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Hydrogen retention in plasma-facing materials and its consequences 
on tokamak operation 
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Abstract  

The current status of research in the area of hydrogen retention and release for the prime candidate plasma-facing 
materials is briefly reviewed. Physical understanding of the basic problems of hydrogen behavior in the surface layers and 
material bulk of graphite, beryllium and tungsten is emphasized. The data base in the field obtained in laboratory set-ups 
permits more thorough consideration of the recent experimental results in large tokamaks. It is known that hydrogen isotopes 
retention and release has a great influence on tokamak operating conditions and its plasma parameters. The processes 
occurring in tokamaks with hydrogen participation, such as recycling, fuelling, codeposition, isotopic exchange and 
conditioning, now can be better understood, explained and controlled. Some consequences of hydrogen isotopes behavior in 
plasma and plasma-facing materials are described for long pulse tokamak operation. 
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1. Introduction 

Problems of plasma-surface interaction including hy- 
drogen isotope retention and release became of interest 
since the very first experiments on tokamaks in the Kur- 
chatov Institute [1]. The main attention at pulse duration of 
10 2-10 i s in a torus with metal wall was paid to 
hydrogen chemisorption, chemical reactions at the surface 
and to the processes of photon-, electron- and ion-induced 
desorption of hydrogen [2]. The term of hydrogen recy- 
cling was introduced for description of the interchange of 
hydrogen fuel between the plasma and plasma-facing com- 
ponents (PFC) [2,3]. It became important also to take into 
account the infuence of the recycling of such impurities as 
carbon and oxygen [4]. 

To get controllable plasma pulses of 0.1-1 s duration, 
the experimentalists tried to decrease the recycling of 
hydrogen and impurities and to increase the hydrogen 
potential capacity of surface layers of plasma-facing mate- 
rials (PFM). This capacity characterizes the material ability 
to retain hydrogen during the discharge. At the same time 
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it was desirable to recover the PFM capacity for hydrogen 
before the next pulse. Therefore the methodology of toms 
conditioning [5] and thin layer (0.1-0.3 ixm) deposition 
between or during discharges was suggested. For the film 
deposition, carbon [5,6], boron [7], beryllium [8], lithium 
[9] and silicon [10] were used. it appeared to be necessary 
to investigate thoroughly such processes as radiation-in- 
duced release of hydrogen [5,11] and sublimation of car- 
bon [12], erosion of graphite and beryllium [13,14], code- 
position o1' hydrogen and carbon [15] and hydrogen and 
beryllium [16]. 

When passing on the discharges with duration of 1-10 
s and more, at higher temperature of the PFC, it is obvious 
that retained hydrogen may migrate into the bulk of the 
material. What amount of hydrogen can be retained in the 
bulk of the PFM and how much hydrogen can pertneate 
through the PFC into the cooling system of the tokamak? 
How will the retention and migration processes influence 
the recycling'? These questions stimulate the extensive 
research of hydrogen behavior in the main chosen PFM: 
graphite, beryllium and tungsten [17]. 

In parallel to experimental studies of hydrogen adsorp- 
tion, solubility and diffnsivity in thc PFM. the investiga- 
tion of the PFC material eflizct on the plasma density 
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control in tokamaks [18,19] is getting more and more 
significant. 

In the present review the problems of hydrogen behav- 
ior in the ion implanted zone and in the bulk are discussed 
separately for graphite, beryllium and tungsten. The last 
part is devoted to the analysis of the balance of hydrogen 
particles and hydrogen fluxes between the plasma and 
different plasma-facing components of tokamak devices. 

2. Hydrogen retention, re-emission and isotopic ex- 
change in the surface layers of plasma-facing materials. 
Data from experimental modelling in laboratory set-ups 

'In this part the description of the main results of 
experiments with ion implantation and their interpretation 
are presented. These data are important because the hydro- 
gen behavior in the ion implanted zone at saturation level 
is identical to that in the codeposited layers [15]. Hydrogen 
behavior in graphite will be reviewed in more detail than 
that in beryllium and tungsten because the majority of 
experiments in tokamaks up to now has been performed 
with graphite components of the vacuum vessel. 

2.1. Graphite 

Under irradiation of graphite at temperatures Ti~ = 
300-1300 K with hydrogen ions ( E =  50 eV to 20 keV, 
qb= 1014_1015 cm -2)  the hydrogen atom is captured by 
radiation traps with the probability close to unity [20-22]. 
At fluences qb= 10J6_1018 cm -2 the hydrogen/carbon 
ratio reaches a steady-state value of 0.4-0.01 depending 
on the target temperature (Fig. 1, [23,24]). Such an amount 
of hydrogen cannot be introduced into graphite from the 
atomic or molecular gas phase. The real hydrogen profiles 
at low fluences and simulated ion range profiles in the 
amorphous carbon coincide satisfactorily [25,26]. When 
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Fig. I. Saturated amounts of ion-implanted hydrogen isotopes in 
graphite as a function of implantation temperature [23,24]. 

the fluence increases the real profiles broaden mainly 
towards the surface and the rate of reaching the saturated 
concentration is determined by the ion energy and /o r  
calculated ion range distribution [28]. For ion fluxes of 
1 0 1 4 - 1 0 1 7  c m  - 2  s - I  the upper hydrogen content in the 
irradiated area remains constant for the given energy and 
irradiation temperature [21]. 

As the hydrogen is accumulated in graphite (T = 300- 
1100 K) the target begins to emit hydrogen molecules and 
on reaching steady-state the re-emission flux becomes 
comparable with the incoming ion flux [27]. A characteris- 
tic feature of re-emission flux is its relatively slow forma- 
tion up to steady-state value upon switching on the beam 
and rapid decrease, up to an order lower, after switching 
the beam off [28,29]. The desorbing hydrogen flux turned 
out to be much less than the re-emission flux during 
irradiation, when the ion beam was switched off. This 
means that re-emission and retention both are ion-induced 
processes. 

The re-emission of H 2, HD and D 2 molecules created 
as a result of isotopic exchange has shown that mixing of 
isotopes being stopped in various parts of the ion projected 
zone is negligible in surface layers after sequential implan- 
tations [30]. 

Experiments with thermal atomic beams of H [31] for 
pyrolythic graphite previously saturated with deuterium 
have convincingly indicated that the composition of the 
re-emission beam in the process of irradiation underwent 
considerable changes. At the initial moments, the re-emis- 
sion was affected only by HD molecules and at the final 
stages by H 2 molecules. In this connection the conclusion 
about formation of re-emission molecular flux at the ex- 
pense of exchange reactions between incoming H particles 
and deuterium-containing traps at the graphite surface 
seems to be cori'ect. 

These data make it possible to believe that the main 
contribution to the formation of a re-emission flux is 
introduced directly by the initial beam. In other words, 
re-emission is not the consequence of thermal diffusion 
processes connected with the concentration gradients of 
moving particles (the beam is switched off). Radiation-in- 
duced formation of hydrogen molecules appears to occur 
near the place where the implanted ion comes to rest. The 
molecule moves towards the surface of the target through 
the system of pores or channels and practically without 
adsorption and dissociation on inner boundaries. The time 
of movement of molecules towards the surface is much 
less than the time intervals between subsequent collisions 
of incoming ions in the molecule migration area. 

At temperatures of T = 1300-1500 K the contribution 
of atomic hydrogen to re-emission becomes dominant 
[32,33]. At these temperatures the individual H atoms get 
the possibility to move easily at distances up to 0.1 Ixm 
towards the surface and beyond the ion projected range. 
Can migration atoms give the essential input for bulk 
retention? The question needs further investigation. It is 
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Fig. 2. Thermal desorption spectra of D 2 from high density 
isotropic graphite exposed to deuterium RF plasma discharge: 
atom flux 8X1017 D/cm2s; fluence 1.6XI02L D/cm 2 [36]. 
Heating rate = 10-75 K/min. 

interesting from the scientific point of view but it is not 
very important for tokamak plasma-facing components if 
their temperature is less than 1000 K. 

Considering the atomic reactions in the stopping zone it 
is necessary to pay attention to the following experimental 
results obtained within the range of temperatures of 300- 
1100 K [42,43]: (1) Existence of two main types of traps 
containing one or two D atoms (CD and CD 2 complexes); 
(2) existence of their saturation level under prolonged 
irradiation; (3) different temperature stability of CD and 
CD 2 complexes and (4) formation of molecular hydrogen 
in hydrogen containing traps. 

These results were obtained in experiments with differ- 
ent hydrogen loading and heat treatment of graphites by 
means of thermal desorption spectroscopy (TDS) [34], 
infra-red spectroscopy (IRS) [35] and depth profiling [26]. 
One example is given in Fig. 2 [36]. 

Higher temperature peaks correspond to CD complexes 
in which deuterium-carbon bond is the sp 2 configuration. 
CD 2 complexes (lower temperature peak) consist of deu- 
terium atoms bonded with carbon through sp 3 configura- 
tion [37]. The data on different thermal stability of CD and 
CD 2 complexes were used for calculating their steady-state 
concentrations and re-emission fluxes of molecular hydro- 
gen under increased temperatures of irradiation (Fig. 3). 
Such calculation [37] and experiments [23] can be useful 
for the analysis of extended tokamak discharges when the 
recycling coefficient can exceed unity because of increas- 
ing wall tile temperature. 

As mentioned above, the formation of hydrogen 
molecules occurs at localized traps. In the literature for 
such reaction one uses the term 'abstraction' of hydrogen 
[38]. The abstraction mechanism of re-emission (at T <  
1000 K) is confirmed also by the experiments on isotopic 
exchange in the implantation zone under sequential D + 
and H + irradiation [39], when the HD re-emission rate 
decreased exponentially with the H content decreasing in 
the target. 
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Fig. 3. Calculated content of deuterium trapped in the form of CD 
and CD 2 complexes (left axis) and deuterium re-emission rate 
(right axis) at temperatures increase during D-ion bombardment. 
Heating rate = 70 K/s. 

At simultaneous H + / D  + bombardment of graphite with 
different ion energies the extent of HD formation at steady 
state is quite independent of the separation of the two ion 
distributions [40], in direct contrast to the conclusions of 
Ref. [41]. Haasz et al. [33] have proposed a conceptual 
model which invokes a free atom movement mechanism 
allowing H / D  recombination to take place within the 
entire implantation zone rather than just at the end of ion 
range. The model explains successfully the observed com- 
plete mixing of H and D during simultaneous H + / D  + 
bombardment at steady state. In our opinion, instead of 
Haasz expression 'free atom movement' it would be better 
to use the term 'ion-induced mixing'. 

During tokamak operation the outgassing rate of the 
torus elements between the shots is one of the most 
important parameters for proper conditioning. In Fig. 4 the 
relative implanted deuterium amount as a function of 
annealing time at different temperatures is shown [42]. 
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Fig. 4. The relative deuterium amount as a function of temperature 
and annealing time [42]. For 573 K, data from [43]. 
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The outgassing can be enhanced by helium or carbon 
ion bombardment of hydrogen containing graphite [43]. At 
high He ion fluences helium caused only about 25-35% of 
retained deuterium to be released. Our experiments showed 
that by means of He-ion irradiation it is possible to remove 
deuterium only from CD 2 complexes but not from CD 
ones [44]. 

Some experimental results obtained allow the assess- 
ment of the graphite wall pumping effect for hydrogen 
particles at an energy of 300 eV and temperatures of 
300-500 K. At these conditions the potential capacity of 
the graphite surface layer is about 3.2 × 1016 a toms/cm 2 
or 10 3 Tort L / c m  2 =  10 Torr L / m  2. It is known also 
[21] that the process of hydrogen absorption by graphite is 
not changed when the particle fluxes increase up to ~ l017 

atoms/cmZs. This means that the wall pumping speed is 
not less than 10-30 Torr L/mZs.  The maximal hydrogen 
release rate under I keV He ion treatment with flux 1017 

He/cm2s  is three times less than the wall pumping speed 
because helium can not remove all implanted hydrogen. 
The simple isothermal annealing at 600-700 K gives the 
outgassing rates of 10 -3 to 10 -4 Torr L/m2s.  

2.2. Beryllium 

Similar to hydrogen behavior in carbon materials, in the 
initial stage of D-ion irradiation at 300 K essentially 100% 
of ions impinging at the surface of Be sample are retained. 
Further irradiation results in the re-emission of implanted 
deuterium. Prolonged implantation leads to the formation 
of a surface layer saturated with deuterium at the level 
dependent on the irradiation temperature. Wampler showed 
[45] that after irradiation at low fluences the release of 
deuterium under conditions of isochronal annealing occurs 
in one stage at about 700 K. After irradiation up to 
saturation one more low temperature stage of the gas 
release appears around 400 K. Based on the analysis of 
these data it was deduced that two types of traps for D 
atoms, with detrapping energies of 1 and 1.8 eV, were 
created in Be under D-ion irradiation. 

Recently, by using transmission electron microscopy 
(TEM) the near surface microstructure of Be implanted 
with 3 -9  keV D-ions has been studied by Chernikov et al. 
[46] and Yoshida et al. [47]. It has been found that very 
fine cavities of ~ 2 nm in diameter are formed in the ion 
stopping zone during the irradiation at 300 K. Under 
post-implantation annealing these cavities start to coalesce 
above ~ 650 K. This result indicates clearly that im- 
planted D atoms interact strongly with radiation vacancies, 
forming D atoms-vacancies (D-V) clusters stable up to 650 
K. 

An important point is that the capacity of beryllium 
matrix to sustain deuterium in the form of D - V  clusters is 
limited by the bubbles development. As has been shown 
by Alimov et al. [48] for 9 keV D-ion implantation at 300 
K the first D 2 bubbles appear when ~ I% deuterium 
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Fig. 5. D atom concentration in the matrix of beryllium at the 
depth of Rp as a function of 9 keV D-ions fluence for the 
irradiation temperatures 300 and 700 K. 

concentration is attained. Under further irradiation, the 
deuterium concentration in the matrix at the depth of the 
ion mean range, Rp, derived from secondary ion mass 
spectrometry (SIMS) measurements increases gradually 
and then reaches the saturation level dependent on the 
irradiation temperature (Fig. 5) while a major part of 
deuterium implanted is accumulated in the bubbles. It 
should be noted that limiting values of deuterium concen- 
tration in the Be matrix shown in Fig. 5 are overestimated 
because some part of deuterium trapped in the oxide 
precipitates makes a contribution to the SIMS signal too. 

So the nature of deuterium release from the Be im- 
planted at low fluences seems to be obvious. Subsequent to 
detrapping from vacancies, D atoms are recaptured by D 2 
bubbles from which deuterium has to dissolute before 
escaping out of the sample. Therefore the dependence of 
the peak position on the fluence (see peak B in Fig. 6) 
observed in Refs. [49,50] is understood by a consideration 
of the microstructure evolution in the course of both 
irradiation and post-irradiation annealing. 

The nature of deuterium trapping at saturated fluences 
is less understood. Chernikov et al. [46], discussing the 
data on deuterium re-emission reported in Ref. [51], have 
speculated that the abrupt re-emission of implanted deu- 
terium from beryllium irradiated with D-ions at 300 K is 
governed by a partial gas escape from the zone of inter- 
linked gas bubbles when it touches the surface. Thus the 
near surface layers of the Be sample irradiated at room 
temperature up to re-emission onset have a large open 
porosity. In [50] attention was paid to a good agreement 
between the low temperature part of the release spectra of 
deuterium from beryllium irradiated with D-ions (peak A 
in Fig. 6) and TD spectra of hydrogen chemisorbed on 
(0001) Be single crystal [52]. It is reasonable to relate the 
low temperature peak A to desorption of D atoms trapped 
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Fig. 6. Thermal desorption spectra of deuterium from TIP-30 Be 
implanted with 5 keV D-ions up to 4× 1021 D/m 2 at 300 K. 
Heating rate = 4 K/s  [50]. 

at the chemisorption sites on the walls of the interlinked 
D 2 bubbles. 

The peak similar to peak A at the same temperature 
was previously measured on Be samples irradiated with 
D-ions of energies ranged from 60 to 1000 eV [51]. 
Authors point out that at an energy less than 100 eV 
incident deuterons are completely buried in a 5 nm thick 
oxide layer covering the surface of Be samples etched 
chemically, while the ion stopping zone for 1 keV D-ions 
is fully located in the metallic beryllium. This result 
indicates that the traps, forming both in the original oxide 
and metal matrix under irradiation up to saturation, appear 
to be of equal dissociation energy. On the other hand, 
thermal desorption of deuterium, implanted into thick sur- 
face oxide grown by heating of the sample in poor vac- 
uum, did exhibit different behavior: the desorption rate 
was nearly constant over the whole temperature ramping 
with no distinct peaks. Microstructural features of the 
surface oxide layers prepared by various methods may be 
responsible for different behavior of implanted deuterium. 

2.3. Tungsten 

Few data have been reported on deuterium inventory in 
tungsten materials due to D-ion implantation [53-56]. The 
systematic study of deuterium retention in different types 
of W samples was done recently by Alimov and Scherzer 
by means of re-emission (REEM), TDS and nuclear reac- 

tion analysis (NRA) measurements [55]. At the beginning 
of the implantation at temperatures in the range from 
300-900 K the re-emission rate first rises rapidly, then 
increases gradually and reaches the steady-state level only 
at very high fluences. After termination of D-ion implanta- 
tion the re-emission curve reduces to several percents and 
only a fraction of the retained D is released within 10 min 
after beam switch-off. The amount of deuterium retained 
in the different W samples after D-ion implantation up to 
saturated fluences at the different temperatures, as mea- 
sured by REEM and TDS, is presented in Fig. 7. The 
retained amounts of deuterium obtained by NRA for the 
case of 1.5 keV D-ion implantation at 300 K are practi- 
cally equal for all materials ( ~  3 × 1016 D / c m  2) which is 
a factor 2-20  smaller than values determined by the other 
methods. 

It should be noted that at 300 K the amount of retained 
deuterium in W is of the same order of magnitude as in 
graphite for the identical implantation parameters (Figs. I 
and 7). 

The differences of retained D obtained by R E E M / T D S  
and NRA [55] can be explained both (i) by trapping of 
implanted D far beyond the implantation zone and (ii) by a 
slow deuterium release due to diffusion during the interval 
of 1-2 days between implantation and NRA measure- 
ments. 

Van Veen et al. [57] reported that 1 keV hydrogen ions 
implanted into a tungsten single crystal at 350 K are 
transported to voids located at depth > 10 Ixm. This 
indicates a fast diffusive transport of D into traps far 
beyond the ion range. While in technological W the de- 
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Fig. 7. Saturated amounts of deuterium in different types of W 
materials implanted with D-ions at energy indicated as a function 
of implantation temperature as were measured by means of REEM 
and TDS methods. Data were taken from Refs. [53-56] for W 
single crystal, hot-rolled W, chemical vapor deposited W coating 
(CVD-W), inert gas plasma sprayed W coating (IPS-W), vacuum 
plasma sprayed W coating (VPS-W) and powder metallurgy W 
(PM-W). 
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fects can be assumed to distribute throughout the bulk of 
the sample, the concentration of defects in the single 
crystal is assumed to be very small. 

On the other hand, based on experimental results on D 
re-emission and thermal desorption, Garcia-Rosales et al. 
[53] proposed a model in which the release of deuterium 
from W during D-ion bombardment and the thermal re- 
lease is governed by diffusion. From this model, it also 
results that a considerable part of deuterium thermally 
released in the low temperature TDS peak (480-600 K, 
depending on type of W material) comes from the intersti- 
tial sites, while the higher TDS peaks are mainly due to 
deuterium-vacancy type defects with activation energies of 
0.8 and 1.4 eV [53]. Activation energies ranging from 
1-1.4 eV for deuterium released from gas filled cavities 
and vacancies were estimated by Van Veen et al. [57] and 
Eleveld et al. [58] (note that the activation energy of 1.4 
eV corresponds to a release at ~ 700 K in the TDS 
measurement). 

It has been shown in experiment on the influence of 
time interval between 8 keV D-ion implantation and the 
TDS measurement [59], that a considerable part ( ~  30%) 
of the total amount of retained D is spontaneously released 
within 16 h (Fig. 8). A similar result was obtained in TDS 
measurements 2 and 148 h after switching-off the ion 
beam for powder metallurgy W implanted at 300 K with 4 
keV D-ions [56]. A comparison of the TDS spectra taken 
after short and long time interval shows that the sponta- 
neously released D belongs to that part which is thermally 
desorbed between 300 a n d . ~  450 K and is assumed to be 
in a solute state. The majority of implanted D, however, is 
trapped more strongly by defects which already exist 
initially and /o r  are created during the implantation. 

The retained D measured by NRA is strongly bound to 
traps which are most probably the defects created during 
the D-ion implantation in the implanted layer. The larger 

part of deuterium accumulated in the W samples during 
the implantation is, however, located far beyond the ion 
range. 

To some extent TDS gives information about the nature 
of the traps which are responsible for the capture of 
deuterium in the W samples (Fig. 9). A small fraction 
(10-30%) of the retained D is mobile. This part is proba- 
bly still in the solute state (interstitial position) or trapped 
in low energy trap sites from which it can desorb also at 
room temperature. In works of Van Veen and Eleveld 
[57,58], the TDS peaks in the temperature range from 400 
to 600 K were attributed to the deuterium release both 
from deuterium-vacancy complexes and from D 2 filled 
cavities. We assume that some part of the implanted D is 
accumulated in ion induced vacancy type defects. Appar- 
ently, another part of the implanted D diffuses into the 
bulk and is captured by lattice imperfections (small cavi- 
ties, impurity inclusions, etc.). The TDS peak at ~ 950 K 
observed for plasma sprayed W can be ascribed to the 
release of chemisorbed atomic deuterium inside the cavi- 
ties [57]. 
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Fig. 9. Thermal desorption rates of deuterium from the W materi- 
als implanted with 1.5 keV D-ions at 300 K up to saturated 
fluences [55]. The TDS curves are given for W single crystal, 
hot-rolled W, chemical vapor deposited W coating (CVD-W), 
inert gas plasma sprayed W coating (IPS-W) and vacuum plasma 
sprayed W coating (VPS-W). Heating rate = (4.6 + 0.4) K/s. 
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2.4. Summary 

H-ion implantation of graphite to saturation fluence and 
C / H  codeposition as well lead to the formation of C, , -H m 
phases stable up to 500-700 K. 

H-ion implantation of beryllium leads to the formation 
of a two-phase system consisting of hydrogen atoms and 
hydrogen bubbles in the matrix. 

The phase formation in near-surface layers in graphite 
and beryllium provides the hydrogen pumping capacity 
that leads to the delay in hydrogen re-emission. 

Contrary to carbon and beryllium, hydrogen re-emis- 
sion rate from tungsten starts immediately at the beginning 
of the H-ion implantation. Saturated hydrogen concentra- 
tions in implanted layers are equal to 0.4, 0.3 and 0.25 
[102] D/matr ix  atom for carbon, beryllium and tungsten, 
respectively, at 300 K and an order of magnitude less at 
1000 K. Data for tungsten require additional checking. 
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Fig. 10. Calculated steady-state 'effective' deuterium pressure in 
the stopping zone of graphite and deuterium pressure in divertor 
area of ASDEX-U [63] as a function of incident deuterium flux. 
Parameters for calculation: graphite porosity, 0.1; pore radius, 1 
nm; stopping zone thickness, l0 nm. 

3. Hydrogen retention in the bulk of plasma facing 
materials. Results of experimental modelling 

3.1. Graphite 

There are only few attempts known to measure the 
hydrogen content beyond the ion stopping zone. In the 
case of graphite at T~,, < 1000 K at steady state the hydro- 
gen concentration in the bulk was too low ( <  1 appm) for 
careful analysis of the mechanism of implanted particle 
migration [60,61]. It is important to notice that the results 
of modelling experiments with high flux plasma irradiation 
of graphite need the special discussion. In such experi- 
ments it is necessary to take into account the background 
pressure of molecular hydrogen and to consider 'effective' 
pressure in the porous bulk [62,68]. The origin of effective 
pressure is connected with the molecular hydrogen located 
in the pores of surface layer. 

In the simplest model for porous material the outflux 
transfer through the parallel capillaries with radius r is 
considered, which is characterized by the parameter of 
curving. Because of molecular hydrogen appearance in the 
irradiated area, the 'effective' gas pressure Pefr is created 
and the re-emission flux /"D2 toward the target surface 
appears. At steady state re-emission /"D2 and irradiation F 
fluxes are the same. Re-emission flux formation is condi- 
tioned by the pressure difference P~ff - Po and the Knud- 
sen coefficient of migration of the molecules through the 
pores  wi th  the a v e r a g e  radius  rp: D k = 
( 4 / 3 ) ( 2 ~ k T / m ) = / Z x  rp. Correlation between the outside 
pressure P0 in gaseous phase and pressure Pen- inside the 
stopping zone is given by the expression: Fo2 X (mkT) I/~" 
= 0- l (Pef f -  Pu) X Bp, where the coefficient Bp is an open 
porosity of the stopping zone for ions with energy of 
100-300 eV. To estimate this value the capillary radius, 
length and curving are required. In ion implanted condi- 

tion, the Bp value depends on target temperature and 
varies between 0.3-0.05 ( T =  300-1000 K). The product 
of FD2 X (mkT) 1/2 is the outside pressure P0. This way 
one could find a correlation between the incoming flux 
F = FD2, target temperature and characteristic of porosity 
and effective pressure Pen = F × (mkT) 1/2 X (10/Bp + I). 
The effective pressure exceeds the outside pressure near 
the target over 30-100 times (Fig. 10). 

Experiments at divertor conditions in ASDEX-U have 
shown that there appears to be an approximately linear 
correlation between the particle fluxes derived from light 
intensity and the pressure measurements [63]. Experimen- 
tal points from ASDEX-U are also shown in Fig. 10. The 
difference can be explained by the reason that the pressure 
was measured at some distance from the divertor plate. 

From the above analysis one could make the following 
conclusions: (1) The 'effective' hydrogen pressure in the 
irradiated area P~rf and the ion flux F proved to be 
propoitional to each other. For the range of ion flux of 
1015-1018 D/cmZs the pressure varies between 10 4_ 
10-l  Torr. (2) The pressure increases with D-ion energy. 
For the range of energy of 10-1000 eV and initial flux 
about 1017 D/cmZs the pressure varies in the range of 
5 X 10-3-2  X 10 -2 Torr. (3) The pressure is proportional 
to the square-root of the temperature. (4) In the frames of 
the ideal gas law the molecular hydrogen concentration in 
pores in the irradiated area can be estimated as C =  
P~rf/kT. Under a pressure of 10 2 Torr and a temperature 
of 1000 K the content should be equal to (0 .5-1)X l0 ]4 
cm -3. 

In the hydrogen inventory and permeation problems the 
stopping zone is considered as source of hydrogen 
molecules. If the effective pressure is known one can use 
the data from the literature on hydrogen accumulation 
kinetics in graphite and also the data on equilibrium 
hydrogen concentration in graphite [64]. In Ref. [65], the 
hydrogen inventory was described in a wide range of 
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temperature as follows. There exists at least three kinds of 
adsorption sites that are responsible for the hydrogen 
sorption in graphite. 

(i) Carbon interstitial loops with the adsorption en- 
thalpy of - 4 . 4  e V / H  2 (type 1, unrelaxed carbon atoms). 
These sites are located between graphite layers and are 
hardly accessible for hydrogen at low temperatures. Trans- 
granular diffusion is necessary for reaching these traps. 
Causey's experiments [61] showed that at a temperature of 
1473 K one hour is necessary to saturate type 1 traps with 
hydrogen, while this time has been increased up to ~ 20 h 
for saturation at temperature of 1373 K. 

(ii) Carbon network edge atoms with the adsorption 
enthalpy of - 2 . 3  e V / H  2 (type 2, relaxed carbon atoms). 
These sites are easily accessible for hydrogen because they 
are located on the grain boundaries and hydrogen transport 
is occurred via rapid diffusion through the interconnected 
pore structure. But saturation of type 2 traps could be 
limited by adsorption kinetics. Hoinkis' experiments [66,67] 
showed that tens of hours are necessary for the equilibrium 
state at a temperature of 1173 K. 

(iii) Basal planes adsorption sites with positive enthalpy 
(type 3 or 'true solution' sites). There is no direct experi- 
mental evidence for the existence of hydrogen 'true solu- 
bility' in graphites. 

Every kind of graphite could be described with its own 
unique set of traps. From the Causey and Hoinkis experi- 
ments it is possible to estimate for nuclear grade graphites 
the number of Traps 1 as ~ 50 appm [61] and Traps 2 as 
~ 200 appm [66]. The number of potential sites for the 
'true solubility' (Traps 3) we assume as 5 x 105 appm, or 
H / C  = 0.5, but their filling has very low probability. 

This approach proposes that irradiation with neutrons 
or carbon atoms increases the number of Traps 1 and 
Traps 2 while the number of Traps 3 remains practically 
constant. The attempt of estimating the number of Traps 1 
and Traps 2 in radiation damaged POCO AXF-5Q graphite 
based on the experimental data of [65] gives the numbers 
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Fig. II. Calculated sorption isotherm for hydrogen in graphite 
irradiated with neutrons up to 1 dpa. Calculated 'effective' hydro- 
gen pressure in near-surface layer of graphite: for wall tile 0.1-1 
Pa; for divertor tile 3-30 Pa. 
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Fig. 12. Thermal desorption of D 2 and HD molecules from POCO 
AXF-5Q and RG-Ti with 0.1% boron exposed to deuterium 
plasma (1400 K, ion flux of 6 X 1017 D/cm 2 s, exposure time of 5 
h) before (a) and after (b) mechanical removal of ~ 100 txm thick 
surface layer [70]. Heating rate = 6 K/s. 

of 1.5 × 103 and 5 X 103 appm for Traps 1 and Traps 2, 
respectively. With that assumption we have calculated the 
hydrogen inventory for the graphite in a wide range of 
temperatures and pressures (Fig. 11). 

For an estimation of hydrogen retention in porous 
graphite for ITER conditions a value of the 'effective' 
pressure inside graphite is needed. In [68] the deuterium 
bulk retention in POCO exposed to the deuterium plasma 
(ion flux = 3 X 1017 D/cm2s ,  6 h) at 1400 K was studied 
by TDS. Then these samples were exposed to D 2 at 1400 
K for 6 h at deuterium pressure in the range from 0.04-1.3 
Pa. The 'effective' pressure corresponds to that D 2 pres- 
sure which yields the same bulk deuterium concentration 
as the plasma exposure and was about 1 Pa. This measure- 
ment of hydrogen pressure allows to estimate the equilib- 
rium hydrogen inventory in irradiated graphite yielding 
values as ( 1 - 3 ) X  103 appm. These estimations are very 
close to the Federici data [69]. Contrary to porous POCO, 
the bulk deuterium inventory in high density RG-Ti 
graphite is not detected by TDS (Fig. 12) [70]. It seems 
likely that deuterium cannot penetrate into the bulk of such 
graphites. 

3.2. Be~llium 

There are several computer codes to evaluate tritium 
inventory in PFCs and tritium behavior in neutron irradi- 
ated beryllium as well. Nevertheless, there is a lack of 
consistent data on hydrogen solubility, diffusion and inter- 
action with defects which gives no grounds for reliable 
prognosis. 

At least two regions in the PFMs are distinguished 
when dealing with modelling of the tritium inventory 
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therein [71]. The first one is a near-surface layer modified 
under plasma impact through redeposition, ion-induced 
oxidation and ion-induced damage. These layers are formed 
on the sample surface in laboratory experiments on plasma- 
[72] and ion-driven [73] deuterium permeation through 
beryllium and in the current tokamaks as well [74]. The 
porous layer much thicker than the mean implantation 
depth for incident ions was developed in a near-surface 
region of Be samples irradiated with 1 keV D-ions at 

700 K [73]. In the authors' opinion these layers may be 
responsible for the extremely low permeation flux and the 
prolonged breakthrough time observed. In the above exper- 
iments D-ions were assumed to impinge at the clean metal 
surface. On the other hand, a thick oxide layer ( ~  0.9 p~m) 
composed partially of beryllium carbide grew on the sur- 
face of the sample exposed to 100 eV D-ion flux from RF 
plasma at 673 K [72]. In this regard the attempt, made in 
Ref. [75] to clarify the vacuum-beam conditions when 
either oxide or metal beryllium appear on the sample 
surface under prolonged H and Ar ion irradiation, is 
worthy of notice. 

It should be mentioned that hydrogen isotopes behavior 
in BeO relevant to tokamak operation attracted less atten- 
tion of the investigators than beryllium. Up to now, there 
are only two works (made in the same laboratory) concern- 
ing the forming of deuterium saturated layers in BeO 
irradiated with 1-10 keV D-ions [51,76]. Deuterium solu- 
bility in the near surface oxide layers of Be samples has 
been evaluated in [77]. Moreover, it is noted that oxidation 
of beryllium in atomic or molecular deuterium atmosphere 
contained oxygen results in the significant deuterium in- 
corporation into oxide [78,101]. So, with the poor database 
the tritium behavior in BeO is difficult for modelling. 
Additional experiments, in which the results of permeation 
measurements are accompanied with the data on tritium 
inventory in the bulk of the same samples, are desirable 
and appear to be in preparation at the TPE facility [79]. 

The second region is the bulk of PFMs, wherein neu- 
tron effects must be taken into account as far as ITER 
issues are considered. Modelling of tritium migration and 
trapping in this region would be reliable provided the 
fundamental properties of hydrogen in beryllium have 
been defined. However, solubility and diffusivity constants 
measured at the different laboratories are varied widely, 
being significantly influenced by the sample characteristics 
[80]. There are evidences for trapping of hydrogen by 
radiation vacancies (see Section 2.2), oxide inclusions and 
gas bubbles filled with both hydrogen and helium [49]. 
Helium generated in beryllium under neutron irradiation at 
elevated temperatures, just as in other metals, seems to be 
collected in the bubbles, while at the lower temperatures, 
exists in the form of HeV clusters. There is reason to think 
that at 400-700 K (of interest for the first wall PFCs of 
ITER) helium occupies all available vacancies. How strong 
tritium, permeating through the PFCs, will be trapped by 
HeV clusters is not yet understood. Therefore, the energet- 

ics of helium-induced trapping of hydrogen in beryllium 
needs a further consideration. 

3.3. Tungsten 

For tungsten the data base of solubility, diffusivity, and 
trapping of hydrogen isotopes is still poor [17]. Due to the 
high melting temperature, W is produced by different 
methods (sintering, chemical vapor deposition, plasma 
spraying, etc.) which introduce many impurities and lattice 
imperfections. Together with ion induced damage these 
defects act as trapping sites. Therefore, diffusion and 
solubility may be influenced by the manufacturing process 
and the sample history. 

The solubility and diffusion constants for hydrogen in 
tungsten were derived by Frauenfelder [81] from degassing 
of sintered W which was pre-loaded with hydrogen and by 
Kizu et al. [82] from permeation experiments. The deu- 
terium diffusion coefficient for 300 K was estimated by 
Garc~a-Rosales et al. [53] from the comparison of re-emis- 
sion and TDS results for 100 eV D-ion bombardment of 
hot-rolled W with model calculation. 

Experiments described in Section 2.3 (REEM/TDS 
and spontaneous D release after beam switch-off) indicate 
that hydrogen penetrates into the bulk at distances of some 
microns. Diffusion coefficients for 300 K estimated by 
Garcia-Rosales et al. [53], 9.8 × 10 14 cm 2 S I, and 
determined by Kizu et al. [82], 2.9 X 10 15 cm 2 s i are 
several orders smaller than is necessary for a diffusion 
length > 1 ~zm during the D-ion implantation time of 

104 s at room temperature. On the other hand, the 
extrapolation of diffusion data of Frauenfelder [81] gives a 
diffusivity of 1.1 X 10 9 cm 2 s i at 300 K which is 
sufficiently large for the explanation of the results. 

3.4. Summao' 

An 'effective' hydrogen pressure of 10-2-10 Tort 
appears in the near-surface layers of graphite materials as a 
result of interaction with the hydrogen plasma. The pres- 
sure spreads through the open pores system. This pressure 
and temperature are responsible for the kinetics of hydro- 
gen sorption and the hydrogen concentration value in the 
bulk of graphite (or CFC). In the lack of open porosity the 
bulk hydrogen retention in graphite (like RG-Ti)  is rather 
complicated at T < 1300 K. 

Hydrogen accumulation in bulk beryllium under plasma 
exposure is governed by hydrogen concentration in the 
stopping zone, its diffusivity in the matrix and the concen- 
tration of traps of metallurgical and /o r  radiation origin. 
The surface development and oxide layer formation can 
significantly influence the H boundary concentration. 

Contrary to beryllium, under plasma exposure the pro- 
cesses of hydrogen retention and transport into the bulk of 
tungsten are less influenced by surface modification. The 
hydrogen diffusivity in tungsten is much higher than in 
beryllium. 



A.P. Zakharov et al. / Journal of Nuclear Materials 241-243 (1997) 52-67 61 

Quite reasonable assessments of hydrogen inventories 
(including permeation) in prime candidate materials are 
reported recently by Federici et al. [69]. 

4. Hydrogen retention in plasma-facing components 
and its influence on fusion device operation 

4.1. Hydrogen isotopes retention in tokamak torus 

In JET experiments in C- and Be-phases for one dis- 
charge, the necessary fuelling was about ( 8 - 1 0 ) ×  1021 
atoms per pulse and an average retention of 50-80% of the 
fuelling gas (i.e., (5-8)  × 1021 atoms). About half of the 
retained gas was released during pauses between shots 
[83]. If the JET torus surface is about 2 × 106 cm 2, during 
one discharge the toms surface absorbs about 1015 D- 
a toms/cm 2 or 1-2 monolayers of deuterium. Usually 
during the campaign from 103 up to 2 X 103 shots were 
made. If the deposition rate is constant, the wall will 
accumulate after 103 discharges up to 1018 D_atoms/cm 2. 
Indeed such areal densities of hydrogen isotopes were 
found in the surface layers of graphite and beryllium tiles 
after the machine was opened [74,84]. 

JET experiments have shown that in view of the higher 
wall pumping during the discharge and the higher frac- 
tional recovery afterwards, Be is a more suitable PFM than 
graphite as far as deuterium recycling is concerned. An 
indication that the surface process dominate the outgassing 
after the discharge (T = 600 K [83]) came from the obser- 
vation that the deposition of thin Be coating (10-20 nm 
[85]) on the C walls of JET is sufficient to permanently 
change the deuterium retention/release characteristics, as 
observed from behavior during discharges and the percent- 
age released after pulse. 

The recent measurements of hydrogen retention in 
graphite cladding at JT-60U after operation phases includ- 
ing 2168 D 2 and 1004 H 2 discharge shots [86] are in 
agreement with data from JET. The retention of deuterium 
for each tile was distributed between 6×(1016-10  ~7) 
cm 2. The highest deuterium retention was observed in 
the tile on the outboard and lower part of the first wall. 
The D detection for the divertor plate installed in the 
neutral zone was almost half the value of the D contained 
in wall tiles. This result suggests that the surface of the 
divertor plate was heated up to around 1000 K. About 150 
hydrogen discharges were performed just before the end of 
operation. Therefore, inside the divertor and the first wall 
tiles a relatively large amount of hydrogen is remaining. 
As the result the ratio of H / D  was between 0.45 and 0.65. 
The revealed correlation between oxygen and deuterium 
amounts indicates that the codeposition processes of oxy- 
gen, deuterium and carbon predominate comparing to ion 
implantation. 

Additional information about the codeposition pro- 
cesses is obtained from the experiments where the average 

influx and outflux are known. In this connection let us 
consider the experiments on Tore Supra [87]. In the 1992 
campaign, 2333 discharges were performed. The average 
discharge duration was about 10-15 s. Long term Si and 
C-samples have been installed on the inner wall. Surface 
analyses have shown that the high deuterium concentration 
( >  1018 D atoms/cm 2, and > 1024 D atoms in total wall 
inventory) was due to codeposition with carbon atoms 
(1.8 X 1019 C atoms/cm2). There are given are the fol- 
lowing estimations for codeposition process [87]. At aver- 
age discharge duration of 10 s and ion flux to the wall of 
1018 cm -2 s - I  the integrated flux over 2000 tokamak 
discharges is about 2 × 1022 cm -2. With carbon concen- 
tration in the scrape-off-layer of 5% [88], the carbon 
deposited is only 1% of the carbon flux, or in other words 
carbon recycling coefficient is about 0.99 (hydrogen recy- 
cling coefficient is higher than 0.9999). Thus the accumu- 
lation of hydrogen isotopes in the torus occurs as a result 
of simultaneous impact of hydrogen and impurity fluxes, 
including carbon. In average the impurity flux is about 
0.05-0.1 of hydrogen isotopes flux. 

4.2. Hydrogen isotopes exchange in tokamaks 

The tokamak experiments indicate that the hydrogen 
isotope areal density in PFM usually is 3 -10  times higher 
than the saturated that is obtained in modelling experi- 
ments with ion beams at energies of 0.1-300 eV (Fig. 1). 
The general conclusion is that this difference is caused by 
parallel hydrogen ion impinging and codeposition of hy- 
drogen and impurities, e.g., carbon, boron or lithium. 
Probably, the lithium injection in tritium experiments on 
TFTR is one of the reasons for higher retention of tritium 
in wall torus [89]. 

Considering the inventory of hydrogen isotopes in the 
codeposition process, the question arises, what is the rela- 
tion between retention rates and isotopic exchange rates? 

In modelling experiments with H / D  ion implantation 
into graphite the isotopic exchange terminates completely 
at the integral fluences of 3 -5  fluences of saturation [37]. 
As a rule in large tokamaks the maximal concentration in 
the near-surface layer in graphite and beryllium PFC is 
reached after two to three l0 s discharges (ion energy at 
edge plasma about 100 eV). It should be noted that the 
total content of deuterium and the thickness of the satu- 
rated layer grows with the increase of number of shots 
because the simultaneous codeposition process takes place. 

Let us consider the preliminary tritium experiment 
(PTE) performed in JET [83,90,91]. In the initial T / D  
discharge about 1021 T-atoms and 3 × 1022 D-atoms ( ~  
500 Torr L) were introduced in the toms. Short term 
tritium retention after the PTE was 7.5 X 102o T-atoms. 
During the subsequent clean-up phase the amount of tri- 
tium released per discharge decayed with shot number N 
roughly as e x p ( - N / N  o) with No= 10 for the first 10 
discharges and N o = 55 for the next 100 discharges. It 
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should be noted that dual decay constants have been also 
observed for H / D  changeover experiments in TFTR. About 
150 tokamak discharges after the first introduction of 
tritium in the JET torus, it was sufficient to reduce the 
in-vessel tritium inventory to a level of 1.8 x 10 z° T-atoms. 

Probably the initial fast stage of tritium recovery is due 
directly to ion implantation of deuterium particles from 
edge plasma in the surface of torus. From another side, the 
second slow decay of tritium exchange could be connected 
with the parallel passing process of impurity codeposition. 
The part of tritium becomes less accessible for isotopic 
exchange. 

This process was simulated using a multireservoir model 
which splits the accessible hydrogenic particles into two 
groups, each having a different rate of exchange of parti- 
cles with plasma [90]. 

The fast stage of isotopic exchange is displayed most 
completely in the experiments with sequential H / D  fu- 
elling in the JET experiment, when the whole surface of 
the torus is covered by hydrogen. In the JET T / D  ex- 
change experiment tritium occupies about 1% of all poten- 
tial traps (1023 traps/torus of area 200 m2). So, in the 
T / D  experiment the second phase of the exchange is 
expressed more evidently due to codeposition. 

It is necessary to note that the slow stage of the D / H  
exchange was analyzed recently in JT-60U [92]. A series 
of 400 H plasma discharges has reduced the deuterium 
influx to 0.03 of that in the initial phase. 

In general, the isotopic exchange experiments in toka- 
maks point out the essential role of codeposition processes 
in plasma-surface interaction. 

the plasma from the wall than reaches it. This regime is 
called wall pumping. In this case the steady state of plasma 
can be reached by external core or edge refuelling. If 
R = 1 the steady state of plasma.can be maintained when 
the external fuel source is switched off. If R > 1, for 
permanent in time n and T across the torus it is necessary 
to use the external pumping to remove a part of fuel 
particles from toms [94]. 

In modern tokamaks (JET, Tore Supra, JT-60, TFTR, 
DIII-D and some others) the pulse duration in routine 
regime is about 1-10 s. To maintain the constant value of 
plasma concentration and temperature at wall pumping the 
rate of hydrogen flux introduced from the external sources 
is about 10-300 Torr L / s  (1 Torr L = 3 . 2  × 1019 

molecules). For long shot, 62 s, at Tore Supra, more than 
600 Torr L are necessary to maintain the plasma density, 
with a gas influx of about 10 Torr L / s .  Operating ITER at 
1500 MW of fusion power produces about 15 Torr L / s  of 
helium ash (the global 4He particle confinement time 28 s 
[95]), which requires a fuel particle removal rate of about 
30 Torr L / s .  

It is interesting to note that for such tokamaks as TFTR, 
Tore Supra and Dill-D, in steady state regime during the 
discharge there are 3-15 Torr • L of hydrogen molecules in 
the plasma and about 103 Torr • L of hydrogen isotopes in 
the torus wall. The ITER inventory in plasma is estimated 
to be about 3 X 103 Torr L of D / T  particles [95] while the 
wall can retain 2 x 106 Torr L D,T/ ton  Be x 1% swelling. 

4.4. Exchange fluxes between plasma and plasma-facing 
components 

4.3. Fuelling and recycling 

In modern tokamaks the average time, during which 
plasma particles are confined is in the range from 10 3 to 
0.3 s and always short compared to the discharge times. 
Thus, on average, fuel particles must be replaced many 
times (up to 30-100 times) during a discharge and the 
mechanism of refuelling is important. Edge refuelling 
which is carried out by gas puffing tends to result in rather 
flat plasma radial profiles. On the other hand, achievement 
of fusion condition in the core plasma can be facilitated by 
the creation of peaked plasma concentration (n) and tem- 
perature (T) profiles (for example, in the supershot regime 
[93]). This can be achieved by core refuelling using fast 
pellets of frozen hydrogen or by neutral beam injection 
(NBI). 

If external neutral sources, such as a gas inlet, are 
turned off and particles come to the plasma from the torus 
wall or limiter, the constancy of plasma density is consid- 
ered to be maintained by recycling. In other words, hydro- 
gen isotope exchange between plasma and internal sur- 
laces of torus is called 'hydrogen recycling'. The recycling 
coefficient R is the ratio of returning hydrogen flux to the 
incident flux. R < 1 means that less hydrogen returns to 

4.4.1. Exchange fluxes in L-mode 
One of the main questions of plasma-surface interaction 

is: how the hydrogen retained in the PFM surface layers 
can influence the pulse formation? 

It is nearly a universal observation in tokamaks with 
carbon limiters that the application of power, whether in 
form of ohmic, ICRF or NB heating, results in increased 
influxes of deuterium and carbon from the limiter and a 
subsequent increase in the plasma density. The particles 
exchange between plasma and limiter in L-mode was 
studied in detail in TFTR experiments with the heating of 
ohmic plasma by means of NBI [96]. In TFTR the plasma 
was in contact mainly with graphite limiter of total area 
about 22 m 2. The main results are shown in Figs. 13 and 
14. After deuterium NBI (flux 20 Tort L / s )  with 8 MW 
power for 0.3 s the plasma steady state was reached when 
the outflux and influx were equal to each other. The 
electron concentration remains constant during I s. At the 
same time it was observed that the influxes of deuterium 
( ~  8 X 1021 D-atoms/s)  and carbon ( ~  3 x 1021 C- 
atoms/s)  particles were sufficiently higher than the initial 
flux of injected neutrals ( ~  6 × l0  20 D-atoms/s).  The 
subsequent numerical treatment of the plasma measure- 
ment results showed that the D amount in the plasma 



A.P. Zakharov et a l . /  Journal of Nuclear Materials 241-243 (1997) 52-67 63 

10 

a~ 

0 2 ~'E 

A 

' ' 0 ~ 
3 

e l  

0 t t 

E 4  

3 4 
Time (s) 

Fig. 13. The time evolution of discharge 40932 (TFTR) during 
~ 8 MW of neutral beam injection: R o = 2.60 m, a = 0.95 m, 
plasma current lp = 1.4 MA, toroidal magnetic field B T = 4 T 
[96]. 

let). During one pellet injection the lithium monolayer was 
formed on the toms walls. 

Li pellets injected at 1 s before NBI into supershot 
plasmas lead to substantial enhancements in the neutron 
rate, plasma stored energy, ion temperature and energy 
confinement time during NBI. Reductions in the edge 
density resulting from lithium pellet wall conditioning lead 
to improved NB penetration, which then peaks up the 
density profile and improves confinement. Sputtering yield 
calculations indicate that a layer of Li on C significantly 
reduced the carbon sputtering yield [97]. 

Analysis of deuterium particle fluxes balance was per- 
formed for the discharge of 1 s duration with NBI heating 
power 25 MW [99]. The first wall was well conditioned 
and Li-pellet was injected before the NBI. At stationary 
stage of the discharge the number of D-ions in plasma was 
about 5 X 10 20. Meanwhile the influx from limiter into 
SOL was about 10 22 S - I ,  the wall recycling coefficient 
being 0.85 [99]. In our point of view the deuterium in- 
fluxes in L-mode and in the supershot regime differ in- 
significantly. However in the supershot regime the limiter 
is a limited source of deuterium, differing from L-mode 
when the deuterium amount in the limiter is higher than in 
the supershot regime. Apparently the main role for im- 
provement of discharge parameters can be attributed to 
reducing of graphite erosion (up to three times) as a result 
of lithium adsorption [97]. 

(6 X 1020 D-atoms) was much less ( ~  30 times) than the 
D particles amount in the graphite 'reservoir' ( ~  2 × 1022 
and D-atoms). 

With injection power increasing up to 20 MW (Fig. 14) 
the recycling fluxes from the limiter increased proportion- 
ally, meanwhile Zet ~ of the discharge and the edge plasma 
temperature being constant. At these conditions the signifi- 
cant part of injected power was spent for radiation and 
heating of carbon ions. Thus, the discharge is to a large 
degree dominated by edge effects, i.e., recycling of fuel 
and the production of carbon impurities at the limiter 
surface. These phenomena are undesirable as the potential 
fusion yield of the discharge is reduced. 

4.4.2. Exchange f luxes in supershot plasmas 
Is it possible to avoid the edge effects in plasma which 

are typical for the L-mode discharge? How do we attain 
the conditions for recycling control? In the last series of 
experiments in TPTR the scientists tried to decrease the 
edge recycling by preliminary removal of hydrogen iso- 
topes from the limiter, for example by helium conditioning 
[97,98] at which the deuterium release from the graphite 
wall is caused by sputtering. Moreover it was desirable to 
diminish the carbon and oxygen influxes into the central 
plasma (in L-mode the ratio of carbon flux to deuterium 
flux was about 0.25-0.3). To decrease the recycling and to 
suppress the carbon erosion, lithium pellet injection during 
ohmic discharge was suggested (3 × 1020 Li-atoms/pel-  
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Fig. 14. The scaling of plasma density <n~), radiated power Prod, 
Z~ff, carbon F c and deuterium F D influxes from the limiter with 
total input power Ptot: discharges 40927-40945 (TFTR), R o = 
2.60 m, a = 0.95 m, plasma current lp = 1.4 MA, toroidal mag- 
netic field B T = 4 T [96]. 
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The successful experiments in TFTR in the supershot 
regime allowed to carry out the well-known experiment 
with tritium injection and to obtain 6 MW neutron power 
in one shot [89]. A very low total recycling ( < 0.75) for all 
hydrogen isotopes was typical for tritium discharges. At 
the same time due to initial tritium absence in the machine 
the tritium recycling was less than 0.05 in the series of 10 
shots. In average for the whole campaign (65 shots, 3.5 × 
10 22 T-atoms) the steady state has not been achieved for 
tritium between the core plasma and limiter. In analogous 
preliminary experiments with deuterium discharges 100% 
recycling was observed. This discrepancy may be ex- 
plained by large total energy (including higher ion energy) 
produced in tritium discharges and by increase of codepo- 
sition input to tritium retention in toms. The tritium experi- 
ments in TFTR have shown that the limiter conditioning 
by depleting the limiter surface of hydrogen isotopes and 
Li pellet injection to reduce the carbon influx are critical to 
the attainment of supershots and high fusion power. The 
low tritium recycling from the limiter reduces core plasma 
reactivity; tritium rich NB injection is required to obtain 
the optimum 50:50 DT density ratio [89]. 

4.5. Particle exhaust with external pumping 

We have already noted during supershot analysis in 
TFTR that the wall pumping is ultimately a transient effect 
and by itself not suitable for steady state particle exhaust. 
Therefore, external exhaust techniques with pumped diver- 
tors and limiters are being developed in tokamaks DII1-D 
and Tore Supra [94,100]. Tore Supra is a graphite machine 
in which the wall particle inventory usually dominates the 
plasma inventory by more than an order of magnitude. As 
an example let us consider the experiment in Tote Supra 
when the detailed analysis was made for the particle fluxes 
between the separate components of the machine (ohmic 
discharge with 1.5 MA plasma current, 4 T toroidal field, 
deuterium prefill and gas puff, and a wall temperature of 
~ 420 K). 

The particle balance for discharge 10450 (Fig. 15) was 
evaluated by dividing the shot into three parts. During 
phase (1) the exhaust was minimal due to the low pressure 
and most of the gas was absorbed by the wall. In phase (2) 
the difference in the fuelling rate between without and 
with pumping discharges was balanced by the external 
exhaust. During phase (3) the gas puff had been turned off 
and the exhaust rate greatly exceeded the decay rate of 
plasma. The only plausible source for this extra gas, which 
was removed in addition to the gas from density decay, 
was the wall inventory. It has been known that graphite 
wall can provide strong fuelling to the plasma. The result 
of Tore Supra indicated that, combined with external ex- 
haust techniques, the wall could also directly supply parti- 
cles to the exhaust gas. From a different perspective the 
external particle exhaust not only controls the particle 
content of the plasma, but also controls the wall inventory. 

Phase I Phase II Phase | l i  

G as i i ~ (a) 
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Fig. 15. Particle balance with pump limiter exhaust and gas 
puffing for shot 10450 (Tore Supra); (a) gas puff, (b) density 
evolution, (c) pump limiter exhaust and (d) inferred wall load [99]. 

This effect indicates possibilities for continuous simultane- 
ous wall conditioning during a discharge with external 
exhaust. 

An analogous result has been obtained in DIII-D with 
pumped divertor. During the pumping discharges the wall 
could return about 50-80 Torr L of gas. 

4.6. Summar 3, 

To conduct a single 10 s discharge in a contemporary 
large tokamak as a rule about 100 Torr L fuel molecules 
are introduced into the torus. Approximately 50-80% of 
input gas is immediately captured by the wall. For the 
pause between the shots, about 1000 s, when gas release 
takes place, for each discharge the retained hydrogen 
amount is about 30 Torr L (or ~ 2 × 1021 particles), i.e., 
1 /3  of input gas particles. At a total wall area of 106 cm 2 
such quantity of retained particles corresponds to one to 
two monolayer coverage of the torus by sorbed hydrogen. 
During the campaign of sequential discharges, the amount 
of retained gas increases continuously with a rate 1-2 H 
monolayer per shot without noticeable saturation tendency 
in a series of 103 discharges. At the same time practically 
all hydrogen retained participates in the processes of iso- 
topic exchange. 

During the discharge it is necessary to minimize the 
hydrogen and impurity recycling and to provide the maxi- 
mal wall pumping capacity. In the intervals between dis- 
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charges it is desirable that PFCs would reject back almost 
all retained hydrogen. The search of optimal dynamic 
equilibrium regime results in elaboration of a number of 
techniques which enable to enhance the hydrogen release 
from PFC surface layers and to increase the wall pumping 
capacity. These are he l ium/oxygen  conditioning, RF con- 
ditioning, particle control with external pumping of lim- 
i ter/divertor,  Li-pellet injection, Be evaporation. 

5. Conclusions 

(1) For single discharge with duration of 1 -10  s in 
large contemporary tokamaks (1 -3 )  × 102 Ton" L of hy- 
drogen it is necessary to supply into torus. Under steady 
state regime plasma contains 10-15 Torr L, but wall 
contains 40 -100  Torr L of hydrogen. In this regime the 
rates of particles exchange between plasma and wall can 
reach 100 Ton. L / s .  

(2) Relaxation times of hydrogen fluxes in respect to 
absorption (wall pumping) or desorption (wall fuelling) 
proves less than 0.1 s. During the period mentioned, the 
wall could transfer from the fuelling state ( ~  30 Torr L / s )  
into the pumping state ( ~  60 Torr L / s )  under instant 
injection of a hydrogen pellet, helium or NB. Quantitative 
comparison of the data of wall fuelling rate with the 
laboratory results on radiation-induced desorption is essen- 
tial for operation of future larger devices. 

(3) During long pulse discharges (scale of 100 s) the 
wall or limiter accumulates hydrogen up to 100 Torr L per 
single discharge, but no wall saturation is observed (e.g., 
in Tore Supra). In these conditions uncontrollable recy- 
cling occurs. The temperature growth in codeposited layers 
could be one of the reasons of uncontrollable recycling. It 
is clear that for 100 s discharge active control of the 
particle flux between plasma and wall as well as active 
cooling of PFCs are necessary. 

(4) Analysis of particle balance processes during the 
discharge indicates that the PFM surface layers (thickness 
10-100 nm) play a very active role. In this connection an 
important trend is successfully developing, modification of 
these layers during the shot by light elements passing from 
carbon to boron, silicon and lithium. In this sense recent 
experiments on tokamaks and laboratory set-ups show that 
thin layer composition L i -C  is very promising. 

(5) During long pulse discharges the presence of code- 
posited films can change globally the kinetics of reten- 
t ion/re lease  and permeation. Additional modelling experi- 
ments devoted to analysis of hydrogen retention in the 
entire bulk of PFMs under erosion and codeposition condi- 
tions are required. 

(6) Bulk hydrogen content for all mentioned high den- 
sity materials is negligible ( <  10 appm) compared to that 
in the surface layers (10 ~8 cm 2) without neutron irradia- 
tion. When radiation damage appears the hydrogen bulk 
concentration can increase by 2 - 3  orders of magnitude. 
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