
ISSN 1063-7842, Technical Physics, 2019, Vol. 64, No. 5, pp. 606–614. © Pleiades Publishing, Ltd., 2019.
Russian Text © The Author(s), 2019, published in Zhurnal Tekhnicheskoi Fiziki, 2019, Vol. 89, No. 5, pp. 656–664.

PLASMA
Structure of Magnetic Plasma Fluctuations
in the Uragan-3M Torsatron at Rare Collision Frequencies

V. K. Pashneva, E. L. Sorokovoya, A. A. Petrushenyaa,*, and F. I. Ozherel’eva

aInstitute of Plasma Physics, National Science Center Kharkiv Institute of Physics and Technology, Kharkiv, 61108 Ukraine
*e-mail: sorokovoy@ipp.kharkov.ua

Received March 5, 2018; revised October 2, 2018; accepted November 21, 2018

Abstract—Fluctuations of the poloidal component of the plasma magnetic field in the frequency range of
0.5–50 kHz are studied in the Uragan-3M (U-3M) torsatron. Hydrogen plasma is produced and heated by
RF fields at frequencies close to that of the ion cyclotron. The studies are carried out using a set of 15 magnetic
sensors installed in one of the torus cross sections. RF heating provided the plasma with rare collision fre-
quencies and the presence of the bootstrap current. The study is carried out when the maximum amplitude
of magnetic f luctuations is observed and their connection with the plasma energy content is noticeable. Two
types of vibrations are observed. In the first type, the current structure rotates with a certain frequency mainly
in the direction of the rotation of electrons in the magnetic field, and the amplitude varies slowly with time
(the rotating structure). For the second type, the spatial structure does not rotate, but its amplitude changes
with a certain frequency (the standing structure). The frequencies of f luctuations and rotations are close for
structures with a given poloidal wave number. The standing vibration structures with different poloidal wave
numbers in this frequency range are correlated. The maximum amplitude of the rotating structures is
observed with m = 2, and for the standing structures with m = 3 and reaches the values of  ≤ 0.3 G in the
confinement region. The vibration frequency does not depend on poloidal wave number m for the studied
cases; m = 0, 1, 2, 3.
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INTRODUCTION
The studies of the magnetic field f luctuations car-

ried out on various toroidal plasma traps stimulated
theoretical studies. At present, several instabilities are
predicted, which can cause magnetic field f luctua-
tions. These are Alfvén, drift–Alfvén, and drift–sound
ones [1]. In addition, the excitation of geodesic acous-
tic modes (GAMs) [2], toroidally induced Alfvén
eigen (TAE) [3], various types of beta-induced Alfvén
eigen (AE) [4] and drift–acoustic beta-induced tem-
perature gradient (BTG) modes [5], parametric insta-
bilities due to plasma heating [6], etc., is possible. The
heating methods also affect the excitation of drift
waves [7], which at finite β values (the ratio of the
plasma energy to the energy of the confinement mag-
netic field) can be accompanied by magnetic field
fluctuations. The presence of the longitudinal current
in a stellarator magnetic configuration may be accom-
panied by the excitation of current instabilities (kink-
and tearing-modes) [8].

It can be seen from the above studies that plasma
instabilities in toroidal magnetic traps depend on
many factors and their behavior is very diverse. There-
fore, to understand the nature of the instabilities, it is
necessary to obtain the maximum possible experi-
mental information on the frequency range, spatial

structure, as well as plasma parameters and methods
of its heating.

To study the structure of plasma instabilities, it is
convenient to use a set of magnetic sensors that are
located outside the plasma confinement volume. A set
of magnetic sensors provides information on the fre-
quencies and spatial structure of the magnetic field
fluctuations associated with these instabilities. The
most important disadvantage of magnetic diagnostics
is the fundamental inability to determine the localiza-
tion region of the instability in the plasma volume.
Therefore, to determine the localization region of the
instability, it is necessary to use other diagnostics.

The purpose of this study is to obtain information
about instabilities in the plasma of the U-3M torsatron
produced by radio-frequency heating under condi-
tions of rare collisions between plasma particles using
a set of magnetic sensors. The study is conducted at
the time, when the amplitude of magnetic field f luctu-
ations reaches maximum values, and the energy con-
tent growth rate is minimal.

EXPERIMENTAL CONDITIONS
The studies were carried out in the U-3M torsatron

[9], when the magnetic field on the geometrical axis of
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Fig. 1. Location of the magnetic sensors with respect to
screw conductors of the magnetic field and magnetic sur-
faces of the vacuum configuration in this cross section.
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the plasma configuration is B0 ≈ 0.72 T. The averaged
plasma minor radius is a ≈ 0.1 m, and the torus major
radius is R ≈ 1 m. The plasma was created and heated
in the RF-heating mode [10] at frequencies close to
ion cyclotron frequency ω ≈ 0.8ωci, where ωci is the
cyclotron frequency of working gas ions. Hydrogen
was used as the working gas. According to the theory,
the main mechanism of plasma heating is Cherenkov
damping of waves excited in the plasma under condi-
tions of Alfvén resonance on electrons [11]. It is obvi-
ous that such a method of energy transfer to plasma
electrons favors, especially at rare collision frequen-
cies, the distortion of the distribution function and the
appearance of additional conditions for the excitation
of instabilities. Since RF waves excited in the plasma
have a frequency close to the ion cyclotron, additional
heating of ions is possible with corresponding distor-
tions of the distribution function.

For us, the main interest is the mode with low aver-
age plasma density ne ≤ 1 × 1018 m–3, with the maxi-
mum density on the magnetic axis ne(0) ≈ 3 × 1018 m–3

[12, 13]. In this mode, at the time of studying the
structure of magnetic field f luctuations, the average
electron and ion temperatures of the plasma column
cross section are Te ≈ 150 eV and Ti ≈ 100 eV [14],
respectively, and the current in the plasma was I ≈ 1 kA.
At this time the rotational transformation angle pro-
duced by this current at the boundary of the plasma
column was l(a) ≈ 3 × 10–2, which is significantly less
than the stellarator rotational transformation angle
lst ≈ 0.33. This mode is interesting because the plasma
electrons and ions over the collision frequencies are in
TECHNICAL PHYSICS  Vol. 64  No. 5  2019
the “banana” mode that is confirmed by recording the
so-called bootstrap current [15].

Information on plasma instabilities was obtained
using a set of 15 magnetic sensors (coils) recording the
poloidal component of the magnetic field and
installed in one of the cross sections of the plasma col-
umn (Fig. 1). The sensors had a diameter of 6 mm and
a length of 16 mm, sensitivity NS = 180 cm2 turns
(N is the number of turns in the coil, S is the area of
the cross-section of the coil) and were located inside
the electrostatic screen. Each coil with a supply cable
of about 20 m long allowed recording the change in the
magnetic field with the frequency of up to 70 kHz. The
signals from the sensors were integrated using a 16-
channel electronic integrator. The integration con-
stant was varied in the range τ = 5 × 10–7–10–3 s.

The Rogowski belt and the diamagnetic loop were
used in addition to magnetic sensors for monitoring
the discharge parameters.

To study the structure of magnetic f luctuations
(MF), we chose the time of the maximum amplitude
of oscillations, which is characterized by a slowdown
in the growth of the plasma energy content and the
appearance of features on the current. A sharp
decrease in the amplitude of the MF is accompanied
by an increase in the growth rate of the plasma param-
eters, which is called the transition to the improved
confinement mode in [16, 17].

The energy stored in the plasma at the end of the
discharge is about 16 J, and the energy stored in the
magnetic field of the plasma current is 6 J, i.e., about
40% of the plasma energy. This indicates the possibil-
ity of the appearance of the substantial instability asso-
ciated with the presence of the current [8].

EXPERIMENTAL RESULTS

Figure 2 shows the time behavior of the energy con-
tent of plasma column P, toroidal plasma current I,
and the signal from one of the 15 magnetic sensors
installed outside the confinement region on the mea-
suring surface of radius b = 16.8 cm. It can be seen in
Fig. 2 that 15 ms from the beginning of the discharge
there is a noticeable increase in the amplitude of oscil-
lations of the magnetic field and then its sharp
decrease by several times. With the increase in mag-
netic field f luctuations, the growth rate of the energy
content decreases. The decrease in the amplitude of
oscillations coincides with the sharp increase in the
growth rate of the plasma energy content. This time,
Fig. 2 is marked with a dashed line.

The time behavior of the signal of a sensor in the
interval of 13.5–15.5 ms is shown in Fig. 3. It can be
seen in this figure that the magnetic field f luctuations
in a given time interval are a set of f luctuations of var-
ious frequencies with time-varying amplitude and
phases. Namely, the recorded signals have a non-sta-
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Fig. 2. Time behavior of the energy content in the plasma
column P, the toroidal plasma current I and the signal
recorded by one of the coils (b). The dashed line denotes
the time of the sharp decrease in the amplitude of the mag-
netic field oscillations (t = 15.3 ms).
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Fig. 3. Time behavior of the magnetic field f luctuations
recorded by one of the sensors in a certain time interval:
(a) real implementation; (b) the same realization after the
bandpass filter in the range of 20–31.5 kHz.
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tionary character, and it is impossible to use the stan-
dard methods for its processing.

Due to the fact that it is not correct to speak of a
local frequency in this case, we use the concept of a
frequency band.

To process the obtained set of signals, the realiza-
tion were divided into five frequency ranges: δf1 =
0.5–5 kHz, δf2 = 5–11 kHz, δf3 = 11–20 kHz, δf4 =
20–31.5 kHz, and δf5 = 31.5–52 kHz. The division
into these frequency bands was carried out according
to the spectra of realization of all sensors. The digi-
tized signals using band-pass filters were presented as
a realization in a certain frequency range. Figure 3
shows as an example the realization in the frequency
range of δf4 = 20–31.5 kHz. The figure shows that this
realization is a set of oscillations with approximately
the same period. The amplitude of these oscillations
varies from minimum to maximum during 2–3 oscil-
lations. The process of changing the amplitude of
oscillations consists of successive cycles of the ampli-
tude increase and decrease during 5–7 oscillations,
and the amplitude of oscillations becomes larger in
each subsequent cycle. It can be seen from Fig. 3 that
there are three such cycles, after which, starting from
15.3 ms, the cycles do not repeat. In other frequency
bands, the number of cycles can vary from 1 to 5. We
will study the structure of f luctuations in the last cycle
before the decrease in the MF level.

Further signal processing was as follows. The azi-
muthal distribution of the signal value over all sensors
was plotted at each time in this frequency range. An
example of such a distribution for two neighboring
points in time in the frequency band of 20–31.5 kHz is
shown in Fig. 4. It can be seen from the figure that the
poloidal distribution of the value of the magnetic field
oscillations on the measuring surface at a given time
has a complex form. In addition, this distribution
changes over time. There is a rotation of the structure.

Further, the spatial structure of the distribution of
the signal into Fourier harmonics was decomposed.
An example of such a decomposition is shown in Fig. 5
for time t = 15.017 ms in the frequency band 20–
31.5 kHz. The resulting pattern is presented as a set of
harmonics with different poloidal wave numbers m =
0, 1, 2, 3, etc. Higher harmonics with wave numbers
m > 3 were not considered, since the accuracy of their
determination using 15 unevenly located sensors is
small, and their amplitude is also small. In addition to
the amplitude of this spatial harmonic, its phase with
respect to the previous time was also recorded.

From the physical point of view, the harmonic with
m = 0 represents the oscillations of the magnetic field
of the longitudinal plasma current; m = 1 are the oscil-
lations of the dipole current similar to the Pfirsch–
Schluter current rotated in space at any arbitrary
angle. The structure with m = 2 is an ellipse and with
m = 3 it is a triangle.

Attention should be paid to the fact that the consid-
ered representation is completely valid only in cylin-
drical geometry. In a real, albeit sloping torus, as well
TECHNICAL PHYSICS  Vol. 64  No. 5  2019



STRUCTURE OF MAGNETIC PLASMA FLUCTUATIONS IN THE URAGAN-3M 609

Fig. 4. Distribution of signals from magnetic sensors over
the azimuth for two times t = 15.017 and 15.023 ms for the
realization in the frequency range of 20–31.5 kHz. The
dash in this figure shows the zero level, the dash-dotted
line is the z axis of the torus.
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Fig. 5. Decomposition spectrum over poloidal harmonics
m of the magnetic field f luctuations (t = 15.017 ms, δf4 =
20–31.5 kHz).
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as in the presence of the displacement of the current
surface with respect to the measuring and non-circular
shape of the current surface, it is necessary to con-
sider the interconnection of the adjacent poloidal
harmonics.

In cylindrical geometry, the knowledge of the value
of the amplitude of a certain poloidal harmonic of the
magnetic field on the measuring surface makes it pos-
sible to determine the value of the magnetic field on
the current surface. It is known that in this case the
decrease in the magnetic field of a given harmonic is
described by the corresponding Macdonald function
[18]. In the first approximation, the decrease in the
amplitude of the various harmonies is proportional to
value (r0/b)m + 1. Here, r0 is the average radius of the
current surface and b is the radius of the measuring
surface.

The equation of the magnetic surface can be writ-
ten in cylindrical coordinate system r, ϑ:

(1)
Here r is the current radius, ϑ is the poloidal angle,

Δ is the displacement, and δ is the ellipticity of the
magnetic surface, on which currents f low. It is seen in
Fig. 1 that the triangularity of the magnetic surfaces is
small, and it can be ignored. The expression for the
magnetic field on the measuring surface considering
toroidality [18] can be presented as

(2)
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where ψ is an arbitrary phase.

If quantities ; ; and  ≪ 1 and assuming that the

amplitude of the 3rd harmonic far exceeds the ampli-
tude of the 4th harmonic, which does not contradict
the experimental data, expression (2) can be presented
as a system of four linear equations for m = 0, 1, 2, 3.

We assume that the oscillation source is located
inside the confinement volume on the magnetic sur-
face with the average radius r0 = 8.4 cm. The Δ and
δ values are determined for this surface, and the
amplitude of f luctuations was calculated on the basis
of the available experimental data for each set of har-
monics on the magnetic surface over which the cur-
rents f low. The calculations show that in our condi-
tions allowance for the displacement and ellipticity of
the magnetic surface, as well as the toroidality does not
strongly affect the field amplitude inside the confine-
ment volume.

The results of processing the recorded signals are
shown in Fig. 6. The frequency range of δf3 = 11–
20 kHz is chosen as an example. In the figure, the time
variation of the phase in the –π to π range and its
amplitude are presented for each spatial harmonic.
The  value is plotted on the y axis.

It can be seen from the data in Fig. 6 that the
change in the phase of the structure with m = 0 is pre-
sented by the 0 and π values, which correspond to
opposite phases of oscillations. The value of the oscil-
lation period can be used to estimate the frequency
band in which oscillations occur. Thus, in the time
period of t = 14.9–15.0 ms, it is possible to estimate
frequency f ≈ 14 kHz from the oscillation period; the
oscillations in time period t = 15.05–15.13 ms have a
close frequency. For the structure with m = 1, the pic-
ture is more complicated. If we consider the situation
starting from time t = 14.9 ms, then at first, the struc-
ture is observed standing still, the amplitude of which
varies with a frequency of f ≈ 14 kHz. However, as the
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Fig. 6. Dependence of the amplitude and phase of the structures with the poloidal wave numbers m = 0, 1, 2, 3 for the frequency
range of δf3 = 11–20 kHz. The dashed line shows the amplitude of the rotating structure.
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value of the oscillations approaches zero, judging by
the phase shift, the structure begins to slowly turn in
the direction of the rotation of the electrons in the
magnetic field. After the oscillation period, the struc-
ture begins to rotate in the opposite direction, and
then stops altogether. Further, at t = 15.05–15.2 ms,
the structure reappears, in which the oscillations are
observed with a period corresponding to a frequency
of f ≈ 14 kHz. At the same time, the rotating oscilla-
tions appear with the slowly varying amplitude. Its
value can be determined from the value of the enve-
lope of the minimum values of oscillations and is indi-
cated by the dashed line. It can be seen that two struc-
tures of plasma currents with m = 1 are observed. One
structure rotates with a frequency of f ≈ 13.5 kHz in the
direction of the electron drift and its amplitude varies
slowly with time (dashed line). Another structure
stands still (does not rotate) and its amplitude oscil-
lates with a frequency of f ≈ 14 kHz. For magnetic field
oscillations with poloidal wave number m = 2, the sit-
uation is similar. The amplitude of the standing struc-
ture oscillates with a frequency of f ≈ 14 kHz and that
of the rotating structure rotates with a variable angular
velocity corresponding to a frequency range of f ≈ 14–
18 kHz. For a structure with m = 3, only oscillations
that are standing still (do not rotate) are observed in a
frequency range of δf3 = 11–20 kHz. The oscillation
frequency is about f ≈ 14.5 kHz.

The analysis of all experimental data shows that in
this experiment two types of oscillations are observed
in a frequency range of f ≈ 0.5–52 kHz. The first type,
a structure with a given wave number, stands still (does
not rotate) or rotates very slowly. Only its value
changes with the recorded frequency. This type of
oscillations is observed always. The second type, a
structure rotates with a certain frequency and its
amplitude varies slightly. The rotation frequency is
often not constant in time. Usually, the oscillation fre-
quency of the standing structure is close to the rotation
frequency of a structure of the second type. Taking
into account that a standing structure when its value
approaches zero can quickly turn to a certain angle, it
can be assumed that the standing structure stimulates
rotation.
TECHNICAL PHYSICS  Vol. 64  No. 5  2019
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Fig. 7. Dependence of the maximum amplitude of f luctu-
ations on the recorded frequency band for spatial struc-
tures with different poloidal wave numbers m. Light bars
define the standing structures, while the shaded ones
define the rotating structures. The positive value of the
shaded columns corresponds to the rotation direction of
electrons in the magnetic field, and the negative value cor-
responds to that of ions.
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The maximum amplitude of f luctuations in the
process under study for spatial structures with m = 0,
1, 2, 3 for all detected frequencies is shown in Fig. 7.
The positive and negative amplitude values corre-
spond to different directions of rotation of the struc-
ture (shaded bars). A positive value corresponds to the
rotation in the direction of the rotation of electrons in
the magnetic field. Non-shaded bars determine the
maximum amplitude of the standing structure. The
bar width shows the approximate frequency range of
recorded f luctuations.

Analysis of the experimental data shows that mag-
netic field f luctuations in this experiment exist in fairly
narrow frequency ranges common to spatial structures
with different poloidal wave numbers. Magnetic field
fluctuations are recorded in the following frequency
ranges: 1.5–2; 6–8; 13–16; 20–27; and 35–43 kHz
(Fig. 7).

For the structures with m = 1 and 2, rotation in dif-
ferent directions is observed in the frequency range of
1.5–2 kHz, the amplitudes of which could not be
determined. The maximum values of magnetic field
fluctuations of standing structures are observed for
m = 2 and 3.

In the frequency range of 6–8 kHz, f luctuations
are observed in the standing structures with m = 0, 1,
2, 3 and rotating structures with m = 1, 2, 3. It should
be noted that all f luctuations of standing structures are
TECHNICAL PHYSICS  Vol. 64  No. 5  2019
interrelated. Namely, their frequencies and phases are
close to each other and present a common perturba-
tion for all spatial structures (Fig. 8). The amplitude of
the f luctuations inside the confinement region
increases with the number of the poloidal mode (Fig. 7).
Rotating structures with m = 2 have the maximum
amplitude.

For f luctuations observed in the range of 13–
16 kHz, the rotation is present only for structures with
m = 1 and 2. The standing structures correlate (except
for m = 0) and have a maximum amplitude for struc-
tures with m = 2 and 3. The amplitudes of rotating
structures in this frequency range is less than the
amplitudes of standing structures.

In the band of δf4 = 20–31.5 kHz, f luctuations of
standing structures are in the range of 20–22 kHz,
except for a structure with m = 2, whose band is 20–
27 kHz. The amplitude of the structure with m = 3
reaches maximum value (r0) ≈ 0.3 G. Only a struc-
ture with m = 2 rotates with the frequency of fspin =
25–26 kHz, and the amplitude of a rotating structure
noticeably exceeds the amplitude of a standing struc-
ture.

In the band of δf5 = 31.5–52 kHz, f luctuations of
standing structures are in the range of 40–43 kHz,
except for structures with m = 2, where f luctuations
are observed in the band of 35–37 kHz and rotation
frequency fspin ≈ 37 kHz. For m = 2, the amplitude of a
rotating structure is larger than that of a standing
structure. In this frequency range, only the structure
with m = 2 rotates. The maximum amplitude has
oscillations of a standing structure with m = 3, which
reach the value of (r0) ≈ 0.25G inside the confine-
ment regions.
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Fig. 9. Distribution of the plasma density at the time of the
study of the structure of magnetic f luctuations. r is the
average radius of the magnetic surface.
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Table 1
r/a 0.6 0.7 0.8 0.9
fdr, kHz 25 29 40 61
DISCUSSION
It is shown in Fig. 7 that at the studied time mag-

netic f luctuations are recorded in the frequency range
of f = 1.5–43 kHz. These f luctuations are in five nar-
row frequency bands, so that Δf/f ≤ 0.25. In each of
these frequency ranges, the f luctuation frequency
does not depend on poloidal wave number m. Two
types of f luctuations are observed: standing structures
and structures rotating in the poloidal direction with
certain m. The amplitudes of oscillations of standing
structures increase with increasing m.

It should be noted that good correlation between
standing oscillations with wave numbers m = 1, 2, and
3 is observed in all frequency ranges. In the frequency
range of fr = 6–8 kHz, a correlation is observed even
with mode m = 0 (Fig. 8).

Rotating structures are observed for all wave num-
bers m = 1, 2, 3 (except for m = 0). Only for the struc-
ture with m = 3, the amplitude is too small. Rotation
is mainly directed towards the electron-diamagnetic
drift, except for the case of low frequencies for m = 3.
The largest amplitude for a rotating structure is
observed for m = 2. In this case, the amplitude of a
rotating structure may exceed the amplitude of a
standing structure. The rotation frequency is usually
close to the oscillation frequency of the standing
structure.

We consider frequencies characteristic of the
plasma in the frequency range under study. Under
conditions of rare collision frequencies, the trapped
particles describe a trajectory with a characteristic fre-
quency:

(3)

where  is the thermal velocity of j-type particles, l is
the angle of rotational transformation, and r is the cur-
rent radius. According to Eq. (3), for electrons  ≈
5 × 102 Hz and for ions  ≈ 3.5 × 103 Hz. These fre-
quencies are below or near the lower boundary of fre-
quencies recorded in the experiment.

The expression for the frequency of the diamag-
netic drift can be presented in the form

(4)

Here p = nek(Te + Ti) is the plasma pressure. If it is
assumed that the temperature distribution over the
radius is uniform, then for the estimates it is possible
to use the density distribution measured in a similar
mode [12] (Fig. 9). The graph is plotted according to
two measured local density values using a Langmuir
probe at the boundary of the confinement region and
the passage of microwave waves at different frequen-
cies in the plasma center, considering that the integral
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over the profile should be equal to the average plasma
density measured by the interferometer. This distribu-
tion is approximated rather well by the expression ne =
ne(0)[1 – (r/a)1.5]2. Then, for ne(0) ≈ 3 × 1018 m–3,
according to expression (4), for m = 1, we obtain the
calculated data presented in Table 1.

It is seen that for m = 1 drift frequencies are in the
measured frequency range. However, for m = 2 and 3
they exceed significantly those recorded in the experi-
ment. If the non-uniformity of the temperature distri-
bution is considered, then the values will increase even
more.

The geodesic acoustic mode (GAM) considering
the average curvature of the magnetic field gives fre-
quency value [2]:

(5)

where  is the speed of sound. It can be seen from
expression (5) that frequency fGAM is close to the upper
boundary of the recorded frequencies.

The frequency of the TAE mode [3] in our condi-
tions is

(6)

where  is the Alfvén velocity, i.e., the frequency of
the TAE mode is also located on the upper boundary
of the recorded frequencies.

In plasma, it is also possible to excite the so-called
BAE modes (beta induced Alfvén modes) [7], which
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are the consequence of the coupling of the ideal MHD
Alfvén drift and acoustic modes at frequencies less
than fTAE. A variety of BAE modes are the so-called
BTG (beta-induced temperature gradient) modes,
which were obtained with allowance for the thermal
motion of ions [5]. These modes are characterized by
frequencies

(7)

which are toroidal and three-dimensional satellites.
Here, l0 is the number of starts of the stellarator mag-
netic field and N is the number of field periods along
the facility length. Condition fBTG < fTAE is observed

only for the case of fBTG ≤  ≈ 6 kHz. This instability

is excited if ionic βi =  > βcr ≈ 4 × 10–4 [5] for

our conditions. The structure of this instability rotates
in the direction of the ionic-diamagnetic drift.

The condition for the development of this instabil-
ity is

(8)

In our conditions,  = 6 kHz, which does not

coincide with the data for fdr given in Table 1. Frequen-
cies (7) coincide with the measurement spectrum only
at the boundaries of the range of recorded frequencies.
The direction of the rotation of the structure is in the
opposite direction to the experimental data.

The presence of the longitudinal current in our
experiment may be the origin of the excitation of the
current instabilities (kink, tearing modes) [8], which
develop on the rational magnetic surfaces. Under our
conditions, these can be surfaces l = 0.25 (m/n = 4/1;
8/2, etc.), l = 0.33 (r = 10 with m/n = 3/1; 6/2, etc.)
and intermediate surfaces with m> 4. Here n is the
wave number along the torus. Perturbations with m =
3 are reliably recorded in the experiment. However, it
is very difficult to associate it with the development of
the current instability because the current density at
the interface (r = 10) is zero. Fluctuations with m ≥ 4
are recorded but for 15 irregularly located sensors it is
difficult to be sure that such information is reliable,
especially since the amplitude of such perturbations is
small.

The analysis performed above shows that the
obtained information about f luctuations in the plasma
of the U-3M torsatron can hardly be explained by the
existing theory. These are primarily the presence of
five narrowband frequency bands in the 1.5–50 kHz
band and the presence of simultaneously standing and
rotating structures with similar frequencies. The clos-
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est to the measurement results are the so-called GAM
and TAE modes, whose frequencies do not depend on
the poloidal wave number. However, we do not have
theoretical information about the direction of the
rotation of these modes and the simultaneous pres-
ence of standing and rotating structures with close fre-
quencies among them. In addition, the frequency
range of these modes does not coincide with the
experimental data.

In [19], it was noted that the so-called transition to
the state of the improved confinement is associated
with a certain current value. Since the current
observed in our experiments is the bootstrap current,
then the reference to the β value is observed. The burst
in the amplitude of the magnetic field oscillations in
the frequency range under study may occur when
some limit on β is exceeded. That is, the observed
instabilities can be attributed to the so-called beta-
induced modes.

CONCLUSIONS
Our studies showed that rather narrowband mag-

netic f luctuations occur in five frequency ranges in the
mode of rare collisions between plasma particles in the
presence of the bootstrap current in RF heating con-
ditions in the U-3M torsatron in the frequency range
of up to 50 kHz in the plasma volume. These ranges
are: 1.5–2; 6–8; 13–16; 20–27; and 35–43 kHz.

The spatial structure of these f luctuations can be
presented as poloidal wave numbers with m = 0, 1, 2, 3.

The frequency of magnetic f luctuation observa-
tions does not depend on poloidal wave number.

Two types of f luctuations are observed:
—Standing still or very slowly rotating structures in

which the magnetic field varies in a certain frequency
band.

—Rotating structures, in which the amplitude
changes weakly, and the maximum velocity is close to
the frequency of f luctuations of a standing structure
with a similar poloidal wave number.

The magnetic f luctuation standing structures have
a complex spatial configuration (fluctuations with dif-
ferent wave numbers correlate) in this frequency
range. These structures have the maximum amplitude
of oscillations for the wave numbers with m = 3 and
reach values of  ≈ 0.3 G in the confinement region.

Rotating structures may have different poloidal
numbers, however, the maximum amplitudes have a
structure with m = 2. The rotation direction coincides
with the rotation of electrons in the magnetic field,
except for the frequency range of 1.5–2 kHz, where
the rotation can be in both directions.

It is impossible to fully explain the behavior of
magnetic field f luctuations in the confinement vol-
ume within the considered theoretical models.
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