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Abstract. This paper gives an overview of the experimeatad modeling activity on lon Cyclotron Wall
Conditioning (ICWC), with hydrogen as working g&s,order to assess the applicability of this teghei on
ITER for recovery from disruptions, vent or air keaiecycling control and mitigation of the tritiumventory
build-up. Experimental results obtained on TORE BAPTEXTOR, ASDEX-Upgrade, JET, KSTAR and LHD
are presented. The conditions for safely produéigplasmas with conventional ICRH antennas haven bee
carefully investigated. Discharge homogeneity hesnbimproved by adding a small poloidal componerthe
toroidal field. Proper choice of the duty cycle RR/off allows mitigating re-implantation of wall serbed
particles reionized in the ICWC discharge. A 0-Ddmloof ICWC plasmas in He and,Has been developed
which reproduces experimentally determined electi@msity, neutral and ion fluxes. The installatior2010/11
of the ITER like wall (ILW) in JET, allows now asseng the efficiency of ICWC for fuel removal oretiTER
material mix. Experimental observations in carbemicdes and modeling seem to indicate that ICW@ tikther
plasma-based conditioning techniques, interactdepaeatially with transient reservoirs rather tham do-
deposited layers. An attempt is made to extrapofetdound fuel removal rates to ITER.

1. Introduction

Wall conditioning techniques compatible with higlrmanent magnetic fields are mandatory
in ITER and future superconducting fusion devi@sce conventional DC-glow discharges
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can no longer be used in that case. However, iniggpand overnight wall conditioning will
be required for reliable discharge initiation, reexy from disruptions, recycling control and
may also contribute to the control of the tritiunventory in ITER by isotope exchange [1].
Encouraging results with lon Cyclotron Wall Conaliting (ICWC), have been obtained over
the past years on current Tokamaks using convaition Cyclotron Resonance Frequency
(ICRF) heating antennas. ICWC has now been intedgramto the ITER baseline as a
functional requirement of the ICRF heating syst@ijrf¢r the conditioning of the first wall.

This paper gives an overview of the experimental amodeling activity coordinated by the
International Tokamak Physics Activity (ITPA) Toplc Group on Scrape-Off-Layer &
Divertor, in order to consolidate this techniquel da assess its applicability to ITER. The
first part of this paper deals with specificatiamfdCWC for its application to ITER and the
operational domain for the simulation of ICWC saémat ITER full and half field in TORE
SUPRA, TEXTOR, ASDEX-Upgrade, JET, and KSTAR. Tladitions for safely producing
RF plasmas with conventional ICRH antennas areudssd in this part. Optimization of
ICWC discharges are discussed in a second parnyetisas ICWC discharge modeling.
Efficiency of D, or H,-ICWC for fuel removal, assessed on different PfgSpecially on JET-
ILW), as well as its ability to access co-depositagkers in the divertor and/or in gaps of
castellated structures, where most of the T-redani expected to occur, are discussed. An
extrapolation of the efficiency of ICWC to the ITERse is finally attempted.

2. Specifications of ICWC for its application to ITER and operational domain in
current tokamaks

2.1. Specifications of ICWC and operational parameters

In ITER, ICWC is foreseen for interpulse and ovghtiwall conditioning. This implies that
the toroidal field is either fixed at 2.65T (He:Hhgse) or 5.3 T (D:T phase). With RF
frequencies of the ICRH generators ranging frontod85 MHz, and thus f/Bvalues of 7.5 —
10.5 MHz/T, lon Cyclotron Resonance (ICR) layens® 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
normalized radius (-K p < 1). At Br=2.65 T, ICR layers for the protons lie at the same
positions at the same frequencies. Deuterium-ICV@€ration in an equivalent ITER full-
field scenario can only be simulated in the largastsent-day tokamak JET, with ITER-
relevant f/B value of 7.5 MHz/T [3], at B= 3.3 T and f = 25 MHz, with on-axig= txp+.
Similarly, ITER half-field ICWC scenarios have beamulated in ASDEX Upgrade (AUG),
as well as in TORE SUPRA, TEXTOR and KSTAR atfBL5 MHz/T with on-axis ICR
layers for the protons.

2.2. Conditions for safely producing RF plasmas

Mechanisms of ICRF plasma production for conditgnare well described in [4], [5]. ICWC
discharges are low density (betweerl®&hd 18 m®) and low temperature (1 <% 10 eV)
plasmas [3]. Special attention is paid here toitteal breakdown phase, considered as the
most critical one and for which ICWC operationatgraeters have to be carefully chosen in
order to avoid deleterious effects in the antenagm, lsuch as arcing. The oscillating RF
electric field g along the magnetic field lines is responsible das breakdown. Different
plasma formation zones are distinguished, from ahtenna box, where;Bs maximum,
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towards a more high-field side region where electemergy becomes smaller than the
ionisation threshold. In between, electrons ateeeitrapped in the electric field in front of the
antenna or expelled by effect of the Lorentz forgaining sufficient energy to initiate
ionization either in front of the antenna or anyvehelse in a toroidal belt inside the torus.
The radial decay length of;Ewhich depends on the antenna toroidal size anth@rcurrent
phasing between the antenna straps, is maximumdoopole phasing, which improves both
the breakdown time and the coupling efficiency. Thgher the operation frequency, the
higher the amplitude of the,Eheeded to ionize the gas and the higher the wltagbe
applied to the antenna straps. For a safe initiatkd ICWC discharges however, RF
voltages/power and RF frequency have to be redtaéechnically available minimal values
which allows RF breakdown, while avoiding spurigaidsma formation in the antenna box.
As pointed out in [5], the analytical descriptiohebectron motion in the oscillating;Hield
does not describe the observed pressure dependémtasma production nor of parasitic
breakdown in the antenna box [3]. It has been tgcgmoposed in [5] that breakdown
conditions in the antenna box are close those obB¥akdown at peét 0,5 Pa.cm. Next step
modeling efforts describing pressure, frequencytage dependences of the initial plasma
formation stage are currently ongoing.

3. Optimization and modelling and ICWC plasmas

3.1. Optimization of ICWC discharges

Radial and poloidal inhomogeneities can be cordebiethe addition of small radial and/or
vertical magnetic fields, as experimentally confidmon TEXTOR, KSTAR and JET. Hence
superimposing an additional vertical magnetic fiefdthe toroidal field (B << By) allowed
tilting the field lines, elongating the ICWC diseba in vertical direction to top and bottom
and extending the discharge to the divertor argaSignilarly, improved radial uniformity of
the discharge towards the high field side (HFS)ate achieved by application okB< Br.

On JET, the homogenization of the ICWC discharge wanfirmed by the line integrated
density profiles measured on bottom horizontal aerdical cords at the high field side of the
interferometer and by the total pressure, meashigiter during the discharge and the post-
discharge in the presence of the poloidal fieldjdating that the ICWC discharge interacts
with larger area [3].

Progressive wall saturation by, +Hor 3500
Do-ICWC has been observed, and ir
particular on the superconducting &
tokamaks TORE SUPRA [7] and & >
KSTAR [6], where discharges could be &€
operated continuously over long &
durations. In ICWC plasmas, with 0
density between f0and 10° m*, ie. _ |
typically 4 orders of magnitude larger g
than in glow discharges, the residenc: ¢ -
time of wall desorbed particles~ T; =

= [ne(kion + kdiss)]-l. where g, and kiiss % 0
are the ionization and dissociation

rates, respectively, is much shorter tha
its characteristic pumping tines [3].
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The out pumped flux can be written as a functiothefwall desorbed flux: §tpumped= (1 - f)
Quesorbed the probability f =17(ts* +1%) that a wall desorbed particle is ionized or
dissociated and subsequently lost the walls bebmi@g pumped out, being close to 1.
Reionization of desorbed species, and finally pirtietention, are only present when the RF
power is on and can therefore be mitigated by pgl#he ICWC plasma. The influence of the
pulse duration on the outpumping on TORE SUPRA BBATOR in H-ICWC discharges
clearly evidenced the possibility to reduce theorat retention over exhaust towards unity for
sufficiently short pulse durations vs. post-disgeatime (typically 1 sec./30 sec. resp.). FIG. 2
shows the measured,Find HD partial pressure during four ASDEX- UpgradielCWC
pulses of varying duration. Both hydrogen wall pumgpand deuterium release by the all-
tungsten wall increase first with the pulse lengtbove an optimal duration (250 ms under
these conditions), the deuterium release is redumedeionization and re-implantation,
whereas hydrogen wall pumping is still present.sPdil He-ICWC discharges have been
successfully applied on TORE SUPRA to recover noroperation after disruptions, when
subsequent plasma initiation would not have beesipte without conditioning [3].

3.2. ICWC discharge modeling

On current tokamaks, most of the diagnostics useaat adapted to the low density and low
temperature ICWC plasmas. A kinetic model, solvihg energy and particle balance
equations in 0-D, has been developed in order taimlinsight on ICRF plasma parameters,
particle fluxes to the walls and the main collibprocesses [8].

Based on an existing cod o X 10" 10?2
developed in [4], the present mod ® HCN,p=500“mbar
h b tended t hvd B HCN+, p=10~mbar
as been extended to hydroge . | .-oomosepmsactmoar |
molecules and helium species. g 1.5 - opmodel,p=10mpar =7~ 10
. . . . | |
includes elastic and inelasti 2 ! = |
collision  processes such &g | . I A ] =018
. . . . . . . | [
excitation, ionization, dissociation 2 | 1 2
recombination, charge exchange, % r : R ‘
I - Y~ S 4 74" ,,,,,, — L —e— =! -4
well as Coulomb and ion-neutre § %3 "™ 20 e
elastic collisions for the following ¢ o % : —% H,p=10“mbar
species: H, H Hy, H" , Hs" , He, 0 | | 10" 7 Hp=10"mbar
+ + - 0 50 100 0 50 100
He', HE" and €, as well as energ) p (kW) p (kW)
RF, coupled RF, coupled

confinement losses and RF powe:
coupled to charged species. FIG. 2. calculated and measured densities (left)l an

Calculated values of the density, wall fluxes (right) as a function of coupled povirera
neutral and ion fluxes are in very TEXTOR H-ICWC discharge (P(p) = 102 Pa and 5.

—2 — —
good agreement with those 10 Pa B=2.3TandE=0.04T).

determined  experimentally on

TORE SUPRA [9], and TEXTOR (FIG. 2 left): ¥810*° m?s* for H-atoms, and 16-10"
m2.s* for H"-ions. The model confirms that neutral hydrogemat@onstitute the dominating
particle wall flux, besides ions, even in He-ICW&}, [[10], evidencing that wall surfaces are
acting as major particle sources. In carbon deyittes chemically active H neutrals may be
responsible for the erosion of co-deposited layers.
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4. Efficiency of ICWC for fuel removal

4.1. Assessment of fuel removal efficiency on current kamaks

Significant isotopic exchange with,Hr D-ICWC discharge on TORE SUPRA (CFC),
ASDEX Upgrade (all-W), TEXTOR (graphite), and JEIJHC) has already been reported in
[3], [11]. In all devices, the efficiency of ICWCas assessed by measuring partial pressures,
either using absolutely calibrated quadrupole nsgextrometers (QMS) or optical penning
gauges (JET). In that case, particle balances wadoeilated including active phases (RF on)
and a few characteristic pumping times(no plasma). In JET, the exhausted gas was also
collected by the active gas handling system (AGH$)antified and analyzed for its
components by gas chromatography [12]. On carbochmes, H or D,-ICWC discharges
operation leads to retention always higher tharaegh(except for short pulse durations [3],
[11]), as well as on the all-W ASDEX Upgrade, wheeenoval efficiencies comparable to
those measured on JET-CFC were recently obtainedd®gration of two antennas in
monopole phasing. Hence, within 14,-KEWC discharges on ASDEX Upgrade with
cumulated discharge time of 51s, 7,31D particles were exhausted for a retention about
five times higher (3,5.F8 H).

The installation in 2010/11 of the ITER-Like WallLY{V) in JET, has allowed a recent
assessment of the efficiency of ICWC for fuel remdoon the ITER material mix. Scenarios
simulating ITER full-field B-ICWC identical to those used on JET-CFC were dpdrahus

allowing a comparison of the efficiency on carborn 8e/W. The noticeable difference was
the absence of cryo-pumping, for technical reasdugng the experiment on the JET-ILW.
Gas injection had therefore to be adjusted to apéirthe isotopic exchange efficiency of-D

ICWC discharges. FIG. 3 shows the isotof . |
ratio H/(H+D) as a function of the ICWC e

® JET-CFC

| |
. . % e T e Lo ,
cumulated discharge time measured by me 7 [ e JETLw
| I |
|
|
|

of mass spectrometry in the divertor pumpii 06 -----{------ e e o 1
ducts during post BICWC discharges on JE1 ool .. o~ .

CFC and ILW. In both cases, the walls we &
preloaded with H#GDC beforehand (2 and - §04° 777777 T ]
hours on JET-CFC and JET-ILW resp.). C 03~ ~~"77 """~ c A A
Be/W, the high isotopic ratio H/(H+D) drop o2 - ®¢ - - e -
from 40% to 5 % within first 60 s of | %00 10 ]
cumulated BRICWC discharge time, o ° "o“}o e
remaining approximately constant in tt % 20 40 60 80 100

cumulated discharge time (sec.)

subsequent ICWC pulses, indicating tha.
surfaces can not be depleted of H atoms afterFIG. 3. Isotopic ratio as measured by mean
this time. The isotopic ratio is measured of mass spectrometry in the divertor as a
higher with carbon PFCs, with a somewhat f'unct?on of the cumulated ICWC discharge
slower variaton (from 70% to 60%). UmeinJET-ILWandJET-CFC.

However, the absence of cryo-pumping during

the ILW experiment does not allow concluding on #feect of the PFC material on the
efficiency. Whereas D atoms are trapped on cryeligaim CFC experiments, their residence
time in the divertor ducts was much higher durihg tests on ILW, explaining lower
measured values of H/(H+D). On the other hand, lmEance results, obtained from gas
chromatography of the gas collected by the JET AGih8 summarized in Table 1, show that
comparable amounts of H atoms were removed BICWC discharges in both cases, and
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this despite the observed reduction by one ordenagnitude of the overall D retention after

the plasma-facing material change on JET [12].h# value is about 10% of short-term

retention reported in [13] for CFC, it is of thensaorder than dynamic retention at the end of
JET-ILW limiter discharges [14]. Whereas extra waitention was observed on carbon (D
retention was about 3 times higher than H remotad) latter was absent on the ILW, where a
one-to-one isotopic exchange could be obtaineds Tiiagreement with observations in

isotopic exchange experiments with GDC on the [L\]]

TABLE 1: Particle balance after JET-CFC and JET-IDMCWC

2009 - CFC 2012 - ILW

Duration 70 sec. 85 sec.
Recovered H-atoms 1,6 %0 2,9. 16
D retention (atoms)  4,8. 10 2.5. 16°

4.2. Ability to access co-deposited layers

The efficiency of ICWC is usually assessed from lgasnce, making it difficult to state on
the ability of the discharge to access co-depodagdrs in the divertor and/or in gaps of
castellated structures, where most of the T-redans expected to occur. On TEXTOR, pre-
characterized a-C:D layers on silicon wafers, waexzed parallel or perpendicular to the
magnetic field lines on a sample holder mounted ihe bottom limiter lock. They were then
exposed to 490 pulsesH#HCWC discharges (duty cycle: 0,5 sec. on, 20 e#fg.at a steady-
state toroidal magnetic field of 0,4T, and erogierdeposition was measured by means of ex-
situ ellipsometry [16]. Higher erosion rates (0,Mm.min’) were measured at surfaces
perpendicular to the magnetic field lines, thathase parallel to it (0,25 nm.mtj which of
the same order than those of continuoysGB®C on TEXTOR [16]. In LHD, thin stainless
steel samples were placed on a moveable holdeerefticing the ICWC plasma or
perpendicular to it, in a narrow gap mimicking e#lations. They were then exposed to He-
ICWC discharges only with a cumulated duration d@0@ seconds throughout the
experimental campaign. Formation of Helium bubblesasured by Transmission Electron
Microscope, and attributed to bombardment by chaxghange neutrals measured by Natural
Diamond Detector, was observed only on the sidmdadirectly the plasma, indicating that
shadowed surfaces not directly exposed to plasme ma accessed by He-ICWC [17].

A plasma wall interaction model has been develdi@i which describes macroscopically
the interaction of B HD and D species present in aHCWC discharge calculated with the
0-D model with typical transient and permanent wedlervoirs on TORE SUPRA [9], [10]. It
includes diffusion, trapping, particle induced apdntaneous detrapping and formation of co-
deposited layers. These layers, resulting fromctm®on erosion and its transport in remote
areas of the vacuum chamber as well as deep pbrbe CCFC, constitute an infinite and
permanent reservoir, in which atoms remain defipitetained, as it has been observed
experimentally on TORE SUPRA [10]. The transiesergoir consists of particles that can be
exchanged between the conditioning discharge aadcdinbon based walls. This accessible
reservoir contains a limited number of particlesphserved from the saturation of outgassing
after long discharges on TORE SUPRA [10]. The maglable to reproduce the experimental
partial pressure signals in a TORE SUPRAIEWC discharge, measured by means of mass
spectrometry, as shows in [9]. The model tendsidacate that H is permanently stored in the
permanent reservoir (no removal from co-deposiésers is included in the model) without
accessing the trapped deuterium there. Howeves, nttudel is not applicable to the ITER
case, where lower fuel content in co-depositedriaigeexpected than for carbon [12].
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4.3. Extrapolation to fuel removal in ITER

The estimated T-retention lies between 0,14 andyU,per 400 s long ITER D:T shots [1].
Moreover, about 20 minutes should be availableirfiter-pulse ICWC between two D:T
fusion plasmas pulses [18]. Table 2 summarizesnikasured efficiencies for,Hor D)
ICWC for fuel removal by isotopic exchange. Amourg@shoved are given in monolayers of D
(resp. H) atoms, one monolayer containing 2 19” atoms of the wall surfaces. Values from
TORE SUPRA, TEXTOR, ASDEX-Upgrade and also JET-CK€e obtained from shot-
based measurement of partial pressures, includieh &§me a few characteristic pumping
times. In particular, particle balance calculatidran gas chromatography and from mass
spectrometry were found in agreement on JET-CFJ13].

TABLE 2: Assessed efficiencies of ICWC on curraakamaks

Tokamak PFC  Cumul. RF time Pulse length Removed amount

JET-CFC CFC 72s 9s 5 monolayers
JET-ILW Be/W 90s 4-8s 10 monolayers
TORE SUPRA  Carbon 18 min. ~ 1 min. 2.5 monolayers
TEXTOR Carbon 3 min. 6—8s 9 monolayers
ASDEX Upgrade w 50s 0.05-10s 12 monolayers

Hence fuel removal efficiency in ITER can be extdaped considering the given ICWC
discharge durations and subsequent pumping timeadh machine. For instance, considering
a ~3 sec. discharge on AUG followed by a pumpingetiof 3ts, one can estimate that 40
mgT are removed on ITER using an “AUG-like” conadiiting cycle (RF on/RF off). Given
the characteristic pumping time in ITERs(rer = 40 sec.), about ten 3 sec. long ICWC
discharges, each followed by 120 sec. post-disehengld be performed and remove 0,4 gT
between plasma shots. Due to the absence of ciypipg, characteristic pumping times
during experiments on JET-ILW were much longer tanJET-CFC. Direct extrapolation
from JET-ILW is therefore difficult since the totaimount of atoms removed was integrated
over the whole experimental session of a few hoduration, whereas the cumulated ICWC
discharge duration was only 90 sec. The assessofeit€tWC on JET-ILW should be
therefore completed with further experiments usigl cryo-pumps. Finally, one should
reasonably expect that the fuel removal efficiemdly decrease with the ICWC operation
time, as known in GDC. This can be seen on thalrdecrease of the wall isotopic ratio with
the operation time shown in FIG. 3. Therefore,th# quantities given above allow only
extrapolating upper limits of fuel removal ratedT&R.

5. Conclusion

Research on lon Cyclotron Wall Conditioning (ICWi€)the object of effort coordinated by
ITPA Scrape-Off-Layer & Divertor Topical Group tmmsolidate this technique for fuel
removal for recovery from disruptions, vent orlagk, recycling control and mitigation of the
tritium inventory build-up in ITER. Progress hasehenade on obtaining a clearer picture of
the conditions for safely using conventional ICRiemnas. Still, the observed dependence on
pressure of parasitic plasmas initiation in theeana box has to be better understood and is
currently investigated. ICWC scenarios for ITER fhahd full field operation are now
simulated and optimized on TORE SUPRA, KSTAR, JEEXTOR and ASDEX Upgrade.
Besides comprehensive information on ICWC dischar§eD modeling confirms that neutral
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H atoms are the dominating particle wall flux. Thigh retention fraction of the wall desorbed
flux in ICWC discharges can be mitigated using aprapriated duty cycle. The latter
depends ion the discharges parameters (pressungoWét) and on the type of PFCs. Hence,
results from JET-ILW show that Beryllium seems tmit retention in ICWC discharges,
favoring outgassing in the post-discharge, as tedomn [14]. Experimental results from
TEXTOR and LHD, as well as modeling, illustratetttiee interaction of ICWC plasmas with
carbon co-deposited layers, where most of the rfetgntion is expected to occur, is less
strong than the interaction with typical transi@rdl-particle reservoirs. The model, based on
empirical description of hydrogen plasma wall iatgion in carbon machines, is however not
applicable to the ITER material mix, where fuel m in Be co-deposited layers is expected
lower. Extrapolation of the removal efficiencies BER yields encouraging results, T-
removal rates by ICWC being of the same order thase of the expected retention.
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