flux of neutrals with
energy up to �130 eV practically without changing the distribution
function. In the case of RF power �1.57 kW, an increase in the flux of
neutrals is observed over almost the whole energy range (see Fig. 17).
The bimodal M-B fit gives the values of Tc¼ 23 eV (83%) and

Th¼ 45 eV (17%). Thus, the injection of additional RF power into the
ECR discharge plasma leads not only to an increase in the atomic
hydrogen flux but also to the change in the energy distribution
function.

IV. CONCLUSION

In the studies of the combined ECRþRF discharge in TOMAS,
the plasma parameters are observed to change when additional RF
power is injected into the ECR discharge and the combined ECRþRF
discharge is realized. It is possible to achieve higher electron tempera-
ture and plasma density than in ECR discharge. A similar situation
was previously observed in helium35 and hydrogen37 experiments. The
maximum plasma density of up to �6� 1016 m�3 and electron tem-
perature of up to 35 eV are observed in hydrogen plasma of the com-
bined ECRþRF discharge. In previous experiments, maximum plasma
densities up to �4.5� 1016 m�3 and electron temperatures up to
24 eV were observed,37 which are nearly the values obtained in this
work. Changes in plasma parameters lead to changes in microwave
propagation and absorption conditions. As a result, there is a complex
picture of mutual influence on the propagation of microwaves and RF
waves associated with changes in plasma parameters, which, in turn,
are related to the conditions of their propagation and absorption in the
plasma. The analysis of RF wave propagation in a weak magnetic field
has shown that depending on RF frequency and experimental condi-
tions, such as radial distribution of plasma density and magnetic field,
there can be several cases: only SW propagation, simultaneously SW
and FW propagation, and when only FW can propagate. Furthermore,
FW can only propagate at small values of kjj < 4 m�1. In the regions
where the propagation of these waves is possible, an increase in the
temperature of the electrons is observed. The injection of additional
RF power is an additional lever to change both the plasma parameters

FIG. 16. Differential flux spectra of neutrals for ECR discharge. ECR experimental
data. See the experimental conditions in the caption of Fig. 15. Distribution: bimodal
M-B for Tc¼ 18 eV (73%) and Th¼ 50 eV (27%); cold M-B for Tc¼ 18 eV; hot M-B
for Th¼ 35 eV; Kappa for Tk¼ 10 eV and j¼ 4.6.

FIG. 17. Comparison of differential flux spectra of neutrals for ECR and ECRþRF
discharges. The experimental data: ECR, ECRþRF (1) for PRF � 0.26 kW,
ECRþRF (2) for PRF � 1.57 kW. See the experimental conditions in the caption of
Fig. 15. Distribution: bimodal M-B, ECR for Tc¼ 18 eV (73%) and Th¼ 50 eV
(27%); bimodal M-B, ECRþRF (1) for Tc¼ 18 eV (90%) and Th¼ 50 eV (10%);
bimodal M-B, ECRþRF (2) for Tc¼ 23 eV (83%) and Th¼ 45 eV (17%).
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and the flux of neutral particles. The injection of small RF
power� 0.26 kW relative to microwave power� 1.7 kW leads to an
increase in the H0 flux by a factor of �2.5. In ECRþRF discharge at
RF power PRF � 1.57 kW, the H0 flux increases by a factor of �9.3
compared to the ECR discharge. The injection of additional RF
power into the ECR discharge plasma leads not only to an increase
in the atomic hydrogen flux but also to a change in the energy distri-
bution function. The possibility of controlling the fluxes and ener-
gies of the particles leaving the plasma volume is important for
approaching the conditions necessary to study the plasma–surface
interaction during wall conditioning and fusion edge plasma. The
presence of both ECR and RF systems in large experimental fusion
devices makes it possible to use them for the realization of the com-
bined discharge.
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