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Erosion and deposition in the JET divertor were studied during the second JET ITER-

like wall campaign ILW-2 in 2013 – 2014 by using a poloidal row of specially 

prepared divertor marker tiles including the tungsten bulk tile 5. The marker tiles were 

analysed using elastic backscattering with 3 to 4.5 MeV incident protons and nuclear 

reaction analysis using 0.8 to 4.5 MeV 3He ions before and after the campaign. 

The erosion/deposition pattern observed during ILW-2 is qualitatively comparable to 

the first campaign ILW-1: Deposits consist mainly of beryllium with 5-20 at.% of 

carbon and oxygen and small amounts of Ni and W. The highest deposition with 

deposited layer thicknesses up to 30 μm per campaign is still observed on the upper 

and horizontal parts of the inner divertor. Outer divertor tiles 5, 6 and 7 are net W 

erosion areas. The observed D inventory is roughly comparable to the inventory 

observed during ILW-1. The results obtained during ILW-2 therefore confirm the 

positive results observed in ILW-1. 
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1. Introduction 

During operation of JET with all-carbon walls prior to the year 2010 (JET-C) large 

redeposition of carbon with some beryllium and elements from Inconel components 

(Ni, Fe, Cr) was observed in the whole inner divertor, some fraction of the outer 

divertor, and in remote divertor areas [1 ,2,3,4]. Carbon originated mainly from 

chemical erosion by hydrogen in the main chamber [4,5,6]. The large deposition of 

carbon was accompanied by a high retention of hydrogen isotopes trapped in the 

carbon layers by co-deposition. 

Due to the observed high retention of hydrogen isotopes with carbon walls ITER will 

use beryllium as plasma-facing material in the main chamber and tungsten in the 

divertor [7] for reducing the tritium inventory by at least an order of magnitude below 

that observed with carbon plasma-facing components (PFCs) [8]. JET with its ITER-

like wall (ILW) [9] has been used since the year 2011 to study plasma-wall interaction 

with the ITER-specific material distribution [10].  

During the first operational campaign of JET with the ITER-like wall (ILW-1) in the 

years 2011–2012 profound changes of the material erosion/deposition pattern in the 

divertor were observed, as compared to the previous operation of JET with all carbon 

walls: The total mass of deposited material decreased by a factor of 4–9 [4], and the 

deuterium retention inside the JET vessel decreased by a factor of 10 to 20 [11]. 

These results are highly promising for the extrapolated tritium retention in ITER. 

However, the ILW-1 campaign was characterised by a relatively small variation of 

strike point positions (with the inner strike point mostly on the vertical divertor tile 3 

and the outer strike point on the bulk W tile 5), and by low heating powers. It is 

therefore of crucial importance to confirm the obtained promising results from ILW-1 

also during the second JET campaign with the ITER-like wall (ILW-2) in the years 

2013–2014, which had an almost identical length of the campaign but showed a 

larger variation of strike point positions and somewhat higher heating powers. 

 

2. Experimental 

The JET divertor as used during both ILW campaigns is shown in Fig. 1. Tiles 1, 3 

and 4 form the inner and tiles 5, 6, 7, 8 the outer divertor. All tiles except of tile 5 

consist of carbon-fiber composite material coated with about 20 µm tungsten [12]; 

Tile 5 consists of rows of lamellae made from bulk tungsten [13].  
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During the second JET ITER-like wall campaign 2013 to 2014 (ILW-2) in total 4150 

discharges were performed, see Table 1. The integrated discharge time of successful 

discharges (with a plasma current above 0.7 MA) was 20300 s (5.6 h) in limiter 

configuration and 50900 s (14.1 h) in divertor configuration. This is only about 10% 

higher than during the first JET ITER-like wall campaign 2011 to 2012 (ILW-1). The 

total input energy in ILW-2 was 200.5 GJ, which is about 30% higher than in ILW-1. 

Many different types of discharges were performed in ILW-2, the divertor strike point 

distributions for ILW-1 and ILW-2 are compared in Fig. 2. In ILW-1 the inner strike 

point was usually on tile 3 and the outer strike was usually on tile 5, while in ILW-2 

the strike points were more often on tiles 4 and 6.  

While ILW-1 was operated only in deuterium, ILW 2 was ended with 0.6 h of plasma 

operation in hydrogen. 

All poloidal positions on divertor tiles are described using the s-coordinate system 

commencing in the upper left corner of tile 0 and following the tile surfaces from the 

inner to the outer divertor.  

A set of marker tiles (tiles 1, 4, 6, 7, 8) was coated with a tungsten marker layer 

having a thickness of about 3 μm with a 3 μm thick molybdenum interlayer to the 

thick tungsten coating for distinguishing the W marker layer from the W coating [14]. 

The tungsten marker allows determining erosion of tungsten as well as the 

quantitative determination of deposition of all elements. Tile 0 was a regular tile 

without marker coating: This tile therefore allows only determining deposition. Tile 4 

was without the tungsten marker layer and had the molybdenum layer on top. 

The thicknesses of the marker layers were analysed using non-destructive ion-beam 

analysis methods before installation inside JET. After exposure samples with a 

diameter of 18 mm were cut from the tiles. These samples were analysed using a 

glove-box due to the toxic beryllium content.  

Tile 5 consists of bulk tungsten lamellae [13]. Twelve lamellae were coated with about 

5 µm Mo/5 µm W marker layers. 

The thicknesses of marker layers and of thick deposits were determined using elastic 

backscattering (EBS) with 3 – 4.5 MeV incident protons at a scattering angle of 165°, 

nuclear reaction analysis (NRA) with incident 3He ions at energies from 0.8 to 
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4.5 MeV was applied at a reaction angle of 135° to measure the amounts of D, Be 

and C. The D content was measured using the D (3He,p)4He reaction [15], the 
12C(3He,p0)

14N and 12C(3He,p1)
14N reactions were used to determine the amount of 

12C, the 9Be(3He,p0)
11B and 9Be(3He,p1)

11B reactions were used for measuring the Be 

content. The beam spot size was about 1x1 mm2. Measured EBS and NRA spectra 

were evaluated using the SIMNRA code [16] with SRIM 2013 stopping power [17], 

the surface roughness was taken into account in the simulations [ 18 ]. EBS 

measurements of W and Mo layer thicknesses are accurate within about 5% for 

erosion areas and thin deposits. For thick deposits total amounts of deposited 

elements can be determined with an accuracy of 10 – 20% from the EBS data. The 

accuracy of the NRA data is about 10% for D and 20% to 30% for Be and C. 

3. Results and discussion 

Thicknesses of the W and Mo marker layers before and after exposure during the 

ILW2 campaign together with the total deposition of Be and C and the D inventory on 

the marker tiles are shown in Fig. 3. The distribution of strike point positions is shown 

in Fig. 3 (lowest figure). 

The thickest deposits are found on tile 0 and the horizontal and sloped parts of tile 1, 

see Fig. 1. Deposits consist mainly of beryllium with about 5% carbon and 1-3% 

deuterium. In addition deposits contain some oxygen, which was difficult to quantify. 

Elements from the Inconel wall (Ni, Fe and Cr) as well as tungsten were observed in 

small quantities. Deposited layers on tiles 0 and 1 are generally rough and often have 

a stratified structure, see for example [4, Fig. 6]. 

Depth profiles of deuterium in thick deposited layers on tile 1 are shown in Fig. 4 for 

two different s-coordinates. The deuterium concentration in the deposited layers is 

between 1.5 and 3.5 at.% and relatively homogeneous with depth. It has to be noted, 

however, that NRA averages over the whole beam spot, i.e. lateral variations of the D 

concentration on a smaller scale than about 1 mm cannot be resolved. The D 

concentration in the W marker layer is considerably smaller than in the deposited 

(mainly Be containing) layer. Accumulation of D at the interface between the deposit 

and the W marker layer is observed at some places, for example at s=266 mm (see 

Fig. 4). 

Deposits are also observed on the sloping parts of tiles 4 and 6 close to the maxima 

of the strike point distribution. Deposits on tile 4 are richer in carbon with C/Be of the 
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order of one and contain some deuterium. Very thick codeposited hydrocarbon 

deposits were observed in these regions with JET-C prior to 2010 [1]. 

Tile 4 did not have a W marker coating but had Mo at the surface. Some redeposition 

of W is observed on this tile. W can originate from erosion in the main chamber, 

where some fraction of the recessed wall has been coated with W and net W erosion 

has been observed [5], or from erosion in the outer divertor. Some erosion of the Mo 

coating is observed at the position of the inner strike point on the sloping part of tile 4 

at s-coordinated in the range 810 – 840 mm. 

Erosion of the W marker layer is observed in the outer divertor on tiles 5, 6, 7 and 8, 

see Fig. 3. 

Two modules of the bulk tungsten tile 5 are shown in Fig. 5. Each module consists of 

24 rows of bulk tungsten lamellae in toroidal direction arranged in 4 stacks in poloidal 

direction; see Fig. 1 for a cross-sectional view. Lamellae rows 2, 13 and 22 contained 

Mo/W markers (marked in yellow in Fig. 5). In addition the neighboring rows 3, 14 

and 23 of regular bulk W lamellae were analyzed and are marked in orange in Fig. 5. 

Neighboring modules shadow each other for edge protection, so that rows 2 and 3 

were in the plasma shadow and received smaller power- and particle fluxes than the 

other analyzed lamellae. The smaller power fluxes resulted also in reduced surface 

temperatures. 

Thicknesses of the W and Mo marker layers on lamellae of row 2 before and after 

exposure and the total deposition of Be, C and D on the marker lamellae of row 2 and 

on regular lamellae of row 3 are shown in Fig. 6. Both rows of lamellae were in the 

shadow of the neighboring module, see above. The marker layers delaminated from 

stack B, so that post-exposure values are not available from that stack. The 

thicknesses of the W marker layers are almost identical before and after exposure, 

i.e. erosion of W is not detected within the measurement accuracy. Only on stack D a 

small erosion of W is observed. Deposition of Be and C is small and stays below 

1.5x1018 atoms/cm2, the highest deposition is observed on stack D. The amount of 

retained D is also low and stays below 0.3x1018 atoms/cm2, the highest retention is 

observed on stack D. The W marker layer showed a higher D retention than the 

regular bulk W, probably due to a higher density of lattice defects in the layer due to 

the deposition process. As deuterium is trapped at defects in W a higher defect 

concentration also results in higher deuterium retention. 
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Thicknesses of the W and Mo marker layers on lamellae of row 13 before and after 

exposure and the total deposition of Be, C and D on the marker lamellae of row 13 

and on regular lamellae of row 14 are shown in Fig. 7. Some delamination of the 

marker layer was observed on stack D, so that only limited post-exposure values are 

available from that stack. Erosion of W is not observed within the measurement 

accuracy on stacks A and B. Erosion of W up to 1x1019 W-atoms/cm2 (about 1.5 µm) 

is observed on stack C. Deposition of Be and C is small and stays below 1.5x1018 

atoms/cm2, the highest deposition is observed on stack D. Deposition is very low on 

the other stacks. The amount of retained D is also low and stays below 0.2x1018 

atoms/cm2. The highest retention is observed on stack A where the strike point has 

never been located. The lowest retention is observed on stack C, probably due to 

higher surface temperatures. Again, the W marker layer showed a higher D retention 

than the regular bulk W.  

Thicknesses of the W and Mo marker layers on lamellae of row 22 before and after 

exposure and the total deposition of Be, C and D on the marker lamellae of row 22 

and on regular lamellae of row 23 are shown in Fig. 7. Some delamination of the 

marker layer was observed on stack D, so that only limited post-exposure values are 

available from that stack. Erosion of W is not observed within the measurement 

accuracy on stack A. Erosion of W up to 1x1019 W-atoms/cm2 (about 1.5 µm) is 

observed on stacks B and C, with the highest erosion on stack C. Deposition of Be 

and C is small and stays below 1.0x1018 atoms/cm2, the highest deposition is 

observed on stack D. Deposition is very low on the other stacks. The amount of 

retained D is also low and stays below 0.2x1018 atoms/cm2. The highest retention is 

observed on stack A where the strike point has never been located. The lowest 

retention is observed on stack C, probably due to higher surface temperatures. 

Again, the W marker layer showed a higher D retention than the regular bulk W.  

Deuterium depth profiles from stacks A and C in row 14 (regular bulk W) of tile 5 are 

shown in Fig. 9 and compared to depth profiles from the ILW-1 campaign at the same 

position. After ILW-1 the highest deuterium concentrations (up to almost 2 at.%) were 

observed close to the surface. After ILW-2 the near-surface layers (up to a depth of 

0.5–1x1018 at./cm2, about 75 – 150 nm) were depleted of deuterium. This is most 

probably due to isotopic exchange with protium during the hydrogen discharges at 

the end of the ILW-2 campaign. Stack C received higher particle fluxes and the D-
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depleted zone extends deeper into the bulk W. In depths above about 1x1018 at./cm2 

(about 150 nm) the D concentrations after ILW-1 and ILW-2 are comparable. 

 

4. Conclusions 

The JET discharge campaigns ILW-2 in 2013 – 2014 and ILW-1 in 2011 – 2012 have 

some similarities, but show also some differences: Both campaigns have comparable 

total numbers of discharges and comparable total discharge times. Main differences 

are a different distribution of strike point positions in ILW-2 with the inner strike point 

more often on tile 4 and the outer strike point on tile 6; somewhat more powerful 

discharges in ILW-2; and the completion of ILW-2 with several days of operation in 

hydrogen. 

These similarities and differences in plasma operation are also reflected in the 

erosion/deposition pattern in the divertor. In both ILW campaigns deposition is mainly 

observed in the upper inner divertor on tiles 0 and 1. Deposits consist mostly of 

beryllium with some carbon and oxygen; smaller amounts of tungsten, nickel, iron 

and chromium are also observed. These deposits contain 1-3 at.% of deuterium by 

codeposition. Deposition of Be and C together with codeposition of D is observed on 

tiles 4 and 6 in both campaigns, but is more pronounced in ILW-2 due to the different 

strike point distribution with the strike points more often on these tiles. Deposits on 

tile 4 are richer in carbon. 

Tungsten erosion is observed in the outer divertor on tiles 5, parts of 6, 7 and 8. 

Erosion of Mo was observed on tile 3 in ILW-1, but erosion of W was not observed 

during ILW-2 on this tile. Outside of areas with deposits the D inventory is generally 

low. A depletion of D was observed in the near-surface layers (up to a depth of about 

1018 at./cm2, about 150 nm) of the bulk tungsten tile 5. This is probably due to 

isotopic exchange with protium during the last days of the campaign when hydrogen 

plasmas were performed. 

The total amounts of material deposited in the divertor as well as the amount of 

retained deuterium are comparable in both ILW campaigns. The reduction of the total 

amount of deposited material as well as of the retained deuterium inventory, as 

observed in ILW-1, is confirmed in ILW-2 with different and somewhat more powerful 

plasmas. 
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Table 1: Discharge statistics for the first and second JET ITER-like wall campaigns. 

 

Discharge 

campaign 

Number of 

discharges 

Total discharge time 

(Ip>0.7 MA) 

(104 s) 

Divertor phase 

discharge time 

(104 s) 

Limiter phase 

discharge time 

(104 s) 

Total input 

energy 

(GJ) 

2011-2012 3812 6.41 4.51 1.90 150.6 

2013-2014 4150 7.12 5.09 2.03 200.5 
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Fig. 1: The JET divertor during the ILW-1 and ILW-2 campaigns. Numbers in large font size are tile 

numbers. Tile 5 consists of rows of lamellae ordered in stacks A – D, see Fig. 5 for more details. The s-

coordinate (in mm) is indicated for a few characteristic points in small font size. 
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Fig. 2: Strike point distributions for the JET ILW-1 and ILW-2 discharge campaigns. 
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Fig. 3: Thicknesses of the W and Mo marker layers before and after exposure during the ILW-2 

campaign 2013 to 2014 and total deposition of Be, C and D on the marker tiles. Hollow points: Before 

exposure; Solid points: After exposure. The distribution of strike point positions is shown in the lowest 

figure. 
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Fig. 4: Deuterium depth profiles from thick deposits on tile 1 for two different s-coordinates.  
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Fig. 5: View of two modules of tile 5. Each module consists of 24 rows of bulk 

tungsten lamellae in toroidal direction arranged in 4 stacks in poloidal direction; see 

Fig. 1 for a cross-sectional view. Lamellae with markers are marked in yellow, 

analyzed regular bulk W lamellae are marked in orange. The direction of plasma ions 

is indicated by the arrow. 
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Fig. 6: Thicknesses of the W and Mo marker layers on lamellae of row 2 before and 

after exposure during the JET-ILW2 campaign 2013 to 2014; Total deposition of Be, C 

and D on the marker lamellae of row 2 and on regular lamellae of row 3. The 

distribution of strike point positions is shown in the lowest figure. 
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Fig. 7: Thicknesses of the W and Mo marker layers on lamellae of row 13 before and 

after exposure during the JET-ILW2 campaign 2013 to 2014; Total deposition of Be, C 

and D on the marker lamellae of row 13 and on regular lamellae of row 14. The 

distribution of strike point positions is shown in the lowest figure. 
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Fig. 8: Thicknesses of the W and Mo marker layers on lamellae of row 22 before and 

after exposure during the JET-ILW2 campaign 2013 to 2014; Total deposition of Be, C 

and D on the marker lamellae of row 22 and on regular lamellae of row 23. The 

distribution of strike point positions is shown in the lowest figure. 
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Fig. 9: Deuterium depth profiles from bulk W tile 5 row 14 stacks A and C after the 

JET ILW-1 and ILW-2 campaigns. 
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