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The presence of the accelerated particles flow (the flow of runaway electrons) in the plasma confinement volume
may case a number of different instabilities. In this work we investigate the spectrum of fluctuations in a flow of
charged particles to identify the oscillatory and wave processes observed. Besides, we pay special attention to the
interaction between the flow particles and plasma fluctuations. The main evidence of such interaction is the presence
of modulation in the particles flow with the corresponding characteristic modulation frequency. Namely, the
modulation frequency in such cases corresponds to the frequency of characteristic oscillations of the discharge
plasma. Basing on this, we carried out the experimental investigations of spectrum of oscillations observed in the
circuits of edge electrostatic probes during the microwave pumping pulse and also on the back edge of the magnetic

field pulse.
PACS: 52.59.Rz, 52.70.Nc, 52.70.La
INTRODUCTION

In this work we study the oscillatory and wave
activity of the U-3M torsatron edge plasma during a
hyper thermal electrons flow formation and propagation
[1, 2]. The measurements were carried out at the
magnetic field pulse edges and during the RF-heating
pulse which was applied at the stage of stationary
magnetic field.

The flow influence on the plasma stability was
widely studied on tokamaks. Thus the investigation of
the edge plasma wave dynamics in presence of a hyper
thermal electrons flow in stellarators represents special
interest [3]. In our case the flow was generated by the
magnetic field intensity variation at the edges of the
magnetic field pulse (plasma confinement is performed
by generation of a confining magnetic field
configuration which was created by applying a current
pulse to the magnetic field coils) [4, 5]. An
accompanying X-ray output was also registered during
the flow formation and the particles acceleration [6, 7].

Here we also continue our studies of the conditions
under which a parametrical excitation of the Bernstein
modes takes place. This work contains some additional
information about its parameters.

EXPERIMENTAL SETUP AND
DIAGNOSTIC ELEMENTS

Experiments were performed on U-3M device.
U-3M is a | = 3, m = 9 torsatron with open helical
divertor. The main parameters of plasma and magnetic
field are R = 1m, a = 0.13m, B < 1.6 T. In this
experiment the magnetic field was B = 0.72 T. Plasma
in U-3M is produced by absorption of a RF power (f =
8...8.6 MHz, P < 200 kW) from 2 antennas placed
inside of the helical winding near the last closed
magnetic surface. Frame aerials are used to excite the
RF wave in plasma.

A set of capacitive probes (3 probes) was used as the
signal detectors. The probes were placed at the
periphery of the confinement volume. Each probe
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represented a square 5x5 cm. plate of stainless steel
with the thickness A = 0.2 cm. The plates were attached
to ceramic stays and placed symmetrically on the inner
surface of the magnetic field coil. The probes were
placed in one cross-section of the plasma filament.

Probe 1 is situated on the inner side of the torus.
Probes 2 and 3 are placed on the outer side with the
120° poloidal offset.

The signals from each of detectors were transmitted
by the microwave coaxial cable to the spectrum
analyzer (C4-59, C4-60). A constant bias voltage was
applied on the probes through the same coaxial lines
using a stabilized voltage source.

The measurements of radiation output in the sub
millimeter and infrared spectral areas were carried out
by the LiNbO; pyrometric detectors placed at the
plasma edge.

THE MAGNETIC FIELD VARIATION
CAUSES THE RUNAWAY FLOW

X-ray radiation output was observed in the absence
of RF-heating at the edge of the pulse of magnetic field
(Fig. 1) [8]. At the same time the particles ejection on
the probes at the edge of the torus was detected. The
ejection was accompanied by H, and ECE radiation
outputs. Thus, the flow of hyper thermal particles is
formed at the edges of magnetic field pulse. This
runaway flow is presumably created by the toroidal
electric field which is induced by the variation of the
intensity of magnetic field.

The flow intensity is sensitive to the working gas
pressure. At the low pressures, the flow exists not only
at the pulse edges but also during the phase of stationary
magnetic field.

SYNCHROTRON RADIATION OUTPUT

A synchrotron radiation output was observed during
the RF-power injection into the main confinement
volume (Fig. 2). The amplitude level depended strongly
on the radiation frequency.
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The spectral measurements were carried out for the
frequency range from 5 to 40 GHz (Fig. 3). It was
shown that the signal level increased together with the
frequency in the range from 5 to 20 GHz which
included the range of the plasma waves frequency
(~10...20 GHz).

The measurements of radiation output in the sub
millimeter and infrared spectral areas were carried out
by the LiNbO; pyrometric detectors placed at the
plasma edge (Fig. 4).

The results have shown a strong noise level during
the whole magnetic field pulse. On this “noisy”
background a number of spikes corresponded to the
RF-heating pulse and the magnetic field pulse edges
were observed.
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MICROWAVE ACTIVITY

The measurements of the diamagnetic flow
dynamics and the microwave activity level (12 GHz)
dynamics during the RF-heating pulse have shown a
correlation in fluctuations dynamics in these two
channels (Fig. 5). Such correlation may be considered as
a sign of the fan instability development
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Fig. 5. Dynamics of microwave components of the

current on the peripheral probe and the intensity of the
diamagnetic current

It was also estimated that the microwave signal
reacts noticeably on the discharge transition to the
improved confinement mode just like the probe current
or radiometry signal (Fig. 6) [8].
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Fig. 6. Correlation of fluctuations in the signals on the
peripheral current probe: its microwave components

and microwave signal of reflektometer
WAVE ACTIVITY

Finally the results of experiments carried out at the
vicinity of the fourth harmonic of RF-heating frequency
have shown that the signal in the probe circuit passes
ahead of the X-ray output. The measurements carried

ISSN 1562-6016. BAHT. 2016. Ne6(106)



out for narrow frequency bands (Af = 300 kHz) with
different values of the average frequency has shown that
the time shift between the X-ray output beginning and
the probe current pulse reduces together with the
average frequency growth (Fig. 7).
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Fig. 7. Signals corresponded to different frequencies
representing different harmonics of the pumping
frequency appeared on the probes with different offsets
according to the moment of hard X-ray output. Usually,
the offsets for higher harmonics were smaller

The application of electrostatic potential of different
polarities to the probes located at the system edge was
also performed during the RF-heating. It caused much
weaker effect but the potential polarity influence was
similar to that observed in the previous case. The most
pronounced influence was observed at the low-
frequency area (Fig. 8).

These results give a particularly answer on the
question about the way in which the fluctuations are
registered by the probes. Now we can say that the
information about the fluctuations is carried by an
electron flow which propagates from the plasma volume
to the periphery.

CONCLUSIONS

The set of oscillograms of signals from the edge
electrostatic probes confirms that the runaway electrons
flow interacts with the high-frequency fluctuations in
plasma. As result, the particles flow experiences strong
non-linear high-frequency modulation. Actually the
modulation shows itself in the fact that we detect
charged particles in the confinement configuration
during 1.5...2 s after turning off the microwave heating.
It is also remarkable that the particles which are
modulated by higher harmonics of pumping frequency
leave confinement volume faster than those modulated
by lower harmonics.

This fact represents an evidence of wave-particle
interaction because higher frequency corresponds to
higher phase velocity. Consequently, particles with
higher velocities leave the confinement volume faster
while the confining magnetic field is decreasing (back
front of the magnetic field pulse). Thus the particles
modulated by higher frequencies reach edge
electrostatic probes faster.

The observed behaviour could be explained as a
result of generating of non-dumping modes (BGK-
wave, Van-Kampen wave).

After interaction with the RF-plasma the flow
becomes modulated by the particles density and
velocity. Thus the spectrum of the flow current contains
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Fig. 8. The flow formation may be caused by
development of plasma instabilities

the RF-heating frequency harmonics together with the
parametric instability spectral components.

The presence of the fan instability is proved by
increased oscillatory activity at the Langmuir frequency.
These oscillations correlate with the signal from the
diamagnetic loop.

The information about the oscillations observed by
the edge probes during the RF-pumping pulse is carried
by electron flows directed to the systems periphery. The
formation of such flows is presumably the result of the
plasma instability development.

In particular the synchrotron radiation (5...44 GHz)
output was observed during the RF-heating pulse. At the
same time an ultrahigh frequency (10...1000 GHz)
radiation was registered during the whole magnetic field
pulse.

Special attention was paid to hard X-ray outputs
observed predominately on the edges of magnetic field
pulse. The radiation energy reaches 2 MeV which
proves the suggestion about formation of a high
energetic particles flow of the magnetic field pulse.
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KOJIEBATEJIBHASI 1 BOJTHOBASI AKTHUBHOCTH B IOTOKE YBEIAIOIIUX 3JIEKTPOHOB

HU.K. Tapacos, M.H. Tapacos, /I.A. Cumnuxos, B.B. Onvwmanckuit, B.M. /lucmonao, H.B. /Ieimaps,
M.B. I'nuoenko

[IpucytcTBUe B 00pEME yrepKaHHA IJIa3MBI IOTOKA YCKOPEHHBIX 3JICKTPOHOB (YOETaromuX 3JICKTPOHOB) MOXKET
NPUBOANTH K packauyke pa3sHOro poja HeycToiumBocTed. B nmanHO# pabore peub HAET 00 MCCIETOBaHUU CHEKTpa
(ykTyanuit B moToke, a Takke WACHTH(UKAIMU HAOJII0aeMbIX KOJeOaTeIbHBIX H BOJIHOBBIX IMporeccoB. Kpome
TOTrO, YIEJICHO 0co00e BHMMaHHE B3aMMOJICHCTBMIO YAacTUI[ MOTOKa ¢ (UIYKTyalusIMH IUIa3Mbl. B KadecTBe
OCHOBHOTO ITPHU3HAaKa TaKOTO B3aUMO/ICHCTBUS MOXHO PacCMaTpUBATh HAIMYUE B ITOTOKE yOETalolmMX 3JIEKTPOHOB
MOJYJISIMM C YaCTOTaMH, COOTBETCTBYIOLIMMH XapaKTEPHBIM YacTOTaM BOJHOBBIX MPOLIECCOB B IUIa3Me pa3psna.
OCHOBBIBasICh Ha 3THUX COOOPaKCHHUAX, OBUIM MPOBEACHBI KCCIICAOBAaHUS CIEKTpa KojcOaHWl ToKa B IENHU
nepupepHiHBIX IIEKTPOCTATHYSCKUX 30HAOB KaK BO BpeMs HMIyibca BU-Hakauku, Tak ¥ Ha 3agHeM (poHTe
UMITYJIbCa MATrHUTHOTO ITTOJISL.

KOJINBAJIBHA 1 XBUJIBOBA AKTUBHOCTH B ITIOTOII BTIKAIOUUX EJEKTPOHIB
LK. Tapacos, M.I. Tapacos, /I.A. Cimnixoe, B.B. Onvwancovkuit, BM. /lucmonao, M.B. /lumap, M.B. I'nioenko

[pucyTHicTh B 00CS31 yTpUMaHHS IUIa3MH MOTOKY MPHUCKOPEHUX ENEKTPOHIB (BTIKAIOUUX EJIEKTPOHIB) MOXKE
OPH3BOIUTH 0 PO3rOHIyBaHHs Pi3HOTO poay HecTiiikocTeit. YV maniil po6oTi MOBa iijie PO JOCIIHKCHHS CIICKTPa
¢dnykryauiii B moroui, a Takok igeHTH(]IKaIl CHOCTepeKyBaHUX KOJIMBAIBHUX 1 XBHIILOBUX mporneciB. Kpim Toro,
NPUIIEHO 0COOJIMBY yBary B3aeMOJii 4acTOK MOTOKY 3 (UIyKTyauisMH IU1a3MU. B SIKOCTI OCHOBHOI O3HaKW Takoi
B33a€MO/IIT MOXKHA PO3MJIAAATA HASBHICTh B MOTOIN BTIKAKOUUX CICKTPOHIB MOIYJIAINI 3 YaCTOTAMHM, BiAMOBIIHUMHU
XapaKTepHUM YacTOTaM XBHJIOBHUX HPOLECIB y IuiasMmi po3psay. ['pyHTYIOUMCh Ha LHUX MipKyBaHHAX, OyiH
MPOBENICHI JOCHTIHKEHHS CIEKTpa KOJIMBAaHb CTPYMY B JIAaHIIO31 mepudepiiiHAX eleKTPOCTaTUYHUX 30HIIB SK ITiJT
yac iMmyinbey BU-Hakauku, Tak i Ha 3aJHBOMY (PPOHTI iIMITYJIbCY MAarHITHOTO TIOJISL.
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