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TWO-STRAP RF ANTENNA IN URAGAN-2M STELLARATOR
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A unshielded two-strap antenna had been installed in Uragan-2M. A vacuum chamber inner walls conditioning
regime with the two-strap antenna is studied in a weak magnetic field. Plasma with the density
1¢~(0.2...0.95)-10'2 cm™ and sustained. The RF frequency was fo~5 MHz, RF plasma was sustained in stationery
magnetic field By= 0.01 T, at hydrogen pressure range 3-107...3-10 Pa.

PACS: 52.55.Hc; 52.50.-b
INTRODUCTION

The biggest stellarator Wendelstein 7-X (W7-X) will
resume its work in early 2022 [1,2]. New installed
equipment will include the ion-cyclotron plasma heating
(ICRH) system [3, 4]. The ICRH system includes a two-
strap antenna which shape is fitted for the last closed
magnetic surface of the standard magnetic configuration.
This system is tunable and can operate at frequencies of
25..38 MHz.

In stellarator Uragan-2M (U-2M) plasma is created
and heated with radio-frequency (RF) methods at ion-
cyclotron frequency range during regular operation.
Single and double frame, crankshaft, three-half-turn, and
four strap antennas [4-8] were used in previous
experimental studies. Newly made the two-strap antenna
is recently installed at U-2M. Its shape is similar to W-7X
ICRH antenna and the main distinction is that it is just
smaller. The main research tasks for the U-2M two-half-
turn antenna are the RF discharge plasma production
(start-up) for further regular discharges, and plasma
sustain in different RF vacuum chamber wall
conditioning regimes.

The Uragan-3M (U-3M) and U-2M  vacuum
chambers are RF conditioned in weak magnetic fields at
frequencies up to 10 MHz [6, 9, 10]. The conditioning
method was proposed in Ref. [11]. The frame and three-
half-turn antenna were used for wall conditioning at U-
2M in those experiments. Hence it will be interesting to
study RF conditioning discharge of the new two-strap
antenna. It will allow us to work out the possibility of
two-strap antenna usage in the conditioning regime and to
test the antenna, its units, and matching device while
working with plasma load.

The paper presents a multifunctional unshielded two-
strap antenna description and its first usage in wall
conditioning regime in U-2M. The two-strap antenna was
used to create target plasma later experiments [12].

1. EXPERIMENTAL SETUP

U-2M device is a mid-size stellarator (torsatron)
with twin helical coils /=2 having a small pitch angle,
m=4 helical field periods and the additional toroidal
field coils (Fig. 1) [5-8, 12-14]. The major torus radius

is Rp=1.7 m, the average last closed flux surface minor
radius is @ ~0.2 m. The maximum toroidal magnetic
field strength with respect to mechanical stresses is
2.4 T. The vacuum chamber is toroidal with inner radius
of 7.=034m and volume V.=3.879m?® (without
volumes of the vacuum ports); torus surface area is
S§=22.819 m’. The device chamber has 48 ports used
for diagnostics, gas puffing, vacuum pumping, etc. The
vacuum chamber is pumped with three turbomolecular
pumps TMN-500 with a pumping speed of 0.5 m’/s
equipped by the cryogenic (N, liquid) traps.

The RF complexes Kaskad-1 (K1) and Kaskad-2
(K2) use its 0.7 MW RF generators to produce and heat
the plasma in pulses of 100 ms maximum duration with
frequency tuneable between pulses in the range
f=1..20 MHz [15]. The K1 and K2 generators are of
the same design: they are autogenerators. Each
generator has four GI-26 Apowerful tubes.

Fig. 1. Scheme of U-2M: I — Poloidal field coils,
11 — Helical field coils;
111 —Toroidal field coils numbered 1-16

2. TWO-STRAP ANTENNA

The two-strap antenna (Fig. 2) consists of two parallel
straps 60 mm wide and 600 mm long. The straps are made
of 2 mm thick stainless steel. The emitting parts of the
straps are adjusted to the plasma edge. They are placed
10 mm distance from the last closed magnetic surface for
U-2M magnetic configuration with x,= 0.32 (Fig. 4). The
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5 mm side edges of both straps are bent to inside along the
whole length to provide mechanical stiffness. The distance
between the straps in toroidal direction is 250 mm.

The antenna (Fig. 3,a) is installed in the R1 cross-
section between the toroidal coils 4 and 5 see (Fig. 1).
The RF feed-troughs (see Fig. 2) are placed at the top and
bottom R1 cross-section ports (see Fig. 3,a). To provide
the ability of various electric connections, the antenna has
four independent RF power feed-troughs which use
fluoroplastic F-4 as isolator material. Water cooling of the
RF power feed-troughs allows antenna usage in impulses
up to 0.5 s long. The input elements of antenna (Fig. 5)
feed-troughs are protected by quartz tubes (3 mm thick
and 35 mm diameter) to prevent breakdowns to the
chamber wall and creation of plasma discharge inside the
device ports.

The top parts of the antenna straps are protected by
limiters (see Figs. 3,a, 5) since the plasma column crosses
them in x¢=0.32 magnetic configuration. The limiters are
installed on both sides of the antenna.

U-3M and U-2M experiments shown that plasma
discharge causes an accumulation of metal impurities (Fe
and Cr) [16] that are supplied into the discharge by the
RF antennas surfaces and vacuum chamber walls. So, to
decrease the heavy impurities flow into plasma, the
antenna and the antenna limiters are covered by the
titanium nitride (TiN) film which is more resistant against
arcing and sputtering. The spectroscopic measurements in
experiments with titanium nitride covered antennas
shown that titanium influx is 50...70 times less than iron
and chromium influx from antennas without coating [17].

The main elements of the two-strap antenna and
limiters are covered with titanium nitride coating. The
TiN coating was plated in the way of vacuum arc titan
plasma condensation in high purity (99.99 %) nitrogen
atmosphere in the «Bulat-TNP4» device [18]. The
evaporated material was titanium BT1-0. The antenna
was installed on a rotary table in the range of two
vacuum arc plasma sources. The pressure was 1-102 Pa
and a rotary table was under negative 1000 V potential,
the plasma sources were turned to the pulsing regime,
the antenna surface was cleaned for 5 min by titanium
ions bombardment. Then negative potential was set to
200V, plasma sources worked in a stationary regime
and the antenna surface was plated with a titanium layer
for 5 min. Then nitrogen was added into the chamber
and its pressure was set at 2:10"' Pa. TiN was plated
during 20 min. The resulting coating was 3...4 pm deep.

The two-strap antenna was connected to RF complex
Kaskad-1. The RF power is transmitted from generators to
antennas through feeders. They use coaxial radiofrequency
cable RK-50-11-13. The cable is coupled with the
generator and the load feeder of length 100 m and has the
efficiency of # = 0.9..0.75 in the range of working
frequencies f'= 2...14 MHz. The antenna is coupled to the
feeders via a parallel LC circuit (see Fig. 3,b), created by
the antenna inductance L, and the attached capacitor C (for
dipole phasing). Such a circuit is tuned in resonance with
the frequency of the generator anode circuit. When the
resonance condition occurs, the current increases in the
antenna circuit and the radiated power becomes higher.
Also, the reactivity added by plasma is compensated in the
antenna circuit and the active plasma resistance R, is
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transformed into the value equivalent to the surge
impedance of the feeder line p=25..50 Q. So the two
circuit system is formed by the generator and antenna
circuits tuned at the same frequency. The matching device
allows one to operate in the wide range of the antenna
loading resistance values.
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Fig. 2. Two-strap antenna:
Antenna model (a) and photo assembled with feed-
troughs (b). 1 — straps, 2 — fluoroplastic isolators;
3 — elements of RF feed-troughs
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Fig. 3. Photo of the antenna inside the U-2M device (a)
and the antenna unit electric scheme (b): 1 — straps;
2 — limiters from both sides of antenna;

3 — fluoroplastic isolator covered with a quartz tube
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Fig. 4. Position of the two-strap antenna relative to the
last closed magnetic surface: 1 — strap,
2 — last closed magnetic surface

Fig. 5. Two-strap RF input leads inside device port (3)
and limiters (2) installed from both sides of the
antenna (1)
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3. EXPERIMENTAL DETAILS

The first run of the two-strap antenna was performed
during the U-2M vacuum chamber conditioning regime
in a weak magnetic field. This regime is described in
Refs. [6, 9-11]. The frame [7] and two-strap unshielded
antennas were used for wall conditioning. Both antennas
are situated at the outer side of the plasma column: the
frame antenna is in Z2 cross-section between 1% and 2"
toroidal magnetic coils (see Fig. 1), the two-strap
antenna is in R1 cross-section (see Fig. 1). Two of the
frame antenna conductors are oriented along the
magnetic field and excite the slow wave. Longitudinal
currents in the two-strap antenna are small and flow far
from the plasma edge. So, weak slow wave excitation is
expected.

The frame antenna is connected to the K2
RF generator. The generator frequency is 5.5 MHz,
anode voltage Ux,= 4 kV, input antenna RF power is up
to = 50 kW. The two-strap antenna is connected to RF
generator K1 with a frequency of 5 MHz. K1 anode
voltage is Ux;=6 kV, antenna input RF power is up to
~70 kW.

Hydrogen as the working gas is used at the pressure
range from 3-1073 to 2:10"2 Pa. The By= 0.01 T magnetic
filed is created by helical, poloidal, and toroidal coils
(see Fig. 1) in x,=0.32 magnetic configuration.

The time dependence of the electron linear density is
measured with a microwave interferometer (working
frequency is 140 GHz) in R cross-section (see Fig. 1)
[19,20].

The spectral lines intensity time profile is registered
with monochromator-spectrometer SOLAR TII (SOL
instruments Ltd.) model MS7501i (Cherny—Turner
optical scheme) with photomultiplier in P1 cross-section
(see Fig. 1).

4. EXPERIMENTAL RESULTS AND
DISCUSSION

The tuning of all systems was done to find optimal
scenarios for RF-system functioning depending on
neutral gas pressure before the first experiments. Also,
the tuning aim is to find optimal working conditions for
the two-strap antenna for the vacuum chamber inner
surfaces conditioning scenario in a weak magnetic field.
Such a Used wall conditioning method allows one to
employ the same antennas and RF generators both for
working regime plasma creation and heating without
frequency change for the antenna and generator circuits
during conditioning regime. The wave propagation and
damping in weak magnetic fields are discussed in the
paper [9].

The current scenario with two antennas is similar to
the U-3M [9] and U-2M regime. The scenario
includesthat the frame antenna produces plasma, and the
fast wave antenna (e.g. three-half-turn antenna)
increases plasma density. The scenario of the pulse RF
wall conditioning is the following: the first frame
antenna pulse, then the simultaneous operation of two
antennas (frame and two-strap); and finally independent
two-strap antenna operation. The full pulse duration of
the RF discharge is 40 ms and the repetition rate is
5 pulse per second.
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Fig. 6. Dependence of average plasma density and OII
(441.5 nm) and H, spectral line in time (p=0.01 Pa)

The average plasma density and spectral lines time
evolution is presented in Fig. 6. The frame antenna
starts at 10" ms and the two-strap antenna — at 15" ms.
The frame antenna (K2 generator) works independently
at the time interval 10...15" ms, creates plasma density
up to (1...3)-10" cm3and demonstrates a small neutral
gas breakdown time (up to 3 ms). The simultaneous
antenna operation (generators K1 and K2) during
15...20 ms increases plasma density up to ne~1-10'> cm?.
The two-strap antenna (generator K1) independently
sustains plasma density (1...4)-10"" cm™ for 20...25 ms
after K2 frame antenna turn off Fig. 6 shows average
plasma density and OIILH, lines emission during the
simultaneous antennas work. Moreover, the presence of
these oscillations or their absence (Fig. 7) depends on
the discharge parameters: gas pressure, RF frequency
and power. And it requires further research. Note that
the low-frequency oscillations in RF discharges
observed in the U-2M were previously considered in
more detail in [21].

Fig. 7 shows OIl and H, average line emission
intensity dependence on H, pressure. The low spectral
lines intensity is observed during the frame antenna
work. The line intensity H, and OII lines intensity
increases several times during simultaneous operation of
two antennas comparing to the frame antenna operation.
The change of the line intensity during operation of the
frame antenna and two antennas correlates with the
average plasma density, i.e. with increasing density, an
intensity increase is observed. The independent two-
strap antenna work shows less, equal or higher emission
intensity comparing to two antennas work depending on
working gas pressure.
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Fig. 7. Dependence of OII (441.5 nm) and H, spectral
lines from time. (p=0.018 Pa)
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Fig. 8. Dependence of the emission intensity of the OII
(a) u Hy, (b) lines on the H, pressure. Black square —
frame antenna (generator K2); black circle — two-strap
(generators K2 and K1), blue triangle — two-strap
antenna (generator K1)

The lines emission intensities considerably decrease
at a pressure higher than 9-10- Pa during both antennas
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and two-strap antenna work (Fig. 8). The later regime
shows higher lines of emission intensity.

The obtained data shows that the two-strap antenna
can be used for vacuum chamber inner surfaces
conditioning regime in a weak magnetic field, both
independently and with pre-ionization. The two-strap
antenna in fact plays the role of three-half-turn antenna
used earlier. the further experiments show [12] that the
two-strap antenna can create plasma ne~1:10'> cm™ in a
weak magnetic field (0.01..0.07 T) without initial
plasma created with the frame antenna. So the two-strap
antenna can be used together with the frame antenna
and independently.

CONCLUSIONS

The multifunctional unshielded two-strap antenna
with four independent inputs is developed and
implemented in U-2M.

The two-strap antenna operation is investigated in
the vacuum chamber inner surfaces conditioning regime
in a weak magnetic field in hydrogen atmosphere. The
antenna matching device is tuned to optimum efficiency
at plasma load conditions.

The joint operation of the two antennas, frame and
two-strap, showes the average plasma density increase
up to ne=1-10'% cm™.

The RF discharge plasma can be sustained with
only two-strap antenna during the whole impulse while
the frame antenna is switched off.
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JABYXITOJTYBUTKOBASA AHTEHHA CTEJIJIAPATOPA YPATAH-2M

A.B. Jlo3un, 10.B. Koemyn, B.E. Mouceenxo, C.M. Ma3nuuenko, M.M. Kozynsa, B.b. Kopoeun,
A.H. Illanosan, E./ZI. Kpamckoiu, P.O. Ilaénuuenxo, H.B. 3amanoe, M.M. Maxos, A.FO. Kpaciok, E.B. Crocvko,
A.U. Tumowenko, B.M. /Tucmonao, T. Wauters, Ye. Kazakov, J. Ongena

BBenena B akciulyaramuio Ha Yparane-2M MHOTO(YHKIMOHA/IBHAS HEIKPAHUPOBAHHAS JIBYXIIOJYBUTKOBAs
antenna. OTpaGoTaHa BO3MOXKHOCTH PaOOTHI JIBYXIIOJNYBUTKOBOW AHTEHHBI B PEXMME YHUCTKM BHYTPEHHHX
TNIOBEPXHOCTEN BaKyyMHOW KaMepbl B MajJOM MarHMTHOM mosie Ilmasma cosjgaBagach M TOMIEPKUBANACh C
IUIOTHOCTBIO N~ (0,2...0,95)-10'? cm. IIpu paboueii wactore fy ~5 MI' BU-1w1a3ma co3naBanach B CTAIMOHAPHOM
MarHuTHOM 11051€ Bo= 0,01 T mpu mapienuu Bogopona 3-1073...3-1072 I1a.

JBOHAIIIBBUTKOBA AHTEHA CTEJIAPATOPA YPATAH-2M

O.B. Jlo3in, FO.B. Koemyn, B.€. Moicecnko, C.M. Ma3sniuenxo, M.M. Ko3ynsa, B.b. Koposin, A.M. Illanosan,
€. Kpamcokuii, P.O. Ilagnuuenko, M.B. 3amanoe, M.M. Maxos, A.FO. Kpacrk, €.B. Crocobko,
O.1. Tumowenxo, B.M. J/lucmonao, T. Wauters, Ye. Kazakov, J. Ongena

BBenena B ekcruiyaramito Ha Yparani-2M OararodyHKIiOHaJIbHA HEEKpaHOBaHA JIBOHAINIBBUTKOBA aHTEHA.
BinmpaneoBaHa MOXIHUBICTH POOOTH [TBOHANIBBUTKOBOI aHTCHH B PEKUMI UYHUCTKH BHYTPIIIHIX TOBEPXOHBb
BaKyyMHOI KaMepH B cJa0koMy MarHitTHoMy momi. Ilnmasma cTBOproBajiack i MiATPUMYBAalach TYCTHHOIO
ne~ (0,2...0,95)-10'? cm. 3a po6ouoi gacroru f ~5 MI'm BU miasma cTBOpIOBaIach y CTalliOHAPHOMY MATHITHOMY
noiti Bo= 0,01 T 3a Tmcky Bommio 3-107...3-1072 ITa.
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