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Wall conditioning techniques applicable in the presence of permanent toroidal magnetic
field will be required.for the operation of ITER, in particular for recovery from disruptions,
vent and air leak, isotopic ratio control, recycling control and mitigation of the tritium
inventory build-up. Ion Cyclotron Wall Conditioning (ICWC) is one of the most promising
options and has been the subject of considerable recent study on current tokamaks. This paper
reports on the findings of such studies performed on European tokamaks, covering a range of
plasma-facing materials: TORE SUPRA, TEXTOR, ASDEX Upgrade and JET.
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Introduction

In ITER and future fusion devices, the magnetic field, generated by superconducting
coils, will be continuously maintained. In the presence of such a magnetic field, conventional
DC-glow discharges are unstable and can therefore no longer be used between ohmic plasma
pulses. During the non-active He or H phase of ITER, with divertor targets made of carbon-
fibre composite (CFC), interpulse wall conditioning will be required for reliable discharge
initiation or recovery after disruptions. In the D:T phase, wall conditioning may also
contribute to the control of the tritium inventory in ITER, of which the build-up is a major
issue [1]. The Ion Cyclotron Wall Conditioning (ICWC) technique based on Radio-
Frequency (RF) discharges is fully compatible with the presence of the magnetic field. The
encouraging results obtained in current tokamaks using conventional Ion Cyclotron
Resonance Frequency (ICRF) heating antennas [2-4], were recently acknowledged by the
integration of ICWC into the ITER baseline using the ITER ICRF heating system [5]. Results
obtained on EAST with dedicated RF antennas are also reinforcing ICWC [6]. However, new
investigations are needed prior to its validation and its application to ITER, in particular for
fuel removal, recovery after disruptions and isotopic ratio control.

This paper reviews the results of recent ICWC experiments performed on current
tokamaks; covering a range of plasma-facing materials: TORE SUPRA (CFC), TEXTOR
(fine-grain graphite), ASDEX-Upgrade (all W-coated wall) and JET (CFC/Be). The
relevance of ICWC, specifications for its application to ITER and the operational domain on
current tokamaks are introduced in the first part. The optimization of ICWC discharges is the
subject of the second part. The third part reports on the assessment of the efficiency of D, (or
H;) and He-ICWC discharges for isotopic exchange and fuel removal. The benefit of pulsed

ICWC discharges is treated in this part. The last part is devoted to the discussions of the
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experimental observations. In particular the He retention in metallic plasma-facing
components (PFC) and the role of the different species in wall conditioning are discussed.

The operation of ICWC and its efficiency for fuel removal are finally extrapolated to ITER.

1.ICWC experiments on the four tokamaks and ICWC discharge characterization

a. Principle and relevance of ICWC for wall conditioning

The principle of ICWC discharge production, in the presence of the toroidal magnetic
field, has been described elsewhere (see e.g. [7]). The coupling of the RF power to the ICWC
discharge is non-resonant and mainly results from the absorption of the RF energy by the
electrons. Plasmas with densities ranging from 10'® and 10" m™ (i.e. 4 to 6 orders of
magnitude higher than in DC glow discharges) and temperatures 1 < T. < 10 eV can be
produced in a “relay-race” regime of slow and fast wave excitation [7] .

In the presence of an Ion Cyclotron Resonance (ICR) inside the torus, protons or
deuterons can be accelerated by ICR heating at the major radius R where the resonance
frequency of ions equals the wave frequency ® = qB1(R)/M, q being the charge of the ion, M
its mass-and By the toroidal magnetic field. In that case, and like in no other low temperature
wall conditioning plasmas, fast neutrals, with temperatures above 1 keV and energies up to
50 keV, are created by charge exchange (CX) between the accelerated ions and the
background neutral gas.

The admitted scheme for the interaction of ICWC discharges with the tokamak first wall
results from previous theoretical analysis of D,-ICWC discharges [8], in which it was shown
that the main ion energy loss mechanism is CX reactions with neutrals. Hence, fluxes of fast

CX neutrals to the walls comparable with those of ions accelerated in the cathode fall in DC-
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Glow Discharge Conditioning (GDC) [3], but with a much higher energy, are bombarding the
walls. They may have similar interaction depths than fluxes in tokamak plasmas, penetrating
deeply in the subsurface of Plasma Facing Components (PFCs), where they could potentially
access to deeply retained tritium atoms. They may also more easily break strong metal-oxide
bonds like BeO on beryllium of JET with the ITER-Like Wall or ITER. Slow neutrals are
created by dissociation of molecular hydrogen by electron collisions, these having Franck-
Condon energies of a few eV, which, due to the low collisionality inthe low density plasma,
can only be lost at the walls. In this scheme, the main flux to the walls is therefore an
isotropic neutral flux [8], which may be of advantage when remote or shadowed areas, like in

the pump duct areas of the divertor or gaps, have to be conditioned.

b. Specifications of ICWC in ITER

In ITER, the use of ICWC during the interpulse period of nominal D:T plasma shots, in
order to recover tritium as'much as possible and prepare the wall for the next tokamak pulse,
implies that the toroidal field is fixed at 5.3 T. With RF frequencies of the ICRH generators
ranging from 40 to 55 MHz, ICR layers for D" ions lie in ITER on axis at p = 0, i.e. above the
divertor,-and at p = -0.6, respectively, with p = r/a the normalized radius (-1 £ p < 1). For
such large distances d between the RF antenna and the ICR layer (d > 2.8m), the antenna
coupling (defined as the fraction of the generator power coupled to the plasma, n =
PRE coupled/PRF,Generator ) may be weak atn <40% [7] .

The simulation of such a situation with ITER-relevant f/Bt values of 7.0 — 10.5 MHz/T
[9] is only possible in JET, the largest existing tokamak (R = 2.96 m, a = 1.25 m) with

divertor and an ITER-like geometry, at Br = 3.3 T and f = 25 MHz, with on-axis ® = @cp".
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This has been done with the present CFC walls, and in view of future comparative
experiments after the installation of the ITER-Like Wall (ILW) [10].

The situation is identical in the non active He or H phase of ITER, with Br=2.65 T, where
ICR layers for the protons will also lie between p = 0 and p = -0.6. ITER half field ICWC
scenarios have been simulated in the all tungsten tokamak ASDEX Upgrade (AUG), as well

as in TORE SUPRA and TEXTOR at /Bt ~15 MHz/T for on axis ® = ¢y

c. Main operational parameters of ICWC on the four tokamaks

The standard ICRF heating antennas of each device have been used. On JET, two of the
four standard antennas (each having four straps) were used to couple between 50 to 250 kW
RF power to the ICWC discharge, operated in He, D, or their mixtures. Gas injection was
constant and JET cryopumps were used during ICWC. In order to improve the ICWC
discharge uniformity and to extend the coverage to the divertor region, a small vertical
magnetic field (up to 30.mT) has been successfully applied. On AUG, four ICRF antennas,
consisting each of two poloidal current straps, were used with a total coupled power to the
discharge, Prgcoupled; between 100 and 250 kW. 6s long ICWC discharges have been operated
in He:Hs mixtures at pressures p = (1-8) - 10? Pa. Gas injection was constant for all
experiments. ICWC discharge durations between 1s and 60s have been performed on TORE
SUPRA in He, H; and their mixtures, taking advantage of its unique capability to sustain long
discharge. Gas injection was either constant or feedback controlled on the pressure. RF
powers between 25 and 250 kW were coupled to the plasma through a standard two straps
antenna, either in continuous mode or in pulsed mode. Note that under given conditions (p >
107! Pa, Prg, coupled > 100 kW), arcing traces were observed on the TORE SUPRA antenna

straps. However, these could be successfully operated for plasma heating after ICWC. The
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TEXTOR ICWC discharges were operated at maximal hydrogen partial pressure with the
help of feedback controlled injection (5.107 — 5.107 Pa) overlaid with a constant He flow.
One or two ICRF antenna(s) were used with coupled RF powers between 15 and 60 kW in
continuous mode. A small oscillating magnetic field has been successfully superimposed to
the toroidal field at Br=1.92 T, allowing its vertical elongation in time.

Table 1 gives a summary of the ICWC discharge parameters used in the four tokamaks.

Table 1. ICWC discharge parameters foreseen in ITER and used in the four tokamaks

Geometry PFC T (K) R(m) a(m) Bt (T) f (MHz) Pgrg (kW) gas p (Pa)
IMERDD  piyeror BV 373 62 2 33 40-55 He,D
ITER (He H) Be/C/W 2.65 He, H
JET Divertor C(Be) 373 296 1.25 33 25 50-250 He,D  107-102
AUG Divertor Y 373 1.65 0.5 224 30365 10250 He,H (1-8)-107
TORE SUPRA  Limiter C 393 24 0.72 3.83.2) 48 25-250 He,H 102-10"
TEXTOR Limiter C 373 1.75 047 1.92(0.23-2.3) 29 1560 He,H 5.10°-5.107

Since large amounts of fuel (e.g. deuterated or tritiated Beryllium co-deposits in the D:T
phase) are expected in the divertor area of ITER, the crucial question of whether the ICWC

discharge can reach the divertor region was addressed in JET as well as in AUG.

2.Homogenization and optimization of D,-ICWC for fuel removal by isotope exchange

a. Characterization and homogeneity of ICWC discharges

ICWC discharges are low density and low temperature plasmas for which most of
standard diagnostic tools of fusion plasmas are not well adapted. Plasma densities have
however been measured either by means of interferometry or when available, by

reflectometry (JET, TORE SUPRA). Local electron density and temperature were determined
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on TEXTOR from thermal Li beam emission [11]. Radial profiles of the electron radiation
temperature were obtained from ECE radiometry on JET and AUG. ICWC discharges are
known to be toroidally homogeneous [2]. However, in the absence of poloidal field, ICWC
discharges are usually radially asymmetric and concentrated at the low field side (LES) [8],
with a large density gradient at LFS. Radial asymmetries are explained by ExB drifts [8], [12]
and by the fact that fast magneto-sonic wave (FW) is non-propagating in low density ICWC
plasmas [13]. Electron density profiles, measured by reflectometry'on TORE SUPRA exhibit
a radial decay from LFS towards the axis, more pronounced at low RF power, plasma density
being proportional to the coupled RF power [2], [14]. Similarly, steep radial profiles of the
radiative temperature T,,q of electrons were measured by means of ECE radiometry at the
LFS of JET and AUG.

In all devices, the efficiency of ICWC was assessed by monitoring the partial pressures of
the masses of interest, either using absolutely calibrated quadrupole mass spectrometers
(QMS) or optical penning gauges (JET). In JET, the gas released from the regeneration of
cryopumps after ICWC experiments was also analyzed by means of gas chromatography,
allowing to perform a more accurate particle balance. The flux of high energy CX neutrals,
produced by charge exchange with protons or deuterons accelerated in the ICR layer, were
measured with a neutral particle analyzer (JET, TORE SUPRA, AUG). The charge exchange
spectra of D and H atoms, measured on JET in a D, ICWC discharge are shown on Figure 1.
The temperature of the fast CX neutral D and H atoms are 18 and 9 keV respectively, with a

tail up to 60 keV for the protons.

b. Homogenization and effect on ICWC efficiency

The ICWC discharge uniformity can be improved by superimposing an additional vertical
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magnetic field on the toroidal field (By << Br) [13]. Figure 2 shows two images from a wide
angle visible CCD camera in two D,-ICWC discharges on JET with identical parameters
(PrE,coupted = 250kW, p = 2.107 Pa) in the absence (left picture) or the presence (right) of a
small poloidal field (Bpor, = 30 mT, Bpor/Bt ~1%). The addition of Bpg to the toroidal field,
and in particular its vertical component, allowed by tilting the field lines, to elongate the
ICWC discharge in vertical direction to top and bottom and to extend the coverage of the
plasma to the divertor area, as seen on Figure 2. The radial component of Bpo;, improved
radial uniformity of the discharge towards the high field side (HFS). The vertical and radial
extension of the ICWC discharge in the presence of Bpor, was confirmed by the line
integrated density profiles measured on bottom horizontal and vertical cords at the HFS of the
JET interferometer.

Besides homogenization, the addition of Bpo, may enhance bombardment at the
intersection points of the magnetic field lines with the wall [9], by ions which normally
remain confined in the pure toroidal case. The extension of the coverage by the ICWC
discharge is seen on the total pressure (shown on Figure 3), measured higher during the
discharge and the post-discharge in the presence of Bpor, indicating that the ICWC discharge
interacts with larger area.

Local electron densities and temperatures could be determined from Li beam emission
spectroscopy in TEXTOR He:H, ICWC discharges in the presence of a small oscillating
magnetic field By cos(®t) + Br sin(mt) (IByl= IBgrl = 10 Gauss, ® = 10 Hz), superimposed to
the toroidal field Bt = 1.92 T. The thermal Li beam is mounted into the limiter lock of
TEXTOR, at the bottom of the device. Highest electron density and temperature and the
resulting electron pressure p. were measured when the oscillating field was purely vertical

(Br = 0), evidencing the vertical extension of the ICWC discharges towards the bottom of
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TEXTOR in the presence of the solely vertical field component [11].

c. Optimization of ICWC discharge parameters

Efficiency of D, (resp. Hy) -ICWC discharge for isotopic exchange has already been
reported in [3] and more recently in [15], where a significant modification (from 4 to 50%) of
the isotopic ratio H/(H+D) was obtained after nearly 900s He-H, ICWC cumulated time on a
wall preloaded by D,-GDC. However, particle balance evidenced that H retention was on
average ten times higher than D exhaust [15].

Strong H pumping of AUG tungsten PFCs during a He-H, ICWC discharge (p = 5.10°
Pa, Prrcouplea = 130 kW) was also observed. This can be seen from the mass spectrometric
signals of He, H, (red dots and black crosses, respectively) on Figure 4. The signal for HD
molecules is given by the open blue squares. The black dashed and red dotted lines on Figure
4 are the calculated He and H, partial pressure levels in the absence of RF power. The signals
of He, H,, normalized to_their respective pressure levels in the absence of RF power, show
that almost all the hydrogen and an important fraction of the Helium injected are lost at the
walls as the RE power is switched on. This last point will be discussed below.

In JET; the pressure and RF coupled power were adjusted to optimize the efficiency of
D,-ICWC discharges for fuel removal by isotopic exchange. Figure 5 shows the amount of
out pumped H atoms (open blue squares) and the outpumping to retention ratio (red dots,
right axis) as a function of the coupled RF power applied to the ICWC discharge for p < 5.10°
3 Pa and of the D,-ICWC pressure for 150 < Prgcoupled < 250 kW. The best conditions to
maximize the ratio between outpumping and retention (red dots on Figure 5) without
lowering the H release were found to be high power (~250 kW) and low pressure (~2.107

Pa). The release of H atoms was found to increase with the H, partial pressure in the
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discharge, in agreement with similar increase of D outpumping in H,-ICWC on TORE
SUPRA in a somewhat higher pressure range (up to 8.107 Pa) [15]. In the case where p <
5.107 Pa, the behavior of the out pumped flux was found to weakly depend on the coupled
RF power, as found in [3].

In He-ICWC discharges, D (or H) outpumping is strongly related to the coupled RF
power in He-ICWC discharges, as shown on Figure 6a, where the H removal rate in TORE
SUPRA He-ICWC discharges is plotted as a function of the coupled RF power. Removal
rates are calculated over 2s active phase and 8s post-discharge. Two sets of data for walls
either saturated with H,-GDC and partly depleted during previous He ICWC (blue dots), or
loaded by preceding H,-ICWC discharges (red squares) illustrate the influence of the wall
history on the conditioning efficiency. The increase of the removal rate with the RF power to
the plasma is in agreement with [2], where the same behavior is reported for pulsed
discharges, and consistent with. the increase of both the electron and the He" densities with
the RF power (Figure 6b, for the same pulses). This also indicates that in He-ICWC

discharges, wall desorption is driven by He ion bombardment.

3. Assessment of the efficiency of ICWC plasmas

a. D,-(Hp) ICWC discharges for fuel removal by isotopic exchange
In order to assess the efficiency for fuel removal by isotopic exchange on JET, the
following procedure was adopted: two hours H,-GDC was operated to preload the walls with
~4.10" H atoms, after which the JET cryopumps were regenerated. Then, 8 identical D,-
ICWC discharges (p =2.107 Pa, By = 30mT, 9s duration) have been repeated in JET, the

cryopumps were again regenerated and the gas released from the regeneration of cryopumps
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was analyzed by gas chromatography. Due to difficulties to couple the RF power to the
plasma in the first discharges, the coupled power was varying between 50 and 250 kW.

The isotopic ratio measured either from optical penning gauges in the divertor or from
midplane spectroscopy, is given on Figure 7 as a function of the cumulated discharge time.
Both show an increase of the isotopic ratio D/(D+H) between 30 and 50% in a cumulated
discharge time of 72s. The gas balance from gas chromatography (including both discharge
and post discharge phases) yield 1.6.10% H out gassed and 4.8. 10** D retained. The overall H
outpumping is to be compared with the short term retention accessible by plasma operation:
2.10% D atoms [16]. However, H, molecules released from the walls were weakly pumped by
JET cryopumps. The H, saturated vapor pressure is in the 10” Pa range at 4.8 K, i.e. most of
the time above the H, partial pressure in isotopic exchange experiments. Thus, the amount of

H out pumped may be underestimated in the gas balance after regeneration of JET

cryopumps.

b. He-ICWC discharges for fuel removal

Fuel removal rates ranging from 10" to 3.10" D.m™.s™ have been achieved in Helium
ICWC discharges. The highest removal rate was measured on JET, after a set of He-D,
ICWC discharges, in a 8s long pure He-ICWC discharge at a coupled RF power of 80 kW
and a total pressure of 5.107 Pa. The rate was calculated including 30s post-discharge time.
The Deuterium and Helium partial pressures in this ICWC discharge are shown on Figure 8
as a function of the discharge time. Note that in all He containing ICWC discharge on JET, a
large fraction of He was found to be retained in the walls, as observed in AUG. This point

will be discussed below.
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c. Pulsed discharges

The probability f that a wall desorbed particle is ionized or dissociated and subsequently
lost the walls before being pumped out and removed is high in ICWC discharges, where
plasma density ranges between 10'® and 10'"® m™. This probability can be written expressing
the fact that the residence time of a desorbed specie T ~ T; = [ne(Kion + kdiss)]'l, where k;,, and
kgiss are the ionization and dissociation rates, respectively, is much shorter than its
characteristic pumping time s [2]: f =1} / (t5'+17") ~1. Hence, the out pumped flux is linked
to the wall desorbed flux: Qoutpumped = (1 - ) Quesorbea- For typical D, (or Hy) ICWC plasma
density and temperature of 10" m? and 3 t0 5 eV, respectively, and using for kij,, and kgiss the
values given in [17], one has (1- f) < 107, Such a high reionization probability can explain
low out pumping efficiency and high particle retention during the RF pulse [17]. Wall
bombardment and subsequent desorption, followed by reionization of desorbed species, and
finally particle retention, are only present when the RF power is on.

Short ICWC discharge pulses, followed by a pumping time, have to be used to reduce
retention over a discharge and post-discharge cycle. In the post-discharge, only wall
desorption occurs with a characteristic time scale (of the order of 1-10 s) depending on the
physical process [18]. In order to optimize the fuel removal efficiency, the influence of the
pulse duration on the outpumping was studied on TORE SUPRA in both D,-ICWC and He-
ICWC discharges. The results are shown on Figure 9 for the removal of D by H,-ICWC
discharge on walls saturated by a D,-GDC. It clearly shows that it is possible to reduce the
ratio between retention and outpumping (red dots, left axis) towards unity for sufficiently
short pulse durations. The total amount of exhausted D with the discharge time, calculated

over a complete cycle (discharge and post-discharge), with a post-discharge duration fixed to
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30s, and given by the blue dots on Figure 9 (right axis), is also decreasing as the RF ON time
decreases, but two times slower than the retention to outpumping ratio.

Pulsed He-ICWC discharges (p = 4.102 Pa, Prrcoupled = 60 kW) have been successfully
applied on TORE SUPRA to recover normal operation after disruptions, when subsequent
plasma initiation would not have been possible without conditioning [15]. The HD partial
pressure in the Torus was found comparable with those obtained in low current ohmic pulsed
discharges [19], which are routinely used on TORE SUPRA to recover from disruptions. The
removal rates of HD molecules were typically Qup ~ 1-2.10'® mol.m™.s™ at low RF power

[15].

4.Discussion

a. Importance of the vacuum pumping system
In He-ICWC, for the same coupled RF power per particle density P/N = 8.10° kW.Pa™.m"
3, and similar pulse durations (5s and 8s, respectively), a 10 times higher H out pumped flux
was measured-on JET than on TORE SUPRA (see Figure 6a and Figure 8). Assuming the
same density and temperatures at the same P/N in both He-ICWC discharges, the out pumped

fluxdepends only on the characteristics pumping time of a given specie (cf. 3.c):
Qoutpumped =T5' /5" +17") Qqesorbed » and thus on the pumping speed. The difference is therefore

easily explained by the different pumping speeds of D in JET and H in TORE SUPRA: S(D,)
~ 115 m’s™" in JET and S(Hy) ~ 10 m’.s' in TORE SUPRA. Hence, proper choice of the

vacuum pumping system is essential for the optimisation of the efficiency of ICWC.

b. He retention
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In JET and AUG, a large fraction of the injected He was found to be retained in the walls
during He containing ICWC discharges. Figure 8 shows the partial pressure of He and D,
measured by optical penning gauges in a He-ICWC discharge on JET (p=5. 107 Pa, PR, coupled
= 80 kW). The red dashed line indicates the He puffing. From the partial pressures and the
gas injection rates in this shot, it was found that 8.10* He atoms were retained into JET
walls. In the mean time, 10*! D atoms were released.

From the calculated particle balances of 11 successive He- containing ICWC discharges
in JET, an average helium retained fraction of 80% was found, with a total retention of about
2.10*' He atoms. In the two first D;-ohmic plasmas burned after this set, the He/D ratio was
found to be as high as 4%. Two hours D,-GDC and two additional ohmic plasmas brought
the He/D ratio below 0.3%.

He retention has also been observed in all W AUG, as shown on Figure 5, and in a lesser
extent in Tore Supra. In the first case, this observation is in agreement with the observed He
storage in W materials by He glow discharges in laboratory experiments, and the high He
plasma impurity coneentrations reported in AUG following He-GDC [20].

The fraction of He retained is shown on Figure 6b in TORE SUPRA He-ICWC
discharges-at 2.107 Pa as a function of the coupled power. Each pulse of 2s was followed by
8s_post-discharge. Also the line integrated electron density is shown on Figure 6b (green
squares, right axis). Both the fraction of He retained and the electron density increase with
the RF power to the plasma, indicating that retention occurs under He" ion bombardment.
Clearly, the He retention is much lower than in JET, even at the higher coupled power per
particle P/N = 200 kW.Pa".m™ than in JET (40 kW.Pa™.m™).

Therefore, the explanation must be sought on the side of different materials in interaction

with the ICWC discharge. In particular, the protection limiters of JET ICRF antennas, made
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of bulk beryllium, are possible candidate to explain such a high retention. Due to the radial
inhomogeneity of the ICWC discharges, these are also in strong interaction with the He
plasmas. Fractions of He retained to the total fluence close to unity in beryllium irradiated by
Helium ions in the keV range are reported in e.g. [21].

In any case, it is important to assess to which extent He retention in W and Be PFCs of
fusion devices can impact plasma operation after wall conditioning, either with ICWC or

GDC.

c. Role of CX neutrals

The exact role of high energy CX neutrals in the isotopic exchange is still an open
question [8]. On TEXTOR, the fast CX neutrals were suppressed in He-H, ICWC operated at
low toroidal magnetic field (Br = 0.23 T) at f = 29 MHz, where no ion cyclotron absorption
for the protons at high cyclotron harmonics ® = nwg+, n>>1 was predicted by 1-D RF
modeling [13]. Figure 10 shows two CCD images of TEXTOR He-H, ICWC plasmas at
nominal (2.3 T, left) and low (0.23 T, right) toroidal fields. Although the antenna coupling
1 was about 50% higher at low Br, the same amount of out pumped and retained particles
was obtained from particle balance at low Br, compared to similar RF discharges at nominal
field (Br=2.3T).

From the CX D spectrum measured on JET with a neutral particle analyzer shown on
Figure 1, (D,-ICWC, p = 2.10” Pa, Pr coupiea = 280 kW), one can deduce I'cx = 3.10"° m™2.s™,
This apparently does not seem enough to explain retention nor desorption quantitatively. An
illustration of this is given on Figure 11, where the out pumped H (black squares), the

retained D (blue dots) and the integrated flux of fast (T; ~10 keV with energies > 1keV) CX
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D neutrals (open red dots), defined as I4nSJETFCth, (Sser being the area of JET) are plotted

as a function of the coupled RF power during the 8 identical D,-ICWC discharges described
in section 3.a. Coupling of the RF power was improved from shot to shot (see section 3.a),
and was varying between 50 to 250 kW. The mean CX D neutral temperature is-also shown
(green squares, right axis) on Figure 11. Clearly, the measured fast CX D neutrals are one
order of magnitude below outpumping and two orders of magnitude below retention.
Moreover, whereas the fast CX flux and temperature Tp, fairly exhibit a linear dependency on
the RF power, the H release and the D retention remain unaffected by the variation of the RF
power, as found in section 2.b in agreement with [3]. In these JET D,-ICWC plasmas, the

ionization degree is high (Y = ne/(n.+Np) £ 1), so that the RF power is essentially spent on

increasing T.. Since the probability f =" / (t5'+1;") that a wall desorbed particle is reionized
and lost to the walls before being pumped out, increases with Te, this may explain the fact
that neither outpumping nor retention apparently depend on the fast CX flux. Moreover, due
to the high cross section for charge exchange collisions (5.10*° m? between 5 and 10 keV),
the mean free path along the field lines of high energy deuterons, created in the ICR layer in
front of the ICRH antennas, is at most one meter at the considered pressure (2.10"3 Pa), i.e.
smaller than the dimensions of the torus. This leads to toroidal and poloidal asymmetric
distributions of fast CX neutrals. The line of sight of the NPA being 90° with respect to the

ICRH antennas, the total fast CX D neutrals impinging onto the walls may be underestimated.

d. Extrapolation to ITER

Estimations of the ICWC power range in ITER has been done in [13] and [22], either

from the extrapolation from present devices or with a 0-D code simulating the RF plasma
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production in the presence of toroidal and vertical magnetic fields. ICWC conditioning
plasmas for inter-shot cleaning, recycling control and tritium removal by isotope exchange
may be produced in ITER (a = 2.6 m, R=6.2 m, B.=5.3 T, p = 2-8.10” Pa) for coupled RF
powers ranging from 0.3 to 2 MW, depending on the gas pressure and on the RF power
absorption scheme [22].

An extrapolation of hydrogen removal rates in ITER from those obtained in the present
review is difficult, since only few minutes of cumulated ICWC durations either in continuous
or pulsed mode have been operated. About 5 monolayers H atoms were removed within 72s
cumulated D,-ICWC on JET, which extrapolated to ITER would correspond to 0.25gT [23].
However, one should reasonably expect that the fuel removal efficiency will decrease with
the ICWC operation time, as in GDC and as shown in [24]. Therefore, all the quantities given
above allow only extrapolating upper limits of fuel removal rates to ITER. It should be again
stressed that the high retention observed in ICWC discharge should be avoided by operating
ICWC in a pulsed mode, and that further work should be done to assess the conditioning

efficiency under this mode of operation.

Conclusion

Ion Cyclotron Wall Conditioning is a promising option for interpulse wall conditioning in
future superconducting devices, such ITER. Considerable efforts have been brought to better
characterize ICWC discharges, although most of the diagnostics used on TORE SUPRA,
TEXTOR, ASDEX-Upgrade and JET, are not adapted to these low density and low
temperature plasmas. Diagnostics dedicated to the monitoring and the control of ICWC
plasma parameters during ITER operation will be necessary.

ICWC discharges suffer intrinsically from radial and poloidal inhomogeneities which can
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be corrected with the help of small radial and/or vertical magnetic fields. In the latter case, a
vertical extension was experimentally confirmed on TEXTOR by means of Li beam emission
spectroscopy. A similar homogenization was successfully obtained on JET, with an apparent
increase of the ICWC plasma coverage towards both the divertor area and the central column,
accompanied by an increase of the wall outgassing.

In D, (or H))-ICWC, the main fluxes to the walls are slow (with Franck-Condon energies
of a few eV) and fast neutrals (energies in the keV range), which may be of advantage when
remote or shadowed areas of tokamaks have to be conditioned. D,-ICWC discharges
efficiency have been optimized on JET walls saturated with H, with the double aim to
maximize outpumping and to keep retention at the dlowest level achievable. Low pressure and
high RF power were found to fulfill these conditions. Hence an accurate assessment of D,-
ICWC for fuel removal by isotope exchange could be undertaken. An amount of H atoms
equivalent to 10% of the short term retention could be removed from JET walls, at the price
of a 3 times more D retention.

Fuel removal with'He-ICWC, driven by He ion bombardment, was found to be less
efficient than in D, (or H,) ICWC. The highest fuel removal rates in He-ICWC discharges, at
a given coupled power per particle were also reported on JET, evidencing the necessity to
operate ICWC with the highest pumping speed available. Significant He retention is reported
in both JET and AUG, a known issue in the latter case. The presence of Be as constituting
materials of JET RF antenna protection limiters is suspected to be responsible for the 80%
retained fraction of the He injected in ICWC discharges. It is stressed that in fusion devices
with W and/or Be PFCs, the impact of He as conditioning gas on subsequent plasma
operation should be assessed.

The flux of fast charge exchange neutrals (T in the keV range) measured by NPA in D,
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ICWC discharges on JET, was found too low to explain outpumping and retention
quantitatively. The high reionization of wall desorbed particles in ICWC plasmas having

densities between 10" to 10" m”, may explain the fact that neither outpumping nor retention

apparently depends on the fast CX flux. However, the toroidal and poloidal asymmetries of
the distribution of fast CX neutrals should be taken into account to assess their contribution.
The role of the slow neutrals, having Franck-Condon energies of a few eV, 'should also be

investigated.

It is shown, that pulsed ICWC discharges, studied on TORE SUPRA, allow to minimize
the high retention to outpumping ratio in D, (or H,) ICWC in continuous mode, where it is
always higher than unity. For short pulses (<1s), retention may be lower than outpumping,
without severely decreasing the isotope exchange efficiency. Such a very promising operation
mode may be used in the superconducting tokamak ITER, and allow exchanging tritium by
deuterium efficiently without saturating walls. However, the contribution of low energy
neutrals in desorption and<retention should be investigated in detail as well as possible
synergistic effects with fast neutrals.

Further work ‘on ICWC is hence needed to better characterize these discharges in terms of
plasma parameters, fluxes to the walls and interaction with different PFC materials. In the

view of such studies, JET with its ILW should offer a unique opportunity.
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Figure captions

Figure 1
CX spectra of deuterium (red dots) and hydrogen (open blue squares) in a JET D,<ICWC

discharge, p=2.10" Pa, Prr, couptea~ 280kW (JPN#79277)

Figure 2
Vertical and radial extension of JET ICWC discharge in the presence of a small poloidal field
Bpor. Conditions are similar (D, ICWC, Prgcoupiea = 250kW, p = 2.10° Pa) except Bpor, =0

(left, JPN#79271), Bpor, = 30 mT (right, JPN#79271).

Figure 3
Total pressure in the JET vacuum vessel in the absence (blue squares, JPN#79271) and in the

presence (red dots, JPN#79271) of a small poloidal field Bpor, = 30 mT.

Figure 4
Mass spectrometric signals (black dashed, red dotted), calculated injected pressures (black
dashed, red dotted) and coupled RF power (green line) in a AUG He-H, ICWC discharge (p

=5.107 Pa, Prr couplca = 130 kW)

Figure 5
H exhausted (open blue squares, left axis), and outpumping to retention ratio (red dots, right
axis) as a function of the coupled RF power (right, p < 5.107 Pa), of the D, pressure (left,

PRrE coupled > 150 kW) for a series of JET discharges.
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Figure 6 - a (left) Dependency of H removal rates in 2s long TORE SUPRA He-ICWC
discharges (p = 2.10 Pa) on coupled RF power, for walls saturated with H,-GDC (blue
dots), or loaded by preceeding H,-ICWC (red dots) - b (right) Fraction of He retained (black
dots, left axis) and line integrated electron density (green squares, right axis) in 2s long

TORE SUPRA He-ICWC discharges at 2. 107 Pa as a function of the coupled power.

Figure 7
Isotopic ratio as measured by optical penning gauges (red dots) in the divertor and from
midplane spectroscopy (open blue squares) as a function of the cumulated D, ICWC

discharge time in JET

Figure 8
Partial pressure of He and D, measured by optical penning gauges in a JET He-ICWC

discharge on JET (p=5.10" Pa, PR, couplea = 80 kKW, JPN#78588).

Figure 9
D outpumping (blue, right axis) and ratio of retained H over D outpumping as a function of
the pulse duration in a TORE SUPRA H,-ICWC (Prgcouplea~100 kW, p ~10? Pa, walls

saturated by D-GDC)

Figure 10

Images of TEXTOR He-H, ICWC plasmas at nominal (2.3 T, left) and (0.23 T, right)
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toroidal fields, showing the position of the layers for the fundamental (Bt = 2.3 T) and the

high harmonics of the ICR frequency (Bt =2.3 T).

Figure 11
Out pumped H (black squares), retained D (blue dots), integrated flux of fast‘CX D neutrals
(open red dots) and mean CX D neutral temperature (green squares, right axis) as a function

of coupled RF power in 8 JET D,-ICWC discharges. Conditions are described in section 2.b.



I-9

ACCEPTED MANUSCRIPT

Figures
Figure 1

a
I I
' | |
> | |
e 3 L____1___°8]
o X I |
o N ! !
- | o
T T Lo
TDTH | |
” a, £
_ e o__® _, _ ___., 8-
I I N
| ,u | n
°
| Py | | 2
\\\\\\ - -Br----10 5+
I I ,W g
| [=] | I = 3
> o _ | [Pl
. Sl e H .
-] I N
| | ,2...,0
.,u | ,-Qlw¢l.
\\\\\\ Rl
g an
&8s
2 ﬁ, ﬂ, ﬁ, B
=) =) =) =) =)
- - - - -
A_.._m. F.m.~..E.>m== xnj}

20 30 40 50 60 70
E (keV)

10



Figure 2

&

1-9



Figure 3

-3
12X 10 : : . . i
| | —.— Pm’ JPN#79271, Bv =0
10 - i‘ -1t~ ‘L - | —— PM,JPN#79273, Bv =30mT (400
g ol - l ~ ! --u--PRF,JPN#79271, Bv =0
E; | -o- PRF’ JPN#79273, Bv =30mT |300
"
CR . W ‘ ——
g ! D,ICWC,p=210%Pa  |599
= 4,,i, Y
- | |
2 ‘ ‘ {100
2 R
| ]
|
- 0
0 1 20 30 40 50

discharge time (sec.)

(M) 1oamod 4y pajdnod



Figure 4

partial pressure (Pa)

10

10"

‘ i { ‘ 200
AUG#24858 , | —*—m/e=2
He-H,,p=510"Pa | ---- calculated p, ., (H,)
,,i,,,,LfffiL—.—m/eﬂ |
calculated Pinjected (He)

t 1
0 10 20 30
discharge time (sec.)

(M) 18mod 4y pajdnod



ACCEPTED MANUSCRIPT

I-9

Figure 5
21
5X 10 T T T 1
o H out pumped 1 ‘ |
a ° ot‘ltgassi‘ng toretention IR 08 g
| | | %
| | | &
m37777L777L77n7 F---g-t0--- -4 0.6 3
£ - 5 a
8 9o v ] )
Sy e -gfoa T T — 04 3
® : ® o > I 3
o'e® | ! ° 3
h-——f-——f-——f f i 025
®, | | 3
| | |
1 1 1
co 100 200 3000 0.005 0.(?1
PRF’ coupled pressure (Pa)

9



1-9

~ . -2
o density (m™)
. © N ] <
[\ o o
N T - S 6 o
| | | | |
L eed 01 18
€ i | 1
= dnonf;g, By | N
2 @ N o
L% .m\\%\\u/\\\,\\\,\\\\s
c £ | TS | -
&fr | ‘H_/ﬂz_u | o
b RN R P 1
o e | | u,;ﬁuo -
| | | o
© © < [ o0
(%) paule}al aH Jo uoloely °
0
| | | | N
o | | | |
W \\/kb\o\\\,\\\rwwwm
= S e ! | N
™ ",,/\, | I o
© Ll _NJ______1L__1;d
5 = | ,/./ | | -
5 2 | w,oo,o M o
e |@ ®___ | _ _F_ _n__1L__18
| o |
Sen | Q, ‘,‘o/ﬂ_nn_ -
x . | | | | (=]
o [=) ) © < N o
- -

Figure 6

—

|.5";.W) 8jed [erowal H

RF, coupled (kW)

P

(kW)

RF, coupled

P



ACCEPTED MANUSCRIPT

I-9

Figure 7

1 T T T

1 1 1
® from divertor Penning
0.8--1 O from mid-plane spectroscopy |~ ~

[D/([H]+[D])
o
@
o .
o
_ Aﬁ 4‘ _
o
b

0 20 40 60 80 | O
cumulated discharge time (sec.) ﬂ

o o
N B
T
|
«
|
e n
°
|
°
L
@
|
'®
1
I
|
°
|
|
|

o



ACCEPTED MANUSCRIPT

Figure 8




ACCEPTED MANUSCRIPT

I-9

Figure 9

%

2 D outpumped
2 0 0
>N - - (=]
f f T f T -
I I I I I
I I I I I
I I | i I o
N T TRECAT T T
N Ty I
[N [ |
"\ \
RN R I
i - it i U Bt i
| ™ | v |
I PN vl |
I N \ I
i et Bt i i it 4
I I A
| olool,-ml,{n,
I | NN
B i B
I I I 7,__.,
| | | [N
| | | Y
e e . N ) - N
I I I I *./
I I I I ,
mB ee
I I I I e
| L L |
< n (] n N n -
(3]

pulse duration (sec.)



Figure 10

1-9



ACCEPTED MANUSCRIPT

I-9

Figure 11
22
10 ® . ce ® oo o 25
| | | | o o
I o - [— ;
- | | L ]
107 - R f—'————"ﬁ———ﬁzog
o =
. 4B 83d°_ | §
g ‘ o! a ‘o o
S0 2 s §
® | a | | g g
: : ® D retained 8
10" - - | ® Hpumped 10 5
| | © intearated ‘fast' D flux =
] I o Tp(keV) | 2 c '
| | | ~
18 | | | |
10 50 100 150 200 25% | 4

coupled RF power (kW) v



Table 1. ICWC discharge parameters foreseen in ITER and used in the four tokamaks

Geometry PFC T(K) R(m) a(m) B (T) f (MHz) Pgrg (kW) gas p (Pa)
ITERMOD  pivertor  B¥W 373 62 2 33 40-55 He,D
ITER (He H) Be/C/W 2.65 He, H
JET Divertor C(Be) 373 296 1.25 33 25 50-250 He,D 103~ 107
AUG Divertor Y 373 1.65 0.5 224 30365 10250 He,H (1-8)- 107
TORE SUPRA  Limiter C 393 24 0.72 3.8(3.2) 48 25-250  He,H 102- 10"

TEXTOR Limiter C 373 1.75 047 1.92(0.23-2.3) 29 15-60  He,H 5.10°-5.107






