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Abstract Impurity transport parameters of Si and Ne have been determined for H-mode and improved
H-mode plasmas with and without central wave heating. The diffusion coefficientD is always anomalous
in the edge region and about neoclassical in the centre, when central heating powers are low. Sufficient
central wave heating increases the centralD and leads also to a flattening of the central density profile.
Accumulation of W has been studied in improved H-mode discharges. It strongly depends on the density
peaking, and can become severe for purely NBI heated discharges with peaked density profiles, while for
flat density profiles, which are achieved with sufficient central wave heating, the W concentrations are
flat. Extrapolations of the found impurity behaviour were used to guide a case study of particle transport
for the ITER-FEAT inductive operation reference scenario. It suggests sufficient anomalous transport
and thus negligible impurity accumulation in the inner plasma region.

1. Introduction
The control of central impurity accumulation by central heating with ECRH or ICRH, which
has been developed at ASDEX Upgrade [1], is now a well established experimental control tool.
A centrally peaked density profile is accompanied by density peaking of the impurities, which
becomes very strong for the high-Z elements like tungsten. This central peaking vanishes when
adding a sufficient amount of central wave heating. This valuable tool is especially important
in discharge scenarios without sawteeth, e. g. improved H-modes. The present understanding
attributes the flattening effect to an increase of the turbulent transport. The temperature profiles
in ASDEX Upgrade discharges without internal transport barrier are generally observed to be
self similar[2–4]: an increase of central heat deposition profiles thus leads to an increase of the
central heat diffusion coefficientχ and anomalous diffusion coefficient for main ion [5,6] and
impurities [7]. This increase of anomalous diffusion counteracts the neoclassical inward pinch
effects, like the Ware pinch for the main ions, and the impurity inward pinch caused by the main
ion density peaking.
This paper describes experimental determinations of the impurity transport coefficients of Si
and Ne in H-mode and improved H-mode discharges, where the change of the transport co-
efficients with the addition of on- and off-axis wave heating was investigated. The transport
experiments are complemented by investigations of the effect of central wave heating on the
central concentration of C and W in improved H-mode discharges. Finally, the present un-
derstanding on central impurity transport is projected to the ITER-FEAT reference scenario for
inductive operation using particle transport calculations for different assumptions on anomalous
particle transport.

2. Impurity Transport Experiments
In type-I ELMy H-mode discharges, direct measurements of the transport coefficients of silicon
were performed using Si laser blow-off (LBO) [7]. The Si density profile evolution was inferred
from the signals of two soft X-ray (SXR) cameras. The Si density evolution after LBO is fitted
by the numerically calculated solutions of the radial transport equation. The transport induced
by sawtooth crashes is treated by assuming a complete flattening of the impurity density inside
a mixing radius at the time of the sawtooth crash. Thus, the evaluated impurity diffusion coef-
ficient represents the transport between the sawtooth crashes. The experimental effective heat
diffusion coefficientχe f f was evaluated with ASTRA [8]. Deposition profiles of the electron
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Figure 1:Measured and neoclassical diffusion coefficient of Si, measured effective and neoclassical ion
heat diffusivity, for a series of H-mode discharges at ASDEX Upgrade with NBI heating (PNBI=5 MW)
and additional ECR heating at different radial positionsr=0.075 m, 0.13 m, and 0.43 m (PECRH=0.8 MW).
The various power deposition profiles are shown in the right graph.

cyclotron waves were calculated with the TORBEAM code [9], which uses beam tracing tech-
niques [10] to describe propagation and absorption of the beam including diffraction effects.
The ECRH profile is approximated by a Gaussian in ASTRA.Dneo for Si andχi;neo were nu-
merically calculated from standard neoclassical theory [11] using NEOART [12,13] considering
a ’typical’ impurity composition with 5% He, 1% C , 0.5% O, and 0.1% Si. Neoclassical values
are only shown forr > 2r potato, wherer potato is a simple estimate of the width of the potato
orbit passing through the magnetic axis.
Fig.1 shows the results for a series of type-I ELMy H-mode discharges with 5 MW of NBI
heating (D!D+) without/with 0.8 MW of ECRH at different plasma radii. The plasma radius
r shall be defined by the volumeV enclosed by the flux surface, i. e.r =

p
V=(2π2Raxis). The

discharges with NBI only and ECRH atr=0.43 m show a similar radial dependence ofD and
χe f f. Inside ofr�0.15 m, the Si diffusion coefficient equals the neoclassical value in both cases
andχe f f is belowχi;neo. For r>0.15 m,D increases with radius and atr=0.4 m, it is about an
order of magnitude aboveDneo. These discharges have also the highest inward pinch parameter
v=D. There is a drastic change of the transport parameters for the cases with central ECR
heating.χe f f rises by up to a factor of 10 for radii greater or equal to the deposition zone, while
the local change ofχe f f is small at the edge due to the small change of total heating power
by ECRH. In the core, also the measured diffusion coefficient of Si increases with additional
central ECRH by a factor of 3 to 4.5 to values aroundD=0.3 m2/s, which is a factor�3 above
the neoclassical level. In the radial range aroundr=0.4 m, there is only a minor change between
the different heating scenarios.
In another series of H-mode discharges, where the sawteeth were suppressed by 0.8 MW of co-
current ECCD atr=0.2 m or 0.8 MW of central counter ECCD, similar results were obtained.
The central diffusion coefficient was about a factor of 10 aboveDneo for central ECCD and
approximately equal toDneowith pure NBI heating. In a discharge, which only had central ICR
heating with similar maximum power densities in the centre as in the ECR heated cases, a cen-
tral diffusion coefficients ofD�2�Dneo was measured, while off-axis ICRH yieldedD�Dneo.
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Figure 2: Measured and neoclassical diffusion coefficientD and drift parameter v=D of Ne for two
improved H-mode discharges at ASDEX Upgrade with NBI heating (PNBI=7 MW) and additional ICR
heating ofPICRH=3 MW in #19090 andPICRH=5 MW in #19089.

In the plasmas of all these series, where anomalous transport was dominant, the measured in-
ward pinch parameter v=D was low [7].
The effect of central ICRH on impurity transport was also studied for Ne in improved H-mode
discharges [14]. Densities of fully ionised Ne were obtained from charge exchange recom-
bination spectroscopy (CXRS). For a Ne puff of 20 ms duration, the measured density evo-
lution on the 6 innermost channels of the CXRS diagnostic withr=a below�0.5 were fitted
to obtain the transport coefficients. Fig.2 shows the results for two deuterium discharges at
Ip=1 MA, q95=3.8, triangularityδ=0.23 and line averaged densities ¯ne�5.5�1019m�3 which
equals 0.42 of the Greenwald density. Heating powers werePNBI � 6:5 MW andPICRH� 5 MW
in #19089 andPNBI � 7 MW andPICRH� 3 MW in #19090. In the discharge with lowerPICRH

(#19090) the fitted central diffusion coefficient is about a factor of 2 lower than in #19089. In
#19090, the impurity transport is more convective, i. e. higher absolute values of the drift pa-
rameter v=D are measured. The drift velocities are negative, denoting and inwardly directed
drift. The measurements are compared with neoclassical transport coefficients as calculated
with NEOART. The neoclassical diffusion coefficient is very similar in both discharges, how-
ever, there is a much stronger neoclassical inward pinch parameter vneo=Dneo in #19090. This
difference in the neoclassical inward pinch reflects the differences in the density profiles. For
#19090, the density profile is peaked withinr=a�0.5 andne(0) = 2ne(r = a=2), while it is only
ne(0) = 1:3ne(r = a=2) for #19089.
For this pair of discharges, a strong difference was also found for the tungsten behaviour. The
tungsten concentrations are derived from two spectroscopic measurements. Towards the plasma
edge, the intensity of the W quasi-continuum around 5 nm, which is emitted from ions around
W28+ [15], delivers the concentrationc1keV

W for the plama radius withTe of about 1 keV, and
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Figure 3:Ratio of central and edge tungsten concentration versus density peaking for improved H-mode
discharges.

the intensity on a Ni-like (W46+) line atλ=0.793 nm [16,17] is used to deduce the central con-
centrationc3keV

W at Te�3 keV. For #19089, both concentrations are low atc1keV
W =8�10�6 and

c3keV
W =5�10�5, while central tungsten accumulation is observed in #19090 withc1keV

W =7�10�6

andc3keV
W =4�10�4. For #19090, the values are taken just before the Ne puff, sine it leads to a

reduction of centralTe below 2.5 keV, such that central line emission from W46+ becomes low,
while the emission region of the quasi-continuum is considerably shifted towards the centre. It
should be mentioned that the electron density peaking is not caused by the W accumulation,
and the electrons from W are still below 2% in #19090.
The Z-dependence of the peaking amplitudes of Ne and W is quite remarkable and is in ac-
cordance with earlier observations of the Z-dependence of impurity accumulation in H-modes
and internal transport barrier discharges [18–20]. Taking the measured v=D-profiles from
Ne, one can derive the peaking of the steady state Ne concentration profile, which yields
cNe(0)=cNe(r = a=2)� 1.7 for #19089 andcNe(0)=cNe(r = a=2)� 3.5 for #19090. For W, how-
ever, the concentration ratios arec3keV

W =c1keV
W �6 for #19089 andc3keV

W =c1keV
W �60 for #19090.

3. Impurity Control in Improved H-mode
The use of central wave heating as a control tool to flatten the main ion density profile and to
avoid tungsten accumulation has previously been shown for dedicated improved H-mode dis-
charges [21,22]. Additionaly, a strong influence of central wave heating on the central impurity
peaking became evident from an anlysis of the central radiation profile [21]. In Fig.3, the sen-
sitivity of tungsten accumulation on the density peaking is shown for a broader data base of
improved H-mode discharges, containing purely NBI heated plasmas (circles) as well as dis-
charges with additional ECR- (diamonds) and ICR-heating (squares). Filled squares are used
for plasmas withPICRH � 0:5PNBI and filled diamonds for cases withPECRH� 1 MW. The ra-
tio of the two spectroscopically determined tungsten concentrationsc3keV

W =c1keV
W covers a wide

range from about 1 to almost 100, with a very strong dependence on the density peaking, which
is given by the ratio of density on axisne(0) and densityne(0:8) at poloidal flux labelρpol=0.8.
Highest density peaking and strong tungsten accumulation is found for purely NBI heated dis-
charges or discharges with lower amount of wave heating, while the other extreme case of flat
density and flat tungsten concentration profiles occurs for discharges with sufficient wave heat-
ing. Additionaly, carbon concentration profiles have been measured in improved H-modes with
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Figure 4: Predictions for density and temperature profiles in ITER-FEAT for theQ= 10 reference
scenario with inductive operation using GLF23 [8].

CXRS [14]. Here, the effects are of course less dramatic compared to tungsten but show a
similar trend with density peaking. Central values ofcC=3% are reached in cases with peaked
density profiles which are reduced to the 1% level for flat density profiles with sufficient central
heating.

4. ITER Predictions
The findings of the above sections are promising with regards to impurity transport in a burning
reactor, sinceα-heating provides a centrally peaked power deposition profile. The expected
α-heating power densities of about 1 MWm�3 are considerably lower than the few MWm�3,
which were achieved with the central wave heating used in the reported experiments (see Fig. 1).
However, due to the increased size of the reactor by a factor of about 5, heat flux densities will be
of comparable size at about 1/10 of the minor radius. It remains open, whether the temperature
gradients in the reactor will become critical at a sufficiently small radius to drive the central
energy and particle transport anomalous. If this assumption holds, then He ash removal from
the core would be sufficient and the equilibrium concentration profiles of impurities originating
from plasma facing components, which solely depend on the drift parameter v=D, would be
flat. The main ion density profile might even be peaked due to the anomalous inward pinch,
which has been shown to become important for low collisionality plasmas [23]. However, as
long as turbulent transport prevails, impurity accumulation is not expected to occur and was
never detected in plasmas with dominant anomalous transport.
This is illustrated with impurity transport calculations for the ITER-FEAT reference scenario
for inductive operation. The starting point is a calculation of heat and particle transport
using the ASTRA code [8,24]. The main parameters are:R =6.2 m, a=2.4 m, BT=5.3 T,
Ip=15 MA,Uloop=0.075 V,PNBI=40 MW,Pf us=400 MW. The anomalous fluxes of electrons and
heat are calculated with the GLF23 code [25], which is based on ITG/TEM physics. GLF23
does not treat impurity transport and only diffusive transport of Helium is considered, with
Dan = (χi + χe)=2. Dilution and radiative losses by Be(2%) and Ar(0.12%) are included us-
ing fixed concentrations. In Fig.4, the resulting profiles ofne, nDT = nD + nT , nHe, Te, and
Ti are shown with the anomalous heat diffusion coefficientsχi andχe. There is an inwardly
directed particle drift, which leads to the peaking ofne andnDT . The transport coefficients are
not delivered by GLF23, which just returns radial fluxes.
In the next step, impurity transport is considered for He, Be, Ar and W inside ofr=a=0.8.
All elements are given a fixed edge concentration:cHe = 2:3%, cBe = 2%, cAr = 0:1%, and
cW = 0:001%. The anomalous diffusion coefficient is given a very simple shape with constant
levels forr < 0:7 m as well as forr > 1:2 m, which are linearly interpolated for 0:7 m< r <
1:2 m, and at the beginning, the inner and outer levels are chosen to be atDan;in =0.2 m2/s and
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Figure 5:Simulated density profiles of D+T, He, Be, Ar and W in ITER-FEAT for theQ= 10reference
scenario with inductive operation using different assumptions about anomalous impurity transport. 1st
column: dominant anomalous transport in centre as in Fig.4 withDan andvan equal for all ions. 2nd
column: dominant neoclassical transport in centre. 3rd column: dominant neoclassical transport in
centre and Ware pinch switched off. 4th column:Dan andvan scale with1=Z. The second row gives
anomalous and neoclassical diffusion coefficients for column 1-3, and total diffusion coefficients for
colum 4.

Dan;out =1 m2/s, which approximately reflects the GLF23 profile of(χi+χe)=2 from Fig.4. The
anomalous drift velocity van is adopted to fit thenDT profile, which was calculated by GLF23.
Dan and van are assumed to be equal for all ions.Dneo and vneo for the 6 components D, T, He,
Be, Ar, and W is calculated with NEOART. The transport of all ions is calculated,ne follows
from the condition of quasi-neutrality, and the profiles ofTe, Ti , and consequently also of the
fusion reaction coefficient are kept fixed.
Fig.5 shows the equilibrium density profiles, the diffusion coefficients, and the radial shape of
the impurity concentrations normalised to their edge value for four different cases. In the first
column, theDan levels were taken at about(χi +χe)=2 as given by GLF23. He is slightly more
peaked compared to Fig.4, since the anomalous drift has been taken into account.Dneo is below
Dan for all species and all radii, and neoclassical transport has almost no influence. SinceDan

and van are equal for all species, the concentrations of Be, Ar and W are radially constant.
The profiles of the second column are calculated for the case of a low anomalous diffusion
coefficient in the inner region, i. e. lower than the neoclassical value of all species. It represents
the worst case estimate with respect to He removal and neoclassical impurity accumulation. For
He, the additional peaking is predominantly caused by the central fusion source at the lower
diffusion coefficient, which requires a larger gradient to maintain the radial flux. For the other
impurities, the central peak in the concentration is caused by the neoclassical inward pinch,
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and rises with the impurity charge. D and T are still peaked in the inner region, even though
the anomalous inward pinch plays no role. This is due to the neoclassical Ware pinch as is
demonstrated in the third column. Here, the Ware pinch was switched off by artifically setting
Uloop to zero. The main ion peaking in the neoclassically dominated radial range disappears,
the drive for the neoclassical peaking of Be, Ar and W is lost, and their concentration profiles
are almost flat. Only for He, the profile is nearly unchanged, since here the peaking was mainly
caused by the central fusion source. A strong dependence of turbulent diffusion on impurity
mass or charge has not been found experimentally. Nevertheless, the influence of an anomalous
diffusion coefficient, which decreases with impurity charge is demonstrated in the 4th column
to include a more unfavourable case for the accumulation of high-Z elements. Here, only the
ratio van=Dan is taken not to depend on impurity charge. For D and T, the same levels as in the
first column are chosen, and for the other impuritiesDan shall be proportional toZ�1. Here, D,
T, and Be are similarly peaked due to van, while the high-Z elements feel the neoclassical pinch,
which is driven by the peaked low-Z elements. The He profile is not strongly influenced.
As long as turbulent transport is dominant, no impurity accumulation is expected from present
experimental experience, which tells, that van=Dan does not increase significantly with ion
charge. Only for very low anomalous transport, central accumulation of high-Z elements is
found, which is driven by the peaking of the main ion species due to the Ware pinch. Since the
loop voltage and consequently the Ware pinch are quite low in ITER-FEAT, even a low amount
of anomalous diffusion is sufficient to control the neoclassical peaking. The GLF23 results for
inductive operation without a central transport barrier suggest sufficient anomalous transport,
even in the inner plasma region.
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