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Abstract—The system of magnetic probes and data acquisition system have been developed and created at the
L-2M stellarator for measuring phase velocities of fast magnetosomic (FMS) waves. Using this system of
magnetic probes, toroidal and azimuthal wave numbers of FMS waves excited in the L-2M stellarator plasma
were determined in the ohmic heating regime at 1-kW-power of radiation introduced into the plasma, plasma
densities in the range of (0.5–2.0) × 1019 m–3 and magnetic fields in the range of 1–1.4 T. The conditions for
the density and magnetic field strength under which FMS wave can propagate in one of the toroidal directions
in the L-2M stellarator plasma were determined in the ohmic heating regime.
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1. INTRODUCTION

Implementation of controlled fusion reaction in
plasma is one of the possible ways for providing mod-
ern civilization with new energy resources, as well as
producing neutrons for industrial and medical needs.
At present, tokamak seems to be the most likely type of
facilities with magnetic plasma confinement, on the
basis of which the first industrial fusion reactor will be
created. When developing such a reactor, one of the
main problems is maintaining the stationary plasma
current. In tokamaks, the plasma current is created
inductively, and, therefore, it cannot be maintained
stationary for unrestrictedly long time. In future fusion
reactors, the stationary current is planned to be main-
tained by non-inductive methods, including current
drive.

Currently, active search for the most efficient
methods for current drive is underway at operating
toroidal facilities. The current drive efficiency is deter-
mined by the following expression

(1)

where R is the major radius of facility in meters, ne is
the average plasma density in units of 1019 m−3, ICD is
the driven current in Amperes, and Pabs is the absorbed
RF power in Watts [1].

Lower Hybrid Current Drive (LHCD) by waves in
the frequency range of 1–10 GHz is the most success-
ful method among the radio-frequency methods for
current drive. Within the framework of this method,
slow waves are excited in plasma using grill launchers,
which propagate towards the center of the plasma col-
umn, where they are absorbed by electrons in the
lower hybrid resonance region. For waves in this fre-
quency range, there is an opacity region at the edge of
the plasma column. The wave can overcome this
opacity zone only if the magnetic field of the facility
will be increased.

The highest LHCD efficiency (3.5 × 1019 m–2 A/W)
was reached at the JT-60U tokamak [2] at the mag-
netic field of 5 T. The highest for toroidal magnetic
traps driven current of 3.6 MA was also obtained at this
facility. These values are record-breaking for experi-
ments on current drive using all known methods. Suc-
cessful experiments on LHCD were also performed atη =CD e CD abs/ ,Rn I P
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the ALCATOR-C tokamak at the magnetic field of
8 T, in which the current drive efficiency was 2.5 ×
1019 m–2 A/W [3]. The LHCD method is quite effi-
cient, but has fundamental limitations on plasma den-
sity associated with the existence of opacity region for
slow waves at the plasma edge. For each specific facil-
ity, this limit is determined by the magnitude of the
toroidal magnetic field.

Another method for current drive in plasma, which
is currently being investigated at toroidal facilities, is
the electron cyclotron current drive (ECCD) by waves
in the range of electron cyclotron frequencies (20–
200 GHz). Such experiments were conducted at the
T-10 and DIII-D tokamaks. Since waves excited in
plasma are absorbed in accordance with the cyclotron
mechanism, the wave energy increases the transverse
(relative to the direction of the magnetic field) velocity
of electrons. Therefore, the ECCD efficiency along
the magnetic field direction is lower, as compared to
that of the LHCD method. For example, in experi-
ments at the T-10 tokamak [4], the ECCD efficiency,
calculated using formula (1), was 0.075 × 1019 m–2 A/W
at the electron temperature of 4 keV. In similar exper-
iments at the DIII-D tokamak [5], the ECCD effi-
ciency was 0.19 × 1019 m–2 A/W at the higher electron
temperature of ~7 keV.

Research on current drive by waves in the ion
cyclotron frequency range is also being conducted at
tokamaks. Experiments on current drive by fast mag-
netosonic (FMS) waves with frequencies in the range
of 60–83 MHz had been conducted at the DIII-D
tokamak [6]. In this experiment, by changing phase
relations between three radiating antennas, excitation
and propagation of FMS waves along the direction of
plasma current or in the opposite direction was
demonstrated. The FMS waves were absorbed by elec-
trons due to the Landau damping mechanism. In this
experiment, the current drive efficiency was 0.54 ×
1019 m–2 A/W. The efficiency of this method turns out
to be low because the absorption of FMS waves due to
the Landau damping mechanism is rather weak in
plasmas of currently operating toroidal facilities.
Due to the small sizes of facilities and insufficiently
high electron temperatures, the number of electrons
with velocities comparable with the wave phase veloc-
ity is small.

There is one more method for current drive using
FMS waves, which consists in converting FMS waves
into slow waves with their subsequent absorption by
electrons due to the Landau damping mechanism.
The efficiency of this method should be higher than
that of the method based on direct absorption of FMS
waves, since thermal electrons will participate in this
process, but not electrons from the “tail” of the elec-
tron energy distribution. Experiments on current drive
using this method were performed at the TFTR toka-
mak [7]. Conversion of FMS waves into the Bernstein
mode was carried out in deuterium plasma with 3He
and 4He minorities at the frequency of 43 MHz. In the
experiment, up to 80% of the heating power intro-
duced into the plasma was absorbed by the electron
component. Simulations using the FELICE code
showed that high fraction of introduced power (up to
80–90%) is absorbed by electrons near the mode con-
version surface. At the L-2M stellarator, it is also
planned to conduct experiments on mode conversion
current drive using FMS waves, and they will be con-
ducted in deuterium plasma with hydrogen minority.

Currently, current drive scenarios using the con-
version of FMS waves into slow waves are actively sim-
ulated worldwide (for example, for the EAST tokamak
[8, 9]). This method for current drive is called MCCD
(Mode-Conversion Current Drive). In [9], for the
EAST facility, the RF power absorbed by electrons
during the conversion of FMS wave into the ion cyclo-
tron wave and ion Bernstein wave was calculated as a
function of the relative fraction of hydrogen minority
varying in the range from 10 to 30%. It turned out that
the best absorption of the RF wave by electrons occurs
when 24% of hydrogen is added to the deuterium
plasma. In this case, electrons absorb approximately
80% of the introduced RF power that can ensure high
current drive efficiency of this method. Therefore, this
method can be considered promising in terms of using
it in experiments at ITER and future fusion reactors.
Previously, this method for current drive has not been
tested experimentally.

At toroidal facilities with magnetic plasma confine-
ment, experiments on ion cyclotron resonance (ICR)
heating of the electron and ion plasma components
are ongoing. The ICR heating system introducing
power of 9 MW into the plasma has been manufac-
tured at the WEST tokamak [10, 11]. The conversion
of the FMS wave into slow waves in deuterium plasma
with hydrogen minority is used to organize absorption
of the FMS waves. In the experiment, the amount of
hydrogen minority in the deuterium plasma varied
within the range from 2 to 18%. In this case, the frac-
tion of power, absorbed by plasma electrons,
decreased from 67 to 15%, while on the contrary, the
fraction of power, absorbed by the plasma ions,
increased from 28 to 55%. That is, the experiments
conducted at the WEST tokamak showed that by
changing the amount of hydrogen minority in deute-
rium plasma, it is possible to vary the fraction of power
absorbed by electrons and thereby, affect the current
drive efficiency.

Experiments on studying the effect of phasing the
antenna consisting of two current straps on the effi-
ciency of plasma heating were conducted at the EAST
tokamak [12]. Power emitted by the antenna was
1.5 MW, and the phase relation of the antenna straps
varied from antiphase (0–π) to almost in-phase (0–
1/3π). In these experiments, the maximum increase in
the plasma energy content was observed at the anti-
phase voltage applied to the antenna straps; the energy
PLASMA PHYSICS REPORTS  Vol. 51  No. 8  2025
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content increased from 120 to 180 kJ. This occurred
due to the fact that at such phasing of the antenna
straps, the inflow of iron impurity was minimal (the
plates of the electrostatic screen are made of stainless
steel), and at almost in-phase RF voltage supplied, it
was maximal.

For experimentally implementing the MCCD
method, the following conditions should be met.
First, the waves should propagate in only one of the
toroidal directions. Second, the slow waves that occur
as a result of mode conversion should be efficiently
absorbed by plasma electrons in accordance with the
Landau damping mechanism, i.e., the efficient heat-
ing of the plasma electron component should be
ensured. Before conducting experiments on MCCD,
it is necessary to determine the ranges of parameters,
in which both of these conditions are met.

In this paper, the satisfability of the first of these
conditions at the L-2M stellarator is experimentally
studied. Section 2 provides for a brief description of
the L-2M facility, at which the experiments were con-
ducted, and describes the two-channel ion cyclotron
resonance heating system based on the two-strap
antenna, which was used for exciting FMS waves in
plasma of the L-2M stellarator. Section 3 describes the
system of magnetic probes and data acquisition system
that were used in the experiments on measuring the
phase velocity of FMS waves. Section 4 presents the
experimental results. In Section 5, the main results of
the work are summarized.

2. EXPERIMENTAL
The experiments were conducted at the L-2M stel-

larator, which is a toroidally symmetric magnetic trap
designed for confining high-temperature plasma.
L-2M is a classical two-turn stellarator (number of
helical windings is l = 2, number of field periods
around the torus is N = 7) with the major radius R =
1 m, average plasma radius a = 0.115 m and toroidal
magnetic field B0 = 1–1.4 T [13]. The rotational trans-
formation angle created by the magnetic system varies
from ι = 0.18 at the magnetic axis of the system to ι =
0.78 at the plasma boundary. In the experiments,
hydrogen was used as the working gas. The working
range of electron densities is  m–3.
The facility can operate in both the ohmic and elec-
tron cyclotron resonance regimes of plasma heating.

In the ohmic heating regime, the plasma current is
excited by metal inductor, which is the core of trans-
former. The plasma current is 10–20 kA. For breaking
down the working gas, the loop voltage of approxi-
mately 30 V is created. In the L-2M stellarator, the
direction of the plasma current always coincides with
the direction of the toroidal magnetic field. In this
case, the angles of rotational transformation created
by the current and magnetic windings are summed,
and the total angle of rotational transformation is

= − × 19(0.2 2.0) 10en
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equal to approximately 1 along most of the plasma
radius.

For obtaining stable and long-lasting ohmic dis-
charges with controlled density in the L-2M stellara-
tor, the vacuum chamber walls are boronized in the
glow discharge in helium, into which vapors of carbo-
rane C2B10H12 are additionally puffed. The carborane
vapors dissociate in the discharge, and the chamber
walls become covered with boron–carbon film with a
thickness of approximately 80 μm. As a result of apply-
ing this procedure, in the ohmic heating discharge, the
intensities of oxygen and carbon lines decrease by
5 and 3 times, respectively, and the total radiation loss
power is reduced by approximately 2.5 times [14].

For exciting FMS waves in plasma of the L-2M
stellarator, the two-channel system for ion cyclotron
resonance plasma heating based on the two-strap
antenna was created. The system consists of the two-
channel driving generator, two amplifying lines for
supplying RF voltage to the antenna straps, system for
matching the antenna circuit and the final amplifier
stage (the load of the final amplifier stage should be
50 Ohm), and two straps of the RF antenna [15].

The antenna consists of two current straps located
in adjacent cross-sections of the vacuum chamber and
spaced by 22.5 cm in the direction along the plasma
column axis. The width of each current strap is 7.5 cm,
and the surface area is 2.5 dm2. The plasma-facing sur-
face of each strap repeats the shape of the separatrix
surface and is located at a distance of 1 cm from it. The
current straps are not protected by electrostatic shield.
Each strap is fed by its own amplifier line using a sep-
arate RF feeder; therefore, depending on the phase
shift between the voltages supplied to individual
antenna straps, it is possible to excite FMS waves with
different toroidal wave numbers. The vacuum feed-
through devices are assembled based on high-voltage
ceramic insulators, which allow supplying RF voltage
of up to 15 kV to the antenna. If applying such a voltage
to dipole antenna, it can be expected (with allowance
for the total area of the antenna system of San ≈
0.05 m2) that the PICRH power irradiated by the
antenna in experiments on ICR heating of D + H
plasma will exceed 100 kW [16].

The Juntek PSG9080 two-channel programmable
signal generator (SG) was used as a driving generator
of RF signals. This SG provided for generating sinu-
soidal signals with powers of up to 50 mW at two inde-
pendent outputs, with the possibility of changing the
phase difference between the output signals.

For amplifying the signals of the RF driving gener-
ator, two identical two-stage amplification lines were
assembled [17]. In the first stage, the U1 power ampli-
fier (manufactured by TZT RF) is used, which had a
power gain of 2000 for 1-mW-power input signals. The
first stage amplifies the driving generator power to
5 W. The second stage includes the U2 power ampli-
fier (which is PA5 amplifier based on MOSFET tran-
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Fig. 1. Design of magnetic probe. (1) Probe coil, and
(2) electrostatic shield.
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Fig. 2. Arrangement of magnetic probes inside vacuum
chamber. 
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sistors, manufactured by EB104 equipment, with the
output power of 1.0 kW and operating frequency range
of 1.8–30 MHz) with a power gain of up to 200 for
input signals with powers of 5–10 W. RF voltage with
power of approximately 1 kW and frequency of
20 MHz is applied to each of the antenna straps; the
frequency of 20 MHz corresponds to the ion cyclotron
resonance frequency at the axis of the plasma column
for the magnetic field of B0 = 1.31 T.

The RF power supplied to the antenna straps was
determined using the amplitude meter for the incident
and reflected waves. The amplitude meter for the inci-
dent and reflected waves is a section of the RF feeder
with two conductors inside it, forming two additional
distributed lines [16]. The signals from the outputs of
additional lines are proportional to the amplitudes of
the incident and reflected waves.

3. SYSTEM OF MAGNETIC PROBES
AND DATA ACQUISITION SYSTEM 

FOR MEASURING PHASE VELOCITIES
AND DECAY LENGTHS OF FMS WAVES
For measuring the phase velocities of FMS waves,

the diagnostics system was created, consisting of a set
of magnetic probes and data acquisition equipment
based on the LA-n25 oscilloscope cards.

Each magnetic probe is a small (6-mm-diameter)
coil of 12 turns, shut with the electrostatic shield
(Fig. 1). The core of magnetic probe coil has a length
of 4 mm; the cross-sectional area of the core is 20 mm2

(all probe components are made of stainless steel).
The probe inductance is 0.3 μH. The probe is installed
at atmospheric pressure, and the cap separates it from
the vacuum volume of the L-2M stellarator. This
design allows changing the orientation of magnetic
probe without disturbing vacuum conditions in the
facility.
Four such magnetic probes are installed inside the
vacuum chamber in four ports at the inner side of the
stellarator chamber at a distance of approximately
10 mm from the plasma boundary (Fig. 2). The axes of
the probe coils are directed along the toroidal mag-
netic field of the stellarator; therefore, the probes mea-
sure the longitudinal component of the alternating
magnetic field. We note that if the RF plasma heating
system was switched off during the OH discharge, the
probes recorded the changes in the toroidal magnetic
field of the facility The distance along the magnetic
axis of the facility between the cross-sections, in which
probes 1 and 3 are located, is 135 cm, and for the
probes 2 and 4, it is 45 cm (see Fig. 2). Simulations of
the profiles of the FMS wave field components, per-
formed within the framework of the model of cold col-
lisionless plasma, show that near the chamber walls,
the Bz component of the FMS wave magnetic field
(z is the direction along the toroidal magnetic field)
has large amplitude (~1/3 of its maximum value) [18].
Therefore, the magnetic probe placed in the gap
between the plasma and the vacuum chamber wall
measures the signal corresponding to the Bz compo-
nent of the FMS wave.

The magnetic probe for measuring FMS waves dif-
fers from the conventional Mirnov magnetic probe
only in the number of turns. The number of turns in
the Mirnov probes is larger by 1–2 orders of magni-
tude. This is because the Mirnov probes are designed
for measuring MHD oscillations that have frequencies
of several hundred kilohertz, while probes for measur-
ing FMS waves record magnetic field oscillations with
frequencies of several tens of megahertz. Therefore,
there is no need in using a larger number of turns to
obtain signals sufficient for performing measurements.
PLASMA PHYSICS REPORTS  Vol. 51  No. 8  2025
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Fig. 3. Typical parameters of L-2M shot in ohmic heating
regime. From top to bottom: plasma current Ip(t), loop
voltage Uloop(t), electron density ne(t), radiation loss
power Prad(t), and magnetic field B0(t).
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In the ohmic heating regime, MHD oscillations make
a negligible contribution to the signal of magnetic
probe designed for measuring FMS waves. As noted
above, in discharges without RF plasma heating, in
the ohmic heating regime, signals corresponding to
the changes in the toroidal magnetic field are visible,
and signals corresponding to MHD oscillations are
not visible.

The magnetic probe signal has sinusoidal shape
with a frequency equal to the generator frequency.
Therefore, only the amplitude and phase of this signal
are informative. From the phase correlations between
two signals, it is possible to determine the phase veloc-
ity of FMS wave, and from the amplitude correlations,
the damping length of the wave in the toroidal direc-
tion can be calculated. In this work, the phase veloci-
ties (longitudinal wave numbers) were measured. The
data acquisition system is based on recording signals
from two probes installed in the stellarator chamber at
different distances from the cross-section of RF power
input. The probe signals are recorded using the two-
channel LA-n25 oscilloscope card. The digitization
frequency of this card can be νо = 2.5, 5, 10, or
20 megasamples per second, and the amplitude reso-
lution is 10 bits (210 points). In this work, data reading
was performed with a frequency close to the frequency
of the wave propagating in plasma. As a result, the
beating signal of two frequencies was stored in the
computer memory: the frequency of propagating wave
and frequency of reading data by the oscilloscope card.
It is easy to show that the phase shift of the signals of
two probes at the generator frequency is transmitted
onto the recorded signals with the beat frequency [19].
Based on the phase shift Δϕ between the signals of two
probes spaced by the distance Δl, it is possible to deter-
mine the phase velocity of wave propagation in the
toroidal direction Vϕ = Δl/Δt, where Δt = (Δϕ/2π)T,
where T is the beat period, and the longitudinal wave
number is k|| = ω/Vϕ.

4. RESULTS AND DISCUSSION

Phase velocities of FMS waves excited by the
antenna in plasma of the L-2M stellarator were mea-
sured in the ohmic heating regime. The regime with
increasing plasma density was organized in order to
make it possible to measure the density dependence of
the longitudinal wave number of FMS waves in one
facility shot. In this case, the plasma current turned
out to be decreasing during the shots. However, when
studying the propagation of FMS waves in plasma, the
key parameters are the density and magnetic field,
since the longitudinal wave numbers of waves that can
propagate in plasma depend heavily on them. The
issues of FMS wave absorption in plasma, for which
the electron and ion temperatures are important, were
not considered in this paper. Typical shot parameters
in this regime are shown in Fig. 3. From top to bottom,
PLASMA PHYSICS REPORTS  Vol. 51  No. 8  2025
the time dependences of the plasma current Ip(t), loop
voltage Uloop(t), electron density ne(t), radiation loss
power Prad(t), and magnetic field B0(t) are shown.

In this regime, the signals of four magnetic probes
were measured (see Fig. 2). Figure 4 shows the signals
of magnetic probes 1 and 3 (Fig. 4a), as well as probes
2 and 4 (Fig. 4b). The modulation on the probe signals
can be seen; it occurs as a result of interference of the
FMS waves propagating from the antenna in two
toroidal directions. In the ohmic heating regime, the
loop voltage is applied at the 40th ms. From this time,
the plasma density begins to increase. Accordingly, the
radiation resistance of the antenna increases, the gen-
erator load also increases, and the coupling of the
antenna and generator changes. This results in the fact
that the amplitudes of the RF voltages supplied to the
antenna straps and the probe signals decrease several
times, which is illustrated by the signal of probe 1. In
addition, at some time, the conditions arise for the
propagation of FMS waves through the plasma in two
toroidal directions, co- and counter to the magnetic
field direction. Under conditions of weak wave damp-
ing, interference of these waves occurs (wave damping
is small if the magnetic field inside the facility is less
than the ion cyclotron field).

The phase velocities and longitudinal wave num-
bers were calculated from the phase differences of the
sinusoidal signals of the pairs of probes 1, 3 and 2, 4.
This made it possible to measure the density depen-
dence of the longitudinal wave number in the L-2M
stellarator. Figure 5 shows the dependences measured
from the signals of the pairs of probes 1, 3 and 2, 4 at
the magnetic field of B0 = 1.25 T. Curve 1 was obtained
in the case of exciting the FMS wave by the two-strap
antenna with the straps phasing (0–π) when 1 kW of
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Fig. 4. Signals of magnetic probes (a) (1, 3) and (b) (2, 4).
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Fig. 5. Longitudinal wave number of FMS wave as a func-
tion of plasma density at magnetic field B0 = 0.95 Bci.
(1) Experimental dependence for wave propagating
counter to toroidal magnetic field in stellarator (from
probe 1 to probe 3); (2) approximation of dependence (1);
(3) dependence calculated using model of cold collision-
less plasma; (4) experimental dependence for wave propa-
gating in direction of toroidal magnetic field (from probe 2
to probe 4); and (5) approximation of dependence (4).
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RF power was supplied to the straps. Curve 4 was
obtained in the case exciting the FMS wave by single-
strap antenna 2 when 0.5 kW of RF power was supplied
to it. The dependences were approximated by curves 2
and 5, respectively. Curve 3 represents the dependence
of the longitudinal wave numbers of the FMS wave on
the average plasma density calculated within the
framework of the model of cold collisionless plasma
for cylindrical geometry [20]. The calculations were
performed for the azimuthal wave number m = 1, since
this is the only azimuthal mode that can be excited in
the L-2M stellarator plasma in the range of operating
densities [19]. The figure shows that in the experi-
ment, the FMS waves propagating in the directions
along and against the toroidal magnetic field are char-
acterized by different k||(ne) dependences, none of
which coincides with calculated dependence 3, which
turned out to be between them. When calculating
curve 3, the cylindrical model was used, in which the
plasma was considered homogeneous along the z and
ϕ coordinates. Under these conditions, the waves,
which are solutions to the dispersion equation, propa-
gate with the same phase velocity in both directions
with respect to the toroidal magnetic field. In the
experiment, the plasma density is non-uniform along
the azimuthal angle ϕ, as well as the structure of the
magnetic surfaces. Apparently, this leads to unalike
conditions for the propagation of FMS waves in two
toroidal directions: co- and counter to the direction of
the magnetic field. Therefore, curve 3 does not coin-
cide with any of the experimental curves 1 or 4. In
addition, in the calculations, the poloidal component
Bϕ of the magnetic field causes small splitting of the
k||(ne) dependence for the FMS wave [21]. In the
experiment, very strong splitting of the density depen-
dences of the longitudinal wave number is observed,
which, in the authors’ opinion, is associated with the
azimuthal rotation of the elliptical plasma cross-sec-
tion when moving around the torus. We note that
FMS waves propagating in the directions along and
against the magnetic field have different density
thresholds for their excitation. When FMS waves
propagate in the direction against the magnetic field,
the density threshold at the magnetic field of B0 = 1.25

T is  m–3. At the same time, for the FMS
wave propagating in the direction along the magnetic
field, the density threshold at the same magnetic field
is  m–3.

The density dependences of the longitudinal wave
number were also measured at other magnetic fields in
the range of B0 = 1–1.4 T. Figure 6 shows two depen-
dences for magnetic fields B0 = 1.1 (0.84 Bci) and
1.33 T (1.01 Bci), where Bci is the cyclotron magnetic

= × 190.2 10en

= × 190.8 10en
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Fig. 6. Longitudinal wave numbers of FMS waves propa-
gating counter to toroidal magnetic field in stellarator
(from probe 1 to probe 3) as functions of plasma density at
two magnetic fields. B0 = (1, 2) 0.84Bci and (3, 4) 1.01Bci.
(1, 3) Experimental results and (2, 4) approximations of
experimental curves.
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(3) B0 = Bci.
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field for hydrogen ions. It is evident that for any fixed
density, with an increase in the magnetic field at the
facility axis, there occurs a decrease in the longitudinal
wave numbers of FMS waves, which can propagate in
plasma of the L-2M stellarator. In addition, with an
increase in the magnetic field, the density threshold
for the excitation of FMS waves increases. This agrees
with the calculations performed within the framework
of the model of cold collisionless plasma for cylindri-
cal geometry. Figure 7 shows the calculated depen-
dences k||(ne) for three magnetic fields B0 = 1.1, 1.25,
and 1.33 T.

From the point of view of the planned experiments
on current drive using FMS waves, FMS waves prop-
agating in the same direction as the plasma current,
i.e., in the direction along the magnetic field, are of
interest. In the experiments under consideration,
0.5 kW of RF power was supplied to the single-strap
antenna. Using probes 2 and 4, the k||(ne) dependence
was measured at two magnetic fields B0 = 1.25 and
1.32 T (Fig. 8, curves 1 and 3, respectively). The figure
also shows approximations of the experimental curves
(curves 2 and 4, respectively). Figure 8 shows that for
the FMS waves propagating along the toroidal mag-
netic field, the changes in the k||(ne) dependences with
increasing magnetic field are similar to those in the
case of FMS waves propagating counter to the mag-
netic field. Namely, with an increase in the magnetic
field, the longitudinal wave number of the FMS wave
excited at a given density decreases, and the density
threshold for its excitation increases.

As can be seen in Fig. 6, at low densities, the mea-
sured k||(ne) dependences considerably deviate from
the approximating curves. These deviations are non-
PLASMA PHYSICS REPORTS  Vol. 51  No. 8  2025
random. In support of this statement, Fig. 9 shows the
k||(ne) dependences measured at the L-2M stellarator
previously [19]. It is evident that all the curves in Fig. 9
have similar deviations. They are associated with the
changes in density profile in the initial stage of the dis-
charge. In the stage of density ramp-up, the shape of
the density profile highly differs from its shape in the
quasi-stationary stage. At the beginning of discharge,
the shape of the density profile is very sharp. Unfortu-
nately, in this experiment it was not possible to mea-
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Fig. 9. Longitudinal wave numbers of FMS waves propa-
gating counter to toroidal magnetic field in stellarator
(from probe 1 to probe 3) as functions of plasma density at
two magnetic fields. B0 = (1, 2) 0.9Bci and (3, 4) 0.95Bci.
(1, 3) Experimental results and (2, 4) approximations of
experimental curves. Dependences were measured previ-
ously at the L-2M stellarator in ohmic heating regime [18].
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sure the radial profiles of the plasma density; there-
fore, the effect of the shape of density profile on the
k|| = f(ne) dependence was estimated only based on the
results of calculations performed within the frame-
work of the cylindrical one-dimensional model.

5. CONCLUSIONS

The system of magnetic probes and data acquisi-
tion system have been designed and created at the
L-2M stellarator for measuring phase velocities of
FMS waves excited in plasma. Using this system of
magnetic probes, toroidal and azimuthal wave num-
bers of FMS waves excited in the L-2M stellarator
plasma were determined in the ohmic heating regime
at 1-kW-power of radiation introduced into the
plasma, plasma densities in the range of (0.5–2.0) ×
1019 m–3 and magnetic fields in the range of 1–1.4 T.

It was shown that at plasma densities higher than
1.0 × 1019 m–3 in the ohmic heating regime of the
L-2M stellarator operation, FMS waves can be excited
that propagate in two toroidal directions: along and
against the direction of the toroidal magnetic field.
Density thresholds for excitation of FMS waves prop-
agating in both directions were determined. From the
point of view of the planned experiments on current
drive using FMS waves, the FMS waves propagating in
the same direction as the plasma current, i.e. along the
magnetic field, are of interest. The density threshold
for excitation of this FMS waves is 1.0 × 1019 m–3 at the
magnetic field equal to the ion cyclotron field. With
decreasing magnetic field, the density threshold for
excitation of FMS waves in the direction of the mag-
netic field decreases. For FMS waves propagating in
the direction counter to the magnetic field, the density
threshold for the excitation of FMS waves is 0.3 ×
1019 m–3 at the magnetic field equal to the ion cyclo-
tron field, and it also decreases with decreasing mag-
netic field. Thus, in the ohmic heating regime in the
density range of (0.3–1.0) × 1019 m–3, for the magnetic
field equal to the ion cyclotron field, there are condi-
tions, under which FMS waves excited in plasma of
the L-2M stellarator can propagate in only one of the
toroidal directions.
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