[image: image1.png]



[image: image13.wmf]0

200

400

0

100

200

300

400

500

 

 

Counts (a.u.)

Channel (a.u.)

 experiment

 SIMNRA

Be/C @ -300V bias




[image: image14.wmf]0

200

400

0

100

200

300

400

500

 

 

Counts (a.u.)

Channel (a.u.)

 experiment

 SIMNRA

Be/C @ +300V bias



[image: image15.wmf]0

100

200

300

400

500

600

700

0

20

40

60

80

100

Be/C @ -300V bias

 

 

Concentration (%)

Thickness (nm)

 Be

 O

 C


C. P. Lungu, A. Anghel, I. Mustata, C. Ticos, , A. M. Lungu, P. Chiru, C. Porosnicu, O. Pompilian

National Institute for Laser, Plasma and Radiation Physics, Magurele, Bucharest, Romania

OBJECTIVES

According to the activities within the individual plan, the objectives of EURATOM MEdC Association were:

A: - Cu buffer layers (100-200nm) deposition on graphite substrates; - Simultaneous depositions of mixed Be-C&W layers with different relative concentrations, depending on the distances between the samples and the Be and C (or W) anodes on graphite or graphite/ copper substrates; -SEM, EDS and Auger  analysis of the samples.    
B: Within the IPP Garching co-operation: Deuterium implantation, energy 200 eV, fluency  5x10²² D*m-2; - NRA (Nuclear Reaction Analysis) with ions of 3He+ and energies in the range of  690 eV ( 800eV); - SIMNRA code processing of α and proton spectra to obtain the deuterium retention depth profile.

6.1 Introduction

The current design of ITER plasma facing components envisages using several different armour materials depending on the operational requirements, i.e. beryllium (Be) is the primary candidate for the first wall material, whereas tungsten (W) is chosen for the divertor armour, except for the area around the strike points where carbon fibre composite (CFC) is designated as armor material [1]. Based on observations in present fusion devices, it is expected that the wall material will be eroded due to the interaction with plasma particles and subsequently deposited on other material surfaces. This leads to the formation of mixed material layers on the wall surface. 

Material mixing can change not only the thermomechanical properties, such as thermal conductivity or melting point, but also fuel retention properties of the plasma facing wall. Fuel retention influences the hydrogen recycling on the plasma facing surface and the tritium inventory in the vacuum vessel. In ITER, for safety reasons, periodic tritium removal will be required before the in-vessel tritium inventory reaches its administrative limit [2], meaning that tritium retention rate strongly affects ITER operation program in the D-T phase.

From these considerations, hydrogen uptake and retention in mixed material systems is an important issue for reliable extrapolation of in-vessel tritium retention in ITER. Although various investigations have been done to clarify the hydrogen retention properties of each pure material, there are only a few available data for mixed materials at present　[3-7]. In this study, representative mixed material layers of Be- C and Be-W were prepared, and hydrogen retention in those layers was investigated under controlled laboratory conditions. 
According to the work plan agreed for the research stage of a member of MEdC Association at Max-Plank IPP-Garching, Germany Be-C&W films deposited on different ITER substrates using thermionic vacuum arc (TVA) technology were analyzed by means of impurities concentration and their distribution using Rutherford backscattering spectrometry. In order to study the deuterium retention and desorption in/from these beryllium thin films, deuterium implantation was performed using the High Current Ion Source facility available at IPP - Garching. Using nuclear reaction analysis (NRA) and thermal desorption spectrometry (TDS), deuterium depth profile and desorption spectra were obtained. Additional sputtered x-ray photoelectron spectroscopy (sputtered XPS) and sputtered ion mass spectrometry (SIMS) measurements were performed. 

6.2. Be-C&W coatings using thermionic vacuum arc method 

The beryllium films necessary for deuterium retention studies were deposited on mirror polished fine grain graphite and tungsten substrates using thermionic vacuum arc (TVA) technology developed at the National Institute for Laser, Plasma and Radiation Physics (NILPRP) – Magurele. Several batches of samples were prepared using different biases applied on the substrates in order to study the influence of the films’ growing conditions on their structure and deuterium retention behavior.
There have been performed Cu coatings as buffer layer (100-200 nm) on substrates (graphite) in order to highlight the composite layer structure compared to those of the substrate. Simultaneous deposition of Be-C, Be-W mixed layers with different relative concentration as function of the relative distances between samples and anodes on graphite and graphite/Cu substrates were performed using 2 separate thermionic vacuum arc systems running simultaneously. The layer composition and surface morphology were analyzed by electron dispersion spectroscopy (EDS) and scanning electron microscopy (SEM) on the Si substrates deposited in the same batches and at same geometrical positions as graphite and W substrates. The analysis results are presented in Tables 1-5 and Figs.1 -5.
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Fig.1 SEM image of the sample A. 3-1 (Be-W on Si)

	Be-W/Si 

Sample A.3-1
	wt(%)
	a(%)
	

	Be
	0.72
	8.47
	

	W
	94.46
	54.34
	

	C
	2.43
	21.42
	

	O
	2.39
	17.77
	


	Table 2. Composition of the sample A. 3-2
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Fig.2 SEM image of the sample A. 3-2 (Be-W on Si)

	Be-W/Si 

Sample A.3-2
	wt(%)
	a(%)
	

	Be
	0.68
	8.24
	

	W
	94.97
	56.63
	

	C
	2.33
	21.27
	

	O
	2.02
	13.86
	


	Table 3. Composition of the sample A. 3-3
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Fig.3 SEM image of the sample A. 3-3 (Be-W on Si)

	Be-W/Si 

Sample A.3-3
	wt(%)
	a(%)
	

	Be
	0.61
	7.64
	

	W
	95.30
	58.26
	

	C
	2.32
	21.69
	

	O
	1.77
	12.41
	


	Table 4. Composition of the sample A. 3-4
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Fig. 4 SEM image of the sample A. 3-4 (Be-W on Si)

	Be-W/Si 

Sample A.3-4
	wt(%)
	a(%)
	

	Be
	0.62
	7.69
	

	W
	95.24
	57.88
	

	C
	2.38
	22.10
	

	O
	1.77
	12.33
	


	Table 5. Composition of the sample A. 3-5
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Fig. 5 SEM image of the sample A. 3-5 (Be-W on Si)

	Be-W/Si 

Sample A.3-5
	W(%)
	At(%)
	

	Be
	0.63
	7.95
	

	W
	95.52
	59.27
	

	C
	2.25
	11.42
	

	O
	1.60
	11.42
	


To study the influence of the energetic ions on both the structure and properties of the deposited films the substrate was biased during the coating process at voltages in the range from – 300 V to + 700 V, respectively. The positive bias of the substrate is to reject the ions and select only the neutral atoms for deposition. On contrary, in the case of negative bias of substrate the ions are accelerated impinging the deposited layer with relatively high kinetic energy. 

As a first result, it was observed that the films deposited using negative bias on substrates were more adherent to the substrates than the ones grown using positive bias. This behavior was expected since applying a negative bias on the substrate the beryllium ions generated in the TVA plasma were accelerated to the substrate, while applying a positive bias, the ions were decelerated and even rejected depending on the bias value. 

After film deposition, the thickness and composition of each film were confirmed by Rutherford Backscattering Spectrometry (RBS). 

 Before the deuterium implantation, it had been made a RBS measurement set for the thickness configuration of Be films and also for the films impurity analysis. For this it had been used a 4He energy beam of 2.6 MeV. The beams energy value was chosen taking into account the interaction cross section of 4He and Be to avoid the non-Rutherford interaction that may cause errors in the data interpretation. The fitting of the experimental data was done using SIMNRA code, developed at IPP Garching. As for the films thickness analysis, the results obtained after the RBS measurements have been in the same range with those using the quartz balance. The amount of each element was given as areal density [atoms/cm2], hence the layer thickness was determined by calculating from the areal density of each element and theoretical density of each pure material (Be: 1.8 g/cm3, C: 2.2 g/cm3, W: 19.3 g/cm3). In Figs 6 and 7 there are the RBS spectra of the Be films on the graphite substrate prepared using a bias voltage during deposition (–300V, and +300V), and in Fig.18 the component elements depth distribution, obtained using the SIMNRA code. 
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	Fig.6 RBS spectrum of the –300V biased Be film
	Fig.7 RBS spectrum of the +300 V biased Be film


In the RBS spectra it can be observed the oxygen presence both at the surface and at the substrate and film interface. The films deposited with bias voltage contained lower amount of oxygen compared to those deposited without bias highlighting the beneficial influence of the bias voltage.
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	Fig.8 Be/C (-300V bias) depth profiles obtained using SIMNRA code


	Fig.9 Be/C (+300V bias) depth profiles obtained using SIMNRA code




The deuterium implantation had been made using a high current ion source at IPP Garching, at a perpendicular incidence angle from the probe. The energy value of the D3+  incidence ions beam was of 600 eV (meaning 200 eV/D+), at room temperature. It had been used the same fluency of 5 × 1022 D/m2 for each probe. According to the previous studies, this value represents the beryllium’s saturation fluency. The restrained deuterium quantity, having a value of 1,7 × 1022 D/m2, had been determined by NRA measurements using a  690 eV 3He ion beam energy. Figure 3 shows the deuterium distribution for the films on C and W substrates. A possible explanation of the different behavior for the deuterium retention could be the structure’s substrate influence on the deposited films compactness. For the Be films on C substrate it can be seen that deuterium had been implanted for a higher deepness than for the same condition films deposited on W substrate.
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	Fig. 10 The depth profile for the deuterium retention in Be films (-300V bias)using NRA
	Fig. 11. The depth profile for the deuterium retention in Be films (+300V bias)using NRA


6.3 Developed activities


Composite Be-C, Be-W films deposition: There have been performed composite Be-C, Be-W layers. By choosing the processing parameters as shown in Table 6, there have been deposited 2 sample batches with thickness of 200+/-50 nm and at% concentrations in the range of (1-5%) and  30-60% respectively. 
Table 6: Processing parameters for C and W depositions

	Material
	I filament

(A)
	U discharge

(V)
	I discharge

(mA)
	Deposition rate

(nm/s)
	Filament-anode distance  (mm)
	Filament diameter

(mm)
	Anode- sample (1) distance

(cm)

	C
	110
	1900
	1000
	0.4
	4-5
	10
	20

	W
	120
	2000
	1300
	0.3
	3
	17
	28
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	Fig. 12 Be-C on graphite.
	Fig. 12 Be-W on graphite.
	Fig. 13 Be-W on Si.


Each batch contained 5 or 8 substrates (polished graphite and silicon wafers) positioned on a samples holder, thus the distance between the Be anode and the samples varied between 20 and 28 cm (respectively, the distances between C (W) anodes to the samples varied between 28 and 20 cm). 


SEM (Figs. 12-13), EDS analyses were performed with a Scanning Electron Microscope QUANTA INSPECT (FEI) type, and Auger analysis have been developed with a PHI-Perkin Elmer model 3017 device (Kinetic energy range; 0-3200 eV, resolution; 0.6%)   .


SEM analyses showed the films ‘morphologies, which followed the graphite layers’ morphology (Fig. 12). The test sample on Si (Fig.13) shows the growth of continuous, compact film, without uncovered areas. 
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Fig. 14 RBS spectrum of the Be-C film deposed on graphite substrate.

[image: image22.wmf]0

500

1000

1500

2000

2500

3000

3500

4000

4500

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

@ +300V bias

 

 

 

Concentration (at %)

Depth 

(

1E15 at/cm

2

)

 W substrate

 C substrate


Fig. 15 RBS depth profile of the Be-C mixed layer with Cu interlayer deposited on graphite substrate.
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Fig.16 RBS spectrum of the Be-W film deposed on Si substrate
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Fig.17 RBS depth profile of the Be-W mixed layer with deposited on Si substrate.

6.4 Retention analysis 

In order to study the fuel retention in the beryllium films deposited on W and graphite substrates, deuterium implantation was performed at IPP Garching in the High Current Ion Source. The energy of D ion beam was 600 eV D3+ (meaning 200 eV/D) at an incident direction normal to the target surface at room temperature. The fluence was 5 x 1022 D/m2 for each sample. After the implantation, the amount of D retained in the films was determined by Nuclear Reaction Analysis (NRA) using 3He ion beam. The concentration of D in the films was measured by means of D (3He, α)p reaction with the 3He energy of 0.69 MeV. The α particles generated by the nuclear reaction were energy analyzed with a small angle surface barrier detector at laboratory angle of 102o. The obtained α particle spectrum was converted to D depth profile presented in figure 18 using SIMNRA code. 
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	Fig. 18 Deuterium depth profile obtained from NRA measurements


	Fig. 19 Deuterium depth profile obtained from NRA measurements
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	Fig. 20 Deuterium depth profile obtained from NRA measurements


	Fig. 21 Deuterium depth profile obtained from NRA measurements




From the integration of the proton peaks obtained by NRA measurements, the total deuterium amount retained in the film could be determined. The results obtained are presented in table 1. It can be seen that the total deuterium amount retained in the films does not depend on the substrate nor the biased voltages used for deposition.
Table 1. Total deuterium amount retained in the beryllium films obtained from NRA measurements 

	Substrate
	Bias applied
	Retained deuterium amount

(D/cm2)

	C
	-300 V
	4,9×1016

	
	Grounded
	4,6×1016

	
	Floating potential
	4,5×1016

	
	+300 V
	5×1016

	W
	-300 V
	4,9×1016

	
	Grounded
	5,5×1016

	
	Floating potential
	5,2×1016

	
	+300 V
	4,8×1016


From the analysis of the depth profiles obtained, one can conclude that the implanted deuterium was retained mostly in the near surface area in all the films yet some differences in the profile shape appear depending on the substrate used. In the case of tungsten substrates, all the deuterium was retained in the beryllium film while in the case of beryllium on carbon films it was observed that some deuterium diffused to the substrate reaching the Be – C interface.

6.5. Conclusion

The beryllium films necessary for deuterium retention studies were deposited on mirror polished fine grain graphite and tungsten substrates using thermionic vacuum arc (TVA) technology developed at the National Institute for Laser, Plasma and Radiation Physics (NILPRP) – Magurele. Several batches of samples were prepared using different biases applied on the substrates in order to study the influence of the films’ growing conditions on their structure and deuterium retention behavior.

There have been performed Cu coatings as buffer layer (100-200 nm) on substrates (graphite) in order to evidence the composite layer structure compared to those of the substrate. Simultaneous deposition of Be-C, Be-W mixed layers with different relative concentration as function of the relative distances between samples and anodes on graphite and graphite/Cu substrates were performed using 2 separate thermionic vacuum arc systems running simultaneously. The layer composition and surface morphology were analyzed by electron dispersion spectroscopy (EDS) and scanning electron microscopy (SEM) on the Si substrates deposited in the same batches and at same geometrical positions as graphite and W substrates
The deuterium implantation had been made using a high current ion source at IPP Garching, at a perpendicular incidence angle from the probe. The energy value of the D3+ incidence ions beam was of 600 eV (meaning 200 eV/D+), at room temperature. It had been used the same fluency of 5 × 1022 D/m2 for each probe. The restrained deuterium quantity, having a value of 1,7 × 1022 D/m2, had been determined by NRA measurements using a  690 eV 3He ion beam energy. From the analysis of the depth profiles obtained, the resulting conclusion is that the implanted deuterium was retained mostly in the near surface area in all the films however some differences in the profile shape appear depending on the substrate used. In the case of tungsten substrates, all the deuterium was retained in the beryllium film while in the case of beryllium on carbon films it was observed that some deuterium diffused to the substrate reaching the Be – C interface. For the Be films on C substrate it can be seen that deuterium had been implanted for a higher deepness than for the same condition films deposited on W substrate.
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6. PREPARATION OF MIXED Be-C&W LAYERS AND RETENTION ANALYSIS
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