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A double frame antenna with a broad spectrum of parallel wavenumbers (with respect to the magnetic field) is
used for radio-frequency (RF) plasma production in Uragan-3M stellarator type device. The delay between the start
of RF pulse and the discharge development (breakdown (delay) time) is analyzed as functions of the magnetic field
strength, neutral gas pressure and anode voltage of the RF generator. The reproducibility of the RF discharges is
improved by the pre-ionization by the pulse of the three-half-turn antenna preceding the main RF pulse. The pre-
ionization also results in shortening of the breakdown time for the frame antenna. The Langmuir probe
measurements are made with two probes located at the plasma edge near and far from the double frame antenna. The
measurements give rather high edge electron temperature, about 100 eV, at the initial stage of the frame antenna
discharge both near and far from the antenna. The information on the plasma build-up is also given by the H, chord

measurements.
PACS: 52.50.Qt

INTRODUCTION

Plasma production at the ion cyclotron range of
frequency (ICRF) is used at a number of tokamaks and
stellarators to initiate wall conditioning discharges. At
Uragan family of stellarators (see, e.g. [1]) the ICRF
plasma production is a main tool to create target plasma
at regular shots. Several previous studies [2-5], both
theoretical and experimental, were focused on
discovering the physical nature of the plasma creation.
The points of the physical picture described in above
mentioned papers are briefly the following.

e It is important that few initial charges exist in the
plasma confinement volume. They naturally appear
from the background radiation. The electrons
oscillate in the antenna near-field and make an
avalanche if the oscillating energy exceeds the
ionization threshold.

e When the low density plasma is created, the process
of plasma production proceeds owing to ionization
of the neutral gas by electron impact in relatively
hot plasma. The energy losses induced by inelastic
collisions of the electrons with neutral gas are
compensated by RF heating.

e At low plasma densities the RF heating is made by
the slow wave, which should be propagating.

e  After reaching some plasma density level, the fast
wave comes to play. Alfvén resonances, which
generate the slow wave inside the plasma core, are
important for further plasma production.

Based on this, one can build a simplified physical
picture for an atomic gas and ions in a single charged
state. Hydrogen is a molecular gas, and presence of the
molecular ions (H,", H3") in addition to atomic ion H*
makes the process of wave propagations more
complicated.

A number of experiments on plasma production
were made at Uragan-3M (U-3M) stellarator type
device, which has a huge vacuum tank. When it is filled
by hydrogen with the continuous gas puff, this tank

contributes to ‘exchange’ of generated in plasma atoms
with molecules. This is confirmed by analysis of Balmer
series [6], which has molecular origin. The ‘exchange’
promotes molecular ions formation in weakly ionized
plasma. Anyway, plasma production is successful in U-
3M device.

The present U-3M experimental campaign for
plasma production studies is motivated by an
insufficient understanding of the role of molecular
plasma content in plasma production.

EXPERIMENTAL SETUP

Fig. 1. Three-half-turn (THT, top) and double frame
(bottom) antenna
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The experiments on ICRF discharge initiation were
performed in frame of the EU (Belgium) — Ukrainian
collaboration on ICRF plasma production studies. The
double frame antenna with a broad spectrum of parallel
wavenumbers (with respect to the magnetic field) [7]
(Fig. 1) was operated at f= 8.6 MHz, variable RF power
(P=15...130 kw, anode voltage of generator,
Uii=3...9kV), confining magnetic field
By=0.01...0.72 T to produce RF plasma in hydrogen at a
continuous gas puff with  pressure range
PH2~7.5-10°%...1.5:10"* Torr. The three-half-turn (THT)
antenna is used for pre-ionization to increase
reproducibility of the discharges.

2015-09-10 #0114

300 g4G—— T T T 9
8
250 R00
7
200 H60 6 &
ERE] 5 9
® ©150 320 3
_if 4 3
100 |80 3 @
2
50 |40
1
° . L o
10 20 30 40 50
t, ms
2015-09-10 #0123
300 H8G—T—7— T 4.5
4
250 @50
3.5
200 @20 3 ’TE
3 3 P S
3 3 2.5
© ©150 |-90 P
7 2 =
100 |-60 15 &
1
50 [-30
0.5
0 = I . 0
10 20 30 40 50
t, ms
2015-09-10 #0130
300 BT T T T T 0.06
250 0 0.05
200 |-8 0.04 %
S 3 S
® ©150 |6 003 =
L8 3
100 002 @
50 (-2 0.01
0 I S S o
10 20 30 40 50
t, ms
2015-09-10 #0138
300 T T T T T T 7T 0.03
0.025
“
002 %
S
0.015 %
001 &
0.005

lJD 20 30 40 50
t, ms
Fig. 2. Antenna current I, H, intensity and average
plasma density evolutions given by interferometer for
different steady magnetic field values (from up to
down): 7.1, 6.5, 5 and 3 kG. tx;=(10;25) ms,
Prp=4-10"° Torr

It should be mentioned that sustaining a fully
ionized hydrogen RF plasma takes place in the Alfvén
wave range of frequencies (o < w;) for the given RF
generator frequency at higher magnetic fields
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(Bo=0.72 T). The hydrogen gas RF breakdown moment
is characterized by dominant concentration of the
hydrogen molecular ions H," [8]. These result are in the
breakdown performance in the U-3M in the frequency
range w>w¢;, which allows existence of the LHR for all
tested B values.

RF PLASMA PRODUCTION

The plasma of density up to 10'° m™ is created when
the frequency is in the range f=0.7-0.9 f;, where f;; is the
ion cyclotron resonance frequency. When f>0.9 f;; the
plasma is also produced, but with substantially lower
density (Fig. 2). This could be explained by absence of
the Alfvén resonances in the plasma column, which
possibly are responsible for further plasma density
increase. The range f<0.7 f; cannot be achieved without
tuning down the generator frequency since reaching the
upper technical limit of the confining magnetic field.

PROBE MEASUREMENTS

To measure local parameters of the boundary plasma
(floating potential V;, electron temperature T, electron
density ng), two movable arrays of electric (Langmuir)
probes were used. Each array includes two single probes
(diameter of probe collecting area 1 mm, length 2 mm,
molybdenum) with the distance between the probes
3 mm. One probe is used to record the floating potential,
another one — to get the I-V characteristic. One of the
arrays (“vertical probes”, VP) is inserted into the
vacuum chamber from the top in a poloidal cross-
section close to Al (Fig. 3) and can be moved vertically,
passing at the distance of ~3 cm from the frame antenna
edge. When making measurements, this array was fixed
at the distance of 14.5 cm from the torus midplane, not
reaching <0.5 cm the calculated last closed flux surface
([9], Fig.4,a, position “near the antenna”). Another
array (“horizontal probes”, HP) is inserted from the
outboard side of the torus in the helical period 8 (see
Fig. 1) in the poloidal cross-section 1.8 period-distant
from the cross-section D1 in which the antenna feeding
point is located.

D6

Fig. 3. Helical coils I, 11, 11l of U-3M. Indicated are
symmetric poloidal cross-sections A1, D1, A2, D2,...,
A9, D9 in helical periods 1, 2, ..., 9, respectively,
disposition of the double frame antenna. Radial dashed
lines indicate poloidal cross-sections where movable
arrays of electric probes are inserted (VP in period 9,
near Al; HP in period 8, between D8 and A8)

This array can move horizontally parallel to the
major radius R at the distance of 2cm over the
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midplane. During measurements HP were fixed at the
distance of 9.25 cm from the vertical axis of the cross-
section, corresponding to the distance <0.5 cm from the
calculated plasma boundary (Fig. 4,b, position “far from
the antenna”).
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Fig. 4. Disposition of movable probe arrays VP (a) and
HP (b) in poloidal cross-sections of the U-3M torus and
lines of probe displacement (dashes) relative to the
helical coils I, I1, 111 and calculated Poincare plots of
magnetic lines of force in these cross-sections [10]
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Fig. 5. Experimentally observed indications of gas
breakdown (green vertical dashed line) during RF
plasma start-up in U-3M for shot at U,;=6 kV,
Pr2=4.7-10"° Torr and B,=0.72 T. Time traces of
forward (blue) and reflected (red) directional coupler
signals, average electron density, and H,, signal,
floating potential registered by the Langmuir probes,
average plasma density by interferometer and electron
temperature T, and electron density n by LPs obtained
in a series of identical shots

The values of Vi, T, and n, were determined as a
result of processing the ion branch of the probe I-V
characteristic where the “ideal” relation (see, e.g., [10])
I(V) = I{1-exp[(V-Vy)/T.]} was fitted to the
experimental characteristic. Here 1(V) is the current to
the probe at the bias voltage V, 1,=0.5An.e(2ks To/m;)*? is
the ion saturation current, A is the probe collecting area.
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Fig. 5 shows the plots of the V(t), Te(t) and ne(t)
values derived from the 1-V characteristics taken near
and far from the antenna at different time moments after
RF discharge ignition. In a qualitative consistence with
the time evolution of signals in Fig. 5, the antenna-near
floating potential V; changes its polarity twice after
ignition and finally attains the level of ~+15 V close to
the “quasistationary” one in ~3.5 ms. The temperature
Te achives a maximum value of 80eV (which is
remarkably high for weakly ionized plasma), drops
down to ~10eV and stays at this level with minor
variations later. The density n. increases continuously
from values order of 10 m?, passes (2...3)-10*m™ in
the T, maximum and achieves a “quasistationary” level
of ~7-10" m*.
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Fig. 6. Lines of sight for H, measurements at Uragan-
3M poloidal cross-section (top). Evolution of (a) line-
averaged density and (b) H, emission (bottom), dashed
line marks the RF power switching-on time.
Ux:=5.5 kV, py=1-10"Torr, B;=0.72 T

The potential V; far from the antenna, contrary to its
behavior near the antenna, does not change the polarity,
all time is positive, attains a maximum of 80 V and then
falls to ~10 V in the “quasistationary” phase. Similar to
the ne(t) behavior near the antenna, the density increases
continuously from ~10m™ at t=1.8 ms, i.e. near the
start of T, rise, and reaches ~8:107m? in the
“quasistationary” stage.

Accounting for a not very high accuracy of probe
measurements, one may state that the maximum values
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of T, and n, obtained near and far from the antenna, as
well as the values of these parameters at the start of the
“quasistationary” stage, are close by the order of
magnitude. It seems important to note that the T,
maximum far from the antenna is ~0.2 ms delayed
relative to the maximum near the antenna.

Floating potential of VP is most sensitive to a dense
plasma appearance, and the gas breakdown time can be
calculated as a time delay between the antenna RF
voltage apply and its first (weak) reaction on the plasma
loading appearance due to SW excitation in weakly
ionized plasma, w>w,;, (see the green dashed vertical
line in Fig. 5, also the first burst in the H, signal clearly
seen in Fig. 6 than in Fig. 5 due to larger scale). Other
indication of the start-up could be antenna load (blue
vertical dashed line) or H, burst. The blue vertical
dashed line in Fig. 5 indicates the second and more
prominent reaction on plasma loading by the antenna
RF signals and plasma parameters due to AW excitation
(w < wg) in a denser and fully ionized plasma. The
latter is confirmed by achieving a maximum in the H,
signal in a more developed phase of the RF discharge
(see Figs. 5 and 6).

In Fig. 5 the difference between the average plasma
density, which is evaluated from the interferometer
measurements, and the edge densities is smaller at start
and larger at the end of plasma build-up. This indicates
the fact that after ignition the density radial distribution
is becoming more peaked towards the plasma core. The
radial plasma expansion from the LFS (ICRF antenna
side) towards HFS just after gas breakdown was earlier
discovered in JET with high-resolution fast CCD
camera [11].

H, CHORD DISTRIBUTION

H, chord distribution is measured by multi-chord H,,
detector array [12]. The scheme of measurements is
presented in Fig. 6.

Bottom part of this figure shows integral H, and
average plasma density evolutions.
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Fig. 7. Evolution of (a) H, profile and (b) H, profile
normalized to its maximum in every discharge instant

As it is seen in Fig. 7, the H,, emission profile looks
more hollow at the beginning than after plasma build-
up. However, the emission is volumetric what indicates
that plasma fills in the whole plasma volume.
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PARAMETER SCAN

In the series of experiments dense plasma build-up
delay time is investigated as a function of hydrogen gas
pressure (Fig. 8).
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Fig. 8. The dense plasma build-up delay time
dependence on the varying neutral gas pressure for
different generator anode voltages

The results show the existence of an optimal value
for the pressure which provides the lowest breakdown
time for each antenna voltage. This optimal pressure is
shifting towards higher pressures with the increasing
antenna load. The delay time increases before reaching
the highest and lowest pressure for each anode voltage
value. For high pressures there is a threshold anode
voltage. As it is seen from Fig.8, e.g. for
PH2=8.25-10" Torr the threshold voltage is U, =4 kV.
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Fig. 9. The dense plasma build-up delay time
dependence on the magnetic field (top,
pPH2=2.5-10"° Torr) and the anode voltage (bottom,

B=7.2 kG)

The delay time is almost independent on the
magnetic field value (Fig.9). It is decreasing with
increasing magnitude of the RF voltage at antenna.
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ROLE OF PRE-IONIZATION

The reproducibility of the discharges is improved by
a pre-ionization which is made by the pulse of the three-
half-turn antenna preceding the main RF pulse. This
antenna creates the plasma of the density n.=10°m>.
The time between the THT antenna pulse end and the
double frame antenna start, ty,p, (Fig. 10) is varied in the
experiments.

The pre-ionization results in shortening of the
plasma creation time (Fig. 11). It effects on the double
frame antenna discharge even if tg,, is long.
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Fig. 10. Sequence of RF pulses of THT antenna (RF-2)
and double frame antenna (RF-1)
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Fig. 11. Dense plasma build-up delay time as a function
of time between RF pulses. By=7.2 kG, py,=2-10 Torr,
UK1=6 kV, UK2=5 kv
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Fig. 12. Breakdown delay time for repetitive pulses with
and without pre-ionization

Fig. 12 illustrates both shortening of the breakdown
time effect and substantial increase of discharge
repeatability.

DISCUSSIONS

The mechanism of plasma production is not fully
clear so far. The difficulties in understanding related to
existence of the molecular ions which cyclotron
frequency is lower than the heating frequency. If the
molecular ions dominate the Lower Hybrid Resonance
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(LHR) appears in the plasma column at low plasma
density, ~10°m™ in our case. With increase of atomic
ion content, this density value increases. The slow wave
launched by an antenna travels to LHR position and is
absorbed there without reflections (see, e.g. [13]). Since
there are no heating behind the LHR location, the
plasma density profile should be strongly hollow or
peaked at the LFS. Following this, H, chord profile
should also be hollow or maximized at the LFS. In
experiment we see no more than proximity of the
periphery plasma density value to the average plasma
density at the early stages of the discharge. These
witnesses rather for the volumetric plasma generation
than for plasma production only at the plasma edge with
further diffusion of it inside the confinement volume.
Similar could be concluded from the H, emission
profile.

An important moment is that the measured electron
temperature is high when plasma density is low. For
high parallel wavenumbers in hot plasma, for the slow
wave the wave cut-off and propagation zones swap if
the parallel phase velocity of the wave is lower than the
electron thermal velocity. In such a case, a wave, being
excited by the antenna, penetrates through the cut-off
region at the plasma periphery, passes through LHR
layer with only partial damping and propagates to the
plasma core where it could be absorbed. The transition
margin to this regime is established by a certain electron
temperature, and for U-3M it is 100 eV [5]. In such a
way, the volumetric plasma production is possible.
However, more experiments are needed to clarify
whether this effect is important.
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PAJUOYACTOTHOE CO3JAHUE IVIA3BMbI B CTEJIVIAPATOPE YPAT'AH-3M

B.E. Mouceenxko, A. Lyssoivan, T. Wauters, M. Tripsky, A.B. Jlozun, P.O. ITagénuuenko, M.M. Kozyns,
H.B. /Ipesans, IO.K. Muponoe, B.C. Pomanos, A.E. Kynaza, H.B 3amanoe, A.H. Illanoean, B.I'. Konosanos,
B.B. Yeukun, JI.U. I'puzopvesa, A.A. Beneyxuit, A.A. Kacunos u U.E. I'apxywa

PaMouHast aHTeHHa C IIUPOKUM CHEKTPOM MapauIeNbHBIX BOJHOBBIX 4YUCEN (110 OTHOIIEHHIO K MAarHUTHOMY
MOJI0) MCIOJB3yeTcsi s BbicokoyactoTHOro (BY) co3maHmsi miasMbl B YCTAHOBKE CTEIUIAPATOPHOIO THIIA
YPAT'AH-3M. 3agepxka Mexnay HadyaioM BY-ummynbca ¥ MOMEHTOM pa3BUTUS paspsaa (Bpems (3aAepiKKn)
npo0os) aHaMM3UpyeTcsl Kak (PYHKUIUM BEJWYMHBI MAarHUTHOTO IIOJIS, JAABJIEHHUS HEWTPaNbHOTO ra3a U aHOIHOTO
HanpspkeHuss BY-renepatopa. BocnpousBogumocts BU-paspsnoB mnoBblmiaeTcs 3a  CYET MIPEIBAPUTENIBHOM
MOHHM3aLUH C MOMOIIBIO TPEXIIOIYBUTKOBOM AHTEHHBI, KOTOPAs 3aIlyCKaeTCsl Iepell OCHOBHBIM BU-uMITyiapcoM.
[TpenBapuTenbHas MOHM3AIMS TaKXKE MPUBOIAMT K yMEHBIICHHIO BpeMEHH mpoOos. M3mepenus Temmeparypbl H
IUTOTHOCTH IUIA3MBbl BBITIOJTHEHBI IByMs JICHTMIODOBCKMMH 30HIaMH, PAcIiojIOKEHHBIMH Ha Kparo IIa3Mbl BOJIM3HU U
BIAJTH OT PAaMOYHOH aHTEHHBI. MI3MEpeHUs Ial0T JTOCTAaTOYHO BBICOKYIO TEMIIEpaTypy 3JIEKTpOHOB, okoio 100 3B,
Ha HadaJIbHOM 3Tarle pa3psiaa Kak BOJIM3HM, Tak ¥ BAATN OT aHTEHHBL. MH(OpMALS 0 CO3IaHNN IIa3MBbl TAKXKE AAIOT
XOpIOBBIC N3MepeHns TUHNU H,.

PAJIOYACTOTHE CTBOPEHHS IIVIABMHU B CTEJIAPATOPI YPAT'AH-3M

B.E. Moiceenxo, A. Lyssoivan, T. Wauters, M. Tripsky, O.B. Jlozin, P.O. Ilagriuenxo, M.M. Ko3yns,
M.B. /lpesans, IO.K. Muponos, B.C. Pomanos, A.€. Kynaza, M.B. 3amanos, A.M. Illanosan, B.I'. Konosanos,
B.B. Yeukin, JII I'pizop’cea, O.0. bineyvkuit, A.A. Kacinoe ma I.€. I'apkywa

PamkoBa aHTeHa 3 IMUPOKHUM CIIEKTPOM IMapaleNbHUX XBHIBOBHX YHCEN (110 BiIHOIIEHHIO IO MarHiTHOTO ITOJIS)
BHKOPHUCTOBYETHCS U BUCOKOYAcTOTHOTO (BY) CTBOpEeHHS IIa3MH B YCTaHOBII cTteiaparopHoro Tuiry Y PAT AH-
3M. 3arpuMka MiK m04aTkoM BUY-iMmynbcy 1 MOMEHTOM PO3BHUTKY po3psay (4ac (3aTpuMku) mpoOoro)
aHaJi3yeThesl K (YHKUIT BEJMYMHM MAarHiTHOTO MOJS, THCKY HEWTpalbHOro rady i aHomHoi Hampyrun BY-
reHeparopa. BinrBoproBanicte BU-po3psiaiB MiIBUIYETHCS 32 paxyHOK MONEPEIHbOI 10HI3alil 3a J0MOMOIO0
TPUHAINIBBUTKOBOI AHTEHH, sIKa 3allyCKaeTbCs Tmepes; ocHOBHMM BU-imnynbcom. [lonepenHst ioHizamis Takoxk
NPU3BOJUTh JI0 3MEHIICHHS 4Yacy mnpoOoro. BumiproBanHs Temmneparypu 1 TYCTHHU IUIa3MH BHKOHaHI JBOMa
JIeHrMIOpIBCBKMMH 30H/IaMH, PO3TAlllOBAaHUMH Ha Kparo IJIa3MU MOOJM3Y 1 Ha BiJJaleHHI BiJl paMKOBOI aHTEHH.
BumiproBaHHS TafoTh JOCHTH BUCOKY TeMIIEpaTypy eJIeKTpoHiB, 6im3bko 100 eB, Ha movaTkoBOMYy eTarti po3psimy
SK TOONM3y, TaK 1 Ha BigmajeHHI Bix aHTeHH. [HpopMaIlito Mmpo CTBOPEHHS IDIa3MH TaKOX JAlOTh XOPIOBi
BUMiproBaHHs JiHii Hy,.
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