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KurzfassungSeit 2007 wird in Cadarache in Südfrankreich der Internationale Thermonukleare Ex-perimentalreaktor ITER gebaut, mit dem erstmals ein selbständig brennendes Fusion-splasma mit magnetischem Plasmaeinschluss demonstriert werden soll. Als plasmaex-ponierte Materialien sind Beryllium (Be), Wolfram(W) und Kohlensto� (C) je nachEinsatzbedingungen vorgesehen. Der Divertorbereich, der als Schnittstelle zwischenPlasma und Wand die Teilchenabfuhr aus dem Plasma kontrolliert, ist den höchstenTeilchen�üssen und thermischen Belastungen ausgesetzt. Für diesen Bereich werdendeshalb C- und W-basierte Komponenten verwendet werden. Durch den Plasmakon-takt kommt es zu Erosionsprozessen und in der Folge durch Plasmatransport und Rede-ponierung an anderen Stellen zur Ausbildung von C-W Mischmaterialien, deren Eigen-schaften und Wechselwirkung mit dem Plasma sich stark von denen der reinen Sto�eunterscheiden. Aus diesem Grund ist es notwendig, die Bedingungen zu untersuchen,unter denen sich C-W Mischmaterialien bilden und die grundlegegenden Prozesse undderen Parameter-abhängigkeiten zu identi�zieren. Zusätzlich ist es notwendig, dieErosionsprozesse von C-W Mischungen und deren Wassersto�rückhaltevermögen zucharakterisieren, da diese eine groÿe Bedeutung im Hinblick auf die Lebensdauer derWand und die Bildung gebundener Tritiuminventare hat.Um den geringen Wissensstand zu den Eigenschaften und Plasmawechselwirkun-gen von C-W Mischmaterialien zu erweitern, wurden im Rahmen der vorliegendenDissertation die Bedingungen untersucht, unter denen sich bei gleichzeitigem Einfallvon Deuterium (D) und C auf W-Ober�ächen C-W Mischsysteme bilden. Damit ver-bunden waren Untersuchungen zu den dabei statt�ndenden grundlegenden Prozessen,wie W-Erosion, C-Implantation und C-Reerosion sowie D-Implantation. Diese wur-den in-situ mittels Ionenstrahlanalyse quantitativ charakterisiert. Durch Verwendungzweier unabhängiger Ionenquellen für D und C war es erstmals möglich, als wichtigstenParameter den Anteil von C im einfallenden Ionen�uÿ frei zu variieren. Darüberhin-aus wurde auch die D-Einfallsenergie im Bereich 0.5 − 3 keV und die Temperatur derW-Ober�äche im Bereich RT −870 K variiert. Die physikalischen Prozesse bei Ionene-infall auf Festkörper können über einen weiten Bereich durch die Kinetik von binärenStoÿprozessen (BCA) beschrieben werden. Hiezu wurde das Programm TRIDYN ver-wendet, daÿ gleichzeitig auch Veränderungen der Ober�ächenzusammensetzung mod-elliert. Chemische Prozesse wurden in das Modell über einen phänomenologischenAnsatz eingeführt, der im Rahmen dieser Arbeit neu entwickelt wurde.Aus dem Beschuss von W mit C-Ionen allein konnte abgeleitet werden, daÿ sich W-Zerstäubung und C-Implantation durch einen einzigen Parameter, nämlich die Gesamt-menge implantierten Kohlensto�s nc, beschreiben lassen. Mit zunehmender Temper-atur (RT → 870 K) wurde eine entsprechende Zunahme der Kohlensto�selbstzerstäu-bungs-ausbeute (Y c
c = 0.29 → Y c

c = 0.64) nachgewiesen. Diese konnte im Rahmen desBCA-Modells auf eine mit der Temperatur abnehmende Ober�ächenbindungsenergie(7.4 → 3.1 eV ) zurückgeführt werden. Mit diesem zusätzlichen Parameter konnte dasModell auf höhere Temperaturen erweitert werden. Bei den höchsten erreichbarenTemperaturen wurden Diskrepanzen zwischen Modell und Experiment beobachtet,die auf zusätzlich einsetzende Prozesse auÿerhalb des Modells, wie C-Di�usion undC-Segregation und damit einhergehende Zunahme der Ober�ächenrauhigkeit zurück-i



iizuführen sind.Unter gleichzeitigem Beschuÿ von W mit C und D können abhangig von denBeschuÿparametern zwei stationare Zustände auftreten: entweder fortlaufende W-Erosion oder Bildung und fortlaufendes Aufwachsen einer geschlossenen C-Schicht.Daraus wurden folgende grundlegende Schlussfolgerungen gezogen: 1) Zusätzlich zurphysikalischen Zerstäubung wird Kohlensto� in der C-W Mischungszone durch chemis-che Zerstäubung erodiert. Dies geschieht durch Anlagerung von D an o�ene C Bindun-gen, die durch C und D Implantation erzeugt werden. Zu niedrigereren D Einfallsen-ergien wächst die chemische Zerstäubungsausbeute an, analog zu dem für reinen Kohlen-sto� bekannten Verhalten. 2) Bei Erhöhung der Targettemperatur verschwindet derBeitrag chemischer C-Erosion. Die Dynamik von C-Implantation und W-Erosion wirddurch TRIDYN vollständig beschrieben, wobei die Temperaturabhängigkeit durch dieC-Selbstzerstäubung bedingt ist. Bei niedrigem Anteil von C im einfallenden Ionen-mix, fc, wird im Gleichgewicht kontinuierlich W erodiert. Bei fc = 0.10±0.01 geht dasSystem in den alternativen Gleichgewichtszustand mit kontinuierlichem Aufwachseneiner C Schicht über. Durch die mit der Temperatur zunehmende C-Sebstzerstäubungverschiebt sich die Grenzkonzentration zu entsprechend höheren Werten (z.B. fc =
0.13 ± 0.02 bei 770 K). 3) Die W-Zerstäubungsausbeute ist durch die lineare Über-lagerung der partiellen Ausbeuten für D und C Ioneneinfall gewichtet mit dem jew-eiligen Anteil im einfallenden Ionenstrahl und mit der W-Ober�ächenkonzentrationgegeben. 4) In der C-W Mischungszone �ndet man die gröÿte Konzentration vongebundenem D. Mit steigender Targettemperaur verringert sich die D-Konzentration,ist jedoch auch bei der maximal erreichbaren Temperatur von 870 K immer noch nach-weisbar, woraus man schlieÿen kann, daÿ D vor allem an Fehlstellen und an o�enen CBindungen eingefangen wird. Beim Aufwachsen einer reinen Kohlensto�schicht �ndetman für das D/C Verhältnis die aus der Literatur bekannten Werte (z.B. 0.4 bei RT ).Der für die Fusionsforschung wesentliche Erkenntnisgewinn dieser Dissertation liegtin der erfolgreichen Validierung des BCA Modells für kombinierten Einfall von D+Cauf W. Dies erlaubt den Einsatz des BCA-Codes TRIDYN in Kombination mit Plas-matransportcodes für eine plasmabelastete Wand mit Komponenten sowohl aus C alsauch W, um die zu erwartenden Wandveränderungen durch Materialmigration und-mischung mit wesentlich gröÿerer Genauigkeit vorhersagen zu können.



AbstractTo demonstrate the feasibility of fusion power, the International Thermonuclear Ex-perimental Reactor (ITER) is presently being built in Cadarache, France. Carbon (C)and tungsten (W) materials are planned to be used in the divertor region of ITER astarget plates and for the surrounding ba�e and dome, respectively. Consequently, C-W mixed materials will form by erosion, transport, and redeposition processes, whoseproperties and interaction with the edge plasma will be signi�cantly di�erent from thepure materials. Therefore, there is a need to understand the formation conditions ofdi�erent C-W mixed materials, which requires elucidation of the main processes andidentifying the e�ects of parameter variation on the C-W mixed material behavior.Also required is the characterization of the C-W mixed material erosion and hydro-gen retention behavior with their corresponding impact on plasma facing componentlifetime and tritium inventory issues.To extend the scarce knowledge on physics and plasma surface interactions of C-Wmixed materials, this study examined the dynamics and formation conditions of C-Wmixed materials by simultaneous C-D ion beam experiments. In the experiments, theamount of C implanted, the amount of W sputtered, and the amount of D retainedas a function of incident �uence were measured in-situ by ion beam analysis. The pa-rameters considered were: (1) the C fraction in the incident �ux, fc, (2) the specimentemperature (RT − 870 K), and (3) the incident energy of the D ions (0.53 − 3 keV ).A phenomenological model based on the binary collision approximation model (TRI-DYN) calculations has been developed to describe the chemical sputtering componentobserved during simultaneous irradiation at RT .Tungsten irradiation by C-only at RT showed that the W sputtering behavior canbe fully parametrized by the implanted carbon amount, nc, e�ectively reducing theproblem of C implantation and W sputtering processes to one parameter. With in-creasing temperature (RT → 870 K), a corresponding increase in the C self-sputteringyield was measured (Y c
c = 0.29 → Y c

c = 0.64). The increase in C self-sputtering yieldscan be described in TRIDYN by reducing the C-C surface binding energies (SBEs)(7.4 → 3.1 eV ). These SBEs were used to successfully model the experimental resultsof W irradiation by C ions at elevated temperatures. Discrepancies between simula-tions and experiments are attributed to possible changes to the C surface concentrationby di�usion or segregation e�ects, and the observed increase in surface roughness byisland like C layer growth.Under simultaneous C-D irradiation, the system develops into two distinct steadystate regimes of continuous W erosion or continuous C layer growth depending on themain parameters varied. The main conclusions are: (1) A chemical sputtering processwas observed involving the trapped D passivating broken C bonds resulting from C orD ion implantation. Lowering the incident D ion energy resulted in an increase of thechemical sputtering yield from a maximum value of Ychem ≈ 0.04 at ED = 3 keV to
Ychem ≈ 0.08 for lower D energies. (2) With increasing temperature, the C implantationand W sputtering behavior is described well by the TRIDYN model with the dominantiii



ive�ect being the increased C self-sputtering yield. No chemical sputtering processeswere observed. The transition point separating the two regimes was determined tobe fc = 0.10 ± 0.01 at RT and increases with temperature (e.g. fc = 0.13 ± 0.02at 770 K). (3) The W sputtering yield was determined to be a linear superpositionof the partial sputter yields weighted to their fraction in the incident �ux, which isproportional to the W surface concentration. (4) The mixed material region containedthe highest relative concentration of D trapped. This amount decreased with increasingtemperature, but D trapping was still observed at 870 K, indicating high trap energiesnormally associated with D trapping at C or vacancy sites. The D/C ratio in theco-deposited layer was 0.4 at RT and 0.02-0.05 at elevated temperatures.The main achievement in the framework of fusion research is that the TRIDYNmodel has been bench-marked for a C-W mixed material system at T ≤ 870 K. Thedeveloped understanding can be applied to provide experimentally bench-marked inputparameters used in present day impurity transport codes to better model the erosionand redeposition processes in tokamak devices and extrapolation to ITER and futurefusion reactor (DEMO) conditions.
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1 Introduction1.1 Fusion energy and plasma facing materialsFusion is the nuclear reaction between two light elements resulting in energy releaseas seen in our sun and other stars. Along with other alternative energy sources likesolar, wind, or geothermal energy, fusion power is a promising long-term candidate tosupply the long term energy needs of mankind [1]. On earth, the goal of harnessingfusion power has focused on the most readily achievable nuclear fusion reaction withdeuterium-tritium as the fuel species:D + T → 4He (3.5 MeV ) + n (14.1 MeV )This reaction does not occur at ambient temperature because of the strong coulombrepulsion between the two positively charged nuclei. Only at very high temperaturesa su�ciently high fraction of atoms in the high energy tail of the Maxwellian energydistribution are able to overcome this barrier by the tunnel e�ect. For such temper-atures, the fuel is in the state of a fully ionized plasma, which must be con�ned atsu�cient density and thermal insulation to release more energy than was required toheat the fuel. The quantitative formulation of this requirement is commonly known asLawson's criterion [2]. At present, the most successful method for meeting the Lawsoncriterion has been the implementation of magnetic plasma con�nement in the tokamakcon�guration (Fig. 1.1(a)). In 1997, the Joint European Torus (JET) achieved 16 MWof peak fusion power with 65% ratio of fusion power to total input power (Q value)[3]. As ≈ 80% of the fusion power escapes the plasma with the neutrons, a self sus-tained fusion plasma requires a Q value of at least 5. An economically and technicallyviable fusion reactor requires much higher Q values in steady state operation, and as a�rst step in realizing this goal, the International Thermonuclear Experimental Reactor(ITER) under construction in France, aims to reach Q values of 5-10 with quasi steadystate operation, (i.e. plasma discharges with a duration of 400 sec) [4].One of the outstanding issues facing the development of fusion power and con-struction of ITER is the interaction of the edge plasma with the surrounding vesselwall. Such plasma wall interactions (PWIs) have an important role in determining theperformance, as well as setting limits on the operational and safety aspects of a com-mercially viable fusion reactor. Consequently, the proper selection of materials to coverthe vessel wall is a critical engineering decision that requires a clear understanding ofhow such plasma facing materials (PFMs) will behave under simultaneous: (i) heatloading, (ii) irradiation by energetic and thermal fuel species, and (iii) irradiation byhelium and neutrons. Ideally, a plasma facing material will have high erosion resilience,high thermal conductivity, high thermal stress resistance, low tritium retention, andlow embrittlement and nuclear activation. The tokamak vessel is composed of mainchamber walls and the divertor structure used for fuel and impurity exhaust (See Fig.1.1(b)). The two regions are subject to vastly di�erent plasma exposure conditions1
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Figure 1.1: (a) Schematic of the tokamak con�guration (b) Schematic of ITER cross sectionillustrating the divertor con�guration as well as showing the locations and choiceof plasma facing materials Be, C, and W.[5] and no one material has been found yet to satisfy all criteria in all regions. Thishas led to the decision to select di�erent materials for di�erent regions based on themost critical criteria for a given part of the vessel. Although still under review [6],the ITER project plans to use beryllium (Be) for the main wall, while carbon �berreinforced carbon (CFC) and tungsten (W) will be used in the divertor as target platesand for the surrounding ba�e and dome regions, respectively. In this work, carbonand tungsten materials will be the main focus, because these materials are the mostcritical components due to the very intense particle �ux (> 1024 m−2s−1) and powerloads (≤ 20 MW/m2) experienced in the divertor.1.2 Carbon and Tungsten as plasma facing materialsIn contrast to present-day tokamaks, ITER will be operated with higher number ofplasma discharges with longer pulse durations. The consequences of such operationalconditions are: (i) the need for active cooling of the plasma facing materials to limitoverheating and thermal stress, (ii) the increase in material erosion leading to compo-nent lifetime issues, and (iii) the increase in tritium retention leading to safety issues.The following discussion presents the material properties which have led to the deci-sion to select carbon and tungsten as plasma facing materials in the divertor regionand corresponding impact on component lifetime and tritium safety issues. FollowingITER, the development of an electricity producing fusion reactor DEMO [7], in whichtungsten is a leading candidate as plasma facing material, will require additional andpartly di�erent selection criteria for PFMs compared to ITER [8] and is not discussedhere.ITER will need to explore and extend the accessible parameter space of plasmaoperation, and therefore disruptions and o�-normal recoverable plasma displacementscannot be avoided altogether [5]. The advantage of carbon and its selection as a plasma



1.2 Carbon and Tungsten as plasma facing materials 3facing material for the divertor strike zones is mainly due to its resilience against suchthermal shocks and tolerance of transient heat loads [9]. High heat �ux testing of a pro-totype vertical target using a carbon �ber reinforced carbon (CFC) mono-block designhas demonstrated its capability to sustain 20 MW/m2 for 2000 cycles in line with ITERrequirements [10]. However, the disadvantage of carbon is that it is eroded e�cientlyby both physical and chemical sputtering processes which could lead to component life-time issues in ITER. Physical sputtering by self-sputtering (i.e. C sputtering C) andchemical sputtering by hydrogen (i.e. formation of volatile molecules) are temperaturedependent processes and will be covered in detail in section 2. Chemical sputtering canbe reduced by doping carbon materials by B, Si, or transition metals [11] but at theexpense of mechanical property degradation like thermal conductivity [12]. A furtherdisadvantage is that the eroded C is co-deposited with hydrogen, forming continuouslygrowing layers at less exposed or remote surfaces that can lead to unacceptable tritiuminventory (> 700 g [13]) in ITER [14]. Delamination and disintegration of such C lay-ers may lead to formation of signi�cant amounts of dust [15] with no e�cient methodof recovery. Therefore, the use of carbon-based materials is limited by its signi�cantimpact on tritium safety issue and likely prevent the use of C under future reactorconditions. A detailed discussion of the safety aspects of tritium retention follows inthe next section 1.3.The main advantage of selecting tungsten (W) as a plasma facing material is due toits favorable plasma wall interaction properties of low erosion yield by light elements[16] and low hydrogen retention [17]. This property makes W particularly well suitedfor the divertor region in ITER, where high �uxes of fuel and He particles are expectedwith typical energies below the W sputtering threshold energy [18]. In the divertorcon�guration, the contribution to W erosion by fuel isotopes and He ash is thereforelimited, but will be dominated by impact of multiply charged low-Z impurities acceler-ated in the sheath potential [19]. Even in the absence of carbon impurities (e.g. D-Tphase in ITER with full W divertor or DEMO), plasma seeding by Argon or Neon willbe required for radiative cooling [20], and therefore strict control of the divertor plasmatemperature will be necessary to mitigate W erosion and corresponding impact on com-ponent lifetime. The disadvantage of tungsten is the high radiative cooling coe�cientof tungsten in the plasma core [21], which, in order to meet the Lawson criterion, sets amaximum allowable core W concentration of ≈ 10−5 [22]. Such low core concentrationdictates that the W concentration in the plasma boundary, which is closely related tothe W erosion �ux, is kept similarly low. However, a high fraction of the sputtered Wneutrals were found to promptly re-deposit within one gyro radius [23], limiting theeroded W particle �ux into the core plasma. A further disadvantage is the high ductileto brittle transition temperature (≈ 670 K) of tungsten which makes component ma-chining di�cult as well as potentially leading to formation of macroscopic cracks dueto thermal heat gradients [24]. Further embrittlement by neutron irradiation as wellas signi�cant nuclear activation is an issue important for DEMO and therefore subjectof ongoing and future research.In ITER, the worst case erosion mechanism of tungsten is predicted to be fromthermal shock induced processes like melt layer ejection or dust formation under highpower loads during disruptions (thermal quench) or Type-I ELMs [5] that will signif-icantly a�ect W component lifetime. The time scale of the thermal energy deposition



4 1 INTRODUCTIONis typically in the order of milliseconds, and is much shorter than the time requiredfor heat transfer through the material. Therefore, cooling technologies developed [25]will not be able to prevent melting, and techniques for mitigating disruptions andELMs have to be developed in order to meet ITER requirements of permitting at least300 disruptions without critical failure [15]. Although tungsten plasma facing materialscannot fully withstand such unmitigated transient thermal loads, the technical solutionof meeting ITER requirements for quasi-stationary thermal loads has been successful[10]. The design geometry of W mono-blocks and W macro-brush joined to CuCrZrheat sinks were able to withstand 16 − 20 MW/m2 in heat load tests for 1000 cycleswithout failure, thus meeting and exceeding ITER speci�cation [10]. This is becausefrom a thermo-physical point of view, tungsten bene�ts from an extremely high meltingpoint (3683 K), good thermal conductivity of ≈ 140 Wm-1K-1 at room temperature,and only a marginal reduction in thermal conductivity with neutron irradiation [24].1.3 Safety aspects of Tritium operationTritium (T) is radioactive and its in-vessel retention is an important issue determiningthe safety and economy of operation of a future fusion reactor. The safety hazard wouldbe in the form of potential tritium release to the atmosphere in the case of a loss ofvacuum. Tritium exposure limits for the population around the reactor site impose acorresponding maximum in-vessel amount (e.g. < 700 g in ITER [13]). The impact onthe economy of operation would be the requirement of interrupting reactor operationsonce the safety limit was reached in order to recover the T vessel inventory. Thefrequency of these maintenance interruptions directly impacts the economic feasibilityof fusion power generation. Therefore, a viable fusion reactor requires strict controlof the T inventory such that the operation cycle can be maintained in cycles of yearsrather than weeks or months. This requires knowledge on T retention processes as wellas of e�cient T recovery methods, which are discussed below with emphasis on ITERas the next step fusion device. Experimental data on T retention is limited due to itsradioactivity, and most studies have examined the retention behavior using hydrogenand deuterium isotopes. Therefore, the general term hydrogen used in the followingdiscussion, includes retention behavior of all three isotopes.The importance of T accumulation was realized following the D-T campaigns inthe JET [26] and TFTR [27] tokamaks, where 35% and 51% of T was retained in thevessel at the end of each campaign, respectively. By various detritiation procedures,the total amount could be reduced to 10% and 16%, respectively [13]. In both cases, Tretention was mainly in the form of T co-deposition with C layers and their resultingdecomposition into hydrocarbon �akes formed during material erosion, migration andre-deposition processes. In divertor machines, hydrogen co-deposition was found tooccur mainly on the inner divertor surfaces and shadowed areas of the divertor andlimiters and a similar pattern is also expected in ITER.The �rst step in the co-deposition process is the erosion of the plasma facing mate-rial by physical and chemical sputtering processes which will be discussed in sections2.1 and 2.2, respectively. Following a cycle of deposition and re-erosion, a co-depositionlayer can form both on plasma facing sides and remote areas (i.e. not in direct line ofsight by the plasma) of the plasma facing material depending on the local deposition



1.3 Safety aspects of Tritium operation 5conditions. Such remote areas also include the gaps between components, such as theareas between the castellated structure of the W and C plasma facing componentsplanned for use in ITER. Signi�cant amounts of hydrogen can trap in these gap areasand investigations of the trapped amount and modeling of the co-deposition processesis a topic of ongoing research (see Refs. [28, 29, 30, 31]). In case of co-depositionwith C, the energy of the incident tritium will be a critical parameter, since energetichydrogen ions tend to form hard amorphous carbon layers with a H/C concentrationof 0.4 (plasma facing areas), while low energy thermal hydrogen leads to the forma-tion of soft layers with H/C concentrations exceeding 1 (plasma shadowed areas). Fora typical ITER scenario (Q = 10, 400 sec discharge with 50:50% D:T), extrapolationfrom present day devices operating with full carbon walls have shown that the in-vesselT limit will be reached within a few hundred discharges [13]. This has led to the deci-sion by the ITER-team [32] to replace the CFC divertor strike point tiles to a full Wdivertor before the onset of D-T campaigns.For high Z materials, like tungsten, tritium implantation and subsequent di�u-sion and bulk trapping is the dominant retention process in contrast to co-depositionprocesses for Be and C. An exception are CFC materials, which due to their porousstructure result in signi�cant inwards D di�usion and trapping in cracks between �bersand the CFC matrix [33]. In tungsten, the hydrogen retention behavior typicallyfollows a square root dependence from the incident �uence which results in smallerretention rates compared to co-deposition processes. As a result of this di�erent be-havior, it turned out that a Be main wall and a full W divertor will permit 1500 to5000 discharges before the T in-vessel limit is reached [13]. However, neutron irradi-ation damage and other defect creating mechanisms (e.g. ion induced damage or Hebubbles) can lead to an increase in the square root �uence dependence.To decrease the T accumulation rate in the vessel during the operational phase ofa reactor, various methods of controlled plasma operations are proposed [34], whichinclude isotope tailoring, nitrogen seeding, and pure D plasma operation following D-T operation. The e�ciency of T recovery using these methods is limited however,and more e�cient methods are required for cleanup. The simplest method of thermaldesorption of T by heating the plasma facing components in vacuum would require toohigh �rst wall temperature (≈ 1100 K) in the case of C co-deposited layers, but at thereduced temperature (< 620 K) required in the case of Be co-deposited layers or pureW, the method appears feasible [13]. However, reaching the required temperature evenfor this relaxed condition requires modi�cation to the present ITER divertor bake-outsystem. Presently, baking in oxygen at atmospheric pressure is the only proven methodin removing T co-deposited layers with C. The introduction of O into the vessel will,however, result in corrosion of non plasma facing components. In summary, no singlemethod has been found that can e�ectively recover all retained T, and therefore acombination of all methods will be needed for e�cient in-vessel T management. Forthe maintenance phase of a reactor, additional recovery methods using local heatingby lasers and �ashlamps are being studied.Predicting T retention under ITER conditions remains challenging due to largeuncertainties in determining the local deposition conditions. Parameters such as thepower and particle �uxes (including impurity �uxes), 3-D geometry e�ects, and lo-cal surface temperature are di�cult to measure in existing devices, leading to large
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1.4 Carbon-Tungsten mixed materials 7C erosion and deposition processes as well as the transport of W inwards and insidethe bulk plasma. Additional tokamak relevant transport studies are planned withthe ITER-like wall project at JET [45, 46]. The con�dence in simulation results andquality of predictions to future experiments not only depend on accurate knowledge ofthe plasma parameters but also in accurately modeling the plasma wall interactions,particularly with respect to the production of impurity particles.To model plasma wall interactions, the codes use approximations based on semi-empirical formulas (described in more detail in section 2) derived from numerous lab-oratory experiments and/or kinetic transport codes for ions in matter like TRIM.SP[47] or TRIDYN [48]. However to date, the implementation of the plasma wall in-teractions in the transport codes is restricted to processes with pure materials. Thetreatment of mixed materials in simulations have relied on the most simple model oflinearly scaling the pure materials' behavior by their respective concentrations in themixed material. However, this approximation completely neglects the sophisticatedand often complex synergistic mixing processes by assuming that the mixed materialbehavior is linearly dependent of its constituent species. An analytic model of materialerosion for multiple impurity species clearly shows that this is not the case exhibitingcomplex non-linear behavior [49]. To address such concerns, there has been recently aconcentrated e�ort in the fusion community to understand the basic development andbehavior of mixed materials under well controlled laboratory conditions. For a recentreview of the experiments, see Ref. [50].In fusion devices using carbon and tungsten as plasma facing materials, C impu-rities impinge on the W surface with a certain energy and angular distribution alongwith hydrogen, resulting in the formation of C-W mixed materials. Such mixed C-Wlayers and C layers have been observed at ASDEX-Upgrade divertor tiles [51] and inTEXTOR limiter experiments [52, 53] distinguished by a clear division between areas ofcontinuous W erosion and C deposition [52, 54]. In ASDEX-Upgrade, the whole outerdivertor area was found to be a net erosion area for C and W, in contrast to net deposi-tion areas in the inner divertor [43, 55]. W and Si markers used in the divertor plates inASDEX-Upgrade showed that the carbon impurity concentration in the incident �ux(fc) is an important parameter in determining erosion behavior [23]. Modeling of theerosion and deposition behavior of TEXTOR test limiters indicates a strong depen-dence on plasma temperature [56, 57]. A recent experiment highlights the importanceof surface roughness in determining C deposition behavior [58]. In addition, formationof various carbides are also observed from post-mortem analysis of TEXTOR limitertiles [59]. To understand the main parameters and mechanisms governing such behav-ior, laboratory experiments have been performed at IPP [60, 61, 62, 63, 64, 65, 66].Analytical model [65] and TRIDYN studies [60, 62] based on CH+
3 experiments haveshown a �uence dependency of the transition between erosion and deposition. Thecompetition of erosion and deposition processes from simultaneous bombardment ofW surfaces with both hydrogen and carbon ions was signi�cantly di�erent from H- orC-only bombardment [60, 62, 65, 67]. However in CH+

3 experiments, the C fractionin the incident �ux is �xed and access to this key parameter requires an experimentalsetup where fc can be varied. Recently, a dual beam experiment with two independention sources has been commissioned [68] that allows for variation of fc.



8 1 INTRODUCTION1.5 Thesis purpose and directionThe �rst step in the chain of processes determining the component lifetime and tritiumretention by co-deposition is erosion of the plasma facing material. The second stepis the transport and redeposition of the eroded materials resulting in mixed materialformation. Local deposition conditions will dictate whether the deposited materialwill be re-eroded or remain deposited. In areas that are continuously eroded, thecomponent lifetime issues will increase in importance, whereas in areas of continuousdeposition, the tritium retention issue will become dominant. The combined e�ectsintegrated over the entire vessel will determine which issue will become the limitingfactor in the operation of a fusion reactor. To reliably predict these e�ects will requirea clear understanding of the local processes that govern the plasma facing materialbehavior under simultaneous impact of fuel and impurity species. Speci�cally in theframework of ITER, knowledge on the behavior of C and W materials is required toachieve this goal.Therefore this thesis is intended to better understand the local formation dynamicsof C-W mixed materials and characterize its behavior under simultaneous C-D ion ir-radiation. The experimental approach chosen is to follow the evolution from a pure Wsurface under simultaneous irradiation by D and C to a steady state condition, whilecharacterizing the W erosion, C implantation, and D retention behavior. The majorgoals are: (a) to elucidate the main mechanisms a�ecting the dynamics and to identifysynergistic e�ects, (b) characterize the evolution and behavior of the C-W mixed mate-rial, and (c) parametrize the C-W mixed material system to provide accurate data forbenchmarking of simulation codes. The latter includes also the validation of the modelassumptions in the code simulations and the identi�cation of processes, which are notcovered by the model, leading to discrepancies between simulation and experiment.The ultimate goal of this is to improve the accuracy and con�dence level for erosionand deposition processes and its impact on predictions of carbon and tungsten compo-nents lifetime behavior and tritium retention under exposure to a plasma containingimpurity elements.The start of this project came shortly after the completion of room temperature(RT ) experiments investigating the simultaneous irradiation of W by deuterium andcarbon ions using the IPP dual beam experiment [69, 70, 71]. Signi�cant deviationof the prediction of the transition point between erosion and deposition regimes fromcomparing RT experimental results with simulations was found. In particular, thecontribution of surface roughness from chemical sputtering processes could not be sep-arated while the previously observed synergistic e�ect of W erosion yield being greaterthan the sum of the C and H sputter yields [65] still remained unclear. Furthermore,experimental data at elevated temperatures during simultaneous irradiation were verylimited.The main parameters varied in the experiments are the C fraction in the incident�ux, target material temperature, and the incident D energy. A systematic attempthas been made to obtain a complete set of experimental results at RT with respectto the C fraction in the incident �ux to identify the transition point from erosion todeposition regimes. The experiment is then taken to divertor relevant temperatures at
670 K → 870 K [72] to elucidate the e�ects of C self-sputtering and chemical sputtering



1.5 Thesis purpose and direction 9processes that are temperature dependent. Results from C self-sputtering experimentsare used to benchmark surface binding energies (SBEs) used in TRIDYN [48], whichcritically determine the C sputter yields in simulations. Lastly, the incident D energy islowered to observe the energy dependence of chemical sputtering [73] and its impact onthe dynamics so far studied; an emphasis is placed on determining whether chemicalsputtering occurs in C-W mixed materials. A simple model based on TRIDYN isdeveloped to isolate the chemical contribution and quantify its amount. The structureof this work is summarized in Fig. 1.3 and an attempt has been made to increase ourunderstanding of the following main points:� Dynamics of C-W mixed material formation� Erosion behavior of C-W mixed material� Hydrogen retention in C-W mixed materialduring simultaneous irradiation of tungsten by deuterium and carbon ions.
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Figure 1.3: This thesis combines experimental and simulation work to achieve three mainobjectives. Investigations of: (a) the dynamics of C-W mixed material forma-tion and its dependence on parameter variation (C fraction in the incident �ux,temperature, and incident D energy), (b) erosion behavior of C-W mixed mate-rials and implication to component lifetime issue, and (c) D retention behaviorwith implication to tritium safety issue.





2 BackgroundThe processes studied in this thesis involve complicated dynamic kinematic and chem-ical interactions between the incident deuterium (D) and carbon (C) species with thetungsten (W) target. At this point, it is appropriate to introduce the following de�ni-tions of physical and chemical sputtering: Physical sputtering is the ejection of targetatoms resulting from momentum transfer between the incident energetic particles andthe target atoms. Because the scattering processes between incident projectile and tar-get atoms are at energies much higher than thermal energies (keV vs. 0.01 − 0.1 eV ),this process is independent of temperature. Chemical sputtering is the production ofvolatile species by chemical reactions induced by incident energetic particles that occureither at the surface or deeper in the material [74]. Chemical erosion is de�ned as therelease of volatile species due to chemical reactions of a neutral or thermal incidentspecies directly with the target atoms. Both chemical sputtering and erosion processeshave a strong temperature dependence. In carbon materials, an additional e�ect athigh temperature occurs during irradiation known as Radiation-Enhanced Sublimation(RES) [75]. The suggested mechanism involves the formation of C interstitials fromion irradiation, that di�use to the surface and are sputtered easily due to weak surfacebinding energies [76]. Fig. 2.1 illustrates the temperature dependent erosion processesin carbon from hydrogen irradiation.Due to the use of incident species above the threshold energy of both C and W inthis study, physical sputtering is the dominant process observed in most experiments.A description of the analytic and computational methods developed to describe thephysical sputtering process is presented in section 2.1. Next, background on chemicalsputtering and erosion processes are summarized in section 2.2. Considerable data existin the literature for physical and chemical sputtering processes in C and W. Therefore,references to the most recently compiled reviews are provided at the beginning ofeach section, and here, only the most pertaining aspects are discussed. Finally, recentunderstandings in C-Wmixed materials involving simultaneous irradiation experimentsand hydrogen retention will be summarized in section 2.3.2.1 Physical sputteringA complete treatment of both theoretical and experimental aspects of physical sput-tering is found in Refs. [77, 78, 79]. Physical sputtering requires the transfer of kineticenergy from the incident particles to the target atoms. The elastic energy transferredbetween two colliding particles is described by a kinematic factor 4M1M2/(M1 +M2)
2,dependent on the masses of the colliding atoms. The elementary process for this energytransfer is a cascade of elastic collisions between the incident particle and target atoms.These recoil atoms undergo further collisions until they �nally come at rest by energytransfer to the crystal lattice. Only atoms that have acquired enough kinetic energy toovercome the target's surface binding energy are sputtered. Therefore, physical sput-tering is characterized by a threshold energy, Eth, at which point no more sputteringtakes place.Analytical physical sputtering theory has been developed primarily in the approachof predicting the sputtered amount as a function of target element, projectile element,11
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Figure 2.1: Temperature dependent erosion processes for carbon (from Ref. [75]).projectile energy and angle of incidence, without explicit reference to the details ofthe recoil cascade. The principal quantity is the sputter yield Y b
a , de�ned as the meannumber of target a atoms removed from the surface of a solid per incident projectile b:

Y b
a =

atoms removed

incident particleThe processes related to sputtering only occur in a layer of thickness ∆xo, which isa function of the mean projectile range and typical dimension of the resulting collisioncascade [79]. The rate of recoil atoms generated in this layer is proportional to the en-ergy deposited per unit depth of the incident particle. This is quantitatively describedby the nuclear stopping cross section which is de�ned as the mean energy lost fromelastic collisions per unit path length. Therefore, the sputter yield can be described asa function of the stopping power and incident particle energy. For normal incidence(α = 0◦), Bohdansky derived a formula [80] based on Sigmund's analytic theory [78]:
Yphys(Eo, α = 0◦) = QsTF

n (ε)

(

1 −
(

Eth

Eo

)
2
3
)(

1 − Eth

Eo

)2 (2.1)where Eo is the incident particle energy, Eth is the threshold energy, α the angle ofincidence, sTF
n the Thomas-Fermi nuclear stopping cross section, Q a �tting parameterthat determines the maximum of the yield curve, and ε the reduced energy:
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ε =

Eo

ETF

with ETF (eV ) = 30.74
M1 + M2

M2

Z1Z2(Z
2/3
1 + Z

2/3
2 )1/2Recently, the formula has been revised to replace sTF

n by one based on the Kr-Cpotential [81] known as the revised Bohdansky formula [82]. The angular dependenceof the sputtering yield is described by the analytic formula proposed by Yamamura[83]:
Yphys(Eo, α) =

e(f [1−1/cosα]cosαopt)

cosfα
Yphys(Eo, α = 0°) (2.2)here Yphys(Eo, α) is the yield at an ion energy, Eo, and nominal angle of incidence

α while f and αopt are �tting parameters to experimental data and can be taken frompublished tables [16] or from the formula in Ref. [83]. For detailed discussions of theseanalytical models and comparison to experimental results see Refs. [16, 82].For an improved treatment of sputtering by considering the details of the recoilcascade, one has to rely on computer simulations. Two main methods are used, themolecular dynamics (MD) approach where the movement of target atoms is studiedas a function of time taking the interaction of all neighboring atoms into account,and the binary collision approximation (BCA) where the movement of projectile andtarget atom collision partners is treated as as series of successive binary collisions.MD simulations are best suited for low energies but require long computational times,and in most cases is used to study principal processes, where also the target latticestructure and chemical processes are of importance. BCA simulations are much faster,and are widely used to calculate sputtering yields where mainly kinematic scatteringprocesses are involved. The strength of such simulations is that they provide access toadditional information, like partial sputter yields coupled with surface concentrationand depth pro�les, that are normally not all accessible simultaneously in experiments.For a comprehensive description of computational methods and their applications toion solid interactions see Ref. [77]. For this study, only the Monte-Carlo programTRIDYN [48] based on the BCA was used and a short description of the programfollows.2.1.1 TRIDYNTRIDYN is an extension of the static program (no changes to target compositionunder irradiation) TRIM.SP [47] based on the binary collision approximation (BCA)for an amorphous target with dynamic update of the changing surface and targetcomposition within the incident projectile range. The name �Monte-Carlo� arises fromthe assumption that the material is amorphous, and therefore the next collision partnercan be determined by a random selection process. Three variables are required thatare chosen randomly: 1) λ, the distance between successive collisions, 2) b, the impact
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λ = N−

1
3where N is the target number density in units of [

atoms
cm3

]. For b, the followingrelationship is used:
b = bmax

√
Rwhere bmax is the maximum impact parameter corresponding to a minimum scat-tering angle, and R is a random number between 0 and 1. To determine, bmax, acylindrical volume, V , in which a collision event can occur is de�ned:

V N = 1 = πb2
maxλNresulting in:

bmax = (πλN)−
1
2



2.1 Physical sputtering 15Finally, ϕ can be determined using the following relationship from symmetry argu-ment:
ϕ = 2πRwhere R is again a so-called random number between 0 and 1. The scattering angle

θ, is approximated using the �magic formula� [84] and the change in particle directionfrom the collision is taken from the asymptote of the real trajectory (see Fig. 2.2).The Kr-C potential [81] is used as the interaction potential between colliding particles,which is valid down to ion energies of ≈ 50 eV . Therefore, TRIDYN calculations canbe used to simulate ion-solid interactions relevant to particle energies expected in theITER divertor. The inelastic electronic energy loss as the particles move through thetarget is calculated using an equipartition of the Lindhard-Schar� [85] and the Oen-Robinson [86] interactions.The process begins with a projectile whose collision partner (PKA: primary knock-on atom) is determined by the randomized b and ϕ. The �magic formula� then deliversthe scattering angle in the center of mass frame, from which the scattering angleof the projectile and the PKA is determined in the laboratory frame. The energychanges are assigned and the program follows the PKA (labeled i), as it starts itsown cascade resulting in secondary knock-on atoms (SKA). The resulting SKA createdare also labeled i and the information stored, while the PKA is incremented to i + 1.Subsequent collisions will further increment the PKA as well as the SKA. When, afterseveral collisions the PKA is sputtered, transmitted, or stopped, the program returnsto the last SKA labeled i and follows this SKA like the PKA. Finally, after treatmentof all SKA's (i.e. i, i + 1, etc.) created by the �rst PKA, the program returns to theinitial projectile and follows it to its next collision and the cycle repeats.To account for changes in target composition, the program divides the target intolayers of initially constant thickness. After following a certain number of projectiles, thelocal excess or loss in the layer composition is allowed to relax by adjustment of the layerthickness. The layers are kept within a certain thickness range, such that thin layerswill merge and thick layers will split. Following this relaxation cycle, the projectileloop begins once more. In TRIDYN, information on the surface recession or growth,sputtering and re�ection yields, depth distributions, and surface and target compositionas a function of incident particle �uence can be obtained. The surface binding of targetsurface atoms is described by a planar potential and in general, the heat of sublimationvalues are taken as surface binding energies (SBEs). All simulations results presentedin this thesis were calculated using Version 40.1 [48] unless otherwise stated.2.1.2 Carbon and Tungsten sputtering by CarbonC-C: Experimental carbon (C) self-sputtering yields were determined via weight-lossmeasurements [87] or by surface collector method [88]. However there is a lack ofexperimental data in the temperature range RT < T ≤ 870 K and will be the focus ofthis work. For the incident angle α = 15° used in this thesis, the C self-sputtering yield



16 2 BACKGROUNDis below unity for all impact energies [89]. Therefore, in the case of C-only irradiation,a C layer will always grow on a C surface. The re�ection yield is negligibly small forenergies above 100 eV compared to the sputter yield [90].C-W: Results of �rst laboratory controlled experiments examining the �uence de-pendence of tungsten (W) sputtering by Ec = 1 keV and Ec = 6 keV C ions at RTusing in-situ weight-loss measurements are presented in Ref. [61]. Initially, weight-lossis observed at low �uences in accordance to Y c
w calculated with TRIM.SP [47] (nottaking into account the implanted C concentration), but this trend reverses to weightgain at higher �uences. Steady state conditions are reached when the negative yieldgiven by the slope of the weight change becomes constant with increasing �uence. Theinitial weight-loss due to W sputtering is gradually reduced by the gradual increaseof the implanted C fraction, ultimately forming a protective C layer which suppressesfurther sputtering of W. During this process, the weight of the growing C layer even-tually becomes larger than the weight of the sputtered W, resulting in the observedcontinuous increase. This weight-loss/gain behavior was found to depend strongly onthe angle of incidence. From α = 70°, the behavior switches to continuous weight-lossby W sputtering due to increased C self-sputtering and re�ection yields that preventsthe formation of a closed C layer. A parameter scan of α in TRIDYN showed thatthe partial sputter yield of W increases monotonically with α, while the partial sput-ter yield of C reaches a maximum around α = 40°. Therefore, the C coverage of thesurface was identi�ed as an important parameter in determining W sputtering behav-ior. For the situation where a carbon layer greater than the depth range of incident Cion develops, the system behavior was observed to shift from a C-W to C-C interac-tion. Consequently, the partial sputter yield of carbon was observed to approach theexperimentally determined C self-sputtering yields [90] in TRIDYN simulations.A subsequent study examined the e�ect of elevated temperature using Ec = 2.4 keVC ions at normal incidence [63]. A trend of increased weight-loss was observed withincreasing temperature. The results were interpreted as increased W sputtering due toC loss from the surface by di�usion into the W bulk material. TRIDYN calculationsiteratively coupled with the di�usion program PIDAT [91] indicated that di�usion isnegligible at (or below) 673 K and only becomes signi�cant for T > 850K. However, toobtain a good �t to the experimental data, higher values of the di�usion coe�cient thanthe literature data [92] were required for 773 K and lower values than in the literaturefor 973 K. The resulting temperature dependency of D exhibited a smaller slope withtemperature compared to literature values, which was attributed to e�ects of C trappingand tungsten carbide formation. To improve upon these �ndings, the concentrationdependent di�usion coe�cient D(C) was determined in a separate experiment [66,93] by Boltzmann Matano analysis of measured C depth pro�les and found to be ofthe order of 10−19 m2s−1 to 10−21 m2s−1. Based on these results, a new program,DIFFUSEDC, was developed and successfully tested [93]. D(C) was found to decreaseat higher C concentrations due to a shift of C di�usion in tungsten to C di�usionin W2C, WC, and even graphite where the di�usion coe�cient was negligible in theconsidered temperature range below 1100 K [94]. A follow up experiment examiningboth e�ects of increased C self-sputtering (RES) and di�usion with temperature foundthat the C �uence dependence of the measured weight-loss was well reproduced bysimulation results [60], con�rming the temperature dependence model of di�usion and



2.2 Chemical erosion and sputtering of Carbon 17
ED = 0.5 keV ED = 0.7 keV ED = 1 keV ED = 3 keV Ec = 6 keVTungsten 0.0014 0.0028 0.0044 0.0085 (0.0098) 0.4Carbon 0.029 0.028 0.026 0.017 (0.010) 0.264 (0.29)Table 2.1: Calculated sputter yields using the revised Bohdansky formula at RT and α =

15°. Also included are the experimentally measured sputter yields using the dualbeam experiment in this study for ED = 3 keV (in brackets).RES used at T > 1000K. It should be noted that in the present work the temperaturerange studied is below the temperature in which carbon di�usion in tungsten is observedand therefore di�usive behavior is not treated.2.1.3 Tungsten and Carbon sputtering by DeuteriumPhysical sputtering of carbon (C) and tungsten (W) by deuterium (D) is in generalwell described by TRIDYN or by using the revised Bohdansky formula. The deviationbetween calculated and experimental results from weight-loss experiments is normallya factor of two (see Ref. [16]). The calculated W sputter yield by ED = 3 keV D ionsis 0.0085, which is in good agreement with the improved experimental yield of 0.0098measured using the present dual beam experiment [95]. The calculated C sputteryield is 0.017 while the experimental total yield measured in this study (physical andchemical sputtering yields) at RT is 0.010. A summary of the carbon and tungstensputter yields calculated by using the revised Bohdansky formula is shown in Table2.1.In the case of tungsten carbides, preferential sputtering of the C is observed due tothe large di�erence in mass ratio between carbon and tungsten atoms [96], which is ingood agreement with TRIDYN simulations. Also, �eld ion microscope measurementsshow similar threshold energies of 150 eV for tungsten sputtering from a mixed C-Wlayer [97] as predicted from TRIDYN simulations.2.2 Chemical erosion and sputtering of CarbonCarbon (C) has the additional property of being eroded by incident hydrogen or oxygenspecies well below the threshold energy of physical sputtering. The chemical sputteringand erosion of C in context of plasma facing materials in fusion research is coveredin reviews by Roth [98] and Vietzke and Haasz [99]. Like physical sputtering, thechemical erosion or sputtering yield is de�ned by the ratio of removed carbon atomsper incident species. In most experiments, the carbon loss is measured via weight-lossmeasurements or mass spectrometry. The advantage of weight-loss measurements isthe ability to quantify the total erosion, while mass spectrometry o�ers insight intothe elementary steps of the reaction process but has limited accuracy for quanti�cationof the total erosion yield. The isotopic e�ect expressed by the ratio of the respectiveyields has a nominal value of Y D
c /Y H

c = 1.5 [100], indicating chemical sputtering anderosion processes by tritium species will not be signi�cantly di�erent from deuteriumspecies.
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Figure 2.3: Chemical erosion cycle (from Ref. [110]).The governing mechanisms behind chemical erosion is the balance between hydro-genation [101] of unsaturated carbon atoms at the surface and hydrogen abstraction[102]. Two main erosion steps were determined from the interaction of atomic hydrogenwith a thin amorphous hydrogenated carbon layer (a-C:H). First, kinetic or thermal[103] ejection of surface hydrocarbon groups can occur due to the breaking of C-CiHjbonds. This is illustrated by the Ysurf arrow (kinetic) and Ytherm center arrow (ther-mal) in Fig. 2.3, respectively. The second, more complex process is the thermallyactivated de-excitation of a radical spx carbon site resulting in a split-o� of a neigh-boring methyl group [104]; as seen from the erosion cycle in Fig. 2.3. Although CH3and CH4 are the main species ejected from the surface, a wide distribution of heavierhydrocarbons is also observed [105]. Amorphous carbon materials were found to havehigher erosion yields in comparison to ordered materials from the increased availabilityof hydrogenation sites [106].The entire cycle is initiated from the hydrogenation of sp2 to sp3 carbon sites via anintermediate radical stage spx, which is not temperature dependent but proportional toan empirical cross section σH . Further hydrogen irradiation with temperature increaseabove 400 K results in chemical erosion where stable hydrocarbon complexes desorbwith a rate constant kx via an intermediate radical stage spx. However at temperaturesabove 600 K, hydrogen recombines with a rate k_H which interrupts the hydrogenationprocess, resulting in a decrease in sp3 concentration and correspondingly the chemicalerosion yield. This is the reason why in experiments, a maximum erosion yield between
700 − 900 K is observed [107]. It is found that this maximum temperature shiftsto higher temperatures with increasing hydrogen �ux [108] and energy [73, 109]. Adetailed review of the hydrogen surface chemistry is discussed in Ref. [106].The chemical reaction of energetic hydrogen ions with carbon atoms was foundto occur after the ions have slowed down (to thermalised ions) at the limit of their



2.2 Chemical erosion and sputtering of Carbon 19implantation range [110, 111, 112]. Therefore, the above chemical erosion model ofthermal hydrogen atoms can also be applied for the case of energetic incident ions.The main di�erence lies in the additional damage created by the incident energeticions which can enhance both Ysurf and Ytherm by energy deposition in the near surfacelayer. Incorporating both processes, one can derive an analytical description of thetotal chemical yield that reproduces the measured temperature (T [K]), incident energy(Eo[eV ]), and �ux (φ[ions/m2s]) dependencies of the chemical erosion yield [73]:
Ychem = Ysurf + Ytherm(1 + D Ydam)where D is a parameter depending on the hydrogen isotope and Ydam is equivalentto Eqn. 2.1 with the threshold energy Eth replaced by a damage activation energy

Edam[eV ] derived from experiment [113]. Ytherm and Ysurf are given by the followingexpressions:
Ytherm = csp3

0.033exp
(

−Etherm

kT

)

2 × 10−32φ + exp
(

−Etherm

kT

)

Ysurf(Eo, T ) = csp3 Ydes(Eo)
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Eo−65eV
40eV

)

]

where Etherm[eV ] is the thermal activation energy, Ydes is equivalent to Eqn. 2.1with the threshold energy, Eth, replaced by an empirical desorption activation energy[114], Edes[eV ], and csp3is the hydrogenated carbon concentration given by:
csp3
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where Erel[eV ] is the activation energy for hydrogen release [115, 116] and C isgiven by:
C =

1

1 + 3 × 107exp
(

−1.4eV
kT

)



20 2 BACKGROUNDTherefore, the chemical erosion cycle of carbon irradiated by low energy ions iscomposed of: (1) the reaction of thermalised ions, and (2) the enhancement of thethermal reaction by radiation damage, in combination with (3) the enhanced ion in-duced desorption of hydrocarbon radicals on the surface. A similar modi�cation of theatomistic model was presented by Mech et al. [113].However at RT where thermal erosion mechanism can be excluded, the chemicalerosion yield could not be correctly explained by the sputtering of weakly bound hydro-carbons from the surface only (Ysurf) [117]. Instead, a chemical sputtering mechanismwas proposed, where energetic ions break C-C bonds within their penetration rangeand the resulting dangling bonds are passivated by hydrogen atoms. Consecutive bondbreaking and passivation results in the formation and release of hydrocarbons at andbelow the surface. The main di�erence of the chemical sputtering model is the factthat the process is not surface limited and requires breaking of C-C bonds by energeticparticles. The energy dependence of the chemical sputter yield could be well repro-duced by this model for simultaneous irradiation of atomic hydrogen and low energyions [117, 118, 119, 120]. In support of the chemical sputtering mechanism, moleculardynamic studies [121, 122] showed that a hydrogenic ion can attack the region betweentwo C atoms, resulting in core-core repulsion between the ion and the C atoms. Atshort inter-atomic distances the repulsive interaction was found to push the two Catoms apart breaking the covalent C-C bonds.2.3 Simultaneous irradiation of Tungsten by Hydrogen and Car-bonTo study C-W mixed materials, it is important to investigate the simultaneous bom-bardment of both hydrogen and carbon together. The primary reason is that duringsimultaneous bombardment, the surface composition is subject to the balance of im-plantation and erosion processes of both species. On the one hand, the implantationof carbon can be balanced by C removal due to sputtering and/or di�usion, result-ing in continuous tungsten erosion. On the other hand, C implantation may prevailover the sputtering process, resulting in C layer formation on top of the C-W mixedmaterial. The dominating behavior will depend on both the kinematic and chemicalprocesses outlined in sections 2.1 and 2.2, as well as target properties like surface mor-phology (e.g. roughness) and temperature which have a signi�cant e�ect on carbondi�usion and tungsten carbide formation. Single species irradiation of prepared C-Wmixed materials cannot correctly describe such a system since only one species can berepresented at one time.2.3.1 Tungsten sputtering and Carbon surface behaviorTo simulate simultaneous irradiation of carbon and hydrogen in previous experiments,polished tungsten targets were bombarded with ECH+
3

= 3 keV CH+
3 ions and thesputtering behavior studied by in-situ weight-loss measurements [62]. Large devia-tions from TRIDYN calculations resulted in the formulation of an analytical modelbased on balancing the erosion-deposition processes in Ref. [65]. The resulting erosionyields required to �t the experimental data by the model could not be explained by



2.3 Simultaneous irradiation of Tungsten by Hydrogen and Carbon 21the superposition of carbon self-sputtering and the additional erosion due to hydro-gen impact. However both experiments su�ered from surface roughness and e�ects ofnon-uniform bombardment over the irradiated area. Recently, improvements to theexperimental technique by replacing the in-situ weight-loss measurements with in-situion beam analysis has allowed to achieve good quantitative agreement between exper-imental results and TRIDYN simulations in case of smooth surfaces [70]. Chemicalsputtering e�ects were considered negligible with surface roughness being the domi-nant parameter governing the erosion and deposition process [123]. A separate hightemperature experiment using ECH+
3

= 3 keV CH+
3 ions at T = 1000 K was performedby Schmid and Roth [60], and a model combining the e�ects of RES and di�usion wasable to reproduce the experimental weight-loss/gain results.The carbon surface concentration was investigated as a function of temperature andcarbon fraction in the incident particle �ux, fc, using a mixed beam of EH+

3
= 1 keV

H+
3 ions and 1 keV CH+

x and C2H
+
x ions (>80% and < 20%, respectively) in Refs.[67, 124]. An increase in C surface concentration was observed by increasing the fcfrom 0.1% to 0.8%, while a slight expansion of the C depth pro�le was observed byincreasing the temperature from 653 K to 913 K. In the corresponding C depth pro�les,a local peak at≈ 20 nm was observed (greater than the ion range of≈ 5 nm), which wasexplained as an e�ect of recoil implantation of the carbon deeper into the implantationrange [125].2.3.2 Sputtering of C-W mixed materials by DeuteriumA very weak temperature dependence was observed for methane release in tungstencarbide irradiated with ED = 1.5 keV D+ ions that is signi�cantly di�erent from the

800 − 900 K peak observed in graphite [126]. Interestingly, methane release was alsoobserved at RT following an initial D buildup phase. The total sputtering yield wasobserved to decrease with increasing W concentration in the C-W mixed material[127]. The D energy used (ED = 66 eV ) was below the threshold of W sputtering, andtherefore, the weight-loss of the specimens was attributed to the preferential loss ofcarbon by physical and chemical sputtering processes. Such preferential loss of carbonwas also observed for ED = 1 keV D+ion irradiation of tungsten carbide specimens[96], with good agreement between experimental results and TRIDYN simulations.The preferential carbon erosion behavior was interpreted to be due to threshold e�ectscaused by the large mass ratio between carbon and tungsten atoms.2.3.3 Hydrogen retention in Carbon and Tungsten materialsA recent review of hydrogen retention in plasma facing materials planned for ITER hasbeen compiled in Refs. [128, 129]. Signi�cant deuterium (D) retention is observed inco-deposited layers on tungsten (W) divertor tiles in ASDEX-Upgrade [130]. A detailedreview of hydrogen retention in bulk W materials can be found in Refs. [17, 131], andfor carbon (C) materials in Ref. [132]. In general, hydrogen trapping in C is muchlarger than in W. The following discussion summarizes the relevant results of hydrogenretention in C-W mixed materials.The methods used to study hydrogen retention in C-W mixed materials has been



22 2 BACKGROUNDD irradiation of tungsten carbide materials [126, 133, 134, 135, 136], C-W mixturesprepared before the D irradiation step [137, 138], or by C pre-implantation followed byD irradiation [139, 140, 141]. In all cases, the hydrogen retention behavior was foundto strongly depend on the C concentration in the material. It is postulated that theamount of active C with free bonds is the critical parameter determining the hydrogenretention behavior, but such measurements have not been performed experimentally. Adecrease in hydrogen retention from absorption experiments is observed with increasingcarbonization of tungsten [142], illustrating the fact that when stable C bonds areformed, hydrogen retention decreases. However, D irradiation of tungsten carbide at
RT results in D retention similar to levels observed in graphite, and decreasing to levelsof pure W with increasing temperatures [126]. Thus, irradiation of stable tungstencarbides may result in C bond breaking that activate C sites which trap hydrogenmore e�ectively than W trap sites. Thermal desorption spectra indicate two regions ofD release between 300−700 K and 900−1100 K, respectively [126, 135, 136, 143, 137].With increasing W concentration, an increase in D release between 300 − 700 K isobserved [137]. Therefore, the lower temperature region is generally associated withD de-trapping from tungsten traps, while the higher temperature region is associatedwith D de-trapping from carbon traps. Deuterium depth pro�les reveal that the near-surface layers in tungsten carbides retain twice as much D than poly-crystal tungsten[128] with no saturation e�ects [134]. This is in direct contrast to hydrogen retentionin C, where saturation occurs due to the low di�usivity of D in carbon. The increasedtrapping in the near-surface region results in a decrease of the long D di�usion tailcharacteristic of pure W, but is still in the order of several µm. The fact that hydrogenretention in tungsten carbides follow the temperature behavior of pure W is due to thelower activation energy for recombination and faster di�usion of D than C [144]. Thereis also evidence that D is trapped solely as D atoms in tungsten carbides in contrastto both D atoms and D2 molecules in pure W [128, 133, 145]. It is postulated that thisoccurs due to the reduction of the recombination coe�cient of the C-W mixed materialsurface [139].In the case of C pre-implantation, signi�cant C and D �uence dependencies areobserved in the hydrogen retention behavior [139, 140, 141]. The reason is that the C�uence determines whether the subsequent D will interact with a C-W mixed layer ora pure C layer, while the D �uence determines to what extent the C is eroded suchthat D no longer interacts with a C-W layer but rather pure tungsten. It should benoted that there is also a C and D energy dependence to the trapping behavior, sincethis determines the ranges as well as the creation of active C sites. For cases where theincident D interacts with a C layer, higher D retention is observed at low D �uencesand approaches retention fractions in pure W with increasing D �uence [140]. For caseswhere incident D interacts with a C-W mixed layer, a decrease in D retention has beenobserved by Poon et al. [140], while an increase was observed by Ogorodnikova etal. [139]. The discrepancy remains as yet unresolved, but the results of Ogorodnikovaet al. [139] are consistent with the hydrogen retention behavior in tungsten carbides.TDS spectra indicate that most of the D is released at T ≤ 800 K [139, 141].In summary, hydrogen retention in C-W mixed material is more similar to theretention behavior in pure W than C (i.e. signi�cant di�usion into the bulk material).However, due to the presence of additional C traps an increase in retention in the



2.3 Simultaneous irradiation of Tungsten by Hydrogen and Carbon 23implantation range is always observed. The observed e�ect is most pronounced at RTbut decreases with increasing temperature, and the total retention amount approachesthe retention behavior of pure W.
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3 Experimental facilitiesAll experiments described in this study have been performed using the dual beamexperiment (DBE) in the Tandem-Accelerator Laboratory in the Plasma Wand Wech-selwirkung Group at the Max Planck Institut für Plasmaphysik in Garching, Germany.In the following sections the major components of the experimental apparatus usedwill be described together with an outline of the experimental techniques used. A de-tailed description of the apparatus is also given in Ref. [68], therefore only a conciseoverview is presented below. For details which are speci�c to an individual study, moreinformation is provided in each respective chapters.3.1 Dual beam ion acceleratorIrradiation was performed using the two independent ion sources of the dual beamexperiment (DBE). A schematic of the DBE is shown in Fig. 3.1. It consists of twomass-selected ion beam lines focused on a single spot in the target chamber separatedby an angle of 30°, resulting in an incident angle α = 15° during dual beam irradiation.The two independent sources allow a much wider study of the parameter range (the Cfraction in the combined beams) than accessible in previous experiments [60, 62, 65].In this thesis, di�erent C fractions (fc) in the total incident beam were obtained bykeeping the C �ux nearly constant (factor of 2) while the D �ux was varied. Theincident ion energies used for most experiments were 12 keV C−

2 and 9 keV D+
3 ions.At these energies the incident ion species dissociate on impact resulting in energy/ionof 6 keV for C and of 3 keV for D. The DBE is also connected to a MeV tandemaccelerator allowing in-situ ion beam analysis described in sections 3.3.3 and 3.3.4.The �Quelle 1� (Q1) side is equipped with a standard Peabody Scienti�c ModelPS-100 duoplasmatron source used to generate positive D ions. The source plasmais created within a cylindrical cavity by introducing high purity D gas from a LindeMinican controlled by a pressure regulator and controllable leak valve. A hot platinum�lament is used as cathode and an axial magnetic �eld constricts the plasma, whichis extracted through a 0.3 mm diameter pinhole aperture by the applied extractionvoltage (i.e. the implantation energy). The D ions are then focused using an einzellens and X-Y steering plates before entering the 60° bending magnet for mass selection.Ion energy: 3000 eVFilament current: 14 APlasma arc current: 1.2 APlasma arc voltage: 90 VDuoplasmatron magnet current: 1.1 AExtraction voltage: 9 kVEinzel lens voltage: 8.2 VBending magnet current: 12.08 APressure: 1.2 × 10-6 mbarTable 3.1: Sample operating settings for Q1 source.
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Figure 3.1: Schematic of Dual Beam Experiment (DBE).
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Figure 3.2: Schematic of the target chamber �ange of the Dual Beam Experiment.



3.2 Dual beam target chamber 27Ion energy: 6000 eVTube heater current: 53 ATube heater voltage: 0.55 VCs reservoir current: 0.6 AIonizer current: 21 AExtraction voltage: 12 kVEinzel lens voltage: −6.53 VBending magnet current: 27.8 APressure: 1 × 10-6 mbarTable 3.2: Sample operating settings for Q2 source.The ions enter the DBE target chamber through a beam tube consisting of threeapertures with a �nal beam aperture of 3 mm diameter. The target is placed in aFaraday cup assembly at a distance of 15 mm from the �nal beam aperture so that thebeam divergence is considered negligible in between; see Fig. 3.2. A sample listing ofthe Q1 control settings used is found in Table 3.1.The �Quelle 2� (Q2) side is equipped with a Peabody Scienti�c Model 120 negativeion sputter source used to generate negative carbon ions. A Cesium (Cs) reservoir isheated to produce Cs vapor that is positively ionized by an ohmically heated helicalionizer. The Cs+ ions are accelerated onto the target cathode holding a cylindricalcopper target with a graphite inset, sputtering the C atoms. The C atoms chargeexchange in the neutral Cesium surface layer resulting in negative C ions which arerepelled from the cathode and accelerated to ground potential. Therefore, the Cs+ ac-celeration voltage is also the extraction voltage, limiting the achievable carbon currentusing this setup. The negative C ions are mass selected by a 30° bending magnet andfocused using an einzel lens and X-Y steering plates before entering the target chamberthrough a separate beam tube. The �nal aperture is also 3 mm in diameter with thedistance to the target equal to Q1 at 15 mm. A sample listing of the Q2 control settingsused is found in Table 3.2.3.2 Dual beam target chamberThe target chamber is 700 mm in diameter with a removable �ange mounted on whichthe target holder assembly, beam guiding systems, and the detector assembly aremounted (see Fig. 3.2). Upgrades to the target chamber during this study includethe installation of a Helix On-Board In-Situ Waterpump capable of water pumpingspeed of 35 000 ι/s, a Hiden HAL 201-RC single quadrupole residual gas analyzer, anda beam viewing system described in more detail in section 3.3.5.The target holder assembly can be rotated and moved vertically by a two-axismotorized manipulator housed in a Faraday cup. It consists of a base plate consistingof: (1) the beam viewing system, (2) a calibration target holder for ion beam analysis,(3) two target holders, and (4) two boron-nitride ceramic heaters (see Fig. 3.3). Thedetails of each component will be described in further detail in section 3.3.The detector system consists of four planar silicon (PIPS) detectors mounted on
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1

2

3

4Figure 3.3: Schematic of target holder assembly showing: (1) beam viewing system (BVS),(2) calibration targets, (3) target holder, and (4) target heaters.a common base plate at scattering angles of 165°, 135°, and 105° for the detection ofbackscattered 3He+ ions and at 150° for the detection of protons from nuclear reactions.A 5 µm thick Ni foil is placed in front of the the large solid angle (61.64 msr) 150°detector to allow only the transmission of the high energy protons. In addition, anX-ray detector is available for proton-induced X-ray analysis (PIXE), but was not usedin this work. The entire assembly is shielded by a shutter that is remotely controlledto protect the detectors from the re�ected ions during the irradiation stage of theexperiments.3.3 Experimental techniqueThe general procedure of the experiments is a series of irradiation steps of thin �lmspecimens prepared by magnetron sputtering at a �xed C fraction in the incident �uxand specimen temperature. The specimen preparation and characterization is dis-cussed in sections 3.3.1 and 3.3.2, respectively. Following each irradiation step, in-situion beam analysis using 3He+ ions is performed with the heaters o�. This methodallows to study the dynamics of C and W sputtering, C implantation, and D reten-tion as function of incident �uence species. Rutherford backscattering spectrometry(RBS) is used to quantify W sputtering behavior and will be discussed in section 3.3.3,while Nuclear reaction analysis (NRA) is used to determine the C and D areal den-sities and will be discussed in section 3.3.4. The C fraction in the incident �ux andincident �uence of each species are determined by the beam viewing system calibratedagainst measurements of the total implanted current and will be discussed in sec-tion 3.3.5. The temperature measurement is performed using a pyrometer calibratedagainst thermocouple measurements and will be discussed in section 3.3.7. The main



3.3 Experimental technique 29advantage of using in-situ ion beam analysis over previous weight-loss measurementsis the capability of independent and accurate quanti�cation of W sputtering and Cimplantation/re-sputtering, which provides in turn the ability to detect accurately thetransition point between W sputtering and C deposition dominated regimes.
3.3.1 Specimen preparation by magnetron sputteringTungsten or carbon thin �lm specimens were prepared by sputtering of a carbon ortungsten cathode in a magnetron sputter device under vacuum using Ar as the workinggas (see Fig. 3.4(a)). The device consists of three sputter cathodes (two shown) thatcan be shielded from the Ar plasma by movable shutters, and a rotating base plateon which the substrates are placed. A direct current (DC) or radio frequency (RF)plasma discharge sputters the cathode target material, mainly as neutral atoms, whichare subsequently deposited on the substrates below. The magnetic �eld lines fromthe permanent magnets (see Fig. 3.4(b)) trap the secondary electrons in helical paths,resulting in increased ionization of the Ar gas and a corresponding increase in the targetsputtering rate. The sputtered atoms, as mentioned earlier are neutrally charged, andso are una�ected by the magnetic trap. The properties of the deposited W �lmsdepend mainly on the Ar pressure, deposition temperature, and substrate bias voltage[146, 147]. At the low Ar pressure used, the arriving Ar neutrals re�ected from theW cathode have su�cient kinetic energy to cause local lattice damage, promoting adense microstructure. This e�ect of �peening� decreases with Ar pressure due to theenhanced collisional scattering of the neutrals with the plasma. Sputter-depositedrefractory-metal �lms like tungsten tend to have high residual stress, which changesfrom compressive to tensile on increasing the working gas pressure [148]. Although, �lmstress plays an important role in determining the electrical and mechanical properties ofthe �lm, there is no known e�ect on surface binding energies which critically determinethe sputtering yields.The procedure for thin �lm preparation used in this study closely follow the proce-dures developed for the C-Wu-Si specimens used in a previous study [95]. However, Wlayers deposited on Si substrates were found to delaminate at high temperatures mak-ing them unsuitable as substrate material in this work. In addition, the Cu interfaceused previously acted as a D di�usion barrier during RT measurements, causing the Dtrapped at the interface to create blisters [95]. Therefore polished Ni substrates werechosen for W layer depositions with the thickness range of 400 − 500 nm. A DC dis-charge at 560 V with Ar �ow rate of 20 cubic centimeters per minute (ccm) was used forall specimens. Base pressures of ≈ 10−7 mbar were reached by using a liquid nitrogencooling trap, and the introduction of Ar led to deposition pressures of≈ 3.5×10−3 mbar.During deposition, the base plate temperature measured was ≈ 450 K, which was takento be the Ni substrate temperature since the system reached thermal equilibrium. ForC self-sputtering measurements (section 4.2.2) ≈ 250 nm thick C �lms were depositedon polished ITER grade W substrates using an RF discharge of 500 W at 20 ccm Arpressure. The temperature of the base holder stayed below 350 K.
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(b)Figure 3.4: Schematic of the (a) magnetron sputter device, and (b) the cross section of aplanar magnetron, where the electrons are trapped in cyclic motion near thetarget surface, leading to a higher plasma density and corresponding increase incathode sputtering.3.3.2 Specimen characterizationThe impurity content of the tungsten (W) specimens were characterized by X-rayphotoelectron spectroscopy (XPS), yielding oxygen (O) and carbon (C) concentrations< 2 %. No XPS characterization was performed for the C �lm specimens. RBS wasused to determine the W �lm thickness by measuring the W areal density and will bediscussed in section 3.3.3, while NRA was used to determine the C areal density andwill be discussed in section 3.3.4. For both carbon and tungsten �lm specimens, atomicforce microscopy (AFM) was used to study the surface topography and roughness whilescanning electron microscopy (SEM) was used to analyze the surface morphology. X-ray di�raction (XRD) measurements were performed to characterize the deposited Cand W �lm structures.Atomic force microscopeThe atomic force microscope is a class of scanning probe microscope where a probeconsisting of a sharp tip at the end of a cantilever is rastered across the specimensurface in either contact or tapping mode measuring the topographic image of thespecimen surface in three dimensions (where z is normal to the specimen surface). Allmeasurements were performed in contact mode, where a constant force is maintained onthe cantilever which pushes the probe tip against the specimen as it rasters the surface.This de�ection is kept constant by maintaining constant tip-specimen separation bymoving the scanner in the z direction by a feedback loop. A typical scan area measuring
Lx ×Ly is collected with the data represented as a discrete two-dimensional data �eldof size N × M , with nominally an equal sampling interval distance, 4.AFM measurements were performed using a Rasterscope 4000, AFM 2194, DME in



3.3 Experimental technique 31

(a)

15 nm

-15 nm

3.9

500 nm

4.3

(b)Figure 3.5: Atomic force microscope (AFM) images of deposited W-�lm specimens usingan (a) old tip and (b) virgin tip. The numbers indicate the root mean square(RMS) roughness value, Rq in nm.contact mode at 0.5 nN using pyramidal Si tips (radius of curvature < 10 nm) at a scanspeed of 3 µm/s. A nominal scan area of 2 µm × 2 µm consisting of 512 × 512 pixelswas collected. Surface roughness was quanti�ed by using the open-source softwareGwyddion [149] to determine the root mean square roughness (Rq) of the scannedarea. This parameter is an amplitude parameter and measures the standard deviationof the distribution of surface heights with the following de�nition [150]:
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where yj is the height deviation from a mean line de�ned as a line from which thesum of the squares of the height deviations is equal to zero, and n is the number ofsampling lengths. Tip sharpness critically determines the resolution of the collectedimages and corresponding Rq values, since prolonged use will tend to broaden outthe tip radius [151]. Therefore, to estimate the magnitude of tip wear on measuredroughness, a calibration experiment on deposited W �lm specimen was performedusing an old and virgin tip on the same specimen location (see Fig. 3.5). As seenby comparing the circled areas in Figs. 3.5(a) and (b), the virgin tip is able to resolvesmall surface features (�platelets�) that were previously not visible using the old tip.Also, due to the increase in resolution, the Rq value increases by ≈ 0.5 nm using thevirgin tip. The magnitude of this error from tip wear is comparable to the statisticalvariation of Rq values measured at several di�erent specimen locations. Therefore, asan upper estimate, the error in the Rq value was taken to be ±1 nm throughout thiswork unless otherwise stated.
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Figure 3.6: Comparison of the as-deposited W �lm surface from (a,c) SEM and (b,d) AFMmeasurements for two di�erent scanned areas.Scanning electron microscopeScanning electron microscopy was used to study the surface morphology by collectingboth the secondary electrons which are sensitive to surface structures, and the backscat-tered electrons which are sensitive to elemental composition. Two scanning electronmicroscopes, an XL 30 ESEM from FEI operated at 20 kV , and a higher resolutionHelios nanolab 600 from FEI operated at 10 kV was used. As seen from Fig. 3.6(a),the W-�lm specimen is in general laterally uniform with a few isolated surface artifactsand scratches visible. By analyzing the backscattered electrons, the round artifactswere determined to be tungsten and not surface contaminants. These artifacts arefew however, and the surface generally represents a patchwork of �platelets� (circled)as seen from the higher magni�cation in Fig. 3.6(c) or from the corresponding AFMimage in Fig. 3.6(d). In general, good agreement between the surface morphology isobserved between AFM and SEM images as seen by comparing Figs. 3.6(a-b) or (c-d).



3.3 Experimental technique 33
N

o
rm

a
liz

e
d

 I
n

te
n

s
it
y

10

10

1

-1

-2

10
-3

40 60 80 100 120 140
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2θ hkl PCW [152] RT 770K 870K39.8 110 1 1 1 158.0 200 0.15 0.02 0.03 0.0472.7 211 0.23 0.23 0.21 0.1886.7 220 0.08 0.03 0.03 0.04100.5 310 0.11 0.09 0.07 0.07115.1 222 0.04 0.01 0.01 0.01131.7 321 0.18 0.08 0.07 0.07Table 3.3: The relative peak intensities observed for detector angle 2θ, for as-depositedspecimen compared to annealed specimens at 770K and 870K. Reference datafrom [152] is also listed.



34 3 EXPERIMENTAL FACILITIESX-ray Di�ractionA di�ractogram obtained by gracing incidence X-ray di�raction (XRD) analysis, wherethe incident beam was kept constant at α = 3° while the detector geometry was varied,is shown in Fig. 3.7 for a virgin as-deposited W specimen and a specimen annealed at
870 K for 4 h. Also shown for comparison is the spectrum from an ITER grade bulktungsten specimen. This geometry was chosen to maximize the X ray penetration alongthe thin �lm and reduce the contribution of the Ni substrate since the deposited W�lms are on the order of 400−500 nm, while the X rays probe depths in the 10−100 µmrange. The di�racto-meter was a model Seifert XRD 3003 PTS operated with CuKαradiation (0.154 nm). Comparison of the W peaks to XRD reference data [152] in Fig.3.7 show good agreement, indicating that the W �lm is primarily a body-centered-cubic(bcc) α-W phase, similar to randomly oriented polycrystalline tungsten (PCW) foils orbulk W samples used in sputtering and retention studies. The ratio of the (211)/(110)peaks is in good agreement to that of PCW as seen in Table 3.3. However, it isquantitatively di�cult to relate the intensity of each peaks to a corresponding amountin the W �lm and the quantitative determination of a dominant crystallographic phasecan therefore not be made from Fig. 3.7. However, the tungsten �lms indicate a strong<110> texture or preferred orientation parallel to the surface normal.The width of the peaks are rather broad in comparison to ITER grade PCW,which is due to several factors like small crystallite sizes, the crystallite shape anddistribution, and distortions in the crystal structure from stacking faults, dislocations,and microstrain [153]. The evaluation of the peak broadening to extract quantitativeinformation on crystallite size and lattice strain was not performed since under ionirradiation the original structures lose their importance with increasing �uence dueto ion-induced damage of the material. A comparison to 150 nm W �lms depositedunder similar DC magnetron sputtering conditions at 3 mTorr Ar pressure show similarXRD patterns with strong <110> texture and compressive stress [147]. Transmissionelectron micrographs (TEM) of the W �lm cross section showed a dense microstructurewithout any columnar structures with no evidence of voids [147]. Comparison to 500 nmthick W �lms deposited via simultaneous W evaporation and Ar bombardment [146]also display the �platelet� surface appearances seen in Fig. 3.6 with <110> texture.Therefore, the W �lms prepared in this work are similar to W �lms deposited usingother magnetron sputtering devices, but more importantly, is comparable in structureto the PCW foils and bulk W samples used commonly in sputtering and retentionstudies in the published literature data. No clear peaks were observed for the C �lmspecimens (amorphous) and therefore its di�ractogram was not included.E�ect of Tungsten specimen annealingFrom the XRD di�ractogram (see Fig. 3.7), annealing the specimen at 870 K for 4 hresults in minor changes in the relative peak intensities with only the (211)/(110) ratioshowing an observable decrease (see Table 3.3). This decrease has been observed tocorrespond to decreasing �lm stress [154] which will a�ect the D trapping behavior,as stress-relieved W is observed to retain reduced amounts of D retention [155]. Inaddition, from Fig. 3.8, it can be seen that the temperature induced structural or-
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Figure 3.8: Comparison of AFM images of as-deposited W specimens with annealed speci-mens at 770K and 870K for 4h.
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dering results in a increase in surface roughness from RT to 770 K, but retain theoverall �platelet� appearance at the surface. The increased roughness results primar-ily from the increased peak to peak variations as shown in Fig. 3.9 in the regionswhere nanocrystallite groups of di�erent orientation meet. The �platelet� structureswhich can no longer be distinguished in the AFM images for specimens annealed at
870 K and corresponding decrease in Rq value is attributed to tip wear. Therefore,annealing to 870 K does not result in signi�cant changes to the W �lm structure asidefrom reduction in �lm stress accompanied by an increase in surface roughness. The W�lm specimens can therefore be assumed to be stable during irradiation experimentsat elevated temperatures.
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ChannelFigure 3.10: Typical RBS spectrum collected between each irradiation step showing thedecrease in the width of the tungsten peak as a result of sputtering.3.3.3 Rutherford backscattering spectrometryRutherford back-scattering spectrometry is the standard ion beam analysis techniqueused to accurately determine the stoichiometry, elemental areal density, and impuritydepth distributions in thin �lms. A mono-energetic MeV ion beam (2.5 MeV 3He+ions in this study) scatters elastically due to collisions with the target atoms withenergy characteristic of the mass of the struck particle at given scattering angle. Theratio of incident to �nal energy (E1
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By measuring the number of backscattered ions as well as their energy using a solidstate detector at a de�ned scattering angle θ, the unknown target mass, M2 can bedetermined. For a full description of the technique see Refs. [156, 157]. Further detailswith a detailed discussion regarding the advantages of the RBS technique for the studyof W sputtering and C layer formation can also be found in Ref. [68].A collection of RBS spectra for a W-Ni specimen collected in between subsequentirradiation steps with a 165° detector (3.28 msr) is shown in Fig. 3.10. The loss of Wresults in the decrease of the W peak width and a corresponding increase of the energyrelated to the W-Ni interface. The total amount of W sputtered can be determined bytaking the di�erence in the measured W areal density following each irradiation stepagainst the virgin specimen. To determine the W areal density, the spectra are �ttedby the SIMNRA [158] program. Assuming PCW like W density of 19.3 g/cm3 resultsin typical W �lm thicknesses of 400 − 500 nm with thicknesses varying depending onthe specimen location in the base plate during deposition.
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nAs) to be present during ion beam analysis. Therefore, a negative o�set will result ina collected dose > 5 µC, while a positive o�set will result in a collected dose < 5 µC.
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40 3 EXPERIMENTAL FACILITIESstate conditions with increasing temperature, the previous approach of defocusing thebeams to achieve homogeneous distribution of the beams resulted in unacceptable low�uxes. Therefore, the C beam was focused to produce the highest �ux possible whichresulted in an inhomogeneous distribution over the entire beam spot (see Fig. 3.14).For such an inhomogeneous beam, the method of determining the C and D �uencesby averaging the total current measurements over the entire beam area result in largeerrors since the local C and D �uence in the area analyzed by the 3He+ ions is in generalmuch higher than the averaged values. Therefore, in order to obtain quantitative andaccurate measurements of the incident beam distributions, C fraction in the total �ux(fc), as well as locating the position of the analysis spot of the 3He+ ions relative tothe beam spots of the low energy ion sources, a so called Beam viewing system (BVS)[160] was installed as new diagnostic tool. The device consists of a Photonis imagingquality microchannel plate (MCP) manufactured by Burle industries, and a phosphorscreen coupled with a CCD camera that captures the light produced by the ampli�edcharge pulses of the incident ions (see Fig. 3.15(a)). The imaging area of the MCPis 18 mm in diameter and typically operated at 700 V bias resulting in a gain of 200.The nominal pore size of the MCP is 10 µm with a nominal center-to-center spacingof 12 µm. The phosphor screen is a standard aluminized P-20 deposited on glass platewith a conversion e�ciency of η = 0.063 photons/eV/electron operated at 3000 V bias.The camera system used is a 12 bit Pixel�y QE 270 system from PCO imaging, witha resolution of 1390 × 1024 pixels, with a pixel size of 6.45 µm × 6.45 µm, capable ofimaging a 9 mm × 6 mm area. The camera can be operated with variable exposuretimes from 10 µsec − 10 sec, but nominally an exposure time of 1 sec was used. Thecamera is equipped with a telecentric CCD lens from Sill Optics (S5LPJ9032) to allowfocusing of the beam image from outside the vacuum vessel without a�ecting the actualbeam spot size. The resulting images are �rst collected using the software Camware,followed by analysis using programs implemented in the computer language IDL. Theintegral over the image intensity was calibrated against the current measurements ofthe picoammeter to obtain calibration factor relating the light intensity to charge. Ashort description of the calibration procedure follows next.
3.3.6 Calibration of BVS measurementsThe collected intensity of the BVS images must be calibrated against the dose ofincident ion charge to determine the lateral distribution of �uence and C fraction inthe incident �ux, fc. Accurate determination of both quantities depends critically onthe accurate measurement of: (i) the area of the beam, and (ii) the total dose amount.To determine (i) the area of the beam, the pixel size of the collected images must betranslated to an actual geometric area. This was done by mounting a calibration platewith a 1 mm diameter hole and integrating the pixel counts to obtain a calibrationfactor relating the pixel/area. The main source of error lies in de�ning the regionof interest (ROI) of the beam boundary over which the intensity of the pixels areintegrated and calibrated against the current measurement.
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Figure 3.14: Images of the D and C beams, as well as the analysis 3He+ beam measuredusing the BVS. The �rst row corresponds to the raw images captured by theCCD camera, while the second row shows a color mapping of the intensityvariation mapped in the computer language IDL environment.
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The attenuation grids used to reduce the beam intensity introduce a scatter of thebeam (<10 pixels) resulting in a beam boundary that is not sharply de�ned. Also,due to the principal of MCP operation, parasitic electrons may be produced which canmisleadingly indicate a larger beam area. However, the errors associated from bothe�ects is <5% and is often negligible compared to the error in determining (ii) the totaldose amount. Normally, the BVS was used to collect the beam images at the start andend of each irradiation step and the total �uence was calculated by taking the averageof the two measurements. Under normal ion source conditions, this method providessu�cient accuracy given the constant currents generated by the ion sources as seenfrom curve (1) in Fig. 3.13. However, when the C source operates unsteadily due to�uctuations of cathode erosion, the resulting current �uctuation as seen from curve (2)in Fig. 3.13 introduces large errors. It was determined however that the �uctuations inthe total C current are approximately linearly dependent on the C current �uctuation inthe local area of interest (see Fig. 3.16). Therefore, for experiments where the C beam�uctuations were large, the total C current component was isolated from the totalcurrent measured (D+C) by subtracting the normally constant D component. Theresulting curve yields the total C current as a function of time, and using a calibrationcurve (see Fig. 3.16), the local C current as a function of time can be determined. Inturn, by integrating this curve, the C �uence and the C/D ratio in the analysis areacan then be more accurately determined. The di�erence in the C �uence amount canvary by up to 30% in some cases between the two methods of calculation. It should benoted that for experiments where fc is large (i.e. the D �ux is reduced), the �uctuationof the C beam introduces a correspondingly greater error in determining both the total�uence (C+D) and the C fraction in the incident �ux, fc. For these experiments,special care was taken to ensure that the sources operated with minimal disruptions.
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4 Carbon-only irradiationThe use of carbon (C) as a plasma facing material in ITER will lead to the pres-ence of C impurities in the plasma due to erosion of the material. At typical plasmaedge temperatures (10− 100 eV ) carbon ions occur mainly in higher ionization states.Multiply charged C ions incident at a wall surface will be accelerated in the sheathpotential and can therefore impact with energies up to the lower keV region [49, 161].The ASDEX-Upgrade tungsten divertor experiments have shown that W sputteringis dominated by such C impurities originating from erosion of graphite plasma facingmaterials in the main chamber [19]. Tungsten sputtering by C has been well character-ized both by experiments and simulations primarily through comparison of weight-lossmeasurements performed at IPP with TRIDYN calculations [60, 61, 63, 65], resultingin the sputtering yields discussed previously in section 2.1.2. The experimental �nd-ings presented in this section are intended to characterize particularly the temperaturedependence of the sputtering behavior of tungsten for Ec = 6 keV C ion irradiation inthe temperature range RT −870 K and to benchmark respective TRIDYN calculations.The use of ion beam analysis leads to signi�cant improvement over the previousweight-loss measurements because it allows to quantify the previously inaccessible pa-rameter of the implanted C areal density, nc. The W sputtering behavior will be shownto be fully parametrized by nc, e�ectively reducing the problem of C implantation andW sputtering to one parameter. A fully characterized description of the W sputter-ing behavior by C is an important prerequisite for separating the e�ect of additionalD bombardment during simultaneous irradiation and quantifying the correspondinglyinvoked synergistic e�ects.Furthermore, the temperature dependence of the C self-sputtering yields was de-termined in the previously unexamined temperature range 670 − 870 K. The purposeof this set of experiments was to obtain the temperature dependence of C surfacebinding energies (SBEs) as input parameters for TRIDYN calculations. The bench-marked TRIDYN calculations will be used as �tting curves for the application of thephenomenological model described in section 6.4.1 Specimen characterizationTungsten was irradiated using 6 keV C ions at α = 15° and surface temperatures of
RT , 670 K, 770 K, and 870 K. At this angle of incidence, a C layer always formsfollowing an initial period of W sputtering as discussed in section 2.1.2. In order tofacilitate a better understanding of the experimental results presented in section 4.2, itis useful to view the development of the specimen's surface morphology as a function ofirradiation �uence as the system moves fromW erosion to C layer formation. AFM andSEM images will serve to illustrate the surface modi�cation, while Raman spectroscopywill be used to characterize the structure of the developed C layer. XRD could not beapplied for this purpose because the diameter of the irradiated area was much smallerthan the area analyzed by the X-rays. 45



46 4 CARBON-ONLY IRRADIATION4.1.1 Surface roughnessThe e�ect of surface morphology and its impact on sputtering behavior has been stud-ied for fusion applications [71, 162, 163] as well as in plasma processing [164, 165]. Inthe context of ion-surface interactions, a surface is de�ned to be smooth if the meanion range of the incident species, λ, is signi�cantly greater than the surface roughness,
Rq (i.e. λ � Rq) [69]. The principal e�ect of surface roughness on ion-surface inter-actions is the replacement of a singular angle of incidence by a local distribution ofincident angles with corresponding modi�cations of the sputter and re�ection yields.The energy range of incident particles both in fusion and plasma processing applica-tions can be as low as 10−100 eV . At such energy scales, the geometric features of thesurface become important as the range of the incident particle becomes comparableto surface roughness. E�orts at implementing surface roughness e�ects using fractalgeometry considerations [162], determination of local angular distributions from STMmeasurements [163], or introduction of 2-D (depth and lateral scale) surface geometry[71] in simulations exists. However, the simulations are restricted by the di�culty indetermining the fractal dimension in the �rst case, while for the latter cases, the surfaceroughness must be measured before or after to provide the inputs and is therefore notpredictive. In the case of Bizyukov et al. [71], the results are also qualitative due to the�t of a 2-D surface topology to 3-D experimental data, and additional computationaltimes are required from the increased complexity.TRIDYN calculations used in this study assume perfectly smooth surfaces with the1-D elemental change in surface composition calculated only as a function of depth.Therefore, in order to avoid incorrect interpretation from comparing experimental re-sults with idealized TRIDYN results, AFM measurements were performed for speci-mens before and after irradiation to determine the evolution of surface roughness andto estimate the magnitude of corresponding e�ects on the measured C implantationand W sputtering behavior.AFM images for C-only irradiation of W at di�erent temperatures for 3 locationsboth on and 1 location o� the beam spot are shown in Fig. 4.1. The C �ux is uniformin the central part of the beam where ion beam analysis is performed following eachirradiation step (black column), but can vary laterally by ±30% with the e�ect mostpronounced at the beam edges. In general, the C �ux is lowest at the left edge andhighest at the right edge as seen from the BVS image in Fig. 3.14. Therefore, byscanning horizontally across the specimen from an unexposed area towards the beammaximum, the qualitative evolution of the surface topography with increasing �uencecan be observed. The roughness evolution with increasing �uence shown in Fig. 4.1does not correspond to one location, but three di�erent locations on the same specimenirradiated to a di�erence in total �uence.First, Fig. 4.1 shows that the heating process alone for T ≥ 770 K (�rst column)results in a ≈ 50% increase of Rq value compared to T < 770 K as previously seenin section 3.3.2. The mean ion range of 6 keV C ions in tungsten is λ = 10 − 15 nm,and therefore surface roughness e�ects cannot be neglected for irradiation at T ≥
770 K. Second, for all specimens, the Rq value increases with the growth of a Clayer. At RT , this is mainly due to the presence of pores in the C layer but at elevatedtemperatures, the inhomogeneous growth of the C layer in the form of island structures
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(a)

(b)
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Figure 4.2: SEM images showing the surface morphology at di�erent magni�cation: (a,b)before full C coverage, and (c,d) after full C coverage.mainly contribute to the increase in surface roughness. Third, at elevated temperatures,the C layer is observed to grow in cluster sizes of ≈ 10 nm which in turn are networkedto form larger island like structures. Such surface topography is typical of surfacegrowth processes [166] where the surface C atoms are mobile and can coalesce to form3-D structures. This is in contrast to the very smooth surfaces observed at RT , whichis in accordance to the sub-plantation model [167] where C layer growth occurs byimplantation into the material.The morphology of the initially sputtered W surface from SEM images is shownin Fig. 4.2(a,b). Clearly visible are W island structures, which are formed by inho-mogeneous sputtering of the surface. This may be due to yield variations for di�erentlattice orientation of grains at the surface. The corresponding surface roughness is
Rq ≈ 10 nm. This initial surface topography of peaks and valleys provides in the fol-lowing irradiation, the basis for C layer growth. According to Fig. 4.1, the C layerevolves by �rst following the initial surface morphology, but then roughness increaseswith growth of a C layer on top of the surface. Above a certain threshold, furtherincrease in C �uence results in merging of the growing C structures, resulting in thevalleys to become �lled and corresponding decrease of Rq values. SEM images followingfull coverage of the W surface by a C layer after irradiation is shown in Fig. 4.2(c,d).The growth pattern clearly shows the e�ect of the 15° inclination of C ion's angle ofincidence and the preferred growth orientation of the C layer.The Raman spectroscopy [168] spectrum shows that the C layer is similar in struc-ture to highly disordered carbon with broad D and G peaks. The results are presentedtogether with C layer formed under simultaneous irradiation in Fig. 5.4 in section 5.
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Figure 4.3: Comparison of XPS and TRIDYN depth pro�les for C-only irradiation at RT .The black line indicates the sputter depth measured by pro�lometry followingXPS.From the wavelength of the laser used (514.5 nm), only the sp2 content in the grown Clayer can be determined. However, carbon �lms with di�erent sp3- to sp2- ratios tendto graphitize when annealed to temperatures higher than 670 K [169]. Also, radiationdamage by ions via atomic displacements graphitize even real diamond surfaces [170],and therefore in present experiments low sp3 amount in the growing C layer is expected.This requires experimental veri�cation using UV-excitation mode (325 nm), which atthe time of measurement in Karlsruhe was not available. Since the threshold for atomdisplacement in graphite by H impact is 124 eV [171], the initial crystalline structuresof carbon facing the boundary plasma in a fusion device will likely be transformed intothe amorphous disordered C structure similar to those observed in this study.4.1.2 XPS depth pro�lingTo determine the thickness of the C deposition layer and to measure the change inC concentration with depth in the C-W mixed material layer, XPS depth pro�lingwas performed for a C-only irradiation specimen at RT . Fig. 4.3 shows the resultof the calculated TRIDYN depth pro�le following an implanted C amount of nc =
0.85× 1022 m-2. This areal density corresponds to the experimental amount implantedfollowing irradiation up to a C �uence of Fc = 2 × 1022 m−2 measured by ion beamanalysis as seen in Fig. 4.4.The XPS results are plotted against the Ar �uence such that the end point matchesthe depth of the sputter crater measured by pro�lometry. Since the Ar �uence does notscale linearly with depth, it is di�cult to quantitatively compare the two depth pro�les.However, XPS measurements and TRIDYN calculations are in good agreement at thedepth where the C implantation zone ends at 90−100 nm. From this comparison, it isinferred that TRIDYN can approximate the implanted C depth pro�le during C-only
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Figure 4.5: Comparison of: (a) Experimental W sputter yield as a function of implantedC areal density, nc at various temperatures with TRIDYN calculation usingthe SBEs corresponding to RT , and (b) the e�ect of incident angle, αT , inthe W sputter yield calculated by TRIDYN at low implanted C areal densitycorresponding to low C surface coverage.Second, at T ≥ 770 K, deviation between experimental results and TRIDYN calcu-lations is seen from Fig. 4.5(a). The underestimate of the W sputter yield by TRIDYNat T ≥ 770 K could be interpreted by C di�usion to the surface, resulting in enhancedC sputtering with corresponding increase in W sputtering by increased W surface con-centration. However, C di�usion in W is negligible at T = 770 K [93], and thereforechanges to the C surface concentration by di�usion e�ects can be neglected. The onsetof C di�usion in W has been observed at T ≈ 870 K [63] and is highest at low Cconcentrations [93]; meaning di�usion e�ects will be most pronounced at low amountsof implanted C. Yet, comparison of the W sputter yields below nc < 0.2 × 1022 m−2between T = 770 K and T = 870 K experimental results show little deviation. There-fore, C di�usion in W at T = 870 K and its corresponding e�ect on the C-implantationand W sputtering behavior can be assumed to be small for present experiments.The deviation at T ≥ 770 K between TRIDYN calculations and experimental re-sults is explained by the departure of the experimental W specimen topography fromthe smooth surface model used in TRIDYN. Surface roughness e�ects increase the lo-cal distribution of incident angles as well as increasing the W surface area. The e�ectof increase in incident angle and its e�ect on W sputtering can be seen in TRIDYNcalculations in Fig. 4.5(b). The e�ect is pronounced at low implanted C amount, cor-responding to low C surface coverage. This is because the mean ion range of 6 keV Cions in W (λ = 10−15 nm) is comparable to the surface roughness resulting from heat-ing at T ≥ 770 K (Rq = 7 nm) as well as the evolving surface topography of W islandstructures formed by the inhomogeneous sputtering process itself (see Fig. 4.2(b)).The peaks of such island structures in past studies [69, 71] were observed to be notfully covered by C and thus remained longer exposed to the incident C ions resultingin higher W sputter yields. However, the observation that the C layer grows in island



52 4 CARBON-ONLY IRRADIATIONstructures indicate that W sputtering originates not from the peaks but from the val-leys between the growing islands. Therefore, a rough surface contributes to increasedW sputtering by: (a) increasing the W area and (b) by broadening the distribution oflocal incident angles for a given nc at T ≥ 770 K.It is important to note that nc corresponds to the integrated amount of C in theinitial mixed material and subsequent pure C layer (≈ 50−200 nm) and not a measureof the actual C surface concentration (few monolayers). As discussed in section 2.1,surface concentration is a key parameter in describing sputter yields since most of thesputtered atoms originate from the �rst few monolayers. As seen from the correlationbetween the tungsten sputter yield and implanted carbon in Fig. 4.5(a), nc can alsoparametrize the W sputter yield, indicating that a speci�c nc corresponds to a certain Csurface concentration. Unfortunately, the C surface concentration during experimentscannot be measured using the present experimental setup (requires in-situ XPS orAuger spectroscopy).However, at T < 770 K, TRIDYN calculation of the W sputter yield as a functionof the implanted C shows good agreement with the experimental results (see Fig. 4.5).This means that the C surface concentration calculated by TRIDYN for correspond-ing nc can be used as a �rst approximation of the actual C surface concentration inexperiments. The C and W surface concentration calculated by TRIDYN averagedover three di�erent depths are plotted in Fig. 4.6(a). With increasing average depth,the concentration of C increases due to the larger depth sampled. However, the di�er-ence in C concentration is < 5% for di�erent sampling depths. Since the RMS surfaceroughness is below 10 nm in the initial W erosion regime, it seems most appropriateto use the W surface concentration values averaged over 5 nm. Using the curve in Fig.4.6(a), the x-axis of Fig. 4.5(a) can be converted from implanted C areal density to Csurface concentration as seen in Fig. 4.6(b). At T ≥ 770 K, nc can no longer correctlyparametrize the W sputtering process since a certain nc will no longer represent thecorrect local C surface concentration but instead a lateral average over the area of theanalysis beam spot. A method to overcome this is discussed in section 6 and used inthe phenomenological model.4.2.1 Parametric representationTo allow a clearer distinction between continuous W erosion and continuous C deposi-tion regimes, the sputtered W areal density is re-plotted in a parametric representationas function of the implanted C areal density as shown in Fig. 4.7. To understand thephysical meaning of the curves, we introduce the rate di�erential equations governingthe implanted C and sputtered W areal densities, nc and nw, respectively:
dnc

dt
= Φc (1 − Rc − Y c

c ) (4.1)
dnw

dt
= Φc Y c

w (4.2)
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Figure 4.6: (a) Surface C and W concentrations calculated by TRIDYN plotted against thetotal implanted C areal density for varying averaged depths. (b) Fig. 4.5(a)re-plotted as a function of the C surface concentration.
where Φc is the C �ux, Rc is the C re�ection coe�cient, and Y b

a the sputter yield oftarget element a irradiated with projectile element b. A simple substitution for Φc dtwill yield:
dnw

dnc

=
Y c

w

(1 − Rc − Y c
c )

(4.3)Therefore, dnw/dnc = 0 means Y c
w = 0 (i.e no W sputtering occurs), whereas

dnw/dnc = 1 means that the C implantation and W sputtering processes are in equi-librium (i.e. W is continuously sputtered with yield Y c
w = (1 − Rc − Y c

c )). Fig. 4.7shows that for all temperatures dnw/dnc = 0 is reached eventually, corresponding tothe buildup and further growth of a closed C layer protecting the underlying W fromfurther sputtering. The C areal density required to protect W from further sputteringis nc ≈ 0.4 × 1022 m−2 for all temperatures. Initially, no temperature dependence isobserved in the implantation sputtering curves, however at nc ≈ 0.1× 1022 m−2, corre-sponding to nw ≈ 0.07×1022 m−2 (≈ 11 nm of W sputtered), a temperature dependencecan be seen. This indicates that the surface roughness increase from the annealing attemperatures ≥ 770 K has a minor e�ect in the W sputtering behavior because if thee�ects were large, then it would be strongly observed at nc < 0.1×1022 m−2. Therefore,the temperature e�ect on the W sputtered amount must arise from the reduction in Csurface coverage for a given nc, either by increased C sputtering or the formation of Cclusters on the surface that expose a larger amount of W underneath.
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4.2 Carbon-only irradiation of Tungsten 554.2.2 Carbon self-sputtering and comparison to TRIDYNIn previous experiments [60, 76], it was discovered that the C self-sputtering yield (Y c
c )depends on temperature. This process is known as radiation enhanced sublimation(RES) and the C self-sputtering yield follows an exponential temperature dependence.RES involves the formation of C interstitials due to energy deposition in the nearsurface layer with subsequent di�usion of the C atoms to the surface which are weaklybound and are easily sputtered [76]. However C di�usion in C is negligible at T < 970 K[60], and therefore the increase in the C self-sputtering yields can be directly correlatedto the decrease in surface binding energies at the present temperature range studied(670 − 870 K).The increase in C self-sputtering with increasing temperature can be described inTRIDYN calculations by appropriate reduction of the surface binding energies (SBEs).The SBEs used for TRIDYN calculations were determined experimentally by thefollowing two steps: (1) C �lms deposited on polished W substrates were irradiated by

6 keV C ions and the experimental C self-sputtering yield as a function of temperaturewas obtained. (2) A scan varying the SBEs in TRIDYN was done to obtain thedependence of the C self-sputtering yield, and the resulting �t was used to obtain the
SBEs equaling the experimentally determined Y c

c in step 1.Temp Slope Y c
c

RT 0.76±0.01 0.24±0.01
670 K 0.54±0.03 0.46±0.03
770 K 0.48±0.03 0.52±0.03
870 K 0.37±0.05 0.63±0.05Table 4.1: Experimentally measured carbon self-sputtering yields.The increase in C areal density with increasing incident C �uence is shown in Fig.4.8. The amount of C implanted was measured using NRA and was determined bysubtracting the initial C areal density. According to Eqn. 4.1 in section 4.2.1, theslope in Fig. 4.8 equals 1−Rc

c − Y c
c or 1− Ytot. The re�ection yield of C on C (Rc

c) at
α = 15° is roughly two orders of magnitude smaller than Y c

c [90]. Therefore, neglecting
Rc

c, the slope of the linear �ts in Fig. 4.8 is equal to 1 − Y c
c . The resulting values of

Y c
c are listed in Table 4.1. The RT measurement is closer to the value measured inRef. [88] than Ref. [87]. The measured yields are in good agreement at T ≤ 670 K,but are larger at T > 670 K compared to the exponential �t based on experimental Cself-sputtering yields in Ref. [60] (see Fig. 4.9). The increased C self-sputtering yieldsare attributed to the higher incident ion energies (6 keV ) used in the present study incomparison to Ref. [60] (2.4 keV ), which result in increased energy deposition in thenear surface region.In order to determine the SBEc values based on the experimental C self-sputteringyields, a scan varying SBEc in TRIDYN was done to determine the dependence of Y c

c .An exponentially decreasing function Eqn. 4.4 was �tted to the scan results as seen inFig. 4.10:
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SBE

′

c(Y
c
c ) = 1.4 + 13.7e−Y c

c /0.3 (4.4)According to Eqn. 4.4, SBEc of 4.3, 3.8, and 3.1 eV are required to correctly modelthe measured values of Y c
c at temperatures 670 K, 770 K, and 870 K. For a systeminvolving more than one element, the e�ective SBE of each target component can bechosen in dependence of the actual surface composition in TRIDYN using Eqn. 4.5:

SBEi =

NCP
∑

j=1

SBVij · cj (4.5)where NCP is the number of components, SBVij is the SBE of a surface atom i,to a target atom j, and cj is the surface atomic fraction of a target atom j (1 ≤ j ≤
NCP,

∑

cj = 1). For the two component C-W system, the SBVij was obtained byaveraging the SBE of pure W (SBE
′

w) and C (SBE
′

c) materials using Eqn. 4.6:
SBVij =

1

2
(SBE

′

w + SBE
′

c) (4.6)For all TRIDYN calculations, the SBE of W to W is taken as SBVww = SBE
′

w =
8.68 eV from the heat of sublimation value, while the SBE of W to C is taken as
SBVwc = 8.0 eV from the average of SBE

′

w and SBE
′

c values at RT using Eqn. 4.6.Physically, this represents the assumption that tungsten sputtering is independent oftemperature and tungsten carbide formation. The SBE of C to C (SBVcc = SBEc)at di�erent temperatures was determined using Eqn. 4.4, while the SBE of C to Wis determined using Eqn. 4.6. The di�erent values of the SBVij used in the followingTRIDYN calculations are summarized in Table 4.2.The experimental results from C-only irradiation of W were now compared to cor-
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RT 7.4 8.0 8.04 8.68
670 K 4.3 6.5 8.04 8.68
770 K 3.8 6.3 8.04 8.68
870 K 3.1 5.9 8.04 8.68Table 4.2: Experimentally measured carbon self-sputtering yields and the SBVij used in allTRIDYN calculations to simulate the increased C self-sputtering with tempera-ture.responding TRIDYN calculations as plotted in Fig. 4.11. Increased incident angleswere chosen to approximate the increase of surface roughness with growing C layer asdiscussed in section 4.1.1. At RT and 670 K, the C implantation behavior is best �t-ted for αT = 20°, however the W sputtering behavior is better described assuming theactual value of α = 15°. The results are consistent with the observed growth dynamicsof the C layer in a radial direction from the W island structures. Basically, the W sput-tering contribution arises mainly from the valleys or ��oor� of the surface. However,the growing C layer includes also the morphology of the island structures, resultingin increased sputtering of areas with steeper slopes due to the angular dependence ofphysical sputtering. At 770 K, both W and C sputtering behavior is best describedassuming αT = 20°. In this case, due to the higher C sputter yields, the valleys willremain exposed for a higher C �uence with the additional e�ect of an initially roughersurface from the heating process (see �rst row of Fig. 4.1). At 870 K, the C sputteringbehavior is best described assuming α = 25°, but large deviations in the W sputteringbehavior is seen. With the available diagnostics it could not be resolved whether this ef-fect is due to the combination of surface morphology and increased C self-sputtering, orfrom the onset of C di�usion from the implantation range. In summary, for T < 870 K,the experimentally derived SBEs provide a good description of the experimental databy the TRIDYN model, with deviations only arising from the experimental surface
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Figure 4.11: Comparison of TRIDYN calculations using SBVij from Table 4.2 with experi-mental data presented in Fig. 4.4. The numbers indicate the angle of incidence,
αT , used in TRIDYN simulations.
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c has a maximum at nc ≈ 0.25 × 1022 m-2. This can be explained by the factthat the scattering e�ciency for C on W is greater than that of C on C due to thelarge mass di�erence in the former case. As the surface becomes enriched with C, theincident C ions will penetrate through the C layer formed and are re�ected from theunderlying W atoms knocking o� C atoms on their way out or depositing energy intothe surface region. With increasing C layer thickness, the amount of C ions re�ectingfrom the underlying W decreases along with the energy deposited near the surface,resulting in a corresponding decrease of the sputter yield, which �nally approaches theC self-sputter yield. The TRIDYN calculations also reveal the reason why Y c
c failsto reach the experimentally measured C self-sputtering yields by the fact that the Wfraction in the near surface layer never approaches zero in the considered �uence range.Therefore, it is important in the case of light elements like C implanted in a heavyelement like W, to consider not only the surface concentration of C, but also the depthpro�le and thickness of the C layer to properly understand the C sputtering behavior.Similar in�uence of re�ective scattering collisions at high mass di�erences have beenobserved for D irradiation of C layers on W [172] as well as in the oscillation behaviorof C sputtering by W [173].



60 4 CARBON-ONLY IRRADIATION4.2.3 SummaryCarbon-only irradiation of tungsten at elevated temperature was performed to fullycharacterize the C implantation and W sputtering behavior by C-ions only. For
T < 870 K, W sputtering and C layer growth are well described by the TRIDYN binarycollision model using SBEs derived from C self-sputtering measurements. Deviationsfrom TRIDYN can be interpreted as surface morphology e�ects and the di�erent dy-namics of C layer growth from a smooth 1-D plane as compared to a realistic roughsurface. At T = 870 K, signi�cant deviations from TRIDYN calculations arise fromcontributions of enhanced C self-sputtering and surface morphology, as well as possibleonset of C di�usion from the implantation zone. The relative importance of the re-spective e�ects could not be determined with the presently available diagnostics. TheC sputtering behavior depends on both the surface C concentration and the C depthpro�le, while W sputtering is parametrized by the C areal density.



5 Simultaneous irradiation by Deuterium and Car-bon ionsUnder fusion relevant conditions, plasma exposed tungsten (W) surfaces will face an in-�ux of hydrogen fuel ions along with carbon (C) impurities. Increased C self-sputteringwith temperature was shown to increase W sputtering by C due to the more e�cientremoval of C previously implanted in the W surface (section 4.2.2). Since C is chem-ically eroded by D at low energies and elevated temperatures, it is expected that inthe case of simultaneous irradiation, C sputtering may further increase. Therefore, thedynamics of W sputtering and C implantation will depend on the sputtering e�ectscaused by both C and D. In general, simultaneous irradiation results in one of the twoprincipal regimes where either W erosion or C deposition dominates depending on theC fraction in the incident �ux, fc. Of particular importance and application to fusionresearch is the prediction of the transition point from erosion to deposition as it sep-arates areas of continuous erosion from areas of C layer formation. C layer formationis important due to the issue of co-deposition and tritium inventory. Also, C layersa�ect the W sputtering behavior, which is of importance in estimating W impuritiesthat can radiate away energy of the core plasma.Implantation sputter curves for simultaneous irradiation at RT for various values of
fc in the incident ion �ux are plotted together with respective TRIDYN calculations inFig. 5.1. The two regimes of W erosion and C deposition and their dependence on the fcis clearly seen from Fig. 5.1. The experimental results indicate that the transition pointfrom continuous W erosion to C deposition regime lies in the interval 0.07 < fc < 0.11,which is in the predicted range of 0.07 < fc < 0.08 from TRIDYN. Unfortunately,better resolution within this region could not be achieved in the present work, sincehigher fc's are achieved by lowering the D �ux; meaning the C beam �uctuations (whichare signi�cantly higher than the D beam) become a limiting factor for maintaining aconstant fc throughout the entire irradiated �uence. Because of this experimentaluncertainty, the resolution of 1% required to validate TRIDYN calculations cannot bereasonably met for experimental conditions where fc > 0.07 in the entire irradiated�uence range. However, it is possible to maintain a constant fc for a limited �uencestep, and by reducing the value of fc = 0.11 to fc = 0.09, it was observed (section5.3) that the system shifts from a C deposition regime to a W erosion regime. Fromthis, it is inferred that the transition point lies in the interval 0.09 < fc < 0.11 forsimultaneous C-D irradiation of W by 6 keV C and 3 keV and D ions.In addition, surface roughness e�ect was found to contribute to the shifting of thetransition point. Two specimens were irradiated at fc = 0.11 with Rq values of 15and 5 nm (marked (a) and (b) in Fig. 5.1, respectively). In case (a), the rougherinitial surface resulted in continuous W erosion, whereas the smoother surface in case(b) resulted in C deposition. Since the nominal parameters of the incident ion beammix were identical, the di�erence can only be attributed to slight variations of theaforementioned beam �uctuations and surface roughness. Therefore, for simultaneousirradiation: (1) surface roughness e�ects must be characterized and its e�ect consideredwhen experimental results deviate from simulations, and (2) the dynamical rougheningof the surface during irradiation must be taken into account because it can result in a61
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Figure 5.1: Implantation sputter curves for simultaneous irradiation at RT for various fccompared against TRIDYN calculation using an incident angle of αT = 15°.Sample error bars for the C deposition and W sputtering regimes are shown. Adiscussion of the experimental results for fc ≥ 0.11 is found in section 5.1. Thediscrepancy between experimental results and TRIDYN for fc ≤ 0.11 will bediscussed in section 5.2.shift of the erosion-implantation dynamics, and depending on other parameters, a�ectthe steady state end condition.The following discussion is divided into two sections of carbon deposition and tung-sten erosion regimes, respectively. The e�ect of increasing temperature on the erosion-implantation dynamics as well as the D retention behavior and its dependence on theimplanted C is discussed in both sections. A phenomenological model presented insection 6 is used to determine the chemical sputtering component and is discussed insection 5.2.2.5.1 Carbon deposition regimeIn the carbon deposition regime, a pure C layer forms over the mixed C-W-D surface,shielding the underlying W from further sputtering. As seen in Fig. 5.1, C depo-sition takes place for fc ≥ 0.11 with the experimentally measured total amount ofsputtered W within 10-20% of the TRIDYN calculations. The results are re-plotted asa function of the incident C �uence to show the evolution of the C-implantation andW-sputtering behavior in the C deposition regime (see Fig. 5.2). TRIDYN calculationssystematically overestimates the amount of W sputtered which can be attributed tothe overestimate of the W sputter yield by C ions previously observed at RT simula-tions in Fig. 4.5 in section 4.2. This discrepancy is primarily due to the uncertaintyof the tungsten and carbon heat of sublimation values used as surface binding ener-gies in TRIDYN calculations. Despite these uncertainties, a disagreement of 10-20 %between experimental results and TRIDYN calculations is considered very good, sincedeviations of normally a factor of two is observed in past experiments with TRIDYN
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Figure 5.2: Comparison of: (a,c) C implantation, and (b,d) W sputtering behavior as a func-tion of incident C �uence for varying values of fc resulting in the C depositionregime. Also shown are results of TRIDYN simulations.calculations [16]. This good agreement is due mainly to the formation of laterallysmooth and uniform C surfaces grown with Rq < 5 nm as illustrated in Fig. 5.3. It isalso noted that the disagreement between experiments and simulations is greatest forthe fc = 0.11 case indicative of a process not accounted for in TRIDYN. This discrep-ancy is due to a chemical sputtering process which will be discussed in greater detailin section 5.2.Raman spectroscopy shows that the formed C layer under simultaneous irradiationhas a similar structure to the C layer formed under C-only irradiation, with broadD and G peaks [174] indicating disordered graphite-like sp2 bonding (see Fig. 5.4).Similar C structures are observed from C-W dust prepared by arc discharge [138] andin net deposition areas of a graphite limiter tile in TEXTOR [175].5.1.1 Deuterium retentionThe total amount of deuterium (D) trapped can be measured by NRA as outlined insection 3.3. At RT , the implanted D will di�use through the W layer and into theNi substrate, although trapping at the interlayer has to be considered as well. Thecross section of the D(3He, p)4He reaction as a function of depth in pure C, W, and Nimaterials is shown for 3He energies of 0.69 and 2.5 MeV in Fig. 5.5. The cross-section
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Figure 5.3: AFM images of the C surface layer grown during simultaneous irradiation at
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Figure 5.4: Raman spectroscopy results comparing the C layer growth by C-only irradiation(red circle) against simultaneous irradiation (black square). Also shown are theD and G peak locations at 1360 cm−1 and 1550 cm−1, respectively (from Ref.[174]).



5.1 Carbon deposition regime 65

100010010

Depth (nm)

C
ro

s
s
 S

e
c
ti
o

n
 (

m
b

a
r 

s
r 

 )

10

100

-1

Figure 5.5: Changes in the cross section of 2.5MeV D(3He, p)4He reaction as a function ofdepth for C, W, and Ni using the energy loss calculated by the TRIM.SP code[84] and using the cross section data of Ref. [176].depth pro�les were calculated using the energy loss calculated by TRIM.SP [84] andusing the cross section data of Ref. [176].First, from Fig. 5.5, it is clear that the 2.5 MeV D(3He, p)4He cross section issu�ciently constant within the depth range of the W �lm thickness for D trapped inW or C. Therefore, in principal, the energy of the collected protons resulting from 3He-D nuclear reactions in the W �lm will scale with depth. However, it is clear that thecross sections in pure W increase at depths beyond 500 nm. For the present specimens,this means that a correspondingly disproportionate contribution of protons originatingfrom D trapped in the Ni substrate must be taken into account. It is noted that thechanges in cross section vs. depth is small in comparing pure W and Ni. Therefore at
RT , the total D amount measured from the region < 1 µm consists of equally weightedcontributions of D trapped from both tungsten and nickel. Deuterium trapping in Niat T ≥ 670 K is negligible [177], and therefore the substrate contribution from regions>1µm can be neglected for experiments at elevated temperatures.The D depth pro�le can be determined by the shape of both the proton and α-particle spectra from the D-3He reaction. For 3He primary energy 2.5 MeV , the energyof the α-particle is less than the energy of the backscattered 3He ions from the tungstenmaterial and cannot be separated. Therefore, the α-spectrum was measured at a 3Heprimary energy of 0.69 MeV . A detector with a large solid angle (61.64 msr) is usedfor the detection of protons from nuclear reaction analysis due to the small reactioncross-sections for 3He primary energy of 2.5 MeV . However, the corresponding weakenergy resolution of the detector (20 eV ) prevents depth pro�ling of D from the shapeof the proton spectra. The protons from the D-3He reaction are also not fully stoppedwithin the detector resulting in further broadening of the proton spectra. However, asseen from Fig. 5.5, the cross section of the reaction for 3He primary energy 0.69 MeVdecreases sharply within the W �lm thickness and therefore proton contributions fromthe Ni substrate can be neglected in this case.
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Figure 5.6: NRA α-spectrum at a scattering angle of 105° using the cross section of
0.69MeV D(3He, 4He)p reaction for fc = 0.20 for an annealed and unannealedspecimen. Shown are: (a) the raw data �tted with SIMNRA [158], and (b,c)converted to a depth scale assuming the densities of pure C and W. The numbersindicate the ratios of D/C, D/(C+W), and D/W at the indicated depth, whilethe C-W mixed material region is approximately highlighted by the hatchedmagenta box.
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Figure 5.7: Total deuterium retention as function of incident D �uence for varying fc's inthe C deposition regime. Also plotted for the fc = 0.20 case is the integrated Damount obtained from the α-spectrum of both annealed and unannealed spec-imens. For comparison, D retention results from ITER grade polycrystallineW (PCW) specimens (section 5.2) are plotted (orange squares) together withliterature values for single crystal tungsten: 6 keV - Alimov et al. [145] (blueline) and 5 keV - Nagata et al. [180] (green line); and PCW: 1 keV - Haasz etal. [181] (dashed black line) and 0.2 keV - Ogorodnikova et al. [139] (dashedpurple line).The α-spectra measured at a scattering angle of 105° using 0.69 MeV D(3He, 4He)preaction for fc = 0.20 for an annealed and unannealed specimen following irradiationare shown in Fig. 5.6(a). The total �uence in the case of the annealed specimen wastwice as high than the case of the unannealed specimen resulting in thicker C layergrowth. The di�erence in C layer thickness results in the di�erence in width of thecollected α-spectra as seen in Fig. 5.6(a). From these α-spectra, the D depth pro�lewas determined using SIMNRA [158] in two steps: (1) First, the target layer structure(i.e. C layer thickness and areal density) was obtained by �tting the W leading edgeof the 165° detector RBS spectrum. The total C areal density was compared againstthe proton peak integrals collected from the 12C(3He, p)14N reaction to ensure thatthe �tted C depth pro�le gives the correct integral C areal density, and (2) using thistarget layer, the contribution of D was added keeping the C and W areal densities andratios constant to �t the α-spectrum detected by the 105° detector. Once �tted, thecorresponding total D areal density is calculated and compared against the D arealdensity measured from the 2.5 MeV D(3He, p)4He reaction. Assuming the atomicdensities in the mixed material layer can be approximated by weighting the pure C andW densities with their atomic percentage, the α-spectrum can be plotted as a functionof depth as seen in Figs. 5.6(b,c). Also plotted are the relative C and W concentrationdepth pro�les with the numbers indicating the ratios of D/C, D/(C+W), or D/W inthe given depth region. Outlined in magenta is the approximate boundary region ofthe C-W mixed material layer.



68 5 SIMULTANEOUS IRRADIATION BY DEUTERIUM AND CARBON IONSFrom Figs. 5.6(b,c), four regions of D trapping can be distinguished in both spec-imens: (1) At depths < 100 nm, an unsaturated C layer is observed with a measuredD/C ratio below 0.4, (2) From depths > 100 nm up to a depth where W concentrationis observed, the measured D/C ratio is saturated at 0.4 (a value typically measuredfor H [178] and D [17, 179] ion irradiation of graphite at keV energies at RT ), (3) Atdepths where the C-W mixed material layer is observed (outlined by magenta box), themeasured D/(C+W) ratio is highest at 0.45-0.5, which is similar to the ratio measuredfrom C-W dust prepared by D arc discharge [138], (4) At depths beyond the C-Wmixed material layer, the measured D/W ratio is 0.02-0.1, which is a typical valueof D trapping in bulk tungsten [17, 131]. From all the above observations, it can beconcluded that the relative amount of D trapped is highest in the C-W mixed materiallayer, which is attributed to the synergistic e�ect of energetic ion-induced traps in Wand D trapping with C in the C-W mixed material.Published deuterium retention data in tungsten as a function of incident D �uenceare plotted in Fig. 5.7 (Refs. [139, 145, 180, 181]), along with the corresponding Dretention for various values of fc in the C deposition regime. Also plotted for the caseof fc = 0.20, is the D retention in the C-W layer determined from the α-spectrum.D retention in ITER grade bulk W specimens measured in the continuous W erosionregime at fc = 0.07 (further discussed in section 5.2) are plotted for comparison.There are four main observations in Fig. 5.7: (1) The total retained D amount fromexperiments are signi�cantly higher than the published literature data for pure W. Thisindicates that the contribution from D trapped in the Ni substrate to the measured Damount cannot be neglected. It should be considered that in present experiments, theamount of implanted D is measured within minutes following irradiation, which mayalso contribute to the observed higher retention compared to literature data. Deuteriumrelease from W following irradiation results in the reduction in the total D amount byup to ≈ 50 %, depending on the time between irradiation and measurement [182]; (2)Comparison of the unannealed specimen against the annealed specimen at fc = 0.11indicates that the unannealed specimen retains 4× as much D, but both specimensfollow a �uence dependence of ∼ φ0.83. D trapping in bulk W normally follow a �uencedependence of ∼ φ0.45 [134] (also see experimental results for PCW-orange squares),which indicates that D is mainly trapped in the Ni substrate. The reduction in Damount is mainly due to the annealing of the Ni substrate, although the contributionfrom the reduced W �lm stress cannot be separated; (3) For fc = 0.20, comparison ofthe retained D amount calculated from the α-spectrum indicates good agreement forthe annealed specimen, but ≈ 40% lower for the unannealed specimen. This is dueto the thicker C layer formed on the annealed specimen (≈ 400 nm) compared to theunannealed specimen (≈ 200 nm) as seen earlier in Figs. 5.6(b,c). Consequently, in thecase of the unannealed specimen, the 2.5 MeV 3He beam probes deeper regions whereD has di�used and trapped in the Ni substrate and possibly also at the interlayer. From(2) and (3) it can be concluded that the D fraction trapped within the W-�lm cannotbe separated from the Ni substrate from the measured total D retention amount during
RT irradiation using both annealed and unannealed specimens; (4) Comparison of theannealed specimens but at di�erent C fraction values of fc = 0.11 and fc = 0.20 showthat for the fc = 0.20 case, a change in slope at incident �uence of FD = 6.5× 1022 m-2occurs, corresponding to nc = 0.7×1022 m-2. This results from the fact that the C layer



5.1 Carbon deposition regime 69has reached a su�cient thickness which can trap all incident D within the growing Clayer. The change in the slope is seen only for the higher fc case is due to the increasedrate of C layer growth, resulting in thicker C layer for a given incident D �uence.In conclusion, the fraction of deuterium trapped in the W-�lms could not be clearlyseparated from the D amount trapped in the Ni substrate from the total D retentionamount measured during simultaneous C-D irradiation at RT (Fig. 5.7). However,from the α-spectrum in Fig. 5.6, the relative amount of D trapped in the C-W mixedmaterial layer was the maximum observed (>0.4). Such high concentration is typicalof hydrogen trapping in carbon and is not observed in tungsten. Therefore at RT, deu-terium trapping behavior in C-W mixed materials follow more closely the D trappingbehavior in carbon. However, the contribution of the total trapped amount is still smallwhen compared to the amount trapped in the C layer because the C-W mixed materiallayer is limited in depth (typically the C ion implantation range), while the C layercan grow inde�nitely with the measured D/C ratio of 0.4 with �uence. At elevatedtemperatures where carbon di�usion into bulk W become signi�cant, the C-W mixedmaterial range will not be limited to the surface and therefore signi�cant trapping ofdeuterium may occur. However, it will be shown in the next section that at elevatedtemperatures, the deuterium trapping behavior in the C-W mixed material follow theD trapping behavior in tungsten.5.1.2 Elevated temperatureIn the carbon deposition regime, it is clear that the incident D will initially interact withW, then a C-W mixed material, and �nally C, with the formation of a thick enough Clayer on the surface. Therefore, the C-W-D system should tend towards a C-D systemwith increasing �uence. It is well known that chemical sputtering processes increasewith temperature for a C-D system as outlined in section 2.2 and the references therein.Also, in section 4.2.2, it was shown that C self-sputtering increases with temperature.Both e�ects will reduce the rate of C layer buildup with increasing temperature andthe e�ects are quanti�ed in the analysis below.The implantation sputter curves for simultaneous irradiation at fc = 0.20 at RT ,
670 K, 770 K, and 870 K are plotted in Fig. 5.8(a) with TRIDYN calculations usingthe SBEs derived in section 4.2.2, and (b) with the phenomenological model developedin section 6. First, from Fig. 5.8(a), it is clear that TRIDYN calculations overestimate
nw at small nc, resulting in the slight shift between TRIDYN curves and experimentaldata. The reason is that in TRIDYN calculations, Y c

w > 0.4 for small nc. It is notedthat in the phenomenological model, with an upper limit of Y c
w = 0.4 taken from therevised Bohdansky formula, this shift does not occur. Second, the slope, dnw/dnc,calculated by TRIDYN at αT = 15°, is in good agreement with the experimental dataat 670 K and 770 K. This demonstrates that the balance between C and W sputteringprocesses is correctly described by TRIDYN. However, in the 770 K case, TRIDYN cal-culations predict the transition to zero W sputtering at nc ≈ 0.3×1022 m-2, in contrastto the experimental data where the transition occurs at larger nc. This is attributedto the increased clustering of the C layer growth with increasing temperature whichexposes the underlying W. To account for the deviation in experiments from the later-ally uniform surface assumed in TRIDYN, the W sputtering yield which is dependent
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Figure 5.8: Comparison of experimental results for fc = 0.20 at increasing temperaturesagainst: (a) TRIDYN calculations using SBEs derived in section 4.2.2, and (b)phenomenological model discussed in section 6. The dashed TRIDYN calcula-tions correspond to αT = 20°.on the C areal density was modi�ed (details in section 6). The W sputter yield is ap-proximated to be proportional to the surface concentration of W which is provided byTRIDYN calculations. Comparison to the phenomenological model predictions usingthis modi�ed W sputtering yield show good agreement with the experimental data (seeFig. 5.8(b)). Therefore, the observed behavior is purely attributed to kinematic scat-tering processes, which leads to the question why chemical sputtering is not observedwith the buildup of C layer. The answer lies in the thickness of the C layer deposited.The thickness of the C layer can be estimated from the α-spectrum by taking thedepth of the peak maximum of D as seen in Fig. 5.9, since this is a clear marker ofthe interface between the mixed material and the C layer. It should be noted that theD/C ratio in the C layer is signi�cantly smaller than at RT with a maximum valueof ≈ 0.05. From C-only irradiation as well as simultaneous irradiation (Fig. 5.8), theonset of temperature dependent e�ects was observed at implanted C areal density of
nc ≈ 0.1 × 1022 m-2. Assuming further C implantation occurs within the growing Clayer, the thickness of the C layer can be calculated from:

D = (n − δ) ρ (5.1)
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5.2 Tungsten erosion regime 735.1.3 SummaryIn the carbon deposition regime, the dynamics of W sputtering and C layer growthcan be well modeled accurately by TRIDYN at RT . Using the additional adaptedmodel that treats W sputtering proportional to the W surface concentration, a goodmatch is also found at elevated temperatures. Therefore, one can conclude that themain governing process is kinematic scattering of projectile and target atoms withthe increase in C self-sputtering being the dominant e�ect at elevated temperatures.Possible e�ects of chemical sputtering of the deposited C layer were found to be smallerthan the uncertainty, due to the fact that the available C �ux allows only to produce Clayers with thicknesses < 80 nm from the enhanced C self-sputtering. Therefore, mostof the D was decelerated to the low energies required to form volatile molecules onlyin the region of the C-W mixed material or beyond.Deuterium retention at RT was observed to be higher than reported literatureresults due to contributions of D trapped in the Ni substrate that could not be separatedfrom the D amount trapped in the W �lm. However from the α-spectra, the highestrelative concentration of D trapping was found in the mixed material layer with aD/(C+W) ratio greater than 0.4 observed in the co-deposited C layer at RT . Atelevated temperatures this trend is also observed with D/(C+W) ratio greater than0.05 observed in the co-deposited layer.5.2 Tungsten erosion regimeIn the tungsten (W) erosion regime, the surface remains a constant mixture of C-W-Ddue to the equilibrium of implantation and sputtering processes. Signi�cant deviationsare observed between experimental results and TRIDYN calculations for fc ≤ 0.07(Fig. 5.1). A magni�ed view of the low �uence range is presented in Fig. 5.11 to revealthe details of the discrepancies.One can see that the TRIDYN calculations predict an increase of the steady stateC areal density, ncss with increasing fc, due to the shift of the balance between Cimplantation and erosion �ux. At higher incident C fraction, there has to be a higherC fraction in the mixed layer to obtain a balanced C erosion �ux. In contrast, theexperimental results indicate a constant nc
ss ≈ 0.065 × 1022 m−2 independent of fc.As discussed earlier in section 4, the carbon sputtering e�ciency can only increasefrom an increase in surface roughness, C self-sputtering, or changes to the carbondepth pro�le from di�usion or segregation processes leading to carbon enrichment atthe surface. At RT , increase in C self-sputtering and changes to the depth pro�lefrom di�usion and segregation e�ects can be ruled out. Therefore, the only remainingsputtering related mechanism which could lead to an increase of C erosion �ux despitea constant C fraction at the surface is surface roughness. To determine the potentialsurface roughness contribution, AFM measurements were performed both on and o�the irradiated area, and are summarized in Table 5.1.The results show no signi�cant change of surface roughness at the irradiated areasfor 0.03 ≤ fc ≤ 0.07. Therefore surface roughness e�ects cannot explain the observedbehavior. With all sputtering related e�ects ruled out, there still remains the alter-native chemically induced release of carbon from the C-W-D mixed material under
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Figure 5.11: Comparison of experimental results for varying fc in the W sputtering regimewith TRIDYN calculations. The steady state C areal density is constant at
nc

ss ≈ 0.065 × 1022 m−2.
fc 0.03 0.05 0.07 0.11(a) 0.11(b)O� [nm] 5 5 5 15. 5On [nm] 10 9 14. 17. -Table 5.1: AFM measurements of irradiated specimens for fc ≤ 0.11 presented in Fig. 5.11for both on- and o�- the irradiated areas. The numbers indicate the root meansquare surface roughness values, Rq in nm.simultaneous irradiation. To determine whether the observed behavior is truly dueto chemical processes, experiments were performed at elevated temperatures and withlower D energies, which will be discussed in some detail in section 5.2.2. But �rst,this requires discussion of the mechanism of tungsten sputtering under simultaneousirradiation.5.2.1 Tungsten sputteringAs a �rst approximation, it is assumed that the total tungsten (W) areal densitysputtered, nw, is proportional to the linear combination of the amount of W sputteredby C and D individually:

nw ∝ nc
w + nD

w (5.2)where nc
w and nD

w can be expressed in terms of the W sputter yields of pure Wirradiated by C-only, Y c
w, and D-only, Y D

w , and their respective �uences FC and FD:
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nc

w = Y c
w FC

nD
w = Y D

w FDWith the following expressions for the total �uence, FT , and C fraction in the beam,
fc, respectively:

FT = FC + FD

fc =
FC
FTthe expressions for nc

w and nD
w can be expanded to:
nc

w = Y c
w FC = Y c

w fc FT
nD

w = Y D
w FD = Y D

w (1 − fc) FTwith the above expressions, Eqn. 5.2 becomes:
nw ∝ Y c

w fc FT + Y D
w (1 − fc) FT

nw

FT ∝ Y c
w fc + Y D

w (1 − fc)
Yw =

nw

FT = Kfc

[

Y c
w fc + Y D

w (1 − fc)] (5.3)
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Kfc
to the weighted W sputter yields of pure W by C- or D- only irradiation. The Y c

wand Y D
w values can be obtained analytically from the revised Bohdansky formula orexperimental data as summarized in Table 2.1 in section 2.1.3. Yw is the slope obtainedfrom experimental results by plotting the change in W areal density against the totalincident �uence as seen in Fig. 5.12, while fc is determined from the beam pro�lesmeasured by the BVS system.The resulting values for Kfc

are summarized in Table 5.2 below. The D �uence isan order of magnitude larger than the C �uence and largely determines the error indetermining the slope. However, in all cases, the D �ux did not vary by more than a fewpercent over the entire �uence range and was also uniform across the entire analyzedarea. Therefore, the error in the total �uence measurements can be neglected.
fc Yw Kfc

Sw0.03 0.015 0.69 0.650.05 0.021 0.71 0.640.07 0.027 0.72 0.70Table 5.2: Summary of the experimentally derived W sputter yield, Yw, and the resultingproportionality factor, Kfc
along with the W surface concentration, Sw, mea-sured by ex-situ XPS analysis following irradiation. Sw was determined by �rstnormalizing the tungsten XPS peak in Fig.5.13(a) by its known sensitivity factor,then by taking the quotient of the normalized area against the total sum of theW, C, and O peaks.Comparison to tungsten surface concentration measurements by XPS shown in Fig.5.13(a) show good agreement with Kfc
. From these results, it is inferred that W sput-tering under simultaneous irradiation can be described by a sum of the weighted Y c

w
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Figure 5.13: Ex-situ XPS analysis following irradiation of the specimens with two di�erent
fc's to determine: (a) the surface C and W elemental compositions, and (b,c)corresponding chemical binding information . The relative peak areas in (a) donot directly re�ect the relative amounts due to the di�erence in photoionisationcross section.



78 5 SIMULTANEOUS IRRADIATION BY DEUTERIUM AND CARBON IONSand Y D
w yields, that is proportional to the surface concentration of tungsten, Sw. Fur-thermore, comparison to the TRIDYN simulation case for the experimentally observedsteady state C areal density nc

ss ≈ 0.065×1022 m−2 (see Fig. 4.6) show excellent agree-ment with Sw = 0.7 as in the experiments. From this we conclude that for a given nc,the corresponding TRIDYN depth pro�le and Sw can approximate the experimental Cdepth pro�le and W surface concentration, which are experimentally unavailable.The chemical structure of the surface according to the XPS results shown in Figs.5.13(b,c) is characterized by carbon being mostly in carbide form with an elementalC fraction < 20%. Carbon �lms deposited on W substrates show a stepwise carbideformation from W2C to WC when heated, but the carbonization process does notstart until T > 870 K [183]. Therefore, carbide formation in this case occurs dueto the mixing induced by energetic ion irradiation [184] in the mixed material layer.Similar concentrations of 70% W and 30% C is observed in the interlayer betweendeposited C and the W substrate in plasma experiments in PISCES [185]. If one takesinto account that for dense, nonporous materials, the chemical sputtering process isgenerally surface limited, the carbonization of the mixed material C-W-D surface canexplain the thresholding e�ect of ncss. However, it will be shown in section 5.2.2 thatthe experimental results cannot be interpreted fully by assuming the carbon loss is onlyfrom the sputtering of weakly bound hydrocarbons at the surface.5.2.2 Chemical sputtering of C-W mixed materialThe signi�cant discrepancy between TRIDYN simulations and experimental resultsfor tungsten erosion at RT , which was preliminarily attributed to chemical sputteringe�ect can be examined quantitatively by �tting the experimental data with the phe-nomenological model (section 6). The comparison between the model and the �ttingto the experimental data to obtain the chemical sputtering yield, as well as the amountof D fraction retained is discussed below.A clear indicator of a chemical process is the normally observed corresponding tem-perature dependence. Therefore, at fc = 0.07 where the largest discrepancy betweenTRIDYN and RT experimental results was observed, specimens were irradiated atelevated temperature. In Fig. 5.14, the results of fc = 0.07 irradiation of W-�lmspecimens at increasing temperature are shown against RT results. Also shown is the
nc

ss range observed for ITER grade bulk tungsten specimens. Since these specimenswere not tungsten �lms as the standard specimens used in this study, the integratedW sputtered amount could not be determined using RBS.Fig. 5.14 shows that the lowest nc
ss is always observed at RT . At elevated temper-atures, nc

ss remains constant within experimental error and is independent of tempera-ture with good agreement to TRIDYN calculations using the SBEs derived in section4.2.2. However, compared to RT results, an increase in nc
ss is observed, in accordanceto the assumed chemical sputtering process, which decreases with increasing tempera-ture. This behavior is opposite to that of chemical sputtering of pure carbon materials.Furthermore, comparison of nw against the total �uence for RT and 770 K as plottedin Fig. 5.15, indicates that there is no signi�cant di�erence in the total W sputteryield. This indicates that the C loss at RT cannot be due to increased W sputtering,which could result in increased C loss by an increased rate of surface recession and
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ss. The constant W sputter yield indicates also that thesurface composition is the same in both cases. From this one can infer that the C lossmust arise from within the C-W mixed material layer.Combining all these observations, one can develop an interpretation based on themodel of chemical sputtering [117], where energetic ions break C-C bonds within theirpenetration range and the resulting dangling bonds are passivated by the hydrogenatoms. Consecutive bond breaking and passivation lead to the formation of volatilehydrocarbons at and below the surface which di�use to the surface and desorb. Thismodel is based on experiments with irradiation of an amorphous hydrogenated layerwith atomic hydrogen provided by a radical source [117]. This model can be appliedto the present results, if one assumes that the D trapped within the mixed materiallayer can passivate the broken bonds caused by both energetic D and C ions. Hydrogentrapping in W is often interpreted by a model where hydrogen atoms become trappedat vacancies or adsorbed on the inner walls of voids created during irradiation [186].In addition, D trapped in tungsten carbides are only observed to release as D atoms[128, 133, 145]. Therefore, it is plausible to assume at this point that the trappedD can also passivate the broken C-C or C-W bonds created during ion irradiation.However, from the fact that the surface is mostly in carbide form, broken C-W bondsseem unlikely to contribute to the chemical sputtering process, and that only the C-C bonds are a�ected. Con�rmation of this hypothesis will, however, require detailedmolecular dynamic simulations (MD). Experimental signs of chemical sputtering at RTis observed from methane release by Bizyukov et al. [187] during simultaneous C-Dirradiation of PCW in the range of CD4

D
≈ 0.01, and CD4

D
≈ 0.02 by Wang et al. [126]in tungsten carbide. Interestingly, the methane release is only observed following aninitial D accumulation in the implanted near-surface layer [126].
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5.2 Tungsten erosion regime 81In Fig. 5.16, the total deuterium retention amount is plotted as a function ofincident D �uence for various temperatures. The amount of retained D decreases byan order of magnitude if the specimen temperature is increased from 670 K to 770 K.At 870 K, D retention was below the sensitivity limit of the NRA measurement of 1015at/cm2. Consequently, with increasing temperature, the available amount of D that isable to passivate the broken C-C bonds decrease, which results in the observed decreaseof chemical sputtering with increasing temperature. TDS spectra show two distinctregions of D release in the range 300 − 700 K and 900 − 1100 K from D irradiatedtungsten carbides [126, 135, 136]. However, there is no clear interpretation of theexact nature of these traps, although the peak found in the high temperature rangeis normally interpreted to be D trapped at carbon sites. Irradiation at T > 673 K,results in negligible D trapping in the lower temperature region [135], and therefore itappears that the D trapped at the lower temperature regions are responsible for thepassivation of C-C bonds.To illustrate the projectile energy dependence in the chemical sputtering process,Eqn. 5.4 is introduced below for the case of an a-C:H layer simultaneously bombardedby atomic H and H ions [117]:
Ychem(E) α

∫

y(x, E)ppass(x)dx (5.4)where y(x, E) denotes the number of bond breaking events per ion in an intervalof thickness dx, and ppass(x) the probability of passivation of a broken bond by atomicH. For simultaneous irradiation, ppass(x) can be approximated by the D concentrationpro�le, and y(x, E) by carbon displacement yields of D and C ions, yielding:
Ychem α

∫

yC/D(x, EC , ED, t)yD(x, ED, t)dx (5.5)The main di�culty in applying Eqn. 5.5 to develop an analytical model for Ychemis the experimentally inaccessible yC/D(x, EC , ED, t) function. First, it is unknownwhether bond breaking events by C or D ions, or bond breaking by both ions, resultin passivation. Only molecular dynamics studies can elucidate the correct mechanism.Second, in the case of simultaneous C-D irradiation of W, the C depth pro�le is �uencedependent in the C layer growth regime, and in the W sputtering rate in the W erosionregime. This is in contrast to the known C distribution in the a-C:H layer used in Ref.[117]. Consequently, to apply the method used in Ref. [117] of approximating the bondbreaking events by the C displacement yields calculated by TRIM [188] will requireinformation on the evolving C depth pro�les. The C depth pro�les can be calculatedfrom TRIDYN simulations, or experimentally measured by �tting the leading edge ofthe tungsten RBS spectra. However, in practice, the RBS spectra yields poor depthresolution within the C ion range (≈ 30 nm) to accurately resolve the implanted Cdepth pro�le. A further complication arises from the fact that the bonding of the
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Figure 5.17: Comparison of C implantation and W sputtering behavior for: (a,b) ED =
3 keV , and (c,d) ED = 1 keV at fc = 0.11 plotted with the model and the�tted Ychem component.implanted C varies with depth from the formation of tungsten carbides and C-C clustersdependent on the local C concentration. This important physical state of the C bondingmust be included in the model and measured experimentally. Third, the D depth pro�leis required to approximate the passivation probability function yD(x, ED, t), and canbe experimentally measured from the α-spectrum using NRA. However, a decrease inenergy of the 3He analysis beam is required from 2.5 MeV to 0.69 MeV to su�cientlyseparate the α-spectrum from the tungsten RBS peak. The decrease in energy resultsin a large decrease in beam current, and requires extended analysis time (> 1 h) tocollect su�cient statistics of the D depth pro�le. This additional time requirementmakes it di�cult to reach steady state �uences given the available �uxes in presentexperiments. In addition, the focusing of the analysis beam following the change in

3He energy shifts the beam, in some cases by more than 2 mm, resulting in analysis ofa totally di�erent irradiated area. Therefore, calibration of the beam spot is requiredusing the BVS following each change in energy from 2.5 MeV to 0.69 MeV and from
0.69 MeV to 2.5 MeV . These calibration steps place additional time constraints onthe experiment which could not be reasonably met in the present work.In view of these experimental limitations and complications, only a qualitativedescription of the chemical sputtering process is provided based on experimental resultsobtained by lowering the incident D energy. It should be noted that the reduction ofthe incident D energy resulted in extremely low D �uxes, and as a result, experimentswith low fc's in most cases were not possible because the �uences required to reach



5.2 Tungsten erosion regime 83steady state could not be reached.The carbon implantation and tungsten sputtering behavior at fc = 0.11 is shownfor ED = 3 keV and ED = 1 keV D ions in Fig. 5.17, along with the Ychem componentrequired to match the model and experimental data. First by comparing Figs. 5.17(a-c), it can be seen that a larger reduction in nc is observed with increasing C �uenceby decreasing the D energy from ED = 3 → 1 keV . This reduction can actually notentirely be attributed to the chemical erosion component, since Y D
c also increases from

ED = 3 → 1 keV . This can be seen by the decrease of the slope of the C growthcurve if one omits the Ychem component in the model (dotted lines) as shown in Figs.5.17(a,b). As the model includes the energy dependence of Y D
c , one can conclude fromthe �tted Ychem contribution, shown in red, that Ychem clearly increases if the D energyis lowered from ED = 3 → 1 keV . In fact, at ED = 1 keV , the chemical sputtering evenresults in the system to switch from continuous C layer growth to the steady state Werosion regime.Qualitatively, the increase in chemical sputtering by reduction of the incident D en-ergy can be illustrated by comparing the ranges of the D ions at nc = 0.06×1022 m−2 asseen in Fig. 5.18, where the carbon concentration depth pro�le calculated by TRIDYNis plotted together with the D ion ranges. Fig. 5.18 shows that at ED = 1 keV , alarger fraction of D will be stopped in the mixed material layer compared to the caseof ED = 3 keV . This result con�rms the previous hypothesis that the reduction inD energy increases the chemical sputtering yield by increasing the relative D amounttrapped in the mixed material layer that can passivate the broken C-C bonds. Further-more, Fig. 5.17(a) shows that with increasing C �uence, Ychem decreases, in contrastto Fig. 5.17(b), where Ychem is constant. This is because at ED = 3 keV , the balancebetween the erosion and implantation of carbon leads to C layer formation while at

ED = 1 keV , the system is, as noted before, in the W erosion regime. With the onsetof C layer growth, the dynamics of chemical sputtering will change since both C and Dions lose energy in the developing C layer, altering �rst the amount of C bond breakingevents and secondly the D ion range. This e�ect is more pronounced for C implantationand W sputtering at fc = 0.23 as seen in Fig. 5.19 at three di�erent D energies.First, aside from the ED = 3 keV case (herein referenced as case (c)), the trend ofincreasing and decreasing chemical sputter yield is observed much like in Fig. 5.17(a).However, the nearly constant value of Ychem obtained for case (c) contradicts the earlierobservation in Fig. 5.17(a). The only di�erence for case (c) compared with the othercases was the increase in C �ux (2×). From this, one can infer that the chemicalsputtering process in C-W mixed material may also depend on the C �ux. Comparisonof the maximum chemical yield observed at ED = 3 keV for fc = 0.11 and fc =
0.23 respectively, yields Ychem ≈ 0.03 − 0.04, indicating a threshold to the maximumdensity of damage sites available for chemical sputtering. Therefore, assuming theprobability of passivation by incident or trapped D remains constant (due to �xed Drange), a higher C �ux keeps the damage sites active, which implies that the C ionsare primarily responsible for the bond breaking events. Lowering the D energy from
ED = 1 → 0.53 keV results in an increase of the chemical yield to Ychem ≈ 0.08− 0.09.Following the discussion of the case of fc = 0.07, this is explained by the closer overlapof the D ion range with the mixed material layer and the corresponding increase of thepassivation probability for an active site. Aside from case (c), Ychem becomes e�ectively
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Figure 5.18: Comparison of the normalized D ranges calculated with TRIM [188] for ED =
3 keV and ED = 1 keV in pure W. The C depth pro�le is taken from TRIDYNsimulations at nc = 0.06×1022 m−2 and corresponds to an absolute scale. Thedotted black lines indicate the mean ion ranges.zero for nc > 0.2× 1022 m−2, corresponding to a C layer thickness of ≈ 10 nm (see Fig.5.10). As this thickness is not signi�cant in terms of its e�ect on the incident ionranges, the rather sharp decline can only be explained by a barrier action of the layerleading to a steep decrease of the escape probability for out-di�using hydrocarbonmolecules. This is probably due to the corresponding changes of surface composition,but again molecular dynamics simulations will be needed to validate this hypothesis.The large deviation between experimental results and the model prediction with Ychemin Fig. 5.19(f) may indicate the e�ects of out-di�using hydrocarbon molecules thattrap at the surface, resulting in a decrease in W surface coverage and correspondingdecrease in W sputtering. Fig. 5.19(b) shows that the C loss due to Ychem is not fromsurface depletion, since that would lead to a corresponding change of the slope of theW sputtering curve which is not observed.At 670 K, simultaneous irradiation at low D energies does not show contribution ofchemical e�ects and can be fully described by kinematics alone as seen in Fig. 5.20. Thecorresponding D retention results are independent of incident D ion energies as seenin Fig. 5.21. Again, the reduction in D retention compared to RT retention fractionsinfers a negligible chemical sputtering contribution at 670 K, con�rming the results ofsimultaneous deuterium and carbon ion irradiation experiments using ED = 3 keV Dions as previously shown in Fig. 5.14. In contrast, a pronounced energy dependence ofthe total D retention is observed at RT . Since all specimens were unannealed, a possiblesubstrate contribution cannot be entirely excluded. However, the clear decrease of Dretention with decreasing D energy can be well explained by the decreasing defectcreation rate, while for 670 K results, one can conclude that either defect creation byD is negligible or that defects are annealing out at a rate greater than the creation rate.Therefore, the decrease in D retention observed at RT results from a combination ofdecreased defect creation and increased D loss from the chemical sputtering processes.
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Figure 5.19: Comparison of: (a) C implantation, and (b) W sputtering behavior as a func-tion of incident C �uence for varying incident D energies: (c,d) ED = 3 keV ,(e,f) ED = 1 keV , and (g,h) ED = 0.53 keV at fc = 0.23 plotted with modelpredictions including and excluding the Ychem component respectively. Alsoshown is the �tted Ychem component in red.
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5.3 Discussion and conclusion 875.2.3 SummaryIn the tungsten erosion regime, a lower C areal density is observed at RT comparedto that at elevated temperatures. The loss is attributed to chemical sputtering ofcarbon. A qualitative description of the corresponding processes was discussed, andthe magnitude of the chemical sputtering quanti�ed by �tting the experimental datato the phenomenological model. A maximum value of the chemical sputtering yield,
Ychem ≈ 0.04, is observed for ED = 3 keV D ion irradiation at RT , which increaseswith decreasing D energy to a value of Ychem ≈ 0.08 at ED = 1 keV and ED =
0.53 keV . In the W erosion regime, Ychem remains constant due to the steady statecomposition of the C-W mixed layer, but in the C deposition regime with continuousgrowth of a C layer, the initial increase in the chemical yield is followed by a rapiddecrease with the formation of a C layer over the mixed C-W layer. The chemicalsputtering e�ect can be directly correlated to the amount of D retained in the specimen.Consequently by increasing the temperature above 670 K the chemical contributionbecomes negligible for all D energies. The development of a quantitative model wasnot possible given the current experimental data set and experimental procedures. Adetailed kinetic model will require measurement of C and D depth pro�les, which areaccessible by ion beam analysis, as well as measurement of the released hydrocarbons(line-of-sight quadrupole). Detailed molecular dynamics simulations are also requiredto elucidate the bond breaking processes. In principle, if C bond breaking by D ionsis the underlying principal process, the chemical sputter yield at RT will display anisotope dependence which has to be con�rmed by future studies.5.3 Discussion and conclusionIn the carbon deposition regime, the dynamics of simultaneous irradiation can be welldescribed by accounting for the increased C self-sputtering with increasing tempera-ture as discussed in section 5.1. In the W erosion regime, the dynamics at RT requiresinclusion of a chemical sputtering component in the kinetic BCA model which becomesnegligible with increasing temperature as discussed in section 5.2. Therefore, the dom-inant mechanism that governs the dynamics of simultaneous deuterium and carbonion irradiation at elevated temperature is the increased C self-sputtering. The e�ecton the transition point between C deposition and W erosion regimes is clearly seen inFig. 5.22. The trend of increased initial W sputtering in the C deposition case clearlyincreases with temperature. In fact, at 870 K, the system switches to the W erosionregime, despite the fact that fc = 0.14 is above the transition point of fc = 0.11 at
RT . Essentially, the surface C coverage changes very slowly with �uence due to thehigher e�ciency of C sputtered from the surface, resulting in longer W exposure timesthat result in an increased amount of W sputtering. Therefore, the major e�ect of in-creased C self-sputtering with increasing temperature is an increase in the total �uencerequired to reach steady state and a shift in the transition point to higher fc as longas the fractional C sputtering yield is high enough.Therefore at elevated temperatures, the surface remains a mixed C-W layer to sig-ni�cantly higher incident �uences. Because the steady state mixed C-W region in theW erosion regime is maintained by the continuous source of C provided by the incident
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Figure 5.22: Comparison of C implantation and W sputtering behavior for fc = 0.14 atdi�erent temperatures with 3 keV D.C ions, the dynamic equilibrium of the system is very susceptible to changes in theincident parameters (i.e. changes in fc or ion energies) and target parameters (surfaceroughness and temperature). The corresponding e�ects on the dynamic equilibriumstate are illustrated in Fig. 5.23 for the case of: (a,b) changing fc, and (c,d) increasein surface roughness. For the case of C deposition, the incident C �ux, fc, was de-liberately reduced and increased leading to corresponding changes in the implanted Careal density, nc, that is well reproduced by the model as seen in Fig. 5.23(a). InFig. 5.23(c), a decrease in nc is observed that is well �tted by the sputtering modelusing α = 20°, to approximate the increased sputtering due to increased surface rough-ness. Contributions from beam �uctuations is ruled out and corresponding changes in
fc, while the RMS roughness value measured following irradiation (Rq = 14 nm) waslarger than typical roughness measured for other specimens in the W erosion regime(Rq = 10 nm). These examples demonstrate how the dynamics of the system can besigni�cantly altered by changes in the incident ions and target morphology parameters,especially in regions close to the transition point.In conclusion, a comprehensive study examining the processes a�ecting the dynam-ics of simultaneous irradiation at RT and elevated temperature was performed. Theincrease in C self-sputtering was shown to be the dominant mechanism governing thedynamics at elevated temperatures. The processes can be well modeled using the BCAwith modi�ed SBEs derived from independent C self-sputtering measurements. Thetransition point from continuous W erosion to C deposition shifts to higher values of
fc due to the higher e�ciency of C sputtered from the surface. This behavior resultsalso in an increase of the total amount of W sputtered. Further, increased C loss fromthe surface keeps the system in the phase of dynamically varying C-W mixed materiallayer for a longer period of time. Such behavior can be triggered either by changes in
fc or by the surface roughening due to the prolonged sputtering. At RT , the dominantmechanism governing the erosion-deposition dynamics was determined to be chemical
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Figure 5.23: The e�ect of changing fc on: (a) C implantation, and (b) W erosion. Similarly,the e�ect of surface roughening on the dynamics of: (c) C implantation, and(d) W erosion, is shown.sputtering of C in the mixed C-W layer. In the W erosion regime, an upper limit of thechemical erosion yield, Ychem ≈ 0.04 is observed that decreases with increasing fc. Thechemical e�ect is more pronounced for decreasing D energies from ED = 1 → 0.53 keV(Ychem ≈ 0.08). This synergistic e�ect requires further experimental studies and ad-ditional modeling by molecular dynamics simulations to elucidate the exact reactionmechanisms. The W sputtering behavior was found to be a sum of the weighted Y c
wand Y D

w yields, proportional to the surface concentration of tungsten, Sw. Therefore,no synergistic e�ects on W sputtering behavior was observed. The entire dynamicscan be well described by knowing only the C fraction in the incident �ux, fc, and theimplanted C areal density, nc.





6 ModelingThe dynamics of simultaneous irradiation at elevated temperatures involves implanta-tion, re�ection, sputtering and di�usion processes to occur at the same time. Therefore,the assumption of constant parameters, like sputtering yields or re�ection coe�cientsis only true for a steady state system where dynamic changes in composition no longeroccur. The present work has followed the dynamic evolution of a pure W surface toeither a mixed C-W surface with corresponding continuous W erosion or to a pureC surface at a continuously growing C layer. By modeling the experimental data, aquantitative model of the in�uence of the system's base parameters on the processesgoverning the dynamics of simultaneous irradiation at elevated temperatures is possi-ble. The kinematic processes governing the C and D ion interactions with W, and thechanges to the near surface composition can be well described by the binary collisionapproximation model implemented in the TRIDYN code. The e�ect of increased Cself-sputtering, discussed in section 4.2, can also be described by using accordinglylower SBEs that �t the measured increase in C self-sputtering yield with temperature.Therefore, TRIDYN allows for a full kinematic description of the C-W system up to
T ≤ 870 K studied in this work. Further increase in temperature results in C di�usion,with corresponding changes to the C depth pro�le, which signi�cantly alters the dy-namics. However, di�usion e�ects are negligible in the temperature range studied andcan, if they occur, be modeled by iterative coupling of TRIDYN with an appropriatedi�usion code [93]. The question remains how to best model the chemical sputteringprocesses observed at RT as well as at elevated temperatures. As mentioned earlier, afull quantitative treatment of the chemical sputtering process in C-W mixed materialsis not possible yet due to the many unknown parameters that govern this process.Therefore, the chemical component is derived by �tting the experimental data to aphenomenological model outlined below.The planned approach is to: (1) derive analytic approximations to the kinematicprocess calculated by TRIDYN using one parameter, nc, (i.e. the implanted C arealdensity) that treats both C and W sputtering processes, and (2) incorporating a chem-ical loss term corresponding to a yield, Ychem, that is varied to �t the experimentaldata. The goal of the present model is, given a set of initial incident parameters for Cand D ions, to correctly describe the dynamics of the W erosion and C implantationrate as a function of incident ion �uence. This will allow in turn to correctly predictthe total amount of W eroded and C implanted, as well as to predict what steady stateregime the system reaches depending on the system's basic parameters. A key assump-tion is that the implanted C depth pro�les calculated by TRIDYN corresponding tothe implanted C areal density, nc, is representative of the actual experimental C depthpro�le.6.1 Kinematic componentThe planned approach is to parametrize the re�ection yield, Rc, and sputter yield,
Y c

c , as a function of implanted C areal density, nc, reducing Eqn. 4.1 to an ordinarydi�erential equation: 91
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dnc

dt
= Φc(t) (1 − Rc(nc) − Y c

c (nc)) (6.1)Setting the initial implanted carbon amount to zero, nc(to) = no = 0, will allowEqn. 6.1 to be solved numerically as an initial value problem using the forward Eulermethod [189] with the following de�nition for the implanted C areal density, ni , nci
:

n
′

c(t) = f (t, nc(t))

ni+1 = ni + h f (ti, ni) = ni + h Φc(t) (1 − Rc(ni) − Y c
c (ni))where h is the time step size, resulting in the expression hΦc(t) to equal the �uencestep size for the present model. The Euler method is a �rst order method and su�ersfrom larger numerical error as compared to higher order methods like the Runge-Kuttamethod. However, for the present model, the limiting factor in determining nc is theaccuracy of the Rc(nc) and Y c

c (nc) function parametrization. This means that the�uence step h Φc(t) must be chosen small enough to account for all regions where the
Rc(nc) and Y c

c (nc) functions are changing rapidly with nc. It will be shown that thiscondition is ful�lled for a step size of h Φc(t) = 0.01 × 1022 m−2.To obtain the parametrized Y c
c (nc) and Rc(nc) functions for RT , 670 K, 770 K, and

870 K, TRIDYN results from Fig. 4.12 are used to �t the following functions as shownin Fig. 6.1:
Y c

c (nc) = (P1 + P2 nc) exp(−P3 nc) + P4 (6.2)
Rc(nc) = 0.38 exp(−nc/0.18) + 0.015 (6.3)with the resulting parameters for varying angles of incidence and temperatures listedin Table 6.1 for Y c

c (nc). Table 6.1 shows that the increase in roughness, approximatedby increasing the incident angle, shifts the entire Y c
c (nc) curve by a constant factor.So far the model does not di�er from the TRIDYN results, and therefore the modelshould equal TRIDYN calculations. As an example, comparisons of the model curvesto TRIDYN calculations for C-only irradiation at αT = 15° are shown in Fig. 6.2.Good agreement with TRIDYN results is achieved by choosing a �uence step size

≤ 0.01 × 1022 m−2. In section 5.2, the W sputtering dynamics was determined to be afunction of the W surface concentration, Sw, as seen from Eqn. 6.4 which is repeated
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Temp P1 P2 P3 P4αT =15° P4αT =20°
RT -0.46 5.33 6.23 0.345 0.38

670 K -0.79 5.68 8.10 0.54 0.6
770 K -0.74 4.37 8.19 0.59 0.65
870 K -0.83 3.52 8.20 0.660 0.72Table 6.1: Parameters for the �tting function described in Eqn. 6.2 for varying temperaturesand angles of incidence.



94 6 MODELINGbelow:
Yw = Sw

[

Y c
w fc + Y D

w (1 − fc)] (6.4)Therefore, the Sw corresponding to the amount of C implanted can be obtainedfrom Fig. 4.6, by the following �t:
Sw(nc) = exp(−5.48 nc) (6.5)The W sputtered amount corresponding to each �uence step can then be calculatedfor every ni:
nwi

= h Φc(t) Yw(Sw(ni)) (6.6)A comparison of the model to TRIDYN results for fc = 1 (C-only irradiation) isshown in Fig. 6.3, where a W sputter yield of Y w
c = 0.4, based on the W sputteryield by C calculated using the revised Bohdansky formula was used. Deviations fromTRIDYN calculations are observed at low nc, since Y w

c ≈ 0.5 > 0.4 in TRIDYN cal-culations. This contradiction arises primarily from the approximation of using the Wheat of sublimation value (8.68 eV ) as the SBE for W atoms in TRIDYN calculations.Deviations at higher nc arises from the fact that in the phenomenological model, Wsputtering is still observed even at low W concentrations, to account for the inho-mogeneous coverage of the surface resulting from clustering of carbon atoms on thesurface.A similar procedure is followed to obtain the parametrized Y D
c (nc) at varying tem-peratures and D energies by �tting Eqn. 6.2 to the partial sputtering yields calculatedby TRIDYN for simultaneous irradiation at varying temperatures and D energies. Theresulting parameters are shown in Table 6.2 for varying temperatures and Table 6.3for varying incident D energies and temperature.Temp P1 P2 P3 P4αT =15 P4αT =20

RT -0.034 0.39 6.23 0.0100 0.0125
670 K -0.066 0.59 7.19 0.0200 0.0225
770 K -0.040 0.37 6.51 0.0230 0.0255
870 K -0.049 0.38 6.31 0.0275 0.0300Table 6.2: Parameters for the function Y D

c (nc) based on Eqn. 6.2, �tted against the partialD sputter yields from TRIDYN calculations for varying temperatures and anglesof incidence.
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96 6 MODELINGEnergy Temp P1 P2 P3 P4αT =151.0 RT -0.021 0.24 6.15 0.01750.7 RT -0.020 0.20 4.81 0.01850.53 RT -0.021 0.24 5.53 0.01901.0 670 K -0.046 0.23 7.75 0.03500.53 670 K -0.048 -0.004 9.96 0.041Table 6.3: Parameters for the function Y D
c (nc) based on Eqn. 6.2, �tted against the partialD sputter yields from TRIDYN calculations for varying D energies at RT and

670K.It is clearly seen from P4 (i.e. the steady state sputter yield) in Table 6.2, that Y D
cincreases with increasing temperature due the decreasing SBE of carbon to carbon.In addition, from Table 6.3 it follows that, Y D

c increases with decreasing D energy dueto the increase in energy deposited in the near surface layer. The D contribution tothe sputtering of the implanted C is considered independent of the C self-sputtering,resulting in an additional term in Eqn. 6.1:
dnc

dt
= Φc(1 − Rc − Y c

c ) − ΦDY D
c = Φc

[

(1 − Rc − Y c
c ) − (1 − fc)

fc

Y D
c

] (6.7)
ni+1 = ni + h Φc(t) [

(1 − Rc(ni) − Y c
c (ni) −

(1 − fc)

fc

Y D
c (ni)

]

To summarize, Eqns. 6.6 and 6.7 represent a description of the temperature de-pendent C sputtering behavior and the corresponding W sputtering by both C and Dions based on analytical �t functions using only the C areal density, nc, as a parameteragainst TRIDYN calculations. Therefore, the kinematic description of the simultane-ous irradiation is complete. As discussed earlier in section 4.2, Y c
c is dependent onnot only the surface concentration of C but also on its depth pro�le. Therefore, byparametrizing Y c

c as a function of nc, the present model takes both dependencies intoaccount. However, this naturally leads to the assumption that the depth pro�le for agiven nc calculated by TRIDYN correctly describes the experimental results. It will beshown in section 6.3, that this is a valid assumption for T ≤ 870 K where C di�usioninto the W bulk can be neglected.6.2 Chemical sputteringTo model the chemical sputtering process, a chemical component, Ychem(nc), is addedto the D contribution in Eqn. 6.7:
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Figure 6.4: Comparison of TRIDYN calculated depth pro�les for increasing implanted car-bon areal density, nc. The numbers indicate the surface concentration of carbon.
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(Y D

c (ni) + Ychem(ni))

] (6.9)
The function Ychem(nc) is assumed to be a simple Gaussian function in the formbelow to model the variation of chemical sputtering with the growth of a C layer:

Ychem = a e−
(ni−b)2

2c2 (6.10)All parameters a, b, and c are free parameters determined by �tting the modelfunction 6.10 to the experimental data. Essentially, the Ychem term transforms thesystem to a state corresponding to a lower implanted C amount as seen in Fig. 6.4.This method is physically justi�ed, since the C loss by chemical sputtering is not limitedto the surface only, but occurs throughout the mixed material layer. The validity ofusing TRIDYN depth pro�les for nc is discussed below.
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c functions against TRIDYN calculations in the modelinherently assumes that the calculated depth pro�les correspond to experimental re-sults. As discussed in section 4, the thickness of the mixed material layer measured bypro�lometry of the sputter depth crater corresponded well with the depth calculatedby TRIDYN. Therefore, TRIDYN depth pro�les can be assumed to correctly describethe experimental data at RT . However, this assumption needs to be validated for thecase of elevated temperatures. Therefore, XPS sputter depth pro�les were obtained at
RT and 870 K for simultaneous irradiation. However, TRIDYN depth pro�les cannotbe quantitatively compared to the sputter XPS depth pro�les. The reason is that theunknown density of the C-W mixed material coupled with a large di�erence in the par-tial sputter yields of tungsten and carbon atoms by Ar+ leads to large uncertainties inthe conversion of incident Ar+ �uence to a depth scale. Still, it is possible to comparethe shape of the experimental depth pro�les on a relative depth scale. Since there is abuildup of C layer for RT results, the �rst step is to normalize the incident Ar+ �uenceto the same starting point (i.e. the surface C fraction measured by XPS). If thereis no change in the relative C concentrations with depth, then the C concentrationmeasured as a function of incident Ar+ �uence must be equal. This is clearly the caseas seen in Fig. 6.5, indicating that no signi�cant changes to the depth pro�le occurwith temperature. Therefore, C di�usion into the W bulk and resulting changes tothe C depth pro�le can be neglected. Consequently, the depth pro�les calculated byTRIDYN can be used.6.4 SummaryA simple model that follows the dynamics of carbon implantation and tungsten sput-tering has been developed using the implanted C areal density, nc, as a parameter.



6.4 Summary 99Analytic �t functions of the kinematic component were derived from TRIDYN calcu-lations, while a chemical loss term, Ychem, allows for the �tting of the experimentaldata to obtain absolute values. The W sputtering behavior was parametrized against
nc using Eqn. 6.6, which is based on the experimental �nding in section 5.2 that theW sputtering is the sum of the weighted Y c

w and Y D
w yields, proportional to the surfaceconcentration of tungsten, Sw.
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7 Implications for next step fusion reactorThe key plasma facing materials issues which the ITER experiment is facing are out-lined by Federici et al. [9] and more recently by Roth et al. [15], while the di�erentrequirements for a future fusion reactor, DEMO, have been discussed by Bolt et al.[8]. The main focus in this study has been on interactions of carbon (C) and tung-sten (W) plasma facing materials which are mainly applicable within the framework ofITER. Use of carbon materials is at the moment not expected in DEMO, and there-fore, the implication of the experimental results speci�cally to ITER applications willbe stressed in the following analysis. The most critical issues ITER is facing have beenidenti�ed as: (i) lifetime of plasma facing components (PFCs), (ii) dust productionfrom eroded plasma facing material, and (iii) tritium inventory in the vessel, mainlyresulting from co-deposition with C and Be. All three issues require an understandingof material sputtering, and more importantly of the erosion, deposition, and re-erosionof the sputtered wall materials and their transport within the vessel.At present, simulation codes like EDDY [190] and ERO [191] can model local im-purity release and the resultant dynamic material mixing due to re-deposition andre-erosion processes following transport in the plasma. The erosion yields by physicalsputtering are calculated by TRIDYN or using the TRIM database, while the chem-ical sputtering process is de�ned by input or using the analytic formula by Roth etal. [73]. Therefore, improving the predictive quality of the TRIDYN model requiresbenchmarking against well controlled laboratory experiments that can quantify thesputtering processes in mixed materials.To extend the scarce knowledge on physics and plasma wall interactions of C-Wmixed materials obtained by studies in tokamak experiments, this study examined thedynamics and formation conditions of C-W mixed materials by ion beam experimentswith well controlled conditions and experimental parameters. It has yielded quantita-tive data on surface processes and on the erosion of W as well as of D retention undersimultaneous C and D irradiation. It has also identi�ed the main mechanisms thata�ect the dynamics of mixed material formation and behavior at elevated tempera-tures. From this data, the TRIDYN model has been successfully bench-marked, anddemonstrated to correctly account for the C-implantation and W sputtering behaviorunder C and D co-bombardment. The successful benchmarking of the TRIDYN modelrelies on modi�ed surface binding energies used as inputs parameters to account forthe increase in C self-sputtering yields.Therefore, the main achievement in the framework of fusion research is that theTRIDYN model has been bench-marked for a C-W mixed material system at T ≤
870 K. Experimental deviation from TRIDYN calculations have been identi�ed ase�ects of chemical sputtering and surface roughness, which in some cases are not negli-gible. Further experimental �ndings and their respective implications to future fusionreactor are discussed below.7.1 Tungsten erosion and impact on component lifetimeTungsten sputtering is an important issue determining the W erosion rate and corre-spondingly the lifetime of W plasma facing components as well as the W impurity con-101



102 7 IMPLICATIONS FOR NEXT STEP FUSION REACTORcentration in the plasma. In the case of ITER, o�-normal events such as edge-localizedmodes (ELMs) and disruptions will further limit carbon and tungsten component life-time in the divertor due to crack formation under repetitive thermal stress or melt layerejection and sublimation of the material. At present, material solutions do not existto overcome the reduction of component lifetime by these o�-normal events. The onlyviable solution at hand is the development of discharge plasma scenarios with tolerableELMs and the development of disruption mitigation systems. In the desired scenarioof a quiescent plasma (i.e. with small ELM impact and free of disruptions), the steadystate erosion of the components will remain as the only limiting factor for componentlifetime. The discussion below follows the assumption that such plasma conditionshave been achieved, which is absolutely necessary in the case of future fusion reactorssuch as DEMO.Description of tungsten sputtering: The tungsten sputter yield in C-W mixedmaterials was determined to be the product of the surface concentration of W, Sw, andthe linear combination of the sputter yields of pure W by the incident species' weightedto their respective fraction in the incident �ux. Therefore, no synergistic e�ects in theW sputtering behavior was seen. This means that the determination of the total Wsputtering yield by additional impurity particles, such as Ar or Ne arising from theseeding of the plasma edge for radiative cooling, or He generated from the D-T reac-tion is rather straightforward. The literature data for the W sputtering yield by singlespecies irradiation is well known, and therefore, predictions of the total W erosionamount will require only the energy and �ux distribution of each incident species withthe target dependent parameter being Sw. This allows to use approximated averagesputter yields to account for the respective energy and angle distributions of the sin-gle species contribution [192]. In practice, plasma simulation codes can provide therequired incident parameters, but the W surface concentration is not readily accessi-ble. Especially if one views the problem in terms of integrated discharges and longterm exposure of PFCs. However, provided there are diagnostics that can access Swin-situ before plasma discharges, one would be able to provide certain predictions tothe amount of W sputtered to better predict component lifetime and calculate theimpurity concentration that can potentially enter the plasma.Formation of tungsten carbides: In areas of continuous tungsten erosion, thesurface of the C-W mixed material is primarily in the form of tungsten carbide whoseerosion properties were not signi�cantly di�erent to that of pure W. This is becausethe enhanced C self-sputtering at elevated temperature appear to a�ect only the C-Cbonds present and do not a�ect the C-W bonds. Therefore, tungsten carbide forma-tion in ITER is not an issue with respect to altering the W erosion behavior. However,degradation of mechanical properties by embrittlement due to tungsten carbide forma-tion is of concern. A further detrimental e�ect of carbide formation and C-W mixingis the increased hydrogen trapping.E�ect of chemical sputtering: The fact that chemical sputtering e�ects in C-Wmixed materials is highest at RT and is not observed at T ≥ 670 K indicates that Cre-erosion from W surfaces by chemical sputtering processes, and subsequent further



7.1 Tungsten erosion and impact on component lifetime 103
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(c) W dome PumpsFigure 7.1: Schematic of ITER divertor cassette showing the locations of the W plasma fac-ing components on: (a) the inner vertical target and ba�e, (b) the outer verticaltarget and ba�e, and (c) the dome. The carbon plasma facing components at:(d) the vertical strike plates.increase in W sputtering, will not be of primary importance under fusion relevant tem-peratures. However, it is possible that increased D retention in C-W mixed materialsat elevated temperatures (possibly from D trapping with He bubbles) can result inhigher concentration of D atoms than observed in this study that can then e�cientlyremove the implanted C resulting in increased W sputtering.Estimate of tungsten plasma facing component lifetime: As a �rst approxima-tion in estimating the component lifetime of tungsten PFCs, erosion of W is calculatedfor the conditions at the (a) inner and (b) outer vertical target area and ba�e (seeFig. 7.1) using the following parameters [15, 13, 193]: (1) D �ux of 1020 m−2s−1 with
400 sec long discharge, (2) W surface temperature of 400 K, (3) ion incident angles of
αT = 65° , (4) impurity C and Be fractions of fc = 0.03 and fBe = 0.03, (5) Chargestate, q, of the C and Be ions of q = 5 (C5+) and q = 2 (Be2+), and (6) with thefollowing plasma ion and electron temperatures at the inner (Ti = Te = 10 eV ) andouter divertor (Ti = 60 eV , Te = 30 eV ). The energy of the ions are approximated bythe sum of thermal energy and sheath acceleration energy, Eion = 3qTe +2Ti, resultingin ED = 50 eV , EBe = 80 eV , Ec = 190 eV at the inner divertor and ED = 210 eV ,
EBe = 300 eV , Ec = 570 eV at the outer divertor. Tungsten erosion by physical sput-tering processes in the (c) W dome region (see Fig. 7.1) was assumed negligible due tothe very low plasma temperatures in this region.A summary of W gross erosion rates and corresponding lifetime in number of 400 secplasma discharges (shots) are shown for the inner and outer divertor areas in Table7.1. The thickness of the tungsten PFC has been taken as 10 mm with the lifetimeof the material reached when 2/3 of its initial thickness is eroded as assumed in Ref.[15]. It is noted that re-deposition of the sputtered W has not been accounted for andtherefore the lifetime estimate provides a lower boundary condition. Chemical erosion



104 7 IMPLICATIONS FOR NEXT STEP FUSION REACTORprocesses were neglected in the simulations since the C surface concentration was below30%, and the C on the surface was assumed to be in the form of tungsten carbidesas observed earlier in section 5. Chemical sputtering processes were neglected as wellsince the chemical sputtering processes in mixed C-W material were observed only at
RT (see section 5.2.2). Be alloy formation with W can also be neglected for surfacetemperatures below 900 K [194].Location of tungsten PFC Impurity Erosion rate [nm/sec] Lifetime [shots]Inner divertor/ Ba�e C 0.0020 8.5 × 106C, Be 0.0017 1.0 × 107Outer divertor/ Ba�e C 0.016 1.0 × 106C, Be 0.020 8.2 × 105Target plate Ar, Be 0.33 5.0 × 104Table 7.1: Estimated gross erosion rates for the tungsten plasma facing components (plasmaexposed side) at various divertor locations.The erosion of the tungsten plasma facing component in the inner divertor areais approximately an order of magnitude lower than the outer divertor area. The lowerosion rate is due to the low C ion energy which dominates W sputtering, since the Dand Be ion energies are below the threshold for W sputtering. Tungsten is continuouslyeroded for the impurity C and Be fractions of fc = 0.03 and fBe = 0.03 used in thecalculations. However, in the case of C+Be, accumulation of Be on the surface reducesthe W erosion rate. The calculations also show a shift to C deposition regime occursat C fraction above fc = 0.20, which is signi�cantly higher than the observed impuritytransport from spectroscopic measurements (a few %) or modeling. This indicates thatsigni�cant recycling and re-deposition of the eroded C must occur in the inner divertorregions of tokamaks to explain the strong deposition patterns that is common in allmachines [195, 196, 197, 198]. Results of impurity transport modeling indicate thatthe Be �ux fractions at the inner divertor will be higher than in the outer divertor[199], with the highest �ux (fBe = 0.06) found at the ba�e near the inner divertorentrance. The increase in Be �ux will correspondingly increase the Be concentrationat the surface reducing the W erosion rate even further.The erosion of the tungsten plasma facing components in the outer divertor isdominated by physical sputtering by C and Be ions. As seen from Table 7.1, theaddition of Be increases the erosion rate by 25%. Although a maximum Be �ux fractionin the outer divertor was estimated to be below 1% in Ref. [199], a recent extensionof the modeling grid from the SOL to the walls indicate an increase in this Be �uxamount [200]. Accurate estimates of the impurity �uxes are needed to correctly predictthe W component lifetime in the outer divertor region, where clearly the highest Werosion rate occurs. From Table 7.1, it is clear that steady state erosion processes willnot be a limiting factor of the W component lifetime in areas of the inner and outervertical target.In the case of a full tungsten divertor, tungsten PFCs will also be used at, (d)the target strike plates (see Fig. 7.1), where the ion �uxes are signi�cantly higher(1023−1024 m−2s−1) and steady state surface temperatures of 500−750 K are expected.



7.2 Issue of fuel inventory and co-deposition 105The plasma temperature is expected to be similar to conditions at the inner divertor(Ti,e = 10 eV ) and a simple extrapolation of the C+Be results of the inner divertorcalculations will yield a component lifetime of 103 − 104 shots. This amount is in goodagreement with the most recent estimates of gross W erosion in Ref. [15] using theERO code [191]. A more realistic assumption is the replacement of the C impurityions with Ar ions (from plasma seeding) at EAr = 10 eV and fAr = 0.003 calculatedusing the B2/Eirene background plasma [199]. The calculations result in componentlifetimes of 5.0×104 shots, which is still an order of magnitude higher than the numberof discharges planned during the �rst 10 years of ITER operation [32]. The additionalerosion by incident He ions is limited by the low plasma temperature near the strikepoint. From these basic approximations, the steady state erosion of tungsten plasmafacing components, including their use in strike plates, will not signi�cantly a�ectthe component lifetimes in ITER. In the case of DEMO, extrapolating using ITER-like plasma discharges of 5.0 × 104 shots will equal 230 days of continuous operation.Meaning, the use of tungsten PFCs can exclude component lifetime issues from one ofthe many limiting factors that a�ect the operation of a fusion reactor. However, suchprogress can only be made with a disruption free quiescent plasma.7.2 Issue of fuel inventory and co-depositionFrom the above discussion, steady state erosion of the tungsten plasma facing com-ponents will not be the limiting factor in the operation of ITER. On the one hand,formation of C-W mixed materials will result in decreased W sputtering in comparisonto a pure W material due to the C impurity coverage of the tungsten surface. On theother hand, this bene�cial aspect is negated by the re-erosion of C from previouslyclean surfaces and a corresponding increase of tritium co-deposition with carbon. Theco-deposited layers can grow inde�nitely with high tritium/carbon ratios, especiallyin areas that are remote and plasma shadowed, with the consequence of unsaturatedtritium inventory in the ITER vessel. In addition, such co-deposited layers are oftennot stable and can delaminate resulting in dust particles and �akes that are di�cultto collect and remove, and can lead to potential explosions at o�-normal ingress of airor water. The impact of C-W mixed material formation on tritium retention behavioris discussed below.Deuterium trapping in C-W mixed material layer: At all temperatures, therelative concentration of D trapped in the mixed material C-W layer was found to behigher than D trapping in pure bulk W or in co-deposited C layers. It is postulatedthat the additional defects caused by keV C ion irradiation as well as the presence ofthe implanted C results in the increased trapping within the mixed material layer. Asa consequence, in areas of continuous W-erosion, the D trapped at the near surface willbe higher than the D retention fraction expected at D-only irradiation. This highlightsthe importance of considering mixed beam studies to better simulate plasma wall in-teractions under actual fusion plasma conditions. It is noted that under fusion plasmaconditions, this e�ect of damage creation is not limited to C as was the case in thisstudy. All impurities (Ar, Be, He, W) will result in an increase in D trapping at thenear surface by ion-induced damage.



106 7 IMPLICATIONS FOR NEXT STEP FUSION REACTORIn the tungsten erosion regime, this synergistic e�ect may, however, keep the Dtrapped at the near surface and prevent signi�cant D di�usion into the W bulk, alle-viating the main concern of hydrogen inventory forming in the W bulk material. Itis noted that although the absolute amount decreases with increasing temperature,D trapping at the mixed material layer is still observed at 870 K. Therefore, underdivertor conditions, these traps do not appear likely to be annealed. However, sincethe trapping amount in C-W mixed material decreases sharply with temperature, fol-lowing the behavior of pure W, a hot divertor can keep the hydrogen inventory low inC-W mixed material. Therefore at elevated temperatures, the formation of C-W mixedmaterial does not alter signi�cantly the D retention behavior compared to pure W.Conversely, in areas of carbon layer growth on top of the C-W mixed material, thehigh levels of defects created at the mixed material layer can act as a sink for di�usingdeuterium. Provided a large D concentration can accumulate in this area, delaminationof the overlying C layer may occur by formation of D blisters that rupture. This willhave signi�cant consequences to dust generation, considering that most of the D willbe co-deposited in the C layer. Obviously, temperature and C layer thickness will bethe parameters that determine whether this e�ect will be important.Determination of carbon layer thickness: The SBEs used in TRIDYN simu-lations were determined up to a temperature of T = 870 K, and therefore the carbonsputtering behavior can now be well described by TRIDYN in this range. This willallow improved predictions of the C layer growth rate in areas of net carbon deposi-tion, provided the incident �ux of C and hydrogen, and the surface temperature areknown. The hydrogen/carbon trapping ratio in co-deposited layers as a function oftemperature is known from independent experiments, and therefore the improved Csputtering rate can provide in turn, improved predictions of the fuel inventory at leastfor the plasma exposed surface of the components. It is assumed that the chemicalerosion yield by hydrogen as well as the proper sticking coe�cients of the sputtered hy-drocarbon molecules are correctly accounted for. However, in reality, the contributionto total fuel inventory from C layer growth in gaps in the castellated structure of thePFCs [10, 24] and shadowed and remote areas in the vessel must also be considered.Here, di�erent mechanisms of deposition and erosion dominate [201] and TRIDYN cal-culations cannot be applied. However, improved modeling of the erosion, re-deposition,and re-erosion cycle can provide improved estimates to the C source term that leadsto C buildup in remote areas.7.3 Limitation of TRIDYN use in modeling plasma wall inter-actionsThe derivation of TRIDYN SBEs for carbon sputtering at elevated temperature willallow for better accuracy in determining the physical sputtering behavior of carbonin all areas where carbon is deposited. It has been demonstrated in this study thatsimultaneous irradiation by impurity and fuel ions at elevated temperatures can bedescribed by TRIDYN provided the surface roughness contribution is not signi�cant.However, as observed from experimental results, surface roughening from erosion is



7.3 Limitation of TRIDYN use in modeling plasma wall interactions 107an inevitable process and will be so for plasma facing components in ITER. Thisresults in surface roughness and morphology e�ects to become a free parameter inthe erosion and deposition process that will introduce large uncertainties and makingaccurate predictions of the erosion behavior of plasma facing components di�cult.However, it has been shown that increased surface roughness will result in a shift of thetransition point to higher C fractions in the case of carbon layer growth. Therefore,in this case, the transition point calculated by TRIDYN can be taken as the lowerlimit separating areas of carbon deposition and tungsten erosion. For cases, where thesurface roughness dimensions are such that the sputtered carbon can be redepositedin its outward trajectory, resulting in decreased C sputtering, a version of TRIDYNcapable of modeling lateral non-uniform surface topography would be required. Forsurface roughness in one dimension (the other still assumed uniform) such an extensionhas been developed and used for qualitative interpretation of roughness e�ects [71].





8 ConclusionsA comprehensive study has been undertaken to examine both the dynamic behavior ofcarbon (C) implantation and tungsten (W) sputtering under simultaneous irradiationby C and D ions, and the corresponding D retention behavior. The aim of the study wasto understand mixed material formation and behavior during plasma wall interactionsin fusion devices by controlled ion beam experiments in a laboratory setting. Thedeveloped understanding can be applied to provide experimentally bench-marked inputparameters used in present day impurity transport codes to better model the erosionand redeposition processes in tokamak devices and extrapolation to ITER and DEMOconditions.In the experiments, the amount of C implanted, the amount of W sputtered, andthe amount of D retained as a function of incident �uence were measured in-situ byion beam analysis. The parameters considered were: (1) the C fraction in the incident�ux, fc, (2) the specimen temperature (RT − 870 K), and (3) the incident energy ofthe D ions (0.53−3 KeV ). A phenomenological model based on TRIDYN calculationshas been developed to describe the chemical sputtering component observed duringsimultaneous irradiation at RT . A fully characterized description of the W sputteringbehavior by C was an important prerequisite for separating the e�ect of additionalD bombardment during simultaneous irradiation and quantifying the correspondinglyinvoked synergistic e�ects. Therefore, additional experiments examining C and Wirradiation by C ions only were performed. The corresponding results are summarized�rst, followed by the conclusions drawn from the simultaneous C and D irradiationexperiments. A discussion of the experimental results in the framework of ITER andfuture fusion reactors was discussed in section 7.8.1 Carbon-only irradiationTwo sets of experiments were conducted with Ec = 6 keV C ions in the temperaturerange of RT − 870 K. First, W-�lms deposited on polished Ni substrates were irradi-ated with C ions to study the C implantation and W sputtering behavior as a functionof incident C �uence and temperature. Second, C �lms deposited on polished W sub-strates were irradiated with C ions to measure the C self-sputtering yields as a functionof temperature. The main conclusions and original contributions are as follows: (1)The W sputtering behavior can be fully characterized by the implanted C, (2) The Cself-sputtering yields have been measured in the previously unexamined temperaturerange of RT − 870 K, (3) The increased C self-sputtering at T < 870 K has been at-tributed to correspondingly decreased surface binding energies in the binary collisionapproximation model implemented in the TRIDYN code. The temperature dependente�ects are summarized below.(i) Dependence of tungsten erosion on implanted carbon: Irradiation of tung-sten by Ec = 6 keV C ions at RT showed that the W sputter yield is a function ofthe implanted carbon amount, nc. Therefore, the W sputtering behavior can be fullyparametrized by nc, e�ectively reducing the problem of C implantation and W sputter-ing processes at a given incidence energy to one parameter. The W sputtered amount109



110 8 CONCLUSIONSwas gradually reduced by the corresponding increase of the implanted C amount, un-til at nc ≈ 0.4 × 1022 m−2 (for Ec = 6 keV ), the formation of a closed C layer sup-pressed further sputtering of W. This dependency allows one to correlate the implantedC amount to the C surface concentration, which critically governs the W sputteringyield. The experimentally unavailable C surface concentration can be approximatedby TRIDYN calculations, provided the experimental C implantation and W sputteringprocess can be modeled assuming a laterally uniform smooth surface. Deviations froma smooth surface topography arise at increasing temperature leading to additional ef-fects discussed below. The structure of the growing C layer was determined by Ramanspectroscopy and showed a highly disordered network of graphite-like carbon with itsstructure independent of temperature in the range studied (RT − 870 K).(ii) E�ect of temperature on tungsten erosion and implanted carbon: Achange in the C implantation and W sputtering behavior was observed following
nc ≈ 0.1 × 1022 m−2 (for Ec = 6 keV ). With increasing temperature, the C sput-tering rate increased, requiring higher incident C �uences to form a closed C layer toprotect the underlying W. The increased C sputtering resulted in longer exposure ofW, which increased the total amount of W sputtered before formation of a closed Clayer. For example, an increase of ≈ 50 % in the total amount of W sputtered is ob-served at 770 K compared to RT . The increase in the sputtering of implanted C wasdetermined to be from the combined e�ects of increased C self-sputtering and surfaceroughness e�ects, discussed below. Carbon di�usion into the bulk was ruled out by thetemperature independent implanted C depth pro�le determined using XPS. However,possible e�ects of C di�usion or segregation to the very surface during irradiation couldnot be determined with the available diagnostics.(iii) E�ect of temperature on C self-sputtering: To quantify the increase ofC self-sputtering with temperature, experimental C self-sputtering yields at 670 K,
770 K, and 870 K were measured by irradiation of C �lms deposited on polished Wsubstrates using 6 keV C ions. The sputtering yields at Ec = 6 keV measured were
0.29±0.01, 0.45±0.03, 0.55±0.03, 0.64±0.05 at RT , 670 K, 770 K, and 870 K, respec-tively. The increase in C self-sputtering yields can be described by the binary collisionapproximation model (TRIDYN) by reducing the surface binding energies (SBEs).The SBEs were obtained by comparison of the BCA results with the experimentalC self-sputtering yields resulting in C-C SBEs of 7.4, 4.3, 3.8, and 3.1 eV for RT ,
670 K, 770 K, and 870 K, respectively. These SBEs were used to successfully modelthe experimental results of 6 keV C irradiation of W at RT → 870 K. At T < 870 K,the TRIDYN model of reducing the carbon SBEs correctly describes the increasedW sputtering and decreased C implantation rate caused by increased C self-sputteringyields with increasing temperature. The good agreement using constant C-W andW-W SBEs for calculations at higher temperatures indicates that the sputtering oftungsten carbides can be assumed to be the same as that of pure W and is independentof temperature. However, at T = 870 K, the increased C self-sputtering alone cannotcorrectly model the C implantation and W sputtering behavior. Possible changes tothe C surface concentration by di�usion or segregation e�ects and the observed in-crease in surface roughness are not included in the TRIDYN model and therefore are



8.2 Simultaneous irradiation by Deuterium and Carbon ions 111attributed to the remaining discrepancies. These additional temperature e�ects needto be implemented in a quantitative model incorporated in TRIDYN, to extend thepresent model to higher temperatures.(iv) E�ect of temperature on surface topography and roughness: A slightlylarger incident angle, αT = 20° in TRIDYN as compared to the experimental, α = 15°,was required to best model the experimental data at T = 770 K using the bench-marked SBEs. The increased angle of incidence was used to approximate the e�ect ofan increase in surface roughness from the annealing process. However, at T = 870 K,the necessity of using an even larger incident angle, αT = 25°, indicates that con-tributions from surface roughness become signi�cant resulting in di�erent dynamicscompared to a laterally uniform smooth surface. Images of surface topography mea-sured using AFM indicate that the C layer growth at higher temperatures is driven byformation of island like structures, indicating a surface growth process based on themobile C atoms on the surface. With increasing temperature, the C layer is observedto grow increasingly inhomogeneously with larger island like structures that result ina rough surface with a root mean square roughness value, Rq, greater than the meanC ion range of 10 nm. The increased temperature facilitates the growth of such islandstructures, either by di�usion or segregation e�ects, which have a large e�ect on the Csputtering behavior by increasing the local angle and also in longer exposure period ofthe underlying tungsten.8.2 Simultaneous irradiation by Deuterium and Carbon ionsThe C implantation and W sputtering behavior during simultaneous irradiation of W�lms deposited on polished Ni substrates with 6 keV C ions and 0.53 − 3 keV D ionswas studied. The system develops into two distinct steady state regimes of continuousW erosion or continuous C layer growth depending on the key parameters discussedbelow. The main conclusions and original contributions are as follows: (1) A synergis-tic e�ect of combined C and D irradiation at RT results in a signi�cant discrepancybetween the BCA-based TRIDYN simulations and the experimental results. This isinterpreted as a chemical sputtering process of the trapped D passivating the brokenC bonds resulting from both implanted C and D ions. (2) With increasing tempera-ture, the C implantation and W sputtering behavior is described well by the TRIDYNmodel using SBEs derived from C-only experiments. Therefore, the dominant e�ectwas identi�ed as increased C loss by the increased C self-sputtering yield. No synergis-tic e�ects were observed meaning the system can be fully described by the combinationof each individual species' contribution to the C loss and growth rate. (3) The W sput-tering yield was determined to be a linear superposition of the partial sputter yieldsweighted to their fraction in the incident �ux, which is proportional to the W surfaceconcentration. Conclusions from varying the main parameters in the experiments aresummarized below.(i) Carbon fraction in the incident �ux: At RT , the transition point separatingthe two regimes of continuous W erosion and continuous C layer growth was determinedto be in the interval 0.09 < fc < 0.11. The system can be primarily characterized by



112 8 CONCLUSIONSthe behavior of the implanted C and its surface concentration and depth distribution asseen from C-only experiments. The e�ect of simultaneous irradiation with D ions is theintroduction of an additional loss mechanism for the implanted C. At fc values lowerthan at the transition point concentration, the system is in dynamic equilibrium wherethe combined C loss rate from both C sputtering by C and D ions and the re�ected Cions equals the C implantation rate, resulting in a constant steady state value of thetotal C amount in the mixed material. Increasing fc correspondingly increases the Cimplantation rate and the sharp boundary between the W erosion and C layer growthregimes occurs due to the shift in balance to net C implantation. The consequence ofhigh irradiation �uences in the dynamic W erosion regime can lead to surface rough-ening that alters the dynamics of the system by increasing the sputter yields. This hasthe e�ect of increasing the C loss rate and higher C fractions will be required to shiftthe system to the C layer growth regime.(ii) E�ect of increased specimen temperature: A temperature increase has twomain e�ects in: (1) increasing the C self-sputtering yields, and (2) decreasing the Dretention amount. The increase in C self-sputtering yields has the e�ect of shiftingthe transition point to higher fc with increasing temperature by increasing the C lossrate. At T = 770 K, the transition point was determined between 0.11 < fc < 0.14and at T = 870 K, the transition point was fc > 0.14. In the C deposition regime,the dynamics leading up to a growing C layer can be described by the �tting modelbased on TRIDYN simulations using the SBEs derived from C self-sputtering exper-iments. Therefore, the dominant e�ect is the increase in C loss by the increase in Cself-sputtering. The only di�erence in the �tting model and TRIDYN is the treatmentof the W sputtering behavior, where the �tting model assumes the W sputter yield isproportional only to the surface concentration of W. Also, in the W erosion regime,the e�ect of enhanced C self-sputtering can fully describe the system and chemicalsputtering e�ects were not observed from the mixed material layer. Chemical sput-tering e�ects with the growth of a C layer was not observed due to the experimentallimitation of a maximum achievable C layer thickness of < 80 nm. Therefore, the for-mation of volatile molecules that primarily occurs at the end of the implanted D ions'range still occurred only in the mixed material transition layer and not within the Clayer on top. The decrease in D retention fraction with increasing temperature has thee�ect of reducing the D/C ratio of the co-deposition from 0.4 at RT to 0.05 at 670 Kand 770 K in the C deposition regime. In the W sputtering regime, the decreased Dretention amount results in negligible chemical sputtering contributions in the mixedmaterial region that were largest at RT . Carbon di�usion into the bulk tungsten at
870 K was shown to be negligible.(iii) E�ect of decreased D energy: At RT , the discrepancy between TRIDYNsimulations and experimental results observed in the W erosion regime was interpretedas a chemical sputtering processes. It is postulated that the trapped D in the mixedmaterial is able to passivate the broken C bonds resulting from C and D ion irradi-ation. The chemical yield was determined by �tting the experimental results using amodel developed based on TRIDYN calculations. The e�ect of reducing the incidentD energy from ED = 3 → 0.53 keV results in an increase in the chemical sputtering



8.2 Simultaneous irradiation by Deuterium and Carbon ions 113yield. A maximum value of Ychem ≈ 0.04 at ED = 3 keV and Ychem ≈ 0.08 for lower Denergies was required to �t the experimental data. The quantitative validation of thishypothesis and of the �t used here as approximation will require detailed moleculardynamics studies and further experiments requiring in-situ surface analysis and line ofsight mass spectroscopy diagnostics.(iv) D retention: At RT , the total D retention amount in unannealed specimenswas found to be an order of magnitude higher (1021 − 1022 m−2) than literature data.This is due to the contribution of D di�usion and trapping in the Ni substrate to thetotal D retention amount measured. In the case of annealed specimens, the contribu-tion of the Ni substrate greatly decreased, but D retention amount was still a factorof two higher than published data from bulk tungsten. This increase is partially at-tributed to the additional D trapping sites formed by simultaneous irradiation of Wwith energetic keV C ions, as well as the short time interval between irradiation andanalysis. In the C deposition regime, the mixed material region contained the highestrelative concentration of D trapped compared to the amount trapped in the W bulkor even in the co-deposited C layer. The absolute amount of D trapped in this mixedmaterial layer was observed to decrease with temperature, but D trapping was still ob-served at 870 K, indicating high trap energies normally associated with D trapping atC or vacancy sites. D trapped in these sites does not appear to contribute to chemicalsputtering of C. In the W erosion regime, the amount of D retained decreases withincreasing temperature and agrees within a factor of two with published data. Nodependence on the value of fc was observed in the retained D amount.
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