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Generation of runaway electrons in fusion experiments can drive to serious damage of plasma devices
components. Injection of gas with a large mass number decreases the generation processes. Also, magnetic
perturbations decrease generation of runaway electrons by increasing the loss rate. We investigated the influence of
working gas pulse injection and natural fluctuations of the magnetic confining field on runaway electrons dynamics.
The interaction of runaway electrons with an Alfven wave in plasma is noted.

PACS: 52.59.Rz, 52.70.Nc, 52.70.La

INTRODUCTION

The runaway electrons (RE) phenomenon that exist
in most modern thermonuclear facilities which is
primary arise during plasma breakdowns pellet rapid
injection and additional heating of plasma are dangerous
in respect of the development of plasma instabilities.
Moreover, the interaction of high energetic particles
with structural elements increases the probability of
their degradation and failure. One of the first attempts
that controlled the generation of RE was described by
A. England et al. [1]. Another example is shown by the
experimental results on suppressing RE flow in the TJ-11
heliac [2]. Alternatively, the resonant magnetic
perturbations (RMP) can also suppress RE generation
by increasing the loss rate [3, 4].

However, despite the development of several
methods for the control of RE generation in the present
thermonuclear fusion devices, this problem is still open
from the physical and technological points of view.

1. EXPERIMENTAL SETUP AND
DIAGNOSTIC ELEMENTS

Experiments were performed at U-3M device. U-3M
isal =3, m=9 stellarator of torsatron type with open
helical divertor. The main parameters of plasma and
magnetic fieldare R=1m,a=0.13m, B<12T. In
this experiment the magnetic field was B = 0.72 T.
Plasma in U-3M is produced by absorption of a RF
power of 200 kW in the Alfven range of frequencies
(f=8...8.6 MHz) with the use of two antennas placed
inside of the helical winding near the last closed
magnetic surface. Essential part of the RF power is
launched as show wave, which has E- field.

During the experiments on the injected pulsed gas
and the magnetic field fluctuations influence on the RE
flow, we used:

— impulse valve, which allows short-term (1...60 ms) to
increase the working gas pressure in the chamber (10
7...10° Torr);
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— fluctuations in the intensity of the magnetic field,
which occur when the mode at the magnetic field coils
is observed (5 % of the pulse amplitude);

— fluctuations of the magnetic field intensity that
occur on the field (1 % of the pulse amplitude) and at
the pulse flat-top magnetic;

— fluctuations of the magnetic field caused by the
Alfven wave excited in the plasma.

Uragan-3M diagnostic complex includes: optical
spectroscopy, microwave reflectometry and
interferometry, Langmuir probes, ECE (Radiometry),
X-ray diagnostics, CX neutral energy analyzer,
magnetic field diagnostics, toroidal loop, hard X-ray
diagnostics and others.

At the beginning it was an attempt to produce the
initial working gas breakdown before switching the
main plasma production antenna-generator pair. It was
done to achieve the better plasma condition inside
plasma volume. For this purpose, at the low pressure
(p = 5-10° Torr) of the working gas an additional
stimulation of the plasma production at the rump-up of
the magnetic field pulse, the RE was accelerated. Before
the high-frequency (HF) pulse an impulse gas injection
was made. The duration of the pulse varied within
5...20 ms, with a change in the working gas pressure by
two orders of magnitude. However, the expected effect
was not observed. There was a suppression of the ECE
signal and a small increase in hard X-ray radiation
(bremsstrahlung).

The injection of the working gas immediately after
the end of the HF pulse produced a very interesting
effect. Depending on the duration of the injection pulse,
the bremsstrahlung at the rump-down phase of the
magnetic field pulse was completely suppressed.

The experiments with pulse gas injection at the
rump-up of the magnetic field pulse are conducted also.
In this case, the first of the two bremsstrahlung pulses
on the rump-down phase of the magnetic field was
suppressed, and the second pulse was amplified.
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2. EXPERIMENTAL RESULTS

2.1. PULSED GAS INJECTION AT THE PULSE
FLAT-TOP OF THE MAGNETIC FIELD

When gas is injected in the stationary phase of the
magnetic field pulse a weak interaction of the working
gas with fast particles is observed. Synchrotron
radiation, with is picked up by ECE system in the range
of 40 GHz and signal from a hard X-ray sensor are

shown on Fig. 1.
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Fig. 1. The duration of the gas injection pulse are 2 ms
(A) and 20 ms (B) Dash line is a start of the injection
pulse. B=0.65T, p=1-10" Torr
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Fig. 2. Suppression of RE by pulsed gas injection after
the high-frequency pulse. B=0.65T, p = 2:10" Torr
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To investigate the possibility of interaction between
the RE and the working gas, an experiment was
performed with a pulsed gas injection after the end of
the HF heating pulse. Within the experiment, the
duration of the injection pulse was varied. It is shown
that an increase in the duration of the injection pulse
leads to the suppression of bremsstrahlung at the rump-
down of the magnetic field pulse (Fig. 2).

2.2. PULSED GAS INJECTION AT THE RUMP-
UP PHASE OF THE MAGNETIC FIELD PULSE

Bremsstrahlung at the rump-down phase of the
magnetic field pulse at a low pressure of the working
gas has the form of a pulse with two maxima. The pulse
injection of the working gas at the rump up phase of the
magnetic field pulse increase suppressed the first
bremsstrahlung pulse at the rump-down phase of the
magnetic fieldpE)uIse (Fig. 3).
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Fig. 3. Compare the working gas pulse injection at the
flat-top (A) and at the rump up (B) phase of the
magnetic field. Dash line is a start of the injection pulse.
B=0.65T,p=910° Torr
2.3. MAGNETIC FIELD FLUCTUATIONS

Magnetic field fluctuations at the Uragan-3M
torsatron have both an artificial origin (connected with
the deviation from the operating mode of the generator
of the feeding magnetic field coil), and the natural one
(connected with the constant mode of operation of the
generator).

In addition, fluctuations of natural origin are divided
into two categories. The first can be attributed a rather
slow fluctuation along the rump-up phase of the
magnetic field pulse, the duration of which is about of
hundreds of milliseconds. The second type of
fluctuations during the pulse periodically repeats with a
frequency of the order of 6...10 Hz. The amplitude of
the fluctuations of the first category is 5% of the
amplitude of the magnetic field pulse, and the second
1 % of the amplitude of the magnetic field pulse.

We should separately consider periodic fluctuations
of the magnetic field in the confinement region of the
plasma caused by an Alfven wave. It is not entirely
correct to treat the wave process as a certain fluctuation,
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but the RF wave action interaction with the RE flow
occurs during the formation, confinement and heating of
the plasma in the Uragan-3M torsatron.

Fluctuations in the flat-top of the magnetic field
have frequency of the order of 1 Hz and Light radiation
is observed H, and hard X-ray radiation at the stationary
phase of the magnetic field pulse (Fig. 4).
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Fig. 4. The influence of fluctuations at the flat-top on
the magnetic field. B = 0.72 7, p =9-10° Torr
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Fig. 5. The influence of slow fluctuations of the
magnetic field. A — stimulation by the microwave
generator, B — without stimulation by the microwave
generator. B=0.72 T, p = 9-10° Torr
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The signal from the Langmuir probe located at a
distance of 8 cm from the center of the plasma column.

The influence of slow fluctuations following of the
rump-up phase magnetic field pulse is also investigated.
The amplitude can reach the value corresponding to 5 %
of the absolute amplitude of the magnetic field pulse
(Fig. 5).

2.4, FLUCTUATIONS DUE TO THE
INTERACTION OF THE RE WITH THE ALFVEN
WAVE

The signals from electrostatic probes correspond the
different frequencies. These frequencies are different
harmonics of the RF-pumping which appear on the
probes with different offset relative to the appearance of
hard X-ray (Fig.6). Usually, the offsets for higher
harmonics were smaller [5].
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Fig. 6. The signals from electrostatic probe (1) for
different harmonics of RF-pumping (a — first harmonic,
b — second harmonic, ¢ — third harmonic, d — fourth
harmonic) and hard X-ray (2).
B=0.72T,p=110° Torr

CONCLUSIONS

The working gas injection at the flat-top of the
magnetic field pulse before the RF pulse did not
indicate any noticeable effect on the flow of RE.

The working gas injection at the flat-top of the
magnetic field pulse after the high-frequency pulse
showed a strong influence on the flow of RE, down to
their total suppression.

The working gas injection at the rump-up phase of
the magnetic field pulse indicate a strong influence on
the flow of RE that appear at the rump-up phase.

The suppression level of RE flow depends on the
length of the working gas pulse.

The perturbation of the magnetic field causes the
appearance of the radiation in the microwave ranges of
12 and 40 GHz. The hard X-ray radiation near the
rump-up phase of the magnetic field is detected also.

Fluctuations of the magnetic field at the magnetic
field flat-top cause the appearance of the radiation in the
range of 12, 40 GHz, Ha and in the hard X-ray range.

It was noticed the resonance interaction of RE flow
with Alfven wave.
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BJUSHUE UMITYJIbCHOI'O HAITYCKA PABOYEI'O TA3A U ®JIYKTYAIIMI MATHUTHOT'O
MOJIAA HA JMHAMUKY YBET'AIOIIUX 3JIEKTPOHOB B TOPCATPOHE YPAI'AH-3M

U K. Tapacoe, M.U. Tapacos, /I.A. Cumnuxog, B.b. Koposun, A.B. J/losun, A.H. Illanogan, M.M. Maxos,
10 K. Muponos, B.C. Pomanos, P.O. Ilasnuuenxo, H.B. 3amanoe, A.I'. Kynaza, U.I'. I'onuapos,
B.M. Jlucmonao, H.B. J/Ivimaps, H.B. I'nuoenko

I'eneparust yoeramonmx 3JI€KTPOHOB B 3KCIIEPUMEHTaX CHHTE3a MOXET IMPUBECTH K CEPbE3HOMY MOBPEXKICHUIO
KOMIIOHEHTOB IIJIa3MEHHBIX YCTPOHCTB. MHKEKIHS TSKEJIOro ra3a yMEHbIIAeT MPOIecChl reHepaluu. MarHuTHbIE
BO3MYILEHUSI TAKXKE IOJABIISIOT TEHEPAMI0 YOEeraroIuX JJIEKTPOHOB 32 CYET YBEJIMYEHHUs CKOPOCTH IOTEPb.
HccnenoBanock BIUSIHAE HMITYJILCHOTO HAITyCKAaIOIIEr0 ra3a M eCTECTBEHHBIX (IyKTyalui yAepKHBaIOILEro
MarHUTHOTO II0JIS1 HAa AWHAMUKY yOeraromux 3JeKTpoHOB. OTMEUYEHO B3aMMOACHCTBHE YOETalomuX 3JIEKTPOHOB C
arb(h)BEHOBCKOI BOJIHOM B TUTa3Me.

BILIMB IMITYJIbCHOI'O HAITYCKY POBOYOI'O T'A3Y I ®JYKTYALIIA MATHITHOI'O OJIS
HA JMHAMIKY YTIKAIOYUX EJIEKTPOHIB Y TOPCATPOHI YPATI'AH-3M

LK. Tapacos, M.I. Tapacos, /].A. Cumnuxos, B.b. Koposin, O.B. Jlozin, A.M. Illlanoean, M.M. Maxoe,
10.K. Muponoes, B.C. Pomanos, P.O. Ilagniuenxo, M.B. 3amanos, A.I'. Kynaca, 1.I'. ' onuapoe,
B.M. Jlucmonao, M.B. /lumaps, M.B. I'nudenxo

I'eHeparlisi yTiKalOYMX ENEKTPOHIB B €KCIEPUMEHTaX CHHTE3Y MOXE HPUBECTH A0 CEPHO3HOTIO MOLIKOKEHHS
KOMIIOHEHTIB IUIA3MOBHX HPHUCTPOIB. [HXKEKIisI BaKKOTO a3y 3MEHIIYe MpolecH reHepauii. MarHiTHi 30ypeHHS
TaKOXX HPUTHIYYIOTh TECHEPAIliI0 YTIKaIOUMX EJIEKTPOHIB 32 PaxyHOK 30UTBIICHHS IIBUAKOCTI BTpaT. JOCIimKeHO
BIUIMB IMIOYJIBCHOTO HAIyCKy Ta3y i HpUPOAHHUX (IIYKTyaliif yTPUMYIOYOTO MArHITHOTO TOJS Ha JUHAMIKY
YTIKaIO4nX eJIeKTPOHIB. Bi3HaueHO B3aEMO/Iis YTIKAIOUNX EIEKTPOHIB 3 allb(PBEHOBCHKOIO XBHIICIO B TLIA3MI.
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