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AbstratCarbon transport and migration were studied experimentally and numeri-ally in a high-density, low-on�nement mode plasma in the ASDEX Upgradetokamak. On the last day of plasma operation of the 2004-2005 experimentalampaign, 13CH4 was injeted into the vauum vessel from the low �eld sidemidplane. A poloidal set of tiles was subsequently removed and analysed for
13C deposition. In this work the measured deposition pro�le is interpretedusing the impurity transport ode DIVIMP. The simulated poloidal distribu-tion of 13C deviates signi�antly from the measured pro�le. The simulationsindiate that 13C is promptly deposited at the wall in the viinity of theinjetion port, and is transported to the low �eld side divertor plate predom-inately via the srape-o� layer. The B2-EIRENE plasma solution produestagnant plasma �ow in the main srape-o� layer, in ontrast to measure-ments in ASDEX Upgrade and other tokamaks. This is the likely ause of1This work was arried out while A. Xuereb was performing a traineeship at the Ad-vaned Energy Systems laboratory of the Helsinki University of Tehnology (Espoo, Fin-land).2Corresponding author. Telephone: +358 9 451 3207, Fax: +358 9 451 3195, E-mail:mathias.groth�tkk.�.Preprint submitted to Elsevier November 3, 2009



the disrepany between the measured and the alulated poloidal distribu-tion of the 13C deposition. Key model parameters of DIVIMP were varied todetermine their e�et on the simulated deposition pro�le.Key words: Carbon impurities, ASDEX Upgrade, edge modeling, impuritytransport, DIVIMPPACS: 52.651. IntrodutionOne of the major hallenges in future, fusion-relevant devies, suh asITER [1℄, is retention of radioative tritium in in-vessel omponents. Beauseof tritium o-deposition with arbon, this issue is ampli�ed in devies witharbon-based plasma faing omponents, whih are urrently foreseen to beused for the divertor target plates in ITER [2℄. Understanding of the physisproesses responsible for material migration and re-deposition of arbon intokamak edge plasmas is thus of ruial importane for operation of futurefusion devies.The interpretation of ampaign-integrated arbon migration studies isrestrited beause an experimental ampaign generally onsists of plasmadisharges with many di�erent on�gurations and on�nement modes, all ofwhih an exhibit very di�erent impurity dynamis. Therefore, only limitedphenomenologial information about arbon dynamis an be derived frompost-ampaign analysis of retrieved wall omponents. Trae element studiesprovide a means to avoid this issue: a known amount of a trae element isinjeted into a series of idential plasma disharges, so that the trae impu-rity transport is solely due to one spei� mode of operation. The spatialdistribution re-deposited trae element an subsequently be quanti�ed ex-situ at surfaes of tiles removed from the vessel. In this way, quantitativeinformation about arbon migration and deposition for suh a senario anbe obtained. Suh experiments have been arried out in JET [3℄, ASDEXUpgrade (AUG) [4℄, and DIII-D [5℄, using 13C as the isotopially tagged el-ement. However, the deposition measurements by themselves annot revealthe physis mehanisms responsible for the arbon migration. Numerialsimulations of arbon dynamis in the srape-o� layer (SOL) and ore re-gions are arried out to identify the most important physis behind arbonmigration, and the orresponding tritium retention. These analyses inludeinterpretative simulations with Monte Carlo-based impurity transport odes,2



suh as ERO [6℄ and DIVIMP [7℄.The DIVIMP ode has been extensively used to interpret 13C injetion ex-periments in DIII-D [8, 9, 10℄. The DIII-D studies identi�ed several physisproesses as main ontributors to the measured 13C deposition observed atthe high �eld side (HFS) divertor plate: plasma �ow from the low �eld side(LFS) midplane toward the HFS divertor region, enhaned radial transportof arbon toward the HFS separatrix, and 13C re-erosion/re-deposition at theHFS target.In 2005, 13CH4 was injeted into the AUG vessel during a sequene ofidential L-mode disharges (Fig. 1(a)). A poloidal set of tiles was subse-quently retrieved from the vessel and analysed for 13C deposition [11℄. Thework presented in this paper aims at explaining the observed deposition pro-�les by DIVIMP impurity transport simulations oupled to a plasma bak-ground solution generated by the B2-EIRENE ode as the prinipal input toDIVIMP. DIVIMP was used to alulate 13C transport in the divertor andmain SOL regions as well as in the pedestal region inside the separatrix, andto alulate the resulting 13C deposition along the main hamber and diver-tor walls. Comparison with the measured 13C deposition ontributes to thebenhmarking of preditive simulations of arbon transport and depositionfor ITER with edge �uid odes.The struture of this paper is as follows: the setup of DIVIMP and theinput parameter and data are desribed in Se. 2. A brief review of theexperimental results is given in Se. 3, followed by a omparison of the sim-ulation results with the experimental data (Se. 4). Finally, the results aresummarised and disussed in Se. 5.2. General setup of DIVIMP simulationsThe DIVertor IMPurity (DIVIMP) ode [7℄ models impurity transportin the edge plasma region of tokamak fusion devies. It is a Monte Carloode that follows impurity atoms and ion guiding enters along and arossthe magneti �eld lines on a bakground plasma either presribed using DI-VIMP's internal plasma solvers or taken from other edge odes [12℄. Parallelto the magneti �eld lines the motion of the ions is omputed based on lassi-al transport, whereas perpendiular to the �eld lines, anomalous ross-�elddi�usion and onvetion are used [13℄. The partile motion is traed on a2D grid based on the measured magneti equilibrium of a given disharge,Fig. 1(b). Although partile motion is followed along the helial �eld lines,3
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Figure 1: (a) Poloidal ross-setion of ASDEX Upgrade vauum vessel inluding tile num-bers and the magneti surfaes of AUG disharge #24046 at t = 3.0 s. (b) Two-dimensionalgrid based on the magneti reonstrution of AUG disharge #17385 at t = 2.4 s. Severaltiles are labeled for referene. (b) Poloidal ross-setion of ASDEX Upgrade showing themeasurement points used in the simulations.all physial quantities are projeted to the 2D grid representation in thepoloidal plane assuming axisymmetry. Present �uid odes require grids, inwhih open �eld lines are limited by the target plates only, and thus thegrid does generally not extend to the atual main hamber wall. DIVIMPallows, however, the reording of partile interation with the atual divertorand main hamber wall outside the grid. The vessel wall struture used inthe simulations is given by the poloidal ut of the ASDEX Upgrade vauumvessel (Fig. 2). It should be noted that parts of the so de�ned surfae or-respond to non-axisymmetri strutures, suh as the ICRF antenna limitersat the LFS midplane. This has to be taken into aount when interpretingthe �uxes to and from these omponents.In this work, a bakground plasma from a separate B2-EIRENE [14, 15℄simulation was used with plasma parameters similar to those of the 13CH4injetion experiment. The plasma on�guration of the B2-EIRENE simula-tion, taken from AUG disharge #17385, di�ers from that of the 13C injetionexperiment only by the vertial loation of the strike points, whih were lo-4
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Figure 2: Coordinates of the vessel �rst wall verties used for aounting of deposition inthe DIVIMP simulations.ated 2 m lower in the 13CH4 injetion ase. The bakground plasma wasomputed as a self-onsistent solution of the oupled �uid equations for ele-trons, and fuel and arbon impurity ions. Closure of partile balane wasresolved by oupling B2 iteratively to EIRENE for alulation of the fuel re-yling and the intrinsi arbon soure distribution. The arbon soure wasomputed by EIRENE assuming physial and hemial sputtering of arbonby deuterium atoms and ions at the target plate. Math of the simulationand experimental eletron density and temperature pro�les at the upstreamLFS midplane and divertor was obtained by varying the radial partile andheat transport oe�ients. The simulation adequately desribes the high-reyling plasma onditions observed in the LFS divertor leg. For the HFSdivertor leg, the simulation results in old and dense plasma onditions, how-ever, without omplete detahment as observed in the experiment. Finally, itshould be noted that the simulation exhibits a mostly stagnant plasma in themain SOL, in ontrast to the experimentally observed parallel �ow patterntoward the inner divertor [16℄.To simulate gas injetion, impurities are launhed inside DIVIMP at aspei�ed loation on the grid either as atoms or ions. Depending on thenumber of wall verties, 104 to 106 partiles are typially launhed to ob-tain su�ient statistis of wall deposition. Atoms are assumed to travel instraight lines from their injetion point until they are ionised or hit a wallelement. Upon ionisation impurity ions experiene frition with the bak-ground deuterium plasma, as well as fores due to the parallel eletri �eld5



and due to temperature gradients along the �eld line [7℄. Impurity ions arealso followed as they beome ionised to higher harge states or reombinedue to eletroni reombination and harge exhange with the bakgroundplasma.For the simulation of the gas injetion, the 13C soure was approximatedby diret injetion of singly ionised arbon, 13C+. This approah is justi�edby taking into aount that in the halo plasma region the plasma onditionsare su�ient to dissoiate injeted methane (see Ref. [16℄). Beause theinjetion valve used in the experiment is loated about 10 m outside of theomputational grid it is safe to assume that the injeted methane moleuleshave been fully dissoiated and ionised upon grid entry. The transport of theinjeted 13C is followed until it strikes a main wall or divertor element, wherethe deposited atoms are aounted for deposition. Re-erosion of deposited
13C was not onsidered in this work.For partiles leaving the grid in the main hamber, DIVIMP assumes inthe simplest approximation that the partiles are instantly deposited on thewall segment losest to the urrent grid boundary ell. This simpli�ation isa onsequene of the limitation of the urrent omputational grid as disussedabove. The large gap between the radially outermost grid ells and the wall,partiularly at the top of the devie and below the LFS midplane may leadto arti�ially large deposition on spei� wall segments diretly adjaentto the respetive exit grid ell, whereas in reality, the partiles would bedeposited further away from suh a ell due to transport proesses in thehalo plasma region outside the grid. In the ourse of this work, the DIVIMPode was modi�ed so that the partiles are followed for a short period oftime after leaving the grid, taking into aount their harge state, so as tobetter approximate where the partiles get deposited. However, the lak ofplasma bakground outside the standard grid still limits the auray of thismethod.3. 13C injetion experiments in AUG L-mode plasmasOn the last day of plasma operations of the AUG 2004-2005 experimentalampaign, 13CH4 was injeted into the torus during a series of idential, lowersingle-null L-mode disharges (#24046 to #24059). The gas injetion wasaomplished from a single valve at the low �eld side midplane, hene, intoroidally asymmetri fashion. Toroidally symmetri 13C deposition maytherefore not be neessarily assumed. The experiments were performed in6
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Figure 3: (a) 13C distribution at the lower divertor (dashed line) together with the inte-grated strike point position residene time from magneti reonstrution during the lastfourteen shots (solid line). The tile numbers shown on top of the plot orrespond to thetile numbers given in Fig. 1(a). (b) 13C distribution over the entire hamber. Figuresited from Ref. [11℄.hydrogen, and not in deuterium, to derease ativation of the devie on thelast day of the ampaign. Details of the experimental setup, and of 13Cdeposition measurements and their analysis an be found in Ref. [11℄. Forthe omparison of the DIVIMP simulation with the measured depositionpro�les, the main experimental results are summarised in this setion.The deposition pro�le of 13C along the lower divertor target, togetherwith the residene time histogram of the strike point position during thelast fourteen shots of the 2005 ampaign, are shown in Fig. 3(a) [11℄. The V-oordinate represents the distane from the private �ux region along the wallsin the ounter-lokwise diretion, and thus gives the poloidal position. Theorigin of this oordinate, V = 0 m, orresponds to the top edge of the domeba�e (Fig. 1(a), tile 9A). Starting from V = 0 m, the vessel wall is dividedinto a number of regions, as follows: the LFS lower divertor, the limiter, theupper divertor, the entral olumn heat shield, the HFS lower divertor, andthe dome ba�e. During the 13C injetion experiments the strike points wereat the divertor tile 4 and the LFS divertor tile 1B.Several 13C peaks are observed on the LFS target plate, tile 1B (V = 0.27,
0.31 and 0.35 m), and the inner divertor tiles, 6B (V = 5.55 m) and 5 (V =
5.73 m) Fig. 3(a). The peaks on the tile 1B are shifted toward the domeba�e, i.e. downward, with respet to the LFS strike point. Unfortunately7



samples from the inner target plate, tile 4, were not available for analysis.A large peak of 13C was observed on the horizontal LFS divertor ba�e, tile3B (V = 0.83 m). Assuming toroidal symmetry of the deposition, the totalamounts of 13C deposited onto the HFS and LFS lower divertor were found toorrespond to total amounts of 4.2×1020 and 11.1×1020 atoms, respetively,whih add up to 9% of the total injeted amount. On the entral olumn heatshield and upper divertor tiles, total amounts of 6.9 × 1020 and 9.8 × 1020atoms of 13C were estimated, respetively, from the analysed tiles. Thesenumbers represent 4% and 6% of the total injeted amount. The detaileddistribution of 13C as a funtion of the V-oordinate over the entire poloidalross-setion is shown in Fig. 3(b). At the entral olumn heat shield 13Cdeposition inreases from the top towards the middle part and then dereasestowards the lower divertor.To investigate the loal deposition of 13C, samples from the limiter tilesloated near the pu�ng valve were analysed. Beause samples were availableonly from the limiter tile lose to the valve and from the top tile, as a �rstapproximation, a linear derease of the 13C deposition along the limiter sur-fae from the middle to the top and to the bottom was assumed. Integratingover the limiter surfae, it was found that 4.2× 1020 atoms, i.e., 2.4% of thepu�ed amount of 13C, was deposited onto the limiter tiles in the viinity ofthe pu�ng loation. Thus, the limiter, the lower and upper divertors, andthe heat shield tiles aount for 21.0% of the 13C that was pu�ed into themahine. The deposition results are summarised in Tab. 1. Without furtheranalysis of additional samples, one an only speulate about the depositionloation of the remaining 80% of the injeted 13C. One soure of unertaintyis the extrapolation from loal measurements to the entire �rst wall assumingtoroidal symmetry. A signi�ant fration of 13C might have also be depositedat limiter side faes and inside tile gaps. Furthermore, the generally observedpattern of low-Z impurity deposition at the inner strike zone implies that apart of the missing fration is due to deposition on tile 4, whih ould not beretrieved. In addition, one also has take into aount that the injetion valveis reessed in a midplane port dut. Measurements with a fast reiproatingprobe showed the presene of a low-density plasma extending far outside theSOL (see Ref. [16℄). Hene, a signi�ant amount of the methane moleulesdissoiated already inside the port dut and loally re-deposited there. Nosamples were taken from the port dut.As the DIVIMP model does not inlude the aforementioned depositionhannels, in the following analysis of the simulations, the deposition results8



were normalised to the experimental total amount of 21%.4. DIVIMP simulation results4.1. Base ase setupThe DIVIMP base ase simulation shows that most of the injeted 13Cis re-deposited at the LFS midplane, in the viinity of the injetion loation(Fig. 4). Only a few perent are deposited at the LFS target plate, andan even smaller fration at the inner target plate. Deposition at the upperdivertor and the entral olumn heat shield is negligible. For the base asesimulation a 13C point soure at the outermost grid ell at the LFS midplane(d = 4.20 m ) was assumed. Here, the parameter d is the radial distanefrom the losest vertex of the wall desription. The separatrix is loated at
d = 5.13 m, i.e., partiles injeted at d > 5.13 m are introdued in theon�ned plasma region. For the radial transport, a perpendiular anomalousdi�usion oe�ient of D⊥ = 1.0 m2/s was assumed.In the subsequent setions, the sensitivity of the base ase results on vari-ation of the ross-�eld di�usion oe�ient for arbon ions and the ionisationand soure distribution pro�les of the injeted arbon are disussed.4.2. Variation of the ross-�eld di�usion oe�ientIn �rst approximation a radially onstant di�usion oe�ient was as-sumed for the ross-�eld transport of 13C ions. In the studies onduted byElder et al. [8℄, the optimal value for the ross-�eld di�usion oe�ient foran L-mode shot at DIII-D was found to be D⊥ = 0.4 m2/s. The e�et of theross-�eld di�usion on the 13C deposition in the ase disussed here was stud-ied by varying the value of D⊥ over a full order of magnitude, D⊥ = 0.5 m2/s� 5.0 m2/s. Inreased D⊥ resulted in an inreased re-deposition at the LFSlimiter, while the hange in D⊥ had no dramati e�ets on the depositionpattern on the divertor or the entral olumn heat shield. The inrease ofloal re-deposition around the injetion valve loation with inreasing valueof D⊥ is an obvious onsequene of inreased perpendiular �ux at unalteredparallel transport. Unfortunately, detailed experimental measurements onthe limiter surfaes do not exist and, thus, no diret onlusive result for theatual value of D⊥ annot be derived. Hene, for subsequent simulations anad-ho value of D⊥ = 1.0 m2/s was used.9



4.3. Variation of the ionisation distane and ionisation soure pro�leTo estimate the in�uene of the atual ionisation distribution soure lo-ation of 13C+ on the deposition distribution, the distane of the injetionloation to the wall and the shape of the soure distribution was systemati-ally varied. Simulations of the break-up of hydroarbon moleules using anewly developed DIVIMP module [9℄, and similar 3D ERO simulations [17℄show that the �rst ionisation of arbon takes plae muh loser to the vesselwall than the outermost grid ell. As the 13CH4 enters the devie, it startsexperiening ionisations as well as dissoiations due to the high tempera-ture. The most ommon dissoiation proesses result in neutral arbon thatpenetrates further in the devie before ionising. To study this behaviour,ideally the reently implemented hydroarbon breakup model [10℄ would beemployed, but was not done within the sope of this work. Instead, severalsimulations were performed using the simplifying approximation of launhingarbon ions at disrete points of di�erent depths d.When 13C ions are injeted in the SOL as a point soure, a large pro-portion of the injeted arbon ions is deposited in the immediate viinity ofthe pu�ng loation at the limiter (Fig. 4: V = 1.5 m � = 2.25 m). Thissupports the hypothesis that a large portion of the missing 13C fration inthe tile analysis an be attributed to loal re-deposition in the gas valve portdut. Signi�antly less arbon is deposited at the limiter when the inje-tion loation is shifted inside the separatrix. Besides the LFS limiter area,the region most sensitive to the wall distane is the inner divertor, wherethe deposition steadily inreases as the distane from the wall is inreased.Beause the alulated bakground plasma was stagnant, and no parallel-B�ows from the LFS midplane region toward the HFS divertor were assumedin DIVIMP, the most likely route for 13C to enter the inner divertor region isvia the on�ned plasma region. Furthermore, the deposition at the LFS lowerdivertor beomes narrower and shifts toward dereasing V as the injetiondepth is inreased.Assuming more realisti ionisation soure distributions over the delta-funtion point soure distribution, further simulations were arried out usinga radial soure distribution with a suitable envelope funtion. Two di�erentenvelope funtions were used: a rapidly deaying Gaussian exp(−(d−µ)2/σ2),where µ is the horizontal distane of the peak of the Gaussian from the walland σ the width of the envelope, and a more slowly deaying exponentialfuntion, exp(−(d − µ)/w), where w now stands for the deay length and µ10
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Figure 5: Deposition pro�le resulting from Gaussian ionisation soure pro�les of �xedwidth entered at di�erent depths, d.divertor beomes narrower.5. Disussion and ConlusionsCarbon migration and deposition in ASDEX Upgrade 13CH4 pu�ng ex-periments were simulated using the Monte-Carlo based impurity transportode DIVIMP. The simulated wall deposition pro�les were ompared to ex-perimental results obtained by post mortem SIMS analysis.While the general pattern of the measured deposition pro�les ould berepliated by the simulations, partiularly in the divertor region, quantitativeagreement between the modelled results and the experimental observationsould not be tested beause of the lak of deposition measurements for theinner divertor (tile 4). The omparison of the measured and predited depo-sition pro�les is hampered by the fat that only 21% of the injeted 13C wasfound inside the vauum vessel. This may be due to the toroidally loalizedinjetion itself, potentially leading to toroidally asymmetri 13C depositionin the divertor. The injetion itself may also have disturbed the loal plasmaparameters at the low �eld side midplane region. Furthermore, no deposi-tion measurements were made at the divertor dome. As observed in the aseof DIII-D, the surfae faing the divertor private �ux region an be regionsof strong 13C deposition [18℄. Until these measurements are made, throughnew experiments, the interpretation of the results with regard to both theexperiments and simulations remain questionable.12
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Figure 6: Deposition pro�le resulting from deaying exponential ionisation soure pro�lesof �xed width entered at di�erent depths, d.Table 1: Carbon deposition on the various setions of the vessel wall obtained from themeasurements and by simulation using a Gaussian ionisation soure pro�le. The simulated
13C deposition was normalized to the total amount of 13C measured. A perpendiulardi�usion oe�ient of 1.0 m2/s was used.Simulation MeasurementsHFS lower divertor 4.4% 2.4%LFS lower divertor 11% 6.5%Upper divertor 0.6% 4.0%Heat shield 0.01% 5.7%LFS Limiter 4.4% 2.4%The simulations reprodued the overall deposition at the LFS strike zone,V = 0.25 − 0.5 m, onsistent with the measurements (Fig. 3(a)). However,the prominent peak in the experimental deposition pro�le, loated on the tile3B at around V = 0.8 m annot be repliated with the present simulations,likely beause of the omputational grid not extending to the wall. Alreadyat the injetion loation at the LFS midplane, there is an approximately 4 mgap between the outermost grid ell and the wall. As disussed in Se. 3, theinjeted methane is likely to dissoiate outside the grid and, onsequently,methane radials and 13C+ ions start moving in the diretion of the magneti�eld lines before even reahing the region overed by the grid. As a result,suh ions will partly be transported along the �eld lines interseting the13



horizontal part of the vessel wall, where the largest deposition was measured.In the simulations strong 13C deposition at the LFS limiter was also observedin the viinity of the gas injetion valve, onsistent with the measurement.Signi�ant unertainty in the simulations is introdued by presribing theross-�eld di�usion of 13C ions and the ionisation soure pro�le. A san ofthe ross-�eld di�usion oe�ient reveal that the overall 13C re-depositionpattern away from the injetion loation is insensitive to the hanges in D⊥;only the region diretly adjaent to the injetion loation is a�et by themagnitude of D⊥. A muh larger e�et on the divertor deposition was ob-served for the variation of the radial soure loation. With deeper soures,the deposition fration at the inner divertor target plate inreased due toinreased migration through the on�ned plasma region. Changes of the ra-dial width and shape of the soure distribution resulted in small variations ofthis general observation. The losest agreement between the measured andsimulated deposition pro�les were obtained when assuming a perpendiulardi�usion oe�ient of D⊥ = 1.0 m2/s and a Gaussian soure distributionentered in the ore plasma, d = 6.5 m, and with standard deviation of
σ = 3.2 m (Tab. 1). The signi�antly smaller deposition alulated at theentral olumn heat shield ompared to the experimental results indiatesthat apart from the issues of having a large gap between the omputationalgrid and the wall, the model also su�ers from the lak of parallel �ows in themain SOL, whih were measured in many tokamaks. These �ows have yetnot been reprodued reliably in �uid ode simulations. Further studies withmore sophistiated odes are required to improve our understanding of therelevant transport proesses.AknowledgmentsA. Xuereb would like to thank Prof. Rainer Salomaa of the Helsinki Uni-versity of Tehnology for providing the opportunity to work at the AdvanedEnergy Systems Laboratory during the ourse of this work.This work, supported by the European Communities, under the on-trat of Assoiation between Euratom and Tekes, was arried out withinthe framework of the European Fusion Development Agreement. The viewsand opinions expressed herein do not neessarily re�et those of the EuropeanCommission.
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