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4 United Kingdom Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB,
United Kingdom
5 KTH Royal Institute of Technology, Fusion Plasma Physics, 100 44 Stockholm, Sweden

E-mail: kmergia@ipta.demokritos.gr

Received 12 July 2022, revised 30 September 2022
Accepted for publication 24 October 2022
Published 15 November 2022

Abstract
The JET tokamak with the ITER-like wall is operated with arrays of castellated beryllium (Be)
limiters in the main chamber. In several locations Be marker tiles were installed for
erosion-deposition studies. The castellation sides and the plasma-facing surfaces (PFSs) of Be
marker tiles from three different locations of the JET main chamber, from the experimental
campaigns 2011–12 (ILW-1) and 2013–14 (ILW-2), were analysed, employing 2H and 3He
micro-beams in order to determine carbon (C) impurity deposition and deuterium (D)
retention. The deposited C and D amounts on the castellation sides (up to 1.5 mm deep into the
groove) were assessed with respect to the ion/electron drift direction. Both the C and D
amounts on the investigated castellation sides either stay constant or reduce with depth from
the edge of the PFS. No systematic difference is observed in the C deposition or D retention on
the different castellation sides of each sample with respect to the ion/electron drift direction. C
and D content is found to be lower on the PFS than on surfaces in the gaps of castellation for
the majority of the samples. The C amount is, in general, higher than the D one. No systematic
correlation between the C and the D amounts has been observed.
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1. Introduction

The choice of appropriate plasma-facing materials (PFMs) is
an issue of great importance as the plasma-wall interaction
affects both the lifetime of wall materials and plasma perfor-
mance. Beryllium (Be) and tungsten (W) are the materials for
plasma facing components (PFCs) in ITER [1]. Be has been
chosen due to its low atomic number which limits plasma dilu-
tion and energy radiation losses. This metal has high thermal
conductivity (∼200 Wm−1 K−1), low fuel retention in com-
parison to carbon (C) which reacts chemically with H isotopes
[2] and it is an efficient oxygen-getter, thus reducing oxygen
impurities, and helps to keep the effective atomic number, Zeff,
in the vessel at low levels. A detailed overview of Be as PFC
is presented in [3].

Until 2009 the Joint European Torus (JET) at the Cul-
ham Science Centre, the largest tokamak in the world, was
operated with C as the main PFM (JET-C) [4]. Very high
fuel inventories were measured because the presence of C is
decisive for fuel retention by co-deposition [5]. This called
for a large-scale test of a metal wall. Since 2011 JET has
metallic PFC, called the ITER-like wall (JET-ILW) [6]. Be
is in the main chamber (castellated limiters and Be coat-
ings on the inner wall cladding) and W in the divertor: the
load bearing plate in the base made of bulk metal, while W-
coated C fiber composites (CFCs) tiles are in other locations.
Three experimental campaigns were performed in 2011–2016
with deuterium (D) fuelling: 2011–12 (ILW-1), 2013–14
(ILW-2) and 2015–16 (ILW-3) with input energy of 150, 201
and 245 GJ, respectively. The overview has been presented
in [7], while detailed works have dealt with erosion, mate-
rial deposition and D retention on the surface of the divertor
[8–18] and on the main chamber [19–26]. In addition, material
deposition and fuel retention on surfaces located in the gaps
of the castellated Be limiters have been examined [27–29].
It has also been consistently shown that fuel inventory with
ILW was reduced by one order of magnitude in comparison to
JET-C [30, 31]. The main source of C in JET was eliminated,
but still the knowledge of the C content in co-deposits and
the C–D correlation is crucial for the detailed assessment of
factors influencing the retention in JET-ILW and, by this, for
improved predictions for ITER. Two are the sources of C after
the JET transformation to a fully metallic device, (a) the C
residuals from the previous wall and (b) the CFC tiles coated
by W in the divertor [32].

The relation between material deposition and D retention in
JET-ILW had been investigated in detail on W-coated divertor
tiles. Works [10, 12, 14, 24] report that the retention increases
with the increase of the material (Be and C) deposition. The
works [13, 15–17] claim that the increase of the D retention
is due to Be deposition, while [8, 18] report that the C depo-
sition increases the D retention. The C–D correlation in Be
has also been investigated, on laboratory-prepared samples.
Anderl et al found the retention in pure Be to be lower than
in C-coated Be [33]. Also Guseva et al [34] concluded that C
impurities on the Be surface enhance the D retention. On the
other hand, Porosnicu et al irradiated different Be–C relative

concentration with D ions and found that lower C concentra-
tion retained higher D content [35]. Thus, it is not clear from
the literature whether the residual D retention still exists as a
result of the C–D chemistry or whether D is integrated into
deposits irrespective of C.

Accelerator-based ion beam analysis (IBA) is the most
efficient set of methods in surface studies of wall materials
[36]. Among them, a 3He-based nuclear reaction analysis
(NRA) has been the most frequently used for the simultaneous
determination of D, Be, C in C-wall machines. In the case of
JET-ILW, the C quantification on Be surfaces is not possible
with the 12C(3He, p0)14N reaction due to its superposition with
the 9Be(3He, p3)11B one, as detailed in [36]. The remaining
options are in: (i) proton scattering via 12C(p, p)12C [37,
38] with the sensitivity at the level of 1 × 1017 12C cm−2,
(ii) heavy ion elastic recoil detection analysis with high sen-
sitivity (below 1 × 1015 12C cm−2) but the information depth
limited to less than 1 μm, (iii) NRA using a 2H beam via
12C(2H, p)13C. The latter method (with sensitivity of 1 × 1015

12C cm−2) was applied for C studies in this paper.
A study of the C deposition on plasma-facing surfaces

(PFSs) and inside the castellation grooves of JET-ILW limiters
was performed earlier with a standard 2H milli-beam [29]. In
the current work we investigate whether C deposition on the
castellation sides is affected by the orientation of the castel-
lation side with respect to the ion or electron drift direction.
Moreover, a 2H micro-beam has been applied to examine the
morphology of C deposition. D retention is investigated by the
use of a 3He micro-beam on both the PFS and the castellation
sides. Whether C or D are co-deposited with Be or not cannot
be verified with the present study. The overall aim is to quantify
C and D on the castellation sides and PFSs of the JET-ILW Be
marker tiles and investigate if C plays a role in the retention of
D in the deposits.

2. Materials and experimental details

Samples from different marker tiles of the main chamber
and after the first and the second experimental campaigns
were investigated: one sample from the upper dump plate
(DP, 2B(C)2), two from the mid-plane of outer poloidal lim-
iter (OPL, 4D14) and four from the inner wall guard limiter
(IWGL, 2XR10) (figure 1). These tiles are castellated in order
to reduce the eddy currents and thermal stresses [39], and
therefore, the castellation sides are free to interact with the
plasma. Moreover, the samples from the marker tiles have a
nickel (Ni) interlayer between the top Be layer and the bulk Be
[40]. After the cut, one of the castellation sides was marked
for reference reasons. The configuration of the tiles and the
samples as well as the labelling of the castellation sides based
on the ion/electron drift direction of ILW1 IWGL outer (27)
sample, as an example, are presented schematically in figure 2.

The 2H micro- and milli-beam measurements were per-
formed using the 5.5 MV TN11 HV Tandem Accelerator at
NCSR ‘Demokritos’, in Athens, Greece. The beam energy was
1.35 MeV and a silicon surface barrier (SSB) detector with
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Figure 1. Position of the investigated tiles and samples inside the main chamber of the JET tokamak.

Figure 2. Schematic of the castellation configuration of the Be tiles
and the configuration of the ILW1 IWGL outer (27) sample. The
castellation sides are labelled based on the ion/electron drift
direction.

depletion depth of 1000 μm was placed at an angle of 170◦

with respect to the beam axis. A Kapton foil of 12.5 μm was
positioned in front of the detector in order to separate the peak
12C(d, p0)13C used for the C quantification from the peaks of
alpha particles emitted via 9Be(d, a0)7Li and 9Be(d, a1)7Li
reactions. The chamber was kept under vacuum (10−6 mbar).
The beam spot of the micro-beam had a diameter smaller than
100 μm and the current was around 100 pA. The mapping
area was 1.5 × 1.5 mm2 and the resolution 64 × 64 pixels.
The data acquisition and the mapping was performed using the
OMDAQ2007 software and appropriate hardware [41].

The 3He measurements were carried out at Ruder Boskovic
Institute, in Zagreb, Croatia. The 3He beam was accelerated
by the 6 MV tandem Van de Graaff accelerator and 1.0 MV
Tandetron accelerator. The beam energies varied between 2
and 3 MeV, and the mapping areas were either 1 × 1 mm2

or 300 × 300 μm2. A partially depleted SSB detector with
depletion depth of 2000 μm, with nominal active area of
300 mm2 collimated to 230 mm2 was used and placed at an
angle of 135◦ ± 19◦ with respect to the beam axis. The distance

Figure 3. The measured (solid black line) and simulation (dash red
line) NRA spectrum of ILW1 IWGL outer (27) castellation side
using a 2H micro-beam.

between the target and the detector was approximately 2.5 cm,
which corresponds to a solid angle of 0.462 sr. Additionally,
a Mylar foil of 120 μm thickness was placed before the
detector in order to absorb the alpha particles produced via
9Be(3He, a)8Be reactions and to detect only the 9Be(3He, p)11B
and 2H(3He, p0)3He peaks. A chopper was used in order to
estimate the collection charge of the measurements. The data
acquisition of the 3He beam was performed using the in-house
developed software package SPECTOR [42] and the hardware
based on Xilinx Virtex 6 FPGAs; for more technical details see
[43].

It is noted that the investigated area from the castellation
sides is at the entrance of the gap, ranging from 0.3 to 1.5 mm
into the gap, since according to Rubel et al [28] the majority
of the D retention is restricted in this area.

The quantitative analysis of all the NRA spectra was
performed with the SIMNRA software [44]. For the 3He
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Figure 4. D and C content of the PFS and the castellation sides as measured by 3He and 2H beams, respectively.

micro-beam NRA measurements and the D quantification, the
Alimov et al [45] cross section data for the 2H(3He, p0)4He
reaction and the Barradas et al [46] one for the 9Be(3He,
p0,1)11B reactions were used. For the 2H beam NRA measure-
ments and the C quantification, the evaluated cross section
data from SigmaCalc archive [47] and Tsavalas et al [48]
cross section data for the 12C(2H, p0)13C and 9Be(2H, p0)10Be
reactions, respectively, were used.

3. Results and discussion

3.1. Carbon deposition

The C content was measured on ion and/or electron drift sides,
as well as on some lateral castellation sides, employing a
2H beam. Figure 3 presents a representative NRA spectrum
together with the simulated spectrum from the lateral side
of the sample 27 (ILW1 IWGL outer) using 2H micro-beam.
In this figure, the energy range with the peaks corresponding
to the nuclear reactions 12C(2H, p0)13C and 9Be(2H, p0)10Be
is shown. The quantitative results of the determined C and D
amounts from (a) the PFS and (b) the castellation sides up
to a maximum depth of 1.5 mm from the edge of the PFS
are presented in figure 4. The absence of C or D content for
some castellation sides (C content on the ion drift side of ILW1
IWGL outer (27) and D content on the ion drift side ILW2 OPL
(320), the electron drift side of ILW1 DP (80), and the lateral
sides of ILW1 IWGL outer (27), ILW2 IWGL outer (191) and
ILW1 centre (174)) is due to the lack of experimental data.
The deposited C amount on the PFS is from our previous study
[29]. It is observed that the orientation of the castellation side
does not, in general, affect significantly C deposition. Only for

sample 27 from the ILW1 IWGL outer, almost one order of
magnitude higher C amount ((59 ± 4) × 1017 at/cm2) is found
for the lateral side compared to the electron drift one. On all
the other castellation sides C deposition ranges from (3.2 ±
0.2) × 1017 at/cm2 to (19 ± 1) × 1017 at/cm2, with the ILW1
DP (80) presenting systematically the higher C deposition on
its castellation sides and the IWGL 2XR10 centre (174) the
lowest. A trend of higher C amount on the castellation sides
than that on the PFS is observed.

In figure 5 the C mapping of the lateral side of all samples is
depicted, with the exception of the ILW1 IWGL centre (174)
sample, for which the ion drift side is presented. The PFS of
the samples is at the top of the mapping and it is defined by a
white line. On the ILW1 DP (80), some C agglomerates with
diameter of about 150 μm have been formed over the whole
side. On the ILW1 OPL (120), we observe a slight decrease
of C with the depth. On the ILW2 OPL (320), C agglomerates
with diameter in the range 100–200 μm are observed near the
PFS of the sample. On ILW1 IWGL outer (27), at a depth of
about 800 μm from the PFS, a stripe rich in C, having a width
of about 500 μm, has been formed. On ILW2 IWGL outer
(191), the amount of C decreases as a function of depth. On
the ILW1 IWGL centre (174), 400 μm from the PFS, there is a
thin stripe, having a width of about 200 μm, depleted of C. On
the IWL1 IWGL wing (76), a drastic decrease of the C content
with depth is observed.

3.2. Deuterium retention

The PFS and at least one castellation side of all the samples
were measured using a 3He micro-beam. Figure 6 depicts rep-
resentative experimental and simulated spectra of the ion drift
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Figure 5. Mapping of the deposited C on the lateral side (a)–(e) and (g) and the ion drift side of the ILW1 IWGL centre (174) ( f ).
The white line defines the edge of the PFS. The unit of the axes is μm.

Figure 6. The experimental (black solid line) and the simulated (red
dashed line) NRA spectra of the ion drift side of sample 80 from the
ILW1 DP.

side from the ILW1 DP (80) employing a 3He micro-beam.
The determined D content using a 3He beam is presented in
figure 4.

The D content on the PFS of the samples is found to vary
more than one order of magnitude, ranging from (0.090 ±
0.003) × 1017 at/cm2 (sample 320 from ILW2 OPL) to (2.5 ±
0.2) × 1017 at/cm2 (sample 76 from IWGL 2XR10 wing).
The D amount determined in the current work on the PFS
of ILW1 DP ((1.05 ± 0.05) × 1017 at/cm2) is in reason-
able agreement with that reported in [24] ((3.4 ± 1.2) ×
1017 at/cm2). Additionally, integrating the mean D content
(1.2× 1017 at cm−2) of the different areas over the whole ILW1
IWGL tile, we observe that the total D content, 3.51 × 1019 at,
is half of the corresponding value (6.76 × 1019 at) reported
in [24].

On the castellation sides, the variation of the fuel retention
between the various locations is reduced with the D content

5
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Figure 7. D mapping of castellation sides. The top magenta line defines the edge of the PFS. The unit of the axes is μm.

ranging between (0.96 ± 0.10) × 1017 at/cm2 (ILW1 OPL
(120) electron drift side) and (9.1 ± 0.9) × 1017 at/cm2 (ILW1
OPL (120) ion drift side and ILW2 OPL (320) lateral side). In
general the castellation sides retain higher amounts of D than
the PFS.

From the first to the second campaign, the D content on the
PFS decreased; for the OPL from (1.13 ± 0.04) × 1017 at/cm2

to (0.090 ± 0.003) × 1017 at/cm2 and for IWGL outer from
(0.61 ± 0.04) × 1017 at/cm2 to (0.45 ± 0.05) × 1017 at/cm2.
On the contrary, D amount on the castellation sides during
ILW2 increases with respect to ILW1; for OPL from (0.95 ±
0.10)× 1017 at/cm2 to (4.7± 0.4)× 1017 at/cm2 (electron drift
side) and from (3.4 ± 0.3) × 1017 at/cm2 to (9.1 ± 0.9) × 1017

at/cm2 (lateral side); and for IWGL outer from (1.4 ± 0.2) ×
1017 at/cm2 to (3.8 ± 0.2) × 1017 at/cm2 (electron drift side).

Subsequently, the mean values of the D content on the
castellation sides are compared with those reported in [25].
There is agreement that the ILW1 DP castellation sides present
the lowest D retention with (1.4 ± 0.3) × 1017 at/cm2 found in
the current work and <1017 at/cm2 reported in [25]. For the
ILW1 OPL castellation side, the value found in the current
work ((4.5 ± 2.4) × 1017 at/cm2) is very close with that
reported in [25] (∼6 × 1017 at/cm2). For the ILW1 IWGL, we
find lower D amount ((1.8 ± 0.5) × 1017 at/cm2) than the low
limit of the range reported in [25] ((7–20) × 1017 at/cm2).

Figure 7 depicts D mappings of some of the castellation
sides for IWL1 OPL (120), ILW2 OPL (320) and ILW1 IWGL
outer (27), as determined with the 3He micro-beam. The D
distribution on the PFS is homogeneous for all samples and
therefore D mappings of the PFS are not presented. On the

6
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Figure 8. The D over C (D/C) ratio of the PFS and the castellation
sides. For the castellation sides the average values of the measured C
and D amounts have been used.

other hand, D is reduced with depth on the castellation sides of
all samples apart from the ILW2 OPL (320) (figures 7(c) and
(d)) where a D stripe of about 400 μm width, 200 μm from
the PFS edge, is observed for both castellation sides. The D
distribution is similar on the castellation sides of ILW1 OPL
(120) (figures 7(a) and (b)). On the ion drift side of the IWL1
IWGL outer [27] (figure 7( f )) the D is reduced with depth
more abruptly than on electron drift one (figure 7(e)).

3.3. Deuterium retention versus carbon deposition

In this section we discuss possible correlation between D
retention and C deposition. From figure 4, we conclude that
high C amount is not necessarily accompanied by high D
content.

In figure 8 the D over C ratio (D/C) is presented for the
PFS and the castellation sides. For the castellation sides the
average content of C and D has been used. The D/C ratio
ranges from 0.08 to 1.17 with DP presenting the smallest
ratio (<0.1) and the castellation sides of OPL after the second
campaign the highest one (∼1). Similar D/C ratios for the PFS
and the castellation sides are observed during ILW1 campaign,
whereas during ILW2 campaign the ratio is larger on the
castellation sides compared to that of the PFS, being in the
range of 3.8–6.6.

Next we discuss the C and D mappings from the same
castellation side. Figure 9 depicts representative C and D
mappings of three castellation sides. The white line defines
the edge of the PFS. In figure 9(j) the edge of the castellation
side is not well defined, because the castellation side was not
perfectly aligned with respect to the ion beam so signal from
the PFS was also detected.

On ILW1 DP (80) lateral side (figures 9(a) and (b)), C and
D have similar homogeneous distribution all over the mapped
area. On the ILW1 OPL (120) lateral side the C distribution
is nearly homogeneous (figure 9(c)) while the D decreases
with depth (figure 9(d)). On the ILW2 OPL (320) lateral side
the stripe rich in D (figure 9( f )) is not observed on the C
mapping (figure 9(e)). On the ILW1 IWGL centre (174) ion

Figure 9. C and D mapping of the same castellation side of ILW1
DP (80) (a) and (b), ILW1 OPL (120) (c) and (d), ILW2 OPL (320)
(e) and ( f ), ILW1 IWGL centre (174) (g) and (h) and ILW1 IWGL
wing (76) (i) and ( j ). The area of D mapping for (b) and (j)
corresponds to the red square of the corresponding C mapping. The
white line defines the edge of the PFS. The unit of the axes is μm.

drift side, there is a zone depleted of C (figure 9(g)), while
the amount of D decreases smoothly with depth (figure 9(h)).
On ILW1 IWGL wing (76) lateral side, a similar stripe with
high amounts of C and D is detected near the PFS (figures
9(i) and (j)).

4. Summary and conclusions

The PFS and castellation sides of samples from different Be
marker tiles of the main chamber and after different campaigns
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of the JET tokamak were investigated employing IBA using
2H and 3He beams in order to assess C deposition and D reten-
tion, respectively, their spatial distribution, their content with
respect to the ion/electron drift direction and the correlation
between them.

The C maps show that, in general, the C amount on the
investigated castellation sides either stays constant or reduces
with depth from the edge of the PFS. No systematic difference
is observed in the C deposition on the different castellation
sides of each sample with respect to the ion/electron drift
direction.

Concerning D, the PFS of the majority of the samples
has retained less of the amount than that retained on the
castellation sides. From the first to the second campaign the
D amount of the PFS decreases, while on the castellation sides
it increases. The D distribution on the PFS is homogeneous
while on the castellation sides it decreases with depth for the
large majority of the samples. Additionally, the C amount is,
in general, higher than the D one. No systematic correlation
between the C and the D amounts has been observed.
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