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ABSTRACT
The erosion of Be and W marker layers was inve stigated using long-term samples during the first 
ITER-like wall discharge campaign 2011-2012. The markers were mounted in Be coated Inconeltiles 
between the inner wall guard limiters (IWGL). They were analyzed using Rutherford backscattering 
(RBS) before and after exposure. All samples showed strong erosion. The results were compared 
to the data for Be and W erosion rates for the 2005-2009 and 2001-2004 campaigns, respectively. 
The mean erosion rates and the toroidal and poloidal distributions of the W mean erosion were the 
same for the 2001-2004 and the 2011-2012 campaigns. The mean erosion rate of Be during the 
2011-2012 campaign was smaller by a factor of about two compared to the 2005-2009 campaign 
and showed a different poloidal distribution.

1. INTRODUCTION
Erosion and redeposition of plasma facing materials are important processes that influence component 
lifetime and tritium inventory in thermonuclear installations. During the carbon-dominated 
operational phases of JET, i.e. prior to the installation of the JET ITER-like wall in 2010, thick 
redeposited layers were observed on all inner divertor tiles, in remote areas of the inner and outer 
divertor, and on parts of outer divertor tile 6 [1-3]. The layers consisted mainly of carbon, with some 
beryllium and metals (Ni, Fe, Cr) from the Inconel wall [4]. These layers contained large amounts 
of deuterium due to codeposition [5-6].
 The inner wall of JET consists of inner wall guard limiters (IWGLs) with recessed areas between 
them. These recessed areas showed substantial net material erosion during the carbon operational 
phases [7-10] and could be identified as an important net carbon source, from where large amounts 
of carbon were eroded and transported to the divertor, where the carbon was redeposited.
 Before the start of the experimental campaign of 2011-2012 [11], the wall and the divertor of 
JET was changed; the ITER-like wall (ILW) was installed [12]. Bulk beryllium on Inconel carriers 
was used for the inner and outer limiters, W coated carbon fibre composite (CFC) was used for 
some recessed limiter tiles in the areas of heightened heat flux. Be coated Inconel tiles were used at 
a selection of recessed limiters and as the inner wall cladding between the inner limiters. Tungsten 
coated CFC tiles with no active cooling were used in the divertor with a single toroidally continuous 
belt of bulk tungsten at the outer strike point.
 These modifications are likely to affect the erosion-deposition patterns in JET. Some of the 
changes have already been identified [13]. They include an increased Be erosion rate for the mid-
plane inner limiter, decreased overall deposition in the divertor, with migration of material to remote 
areas at least one order of magnitude smaller than during the carbon phase.
 The changed divertor deposition pattern with the ITER-like wall raises the question, if the net 
erosion source pattern has been modified as well. In this paper, experimental results from long-term 
samples (LTS) installed during the 2011-1012 operational campaign at the recessed parts of the JET 
inner wall between IWGLs are discussed and compared to the results obtained with LTS during the 
2001-2004 and 2005-2009 campaigns.
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2. EXPERIMENTAL
Nine LTS were exposed during the 2011-2012 discharge campaign [14]. The samples were made 
of Inconel and mounted as sachet inserts in beryllium coated Inconel tiles between IWGLs. All 
Inconel surfaces including the LTS surfaces were artificially roughened by sandblasting, scanning 
electron microscopy images before the exposure are shown in Fig.1. Four samples were mounted 
in octant 4 at different poloidal locations (tiles 2, 5, 8 and 11) and five more were mounted close to 
the inner midplane, in the 8th tiles in different octants (octants 1, 2, 5, 6 and 8), as shown in Fig.2. 
Each sample number contains information about the toroidal and poloidal location, i.e. sample 
“208” was exposed in octant 2, tile 8. Tile 8 is close to the inner midplane, decreasing tile numbers 
are towards the top of the machine, increasing tile numbers are towards the divertor. The sample 
from the sixth octant was not retrieved.
 One half of the LTS surface was coated with tungsten using physical vapor deposition, resulting 
in about 42nm thick tungsten layers. The other half was coated with Be layers of approximately 
2.5μm thickness.
 The samples were analyzed using ion beam analysis before and after exposure. Rutherford 
backscattering (RBS) using 1.6MeV protons was used for measurement of the layer thicknesses. The 
detector was mounted at a scattering angle of 165o. The SIMNRA code [15] with SRIM 2013 stopping 
power was used for quantitative evaluation of the RBS spectra. The non-Rutherford scattering cross-
sections from beryllium as well as the 9Be(p,d)8Be reaction cross-section were determined for the 
scattering angle of 165° in the energy range from 1.1 to 2.0MeV and 1.25 to 2.0MeV respectively 
using a bulk beryllium sample [16]. Non-Rutherford scattering cross-sections from [17] were used 
for oxygen. For W marker layers, integral values of the W RBS signal were used for fitting due to 
very high sensitivity of the modeled peak’s position on the detector’s calibration parameters. This 
sensitivity can lead to discrepancies between the positions of modeled and experimentally observed 
peaks, making fitting their shapes more inaccurate.
 Net erosion rates were calculated from the amounts of the eroded material for all samples, using 
total successful (Ip>0.7MA) discharge times obtained from JET discharge statistics (Table 1). Total 
amounts of eroded materials were calculated assuming 7.2m2 to be the surface area of the Be-coated 
recessed part of the inner wall between the inner wall guard limiters, and 3.5m2 be the surface area 
of the W-coated recessed part of the inner wall between the inner wall guard limiters.

3. RESULTS AND DISCUSSION
The results have been compared to the W and Be erosion data from the 2001-2004 and 2005-2009 
discharge campaigns respectively [10] (Table 2).
 The poloidal and toroidal distributions of the erosion rates of Be and W are shown in figure 3. 
RBS spectra of typical Be and W samples before and after the exposure are shown in figure 4. In 
the RBS spectra of all samples, rounded high-energy edges of the Inconel substrate are observed. 
These rounded edges are observed also on Inconel samples without marker layers and are either due 
to the roughened surfaces, or due to increased carbon or oxygen concentrations in the near-surface 
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layers. This spectral feature is difficult to model. Nevertheless, W layer thicknesses still can be 
extracted precisely from the total number of counts in the W peak, while Be layer thicknesses can 
be derived from the shift of the Inconel high-energy edge and the width of the beryllium peak.
 Net W erosion is almost homogeneous in poloidal and toroidal directions both for the 2001-2004 
and 2011-2012 discharge campaigns. The net erosion rates are almost the same for both campaigns. 
The average net erosion rate for the area near the midplane (8th tile counting from the top, see fig.2) 
was 9.5.1011 atoms/cm2.s for the 2011-2012 campaign and 9.6.1011 atoms/cm2.s for the 2001-2004 
campaign. The average net erosion rate for the recessed part of the inner wall taking the toroidal 
and poloidal variations into account was 9.4.1011 atoms/cm2.s for the 2011-2012 campaign. The 
total amount of W eroded from the W-coated areas of the recessed parts of the inner wall during the 
whole campaign was 0.6g. For a hypothetical full W inner wall, the total net erosion would have 
been about 2g. The average net erosion rate for the 2001-2004 campaign was 8.4.1011 atoms/cm2.s 
with the total net erosion of 1.8g for the hypothetical full W inner wall.    
 An increase in roughness can be observed in the RBS spectra (Fig.4) after the exposure compared 
to the spectra of the same samples before exposure. The average roughness of the Be layers was 
close to 4.1018 atoms/cm2, or roughly 300nm before exposure and increased to 14.1018 atoms/
cm2, or roughly 1 μm after exposure. Small signals of Ni, Cr, Fe (Inconel component materials) 
could be detected in the beryllium top layer both before and after the exposure. Their total average 
concentration before the exposure was about 0.3%, and varied from 0.4% to 1% after exposure. 
Oxygen concentration also increased noticeably after the exposure. Small amounts of W, about 
1.1015 atoms/cm2, can be observed on the surface of the Be-coated samples after the exposure. The 
Ni, Cr, Fe and W signals are indications of (small) redeposition of Inconel components and tungsten 
originating from erosion processes at different areas of the machine.
 Toroidal net Be erosion distributions are similar for the 2005-2009 and 2011-2012 experimental 
campaigns, with small maxima in the 1st, 4th, and 8th octants. The maxima in the 4th and 8th octants 
could possibly be explained by the positions of neutral beam injectors located in these octants. The 
poloidal distributions differ between the campaigns. For the 2005-2009 campaign, in which carbon 
protection tiles were used for the inner wall, the net Be erosion was almost homogeneous. The net 
Be erosion in the 2011-2012 campaign with the ITER-like Be inner wall shows a maximum near 
the midplane (8th tile), with lower net erosion both in upward and downward directions. The net 
erosion rates were lower during the 2011-2012 campaign than during the 2005-2009 campaign by 
a factor of nearly 2. The average erosion rate for the area near the midplane (8th tile) was 1.2.1014 
atoms/cm2.s for the 2005-2009 campaign and 0.78.1014 atoms/cm2.s for the 2011-2012 campaign. 
The average erosion rate for the whole inner wall including the poloidal distribution was 1.2.1014 
atoms/cm2.s for the 2005-2009 campaign (resulting in a total erosion of about 60 g for a hypothetical 
full beryllium wall during that campaign), and 0.54.1014 atoms/cm2.s for the 2011-2012 campaign, 
leading to a total erosion of about 3.8g for the ITER-like wall configuration and a hypothetical 
erosion for a full beryllium wall of about 5.5g.
 The measured net erosion is the sum of gross erosion, caused by sputtering and evaporation, and 
redeposition. The lower erosion rates observed for Be during the 2011-2012
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campaign in comparison to the measured Be erosion observed during the carbon phase 2005-2009 
can thus be caused by either decreased gross erosion due to smaller (or lower energetic) neutral 
particle fluxes, produced by charge exchange neutrals, to the inner wall, or by increased redepositon 
of Be eroded from the ITER-like inner wall, which wasn’t present during the carbon phase. IWGLs 
could be one of sources of the redepositon; an increase of gross erosion rate in comparison to the 
carbon phase was observed for them [13,18]. The similarities of W erosion rates in the 2001-2004 
and 2011-2012 campaigns makes the difference in plasma parameters causing decreased gross 
erosion a less likely explanation for the change in Be erosion.
 Additionally, an increased concentration of Ni, Cr and Fe can be observed in the surface layers 
of the Be sample, which indicates redeposition, which is supported by a significant increase in Be 
layer roughness. W presence on the surface of Be samples also indicates that redeposition takes 
place. Compared to the carbon erosion rate during the 2005-2009 campaign [10] (2.4.1014 atoms/
cm2.s), the erosion rate of the ITER-like wall is about 4-5 times lower.
 The applied method determines the integral net erosion for the whole campaign and does not 
allow to distinguish between different discharges or discharge phases. To determine the effect of 
limiter and divertor phases on the erosion, modeling is required.

CONCLUSIONS
The erosion of Be and W marker layers was investigated using LTS exposed during the discharge 
period 2011-2012 and was compared with the Be and W erosion data from the 2005- 2009 and 
2001-2004 discharge periods, respectively. The marker layers were analyzed using Rutherford 
backscattering before and after exposure.
 The average erosion rate of W markers during the discharge campaign 2011-2012 (9.4.1011 atoms/
cm2.s) was very close to the one for the discharge campaign 2001-2004 (8.4.1011 atoms/cm2.s). In 
both campaigns both toroidal and poloidal erosion distributions were mostly homogeneous. The 
toroidal erosion distribution of Be was similar for both 2005-2009 and 2011-2012 campaigns.
 The erosion distribution had maxima in the 1st, 4th and 8th octants. The carbon net erosion rate 
distribution during the 2005-2009 campaign had a similar shape except for the first octant, with 
maxima at the 4th and 8th octants.
 The poloidal distribution had a maximum near the midplane (8th tile) and a sharp decrease in 
erosion towards the bottom (11th tile) during the 2011-2012 campaign and was mostly homogeneous 
(with a maximum difference of 15% in erosion between tiles) during the 2005-2009 campaign.
 The average net erosion rate of Be markers during the discharge campaign 2011-2012 (0.54.1014 

atoms/cm2.s) was about 50% of that for the discharge campaign 2005-2009 (1.2.1014 atoms/cm2.s). 
This means that the net erosion rate for the ITER-like inner wall of JET was about 1/5th - 1/4th of 
that for the carbon-coated inner wall. Be redeposition from the limiters or from the recessed inner 
wall tiles is a possible explanation of this decrease, compared to the net erosion rate of Be during 
the 2005-2009 campaign. Chemical erosion of C may be an explanation for the comparatively lower 
Be net erosion rate during the 2005-2009 campaign.
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Table 1: JET discharge statistics for the 2001-2004, 2005-2009 and 2011-2012 discharge campaigns.

Discharge 
campaign 

Number of 
discharges 

Number of 
successful  
discharges 

(Ip>0.7 MA) 

Total discharge 
time (Ip>0.7 MA), 

104 s 

Divertor 
phase 

discharge 
time, 104 s 

Limiter phase 
discharge 
time, 104 s 

2001-2004 9088 6760 17.0 11.6 5.4 
2005-2009 15931 12042 30.6 23.6 7.0 
2011-2012 3812 2819 6.41 4.51 1.9 
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Figure 1: SEM images of Be (on the left) and W (on the right) layers on the LTS surfaces before exposure, 500x 
magnification.

Table 2: Overview of LTS materials, average net total LTS erosion, and net erosion rates for the 2001-2004, 2005-2009 
and 2011-2012 discharge campaigns.

Figure 2: Positions of long-term samples (LTS) in the ITER-like inner wall of JET during the discharge campaign 
2011-2012.

Campaign Sample 
material 

Average total erosion, 
1015 atoms/cm2 

Average erosion rate, 
atoms/cm2∙sec 

2001-2004 W 140 8.4·1011 
2005-2009 Be 36000 1.2·1014 

C 74000 2.4∙1014 

2011-2012 
W 60 9.4·1011 
Be 3500 0.54·1014 
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Figure 3: Poloidal and toroidal distributions of the erosion rates of W and Be during the 2011-2012 discharge campaign 
in comparison to the data for the 2005-2009 and 2001-2004 campaigns, respectively.

0.0005

0.0010

0.0015

0

0.0020

2 4 6 80

ne
t e

ro
si

on
 ra

te
 (1

015
 at

om
s/

cm
2 s

)

ne
t e

ro
si

on
 ra

te
 (1

015
 at

om
s/

cm
2 s

)

W

Octant number

Octant number

Toroidal direction
 2005-2009 C
 2005-2009 Be
 2011-2012 Be

2001-2004
2011-2012

2001-2004
2011-2012

Toroidal direction
 2005-2009 C
 2005-2009 Be
 2011-2012 Be

0.0005

0.0010

0.0015

0

0.0020

2 4 6 8 10 12
Tile number

C
PS

13
.1

79
7-

3c

ne
t e

ro
si

on
 ra

te
 (1

015
 at

om
s/

cm
2 s

)

0.1

0.2

0.3

0
2 4 6 8 10 12

Tile number

0.1

0.2

0.3

0
20 4 6 8

ne
t e

ro
si

on
 ra

te
 (1

015
 at

om
s/

cm
2 s

)
Be

http:figures.jet.efda.org/cps13.1797-3c.eps


9

Figure 4: Typical RBS spectra before and after exposure for Be (on the left) and W (on the right) coated LTS. The Be 
spectrum includes a magnified area marked by the black rectangle on the spectrum.
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