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Abstract In the fully tungsten clad ASDEX Upgrade, the erosion ratetingsten have been deter-
mined at all relevant plasma facing components using festtepscopic measurements. The erosion
strongly increases during an edge-localized mode (ELM)thrdELMs are often the dominant cause
for erosion. A modeling approach was employed to calculaestosion at the limiters and the resulting
tungsten density at the inside of the H-mode edge transporieb (ETB). In the ETB, it is assumed that
tungsten transport is collisional, i.e. behaves like othmaurities [1]. The collisional transport leads to
strong inward drifts and steep density gradients in the BAlidch are flattened during an ELM causing
an efflux of tungsten. The collisional transport in the ETRIso calculated for typical ITER conditions
and the resulting tungsten density profiles are evaluated.

1. Introduction

In a fusion reactor, a central tungsten concentration of 8M10~° increases the minimum
triple product for ignitionnT'7x by 20% and at 1.910~* the ignition condition can not be sat-
isfied [2]. Due to this low concentration limit, a good undargling of the erosion mechanisms,
the edge transport, and the radial transport in the confiteesshya are mandatory to predict and
control the source and the confinement of tungsten. In tietiwhgsten clad ASDEX Upgrade,
these aspects can be studied. The central impurity tranapdithe control of central impurity
accumulation has previously been investigated [3]. H&refacus is on the erosion, the pene-
tration into the confined plasma and the transport in the &dgsport barrier (ETB) of H-mode
plasmas.

In H-mode plasmas with type-l1 ELMs, the tungsten dynamitkeaedge is to a large extent gov-
erned by the ELMs. The tungsten production at the plasmadammmponents is dominated by
the erosion during ELMs mainly due to sputtering by light umiies. Nevertheless, discharges
with a lower ELM frequency have a higher tungsten conceiotnah the confined plasma and a
minimum ELM frequency is required to perform long steadyctarges with constant tungsten
concentration. The ELM frequency is usually increased bygasing the deuterium puff level.
The flushing of tungsten from the confined plasma during th®1Ekeems to be the dominant
effect compared to the expected increase of tungsten ptiodud].

The experimental information is gained from spectroscopeasurements. Tungsten influx
is measured in the visible spectral range using a WI spdatalkat 400.9 nm. Simultaneous
measurements on 38 lines-of-sight are used to quantifyrithexiat all major erosion areas,
i.e. the outer divertor, the heat shield at the inner columa the outboard limiters. New
measurements of ELM resolved erosion rates, which compiepnevious local measurements,
will be discussed in section 2. The W concentratignin the outer part of the confined plasma
is deduced from W-spectra in the VUV region. The quasi-cantm at 5 nm emitted by ions
around W yieldscy, at7,~1.5keV, i.e. well within the ETB [5]. Another quasi-contious
spectral feature around 15nm is presently studied to dyathie concentration of lower ion
stages around ¥W* [6].

It was found that the tungsten source at the outboard limtes the strongest influence on
the tungsten density in the confined plasma. For examplen@ease of the limiter source
by an outward shift of the plasma column yields an increageetungsten density inside the
separatrix by a factor of 3, even though the erosion rateeglirtiter is offset by a~20 times
stronger divertor rate and a decrease of#fZtimes higher erosion rate at the heat shield [4].
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Thus, a modeling approach with an upgraded version of theatlialrimpurity transport code
STRAHL was employed to calculate the erosion, penetratiahexige transport of tungsten
eroded at the limiters.

One important modeling element is the radial impurity tgors in the ETB. Here, the den-
sity profile evolution of helium, carbon, neon and argon wasasured with charge exchange
recombination spectroscopy and it was found that betweev<:lall impurities are subject
to a strong inward pinch leading to steep impurity densitgdgents in the ETB which are
flattened during an ELM. The evaluated impurity transpogfficdents between ELMs are in
accordance with neo-classical theory and cause an incoé#ise peaking with rising impurity
charge [7,1]. Thus, we assume also predominantly neoicés$sansport for tungsten and find
an even stronger peaking than for the light elements. Theetefif the ELM is modeled by a
strong increase of the diffusion coefficient, which leadanfflux of impurities from the con-
fined plasma. Since the code models tungsten and light itngmsuith one run, the efflux of light
impurities onto the limiters can be used to self-consisganbdel the time history of tungsten
erosion by physical sputtering and the radial transportingsten in the plasma edge. A more
detailed version of the paper will follow [8].

2. ELM Resolved Tungsten Erosion Rates
The effect of ELMs on the tungsten influx from the main champlkasma facing compo-
nents (PFC) has previously been determined by fast speopi@smeasurements on a sin-
gle line-of-sight observing one spot in the middle of one -feld side limiter [9] or in
the divertor [4]. The total erosion rates can only be estauat
when the poloidal W influx profiles along the PFC are availableo”

which requires measurements on many lines-of-sight foh eacc 7(a)

PFC [4]. However, simultaneous recording of about 10 spectf I S °
increases the minimum repetition time of the CCD-cameras t§ | &% %ng
about 4 ms, which is often too slow to have enough data poinfs

in the measured time series that are not affected by ELMs.nWR&”" | Ao

adding the spectra of all lines-of-sight on the camera in®%in- 00 07 Ny gy 507
gle bin, the repetition time can be reduced substantialy%ons ‘ ~ during ELVS
for the cameras measuring the limiters and the outer divartd  10: 0 between ELMs
to 1.2 ms for the camera recording the spectra from the insler c¢ | :
umn. The calculation of the total influx rate from the blnne§ o

spectra can be performed when knowing the respective V\Elgﬁt

of each individual line-of-sight in the binned spectrum,ieth s i n
depend on the influx profiles. Thus, the investigated diggsar o.1(0), il

were performed twice, with slower profile measurements é th 2 AF?hm AlRHs ol

first pulse to obtain the required weights.

A series of type-l ELMy H-mode discharges with=1MA, FIG. 1: (a): ELM erosion at
Br=-25T, ¢9s=4.5, Pypi=7.5MW, Prcrg=1.6MW and the main chamber PFCs ver-
(ne)=7.5x10"m=3 were performed, which had slow radiadus erosion at the outer diver-
shifts of the plasma column, such that either the inner calutar. (b): Ratio of the erosion
or the outboard limiters were closer to the separatrix. \ggderate at the heat shield to the
nate flux surfaces byA R, the radial distance of the flux surfactimiters versus the difference of
to the separatrix on the low-field side at the height of the mélg distances of the respective
netic axis and define the distance of a main chamber PFC toctitaponent to the separatrix.
separatrix by the lowest value d&f R on the poloidal shape of

that component. For the limiters, the shifts covered a rakffg,,=4.2-7.2 cm and for the heat
shield ARys=3.2-5.5cm. The ELM frequencygzr,, was varied by applying different deu-
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terium puff levels and covers a rangig; ,,=30-130 Hz. The average energy loss per ELM was
in the rangeAW g ,=19-50 kJ.

A database was formed by dividing the tungsten rate eveolwiaring the radial sweeps into
intervals of 100 ms length and forming mean values for eatérval. An ELM causes a
large spike of the influx rate and for each interval, the dffs¢e ®,;; between ELMs was
evaluated. The difference to the mean valde represents the mean rate during ELMs,
Nw=((®) — ®osr)/ferm is the mean number of eroded tungsten atoms per ELM, and
cerm=((®) — ®,rr)/(®P) is the ELM contribution to the total rate, i.e. the fractioitloe ero-
sion rate, which is caused by ELMs. Fig.1(a) shows the nuraberoded tungsten atoms per
ELM for the main chamber componemgy ., + Nw us versus the eroded atoms in the diver-
tor Ny 4. In the main chamber, an ELM causes an erosion between (20-@0the divertor
value. For the ELM influx contribution at the limiters, the FLerosion dominates and all val-
ues are in a rangg; s ;;m=0.6-0.8 with no trend oW g5, OF frr, i.€. larger ELMs, which
come with lower ELM frequency, contribute as much as fasberer energy ELMs. There is a
trend withARy;,,, and the highest values of;; i, are found at largesh ;;,,,. For the heat
shield,cg ., 15=0.3-0.5 is found without a clear dependencedi 'z, or ARy . These re-
sults agree with the earlier local measurement at the linfitavever, at the heat shield we now
find for cgra, 1s Values which are by 0.2 lower, where the present spectrarnach better data
quality. In Fig.1(b) rates at the limiters and at the heaglshare compared. It shows the ratio
of the respective erosion rates versus the difference afigtances to the separatrix. Positive
values ofARy;,, — ARy represent plasmas, where the outboard limiters are fuathiay from
the separatrix than the heat shield. For the flux between EMs;,,/®w, ns approximately
passes through 1 for about equal distance to the separateix the systematic uncertainties of
the equilibrium reconstructiore{(0.5-1) cm) and the flux measurements (fact@-3). How-
ever, during ELMs substantially more influx comes from théboard limiters and the ratio
is a factor of 4-5 more weighted towards the limiters. Thas,ibn flux and/or the tempera-
tures, which strongly determine the erosion yield, incegdigring an ELM much stronger at the
outboard components than at the inner column.

3. Impurity Transport Model

Modeling of the impurity transport in principle requirestage dimensional code which in-
cludes the impurity production at the limiters and the tpams perpendicular and parallel to
the magnetic field lines. 3D or 2D codes are computationally
very demanding and here, a first approach is done with a 1D ip-
purity transport code. The STRAHL code [10] solves the co
pled radial continuity equations for the flux surface averhg
densities of each ionised stage of an impurity. The code can core
model light impurities and tungsten during one run in orcdsray
more realistic description of collisional radial tungstesmsport N
and tungsten erosion during the ELM cycle. For the ASDEX divertor mmssmm

Upgrade runs, carbon and oxygen were included, while for the

ITER simulations, helium, oxygen and argon were considerelf>. 2: Sketch of the parallel
The background plasma parameters like 7. and7; are input losses and the tungsten influx in
parameters to the code, and the main ion density is calcul&&RAHL.

from the quasi-neutrality condition. For the radial tramgpturbulent diffusion coefficients and
drift velocities are set ad hoc, while a full treatment of tle®-classical transport parameters is
included.

Outside the separatrix, the parallel transport towardslivertor or to the limiting elements in
the main chamber are simply described by volumetric los$és. loss frequency is given by
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the parallel connection length between the surface elesrandt the mean flow velocity of the
impurities towards the surfaces. The SOL is divided intovedor SOL with a large connec-
tion length of 50 m and a limiter SOL with 1 m connection length the divertor SOL, the
collision frequency of the impurities is much larger thaa lbss
frequency, and the impurities are entrained in the deutefiiow,
which is described by the adiabatic acoustic ion speed and &n
average Mach numbey/. The Mach numbed/ is set ad hoc E ;
and constant throughout the entire SOL. . 3'3(1) S

The neutral impurities start at the limiter tip witkr;,,,. They 100f

10.00F W #22901 |

1.00} . i

]

have a constant radial velocity and their density decaysltgd " 100l .

according to the rate for electron impact ionisation. Ferlipht & ;ggg; @ﬂ
impurities, the neutral impurity influx rate is setad hoced the ~ ~ -498|

desired impurity concentration in the confined plasma. Qetap 10 5 0 5
recycling at the limiters can be included by adding the lasss sep €M)

onto the limiters to the influx. For tungsten, the code calad

the source rate of W using erosion yields for physical spage FIG. 3: Profiles of impurity
To this end, the rate of ions that are lost to the limiters idtimudiffusion coefficients and drift
plied with the yieldYy, (E, m) and the sum over all charge stag@arameters for the modeling of
of all elements yields the total influx rate. The yield depend AUG discharge #22901.

the energy and the mass of the impinging ions. The energyeof th

impinging ions is approximated by the value for a collisiess deuterium plasma [11], which
yields E=kg(2T; + 3ZT,) for T;=2T,. The first term is the average ion energy at the sheath
entrance and the second term is due to acceleration witkishibath. The yield is calculated
with the revised Bodhansky formula as given in [12]. The gpalistribution of the sputtered
W atoms is assumed to be a Thompson distribution [13] withsaaswular distribution. For
tungsten, also the fraction of promptly redeposited iorealsulated. These ions immediately
return to the surface during the first gyration after ion@aand are removed from the erosion
source.

The elements of the radial transport

model are depicted in Fig.3. In the #22895(f, \,=100H2)

phase between ELMs, the anomalous | Il (@)

diffusion coefficient was reduced in the 1ﬂ/\/\

ETB to DET'B being well below the colli- o glsoms | [[a=000ms \[[a-025ms
Z»

sional diffusion coefficient of all impuri- = Il

ties (solid black line). In Fig.3 it is about™g 1/\\rN\A \JlA
a factor of 10 below the collisional val- =z gatossms [at=12ms ¥ [at=2.2ms
ues where W has the largest diffusionco- 4 | I | I |

efficient. The curves in color show the 1\//L -
sum of anomalous and collisional contri-  j[a=a.oms |A][a=6.9ms | .|[average

0
butions for each element. The drift ve- 20 10 02010 020-10 05 0 2 & 5 810
locity is purely collisional. The value of

the drift parameten,..,/D in this phase FIG. 4: Fig.(a): The modeled evolution of the total

ﬁre s:own in the -|OW6rd|bOZj(., Whe(;ed ‘W densityny, during an ELM cycle of 10 ms duration.
as the strongest inwardly directe r%SOLzl m?s~! and DETB=0.032 n?s~! was used. The

p_arameter. Thg minimum is just NMower right frame shows the temporally averaged profile.
side the separatrix. Fromer,.,+0.5cm

Fig.(b) depicts the time evolution of the tungsten sputter-

t0 r=ry,+1.5¢cm, the anomalous diffus, a1 ¢ and the effective souras(1 — Sredep)-

sion coefficient is increased to a secon

()]
)
(D(l'fredep)

10197
=

les'Rsep,Ifs
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plateauDso . During a sensitivity scan (see below)go;, and DETB was independently var-
ied and the boundaries of the according, profiles are indicated by the dashed lines. An ELM
is induced by a sudden switch-on of a large diffusion coeffitin the edge (upper black curve),
which decays linearly in time within 1 ms.

An example of the modeled density evolution of the total &teg densityny,, during an
ELM cycle of Atrr,,=10 ms duration for discharge #22895 is shown in Fig.4(a)reHthe
settings for the two plateaus of the turbulent diffusionficient were Dgo;=1n?s™! and
DETBE=0,032nis™!. The radial co-ordinate is the distance to the separatriketow-field
side equator. All impurities are in quasi-equilibrium, itbe temporal average density over an
ELM cycle (n) is constant in time. The profile éf.,,) is depicted in the lower right box and the
other boxes show various time poinis$ with respect to the start of the ELM. The gradients of
the strongly peaked edge profile/sat=0 ms are flattened in the first few 106 after the start of
the ELM. At the same time the tungsten sputtering flateses as is shown in Fig.4(b), however,
the prompt redeposition leads to a much smaller increadeedaéffective sourc@®(1 — f,caep)-
After At=1ms, the edge gradient recovers till the start of the nexEAt a major radius of
~-1.2 cm inside of the separatrix, a peak of the density eghbich is due to a maximum in
thewv/ D profile with slightly positive (outward directed) value of tn—".

4. Modeling of ASDEX Upgrade H-mode discharges

The model was applied to three discharge phases with diffeleuterium puff level®, and
ELM frequencies. The model has previously been applied ¢sdldischarges [14] in order
to find one consistent solution, without studying the deeeice
on the above mentioned parameters. Another differencere4th
spect to [14] is, that on top of the turbulebPk, ., PS transport
coefficients were used within the divertor SOL, which hasnbeg. 52|
avoided in this work. g
In order to understand the main dependence of the mode[éqo-a
tungsten confinement on the ELM frequency, the perpendicu- )
lar and parallel transport parameters, an independentdhe 1040 ‘
ELM frequency withfz,,=25, 50, 100, and 200 Hz, the inter- 104 10° 102 10
ELM anomalous diffusion coefficient9272=0.01, 0.0316 and "p.regl®]
0.1nts™!, Dgor=10.1, 0.316 and 1 As 'and the average Mach

number/=0.033, 0.1 and 0.3 was performed. The transpbHfs- S Regression of the
model for each input parameter set was solved until temp®&ficle confinement time of
quasi-equilibrium of all impurities was reached. Finalhe scan tungsten7, on the ELM fre-
was repeated using the background profilesT, and7; of all duency, the average parallel
three discharges. For each setting, the particle confinetineg 0SS time from SOL to divertor
of tungstenr,=(Ny)/(®y) was calculated from the average7sor—div)) and the SOL dif-
number of tungsten ions in the confined plasf&;) and the fusion coefiicientDsor. The
neutral production rate at the limite@y;). A regression of;,, dashed lines denote a factor of
on f51.u, the spatially and temporally averaged parallel loss tifdeviation from the regression.
from SOL to divertor((7sor—4iv)) @nd Dsor, describes all val-

ues within a factor of 2 as is shown in Fig.5. It yields1.4<1072s fz7 1, ((Tson—aiv)) D%,

for [ferm]=s", [({Tsor—div))]=S and[Dsor|=m*s~!. The dependence abZT5 was negligi-
ble, since this parameter was only scanned in a range, whereeo-classical diffusion co-
efficient is dominant. Thusy, increases almost linear with decreasifyg,,, and increasing
({Tsor—aiv)), While the dependence dngo, is very weak. The effect of the SOL diffusion is
twofold, driving a radial flux from the source location to timside as well as to the outside.
The weak dependence dngg;, in this parameter range reflects the behaviour of the aralyti

101

1
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cal solutions of the impurity transport equation [15,16hieh can be calculated for the simple
situation with temporally and spatially constabto;, 7sor—.4i» @nd source rate. Thus, when
knowing an experimental value fey at a given ELM frequency, the most solid modeling out-
put is the parallel loss time in the SOL provided that the ahtiansport during the ELM is
well described. However, lower values bfso;, produce more strongly peaked profiles near
the source radius. The density profile near the source rédisi® characteristic decay length
Asor.aiv=V DsorTsor—ai» @nd high impurity concentrations appear at the sourceitotat

The model was applied to three H-mode discharges, fyith; =50, 100 and 200 Hz, where the
erosion rates and the concentration inside the pedestarénown. Due to the weak depen-
dence ofr, on Dso 1, the parallel losses were tuned to fit the measured contiemsafcyy s
atr/a ~0.8 for three values db5o,=0.1, 0.32 and 1 As! and fixedDZ75=0.032 nis~!. For

the case with the lowest ELM frequency, the variation of the

inter-ELM diffusion coefficient in the SOL has the strongiest '

fluence on the temporal averag®so,) during the ELM cy- 3r f  =50H7
cle. Here, the increase dbso;, by a factor of 10 needs thess™ ELM ]
largest change if{7so1—.4iv)) @nd can be compensated by a fagE )
tor of 2 decrease of(7sor—aiv)) t0 get the same particle con-“'c‘_g|
finement time (the W confinement would increase with increass
ing Dgsoy, at constant(7sor—aiv))). The (ny) profiles for the 531- . .
three Dgo;, cases are shown in Fig.6 for #22901. The profile
for Dgo;, =0.1n?s thas a pronounced maximum around the .
source radius, and also for C and O very large concentrations _ 0
around the source are found which might even lead to vialatio “sep
of the quasi-neutrality shortly after the ELM. Thereforecls

low Dgo;, values are less probable. Furthermore, measuremé&iis 6: Modeled radial pro-
of the ny decay lengths in the limiter shadow [17] of 5mm files of (ny) yielding the
also point in the direction of larger diffusion coefficients measured W concentration at
Besides, the SOL transport issues, a strong effect of the &M r/a = 0.8 for the measured W
guency on the average impurity gradient is found. For desnga influx for three different levels
ELM frequency, the ratiqnw,o)/(nw.sep) Of the W density at of the inter-ELM diffusion co-
r/a = 0.9 to the separatrix value increases somewhat strongféeient in the SOL.

than linear, rising from 3.9 to 21. The suppression of theclassical W peaking due to ELMs
depends on the strength and the duration of the increasksidif in the model and details
can only be tested by impurity density measurements aradumdETB with good spatial and
temporal resolution. Fast measurements of W concentsatiovund the ETB are very difficult
and the method is still evolving [6]. In the present approathELMs are identical in terms
of transport coefficient increase. Each ELM reduces thedtemgcontent byA Ny, /( Ny, )=7-
11%. This flushing of tungsten becomes strongest, when thgtgiénside the pedestal top and
in the SOL differs most. Finally, the prompt redepositioduees the tungsten confinement by
a factor of 2.5-3 for these discharges wigh=-2.5T.

5. Impurity transport in the ITER H-mode edge transport barr ier

The focus in this section is on the perpendicular transpoitté ETB and the consequences of
a dominantly neo-classical impurity transport in the ETBween the ELMs. An attempt is
made to calculate the average peaking of tungsten in the ETBER plasmas for different
ELM frequencies. Itis an estimate for an ITER with tungst&iCB in the main chamber, which
might become relevant at a later stage of the ITER operatiiba.calculations are for the ITER-
FEAT reference scenario for inductive operation. The pedlésp values, that fulfill thé€)=10
requirement ard, ,.,=T; ,.a=4.8 keV, andn, ,.,=7.8x10' m—3 [18]. Pedestal profiles were

T
#22901
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added assuming a scaling of the pedestal width Wi [19].

Fig.7 shows the calculated neo-classical transport caeitie be-
tween ELMs and the assumed anomalous profiles of the difiusio 10
coefficientD and of the drift parameter/D. Additional impurities & *
which contribute to the collisional transport of tungstea helium 3 0%’
with a concentration ofy. o 9=2%, oxygen withc o 9=0.9%, and Ar  o.001}
with ca, 09=0.05%. The neo-classical diffusion coefficiedf,., in <+ o
the ETB is shown for each impurity. The valuesof,, are in the £ -20¢ 'S 7

S 401

range 0.01-0.03 s~ 'and thus more than an order of magnitude be= ol

[m

low the typical values in ASDEX Upgrade. In order to have a dom %0 -20 -1g 0
inant neo-classical impurity transport in the ETB the tlebii diffu- e
sion coefficient is reduced from 1%st'at the pedestal top to an O'FIG. 7 Profiles of

der of magnitude smaller values than,.,, i.e. 1x10~2 m?*s~lin the
ETB, and increased again to 0.8sn'in the SOL in order to avoid ..o s and drift parame-
very small characteristic length scales in the divertor SGie ELM ters for the modeling of
is again induced by the same recipe as before (upper blatvie)cugdge transport in ITER-
a sudden switch on of a large diffusion coefficient decayingdrly FEAT
within 1 ms.

The maximum permissible ELM energy loss in ITER is about
AWgrv=1MJ. A rough estimate of the ELM frequency can be oy
gained from the assumption that 1/3 of the power transported f
across the separatri¥,., is exhausted within ELMs [20]. Us-"-’gl-
iNg Pheat=120 MW and P, .4, core=0.25P;cq: Qives Ps.,=90 MW and SO
ferm=30Hz. A scan of the ELM frequency was performed usings |
ferm=33 Hz as the highest value and going dowrft@,,=5 Hz. For 53 I
the case with highest ELM frequency, the influxes of oxygeth @n I ]
gon were set to have concentration ,=0.9% andcx, .9=0.05%. 0 ‘ N
For Helium we considered the source due to fusion in the cedfin =3¢ %, 1.0
plasma, 100% recycling at the limiters and divertor reqygliwhich P

was calculated with a simple divertor chamber model whigtdbes FiG. 8. w profiles in
the pumping and recycling with decay times [21]. The par@set,e |TER edge averaged
of the decay times were set to get a global confinement timeeoffjer one ELM cycle. The
Ti1e=(Nie) / Pue rus Of about 5 times the energy confinementtime rofiles are for differ-
For the other ELM frequencies the O and Ar influxes and the-regy; g| v frequencies and
cling model for He was left unchanged. Fig. 8 shows the matlelg, normalised to a pre-
(nw) profiles at the edge for the different ELM frequencies. Abprgcrined effective  source
files are normalised to the same tungsten source rate. TORIEBDYY (a0 (¢(1 — f,.4.,)).
densities can not be predicted and we just concentrate opeidle .

ing within the separatrix. The peaking is very low at the leigfrequencies and only changes
remarkably when decreasing,, to 10Hz. At fz;,,=10Hz the tungsten peaking across the
pedestal iSnw.0.9)/(nw.sep) =6 and atfz1=5Hz the peaking factor is about 14. These val-
ues are in the range of peaking factors calculated for the BSDpgrade ETB at about 20
times higher ELM frequencies. For argon and oxygen, theipgak even weaker. Thus, the
neo-classical impurity peaking in the ETB seems to be of niowler importance in ITER due
to the low neo-classical transport coefficients leadingguildration times much longer than
the ELM repetition time, where it is assumed that the ELMSIBER are effectively weakening
the impurity gradient in the ETB.

impurity diffusion coeffi-

)E4.4x101971 |

redep
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6. Conclusions

Fast measurements of the total erosion rates at the plasing 'omponents in ASDEX Up-
grade have shown that at the outboard limiters¥0)% of the erosion is due to ELMs, while
at the inboard heat shield the contribution is lower at allef/§40+10)%. The ELM contribu-
tion does not depend on the energy loss during an ELM, i.e. fleguent larger ELMs cause
the same contribution as more frequent smaller ELMs. The edbutboard to inboard erosion
rates decreases, when the plasma is shifted to the inboandvier, the balance is different
during an ELM and between ELMs with a stronger outboard doution during an ELM.

For tungsten, the transport in the ETB is dominated by thecetif Coulomb collisions, since
it has an even higher collisional diffusion coefficient ththe light elements, for which the
agreement with purely collisional transport could be deduitom direct measurements. The
collisional transport produces a strong inward pinch arespective peaking of tungsten which
is relaxed during an ELM. When modeling the edge transpokSDEX Upgrade with a 1D ra-
dial transport code, that treats the parallel losses in @le\8ith volume loss rates, the impurity
confinement time shows a strong reduction with increasiniyl Elequency as experimentally
observed. However, there is an equally strong dependenteeocharacteristic parallel loss
time in the SOL, which is at present not well known and recuftether measurements to re-
strict this parameter in the model. The dependence on thesatif coefficient in the SOL is
very weak and can hardly be determined from measured cordimeimes.

In the ETB of ITER, the collisional impurity diffusion coetfent is about a factor of 20 smaller
than in ASDEX Upgrade. Thus the time to build up a strong edgelignt is substantially
longer, however, the ELM frequency has to be kept high (adld20+30 Hz) in order to achieve
small ELMs. Thus, the average edge peaking will be quite lsqmadvided that the ELMs do
not lead to a much smaller increase of the effective diffusioefficient than used in the model.
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