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Abstract

Wall conditioning techniques tokamaks with a permanent magnetic field have been performed in Tore Supra by using an
ion cyclotron range frequency (ICRF) facility. Plasmas have been produced by injection of ICRF power in the range from 40

kW to 350 kW either in helium or deuterium gas. Electron density in the range of 1-10'7 to 610" m~

* and electron

temperatures from 1.5 to 8 eV have been measured depending on the gas pressure and injected power. Energetic neutral
atoms of hydrogen and deuterium with energies up to 50 keV have been produced. High hydrogen removal rates have been
obtained in helium discharges, either in a continuous or pulsed operation mode.
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1. Introduction

Conditioning techniques are extensively used in most
of the tokamaks and have significantly improved the plasma
performance in recent years [1-4]. High performance shots
performed in large present-day tokamaks, such as the Hot
Ion mode in JET, Very High mode in DIII-D or Supershot
in TFTR, require a low recycling regime which is obtained
by using intensive conditioning techniques such as
boronization, helium glow discharges, repetitive helium
shots or beryllium evaporation. Moreover, in addition to
decreasing the low Z impurity content, such as oxygen,
these techniques tend to improve the pumping capability of
the wall in a transient way. Even though ITER will not be
operated in such modes, conditioning will be probably
required between shots to minimise the tritium inventory
in the wall and to obtain reproducible and optimised
conditions for the subsequent discharge start-up [5]. Due to
the permanent toroidal magnetic field in ITER, helium
glow discharges cannot be operated between shots. Pulsed
helium discharge, even at a lower current than the nominal
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value, would probably not be possible to run for long
periods due to excessive heat deposition in the toroidal
cryogenic system.

Systematic beryllium evaporation would build up a
continually increasing layer of beryllium mixed with wall
material and hydrogen isotopes, producing an unacceptable
level of tritium trapped in the wall. In summary, none of
the conditioning techniques presently used in tokamak is
applicable to ITER, since the toroidal magnetic field will
always be present.

Tore Supra, being a large tokamak with a permanent
and high toroidal magnetic field (4.5 T), is then very
adequate to investigate alternative conditioning techniques
that are relevant to ITER.

In this paper we report the results of a conditioning
technique performed on Tore Supra by using the Ion
Cyclotron Range of Frequency (ICRF) facility.

The theory of plasma production in a tokamak using rf
power in the ion cyclotron range of frequency has been
investigated by many authors [6-9]. First experimental
results were reported from Textor using hydrogen and
deuterium plasma [10,11], in order to obtain an initial rf
preionisation of neutral gas to save volt-seconds in a
tokamak discharge. In this paper, we investigated the main
parameters of plasma produced by ICRF wave injection
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and the conditioning efficiency as function of the ICRF
input power measured at the generator, total pressure,
fuelling gas and discharge duration.

2. Experimental set-up

Radio frequency plasmas have been produced by using
ICRF wave injection. Two antennae, located at an angle of
180 degrees to each other in a toroidal direction, have been
operated alternately. The chosen frequency was 48 MHz
and the toroidal magnetic field was kept constant at 3.8 T,
on the axis. With such parameters, neither deuterium nor
helium, which have been used as fuelling gas, have a
resonance absorption layer for the first harmonic inside the
vacuum vessel.

The ion cyclotron frequency @ is

w=gB/m, ()

where B is the magnetic field, g the ion charge and m the
ion mass. Since the plasma we produce has a low ionisa-
tion ratio, only the ions with charge equal to one are taken
into account and multicharged ions are considered as
negligible (as it is usually the case in low temperature
plasma). The hydrogen absorption layer for the first har-
monic, as well as deuterium for the 2nd harmonic are
located at a major radius of 2.8 m, the antennae being
positioned between 3 and 3.1 m and the inner wall at 1.56
m. The poloidal and toroidal plasma symmetry has been
characterised by using a visible spectrometer looking along
different chords in a poloidal cross section CCD looking
different toroidal directions.

Plasma densities were measured with an interferometer
giving 5 vertical line integrated densities.

Two effects govern the conditioning efficiency: first,
the outgassing rate of the impurities from the wall and
secondly the ionisation rate of the desorbed molecules
which induce a redeposition process instead of having the
impurities evacuated through the pumps. At low tempera-
ture (less than 10 eV), electron temperature is the main
parameter which determines the hydrogen ionisation rate
(at a given electron density). The electron temperature was
measured by using two different methods: (a) Electron
cyclotron emission and (b) from the ratio of two helium
lines at 728 and 706 nm, as described by Pospieszczyk et
al. [12], although the values lied in the low electron
temperature measurement limits, which is about some
electron-volts.

The total pressure was measured with capacitance and
ion gauges and partial pressures either with a differentially
pumped mass spectrometer or a Penning gauge coupled
with optical detection [13] and calibrated for hydrogen
partial pressure measurements from 5- 10 * to 1 Pa. Both
instruments were located in the pumping duct. The deu-
terium partial pressure for a high level of helium in the gas

was determined by using a technique described elsewhere
[14].

The vacuum vessel, with a SO m* volume, was pumped
with 3 turbomolecular pumps providing a pumping speed
of 8 m?®/s for helium and deuterium.

3. Results

To determine the breakdown conditions, 20 ms [CRF
pulses every 10 s were performed with a slowly increasing
level of gas injection. Above a threshold input power of 30
kW, a narrow pressure window was found around 10" Pa
in deuterium and 1.5 - 107" Pa in helium. This window is
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Fig. 1. (a) ICRF injected power ( ) and helium pressure
(---), (b) line integrated densities: high field (HF), central and low
field (LF) (c) electron temperature (ECE line, He726 /706: circle)
as function of time.
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probably related to the minimum in the Paschen curve of
the breakdown voltage as function of the pressure but has
not been investigated yet. Once the plasma has been
generated, the discharge is stable over a wide pressure
range. Fig. 1 shows the variation of the line integrated
electron density during a helium discharge where the
pressure decreases from 2 - 10~ Pa to less than 107* Pa
(Fig. 1a). At high pressure, the poloidal asymmetry is high
and the plasma is mainly localised on an outer radius, this
asymmetry decreases with the pressure (Fig. 1b), from
107! to 1072 Pa, the density profile being almost flat.
Spectroscopic measurements of the helium line at 706 nm,
on inner and outer chords in a poloidal cross section show
the same poloidal asymmetry behaviour as function of the
pressure. A further pressure reduction induces a decrease
of the plasma density, while the electron temperature
measured with ECE radiometry (Fig. 1c) increases from
1.5 eV to 8 eV (in the 1072 to 10™* Pa range). The
helium singlet-triplet line intensity ratio was measured for
the high pressure conditions (10~" Pa); although in the
lower measurement limit, an electron temperature of about
2 eV was extrapolated, in good agreement with the ECE
data. Toroidal asymmetries have been investigated by us-
ing alternately two ICRF antennae. Although one antenna
is close to the interferometer, the line averaged density,
normalised to the input power is similar in both cases and
the images obtained with the tangential view of the CCD
camera confirm this homogeneity on the toroidal direction.
ICRF power was increased stepwise from 20 to 340 kW;
Fig. 2 shows the average electron density evolution as
function of ICRF power in a helium discharge at a pres-
sure of 10~ ' Pa. High injected power generates asymmet-
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Fig. 2. Average electron density (@) and electron temperature
() in helium conditioning discharge as function of ICRF power
(p=10"" Pa).
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Fig. 3. Line integrated densities at the inner (- --), outer
(—————), central line (---) and ICRF power as function of
time.

ric density profiles by preferentially increasing the density
on the outer part as deduced either from the tangential
CCD camera showing light emission localised on the outer
side and from the interferometer showing, as we can see
on Fig. 3, a large density increase in the outer and central
chords when the ICRF power is increased from 20 to 40
and 120 kW. It can be observed that the additional injected
power increases the plasma density at a constant electron
temperature of about 2 eV. To understand this behaviour
we have to keep in mind that the ionisation fraction, even
at high density, is very low. In such plasmas, the ratio
n./n,, where n, is the ion density and r, is the density of
the neutrals, is about 1072, This experimental data are in
very good agreement with the simulations performed by
Lyssoivan [9] showing that in a plasma generated by ICRF
waves injection, the density increases at an electron tem-
perature of about 3 eV until the ratio n,/a, is unity, after
which, the density stays constant and the electron tempera-
ture starts to increase to a value depending on the input
power. In fact, both experiments where the power density
per atom has been increased, either by decreasing the
pressure at constant ICRF power (Fig. 1) or by increasing
the injected power at constant pressure (Fig. 2), show that
the electron temperature start to increase with the power
density when the ratio n./n, is about 10%. Below this
value, increasing the power density per atom increases the
electron density at constant electron temperature.

Since ICRF helium discharges are produced to desorb
large amounts of hydrogen isotopes, we have to take into
account the neutral and ion densities of not only helium
but also of hydrogen and deuterium desorbed from wall.
Their partial pressures, detected by mass spectrometry and
a Penning gauge coupled with optical detection, are typi-
cally a few percent during the experiments, although this
depends strongly on the first wall surface concentration.
The neutral species will be ionised by electron collision
with a characteristic time 7, and will be heated, with their
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Fig. 4. Charge exchange neutrals flux of hydrogen (——————)
and deuterium (---) at 1 keV (a) and 10 keV (b) as a function of
time for three level of ICRF power.

corresponding heating efficiency, by the injected ICRF
power. As described in more detail elsewhere [15], the ion
electron collision frequency w,; does not satisfy the condi-
tion for thermal equilibrium between the electrons and the
different ions species, w, > wg, wg being the energy
loss frequency, which is limited by CX reactions. There-
fore, each ion species has a characteristic ion energy
distribution, as obtained with the H and D energetic CX
analyser (He CX were not measured). At high pressures
(107'=1072 Pa), the energy distributions are Maxwellian,
with hydrogen and deuterium ion temperatures about 1
keV. Increasing the injected power, increases the number
of counts in the detector but does not change the ion
temperature (Fig. 4). At low pressure (<1077 Pa), a
suprathermal energy tail appears principally in the hydro-
gen distribution, 50 keV CX neutrals being measured.

4. Discussion

To characterise the conditioning efficiency in the ICRF
helium discharge and to compare it with other techniques,
we took the hydrogen and deuterium pumped flux, Q,,, as
a criterion. Since deuterium is the fuelling gas for normal
plasma operation, deuterium compounds (HD, D,) domi-

nate the outgassing of hydrogenic molecules, as deduced
from mass spectrometer measurements [16]. In the follow-
ing discussion, hydrogen will be used as a generic term
covering the three hydrogenic compounds: H,, HD and
D,. Fig. 5 shows the hydrogen pressure during and after
ICRF conditioning discharge for two different modes of
operation: a continuous regime at low input power and low
electron density and a pulsed regime with higher input
power and density. The electron density plotted on the
same curve indicates when the discharge is switched on
and off. An important result is the high hydrogen pressure
which provides a removal rate of about 100 Pa-m’/h
with a maximum value of 260 Pa-m’/h at the very
beginning of the conditioning process. In such a plasma,
the hydrogen ionisation time constant 7,=1/n 0 v),
where n, is the electron density and {o v is the electron
ionisation rate, is about one order of magnitude lower than
the hydrogen molecules residence time constant 7, = V /S,
where V is the vacuum volume and § the hydrogen
pumping speed. It was anticipated that the conditioning
efficiency of a continuous discharge may be very low due
to a short ionisation length and a high redeposition ratio of
desorbed molecules. The hydrogen pressure, averaged over
two minutes, is plotted on Fig. 6, as function of ICRF
power, arrows showing the time evolution during experi-
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Fig. 6. Hydrogen pressure as function of ICRF power for pulsed
(O) and continuous mode (@). Arrows indicate time evolution
during the experiments.

ments from the first to the last conditioning discharge. In
fact, the average hydrogen pressure, shown in Fig. 6, is
similar in continuous and pulsed modes (except the first
point which is an initial and transient value).

During the discharge, the hydrogen desorption rate
from the wall Q,, is equal to

Q,=P-S+VdP/di+f-0Q,, (2)

where P is the hydrogen partial pressure and f the
hydrogen reionisation probability defined as

frl/(t ). ()
In a steady state regime, the pumped flux Q, is
Q,=P-S=(1-1)Q,. (4)

Assuming that the hydrogen ion redeposits into the wall
with a sticking coefficient equal to one, (I1-f) is the
outpumping probability.

From the hydrogen pressure, we can therefore deduce
the hydrogen outgassing rate from the wall for a given
electron density and temperature. At an hydrogen pressure
of 3- 1073 Pa (average value in Fig. 6) with an electron
density of 3 10'" m~* and an electron temperature of 1.5
eV, providing an hydrogen ionisation time of 2 s and a
redeposition probability of 75%, the outgassing rate is
about 6 - 10"* H/cm?s. At higher ICRF injected power,
this rate grows up to 9 - 10" H/cm?s when the electron
density and electron temperature increase to 6- 10" m ™3
and 2.5 eV, while redeposition increases to 88.5%. How-
ever, since the hydrogen ionisation rate is strongly depen-
dant on electron temperature around 2 eV [17], an uncer-
tainty of 1 eV on the measured electron temperature would
induce a variation of one order of magnitude in the calcu-
lated outgassing rate. Therefore, the minimum value can
be simply evaluated from the measured pumped hydrogen
flux, about 1.5- 10" H/cm?s for a hydrogen pressure of

3-107? Pa and the maximum value could be equal to 10'®
H/cm?s at the highest electron density and temperature,

In summary, ICRF conditioning discharge in helium
can be operated either in a continuous mode with a lower
outgassing rate and higher pumping probability or in pulsed
mode with higher outgassing rate and lower pumping
probability with approximately the same global efficiency.
Therefore, the conditioning efficiency could be increased
by controlling separately the electron density and the
electron temperature in the ICRF discharge to minimise
the hydrogen redeposition probability.

The high hydrogen removal rates, achieved in these
experiments, are one order of magnitude higher than those
obtained in a helium glow discharge at a cathode current
density of 3 A /cm’. This would allow the recovery of
the total injected gas for a plasma discharge, typically 10
Pa m? in Tore Supra, within approximately 10 min of
conditioning with helium ICRF discharge. This has been
confirmed by the particle balance analysis performed for
two similar ICRF deuterium discharges, Fig. 7, showing a
wall pumping capability enhancement of 25 Pa m® after 30
min of conditioning.

The high conditioning efficiency obtained in our exper-
iments can be partly explained by the intense ion flux
bombarding the walls. We can compare the primary ion
flux to the wall in such discharge and, for instance, in a
glow discharge. Electron density and temperature measure-
ments performed with Langmuir probes on typical GDC
give values of about 102 m~> and 2 eV [18]. For a similar
temperature, the electron density in ICRF discharges is
about 10'7 m~> and consequently the ion flux to the wall
is 5 orders of magnitude higher. Of course, the ionisation
time constant for hydrogen is not comparable and we can
assume that 100% of desorbed molecules are evacuated
through the pump during GDC whereas it is about 25% or
less in an ICRF discharge, as it has been shown previ-
ously.

Hydrogen desorption also occurs induced by the ener-
getic CX neutrals bombarding the wall. This contribution
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Fig. 7. Deuterium pressure as function of time for two similar
discharges performed before ( ) and after (---) ICRF
conditioning.
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is negligible in GDC but is very important in an ICRF
discharge due to the high densities of ions and neutrals.
The charge exchange spectrum of hydrogen and deuterium,
in helium discharges at 107! Pa, can both be fitted by a
maxwellian distribution with a temperature of 1 keV. The
charge exchange cross section for the reaction: H* + He
— H + He™ at this temperature and pressure gives a con-
finement time for hydrogen ion of about 1 ms [19], induc-
ing an energetic neutral flux impinging to the wall of 10'¢
H/cm?s. This flux is about one order of magnitude higher
than the ion flux, for the parameters given previously,
n,=10"" m~3 T ,=2 eV. In which extent each of these
fluxes contribute to the outgassing process, need still to be
investigated. When the helium pressure decreases, less
collisions occur and both hydrogen and deuterium
suprathermal ions are created as deduced from the charge
exchange spectrum, showing atoms with energy up to 50
keV. TRIM code simulations [20] give a mean range of
penetration of about 0.5 um for such particles in carbon.
This behaviour shows a great potential in a tokamak such
ITER to permit conditioning of deep saturated layers and
tritium removal by isotope change over.

Development of a new antenna, allowing to couple
energy directly to the helium ions at the resonance fre-
quency, is planned. Optimisation of this conditioning tech-
nique, based on results of these experiments and those
performed on Textor [21] will be investigated on both
tokamaks.

5. Conclusion

Conditioning of Tore Supra by using ICRF power
injection in a permanent magnetic field of 3.8 T has been
studied and its efficiency has been demonstrated. Plasmas
have been generated either in deuterium or helium in a
wide range of pressure and ICRF power. Electron tempera-
ture and density are controlled by the ratio of injected
power over pressure. High flux of energetic particles up to
50 keV have been measured. Conditioning with helium
ICRF discharges produces high hydrogen desorption rate

either in continuous or pulsed discharges. During these
first experiments, a maximum hydrogen removal rate of
260 Pa m*® h™' has been obtained as initial value and an
average of 50 Pa m* h™' on a long time basis. The
potential application of this technique to ITER is now
demonstrated and need to be optimised.
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