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Features of the recent Uragan-2M campaign are reviewed together with some theoretical advances. They include
experiments with B4C limiter, studies of various 1...20 kHz oscillations, development of a new in-situ diagnostics
for wall conditions, i.e. the thermal desorption probe, the improved numerical model of RF plasma production in
stellarators in the ion cyclotron and electron-cyclotron frequency ranges, a new positive-definite form of time-

harmonic Maxwell’s equations and plasma start-up studies.
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INTRODUCTION

For the recent Uragan-2M campaign, a new variant
of the movable B.C-limiter has been designed,
manufactured and installed. The influence of the limiter
position relative to the minor axis was investigated on
plasma parameters in the regime of plasma heating in
pulsed RF discharge. The CIII line intensity essentially
decreases and OV line increases under limiter
positioning at the distance of 15 cm from the wall. The
soft X-ray signals appreciably increase at the same time.
This can be explained by input of sputtered boron
carbide into plasma or increase of plasma temperature.

An appearance of various 1...20 kHz oscillations
was observed in Uragan-2M. Two multichannel pinhole
cameras were recently installed in U-2M for monitoring
the oscillations of visible light emission from two
positions in the same plasma cross-section. New
electronics was designed and manufactured for
measuring the plasma density, electron temperature and
plasma potential profiles with high time resolution in
cold, low density RF conditioning discharges via triple
Langmuir probe technique.

The thermal desorption method has been developed
for diagnosing impurity level on Uragan-2M vacuum
chamber surfaces in situ. Using this method the
investigations of outgassing rate were carried out and
estimation of the number of molecules layers was done
in the Uragan-2M torsatron after wall conditioning by
RF plasma discharge in different regimes combined
with pumping. With this method the influence of plasma
treatment on hydrogen retention and release from
12X18HI10T stainless steel (SS) was examined under
different kinds of plasma conditions. The contributions
of RF pulsed discharges during wall cleaning and RF
pulsed plasma heating regime to hydrogen release were
evaluated in Uragan-2M.

A numerical model of RF plasma production in
stellarators in the ion cyclotron and electron-cyclotron
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frequency ranges is developed. This model is aimed for
numerical analysis of the plasma discharge for the
vacuum chamber wall conditioning. New features of the
model presented are account of molecular ions, Hp+ and
Hs+, in the particle balance equations. The radio-
frequency module of the code is modified accordingly.
A new module that calculates second harmonic electron
cyclotron heating in case of weak wave damping is
created and incorporated into the code.

A newly developed positive-definite form of time-
harmonic Maxwell’s equations will be useful for
numerical models.

Three-Half-Turn (THT) antennas that have 3 straps
oriented perpendicular to the magnetic field lines are
used for plasma heating in Uragan-3M and Uragan-2M.
It is found in experiments that THT antennas are
capable of creating dense plasma at slightly decreased
compared to regular regime magnetic fields, but with
long idle time. Such feature is investigated at both
experimental devices.

The prospects of stellarator research at IPP KIPT are
strongly determined by integration of the studies to the
Eurofusion Consortium activity within  S1  work
package.

B4C-LIMITER USAGE IN RF PLASMA
DISCHARGES

A new variant of the B4C-limiter was created and
tested in the operating RF discharge mode in U-2M. The
main goal was to suppress plasma-wall interaction and
in that way to reduce the amount of impurities in the
plasma. Also, the limiter could be used in studies of
erosion of the head plate material and its transport, the
possibility of partial solid target boronization of vacuum
chamber walls, in electrode biasing experiments, etc.
The new  limiter  (Fig.1) includes  two
90 mm x 90 mm x 8 mm head plates manufactured by
hot pressing of boron carbide powder in vacuum. The
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plate-driving assembly provides location of the limiter
at the distance 34...14 cm from the minor (circular) axis
of the torus The Poincare plots of the magnetic force
lines in the poloidal cross-section of the U-2M torus
where the limiter was placed [1, 2] are shown in Fig. 2.

Fig. 1. The head part of the B4C-limiter

The influence of the limiter position relative to the
minor axis was investigated in the regime of plasma
heating in pulsed RF discharges [3].

Langmuir probes data have shown the essential
dependence (decrease) of ion current during the limiter
motion to the center. Most strong effect is observed for
the probe located 2cm from the wall in the poloidal
cross-section similar to those with limiter head plates.
The fact of signal decrease from the probe 2 located in
the plasma column cross-section different from those of
the limiter, means that the present limiter head plate
configuration leads to the plasma column cutoff during
limiter motion through the plasma boundary to the
minor axis.
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Fig. 2. Calculated Poincare plots of magnetic force
lines in the poloidal cross-section of the U-2M torus
[1,2] where the limiter was inserted

Spectroscopic  measurements have shown no
essential influence of limiter plate repositioning in the
plasma on the Hq line intensity. The CIII line intensity
essentially decreases and OV line increases under
limiter installation at the distance of 15 cm from the
wall. Soft X-ray signals measured by two identical SXR
sensors with different foils appreciably increase at the
same time (Fig. 3). This can be explained as plasma
electron  temperature increase. But additional
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experiments, including another method of plasma
temperature measurement  and spectroscopic
measurements of boron release into the plasma during
the discharge, could shed some light on the question.
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Fig. 3. Soft X-ray signals for thick (red) and thin (black)
Al foils versus limiter position

It is expected that due to erosion of boron carbide
plates the procedure of so called “solid target
boronization” on the significant part of the U-2M
torsatron vacuum chamber could be possible with the
using of B4C-limiter. To form one molecular layer on
the whole surface of the U-2M vacuum chamber wall,
about 2.5-10%° boron particles are required. The weight
loss of the plates after a few work campaigns of the
U-2M device shows the average magnitude ~380 mg
per campaign, i.e. about 2-10%? particles. We plan to
install two more B4C-limiters in other cross-sections to
increase the quantity of sputtered boron. Switch on
negative bias on the limiter plates and using arc regime
can essentially increase of boron carbide erosion [4],
too.

LOW FREQUENCY OSCILLATIONS

Previously observed [5] MHD oscillations were
studied in low magnetic field By=0.01 T (o>> ) radio
frequency discharges [6] of the Uragan-2M (U-2M)
stellarator. Coherent oscillations are observed by
bolometers, triple Langmuir probe microwave
interferometer (140 GHz) and magnetic pick-up coils in
different toroidal cross-sections of U-2M. The
Langmuir probe (LP) is used for measurement of
complete profiles up to plasma center in cold, low
density RF discharges under consideration. New
electronics was designed and manufactured for Te, n, V,
measurements with high time resolution via triple
Langmuir probe (TP) technique [6]. A comparison of
the TP measurements and conventional single pin
scanned LP measurements shows good agreement
(Fig. 4).

Two multichannel pinhole cameras were recently
installed [6, 7] in U-2M for monitoring the oscillations
of visible light emission from two positions in the same
plasma cross-section. These coherent fluctuations are
observed in set of diagnostics, as it is shown in Fig. 5.
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Fig. 4. TP (blue crosses) and conventional single pin

scanned LP (red squares) data of ion saturation

current, electron temperature and floating potential
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Fig. 6. Signals from 20-channals bolometer in two
magnetic configurations

Variation of the magnetic configuration of U-2M
substantially modifies the features of the oscillations in
the plasma of such low magnetic field discharges
(Fig. 6).

Significant dependence of the fluctuations amplitude
is clearly observed in this figure. In addition to
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significant variation of the fluctuations amplitude, the
modification of the oscillating modes types and
frequency ranges were also observed. Different shapes
of the plasma profiles are observed in different
configurations according to the TP measurements.

Due to variation of magnetic configuration rotating
m=2 mode is transformed into the Sawtooth-like
oscillations. Clear phase inversion of the Sawtooth-like
oscillations is observed both in 12-channal and 20-
channal bolometers (as it is seen from Fig. 7).

s 10 15 20 25
t ms
Fig. 7. Signals from 20-channels bolometer

Thus, variation of the magnetic configuration of
U-2M substantially modifies fluctuations amplitude,
oscillating modes type and frequency. Rotated m=2
mode is transformed into the Sawtooth-like oscillations
in different magnetic configurations. Strong dependence
on the magnetic configuration indicates that observed in
U-2M phenomena can have similar nature as in
stellarator high temperature plasmas.

WALL CONDITIONS DIAGNOSTICS IN
SITU USING STAINLESS STEEL THERMAL
DESORPTION PROBE

The method and device has been developed and used
for operative estimation of impurity level, outgassing
rate and number of impurity gases molecular layers, on
the surface of the Uragan-2M (U-2M) vacuum chamber
walls [8, 9]. It is based on the thermal desorption of
gases into a vacuum vessel from the surface of a special
stainless steel probe during its heating up to temperature
of 300°C. Using this method the investigations were
carried out of the wall conditions, outgassing rate and
estimation of the number of molecules layers, in the
Uragan-2M torsatron in situ after discharge cleaning in
different regimes and pumping [10]. It had been
indicated that the VHF and RF discharge cleaning in
low magnetic fields of 0.01...0.02 T is more effective
than the regimes without magnetic field. After
preliminary short time VHF/RF discharge cleaning and
long time pumping the number of impurity molecules
layers was decreased from 40 up to less than one layer
(Fig. 8). The analysis of the obtained data allows saying
that such method could be used to monitor the quality of
wall conditioning processes during preparing to plasma
experiments.



The proposed method was also tested in the high
temperature regime 400...700°C to measure hydrogen
outgassing from the SS probe [10] after hydrogen
plasma treatment. It was observed the essential (one
order of magnitude) increase of hydrogen outgassing at
500°C from stainless steel after two hours exposure by
RF plasma discharge in working regime in Uragan-2M
stellarator ( point 2 in Fig. 9).
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Fig. 8. Uragan-2M wall conditions: green points
correspond to number of molecular layers on the
surface of SS probe; red rhombs correspond to SS probe
outgassing rate at 300°C after VHF or RF discharge
cleaning and pumping

It means that hydrogen concentration in the SS probe
also increased. Then a few high heating pulses (5V,
10 s, brown points in Fig. 9) were applied to the probe to
remove hydrogen from the probe bulk. Time interval
between pulses was two minutes.
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Fig. 9. Hydrogen release from the SS probe: green
color — sample temperature under the measurement was
500°C, brown color — sample temperature under the
measurement was 600...700°C

From pulse to pulse the SS probe temperature
increased from 600°C (first pulse) to 700°C (fourth
pulse). Then, after the probe cooling down to the room
temperature, the measurement of hydrogen release rate
at the temperature of 500°C was carried out (see point
seven in Fig. 9). It is seen that after four high heating
pulses hydrogen gas release (hydrogen outgassing rate)
decreased in about four times.

So, using proposed method one can effectively
monitor not only the surface conditions but hydrogen
retention with the vacuum chamber wall material, too.
Note, that not only hydrogen particles in different states
impact on the U-2M wall surface. It may be nitrogen,
oxygen, carbon, etc. Study of recycling process for
those is also important. In general case this is of a great
interest not only for fusion device but for different
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plasma installations, e.g., plasma accelerators, devices
for vacuum-plasma or magnetron deposition, glow
discharge plasma facilities etc.

In the nearest future we are going to developed wall
conditions diagnostics of Uragan-2M by setting
additionally of three stainless steel thermal desorption
probes to provide measuring outgassing rate in different
cross-sections. It will give a more complete picture of
the state of the vacuum chamber wall surface of the
U-2M after RF discharge cleaning.

SELF-CONSISTENT MODEL FOR RF
PLASMA PRODUCTION IN MOLECULAR
HYDROGEN

A new self-consistent model of RF plasma
production in stellarators in the ion cyclotron and
electron-cyclotron frequency ranges is presented.

New model will be used for simulation of plasma
start-up and for numerical analysis of the plasma
discharge for the vacuum chamber wall conditioning
[11] in stellarator type machines.

As a prototype for the whole code, the models for
atomic gas [12] and for molecular hydrogen [13] are
used, which are developed by the research group earlier.

The developed earlier model for atomic hydrogen
can describe the final stage of plasma production. In the
model for molecular hydrogen, only electron-hydrogen
molecular collisions are accounted for. The particle
balance is determined by ionization of the hydrogen
molecule. This model is suitable for low plasma
densities.

There is a need for a model which incorporated all
the collision processes and is valid at all stages of
plasma production. Note here that the lower
dimensionality 0D model for all sorts of hydrogen and
helium is described in [14].

A newly developed model [15] as well as the
previous models includes the system of the particle and
energy balance equations for the electrons and the
boundary problem for the Maxwell’s equations. A new
feature is account of molecular ions, H>" and Hs*, in the
particle balance equations, and the radio-frequency
module of the code is modified accordingly.

On the base of this numerical model, a one-
dimensional numerical code is developed. The code
uses the neoclassical diffusion, turbulent transport, and
elementary atomic and molecular collision processes. In
the balance of neutral gas, the hydrogen retention and
recombination at the wall surface are taken into account.

In this code, input power to electrons and ions is
calculated by the RF module. The RF power is
calculated by solving the boundary problem for
Maxwell’s equations.

In addition to the RF module, the numerical code is
supplemented with a module for EC heating. A new
module that calculates second harmonic electron
cyclotron heating in case of weak wave damping is
created and incorporated into the code. The code can
work using either RF module or EC.

The ECRH module takes into account that power
deposition is proportional to the plasma density and
electron Larmor radius square. Besides, it is
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proportional to the width of the ion cyclotron zone
which is narrow when the electron temperature is low.
The width, in turn, is proportional to the square root of
the temperature. The power deposition formula reads:

Pecr = Po fECRH (r)(ne/no )(Te /T0)3I21
where pecrn IS the power deposition density, fecry is the
power deposition shaping function which depends on
electron cyclotron zone position and the ECRH ray
focusing, ne is the plasma density, Te is the electron
temperature and the quantities indexed with zero are
normalizing constants.

POSITIVE-DEFINITE FORM OF TIME-
HARMONIC MAXWELL’S EQUATIONS

Time-harmonic Maxwell’s equations are a subject
for numerical treatment for analysis of the wave
propagation in non-uniform plasma. In their original
form, they contain sign-indefinite operators. This limits
application of iterative procedures for their numerical
solving.

In this paper the following form of the Maxwell’s
equations is proposed for further numerical solving.

VxVXE—iky(&" +1)-VxH+k2& & E =

4zik, . .
- c “Jext

ViV HikgVx (& +0)-E+k2H = 22y xj ..

c
Here E and H are the electric and magnetic field
vectors, ko=awlc, £ is the dielectric tensor,

(,é*)i’k = (é);i , Jext IS the driving (external) current. This

system of equations contains positive-definite operator
in the left-hand side. This feature, in principle, could be
preserved after the discretization that results in a linear
algebraic system of equations with positively-definite
matrix.

It is necessary to note that the above system is
degenerate. This feature is inherited from the original
Maxwell’s  equations. Thus, a straightforward
discretization may cause appearance of spurious
solutions. A special technique derived in Ref. 16 could
be applied for discretization to avoid this unwanted
effect.

The above system of equations, being of higher
order, needs more boundary conditions than the original
one. For this purpose, the components of the original
system could be used since they are differential
equations of the first order.

THREE-HALF-TURN ANTENNA
PLASMA START-UP EXPERIMENTS

Three-Half-Turn (THT) antenna has 3 straps
oriented perpendicular to the magnetic field lines. This
antenna is fed through the central strap [17]. THT
antennas are used for plasma heating in Uragan-3M and
Uragan-2M. The research task was to study independent
RF plasma creation with THT antenna in both devices.
THT antennas are capable of creating dense plasma at
decreased compared to regular regime magnetic fields,
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but with long idle time what is dangerous for antenna
insulators because of high voltage at the antenna
elements. Experimental conditions were changed
through variation of magnetic field, pressure and RF
generator parameters in order to find optimal regime of
operation. The optimum magnetic field was
0.62...0.68 T at Uragan-3M and 0.37...0.4 T at U-2M
while standard field was 0.7...0.72 and 0.4...0.42T
accordingly.

1 2 3 4 5 [ 7

Fig. 10. 12-channel H,, filterscope signal. Magnetic

field B,=3700 G, Pyy,=7.2-10" Torr. RF pulse
beginning is shown by red vertical line

The experiments on ICRF discharge initiation were
performed at variable RF power (P=50...100 kW, anode
voltage at generator, U,,=5...7 KV), confining magnetic

field B,=0.4 T, to produce RF plasma in hydrogen at a
continuous  gas  puff with  pressure  range

pH2:7.5~1076...1.5~1074 Torr. The density n, increased

continuously from units 10° cm's, passes
(2...3)-1012 cm” in the T, maximum and achieves a

“quasistationary” level of ~7-10"cm®. A 5ms long
delay from the beginning of RF pulse and discharge
development is seen in Fig. 10.

SUMMARY AND FUTURE PLANS

Features of the recent Uragan-2M campaign are
reviewed together with some theoretical advances. They
1...20 kHz oscillations, development of a new in-situ
diagnostics for wall conditions, the thermal desorption
probe, the improved numerical model of RF plasma
production in stellarators in the ion cyclotron and
electron-cyclotron frequency ranges, a new positive-
definite form of time-harmonic Maxwell’s equations
and plasma start-up studies.

The future plans ensue of the general aim to
achieve close integration to the EUROfusion
consortium. Thus, the studies for wall conditioning, RF

plasma start-up, high-beta plasma and plasma
oscillations will have priorities.
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NCCIEJAOBAHUSA CTEJVIAPATOPOB B UDII XPTHU: COCTOSHHUE U INTEPCIIEKTUBBI

B. E. Mouceenxo, I' Il. I'nasynos, A.B. Jlozun, A.JI. Konomonckuii, /[.H. bapon, A.A. beneukui,
M.H. Bounoapenko, B.B. Yeuxun, H.b. /lpesans, JI.U. I'puzopvesa, M.M. Kozyna, C.M. Ma3nuuenko,
I0.K. Muponos, P.O. Ilasruuenko, B.C. Pomanos, A.H. lllanosan, B.b. Koposun, B.I. Konosanos,
H.B. 3amanos, E.B. Typauckas, I0.C. Kynux, T. Wauters, A.I. Lyssoivan, O. Agren, H.E. I'apxywa
u komaunoa Ypazana-2M

PaccMoTtpensl ocoOeHHOCTH HenaBHEH KammaHun YparaH-2M M HEKOTOpbIe TeopeTHdecKue pe3ynbraTel. OHu
BKJIIOYAIOT B ce0st akcriepuMenTsl ¢ B4C-nmuMuTepom, nceneioBaHus pa3IndHbIX Kostebanuii ¢ yactoroit 1...20 kI,
pa3paboTKy HOBOM in-situ JHMAarHOCTHKHM COCTOSHUS CTCHOK (TE€pMOACCOPOLMOHHBIA 30HX), YIy4YILCHHYIO
YUCIICHHYIO Mojenb BUY-co3manms mimasMbl B cTeiulapaTopax B HOHHOM IUKJIOTPOHOM M DJIEKTPOHHOM
LUKJIOTPOHHOM JMAala30HaX 4YacTOT, HOBYIO MOJIOXKHTEIBHO ONpeleNieHHylo (GopMy ypaBHEHHMH MakcBemia s
OJTHOW YaCTOTHI U MCCIIEJOBAHUS 110 BEICOKOYACTOTHOMY CO3/IaHHUIO IIJIa3MBI.

JOCJIIKEHHS CTEJTAPATOPIB B 1®I1 X®TI: CTAH I IIEPCIIEKTUBH

B. €. Moiceenxo, I'.Il. I'nazynos, O.B. Jlo3in, O.JI. Konomoncwokuit, /I.1. bapon, 0.0. bineyvkuii,
M.H. Bounoapenxo, B.B. Yeukin, M.b. /lpesanv, JI.I. I puzop'céa, M.M. Ko3yna, C.M. Ma3zniuenko,
IO.K. Mupomnoe, P.O. Ilagniuenxo, B.C. Pomanos, A.H. Illanoean, B.b. Kopoein, B.I. Konosanos,
H.B. 3amanos, O.B. Typanucoka, F0.C. Kynux, T. Wauters, A.I Lyssoivan, O. Agren, I.€. I'apxywa

ma komanoa Ypazany-2M

PosrnsHyTO 0CcO0NMMBOCTI HemaBHBOI KammaHii YparaH-2M i geski TeopeTHdHi pe3ynbTaTd. BoHU BKIIOYAIOTh y
cebe excriepuMenTH 3 B4C-nimMiTepoM, JOCTIIKEHHS PI3HUX KOJIMBaHb 3 4acToToro 1...20 k[, po3pobKy HOBOT in-
situ IIarHOCTUKH CTaHy CTiHOK (TepMoJIeCOpOIiitHIIA 30H), TOJIIIIIeHY YHCeTIbHY MOoAeTs BU-cTBOpeHHs ma3mMu B
cTenapaTopax B iOHHOMY HIUKJIOTPOHHOMY 1 €IIEKTPOHHOMY ITMKJIOTPOHHOMY Jlialla30HaX 4acTOT, HOBY ITO3UTHBHO
BH3HauUeHy (opMmy piBHAHb MakcBemna JUIsl OJHIE] YacTOTH Ta JOCHTI/DKEHHS 3 BHCOKOYACTOTHOTO CTBOPEHHS
IUIa3MH.
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