STRUCTURE OF INTENSIVE MHD FLUCTUATIONS IN U-3M
TORSATRON IN THE MODE OF LOW FREQUENCY COLLISIONS
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The structure of MHD-fluctuations in the frequency range 0.5...52 kHz of RF produced plasma was studied in the
Uragan-3M torsatron by the use of magnetic probes placed in one of the poloidal cross-sections. Three types of
fluctuations with specific spatial (3D) structures were observed. The first type: when the structure amplitude is
changing slowly and the structure rotates as a whole with some frequency. The second type: the structure does not
rotate but its amplitude is time varying. The third type is a combination of the first two types: the structure rotates and
at the same time its amplitude fluctuates. The correlation was found between the level of fluctuations and the time
dependence of plasma energy content before and after transition to regime of better confinement of plasma.

PACS: 52.55.Dy, 52.55.Hc

INTRODUCTION

The results of studies of magnetic field fluctuations
(MF) performed at different toroidal plasma magnetic traps
stimulated theoretical studies in this field. Currently, it was
predicted a great number of instabilities that may cause
MF. Above all, these are drift-Alfven and drift-sound
eigenmodes DAE and DSE [1] or Alfven eigenmodes AE
[2]. Besides, it is possible to have excitation of geodesic
acoustic mode GAM [3], beta-induced Alfven eigenmode
BAE [4], global GAM (GGAM) [5], GAM-like modes
induced by energetic particles GAM — EGAM [6], beta-
induced Alfven-acoustic eigenmodes BAAE [7,8],
parametric instabilities related to the plasma heating [9],
etc. It is also worth mentioning that heating methods affect
essentially the excitation of drift waves [10].

From the listed above it is clear that characteristics of
plasma instabilities in toroidal traps depend on many
factors and their behavior is rather variable. Thus, the
ways to study these instabilities is to obtain the best
possible information (under given conditions) on the
frequency range, spatial structure of instability, plasma
parameters and methods of its heating.

One of the most convenient methods to diagnose
plasma instabilities accompanied by MF in the confined
volume is to register the MF in the area of plasma
confinement using the set of magnetic probes. In this
case, one can obtain information on frequency range
and spatial structure of these instabilities. As a rule, the
multi-channel system for registration of MF is rather
chip and convenient in operation. The main
disadvantage of such diagnostics is fundamental
inability to determine the area of instability localization
in the plasma volume. Therefore, it is necessary to use
additional measurements by the use of other diagnostics.

The aim of this article is to obtain the information on
instability of plasma produced by RF methods in the 1=3
torsatron Uragan-3M (U-3M) device in conditions of
low collisions between plasma particles. The timepoint
selected for detail studies corresponds to the moment
when amplitude of MF reaches the maximum values
and the rate of energy content increase is minimal.
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1. EXPERIMENTAL CONDITIONS

Studies at U-3M [11] were performed in RF heating
mode [12]. For plasma production and heating a so-called
frame antenna was used. The frequency of antennae
operation was close to the ion cyclotron frequency

o ~ 0.8, the working gas — hydrogen. According to

theory, the main mechanism of plasma heating is
Cherenkov damping on electron of the waves excited in
plasma under conditions of Alfven resonance [13]. It is
known that this method of energy transfer to plasma
electrons contributes to distortion of the energy
distribution functions and to occurrence of the conditions
for instability excitation (especially under low collision
frequencies). Besides, considering that waves excited in
plasma have frequency close to the ion cyclotron
frequency, an additional ion heating is possible with
corresponding distortion of the ion distribution function.

When providing these measurements, the mode of low
plasma density (n.)<2+10*® m™with the maximum density
at magnetic axes ne(0)=(3...4)*10®¥ m® [14] was of
interest. In this mode, the electron temperature (average
over the cross section of the plasma column) and the ion
temperature reached T, <200 eV and T; < 300 eV [15],
correspondingly. The effective charge number averaged
over the cross section of the plasma column was Z~1
[15]. Magnetic field on geometric axis of plasma
configuration is By=0.72 T. This mode is interesting
because electrons and ions are in a “banana” regime,
what was confirmed by registration of the so-called
bootstrap current [16]. It is known that the future
thermonuclear reactor will operate in similar mode and
thus, our studies can be useful.

2. EXPERIMENTAL RESULTS

In one cross section of plasma column a set of 15
magnetic probes (coils) registered the poloidal component
of magnetic field were installed at a radius b,=16.8 cm
(Fig. 1). The coils with diameter 6 mm and length 16 mm
were placed inside the electrostatic screen and have
sensitivity NS=180 coilsscm? (N is a number of turns in
the coil, S is the area of the coil cross-section). Each coil
with the connection cable (length 20 m) allowed to register

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2017, N2 1. Series: Plasma Physics (23), p. 49-53. 49



the variation of poloidal magnetic field with frequency up
to 70 kHz. Signals from probes were integrated using 16-
channel electron integrator. The constant of integration
varied in the range of =5-(10®...10®)s.
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Fig. 1. The poloidal cross-section of the torus showing
positions of helical coils, magnetic probes #/...15 and
vacuum magnetic surfaces

The time interval, where the amplitude of fluctuation
reaches maximal value B <0.3 G, was selected for detail
study of the structure of fluctuations in the plasma
confinement volume. In this moment, an essential decrease
of growth rate of plasma energy content was observed
what was recorded by a diamagnetic loop (Fig. 2, upper
curve). As seen, there is a rapid decrease of fluctuation
amplitude at the end of the time interval studied (time
moment 35.3 ms is indicated by the dotted line in Fig. 2)
with corresponding increase of plasma energy content
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Fig. 2. Time behavior of the plasma energy and its
derivative, and the signal from one probe (the lowest
time profile). The dotted line shows the moment of a

sharp rise of the plasma energy content

Fig. 2 shows that the recorded signals (the lowest
oscillograms) are non-stationary and represent a set of
consecutive fluctuation groups, where one or several
oscillations with variable amplitudes and frequencies do
occur. Since it is incorrect in such a case to speak about
local frequency, we will use the term “frequency
bandwidth”. Correspondingly, the obtained raw
implementations were divided into 5 frequency ranges
to process the obtained set of signals, such that:
8fi=0.5...5kHz, &f,=5...11kHz, &fz=11...20 kHz,
8f,=20...31.5 kHz, 6f;=31.5...52kHz. The sampled
signals were then implemented in a certain frequency
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range by the use of band-pass filters. In this way the
distributions of signal amplitudes along the whole set of
probes were obtained for any given time moment for
any of this frequency range. The obtained data were
represented as a set of harmonics with various poloidal
wave numbers m=0; 1; 2; 3 (Fig.3,b). The higher
harmonics with m>3 were not considered because the
accuracy of their identification using 15 probes is rather
small in conditions of the experiment. The amplitudes
of this spatial harmonic were recorded for the
measurement surface (b,=16.8 cm) together with their
phase shifts relatively to the previous point in time. The
knowledge of harmonic amplitudes on the measurement
surface allows to recalculate the fluctuation amplitude
for the radius within the confinement volume according
to the formula described in [17]. As was shown in that
paper, the decrease of the magnetic field for each
poloidal harmonics is described by Bessel functions,
which in the first approximation can be written as:
(bpr/b)”‘”, where m is the number of poloidal harmonics.
The re-calculation was done for the radius b=8.4 cm
(inside of confinement volume) with taking into account
that the averaged radius of plasma column is {(a)=10 cm.
It is obvious that there is a dramatic underestimation of
the role of fluctuations with higher poloidal wave
numbers in comparison with the level of fluctuations
inside plasma column. Therefore below in the text, for
the purpose of information objectivity, only those data
re-calculated for the inside plasma volume will be

further discussed.
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Fig. 3. Polar distribution of signals amplitude from the
magnetic probes at the time point of 35.014 msec (a)
and mode spectrum of this distribution along poloidal
wave numbers (b)
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The results of recorded signals processed are shown
in Fig. 4 for the frequency range 6f,=5...11 kHz. In this
figure, for each spatial harmonic the time variation of
the phase of this structure ¢ (regarding external plane
point of the facility) and its amplitude are shown. The
amplitude is shown as B2.

As it is clear from Fig. 4, the phase of the structure
m=0 possesses the values “0” and “n” what corresponds
to the sign change of the fluctuation amplitude. Based
on the fluctuation period one can estimate the frequency
bandwidth where the fluctuations are realized. For
example, according to Fig. 4, in the time interval
t=35.1...35.3 ms there is only one full fluctuation in the
frequency range 6.5...7.3 kHz. From the physical point
of view, the structure with m=0 can be either
fluctuations of plasma current or fluctuations of the
confining magnetic field.
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Fig. 4. Dependences of amplitude and phase in the
frequency bandwidth of 6f,=5... 11 kHz for poloidal
wave numbers m=0; 1; 2; 3

By analyzing all available experimental data we
conclude that there are three types of fluctuations
registered in this experiment. The first one, when the
structure with the given wave number is standing or
slowly rotates; its amplitude changes with the recorded
frequency. The fluctuations of this type are observed
permanently. The second one is the structure rotating
with a certain frequency and the amplitude slightly
varying with time. Most often, its rotating velocity is
not constant in time. Typically, the fluctuation
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frequency of the “standing on the spot” (SOS) structure is
close to the rotating velocity of the second type structure.
If we consider that SOS structure can quickly turn to a
certain angle when its amplitude approaches zero, then it
seems that this SOS structure stimulates the rotation. The
third type is a combination of the first two types.

0.3

B(b), G
0.2
o4 m=3
0.3
LT ¥ A 1 | T 1
0.2 0 10 20 40 50
‘> m=2
0.1
o UIETT |
0 1 B Al
02 0 10 20 30 40 50
0.1 m=1
= ﬂn” F|| 1 |_|
IU L = ) I by l T I T I T l
02 07 10 20 30 40 50
ia m=0
o [V 30 [T =
[ T I T T 1
0 10 20 30 40 50
f, kHz

Fig. 5. Dependence on the recorded frequency
bandwidth of the maximal amplitude module of
fluctuations for spatial structures with different poloidal
wave numbers m. The light bars determine the standing
structures and the shaded bars show the rotating
structure. The rotation direction towards electron
rotation in the magnetic field is taken as positive
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Fig. 6. Fluctuation amplitudes of four spatial structures
with m=0; 1; 2; 3 in the frequency range of 6...8 kHz on
the measurement surface

Fig.5 shows the dependence on the recorded
frequency bandwidth of the modules for maximum
fluctuation amplitudes of spatial structures with m=0; 1;
2; 3. The positive and negative amplitude modules
correspond to different directions of structure rotation
(shaded bars). The positive values correspond to
rotation in the direction of electron Larmor rotation. The
light bars define the maximum amplitude of the SOS
structure. The column width shows the approximate
frequency range of the recorded fluctuations.

The analysis of experimental data shows that MF
exists in a rather narrow frequency ranges that are
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common for spatial structures with different poloidal
wave numbers. MF were recorded in the frequency
ranges: 1.5...2 kHz, 6...8 kHz, 13...16 kHz,
20...27 kHz, 35...43 kHz (Fig. 5).

For structures with m=1 and m=2 there observed a
rotation in different directions in the frequency range
1.5...2 kHz but we failed to determine the value of the
rotating structure. The maximum values of MF of the
SOS structures are observed for m=2 and 3.

In the frequency range 6...8 kHz there are fluctuations
of both the SOS structures with m=0; 1; 2; 3 and the
“rotating” structures with m=1; 2; 3 (see Fig. 4). It should
be noted that all fluctuations of the SOS structures are
interrelated. In other words, their frequencies and phases
are close to each other and represent a common
perturbation for all spatial structures (Fig.6). The
amplitude of fluctuations inside the plasma confinement
volume increases with increasing the poloidal mode
number (see Fig.5). The structures with m=2 have the
maximal amplitude of the rotating structure wherein the
rotation rate increases with increasing the fluctuation
amplitude of the SOS structure, and coincides with its
frequency at maximal amplitude.

For the fluctuations in the range of 13...16 kHz the
rotation is present only for the structures with m=1 and
m=2. The SOS structures are correlated with each
other (except for m=0) and have maximal amplitude
for structures with m=2 and m=3. The amplitudes of
the rotating structures are less than the amplitudes of
the SOS structures.

Fluctuations of the SOS structures in the bandwidth
of 5f;=20...31.5 kHz are in the range of 20...22 kHz
except for the structure with m=2, the bandwidth of
which is 20...27 kHz. Only the structure with m=2
rotates with the frequency f.,=25...26 kHz, wherein
the amplitude of the rotating structure exceeds
essentially the amplitude of the SOS structure.

In the bandwidth 6f;=31.5...52 kHz the fluctuations
of the SOS structures are in the range 40...43 kHz except
for the structure with m=2 where there are fluctuations in
the bandwidth 35...37 kHz and the rotation frequency is
fior=37 kHz. The amplitude of the “rotating” structure in
the maximum is higher than of the SOS structures. The
fluctuations of the SOS structure with m=3 have the
maximum amplitude.

As can be seen from fig. 5, the rotation of the structures
with  m=1; 2; 3 for the frequency bandwidths
6f;=0.5..5 kHz and &f,=5...11 kHz is taking place. The
question marks in this figure indicate that the rotation of
the structure is qualitatively seen, but the rotation
amplitude cannot be identified. Also, it is clear that for
m=1 and m=3 the frequencies of “rotating” structures differ
essentially from the frequencies of the SOS structures.
Probably we observe the initial stage of the structure
rotation, which is breaking away for some reason, and does
not reach the maximum of the frequency.

CONCLUSIONS

The performed studies showed that in the low collision
frequency plasma produced by RF power in the torsatron
U-3M the quite narrow-band fluctuations are arising in 5
frequency ranges: 1.5...2 kHz, 6...8 kHz, 13...16 kHz,
20...27 kHz, 35...43 kHz.
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The spatial structure of these fluctuations is
characterized by poloidal wave numbers m=0; 1; 2; 3.

There are three types of fluctuations:

- the standing or slow rotating structures, which
amplitude changes within certain frequency range;

- the rotating structure which amplitude changes
slightly and the maximum rotation frequency is close to
the fluctuation frequency of a “standing” structure;

- the third type is a combination of the first two types:
the structure rotates and at the same time its amplitude
fluctuates.

The standing structures can represent a complex
configuration (fluctuations with different wave numbers
correlated with each other).

The rotating structures can have different poloidal
numbers, however, their maximal amplitudes have
structures with m=2. The direction of rotation of these
structures coincides predominantly with the direction of
electron Larmor rotation.

The standing structures have maximum fluctuation
amplitude at the poloidal wave number m=3 and its
magnitude is up to B ~0.3 G in the plasma confinement
volume.
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CTPYKTYPA UHTEHCUBHBIX MI'I-®JIYKTYALIUN B TOPCATPOHE Y-3M B PEXKUME PEJIKUX
CTOJIKHOBEHUM

B.K. Ilawmnes, 3.J1. Copoxoeoii, A.A. Ilempywiensn, @.H. Osicepenves

C momompio HaOOpa MarHUTHBIX JAaTYUKOB, PA3MEIIEHHBIX B OJHOM W3 TIOJIOWAANBHBIX CEUCHUI, HA yCTAHOBKE
VYparan-3M wuccnenoBanace ctpykrypa MI'JI-konebanmii mia3mel B quanasose gactot 0,5...52 k['m. Habmromamucs 3
TUMa KOJEOaHWH, WMCEIONINX OINpPeAeiICHHYI0 IPOCTPAaHCTBEHHYIO CTPYKTYpy. I[lepBblii Tum komeOaHWid, Kornma
aMIUIUTYJA [IOYTU HE U3MEHSETCS CO BPEMEHEM, a UX CTPYKTYpa BpalaeTcs C OIpeAcaEéHHON yacToTol. Bropoii Tun —
MIPOCTPAHCTBEHHAs] CTPYKTypa HE BpallaeTcs, HO €€ aMIUTUTyJa M3MEHSETCS B ONpelel€HHOM JMana3oHe YacToT.
Tperuit Tun mpeacTaBiseT co000 OOBENIMHEHHWE NEPBBIX JBYX THIOB — CTPYKTypa BpallaeTcs, U TpPU ITOM
HaOJIFOJAt0TCsT KoJicOaHUsT aMIUTHTYbl. bblla OOHapy)KeHa CBs3b YPOBHSA (IYKTyaluii W BPEMEHHOTO MOBEICHUS
SHEProcoAep KaHus Ia3Mbl Tiepe IEPEX0I0M B PEKUM YIIYULISHHOTO yIepKaHHs U TOCIIe HETO.

CTPYKTYPA IHTEHCUBHUX MI'JI-®JIYKTYAIIII B TOPCATPOHI Y-3M ¥V PEXKUMI PIIKAX
3ITKHEHb

B.K. Iawnes, E.JI. Copoxosuit, A.A. [lempywens, @.I. Oxcepenvee

3a J0NOMOro HabOpy MarHiTHHX JaTYHMKIB, PO3MIIEHUX B OJHOMY 3 TOJIOIAJIbHUX IIEPETHHIB, HA YCTAHOBII
Vparau-3M gocnimkysanacst ctpykrypa MI'J[-konuBanb mwia3mu B mianasoni gactot 0,5...52 k['u. Croctepiranucs 3
THIIM KOJMBaHb, LI0 MalOTh MEBHY MPOCTOPOBY CTPYKTYpy. Ilepmmii Tum KoiiMBaHb, KOJM aMILIITY/la Maibke He
3MIHIOETBCS 3 YacoM, a iX CTPYKTypa O0epTaeThcsl 3 MEBHOK YacTOTOK. JIpyruid THH — MPOCTOpOBA CTPYKTypa He
obepraeThesi, ajne ii aMILITYAa 3MIHIOETBCS B TIEBHOMY Jiana3oHi yactoT. Tperiii Tvn siBiisie COOOIO TO€IHAHHS
HEpIINX JBOX THIIB — CTPYKTYpa 00epTAETHCS, i PH LIBOMY CIIOCTEPIraroThCsl KOJIMBAHHS aMIUTiTyad. ByB BusBieHuit
3B'I30K PiBHS (PIIyKTyaliif Ta TUMYACOBOT MOBEIIHKH €HEPrO3MICTY IUIA3MH MEPE MIEPEX0/IOM Y PEXKUM MOKPAILIEHOTO
YTPUMaHHS 1 TICJIsl HBOTO.

ISSN 1562-6016. BAHT. 2017. Ne1(107) 53



