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Abstract

Impurity behaviour in advanced scenarios at ASDEX Upgrade and JET has been investigated. For ASDEX Up-

grade improved H-mode plasmas at d ¼ 0:35, accumulation of tungsten and metallic impurities was observed inside

r=a ¼ 0:3 in cases with weak central heating. Central ECRH suppressed the accumulation by increasing the anomalous

diffusion and by flattening the profile of the main plasma density which reduces neoclassical inward convection for the

impurities. These effects are well described by impurity transport simulation and calculated v=D values agree with the

measurements within a factor of 2. In JET reversed shear discharges with internal transport barriers, metallic impurities

accumulate in cases with too strong peaking of the density profile. The peaking increases with the impurity charge and is

low for the low-Z elements C and Ne as expected from neoclassical convection.
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Impurity accumulation occurs when the radial den-

sity profile of an impurity evolves a stronger peaking

than the profile of the main plasma ion. This is usually

observed in the central part of the plasma inside a nor-

malized radius r=a < 0:5. The high impurity concentra-

tion on axis leaves the main plasma impurity content

and the total radiation loss nearly unchanged due to the

small affected volume and vice versa the same impurity

production at the vessel walls might produce largely

different central impurity concentrations. The impurity

sources are located in the edge region of the plasma and

the equilibrium radial gradient of the impurity density ni

at radius r depends only on the ratio of the radial drift

velocity v and the diffusion coefficient D at this radius.

1
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D
: ð1Þ

The diffusion coefficient has an anomalous and a

neoclassical contribution D ¼ Dan þ Dneo and the con-

vective transport, which is a necessary condition for

impurity accumulation, is assumed to be purely neo-

classical with v ¼ vneo. In a simplified treatment, only

collisions of impurity and main ion D are considered

and vneo is for equal temperatures of both ion species

TD ¼ Ti.

vneo ¼ Dneo
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The density gradient term drives an inwardly directed

convective flux, while the temperature gradient yields an
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outwardly directed drift velocity, where the factor H is

always positive and has typical values H ¼ 0:2–0.5.

Thus, the normalized impurity density gradient is

1

ni

dni

dr
¼ 1

nD

dnD

dr
Zi

ZD

Dneo

Dneo þ Dan

ð1 � HgDÞ; ð3Þ

where gD denotes the ratio of the normalized tempera-

ture gradient to the normalized main ion gradient. Eq.

(3) shows, that impurity accumulation can only occur, if

Dan is not too large compared to Dneo for plasmas with

peaked ion density gradient at small gD. In such a situ-

ation elements with higher charge number Z will accu-

mulate stronger than low-Z elements. Dan < Dneo is often

observed in the central part of the plasma [1], however,

sawtooth crashes periodically cause a flattening of the

impurity profile. Advanced scenarios or plasmas with

internal transport barrier (ITB) are thus of special

concern with respect to impurity accumulation, since

possible neoclassical inward convection is not sup-

pressed by the low anomalous diffusive transport or by

the sawtooth instability. In the following, impurity be-

haviour for advanced H-mode discharges in ASDEX

Upgrade and for ITB plasmas with reversed shear in

JET will be described.

1. Improved H-mode discharges at ASDEX Upgrade

In ASDEX Upgrade, almost all tiles of the central

column are covered with tungsten [2], which due to its

high-Z is very critical with respect to neoclassical

transport. The investigated advanced scenarios are im-

proved H-modes, which are characterized by a loss of

the sawtooth activity and generally improved confine-

ment over ordinary H-modes. Tungsten behaviour in

other discharge scenarios can be found in [2]. Improved

H-modes can be performed in quasi-steady state [3] and

the operational space has recently been enlarged to-

wards higher densities by increasing the triangularity of

the plasma shape to d ¼ 0:35 [4]. As in ordinary H-mode

discharges at d � 0:35 without central heating, the

density was observed to peak slowly throughout the

discharge and a very strong peaking of the radiation

power inside a poloidal flux label of q � 0:3 occurred,

which can only be explained by accumulation of tung-

sten and other metallic impurities. In ordinary H-modes,

addition of central ICRH or ECRH had shown to avoid

impurity accumulation and the same recipe was applied

in the improved H-mode scenario.

The effect of central ECRH on the impurity behav-

iour is demonstrated in Fig. 1. Various time traces of the

improved H-mode discharge #15524 with Ip ¼ 1 MA,

BT ¼ 2:5 T, d ¼ 0:35 and constant NBI heating power

PNI ¼ 5 MW are shown. Central ECRH is applied from

t ¼ 2:5–4.5 s with PECRH ¼ 1:2 MW from 2.5 to 3 s and

PECRH ¼ 0:8 MW from 3 to 4.5 s. During the ECRH

phase, the thermal confinement time sE is reduced by

�17% with respect to the pure NBI phase, while the

scaled thermal confinement is only slightly reduced with

sE=sITERH�98pðy;th;2Þ � 1:2. The frequency of the type-I

ELMs changes from fELM ¼ 50 Hz to fELM ¼ 70 Hz. ne,

Te and Ti is depicted for q ¼ 0 and q ¼ 0:5. Only the

central values are influenced with an increase of central

Te and a decrease of central ne. A much stronger effect

is found on the tungsten concentrations cW, which

are derived from spectroscopic measurements. cW at

q ¼ 0:75 is deducted from the W quasi-continuum,

which is emitted from ions around W28þ [5] and cW at

q ¼ 0:1 from a Ni-like (W46þ) line at k ¼ 0:793 nm [6].

Accumulation of tungsten is suppressed by ECRH, i.e.

the central W-concentration is reduced to the constant

edge value of cW � 10�6. After the ECRH phase, cW at

q ¼ 0:1 is steadily increasing and reaches � 3 � 10�5 at

t ¼ 6 s, which is 30 times the edge value. Total and soft

X-ray radiation also evolve a strong peaking in the

phases without ECRH. The total central emission is

 

  

 

Fig. 1. Time traces for the improved H-mode discharge #15524

at ASDEX Upgrade.
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approximately a factor of 4 above the value calculated

for pure tungsten accumulation and we also find a

strong rise of central Fe lines. The soft X-ray data show

m ¼ 1-mode activity without sawteeth, when ECRH is

off. In the ECRH phase there are three minor sawtooth

crashes at t ¼ 2:95, 3.1 and 3.2 s, after the accumulation

has disappeared.

Fig. 2 shows the result of impurity transport simu-

lations for the above discharge #15524. Dashed lines

give radial profiles for a time slice during the ECRH

phase (t ¼ 3:5–4.5 s) and solid lines are used for t ¼ 5:8–

6.0 s, which is at the end of the second pure NBI-heating

phase. Neoclassical impurity transport coefficients were

calculated numerically with NEOART [7–9], which can

include the effect of impurity–impurity collisions for an

arbitrary number of species. The transport simulation

starts at t ¼ 1:5 s with flat impurity concentrations and

the impurity densities at the edge are kept constant

during the simulation. In one case (light grey) only W

was taken into account, while in the second case (dark

grey) additional impurities were considered with �typical�
concentrations of 5% He, 1% C, 0.5% O, 0.02% Fe at the

edge. ne, Te and Ti profiles were taken from measure-

ments and ni followed from the impurity ion distribu-

tions and quasi-neutrality. C, O, Fe and W are in the

plateau regime with W at the Pfirsch-Schl€uuter limit,

while D and He are in the banana regime. The anoma-

lous diffusion coefficient was assumed to be equal for

all impurity species and to decay from edge to center

[10], where the central value was chosen to be Danð0Þ ¼
0:1 m2/s during ECRH and below neoclassical values

during pure NBI heating. These choices are based on

previous determinations of impurity transport coeffi-

cients between sawtooth crashes in sawtoothing H-mode

discharges. Ne, Ar, Kr and Xe was investigated in

purely NBI-heated discharges [1] and recent Si laser

blow-off experiments revealed, that central ECRH with

PECRH ¼ 0:8 MW increases the central diffusion coeffi-

cient of Si to Dð0Þ ¼ 0:1 � 0:05 m2/s, while discharges

with pure NBI-heating or additional off-axis ECRH had

Dð0Þ ¼ 0:04 � 0:02 m2/s. The increased central diffusion

coefficient with the additional central power flux from

ECRH is interpreted to be a consequence of profile

stiffness [11]. Analysis of the local heat diffusivities with

ASTRA [12] yields an increase of central vi and ve. For

q ¼ 0:3 both values change from �0.2 m2/s with ECRH

off to �0.7 m2/s with ECRH on. The calculated values of

v=D are small in the ECRH phase, mainly due to the

rather flat density profile and partly due to the increased

Dan. In the pure NBI-phase, the density peaking in-

creases, while Dan becomes small and v=D reaches large

negative (inward pinch) values inside q ¼ 0:5. In the case

with inclusion of all impurities, the inward pinch is

smaller and the v=D-profile is broader. The simulated W

profile evolves the strongest peaking of all impurities as

expected from Eq. (3). The calculated peaking of W is

smaller than experimentally observed. This can be seen

by comparing the calculated tungsten radiation profiles

with the unfolded total radiation, which shows an even

stronger peaking, even though there have to be large

contributions from less peaked medium-Z metals to the

total radiation. Similarly, the high central tungsten

concentrations at the end of the discharge can only be

simulated when setting the edge concentrations to 2–5

times the measured values depending on the inclusion of

other impurities in the simulation. Perfect agreement can

be achieved with a v=D profile that reaches a minimum

value of )50 m�1. Thus, the main features of the im-

purity flattening with ECRH and the strong peaking

without ECRH are well described by the simulation and

calculated v=D values agree with the measurement

within a factor of 2. It should be mentioned, that also

the evolution of the main ion density can be understood

by a higher anomalous diffusion being connected to

higher v in the ECRH phase. The increase of Dan

counteracts the neoclassical inward drift due to the

Ware pinch [11]. Tungsten has a much higher collisio-

nality and the Ware pinch, which is included in the

simulations was found to yield a negligible contribution

to the drift of W. For t ¼ 5:8–6 s, the Ti gradient is in-

creased and the related outwardly directed drift velocity

is �50% above the value during the ECRH phase. Thus,

the central radiation is still not large enough to change

 

Fig. 2. Measured profiles of ne, Ti, neoclassical transport co-

efficients of tungsten with (dark grey) and without (light grey)

inclusion of additional impurities, used Dan, calculated tungsten

radiation and measured total radiation for two time slices of

#15524. In the lower right corner, a time traces of measured

and simulated central tungsten concentration are shown.
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the temperature screening and to trigger the instability

described in [13].

2. ITB discharges with reversed shear at JET

The behaviour of carbon, neon and metallic impuri-

ties in JET-discharges with an ITB has been investigated

using charge exchange recombination spectroscopy and

emission profiles in the soft X-ray wavelength range

[14,15]. The analysed ITB discharges had a current

profile with strongly reversed shear at the start time of

the main heating power phase [16]. The evolution of very

high central soft X-ray emissions after the barrier

formation was observed, which cannot be explained

by low-Z impurities (Be, C and Ne) mainly emitting

bremsstrahlung in the core. The strong emission must

be due to line radiation of metallic elements and Ni is

assumed to be the predominant metallic impurity. The

radiation from low-Z elements is calculated taking the

impurity densities of C and Ne (for discharges with Ne

puffing) from CXRS into account, where the C emission

is increased by 50% as an estimate for the contribution

from other low-Z elements Be, N and F. Ni densities are

calculated from the remaining difference to the total soft

X-ray emission.

An example for the evolution of C, Ne and Ni den-

sities in discharge #51976 [17] with a high performance

ITB of 1 s duration gives Fig. 3. Before the formation of

the strong barrier, at t ¼ 45:8 s, Ti has an almost con-

stant gradient length for the depicted radial range, and

the impurity density profile is hollow or mildly peaked.

A strong barrier in Ti, Te and ne forms at t � 45:9 s. At

t ¼ 46:2 s, the normalized Ti gradient is increased at a

mid-plane radius of R � 3:5 m. The radius with in-

creased normalized Ti gradient shifts towards larger radii

for the following time slices due to an expansion of the

barrier width and due to the increasing Shavranov shift.

For the later times, the radial region of the Ti barrier

location is depicted by a vertical light grey bar. Inside

that region Ti becomes progressively flat. Here, ne and

the impurity densities develop the strongest gradient and

the radial region with increased density gradients is gi-

ven by a darker grey bar. The impurity peaking increases

with the impurity charge Z and is weakest for C and very

strong for Ni. At t ¼ 46:9 s, the dominant Zeff contri-

bution is due to Ni and reaches a value of DZeff ¼ 1:5 for

Zeff ¼ 3:5 causing a dilution of Dne=ne ¼ 6%. Thus, the

ni profile has not much reduced peaking compared with

ne.

Neoclassical transport parameters were evaluated for

#51976. In Fig. 4(a), the collision frequencies of Ni with

D, C, Ne and Ni are shown for #51976 at t ¼ 46:6 s. The

collisions of Ni with C and Ne are as frequent as the

collisions with D and had to be considered in the neo-

classical calculation. The classical, Pfirsch-Schl€uuter and

banana-plateau contribution was calculated by solving

the coupled equations for the parallel velocities of a four

component plasma (D, C, Ne, Ni) with NEOART using

the fractional abundances of the different ion stages

from the impurity transport code STRAHL. The re-

quired gradients of the densities and of Ti were taken

from the experiment as shown in Fig. 3, where the

deuterium density follows from ne, the impurity densities

and quasi-neutrality. Equal temperature of all ion spe-

cies was assumed. In Fig. 4(b) the calculated radial

Fig. 3. Evolution of the radial profiles of Ti, ne, nC, nNe and nNi

for the discharge #51976.
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profile of vneo=Dneo is depicted for C, Ne and Ni. Close to

the axis (R6 3:35 m) the poloidal field becomes very low,

the orbits of trapped particles are very large and stan-

dard neoclassical theory may not be applied. In the re-

gion with weaker temperature gradient and pronounced

electron peaking (dark grey bar in Figs. 4(b) and 3), the

neoclassical transport is strongly convective with in-

wardly directed (negative) drift velocities. The absolute

value of vneo=Dneo rises with Z as experimentally ob-

served. In the region with the strong temperature gra-

dient (light grey bar in Figs. 4(b) and 3) the drift term is

close to zero or becomes outwardly directed for the case

of Ni. Thus the impurity behaviour can be understood in

terms of neoclassical transport, where the drift velocities

are governed by the ratio of the temperature to the

density gradient. The evaluated values of vneo, however,

have a high uncertainty due to the uncertainty of all the

gradients which enter into the calculation and the

comparison is thus more qualitative.

In reversed shear discharges, which had long ITB

phases of several seconds at reduced performance [18],

strong accumulation of Ni was found in some cases,

while C concentration profiles were almost flat. In such

plasmas, a peaking of the ne profile was observed. For

the worst case, the accumulated Ni caused a maximum

central DZeff ¼ 5 with a dilution due to Ni of

Dne=ne ¼ 20% and central radiation losses approxi-

mately equal to the heating power density. However,

there are also plasmas, which during the late phase of

the discharge develop an ITB with weak ne peaking

which is accompanied by a complete recovery from an

earlier Ni accumulation. Central Ti values are similar to

the first type having only slightly reduced performance.

MHD events, which lead to a sawtooth-like signature of

Te, correlate with a temporal decrease of the central Ni

density during the accumulation. Further investigation

is needed for these phenomena.

3. Conclusion

In improved H-mode scenarios at ASDEX Upgrade

and ITB discharges with strongly reversed shear at JET,

accumulation of metallic and high-Z impurities occurs in

the central part of the plasma in cases with sufficiently

strong peaking of the main ion density. This behaviour

can be attributed to neoclassical inward convection,

which is not counteracted by anomalous diffusion. In

ASDEX Upgrade, central heating with ECRH increases

the anomalous diffusion in the center leading to flatter

main ion density profiles and a complete suppression of

tungsten accumulation without sawteeth.
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