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abstract
When the ITER-like wall was installed in JET, one of the 218 Be inner wall guard limiter tiles had 
been enriched with 10Be as a bulk isotopic marker. During the shutdown in 2012–2013, a set of 
tiles were sampled nondestructively to collect material for Accelerator Mass Spectroscopy (AMS) 
measurements of 10Be concentration. The letter shows how the marker experiment was set up, 
presents first results and compares them to preliminary predictions of marker redistribution, made 
with the ASCOT numerical code. Finally an outline is shown of what experimental data are likely 
to become available later and the possibilities for comparison with modeling using the WallDYN, 
ERO and ASCOT codes are discussed.

introduction
Materials migration between plasma facing surfaces is one of the crucial issues for ITER and other 
future large fusion devices. The net erosion rate limits the component lifetime at surfaces where 
erosion dominates, while net deposition in other regions entails undesired fuel trapping by co-
deposition and dust production when thick deposits peel off [1]. Deposition at mirrors and windows 
also creates problems for diagnostics. If more than one plasma facing material is used materials 
migration causes mixing, which modifies the surface physical properties. The ITER-Like Wall 
(ILW) program at JET [2] has been implemented to study these and other issues in the case of a wall 
configuration with beryllium surfaces in the main chamber and tungsten in the divertor. To study 
how material migrates during plasma operations, one of the inner wall guard limiter (IWGL) tile 
assemblies in JET was enriched with 10Be. In samples taken from the wall elements after exposure 
to plasma the 10Be/ 9Be ratio can be measured using accelerator mass spectrometry (AMS) [3], 
with sensitivity better than 10−14. To achieve this sensitivity, samples of 100µg Be are sufficient.
 Figure 1 shows a sketch of the 10 Be enriched IWGL tile assembly. The three central pieces were 
irradiated with thermal neutrons in the JEEP-II reactor in Lillestr¨om, Norway, and the resulting 
bulk 10Be/ 9Be isotope ratio due to neutron capture was measured to be 1.73×10−9. Samples of non 
irradiated Be from the same source as the tile material, as well as a sample containing Be that had 
been exposed to JET plasma, were analysed and were found to contain 10Be/ 9Be<10−14. 
 Background 10Be, not due to transport in the plasma from the marker tile could a priori be expected 
in the bulk of the Be components as a result of neutron capture of plasma generated neutrons. Capture 
of 2.45MeV neutrons generated in the DD reactions during the first period of ILW operation can 
be estimated, taking as upper limit for the average neutron flux at the wall 5×109s−1cm−2. This is 
the maximum neutron production rate measured with C wall during an L-mode discharge at 3MW 
ICRH heating [4] . The total ICRH operation time during the ILW campaign was 2.1h with average 
power 1.4MW. The neutron capture cross section 10−4 barn [5] and the neutron flux integrated over 
the ICRH time would produce 10Be/ 9Be<5 × 10−15, which is below the sensitivity of the AMS 
method. There could also be contamination anywhere through the sample preparation stages. For 
this report a practical detection limit for plasma-transported marker is taken as the lowest actually 
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measured 10Be/ 9Be concentration ratio 1.2×10−13. This includes and probably overestimates all 
possible sources of background.
 The enriched assembly was mounted at the 11th row from the bottom in toroidal section 5Z, 
at major radius RS = 1.84m, vertical position ZS = 0.4m, as shown by a cross in Figure 2. The tile 
was exposed to JET plasma throughout the first period of operation with ILW, from August 2011 
to July 2012. The total plasma exposure time with plasma current larger than 1MA was 16.1h, 
12.5h of which were with X-point formed. After the first period of ILW operations, the IWGL tiles 
from beam 2X, rendered dark in Figures 2 and 3, were permanently removed for different kinds of 
analysis, as well as the wing tiles, shown in green in Figure 1. The divertor tiles marked by arrows 
in Figure 2 were also removed permanently.
 In order to extract samples for AMS analysis also from tiles that could not be permanently 
removed, non destructive sampling was made at 102 different positions on the IWGL tiles, as 
shown with circular symbols in Figures 3 and 4. The sampling was made abrasively, by pressing 
circular pieces of sandpaper, mounted on a rotating shaft against the surface, with a predetermined 
pressure and rotating the paper for a fixed number of turns. The released dust stuck to the sandpaper 
and could later be extracted for analysis. Through roughness measurements on test Si samples, the 
sampling depth with this method can be estimated to about 4µm.
 To extract sampled material, the abrasive tabs were leached in 4M solution of HCl. 10% of each 
sample was isolated and processed separately to measure total Be content by the mass spectrometry 
(ICP-MS) method, using standard protocols for similar specimens [6]. By comparing the total 
amount of Be in the samples with the sizes of the abrased areas, the average sampled depths could 
be determined and were typically ~1µm. Liquid samples were precipitated and chemically processed 
to form solid BeO targets for AMS [7]. Sample preparation and AMS measurements of the 10Be/ 9Be 
concentration ratio in each sample were performed at the Tandem Laboratory at Uppsala University. 
The 10 B atomic isobar was separated in the beam line through different energy loss in a thin-foil 
Ni target. These measures allowed counting 10Be and 10B separately and subtraction of the boron 
contribution from the 10Be signal. The 10B background in all cases was found to be negligible. As 
the area of each sample-point was known, the sampled areal density of 10Be was determined at every 
position and the numbers for the first batch of samples to be analysed are shown in Figures 3 and 4. 
The blue symbols in the figures indicate non destructive samples which have not been analysed yet.
 Tile profilometry for the midplane IWGL tile shows a total net erosion of 0.8g at the centre of 
the tile [8]. For the marker tile this corresponds to 1014 eroded 10Be atoms. From the time integrals 
of the horizontal spectroscopic Be II signal (527nm) over X-point phases and limiter phases it 
follows that about 90% of the source sputtering took place in limiter phases. This implies that the 
gross distribution of 10Be in the main vessel (excluding divertor) is representative only for limiter 
operation. Besides the experimental data, Figures 3 and 4 show predictions for the distribution of 
10Be deposition due to direct transport of marker from the primary source by 3D simulations with 
ASCOT [9]. The simulation is for typical conditions in the limiter phase of a discharge. The measured 
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areal density of 10 Be ranges from 3×106cm−2 to 1.2×108cm−2. If the average areal density of 10Be 
at the sides of all 304 IWGL tiles is taken as 8 × 107cm−2 (maximum measured deposition on the 
beam 2X), a total deposition of 3 × 1012 10Be atoms can be inferred for the IWGL. This accounts 
for only 3% of the estimated 10Be erosion. Provided that in most places the whole deposited layer 
was sampled, the conclusion must be that most of the eroded material is deposited elsewhere than 
in the IWGL
 On beam 2X, in agreement with the simulation, maximum measured 10Be density is found on 
the right hand side of tile 14, also below the mid plane average deposition favors left hand side of 
the limiters. Nevertheless, the measured significant deposition at the mid plane level is not expected 
from the simulation. On beam 5Z the pattern of local redeposition around the source and leftright 
asymmetry below the mid plane are in line with the simulation. At the same time, above the mid 
plane measured marker concentrations are peaking on the left hand side. Measured high local 10Be 
concentration around the marker suggests that the ASCOT simulation underestimates the rate of 
prompt redeposition.
 In order to calculate the 10Be/9Be concentration ratio in the deposited layers on the IWGL it will 
be necessary to use information which is still not available regarding the thickness of deposited 
layers at different positions. Surface profiling at the sides of the IWGL shows significant scatter 
due to surface roughness and the accuracy was not sufficient to determine thicknesses of the order 
of 5µm or less [8]. More accurate information about the thickness of the layers is expected from 
analysis of the marker tiles. AMS analysis will be extended, first to include the missing sampled 
points shown with blue circles in figures 3 and 4. Samples will then be analysed also from the 2X 
marker tiles, from the wing tiles on both sides of the 10Be marker, from divertor tiles in octants 1 
and 5, as shown in Figure 2. The 10Be source tiles remain in place and it will be possible to do AMS 
analysis on new samples following the next JET shut down, scheduled for 2014.
 To allow predictions for Be migration in new conditions, it is necessary to compare the 
experimental results with modeling. Three different numerical simulation tools are currently available 
for modeling of wall material migration. The WallDYN [10, 11] code computes the composition 
change of the first wall as a result of material erosion, subsequent transport, re-deposition and also 
includes re-erosion. In WallDYN impurity transport in the plasma is described by a re-deposition 
probability distribution for the material species eroded at each discrete wall element. The discrete 
distribution functions form a matrix, pre-computed by a suitable impurity transport code such as 
DIVIMP [12]. The underlying assumption is that the characteristic time scale of impurity transport 
through the plasma is small compared to the time scale of wall composition changes. This condition 
is generally met in tokamak discharges except for processes where high wall flux coincides with short 
time scales, such as for ELM impact. Using a 2D transport code such as DIVIMP further implies 
toroidal symmetry of the wall, which holds for the divertor and baffle areas. For the main chamber, 
the assumption of toroidal symmetry is only justified for global calculations, while local processes, 
such as limiter erosion require full 3D modeling.For X-point plasma conditions the redistribution 
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matrix [10] suggests that most of the Be eroded at the position of the marker tile will after first 
flight be deposited at the upper part of the inner divertor and in a poloidal region extending from 
the upper dump plates to the upper part of the outer poloidal limiters.
 The second modeling tool, ASCOT, does not yet include realistic treatment of surface processes, 
however as a 3D simulation code, it allows to model transport and re-deposition of impurities taking 
into account the full 3D structure of the JET vessel. Predictions for the redistribution of 10Be marker 
in limiter plasma and a representative X-point plasma were made in [9].
 The third modelling tool, ERO, is a 3D local plasma impurity transport code, which includes 
detailed models of plasma/surface interaction and of atomic and molecular processes. The motion 
of particles in the electric and magnetic fields is modeled, including gyro-motion and the influence 
of the surface magnetic sheath, which is important e.g. for prompt re-deposition processes. Due to 
the high computational cost the code is usually applied to limited areas of 3D shaped components 
facing a restricted plasma volume, up to the dimensions of ITER blanket modules with sizes above 
1 m [13]. The code has already been applied to limiter erosion and cavity deposition studies at JET 
[14, 15]. ERO is ideally suited to model the local erosion and deposition in the region close to the 
10Be source, e.g. at the marker-limiter ’wing’ tiles. The density of 10Be sampling in this local region 
was enhanced. One can further consider ERO-ASCOT code-code benchmark or a combination, 
where the latter calculates the global transport from the source erosion simulated in detail by ERO. 
A main complication in all cases is that the codes take the plasma background as input and demand 
either additional calculations (SOLPS, EMC3, etc) for the plasma parameters or some 3D mapping 
interpretation of experimental data from the diagnostics available. Moreover, the 10Be experimental 
data are accumulated over extended periods of JET operation and appropriate steps have to be 
taken for averaging over the erosion and deposition in different conditions. When AMS analysis is 
completed of the more densely spaced samples from the primary source tile and its adjacent tiles, 
it will be possible to compare the marker redistribution with detailed ERO simulations. Further on, 
when AMS results from divertor tiles become available, it will be possible to compare any poloidal 
and toroidal asymmetries with the predictions from ASCOT for the X-point phase of a typical 
disharge [9]. Comparisons of the experimental poloidal marker distribution data can then also be 
made with WallDYN, including re-erosion and migration using the redistribution matrix obtained 
by ASCOT or ERO or a combination.
 In conclusion, a bulk isotopic marker has been employed for the first time to study materials 
migration in fusion devices. A non destructive method for surface sampling at IWGL in JET has 
allowed AMS analysis to determine the distribution of marker deposition following the first period 
of operation with ITER-Like wall. Preliminary results show qualitative agreement with predictions 
from ASCOT simulations, but more data and modeling will be required to exploit the potential of 
the experiment.
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Figure 1: 10Be isotopic marker tile assembly. The three 
central tiles are activated to 10Be/9Be = 1.73 × 10−9.

Figure 2: Developed view of JET inner wall with IWGL 
limiter beams. The 10Be marker-tile is indicated by a 
cross in beam 5Z. A magnetic field line corresponding to 
X-point configuration is plotted, connecting the 10Be source 
to the inner divertor target. Arrows indicate positions 
of permanently removed tiles, which will eventually be 
available for analysis.

Figure 3: Comparison for IWGL beam 2X of experimentally 
measured 10Be marker redistribution (on the left) with 
ASCOT prediction (on the right). The colored circles in 
the experimental map mark sampling positions on the tile 
front surfaces and on the sides. The blue-colored spots 
denote positions, from where the data will be available 
later. Two values outside the colour range are indicated 
with numbers.

Figure 4: Experimentally measured 10Be marker 
redistribution in the IWGL beam 5Z, compared to ASCOT 
simulation. The colored circles in the map mark sampling 
positions on the tile front surfaces and on the sides.  
The blue-colored spots denote positions, from where the 
data will be available later. 10Be source tile is shown in 
green. One value outside the colour range is indicated 
with number.
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