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AbstratPlasma material interation in fusion devies is a ritial issue that a�ets the overallmahine performane. In the urrent design of ITER graphite has been hosen as aplasma faing material (PFM) in the regions where heat loads are extremely high (10MW/m2) due to its good thermal ondutivity and low atomi number. The two maintopis regarding interation of hydrogen isotopes and graphite that need to be under-stood properly are: (i) hydrogen retention and release and (ii) hemial erosion andits �ux dependene. The problem of tritium retention is extremely important to studybeause tritium is a radioative material and its long term inventory in a fusion devieshould stay below the safety limit (350 g tritium).The physis of the interation of hydrogen with graphite used in the fusion deviesis multi�sale in spae (Å to m) and time (pio�seonds to seonds). The idea is touse the insights gained from the mirosopi models (MD or ab�initio methods) formodeling the transport at the meso�sale and further at the maro�sale in order tounderstand the physial proesses ontributing to marosopi transport.The 3D multi�sale model developed by Warrier et al. [1℄ has been improved tomodel the hydrogen reative�di�usive transport in porous graphite. Sensitivity studiesof the various fators a�eting the retention and release of hydrogen from graphite havebeen performed. The void fration has the most dominant role followed by the voidsize and then the void orientation omes into play. The model allows extrapolation ofwell diagnosed ion�beam experiments to fusion onditions.The model has been applied to study hydrogen retention and release from the de-posits olleted from the leading edge of the neutralizer of Tore Supra. These depositsonsists of miropores with typial size lower than 2 nm (∼ 11%), mesopores (typialsize between 2 and 50 nm, ∼ 5%) and maropores with a typial size more than 50



vi Abstratnm. The simulations showed that the maropores play the dominant role in retentionand release behavior of hydrogen. The hydrogen released from the miropores andmesopores gets adsorbed on the surfaes of the maropores. The internal depositionof hydrogen will further enhane the tritium retention problem. In order to under-stand the hydrogen transport mehanism in graphite the isotope exhange reationhas been studied. The mixed moleule formation during the exposure to hydrogenand deuterium ion beams with ompletely separate ion pro�le (penetration depths)demonstrates that hydrogen moleule formation is not a loal proess. It takes plaethroughout the implantation zone and not only at the end of the ion range.The model for hemial erosion of graphite due the thermal hydrogen ion bombard-ment proposed by Horn et al. [2℄ has been implemented. A simple 1D�KMC model hasbeen developed to hek the implementation of the basi atomisti proess ourringduring the hemial erosion proess. The simple 1D�KMC model has been suess-fully validated against the analytial model and the experimental results of Horn et al.[2℄. The model is extended to 3D and the e�et of the internal struture of graphiteon CH3 moleule formation has been studied. It has been shown that samples withlarger internal surfae areas failitate CH3 moleule formation. The �ux dependenepredited with this model is very weak.To study the �ux dependene of hemial erosion a simple multi�sale model hasbeen developed. The basi idea here is that due to the shielding of the arbon atomslying in the lower layers only few surfae layers are aessible by the inoming hydrogenions. This puts an upper limit on the released arbon �ux. The model agrees verywell with the experimental trends. After a ertain ritial inident �ux, the arbon�ux released from a sample beomes equal for all inident hydrogen �uxes and theerosion yield dereases by orders of magnitude with inreasing �ux. The erosion yieldshows a very strong �ux dependene whih indiates that the problem of arbon erosionand o�deposition will not be as severe as predited and arbon will still be a goodandidate as a PFM for ITER.
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Chapter 1IntrodutionControlled thermonulear fusion has the potential to open a new energy soure tomankind and to ontribute to a peaeful world. The fuel used in this reation is amixture of deuterium and tritium whih is reated from the breeding of lithium by usingsome of the released neutrons in the fusion reation. A omplete design of a mahinewhih will deliver energy from magnetially on�ned thermonulear fusion reationsunder quasi�stationary onditions is now ready for onstrution � the InternationalTokamak Experimental Reator (ITER). The design of ITER is the ollaborative resultof worldwide fusion researh in many experimental devies [3℄. Their results give rise toa strong on�dene that the design will meet the sienti� and tehnologial objetivesof ITER:
• long�pulse (about 7 min) burning fusion plasma apable of delivering 500 MWfusion power with an energy ampli�ation fator Q1 of at least 10
• testbed for studying the steady�state plasma operation
• investigation of quasi�steadystate plasma operation whih ould allow to extendthe pulse length up to 30 min under `Hybrid' senarios with Q = 5
• integration of fusion relevant physis and tehnology (tritium breeder blanket, su-perondutors, heating) with signi�ant �exibility whih allows to exploit progressmade in various areas aiming at performanes whih would lead to a ommerialthermonulear fusion power plant.For long time operation of any fusion mahine two requirements are ruial:1The ratio of the fusion power to the external power input.



2 Introdution(i) a stationary magneti �eld on�guration for plasma on�nement and(ii) a su�ient life time of wall omponents.The seond requirement is related to the plasma wall interation whih is alsostudied in this thesis. In order to understand the seond requirement it is neessaryto identify the main atomisti proesses ourring during the interation of the plasmawith the wall material.1.1 Basis of plasma material interationGraphite is used in many fusion devies as plasma faing wall material (PFM). In thissetion the di�erent atomisti proesses taking plae during the interation of energetihydrogen ions and neutrals with a graphite sample are delineated (Fig. 1.1).When harged partiles (ions or eletrons) strike a solid surfae they stik to it.While ions do have a �nite probability of bak�sattering from the surfae, they do somainly as neutrals piking up eletrons from the surfae. The neutral atoms are re�emitted bak into the plasma where they an be re-ionized, usually by eletron impat.The inident energeti atom ollides with a target surfae atom and transfers itsmomentum, onsequently it an either get re�eted from the surfae (baksattering)or it penetrates into the target and after a ollision asade omes to rest in thermalequilibrium with the target atoms (implantation) (Fig. 1.2). The target atoms whihreah the surfae and have more energy than the surfae binding energy of the targetmaterial an be released from the surfae (physial sputtering). The physial sput-tering and baksattering depends on the atomi masses of the inident ion and thetarget, the energy and the angle of inidene of the inident ion. The erosion of thesurfae by physial sputtering and the implantation of atoms an lead to hanges inthe omposition and struture of the material. Thus, one fator for the limited lifetimeof the PFMs in fusion devies is sputtering.In fusion mahines where arbon�based materials are used as PFM inident hydro-gen isotope atoms whih have equilibrated with the surfae di�use within the targetand an undergo hemial reations with the target atoms to form hydroarbons and



1.1 Basis of plasma material interation 3
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Figure 1.1: Overview of the atomisti proesses during plasma surfae interations in fusion mahinesrelevant to partile reyling. The aronym RES represents radiation enhaned sublimation proess.hydrogen moleules. Some of these moleules di�use to the target surfae and aneither be desorbed by inident atoms or be released thermally from the surfae de-pending on the surfae temperature (hemial erosion). In some ases the inomingenergeti hydrogen atom or ion breaks a ovalent C�C bond on the graphite surfaeby pushing apart the arbon atoms due to its short range repulsive potential. Thisan result in the ejetion of either a arbon atom or a hydroarbon and is alled swifthemial sputtering.



4 Introdution
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Figure 1.2: Collisional asade reated in graphite by 1 keV hydrogen ion beam. The simulation wasdone using the TRIM ode.All sputtering proesses are haraterized by the sputtering yield, Y, whih is thenumber of atoms or moleules ejeted per impating partile. Physial sputteringdepends on
• The energy of the inident partile,
• Atomi mass of the inident and target atoms,
• Angle of inidene of the inident partile,
• Surfae roughness of the target.



1.1 Basis of plasma material interation 5For physial sputtering to our, enough momentum must be transferred to the lattieatom to overome the surfae binding energy, thus a threshold energy Eth exists forphysial sputtering, below whih no sputtering ours. The value of Eth an be esti-mated from the surfae binding energy of the target. The physial sputtering yield anbe alulated using, for example, the binary ollision TRIM ode.Chemial sputtering is dependent on
• The energy and mass of the inident partile,
• The target temperature,
• Inident �ux of partiles.No threshold kineti energy is needed for hemial sputtering to our, and yieldseven for sub�eV hydrogen ion bombardment are not negligible [4℄. The strong depen-dene on the threshold temperature is one of the key signatures of hemial sputtering[5℄. Chemial sputtering is dominant for inident ion energy E0 ≤ 100 eV, exept atextremely high temperatures [6℄. For E0 ≈ 100 eV hemial sputtering yields are om-parable to or even larger than physial sputtering yields.The energy deposited by the plasma on the surfae determines the surfae tempera-ture whih is an important parameter in determining the di�usion of the various speiesand the moleule formation on the surfae. At very high inident energy �ux and /or insu�ient ooling of the target, the surfae temperature an be inreased and thesurfae atoms an thermally evaporate. Besides, implanted gas atoms an aumulatein the surfae layers to form bubbles. This leads to blister and �ake formation andbreaking of the surfae layer [7℄.The bombardment of energeti atoms reates damage sites (traps) and interstitialswithin their range of penetration in the target. This proess ompetes with the an-nealing of the lattie defets by the reombination of interstitials and vaanies. Dueto the relatively high �ux densities and �uenes on the target plates in tokamaks thereombination rate is not high enough to anneal all the damage. This results in netprodution of damage and amorphization of the target surfae. The porous strutureof the graphite o�ers a large internal surfae area along whih the inident hydrogen



6 Introdutionatoms an di�use and penetrate muh beyond the implantation range of the ions.On the way of realizing fusion power to a ommerial reator, still a set of ritialquestions related to the plasma�wall interation remain to be addressed su�iently inpresent experiments. The main onstraints are:(i) to ahieve tehnially aeptable ondition for power (ontinuous heat �ux of 10MW/m2 on divertor target plates) and partile (su�ient helium pumping toavoid plasma dilution) exhaust.(ii) to ahieve su�ient lifetime of PFMs. The lifetime of PFMs an be reduedmainly due to
• transient heat loads due to disruptions2 and edge loalized modes (ELMs)3
• physial and hemial erosion(iii) to stay below the safety limit (350 g tritium) of long term tritium inventory.In magneti on�nement devies the edge plasma is used to bu�er the high tem-perature plasma ore from the material walls [8℄. The interation between the edgeplasma and the PFMs profoundly in�uenes the onditions in the ore plasma and thetokamak operation in many ways. Retention and reyling of hydrogen from plasmafaing omponents (PFCs) a�ets fueling e�ieny, plasma density ontrol and thedensity of neutral hydrogen in the plasma edge, whih further in�uenes partile andenergy transport. Erosion by the plasma is the soure of impurities and determinesthe lifetime of PFCs. The eroded impurity atoms an get into the plasma and radiateenergy, whih ools and dilutes the plasma.2Sudden loss of plasma on�nement. The stored energy in the plasma is rapidly dumped into therest of the plasma system (vauum vessel walls, magnet oils, et.) and an ause signi�ant damageif preautions are not taken.3ELMs are MHD related events that play a key role in mediating the energy and partile transportharateristi of the plasma edge in the regime of enhaned global energy on�nement alled the highon�nement mode. They involve the very rapid expulsion of energy and partiles from the outer partof a on�ned plasma into the SOL and an transiently redue the temperature and density in thisregion and thereby a�et the ore on�nement. In addition, they an lead to inreased peak heatloads on the divertor plates.



1.2 Plasma faing materials 71.2 Plasma faing materialsIn a tokamak the outer magneti �eld lines are diverted to a loation far from theplasma by means of speially shaped magneti �elds. Thus the energy and the par-tiles move to restrited areas of the vessel wall. The �eld lines ontat the vesselwall on speially equipped divertor plates. With this on�guration it is possible toprodue muh purer plasmas, i. e. less ontaminated by foreign atoms than limiter4plasmas. The last losed �ux surfae (LCFS) is the boundary between the ore plasmain a tokamak (or other devie), where the �eld lines form losed �ux�surfaes, and thesrape�o��layer (SOL)5 where they run into a material wall.
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Figure 1.3: Shemati view of a limiter (left side) and divertor (right side). The abbreviations usedare SOL: Srape�o��layer, LCFS: Last losed �ux surfae.The main funtion of the divertor system is to exhaust the major part of the alpha4Strutures plaed in ontat with the edge of a on�ned plasma whih are used to de�ne the shapeof the outermost magneti surfae.5Outer layer of a plasma, whih is a�eted ('sraped o�') by a divertor or limiter. That is, theouter layer of a magnetially on�ned plasma where the �eld lines interset a material surfae (limiteror divertor plate) rather than losing upon themselves. Plasma rossing into the SOL is rapidly lostsine transport along the �eld is muh faster than that aross the �eld.



8 Introdutionpartile power as well as He and impurities from the plasma. As the main interfaeomponent under normal operation between the plasma and material surfaes, it musttolerate high heat loads while at the same time providing neutron shielding for thevauum vessel and magnet oils in the viinity of the divertor. Although good progresshas been made in the understanding of divertor plasma physis, there ontinues to besome unertainties, and hene the divertor remains an experimental devie, whih, it isantiipated, will need to be replaed and upgraded during the life of ITER. To failitaterapid replaement, remote maintainability of the divertor has been given a high priority.Plasma�wall interation (PWI) in a typial divertor mahine onerns the armorof the �rst wall in the main hamber and the omponents of the divertor. In a typialfusion devie the heat �ux is of the order of a few MW/m2 and partile �ux is a fewtimes 1023 m−2s−1 up to 1025 m−2s−1 for ITER. Therefore the requirements for plasmafaing material are very good thermal ondutivity, high melting point and low radia-tion losses. The radiation loss is proportional to the atomi number number Z raised tothe fourth power [9℄ whih makes low Z material a better hoie as a PFM. Addition-ally, if a low Z impurity enters into the ore of the plasma, due to the lesser radiationlosses omparatively high impurity levels an be tolerated. Fators for the seletion ofPFMs are the requirements of plasma performane (minimize impurity ontaminationand the resulting radiation losses in the ore plasma), engineering integrity, omponentlifetime (need to withstand thermal stresses, aeptable erosion), ompatibility withthe neutron environment and safety (minimize tritium and radioative dust invento-ries). The heat load to the main hamber wall is determined by the radiative proesses(bremsstrahlung from the ore and impurity radiation from the plasma boundary) andharge exhange �uxes [8℄.The peak heat load of about 10 MW/m2 ours at the strike point on the divertorplates by plasma �ow along the magneti �eld lines. In the urrent design of ITER(Fig. 1.4) graphite has been hosen for this region beause of its 'forgiving' nature. Itdoes not melt (but sublimes) and preserves its shape even with transient heat loadsmuh beyond the aeptable steady state heat �ow. The other advantages of usinggraphite as PFM inlude low radiative power losses due to its low Z. Also, its radia-tion harateristis allows a lot of radiation losses on open �eld lines outside the oreallowing a perfet ombination with a divertor operation to spread the power over alarge area.



1.2 Plasma faing materials 9

Figure 1.4: ITER ross�setion showing the hoie of materials for the plasma faing omponents[10℄.
1.2.1 Interation of hydrogen plasma with arbon based mate-rialsThe graphite used in fusion devies onsists of granules (typially 1-10 mirometer,marosale) separated by voids whih are typially a fration of a mirometer. Thegranules onsist of graphiti miro-rystallites of size 10-100 nm separated by miro-voids whih are typially one nm (mesosale) [11, 12℄ (Fig. 1.5). These sub-strutures,voids and miro-voids provide a large internal surfae area inside graphite where thehydrogen interstitial atoms an di�use and reat with eah other whih will a�et the
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Figure 1.5: The porous struture of graphite.hydrogen isotope inventory and reyling behavior and also hemial erosion. Due tothe large internal surfae area provided by graphite it ats like a sponge for hydrogen.In ase of arbon based plasma faing materials, essentially four mehanisms have beenidenti�ed for the retention and uptake of hydrogen [13℄ (Fig 1.6)(i) formation of a saturated surfae layer(ii) surfae di�usion on the internal porosity(iii) trans�granular di�usion and bulk trapping(iv) o�deposition of hydrogen with plasma exposed surfaes



1.2 Plasma faing materials 11

Figure 1.6: Shemati of the primary mehanisms for hydrogen retention and transport in graphite[14℄.Formation of a saturated surfae layerImplantation of hydrogen into graphite reates broken arbon bonds and due to thestrong hemial reativity of arbon with hydrogen, hydrogen an be strongly boundthrough the formation of C�H hemial bonds (≃ 4.5 eV). Fig. 1.6 shows the primarymehanisms responsible for the retention of energeti hydrogen impating on the ar-bon based materials. At low �uenes and low temperature most of the non�re�etedhydrogen is trapped and retained in the graphite. After the saturation of the implanta-tion region is ahieved, re�emission sets in and most of the inident �ux is re�emitted.The amount of hydrogen in the implantation zone is ∼ 0.4 H/C at room temperature.



12 IntrodutionThis hydrogen onentration level extends from the surfae till the penetration depth(range) of the inident hydrogen ions. The range of the hydrogen ions depends on theenergy of the inident �ux and is less for the lower energy. Thus a smaller quantity ofhydrogen is trapped for lower energy hydrogen ions.Di�usionAs the temperature is inreased (≥ 1000 K) the detrapping of the hydrogen atomsstarts, leading to release of hydrogen and derease of retention level in the implanta-tion zone. Upon further bombardment following the saturation of the implantationzone, the hydrogen atoms and moleules start di�using deep into the bulk (muh be-yond the implantation zone) along the internal porosity or the grain boundary of thegranules, as shown in Fig. 1.6. At temperatures above ∼ 1000 K, the hydrogen atomsstart entering into the granules and trans-granular di�usion sets in. This gives riseto the aess to the trapping sites in the grains whih are pratially inaessible atlow temperatures and therefore the retention levels start to inrease again [15℄. Thistransport mehanism will be very important for the neutron irradiated samples whihhave a huge density of the trapping sites reated beause of the damage aused to thesample during irradiation proess and will result in higher retention levels.Co�depositionThe arbon atoms whih are sputtered from graphite or other arbon based materialsdue to the impating plasma partiles an either be o�deposited as neutrals or ionsdue to the plasma hemistry proesses in hydroarbon plasmas, on both plasma faingand out of line�of�sight surfaes in the devie (See Fig. 1.7). The layer that is formedis similar to the saturated implant layer desribed above. But, the saturated implantlayers have a thikness of several tens of nm (depending on energy) whereas, the o-deposited layers seem to have no upper limit to their thikness [16℄ and may extend toseveral µm. If the layer gets too thik one produes dust and �akes. Both kinds of lay-ers have similar H/C ratio, viz, ∼ 0.4 at room temperature. These thik o�depositedlayers make it di�ult to put an upper limit on the tritium inventory that would resultduring the o�deposition proess in future fusion devies. Most of the tritium in ITERis expeted to be trapped in the o�deposited layers [17℄, onsequently, the removal ofsuh layers has beome a high priority issue.



1.2 Plasma faing materials 13

Figure 1.7: Divertor ross-setion of JET. The photograph on the lower left side shows a typialregion of the �aking deposition on the louvers at the inner orner of the JET Mk-IIA divertor [8, 18℄.The �gure on the top shows the sanning eletron mirosopy mirographs of the Tore Supra samplesolleted from the TS-NTR [19℄.The main shortomings of graphite as a PFM are
• Chemial erosion leads to o�deposition of tritium with eroded arbon (Fig. 1.7).
• Co�deposited layers have apparently no upper limit on their thikness (eventhough there is a mehanial limit where the layers start �aking and produedust) and are a soure of large tritium inventory.
• Chemial erosion and physial sputtering further redues the erosion life time.
• Unertainty about the extrapolation of the hemial sputtering yield to highreator relevant �uxes (Fig. 1.8). If the hemial sputtering really dereases



14 Introdutionwith the inreasing �ux (1025 m−2s−1 for ITER), then arbon might still be anaeptable hoie as a PFM.

Figure 1.8: Flux dependene of the hemial erosion yield for Tmax and an ion energy of 30 eVdetermined from spetrosopi measurements in di�erent fusion devies and plasma simulators. Thesolid lines are a �t using Bayesian probability theory and its on�dene intervals [20, 21℄.The two most important impliations of tritium inventory buildup in ITER are thetrapping of the fuel in the PFMs (reduing the available fuel in the mahine) and theneed to keep the in�vessel tritium inventory within the liensed limit (350 g tritium)due to safety onsiderations.
1.3 MotivationIn steady state operation of a fusion reator, only a small fration of the partilesneeded to fuel the plasma will be injeted from external soures like gas pu�, neutral



1.4 Outline 15beam or pellets, the rest of the fuel is expeted to enter the plasma via the reyling ofthe PFMs. This motivates us to understand the reyling mehanism and the relatedproesses in detail. The following points are of main interest(i) retention of hydrogen isotopes in graphite and various fators a�eting it.(ii) hemial sputtering and the �ux dependene of hemial sputtering yield.(iii) veloity of the hydrogen partiles re�entering the plasma in order to alulate thepenetration depth.(iv) the ratio of re�emitted atoms/moleules in order to derive the �ux of the re�entering hydrogen partiles from the measurement of Hα light. The photon ratesfor atoms are in general larger than for the atoms oming from the dissoiationof H2 moleule [22℄.1.4 OutlineThe main aim of this thesis is to give insight into the physis of the interation ofhydrogen isotopes with graphite in a fusion environment.The existene of large variations in length sales of sub�strutures of graphite ou-pled with the wide range of possible atomisti proesses makes the study of hydrogentransport and inventory in graphite a non�trivial exerise. The key idea is to use theinsights gained from the mirosopi models for modeling the transport at the meso�sale and further into the maro�sale in order to understand the physial proessesontributing to marosopi transport. Suh a multi�sale model was developed byWarrier et al. [1℄ for modeling the trae hydrogen di�usion problem. This model hasbeen extended in the present thesis by the inlusion of reations, moleule formationand hemial erosion. The basi omputational tools and tehniques needed to developthe multi�sale model is desribed in hapter 2.The detailed desription of the multi�sale model and the parametrization of allthe atomisti and moleular proesses inluded in the model is given in hapter 3.The �rst physis problem studied in hapter 4 using this multi�sale model is thehydrogen retention and release from the graphite. Speial emphasis is given to alu-



16 Introdutionlate the ratio of hydrogen released in atomi and moleular form. The interation ofplasmas with atoms or moleules will be di�erent, therefore, it is important to know inwhih form hydrogen is released. Due to the safety onsiderations only a small amount(350 g) of tritium is allowed in the mahine. Therefore it is important to study thehydrogen retention problem and to quantify the amount of hydrogen retained in thegraphite. Formation of hydrogen moleules or hydroarbons in the graphite is dueto the di�usion of hydrogen atoms along internal porosity. It was shown by Warrier[1℄ that the di�usion oe�ient of the hydrogen depends on the internal struture ofgraphite, viz, void�size and void�fration, whih implies that the moleule formationalso depends on these fators. Therefore, the retention and release analysis of hydrogenis performed for samples with di�erent internal struture.Various other fators a�eting retention and release of hydrogen from graphite e.g.energy and �ux of the inident hydrogen ion beam play major roles in retention andrelease behavior. There are many fators whih in�uene the retention and releasebehavior of hydrogen from graphite and for this reason, di�erent sensitivity studiesare performed in hapter 4. Depending on the energy and �ux, the inident ion beamreates damage (open bonds) in the graphite. These damage sites are the potentialtraps for the hydrogen atoms. Standard graphite samples used in the ion�beam exper-iments have low void fration (∼ 5%) and trap site density (10−4 � 10−5 H/C) whereasthe o�deposited layers are omparatively porous and have high trapping probability.Using the model developed in this thesis, by varying the trapping probability (or thenumber of trap sites in the sample) and the internal struture one an model a samplerepresenting standard graphite or a o�deposited layer.In hapter 5 another appliation of the multi�sale model, the study of hydrogenretention and release from the deposits olleted from the leading edge of the neutral-izer of Tore Supra is presented. These deposits onsists of miropores with typial sizelower than 2 nm (∼ 11%), mesopores (typial size between 2 and 50 nm, ∼ 5%) andmaropores with a typial size more than 50 nm. This study enables us to understandthe kind of voids (miropores, mesopores or maropores) whih will be dominant indetermining the retention and release behavior from samples having porosity at multi-ple length sales.After having understood the hydrogen transport in porous graphite, the next ques-



1.4 Outline 17tion is where does the moleule formation take plae? Does it happen at the end ofthe ion range, whih will indiate that moleule formation is a loal proess, or doesit takes plae throughout the implantation range (starting from the surfae until theend of the implantation zone)? If the moleule formation takes plae throughout theimplantation range then the isotope exhange reation an be used as a leaning (re-trieving the retained tritium from the sample) method of a target material saturatedwith tritium by bombarding it with deuterium or hydrogen. In order to answer thesequestions the hydrogen isotope exhange reation in graphite has been studied and ispresented in hapter 6.The onsequenes of hemial erosion proesses are studied in hapter 7. As a �rststep, a simple 1D�KMC model based on the analytial model proposed by Horn et al.[2℄ is developed. This is extended to the 3D�KMC model and the e�et of the internalstruture on the hemial erosion proess will be studied.The �ux dependene predited with the present 3D�model is very weak and nourrent analytial model an aount for the experimentally observed drop in the ar-bon erosion yield. The moleular dynamis study of Salonen et al. [23, 24℄ showsthat the derease of the erosion yield at higher �uxes is due to the dereased arbonollision ross setion at a surfae whih had obtained the temporary supersaturationof H atoms due to the extremely high �ux involved. Inspired by this study, a simplemulti�sale model has been developed to study the �ux dependene of hemial erosionand is presented in hapter 8.Finally, the results are summarized.



18 Introdution



Chapter 2Methods and tehniquesIn this hapter all the main omputational methods whih have been used in thesimulations presented in this thesis are desribed brie�y. The following methods havebeen used
• Moleular dynamis (MD)
• Kineti Monte�Carlo (KMC)
• Monte�Carlo Di�usion (MCD).2.1 Moleular dynamisMoleular dynamis (MD) simulates the time dependent behavior of a system of par-tiles. The time evolution of the set of interating atoms is followed by integratingtheir equation of motion. MD generates information at the mirosopi level: atomipositions, veloities and fores. This mirosopi information is then onverted tomarosopi observables like pressure, temperature, heat apaity and stress tensoret. using statistial mehanis.The essential elements for a moleular dynamis simulation are a knowledge of (1)the interation potential for the partiles, from whih the fores an be alulated, and(2) the equations of motion governing the dynamis of the partiles. We follow thelaws of lassial mehanis, mainly Newton's law,



20 Methods and tehniques
mi~̈ri =

N∑

i6=j,j=1

−∇Φij (2.1)for eah atom i in a system onstituted by N atoms. Here, mi is the atom mass , ~ris the position vetor of the ith atom and Φij is the inter-atomi potential between the
ith atom and the jth atom [1℄.2.2 Kineti Monte�CarloAny physial situation that an be viewed as a statistial outome of some basi sub�proesses, an be simulated using pseudo random numbers. This an then be hara-terized as a Monte Carlo (MC) method. MC methods are e�ient when a large numberof dimensions or omplex geometries are involved. They are espeially suitable to solvedi�usion of a large number of partiles in a omplex geometry with independent jumpslassi�ed as a standard Wiener proess in literature [25℄.Kineti Monte�Carlo (KMC) is used to simulate the dynamis of a N body systemby a stohasti (or random walk) proess. Unlike the Metropolis Monte Carlo method,whih has been employed to study systems at equilibrium, the KMC method allowsto investigate non-equilibrium proesses suh as di�usion and reations. The timeevolution of the probability density of various events (transitions) that an take plaein the system is given by the Master equation. The KMC method provides a numerialsolution to the Master equation whih is given by

∂P (σ, t)

∂t
=

∑

σ′

W (σ′ → σ) P (σ′, t) −
∑

σ′

W (σ → σ′) P (σ, t) (2.2)where σ and σ′ are suessive states of the system, P (σ, t) is the probability that thesystem is in state σ at time t, and W (σ′ → σ) is the probability per unit time that thesystem will undergo a transition from state σ′ to state σ. At steady state, the timederivative of 2.2 is zero and the sum of all transitions into a partiular state σ equalsthe sum of all transitions out of state σ.The KMC method an be used to simulate the dynamis of a Poisson�like proessprovided [26℄:



2.2 Kineti Monte�Carlo 21(i) the events omprising the sequene of proesses are independent, i.e. not orre-lated(ii) transitions must satisfy detailed balane and a �dynamial hierarhy� of transitionprobabilities is established(iii) time inrements upon suessful events are alulated properly (as given by eq.2.4).2.2.1 The Bortz-Kalos-Lebowitz algorithmAll the thermally ativated proesses taking plae in the system (e.g. di�usion, des-orption) are haraterized as jumps following an Arrhenius�like relation. Let there bej possible jumps for a partile belonging to the speie i. For eah jump
ωj = ωj

o e
−E

j
m

kbT (2.3)where ωj is the jump rate , ωj
o is the jump attempt frequeny and Ej

m is the heightof the energy barrier orresponding to the jth proess (Fig. 2.1). For the ith speies,let ωj
i be the jump rate of the jth jump and ni be the number of partiles, then

Ri =

NJumps∑

j=0

niω
j
iis the sum of the rates of all the possible jumps for the ith speies.In the Bortz-Kalos-Lebowitz (BKL) algorithm during eah simulation step a par-tile is piked randomly, but with a probability proportional to its jump rate and thefollowing proedure is followed:(i) Initialize the system at t = 0(ii) Form a list of all the rates rj of all possible transitions (jumps) in the system(iii) Calulate the umulative funtion

R =

NSpecies∑

i=0

Ri =

NSpecies∑

i=0

NJumps∑

j=0

niω
j
i(iv) Get a uniform random number U ∈ [0, 1].
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Figure 2.1: A sketh showing the energy Em needed to overome the potential well for a thermallyativated proess. ωo is the jump attempt frequeny for this proess.(v) Find the event to arry out, i by �nding the i for whih
Ri−1 < UR < Ri(vi) Carry out event i.(vii) Update those Ri that have hanged as a result of event i(viii) Get a new uniform random number U ∈ [0, 1](ix) Update the time with t = t + ∆t where

∆t = − ln(U)

R
(2.4)and update the KMC step ount.2.2.2 Time dependeny in BKLWithin the KMC the time �t� is a loal quantity for eah partile. For simple systemslike the example of adsorption�desorption proess on a surfae used by Fihthron et al.[26℄ most of the proesses taking plae in the system have similar migration energies.Therefore, the ∆ t (given by the BKL algorithm) for the proesses is a statistialdistribution ( similar order of magnitude). Then, with the kind of time inrementsheme presented above one an �nd a statistial �average time� or the �global time�



2.3 Monte�Carlo�Di�usion 23for the system. Whereas, for a system having very di�erent migration energies leadingto several orders of magnitude di�erene in∆ t, it is not possible to de�ne something likea �global time� of the system. This is one of the major drawbaks of the KMC sheme.We take a simple example of the hydrogen atom di�usion in graphite. There are twokinds of jumps a hydrogen atom an make while di�using on the internal porosity ofthe graphite, namely di�usion along the internal porosity (migration energy 0.9 eV)and di�usion aross the voids (migration energy 1.91 eV). The parametrization of theseproesses is presented later in this hapter. Fig. 2.2(a) shows the spread of the ∆ t forthese two proesses at 500 K.(a)
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Index of hydrogen atomFigure 2.2: Figure showing (a): the spread of ∆ t for di�erent jumps of the hydrogen atom at 500K and (b): Real time distribution of di�erent hydrogen atoms after 109 BKL steps.Fig. 2.2(b) shows the time of di�erent hydrogen atoms after 109 BKL steps andlearly demonstrates the inability to de�ne a �global time� for the kind of systemwe intend to study where the migration energies vary from 0.0147 eV (hydrogen atomdi�usion within the rystallites) to 4.45 eV (dissoiation energy of a hydrogen moleule).As a onsequene , time is a loal property for eah partile in KMC.2.3 Monte�Carlo�Di�usionThe N�body di�usion equation is given by
∂n

∂t
= ∇(D∇n) + S (2.5)where n is the density, D is the di�usion oe�ient of the partiles, t is the timevariable, S are the soures or sinks in the system, and ∇ stands for the gradient in



24 Methods and tehniques3 dimensions. n is determined by the distribution of the N atoms in the simulationvolume. The di�usion an be represented as a random walk of N partiles with thejump size given by
∆r =

√
2 D ∆t ζ (2.6)where ∆t is the time step and ζ is sampled from a random number distribution satis-fying < ζ > = 0 and < ζ2 > = 1. This representation is valid for D

∇D
>>

√
2 D ∆t[1℄. The time step ∆t is deided within the KMC sheme.2.4 Implementation of ion �uxA ontinuous in�ux of hydrogen atoms determined by the �ux of the ion beam wasimplemented.

∆ N = φ × ∆t × Lx × Ly (2.7)where φ is the inident �ux and Lx, Ly are the system dimensions in X and Ydiretion respetively. Eqn. 2.7 gives the number of partiles introdued into thesystem (∆N) in time ∆t at the surfae (z = 0). The time step ∆t is deided withinthe KMC sheme.2.5 Generation of the 3D porous graphite geometryAn algorithm similar to the one proposed by Graziani [27℄ was used to reate a 3Dretilinear parallelopiped with a spei�ed void fration and sub�strutures having ran-dom shapes separated by voids. For a given volume, a Poisson distribution was usedto speify the size of a rystallite element that has a random shape, orientation anda mean width denoted by the element�size. These elements are reated by populat-ing basi bloks alled ells. The smoothness of the element depends on the ell�size.After eah populating event the remaining void fration is heked and the proessis repeated if the void fration is equal to that spei�ed. For more details about thealgorithm used for generating the porous struture see [1℄.For example a porous struture of 3×10−7 m, 3×10−7 m, 1×10−7 m in X, Y and Zdiretion respetively, representing a typial granule with periodi boundary onditions



2.5 Generation of the 3D porous graphite geometry 25

Figure 2.3: The porous struture of graphite. Light yellow olor: bulk, grey: surfae and white:void. The red line shows the random walk trajetory of a hydrogen atom.in X and Y diretion was reated. The basi ell size was 1 × 10−9 m. The graphitesample was omposed of the ombination of the two kinds of voids(i) smaller voids of size 1 × 10−9 m, 1 × 10−8 m, 1 × 10−8 m (11 %)(ii) larger voids of size 1 × 10−8 m, 1.8 × 10−8 m, 1.8 × 10−8 m (5 %)in X, Y and Z diretions respetively. Fig. 3.3 shows a ut of the porous graphitestruture spei�ed above. The random walk trajetory of a di�using hydrogen is alsoshown in the 3D view.



26 Methods and tehniques2.6 ReapThe main omputational methods whih are used in the model to simulate the reative�di�usive transport of hydrogen in graphite have been desribed. A tool has beendeveloped that an generate a 3D porous struture with a given void fration and voidsize. It will help us to study the reative�di�usive transport of hydrogen in graphiteand the e�et of the internal struture on it.



Chapter 3Multi�Sale ShemeMulti-sale modeling and omputation has reently beome one of the most ativeresearh areas in applied siene. With rapidly growing omputing power, we are in-reasingly more apable of modeling the details of physial proesses. Nevertheless westill fae the hallenge that the phenomena of interest are often the result of stronginteration between multiple spatial and temporal sales, and the physial proessesare desribed by radially di�erent models at di�erent sales.In order to understand this let us take example of the problem being addressedhere, i.e. reative�di�usive transport of hydrogen in porous graphite. The graphiteused in fusion devies onsists of granules (typially 1-10 mirometer) separated byvoids whih are typially a fration of a mirometer. The granules onsist of graphitimiro-rystallites of size 10-100 nm separated by miro-voids whih are typially onenm [11, 12℄. The existene of suh large variations in length sales of sub�struturesoupled with the wide range of possible atomisti proesses (Chapter 1) makes thestudy of hydrogen transport and inventory (or omplementing this, the formation ofhydroarbons and their transport) in graphite a non�trivial exerise.In the present work following nomenlature have been used for di�erent lengthsales:
• miro�sales: void size < 2 × 10−9 m and system dimension of several 10−9 m.
• meso�sales: void size < 10 × 10−9 m and system dimension of several 10−7 m.
• maro�sales: void size > 50 × 10−9 m and system dimension of several 10−6 m.



28 Multi�Sale Sheme

Figure 3.1: Multi�sale shemati.Many detailed marosopi models have been proposed to study hydrogen isotopeinventory and transport in porous graphite [28, 29, 30, 31℄ and hydroarbon formationand transport in graphite [5℄. These models use rate onstants for transport from ex-periments [32, 33, 34, 16, 35, 36℄, some of whih still need theoretial explanations and



29laks the miro-strutural information that gives us the understanding of the miro-sopi mehanisms whih eventually ontributes to the marosopi behavior. Thereexists many mirosopi models [37, 38, 39, 40℄ using MD with either empirial poten-tials or density funtional theory and they give insight into the mirosopi mehanismsstudied in graphite. These mirosopi models allows us to probe the detailed atomistimehanisms. However, the length and time sales of interest are often far beyond whata full atomisti omputation an reah. This is where multi�sale modeling omes intoplay. The idea is to use the insights gained from the mirosopi models for modelingthe transport at the meso�sale and further at the maro�sale in order to understandthe physial proesses ontributing to marosopi transport. By using this philosophyof multi�sale modeling, one is able to develop numerial tools that takes into aountthe physis happening at the miro�sale and the e�ieny that is omparable to themarosopi models.Warrier et al. [1℄ have modeled hydrogen isotope di�usion in pure, rystal graphiteusing MD at miro�sales (2.5 nm, 10−10 s) and onsistently parametrized the MDresults within a KMC sheme [40℄. A 3D, porous, granule struture was onstrutedusing statistial distributions for rystallite dimensions and rystallite orientations for aspei�ed miro�void fration. The KMC sheme was extended to inlude trapping anddetrapping at the rystallite�miro�void interfae in the 3D porous granule strutureto simulate trans�granular�di�usion (TGD) in the meso�sales (10−7−10−6 m, several
ms) [41℄ using the results from miro�sale modeling and from experiments ([42℄ andreferenes therein). Later, this onept was extended in the simulations to the maro-sales (1 cm, up to a few s), thereby having a truly multi�sale apability.[43℄.In the present work, the model proposed by Warrier et al. [1℄ was extended. Thefollowing features have been added to the existing model(i) Introdution of moleular speies. This implies the inlusion of the followingreations

• reombination
• dissoiation
• trapping (based on prede�ned trap site distribution or trapping probability)



30 Multi�Sale Sheme(ii) implementation of a ontinuous in�ux of hydrogen atoms determined by the �uxof the ion beam(iii) implementation of the model for the hemial erosion based on the Küppers�Hopfyle [44℄.The above mentioned features added to the model hanges the harateristis ofthe ode from a �trae atom di�usion� ode to a �reative�di�usive� ode.3.1 Parametrization of the proessesAll the proesses taking plae in the system have been parametrized for KMC, in termsof the jump attempt frequeny ωj
o, the migration energy Ej

m, and the jump distane Lj[1℄. The jump distane Lj orresponds to the distane jumped by an atom or moleulein a spei�ed diretion after overoming the jth energy barrier with migration energy
Ej

m. The input parameters have been taken from moleular dynamis simulations andexperiments. Various proesses whih have been inluded in the simulations for thehydrogen reyling problem are desribed. A two�region model is implemented distin-guishing for atoms or moleule transport proesses within the bulk and surfae regionon the graphite rystallites. Hydrogen atoms and moleules within the rystallites andin the voids are treated as di�erent speies and have di�erent transport behavior dueto the fat that they experiene di�erent hemial surroundings.3.1.1 Hydrogen atomsIn the present model following proesses have been inluded for the hydrogen atoms(see also [11, 29℄)
• Di�usion within the rystallites
• Surfae di�usion
• Trapping�detrapping
• Going into the bulk
• Desorption
• Reombination



3.1 Parametrization of the proesses 31Di�usion within the rystallitesChiu and Haasz [45℄ found that there exist two di�erent di�usion hannels for the hy-drogen transport in the rystallites, with di�erent migration energies and pre�fators.They speulated that this was due to the di�usion of hydrogen atoms along graphiteplanes within the rystallites at low temperatures (<500 K), whereas at higher tem-peratures (>500 K) di�usion (perhaps through defets) ould our perpendiular tothe planes. They observed a di�erene in the release of HD moleules when a pseudo�monorystal graphite, preimplanted with 1 keV D+, was bombarded with 10 keV H+perpendiular or parallel to the graphite planes. This indiates an inhibited di�usionaross the planes, but a free di�usion along the planes at room temperature. The MDstudies by Warrier [1℄ reveals that two hannels do exist but there is no di�usion arossthe graphene layers and the di�usion is isotropi in the plane of the graphene layers.Phonon vibrations of the graphene layers show a large amplitude at higher tempera-tures (>450 K). This allows the hydrogen interstitials to sneak through the large open-ings between the graphene layers and by interation with the phonons, allowing longerjumps. Atoms in the rystallites an have either short (0.015 eV, 0.38 nm, 6.8·1012 s−1)or long (0.269 eV, 0.1 nm, 2.74 · 1013 s−1) jumps [1℄.Surfae di�usionCausey et. al. studied the retention of deuterium and tritium in graphite (POCOAXF�5Q) using the nulear analysis reation (NRA) tehnique. Three temperatureregimes were studied separately in order to understand the proesses whih get domi-nant around those spei� temperatures. At 500 K and below, plasma exposure resultsin the saturation of the implant region and very high surfae overage. The overallretention in this temperature range is limited beause the hydrogen isotopes are pra-tially immobile, both on the surfae and in the grains. For temperature between 500K and 1000 K, hydrogen isotopes beome mobile and start di�using along the poresurfaes, reahing deep into the sample. Above 1000 K, hydrogen isotopes begin toenter the graphite grains and oupy the high energy traps. Studies using the BET1adsorption tehnique proved that most of the internal porosity of the sample was in-teronneted. The surfae di�usion oe�ient alulated from the di�usion pro�les at573 K and 773 K was found to be D = 1.2 exp(−0.9 eV/kT ) cm2/s.1a gas adsorption tehnique devised by Brunauer, Emmett and Teller (BET) to measure the spei�surfae areas of the materials.
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Figure 3.2: Sketh of the di�erent di�usion hannels of the hydrogen atoms.
In the present simulations the ativation energy for the surfae di�usion is taken to be0.9 eV with a jump attempt frequeny of 1013 s−1 (typial phonon frequeny). Di�usionoe�ients are usually published [15, 42℄ in the form

D = Do e
−Em
kB T (3.1)with units of length2/second, D is the di�usion oe�ient and Do is alled the pre�fator of the di�usion oe�ient. Within the trapping-detrapping limited di�usion



3.1 Parametrization of the proesses 33regime, this an be interpreted as
D = ωo L2 e

−Em
kB T . (3.2)The physial meaning of Do is obvious from eqn.3.1 and eqn.3.2. It is the produt ofthe number of jump attempts to detrap, ωo, and the square of the length jumped, L2,after a detrapping event [1℄. So a jump length of 34.64 Å was used to math the surfaedi�usion oe�ient of D = 1.2 exp(−0.9 eV/kT ) cm2/s. This jump length of 34.64 Åis the maximum distane that an be overed by a hydrogen isotope di�using alongthe internal porosity of the sample. However the atual distane overed depends onthe details of the loal internal struture where the atom is present.DetrappingThe atoms di�using along the internal porosity an get trapped at the trapping sites(open arbon bonds). It is estimated that the trap site onentrations within the bulkgraphite are of the order 10−3 to 10−5 per C atom [46, 15℄. Graphites exposed to fusionedge plasmas also get damaged by the inident energeti ions and neutrals from theplasma and this auses a high density of trap sites within the range of penetration ofthe inident ions ([29, 46℄ and referenes therein). The trapping event is not a ther-mally ativated proess [29℄. In the present work two possible ways for an atom to gettrapped have been investigated. One possibility is to distribute a prede�ned numberof trap sites and treat trapping as a reombination event between a solute hydrogenatom and a trap site. The other possibility is to de�ne a trapping probability andwhenever an atom jumps along the surfae it has some probability to get trapped. Thetrapped atoms an get detrapped with a jump attempt frequeny of ∼ 1 × 1013 s−1and a detrapping energy between 2.6 and 4.3 eV [42℄.Kanashenko et al. [47℄ and Chernikov et al. [48℄ have suggested that two kinds oftrapping sites exist in graphite, a low�energy site (2.3 eV) and a high�energy site (4.4eV). The low�energy sites orresponds to 'usual C atoms at the edge of rystallite' dueto their energy, and the high�energy sites orrespond to 'submirosopi interstitiallusters'. The onentration of low�energy trapping sites should be muh higher ingraphite, on the other hand, the number of high energy trapping sites inreases withthe energeti ion or neutron irradiation of the graphite sample. However they onludedthat the major ontribution to the trapping omes from the trapping sites present at



34 Multi�Sale Shemethe edge surfae of the rystallites. Later these values were veri�ed by the desorptionexperiments by Atsumi et al. [49℄. The jump length of 0.3 nm was hosen in order tomath the reported di�usion oe�ient in the trapping�detrapping limited regime [1℄.Going into the bulkAt low temperatures (< 1000 K) hydrogen atoms adsorbed on the granule-void interfaedi�use along the granule surfae and thus an penetrate muh beyond the implanta-tion range. As the temperature inreases the hydrogen atoms starts entering into thegranules. Federii et al. alulated the energy needed for an atom to enter into thegranules using their theoretial model TIPO [30℄. The energy required to enter into thegranule (EA) depends on the adsorption energy of a H2 moleule (Ec), the desorptionenergy of a H2 moleule (ED), the solution energy of the atom (Es) and the di�usionenergy of the atom (Ed). Using the relation
EA =

ED

2
+ Ed − Ec

2
+ Es (3.3)gives EA ∼ 2.67 eV. In terms of KMC this proess has an energy barrier, a jumpattempt frequeny and a jump length of 2.67 eV, 0.3 nm and 1.0×1013 s−1 respetively.DesorptionThe hydrogen atoms whih are adsorbed on the normal graphite lattie an be des-orbed from the surfae via thermal desorption proess. Ashida et al. [50℄ found thedesorption energy of hydrogen isotopes from pyrolyti samples using thermal desorptionspetrosopy (TDS). It was found to be 1.91 eV for the three isotopes of hydrogen. Thedesorption proess obeys a seond order kinetis, indiating that the rate determiningstep is the surfae reombination reation of hydrogen atoms. In terms of the KMCparametrization, the jump attempt frequeny of 1 × 1013 s−1 and the jump length of0.2 nm was hosen.ReombinationA hydrogen atom di�uses along the internal porosity and after oming loser than aertain uto� distane to another hydrogen atom adsorbed at the surfae, they anreombine to form a hydrogen moleule. A solute hydrogen atom an also reombinewith a trapped hydrogen atom to form a trapped hydrogen moleule. A Smoluhowski
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GranulesFigure 3.3: Sketh of the di�erent kinds of jumps and events possible for the hydrogen atoms andmoleules.boundary ondition [51℄ is used to model speie reombination in the ode. This isahieved by heking the distane of hydrogen atoms. If the distane between twohydrogen atoms gets smaller than a ertain distane ro they reombine to form hydro-gen moleules. This is equivalent to having a step potential well for interation of thespeies at a radial distane ro. Suh boundary ondition is valid for the ases withstrong binding energies (like hydrogen reombination or hydrogen trapped at the openbond site) where re�etion beomes a rare event one the atom gets loser than a uto�distane [52℄.However Haasz et al. [29℄ treated reombination as thermally ativated proess andhave parametrized it using the lassial equation for reombination
κss = 8π∆sRssNc. (3.4)where κss is the reombination oe�ient, ∆s is the surfae di�usion oe�ient,
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Nc is the atomi density of the graphite rystallites (of the order of 1029 C/m3) and
Rss is the radius of reombination. Deusing et al. [53℄ reported Rss ∼ 0.2 nm. Eventhough in the KMC parametrization presented here reombination was not treated asa thermally ativated proess, temperature dependene on reombination rates omesthrough the di�usion oe�ient of atoms, whih is temperature dependent.It has been observed that the reombination rate depends on the internal strutureof the sample and is failitated by the higher internal porosity, along whih the atomsan di�use and eventually reombine to form moleules. Eq. 3.4 does not inlude anydependene of the reombination rate on the internal struture of the sample. In thepresent work the reombination proess was parametrized for a given internal strutureof the sample at the meso�sale and was used as an input parameter for saling up tomaro�sale.As mentioned above, there is no �global time� for the present system in KMCansatz and time is a loal property for eah partile. Therefore, in order to quantifythe reombination rate, eah partile is followed and assigned a loal time separately(adding ∆ t to the loal time of this partiular partile every time it makes a jump).When a reombination event takes plae the maximum of the times of the two reom-bining partiles is taken (trecomb., the time spent by the partile in the system beforeit reombines). The quantity 1/trecomb. gives the reombination rate for one reombi-nation event. Similar proedure is followed for the other reombination events too and�nally an average is taken of all 1/trecomb.'s. This quantity was used as the averagereombination rate.3.1.2 Hydrogen moleulesThe di�erent proesses for hydrogen moleules onsidered in the model are

• Di�usion
• Dissoiation
• Desorption
• Detrapping



3.1 Parametrization of the proesses 37Di�usionDi�usion of hydrogen atoms within the rystallites leads to reombination events andhydrogen moleules are formed. The inter-layer spaing between two graphene planesis ∼ 0.335 nm, therefore, due to the size of the H2 moleules, their di�usion withingthe rystallites is extremely slow. In KMC a very high migration energy (4.06 eV)is hosen for this proess. The jump frequeny and jump length for this proess are
1 × 1013 s−1 and 0.1 nm.The hydrogen atoms di�using along the rystallite�mirovoid interfae (CMI, atmesosales) or along the granule�void interfae (at marosales) form moleules andthe resulting moleules an di�use very easily due to the presene of large voids. Thisis due to the fat that the material is subjeted to a high level of radiation damage,whih results in the formation of a ompliated network of di�erent arbon�arbon andarbon�hydrogen bonds. This network might well ontain open paths to the surfae ona sub�nanometer sale, whih render possible a fast out-di�usion of moleules [54℄. Thehydrogen moleule di�usion was assumed to be very fast (above room temperature),whih is supported by the immediate drop of the H2 re�emission signal when a H+beam is turned o� [29℄. So for the hydrogen moleules to jump through the voids theKMC parameters are 0.06 eV, 0.2 nm and 1.0 × 1013 s−1.DissoiationThe energy needed for the dissoiation of a hydrogen moleule in graphite is around4.48 eV [49℄. The jump attempt frequeny is 1.0× 1013 s−1 and a jump distane of 0.2nm is used. Due to the very high energy barrier this proess is less probable.DesorptionDue to the fat that a hydrogen moleule is a hemially inative speie the desorptionproess is onsidered to have no energy barrier. So, as soon as a di�using hydrogenmoleule reahes the geometrial surfae, it is released.DetrappingThe solute hydrogen atoms di�using along the inner surfae may get trapped at therystallite edges. A trapped hydrogen atom having another trapped hydrogen atom



38 Multi�Sale Shemein the lose viinity (within the reombination radius of the trapped atom) have beenidenti�ed as a speie onsisting of two trapped hydrogen atoms lose enough to forma hydrogen moleule. The energy needed to detrap two hydrogen atoms to produea hydrogen moleule is estimated to be 4.4 eV, however Atsumi et al. [55℄ proposedthat the arbon atoms at the edge surfae in the ordered graphite struture induesa relaxation between neighboring atoms, thus reduing the ativation energy for de-trapping of a hydrogen moleule to 2.3 eV. After the detrapping proess the resultingsolute hydrogen moleule an di�use through the inner porosity and get desorbed. Inthe presented model, for this proess the migration energy of 2.3 eV, jump frequenyof 1.0 × 1013 s−1 and jump length of 0.4 nm is used.Within the KMC ansatz, all attrative potentials were onsidered as traps, be iteither ovalent bonding or adsorption. Therefore, the term trap was loosely used foreven adsorption events. The energy for an atom to (i) detrap, (ii) dissoiate or (iii)desorb was referred to the migration energy. This was beause any of these eventsleads to a migration of the trapped atom.The present model simulates the reative�di�usive transport of the thermalized hy-drogen in graphite. The ollisional asade e�ets were taken into aount by using adepth distribution orresponding to the range of the inident ions as alulated withTRIM.
3.2 ReapAll the atomisti proesses needed to desribe the hydrogen transport in porous graphitehave been identi�ed. The information gained from MD studies and experimentaldatabase have been used to parametrize the atomisti proesses in terms of the KMCparameters ωj

o, Ej
m and Lj . Using these, one has a 3D model whih is apable of simu-lating the reative�di�usive transport of hydrogen at multiple length and time sales.In the next hapter the ode developed here is benhmarked with respet to theexperiments and the model is applied to understand di�erent fators a�eting thehydrogen retention and release from porous graphite sample. These are two of the



3.2 Reap 39main questions to be addressed for studies of interation of hydrogen plasmas witharbon. After having answered these two questions we an proeed to study the isotopeexhange and hemial erosion problem.
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Chapter 4
Hydrogen retention and release fromporous graphite
The understanding of retention and release proesses of hydrogen and its isotopes ingraphites and arbon�based materials is essential to plasma density ontrol and tri-tium inventory onsiderations in ITER. Various studies and experimental databases tounderstand the hydrogen retention and release from graphite an be lassi�ed into tworegimes. First, ion beam experiments, whih are arried out using energeti ion beamshaving energies and �uxes of the order of few keV and 1019 ions/m2/s respetively.Seond, tokamak experiments where the ion energies lose to the divertor region are afew eV to a few hundreds eV and the ion �uxes are very high ∼ 1021 − 1024 ions/m2/s.Both of the senarios have been studied in the simulations presented here. The di�er-ent onditions make extrapolation of beam senarios to fusion devies very problematiand modeling allows to overome these problems.In this hapter the multi�sale model presented before (hapter 3) has been vali-dated against the well diagnosed ion�beam experiment performed to study the plasma�surfae interation at KFA Jülih [56℄. The validated model an then be used to extrap-olate and analyze the hydrogen transport in fusion onditions. The hydrogen retentionand release behavior from porous graphite sample has been presented for the ion-beamregime. Various fators a�eting retention and release of hydrogen from graphite havebeen studied. It is shown that the internal struture of the graphite (void fration,void size and void orientation), the energy of the inident hydrogen ion beam and the�ux play major roles in retention and release behavior.



42 Hydrogen retention and release from porous graphite4.1 Validation of the modelFor validating our model, an experiment used to study the plasma�surfae intera-tion at KFA Jülih [56℄ was simulated. Graphite samples were bombarded by a 3keV H+
3 ion beam at normal inidene. The ion beam had a �uene of 1018H/cm2.Re�emitted partiles were diretly deteted by a two�stage di�erentially pumped line�of�sight quadrupole mass spetrometer. Several data points were presented for eahtemperature in order to doument the satter in the data. The material hosen inthe experiment was EK98 ( Ringsdor�, FRG), an isotropi, porous, �ne grain graphitewith the density 1.85 g/cm3. This gives an estimate of the void fration of about 12%(density of standard graphite is about 2.09�2.23 g/cm3).The number of hydrogen atoms and trap sites were spei�ed aording to a Gaus-sian pro�le based on the energy of the ion beam simulated and then the evolution of thesystem was followed. The amount of hydrogen released and retained in the sample wasalulated. From the released amount of hydrogen the fration of hydrogen releasedin the form of atoms and moleules were alulated. This quantity is very importantto know beause in experiments, �ux of the re�entering hydrogen partiles is derivedfrom the relative fration of the hydrogen released as atoms and moleules.

4.2 Setting up the simulationIt was shown by Warrier [1℄ that the di�usion oe�ient of the hydrogen depends onthe internal struture of graphite, viz, void�size and void�fration, whih implies thatthe internal struture of the graphite plays a major role in the retention and releasebehavior (shown later in this hapter). Therefore, a parameter san over di�erentgeometries of the graphite was done and it was found that the following geometrialon�guration gives the best agreement with the experiment. The basi ell size was 0.5nm. The graphite sample hosen for this ase was a ube of 100 nm×100 nm× 100nmhaving a void fration ≃ 10% and a void size 1 nm × 10 nm × 10 nm in x, y and zdiretions, respetively. The geometrial surfae lies at z = 0.The typial ion beam energies onsidered in the simulation spans from 1�3 keV.The pro�le of the ions as given by TRIM alulations was approximated to a Gaussian



4.3 Results 43distribution with a range of penetration of 27.5 to 59.0 nm and a standard deviationof 8.0 to 12.0 nm along the z�diretion. The full width at half maximum of thedistribution is 16.0 to 24.0 nm. Initially 2000 hydrogen atoms were distributed in thesystem. The basi ell size was 0.5 nm. This implies that an ion beam having anenergy of 1 keV was entered around the 55th ell from the surfae overing around16 ells on both sides. Due to the short mean free path of hydrogen atoms (frationof a nanometer) it was su�ient to onentrate on the transport mehanisms in thetrans�granular level (within one granule with dimensions about 100 nm or 200 ellsin z�diretion) for retention and release studies. A Poisson distribution was used toreate the geometry and there were losed as well as open pores in the sample. Closedpores are the voids whih are not diretly onneted to the surfae, whereas open poresare diretly onneted to the surfae.4.3 ResultsFig. 4.1 shows the released amount of hydrogen as a funtion of temperature. Fromthe total released amount the fration ontributed by atoms and moleules is plottedon the Y�axis. Out of 2000 hydrogen atoms distributed initially in the sample around
10% hydrogen is released at 900 K, inreasing to 70% at 1500 K and �nally saturatingaround 87% at 2100 K. The released amount of hydrogen at di�erent temperaturesan be found from the orresponding retention urve (Fig. 4.2). The hydrogen releaseurve follows the experimental results of [56℄ and the model alulation of [29℄, i.e. thereleased �ux is mainly moleular hydrogen at lower temperatures and atomi hydrogenat higher temperatures.At lower temperatures (< 700 K), the desorption energy of the hydrogen atoms istoo high (1.9 eV ) for H atom release. However, it di�uses along the surfae (migrationenergy 0.9 eV ) and reombines to form hydrogen moleules. These moleules have avery low desorption energy (0.06 eV ) and almost immediately di�use to the surfae andare thermally released. As the temperature inreases, H atomi desorption from theinternal surfaes also beomes an important proess and we begin to observe atomihydrogen release too. Sine atomi hydrogen release ours, there are lesser hydrogenatoms available for moleule formation and this results in a fall of moleular hydrogenrelease at higher temperatures.
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Figure 4.1: Released amount of hydrogen atoms and moleules. Lines: model alulations frompresent work (1: H�atom, 2: H2�moleule), points: data obtained from experiments, ref. [56℄(3: H�atom, 4: H2 moleule). The �uene in the present work was 2 × 1013 H/cm2 and in the experiment ofFranzen et al. (ref. [56℄) was 6 × 1018 H/cm2. Out of 2000 hydrogen atoms distributed initially in thesample around 10% hydrogen is relesed at 900 K, inreasing to 70% at 1500 K and �nally saturatingaround 87% at 2100 K.The released �ux depends on the ompetition between di�usion, reombination andtrapping�detrapping whih further depends on the internal struture of the graphite.Graphite samples having di�erent internal struture o�er di�erent amounts of innersurfae area, whih determines the amount of passage o�ered to hydrogen atom fordi�usion towards the real surfae or deep into the bulk and thus a�et release andretention behavior, respetively. The inner surfae area of the sample also determinesthe reombination and trapping probability. The higher the inner surfae area o�eredby the sample, the higher is the probability for reombination or trapping.The temperature at whih both atomi and moleular hydrogen are released inequal amount (T50%) is shifted about 200 K towards lower temperatures in our resultsompared to experiment. This is due to the fat that the amount of released atomsor moleules depend on the inoming �ux. This shift was explained earlier alreadyby Haasz et al. [29℄ and is due to the di�erent �ux value in our alulation (see �g-ure aption 4.1). The released �ux is basially determined by the ompetition of theseond�order proess of reombination with the �rst�order proess of atomi hydrogendi�usion and release. In our simulation it was observed that with inreasing the initial



4.3 Results 45number of hydrogen atoms in the system, T50% shifts towards higher temperaturesand onsiderable amount of about 20 − 30% of the released hydrogen is released inmoleular form even at higher temperatures. This point is disussed later, when wepresent the analysis of the dependene of the inident �ux on the release harateristis.The retention of hydrogen in graphite is not limited to the ion implantation range.Due to the di�usion of the implanted hydrogen along the internal porosity surfaes,hydrogen an penetrate deep inside the bulk well beyond the implantation zone. Agraphite sample exposed to a hydrogen ion beam retained all of the inident ion andno saturation was observed till about 1017 H+ /cm2 [57℄.
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Figure 4.2: Amount of retained hydrogen as a funtion of temperature for di�erent �uenes. Dataobtained in this work (urve1, 1 keV, 2 × 1013 H/cm2) is ompared with the retention data reportedby Braun et al. [58℄ (urve 2, 20 keV, 8 × 1016 D+ions/cm2), Sawiki et al. [59℄ (urve 3, 40 keV,
5 × 1015 HT ions/cm2), Doyle et al. [60℄ (urve 4, 1.5 keV, 1016 D+ions/cm2), Sherzer et al. [61℄(urve 5, 1.5 keV, 5 × 1017 D+ions/cm2), Braun et al. [58℄ (urve 6, 20 keV, 9 × 1018 D+ions/cm2),and Langley et al. [62℄ (urve 7, 8 keV, 1018 D atoms/cm2).It was shown that the retained amount of hydrogen in graphite depends on thetemperature of the sample, the �uene of the ion beam and the type of graphite used.Fig. 4.2 shows the retained amount of hydrogen as a funtion of temperature. Resultsfrom other referenes [59, 58, 60, 61, 62℄ are also presented for omparison. At lowertemperatures, the retention is pratially 100% and as the temperatures inreases, hy-drogen is released and the retained amount redues to about 5%. As disussed before,at lower temperatures, pratially all the hydrogen present in the sample is in the form



46 Hydrogen retention and release from porous graphiteof trapped hydrogen and the probability of a detrapping event is very low. Even ifsome detrapping event takes plae the resulting solute hydrogen atom gets re-trappedin its ourse of di�usion and therefore most of the hydrogen is retained in the sampleand nothing is released. Whereas at higher temperatures the detrapping starts and thedi�usion oe�ient of hydrogen also inreases. This high mobility of atoms leads tohigher desorption and lower retention values.As observed by Sawiki et al. [59℄, the retention harateristis depend stronglyon the inident �uene and follows a regular trend. At a given temperature, for low�uenes, the onentration of atomi hydrogen on the inner surfaes is lower. Thereforethe reombination probability dereases. This gives rise to a redued moleular hydro-gen formation and lower desorption i.e. higher retention levels. Also, the longer theduration of the bombardment (higher �uene) the more time is available for hydrogento di�use. Consequently, the probability of an out-di�using hydrogen atom to be re-leased or reombine is higher whih leads to higher desorption i.e lower retention levels.Other parameters like internal struture, trapsite density, energy of the inident ionbeam, also a�et retention and release of hydrogen from graphite and it is a di�ulttask to identify the e�et of those experimentally. The simulations o�ers a muh easiertool for this. For this reason, di�erent sensitivity studies were performed.
4.3.1 E�et of the range of penetration of inident ion beamFig. 4.3 shows the e�et of the ranges of penetration on the hydrogen release behavior.Ion beams with ranges of penetration of 27.7 nm (energy ≃ 1 keV), 37.5 nm (energy ≃1.7 keV) and 47.5 nm (energy ≃ 2.4 keV) were used. The retained amount for all thesesimulation ases are given in Fig. 4.4 and one an �nd for eah temperature the exatamount of hydrogen released from the retained amount (100 % − retained amount %).The results agree well with those of Haasz et al. [29℄. It is seen that as the en-ergy of the inident ion beam is inreased (whih also means an inrease in range ofpenetration) a larger fration of hydrogen is released in moleular form than in atomiform. The higher the energy of the inident ion beam, the deeper it an penetrate.This results in a higher probability for atoms to reombine on an inner surfae before
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Figure 4.3: Released amount of hydrogen atoms and moleules as a funtion of temperature fordi�erent depths of penetration. Curve (1,2), (3,4) and (5,6) represents (H, H2) for ion range of 27.5nm, 37.5 nm and 47.5 nm respetively.
they reah the real surfae due to inreased di�usion paths, thereby inreasing thepossibility of moleule formation.Also, the temperature at whih both atomi and moleular hydrogen are releasedin equal amount (T50%) is lower for an ion beam with a low range of penetration andthe release of hydrogen in atomi form starts at lower temperatures. The loser thehydrogen atoms are distributed with respet to the real surfae of hydrogen the easierit is for them to di�use out and to reah the real surfae without being trapped andreombined. The hydrogen release harateristis are governed by the ompetition be-tween trapping�detrapping, reombination and desorption.Fig. 4.4 shows that the net level of retention is higher in the ase of an ion beam withhigher energy as the speimen temperature is inreased. This is expeted, beause thedeeper the ions penetrate until thermalization, the higher is the probability of gettingtrapped at trapping sites available at the CMI (Crystallite Miro-Void Interfae) beforereahing the real surfae for release leading to higher retention levels. This �gure isonsistent with Fig. 4.3.
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Figure 4.4: Amount of retained hydrogen as a funtion of temperature for di�erent depths of pene-tration.4.3.2 E�et of inident �uxFig. 4.5 shows the e�et of the inident �ux on the re�emission behavior of hydrogen.The temperature at whih both atomi and moleular hydrogen are released in equalamount (T50%) shifts towards higher temperatures by inreasing the �ux and a largefration of moleules are released even at higher temperatures. With inreasing �ux,the density of trapped and mobile hydrogen atoms on the inner surfaes inreases.This gives rise to higher reombination probability and redues the probability of adi�using hydrogen atom to be released in atomi form. Even at very high temperatures,detrapping takes plae, however, due to the very high probability of being reombined,the hydrogen release in atomi form is less probable as ompared to ases with lower�uxes where due to lower densities of hydrogen atoms on inner surfaes the probabilityof being trapped or reombined is smaller.4.3.3 E�et of trap site densityTwo possible ways for an hydrogen atom to get trapped had been investigated. In the�rst ase a prede�ned number of trap sites were distributed and trapping was treatedas a reombination event between a solute hydrogen atom and a trap site. Threeruns were arried out with a trap density varying from 1.5 to 2.5×1013 trap sites/cm2.There were more trapped hydrogen atoms in ase of the higher trap density but neitherthe retained nor the released amount of hydrogen was in�uened.
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Figure 4.5: Released amount of hydrogen atoms and moleules as a funtion of temperature fordi�erent inident �uxes. The �ux value for urves are (1→ 1017 H/m2/s, 2→ 1020 H/m2/s, 3→
1022 H/m2/s, 4→ 1024 H/m2/s).
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Figure 4.6: Re�emitted amount of hydrogen atoms and moleules for samples having di�erent trap-ping probabilities (TP).In the seond ase a trapping probability was de�ned and whenever an atom jumpedalong the surfae it had some probability to get trapped. Fig. 4.6 shows the e�et ofthe trapping probability on hydrogen release behavior. Inreasing the trapping proba-bility gives rise to more trapped hydrogen atoms. At higher temperature (> 1000 K),



50 Hydrogen retention and release from porous graphitea lot of trapped hydrogen atoms have enough thermal energy that is needed for thedetrapping, but after detrapping, for the ase with higher trapping probability theyget re-trapped before reahing the geometrial surfae. Therefore, T50% shifts towardshigher temperatures for samples having higher trapping probability.The model developed here an be used for the fusion onditions also. For a givenkind of o�deposited layer one an alulate the number of ative arbon sites whihat as trapsites. This gives us a rough estimate of the trapping probability and usingthe way trapping is handled above, we an simulate o�deposited layer olleted fromdi�erent parts of the fusion mahine. One example of suh an appliation is presentedin the next hapter.
4.3.4 E�et of the void orientationA porous graphite sample having 10% void fration with void size 1 nm×10 nm×10 nm(ase 1 : o�ers ∼ 24.5% internal surfae area ) in X, Y and Z diretions respetively wasprepared. In order to hek the e�et of orientation of the voids, another sample wasprepared with similar on�guration, but in this ase void size was 10 nm×10 nm×1 nm(ase 2 : o�ers ∼ 45.5% internal surfae area) in X, Y and Z diretions respetively.Fig 4.7 shows the re�emission harateristis of miropores for both of the ases.The di�usion of hydrogen atoms is very fast (0.015 eV or 0.269 eV ) within the rys-tallites, so most of the H-atom remain on the CMI. In ase 1, due to the lesser internalsurfae area available, the loal density of H inreases on the internal surfaes andtherefore probability of forming a moleule with another H�atom or getting trappedat CMI inreases and indeed we observed higher number of H2 getting re�emitted andtrapped hydrogen. Also, beause of the lesser surfae area available in ase 1, eventu-ally there are lesser hannels through whih hydrogen atoms ould di�use and arrivethe real surfae and be released that is why we observe higher retention and lowerre�emission.The important thing to be noted here is the shift of T50% (temperature at whihboth hydrogen atoms and H2 moleules are released in equal amount) towards lowertemperature in ase 2. This is due to the fat that an out�di�using hydrogen atom may
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Figure 4.7: Re�emitted amount of hydrogen atoms and moleules for samples having di�erent voidorientations. The re-emitted signal for ase 1 (1× 10× 10 nm3 voids) is represented by solid lines andfor ase 2 (10 × 10 × 1 nm3 voids) by broken lines.reombine or get trapped before reahing the real surfae. If it gets trapped then itattempts to get detrapped with a temperature dependent probability. During the move-ment towards the real surfae it goes through a series of trapping�detrapping events.The lower the internal surfae area is, the higher the probability of getting trapped orreombined and therefore the higher the frequeny of the trapping�detrapping eventsneeded for an out di�using hydrogen atom to reah the real surfae. Therefore, thelower the internal surfae area is, the higher is the number of detrapping events re-quired for an hydrogen atom to reah the real surfae in atomi form and thereforeT50% shifts to higher temperatures in ase 2, whih has the larger internal surfae area.4.3.5 E�et of the void frationA ubi struture of 1 × 10−7 m representing one typial granule was reated. 200 ×
200 × 200 ells were used with an elementary ell size of 0.5 nm. 2000 H atoms wereuniformly distributed in X-Y at a depth of 3.75 × 10−8 m along Z with a Gaussiandistribution of width 7.8 × 10−9 m as alulated from TRIM runs of 1 keV hydrogenatoms impinging on arbon.In Fig. 4.8 the re-emitted �ux for graphite with void frations of 5 %, 7 % and 9 %bombarded with 1 keV hydrogen ions are shown. It is evident that by hanging thevoid fration from 5 % to 7 %, T50% shifts to higher temperatures.
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Figure 4.8: Re-emitted �ux of hydrogen atoms and moleules as a funtion of temperature for 5 %(urve 1), 7 % (urve 2) and 9 % (urve 3) voids. The elementary size of a void in all the ases was
5 × 10−9 m.
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Figure 4.9: Re�emitted fration of hydrogen atoms and moleules as a funtion of the void frationat 1300 K. The elementary size of the voids was 5 × 10−9 m.Inreasing the void fration to 9 % with onstant elementary void size, we observethat larger amounts of hydrogen moleules are formed. As we inrease the void frationwith same elementary void size we have more voids and lesser bulk elements, where apossible trapping of the atoms an happen (eah bulk element represents one miro-rystal where at its surfae trapping/detrapping an our). Therefore, more hydrogen



4.4 Reap 53moleule reombination events an our and the moleular hydrogen �ux inreases(Fig. 4.9).4.3.6 E�et of the void sizeChanging the elementary void size and keeping the void fration onstant, Fig. 4.10also shows an inrease of the re-emitted hydrogen moleular �ux with inreasing ele-mentary void size.
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54 Hydrogen retention and release from porous graphitegiven ion beam parameters (�ux, energy, geometry et.) the amount of internal sur-fae provided by a graphite sample (whih is determined by of void fration, void sizeand void orientation) determined the retention and release behavior of hydrogen. Thevoid fration had the most dominant role followed by the void size and then the voidorientation ame into play.Now a model has been developed whih an be applied to understand the reten-tion and release behavior of a given graphite sample present in a fusion mahine or anion beam experiment environment by varying the parameters like inident �ux, trap-ping probability and internal struture. For instane if one knows the kind of porousgraphite sample existing at a given loation (a divertor target tile or a o�depositedarbon layer), the model an be used in a preditive mode to determine the retentionand release harateristis during o��normal events (sudden inrease of �ux, energy orsurfae temperature due to heating et.). In the next hapter the model has been ap-plied to study the hydrogen transport in arbon deposits olleted from the neutralizerregion of Tore�Supra.



Chapter 5
Retention and release from ToreSupra Co-deposits
Tritium retention is a key issue to be investigated for the next step fusion devies usingarbon walls. Tore Supra o�ers a unique opportunity to study the steady�state parti-le balane due to its ability to produe long disharges (>200 s) [63℄. In long pulses,partile balane gives evidene that a onstant fration of the injeted gas (typially50% of the injeted fuel) is retained in the wall for the duration of the shot, showingno sign of wall saturation after more than 6 minutes of disharge [64℄. Extrapolationof these results for ITER leads to an unaeptable value of tritium retention levelsin the mahine. In addition to this, the ratio of D/C in the deposits olleted fromTore Supra (TS) neutralizer deposits is < 1 %. Neither implantation nor o�depositionould explain the onstant retention rates observed in TS.It was speulated that the implantation of the hydrogen followed by the di�usionthrough the internal porosity ould lead to the penetration and trapping of the hydro-gen muh deeper than expeted on the basis of depth of penetration, into the graphiteused as PFC. This gives rise to the need for a better understanding of the transport, re-tention and re�emission of hydrogen into the o�deposited layers and into the graphite.The two main mehanisms that an ontribute to the hydrogen retention in fusion de-vies are o�deposition and the hydrogen di�usion through the internal porosity of thegraphite used as PFC [65℄.



56 Retention and release from Tore Supra Co-deposits

Figure 5.1: Fig. on the upper left is the Sanning eletron mirosopy mirograph of Tore Supradeposits olleted at the leading edge of the neutralizer (TS-NTR). Transmission eletron mirosopymirographs of TS-NTR thin foils prepared using foused ion beam is presented at the bottom of the�gure [66℄.5.1 Struture of Tore Supra o�depositsBased on the experimental strutural analysis [66℄, the hydrogen retention and re-emission of the deposits found on the leading edge of the neutralizer (named N-LE)of Tore Supra was simulated. The typial plasma �ux near this region was about
1016 − 1017 D+cm−2s−1 and the temperature an reah up to 1500 K. The depositswere analyzed using adsorption isotherm measurements and eletron mirosopy. Theinident ion energy near the neutralizer region was typially 50 � 300 eV. The loationof these deposits was in the diret line�of�sight of the plasma (under the toroidal lim-iter). Fig. 5.1 shows the Sanning Eletron Mirosopy mirographs of the deposits.At this loation the �eld lines are almost perpendiular to the surfae and the depositedlayers grows in ovoid�shaped strutures, elongated along a diretion lose to that of



5.2 Analysis of deposits at meso�sale 57the magneti �eld [63℄.It was found that the neutralizer deposits show an ovoid shape struture and ahigh spei� surfae area (around 190 m2g−1). They onsisted of small graphite likerystallites whose typial sizes were 2�4 nm and 7�9 nm parallel and perpendiularto the graphene planes respetively. The porosity of these deposits was multi�sale innature onsisting of miropores with typial size lower than 2 nm (∼ 11%), mesopores(typial size between 2 and 50 nm, ∼ 5%) and maropores with a typial size morethan 50 nm. Transmission eletron mirosopy performed on thin foils ut from anovoid revealed a regular network of parallel slit�shaped mesopore (size ∼ 10 nm) andmaropores (size ∼ 100 nm), with a well�de�ned orientation with respet to the ovoidaxis. It was speulated that the miro-porosity measured by volumetri measurementsould be due to inter�rystallite staking defets.The parametrized reombination rate and TGD (Trans�Granular Di�usion) oe�-ient for the graphite struture representing Tore Supra deposits at meso�sales (samplehaving miropore and mesopores) presented above have been used as input to modelmaropores at maro�sales.5.2 Analysis of deposits at meso�sale5.2.1 Setting up the simulationAt meso�sales, the geometry was implemented in the simulations by reating a porousstruture of 3 × 10−7 m, 3 × 10−7 m, 1 × 10−7 m in X, Y and Z diretion respetively,representing a typial granule with periodi boundary onditions in X and Y diretion.The basi ell size was 1 × 10−9 m. The graphite sample was omposed of miroporeshaving 11% void fration with void size 1× 10−9 m, 1× 10−8 m, 1× 10−8 m and meso-pores having 5% void fration with void size 1 × 10−8 m, 1.8 × 10−8 m, 1.8 × 10−8 min X, Y and Z diretions respetively. Out of the total 9 × 106 ells in the simula-tion box ∼ 21% were surfae ells. In the work presented here only the analysis ofthermalized hydrogen was done. The ion beam energy onsidered in the simulationwas 300 eV. The pro�le of the ions given by TRIM alulations was approximated toa Gaussian distribution with a range of penetration of 7.5 × 10−9 m and a standarddeviation of 6.0 × 10−9 m along the z�diretion. The deposits had 0.75 % ative arbon



58 Retention and release from Tore Supra Co-depositssites, therefore, in the simulation, every time an atom jumps, a trapping probabilityof 0.0075 was used. Fig 5.2 shows the shemati of the geometry reated at meso�sale.
Mesopores

Graphite bulk

(crystallites)

Micropores

Granule

Z-axis

X-axisFigure 5.2: Shemati of the Meso�sale geometry.In the simulations presented in this hapter a ontinuous in�ux of hydrogen atomsdetermined by the �ux of the ion beam has been implemented.
∆ N = φ × ∆t × Lx × Ly (5.1)where φ is the inident �ux and Lx, Ly is the system dimension in X and Y diretionrespetively. Eqn. 2.7 gives the number of partiles introdued into the system (∆N)in time ∆t at the surfae (z = 0). The time step ∆t is deided within the KMC sheme.This improvement in the ode allows us to understand the e�et of the di�erent partilesarriving at di�erent times in the simulation and the e�et of this on their di�usion andreombination proesses.



5.2 Analysis of deposits at meso�sale 595.2.2 Results at meso�saleFig. 5.3 shows the reombination rate for di�erent inident �uxes from 1017 H/m2/s(ion beam experiments) to 1024 H/m2/s (plasma fusion devies) as a funtion of targettemperature. Note that for the lower �uxes, there is a peak in the reombination rateand this peak shifts to higher temperatures as the �ux inreases. It is also seen thatthe reombination rate inreases with inreasing �ux. At higher inident �uxes thereis no peak.
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Figure 5.3: Reombination rates from meso�sales as a funtion of temperatures for di�erent inident�uxes. The �ux value for the urves are (1→ 1017 H/m2/s, 2→ 1020 H/m2/s, 3→ 1021 H/m2/s,4→ 1022 H/m2/s, 5→ 1024 H/m2/s).This an be understood as follows: the reombination rate depends on two fators:(i) it inreases with inreasing H density in the sample and (ii) it inreases with in-reased di�usion oe�ient of H in the sample. It is well known that for a systemof partiles if the temperature is inreased, they gain energy and starts di�using outresulting in derease of the partiles density. At a given inident �ux, the density de-reases with temperature tending to derease the reombination rate and the di�usionoe�ient inreases with temperature tending to inrease the reombination rate. Theinrease in reombination rate with inrease in temperature is due to the higher mo-bility of the atoms whih inreases the probability of the meeting of two atoms. This



60 Retention and release from Tore Supra Co-depositsbalane is what leads to a maximum in the reombination rates as the temperature isinreased. It is obvious that, at a given temperature, the density of H inreases with in-reasing �ux just beause one introdues more atoms per unit time step in the system.Therefore at higher �uxes, the di�usion ontribution to reombination rate mathes thedereasing density ontribution only at higher temperatures and the maxima in the re-ombination rate peak shifts to higher temperatures. At very high �uxes, di�usion doesnot a�et the reombination rate due to high densities and a maxima does not show up.Fig. 5.4 shows the e�et of the inident �ux on the hydrogen retention. At temper-atures <1000 K, most of the inident �ux is retained. At higher temperatures thereis a drop in the retained fration, with lower �uxes showing the drop at temperatureslower than those with higher �uxes. As the �ux inreases, at a given temperature >1000 K, it is seen that larger fration of the inident �ux is retained.The main ontribution to the retention is hydrogen moleule formation in rys-tallites. Therefore, reombination rates a�et diretly retention. The probability ofreombination ompared with the probability of other proesses that our (H des-orption, detrapping, et.), whih at low temperatures have a very low probability ofourrene, deides the number of reombination events taking plae.
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Figure 5.4: Retained amount of hydrogen from meso�pores as a funtion of temperatures for dif-ferent inident �uxes. The �ux value for the urves are (1→ 1017 H/m2/s, 2→ 1020 H/m2/s,3→ 1022 H/m2/s, 4→ 1024 H/m2/s).



5.2 Analysis of deposits at meso�sale 61At temperatures < 1000 K, the hydrogen densities are high, and there is low prob-ability of H atomi desorption, detrapping, et. The H atoms reombine within therystallites mainly and these H2 moleule have a high migration energy (4.0 eV) fordi�usion. Due to the size of the hydrogen moleules, their di�usion is di�ult withinthe rystallites (inter-layer spaing of graphene layers is 3.34 × 10−9 m). Therefore oneobserves high values of retained fration. As the temperature inreases above 1000 K,we observe in Fig. 5.3, that at lower �uxes the reombination rates are lower and theother mehanisms of hydrogen loss (atomi desorption and detrapping, et) beomeequally probable. Therefore at lower inident �uxes one sees lesser retained fration ofinident �ux.
Hydrogen pro�leFig. 5.5 shows the pro�le of the hydrogen present in di�erent hemial state (adsorbed,trapped) for di�erent inident �uxes at 1000 K for the meso�sales. When the hydrogenis introdued into the system some of the hydrogen atoms land up in the rystallitesand some of them in the voids. The hydrogen atom di�usion within the rystallitesis very fast and when they reah the rystallite edges they have a ertain probabilityof being trapped. At low inident �ux 1 × 1017 H/m2s, due to the very low densityof hydrogen atoms, the reombination probability is small and therefore most of thehydrogen within the rystallites or on the internal surfaes is trapped.As the �ux inreases to 1 × 1020 H/m2s the density of the hydrogen inreases anda signi�ant amount of the hydrogen is present in adsorbed form on the internal sur-fae (0.9 eV). The reombination probability also inreases and hydrogen moleulesare formed both within the rystallites and on the internal surfaes. When the �uxis inreased further to 1 × 1022 H/m2s the density of hydrogen atoms present withinthe rystallite planes inreases further. There is a high probability that the hydrogenatom arriving at the rystallite edge meets another trapped hydrogen present withinits reombination distane (0.2 nm). Suh a pair of hydrogen atoms has been labeledas HTrap�HTrap and as explained in hapter 2, needs a migration energy of 2.3 eV toget detrapped and beome a solute hydrogen moleule. Fig. 5.6 shows shematiallythe distribution of di�erent hydrogen speies for di�erent �uxes. If the �ux is inreasedfurther to 1 × 1024 H/m2s the hydrogen pro�le remains almost self similar.
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5.3 Saling up to maro-saleThe geometry and the methods used to simulate the hydrogen transport at the maro�sale is shown shematially in Fig 5.7. The atoms at the maropores surfaes aretransported using KMC whih also provides the time step ∆t for the simulation. AMonte�Carlo�Di�usion (MCD) algorithm is implemented for treating the di�usion andreombination within the granules (ontaining miropores and mesopores) separatedby maropores.
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Figure 5.6: Shemati of the distribution of di�erent hydrogen speies for low and high �uxes.To simulate TGD of hydrogen atoms in granules, Eqn.2.6 is used. The time step
∆t is deided within the KMC sheme. The ∆t is used to deide the number ofreombination events that should take plae in the time ∆t

Number of recombination events = Recombination rate (s−1) × ∆t. (5.2)5.3.1 Setting up the simulationAt maro�sales, the geometry was implemented in the simulations by reating a porousstruture of 2×10−6 m, 2×10−6 m, 2×10−6 m in X, Y and Z diretion respetively, with
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Figure 5.7: Shemati of the maro�sale geometry.periodi boundary onditions in X and Y diretion. The basi ell size was 1 × 10−8 m.The graphite sample was omposed of maropores having 10% void fration with voidsize 1×10−7 m, 1×10−7 m, 6×10−7 m. For the hydrogen atom and moleule transport,KMC was used in the voids and MCD was used in the granules. Fig. 5.8 shows thevoid size distribution in X, Y and Z diretions reated from the simulation.
5.3.2 Results at maro�saleFig. 5.9 shows the retained amount of hydrogen at meso�sales (sample having miro�pores and meso�pores together) and maro�sales (sample having maropores) from thesimulations of typial strutures orresponding to Tore Supra deposits subjeted to �uxof 1020 H/m2/s. It must be noted that the fration of hydrogen retained by miroporesand mesopores till 1600 K is ≃ 90% whereas for maropores it is around 60 %. Thisimplies that the maopores play a dominant role for the release of hydrogen. Thisis also intuitive beause the large maropores gives an easy aess to the geometrial
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Figure 5.8: Void size distribution for the maropores reated from the simulation.surfae. At 2000 K, the retention level drops to zero for mesopores whereas 10 %hydrogen is still retained in the maropores. This ould be possible if some of thehydrogen whih is released from the mesopores get trapped at the maropore surfaes.This gives rise to an internal inventory (or deposition) on maropore surfaes. Thismehanism might play a very signi�ant role during the hemial sputtering of suhdeposits. Hydroarbons will deposit on the internal surfaes of the maropores. Thiswill further enhane the tritium retention problem.
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Figure 5.9: Retained amount of hydrogen for mesopores (urve 1) and maropores (urve 2). Theinident �ux was 1020 H/m2/s.



66 Retention and release from Tore Supra Co-depositsFig. 5.10 shows the hydrogen release behavior for mesopores and maropores. Fromthe total released amount the fration ontributed by atoms and moleules is plottedon the Y�axis. The retained amount for these two ases are given in Fig. 5.9 and onean �nd for eah temperature the exat amount of hydrogen released from the retainedamount (100 % − retained amount (%) ). At meso�sales, the hydrogen release urvefollows the experimental results of [56℄ and the model alulation of [29℄, i.e. the re-leased �ux is mainly moleular hydrogen at lower temperatures and atomi hydrogenat higher temperatures. At maro�sales, all the hydrogen atoms whih are distributedon the maropore surfaes, are trapped (high trapping probability of 0.0075) or theydi�use deep into the bulk. The hydrogen atoms whih land up in the granules dif-fuse within it (MCD, using TGD oe�ient) and get reombined to form hydrogenmoleules (determined by the reombination rate alulated at meso�sales). As ex-plained above, all the hydrogen released as atoms from the mesopores get trapped againat the maropores surfaes. The hydrogen whih is released in the moleular form fromthe mesopores, due to its hemial inativity is able to reah the geometrial surfaeand get released from there. Therefore, at maro�sales even at very high temperatureshydrogen is released mainly in the moleular form.
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Figure 5.10: Released amount of hydrogen atoms and moleules as a funtion of temperature formesopores and maropores. Hydrogen atoms and moleules for mesopores are represented by urve 1and 2 respetively. Similarly, for maropores hydrogen atoms and moleules are represented by urve3 and 4 respetively.



5.3 Saling up to maro-sale 67Hydrogen pro�leFig. 5.11 shows the pro�le of the hydrogen present in di�erent hemial state (adsorbed,trapped) at the maro�sales. It an be seen that most of the hydrogen is eitheradsorbed (0.9 eV) or trapped (2.67 eV) on the maropore surfaes. A large quantityof hydrogen is able to di�use well beyond the implantation range (7.5 × 10−9 m). Asexplained above, a lot of hydrogen released from the mesopores remains adsorbed ortrapped at the maropore surfaes and a signi�ant amount of hydrogen is presentin the moleular form within the rystallites in the granules having mesopores andmiropores. Fig. 5.12 view of the X�Y plane loated at Z = 5.5 × 10−8 m. All theatoms having their Z-position between 50 to 60 nm have been projeted on the X�Yplane.
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Figure 5.11: Pro�le of hydrogen present in di�erent hemial state along the Z�diretion. 1 →trapped hydrogen (2.67 eV), 2 → adsorbed hydrogen (0.9 eV), 3 → two trapped hydrogen atoms loseenough to form a moleule (2.3 eV), 4 → H2 moleules in the void and 5 → H2 moleules in therystallites.Residene timeThe average time spent by a hydrogen atom in graphite (residene time) was alulatedand it depends on the temperature of the sample and the inident �ux. The moleulardi�usion is very fast, therefore, the residene time of hydrogen oming out as moleulesis muh lesser than the residene time of hydrogen released as atoms. At meso�sales,for ion�beam experiment �uxes (≃ 1017 H/m2/s) and 1200 K,the typial residene



68 Retention and release from Tore Supra Co-deposits

Figure 5.12: A view of the X�Y plane loated at Z = 5.5 × 10−8 m. The white, grey and paleolored regions orrespond to void, surfae and the bulk of the graphite respetively. Open greenirle: adsorbed hydrogen atom, red dots: trapped hydrogen atom, yan dots: H2 moleules in therystallites, magenta: H2 moleules in the void and blue dots: two trapped hydrogen atoms loseenough to form a moleuletime is around 10−3 s for atoms and 10−2 s for hydrogen oming out in moleular form.This is in good agreement with the typial residene time of hydrogen atoms alulatedby Haas et al. [67℄. They alulated residene time of the hydrogen atoms in ASDEXupgrade and DIII�D tokamaks to be around 1 ms. With inreasing �ux to 1020 H/m2/s,at 1200 K, the residene time is 10−10 s for atoms and 10−7 s for moleules. At maro�sales no atoms are released at 1200 K and the residene time is around 10−7 s for



5.4 Reap 69moleules.5.4 ReapThe multi�sale model was used to study the hydrogen retention and release from ToreSupra deposits. The question whih motivated us to study the Tore�Supra deposits wasto understand the ontinuous uptake of the hydrogen. It was shown in the simulationsthat the aumulation of the hydrogen on the surfaes of the maropores was mainlyresponsible for the large uptake of the hydrogen in these deposits. A large quantity ofhydrogen moleules got stuk in the graphene planes and this also ated as a sink forthe hydrogen. The typial residene time of the hydrogen in graphite alulated usingthe 3D�KMC model was found to be in good agreement with the experiments.After having understood the hydrogen transport in porous graphite, the next ques-tion is where does the moleule formation take plae? Does it happen at the end ofthe ion range, whih will indiate that moleule formation is a loal proess, or it takesplae throughout the implantation range (starting from surfae till the end of the im-plantation zone)? Another way of formulating this question is: In whih form does thehydrogen transport within the graphite sample take plae (atomi or moleular)? Forthis purpose in the next hapter the hydrogen isotope exhange reation in graphite isstudied.



70 Retention and release from Tore Supra Co-deposits



Chapter 6Isotope exhange in graphiteSo far we have studied the hydrogen retention and re�emission from graphite. In fu-sion mahines hydrogen isotopes, deuterium and tritium, are used as fuel. A naturalextension of the work presented till now is to study the e�et of hydrogen isotope onrelease behavior. In experiments this is done by bombarding the target material si-multaneously with H+ and D+ ion beams and studying the e�et of di�erent isotopeson proesses like moleule formation or trapping. In the present hapter the results ofhydrogen isotope exhange reation have been presented.Two important aspets of studying isotope exhange reation are:
• To understand whether the hydrogen moleule formation takes plae at the endof the inident ion range or is it happening throughout the implantation region.
• If the moleule formation takes plae throughout the implantation range thenthe isotope exhange reation an be used as a leaning (retrieving the retainedtritium from the sample) method of a target material saturated with tritium bybombarding it with deuterium or hydrogen.6.1 Isotope exhange: present statusIn order to understand whether in the implantation range the migration of hydrogentakes plae in atomi or in moleular form (after the formation of moleules at theend of the implantation range of hydrogen) a series of experiments were performed by[68, 45, 69℄. In experiments the isotope exhange reation was studied by bombardinga sample simultaneously with H+ and D+ ion beams having:



72 Isotope exhange in graphite
• ompletely overlapping ion ranges.
• ompletely separated ion ranges.Fig. 6.1 shows the re�emission times traes for the two energy ombination asesorresponding to maximum overlap and omplete separation, respetively. It is evidentthat the re�emitted signal is independent of the two ion distributions. This gives anindiation that the hydrogen atoms di�usion takes plae in atomi form too and themoleule formation doesn't take plae loally at the end of the ion range. However, itwas also pointed out that in the absene of inoming energeti ions, the samples whihare 'virgin' (having very less damage), the moleules are indeed formed loally at theend of the ion range.

Figure 6.1: HD mixing as a funtion of H+ / D+ range separation during simultaneous bombardmentof HPG99 graphite with H+ and D+. (a) 10 keV H+ and 9.4 keV D+, 5 × 1015 H+ or D+ /cm2s(maximum H+ / D+ overlap). (b) 10 keV H+ and 700 eV D+, 5 × 1015 H+ or D+ /cm2s (ompleteseparation) [45℄.It was speulated that in ase of a 'virgin' sample (having very less damage) theinternal porosity was not very well onneted and therefore, not enough internal surfaewas available for the di�usion of atomi hydrogen along the surfaes. This gave rise to



6.2 Completely overlapping ion pro�les 73moleular formation mainly at the end of the ion range. Whereas, in the presene ofan ion beam, damage is reated into the sample and this gives rise to a lot of internalsurfae area where a hydrogen atom an di�use and the moleule formation an takeplae away from the ion implantation region. This result shows that the extent ofisotope mixing depends very strongly on the internal struture of the graphite sample.In order to understand the e�et of the internal struture on isotope mixing �rst theideal mixing ase is simulated where inident ion beams have ompletely overlappingion pro�les.
6.2 Completely overlapping ion pro�les6.2.1 Setting up the simulationThe geometry was implemented in the ode by reating a ubi struture of 140 nm(sample 1), representing a typial granule with periodi boundary onditions in X andY diretion. The void fration of the sample was 7%. 280×280×280 ells were usedwith elementary size 0.5 nm and ubial voids of 6 nm size. 6000 hydrogen and 6000deuterium atoms were uniformly distributed in X�Y diretion at a depth of 59.5 nmalong Z with a Gaussian of width 12 nm. This distribution orresponded to the distri-bution of thermalized hydrogen isotopes with 3 KeV energy. The e�et of the ollisionalasade physis was onsidered in this initial pro�le through pre�alulations of thisdistribution by the binary ollision ode TRIM/TRIDYN. Temperature of the samplewas 650 K.In order to analyze the e�et of the internal struture of graphite similar simulationwas done for a sample (sample 2) having dimension of 50 nm, 50 nm, 100 nm in X, Y, Zdiretion respetively, representing a typial granule with periodi boundary onditionsin X and Y diretion. The sample had ∼ 8% void fration. 100×100×200 ells wereused with elementary ell size 0.5 nm and void size of dimension 10 nm, 18 nm and58 nm in X,Y,Z diretion respetively (Tore�Supra deposits kind of sample). 2000hydrogen and 2000 deuterium atoms were distributed uniformly in X�Y at a depth of19.5 nm along Z with a Gaussian of width 7 nm.



74 Isotope exhange in graphite6.2.2 ResultsIn Fig. 6.2, the ideal mixing in this ase is visible i.e. H2:HD:D2 of 1:2:1, as expetedby theory.
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Figure 6.2: Re-emitted �ux of moleular speies as a funtion of time for a porous graphite samplehaving void fration 7% (sample 1) with totally ovelapping pro�les of the hydrogen and deuteriumions.If one ompares �g. 6.2 with �g. 6.1 one sees that in experiment the relativere�emitted signal of the hydrogeni speies are relatively higher than what is expetedfrom theory for the ideal�mixing ase. Following fators were thought to be responsiblefor this disrepany:(i) E�et of inident �uene of the ion beams on the penetration depth(ii) E�et of surfae temperature rise due to the energy deposited by the ion beam(iii) Presene of a surfae layer pre�saturated with hydrogenUsing TRIDYN simulations it was found that the �uene of the ion beam has anegligible e�et on the penetration depth of the two hydrogen isotopes. Also the sur-fae temperature rise due to a 10 keV ion beam was estimated to be around 200 K.This didn't explain the observed disrepany too. All the samples have some hydrogen



6.2 Completely overlapping ion pro�les 75ontent adsorbed on the surfae layer due to unavoidable water ontent in the hamber.Therefore, this in�uene was studied by preparing a saturated hydrogen surfae layeron graphite samples.
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Figure 6.3: Re-emitted �ux of moleular speies as a funtion of time for a porous graphite samplehaving a surfae layer pre�saturated with hydrogen and a void fration of 7% (sample 1) with totallyovelapping pro�les of the hydrogen and deuterium ions.Fig 6.3 shows the re�emitted �ux for a hydrogen sample having a surfae layer sat-urated with hydrogen. No drasti hanges were observed in the behavior of re-emittedsignal, just the re-emission level for hydrogeni speies shifts to higher values. Anisotope di�erene in the re-emitted amount of hydrogen isotopes is seen. In the begin-ning, the rate of re-emitted moleules is similar, thereafter moleular speies ontaininghydrogen inreases faster and saturates at higher levels as ompared to deuterium on-taining moleules. So, the �uxes follow the order, ΓH2
> ΓHD > ΓD2

. This an beattributed to the higher mobility of hydrogen as ompared to deuterium due to thelower mass of hydrogen.Figure 6.4 below shows the released moleular �ux from sample 2 for simultaneousbombardment of H+ and D+ with overlapping ion pro�les. For the sample (sample2) without a saturated layer ideal mixing i.e. H2:HD:D2 was observed, as expeted



76 Isotope exhange in graphiteby theory. But, for a sample with a hydrogen saturated surfae layer no hange inthe levels of re-emitted moleules was observed. Whereas for sample 1, the hydrogensaturated surfae layer had shown signi�ant e�et on the released moleular �ux ofhydrogeni speies (6.3). This was expeted beause this sample had large voids nearthe surfae, so the net hydrogen ontent of the surfae layer was lesser. Therefore,re-emitted moleules of sample 2 have lesser Hydrogen ontent as ompared to sample1. It must be mentioned that for both the samples surfae layer were formed undersimilar onditions and with same parameters.
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Figure 6.4: Re-emitted moleular �ux as a funtion of time for sample 2 with ompletely overlappingdistribution of hydrogen isotopes. Results are presented for two ases: samples with a pre�saturatedhydrogen surfae layer and sample without a pre�saturated hydrogen surfae layer.
6.3 Completely separated ion pro�les6.3.1 Setting up the simulationSimilar analysis was arried out for ompletely separated ion ranges. All the geomet-rial parameters were same. The hydrogen atoms (1 keV having Gaussian distributionin Z�diretion with mean value 27.5 nm and standard deviation 8 nm) and deuteriumatoms (3 KeV having Gaussian distribution in Z�diretion with mean value 59.5 nm



6.3 Completely separated ion pro�les 77and standard deviation 7.8 nm) were distributed uniformly in X�Y diretions. Thetemperature of the sample was 650 K. At lower temperature HD formation was verystrongly redued whih is understandable beause at lower temperature (∼ 400K), thedi�usion of atoms is very slow. This is lear from the re�emission results of atomihydrogen at these temperatures (Chapter 4) and one expets the loal moleular for-mation rather than mixed HD moleules whih will be formed only after signi�antatoms starts di�using throughout the implantation depths.6.3.2 ResultsFig. 6.5 shows the results for sample 1. The relative �uxes of the modeling agree wellwith the experiments (Haasz et al.[45℄). Just to test the idea, that as soon as theion beam is swithed on, a quik inrease in moleular re�emission is seen, the runwas ontinued with inreased void fration to 9% (ion bombardment auses damagesand so the inrease in void fration). A rise of both hydrogen and moleular �uxes isseen due to inreases of the void fration as disussed before (hapter 4). However,the experimentally observed jumps of hydrogen moleular �uxes followed by a slowdeay to steady state ombined with the slow rise of deuterium moleular �uxes is notreprodued. One should note that questions of the interpretation of the experimentalresults remains too. Therefore, this disrepany is not too worrying.Figure 6.6 shows the results of isotope exhange reation for sample 2 subjeted tohydrogen and deuterium ion beam having ompletely separated ion pro�les (hydrogenwas distributed at depth of 19.5 nm and standard deviation 7 nm and deuterium at adepth of 39.5 nm and standard deviation 10 nm).It is observed that a very small amount of mixed moleules were formed. A basiestimate of the time required by deuterium atoms deep inside the bulk to ome to thesurfae where a high onentration of hydrogen atoms exists, was arried out. At thistemperature, it was found that the di�usion oe�ient, D ∼ 6×10−9 m2/s and thedeepest deuterium atom was at 5×10−8 m, so the time required to reah the surfaeshould be, δt ∼ δz2 / 6×D (∼ 10−7 s). The simulation was indeed arried out for longertimes. Another ase where hydrogen was distributed deeper than deuterium, i.e. justreversed the pro�les of last simulation was analyzed. Two points were noted here,(i) the speie whih was distributed deeper in the bulk had higher re�emitted �ux.
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Figure 6.5: Re-emitted moleular �ux as a funtion of time for a porous graphite sample having 7%void fration (sample 1) with ompletely separated pro�le of hydrogen isotopesThe following mehanism is proposed to explain this observation: when the atomshaving deeper penetration, there is more probability of getting reombined (withsame speie atom) during di�using out before they ould reah the other speielose to the surfae. Atoms distributed near the surfae are re-emitted more inatomi form. This ombined with the fat that moleular di�usion is very fastgives a lear understanding of our �rst observation.(ii) HD re�emitted �ux is higher when hydrogen pro�le is deeper than deuterium.This an be explained by the higher di�usion oe�ient of hydrogen at thesetemperatures.If one ompares the re�emitted �ux of sample 2 with that of sample 1, for separaterange pro�les, one sees that there is a large redution in relative �ux of mixed moleules(HD). This indiates the fat that the mixed moleule formation indeed depends onthe internal struture rather than the gross void fration. The experiments done byChiu et al. [45℄ were performed at room temperature. At these temperatures atomidi�usion is very slow and this requires a too long simulation run time for an atom todi�use to longer distanes and reombine. Nevertheless, the basi proesses are thesame.



6.4 Reap 79

 0

 100

 200

 300

 400

 500

 600

 0  5e-07  1e-06  1.5e-06  2e-06  2.5e-06  3e-06

R
e-

em
itt

ed
 fl

ux
 (

ar
bt

. u
ni

ts
)

time (s)

D2 (case 2)

H2 (case 1)

H2 (case 2), D2 (case 1)

HD (case 1 and case 2)

Figure 6.6: Re-emitted moleular �ux as a funtion of time for sample 2. Case 1: hydrogen ion pro�ledeeper than the deuterium ion pro�le and ase 2: deuterium ion pro�le deeper than the hydrogen ionpro�le6.4 ReapThe Isotope exhange reation of hydrogen in graphite was studied both for ompletelyseparated and ompletely overlapping ion pro�les. The mixed moleule formationduring the exposure to hydrogen and deuterium ions with ompletely separate ionpro�le (penetration depths) indiates that hydrogen moleule formation is not a loalproess. It takes plae throughout the implantation zone and not only at the end ofthe ion range. The main fators a�eting the mixed moleule formation are:
• internal struture of graphite, whih a�ets di�usion oe�ient and onsequentlymoleule formation and atomi re�emission
• temperature of the sample, this a�ets atomi di�usion, whih is an importantfator for mixed moleule formation.It must be mentioned that there is need of more experimental data base to ompareand understand the results of isotope exhange phenomenon in simulations. Up to nowthe transport and reations of hydrogeni speies only were studied. In the next hapter



80 Isotope exhange in graphitethe model is extended to inlude the reation of hydrogen with arbon atoms and thehemial erosion of graphite is studied.



Chapter 7Chemial erosion of graphiteAs already pointed out in the introdution of the thesis, erosion of arbon�based mate-rials due to partile impat has long been a onern when it omes to the plasma�faingappliations in thermonulear fusion reators. Although these materials exhibit exel-lent thermo�mehanial properties, their suseptibility to erosion through physial andhemial proesses limits their lifetimes while inreasing plasma impurity levels. Thereis large unertainty about the extrapolation of the hemial sputtering yield to highreator relevant �uxes.For understanding the hemial erosion proess an experiment was performed byHorn et al. [2℄ where a several mono-layer thik C:H �lm was grown and exposedto hydrogen ion beam at a �ux of 1.9 × 1013 cm−2s−1. The basi atomisti proessesinvolved in the hemial erosion proess were identi�ed and a simple analytial modelwas proposed for the hemial erosion of a-C:H �lms. In this hapter the model to sim-ulate the hemial erosion of porous graphite will be presented. The model presentedin the previous hapters to simulate the hydrogen reyling proess has been extendedto study the hemial erosion proess based on the Küppers�Hopf yle [36, 44℄.7.1 Analytial desription of hemial erosionThe hemial reation of energeti ions with arbon atoms was found to our afterslowing down at the end of the penetration depth (range) of the ions. Three mainmehanisms have been identi�ed for the hemial erosion(i) Thermally ativated proess



82 Chemial erosion of graphite(ii) Radiation damage(iii) Kineti hydroarbon emission.7.1.1 Thermally ativated proessThe thermally ativated proess, whih leads to a maximum of the hemial yields(Ytherm) at temperatures between 700 and 950 K, an be explained by the hemialmehanisms identi�ed by Küppers and o�workers.Küppers�Hopf yle for hemial erosionFig. 7.1 shows various atomisti proesses ourring under thermal H-atom impaton amorphous hydrogenated arbon (a-C:H) �lms [2℄. Küppers and o�workers haveidenti�ed the followingmain proesses involved during the hemial erosion of the a-C:H�lms. The rate equation for every proess is also written with the braketed quantitiesas onentrations, φ as H atom �ux, σH (= 1.1×10−20 m2) and σD (= 0.05×10−20 m2)as hydrogenation and dehydrogenation ross�setions respetively.(i) Hydrogenation of the graphiti sp2 hybridization state (state a), forming state bonsisting of a radial spx with a neighboring hydrogen-ontaining arbon in the
sp3 hybridization state.

−d[CH sp2]

dt
= [CH sp2] σH φ (7.1)At higher temperatures split-o� of this hydrogen an return the two arbon atomsto their original state b.

−d[CH spx]

dt
= [CH spx] k−H exp(

−E−H

kT
) (7.2)where k−H (= 1013 s−1) is the frequeny fator and E−H (= 1.73 eV ) is theativation energy for this proess.(ii) Repetitive appliation of the hydrogenation to state b will lead to the formationof two arbons in the sp3 hybridization state (state ), some fration of whihwill ontain a methyl group attahed.



7.1 Analytial desription of hemial erosion 83
−d[CH spx]

dt
= [CH spx] σH φ (7.3)

Figure 7.1: Shemati diagram of the reations leading to methane prodution due to atomi hy-drogen impat on amorphous hydrogenated arbon �lms, as proposed by Küppers and o�workers[2, 44, 5℄.(iii) Abstration of a singly bound hydrogen an produe state d onsisting of a arbonin the radial spx on�guration with a neighboring methyl�ontaining arbon in



84 Chemial erosion of graphitethe sp3 hybridization state.
−d[CH sp3]

dt
= [CH sp3] σD φ (7.4)(iv) Hydrogenation an return state d to state  or, for temperatures above ∼ 400 K,the radial an de�exite by split�o� of the neighboring methyl group and returnthe arbon atoms involved to their initial graphiti state a.

−d[CH spx]

dt
= [CH spx] kx exp(

−Ex

kT
) (7.5)where kx (= 1013 s−1) is the frequeny fator and Ex (= 1.604 eV ) is the ativa-tion energy for release of methyl group.(v) For graphite temperatures in exess of ∼ 1100 K thermal annealing an returnstate  to state a via elimination of some of the ion�indued damage aumulatedin the implantation zone.

−d[CH sp3]

dt
= [CH sp3] kan exp(

−Ean

kT
) (7.6)where kan (= 1013 s−1) is the frequeny fator and Ean (= 2.42 eV ) is the ativationenergy for the annealing.Thus, at low temperatures, exposure of the �lm to thermal hydrogen atoms resultsin the onversion of arbon from the sp2 to the sp3 hybridization state with somefration of radial enters, determined by the ratio of σD/σH . At higher temperatures(400�650 K) an equilibrium balane between the supply of spx radial arbon entersfrom hydrogenation and abstration and their loss through thermal deomposition dueto methyl and hydrogen split-o� is established leading to measurable erosion rates. Ateven higher temperatures, however, the rapid deomposition of the radial states byH�atom split-o� prevents signi�ant hydrogenation to sp3 hybridization states. This,in turn, means there is little or no abstration ourring, and so, there is no signi�antprodution of arbon in the radial arbon state. Thus, hemial erosion is suppressedat higher temperatures.



7.1 Analytial desription of hemial erosion 85The steady�state solution to the above presented set of di�erential equations leadsto a very weak dependene in Ym (maximum erosion yield) and a very strong depen-dene in Tm (temperature at whih the yield is maximum) on the �ux density φ. Suhdependenies are not observed in experiments. Roth and Gaŕia�Rosales [70℄ proposedthat, sine the absolute onentration of arbon in the sp3 hybridization state with at-tahed methyl groups is unknown, they use kx and k−H as �tting parameters adjustableto all the available experimental data in the relevant energy and temperature ranges,and taking into aount the �ux dependene of Ym and Tm. The formula resulting fromthis �tting proedure is
Ytherm = [CH sp3]

0.033 exp(−1.7
kT

)

2 × 10−32φ + exp(−1.7
kT

)
(7.7)7.1.2 Radiation damageIn addition to Ytherm, a term is required whih aounts for radiation damage resultingfrom energeti impat. For ions with energies above the threshold for physial sput-tering, energy deposition in the arbon substrate results in atomi displaement andC�C bond breaking whih reated ative sites inreasing the hemial erosion yield.The energy deposited that auses nulear damage in the surfae layer has a maximumbetween 300 eV and 2 keV, similar to physial sputtering. Roth and Gaŕia�Rosales[70℄ had proposed that this enhanement an be well desribed by a multipliative termwhih is proportional to physial sputtering suh that the energeti hemial yield isgiven by

Ychem = Ytherm(1 + DYphys) (7.8)where D is a onstant dependent on the mass of the impinging isotope and Y physis the physial sputtering yield given by the revised Bohdansky formula [71℄.7.1.3 Kineti hydroarbon emissionIn ase of low�energy hydrogen ion impat on arbon, hydroarbon prodution is ob-served at room temperature whih is not explained by the atom impat model wherehigher temperatures are required. The isotope e�et on the yield whih has been ob-served for this low energy impat, as well as TDS results [5℄, suggest that physialsputtering of weakly bound sp3 enters with attahed hydroarbon ligands may be o-



86 Chemial erosion of graphiteurring at the surfae. This seems reasonable sine the onentration of these arbonhybridization states is high at room temperature. Gaŕia�Rosales et al. argue thatthe dependene of this kineti ejetion proess on energy should be similar to physialsputtering, but shifted towards lower threshold energies in the range of 1�2 eV, andthat, for hydrogeni impat at energies greater than ∼ 90 eV, hydrogenation oursat the end of range, away from the surfae and so the erosion yield from this surfaeproess is redued. Furthermore, as the temperature of the arbon inreases, the sp3hybridization state onentration drops, limiting the e�et of this surfae proess totemperatures below Tm. The term proposed to desribe this surfae e�et on erosionis
Ysurf = [CH sp3]

Y ⋆
phys

1 + exp( (E0−90)
50

)
(7.9)where Y ⋆

phys is the yield given by modi�ed Bohdansky equation with the lowerthreshold energies. Note that the term in the denominator restrits the proess toenergies below 90 eV.The total hemial erosion yield after inorporating all the above mentioned on-tributions is
Ychem = Ysurf + Ytherm(1 + DYphys) (7.10)

7.2 A simple 1D�KMC model for hemial erosionA simple 1D�KMC model was implemented as follows: as explained in hapter 2, theprobability of the ourrene of a proess is determined by ωj
o and Ej

m. For the ther-mally ativated proesses these values were taken from the analytial model (for jthproess kj ∼ ωj
o). For non�thermally ativated proesses, i.e. hydrogenation and dehy-drogenation, σHφ and σDφ respetively, gives us an idea about ωj

o (Ej
m is obviously setto zero). So no hydrogen atoms were distributed expliitly and the e�et of the �uxenters into simulation through ωj

o (=σHφ).



7.2 A simple 1D�KMC model for hemial erosion 877.2.1 Validation of the simple 1D�KMC model for hemialerosionThe 1D�KMC model developed above to simulate the hemial erosion of graphitewas used to simulate the experiment performed by Horn et al. [2℄ where a severalmono-layer thik C:H �lm was grown and exposed to hydrogen ion beam at a �ux of
1.9× 1013 cm−2s−1. The results were also ompared with the analytial model of Hornet al.
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Figure 7.2: Erosion yield and normalized sp2 / sp3 ontributions at a C:H substrate as a funtionof temperature obtained from the experiment by Horn and Küppers [2℄ for hydrogen �ux of 1.9 ×
1017 H m−2s−1.Fig. 7.3 shows the result of the alulations and it an be learly seen that theresults using KMC method mathes very well the experimental results and analytialmodel [2℄ (Fig. 7.2). At low temperature the rate of thermal deomposition of radi-ali enters is small and the rather large ross�setion σH provides e�etive transferof these enters bak to sp3, therefore one sees that at low temperatures arbon ispresent mainly in sp3 hybridization state. Whereas, at higher temperatures the radialenters deompose readily and therefore sp2 arbon atoms dominate. The hydrogen



88 Chemial erosion of graphitesplit�o� reation provides a pathway to destroy erosion relevant groups. Only in anintermediate temperature range the balane between the supply of spx enters throughdehydrogenation, their thermal deomposition via hydrogen or CH3 split�o�, and hy-drogenation to sp3 enables a notieable hemial erosion rate.
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Figure 7.3: Erosion yield and normalized sp2 / sp3 ontributions at a C:H substrate as a funtionof temperature obtained from the analytial model proposed by Horn and Küppers [2℄ for hydrogen�ux of 1.9× 1017 H m−2s−1. The same problem was solved using 1D�KMC model. Erosion yield and
sp2 / sp3 ontributions alulated from 1D�KMC model are also plotted here.
7.2.2 Flux dependene of hemial erosionFig. 7.4 shows the �ux dependene of the hemial erosion yield as a funtion of tem-perature as alulated from the analytial model. We see that as the �ux is inreasedthe temperature (Tm) at whih erosion yield is maximum (Ym) shifts towards right.
Tm depends on the atual �ux of hydrogen atoms. This an be explained on the sim-ilar lines as was explained in hapter 5 for the reation rates (for hydrogen moleuleformation and similarly here for CH3 moleule formation). The temperature at whihthe reation rate is maximum depends on the balane between di�usion (temperature)and the number density of hydrogen atoms (depends on the ombination of �ux and



7.2 A simple 1D�KMC model for hemial erosion 89temperature).
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90 Chemial erosion of graphite7.3 A 3D�KMC model for hemial erosionComing bak to the 3D model developed in hapter 3, the Küppers�yle desribedabove was inluded into the model with ωj
o ∼ 1013 s−1 and Lj = 0 for all the arbonspeies exept CH3 whih is the only mobile arbon speie inluded in the model. Fordi�erent proesses migration energies values mentioned above were used. It must bementioned that only the ontribution from the thermally ativated proesses are in-luded into the 3D KMC model. The other two ontributions i.e. the ontribution fromradiation damage and kineti hydroarbon emission are based on momentum transferproesses. Theses ontributions an not be inluded in the present 3D KMC modelas we simulate the reation of the thermalized hydrogen atoms only. A future projetould be to ombine the present 3D KMC ode with the TRIM ode (binary ollisionode). Then, the ontribution to the hemial erosion oming from the momentumtransfer proesses an also be inluded.In the simulations presented in the last hapters arbon atoms were not distributedexpliitly as partiles and only hydrogen atoms were distributed as partiles. All theoupied ells orresponded to the olletion of arbon atoms depending on density ofthe graphite sample (or the void fration). Whereas, for simulating hemial erosionand speially the hange in the hybridization state of arbon atoms as the systemevolves, we need to introdue arbon atoms also expliitly as partiles and follow theirevolution. Even a very small sample ontains large number of arbon atoms.

Nc = NA × ρ × Lx × Ly × Lz/24 (7.11)where Nc is the number of arbon atoms ontained in a graphite sample of size Lx,
Ly, Lz and having mass density ρ. NA is the Avogadro number. This puts a limit onthe size of the sample whih an be simulated. On the other hand Realling Eqn. 2.7,

∆ N = φ × ∆t × Lx × Lywe see that the number of hydrogen atoms introdued (∆ N) in time step ∆ tdepends on
• �ux
• ∆ t (dereases with inreasing temperature (see BKL time step determination))



7.3 A 3D�KMC model for hemial erosion 91
• system dimensionThus, if a very small sample is hosen or the inident �ux is low then the ∆ Nbeomes too small and it takes very long omputational time to introdue enoughnumber of hydrogen atoms whih will ause signi�ant hydrogenation and dehydro-genation events. The limitation of handling small samples puts a limit on the �uxvalue that an be simulated. For example, if we want to simulate the hemial erosionof a sample subjeted to 50 eV hydrogen ions (penetration depth 2 nm and width ofthe ion pro�le is 3.4 nm) we need to take a sample whih is at least 6 nm long is Z�diretion (surfae lies at Z = 0). A sample having void fration 12 % and dimension of

10 nm×10 nm×6 nm in X, Y and Z diretion respetively has ∼ 50000 arbon atoms.For this partiular sample it was found that the lowest �ux that an be simulated is
1022 H m−2s−1.7.3.1 Setting up the simulationA porous struture of 1 × 10−8 m, 1 × 10−8 m, 6 × 10−9 m in X, Y and Z diretionrespetively was reated, with periodi boundary onditions in X and Y diretion. Thebasi ell size was 4 × 10−10 m. The graphite sample was omposed of maroporeshaving 12% void fration with a ubi void of size 1 × 10−9 m. Out of the total 9375basi ells in the simulation volume 3858 ells (41 %) ells were surfae ells. In theoming disussions this sample is referred as sample 1. In order to hek the dependeneof the hemial erosion proess on the internal struture of the graphite another samplewas prepared with di�erent void fration and void size. In this ase (referred furtheron as sample 2) had void fration of 14 % with ubial voids of 3 nm. Out of the total9375 basi ells in the simulation volume 3008 ells (32 %) ells were surfae ells. Theinteration of the sample with a hydrogen ion beam having 50 eV energy and a �ux of
1022 H m−2s−1 was simulated. The hydrogen pro�le was approximated by a Gaussianhaving range of 2 nm and standard deviation 1.7 nm.7.3.2 ResultsFig. 7.5 shows the hemial erosion yield as a funtion of the surfae temperature ofthe graphite sample 1. As explained earlier, initially the erosion yield inreases withtemperature and at 750 K it reahes maximum and thereafter it starts dereasing. Itis seen that the maximum erosion yield ours earlier (750 K) as ompared to what is



92 Chemial erosion of graphitepredited by the analytial model. The maximum erosion yield is ∼ 0.04 whih is ingood agreement with the experimental data (Fig. 1.8).
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Chapter 8
Flux dependene of hemial erosion:a simple multi�sale model
The models proposed by Küppers et al. and others [36, 44, 2, 5℄ were suessful inexplaining many experimentally observed dependenies on energy and temperature,but not the �ux dependene of the hemial erosion of graphite during hydrogen ionbombardment. However the analytial model an explain a drop in the erosion yieldfor high �uxes provided the sample temperature exeeds 900 K [70℄. In the experimentsof Kallenbah et al. at the ASDEX upgrade tokamak, however, the drop in yield is ob-served even though the temperature is measured to remain below 360 K at the samplesurfae [74℄. Hene, no urrent analytial model an aount for the experimentallyobserved drop in the arbon erosion yield [75℄.Salonen et al. performed MD studies to understand the �ux dependene of hem-ial erosion [23, 24℄. A a:C�H sample was bombarded with hydrogen ions of 10 eVenergy and at a rate of 2 × 1025 ions /cm2 s. The hydrogen ontent of the surfae �rstinreased strongly and after reahing a H/C ∼ 0.56 the sample beame supersaturated.After this the hydrogen ontent in the sample inreased only slightly, as the surfaewas already fully oated with hydrogen. The erosion yield for the unsaturated surfaewas ∼ 0.01, while for the supersaturated surfae it was only ∼ 0.001. The drop of oneorder of magnitude in the observed erosion yield was believed to be the explanationto the experimentally observed derease in the erosion yield. The reason to the sharpdrop was the dereased arbon ollision ross setion at a surfae whih had obtainedthe temporary supersaturation of H atoms due to the extremely high �ux involved.



96 Flux dependene of hemial erosion: a simple multi�sale modelInspired by the above study, a simple multi�sale model was developed whih anaount for the �ux dependene of the erosion yield of arbon.8.1 Desription of the modelA virgin graphite struture is reated and bombarded with a �xed number of hydrogenions per time step. The term time here does not orrespond to the real time and is justused to represent the number of simulation steps. Chemial erosion yield obtained fromthe analytial models, YChem (hapter 7), gives us an idea about the release probabilityof a CH3 moleule from the sample at a given temperature and ion energy. On the basisof the position of a hitted arbon atom (geometrial onstraints), the arbon atomspresent at the surfae have a release probability (PGeometry) of 0.5. For the atomspresent in the deeper layer a ray traing kind of tehnique was used to �nd PGeometry.For a given arbon atom whih was hitted by the inoming hydrogen ion the wholevolume lying above the hitted arbon atom was traed with lines originating from it.The san was done in the steps of one degree both in azimuthal as well as poloidaldiretion. Then the probability of the arbon atom to get released was alulatedfrom the ratio of the number of hits with other arbon atom (lying above the hosenarbon atom) to the total number of trials. The release probability alulated by theabove method is due to the geometry of the sample (PGeometry) and the loation of thepartiular arbon atom being hit by the hydrogen atom. The atual release probability(PRelease) is
PRelease = PGeometry × YChem (8.1)So the quantity PRelease, inludes the e�et of the hemistry proesses proposed byKüppers et al. [36℄ as well as the e�et of the geometrial onstraints on the arbonrelease probability due to the roughness of the sample and the position of the hittedarbon atom.8.2 Setting up the simulationA rystalline graphite sample of 2.46 nm× 2.13 nm× 13.4 nm was reated. This repre-sents 10, 10 and 20 unit ells in x, y and z diretions respetively, 8000 arbon atoms



8.3 Results 97in the simulation volume and 400 arbon atoms in eah layer. In order to avoid theboundary e�ets the hydrogen atoms were bombarded only within x = 0.3 nm andx = 2.16 nm and similarly, in y diretion from y = 0.3 nm and y = 1.83 nm. Thesurfae of the sample lies at z = 0. The sample was bombarded with nH number ofhydrogen atoms per time step. The nH value ranging from 1, 5, 10, 25, 50, 100, 500and 800 were studied. As area of the sample is �xed, therefore, inreasing nH amountsto inrease in the inident �ux of the hydrogen ions. So, pratially the relative �uxvalue in the simulations overed three orders of magnitude. To make the simulationsfaster the erosion yield (YChem) in the present simulations was taken to be 1.
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Figure 8.1: The number of arbon atoms released per time step for di�erent inident �ux. Thenumber of the hydrogen atoms introdued per time step orresponding to the lines are: 1: 1, 2: 5, 3:10, 4: 25, 5: 50, 6: 100 7: 500 and 8: 800.8.3 ResultsFig. 8.1 shows the number of arbon atoms released per time step for di�erent nH . Thenumber of hydrogen atoms introdued per time step and the number of arbon atomsreleased per time step are represented by nH and nC respetively. It an be seen thatfor nH equal to 1 and 5 the ratio nC/nH equals 1, whih means that every inominghydrogen ion hits a arbon atom whih is released. For nH ≤ 100 we see that at least



98 Flux dependene of hemial erosion: a simple multi�sale modelfor the �rst time step nC/nH equals 1 and after that not every inoming hydrogenatom is able to release a arbon atom. This an be explained as follows: The numberof arbon atoms on the surfae layer are �xed and when the hydrogen atoms strike asmooth surfae the release probability of a arbon atom is very high. After some timewhen su�ient number of arbon atoms are released from the surfae it beomes rough.Now the newly arriving hydrogen atoms hit a arbon whih might have other arbonatoms on the layer above the hitted arbon atom. This redues the release probabilityand we see the drop in the number of atoms released. The key message is that onlyfew surfae layers are aessible by the inoming hydrogen �ux and this puts an upperlimits on the released arbon �ux.
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Figure 8.2: Total number of arbon atoms released per time step for di�erent inident �ux. Thenumber of hydrogen atoms introdued per time steps orresponding to the lines are: 1: 1, 2: 5, 3: 10,4: 25, 5: 50, 6: 100 7: 500 and 8: 800.At what time step this situation will our de�nitely depends on nH and we see thatthe higher the nH the sooner the surfae arbon atoms are removed turning the surfaerough. Another interesting thing to note here is the kind of osillating behavior of nCat very high nH ≥ 100. First, the atoms are released from the surfae layer and nCis maximum then the surfae beomes rougher and therefore the probability of arbonrelease dereases sharply. As soon as a lot of the arbon atoms from the �rst layer



8.3 Results 99are released the seond arbon layer gets exposed and again the release probabilityinreases and we see a rise in nC . Obviously the hanges in the levels for higher nHare muh sharper than that of lower nH .Fig. 8.3 shows the longer time traes of the number of arbon atoms released pertime step (arbon �ux) for all nH values studied here. We see that for nH ≥ 100 thearbon �ux released from the sample is nearly the same irrespetive of the nH value.This is due to the shielding of the arbon atoms lying in the lower layers. The max-imum number of arbon atoms that an be released is determined by the number ofarbon atoms present at the surfae layer. So the key message is that after a ertainritial nH value, depending on the number of arbon atoms present on the surfae ofthe sample, the released arbon �ux is almost onstant and if one still inreases nHthe erosion yield will obviously derease. For the sample we study this limit of nH is10 after whih surfae is too rough and the erosion yield starts to drop.
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100 Flux dependene of hemial erosion: a simple multi�sale modellayer were released. It is interesting to note that for lower nH values the arbon atomsin the lower (third) layers are aessible for the newly hydrogen atoms beause of thefat that the surfae is not ompletely overed by the hydrogen atoms and that is whyarbon atoms from the third layer are also released. Whereas for very high nH ∼ 800the arbon layers are ompletely overed due to the high inident hydrogen ontent.This shields the lower lying arbon atoms and redues the ollision ross�setion ofhydrogen with arbon atoms. That is why arbon atoms are released only from the�rst two layers.Fig. 8.4 shows the erosion yield alulated from the simple multi�sale model. Wesee that the erosion yield shows the similar order of magnitude derease in the erosionyield for the similar order of inrease in the �ux as observed in experiments (�g. 1.8).This on�rms that the mehanism responsible of the observed �ux dependene hasbeen identi�ed. All the estimates about the hemial erosion and o�deposition weremade for the situation where it was assumed that erosion yield has very weak �uxdependene. The results presented above shows that the �ux dependene of erosionyield is indeed very strong. This means that the problem of arbon erosion and o�deposition will not be as severe as predited and arbon will still be a good andidateof as a PFM for ITER.Just to hek the idea, similar analysis was done for a sample having arbon atomsdistributed uniformly (randomly) in the sample and not in the ordered graphite rys-talline struture studied above. Not muh di�erene was observed in the erosion be-havior.8.4 ReapA simple multi�sale model was developed to study the �ux dependene of hemialerosion. The trends in the results agree very well with the experimental results andthe model explains the basi mehanism responsible for the observed �ux dependene.After a ertain ritial inident �ux, the arbon �ux released from a sample beomesequal for all inident hydrogen �uxes and the erosion yield dereases by orders ofmagnitude with inreasing �ux. All the estimates about the hemial erosion and o�deposition were made for the situation where it was assumed that erosion yield has
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Number of H atoms incident per time stepFigure 8.4: Chemial erosion yield as a funtion of the inident �ux.very weak �ux dependene. Whereas the results obtained using the simple multi�salemodel shows that the �ux dependene of erosion yield is indeed very strong. Thismeans that the problem of arbon erosion and o�deposition will not be as severe aspredited and arbon will still be a good andidate as a PFM for ITER.
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Chapter 9
Summary and onlusions
Plasma material interation in fusion devies is a ritial issue that a�ets the overallmahine performane. The knowledge of these proesses has a signi�ant role in design-ing plasma faing materials (PFM) for fusion devies. In the urrent design of ITERgraphite has been hosen as a PFM in the regions where heat loads are extremely high(10 MW/m2) due to its good thermal ondutivity and low atomi number. The twomain topis regarding interation of hydrogen isotopes and graphite that need to beunderstood properly are: (i) hydrogen retention and release and (ii) hemial erosionand its �ux dependene. The problem of tritium retention is extremely important tostudy beause tritium is a radioative material and its long term inventory in a fusiondevie should stay below the safety limit (350 g tritium).The graphite used in fusion devies onsists of granules (typially 1-10 mirometer)separated by voids whih are typially a fration of a mirometer. The granules onsistof graphiti miro-rystallites of size 10-100 nm separated by miro-voids whih aretypially one nm [11, 12℄. The existene of suh large variations in length sales ofsub�strutures oupled with the wide range of possible atomisti proesses makes thestudy of hydrogen transport and inventory (or omplementing this, the formation ofhydroarbons and their transport) in graphite a non�trivial exerise. The answer tothis problem is to use multi�sale modeling. The idea is to use the insights gainedfrom the mirosopi models (MD or ab�initio methods) for modeling the transport atthe meso�sale and further at the maro�sale in order to understand the physial pro-esses ontributing to marosopi transport. By using this philosophy of multi�salemodeling, one is able to develop numerial tools that takes into aount the physis



104 Summary and onlusionshappening at the miro�sale and the e�ieny that is omparable to the marosopimodels.Various studies and experimental databases to understand the interation of hydro-gen isotopes with graphite an be lassi�ed into two regimes. First, ion beam experi-ments, whih are arried out using energeti ion beams having energies and �uxes ofthe order of few keV and 1019 ions/m2/s respetively. Seond, tokamak experimentswhere the ion energies lose to the divertor region are a few eV to a few hundredseV and the ion �uxes are very high ∼ 1021 − 1024 ions/m2/s. Both of the senarioshave been studied in the simulations presented here. The di�erent onditions makeextrapolation of beam senarios to fusion devies very problemati. Modeling allowsto overome these problems.The multi�sale model developed by Warrier et al. [1℄ has been improved to modelthe hydrogen reative�di�usive transport in porous graphite. Various fators a�etingthe retention and release of hydrogen from graphite have been analyzed. For given ionbeam parameters (�ux, energy et.) the internal surfae provided by a graphite sample(whih is determined by the void fration, void size and void orientation) determinesthe retention and release behavior of hydrogen. The void fration has the most domi-nant role followed by the void size and then the void orientation omes into play.The hydrogen retention and release from the deposits olleted from the leadingedge of the neutralizer of Tore Supra have been analyzed. These deposits onsists ofmiropores with typial size lower than 2 nm (∼ 11%), mesopores (typial size be-tween 2 and 50 nm, ∼ 5%) and maropores with a typial size more than 50 nm. Theparametrized reombination rate and TGD (Trans�Granular Di�usion) oe�ient forthe graphite struture representing Tore Supra deposits at meso�sales (sample havingmiropore and mesopores) have been used as input to model maropores at maro�sales.At very high �uxes a large quantity of hydrogen moleules get stuk in the grapheneplanes and this ats as a sink for the hydrogen. The aumulation of the hydrogen onthe surfaes of the maropores will lead to high tritium retention levels. The marop-ores play a dominant role for the release of hydrogen. The hydrogen whih is releasedfrom the mesopores get trapped at the maropore surfaes. This gives rise to an in-



105ternal inventory (or deposition) on maropore surfaes. This mehanism might play avery signi�ant role during the hemial sputtering of suh deposits. In that ase wewill see the deposition of the hydroarbons on the internal surfaes of the maropores.This will further enhane the tritium retention problem. The typial residene timeof the hydrogen in graphite alulated using the 3D�KMC model was found to be ingood agreement with the experiments.The multi�sale model was also used to study the hydrogen isotope exhange re-ation in graphite. The mixed moleule formation during the exposure to hydrogenand deuterium ion beams having ompletely separate ion pro�le (penetration depths)demonstrates that hydrogen moleule formation is not a loal proess. It takes plaethroughout the implantation zone and not only at the end of the ion range. The mainfators a�eting the mixed moleule formation are:
• internal struture of graphite, whih a�ets di�usion oe�ient and onsequentlymoleule formation and atomi re�emission
• temperature of the sample, this a�ets atomi di�usion, whih is an importantfator for mixed moleule formation.The model for hemial erosion of graphite due the thermal hydrogen ion bombard-ment proposed by Horn et al. [2℄ was implemented. A simple 1D�KMC model wasdeveloped to hek the implementation of the basi atomisti proess ourring duringthe hemial erosion proess. The simple 1D�KMC model was suessfully validatedagainst the analytial model and the experimental results of Horn et al. [2℄. It wasextended to 3D�KMC model and the e�et of the internal struture on the hemialerosion proess was studied. The samples having higher internal surfae areas failitatethe hemial erosion proess. The �ux dependene predited with this 3D�model wasvery weak.To study the �ux dependene of hemial erosion a simple multi�sale model wasdeveloped. The trends in the results agree very well with the experimental results andthe model explains the basi mehanism responsible for the observed �ux dependene.Due to the shielding of the arbon atoms lying in the lower layers only few surfaelayers are aessible by the inoming hydrogen ions and this puts an upper limit on thereleased arbon �ux. The erosion yield alulated from the simple multi�sale shows



106 Summary and onlusionsa very strong �ux dependene. All the estimates about the hemial erosion and o�deposition were made for the situation where it was assumed that the erosion yieldhas very weak �ux dependene. Whereas the results presented above shows that the�ux dependene of erosion yield is indeed very strong. This means that the problemof arbon erosion and o�deposition will not be as severe as predited and arbon willstill be a good andidate as a PFM for ITER.
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