DEVELOPMENT OF ITER RELEVANT ICRF WALL CONDITIONING
TECHNIQUE ON EUROPEAN TOKAMAKS

A.Lyssoivan', R.Koch', D.Van Eester', M.Vervier', R. Weynants H.G.Esser’, VPhtltpps f
E. Gauthtef D.A.Hartmann®, J.-M. Noterdaeme“ V.Bobkov*, F.Braun’, I. Monakho°,
A.Walden®, TEXTOR Team, TORE SUPRA Team, ASDEX Upgrade Team and
JET EFDA Contributors

' LPP-ERM/KMS, Association EURATOM-BELGIAN STATE, 1000 Brussels, Belgium';
? Institut for Plasmaphysik FZ Jovlich, EURATOM Association, D-52425 Jvlich, Germany;

3 Association EURATOM-CEA, DSM-DRFC, CEA Cadarache, 13108 St Paul lez Durance, France
‘ Max-Planck Institut for Plasmaphysik, EURATOM Association, D-85748 Garching, Germany;
’ Gent University, EESA Department, B-9000 Gent, Belgium;

% Association EURATOM-UKAEA, Culham Science Centre, Abingdon 0X14 3DB, UK

In future reactor-scale superconducting fusion devices such as ITER, the presence of a permanent high magnetic field will
prevent the use of conventional Glow Discharge Conditioning in between shots. Therefore, only discharges fully compatible
with the presence of high magnetic field can be used for the conditioning procedure. ICRF discharge has a high potential to
solve this problem. The paper presents a review of the new ICRF wall conditioning technique developed on limiter tokamaks
TEXTOR and TORE SUPRA and the results of the first tests on the divertor tokamaks ASDEX Upgrade and JET.

PACS: 52.25.Jm, 52.35.Hr, 52.40.Fd, 52.40.Hf, 52.50.Qt

1. INTRODUCTION

First wall conditioning is considered as an indispensable
tool to control particle recycling and to reduce plasma
impurities and tritium inventory in the plasma facing
components of future superconducting fusion reactors like
ITER. The presence of permanent high magnetic field in
such machines will prevent the use of conventional Glow
Discharge Conditioning (G-DC) in between shots due to
short-circuit occurring between anode and cathode along the
magnetic field lines. Therefore, only discharges fully
compatible with the presence of high magnetic field can be
used for the conditioning procedure. Discharge conditioning
with waves in the Ion Cyclotron Range of Frequencies
(ICRF-DC) is considered as a promising candidate for
solving the mentioned problems. Originally developed for
routine use in stellarators for the target plasma production (
wW<w,) [1] and wall conditioning (W >> ;) [2], ICRF-
DC in the frequency range @ > &,; was successfully tested
later on the limiter tokamaks (without divertor) TEXTOR [3-
5], TORE SUPRA [6-8] and HT-7 [9]. The present
generation of ICRF antennas with poloidal RF current were
used in those experiments without any modifications in
hardware. The encouraging efficiency of wall conditioning
achieved with ICRF-DC on circular tokamaks stimulated
next steps in the development of the ITER relevant ICRF
wall conditioning technique. The first ICRF-DC experiments
in large-size non-circular divertor tokamaks have been
performed on ASDEX Upgrade (AUG) and JET [10]. In this
paper, a review of the ICRF-DC studies on the present-day
European tokamaks is presented and a perspective on the
application of the new technique in ITER is discussed.

2. PRINCIPLES OF ICRF PLASMA

PRODUCTION BY POLOIDAL ANTENNA

The initiation of ICRF discharge in a toroidal
magnetic field Br results from the absorption _of RF
energy mainly by electrons [11,12]. The RF E, -field
(parallel to the Br-field) is thought to be responsible for
this process. However, in the ICRF band for the present-
day fusion devices (~10—100 MHz), for most of the
antenna K -spectrum, the RF waves cannot propagate in
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the vacuum vessel: k7 =w’/c* —k>< 0, where Kg is
the perpendicular wave-vector, W=27F, f is the RF
generator frequency. Hence, the neutral gas breakdown
and initial ionization may only occur locally at the
antenna-near E, -field (evanescent in vacuum). In the
general case of a poloidal loop-type ICRF antenna with a
tilted Faraday shield (FS), the RF E, -field in vacuum can
be induced electrostatically and inductively [4]. The
electrostatic mechanism results from the RF potential
difference between the central conductor and the side
parts of the antenna box (side protection RF limiters):

EZies(r)N(URF/lzl)exp( K1), (1)
where U RF is the maximum RF Voltage on the current
strap, l,; is the gap between the current strap and the
antenna box, kK, = 27T/ l,1, r is the radial distance away
from the antenna strap. The inductive mechanism results
from the RF voltage induced between the FS rods by the
time-varying magnetic flux:

E__, (r)~(Ull,N)sin(f+y)exp(—x_,r) .

@)
Here N is the number of FS slots, /g is the width of FS slots,
l., is the FS width, x., =27/I., . 1t is clear seen from
Eq.(2), that both tilted FS (angle B ) and vertical ripples of the
Bir-field (angle V') can contribute to the generation of this
component of RF field in the antenna vicinity. Such a
simplified analytical description of the antenna-near E -field
in vacuum was found in a good agreement with numerical
simulations done for the real antenna configurations using the
3D electromagnetic codes [4].

An analysis of the parallel equation of motion for
electrons in terms of the Mathieu equation [11] revealed
that electrons perform complex motions: linear fast
oscillations under the action of the Lorentz force and non-
linear slow motions under the action of the RF
ponderomotive force. Energy can be transferred to the
electrons only through random collisions with gas
molecules, atoms or ions. If the oscillation energy of
electrons exceeds the ionization potential for molecules
m, v 2 = ¢, , the gas ionization can proceed. However, if
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the ponderomotive force expels electrons out of the
antenna region on a time-scale of the order of the RF
period, the ionization process is hampered. This will
happen when the stability parameter for the Mathieu
equation £ =eFE, mea)sz meets the condition for
unstable  solutions: e=1/4-2¢° [I1].  Here
L, =2F, / (dE, /dz) is the parallel length scale of the
ponderomotive potential.

Thus, the neutral gas breakdown and initial ionization
will be efficient when electrons will be trapped in the
antenna RF potential wells for many periods and the
amplitude of the antenna electric field will meet the
boundary condition:

(w/e)2m )" < E.(r) <0.2m,w*L /e . (3)

After the first (gas local breakdown) phase of the RF
discharge, as @, becomes of the order of w (it occurs at a
very low density ~10'2=10" m™ in the frequency range 10
—100 MHz), plasma waves can start propagating in a
relay-race regime governed by the antenna K.-spectrum,
causing further space ionization of the neutral gas and
plasma build-up in the torus (plasma phase). Because of
the very low plasma temperature during the ionization
phase (Te~3-5 eV [6,10,12]), the RF power is expected to
be dissipated mostly collisionally either directly or
through conversion to ion Bernstein waves (IBW) if
w>w,; or by conversion at the Alfviin resonance if
W<, . Such a non-resonant coupling allows RF plasma
production at any Br.

3. EXPERIMENTAL SET-UP

The ICRF-DC experiments on reviewed tokamaks
have been performed using the standard ICRF systems
and under the following conditions:

- On TEXTOR (plasma major radius Ro=1.75 m,
minor radius ¢=0.46 m): 1 to 2 ICRF antennas (each
consists of two poloidal current straps either solid or
made of three parallel tubes) powered with Prean =50—
250 kW, f=32.5 MHz, pulse length 7zs=0.2-1.0 s and
zero- or TEphasing have been tested. ICRF discharges
have been performed in pure toroidal magnetic field
Br=0.5-2.5 T in helium, deuterium and oxygen in the
pressure range p=1.0x107 Pa —1.5x10" Pa.

- On TORE SUPRA (R=2.38 m, a=0.83 m): one
double strap ICRF antenna was used in the following
regime: Prpan=50—100 kW, f=47.9 MHz, 17;f<30.0 s,
zero-phasing, no changes in hardware. The ICRF-DC
experiments were performed in He or D, (p=0.02—0.1 Pa)
in a magnetic configuration with pure B1=2.43-3.85 T
and/or with additionally applied vertical magnetic field By
<0.1T.

- On AUG (R¢=1.65 m, horizontal a4=0.5 m and
vertical a,=0.8 m minor radii): 1 to 4 double strap ICRF
antennas were used with Prpan=3—120 kW, £1=30.0 MHz,
£=36.5 MHz, rephasing. The ICRF system operated
without any modifications in hardware. Multi-pulse (6x
300 ms) or long pulse (up to 4 s) ICRF discharges were
performed in a magnetic configuration: Br=1-2 T, By<0.1
T in He or in a gas mixture (He+<30%£H-) in the pressure
range p=(1-8)x107? Pa.

- On JET (R=2.96 m, ay=1.25 m, a,=2.10 m): one
ICRF antenna (array C with four poloidal current straps)
was used with Prp.ot =130-245 kW, /=34 MHz, 7Fphasing
and Tre=0.5—4 s. Some modifications in the RF generator
control system were done to manage operation in the RF
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plasma generation regime. Similar to the AUG case, ICRF
discharges were generated in He and in a gas mixture
(Het+~20%H>) in the pressure range p.~=(1-8)x10° Pa
and at Br=1.85-2.45 T.
4. ICRF-DC CHARACTERIZATION
4.1. NEUTRAL GAS BREAKDOWN

To avoid deleterious effects of the neutral gas
breakdown and arcing inside the antenna box, the
frequency of RF generators and the RF voltage/power at
antenna straps were reduced to technically available
minimal values still meeting the requirements (3) for
ICRF breakdown outside of the antenna box. As a result
of the precautionary measures, reliable RF breakdown of
the neutral gas and discharge initiation (wW~4Wne:=u)
were possible in the machines over the whole parameter
range covered (see Section 3). Figure 1 shows the
transition from the RF breakdown phase to the ICRF
discharge phase in JET. Here <Prpsstap> and <Vrpssgap™ are
the RF power and the RF voltage in antenna vacuum
transmission line, both averaged over four radiating
straps. It is clearly seen that the gas breakdown occurs
after some delay and shows up in a drop in the antenna
RF voltage and in a burst in the H, emission (measured
far away from the antenna port).
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Fig.1. The transition from the neutral gas breakdown
phase to the ICRF discharge phase in JET, after [10]

From the point of view of ICRF system operation, such a
correlation is the sign of RF discharge initiation outside of
the antenna box and subsequent plasma propagation along
the magnetic field lines.

The pressure dependence of the neutral gas
breakdown time (associated with the RF voltage drop and
the occurrence of the initial peak in the H, emission) is
plotted in Fig.2 for RF discharges with similar RF power
per strap (30-50 kW) and frequency (~30 MHz). A
tendency towards an increase in breakdown time at low
pressure is clearly seen. This results from the reduced
collisionality and probability for an ionization event. At
pressures higher than that shown in Fig.2 we expect a
delay in breakdown to increase again due to increased
collisionality and reduction in the electron kinetic energy.
Therefore, a pressure range of pu.~(2—6)x102 Pa appears
as an optimal “pressure window” for ICRF discharge
initiation at /~30 MHz.

Data from three tokamaks (TEXTOR, AUG and JET)
were found in a good agreement, which might be an
indication that the antenna RF voltage (the antenna-near
E, electric field) plays a fundamental role in the neutral
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gas ICRF breakdown and that the breakdown time is

independent on the machine size.
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Fig.2. Pressure dependence of the RF breakdown time
derived from the H, emission analysis (Prrin. sirap=30-50
kW, =30 MHz, w=4W.n+=2Wp=0.r), after [10]

4.2. RF PLASMA CHARACTERISTICS
To find the range in Br where the ICRF-DC initiation
would be possible and reliable, the first set of discharges
in TEXTOR were performed in a multi-pulse regime,
while Br was ramped down in time (Fig.3).
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Fig.3. One of the first ICRF-DC experiments in TEXTOR:
antennas A1l and A2 in TEphase, fi=f>=32.5 MHz,
Prra1=250 kVV, Prex=170 kVV, helium £as, pue = ]5X]01
Pa

Both TEXTOR ICRF antennas were excited
simultaneously (Al and A2 in =z-phasing). Helium
plasmas with central line averaged density 7.9 =(1.2—1.7)
x10'"® m? were easily produced in a wide range of
Br=0.36-2.24 T, starting with ~50 kW of RF generator
power. At low Br, the (line-averaged) density profile,
deduced from signals of the 9-channel HCN-
interferometer, was asymmetric with a large density
gradient at the machine low field side (LFS). At high Br,
the density profile was broadly peaked mainly in the
centre. A similar variation of the plasma profile was
observed on TORE SUPRA [8]. The exterior line-
integrated H, emission measured in different sections of
the torus vessel indicated that the distribution of ICRF
plasmas in the toroidal direction was uniform. The
electron temperature (deduced from spectroscopic and
electric probe measurements) was in the range 10-20 eV,
increasing in the low gas pressure case [4].

The antenna-plasma coupling efficiency was
determined as a fraction of generator power radiated into
the plasma [4]:

n= PRF—pl /PRF—tat = (Rant—tot - Rant—vac )/Rant—tot . (4)
For the AUG antennas, the factor /7 was found between 50%
(high B=2 T) and 75% (low Br=1 T). This result was in
agreement with the TEXTOR and TORE SUPRA data base
[4,8] and in line with the fast wave (FW) propagation
properties [8]. Unexpectedly low antenna coupling
efficiency at JET (less than 25% according to a preliminary
estimate) resulted in the antenna operation at RF voltages
close to the upper limit and sporadic tripping occurred. This
will be the subject of further investigations.

The CCD cameras are widely used to monitor the RF
discharges in toroidal and poloidal directions. The CCD
views from the non-circular tokamaks AUG and JET
indicated that pure helium ICRF plasmas were toroidally
uniform (like on circular machines) but poloidally located
mostly at the LFS (ICRF antennas side) as shown on
Figs.4a,5. The ECE radiation temperature data confirmed
that RF plasmas extended radially in front of the AUG
ICRF antennas by 15 cm only.
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Fig 4. The CCD toroidal view of two AUG ICRF
discharges #19476 in He (a) and #19480 in a gas mixture
of H/He~30% (b) under the similar other conditions: Pgr
=50 kW, =30.0 MHz, B1=2.4 T, p=4x10~ Pa

To improve the RF plasma homogeneity, which is
necessary for efficient wall conditioning, several recipes
have been tested on the divertor machines. The poloidal
extent of the He plasmas on AUG could be increased by
superposing an additional vertical magnetic field on Br
(Bv << Br). On both, JET and AUG, the plasma extended
radially over the vessel center towards the HFS when a
gas mixture of helium and hydrogen (up to 30%) was
injected (Figs.4b,5).
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Fig.5. The line-averaged plasma density profiles for two
JET ICRF discharges #61624 in He and #61626 in a gas
mixture of Hy/He~20% under the similar other
conditions: Prr=230 kW, =34 MHz, Br=2.45 T
The recent AUG experiments demonstrated that in the
gas mixture case the plasma radial extension was



proportional to the H, concentration and puff duration.
Variation of the toroidal magnetic field and the frequency
of RF generator revealed that better homogeneity of the
ICRF-DC might be achieved in (H+He)-plasmas when the
ICR layer w=wwn and the nearby FW-IBW mode
conversion were shifted to the LFS. This effect has been
predicted from the electron energy deposition profiles
calculated with the 1D RF model of Ref. [13] for helium
RF plasmas with variable H concentrations.

Analysis of the core atomic spectroscopy data showed
appearance of the Hy, Dy and Hel (neutral) lines during
the JET ICRF discharges. The impurity analysis of the
VUV spectroscopy data indicated that the main impurity
observed in JET ICRF discharges was Hel. Assuming an
equilibrium (coronal) ionization balance, 7. can be
approximately derived from the ionization stages
observed. This evaluation resulted in 7. ~2—5 eV for shots

at the gas pressure po=(2—6)x10° Pa. There was no

evidence in the VUV spectrum of lines or bands of lines
that could be due to metals [10].

Analysis of the line-integrated density on both divertor
machines (Inedl < 710" m?) showed that the RF plasma

density was proportional to the injected RF power (a sign of
weakly ionized plasma) and increased with the torus
pressure. The ionization degree roughly estimated from the
averaged density/pressure measurements was found to be

rather low, n./(n.tng) <0.1.

All ICRF-DC experiments performed until now reported
on the generation of high-energetic fluxes of H (with
energies up to 60 keV) and of D atoms (up to 25 keV),
which were detected by a neutral particle analyzer (NPA)
[4,6-10]. Figure 6 shows typical H and D atoms spectra
observed in two similar AUG ICRF discharges performed in
different magnetic fields. The NPA viewing line passed
roughly through plasma center and was oriented along the
torus major radius in horizontal plane and vertically with 13
degrees upwards with respect to the horizontal plane.
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Fig.6. Hydrogen (dashed) and Deuterium (solid) atom
spectra observed with NPA in the similar AUG ICRF
discharges (Prr =370 kW, pu.=4.0x107 Pa) at:
(a) Br=2.0 T and (b) Br=1.0 T
At Br=2.0 T (on-axis resonances w=wn=2p), H and D
atoms spectra have the same shape up to 14 keV (Fig.6a) with
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the similar averaged energy Epy = Epp =3.0 keV. On the
contrary, for Br=1.0 T (twice higher on-axis cyclotron
harmonic resonances w=2wu=4yp) clear evidence of tail
formation in distribution functions of A and D atoms was
observed (Fig.6b) with higher averaged energy for hydrogen (

Eqy=5.0keV, Eqp =2.5 keV). This fact may be understood

in terms of RF quasilinear diffusion: cyclotron harmonic
heating tends to accelerate more the faster particles with tail
formation at higher energy than fundamental heating [14].
More pronounced formation of the suprathermal tail at the
fundamental resonance w=cw was observed only in a low-
pressure range p~3%10~ Pa [7].
4.3. ICRF WALL CONDITIONING

The discharge conditioning is attributed to the
removal of adsorbed gas species from the wall so that
they may then be pumped out of the system. The adsorbed
atoms may be removed by electronic excitation, chemical
interaction and momentum/energy transfer [15]. For the
latter mechanism, the rate of desorption increases with the
impact energy of the ions and their masses [16]. ICRF
discharges generate high-energetic fluxes of ions and
neutrals due to presence of cyclotron mechanism (Fig.6)
and may be considered promising for wall conditioning.

The wall conditioning effect could clearly be seen by
an increase in the partial pressure of gases with different
masses. The mass spectra of the residual gas recorded
before and after the JET ICRF conditioning shot (#61631)
were quite different indicating both, gas-into-vessel
injection and wall conditioning effect (Fig.7).
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Fig.7. Mass-spectrum of the residual gas in the JET
vessel before (a) and after (b) the ICRF conditioning shot
#61631 (constant Prr.gen=230 kW, decaying Br= 2.45—
1.85 T and p.(~(7-1) X107 Pa), after [10]

More systematic studies of the wall conditioning efficiency
were performed on limiter tokamaks TEXTOR [3-5] and
TORE SUPRA [6,7]. The effect of wall conditioning is clearly
seen on Fig.8. Here, the integral of the hydrogen pressure that
represents the amount of the desorbed gas coming from the
wall after the five successive TEXTOR ICRF-DC pulses is
shown. The total amount of the desorbed hydrogen was of the
order of ~6.4x10® H-atoms which corresponds to ~1
monolayer of the whole inner wall area [3]. Later, the ICRF-
DC efficiency in helium was compared with that of G-DC on
TORE SUPRA [6] and of ECRF-DC on TEXTOR [5]. The



hydrogen removal rate in the ICRF-DC (=4 tie:=0) was
found to be about 10 times higher than in the typical G-DC
and about 20 times higher than in the ECRF-DC (w=2w..)
produced by a focused microwave beam. Both the better
homogeneity of the ICRF discharge and the generation of
energetic neutrals bombarding the wall could contribute in the
achieved results.
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Fig.8. Successive decrease of the amount of H, desorbed
from a H preloaded first wall due to ICRF wall
conditioning in He, after [3]

CONCLUSIONS

ICRF discharges with improved homogeneity and high

conditioning efficiency were demonstrated in a wide range of
machine parameters using the present-day ICRF antennas.
Scaling of the ICRF-DC with the machine size was
successfully tested on European limiter and divertor tokamaks
including the largest one — JET. Extrapolation of the ICRF-DC
parameters achieved at a low power-per-density case [7] (Pre=
100 kW, p=2.0x10? Pa) to the ITER size (Ri=6.2 m, @=2.0
m, a,=3.72 m), assuming the worst case of linear dependence
of the plasma confinement time on size [4], will give us an
upper estimate of the order of ~1.5-3.0 MW for the RF power
delivered to the launcher system (24 strap antenna array) at
f=40.0 MHz and B:+<3.5 T (w>ww) or Br>4.0 T (w<ww).
The present analysis shows a high potential of the ICRF
discharges for wall conditioning in the fusion devises.
However, more systematic studies on divertor tokamaks are
necessary to optimize the ICRF discharge and quantify more
the conditioning effect.
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PA3PABOTKA METOJIOB IOJAIOTOBKH BAKYYMHOM CTEHKHM UTEP’a C IOMOIIBIO BU B
OBJIACTH UIIP YACTOT HA EBPOIIEMCKUX TOKAMAKAX

A.Jlvicousan, P.Kou, /. Ban Icmep, M. Bepevep, P.Benunanmc, X.I. Eccep, B.@unnunc, E. I'omve, /].A.Xapmmann,
K.-M. Hompoam, B. booxoe, @.bpayn, U.Monaxoe, A.Banvoen

B Oymymmx TepMosiiepHBIX YCTAaHOBKaX C CBEPXIPOBOAIIMMHM MarHUTHBIMU cucreMamu Maciurtaba MTEPa mpucyrcreue
TIOCTOSIHHOTO CHJIBHOTO MAarHWTHOTO MOJsT OyZeT MpelsTCTBOBATh HCIONB30BAHMIO OOBIMHBIX TICIONIMX PaspsmoB s
TOATOTOBKH BaKyyMHBIX CTEHOK MEXIy pazpsaamu. I1oaToMy TobKo pa3psasl, paboTaromye MpH CHIIEHOM MarHUTHOM TOJie,
MOTYT OBITh UCIIONB30BaHbl il 9TuX neied. BU paspsasl B obnactu wactor MLIP obnamaror GoibIIMM MOTEHIMAIOM IS
peteHns ol pobeMsl. B Hactosmieit padote npeacTasineH 0630p HOBRIX BU MIIP TeXHHK MOATOTOBKH CTEHOK , Pa3BUTBIX
Ha Tokamakax ¢ ymMutrepoM TEXTOR um TORE SUPRA u pe3ysibTaThl IEpBbIX HCIBITAHWI HA TOKAMakax C IMBEPTOPOM
ASDEX UPGRADE u JET.

PO3POBKA METOJIB IIJITOTOBKA BAKYYMHO{ CTIHKH UTEP'a 3A TOIIOMOI'OIO B4 B
OBJIACTI 1P YACTOT HA €BPOIIEMCBKHNX TOKAMAKAX
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K.-M. Hompoam, B. bookos, @.bpayn, H.Yenuis, A.Banvoen



Y MaiiOyTHIX TEpMOSICPHHX YCTAHOBKAX 31 HA/IPOBIIHAMHU MarHiTHUMH cuctemamu Mmaciitaby WTEPa npucytHicTs
TIOCTIHHOTO CHJIBHOTO MarHiTHOTO TI0JIs OyJie MEepelKo/pKaTi BUKOPUCTAHHIO 3BUYaHHKMX TIIFOYHMX PO3PSIIB UL HiATOTOBKU
BaKyyMHHX CTiHOK MDK po3psgamMu. TOMy TiUTBKA pO3pSIH, IO TPAIFOIOTH MPH CHIFHOMY MarHiTHOMY ITOJi, MOXYTh OyTH
BUKOpHUCTaHI /U151 X 1ieit. BU pospsiam B obsacti yactor I[P MaroTh BeNMKHI MOTEHIAN IS pillieHHs 1€l mpoonemu. Y
JaHii po6oTi npencrasnenuii orysiy Hopux BY I[P TexHIK MiATOTOBKY CTIHOK, PO3BHTHX Ha TOKamakax 3 jJimitepoM TEXTOR i
TORE SUPRA i pe3ynbTaTy nepiimx icrmriB Ha Tokamakax 3 qusepropoM ASDEX UPGRADE i JET.
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