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Abstract

To avoid reflectivity losses in ITER’s optical diagnostic systems, plasma sputtering of metallic First Mirrors is foreseen in order
to remove deposits coming from the main wall (mainly beryllium and tungsten). Therefore plasma cleaning has to work on large
mirrors (up to a size of 200×300 mm) and under the influence of strong magnetic fields (several Tesla). This work presents
the results of plasma cleaning of aluminium and aluminium oxide (used as beryllium proxy) deposited on molybdenum mirrors.
Using radio frequency (13.56 MHz) argon plasma, the removal of a 260 nm mixed aluminium/aluminium oxide film deposited by
magnetron sputtering on a mirror (98 mm diameter) was demonstrated. 50 nm of pure aluminium oxide were removed from test
mirrors (25 mm diameter) in a magnetic field of 0.35 T for various angles between the field lines and the mirrors surfaces. The
cleaning efficiency was evaluated by performing reflectivity measurements, Scanning Electron Microscopy and X-ray Photoelectron
Spectroscopy.
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1. Introduction

Metallic First Mirrors (FMs) will play an essential role in
ITER to ensure well controlled fusion reactions and proper
plasma analysis. They will be the first elements of a major-
ity of optical diagnostics, guiding the light originating from
the plasma or from probing light sources through the neu-
tron shielding towards detectors. Due to their proximity to
the plasma, FMs will experience high particle fluxes (charge-
exchange neutrals and neutrons but also ultraviolet, X-ray and
gamma radiations) leading to erosion and/or deposition. Es-
pecially net deposition of particles eroded from the main wall,
i.e. mainly beryllium (Be) and tungsten (W), can severely de-
grade the FMs reflectivity and therefore endanger the reliabil-
ity of optical diagnostics. Insitu plasma sputtering is currently
considered as one of the most promising cleaning techniques to
remove deposits from FMs [1].

Porous films containing Be were already reported to grow in
JET and in PISCES-B [2, 3]. In our specific setup, aluminium
(Al) depositions were used to simulate this kind of films to
avoid Be due to its toxicity [4]. Al and Be have similar chem-
ical properties [5]. Molybdenum (Mo) mirrors were used as
metallic mirrors as they are currently considered as one of the
best candidates for FMs [6].

In previous works, the successful cleaning of Mo mirrors
(18 mm diameter) was achieved using a radio-frequency (RF)
plasma operating at a frequency of 13.56 MHz [7, 8]. It was
possible to remove pure Al / Al2O3, pure W / Woxide and mixed
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Al / Al2O3 / W deposits using argon (Ar), neon and Ar + deu-
terium (D2) mixture with ion energies between 150 and 350 eV
while maintaining good optical properties.

Nevertheless, the size of FMs used in ITER (for example:
200×300 mm for Edge Thomson Scattering diagnostic) and the
presence of ITER’s permanent magnetic field (several Tesla at
the first wall) may affect the plasma cleaning process. To inves-
tigate the effects of these conditions (large mirror and magnetic
field), two separate and distinct set of experiments were con-
ducted: (i) Plasma cleaning without magnetic field on a poly-
crystalline Mo mirror with a diameter of 98 mm (mirror A) de-
posited with Al and Al2O3. (ii) Plasma cleaning on mirrors
consisting of a stainless steel plate of 25 mm diameter and a
300 nm coating of nano-crystalline Mo [9] (mirror B). They are
subsequently coated with dense Al2O3. The cleaning is per-
formed in the presence of a magnetic field (0.35 T) where the
angle between the field lines and the mirror’s surface was varied
from 0◦ to 90◦.

2. Experimental Conditions

Each experiment presented in this work is a two-stage oper-
ation: Firstly the deposition of the film on the mirror and sec-
ondly the removal of this film with plasma generated by apply-
ing RF directly to the mirror at a frequency of 13.56 MHz (RF
capacitively coupled discharge where the mirror serves the elec-
trode). This type of discharge leads to the formation of a nega-
tive DC component on the mirror called self-bias. This self-bias
has an influence on the sputtering energy of the ions. For the
first set of experiments done at the University of Basel without
magnetic field (see Section 3.1), Al films have been deposited
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on mirror A with magnetron sputtering as described in [4]. The
process was done in an D2 and Ar environment at a pressure of
3 Pa (Ar partial pressure: 18%) where Ar was used to enhance
the Al deposition rate. This leads to a similar film reported by
Marot et al. (Fig. 2 in [5]), relevant to what is expected in ITER.
Plasma cleaning was performed with an Ar plasma (0.5 Pa) and
for different ion energies (200 to 350 eV). For the second set of
experiments, mirrors B were coated with pure and dense Al2O3.
To do so, the deposition was done in an Ar and O2 environment
of 1.5 Pa (partial pressure of Ar: 50%) with facing magnetron
sputtering. Plasma cleaning in a magnetic field environment
was carried out at the SULTAN facility in EPFL-CRPP Villi-
gen (see Section 3.2) [10]. The cleaning of the Al2O3 film was
done using Ar plasma (1.5Pa) with 200 eV ion energy (when not
mentioned, 20W of RF power were needed to achieve 200 eV
ion energy). The vacuum chamber was set outside of SULTAN
facility where the magnetic field was 0.35 T (Fig. 1). The an-
gle, α, between the magnetic field lines and the mirror’s surface
could be varied from 0◦ to 90◦. For the surface composition
analysis, the mirror A was characterized by means of Energy
Dispersive X-ray Photospectroscopy (EDX) with a SEM-FEI
Nova Nano SEM230 at 15kV, mirrors B by means of X-ray
Photoelectron Spectroscopy (XPS). The setup and fitting pro-
cedure are described elsewhere [11]. For both types of mirrors,
total and diffuse reflectivity were measured with a Varian Cary
5 spectrophotometer (250-2500 nm) and surface morphology
was investigated using a Scanning Electron Microscope (SEM)
Hitachi S-4800 field emission at 5 kV.

Figure 1: Representation (top view) of the SULTAN facility and the position of
the mirror and plasma in the magnetic field lines. The angle between the field
lines and the mirrors surface is denoted α.

3. Results and Discussion

3.1. Cleaning in the absence of a magnetic field

The polished mirror A was deposited with a 260 nm thick
Al / Al2O3 film. The total reflectivity of this mirror decreased
drastically in the UV range compared to the polished one (Fig.
2). To remove the deposited film, four cleaning cycles (Ar, 0.5
Pa) were necessary. Two with a self-bias of 200 V for 20 and 42

hours, and two with a self-bias of 350 V for 30 and 42 hours.
The EDX measurements carried out after each cleaning cycle
(Fig. 3) clearly showed a homogeneous cleaning over the whole
surface, i.e. the fraction of Al decreased with the same speed
along the X and Y axis, except at the edge of the mirror. No
electrical shielding of the mirror i.e. no metallic surrounding
at ground potential was used for the cleaning: more ions were
collected at the edge thus increasing the cleaning rates. The last
EDX measurement showed a total removal of all Al from the
mirror surface. This can also be seen by the recovering of the
total reflectivity (Fig. 2). On the other hand, the diffuse reflec-
tivity increased from a few percent up to 55% after 130 hours
of cleaning. Ar ions bombardment (especially 72 hours at 350
eV) on poly-crystalline mirror is known to lead to a high rough-
ness causing an increase in the diffuse reflectivity as reported by
Voitsenya et al. [12]. The high diffuse reflectivity may exclude
poly-crystalline Mo mirrors for systems which require mirror
cleaning.

Figure 2: Total and diffuse reflectivity measurements of Mo polished mirror,
after deposition of an Al/Aloxide film and after plasma cleaning. The measure-
ments were done on position 1,2 and 3 from Fig. 3 (a)).

The next step to demonstrate the feasibility of FMs plasma
cleaning is to apply it to the mock-up of ITER Edge Thomson
Scattering mirror (200×300 mm, Fig 4). This mock-up was de-
signed with a shielding to avoid edge effects. The mirror itself
is composed of stainless steel with 5 polished NcMo insets to
ease the characterization. These experiments were just started.

3.2. Cleaning in the presence of a magnetic field
For this experiment 6 mirrors B were coated with a dense

Al2O3 film. 4 were coated with a 5 nm thick film (mirror B1
- B4) and 2 were coated with a 50 nm thick film (mirror B5,
B6). Only mirror B1 was characterized by XPS (Table 1) after
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Figure 3: (a) Picture of the Mo mirror after the third cleaning cycle. 1,2 and
3 are the positions for the reflectivity measurements. The X and Y axis on the
mirror are used for the EDX measurements. (b) and (c) EDX measurements
where the Al atomic concentration are normalised by the measured Mo and Al
values

(
Al(%) =

Al(%)
Al(%)+Mo(%)

)

the coating and the cleaning was performed without magnetic
field. The remaining 5 samples were cleaned in a magnetic field
environment (0.35 T) and characterized by XPS. The cleaning
of mirror B1 was done in an Ar environment (1.5 Pa) and ion
energy of 200 eV as reference. After 2h30 cleaning, 25% Mo
was present on the surface and only 6% Al was left. This clean-
ing time served as reference for the other samples. As seen in
the Table 1, the Al2O3 film was completely removed for mir-
rors B2 and B3 for α equal to 90◦ and 45◦, respectively. As the
samples were in air after cleaning, the Mo surface was oxidized
and adsorbed carbon (C) was measured. Fitting of the Mo3d
XPS spectrum revealed 2 oxide components: MoO2 (229.6 eV)
and MoO3 (232.4 eV) [11]. For mirror B4, the cleaning was
done with the field lines parallel to the mirror’s surface (0◦).
To achieve a self-bias of 200 V, the RF power was increased
from 20 to 145W. The plasma was only stable for 50 minutes
and XPS measurements (not shown here) revealed that the sur-
face was pure stainless steel, i.e. the deposited Al2O3 film and
the NcMo coating were removed. For the moment this result is
not understood. The cleaning of thicker films was carried out
for 8h30 at 90◦ and 45◦ for mirror B5 and B6, respectively. In
comparison to previous cleaning, the surface was more oxidized
but the Al2O3 was fully removed. The specular reflectivity of
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Figure 4: Picture of the ITER’s edge Thomson Scattering mirror mock-up. 5
Mo mirrors can be inserted.

these two mirrors was below the reference as seen in Fig. 5.
The calculated reflectivity of a Mo surface with a 5 and 10 nm
Mo oxide film on top is also plotted. The similar reflectivity
curves and the XPS results confirmed the oxidation after clean-
ing. The diffuse reflectivity (Fig. 5) was below 3% indicating
no roughening of the mirror after cleaning. This effect may be
due to two reasons: the lower energy of Ar ions and the nano-
crystalline structure of mirror B rather than a poly-crystalline
mirror (like mirror A).
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Figure 5: Specular and diffuse reflectivity of mirror B5 and B6 cleaned for
8h15 and α equal to 90 and 45◦. A reference reflectivity of a nano-crystalline
Mo film and reflectivity calculated for a Mo oxide film (5 nm and 10 nm thick)
are plotted for comparison.

To validate the cleaning procedure in a higher magnetic field,
a new vacuum chamber was designed and will be installed in a
superconducting magnet used to operate a gyrotron located at
the CRPP Lausanne (Fig. 6) [13]. Depending on the depth
on where the chamber will be inserted in the superconducting
magnet, the magnetic field will vary between 1 and 3.5 T. The
rotatable electrode provides the possibility to perform experi-
ments for various angles α. This project is ongoing and first
results will be presented soon.

3



4. Conclusion

A 98 mm diameter mirror with deposits has been cleaned
using RF Ar plasma without magnetic field and a bias up to
350 V. Being a poly-crystalline Mo mirror, the diffuse reflec-
tivity increased drastically under the ion bombardment, high-
lighting the need for single or nano-crystalline materials for
ITER’s FMs. In a magnetic field (0.35 T), Al2O3 films were
removed from Mo mirrors with Ar RF plasma and for several
mirror’s orientation to the field. A decrease of the optical per-
formance was observed, mainly due to oxidation of the mirror’s
surface. The cleaning performance seems to be enhanced when
the field lines are parallel (within a few degrees) to the mirror
surface. Experiments with a 200×300 mm mock-up mirror and
also cleaning in a magnetic field of 3.5 T were started.

An other important issue is to validate the cleaning process
on mirrors deposited with Be and W (laboratory and tokamak
deposits): first tests were started in the JET beryllium handling
facility under an EFDA Fusion Technology 2013 task and are
looking promising for JET-ILW mirrors.
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Table 1: Atomic concentration (in %) measured by XPS on the surface of the samples before and after cleaning. N.A. stands for non-measured samples.

Mirrors α (◦) Mometal

(%)
Mooxide

(%)
Al2O3

(%)
O

(%)
C

(%)

B1 Deposited No Field 7 1 37 55 0
Cleaned 6 25 6 48 15

B2 Deposited 90 N.A. N.A. N.A. N.A. N.A.
Cleaned 8 32 0 47 13

B3 Deposited 45 N.A. N.A. N.A. N.A. N.A.
Cleaned 11 31 0 42 16

B4 Deposited 0 N.A. N.A. N.A. N.A. N.A.
Cleaned - - - - -

B5 Deposited 90 0 0 49 51 0
Cleaned 3 24 0 44 29

B6 Deposited 45 0 0 48 52 0
Cleaned 7 23 0 42 28

Figure 6: (a) Schematic of the superconducting magnet including the magnetic field intensity profile. (b) Cross section of the vacuum chamber and electrode used
for the plasma cleaning experiments. (c) Illustration of the electrode (Cu) with 3 mounted mirrors (Mo).
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