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Abstract. This paper reports on the recent assessmeng ¢dthCyclotron Wall Conditioning (ICWC) technique
for isotopic ratio control, fuel removal and recovefter disruptions, which has been performed @RE
SUPRA, TEXTOR, ASDEX Upgrade and JET. ICWC discleargvere produced using the standard ICRF
heating antennas of each device, at different #ages and toroidal fields, either in continuoupolsed mode.
Intrinsic ICWC discharge inhomogeneities could laetly compensated by applying a small vertical nedign
field, resulting in the vertical extension of thisaharge in JET and TEXTOR. The conditioning efficdly was
assessed from the flux of desorbed and retaineciespemeasured by means of mass spectrometry. lianHe
ICWC discharges, fuel removal rates betweelf Tom?2s® to 3.1¢° D.m?s* were measured, with a linear
dependence on the coupled RF power and on theletesity. ICWC scenarios have been developed im B o
plasmas for isotopic exchange. The H (or D) ouiggswas found to increase with the D (resp. H) iphrt
pressure. In continuous mode, wall retention ishenaverage two to ten times higher than desorptioa to the
high reionization probability of desorbed speciesQWC discharges, where the electron density tarahd® m

® Retention can be minimized in pulsed ICWC disgbarwithout severely reducing outpumping. Pulsed He
ICWC discharges have been successfully used on TOIRERA to recover normal operation after disrugjon
when subsequent plasma initiation would not haenlgossible without conditioning.

1. Introduction

Wall conditioning is routinely used in fusion desscto control the surface state of the
vacuum vessel. It allows reducing plasma impuritéesl controlling particle recycling,
including wall pumping capability and hydrogen tgut ratio. In today’s facilities, direct
current glow discharge conditioning (GDC) in hydeagor helium is used in the absence of a
magnetic field. In ITER, the toroidal magnetic fiegenerated by superconducting magnets,
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will be continuously maintained and since GDC am¢ stable in the presence of high
magnetic fields, one can no longer rely on suckhdigges only, especially between plasma
pulses.

Several alternatives to GDC are currently underebiggment, with as most promising
candidate lon Cyclotron Wall Conditioning (ICWCded on discharges created in the lon
Cyclotron range of frequencies. ICWC was recentlglesl to "Functional Requirements" of
the ITER lon Cyclotron Resonance Frequency (ICRfSlesn and approved for integration
into the ITER baseline [1]. However, new efforte aeeded in order to characterize ICWC
discharges and optimize their conditioning efficignprior to their validation as conditioning
process and their application to ITER.

In this paper, recent experimental results on IC\Wiained on current tokamaks are
presented: TORE SUPRA (CFC), TEXTOR (fine-grainptite), ASDEX Upgrade (all W-
coated wall) and JET (CFC/Be). First the principle ICWC, the production of ICRF
discharges and their characterization, are predeiitee optimization and the assessment of
the efficiency of D (or H,) and He-ICWC discharges for isotopic exchange fastiremoval

is the object of a second part. The benefit of guilIKCWC discharges and its application to
recover from disruptions are discussed in a lagt pa

2. Principle of ICWC, operational parameters and dischar ge char acterization
2.1. Principle

The basic mechanisms of ICRF plasma productiorcéoditioning have been described in
[2]. As the RF power is applied to the antennapstrgas breakdown occurs at the vicinity of
the antenna where the oscillating RF electric fi®ldlong the magnetic field lines accelerates
single electrons to energies above the ionizatimashold at a frequenay. This phase is
considered as the most critical one with respetihécantenna RF voltage and loading due to
the fast transition from vacuum to plasma condgiomo avoid deleterious effects in the
antenna box, such as arcing, RF voltages/powerRihdrequency have to be reduced to
technically available minimal values which meet tbguirements for RF breakdown.

As the density increases and the electron plasasaéncyw,e becomes of the order of the RF
frequencyw, slow wave propagation occurs and the plasma $uifdin the whole torus. The
coupling of the RF power is non-resonant and thergynis dissipated mostly by collisions
[2]. While increasing the plasma density, fast veagtart to propagate and plasmas with
densities ranging from 1®and 18® m™ (i.e. 4 to 6 orders of magnitude higher than in DC
glow discharges) and temperatures 1< 0 eV can be produced in a “relay-race” regirhe o
slow and fast wave excitation [2]. lon cyclotromatieg then occurs in the torus at the major
radius R where the resonance frequency of ionsledoa wave frequency=qBr(R)/M, g
being the charge of the ion, M its mass anditi2 toroidal magnetic field. In that case, and
like in no other low temperature wall conditioniptasmas, fast neutrals, with temperatures
above 1 keV and energies up to 50 keV, are crdayecharge exchange (CX) between the
accelerated ions and the background neutral gas.

2.2. Operational parameters

In ITER, the toroidal magnetic field will be perneamly maintained either at 5.3 T (D:T
phase) or at 2.65 T (He/H phase). With RF frequenoif the ICRH generators ranging from
40 to 55 MHz, lon Cyclotron Resonance (ICR) layersD" ions at B = 5.3 T lie on ITER’s
magnetic axis ap= 0, i.e. above the divertor, and @t -0.6, respectively, witlp = r/a the
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normalized radius (-¥ p < 1). Such a scenario can only be simulated in JETéuterium,
with ITER-relevant f/B values of 7.0 — 10.5 MHz/T [3], [4] atyB= 3.3 T and f = 25 MHz,
with on-axisw= wep'. Similarly, ICR layers for the protons will lie #te same position in
ITER under half field conditions. Half field ICW@eanarios have been simulated in ASDEX
Upgrade (AUG), as well as in TORE SUPRA and TEXT&R/Br ~15 MHz/T for on axis
W= ey . Table 1 gives a summary of the ICWC dischargearpaters used in the four
tokamaks.

TABLE I: ICWC discharge parameters foreseen in IT&R used in the four tokamaks

Geometry PFC T (K) R(m) a(m) Br (T) f(MHz) Pgre(KW) gas p (Pa)
TERD)  pivertor B¥W 373 62 2 53 40-55 He, D
ITER (He H) Be/C/W 2.65 He, H
JET Divertor C(Be) 373 296 1.25 3.3 25 50-250 He, D03 - 102
AUG Divertor w 373 165 05 224 3036.5 10-250 ,He (1-8)-1C
TORE SUPRA  Limiter C 393 24 072 3.8(3.2) 48 25-25Ble, H 102- 10!
TEXTOR Limiter C 373 175 0.47 1.92(0.23-2.3) 29 15-60 He, H5.10°-5.10°

2.3. Characterization

ICWC discharges are known to be toroidally homoges€g5]. However, in the absence of
poloidal field, ICWC discharges are usually ragiabymmetric and concentrated at the low
field side (LFS) [6], with a large density gradienttowards high field side (HFS).
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FIG. 1. radial electron density profiles measured by
reflectometry in He-lCWC discharges in TORE SUPRA (p=2.107 Pa).

An illustration can be seen on FIG. 1, where thetsctron density profiles, measured by
reflectometry in pure Helium ICWC discharges on TEORUPRA (p=2.18 Pa), are given
from the LFS towards the axis. It can be seenhiyitest densities are measured at the LFS (r
= 3.13 m), where the antenna is located, with &alatbcay towards the axis (r = 2.38 m). A
lower density with a more pronounced decay is oleskat low RF power, RF plasma density
being proportional to the coupled RF power [6], [7]

Similarly, steep radial profiles of the electromjgerature were measured by means of ECE
radiometry at the LFS of JET and AUG. Since ICW§&ctarges are optically thin plasmas, an
absolute electron temperaturgctn not be derived from ECE signals. Qualitativafifes of

the radiative temperature,d measured on JET are given on FIG. 2, as a funcfidime, in a
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nearly pure B (5%He) ICWC discharge, at p=5.10Pa and Rr.coupled =80 kW. Radial
asymmetries are explained by ExB drifts [8], [9§ldyy the fact that fast magneto-sonic wave
(FW) is non-propagating in low density ICWC plasniE3].
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FIG. 2. ECE radiometry measurements in a D,-5%He |ICWC
in JET at p=5.10" Pa and Pge coupied =80 KW.

3. Optimization of ICWC discharge efficiency
3.1. Homogenization

The ICWC discharge uniformity can be improved bpesimposing an additional vertical
magnetic field to the toroidal field (B<< By). This allows, by tilting the field lines, to
elongate the ICWC discharge in vertical directiontap and bottom [11], [12]. A vertical
extension of the ICWC discharges towards the bottdiEXTOR in the presence of\,B
could be evidenced by means of Li beam spectrosiddjyin JET, the addition of a small,B
(30 mT) to the toroidal field B(3.3 T), has resulted in the extension of the IC&sma to
the divertor area, which could be confirmed by btik line integrated density profiles
measured on bottom horizontal and vertical cordb@tHFS of the JET interferometer and a
higher exhaust during discharge and post-discHad]e

3.2. Optimization of He-ICWC
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FIG. 3. Dependence of H removal rates and line integrated electron density (green squares, right

axis) on coupled RF power in 2slong TORE SUPRA He-ICWC discharges at 2.10° Pa.



5 FTP/P1-26

In He-ICWC discharges, D (or H) outpumping is stigirelated to the coupled RF power, as
shown on FIG. 3, where the H removal rate (blus,deft axis), measured on TORE SUPRA
by means of mass spectrometry, is plotted as aifumof the coupled RF power. Removal
rates are calculated over 2s active phase and Ssdmzharge. The increase of the removal
rate with the RF power to the plasma is consiskgttt the increase of both the electron (green
squares, right axis) and the Héensities with the RF power. This also indicatest in He-
ICWC discharges, wall desorption is driven by He bmmbardment.

3.3. Optimization of D, (or Hy)-ICWC

Efficiency of D, (resp. H) -ICWC discharge for isotopic exchange has alrda&bn reported
in [5] and more recently in [13], where a signifitanodification (from 4 to 50%) of the
isotopic ratio H/(H+D) was obtained after nearlfp8Me-H ICWC cumulated time on a wall
preloaded by BGDC. Fig. 4 shows the modification (from 1 to 20®6)the isotopic ratio
[H)/([H]+[D]), measured with a neutral particle dyzer, in three ohmic shots in the all-
tungsten ASDEX Upgrade tokamak, before (blue lma) after (red and green lines) nearly
60 sec. cumulated ICWC discharge time.
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FIG. 4 Isotopic ratio before (blue line) and after (red and green lines) 60 sec. cumulated time
He-H, ICWC discharge in ASDEX Upgrade (p=5.107 Pa , various power levels)

However, in continuous H(D,) ICWC discharges, retention is always measuretenighan

D (resp. H) exhaust [13]. Strong H pumping of AUdhdsten PFCs during a He-HCWC
discharge (p = 5.10Pa, Rr couplea= 130 KW) was also observed during this experini&hk
Almost all the hydrogen and an important fractidrtree Helium injected were found to be
lost at the walls during the ICWC discharge. Mvisrth mentioning here that He retention was
also observed in JET, and attributed to the preseh8eryllium [11].

In JET, the pressure and RF coupled power werestatjuto optimize the efficiency of,b
ICWC discharges for fuel removal by isotopic examnFIG. 5 shows the amount of out
pumped H atoms (open black squares) and the ouipgnip retention ratio (red dots, right
axis) as a function of the BCWC pressure for 150 <gPcoupled< 250 kW. The release of H
atoms was found to increase with thg @artial pressure in the discharge, in agreemetht wi
similar increase of D outpumping in,H-CWC on TORE SUPRA in a higher pressure range
(up to 8.1F Pa) [13]. The best conditions to maximize theordtétween outpumping and
retention (red dots on FIG. 5) without lowering tHerelease were found to be high power
(~250 kW) and low pressure (~2:1@a). With these parameters, the isotopic ratiddcba
changed from 20% to 50 % after 72 sec. cumulatetCW/C discharge time on JET walls
preloaded with #GDC [11]. The gas balance from gas chromatograpeig 1.6.16° H out
gassed, which is to be compared with the short tetemntion accessible by plasma operation:
2.10° D atoms [14].
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FIG. 5. H exhausted (open black squares, left axis), and outpumping to retention ratio (red dots, right
axis) as a function of the D, pressure for a series of JET discharges with Pge coupied > 150 KW.

4. Pulsed discharges
4.1. Influence of the pulse duration

Due to the relatively high density in ICWC plasn{agically 4 orders of magnitude larger
than in glow discharges), wall desorbed particeegeha high probability to undergo ionization
or dissociation and to be subsequently lost towviladls before being pumped out. Their
residence time in the discharge is much smallar thair characteristic pumping tinte [2]

and consequently one can write the out pumpedédtia function of the wall desorbed flux:

Qoutpumped= (1 - T) Qiesorbed With f the above mentioned probability=17%/(cs'+ <) ~1. Such

a high reionization probability can explain low guiimping efficiency and high particle
retention during the RF pulse [15]. Reionizationd&fsorbed species, and finally particle
retention, are only present when the RF power is on
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FIG. 6. D outpumping (black, right axis) and ratio of retained H over D outpumping
vs. pulse duration in TEXTOR H,-I CWC discharges (Pre generator~100 KW, p ~102 Pa)

Short ICWC discharge pulses, followed by a pumpiimge, have to be used to reduce
retention over a discharge and post-discharge .cyidethe post-discharge, only wall
desorption occurs with a characteristic time s¢afethe order of 1-10 s) depending on the
physical process. In order to optimize the fuel seat efficiency, the influence of the pulse
duration on the outpumping was studied on TORE SAVBRd TEXTOR in both KHICWC
and He-ICWC discharges. Results obtained on TEX&&Rshown on FIG. 6 for the removal
of D by H-ICWC discharge on walls saturated by a@DC. Clearly, the lowest ratios
between retention and outpumping (red dots, left)are obtained for the shortest the pulse
durations.
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The total amount of exhausted D with the dischamge, calculated over a complete cycle
(discharge and post-discharge), with a post-digghduration fixed to 30s, and given by the
black squares dots on FIG. 6 (right axis), is a@lsoreasing as the RF ON time decreases, but
two times slower than the retention to outpumpiatior Similar results were obtained on
TORE SUPRA [11].

4.2. Recovery from disruption using pulsed ICWC
Pulsed He-ICWC discharges (p = 4%1@a, Rrcoupled = 60 kW) have been successfully

applied on TORE SUPRA to recover normal operatifiar alisruptions, when subsequent
plasma initiation would not have been possible auticonditioning.
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FIG. 7. Total pressurein TORE SUPRA asa
function of time illustrating recovery from two disruptions.

Two disruptions were provoked on the outboard mlalblimiter during an ohmic shot at a
plasma currentf1,2 MA. The current decay rate in both disruptieras equal to 360 MA/s.
The total pressure in the vacuum chamber is show#G. 7. Following the first disruption,
the initiation of an ohmic plasma failed due to Mgturation resulting from the disruption.
At t=2480 min., a pulsed He-ICWC discharge (ON/GFEs/8s, 10 pulses) is used and allows
successful recovery to normal operation. A secd&/C discharge, following the second
disruption did allow ohmic plasma initiation. ThéHpartial pressure in the Torus during the
pulsed He-ICWC discharge was found comparable wlithse obtained during Taylor
Discharge Conditioning discharges (low current ahmulsed discharges) [16], which are
routinely used on TORE SUPRA to recover from difnns. The removal rates of HD
molecules were typically @ ~ 1-2.16° mol.m?s" at low RF power [13].

5. Conclusion

lon Cyclotron Wall Conditioning is a promising amti for in between pulses wall
conditioning in future superconducting devices siiER. ICWC discharges were studied on
JET, ASDEX Upgrade, TORE SUPRA and TEXTOR. Amoneas, reflectometry and ECE
radiometry were used to characterize these low igermsd temperature plasmas. The
observed radial and poloidal inhomogeneities cacdreected with the help of small radial
and/or vertical magnetic fields, resulting in atieal extension confirmed on TEXTOR and
JET.

In He-ICWC, fuel removal is driven by Helium ionbardment. Significant He retention is
reported in both AUG and JET, a known issue inlakter case.

The isotopic ratio H/(H+D) was changed from 1 td¥@2@fter nearly 60s He-HICWC
cumulated time in HICWC discharge in the all-tungsten tokamak ASDEXgthde, in
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agreement with results obtained on TORE SUPRA &1d D,-ICWC discharges efficiency
has been optimized in JET, with the double aim tximize outpumping and to minimize
retention caused by the reionization of wall desdriparticles. An amount of H atoms
equivalent to 10% of the short term retention cdagddemoved from JET walls.

Pulsed ICWC discharges allow to minimize retenttonoutpumping ratio in P (or H)
ICWC, without severely decreasing the isotope emghaefficiency. Such a very promising
operation mode may be used in the superconductikgntak ITER, and could allow
exchanging tritium by deuterium efficiently withowaturating walls. Pulsed He-ICWC
discharges were successfully applied in TORE SUR&RFAecover to normal operation after
disruptions.
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