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Abstract

The Extrap T2 reversed field pinch experiment is operated with the former OHTE vacuum vessel, of dimensions
R=124 m and ¢=0.18 m and with a complete graphite liner. It is shown that a rudimentary density control can be
achieved by means of frequent helium glow discharge conditioning of the wall. The standard He-GDC is well characterized
and reproducible. The trapping and release of hydrogen and impurities at the wall surfaces have been studied by mass
spectrometry and surface analysis. The shot to shot particle exchange between wall and plasma can be approximately

accounted for.
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1. Introduction

The Extrap T2 experiment aims at improvements of the
reversed field pinch concept with resistive shell operation
[1]. In its first stage, the experiment is operated with the
former OHTE vacuum vessel with a complete graphite
liner [2,3]. One target has been to reproduce the OHTE
results, though with improved diagnostic facilities. An-
other major objective has been to study plasma surface
interactions and methods of density control and impurity
control with a graphite wall [4,5].

The dimensions of T2 are major radius R = 1.24 m and
minor radius a = 0.183 m. The global plasma parameters
so far have been in the ranges of 100-260 kA plasma
current, 1-7 - 10" m~? line averaged density and 100-200
eV electron temperature. The loop voltage has been 70-130
V, the pulse length 4-14 ms and the energy confinement
time 50-80 us. These data are comparable to the OHTE
performance [2,3].

The main tools for wall conditioning have been glow
discharges in helium, baking and conditioning by repeated
RFP discharges. To study the effects of these procedures
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on the wall surfaces, quantitative mass spectrometry and
surface analysis of passive probes have been used.

2. Experimental

The T2 device has normally been operated at room
temperature. It is routinely baked up to ~ 130°C, each
time for about eight hours. The base pressure is around
107° Pa. The effective pumping speed on the vessel is
limited by the size of the pump ports to roughly § = 0.25
m? /s at base pressure, S=0.175 m?/s at 0.5 Pa. At an
earlier stage the discharge gas was supplied in continuous
flow, to a vessel pressure of 0.1-0.7 Pa. Later, gas puffs of
~ 20 s duration were introduced. For hydrogen removal
and cleaning an rf assisted dc glow discharge in helium at
room temperature with a single recessed anode has been
used [4]. A glow which is toroidally uniform within a
factor two can be obtained at a pressure of ~ 0.7 Pa, with
~ 650 V anode potential and an average current density of
80 mA/m? wall area [4]. These parameters will be re-
ferred to below as the standard He-GDC. Occasionally a
glow discharge in hydrogen with similar parameters, fol-
lowed by a He-GDC has been made in order to remove
oxygen more efficiently.
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The edge plasma density and temperature were mea-
sured with a Langmuir triple probe of similar geometry as
in [6). A quadrupole mass spectrometer mounted directly
on the vessel could be operated up to a total pressure of
~ 1072 Pa. Another, differentially pumped mass spec-
trometer was calibrated for N,, H, and He in the range of
vessel pressure from 0.1-10 Pa. A probe manipulator
system allows passive probes to be exposed to complete
RFP discharges or to wall conditioning. Following expo-
sure the probes are transferred via a portable UHV cassette
to either of two surface analysis stations, for ion beam
analysis or for X-ray photoélectron spectroscopy and scan-
ning Auger electron spectrometry. In particular, graphite
and silicon probes have been exposed at the wall position
and in slightly retracted positions. The samples have been
transported at 10™* Pa or better, and surface analysis
could be performed typically within a few hours after
exposure.

3. Results

Fig. 1 shows the plasma current and density evolution
in three representative examples of RFP discharges. Char-
acteristic is the wide range of different densities that can
occur, depending on the status of the graphite wall. Shot
number 2531 was preceded by a 60 min glow discharge in
helium. The density increase which is observed from
around ¢ = 3 ms in these three discharges is representative
and is often accompanied by an increase in radiation from
carbon and oxygen and an increase in plasma resistance.
Fig. 2 shows the edge temperature and edge density at the
time of maximum current as a function of line averaged
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Fig. 1. Examples of current wave form and density evolution in
RFP discharges. Shot number 2531 was preceded by a glow
discharge in He. The density rise at around ¢ = 3 ms is interpreted
as being due to an increased impurity influx, probably as a resuft
of local heating.
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Fig. 2. The edge density and edge temperature from Langmuir
triple probe measurements. The data for the lower currents are
taken at r = 0.181 m, while the high current measurements were
made at » = 0.179 m. At these positions the density and tempera-
ture drop radially on the scale length of A=8 mm. The edge
parameters depend only weakly on the line averaged density and
plasma current.

density in high and low current discharges respectively.
The edge parameters depended only weakly on the central
density, and there was no significant dependence on the
plasma current either. The edge temperature was 10-18
eVv.

That the graphite wall pumps hydrogen during the
discharge is evident from Fig. 3, where a typical pressure
decrement in connection to an RFP discharge is shown. In
this case the gas supply is set to constant gas flow. During
the plasma discharge the pressure drops by Ap = 0.12 Pa,
corresponding to N=2ApV/kT=N~5-10'" hydrogen
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Fig. 3. The partial pressure transient in connection with an RFP
discharge, the gas supply is set to constant flow controL A
trapping rate of 5-10" H/m® per discharge at the wall can be
inferred.
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atoms being trapped by the wall, then reverts to its equilib-
rium value on the time scale of the characteristic pump
down time T5=V/S =3 s. Typically 5- 10" H/m? are
trapped by the wall in an RFP discharge. Note that some of
this hydrogen is released within 10-20 s after the dis-
charge, as evidenced by the slight pressure increase after
the discharge, though it is difficult to estimate this fraction
accurately.

The amount of hydrogen that is removed in the helium
glow discharges has been measured as shown in Fig. 4,
where mass spectrometer data are presented for a set of
standard helium glow discharges, following similar series
of RFP discharges. There is an increment A p,(¢) in the
hydrogen partial pressure while the glow discharge is on,
corresponding to a flux of hydrogen being released from
the wall. The time dependence of the release can be fitted
quite well to be proportional to 1~ *?. Integrated over the
glow discharge the number of hydrogens which have been
released from the wall and pumped out was calculated as

A

I

T dr (1)
and for the standard situation shown in the figure AN, /A
~1.5-10% H/m? wall area were removed.

Usually sequences of 10-30 RFP discharges have been
run, each sequence terminated with a standard He-GDC. In
operating this way the standard He-GDC was capable of
restoring the wall surface to the original state as far as
plasma density is concerned. This is shown in Fig. §,
which presents the shot to shot density evolution averaged
between glow discharges. The discharge duration was 6
ms. Each point in the figure represents an average over
5-15 discharge sequences. The bars indicate the statistical
standard deviation and are drawn only for the medium
current discharges, while the scatter among the high and
low current discharges is similar. The densities at the point
of maximum current are plotted, which is prior to the final
density increase (cf. Fig. 1). There is no significant differ-
ence between the 150-170 kA sequences and the 170200
kA case, but in the 100-140 kA sequences the density
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Fig. 4. The partial pressure evolution of hydrogen during the
standard glow discharges in helium. In the 45 min standard helium
glow 1.5:10% H/m? are removed.
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Fig. 5. The evolution from shot to shot of the line averaged
density at maximum current in a number of discharge sequences
following helium glow discharges. The bars which are drawn for
the medium current data indicate the statistical standard deviation.
The scatter is similar for the high and low current discharges.

increase is slower. The low current sequences correspond
largely to the glow discharges which are plotted in Fig. 4.
Fig. 6 shows examples of impurity accumulation on
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Fig. 6. The trapping of oxygen in a 30 nm thick surface layer of a
graphite surface and the collection of carbon at a silicon surface,
both at wall radius.
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Fig. 7. The trapping of oxygen and stainless steel components on
graphite at wall radius.

initially clean surfaces which have been exposed at the
wall position to long sequences of RFP discharges, but
without exposure to the intervening He-GDC. The upper
part shows the areal density of oxygen trapped within a 30
nm thick layer on graphite surface, whereas the lower part
shows carbon accumulation on a silicon surface. Similarly
Fig. 7 shows the accumulation of oxygen and stainless
steel components in helium glow discharges which follow
RFP operation and glow discharges in hydrogen, respec-
tively. In all cases the trapping rate is initially linear with
exposure time, and may or may not tend towards a station-
ary equilibrium areal density. In RFP discharges represen-
tative initial trapping rates at the wall position have been
2.5-10" C/m?, 25-10'" O/m? and 3-10'® metal-
atoms,/m” per discharge. Other accumulating impurities
have been nitrogen, chlorine and silicon. The small amounts
of stainless steel which are present on the wall have been
built up mostly during a long period of OHTE operation
and the primary source can not be identified. For compari-
son, the initial trapping rate of hydrogen (or deuterium in
discharges in denterium) was typically 5- 10" atoms /m>
per discharge on carbon or silicon surfaces.

4. Discussion and conclusions

As is well known from ion beam experiments as well
as from other large fusion experiments, the graphite wall

acts in the first approximation as a saturable reservoir of
hydrogen. In the absence of sufficiently large external
particle sources, the pumping and release by the wall
determines the plasma density. The mass spectrometry and
surface probe data can be used for a more quantitative
account of the particle exchange between wall and plasma.
The initial trapping rate of deuterium in pure graphite,
510" D/m> per discharge, can be taken to represent
roughly the incident flux density of hydrogen to the wall
[7] and corresponds to a particle confinement time of
roughly 150 us. From Fig. 3 it was seen that the partially
saturated wall traps 5 - 10'* H/m? per discharge.

The effectiveness of He glow discharge in removing
hydrogen from carbon surfaces has been qualitatively
demonstrated before, in several large fusion experiments,
such as OHTE (3], TEXTOR [8], DUII-D [9] and JT-60U
[10]. As shown in Fig. 4, the standard He-GDC in T2
removed 1.5-10%° H/m? following 10~30 low current
discharges, which corresponds reasonably well to the 0.5—
1.5-10% H/m? that the wall has trapped. The release
mechanism of hydrogen during helium ion bombardment,
in particular in a glow discharge, has not been as exten-
sively discussed in the literature as the trapping, release
and isotopic exchange during hydrogen implantation. The
time dependence of Apg(t) as shown in Fig. 4 can be
compared to a numerical model which was developed for
Tore Supra [11] and which included ion induced detrap-
ping with a fixed cross section, thermal detrapping, diffu-
sion and surface as well as bulk recombination. The pre-
sent time dependence of ~ 1 %° may be indicative of a
intermediate condition between diffusion limited and re-
combination limited release. In the present case however,
thermally activated release is clearly negligible compared
to the ion induced release.

That the standard He-GDC removes a substantial frac-
tion of the total wall reservoir of hydrogen which is
interacting with the plasma could be seen from an isotopic
exchange from '"H to D, when mass spectrometry follow-
ing the discharges showed a change of the isotopic ratio at
a rate of ~5% per shot [5]. Thus a number N, =
2paV/kT = 2-10% deuterium atoms were admitted as
filling gas in every discharge, representing a fraction Fy,
= Np/(Np+ N,) of the total hydrogen content in the
system, if N, = Nyp + Nyy is the wall reservoir. The
deuterium fraction rp = Nyp/N, in the wall following
the first pulse with deuterium would be rj, = Fy, and
after the ith pulse rp; = (1 —Fg)rpg-,, + Fay. This
should correspond to the isotope ratio observed in the mass
spectrometry, such that Ny, = 20N, =4 - 10" H, or 4-
10%° H/m?. This areal density corresponds to the satura-
tion level of 100 eV deuterium ions implanted into graphite
[12].

Carbon and oxygen are the spectroscopically dominat-
ing impurities in T2 RFP operation. The collection rates of
C and O on initially clean surfaces provide an estimate of
their absolute concentrations and Fig. 6 may give an idea
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of the rate at which an equilibrium condition is approached
at the wall surfaces. Fig. 7 shows that the He-GDC is able
to redistribute oxygen. The metals on the wall clearly
reach a stationary level after 250 min or so, presumably
when sputtering and redeposition balance, but this behav-
ior is not observed for oxygen.

In conclusion, it has been shown that a rudimentary
density control could be achieved by means of frequent
helium glow discharge conditioning of the wall. The stan-
dard He-GDC is well characterized and reproducible. The
hydrogen and impurity trapping at the wall has been
measured in RFP discharges and in glow discharges so as
to provide a basis for plasma performance to wall condi-
tions. The shot to shot particle exchange between wall and
plasma can be approximately accounted for. Fluxes of
major impurities are given in terms of initial trapping rates
on clean surfaces at the wall position.
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