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ABSTRACT

The properties of carbon, with respect to 1its ability to absorb and release hydrogen, are reviewed
and applied to the interpretation of density behaviour in Ohmigc-, NBI- and ICRF-heated tokamak
discharpes. Based on the experimental observations, improvement of H-mode parameters in JET due
to reduced hydrogen re—emission from the walls is predicted with a numerical model. The particle
removal rates required for Q=1 in JET are estimated.
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L. INTRODUCTION

Hydrogen gas introduced into tokamak discharses will be deposited into the plasma and the material
structures surrounding it. Both act as temporary reservolirs. Hydroeen may leave one reservoir by
stimulated or spontaneous processes and then enter the other. The detalled hydrogen density
profiles in each reservolr are determined by coupled transport equations. Thus the global
particle confinement times in the materials and in the plasma affect the toral particle content in

each. '

The term 'particle balance' refers to the relative and absolute amounts of hydrogen in the two
reservoirs. 'Wall pumping' is the act in which the materials (limiters and walls} absorb hydrogen
from the plasma.

Fuelling methods, plasma transport coefficlents, and hydrogen reecyecling will control the plasma
density and its profile. Their importance Is illustrated by the following examples: any fuelling
technique requires removal of hydrogen from the edge plasma to avold exceeding the density limit;
the record lon temperatures achieved in neutral-beam heated PLT (Eubank and co-workers, 1979) ang
TFTR (Hawryluk and co-workers, lL987) required gettering or wall conditioning to obtain the iowest
initial density of the target plasma; the Alcator-C record nt {Greenwald and co-workers, 1984)
required pellet fuelling; the H-mode requires control of hydrogen recycling (Wasner, Keilhacker,
"and co-workers 1984); and the ratio of D to T and the impurity content {including helium ash) in
D-T burning devices will strongly affect the Q attalnable. For reasons of safety, these latter
devices must also have accurate accountability and control of thelr tritium fnventories.

Density control was first achieved by a series of pragmatically developed techniques, specifically
wall and limiter conditionine by tokamak discharges. Then coatings with passive or getter films
were tried and other wall-conditioning plasma processes tested (Cohen, 1984). Further methods for
removing hydrogen from the plasma edee developed simultaneously and include various pump limiter
{Mioduszewskil, 1984) and divertor (Wagner and Lackner, 1984} confisurations. Recently pumping by
carbon walls {de Kock and co-workers, 1987} has gained attention.

The importance of density profiles im this and the next generation of tokamaks (e.g. Rebut and
Laliia, 1987) demarids scrutiny of the above-listed measures and additionally of the control of
fueiling and of plasma transport coefficients. We focus on the newest phenomencn, wall pumping.



Reviews already exist for wall conditioning, pump limiters, divertors, and pellet fuelling. And
success in modifying the particle transport in a favourable way may be as elusive as similar
efforts to ilmprove the plasma's thermal Insulation.

In this paper we filrst review material properties which establish the boundary conditioms for the
pkasma. Carbon properties are chosen as heing representative because many structures in present
tokamaks are manufactured from graphite, and because carbonaceous layers are known to form on the
walls as a result of plasma operation (Cohen and co-workers, 1978). Measurements of the amount of
hydrogen left in the tokamaks walls and limiters are them presented. The next section notes the
importance of wall temperature te density control and alsc speculates on the mechanisms
responsible for wall conditioning by low-current helium discharges (Dylla and co-workers, 1987).
We then describe the density evolution ipm JET durfng Ohmic, ICRF and NBIL operation to connect the
material and edge plasma properties to overall tokamak behaviour. The final section 1s on future
work. It lists the physics studies of material properties needed to elucidate the present tcokamak
results. This Is followed by an evaluation of the density control and particle removal rate
required to achieve Q=1 in JET, and the propesition that improved plasma parameters In H-modes may
be attalned by reducing hydrogen re-emission from the walls.

2. CARBON PROPERTIES

Pure solid carbon exists in three basic forms: diamond, graphite and amorphous. Carbon in
tokamaks contains a mixture of these, but 1s also Iimpure (containing hydrogen and heavier atoms),
and porous. Most carbon properties were obtained In laborateory studies of pure samples, unexposed
to tokamak plasmas: some data on exposed carbon samples are avallable. An accurate medel of
carbon's role in density control requires that all properties be measured for plasma—irradiated
carbon.

A most Ilmportant property 1s erosion by sputtering. For room temperature graphite the sputtering
yileld Y below ~ 500 eV is approximately independent of the enerpy E of the ilmpacting hydrogen
(Roth, 1987), in contrast to mest materials. This is attributed to chemical effects such as
formation of volatile hydrocarbons. Above 500eV the sputtering yileld falls with increasing
energy. (At 500°C the yleld increases a factor of 2 as the energy increases from 20 eV to 300 eV
and then falls for E > 500 eV.) For monoenergetic deuterium impacting graphite, the maximum
sputtering yield is 0.03 at room temperature and 0.2 at 550°C, again due to chemical synergzy. The
physical sputtering yield changes lirtle with impurity content of the carbon while the chemical
yield decreases (Behrisch, 1%987).

For a fixed power loss from the plasma through the conduction channel, the maximum carbon
production rate, T'Y, by hydrogen impact (fig.l)

occurs at a low energy, below 20 eV. For carbon 1.0

{ons ilmpacting carbon limiters, the maximum TY @a‘u)
rate, apain for fixed power loss, is at about

150 ev, where the vhysical sputterine yield is 0.8

proportional to energy (Lackner and co-workers,
1984). Therefore tokamak operation at edge

temperatures above ~ 50 eV should result in 0.6
lower carbon influx by lon sputtering. r
Direct and immediate kinematic reflection wiil 0.4

occur for a fraction of hydrogen atoms which

impact solid carbon. The measured reflection
coefficient (for normal incidence deuterium on 0.2
graphite) is also shewn 1n fig. 1 (Behrisch and
Ecksteln, 1984; Chen, Scherzer, and Eckstedn,

1984), No data exlsts below 300 eV where the 0 ) 3 4
raflection coefficlent 1s ~ 0.3. ~Calculations 10 10 10 10
indicate that the reflection continues to ENERGY (eV)

increase down to about 10 eV (Eckstein and Fig.l Particle reflection coefficient, r,
Heifetz, 1987). These data tco point to the and impurity generation rate, TY, at fixed
benefits of a high edge temperature, in this power loss for normal Incidence deuterium
case to reduce reflection of the lmpacting impact on room temperature graphite.




hydrogen by the eraphite. No change in reflection coefficlent occurs for hydroeen-loaded carbon
surfaces while an {ncrease in reflection occurs for surface contamination by heavy impurities such
as iron. '

Particles impacting the carbonm lattice create damage by breaking bonds and displaciang carbon
atoms. The damage acts as trapping sites of about 4.6 aV depth for hydrogen (Wilson and Hsu,
1987). At room temperature the density of the hydrogen in the traps can reach 407 of the bulk
carbon number denmsity. Intrinsic traps, ~ 4 eV deep, occur in unirradiated bulk graphite at a
level of about 20 ppm. The penetration of energetic hydrogen lons into bulk carbon (Andersen and
Ziegler, 1977) 1s about 2 x 107!l m/ev in the energy range 20 eV < E < 20 kaV. In beam-solid
experiments, the beam is first strongly absorbed by the graphite target. But the amount of
retained hydrogen increases towards a saturation value {Staudenmaier and co—-workers, 1979)
approximataly as [l—exp(-F/NS)], where N, is the energy-dependent saturation value (~ 2 x 102l
gl-8 (keV) m'z) and F the fluence. The saturation level decreases with increasing temperature
from 40% at temperatures below 300°C to about 5% at 70G°C.

The impact of any type of energetic ion ar neutral onto hydrogen-loaded carbon can result in
release of the hydrogen from the traps. The Iinitial cross-sectilon (Wampler and Doyle, 1987) for
such release is shown in fig. 2, where the ahscissa is the nuclear energy loss rate from the
impacting particle to the carbon lattice. From the straight—line model we estimate that for a 0.5
keV proton the cross-section is abour 5 = 10-21 m? (Andersen and Ziegler, 1977). As the energy of
the impacting proton decreases, it eventually becomes ineffective in desorbing trapped gas because
of its reduced range and reduced available energy. Once released from the traps, hydropen is
observed to leave the lattice and enter the gas phase as molecules (Scherzer, Borgesen, and
M&ller, 1987). In beam-solid experiments when the retalned hydrogen approaches the saturacion
value, further bombardment results in 100% re~emission, initially with the trapped particles
leaving the graphite and the bombarding particles replacing them Iin the traps. If a room
temperature graphite sample is saturated by bombardment with keV hydrogen and then heated to ~
600°C during continued bombardment, initially the re-emission will exceed 100Z%. Except for this
case, no lon~induced desorption experiments have shown re-emission greater than unity. Of course,
room temperature unconditiloned materials, e.8., hydrocarbon-contaminated, will show desorption
yields grearer than unity, but this has not been observed for hot, T > 300°C, conditioned
graphite. Desorption by light particles, electrons or photons, is expected to be less important.
However, this needs direct verification 1n an intense radiation environment typlcal of tokamaks.

Once beam irradiation has ceased, a hydrogen-implanted carbon sample has its hydrogen density

distribution determined by its temperature-dependent diffusivity and the boundary conditions,

including the internal porosity. This Is about 1 mZ2/am for unirradiated POCO graphite {Causey,
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Baskes, and Wilson, 1986). Microscopic examination of graphite exposed to hydragen plasmas shows
that an open porous structure develops to depths in excess of 10 microns (Goebel and co-workers,
1987). The structure 1s sponge-like, with typical veids of 1-10 microns diameter and walls less
‘than 1 micron in thickness. Based on these micrographs, a erude lower limit of the porosity is 20
m? of microscopic area per o? of macroscopic surface. Nakamura and co-workers (1986) measured
surface roughness factors as high as 100 for graphite irradiated by 1.5 x 1018 cn™? 3 kev D.

Causey, Baskes and Wilson (1986) categorize two main types of hydrogen diffusion in unirradiated
graphite, fig.3. Diffusion throueh the bulk becomes important for temperatures above ~ 1000 K.
The activation enerpy 1s between 2 and 5 eV. This process 1s poorly understood, so the
grey-hatched area in fig.3 should only be considered as an estimate. The cther diffusion process,
characterized by traps of depth 0.4 - 0.9 eV (and possibly as low as 0.l5 eV (LaMarche and
co-workers, 1986)), 1s thought to occcur on the surface of graphite mierocrystallites. This can
affect the hydrogen demsity distributionm at temperatures as low as 100°C. It is expected that
impurities, hydrogen content, porosity, and radiation damage will change the diffusion and
recombination of hydrogen in carbon {Amemiya, 1987).

Thermally activated release of implanted hydrogen shows (Nakamura and co~workers, 1987) that at
fluences above 1016 cm™2 molecular hydrogen is thermally released at temperatures as low as 100°G.
The peak release rate is at about T ~ 600°C, in agreement with Philipps and co-workers (1987).

The final process relevant to wall pumping is the build-up of hydrocarbon films on cool surfaces
near a warm plasma-irradiated graphite sample (Hsu and Causey, 1987). This phenomenon, termed
'co—deposition', is ostensibly due to chemical aputtering. It is a non—saturable mechanism for
pumping hydrogen. Diffusion of hydrogen into bulk graphite would also effectively show no
gaturation because of the huge capacity of the bulk.

3. HYDROGEN IN TOKAMAK WALLS

The aforementioned phenomena show several ways by which hydrogen may be incorporated within the
carbonacecus structures found in tokamaks. There are two methods to measure the hydrogen left
behind in the walls and limiters of a tokamak after a discharge. The first is to measure directly
the hydroeen in the walls. Using lon-beam techniques capable of probing to 1 micron depth,
gseveral hundred such measurements on JET components and samples of wall and limiter areas
{Behrisch and co-woarkers, 1987: Bergs3ker and co-workers, 1987) were performed. Note that
hydropen which has diffused further into the bulk remains undetected by this analysis method. In
the pre-ICRF, pre—NBI 1985 operating period, the retalned hydrogen isotopes concentrations reached
lavels as preat as 2 x 1022 n“z, corresponding to carbon layers saturated to depths of 0.5
microns. This depth rules out direct Implantation of plasma fons as the cause of the hisgh
concentrations. (Energles of 70 keV are required to penetrate 0.5 microm.) Averaging over the
entire interior surface area of JET, the total amount of retained deuterium within the first
micron was about 10%% aroms. Co-deposition durlng tokamak discharges is a possible cause. But
our model of co-deposition during discharge steady state fails by a factor of 10 to reproduce such
high hydrogen deposition rates. We belleve a more llkely cause was the extensive use of glow
discharge carbonization during this period. In support of this view are results from the 1986
campaign, which included ICRF and NBI and little carbonization. Ion beam analysis showed that the
total retalned amount of deuterium was about 5 times less tham in 1985 (Behrisch, 1987) and
corresponded to about 1Z of the gas fuelled during the 1986 period. (Hydrogen was not measured
but was expected to be small because few discharges were fuelled with hydroren.) The concen—
tration was highest on structures near the plasma edge, but not those subject to the most intense
particle and heat flows. In 1985 deuterium was found approximately uniformly azround the wails;

in 1986 it was concentrated on the inner wall, in agreement with the more extensive use then of
the carbon—tiled inner wall as a limiter.

The second method Is to measure the gas pumped out of the tokamak after a discharge and compare it
with that puffed in during the discharee. Fig.4 shows such a measurement performed in JT-60
(Nakamura and co-workers, 1986). Immediately after the discharge most of the gas was trapped ia
the walls. Several seconds after the discharpe the pressure rose to a peak and then decayed, in
proportion to 1L/t. For Ohmic discharges, the JT-60 team foumd the pumped deuterium ransed from
40% to 80% of that introduced in the pulsed gas feed. Assuming a continued 1/t re-emission, it
would take about 10% s (for the B80% case) to 10® g (for the 40% case) to re-emit all the
deuterium. Experiments on ASDEX, 3 machine with no carbon components, showed about 90%Z of the




injected gas pumped away in the 15 minutes after each discharge (Wang, Poschenrieder, and Venus,
1986). Measurements on TFIR (a machine with teuns of asquare meters of graphite components and cool
walls) after helium conditioning show the pumped deuterium to be initially 12% of that introduced
into a discharge (Dylla and co-workers, 1987). After about 12 shots the walls were de-
conditioned, but the pumped amount increased to the asymptotic value of only 25%. This has been
taken as evidence of co—deposition, which may occur during discharge start-up, steady state, or
termination.

The pressure after a discharge in JET is also shown in fip.4, along with the pressure with a gas
puff only (no plasma). From these we can get a measure of the characteristic time during which
hydrogen leaves the vessel walls after being implanted by the plasma. This is seen to be >50 s.

For the upcoming tritium experiments ways to remove thils retalned hydrogen are being developed
which rely om thermal, erosion, replacement, and desorption mechanisms deseribed in section 2.

4. WALL CONDITIONING

Numerous reviews have been written on Impurity control by wall conditioning methods (Dylla, 1980;
Cohen, 1984), including the new techniaue of carbonization (Winter, 1987a). Density control can
also be effected by wall conditioning., Two new results are noted here, the first pertains to wall
temperature, the second to desorption.

Figure 5 shows the time evolution of two series of discharges in TEXTOR, with each series
iaterrupted by 20 minutes of rf plow discharge cleaning (rfgdc) in pure deuterium (Winter, 1987b).
(One month prior to these experiments, TEXTOR had been extensively carbonized.) In the first
series, a), the wall temperature was 150°C. With the same pas feed into each discharge, the
post-rfgde discharges (22821-26) displayed a higher density, indicating an increase in the global
recycling coefficient, presumably due to wall loading with deuterium. In comtrast, the second
series of discharges, with the wall temperature at 350°C, showed a reduction in the density of
those discharges after the rfede (23346-52), clearly indicating a decrease of deuterium in the
carbonized f£ilm near its surface. The conclusion is that a carbon wall temperature in excess of
~ 300°C wiil result in appreciable wall pumping. Presumably, the lattice stores the hydrogen for
a few seconds during a discharpe; then thermally activated diffusion and desorption empty the

pear—-surface carbon lattice between dischargses. 60
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The success of low current (I_ < 1 MA) helium conditioning pulses in producing low density targer
plasmas has been attributed to helium and carbon. ion-induced desorption (IID) of the hydrogen
occupylng the deep damaged-induced traps (Dylla and co-workers, 1987). Continuing the TID
line-of-reasoning we first note that the scrape-off distance is longer at lower plasma currents
(Tagle and co=-workers, 1987)}. It is important that the helium fons reach (scour) more distant
surfaces which are exposed to charge—exchanege neutrals during hydrogen discharges. Furthermore,
an optimal enerpgy exists where the impacting ions penetrate far enough into the carbon and still
have a high enough desorption cross—section. This energy 1s about 500 eV for helium impact,
requiring an edge electron temperature of ~ 65 eV. Tagle and co~workers (1987) have shown that
this occurs in JET only at low plasma currents and at a density of about 101% m™3 for helium. A
subtle reason for the superiority of helium over hydregen {or deuterium) In the conditionins
discharpes is that the ion density in the edge In helium discharpges {s higher than in hydrogen
discharges. (The most likely cause for this is the lack of Franck-Condon events for helium keeps
the lonlzation source nearer the plasma edge.) Hence the flux onto surfaces is higher. And
obviously, hydrogen cleaning 1s less effective than helium because it reloads the lattice.

Another reason i1s the delicate balance between ion induced desorption and thermal diffusion.
Ehrenberg (1987) and others (Causey, Baskes, and Wilson, 1986; LaMarche and co-workers, 1986) have
shown that there is a large reservoir of hydrogen within the bulk of the carbon. When the plasma
current is high, the power into the plasma Iincreases, increasing the thermal load on the iimiter
(McCracken, 1987). Then hydrogen desorbed from the near—surface reglion may be replenished by
hydrogen diffusing out of the bulk. Another contributing factor to the benafits of low current
operation for wall conditioning is the better confinement of the desorbed hydrogen in the lower
density plasma causing less prompt reimplantation.

5. DENSITY BEHAVIOUR IN JET

Efforts have been made on JET to compare the plasma density evolution with numerical models
(Ehrenberg and co-workers, 1987; Jones and co-workers, 1987; Bures and co—-workers, 1987) based on
the previously deseribed properties of carbon and of the plasma. Concerning the latter,
experiments (Cheetham and co-workers, 1986; Hubbard, Ward, and Stringer, 1986; CGondhalekar and
co-workers, 1987; Cohen and co~workers, 1987;: Stangeby and co-workers, 1987) under a variety of
JET conditions have shown nearly the same plasma particle transport coefficients. These are a
diffusivity of 1 m?/s at the edge and 0.3 n2/s on axls, and an Inward convection proportional to
minor radius equal to ~ 0.1 m/s at the edge. The equations describine density evelution are the
local flux and conservation eguations. Insight may be gained by recasting these equations 1inteo
the glebal form of the two reservolr modei.

. N N
N, = - (1-r) =2+ (1-r,) H o+ L)
T T

where = total hydrogen content of the plasma,

= global particle confinement time in the plasma,
= kinematic reflection coefficient of the wall,

= total hydrogen content ir the walls,

= global particle confinement time in the walls,
= raflection coefficient of the plasma, and

= the fuelling source.

L= - T
T € € £ W Uw

The defipition of a residence time in (or on} the walls clarifies 1its role as a reservolr. 1In
steady-state, 1.e., no fvelling and 100% recycling, the particles will divide themselves between
the two reservoirs proportiocnal to their effective confinement times in each, where the effective
confinement time inciudes the reflection coefficlent factors.

In the actual numerical evaluations of the flux equations, separate carbon properties are used
for the inpmer wall, wall, and limiters. The diffusion egquation of hydrogen in carbon is solved,
ineluding a source term dependent on lmpact energy, and boundary conditions appropriate to
first- or second-order release from the surface. Impurities are taken into account using the
measured Z,ge to modify ND' The flux out of the walls back into the plasma consists of three




terms, two prompt (the kinematically reflected and the desorbed) and one slow (the diffusine/
recombining} part. The two prompt terms are proportional to Np/tp, the first term on the RHS of
eqn.{l). The essence of the slow part is embodied in the global particle confinement time 1n the
wall, T defined in the same way that the global plasma particle confinement time 1s defined,
thus PwAw = Nwltw, where Pw is the flux out of the wall into the plasma and Aw the wall area.
Particles entering the plasma may be 'reflected' {(Voss, 1980) by charge exchange or Franck—Condon
processes, summarized by the probability factor rp, which is estimated to be 0.5.

The flux equation in the entire plasma may be sokved in each interval of time using transport
coefficients and fuelling profiles cobtained from plasma and atomic physics codes, or the plasma
particle confinement tlme may be treated as an explicit function of plasma parameters. From H—
measurements we find for ohmically heated deuterium plasmas

Ty = 2 x 10? R{em) alcm)2/nfea3)0°8 gec. (2}
The density dependence agrees with that predicted by Engelhardt and Feneberz (1978) for gzas-
fuelled dischareges and with that noted by Stanseby (1987). 1In these Ohmic discharges there is no
strong dependence on By or I . The dependence on the mass of the background gas is relarively
weakly documented - both helium and hydrogen havine somewhat shorter confinement then deuteriam.
During auxiliary heating, the particle confinement time decreases a factor of 2 in L-mode
discharges and 1lncreases about a factor of 2 in H-mode dischargses. Fuelling on axis, as by NBI,
only alters the particle confinement time in a transient mapnner because edpe recycling occurs at a
high rate compared to the central fuelling rate.

For diffusion-dominated release of hydrogen from the wall, the particle confinement time in the
wall may be estimated from the diffusivity and range data in section 2. For the surface
diffusivity, <, is about 1 s at 200°C., But the rate will depend strongly on temperature, changing
a factor of 10 as the temperature changes 100°C. We again point out that the diffusivity through
carbon in tokamaks may be quite different from that in unirradiated sampies. One might suggest
that the best measure of Ty is that derived from the release of gas after a discharge. But the >
30 s value of Ty is inconsistent with the fuelling efficiency and particle balance to be described
in the next section. We conclude that the processes occurring durlng discharse termination, the
so~called 'soft landing', are different than durine the steady state.

5.1 Ohmic Heatine

To study the role of material and plasma properties in determinine the density in ohmic plasmas
discharges of variocus Initlal densities were formed on the outer carbon limiters {(maeroscopic
area ~ 1 m?) then moved to the carbon-tiled inner wall (macroscoplc area ~ 20 m2) (Ehrenberz and
co~workars, 1987). During each discharege the plasma was shifted back and forth between the
limiters and inner wail twice. The movements took 400 ms each, and the residence time on each
surface was 4 seconds between moves. The time evolution of the eas feed, N_, and H-a emission
from the limiters and the Inner walls is shown in fig.6 for five discharges in the serles. Oaly
in the first discharge (11019) was the plasma not shifted. A deuterium pre-fill was introduced
into the vessel about 0.5 s before each discharge. HNote that in discharges 11020, 11022 and
11023 the subseguent dosing gas feed was shut off at 4 s, while in 11024 the dosing feed was
never turned on. In spite of no gas feed during the time O to 4 s, the density im 11024 stili
rose, indicating a continuous fuelling of that discharge for at least those first four seconds.
The source of the fueiling is predominantly the release of hydrogen from the walls and limiters.

The number of electrons in the plasma of 11024 represents at most (at t = 4 38) 50% of those
introduced with the gas feed. The fuelline efficiency deecreased with {ncreasing density, which
Fhrenberg and co—workers show is indicative of diffusion-limited {or another first-corder process)
reiease of the hydrogen from the walls. This considerably eases solution of egn.(l) by
eliminating a free parameter, the recombination coefficient.

When the plasma is moved to the immer wall the density drops. The density asymptotically
approaches a lower level, consistent with a new balance between wall pumping and outgassing or
between T and T- The maximum decay rate measured was 2 X 1021 /g in this axperiment. Om
repositioning the plasma on the outer limiter the density rises, approximately back to its wvalue

at 5 s. The initial rate of rise is typically 6 x 1020/s.
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Fiz.6 Time evolution of 4 parameters for 5 discharges: 11019, 11020, 11022, 11023 and 11024.
11019 was always positioned on the outer limiters; the others were started on the ocuter limiter,
moved to the innmer wall at 6 s, moved back to the limiter at 10 s, back to the Inner wall at 14 s,
and back to the limiter at 18 s.

The pumping ability of the inner wail showed no saturation after 10 such discharges in the

sequence. Had bombardment-induced deep traps been responsible for the pumping, these would have

saturated in 2 seconds, based on the particle fluxes, or in 2 discharees, based on the gas

fuelled. These estimates allow for an edee plasma temperature of up to 200 eV, the entire Iinner ’ |
wall being completely free of hydrogen, and a wall temperature below 300°C. We conclude that

this mechanism is unimportant in this pumpine experiment.

The continuous outgassing of the walls 1s demonstrated by the non-zero value to the H-u radiation
from the inner and upper wall during the time the plasma resides on the limiter. A quantitative
evaluation of the electron source rate from the H-a brisghtness gives 6 x 1020 /5. The initial
source for this outgassing is the discharge initiation which loads the walls with 50-70% of the
prefill gas. As this source empties it 1s replaced by hydrogen implanted by charge exchange.
Note that a fuelling efficiency of 50% implies Tp Y Ty ™ 0.5 3, indicating the inapplicabliicy to
analysls of the steady state of Ty determined from post-~discharge outgassing.

The iaitial rapld rise of density when the plasma is repositfoned on the outer limiter is mainly
the result of wall outpassing and the inability of the outer limiters to absorb (more) hydrogen.
Ion-induced desorption of hydrogen from the near-surface of the limitrer {replenished from deep
within by thermally activated diffusion) may contribute up te ~ 20%Z in the inirially rapild rise,
as estimatéed from H-z. We have shown by probe measurements that when the plasma Is on the inner
wall very few ions impact the outer limiters. Hence the density rise iIs not due to release of the
hydrogen ions implanted in the limiters when the discharge was on the inner wall. The salient
point 1s that the density rise is most closely connected to the amount of gas inijected by the
desing and prefiil for that discharze only.

Why the inner wall configuration pumps so well compared to the limiter is still a matter of
speculation. The H-a signals indicate that a significant (> 30%) part of the ‘re-fuelline' comes
from the top/bottom walls. It has been supgested that different diffusion coefficlents exist
because of different materials (possibly temperatures}) at the walls and limiters. Ehrenberg
achieves excellent agreement between the experiment and numerical integration of eqn.{l) using



diffusion coefficients of order 10711:-12 +n2/3 and a finite thickness to tﬁe material of about 30
nm. The layer thickness L 1is related to the diffusion coefficient D, such that Ty ™ L/D. The
layer thickness may be related to structure Goebel and co-workers cbserve. The global particle
confinement in the wall calculated by Ehrenberg f{s about 1.25 s, and 1s amplified by the recycling
and reflection processes near the plasma edge to about 4 s. The confinement time is shorter in
the warmer limiter by a factor of 10. The kinematic reflection coeffilelent in this model is 0.3.

Another model depends on the different carbon areas. This requires a porosity of 15 m /m to sorb
5 x 102! atoms in each discharge. Using the entire area of the inner wall, either surface
adsorption (to a maximum areal density of 2 x 1019 em2) or supersaturation of the carbon lattice
(to 10% above the 0.4 value described in section 2) would require a surface roughness factor in
excess of 15, which 1s expected. But neither a supersaturated bulk or surface layers of such high
areal density for deuterium on carbon have been reported. And the correct residence time for
deuterlum in or on the carbon is reauired.

Also different edee plasma parameters may occur because of its different confieuration. A
two-fold drop in T, when the plasma is moved onto the inner wall would explain the density
behaviour. We do not have sufficiently accurate H-a data to rule out chanees in rp.

Thus, we know wall outgassing is important. Though mood simulations of the density behaviour in
Ohmic discharges have been achieved we must conclude that there is not yet data to select between
the various plausible mechanisms for temporary hydropen storage by carbon. However, an important
parameter, T, has been measured and future experiments should clarify the relevant processes.

5.2 Neutral—~Beam Iniection

The density rises during NBI by an amount that depends on wall conditions and plasma configuration
(Jones and co-workers, 1987). In fig.7 are shown three cases. For unceonditioned ioner wall or
x-point operation the density rises at an Iinitial rate that is about twice the beam fuelling rate.
The thermal part of the edge plasma (Erents, Tagle and McCracken 1987) does not respond as quickly
as the density rise, indicating that it is not responsible for desorbing atoms. Heating the walls
and limiters Is estimated to be too slow to account for the density rise. And the loss of fast
ions 1s not expected to result Iin a great desorption yield both because of the small losses and
the small cross—section, e.g. fiz.3. One possible cause 1s neutral-impact desorption by the
charge exchange flux resulting from thermal plasma lons charge exchanging with the neutral beam.
As indicated In section 2, preater than unity desorption yields reauire hydrocarbon (not carbon)
films. After conditioning with helium, the best inner wall discharges show an initial rate of
density rise equal to the beam current.

Jones has modelled the density behaviour in these discharges. He assumes a global model of the
solid, usine Ty instead of a separate diffusion term. The best fit to his data results with
T, = 1 s, in good agreement with the Ohmie JET models. The asymptotic density rise in the
unconditioned inner wall discharges 1is found from his model to be the beam—fuelllne rate times
TD/(TD + tw(l—rw)/(l-rp)).

After termination of NBI into limiter plasmas, the density in a discharpge remains above its
preiniection value, as in most gas—and pellet-fuelled discharges (Cohen and co-workers, 1987).
This is explained by the ratic of confinement times in the Jones model equations. WNBI with
conditioned walls results in the post-injfection density reverting to its preinmiection value
because of the availability of deep traps to the 'hard' charpe exchange neutral spectrum during
NBI.

During the H~mode, the plasma particle confinement time doubles and the edge temperature increases
above 1 keV about 5 c¢m inside the separatrix. The drop in H-a light at the divertor plate is then
due to the decreased hydrogen fon flux, the decreased kinematic reflection coefficlent at the
divertor plate, and the decreased desorption cross—section. The initial density rise during the
H-mode transition is at about 2.5 times the beam current. The same factors contribute to this
density rise as in the case of the unconditioned inner wall, namely outeassing, lon— and
neutral-induced desorption, and beam fualling.




5.3 ICRF Heating

The application of ICRF power to tokamaks results in an instantaneous (t < 0.2 ms) change in the
edpge plasma (Cohen and co-workers, 1984). The scrapve-off layer broadens, causing an Increase in
ion flux to the wall. The ions neutraiize, re-enter the plasma, and cause charge exchange events.
Probably the subsequent neutral flux to the walls causes desorption of hydrogen, hence the density
rise. Once again a desorption mechanism must be found with greater than unity yileld. The density
rise during ICRF heatine 1s less at higher currents. Then the walls are proporticnally less
important tham the limiters as sources of gas.

In early JET operation {Cheerham and co-workers, 1986) the density rise associated with ICRF
heating increased linearly with power. But continued JET operation has reduced the density rise
by a factor of 3, (£1g.8) with saturation evident. More recently, helium conditioning has further
reduced the density rise another 30-50%. Additional decreases in demsity rise occur using
different antenna configurations (Bures and co-workers 1987).
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Bures and co-workers (1987) have modelled the evolution of demsity during ICRF heating. They find
the most important term in egqn.(l) is the desorption, which 1Is characterized by two different time
scales. Rapid desorption is due to the rapld edee modification caused by RF power absorbed in the
edpge plasma. A slower desorption cccurs, driven by the diffusion of heat out of the core of JET.
Again, there Is a need to find a process involving carben bombardment that results in the liberal
{greater than unlty) release of absorbed hydrogen atoms.

6. FUOTURE PLANS

Certaln basic materials properties of tokamak-plasma—irradiated carbon must be measured to fully
understand the present results dnd oredict future behaviour. The main questions concern hydrogen
transport through the damaged and impure lattice. Does hydrogen transport occur hetween or across
graphite planes, alonz free surfaces, or through stacked faults? What is the thermal activation
energy for the transport? Does a supersaturated srtate exist? 1Is diffusion in the graphite
lattice hindered at high hydrogen concentratlens? What 1s the accessible porosity of irradiated
graphite? Are there really only two depths to the hydrogen traps in damaged graphite? Where does
recombination to melecules occur? 1s desorption in tokamaks spontaneocus (thermally activated) or
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verified on the tokamaks. In addition, a larger database must be formed of measurements of the
hydrogen left in tokamak walls so that the tritium issue and desorption ylelds can be properly
addressed. Detailed post-discharge wall outgassing studies must be made for a variety of
discharpes. And sugpested techniques for removing tritium from the walls should be tried.

The success of low current helium discharge conditioning reopens the question of how to obtain
optimum conditioning. One way is with helium glow discharges. In this manner all surfaces are
bombarded, not just those nearest the edge plasma. In addition no thermal load - which might aet
to enhance diffusive repopulation of the depleted surface - 1s placed on the structures.

As previously described, wall pumping 1s a desirable if not an essential capability for long pulse
operation. How much then 1s required? We can use the Q=1 case described by Bickerton and
co-workers (1987) as a baseline for JET. The average density must be kept at or below 4 x 1017
z=) to have a high enouph temperature with the maximum available heating power, 20 MH of NBI and
20 MW of ICRF. 1If the fuelling were all by neutral beams and the particle confinement time were
lL-mode, one can readily calculate the particle losses using equn.(2). This gives a required
recycling coefficient of about 0.98, equivalent to 1.5 x 1021/s of pumping. This has been
achieved with the inner wall for a few seconds. For lompger duratioa NBI, both the sorption and
power handling capapilitles of the inner wall may be stressed. With this high recyeling at the
edpe, a broad profile will result. TIf a peaked density profile is required to optimize Q, then
the location of the fuelling must be better controlled. Core fuelling, as with pellets, must
augment the beam fuelling and the wall pumping increased to reduce the edge source. Fig.9 shows
the peakedness in the density profile obtainable by altering the ratio of edge, S5(a), to central,
$(0), fuelling. By decreasing the recycling coefficient to 0.89 and injecting 4.5 x 102! atoms/s
in pellets, the peakedness can be increased to 3 in steady state. The total pumping now required
is 6 x 102115, a value never attained. However a pump limiter could be used. Dletz and
co-workers, (1987} have designed for JET a pump llmiter with an estimated pumping speed eguivalent
te a recycling coefficlent of 0.9. If a higher peakedness is desired, based on our present
undersgtanding of wall pumping, pump limiters, and plasma transport, it could only be accomplished
in a transient manmer. In fiz.10 is shown the time evolution of the peakedness and T, for a
discharge (with standard plasma transport coefficients) heated by NBI and fuelled by pellets. Of

stimulated by particie impacts? These questions can be answered in the laboratory and must be
|
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course, a lowering of the particle diffusivity on the JET axis to increase Tp there to 10 seconds
would also increase the peaking for a longer duration.

The outpassing of the walls observed in JET discharges provides an unwanted and an as-yet-
uncontrolled fuelling with cold gas. Better discharge initiation and wall conditioning could
eliminate this in the future. What benefits would oceur? We examine the effect on H-modes by the
following 1 1/2-d simulation of JET discharges with auxiliary heatinp. Good simulations of Chmic
and L-mode phases are obtained using the critical temperature gradient model for electron energy
transport (Rebut, Watkins, and Lalila, 1987). If in these calculations the edge particle
transport is modified by reducing the particle diffusion coefficlent to 1/4 its standard value in
the vicinity of the separatrix, pedestals on the edge temperature reminiscent of the H-mode

form. This ansatz of a reduced particle diffusivity 1s consistent with the experimental
observations of reduced recycling fluxes durineg H-modes. If the additional gas fuelling due to
outgassing, 6 x 102015, is shut-off in the caleulations, even higher pedestals In temperature
cccur (fig.1ll), leading to inereased stored energy and higher central temperatures. We also
speculate that an influx of cold gas leads to the termination of H-modes by 1ts adverse effect on
the edge temperature. Hence reduced edege fuelling by reduction of wall outgassine will result in
a longer duratfon of the high edee temperature and the H~mode itself.
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Fip.ll Calculated density and temperature profiles for two JET-like plasmas. The transport
coefficients are described in the text. The wall outgassing was set to 6 x 1020/s in a) and ¢ in
b). MNote the higher central and edege temperatures in b) for these H-mode simulations.
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