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The spectral and correlation analysis were applied to study interferometry date measured in two toroidally spaced
transverse sections. The oscillation frequency increase for higher magnetic field and decrease with density rising
which cold be attributed with existance of Alfven eigenmodes. Calculated frequency values cold be higher that from
spectral analysis. This may be due to presence of impurities in plasma.
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INTRODUCTION

The tokamak experiments have revealed the exis-
tence of longitudinal waves, the excitation of which is
connected with the presence of energetic particles in
plasma; therefore, they are also identified as energetic
particle modes or Alfven eigenmodes [1]. The first ob-
servations of Alfven eigenwaves in stellarators were
made at W7-AS [2], where the so-called global Alfven
eigenmodes were excited by a high-energy ion beam. In
his monograph [3], K. Miyamoto has demonstrated the
possibility for existence of the toroidicity-related Alf-
ven-wave discrete eigenfrequency or the toroidal Alfven
eigenmode (TAE-mode). The occurrence of energetic
particle modes in the U-2M facility may be possible,
because with a similar method of plasma generation,
energy of ions much higher than the ion temperature
values were observed in the U-3M torsatron [4].

The present work is a continuation of the previous
studies [5] based on the experimental data obtained in
2008 at the Uragan-2M torsatron, and is devoted to in-
vestigating the discovered oscillations that are propagat-
ing along the magnetic field.

PLASMA OSCILLATION ANALYSIS

In the U-2M torsatron experiments, the plasma was
generated by RF fields of frequencies below Alfven
frequencies [5] excited by two antennas, namely, K1
antenna having a wide wavelength spectrum (A=
80...1068 cm), and K2 antenna having a narrow spec-
trum (A= 50...120 cm). As the quasi-stationary dis-
charge phase of density (2...3.5)-10"* cm™ was attained,
the fluctuations of up to 300 kHz of the transmitted mi-
crowave were observed. The detected oscillations can-
not be identified as the previously observed low-
frequency fluctuations of up to 60 kHz. For registration
of the oscillations, the microwave interferometry in two
toroidally spaced transverse sections was used, suc-
ceeded by the correlation/spectral analysis. The micro-
wave probing scheme is presented in Fig. 1. The mag-
netic surface structure is conventionally shown by oval
curves. The microwave interferometry in use enabled us
to measure the mean density along both the chord pass-
ing through the magnetic axis, where the density is max-
imal, and the chord displaced from the magnetic axis by
a distance of 8.2 cm. The ratio of mean densities on the
two chords makes it possible to judge whether the peak
density is on the magnetic axis or is displaced from it.
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The two-chord interferometry provides information on
the density profile if it is represented as:

N(r)=N,-[1-(r/a)], (1
where N, — is the maximum density, a — is the radius of
the extreme undamaged surface, ¢ — is the exponent.
With two-chord mean density measurements by micro-
wave interferometers, the parameters N, and ¢ are de-
termined from the following formulas:
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where a — is the mean radius of the last undamaged

surface, ¥ — is the minimum spacing between the mag-
netic axis and the lateral chord.

Fig. 1. Scheme of microwave measurements

Reflectometer measurements appear inefficient for
observation of long-wavelength oscillations, because for
backscattering it is most favorable to have the ratio of
the probing wave (A) to the plasma wave A to be
0.1<MA <2. For the response to long-wavelength fluc-
tuations a high sensitivity is shown by the passing signal
with reflection from the rear wall, when the maximum
density in the given cross - section is lower than the
critical density for the probing wave [6]. The r.m.s
transmitted-wave modulation factor values are given by:
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where JON is the density fluctuation dispersion, N and
N,, are the present density and critical density, respec-
tively. The depth of modulation increases when the
N/N., ratio approaches 1. In this case, the condition N
<< Ng - Np, should be met, where N, is the highest den-
sity in the layer, and the modulation period T, is much
greater than T - the wave travel time in plasma. The
calculations described in ref. [6] show that at T,,/T = 30
the frequency measurement error is insignificant.

The plasma oscillations were investigated through
plasma probing by electromagnetic A=8.2 mm waves
along the central chord in one cross-section, and by
A = 12.1 mm waves in the other cross-section along the
chord displaced outwards. The mean density was meas-
ured on the central and lateral chord, and wave fluctua-
tions were detected. The experimental results underwent
the spectral and correlation analysis. The characteristic
interferometer signals (responses) in the two cross-
sections are shown in Fig. 2. For the analysis of plasma
oscillations we have chosen the two interferometer sig-
nal regions (Fig. 3) having the densities N, = 2:10'* cm™
and N, =1.7-10"> cm™ on the central and lateral chord,
respectively. The mean density value N=1.8-10"% cm™
between the chords was reached within 2.9 to 4.8 ms
from beginning of the discharge, depending on the
magnetic field value (Fig. 4). At the voltage U=0 on the
antenna K1, the density N; is higher than N, i.e., a hol-
low density profile was formed, showing a higher level
of fluctuation intensity on the lateral chord than the one
on the central chord. At U=15 and 4 kV on the antennas
K1 and K2, respectively, the density N, is higher than
N, and the oscillation intensity is stronger on the mi-
crowave beam that travels along the central chord than
the intensity along the peripheral beam.
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Fig. 2. Interferometer signals in two cross-
sections: 1 — central chord, 2 — lateral chord
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Fig. 3. Interferometer signal sampling in two cross sec-
tions: 1 — central chord, 2 — lateral chord

The analysis of microwave signals transmitted
through the plasma has shown that in the neighborhood
of the maximum discharge density there occur oscilla-
tions of ~100 kHz frequency and higher in each chan-
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nel. To be sure that the oscillations are propagating
along the torus, studies were made into the coherence
functions (Fig. 5), cross-correlation functions of micro-
wave signals and the cross spectra (Fig. 6).
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Fig. 5. Coherence function
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Fig. 6. Cross spectrum

The fluctuation spectra were determined from the
Fourier analysis of fluctuations of plasma-transmitted
microwave signals in the length intervals of 64 and
128 pus, where the plasma was quasi-stationary. The
oscillation characteristics were measured at different
magnetic fields for a density of 1.8:10" cm™, and also
in a single discharge versus density. It is shown that the
oscillation frequency increases with an increase in the
magnetic field, and decreases with an increasing plasma
density as in the case of Alfven eigenmodes (Figs. 7, 8).
Frequencies approaching two- and three-fold frequency
values were also observed. The frequencies of cross
spectra were in agreement with the frequencies ob-
served in the two channels. The oscillations of up to
60 kHz are independent of the magnetic field value.
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Fig. 7. Oscillation frequency versus magnetic field
(1, 2, 3 — frequency harmonics)
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Fig. 8. Oscillation frequency versus density, solid curve
— calculations; points — experiment
In the case of Alfven waves, the dispersion relation
is written as [1]:
VA -l , (4)
4.7-R

Jrag =
where
v,= B y:2.18-10”-3/(N-y)%
(4-7m-m,-N,)"?

is the Alfven velocity, p is the ion-to-proton mass ratio,
1 is the rotational transformation angle, R is the torus
radius. With impurities present in the plasma, the effec-
tive ion-to-proton mass ratio is given by:

ﬂeﬂ:ZAiM/Np = O(;a/ /f;;[z.v)2~ (5)
At 1-, 2- and 3-order frequencies the oscillation coher-
ence shows higher values (see Figs. 5, 6). Comparison
has been made between the calculated (by eq. (4)) and

measured oscillation frequencies as functions of the
plasma density and magnetic field strength (see Figs. 7, 8).
For frequency calculations (Eq. (4)), the following val-
ues were taken: magnetic field B = 0.44...0.48 T, the
experimentally measured plasma density values (see
Fig. 3), R=168 cm, 1/3<1<1/2 according to the data from
ref. [7]. According to formula (5), at B=0.45 T in the
range ¢ = 4...8 ms we have N = (1.85...2.02)10"% cm?,
Mer=1.15...1.3.

CONCLUSIONS

Longitudinal oscillations of torsatron U2-M plasma
have been investigated on the basis of microwave inter-
ferometry signals in two cross-sections spaced apart
along the torus axis. The oscillations have been shown
to propagate along the torus, and are believed to bear
the marks of Alfven eigenmodes. The effective ion-to-
proton mass ratio has been estimated.
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IIVIASMEHHBIE KOJIEBAHUS, PACITPOCTPAHSIIOIIUECS BJ1OJIb MAT'HUTHOTI'O ITOJIS
B TOPCATPOHE YPAI'AH-2M

A.U. Cxkubenko, A.B. IIpokonenxo, H.b. [Iunoc

CHGKTpaJleI)II;'I u KOppeJ'IHIII/IOHHHﬁ AHaJIM3bl MMPOBCACHBI I U3YUCHUS HHTCp(bepeHI_[I/IOHHBIX JaHHBIX, U3MC-
PEHHBIX B IBYX TOPOUAAJIBHO OTCTOAIUX CCUCHUAX. YacroTa KojebaHuit PacTeT ¢ YBECINYCHUEM MArHUTHOI'O IOJISA
U YMCHBIIACTCA C POCTOM INJIOTHOCTH. ITO MOXKET XapaKTepru30BaTh UX KaK COOCTBEHHEIE aﬂb(bBeHOBCKI/IC MOJBI.
BrrunciaeHnnple 3HaYeHUS YacTOTHI 60J'IBI.HC, YEM TIOJIYYEHHBIC M3 CHEKTPAJIBHOI'O aHaln3a. DTO BO3MOXKHO H3-3a
HaJIN4usAa B IJIa3ME HpHMCCCﬁ.

IJIA3MOBI KOJIUBAHHS, IO PO3IMOBCIO/IKYIOTBHCA Y3J10BK MATHITHOT O ITOJISA
B TOPCATPOHI YPAT'AH-2M
A.lL Ckibenko, O.B. Ilpoxonenko, L.b. Ilinoc

CrexTpaibHU 1 KOpEeNSILIHHUI aHali3u poBeieH] Ui BUBUCHHS iHTep(epeHIiHHUX TaHUX, BAMIPSIHUX Y TBOX
TOPOIAJIbHO BifganeHux mepepizax. YacToTa KOJUBaHb 3pOCTAE 31 30UIBIICHHSIM MAarHITHOTO TOJISI 1 3MEHIIY€EThCS
3 poctoM ryctuHH. lle Moxe xapakTepusyBaTH iX SK BiacHi ainb(BeHIBCbKi Moanu. OOUYMCIIEHH] 3HAYSHHS YacTOTH
MIEPEBUIIYIOTh OEPKaHi 13 CIIEKTPaIbHOTO aHami3y. Lle MOXKIMBO 32 HAIBHICTIO TOMIMIOK Yy TUTa3Mi.
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