
ELSEVIER Journal of Nuclear Materials 246 (1997)9-16 

Quantitative AMS depth profiling of the hydrogen isotopes collected 
in graphite divertor and wall tiles of the tokamak ASDEX-Upgrade 

G.Y. Sun a, M. Friedrich a, R. GriStzschel a, W. Biirger a, R. Behrisch b,. 
C. Garcia-Rosales b,1 

a Forschungszentrum Rossendorf, PO Box 510119, D-01314 Dresden, Germany 
b Max-Planck-lnstitutfiir Plasmaphysik, Euratom association, D-85748 Garching, Germany 

Received 20 November 1996; accepted 4 April 1997 

Abstract 

The accelerator mas,; spectrometry (AMS) facility at the 3 MV Tandetron in Rossendorf has been applied for quantitative 
depth profiling of deuterium and tritium in samples cut from graphite protection tiles at the vessel walls of the fusion 
experiment ASDEX-Upgrade at the Max-Planck-Institut ftir Plasmaphysik in Garching. The tritium originates from D(d,p)T 
fusion reactions in the plasma and it is implanted in the vessel walls together with deuterium atoms and ions from the 
plasma. The T concentrations in the surface layers down to the analyzing depth of about 25 Ixm are in the range of 1011 to 
5 × 1015 T-atoms/cm 3 corresponding to a tritium retention of 3 × 10 l° to 3.5 × 1012 T-atoms/cm 2. The much higher 
deuterium concentrations in the samples were simultaneously measured by calibrated conventional SIMS. In the surface 
layers down to the analyzing depth of about 25 ixm the deuterium concentrations are between 3 × 1018 and 8 × 1021 
atoms/cm 3, corresponding to a deuterium retention of 2.5 × 1016 to 2.5 × 1018 atoms/cm 2 The estimated total amount of 
tritium in the vessel walls is of the same order of magnitude as the total number of neutrons produced in D(d,n)3He 
reactions. © 1997 Elsevier Science B.V. 

1. Introduction 

Implantation, codeposition, retention, and release of 
hydrogen isotopes in the surface layers of the plasma 
facing material at the ~essel walls of fusion devices plays 
an important role in fusion research with respect to wall 
pumping and recycling of the hydrogen isotopes from the 
vessel walls. These processes largely contribute to the 
plasma density and isotope composition [1-7]. Further, for 
a D, T fusion plasma, the tritium trapped in the plasma- 
facing areas of the vessel walls represents a very critical 
radioactive inventory [:3]. One means to get some under- 
standing for a possible control of these processes are 
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detailed measurements of the concentration and depth pro- 
files of the hydrogen isotopes which build up in today's 
fusion experiments at different first wall areas. For quanti- 
tative depth profiling of hydrogen isotopes in the surface 
layers of solids several methods can be applied [9,10], such 
as: nuclear reaction analysis (NRA) [10-12], elastic proton 
backscattering [13], elastic recoil detection analysis 
(ERDA) [14-18], and secondary ion mass spectrometry 
(SIMS) [19-21]. For the detection of the very small 
amounts of tritium, such as those deposited in the vessel 
walls of today's fusion experiments with a deuterium 
plasma [22-24], the sensitivities of the first three tech- 
niques are generally not sufficient, while in conventional 
SIMS the interference with the molecular ions HD and H 3 
cannot be suppressed sufficiently. Measurements based on 
the tritium decay using Pin diodes [22] or conventional 
scintillation counters [23,24] are sensitive only to the very 
surface layers and require special sample preparation [23]. 

One of the most sensitive methods for analyzing low 
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concentrations of isotopes is accelerator mass spectrometry 
(AMS) [25-27]. In recent years it has been developed to a 
standard method for the measurement of concentration 
depth profiles of trace elements [28-30] in solids. This 
method represents basically an extension of a negative 
secondary ion mass spectrometer with a magnetic mass 
separator of low mass resolution, but large acceptance 
angle. Additionally to the conventional Faraday cup or 
channeltron detector for measuring the secondary ion in- 
tensity, a special detection system consisting of an MeV 
tandem accelerator and a subsequent nuclear spectrometry 
system is used. The sputtered negative secondary ions of a 
selected mass are injected into the first stage of the accel- 
erator and are accelerated to a few MeV. At the positive 
high voltage terminal the ions pass through a gas or foil 
stripper, where nearly all molecules disintegrate to atoms 
which get positively charged with a charge state distribu- 
tion depending on ion species and energy and on the 
stripper parameters [31]. These singly or multiply charged 
positive ions are further accelerated in the second stage of 
the tandem to a final energy according to their charge 
state. The MeV ions are subsequently detected by means 
of a combination of electrostatic and magnetic fields and a 
nuclear particle detector being able to analyze energy, 
mass and /o r  atomic number Z of the ions. Thus the 
atomic ions can be further separated from the very few 
molecular ions which were not disintegrated in the stripper 
and may reach the detector. Suppression factors for molec- 
ular ions of more than 10 ]3 are achievable by AMS. 

Sputter ion source 
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Fig. 1. Schematic diagram of the accelerator mass spectrometer 
(AMS) set-up. 

2. Experimental 

At the Rossendorf 3 MV Tandetron accelerator [30] an 
AMS facility has been installed especially for analysis of 
hydrogen isotopes and employed for the depth profiling of 
these isotopes in plasma exposed graphite materials of the 
tokamak ASDEX-Upgrade [32,33]. Fig. 1 shows schemati- 
cally the main components of the AMS set-up.The sample 
to be analyzed is inserted into the standard IONEX 860-C 
caesium sputter ion source using a modified target rod. 
The sputtered negative ions are extracted from the sample 
by a voltage of 23 kV and focused with an einzel lens. 
They are mass analyzed by means of the wide-gap double- 
focusing 80 ° injection magnet providing a large acceptance 
angle and, using an exit aperture of 4 X 6 mm 2, a mass 
resolution M/AM of about 100 [34], which is sufficient 
for the interesting low mass constituents of the investi- 
gated material. Just behind the exit aperture near the 
entrance of the accelerator a retractable Faraday cup is 
used for the measurement of the high intensity ion compo- 
nents, such as D and 12C in these measurements. If just 
this ion current is measured we talk in the following of 
'conventional SIMS mode'.  For switching to the different 
masses the magnet was controlled by a Hall probe. The 
D -  signal in these conventional SIMS measurements can 

be falsified by the presence of H2ions. Both are present 
because the hydrogen and deuterium concentrations in the 
samples are expected to be similar [17,35,36]. However, 
the formation probability of H 2 ions in the Cs + sputter 
ion source is low, the ratio of H 2 / H -  being about 10 -5 
[26], i.e., the contribution of H 2 ions to the D -  ion signal 
is small and can be neglected. 

For the tritium depth profiling the negative ions with 
mass M =  3, i.e., T - ,  H D - ,  H~-ions are selected by the 
injection magnet. They are injected and accelerated in the 
Tandetron to the positive terminal voltage of 1.5 MV 
where they are stripped and split up in the N 2 gas cell and 
subsequently accelerated back to ground potential. They 
are again mass analyzed in the switching magnet set for 
three MeV ions with mass M = 3. For counting the tritium 
ions and separating them from molecular ions we used an 
implanted silicon surface barrier detector covered with a 
17 ~m thick A1 foil. The few HD + ions in the beam were 
cracked in the foil to 1 MeV protons and 2 MeV deuterons. 
The 1 MeV protons having a mean projected range of 14.3 
Ixm are fully stopped in the A1 foil, while the 2 MeV 
deuterons leave the foil with a residual energy of about 1.1 
MeV. They can be separated in the detector from T +-ions 
which have a residual energy of about 2.1 MeV after 
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passing the foil. In the deuterium plasma of the fusion 
experiment ASDEX-Upg/ade also SHe-ions are produced 
by the D(d,p)3He reactio:a and they are also implanted into 
the vessel walls. However, in sputter ion sources the 
formation of negative He ions is very unlikely and 3 MeV 
He ions would be lost in the stopping foil, so that any 
interference with tritium can be excluded. 

In order to obtain the real depth profile, the crater 
formed by sputtering should have a flat bottom and ions 
sputtered from the side wails of the crater should not be 
detected [20,21]. The usual way of scanning the primary 
sputtering beam across the surface in order to achieve 
uniform erosion is not possible with the ion source used 
here. Therefore in our case the sample was scanned me- 
chanically by two off-axis disks which were driven by two 
synchronous motors with different frequencies [30], allow- 
ing to scan the sample in an area of a parallelogram of 
about 2.5 × 2.5 mm 2 (Fig. 2) under the stationary beam. 
Furthermore a copper diaphragm with a 1.5 mm circular 
opening was used in front of the sample [30] and a 
negative voltage was applied to the target holder. The 
small opening acts like an immersion lens [39] which 
focuses the secondary ions so that the ions generated at the 
side wall of the crater could not pass through the aperture 
of the ionizer. Finally an electronic gating is used to 
collect the signals only when the sputtering ion beam hits 
the center of the crater, i.e., only about 10% of the rastered 
area is analyzed (Fig. 2). Due to the relatively large 
diameter of the Cs+-ion beam (FWHM is about 200 /xm) 
the tail of the Cs beam may reach the side wall region 
even during the gating time. The formation of a crater wall 
could be avoided by cutting a groove in the sample surface 
at the area where the crater wall develops [30]. The 
improvement obtained with these provisions is demon- 
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Fig. 2. Cs + ion impact lines on the wobbled sample. The central 
marked part indicates the area of data collection, the marked ring 
indicates the groove. 
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Fig. 3. Depth profiles of deuterium which had been implanted in 
Graphite EK98 with an energy of 210 keV at a fluence of 1 × 1016 

D/cm 2. 

strated in Fig. 3, showing the deuterium-depth profile 
measured in SIMS mode for a graphite EK98 calibration 
sample, which had been implanted with 210 keV deu- 
terium to a fluence of 1016 c m  - 2 .  With electronic gating 
and sample shaping the contribution from the side wall, 
which distorts the depth profile and pretends a tail to a 
larger depth, is suppressed. After each analysis the depth 
of the sputtered crater was profiled with a Dektak 8000 
[30]. The depth scale was calibrated assuming a constant 
sputtering yield independent on the hydrogen concentra- 
tion. 

3. Evaluation of the AMS and SIMS measurements 

In the SIMS mode the secondary ion intensity or count 
rate N/ for an isotope of species ' i '  is given by 

Ni = t~YifiTiCi, (1) 

where I~ is the primary sputter beam current, 1I/ the 
sputtering yield for this isotope, f,. the fraction of sputtered 
atoms released as negative ions, C i the isotopic concentra- 
tion in the sample and the term T/ represents the detection 
efficiency, mainly determined by ion extraction geometry 
and acceptance angle of the detection system. Thus the 
observed count rate N/is  correlated with the concentration 
C i by 

Ci = ~ / (  Isr, fir~) or C, = N , / (  IsS,) .  (2)  
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The factor S i = Y~f/T i differs for different ions and is 
difficult to be determined by experiments. For a quantita- 
tive analysis therefore a second sputtered ion species 'm '  
representing the matrix is measured simultaneously. The 
measured relative yields are then given by 

N i / N  m = c i a i /  ( CmSm ) (3) 

and we get the relative concentration 

C i / C  m = ( N i / N  m ) S m / S  i . (4) 

For the analysis of a small impurity concentration C i in 
a constant matrix a 'relative sensitivity factor'(RSF) was 
introduced in SIMS [20] as a conversion factor from 
secondary ion intensity to atom concentration: 

C i = ( N i / g  m )RSF, (5) 

where RSF = (Sm/Si)C m has the dimension of an atomic 
concentration. 

In the case of AMS additional calibration terms must 
be included for the specific probability of electron loss in 
the stripper to the selected positive charge state, the trans- 
mission losses in the accelerator and the beam line compo- 
nents, and the detector efficiency. The efficiency of the 
nuclear particle detectors is mostly close to unity and the 
other parameters may be expressed for each ion species by 
a single term Pi being the ratio between the number of 
positive ions measured by the detector to the number of 
negative ions entering the accelerator. The measured AMS 
yield Ni,AM s is then expressed as 

Ni,AMS = Ni e i  (6) 

and the impurity concentration C i can be calculated with 
Eq. (5) to be 

C i = Ni,AMS/( P i N  m )RSF. (7) 

The parameter Pi depends strongly on the gas pressure 
in the stripper and on the ion optical properties of the 
accelerator and must be measured for each ion species 
individually. In this work we measured the RSF for D in C 
using the graphite EK 98 calibration sample, which had 
been implanted with a fiuence of 1016 D / c m  2 at an 
energy of 210 keV, and determined a value of RSFD/c = 
3.2 × 1023 a toms/cm 3. Due to the lack of an equivalent 
implanted tritium calibration sample it is assumed that the 
RSF values for deuterium and tritium in graphite are about 
equal. 

The tritium content in the ASDEX Upgrade samples is 
so low that they cannot be used to determine the accelera- 
tor transmission factor PT for tritium. For determining PT 
a tritium enriched titanium hydride sample with a known 
T / H  atomic concentration ratio of 3.0 × 10-1o (obtained 
from Lawrence Livermore National Laboratory, USA) was 
used. The H-- ion intensity N H was measured in the SIMS 
mode and simultaneously the tritium ion intensity NT,A~ s 
in the AMS mode. Then we get 

PT = (NT,AMs/Nrl,SIMS) ( C H / C T ) .  (8) 

Here we have to assume the same RSF or the same ratios 
Sm/S  i for H and T, i.e., the differences in the sputtering 
yields, the probabilities for forming negative hydrogen 
ions in the Cs sputter ion source and the detection proba- 
bilities are assumed to be negligible. There are no experi- 
mental data available, however data obtained for other 
systems [35] indicate that the probabilities for forming 
negative hydrogen ions depend on the sputtered atom 
velocity. Consequently S T may be smaller than S H by 
( M T / M H )  1/2 = 1.73 for H and T sputtered with the same 
energy. By assuming S T and S n to be equal the tritium 
concentrations may be underestimated by up to this factor. 
This is the major uncertainty in the calibrations, resulting 
in a maximum possible error in the measurements below a 
factor of two. 

Finally, the background in the tritium count rate analyz- 
ing a new EK 98 graphite target was measured to be about 
20 counts/s  mainly due to a memory effect of the ion 
source which could not yet been clearly identified. Accord- 
ingly, our detection limit for tritium in graphite is about 
1011 a toms/cm 3, being much lower than the concentra- 
tions measured here. For deuterium in graphite our detec- 
tion limit is about 1018 a toms/cm 3, which is given by the 
residual water vapor in the ion source. A higher sensitivity 
could be obtained for the hydrogen isotopes if the back- 
ground can be reduced, such as by the use of a very clean 
ion source, ultra-high vacuum in the system and an exter- 
nally mass analyzed Cs ion beam for sputtering [29]. 

4. Samples from the vessel walls of ASDEX-Upgrade 

ASDEX-Upgrade is a fusion experiment of the Toka- 
mak type with an axissymmetric divertor (axis symmetric 
divertor experiment) [32,33]. The plasma is produced by 
an induced electrical current in a toroidal discharge cham- 
ber with a major radius of about 1.65 m, a horizontal 
minor radius of 0.5 m, and an elongation of 1.6. The 
plasma volume is about 12 m 3, and the area of the 
plasma-facing surface is about 70 m 2. A major part of the 
plasma facing areas has been covered by tiles of fine grain 
graphite EK 98. Out of this, the areas of the lower inner 
and outer divertors tiles are about 3.5 m 2 and 4.5 m 2, 
respectively. At the inner wall the fine grain graphite 
protection tiles have an area of about 8.5 m 2, and on the 
passive stabilizing loops they have an area of about 5 m 2 
each (Fig. 4). 

Before installation in 1991 the graphite tiles have been 
degassed in vacuum for about two hours at temperatures of 
1800 K to 2100 K. Further, before each experimental 
tokamak discharge campaign the vessel had been heated to 
420 K for about one week. After baking, the inner parts of 
the vessel were boronized by running a glow discharge in 
diborane and He. Surface layer analysis showed that the 
total amount of B deposited on the vessel walls was about 
3 × 1016 to 2 × 1017 B / c m  2. Further, during the last two 
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Fig. 4. Cut through the 'vessel of the divertor tokamak fusion 
experiment ASDEX-upgrate showing the positions of the samples 
which have been analyzed. 

discharge periods in 1!)93/94, and 1994/95 glow dis- 
charges in He have be, en applied between the tokamak 
discharges [38]. 

The graphite tiles have been subjected to four experi- 
mental tokamak discharge campaigns, each lasting for 
about one year. There have been about 1800 'Ohmic 
discharges' with a toroidal magnetic field in the range of 
1T < B t __< 3T and fiat-top plasma currents between 0.3 
MA and 1.2 MA, each lasting about 4 s resulting in a total 
discharge time of about 2 h. The gas filling was mostly 
deuterium and line average plasma densities were about 
n e - 6-8  × 1019/m 3. Out of these in about 440 discharges 
of the 1993/94 and 1994/95 experimental periods the 
plasma was additionally heated by injecting neutral beams 
of deuterium at an acceleration voltage of 63 keV resulting 
in a heating power < 10 MW lasting for about 2 s. About 
240 discharges were additionally heated by injecting neu- 
tral beams of hydrogen at an acceleration voltage of 55 
keV resulting in a heating power < 7 MW and lasting for 
about 2 s. Finally about 220 discharges were additionally 
heated by ion cyclotron resonance heating (ICRH) with a 
frequency in the range between 30 and 120 MHz, and a 

maximum power of 3 MW. The maximum plasma temper- 
ature was in the keV range, the maximum power density 
on the outer divertor tiles was about 5-6 M W / m  2, result- 
ing in a peak temperature of the graphite divertor tiles 
below 600 K [38]. 

In the D, D discharges, especially those with additional 
heating, some D, D fusion reactions take place. They have 
two equally probable branches, 

D + D ~3He  (0.82 MeV) + n (2.45 MeV), 

O + O ~ T (1.01 MeV) + H (3.02 MeV). 

During the discharge period when the wall tiles had been 
installed about 3 X 1017 neutrons had been produced in 
total [40]. This gives also the total number of T atoms 
produced in the plasma 

Out of the 1 MeV tritium ions which are predominantly 
generated in the center of the plasma generally about 2 /3  
are confined and thermalized in the plasma during the 
discharge. About 1/3  of the tritium leaves the plasma 
immediately on drift orbits with only minor slowing down 
in the plasma. Most of them impinge onto the vessel walls 
with nearly their full energy and a broad distribution in 
angles of incidence and they are implanted into the surface 
layers of the vessel wails. The vessel walls are also 
implanted with low energy tritium ions and with low 
energy deuterium ions and neutrals from the plasma, as 
well as with the 3He (0.8 MeV) from the fusion reactions. 
Finally they are bombarded with impurity ions from the 
plasma, such as graphite predominantly at energies in the 
100 eV range and at some areas, such as the inner divertor, 
Carbon built-up was found. Due to the still relatively few 
D, D reactions in the plasma the concentrations of deu- 
terium which are built up in the graphite wall tiles are 
much higher than those of tritium, while 3He is not well 
trapped in graphite. Assuming toroidally and poloidally 
uniform implantation of the produced T into the vessel 
walls a mean amount of retained T of about 4.5 × 1011 
T /cm 2 can be expected, well above the detection limit of 
these AMS measurements. 

After the 1994/95 discharge period small samples have 
been cut from several representative areas of the fine grain 
graphite tiles and they have been analyzed in Rossendorf 
for the T- and D-depth profiles. Further samples cut from 
the tiles have been analyzed by quantitative temperature 
controlled desorption (TCD) [37,38]. 

5. Results 

With the calibrated AMS and SIMS facility the tritium 
depth profiles were measured simultaneously with the 
deuterium profiles for the following plasma facing graphite 
samples of sector 7 ($7) removed from the fusion experi- 
ment ASDEX-Upgrade (see Fig. 4): outer lower divertor 
tiles (DS7 ua.) A5, B6, D6; inner lower divertor tiles (DS7 
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Fig. 5. Depth profiles of tritium in the divertor and in protection 
limiters. 
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Fig. 7. Poloidal distribution of tritium and deuterium in the 
surface layers of tiles from the ASDEX-upgrade divertor tokamak 
fusion experiment. 

ui.) B5; inner wall tiles: (HSS7) B2, B7, and B12; and tiles 
from the graphite protection plate on the upper passive 
Cu-stabilization loop (PSL $7o). 

The measured tritium and deuterium depth profiles are 
shown in Figs. 5 and 6. The amounts of D and T trapped 
per unit area, which are obtained by integrating the depth 
distributions down to the measured depth are also given in 
the figures. Due to the measured finite depth they represent 
lower limits for the T and D inventories. The deuterium 
concentrations peak close to the surface with values of up 
to 1022 D/cm 3 at the divertor plates and 2 × 1021 D/cm 3 
at the inner wall tiles. The tritium concentrations have a 
broad maximum at depths of about 5 p+m at the divertor 
tiles and at about 2 to 3 Ixm at the inner wall and 
protection tiles. The tritium concentrations are about a 
factor of 10 6 lower than the deuterium concentrations and 
reach values of 5 × 10 ]5 T /cm 3 at the divertor plates and 
about 1014 T /cm 3 at the inner wall- and protection tiles. 
The depth profiles of both, the tritium and deuterium were 
found to exceed the measuring depth of about 25 p~m. 
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Fig.  6. Dep th  p ro f i l es  o f  deu te r i um  in the d i ve r t o r  and in  protec-  

t ion  limiters. 

The measured areal density of deposited tritium and 
deuterium is plotted in dependence of the poloidal position 
in Fig. 7. The results show that the tritium concentration in 
the lower divertor plates is more than an order of magni- 
tude higher than on the other areas. This is expected from 
the configuration of the confining magnetic field where the 
VB X B force causes a dominant drift to the lower divertor 
plates. The low concentration at one edge of the inner 
divertor tile (sample B6) is due to shadowing of the 
magnetic field lines by the outer divertor plate. The hori- 
zontal dashed line in Fig. 7 shows the calculated tritium 
concentrations as expected from the total amount of pro- 
duced neutrons [40] for a uniform distribution of the 
tritium on the vessel walls. 

6. Discussion 

The measured ratio of T / D  being about 10 -6 in the 
wall samples reflects the very low D(d,n)T fusion- and 
tritium production rate in the plasma. While a fraction of 
the tritium is implanted into the vessel walls with energies 
of up to 1 MeV, the rest of the tritium and the deuterium 
from the plasma impinges onto the vessel walls with much 
lower energies, i.e., in the 100 eV range, except for a low 
flux of energetic neutral deuterium and tritium atoms with 
energies up to the keV range which are produced in the 
plasma by charge exchange collisions [41]. The mean 
projected range of 1 MeV tritium at normal incidence in 
graphite is about (8.5 _+ 0.05) p,m, while the mean range of 
100 eV to 1 keV deuterium ions is < 0.015 + 0.01 Ixm 
[42]. The broad peak in the ranges for tritium at about 5 to 
8 p~m likely reflects the large impact energy of some of the 
tritium. 

However, the measured depth distributions of tritium 
and deuterium ranging to > 25 p,m are not expected from 
the known ion ranges, they exceed the mean projected 
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ranges for implantation at normal incidence [42]. The 
measured range distributions may be explained by the 
following processes: 

- The tritium impinges onto the vessel walls with a 
broad angular and energy distribution resulting in a shift of 
the peak in the range toward the surface. 

- During a plasma discharge also graphite originating 
predominantly from erosion dominated areas, such as the 
inner wall graphite protection shield, is redeposited onto 
the divertor plates and other areas of the vessel walls 
together with the implanlation of tritium and deuterium. At 
such deposition dominated areas layers saturated with the 
discharge gas have been found to build up [43], due to 
co-deposition or co-implantation [44]. At a divertor with a 
low plasma temperature, such as in ASDEX-upgrade [46], 
the co-deposition may cause the build-up of thicker layers 
especially at the areas otttside the strike area of the separa- 
trix. 

- Diffusion of the implanted hydrogen occurs deep into 
the sample beyond the range of implantation. 

- Finally the analyzed surfaces are rough in the p~m 
range. This may cause errors in the depth distribution 
measurements. 

- The baking of the vessel walls to 420 K after each 
opening of the vessel i,; not expected to cause hydrogen 
isotope release [38]. The B deposited during boronisation 
is too small to influence the T retention. However the glow 
discharges in He may contribute to release T from surface 
layers with a depth of the order of < 0.1 Ixm. Some T 
may further be released by isotope exchange during vent- 
ing of the vessel. 

The measured amount of tritium retained per unit area 
within the measured depth of about 25 p~m is mostly 
lower, and at some areas, such as on the divertor plates, 
also higher than correspanding to a uniform distribution of 
the produced tritium on the vessel walls (Fig. 7). Taking 
into account the uncertainties in the neutron measurements 
and the calibration for the tritium measurements, and that 
tritium was measured only at a few positions, it is not 
possible to extrapolate to the total amount of tritium 
collected in the vessel walls. The amount of T measured at 
the few areas of the vessel walls indicates, however, that a 
major fraction of the produced tritium may be retained in 
the vessel walls. 

The maximum local hydrogen concentrations in the 
wall tiles obtained by adding the deuterium and tritium 
amounts, giving 5 × 1019 to 8 × 10  21 (D + T)/cm 3 are 
still below the expected saturation concentration for the 
hydrogen isotopes at implantation in graphite being about 
3 × 1022//cm 3 [45]. Th:is is in agreement with other mea- 
surements of the retained H and D by ERDA and tempera- 
ture controlled desorpdon (TCD) of the plasma-facing 
graphite tiles. In these investigations hydrogen concentra- 
tions larger than the D concentrations with H /D  = 3 to 4 
have been found [38]. 

7.  C o n c l u s i o n s  

AMS depth profiling has been successfully applied for 
depth profiling of tritium in graphite samples from the 
fusion experiment ASDEX-Upgrade. A depth range larger 
than 25 Ixm can be analyzed. A distortion of the depth 
profile in the measurements due to edge effects at the 
sputtered area can be prevented by electronic gating and 
sample shaping. Instead of scanning the Cs beam, wob- 
bling of the sample has been successfully used for sensi- 
tive sputter depth profiling. The tritium is found in graphite 
samples from the vessel walls at depths > 25 Ixm, which 
is much larger than the mean projected range for implanta- 
tion of the 1 MeV tritium ions, as produced in the plasma. 
Deuterium from the plasma which impinges onto the ves- 
sel walls at much lower energies has been measured up to 
the similar depth. This may be due to the implantation of 
deuterium and tritium together with deposition of graphite 
(codeposition) which is eroded by chemical sputtering 
from the inner wall graphite protection plates. The large 
depth may also be due to diffusion of the implanted tritium 
and deuterium into the bulk of the graphite. 

The measured (D + T) concentrations in the graphite 
tiles from the vessel walls are generally below the ex- 
pected saturation concentration of hydrogen isotopes at 
implantation in graphite, in agreement with the presence of 
larger concentrations of hydrogen in the vessel walls, as 
found by other investigations. The tritium is not uniformly 
distributed on the different areas of the vessel wall. The 
highest concentration is found at the inner divertor plates 
at the area where the separatrix intersects. The measured 
neutron fluence is of the order of the amount of tritium 
produced by D(d,p)T fusion reactions in the plasma. 
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