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ABSTRACT 

Hydrogen- and deuterium-fueled glow discharges are used for the 
initial conditioning of magnetic fusion device vacuum vessels following 
evacuation from atmospheric pressure. Hydrogenic glow discharge 
conditioning (GDC) significantly reduces the near-surface concentration 
of simple adsorbates such as H2O, CO, and CH4, and lowers ion-
induced desorption coefficients by typically three orders of magnitude. 
The time evolution of the residual gas production observed during 
hydrogen-glow discharge conditioning of the carbon first-wall structure of 
the TFTR device is similar to the time evolution observed during 
hydrogen GDC of the initial first-wall configuration in TFTR, which was 
primarily stainless steel. Recently, helium GDC has been investigated for 
several wall-conditioning tasks on a number of tokamaks including TFTR. 
Helium GDC shows negligible impurity removal with stainless steel walls. 
For impurity conditioning with carbon walls, helium GDC shows 
significant desorption of H 2 0, CO. and CO2; however, the total 
desorption yield is limited to the monolayer range. In addition, helium 
GDC can be used to displace hydrogen isotopes from the near-surface 
region of carbon first-walls in order to lower hydrogenic retention and 
recycling. 

This paper was presented at the AVS Topical Conference on Surface MASTER 
Conditioning of Vacuum Systems. Los Angeles, CA, April 3-5,1989 Y> 
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INTRODUCTION 

Glow discharge conditioning (GDC) is used routinely for first-wall 
conditioning of most magnetic fusion devices. GDC methodology and * 
the results of GDC studies from various studies on fusion devices and 
accelerator systems have been reviewed recently.1 This paper focuses • 
on two comparisons of particular interest to the fusion community, a 
comparison of glow discharge effects with predominantly metallic or 
predominantly carbon first walls, and a comparison of hydrogenic vs. 
helium-fueled glow discharges on the same two wall materials. 

Glow discharge conditioning can be applied to magnetic fusion 
devices for several possible benefits. The primary benefit of GDC is the 
reduction of the common low-z impurities (i.e., C and O, but also S, CI, 
and N) from the surface and near-surface regions of the first wall. Proper 
conditioning of the first wall means that the usual surface concentrations 
of these impurities are reduced to minimize the contamination of high 
temperature plasmas when the boundary plasma interacts with the first 
wall. Quantitatively, sufficient conditioning is signaled by: 1) significant 
reductions in the partial pressures of volatile impurity species produced 
in the glow discharge; 2) reductions of surface impurity concentrations; 
and 3) reductions in ion-induced desorption coefficients. 

A secondary benefit of GDC, which is particularly useful for particle 
control in tokamaks, is the replacement or-reduction of the surface 
concentration of hydrogenic species in the first wall. For example, 
deuterium-fueled GDC can be used to deplete partially a hydrogen 
saturated first wall by isotopic --change, or helium GDC can be used to 
partially deplete ^ear-surface »'. oogenic species within the range of the 
helium ions. The particle comrc. oenefits of GDC pertain to carbon first-
walls applications where the nydrogenic saturation concentrations 
(H/C ~ 0.4) are sufficiently large to cause long hydrogen isotope 
exchange times2 and exhibit wall pumping effects.3 For stainless steel 
wads where hydrogen/metal concentrations are less than 0.01, 
significant hydrogenic exchange times or wall pumping effects are not 
seen.4 
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A third beneficial effect of GDC is are conditioning which is seen in 
applications to both metallic and carbon first walls. Glow discharge 
exposure generally will reduce arc initiation sites exponentially with 
exposure t ime, 5 , 6 thus effectively eliminating unipolar arcs as an impurity 
introduction source during subsequent high power plasma exposure. 

EXPERIMENTAL CONSIDERATIONS 

One of the significant advantages of GDC as an in-situ conditioning 
technique for magnetic fusion devices (or any large, complicated vacuum 
vessel) is the simplicity of the required hardware for implementation, in 
addition to a gas inlet source and a high throughput pump (which are 
usually standard equipment on a magnetic fusion vessel), an anode 
structure that can be introduced into the vessel, and a su/tabfe power 
supply for initiating and sustaining the glow discharge are required. 
General remarks on suitable electrode structures and the concerns 
relative to using dc, rf, or microwave excitation are given in Ref. 1. For 
the purpose of quantitative comparisons of hydrogenic vs. helium-fueled 
GDC, we will focus on the simplest configuration, the dc excited glow 
discharge. 

The glow discharge has been described in many classic studies of 
gaseous electronics.7 The basic glow discharge regimes are often 
illustrated in terms of the l-V characteristic (Fig. 1) of a gas discharge 
between two equal-size electrodes, with an arbitrary length discharge 
(the so-called "positive column") between the electrodes. 

The electrode situation is different for glow discharge conditioning of 
fusion vessels. Firstly, the anode-cathode geometries are vastly different: 
the vessel is the cathode and surrounds the discharge; and the anode is 
usually orders of magnitude smaller in size and is introduced within the 
vessel. Nevertheless, similar plasma regimes are observed with the 
typical fusion vessel GDC configuration as found with the classic glow 
discharge configuration. 
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A glow discharge may be initiated in a fusion device at a low current 
appropriate to the "normal glow" regime where the cathode fall potential 
(Vc) is independent of the discharge current.7 A glow discharge cannot 
be sustained below a minimum current density to the cathode, typically 
~1uA/cm2, which is necessary to sustain the discharge by secondary 
electron emission. The more useful regime for GDC is the abnormal 
"glow regime" where V c is proportional to the discharge current since 
larger currents and thus larger vessel surface ion fluxes can be 
sustained. However, the discharge current cannot be increased to 
arbitrarily large values because of two limitations. One limitation occurs 
when electrode current densities exceed 100 uA/cm^, causing the 
discharge to make a transition to the arc regime, which is totally 
inappropriate for vessel conditioning because of deposition of electrode 
materials. Secondly, before this arc transition current is reached, the 
current density within the discharge may be sufficient to reionize volatile 
desorption products preventing their removal from the vessel. This 
situation has been analyzed by a number of authors 1 , 8-^ leading to 
reaction product rate equations such as: 

V ^ * k s - ( k a + k i } - S P , Eq.(1) 

where k s is the surface reaction rate for the formation of the volatile 
reaction product due to the glow discharge ion bombardment, k a is the 
rate of readsorption, k, is the rate of ionization in the discharge, and the 
removal rate from the vessel is given by the product SP. A useful 
practical limiting case of Eq. (1) occurs when the system pumping speed 
(S) is large compared to k a and kj, and the reaction product partial 
pressure (P) becomes proportional to the cathode ion flux under quasi-
steady-state conditions.1 

The above remarks show the typical range of available cathodic 
current densities for dc-driven abnormal glow discharges is of the order 
of 1-100 u,A/cm2, or equivalent^, singly ionized wall fluxes of 
5 x 1 0 1 2 - 5 x 1 0 1 4 ions/cm2 sec. The heat capacity of the anode, which 
must withstand the power input of the concentrated electron flux over the 
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smaller anode area, may restrict the high current limit to a smaller value 
than necessary to drive 100 uA/cm2 onto the cathode (wall). 

Typical experimental parameters for hydrogen (deuterium) and 
helium-fueled GDC are given in Table 1. 

TABLE 1: GDC Parameters 

Gas Tvoe H(D) Us. 
voltage (V) 400 300 
current density 10 10 

(uA/cm2) 
pressure 5 5 

(mtorr) 
fluence {cm"2) 1019 1 0 1 7 - 1 0 1 9 
wall temperature (°C) 

stainless steel 25 - 250 n/a 
carbon 25 - 350 25 - 350 

The suggested total fluence and range of applicable wall 
temperatures shown in Table 1 are based on the results of GDC studies 
in a number of devices, some of which are described in the next section. 

COMPARISON OF HYDROGEN vs. HELIUM GDC 
ON STAINLESS STEEL 

Hydrogen- or deuterium-fueled GDC is often used for the initial 
conditioning of fusion devices following the evacuation of the vessel from 
atmospheric pressure.1 Figure 2 shows an example for the time 
dependence of the primary residual gases (HgO, CH4, and CO/C2H2) 
produced during H-GDC of the TFTR device during an early experimental 
phase when the first wall was stainless steel and Inconel. The 
approximate 1/t time dependence is consistent with the hypothesis that 
diffusion of carbon and oxygen in the near-surface 
(£20 nm) region of the steel is the rate-limiting step for reactant 
production. 1- 5 ' 1 0 
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On the basis of data such as shown in Fig. 2, a hydrogenic ion 
fluence of 1 0 1 9 cm" 2 has been suggested as a practical endpoint for 
GDC of stainless steel surfaces. At this endpoint (which is after 
approximately 100 hrs. of GDC for the 15 A dc glow discharges used in 
TFTR), an integrated quantity of carbon and oxygen equal to -100 
monolayers has been volatilized and removed from the vessel. The ion-
induced desorption coefficients, inferred from the ratio of desorbed 
molecular flux to wall-averaged H + flux, fall from near unity at GDC 
initiation to <10"3 at the 1 0 1 9 cm" 2 endpoint. 

The surface chemistry of H2O production during hydrogen discharge 
conditioning of stainless steels, is well understood. A model first 
proposed by Dietz et a l . 1 1 involving the reduction of iron oxides, has 
been supported by subsequent surface studies by Staib et a l . 1 2 and 
Dyl la . 1 3 Possible mechanisms for the formation of the observed 
hydrocarbon reaction products (i.e., CH4, C2/H4, etc.) have been 
described by Rye. 1 4 The surface chemical mechanisms responsible for 
the production 0*, CO (and to a lesser extent CO2) during H + 

bombardment of stainless steel surfaces remain to be elucidated. 

The fact that similar surface reaction products have been observed 
from stainless steel bombarded with low energy atomic hydrogen 1 5 

demonstrates that the cleaning process is primarily dependent on atomic 
hydrogen reacting with carbon and oxygen in the near-surface region of 
the bombarded surface. Hydrogen GDC is relatively insensitive to the 
incident hydrogen energy because it is not a physical sputtering process. 
Measurements of the incident energy distribution of low pressure 
(~10"2 torr) hydrogen glow discharges 1 6 ' 1 7 show that 90% of the ion 
fluence is due to l-£, yielding incident protons on the cathode with 
energies of V c /2, which is typically less than 200 eV and below the 
sputtering threshold for H + on stainless steel. 1 8 Sputtering yields of 
2 x 10" 3 have been measured by Winter 1 9 for 225 eV H+ ions from a 
hydrogen glow discharge incident on an Inconel surface. 
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The surface chemistry virtually disappears with helium glow 
discharge exposure of stainless steel surfaces, where in this case, the 
dominant surface processes are ion-induced desorption and physical 
sputtering. When helium GDC was applied to the stainless steel walls o1 
TFTR, the reaction products were negligible in comparison to hydrogen 
GDC production. The helium ion-induced desorption yields during the 
GDC were observed to be at least a factor of ten smaller than the 
corresponding hydrogen GDC values. 

COMPARISON OF HYDROGEN VS. HELIUM GDC ON CARBON 

During 1985, much of the stainless steel first-wall area of the TFTR 
device was covered with graphite tiles, which were part of an 
axisymmetn'c bumper limiter and neutral beam protective plates.2 0 This 
resulted in approximately 30% of the first-wall area being covered with 
graphite tiles. During the subsequent year of high power plasma 
operation, the remaining stainless steel first-wall area became coated 
with an amorphous carbon layer 2 1" 2 2 due to plasma redeposition effects. 
Our experience with hydrogen GDC of TFTR with a carbon first wall was 
surprisingly similar to our experience with the stainless steel first wall. 
Figure 3 shows a recent hydrogen GDC campaign with the carbon first 
wall. The dominant reaction products (CH4, H2O, and CO/C2H4) and 
the time dependence (~1/t) are similar for the two cases (Fig. 2 and 
Fig. 3). One minor difference noted with the carbon first wall is a richer 
hydrocarbon spectrum, H m Cn, (Fig. 4) especially during the first few 
hours of GDC exposure. 

The observation that a similar quantity of carbon and oxygen are 
removed from both the stainless steel and carbon first walls may be 
indicative of similar reservoirs of desorbable carbon and oxygen within 
the H + ion range on both surfaces. For the stainless sieel surface the 
impurities to be removed are confined to the passivation oxide layer 
which is typically 20 nm in thickness.13 The incident 200 eV H + ions 
have a range of <5 nm in stainless steel; however, the diffusivity is high at 
ambient temperatures enabling the implanted hydroger. to sample the 
entire oxide layer. 
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For the carbon wall, the incident range for 200 eV H + ions is ~6 nm. 
The bulk diffusivity is small at ambient temperatures; however, pore 
surface migration2 may allow larger depths to be sampled by the 
implanted hydrogen. The major difference between the two first-wall 
materials with respect to impurity behavior is the targe bulk reservoir in 
graphite for potentially desorbable carbon and oxygen. The TFTR 
graphite material (POCO AXF-5Q) is known to absorb approximately -1 
torr-liter/gram quantities of atmospheric water vapor as measured by 
thermal desorption.23 The absorbed H2O desorbs from the carbon as 
H2O or CO depending on the graphite temperature. This large source of 
oxygen can be effectively removed by vacuum baking2 3 at temperatures 
>300°C. Our experience shows that bakeout at 150°C, or hydrogen GDC 
at 150°C, is insufficient to deplete the bulk reservoir.24 TFTR required 
the development of an in-situ flash desorption technique (termed 
disruptive discharge cleaning 2 1 , 2 4) in order to heat the carbon first wall 
to sufficient temperatures for effective bulk degassing. 

Helium GDC on carbon exhibits a characteristic desorption spectrum 
(Fig. 5) which is notably distinguishable from both the case of hydrogen 
GDC on carbon or the uninteresting case of helium GDC on stainless 
steel. Oxygen containing molecules CO, CO2, and H2O are the 
dominant desorption products. The time dependence of these 
desorption products exhibits an exponential behavior characteristic of 
ion-induced desorption of a surface species (see Fig. 6). 

The integrated quantity of carbon and oxygen under the exponential 
portions of the desorption signals in Fig. 6 represents approximately a 
monolayer averaged over the 100 m^ of geometric first-wall area in 
TFTR. 

The above result suggests that helium GDC should be useful for 
removal of surface contamination that might accumulate on a carbon 
first wall due to an extended break in plasma operations (i.e., overnight) 
or due to the effects of a plasma disruption. Such benefits have been 
documented on JET 3 and D I I I D . 2 5 Recent DIIID operation has 
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incorporated helium GDC between high power discharges to ensure 
uniformity of initial surface conditions.26 Helium GDC is used routinely in 
the JET,3 TEXTOR,2 7 and TORE-SUPRA28 tokamaks for impurity 
conditioning with minimal hydrogenic loading. In the JET device the 
immediate recovery from high power disruptions is possible if a short 
period (<1 hr) of helium GDC is applied to the first wall. 2 9 

The most practical application of helium GDC in tokamaks has been 
for the purpose of displacing hydrogen isotopes from the near-surface 
region of carborr first-wall structures. This application is a natural 
progression from the earlier use of helium ohmic discharges for 
hydrogen recycling control in TFTR,3 0>3 1 JET,3 and DIIID.2 5 Significant 
decreases in hydrogen recycling have been observed with the use of 
helium GDC in D I I ID . 2 5 , 2 5 The technique has been proposed as a 
means of reducing the first-wall tritium retention in TFTR after proposed 
D-T experiments.32 

The hydrogen isotope release from carbon under helium GDC is 
believed to be the result of helium and carbon ion-induced desorption 
processes. Ion-induced desorption cross sections for release of 
hydrogen (or deuterium) from graphite have been measured in a number 
of glow discharge and ion beam experiments.33"37 Typically, measured 
He ion-induced release cross sections are of the order of 1 0 1 6 cm" 2 at 
glow discharge energies (<1 keV) and decrease with increasing incident 
He ion energy.37 

In TFTR, helium GDC has been applied to the carbon first wall with 
two contrasting wall condition i) during a pulse discharge cleaning 
campaign; and 2) after the fir-: .vail was fully conditioned and degassed 
by helium ohmic discharges 2 0 3 1 The helium GDC data in Fig. 6 
correspond to the first case, wn:ch sampled the wall conditions partially 
through a pulse discharge cleaning campaign. The helium GDC had the 
temporary effect of improving the character of the PDC pulsos (i.e., 
decreased runaway electron production and radiative power) for a period 
of less than an hour.3 8 This improvement is assumed to be the result of 
the oxygen surface desorption noted above for He-GDC. The second 
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helium GDC exposure, which occurred when the TFTR vessel was well-
conditioned by helium ohmic discharges, had no observable effect on the 
subsequent high power plasma performance even though a factor of two 
drop in CII emission, and a factor of two to four rise in metallic impurities 
were noted after the helium GDC exposure. The inability of He GDC to 
further decrease H-recycling below the minimum value (R z. 0.5) 
achieved by He ohmic condit ioning 3 0 , 3 1 may be indicative of the 
advantage of He ohmic conditioning in a limiter tokamak. where the 
particle flux is concentrated on high flux areas of the first wall. 

CONCLUSIONS 

Hydrogenic glow discharge cleaning is useful for the initial 
conditioning of magnetic fusion devices following evacuation from 
atmospheric pressure. The effectiveness of hydrogen GDC is similar for 
stainless steel or carbon first walls, although higher wall temperatures 
(>300°C) are required for effective degassing of oxygen from carbon first-
wall structures. Helium GDC is not useful for conditioning stainless steel 
walls. However, for carbon first walls, helium GDC can be used for the 
removal of surface oxygen impurities and lor the displacement of 
hydrogenic species by ion-induced desorption from the near-surface 
region. 
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