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Zusammenfassung 
 

Eine der grössten Herausforderungen von ITER liegt in der Wechselwirkung von Plasma-exponierten Komponen-

ten mit dem Fusionsplasma. Die rasche Degradierung der optischen Eigenschaften von den ersten Spiegeln aufgrund 

von Erosion und Beschichtung ist ein wichtiger Punkt, weil es die Diagnose des Plasmas erschwert. Das Ziel ist es 

die optischen Eigenschaften von Spiegeln im ITER-Betrieb zu erhalten und den Staub, der von den Wänden kommt 

wieder zu entfernen, ohne die Spiegeleigenschaften zu beeinträchtigen. Mit der heute favorisierte Methode sollen die 

Spiegel ohne Ausbau mit Ionenbestrahlung im Vakuum gereinigt werden. Die Reinigung ist effektiver mit einem 

magnetischen Feld aber auch unregelmäßiger. Es wurden bis zu 34 Reinigungszyklen geprüft, ohne dass eine Änder-

ung der optische Eingaschaften festgestellt werden konnte.  

Ein zweiter Utersuchungsgegenstand war das Wachsen von faserigem Wolfram bei der Bestrahlung von heissem 

Wolfram mit Helium. Dies spielt beim so genannten Diverter eine Rolle. Wir konnten zeigen, dass die 

Wachstumsrate, bei konstanter Bestrahlung mit Heliumionen, zur Quadratwurzel der Zeit proportional ist.. 

 

Résumé 
 

Dans le cadre de l’étude de l’interaction plasma -paroi dans ITER, un point a été spécialement étudié à l’Université 

de Bâle: il s’agit de l’étude de nettoyage de miroirs utilisés pour réfléchir la lumière du plasma vers les diagnostiques 

d’ITER. Ce nettoyage peut être réalisé de manière répétitive sans dégrader les propriétés optiques du miroir. Les tests 

conduit avec un champ magnétique jusqu’à 3.5T ont démontré la faisabilité mais révèlent des taux d’érosion diffé-

rents sur la surface du miroir en fonction de l’angle entre la surface de ce dernier et le champ. L’intégration dans 

ITER de cette technique est de plus en plus avancée et est désignée comme une procédure concrète pour les futurs 

opérations d'ITER. Un autre sujet a aussi été étudié: la formation de structure filamentaire lorsque du tungstène est 

exposé à un plasma d’hélium. Il a été démontré que la croissance et proportionnelle à la racine carré du temps 

d’exposition. 

 

Summary 
 

First mirrors of optical diagnostics in ITER were exposed in Magnum-PSI linear plasma device and JET-ILW toka-

mak. For JET-ILW the mirrors with a rhodium (Rh) or a molybdenum (Mo) coating exhibited a decrease of the 

reflectivity according the location in the torus and especially the amount of beryllium (Be) deposited on them. Under 

very harsh erosion conditions in Magnum-PSI, Rh thick coated mock ups, cooled or not, for a high flux exposure 

the films underwent delamination. Cleaning of mirrors was extensively studied during this period, with magnetic field 

in collaboration with the SPC Lausanne, or in term of repetitive cleaning till 34 cycles. No degradation of the optical 

properties of single and nanocrystalline mirrors was demonstrated. Test under magnetic field (3.5T) revealed the 

non-uniform erosion of the mirrors according the orientation between the field and the mirror but is effective. All 

this tests bring to a suitable schematic of the implementation of this technique in ITER.  

Investigations on formation of tungsten fuzz were carried out either in Basel using a new setup or in Pilot-PSI. 

These thickness measurements showed the fuzz growth is in square root dependence to time or fluence.  
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Abstract 
 

 

First mirrors of optical diagnostics in ITER were exposed in Magnum-PSI linear plasma device and JET-ILW toka-

mak. For JET-ILW the mirrors with a rhodium (Rh) or a molybdenum (Mo) coating exhibited a decrease of the 

reflectivity according the location in the torus and especially the amount of beryllium (Be) deposited on them. No 

delamination of the coated reflective film was observed. Under very harsh erosion conditions in Magnum-PSI, Rh 

thick coated mock ups, cooled or not, for a high flux exposure the films underwent delamination. Mo coating on 

water cooled mock up mirrors exhibited a high diffuse reflectivity after H2/Ar plasma exposure inducing an im-

portant decrease of the specular reflectivity and show important oxidation of the surface. 

Cleaning of mirrors was extensively studied during this period, with magnetic field in collaboration with the SPC 

Lausanne, or in term of repetitive cleaning till 34 cycles. Polycrystalline molybdenum mirror shows a high diffuse 

reflectivity after cleaning cycle and clearly demonstrate that they are not suitable for this purpose. Coated Rh or Mo 

mirrors like single crystal maintained good reflectivity. Test under magnetic field revealed the non-uniform erosion 

of the mirrors according the orientation between the field and the mirror. All this tests bring to a suitable schematic 

of the implementation of this technique in ITER and was deeply explained. The cleaning of the Be contaminated 

mirrors will be carried out using new parameters in December 2016. 

Investigations on formation of tungsten fuzz were carried out either in Basel using a new setup or in Pilot-PSI. 

These thickness measurements showed the fuzz growth is in square root dependence to time or fluence. From the 

results in Pilot-PSI, it has been shown that time was a critical parameter for the development of He-induced mor-

phology changes and one needs to keep that factor in mind. 

 

 

 

November 2016 
  

4/20 

C:\Laurent\Report\BFE\43 Final Report 2016\20161202\Final Report 2016_v2.docx 
 
 



Deliverables from the contract and achievements: 
 
1. Test of metallic mirrors in MAGNUN PSI and at JET: evaluation of the lifetime of potential materials 
1.2 Lifetime of mirrors in linear plasma facility: MAGNUM PSI 
This part is completed and scientific paper was published in one of the highest impact factor for this field: 
Nuclear Fusion 56, (2016), 066015. 
  
1.3 Lifetime of mirrors in tokamak: JET 
The measurements were carried out. 
 
2 Assessment of the effectiveness of in-situ cleaning techniques of contaminated mirrors by plasma cleaning 
We plan to investigate the possibility of in-situ cleaning of first mirrors in ITER by plasma technique by developing 
and testing a method in our laboratory and by assessing the feasibility of such technique for ITER at JET. 
2.2 Repetitive cleaning 
This task was completed and reported at the 31th Meeting of the ITPA Topical Group on Diagnostics IT-
ER – France, November 7-10 2016. 
 
2.3 Cleaning of beryllium coated mirrors 
Due to the non-availability of the JET BeHF, it was not possible to perform this task at JET. For a shorter 
time range, we agreed with C. Lungu at INFLPR to do the cleaning in their beryllium facility. The vacuum 
chamber which was in the BeHF at CCFE was sent to Bucharest and a new electrode compatible with 
60MHz excitation is under preparation. The tests are scheduled for December 2016 and middle 2017. 
 
2.4 Implementation of the FM plasma cleaning in ITER 
The work was performed and published in peer review journal. 
 
2.5 Cleaning of aluminum coated mirrors 
In collaboration with the Swiss Plasma Center in Lausanne and ITER, it was tested plasma cleaning of two 
mirrors facing each other in a 3.5T magnetic field. This task was completed and reported at the 31th Meet-
ing of the ITPA Topical Group on Diagnostics ITER – France, November 7-10 2016. 
 
With all these results the in situ plasma cleaning of first mirrors in ITER is foreseen to be in the ITER 
operational baseline. A document presenting these is available on the ITER IDM: 
https://user.iter.org/default.aspx?uid=T3B5C5 
 
3 Investigations of the properties of tungsten as a plasma-facing material for ITER and for future fusion 
devices (DEMO) 
3.2 Effect of flux and fluence of tungsten helium plasma exposure 
A new system was developed in Basel to achieve goal. It was successful and studied. 
The samples were exposed in Pilot-PSI and characterised and compared with the results in Basel. 
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1. Test of metallic mirrors in MAGNUN PSI and at JET: evaluation of 
the lifetime of potential materials 

 
1.1 Motivation 

 
We plan to investigate the lifetime of potential mirror materials in linear plasma facility and in tokamaks. 
 

1.2 Lifetime of mirrors in linear plasma facility: MAGNUM PSI 
 
This part is completed and scientific paper was published in one of the highest impact factor for this field: Nu-

clear Fusion 56, (2016), 066015. No further exposures are scheduled. 
  

1.3 Lifetime of mirrors in tokamak: JET 
 

Test mirrors were retrieved from JET-ILW after the 2013-2014 experimental campaign. The total plasma ex-

posure time was 70013 s, including limiter (21373 s) and divertor (48640 s) configurations, i.e. fairly similar to the 

operation time in the first ILW campaign in 20011-2012. Rhodium (Rh) and molybdenum (Mo) coated mirrors were 

deposited in Basel and were exposed in a cassette with and without fins to see the effect on the redeposition on the 

mirrors. The total reflectivity of Rh mirror decreased by few percent in the range 250-2500nm, in comparison Mo 

mirrors show a decrease of more than 20% especially at 250nm. XPS on Mo mirrors shows an oxidation of the sur-

face responsible of this reflectivity decrease. Rh surface was always metallic after exposure. The diffuse reflectivity is 

mostly not affected. Secondary Electron Microscopy (SEM) images revealed that the Rh and Mo nanocrystalline on 

the surface were not damaged. Ducts help to cancel beryllium (Be) deposition and to suppress carbon transport. Fins 

work in short ducts; in longer ducts the effect of fins is small.  

 

Figure 1: Mirror cassette with fins (base) installed on outer wall exposed in JET-ILW. Amount of carbon on each 

mirror are plotted on top for two locations, on bottom is the amount of Be. 
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1.4 Conclusion of the tests of metallic mirrors in MAGNUN PSI 
and JET 

 

For JET-ILW the mirrors with a Rh or a Mo coating exhibited a decrease of the reflectivity according the 

location in the torus and especially the amount of Be deposited on them. No delamination of the coated reflective 

film was observed. Under very harsh erosion conditions in Magnum-PSI, Rh thick coated mock ups, cooled or not, 

for a high flux exposure the films underwent delamination. Mo coating on water cooled mock up mirrors exhibited a 

high diffuse reflectivity after H2/Ar plasma exposure inducing an important decrease of the specular reflectivity and 

show important oxidation of the surface. 

 

 

2 Assessment of the effectiveness of in-situ cleaning techniques of 
contaminated mirrors by plasma cleaning 

 

2.1 Motivation 
 

We plan to investigate the possibility of in-situ cleaning of first mirrors in ITER by plasma technique by de-

veloping and testing a method in our laboratory and by assessing the feasibility of such technique for ITER at JET. 

 

2.2 Repetitive cleaning 
 

In order to validate the technique of plasma cleaning, repetitive cleaning has to be tested. This is going on 

in Basel under a contract of F4E.  More than 30 mirrors were manufactured including stainless steel (SS) mirrors, 

molybdenum (Mo) as single crystal (Sc) and as polycrystalline (Pc). On top of SS were deposited nanocrystalline 

rhodium (NcRh) and Mo (NcMo) by magnetron sputtering. The specular reflectivity of all Mo and Rh mirrors were 

comparable to the reference one. Also on top of SS, aluminium / zirconium oxide (Al/ZrO2) coatings were deposit-

ed by magnetron sputtering. Deposition of ZrO2 films were performed using either a direct current (DC) or a radio 

frequency (RF) excitation. The optical index of ZrO2 film was optimised using different oxygen mixture to be similar 

as the literature value. All films thicknesses were cross checked by quartz microbalance and cross section secondary 

electron microscopy (SEM).  

Deposition of 25nm of aluminium oxide (Al2O3) and or aluminium tungsten film (Al/W) were deposited 

on top of mirrors as dust film. The plasma cleaning was carried out by applying RF excitation either 13.56 or 60MHz 

using helium (He) or argon (Ar) gas. After more than 16 cleaning experiments it was decided to use Ar and 60MHz 

for test of multiple cycles. 

Two sets of electrodes and shutters were manufactured to fix 5 or 6 mirrors simultaneously and allow de-

positing half of the mirror (Figure 2). Using this new equipment, 20 cycles of cleaning on mirrors procured by Uni-

versity of Basel were carried out. The diffuse and the roughness of the PcMo increased significantly at the end which 
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is not the case for ScMo. For Al/ZrO2 mirror, after 3 cycles the film of ZrO2 was sputtered away. For both NcMo 

and NcRh the specular reflectivity after 10 cycles was similar as the pristine one. Due to film thickness, for 20 cycles 

the entire NcRh and NcMo were sputtered away. 

 

 

Figure 2: New electrode with 5 mirrors was constructed, including a shutter to deposit a dust film on half of the 

mirror to be able to carry out cleaning cycle. 

 

Two experiments using 6 Al/ZrO2 and 6 Rh mirrors from industrial companies were carried out for 3 and 

6 cycles, respectively. In case of Al/ZrO2 mirrors, depending the company and deposition technique the thickness of 

ZrO2 was in the range 28-82nm. The thickness eroded after 3 cycles was ranging from 27-39nm on the not coated 

part and 14-20nm on the coated part. Due to the different thickness of ZrO2 films the specular reflectivity always 

changes in comparison to pristine. For Rh mirrors after 6 cycles, the evaporated NcRh film from SESO was sput-
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tered away and also pulse laser deposited (PLD) from Fraunhofer. In case of PLD the thickness measured by focus 

ion beam (FIB) was 120nm instead of 300nm explaining that the film was completely sputtered away. For all the 

other Rh films the specular reflectivity was mostly not affected after 6 cycles. 

 

2.3 Cleaning of beryllium coated mirrors 
 

In the framework of the WPJET 2 of EUROfusion, cleaning of Be contaminated mirrors are scheduled. 

Due to the non-availability of the JET BeHF, it was not possible to perform this task before middle of 2017. For a 

shorter time range, we agreed with C. Lungu at INFLPR during our visit in January 2016 (Figure 3) to do the clean-

ing in their beryllium facility. The vacuum chamber which was in the BeHF at CCFE was sent to Bucharest and a 

new electrode compatible with 60MHz excitation is under preparation. The test are scheduled for end of 2016 

 

Figure 3: Marwa Ben Yaala in the Be handling facility at the INFLPR, Bucharest. 

 

 

2.4 Implementation of the FM plasma cleaning in ITER 
 

First mirrors of optical diagnostics in ITER are subject to charge exchange fluxes of Be, W, and potentially 

other elements. This may degrade the optical performance significantly via erosion or deposition. In order to restore 

reflectivity, cleaning by applying radio frequency (RF) power to the mirror itself and thus creating a discharge in 

front of the mirror will be used. The plasma generated in front of the mirror surface sputters off deposition, restor-

ing its reflectivity. Although the functionality of such a mirror cleaning technique is proven in laboratory 

experiments, the technical implementation in ITER revealed obstacles which needs to be overcome: Since 

the discharge as an RF load in general is not very well matched to the power generator and transmission line, power 

reflections will occur leading to a thermal load of the cable. Its implementation for ITER requires additional R&D. 
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This includes the design of mirrors as RF electrodes, as well as feeders and matching networks inside the vacuum 

vessel. Mitigation solutions will be evaluated and discussed. Furthermore, technical obstacles (i.e., cooling water 

pipes for the mirrors) need to be solved. Since cooling water lines are usually on ground potential at the feed through 

of the vacuum vessel, a solution to decouple the ground potential from the mirror would be a major simplification. 

Such a solution will be presented below. 

 

 Numerous FMs need water cooling. The water cooling lines may pose a difficulty for RF power as they 

are either on ground potential at the feed through and affect the impedance of the mirror (Figure 4) or they are elec-

trically insulated through the vacuum vessel. Several techniques have been considered for mirror cooling: (i) Electri-

cal insulation of the mirror but good thermal contact with a water cooled surface, (ii) electrical insulation of the cool-

ing water line at the feed through, and (iii) integration of the water cooling line into a stop band filter and considering 

the additional impedance. Solution (i) has the advantage that the electrical behaviour of the mirror is almost the same 

as without cooling. The thermal contact is a critical point and efficient cooling of the mirror may be compromised. 

(ii) has the advantage that the thermal contact is good, but conductivity of the cooling water can lead to unpredicted 

cur- rents and changes in the overall impedance. This is due to the possible increase of ions in the cooling water, 

leading to increased conductivity.  The water conductivity may affect the bias voltage and consequently the cleaning 

process. There is also a risk of dissociation of water molecules leading to hazardous gases in the cooling water sys-

tem. (iii) has the advantage that a good thermal con- tact is obtained, the cooling water lines can be at ground poten-

tial at the feed through. However, there will be no bias on the mirror surface, since the cooling water line forms a 

DC ground to the mirror. As a consequence, also the ion energy is reduced. The functionality for case (iii) has al-

ready been demonstrated. 

 

Figure 4: Schematic of a RF cleaned FM with cooling water lines inside the vacuum vessel. Yellow: Mirror, blue: 

Metal parts on ground potential, red: RF potential. The distance between mirror and vacuum vessel is not to scale. 

 

2.5 Cleaning of aluminum coated mirrors 
 

 In collaboration with the Swiss Plasma Center in Lausanne and ITER, it was tested plasma cleaning of 

two mirrors facing each other in a 3.5T magnetic field.  

The main results are the following.  
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Strong cleaning patterns observed with B field for certain configuration. In some case, we have region without net 

erosion (redeposition of Mo and Cu). At 90°, we have similar erosion as for case without B field. Edge effects appear 

again. Working at 180° phase shift was necessary. For anti-parallel configuration, we observed redeposition region 

when working at 13.56MHz. They disappeared when going to 60MHz. Edge effects are present. In this configuration 

it was possible to work with 0° phase shift. Using a Notch filter (zero bias on the sample): in anti-parallel configura-

tion we observed no erosion with 3.5T B-field. Redeposition experiments with glass in between the electrode were 

not successful. 

2.6 Conclusion of plasma cleaning for ITER 
 

 In summary concerning the plasma cleaning technique it was demonstrated that repetitive cleaning up to 

34th cycles does not degrade the optical properties of single and nanocrystalline mirrors. Cleaning of Be contaminat-

ed mirrors, even it was not investigated during this period, showed the capability to clean Be, BeO and BeW as pre-

viously reported in the final report 2014 and also published (part 4). Test under magnetic field (3.5T) revealed the 

non-uniform erosion of the mirrors according the orientation between the field and the mirror but is effective. All 

this tests bring to a suitable schematic of the implementation of this technique in ITER and was deeply explained. 

With all these results the in situ plasma cleaning of first mirrors in ITER is foreseen to be in the ITER operational 

baseline. A document presenting these is available on the ITER IDM: 

https://user.iter.org/default.aspx?uid=T3B5C5 

Further work will be to study more in detail plasma cleaning using the notch filter meaning with a mirror without 

negative bias as it is the preferred way for ITER. Moreover the plasma cleaning of Be contaminated mirror using 

deuterium gas is a great importance as it is foreseen to work with lower bias voltage to sputter the BeD formed and 

not damage the mirror. 

 

 

3 Investigations of the properties of tungsten as a plasma-facing 
material for ITER and for future fusion devices (DEMO) 

 

3.1 Motivation 
 

We plan to investigate the properties of tungsten exposed to He plasma. 

 

3.2 Effect of flux and fluence of tungsten helium plasma exposure  
 

3.2.1 Samples prepared in Basel 
 

An unbalanced magnetron (UBM) was constructed in order to produce a nanostructured tungsten surface 

consisting of tendrils, so called fuzzy tungsten, by bombardment with helium ions. The UBM was constructed with a 

coil in such a way that the ion flux could be controlled independent of the ion energy. This independence was 

checked by measurements with a retarding field energy analyser (RFEA) which made it possible to measure the ion 

energy and flux at the same time in the sample position. The results show that the ion flux grows linearly with the 

coil current and also confirmed that the ion energy is indeed not influenced by this. 
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Figure 5: Plasma outside the UBM for several current applied to the additional coil: at Icoil = 0A (left), Icoil = 2A 

(center), Icoil = 5A (right) 

 

Several experiments were performed with the constructed UBM in order to proof that the UBM-setup is 

able to produce fuzz. In these experiments tungsten substrates were heated to 1200K and then exposed to the UBM 

plasma in pure helium. It was confirmed that fuzzy tungsten is formed with a scanning electron microscope. 

A temperature gradient was seen on the substrates due to the construction of the sample holder. Because of 

this gradient the influence of different temperatures on the formation of fuzz could be studied for the samples. 

The fuzz thickness was also studied by using a focused ion beam (FIB) in order to cut through the fuzz lay-

er. This cut was then looked at with the SEM and the thickness was measured in this way (Figure 6). These thickness 

measurements showed the fuzz growth is in square root dependence to time or fluence. The experimental parame-

ters of the mentioned sample are below. 

 
Sample P[W ] Bias[V ] ICoil[A] T[K] t[h] W depo.[nm] Fluence[m−2] 

A1 150 -60 1 1189 19.95 48.12 3.35E+24 

A2 150 -40 1 1205 19.82 47.80 2.46E+24 
A3 150 -60 0.5 1204 11.00 31.28 9.36E+23 
A4 150 -60 1.5 1203 4.87 9.20 1.17E+24 
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Figure 6: Comparison of the fuzz from all four samples. The four pictures on top show the SEM images and the 

four pictures on the bottom show the FIB cuts at the same positions on the samples as in the four top images 

 

3.2.2 Samples exposed in Pilot-PSI 
 

The samples were first prepared in Basel as describe in the following table and exposed in Pilot-PSI. 
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It is interesting to note that there are some differences between the samples exposed in Pilot. Comparing 

the results with Basel exposure there are not so much change taking into account the factor 1000 for the flux. The 

fluence for Pilot is higher as the one in Basel but all together the surfaces are not so different. While the Pilot flu-

ences are much higher than those from experiments in Basel, the exposure time is much shorter. It has been shown 

that time was a critical parameter for the development of He-induced morphology changes and one needs to keep 

that factor in mind. 

 

Figure 7: Comparison of samples exposed in Pilot-PSI and in Basel. 
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3.2.3 Conclusion of tungsten as a plasma-facing material 
 

Using our new setup (unbalanced magnetron sputtering), the formation of the fuzz thickness using He is in 

square root dependence to time or fluence. The main idea now is to test if adding gases will change this growth rate. 

For example nitrogen is foreseen to be sued to spread the plasma load at the divertor and the effect of nitrogen on 

fuzz growth is unknown. 
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