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I INTRODUCTION 
The recycling of hydrogen at the l1miters and walls of a fusion 

machine is important in controlling the part icle and power balance of the 
plasma . 

The problem may be subdivided into two parts: the transport of 
particles in the plasma and the transport of particles 1n the limiters 
and walls . In this paper we concentrate on the transport in the 11miters 
and walls, treating plasma transport in a global way. 

We present a numerical model which predicts , as a function of time 
during a simulated plasma d i scharge , the number of plasma particles and 
the particle fluxes to and from limiters and wall~ . We study with this 
model a JET discharge in which the piasma was moved fr om the outer 
llmiter onto the inner wall and back to the limiter. We find good 
agreement between experiment and simulation . 

11 EXPERIMENTAL ASPECTS OF RECYCLING IN JET 
JET iimiter discharges are initiated with a hydrogen or deuterium gas 

prefiil. A subsequent dosing raises t. he density . When the dosing va l ve 
i s closed the density stays approximately constant 11/ . The number of 
particles found 1n the plasma , compared to the number admitted into the 
machine (the fuelling e fficiency) depends on the conditions of the 
limiters and wall s . However, the walls and limiters soon r each a steady 
sta te in which the fue lii ng efficiency is below one . 

In some JET discharges , the plasma is moved from the outer carbon 
1 imi ter onto the inner carbon wall. Subsequently the plasma densi ty 
drops. This pumping at the inner wall is not reduced after a series of 
similar discharges, excluding the saturable trapping of hydrogen 
implanted into carbon as a pumping mecha n ism . Also , we estimate that 
pumping due to deuterium/carbon codeposition /2 , 3/ contributes less than 
30% , otherwi se the required erosion rate of carbon would have to exceed 
that from known processes by a factor of three. When the plasma is moved 
back to the outer limiter , the aensit'l rises aga in . An example is shown 
1:n Fig . 1 . This indicates that changes in the plasma position may be 
considered as changes iri the balance between the particle fluxes out of 
the plasma and those out of wallS and limiters . 
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III THE RECYCL ING MODEL 
The walls and limiters in a fusion machine are a reservoir' for 

hydrogen atoms in the same way as the plasma Is a reservoir for Ions 
1 1J , 5/ . The neu t ral gas phase is unimportant as a reservo ir because it5 
confinement time for neutrals is of the order lO - l 5 and thus much 

.s ma lle r than the particle confi nement t ime 'p in t he plasma . Wall s a nd 
Ilmiters , In order to be an important reservoir, must have a particle 
confinement t ime ' w similar to the plasma part i cle con f inement time. The 
plasma is the source for energetic Ions and neutrals which impact the 
waIts . 'w can be considered as the time these particles need to diffuse 
back to the surface and to desorb lnto the plasma . This e f fect is 
well - known for the case of hydrogen in metals and is called transient or 
dynamical r e tention 16/ . However JET has carbon llmiters , carbon in ner 
walls and incone l vessel walls whi ch are covered with a carbon layer 
() 10 nm) /7/ . In addition the carbon is sat urated wit h deuterium , 
contami nated with metallic impurities and may have cracks at the sur f ace . 
Litt le i s known about dynamicai retention In such materials . 
Never the less , we use the concept of hydrogen diff usion in solids and 
develop a model to calcuiate the number of plasma particles as well as 
particle fl ux es from walls and limiters . 

We assume that the cha nge in the numb~r of plasma particles (N p ) : 

(1 ) 

where ~ is the t otal flux of de uterium atoms from walls and limiters a nd 
f is a factor taking into account that par t o f this flux returns directly 
to the l1miters and walls due to atomic process~s , ionisation I n the 
scrape-off layer , or du e to the escape of neutrals. The magnitude of !' 
has t o be estimated . 

Plasma losses , Np /lp ' are assumed t o strea m e it her to the 
outer-limiters or to the inner wall, depend ing on where the plasma 
res ides . The flux (1-f)$ , which is that part which does not fue l the 
plasma , is shared between the limiter , the inner wall , and the rest of 
the vessel wall . It is ass umed that 50J o f this flux goes to the sur f ace 
wher e the plasma resides (limiter or inner wall) and 50% to the rest o f 
the wall and the inner wall or limiter (Le. depending on where the 
plasma i s not) . The latter 50% is assumed to be shared according to the 
ratio of the respective surface areas . The partition i s somewhat 
arbitrary, however i t s i mulates r o ughly the s ituation that the 
probabil1 ty of creation of "daughter "-neutrals by charge excha ng e 
processes Is largest nea r sur f aces where r ecycli ng is l arge. Thus 
"daugh ter" - neutrals I'jave a good chance to r eturn to that surface where 
the initial neutrals have been born . 

The particles which impi nge on t o surfaces are either reflected (with 
ref lection coeffi cient , r) or pene t rate into the material up to a depth 
d. rand d depend on the impact energy of particles , which Is de rived 
from Langmulr probe measuremen ts in the plasma bounda r y o f JET 18/ . For 
simpli c ity we assume monoenergetic particles . The pe netrating particles 
are the source for the diffusion i n wall s and Hmi t e rs . The diffusion 
equation is solved numerically , using an assumed diffusion coefficient , a 
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recombination coefficient, and appropriate boundary conditions . The 
diffusive losses as well as the reflected flux from all surfaces then 
fuel the plasma (see equ 1) . From the dependence of the experimental 
fuelling efficiency on the number of particles admitted to the machine , 
it can be shown that the release of particles from J ET limiters and walls 
is most likely determined by diffusion. Thus we have to know the 
diffusion coefficient only . We also have to know whether diffusion takes 
place within the en t ire wall thickness (S 10-:1 m) or only within a 
surface layer with a thickness L. Assuming a simple triangular 
concentration profile of diffusing parti cles 1n limiters a nd walls 
(peaked a t the range d and zero at either surface of the layer L) it can 
be s hown that the wall confi nement time ' w is approximately : 

d • L r~ 'w - --u-- if L > d and L « (tmax . D) (2) 

where t max Is the duration of particle bombardment . If L ~ ( t max . D)~ , 
'wiS larger than 1n (2) and depends on time . In this case (or when d > 
L) it can be shown that the plasma is still pumped by the walls , however, 
the number of particles cannot increase during a discharge as is shown to 
occur in Fig. 1 . Good agreement between experiment and calculation was 
found by taki ng L to be around 20 run. This suggests that the material 
structure of wall and limite r surfaces prevents the diffusion of a 
significant fraction of deuterium into the bulk material . 

IV RESULTS 
For the calculati on presented in Fig . 2 we took a reflection 

coefficient , r , o f 0 . 3 and a particle range, d , in walls/llmiters of 5 nm 
corresponding to an impact energy of about \00 eV for deuterium on 
carbon . According to previous investigations 1\1 Tp was taken to be 
proportional to l/N p ' To simulate the higher temperature at the limiter 
(> 100 0 C) compared to the walls (300°C) and the different materials 
(carbon , ca rbon ized 1nconel) , we assumed the diffusion coefficient D to 
be different on these surfaces . D and t he factor f (see Fig. 2) were 
varied until satisfactory agreement with the experiment was achieved . 
The discharge scenar i o simulated in Fig . 2 is as f ollows : a n externa l gas 
source with 10 2 , parttcles/s for the first 4 s , fIl ls the plasma while it 
rests at the l1miter . The to t al particle input lS the same as in the 
experiment of fig . 1 . At 6 s the plasma 1nteraction i:l shifted from the 
limlter to the inner wall. At 10 s this is reversed . To simulate the 
detached plasma phase a t 6 sand 10 s the plasma particle confinement at 
t.hese times 'o4as enhanced for 0.2 s by a factor of 2 . Good agreement 
between calculation and experiment was achieved with 0 • 2 .1 0-" cml/s at 
the limlter, D · 1.10- " cm~/s at the inner wall , and 0 _ 1.1 0-·:Z cm 2 /s 
at the rest o f the wall . The set of values for d , L, 0 and f is not 
unique . The limiter flux , deduced f rom the data in Fig . 1 agrees within 
a factor of 2 With that in Fig . 2 . However the measured inner wall 
Da-signals show 
in the surface 

. difficult . 

torOidal variations , probably caused by non-uniformities 
of the inner wall, makIng a quantitative compar1son 
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V CONCLUSION 
A model has been developed to describe the complementary processes of 

pumping and fuelling of plasma by diffusion of deuterium 1n limlters and 
walls . Also account is taken of non-fuelling processes which increase 
particle fluxes to walls/limiters and subsequently the particle inventory 
therein . Comparison with experimental results shows good quantitative 
agreement . The model indicates the impor t ance of plasma and wall 
properties for the balance of particle rluxe~ . 
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FIGURES 
Fig . 1 Plasma current lp , total nUlllber o f electrons Ne' and Du signals 

from llmiters and inner wal l of a JET discharge which was moved 
onto the inner wall at t -6s and removed back to the limi ter at 
10 5 and again moved to the inner wall at 1 ~ s . To compare Ne 
with Npo f fig . 2 , Ne has to be reduced by approximately 20'; due 
t 0 ~ff .. 2 , assuming carbon as the only lmpuri t y . 

Fig . 2 Calculated number of plasma particles Np and particle flu;xes from 
limiter , rL and inner wall, r IW for a discharge with a similar 
total pardele inventor y as in ("ig. 1. 
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