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2Max-Plank-Institut für Plasmaphysik, EURATOM Assoiation Boltzmannstrasse 2,D-85748 Garhing, Germany1 IntrodutionThe new physis introdued by ITER operation is related to the very energeti (3.5 MeV)alpha partiles produed in large quantities in fusion reations. These partiles not onlyonstitute a massive energy soure inside the plasma, but they also present a potentialhazard to the material strutures that provide the ontainment of the burning plasma. Inaddition, the negative neutral beam injetion produes 1 MeV deuterons and appliationof ICRH minority ions in multi-MeV range.The �nite number (18 in ITER) and limited toroidal extent of the Toroidal Field (TF)oils ause a periodi variation of the toroidal �eld alled the magneti ripple. Thisripple an provide a signi�ant hannel for fast partile leakage, leading to very loalizedfast partile loads on the walls. Beause the ripple ould ause signi�ant additional iontransport, ferromagneti inserts (FIs), will be embedded in the double wall struture of theITER vauum vessel in order to redue the ripple. In ITER the toroidal �eld deviationsare loally further enhaned by the presene of disrete ferromagneti strutures, e.g. thetest blanket modules (TBMs), that ause poloidally and toroidally loalized perturbationsto the magneti �eld.We have already arried out a preliminary study of the wall loads aused by three types offast partiles; fusion-born alpha partiles, deuterons from neutral beam injetion (NBI),and ICRH-heated minority ions, in a variety of ITER plasmas using the 5D Monte Carloguiding-enter ode ASCOT [1℄. The simulations were performed for di�erent magneti�eld on�gurations inluding FIs and none or more TBMs. The simulations were arriedout using input data that has later been either hanged (the wall struture and geometryof FIs) or found de�ient (the 3D magneti bakground orresponding to the situationwith TBMs).All the simulations thus far have been based on the assumption that the fast ion transportis dominated by neolassial e�ets. In MHD quiesent plasmas this was believed to betrue until the �rst NBI urrent drive experiments with the ASDEX Upgrade tangentialbeams failed to demonstrate the predited levels of o�-axis urrent [2℄. Subsequent the-oretial work has revealed that, unlike previously believed, miroturbulene an indueadditional transport of not just the bulk plasma but also the fast ions [3℄. Furthermore,it is highly unlikely that the ITER plasmas will be MHD quiesent: the massive fast ionpopulation onsisting of the fusion alphas with energies up to 3.5 MeV drive a multitudeof Alfvéni modes and other energeti partile modes whih, in turn, at bak to thefast ion population. Furthermore, ITER is prone to Neolassial Tearing Modes (NTMs)



THW/P3-01with substantial island strutures. All these MHD phenomena an ontribute to inreasedtransport of fast ions in the ore plasma. This in turn inreases the fast ion population atthe edge where the transport due to the �eld aberrations aused by toroidal �eld oils andTBMs an lead to unaeptably high peak power loads on some �rst wall omponents.None of the guiding-enter odes presently in use worldwide an aount for all thesee�ets.We have started inorporating e�ets of plasma instabilities on transport into ASCOT. Itnow has a theory-based model for anomalous di�usion due to miroturbulene [3℄ and amodel of magneti islands due to NTMs [4, 5℄. In this paper we present the �rst simulationresults of fast ion power loads to ITER plasma-faing omponents with a realisti 3Dmagneti �eld, the most reent 3D wall struture, and taking into aount the fast ionredistribution due to miroturbulene and NTMs. Unfortunately, as yet we annot reporton the ombined e�et of NTMs and TBMs.2 Numerial model for islands in ASCOTInstead of trying to inorporate island strutures in the omponents of the magnetibakground �eld, we have adopted another approah [4℄. We use relativisti Hamiltonianformalism in deriving the equation of motion in magneti oordinates and add the e�etof magneti islands as a perturbation in the magneti vetor potential as in [4℄. Theperturbation desribing NTMs is given by [6℄:
α(χ, θ, ζ, t) =

∑

n,m

Am,n (χ) cos (mθ − nζ) , (1)where the amplitudes Am,n for di�erent perturbations an be funtions of the radial oor-dinate χ, m is the poloidal mode number and n is the toroidal mode number. In ASCOT,we use the normalized poloidal �ux ψn as a radial oordinate. For the radial pro�le Am,nwe use a theory-based parametrization [7℄ desribing resistive modes
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,for χ > χm,n. (2)The parameters ρm,n, α, β and γ are �xed so that the island width, measured by ele-tron ylotron emission (ECE), the island position (ECE or soft X-ray SXR) and theradial perturbation �eld strength (Mirnov oils), orrespond to the ones obtained fromexperimental data.The model has been tested and found to give physially reasonable island strutures thatare observable in partile orbits. Preliminary ASCOT results on fast ion on�nementusing this model were reported in EPS 2010 [8℄. Figure 1 shows the island strutures usedin this work.



THW/P3-01

5 6 7 8
−3

−2

−1

0

1

2

3

R(m)

z(
m

)

Figure 1: A Poinaré plot of (3,2) and (2,1) perturbations at φ = 0 in ITER.



THW/P3-013 Numerial model for turbulent di�usion of fast ionsin ASCOTUntil now ASCOT, like most other guiding entre odes attempting to inlude anomalouse�ets, have used di�usion oe�ients D that are either onstants or exhibit some radialand/or energy dependene that is inluded on ad ho basis. Reently a more theory-basedmodel for the di�usion oe�ient has been published [3℄, where the value of the di�usionoe�ient derives from the properties of the plasma bakground and the resulting miro-turbulene. Both eletrostati and eletromagneti turbulene were addressed, and theorresponding di�usion oe�ients, DE and DB, were alulated separately for stronglytrapped and strongly passing orbits. Aording to the model, the e�et of turbulenedoes not fall o� as rapidly with energy as previously thought. Rather, in the ase of ele-trostati turbulene the anomalous di�usion falls o� only as E−0.5···−1.0 (E−0.5 for smalland E−1.0 for large pith angles), and in the ase of magneti turbulene as E−0.5...0.0. Wehave now implemented this numerial di�usion model into ASCOT in order to get morerealisti values for not only the peak power loads on ITER walls but for the neutral beamdriven urrent as well.The traditional way of inorporating non-neolassial transport e�ets into guiding entresimulations is based on the work by Boozer and Kuo-Petravi [9℄. They used a di�usionequation,
∂f
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, (3)derived from the 3-dimensional Fik's law. Here ψ is a radial oordinate and s (ψ) isde�ned so that the volume element of physial spae is d3x = s (ψ) dψ. In this mannerthe di�usion oe�ient D is given in its natural units [D] = m2/s.In ASCOT, di�usion is modelled with a Monte Carlo operator for the radial displaement
∆ρ in time step ∆t:
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2 〈D〉∆t. (5)The �rst, deterministi term gives the mean drift veloity. The seond, stohasti term,where δ = ±1 is a random sign, generates the desired standard deviation to the distribu-tion. The deterministi term seems to be typially at least an order of magnitude smallerthan the stohasti term but, due to its umulative nature, it an still play an importantrole in longer simulations.Initially, Hau� et al. derived the model only for strongly passing and strongly trappedpartiles [3℄. For ASCOT simulations, however, expressions for the di�usion oe�ientsthat are valid for all orbit topologies are needed. The published di�usion oe�ients havebeen extended to arbitrary values of the partile pith ξ ≡ v‖/v and to both large andsmall gyro-radii in Ref. [10℄. In addition to the pith dependene, the di�usion oe�-ients expliitly depend on the partile energy. The miroturbulene enters the di�usionoe�ients in the form of orrelation lengths and, in the ase of eletrostati turbulene,



THW/P3-01

0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

ρ

D
E
 (

m
2 /s

)

 

 

Strongly trapped, ξ=−0.05
Marginally trapped, ξ=0.40
Passing, ξ=0.95

0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

ρ

D
B
 (

m
2 /s

)

 

 

Strongly trapped, ξ=−0.05
Marginally trapped, ξ=0.40
Passing, ξ=0.95

(a) (b)

0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

3

ρ

D
E
 (

m
2 /s

)

 

 

Strongly trapped, ξ=−0.05
Marginally trapped, ξ=0.40
Passing, ξ=0.95

0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ρ

D
B
 (

m
2 /s

)

 

 

Strongly trapped, ξ=−0.05
Marginally trapped, ξ=0.40
Passing, ξ=0.95

() (d)Figure 2: Radial pro�les of (a) DE and (b) DB for three extreme alpha partile orbits. Similarplots for a 1.0 MeV deuteron, () and (d), demonstrate the energy dependenies in anomaloustransport due to eletrostati and magneti turbulene. The disontinuity in the di�usion oe�-ient orresponding to the marginally trapped orbit is due to the hange in orbit topology at thatradius.the E×B veloity. Also the plasma bakground, in the form of loal temperature values,enters the equations for the di�usion oe�ients.For example, the largest di�usion oe�ient in the ase of 3.5 MeV alphas (i.e. largeLarmor radius) is due to eletrostati turbulene and it an be written as
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Eλ̂cλ̂V

12
√

π(1 − ξ2)ξ2

(

E

Te

)−3/2
ρ2

i ci
R0

(6)for passing partiles, and
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(7)for trapped partiles. Here Te stands for the loal eletron temperature, ρi and ci arethermal ion Larmor radius and sound speed, respetively. The radial dependene is viathese loal parameters. The values for the turbulene quantities, the mean magnitude of



THW/P3-01the radial omponent of the E × B drift and the normalized eletrostati potential and
E×B orrelation lengths, λ̂c and λ̂V , respetively, should be determined from experimentsor turbulene simulations.Experimentally the radial orrelation lengths have been measured to be in the range
5 . . . 10 ρs [11℄, while simulations of ITG and TEM turbulene have yielded the value
λc ∼ 6ρs.Sine the fundamental mehanism by whih the di�usion operates is E× B drift, energyshould be (approximately) onserved leaving one degree of freedom in how it is distributedamong v‖ and v⊥. Currently the operator keeps both of them onstant.Figure 2 displays the radial pro�les of DE and DB both a 3.5 MeV alpha and a 1 MeV NBIdeuteron. Sine the di�usion oe�ients are pith dependent, the di�usion oe�ientsare alulated for three extreme orbit topologies: (i) strongly passing (ξ = 0.95, smallLarmor radius), (ii) strongly trapped (ξ = -0.05, large Larmor radius), and (iii) 'marginallytrapped' orbit (ξ = 0.40, large banana orbit width). The term 'marginally trapped'should be taken with a grain of salt beause, for a given partile pith, the orbit ismarginally trapped only in some part of the plasma. The anomalous di�usion is learlymore signi�ant for the NBI deuterons than for the fusion alphas. It is also obvious thatwhile the energy saling of the anomalous di�usion due to magneti turbulene is moreworrisome, its absolute values generally remain small ompared to that due to eletrostatiturbulene. Another interesting observation is that the anomalous di�usion is largest forpassing orbits.4 Simulation resultsThe simulations should be arried out for two di�erent ITER plasmas: Senario 2, whihis a standard H-mode, and Senario 4, whih orresponds to steady-state operation. Inthe earlier, neolassial study, the wall power loads were found insigni�ant in Senario4 and muh larger but still easily tolerable even in Senario 2. The di�erene arisesfrom the di�erent plasma pro�les: in Senario 4, temperature and density pro�les aremuh steeper, whih auses thermal fusions and ionization of NBI partiles to ouronly lose to the plasma ore. Therefore it is expeted that the redistribution of fastions due to non-neolassial e�ets an be partiularly treaherous in Senario 4: driftislands and anomalous transport lead energeti ions to the edge where ripple induedtransport proesses rapidly take them to the �rst wall omponents. However, due tospae limitations we shall here fous only on fusion alphas in Senario-2 whih, wheninluding also thermal load on the wall, is likely to have higher total power �uxes to thePFCs.As desribed in Se. 2, at present the numerial model for magneti islands in ASCOT op-erates in Boozer oordinates that an be applied only in axisymmetri situations. There-fore, in this ontribution, we an only ombine the island strutures with anomaloustransport. However, an alternative approah to magneti islands, where the island stru-tures are inorporated in the bakground �eld, is urrently under work, and the totale�et of islands, turbulent transport and 3D �eld aberrations will be reported in a more
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(a) (b)Figure 3: Toroidally averaged wall loads in (a) axisymmetri and (b) non-axisymmetri ases.The poloidal angle of 100 ◦ orresponds to the divertor. In axisymmetri ase the peak power loadis thus at the divertor, but inluding non-axisymmetry moves the peak to the poloidally extendedlimiters.omprehensive publiation to follow.ITER wall design has undergone several revisions due to the strong geometrial onstraintsimposed on the loation of the ferriti inserts as well as due to �nanial onstraints. Ourearlier studies reported on the power loads on a �rst wall with two limiters, but in thisontribution we fous on a more reent design with a limiter-like struture in every oilperiod. The maximum ripple strength along the separatrix is 1.1%.Figure 3(a) shows the toroidally averaged wall load due to fusion alphas in Senario 2for four di�erent ases: pure neolassial transport (blak), add only turbulent di�usion(red), add only a (2,1) island (green), add only a (3,2) island (orange), and inlude both a(2,1) and a (3,2) island as well as turbulent di�usion. The island strutures are illustratedin Fig. 1 and the turbulent di�usion oe�ient in Fig. 2. The e�et of ripple on fusionalphas in MHD-quiesent plasmas in the absene (green) and presene (red) of turbulentdi�usion is shown in Fig. 3(b). These simulations were arried out using ITER wall designwith 18 limiters so the toroidally averaged power load should give a good indiation alsoof the peak power �uxes to the wall. However, if ITER adopts a smaller number oflimiters, the situation is naturally quite di�erent. This is illustrated in Fig. 4, where a2-dimensional plot of the power �ux to the wall is shown for the 18 limiters and for theearlier wall onstrution with only two limiters. Comments?5 ConlusionsPreliminary results indiate that when ripple is not taken into aount both the islandsand anomalous di�usion have little e�et on the wall loads. However, together with ripple,large islands inrease the wall loads signi�antly. Lukily most of the load is still foundon the limiters. The e�et of anomalous di�usion on the wall loads is small ompared tothat of the islands.
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Figure 4: The power load den-sity on the PFCs for two di�er-ent wall designs: (a) wall with18 poloidal limiters separated by
20

◦ in toroidal angle and (b) wallwith two port limiters loated attoroidal angles 0
◦ and 180
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