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Abstract

Plasma diagnostic systems will be necessary tools for the future success of the International

Thermonuclear Experimental Reactor (ITER) both to better understand the physics involved in

magnetically confined burning plasma and for the protection of the device in case of disruptions

etc. In contrast to conditions in today’s tokamaks, a high level of radiation and neutrons is

expected in ITER. To reduce the extent of the possible neutron leakage and to protect the

optical components (windows, fibres) from the radiations it was proposed that the light of the

plasma should be transmitted by mirror optics to diagnostics through a labyrinth embedded in

shielding material.

The first elements of the plasma diagnostic systems in ITER will therefore be metallic

mirrors called “First Mirrors”. Being the closest element to the hot confined plasma they will

suffer from intense radiation, from bombardment by energetic particles and possible deposition

of impurities eroded from the plasma-facing components. They will have to maintain the

required optical properties despite these extreme conditions. The question of the lifetime of

these first mirrors (i.e. how long will they maintain their optical properties) is thus of the

highest importance because any change in the reflectivity of the first mirror will affect the

reliability of the spectroscopic or laser signal and thus the reliability of the diagnostic system.

The objective of this thesis was to improve the understanding of the effects of the plasma-

wall interactions in a tokamak (material erosion, migration, and redeposition) on the optical

properties of in-vessel metallic mirrors, with a view towards the parameters which may be

optimized to extend their lifetime. This was achieved by a thorough participation in the mirror

experiments carried out in several tokamaks (Tore Supra, TCV, TEXTOR, DIII-D and JET)

through detailed optical and surface characterizations of the mirrors before and after their

exposure, and by dedicated laboratory experiments.

Several important conclusions have been derived from these experiments. Under erosion

conditions, the progressive increase in the surface roughness (due to the appearance of the

crystallographic grains) results in a progressive decrease of the mirror reflectivity. To prevent

such effects, the mirror crystallography should ensure that the roughness will always remain

negligible in comparison with the wavelength of the light. This may be achieved in two different

ways: either by using single crystal mirrors or by manufacturing the mirror in the form of a

nanocrystalline coating (Rh or Mo) on a polished metallic substrate.

For mirrors located in deposition dominated areas (in the divertor for example), deposition

of impurities on the mirror surface will lead to drastic changes of the reflectivity. The carbon

deposition rate observed on the mirrors exposed in the DIII-D (∼2 nm·s−1) divertor gives an

idea of the extent of the problem. Carbon is expected to be the main impurity deposited on

xi



xii ABSTRACT

mirrors located in areas remote from the plasma due to its long range migration. Mitigation

of the carbon deposition has been achieved by heating the mirrors to about 200◦C. This is a

very promising result because such temperature is relatively moderate. However for mirrors in

direct line-of-sight from the plasma, deposition of beryllium should also be taken into account.

According to the experiments made in the PISCES-B linear device, deposition of Be containing

layer will significantly modify the mirror reflectivity. Moreover, even if deposition of carbon

can be mitigated during the co-deposition of Be and C, deposition of Be is not affected by the

mirror temperature. The possible diffusion of beryllium in the mirror material (enhanced by

the temperature) may complicate the possible in-situ cleaning of the mirrors.

Results from experiments made in Tore Supra, TCV, and in a laboratory stand in Basel

have shown that the substrate material plays a role in determining the importance of the

erosion/deposition mechanisms affecting the mirror reflectivity. In TCV, the deposition rate

of carbon was found to be lower on a high-Z material (Mo) than on a low-Z material (Si).

This may be explained by enhanced re-sputtering of the deposited carbon due to a higher

particle reflection coefficient on Mo. From experiments made in Tore Supra and in Basel, it

was observed that under simultaneous bombardment with deuterium and carbon, the sputtering

of copper mirrors was enhanced by the presence of carbon. This leads to an anomalous effective

sputtering yield for copper. Numerical simulations with the Monte Carlo code TRIDYN have

shed some light on the results observed for molybdenum, stainless steel and silicon samples.

However, such an approach failed to reproduce the phenomena observed for copper. It seems

therefore quite likely that the chemistry of copper towards carbon plays a role in the observed

increase erosion when carbon is present in the plasma.
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Chapter 1

Nuclear fusion

The world’s economic growth over the past century has relied on the assumption of unlim-

ited fossil fuels reserves for energy production. The current surge in oil prices and the grow-

ing concern about the exhaustion of the available resources [1] associated with the pollution

(Greenhouse effect,...) resulting from the intensive use of such fuel have raised the necessity

of modifying our relation towards energy. Improvements have been made in the efficiency of

energy production but they are restricted by thermodynamic limitations (Carnot efficiency for

example). An emerging fringe of economists see a possible solution in a radical change of our

economic model [2] (economic degrowth), which is very unlikely to happen globally on a reason-

ably short timescale. Moreover, even the most optimistic forecasts [3] foresee a global increase

of the world energy consumption.

A unique scenario for replacing the current dependency on fossil fuels does not exist. Dif-

ferent options are being considered (solar and wind energy, new generation of nuclear fission

reactors,...) and may constitute what will be the future energy mix. Amongst these different

approaches, nuclear fusion appears to be an attractive solution.

1.1 Basic principles

The fundamental idea driving the research in nuclear fusion is to reproduce on earth what

makes stars shine. Basically nuclear fusion is the process by which 2 nuclei join together to

form a heavier nucleus. This reaction is accompanied by a release of kinetic energy according

to the equivalence between mass and energy formulated by Einstein. However, a substantial

energy barrier arising from the mutual repulsion due to the positive charges of the nuclei, must

be overcome for fusion to occur. The most accessible fusion reactions occur with isotopes

of hydrogen because they only contain one single positive charge thus reducing the Coulomb

barrier to be overcome. Eq. 1.1 shows the different fusion reactions possible with isotopes of

hydrogen. In all cases, the fusion reaction results in the production of an energetic neutron. In

3



4 CHAPTER 1. NUCLEAR FUSION

brackets are indicated the energy released by the given reaction.

D2 +D2 −→ He3 + n1(+3.272 MeV )

D2 +D2 −→ T 3 +H1(+4.03 MeV )

D2 + T 3 −→ He4 + n1(+17.6 MeV )

D2 +He3 −→ He4 +H1(+18.3 MeV )

(1.1)

Fig. 1.1 shows the cross sections of the fusion reactions listed in eq. 1.1 as a function of the

deuteron energy. As seen, the D-T reaction is the most attractive due to a higher reaction cross-

section (i.e. a higher reaction probability) and a lower energy required to make the reaction

possible. This is thus the reaction envisaged for a fusion reactor.

Figure 1.1: Cross section of different fusion reaction as a function of the deuteron energy

At the very high temperatures (about 10 keV) required for fusion reactions, the fuel (the

mixture of deuterium and tritium) is fully ionized. The electrostatic charge of the nuclear ions

is neutralized by the presence of an equal number of electrons and the resulting quasi-neutral

gas is called a plasma.

The neutrons produced by the fusion reactions leave the plasma without interactions whereas

the α particles (He2+), which are charged, transfer their 3.5 MeV energy to the plasma through

collisions and thus contribute to the heating of the plasma.

In a fusion reactor a continuous loss of energy is expected (due to radiation for example),

the rate of energy loss, PL, is characterized by an energy confinement time τE defined by the

equation:

PL =
W

τE
(1.2)
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where W is the total energy of the plasma. The confinement time is the characteristic time the

plasma would need to evacuate its whole energy due to losses only. So, if PH is the additional

power supplied by external heating to compensate the losses, the overall power balance can be

written in the form:

PL = PH + Pα (1.3)

where Pα is the total α-particle heating. A measure of the efficiency of the reactor is given by

the ratio, Q, of the thermonuclear power produced to the heating power supplied:

Q =
Pα

PH
(1.4)

Break-even is reached when Q = 1. When the energy losses are entirely compensated by

the energy provided by the α-particles without the need of additional heating (Padd = 0), i.e.

when Q→ ∞, the ignition point is reached and the plasma is self-sustained.

The conditions for reaching ignition are described by the Lawson criterion [4], which is

expressed in eq. 1.5 for a temperature of 10 keV:

nτE ≥ 1020 m−3s (1.5)

where n and τE are the plasma density and energy confinement time respectively. Two different

approaches may lead to the satisfaction of the Lawson criterion:

• magnetic confinement working at low density (∼ 1020 m−3) and trying to obtain relatively

long energy confinement time (∼ 1 s) with a strong magnetic field (∼ 5 T). This is the

method currently envisaged for a fusion reactor, and will be described more in the next

section.

• inertial confinement which works with extremely low energy confinement time (∼ 10−11 s)

and should therefore reach very high densities (∼ 1031 m−3) by compressing strongly

the fuel with intense laser radiation. This approach is more oriented towards military

applications (Laser Mégajoule in France for example).

1.2 Magnetic confinement: the tokamak

The term tokamak is a transliteration of a russian word meaning “toroidal chamber in magnetic

coils”. The tokamak [5] consists of a toroidal vacuum vessel inside which a strong toroidal

magnetic field is generated by external poloidally wound magnetic coils (fig. 1.2). However,

this field alone is insufficient to confine the plasma. Because of the toroidal geometry, the

toroidal field (BT ) is not uniform within the major radius (R) of the tokamak (BT ∝ R−1).

The resulting �B×B drift separates ions and electrons, thus producing a vertical electric field

which leads to an outward collective motion of both the ions and electrons (E×B drift) making

the plasma unstable. To prevent this, the magnetic field should be helical which is achieved

by adding to the toroidal field a poloidal magnetic field produced by the plasma current itself.

The plasma current is driven by transformer action using a solenoid passing through the torus
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Figure 1.2: Schematic view of a tokamak. R0 and a are the tokamak major and minor radius
respectively.

centre as primary and using the plasma as secondary. Control of the plasma shape and position

requires additional coils located at suitably placed positions.

As seen in chapter 1.1, it is necessary to bring the fuel mixture to very high temperature

for fusion reactions to occur. In all tokamaks the initial heating comes from the ohmic heat-

ing generated by the plasma current. As the temperature increases, the collision frequency

increases and the resistivity of the plasma falls, reducing the efficiency of the ohmic heating,

hence the necessity of additional heating systems. Amongst the different methods envisaged,

are the injection of energetic neutral beams and the resonant absorption of radio-frequency

electromagnetic waves.

In present machines, magnetic fields of up to 5 T are produced either by normal coils or by

superconducting coils. Plasma currents up to 7 MA have been produced in the JET tokamak.

1.3 Limiter and divertor

Hitherto we have not considered the strong interactions arising between the very hot plasma

and the immediately surrounding material that constitute the plasma chamber. Ions, electrons

and radiation from the plasma are incident on the surrounding material surfaces, heating them

and producing neutral atoms and molecules of plasma and wall materials which return to the

plasma and which both dilute and cool the plasma fuel.

Two different approaches exist to minimize and control the plasma material interactions

in a tokamak. The first option is to materially limit the plasma radius by inserting a so-

called limiter in the vacuum vessel (fig. 1.3). The limiter defines the Last Closed Flux Surface

(LCFS), which is the boundary between the core plasma where all magnetic surfaces close

back on themselves and the Scrape-Off Layer (SOL) plasma where field lines are open and
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terminate on the surrounding material structures (called first wall). The other possibility to

define the LCFS is to employ an external magnetic coil generating a current parallel to the

plasma current. This parallel current results in the creation of an X-point where the poloidal

magnetic field vanishes. This diverts the poloidal field lines, hence the name divertor (fig. 1.3),

to toroidally symmetric plates: the divertor targets. A compressed tutorial on edge plasma

physics can be found in [6], only some basic notions necessary for this work will be outlined

here.

By definition, a limiter is very close to the confined hot plasma; the plasma-surface inter-

action being localized to the leading edge of the limiter. The limiter can therefore suffer from

severe heating, melting and erosion. Moreover, the proximity to the confined plasma implies

that any impurities released from the limiter can easily penetrate into the plasma and contam-

inate the core. When entering in the core plasma, the impurities can cool it down by radiation

which is to be avoided to favour fusion reactions. Some modern tokamaks still use the limiter

configuration like TEXTOR (Germany) and Tore Supra (France).

Figure 1.3: Poloidal cross-sections of a tokamak illustrating the limiter (left) and divertor (right)
configurations (from [6])

Most modern tokamaks favour the divertor configuration, where the LCFS is defined solely

by the magnetic field and plasma-surface interactions are localized near the divertor target

plates (fig. 1.4). The impurities released from the target are ionized and may be swept back

to the target by the plasma flow before they can enter the confined plasma. The region below

the X-point and inside the separatrix is called the Private Flux Region, it contains a thin layer

of plasma lying along the two separatrix arms and terminating at the target. The objectives of

a divertor design are to:

• minimize the impurity content of the plasma by maintaining the plasma surface-

interactions remote from the confined plasma, and preventing any impurities produced

at the target to enter the confined plasma (by the divertor particle flow),

• remove the alpha particle power by heat transfer through a solid surface to a cooling fluid,
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• produce a high helium neutral density region to ease exhaust of the helium ashes produced

by the fusion reactions.

Figure 1.4: SOL and Private Flux Region (PFR) in a divertor configuration (from [6])

Due to the localization of the plasma-surface interactions near the target plates, erosion of

the target surface, as well as significant power deposition on the target plates, can occur and be

a serious problem for their lifetime. A possible approach to reduce this problem is to produce

a “detached divertor plasma”. For sufficiently high plasma density (which depends on the

power input), a drop of the plasma temperature near the targets is observed. Temperature can

drop low enough for electron-ion recombination to become important, thus removing charged

particles and extinguishing locally the plasma flow. This is usually accompanied by a significant

decrease in the incident power to the targets and plasma flux density.

Another advantage of the divertor configuration is the easier accessibility of a high con-

finement regime known as H-mode, discovered on the ASDEX tokamak in 1980’s [7], occuring

beyond a certain regime in heating power. In this mode, the energy confinement time is ap-

proximately 2 times higher than in the normal L-mode or “low confinement” regime. The

majority of present large tokamaks are operating with a divertor configuration: DIII-D (USA),

JET (UK), ASDEX-Upgrade (D), TCV (CH). It should be noted that most divertor tokamaks

begin the plasma discharges by a limiter phase during which the current is ramped up, only

after this phase is the diverted configuration established. The duration of this limiter phase

depends on the machine but is likely to be about 100 s in a next-step device like ITER.

1.4 ITER

Most present tokamaks operate with deuterium fueled discharges because of the safety con-

straints associated with the use of tritium. However two large tokamaks, JET and TFTR

(USA), were designed to study plasma operations with a fuel mix of deuterium and tritium.
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Using a 1:1 ratio of tritium to deuterium, they both produce significant fusion power [8]. In

TFTR, 10.7 MW of fusion power were produced with a fusion gain amounting to Q ≈ 0.27

[9]. An extended phase of D-T operations was carried out at JET in 1997, 16.1 MW were pro-

duced from fusion reactions for a corresponding gain of Q ≈ 0.62 [10]. Although these results

represent a real breakthrough showing the possibility of substantial fusion reaction rated in a

magnetically confined plasma, the Q ratio attained during these experiments are not sufficient

to reach the break-even and very far from what would be necessary for a commercial reactor.

Experimental scaling laws [11] have shown the dependency of the energy confinement time to

(amongst other parameters) the size and aspect ratio of the tokamak. The possibility of pro-

ducing energy from fusion at an industrial scale requires therefore a significant jump in terms

of machine performances.

In November 1985, Premier Gorbachov of USSR, following discussions with President Mit-

terand of France, proposed to President Reagan of USA that an international project be set

up to develop fusion energy for peaceful purposes. The ITER-project subsequently began as

a collaboration between the former Soviet Union, the USA, the European Union and Japan.

ITER is the acronym for International Thermonuclear Experimental Reactor, which also means

“the way” in latin. The main goal of ITER is to demonstrate the scientific and technologic

feasibility of energy production by fusion reactions. ITER should accomplish this objective by

demonstrating high power amplification (Q ≥ 10) and extended burn of deuterium-tritium plas-

mas (≈ 500 s),with steady-state as an ultimate goal, by demonstrating technologies essential

to a reactor in an integrated system, and by performing integrated testing of the high-heat-flux

and nuclear components required to utilise fusion energy for practical purposes. The main

parameters of ITER are listed in fig. 1.5. ITER should both demonstrate high plasma per-

Total fusion power 500 MW

Q - fusion power/additional heating power ≥10

Average 14 MeV neutron wall loading 0.57 MW/m2

Plasma inductive burn time ≥ 400 s

Plasma major radius (R) 6.2 m

Plasma minor radius (a) 2.0 m

Plasma current (IP ) 15 MA

Toroidal field @ 6.2 m radius 5.3 T

Plasma volume 873 m3

Plasma surface 678 m2

Installed auxilliary heating/current drive power 73 MW

Figure 1.5: Main parameters of ITER as defined in [11]

formance with extended burn and elevated gain, but also test the availability and integration

of essential fusion technologies and test the components for a future reactor (like the tritium

breeding blanket) [12]. A schematic view of the ITER tokamak is shown in fig. 1.6, as well as

a comparison of the plasma cross sections of ITER and present tokamaks, as seen JET, which

is the world’s largest tokamak, is barely two times smaller than ITER.
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Figure 1.6: Schematic cutaway of the ITER tokamak and comparison of the expected ITER plasma
cross section to that of present tokamaks.

The current participants to the project are the European Union (plus Switzerland), the

USA, Japan, China, Russia, Korea and India (which joined the project in 2005). The total

estimated costs for the projects amount to 10 billion euros of which 5 are for the construction.

In June 2005, after a long negotiation process, the different parties agreed to build ITER in

Cadarache, in southern France. The construction should start in 2006 and last for 10 years

[13]. The first plasma is expected in 2016.

1.5 The diagnostic mirror problem

Even if one of ITER’s principal goal is to demonstrate significant levels of energy production by

fusion reactions, it is designed first of all to be an experimental device. In this sense, it should

provide a better understanding of the physics involved in magnetically confined burning plas-

mas. To do so, a wide range of diagnostic systems will be necessary to control and understand

the plasma performances [14]. About 40 individual measurements systems are being designed

and installed on the machine. The basic principles of these systems are in many cases similar

to those currently used in tokamaks. The full range of plasma parameters will be covered by

the different types of diagnostics [15]: magnetics, neutronic, optical, bolometric, spectroscopic,

microwave, electrostatic,. . .

Most present day tokamaks have pulse durations of few seconds and low levels of neutron

productions whereas ITER is planned to maintain plasma discharges for up to several hundreds

of seconds. This, associated with the significant scaling ITER should bring in terms of con-

straints on the in-vessel materials and to the high level of neutron production imply a strong

modification of the diagnostic designs in order to ensure their compatibility with such harsh

conditions [16].
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In particular, optical spectroscopy is used to monitor the impurity concentations in the

plasma, the species of interest being Be, B, C, N, O, W, . . . coming both from the erosion of

the first wall materials or from the background vacuum. These measurements are done by

measuring the intensity of the line radiations emitted by the plasma. At the temperatures

expected in ITER, most of the line radiation will occur in the Ultra-Violet (UV) and visible

regions because they are due to electronic transitions. In current machines the plasma is

observed through optical windows or optical fibres. In ITER however, all diagnostic systems

will have to include effective neutron shielding in order to minimize neutron leakage. For

the optical and spectroscopic diagnostic systems this will be done using optical periscopes

embedded in shielding blocks [17]. The high levels of radiation lead to unacceptably high

radiation-induced luminescence and absorption in refractive components such as windows [18]

and so the first optical components will have to be metallic mirrors. These plasma facing

mirrors (PFMs) are located close to the plasma (typically within ≤ 1 m) and are fully exposed

to the plasma radiation (energetic ions, energetic neutrals, neutrons, gammas, and high levels

of electromagnetic radiation). As a result, they can suffer erosion and/or deposition, nuclear

heating and possibly structural changes. The possible degradation of the mirrors reflectivity as

a result of these damaging effects represents a serious concern for the reliability and long-term

usefulness of the spectroscopic characterization systems. A concerted effort within the tokamak

community has been initiated recently to characterize the consequences of the damaging effects

the mirrors will face on their optical properties, their possible lifetime (i.e. how long can they

maintain the required optical properties), and seek mitigation methods. Results from these

investigations will be the main topic of the work presented here.
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Chapter 2

Implications of the plasma-wall

interactions in a tokamak for mirrors

The previous chapter gave a general introduction about nuclear fusion and principles of the

magnetic confinement and tokamak. The interactions of the hot plasma with the surrounding

materials, as well as specific transient effects arising from magneto-hydro-dynamic phenomena,

will be contributing to the degradation of the optical reflectivity of the first mirrors. This

chapter will give the basic notions necessary to understand these effects and more particularly

how they generate the “mirror problem”.

2.1 Physical sputtering

Physical sputtering is the most fundamental erosion mechanism and a very well investigated

problem. An extensive theoretical approach can be found in [19].

Sputtering is the removal of atoms from the surface of a solid as a result of impacts by ions

or atoms. When an energetic ion or neutral atom is incident on a solid surface, it produces a

collision cascade among the lattice atoms. Physical sputtering takes place when this cascade

results in a surface atom receiving sufficient energy to overcome the surface binding energy.

The sputtering yield (the number of atoms ejected per incident particle) is proportional to the

energy deposited in elastic collisions within a near surface layer. Physical sputtering is thus

a threshold process: at low particle energy, where the energy transferred to surface atoms is

comprable with the surface binding energy, the sputtering yield decreases strongly and become

zero below a threshold energy Eth. For light ions incident on heavy materials, the threshold

energy is determined by the energy which can be transferred to target atoms and can be

analytically approximated by [20]:

Eth =
(M1 +M2)

4

4M1M2(M1 −M2)2
Es (2.1)

where M1 and M2 are the incident particle mass and target mass respectively. The energy

dependence of the sputtering yield at normal incidence can be described empirically by the

following equation:

13
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Y = QSn(E)

(
1 − Eth

E

)2
(

1 −
(
Eth

E

)2/3
)

(2.2)

where Sn(E) is the function for the energy dependence of the energy deposited in elastic

collisions. Values of Q and Eth are tabulated for many ion-target combinations [21].

Figure 2.1: Energy dependence of the sputtering yield of various fusion relevant materials by deu-
terium ions with normal incidence from [22]. In addition data for the sputtering yield of C on W is
shown.

As seen in fig. 2.1, above the energy threshold the sputtering yield increases, reaches a

maximum and then decreases at high energies. This decrease in yield is due to the collision

cascade taking place deeper in the solid so that there is a lower probability for the surface

atoms to receive an energy sufficient to be sputtered.

The sputtering yield increases with the incidence angle, since the higher the incidence angle

the more energy deposited within the near-surface layer [23]. Surface roughness tends to reduce

the sputtering yield and its pronounced dependence on the angle of incidence [24]. It should

also be mentioned that the sputtering yield of a given material depends on its crystallographic

structure. The erosion yield of individual grains with different crystallographic orientations

can vary by a factor of 2 on a broad energy range [25]. This is of particular importance for

polycrystalline materials made by nature of grains with different orientations.

In a tokamak, ions reach the PFCs with a directed average enery (in eV) of Ei ∼ 3ZiTe +2Ti

comprising, respectively, the energy gained via acceleration through the electrostatic sheath and

the thermal energy. The typical impurity ions expected to leave the confined plasma in a fusion

device (Be, C, O,. . . ) will be multiply charged and may thus impact the surrounding materials

with significant energy. Moreover as described in section 1.2, the magnetic field configuration
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in a tokamak and the gyration movement of the ions around the field lines imply that ions will

not intersect the confining surfaces with a normal incidence.

Another important contribution to physical sputtering in a tokamak arises from the charge

exchange neutrals (CXN). These particles are neutrals originating from the plasma-wall inter-

actions which have experienced a charge exchange reaction with plasma ions, yielding a neutral

with the local ion temperature. These neutral particles are not influenced by the magnetic field

and can therefore penetrate deeply in the confined plasma region (where the ion temperature

is high) and experience a succession of charge exchange processes. This process thus trans-

forms a fraction of the recycling neutrals with energy of a few eV into very energetic particles.

Some evidence of damages due to CXN on the vessel walls has been reported in JET [26] and

ASDEX-Upgrade [27]. In ITER, the fluxes of CXN will be much higher than in current devices.

Moreover, numerical simulations predict that the energy distribution will have a high energy

tail which reaches the several keV range [28].

Since the mirrors will not be in direct line-of-sight of the plasma, erosion by CXN is expected

to be the main sputtering effect for First Mirrors.

2.2 Chemical Sputtering

Carbon is currently used in present tokamaks as a first wall material as a result of its lack of

a liquid phase which makes it extremely forgiving under strong transient heat loads. For this

reason graphite is planned to be used for the divertor targets in ITER. In the case of carbon,

not only physical suttering but also chemical sputtering contributes to the global erosion under

hydrogen ions (or hydrogen isotopes) bombardment. Chemical reactions between carbon and

incident hydrogen ions lead to the formation of volatile hydrocarbon molecules or to loosely

bond hydrocarbon precursors which will be sputtered physically with a much lower threshold

energy. The complete description of the mechanisms driving the chemical erosion is rather

complex, but is determined basically by three processes [29] :

• the sp2 carbon atoms of the graphitic planes are hydrogenated by reaction with the

thermalized ions, forming CH3C complexes with an sp3 configuration. At temperatures

above 400 K, CH3 radicals can be released while at temperatures above 600 K, release of

H2 due to the molecular recombination of hydrogen at the surface reduces the chemical

erosion yield [30].

• The thermal reaction is enhanced by radiation damage created from the kinetic energy

tranfers from incident ions to lattice atoms. The damage created in the lattice results

in open bonds for hydrogen attachment. This process, and consequently the chemical

erosion yield, is dependent on the mass of the hydrogen isotope.

• At low surface temperature those carbon surface atoms not embedded in a perfect crystal

lattice will be hydrogenated up to CH3 with one remaining bond to the graphitic lattice,

but no thermal release of hydrocarbon occurs. However, these fully hydrogenated groups

are bound to the surface with much smaller binding energies (≈ 1 eV) than carbon surface

atoms in their regular lattice environment (7.4 eV) and therefore have a much reduced
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threshold energy for the physical sputtering by hydrogen ions. This effect is called ion

induced desorption of hydrocarbon [31].

Figure 2.2: (a) Temperature dependence of the chemical erosion yield of pyrolitic graphite by deu-
terium ions at different energies from [32] and (b) chemical sputtering yield dependence on particle
flux density from [33].

As mentioned, the reaction of the thermalized ions with the carbon surface implies that the

chemical erosion yield is a function of the surface temperature with a defined maximum at a

temperature Tmax which depends on the energy of the incoming ions as illustrated in fig. 2.2a

[32]. Systematic measurements of the chemical erosion yield (Ychem) by in-situ spectroscopic

measurements in both tokamaks and plasma simulators determined the flux dependence of the

chemical sputtering yield [33] as shown in fig. 2.2b. The data were normalized to an incident

energy of 30 eV and were taken near the maximum of the yield dependence on the surface

temperature. There is a clear decrease of Ychem with ion flux, with an extrapolated value

of 5 · 10−3 at ITER divertor relevant fluxes of 1024 m−2s−1. This decrease is explained by a

saturation effect: when too much deuterium is offered to the surface, the surface is overloaded

and the average residence time of the impinging deuterium in the surface becomes smaller. As

a consequence the reaction rate of hydrocarbon decreases [31].

2.3 Erosion due to transient effects (ELMs)

The discovery of the H-mode described briefly in section 1.3 was accompanied by the observation

of edge localized modes (or ELM). The increase of the energy confinement time (and of the

particle confinement time) associated with the H-mode is mostly due to a reduction of the

transport coefficients at the plasma edge region through the creation of a so-called edge transport

barrier. Due to the reduced energy losses associated with the formation of the transport barrier,

there is an increase in the plasma energy density and the formation of a strong gradient between

the core plasma region and the SOL. This region is called the pedestal. When the pressure

gradient in the pedestal exceeds a certain stability threshold, repetitive instabilities appear
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at the plasma edge in the form of a quasi-periodic drop of the pedestal plasma density and

temperature. These instabilities are the ELMs [34]. The increased particle confinement time

is also valid for impurities and thus an increase of the impurity content (and consequently an

increase of the energy losses due to line radiation of these impurities) is noticed during H-mode

plasmas. In this sense, ELMs can be seen as a natural regulating mechanism which clamp

the electron density and the line radiation and provide a very good technique for running H-

mode discharges in steady-state [35]. The ELMy H-mode is currently envisaged as the baseline

scenario for ITER.

ELMs lead to significant energy and particles fluxes being expelled from the confined plasma

onto the PFCs protecting the vacuum vessel. These fluxes are observed by the large spikes in

the divertor Dα emission line due to changes of excitation states in the local plasma and release

of neutrals by recycling. The frequency of these ELMs (1-300 Hz) and their magnitude (1-8 %

of the total plasma energy content) make them a serious concern for the lifetime of the PFCs.

Extrapolations from results obtained in JET when studying power deposition on the divertor

targets during ELMs (so-called type I ELM) lead to expected energy fluxes at the ITER divertor

targets in the range 0.6-3.4 MJm−2 [36]. Such energy loads will lead to significant temperature

rise of the divertor targets. Transient temperature peaks close to the melting (or sublimation

for carbon) temperature may lead to significant increase of the material erosion yield.

2.4 Material migration and transport

The previous sections gave a brief survey of the mechanisms leading to material erosion in

tokamaks. However a tokamak being a closed system all eroded materials have to be redeposited

somewhere else, this mechanism constitutes the process of material migration and transport.

The transport of the impurities released by erosion through and by the plasma and their

deposition and/or re-erosion consitute the process of material migration. Re-deposition of the

eroded material may occur close to the point of erosion or at remote areas. Material migration

is dependent on material type, plasma configuration, machine geometry,. . . In limiter tokamaks,

the erosion of limiters is the main impurity source. Most of the eroded material is redeposited

on these surfaces due to their proximity to the confined plasma. In divertor machines, atoms

sputtered from the target plates are ionized and are either promptly redeposited on the target

plates or transported through the divertor plasma [22] primarily under the influence of the ion

temperature gradient force, which drives impurities out of the divertor, and friction with the flow

of deuterium into the divertor which returns them to the plates. Prompt redeposition occurs

typically for high-Z impurities which are easily ionized and have comparatively large larmor

radii, the impurities being redeposited within the first gyration, reducing the gross erosion rate

[37] and limiting the possibility of long-range migration of high-Z impurities. The situation

is more complex in the case of carbon where the possible formation of neutral hydrocarbons

through chemical erosion leads to longer range migration.

In most modern tokamaks, significant effort is being pursued to understand the migration

phenomenon and its implications (for tritium retention in the redeposited layers for example).

A common feature of several divertor tokamaks is the strong assymetry in carbon deposition
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between the inner and outer divertors [38, 39]. The inner divertor is a region of net deposition

while the outer is a zone of net erosion or neutral erosion/deposition. Thus the carbon deposi-

tion found in the divertor must have originated from erosion of the main chamber wall or the

outer divertor (which is a zone of net erosion in tokamaks) and driven to the divertor by the

large SOL flows (measured by means of Mach probes [40, 22]). An additional contributor to

the asymmetries in material deposition between outer and inner divertors may be due to the

lower electron temperature measured in the inner divertor [41].

Another striking feature found in many tokamaks is the intense co-deposition of carbon

and deuterium in regions which are shaded from ion flux but lie near carbon surfaces receiving

high ion flux [42]. Since ions cannot access these surfaces, this carbon deposition can only be

due to carbon (or hydrocarbon) neutrals arising from chemical erosion followed by molecular

dissociation [38]. The same mechanism would not apply for metals since metals are eroded by

physical sputtering as atoms which are then ionized and redeposited on surfaces intersecting

the field lines.

Different tools are used to study the issues of erosion/deposition and material migration.

One can make the distinction between the in-situ methods allowing measurements on a shot

by shot basis and post-mortem analysis. The latter consists in inserting a dedicated material

component for a complete experimental campaign and to retrieve it at the next vacuum break

(typically several months later). Ion beam surface analysis and optical microscopy are subse-

quently used to determine the changes in the material induced by the long term exposure [43]

with the major drawback of integrating in the results a large number of discharge types and

configurations. To study material migration on a shorter period, injection of a tracer gas (13C

labelled methane 13CH4) is performed via gas puffing at a given location during a series of

identical discharges [44]. The experiments are performed at the end of experimental campaigns

so that first wall and divertor tiles may be extracted for ion-beam analysis sensitive to the

isotope [45]. Measurement of neutral and low ionization states of atoms and molecules entering

the plasma after being sputtered by optical emission spectroscopy gives a qualitative idea of the

erosion suffered by the PFCs. Measurement of material deposition can be made on a shot by

shot basis using quartz micro-balances (QMB) located at various locations in the vacuum vessel

[46]. Other diagnostic techniques are being developed to enlarge the in-situ erosion/deposition

measurement capabilities [47, 48].

2.5 Material choice for ITER

ITER will represent a major upscale from present machines in terms of duty cycle, stored

energy, power exhaust, and plasma duration. The completion of the ITER engineering design

in 2001 has brought a complete design of the machine with an innovative choice of plasma-facing

materials [50]. A cutaway showing the configuration chosen for ITER is shown in fig. 2.3. The

selection of the plasma facing materials was driven primarily by the requirements of plasma

performance, i.e. a minimization of the plasma contamination by impurities, and component

lifetime.

Beryllium is used as a first wall material (total area ∼ 700 m2) because it has the advantage
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Figure 2.3: Cutaway showing the layout of Plasma Facing components in ITER with the different
selected materials

of being of low-Z material with a good thermal conductivity and a strong affinity for oxygen

(free energy for oxide formation -581 kJ· mol−1) making it a very good oxygen getter [49].

However its main drawbacks are a high sputtering yield and a low melting point (1560 K)

limiting its power handling capabilities. It can also be toxic (when present in the form of dust)

although the safety precautions to be taken are similar to those induced by the presence of

tritium in the vacuum vessel.

Tungsten as a high-Z material with a low sputtering yield and a high melting temperature

(3695 K) will be used for the baffle regions (where high fluxes of CXN are expected) of the target

and the surface of the divertor dome (total area ∼ 100 m2). Finally, Carbon Fibre Composite

(CFC) is chosen for the divertor target plates as a result of its high thermal shock resistance

owing to its lack of a melting phase (it simply sublimes) making it extremely forgiving under

the strong transient heat loads expected during ELMs. However, the use of carbon can lead

to tritium retentium by co-deposition with carbon, and since nuclear licensing limits the T-

inventory in ITER to 350 g for safety reasons [50], removal techniques would have to be employed

to recover the trapped tritium. Moreover CFC materials suffer from severe degradation of their

mechanical and thermal properties under high fluence neutron irradiation [51] at fusion neutron

energies.

Since the main chamber wall of ITER will likely be an area of net erosion (see chapter

2.4), the eroded beryllium will be transported to the divertor, and concentration of Be in the

SOL plasma is expected to be in the range 1-10 % [52]. Mixed-material effects will occur that
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could lead to strong modifications of the physical properties of the divertor materials. The

formation of tungsten beryllides (alloy Be/W) due to the bombardment of a tungsten target by

Be containing plasma has been observed experimentally [53]. These alloys have a much reduced

melting temperature (∼ 1500 K) thus limiting the power handling capability of the material.



Chapter 3

First mirrors for diagnostic systems in

ITER

3.1 Motivation

As described in chapter 1.5, optical diagnostic systems in modern tokamaks view the plasma

through optical windows or optical fibres. Considering the design and expected performances of

ITER, fast neutron fluxes of ≈ 3×1013 and ≈ 2× 1013 m−2s−1 are expected at the first wall and

just outside the ports, respectively [55]. In addition, the γ radiation flux will be 104 Gy.s−1, and

intense UV and x-ray radiations are expected (up to 500 kW·m−2). Silica-based windows are

sensitive to radiation-induced absorption (RIA), decreasing substantially their transmittance

for wavelengths below 800 nm [56]. Materials with otherwise superior radiation tolerance such

as sapphire suffer from radiation-induced luminescence (RIL) after high fluence of γ radiations

[57]. To reduce the extent of these problems and their effects on the diagnostic signals it was

proposed that the light from the plasma be transmitted by mirror optics through a labyrinth

embedded in shielding material. This has the advantage of recessing the vacuum windows or

the optical fibres located at the end of the labyrinth some metres away from the zone of intense

radiation and to shield them by reducing substantially the levels of neutrons they will be facing

to typically 10−4 of the flux at the first wall [58].

The first element of the plasma diagnostic systems in ITER will therefore be metallic mirrors

called First Mirrors (FM). Being the closest element to the confined plasma they will suffer

from the intense radiations mentioned above and also from bombardment by CXN and possible

deposition of impurities eroded from the plasma-facing components. They will have to maintain

the required optical properties despite these extreme conditions. According to the design of the

ITER spectroscopic systems the wavelength range of interest is 0.05-1000 nm [59], while some

diagnostics such as the infrared laser polarimetry system will work with lasers of wavelength

9.27 and 10.6 µm [60] and the poloidal polarimeter will have an operating wavelength of 118 µm

[61]. The choice of the first mirror material should thus be made by taking into account the

wavelength range of interest for the system and the resistance of the material to the degradation

mechanisms to be encountered. For this, since the wavelength range is fixed by the system, an

assessment of the effects of the different processes on the optical properties is required.

21
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3.2 Integration of metallic mirrors in the current design

of ITER diagnostic systems

Figure 3.1 illustrates the approximate locations and sizes of the first mirrors to be installed in

ITER. Mirrors will be installed in a large variety of locations with different distances between

the mirror surface and the plasma. Depending on their locations, the mirrors will be subject to

different levels of radiations and particle fluxes. Moreover, depending on the diagnostic system,

the mirrors will be more or less open to the plasma. Three examples of the integration of first

mirrors in the current design of the diagnostic systems will be reviewed in the following sections

to expose the differences in their arrangements and illustrate the importance of the first mirrors

in the diagnostic systems.

Figure 3.1: Cross section of ITER showing the locations of the first mirrors in the vacuum vessel.
Mirrors appear as textured rectangles.

3.2.1 LIDAR Thomson Scattering

In Thomson scattering, radiation from a high power laser is injected into the plasma and

the radiation scattered incoherently by the electrons is corrected and spectroscopally analysed

[16]. Measurements of the intensity and spectral width of the scattered signal allow electron

temperature and density to be respectively determined. The approach chosen for ITER is

known as light detection and ranging (LIDAR) technique [62]. In this case, the input beam

and the collection beam follow the same optical path, the backscattered radiation is measured

and spatial distribution is obtained by the time of flight principle.

Fig. 3.2 shows a view of the ITER LIDAR system design, with the arrangement of the

mirrors. The first mirror, with dimensions 320x240x34 mm3 will be located at a distance of
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Figure 3.2: (a) Cross-section of ITER showing the arrangement of the LIDAR mirrors (M1 is the
first mirror) and (b) closer view of the mirror setup (pictures courtesy of M. Walsh).

about 1.8 m from the LCFS, thus reducing the level of charge-exchange neutrals arriving at

the mirror surface. The mirror will also have to transport the high power laser beam, whose

working wavelength is 800 nm, and will be actively cooled.

3.2.2 Hα spectroscopy

The main role of the Hα spectroscopy system is to monitor ELMs and transitions from L to

H-mode [59]. The system measures Balmer lines (transitions of principal quantum number

from n= 3-8 to n= 2) emitted from hydrogen isotopes in the wavelength range 370-660 nm.

The light from the plasma (fig. 3.3) is collected by a concave mirror which observes the plasma

over a wide angle through a small conical pupil. The light reflected from the first mirror is

then transmitted through an optical labyrinth to an optical fiber bundle. The signal is then

analyzed with a high dispersion spectrometer located in the remote diagnostic room.
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Figure 3.3: Arrangement of the mirrors in the labyrinth system of the Hα spectroscopy system.

3.2.3 Divertor Impurity monitor

Identification of the impurity species arriving at the divertor targets and measurement of their

distribution and fluxes will be made by spectroscopic measurements in the wavelength range

200-1000 nm. According to the materials used for the plasma-facing components, the expected

impurities are carbon, tungsten and beryllium, as well as seeded (extrinsic) impurities (N2, Ar,

Ne, Kr).

Figure 3.4: (a) Locations of the mirrors in the ITER divertor for the impurity monitor system, (b)
line of sight of the inner divertor target using two mirrors, the same system (with two other mirrors)
is used to observe the outer target [63].

The inner and outer divertor regions will be observed using metallic mirrors located at

the bottom of the divertor cassette and just under the dome (fig. 3.4). In addition, lines of

sight through the gap of 10 mm between the divertor cassettes will be provided to observe the
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divertor leg and the X-point region. Baffle plates will be installed in front of the mirrors to

reduce the solid angle of exposure to the plasma and thereby reduce the number of particles

impinging on the mirrors.

3.3 Specific issues related to the first mirrors

As described in the previous section, the first mirror will be a key element of the diagnostic

systems in ITER, since any modification of its reflectivity will have an impact on the spec-

troscopic signal. The material to be chosen should therefore ensure the highest resistance to

the damaging effects it will have to face. The main damaging effects are expected to be due

to the neutron flux (causing mainly volumetric modifications and possible transmutation) and

to bombardment by CXN (causing modification of the mirror surface). In terms of reflectivity

the latter is the most dramatic. Depending on the mirror location and its relative distance to

the plasma, bombardment by CXN will either result in sputtering of the mirror surface or in

deposition of impurities. Both effects will influence the surface reflectivity.

Sputtering of the mirror surface by CXN or plasma ions may result in an increase of the

surface roughness and thereby a decrease of the reflectivity. A qualitative evaluation of the

relation between the surface roughness and the specular reflectivity at normal incidence of a

mirror is given by Bennett’s formula [64]:

Rs = R0 exp

(−(4πRRMS)2

λ2

)
, (3.1)

where Rs is the measured specular reflectivity, R0 is the reflectivity of an ideally smooth surface

of the same material, RRMS is the surface RMS roughness (in nm) and λ the wavelength of

the light (in nm). This relation imposes both a technological requirement (for the mirror

preparation) and a limit to the mirror surface roughening the diagnostic system could cope

with. To ensure that the reflectivity loss does not exceed 5 % of the initial reflectivity a

necessary condition is that RRMS remains lower than λ/50. However according to eq. 3.1, this

limit is more restrictive in the UV and visible region, while the reflectivity appears to be less

sensitive to the surface roughness in the infrared region of the spectrum.

Investigations of the effect of surface roughening due to deuterium ion bombardment on

the reflectivity of mirrors from different materials have been made in laboratory experiments

[65, 67]. The main findings are summarized in fig. 3.5. The degradation of the reflectivity

appears to be a linear function of the eroded thickness. Moreover the degradation rate of the

reflectivity (and so the increasing rate of the roughness) is strongly dependent on the material

type and crystallographic form. Polycrystalline materials exhibit a very pronounced decrease of

their reflectivity under ion bombardment. Indeed such materials are made of crystallographic

grains with different orientations and thus different sputtering yields (chapter 2.1); under ion

bombardment the initially polished surface is transformed into a stepped structure [66, 69]

revealing the morphology of the different grains. On the contrary, the degradation rate of the

reflectivity of single crystal mirrors is much slower, the surface being sputtered quite homoge-

neously by the impinging ions. The differences found in fig. 3.5 between crystals with different

orientations is due to their different sputtering yield.
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Figure 3.5: Reflectance of mirrors from different materials and with different crystallographic struc-
tures at 600 nm as a function of the thickness of the layer eroded by deuterium ions, from [68].

If the energy of the particles impinging on the mirror surface is below the sputtering thresh-

old, the mirrors may become coated by a film made of material eroded from the plasma-facing

components. This effect has already been observed for the windows used for optical and laser

diagnostics in several tokamaks, their transmission being reduced by the formation of a thin

film on their surface [70]. The effect of impurities on the reflectivity of the first mirrors will

be even more pronouced because the reflected light crosses the deposited film twice (in case of

transmission the film is crossed only once by the light).

Calculations1 of the influence of an amorphous hydrogenated carbon (a-C:H) film on the

reflectivity of a molybdenum mirror are shown in fig. 3.6 for two different types of film typically

found in fusion devices [71] (at normal incidence):

• soft (or polymer-like) films with a refactive index of 1.6 at 632.8 nm and H/C ≈ 0.8,

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

The optical properties (refractive index n and extinction coefficient k) of a-C:H films can be

accurately described with a Cauchy relation of the form:

n(λ) = n0 + 102n1

λ2
+ 107n2

λ4

k(λ) = k0 + 102 k1

λ2
+ 107 k2

λ4

(3.2)

where ni, and ki are fitting parameters. The films are considered as homogeneously deposited on

a semi-infinite substrate, and the roughness of both the film and the substrate are neglected.

Results from the calculations show that even a very thin carbon film modifies strongly the

reflectivity of a metallic mirror. A 20 nm thick soft film already reduces the reflectivity at

1Performed with the Sentech Spectraray 2 software
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350 nm by 20 % (fig. 3.6a). Moreover after a certain thickness is reached the reflectivity

spectrum is modified by the appearance of interference effects. The positions of the maxima of

the reflectivity are defined by the relation:

2dn = kλ (3.3)

where k is an integer and d is the film thickness. These effects are most pronounced in the

UV and visible range and almost vanish in the near infrared. In the case of diamond-like films

(fig. 3.6b): interference effects appear already for a film thickness of 40 nm, due to the higher

refraction index.

Figure 3.6: Evolution of the reflectivity of a molybdenum mirror as a function of the thickness of the
a-C:H film for (a) a soft polymeric film and (b) a hard diamond-like film. The legends on the graphs
indicate the thickness of the deposited film.

In ITER, deposition of metallic impurities like Be may also occur for some mirrors. Since

metals have a higher extinction coefficient than a-C:H films, the light will not penetrate as

deep in the layer and after a certain thickness (about 20 nm for pure Be) the reflectivity of

the mirrors will be driven by the reflectivity of the deposited layer, and the substrate will be

invisible to the light.

Removal of deposited layers, consisting mainly of carbon, on diagnostic windows in present
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machines has been achieved by in-situ laser ablation [72, 73]. However, the efficiency of such

techniques for metal-containing layer on a metallic substrate has still to be demonstrated.

3.4 Particle fluxes

The extent of the phenomena described hitherto, and their consequences for the mirror lifetimes,

will mainly depend on the flux and energy of the particles arriving at the mirror surface.

Extrapolations from the numbers estimated in present machines are quite uncertain. However

some estimations can be obtained by numerical simulations. Description of the codes used for

such simulations is far beyond the scope of this work. Interested readers are referred to [74] and

references therein for more details. Usually such simulations are made to evaluate the erosion

at the first wall [28]. In case of mirrors some assumptions have to be made concerning the

reduced solid angle due to the recessment of the mirrors behind the first wall surface.

Such calculations were done recently [75] using the B2-Eirene simulation code with the

latest non-linear neutral model [76]. In these calculations, the plasma consists of deuterium

(no distinction is made between deuterium and tritium), helium and carbon ions and atoms,

and D2 molecules. The source of carbon in the simulation is the sputtering of the target

plate, and a fixed sputtering yield is applied to take into account both physical and chemical

sputtering, although any flux dependence of the chemical sputtering yield is neglected. The

plasma parameters are calculated for a predefined computational grid whose outer limit is the

SOL plasma and thus does not extend to the walls. Assumptions must be made for the plasma

parameters in the region between the outer edge of the grid and the wall. It is assumed [28]

that the particle fluxes are conserved in this region (no recycling) and that the electron and

ion temperatures decay exponentially with 3 cm fall-off length until they reach 10 eV and stay

constant at this level further out (or stay constant at this level if less than 10 eV at the grid

edge). The locations, collimation angles and viewing directions of the mirrors investigated are

shown in fig. 3.7 and 3.8. The solid angle is taken as 3 times the collimation angle.

As seen from the results listed in table 3.1, both the fluxes of incoming particles to the

mirrors and their energy are strongly position-dependent and can (at least for the fluxes) differ

by several orders of magnitude. Mirrors located at positions 6,8,9 and 13 will encounter fluxes of

deuterium particles with an average energy well above the physical sputtering threshold of the

possible candidate materials, while mirrors at locations 5 and 11 will see higher particle fluxes

but with lower average energy and may be rather subjected to deposition of impurities. These

estimates are quite crude and may be wrong by an order of magnitude, but nevertheless allow

some interesting conclusions to be drawn. First of all the beneficial effect of the recessment of

the mirrors behind the first wall surface and the small solid angle is rather obvious. Indeed

the particle flux at the location 1 is four orders of magnitude lower than the flux at location

2 (corresponding to the first wall). Secondly, these calculations indicate that the fluxes of

helium with low energy impinging on the mirror surface will be rather low. This is important

because formation of blisters and bubbles have been reported for metallic mirrors exposed to

high fluences (≈1026 ions · cm−2) of low energy helium ions [77]. The situation is quite different

for mirrors located under the divertor dome (location 14). According to the simulations (and to
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Figure 3.7: Selected mirror positions and viewing directions for the estimates of the particle fluxes
on the mirrors.
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Figure 3.8: Definitions of the solid and collimation angles for the flux estimates.

observations in present machines), only particles with energy lower than 5 eV will be present in

the private flux region and arrive at the mirror surface. Furthermore, high fluxes of He, D2 and

C are expected, leading to the conclusion that these mirrors will likely suffer from deposition.

Position 1 5 6 8 9 11 13 14
Solid angle 0.1 0.15 0.02 0.1 0.1 0.15 0.15 0.02

Flux D 7.4E+17 1.5E+19 2.6E+17 1.3E+18 2.6E+17 1.0E+19 1.0E+18 4.4E+17
Energy D 52.9 15.3 326 329 251 31.2 222 0.1
Flux D2 9.6E+15 3.0E+16 7.9E+13 1.8E+15 3.3E+13 1.7E+16 2.3E+15 7.8E+20

Energy D2 2.07 0.87 20 16.7 11.4 1.05 11.5 0.1
Flux He 1.1E+15 2.4E+16 9.8E+15 4.9E+16 9.8E+15 2.4E+16 5.1E+16 1.0E+21

Energy He 2.85 1.03 3.06 3.88 4.64 1.29 21.2 0.1
Flux C 6.5E+15 1.1E+17 1.0E+16 5.2E+16 1.0E+16 7.4E+16 4.5E+16 1.0E+20

Energy C 2.5 0.8 0.1 0.1 6.1 0.8 14.3 0.1

Table 3.1: Estimated fluxes of particles in ITER (m2s−1) with energies higher than 5 eV at the
selected mirror locations, average energy of each species (eV) as well as the solid angle are also
indicated. For D, He and C the fluxes include both ions and neutrals. For position 14 (mirrors under
the divertor dome), the indicated flux corresponds to particles with energy lower than 5 eV (the flux
of particles with energy above 5 eV being negligible).

3.5 Candidate materials for first mirrors in ITER

Following the previous observations, a good candidate material for first mirror in ITER should

meet the following requirements:

• high optical reflectivity,

• chemical stability in the specific ITER environment,
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• stability under high neutron fluxes (no transmutation),

• high thermal conductivity (for efficient cooling),

• low sputtering yield.

Taking these requirements into account leads to a list of a few materials whose use may be

appropriate: copper, stainless steel (SS), tungsten, molybdenum and rhodium. The reflectivity

of these materials in the range 250-2000 nm is plotted in fig. 3.9 and was calculated using

the optical properties indicated in [78]. Each of these materials have interesting features and

Figure 3.9: Reflectivity of the different candidate materials for first mirrors in ITER.

drawbacks. Stainless steel is a relatively well known material with good resistance to neutrons,

is easy to manufacture but has a rather low reflectivity. Copper has a very high reflectivity

after 500 nm but very low below and is sensitive to sputtering. Tungsten and molybdenum are

high-Z materials with a low sputtering yield by D. It has been shown in laboratory experiments

[54] that single crystal mirrors from these materials may preserve their reflectivity after several

microns have been eroded. However, tungsten has a relatively low reflectivity and manufactur-

ing large single crystals (some mirrors in ITER will have a diameter higher than 30 cm) remains

challenging from a technological point of view. Finally, rhodium has a very good reflectivity

over the UV-Vis-NIR range and is a high-Z material. However, the price of the raw mate-

rial (one of the most expensive) implies its use only as a coating on a metallic substrate thus

adding further complications to the problem since an excellent adhesion of the coating should

be ensured despite the possible thermal loading the mirror may endure. In addition the coating

technology to be used should produce coating with negligible (if any) amount of impurities and

optical properties as close as possible to the theoretical values. Recent investigations were made

by electrodeposition of Rh on various substrates [79] showing problems in the reproducibility

of the method and reflectivity lower than the reference values. Moreover, the question of the
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compatibility of such deposition method with the vacuum requirements in ITER has still to be

addressed because of the impurity content in the Rh layers.

3.6 Aim of this work

Basic knowledge of the degradation mechanism is not sufficient to predict the mirror lifetime.

Indeed in a system such as a tokamak (and a fortiori in ITER), erosion and deposition are not

separate and independent phenomena. Even if a mirror is submitted to a flux of high energy

ions, erosion can turn to deposition provided a certain level of impurities in the plasma is

reached [80]. Moreover, these effects may depend on the mirror temperature (as in the case of

chemical sputtering) on the mirror location and on the plasma configuration and parameters.

Laboratory experiments in well controlled conditions, though necessary to understand the

influence of some parameters and much easier to realize, can not reproduce the inter-dependence

of the plasma-wall interactions in a tokamak. These two different aproaches are nevertheless

essential.

The aim of this work is to improve the understanding of the effects of the plasma wall

interactions in a tokamak on the optical properties of metallic mirrors and to determine which

parameters may be optimized to extend the lifetime of these mirrors (i.e. the time they will

maintain their optical properties). This has been done by a thorough participation in the

mirror experiments carried out in different tokamaks (Tore Supra, TCV, TEXTOR, DIII-D,

and JET) through detailed optical and surface characterisations of the mirrors before and

after their exposure, and by dedicated laboratory experiments. The importance of the mirror

crystallography was stressed by comparing single crystal and polycrystalline mirrors under

erosion conditions. The effect of impurity deposition on the reflectivity of the mirrors was

studied in DIII-D and TCV for carbon films and in the linear plasma machine PISCES-B for

Be/C mixed layers. These experiments also allowed a mirror temperature regime where carbon

deposition may be mitigated to be identified.
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Chapter 4

Mirror tests in tokamaks

As outlined in section 3.6 this work is articulated around two approaches. First, experiments

in several existing tokamaks were made to simulate one precise condition expected to be faced

in ITER. However, since dedicated sessions for mirror exposure are not always possible, these

experiments are sometimes integrated over the duration of an experimental campaign. This

implies that the mirrors are exposed to a variety of plasma configurations and one has to average

the experimental conditions over this duration. Therefore when more controlled conditions

were needed, simulation experiments were made in the laboratory. A flow chart describing

the methodology applied in this work is shown in fig. 4.1. As seen, some particular points

were investigated through experiments in different machines. For ease of reading, the different

tokamaks in which experiments were carried out will first be described, as well as the associated

experimental setups. Then a description of the laboratory experiments will be given. Finally,

since these experiments are only meaningful if supported by robust surface analysis, chapter

6 will described the analysis techniques used. Part III will detail the different experimental

results and make references to this section for the experimental details.
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Figure 4.1: Methodology followed during this work.

4.1 Exposure of metallic mirrors in the SOL of TEXTOR

4.1.1 The TEXTOR tokamak

TEXTOR [95] is the Tokamak EXperiment for Technology Oriented Research in the field of

plasma wall interactions. It is a medium size tokamak with a circular plasma section (R=1.75 m,

a=0.46 m, B=3 T) with an excellent diagnostic access to the plasma boundary. An inside

view of TEXTOR is shown in fig. 4.2. The limiters are made of graphite and the vacuum

vessel of stainless steel. Regular boronizations are used for wall conditioning. The dynamic

ergodic divertor (DED) was recently installed, increasing the graphite coating to ∼ 30% of the

total plasma-wetted area surface of the machine. TEXTOR is located in Forschungszentrum

Jülich, Germany. Operation and scientific exploitation started in 1983. TEXTOR is now

operated jointly by a cooperation of three EURATOM associations: Germany, Belgium and

The Netherlands.

A large programme of mirror research is ongoing at TEXTOR, in close collaboration with

the University of Basel. These studies started in 2003 with the exposure of large polycrystalline

molybdenum mirrors in the erosion and deposition dominated areas of the SOL plasma [96].
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Figure 4.2: Inside view of TEXTOR showing the graphite limiters protecting the liner and shaping
the plasma. On the right picture are shown the bumper limiter (left), the main limiters (top and
bottom) and the toroidal limiter belt ALT-II (right).

4.1.2 First mirror tests in TEXTOR

Experiments at TEXTOR aim at simulating the effects of erosion due to charge exchange

neutrals. Indeed the experimental conditions are such that the average ion energy corresponds

to the average energy of the CXN expected to cause erosion of mirrors in ITER [28]. Moreover,

the ion flux in the SOL of TEXTOR is much higher than the expected CXN on the first wall

of ITER, therefore it is possible in one experimental day to simulate the effect of hundreds of

ITER discharges.

Introduction of the mirrors in the SOL plasma is made using the so-called “limiter lock”

system [97] allowing a flexible positioning of the mirrors at any position inside the SOL. One

of the main features of the limiter lock concept is the good access for spectroscopic and optical

observation in the horizontal as well as in the vertical direction, allowing the measurements of

plasma parameters in close proximity to the probe head. In the present experiment, mirrors

were introduced from the top of the machine.

To date only laboratory tests were conducted to check the resistance of metallic mirrors to

erosion under pure deuterium plasma. Though informative, these experiments cannot reproduce

the conditions met in a tokamak. The SOL plasma in a tokamak contains impurities coming

from the erosion of the limiters and from residual impurities due to the base pressure. The

direct comparison of single crystal and polycrystalline mirrors in a tokamak environment was

needed to get closer to ITER-relevant situation and allow a better quantification of the lifetime

of metallic mirrors submitted to erosion solely.

Three mirrors were used for the experiment [98, 99]: a polycrystalline molybdenum mirror

(pc Mo), a single crystal molybdenum mirror with (110) orientation (sc Mo) and a single crystal

tungsten mirror with (111) orientation (sc W). The single crystal mirrors were manufactured in
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Russia and supplied by the Kurchatov Institute. The polycrystalline mirror was manufactured

and polished at the Forschungszentrum Jülich. All three mirrors were placed in a row on the

sample holder made from TZM (alloy containing 99 % Mo, 0.5 % Ti and 0.1 % Zr). A part

of each mirror was protected with the cover plate of the holder. The holder with mirrors was

inclined with an angle of 20◦ with respect to the toroidal direction.

Fig. 4.3a shows schematically the experimental setup. The leading edge of the holder was

Figure 4.3: (a) Inside view of TEXTOR showing schematically the mirror exposure in the SOL
plasma, and (b) mirror holder with inclined cover plate (20◦ and the three circular mirrors (22 mm
diameter) after exposure in TEXTOR.

located at about 13 mm from the LCFS. The mirrors were exposed to 36 Neutral-Beam Heated

identical plasma discharges for a total plasma duration of 210 s. Optical pyrometers were

used to monitor the mirror temperature. The temperature of the holder was measured with

thermocouples and was found to vary between 200 and 270 ◦C during the exposure. Electron

density and temperature were measured with He beam diagnostic. The energy of D+ ions

impinging the surface of the mirrors was in the range 200-250 eV. Ion flux density was 2.4 ·
1018 ions·cm−2·s−1 which is aprroximately 1000 times larger than the expected charge-exchange

neutral flux on the ITER first wall [28]. The total fluence averaged over the mirror surface (≈
2.5 cm2) amounts to 1.7·1020 ions· cm−2 corresponding to about 200 ITER discharges. The

appearance of the holder with the mirrors after exposure is shown in fig. 4.3b.

Before and after the mirror exposure in TEXTOR detailed characterizations of the mirrors

were carried out at the University of Basel. Ellipsometry and spectrophotometry were used to

determine the optical properties. Measurements were made at 4 different locations on the mirror

surface to improve the statistics and check the homogeneity of the optical properties along
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the mirror surface. In addition, elemental composition of the mirror surface was investigated

by XPS and surface morphology was studied by SEM. SIMS depth profile and profilometry

measurements were carried out at the Forschungszentrum Jülich.

During the pre-characterization, the reflectivity of the single crystal molybdenum mirror

was found to be significantly lower than the values recommended in [78], with a drop of about

30 % at 250 nm. XPS revealed that the surface was covered with a 16 nm thick MoO3 film,

the thickness being known from ellipsometry. Removal of this oxide was made by cleaning the

mirror in a hydrogen glow discharge. Details of the cleaning procedure may be found in [100].

4.2 Tests of molybdenum mirrors in DIII-D divertor

4.2.1 The DIII-D tokamak

The DIII-D tokamak [101] is located in San Diego, California, and is operated by General

Atomics. The device features a large, highly elongated plasma (plasma major radius R=1.66 m

and plasma minor radius a=0.67 m, plasma height up to 2.7 m). This geometry allows large size

low aspect-ratio plasma to be formed as well as providing space for open divertor configurations

using the top and especially the bottom surface as divertor targets (fig. 4.4). Graphite is the

sole plasma facing material in DIII-D.

Figure 4.4: Composite view of the inside of the DIII-D tokamak (the width of the central column is
distorted). Most visible are the graphite protection tiles and the access ports.

Plasma-material interactions in the lower divertor of DIII-D are studied using the Divertor

Material Evaluation System (DiMES) [102] allowing insertion of material samples into the lower
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divertor floor and their exposure to either a single plasma discharge or a series of reproducible

discharges (to increase the total exposure time).

4.2.2 Exposure of molybdenum mirrors in DIII-D divertor

Mirrors located in the ITER divertor will likely be subjected to deposition of impurities eroded

from the graphite divertor targets. Of particular interest is the Private Flux Region (PFR)

where mirrors under the divertor dome will be located. Dedicated experiments were made in

DIII-D where molybdenum mirrors were exposed in the divertor region to evaluate the carbon

deposition rate under ITER-relevant conditions and to test mitigation methods [103, 105].

The experiment was made as a joint effort of Forschungszentrum Jülich, DIII-D team and the

University of Basel.

Mirrors were exposed on a specially designed mirror holder mounted onto DiMES (fig. 4.5).

The holder was made of stainless steel and equipped with a built-in heater and a thermocouple.

The base of each mirror was held by three stainless steel clamps, one of which had an extended

flap which masked an area of about 3×8 mm. This protected spot was used for reference during

the analysis of the exposed mirrors. The mirrors were made of single crystal molybdenum with

the reflective surface roughness of less than 10 nm. The mirrors were 4 mm thick; the diameters

of the base and reflective surface were 22 mm and 18 mm, respectively.

Figure 4.5: Scheme of the mirror exposure in the DIII-D tokamak.

The geometry of the mirror exposure is illustrated in fig. 4.5. The mirror holder was in-

serted into the divertor floor so that its top edge was 1 cm below the divertor floor surface.

The top edge was oriented perpendicular to the magnetic field, so that the two mirrors faced

opposite toroidal directions. The mirrors were exposed in lower single null magnetic config-

uration discharges and located in the private flux region during the exposure. The plasma
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flow to the divertor was in the direction of B shown in fig. 4.5 (as confirmed by Mach probe

measurements). The mirror facing the toroidal field direction will be referred as “upstream”,

the mirror turned back from the toroidal direction will be referred to as “downstream” mirror.

The incidence angle of the plasma flux on the floor surface at the DiMES radial location was

less than 1◦.

Two sets of mirrors were exposed on two consecutive days. The exposure consisted of

a series of reproducible ELMy H-mode discharges in deuterium. The discharge parameters

were: toroidal magnetic field, BT =2 T, plasma current, Ip = 1.1 MA, NBI heating power

PNBI=6.6 MW, line average density n̄e = 8×1019 m−3. The divertor was detached and plasma

parameters in the PFR were Te ≈ 0.5 − 2 eV and n̄e ≈ 4 − 8 · 1020 m−3. When helium glow

discharge conditioning was applied in between the shots, the mirror holder was retracted to

about 10 cm below the divertor floor.

The first exposure was made of 6 plasma discharges for a total exposure time of about 25 s.

No active temperature control was used, but the holder and the mirror were heated by the

plasma radiation and CXN fluxes. At the beginning of the exposure the holder temperature

was 23◦C and increased by 3 − 7◦C after each shot, and then decreased slowly during the He

glow discharge. By the end of the exposure the holder temperature was at 41◦C.

The second set of mirrors was exposed to 17 plasma discharges with plasma parameters

similar to those of the first exposure, the total exposure time being 70 s. Mirrors were heated

during the experiment to investigate the effect of mirror temperature on deposition mitigation.

The target temperature was 400◦C but due to a failure of the heater the temperature before

the first shot was only 140◦C. According to heat transfer modelling [103, 104] and taking into

account the heating of the mirrors by radiation during the plasma discharge (about 3-7◦C), the

mirror temperature should have been in the range 176-199◦C during the experiment.

For this experiment the single crystal molybdenum mirrors were supplied by Forschugszen-

trum Jülich. Optical measurements and surface analysis (SEM, XPS) before and after exposure

were carried out in Basel.

4.3 Long term mirror exposure in Tore-Supra

4.3.1 The Tore Supra Tokamak

Tore Supra is a medium size limiter tokamak with a major radius of 2.25 m and a minor radius

of 0.70 m. It has a circular shaped plasma. It is located in Cadarache, France, and operated by

the Commissariat à l’Energie Atomique (CEA). Fig. 4.6 shows an inside view of the vacuum

vessel and the graphite toroidal pump limiter.

Its main features are (i) superconducting NbTi magnetic coils cryogenically cooled by su-

perfluid helium at 1.8 K, (ii) actively cooled graphite based (CFC) plasma-facing components

brazed on copper alloys tubes actively water cooled, (iii) long pulse operations. Due to its unique

features, a plasma duration of 6 min 18 s was recently achieved with an injected/extracted en-

ergy of about 1 GJ [106].



42 CHAPTER 4. MIRROR TESTS IN TOKAMAKS

Figure 4.6: Inside view of the Tore Supra tokamak

4.3.2 Experimental setup

Metallic mirror samples (22 mm diameter, 4 mm thick) made of single crystal molybdenum

(110), stainless steel (an analogue of the AISI 316 grade), and polycrystalline oxygen-free

copper were installed in Tore Supra for long-term exposure during the experimental campaign

2003 − 2004 [107]. The mirrors were prepared and supplied by IPP Kharkhov, Ukraine. They

were made from Russian materials.

Two mirrors of each material were installed in two sets on the high field side of the Tore Supra

vessel at a poloidal angle of Θ = 15.4◦ (set A) and 7.6◦ (set B) out of the equatorial plane

(R = 2421 mm, r ≈ 880 mm) and positioned approximately 140 mm from the LCFS (Last

Closed Flux Surface). The reflecting surfaces of all mirrors were oriented parallel to the toroidal

direction and their surfaces located radially 5 mm behind the assembly structure which allowed

a contact cooling via the first wall panels (Fig. 4.7 ). The mirrors were not protected by any

shutter during plasma operations.

Figure 4.7: Location of the two sets of mirrors installed on the first wall of the Tore Supra tokamak

During about one year of exposure, about 1400 plasma pulses (mainly D2) with plasma

current Ip ≥ 200 kA (neo ≈ 2−4·109 m−3) have been performed with a cumulated pulse duration

of about 26000 s (7 h and 10 min). In addition during the campaign, wall conditioning by glow
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discharges in He (t = 362 h, I = 7µ A·cm−2, Uanode = 300 V, p=0.3 Pa), in D2 (t=606 h,

I=7 µA·cm−2, Uanode = 400 V, p=0.3 Pa) and 13 h of boronization have been performed in

between plasma operation.

Baking cycles of the vacuum vessel structure were performed at temperatures around 200◦C.

According to 2D-thermohydraulic calculations the mirror temperature did not exceed 150◦C
during plasma operations.

A third set of mirrors was kept in air during the experiment and was used for reference

measurements on virgin mirrors. Surface roughness of all mirrors (exposed and virgin) have

been measured by confocal microscopy. Surface morphology and topography were investigated

with SEM, and depth profile elemental analysis of the samples was made using SIMS. Optical

measurements (total and diffuse reflectivity, ellipsometry) as well as chemical analyses of the

mirror surfaces by means of XPS were made in Basel. All measurements were compared with

those obtained on the virgin reference mirrors.
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4.4 Exposure of different mirror materials in the TCV

divertor

4.4.1 The TCV tokamak

The Tokamak à Configuration Variable (TCV) [108] is a compact tokamak with a distinctive

rectangular vacuum vessel geometry: R=0.88 m with an internal height of 1.54 m and a minor

radius of 0.25 m (fig. 4.8). It is capable of producing a wide variety of magnetic equilibria

with limited or diverted configurations. Graphite is used as a plasma-facing material with

about 90 % of the internal surface covered with isotropic polycrystalline graphite tiles [109].

The TCV tokamak is located in CRPP1 Lausanne, Switzerland. The first tokamak shot was

achieved in 1992.

4.4.2 Design of the sample manipulator

Assessment of the conditions expected for mirrors in the ITER divertor can only be made if

mirrors are exposed in present machines at relevant locations. The experiment made in DIII-D

gave a good indication of what to expect for mirrors located in the PFR. Moreover, a very

comprehensive test is presently ongoing at JET where mirrors are exposed at several locations

in the divertor (inner, outer, and base) and on the first wall [110], but the very long timescale of

the experiment calls for experiments in smaller and more flexible divertor devices. Amongst the

reasons driving the choice of TCV are its location (relatively close to the University of Basel),

its flexibility (allowing exposure and retrieval of samples at short notice) and its full graphite

first wall. However, since no tool was available for exposure of samples without breaking the

torus vaccum, a dedicated sample manipulator has been designed and installed, and will be

described in the following section.

The manipulator should provide the possibility to expose samples in the divertor region of

TCV for later surface analysis, and provide a future option for other edge physics experiments

(e.g. electrostatic analysis in the divertor region). Insulation of the sample holder from the

main vacuum chamber is made by a UHV valve to allow sample exposure and retrieval without

requiring a torus vent (fig. 4.9a). A manually operated linear drive is used to insert the sample

head into the divertor floor region and to precisely adjust the position of the samples with

respect to the top surface of the divertor target tiles. The turbopump attached to the system

is only used for pumping down the insertion chamber. When the pressure is sufficiently low

the valve is opened and the pump removed, so that the manipulator is pumped through the

tokamak pumping system. This is done to avoid having the manipulator turbo pump too close

to the strong magnetic field during tokamak operations when the samples are being exposed.

The sample holder has a diameter of 29 mm and allows the simultaneous exposure of 2 samples

with size of 14×10 mm2 (fig. 4.9b).

Conditioning helium glow discharges are executed for 5 minutes between each tokamak

discharge and for longer periods at the start of each operational day or after vessel boro-

nisation cycles. Due to the absence of a shutter in the system and the impossibility of

1Centre de Recherche en Physique des Plasmas
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(a)

Figure 4.8: (a) Schematic view of the TCV vacuum vessel, (b) inside view of the TCV tokamak
showing the graphite coverage of the vacuum vessel
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Figure 4.9: (a) Plane view of the manipulator design showing the manual linear drive and the valves
used to insulated the manipulator from the torus, (b) isometric view of the sample head.

retracting the manipulator head during glow discharges, the sample holder is electrically

insulated from the rest of the torus and hence maintained at the local floating potential

established during the glow discharges. This minimizes the energy of the helium ions imping-

ing on the mirror surface and avoids the ∼400 V cathode fall present elsewhere on the first wall.

The manipulator location (radial location for the centre of the manipulator head

R=0.8105 m) places the samples underneath the far outer divertor SOL of the standard TCV

single null lower discharge used as a fiducial shot at the start of each operational day to study

the long-term evolution of wall conditions [111]. The choice of the sample locations is a com-

promise between the necessity of getting enough deposit to be meaningful and not exposing the

samples to too high heat fluxes (ITER divertor mirrors will not be near high heat flux regions).

Moreover, the samples should see impurity outflux from plasma-wall interaction in the main

chamber but should never experience direct interaction with the plasma. Fig. 4.10 illustrates

the insertion of the sample holder into the TCV divertor floor. As seen from fig. 4.10a, TCV

has an open divertor geometry. Samples are recessed behind the front surface of the graphite

tiles to avoid direct plasma impact; the linear drive system allows the recessment distance to be

varied. Special chamfering is provided on the tiles around the sample entrance hole (fig. 4.10b)

to prevent strong plasma-surface interactions in the sample vicinity and especially enhanced

re-deposition of carbon sputtered locally from the leading edge of the graphite tile. With such

an arrangement, during the “standard” shot, the incidence angle of the plasma flux on the

tile above the sample holder is barely 1◦, so that the ions interact with the tile only on the
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(a)

(b)

(c)

Figure 4.10: (a) Photo of the TCV floor showing the open divertor geometry, (b) schematic draw-
ing showing the installation of the sample manipulator in the TCV vessel floor, and (c) magnetic
equilibrium of the TCV standard single null diverted discharge (the red arrow indicates the mirror
location).

chamfered edge. Fig. 4.10c, illustrates the location of the samples in the magnetic equilibrium

of a “standard” shot.

4.4.3 Mirror exposure in TCV: experimental conditions

The large variety of magnetic equilibria studied on TCV and the absence of any shutter system

protecting the samples means that most exposures are integrated across short experimental

campaign periods of 2-3 weeks including regular helium glow discharge conditioning. Experi-

ments have been made with different mirror materials (Mo, W, Si, Rh), different recessment

distances and different exposure times [112, 113]. A dedicated experimental session was also

made during which the samples were exposed to 19 ohmic L-mode discharges at Ip = 320 kA

and n̄e ≈ 6 × 1019 m−3 using the same configuration as the “standard” discharge.

Before and after each sample exposure, optical measurements and surface analysis are per-

formed at the University of Basel. Spectroscopic ellipsometry is used to determine the optical

properties of the samples and the deposited layer thickness, whilst XPS and SEM provide in-

formation on the layer composition and morphology. Depth profile measurements with SIMS

have been made on some samples to study the homogeneity of the deposited layer. A stylus

profilometer is used to confirm the estimation of the deposited thickness.
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Chapter 5

Laboratory experiments

5.1 Exposure of mirrors to deuterium glow discharge

containing methane

Mirrors made from stainless steel (SS) and polycrystalline copper have been exposed to a

deuterium glow discharge with controlled partial pressure of methane in the gas mixture. Ex-

periments are performed in a high vacuum plasma chamber located in the Institute of Physics

at the University of Basel (CH). A schematic drawing of the system is shown in fig. 5.1.

The chamber is pumped down to a base pressure of about 10−7 mbar using a conventional

turbomolecular pumping system.

Process gas inlet

Throttling valve

Laserreflectometer

(�= 532 nm)

Auxiliary chamber

with mass

quadrupole

Water-cooled

sample holder

Process gas inlet

Throttling valve

Laserreflectometer

(�= 532 nm)

Auxiliary chamber

with mass

quadrupole

Water-cooled

sample holder

Figure 5.1: Schematic drawing of the XPS analysis chamber and the transfer system.

Monitoring of the partial pressures of D2 and CH4 during the plasma exposure is achieved

49
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using a mass spectrometer1 located in an auxiliary chamber connected to the main plasma

chamber through a 100 µm diameter pinhole. The pumping system of the auxiliary chamber

is independent of that from the main chamber. The necessity of this installation is due to the

impossibility of the mass spectrometer to work at pressures higher than 10−5 mbar. From mass

spectrometry measurements when the plasma is running, one can determine fCH4 , the fraction

of methane in the gas mixture.

The mirrors were mounted on a water-cooled sample holder. A negative bias of -200 V

applied on the mirror controls the impinging ion energy. Ion fluxes are determined by measuring

the current passing through the sample, neglecting secondary electron emission. Deuterium and

methane are introduced into the chamber through mass flow controllers. The working pressure

(5 · 10−2 mbar) is adjusted by a throtling value to the pumping system. Plasma parameters

(ne ≈ 1015 m−3 and Te = 13 eV) were measured by means of a Langmuir probe.

The major drawback of the mirror experiments made in laboratory stands and described for

example in [67] is that the mirrors have to be taken out of the plasma chamber regularly so that

the reflectivity can be measured. An ideal approach would be to follow in-situ the development

of the reflectivity over a wavelength range as a function of the incoming ion flux. An alternative

solution has been chosen here, reflectivity data for s-polarized light are measured using a real

time laser reflectometer, description of the system can be found in [89]. The light source is a

solid state laser2 with a working wavelength of 532 nm and a beam diameter of 1 mm. The

main components of the system are a chopper, a beam splitter for the detection of a reference

signal, a polarizer, two photodiodes for light detection and lock-in amplifiers for the sampling

of incident and reflected beams. An incidence angle of 52◦ was used here.

The mirror samples were prepared in IPP Kharkov, Ukraine. The stainless steel mirrors were

made from an analogue of the AISI316 grade (C0.04Cr18Ni11Mo3Ti) which is an austenitic

steel. Copper samples were made from polycrystalline oxygen-free copper. All samples were

cut using arc cutting in kerosene, washed by acetone and exposed for 20 minutes to low energy

ions (50 eV) from a hydrogen ECR plasma. Since copper is very sensitive to oxidation in air,

the samples were cleaned again for 5 minutes in a deuterium plasma (ion energy 200 eV) before

the experiment.

Total and diffuse reflectivity measurements as well as ellipsometry were made before and

after plasma exposure. Scanning Electron Microscopy (SEM) is used to study the surface

morphology and Energy Dispersive X-Ray analysis (EDX) to check the surface chemical com-

position. Weight measurements of the mirrors before and after plasma exposure together with

stylus profilometer measurements allow the eroded/deposited depth to be determined. For

the calculations of the sputtered depth, density values of 8 and 8.92 g·cm−3 were assumed for

stainless steel and copper respectively.

1Stanford Reasearch System RGA 200
2Laser 2000, LCM-T-01-ccs
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5.2 Experiments in PISCES-B: study of deposited Be/C

layers on mirror surfaces

PISCES-B3 is a linear plasma plasma device located at the University of California at San

Diego (UCSD). It is dedicated to studying plasma-material interactions for fusion relevant ma-

Figure 5.2: (a) Schematic top view of the PISCES-B device and (b) picture of the machine in the
isolated contained air enclosure (the computer screen at the bottom gives an idea of the dimensions
of the machine).

terials and plasma parameters [90]. The intense plasma flow generated in PISCES-B simulates

3Plasma Interaction Surface Component Experimental Station
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the scrape-off layer plasma flow into the ITER divertor. The plasma is generated by an arc

discharge initiated with a heated LaB6 cathode. The anode and axial magnetic field define a

cylindrical plasma with a radius of about 40 mm and axial length greater than 1 m. An in-

situ surface analysis station with Auger Electron Spectroscopy (AES), XPS and Secondary Ion

Mass Spectrometry (SIMS) is attached to the main plasma chamber (fig. 5.2a). The machine

is installed in an airtight enclosure to allow safe operations with beryllium (fig. 5.2b).

Due to the combination of material planned to be used in ITER and the choice of beryllium

as a first wall material in the main chamber, the SOL plasma flow in the ITER divertor may

contain Be fraction in the range 1-10 % [52]. Recent results obtained in Pisces-B [91, 92] have

shown that even with very low Be content in the plasma (≈ 0.1 %), at the plasma parameters

relevant for ITER, a graphite target becomes coated with a beryllium layer that reduces its

erosion by the plasma. In turn, Be re-erodes and leads to Be-rich deposited layer in line-of-

sight locations from the target [93]. Even though the possible effects of ELMs on the Be layer

deposited on the divertor targets are not yet known, these results suggest that beryllium, and

not carbon, may be the main deposited impurity in the divertor region. Therefore it is of

interest to determine what effect a mixed Be/C layer will have on the reflectivity of a metallic

mirror. Hence, dedicated experiments have been initiated to study the deposition of material

re-deposited on metallic mirrors due to erosion of a graphite target by a beryllium containing

deuterium plasma.

Fig. 5.3 shows schematically the experimental arrangement used [93]. ATJ graphite targets

are exposed to a high-flux (≈ 3 · 1022 deuterium ions·m−2s−1) plasma. A Be impurity flux is

generated through the use of an evaporative atomic beam source4. The emerging atom beam

[91] is oriented in such a way that the beam travels perpendicular to the magnetic axis of

PISCES-B. Because of a slow thermal velocity, evaporated beryllium atoms are rapidly ionized

in the plasma through collisions. The beryllium ions thus created are entrained by the plasma

flow and directed towards the graphite target. The concentration of beryllium ions is controlled

by varying the temperature of the evaporator oven.

A region of the plasma column extending from the target to just beyond the beryllium

injection zone (fig. 5.3) is observed spectroscopically. The determination of the concentration

of Be ions in the plasma is made from the intensity of the BeII line (467 nm), the calibration of

the BeII photon flux being done with a calibrated white light source. A complete description

of the method is given in [94]. The plasma parameters (temperature, density) are measured

using a reciprocating langmuir probe.

The mirrors were installed on a movable witness plate manipulator (see fig. 5.3) to collect

redeposited material during the graphite target exposure. They are shielded from cross-field

plasma transport so that only particle fluxes from sputter erosion and reflection from the target

contribute to deposition/co-deposition. The witness plate can be independently heated in the

temperature range 300-700 K and is fully retractable into a vacuum interlock chamber to allow

rapid replacement of the sample without breaking the PISCES-B vacuum. However during the

exposure, the mirrors are heated by the plasma radiation (about 100 K for one hour exposure

time).

4VEECO/APPLIED EPI Molecular Beam Source
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Figure 5.3: Arrangement used to collect deposited/codeposited material during exposure of target
materials in PISCES-B.

12 mirrors (2 cm diameter, 2 mm thick) from polycrystalline molybdenum and copper

were prepared and polished in the University of Basel. After polishing they were rinsed in

an ultrasonic bath with acetone and alcohol and their reflectivity was measured using the

spectrophotometer.

The optical equipment available in Basel is not compatible with Be handling. Therefore, in

the present case a simple reflectance measurement system, housed inside the PISCES-B closed

air environment, was used. A schematic drawing of the setup is shown in fig. 5.4. After being

taken out from the machine, the mirror to measure is installed on a sample holder located inside

the enclosure parallel to the window. Outside the enclosure, a calibrated white light source

illuminates the sample with an angle of incidence of about 10◦. The reflected signal is measured

by an optical fibre terminated by a focusing lens and connected to a diode array spectrometer5.

Measurements are done in the range 450-950 nm.

To avoid the necessity of using a calibrated sample for the determination of the absolute

5Ocean Optics HR2000
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Calibrated white

light source

Optical fibre with

focusing lens

Diode array

spectrometer

Mirror (inside enclosure)

Enclosure

window

Figure 5.4: Schematic drawing of the setup used for reflectivity measurements on mirrors exposed
in PISCES-B.

reflectance it was decided to measure the relative reflectivity of the exposed mirrors which can

be defined by:

Rrel(λ) =
Iexposed − Ibackground

Ivirgin − Ibackground

(5.1)

where Iexposed is the signal measured when an exposed mirror is placed on the sample holder,

Ivirgin is the same measurement made with a virgin mirror from the same material. The

background in measured by blocking the incident light by a shutter.

Surface analysis on the exposed mirrors were made in IPP Garching, by depth-sputter XPS

and Nuclear Reactions Analysis (NRA).



Chapter 6

Surface characterization techniques

This chapter will described the analytic tools used during this work to characterize the mir-

rors exposed in different conditions. Only the theoretical notions necessary to understand the

measurement techniques will be given.

6.1 Reflectivity measurements

6.1.1 Some notions about optics

At the interface between two media with different optical properties, an incident plane elec-

tromagnetic wave is splitted in a reflected and a transmitted part (fig. 6.1). For the reflected

n1

n2

Incident

light

Specular

reflection

Diffuse

reflection

�i �r

Transmitted

beam

�t

Figure 6.1: Description of the behaviour of the light at the interface between two media. θi, θr, and
θt are the angle of incidence, of reflection and of transmission respectively.

beam the angle of reflection is equal to the angle of incidence (θr = θi). For the transmitted

beam, according to the Snell’s law one can write:

n1sinθi = n2sinθt (6.1)
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with n1 and n2 the absolute refractive index of the two media.

We assume that the two media in fig. 6.1 are linear, homogeneous and isotropic. The

application of the boundary conditions for the electric field at the interface between the two

media leads to the complex Fresnel coefficients for the reflected beam for the parallel (p) and

perpendicular (s) components of the electric field.

rs = −sin(θt − θi)

sin(θt + θi)
=| rs | ejδs

rp =
tan(θt − θi)

tan(θt + θi)
=| rp | ejδp

(6.2)

In case of an absorbing medium the refractive index is a complex and can be written:

ñ = n− jk (6.3)

where k is the absorption coefficient. The reflectivity of the medium 2 is defined as the ratio of

the intensities of the incident and reflected beam, similarly to the description made in eq. 6.2

one can write:

Rs =

(
sin(θt − θi)

sin(θt + θi)

)2

=| rs |2

Rp =

(
tan(θt − θi)

tan(θt + θi)

)2

=| rp |2
(6.4)

The reflectivity R observed for a natural or unpolarized light (containing an equal mix of s

and p-polarisations) is given by:

R =
(Rs +Rp)

2
(6.5)

For normal incidence (θi = 0), the distinction between both polarizing components disappears

and one has for the reflectivity:

R =

(
n1 − n2

n1 + n2

)2

(6.6)

The reflectivity of a surface for oblique incidence is a function of the angle of incidence.

6.1.2 Different components of the reflectivity

The description made in section 6.1.1 is only valid for a perfect surface. When the surface

roughness is not negligible compared to the wavelength of the light, part of the light bounces

off in all directions (fig. 6.1), this is called diffuse reflection. The reflection described by the

Fresnel’s equations is called the specular reflection: it denotes the ability of the surface to

transmit an image.

The angular distribution of the diffusely reflected light depends on the structure of the

material, a common description is the Lambertian reflectance in which the light is reflected

with equal luminance in all direction. The diffuse (resp. specular) reflectivity is defined as the

ratio of the intensity of light reflected diffusely (resp. specularly) to the intensity of the incident
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light. The total reflectivity (also called hemispherical reflectivity) is defined as the sum of both

components:

Rt = Rs +Rd (6.7)

where Rt, Rs and Rd are the total, specular and diffuse reflectivities respectively. As mentioned

in chapter 3.3, the specular reflectivity is linked to the surface roughness through the Bennett’s

law.

6.1.3 Reflectivity measurements: the spectrophotometer

Reflectivity measurements are carried out using a UV-Vis-NIR spectrophotometer (Varian Cary

5). A calibrated PTFE standard is used as a reference sample allowing to determine absolute

values of the sample reflectivity. The absolute reflectance of the sample to measure is therefore

calculated with the formula:

R%(λ) = C(λ) × Isample − Ibackground

Ireference − Ibackground
(6.8)

where C is the absolute reflectance of the PTFE reference. From eq. 6.8 it is seen that

measurements are made in three steps. First, a measurement of the background (Ibackground)

is made by blocking the incident light, then the reference plate is measured (Ireference). The

spectrophotometer is thus calibrated and the sample can be measured (Isample).

The spectrophotometer is equipped with a 110 mm diameter integrating sphere (also called

Ulbricht’s sphere) in the wavelength range 250-2500 nm. The sphere is coated with PTFE (Poly

Tetra Fluoro Ethylene or Teflon) which has a reflectivity close to 100 % over the whole working

wavelength range [81] and is assumed to have a perfect lambertian diffuse reflectivity. The

geometry of the integrating sphere allows to measure either the total or the diffuse reflectivity.

For the total reflectivity, the incident light beam arrives on the sample with an incidence angle

of ≈ 3◦ and strikes the inner wall of the sphere after reflection on the samples. On the contrary,

for the determination of the diffuse reflectivity solely, the incident beam arrives on the surface

with a normal incidence so that the direct reflected beam comes out of the sphere without being

measured. Only the diffuse component is detected.

6.2 Spectroscopic ellipsometry

Ellipsometry is a widely used non-destructive method for the determination of the optical

properties of materials and for the determination of thin film thickness. The first ellipsometer

was designed by Rothen in 1945 [82] although studies about the polarization of light and its

changes after reflection (or transmission) were initiated a long time earlier.

When a plane-polarized light beam is incident on the interface between two media at some

oblique incidence, the reflected light beam is generally elliptically polarized. Ellipsometry

measures the change in the polarization state of the light and interpretes it in terms of the

physical properties of the media involved [83]. Using the notations defined previously and

considering the material as absorbing (the refractive index being defined as in eq. 6.3), the
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ratio ρ = rp

rs
is a complex number. Ellipsometry is based on the measurement of this quantity

which is generally written in terms of 2 parameters ψ and ∆ such that:

ρ = tan(ψ)exp(j∆) (6.9)

Since rp and rs are complex numbers, eq. 6.9 can be written:

ρ =
| rp |
| rs |expj(δrp − δrs). (6.10)

giving

tan(ψ) =
| rp |
| rs |

∆ = (δrp − δrs).

(6.11)

Thus, tan(ψ) represents the relative attenuation of the p- and s-polarized components whilst

∆ represents the relative phase shift introduced by the reflection on the surface.

Usually, it is not possible to compute directly the optical properties of the studied material

from the measured ratio ρ. Instead, an optical model has to be employed and an iterative fitting

procedure used [84, 85]. In the present study, for example, a virgin mirror will be modelled

by a semi-infinite substrate, a deposited layer (carbon for instance) on a mirror surface will

be modelled as a homogeneous and isotropic material on a semi-infinite substrate, etc. Some

parameters in the model are set as free parameters and are varied during the fitting procedure (a

least-squares regression usually but other methods may be employed) to minimize the following

error function [83]:

G =

M∑
i=1

[
(∆m

i − ∆c
i)

2) + (ψm
i − ψc

i )
2
]

(6.12)

where M is the number of measurements, ∆m
i , ψm

i are the values measured by the ellipsome-

ter, and ∆c
i and ψc

i are derived from the fictive model used to describe the material. Those

parameters which produce the minimum value of G are assumed to be the “correct” optical

constants of the materials. However, as pointed out in [86], obtaining a good fit of the model

to the experimental data does not ensure that the model corresponds to reality. As a conse-

quence, ellipsometry should be used in conjunction with other techniques to establish a suitable

interpretation of the ellipsometric data.

The ellipsometer used in the laboratory is a Variable Angle Spectroscopic Ellipsometer

(VASE) whose basic schematics are given in fig. 6.2. It is equipped with both a rotating

polarizer and analyzer. A xenon lamp and a CCD spectrometer are used for measurements

in the visible range while a Fourier transform spectrometer is used for measurements in the

near infrared. The total wavelength range is therefore 350-2300 nm. The incident angle can

be varied between 40 ◦ and 80 ◦. In addition, since the polarization of the incident light can

be adjusted by the rotating polarizer, it is possible to study the reflectivity of the sample for a

given polarization state of the incident light.
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Figure 6.2: Basic principle of a spectroscopic ellipsometer

6.3 X-Ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy also called Electron Spectroscopy for Chemical Analysis

(ESCA) is a very accurate method to investigate surface composition from both a quantitative

and a qualitative point of view. The basic principles of the method will be described in this

section.

6.3.1 Principle

The interaction of an X-Ray photon with a sample leads to the ejection of photoelectrons due

to the photoelectric effect. The determination of the kinetic energy of the outgoing electron

is the cornerstone of photoelectron spectroscopy. If the energy of the impinging photoelectron

hν, the kinetic energy of the photoelectron Ekin and the sample’s workfunction Φ are known,

it is possible to calculate the original binding energy EB of the photoelectron.

EB = hν − Φ − Ekin (6.13)

The work function is the minimum energy (usually measured in electron volts) needed to

remove an electron from a solid to a point immediately outside the solid surface.

The process of the photoemission can be described by the so-called three-step model [87]

which is a simplification of the actual problem but has proven to be very fruitful for the

interpretation of experimental data. In the first step of optical excitation, a photon is absorbed

and the respective electron is excited into an unoccupied state in a direct or indirect transition.

During their way to the surface (step 2) some of the electrons suffer energy losses due to

interactions with the solid, e.g. plasma excitations, inelastic electron-electron and electron-

phonon scattering. Finally, the electrons have to traverse the surface region to leave the sample

and therefore to overcome the work function Φ (step 3).

The binding energy of the photoelectrons is an intrinsic material property and will not

change with the X-ray source photon energy, but will show slight variations for a particular
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element and energy level depending on the exact chemical environment of the atom, molecule

or ion. This effect is called the chemical shift and is the reason for the other appelation of XPS:

ESCA (Electron Spectroscopy for Chemical Analysis).

XPS is a surface-sensitive technique. The emission of photoelectrons (Id) as a function of

depth is predicted by the well-known Beer-Lambert equation [88]:

IB = I∞ · (1 − e−d/λsinθ) (6.14)

where Id is the intensity from a layer of thickness d at the surface, I∞ is the intensity from an

infinitely thick layer, λ is the inelastic mean free path (i.e. the mean distance travelled by an

electron without energy loss), and θ is the take-off angle relative to the sample surface. From

eq. 6.14 it follows that 63 % of the total signal originates in the outer 1λ of the specimen,

and 95 % from within 3λ. While naturally no absolute cut-off can be given, it is reasonable to

consider that most of the photoelectrons are emitted from within a layer thickness of 3λ. This

depth is considered as the information depth of the method. The depth of analysis of XPS is

generally quoted as being in the range of 2-5 nm [88].

6.3.2 Apparatus

Figure 6.3: Schematic drawing of the XPS analysis chamber and the transfer system.

XPS measurements are made in a Ultra High Vacuum (UHV) chamber whose schematic

drawing is shown in fig. 6.3. UHV is a prerequisite for XPS measurements because of the

limited mean free path of the electrons in the residual gas of a HV system. Moreover higher

pressures may result in the formation of adsorbates onto the surface which, given the thin
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information depth of XPS, may mask the signal from the substrate. The typical background

pressure in the analysis chamber is about 2 · 10−10 mbar. The analysis chamber is attached to

a plasma chamber by a transfer system that allows to tranfer the sample from one chamber to

the other without exposing it to air. An additional load lock is available for the study of ex

situ samples and was used for the study of mirrors exposed in a tokamak.

The electron detection consists of a spherical energy analyzer and a multichannel electron

multiplier. The analyzer is operated in the constant pass energy mode. In this mode the

spherical deflection unit, which acts as a narrow band pass for the electrons, is held at a

constant pass energy. The electron energy is selected by biasing the whole deflection unit,

including its entrance slit and the detector. The resolution of the analyzer is constant over the

whole kinetic energy range which is necessary for reliable evaluation of the spectra.

For the XPS photon excitation a monochromatized Al Kα source at hν=1486.6 eV is used.

For the electron binding energy calibration, a gold sample with the Au 4f7/2 line at 84.0 eV is

used. The spectral resolution of the system is 0.5 eV.

XPS measurements were used to obtain information on the chemical composition of the

mirror surface and link it to the evolution of the mirror reflectivity.

6.4 Observation of the surface morphology

Observation of the surface morphology are done by Secondary Electron Microscopy (SEM)

using a Hitachi S-4800 microscope capable of high resolution imaging. Resolution of 2 nm

at 15 kV can be reached with proper sample preparation. To improve the electrical contact

between the mirror and the sample holder a silver paste is used.

Measurements of the surface roughness are made using a step profilometer (α-step, Tencor

Instruments).
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Chapter 7

Effect of the mirror crystallography:

direct comparison of polycrystalline

and single crystal mirrors under

erosion conditions in TEXTOR

7.1 Changes in the optical properties induced by the

exposure

In this chapter the results of the exposure of polycrystalline and monocrystalline mirrors under

erosion condtions in the SOL plasma of TEXTOR will be described, details about the experi-

mental setup may be found in chapter 4.1.2.The appearance of the single crystal molybdenum

mirror after exposure in TEXTOR is shown in fig. 7.1. Apart the area which was covered

Figure 7.1: Appearance of the single crystal molybdenum mirror after exposure in TEXTOR. See
text for details about the zones denoted 1,2 and 3.

(and protected) by the sample holder, three different zones can be distinguished. The shiny
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metallic (zone 2) region corresponds to the area eroded by the incoming plasma ions. Whilst

the deposits formed in zone 1 and 3 have different natures and origins. Due to the inclination

of the sample holder, a local shadowing of the zone 3 from the plasma was created favouring

deposition of a hydrocarbon film [38, 114]. The deposit in zone 1 was formed due to carbon

particles reflected or re-eroded from the upper protecting part of the TZM holder as well as

from re-deposition of the material eroded from the holder [99]. In the following we will focus

on the analysis made in the zone 2 which suffered from pure erosion by the plasma ions.

Figure 7.2: (a) and (b) specular and diffuse reflectivity of the single crystal (sc) and polycrystalline
(pc) molybdenum mirrors before and after exposure in TEXTOR. (c) and (d) are the specular and
diffuse reflectivity measurements made on the single crystal tungsten mirror. The peak near 800 nm,
observed on some graphs, has a technical origin and is due to a detector change at this wavelength in
the spectrophotometer.

Optical measurements were made at the same locations on the mirrors before and after

exposure. The specular reflectivity of the single crystal (sc) Mo mirror is only weakly affected

by the exposure (fig. 7.2a), a slight decrease (within 3 %) is noticed in the near infrared range.

On the other hand, a pronounced decrease of the specular reflectivity of the polycrystalline

(pc) Mo mirror is observed, with a fall of about 10 % at 250 nm. The diffuse reflectivity of
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the sc Mo mirror remains very low after exposure (below 1 %), and no evolution induced by

the plasma exposure is noticed (fig. 7.2b). For the pc Mo mirror, the diffuse reflectivity before

exposure was already higher than that measured for the single crystal sample but a significant

further increase is observed after plasma exposure with a maximum value of 9 % at 250 nm.

The observations made for the single crystal tungsten mirror are similar to those made for

the single crystal molybdenum mirror, namely a non-affected diffuse reflectivity and a slight

decrease of the specular reflectivity in the near infrared range.

The advantages of the single crystal mirror under erosion conditions is really clear when

comparing the specular reflectivities of sc and pc molybdenum mirror after their exposure in

TEXTOR (fig. 7.3). One should keep in mind that the ion fluence bombarding the mirrors

during the exposure (1.7 ·1020 ions.cm−2) is roughly equivalent to the fluence impinging on the

ITER first wall during 200 pulses [98], and to about 1000 pulses for a mirror recessed at the

position 9 defined in fig. 3.7.

Figure 7.3: Comparison of the specular reflectivity of the single crystal and polycrystalline molyb-
denum mirrors after exposure in TEXTOR.

7.2 Surface morphology of the mirrors after exposure

Investigations of the surface morphology allow to explain the optical measurements described

above. From the reflectivity measurements it is possible to determine values of the RMS (root

mean square) roughness using Bennett’s formula (Eq. 3.1) which can be re-written as follows:

ln(
Rspec

Rtot

) =

(−(4πRRMS)2

λ2

)
(7.1)

As seen from Eq. 7.1, a plot of ln(
Rspec

Rtot
) as a function of (

1

λ2
) gives a linear curve whose slope

is proportional to the square of the surface RMS roughness. Using this method the roughness

of the three mirrors was evaluated before and after exposure, the results are listed in table 7.1.
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According to what was observed for the diffuse reflectivity, the roughness of the single crystal

Mirror RRMS before (nm) RRMS after (nm)

sc Mo 1 1

pc Mo 5 9

sc W 2 2.5

Table 7.1: RMS roughness of the mirrors before and after their exposure in TEXTOR evaluated
from Bennett’s formula.

mirrors is not affected by the plasma exposure. On the contrary an increase of the surface

roughness is found for the polycrystalline mirror.

Observations of the surface morphology were carried out with SEM on the zone 2 of the

three mirrors. Surface of the single crystal mirrors (fig. 7.4a and c) remains very smooth after

Figure 7.4: SEM picture of (a) single crystal molybdenum, (b) polycrystalline molybdenum and (c)
single crystal tungsten mirrors after exposure in TEXTOR. Note the higher magnification for picture
(c).

exposure and no evidence of deterioration is found by SEM even at very high magnification.

This is consistent with the values of the surface roughness calculated from the Bennett’s for-

mula. On the other hand, the development of a microrelief is observed on the surface of the

polycrystalline mirror after plasma exposure (fig. 7.4b), which was not visible before the expo-

sure. The development of the surface relief is due to the appearance of the differently oriented

crystallographic grains the material is made of. The surface of a polished metallic material is

covered with a plastically deformed layer (known as Beilby layer) [115] created by abrasion of



7.3. CHANGES IN THE SURFACE COMPOSITION 69

the crystallographic grains by the polishing medium. When submitted to sputtering by plasma

ions, this layer is gradually removed and since crystallographic grains with different orientations

have different sputtering yields, they are eroded with different efficiency by the incoming ions

and become visible microscopically thus causing an increase in the surface roughness (and thus

an increase in the diffuse reflectivity).

The depth of the sputtered layer (about 150 nm) during the exposure was evaluated from the

ion fluence measured during the experiment and the sputtering yield of the different materials

found in the literature [116]. It was found that the sputtering was mainly due to C4+ ions

present as impurities in the SOL plasma with typical concentrations of 2-4%.

7.3 Changes in the surface composition

XPS measurements were carried out on the mirrors before and after exposure to investigate

both the changes in the surface composition and chemical structure induced by the exposure in

the SOL of TEXTOR. Fig. 7.5 shows the Mo 3d and C 1s lines measured on the single crystal

molybdenum mirror before and after exposure. Spectra before exposure were measured right

after cleaning of the mirror by a hydrogen glow discharge.

Figure 7.5: Mo 3d3/2;5/2 doublet and C 1s core level spectra measured by XPS on the single crystal
molybdenum mirror before and after exposure in TEXTOR.

Before exposure, no traces of carbon can be found on the surface. The Mo 3d line is made of
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one doublet with the Mo 3d3/2 peak at 227.9 eV, corresponding to metallic molybdenum. This

indicates a clean mirror surface. After exposure the Mo 3d line is composed of 2 doublets. The

position of the most intense is slightly shifted (about 0.2 eV) towards higher energy compared

to the signal measured before exposure. The position of the Mo 3d3/2 peak (228.1 eV) indicates

that molybdenum atoms are bond to carbon forming molybdenum carbide [117, 118]. Formation

of the carbide has been reported by other authors [119] for the case of a carbide forming material

(like Mo) bombarded by energetic carbon ions. The formation of the carbide is confirmed here

by the presence of two components in the C 1s line at 284.3 eV and 283.2 eV respectively. The

former is associated to an amorphous carbon phase while the latter reveals the typical chemical

shift of molybdenum carbide. The second doublet of the Mo 3d line (shifted towards higher

binding energies) reveals the presence of molybdenum oxide (MoO3) which is likely to be due

to the Ox+ ions present as impurities in the SOL plasma of TEXTOR.

7.4 Conclusions

The direct comparative test of single crystal and polycrystalline mirrors under erosion condi-

tions in TEXTOR confirmed that mirrors made from a high-Z material in the form of a single

crystal can better withstand the deterioration of the specular reflectivity expected by erosion

due to charge-exchange neutrals in ITER. After exposure in TEXTOR to an ion fluence equiv-

alent to about 1000 ITER discharges, a significant decrease in the specular reflectivity was

observed for the polycrystalline molybdenum mirror for an eroded depth of about 150 nm. On

the other hand the specular reflectivity of the single crystal mirror is almost unaffected by the

plasma exposure.

The degradation of the reflectance of the polycrystalline mirror is due to the appearance of

the crystallographic structure of the material. The grain size observed here is in the micrometer

range i.e. of the order of magnitude of the wavelength of the light used for optical measurements.

As for the single crystal mirrors, their intrinsic structural homogeneity implies that they are also

homogeneoulsy sputtered by the impinging plasma ions. To ensure the longest possible lifetime

for mirrors under erosion, single crystal mirrors thus appear as a very attractive solution.

However, from a technological point of view it remains very challenging to manufacture single

crystal mirrors of ITER-relevant sizes (i.e. with diameter in the range of tens of cm).

Another attractive approach would be to use materials with crystallite size much smaller

than the wavelength of the light, which means with a grain size in the nanometer range. Indeed

even if polycrystalline such a material may maintain its reflectivity under erosion conditions

because the crystallographic structure would remain “invisible” for the light preventing reflec-

tivity losses due to an increase of the diffuse scattering. Such an approach is being pursued at

the University of Basel [120] where nanocrystalline Rh films (2 µm thick) have been produced

on different substrates by magnetron sputtering. The grains size ranges from 20 to 40 nm

depending on the deposition parameters (substrate temperature, gas pressure,. . . ). However

despite the relative reliability and robustness of this technique, the resistance of such layer

under erosion conditions in a tokamak is yet to be assessed as well as the adhesion of the layer

on the substrate in the case of temperature excursions due to power loads.



Chapter 8

Influence of the mirror temperature

8.1 Carbon deposition mitigation on mirrors exposed in

DIII-D

8.1.1 Experiment with non-heated mirrors: estimation of the depo-

sition rate

As described in chapter 4.2, two sets of molybdenum mirrors were exposed on 2 consecutive

days in the DIII-D divertor to series of identical ELMy H-mode discharges. The first set of

two mirrors was exposed to 6 plasma discharges for a total plasma duration of about 25 s.

The mirrors were at room temperature at the beginning of the experiment and no temperature

control was used during the plasma discharges. The aim of the experiment was to evaluate the

deposition rate of carbon to be expected in the private flux region of the divertor.

After removal from the vacuum chamber, visible deposits were found on both mirrors (fig.

8.1). A strong asymmetry in the deposition patterns on both mirrors is observed. The deposi-

tion on the upstream mirrors is rather uniform with a brownish colour, while on the dowstream

mirror a clear gradient was observed with the thickest deposit near the top of the mirror.

Estimation of the deposited thickness was made by ellipsometry. Similarly to what was

described in chapter 3.3, the optical constants of the deposited layer were described by a

Cauchy dispersion relation. Two measurements were made on each mirror (indicated by the

blue and red spots in fig. 8.1), both the film thickness and its optical properties have been

determined. Results are listed in table 8.1. A film thickness of about 50 nm is found on the

upstream mirror, the values determined for the two measurement spots are in good agreement

and are consistent with the visual homogeneity of the film. The refractive index of the film

(n=1.43 at 632 nm) indicates a soft amorphous hydrogenated carbon (a:C-D) film [71], which

is confirmed by the Nuclear Reaction Analysis (NRA) measurements indicating a deuterium to

carbon (D/C) ratio of about 0.55 [103].

In the center of the downstream mirror (spot 2) the estimated thickness is relatively close to the

values determined on the upstream mirror (56 nm). A much larger thickness is found however

on the spot 1 which was the closest to the floor surface, with a value (93 nm) almost twice as

large as the one found in the middle of the exposed surface. The refractive index of the film

71
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Figure 8.1: (a) Definition of the designation upstream and downstream mirrors with respect to the
plasma flow. Pictures of the (b) upstream and (c) downstream mirrors exposed at ambient temperature
in DIII-D. The red and blue spots indicate the locations of the ellipsometry measurements.

(1.53 at 632 nm) is slightly higher than that found on the upstream mirror. The D/C ratio

determined by NRA measurements (0.58) is hardly higher than the ratio found for the upstream

mirror. It should be noted that the fitting coefficients (ni and ni) used for the measurements

on the two spots of the downstream mirror are slightly different. This is consistent with a

slight variation of the D/C ratio measured at both locations (0.58 and 0.54 for the spots 1 and

2 respectively). From the knowledge of the deposited film thickness and the plasma exposure

time, one can infer the average hydrocarbon deposition rate on the mirror during the exposure.

The film thickness determined on the upstream mirror corresponds to a net deposition rate of

2 nm.s−1, while the thickness measured on the thickest deposit of the dowstream mirror yields

a value of 3.7 nm.s−1. The higher deposition rate found on the downstream mirror is probably

due to the enhanced re-deposition of the carbon sputtered locally from the leading edge of the

Mirror Spot d (nm) n0 n1 n2 k0 k1 k2 n (632 nm)
upstream 1 46.43 1.361 294 -150.4 0 112.776 -34.102 1.43
upstream 2 52.17 1.361 294 -150.4 0 112.776 -34.102 1.43

downstream 1 92.75 1.492 309.8 -270.4 0.001 5.087 104.109 1.53
downstream 2 56.05 1.49 126.1 -12.5 0 0 73.403 1.52

Table 8.1: Thickness and optical properties of the layer deposited on mirrors exposed at ambiant
temperature in DIII-D, as determined by ellipsometry. Optical constants are assumed to follow a
Cauchy dispersion relation (n(λ) = n0 + 102 n1

λ2
+ 107 n2

λ4
).
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downstream graphite tile (fig. 4.5) and thus predominantly re-deposited onto the surface of the

downstream mirror. Therefore it is reasonable to consider the deposition rate measured on the

upstream mirror as the relevant extrapolation to ITER conditions because there the geometry

of the diagnostic duct will have to prevent enhanced re-deposition effect.

Figure 8.2: Total reflectivity of the (a)upstream and (b) downstream mirrors before and after expo-
sure in DIII-D.

The total reflectivity of both mirrors was measured before and after exposure at the same

locations as the ellipsometry measurements (fig. 8.2). As already observed in the simulations

presented in chapter 3.3, the reflectivity of both upstream and downstream mirrors is only

slightly affected in the near infrared (for wavelengths higher than 1500 nm). However, strong

modifications of the initial reflectance are observed in the UV-Vis region. The differences in

film thickness and optical properties described above result in differences in the reflectivity

of both mirrors. For the downstream mirror, the higher refractive index and film thickness

are sufficient to observe interference effects featured by the local maximum of the reflectivity

at 500 nm. These interference effects are really problematic for ITER spectroscopic systems

because they distort completely the reflectivity spectrum and depend on the film thickness. A

significant decrease in the reflectivity of the upstream mirror (with a minimum value of 15 %

at 300 nm) is also observed.

Changes in the polarization state of the light, induced by the presence of a deposited film

on the mirror surface, are of particular importance for diagnostic systems like the Motional

Stark Effect (MSE) system [121]. To evaluate this effect here the reflectivity of the mirrors

was measured for a linearly polarized incident light (with either a s or a p polarization) using

the spectroscopic ellipsometer in the wavelength range 300-800 nm and for an incidence angle

of 45◦. Results are shown in fig. 8.3. As seen both the s and p components are modified

by the presence of the a:C-D layer on the mirror surface. However, one can observe that Rp
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Figure 8.3: (a) and (b): Reflectivity measurements on the mirrors exposed at ambient temperature
in DIII-D for linearly polarized light (p and s polarization respectively) for an angle of incidence of
45◦.(c) Ratio Rs/Rp as a function of the wavelength for the two exposed mirrors.

is not as affected as Rs. Fig. 8.3c shows the ratio between the two components Rs and Rp,

which indicates the rotation of the polarization direction. This effect obviously depends on the

wavelength of the light and is very pronounced in the UV-Vis region where measurements were

carried out. From the measurements of the total reflectivity (fig. 8.2) one can extrapolate that

the effect of the deposited layer on the polarization of the light will be significantly reduced in

the NIR range.

These results underline the magnitude of the problem generated by deposition of impurities

on diagnostic first mirrors, especially if one thinks that the strong variations of the mirrors’

reflectivity shown in fig. 8.2 are only the results of 25 s of plasma exposure in DIII-D. Even

though the mirrors in the ITER divertor will not be as open to the plasma and will be partly

protected from deposition by baffle structures, it is reasonable to think that deposition of

similarly thick films in ITER will occur in just a few shots. According to the estimates presented
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in table 3.1, the deposition rate of carbon on the mirrors below the dome may be as high as

the deposition rate observed on the upstream mirror in DIII-D. This means that a significant

deposit may be formed even after the first ITER shot. Therefore it is of the highest importance

to find possible deposition mitigation methods and assess their efficiency and relevance for ITER

conditions. This was the aim of the following experiment carried out with mirrors heated during

the plasma exposure.

8.1.2 Experiment with heated mirrors: mitigation of carbon depo-

sition

A second set of two molybdenum mirrors was exposed to 17 plasma discharges (similar to those

used during the exposure of the first set), for a total exposure time of 70 s. The aim of the

experiment was to expose the mirrors at a controlled temperature of 400◦C. However due to

a failure in the heating system, the holder temperature at the beginning of the experiment

was about 140◦C. According to heat transfer modelling [103, 104] and taking into account the

heating of the mirrors by radiation during the plasma discharge (about 3-7◦C), the mirror

temperature is estimated to have been around 176-199◦C during the experiment. As can be

seen in fig. 8.4, and contrary to what was observed on the non-heated mirrors, no deposit is

observed on the surface. The mirrors exhibit a uniform shiny grey surface.

Figure 8.4: Pictures of the (a) upstream and (b) downstream mirrors exposed at about 180◦ in
DIII-D. The red and blue spots indicate the locations of the ellipsometry measurements.

The absence of carbon deposit on the surface was confirmed by SIMS and NRA measure-

ments carried out on the mirrors after exposure [105]. XPS measurements revealed the presence

at the surface of molybdenum trioxide (MoO3). The thickness of this oxide layer was calculated

from the fit of the ellipsometric measurements. Results are listed in table 8.2. The oxide thick-

ness was found to be in the range 9-13 nm, the oxide on the upstream mirror being slightly

thicker than on the dowstream mirror. The optical properties of the molybdenum oxide film

present on the mirror surface (n∼ 1.9-2 at 632 nm) are consistent with the values reported for

MoO3 by other authors [122].

As expected, due to the surface oxidation the total reflectivity of both mirrors was degraded

after exposure. Similarly to what was observed for the mirrors exposed at ambient temperature

and coated with a carbon layer, the decrease of the reflectivity is most pronounced in the UV-

Vis range. A drop of about 25 % and 40 % is noticed for the upstream and downstream mirrors

respectively at 250 nm.
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Mirror Location d (nm) N0 N1 N2 K0 K1 K2 n (632 nm)
upstream 1 12.2 2.012 -110 85.4 0.38 -272 441.793 1.98
upstream 2 13.11 2.001 -84.6 41.5 0.335 -437.8 582.3 1.98

downstream 1 9.62 1.898 16 -52 0.267 158.3 97.1 1.91
downstream 2 9.62 1.994 -35 246.2 0.292 -151.9 430.9 2.01

Table 8.2: Thickness and optical properties of the oxide layer formed on the mirrors exposed at about
180◦C in DIII-D, as determined by ellipsometry. Optical constants are assumed to follow a Cauchy
dispersion relation (n(λ) = n0 + 102 n1

λ2
+ 107 n2

λ4
).

Figure 8.5: Total reflectivity of the (a)upstream and (b) downstream heated mirrors before and after
exposure in DIII-D.
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Figure 8.6: (a) and (b): Reflectivity measurements on the mirrors exposed at about 180◦C in DIII-D
for linearly polarized light (for p and s polarization respectively) for an angle of incidence 45◦.

The reflectivity measured for linearly polarized light (fig. 8.6) on the heated mirror is much

less affected than seen on the non-heated mirrors. This is of course due to the oxide thickness

being much lower than the carbon layer thickness formed with mirrors at ambiant temperature.

The origin of such a surface oxidation still remains unclear. In particular, it is not clear

whether the oxide was formed during storage of the mirrors in air (which occured between

their cleaning and pre-characterization in the University of Basel and the actual experiment) or

during exposure in the tokamak. Usually, a clean molybdenum surface stored in air is covered

by a very thin native oxide layer (1-2 nm) of MoO3. To check the effect of a long term storage

in air, an experiment was carried out [123] in which a molybdenum mirror was cleaned by a

hydrogen plasma and then stored in air. Reflectivity of the mirror was measured regularly,

and no reflectivity changes were found after 2 months of storage in air. This indicates that

the native oxide film was formed right after the exposure of the mirror to air and was stable

afterwards. Therefore it appears unlikely that a 10 nm thick oxide film could be formed only

by storage of the mirrors in air.

Another possibility would be that the oxidation took place during the plasma exposure in DIII-

D due both to the residual oxygen impurities present in the machine (in the form of atoms

or neutrals in the PFR) and the temperature of the mirrors. Other authors have reported a

significant increase of the reactivity of molybdenum towards oxygen in case of low temperature

oxygen plasma treatment of molybdenum, with substrate temperatures in the range 300-600◦C
[124]. Moreover, the fact that the oxide film formed (10-13 nm) is about ten times thicker

than the usual native oxide may indicate an energetic impact of oxygen ions/atoms. One may

therefore favour the hypothesis that the oxide was formed during plasma exposure.

The fact the oxide thickness is found to be higher on the upstream mirror (fig. 8.2) even

strengthens this assumption. As described in chapter 8.1.1, the arrival rate of carbon on

the mirror surface is higher on the downstream mirror because of the enhanced re-deposition
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of carbon sputtered from the leading edge of the above graphite tile. Oxygen is known to be

chemically reactive with carbon, forming COx compounds, and oxidative treatments of graphite

tiles have been tested as fuel removal techniques [125, 126]. Therefore, if carbon and oxygen

arrive simultaneously on the mirror surface (which is the case during a tokamak discharge),

part of the arriving carbon will react with part of the arriving oxygen preventing both this

fraction of carbon from being deposited and the oxygen from oxidizing the surface. Assuming

the arrival rate of oxygen neutrals/atoms is the same for the upstream and downstream mirrors

(there is a priori no reason to expect differences), the ratio of carbon to oxygen arriving at the

mirror surface is higher on the downstream mirror due to the effect of the extra sputtering of

the above graphite tile. If less oxygen can reach the surface, one may expect the surface to be

less oxidized, which is the case if one looks at the oxide thickness determined by ellipsometry.

Figure 8.7: SIMS depth profiles of (a) non-heated and (b) heated mirrors after exposure in DIII-D.

However, the observations made with SIMS depth profile of heated and non-heated mirrors

give contradictory results. As seen in fig. 8.7a, the presence of molybdenum oxide is detected

at the interface between the molybdenum substrate and the a-C:D layer. Estimations of the

thickness of this oxide yield a value of about 6-7 nm, which is very close to the resolution of

the equipment and make it difficult to draw a firm conclusion on the actual thickness. Yet the

signal obtained for the oxide on the heated mirror (fig. 8.7b) is very close to that observed

for the non-heated mirror and estimations of the oxide thickness yield the same value. These

observation may indicate that the oxide was actually formed before the mirror exposure in

DIII-D, between their cleaning in the University of Basel and their installation in DIII-D,

which would explain the presence of an oxide on the non-heated mirrors. However as already

mentioned, the technique used here has a poor accuracy for precise determination of very low

film thickness, therefore it is difficult to conclude on the relative thickness of the oxides found

on both mirrors. Both hypotheses (in-situ and ex-situ oxidation) are likely but the analysis

made here do not allow to strictly conclude on the actual scenario.
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The results from this experiment are actually quite informative. Indeed, heating the mirrors

during the exposure to a temperature of about 176-199◦C was enough to mitigate the deposition

of a hydrocarbon film on the mirror surface. Assuming the deposition rate determined in chapter

8.1.1, this means that in such a temperature range the chemical erosion yield is sufficient to

compensate a deposition rate of 2-3 nm·s−1. Since the mirror temperature (with the uncertainty

linked with the experimental problems and the modeling assumptions) was lower than the

temperature at which the chemical erosion yield peaks [29], one may assume that deposition of

carbon with a higher deposition rate may be further mitigated for higher mirror temperature.

Of course, on the other hand, increasing the mirror temperature increases the reactivity of

molybdenum with oxygen which may be problematic if the oxidation occurs in the reactor

(accidental vent, leak).

8.1.3 Conclusions

The exposure of mirrors in the Private Flux Region of the DIII-D divertor lead to some im-

portant results. These experiments have confirmed that mirrors placed in the PFR are likely

to suffer from carbon deposition leading to strong modification of their reflectivity and strong

modifications of the polarization state of the reflected light. The higher deposition rate mea-

sured on the downstream mirror caused by the erosion of the leading edge of the graphite

tile above emphasizes the necessity to optimize the geometry of the diagnostic ducts to avoid

artificial increase of the deposition rate of impurities. The determination of the deposition

rate on the upstream mirror, which was not influenced by geometrical effects, yields a value of

2 nm.s−1. As shown in fig. 3.1, the flux of carbon arriving at the mirror location under the

divertor dome may lead to a deposition rate as high as that measured on the DIII-D mirrors.

Even if a partial protection of the mirrors located in the ITER divertor will be achieved by the

use of baffle structure, thus reducing the deposition rate of impurities on the mirror surface,

the present data indicate that a significant layer will be deposited during each ITER shot.

One possible deposition mitigation method was tested in DIII-D, by heating the mirrors

at a moderate temperature, which was enough to prevent the formation of a carbon layer on

the mirror surface both on the upstream and downstream mirrors by thermally enhancing the

carbon chemical erosion. Further experiments are envisaged with a more controlled monitoring

of the mirror temperature which was not possible in the experiment described here (at the

time of writing this text, the experiment was just made and confirms the results described

here). Although no carbon was detected on the mirror surface after exposure, the degradation

of their reflectivity due to the surface oxidation represents a serious concern. Indeed if the

surface oxidation occured during the plasma exposure due to the combined action of the surface

temperature and oxygen from the residual impurities in the tokamak, it will be necessary to

develop in-situ cleaning techniques to the mirrors in ITER even if mitigation methods are

applied.
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8.2 Effect of the mirror temperature on the deposition

of Be/C layers and its impact on mirror reflectivity

As just described, a possible mitigation method for the deposition of carbon impurities on the

mirror surface consists in increasing the mirror temperature to enhance the chemical erosion

yield of the deposited a-C:D layer. However as mentioned in chapter 5.2, the plasma flow

arriving at the ITER divertor targets (made from graphite) will contain between 1 and 10 % of

Be arising from the erosion of the main chamber wall. Recent experiments made in PISCES-B

have shown that the presence of Be ions in a deuterium plasma tends to mitigate the erosion of

carbon, both physical sputtering and chemical erosion. Indeed, Be ions incident on the graphite

target are implanted into the carbon surface and, due to their energy, tend to bond with carbon

atoms to form beryllium carbide. The formation of the carbide acts to inhibit the reaction chain

responsible for chemical erosion of carbon and also reduces physical sputtering of carbon atoms

from the surface. Once a protective carbide layer forms on the surface, subsequent beryllium

ion bombardment will produce an enrichment of the surface with beryllium that will be easier

to erode (compared to beryllium bonded as the carbide). In turn, Be re-erodes and leads to

Be-rich deposited layers in line-of-sight locations from the target [93]. Under such conditions,

beryllium and not carbon may be the main deposited impurity in the divertor region. Such

observations were already made in JET during the Be limiter phase [42, 127]. If this situation

occurs in ITER it could be expected that deposition of Be films occurs on these mirrors in

direct line-of-sight from the plasma. Up to now no detailed investigations on the effects of a

Be containing film on the reflectivity of a metallic mirror have been carried out. In [54], it was

assumed that if deposition of Be occurs then the reflectivity of the initially pure mirror surface

will tend to the reflectivity of a pure Be surface. This would be true if the deposited layer was

made of pure Be which is very unlikely given the high reactivity of Be towards oxygen and the

probable presence of carbon in the layer. Moreover this assumption neglects any evolution of

the surface roughness during the deposition process.

Removing some of the uncertainties related to this issue was the aim of the experiments

carried out in PISCES-B (see chapter 5.2). Both the effect of a Be/C layer on the reflectivity

of a metallic mirror and the effect of the mirror temperature on the formation of the layer were

investigated. Although increasing the mirror temperature is an effective deposition mitigation

method for carbon, its effect on a mixed Be/C layer is yet unknown.

The following experiments represent the first ever dedicated investigations of the effects of

Be/C layers on the reflectivity of a metallic mirror. They were made during June/July 2006.

After their exposure in PISCES-B the samples were sent to the Institüt für PlasmaPhysik

in Garching (Germany) for surface analysis (their equipment being fully compatible with Be

handling). However at the time of writing this text only the results from the NRA and RBS

measurements are available. Therefore the next sections will describe the results from this anal-

ysis as well as from the reflectivity measurements (made in UCSD using the system described

in chapter 5.2). A detailed analysis of all the results,when available, will be the subject of a

dedicated publication.
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8.2.1 Experiments with molybdenum mirrors

Polycrystalline molybdenum mirrors have been used as deposition probes (see fig. 5.3) to

collect the material eroded by the intense ion bombardment of a graphite target by a Be-

containing deuterium plasma. During the exposure, even if the mirrors are protected from

direct plasma impact, heating of the mirror surface occurs due to the radiation from the plasma.

A temperature increase of up to 100◦C (for one hour exposure time) is observed for a mirror

initially at room temperature. Therefore experiments were made with two different initial

temperatures: room temperature and 240◦C. Evolution of the temperature is followed by a

Figure 8.8: Evolution of the mirror temperature during exposure at the witness plate location
in PISCES-B, for the case of initially heated and non-heated mirrors. The increase in the mirror
temperature with exposure time corresponds to the surace heating by the plasma radiation.

thermocouple installed at the backside of the mirror. Fig. 8.8 shows the evolution of the

mirror temperature during a typical exposure. For a non-heated mirror the temperature varies

between 25 and 150◦C, whilst it varies between 260 and 310◦C for a heated mirror.

The plasma parameters (as measured by means of the reciprocating Langmuir probe)

used were ne ∼ 2.5-3.5·1012 cm−3, Te ∼ 6-8 eV, the ion flux to the target was 2.5-

3.5·1018 ions·cm−2·s−1. Additionally a negative bias of -50 V is applied to the graphite target

in order to control the energy of the impinging ions. The temperature of the graphite target

was about 700◦C to suppress chemical erosion of the target and favour its physical sputtering

by the incoming plasma ions. The plasma was first started without Be and allowed to stabilize.

Then Be was introduced in the plasma through the evaporator and finally the sample holder

with the mirror was introduced in the plasma chamber. The exposure time was fixed to one

hour.

One mirror was exposed at low temperature with a Be fraction in the plasma of 0.1 %

in order to obtain a reference sample. Three mirrors were exposed at elevated temperature
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with different Be fraction in the plasma (0.04 and 0.05%) and different times between the

moment the Be injection was started (the Be evaporator is switched on) and the moment

they were introduced in the plasma chamber. Fig. 8.9 shows the results from the reflectivity

measurements made after exposure whilst table 8.3 summarizes the values of the deposited film

thickness determined by NRA measurements.

Figure 8.9: Relative reflectivity of the molybdenum mirrors exposed in PISCES-B.

Sample Temperature (◦C) Be (at·cm2) Thickness (nm)

Mo-069 25-150 3.40·1017 31

Mo-068 250-310 6.10·1016 5.4

Mo-072 250-310 4.15·1016 3.8

Mo-073 250-310 6.60·1017 60

Table 8.3: Deposit thickness on the exposed mirrors determined from NRA and RBS measurements.

According to analysis made by NRA and RBS, the deposited films mainly consists of Be,

the concentation of carbon being lower than 10 %. This is consistent with the observations

made in [92] and [93] where the deposited layers were formed in similar conditions. The 31 nm

thick film obtained for the exposure at 25-150◦C has a drastic effect on the mirror reflectivity

with a decrease of the reflectivity of 40-60% over the whole wavelength range. The deposited

film is quite dark and can clearly be seen by the naked eye. For the mirrors heated during the

exposure, one can see in table 8.3 that there are two different cases. The thickness deposited

on the sample Mo-073 is 60 nm while hardly a 5 nm thick film is obtained on the mirrors

Mo-068 and Mo-072. The evolution of the relative reflectivity of the mirrors after exposure is

in good agreement with these observations. Reflectivity of Mo-073 has dropped to values lower

than those measured on the non-heated mirror, while reflectivity of Mo-068 and Mo-072 is only
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weakly affected by the exposure. It should be noted that on these two mirrors no deposit was

visible by eye, only on Mo-068 a dark deposit could be seen at the edge of the exposed area

which could have been seen by the light during reflectivity measurements. This would explain

the lower reflectivity measured on Mo-068.

To understand these results we need to take into account the time ellapsed between the start

of the Be injection and the moment when the sample is introduced in the plasma chamber. In-

deed as shown in [128], the suppression of carbon erosion is due to the progressive coverage of

the graphite target with a Be film. The rate of the erosion suppression may be followed spec-

troscopically by measuring the temporal evolution of the CD or C I band emission, indicating

the chemical and physical erosion yields of the target respectively. In the experiments described

here the target temperature is sufficiently high to reduce significantly the rate of chemical ero-

sion of the target which is thus only physically sputtered. Let ICD be the intensity of the CD

line. The temporal evolution of ICD can be described by a simple exponential relation [128]:

ICD = exp(−texp/τBe/C) (8.1)

where texp is the target exposure time and 1/τBe/C the erosion decay. A parametric study of

the dependence of τBe/C on the graphite target temperature (Ts), ion energy (Ei), ion flux (Γi),

and beryllium ion concentration (cBe) in the deuterium plasma, was performed in [129]. The

erosion decay time corresponds to the characteristic formation time of a protective Be layer on

the graphite target. The following law was determined experimentally [129]:

τBe/C [s] = 1.0 × 10−7 c−1.9±0.1
Be E0.9±0.3

i Γ−0.6±0.3
i e

(4.8±0.5)×103

Ts (8.2)

As can be inferred from eq. 8.2, the higher the Be fraction in the plasma the lower τBe/C .

Combining eq. 8.2 and eq. 8.1, one can calculate the decay of the CI band as a function of

the exposure time (fig. 8.10) for the conditions of interest here. In fig. 8.10, the time t=0

corresponds to the moment when the injection of Be is turned on. The instant corresponding

to the introduction of the mirrors in the plasma chamber and their retrievals are also indicated.

Both Mo-068 and Mo-072 were introduced simultaneously to the start of Be injection, while

the mirror Mo-073 was introduced about 1000 s after the beginning of Be injection. Since the

suppression of carbon erosion in a Be-seeded deuterium plasma is related to the progressive

coverage of the graphite target by a Be layer, the following conclusions may explain the ex-

perimental observations. Since the Be fraction in the plasma for the heated mirrors was two

times lower than during the experiment with the non-heated mirror, the characteristic time for

the formation of the protective layer is much longer for the low Be fraction case. Therefore

the erosion of carbon from the target needs more time to be suppressed. For samples 068 and

072, which were introduced right after the Be injection begins, erosion of carbon was still not

mitigated. Thus carbon was arriving at the mirror surface but prevented from being deposited

by chemical sputtering from deuterium neutrals enhanced by the mirror temperature. Only a

very thin layer of Be started to be deposited at the end of the exposure. For Mo-073 however,

the Be layer was built continuously. These results would indicate that carbon deposition on the

mirror surface may be suppressed by heating the mirror to 250-300◦C (which is consistent with

the observations made in DIII-D) even in the presence of Be. However increasing the mirror
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Figure 8.10: Temporal decay of the graphite target erosion as a function of the Be injection time.

temperature seems to have no effect on the deposition of Be. Of course these observations need

to be confirmed by further surface analysis with XPS and depth-sputter XPS.

8.2.2 Experiments with copper mirrors

There are at least to reasons to perform experiments with copper. As will be described in

chapter 9, copper has the property of not forming stable carbides. Moreover, diffusion of

beryllium into copper (and possible alloying) has been reported by other authors [130] for

temperatures higher than 300◦C. Diffusion or alloying may complicate the possible mirror

cleaning because of the formation of a Cu/Be mixed layer. On the other hand, if the diffusion

of Be into Cu was fast enough, we may imagine that the top layer would remain clean while

Be would diffuse into the bulk material.

Two copper mirrors were exposed to a Be containing deuterium plasma at a very low

beryllium fraction (0.03%). As described above, under such conditions carbon erosion needs

a longer time to be mitigated by the deposition of Be. Therefore we expect to form a carbon

rich film on the mirror surface. The aim was to try to mitigate the carbon deposition and to

reproduce previous results. Therefore one mirror was exposed without any active heating while

a second one was initially heated at 250◦C. Evolution of the mirror temperatures during the

exposure is plotted in fig. 8.11a.

After exposure in conditions similar to those described for the Mo mirrors, the non-heated

mirror (Cu-082) came out from the chamber with a visible deposit whose colour seemed quite

different from the layers observed on Mo mirrors exposed to D2 plasma containing higher Be

fraction (Mo-069 for example). The reflectivity is most affected in the range 400-700 nm with

a drop of the reflectivity of about 50-60% (fig. 8.11b). The higher the wavelength the less

affected the reflectivity, this trend is commonly observed in the case of carbon-based deposits
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Figure 8.11: (a) Evolution of the copper mirror temperature during exposure in PISCES-B and (b)
relative reflectivity of the mirrors after exposure.

(which are transparent in the near-infrared range). On the contrary, the heated mirror came

out of the chamber with a very shiny surface which looked like pure copper, albeit a little more

grey. The reflectivity spectrum measured after exposure is quite surprising (fig. 8.11b). A clear

enhancement of the reflectivity is noticed in the range 400-600 nm whereas no changes are found

for higher wavelengths. XPS measurements on the samples will provide more information on

the composition of the surface in both cases. However according to NRA measurements, both

samples are coated with a Be-containing layer. NRA is not sensitive to carbon therefore it is

difficult to make assumptions about the carbon content of the films. However, from the colour

of the samples one may infer that the non-heated mirror was coated with a carbon-rich film

while for the heated mirror deposition of carbon was mitigated and only a thin pure Be layer

was formed.

To study the possible diffusion of Be into Cu, two copper mirrors were exposed to a deu-
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terium plasma with fBe=0.5%, for two different temperatures. Cu-081 was initially at room

temperature while Cu-079 was at 250◦C at the beginning of the exposure. Fig. 8.12 shows

the RBS spectra measured on both samples after exposure in comparison with the spectrum

obtained for a reference sample. Cu-081 shows an edge shift due to the Be layer on the surface

(51 nm thick according to NRA) whilst the shape of the spectrum obtained for Cu-079 indicates

both the existance of a Be layer on the surface and diffusion of Be into Cu at the interface.

According to kinetic studies on beryllium diffusion into copper published in [130] and [131],
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Figure 8.12: RBS spectra of the copper mirrors after exposure in PISCES-B to a beryllium containing
deuterium plasma (fBe=0.05%).

the diffusion rate of Be into Cu can be described by the following expression:

X =

⎛
⎝0.588 · e

−66300

RT

⎞
⎠ · t1/2 (8.3)

where X is the thickness of the BeCu phasse formed (in mm), R is the constant 8.314 (in

J·mol−1K−1), T is the temperature in K, and t is the time (in s). This expression was established

for the case of a Cu coated Be disk annealed at a certain temperature which is a situation

slightly different to what happens in PISCES-B. However this formula allows the magnitude of

the expected diffusion process to be determined. At 300◦C, and for a duration of one hour, eq.

8.3 yields a 31 nm thick diffusion zone.

8.2.3 Preliminary conclusions from experiments in PISCES-B

More information will be obtained by XPS depth-profile measurements of the samples exposed

in PISCES-B, and the results presented here do not allow firm conclusions on the effect of the

mirror temperature on the formation of a Be/C mixed layer to be established. However it is
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already clear that if deposition of carbon can be mitigated by heating the mirrors, this method

is inefficient in the case of Be deposition. Results presented here seem to indicate that carbon

deposition can be mitigated even in the case of the simultaneous deposition of Be and C. But

the mirrors are still covered with a Be layer, affecting drastically their reflectivity.

For copper mirrors exposed to a Be-containing plasma at about 300◦C, diffusion of beryllium

into copper has been observed by RBS. XPS measurements will give more information about

the alloy formed, but in any case the presence of the diffusion layer would complicate the

possible mirror cleaning, because the alloy formed will have to be removed without damaging

the copper surface.
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Chapter 9

Influence of the mirror material choice

on the erosion/deposition effects

In the previous chapters, we have studied the effect of erosion and deposition on the mirror

reflectivity as separate phenomena. Erosion and deposition were considered to be independent

of the mirror material neglecting any role that may be played by the substrate. In the following

chapter, results from experiments made in Tore Supra, TCV and in a laboratory discharges will

be described. They show that the erosion/deposition patterns observed for different substrate

materials under similar exposure conditions can be quite different.

9.1 Erosion of mirrors exposed in Tore Supra

9.1.1 Reflectivity of the mirrors after exposure

Metallic mirrors made from different candidate materials (single crystal molybdenum, copper,

stainless steel) were installed for long term exposure on the first wall of Tore Supra (see chapter

4.3.1). Specular and diffuse reflectivity of both the reference and the mirrors exposed for one

year in Tore Supra were measured in the wavelengtt range 250-2500 nm. As shown in fig. 9.1,

the reflectivity of the three exposed mirrors was affected in quite different ways.

For all mirrors, a decrease of the specular reflectivity is noticed after exposure. For the single

crystal molybdenum mirror, this effect is the most pronounced in the UV and visible regions

with a drop of about 18 % at 250 nm. The diffuse reflectivity remains very low (≤ 2 %) and no

increase is noticed compared to the values measured on the reference mirror. For the stainless

steel mirror, both a decrease of the specular reflectivity and an increase of the diffuse scattering

are observed. Reflectivity of the copper mirror after exposure exhibits the most drastic changes.

First of all, it should be noted that due to problems during the transportation of the mirrors

and long-term storage in air (one year), the surface of the virgin mirror was deteriorated (which

could be observed visually). Therefore the values of the reflectivity measured for this sample

are not representative of what a perfect non-exposed sample could be. This explains why the

specular reflectivity of the exposed copper mirror is slightly higher than the reflectivity of the

reference mirror for wavelengths lower than 400 nm. For higher wavelenghts, a fall of the

89
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Figure 9.1: (a) Specular and (b) diffuse reflectivity of virgin reference mirrors and mirrors after
one-year exposure in Tore Supra.

specular reflectivity is found over the range 500-2500 nm. Correspondingly a strong increase of

the diffuse reflectivity, showing extreme values of about 50 % at 800 nm is measured (fig. 9.1).

Values of the RMS roughness of the different samples were inferred from the reflectivity

measurements using the methodology described in chapter 7.2. Results are listed in table 9.1.

The unchanged roughness of the molybdenum mirror after exposure indicates that the changes

in the specular reflectivity are due to absorption of the light in a thin deposited carbon-based

layer whose presence was confirmed by SIMS measurements [107]. A film thickness of about

5 nm was calculated by ellipsometry. Other impurities like boron, silicon and oxygen were found

by XPS measurements. For copper and stainless steel however, even if the presence of similar

impurities was evidenced by XPS and SIMS, assumptions about the layer thickness were not

possible. In the case of copper, the increase of the diffuse reflectivity fits very well with the

decrease of the specular reflectivity pointing out the increase of the surface roughness as the

main contributor to the degradation of the reflectivity.

9.1.2 Erosion of the samples

Measurements of the thickness eroded after exposure in Tore Supra were made using confocal

microscopy, results are listed in table 9.1 both in terms of eroded depth and in terms of number

of eroded atoms per area unit. According to numerical simulations (with the Eirene and BBQ

codes [132]), most of the erosion arises due to the helium and deuterium conditioning glow

discharges performed regularly during the experimental campaign. Indeed locations of the

mirrors inside the vacuum vessel were such that the flux of CXN was minimum, thus minimizing

erosion and deposition during tokamak plasma operations [132]. This was confirmed during ex-
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Mirror RRMS Net eroded Erosion Y(He 150 eV) Y(D2 200 eV)

(nm) depth (µm) (atoms/cm2)

Mo reference 1.6 / / / /

Mo exposed 1.9 0.12 7.32·1015 7·10−3 10−3

SS reference 3.3 / / / /

SS exposed 9.2 0.22 2.98·1016 5·10−2 1.7·10−2

Cu reference 7.3 / / / /

Cu exposed 54.5 2.68 2.85·1017 11·10−2 4·10−2

Table 9.1: RMS roughness of virgin and exposed mirrors. Values of the eroded depth (determined
by confocal microscopy), number of eroded atoms (normalized to a 1 cm2 area), and sputtering yields
of the different mirror material by He and D ions at the indicated ion energies, are also shown.

vessel experiments in which another set of mirrors was exposed to He and D2 glow discharges

with the same parameters as those performed in Tore Supra [107]. Values of the eroded depths

measured after ex-vessel glow discharges were extremely close to the values measured on the

mirrors exposed in Tore Supra.

Values of the sputtering yields of the different mirror materials by helium and deuterium

ions for ion energies measured during the glow discharges are shown in table 9.1.

Y(Mo)/Y(SS) n(Mo)/n(SS) Y(Cu)/Y(SS) n(Cu)/n(SS)

He (150 eV) 0.14 0.4 2.2 11.8

D (200 eV) 0.06 2.35

Table 9.2: Ratio of the sputtering yields of the different materials for the corresponding ions and
energies, and ratio of the number of eroded atoms (n) determined from erosion measurements.

The most striking results from the mirror exposure in Tore Supra, taking into account

erosion during glow discharges as the main degradation effect for the mirror, is found when

looking at the data shown in table 9.2. It is seen that the ratio
n(Mo)

n(SS)
of the number of eroded

atoms on Mo and SS mirrors respectively is higher than the ratio of the sputtering yields of these

materials by He and D ions found in the literature [116]. This means that the stainless steel

mirror was eroded less than expected when looking at the relative sputtering yields. The same

remark is also true when comparing the erosion and sputtering yiels of copper and stainless

steel mirrors. The number of eroded copper atoms is 11 times higher than the number of

atoms removed from the stainless steel mirror despite the ratio of 2 normally observed for their

sputtering yields. Again the surface of the stainless steel mirror was eroded much slowly and/or

the copper mirror was eroded more efficiently than would have been expected when comparing

the sputtering yields of the two materials.

The experiment in Tore Supra demonstrates the differences in the erosion patterns of mirror
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from different materials exposed in similar conditions. Given the use of carbon for the limiters

in Tore Supra [133], carbon is expected to be the main impurity in the plasma during the glow

discharges during which the major part of the erosion occured. The mirror surface is therefore

simultaneously bombarded by deuterium and carbon ions during the conditioning discharges.

In similar conditions, experiments in PISCES-B have shown that after exposure of different

materials to hydrogen plasma contaminated by carbon (coming from the background vacuum),

formation of a carbon layer was observed on a Be substrate and not on a W substrate [134]. The

difference was explained by a different chemical activity of these metals towards carbon. In the

case of the Tore Supra mirrors, it is difficult to draw firm conclusions about the role of carbon

(if any) on the differences observed because of the very long exposure time which limits precise

knowledge of the exposure conditions. Both experiments indicate that under similar conditions

different substrates do not exhibit the same behaviour with respect to erosion/deposition.

To clarify the differences observed in the effective sputtering yields of the different materials,

a dedicated laboratory experiment, whose results will be detailed in the next sections, was

performed in Basel (chapter 5.1).

9.2 Erosion/deposition of mirrors in laboratory dis-

charges

9.2.1 In-situ evolution of the reflectivity during plasma exposure

Copper and stainless steel mirrors have been exposed to a deuterium glow discharge with

controlled partial pressure of methane in the gas mixture. Copper and stainless steel were

chosen as substrate material for this experiment because mirrors made from these materials

showed the most different behaviours after exposure in Tore Supra. The sample bias was chosen

to ensure that the energy of the impinging ions was above the sputtering threshold of the two

materials and close to the energy of the impinging ions during glow discharges in Tore Supra.

Methane was used as a carbon source to account for the hydrocarbons created in a tokamak by

the chemical sputtering and transported to the various areas of the machine. Three different

deuterium/methane mixtures were used with the following fractions of methane in the gas

mixture: fCH4 = 0, fCH4 = 1.8, and fCH4 = 3.5 %.

Fig. 9.2 shows the evolution of the specular reflectivity (R) of the mirrors as a function of

the ion fluence during plasma exposure; the values have been normalized to the initial value

for ease of comparison. Results obtained by in-situ reflectometry (λ=532 nm) for the two

materials are quite different. In the case of stainless steel (fig. 9.2a), for fCH4 = 0 and 1.8 %,

the evolution of the reflectivity with the ion fluence is linear, showing a final value of 0.96 after

a fluence of 8 · 1019 ions.cm−2. For higher fraction of methane in the gas mixture, constructive

and destructive interferences associated with the growth of an amorphous hydrogenated carbon

film are observed. For copper the degradation rate of the reflectivity is directly related to the

fraction of methane in the gas mixture: the higher the methane content the faster the reflectivity

decreases. For a pure deuterium plasma, and similarly to what is observed for the stainless

steel mirrors, the reflectivity seems to be a linear function of the ion fluence. At fCH4 = 3.5 %,
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Figure 9.2: Real-time evolution of the specular reflectivity R (normalized to unity) of (a) stainless
steel and (b) copper mirrors during laboratory plasma exposure. Typical exposure time of samples is
about 10 hrs. Note the lower ion fluence to which the copper mirrors were exposed.

the reflectivity falls essentially to zero for a fluence of 1 · 1019 ions.cm−2.

9.2.2 Reflectivity of the mirrors after exposure

Specular reflectivity of the mirrors was measured before and after plasma exposure in the

wavelength range 250-2500 nm. These measurements are consistent with the data measured

by laser-reflectometry during the plasma exposure. For stainless steel (fig. 9.3a), only slight

changes of the reflectivity are measured for mirrors exposed with methane fraction of fCH4 = 0

and fCH4 = 1.8 %. In the range 250-500 nm, reflectivity measured on the mirror with fCH4 =

1.8 % is hardly higher than the reflectivity of the mirror exposed to a pure deuterium plasma.

These observations (added to the fact the surface roughness is almost unaffected by the plasma

exposure) also rule out the presence of carbon on the surface, since even thin carbon layers

can be easily detected in the visible region of the spectrum. A strong decrease of the specular

reflectivity is found for the mirror coated with a hydrocarbon film (fCH4 = 3.5 %), due to

both absorption of the light in the deposited layer and to interferences. However, the fact the

reflectivity is close to zero in the range 250-500 nm is most probably due to the rough structure
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of the film shown in fig. 9.5b.

For copper (fig. 9.3b), the higher the methane fraction the more affected the reflectivity.

This is consistent with the SEM pictures described later and the evolution of the surface

roughness. Given the absence of a detectable amount of carbon on the surface by EDX, the

evolution of the specular reflectivity should be only caused by the surface roughening and the

development of a microrelief on the surface.

Figure 9.3: Specular reflectivity of (a) stainless steel and (b) copper mirrors before and after labo-
ratory plasma exposure as a function of the wavelength.

Measurements of the reflectivity of linearly polarized light were made using the spectroscopic

ellipsometer for different angles of incidence in the range 40-80◦. To represent the changes in

the polarization of the light induced by the plasma exposure, the ratio Rs/Rp is plotted in fig.

9.4, as a function of the angle of incidence of the light, for a wavelength of 630 nm. For stainless

steel no significant changes in the polarization of the light are found for methane fraction of 0

and 1.8 % and for angle of incidence lower than 75◦. Strong changes are however found for the

carbon coated mirror. From measurements made on copper mirrors (fig. 9.4), it is found that

a drastic increase of the surface roughness has less effect on the polarization of the light than

the deposition of a carbon layer. Indeed the relative variations of the ratio Rs/Rp caused by

the surface roughening are lower than the changes induced by the presence of the carbon layer

on the stainless steel mirror. We could therefore conclude that deposition of impurities on the

mirror surface is a more serious problem than increase of the roughness due to sputtering for

diagnostic systems using polarized light (like the ITER LIDAR system).
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Figure 9.4: Ratio Rs/Rp measured at λ = 630 nm on (a) stainless steel and (b) copper mirrors for
different angles of incidence.

9.2.3 Surface morphology of the mirrors after exposure

Investigations of the surface morphology by SEM provides some clues regarding the damaging

effects of the plasma exposure for the two materials. For fCH4 = 0 and 1.8 %, the stainless steel

mirror surface surface remains undamaged (fig. 9.5a), with no sign of the stepped-structure

found, for example, in [69] for polycrystalline samples exposed to similar deuterium ion fluence

(but with higher ion energies). The roughness remains very low (Ra=6 nm compared to an

initial value of 5 nm) for both cases, consistent with the slight change observed for the specular

reflectivity in fig. 9.2. It should be noted that EDX analysis finds no trace of carbon on samples

exposed to fCH4 = 0 and 1.8 %, although given the information depth of EDX (about 1 µm)

one could not exclude the presence of carbon as impurity on the surface. The surface of the

mirror exposed to fCH4 = 3.5 % is coated with a 250 nm thick a-C:H film. As seen in fig. 9.5b,

the film is quite rough. It has a very poor adhesion to the substrate and can be peeled away

very easily.

For copper, the evolution of the surface morphology with the methane fraction in the plasma

is very different to that observed for stainless steel. For fCH4 = 0 %, neither visible damage

of the surface nor any increase in the surface roughness is found (Ra =7 nm compared to

an initial value of 6 nm). However, when the methane fraction in the plasma is increased, the

crystallographic structure becomes visible. In fig. 9.6, on can clearly see the grain-to grain relief,

and the sharp grain boundaries. The resulting increase in the surface roughness (Ra =26 nm

after exposure) explains the degradation of the specular reflectivity described above.

The effect is even more pronounced for fCH4 = 3.5 % as seen in fig. 9.7. Besides the more

distinct appearance of the different crystallographic grains (fig. 9.7a and b), many micrometer-
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Figure 9.5: SEM picture of the surface morphology of the stainless steel mirror exposed to (a)
fCH4 = 1.8 and (b) fCH4 = 3.5 %.

Figure 9.6: SEM picture of the surface morphology of the copper mirror exposed to fCH4 = 1.8 %
for two different magnifications ((a) × 500 and (b) × 2000.

sized particles can be seen all over the surface (fig. 9.7c and d) as well as conical structures

on top of some grains (fig. 9.7c). Observations of conical micrometer structures have been

reported by other authors for copper (and also for other materials) under ion bombardment

[135, 136]. The combination of these morphological changes results in a strong increase of the

surface roughness (Ra =70 nm after exposure) and to a complete loss of the specular reflectivity

in the visible region.
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Figure 9.7: SEM picture of the surface morphology of the copper mirror exposed to fCH4 = 3.5 %
for four different magnifications ((a) × 100, (b) × 500, (c) × 5000 and (d) × 10000.
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9.2.4 Erosion/deposition mechanisms

Fig. 9.8 summarises the eroded/deposited depth measured for the different mirrors from the

weight measurements, showing very different behaviours of the two substrates under similar

conditions. From fCH4 = 0 to fCH4 = 1.8 %, a reduced erosion of the stainless steel mirror

Figure 9.8: Surface thickness change of the different mirrors exposed in laboratory plasma experi-
ments as determined from weight measurements and profilometry as a function of the methane fraction
in the gas mixture. Note the higher ion fluence to which the stainless steel mirrors were submitted to.

is noticed. Deposition of an a-C:H layer is then found for higher methane content. In the

case of copper, there is a strong increase in the eroded depth from fCH4 = 0 % to fCH4 =

1.8 %, with only a slight reduction of the sputtered depth at the highest methane content.

From these measurements we infer that under simultaneous bombardment with carbon and

deuterium ions (with fCH4 = 3.5 %), the reflectivity of a copper mirror is damaged by physical

sputtering from the plasma ions whilst a stainless steel mirror becomes coated with an a-C:H

film. These observations seem to indicate different evolutions of the effective sputtering yields

of the respective material with the fraction of carbon.

The effective sputtering yield of a given material can be defined as the ratio:

Yeff =
neroded

Γ · ∆t (9.1)

where neroded is the number of atoms sputtered from the surface (calculated from the measured

eroded depth and the atomic density of a given material), Γ is the ion flux and ∆t is the

exposure time. It thus corresponds to the experimentally observed sputtering yield. Table 9.3

shows the values of the effective sputtering yields for the different mirrors. According to what

was observed in fig. 9.8, a decrease of Yeff is noticed for stainless steel from fCH4 = 0 to 1.8 %
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with a factor 2 between both values. In contrast, for copper, a strong increase of Yeff (about

×5) is found between mirrors exposed to a carbon containing plasma and mirrors exposed to

a pure deuterium plasma. From table 9.3 it is seen that for fCH4 = 1.8 % the ratio
Yeff(Cu)

Yeff(SS)
amounts to about 18, which is in the same order of magnitude than the value found for mirrors

exposed in Tore Supra. For mirrors exposed to pure deuterium plasma, the ratio of the effective

sputtering yields fits well with the theoretical values. It is therefore only in the presence of

carbon impurities in the plasma that differences are found between the two materials.

Material fCH4 (%) Yeff

Stainless steel 0 0.02

1.8 0.012

3.5 /

Copper 0 0.039

1.8 0.22

3.5 0.16

Table 9.3: Effective sputtering yields of the different mirrors exposed in laboratory plasma experi-
ments calculated from the measured eroded depth and the total ion fluence.

In the case of simultaneous bombardment of a surface by deuterium and carbon ions the

effective sputtering yield of a material M can be expressed by [137]:

Yeff = (Y D→M · fD + Y C→M · fC) ·
(

1 − fC · (1 −RC→M)

Y D→C · fD + Y C→C · fC

)
(9.2)

where fI is the concentration of the element I in the plasma with respect to the electron density,

and qI the ionization stage of the element I (
∑

i fi ·qi = 1), and YC→M is the sputtering yield of

the material M by carbon ions. The term in the second brackets of eq. 9.2 takes into account

that a flux

Γ ·
(

fC(1 −RC→I)

Y D→C · fD + Y C→C · fC

)
(9.3)

is necessary to sputter the carbon ions coming from the plasma and sticking with a probability

SC→I = 1−RC→I (RC→I is the particle reflection coefficient of carbon ions scattered from the

surface of element I) on the surface before the plasma ions can further sputter the material.

That is to say, since carbon can be deposited on the surface part of the incoming ions sputter

the deposited carbon atoms and do not contribute to the further sputtering of the surface. If

the expression (9.3) is larger than the total ion flux Γ, carbon will be deposited on the surface.

In the other case, the material will be sputtered by the reduced flux of plasma ions.

To confirm the results obtained with copper, the experiment described above was repeated

with a higher ion fluence. Similar procedure as that described in chapter 5.1, was applied for

the experiment. This time in addition to the weight measurements, a mask was placed at the

sample edge to allow measurements of the sputtered depth by profilometry. Fig. 9.9 shows the
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Figure 9.9: Values Yeff calculated for the two series of copper mirrors exposed to methane containing
deuterium plasma. Also plotted are the values of Yeff calculated from eq. 9.3 assuming the sticking
coefficient is 0.

values of Yeff inferred from both experiments. There is evidently a good agreement for the

values calculated for a pure deuterium plasma and for the highest methane fraction. However

there is quite a large discrepancy for the case when fCH4 = 1.8 %. We do not have yet a clear

explanation for this discrepancy. An overestimate of the eroded thickness from the mass loss

measurements in case of the low fluence experiment cannot be excluded.

The second experiment confirms the increased erosion observed when carbon impurities are

introduced in the gas mixture. As seen from eq. 9.3, assuming the sticking coefficient of carbon

on the surface is not zero (i.e. assuming carbon can be deposited on the surface), the effective

sputtering yield of the material should be lowered when the carbon content in the plasma is

increased, compared to the case of a pure deuterium plasma. This is what is observed for the

stainless steel mirrors. We may even say that the surface of the stainless steel mirror is partially

protected from being sputtered when carbon is present in the plasma. For copper however, the

experimental findings indicate that the carbon ions are not deposited and contribute only to

the further sputtering of the mirror surface thus increasing the effective sputtering. To check

this assumption, the effective sputtering yield of copper was calculated using eq. 9.3 but with

the rather extreme hypothesis SC→I = 0, the sputtering yields used in the calculation are

taken from the Monte Carlo code SRIM [138]. The calculated values are plotted in fig. 9.9.

A rather good agreement is found between the calculated and experimental values, confirming

the enhanced erosion of the surface due to carbon ions.

The results described in this section confirmed the very different behaviour observed for

copper and stainless steel mirrors exposed in Tore Supra. The addition of methane in the

deuterium plasma has opposite consequences for copper and stainless steel. While a decrease
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of the effective sputtering yield is found for stainless steel (and then carbon deposition for a

sufficient methane fraction), an increase of Yeff is found for copper with increasing carbon

fraction.

Experiments in Tore Supra and in Basel, were made with ion energies above the sputtering

threshold for the respective materials i.e. under erosion dominated conditions. The next section

will described the different deposition rate observed on different types of substrates with particle

energies below the sputtering threshold of the given materials.
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9.3 Substrate-dependent carbon deposition efficiency on

samples exposed in the TCV divertor

9.3.1 Surface analysis of the deposited material

As described in chapter 4.4, mirror samples from a variety of different materials of interest to

ITER mirrors were exposed in pairs on a specially designed sample manipulator allowing sample

insertion in the divertor floor region of the TCV tokamak. Table 9.4 summarises the different

materials tested, the experimental conditions (recessment distance, number of tokamak shots,

glow discharge conditioning time etc.) and estimation of the deposited thickness. Evidently,

Number Glow Deposited

Experiment Material d (mm) of discharge thickness

number shots (hrs) (nm)

1 Mo 15 323 33.44 4.7

2 Mo 10 19 1.47 ≈1

W

3 Mo 50 214 21.54 ≈0.85

W

4 Mo 50 223 24.5 1.3

Si 15.89

5 Mo 50 820 90.5 4

Si 24

Table 9.4: Experimental conditions of the mirror exposures in the TCV tokamak. d is the distance
between the sample surface and the front surface of the graphite divertor tiles. The experiment
numbers in the left column are only indicative.

only very thin layers have been found on the different samples, especially when high-Z materials

(Mo, W) have been exposed. No difference in the carbon layer thickness was found when Mo

and W were exposed simultaneously. The thickness values were determined from ellipsometric

measurement, although, given the very low values obtained, one should keep in mind the large

relative uncertainties in these values. In addition, the presence of low amounts of deposited

carbon on the sample surfaces was established by XPS measurements.

As seen from the table, there seems to be no correlation between the deposited thickness and

the recess distance below the divertor target tiles, though the significance of this observation

must be gauged against the large differences in terms of plasma configurations and conditions

(ohmic, H-mode, high power, low density electron cyclotron heated discharges, limiter, divertor

etc.) characterising the different sample exposure periods. The most striking results in terms

of deposited thickness are obtained when molybdenum and silicon samples are simultaneously

exposed. The deposition rate on the Si sample is found to be much higher than on Mo, a

phenomenon observed in two separate experiments. Since the geometry of the sample holder

and the exposure in pairs ensures that the samples experience nearly identical conditions, the
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only parameter which can play a role is the substrate material itself.

Figure 9.10: (a) C 1s core level spectra and (b) Mo 3d3/2,5/2 doublet measured by XPS on samples
exposed during experiment 5 in the divertor of TCV. (c) SIMS depth profile of the Si sample exposed
during experiment 4.

The composition of the deposited layer has been investigated by means of XPS and SIMS.

Examples of the C 1s and Mo 3d lines measured on the samples exposed during experiment

5 are given in fig. 9.10, as well as a SIMS depth profile measured on the Si sample exposed

during experiment 4. The deposited layers were found to be mainly deuterium and carbon, as

expected given the use of deuterium as main plasma fuel and the extensive graphite coverage

of the TCV first wall. The optical constants of the films were determined by ellipsometry. The

layers have a rather low refractive index (n≈ 1.5 at 632 nm) indicating a soft hydrocarbon

film, and these values are in good agreement with those measured on samples exposed in the

pump ducts of the ASDEX-Upgrade divertor [162]. The differences in terms of film thickness

on the Si and Mo samples exposed during experiment 5 are visible indirectly with XPS. The

signal coming from the substrate can no longer be seen on the Si sample due to higher carbon

film coverage whereas the Mo 3d line is still very intense for the Mo sample. Moreover as seen
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in fig. 9.10a, the C 1s line measured on the Mo sample reveals two components at 284.5 and

283.2 eV respectively. The former line is associated with an amorphous hydrogenated carbon

phase while the latter reveals the typical shift of molybdenum carbide. This is consistent with

the mechanism proposed in [119] for the growth of an a-C:H film on a Mo substrate, starting

with the formation of a carbide phase. Since the interfacial carbide is still observed in the C

1s line, it confirms the low thickness of the film on the Mo sample. The Mo 3d line shows the

presence of two doublets, the most intense (with the Mo 3d3/2 peak at 228.3 eV) corresponds

to molybdenum carbide, the less intense doublet shifted towards higher energy corresponds to

MoO3.

Observations of the surface morphology of the samples were done by SEM and with an

interferometric microscope1 allowing a 3D-profiling of the mirror surface. As seen in fig. 9.11a,

an accumulation of carbon (according to EDX measurements) in the form of a black line can

be seen in the shadowed region between the part of the sample covered by the sample holder

and the part visible to the plasma. Fig. 9.11a shows an SEM picture of this deposit taken

in one corner of the sample. Interferometry measurements (fig. 9.11b) demonstrate that the

thickness of this deposit is not regular along the perimeter of the sample and has a mean value

of about 160 nm (this value should be compared with the very low deposited thickness found

at the centre of the sample) for the Mo sample exposed during experiment 2. For samples

exposed during longer periods, similar observations are made, namely low deposited thickness

in the centre and accumulation of carbon at the edge, but thicker deposits are found at the

perimeter of the exposed area. The thickness of this deposit seems to grow with the sample

exposure time.

Given that TCV is an all carbon machine, deposition of thicker layers might have been

expected. SOLPS5 modelling [163] of the standard SNL discharge executed once every day

and used for the dedicated exposure experiment indicates that a net carbon deposition rate of

∼3.5 nm.s−1 in the region directly above the samples might be expected (assuming the release

of CD4 only at a chemical sputtering yield of 3.5 % on the target surfaces). Due to the design

of the floor tiles around the sample aperture and the sample position (recessed below the tile

surface), samples are never exposed to direct ion fluxes. Layers must therefore have been formed

by the deposition of hydrocarbon radicals which is consistent with the nature of the observed

layers (soft hydrocarbon film) [71]. These radicals can be formed either in the divertor plasma

from the dissociation of stable CD4 or C2Dx (x=2,4,6) molecules, produced by chemical erosion

of carbon components or at the carbon divertor plates as a result of chemical erosion processes

or thermal decomposition of redeposited layers [162]. Of course, since samples are recessed

behind the divertor tile surfaces, the resulting lower solid angle with which the samples see the

plasma naturally reduces the deposition rate, but the recessment distances investigated here

are not high enough to reduce it so drastically.

Since helium glow discharges are applied routinely as a wall conditioning procedure in TCV

and given that the total duration of the glow discharges during a sample exposure is much larger

than the total tokamak plasma duration, one may think that erosion of the deposited layers by

incoming He ions could explain the very low deposited thicknesses observed. Yet the sample

1OptoSurf microscope with x10 and x20 objectives; measurements realized by Eotech, Paris, France.
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Figure 9.11: (a) SEM picture of the accumulation of carbon found on samples exposed in the TCV
divertor at the border between exposed and non-exposed areas, (b) interferometry measurement of
the same area of the sample.

holder is maintained at the local floating potential during the glow discharges and the energy

of the impinging ions does not exceed ≈ 10 eV (acceleration into the sheath) and is therefore

below the physical sputtering threshold for He. Moreover the fluxes during the conditioning

glow discharges are much lower than the plasma fluxes during the tokamak shots. Removal of

carbon deposited by the tokamak discharges by the He glow can therefore be neglected.

To assess the possible erosion due to energetic charge exchange neutrals, a special sample

with an erosion marker was prepared. It consisted of an Al layer of known thickness deposited

on a Si sample by magnetron sputtering in a UHV chamber. Aluminium was deposited on a

spot of ≈ 3 mm diameter (thus covering only part of the surface) and with a thickness of 230 nm.

The thickness of the Al marker was measured before and after a 3 week exposure in TCV by

means of a stylus profilometer. Aluminium was chosen as a marker element because of its low-Z

and because it is not present elsewhere in the machine, therefore if after exposure traces of Al

are found at other parts of the sample one can be sure that it comes from the marker. Results

are shown in fig. 9.12a. As seen, no noticeable decrease of the marker thickness is observed,

instead an increase of the thickness of about 15 nm is found after exposure. XPS reveals that

this increase is due to carbon deposited on the marker surface which is also seen on the SIMS

depth profile in fig. 9.12b where the carbon layer, the Al marker and the Si substrate are clearly

distinguished. No traces of aluminium are found on the rest of the Si sample. Therefore we

can rule out possible erosion of the mirrors by energetic CXN.

The reason for the accumulation of carbon at the edge of the exposed area is not known.

The black colour of the deposit indicates a low deuterium content. One hypothesis for the

formation of this deposit may be the accumulation of dust particles. Formation of dust has

been observed in several fusion devices with carbon PFCs [164, 165]. At the end of a tokamak

discharge, most dust particles fall down due to gravity. The lighter ones may be reinjected into

the plasma either by magnetic or by electric forces when the dust flakes are charged by plasma

electrons [166]. One can speculate that the accumulation of carbon observed on TCV samples

is formed by dust particles swept away from the sample surface and retained by the edges of
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Figure 9.12: (a) Thickness of the Al marker deposited on a Si sample by magnetron sputtering before
and after exposure in TCV as measured with a stylus profilometer and (b) SIMS depth profile of the
Al marker after exposure in the TCV divertor.

the sample holder thus forming the black line observed.

9.3.2 Deposition efficiency on different substrates

As described in chapter 9.3.1, under identical exposure conditions the deposition rate of carbon

on a silicon substrate has been found to be much higher than on molybdenum. The reason

for these differences will be described in more detail in chapter 9.4.2. Firstly, the reflection

coefficients of D and C on Si are much lower than on Mo. Secondly, due to the higher par-

ticle reflection coefficients, enhanced physical re-sputtering of the deposited material by the

impinging deuterium neutrals may take place.

Boronisation of the vacuum vessel is used in TCV as a wall conditioning technique, and is

made regularly. During such procedure a glow discharge is created in a mixture of helium and
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diborane in order to coat all PFCs with a boron containing layer [49]. The ability of boron to

Figure 9.13: SIMS depth profile of (a) Mo and Si samples exposed during three weeks in TCV and
(b) of Si and W samples exposed during a boronisation of the TCV vacuum vessel.

getter oxygen helps in reducing the oxygen content in the plasma and allows an improvement

of the plasma conditions. Two samples (W and Si) were exposed during a boronisation being

recessed 50 mm below the divertor tile surface (to make it comparable with other exposures).

The aim was first to characterize the boron layer and also to see if differences in the film

composition may be observed. During the boronisation the samples were insulated from the

rest of the torus and thus maintained at the local floating potential. After boronisation the

samples are coated with a ∼20 nm thick layer consisting of C, B and O. They were analyzed

with Tof-SIMS in order to obtain the depth profile concentration of the different elements in

the deposited layer. Results are shown in fig. 9.13. For the samples exposed during tokamak

operations, for a three week period, differences in the thickness of the deposited layer are

found which are seen from the differences in the depth profile of C and D in fig. 9.13a. Some

differences in the concentration profiles are also noticed for the samples exposed during the

boronisation. They are the most pronounced near the interface film/substrate (zone 2 in fig.

9.13b). A thinner film is found on the W sample. The composition of the homogeneous layer

(zone 1) seems identical for both samples which is in agreement with surface analysis done

by XPS (for which only the topmost layer is analyzed). These observations confirm that the

substrate plays a significant role until a certain film thickness has been deposited, beyond this

point the incoming particles will only see the deposited layer with the substrate becoming

invisible, masked by the deposited layer. As reported in [167], some deposition probes (Si and

C) were exposed during a boronisation in ASDEX-Upgrade. These samples were maintained

at machine potential such that the energy of the impinging particles was about 270 V. The

composition and thickness of the layer deposited on Si and C was found to be different.

It is now clear that the substrate material plays a role in determining the importance of

the erosion/deposition mechanisms. It is possible to extract complementary information on
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the physical mechanisms involved with a theoretical approach using a Monte Carlo simulation

code of the sputtering processes. Numerical simulations of the simultaneous bombardment of

a mirror surface by deuterium and carbon ions have been performed using the TRIDYN code.

The results of these studies will be described in the following section.
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9.4 Numerical simulations

9.4.1 The TRIDYN Monte Carlo code

TRIDYN (or SD-TRIMSP) [139, 140] is a Monte Carlo code for binary collision simulation of

atomic collisions and dynamic composition changes in solids. It is based on the well-known

TRIM code [141] which provides fast simulations of collisions in amorphous materials. Origi-

nally TRIM was developed for the calculation of the slowing down of fast particles only, disre-

garding any recoil of the target atoms. Later, the original code was modified to include recoil

atoms (thus allowing simulations of the sputtering process) but always with a static target

substance, i.e. being strictly valid only in the limit of low implantation fluences.

By comparison, TRIDYN is a dynamic code in the sense that changes in the surface compo-

sition induced by the impinging ions are accounted for at each calculation step. The program

determines the thickness removed or deposited as a function of the ion fluence. In addition,

sputtering yields, reflection coefficients, surface composition and depth distributions of the

different species are calculated versus the incident ion fluence.

Ballistic effects such as projectile deposition and reflection, sputtering, and ion mixing are

computed for a target at zero temperature. Radiation damage is not taken into account.

The target and the deposited layer are assumed to be amorphous. Each simulated projectile

(“pseudo-projectile”) represents a physical increment of incident fluence (incident particles per

unit area). TRYDYN covers only non-thermal processes so that diffusion and segregation

processes are neglected.

According to the procedure described in [80], the “krypton-carbon” potential [142] is applied

as an interaction potential. The electronic stopping cross section is calculated as an equipar-

tition of the continuous Lindhard-Scharff [143] and the local Oen-Robinson [144] interactions.

The binding of the surface atoms is described by a planar potential with the heat of sublimation

as the value of the surface binding energy. Projectiles and target atoms are followed as long as

their energy is above the surface binding energy.

In the framework of the present study, TRIDYN was used to shed some light on the different

erosion/deposition patterns observed both in laboratory experiments and in Tore Supra. In

order to match the experimental conditions the simulation parameters were defined as follows:

• electronic temperature of 13 eV and sheath potential of 200 V (using the Langmuir probe

measured Te and with the sheath potential corresponding to the bias applied to the

mirrors during the laboratory experiment),

• D+ and C3+ as impinging ions (according to an ion-recombination balance calculation

C3+ is the majority carbon species in the plasma [145]),

• Maxwellian ion energy distribution,

• isotropic angular distribution (which is transformed to a more normal incidence by the

sheath potential) [146].
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9.4.2 Simultaneous bombardment of different candidate materials

by deuterium and carbon ions

Results

Numerical simulations were carried out using the parameters described above for a selection of

relevant materials: copper, iron, molybdenum and silicon. Silicon was chosen because of the

interesting results obtained with silicon samples exposed in the divertor of TCV [113], even if

it is not really a good candidate material for first mirrors in ITER. Moreover, iron was used

in the simulations instead of stainless steel mainly for ease of modelling, though we implicitly

assume that since iron is the main constituent of stainless steel, the results obtained here are

illustrative of the real case. Fig. 9.14 shows the results of the TRIDYN calculations made for

different fractions of carbon ions in the plasma.

Figure 9.14: TRIDYN calculations of deposition and erosion versus ion fluence for different mirror
materials bombarded simultaneously by D+ and C3+ ions with Te=13 eV and for different carbon
concentrations in the plasma.

For the case of a pure deuterium plasma (fC = 0), the surface of all materials is eroded
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systematically with the incoming ion fluence. The erosion rates are consistent with the relative

sputtering yields of the different materials. For fC = 1%, the evolution of the surface thick-

ness of all materials is still linear with the ion fluence, but differences in the erosion rates of

the different materials are observed. The erosion rate of molybdenum for fC = 1% is larger

than that calculated for a pure deuterium plasma: the final eroded depth (for a fluence of

5 · 1019 ions.cm−2) is 38 nm compared to 25 nm when fC = 0. On the contrary, a reduction in

the erosion rate of Si, Cu and Fe is found from the calculations. The most drastic evolution

being found for Si for which a factor of 4 reduction of the erosion is found (50 nm instead of

200 nm). Observations are the same for fC = 2%, but deposition occurs for Si. It should be

noted that in this case the surface thickness does not evolve linearly with the ion fluence. The

surface is first eroded by the impinging plasma ions and, after a certain ion fluence is reached

(3 · 1019 ions.cm−2 in the conditions here), deposition starts. For higher carbon fraction in the

plasma, all surfaces become deposition dominated, and exhibit the behaviour observed for Si.

The point at which deposition starts depends on the material, although after a certain film

thickness is reached, the deposition rate appears to be similar on all materials. Indeed after a

certain thickness, the substrate becomes invisible to the incoming ions.

Figure 9.15: Transition between erosion and deposition for Cu, Fe, Mo and Si as a function of the
fraction of carbon in the plasma for a given fluence of 5· 1019 ions.cm−2.

Fig. 9.15 shows the evolution of the “surface thickness” of the materials as a function of

the fraction of carbon in the plasma for a given ion fluence. This illustrates both the different

behaviours exhibited by the different substrates for increasing carbon content in the plasma, and

the different critical fluences at which deposition occurs. Silicon is the most sensitive substrate

towards deposition, carbon deposition occurs for fC = 1.6%. In contrast, for molybdenum the

transition between erosion and deposition occurs at fC = 3.1% under the conditions of interest

here.
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Discussion

The problem of the simultaneous bombardment of a surface by several ion species is a very

critical issue for ITER because of the combination of materials to be used as plasma-facing

elements. Of particular importance in the present study are the critical impurity (carbon) to

fuel (deuterium) ratio (here the C/D ratio, denoted henceforth by f ∗
C) for the erosion/deposition

transition, and the non-linear evolution of the surface thickness with the incoming ion fluence.

We shall discuss these two points in the following paragraphs.

According to the results shown in fig. 9.15, the higher the atomic number (Z) of a given

element, the higher f ∗
C . This observation is consistent with the observations made by other

authors [147, 148]. This can be partially explained by studying the reflection coefficients,

computed with TRIDYN, of the incident carbon and deuterium ions on the different materials

(table 9.5). For both types of ions, the higher the Z of the material the higher the reflection

coefficient. Since a larger fraction of carbon ions is reflected from a molybdenum surface

compared to reflected from a silicon sample, more carbon ions are necessary to build a layer

and turn from erosion to deposition. This leads to the higher f ∗
C for Mo. An alternative way

of stating this is that the sticking coefficient of carbon on molybdenum is lower than that of

silicon. Another possible explanation for the different transitions from erosion to deposition,

Material Ion

D C

Cu 0.36 0.16

Fe 0.32 0.13

Mo 0.4 0.22

Si 0.17 0.02

Table 9.5: Reflection coefficients of deuterium and carbon ions determined from numerical simulations
with TRIDYN (at given energy of incoming species).

which is also a consequence of the higher ion reflection coefficients of high-Z materials, is the

enhancement of the physical re-sputtering of carbon deposited on molybdenum. This effect has

been studied in [149] for the case of boron on carbon and tungsten substrates and more recently

in [150] to explain the different efficiency of hydrocarbon deposition onto carbon and tungsten.

To re-sputter a deposited atom, the incident plasma ion must change its direction by a reflection

from an underlying substrate atom. Since Mo atoms are much heavier than deuterium atoms,

the energy transfer from an incident deuterium ion to a molybdenum substrate atom will be

quite ineffective (and much less effective than the energy transfer from a D ion to a Si atom due

to their smaller mass ratio). An ion will thus be reflected with a considerably higher energy

than in the case of a Si substrate for example, and will therefore have a higher probability

to sputter a deposited carbon atom. Fig. 9.16 illustrates this effect. A high-Z material like

molybdenum is therefore much less sensitive to carbon deposition than a low-Z material.

The differences in the critical carbon fraction for the transition erosion/deposition for dif-

ferent materials find a natural application in the selective deposition or etching on patterned

substrates e.g. for the fabrication of ultra-small microelectronic components [151, 152, 153].
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Figure 9.16: Illustration of the enhancement of the physical sputtering of carbon deposited on a Mo
surface.

The non-linear evolution of the surface thickness was first investigated by Naujoks et al

using both the TRIDYN code and an analytical model they developed [154, 80]. For a silicon

substrate, at fC = 2% (fig. 9.14), a transition from an erosion phase at the beginning of the

ion bombardment to a deposition phase at higher fluences is observed. At the beginning of the

bombardment, the energy of the incident plasma ions is high enough to sputter Si. But during

the bombardment more and more carbon ions are deposited which cannot subsequently be

removed. Consequently the sputtering of Si atoms from the surface decreases and deposition

prevails for higher fluences. Similar observations were made during the bombardment of a

tungsten surface with deuterium and carbon ions with energies in the keV range [155, 156].

9.4.3 Comparison with the experimental results

Fig. 9.17 shows a comparison between the results described in section 9.2.4 and the values of

erosion/deposition calculated with TRIDYN. Excellent agreement is found for the case of stain-

less steel. The situation is very different for copper. As already noted earlier, the code predicts

that copper and iron should have similar behaviour in the case of simultaneous bombardment

with deuterium and carbon ions. Indeed TRIDYN deals with physical processes only: chemical

processes like carbide formation, diffusion, segregation,... are neglected. Since copper and iron

have atomic masses which are very close, it is not that surprising that TRIDYN predicts similar

behaviour for both materials. However, as already pointed out in chapter 9.2.4, it seems that

the carbon impurities in the plasma decrease the effective sputtering yield of stainless steel

while enhancing that of copper. This would indicate that other effects, neglected in the code,

play a fundamental role in the case of copper. From a chemical point of view, it is perhaps

important to note that copper does not form stable carbides [157]; the only existing carbide

phases are metastable [158]. Moreover the miscibility of carbon into copper is very low even

at high temperature (C-Cu bonds are very weak) [159, 160]. Since copper cannot form carbide

we may assume a very low sticking coefficient of carbon onto copper. Carbon would therefore
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Figure 9.17: Comparison between the experimental results described in chapter 9.2.4 and the ero-
sion/deposition calculated with TRIDYN.

have less chance to be deposited on copper and will rather contribute to the further sputtering

of the surface.

Similar observations concerning enhanced sputtering of copper in presence of carbon ions

have been made during carbon ion implantation in copper at high temperature [161]. According

to the authors, carbon may enhance the sputtering not by direct sputtering of the material but

rather by the precipitation of carbon at the near surface resulting in the creation of very

weak Cu-C bonds. Copper surface atoms would be less attached to the bulk materials and

sputtering by the plasma ions would be facilitated. Further experiments will be needed to

check this assumption and clarify the precise role of carbon during the sputtering process.

9.4.4 Conclusions

The results presented here demonstrate that under similar exposure conditions, mirrors from

different materials behave quite differently. Under simultaneous bombardment with deuterium

and carbon ions, a copper mirror is damaged by physical sputtering from the plasma ions whilst

a stainless steel mirror becomes coated with an a-C:H film. For both substrates the mecha-

nism affecting the optical reflectivity is therefore different: sputtering of the copper surface

increases the surface roughness and thus decreases the reflectivity, whilst the reflectivity of the

SS mirror is modified by the absorption of light in the deposited layer. The different deposition

rates measured on Si and Mo after exposure in TCV under similar conditions confirm that

the erosion/deposition pattern is substrate dependent. Numerical simulations with TRIDYN

have shown that the particle reflection coefficients onto different substrates could explain the

behaviour observed for Mo, Si and SS. The case of copper remains, however, incompletely

resolved. Several effects (surface chemistry, roughness...) may contribute to the observed in-

creased erosion of the surface when carbon is present in the plasma. However the present data

do not allow unambiguous conclusions and further experiments would be required to assess
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these different hypotheses. It is clear, however, that in choosing diagnostic first mirror mate-

rials in ITER, both the resistance of a material to sputtering and the efficiency of deposition

(eg. C, Be, W) must be considered with equal importance.
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9.5 Conclusions

The question of the lifetime of the metallic mirrors in the diagnostic systems of ITER is of

crucial importance for the success of the project. Any modifications of the mirror reflectivity

caused by the intense plasma-wall interactions in the machine will affect the reliability of the

spectroscopic signals. Although comparatively simple, the mirrors are the first element in very

complex and expensive diagnostic systems and must function reliably through the life of the

project. The basic questions to be answered are therefore: how long will the mirrors maintain

the required optical properties, and how to maximize this duration ? The objective of this thesis

was to improve the understanding of the effects of the plasma-wall interactions in a tokamak

(material erosion, migration, and redeposition) on the optical properties of in-vessel metallic

mirrors, with a view towards the parameters which may be optimized to extend their lifetime.

Fig. 9.18 summarises the approach followed during this thesis and the main results obtained.

Two opposite effects are likely to contribute to the deterioration of the mirror reflectivity:

erosion due to charge-exchange neutrals and deposition of impurities on the mirror surface.

Erosion of an initially polished polycrystalline material, proceeds with the removal of the

polished layer and the progressive appearance of the different crystallographic grains, hence

a progressive decrease of the specular reflectivity. On the contrary, as was confirmed by the

exposure of single crystal and polycrystalline mirrors in the SOL of TEXTOR, a single crystal

mirror is eroded homogeneously by the incoming particles and maintains a stable roughness.

Single crystal mirrors thus appear as attractive solutions for mirrors likely to be subject to ero-

sion. However, it remains very challenging from a technological point of view to manufacture a

single crystal mirror with the size meeting ITER’s requirements (for example 35 cm diameter

for the mirrors in the Thomson Scattering system). A feasibility study is ongoing in Russia.

The key parameter here is that the surface roughness remains negligible in comparison with

the wavelength of the light during the erosion of the surface. An alternative to the use of

single crystal may consist in the use of nano-crystalline films deposited on a metallic substrate.

Two approaches are currently being investigated. The first one consists in the deposition of

nanocrystalline molybdenum films deposited by magnetron sputtering on a polished molybde-

num substrate. In addition, realization of rhodium layers by magnetron sputtering on different

metallic substrates (copper, molybdenum, stainless steel) have been initiated during this work.

The average crystallite size is about 30 nm, and the first tests with ion bombardment of the

prepared mirrors are rather promising.

In ITER the use of carbon as plasma-facing material for the divertor targets together with

the long range migration of carbon/hydrocarbon observed in present tokamaks raise the pos-

sibility that mirrors located at remote locations from the plasma may become coated with an

amorphous hydrogenated carbon film. Exposure of molybdenum mirrors in the private-flux

region of the DIII-divertor has evidenced a carbon deposition rate of 2 nm.s−1 leading to strong

modifications of the mirror reflectivity after 25 s of plasma. Estimates of the flux of carbon ar-

riving on the mirrors located under the ITER dome indicate that a comparable deposition rate

may be expected there. In addition to the protection of the mirror surface by baffle structure,

mitigation methods will be necessary to prevent (or reduce) the extent of the problems caused

by the deposition of carbon. One of such possible mitigation method was tested in DIII-D.
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Figure 9.18: Summary of the main results obtained during this thesis.
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Heating the mirrors to about 200◦C, and thus thermally enhancing the chemical erosion yield

of carbon, appeared to be sufficient to prevent carbon from being deposited on the mirrors.

Though very encouraging, this result is affected by the relatively strong surface oxidation found

on the surface of the heated mirrors. Although the origin of this oxidation remains unclear, its

occurence puts the stress on the necessity of applying regular in-situ cleaning techniques to the

mirrors in ITER even if mitigation methods are applied.

Of course, the problem of carbon deposition is intimately dependent on the presence of

beryllium as a first wall material in ITER. Indeed experiments in PISCES-B have shown that

the Be fraction present in the SOL plasma flow may lead to the formation of a Be coating on

the graphite target thus reducing (and even suppressing) carbon erosion. In turn, the deposited

beryllium may re-erode and lead to the formation of Be-rich deposited layers in line-of sight

locations from the target. Experiments with metallic mirrors were carried out in PISCES-

B with the aim of characterizing the effect of a Be/C layer on the mirror reflectivity and

investigate the effect of the mirror temperature on the deposited layer. It was found that the

reflectivity of the mirrors was drastically affected by the deposition of a Be/C layer. Except for

experiments with very low Be fractions, the deposited layers mainly consist of Be. Increasing

the mirror temperature mitigates carbon deposition as long as it has not been suppressed by

the formation of a Be layer on the graphite target. The subsequent deposition of Be is not

affected by the mirror temperature. Therefore in the case that beryllium is the main deposited

impurity the temperature no longer acts as a mitigation agent. In-situ mirror cleaning may be

complicated by the deposition of Be and dedicated investigations would be required to assess

the effectivenes of the currently proposed cleaning techniques for Be-coated mirrors. Moreover

the possible diffusion of Be into the mirror material (which was observed for the copper mirrors

at 300◦C) may further complicate the cleaning issue because of the formation of Cu-Be alloy.

These experiments were the first-ever investigation of the consequence of Be deposition on first

mirrors.

The proper choice of the first mirror material should also take into account the fact the sub-

strate material itself plays an important role. Experiments in Tore Supra and in the laboratory

stand in Basel have shown that different materials behave very differently under simultaneous

bombardment by carbon and deuterium. The presence of carbon in the plasma leads to a re-

duction of the effective sputtering yield of stainless steel while deposition of carbon occurs for a

certain fraction of carbon. On the contrary the more carbon in the plasma the more erosion is

experienced by a copper mirror. The presence of carbon as impurities in the deuterium plasma

seems to enhance significantly the erosion of the surface. Moreover, the efficiency of carbon

deposition on a given substrate also depends on the substrate material. A high Z material like

Mo is much less sensitive than Si towards deposition of carbon. This was revealed by exper-

iments carried out in the TCV tokamak where the deposition rate of carbon on silicon was

found to be five times higher than on molybdenum. This is explained by the higher particle

reflection coefficient on a high-Z material which implies that a larger fraction of the incoming

particles will be backscattered by the surface, but also that reflected particles will do so with

a significant energy and may sputter a deposited atom after its reflection by the surface.

This work has also contributed to the systemization of the experiments made with mirrors

in various machines in the sense that a routine procedure has been established. Mirrors arrive
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at the University of Basel after polishing and are first cleaned using a low temperature hydrogen

plasma. After that detailed optical and surface characterizations are carried out. The mirrors

are then sent back to be exposed and are returned for the same procedure after the experiment

(except if the mirrors are coated with beryllium). This allows better comparison of the results

obtained in different machines.

9.6 Perspectives and future experiments

Although a much better understanding of the first mirror problem has been gained during the

last few years, more work is required before a solution can be found. From the results described

in this thesis, it is clear that the material choice should be carefully made taking into account

the location of the mirrors and the requirements in terms of optical properties and resistance to

erosion/deposition. However, whatever the material, it is clear that the design of the diagnostic

duct will have to be optimized to reduce the arrival rate of particles on the mirror surface. This

may be done either by a special shaping of the duct as was proposed in [168] or by integrating

a shutter system in the design which will only open when the diagnostic needs to be used

[169]. This latter technique is however valid only for diagnostic which does not neet to work

continuously during the shot and is therefore restricted to a few systems.

Since it seems very likely that a certain level of deposition on the mirrors will be impossible

to mitigate completely, cleaning techniques will need to be applied regularly during the mirror

lifetime. Several candidate techniques are being assessed. Amongst them are plasma-based

techniques and laser ablation. Plasma-based techniques like hydrogen glow discharge have

demonstrated a good efficiency for the removal of carbon-based deposits, however recent exper-

iments made at the University of Basel have shown that they are unefficient for the removal of

the interfacial carbide formed during the growth of a carbon film on a carbide-forming element

[100]. The remaining carbide will likely affect the reflectivity [117] and prevent the recovery of

the initial optical properties of the mirrors. Laser ablation is being tested as a technique for

fuel removal on plasma-facing-components (to limit the tritium retention in ITER) [170] and

may be a good candidate material for in-situ mirror cleaning. However, the use of appropriate

cleaning techniques does not preclude the diagnostic design from planning the possible replace-

ment of the mirrors. In the design of the charge-exchange recombination spectroscopy (CXRS)

for example, it is planned to install mirrors in tubes which are independent from the diagnostic

port and can be retracted as a whole for mirror replacement [171].

From an experimental point of view and keeping in mind the necessity of being predicitive for

the conditions in ITER, future experiments with mirrors should aim at simulating as realistically

as possible the situation to be faced in a real diagnostic system. This may be done either by

designing real mock-ups of diagnostic systems and integrating them into present machines, or

designing the experiments in such a way that they simulate this situation. Such an attempt in

being pursued at TEXTOR where a periscope-like system has been designed and exposed in the

SOL plasma [96]. However the mirrors were exposed in such a way that they faced the plasma,

which is not realistic in the sense that first mirrors in ITER will not be exposed to plasma ions

but more likely to charge-exchange neutrals. The system is being modified to provide a more
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realistic approach.

Of course to improve the relevance of the experiments it is necessary not only to optimize

the experiment but also to carry out the experiments in machines where conditions are as

close as possible to those in ITER. That is why a comprehensive first mirror test has been

initiated at the JET tokamak [110]. JET is the world’s largest divertor tokamak, it has an

ITER-relevant configuration, a beryllium environment and a comprehensive programme of ero-

sion/redeposition studies working in parallel with the mirror exposures. Erosion and deposition

processes are monitored using a set of dedicated tools amongst which are quartz microbalances

(QMB) [172] for shot-by-shot measurements and erosion/deposition monitors for ex-situ stud-

ies. A total of 32 mirrors were installed during the 2005 shutdown at several locations of interest

for ITER mirrors in stainless steel cassettes with a “pan-pipe” shape. The cassettes have been

installed at 5 different locations inside the JET vacuum vessel: 3 in the divertor (outer, inner

and base) and 2 on the first wall. Cassettes installed on the first wall are protected with mag-

netic shutters which open only when the magnetic field is on (so only during tokamak pulses).

The cassettes are installed in the vicinity of deposition monitors for a better comprehension of

what happened during the exposure. The experiments include the test of mirrors with different

inclination angles and with different distances with respect to the plasma. It is therefore pos-

sible to study the consequences of geometrical effects on the optical properties of the mirrors.

Optical characterizations of the mirrors prior to their installation were made at the University of

Basel by means of spectrophotometry and spectroscopic ellipsometry. In addition, to overcome

the non-negligible complications introduced by the possible contamination of the mirror sur-

face with beryllium, special spectrometric equipment has been designed and installed at JET.

Design of the system, purchase of the different components, tests and assembly of the system

were realized in the framework of the present work and will be used to characterize the exposed

mirrors. More details about the system may be found in [110]. Unfortunately due to delays

in the experimental campaigns at JET, the mirrors could not be retrieved from the tokamak

before completion of this thesis. Samples are now expected to be removed in the first semester

of 2007 and detailed investigations on the exposed mirrors will be presented elsewhere. This

experiment should provide very useful results, and discussions are now ongoing to continue this

experiment in the next few years when JET operates with its new ITER-like wall [173].
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