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Abstract 

Energy spectra of -ray induced X-rays from divertor tiles used in JET ITER-like 

wall campaigns were measured to examine T penetration into W layers. The penetration depth 

of T evaluated from the intensity ratio of W L X-rays to W M X-rays showed clear 

correlation with poloidal position; the penetration depth at the upper divertor region reached 

several micrometers, while that at the lower divertor region was less than 500 nm. The deep 

penetration at the upper part was ascribed to the implantation of high energy T produced by 

DD fusion reactions. The poloidal distribution of total X-ray intensity indicated higher T 

retention in the inboard side than the outboard side. 

. 
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1. Introduction 

 JET performed ITER-like wall (JET-ILW) campaigns with main chamber walls made 

of Be and divertor regions comprised of bulk tungsten (W) and W-coated carbon-fiber 

composite (CFC) tiles. A part of tiles used were retrieved after JET-ILW campaigns in 

2011–2012 (ILW-1) and 2013–2014 (ILW-2) for post-mortem analysis [1]. Heinola et al. [2,3] 

examined deuterium (D) retention in the tiles retrieved after ILW-1 using nuclear reaction 

analysis (NRA), secondary ion mass spectrometry (SIMS) and thermal desorption 

spectrometry (TDS). They reported that the higher D retention was observed at the locations 

with thick deposition, and the highest retention was found at the top surface of inner divertor 

[3]. Heinola et al. [3] and Likonen et al. [4] also measured retention of tritium (T) produced 

by DD fusion reactions using TDS [3] and reported that T distribution was more uniform than 

that of D. They observed two desorption peaks at 700–800 °C and lower temperatures [3,4]. 

The high temperature desorption peak was ascribed to implantation of high energy T 

produced by the fusion reactions (D + D → 1.01 MeV T + 3.03 MeV p). Hatano et al. [5,6] 

examined T distributions in divertor tiles retrieved after ILW-1 by measuring -rays from T 

using an imaging plate (IP) technique. Because of low energy of -rays from T (≤ 18.6 keV), 

the escape depth of -rays is small (~3 m in Be and ~0.3 m in W). Therefore, this 

technique is sensitive to T on/near the surfaces of tiles. The clear correlation between T 

concentration and thickness of deposition layers was observed in the IP measurements. 

However, neither of TDS and IP techniques provided direct information on depth profiles of 

T. 

 In this study, the penetration depth of T in W layers was examined by -ray induced 

X-ray spectrometry (BIXS) for divetor tiles retrieved after ILW-2. The energy spectra of 

X-rays induced by -rays from T were measured using a conventional silicon drift detector 

(SDD) with 8 m-thick Be window. The major characteristic X-rays emitted by W in the 

energy region below 18.6 keV are W M (1.775 keV) and W L (8.398 keV) X-rays. 
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Because the attenuation of W L X-rays in W is far weaker than that of W M X-rays, the 

intensity ratio of W L X-rays to W M X-rays, IW-LIW-M increases with increasing 

penetration depth of T, as discussed in [7]. From this correlation, one can roughly evaluate the 

penetration depth of T. X-ray spectra from several selected positions on the divetor tiles 

retrieved after ILW-1 were also measured using a SDD with an ultra-thin window (70 

nm-thick Si3N4) to examine the influence of Be on X-ray spectra by detecting Be K X-rays 

(0.1085 keV). 

    

2. Experimental procedures 

The disk samples (17 mm diamater) cut from the divertor tiles retrieved after ILW-2 

were examined using the SDD with 8 m-thick Be window (AMPTEK X-123SDD) in VTT 

Technical Research Center of Finland. The positions analyzed are shown in Fig. 1 by blue 

numbers together with the cross-sectional view of JET divertor region. Black numbers 

indicate tile numbers and s-coordinate which is equivalent to the distance along the tile 

surfaces in mm. The W-coated tiles examined were Tiles 0 (Tile code: HFGC Mod13 RH, 

2010–2014 and Mod14 LH, 2012-2014), 1 (14ING1C, 2012–2014), 3 (2IWG3A, 2010–2014), 

6 (14BNG6D, 2010–2014), 7 (14ONG7A, 2010–2014) and 8 (14ONG8A, 2010–2014). The 

surface of Tile 4 examined was covered by Mo layer and not W layer. Some tiles were used in 

both ILW-1 and ILW-2 (2010–2014), and others were exposed to the plasma solely in ILW-2 

(2012–2014). The measurements were performed under Ar gas atmosphere (0.1 MPa). The 

distance between sample surface and detector window was ~ 1 mm. The measurement time 

was 24–52 hours. The 8 m-thick Be window has negligible transmittance in the energy 

region below 0.6 keV. Hence the detection of characteristic X-rays of low-Z elements such as 

Be, C and O is impossible with this window.  

The correlation between IW-LIW-M and the penetration depth of T was evaluated by 

Monte Carlo simulation using Geant4 tool kit [8–10]. Procedures of simulation were similar 
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to those given in [11]. The accuracy of evaluation was examined using a reference W sample. 

A plate of W was irradiated with 20 MeV W ions to 0.5 displacement per atom to induce 

defects acting as traps against hydrogen isotopes. The depth profiles of D measured using 

NRA after exposing the sample to D2 gas at 673 K showed that D penetrated almost uniformly 

up to a depth of 2 m being close to the range of 20 MeV W ions in W (see Fig. 4 in [12]). 

The reference sample was prepared by exposing the irradiated W plate to D-5%T mixture gas 

at 673 K. The value of IW-LIW-M was obtained by the simulation to be 0.114 by assuming 

uniform T penetration up to a depth of 2 m. This value agreed well with IW-LIW-M  

derived from the measured X-ray spectrum, 0.113. 

The analysis using the SDD with 70 nm-thick Si3N4 window (AMPTEK C2 window) 

was performed in International Fusion Energy Research Centre (IFERC), National Institutes 

for Quantum and Radiological Science and Technology (QST). In contrast to a conventional 

Be window, this type of window has transmittance at X-ray energy below 0.6 keV [13]. The 

measurements were performed at reduced pressure (1 Pa) to avoid attenuation of low energy 

X-rays in air. On the other hand, direct incidence of -rays to the SDD and consequent 

generation of bremsstrahlung X-rays in the detector occurred at this pressure. To reduce the 

flux of -rays to the SDD, a sample surface was covered by very thin (1.2 m thickness) film 

of polyphenylene sulfide. Sample disks examined were cut from the poloidal positions 10 and 

5 of Tile 1 (14ING1C), 10 of Tile 4 (14BNG4D), 2 and 9 of Tile 6 (2BNG6C), 8 of Tile 7 

(2ONG7A) and 10 of Tile 8 (2ONG8B) retrieved after ILW-1.  

 

3. Results and discussion 

 Typical examples of X-ray spectra are given in Fig. 2 in which (a)–(c) were 

measured with the 8 m-thick Be window and (d) was acquired with the ultra-thin window. 

Fig. 2 (a) shows X-ray spectrum of the sample from the horizontal part (apron) of Tile 1 

(position 12). The characteristics of this spectrum are strong bremsstrahlung X-rays at 1–4 
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keV, weak W M and very weak W L X-rays in comparison with Ar K X-rays, and 

appearance of Cr and Ni K X-rays. The characteristic X-rays of Ar is generated by -rays 

from T present at the surface and subsurface layers within the escape depth of -rays. Similar 

spectra were obtained for positions 5–1 of Tile 0 and position 10 of Tile 1. Fe K peak was 

also observed in the case of Tile 0. Fig. 2 (b) shows the spectrum for the upper vertical part of 

Tile 1 (position 9). A large peak of W M X-rays was observed together with intense W L 

X-rays and bremsstrahlung X-rays at 4–10 keV. Similar spectra were observed for other 

positions in the upper vertical part of Tile 1, and Tile 8. A typical spectrum for lower vertical 

tiles and floor tiles is given in Fig. 2 (c) (position 5 of Tile 3). The intensity of W L X-rays is 

very weak in comparison with that of W M X-rays. In addition, the intensity of 

bremsstrahlung X-rays monotonously decreases with increasing energy. Similar spectra were 

observed for other positions of Tile 3, and Tiles 6 and 7. Fig. 2 (d) shows the spectrum from 

the apron of Tile 1 (position 10). A intense peak of Be K X-rays was observed. The strong 

bremsstrahlung X-rays was due to the direct incidence of -rays to the SDD, as mentioned 

above. No noticeable peak of Be K X-rays was observed for other samples except the 

sample from position 5, Tile 1 showing a small Be K peak. The peak of Mo L X-rays was 

observed for Tile 4, as expected (not shown). 

 The observations of intense Be K peak at the apron of Tile 1 (Fig. 2 (d)) and the K 

peaks of Cr, Fe and Ni at Tile 0 and the apron of Tile 1 (Fig. 2 (a)) agree well with the 

formation of thick deposition layers of Be and other impurities reported in [14]. The strong 

bremsstrahlung X-rays relative to W M X-rays in Fig. 2 (a) is explained by the generation of 

bremsstrahlung X-rays by -rays from T present in thick Be deposition layers. As reported in 

[5], the IP measurements showed that T concentration in the deposition layers formed on the 

apron of Tile 1 retrieved after ILW-1 reached ~10–20 MBq cm-3.  

 The difference between Figs. 2 (b) and (c) indicate that the value of IW-LIW-M 

varies with poloidal position. The values of IW-LIW-M are plotted in Fig. 3 against 
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s-coordinate. In this figure, the values for Tile 0 and the apron of Tile 1 are not plotted due to 

severe impurity depositions, and those for Tile 4 are also omitted because of the presence of 

Mo layer on the surface. Clear correlation was observed between IW-LIW-M and poloidal 

positions, and IW-LIW-M took high values at the upper part of the divertor region and 

decreased with increasing distance from the core plasma. The values of IW-LIW-M was 

0.1–0.18 at the upper part and 0.01–0.03 at the bottom part of the divertor region. 

 The simulation using Geant4 showed IW-LIW-M= 0.060 at T penetration depth of 

0.5 m, 0.076 at 1.0 m, 0.104 at 1.5 m, 0.114 at 2.0 m, 0.160 at 3.0 m and 0.187 at 4.0 

m. The uniform distribution of T up to the indicated penetration depths was assumed in the 

simulation for simplicity. According to the simulation using SRIM program [15], the range of 

1.01 MeV T in W is 4.6 m at the normal incidence. The values of IW-LIW-M observed at the 

upper part of divertor region (0.1–0.18) correspond to the penetration depth of T from 

~1.5–4.0 m; the maximum penetration depth thus evaluated was close to the range of 1.01 

MeV T in W. The penetration depth at the bottom part appears to be far less than 500 nm. The 

mechanisms underlying the variation of penetration depth may be understood by comparing 

the results of the present study with those of ASCOT Monte Carlo simulations [3]. The 

observations in this study support the statement of Heinola et al. [3] on the implantation of 

energetic T into the tiles. 

 The values of total X-ray counts are plotted against s-coordinate in Fig. 4 together 

with those of T retention measured by Heinola et al. [3] using a technique of TDS. X-ray 

counts for Tile 0, the apron of Tile 1 and Tile 4 are not shown in this figure because the 

efficiency of X-ray generation by -rays in Be and Mo is different from that in W. The total 

X-ray intensity in the inboard side is higher than that in the outboard side, and the maximum 

intensity was observed for the upper vertical part of Tile 1. Although the total X-ray intensity 

is not simply proportional to T retention, this observation suggests that the inboard tiles 

retained more T than the outboard tiles. Detailed comparison between BIXS data and TDS 
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data is difficult at this moment because the values for upper vertical part of Tile 1 are missing 

in the data set reported in [3]. Nevertheless, available data show no serious disagreement. 

  

 4. Conclusions 

The energy spectra of -ray induced X-rays from divertor tiles retrieved from JET 

after ILW-2 and ILW-1 were measured to examine T penetration into W layers. Clear 

correlation was observed between penetration depth of T and poloidal position; the 

penetration depth at the upper divertor region reached several micrometers, while that at the 

lower divetor region was less than 500 nm. The deep penetration at the upper part was 

ascribed to the implantation of high energy T produced by DD fusion reactions. The poloidal 

distribution of X-ray intensity indicated higher T retention in the inboard side than the 

outboard side. 
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Figure captions 

 

Fig. 1 Cross-sectional view of JET divetor region and poloidal positions of samples (blue 

numbers) in the tiles retrieved after ILW-2. White letters indicate tile numbers, and red 

numbers are s-coordinates which are the distance along the tile surface in mm [1]. 

 

Fig. 2 Typical X-ray spectra from JET divertor tiles; (a) position 12, Tile 1, (b) position 9, Tile 

1, (c) position 5, Tile 3 and (d) position 10, Tile 1. (a)–(c) were measured for the tiles 

retrieved after ILW-2 under Ar gas atmosphere using SDD with 8 m-thick Be window 

having no transmission in energy region below 0.6 keV. (d) was acquired using SDD with 70 

nm-thick Si3N4 window at reduced pressure (1 Pa) for the tile retrieved after ILW-1. 

 

Fig. 3 Correlation between intensity ratio of W L X-rays to W M X-rays (IW-L/IW-M) and 

poloidal positions (s-coordinate) in divertor region. Measurements were performed for the 

tiles retrieved after ILW-2 using SDD with Be window. 

 

Fig. 4 Correlation between total X-ray counts and poloidal positions (s-coordinate) in divertor 

region. Measurements were performed for the tiles retrieved after ILW-2 using SDD with Be 

window. Black squares indicate T retention measured by Heinola et al [3] using TDS 

technique. 
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Fig. 1 Cross-sectional view of JET divetor region and poloidal positions of samples (blue 

numbers) in the tiles retrieved after ILW-2. White letters indicate tile numbers, and red 

numbers are s-coordinates which are the distance along the tile surface in mm [1]. 

 



13 
 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0.00

0.02

0.04

0.06

0.08

0.00

0.02

0.04

0.06

0.08

0.0

0.1

0.2

0.3

0.00

0.02

0.04

0.06

0.08

0.10

0.12

Be K

Ni K

Cr K

(d) Position 10, Tile 1
      ultra-thin window

(c) Position 5, Tile 3
      Be window

(b) Position 9, Tile 1
      Be window

W L

Ar K

W M

(a) Position 12, Tile 1
      Be window

X
-r

ay
 in

te
n

si
ty

 (
cp

m
)

Energy (keV)
 

 

 

Fig. 2 Typical X-ray spectra from JET divertor tiles; (a) position 12, Tile 1, (b) position 9, Tile 

1, (c) position 5, Tile 3 and (d) position 10, Tile 1. (a)–(c) were measured for the tiles 

retrieved after ILW-2 under Ar gas atmosphere using SDD with 8 m-thick Be window 

having no transmission in energy region below 0.6 keV. (d) was acquired using SDD with 70 

nm-thick Si3N4 window at reduced pressure (1 Pa) for the tile retrieved after ILW-1. 

(one column) 

 

 



14 
 

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0.00

0.05

0.10

0.15

0.20
I W

-L

/I

W
-M



s-coordinate
 

 

Fig. 3 Correlation between intensity ratio of W L X-rays to W M X-rays (IW-L/IW-M) and 

poloidal positions (s-coordinate) in divertor region. Measurements were performed for the 

tiles retrieved after ILW-2 using SDD with Be window. 

 (one column) 
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Fig. 4 Correlation between total X-ray counts and poloidal positions (s-coordinate) in divertor 

region. Measurements were performed for the tiles retrieved after ILW-2 using SDD with Be 

window. Black squares indicate T retention measured by Heinola et al [3] using TDS 

technique. 
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