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Abstract

During the beryllium phase of JET,hydrogen (H,,HD,D,),hydrocarbon (CxHy) and CO outgassing
after discharges has been analysed by means of mass spectroscopy and penning gauges.The analysis
has been performed over a period of up to 3000 seconds after ohmic and additionally heated limiter
and X-point discharges. It has been found that the temporal behaviour of hydrogenic outgassing
could be characterized by a uniform power law t™™ with n=0.73+0.1 which is independent of plasma
operation parameters. This result is discussed in view of possible transport and retention mechanisms
in and deuterium release mechanismsfrom plasma facing surfaces. It is concluded that not a single
but several mechanism: can explain the release behaviour. However,one of the most plausible
explanations is accumulation of hydrogen in limiters and walls. Outgassing of hydrocarbon and CO
were significantly lower under Beryllium wall conditions as compared to the earlier all carbon wall

conditions
Introduction

Control of the plasma density in tokamak discharges depends strongly on the hydrogen recycling
behaviour of the plasma facing materials. Low H-recycling behaviour of the first wall is an essential
requirement to enable effective density control. With carbon or carbonized materials facing the
plasma, density control in tokamaks is difficult to achieve /1,2/: energetic particles implanted into
surface near regions (< 10nm) are trapped leading within one or after a few plasma discharges 1o
carbon layers saturated with hydrogen(0.4 H/C at R.T,/3 /). Under certain conditions this trapped
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hydrogen can be liberated in subsequent discharges contributing to an uncontrolled density rise.
However,even under conditions of saturation, a large fraction of the hydrogen (up to 90%) admitted
into the torus does not appear in the plasma but is retained in the walls or limiters. Therefore the
carbon surfaces exhibit a kind of dynamic retention of hydrogen. This is corroberated by resuits that
outgassing of hydrogen is observed from walls and limiter after the end of the discharge. Recently it
has been observed in a laboratory experiment that dynamic retention of hydrogen in carbon can be
caused by contamination of the carbon surface with metals,a situation always present in tokamaks

4/.

Density control by wall pumping in JET has been altered by the introduction of Beryllium. Beryllium

was first dispersed by means of evaporation thereby forming a beryllium layer on the carbon surfaces
of limiters and walls and later additionally solid beryllium tiles were used for the limiter and X-point
target plates. As a result of this the wall memory effect has been reduced and dynamic retention has
been enhanced. There is now almost continous deuterium pumping throughout a discharge and
therefore good density control. To achieve a certain electron density about a factor of four more
deuterium gas is needed than before. This partly due to a decrease of the plasma dilution due to a
reduction of both the Z of impurities and the impurity concentration but mainly due to increased
dynamic retention of deuterium in the materiﬁl surfaces. The global recycling coefficient can now
routinely be less than about 0.9 compared to 0.99 beforehand under all carbon conditions. The larger
proportion of dyramically retained hydrogen is also indicated by the larger proportion of outgassing
after the discharge (typically a factor of two more compared to the all carbon conditions /5/)

Hydrogen retention in and release from Beryllium has also been investigated independently in
laboratory experiments /6,7,8/. When applied to recyling conditions in JET the reported coefficients
for diffusion and recombination of deuterium in Beryllium,however,would not allow significant
retention of hydrogen in material surfaces. They differ by more than one order of magnitude from
similar values derived from global discharge data in JET /9/ suggesting that the surface conditions in
JET are different from those in laboratory experiments which as such is not surprising.

In this paper deuterium retention and release is studied by examining the deuterium outgassing after
a plasma discharge. In addition the impurity outgassing with bery!lium walls has also been analysed
and compared with the all carbon wall condition. This gives additional global information on the
impurity situation with beryllium walls compared with all carbon wall conditions.
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2. Experimental

Outgassing of neutrals has been investigated by a set of different penning gauges measuring the
evolution of the total pressure after the discharges at four different locations inside the torus. In
addition,conventional quadrupol mass-spectrometers (Balzers QMG 102) have been used to analyse
the partial pressure of various components. Deuterium gas puffs into the torus without plasma
discharges have been used to calibrate deuterium mass spectrometer signals with respect to the total
pressure and to determine the background signals at mass 3 and mass 2 ( shown in fig 1). The
background at mass 2 is mainly caused by cracking of D, into DY and that at mass 3 by interaction
of atomic deuterium with hydrogen at the nearby walls of the ion source of the mass-spectrometer or
by HD contamination of the external gas supply itself. At mass 2,background signals between 3 and
5% of the mass 4 signal have been observed. To evaluate the hydrogen (mass 2) outgassing a
background value of 5% from mass 4 has been subtracted from signals at mass 2. In the dry runs the
mass 3 (HD) fraction increases from about 1 % at high D, pressures (10‘4mbar) to about 4% at low
pressures (10'6 mbar) and thus is not proportional to the D, pressure. For this analysis a constant
value of 2% has been used for the correction of HD signals.

For other masses spectrometer sensitivities relative to deuterium have been used as given by the
mass-spectrometer manufacturer. No attempt has been made to evaluate absolute amounts of

outgassing. This has been done before and is published elsewhere /5/.
3. Results
3.1 Outgassing of Hy, HD and D,

After discharges fueled with deuterium under Be conditions,the outgassing neutrals consist nearly
totally of D, (mass 4), HD (mass 3) and H, (mass 2) molecules. The amount of impurity molecules
outgassed within 1000 sec after the discharge is less then 1-2% of the hydrogenic component
(chapter3.4). Figure 1 compares the temporal evolution of the mass signals of hydrogenic

components after a dry run with those after a plasma discharge in deuterium. If the corrections for
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masses 2 and 3 as discussed above are applied the temporal behaviour of mass 2 becomes

essentially independent of time,with a remaining intensity similar to the background before the shot.
The temporal dependence of the corrected mass 3 signal remains similar to that of mass 4 and it is
still substantially larger than in the dry run. The fraction of outgassing of HD depends on the
operational history of the tokamak. About 30 deuterium discharges after resumption of operation
after venting the torus the HD outgasssing was measured to be about 22% of the D, release which
then decreases only slightly to about 15% after 300 deuterium shots. Even after long term deuterium
operation values of about 4% HD outgassing have been measured.

From the measured total and partial pressures the outgassing rates as a function of time have been

derived according to:
Q() =(p(t)/dt V+ p s) 273/T,, 2.62e22  (molecules/sec) (1)

where p(t) is the pressure (mbar),V is the JET torus Volume (200m3),s the pumping speed of the
pumping system (8 m3/sec) and T, is the wall temperature at the ion gauges (K). As an example, fig
2 shows the total pressure evolution (a) and the outgassing rate evaluated from it for a soft landed
limiter discharge on a long term (b) and a short term (c) time scale. The gas pressure rises sharply
when the neutrals which recycle at the limiter and walis cease to be ionised because of the
disappearing plasma. This happens very close to the end (t=t,) of the plasma discharge where the
plasma current approaches zero. The peak outgassing rate of deuterium just at the end of the plasma
discharge (t=te=24sec) is about 2.2x1020 D-atoms/sec. This value is a lower limit due to the final
time resolution (1s) of the pressure gauges but is within the range of the total recycling flux estimated
from H ,-fluxes measured during the ramp down and extrapolated to t=ty.

Fig 3 shows the time dependence of the release rate of the total outgassing in a log-log plot. The

release rate , F(t), can be remarkably well represented by a power law according to
Fqt) o t"  withn =(0.73 20.2) )
This power law is valid for D, and HD outgassing and is maintained about from the beginning of the

outgassing (=end of the discharge) until at least 3000 sec after the discharge ( for t <10 sec the time
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resolution of the pressure measurements,gives rise to deviations from the straight line,see fig 3). No
obvious change of this power law could be found with changing operational conditions ,such as
plasma density,current,heating,configuration (X-point or limiter discharge) etc. Also no difference
could be observed between the outgassing after the first discharge of the day where the walls could
be assumed to be more depleted of deuterium due to overnight outgassing and subsequent shots
where the walls are getting progressively loaded with deuterium (However the total background

pressure in the torus rises throughout a day with discharges).

3.2 Outgassing of impurity gases

Table 1 shows the fraction of non-hydrogenic species which outgasses relative to the D, within 1000
s after JET discharges under beryllium wall conditions . Also shown are results of earlier studies in JET
by gas chromatography /10 / for both Beryllium and Carbon wall conditions. For comparison ,results

from similar studies in TEXTOR under carbon conditions are also listed.

Device: JET (Be/C) JET (C) TEXTOR (C)
reference: this work /10 / /10 / /11/
Hydrocarbons:
c,-type: (0.3-1)x10"2 1x10~2 3x10”2 (3-7) %102
C,-type: (0.4-2)x1073 (0.5-2)x1072
Co:

<5x1074 1x1073 (1-8)x10™2 [(4-12)x10™2

Under Beryllium wall conditions the amount of CO outgassing has been drastically decreased. The

reduction is by a factor of about 100 and CO is almost neglegible. This is a result of the gettering of




Oxygen by Beryllium which also manifest itself by low Oxygen concentrations in the plasma
discharges.

Hydrocarbon outgassing is reduced by about a factor of 3-5 compared to carbon wall conditions.
The reduction is also maintained when the plasma interacts with carbon target plates (discharges with
X-point at top of the machine) instead with a Beryllium limiter. This is consistent with laboratory
results/13/ showing that a small percentage of metallic contaminants on a Carbon surface decreases
the hydrocarbon formation. The lower outgassing of carbon containing components after the
discharges indicates that CO and hydrocarbon formation is also reduced during the discharge and

thus contributes to the lower Carbon concentration in plasmas under beryllium conditions /12/.
4. Discussion ~

The discussion concentrates on the outgassing phenomena observed for the hydrogenic components.
The aim is to find possible hydrogen release mechanism which take place at limiter and walls and
which are responsible for the outgassing behaviour and are consistent with the observed recycling
during the discharges.

It is observed that at the end of a discharge with soft current landing the plasma density has
disappeared and that the neutral gas pressure is still below 100 mbar. This shows that all the
hydrogenic particles introduced by external means are retained in the walls. Assuming that the total
gas is either uniformly distributed over the JET limiter or the total wall area an average areal density o, ,
1021.1022 or 1020-102! atoms/mz,respectively, would be expected. Unfortunately,little is known on
the actual distribution of hydrogen between the limiter/target plates and walls. This ratio is

determined by the distribution of fluxes and by a possible flux dependence of the hydrogen retention
capability of these surfaces. H , intensity measurements performed during the plasma current flat top
in limiter discharges show that at low densities(lxlo19 m°3) the limiter to wall flux ratio is about 1:1
rising up to 5:1 at higher densities (3x1019 m-3) /14/. During the current ramp down
phase,however,this ratio decreases,indicating an increased transfer of particles into the walls. We

have to keep in mind that surface area effects can well influence the release process and that an
analysis of the global outgassing can only represent an average of the combined effect of all surface

areas.



4.1. Outgassing of H2, HD, D2 molecules

The amount of outgassing of HD after plasma discharges is large compared to that in deuterium dry
runs only (see figl),showing that HD is formed by interaction of the plasma with the plasma facing
surfaces. It is important to note that the HD relase rate follows the same power law as that of Dy
From this we conclude that the HD is formed predominantly by recombination of hydrogen and
deuterium both implanted into the material surfaces due to plasma operation. A process by which the
implanted deuterium recombines with residual hydrogen already incorporated in the material would
result in a release rate falling off slower for HD than for D,.

The H,-partial pressure constitutes a continuous background pressure and can dominate the total
outgassing at times up to several hours after the end of plasma operation. Therefore it does obviously
not originate from surfaces loaded with hydrogen by plasma operation. Hydrogen implanted by
plasma operation outgasses completely as HD as expected from the kinetic of the recombination

process with hydrogen being the minority component.

4.2. Time dependence of deuterium outgassing

The most striking result is the unique time dependence of the deuterium outgassing which over at
least 3000 sec after the discharge can be represented by a power power law t™ with n=0.73+0.2.
Similar power laws have been reported for outgassing in ASDEX /15/ and TFTR /16/ and are usually
also observed during pumping down of a non baked vacuum system or during glow and/or RF
discharge cleaning procedures of large vessels/17,18/. In these cases typical values for the exponent

n are around 1. The temporal dependencies have been explained in terms of long range diffusion
processes from the interior of a solid.material uniformly loaded with hydrogen. In this case a 0.3
dependence of the outgassing flux is expected /19/. |

In a tokamak discharge the loading of material surfaces with deuterium is normally quite different:the
solid is loaded with deuterium for only a few seconds (the duration of the discharge) followed by long

time outgassing between discharges. On erosion dominated areas the loading leads to a non-uniform
7



near-surface concentration profil which is peaked near the surface (< 10nm). A more uniform
distribution might me created on deposition dominated regions by simultaneous deposition of Carbon
or Beryllium with deuterium forming a layer of C/Be quasi uniformly loaded with deuterium (so called
co-deposition /20/). Provided that the escape rate of deuterium from these layers is less than the
growth rate of it the release after the end of the discharge might indeed be similar to that from a
uniformly loaded bulk material, The total release of deuterium could well be affected by the existence
of different implantation profiles in different surface areas of limiters and walls.

The release process itself could be caused by a variety of different possible mechanisms. These
mechanism are listed below and classified in the usual way as initially proposed by Doyle /21/. (i}
thermal detrapping from traps,(ii) diffusion through the surface and into the bulk (DD process), (iii)
recombinative release at the plasma facing surface as well as at the rear surface of the limiter or wall ~
(RR process), (iv) diffusion into the bulk and recombination at the surface (RD process). First the
outgassing is discussed on the basis that the material has been loaded during one single discharge

and later we discuss the influence of a residual H/D background concentration in the material which
can be expected to be present due to incomplete outgassing in between shots. Analytical
approximations of the outgassing can be obtained for some simple cases. For othef
cases,however,numerical methods are needed. Therefore a code has been developed (similar to that
described in /22/) which computes the global recycling of hydrogen during the discharge and the
outgassing afterwards in a selfconsistent manner. The main elements of it are: the plasma particle
balance equation is solved with the plasma loss term being the particle source term for the diffusion ~
equation describing particle transport within the material surfaces. Two surfaces of identical

properties are assumed and the respective share of fluxes they receive from the plasma is prescribed
by a flux branching coefficient. The recycling flux feeding the plasma from these surfaces is governed
by recombination of atomic deuterium into molecules. Free parameters are: the diffusion and
recombination coefficients, the surface areas of the material surfaces,the global plasma particle
confinement time and the flux branching coefficient. Possible diffusion and recombination

coefficients are derived from JET discharges as has been shown in /9/. Surface areas come from the
JET geometry and particle confinement times and the total flux branching are derived from density
and H,, flux measurements/14 / The loading of walls and limiters has been simulated using a

discharge duration of 22 sec assuming a linearly increasing particle confinement time from 0 s to 0.4
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s (the latter value being a typical particle confinement time for JET limiter discharges with a plasma
current of 3 MA) in the current ramp up phase and a branching coefficient(ratio of limiter to wall flux)
lineraly increasing from 0 to 0.9. From 4 to 18sec of the discharge these parameters are kept constant
whilst during the ramp down phase from 18 to 22 sec they are changed in a fashion symmetric to the
ramp up phase. For the gas input experimental values are used. Validation of the parameters is
performed by comparing the theoretical density,pumping and fuelling evolution during the discharge

and the outgassing afterwards with the corresponding experimental results.
4.3 Analysis of the outgassing of deuterium deposited in a single discharge
4.3.1 Detrapping controlled release

If the release of particles from materials is controlled by thermal detrapping from one kind of trap
sites the release rate decreases exponentially with time,in contrast to the experimental observation.
Thus, to explain the observed outgassing by such a process we have in addition to assume that the
overall outgassing is determined by release from a distribution of trap sites with a suitable distribution

of trap binding energies.
4.3.2. Diffusion controlled release process

For diffusion controlled release on erosion dominated surfaces the deuterium concentration in the
near surface region is strongly depth-dependent. For implantation of particles at x=R into a semi-

infinite solid the deuterium concentration cq(x,t) is given by :
9
dcy(x,/dt = D d2cg/dt> + Fy(t) 6(x-R) 3)

with D the Diffusion coefficient (mzlsec) and F 4(t) the impinging deuterium flux deposited at the
implantation depth x=R (typically 1-5 nm). After loading the material during the discharge for a time
tg (typically 10-30sec at JET), c4(x) can be approximated by the distribution illustrated in fig 4,curve a:
it increases nearly linearly up to x=R (valid for D> R2/2ts ~ 5x10717 mz/sec) and decreases then
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exponentially with a half width of (D'ts)o'S . From this the deuterium inventory I4(t) at the time t can
be approximated using the impinging flux density,Fd(t),the mean range R,the effective overall wall

area A, and the diffusion coefficient D :
140 = Fg R'D [R2 + @003 A @

An effective diffusion coefficient of about 10717 mZ/sec is needed to obtain a particle retention

similar to that observed in JET of about 1022 D-atoms per shot,assuming A=10 m2, R=5nm

Fy= 1.6x1020 m™257! and t= 10 sec. This value of the diffusion coefficient is about 5 orders of

magnitude smaller than that reported for pure beryllium(8). The JET first wall,however,consists of a
mixture of Carbon/Beryllium material with a diffusion coefficient possibly completely different to that
of pure beryllium. Effective tritium diffusion in Berylliumoxyd at 500 K was measured to be 3x10%°
mZ/sec /23/,14 orders of magnitude smaller than for pure Beryllium.

After loading the release rate Fy (t) at the near surface is given by

Fq® =[ cyx) 1/4 7 D03 13 exp(x?/4 D 1) dx | ®)
The exponential term in equation 3 approaches gradually unity for times t> t, (the loading time during
the discharge) and the outgassing flux approaches then a = dependence on time. In a log-log plot
of the outgassing rate with time the diffusion controlled outgassing calculated for D= 10717 m2/sec, a
loading (discharge) time of 12 sec and an implantation depth of 2 nm is compared in Fig 5 with the
experimental result. The time dependences are clearly different.
The situation changes if we assume diffusive outgassing from deposition regions. There we might
assume a uniform deuterium concentration troughout the deposited layer as described above. The
diffusive release on the front surface from a uniformly loaded layer with simultaneous diffusion into
the underlaying material follows a t0-5 time dependence for fairly long period of times (the length of
this period is given approximatly by t=0.1 d2/D,with d the thickness of the layer and D the diffusion
constant) before it turns gradually to a t'1 3 dependence.

In order to apply successfully the "layer model” to JET outgassing we have to assume that

diffusion into the underlaying material is prevented. This might be caused by internal surfaces at
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which recombination occurs or by an internal diffusion barrier. However we have to keep in mind
that in any case the diffusion coefficient has to be below 10717 m?%ys. During the discharge this low
mobility would cause mobile hydrogen concentrations of some 1028atoms/m3-a value near the solid

state concentration of the host material.
4.3.3. Recombination controlled release

For this process (RR) the release kinetics would not be different in erosion or deposition regions. For
this situation the deuterium diffusion must be either very fast (the concentration profile remains
always flat) or neglegible small in which case the deuterium occupies only surface near sites however

at a large local concentrations. The release flux F;(t) is given by:

Fg® = K" cg®’x=0) ©)

with K a recombination rate (m4/sec) and Cd(x=0) the deuterium concentration at the surface. The

time dependence of F4(t) can be given analytically:
F4®) = al(at + Np)? ™

with ¢ = K/(A d2),A the loaded area(mz) and d (m) the thickness over which the deuterium is
uniformly distributed, which is either the thickness of the wall (diffusion very fast),or,for D negligible
small ,the"thickness "of a surface layer with surface related sites (roughly one monolayer). N is the
number of deuterium atoms loaded onto the area A. It follows that,for times t» (A d2)/(K NO), Fd
decreases with t™2. For decreasing times,the time dependence gradually weakens. In an example this

is demonstrated in Fig 5, where the release of 1022 deuterium atoms distributed over an area of

7x10 mz(possibly the limiter) (curve a) and of 4x1021 deuterium distributed over 2x102 mz(possibly
the wall) (curve b) is shown in a log-log plot. The time dependence of the initial release is flat
increasing then gradually to a t2 dependence .The onset of this change depends on the deuterium
concentration and the value of K. In the example shown in Fig 5 the deuterium was assumed to be

retained in surface related sites only (an infinite small diffusion) which needs a small recombination
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coefficient (10'35 m4/s) in order to reduce the release rate to values comparable with the
experimentally observed ones (indicated by the dashed line in fig5). If only one single area is loaded
uniformly with deuterium ,no uniform power law can be obtained. However if areas of different sizes
are loaded with different deuterium concentrations,the resulting overall release rate tends to obey a
more uniform power law (adding curve a and b). Thus,with these assumptions, a RR-determined
release process could be constructed such that it is similar to the experimental time dependence. At
any rate one has either to assume a very fast diffusion processes in combination with a large
recombination coefficient (> 10728 m4 / sec, depending on d) or a neglegible small diffusion
coefficient in combination with a small recombination coefficient (about 10735 m4/sec). These
values are not in agreement with measurements of the diffusion coefficient /8/ or recombination
coefficient /6,7/ on beryllium. However,as said before they might not be relevant for JET with its

_ beryllium/carbon surface /24/
4.3.4. Recombination-diffusion controlled release

If deuterium release is determined by both recombination on the surface as well as by diffusive
transport into the bulk material the deuterium concentration after loading would be qualitatively like
that shown in Fig 4b. The desorbing flux is then still given by equation 4 but the flux from the surface

is balanced by a corresponding diffusive flux from the bulk arriving at the surface .
Fg® =K cg’®=0)= -D de/dx ©

Under these conditions,no analytical solution for the time dependence of the outgassing flux is
possible. For an initial and transient time after loading analytical approximations /25,26/ have been

developed showing that the flux is determined by:

Fa) @ 193 ®
and then decreases faster.
| More numerical calculations of the RD-determined release have been performed. First, a semi-
infinite solid has been assumed with particle loading during only one discharge. The loading is
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determined by the waveform for the particle confinement time and by the flux branching between

limiter and wall as described in section 4.2. and illustrated in fig 6a. For the calculations the following

2

parameters have been used:K=5xlO’33-m4/sec,D= 1x10'13 m2/sec,limiter area of 10 m“ ,wall area

50 m2) . Figure 6b shows the calculated total particle content for the plasma, the limiter and the wall
for a particle input waveform as indicated. Also shown is the experimental plasma content. For this
example ,the slope of the outgassing rate as a function of time is shown in fig 7,curve a. As can be
seen,the time dependence of the outgassing flux steepens gradually,starting with an exponent of
around 0.5,in agreement with the analytical approximations,and then increases continously reaching
at about 200 sec a value of 1.2 with no further change. No uniform power law in the vicinity of 0.7
for times up to 3000 sec can be obtained whichever combination of D and K is used. Thus the
assumption of a single RD-determined release process after single plasma loading of a semi-infinite
solid also fails to explain the experimental data. However, if it is assumed that outgassing occurs
from a surface layer without losses to the bulk material, thus preventing long range diffusion deep
into the material, the slope can be reduced for a fairly long time interval. The variation of the slope
with time for this case is given in fig 7,curve b for a layer thickness of 3x10° m. Assuming again a
distribution of such layers with different depths a more or less uniform power law could be
constructed. Theiassumption of such a layer will not affect the recycling during the discharge since
the backsurface of the layer will be reached only during the long term outgassing. For too thin a layer
a RR situation could be created with the release being too fast. For the diffusion coefficient given

above the layer thickness is restricted to values of about 3x106m.
4.4 Evolution of the deuterium outgassing after repeating plasma loading

So far,only outgassing of deuterium deposited in surfaces during a previous discharge has been
considered. It is,however,known that outgassing is not complete within the time between two
discharges. To simulate the effect of accumulation of deuterium in the surfaces a set of typical
discharges with parameters as given in section 4.2. and 4.3.4 have been calculated with outgassing
allowed for 600 sec between shots. The residual hydrogen concentration after 600 sec was then taken
for the initial hydrogen limiter and wall concentrtaion of for the next discharge. The calculations have

been performed for semi-infinite solids for RD and for DD controlled release processes.
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For the RD controlled release (D= 10-14 m2/s, K=5x10’33. m4/s, R =5nm) the release fraction after
the 15t discharge is about 60% of the particle input increasing continously to about 80% after the
1oth discharge. Fig 8 shows the release rate as function of time and the slope of it in a log-log plot for
the outgassing after the 1th discharge. The release can be well approximated by a t ™™ power law
with n=0.85.

For the DD-controlled release (D= 1017 m2/s) the release fraction for the first discharge is about
90% with a slope of the release rate typical for diffusional release (curve a,fig9). However,after the
218t discharge this slope is reduced (curve b,fig9) and after further discharges it is even more.(curve
c,fig9). The average slope is then less than 1. The general result that the outgassing rate becomes
closer and closer to a unique power law is almost independent of the values for D,K,A as long as
accumulation is allowed. It should also be stressed that the accumulation of deuterium in walls has
no significant influence on the wall pumping capacity and thus density evolution during the discharge
(neither in DD, nor in RD regime).

Experimentally it was never observed that the outgassing felt faster than with ¢0-70 _ This indicates

that the JET walls have always been loaded with hydrogen starting with conditioning processes.
Summary

During the beryllium phase of JET the fraction of hydrocarbon outgassing is (3-12)x10‘3 of the
deuterium outgassing independent of plasma operation on beryllium belt limiters or carbon X-point
tiles. The fraction of CO outgassing is below 1073 of that of deuterium. Hydrocarbon and CO
outgassing have decreased by factors of about 5-10 and more than 100 respectively when compared

with fully carbon wall conditions.

The time dependence of the deuterium outgassing after plasma discharges follows a power law of t ™
with n=0.73% 0.2. This holds for periods of times of at least 3000 sec after a discharge and no
dependence of the plasma operation conditions has been detected. The initial release rate of
deuterium from surfaces after the end of a discharge is within the range of the recycling rate at the
end of the discharge suggesting that the release process with and without plasma is the same. The

analysis shows that there is not just one type of deuterium transport and release which could explain
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in a consistent manner the recycling during the discharge and the outgassing behaviour after the

discharge.

A separation into two groups of likely mechanisms is possible:

L Mechanisms where loading of walls and limiters with particles from single discharges is
assumed to explain the outgassing.

For such a case the following conclusions can be drawn:

I.1. For a thermal detrapping release mechanism an appropriate distribution of binding energies

(rather than a single binding energy) is needed.

1.2. For a pure recombination controlled process (RR) a neglible small diffusion coefficient in
combination with a slow recombination (< 1035 m4/s) or a fast diffusion with a fast
recombination(> 10'28 m4/s) is needed. In addition a distribution of surface areas loaded with

different deuterium concentrations is required.

1.3. For a diffusion controlled process (DD-process) a layer structure for the surface is needed which
is uniformly loaded possibly by codeposition of deuterium with Beryllium or carbon. Release can
occur either from one or from both surfaces of the layer but particle losses into the bulk material must

be prevented.The diffusion coefficient must be less than 10717 m2ssec.

1.4. For a process controlled by recombination at the surface and by diffusion into the material,(RD-
process), a layer structure for the surface has also to be assumed to prevent during the outgassing a

too fast fall off of the release rate with time.

II. Outgassing determined by accumulation of deuterium from previous discharges
For this case the  progressive loading of the material with hydrogen as a consequence of
incomplete outgassing gradually develops a t™ dependence of the release rate with n<1
regardless of whether the release is DD or RD limited. Increasing wall loading decreases n gradually

from 1 down to 0.5.
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We have to note that a final distinction between the different mechanisms mentioned above cannot
be made from the global analysis of the outgassing. However from the fact that in tokamaks with
different wall conditions (steel walls,carbon,beryllium,boron) the temporal outgassing behaviour
seems to be very similar/27/ and that the gas release is normally less then 100% in betweeen
discharges a very plausible explanation is that accumulation of deuterium in plasma facing materials

plays the dominant role for the temporal outgassing behaviour.
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