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ABSTRACT

This paper presents a review of hydrogen and helium recycling phenarnena in
tokamaks with limiters and walls largely made out of carbon {graphite, aC:H
layers). The key points of interest are the plasma fuelling efficiency,

the wall pumping phencmena as cbserved in JET, TFTR, TEXTOR and other
machines under variocus fuelling schemes (gas, neutral beams, pellets), the
release of hydrogen/helium from material surfaces during and after plasma
discharges and the long term retention (total particle inventory) of
hydrogen in graphite or carbonised structures in tokamaks. The effect of a
canbined hydrogen/helium plasma on recycling is also discussed. It is shown
that only part of the above phenomena can be understood in terms of -
processes between hydrogen/helium and carbon as known from simulation
experiments (ion beams, gas discharge facilities) and that others {in
particular the JET wall pumping rhencmencn) have still to be explained.
Possible mechanisms are outlined and discussed by means of glabal models.

I INTRODUCTICON

The interaction of the plasma with material surfaces in tokamaks and the
release of the fuel gas fram them back into the plasma, usually denoted by
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the term recycling, has important consequences on the plasma energy balance,
the plasma particle balance, and also on the relevant material properties
(uptake and release of fuel gas). Several articles have been written on
these issues, for instance /1,2,3,4,5.6,7/.

Some examples may illustrate this in more detail. In TFIR /8,9/
particularly low plasma densities were achieved for high-temperature
neutral-beam heated experiments by conditioning the limiter such that the
recycling of particles was reduced (limiter pumping)}. In D-III D, the
energy confinement time of H-modes was improved by about 15% to 20% after
the walls/divertor plates had been conditioned such that they pumped
hydrogen /10/. The control of particle recycling and, therefore, plasma
density is also important because too high a plasma density can give rise to
density limit disruptions /11,12/ which, for machines with plasma currents
of several MA's as in JET, can be a risk for the integrity of the vacuum

vessel.

Because of future deuterium—tritium operations at JET and TFIR, studies are
P,.

undertaken /13/ to optimise Q = P L. (where PL total fusion power; P

Heat"®
total heating power) by producingﬂzeaggked density profiles enabling better
neutral beam and pellet penetration to the plasma centre. Peaking can be
considerably improved if the particles are being pumped away fram the plasma
edge rather than allowed to recycle into it /13/. Optimizing Q also demands
a plasma where the deuteron concentration is egual to the triton
concentration. It is known fram H to D isotopic exchange experiments in
rokamake /1/ that, to establish a specific plasma isotope ratio needs
several previous conditioning discharges are needed. The mumber of these
discharges as well as their isotope camposition depend strongly on the
limiter and wall materials in question and their ability to take up and
release the fuel gas. The release of the fuel gas from material surfaces
after the plasma discharge is important for the assessment of the tritium
inventory and distribution in the vacuum vessel.

Historically, materials for limiters and walls of a tokamak were selected
according to their practicality and to reduce core plasma energy losses by
impurity radiation. Consequently plasma-exposed surfaces like limiters



which were initially made out of metals were later built out of the lower %
carbon. However, plasma operation contaminated the limiters with wall
materials (metals), thus, reducing the benefits of the low Z material. To
remedy this situation the walls were partially covered by carben tiles and
in same machines (for instance TEXTOR, JET, ASDEX) a carbon layer was
deposited onto the walls by means of a glow discharge with H, (D,) and
methane (carbonisation) /14/. 1In table 1 the relative coverage of same
tokamak walls with carbon is indicated.

The change of materials from metals to carbon affected also the recycling of
the plasma fuel. The main difference was that less gas was required to set
Up a constant density in a machine with a carbon limiter /15/. Furthermore,
plasma fuelling by uncontrolled gas release from limiters/walls became a
camen problem in carbon tokamak operation. Although much work has been
done to investigate basic hydrogen and helium interactions with carbon in
simulation experiments /5,16/ only comparatively little quantitative
application has been made of these results in tokamak recycling studies.

A major reascn is that recycling phenamena in tokamaks are not only the
result of (several) material properties but also of the particle transport
in the main plasma as well as of the conditions (temperature, density) in
the plasma scrape-off layer (SOL). Isolation of the effect of the material
requires a good knowledge about the plasma and the SOL which is, however,
often very pocr. Furthermore recycling processes in the plasma, the SOL,
and on material surfaces are not independent of each other. Therefore one
has to be very cautious in camparing recycling phenamena from different
machines.

A camprehensive presentation of all the recycling phencmena, even when
constrained to carbon machines, would be beyond the scope of this work.
Tnstead this work presents in more detail same issues which have recently
gained increased interest, as for example the wall pumping and wall fuelling
behaviour under various operational conditions. The aim is to identify
possible plasma surface interaction mechanisms fram the cbserved phenamena.
The discussion in section ITI is concentrated on theoretical investigations
of those experimental phencmena which cannot be explained by known processes
between the plasma fuel and carbon.
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RECYCLING PHENCMENA

IT.1 wWall and Limiter Conditions and their Effects on the Plasma
Density in Ohmically Heated Discharges

IT.1.1 Effect of Wall/Limiter Temperatures

In this section discharges are examined in which walls/limiters and
plasma have came close to an equilibrium state {quasi steady state)
indicated by the fact that reproducible discharges (density, fuelling)
can be performed. A thorough study of the effect of different
wall/limiter temperatures on the global recycling of hydrogen has been
undertaken in TEXTOR /17,18/. The TEXTCR wall had been carbonized
about 1000 discharges before the experiments were carried out and the
wall (liner) and limiter were baked each night at about 350°C and
400°C, respectively.

Rumning the machine at 150°C/270°C for wall/limiter-temperature,
respectively a flat top density could be produced during the current
flat top as indicated in figure la). The gradual density decrease from
shot to shot was explained /19/ as a result of the depletion of
hydrogen in the carbon limiter by thermal desorption at the end of the
foregoing discharge and subsequently increased trapping during the next
discharge.

when the wall and limiter temperatures were raised to 350°C and
370°-400°C, respectively, the plasma density decayed already during the
current flat top phase (figure 2a), indicating an increased retention
of particles in the walls/limiters. A variation of just the limiter
temperature (150°-330°C) did not markedly alter the results, suggesting
the carbonised wall being the dominant density controlling material
surface in TEXTOR. TFTR cohmic discharges with walls and {(immer bumper)
limiters at about roam temperature showed also a near flat-top density
during the current flat-top phase /8/. If the external gas supply is
switched off*the density decays with an initial time constant T;; larger
than 10s. 'rp is defined as:
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with Nb: total plasma particle (electron) inventory,
Tp: glabal particle confinement time, depends on plasma transport
and particle source distribution in the placma.
R(t): global recycling coefficient.

Chmic discharges in JET with the eight discrete limiter configuration
of 1986, however with a limiter and wall temperature of 300°C also
showed nearly flat top density during the current flat top phase., T
was larger than about 400 s, figure 3a). Using a six times larger and
actively cooled belt limiter instead, T; changed to about 11 g, figure
3b. However the limiter temperature was also changed to about 150°C.
Discharges with the belt limiter at 300°C were also performed at the
start of the experimental campaigns of 1987 and 1988 and T;WBS measured
to be much larger (R 100 s). However, previous to these campaigns
extensive hydrogen glow discharge cleaning was performed which makes
interpretation ambiguous (see next section). In contrast to TEXTOR the
dominant interactions between plasma and material surfaces in JET and
TFIR teke place at the limiters. Campariscon between JET and TEXTOR
results indicate an increased pumping capacity at hicher temperatures
in TEXTCR, and the opposite in JET. It is an open question as to
whether this is due to a genuine difference between the solid carbon
(JET) limiter and the carbonized metal wall (TEXTOR). Camparison
between JET and TFTR indicates similar results for T;, although
Temperatures were cuite different suggesting either differences of the
hydrogen storage capacity of the different types of graphites, or
indicating no temperature dependency.

*

It is important to note that for a more detailed analysis the effect of
the different particle fluxes to the different surfaces in the tokamaks
(Limiter, walls) have to be established. The global recycling is
easlly controlled by the pumping of only 10% of the particle efflux
from the plasma, which would give a global particle recycling



coefficient of 0.9. Even assuming a large particle confinement time of
0.5 s the plasma density would then be reduced by 20% in 1 s which is
still large compared to what i1s doserved in figures 1-3. However the
important result derived from the above phenamena is, that even when
reproducible discharge are possible, a continuous particle loss occurs
whose magnitude seems to depend on wall/limiter temperature. This is,
reminiscent of the recycling behaviour of hydrogen in metal machines
(particle losses into the bulk material); however cother processes like
carbon-hydrogen codeposition would also explain such a result (see
section IIT). |

A rough but useful quantity for measuring the particle up-take of the
walls/limiters during a plasma discharge is the fuelling ratio F:

N
F=—
N

e

where Ng = total plasma electron content at time t in the discharge,
. t
and Nfa'n = [ b, dt: total external electron input until time t, By =
o

external electron influx. A correction for Zeff of the discharge gives
the hydrogenic plasma confent. The ratio F is given in figure 4 as a
function of N for JET belt limiter discharges. It decreases with
increasing &.a even if corrected for Ze £E° A very similar result has
been cbtained for 1986 JET limiter discharges (discrete limiter) as
well as for 1986 inner wall discharges /20/. Furthermore, transforming
TFTR fuelling efficiency results for hydrogen and deuterium discharges
/8/ into a similar functional dependence of F on Nm gives
qualitatively very similar results. Also, JT-60 l:mlt:er dlscharges
(TiC—-coated graphite) indicate a decrease of the fuelling ratio within
the discharge itself as long as the external gas dosing is switched on
/21/. This demonstrates that under quasi steady state conditions
between plasma and limiter/walls a relatively larger fraction of the
input gas ends up in the walls at larger inputs. It has to be borne in
mind that this is not a trapping effect as known fram implantation
experiments /22/ because this effect would cause the fuelling ratio to
became 1 after saturation has been reached. Also, the limiter and
walls in the above experiments are most likely already saturated /23/.



IT.1.2 Effect of a Previous Hydrogen Glow Discharge Cleaning (H-GDC)

Figures 1 and 2 indicate the effect of a previocus H-GDC on the plasma
density of TEXTCR discharges for two different wall temperatures. At
T.= 150°C the density is increased campared to the same discharge
without a previous GDC, indicating H-release from walls due to the
Previocus wall loading. At TW = 350°C no such increased plasma density
is measured (figure 2b) /17/ indicating no wall loading by a GDC at
that temperature. Experiments in JET with walls and limiters at about
300°C show also an initially increased plasma density which decreases
during the course of a discharge series. Figure 5 indicates the ,
fuelling ratio for such discharges as a functicn of the total number of
input electrons. It shows that in this case after about four to five
discharges a quasi steady state has been reached similar to the one
indicated in figure 4, although temperatures were different. Both JET
(at 300°C) and TEXTCOR (at 150°C) results also indicate that the
hydrogen loading of material surfaces during B-GDC must be different
from the loading which occurs during tokamak discharges. After GDC the
wall seems to be supersaturated relative to the equilibrium state
produced by a tokamak discharges. Then, during discharges plasma
induced desorption depletes the walls of hydrogen. It is not clear
whether well/limiter temperatures in JET around 350°C would give a
similar results as in TEXTOR where no wall loading is observed or
vhether this is again due to a genuine difference between carbonised
metal walls and solid carbon.

IT.1.3 Cchangeover from Hydrogen to Helium

It is well known that changing the gasfil of a tokamak from hydrogen to
deuterium does not result in corresponding and immediate change of the
plasma fuel (see for example /24,25,26/). Similar results are cbtained
during the change over to helium with the additional effect of the
plasma density being increased by hydrogen desorption fram
walls/limiter during the initial helium fuelled discharges. Figure 6
gives an example fram JET with data taken from discharges with TL = Tw
= 200°C as well as T, = T, = 300°C. Due to differences in the



discharges differences between the fuelling ratios at two wall
temperatures cannct be judged to be caused by the change of
temperatures. The cammon feature is that helium releases hydrogen fram
walls/limiters and that the depletion of it causes the fuelling ratio
to decrease with progressive discharges (helium wall conditioning /9/).
Helium itself is apparently not being pumped by these material surfaces
since the fuelling ratio stays approximately at one (campare discharge
No 34 with No 53). This is very similar to TFIR He—discharge results
where the fuelling ratio was 1 although the walls were at about roam
temperature and only the (movable) limiter was at about 300°C /8/. The
release of hydrogen appears to depend on the density of the discharge
such that lower densities give rise to a relatively larger release than
higher densities (compare discharge No 16,45,53 in figure 6).

It is known fram implantation experiments of helium into graphite /27/
that above about 200°C trapping of He is negligeable campared to
hydrogen trapping. When saturation is reached one should therefore
expect no further retention and therefore a fuelling ratio of 1.
Camparing this result with the corresponding hydrogen resuits of
section II.1.1 it can be again concluded that besides trapping of
hydrogen an additicnal hydrogen retention mechanism is taking place
which 1g absent or much weaker for helium, and which puts the hydrogen
fuelling ratio to below one (see also section ITI).

IT1.1.4 Changeover fram Helium to Hydrogen

As described in the previous section, Helium discharges can desorb
hydrogen from walls and therefore subsequent discharges in hydrogen
experience increased puvping by walls/limiters. Figure 7 gives an
exarple from TFIR /8,9/ without and with previcus helium conditioning.
The decrease of -r; to about 2 s is due to a decrease of the global
particle recycling coefficient (see equation 2). It is also indicated
in figure 7 that the external gas feed has increased to set up the
required plasma density after the conditioning. Both effects decrease
with progressive hydrogen discharges indicating that walls and limiter
are getting saturated. The TFIR imner limiter was estimated to retain
about 100 Torr.i of hydrogen /9/. Very similar qualitative results
have been obtained after JET helium charges where strong hydrogen




panping is a cammon feature of the initial hydrogen discharges and
after outgassing of the TEXTOR walls /18/.

IX.2 Variation of the Plasma Positionk and its Effects on the Plasma
Dengity in Chmically Heated Discharges (Inner wall Pumping)

IT.2.1 Temperature Dependencies

If the plasma in JET is moved fram the outboard limiter to the irmer
wall the plasma density decreases /3,28/. However, the same thing
happens when the plasma is elongated such that it is bounded by the top
and bottam carbon tiles of the JET vesgsel. Examples are given in
figure 8 for discharges which were identical {density, current,
fuelling} up to the start of the plasma position change {(at 6 s). At
10 s in figure 8 the plasma was moved back to the limiter causing a
rise of the plasma electron content. Measurements of Z of f via
Bremssrahlung indicated that the electron content variation was due to

hydrogen content changes.

Such experiments with the belt limiter configuration were performed at
Tl = 120°C, Tw = 200°C and with the old discrete limiter configuration
at Tl = ’I‘w = 300°C. However due to different discharge waveforms only
a qualitative comparison is possible, indicating no differences between
the results of the two series. Immer wall or top/bottom pumping has
been cbserved in JET under all combinations of limiter and wall
tamperature: Tl = 120°C TW = 200°C; 'I‘l = 300°C, Tw = 300°C; Tl =
200°C, T, = 200°C; T, = 150°C, I,;= 300°C. Figure 8 indicates that
punping is even stronger at the top/bottam than at the immer wall. How
@ change in flux density causes the pumping is not clear: Inner wall
and belt limiter in JET have about similar areas but magnetic
campression of flux surfaces at the outside versus inside contributes
to smaller scrape off decay lengths at the outside (see III.4).
However, the perpendicular diffusion coefficient in the plasma boundary
of inner wall discharges has not been measured so that the real SOL

width is not known.

This pumping does also not deteriorate in progressive discharges.



Experiments in TEXTOR /17,29/ show a very similar pump-out of the
plasma density when the plasmz is moved towards the inside of the
vessel, figure 8. At lower temperature (TW = 150°C) the pump-cout seems
to be much less pronounced, figure 10a). Similar to JET discharges, no
saturation effects are observed. However, it is not clear whether the
plasma density would recover if the TEXTOR plasma was shifted back to
the outboard limiter,

Tt has been observed in other machines like TFIR /8/ and PDX /30/, that
immer wall discharges require more gas (about 30% and 60%,
respectively) to set up the same density as in the outer limiter
configuration. This might be an indirect indication for inner wall
pumping. Moreover, recent results of TEXT /31/ as well as earlier ones
of ASDEX /15/ with stainless steel limiters have shown that there is a
recycling asymmetry between the outer and inner limiter. The TEXT
results are interpreted as a reduction of the global particle
confinement time when the plasma leans at the inboard wall. It will be
discussed in more detall in section IIT that this can cause a density
drop without a change of wall properties.

II.2.2 Effect of Previous H-GDC

Similarly to the results in section IT.1.2 a hydrogen loading of the

walls by a hydrogen GDC can lead to an increased density even in inner
wall discharges and thus to a suppression of the purping effect as is
indicated in figure 10 b,¢) for a wall temperature of 150°C in TEXTCR.

IT.2.3 Effect on He Discharges

If the walls of JET are sufficiently depleted of hydrogen by previous
helium discharges such that the hydrogen content in the plasma is about
15% or less of the electron content, inner wall pumping in helium
fuelled discharges is much weaker than in hydrogen fuelled ones, figure
11. In fact its magnitude could be entirely attributed to the pump cut
of the residual hydrogen in the plasma. This result is consistent with
the cbhservations indicated by figure 6, that helium is not or only
weakly purped in graphite at temperature of about 200°-300°C.



IT.2.4 Effect on Hydrogen Discharges after He Discharges

A depletion of hydrogen in the imner walls can cause an increased
pumping capacity of it in subsequent inner wall hydrogen discharges.
This pumping enhancement, however, deteriorates with progressive
discharges indicating a saturation effect. The 'normal' wall pumping
is then restored. An example fram JET is given in figure 12a) where
the gas fuelling (figure 12b) was switched on when the plasma was moved
to the inboard wall except in # 12603 which was the fifth discharge in
deuterium after eleven discharge in helium. In TFTR specifically low
density H-discharges were performed at the inner bumper limiter after
He—conditioning /8,9/.

II.3 Recycling Phengmena in Auxiliary Heated and Core Fuelled
Discharges

IT.3.1 Effect of Neutral Beam Heating

The density evolution during neutral beam heating can be divided into
two phases /8,20/. First is an initial ghase from the onset of the
beams until a time which corresponds roughly to a confinement time for
core fuelled particles (0.5- 1 s in JET) and second is a later phase
thereafter. Figure 13 indicates these two phases for neutral beam
fuelling under various conditions in JET. In phase I the density rises
according to the beam fuelling (‘hbeam) or even faster whereas in phase
IT the density rise decreases or even stops (density clamping). The
reason for the increased (over the beam fuelling) density rise is
desorption of hydrogen from walls and limiters which is absent if
previous He discharges have depleted the walls of hydrogen (compare a)
and b) in figure 13). Direct evidence of hydrogen desorption during
neutral beam fuelling has been cbtained in the JFT-2M Tokamak /32/
where during a deuterium plasma discharge in a vessel with hydrogen
conditioned walls the hydrogen and deuterium partial pressures were
measured simultanecusly. During the beam heating phase only the
hydrogen pressure increased, figure l4c).

In phase IT particle loses fram the plasma to the walls and limiters
daminate.
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The density can continue to rise which can be explained (figure 13a) by
assuming an increase of the particle content in both, the plasma and
the wall/limiters and a mutual exchange of particles between these two
reservoirs /20/. With He—conditicned walls the loss of particles from
the plasma equals the beam fuelling plus any possible wall fuelling.
The removal of particles in this case is permanent at least for the
duration of the additicnal heating phase. It could be suggested that
thig is related to the increased retention efficiency of the walls
(trapping) after the conditicning. However density clamping is al_so
cbhserved in JET X-point discharges without He conditioning. Alsc, TFIR
neutral beam heated discharges exhibit a similar density behavicur
explained as a consequence of the reduction of the global recycling
coefficient, decreasing with increasing beam power /8/.

As to be pointed out in section ITI and mentioned already above a
possible degradation of the plasma particle confinement can also

céuse a density decrease without changing the wall properties. However
the wall has to be in a state where it can retain particles.

I1.3.2 Effect of RF Heating

Although RF heating is supposed to deposit only energy into the plasma
it is well known that with the use of graphite limiters desorption of

hydrogen and consequently an increase of the density also occurs (for

instance /33/). Examples are shown in figure 14.

A detailed analysis of this phencmena by Bures et al /34/ concluded two
release processes of hydrogen from walls/limiters to be responsible for
the density increase: Firstly a fast (ms) release at the onset ‘of RF
heating and secondly a slower one thereafter possibly associated with
the increased power flow into the plasma scrape-coff layer during
heating. In both cases is the particle release roughly proporticnal to
the RF-power. Similar to the case of neutral beam heating, the
increase of the density persists only as long as the auxiliary heating
is switched on and the density rapidly (1 s) decays afterwards to a
value which is about as low or even lower as before heating,
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IT.3.3 Effect of Pellet Injection

Pellet fuelled discharges are characterised by a rapid (ms) increase of
the electron content corresponding to the ablation process and a
subsequent pump out. The pump out can be rapid < 1 s or slow (> 1 s)
without having changed the wall conditions and seems strongly related
to changes of the particle transport, as for example the occurrence of
MHD locked modes /35/ which are usually followed by a rapid pump out.
However again the wall limiters must have the capacity of retaining the
particles in order to keep the density low.

I1.4 Particle Release after Plasma Discharges

Hydrogen outgassing in tokamaks with stainless steel walls, as for
instance in ASDEX, is known to recover almost all (R 90%) of the
particles (within about 15 min) which had been admitted into the
machine /36/. Carbonising the walls has decreased this fraction to
much lower values (< 50%) /37/. Particle balance measurements in TFTR
indicate that without helium conditioned walls only about 25% of the
input gas is desorbed from the walls after a discharge /38/. Similar
measurements in JT-60 (TiC walls) show that for ohmic discharges
40%-80% of the admitted gas leaves the walls /33/. Ohmic discharges in
JET indicate that typically only 20% + 10% are released within 102 s
after the discharge /40/ if the discharge ended with a soft landing of
the plasma current. Disruptive discharges clearly show a release
fraction which is much larger (between 50% and 200%) (figure 15)
suggesting that larger power depositions on to walls cause thermal
desorption of hydrogen. Helium discharges end almost always in
disruptions, indicating little He pumping by walls. Current
investigation in JET also suggest that even in additibnally heated and
pellet fuelled discharges the fraction of released particles to those
admitted by the gas puff does not markedly change.

The slow outgassing fram JET walls is indicated by the temporal
variation of the total gas pressure (80% H, (or D,)) figure 16. The
wo examples were taken from discharges with different wall
temperatures (# 14076: Tl = 150°C, Tw = 300°C; # 12009: T
= 200°C).

1= 120°C, TW
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However these differences between the data are not specifically larger
than the scattering of data fram different discharges with the same
wall temperature. Therefore, a temperaure dependance cannot be
derived. Taking into account the pumping time constant of 20 s for
hydrogen a calculated wall release process With release time constants
of the order of 10 s, 100 s, and 1000 s can well approximate the
measured data.

It is conclusive to campare these release time constants with release
times of particles from walls during discharges (figure 8) indicating
that the latter are typically one second or less, for instance when the
plasma is moved from the inner wall back to the limiter. fThe plasma
is a punp for wall released hydrogen with a time constant much shorter
than 20 s]. This suggests that release processes with and without
plasma are quite different (at least in JET) making it rather difficult
to derive particle release mechanisms which take place during the
discharge from the dbservation of the outgassing behaviour afterwards.

II.5 summary of Recycling Phendmena

The data which were presented in the last four sections can be
sumarized as follows:

1) The fuelling ratioc as defined in section IT.1.1 for
hydrogen/deuterium plasmas in carbon rich tokamasks with hydrogen
discharge conditioned walls is smaller than one and decreases with
increasing input (density). This indicates that a large proportion
of the input gas is staying in the walls/limiter but exchanges
particles with the plasma, This has been observed at Ty =T =
30°C (IFIR) and T, =T, = 300°C (JET).

2) A H(D)-GDC prior to a tokamak discharge increases the fuelling
ratic above one for the initial discharges (JET, 'I'l = Tw =
150-300°C), TEXTOR Tw = 150°C indicating plasma induced hydrogen
desorption fram walls/limiters. No such effect has been cbserved
at T = 350°C in TEXTOR.

3) Change over fram hydrogen to helium discharges even without
previous H-GDC also increases the fuelling ratio above one
indicating helium—induced hydrogen desorption. In contrast to

hydrogen discharges, helium-conditioned helium discharges have a
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ITT

8)

fuelling ratioc of about cne indicating relatively little helium
purping (JET, TFIR).

Change over from helium to hydrogen _discharges requires more gas to
cbtain the same density than under the conditions of 1) indicating
increased wall/limiter pumping due to H-trapping. However this
additional effect detericrates with progressive discharges
indicating hydrogen saturation in walls/limiters {(JET, TFIR), at
least on the time scale of days.

Hydrogen discharge conditioned walls at 150°C in TEXTOR exhibit
clearly less pumping than at 350°C. This result possibly contrasts
with cbservations in JET where at a limiter/wall temperature of
300°C/300°C the punping seems to be less than at 150°C/300°C.
Hydrogen pumping caused by plasma position changes (cuter limiter
to inner wall) does not deteriorate and can be increased by pre
He—conditioning. Results fram TEXTOR indicate that at Tw = 350°C
the pumping is larger than at 150°C. An important feature is that
the wall refuels the plasma if it is moved back to the limiter
(JET) .

Auxiliary heating of discharges with hydrogen conditioned walls
leads to a desorption of wall/limiter hydrogen (JFT-2M), which in
case of RF heating is roughly proporticnal to the applied power
(JET) .

Wail/limiter outgassing after discharges results in a hydrogen
recovery fraction < 50% of the input gas. (JET, TFIR, JT60). The
recovery fraction is higher (- 200%) after disruptive discharge
(JET).

The cutgassing time constants after discharges with soft current
termination landing are about an order of magnitude or more larger
than outgassing time constants during plasma discharges (JEI“) .

DISCUSSICNS

IIT.1 Ceneral Cocncept

It has been said already that the various recycling phenamena presented
in the foregoing paragraph are not always only a consequence of the
state of the limiter and walls, but that the plasma transport and the
conditions (temperature, density, transport) in the plasma boundary and
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scrape-off layer can have also an important effect on recycling. To
describe recycling phenomena and to make predictions a model of all
three components, plasma, plasma boundary, and wall would be required
and has already been developed by several authors, for example
/6,7,41,42/.

It is beyond the scope of this paper to discuss the recycling phencmena
in the light of these detailed models also because much of the relevant
data, in particular fram the plasma boundary, are not known. Instead a
more gicbal approach is pursued which may suffer fram simplifications
but can nevertheless give same insight into the recycling processes.

Figure 17 indicates a simple view of the three particle reservoirs in a
tokamak between which particles recycle: the plasma, the plasma
boundary and SOL, and the wall/limiter (denoted by subscript P,.B,W
respectively). It is assumed that particles which leave the plasma end
up at walls and limiters and that particles leaving these surfaces and
entering the SOL or boundary have a probability f to refuel the plasma
whereas a fraction {1-f) may go back to material surfaces.

This shall take into account for example ionisation of neutral
particles within the SOL or charge exchange losses to the wall both of
which would reduce the fuelling efficiency.

It is further assumed that the total number of particles, which is the
sum of the individual particle inventories is constant. Thus:

N=NW+NB+Np=const .(1)
The fluxes out of the individual reservoirs are governed by the
respective particle confinement times which in turn are dependent on
the individual transport processes in these reservoirs. According to
figure 17 the three reservoirs can be connected to each other by three
simple differential equations:

(2)

=z
il
|
o k™
+
Hh

Np
5
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N, N N
NB:'EE‘LTLJ*'I?E (3)
B W o)
N N. N,
N, =~ + () £+ 1-p 2 (4)
W D B
r: reflection coefficient
In steady state Np reads:
£ - Tp
N_ = — N (6)
D T (1-x-£) +TB+f'rp

IT.2 Estimate of the Confinement Times for JET Discharges

Glchal plasma particle confinement times are often determmed by
density and Ho—-measurements /6,7/ and Tp is calculated fram:

N
N, = - ;ﬁ + Loy (7)
where qu_n are &ll the fluxes into the plasma measured by Ha
spectroscopy. Cne can estimate an average reflection coefficient
according to Te measurements by Langmuir probes {for latest JET results
see /43/). For a machine like JET 'rp = 0.2 5 for mediun density
discharges and r = 0.5 (D onto carbon).

Assessing values for f is much more @ifficult as it depends on the
atomic processes and plasma transport in the plasma boundary as well as
on the geometrical conditions of the plasma limiting surface. If
ionisation within the SOL is the major process to reduce the fuelling
efficiency one can, as an example, easily calculate values for f. It
is assumed that the wall is at a radial position x=0, that the limiter



is at x=1 and that the starting point for a recycling neutral hydrogen
molecule which moves radially towards the plasma is at x=a. Moreover,
it is alzo assumed that there is an exponentially decaying electron
density in the SCL and 0 < a < % then:

feep (2 Q-ep T ) (8)

with

{g + v_.>» * nia)
a1 = e

Yn
where v, velocity of a thermal neutral molecular hydrogen (= 103 %1)
3
<o-v_>: ionisation rate coefficient (4-10-3¢ ISE-). (T,220 eV).
n(a) electron density at plasma boundary (= 101& m-3)
A_: Gensity SOL width {0.015 m, at the JET limiter)

n
7“1“: temperaturée SOL width (see below)

The particle flux which hits the plasma limiting surface has a decay

27\11 7\1‘ 2

2>‘T+)‘n . For >‘T = 7\1'1’ A= 3 ?\n. The radial position a =

§ - A on this surface can be used as an average starting point for
A
recycling neutral particies. Thus f = exp- (——%}. With }\n = 0.015m

and d= 0.025 m then £ = 0.7 at the JET limiter., OCther processes
(charge exchange, Franck-Condon-atom formation) would of course alter
this value. With electron temperatures above 20-30 eV in the plasma
boundary /4,3/ an estimate of the total fuelling efficiency could be
about 0.5 /49/. Thus (frr) = 0.1s.

dength of A =

The SOL particle confinement time for neutrals can be estimated to be
elther:

¢ —a
V.
n

if (R - &) < Aion; Aion=nean free path for ionisation
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or

ion
T = v if (-a) » ?\ion
n
. Ly
For ions v ¢
=== = v,
R ion

L” typical connection length to limiter
Vien tyrical ion velocity in SOL

. ~ - , - - m
For JET: }‘ion = 0(10 Eg), L” 0(10m)}, Vh 0102 S)
Vion = ({1053 g), {1-a) = 0{10-m) thus:

0(10-5s) < g < 0(1G-4%s)
Therefore pr > TB’ ie. the SOL is a negligeable particie reservoir
when campared with the plasma itself.

It is much more difficult to assess T However using equation (6) and
N

deriving fron it the ratio "E% gives an estimate about T if N is

identified as the total particle input in a plasma, N;'n. This is only

valid for stead state wall conditions (see IT.1.1) where it can be

assumed that the particie desorption from walls or the permanent

trapping by them is negligeable campared to N;‘n. With Ifg = 0.2 for
N
hydrogen discharges in JET (from section IT.1.1) and equation (6) cne

gets:

or, within the uncertainties, it can be assumed that for hydrogen
O(TW) = O(f-'rp)

A similar results has been cbtained by Jones et al /20/ fram neutral

beam experiments in JET.
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N
For He with ﬁQ = 1 one gets, T <« f 'Tp. thus the helium residence time
after saturation in the material surface is much shorter than the
hydrogen residence time, a result which is consistent with data derived

fram ion implantation experiments /59/.

I11.3 Possible Processes Related to Tw

According to equation (&) the ratio EE is a function of T and f'Tp.
Once can discriminate twe simple cases: cne vmereNTw = const and

= K_ITQI;
surface area hit by the plasma. An example could be diffusion limited

release process from limiters walls. Ancther case is T, & 1/3 as for

therefore independent of the particle flux, jJ , where A is the

instance in a recarbination limited release process /46/. Similarly
one can assume Tp = gonst or alternatively Tp a IJT‘J— according to

P _
Engelhardt et al /47/ and as also measured in many tokamaks /48/.
Therefore there are four different cambinations of Tp and T, with four

N,
different dependencies of the fuelling ratic —% on Np and thus on N

assuming that N = N-. The calculated qualitative dependency of 29 on
N is given in figure 18 for these four cases. Campariscon with figure
14 (steady-state wall conditions) indicates that only the case w1th Tp
Q l/i\Tp and T const. produce the experimentally cbserved functional
dependency, hence L the particle residence time in JET material
surfaces does not seam to be flux dependent. If the walls/limiter are
not in a steady state condition cne might still use the above concept

but with an altered definition of N:

i) After H~GDC, N = Nf;n + ANiwhere AN& is the amount of hydrogen in
walls which is released by plasma—induced processes.

ii) After He conditioning or baking of walls N = N:én - ANE; where ANE; is

that part of the particles which is trapped in walls/limiters.

If, under these circumstances, an equilibrium between plasma and walls
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is reached during a discharge AN"I?Jr and ANIr can be calculated using
equation (6).

AN‘]i:ng—Nén
T _ .dn _
AI\TW_N:(;Il ng
et + 1T (1-x.5)
with g = —%T—W = 0(2-5) for hydrogen
P

‘Because g > 1 for hydrogen discharges a determination of gained and
lost particles by simply subtracting plasma and input inventories
fram each other under-or overestimates respectively the additicnally
released or trapped number of particles.

TTT.4 Application to Tnner Wall Pumping

According to equation (6) a decrease in Tp, {(which, however, is not
known when changing the plasma position from the outer to the inner
limiter for instance) would cause a density decrease similar to one
caused by an increase of the particle wall confinement time T, 11
fact, the insensitivity of JET inner wall pumping to temperature
differences between the cuter limiter and the inner wall might suggest
that the properties of the wall/limter are not the only reason for a
density pump-out. (It must be noted, however, that the real surface
temperatures during discharges are often not accurately known.
Assuming a total wetted area of 20 m? at the inner wall of JET for
instance, and 15 m? at the limiter a 2 MA olmic discharge would raise
the surface temperatures by less than 50°C within 10 s). l

A decrease of the fuelling efficiency f at the inner wall can also lead
to a reduction of the plasma density. The magnetic topology of JET
limiter discharges causes a radial expansion of a magnetic edge flux
tube by a factor of about 1.6 when going form the outside to the inside
and by a factor of about 3 when going from the outside to the
top/bottom of the plasma. This leads to a corresponding increase of )\n
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/50/. Using eguation (9) this can change the fuelling efficiency due
to ionisation of molecular hydrogen within the SOL as follows:

t )\:i.n + Aout
_J___Il__ = exp (" __Il.__z.EL = {.9
out
£ _)\Efb + pout
t/b _ n o 'n
7 = exp | >3 ) = 0.6
out
Assuming Tp =0.2s8, r=20.5 Ty " 0.5 s, fout = (.7 angd with eguaticn

(6) one gets for the reduction of the density:

N
Nout = 0.8
p

N /o

P _
Nout = 0.7
D

Hence, this effect alone does not seem to explain all the density
decrease at the inner wall but it can explain why pumping in JET is
stronger at the top/bottam than at the inside (figure 8) without
assuming respectively different wall properties. It can also explain
the observed phenomena of a density loss when changing from a limiter
plasma to an X-point plasma in JET.

It is important to note that a finite and non zero residence time of
particles in the walls is essential because the walls have to retain
the particles. The influence of the wall properties is seen in the
results of TEXTOR inner wall discharges with H-GDC conditional walls
(figures 10b,c) were no pumping but even an increased fuelling is
cbserved. On the other hand assuming in equation (6) that T <« fr

P
then Np igs independent of £, T and wall properties. In such cases no

| &
pumping would be expected. This is exactly the result cbserved in the
He discharges where the residual pumping, as indicated in figure 11,
was attributed to the pumping of the residual hydrogen. Therefore the

cbserved density reduction in helium discharges could be explained by a
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decrease of the fuelling efficiency, the effect of which is much
stronger for the hydrogen camponent because its retention time in the
walls is much longer.

IIT.5 Cther Recycling Phenamena

i} Hydrogen Wall Ioading by H-GDC and Release of H in Plasma
Discharges

One can assume that H plasma discharges implant H into carbon until its
saturated. For an impact energy of about 150 eV (4.5 kT) at the
limiter, saturation is reached at about 3.102¢ atoms/m2. In JET the
total limiter area is about 15 m? resulting in 4.5 102® atoms at
saturation. The wall area is about 200 m? (projected onto plasma
surface) and therefore could retain about 6.1022 atcms. Indeed,
surface analyses of wall and limiter samples indicate such amounts of
retained H or D in JET /23,50,51/ as well as in other machines with
carbon walls /8/. A JET plasma inventory is about 2-3-10%2! H-ions.
After hundreds of discharges it is therefore very likely that all the
surfaces are saturated. Application of H-GDC at not too high a wall
temperature (< 300°C), however, can increase further the wall :invehtory
(except in TEXTCR at 350°C). There are two possible explanaticns for
this effect. Firstly H-GDC in carbon machines can produce an
appreciable fraction (< 10%) of hydro—carbons which leads to a
carbonisation process building up hydrogen-saturated carbon layers.
Heating of these layer by plasma impact can cause hydrogen desorption.
Secondly and similarly, implantation of H by the GDC process (= 300 eV)
and heating of the surface during plasma operation could also result in
H desorption. Even though average temperature rises in ohmic limiter
discharges in JET are estimated to be assumed to be only about 50°C or
less for 2 MA plasmas, it is still enough to decrease the saturation
concentration in carbon by about 10% /22/, releasing about 1 x 1021
atams. Furthermore the majority of hydrogen atams do not desorb from
walls when the plasma discharge has ended but stay within the machine
(see II1.4) and are available for release in later discharges.
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ii) Particle Loss by H-C Cocdeposition Under Quasi-Steady State
Conditions

Tn ITI.1 it was assumed that the plasma density stays constant without
external gas fuelling. This is only approximately fulfilled as shown
in IT.1. There is a small but non zero continuous particle loss. In
metal machines this is a camcon phenamena and is interpreted as losses
to the bulk material by diffusion /4/. Whether such a process is also
' possible in carbon machines is an open question. Recently /52,53/
simulation experiments have indicated that the retained amount of |
hydrogen is proporticnal to the fluence /58/ and that the retention of
H in carbonacous Films depends strongly on the time interval in between
two plasma exposures suggesting refilling of hydrogen depleted surface
layers /51i/. ‘Transport of hydrogen through porous graphite has been
recently measured /60/.

Furthermore the refuelling of the JET plasma after moving it back fram
the immer wall onto the limiter also supports this hypothesis. On the
other hand a quite different mechanism has been suggested after the
discovery of thick (tens of um) hydrogen and saturated carbon films on
wall structures /23,50/ of carbon tokamaks. It was assumed that
codeposition of H and C onto surfaces which are dominated by deposition
rather than erosion /54/ removed hydrogen fram the plasma and produced
these thick layers. Furthermore, results of a simulation experiment by
Hsu et al /55/ were similarly interpreted. A brief calculation
demenstrates that this process can indeed be an effective pumping
mecharyi sm.

It is assumed that the plasma-surface interacticon zcones are divided
into an erosion zone (e) and a deposition zone (d) /54/. The particle
balance equation for hydrogen (Np) and for carbon. (Nc) plasma particles
reads then (without external socurces):

N N N

T = — _B P _P

Np (Ce + Cd) - + Re Ce = + Rd Cd 1 (10}
) P b
N N N

N = — e £ B

Nc (Ce * Cd) Tc + Yc Ce TC + YH Ce 'tp (11)

_.24_



where Ce' C q ore partition factors for particle fluxes onto erosion
and deposition dominated zones, respectively. HRere they are assumed to
be equal for carbon and hydrogen.

Tp, TC respective particle confinement times for hydrogen and carbon.

Re' R 4 hydrogen recycling coefficients in erosion, deposition zone.

YC, YH selfsputtering and hydrogen sputtering coefficients for carbon.

Assume Re = 1 (no pumping in erosion zone) . The carbon flux onto the
deposition zone is

N
d_ .c
¢ =Ca 7 (12)
c
The hydrogen fiux there is:
N
a _ P
¢H h Cd Tp (13)

Trapping of hydrogen due to codeposition is assumed such that
saturation is reached (relative concentration of hydrogen in carbon =
0.4) {(Becaused qbg > ¢S this is instantaneously fulfilled).

=0'4"¢fo =o.4¢2

N N

R_.4&_ T _ P _ _c
g =0~y =Cq -~ 0.4
o] c

with Rd fram equation 10:
R

N T

R = —H =1-0.4=-E
d N N T
Ca T °e

p



N N N
X P P _€ .
If Np << Tp then Tp ¢p ang TC cbc, where d)p. c,bc are

spectroscopically measured fluxes. JET data /56/ indicate that

> e
u
o
>

- Rd = 0.96

C g @ be obtained fram the radial extension of the erosion zone /54/
and the decay lengths of fluxes (A ~ 0.01 m). For JET:

o= ¢, X/ A ¢, flux at last closed flux surface (LCFS), X radial
distance fram ICFS.

0.01
c ) e ¥ My
2= -2 (14)
d j‘ e"‘X/?\dX
0.01
s
With Ce + Cd =1, Ce = (.63, Cd = 0.37. Fraom equation (10) TE) = ‘ﬁp‘:

. T

T 3 _._..._..L.

P Ccq(1R,)

assuming Tp = 0.2 s for medium density cohmic discharges /56/ — Tf) = 14
g, similar to what has been measured. This is of course a very rough
estimate but it shows that B-C-codeposition as a mechanism for -
H-purping cannot be ruled out. The fact that only little gas (H)
desorbs fram the JET walls after a discharge supports this
quatitatively. However codeposition alone cannot explain the
reversibility of imnmer wall pumping for instance (codeposition causes
permanent losses). To make this work one needs an additional
independent " gas source at the wall, which fuels the plasma.
Measured fluxes of hydrogen fram walls might indicate the existence of
such a source (plasma induced desorption of hydrogen stored in the
walls). However these fluxes can also besimply caused by the recycling
of plasma particles. So far no experimental results exist about the
importance of C-H-deposition as a pumping mechanism,
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iii} Particle Release Due to Auxiliary Heating

As mentioned in section II.3 particle release takes place on a short
timescale (< 0.1 s) at the onset of both neutral beam and RF heating.
Because of the short timescale it is not believed to be due to an
increased power flow into the plasma edge and the subsequent heating of
material surfaces /34/. Assuming that the wall and limiter were
saturated with hydrogen just before the auxiliary heating, the release
mechanism must be such as to provide a new equilibrium between hydrogen
released fram walls and (edge) plasma flux to the wall during heating.
ICRH is known to increase the SOL width as well as the particle energy
in the SOL /57/. Neutral Beam injection gives rise to increased charge
exchange fluxes in particular fram the plasma core. In both cases the
energy spectrum of the particles (neutrals and ions) leaving the prlasma
shifts to higher values and this can cause a particle release by ion
induced desorption. Recent investigations on this subject with
implantation experiments where particle reemission fram saturated
carbon was measured after changing the energy of the incident icns
suggests an energy dependent saturation concentration on the material
surface /58/ which could explain the phencmenon dbserved in tokamaks.

IV CONCLUSICNS

Recycling phencmena in tokamaks with a large fraction of their walls covered
by carbon and with carbon limiters can be separated into two classes. One
class camprises phenaomena which can be described by known processes between
the hydrogen (or helium) and carbon. This is for instance, hydrogen
trapping in helium conditioned or previocusly baked (= 350°C) walls, which
results either in low density plasmas or requires significantly (> 50%) more
external gas supply to reach and sustain a certain plasma density campared
with discharges with hydrogen conditioned walls. Another example is the
Plasma induced desorption of wall hydrogen which is caused either by
particle (H, He, C) and/or power fluxes (temperature increase) impacting on
Ccarbon surfaces. Furthermore, the 100% recycling of helium is also a result
which has been known fram similation experiments. All these processes are
responsible for the walls to memorise a discharge history. With them,
qualitative predicticns are possible about the density variations due to
wall pumping or wall fuelling processes in a specific discharge provided the
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previous discharge history is known. For quantitative predictions
additional knowledge about the magnitude and the time dependency of particle
and power fluxes in the plasma boundary is needed.

The other class camprises recycling phencmena for which the known 7
hydrogen/helium interactions with carbon give no satisfactory explanation.
This is particularly true for hydrogen discharges which are reproducible
indicating that walls and plasma have core to an eguilibrium state, and that
the walls and limiters are most likely saturated with hydrogen within the
plasma accessible surface layer (some 10-100 nm). However, even under such
conditions, an appreciable fraction (2 50%) of the input gas is still
retained in walls and limiters during the discharge (does not show up in the
plasma density). Because there is no saturation effect (equilibrium has
been already reached) it must be concluded that there is a continuing
exchange of fuel particles between the plasma and material surfaces and that
for JET both the plasma and the material surfaces must have a particle
retention time of similar order (< 0.5 s). Experimentally it is indicated
that this particle exchange process is plasma induced (different release
time constants with and without plasma, section II.4) and that a fraction of
the plasma flux (< 10%) does not recycle but is lost. The latter effect (or
part of it) can be due to H-C-codepostion but it is also reminiscent of the
recycling of hydrogen in tckamaks with metal walls, where part of the
incident particles are lost to the bulk material. A glcbal three particle
reservoir model gives a satisfactory phencmenological description of various
processes under such conditions (fuelling ratio, H-He differences, 'imnner
wall' pumping) however, without producing an answer about the underlaying
physical processes. This makes predictions on recycling in high-power
carbon tokamaks (temperature dependency) very difficult and asks for more
careful and well-controlled recycling experiments, in particular, in todays
large carbon tokamaks. A better understanding will be even more important
in the near future when D-T operation requires a stricter particle
accountability and density control. Furthermore, the design and the layout
of the operational conditions (material, temperature) for the first wall in
the next step machines (NET, CIT and ITER) needs also conclusive
experimental results on these issues.
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Fig.1 Plasma density for TEXTOR discharges with 7.,,=150°C;
{a) discharge 22814 before 20 min of RF-discharge cleaning,
(b)discharge 22821 afterwards.
Hatched box: time of gas puff/17/.
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Fig.2 Plasma density for TEXTOR discharges with T =350°C and
T; =370°C~400°C, (a) discharge before 20 min of RF discharge cleaning, (b) discharge
afterwards /17/.
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Fig.3 Gas input and total number of plasma electrons for two JET

discharges:
(a) With old (1988) rail limiter configuration and 7; = Ty=300°C.
(b) With new (1987) belt limiter and T, =2150°C, Ty, =300°C.

b
Ne

in
Ne

)
LZeff =2.3 (c)
e p———————_— =

(22-) gz) (20)
I @ ("3).(?3) .
© (24) x

1 | ' I J !

1 2 3 4 5 6 7 8

ND (10

P .
Fig.4 Fuelling ratio Ne_ as a function of N for JET ohmic limiter

it

discharges at T, =100°C, Ty =200°C. The number denotes the order

of the discharge within the discharge series. Correction for Z,decreases

the ratio more at smaller N7". N% data were taken at the end of the
current flat top (165 in the discharge). [,=2.1MA, B,=2.2T.
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Fig. 5 Fuelling ratio N—"n as a function of N for JET
ohmic discharges ewith a previous 7.6 h’s
H-GDC (before #(1)) and with 7, = Ty,»=300°C,
I,=2MA, By=22T
I,=3MA, B;=29T

Numbers in brackets are sequence numbers,

T o

o

__, impurities taken into account (C)

{18)
| )

{53

‘26"‘1 ), ()

€

are again sequence numbers,

1 2 8 y o Tp=Typ=200°C, I,=2.2MA, B;=34T
Ng (0™) X Tp=Typ=300°C, I,=3.2MA, By=22T

Fig.6 Fuelling ratio '&Ng— as a function of N for JET

ohmic helium fuelled discharges. Number in brackets
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Fig.7 Comparison of TFTR inner bumper Limiter discharges [line integrated central
density (ne.L) and external gas supply {Q)] with (II} and without (I) previous Helium
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Fig.8 Variation of the plasma electron content in JET due to plasma

position changes. The discharges were identical up to 6s. The position
_changes were accomplished within less than 100ms. At 10s the plasma
was put back onto the limiter, 7; =120°C, Ty-=200°C.
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Fig.9 Plasma pumping in TEXTOR discharges after moving the plasma about
10cm closer to the inboard wall of the vacuum vessel. Conditions of the vessel
were as in Fig.2, 7,,=350°C, T, =370°C-400°C /17/.
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Fig. 10 Same experiment as in Fig. 9 but with T =150° and different
previous wall conditioning procedures /29/:

{a) No conditioning (quasi equilibrium)

(b) 5" RG discharge conditioning in D,

{c) 10’ RG discharge conditioning in D,
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Fig. 11 He fuelled discharges in JET at two diffcrent densities. The
helium electron input and the total plasma electron content are
indicated. At 10s the plasma was shifted to the inner wall and at 13s
back to the limiter. The residual H content was calculated by assuming
100% fuelling ratio for He and taking into account the measured Z,
assuming carbon as the only impurity fon. 7 = T =300°C.
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Fig.12 Electron content evolution (a) of JET deuterium discharges

after a series of helium discharges. The discharges were put onto the

inner wall at #=10s, and were then gas fuelled by similar puffs except
for #12602.
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Fig. 13 Density evolution of neutral beam heated discharges in JET for three
different conditions as indicated. The transition between phase I and phase I1
' is marked by a decrease or the density rise.
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Fig. 14 Partial pressure measurements and density

measurements in JFT-2M tokamak during auxiliary
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hydrogen and the discharges were performed with
deuterium /32/.
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Fig. 15 Comparison of the total pressure evolution (780% L)) after
two different JET discharges:
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Fig.16 Evolution of the total pressure after two different discharges in
JET. Dots were measured data, curves are calculated data assuming a
release process with three different time constants as indicated.
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Fig.17 Schematic of particle fluxes between the three particle
reservoirs in a tokamak: the plasma (P), the plasma boundary
and SOL (B}, and the wall/limiter (W) (details see text).
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Fig. 18 Calculated qualitative dependency of the fuelling ratio on the total

electron input for different combinations of 7," and 7’ (see text).





