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Kurzfassung 

Für den erfolgreichen Betrieb von Fusionsexperimenten und zukünftigen Fusionsreaktoren ist 
der Einsatz von Diagnostiken für die Kontrolle des Fusionsplasmas unabdingbar. Diese 
Diagnostiken messen die Lichttransmissivität des Plasmas und benötigen metallische Spiegel. 
Für die Entwicklung und den erfolgreichen Betrieb dieser Spiegel muss die Wechselwirkung 
des Plasmas mit deren Oberflächen untersucht und verstanden werden. 

In dieser Arbeit wird der Einfluss des Plasmas auf diese metallische Spiegel untersucht. 
Plasmaexposition der Spiegel führt zu einer Änderung der Morphologie und 
Zusammensetzung der Oberfläche. Um diese Effekte zu bestimmen werden in dieser Arbeit 
eine Reihe von Experimenten in den beiden Tokamakexperimenten TEXTOR und DIII-D 
durchgeführt. Vorcharakterisierte metallische Spiegel werden während der Plasmaoperation 
(TEXTOR) und während der thermo-oxidativen Wandkonditionierung (DIII-D) exponiert. 
Die Spiegelproben werden post-mortem mittels Oberflächen- und optischen Analysetechniken 
charakterisiert. Um die beobachteten Oberflächenänderungen zu verstehen, werden die 
Wechselwirkungen von Ionen und Oberflächen mit SDTrimSP simuliert. Die für die 
Modifikationen der Oberflächenmorphologie unter dem Beschuss von hochenergetischen 
Teilchen verantwortlichen Prozesse, wie z.B. die Oberflächenerosion und die Schichtbildung, 
werden untersucht.  

Die Messungen zeigen, dass die gerichtete Reflektivität der Spiegel sehr stark von der 
Oberflächenrauigkeit abhängt. Die Rauigkeit nach der Plasmaexposition wiederum ist 
abhängig von der kristallinen Struktur des Materials, da Körner mit unterschiedlicher 
kristalliner Orientierung unterschiedliche Zerstäubungsraten aufweisen. Eine Vergrößerung 
der Oberflächenrauigkeit resultiert aus der inhomogenen Zerstäubung eines polykristallinen 
Materials und führt zu einem signifikanten Abfall der gerichteten Reflektivität aufgrund von 
diffuser Beugung des einfallenden Lichtes. Unter Nettoerosionsbedingungen zeigen 
Spiegelbeschichtungen mit Kristalliten im Nanometerbereich ein ähnliches Verhalten wie 
polykristalline Materialien, während Einkristallspiegel eine signifikant geringere Aufrauung 
bedingt durch die einheitliche Zerstäubungsrate  aufweisen und somit deren Reflektivität 
besser erhalten bleibt. 

Die Spiegelreflektivität ist auch von der Oberflächenzusammensetzung abhängig, welche 
durch Plasma-Wand-Wechselwirkungen verändert werden kann. Die Dicke der betroffenen 
Oberflächenschicht ist bedingt durch das Gleichgewicht zwischen Erosion, Deposition, 
Teilchenimplantation, Diffusion und chemischen Reaktionen. Zum Beispiel ist auf Spiegeln, 
die in TEXTOR exponiert wurden, Carbidbildung zu beobachten, welche zu einer Reduktion 
der Oberflächenreflektivität führt. Die resultierende Tiefenverteilung der Kohlenstoffatome ist 
unabhängig von der Spiegeltemperatur und deutet auf eine sehr langsame Volumendiffusion 
des Kohlenstoffs hin. Somit kann die Volumendiffusion auf der Zeitskala des Experimentes 
vernachlässigt werden, wenn man die Diffusionstiefen mit den Ionenimplantationstiefen oder 
der Dicke der erodierten Schicht vergleicht. Die Bildung von Carbiden und Oxiden 
verlangsamt die Volumendiffusion und verhindert somit ein tieferes Eindringen von 
Fremdatomen in die Oberfläche. Die Ergebnisse von Messungen und Simulationen deuten 
stark auf ein dynamisches Gleichgewicht zwischen physikalischen und chemischen Prozessen 
hin. Das Gleichgewicht resultiert in ähnlich dicken Carbid-Schichten auf allen Molybdän-
Spiegeln, unabhängig von der auftreffenden Teilchenfluenz und Probentemperatur.  
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Das Gleichgewicht zwischen Erosions- und Depositionsprozessen auf der Spiegeloberfläche 
ist stark von den Plasmaparametern abhängig. Nettoerosionsbedingungen sind für metallische 
Spiegel von Vorteil, da diese nicht zum Wachstum undefinierter Schichten führen. In dieser 
Arbeit wird gezeigt, dass das Gleichgewicht zwischen Erosion und Deposition zu einer 
Nettoerosion durch gezielten Gaseinlass nahe der Spiegeloberfläche während der 
Plasmaexposition verschoben werden kann. 

Diese Arbeit erweitert das aktuell gültige Verständnis der Plasma-Wand-
Wechselwirkungsprozesse auf die Reflektivität von metallischen, plasmaexponierten 
Spiegeln. Die Resultate dieser Arbeit wurden für große Fusionsexperimente, wie z.B. ITER, 
extrapoliert. Um optimale Betriebsbedingungen für diagnostische Spiegel in 
Fusionsexperimenten und in -reaktoren zu erreichen und zu erhalten, sollten die Spiegel unter 
Nettoerosionsbedingungen betrieben werden. Da Nettoerosionsbedingungen nicht garantiert 
werden können, sollten zudem Methoden zur Depositionsreduktion entwickelt und 
Möglichkeiten für die in-situ Spiegelreinigung und für Kalibrationsmessungen bereitgestellt 
werden. 
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Abstract 
 

Plasma-surface interactions in fusion devices represent a critical issue for the design and 
operation of diagnostic systems based on transmission of light signals from plasma where 
metallic mirrors will be used as first plasma-viewing elements. 

In this work, the behavior of metallic mirrors is investigated with respect to the influence of 
plasma-induced changes of surface morphology and composition on the surface reflectivity. 
The work is based on the series of dedicated experiments performed in tokamaks TEXTOR 
and DIII-D, in which pre-characterized metallic mirrors were exposed during the plasma 
operation (TEXTOR) and during the thermo-oxidative wall conditioning (DIII-D). The 
morphology, composition and optical properties of the mirror surfaces are analyzed post-
mortem. To understand the observed surface modifications, ion-surface interactions are 
modelled with the SDTrimSP code. The processes responsible for modifications of the surface 
morphology and composition under energetic particles bombardment, the surface erosion and 
formation of deposited layers, are investigated.  

Measurements show that the specular reflectivity of a mirror strongly depends on the surface 
roughness. The surface roughness after a plasma exposure depends on the crystalline structure 
of the material due to the fact that grains with different crystalline orientations have different 
sputtering rates. An increase of the surface roughness resulting from non-homogeneous 
sputtering of a polycrystalline material leads to a significant drop of the specular reflectivity 
due to diffuse scattering of the incident light. It is shown that under net erosion conditions 
coatings with nano-sized crystallites demonstrate a similar behaviour compared to 
polycrystalline materials. On the contrary, single crystalline mirrors are sputtered uniformly, 
thus show significantly less roughening and preserve the reflectivity better.  

The mirror reflectivity depends also on the surface composition, which can be changed due to 
plasma-surface interactions. The thickness of the affected surface layer depends on the 
balance between the processes of erosion, deposition, particle implantation, diffusion, and 
chemical reactions. For instance, carbide formation is observed on mirrors exposed in 
TEXTOR, thus contributing to the decrease of the surface reflectivity. The independence of 
the resulting depth distributions of carbon atoms from the mirror temperature suggests that the 
volume diffusion of carbon is very slow and can be neglected when comparing the diffusion 
depth with the ion implantation depth or the thickness of the eroded layer within the time 
scale of the experiment. It is shown that formation of carbides and oxides slows down the 
volume diffusion and prevents deeper penetration of impurity atoms into the surface. 
Measurements and modelling give a strong indication of a dynamic equilibrium established 
between the different physical and chemical processes involved. This equilibrium results in 
similar thicknesses of carbide layers formed on all molybdenum mirrors independent on the 
incident particle fluence and sample temperature. 

The overall balance between erosion and deposition processes on the mirror surface depends 
strongly on plasma parameters. Net erosion conditions are beneficial for metallic mirrors 
since such conditions do not lead to an unpredictable layer growth. It is demonstrated in this 
work that the balance between erosion and deposition can be shifted towards net erosion by 
means of intentional injection of gaseous species in the vicinity of the mirror surface during 
the plasma exposure. 

This work extends the current understanding of the influence of plasma-surface interaction 
processes on the reflectivity properties of metallic mirrors exposed to plasma. The results 
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presented in this work are analysed and extrapolated with respect to their relevance to large 
scale fusion devices such as ITER. To allow and maintain the optimal operation of diagnostic 
mirrors in reactor scale fusion devices, operation of mirrors under net erosion conditions is 
recommended. Since net erosion conditions cannot be guaranteed, deposition mitigation 
techniques need to be developed and means for in-situ mirror cleaning and calibration 
measurements have to be provided. 
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Introduction 
 
Currently available world energy resources are based mostly on fossil fuels. However, it 
becomes evident that these resources will soon become insufficient to cover constantly 
growing world energy demands [UN documents]. New energy sources have to be found. 
Nuclear fusion is one of the promising alternatives offering a clean and safe energy source for 
the future. However, the controlled thermonuclear fusion reaction represents a very complex 
scientific and technological task. More than 50 years ago L.A. Artsimovich, the Soviet 
physicist and academician under whose guidance a thermonuclear fusion reaction was 
produced in the laboratory for the first time, said the following: 

“… The solution of the problem of thermonuclear fusion will require a maximum 
concentration of intellectual effort and the mobilization of very appreciable 
material facilities and complex apparatus. This problem seems to have been 
created especially for the purpose of developing close cooperation between the 
scientists and engineers of various countries” * 

More than 25 years later, in 1985, the joint project ITER was started with an aim to 
demonstrate the scientific and technological feasibility and economical effectiveness of a 
controlled thermonuclear reaction for peaceful purposes. Presently, ITER is the world’s 
second largest non-commercial international project after the International Space Station and 
a continuous effort of scientific and technological research from the European Community, 
Russia, Japan, the U.S.A, China, and since recently, India and South Korea.  
The idea of energy production by nuclear fusion is based on the processes happening in the 
stellar core. These processes are the fusion of light atomic nuclei and the release of the 
difference in binding energies of reactants and reaction products in the form of the kinetic 
energy of particles. Fusion reaction can happen only when two reactant nuclei approach each 
other to a distance where repulsive electrostatic forces are overcome by nuclear attraction (the 
distances ~10-14 m). The nuclear reaction underlying the controlled nuclear fusion feasible on 
earth is the following: 
 
 𝐷𝐷 + 𝑇𝑇 → 𝐻𝐻𝐻𝐻 (3.5 𝑀𝑀𝐻𝐻𝑉𝑉) + 𝑛𝑛 (14.1 𝑀𝑀𝐻𝐻𝑉𝑉).4  (0.1) 

 
The first generation of future fusion reactors will be based on this so-called D-T reaction, 
because it has the largest cross section at the lowest energy of colliding particles [Wesson 
2004]. The cross-section of the D-T reaction is still much smaller than the cross-section of 
elastic Coulomb collisions between D and T nuclei, therefore the reacting medium has to be 
confined and heated up to allow frequent collisions and high energies of colliding particles. 
Ultimately, the produced fusion power output should be sufficiently large to compensate the 
input power used for heating and control of the reacting medium. These high temperature 
conditions of the reacting medium correspond to some hundreds millions kelvin, under which 
the reactants, D and T atoms, exist in the ionized state known as the plasma state of matter. 
The reaction products of the D-T reaction are an α-particle (helium nucleus) and a neutron. 
The kinetic energy of neutrons can be converted into heat and then into electricity using 

* L. A. Artsimovich, Overview paper for the United Nations Second Conference on the Peaceful Uses of Atomic 
Energy (1958) [IAEA 1958] 
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conventional steam technologies. The α-particles, in turn, could deliver their energy to the 
reacting medium (plasma), thus compensating the energy losses and helping to make the 
fusion process self-sustaining.  
One of the necessary conditions for the use of nuclear fusion as a future energy source for 
base electricity production is the wide availability of fuel. Deuterium and tritium required for 
the fusion reaction must be readily available in appropriate quantities. Deuterium is 
sufficiently contained in sea water. The amount of tritium in nature is scarce, however 
neutrons appearing as a result of the fusion reaction can be used for in-situ tritium production 
in reactions with lithium, which is widely available in nature.  
The fusion plasma has to be confined; otherwise, plasma will expand reaching the 
surrounding walls, cool down and disappear. The so-called “fusion triple product” quantifies 
the confinement criterion for D-T plasma with the confinement time Eτ , plasma density 0n
and temperature T  to achieve a positive energy balance [Wesson 2004]: 

𝑛𝑛0 ∙ 𝑇𝑇 ∙ 𝜏𝜏𝐸𝐸 > 5 ∙ 1021 𝑘𝑘𝐻𝐻𝑉𝑉 ∙ 𝑠𝑠 ∙ 𝑚𝑚−3. (0.2) 

This minimal required value of the triple product corresponds to plasma densities of the order 
of 1020 m-3 and temperatures of about 10 keV. 
In magnetic confinement fusion devices a superposition of magnetic fields is used to restrain 
and control the plasma. Charged particles (ions and electrons) experience the Lorentz force 
and move helically along the magnetic field lines, thus being confined in the perpendicular to 
the field line direction. Toroidal geometry provides closed magnetic field lines and prevents 
parallel losses of particles. In tokamaks, the internal plasma current is produced and is used to 
generate the helical component of the magnetic field necessary for stable plasma equilibrium 
(Figure 0.1). This can be contrasted to another toroidal magnetic confinement system, 
stellarator [Piel 2010], in which the magnetic field is produced entirely by external coils of 
very complex geometries with a negligible current flowing through the plasma itself. The 
tokamak concept is presently the most advanced alternative on the way to fusion energy 
production. Tokamak ITER is designed to reach the ratio of the fusion power produced to the 
heating power applied, factor Q, equal to 10 and demonstrate the long-pulse operation 
(~ 400 s) [Mukhovatov 2003]. 

Efficient energy and particle exhaust from the plasma is required to extract the produced 
fusion power, thus implying a certain level of plasma-wall contact. Plasma impact onto a 

Figure 0.1. Scheme of a tokamak. Curtesy – EFDA [www.efda.org]. 
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material surface may lead to various adverse effects with respect to both wall material 
integrity and plasma performance. In ITER and to even larger extent in future fusion reactors, 
neutrons produced in fusion reactions will create additional damage in wall materials. Off-
normal events (disruptions and vertical displacements) and transients (edge localized modes) 
increase the intensity of plasma-wall interactions (PWI) tremendously. Therefore, 
investigations of PWI processes and control of off-normal and transient events represent a hot 
topic of fusion research. 
Irrespectively of the underlying concept, future fusion reactors will require a set of diagnostic 
tools to monitor and control the plasma. Many of diagnostic setups are sensitive to the harsh 
plasma environment and therefore have to be protected from electromagnetic radiation, as 
well as particle fluxes from plasma. In particular, optical and laser diagnostics will use 
metallic mirrors to guide the light from plasma to the measuring equipment located farther 
away. The very first mirrors of such diagnostics will be installed in the line-of-sight with 
plasma. Degradation of the mirror surface due to energetic particle bombardment from plasma 
may affect the reliability of the transmitted signals measured by diagnostics. In this context, 
studies of the performance of metallic mirrors in a fusion reactor are of significant 
importance.  
The understanding of physical and chemical processes taking place in the case of metallic 
mirrors exposed to plasma and the knowledge on how these processes influence the mirror 
performance are essential and highly required in order to find possible methods of preserving 
optical properties of mirrors installed in a diagnostic duct of a fusion reactor. Gaining the 
corresponding knowledge and understanding represents the goal of the work presented in this 
thesis. 
In this thesis metallic mirrors are investigated experimentally in tokamaks TEXTOR and 
DIII-D with respect to their performance under conditions of material erosion and deposition. 
Corresponding modifications of composition and structure of the mirror surface are 
investigated by means of different surface analysis techniques and modelling and related to 
the changes of reflectivity properties of mirrors. 
Earlier investigations demonstrated that materials with an ordered structure are the best 
candidates for mirrors under erosion conditions since they are sputtered uniformly. 
Experiments confirm that single crystal (SC) molybdenum mirrors and mirrors coated by 
films with small crystallite structure demonstrate significantly better resistance to the impact 
of the environment of modern fusion devices in comparison to polycrystalline (PC) mirrors 
[Konovalov 2001, Litnovsky 2007b]. In this thesis, single crystal (SC) mirrors and mirrors 
with nano-structured coatings of different materials are investigated under erosion conditions 
in different tokamaks. Simulations with the SDTrimSP code are applied to interpret the 
experimental observations. 
Deposition of impurities on the mirrors surface is known to affect the mirror reflectivity 
significantly. In this thesis, the possibility of mitigation of impurity deposition by means of 
gas feeding in the vicinity of mirrors is examined. Gas injection experiments performed in the 
scrape-off layer (SOL) plasma of the TEXTOR tokamak a presented. A stationary 1-D model 
of the SOL plasma is used to simulate the physical processes caused by the gas injection 
[Marchuk 2007]. 
Wall conditioning is used in fusion devices to achieve a better PWI control. Due to 
radioactivity of tritium, its accumulation inside the reactor must be limited for safety reasons. 
De-tritiation is thus required to release the tritium fuel that will be accumulated in the walls of 
a reactor device during plasma operation. Thermo-oxidative wall conditioning is considered 
as one of possible techniques for the de-tritiation of in-vessel components. This method 
implies baking of the vacuum vessel in an oxygen-containing atmosphere at elevated 
temperatures [Davis 2009]. Degradation of diagnostic mirrors during such conditioning 
procedure represents a concern. In the frame of this thesis, the effect of thermo-oxidation on 
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mirrors made from different materials is addressed in the experimental study performed in the 
DIII-D tokamak. 

The thesis is structured as follows: 

 In chapter 1 some details about plasma-wall interaction processes in fusion devices are
given followed by a brief description of physical and engineering requirements for
diagnostic mirrors in a fusion reactor.

 In chapter 2, the definition of the mirror reflectivity and the basics of light reflection
from metals are given.

 Chapter 3 focuses on physical processes affecting properties of mirrors exposed to
plasma; in particular, the optical reflectivity of metallic mirrors is addressed.

 Chapter 4 summarizes different surface characterization techniques, which were used
in this work for analysis of mirror properties.

 In chapter 5 the setup and conditions of experiments in tokamaks TEXTOR and DIII-
D are described. Here also main experimental results are presented that include optical
observations, microscopy and surface composition measurements, as well as
reflectivity measurements on exposed mirrors.

 Chapter 6 is dedicated to the detailed analysis of the mirror performance under
tokamak conditions. Exposure conditions are quantified based on plasma parameter
measurements in each particular experiment. Plasma induced surface modification is
addressed with respect to exposure under erosion dominated conditions, gas injection
as a deposition mitigation technique and wall-conditioning in oxygen atmosphere.
Conclusions based on the observed mirror performance are supported with additional
measurements and modelling.

 Chapter 7 summarizes the results of analysis presented in chapter 6 with respect to the
physical processes involved and their influence on reflectivity properties of metallic
mirrors.

 In chapter 8 conclusions and recommendations towards high performance operation of
first mirrors in ITER are given.
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Chapter 1. Diagnostic mirrors for a fusion 
reactor 

1.1 Plasma-wall interactions in tokamaks 
The problem of plasma-wall interactions remains one of the most critical topics of the present 
fusion research [Samm 2005]. Plasma confinement is not perfect and particles are 
continuously expelled from the confined region to the walls of the reactor vessel. Efficient 
energy and particle exhaust from the plasma is required to extract the produced fusion power; 
however it also imposes serious constraints on the choice and engineering design of plasma-
facing materials and components (PFCs) with respect to their lifetime, thermal, electrical and 
mechanical properties. Plasma impact onto a material surface may lead to mechanical damage 
of wall components due to erosion, melting and evaporation processes, as well as to plasma 
contamination due to impurity production. Released impurities returning to a surface lead to 
further degradation of material properties due to formation of deposited layers and material 
mixing effects, alloying and other processes. In ITER and to even larger extent in future 
fusion reactors, neutrons produced in fusion reactions will create additional damage in wall 
materials.  
The standard approach to protect the main wall of the device from plasma is to limit the 
plasma contact to specially designed wall elements. Ions moving along field lines diffuse 
radially outwards and finally reach the last closed magnetic flux surface (LCFS), i.e. the 
magnetic flux surface that touches the limiting surface protruding into the plasma the most. In 
the region between the LCFS and the main wall, in the so-called scrape-off layer (SOL), 
magnetic field lines are open, i.e. they end at the limiting surfaces. Particles that enter the 
SOL continue their motion along the field lines and reach one of the limiting surfaces. The 
LCFS can be defined either by inserting solid wall elements into plasma (limiter 
configuration, Figure 1.1a) or applying special magnetic field configurations acting to divert 
the plasma (divertor configuration, Figure 1.1b). In the divertor configuration, solid surfaces 
in contact with plasma (target plates) are moved away from the LCFS so that plasma-surface 
interactions take place farther away from the plasma core, which is beneficial for impurity 
screening. In addition, closed divertor configuration favours better exhaust control and allows 
operating the device in the so-called high confinement mode (H-mode) characterized by 
reduced radial transport of plasma towards the wall.  
ITER will be a divertor machine. It was designed to use the initial material mix of beryllium 
(Be), tungsten (W) and carbon fibre composite (CFC) for plasma-facing components and 
switch to carbon-free configuration using tungsten divertor target plates in the D-T phase of 
operation to avoid strong tritium co-deposition with carbon. However, at present the 
possibility of skipping the first carbon divertor and starting with full-W divertor and Be first 
wall already in the initial phase of ITER operation is discussed. The behaviour of such a 
material combination under tokamak environment is still an open issue, which is being 
extensively studied in the JET tokamak in the frame of the ITER-Like Wall (ILW) project 
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1.2 Diagnostic mirrors in ITER 

ITER will be an experimental machine that is expected to provide reactor relevant burning 
plasma environment and better understanding of physical processes involved. Therefore there 
is an acute need in extensive diagnostics of plasma and related fusion products to control and 
understand the plasma performance [Costley 2001]. The ITER design relies on a solid basis of 
experimental results and sophisticated modelling. However, there are still a number of issues 
for which the experimental database is less robust or which are critical on the basis of 
extrapolation from present day fusion devices. In particular, the design of diagnostics for 
ITER has to be compatible with the harsh environment caused by the long pulse operation and 
the high levels of neutron production [ITER 1999]. Because of severe neutron environment, 
all the optical and laser diagnostic systems of ITER will have to use optical periscope-like 
systems to transfer the signals from plasma beyond the neutron shielding (Figure 1.2). Such 
diagnostics account for approximately one half of the total number of foreseen diagnostics in 
ITER and will have to use metallic mirrors as their first plasma-viewing optical elements, 
which is due to high levels of radiation from plasma leading to inadmissible absorption and 
radiation-induced luminescence in refractive light-guiding components (e.g. windows). These 
mirrors, in turn, will be also subjected to high fluxes of charged and neutral particles 
originating from plasma, high levels of electromagnetic radiation, intensive neutron fluxes. As 
a result, the surface of metallic mirrors will suffer erosion and/or deposition, particle 
implantation and other adverse effects, which will change their optical and polarization 
characteristics, affecting the entire performance of the respective diagnostic systems and 
possibly leading to their shutdown [ITER ITA 2006].  

Figure 1.1. Limiter (a) and divertor (b) configuration in a tokamak [Stangeby 2000] 
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The performance of first diagnostic mirrors, i.e. mirrors placed in the direct line-of-sight with 
plasma, has been studied in various plasma devices since several years, and such 
investigations are still ongoing. Experiments with diagnostic mirrors performed in tokamaks 
TEXTOR [Wienhold 2005], JET [Rubel 2010], T-10 [Vukolov 2004], DIII-D [Litnovsky 
2008] and Tore Supra [Lipa 2006, Gil 2007], as well as in the LHD stellarator [Voitsenya 
2005] demonstrated that the behaviour of first diagnostic mirrors depends on their position 
within the vacuum vessel. It turned out that mirrors placed in the divertor region (LHD), close 
to the graphite limiter (T-10), in the scrape-off layer (SOL) plasma (TEXTOR), along the 
outer wall (JET), and in diagnostic ducts (JET, LHD and T-10) were coated with deposited 
layers formed by materials eroded from the walls, mainly carbon [Litnovsky 2007a]. Only 
mirrors located close to plasma and fully open to fluxes of charge exchange atoms (CXA) and 
ions during the glow discharge cleaning (GDC) (LHD and Tore Supra) were clean, but 
damaged by bombarding particles. These results indicate that erosion of mirrors may be 
predominant at the inner, high-field side of the vacuum vessel, while deposition of atoms of 
different origins prevails elsewhere: in ports, near limiters and, in case of divertor machines, 
in the divertor. Due to significant differences in conditions (e.g. particle fluxes and exposure 
times) compared to ITER, these experiments cannot be used for direct extrapolation of 
experimental results towards ITER. Moreover, the performance of mirrors in ITER will 
depend not only on their position within the vacuum vessel, but also on the surrounding wall 
materials, vacuum quality, as well as size, geometry and other parameters of diagnostic ducts. 
The optical diagnostic systems in ITER will work in a very wide wavelength range from 2.3 
nm (the Main Plasma Impurity Monitor) up to about 100 μm (the Polarimeter System). About 
80% of first mirrors will have to transfer the light with wavelengths of 250 – 2500 nm [Sugie 
2007]. The size of mirrors also varies significantly: e.g., the Polarimeter system will use 
retroreflectors with mirror diameter 3.7 cm; the Core Thompson Scattering (CTS) diagnostics 
will need circular mirrors 35 cm in diameter; and the Main Plasma Impurity Monitor will 
require a 60 cm x 2 cm cylindrical mirror. 
Experiments [Rubel 2009, Litnovsky 2009] and modelling [Kotov 2011b] indicate that 
mirrors positioned with a large view angle to plasma are likely to be under erosion conditions. 
Mirrors installed inside diagnostic ducts will be protected from direct plasma exposure and 
may suffer from net impurity deposition, as well as mirrors in the divertor where much higher 
impurity fluxes have to be expected. B2-EIRENE simulations [Kotov 2011b, Behrisch 2003] 
demonstrate that the D(T) incident fluxes up to 1020 m-2s-1 can be expected at the outer 
midplane wall of ITER. For mirrors protected from the direct plasma impact, CXA will 
contribute the most to erosion.  The CXA fluxes to first mirrors in ITER are estimated to 

 
Figure 1.2. An example of an optical diagnostic system: core charge exchange 

resonance spectroscopy (cCXRS) observation system with mirrors, optical paths and 
port plug components (cCXRS reference design) [Krasikov 2012]. 
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be ~1017 m-2s-1 for mirrors in diagnostic blocks of the first wall and 1017 - 1019  m-2s-1 for 
mirrors in divertor cassettes [Costley 2001]. Due to plasma cooling near upper ports where 
gas inlets for core fueling are located, gross wall erosion is expected to have its minimum 
there [Kotov 2011b]. Correspondingly, gross erosion of mirrors placed at the entrance to the 
upper port should be about 500 times reduced compared to mirrors in equatorial ports. 
Due to the broad energy distribution of CXA having energies from few eV up to several keV, 
their interaction with materials cannot be adequately simulated in experiments using mono-
energetic ion beams only. Since most of CXA will have energies of few tens to few hundreds 
of eV [Behrisch 2003], experiments in tokamak plasmas with Maxwellian type ion energy 
distributions appear to be essentially more relevant. For instance, typical ion impact energies 
onto test limiters in tokamak TEXTOR are about 150 - 250 eV for plasma ions and 
300 - 500 eV for impurity species such as carbon, boron and oxygen. 
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For a monochromatic electromagnetic wave of an angular frequency ω incident on a 
homogeneous isotropic medium characterized by a dielectric constant ε, permeability μ and 
conductivity σ, the electric field E in the medium satisfies the wave equation (2.1) that can be 
derived from Maxwell equations [Born&Wolf]: 
 
 ∇2𝐸𝐸 + 𝑘𝑘�2𝐸𝐸 = 0, (2.1) 
 
where the wave number 𝑘𝑘� is defined as 
 
 𝑘𝑘�2 = 𝜇𝜇𝜇𝜇2𝜀𝜀̂, (2.2) 
 
where the complex dielectric constant 𝜀𝜀̂ is introduced: 
 
 𝜀𝜀̂ = 𝜀𝜀 + 𝑖𝑖

𝜎𝜎
𝜇𝜇

. (2.3) 
 
Equations (2.1) and (2.2) are valid for both non-conducting and conducting media. The phase 
velocity 𝑣𝑣� and the refractive index 𝑛𝑛� are, in general, complex and can be defined in both cases 
as 
 

 𝑣𝑣� =
𝑐𝑐

�𝜇𝜇𝜀𝜀̂
,              𝑛𝑛� =

𝑐𝑐
𝑣𝑣�

=
𝑐𝑐
𝜇𝜇
𝑘𝑘� . (2.4) 

 
For a non-conducting medium, the response to an external electromagnetic field is determined 
by the behaviour of electrons in the valence band. Since 𝜎𝜎 = 0, 𝜀𝜀̂ is represented by the 
standard material dielectric constant 𝜀𝜀, and the wave number 𝑘𝑘� is, to a good approximation, 
also real, except for frequencies that are close to a resonance [Born&Wolf]. 
In the case of a conducting medium, the conduction band electrons are not bound to the atoms 
and are free to move in an external electromagnetic field, leading to attenuation of the wave as 
it propagates through the medium. Both 𝜀𝜀̂ and 𝑘𝑘� are complex. The complex refractive index 𝑛𝑛� 
is usually written as follows: 
 
 𝑛𝑛� = 𝑛𝑛 + 𝑖𝑖𝑖𝑖, (2.5) 
 
where n, the real part, is responsible for the light refraction thus indicating the phase velocity 
of the light in the medium, and κ, the imaginary part called the extinction coefficient, defines 
the light absorption. This can be seen from the solution of equation (2.1) which is a plane, 
time-harmonic wave with the electric field strength and intensity expressed as follows: 
 

 𝐸𝐸 = 𝐸𝐸0𝐻𝐻
−𝛼𝛼𝛼𝛼2 𝐻𝐻𝑖𝑖(𝑘𝑘𝛼𝛼−𝜔𝜔𝜔𝜔), 

𝐼𝐼 = 𝐼𝐼0𝐻𝐻−𝛼𝛼𝛼𝛼, 
(2.6) 

 
where the real wave number k and absorption coefficient α at the wavelength of light in 
vacuum λ0 are given by 
 

 𝑘𝑘 =
2𝜋𝜋
𝜆𝜆0
𝑛𝑛,              𝛼𝛼 =

4𝜋𝜋
𝜆𝜆0
𝑖𝑖. (2.7) 
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The skin depth, the distance at which the intensity of the electromagnetic wave will be 
attenuated by a factor 1/e, can be then expressed as 
 

 𝛿𝛿 =
1
𝛼𝛼

=
𝜆𝜆0
4𝜋𝜋

1
𝑖𝑖

. (2.8) 

 
For most metals and light waves at optical frequencies, the skin depth is of the order of 
50 nm. An example of the wavelength dependence of the skin depth for molybdenum is 
shown in Figure 2.2. 
 

 
Figure 2.2. The skin depth as a function of the wavelength, as calculated from the 

extinction coefficient data from [Palik]. 
 

2.3 Reflectivity of polarized light 
 
The reflection and transmission of light depends on polarization of the incident ray. For the 
specular reflection under the assumption of linear, homogeneous and isotropic media, the 
reflection coefficients for light components with different polarizations are given by the 
Fresnel’s formulas: 
 

 
( )
( )ti

ti
pR

θθ
θθ

+
−

= 2

2

tan
tan

; 
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(2.10) 

 
where Rp and Rs define the reflection coefficients for the light components with polarizations 
parallel and perpendicular to the plane of incidence.  
The reflectivity R observed for a natural (unpolarised) light containing an equal mix of s- and 
p-polarisations is given by 
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(2.11) 
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The difference between Rs and Rp vanishes in the case of perpendicular incidence (θi = 0), and 
the reflectivity of the medium becomes equal to  
 

 
( )
( )2
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=
 

(2.12) 

 
where the light comes from the medium with the refractive index n1 to the medium with the 
refractive index n2. 
Because of the flatness of reflectivity at small incident angles (Figure 2.3), it is often 
sufficient to adopt this formula also for angles below 10 degrees. 
 

 
 

2.4 Specular and diffuse reflectivity 
 
When surface roughness is not negligible, i.e. has the scale compared to the wavelength of the 
incident light, part of the light bounces off the surface in all directions (Figure 2.1). Thus the 
light reflected from a rough mirror surface consists of two components: specular reflected 
light and diffusely reflected (scattered) light with randomly oriented rays [W. Benenson]. The 
most common description of the angular distribution of diffusely reflected light is the 
reflection of light with equal luminance in all directions (Lambertian reflectance). Alike the 
reflectivity definition given in section 2.1, the specular (Rspec) and diffuse (Rdif) reflectivities 
are defined as the ratios of intensities of specularly and diffusely reflected ligth to the 
intencity of the incident light. The total reflectivity (Rtot) is the summ of the two components: 
 
 difspectot RRR +=  (2.13) 
 
Surface roughness influences the specular reflectivity in a way as described by the Bennett 
formula [Bennett 1961] (reflectivity at normal incidence): 
 
 

22 /)4(
0· λπσ−= eRRspec , (2.14) 

 
Figure 2.3. Dependence of reflection coefficients on state of polarization and 

incidence angle for a glass-air interface [W. Benenson, p.347]. 
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where λ is the wavelength of the incident light and R0 represents the specular reflectivity of a 
material with ideally smooth surface, or, in other words, a material with the root-mean-square 
(RMS) roughness σ = 0. The RMS roughness is expressed as follows: 
 

 ∑
=

⋅=
N

i
iz

N 1

21σ
, 

(2.15) 

 
where N is the number of discrete, equally spaced point measurements of the surface elevation 
zi with respect to the mean level of the surface (Figure 2.4) [Bennett 1999].  
 

 
 
According to equation (2.14), surface roughness affects the reflectivity in the UV and visible 
wavelength ranges stronger, while Rspec is less sensitive to surface roughness in the IR range 
of the spectrum. It has to be noted, however, that the applicability of the Bennett formula is 
limited to wavelengths that are much longer than the surface roughness, such that the 
contribution of the diffuse reflectivity to the total can be basically neglected. According to 
Bennett, this quantitatively means that λ has to be about 100 times longer than σ (see figure 3 
in [Bennett 1961]). The results of corresponding analyses of the reflectivity spectra measured 
during this work will be discussed in section 6.2.3. 
  

 
Figure 2.4. Scematic representation of a rough surface showing statistical parameters 

[Bennett 1999, p.48]. 
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Chapter 3. Processes affecting the mirror 
properties 

 
Mirrors exposed to plasma undergo bombardment by plasma and impurity particles 
originating from erosion of wall materials at different locations within the device. Impurity 
particles eroded from plasma-facing components and transported to the mirror can be 
implanted into the mirror surface and cause erosion of the mirror material. Under certain 
conditions, formation of re-deposited impurity layers on the mirror surface can occur. These 
processes depend on the type of species, energy and incident angles of particles incoming to 
the mirror surface and can lead to degradation of mirror properties. In this chapter these 
processes will be briefly described and their influence on the mirror reflectivity will be 
illustrated. 
 

3.1 Surface erosion by particle bombardment 
 
Physical sputtering is an erosion mechanism, which involves the removal of atoms from the 
surface of a solid as a result of an impact of energetic particles. When an incident ion or 
neutral atom collides with lattice atoms, it causes their displacement in the form of collision 
cascades. The energy of the particle is transferred to the affected lattice atoms and dissipated 
on friction with electrons. If a collision cascade takes place within a near surface layer, 
surface atoms may receive sufficient energy to overcome the surface energy barrier (the 
surface binding energy) and be ejected (sputtered) off the material. The sputtering yield Y is 
defined as the number of ejected surface atoms per one incident projectile. For low energies 
of incident particles, displaced lattice atoms have low or no chance to overcome the surface 
energy barrier, the sputtering yield decreases strongly and becomes zero below a certain 
threshold energy Eth specific for each projectile-target combination.  
The incident energy and angle dependence of the sputtering yield can be expressed by 
analytical empirical formulae of Bohdansky-Yamamura [Bohdansky 1984, Yamamura 1983] 
or Eckstein-Preuss [Eckstein 2003] and are illustrated in Figure 3.1. The decrease of the 
sputtering yield at high energies of incidence is due to collision cascades taking place deeper 
in the solid and correspondingly lower chances for surface atoms to receive sufficient energy 
for sputtering. For grazing incidence, more energy is deposited within the near surface layer 
and the sputtering yield increases, except for very shallow incident angles when reflection 
dominates.  
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The results of modelling and experiments, shown in [Voitsenya 2013] corroborate the 
dependence of sputtering rate on crystal orientation of grain. This investigation revealed that 
the densest faces sputter the fastest (in case of body centered cubic structure, such as tungsten 
has, the face (110), in case of face centered cubic structure characteristic for stainless steel, 
the face (111)). 
The sputtering yield of a given material depends on its crystallographic structure, i.e. whether 
the material is polycrystalline (PC) or a single crystal (SC), and, in the case of PC materials 
consisting of individual grains, on the crystallographic plane of each grain surface and its 
orientation with respect to the incoming particle flux. Therefore, different grains of a PC 
material can be sputtered with different rates. Preferential sputtering of individual grains leads 
to the development of a surface relief (surface roughness), which tends to reduce the 
sputtering yield and smear its angular dependence [Kuestner 1998, Ruzic 1990]. For example, 
in [Voitsenya 2013a] energetic Ar ions bombarded tungsten mirror specimens. Averaged 
eroded depth was 3.9 μm, while maximal step between neighbor grains was 1.5 μm. The most 
sputtered face was the densest one, (110), and the most resistant face was (111). Such a way 
the ratio of sputtering speeds could be estimated as (3.9+0.75) / (3.9-0.75) = 1.5 times. 
In the case of metallic mirrors, roughening of the surface due to the variation of the erosion 
rate over the mirror surface causes the incident light to reflect diffusely. As a result, the 
specular reflectivity (Rspec) decreases and the resolving power of the mirror deteriorates. 
Therefore PC metallic mirrors exhibit a very pronounced decrease of their reflectivity due to 
physical sputtering under long-term CXA bombardment [Konovalov 2001]. The development 
of the surface roughness due to sputtering is higher for higher ion energy, i.e. the difference 
between sputtering rate of differently oriented grains increases with increasing ion energy 
[Konovalov 2012]. 
The mirror material, as well as the energy, mass, incident angle and flux of incoming particles 
have the strongest impact on the sputtering rate of the mirror surface [Eckstein 1993]. In fact, 
the reflectivity of a mirror exposed under erosion conditions depends not on the thickness of 
the sputtered layer, but on the roughness of the resulting surface. The surface roughness is, in 
turn, correlated with the particular material used for the mirror and its crystallographic 
structure. This is illustrated in Figure 3.2, where reflectivities of Mo and W mirrors with 
different crystallographic structures are plotted against the eroded layer thickness. Another 

 
Figure 3.1. Energy dependence of the sputtering yield for Be, C and W targets in case of D-

ion and self-bombardment [Wesson 2004] 
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similar sputtering rates over the entire surface. For example, these can be coatings with a 
columnar structure of the surface with a small diameter of columns. This means that surface 
roughness should not develop or at least should be less pronounced on coated mirrors 
compared to bulk PC materials. To minimize the diffuse reflection, the characteristic grain 
size of such coatings must be below the wavelength of light used for the optical diagnostics 
under consideration [Konovalov 2001]. Therefore, not only the choice of materials, but also a 
proper adjustment of the coating procedure is important in order to ensure the quality and 
stability of respective coatings. Coated mirrors are also beneficial for economical reasons 
since small amounts of high-reflective but expensive materials may be used to create large 
coated areas on relatively inexpensive substrates. This makes coatings a very attractive mirror 
concept even compared to SC mirrors. Some recent investigations [Voitsenya 2013b] suggest, 
however, that development of the surface roughness may impair the performance of coatings 
since the longitudinal length scale of the surface roughness is typically much larger than the 
grain size. As a consequence, degradation of the mirror reflectivity can occur for fine grain 
mirrors due to the development of a large-scale (1 - 10 μm) surface relief, even though the 
mirror grain size ( ̴  0.1 μm in the case of Rh-film mirrors) is much less than the wavelength 
of the probing light. 
SC materials have a clear advantage of the homogeneous sputtering of the entire surface.  In 
particular, SC mirrors made of mono-crystalline W, Mo and Ni with surfaces represented by 
differently oriented crystallographic planes (111, 100, and 110) were tested in different 
simulation experiments under conditions similar to other mirror experiments [Konovalov 
2001, Voitsenya 2001a], and no noticeable degradation of the mirror reflectivity at a 
wavelength of 600 nm was observed even after layers of ~5 µm (W) and ~7 µm (Mo) were 
eroded (see Figure 3.2). These results emphasize the beneficial properties of monocrystalline 
mirrors. In [Bardamid 2002] perfect SC Mo and W preserve optical characteristics after 
bombardment by energetic D+ with fluences 5×1024 ion/m2 and 7×1024 ion/m 
correspondingly. Deformed SC Mo degraded few times faster than perfect SC. In this work it 
was shown, that perfect SC mirrors could be used as a reference and test mirrors for 
experiments relevant for fusion reactor. However, application of SC mirrors for optical 
diagnostics in fusion devices is restricted due to possible expensiveness of such mirrors, 
depending on the material, and technological limitations in the mirror size. The largest SC Mo 
mirror produced for these purposes up to now measures 140 mm in diameter. 
 

3.2 Surface contamination via deposition and impurity implantation 
 

3.2.1 Implantation of impurities 
 
Energetic particles impacting at the surface of a solid undergo collisions with lattice atoms 
and are scattered in different directions. As a result of such collisions, incident particles slow 
down and may either leave the surface as reflected atoms or come to rest at some distance 
under the surface. These implanted particles finally occupy available vacancy locations within 
the lattice structure or become interstitial atoms. The depth distribution of implanted particles 
depends on the energy and angle of incidence and has in general a Gaussian profile. Typical 
range of plasma and impurity ions in solids in fusion applications is of the order of few 
nanometres. For sufficiently high surface temperatures atom diffusion may contribute to 
broadening of depth profile of implanted particles and lead to formation of phases of different 
chemical compounds (alloying, carbidization, oxidation, etc). Such compounds are often non-                                                                                                                                                                                                                                                                       
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metallic or anisotropic, thus their optical properties may be significantly different from those 
of the original metallic mirror material (see chapter 2). 
 

3.2.2 Formation of deposited layers 
 
Impurity layers re-deposited on the mirror surface strongly affect the mirror reflectivity due to 
the fact that light rays pass the surface layer at least twice during the reflection process. In 
general, the reflectivity of a surface with a deposited layer on it represents a strong function of 
the layer thickness. As an example of the influence of an a-C:H film on the reflectivity of a 
molybdenum mirror at normal incidence the ellipsometric simulations for two different types 
of layers found in fusion devices are provided on the Figure 3.4 [De Temmerman 2006]: 

 soft (polymer-like) with a refractive index of 1.6 at 632.8 nm and H/C ≈ 0.8; 

 hard (diamond-like) with a refractive index of 2.4 at 632.8 nm and H/C ≈ 0.3. 

In these simulations a homogeneous film on a semi-infinite substrate with the RMS roughness 
σ = 0 was considered. Simulation results show that even a very thin carbon film of less than 
20 nm thickness can strongly modify the reflectivity properties of metallic mirrors. These 
results are confirmed by measurements performed on mirrors with films deposited in the 
laboratory [Matveeva 2008] as it is shown in Figure 3.5. 
As one can see from Figure 3.4 and Figure 3.5, after a certain thickness of the deposited layer 
is reached, the reflectivity can increase again. It can even exhibit oscillating wavelength 
dependence due to interference of multiply reflected rays in the layer. The relation (3.1) 
describes the maxima of the reflectivity: 
 
 dnk 2=λ , (3.1) 
 
where k is an integer number, λ – the wavelength, d – the thickness of the layer, and n – the 
refractive index of the layer. 
Although experiments and simulations may help to predict the properties of films deposited in 
the laboratory, i.e. the films that are uniform and well pre-characterized, the situation turns 
out to be very different in the case of a tokamak environment where the layers will be formed 
non-uniformly and with rather unpredictable deposition rates. The thickness of resulting 
layers may vary significantly over the surface even for a single mirror. Moreover, in future 
fusion reactors, depending on the mirror location and PFC materials, not only a-C:H but also 
mixed metallic (as well as non-metallic) layers will be formed leading to complex surface 
composition and morphology, which are hard to assess. In particular, metallic deposits formed 
on in-vessel components in present day fusion devices are observed to have non-uniform and 
porous structure [De Temmerman 2007]. Extinction coefficients for metals are higher than for 
amorphous carbon layers (Figure 2.2), i.e. light wave penetration depths will be 
correspondingly smaller on metallic layers compared to a-C:H films. Therefore formation of 
metallic layers can lead to lower penetration depths of the incident light wave and thus partial 
or complete replacement of the mirror reflectivity by the reflectivity of the respective 
deposited layer. The usage of mirrors contaminated by metallic impurities as optical 
components in fusion devices may no longer be possible [De Temmerman 2007]. In overall 
formation of deposited layers in tokamaks leads to unknown reflectivity characteristics of 
contaminated mirrors with no reliable predictions possible. Therefore the only trustworthy 
reflectivity of a mirror is that of the clean mirror. 
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3.3 Surface modification due to chemical processes 

Strong variation of particle and energy loads along the first wall and divertor calls for 
different requirements with respect to the choice of plasma-facing materials at different 
locations within the device. Erosion and transport of wall materials in plasma unavoidably 
lead to material re-deposition elsewhere in the device, in particular, on diagnostic mirrors. As 

Figure 3.4. Dependence of the reflectivity of a Mo mirror on the thickness of a soft 
polymeric (a) and hard diamond-like (b) a-C:H film [De Temmerman 2006]. 

Figure 3.5. Dependence of the reflectivity of a Mo mirror on the thickness of hard 
laboratory-deposited a-C:H films [Matveeva 2008]. 
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a result, multi-component surfaces and mixed material layers are formed, which are subjected 
to thermal and ion-driven chemical and physical processes. Implantation and diffusion of 
impurities on one hand and formation of chemical compounds on the other hand govern the 
dynamic change of the mirror surface composition during plasma operation. Solid state 
reactions between surface components may lead to formation or dissociation of thermo-
dynamically stable chemical phases, e.g. alloys, oxydes, carbides, etc, which can have very 
different physical and optical properties, thus affecting the performance of diagnostic mirrors. 
As an example, Figure 3.6 illustrates how surface carbidization affects the reflectivity of Mo 
mirrors. 
 

 
 
Chemical reactions between incident and surface atoms can lead to formation of volatile 
compounds and thus may also lead to erosion of wall materials. E.g., chemical reactions 
between carbon and incident hydrogen ions and atoms lead to formation of volatile 
hydrocarbon radicals as well as to loosely bound hydrocarbon precursors, which are sputtered 
easier due to lower threshold energy. Chemical erosion itself has no energy threshold and thus 
is the dominating erosion process at low energies of incident particles. However, unlike 
physical sputtering, chemical erosion takes place only for specific combinations of incident 
and surface atoms. In the case of first metallic mirrors, chemical erosion of deposited a-C:H 
layers can lead to cleaning of the mirror surface without causing damage to the bulk mirror 
material as it was confirmed earlier [Matveeva 2008, Laengner 2009, Litnovsky 2011a]. 
Chemical erosion represents a multi-step process. It depends on the surface temperature and 
material properties such as crystalline structure, impurity atoms concentrations, lattice defects, 
etc [Haasz 1998, Vietzke 1987b]. Also strong dependence of the chemical erosion yield on 
the presence and impact energies of seeded impurity projectiles was observed [Schlueter 
2008]. The basic processes underlying chemical erosion in the case of hydrogen bombardment 
of carbon-based materials are the following [Roth 1996]: 
a) Carbon atoms at the edges of graphitic planes are hydrogenated to CH3–C complexes. 
Thermal release of hydrocarbons takes place at surface temperatures above 400 K. At surface 
temperatures above 600 K the chemical erosion yield Ytherm decreases due to molecular 
recombination of hydrogen at the surface (release of H2 molecules). 
b) Radiation damage created by incident ions to lattice atoms enhances the above thermal 
reaction by providing open bonds for hydrogen attachment. This process is isotope dependent 
and the corresponding contribution is noted as Ydam.  

 
Figure 3.6. Reflectivity of MoxC1-x in the wavelength range 250 - 2500 nm depending on 

the compound composition stoichiometry [De Temmerman 2005]. 
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Chapter 4. Surface characterization 
techniques 

 
Metallic mirrors of monocrystalline molybdenum, as well as polycrystalline copper mirrors, 
molybdenum and tungsten substrates coated by rhodium and molybdenum were characterized 
before and after plasma exposure in the TEXTOR tokamak. Optical measurements 
(spectrophotometry, spectroscopic ellipsometry) and surface characterization (optical 
microscopy, stilus profilometry) were performed in the MirrorLab in Forschungszentrum 
Juelich, which was specially equipped for the mirror research [MirrorLab]. Additional 
analyses with Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy 
(EDX) and Secondary Ion Mass-Spectrometry (SIMS) were also made in Forschungszentrum 
Juelich. X-ray photoelectron spectroscopy (XPS) and several SEM measurements were done 
in the University of Basel. 
 

4.1 Optical microscopy 
 
In optical microscopes the surface is illuminated with the visible light and magnification of 
the sample is achieved by using a system of lenses. In such a way objects about one µm in 
size can be successfully resolved and studied. In this thesis an optical microscope Carl Zeiss 
Axio Observer was used. The zooming capability of the microscope is 100x. Using the native 
software mode for image series acquisition from different focus positions, it is possible to 
obtain an in-focus image of a rough surface with clearly visible micro-relief. Still the optical 
microscopy gives only qualitative information on the structure of the surface and other 
methods have to be used to get a deeper insight into its composition and properties. 
 

4.2 X-Ray photoelectron spectroscopy 
 
The X-ray photoelectron spectroscopy (XPS), also referred to as electron spectroscopy for 
chemical analysis (ESCA), represents a powerful technique for the surface elemental 
composition studies. XPS is able to identify and quantify the elemental composition of the 
outer 10 nm or less of any solid surface. The detection limit for the chemical element of 
interest is 0.05 at.%. H and He are not detectable due to their extremely low photoelectron 
cross section and the fact that XPS is optimized to analyse core electrons. In addition, XPS 
allows identifying the chemical environment where the respective element exists [van der 
Heide 2012]. 
Photoelectron spectroscopy involves the single-step process of ejection of electrons from 
atoms or molecules following bombardment by monochromatic photons [Hollas 2010].A 
schematic example of the photoelectron emission process and the basic components of an 
XPS instrument are shown in Figure 4.1. 
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4.3 Secondary ion mass-spectrometry 
 
For depth profiling and elemental surface composition measurements, the double-beam time-
of-flight (ToF) secondary ion mass spectrometry (SIMS) facility ION ToF IV at FZJ was 
used. In the SIMS technique the surface is bombarded with a probing ion beam (Bi3+), which 
produces a collision cascade in the near surface region. The sputtered secondary atoms and 
ions are then analysed using the ToF method.. Depth profiles are obtained by alternate 
application of probing and sputtering ion beams. The sputtering ion beam usually consist of 
heavy ions (Cs+, O2+, O- , Ar+, and Ga+) at energies 1-30 keV and leads to efficient sputtering 
of surface atoms and thus continuous recession of the surface within the area analysed by the 
probing beam. The SIMS facility used for measurements of diagnostic mirrors presented in 
this work utilizes for sputtering Cs+ ion beam with ion energies 1-2 keV. Typical SIMS 
craters formed during measurements were 200 x 200 µm2 or 300 x 300 µm2. 
SIMS represents a very sensitive technique which is capable of detecting elements with the 
surface abundance of only 108 at/cm2. However, since the sputtering yield of different 
elements and the ratio of neutral and ionized species depend strongly on the surface 
composition, surface conditions and chemical environment, it is very difficult to obtain 
quantitative information on the surface composition with this technique. Although SIMS is 
not well suited for quantitative comparison of different elements, it is successfully applied for 
identification of the presence of particular elements on the surface and their depth-
concentration profiling. 
 
 
 

 
Figure 4.2. XPS spectrum collected from a Mo-coated mirror measured in-situ after 

the coating procedure. 
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4.4 Surface profiling 
 
To measure thicknesses of deposited layers, SIMS craters were scanned with the DEKTAK-
6M stylus profiler (profilometer). Profilometer represents a mechanical tool in which a small 
needle (stylus) that can move up and down is dragged across the surface and thus records the 
vertical surface profile. The radius of a standard diamond stylus is 12.5 µm. In combination 
with SIMS measurements, the thickness of a deposited layer can be defined. SIMS craters 
sputtered down to the interface with the substrate material are measured with the profilometer 
and the depth of the crater defines the layer thickness. 
 

4.5 Scanning electron microscopy 
 
Magnification achievable by optical microscopes (~1000x) is limited by the wavelength of 
visible light. Electrons have shorter wavelengths; therefore in electron microscopy larger 
magnifications, up to two million times, become possible. To produce an image of the 
surface, the primary electron beam is generated, accelerated up to 10-40 keV and focused into 
a point of about 1 nm in diameter, being then controlled to scan the surface; thence it is called 
the scanning electron microscopy (SEM). The primary electrons interact with the surface 
atoms producing several detectable signals, among which backscattered electrons, secondary 
electrons and X-rays are used the most for the analysis. Secondary electrons detection allows 
visualizing the surface relief. Due to their relatively low energy, secondary electrons are 
effectively slowed down on their way up to the surface, therefore only electrons produced 
near the surface can reach the detector. Backscattering of high energy primary electrons 
occurs more likely on heavy elements and therefore backscattered electrons detection allows 
visualizing the surface composition. X-rays are generated as a result of interaction of primary 
electrons with the inner shell of atoms. The energy of emitted photons is characteristic for 
each element and therefore X-rays detection gives additional insight into the elemental 
composition of the surface. In this work SEM imaging of mirrors was done to analyse the 
stability of the coatings and to access surface relief modifications after plasma exposures. 

 

 
Figure 4.3. Schematic representation 

of a SEM device. 
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4.6 Electron backscatter diffraction 
 
The electron backscattering diffraction (EBSD) represents a technique, which is used to 
evaluate the crystallographic orientation of the material. In particular, it allows identifying the 
preferred orientation of crystallites and the grain size in a polycrystalline material. EBSD 
measurement is conducted using an SEM with a special detector for diffracted electrons. The 
sample is inclined with respect to the electron beam and to the diffraction camera. Some 
backscattered electrons leave the sample at the Bragg’s condition  
 
 𝑛𝑛𝜆𝜆 = 2𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛𝑑𝑑, (4.2)  
 
related to the spacing of the atomic lattice d, where n is an integer, 𝜆𝜆 is the wavelength of the 
incident electron wave and  𝑑𝑑 is the inclination of the incident electron beam with respect to a 
particular scattering plane within the crystal. Diffraction of electrons on different lattice 
scattering planes results in an electron backscatter diffraction pattern, which can be related to 
the crystal phase and orientation. 
 

4.7 Spectrophotometry 
 
Measurements of the mirror reflectivity contribute significant part to the thesis and were 
carried out with a double-beam UV-VIS-NIR spectrophotometer Perkin Elmer Lambda 950, 
equipped with an integrating sphere. Measurements were performed for the spectral range of 
250-2500 nm. 
The double-beam spectrophotometer measures the relative intensity of two light beams, one 
reflected from the reference sample and the other one reflected from the tested specimen 
(Figure 4.4 (c)). The device is equipped with an integrating sphere of 150 mm in diameter. 
The integrating sphere is coated with a highly-reflective material (SpectralonTM), which 
provides almost 100% reflectivity of light in the entire working wavelength range. The total 
and diffuse reflectivity of samples can be measured. To measure the diffuse reflectivity, the 
sample is illuminated at an incident angle of 4° with respect to the normal; the specular 
reflected light leaves the sphere through a special aperture (light trap, Figure 4.4 (a)) and the 
diffusely reflected light is registered by detectors at the bottom of the sphere. For the total 
reflectivity measurements, the specular light trap aperture is closed with a white plate. The 
white plate is also coated with SpectralonTM thus providing the sphere with a continuous 
smooth SpectralonTM surface of the inner wall. The specular reflected light is reflected back 
from the white plate into the sphere and is therefore also detected (Figure 4.4 (b)). The 
specular reflectivity is then calculated as the difference between the total and the diffuse parts. 
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For the measurements in this work, the ellipsometer SENTECH SENresearch SE 800 with the 
wavelength range from 240 nm up to 1100 nm and a spot size of the light beam 1 mm2 was 
used. A scheme of methodology underlying ellipsometry measurements is shown in Figure 
4.5. 
 

 
 

4.9 Electron Probe Micro Analysis 
 
In Electron Probe Micro Analysis (EPMA) an electron beam accelerated to 5 - 30 keV is 
focused on the material surface. In this sense it represents an SEM. Inelastic electron 
collisions lead to excitation of substrate atoms within a small interaction volume of 1 - 9 µm3. 
De-excitation of atoms is possible in two processes presented in Figure 4.6: the Auger 
process, i.e. ejection of an outer shell electron, and emission of a photon. In the latter case, 
which will be described in more detail here, relaxation of an atom is accompanied by a 
characteristic X-ray emission. The intensities of this emission are measured by means of 
spectrometry and determine the concentrations of different elements in the surface. Two 
different types of systems used for detection of X-rays in EPMA are wavelength dispersive 
spectrometers (WDS) and energy dispersive spectrometers (EDS). Generally WDS is utilized 
more often due to an order of magnitude better energy spectra resolution (1 - 10 eV) and one 
to two order of magnitude lower detection limits (10-3 - 10-2 %). WDS uses the principle of 
constructive interference to select X-rays according to their wavelength using a diffraction 
crystal. Continuously adjusting the wavelength of incidence of X-rays on the crystal, a full 
spectrum of emitted X-rays can be acquired according to the Bragg’s rule (see section 4.6). 
High resolving power of WDS is ensured by high sensitivity of constructive interference 
condition to the lattice distance and the angle of incidence. 
 

 
 

Figure 4.5. Scheme of ellipsometric measurements. 
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In the thin film EPMA analysis, standards of bulk materials are used for calibration of 
measured X-ray intensities. From the calibrated X-ray intensities (the so-called k-ratios), 
partial mass coverages of different elements are determined by solving the following 
equation: 

( )substrate
probe
i

phys
corrstd

i

probe
i

std
i
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i

i cdcFd
c

c
I

I
k ,,⋅⋅⋅== r
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where 𝑐𝑐𝑖𝑖
𝑝𝑝𝑒𝑒𝑝𝑝𝑏𝑏𝑒𝑒 and 𝑐𝑐𝑖𝑖𝑠𝑠𝜔𝜔𝑑𝑑 are wt.% of element i in the measured layer and in the standard, and

substratec  gives the chemical composition of the substrate material. The product of the layer 
thickness d and density ρ is equal to the total mass coverage of the layer on the substrate (in 
terms of μg/cm2). The product 

𝑀𝑀𝑖𝑖 = 𝑐𝑐𝑖𝑖
𝑝𝑝𝑒𝑒𝑝𝑝𝑏𝑏𝑒𝑒 ∙ 𝜌𝜌 ∙ 𝑑𝑑 (4.5) 

represents then the partial mass coverage of the element i. The correction factor 𝐹𝐹𝑐𝑐𝑝𝑝𝑒𝑒𝑒𝑒
𝑝𝑝ℎ𝑦𝑦𝑠𝑠 

depends on the chemical composition of the sample and the layer thickness. It considers 
different (material dependent) interaction of the electrons in the material, the absorption 
effects of the generated X-rays and other physical effects. Since this correction factor depends 
itself on the parameters of interest, the above equation can only be solved by an iterative 
procedure. The detectable partial mass coverage on a foreign substrate in the thin film EPMA 
analysis is about 0.02 μg/cm2. For light elements such as carbon, the sensitivity of 0.05 wt.% 
is typically achieved. 
In this work, EPMA measurements were done at the Central Facility for Electron Microscopy 
(Gemeinschaftslabor fuer Elektronenmikroskopie - GFE) at RWTH-Aachen [EPMA-Aachen]. 

Figure 4.6. Atom excitation/de-excitation processes. 
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Chapter 5. Exposures of diagnostic mirrors 
in tokamaks 

 

5.1 Exposures under erosion conditions 
 
In this section the performance of coated and SC mirrors made from ITER-candidate 
materials is investigated in the TEXTOR tokamak under erosion conditions to assess the 
applicability of the studied mirror concepts for ITER diagnostics. In addition, an exposure of 
a large SC mirror of 10 cm in diameter under the same conditions in TEXTOR was performed 
to study the mirror performance under particle fluxes varying over the mirror surface. The 
difference in the processes of physical sputtering of different mirror materials and their 
influence on the mirror reflectivity was described earlier in section 3.2.1. In this section, 
experiments performed at TEXTOR are described and the experimental results are presented. 
 

5.1.1 Mirror characterization 
 
For the experiments under erosion conditions, mirrors of different substrate materials coated 
with molybdenum (Mo) and rhodium (Rh) were studied along with SC Mo mirrors. Although 
Rh provides better reflectivity in the visible wavelength range [Palik], Mo is more favourable 
under erosion conditions due to its lower sputtering yield [Matsunami 1984]. Two sets of 
coated mirrors used in this study were produced at the University of Basel. Each mirror had a 
diameter of the polished area of 18 mm. Mirror set 1 included Rh and Mo coatings on Mo 
substrates deposited by the evaporation technique (Figure 5.1). Mirror set 2 consisted of Rh-
coated tungsten (W) deposited by evaporation technique and Mo-coated Mo deposited by 
magnetron sputtering technique. For the sake of comparison, both sets of coated mirrors were 
extended with SC Mo mirrors produced by the active zone melting technique at FSUE SRI 
SIA "LUCH" in Russia. The Rh coating on W was selected for mirror set 2 as a more robust 
mirror concept for higher temperatures of the mirror surface since the first phase transition for 
a Rh-W system happens at a higher temperature (1880°C) as compared to a Rh-Mo system 
(830°C) [Shunk 1969], [Gurler 1991], [Brewer 1980]).The technology of manufacturing of 
the coatings is described in [Marot 2007], [Eren 2011], [Marot 2008]. As it was observed in 
the SEM analysis [Eren 2011], the coatings had a columnar structure, and molybdenum films 
produced by magnetron sputtering deposition at RT had a much denser surface compared to 
evaporation deposited mirrors. Such coatings are called nanocrystalline, since they consist of 
columnar grown grains which themselves consist of homogeneously dispersed nanocrystals 
with different orientations. The coating itself does not have a preferred orientation. 
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and Te = 36 eV (see section 6.1.1.). In total, 24 identical discharges were made with an NBI 
power of 1.4 MW. The total accumulated ion fluence to the centre of each mirror was 
estimated to be about 4.3×1024 ions/m2. The surface temperature of mirrors during discharges 
was measured with an optical pyrometer and did not exceed 570°C.  
The high-fluence exposure was performed to explore the limits of applicability of different 
mirror concepts. During the exposure the averaged plasma parameters near the mirror samples 
were ne = 3.6×1018 m-3 and Te = 31 eV (see section 6.1.1.). In total, 34 identical discharges 
were made with an NBI power of 1.0 MW. The total accumulated particle fluence to the 
center of each mirror was correspondingly estimated as 10.4×1024 ions/m2, which is a factor 
2.3 higher than in the low-fluence experiment. The peak surface temperature of the uppermost 
edge of the test limiter varied in the range of 670°C – 1250°C, which is due to variation of the 
edge plasma parameters from discharge to discharge. 
 

 

    
 
Figure 5.4. A scheme of exposure of mirrors installed on the roof-limiter in the SOL of 
TEXTOR (left) and an illustration of the geometry of the limiter with mirrors (right).  

J is the flux of impinging particles, which has the same direction as the toroidal 
magnetic field shown on the left picture. The mirror regions used for measurements are 

indicated as Top, Middle and Bottom. 

Bt 
→ 
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5.1.3 Results  

5.1.3.1 Low-fluence exposure 
 
Reflectivity measurements performed prior to the low-fluence exposure showed drastically 
reduced reflectivity of the Mo-coated mirror manufactured using the evaporation technique as 
compared to the reference data for Mo [Palik] (Figure 5.7 a). The surface of the mirror was 
investigated with an optical miscroscope and with SEM. Flaking of some regions of the 
coating was observed (Figure 5.8, Figure 5.9). 
 

 
 

 
 

Figure 5.6. A photographic view of the large SC Mo mirror in the holder on the test 
limiter head after exposure in TEXTOR. The letters indicate the erosion zone (E), the 

deposition zone (D), the shadow from the mounting clamp (S), and the area of low 
deposition (L). 

 
 
Figure 5.7. Optical and surface characterization of the Mo-coated mirror (evaporation 

technique) used for the low-fluence exposure: (a) the total reflectivity of the mirror 
before and after the exposure, the reference data according to [Palik]; (b) SIMS depth 

profiles illustrating the amount of oxygen in the most oxidized surface layer before 
and after the exposure. The noise on Figure 5.7a is attributed to the low intensity of 

the reflected light (at the sensitivity limit of the detector) due to measurements with a 
small spot. 
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The SC Mo mirror demonstrated a very good performance. The diffuse reflectivity of the 
mirror remained very low (∼ 1 %) after the exposure. The surface roughness was preserved at 
a level of ∼ 2 nm, same as it was before the exposure, thus confirming the homogeneous 
sputtering of the entire mirror surface. The specular reflectivity of the mirror decreased by 
4 % in the IR wavelength range (Figure 5.19), alike for all studied SC Mo and Mo-coated 
mirrors regardless of the amount of eroded material. 

 
 
 

5.1.3.3 Exposure with flux variation over the mirror surface 
 
Mechanical shaping procedures produce defects in SC materials. Ongoing R&D in the 
Kurchatov Institute in Russia show that the amount of such defects in SC mirrors can be 
significantly reduced by annealing [Litnovsky 2007b, RF ITER 2005]. At the same time, 
polishing of a SC mirror with diamond pastes brings some carbon contamination and thus 
may stimulate carbide formation on the mirror surface when it is heated after the polishing 
procedure. Therefore it is preferential to perform annealing before polishing. 
It was decided to perform annealing of the selected large SC Mo mirror on the stage between 
mirror shaping and polishing. Since the temperature of annealing should be kept below the 
temperature of re-crystallization of the mirror material to ensure minimal effect of this 
procedure on the SC microstructure, annealing of the selected mirror sample was done at a 
temperature of 1000-1200oC, while the spontaneous grain growth leading to severe 
degradation of the material strength and hardness occurs in industrially produced Mo at 
temperatures of 1600oC - 1800oC. The mirror sample was annealed for 2-3 hours under 
vacuum conditions to avoid surface oxidation, which may lead to a degradation of the mirror 
reflectivity. 
After the mirror was produced, it was stored for about 6 months in atmosphere. During the air 
storage, the reflectivity of the mirror did not degrade much as compared to the handbook data 
[Palik] (Figure 5.21). Nevertheless, to ensure the best possible mirror performance, it was 
decided to clean the mirror surface using plasma sputtering, the technique expected to be used 
for cleaning of diagnostic mirrors in ITER.  
For the oxide removal a capacitively coupled parallel plate discharge in Ar in the PADOS 
laboratory facility was used (see Figure 5.20). The upper electrode was grounded, and the 
lower electrode was powered by a 13.56 MHz radio-frequency generator, operated to provide 
a constant self-bias voltage, evolving due to the ambipolar plasma flux. The sample was 

 
 

Figure 5.19. The specular reflectivity of the SC Mo mirror before and after the high-
fluence exposure (reference data according to [Palik]). 
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During the exposure in TEXTOR various areas of the large SC Mo mirror were subjected to 
different plasma fluxes. As a result, a part of the mirror surface appeared to be in the 
deposition-dominated zone (area D in Figure 5.6, Figure 5.23a), interrupted by area S 
representing the shadow cast on the limiter by the lower protective clamp. The small trace of 
deposition visible on the upper part of the mirror surface was most likely produced by the 
upper protective clamp, which served as a source for reflected and eroded particles, in a full 
similarity with earlier observations [Litnovsky 2007b]. Area L is the zone of net deposition, 
which is just too low to be visible. The remaining part of the mirror surface represents an 
erosion-dominated zone (area E in Figure 5.6, Figure 5.23a) and provides sufficient 
opportunities for the evaluation of reflectivity changes over a large area due to erosion under 
different plasma fluences.  
The reflectivity measurements of the large SC Mo mirror were made before and after the 
exposure at multiple locations on the mirror surface on all characteristic areas of the exposed 
mirror. In the following only several examples of measurements done in the erosion-
dominated zone (area E in Figure 5.23a) will be demonstrated. Six various locations in the 
erosion zone were selected for the comparison. The corresponding scheme of Rspec 
measurements is shown in Figure 5.23a with the results provided in Figure 5.23b. Generally, 
the reflectivity of the exposed mirror remained the same in the wavelength range of 270 –
 1000 nm and slightly dropped by about 5-7% at 250 nm and by about 4% in the range of 
1000 – 2500 nm. These results reproduce the typical behaviour of SC Mo mirrors under 
erosion conditions discussed in the previous two sections.  
 

 
 

Figure 5.22. The diffuse reflectivity (b) of the large SC Mo mirror measured at various 
locations of the mirror surface (a) prior to exposure in TEXTOR. 
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Table 5.2. Summary of conditions and results of erosion experiments. 
    

 
Low-fluence exposure High-fluence exposure Large SC Mo 

Rh coating on Mo Mo coating on 
Mo SC Mo Rh coating on W Mo coating on Mo 

(Ti interlayer) SC Mo Erosion-dominated zone 

Technique evaporation evaporation active zone 
melting evaporation magnetron 

sputtering 
active zone 
melting active zone melting 

Plasma parameters 
Calculated at the mirror center position: 
ne = 2.6×1018 m-3  
Te = 36 eV 

Calculated at the mirror center position: 
ne = 3.6×1018 m-3  
Te = 31 eV 

ne(center)=1.42×1018 m-3 
ne(range)= 1.08− 
2.37×1018 m-3 
Te(center)=13.6 eV 
Te(range) =10.7 − 19.5 eV 

Total fluence, ×1024 iom/m2 4.3 10.1 Г(0;0)=2.82 
Range: 2.23 – 5.90 

Maximal surface temperature of 
uppermost edge of limiter 570°C 1250°C 400°C 

State of the mirror 

Before 
exposure 

Flat mirror 
surface 

strong oxidation, 
flaking  oxidation strong flaking Flat mirror surface Flat mirror 

surface Flat mirror surface 

After 
exposure Defects flaking Flat mirror 

surface 
strong flaking, 
roughening 

defects and 
flaking 

Flat mirror 
surface Flat mirror surface 

Sputtered material, 
nm 

center 100 40    − 340 122    −    − 
top 190 67    − 416 155    −    − 

Reflectivity 
changes 
UV: at 250 nm 
IR: at 2000 nm 

Rdiff UV:  by 2% no changes no changes UV:  by 21% UV:  by 1.7% no changes no changes 

Rspec 
UV:  by 2.5% 
IR: OK 

UV:  by 25% 
IR: 9% below 
reference  

IR: 5% 
below 
reference 

UV:  by 25% 
IR:  by 2% 

UV:  by 12% 
IR:  by 3.5% 

IR:  by 4% 
 

IR:  by up to 3% 
 

Roughness, nm 
Before     21 7.5   −    − 
After     29 9.3 3.2    − 
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Figure 5.24. The specular reflectivity of SC Mo, Mo-coated and Rh-coated mirrors used in 
TEXTOR experiments as a function of the ion fluence accumulated by the mirror surface. 

Results are shown for wavelengths of the probing light equal to 250, 300, 400, 600, 1000 nm, 
and 2000 nm. Lines between the experimental data points are drawn to guide the eye. 
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5.3 Exposure in oxygen-rich atmosphere 
 

5.3.1 The thermo-oxidation process 
 
Oxygen is known to be very reactive, especially at elevated temperatures, so that carbon is 
readily eroded by oxygen chemically [Haasz 1996, Philipps 1999, Hu 2006]. There can be 
several possible sources of an oxygen influx at a material surface in a fusion device: 

 Intrinsic impurity in plasma; 

 Accidental air ingress; 

 Wall conditioning in an oxygen-rich atmosphere.  

Thermo-oxidative wall conditioning represents a very effective tool for removal of 
hydrogenated carbon films [Davis 2009]. It has been extensively tested in laboratory 
experiments [Davis 2009, Tsui 2008, Haasz 2007] and successfully applied as a wall 
conditioning technique in several tokamaks [Philipps 1999, Hu 2006, Allen 2010]. Thermo-
oxidation was considered as a technique for de-tritiation of carbon-based co-deposits in ITER. 
On the other hand, surface oxidation represents a strong change of the surface composition 
and therefore may be expected to affect the optical characteristics of the material. 
Incidental effects of thermo-oxidation on a wide variety of tokamak components were 
investigated in laboratory experiments [Fitzpatrick 2010]. The impact of thermo-oxidation on 
optical properties of diagnostic mirrors was not addressed in those studies and represents the 
main focus of the work described below. 
 

5.3.2 Exposure of mirrors in DIII-D 
 
Four copper and six PC molybdenum mirror samples were installed in the DIII-D tokamak 
(see Figure 5.39) and exposed during a thermo-oxidation experiment [Allen 2010]. Three PC 
Mo mirrors were initially clean, while the other three were pre-deposited with a-C:D layers 
with layer thicknesses of about 38 nm, 60 nm and 60 nm, respectively. Coated mirrors were 
used to check the possibility of removal of deposited carbon layers from the mirror surface by 
means of thermo-oxidation. Cu mirrors were not coated.  
 

 
 
Pre-characterization of mirrors performed at FZJ before the exposure included measurements 
of the total and diffuse reflectivity, determination of optical constants by means of 
spectroscopic ellipsometry, SIMS measurements of the surface elemental composition, and 

 
Figure 5.38. Polycrystalline Mo mirrors used for the thermo-oxidation experiment in 

DIII-D. From left to right: an initially clean mirror, a mirror with a 38 nm thick a-C:D 
coating, and a mirror with a 60 nm thick a-C:D coating deposited in the laboratory.  

38 nm 60 nm

∅ 18 mm

38 nm 60 nm

∅ 18 mm
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(Figure 5.40a). The maximal decrease the reflectivity of about 10% was measured. SIMS 
measurements (Figure 5.40b) indicate the presence of about 4 nm thick layer of oxygen 
intermixed with molybdenum on the surface. In contrast, the reflectivity of mirrors exposed at 
350°C degraded drastically in the UV and VIS wavelength ranges (Figure 5.40c). The 
maximal decrease of the reflectivity was above 50%. The corresponding resulting oxidized 
layer thickness was 19 nm according to SIMS and profilometry measurements (Figure 5.40d). 
A minor carbon contamination detected on exposed Mo mirrors corresponds to less than 
1/100 of the intensity usually observed during tokamak exposures and therefore is assumed to 
cause no noticeable change of the reflectivity.  
 

  

   

Figure 5.40. The specular reflectivity as a function of the wavelength (a and c) and SIMS 
elemental composition depth profiles (b and d) of initially clean Mo mirrors exposed in DIII-

D at temperatures of 160 °C (remote) and 350 °C (main chamber), respectively. Mirrors 
installed in the main chamber and in the divertor showed very similar results. 

 

5.3.3.2 Copper mirrors  
 
The copper mirrors, initially shiny, experienced a visible darkening of the surface and become 
barely reflecting (Figure 5.41c). The darkening of the surface was stronger for mirrors 
exposed at the higher temperature (350°C versus 160°C). Reflectivity and SIMS 
measurements were performed at several locations on all Cu mirrors; particular results are 
shown in Figure 5.41. Even in the case of the mirror exposed at 160°C the reflectivity drop 
was significant and reached about 20% at a wavelength of 600 nm (Figure 5.41a). The 
simultaneous presence of copper and oxygen on the surface was detected from SIMS depth 
profiling, indicating the oxidation process and a diffusive mechanism of oxygen penetration 
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into copper (Figure 5.41b). The thickness of the most affected layer was estimated to be about 
13 nm. For mirrors exposed at 350°C, the reflectivity drop reached a drastic value of about 
90% at the wavelength of 850 nm (Figure 5.41d). SIMS investigations (Figure 5.41e) 
indicated the presence of a much thicker (~100 nm) oxidized layer. Mirrors installed in the 
main chamber and in the divertor showed very similar results. 
 

  

  
Figure 5.41. The specular reflectivity as a function of the wavelength (a and c) and SIMS 

elemental composition depth profiles (b and d) of Cu mirrors exposed in DIII-D at 
temperatures of 160°C (remote) and 350°C (main chamber), respectively.  

The insert (c) shows a view on a SIMS crater on the surface of a Cu mirror after exposure at 
350°C. The lighter color represents the SIMS sputtered region, i.e. corresponds to the initial 

state fo the mirror surface. 
 

5.3.3.3 Pre-deposited mirrors 
 
The reflectivity and the surface composition of pre-coated mirrors changed negligibly after 
the oxygen exposure (see Figure 5.42). Since the reflectivity of an a-C:D coated surface is 
very sensitive to the layer thickness (Figure 3.5), no changes of the pre-deposited layer 
thickness can be expected. However, SIMS measurements indicated an increase and 
broadening of the oxygen signal at the interface between the a-C:D layer and the Mo 
substrate, which was stronger in the case of the higher mirror temperature. This effect will be 
discussed in section 6.3.2.3.  
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Figure 5.42. The specular reflectivity as a function of the wavelength (left) and SIMS 
elemental composition depth profiles (right) of the pre-coated Mo mirrors exposed in DIII-D 

at temperatures of 160°C (a and b – remote location, 60 nm coating) and 350°C (c and d – 
main chamber, 38 nm coating; e and f -  main chamber, 60 nm coating). 

 
Figure 5.43 illustrates the possible change in the thickness of the pre-coated layer with initial 
thickness of 38 nm after the oxygen exposure. The derived difference of the layer thickness 
before and after exposure is about 3 - 4 nm, which is within the 20% uncertainty of the 
method. Thus, no evident change of the layer thickness after the exposure could be stated. 
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Chapter 6. Plasma induced surface 
modification and its influence 
on the reflectivity of diagnostic 
mirrors: results and analyses 

6.1 Evaluation of plasma parameters and particle fluxes 

6.1.1 Parameters of background plasma 

During exposures of diagnostic mirrors in TEXTOR, the edge plasma parameters were 
monitored with the supersonic helium beam diagnostics [Schmitz 2008]. The average plasma 
parameters at the position of the mirrors were then estimated from measurements of the 
electron density ne and the electron temperature Te during the flat-top phase of each discharge. 
As an example of this procedure, the radial profiles of ne and Te measured by the diagnostics 
in different discharges of the low-fluence exposure are shown in (Figure 6.1). Grey dots 
illustrate the scatter of the data measured in different discharges, and the black lines indicate 
simple averaging over all discharges. The standard deviation of measurements performed 
during different discharges was taken as a measure of uncertainty of experimental 
determination of plasma parameters, which is thus indicated with red and blue lines in the 
figure. From the average radial profiles of ne and Te, accounting for the radial position and 
geometry of the test limiter with the mirror holder, plasma parameters at the center of each 
mirror were calculated. For the plasma conditions corresponding to mirror experiments in 
TEXTOR with NBI heating applied, the ion temperature is approximately twice as large as 
Te [Huber 2000].  
The ion flux reaching a plasma-exposed surface is proportional to the plasma density and 
temperature: 

 𝛤𝛤 = 1
2
𝑛𝑛0�

𝑘𝑘(𝑇𝑇𝑒𝑒+𝛾𝛾𝑇𝑇𝑖𝑖)
𝑒𝑒𝑖𝑖

 , (6.1) 

where n0 is the plasma density at the so-called stagnation point where the plasma flow 
velocity is zero. Adiabatic constant γ=5/3 is assumed, corresponding to an adiabatic flow with 
isotropic pressure [Stangeby 2000]. 
The radial profiles of the ion density and temperature in the SOL can be described by 
exponential decay functions as 

𝑛𝑛𝑖𝑖 =  𝑛𝑛𝑒𝑒 = 𝑛𝑛𝑒𝑒0 × 𝐻𝐻−
𝑥𝑥
𝜆𝜆𝑛𝑛 ; (6.2) 

𝑇𝑇i = 𝑇𝑇𝑖𝑖0 × 𝐻𝐻−
𝑥𝑥
𝜆𝜆𝑇𝑇  , (6.3) 

where plasma parameters at the LCFS, ne0 and Ti0, and the decay lengths 𝜆𝜆𝑏𝑏 and 𝜆𝜆𝑇𝑇 can be 
derived from experimental measurements of ne and Te.  

75 



In such a way, the ion flux can be written in the following form: 

Γ =  const × 𝐻𝐻−
𝛼𝛼(𝜆𝜆𝑛𝑛+2𝜆𝜆𝑇𝑇)
2𝜆𝜆𝑇𝑇𝜆𝜆𝑛𝑛  , (6.4) 

from which the ion flux decay length can be derived: 

𝜆𝜆Г =
2𝜆𝜆𝑇𝑇𝜆𝜆𝑏𝑏

2𝜆𝜆𝑇𝑇+𝜆𝜆𝑏𝑏
 . (6.5) 

Similarly, the heat flux Q at a plasma-exposed surface is proportional to the ion density and 
temperature as niTi

3/2, so that it can be written in the following form: 

Q =  const × e−
x(3λn+2λT)

2λTλn  , (6.6) 

from which the heat flux decay length is 

𝜆𝜆𝑄𝑄 =
2𝜆𝜆𝑇𝑇𝜆𝜆𝑏𝑏

2𝜆𝜆𝑇𝑇+3𝜆𝜆𝑏𝑏
 . (6.7) 

Average plasma parameters at the mirror surface in all mirror experiments are summarized in 
Table 6.1, where also the decay lengths and the accumulated particle fluences are indicated. 
Plasma parameters correspond to those at the center of mirrors, except for the case of the large 
SC Mo mirror exposure where the lower and upper values for ne, Te and Φ correspond to 
positions at the center of the mirror and at the plasma-closest edge, respectively. For the case 
of the Periscope system, the data for the last experiments with He and D2 injections are 
indicated. 
Due to small size of the test limiter compared to the plasma radius, it is often assumed that 
plasma parameters at a given radial position are the same along the limiter poloidally. This 

Figure 6.1. Radial profiles of plasma density and temperature in the TEXTOR edge 
measured with the supersonic helium beam diagnostics during the low-fluence exposure 

under erosion conditions. 
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assumption implies that the samples that are installed on the limiter as shown in Figure 5.5 
face the same plasma, i.e. particles with the same energy and flux arriving at the surface along 
the line corresponding to a given radial coordinate. This also means that the balance of 
erosion and deposition on the sample holder should be the same for those locations leading to 
a transition from erosion to deposition zone in form of a horizontal line (poloidally) on the 
limiter surface. However, observing the inclined deposition pattern on the mirror holder, the 
poloidal inhomogeneity is visible (Figure 5.5a), and it may be concluded that the upper part of 
the Mo-coated mirror must have been exposed under conditions similar to those at the center 
of the Rh-coated mirror, which can be attributed to a variation of plasma parameters within a 
radial distance of 1 - 2 mm. The variation of plasma parameters can be, in turn, attributed to 
the finite poloidal radius of the plasma in TEXTOR. 

Table 6.1. Average plasma parameters, decay lengths and accumulated particle fluences in 
mirror experiments.  

Low-fluence High-fluence Large SC Mo Periscope 
ne (m-3) 2.6 × 1018 3.6 × 1018 1.4 / 2.4 × 1018 1.5 × 1018 
Te (eV) 36 31 14 / 20 25 
λn (mm) 24.1 26.6 26.6 39 
λT (mm) 28.4 30.2 30.2 26.6 
λΓ (mm) 17.0 18.5 18.5 22.5 
λQ (mm) 10.6 11.5 11.5 12.2 
No. of discharges 24 36 37 He: 22, D: 43 
Fluence, Φ (m-2) 4.3 × 1024 10.1 × 1024 2.8 / 5.9 × 1024 He: 5.2 × 1024, 

D: 9.1 × 1024

6.1.2 Effect of gas feeding on plasma parameters 

The experiments with different gases blown in the Periscope system, described in section 5.2, 
allow marking out the physical processes playing the major role in the mirror protection from 
deposition. The two gases used for this purpose are helium and deuterium, which have 
different physical and chemical properties. Helium is a non-reactive gas with the ionization 
energy of 24.6 eV such that the energy transfer with plasma ions (D+) happens mostly in 
elastic collisions. Deuterium is a molecular gas with the dissociation energy of D2 molecules 
of 4.56 eV. Ionization of D2 molecules happens at 15.1 eV, and D atoms are ionized at 
13.6 eV. In this case the energy transfer with D+ plasma ions has a resonant character and is 
dominated by the charge-exchange process. Considering physical sputtering of deposited 
layers, the threshold energy for sputtering of carbon by impinging He ions is 19.12 eV. In the 
case of the D2 gas injection, the rather low dissociation energy of D2 molecules favours their 
prompt dissociation. To induce physical sputtering, D atoms have to be ionized and gain 
energy above 27.7 eV. Due to a lower mass physical sputtering in the case of deuterium is 
weaker than that for helium. In particular, at an ion energy of 50 eV the sputtering yield of 
carbon by He is about 4.8  10-3, while it is 1.9  10-3 for the case of D impact 
[Eckstein 2011]. However, in addition to physical sputtering deuterium atoms and ions induce 
chemical erosion of deposited a-C:D layers. Considering the experimental results (section 
5.2.3), namely the fact that the layer pre-deposited on the 1st mirror was not reduced in the 
case of the He gas injection, allows the conclusion that physical sputtering does not play a 
substantial role in the mirror protection from deposition under conditions of these particular 
experiments in TEXTOR. On the contrary, the experiments with the D2 gas injection 
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emphasised the major role of chemical erosion in protecting and cleaning the mirror surface 
from a-C:D layers.  
To assess the capability of injected deuterium to clean the mirror by chemical erosion, the 
following analysis was done. The chemical erosion yield at 380°C is 4  10-3 C/D (Figure 
3.7). The atomic density of carbon atoms in a-C:D layers formed in TEXTOR is 
approximately 6.3  1022 C/cm3 [Wienhold 1989]. Taking these values into account, the 
minimum amount of D atoms and ions needed to remove a 100 nm thick a-C:D layer from the 
deposited area of 6.8 cm2 can be estimated as 1.1  1021. The amount of D2 molecules 
injected through the Periscope system during the mirror exposure was about 3.1  1020 per 
discharge, which potentially could result in 26.7  1021 D atoms if all molecules would be 
dissociated in all discharges. Such an amount of deuterium would be more than sufficient to 
clean the mirror. However, it is clear that only the closest to the mirror and already 
dissociated part of deuterium could contribute to the removal of the carbon layer. Therefore it 
is rather difficult to deduce the exact minimum of gas injection rate required for an effective 
mirror protection from deposition. In addition, as a result of elastic and non-elastic collisions 
of plasma ions with cold neutrals, carbon and deuterium ions from plasma lose their energy 
and can be even neutralized and scattered, thus reducing the effective contribution of plasma 
to the layer formation and removal. For a rough estimation of the mean free path of D+ ions, 
the gas density inside the Periscope was calculated using the Bernoulli's equation in the form 
of a compressible flow equation. The resulting densities are shown in Table 6.2. 
In the case of the He injection, the mean free path of D+ ions can be estimated from the 
known reaction rate coefficient for elastic scattering of D+ on He, which can be described as 

𝐾𝐾 = 3 × 10−9𝑇𝑇−1 3�  𝑐𝑐𝑚𝑚
3
𝑠𝑠�  , (6.8) 

where T is the ion temperature in eV [Vasil’ev 1982]. The resulting mean free path of a 50 eV 
D+ equals then to 23.5 cm (Table 6.2). 
In the case of injection of D2 molecules, assuming that all of them are promptly dissociated 
into individual deuterium atoms, charge exchange represents the most probable reaction 
channel with SOL plasma ions. The corresponding reaction rate coefficient for the conditions 
of the experiment is about 3  10-8 cm3/s [Freeman 1974], resulting in the mean free path for 
D+ ions of about 3.4 cm (Table 6.2). 
Comparing the mean free path of D+ in D and He neutral gas clouds, which is about 7 times 
larger in the case of He for a factor of about 5 smaller density (4.8  1013 D/cm3 against 
1.0  1013 He/cm3, Table 6.2), it can be concluded that D and He would have protected the 
mirror surface from impurity ions from plasma with a comparable effectiveness if chemical 
erosion would not have played a role. This could be the case, for example, for prevention of 
beryllium or tungsten deposition on the mirror surface.  
In order to estimate the contribution of chemical erosion by deuterium atoms or ions resulting 
from dissociation of injected D2 molecules, processes leading to dissociation or ionization of 
D2 molecules have to be considered. These processes are the dissociation under electron and 
ion impact and the charge exchange. The Maxwell averaged reaction rates, R, from the 
ground vibrational state and corresponding mean free paths, λmfp,  for these processes are 
summarized in Table 6.2 (see also Figure 6.2).  
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Table 6.2. Summary of interaction processes between plasma ions and injected gases in the 
Periscope system with calculated mean free paths λmfp of D+ ions in the gas cloud. 

Injected gas Particle 
density, cm-3 

Reaction Reaction rate coefficient, 
K (cm3s-1) 

λmfp 
(cm) 

He 1.0  1013 Elastic scattering of 
50 eV D+ on He 8  10-10 23.5 

D (from full 
dissociation 
of D2) 

4.8  1013 Charge exchange of 
50 eV D+ on D 3  10-8 3.4 

Injected gas Particle 
density, cm-3 Reaction Maxwell averaged 

reaction rate, R (cm2) 
λmfp 
(cm) 

D2 4.5  1013 

Charge exchange 1.1×10-9 78.7 
Electron impact 
dissociation 2.9×10-7 0.3 

Ion impact 
dissociation 8.5×10-10 104 

Comparing the reaction rates and mean free paths for all three reactions, one can see that the 
dissociation of D2 molecule under electron impact is the most probable and must have 
happened inside the Periscope system in the vicinity of the first mirror.  
The above estimations support the conclusion that the complete cleaning and protection of the 
mirror surface during the D2 gas injection was possible because of chemical erosion of carbon 
by low energy D atoms. These atoms resulted from the dissociation of injected D2 molecules 
and were present in a sufficient amount near the mirror surface due to relatively short mean 
free path of molecules. More detailed analyses can be performed with help of dedicated 
modeling. 

Figure 6.2. Reaction rate for processes of charge exchange and dissociation of D2 
molecules caused by interaction with electrons and ions depending as functions of 

electron and ion temperature, respectively [Guzmán 2013]. 
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approximation. It is also assumed that neutrals may escape to the main plasma volume only 
when they leave the Periscope through the aperture located at x = 0.1 m. In this case neutral 
particles leave the SOL with the frequency ν = ΔSOL / vn, where ΔSOL is the radial SOL width 
and vn is the speed of neutral particles. More details about the model can be found in 
[Marchuk 2007]. 
Figure 6.4 and Figure 6.5 show the profiles of plasma parameters along magnetic field lines 
obtained with the model for the cases with and without gas injection. Profiles of the neutral 
density (Figure 6.4 b) demonstrate a significant increase at the position of the 1st mirror in the 
case with the D2 gas injection included and a simultaneous steepening of the plasma density 
profile near the mirror. This behavior indicates the transition from the sheath limited regime, 
i.e. plasma is essentially isothermal along the magnetic field line, to the high recycling 
regime, characterized by a significant parallel temperature drop between locations far away 
from the surface and the sheath edge in front of the surface [Stangeby]. Correspondingly, a 
drop of the ion and electron temperatures along the SOL is obtained (Figure 6.5). The ion 
temperature in the modelling is approximately twice the electron temperature, which 
reproduces well typical conditions in TEXTOR for the edge plasma parameters observed in 
the experiments [Huber 2000]. 
 

 
 

 
 

Figure 6.4. Plasma and neutral gas densities inside and outside the Periscope mirror 
system obtained from the modelling for the cases without gas injection and with the 

D2 gas feeding: a) profiles along the magnetic field line (x = 25 m corresponds to 
unperturbed plasma); b) profiles in the region near the Periscope mirror system. 
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6.2 Erosion of the surface 
 

6.2.1 Distortion layer 
 
Metallic surfaces are known to modify their structure after polishing. As a result, the top layer 
of the surface affected by polishing acquires a disordered structure. This layer is thus called 
the distortion or smeared layer. In [Manhard 2013] it is shown that a distortion layer forms 
after mechanical fine grinding and also after polishing with the diamond suspension. Such 
treatments form microstructures on the surface, which are not equivalent with the bulk 
structure of the sample. Namely, the characteristic size of surface grains in the distortion layer 
is typically much smaller than the characteristic size of bulk grains. In the case of a SC 
material, the distortion layer also has a disordered structure and therefore does not possess the 
same properties as the bulk. In practice this means that the true erosion properties of a SC 
mirror can be studied only after the distortion layer is completely removed. 
Depending on the material, the thickness of the distortion layer can vary very significantly. In 
case of tungsten, a thickness of 500 nm was reported in [Manhard 2013]. In case of polished 
diamond, however, only few nm of the surface were affected [Pastewka 2011]. Generally 
speaking, the thickness of the distortion layer cannot be predicted and must be defined from 
measurements. After a SEM investigation of a perpendicular cut of a SC Mo mirror sample, it 
was concluded that there was no distortion layer on SC Mo mirrors used for experiments 
presented in this thesis,. The coated mirrors should not have had a distortion layer since 
polishing was performed only on the substrate, i.e. before the coating procedure. Such mirrors 
were not mechanically treated after the coating procedure. 
 

6.2.2 Amount of material removed during exposures under erosion conditions 
 
As a result of exposures under erosion conditions, the studied mirror samples were sputtered 
at different rates. In general, the thickness of the layer sputtered from a mirror surface 
depends on the elemental composition of the surface, which means the mirror material. It is 
also a function of exposure conditions such as types and fluxes of different bombarding 
species, particle impact energies, angles, and exposure times. To verify the involved physical 
processes, the experimentally obtained sputtered thicknesses can be compared with a simple 
analytical calculation. Such a comparison was done for Rh- and Mo-coated mirrors used for 
the low-fluence exposure, based on the empirical dependence of the erosion yield of a 
particular mirror material on energies and atomic masses of impinging particles [Eckstein 
1993, Yamamura 1996].  
The sputtering yield represents a rather sensitive function of plasma parameters in front of the 
mirror surface. For the range of conditions in TEXTOR experiments, a 15 % variation of the 
electron temperature near the mirror surface can lead to a change in the sputtering yield (and 
correspondingly in the calculated sputtered thicknesses d Rh and d Mo) within a factor of 2.7. 
However, in calculations, the ratio χ = d Rh / d Mo appears to be less sensitive to such 
variations. Therefore, the experimentally measured ratio χexp = 2.5 and not the sputtered 
thicknesses themselves were compared with the analytical solution. The calculated ratio χcalc 
stays in the range of 1.67 – 1.76, accounting for uncertainties in the measured plasma 
parameters. The discrepancy between the calculated and experimentally measured values of χ 
can be explained in the following way. As it was mentioned in section 6.1.1, the upper part 
rather than the center of the Mo-coated mirror must have been exposed under conditions 
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similar to those at the center of the Rh-coated mirror. Therefore, erosion at the upper part of 
the Mo-coated mirror (67 nm compared to 40 nm in the center, section 5.1.3.1) has to be 
compared with erosion in the center of the Rh-coated mirror (100 nm). With such a 
correction, the experimentally determined value of χexp becomes equal to 1.68, which agrees 
with the calculated values very well.  
In the case of the high-fluence exposure, the Mo-coated mirror in its centre was sputtered by 
about 122 nm, while the sputtered thickness of the Rh-coated mirror reached 340 nm. These 
measurements correspond to the ratio χexp = 2.78, while the calculated value χcalc stays below 
1.71, being generally lower than in the low-fluence exposure due to the lower plasma 
temperature. Applying the same correction as for the low-fluence exposure, namely 
considering the ratio of sputtered thicknesses  at the centre of the Rh-coated mirror and at the 
upper part of  the Mo-coated mirror, results in χexp = 2.19. The remaining discrepancy 
between the measured and calculated values of χ can be attributed to the fact that the 
estimates of χcalc described above were done for monoenergetic projectiles, while during the 
exposure the Maxwellian energy distribution is characteristic for the ions. Although such 
calculations are good enough for rough estimations of sputtering rates of pure materials, they 
do not account for simultaneous implantation and deposition of impurities, neither any other 
physical and chemical processes involved. The measured and calculated values of χ are 
summarized in Table 6.3, where also the values of χ obtained from computer simulations are 
shown (see the following sub-sections).  

Table 6.3. Ratios of sputtered thicknesses of Rh and Mo mirrors obtained in the low-fluence 
and high-fluence experiments (χexp) and obtained from estimative calculations using the 

Eckstein-Yamamura fit of sputtering yields (χcalc) and simulations with the SDTrimSP code 
(χsim). 

6.2.2.1 Simulation of the mirror erosion with the SDTrimSP code 

To evaluate sputtering rates of mirror materials under realistic simultaneous implantation of 
impurities more precisely, the Monte-Carlo computer code SDTrimSP (version 5.00) 
[Eckstein 2007] was used. The code describes the impact of energetic projectiles on 
amorphous solids using the approximation of binary collisions between the projectile and 
atoms of the target. In this work the dynamic version of the code was used, which accounts 
for modifications of the target composition during the ion bombardment. An attempt to 
account for re-deposition of the eroded mirror material on the mirror surface was made. 
Chemical erosion was not included in the simulations. 

Lo
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-
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 χexp 
𝑑𝑑 𝑅𝑅ℎ 𝑐𝑐𝑒𝑒𝑏𝑏𝜔𝜔𝑒𝑒𝑒𝑒 = 100 𝑛𝑛𝑚𝑚
𝑑𝑑 𝑀𝑀𝑝𝑝 𝑐𝑐𝑒𝑒𝑏𝑏𝜔𝜔𝑒𝑒𝑒𝑒 = 40 𝑛𝑛𝑚𝑚

= 2.5 
𝑑𝑑 𝑅𝑅ℎ 𝑐𝑐𝑒𝑒𝑏𝑏𝜔𝜔𝑒𝑒𝑒𝑒 = 100 𝑛𝑛𝑚𝑚
𝑑𝑑 𝑀𝑀𝑝𝑝 𝜔𝜔𝑝𝑝𝑝𝑝 = 67 𝑛𝑛𝑚𝑚

= 1.68 

χcalc 1.67 – 1.76 
χsim 1.23 – 3.27 

H
ig

h-
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χexp 
𝑑𝑑 𝑅𝑅ℎ 𝑐𝑐𝑒𝑒𝑏𝑏𝜔𝜔𝑒𝑒𝑒𝑒 = 340 𝑛𝑛𝑚𝑚
𝑑𝑑 𝑀𝑀𝑝𝑝 𝑐𝑐𝑒𝑒𝑏𝑏𝜔𝜔𝑒𝑒𝑒𝑒 = 122 𝑛𝑛𝑚𝑚

= 2.78 
𝑑𝑑 𝑅𝑅ℎ 𝑐𝑐𝑒𝑒𝑏𝑏𝜔𝜔𝑒𝑒𝑒𝑒 = 340 𝑛𝑛𝑚𝑚
𝑑𝑑 𝑀𝑀𝑝𝑝 𝜔𝜔𝑝𝑝𝑝𝑝 = 155 𝑛𝑛𝑚𝑚

= 2.19 

χcalc ≤ 1.71 

χsim 1.34 – 4.50 
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The simulations were set up to reproduce the experimental conditions: 

 Maxwellian ion energy distribution corresponding to Ti = 70 eV (low fluence-
exposure) and Ti = 60 eV (high-fluence) exposure assuming sheath acceleration of
3kTe.

 Angle of incidence 40° corresponding to the most probable one for plasma ions for the
case of a 20° inclination of the magnetic field lines to the  mirror surface (according to
the angular distributions obtained with the ERO code [Borodin 2013] (Figure 6.7).

It was estimated (see section 6.3.3) that under conditions of the mirror exposure in TEXTOR 
accumulation of hydrogen and deuterium in the Rh and Mo samples should not have 
happened. Therefore, these processes were not included in the simulations. 
The surface binding energy Esb is an important parameter in SDTrimSP simulations, which 
influences the probability of a displaced atom or a backscattered projectile to leave the 
surface. For self-sputtering of monoatomic targets, Esb is taken as the cohesive energy of the 
material. As no clear values for mixed bombardments exist, Esb is usually defined as the 
cohesive energy of the substrate material in this case. For a single crystal material it can vary 
strongly depending on the crystal orientation. In addition, different chemical compounds 
could be formed on the mirror surface during the exposure (rhodium and molybdenum oxides, 
molybdenum carbides, and also compounds with the CO-group). Surface binding energies in 
case of complex multi-component targets could vary depending on the type of bonding [Frese 
1987], as well as on the relative orientation of bound atoms. In this case the simple model that 
is usually used to estimate the surface binding energies for particular atomic pairs is such that 
the surface binding energy of one type of species to another is approximated by the average 
self-binding energy of each species, e.g.  

Esb (O on Mo) = ( Esb (Mo) + Esb (O) ) / 2. (6.10) 

Figure 6.7. Angular distributions of projectiles – D+ ions incident on the TEXTOR 
roof-limiter for Te = 10, 20 and 40 eV [Borodin 2013]. Distributions with similar most 

probable angles of incidence are observed for impurity ions in higher charge states. 
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As a more sophisticated approach, the average binding energy can be calculated taking into 
account the stoichiometry, e.g.  
 
 Esb (O on Mo) = ¼ Esb (Mo) + ¾ Esb (O) (6.11) 

 
in the case of surface composition corresponding to MoO3. 
In order to check the sensitivity of SDTrimSP results to changes of the surface binding 
energy, several simulations were performed, in which the surface binding energies Esb(O on 
Mo) and Esb(O on Rh) were varied according to the available literature data and the models 
presented above, as summarized in Table 6.4. For most cases of heterogeneous sputtering (C 
on Mo, C on Rh, etc.), the simple averaging of the binding energies was used.  
As an example, according to simulation assuming different Mo crystal orientations, the 
amount of the sputtered material (the sputtered depth) of the Mo mirror in conditions of the 
low-fluence exposure could vary between 166 nm and 352 nm. It equals 352 nm if Esb(O on 
Mo) = 4.7 eV (simple averaging) is used. When Esb (O on Mo) = 6.53 eV (Mo2O, [Petrova 
2009]) is used instead, the sputtered depth of about 324 nm is obtained. Similarly, simulated 
erosion of the Rh-coated mirror varies for different types of bonding of oxygen in 
polycrystalline Rh. The results are summarized in Table 6.5 for Mo and in Table 6.6 for Rh. 
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Table 6.4. Surface binding energies of species used in SDTrimSP simulations. 

Esb(eV) C O Mo Rh 

C 7.4 (1) = = = 

O 4.99 (1,*) 2.58 (1) = = 

Mo 

7.105 (1,*) 

7.390 (2,*) 

8.290 (3,*) 

8.090 (4,*)

4.70 (1,*) 

4.98 (2,*) 

5.88 (3,*) 

5.68 (4,*) 

3.64 (1,§) 

4.73 – 5.12 (5) 

6.10 – 6.85 (6) 

6.53 (7) 

6.81 (1) 

7.38 (2) 

9.18 (3) 

8.78 (4) 
× 

Rh 6.59 (1,*) 4.18 (1,*) 

3.95 – 4.81 (8) × 5.78 (1) 

1 SDTrimSP data pool; 
2 SC Mo(111); 3 SC Mo(110); 4 SC Mo(100) [Eckstein 1991]; 
5 SC Mo(100) [Frese 1987]; 6 SC Mo(110) [Petrova 2009]; 7 Mo2O [Petrova 2009] 

8 Poly Rh [Frese 1987]; 
* simple averaging; § stoichiometric averaging (MoO3);
= equal to the transposed (e.g. Mo-on-O = O-on-Mo). 

6.2.2.2 Re-deposition accounting for SDTrimSP simulations 

In attempt to simulate possible effects of re-deposition of sputtered particles, simulations with 
a modified mix of projectiles (including Mo and Rh as bombarding species) were done. To 
calculate the fraction of Mo in the initial flux in the case of the Mo-coated mirror in the low-
fluence exposure, the number of sputtered Mo atoms was estimated based on the sputtering 
yield of Mo (Y = 0.53%, see Table 6.5). The Mo fraction is then re-calculated according to 
other incoming species. The resulting mix of species coming to the surface was then the 
following:  

H D C O Mo 
47.84% 47.84% 2.87% 0.95% 0.50% 

Similarly, in the case of the Rh-coated mirror in the low-fluence exposure, for which the 
sputtering yield is higher (Y = 0.77%, see Table 6.6), the incident mixture was as follows: 

H D C O Rh 
47.705% 47.705% 2.862% 0.954% 0.774% 

It was assumed that sputtered Mo and Rh atoms were ionized in the vicinity of the surface and 
returned to the surface as singly charged ions with an initial energy of 1 eV, being then 
accelerated to an energy of 3kTe in the sheath. Such an approach describes the re-deposition 
only roughly and over-estimates it since all sputtered particles are assumed to return to the 
surface. As a result, a significant decrease in the sputtered thickness was observed in the 
simulations, accounting for re-deposition, while keeping all other parameters the same. In the 
case of Mo, the decrease was from 352 nm down to 318 nm (by 9.7%) for the low fluence 
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exposure, and from 649 nm down to 563 nm (by 13%) for the high-fluence exposure. For Rh 
mirrors in the low-fluence and high-fluence exposures (Table 6.6), accounting for re-
deposition results in the sputtered depth changes of 9.1% and 11.9%, respectively, similar to 
the case of Mo mirrors. 
According to the results summarized in Table 6.5, the sputtered depth of Mo mirrors in the 
low-fluence and high-fluence exposures changes by 13.4% and 12.3% due to variation of the 
surface binding energy of oxygen alone. However, the differences due to different binding 
energies of oxygen in the case of Rh equal just to 3% (low-fluence exposure) and 4.1% (high-
fluence exposure). 
With the parameter variations discussed above, the simulated value χsim  is in the range of 
1.23 – 3.27 in the case of the low-fluence exposure and in the range of 1.34 - 4.50 in the case 
of the high-fluence exposure (Table 6.3). The results of the modelling show that predictive 
simulations in the case of sputtering of mixed materials are very sensitive to the input data. 
For an accurate description, the crystal orientation, the actual state of surface atoms and 
corresponding binding energies of all the components have to be known. Still the 
experimentally measured ratio χexp, as well as the calculated range χcalc, falls into the range of 
simulated χsim very well. What is more important, the simulated sputtered depths of both Mo 
and Rh mirrors are in a good agreement with experiment, namely within a factor of 1.5-2, 
despite their strong sensitivity to plasma parameters. 
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Table 6.5. Results of SDTrimSP simulations for Mo mirrors. 
 

 № Case 
Surface Binding Energy,eV Re-

dep 

Eroded 
depth, 

nm 

Surface concentration, % Sputtering yield Y, % Reflection yield R, % 

Mo on Mo C on 
Mo O on Mo C O Mo C O Mo H D C O 

L
ow

-f
lu

en
ce

, T
i =

70
 e

V
, S

he
at

h 
10

5 
eV

 L1 1,* 6.81 7.105 4.70  351.62 20.26 4.73 75.00 1.06 0.32 0.53 28.81 19.71 0.43 0.11 

L3 3,* Mo(110) 
9.18 8.29 5.88  166.21 24.17 5.97 69.86 1.08 0.32 0.30 27.91 18.85 0.40 0.10 

L4 4,* Mo(100)8.78 8.09 5.68  189.22 23.25 5.77 70.98 1.08 0.33 0.32 28.02 18.99 0.40 0.10 

L2 2,* Mo(111)7.38 7.39 4.98  295.63 21.54 4.95 73.50 1.05 0.32 0.46 28.65 19.54 0.41 0.11 

L7 1,7 6.81 7.105 Mo2O 
6.53  324.07 20.98 6.37 72.65 1.07 0.32 0.49 28.55 19.50 0.41 0.11 

L1r 1,* 6.81 7.105 4.70 + 317.69 20.57 4.70 74.73 1.05 0.31 0.53 28.82 19.70 0.43 0.11 

L3r 3,* Mo(110) 
9.18 8.29 5.88 + 128.64 24.16 6.04 69.80 1.07 0.32 0.30 27.90 18.87 0.39 0.10 

L4r 4,* Mo(100)8.78 8.09 5.68 + 152.11 23.74 5.53 70.73 1.08 0.32 0.32 27.99 18.98 0.39 0.11 
L2r 2,* Mo(111)7.38 7.39 4.98 + 258.85 21.08 4.95 73.97 1.05 0.31 0.46 28.60 19.44 0.43 0.11 

L§r 1,§ 6.81 7.105 MoO3 
3.64 + 333.37 19.76 3.83 76.41 1.04 0.31 0.55 29.01 19.83 0.43 0.12 

L7r 1,7 6.81 7.105 Mo2O 
6.53 + 288.81 20.91 6.30 72.79 1.06 0.32 0.49 28.54 19.37 0.42 0.11 

H
ig

h 
flu

en
ce

, T
i =

60
 e

V
, S

he
at

h 
90

 e
V

 

H1 1,* 6.81 7.105 4.70  648.5 21.49 4.96 73.55 1.06 0.32 0.43 28.95 19.67 0.43 0.11 

H3 3,* Mo(110) 
9.18 8.29 5.88  261.69 27.14 6.41 66.45 1.09 0.33 0.23 27.71 18.55 0.38 0.10 

H4 4,* Mo(100)8.78 8.09 5.68  311.57 25.75 6.44 67.81 1.08 0.32 0.25 27.98 18.76 0.38 0.11 
H2 2,* Mo(111)7.38 7.39 4.98  528.85 22.52 5.46 72.02 1.06 0.32 0.36 28.71 19.41 0.41 0.11 
H1r 1,* 6.81 7.105 4.70 + 563.11 21.20 4.96 73.84 1.06 0.31 0.43 28.89 19.62 0.42 0.11 

H3r 3,* Mo(110) 
9.18 8.29 5.88 + 174.67 26.54 6.31 67.15 1.08 0.32 0.23 27.69 18.53 0.36 0.10 

H4r 4,* Mo(100)8.78 8.09 5.68 + 220.39 25.41 6.17 68.41 1.07 0.32 0.25 27.90 18.72 0.39 0.10 
H2r 2,* Mo(111)7.38 7.39 4.98 + 445.64 22.56 5.38 72.07 1.06 0.32 0.37 28.62 19.37 0.42 0.11 
H5r 1,5 6.81 7.105 MoO4.73 + 561.21 21.92 5.21 72.87 1.06 0.31 0.43 28.90 19.61 0.42 0.12 

H7r 1,7 6.81 7.105 Mo2O 
6.53 + 493.62 22.63 7.01 70.36 1.08 0.32 0.39 28.52 19.23 0.41 0.11 

 

89 
 



Table 6.6. Results of SDTrimSP simulations for Rh mirrors. 
 

   № 

Case Surface Binding 
Energy,eV 

Re-
dep Eroded 

depth, 
nm 

Surface concentration, % Sputtering yield Y, % Reflection yield R, % 

Rh on 
Rh 

C on 
Rh 

O on 
Rh C O Rh C O Rh H D C O 

L
ow

-fl
ue

nc
e,

 T
i =

70
 e

V
,  

Sh
ea

th
 1

05
 e

V
 

L1-Rh 1,* 5.78 6.59 4.18  463.3 16.52 3.78 79.7 1.01 0.30 0.77 30.08 20.74 0.47 0.13 

L1r-Rh 1,* 5.78 6.59 4.18 + 421.28 16.11 3.83 80.06 1.00 0.30 0.77 29.96 20.73 0.47 0.13 

L8r-Rh 1,8 5.78 6.59 3.95 + 420.23 16.55 3.74 79.71 1.01 0.30 0.76 29.98 20.72 0.47 0.13 

L9r-Rh 1,8 5.78 6.59 4.813 + 408.84 16.43 4.35 79.22 1.01 0.30 0.75 29.88 20.63 0.47 0.12 

H
ig

h 
flu

en
ce

, T
i =

60
 e

V
, 

Sh
ea

th
 9

0 
eV

 

H1-Rh 1,* 5.78 6.59 4.18  880.89 16.96 3.80 79.24 1.01 0.30 0.64 30.23 20.80 0.49 0.13 

H1r-Rh 1,* 5.78 6.59 4.18 + 776.35 17.09 3.96 78.95 1.02 0.29 0.64 30.25 20.76 0.47 0.13 

H8r-Rh 1,8 5.78 6.59 3.95 + 786.01 17.36 3.94 78.71 1.00 0.30 0.64 30.30 20.84 0.48 0.13 

H9r-Rh 1,8 5.78 6.59 4.813 + 753.88 17.54 4.28 78.18 1.01 0.30 0.62 30.14 20.70 0.47 0.13 
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6.2.3 Surface roughening: erosion of single crystal and polycrystalline materials 

Roughening of the mirror surface leads to increased diffuse scattering of the incident light. As 
a result, the specular component of the reflected light, which is typically detected and used in 
diagnostics, is reduced. In this work the roughness of the investigated mirrors was measured 
before and after exposure in TEXTOR by means of surface profiling (section 4.4). In addition, 
an attempt to estimate the surface roughness after exposure from the specular reflectivity 
measurements was made. Using the Bennett formula (equation (2.14) from section 2.3.2), the 
resulting roughness of the mirror surface can be estimated from its initial roughness and the 
experimentally measured change of Rspec. The formula is only valid for reflectivity 
measurements made at sufficiently long wavelengths. In practice this means that to get a 
result within an error bar of 10% with the Bennett formula, the ratio of the wavelength λ of 
the incident light to the root mean square surface (RMS) roughness σ must be over 40 
[Bennett 1961]. 
The surface roughness of the Rh-coated mirror measured by profilometry changed from about 
21 nm before the exposure to about 29 nm after the high-fluence exposure. The measured 
drop of the intensity of the specular reflected light, attributed to the growth of the diffuse 
reflectivity of the mirror (Figure 5.18a), was ~25 % in the UV wavelength range (Figure 
5.18b, Figure 5.24a,b). The corresponding value of the RMS roughness can be then calculated 
according to the Bennett formula as 26 – 42 nm, depending on the wavelength of the probing 
light in the range of 250 – 2500 nm (Figure 6.8 (a)). Results of a similar calculation 
performed for the Mo-coated mirror are shown in Figure 6.8 (b). Although the wavelength 
criterion λ/σ ≥ 40 for the Bennett formula is fulfilled for wavelengths above ~ 1200 nm in the 
case of the Rh-coated mirror and already for ~ 400 nm in the case of the Mo-coated mirror, a 
significant variation of σ with the wavelength of the probing light is observed in both cases. 
Such a non-physical behaviour disclaims the applicability of the Bennett formula in the case 
of the described experiment. The most probable reason for that is the presence of impurities 
on the mirror surface. Impurities modify the electronic structure of the material and thus affect 
the specular reflectivity of metallic mirrors, while the Bennett formula supposes that the 
difference in the reflectivity is only due to the change in the surface roughness. 

Figure 6.8. The surface roughness of a) the Rh-coated mirror and b) the Mo-coated 
mirror after the high-fluence exposure estimated from the specular reflectivity 

measurements. The dashed lines correspond to the surface roughness measured by 
profilometry. 
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According to SIMS measurements (see discussion in section 6.3.2.2.), all exposed mirrors 
exhibit the presence of carbon on the surface. In addition, a small fraction of Mo, mostly in 
the metallic form, was detected on the Rh surface by XPS measurements. Carbon originates 
from erosion of wall components of TEXTOR, mainly of the toroidal limiter ALT-II, and 
contributes to the background plasma flux. Molybdenum comes from local erosion of the 
sample holder (99 at% Mo). These impurities obviously influence the optical characteristics 
of the mirror so that the Bennett formula for the specular reflectivity provides only a rough 
estimate of the possible range of values for the surface roughness.  
However, the theory described in [Bennett 1961] allows equally easy calculation of the value 
of the surface roughness from measurement of the diffuse reflectivity of the sample. In the 
case when the ratio of the total reflectivity of the sample to the reflectivity of the same 
material with σ = 0 is close to unity, the following equation describes the relation between the 
diffuse reflectivity and the root mean square roughness: 
 
 ./)4·( 22

0 λπσRRdiff =  (6.12) 

 
Using this formula it is possible to derive the dependence of the surface roughness after the 
exposure on the value of the surface roughness before the exposure and the diffuse reflectivity 
of the sample as measured before and after the exposure: 
 

 
beforedif

afterdif
beforeafter R

R
_

_σσ =
 

(6.13) 

 
While the diffuse reflectivity is largely determined by the surface morphology and not that 
much by the actual chemical composition of the surface, such modified Bennett formula can 
be successfully applied to the mirrors in the discussed experiment, yielding results shown in 
Figure 6.9. It can be seen from the graphs that the same restriction on the wavelength of the 
probing light applies and the RMS roughness becomes quasi-constant for wavelengths above 
~ 1500 nm for the Rh mirror and ~ 1000 nm for the Mo one. For these regions the calculated 
surface roughness is in a very good agreement with profilometry measurements for both 
mirrors within the scatter of the experimental data on the mirror reflectivity. This indicates the 
applicability of the Bennet formula for Rdif even in the case of presence of impurities on the 
mirror surface in the described experiment. 
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Figure 6.9. The surface roughness of a) the Rh-coated mirror and b) the Mo-coated 
mirror after the high-fluence exposure estimated from the diffuse reflectivity 

measurements. The solid lines correspond to the surface roughness measured by 
profilometry. 

b) a) 
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6.3 Deposition, implantation and diffusion  
 

6.3.1 Carbon deposition and the effect of gas feeding on the deposit growth 
 
Deposition of impurities on the mirror surface is determined by the correlation between many 
physical processes, among which the major ones are the following: 

 implantation and reflection or sticking of incident impurity atoms; 

 physical and chemical sputtering of the mirror material and already deposited impurity 
atoms; 

 diffusion of implanted atoms to the surface and into the bulk; 

 formation of chemical phases. 

Due to the low temperature of the mirror (150°C), chemical erosion did not play a significant 
role during the first exposure of the Periscope mirror system (see the temperature dependence 
of chemical erosion in section 3.3). To increase the contribution of chemical erosion to the 
carbon removal in the second experiment, heating of the Periscope up to about 400°C was 
applied. However, in contrast to the experiment in DIII-D where the complete suppression of 
carbon deposition was achieved only by means of a moderate increase of the mirror 
temperature [Litnovsky 2008], no measurable suppression of carbon deposition on the 1st 
mirror was observed in this case. The most probable explanation for this result is that the flux 
of carbon ions was so high that chemical erosion was not prevailing even at elevated 
temperatures. A simple consideration can be the following. For the plasma electron 
temperature of about 25 eV, the average incident energies of ions at the mirror surface can be 
estimated to be about 100 eV for H+ and D+ and around 300 eV for C3+ due to acceleration in 
sheath. For such energies the reflection coefficient of C can be estimated as R ~ 0.01 if the 
surface is already covered with carbon and R ~ 0.4 in the case of the initial Mo surface 
[Eckstein 2002]. Correspondingly, the physical sputtering yields of C by D+ ions YD→C ~ 0.01; 
C by H+ ions YH→C ~ 0.003; as well as the carbon self-sputtering yield Y C→C ~ 0.1 can be 
obtained [Eckstein 2002]. Carbon impurity contributes typically 2 – 4% to the total plasma 
flux at the radial position of the Periscope [Tanabe 1994, Ding 2010]. An assumption of a 
carbon content in the plasma flux of 3% would mean that for each D+ ion arriving to the 
mirror, there could be N1 = 8.5×10-3 C atoms potentially deposited on the mirror surface if it 
is clean or N2 = 20×10-3 C atoms if the surface is already covered with carbon (physical 
sputtering already accounted for as partial removal of depositing species). For the mirror 
temperature of about 400°C, chemical erosion of a-C:D layers by deuterium is about 4×10-3 
(Figure 3.7), which is less than N1 and N2 and therefore would be not sufficient to remove all 
deposited carbon atoms. It has to be noted that due to angular and energy dependence of the 
reflection and sputtering yields, as well as due to uncertainty in the chemical erosion yield, it 
is not possible to make a precise estimate of the actual carbon deposition rate, neither to 
compare it with that observed in the experiment. However, these simplified calculations 
demonstrate the importance of the flux balance for the net erosion-deposition conditions on 
the mirror surface and potentially can explain the low effectiveness of the sole mirror heating 
under TEXTOR edge plasma conditions. 
During subsequent exposures of the Periscope system, the plasma parameters in the vicinity 
of the first mirror were significantly altered by the D2 gas injection (section 6.1.2); the balance 
of  the physical processes involved and corresponding erosion-deposition balance were 
shifted. As it was concluded from the estimates presented in section 6.1.2, injection of D2 
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molecules increased the contribution of chemical erosion by providing additional D atoms and 
ions as a result of the dissociation process. Larger influx of D atoms capable of chemical 
erosion lead, in turn, to complete protection of the mirror surface from impurity deposition 
and even supported cleaning of the pre-deposited a-C:D layer. 
 

6.3.2 Implantation and diffusion of carbon and oxygen  
 
In this section the contribution of the particle implantation and diffusion to the formation of 
deposited impurity layers and contamination of the mirror surface will be discussed. 
Contamination of the mirror surface with carbon and oxygen, main impurities in the 
TEXTOR plasma, was observed in erosion experiments, as well as during the exposures of 
the Periscope system under deposition-dominated conditions. The influence of the observed 
surface contamination, in particular the formation of chemical phases such as carbides and 
oxides, on the optical properties of mirrors will be discussed in section 6.4. 
 

6.3.2.1 Diffusion in the case of the Periscope mirrors 
 
In the case of the exposure of the Periscope system with the D2 gas feeding, visual 
observations suggested that the pre-deposited layer was completely removed from the 
exposed part of the mirror surface, while kept intact under the protective bar (section 5.2.3.). 
Indeed, only a trace amount of residual carbon was detected (by SIMS) on the visually clean 
part of the mirror, and the overall thickness of the pre-deposited layer under the protective bar 
remained constant within the uncertainty of the method. However, indications of diffusion of 
carbon and oxygen at the interface between the substrate and the pre-deposited layer were 
found on the mirror surface under the protective bar in both cases, i.e. with D2 and He 
injections.  
SIMS depth profiles of O, C, MoO and MoC signals measured on the pre-deposited part of 
the mirror surface after the exposure of the Periscope system with the He gas feeding are 
shown in Figure 6.10b. All measured depth profiles at locations with the pre-deposited layer 
that was not sputtered during exposure had similar shapes. The shown case corresponds to a 
SIMS crater that was made sufficiently deeper than the thickness of the deposited layer, and 
thus the interface with the substrate can be clearly seen as defined from the decrease of the C 
signal (Mo substrate signal is not shown). SIMS depth profiles made on the pre-deposited 
layer before the exposure are shown in Figure 6.10a. These measurements were done on a 
reference Mo mirror with a thinner a-C:H coating but made under the same conditions. From 
the two figures, the broadening of the interface is clearly seen from the MoC and MoO 
signals, thus illustrating the effect of diffusion. To define the thickness of the resulting 
interlayer, the MoO and MoC signals have to be used since both O and C signals reached 
saturation during measurements. While the initial thickness of the interlayer was less than 
2 nm (Figure 6.10a), the resulting thickness defined from the MoC signal varied from  ̴ 6 nm 
to  ̴ 11 nm for different locations on the mirror. The thickness of the oxygen reach layer 
defined from the MoO signal was systematically smaller and varied from  ̴ 5 nm to  ̴ 9 nm.   
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Simple calculations of volume diffusion of C in Mo can be done according to Fick's second 
law of diffusion [Heitjans 2005]: 
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from which the evolution of the carbon concentration c(x,t) in the bulk can be derived as 
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where M is the areal density of C atoms on the surface, and D is the diffusion coefficient. The 
diffusion coefficient D is, in turn, defined as 
 

 
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, 
(6.16)  

 
where, in the case of carbon diffusion in Mo, D0 = 3.4  10-6 m2/s and the activation enthalpy 
H equals to 171.8 kJ/Mol [Heumann 1992]. 
From equation (6.15), the penetration depth of diffusing particles can be then defined as 
 
  𝑗𝑗𝛥𝛥 = 2√𝐷𝐷𝐷𝐷 . (6.17)  
 
The pre-deposited mirrors in the experiments with He and D2 feeding were kept at 200 °C 
overnight prior to exposure. The mirrors then were kept at an elevated temperature of 380 °C 
during the entire experiment, i.e. for about 10 hours. According to equation (6.17), the 200 °C 
overnight heating of mirrors would lead to a negligible penetration depth of carbon into 
molybdenum of about 0.2 nm. The pre-deposited a-C:D layer remains intact. From the other 
hand, the heating up to 380 °C during the exposure would result in a penetration depth of 

 
Figure 6.10. SIMS depth profiles of C, O, MoC and MoO measured on the pre-

deposited part of the mirror before (a) and after (b) the Periscope system exposure 
with the He gas feeding. The profiles before and after exposure correspond to different 
mirrors with deposit thicknesses of about 60 nm (a) and 90 nm (b) but made under the 
same conditions. An increase of the interlayer thickness is clearly seen, attributed to 

diffusion of carbon and oxygen through the layer and into the bulk. O and C signals on 
both figures reached saturation. 
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about 530 nm, which is almost two orders of magnitude larger than the interlayer thickness 
defined from SIMS profiles. 
In [Kny 1988] the possibility of conversion of an a-C:H layer on a Mo substrate into the 
Mo2C carbide was demonstrated. In the aforementioned work, a partial diffusion of C into the 
Mo substrate and a build-up of a Mo2C layer with sharp interfaces a-C:H/Mo2C and 
Mo2C/Mo was observed at 600°C. At 800 °C the entire film was converted into Mo2C in less 
than 1 hour. As it was discussed in [Semenenko 2008], the solubility of carbon in 
molybdenum is very low and at room temperature is only about 10-4 at%C. This means that 
carbon diffused from the pre-deposited layer cannot just largely occupy interstitial positions 
and thus be “dissolved” in Mo crystallites but would rather be transformed into the 
molybdenum carbide during the exposure or later during the mirror cooling down. If 
relatively fast diffusion of C into Mo bulk as calculated for the 380 °C would be assumed, 
formation of about 500 nm thick carbidized layer might be expected. However, within the 
uncertainty of the analysis method, which is a combination of SIMS with profilometry 
measurements of SIMS craters, the thickness of the pre-deposited layer behind the protective 
bar did not decrease in the discussed experiments, and the interlayer thickness increased only 
marginally from about 2 nm to about 8 nm. This result can be explained by a combination of 
two effects: firstly, a possibly slower diffusion of carbon from the interface into the bulk; and 
secondly, a slower diffusion of C through the Mo carbide.  
It was shown in [Reinke 2000] that deposition of even a small amount of carbon (0.8 mono-
layer or 0.16 nm) on Mo leads to formation of an a-C layer at room temperature and to 
immediate formation of molybdenum carbide at elevated temperatures, e.g. at 600°C. The 
mechanism of carbon transport from the surface into the Mo bulk is described in [Gall 2002]. 
There are two types of trapping sites for carbon atoms on the Mo surface. The first type of 
trapping sites is characterized by a strong binding and is filled up first to the maximal C 
concentration on the surface of 1015 cm-2. As a result, the surface carbide is formed (Figure 
6.11). In this case the activation energy for carbon diffusion into the bulk is equal to 3.9 eV. 
All carbon that is held in such type of traps dissolves at a high temperature of 1130°C. The 
second type of traps is characterized by a weak binding; the traps of this type start to be filled 
up when the traps of the first type become saturated. The activation energy for diffusion into 
the bulk for such traps is equal to 2.5 eV. Therefore, for surface concentrations exceeding 
1015 cm-2 carbon atoms start to dissolve at 630-730°C. The volume diffusion of C in Mo has 
an activation energy of 1.78 eV, which is much lower than the activation energy for diffusion 
through the surface carbide. Ultimately, it is the transport of carbon atoms from the surface 
into the bulk that effectively limits the relatively fast diffusion of carbon in the Mo bulk: 
carbon atoms first have to overcome a higher energy barrier at the surface before they can 
diffuse into the bulk material. Although the interface between the pre-deposited carbon layer 
and the substrate material cannot be treated as an open Mo surface, certain boundary effects 
can be expected. That may result in a similar increase of the activation energy of diffusion 
that would limit C diffusion deeper into Mo. 
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carbon ions from plasma implanted into the surface. Gas injection through the Periscope 
affects the plasma parameters (section 6.1.2) and the impact energies of ions, therefore ion 
implantation can be better studied in the case of erosion experiments. 
 

6.3.2.2 Mirror contamination by carbon and oxygen implantation in erosion experiments 
in TEXTOR 

 
The average impact energy of C ions on the mirror surface during the erosion experiments 
was about 400 – 470 eV. According to dynamic SDTrimSP simulations (section 6.2.1), C3+ 
ions with such energies would be implanted into the Mo bulk with a range of about 6 to 7 nm 
as characteristic for case L1 (see Table 6.5). The range here is defined as the depth under the 
surface where the maximal concentration of implanted C is observed. The maximal 
concentration of carbon in this particular case is 29.9 %, and 90% of implanted C is found 
within 10 nm from the surface (Figure 6.13 and Table 6.7). The depth resolution of the 
simulated data is 1 nm. The shape of the depth profiles was stabilized after several simulation 
steps and did not change anymore with the accumulated fluence. The depth profiles are 
practically similar in the cases with and without re-deposition of Mo. Such behaviour was also 
observed for other surface binding models used. However, the implantation depth is 
dependent on the binding energies. To demonstrate this, two extreme cases are shown in 
Figure 6.14. The results for all the studied binding energy cases are summarized in Table 6.7. 
The conclusions from these results are the following. The maximum obtained implantation 
depth corresponding to 90% of implanted atoms is 13 nm for carbon and 12 nm for oxygen, 
being systematically lower for oxygen in all studied cases. The maximal concentration of 
implanted atoms varies between 29.9% and 50.1% for carbon and between 7.0% and 11.7% 
for oxygen. 
 
 

99 
 



 

 Table 6.7. Results of SDTrimSP simulations for Mo mirrors: depth profile data. 
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L1 1,* 6.81 7.105 4.70  351.62 29.9 6.5 10 7.0 4.5-7.5 9.5 

L3 3,* Mo(110) 
9.18 8.29 5.88  166.21 45.8 9.5 11.5 10.7 7.5 11.0 

L1r 1,* 6.81 7.105 4.70 + 317.69 30.2 6.5 10.5 7.4 6.5 10 

L3r 3,* Mo(110) 
9.18 8.29 5.88 + 128.64 50.1 9.5 12.5 11.7 8.5 11.5 
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H1 1,* 6.81 7.105 4.70  648.5 38.0 7.5 9.5 8.4 6.5 9.5 

H1r 1,* 6.81 7.105 4.70 + 563.11 40.0 7.5 10.0 8.9 6.5 9.5 
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The notable difference in depth profiles of implanted species is a somewhat shallower ion 
penetration in the case of the high-fluence exposure (Figure 6.15). This observation is not 
related to the implantation fluence itself, but should be attributed to different plasma 
temperatures in the vicinity of the mirrors in both experiments. Lower plasma temperature in 
the high-fluence exposure corresponds to about 1.2 times lower ion impact energies, in 
average (400 eV against 470 eV in the low-fluence experiment).  
 

 
Figure 6.13. Implantation profiles of C3+ and O3+ ions in a Mo target simulated with 

SDTrimSP for the case of the low-fluence exposure under erosion conditions.  

  
Figure 6.14. Implantation profiles of C3+ and O3+ ions in a Mo target simulated with 

SDTrimSP for the case of the low-fluence exposure under erosion conditions for 
different binding energies: cases L1 and L3. 
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In the case of rhodium samples, the same general trends as for Mo samples are observed. 
Inclusion of the re-deposition in the simulation does not change the depth profile of implanted 
species. The simulated depth profiles are influenced mainly by the ion impact energies and the 
binding energy models assumed. As one can see from Figure 6.16 and Table 6.8, the 
implantation depth of carbon and oxygen is lower in the case of the Rh-coated sample than for 
Mo. The maximal concentration of implanted C in Rh is observed at about 4.5 - 5.5 nm, and 
90% of implanted C is found within 8.5 nm from the surface. The maximal oxygen 
concentration varied between 2.5% and 5.5%. About 90% of implanted O atoms were 
distributed within 8 nm from the surface. 
 
 

 
Figure 6.15. Implantation profiles of C3+ and O3+ ions in a Mo target simulated with 
SDTrimSP for the cases of low-fluence  and high-fluence exposures under erosion 

conditions for the  binding energy Esb (Mo) = 6.81 eV. 
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Table 6.8. Results of SDTrimSP simulations for Rh mirrors: depth profile data. 
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 L1-Rh 1,* 5.78 6.59 4.18  463.3 20.5 4.5 8.5 4.9 2.5 8.0 

L1r-Rh 1,* 5.78 6.59 4.18 + 421.28 22.6 5.5 8.5 5.7 3.5 8.0 
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H1-Rh 1,* 5.78 6.59 4.18  880.89 26 4.5 8.5 6.1 4.5 8.0 

H1r-Rh 1,* 5.78 6.59 4.18 + 776.35 27.5 5.5 8.5 6.1 5.5 8.0 
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As it can be concluded from the SDTrimSP simulations, carbon and oxygen ions get 
implanted up to 8 – 13 nm deep in the mirror surface. Volume diffusion of C and O in Mo and 
Rh substrates could stimulate further transport of impurities deeper into the bulk. From the 
other hand, erosion of the mirror surface leads to a continuous removal of atoms from the top 
layer of the surface and corresponding dynamic recession of the surface, thus dynamically 
reducing the effective penetration depth of impurity atoms. It can be seen from SDTrimSP 
simulations (Figure 6.15) and is also supported by SIMS measurements (Figure 6.17) that the 
effective penetration depth of C into the Mo bulk remains constant throughout the exposure 
time. In other words, it does not depend on the fluence in the fluence range of the 
experiments, indicating the balance between ion implantation, surface diffusion and erosion 
processes. The thickness of the C layer measured by SIMS is similar in both experiments, and 
the coincidence of the MoC signal with the C signal suggests that carbon is present on the 
mirror surface in the form of molybdenum carbide, which is also supported by XPS 
measurements (section 6.4.2). 

 
 

 
 

Figure 6.16. Implantation profiles of C3+ and O3+ ions in a Rh target simulated with 
SDTrimSP for the cases of low-fluence  and high-fluence exposures under erosion 

conditions for the binding energy Esb (Rh) = 5.78 eV. 

 
 

Figure 6.17. SIMS depth profiles of C (a, b) and MoC (b) signals measured on Mo-
coated mirrors after low-fluence and high-fluence exposures.  
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The depth profile of oxygen (Figure 5.7b, Figure 6.18 and Figure 6.19), in turn, indicates 
presence and diffusion of oxygen atoms in the Mo-coated mirror already before the low-
fluence exposure. Measurements performed on the SC Mo mirror used for the high-fluence 
exposure show a coincidence of oxygen depth profiles before and after exposure (Figure 
6.20). In the case of the Mo-coated mirror, the small difference in depth profiles of oxygen 
before and after the high-fluence exposure (Figure 6.21) is basically within the uncertainty of 
the analysis. These observations indicate other origin of oxygen than plasma exposure. Most 
probably it can be attributed to unavoidable oxidation during storage and measurements under 
air and correspondingly slow diffusion of oxygen at room temperature.  
 

 
 

 
 

 
 
Figure 6.18. SIMS depth profiles of oxygen measured on the Mo-coated mirror before 

and after the low-fluence exposure. 

 
 
Figure 6.19. SIMS depth profiles of oxygen measured on the Mo-coated mirror before 

and after the low-fluence exposure. Only surface layer is shown.  

105 
 



 

 

 
 
However, diffusion of oxygen from the oxidized surface layer deeper into the bulk, as well as 
diffusion of oxygen atoms implanted into the material cannot be neglected. This conclusion is 
based on calculations of the diffusion depth of oxygen in conditions of low-fluence and high-
fluence exposures. The calculations were performed using different literature data on the 
diffusion coefficients as summarized in Table 6.9. Results of calculations are presented in 
Table 6.10. 
 

 
 
Figure 6.20. SIMS depth profiles of oxygen measured on the SC Mo mirror before and 

after the high-fluence exposure. 

 
 

Figure 6.21. SIMS depth profiles of O signal measured on the Mo-coated mirror 
before and after the high-fluence exposure 
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Table 6.9. Parameters of equation (6.16), diffusion coefficient and activation enthalpy, for 
diffusion of oxygen in Mo and Mo-oxide according to different literature data. 

 
 [Baranova 1968] 

O→Mo 
[Ying-liang] 

O→Mo 
[Heumann 92] 

O→Mo 
[Elyutin 71] 
O→MoO3 
Measured 

 at 410–500°C 
and 0.21–100 atm 

D0 [ cm2/s] 3×10-2 2.8×10-2 3×10-2 9.1×10-8 

activation 
enthalpy H 
[kcal/mole] 

31 25.2 22.02 20.3 

 
 
 

Table 6.10. Diffusion depth of oxygen in Mo and Mo oxide calculated for single 10 s-long 
discharges during the low-fluence (T=570°C) and high-fluence (T=1250°C) exposures. 

 
 Diffusion 
depth, nm 

[Baranova 1968] 
ΔXO→Mo 

[Ying-liang] 
ΔXO→Mo 

[Heumann 92] 
ΔXO→Mo 

[Elyutin 71] 
ΔXMo→MoO3 

Low-
fluence 1.0×103 5.4×103 14.6×103 43 

High-
fluence 6.4×104 16×104 28.2×104 650 

 
According to the data presented in Table 6.10, fast diffusion of oxygen during discharges 
must have played a significant role in re-distributing implanted oxygen over the volume of the 
sample. On the resulting oxygen depth profiles shown in Figure 6.20 and Figure 6.21 a 3-4 
nm thick oxygen-reach surface layer could be distinguished, which is attributed to air 
oxidation. 
In overall, the observed depth profiles of oxygen in Mo mirrors are rather similar for 
measurements done before and after exposure and could be interpreted as a result of several 
processes taking place during two distinct phases. The first phase is the diffusion of oxygen 
from the surface layer into the bulk. The surface was initially oxidized, and additionally 
oxygen atoms were implanted at a depth up to 8-11 nm during the plasma exposures. Heating 
of mirrors by plasma contributed to fast diffusion of atoms deeper into the material. The 
second phase covers the period after the samples were withdrawn from TEXTOR. The 
samples were exposed to air during all optical measurements, and a new oxidized surface 
layer was unavoidably formed. However, its thickness (4-5 nm) is small and can not have 
major influence on the mirror reflectivity. 
The same reasoning with respect to fast diffusion is applicable to C and O in the case of 
exposures of Rh-coated mirrors under erosion-dominating conditions. The depth distributions 
for these cases are shown in Figure 6.22 and Figure 6.23. 
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It is a known fact that Rh does not form carbides. The phase diagram of a Rh/C system is 
shown in Figure 6.24. The solubility of C in Rh is also very low: at 1000°C it is defined to be 
between 1 × 10-4 and 3 × 10-3 [Burylev 1969] and is practically negligible at lower 
temperatures. This means that implanted carbon atoms must migrate from the implantation 
zone or to form precipitates on the surface.  High temperatures during the exposures activate 
the migration of carbon atoms from regions over-saturated by implantation. The time which 
would be necessary for dissolution of an 8 nm carbon layer formed due to implantation, 
according to the ion range obtained by SDTrimSP simulations, can be estimated to be about 
4 × 10-4 s in the case of the low-fluence exposure and about 7 × 10-8 s in the case of the high-
fluence exposure [Rut’kov 2011]. 
 

 
 
Figure 6.22. SIMS depth profiles of C and O measured on the Rh-coated mirror before 

and after the low-fluence exposure. 

 
 
Figure 6.23. SIMS depth profiles of C and O measured on the Rh-coated mirror before 

and after the high-fluence exposure. 
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Describing the oxygen content and diffusion in Rh, thermal desorption has to be accounted 
for, which is activated already at about 420°C. At 1220°C the retained oxygen is completely 
released [Salanov 1992a]. The complexity of the problem increases when C and O are present 
and diffuse in Rh at the same time. In addition, boron (B) can be also present at the mirror 
surface. Boron is used for wall conditioning in TEXTOR and represents an additional 
impurity in the plasma flux reaching the mirror surface. The situation when C, O and B 
impurity are present in Rh at the same time is discussed in [Salanov 1992b]. Atoms of these 
three impurity species occupy interstitial sites in the Rh lattice and therefore obey the same 
diffusion mechanism. At temperatures above 420°C diffusion of all three species is activated. 
As a result the diffusion of atoms of each particular element is inhibited due to the fact that 
they share the same nodal sites within the Rh lattice and therefore block the positions for 
jumps available otherwise. At a temperature T = 560°C during the low-fluence exposure and 
at a temperature T = 1340°C during the high-fluence exposure oxygen atoms reaching the 
surface of the sample are desorbed thermally as O2 and CO. Boron atoms diffusing to the 
surface may form boron trioxide (B2O3). However, since the implantation profile of carbon is 
not distinguishable in Figure 6.22 and Figure 6.23, the diffusion process is still very fast 
despite the inhibition in multi-component systems described above. 
 

6.3.2.3 Mirror contamination during exposure in the oxygen-rich atmosphere 
 
In order to analyze the results of the thermo-oxidation experiment performed in DIII-D, the 
measured thicknesses of oxidized layers on initially clean Mo mirrors were compared to 
model calculations. Within the model, it was assumed that the formation of oxide takes place 
in the reaction front approximation [Linsmeier 2011], i.e. in the diffusion limited regime due 
to diffusion of oxygen through the growing molybdenum oxide. The diffusion of oxygen was 

 
Figure 6.24. Phase diagram of a Rh/C system [MTDATA] 
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described according to equation (6.16) based on literature data on oxygen diffusivity in MoO3 
[Elyutin 71] (see Table 6.9). The results of model calculations are given in  
Table 6.11 in comparison to experimentally determined values. In the case of mirrors exposed 
at 160°C, calculations show the result that corresponds very well to the measurements, which 
means that the volume diffusion of oxygen through Mo-oxide describes the observed 
phenomena reasonably well. At higher temperatures, however, calculations show significantly 
stronger oxidation, thus suggesting that other mechanisms, probably surface limited, must be 
involved. 
 
Table 6.11. Comparison of oxidation depths of exposed molybdenum mirrors as measured in 
the DIII-D experiment and estimated from model calculations based on the volume diffusion 

of oxygen through the molybdenum oxide surface layer 
 

Temperature 25° C 160° C 350° C 400° C 

Experiment, Δxexp (nm) - 4 19 - 

Diffusion in Mo oxide, 
ΔxMoO3 (nm) [Elyutin 71] 1.94x10-2 3.7 137 251 

 
One of possible mechanisms that could influence the oxidation rate of Mo is molybdenum 
oxide volatilization in the form of various polymers of MoO3, as well as in the form of 
hydroxide MoO2(OH)2, which can be formed due to a reaction of water vapor with MoO3. 
The studies on oxidation and volatilization of Mo from the TZM alloy (99% Mo) indicate that 
volatilization of Mo happens mostly in the form of Mo hydroxide for temperatures below 
500°C [Smolik 2000]. The report provides experimental and calculation results for the mass 
flux of mobilized Mo for temperatures in the range of 400-800°C. Using the data from 
[Smolik 2000] and assuming the temperature of 400°C as the upper limit, the possible Mo 
mass transfer from the surface was estimated. The calculations indicate the surface recession 
rate due to Mo oxide mobilization of the order of only 10-2 nm/h. Since the temperature of 
mirrors during the oxygen bake experiment did not exceed 400°C, the influence of Mo oxide 
volatilization on the oxidation rate of the Mo surface can be excluded. Interestingly, the 
oxidation depth of molybdenum at 400°C was estimated in [Smolik 2000] to be 34 nm/h, 
which is smaller than that calculated from the literature ([Elyutin 71], Table 6.11). 
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high fluxes of H or D ions leads to creation of defects in the material, as well as to surface 
morphology changes, such as e.g. blister formation.  
From various hydrogen isotopes implantation experiments with polycrystalline and SC Mo 
samples [Sugie 2004, Hoshihira 2009, Sharpe 2009, Alimov 2008, Alimov 2009], it becomes 
evident that appearance of blisters depends on many parameters, among which the intrinsic 
properties of the material play an important role. It was shown in [Tokunaga 2005] and [Shu 
2009] for the case of tungsten that blister formation depends on the crystallographic 
orientation of grains, surface roughness, grain size, material purity, and sample history, such 
as manufacturing procedure including polishing that may introduce damage in the material.  
The temperature of the sample during the exposure plays an important role in mirror 
morphology changes. In [Eren 2013] delamination of the Mo coatings made by the magnetron 
sputtering technique was observed for samples, the temperature of which remained below 200 
°C during the exposure. That was not the case for samples that were exposed under higher 
temperatures. Possible explanation is the following. Implanted D atoms can diffuse along the 
columnar grain boundaries towards the interface between the coating and substrate. The 
concentration of D accumulated in the Mo layer by far exceeds the D solubility in Mo, thus 
leading to additional compressive stresses that cause the film to buckle. D atoms accumulated 
at the interface may also enhance cracking at this location. In the case of elevated sample 
temperatures, diffusion of D is fast, so it can reach the surface and leave the sample or diffuse 
into the steel substrate at much higher rates. This reduces D accumulation in the film itself 
and at the interface during the exposure and relieves additional stress in the material. 
In the case of TEXTOR exposures degradation of coatings was also observed. Delamination 
of the Mo-coated mirror was observed even before the low-fluence exposure (Figure 5.8 and 
Figure 5.9). Similarly, delamination of the Rh-coated mirror was detected in the case of the 
high-fluence exposure (Figure 5.15 and Figure 5.16). The Rh-coated Mo substrate showed the 
appearance of surface defects in some regions after the low-fluence exposure (Figure 5.11). 
Few delaminated regions were observed on the Mo coating after the high-fluence exposure 
(Figure 5.13). These observations indicate that even rather stable coatings made by the 
magnetron sputtering technique can be damaged after exposure in a tokamak environment. 
In [Eren 2011] molybdenum coatings were exposed to a RF deuterium plasma. The mirror 
samples were biased such that the impact energy of deuterium ions was about 200 eV. The 
bulk temperature of mirrors was kept at 150°C during the exposure. In [Eren 2013] the ion 
energy reached 500 eV. Two effects influencing the mirror reflectivity were reported. First, 
the roughness of the mirror surface increased that lead to an increase of the diffuse 
reflectivity, which was shown in [Eren 2013] as this process is more pronounced under higher 
ion impact energies. Second, the total reflectivity of the mirror degraded slightly in the IR 
wavelength range, by about 2%, that the authors attributed to changes in the electronic band 
structure of Mo due to presence of implanted D atoms and irradiation induced defects in the 
material.  
Although ion beam and TEXTOR plasma conditions seem to be rather different, the 
implantation profile and the implantation depth of H and D ions simulated with the 
SDTrimSP code appear to be quite similar in both cases considered:  

 a mono-energetic 200 eV ions as in [Eren 2011]; 

 a Maxwellian energy distribution corresponding to TEXTOR conditions.  

 The resulting implantation depth was about 10 nm in both cases. In the case of TEXTOR 
experiments, however, mirror samples were heated up to much higher temperatures. At a 
mirror temperature of 500 – 570°C during the low-fluence exposure and 670 – 1250°C during 
the high-fluence exposure, fast diffusion of hydrogen and deuterium from the implantation 
zone had to occur. The absence of H and D in the implantation zone of both Mo- and Rh- 
coated mirror samples exposed in TEXTOR is confirmed by SIMS profiles shown in Figure 
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6.26, Figure 6.27, and Figure 6.28. Low hydrogen content in the samples is also supported by 
many thermo-desorption spectra found in the literature (see e.g. Figure 6.29 and Figure 6.30). 
It follows from the literature data [Pisarev 1984, Ogorodnikova 2009, Sharpe 2009] that at 
temperatures above 530°C deuterium is not retained in Mo. In particular in the high-fluence 
exposure the temperature of mirrors was well above this value. This means that most of 
deuterium would have diffuse out of hot mirror samples during the plasma discharge and 
subsequent cooling down phase. 
 

 
 

 
 

 
 
Figure 6.26. SIMS depth profiles of H  measured on the  Mo-coated mirror before and 

after the low-fluence exposure. 

 
 
Figure 6.27. SIMS depth profiles of H and D measured on the  Mo-coated mirror after 

the high-fluence exposure. 
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Figure 6.28. SIMS depth profiles of H measured on the  Rh-coated mirror before and 

after the high-fluence exposure. 

 
 

Figure 6.29. Thermodesorption spectra of D from polycrystalline Mo (left) after 
irradiation in various doses (#1 – 1.4 × 1017, #2 – 3 × 1017, #3 – 10 × 1017, #4 –  

30 × 1017 D2
+/cm2) by D2

+ ions having an energy of 15 keV at a sample temperature of 
280°C [Pisarev 1984]; and (right) irradiated with 200 eV D+ ions at room temperature 

up to fluences of 2 × 1022 D/m2 and 2.7 ×1024 D/m2. Dashed lines on the right plot 
correspond to simulations assuming D trapping at ion-induced defects (IID) and 

natural defects (ND) [Ogorodnikova 2009]. 
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Following the arguments given above, one can conclude that D accumulation in Mo described 
in [Eren 2011] and [Eren 2013] may play a role in the case of low sample temperatures and 
pure D plasma, but it cannot be claimed responsible for the decrease of the mirror reflectivity 
in the IR wavelength range observed for SC and coated Mo mirrors in TEXTOR (section 
5.1.3, Figure 5.24). In TEXTOR exposures, high mirror temperatures lead to a fast D 
evacuation from the implantation zone. The conclusion from the results presented in this work 
is that the presence of other impurities in the surface influenced the reflectivity of Mo mirrors, 
and the change was at least twice higher than reported in [Eren 2011] and [Eren 2013]. These 
observations indicate that laboratory experimental results cannot be directly related to 
exposures in a tokamak. 
 

 
 

Figure 6.30. Evolution of thermodesorption spectra of D as a function of the 
temperature of polycrystalline Mo samples during exposure [Sharpe 2009]. 
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6.4 Chemical processes 
 

6.4.1 Surface oxidation 
 
Extensive measurements of the mirror properties and surface composition were 
performed in the dedicated experimental setup. Surface oxidation of the investigated 
mirrors happens unavoidably during the removal of samples out of TEXTOR, their 
storage and investigations on air, such as reflectivity measurements, surface profiling 
and optical microscopy. Moreover, implantation of O ions discussed in Section 
6.3.2.2 provides additional source of oxygen even during mirror exposures in 
TEXTOR. 
  

6.4.1.1 Effects of storage on air 
 
Measurements of the specular reflectivity performed before the low-fluence exposure 
on the Mo-coated mirror made by the evaporation technique showed a significant 
deterioration of optical characteristics of the sample compared to the handbook data 
(Figure 5.7a). Dedicated SIMS measurements of the surface composition detected the 
presence of oxygen throughout the entire coating, with a strong oxygen peak at the 
very top layer of the surface and a somewhat smaller peak at the interface with the 
substrate (Figure 6.18 and Figure 6.19). The presence of oxygen at the interface is 
explained by oxidation of the substrate before the coating procedure. Oxygen at the 
surface of the Mo coating, in turn, is likely to be due to oxidation during the storage 
on air already after the coating procedure. To estimate the thickness of the oxidized 
layer, calculations using the SprectraRay ellipsometer software were performed. For 
the model consisting of a MoO3 layer presumably formed on the pure Mo substrate, 
ellipsometric calculations indicate the oxide thickness of about 15 nm. Formation of 
this layer led to a lower reflectivity of the mirror before the exposure as compared to 
the handbook data. Erosion of this layer during the experiment allowed for a 
successful recovery of the mirror reflectivity up to the handbook data in the UV and 
VIS wavelength ranges (250 – 700 nm). 
 

6.4.1.2 Effects of exposure in oxygen atmosphere 
 
The effect of surface oxidation on reflectivity properties of metallic mirrors can be 
clearly seen on the example of the oxygen bake experiment in DIII-D described in 
section 5.3. The measurements performed after the exposure showed a significant 
drop of the reflectivity for all exposed mirrors. The most affected were the ultra-violet 
and visible wavelength ranges (Figure 5.40 and Figure 5.41). In general, molybdenum 
mirrors appeared to be less prone to oxidation than copper mirrors.  
Deterioration of optical characteristics of mirrors starts from a reflectivity drop in the 
UV wavelength range when the oxide layer starts to grow and then spreads further to 
VIS and finally to IR wavelengths with increasing thickness of the oxidized layer. The 
similarity of the influence of oxygen content in the surface on optical characteristics 
of Mo mirrors can be clearly seen for the cases of the on-air storage (section 6.4.1.1., 
Figure 5.7a) and oxygen bake (Figure 5.40). 
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6.4.1.3 Oxide formation during erosion experiments 
 
To investigate the surface composition after the coating procedure and after exposures 
in TEXTOR, XPS measurements were performed on mirrors used for the low-fluence 
and high-fluence exposures. These measurements were performed in the University of 
Basel using an ultra-high vacuum chamber with a hemispherical analyser (Leybold 
EA10/100 MCD) and a non-monochromatized x-ray source (Mg Kα excitation, 
hν = 1253.6 eV). For the electron binding energy calibration, the Au 4f7/2 peak was set 
to 84.0 eV. The typical energy resolution in these XPS measurements is 0.8 eV. 
Samples were investigated as received. To identify the presence of different chemical 
components chemical shifts were used. 
Measurements of coated mirrors were done directly after the coating procedure 
without breaking the vacuum. Measurements after exposures were performed on the 
mirrors extracted from TEXTOR. These mirrors were stored on air for some time, 
necessary for optical measurements. 
The spectrum of the Mo 3d5/2 core level measured after the coating procedure 
embraced peaks corresponding to pure Mo and molybdenum oxide.  The difference 
between the measured binding energies of oxide and pure Mo material was less than 
that between MoO2 and Mo known from the literature data [Wagner 1979]: about 0.5 
eV instead of 1.4 eV. This fact can be attributed to the lack of oxygen, amount of 
which in the ultra-high vacuum chamber was not sufficient to form a fully oxidized 
layer of MoO2. For the evaluation of the Mo 3d5/2 core level spectra, the doublet 
separation due to the spin-orbit splitting of 1.15 eV was used according to the 
literature [Wagner 1979, William 1971].  
From the fitting procedure performed with the CasaXPS and Unifit software for 
measurements performed after the coating procedure, two surface components were 
obtained, indicating the metallic and the molybdenum oxide phases. 
The molybdenum trioxide formation was detected with XPS after the exposure in 
TEXTOR on all the exposed Mo mirrors, which is illustrated in Figure 6.31 and 
Figure 6.32. The surface composition of all the investigated mirrors before and after 
the low-fluence and high-fluence exposures based on XPS measurements of the Mo 
3d5/2 core level is shown in Figure 6.32. The molybdenum trioxide formation prevails 
over molybdenum dioxide in most of cases. It has to be noted that after the exposures 
the difference between the binding energies of dioxide and pure material corresponds 
well to the literature data, suggesting that the amount of accumulated oxygen was 
sufficiently high to form the oxidized layer with stoichiometry 1:2. 
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XPS measurements of the large SC Mo mirror after the exposure were performed with 
a PHI ESCA 5600 system at IPP Garching. The photo-ionization process was induced 
by an Al Kα X–ray source. The resulting spectra were recorded with a hemispherical 
energy analyser. Survey spectra were recorded with a pass energy of 187.85 eV and 
core level spectra with a pass energy of 23.50 eV. The energy axis of the system was 
calibrated with respect to the Au 4f7/2 core level at a binding energy of 84.0 eV. The 
linearity of the energy axis was verified using the Cu 2p3⁄2 signal at 932.7 eV and the 
Ag 3d5⁄2 signal at 368.3 eV. All three reference core levels are reproducible with an 
uncertainty of 0.1 eV. To remove surface adsorbates, Ar+ ions with a kinetic energy of 
10 keV were used. The total fluence on the measurement spot was 2.3×1015 Ar+/cm2. 
The scheme of the measurements and the particle fluences accumulated during the 
exposure in TEXTOR and corresponding to locations of measurements are shown in 
Figure 6.33. 
Measurement results show that part of molybdenum on the surface is in form of 
MoO2; no MoO3 signals were resolved (Figure 6.34 as compared to Figure 6.31). The 
difference with measurements done on the Mo-coated and SC Mo mirrors after the 
low-fluence and high-fluence exposures can be explained by pre-sputtering of the 
large SC Mo mirror surface before measurements to remove the surface adsorbates. 
This is indicated by the shoulder of the peak corresponding to the MoO3 shift that was 
present on the survey spectra of the large SC Mo mirror collected before the 
bombardment of the mirror surface with Ar+ ions. 
In the spectrum of the Mo 3d5/2 core level, three doublets can be found which 
correspond to boride Mo2B5 at 227.2 eV, carbide Mo2C at 228.2 eV and oxide MoO2 
at 229.1 eV. The differences between the found binding energies and the 
corresponding literature data do not exceed 0.1 eV: for Mo2B5 and MoO2, for which 
the binding energies of 227.3 eV and 229.1 eV are expected [Wagner 1979]. For 
Mo2C binding energy of 228.1 eV is expected [Reinke 1999]. 

Figure 6.32. Surface composition of mirrors before and after the low-fluence and high-
fluence exposures, based on XPS measurements of the Mo 3d5/2 core level. 
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Measurement Coordinate Fluence, 
1024 cm-2 

1 (3, 0°) 4.75 

2 (2.5, 135°) 2.32 

3 (Deposition) (4, 147°) 1.80 

4 (Deposition) (4, 308°) 3.54 

5 (2, 45°) 3.94 

6 (4, 90°) 3.63 

7 (3, 45°) 4.66 

8 (1, 0°) 3.36 
Figure 6.33. Scheme of XPS measurements of the large SC Mo mirror after the 

exposure and accumulated particle fluences corresponding to locations of 
measurements. 

 
 
The resulting surface composition obtained from the Mo 3d5/2 core level spectra 
evaluation is presented as a histogram in Figure 6.35. The presence of oxide was 
detected on all the measurement locations except point #3 where the strong surface 
contamination by the deposited carbon layer lead to almost complete absence of the 
Mo signal. At point #4 weak Mo signal was detected, which could be explained by re-
deposition from near-by erosion locations during the mirror exposure in TEXTOR. 
The thickness of the deposited a-C:H layer at locations #3 and #4 of more than 100 

 
Figure 6.34. XPS measurements of Mo 3d5/2 core level made on the large SC Mo 
mirror after the exposure. An exemplary measured spectrum after subtraction of 

satellites (black line) for measurement point #1 is shown. Colour lines correspond to 
three surface components, with the red line representing the resulting envelope. Red 
dotted line is residuum. Similar signals were measured at all investigated locations 

within the erosion zone on the mirror surface. 
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6.4.2 Carbidization of molybdenum mirrors 
 
For all Mo mirrors used in the experiments under erosion-dominated conditions 
(section 5.1), a similar decrease of the specular reflectivity of about 4 % in the IR 
wavelength range was observed, regardless of the amount of material eroded during 
the exposures (Figure 5.7a, Figure 5.10, Figure 5.14b, Figure 5.19, Figure 5.23b, 
Figure 5.24f). The most probable mechanism leading to such a reflectivity change in 
the studied cases is the change of the surface elemental composition in the presence of 
carbon impurities. A similar behaviour of the specular reflectivity of Mo-C co-
deposits was observed in [De Temmerman 2005] (Figure 3.6).  
As it was shown in section 6.3.2, the implantation mechanism under TEXTOR 
conditions ensures the presence of carbon atoms up to the depth of about 10 nm into 
the mirror surface. The solubility of C in Mo is very low, which is reflected in the 
phase diagram in Figure 6.36. For example, the solubility at room temperature is ~10-4 
at%C [Semenenko 2008], and the maximal solubility of 0.2 at%C could be reached at 
temperatures of about 2500 K.  
The amount of Mo atoms per 1 cm2 surface area within the implantation depth of 
10 nm is equal to 6.4×1017, which is derived from the molar volume of Mo of 9.4 
cm3/mol. The maximum amount of carbon atoms which could be dissolved in this 
volume (0.2 at%) is then equal to 12.8×1014. Assuming that the SOL in TEXTOR 
contains in average about 3% carbon impurity in the plasma flux, the amount of 
carbon atoms coming to the mirror surface can be estimated as 1.4×1017 cm-2s-1 in the 
low-fluence exposure and 1.7×1017 cm-2s-1 during the high-fluence exposure. This 
means that all the vacant places for interstitial carbon atoms in Mo will be occupied 
already after about 9 × 10-3 seconds. Incoming carbon atoms in excess of the 
solubility limit will contribute to the molybdenum carbide formation. On the time 
scales of less than 10-2 seconds, the diffusion process can be neglected. Thus, 
depending on the carbide stoichiometry (MoC or Mo2C) 3.2×1017 or 6.4×1017 carbon 
atoms are required for full carbidization of molybdenum within the carbon 
implantation zone. Such an amount of carbon atoms comes to the mirror surface 
during 2-4 seconds of plasma, which is less or comparable with the typical duration of 
one TEXTOR discharge. From these simplified calculations it can be concluded that 
the carbidization of the surface of molybdenum mirrors placed under erosion 
conditions in TEXTOR could be expected. 
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6.4.2.1 Low-fluence and high-fluence exposures 
 
XPS measurements performed on the plasma-exposed samples after their storage on 
air revealed the presence of the molybdenum carbide peak on all Mo-coated and SC 
Mo mirrors (Figure 6.37). As expected, no molybdenum carbide was detected on Rh-
coated mirrors. To fit the measured XPS spectra, the binding energy range was set to 
284.2-284.3 eV for pure graphitic C, 285.2 eV for disordered C, and 283.0 -283.2 eV 
for Mo2C [Reinke 1999, Reinke 2000, Luthin 2001]. Following the same literature 
data, the shift of the core C 1s level due to carbide formation should be 1.1 - 1.2 eV. 
This shift was found in all the XPS measurements of Mo mirrors. In Figure 6.37, the 
left peak denoted as C-O- is attributed to adsorbates, which are unavoidable on the 
surface of the sample and influence the shape of C 1s peak. The binding energy of the 
fitted C-O- peak lies in the range of 287.8 - 288.5 eV, which is in a good agreement 
with the literature data for binding energies of carbon oxide (287.7 eV or 290.2 eV) 
and dioxide (291.8 eV) [Wagner 1979]. 
The graphitic (ordered) as well as disordered carbon atoms were detected on Mo and 
on Rh surfaces. The fitted binding energy of graphitic C was found to be in the range 
284.5 - 284.8 eV, which deviates a bit from the literature data due to a biased 
calibration of the system. However, the difference between ordered and disordered 
peaks of 1.0 eV confirms the correct identification of graphitic and disordered carbon 
components. These two states of carbon could be attributed to implanted carbon 
atoms, part of which could agglomerate and form small ordered inclusions in the Mo 

 
 

Figure 6.36. The phase diagram of a Mo/C system [BAPD]. 
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Figure 6.39. XPS measurements of the C 1s core level peak made on the large SC Mo 
mirror after the exposure. The black line shows the measured spectrum at location #1 

after the subtraction of satellites. Colour lines correspond to different fitted 
components, with the red line representing the resulting envelope. Dotted lone is 

residuum. Similar spectra were measured at all locations in the erosion-dominated 
zone on the mirror surface. 

 
 
Figure 6.40. XPS measurements of the C 1s core level peak made on the large SC Mo 
mirror after the exposure. The black line shows the measured spectrum at location #4 

after the subtraction of satellites. Colour lines correspond to different fitted 
components, with the red line representing the resulting envelope.  Similar spectrum 

was measured at location #3 also situated in the deposition-dominated zone. 
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graphitic and disordered carbon are also detected. An exemplary spectrum for the case 
of the He feeding is shown in Figure 6.46. A similar spectrum measured in the 
deposition zone (He feeding) is shown in Figure 6.47. There is just a tiny amount of 
molybdenum carbide detected, which should be attributed to re-deposited Mo atoms. 
The majority of carbon is in graphitic and disordered states, about 35% and 43%, 
correspondingly. The results with respect to the surface composition obtained from 
measurements at all locations at the mirror surface in both cases (D2 and He feeding) 
are summarized in Figure 6.48 and Figure 6.49. 
The results of measurements presented here for both 1st mirrors used for the Periscope 
system exposures, with the D2 and with the He gas feeding, allow concluding that the 
carbidization of an initially clean Mo surface happens due to implantation of C ions 
originating from plasma. However, the amount of such a way formed carbide is much 
smaller in this case than in the case of the large SC Mo mirror (see Figure 6.41) due to 
mitigation of carbon implantation by the gas feeding, which eventually leads to 
preservation of the mirror reflectivity (see Figure 5.32b). 
 

 
 
 

 
 

Figure 6.46. XPS measurements of the C 1s core level peak made on the 1st mirror 
after the exposure with the He gas feeding. The black line shows the measured 

spectrum at location #2 after the background subtraction. Colour lines correspond to 
different fitted components, with the red line representing the resulting envelope. 
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Chapter 7. General discussion 
 
The results of the experiments presented and analysed in the two previous chapters are 
colligated here summarizing the impact of this work on general understanding of plasma-
material interaction processes and related surface modifications. Conclusions with respect to 
roles of different physical processes in modification of the elemental composition of a 
material surface exposed to plasma are presented along with the discussion about their effects 
on optical properties of the surface. 
 

7.1 Effects of erosion 
 

7.1.1 Surface roughening 
 
It was observed earlier that sputtering of polycrystalline materials leads to surface 
morphology changes. In general, the surface roughness increases, which is attributed to 
inhomogeneous sputtering of differently oriented grains of the material. It was shown in 
section 5.1.3 that nano-coatings, which are characterized by nanoscale-small grain sizes, 
behave similarly to polycrystalline materials, i.e. that they are sputtered inhomogeneously due 
to different orientations of crystallites. In contrast, single-crystals (SC) are shown to be 
sputtered homogeneously and therefore can preserve the smoothness of their surface. It has to 
be noted, however, that sputtering of SC surfaces in conditions of high erosion yields or high 
fluences when large amounts of material are removed can also lead to an increase of the 
surface roughness. The maximum fluences at which SC surfaces acceptably preserve their 
flatness and roughness still have to be determined experimentally. 
The development of a surface relief has an immediate effect on the optical properties of the 
surface. Roughening of the surface causes a pronounced decrease of the specular reflectivity 
due to the fact that surface irregularities enhance the diffuse scattering of the incident light. In 
particular, in experiments with coated mirrors presented in the previous chapters a reduction 
of the specular reflectivity of Rh-coated mirrors by 10 - 25% was measured in the ultra-violet 
(UV) and visible (VIS) wavelength ranges (Figure 5.24). Mo-coated mirrors also 
demonstrated noticeable decrease of the reflectivity up to about 10% in the UV wavelength 
range. The experiments with SC Mo mirrors explicitly demonstrated the advantage of SC 
materials, namely the homogenous sputtering. The reflectivity of the mirrors was preserved in 
the UV and VIS wavelength ranges irrespective of the amount of eroded material, within the 
fluence range accessed in the experiments. This speaks in favour of SC materials not only in 
the case of mirrors exposed under net-erosion conditions, but also in the case of sputter 
cleaning of mirrors in deposition-dominated zones. 

7.1.2 Removal of surface adsorbates and oxides 
 
Surface adsorbates and oxides represent the unavoidable initial surface contamination of as-
received materials. Such layers modify the electronic structure of the material and therefore 
have in general different reflectivity properties in comparison to clean materials. This 
difference in properties becomes greater, the greater is the thickness of the surface layer 
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subjected to the modification. This concerns, in particular, the penetration depth of light 
defined by the extinction coefficient of the associated electro-magnetic wave. In order to 
assess the properties of the material itself, the contaminated surface layers have to be 
removed, e.g. by physical sputtering of the material surface under erosion-dominated 
conditions in plasma. It was observed during this work that as-received material samples 
indeed can demonstrate the reflectivity properties below the literature data and that reduced 
reflectivity properties of initially contaminated mirrors can be improved after exposure under 
net erosion conditions. These effects were clearly demonstrated on the example of the Mo-
coated mirror (see sections 5.1.3.1, 6.3.2.2 and 6.4.1.1). 
 

7.2 Influence of deposition 
 
With respect to the interaction of light with matter, thin material layers are different from 
thick samples due to their translucency. If there is a deposited layer on the surface of the 
material, the incident light rays can penetrate through the layer and therefore interact both 
with the layer and with the substrate material. The light passes the surface layer at least twice 
during the reflection process, being progressively attenuated: considering the incident ray and 
the one reflected from the substrate. Ultimately, the reflected light represents a superposition 
of light rays reflected from the layer itself and from the substrate material. The situation 
becomes even more complicated in the case of multiple layers involved. The reflectivity of a 
surface with a deposited layer on it represents a strong function of the layer thickness (section 
3.2.2). For an unquantified deposition the reflectivity of the surface is unpredictable. This 
means that to ensure the desired reflectivity properties of the surface the thickness of the 
deposited layer has to be controlled or the deposition has to be mitigated completely, which 
can be, in particular, achieved by shifting the balance of surface processes to net erosion. 
In this work it has been demonstrated that the balance between erosion and deposition 
processes can be shifted towards beneficial erosion by injection of gaseous impurities in the 
vicinity of a mirror. Such an approach has a twofold effect:  

 the flux of particles capable of being deposited can be reduced; 

 the injected gas can stimulate additional mechanisms for removal of deposited species, 
e.g. by means of the chemical erosion process (only reactive gases and certain 
impurity species).  

In the case of experiments described and analysed in sections 5.2 and 6.1.2, both these 
possibilities were demonstrated on an example of mitigation of deposition of carbon by means 
of injection of different gases. In the case of injection of the He gas, which is non-reactive and 
does not lead to chemical erosion of carbon, deposition of carbon layers was significantly 
mitigated, although no complete mitigation was achieved. Introduction of the D2 gas was, in 
turn, capable of complete mitigation of deposition and even cleaning of pre-deposited layers 
on the mirror surface. Such a substantial effect is attributed to chemical erosion of carbon 
layers by D ions, which are present in plasma itself and the amount of which was increased 
after ionization of injected D2 molecules, thus leading to stronger chemical erosion of carbon. 
It has to be noted, however, that the effectiveness of this technique for mitigation of 
deposition of high-Z impurities (e.g. tungsten) still has to be demonstrated along with 
estimates and analyses of maximum expected concentrations of such impurities in the plasma 
flux to the mirror surfaces. 
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7.3 Effects of particle implantation 
 
Implantation of energetic particles into the surface implies collision cascades and material 
mixing in the damaged surface layer, which lead to changes of the elemental surface 
composition. As it can be concluded from SDTrimSP simulations described in section 6.3.2.2, 
carbon and oxygen impurity ions from TEXTOR plasma get implanted up to 8 – 13 nm deep 
in the mirror surface. However, continuous dynamic recession of the surface due to physical 
sputtering processes may reduce the effective penetration depth of implanted impurities. 
According to SDTrimSP simulations (Figure 6.15) and SIMS measurements (Figure 6.17) the 
resulting effective penetration depth of carbon into Mo remains almost constant during the 
exposures. Optical characteristics of mirrors, which are very sensitive to the surface 
composition, also appear to be very similar for all SC Mo mirrors in the performed erosion 
experiments. This fact supports the SDTrimSP and SIMS results and suggests that the balance 
between ion implantation, diffusion and erosion processes was achieved such that similar 
thicknesses of thin carbide layers could be established on the surfaces of mirrors in all erosion 
experiments, being independent from the fluence of eroding particles in the fluence range 
achieved. 
The fact that optical characteristics of all SC Mo mirrors in performed erosion experiments 
appear to be very similar supports the SDTrimSP and SIMS results about same thicknesses of 
carbide layers formed on Mo mirrors in all erosion experiments where mirrors were exposed 
to different fluxes of particles. 
Dedicated laboratory experiments [Eren 2011 and Eren 2013] showed possible minor changes 
of the reflectivity of Mo due to accumulation of implanted D in the near-surface region. Such 
mechanism may play a role for laboratory experiments with pure D plasma and low sample 
temperatures. In TEXTOR exposures (section 6.3.3.), however, these conditions are not 
relevant. High mirror temperatures must have led to immediate evacuation of D from the 
implantation zone due to thermo-desorption. The measured reflectivity changes are at least 
twice higher than reported in [Eren 2011] and [Eren 2013], thus suggesting that unavoidable 
implantation of impurity ions from plasma, such as carbon and oxygen is decisive for the 
reflectivity changes. 
 

7.4 Influence of diffusion processes 
 
Diffusion of implanted or deposited particles can lead to impurity transport deeper into the 
bulk, thus increasing the thickness of the affected surface layer. Diffusion process also can 
drive the formation of distinct chemical phases. Two effects can slow down the volume 
diffusion of impurities: 

 slower diffusion from the surface or interface into the bulk; 

 slower diffusion through already formed chemical phases, e.g. carbides or oxides. 

In the experiments with the Periscope mirror system, an assumption of the simple volume 
diffusion of C in Mo results in almost two orders of magnitude larger expected diffusion 
depth of carbon than the measured thickness of the carbon interlayer formed between the 
deposited layer and Mo substrate during the experiment (section 6.3.2.1). Slower diffusion of 
carbon from the interface into the bulk [Gall 2002] and slower diffusion of C through the Mo 
carbide [Semenenko 2008] are known in the literature and thus may explain the observed 
discrepancy, although the interface between the pre-deposited carbon layer and the substrate 
material cannot be treated as an open Mo surface.  
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Formation of molybdenum carbide on the mirror surface takes place already during the 
plasma exposure when carbon is deposited on the surface or implanted in the near-surface 
layer [Reinke 2000]. Diffusion of carbon in carbides goes slower than that in pure metals 
[Semenenko 2008]. Quantitatively, the difference in the diffusion coefficient of carbon in 
pure metals and in corresponding metal carbides can exceed 103 (see section 6.3.2.1). The 
same effect of slowing down the oxygen diffusion in Mo oxides was discussed in section 
6.3.2.3. The difference in diffusion coefficients of oxygen in pure metals and corresponding 
metal oxides can exceed 105 [Elyutin 71]. Thus carbidization and oxidation of the Mo surface 
can inhibit strongly the diffusion of C and O atoms into the Mo bulk. 
However, volume diffusion can be also enhanced. In particular, in this work the effect of fast 
diffusion along grain boundaries [Landolt-Boernstein] was found to exist in the case of O 
diffusion in polycrystalline Mo (section 6.1.2.3.). 
 

7.5 Effects of the surface chemistry 
 
Implantation and diffusion of impurity atoms in the material may lead to formation of 
chemical compounds with electronic and optical properties different from that of the initial 
material. In the case of tokamak exposures described in this thesis, formation of compounds 
with the main surface contaminants, carbon and oxygen, can be expected. A carbidized 
surface, e.g. Mo2C, has different optical properties compared to Mo (Figure 3.6). In particular, 
the extinction coefficient shows different wavelength dependence, and so does the skin depth 
(Figure 7.1). It can be seen from Figure 7.1 that light penetrates more than 9 nm under a 
Mo2C surface in the wavelength range 250-1700 nm, which is deeper than the thickness of the 
carbon-containing layer observed in the erosion experiments (see e.g. Figure 6.17 (b)). This 
means that the light reflected from such a contaminated mirror represents a superposition of 
waves reflected from the carbide layer and from the underlying Mo. This effect explains the 
measured change of the optical characteristics of SC Mo mirrors (sections 5.1.3. and 6.4.2.). 
Because of similar effective implantation depths of carbon ions in the range of studied plasma 
parameters according to SDTrimSP simulations (Figure 6.15), similar thicknesses of carbide 
layers were established (Figure 6.17) - a result of simultaneous implantation/carbidization at 
slow diffusion and erosion of the surface. This conclusion is also supported by SIMS 
measurement. The attainment of a stationary value of the reflectivity of about 4% below the 
handbook data was characteristic for all SC Mo mirrors exposed under erosion-dominated 
conditions. Such a moderate degradation regardless of the amount of the eroded material 
supports the finding that similar elemental and chemical composition of studied samples was 
achieved for the range of particle fluences covered by the experiments. 

 
Figure 7.1. The skin depth as a function of the wavelength, as calculated from the 

extinction coefficient data for Mo [Palik] and Mo2C [Grimes 2004]. 
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It should be noted that surface roughening of SC Mo in presence of carbon in the plasma flux 
can happen as a result of inhomogeneous sputtering due to non-homogeneous carbidization. 
This effect was observed in [Bardamid 2002] for the case of sputtering of 5 μm of the SC Mo 
surface by 5×1024 D+/m2 and wide energy spectrum of 0.1-1.5 keV. MoC2 inclusions formed 
on the surface had lower sputtering rates then non-carbidized surface areas and therefore 
started to protrude above the surface. The range of conditions in which non-homogeneous 
carbidization can take place has to be identified since installation of SC Mo mirrors at such 
locations may lead to faster degradation of their reflectivity. 
In contrast to the effect of surface carbidization in plasma, strong surface oxidation of mirror 
samples exposed in DIII-D during the thermo-oxidation experiment (no plasma) described in 
section 5.3 was confirmed by SIMS analyses. A significant drop of the mirror reflectivity of 
up to 50% for Mo mirrors and up to 90% for Cu mirrors was measured, which was attributed 
to oxidized surface layers (section 6.3.2.3.). Surface oxidation was found to be non-
homogeneous with deep oxidation channels formed, presumably, due to diffusion of oxygen 
along grain boundaries. 
 

7.6 Summary 
 
In this work it was demonstrated that a variety of physical processes may influence the 
reflectivity of metallic surfaces in the plasma environment of a tokamak. Ultimately, there can 
be two global effects leading to changes in the reflectivity properties of a material. 
The first global effect is related to the surface morphology and represents modification of the 
surface relief. Surface roughening leads to a reduction of the specular reflectivity due to 
diffuse scattering of the incident light off an uneven surface. When the wavelength of the 
probing light is comparable with the typical length scale of the surface relief, diffuse 
reflection involves also purely physical effect of light diffraction. It was illustrated earlier in 
this thesis that the typical mirror surface relief can be characterized by a mean root square 
roughness of few tens of nm at maximum (Section 6.1.3). Therefore, for the range of 
wavelengths of interest starting from 250 nm, the light diffraction processes can be neglected. 
The main reason for modification of the surface relief of a surface exposed to plasma or any 
other source of energetic particles is the non-homogeneous sputtering of the surface. In the 
case of polycrystalline materials, the surface is composed by a series of differently oriented 
crystallites, or grains, which are sputtered with their own rates depending on their crystal 
orientation. It was shown in this work that coatings with nano-sized crystallites behave 
similarly to polycrystalline materials and that the resulting increase of the surface roughness 
can lead to a significant drop of the specular reflectivity. In the case of experiments described 
in this thesis, a 25% decrease of the reflectivity of Rh-coated mirrors was measured in the UV 
wavelength. Noticeable degradation of the reflectivity was observed also for Mo-coated 
mirrors. SC Mo mirrors are expected to exhibit homogeneous sputtering. Indeed, the 
reflectivity of SC Mo mirrors studied in this work was preserved in the UV and VIS 
wavelength ranges irrespectively of the amount of eroded material. It should be noted, 
however, that sputtering of SC mirrors in conditions of high erosion yields or high fluences 
when large amounts of the material can be removed can also lead to an increase of the surface 
roughness, although with a much weaker rate as compared to that of polycrystalline materials. 
The second global effect is of chemo-physical nature and represents the modification of the 
elemental composition of the material surface. The underlying physical and chemical 
phenomena are related to the modification of the electronic structure of the material: the 
penetration depth of the incident light is affected due to changes of the extinction coefficient 
for the associated electromagnetic wave. There can be various reasons for changes of the 
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surface elemental composition, among which the following interrelated processes and 
conditions can be mentioned: 

 Presence of surface adsorbates and oxidized layers on the initial surface; 

 Implantation of energetic particles from plasma into the surface; 

 Formation of deposited layers on the surface; 

 Diffusion of implanted and deposited atoms; 

 Formation of chemical compounds, such as carbides or oxides, at the surface and in 
the bulk during and after the plasma exposure. 

In all these cases, changes of the reflectivity are the stronger, the greater is the thickness of the 
surface layer subjected to modification of the elemental composition. This can be illustrated 
on the example of oxide formation in the experiment with thermo-oxidative wall conditioning 
presented in this thesis. The actual penetration depth of light also represents an important 
parameter. It was calculated that in the case of carbidized layers formed on the mirror surface 
during erosion experiments, the probing light could penetrate deeper than the thickness of the 
affected surface layer. This means that the light reflected from such a contaminated mirror 
surface must be represented by a superposition of waves reflected from the carbidized layer 
and from the underlying initial mirror material. The reflectivity of a surface with a deposited 
layer thus represents a strong function of the layer thickness. This means that for an 
unquantified deposition the reflectivity of the surface is unpredictable. 
The thickness of the affected or deposited layer is actually controlled by the balance between 
various processes. The energy of impacting particles determines the particle implantation 
depth. Volume diffusion of deposited and implanted impurity atoms can stimulate the 
impurity transport deeper into the bulk material. The impurity transport in the material can, in 
turn, feed and stimulate the formation of chemical phases. It was demonstrated in this work 
that formation of chemical phases such as carbides and oxides can finally slow down the 
volume diffusion. However, fast diffusion along grain boundaries can be expected in the case 
of polycrystalline materials. Sputtering of the surface represents the main driver for surface 
roughening and is also a competing process contributing to the surface composition change. 
In the case of erosion experiments, similar thicknesses of carbide layers were established on 
all mirrors independent on the particle fluence as a result of the balance of physical processes 
such as simultaneous implantation, carbidization at slow diffusion and erosion of the surface. 
Sputtering of the surface by plasma ions as well as chemical erosion lead to removal of 
surface adsorbates and deposited layers. The balance between erosion and deposition 
processes depends strongly on plasma parameters. It was demonstrated in this work that the 
erosion-deposition balance can be shifted towards erosion, which is beneficial in the sense 
that there is no unpredictable layer growth and therefore no undesired change in the 
reflectivity. The approach used for that was the injection of gaseous impurities in the vicinity 
of a surface. Such an approach has a two-fold effect: the flux of particle being deposited can 
be reduced, and the chemical erosion of already deposited species can be intensified. 
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Chapter 8. Extrapolation to ITER  
The reflectivity of first mirrors represents a crucial parameter for reliable performance of 
respective diagnostics systems and future reactor devices, thus representing a critical aspect in 
the design of such systems, especially for ITER. Once a diagnostic system in ITER will be 
installed, it will not be possible to repair or exchange individual mirrors. Therefore, all 
measures to prevent uncontrolled degradation of the mirror reflectivity have to be 
implemented to ensure sufficiently long life time of mirrors and thus regular functioning of 
diagnostic systems. 
The main goal to be achieved with respect to first diagnostic mirrors for ITER or any future 
reactor device is to preserve the optical characteristics of mirrors over the entire envisaged 
operation period of the device. On the way to achieving this goal for mirrors placed in 
deposition-dominated conditions, the application of deposition suppression techniques in 
combination with erosive plasma cleaning of deposited layers and implanted impurities 
should be considered.  
In this work the capability of gas fuelling in the vicinity of first mirrors to mitigate deposition 
of impurities on the mirror surface was assessed. A significant deposition suppression was 
achieved with a non-reactive gas fuelling. Using fueling by chemically reactive deuterium, the 
complete deposition supression and even cleaning of initially pre-deposited a-C:D layer from 
the mirror surface was achieved due to enhancement of chemical erosion of carbon.  
It is planned that ITER will start operation with the initial material mix of Be for the main 
wall and W for the divertor. Erosion of Be from the main chamber and its deposition 
elsewhere in the device are expected. Be can be eroded by deuterium chemically via 
formation of BeD/BeD2 molecules [Bjorkas 2012], therefore injection of the D2 gas could be 
in principle used to clean the mirrors from Be deposits, however the effectiveness of chemical 
erosion of Be by D atoms and ions still has to be accessed. Feeding of non-reactive gases also 
could be applied to increase the neutral density in front of the mirror and thus prevent 
impurity ions from reaching the mirror surface (as it was shown in experiments and modeling 
described in sections 5.2.3 and 6.1.2). These measures could be applied in the divertor region 
where the strongest deposition is expected under the dome region and in the vicinity of gas 
injection modules for the radiative cooling of plasma [Maruyama 2010]. However, as it was 
already mentioned in section 7.2, the effectiveness of the gas feeding technique with respect 
to mitigation of deposition of high-Z impurities such as tungsten still has to be demonstrated, 
and the knowledge about the long-range transport of W in fusion devices has to be extended 
[Litnovsky 2013a]. 
To allow and maintain the optimal mirror operation in ITER, multiple strategies to protect 
first mirrors from incident impurity fluxes and to limit the deposition have to be applied, 
including the following:  

1. Use of shutters open only during measurements [Krasikov 2011]; 

2. Application of gas puffing in the vicinity of mirrors [Litnovsky 2011b, this work];  

3. Special design and geometry of diagnostic ducts to minimize particle fluxes to the 
mirrors [Brooks 2008] (Figure 8.1), including shaping of diagnostic ducts to provide 
“traps” for incoming particles and thus reduce the amount of impurities impinging on 
the mirror surface [Akyiama 2012, Kotov  2011a, Litnovsky 2009]; 

4. In-situ mirror cleaning.  
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Application of protective techniques, such as shutters, will decrease particle fluences to the 
mirrors and therefore can prolong the mirror lifetime by orders of magnitude [Costley 2001, 
Brooks 2008, Kotov 2011 b]. Similarly, the geometry of diagnostic ducts can have a 
significant effect. Recent experiments [Akiyama 2012] and modeling [Kotov 2011a] 
demonstrate promising results of use of diagnostic ducts equipped with a set of diaphragms 
(fins). For certain geometries of diagnostic ducts, installation of fins leads to a manifold 
reduction of the particle flux to the mirror surface. The multi-machine experiments on the 
confirmation of the effect of fins are ongoing.  
It has to be noted that protective techniques such as shutters and fins will be ineffective in the 
cases of thermo-oxidative or another reactive gas wall conditioning or air leaks, which all can 
drastically reduce the mirror reflectivity, as was shown in sections 5.3.3 and 6.4.1.2. For this 
reason, in part, the majority of first diagnostic mirrors in ITER should be equipped with in-
situ mirror cleaning possibilities. It was demonstrated experimentally that non-destructive 
techniques used for mirror cleaning from deposited layers have only limited efficiency, and 
therefore destructive techniques such as sputtering have to be applied. Plasma sputtering is 
one of the promising techniques demonstrating very high efficiency of removal of deposited 
layers. Such in-situ mirror cleaning systems can be also activated against oxidized surface 
layers. Not only the deposits but also a thin underlying layer of the mirror surface affected by 
implantation, diffusion of impurities and chemical transformations can be effectively removed 
[Litnovsky 2011a]. An example of cleaning of an oxidized SC Mo mirror in a glow discharge 
in hydrogen is shown in Figure 8.2 [Litnovsky 2007b]. Two exposures 15 minutes each were 
sufficient to remove the oxide and to restore the mirror reflectivity. Another example of the 
cleaning of a Mo mirror surface from the oxidized layer is the pre-cleaning of the large SC 
Mo mirror before the exposure in TEXTOR described in section 5.1.3.3. The mirror 
reflectivity was below the reference value before cleaning in Argon (Ar) plasma, and the 
specular reflectivity was restored after 20 min of plasma treatment (Figure 5.21). 
 

  
 

Figure 8.1. a) Motional Stark Effect (MSE) diagnostic geometry at ITER outer 
midplane first wall location. Optical path shown through blanket shield module (BSM) 

duct with first 2 mirrors (M1, M2) [Brooks 2008]. 
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reflectivity in the UV range as follows from the results of the high-fluence exposure (Figure 
5.14).  
 

Table 8.1. Extrapolation of experimental results to ITER conditions for mirrors installed in 
equatorial and upper ports at the first wall position and inside cylindrical diagnostic ducts 
with different aspect ratios of the duct length L to diameter D (predictive modelling with 
EIRENE/SOLPS). The number of 400 s long ITER discharges corresponding to the same 

amount of eroded material as observed in the TEXTOR experiments is given. 
 

 
Number of 400 s long ITER discharges  

First wall 
position L / D = 5 L / D = 10 L / D = 20 

Low-fluence 
experiment 

40 nm  
Mo eroded 

 
Equatorial port 

 
15 890 2480 8360 

Upper port 
without gas fuelling 

system 
32 630 1660 13630 

High-fluence 
experiment 

125 nm  
Mo eroded 

 
Equatorial port 

 
47 2770 7760 26110 

Upper port 
without gas fuelling 

system 
101 1970 5190 42580 

 
 
However, the concept of Mo-coated mirrors has a potential as an alternative large-size mirror 
solution for ITER for diagnostics in the VIS and IR wavelength ranges. The Rh-coated 
mirrors revealed a drastic drop of the reflectivity in the UV range and their application under 
erosion conditions in ITER cannot be approved.  
As was already mentioned, even mirrors installed in deposition-dominated zones have to be 
produced from erosion-resistive materials since the most promising technique for cleaning of 
such mirrors is plasma sputtering. This implies that the selected first mirror materials have to 
be resistant to erosion in the sense that their reflectivity should not degrade when surface 
sputtering happens during plasma operation or during cleaning from deposited layers. In 
contrast to surface deposits, which can be removed, the development of a surface relief, i.e. 
roughening of the surface, due to inhomogeneous sputtering is not possible to compensate to 
make the surface smooth again. 
Generally, SC Mo mirrors are preferable under erosion-dominated conditions. However, the 
largest SC Mo mirrors available to date have a diameter of only 10 - 14 cm [Litnovsky 2009]. 
Therefore, efforts have to be made to increase the mirror size, and a corresponding technology 
is yet to be developed. At the same time, large Mo-coated mirrors manufactured at industrial 
level have to be tested under erosion conditions. 
To recapitulate, the measures to be applied for mirror protection must include the proper 
material choice and application of techniques for deposition mitigation, in-situ mirror 
cleaning and in-situ mirror calibration. 
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8.1 Outlook 
 
The studies presented in the thesis as well as investigations performed over the past few years 
by other researchers provided a better understanding of the evolution of optical properties of 
mirrors in a plasma environment. Still there is a lot of work to be done before the final 
solution for first diagnostic mirrors in a fusion reactor could be provided. The main topics that 
have to be further addressed are the feasibility of deposition mitigation techniques and the in-
situ application of sputter-cleaning methods. 
One of important steps on the way to prevent deposition of impurities on the mirror surface is 
minimization of fluxes of particles towards first mirrors. This may be done either by 
optimization of the diagnostic duct geometry [Akiyama 2012, Kotov 2011 a] or by a complete 
shielding of mirrors by special shutter systems open only during measurements [Walker 
2004]. The equipment of diagnostic ducts with a diaphragm-like structure using fins as 
described in [Akiyama 2012] can significantly reduce deposition rates on the mirror surface.. 
In order to optimize the shape and geometrical parameters of such diagnostic ducts, further 
multi-machine studies of deposition in hidden areas are required, in particular addressing 
different lines of sight and locations within the vacuum vessel. The applicability of shutters 
can prevent deposition on mirrors during wall conditioning discharges; however, during the 
main plasma operation when diagnostics need to be operational shutters remain open and have 
no effect. Therefore, it is essential to identify the phases leading to the major deposition 
depending on the scenario of operation and the location of diagnostics in order to choose a 
proper deposition mitigation technique. 
Gas feeding near the mirror surface represents another important concept for deposition 
mitigation. The results obtained during this PhD work illustrate that an essential reduction of 
impurity deposition and even complete deposition mitigation on the mirror surface can be 
achieved. However, the method should be further evaluated by engineers in terms of 
permissible gas injection rates and the overall design of the diagnostic duct. In particular, the 
amount of injected gas should not affect the machine fuelling.  
It was shown in this thesis that a proper choice of the mirror material is important for mirrors 
subjected to erosion conditions. In addition, layers of chemical phases formed within the ion 
implantation zone and thus decreasing the mirror reflectivity will have to be removed by in-
situ cleaning methods. In the opposite case of net-deposition, a certain level of deposition is 
likely to happen on the mirrors in many cases, despite the application of deposition mitigation 
techniques. Thus the necessity of sputter-cleaning of such mirrors makes the erosion strength 
of mirror materials important also for mirrors placed under net-deposition conditions. Studies 
of RF and ECRH plasma cleaning methods, in particular for mirrors coated with aluminium 
oxide as proxy for oxidized Be layers [Litnovsky 2013b], demonstrate certain difficulties and 
ask for further investigations. In particular the applicability of these methods to cleaning of 
reactor relevant mixed surface layers has to be assessed. The exact cleaning procedure is still 
to be identified, and this requires better understanding of physical processes involved.  
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8.2 Conclusions 
 
The concise conclusions are the following: 

 Deposition of impurity layers affects the mirror reflectivity, which shows a strong 
dependence on the deposited layer thickness, which usually cannot be assessed in-situ.  

 For reliability of diagnostic signals, the mirror reflectivity should be preserved. That is 
not possible in deposition-dominated zone, therefore mirrors have to be installed under 
net erosion conditions or such conditions have to be created artificially. 

 Single-crystalline materials, for example SC Mo, are the best candidates for mirrors 
under erosion. 

 Particle implantation and surface chemistry take place even for SC mirrors placed 
under erosion conditions. Material mixing and chemical phase formation can lead to 
reflectivity changes, which are hard to predict. To remove mixed layers and restore the 
reflectivity, in-situ mirror cleaning should be applied. 

 Further dedicated experiments with respect to  

- selected mirror materials, 
- expected mirror surface temperatures, 
- expected impurity species,  
- predicted fluences for different mirror locations 

are of extreme importance as they are essential for assessment of the mirror performance 
under future reactor condition. 
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