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a b s t r a c t 

In ITER, the metallic first mirrors (FMs) will undergo erosion due to their proximity to the fusion plasma 

and deposition of materials originated from the first walls (mainly beryllium). In-situ plasma cleaning is a 

promising technique to conserve the FMs optical properties by means of ion sputtering. In this work, the 

evolution of the optical properties of single-crystal (Sc) and nanocrystalline (Nc) molybdenum (Mo) and 

rhodium (Rh) mirrors were investigated up to 100 cycles of consecutive contamination and cleaning. Alu- 

minum oxide (Al 2 O 3 ) was used as contaminant to replace the toxic beryllium. The plasma cleaning was 

carried out using a capacitively coupled argon (Ar) plasma excited by a 60 MHz radio-frequency genera- 

tor resulting in the formation of a self-bias applied on the mirrors of -280 V. The plasma potential being 

around 30 V, the Ar ion energy was about 310 eV. The optical properties of the mirrors were assessed 

using ex-situ reflectivity measurements. Moreover, the surface topography was characterized by means of 

scanning electron microscopy (SEM), focused ion beam (FIB) and roughness measurements using atomic 

force microscopy (AFM). ScMo and ScRh mirrors formerly exposed to 80 successful cleaning cycles using 

aluminum/tungsten (Al/W) deposits and air storage exhibit drastic changes in their optical properties af- 

ter being subject to cleaning cycles using Al 2 O 3 as contaminant. Additionally, freshly polished ScRh were 

exposed to identical cleaning cycles. All Sc mirrors exhibited pits induced by the polishing procedure us- 

ing diamond paste in addition of mounds/wavy patterns. The carbon incorporated during the polishing 

process was demonstrated to be responsible for the pitting of the surface. The Nc mirrors preserved their 

initial reflectivities after up to 100 cycles. The surface topography was systematically characterized and 

an average erosion rate for NcRh mirrors of about 59 nm per cycle has been estimated from FIB cross- 

sections. The optical properties of the Nc mirrors showed a superiority in the present study in comparison 

to the Sc materials due to the influence of their polishing procedures. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

During ITER operation, optical diagnostic systems will be used 

o characterize the fusion plasma [1] . To ensure their reliability, a 

abyrinth or mirrors will guide the light from the fusion plasma 

owards detectors placed outside of the reactor [2] . The mirrors 

n close proximity to the fusion plasma, commonly known as first 

irrors (FMs), are prone to erosion (particle fluxes due to charge- 
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xchange neutrals) and deposition (beryllium, tungsten, their mix- 

ures oxides) from the tokamak inner walls materials. Since con- 

amination cannot be avoided, active mitigation techniques are in- 

ispensable. These techniques consist in removing the contami- 

ant layer and also sputtering the mirrors’ surface to remove im- 

lanted atoms. However, the sputtering should not degrade the 

irrors’ surface and ensure conservation of the pristine optical 

roperties. Investigations on the influence of the discharge gas, ion 

nergy, mirror material and the operating conditions (e.g., pres- 

ure) have been previously performed to find the optimal cleaning 

onditions for the various types of contaminants. 
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Since beryllium is toxic, previous work demonstrated the pos- 

ibility for aluminium to be used as a surrogate for Be [3] . 

lthough its stoichiometry in ITER conditions is unknown, beryl- 

ium will very likely be deposited as oxide. In other studies pre- 

iously reported [4,5] , Al 2 O 3 was used as a surrogate. In order to

liminate the contaminants without affecting the optical properties 

f the FMs, several plasma cleaning methods such as pulsed DC 

ischarge [6] or radio-frequency (RF) [7–10] have been investigated 

ith molybdenum and rhodium mirrors [11–13] , both in the form 

f single-crystals and nano-crystallines. 

Previous works performed at the University of Basel showed the 

apability of removing aluminum and its oxide [4] . Argon, helium 

nd deuterium (including mixtures) have been studied as process 

ases, with ion energies between 60 and 600 eV [14–17] . Other 

tudies [14,15] highlight the capability to remove deposits with ei- 

her Ar or He by tuning the ion energy. Results were obtained 

ithin magnetic field and tokamak, addressing the feasibility of 

lasma cleaning in ITER [4–9,12,13] . 

A previous work performed at the University of Basel demon- 

trated the efficient removal of Al/W deposits up to 34 deposition- 

leaning cycles [18] . The optical properties of the ScRh, NcRh and 

cMo were conserved after 34 cleaning cycles, using 60 MHz Ar 

leaning plasmas. By increasing the number of cycles up to 80 us- 

ng the same cleaning parameters and contaminants, the ability to 

reserve the mirrors reflectivity was confirmed [19] . 

This work aimed at studying the evolution of the optical 

roperties and surface morphology of Mo and Rh mirrors up 

o 100 deposition-cleaning cycles. Al 2 O 3 was used as contaminant 

nd both single-crystalline and nano-crystalline forms of Mo and 

h were investigated. New results on freshly polished ScRh and 

cMo, ScRh that had previously undergone deposition-removal us- 

ng Al/W as contaminant [19] , were obtained. In addition, the opti- 

al properties of thick-coated NcRh mirrors were investigated after 

xtreme numbers of plasma cleaning cycles. 

. Experimental part 

.1. Selected mirrors 

Commercial rhodium and molybdenum nanocrystalline and 

100) single-crystal mirrors, with 22 mm diameter each, were se- 

ected for this study. The optical properties of these mirrors were 

valuated up to 100 cycles of Al 2 O 3 deposition and plasma clean- 

ng. Nc mirrors originated from the same provider were coated by 

eans of magnetron sputtering on stainless steel substrates with 

hicknesses comprised between 5.6 and 10.6 μm ( Table 1 ). The 

agnetron sputtering of Rh films was extensively studied and de- 

cribed in our previous papers [20,21] . The exact procedure fol- 

owed for these mirrors cannot be detailed due to confidentiality 

easons. During the study, additional NcRh provided by a different 

anufacturer were tested. Their behaviour under Al 2 O 3 cleaning 

ycles are detailed in the Supporting Information (SI). The ScMo 

nd ScRh-1 mirrors were the same as those used in a previous 
Table 1 

Plasma cleaning parameters, film thicknesses and erosion rates of the mi

exposed to 80 cleaning cycles using Al/W as contaminant. The NcRh-1, NcR

ScMo ScRh-1 

Initial thickness ( μm) Bulk Bulk 

Cleaning duration (min) 60 60 

Number of cycles 90 31 

Final thickness ( μm) – –

Fluence (10 24 m 

−2 ) 3.9 1.3 

Erosion rate (nm.cycle −1 ) – –

2 
tudy [19] , in which they were exposed to 80 plasma cleaning cy- 

les using Al/W as contaminant. Afterwards, these samples were 

tored in air for two years and were not re-polished prior to the 

ew cycling campaign. The optical properties of the ScMo and the 

cRh-1 prior to the Al 2 O 3 campaign can be found in figure S1. In

ddition, the ScRh-2 was initially polished. The polishing proce- 

ure consisting of mechanical polishing by diamond suspensions 

f 6/3/1 and 0.25 μm followed by a chemical/mechanical polish- 

ng using an oxide powder (alumina or silica or ceria) of 0.05 μm 

article size mixed with a chemical etchant. 

.2. Experimental procedure 

All Nc and Sc samples were subjected to cycles of Al 2 O 3 con- 

amination followed by plasma cleaning. The mirrors were accom- 

odated in one sample holder, which was installed in a high- 

acuum chamber with a base pressure on the order of 10 −5 Pa as 

escribed in figure 1 of reference [18] . 

The contamination of the mirrors was done by means of re- 

ctive magnetron sputtering. A rotating magnetron, operated with 

 RF power (13.56 MHz) of 100 W was used with an aluminum 

arget. The use a pressure of 3 Pa and mixture of Ar (89%) 

nd O 2 (11%) resulted in 20 nm thick Al 2 O 3 on top of the Mo

nd Rh mirrors as determined by Focused Ion Beam (FIB, He- 

ios NanoLab 650) cross-section analysis. The aluminum oxide layer 

eposited was analysed by X-ray Photoelectron Spectroscopy (XPS, 

lectron spectrometer equipped with a Leybold EA10/100MCD and 

 non-monochromatized Mg K α X-ray source; h ν = 1253.6 eV) and 

howed a binding energy of 75.3 eV for the Al2p core level which 

s characteristic of an aluminum oxide [22] . The atomic concentra- 

ion was calculated using Al2p and O1s core levels. The method 

ollowed revealed atomic concentrations of 43 at.% and 57 at.%, for 

l and O respectively, which is close to a stoichiometric Al 2 O 3 . 

A capacitively-coupled Ar plasma was used to physically sput- 

er the surface of the contaminated mirrors. The argon plasma was 

enerated using a 60 MHz generator. The asymmetry of the system 

etween the chamber grounded wall and the electrode resulted in 

he development of a negative self-bias at the electrode of −280 V 

sing a power of 80 W applied on the electrode. Moreover, the 

lasma is positively charged (in a range of 30 V [23] ) which adds

p to an ion energy of around 310 eV. The plasma was generated 

t 0.13 Pa which yielded an Ar + flux of 1.2 × 10 19 m 

−2 s −1 , mea-

ured by a Retarding Field Energy Analyzer (RFEA). Cleaning times 

f 50 to 60 min were found to be sufficient to completely remove 

he Al 2 O 3 layer (i.e. Al2p core level signal below the XPS detection 

imit). 

The optical properties, surface roughness and topography of the 

irrors were evaluated after a given number of cycles. The total 

nd diffuse reflectivities in the range of 250–2500 nm were mea- 

ured using a Varian Cary 5 spectrophotometer. The specular re- 

ectivity was directly obtained by subtracting the diffuse reflec- 

ivity from the total reflectivity. The surface morphology was in- 

estigated using SEM (Hitachi S-4800) and a profilometer (KLA- 

encor Alpha-Step D-100) was used to evaluate the arithmetic 
rrors used in this work. The ScMo and the ScRh-1 were previously 

h-2 and NcRh-3 mirrors were prepared by the same manufacturer. 

ScRh-2 NcRh-1 NcRh-2 NcRh-3 

Bulk 6.2 5.6 10.6 

50 60 50 50 

35 90 80 100 

– 0.8 1.2 4.6 

1.3 3.9 2.9 3.6 

– 60 56 60 
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oughness R a . The surface topography was analysed by means of 

tomic force microscopy (AFM) operated in tapping mode with a 

ighly doped PPP-NCLR silicon cantilever from Nanosensors. The 

ength, width and the thickness of the cantilever were 225 μm, 

0 μm and 6 μm, respectively. The resonance frequency and the 

pring constant were equal to f = 160 kHz and k = 28 N m 

−1 . In-

ermittent contact measurement was performed with an oscillation 

mplitude of 10 nm, employing a 10–15 μm high tip with an apex 

etter than 10 nm. The AFM images were analysed to determine 

ach sample roughness, both as arithmetic average (R a ) and root 

ean square average (RMS), and to obtain a bidimensional map of 

he power spectral density (PSD). FIB was used to determine the 

rosion rates of the coated nanocrystalline mirrors. Regular XPS 

easurements of the samples were performed to ensure the com- 

lete removal of the Al O . 
2 3 

Fig. 1. Total, diffuse (dash lines) and specular reflectivity of the ScMo, the ScRh-1 and t

3 
. Results and discussion 

.1. Single-crystalline molybdenum mirror (ScMo) 

Figure 1 displays the evolution of the total, diffuse and specu- 

ar reflectivities of ScMo in the 250–2500 nm range, after various 

lasma cleaning cycles. Prior to the start of the cycles campaign, 

he reflectivity of the sample was observed to be significantly af- 

ected by the presence of a native oxide layer, developed over the 

ourse of two years. Therefore, an initial 50 min long Ar plasma 

leaning was performed to recover the mirror’s optical properties 

“Before cycling” in Fig. 1 ). The following discussion refers to the 

alues at λ = 250 nm and to the roughness measurements per- 

ormed by aims of a profilometer unless stated otherwise. The to- 

al reflectivity of the ScMo was not significantly affected by the 
he ScRh-2 mirrors before and after various number of deposition-cleaning cycles. 
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Fig. 2. Top and tilted (52 ◦) views SEM images of a) the ScMo b) pits and c) wavy patterns after 90 cleaning cycles, d) the ScRh-1 e) pits and f) mounds structures, g), h) the 

ScRh-2 in its pristine state, i), j) after 10 cycles and k), l) after 35 cycles. Extra SEM images are figure S3 of the SI. 
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lasma-cleaning cycles. In contrast, the ScMo diffuse reflectivity is 

bserved to increase from pristine to 90 cycles, from 3 to 36%, 

eading to a corresponding drop in the specular reflectivity, from 

5 to 33%. The decrease in specular reflectivity is consistent with 

he increase in roughness, from 9 to 45 nm. Moreover, a wavy pat- 

ern ( Fig. 2 c)) and pits ( Fig. 2 c)) developed on the mirror’ surface.

he surface patterning of the ScMo will be addressed in the dis- 

ussion part. 

.2. Single-crystalline rhodium mirror (ScRh) 

The reflectivites measured on the ScRh-1 sample are displayed 

n Fig. 1 . Contrary to ScMo, no oxide is formed on the rhodium sur-

ace and therefore there was no need to perform a pre-treatment 

sing Ar plasma. The ScRh-1 sample was only subject to 31 clean- 

ng cycles because of the significant deterioration of its opti- 

al properties as shown Fig. 1 . As a result, the total reflectivity 

ropped from 70 to 36%. The diffuse reflectivity increased in the 

hole wavelength range resulting in a drop of the specular re- 

ectivity from 65 to 20%. Moreover, the surface roughness evolved 

rom 7 to 31 nm, which contrasts with the roughness of the ScMo 

btained after 31 cycles: 8 nm. The topography of the ScRh-1 was 

nalyzed using SEM ( Fig. 2 d), e) and f)) after 31 cleaning cycles.

wo surface patterns can be recognized, a circular shape ( Fig. 2 e)) 
4 
nd mounds ( Fig. 2 f)). A similar analysis was performed on the 

olished ScRh-2. The SEM images of its surface exhibited polish- 

ng lines in its pristine state ( Fig. 2 g) and h)). After 10 cycles, the

otal reflectivity decreased from 75 to 48% and the diffuse reflec- 

ivity increased from to 1 to 34%, resulting in a decrease of the 

pecular reflectivity from 74 to 14% ( Fig. 1 ). In Fig. 2 i) and j), an

nhanced sputtering was observed at the polishing lines and cir- 

ular patterns. Those pits showed an average diameter of 250 nm 

hereas the circular pattern on the ScRh-1 exhibited diameters of 

bout 2500 nm after 35 cycles. After 35 cleaning cycles on the 

cRh-2, the total reflectivity ( Fig. 1 ) raised to 60% and the diffuse

eflectivity dropped to 13%, yielding an increase of the specular re- 

ectivity to 47%. At this step, the surface displayed only mounds 

 Fig. 2 k) and j)) of 70 nm height and separated by 70 nm. The

nitial roughness of 4 nm increased to 13 nm and to 36 nm af- 

er 10 and 35 cycles, respectively. The pattern formations will be 

ddressed in the discussion section. 

.3. Nano-crystalline rhodium mirrors (NcRh) 

The optical properties of the three samples evolved similarly 

ith the number of cleaning cycles ( Fig. 3 ). Their average total 

eflectivities dropped from 72 to 63% after 80 to 100 cycles. For 

ll three samples, the diffuse reflectivity did not exceed 10%, with 
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Fig. 3. Total, diffuse (dash lines) and specular reflectivity of 3 NcRh mirrors in pristine state and after up to 100 cleaning cycles. The coated thicknesses were of 6.2 μm, 

5.6 μm, 10.6 μm for NcRh-1, NcRh-2 and NcRh-3, respectively. 
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he exception of the initial diffuse reflectivity of the pristine NcRh- 

, which was equal to 20%. Before cycling, the roughnesses were 

qual to 5, 6 and 10 nm for NcRh-1, NcRh-2 and NcRh-3, respec- 

ively. After 10 cycles performed on the NcRh-3, a reduction of the 

iffuse reflectivity and roughness can be noticed. The NcRh-3 mir- 

or had a 10.6 μm thick coating and exhibited defects on its sur- 

ace, explaining the higher initial diffuse reflectivity. 

After the cleaning cycles, the specular reflectivity of the NcRh 

irrors decreased due to the lowering of the total reflectivity. Nev- 

rtheless, the specular reflectivity losses are quite negligible, mak- 
5 
ng NcRh a promising material for ITER FMs. After 80 to 100 clean- 

ng cycles, the roughness of the NcRh mirrors remained in the 

ange of 5–7 nm, which is consistent with the evolution of the dif- 

use reflectivity. All three NcRh mirrors exhibited mounds with a 

eriodicity of about 85 nm and 65 nm heights at the end of the 

eposition-cleaning campaign. Figure 4 b) and c) show the SEM im- 

ges taken for NcRh-1 after 90 cycles. 

The NcRh mirrors conserved their initial roughness and specu- 

ar reflectivity while these quantities increased for ScRh mirrors. 

ound periodicity of both NcRh and ScRh mirrors were similar 
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Fig. 4. Top and tilted (52 ◦) views SEM images of NcRh-1 a) prior to plasma cleaning cycles and b), c) after 90 cycles of Al 2 O 3 deposition-removal. 

Fig. 5. FIB cross-sections of NcRh-3 mirror showing the coating thickness a) in the 

pristine state and b) after 100 cleaning cycles performed. A platinum layer was de- 

posited prior to the FIB cross-sections to protect the surface of the mirror. 
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nd about 70–90 nm. However, the ScRh developed 100 nm height 

ounds after 31 cycles (instead of 65 nm for the NcRh after 90 cy- 

les). Moreover, no circular pattern was observed on the NcRh mir- 

ors as presented in Fig. 4 b) and c). 

Using FIB, the thicknesses of the rhodium coatings of NcRh- 

, NcRh-2 and NcRh-3 were measured at the end of the cam- 

aign. Figure 5 displays the cross-sections of NcRh-3 before 

nd after 100 contamination-cleaning cycles. An average erosion 

ate of 59 nm cycle −1 was measured at the center of the NcRh 

irrors. A higher erosion rate was observed along the edges of 

he mirrors. It is important to mention that ITER may use diverse 

ases, ion energies, fluences to clean the FMs from various types of 

ontaminants. However, to cope with 100 cycles, a minimum ini- 

ial coating thicknesses of about 7 μm can be estimated [1] . Addi- 

ionally, end of cleaning indicators are foreseen in ITER [24] , thus 

imiting the detrimental effect of the ion bombardment onto the 

Ms. 

.4. Topography analysis 

The surface topography were analyzed through the use of a 

ower spectral density (PSD) functions, which is the Fourier trans- 

orm of the autocorrelation function that has been calculated from 

he surface profile applied on AFM images [25] . PSD analysis 

as performed on the ScRh-1 using the AFM image displayed in 

ig. 6 a). Due to a post-campaign repolishing of the ScRh-1, the 

FM scan size was only 2 μm whereas 10 μm scan sizes were per-

ormed on the ScRh-2, NcRh-1 and the ScMo ( Fig. 6 b), c) and d)).

onsistently with the SEM images ( Fig. 2 ), the surfaces exhibited 

avy structures, mounds and mounds after 90, 35 and 90 cleaning 

ycles, respectively. The AFM images ( Fig. 6 a)) of the ScRh-1 after 

1 cycles displayed only the mound pattern. However, the corre- 

ponding SEM images ( Fig. 2 d), e) and f)) exhibited two patterns: 

he mounds and the pits. Thus, the statistical information obtained 

hrough PSD will correspond to the mound structures exclusively. 

The two dimensional (2D) PSD shown in Fig. 6 are displayed 

sing a Hann window and were obtained using the AFM images. 

he 2D PSD gives information about the relative contribution of 
6 
ll the possible surface spatial frequencies. The intensity distribu- 

ions of the 2D PSD of the NcRh-1 and the ScRh-1 after the clean- 

ng campaign do not exhibit a preferential orientations implying 

hat the mounds are randomly distributed on the surface. Likewise, 

he 2D PSD of the ScMo present an isotropic intensity distribution. 

nstead, the ScRh-2 exhibited a cubic pattern ( Fig. 6 f)), which is 

 manifestation of the periodic arrangement of the mounds ob- 

erved by SEM ( Fig. 2 k) and l)). The distance between the lobes

f the 2D PSD and the center of the image are characteristic of 

he surface periodicity and were analyzed further with one dimen- 

ional (1D) PSD. Additionally, a second lobe order can be observed 

isible on the edges of the images ( Fig. 6 f)). 

The 1D PSD represents the surface height squared (roughness 

ower) per spatial frequency. It was calculated from the integra- 

ion of the 2D PSD signal over x or y direction followed by an av-

raging of the obtained signals. Figure 7 a) displays in a log-log plot 

he resulting 1D PSD profiles computed from AFM images. The 1D 

SD were plotted as a function of the spatial frequency ν which is 

irectly inverse proportional to the wavelength λ in the real space. 

SD curves present generally the same characteristic shape, con- 

isting of a at response in the lower part of the spatial frequency 

pectrum and a power-law dependence with the spatial frequency 

n the upper part the spectrum corresponding to the highly corre- 

ated region. 

In Fig. 7 a), the ScMo profile exhibited existence a plateau for 

patial frequencies below 0.3 μm 

−1 . This trend is characteristic of 

 K-correlation model [26] . However, this model was not fitting the 

SD profile. Thus, all the profiles correspond to a linear decrease 

for ν above 0.3 μm 

−1 ) of the PSD characteristic of a power-law 

ependence. As observed in dash lines in Fig. 7 a), the profiles were 

tted using a fractal model which is defined as an inverse power- 

aw [27,28] : 

 SD = 

K 

νγ
(1) 

The fractal model is function of the spectral length K and the 

lope of the logarithmic plot γ . The 1D PSD signal can be ana- 

yzed through abnormal signal increase (above the trend described 

y the fractal model) providing the periodic surface arrangements 

nd the slope value γ that can be correlated to the roughness. 

Through the increase in the PSD intensity off the fractal model 

rend, surface arrangements can be determined. After 90 cleaning 

ycles performed on the ScMo, a linear decrease of the 1D PSD in- 

ensity with the increase of ν (above ν ≈ 0.3 μm 

−1 ) is observed. 

ue to their random orientations of the surface pattern, no abnor- 

al increase of the PSD intensity is observed and thus, the average 

istance between the “waves” of the pattern cannot be extracted. 

fter 35 cleaning cycles performed on the ScRh-2, a signal increase 

s observed at around ν = 11.6 μm 

−1 which corresponds to 86 nm 

n the real space. The distance between the mounds were found 

o be of about 70 nm measured by SEM ( Fig. 2 k) and l)) which

s close to 86 nm. This peak was also observed on the 2D PSD 

hrough the presence of the lobes ( Fig. 6 f)). Additionally, a low in-

ensity peak is observed at the end of the 1D PSD profile at around 
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Fig. 6. AFM images of a) ScRh-1, b) ScRh-2, c) NcRh-1 and d) ScMo mirrors after 31, 35, 90 and 90 cleaning cycles, respectively. Images e) to h) are 2D PSD obtained with a 

radial Hann window of each AFM image. 

Fig. 7. a) is power-spectra obtained using an FFT after applying a Hann window to the full topography of the ScMo, ScRh-1, ScRh-2 and the NcRh-1 after 90, 31, 35 and 90 

cleaning cycles performed. In dash, are the fitting of the curve for the spatial frequency range displayed using the inverse power law model. b) the diffuse reflectivity of the 

mirrors mentioned previously. 

ν
H

d

ν
a

t

c

t

t

l  

w

i

F

t

t

1

t

i

t

n

n

γ
s

b

u

E

f

i

o

p

o

= 23 μm 

−1 which corresponds to the second lobes of the 2D 

ann window ( Fig. 6 f)). For both ScRh-1 and NcRh-1, the linear 

ecrease in intensity of the 1D PSD is interrupted above around 

= 4.8 μm 

−1 . In the range of ν = 5 μm 

−1 and ν = 14 μm 

−1 , 

 PSD intensity increase is observed. Those ν values correspond 

o mound distances comprised between 208 and 70 nm which in- 

lude the average mound distance obtained through the analysis of 

he SEM images ( Figs. 2 f) and 4 c)). 

Additionally, the spectral length K and the slope γ were de- 

ermined in the spatial frequency range displayed by the dashed 

ine ( Fig. 7 a)) and reported in Table 2 . The vertical lines marked

ith 

∗ and 

∗∗ in Fig. 7 a) correspond to the spatial frequency range 

n which the diffuse reflectivity was measured (250–2500 nm). In 

ig. 7 b), the diffuse reflectivity of the mirrors are displayed in spa- 

ial frequency values. The following discussion will only refer to 

he spatial frequency range previously mentioned. Firstly, all the 
7 
D PSD profiles follows the power-law dependence. It indicates 

hat no specific periodic arrangement inducing light scattering and 

ncrease of the diffuse reflectivity. Secondly, rises in diffuse reflec- 

ivity often corresponds to an increase in surface roughness (Ben- 

ett’s law [29] ) and the γ values are proportional to the rough- 

ess [30] . The NcRh-1 mirror after 90 cleaning cycles presented a 

value of 0.93 which is lower than the other mirrors and corre- 

ponds to the lowest diffuse reflectivity and roughness (measured 

y profilometer and AFM). The ScRh-2 and ScRh-1 exhibited γ val- 

es of 1.79 and 1.89 after 35 and 31 cleaning cycles, respectively. 

ven though the γ values are comparable, the diffuse reflectivity 

or the two mirrors were different. The ScRh-1 displayed a max- 

mum of diffuse reflectivity at 37%, whereas for the ScRh-2 was 

nly 15%. The roughness of the two samples measured with the 

rofilometer and with AFM are comparable and higher than the 

nes measured for the NcRh-1. For the ScMo mirror, the γ is 2.72 
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Table 2 

Surface roughness characteristics and the coefficients of the fractal model used to fit the 1D PSD for the NcRh-1, ScRh-2, 

ScRh-1 and the ScMo mirrors after being subject to 90, 35, 31 and 90 cycles, respectively. 

NcRh-1 ScRh-2 ScRh-1 ScMo 

Roughness R a (nm) - profilometer 7 36 31 45 

Roughness R a (nm) - AFM 9 14 20 40 

Roughness RMS (nm) - AFM 12 18 25 57 

K factor (nm 

3 −γ ) 3.49 × 10 9 3.06 × 10 15 2.13 × 10 16 8.46 × 10 22 

γ coefficient 0.93 1.79 1.89 2.72 
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nd the diffuse reflectivity is the highest at 2 μm 

−1 (250 nm). The 

oughness values ranged between 40 and 57 nm which remained 

igher than the other mirrors. 

From this analysis, the γ values determined using a fractal 

odel can be linked with the mirror’s diffuse reflectivities, except 

or ScRh-1, which showed a higher diffuse in regards to its γ value. 

owever, the γ values are in line with the AFM roughness values 

 Table 2 ). It is worth mentioning that only the mound pattern was

bserved in the AFM images for the ScRh-1 and ScRh-2 ( Fig. 6 a)

nd b)). It indicates that the circular patterns were not contribut- 

ng to the PSD intensities and therefore the differences observed 

n the diffuse reflectivity for those two mirrors could be due to 

he presence of the pit pattern observed on the ScRh-1. Moreover, 

he optical properties of the ScRh-2 ( Fig. 1 ) after 10 cleaning cy-

les exhibited a degradation mainly through its diffuse reflectivity 

ncrease. After 35 cycles, partial recovery of its optical properties 

ere observed simultaneously with the circular pattern removal. 

. Discussion 

The discussion section aims at describing the mechanisms lead- 

ng to the formation of the patterning observed on the mirrors 

uring the cleaning campaign. A section will be conducted on the 

ormation of the wavy structures and the mounds observed for 

he ScMo and the ScRh/NcRh, respectively. Afterwards, the pits ob- 

erved on the Sc materials will be assessed. 

.1. Wavy pattern and mounds formation 

The surface of the Sc materials exhibited patterning after the 

yclic process due to the Ar ion bombardment. During the cy- 

les, the surface temperatures of the mirrors were comprised be- 

ween 298 and 500 K, the heat being generated by the irradia- 

ion (measured using a retractable thermoelement). On Fig. 2 c), a 

avy structure was observed on the ScMo mirror after 90 clean- 

ng cycles while the rhodium specimens exhibited mounds as dis- 

layed in Fig. 2 f), k) and l). In order to pattern surfaces, the ma-

erial, the incident ion beam characteristics (mainly ion energy, 

ncidence angle α and fluence) are key parameters. Wavy struc- 

ures are commonly encountered on samples that were subjected 

o ion bombardment at oblique incidence [31] while in our ex- 

eriments the Ar ions impinged the surface at normal angles. The 

anopatterning of a metallic surface due to ion bombardment is 

 complex phenomenon. Nevertheless, shadowing is found to be 

he main mechanism. In the specific case of non-normal incidence 

on bombardment, geometrical effects can induce the formation 

f local surface deflection. The curvature of the surface shadows 

he incident beam leading to the formation of sinusoidal wave- 

ike patterns [32,33] . The development of wavy/mound pattern is 

nhanced by the dependence of the sputtering yield on the local 

urface curvature [31] as described by the Bradley-Harper theory. 

onetheless, nanodots were formed by Tan et al. using 1 keV Ar 

ons on InP(100) [34] and by Ziberi et al. using 1.8 keV Ar ions on

i [35] both at normal incidence. Moreover, Molle et al. [36] re- 

orted the formation of various nanostructures by bombarding 
8 
ace-centered cubic (110) metal surfaces at normal incidence with 

e ions at energies of few hundreds eV. During the sputtering pro- 

ess, a competition between kinetic and thermodynamic processes 

an lead to ripples, rhomboidal pyramids or rectangular ripples 

tate as discussed in [37] . Studies done at the University of Gen- 

va [36,38] reported a surface patterning on ScRh(110) after Xe ion 

ombardment at 450 K. Within the range of 220 eV to 2500 eV, 

he ion mean energy demonstrated a major role on the Rh sur- 

ace morphology. In our contributions, the ScRh-1 and the ScRh-2 

irrors displayed similar patterns induced by an argon ion bom- 

ardment having 310 eV ion energy (after 31 cycles and 35 cycles 

espectively). Similarly to ScRh, the ScMo displayed wavy surface 

tructures after 90 cycles ( Fig. 2 c)) being formed by the ion bom- 

ardment. 

.2. Pits formation 

.2.1. Influence of the polishing process 

The formation of the so-called “Beilby layer” has been reported 

o occur upon polishing of samples. Gorodetsky et al. [39] re- 

orted a Beilby layer thickness of 10–20 nm for polycrystalline (Pc) 

o specimens. Additionally, a 3–5 μm thick layer is formed be- 

ow the amorphous Beilby layer, having a different structure from 

he rest of the metal. This 3–5 μm thick layer is a highly de- 

ormed layer with nanoscale crystallites that is gradually trans- 

orming into an undisturbed bulk [40] . During the polishing pro- 

ess, abrasive particles are embedded in the treated surface and 

eave deep holes filled with carbon, which lead to the introduc- 

ion of micron and submicron diameter diamond powders in the 

aterial [41] . Diamond abrasive turned into particles of graphi- 

ized carbon. Its content was measured in the surface layer within 

 thickness of 1.5 μm [40] . Similarly, our Sc materials were me- 

hanically polished using diamond pastes of 6/3/1 and 0.25 μm 

ollowed by a chemical/mechanical polishing using an oxide pow- 

er (alumina or silica or ceria) of 0.05 μm particle size mixed with 

 chemical etchant ( Fig. 8 a)). In our study, both ScMo and ScRh-1 

ere previously polished and subject to 80 cleaning cycles using 

l/W [18,19] . It implies that the Beilby layer was already removed 

efore starting the campaign with Al 2 O 3 . Additionally, the com- 

leteness of 80 Al/W cycles involve an estimated total removal of 

.7 and 2.3 μm for ScMo and ScRh-1, respectively. The previous re- 

oved thicknesses were estimated using the eroded thickness of a 

cRh during the Al/W cleaning campaign and the sputtering yield 

f Mo. The sputtering yields of Mo and Rh being equal to 0.367 

nd 0.733 atoms/ion when bombarded by 310 eV Ar ions. How- 

ver, the deformed layer ( ∼ 3-5 μm) induced upon polishing may 

e thicker than the eroded thicknesses ( ∼ 2 μm), providing resid- 

al carbon ( Fig. 8 g)). The ScRh-2 was polished and not subject to 

leaning cycles prior to the cleaning campaign. As previously de- 

cribed, carbon from the polishing procedure is present in all the 

c mirrors. However, the carbon amount is expected to be lower 

or the ScMo and the ScRh-1 in comparison to the ScRh-2 due to 

he preceding cleaning campaign. 

In order to confirm the presence of carbon in the mate- 

ials’ depth after polishing, additional ScRh were polished by 
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Fig. 8. Schematic of the a), b) polishing process and the mechanisms inducing surface morphology changes for a) to f) ScRh-2 and for g) to j) ScMo and ScRh-1. 
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atech company (ScRh-3 and ScRh-4). The C amount of the ScRh-3 

as quantified as a function of the depth using XPS and 2.5 keV Ar 

ons etching without breaking the vacuum. Around 3 at. % of car- 

on was measured at least till 0.65 μm in depth. Beyond 1.65 μm, 

o carbon was detected. These results are in line with Gorodetsky 

t al. publications [40] reporting the introduction of carbon in the 

etal bodies after the polishing process. 

.2.2. Blistering effects 

Additionally to the carbon incorporated in the Sc mirrors, oxy- 

en was introduced in the chamber during the coating procedure. 

ew minutes prior each Al 2 O 3 deposition step, a Ar and O 2 plasma 

as generated in the chamber to homogenize the magnetron tar- 

et. During this step and the ensuing Al 2 O 3 deposition, the tem- 

erature of the sample was about 373 K. Moreover, upon Ar ion 

ombardment, the Al 2 O 3 layer may follow an ion mixing leading 

o possible oxidation and oxygen diffusion on/in the surface, espe- 

ially on the defects observed on the pristine surfaces ( Fig. 2 g) and

)) as described by Gorodetsky et al. [41] ( Fig. 8 c). 

In literature, blistering effects have been reported on molybde- 

um surfaces bombarded by hydrogen, deuterium and/or helium 

ases [42] . Gorodetsky et al. [39] showed an enhanced blistering 

nduced by small additions of O 2 or N 2 into 70–120 eV D 

+ 
2 

. The

ubble formation was accelerated, thus facilitating the blistering. 

oreover, a surface oxide formation could prohibit remission of 

as molecules into the gas phase and accelerate the blister nucle- 

tion and growth. More than the material composition, the crys- 

alline orientation influences the blistering processes. It was re- 

orted that ScRh oriented [100] and [110] were prone to blister- 

ng but not the [111] direction [43] . The ScRh and ScMo mirrors 

sed in this work were both exposed to oxygen and oriented [100] 

hich is a preferential orientation to form blisters [43] . 

Gorodetsky et al. [40] reported the effects of cleaning of an Al 

ayer (10–40 nm thick) on top of a ScMo using D 2 -N 2 ions. Pits up

o 50–100 nm deep and 50 to 500 nm width appeared. These pits 

ere explained by the incorporation of diamond particles into the 

etal body upon polishing. During the cycling process, we hypoth- 

sis that oxygen diffusion induced the formation of gas bubbles 

nd/or recombined with carbon to form CO or CO 2 , thus causing 

listering ( Fig. 8 h)). The mechanical deformed layer inhibited the 

ucleation of pores and hence increased the diffusion path and the 

xidation rate ( Fig. 8 g)) [44] . The circular pit patterns observed on

cMo ( Fig. 2 b)), ScRh-1 ( Fig. 2 d) and e)) and on ScRh-2 ( Fig. 2 j))

re the results of such process. For the ScRh-2, the diffusion of 

xygen in both the Beilby and deformed layers will occur ( Fig. 8 c)).

xygen coalesces and bonds to carbon, leading to the formation of 

listers ( Fig. 8 d)). Blisters burst under Ar bombardment due to lo- 

al heating, leaving open linear grooves ( Fig. 8 e)) as observed on 

he ScRh-2 ( Fig. 2 i)) [45] . Linear polishing lines were revealed af-

er removing the Beilby layer and thus grooves were formed sim- 

larly to pits on these defects [45] . As previously mentioned, the 

cRh-1 and the ScMo were previously subject to 80 Al/W clean- 

ng cycles. Thus, the Beilby layer was removed prior to the Al 2 O 3 

ampaign and the linear grooves were not observed ( Fig. 2 a) and 
9 
)). The carbon amount is also expected to be higher in the ScRh-2 

n comparison to the ScMo and the ScRh-1 due to the absence of 

l/W pre-cycling. Consequently, deeper pits were observed on the 

cRh-2 when compared to the ScRh-1 due to the presumed higher 

mount of resulting products (CO and CO 2 ) leading to blisters. 

.2.3. Influence of the oxide sputtering yields 

In order to understand the development of the pits structures, 

nvestigations were done on the oxide sputtering yields in com- 

arison to their pure metallic states. Usually, metal oxides have 

 reduced sputtering coefficient compared to their metallic sur- 

aces. However, some refractory metals such as tungsten or molyb- 

enum display the opposite behavior and the oxides sputter more 

apidly than their bare metal counterparts, as experimentally ob- 

erved [46] . This is due to the abnormally high sublimation en- 

halpy of the pure metal. According to the Sigmund’s theory for 

puttering [47] , we can predict this behavior comparing the atom- 

zation enthalphy of the oxide with the sublimation enthalpy of 

he metal. Under this framework, we can expect that Rh and Mo 

xides have higher sputtering rates than their pure metallic states, 

s shown by our thermodynamic calculations detailed in the SI. 

Thus, the sidewalls of the grooves may be oxidized ( Fig. 8 e) and

)) and sputtered more quickly due to the difference of sputter- 

ng yield [48] . Moreover, the incidence angle of the ions coming to 

he sidewalls of the circular patterns and grooves would be close 

o grazing incidence, which is known to increase the sputtering 

ield [49] . By increasing further the ion fluence, the sidewalls of 

he pits (and the grooves in the case of the ScRh-2) extended and 

erged ( Fig. 8 f) and j)) as observed in Fig. 2 i) and j) until their

xtinction ( Fig. 2 k) and l)). 

.2.4. Carbon influence on the pitting process 

To validate our assumption, to new ScRh-3 and the ScRh-4 mir- 

ors were polished the same way as the ScRh-1 and the ScRh-2 (di- 

mond paste). Five cleaning cycles were performed on those mir- 

ors starting with a ScRh-4 in its pristine state and with a ScRh- 

 previously etched of 1.65 μm in depth. The latter was eroded 

rior to the cleaning cycles in order to remove the 2 to 6 at.% 

f C incorporated in the material depth during the polishing pro- 

ess (table. S3). As expected, pits and linear grooves developed on 

he freshly polished mirror (ScRh-4) however the ScRh-3 only ex- 

ibited mounds on its surface (fig. S3). The removal of the carbon 

ontent prior to the cycling process inhibited the pitting process 

onfirming further the importance of the polishing process. 

Additionally, the total, diffuse and specular reflectivity were 

easured for the ScRh-3 and the ScRh-4 (fig. S5). The diffuse re- 

ectivity of the ScRh-4 after 5 cycles increased similarly to the 

cRh-1 and ScRh-2 after 31 and 10 cycles, respectively. The ScRh- 

 did not presented pits on its surface due to the surface etch- 

ng procedure. Consequently, the diffuse reflectivity of the latter 

emained around 10% which is close to the one of the ScRh-2 after 

5 cycles. These is consistent with the SEM observations of Fig. 2 i), 

) k) l) and S6. 
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. Conclusions 

Cycles of contamination and plasma cleaning have been car- 

ied out on single-crystal and nanocrystalline Rh and Mo mirrors. 

r plasmas with an ion energy of 310 eV showed the capabil- 

ty to sputter the 20 nm-thick Al 2 O 3 contamination layers after 

0–60 min exposure time. ScMo and ScRh-1 mirrors were pre- 

iously exposed to 80 Al/W cleaning cycles and air storage. An 

dditional plasma cleaning was performed on ScMo prior to the 

l 2 O 3 contamination-removal cycles in order to remove its native 

xide layer. After the plasma cleaning campaign, Sc mirrors exhib- 

ted a degradation of their reflectivities in comparison to their ini- 

ial states. Moreover, cleaning cycles were conducted on a freshly 

olished ScRh mirror showing similar results as non-polished ones 

ith the degradation of their optical properties. In all the cases, 

avy structures were formed on ScMo and mounds on ScRh after 

leaning cycles due to the Ar irradiation. Additionally, pits devel- 

ped on the surfaces of all the mirrors as well as linear grooves. 

The following pits formation process were proposed: i) the pol- 

shing was performed using diamond paste, which leads to the ac- 

umulation of carbon in the deformed region down to a few μm, 

s demonstrated in the previous section, ii) the oxygen present in 

he chamber during the coating phase and Ar bombardment, pos- 

ibly leads to ion mixing followed by oxidation and oxygen dif- 

usion on/in the surface, especially at the defects, revealed after 

he removal of the Beilby layer; the extra dislocations in the de- 

ormed layer also increased the diffusion path and the oxidation 

ate, iii) the diffused oxygen might form gas bubbles and/or re- 

ombine with carbon to form CO or CO 2 , iv) blisters burst upon 

r + bombardment resulting in pit structures. With the increase of 

he number of cycles, pits appeared on the surface and merged. It 

ay be explained by a faster oxidation of the sidewalls of the pits, 

he possible higher sputtering yields of the oxides for these mate- 

ials. When increasing the fluence, the pits completely merged and 

ould not be observed any longer. 

In order to link the topography of the mirrors with their op- 

ical reflectivity, a fractal model was used to fit the PSD pro- 

les computed from AFM images. The γ values were extracted 

rom the model and compared to the mirrors diffuse reflectivities. 

arger roughness and diffuse reflectivity of the mirrors correspond 

o higher γ values. Only ScRh-1, previously exposed to 80 Al/W 

eposition-removal cycles showed, a higher diffuse. However, the 

FM images used for the analysis do not display circular pattern. 

oreover, the circular pattern appeared on the ScRh-2 after 10 cy- 

les and the diffuse reflectivity increased to around 40% in the visi- 

le. After 35 cleaning cycles, the circular pattern were not observed 

nd the diffuse reflectivity of this mirrors went down to around 

6%. 

During this campaign, three NcRh mirrors prepared by means 

f magnetron sputtering were tested. In contrast to the Sc mir- 

ors, NcRh were not subject to a polishing step, which explains the 

bsence of pits/grooves. The specular reflectivities of all the NcRh 

irrors exhibited a decrease of around 18% at λ = 250 nm which 

s acceptable for ITER requirements. 

These results suggest that NcRh mirrors can withstand at least 

00 contamination-cleaning cycles, without significant deteriora- 

ion of their optical properties. The set of cleaning parameters used 

n this work led to an average erosion rate of 59 nm per cycle for

ll the NcRh mirrors. 

. Outlooks 

For ITER purposes, the NcRh exhibited a limited degradation of 

heir optical properties. Nevertheless, the Sc mirrors remain one 

romising material for the FMs units regarding the overall possible 

ontaminants in ITER. It implies the needs for mitigation strategies 
10 
n order to counter the pit formation and the loss of their opti- 

al properties. Those pits were formed due to the polishing pro- 

ess performed using diamond paste and oxygen exposure. The for- 

ation of pits onto the FMs after only few cleaning cycles would 

ompletely compromise the optical diagnostic systems. In order to 

alliate the pit formation, the following strategies are suggested: 

• Conservation of the polishing procedure using diamond paste 

and apply a former surface etching step of few μm thickness 
• Change the polishing procedure into a carbon-free polishing 

procedure by aims of diamond-free abrasive 
• High speed machining could be use as polishing procedure. 

In this contribution, the first bullet was tested and demon- 

trated its efficiency in avoiding the formation of pits after a sur- 

ace etching of 1.65 μm. 

Finally, new cleaning experiments on carbon containing films 

hould be performed in order to investigate the influence of the 

arbon amount in the Beilby and in the deformed layer on the pit 

ormation. Depending on the ITER final polishing procedure, the 

arbon amount in the mirrors should be determined prior to the 

irrors use in ITER. It involves determining the maximal amount 

f carbon acceptable for the FMs in order to avoid inducing optical 

eteriorations after oxygen contamination. 
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