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Abstract. The neoclassical transport of tungsten in the H-mode edge transport

barrier of ITER is investigated and scaling relations for the transport coefficients are

evaluated. The major finding is that the radial convection velocity of tungsten is

outward directed for a large proportion of the tested pedestal profiles. This is due to

a combination of the high pedestal temperatures and the high separatrix densities

making the outward directed temperature screening term to be the predominant

contribution of the collisional convection. The high densities at the separatrix are

needed to control the power exhaust and the tungsten sputtering in the divertor and

the high pedestal temperatures are expected to be achieved in ITER to meet its

fusion performance objectives. The density and temperature profiles, which deliver

simultaneously optimum fusion performance, power exhaust and tungsten sputtering

control in ITER, also ensure optimum collisional radial transport of tungsten leading

to hollow tungsten density profiles in the edge transport barrier. In helium H-mode

plasmas, which are considered for the initial ITER non-active operation, this very

favourable neoclassical transport effect is reduced and only about half of the considered

edge plasma profiles yield an outward directed drift.
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1. Introduction

Even though the erosion rates of tungsten (W) are much lower than for the light

elements, the risk of high central power losses by radiation, which can affect both fusion

reactivity and edge power flow (thus leading to the loss of H-mode confinement), is still

inherent in the use of W as a divertor material in ITER. The penetration of W into

the central plasma depends on many mechanisms: prompt redeposition, transport of

W ions parallel to the magnetic field out of the divertor volume, and radial transport

across the separatrix and further into the core of the plasma. An important element is

the transport of tungsten in the edge transport barrier (ETB) of H-mode plasmas.

Analyses of the impurity transport in the ETB region of H-mode plasmas on

ASDEX [1], JET [2, 3, 4, 5], DIII-D [6], Alcator C-Mod [7, 8], and ASDEX Upgrade

[9, 10] show, that the transport of impurities is characterised by a suppressed diffusion

and, typically, a strong inward convection. In H-mode plasmas without edge localised

modes (ELM), it was found, that the assumption of an inward drift is indispensable to

explain the rapid rise of impurity radiation [1, 2], the observed shape of the total [3] and

soft X-ray(SXR) radiation [8] and the SXR and VUV radiation from injected impurities

using Laser Blow-Off [4, 5, 7]. In H-Mode plasmas with type-I ELMs, analysis of soft

X-ray measurements in ASDEX Upgrade [9] found a strong peaking of neon in the ETB,

which is effectively flattened during each ELM. The diffusion between ELMs was again

found to be low but a direct comparison with neoclassical theory was not possible at

that time due to the missing ion temperature profiles.

The above mentioned investigations were in some respect indirect, since they were

not based on a measurement of the impurity density evolution in the H-mode barrier,

which has to be detected with very high spatial resolution of a few mm on a dense grid

of measurement points to resolve the large gradients. With the help of high resolution

charge exchange recombination spectroscopy(CXRS) [11], direct measurements of the

impurity transport coefficients in this region could be performed in ASDEX Upgrade by

analysing the density profile evolution of helium, carbon, neon and argon [10]. It was

found that between ELMs, all impurities are subject to an inward pinch leading to steep

impurity density gradients which are flattened during ELMs. The evaluated impurity

transport coefficients between ELMs were in accordance with neoclassical theory. The

ratio of the inward pinch velocity v to the diffusion coefficient D was increasing with

impurity charge Z and caused an increase in the peaking with increasing impurity

charge.

Based on this experimental evidence, it can be reasonably assumed that W

transport in the ETB in the phase between ELMs will be appropriately described

by neoclassical theory. The large pedestal temperatures in ITER cause tungsten to

attain quite high charge states with Z in the range of 50 and, thus, the v/D ratios

are expected to be very high in the edge transport barriers of ITER plasmas. For

the ITER reference scenario for inductive operation with fusion gain Q=10 (toroidal

magnetic field BT=5.3 T, plasma current Ip=15 MA), neoclassical transport parameters
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have been calculated for one specific set of profiles for electron density ne, electron

temperature Te and ion temperature Ti [12]. The neoclassical diffusion coefficient Dneo

of W was in the range 0.01-0.03 m2s−1and the drift velocity was inwardly directed with

values around vneo/Dneo≈-50 m−1. However, the chosen electron density profile in [12]

had a very low density at the separatrix nsep=1.9×1019 m−3, which is not compatible

with detached divertor operation for these ITER plasma conditions [13], while profiles

with higher values of nsep would yield much less inward pinch or an outward directed

drift. As discussed in the next section, the drift velocity is proportional to the difference

of the logarithmic density gradient and temperature gradient and a substantial reduction

in the normalised density gradient can lead to reversal of the drift direction.

In this paper, we therefore undertake a more methodical approach to study the

neoclassical transport of W in the edge transport barrier of ITER. Here, we produce

a large range of pedestal profiles of electron density and temperature using a simple

parametrisation of the respective edge profiles containing wide, narrow, high, and low

pedestal values and all possible combinations for temperature and density. For each

profile, the neoclassical transport parameters are calculated and the goal is to develop

easily applicable scaling expressions for the diffusion coefficient Dneo and the effective

temperature screening factor Heff , i.e. the ratio of normalised density gradient and

normalised temperature gradient which leads to a zero drift velocity of tungsten. With

the scaling of Heff , the average neoclassical drift vneo in the ETB can be evaluated and

the parameter space, which yields inward or outward drift, can be quantified.

In an H-mode plasma, the temporal phases with neoclassical transport between

ELMs alternate with short phases with strongly increased transport during ELMs. The

power and particle fluxes deposited on the plasma facing components during ELMs lead

to a large increase of the tungsten erosion at the plasma facing components, which

is found to dominate the time averaged tungsten erosion in present experiments, i.e.

including erosion by ELMs and inter-ELMs [14, 12, 15]. An analysis of this dynamical

situation for ITER has been performed using transport calculations including impurity

transport and will be reported elsewhere [16]. Dust [17] might be another source of

plasma contamination by tungsten which is outside the scope of this study.

The paper is organised as follows. In section 2, we shortly review the theory of the

neoclassical impurity transport and describe the code that we have used to calculate

the neoclassical transport coefficients at the edge of the ITER plasmas. In section 3 we

describe the parametrisation of the edge profiles based on the pedestal and separatrix

values for temperature and density and a pedestal width parameter. In section 4,

the radial profiles of the neoclassical transport parameters of W are discussed for two

typical parameter sets of the scan, where we concentrate on the profile of the drift

parameter v/D which either provokes a peaking or a reduction of the W-density across

the ETB region. It is shown there, that when all other parameters are kept fixed, there

is always one separatrix density that leads to a flat W-profile across the ETB for the

pedestal plasma characteristics expected in ITER reference operational scenarios. The

calculation of this separatrix density is the main result of this paper and is discussed in
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section 5. In addition, we derive a scaling for the diffusion coefficient for W transport

in ITER pedestal plasmas in section 6. The sensitivity of the results obtained in our

study with respect to the chosen impurity composition is found to be rather low and

this is discussed in section 7. A specific physics issue related to the reduction and

even reversal of the temperature screening at very high-collisionalities is discussed in

section 8. Helium plasmas in H-mode are foreseen for the non-active phase of initial

ITER operation. He H-mode plasmas in ITER will have a lower level of heating power

than DT H-mode plasmas due to possible limitations in the power of the additional

heating systems initially available and because the lack of alpha heating [18]. He H-

mode plasmas have generally higher collisionality than similar DT plasmas and the

reduced temperature screening leads to a less favourable neoclassical transport of W in

the ETB. This will be described in section 9 before concluding in section 10.

2. Neoclassical impurity transport

In neoclassical theory, the flux surface average of the radial flux density 〈Γra〉 of species

a with charge qa is caused by the toroidal component of the friction forces ~Fab between a

and all other species: 〈Γra〉 =
∑

b〈Γrab〉 ∝ (1/qa)
∑

b〈RFab,t〉, where R is the major radius

[19, 20]. ~Fab equals −~Fba due to momentum conservation and the flux components

satisfy qa〈Γrab〉 + qb〈Γrba〉 = 0. This balance of the radial fluxes assures ambipolarity of

the total flux:
∑

a qa〈Γra〉 = 0. The toroidal friction forces can be split into perpendicular

and parallel components leading to the classical(CL), Pfirsch-Schlüter(PS) and Banana-

Plateau(BP) contribution and also the fluxes of each component alone are balanced and

thus ambipolar. Each contribution has a diffusive and a convective term and, for equal

temperatures of all species, one can formally write [19, 21, 22].

〈Γra〉 =
∑

x=CL,PS,BP

∑
b 6=a

Dab
x

[
−dna
dr

+
Za
Zb

(d lnnb
dr

−Hab
x

d lnT

dr

)
na
]

(1)

Thus, the total neoclassical diffusion coefficient Dneo and the total drift velocity vneo of

species a is:

Dneo =
∑

x=CL,PS,BP

∑
b 6=a

Dab
x

vneo =
∑

x=CL,PS,BP

∑
b 6=a

Dab
x

Za
Zb

(d lnnb
dr

−Hab
x

d lnT

dr

)
(2)

The diffusion coefficients Dab
x and the temperature screening factors Hab

x depend on

plasma parameters such as density, temperature, magnetic field and flux surface

geometry but not on the gradients of temperature and density. The drift velocity of each

contribution is proportional to the respective diffusion coefficient multiplied with the

ratio of the charge numbers Za/Zb. In the low collisionality regime, the Banana-Plateau

terms contribute most to the total flux, while the high collisionality regime is dominated

by Pfirsch-Schlüter transport. In eq.(1) and (2), the contribution from electrons can be
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neglected due to the small friction force. The impurity strength parameter

α = Z2
InI/(Z

2
mnm) (3)

can be used to judge the importance of impurity-impurity collisions. ZI and nI are

charge number and density of the impurity, while Zm and nm are the respective quantities

for the main ion. In the trace limit, where α� 1 for all impurities in the plasma, it is

only necessary to consider collisions with the main ion, while for α ≈ 1 collisions with

impurities have to be considered as well.

For the case with zero impurity neutral sources inside the separatrix, the impurity

density profile in temporal equilibrium only depends on the ratio of drift velocity and

diffusion coefficient, i.e. 1/na(dna/dr) = d lnna/dr = vneo/Dneo. In the trace limit,

where only collisions with the main ion need to be considered, we find from eq.(2) the

relation between impurity density gradient and main ion density gradient in equilibrium.

d lnna
dr

=
d lnnm
dr

Za
Zm

(
1−

∑
xH

am
x Dam

x∑
xD

am
x

d lnT

d lnnm

)
=
d lnnm
dr

Za
Zm

(
1−Havηm

)
(4)

Here, ηm denotes the ratio of normalised temperature gradient and normalised

main ion density gradient and Hav =
∑

xH
am
x Dam

x /
∑

xD
am
x is the average temperature

screening factor of all three (CL, PS and BP) contributions. For zero temperature

gradient, the normalised impurity density gradient is a factor Za/Zm steeper than the

normalised main ion density gradient. For tungsten, Za is especially large in the edge

transport barrier. This can lead to very large tungsten density gradients in the ETB

and thus to very large values of the W impurity concentration in the core plasma

(inside the ETB) for modest values of W impurity concentration at the separatrix.

The concern about the existence of such strongly peaked tungsten profiles in the ETB

of ITER reference operational scenarios is the main motivation for the study presented

in this paper. For a non-zero temperature gradient, this factor is reduced, since ηm
is positive (same direction of both gradients) and Hav is positive. Ham

CL and Ham
PS are

always positive and have lower absolute values for the light elements than for heavy

elements. Ham
BP is positive in the low collisionality regime, where Dam

BP is the dominant

diffusion contribution, and becomes negative for increasing collisionality ν∗a . However,

the effective value Hav remains positive in all collisionality regimes. Deep in the PS-

regime, there is a reduction of Ham
PS . This is due to the strong collisional coupling of

impurity and main ion, which leads to energy transfer from impurity ion onto main ion

on the upper and lower part of the flux surface. Thus, the temperature variation for the

impurity ion along the flux surface and the corresponding temperature screening term

is reduced and eventually changes sign at extremely high collisionalities (see eq.(6.72-

75) in [19] and [23]). We have calculated the collisionality at which the reversal of the

temperature drift occurs in ITER and will discuss it in section 8.

The neoclassical transport coefficients of impurities were calculated with the

NEOART code developed by A. G. Peeters [23]. NEOART calculates the collisional

transport coefficients for an arbitrary number of impurities including collisions between
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all components. The velocity distribution is expanded in the three first Laguerre

polynomials of order 3/2, which are used to define ’velocities’. The first ’velocity’ is

the mean particle velocity of the component, the second proportional to the heat flow,

while the third term in the expansion is not related to well known quantities. For the

neoclassical part, the code solves the set of linear coupled equations for the parallel

’velocities’ in arbitrary toroidally symmetric geometry for all collision regimes. The

classical fluxes are given by eq.(5.9) and (5.10) in section 5 of Hirshman and Sigmar [19].

The equations for the banana plateau contribution are equal to those used by Houlberg

[24]. The Pfirsch-Schlüter contribution is calculated from the coupled equations (6.1-2)

and (6.14-15) of Hirshman and Sigmar [19], as described in Ref. [23]. NEOART applies

the reduced charge state formalism [19], which is the correct way to merge the different

charge states of one species, such that the matrices that have to be inverted are only

determined by the number of species instead of all charge states of the atoms.

We have performed calculations with a stand-alone version of NEOART that yields

for all impurity species the diffusion coefficients Dneo and the drift velocities vneo for

a given magnetic equilibrium, given profiles of electron and ion temperatures and

profiles of the density of all species. After the necessary preparation work, the actual

computation time is rather fast and many different profiles can be analysed. With such

calculations, the influence of many parameters on the direction of the neoclassical drifts

(inward or outward) and on the magnitude of the diffusion coefficient can be studied in

detail.

The magnetic equilibrium for the reference ITER inductive scenario with Q =10 (

BT=5.3 T and Ip=15 MA, q95 ≈ 3) was taken from CORSICA simulations [25]. From

the poloidal flux Ψ on the given R,Z-grid for this equilibrium, the flux surfaces were

reconstructed and the necessary flux surface averages of the magnetic fields and the

trapped particle fraction were calculated. The outermost flux surface, which was used

here, had a normalised poloidal flux ρpol=0.999, where we use

ρpol =

√
Ψ−Ψaxis

Ψsep −Ψaxis

(5)

From the volume V enclosed by each flux surface the radial coordinate r is defined.

r =

√
V

2π2Raxis

(6)

Thus, r is the radius of a cylinder with length 2πRaxis and with the same volume V

as enclosed by the flux surface contour (unit = [m]). All transport coefficients and

gradients in this paper are given with respect to this radial coordinate. Furthermore,

we use the co-ordinate x, which is the distance to the separatrix as measured at the

low-field side on a horizontal chord through the magnetic axis, i. e. x = Rlfs,sep − Rlfs

at Z = Zmag. For other ITER plasma scenarios, as the region of interest for our study

is the ETB, it was found sufficient to apply a simple linear scaling of Ψ with Ip and

of the toroidal field to obtain the magnetic equilibria for other ITER H-mode scenarios

with other plasma current and toroidal field levels.
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3. Parametric Scan of Pedestal Parameters

The neoclassical transport of W was studied for a large range of pedestal profiles of

electron density and temperature at various values of plasma current and toroidal field.

The parametrisation of the electron density ne(x) in the edge pedestal region uses the

pedestal density nped, the separatrix density nsep and the characteristic density pedestal

width wn.

ne(x) =
nped + nsep

2
+
nped − nsep

2

tanh(2x/wn − 1)

tanh(1)
(7)

For the temperature T (x), the parametrisation has the same form for x < wT .

T<wT
(x) =

Tped + Tsep
2

+
Tped − Tsep

2

tanh(2x/wn − 1)

tanh(1)
for x < wT (8)

Just one temperature T=Te=Ti is used. For the neoclassical transport, only Ti is of

importance, while Te enters indirectly via the charge distribution of tungsten. The mean

temperature is close to Ti in the ITER main plasma (including most of the ETB) because

of the large ratio of the expected energy confinement time to the typical timescale for

equipartition. Only close to the separatrix Ti is significantly above Te in ITER [13].

Therefore, a Tsep of roughly 1.5×Te,sep was used in our study. T (x) continues as a

linearly increasing function further inward.

T>wT
(x) = Tped + (Taxis − Tped)

x− wT
a− wT

for x > wT (9)

Here, Taxis is the temperature on axis, which is at a distance a to the separatrix. In

order to avoid a discontinuity of the temperature gradient at x = wT , we used a smooth

transition of the two temperature functions within wT/5 around x=wT using:

T (x) = (1−f(x))T<wT
(x) +f(x)T>wT

(x) with f(x) =
1 + tanh[10(x/wT − 1)]

2
(10)

For each combination of the toroidal field BT and plasma current Ip considered, three

values of the pedestal width and height for the density and temperature were studied,

so that 81 combinations were evaluated per (BT , Ip).

wT Tped Tsep Taxis wn nped nsep
[cm] [keV] [keV] [keV] [cm] [1019m−3] [nped]

3,6,9 3,4.5,6 0.3 22 3,6,9 6.5,8,9.5 ≈0.2-0.8

Table 1. Range of scanned parameters for a DT-plasma at Ip=15 MA and BT =5.3 T.

The values considered for a DT-plasma with Ip=15 MA and BT=5.3 T are shown in

Tab.1. These cover the range of pedestal parameters which are required to achieve the

Q=10 fusion performance in ITER [25] and which are compatible with the limits imposed

by edge MHD stability [26]. The range of pedestal widths considered corresponds to
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that expected from empirical extrapolations of present experimental results, which are

assumed not to depend on the values of plasma current and toroidal field [27]. For

each parameter combination, the neoclassical transport parameters were calculated for

ten values of nsep. This procedure was repeated for 5.3 T and 7.5, 10 and 12.5 MA.

These correspond to the stationary phases of the foreseen ITER high Q scenarios

(15MA for Q=10 and 12.5MA for the long pulse Q=5 scenario based on hybrid H-

mode performance) and to intermediate H-mode scenarios to be developed to access

these scenario in the ITER Research Plan or ramp-up/down H-mode phases in them

[18]. In addition, 7.5 MA at half field of 2.65 T H-modes have also been modelled. These

correspond to H-mode plasmas expected to be explored in the non-active phase (in He

plasmas, see section 9) and in the initial phase of DD/DT operation [18]. Here, the

values for nped, Tped and Taxis have been scaled linearly with Ip to have a constant

Greenwald fraction and a pedestal pressure and overall plasma confinement that scales

with Ip as seen in experiment. The exact scaling of these parameters is not so important

since it just sets the boundaries for the scanned parameter range, which anyway is rather

wide. For the separatrix temperature, its scaling was based on dominant parallel heat

conduction with a power decay length λq that scales with I−1
p [28]. Starting from

Tsep ∝ (Lconq‖)
2/7 ∝ (PSOLLcon/Aq‖)

2/7 and Aq‖ ≈ 4πRλqBp/BT , this yields a scaling

Tsep ∝ P
2/7
SOLB

4/7
T I

−2/7
p . Furthermore, we assumed a constant fraction of core radiation,

such that the power crossing the separatrix PSOL is proportional to the sum of the

powers by additional heating and α-heating. In the development of this scaling, the

additional heating power was fixed at a level of 50 MW and the α-heating was assumed

to scale with I3
p (resulting from Pα∝W 2

plasma and Wplasma∝I1.5
p according to the ITER-

H98(y,2) scaling law for energy confinement [29]) and to provide 100 MW at Ip=15 MA.

These settings lead to:

Tsep(Ip, BT ) = Tsep(15MA, 5.3T)(
BT

5.3T
)4/7
(15MA

Ip

)2/7
(
5 + 10(Ip/15MA)3

15
)2/7 (11)

The main ion species was a 50/50 mix of D and T and the impurity composition

was He(2%), Be(2%), Ar(0.1%) and W(5×10−6) with radially constant impurity

concentrations nimp/ne. The concentrations of He and Be are typical values considered

for ITER scenario simulations [30], the concentration of Ar is a typical value for

radiatively cooled plasmas [31] and W was chosen to have a low concentration at the

trace level. The impurity strength parameters of eq.(3) are αHe≈0.1, αBe≈0.4, αAr≈0.4,

and αW≈0.01 (using ZW=45). Thus, collisions of tungsten with impurities are almost

as important as collisions with the main ions.

The charge distribution is approximated by the corona distribution taking the

atomic data for electron impact ionisation, radiative and di-electronic recombination

from the ADAS data base [32]. Helium and beryllium are always fully ionised. The

radial profiles for the mean charge of argon and tungsten are depicted in the middle box

of Fig.1 for the outer 11 cm of the plasma. These profiles are given for a case with low

electron temperature (blue lines), corresponding to a 7.5 MA ITER H-mode, and for
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Figure 1. Two extreme cases for the pedestal temperatures and corresponding profiles

of the mean charge of W and Ar and of Zeff . Be and He are fully ionised.

a parameter set with high Te (red lines), corresponding to a 15 MA ITER H-mode as

shown in the left box of Fig.1. Zeff is shown in the right panel for the two temperature

profiles. Zeff is ≈1.6 for the higher temperature case and a bit lower for the plasma

with lower temperature. These Zeff values are compatible with those required to achieve

Q=10 in 15 MA ITER H-modes [25].

4. Radial Profiles for two parameter sets of the scan

Fig.2 shows the pedestal profiles of temperature, density and resulting transport

coefficients of tungsten for a 15MA/5.3T case (black line) and a 7.5MA/5.3T case (red

dashed lines). The profile parameters are at the central values of the parameter space,

i.e. at the bold values in Tab.1 and the corresponding scaled values for the 7.5MA case.

For nsep, the values are 3.1×1019 m−3 and 2.1×1019 m−3 respectively.

With regard to the impurity transport coefficients, we just concentrate on the

behaviour of tungsten. The collisionality ν∗ of W is in the Pfirsch-Schlüter (PS) regime

as indicated in the upper right box, where ν∗ε3/2 (ε is the inverse aspect ratio) is far above

the PS-limit of 1. Thus, the collisional transport of W is dominated by the classical and

Pfirsch-Schlüter contribution, while the banana-plateau transport is small. The diffusion

coefficient rises with collisionality and is on average 1.7×10−2 m2s−1 for the high current

plasma and 4.2×10−2 m2s−1 for the low current case. The drift velocity vneo is outward

(positive) at the edge, inward around x=5 cm and again outward further in as can be seen

from the plot of vneo/Dneo in the lower middle box. In temporal equilibrium, vneo/Dneo

equals the normalised density gradient of tungsten and the integral of vneo/Dneo across

the radial range of the ETB delivers the ratio of the tungsten densities at the edges of

the radial interval

fW =
nW (rtop)

nW (redge)
= exp

[∫ rtop

redge

vneodr

Dneo

]
(12)

For the vneo/Dneo profiles of Fig.2, we obtain fW=0.32 at 15 MA and 0.38 at

7.5 MA when integrating over the radial interval r=[2.527,2.320] m corresponding to
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Figure 2. Pedestal profiles and collisional transport coefficients of W for 15 MA

(black) and 7.5 MA (red dashed) at 5.3 T. Density and temperature parameters are as

given by the bold values in Tab.1 and appropriately scaled values for 7.5 MA.

x=[0.2,9.9] cm. The drift velocity of tungsten contains the sum of inward pinch

contributions proportional to the normalised density gradients of main ions and light

impurities and outward contribution proportional to the normalised ion temperature

gradient as indicated in eq.(2). All normalised ion density gradients are approximately

equal to the normalised electron density gradient due to the choice of a constant impurity

concentration and due to the mild influence of the argon charge state distribution on the

quasi-neutrality condition which determines the density of the main ions. The tungsten

density is even lower and its effect on the main ion density gradient can be neglected. To

a good approximation, the local value of vneo/Dneo can thus be expressed as a function of

the normalised electron density gradient, a mean ion charge Zi, and a mean temperature

screening factor H.
vneo
Dneo

≈ ZW
Zi

( 1

ne

dne
dr
−H 1

T

dT

dr

)
(13)

Here, Zi is the weighted mean ion charge of all ions contributing to the collisional

transport of W, where Zi does not contain the ion charge from W itself and H is the

corresponding mean temperature screening factor. More specifically, we obtain from

eq.(2).

1

Zi
=

1

Dneo

∑
x

∑
b6=W

DWb
x

Zb
H =

∑
x

∑
b6=W

DWb
x HWb

x

Zb∑
x

∑
b 6=W

DWb
x

Zb

(14)

The neoclassical drift velocity of tungsten vanishes when the ratio of normalised

temperature and electron density gradient Lne/LT equals 1/H, such that the terms

in the round brackets of eq.(13) add up to zero. Integrating eq.(13) from redge to rtop
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leads to an approximate expression for fW .

ln(fW ) ≈ 1

Zi

(∫ rtop

redge

ZW
d lnne
dr

dr −H
∫ rtop

redge

ZW
d lnT

dr
dr
)

=
1

Zi

(
〈Zn

W 〉 ln(fne)−H〈ZT
W 〉 ln(fT )

)
=
〈Zn

W 〉
Zi

(
ln(fne)−H

〈ZT
W 〉

〈Zn
W 〉

ln(fT )
)

(15)

Here, we have neglected the small radial variation of the mean ion charge Zi and of

the temperature screening factor H. For very high collisionalities, the temperature

screening of the PS-contribution is reduced and can even reverse sign for extreme values

of the collisionality. An indication of this is seen at the edge for the 7.5 MA case.

The lower right box in Fig.2 shows the profile of 1/H for this plasma current using a

red dashed line which is indicated with vneo=0. It rises at the very edge where ν∗ε3/2

rises towards 100. In the present parameter range, however, H does not show large

excursions at the edge and H can be taken out of the integral as done in eq.(15). In

contrast, the mean charge of tungsten ZW varies strongly across the ETB and two radial

averages of ZW play an important role; these are 〈Zn
W 〉, which is an average weighted

with the normalised density gradient, and 〈ZT
W 〉, which is an average weighted with the

normalised temperature gradient:

〈Zn
W 〉 =

∫ rtop
redge

ZW
d lnne

dr
dr∫ rtop

redge

d lnne

dr
dr

=
1

ln(fne)

∫ rtop

redge

ZW
d lnne
dr

dr

〈ZT
W 〉 =

∫ rtop
redge

ZW
d lnT
dr

dr∫ rtop
redge

d lnT
dr

dr
=

1

ln(fT )

∫ rtop

redge

ZW
d lnT

dr
dr (16)

where fne and fT are the ratios of density and temperature at rtop and redge.

We can therefore rewrite eq.(15) by using an approximate effective screening factor

H∗eff=H〈ZT
W 〉/〈Zn

W 〉, which leads to:

ln(fW ) ≈ 〈Z
n
W 〉
Zi

(
ln(fne)−H∗eff ln(fT )

)
(17)

The lower right box of Fig.2 shows the ratio of normalised temperature and electron

density gradient Lne/LT for both cases and the critical ratios 1/H at which the

neoclassical drift velocity of tungsten is zero. The critical ratio is slightly above 2. For

regions, where stronger temperature gradients lead to ratios above the critical value,

the drift is outward and vice versa. For the 7.5 MA case, the critical value for zero drift

velocity rises to about 3 at the edge. When increasing the separatrix density compared

to the values of Fig.2, the normalised density gradient decreases and the drift direction

will be predominantly outward in the ETB region. Here, a slight decrease of fne causes

a strong decrease of fW due to the high charge ZW of tungsten. The scaling exponent

is given by 〈Zn
W 〉/Zi, where 〈Zn

W 〉 has been defined in the first line of eq.(16). For the

15 MA case, ZW increases from 19 at the edge to 51 at the inner boundary and changes
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of fne are amplified by an exponent of 14.6 leading to enormously hollow or peaked

equilibrium W profiles in the ETB with small changes of the ratio of density gradients

to temperature gradients (see Fig.3). For the 7.5 MA case, ZW is a bit lower increasing

from 18 to 42 and the exponent is 12. This equilibrium peaking of W is deduced from

the neoclassical transport evaluated for the chosen impurity profiles; various non-linear

effects have to be considered using a radial transport calculation for impurities and

energy, including the effect of ELMs, to make a more precise evaluation of its magnitude

for ITER, which will be reported elsewhere [16]. However, the main objective of our

study is not to predict how hollow or peaked the W profile in the ETB can become

but to quantify the conditions at which W neoclassical transport changes from being

unfavourable (i.e peaking) to favourable (hollow) in the ETB over a wide range of ITER

operational scenarios. This can provide guidance for the optimisation of ITER scenarios

with respect to pedestal and separatrix plasma parameters to minimise W contamination

in the inter-ELM periods. Therefore, in what follows we will determine the plasma

conditions for a range of ITER scenarios which would lead to a flat tungsten profile in

the ETB. For this task, we will take eq.(17) as a guideline to find a suitable scaling

expression for the edge profile parameters, which coincide with a flat tungsten profile,

and will use it to gain a better insight into the parameter dependences of the scaling.

However, the determination of the parameter combinations, which cause fW = 1, will

only rely on eq.(12) and not on the approximate equations (13)-(17).

5. Scaling of the pedestal parameters leading to flat W-profiles

For each parameter set, the separatrix density was varied in fine steps and the resulting

tungsten density ratio fW was evaluated using eq.(12) for the interval x=[0.2,9.9] cm.

The inner boundary of the calculations was chosen to be large enough to include the total

density rise for the case with a large pedestal width of 9 cm. From this variation, the nsep
value leading to a flat W-profile (fW=1) was determined. An example of such a variation

of nsep at otherwise constant profile parameters is shown in Fig.3. In the right graph of

Fig.3, fW is plotted versus fne on a double logarithmic scale. All other parameters are

the same as for the 15 MA case of Fig.2. The points lie on a straight line as predicted by

eq.(17). The slope is 14.6 corresponding to 〈Zn
W 〉/Zi=37.7/2.58 and fW is 1 for fne=2.92.

With fT=13.1, we obatin the critical ratio ln(fne)/ ln(fT )=0.42 at which the tungsten

density profile is flat. In the spirit of the approximate eq.(17), we call this critical ratio

the true effective temperature screening factor Heff = ln(fne)/ ln(fT ) for this parameter

set. Thus, Heff was calculated for all parameter sets from the corresponding electron

density and temperature ratios. Heff was found to vary between 0.33 and 0.6 for all

conditions explored.

A function for Heff , which yields a good fit to the data set, has only a linear

dependence on the collisionality of W at the plasma edge plus a correction term that
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Figure 3. Example of a scan of nsep from 2.0×1019 m−3 to 4.3×1019 m−3: The

parameters were as given in the figure title. Density and temperature pedestal have

equal width. The profiles of density and drift parameter are shown in the left and

middle box for 6 values of nsep. In the right graph, the corresponding tungsten density

ratio is plotted versus the electron density ratio on a double logarithmic scale. Symbol

colour and line colour are equal for the same value of nsep.

depends on the ratio of density to temperature pedestal width.

Heff = Hav + ∆Hν∗ + ∆Hs

Hav = 0.41

∆Hν∗ = − 4.07× 10−2(
BTnsep

3.726× IpTsep
− 1)

∆Hs =
H+
s −H−s

2
xs +

H+
s +H−s

2
x2
s xs =

ln(wn/wT )

ln(3)

H+
s = − 5.89× 10−2

H−s = 4.92× 10−1(ln(fT )− 1)− 9.51× 10−2 ln(fT )2 (18)

The ∆Hν∗-term was introduced in the fit to account for the reduced temperature

screening at high collisionalities which only appears at the plasma edge near the

separatrix (see Fig.2). This causes only a small change of Heff between -0.03 at low to

0.03 at high ν∗. Here, BTnsep/(IpTsep) was used as a proxy for the ν∗ variation that only

depends on profile parameters. At the edge, Z2
W increases about linearly with T such

that the usual 1/T 2-scaling of ν∗ is replaced by 1/T . The units in eq.(18) are [Ip]=MA,

[BT ]=T, [nsep]=1019m−3 and [Tsep]=keV.

The shape correction ∆Hs is zero for wn=wT , it reduces to H+
s =-0.06 at wn=3wT

and increases for lower density widths up to H−s =0.06-0.14 for wn=wT/3. H−s is lowest

for low values of fT . ∆Hs is caused by the strong increase of ZW with temperature and

the shape correction of Heff reflects the proportionality of H∗eff with 〈ZT
W 〉/〈Zn

W 〉. A

given temperature increase in the ETB sets the range of tungsten charges that appear

in the ETB and 〈ZT
W 〉 is almost constant independent of the width of the temperature

pedestal. Furthermore, if density and temperature pedestal have the same width also

〈Zn
W 〉 will not depend on the choice of the width of the density pedestal and Heff is

almost identical for all widths as long as wn = wT . However, for wn < wT , only the

lower charges contribute to 〈Zn
W 〉, while further inward, where ZW is still increasing
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with T , the normalised density gradient is already zero and 〈Zn
W 〉 will be lower than

〈ZT
W 〉. Thus, H∗eff=H〈ZT

W 〉/〈Zn
W 〉 increases in this case, i.e. the effective temperature

screening across the whole ETB rises since the normalised temperature gradient acts

on higher charged W than the normalised density gradient. For wn > wT , the outward

directed T -gradient term acts on all charges in the ETB since ZW is rising with T ; in

this case, however, the inward pinch term driven by the density gradient is weighted

with the maximum tungsten charge for most of the ETB radial extent, such that the

term 〈ZT
W 〉/〈Zn

W 〉 and H∗eff is reduced accordingly. Thus, the scaling of the true Heff

can be well understood by the behaviour of H∗eff , i.e. the approximate expression used

in eq.(17).
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Figure 4. Electron density ratios fne that lead to fW =1. The values from the fit

function defined in eq.(18) are plotted against the corresponding fne values from the

data set for all profile parameters and all currents and toroidal fields.

The Heff -function as given in eq.(18) yields a very good fit to the fne values at

which fW is unity as can be seen in Fig.4. The relative deviation of the fitted fne
from the data is between -5.3% and 4.7% and the absolute value of this deviation is on

average 1.6%. When only using a constant Hav, the deviations are between -38% and

19% respecively.

The fit function for Heff can be applied for any H-mode parameters in ITER to

calculate the density pedestal profile which delivers fW=1. At first, fT is computed via

eq.(8), eq.(9) and eq.(10) from the temperature parameters. When nsep and wn is given,

eq.(18) delivers Heff and the corresponding fne yields nped(fW=1) from eq.(7). Density

profiles which have a higher nped than nped(fW=1) lead to W peaking, while lower

values of nped provoke hollow W-profiles. Alternatively, we can determine nsep(fW=1)

for a given nped. To this end, we start again by computing fT from the temperature

parameters and then the corresponding Heff , which is first evaluated without the ∆Hν∗-

correction, delivers fne and via eq.(7) a starting value for nsep. In the next iterations,

the ∆Hν∗-correction is included taking nsep from the previous iteration, which quickly
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Figure 5. Separatrix densities leading to equal tungsten densities at the edge and

the pedestal top for a range of pedestal densities and temperatures and pedestal

widths in 15MA/5.3T and 7.5MA/2.65T DT H-modes in ITER. For higher nsep values,

neoclassical transport leads to hollow W-profiles in the ETB and vice versa. The

black lines give an estimate of the minimum nsep values being required to control the

power exhaust for these two ITER scenarios [33, 13] (uncertainty interval is shown

in the colour scale). Thus, all parameter combinations leading to a colour below this

minimum value correspond to conditions in which when divertor power load control is

satisfied in ITER it is also ensured that W-transport in the ETB will be outward-drift

dominated and vice versa.
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converges to the final value for nsep(fW=1). Now, density profiles with nsep below

nsep(fW=1) lead to W peaking, and higher values of nsep lead to the favourable regime

with neoclassical outward drift of W.

Fig.5 shows colour maps of these separatrix densities nsep(fW=1) for two currents

and fields as a function of Tped and nped for all choices of the width-parameters wn
and wT . The three maps on the diagonal of Fig.5 are for equal width of density and

temperature pedestal wn = wT and look rather similar to each other. Larger separatrix

densities are required in the upper right boxes where wn > wT and lower separatrix

densities are sufficient for fW=1 when wn < wT . The reason for this behaviour has been

given above during the discussion of the ∆Hs-term in eq.(18).

In Fig.5, we also indicate the minimum values for nsep (3-4×1019m−3 for 15MA/5.3T

and 1.5-2×1019m−3 for 7.5MA/2.65T) which have to be achieved to control the power

exhaust and W sputtering at the divertor in ITER [33, 13]. These minimum densities

can be found in the colour scales as black lines with uncertainty intervals and again in

each map as long as the corresponding density appears in the specific map.

The prevailing part of the scanned parameter space requires lower nsep values to get

into the regime of outward drift dominated W-transport in the ETB than for divertor

power load/W sputtering control, as can be seen from the areas below the black lines in

the individual colour maps. Only for a wide density and narrow temperature pedestal

width (upper right boxes in Fig.5), about half of the parameter combinations lead to a

situation with dominating neoclassical inward pinch at satisfactory divertor power load

control.

6. Scaling of the diffusion coefficient of W

For all runs of the parameter scan, i.e. including the nsep variations, the radially averaged

diffusion coefficient of tungsten was calculated. The obtained diffusion coefficients

are in the range of DW,neo=(0.9-8)×10−2 m2s−1. The Pfirsch-Schlüter term is the

dominant contribution to the neoclassical diffusion coefficient and is roughly given by

DW,PS = 2q2DW,CL. A simple function that leads to a reasonably good fit is based

on the radially averaged value of ne/
√
T , i.e. the density and temperature scaling

of the classical diffusion coefficient, and the plasma current Ip that enters via the q2

dependence of the Pfirsch-Schlüter term and the inverse proportionality of the classical

diffusion coefficient with the square of the toroidal field: DW,CL ∝ B−2
T .

〈DW,neo〉 = 0.63
m2

s

[(MA

Ip

)2〈 ne
1019m−3

√
keV

T

〉]0.89

(19)

This function reproduces the data set with a maximum deviation of ±12% as can be

seen in Fig.6.
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Figure 6. Radially averaged diffusion coefficients of tungsten: The values from the fit

function defined in eq.(19) are plotted against the corresponding values from the data

set for all profile parameters and all currents and toroidal fields.

Ip=15 MA, BT=5.3 T, wn=wT=6 cm, Tped=4.5 keV, nped=8×1019m−3

cHe[%] 1 1.5 2 2.5 3

cBe[%] 1 1.5 2 2.5 3

cAr[%] 0.05 0.075 0.1 0.125 0.15

Zeff 1.29 1.43 1.57 1.71 1.84

for nsep=2.9×1019m−3

ν∗ε3/2 5.8 6.9 8.0 9.1 10.2

Dneo [m2/s] 0.012 0.014 0.017 0.019 0.022

v∇n/Dneo [m−1] -115 -97.1 -84.7 -75.5 -68.5

v∇T/Dneo [m−1] 119 98.8 84.3 73.3 64.7

nsep(fW = 1) [1019m−3] 2.76 2.82 2.90 2.99 3.08

Table 2. For the mean values of the scanned parameters at Ip=15 MA and BT =5.3 T,

a variation of the impurity concentrations lead to the listed changes of the transport

coefficients.

7. Sensitivity of the scalings to the impurity composition

A variation of the impurity concentrations around the chosen parameters for the

database has been performed. The concentrations for the data base were 2% for He

and Be and 0.1% for Ar and a variation has been considered from 1% to 3% for He and

Be and from 0.05% to 0.15% for Ar. These values and the corresponding Zeff are shown

in the upper lines in Tab.2 for 15 MA/5.3T ITER Q=10 plasmas. The concentration of

W was kept at 5×10−6 and the contribution of W to Zeff is below 0.01.

The other fixed parameters are given in the first line of the table. When fixing

the separatrix density to nsep=2.9×1019m−3, we can compare the influence of the
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impurity concentrations on the collisionality and the transport coefficients of tungsten.

The collisionality increases with rising impurity concentrations by about a factor of 2

and so does the radially averaged diffusion coefficient. The contributions to the drift

parameter, i.e. the drift due to the normalised density gradient and the drift due to

the normalised temperature gradient, are shown in the following lines. The magnitude

of both contributions decreases with increasing impurity concentrations. This decrease

is due to the proportionality of the drifts with ZW/Zi, which decreases when collisions

with higher charged impurity elements contributes more to the total collision frequency

of tungsten such that Zi increases. The outward directed temperature part decreases

a little more rapidly than the inward directed density part, indicating that the PS

temperature screening gets worse with increasing collisionality in the PS collisionality

regime as already discussed in section 2. This effect finally leads to a slight increase of

the separatrix density that is needed to have a tungsten density ratio of 1 nsep(fW = 1).

In this example, nsep(fW = 1) increases by 2% for an increase of Zeff by 0.1.

8. Reversal of Pfirsch-Schlüter temperature drift

It is known that the Pfirsch-Schlüter temperature screening reduces with rising

collisionality. It can eventually reverse sign at very high collisionalities, such that the

outward directed drift due to the normalised temperature gradient changes sign and

becomes inward directed. Here, this transition point shall be quantified for ITER. For

the standard magnetic equilibrium (BT=5.3 T, Ip=15 MA), a radial position in the ETB:

ρpol=0.99 (equal to x=2.2 cm from the separatrix) was chosen to perform an artificial

temperature variation between 50-1000 eV in order to cause a large change of the

collisionality of tungsten. The density was kept at a constant value of ne=2×1019m−3.

The impurity composition was again at the standard settings (He and Be:2%, Ar: 0.1%

and W: 5×10−6).

In the upper box of Fig.7, the temperature variation and the corresponding

variation of the tungsten charge is depicted. Also the mean charge of Ar decreases

with temperature such that Zeff is slightly decreasing with temperature as well. The

abscissae in Fig.7 are proportional to the collisionality of tungsten: ν∗ε3/2 = qR0/λmfp.

The PS-limit corresponds to ν∗ε3/2=1. All collisionalities are deep in the PS-regime.

In the lower box of Fig.7, the drift parameters due to the temperature gradient v∇T/D

are shown. The blue line gives the purely classical drift parameter v∇T,CL/DCL and

the red line shows the PS values v∇T,PS/DPS, while the black line represents the total

collisional drift parameter (v∇T,CL+v∇T,PS)/(DCL+DPS). The PS-term is the dominant

contribution, since roughly DPS ≈ 2q2DCL. At lower collisionalities, all drift parameters

are decreasing with increasing ν∗ due to the decrease of ZW with temperature. However,

at high collisionalities, the PS-term shows an extra decrease and eventually goes to

negative values, while the classical drift parameter stays positive throughout the whole

range. The total drift parameter changes direction from outward to inward at a

collisionality slightly above ν∗ε3/2=100. This corresponds to a temperature of 92 eV
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Figure 7. For a constant radial position ρpol=0.99, a large variation of temperature

T = Ti = Te leads to a change of ZW and Zeff as is shown in the upper box versus

the variation of the collisionality of tungsten. The lower box shows the corresponding

effect on the drift parameter of tungsten due to the ion temperature gradient alone.

It is positive (outward directed) at low collisionality and negative (inward directed) at

high collisionality.

for the chosen parameters. This temperature is very low and will not occur in the ETB

of ITER Q=10 plasmas, since it is roughly a factor of 3 lower than the average (electron

+ ion) separatrix temperature expected for such conditions in which the edge power

flow amounts to 100 MW [13].

9. W transport in Helium plasmas

Helium plasmas at low field and currents (BT= 2.65 T and Ip ≤7.5 MA) are foreseen

in the ITER Research Plan to provide access to the H-mode in the non-active phase

(with H and He plasmas) due to the lower H-mode power threshold in He compared

to H plasmas and the available additional heating power installed in ITER [18]. Thus,

the evaluation scheme to arrive at a scaling for Heff and DW,neo was repeated for He

plasmas but only plasmas with Ip=7.5 MA and BT=2.65 T were considered. The used

impurity composition was Be(2%), Ar(0.1%) and W(5×10−6) with radially constant

concentration profiles, i.e. the same as for DT plasmas.

When exchanging the main ion DT by He, the main effect is that the collision

frequency with the main ion doubles because the He density is half the DT-density

and Z2
HenHe = 2Z2

DTnDT . Thus, the neoclassical diffusion coefficient increases and the
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higher collisionality of tungsten leads to a reduction of the temperature drift (see section

8). For He plasmas, the values obtained for the diffusion coefficients are in the range

of DW,neo=(3.4-14)×10−2 m2s−1 and the fit-function for the radially averaged diffusion

coefficient is almost a factor of 2 times the values from eq.(19), which represented the

DT-case.

〈DW,neo〉 = 1.04
m2

s

[(MA

Ip

)2〈 ne
1019m−3

√
keV

T

〉]0.90

(20)

This function reproduces the He data set with a maximum deviation of ±7%.

For Heff , the helium data have been fitted with the same method as in section 5

and the corresponding fit function reads.

Heff = Hav + ∆Hν∗ + ∆Hs

Hav = 0.37

∆Hν∗ = − 1.12× 10−1(
BTnsep

3.275× IpTsep
− 1)

∆Hs =
H+
s −H−s

2
xs +

H+
s +H−s

2
x2
s xs =

ln(wn/wT )

ln(3)

H+
s = − 5.05× 10−2

H−s = − 4.22× 10−1(ln(fT )− 1) + 1.17× 10−1 ln(fT )2 (21)

Here, the relative deviation of the fitted fne from the data is between -5.8% and

5.3% and the absolute value of this deviation is on average 2.4%. Heff is generally

lower than in eq.(18) and the higher collisionality in the helium plasma leads to about

twice the sensitivity on collisionality changes, which is reflected in an increase of the

proportionality factor in the equation for ∆Hν∗ by about a factor of 2.8. The shape

correction term ∆Hs is slightly smaller than in the DT-case with H+
s =-0.05 at wn=3wT

and H−s =0.05-0.12 at wn=wT/3.

Again, the fit function for Heff has been used to calculate nsep(fW=1) as a function

of Tped and nped for all choices of the width-parameters wn and wT and fig.8 shows the

colour maps of these separatrix densities. The separatrix density required for successful

ITER operation in He plasmas with a W divertor is expected to be in the range of

1-1.8×1019m−3 [34]. Density values in the lower part of the range are sufficient to

provide an acceptable power load at the divertor, i.e. with maximum values lower than

10 MWm−2, while the higher values are required for control of divertor W sputtering by

these He plasmas, i.e. Te,div ≤10 eV. In Fig.8, nsep=1.8×1019m−3 is shown as a black

line in each map. The areas below the black lines (providing W sputtering control

and outward drift of W in the ETB) are reduced compared to the same case in DT

(lower graphs in fig.5). Especially for situations where the density has a larger pedestal

width than the temperature, neoclassical transport provokes a peaking of W in the

pedestal region for most of the edge profiles considered. When considering the lower

separatrix density of 1×1019m−3 (sufficient to provide divertor power load control but

with sizeable divertor W sputtering), nearly the whole parameter space will lead to a
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Figure 8. Separatrix densities leading to equal tungsten densities at the edge and

the pedestal top for the case of a helium plasma at Ip=7.5 MA and BT =2.65 T. The

black lines give an estimate of the minimum nsep values being required to control the

divertor sputtering in the divertor, i.e. Te,div ≤10 eV.

neoclassical inward pinch and ELMs will play an essential role in controlling the W

peaking in the H-mode edge transport barrier of such He H-mode plasmas in ITER.

10. Conclusions

It was already known from previous investigations on tungsten transport in the edge

transport barrier region of ITER, that the collisional transport coefficients of W are

very low leading to long time scales for equilibration of the W density profile in the

ETB region [12]. These equilibration times are much longer than the ELM repetition

times, which can be achieved with the ITER schemes for ELM control [35]. Thus, the

transport during these controlled ELMs is thought to be the dominant transport effect

and, in agreement with experimental results from present day tokamaks, the temporally

averaged W profile should not show a strong peaking in the ETB of ITER H-mode

plasmas.

The major finding of the study described in this paper is that the radial convection

velocity of tungsten is outward directed for most of the edge plasma profiles considered

for a wide range of ITER operational scenarios. This is due to a combination of the

high pedestal temperatures expected in ITER and the high separatrix densities required

for divertor power load and W sputtering control, which make the outward directed

temperature screening term to be the predominant contribution of the collisional

convection. Therefore, the achievement of the density and temperature profiles, which

deliver optimum plasma performance in DT and appropriate divertor plasma conditions

for power exhaust and W sputtering control in ITER, also ensures optimum collisional

radial transport of tungsten leading to hollow tungsten density profile in the edge
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transport barrier. Therefore, optimisation of W transport in the ETB, for core W

impurity control in ITER, is not expected to lead to additional requirements for the

edge plasma conditions in ITER beyond those associated with divertor power load and

W sputtering control and with the pressure limits from edge MHD stability. However, in

helium H-mode plasmas, this very favourable effect of neoclassical transport is reduced

and only about half of the plasma profiles considered yield an outward directed drift

while the other half has an inward directed radial drift for conditions in which divertor

plasma conditions are expected to be appropriate in these He plasmas.
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